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Abbreviations
dipp 2,6-iPr2C6H3

do Donor
Rnacnac [NRCR0]2CH
Sep Skeletal electron pairs

tmp 2,2,6,6-Tetramethylpiperidino

trip 2,4,6-iPr3C6H2

xyl 3,5-Me2C6H3

1.01.1 Introduction

This chapter describes chain, ring, and cluster compounds of

the triel elements (E) aluminum, gallium, indium, and thal-

lium. This means bonds between the metal atoms have to be

joined and oxidation states lower than þIII are adopted. The

story of metal–metal bonded compounds in group 13 started

about 20 years ago with the pioneering work on ditrielanes

E2R4 by Uhl et al.1,2 In the following years, a variety of low

oxidation state compounds of these elements were prepared

and characterized, including chains, rings, and polyhedral

clusters. A series of triel-rich clusters with unprecedented and

fascinating structures resembling sections of triel element struc-

tures show interesting properties. Very large clusters with up to

84 triel atoms were obtained.3 For these clusters, Schnöckel

created the nomenclature ‘metalloid’ clusters.4–7 This rapidly

developing and fruitful chapter in chemistry has been reviewed

several times since then.3,7–18 Most of these reports focus on

aspects of one class of compounds and describe these aspects

in detail. Here the development of oligotriels, from dinuclear

to higher species, is described, with special focus on develop-

ments during the past decade.
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The metal–metal interactions in electron precise oligomers

EmRn (n>m) are described as 2c2e bonds. Electron-deficient

species [EmRn]
x (n�m, x¼0, �1, �2) form clustered structures

with multicenter bonds. For cluster compounds, electron

counting rules, for example, the Wade–Williams–Rudolph–

Mingos rules, can be applied.19–25

The 2c2e bond between heavier triel atoms is a very soft

one, meaning the bond length is largely influenced by sub-

stituents. For example a typical gallium–gallium single bond

can adopt values between 235 and 256 pm in length. It has

been demonstrated that changes in bond length have little

influence on the bonding energy. The difference is only a few

kilojoules per mole if the bond length changes by�10 pm.26,27

Formation of multiple bonds between group 13 elements is a

special and intensively discussed topic, which will be treated in

detail in Chapter 1.10 of this book.

Such oligotriel compounds can be either molecular com-

pounds or parts of solid-state structures. This chapter deals

only with molecular compounds. For the interesting field of

solid-state structures with Zintl-type ions of triels, refer to

Chapter 1.09.

1.01.2 Chain and Ring Compounds with Direct
E–E-Single Bonds

Triple coordinated compounds of group 13 elements are gen-

erally strong Lewis acids because of the electron sextet. The

same is valid if one or more of the substituents are triel ele-

ments. This allows for the design of multiple Lewis acidic

compounds on the one hand and on the other, these com-

pounds tend to get stabilized either by adduct formation or

cage formation. To prevent the latter, that is, to form chains or

rings with triel centers, it is necessary to fill the electron sextet

of the triel atoms or prevent the formation of multicenter

bonded cluster structures by appropriate substituents. Bearing

this in mind, a number of electron-precise compounds could

be examined, which will be discussed according to the number

of triel atoms involved.

1.01.2.1 Synthesis and Structures of Compounds with
Solitary E2-Units

Compounds with metal–metal bonds attract special interest,

because while speaking of metals, delocalized bonding in the

solid is the first thought that occurs. Isolation of compounds

with direct metal–metal bond of d-metals in the 1950s initi-

ated a fruitful chemistry in this area.28,29

In the gas phase, E2 molecules have been studied with weak

E–E bonds (D298 in kJ mol�1: E¼Al 133�5.8, Ga 114.5�4.9,

In 78.1�5.7, Tl 59).30–38 The binary compounds E2H4, as the

most simple compounds, are only stable under matrix-

isolation condition for E¼Al, Ga, In, Tl.39–41 The E–E bonded

structure H2E–EH2 was shown by quantum chemical calcula-

tions to be the minimum structure only for boron.42–48 The

heavier congeners show a minimum on the hypersurface cor-

responding to a dimer E(m2-H3)EH. This is also formulated as

Eþ [EH4]
�. That means, triel(II) compounds with E–E bonds

tend to disproportionate into triel(I) and triel(III) compounds.

For a successful preparative access to ditrielanes(4) R2E–ER2

the influence of the substituents R, its bulk and electronic

properties are very important. For the control of E–E bond

formation versus charge separation also, the influences of sol-

vents are effective.43,49–51

One can conclude that electron-withdrawing groups R will

increase partial positive charges on the triel centers and thus

will weaken E–E bonds. In contrast, ligation of additional

groups will enforce E–E bonds. Steric demanding substituents

will favor E–E bonded systems against bridging ones of type

E(m2-R3)ER. This is the case for donor adducts of triel dihalides

X2(do)E–EX2(do) or bulky substituted ditrielanes(4) R2E–ER2.

Data for those compounds indicate weak E–E bonds,

which are estimated to be 69–258 kJ mol�1 for the ditrieltetra-
halides E2X4. The bond strength decreases from aluminum

to thallium and is much lower than for boron compounds

(389–454 kJ mol�1).52 Keeping this in mind, ditrielanes are

discussed.

1.01.2.1.1 Trieldihalides
Compounds with direct E–E bonds of type RnE2 (n¼2, 3, 4, 5, 6,

E¼Al, Ga, In, Tl) were synthesized by various methods.

While for E¼Ga and In, the element(II) halides X4E2�2do
(X¼Cl, Br, I) (Tables 1–3 give an overview of available com-

pounds prepared during the past 20 years) are easily prepared

from subhalides with appropriate donors, corresponding

Al2X4�2do compounds were only accessible via metastable

aluminum(I) halide solutions, which are obtained from AlX

vapors by condensation with solvents.12,75–77 For thallium no

such derivatives are known. A rare example is a Tl2
4þ as struc-

tural motif in a phase Tl0.8Sn0.6Mo7O11.
78

EX2 compounds are diamagnetic and were postulated to

have X2E–EX2 molecules with E–E single bonds.79 Crystallo-

graphic and spectroscopic data proved ionic structures of type

Eþ[EX4]
� (E¼Ga, In; X¼Cl, Br, I).80–87 For molecular boron,

diborontetrahalides B2X4 exist; for aluminum, no compouds

of stoichiometry AlX2 are known.88 The E[EX4] salts with EþI

and EþIII ions comproportionate under the influence of donors.

Especially for gallium, a large variety of derivates Ga2X4�2do
has been characterized with donors such as ethers, amines,

phosphanes, halides, and others.

Common to all is a Ga–Ga bond of 239–247 pm, depend-

ing on the size of the donor (do) and the electronegativity of X.

A special derivative is (Et3NHþ)2 [(
cHexPGa2I4)2]

2�(67) where
two Ga2I4 units are linked by two phosphide groups forming a

six-membered ring. For halides as donor groups, several an-

ionic derivatives E2X6
2� have been obtained. Examples such as

[Ga(dmf)6]2[Ga2Br6]2
59 and (Me4N2CH)2 (Ga2I6)

89 are sum-

marized in Table 4.

Table 1 X4Al2�2do compounds

X do dAl–Al (pm) References

1 Cl N(SiMe3)Me2 257.3 53
2 Br N(SiMe3)Me2 256.4 53
3 Br NEt3 257.1 54
4 Br O(Me)Ph 252.7 55
5 I Et2O 252 53
6 I thf 252 56
7 I PEt3 254.6 53
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X
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36–41

E E2 M+

1.01.2.1.2 E2R4 compounds
1.01.2.1.2.1 Synthetic pathways

Those E2X4(do)2 compounds are valuable starting materials for

the synthesis of derivatives E2R4 via substitution reactions. Uhl

succeeded in 1989 in the synthesis of a series of E2[(CH

(SiMe3)2]4 compounds with E¼Ga (45), In (55).1,2 This

method (eqn [1]) was also useful for other derivatives with

various types of substituent R (Table 5).95 Nevertheless, dis-

proportionation of the triel compounds in oxidations state þII
into element(III) compounds and compounds with triel atoms

in oxidations states <þII are possible alternative reaction

paths in these reactions. One example is the preparation of

51 from Ga2Cl4�2dioxane and [LiN(SiMe3)CH2]CMe2, where

formation of elemental gallium and Li(thf) Ga[[N(SiMe3)CH2]

CMe2]2 is observed as a side reaction.100

The corresponding Al compound Al2[(CH(SiMe3)2]4 42

was prepared by reduction of the corresponding diorganoalu-

miniumdihalide with potassium (eqn [2]).110 In an earlier

report iBu2Al–Al
iBu2 was obtained only in solution.111

Alternative routes are the reactions of trihalides with reduc-

ing alkali metal silanides (eqn [3]) or redox disproportion-

ation of EX (X¼halide, N(SiMe3)2, Cp*) with RM reagents

(eqn [4]). Through these routes, several ditrielanes with vari-

ous substituents were accessible (Table 5).

1.01.2.1.2.2 Structural features

Most of these compounds exhibit monomeric E2R4 molecules

with planar three coordinate triel atoms. The ER2 units can be

oriented coplanar or twisted, with torsion angles between

0� and 90�. The ideal staggered conformation is adopted for

the silyl-substituted derivatives. The alkyl-substituted ones

have nearly planar C2E–EC2 arrangements. This was explained

with hyperconjugative interactions between the empty

p-orbital at the triel atoms and the filled s-orbitals of the

a-C–Si bonds. Alternatively, or in addition, the ideal packing

of the planar molecules in the crystal and subsequent ideal

orientation of the R groups for the hyperconjugative interaction

were used as explanation. In solution, no rotational barriers

were detected by low temperature NMR experiments.1,92,112

The tetraryl derivatives have conformations with torsion angles

of approximately 45�.
The E–E bond seems to be the chromophore of ditrielanes,

the absorption maxima of which are influenced by the sub-

stituents. While the alkyl derivatives are yellow (Al) to orange

(In), the silyl-substituted ones are described as dark-green to

red. Bathochromic shifts in UV–Vis spectra are observed with

increasing ordinal number and increasing torsion angles.

The largest number of these compounds was prepared with

E¼Ga. Here the Ga–Ga bond varies from 234 to 260 pm with

the steric demand of the substituents. The longest bond

was observed for the bulky silyl derivative [(Me3Si)3Si]2Ga–

Ga[Si(SiMe3)3]2 48. This dependence of the substituents is

Table 3 X4In2�2do compounds

X do dIn–In (pm) References

30 Cl thf 271.5 70
31 Br C[N(Mes)CH]2 274.4 71
32 Br tmeda 276.1 72
33 3Br, I tmeda 277.5 73
34 I PnPr3 274.5 74
35 I tmeda 279.2 71

Table 2 X4Ga2�2do compounds

X do dGa–Ga (pm) References

8a Cl Dioxane 240.6 57
B Cl Dioxane (polymer) 238.3 58
9a Cl NEt3 244.7 59
9b Cl NMe3 242.1 60
10 Cl OP(NMe2)3 239.2 61
11 Cl NC5H4(4-Me) 241.4 62
12 Cl NC5H3(3,5-Me2) 240.0 63
13 Cl PEt3 242.7 64
14 Br Et3N 245.3 59
15 Br thf 241.2 59
16 Br NHEt2 243.5 59
17 Br NC5H4(4-

tBu) 241.9 59
18 Br PEt3 242.7 64
19 I NH2(

cHex) 242.9 65
20 I NH2(

tBu) 242.4 65
21 I NH(cHex)2 246.5 65
22 I NEt3 249.8 66
23 I (PcHex)2� 245.0 67
24 I PH(cHex)2 243.7 65
25 I PH(tBu)2 244.5 65
26 I PEt3 243.6 68
27 I PPh3 244.4 68
28 I AsEt3 242.8 69
29 I I, C[N(dipp)CH]2

a 247.4 65

acation:[HC[N(dipp)CH]2]
þ

Table 4 Survey of compounds containing E2X6
2� units

E X Mþ dE–E (pm) References

36 Ga Cl [PHPh3]
þ 240.4, 240.7 90

37 Ga Br [PHPh3]
þ 241.0 90

38 Ga Br [Ga(dmf)6]
3þ 242.0 59

39 Ga I [PHPh3]
þ 241.4 90

40 Ga I [(Me2N)2CH]
þ 242.3 89

41 In Cl [Ph4P]
þ 272.7 91
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+4 RM

R R

[1]

[2]

[3]

[4]

RR

RR

R

2 AI X

R

42 X = CI, R CH(SiMe3)2

2 EX3 + 6 MR

4 EX + 4 MR

−R2

−6 MX

−2 E
−4 MX

43 X = Br, 2,4,6 - iPr3C6H2

AI AI

R

R

R

E E

R

R

R

R

E E

R

R

R

E E

45–56, R: see Table 5

44, 57, 59, 62

57, 58, 60, 61, 62, 63

+2 K

−2 KX

−4 MXX
X

E E

X

X

Table 5 Monomer ditrielanes E2R4 with three-coordinate triel atoms

dE–E (pm) References

42 [(Me3Si)2CH]2Al–Al[CH(SiMe3)2]2 266.0 92
43 Trip2Al–AlTrip2

a 264.7 93
44 (tBu3Si)2Al–Al(Si

tBu3)2 275.1 94 95
45 [(Me3Si)2CH]2Ga–Ga[CH(SiMe3)2]2 254.1 2
46 Trip2Ga–GaTrip2 251.5 96
48 [(Me3Si)3Si]2Ga–Ga[Si(SiMe3)3]2 259.9 97
49 (FMes)2Ga–Ga(

FMesÞ2b 247.9 98 99
50

N

N N

N

Ga Ga

252.5 26

51 Me3Si SiMe3

Me3Si SiMe3

N

N N

N

Ga Ga

238.5 100

52 dipp dipp

dipp dipp

N

N N

N

Ga Ga

236.3 101

(Continued)
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demonstrated with tetra(amino)digallanes. In tmp4Ga2 50 the

molecule parts are twisted by 31� and the Ga–Ga bond length

is 252.5(1) pm. The less steric demanding diamine residue

Me2C[CH2N(SiMe3)]2 leads to an orthogonal orientation of

the GaN2 planes in 51 and a short Ga–Ga bond of 238.5(1)

pm.With diazabutadienediide substituents [CHN(R)]2 (R¼ tBu,

2,6-iPr2C6H3, 2,6-Et3C6H3) similar short Ga–Ga bonds are ob-

served in 52–54. Dialanes have longer E–E bonds than digal-

lanes, because of the smaller covalent radius of gallium.

SiMe3

Me3Si

Me3Si

64 E = TI
65 E = In

Me3Si

SiMe3

SiMe3N

N

N

N

N

N

E
EE

E

1.01.2.1.2.3 Thallium–thallium interactions

For thallium [(Me3Si)3Si]2Tl–Tl[Si(SiMe3)3]2 61, prepared by

the reaction of RbSi(SiMe3)3 and TlN(SiMe3)2, is a rare

example with a thallium–thallium bond.108 Thallium–

thallium interactions are also present in a thalliumtripod

complex 64.113 Here, additional thallium(I) cations coordi-

nate to the tripod ligand. The thallium–thallium bond

(dTl–Tl¼273.4 pm) is even shorter than in the indium analog

65.113 A series of thallium(I) complexes with tripod

ligands113–117 and diamido ligands118,119 also show Tl–Tl

contacts.120,121 Such interactions between closed shell s2-

thallium(I) cations are also observed in other classes of

compounds and are usually weak (370–>400 pm).120,122–126

Tl2[RN)2BPh] (R¼ iPr, tBu) aggregates to chains, where dithal-

lium units interact with a thallium ion of the next unit, leading

to infinite chains of edge-sharing triangels (dTl–Tl¼295.0 and

300.4 pm).127

1.01.2.1.2.4 Bulky silanide derivatives

Using the bulky silanide tBu3SiNa, the corresponding tetrasily-

ditrialane, indane, and thallane are accessible. For aluminum

and gallium the trihalides are reduced during the reaction

(eqn [3]) and the indium and thallium derivatives are accessi-

ble via the monohalides, respectively (eqn [4]). Only for

gallium, the smallest atoms in this row Al–Tl, the tetrasilyldi-

gallane (tBu3Si)4Ga2 47 was not stable under the reaction

conditions, but lost one equivalent of tBu3Si to afford the

radical (tBu3Si)3Ga2 66 (dGa–Ga¼242.3 pm).128 Reduction of

this radical afforded [(tBu3Si)3Ga2]
� (Na(thf)3]

þ 67 (dGa–Ga¼
237.9 pm),128 which can be used for nucleophilic substitution

reactions, that is, against trimethylchlorosilane to 68, or can be

oxidized with tBu3SiBr to a cyclotrigallane 69, which then can

be reduced to 70 (Scheme 1). Compound 44 decomposes on

Table 5 (Continued)

dE–E (pm) References

53
R1 R1

R1 R1

R1= tBu, dipp, 2,6 - Et2C6H3

N

N N

N

Ga Ga

233.1, 234.8, 235.9 102–104

54

dipp dipp

dipp

N

N N

N

dipp

Ga Ga

236.0 102

55 [(Me3Si)2CH]2In–In[CH(SiMe3)2]2 282.8 1
56 Trip2In–InTrip2 277.5 105
57 (tBu3Si)2In–In(Si

tBu3)2 292.8 94 106
58 (tBu2PhSi)2In–In(Si

tBu2Ph)2 293.8 94
59 [(Me3Si)3Si]2In–In[Si(SiMe3)3]2 286.8 107
60 (FMes)2In–In(

FMesÞ2b 274.4 98
61 [(Me3Si)3Si]2Tl–Tl[Si(SiMe3)3]2 291.5 108
62 (tBu3Si)2Tl–Tl(Si

tBu3)2 288.1 94
63 (tBu2PhSi)2Tl–Tl(Si

tBu2Ph)2 296.2 94,106,109

a2,4,6-cPr2C6H2;
bFMes = 2,4,6-(CF3)3C6H2
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heating to 373 K within 10 h via the dialanylradical

(tBu3Si)3Al2, an analog to 66, to (tBu3Si)4Al3¸ which itself is

an analog to 69 (see Chapter 1.13). The gallium ring com-

pound was not formed on heating of (tBu3Si)3Ga2. The three-

membered ring compounds of aluminum and gallium trans-

form to give cluster compounds (tBu3Si)4E4 (E¼Al, Ga) and

others on heating. Similarly, (tBu3Si)4In2 decomposes to a

higher indium cluster (vide infra), which might also be the

case for the thallium homolog. But here only an undefined

black precipitate has been obtained so far.

1.01.2.1.2.5 Cycloaddition products of ditrielenes

A special derivative is the cycloaddition product ArylGa

(NC6H5)2GaAryl 71 (Aryl¼2,6-dipp2C6H3) of a correspond-

ing digallene with a diazene. Compound 71 contains a Ga2N2-

ring with a Ga2-unit.
129 The corresponding Aryl2Al2-unit is part

of an Al2C2-ring of ArylAl[C(SiMe3)]2AlAryl 72
130 and is present

in (ArylAl)2(C6H5Me) 73, the cycloaddition product of toluene

and Aryl2Al2.
131 The latter is only one representative of a class

of ditrielenes REER (E¼Al,132 Ga,133,134 In,135,136 Tl137–139),

which have been prepared in the last few years. They can be

potentially looked upon as doubly bonded systems. Neverthe-

less, their long EE bonds indicate otherwise. On reduction,

dianionic species [REER]2� are obtained. The bonding situation

of these compounds was discussed controversially. A triple

bond as well as a single bond is an extreme description of

these compounds.134,140–142 This will be discussed in detail in

Chapter 1.10. One-electron reduction of ditrielanes 42, 43, 44,

and 46 gave the radical ions [R4E2]
� with a bond order of 1.5,

showing that the additional electron fills the empty p-orbitals of

the E2-unit.
93,96,143–147

1.01.2.1.3 Lewis acidity – higher coordination numbers
Chalcogenide substituents were rarely used in this kind of

chemistry. The tert-butoxy-substituted digallane 74 forms a

dimer with two parallel Ga–Ga bonds, which are linked via

tert-butoxy bridges.100,148 The isostructural aluminum alkoxide

was prepared from AlBr solutions. The formation of these di-

mers shows that the triel atoms in ditrielanes(4) are still Lewis

acidic.149

Al2(P
tBu2)4 75149 is also formally an Al2R4 derivate. It is

obtained as two isomers 75a and 75b, depending on

reaction conditions (Scheme 2). Compound 75a is prepared

by reaction of AlX solutions in toluene/Et2O with LiPtBu2. This

Al2P2 ring compound is a diradical without an Al–Al bond

[dAl–Al¼350.8 pm] (see Chapters 1.13 and 1.14). From

solutions that contain no or only a little amount of donor

solvents, 75b with a Al–Al-bond [dAl–Al¼258.7 pm] crystal-

lizes. The difference has been explained by disproportionation

of the AlX solutions, which proceed via Al2X4�2do in the latter

or via Al5Br5�4do in the former case (see Section 1.01.2.3).

Dimerization of 75a would probably result in a structure

analog to 74.

Ga

66 67 68

Ga

Ga

Ga

69 70

Ga

Ga Ga Ga Ga

tBu3Si

tBu3Si

tBu3Si

tBu3Si tBu3Si

tBu3Si

+ tBu3SiBr

−NaBr

+ Me3SiCI

Si3
tBu

Si3
tBuSitBu3

SitBu3

SitBu3

SitBu3

Ga

Ga Ga

tBu3Si

tBu3Si

SitBu3

SitBu3
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Scheme 1 Reactivity of supersilyl-substituted oligogallanes.
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The Lewis acidic character of ditrielane(4) compounds can

be used to prepare ditrielanes with five and six substituents, so-

called ditrielanes(5) or ditrielanes(6). Thus, [(Me3Si)2CH]2Al–

Al[CH(SiMe3)2]2 42 reacts with LiR1 (R1¼Me, Br) to form

[R1[(Me3Si)2CH]2Al–Al[CH(SiMe3)2]2]
� [Li(tmeda)2]

þ

76.150,151 tBuLi and EtLi react under b-H-elimination to give

the hydrides (R1¼H). LiCH(SiMe3)2 deprotonates to give a

ring compound 77.152

[(Me3Si)2CH]2Ga–Ga[CH(SiMe3)2]2 reacts with LiCCPh

under formation of an adduct 78, for example.153 A homo-

leptic Ga2R5 compound is the anion [Ga2(SiPh3)5]
� 79

(dGa–Ga¼254.6 pm)154 with three and a tetracoordinated gal-

lium atom. Interestingly, the Ga–Si bonds of the three coordi-

nate gallium atoms are longer than those of the tetracoordinate,

one. This was explained by hyperconjugative effects. Higher

coordination numbers at the gallium atoms are achieved by

multipodal nitrogen ligands (80, 81),155,156 with a carboranate

dianion (82) (dGa–Ga¼234.0 pm)99 as a substituent or in phta-

locyanato complexes of Ga2 units.157–159 A TiCp*N-cage (83)

(dGa–Ga¼239.7 pm)160 and P–S-ligands (84) (dGa–Ga¼238.3

pm)161 have been used for stabilization of Ga2-units also.

The dialane(6) [iBu3Al–Al
iBu3]

2� was obtained by reduc-

tion of iBu3Al with potassium.162 Even more easy is the adduct

formation with diindanes, which is due to the larger radius of

indium atoms compared to the lighter homologs.

1.01.2.1.4 Heteroleptic compounds
The gallium and indium compounds of type (REX)4 85a–e

(Table 6) adopt a D2d-symmetric structure, where two

E2-units are linked via four halide bridges. The cage formed

resembles the Realgar-structure (As4S4). With the smaller

(Me3Si)2CH-substituent, a trimeric fluoride derivative 86a

and the hydroxide 86bwere obtained by treatment of digallane

45 with HF or H2O, respectively. In these compounds three

Ga–Ga bonds are in parallel arrangement.166

With more bulky substituents, monomeric derivates R2E2X2

87a–f (Table 7) with three coordinate triel atoms were

synthesized.

With bidentate substituents, a series of heteroleptic ditrie-

lanes 88–93170–178 with tetracoordinate gallium atoms could

also be obtained.

Biradical ditrielanes 94a–c are products of reactions of ‘GaI’

or InCl with diazabutadienes (see Chapter 1.13),179–181 while

94d was isolated from an obscure reaction.180
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R1= Me, Br, H
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AI

tBu

74

78 79

AI
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76 77

tBu
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tBu

Ga

Ga Ga

Ga
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CH(SiMe3)2
CH(SiMe3)2

CH(SiMe3)2

− −

−

−
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CH(SiMe3)2 Ph3Si SiPh3
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Ph3Si
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Ga Ga
CH(SiMe3)2
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O
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Toluene/Et2O: 3:1 Toluene/thf: 10:1

AIX

X = Cl, Br
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P

AIAI AIAI

P P

75a 75b

tBu2

P
tBu2

tBu2P
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Scheme 2 Aluminum–aluminum bond formation from AlX solutions.

Table 6 D2d symmetric (REX)4 compounds

85 E R X References

a Ga Si(SiMe3)3 Cl 97
b Ga Si(SiMe3)3 Br 163
c Ga SitBu3 Cl 164
d In C(SiMe3)3 Cl 165
e In C(SiMe3)3 Br 165

Table 7 Monomeric R2E2X2 compounds

87 E R X References

a Al Dipp I 131
b Ga C(SiMe3)3 Br 167
c Ga C(SiMe3)3 I 168
d Ga 2,4,6-tBu3C6H2 Cl 169
e Ga 2,6-dipp2C6H3 I 133
f Ga 2,6-trip2C6H3 I 134
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These types of functional digallanes [R2E2X2]n (n¼1, 2, 3)

normally do not undergo simple substitution reactions,

which might offer a broad potential to the synthesis of hetero-

cyclic compounds with Ga–Ga-units. Mostly, redox dispro-

portionation or reduction by the nucleophile was observed.

For example, 85a reacts with Collman’s reagent to a gallium–

iron cluster 95. Here, GaSi(SiMe3)3 groups substitute for bridg-

ing CO-ligands in Fe2(CO)9 (eqn [5]).182 Similarly, other ER

groups are versatile ligands (for reviews see, e.g., Baker and

Jones,11 Linti and Schnöckel,12 Fischer and Weiß,183 Gemel

et al.,184 Vidovic and Aldridge,185 Whitmire186).

On the other hand, by reaction of Ga2[CH(SiMe3)2]4 45

with Br�nsted acids of various types, a large variety of hetero-

leptic digallanes are accessible.187 The large number of

compounds available cannot be discussed here fully. The prin-

ciple is shown in the reaction of 46 with a carboxylic acid to

form 96 (eqn [6]). Here two alkyl ligands are protonated off

and the carboxylate groups are bridging the intact Ga2-unit.

For the homologous aluminum and indium compounds, the

protolysis reactions proceed in a different way, to produce

97 and 98, where the E–E bond is cleaved.188 Corresponding

Me
tBu tBu
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H
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indium(II) carboxylates were prepared from 85d by reaction

with silver or lithium carboxylates.189,190 Reaction of

[(Me3Si)3CGaI]2 87c with lithumcarboxylates gave unsymmet-

rical substituted derivatives 99.191

The stability of theGa2-unit was used to arrange up to sixGa2-

bonds in supramolecular aggregates using dicarboxylic acids.

Flexible spacers allow dimeric species 100.192 1,4-Butane-, 1,6-

hexane-, 1,6-cyclohexane-, and1,4-dimethylbenzenedicarboxylic

acid have been used as flexible spacers. Rigid spacers such

as ferrocenedicarboxylic acid, naphthalenedicarboxylic acid, or

muconic acid allow higher nuclear derivates 101a,193 101b,194

and 101c.195 Here, carboxylates can either bridge a Ga2-unit (e.g.,

101) or link two Ga2-bonds (e.g., 102). With benzotriazol-5-

carbocylic acid six Ga2[CH(SiMe3)2] units get linked to form

the cage 103.196 Hereby cavities of up to 1.5 nm diameter are

formed, which can contain solvent molecules. Squaric acid re-

acts similarly to form a tetramer aggregate 104,195 while tropo-

lone reacts with 45 to the monomeric digallane 105.197

Me3Si

Me3Si

SiMe3 SiMe3
SiMe3

Ph Ph R2
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H
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Those heteroleptic digallanes are themselves valid starting

materials. Thus, reaction of [(Me3Si)2CH]2Ga2(O2CMe)2 96

with lithiumdiphenyltriazenide afforded the triazenido-

substituted digallane 106.198 This is built analogous to

amidinato-substituted digallanes with the triazenido ligand

bonded in terminal positions, not in a bridging one like the

carboxylate. This has been explained with the larger flexibility

of the NNN angle compared to the OC(Me)O angle.

In addition, other types of protonic acids have been applied

for reactions in analogy to eqn [6]. Imido-tetraphenyldipho-

sphinic acid and imido-tetraphenylthiodiphosphinic acid

form the digallanes 107 and 108, with a different coordination

mode of oxygen and thioligands.199

Similarly, acetylacetonato derivatives of digallanes 109

are prepared by reaction of either the neutral acetylace-

tones200,201 or the lithium acetylacetonates with digallium

Ga

45 96

In
o

o

o o
o

o
In

Ph

Ph
o

o
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(Me3Si)2HC

(Me3Si)C

(Me3Si)2HC
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R
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CH(SiMe3)2

C(SiMe3)
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O

O
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O
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subhalides.190,202 For indium, only the route via diindiumsub-

halides is successful.191,202

1.01.2.2 Synthesis and Structure of Compounds with E3-
Units

For E3-compounds, chain and ring compounds are possible.

An Al3-unit is present in the salt [Cp*2Al3I2]
þ[Cp*Al2I4]

�

110,203 obtained from the reaction of [Cp*Al]4 with alumi-

niumtriiodide.

The largest variety of E3-compounds is known for the ele-

ment gallium. Two types of open-chain trigallanes with bent as

well as linear Ga3-cores were realized. Ga3I5�3PEt3 11168 is a

sole example of a Ga3 subhalide. With amidinato groups,

several trigallanes of type (amidinato)3Ga3I2 112 and 113

could be prepared, as well as a subvalent hydride 114. The

latter was obtained by the reaction of 112 with Na[BEt3H].173

The reaction of 112 with elemental iodine in toluene at room

temperature occurs immediately. It yields the gallium(III)

compound (amidinato)GaI2 that allows a redox titration with

an iodine standard solution in toluene. The consumption of

iodine solution corresponds with a four electron reaction.

This matches with the presence of two gallium(II) and one

gallium(I) in 112.

Compound 112 cocrystallizes with solvents like n-hexane,

toluene, and thf. This change of crystal solvent has influence

on the structure of 112. The torsion angle I–Ga–:::–Ga–I in

solvent-free and hydrocarbon-containing crystals is approxi-

mately 125–126�; for the thf solvate it changes to 88�. There is
no close contact between the solventmolecules and the trigallane.

A possible answer is the change in the dipole momentum on the

twist from 5.2 to 8.3 D, which is counterparted by the polar

solvent.
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The Ga–Ga bond lengths of trigallanes 112–114 are in the

range of 241–246 pm. That is comparable to the bond lengths

observed for comparably substituted digallanes.

Reaction of the anionic gallium heterocycle

Ga N dippð ÞCH½ �2
� ��181,204 with donor-stabilized gallane

[GaH3�donor] (donor¼quinuclidine) affords the anionic tri-

gallanate [[CHN(dipp)]2Ga–GaH2–Ga[N(dipp)CH]2]
� 115.

This is described as a donor–acceptor adduct of the anionic

[Ga[N(dipp)CH]2]
� rings to a GaHþ2 cation.205

Oxidative addition reactions of GaX3 (X¼Cl, Me) to the

gallium(I) bisketoimidinate Ga(nacnac)204 produced the tri-

gallanes (nacnac)Ga(X)Ga(X)Ga(X)(nacnac) 116a,b.206

With a tris(imidazolinato)borate ligand (L) the ionic Ga3-

compounds [L2Ga3I2]
þ 117 (dGa–Ga¼245.86(5) pm) and

[LGa2I5]
� 118 (dGa–Ga¼240.6(3) and 241.2(2) pm), as well as

the corresponding digallanes [L2Ga2]
2þ (dGa–Ga¼241.2(3) pm)

and LGaGaX3 (X¼Cl, I) (dGa–Ga¼241.4(4) pm) are accessible

via reaction of the potassium or thallium derivative of the

ligand and ‘GaI.’207 The Ga–Ga bonds are in the typical range

known from other oligogallanes.

Starting from ‘GaI’ or GaBr-solutions a Ga3R5 derivate 119

(R¼N(SiMe3)2) with three coordinate gallium atoms in an

angled chain can be prepared. The Ga–Ga bonds (dGa–Ga¼
252.8 pm) are relatively long, comparable to those in digal-

lanes with bulky substituents.208,209

A formal R�-adduct of a Ga3R5 derivative is [Ga3R6]
� 120

(R¼GePh3). This trigallanate, as well as the indium analog

[In3(SiPh3)6]
� 121, are isolated as alkalimetal salts. The cat-

ions are coordinated by thf molecules and are separated from

the anions in the crystal. Compounds 120 and 121 have linear

E3-units. These are described as double Lewis-base adducts of

E� to two ER3 groups according to 122.
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O
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O

O
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O
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In Ga3(P
tBu2)5 123,210 (ArylGa)2GaH(PH2)2 (aryl¼

trip2C6H3) 124
211 as well as in Ga3R3I2 (R¼C(SiMe3)3) 125,

167

and its indiumhomolog In3R3I2 126
212 and In3R3Br2�LiBr 127213

bent E3-units are part of four-membered rings closed by donor–

acceptor interactions.

Two types of gallium–silicon rings are established, a

1,3,2,4-disiladigalletane [(Me3Si)3SiGaSiMe2]2 and a 4,1,2,3-

silatrigalletanate 128.214 The latter is formed during reaction of

(Me3Si)3SiLi(thf)3 with ‘GaI’ and includes a Ga3-group as well.

It was postulated that 128 forms via isomerization of an inter-

mediately formed [Ga3[Si(SiMe3)3]4]
� ring 129 and is an in-

termediate in the formation of the Ga4Si-cluster compound

130215 (Scheme 3).

Another ring compound, related to 128, is the radical 69,

which can be reduced to 70. Compound 69 itself is a thermo-

lysis product of R3Ga2 66 (Scheme 1).

A special class of Ga3-ring compounds is represented by

[Ga3Aryl3]
2� 131. Two p-electrons form a metalloaromatic

system with short gallium–gallium bonds [dGa–Ga¼241.9–

243.7 pm].216 The two potassium cations coordinate with the

Ga3-ring of 131 and the attached aryl groups and thus contrib-

ute to the stability of the system. An analogous aluminum

compound Na2[Al3Aryl3] [dAl–Al¼252.0 pm] was obtained in

a similar manner.140

Only two thallium compounds with three connected thal-

lium atoms are known, chained [(xylnacnac)Tl]3 132217 and

the ring compound (tBu3Si)4Tl3Cl 133.
218 Here, the chlorine

atom bridges the terminal thallium atoms of the Tl3-unit.

Compound 133 was obtained together with a Tl6-compound

134, where two four-membered rings (tBu3Si)3Tl3Cl are linked

via Tl–Tl and Tl–Cl contacts. Three [(xylnacnac)Tl] units asso-

ciate to form 132 via long thallium(I)–thallium(I) interactions

(dTl–Tl¼358 and 380 pm). An additional contact between the

outer thallium atoms and the central thallium heterocycle, as

well as thallium arene contacts, stabilize this trimer. More bulky

b-diketiminates prevent aggregation and monomer thallium(I)

derivates are obtained.219–221

1.01.2.3 Synthesis and Structure of Compounds with
Higher En-Units

1.01.2.3.1 Subhalides
Treatment of metastable solutions of Al(I) and Ga(I) halides

with appropriate donor ligands afforded cyclic compounds of

oligomer E(I) halide donor complexes. For E¼Al planar, four-

membered ring compounds [AlX �do]4 135a–c (X¼Br,

do¼NEt3
222; X¼ I, do¼NEt3

223; X¼ I, do¼PEt3)
224,225 are

obtained. From these solutions, even higher subvalent

aluminum halides like Al12[AlX2�do]do2 (do¼ thf, X¼Cl,

Br)226,227 were isolated, which contain icosahedral Al12-cores

and can be described as closo-cluster compounds according to

the Wade rules.
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Al5Br7(thf)5
56 is an ionic compound composed of [Al[AlBr

(thf)2]2[AlBr2(thf)]2]
þ cations and [Al[AlBr2(thf)]4]

� anions.

Octamer and decamer gallium(I) halides 13666 and 137228

were obtained. The core of 136 is a planar eight-membered

ring, where six gallium atoms bear an iodine atom and a

phosphane ligand. The remaining two gallium atoms are

bridged by two iodine atoms.

Compound 137 exhibits a six-membered gallium ring in a

flat chair conformation, where the two gallium atomsGa(1) and

Ga(4) are connected to two terminal GaBr2(4-
tBu-pyridine)

groups. FromGaI-solutionswith triethylamine, a partial oxidized

product 138 was crystallized, built from two five-membered

Ga4O rings that are dimerized by two GaO-contacts.229

Starting from these GaX-solutions or alternatively sono-

chemically prepared ‘GaI,’ several chain and ring compounds

with four or more gallium atoms have been prepared. Very

common are Ga5-derivates, which contain tetrahedral GaGa4-

cores 139.56,230–233 The terminal gallium atoms are either part of

GaX(do)2 or GaX2(do) groups. Thus, a central Ga0 atom is

surroundedbyGaI andGaII centers.Homologous InIn4 derivates

are also known. These are the ammonium salts [In[InX2(do)]4]
�

Hdoþ (140a: X¼Cl,72 140b: X¼Br,234 do¼N(CH2CH2)3CH].

1.01.2.3.2 Nonhalide derivatives
Such a GaGa4 core of type 139 is also present in the salt-

like compound [Ga6Cp*2(triflate)6�2toluene] 141 (triflate¼
CF3SO3). Here the cation is a Gaþ ion coordinated by two

toluene molecules and the anion can be described as a

(triflate)3Ga–Ga–Ga(triflate)3 chain, where two GaCp* groups

coordinate with the central gallium atoms. Compound 140 is

obtained from protolysis of GaCp* with trifluormethanesulfo-

nic acid together with 142 and several gallium(III) products.

Compound 142 is a tetragallane, which can be described as a

double GaCp* adduct of the digallane Ga2(triflate)4. Conse-

quently, here the sequence GaI–GaII–GaII–GaI makes 142 an

analog to Ga2Cl4�2dioxane, where the gallium(I) compound

GaCp* adopts the role of the donor molecule.

A tetragallane with an inverse GaII–GaI–GaI–GaII arrange-

ment is present in the galliumamidinate 143.235 With more

steric demanding amidinates, only digallanes and trigallanes

were accessible. The Ga–Ga bonds (dGa–Ga¼245.3(1) and

245.5(1) pm) are slightly longer than in amidinato-substituted

trigalliumiodides 112 and digalliumiodides 89. This is in line

with Bent’s rule and the substitution pattern of the neighboring

gallium atoms.
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The hexagallanate 144236 is also based on a tetrahedral

GaGa4-core. Here a tetrahedral GaGa3(Ga2) core is present,

where the central gallium atom is bonded to three single

gallium atoms and one digallium unit. One of the single gallium

atoms bears two amide groups and the others are linked to an

additional iodine or oxo group, respectively. The gallium

atoms of the Ga2 unit are bonded to one amide group each.

The iodine atom and the oxygen atom are in bridging

positions, thus forming a Ga5OI cage. Compound 144 forms

during the reaction of ‘GaI’ with LiN(SiMe3)2 in low yields

instead of an anticipated gallium(I) amide.

An analogous In6-core is present in [In6I8(tmeda)4] 145

(tmeda¼ tetramethylethylenediamine).71 Two In(tmeda)I,

one In(tmeda)I2, and an InI2–InI2(tmeda) group are attached

to the central indium atom. Thus, tetra- and penta-coordinate

indium atoms are part of this molecule.

A structural related anion [Ga8O[N(SiMe3)Dipp]8
(Ndipp)2[N(H)dipp]4]

2� 146233 is obtained as lithium salt

N
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−
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from the reaction of LiN(SiMe3)dipp with GaCl solutions at

ambient temperature, that is, in a temperature region where

gallium(I) chloride solutions are mostly disproportionated

into gallium and halides of higher oxidation states. Here

two GaGa4 units are joined via a common gallium atom.

Two imide groups dippN and one oxo atom close three Ga4X

rings, which are arranged in a 3,3,3-propellane type structure.

Compounds with a branched Ga4 chain were obtained

starting from Ga2trip4 [dGa–Ga¼251.5 pm].237 While careful

reduction with lithium metal (Scheme 4) produced the radical

Ga

Ga Ga Aryl Aryl (Me3Si)3C

(Me3Si)3C

C(SiMe3)3
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Br Li(thf)3
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P
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−
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Scheme 3 Formation of gallium–silicon ring compounds 128–130.

16 Catenated Compounds – Group 13 (Al, Ga, In, Tl)

Comprehensive Inorganic Chemistry II : From Elements to Applications, Elsevier, 2013. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/inflibnet-ebooks/detail.action?docID=1330977.
Created from inflibnet-ebooks on 2021-02-09 22:25:55.

C
op

yr
ig

ht
 ©

 2
01

3.
 E

ls
ev

ie
r.

 A
ll 

rig
ht

s 
re

se
rv

ed
.



anion [trip4Ga2]
� 147 [dGa–Ga¼234.3 pm], reduction with an

excess of sodium in trimethylamine led to the formation of

dianionic [(trip)2Ga)3Ga]
2� 148, with a planar GaGa3 core.

The short gallium–gallium distances [dGa–Ga¼238.9 pm] are

in accordance with two delocalized p-electrons in the gallium

core. The neutral GaGa3 compound 149 was obtained by oxi-

dation of 148 with dry oxygen. The gallium–gallium bonds are

elongated upon this oxidation [dGa–Ga¼246.5–248.1 pm]. The

indium analog of 150 has also been prepared. 105

The monoanionic compound 151 of type [RGa(GaR2)3]
�

has a pseudotetrahedral Ga4 core, where the edges of the Ga3
base are bridged by iodine atoms.238 The resulting cage is

described as a cube with a missing corner. The long Ga–Ga-

distances [dGa–Ga¼253.5 pm] are in line with the bulky silyl

groups at the gallium atoms.

Cyclic Ga4 derivates are known as M2[Ga4Aryl2] 152

(Aryl¼2,6-trip2C6H3, a: M¼Na, b: M¼K,)134,239 and

Na2[Ga4(Si
tBu3)4] 153.164 Compounds 152a,b are obtained

by reduction of ArylGaCl2 with the respective alkali metals

and show a planar, metalloaromatic Ga4 ring with formally

two p-electrons. The metal ions coordinate to the gallium-p-
system and the p-system of the trip-rings. 153 is prepared by

reduction of the gallatetrahedrane Ga4(Si
tBu3)4. It has a

butterfly-type Ga4-core with a delocalized 2p system.
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[Ga6(SiPh2Me)8]
2� 154, isolated as lithium salt, shows an

unusual planar arrangement of six gallium atoms.240 Formally

it is derived by dimerization of two equivalents of a compound

of type 122 with loss of four substituents. The delocalized

bonding in 154 brings this compound to the border with

cluster compounds and is discussed later.

An unique example of a linear six-membered chain com-

pound of triel elements is In6I2(
xylnacnac)6 155 [xylnacnac¼ [N

(3,5-dimethylphenyl)C(Me)]2CH; dIn–In¼282.2–285.4 pm].241

Compound 155 is obtained from indium(I) iodide and the

potassium salt of xylnacnac. The bond lengths are similar to

those in nacnac-substituted diindiumhalides [(dippnacnac)

InCl]2 156a [dIn–In¼282.4 pm]178 and [(Phnacnac)InCl]2
156b [dIn–In¼275.7 pm].177 [(xylnacnac)In]2 157 as an exam-

ple of a dimeric indium(I) derivate has a longer indium–

indium bond [dIn–In¼334.0 pm], despite the fact that a dou-

ble bond may be formulated here.242 For a more detailed

discussion see Chapter 1.10.

Reaction of GaX-solutions243 with alkalimetalphosphanides

yields oligomeric galliumphosphanides Ga8(P
tBu2)8Cl2 158,

233

Ga8(P
iPr2)8Cl2 159,233 and Ga12(P

tBu2)6(
nPr(H)C¼PnBu3)Br2

160244 aswell as higher cluster compounds.245 Compounds 158

and 159 are octagallium derivatives with complicated oligo-

cyclic structures. The central Ga8-core of 158 is described as

two distorted edge-sharing GaGa4 tetrahedra, where the termi-

nal gallium atoms are bridged by phosphanido groups. The

diisopropylphosphanido derivate 159 has an oligocyclic struc-

ture with attached Ga2 units. The unusual Ga12 compound

160 forms by reaction of metastable GaI solutions243 with

LiPtBu2 and nPr(H)C¼PnBu3. It has a cluster core consisting

of three nearly planar Ga4 rings. A related In9 compound

[In3(In2)3(PhP)4(Ph2P)3Cl7(PEt3)3] featuring (InþII)2 units as

well as InþIII units was prepared, starting from indiumtrichloride

and silylated phenylphosphanes. Redox reactions are responsi-

ble for indium–indium bond formation here.246

1.01.2.4 Synthesis and Structure of Compounds with E–E0

Bonds

The availability of Lewis basic triel(I) derivatives ECp*,247,248

E(nacnac),204 [E[N(dipp)CH]2]
�163 ,181,249,250 and EL (L¼

substituted pyrazolylborato)251 offers the possibility for the

preparation of mixed E–E0 compounds.252 We have already

discussed donor–acceptor compounds of AlCp* and GaCp*

for structures 110, 115, and 142, involving EþI and EþII centers.
The combination of EþI and EþIII is realized in tButpzGa–GaI3,
tButpzIn–InI3 (tButpz¼ tris-3,5-ditertbutylpyrazolyl)hydrobo-

rate)251,253–256 and XIn[[18]-crown-6]-InX3 161 [dIn–In¼
268.2 (X¼Cl), 270.7 (X¼Br), 272.5 (X¼ I)].257,258 Com-

pound 161 is obtained from InCp* by protolysis with triflic

acid and subsequent reaction with indiumtrihalides. The trend

in bond lengths is as expected from Lewis acidities of InX3 and

the steric demand of the halides.
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ECp* compounds forma variety of complexeswith transition

metal fragments183,259–264 andmain group Lewis acids.With the

latter, redox reactions often occur (see e.g., 110, but with appro-

priately substituted acids, EþI–E0þIII complexes are obtained

(Scheme 5, Table 8).232 ,268,269 Two examples are 162 and 163,

prepared from the triel(I) compound. Compound 164 is a prod-

uct of the reaction of Cp*Li with ‘GaI’ and can be reduced with

alkalimetals toCp*Ga.261 The bond lengths of anE–E0 pair seem
to be dependent on the Lewis acidity of the E0R03 part.

R E: +

R� R�

R�

R,R�: see Table 8

R E E�

R�

R�

R�

E�

Scheme 5 Principle of the formation of REþI–E0R03 complexes.
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Table 8 Overview of REþI-E0R03 complexes

dE–E0 (pm) AlCp* GaCp* InCp* Alnacnac

B(C6F5)3 216.9265 218.3266

Al(C6F5)3 259.1267

AltBu3 268.9268 262.9232,268,269 284.3
GatBu3 262.0252 284.5
GaCl2Cp* 242.5
GaI2Cp* 243.7
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1.01.3 Polyhedral Cluster Compounds

With few exceptions, all ring and chain compounds described

so far in this chapter are electron- precise, which means that a

description with 2c2e bonds is valid. 154, of type [R8Ga6]
2�, is

an electron-deficient molecule. While only ten electrons are

available for Ga–Ga bonds, nine such contacts are present.

A bonding description of 154 needs to make use of multicenter

bonds. DFT calculations have been made for 154 and its other

triel homologs [E6X8]
2� to examine a possible transfer into a

polyhedral, here octahedral closo-cluster-ion [E6X6]
2� by loss of

X2 (Scheme 6).240,270 For the lighter homologs boron and

aluminum, the polyhedral cluster is preferred, while for gal-

lium and indium the equilibrium should be on the side of 154.

The calculations were made for SiH3 and H as substituents, and

it was observed that the type of substituents is of large influ-

ence. This will be demonstrated by the polyhedral clusters of

these elements in this section.

Looking at Al4X4�4do, for example, removal of the donor

molecules would leave an Al4X4 ring with electron sextets at the

aluminum atoms. Here, formation of a tetrahedral cluster

Al4X4 would allow fulfilling the octet rule by multicenter

bonds. Polyhedral cluster compounds of the triel elements

are described here. The synthetic methods to prepare them

and their structures are also described. For a discussion of the

bonding in clusters, how electron bookkeeping according to

the Wade–Williams–Rudolph rules19–21,271 is applicable is

examined.

1.01.3.1 Tetrahedral E4R4 Cluster Compounds
and Derivatives

The most common cluster compounds for the triels aluminum

to thallium are tetrahedral E4R4 clusters. These are known for

all triels. The chemistry of these clusters has been reviewed

extensively.4,7,12,49,137,243,272–281 For boron, the subhalide

B4Cl4 (165) as well as B4
tBu4 (166) possess a tetrahedral

core. In the case of boron, B4R4 compounds can also adopt

ring structures. For amino-substituted derivatives, BN-p-
bonding is an alternative for the boron atoms to achieve an

electron octet. 167 with the bulky tetramethylpiperidino

groups is tetrahedral, while 168 with R¼NiPr2 has a butterfly

type ring structure.282

X

X X

X

B
B B

B

B

NiPr2

NiPr2

iPr2N

iPr2N

165   Cl 168
166   tBu
167   tmp

B B

B

1.01.3.1.1 Synthesis and structures
The heavier congeners are prepared by reduction of REX2

(eqn [7]), substitution reactions at triel(I) compounds

(X¼halide, triflate, amide, Cp*) (eqn [8]) or disproportion-

ation reactions of E2X4�2do upon substitution (eqn [9]).

4 REX2+ 8 M (RE)4 [7]

[8]

[9]

(RE)4

(RE)4+ R2EX

4 EX + 4 MR

do

do

E E

X

−8 MX

−4 MX

−3 MX
+3 RM

X
X

X

4 GaX3 + 12 NaSitBu3 180 + 8 (SitBu3)2          [10]
−12 NaX

For aluminum, (AlCp*)4 169 and several derivatives

(Table 9) have been prepared by routes according to eqns [7]

and [8]. All of these crystallographic characterized derivatives

are stabilized by bulky substituents. [Al(CH2
tBu)]4 was

reported only in solution, and was found to be tetramer by

molecular weight determinations.289 Al4[N(SiMe3)dipp]4
(174), the only tetramer aluminum(I) amide, is prepared in a

reaction according to eqn [7].287 Al4Cp*3[N(SiMe3)2] (175) is

X

X

E E

E

E B B AI AI Ga Ga In In

E

X HSiH3 SiH3 SiH3 SiH3
+50 +82+12 +32  kJ mol–1DH -131 -32-

H H H
-

E

E

X

X
2 −

X
X2  + X

X

X

E

E

E

E

E

E

X

X

X

XXX

2 −

Scheme 6 Possible formation of a polyhedral cluster from [E6X8]
2�.
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prepared from 169 and LiN(SiMe3)2,
288 and is a unique example

of a mixed substituted cluster. The Al–Al distances in these tetra-

hedranes cover awide range from259.2 to 277.8 pm. The longest

bonds are observed for Cp* and other carbon-based substituents

and the shortest for silyl groups. Intriguingly, in 175, long Al–Al

distances between the Cp*-substituted atoms and short distances

between the amido-substituted ones are observed.

Most of these tetramers dissociate in solution. The degree

of monomerization is correlated with the strength of the

Al–Al interactions in the cluster. Thus, those with short Al–Al

bonds, that is, the silyl-substituted ones, show no tendency

to dissociation. Al4Cp*4, on the other hand, is a monomer

in solution. This was also confirmed by 27Al NMR spectro-

scopy, where tetramers show chemical shifts of d¼�62
to �111 ppm and monomer AlR compounds those of d¼�150
to �168 ppm.94,290 Obviously, short Al–Al distances in tetra-

mers are related to stronger bonding in the cluster. This differ-

ence in the stability of the tetramers depending on the type of

substituents was also confirmed by quantum chemical calcu-

lations (see below). In addition, the color of these clusters is

dependent on the type of substituents and thus of the Al–Al

distances. Compound 169 is yellow, 171 orange, and 172 violet.

For gallium(I) compounds of type R4Ga4, originally the

disproportionation reaction of Ga2Cl4�2dioxane according to

eqn [9] was applied. This was successful with various substitu-

ents R. More economically these clusters are prepared by re-

duction of gallium(III) derivatives, either by metals or by using

the nucleophile MR ( M¼Li, Na) itself as reducing agent (eqn

[10]). This was the case with R¼SitBu3. An alternative (eqn

[9]) is the use of formal gallium(I) halides, either sonochemi-

cally prepared ‘GaI’291 or metastable GaX solutions obtained

by high-temperature routes.243

With more bulky substituents, monovalent gallium(I) spe-

cies are realized. Thus the amide GaN(SiMe3)aryl 183

(aryl¼C6H3-2,6-(C6H2-2,4,6-Me3)) is monomer even in solid

state, while other gallium(I) compounds, which are mono-

meric in gas phase or solution, associate in the solid state.292

An overview on tetrahedral gallium species is in Table 10.

Indium derivatives In4R4 184–186 (Table 11) are prepared

via indium(I) compounds InI or InCp* (eqn [8]). The use of

indium(I) halides was not successful for silyl-substituted tetra-

hedranes, because disproportionation to indium and indium

(III) derivates R2InX2(Li(thf)2 was observed.

For thallium the C(SiMe3)3-substituted tetrahedrane 187

has a severely distorted core. The compound is very sensitive

to temperature and light. The tripod ligand-substituted Tl5
compound 188 also contains a severely distorted tetrahedron

of thallium atoms (dTl–Tl¼340.9–380.0 pm). An additional

thallium atom is attached in a terminal position (dTl–Tl¼
340.3 pm).113

For aluminum the tetramer Al4Cp*4 is a prominent exam-

ple of a tetrahedral cluster compound. For the heavier conge-

ners gallium, indium, and thallium no such tetramer

cyclopentadienyl derivatives are known. There are monomer

CpxE compounds (Cpx¼Cp*, C5H2(SiMe3)3, C5H4
tBu,

C5(CH2Ph)5, C5Me4Ph, 1,2,4-P3C2
tBu2, PC4H2-2,4-

tBu2)
300–303

in solution or gas phase, while in the solid state most of

them are loosely aggregated. Cp*Ga and Cp*In form hexamers

with very long E–E distances. Those for gallium (dGa–Ga¼
412.2 pm)248,300,304,305 are even longer than those for indium

(dIn–In¼395 pm).306,307 These hexamers are not regarded as

E–E bonded systems, but are held together by CH–CH van der

Waals interactions.

1.01.3.1.2 Bonding
Comparing tetrahedral clusters in the row boron to thallium,

there are remarkable differences. The E–E distances increase

from boron to aluminum and gallium to thallium. The Ga–Ga

distances are shorter than the Al–Al ones. This is in line with

Table 9 Survey on compounds Al4R4

dAl–Al (pm; mean) References

169 Al4Cp*4 277.0 247,283
170 Al4(C5Me4H)4 271.4 283
171 Al4[C(SiMe3)3]4 274.0 284
172 Al4(Si

tBu3)4 260.6 285
173 Al4[Si(SiMe3)3]4 260.2 286
174 Al4[N(SiMe3)dipp]4 261.8 287
175 Al4Cp*3[N(SiMe3)2] 263.2–276.2 288

Table 10 Overview on tetrahedral gallium species Ga4R4

dGa–Ga (pm; mean) Method References

176 Ga4[C(SiMe3)3]4 268.8 Eqns [7]–[9] 135
177 Ga4[C(SiMe3)2R]4

(R¼Me, Et)
271.1 Eqn [7] 136

178 Ga4[Si(SiMe3)3]4 258.2 Eqns [8] and [9] 293
179 Ga4[Ge(SiMe3)3]4 258.7 Eqn [9] 294
180 Ga4(Si

tBu3)4 257.2 Eqn [10] 295
181 Ga4tmp4 258.6(1)–268.5(1) Eqn [9] 236
182 Ga4[N(SiMe3)dipp]4 258.4(1)–264.2(1) Eqn [9] 236

Table 11 Overview on tetrameric species In4R4 and Tl4R4

dE–E (pm;
mean)

Method References

184 In4[C(SiMe3)3]4 300.2 Eqn [8] 296
185a In4[C(SiMe3)2Et]4

(R¼Et,)
300.4 Eqn [8] 297

185b In4[C(SiMe3)2Et2]4 300.6–304.0 Eqn [8] 297
185c In4½C SiMe3ð Þ2 i Pr �4 315.2 Eqn [8] 297
186 In4[Si(SiMe3)3]4 289.3 Eqn [8] 298
187 Tl4[C(SiMe3)3]4 332–364 Eqn [8] 299
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the smaller covalent radius of gallium atoms compared to

aluminum.

Ga4[C(SiMe3)3]4 and Ga4[Si(SiMe3)3]4 are, at first glance,

two very similar compounds, but even the color is different, it

changes from red (176) to violet (178). The Ga–Ga distances of

the silyl-substituted compound are shorter by approximately

10 pm. Comparable differences are observed for the Al and in

derivatives, respectively. This hints of a stronger bonding in the

silyl-substituted cluster molecules compared to alkyl-

substituted ones. This is obvious in the behavior in the solu-

tion and gas phases. Compound 176monomerizes in solution

and in the gas phase the structure of the monomer could be

determined by electron diffraction.308 The Ga–C distance in

the monomer is drastically longer than in 176. Compound 178

remains tetramer under these conditions.

Looking at the bonding of these tetrahedral clusters, four

skeletal electron pairs (sep) are counted, which makes them

different from carbatetrahedranes or P4 with 6 sep, for exam-

ple. In the latter, six 2c2e bonds can be assumed and for triel

clusters, four 3c2e bonds on the four faces of the tetrahedral.

Building the clusters from monomers ER, with a lone pair of

electrons and two vacant p-type orbitals, linear combination

gives the cluster orbitals (Figure 1).

The energy of the triply degenerate HOMO is largely influ-

enced by the type of R for a given triel E (Figure 2). Silyl groups

lead to stabilization of the HOMO compared to alkyl

Me2HC

Me2HC

(Me3Si)3Si

(Me3Si)3C

(Me3Si)3C
C(SiMe3)3

(Me3Si)3Si Si(SiMe3)3

Me2HC

Me3Si

Me3Si

N

Ga

CHMe2

CHMe2
CHMe2

CHMe2

182
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N

186

TI

TI TI

187

TI

CHMe2

SiMe3

SiMe3

SiMe3

SiMe3

SiMe3

Si(SiMe3)3

Me3Si

Me3Si

Me3Si

Me3Si

N

TI

TI

TI

TI

TI
N

N
N

N

H
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N

C(SiMe3)3

In

In In

In

NN

N
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substituents. Consequently, large differences in tetramerization

energies DEtet are observed (Table 12, eqn[11]). This is reflected

in the experimental findings on dissociation of the clusters.

4ERPE4R4 DEtet [11]

For amido-substituted tetrahedranes, a modified picture is

valid. Due to the lower symmetry of the substituents, the

HOMO is now a nondegenerate one, which is energetically

near the doubly degenerate HOMO-1 (Figure 3). This also

explains the less regular structures of the tetramers and might

E

e (p)

ER 4 ER (Td) E4R4 (Td)

e (p)

t1 (p)

t2 (p)

a1 (n)

a1

t2

a1 (s)

t2 (n)

Figure 1 Qualitative MO scheme for triel clusters E4R4 in Td symmetry. Reproduced with permission from Linti, G.; Schnöckel, H.; Uhl, W.; Wiberg, N.
In Molecular Clusters of the Main Group Elements; Driess, M., Nöth, H., Eds.; Wiley-VCH: Weinheim, 2004; pp 126–168. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA.
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n

n

n

n
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Figure 2 Change of the HOMO energies with R for triel clusters E4R4 in Td symmetry.
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be viewed upon as tendency to open up the cage to a butterfly

type structure as is observed for B4(N
iPr2)4.

The E–X bonds shorten upon cluster formation from the

monomers to tetramers, which is against the normal trend for

bond lengths and coordination numbers. The lone-pair orbital

of the monomers has a high s-character and is regarded as

slightly antibonding for the E–X bond. On cluster formation,

it gets involved in cluster bonding and loses its antibonding

character.236

In addition to these electronic arguments, simple steric

ones are applicable. Thus, in 176 and 178, the four monomers

(Me3Si)3AGa (A¼C, Si) form a cavity of a given size, deter-

mined by the size of the substituents (Figure 4). The gallium

atoms attached come nearer together if the Ga–A bonds are

longer. Here, the gallium–carbon and gallium–silicon have an

approximately 30 pm difference in length.

1.01.3.1.3 Reactivity
The cluster compounds of type E4R4 have proved to be valu-

able starting materials for transition metal complexes, where

ER groups are terminal or bridging ligands. This is described in

Chapter 1.17. Oxidation of tetrahedral clusters with chalco-

gens gives heterocubanes (REY)4 188147,164,296,312–317 or hex-

agonal prismatic cages (REY)6 189,
317–321 where all E–E bonds

are broken. Careful oxidation of 184 with a thiirane afforded a

partially oxidized product R4In4S 190.322 The Ga4 core was

retained in partial oxidation with halogens. For examples see

Section 1.01.2.3.

E4 cores are also present in [(ER)3(ESiMe3)Si(SiMe3)]
� 191

(E¼Al)323 and 192 (E¼Ga, R¼Si(SiMe3)3)
215 with trigonal

bipyramidal E4Si cores. Six sep make them closo-clusters

according to the Wade rules. An alternative description as

heterobicyclopentanes is not in agreement with delocalized

bonding confirmed by quantum chemical calculations. These

show extensive 3c2e bonds on the E3-faces of the cage and

significant bonding interactions between the equatorial triel

atoms. These clusters are obtained from AlX solutions or ‘GaI’

with Li(thf)3Si(SiMe3)3.

1.01.3.2 Higher [EnRn]
x� Cluster Compounds

Only the [Al6R6]
� ion is described for hexaaluminum clusters

as a radical ion. The compound is characterized on the basis of

Table 12 Tetramerization energies of E4R4 calculated according to eqn[11]

DEtet (kJ mol�1) Method References

B4H4 �1153 MP2 309,310
Al4H4 �571 MP2 309,310
Ga4H4 �556 MP2 293
In4H4 �337 MP2 297
Ga4H4 �424 DFT (RI; BP86; def-SV(P)) 311
Ga4[C(SiMe3)3]4 �197 DFT (RI; BP86; def-SV(P)) 311
Ga4[Si(SiMe3)3]4 �419 DFT (RI; BP86; def-SV(P)) 311
Ga4[Si(CMe3)3]4 �499 DFT (RI; BP86; def-SV(P)) 311
Ga4[Ge(SiMe3)3]4 �365 DFT (RI; BP86; def-SV(P)) 311
Ga4[NH2]4 �56 DFT (RI; BP86; def-SV(P)) 236
Ga4[NMe2]4 �50 DFT (RI; BP86; def-SV(P)) 236
Ga4[N(SiMe3)dipp]4 �150 DFT (RI; BP86; def-SV(P)) 236
Ga4[tmp]4 �173 DFT (RI; BP86; def-SV(P)) 236

−0.2

E
 [a

u] n

GaNH2 Ga4(NH2)4

e

b2

a1

−0.3

−0.4

−0.5

Figure 3 Qualitative MO scheme for triel clusters E4(NR2)4 in D2d

symmetry.

EE

E

E

A

AA

A

Figure 4 Schematic representation of the steric requirements for
Ga4-clusters.
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its EPR spectrum, which exhibits the expected 31 lines by

hyperfine coupling with six equivalent 27Al nuclei.324 The icosa-

hedral cluster Al12
iBu12

� �2�
193325 was obtained and structur-

ally characterized [dAl–Al¼267.9–269.6 pm] at the beginning of

the investigations on aluminum and gallium cluster com-

pounds. It fulfills the Wade rules for a closo cluster and is a

homolog to the closo boranate [B12H12]
2�.

For gallium, a hexagallanate [Ga6(SiPh2Me)4(CH2Ph)2]
2�

194326 features a nearly octahedral cluster core, as is expected

for a closo cluster. The gallium–gallium distances are in line

with a nearly regular octahedron (dGa–Ga¼252.7–263.9 pm).

The neutral [Ga6(Si(SiMe3)2Me)6] 195
326 has only six sep

and is regarded as a hypercloso cluster. As it becomes obvious

from the MO scheme for octahedral clusters (Figure 5), with

only 12 cluster electrons, a distorted structure is expected. This

is realized for 195 as a distorted octahedron with six long

(296 pm) and six short (251 pm) bonds. The triple degenerate

HOMO in the closo-cluster [Ga6H6]
2� is completely occupied.

On oxidation to [Ga6H6] only four electrons are in these

orbitals, which give rise to a distortion towards a structure

with only a double degenerate HOMO. An alternative distor-

tion would be the transition to a capped trigonal bipyramid,

as observed for transition metal clusters [Os6(CO)18]
29 or

predicted by DFT calculations for nonexistent B6H6.
327

DFT calculations on [Ga6H6] show the capped trigonal bipy-

ramidal structure to be more stable by only 5 kJ mol�1 than

the observed distorted octahedral structure for 193. Here, the

influence of the steric demanding substituents seems to be

important.

A remarkable approach to gallium cluster R4Ga6(L)2
196 was recently reported.328–330 The neutral cluster was

obtained by reduction of the complex [GaCl2(Mes)L] (Mes¼
2,4,6-Me3C6H2, L¼1,3-diisopropyl-4,5-dimethylimidazol-2-

ylidene) with potassium in toluene. The six gallium atom
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LUMO

(GaH)6 (GaH)6  
2−

HOMO

E
E

0.03 H

HOMO

Figure 5 Schematic representation of the MO- scheme for distortion of [Ga6H6]
n� (n¼0, 2). Reproduced with permission from Linti, G.; Coban, S.;

Dutta, D. Z. Allg. Anorg. Chem. 2004, 630, 319. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
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adopts a slightly distorted octahedral structure (dGa–Ga
¼251.1–259.1 pm). Four RGa groups and two LGa units pro-

vide seven sep for this closo-cluster. This approach of reducing

NHC-stabilized compounds was applied for successful prepa-

ration of compounds containing B2, Si2, and P–P bonded units

(see also Chapter 1.16).331–334

Such discrepancies between expected structures from appli-

cation of the Wade rules and realized ones in triel chemistry are

quite common. [Ga8(fluorenyl)8]
2� 197335 adopts a square

antiprismatic structure and not the expected disphenoidal

one, which is found for the octaboranate [B8H8]
2�.336 Even

B8Cl8 with only eight sep has a disphenoidal structure.337,338

The octaindium clusters [In8(SiPh3)8] 198a and

[In8(SiPh3)8]
2� 198b are obtained from InCp* by reaction

with MSiPh3 (M¼Li(thf)3, Na(thf)n) (eqn [12]). Compound

198a has a ‘snub disphenoidal’ In8 core,339 which shows a

transition to distorted square antiprismatic (198b) upon two

electron reduction.270 DFT calculations (BP86-functional, def-

SV(P)-base) show the square antiprismatic structure to be

more favorable for anionic clusters of indium and gallium

and disphenoidal for neutral ones.

Each of the indium atoms in 198a is bonded to a triphe-

nylsilyl group with indium–silicon distances of 260 pm on an

average [dIn–Si¼257.0(5)–262.2(5)pm]. This is shorter than

those in clusters with the more bulky tri(tert-butyl)silyl groups

as substituents [dIn–Si¼265 pm (239), 268 pm (206)]. The

indium–indium distances in the cluster vary between 285.5

and 328.2 pm. The deviation of ideal D2d symmetry is signif-

icant. This spreading is comparable to that in other indium

clusters (vide infra). For the tetrahedral cluster 186 indium–

indium distances of 290 pm are observed. On reduction to

198b the distances change. Overall, a shrinking of the indium–

indium distances is observed.

A nonagallane cluster Ga9
tBu9½ � 199 was obtained as dark

green crystals as byproduct of the large-scale preparation

of GatBu3.
297,340 The gallium atoms are at the corners of

a tricapped trigonal prism. Here, short Ga–Ga distances

(dGa–Ga¼259 pm) are observed for the capping gallium atoms,

and longer ones (up to dGa–Ga¼299 pm) parallel to the three-

fold axis of the cluster. This makes the structure near a mono-

capped square antiprism, which is the expected structure for

an E9 cluster with nine sep. A reversible one-electron reduction

of 199 was demonstrated by cyclovoltammetric studies

(E0¼�1.74 V against FeCp2]
0/þ1). On a preparative scale 199

was reduced to 200 by CoCp*2. The radical anion 200 has a

very similar structure to the neutral compound 199, only the

Ga–Ga distances parallel the threefold axis shrink by 17 pm.

Icosahedral clusters of type [E12R12]
2� are only realized for

aluminum with 193. The cluster was obtained in small

amounts by reduction of iBuAlCl2 with potassium.

[Ga12(fluorenyl)10]
2� 201 is similar, and also has an icosahe-

dral cluster core.341 The formal oxidation of this cluster to a

[Ga12R12]
2� cluster is hindered by the unfavorable energy of

the HOMO as quantum chemical calculations indicate.

In Section 1.01.2.3 electron-precise aluminum subhalides

of type Al4X4�4do are described as crystallized products from

metastable aluminum monohalide solutions. Under varied

conditions (type of donor, concentration) higher subhalides

of type Al22X20�12do (do¼ thf, thp¼ tetrahydropyrane) 202a–c

are obtained.226,227 Compounds of type 202 show icosahedral

Al12 cores, where ten aluminum atoms bear AlX2(do) substit-

uents. The apical aluminum atoms are each ligated by one

donor molecule. Thus, the closo-Al12 core has 13 sep, 10�2
electrons from 10 Al[AlX2(do)] groups and 2�3 electrons from

the two Al(do) fragments.

An icosahedral Al12 core is also present in Al20Cp*8X10

(X¼Cl, Br) 203a,b.54 Here, six aluminum atoms of the icosa-

hedral core are bonded to AlCp*(X) substituents, two to AlCp*

groups. These aluminum atoms are joined, in addition, by

bridging halides. The remaining four cluster aluminum atoms

are part of AlBr groups. Thus, electron bookkeeping for the Al12
cluster core makes 4�2 (AlBr)þ2�3 (AlAlCp*)þ6�2
(AlAlCp*X)¼26 electrons necessary for an icosahedral closo-

polyhedron.

InCp* + [M(thf)3SiPh3]

+  [M(THF)n]+2[In8(SiPh3)8]2−  +  [M(thf)6]+ [In3(SiPh3)6]−+  In +...

[In8(SiPh3)8]  +
Toluene

195 K
198a [12]

121

2−

M = Li:    198
M = Na:  198a, 121

198b

Ph3Si

Ph3Si

Ph3Si

Ph3Si

SiPh3

SiPh3

SiPh3

SiPh3

198a

Ph3Si

Ph3Si

Ph3Si

Ph3Si

Ph3Si SiPh3

SiPh3

SiPh3

198b
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Several related Ga22 clusters with icosahedral cores are

known and are described in Section 1.01.4.3.

1.01.3.3 Aromaticity of [EnRn]
x� Cluster Compounds

Various concepts have been introduced to explain the struc-

tures and stoichiometry of main group cluster compounds. The

most commonly known are the Wade–William–Rudolph

rules.22,271,342 For higher, conjugated clusters, they were mod-

ified by Jemmis.343,344 Element-rich clusters [EnRm]
x�, espe-

cially the heavier elements of group 13, were classified as

metalloid (see Section 1.01.4.1).13,275

Cluster compounds such as the polyhedral boranates

[BnHn]
2� have been discussed as three-dimensional aromatic

systems.345–347 A diatropic ring current is the most typical

property of an aromatic molecule.348 For endohedral

fullerenes, it was proved that chemical shifts for atoms in

endohedral and exohedral positions behave similar to shifts

of atoms in and out of the ring plane of an aromatic hydrocar-

bon, respectively.349 Quantification of aromaticity by the cal-

culated magnetic shielding constants at selected regions of a

molecule, where no atoms reside, was suggested. The resulting

nuclear-independent shifts (NICS) are negative (diatropic) for

aromatic molecules, positive (paratropic) for antiaromatic

ones and approximately zero for nonaromatic molecules.348

The skeletal number of electrons, as well as the substituents

of boron cluster compounds, influence the NICS values in

the center of clusters.350 B8Cl8 and B9Cl9 are well-known

compounds,351 but it was not possible to prepare B8H8 and

B9H9. B9F9 as well as [B8H8]
2�(338) and [B9H9]

2�(336) are aro-

matic according to NICS values in the cluster center. Only the

last one is a closo-cluster compound by the Wade-rules. B9H9,

in contrast, is paratropic, that is, anti-aromatic. Similarly, B4F4
is classified as aromatic and nonexistent B4H4 as anti-

aromatic..352 Various criteria of aromaticity are fulfilled for

the icosahedral closo-boranate [B12H12]
2�. Its NICS value is

diatropic.353–355 The isoelectronic Si12
2� and Ge12

2� follow

the Wade rules, obviously. Nevertheless, paratropic NICS

values are obtained for these Zintl ions. This was explained

by the different influence of hydrogen atoms and lone pairs on

the cluster molecule orbitals. Naked cluster ions of heavier

group 13 elements of type E4
2� and [E2X2]

n� [E¼Al, Ga, In;

X¼Na, Si, Ge], with planar rings, have also been characterized

as aromatic compounds.356–368 A 2p-metalloaromatic ring is

present in Na2[Ga3Aryl3] [Aryl¼2,4,6-tBu3C6H2],.
369 For ex-

ample, a NICS value of �45 ppm has been calculated for the

model compound [Ga3H3]
2�.142,345

tBu

tBu

tBu tBu

199, 200 201
R = fluorenyl

tBu

R

R

R

R

R

R

R

2−0/1−

R
R

R

tBu

tBu
tBu

tBu

doX2AI

doX2AI

doX2AI do

do

AIX2do

AIX2do
Cp*
AI

Cp*
AIAICp*

AICp*

AICp*

BrBr AICp*Br

AICp*Br

AICp*

Br

Br

Br

BrBr

Br 203b

AIX2do

AIX2do

AIX2doAIX2do
AIX2do

202a–c

= AI
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A detailed study on aromaticity of closo-boranates [BnHn]
2�

(n¼5–12) by Schleyer et al.354 uses geometrical and energetic

criteria as well as NICS values. A reaction (eqn[13]), describing

the formation of closo-clusters [EnHn]
2� (n¼5–9; E¼B, Al, Ga,

In) from an ethyne analog [E2H2]
2� and an appropriate

number of incremental EH units, is used as energetic criterion.

The formation energy increases with growing cluster size;

therefore, DH/n as averaged bonding energy of each EH vertex

is used as a criterion. Plotting DH/n against n, Schleyer ob-

served local minima for clusters with highest symmetry

[B6H6]
2� und [B12H12]

2�, which means that all other cluster

sizes are less stabilized.

E2H2½ �2� þ n� 2ð ÞEHinc! EnHn
2� n ¼ 5� 12ð Þ; DHor DE [13]

A classical criterion for aromaticity is equalization of bond

lengths, for which the deviation DR is a measure.

Polyhedral cluster ions [EnHn]
2� (E¼B, Al, Ga, In; n¼5–9)

were investigated by the means described above.354,370,371 The

results are summarized in Table 13. Inspecting the change of

the values DE/n against the number of cluster atoms n

(Figure 6) reveals a special stabilization of octahedral clusters

for boron and aluminum, while octanuclear bisphenoidal gal-

lium and indium clusters are preferred. In fact, 197 and 198

have a square antiprismatic structure, which demonstrates this

stabilization of E8-clusters even more. In the case of aluminum

and gallium, the curves between values for [E6H6]
2� to

[E8H8]
2� are flat, showing that in this region, cluster size is

not determined electronically but might be influenced by the

steric demand of the substituents.

The deviation in bond lengths with cluster size is not really

dependent on E. Nearly ideal octahedral structures with a DR
near zero are calculated for [E6H6]

2�. For [E8H8]
2�, the devia-

tion is largest for all elements. Overall, in the homolog row

from boron to indium, the deviation of DR increases.

The discussion of aromaticity of [EnHn]
2� molecules

(Figure 7, Table 14) on the basis of NICS values is confined

here primarily to those in the cluster centers. Because the NICS

values directly on triangular cluster faces are usually negative, it

is important to take into account their change on a trajectory to

the cluster center. The problem is shown for [B5H5]
2�. Of

[E5H5]
2� cluster ions, a largely negative value classifies only

the pentaboranate as an aromatic system. For all other group

13 elements, the trigonal-bipyramidal cluster should be classi-

fied as nonaromatic. NICS values 1 Å above a B3-face in

[B5H5]
2� are �16.7 ppm. The center of a face is only 0.57 Å off

the center, and the cluster center itself is part of a three-

membered ring, with a distance of only 0.53 Å from edge to

center. This means the influence of the electron densities on

edges and faces sums up to a highly negative NICS value

in the center. As a consequence, Aihara classified [B5H5]
2� as

nonaromatic.347

A fusion of two tetrahedra via a common face is not allowed

for boron372. Similarly, in [Al5H5]
2�, the influence of the

electron density on the faces, which are only 0.86 Å distant

from the center¸ sums up to a negative NICS in the cluster.

Thus, based on geometrical, energetic, and magnetic criteria,

closo-cluster compounds [E5H5]
2� (E¼B, Al, Ga, In) are

Table 13 Results for closo-cluster [EnHn]
2� (E¼B, Al, Ga, In;

n¼5–9)

DE/na DRb NICSc NICSd

[B5H5]
2� �96.47 0.139 �24.8

[B6H6]
2� �123.35 0.002 �29.9

[B7H7]
2� �117.07 0.168 �23.4

[B8H8]
2� �109.00 0.281 �20.0

[B9H9]
2� �109.87 0.260 �22.9

[Al5H5]
2� �111.62 0.301 �7.7

[Al6H6]
2� �131.17 0.004 �24.3

[Al7H7]
2� �130.32 0.299 �22.1

[Al8H8]
2� �129.58 0.302 �18.3

[Al9H9]
2� �127.85 0.290 �14.2

[Ga5H5]
2� �88.17 0.393 0.7 �1.7

[Ga6H6]
2� �103.06 0.021 �24.3 �22.5

[Ga7H7]
2� �104.03 0.424 �22.1 �20.5

[Ga8H8]
2� �105.19 0.618 �16.8 �16.1

[Ga9H9]
2� �99.49 0.311 �12.1 �13.0

[In5H5]
2� �75.51 0.531 9.7

[In6H6]
2� �86.26 0.147 �15.4

[In7H7]
2� �88.72 0.683 �13.0

[In8H8]
2� �92.83 0.774 �17.5

[In9H9]
2� �85.93 0.309 �7.6

aElectronic energy in a.u, BP86/def-SV(P); averaged electronic energy per EH unit

energy (DE/n, kJ mol�1) according to eqn[13].
bRelative electronic (DE, kJ mol�1). Deviation of bond lengths (DR, Å).
cNucleus-independent chemical shifts (NICS, ppm), Functional: B3LYP, Base set:

6-311 G**.
dNucleus-independent chemical shifts (NICS, ppm), Functional B3LYP, Base set

LANL2DZ with Huzinaga polarization.
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Figure 6 Averaged relative energy per EH unit DE/n against number of
cluster atoms n in [EnHn]

2�. Reproduced with permission from Linti, G.;
Bühler, M.; Monakhov, K.; Zessin, T. In Modeling of Molecular
Properties; Comba, P., Ed.; Wiley-VCH: Weinheim, 2011; p 455.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
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nonaromatic. This is a possible explanation for why it has not

been possible till now for clusters of this to be synthesized.

Only derivatives322,348,373,374 such as, for example, carbabor-

anes and a silagallanate [Me3SiSi(GaR)3GaSiMe3]
� (R¼Si

(SiMe3)3)
215 are known.

All higher clusters have negative NICS values for all ele-

ments examined. For octahedral boron, aluminum, and gal-

lium clusters, the NICS values are most negative, for indium

the octanuclear cluster is the extreme.

Here, it has to be noted that for tetrahedral cluster com-

pounds E4H4, only the borane cluster has a positive NICS

value; the higher homologs exhibit negative ones. According

to Schleyer352 B4H4 is antiaromatic.

Compared to closo-boranates, central NICS values are smaller

for heavier homologs. TogetherwithhighlynegativeNICSon the

faces, these clusters are only weak three-dimensional aromatic

molecules. It may be seen as an accidential coincidence that for

indium, aromaticity criteria show octaindium clusters [In8R8]
2�

the most stable, which are the only one prepared, so far.

1.01.4 Element-Rich Cluster Compounds

1.01.4.1 Introduction

Reactions of triel subhalides, that is, Ga2X4�2dioxane, ‘GaI,’
metastable EX solutions (E¼Al, Ga), InX often proceed with

redox disproportionation. Thus, compounds with triel atoms

in oxidation state þIII and elemental triels E0 result. But the

latter is not a necessity. It was observed that E0 can be incor-

porated in ER cluster frameworks to produce element-rich

clusters [EmRn]
x� (m>n; x¼0, �1, . . .). For those clusters,

where naked triel atoms are bonded only to other triel atoms,

the term metalloid was created.4–7 More specifically, metalloid

here means that the triel cores of the clusters resemble sections

of structural features of the elements. But this is not necessarily

the case for all element-rich clusters described in this section.

For example, clusters of type [Ga9R6]
� and Ga10R6 are element-

rich but their structure can be described on the basis of

polyhedral descriptions, while an Al7R6 built from two fused

tetrahedral was discussed as a section of a close-packed struc-

ture. This also shows that a definition of metalloid is not sharp

and cannot generally be related to special bonding situations.

We will use the term element-rich as the more general one, and

will confine metalloid to those clusters where element–

structure relationships are obvious.

Mixed oxidation states are assigned to the building metal

atoms in these cluster types. They average to values 0<x<1.

This makes them different from polyhedral clusters [EnRm]
x�

(m	n), where the Wade rules are valid and can be used for

structure elucidation by electron bookkeeping.

For element-rich or metalloid clusters, they often fail or the

counting has to be modified. Special types of cluster com-

pounds are naked metal clusters, prepared and observed in

the gas phase. For example, mass spectrometry revealed the

special stability of sodium clusters of defined size. The so-

called Jellium model was used to explain stability islands of

clusters with 8, 20, 40, 58, and 70 electrons.375–377 Such pure

metal clusters are not discussed here, but this model was

successfully applied for some metalloid clusters.

Most of the clusters described in this section are nanoscaled

cluster molecules and some of them have fascinating proper-

ties. Beginning from Ga26 clusters, the crystals are metallic

lustrous and for a Ga84 cluster, crystals are superconducting

at low temperatures. Nevertheless, the complicated synthesis

and in many cases the sensitivity against air and moisture give

them drawbacks compared to noble metal clusters and salt-

like clusters, which are sections of semiconductor material

frameworks.

Preparation of these element-rich clusters starts from

subhalides of the triels, normally. Monohalides are prepared

by a combination of high temperature and cryo techniques.

Aluminum or gallium is reacted with gaseous hydrogen

halides HX (X¼Cl, Br, I) at 1100–1300 K in vacuo

(10�1 mbar).7,12,75–77,243,378 The resulting diatomic monoha-

lides are trapped at low temperatures (100 K) together

with appropriate solvents, for example a toluene/thf mixture.

This is done in a condensation apparatus, described else-

where.7,12,76,77,243,378,379 On warming up, metastable solu-

tions of the monohalides are obtained, which can be stored

at 195 K for months.

For gallium, sonochemically initiated reaction of the

elements gallium and iodine (1:1 ratio) in toluene leads to

‘GaI,’ a greenish, amorphous substance, which reacts in many

reactions as expected from a monohalide. Raman investiga-

tions revealed Ga4I6 as one of the possible components

(Figure 8).380

40
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S
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m

0
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n
7 8 9

B[a] B Al Ga Ga[b] In[b]

Figure 7 NICS values in cluster center of E4H4 and closo-clusters
[EnHn]

2� (E¼B, Al, Ga, In; n¼5–9) (B3LYP-functional, 6-311 G** base
for B, Al, Ga and [b] LANL2DZ base with Huzinaga polarization for Ga, In).
[a] NICS values from literature354 for closo-boranates [BnHn]

2�

(n¼5–9). Reproduced with permission from Linti, G.; Bühler, M.;
Monakhov, K.; Zessin, T. InModeling of Molecular Properties; Comba, P.,
Ed.; Wiley-VCH: Weinheim, 2011; p 455. Copyright Wiley-VCH Verlag
GmbH & Co. KGaA.
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Table 14 NICS (ppm) of E4H4 and of the closo-Wade cluster [EnHn]
2� (E¼B, Al, Ga, In; n¼5–9)

NICS

Center Face 1 Å above face

E4H4

B4H4 33.0 25.5 �7.7
Al4H4 �13.9 �15.7 �13.2
Ga4H4 �10.0 �13.5 �12.3
Ga4H4 �9.2 �12.6 �12.8
In4H4 �12.7 �15.6 �13.3

[E5H5]
2�

[B5H5]
2� �24.8 �32.7 �16.7

[Al5H5]
2� �7.7 �11.3 �8.2

[Ga5H5]
2� 0.7 �6.8 �6.5

[Ga5H5]
2� �1.7 �8.5 �8.0

[In5H5]
2� 9.7 2.9 �1.2

[E6H6]
2�

[B6H6]
2� �29.9 �43.6 �14.4

[Al6H6]
2� �24.3 �26.7 �14.1

[Ga6H6]
2� �24.3 �31.0 �16.5

[Ga6H6]
2� �22.5 �29.0 �16.1

[In6H6]
2� �15.4 �20.9 �13.5

[E7H7]
2�

[B7H7]
2� �23.4 �37.8 �13.8

[Al7H7]
2� �22.1 �24.8 �13.3

[Ga7H7]
2� �22.1 �27.8 �14.9

[Ga7H7]
2� �20.5 �26.2 �14.9

[In7H7]
2� �13.0 �23.6 �14.9

[E8H8]
2� NICS

Center Face A Face B 1 Å above face A 1 Å above face B

A

B

[B8H8]
2� �20.0 �34.9 �36.1 �10.3 �13.4

[Al8H8]
2� �18.3 �21.8 �22.7 �10.7 �11.2

[Ga8H8]
2� �16.8 �26.5 �23.3 �11.7 �11.5

[Ga8H8]
2� �16.1 �25.7 �22.5 �12.2 �12.1

[In8H8]
2� �17.5 �24.3 �21.7 �12.8 �12.2

[E9H9]
2� NICS

Center Face A Face B Face C 1 Å above face A 1 Å above face B 1 Å above face C

A

BC

[B9H9]
2� �22.9 �35.9 �37.4 �42.6 �14.4 �9.9 �10.9

[Al9H9]
2� �14.2 �18.3 �17.5 �20.1 �7.6 �7.9 �11.2

[Ga9H9]
2� �12.1 �19.5 �20.0 �21.0 �15.5 �8.9 �11.2

[Ga9H9]
2� �13.0 �20.1 �20.3 �21.7 �9.6 �9.6 �12.0

[In9H9]
2� �7.6 �15.0 �13.6 �13.6 �7.0 �7.5 �9.9

(B3LYP-functional, 6-311 G**-base set for boron, aluminum, gallium; LANL2DZ-base set with Huzinaga polarization for gallium and indium). Figures show structures of indium

cluster compounds.

Reproduced with permission from Linti, G.; Bühler, M.; Monakhov, K.; Zessin, T. In:Modeling of Molecular Properties; Comba, P. Ed.; Wiley-VCH: Weinheim, 2011; p. 455, Copyright

Wiley-VCH Verlag GmbH & Co. KGaA.
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The behavior of ‘GaI’ against donor solvents like thf is

different to metastable GaI solutions, obtained via the high-

temperature route. It does not dissolve, but disproportionation

occurs into gallium metal and gallium triiodide. With some

donor molecules, intermediate oxidation states were trapped

(e.g., 26, 111). Alternatively ‘GaOSO2CF3,’ prepared from

GaCp* and HOSO2CF3, was used in cluster synthesis.381

Indium halides often show disproportionation as the

preferred reaction pathway on attempted substitution reac-

tions. Better results are obtained by the use of InCp* and

reacting it with nucleophiles MR under elimination of MCp*

(M¼Li, Na, K).

The chemistry of metalloid aluminum and gallium clusters

was reviewed several times (see, e.g., Schnöckel,9,10 Linti and

Schnöckel,12 Linti et al.275). Therefore, here a brief overview of

the structural variety and relationships between cluster types

will be given, rather than a complete treatment of all details of

synthesis and structures. Due to significant differences, a sepa-

rate description by elements will be applied.

1.01.4.2 Aluminum Cluster Compounds

Cluster sizes range from Al7 to Al77 (Figure 9). [Al7R6]
� 204

[R¼N(SiMe3)2] consists of two corner-sharing aluminum tet-

rahedral, with staggered orientation of the two Al3R3 rings.6

The Al–Al distances are about 260 pm in the Al3R3 rings and up

to 20 pm longer for the other distances. Therefore, an ionic

description consisting of two metalloaromatic [Al3R3]
2� rings

coordinating a central cation Al3þ was suggested, but is not

consistent with results of DFT calculations, which predict no

significant charge differences on the aluminum atoms. The Al7
core of 204 is viewed upon as a section of a close-packed

aluminum structure, where six neighbors of the central alumi-

num atom are missing.

[Al12R8]
� 205 [R¼N(SiMe3)2] represents a larger section of

the close packing of elemental aluminum.382 Topologically, it

can be described as a reduced dimer of two distorted octahe-

dral Al6R4 fragments, where dimerization occurs through link-

age of octahedral faces. This results in a cluster core of three
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Figure 8 FT-Raman spectrum of ‘GaI’ showing characteristic bands for Ga4I6.
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penetrating octahedral and allows description as conjuncto-

alane.

A similar structure is observed for In12(Si
tBu3)8 206,

obtained by thermolysis of In2(Si
tBu3)4.

383 The conjuncto-

cluster description is also in accordance with a postulated

pathway of formation, starting from In2(Si
tBu3)4¸which

might proceed via In6(Si
tBu3)4 with elimination of (SitBu3)2.

For the aluminum cluster, the formation is thought to be a

growth process initiated by disproportionation and the clusters

are intermediates on the way to the metal. But both ideas need

not be exclusive. Thus, description of 205 and 206 as metalloid

clusters and as conjuncto-clusters, in analogy to conjuncto-

boranes, is possible. The application and limits of electron

counting rules will be discussed later in this chapter.

An even larger cluster, [Al14R6I6]
2� 207 [R¼N(SiMe3)2],

has a skeleton of two staggered aluminum-centered Al6-rings,

where the ring aluminum atoms are bonded to iodine or

N(SiMe3)2 groups. The naked aluminum atoms are slightly

above the planes of the rings. Thus, a flattened Al14 polyhe-

dron, a bicapped hexagonal antiprism, results. 207, by com-

mon counting rules, has eight sep, which are necessary for a

closo-cluster. A 14-vertex polyhedron, as bicapped hexagonal

antiprism, is observed for metallacarboranes, for example.384

The flattening observed for 207 might be reasonable by partial

participation of the aluminum lone pairs and formation of a

bonding interaction between the apical aluminum atoms.

Such a flattening was discussed for certain indium and gallium

clusters, too.385,386 Thus, In11
7�, present in a Zintl phase, has

three flattened vertices, which allow for 12 sep, required for a

closo-cluster. In line with this description are the results of

quantum chemical calculations, which show a regular Al14
polyhedron as energetically unfavorable.

On the other hand, 207 is described as a typical metalloid

cluster because the core structure of two-centered Al6 rings can

be transformed by rotation and a translational shift into a

section of the structure of metallic aluminum.

With R¼N(SiMe3)2 as substitutent, the largest aluminum

clusters have been obtained (Figure 10). Cores of 69 (208) and

77 (209) aluminum atoms are surrounded by 18 or 20

R groups, respectively.387,388 Both clusters are built up in

shells, where a central aluminum atom is surrounded by 12

atoms, as inner building unit. These Al@Al12 (Al13) cores are

the center of two more shells of aluminum atoms, 38 atom

and 18 atom shells in 208 and a 44 atom and outer 20 atom

shell in 209. The aluminum atoms of the outer shells are

each bonded to terminal R groups. According to this, the

aluminum–aluminum distances decrease from the inner

(dAl–Al¼278 pm on an average) to the outer shells (dAl–Al¼268

pm on an average), indicating a transition from a metal-type

bond to more localized bonding modes between the alumi-

num atoms. The distances of the central Al atom to the sur-

rounding 12 Al atoms are nearly identical to those in the shell.

Describing this in more detail, the Al13 cores are different

for 208 and 209. The Al69 cluster has a distorted decahedral

core,389 based upon a D5h symmetric structure, whereas in the

Al77 cluster, the Al13 core is nearly icosahedral.

These huge main group clusters are often compared to

noble metal cluster compounds such as Au55(PPh3)12Cl6
390

or Pd145(CO)60(PR3)30.
391 For the gold cluster, a central Au13

core with either an icosahedral or cuboctahedral structure was

postulated. No crystal structure is available till now. Thirty-

seven naked gold atoms are present. In the larger, structurally

characterized Au102 cluster, 39 naked gold atoms form the

cluster core.392 The Pd145 cluster has a filled icosahedral

Pd@Pd12 core, where the distances of the central palladium

atom to the shell are shorter than those in the shell. Obviously,

the structures of the cores of these clusters (Al69, Al77, Pd145)

deviate from those of the bulk metals. On the one hand, the

distances between the metal atoms are different and on the

other, the normal cuboctahedral environment of atoms in a

close cubic packing is not exactly realized in the clusters. Never-

theless, the term metalloid is useful in this case of cluster com-

pounds, making it clear that small metal particles are embedded

in a shell of ligands. The type of ligands obviously influences the

details of the structures such as inter-atom distances.

The central M13 cores of these clusters resemble a naked

Al13 cluster ion, prepared in a mass spectrometer. Its chemistry

has been studied in the gas phase.392–397Its reactions with HI

and I2, especially, gave rise to the name of this Al13 cluster ion

as superhalide, which should not be confused with the classic

pseudo halides. This Al13
� ion has an icosahedral structure,

even according to quantum chemical calculations. Electron

counting results in 40 electrons for this cluster, which is in

accordance with the Jellium model (see above).

Isolation of 210 demonstrates that stabilization of large

aluminum clusters is not confined to hexamethylsilazanido

substituents. This Al50Cp*12 cluster378,398 is built around a

central square antiprismatic Al8 unit (dAl–Al¼266 pm). This

resembles structures found for [Ga8fluorenyl8]
2� and

[In8(SiPh3)8]
2�. This core is surrounded by a shell of 30 alu-

minum atoms (dAl–Al¼281 pm), which are arranged in an

icosidododecahedron with 12 pentagonal and 20 trigonal

faces. The pentagonal faces are capped by 12 AlCp* groups,

where the 12 aluminum atoms are arranged icosahedrally

(dAl–Al¼570 pm). The 60 methyl groups of the Cp* rings are

arranged in a fivefold symmetric manner, with distances be-

tween the methyl groups governed by van der Waals contacts

between them. An intriguing idea is that these 12 AlCp* groups

form a sort of bag with a defined volume, in which the remain-

ing 38 aluminum atoms are filled.

Model calculations on the DFT level suggest a stabiliza-

tion of approximately 11000 kJ mol�1 for a reaction of 38

(a) (b)

Figure 10 Cluster cores of 208 and 209. Dark gray: central
Al@Al12core; light gray: shell of 38 and 44 naked Al atoms, respectively;
lines: Al[N(SiMe3)2] shell. Reproduced with permission from Linti, G.;
Schnöckel, H.; Uhl, W.; Wiberg, N. In Molecular Clusters of the Main
Group Elements; Driess, M., Nöth, H., Eds.; Wiley-VCH: Weinheim, 2004;
pp 126–168. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
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aluminum atoms in the gas phase with 12 AlCp* groups. By

the way, cluster 210 with its shell of 60 carbon atoms and 60

methyl groups has a volume five times larger than C60

fullerene.

Three aluminum clusters are described, having not an alu-

minum but a silicon atom as the central atom. Clusters

211–213 are obtained from metastable AlX solutions and

SiCp*2 or SiCl4/AlCp* for 211399 and LiN(dipp)SiMe3 for

212400 and 213.401 As silicon source for the latter, decomposi-

tion of the amide LiN(dipp)SiMe3 was claimed. For the

SiAl14R6 compounds 211 and 212, the structure is described

as a body-centered Si@Al8 cube, where six AlR groups cap the

faces of the cube. SiAl56R12 has a shell structure consisting of a

central Si@Al44 core capped by 12 AlR groups. The problems of

assigning the correct stoichiometry by x-ray crystal structure

analysis for those compounds become obvious after FT mass

spectrometric analysis using MALDI of 211. These investiga-

tions show Si2Al13Cp6Cl as an additional cluster, present to

approximately one-third in the crystals of 211.

1.01.4.3 Gallium Cluster Compounds

For gallium, an even larger variety of element-rich or metalloid

clusters is known than for aluminum (Figure 11). Similar

principles of understanding the structures, either deriving the

cluster structures from polyhedral assemblies or describing

them as metalloid, are useful. Gallium seems to be special

in providing several element modifications with a diversity

of structural motifs. These range from digallium units in

a-gallium over icosahedral substructures in d-gallium to nearly

close-packed structures in high pressure modifications

gallium-III and -IV.15,275 The clusters, ordered by increasing

numbers of gallium atoms, are discussed.

1.01.4.3.1 Ga8, Ga9, and Ga10 clusters
Ga8R6 is the general formula for element-rich octagallium

clusters. 214 [R¼C(SiMe3)3] is obtained from metastable

GaBr solutions and LiC(SiMe3)3. Molecules of 214 consist of

two R3Ga4 tetrahedra linked by a gallium–gallium bond

(dGa–Ga¼261.4 pm).402 Similarly, as for Al7R6, an ionic com-

plex involving aromatic [Ga3R3]
2� rings and a Ga2

4þ cation

might be discussed. But two tetrahedra with four sep each (see

Section 1.01.3.1), with MOs of types a1g and t2u seem more

reasonable. The other Ga–Ga distances are in the range of

260.5–264.8 pm. This is shorter than in 176 (dGa–Ga¼
268.3 pm). This can be explained by less steric strain in

substituting one C(SiMe3)3 group in 176 for a Ga4[C(SiMe3)3]3
residue. With this structural change, the color varies from red

for 176 to black for 214. This shift is in line with a change in

the energetic level of HOMO and LUMO, which is sensitive to

the electronegativity of the substituents and the Ga–Ga

distances (Section 1.01.3.1). It was mentioned that this is a

hint for a metalloid character of 214. Here, the Ga2 unit in the

center is a section of a-gallium, where each of the gallium

atoms is bonded only to other gallium atoms. Thus, 214 with

all gallium atoms in formal oxidation state þI differs from

digallanes R4Ga2, where three- or four-coordinate gallium(II)

atoms are connected to heteroatoms. The situation that gal-

lium atoms of a digallane are part of a cluster is realized also in

the carborane-substituted digallane 82. Here, an extremely

short gallium–gallium bond is observed, a fact which can be

explained by steric arguments. Model calculations on

analogs to 214 with less bulky substituents also indicated

short gallium–gallium bonds.402 Thus, 214 can be regarded

as a molecule of fundamental interest, because it includes a

pure metal–metal bond, free of the influences of directly

bonded substituents.

An isomer 215 (R¼SitBu3) is obtained by thermolysis of

the cyclic trigallane R4Ga3 in heptane together with Ga2R3 and

Ga4R4.
403 The structure of 215 is completely different from 214

and the octagallium cluster [Ga8(fluorenyl)8]
2�. It has a dis-

torted octahedral R4Ga6 core with an RGa–GaR unit attached

to two neighboring gallium atoms.

This means, looking upon the RGa–GaR substituent as a

two electron donating one, cluster 215 has six sep. So 215 is a

precloso cluster for which a face-capped trigonal bipyramid is

expected. Here an alternative distortion of the octahedron into

a trigonal bipyramid with one edge bridged by an RGa unit is

realized. The gallium–gallium distances along the edges cover a

range from 251.9 to 292.5 pm. The distances of the RGa–GaR

unit to the cluster core atoms are relatively short (240.6,

244.6 pm). The RGa–GaR (dGa–Ga¼251.9 pm) is in the typical

range for silyl-substituted digallanes. Bond 215 can easily be

reduced to the dianionic cluster [R6Ga8]
2� 216, where the

arrangement of the gallium atoms is nearly the same as in 215,

with the octahedron being more regular (dGa–Ga¼255.1–
268.5.9 pm). The bonds of the RGa–GaR substituent get longer

on reduction (dGa–Ga¼245.3, 246.6, 253.5 pm, respectively).

This is in line with 216 having seven sep, as required for a closo

cluster. A similar relation between an octahedral closo and a

distorted octahedral precloso cluster is known for 194 and 195.

The sodium atoms are attached to the dianionic cluster core

bridging two gallium–gallium edges neighboring the RGa–

GaR unit (dGa–Na¼300 pm). This indicates, as for the metal-

loaromatic rings 131, that the sodium atomsmight be regarded

as part of the cluster.

One might ask at this point, whether those element-rich

cluster compounds are metalloid. 215 as well as 216 show a

planar Ga6R4 arrangement as a feature of their cluster cores,

where two GaR residues are attached from top and bottom.

Thus some resemblance to [Ga6R8]
2� 154 exists, whose core

can be related to gallium atom sheets in b-gallium.240

Later on, it will be seen that an In8R6 cluster adopts a totally

different structure.404

Using ‘GaI’ as the source for gallium in low oxidation state,

several gallium-rich cluster compounds can be obtained. Due

to the insolubility of ‘GaI,’ variation of reaction conditions

cannot be achieved by changing the concentration of the gal-

lium source. But a possible tool is to change the ratio of

gallium to iodine in preparation of ‘GaI,’ which in principle

can be from 2:1 to 1:3, meaning formally ‘Ga2I’ and GaI3 as

products. For cluster synthesis reaction mixtures 2:1 up to 1:1.5

are useful. These gallium subiodides are then treated in a

heterogeneous reaction in toluene with a slight excess of the

metallated substituent MR (M¼Li, Na, K).

One of the products is [Li(thf)4]
þ[Ga9R6]

� (R¼Si(SiMe3)3)

217.238 A pentagonal bipyramid with two RGa groups in apical

and two RGa groups and three naked gallium atoms in equa-

torial positions make up the cluster core (dGa–Ga¼242.5 and

289.8 pm). The two gallium–gallium bonds of the Ga3 unit of

36 Catenated Compounds – Group 13 (Al, Ga, In, Tl)

Comprehensive Inorganic Chemistry II : From Elements to Applications, Elsevier, 2013. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/inflibnet-ebooks/detail.action?docID=1330977.
Created from inflibnet-ebooks on 2021-02-09 22:25:55.

C
op

yr
ig

ht
 ©

 2
01

3.
 E

ls
ev

ie
r.

 A
ll 

rig
ht

s 
re

se
rv

ed
.



C(SiMe3)2

(Me3Si)2C

(Me3Si)2C

C(SiMe3)2

C(SiMe3)2

C(SiMe3)2

= Ga

214

SitBu3

tBu3Si

tBu3Si

215
216

0/2-

Si(SiMe3)3

(Me3Si)3Si

(Me3Si)3Si

217

(Me3Si)3Si

Si(SiMe3)3

Si(SiMe3)3

Si(SiMe3)3

Si(SiMe3)3

Si(SiMe3)3

Si(SiMe3)3

Si(SiMe3)3

(Me3Si)3Si

218

tBu3Si

219

tBu3Si

tBu3Si

tBu3Si

SitBu3

SitBu3

SitBu3

SitBu3

SitBu3

SitBu3

SitBu3

SitBu3

SitBu3

SitBu3

SitBu3 220

Figure 11 (Continued)
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naked gallium atoms are bridged by RGa groups (dGa–Ga¼
234.4 and 237.7 pm). Considering these bridging RGa groups

as two-electron substituents, meaning the cluster is built up

from four RGa and a (RGa)2Ga3 unit, delivering two and seven

electrons each, leaves a Ga7 cluster with eight sep, classifying it

as a closo-cluster. Alternatively, if all nine gallium atoms are

considered as cluster atoms, these eight sep for a nine vertex

cluster stand for a bicapped pentagonal bipyramid. The cap-

ping in this case is restricted to bridging two edges. This might

be due to steric requirements of the bulky silyl groups. This

distinction seems to be a semantic one, leading to the same

result, which is on the basis of a MO description of the cluster

eight binding molecular orbitals for the cluster core.

Compound 217 is structurally closely related to the octa-

gallium clusters 215 and 216. Formally, regardless of the dif-

ferent substituents, addition of a Gaþ cation to the RGa–GaR

bridge in 216widens the Ga6 plane to a Ga7 plane (Scheme 7).

Further incorporation of a Gaþ cation into 217 produces the

decagallium clusters 218 and 219.313,386 Attacking the gallium

cation at the central atom of the naked Ga3 unit leads to cluster

218. Here the gallium atom marked Ga* moves out of the

original Ga7 plane. If the gallium cation attacks via a Ga3R3

R
R

R

R

R

R
R

Aryl Aryl

Aryl Aryl

221

Aryl = C6H3-2,6-Mes2 222a R = Si(SiMe3)3
222b R = SitBu3

R

R
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R

R
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R
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R
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R
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R
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228 a Si(SiMe3)3
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Figure 11 Overview of types of element-rich gallium clusters (Ga8 to Ga22).
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face of 217, one of the original RGa groups moves toward the

Ga* atoms forming cluster 219.

Compound 218 is built from two fused octahedra, meaning

a R4Ga6 and a R2Ga6 cluster fragment fuse via a common edge

(dGa–Ga¼298.3 pm), which is the longest of all neighboring

gallium atoms in this cluster. On the other hand, the tops of

the octahedra have short distances (dRGa–Ga¼254 pm). The

other gallium–gallium bond lengths in 218 range from 258

to 279 pm. This is in the same range as observed in gallium

modifications.

As indicated, only six gallium atoms bear Si(SiMe3)3
groups, four of them in the Ga6 base plane of the cluster.

One of the octahedra carries four bulky substituents and the

other one only two. The gallium–silicon bond lengths are

influenced by this imbalance of crowding in the molecule.

Longer gallium–silicon bonds (dGa–Si¼244.3–246.8 pm) are

found in the sterically more strained part of the molecule than

in the other (dGa–Si¼240.5 pm). Also, the average gallium-

gallium distances in the Ga6R4 part of the molecule are 4.6 pm

longer than in the Ga6R2 part. At first glance, the seemingly

unfavorable distribution of the substituents in 218 is surprising,

but it is in line with a proposed formation (Scheme 7).

Compound 219, which is obtained co-crystallized with the

tetragallane 180, has a more fancy structure. The core of 219 is

a flat pentagonal bipyramid of gallium atoms. Three RGa

groups (R¼SitBu3) form one of the trigonal faces, the other

four core atoms are naked gallium atoms.

The equatorial plane has three rather short (dGa–Ga¼253.1–

256.9 pm) and two long Ga–Ga distances (dGa–Ga¼284.0,

306.0 pm), which are bridged by gallium atoms (dGa–Ga¼
244.1–253.3 pm). One of the bridging gallium atoms is part

of an RGa group, the other of an RGa–GaR unit (dGa–Ga¼
246.6 pm). This broad distribution of Ga–Ga distances is

typical for gallium-rich cluster compounds. The Ga–Si dis-

tances also vary over a broad range. The gallium–silicon

bonds [dGa–Si¼240.9–245.5 pm] to the bridging gallium

atoms are shorter than the gallium–silicon bonds of the bipy-

ramidal core atoms [dGa–Si¼246.9–250.2 pm], but compara-

ble to those in 218.

Alternatively, 219 is described as a fused cluster of a Ga8
and a Ga4 polyhedron, sharing a Ga3R face. DFT calculations,

which indicate a large three-center bonding contribution for

the Ga–Ga(R)–Ga bridge, support a description of the cluster

as a bridged pentagonal bipyramid.

The bipyramid is quite flat, as mentioned. The Ga–Ga

distance (dGa–Ga¼295.3 pm) between the apical atoms, an

RGa and a naked gallium atom, is similar to the lengths of

edges in this cluster. For comparison, the assumed parent

cluster of type 217 has a height of 344 pm. This suggests an

additional interaction between the apical gallium atoms,

which is consistent with the results of DFT calculations.

A discussion of electron counting for clusters 218 and 219 is

now appropriate.

If 218 is looked upon as a conjunto-cluster of two octa-

hedral, the Jemmis rules,343,344,405 developed for conjuncto-

boranes on basis of the Wade rules, might be applicable.352,406

Here, for a conjuncto-cluster of m fused polyhedral (2nþ2 m)

skeletal electrons (n, number of cluster atoms; m, number

of polyhedral) are necessary. Therefore, 218 would need 24

electrons to fill the bonding cluster molecular orbitals. Six RGa

groups mean 12 electrons and so the four naked gallium atoms

have to contribute three electrons each. This is not unambigu-

ous, because quantum chemical calculations for 218 suggest

lone pairs at the apical, naked gallium atoms.313

For 219, the short distance between the apical gallium

atoms through the cluster make it possible that the bare vertex

atom contributes not only one but three electrons and four

orbitals to the cluster bonding. This should be the case for two

of the other naked gallium as well. That makes 11 sep for 219,

as required for a fused polyhedron of a Ga8 (9 sep) and a Ga4
(4 sep) polyhedron.

The structures and electron count in bare indium clusters in

Zintl phases have been discussed similarly. The flattening of

vertices is deduced as a result of the contribution of four

orbitals to cluster bonding by some of the vertex atoms.407,408

Thus, In11
7�, has three flattened vertices, which results in 12 sep,

required for a closo-E11-cluster, if some indium atoms contribute

more than one electron to cluster bonding.385

+ Ga+

+ Ga+

+ Ga+

Ga*

Ga*

Ga

Ga*

Ga

2− −

216 217

218

219

Scheme 7 Cluster relations of 216–219 regardless of different substituents.
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Obviously, counting rules give only rough explanations for

the structure of these hypoelectronic clusters but are near their

limits. Therefore, a forecast of structures on this basis is not

possible at all.

A third Ga10 cluster is [Ga10R6]
� (R¼SitBu3) 220, isolated

as black crystals together with a Ga13 cluster 222a. Counterion

is [Na(thf)6]
þ. The six GaR groups are distributed more regu-

larly over the cluster and form a trigonal prism, elongated

along the C3 axis. A four-membered ring of naked gallium

atoms is embedded between the two Ga3R3 rings. As a conse-

quence of the C3/C4 symmetry mismatch of the cluster-

building units, the four-membered ring is disordered over

three equivalent positions. The range of gallium–gallium dis-

tances is similar to that in 218 (dGa–Ga¼245.3–288.0 pm).

This arrangement of three-membered rings and embedded

triel fragments is realized in 204 and 214, which are prototypes

of metalloid clusters.

Another view of the structure of 220 emphasizes the simi-

larity to 218. Here, shortening of the bridging edge and elon-

gation of the distance of the tops of the fused octahedra bring

the structures together.

DFT calculations on isomers of Ga10(SiMe3)6 revealed a

structure analog to 218 as more stable by 56.6 kJ mol�1 than

a 219 based one. On reduction, both isomers undergo a struc-

tural change to that of type 220.

1.01.4.3.2 Ga11 and Ga13 clusters
Ga11aryl4 221 with bulky aryl substituents consists of two

Ga4R2 rings interconnected by a Ga3 unit.
134 The paramagnetic

cluster was obtained from ‘GaI’ and Li-aryl (aryl¼2,6-

Mes2C6H3). The EPR spectrum of 221 confirmed a radical

with one unpaired electron. The gallium-gallium distances in

the four-membered ring part (255 pm) are shorter than in the

Ga3 unit (266 pm). It has to be noted that [Ga4R2]
2� and

[Ga3R3]
2� rings have been isolated and characterized as metal-

loaromatic with contacts to alkali metal ions.134,216 Whether in

220 and 221 the central Ga4 or Ga3 rings take the role of the

cations might be considered. On the other hand, the structure

of this Ga11 cluster core has some resemblance to that of the

metalloid [Al12[N(SiMe3)2]8]
� cluster.382

The Ga12 cluster 160, already mentioned, can be described

by three nearly planar four-membered rings of gallium atoms,

where eight of the ten substituents (2 Br, 6 PtBu2, 2 ylid

ligands) are bonded to the outer rings. The connection to the

central ring is made by gallium–gallium interactions and phos-

phide bridges. The Ga12 core has some resemblance of the Ga11
core of 221.

The [Ga13R6]
� cluster ions are obtained as alkali metal salts

from ‘GaI’ and MR (222a: M¼Li, R¼Si(SiMe3)3
409; 222b:

M¼Na, R¼SitBu3
313). Here a pseudo-cuboid core is present,

where seven naked gallium atoms are at the corners of a cube,

and the eighth corner is occupied by a Ga3R3 ring. The three

complete square faces of the cube are capped by RGa units. The

structure has some features of that of the silicon-centered

Si@Al14 clusters.

Another type of a [Ga13R6]
� cluster 223 is obtained with an

amido substituent (R¼N(SiMe3)dipp).
410 The framework of

223 is comprised of two stapled R3Ga6 rings, one of which is

gallium-centered. This means nine of these atoms form a part

of a cuboctahedron, where one of the Ga3 units is missing.

The remaining three GaR groups cap the Ga4 faces of the cuboc-

tahedral strunk. This structural feature makes the metalloid

character of 223 more obvious than it is for the isomers 222.

1.01.4.3.3 Ga16, Ga18, and Ga19 clusters
In Ga16(P

tBu2)10 224 a totally different structural motif is

present. In the clusters discussed so far, often planar four-

membered Ga4 rings occurred. In 224, a tetrahedral Ga4 core

is at the center of the structure, around which a Ga12(P
tBu2)10

framework of phosphido bridged gallium atoms is built.411

This framework can be described as based on an adamantoid

Ga4P10 cage.

[Ga18(P
tBu2)10]

3� 225245 and the silyl-substituted cluster

[Ga18(Si
tBu3)8] 226412 are obtained from metastable GaBr

solutions and LiPtBu2 or NaSitBu3, respectively. The structure

of the metalloid core of 225 is compared to that of the high

pressure galliummodification Ga(II), where the gallium atoms

have coordination number 10 on an average.413,414

Compound 226 has a core of three stapled Ga6 layers,

which resemble the Ga6 core of 154. Thus, the structure can

be described as a section of b-gallium.

[Ga19[C(SiMe3)3]6]
� 227 is a metalloid cluster with a cen-

tral gallium atom surrounded by twelve others in a distorted

cuboctahedral manner.5 This typical structural feature of a

cubic close-packed metal is here wrapped into a shell of six

GaC(SiMe3)3 groups, which cap rectangular faces.

Compound 227 is also prepared via metastable GaX

solutions. The cluster is unique because in contrast to most

other gallium-rich clusters, it is soluble in organic solvents.

Therefore, a 71Ga NMR spectrum can be measured. The shift

for the central atom (d¼�134 ppm) is different from those

calculated for naked gallium metal clusters and suggests a

different electronic situation.415,416 Compound 227 is also

special because in mass spectrometric experiments (ESI, laser

desorption/ionization) not only can the molecule ion of this

metalloid cluster be detected, but the collision-induced six GaR

groups can also be degraded stepwise, resulting in a Ga13
� ion.

This fragmentation by sequentially removing RGa units

confirms the point of view that these carbenoid units are a

protecting shell for the central Ga13
� core. This is comparable

to CO ligands shielding a metal cluster core in transition metal

clusters. The analogy of GaR and CO is discussed for [M]–GaR

complexes as well.

This Ga13
�-cluster ion was calculated to be very stable and

the corresponding neutral Ga13 cluster has a very high electron

affinity of 3.35 eV. This is similar to that of a fluorine atom and

gives some justification to the term superhalide, which has

been given to the Al13
� cluster ion. It was noted that these

results stand for the electron deficiency of metalloid clusters of

aluminum and gallium and make them different from Gan–

Zintl ions, which are of polyhedral type.417–420 This is dis-

cussed in detail in another chapter.

1.01.4.3.4 Ga22 clusters
For Ga8, Ga10, and Ga13 clusters, structural isomers for the

cluster cores are observed. The same is true for Ga22 clusters

228–231. Ga22R8 (R¼Si(SiMe3)3 a,
163 Ge(SiMe3)3 b,

294 SitBu3
c412) 228a–c are prepared by reaction of metastable GaBr

solutions (a, c) or ‘GaI’ (b) with the metallated substituent R.

All of the three clusters are isostructural (Figure 12). Ga@Ga13
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cores (dGa–Ga¼287 pm) are surrounded by eight GaR units,

capping Ga4 faces (dGa–Ga¼267 pm). The eight GaR units are

at the corners of an Archimedes’ antiprism, with distances

of 
500 pm between the gallium atoms. The Ga@Ga13 core is

a gallium-centered, widened cuboctahedron, whichmeans that

one of the triangular faces is enlarged to a Ga4 ring. Thus a 4-6-

3 polyhedron with layers of Ga4, Ga6 and Ga3 rings is formed.

Thus, somehow a metal packing is evident in this cluster core.

Electron counting results in 22�3 � 8�1¼58 electrons for

these clusters, which is in accordance with the Jellium model.

Applying the classic counting scheme of the Wade rules, the

cluster is separated into a Ga14 core and eight GaR groups,

which deliver 16 electrons for cluster bonding. Adding the 14

gallium atoms, counted as contributing one electron each, a

total of 15 sep result for the Ga14 core, making it a specially

filled Ga13-closo-polyhedron. This filled polyhedron might be

due to the size of the cavity defined by the eight RGa residues.

Cluster 226 is regarded as a section of b-gallium in metal-

loid terms. Similarly, the Ga22 clusters 228 can be looked upon

as derived from gallium(III), with an additional atom in the

coordination sphere of the central gallium atom (Figure 13).

The anionic cluster Ga22 N SiMe3ð Þ2
� �

10

2�
229 (Figure 14)

has two more substituents, which are attached to gallium atoms

of the naked gallium shell.421 Thus, only a Ga@Ga11 core, with

irregular structure results, is capped by 10 RGa groups.

The clusters [Ga22R10Br11]
3� 230 and [Ga22R10Br12]

2�231
[R¼N(SiMe3)2], with a higher ratio of gallium:substituents,

have empty icosahedral gallium cores.422 The remaining

ten gallium atoms are attached to the icosahedron with cova-

lent 2c2e bonds (dGa–Ga¼240 pm), such that the fivefold

Ge2

Ga2

5B

3A

5A

2A

5C

Ga3

Ga1

Ge3

Ge5

Ga5

Figure 12 View of Ga22[Ge(SiMe3)3]8 228b (SiMe3 groups omitted
for clarity).

GaIIIb-Ga

R = SitBu3
      Si(SiMe3)3
      Ge(SiMe3)3

R = SitBu3

Ga22R8Ga18R8

228
226

Figure 13 Relationships of clusters 226 and 228 to gallium modifications. Reproduced with permission from Linti, G.; Schnöckel, H.; Uhl, W.;
Wiberg, N. InMolecular Clusters of the Main Group Elements; Driess, M., Nöth, H., Eds.; Wiley-VCH: Weinheim, 2004; pp 126–168. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA.

Figure 14 View of [Ga22[N(SiMe3)2]10]
2� anion 229 (SiMe3 groups

omitted for clarity; Ga atoms: gray shade; N atoms: light gray).
Reproduced with permission from Linti, G.; Schnöckel, H.; Uhl, W.;
Wiberg, N. InMolecular Clusters of the Main Group Elements; Driess, M.,
Nöth, H., Eds.; Wiley-VCH: Weinheim, 2004; pp 126–168. Copyright
Wiley-VCH Verlag GmbH & Co. KGaA.
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symmetry of the icosahedron is retained. One of the free apical

gallium atoms of 230 bears a bromine atom. In 231, two GaBr

groups are present. Thus, 231 is a regular icosahedral closo-

[E12X12]
2� cluster, with ten Ga(R)Br and two Br substituents.

An electron count for 230 reveals it as a cluster with 13 sep, if

the naked apical gallium atom retains its lone pair and con-

tributes one electron and three orbitals to cluster bonding. The

Al22X20 clusters 202 have related structures.

Ga22(P
tBu2)12 232 also has an icosahedral core.423 The

other ten gallium atoms form Ga5 chains wrapped around

the core and attached to it via three phosphide-bridges and

two gallium–gallium bonds.

These icosahedra-based structures are metalloid with regard

to d-gallium. This modification is a network of fused, filled

gallium icosahedra. The Ga12 core together with the two Ga5
chains now represent one of these icosahedra elements, with

parts of the next ones.

1.01.4.3.5 Ga23 and higher clusters
Ga23R11 233 [R¼N(SiMe3)2] has a body-centered core of 12

naked gallium atoms.424 This is capped by 11 GaR groups. The

structure is similar to that of dianionic 229. In both clusters,

the central gallium atom is surrounded by 11 naked gallium

atoms. The shell of GaR groups in 233 contains one more

group, but the number of cluster electrons of dianionic 229

and neutral 233 is the same. This might mean that the number

of electrons is more important for the central cluster core than

the number of shell atoms.

The gallium subhalides [Ga24Br22(thf)10] 234425 and

[Ga24Br18Se2(thf)10] 235
426 are obtained from GaBr solutions

with low thf content upon slow warming up to room temper-

ature. In the case of 235 Se(SiMe3)2 was added. The clusters are

of the same type as 230, meaning they have a central, nonfilled

icosahedron of gallium atoms. The gallium–gallium distances

indicate a slight distortion (dGa–Ga¼255–267 pm). Attached to

Br Br
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BrBr
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the polyhedral atoms are terminal GaBrx units (x¼1, 2), two

gallium dibromide and ten gallium monobromide groups,

which are interconnected by bromine bridges. Due to coordi-

nated thf molecules, the exopolyhedral gallium atoms are sur-

rounded tetrahedrally. Those 2c2e gallium–gallium bonds are

significantly shorter (dGa–Ga¼240 pm) than the bonds in the

icosahedron, as expected. In 235 four bridging bromine atoms

are substituted for two selenium atoms, which are threefold

capping three gallium atoms, which remain tetra coordinated.

The cluster structure is not changed very much by this. A special

feature is the packing of 235 in the crystal. Here, Se–Se contacts

(409 pm) arrange the clusters in chains. The Se–Se contacts are

longer than in GaSe (385 pm), but lead to a closer contact

between clusters for 235 than it is in crystals of 234. Thus, a

chain of Ga24-‘superatoms’ is formed and is used as a model for

the photovoltaic properties of GaSe or selenium itself.

The largest gallium clusters prepared so far are [Ga26[Si

(SiMe3)3]8]
2� 236,427 [Ga51(P

tBu2)14Br6]
3� 237,428 and

[Ga84[N(SiMe3)2]20]
x� (x¼3, 4) 238.3,17 236 is obtained via

‘GaI,’ the others only via metastable GaX solutions.

R

R

R

R

2−

R

R

RR

236
R = Si(SiMe3)3

In 236 a central gallium atom is surrounded by eight gal-

lium atoms, which are at the corners of a distorted cube.427

Two opposite faces are capped by butterfly-shaped Ga4R2 rings.

Three single gallium atoms and a Ga2 dumbbell cap the other

faces. Bridging between these five naked gallium atoms are four

GaR groups. Ignoring the Ga4R2 and GaR groups, the Ga14

core has a central gallium atom with coordination number

8þ3þ2¼13, which was found in other clusters as well.

Taking the dumbbell as one coordinating neighbor, the coor-

dination number (8þ4) resembles the environment in the

high-pressure modification Ga(III) (Figure 15).

Electron counting rules after Wade or Jemmis have been

applied for element-rich clusters. For Ga10R6 and Ga22R8, the

counting of bare gallium atoms as one or three electron donat-

ing cluster atoms was ambiguous. For [Ga26[Si(SiMe3)3]8]
2� a

multiple capped polyhedron is expected.

At this point, an alternative way of interpreting cluster

structures is introduced. Schleyer suggested that a special class

of boranes, the so-called ‘sea urchin’ boranes that are stable

clusters with triangular, rectangular and pentagonal faces,

capped on all faces larger than triangular by ER fragments,

need special electron counts. He postulated a 6mþ2n counting

rule to fit the number of cluster valence electrons less the pairs

for bonding of R groups. Here,m is the number of capped faces

and n the number of triangles.429

For 236 with 88 cluster valence electrons this rule was

applied recently.430 The centered 13 vertex polyhedron has

eight triangles, four rectangles, and two pentagons. Two rect-

angles and the pentagons are capped. The other rectangles are

not isolated, but fused to fragments of bicapped trigonal

prisms. That means two triangles and two rectangles have to

be added. The third rectangle is out of count, because it is

needed for fusion. Thus we calculate 2�8 for triangles, 6�4
for capped faces, 16�2 for complex caps and 2�8 for R

groups, which totals to 88 cluster valence electrons. Whether

this approach, which is not really straightforward, has general-

ity has to be proved in future. At least the structure of 227 has

been rationalized, using this approach.430

[Ga51(P
tBu2)14Br6]

3� 237 has a metalloid structure of a

filled cuboctahedron surrounded by 38 gallium atoms, which

make bonds to gallium, phosphorus, or bromine.

[Ga84[N(SiMe3)2]20]
4� 2383 is the largest main group cluster

prepared and structurally characterized up to now. A Ga84
3�

cluster with the same cluster structure was also obtained. 17

In 238 (Figure 16) a central Ga2-unit (dGa–Ga¼234 pm) is

surrounded by 62 naked gallium atoms, to which 20 GaR

groups are attached. The short bond length of the Ga2 dumb-

bell is comparable to that in a molecule with a formal gallium–

gallium triple bond.141 The 62 naked gallium atoms can be

subdivided into two shells. An inner Ga32 shell with the shape

of a football with icosahedral caps is surrounded by a belt of 30

gallium atoms.

(b)

(a)

a

b

Figure 15 (a) View of the cluster ion [Ga26[Si(SiMe3)3]8]
2� 236

(methyl groups omitted) and (b) relation of the cluster core to the gallium
modification III.
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Crystals of 238 show a metallic luster, which was also

observed for Ga26 cluster crystals (236). In addition, electric

conductivity and even supraconduction (7 K) was observed for

238. This was explained with the packing of the cluster mole-

cules which are aligned in chains, where the naked tops of the

Ga32 shell are oriented to one another.431–434

1.01.4.4 Indium Cluster Compounds

Several tetrahedral cluster compounds In4R4 184–185
296 ,297,340

were prepared from the reaction of lithium organyls with in-

dium(I) halides. Silyl-substituted In4[Si(SiMe3)3]4 186298 was

accessible via elimination of LiCp* (Cp*¼C5Me5) from

InCp*307 with Li(thf)3Si(SiMe3)3. NaSitBu3 (NaR*) reacted

with InCp* to produce indium-rich cluster compounds In8R*6
239404 and In12R*8 206,383 demonstrating the stronger reduc-

ing abilities of this silanide. WithM(thf)3SiPh3 (M¼Li, Na) two

polyhedral octaindane cluster compounds 198a and 198b were

obtained.270

Compound 239 has a cube of eight indium atoms length-

ened along one space diagonal, where the two opposite in-

dium atoms are ligand-free. Electron counting gives seven sep,

allowing apostroph 239 as a hypoprecloso cluster. Thus, it is

described as a two-capped In6R*4 octahedron with two naked

indium atoms at opposite vertices.

In 206 the 12 indium atoms form a section from a distorted

close packing, which is similar to that in [Al12{N(SiMe3)2}6]
�

205.382

In8(C6H3–2,6-Mes2)4 240 (Mes¼C6H2-2,4,6-Me3)
435 was

prepared from InCl and LiC6H2–2,4,6-Me3. The core is a dis-

torted cubic array of indium atoms where only the four indium

atoms, located at the corners of a tetrahedron, are part of In

(aryl) groups. Thus the well-known E4R2 fragments are present

again.

1.01.5 Conclusion

The chemistry of element-rich and polyhedral clusters of the

heavier triel elements has been established during the past two

decades. Several synthetic pathways are available now, but

none that allows for a planned synthesis of a specific new

cluster. The complex structures stress classic bonding concepts.

For smaller clusters, concepts developed for boron cluster

compounds are applicable. Therefore this chapter has focused

on rationalizing structures by topology and attempted appli-

cation of well-known electron counting rules. The higher clus-

ters are too complex to be described by a simple rule. Gallium

as an element adopts various allotropic modifications, which

are stable at different temperature ranges and pressure. It seems

that the high pressure necessary for some modifications can be

modeled by a shell of substituents. Their steric demand and

electronic properties influence cluster cores, but a real under-

standing of the effects is far from complete. Aluminum, which

has a typical metal lattice, has modified structures in the nano-

scale cluster cores. With indium, which has the higher stability

Figure 16 View of the Ga84 cluster ion 238 showing the layered
structure (Ga atoms: dark to middle gray; N atoms of R groups: light
gray). The football/belt description is rationalized by viewing the three
middle layers of the middle gray shaded shell as belt and the remaining
gallium atoms, which are not GaR units as capped football. Reproduced
with permission from Linti, G.; Schnöckel, H.; Uhl, W.; Wiberg, N.
In Molecular Clusters of the Main Group Elements; Driess, M., Nöth, H.,
Eds.; Wiley-VCH: Weinheim, 2004; pp 126–168. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA.
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of oxidation state one, compared to aluminum and gallium,

only a few element-rich clusters could be obtained.

A topic of special interest was and is the formation of bonds

between triel atoms in the low oxidation state, where the range

is from 2c2e bonds to multiple bonds and multicenter bonds.

The properties of these metal–metal bonded systems including

the nanoscale clusters, being described as intermediate be-

tween dissolved metals and bulk material, have begun to be

investigated and offer interesting perspectives.
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225. Ecker, A.; Köppe, R.; Üffing, C.; Schnöckel, H. Z. Anorg. Allg. Chem. 1998, 624,

817–822.
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313. Linti, G.; Köstler, W.; Kehrwald, M.; Rodig, A.; Blank, T.; Wiberg, N.

Organometallics 2001, 20, 860–867.
314. Uhl, W.; Benter, M.; Saak, W.; Jones, P. G. Z. Anorg. Allg. Chem. 1998, 624,

1622–1628.
315. Linti, G.; Bühler, M.; Urban, H. Z. Anorg. Allg. Chem. 1998, 624, 517–520.
316. Uhl, W.; Graupner, R.; Pohlmann, M.; Pohl, S.; Saak, W. Chem. Ber. 1996, 129,

143.
317. Uhl, W.; Pohlmann, M. Chem. Commun. 1998, 451.
318. Seifert, A. Dissertation, Heidelberg, 2008.
319. Mason, M. R.; Smith, J. M.; Bott, S. G.; Barron, A. B. J. Am. Chem. Soc. 1993,

115, 4971–4984.
320. Storre, J.; Klemp, A.; Roesky, H. W.; Fleischer, R.; Stalke, D. Organometallics

1997, 16, 3074–3076.
321. Harlan, C. J.; Bott, S. G.; Barron, A. R. J. Am. Chem. Soc. 1995, 117,

6465–6474.

322. Uhl, W.; Graupner, R.; Hiller, W.; Neumayer, M. Angew. Chem. 1997, 109,
62–64.
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1.02.1 Introduction

In 1973, the first edition of Comprehensive Inorganic Chem-

istry was published with the chapter about silicon written by

E.G. Rochow. At this time compounds possessing silicon–

silicon bonds were comparably rare. Rochow mentioned

around 14000 known organosilicon compounds by 1965,

but this number tells nothing about the percentage of disilanes

or even higher silanes. With the kind support of the CAS

Customer Service, we were able to figure out that by this time

(1965) 392 substances with 728 references were available in

published literature containing one or more silicon–silicon

bonds. Today (2011), a search in SciFinder gives a number

of 22688 substances bearing at least one Si–Si single bond,

covered by a total of 14 895 references. Since the year 2000,

5745 of these references were published and 728 before

1965, which leaves 8433 references for the 35 years in between.

This numeric example shows that the rate of publications con-

cerning oligo- and polysilanes increases rapidly and without a

restriction of any kind, a review of this subject will get out

of hand. Forced to make a decision, we resolved to take the

title Comprehensive Inorganic Chemistry literally and to omit
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all organosilicon compounds, thus restraining ourselves to

no silicon–carbon bonds at all! Besides the overwhelming

numbers of compounds, another critical factor convinced us:

there is no such compilation available in the literature so far.

Especially, halo-, hydro-, and halohydrosilanes, on the one

hand, are simply neglected but, on the other hand, have gained

increasing interest over the last years for new and exciting

applications. This neglect may have ‘good reasons’ or is com-

prehensible, although silanes with hydrogen substituents are

frequently used in calculations or more generally in all kinds of

theoretical studies; working with real hydrosilanes is an en-

tirely different story. Excellent skills in inert gas technique are

essential to succeed in this area.

1.02.2 Hydrosilanes

Polysilanes are the silicon congeners of alkanes. In analogy to

hydrocarbons, linear and branched silanes SinH2nþ2, cyclosi-
lanes SinH2n, and even a polycyclic system are known. However,

in contrast to hydrocarbons, which are chemically inert to a great

extent, silanes are highly reactive. One reason for the different

chemical behavior is the reverse polarity of the Si–Hbond (Sidþ–
Hd�) in comparison with the C–H bond due to the different

electronegativities of silicon (1.74) and carbon (2.50). As a

consequence, H� serves as a leaving group that enhances nucle-

ophilic substitution of Si–H bonds, which is not the case for C–

H bonds. Furthermore, Si–Si bonds are weaker than C–C bonds,

but bonds to electronegative elements such as halogens, nitro-

gen, or oxygen are stronger for silicon than for carbon.

Therefore, Si–halogen or Si–O bonds are formed whenever pos-

sible at the cost of the weaker Si–Si, Si–C, Si–N, or Si–H bonds.

Regarding those facts, which express themselves in the everyday

laboratory routine as extreme sensitivity toward oxygen and

moisture and the pyrophoric behavior of the lower silanes, it is

not astonishing that only few research groups dedicated their

efforts to the field of hydropolysilanes (as they shall be called

from here on, to distinguish them from organopolysilanes).

Two review articles cover the state of the art on synthesis and

properties of hydrosilanes up to 1983.1,2 Figure 1 gives a survey

on all hydrosilanes isolated and characterized up to now and at

first sight, it might be surprising that no new hydrosilanes have

been isolated since the mid-1980s (compare Ref. [1]) although

the literature on this topic is numerous. However besides theo-

retical studies, a substantial quantity of the literature consists of

patents and articles related to the deposition of elemental silicon

from hydrosilanes. Based on the pool of already known com-

pounds 1–11 (and in particular 1 and 2 above all others) and

their syntheses, themain goal was the optimization of processes,

thus reducing the costs for technological applications. The isola-

tion and characterization of new compounds were thus ofminor

relevance in this context. Only very recently, with the entry of

solution-processing methods (which have been used for organic

materials before) the interest in higher silanes experienced an

abrupt increase.3 In comparison to conventional surface-

generation methods such as sputtering or chemical vapor depo-

sition (CVD), the costs for deposition from the liquid phase

should be much lower due to higher efficiency in material utili-

zation, lower energy consumption, and simplification of the

production process. Therefore, during the last 5 years new

H2Si

H2Si
Si
H2

Si

H2
Si

Si

Si
H2

SiH2

SiH2

H2
SiH

H

11

H2Si SiH2

SiH2

H2
Si

H2Si H2Si

H2Si
Si
H2

SiH2

SiH2

H2
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9 10
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H3S–(SiH2)n–SiH–SiH–(SiH2)m–SiH3
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4c
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7c   n = 2, m = 2
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7d   n = 1, m = 1
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H3Si–Si–(SiH2)2–SiH3

H3Si–(SiH2)2–SiH–(SiH2)2–SiH3
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H3Si–SiH2–Si–SiH2–SiH3 H3Si–SiH–Si–(SiH2)2–SiH3
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SiH3 SiH3
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Figure 1 Linear, branched and cyclic hydrosilanes.
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methods have been sought for the cost-efficient formation and

processing of silanes SinH2nþ2 and cyclosilanes SinH2nwith n>3

as those compounds are liquid at room temperature. Evenmore

useful are compounds with n>10 as the boiling points of those

compounds are above the temperature of Si deposition, thus

facilitating the handling during processing.3

1.02.2.1 Synthesis

The acidic hydrolysis of silicides is the oldest and best-studied

method for the synthesis of monosilane as well as of higher

silanes.1 Originally, MgSi2 was hydrolyzed with aqueous HCl

(eqn [1]) but the silicides of Ca, Al, Na, and Li or of the rare

earth metals La, Ce, and Nd also react with proton sources such

as NH4Br, H2SO4, or H3PO4. In all cases, mixtures of silanes

are obtained. Yield and product distribution vary to a great

extent, depending on the purity of the starting silicide, on the

choice of solvent and acid, and on the reaction conditions. The

linear silanes 1 and 2–6a as well as the branched silanes 3b–5b

(Figure 1) have been isolated and characterized following this

method.1,2

Mg2Si
H3O+

SiH4 + Si2H6 + Si3H8 + Si4H10 + ...
1 2 3

½1�

The acidic hydrolysis process has been employed in a pilot

plant scale,4,5 but due to the impurities of the used technical

grade Mg2Si the raw silane’s purity was poor compared to

material obtained by other methods.6

A Japanese patent describes that hydrolysis of Mg2Si with

aqueous HCl in the presence of organic solvents such as diethyl

ether increases the overall yield but decreases the portion of

higher silanes.7 Several other patents deal with the optimiza-

tion of yield and conversion rate.8–13

A relatively new variation of the hydrolysis method is based

on the reaction of Mg2Si with fluorosilicic acid. The process has

been optimized toward maximum yields of SiH4 and Si2H6

(1), with higher silanes only as side products.14,15

If energy in different forms (via pyrolysis, photolysis, or

electrical discharge) acts on SiH4 or Si2H6 (1), higher silanes

are formed.1 The main advantage of this method is the high

purity of the obtained products,6 but usually the formation of

silicon subhydrides or amorphous silicon has to be taken into

consideration.

Based on the original publication from 1962,16 a series of

patents describes reactors for the treatment of SiH4 with a silent

electrical discharge. SiH4 can be used either in pure form at

reduced pressure17,18 or diluted with inert gases such as He, Ar,

or N2.
19 Compounds 1 and 2 can also be obtained by passing

SiH4 and H2 through a plasma-discharge zone.20

It is known that the photochemical disproportionation of

3a, 4a, 4b, and 5a leads to higher, more branched silanes.1

More recently, photolysis has been investigated in order to

oligomerize SiH4. The observed products are 1, 2, 3, and 4

besides solid (SiHx)n.
21 Compound 1 is the main reaction

product of the irradiation of SiH4 with pulsed laser light.22

The thermal decomposition of SiH4 yields higher silanes in

a first step, but longer reaction times result in the exclusive

formation of polymeric silicon subhydrides. If the reaction

time is sufficiently short, the accumulation of solid side prod-

ucts can be minimized.23,24

The hydrogenation of chlorosilanes certainly is the most

common method for the synthesis of hydrosilanes on the

laboratory scale. LiAlH4 or other mild hydrogenation reagents

(e.g., NaBH4) can be used.1,2 The limiting factors are the avail-

ability of perchlorinated precursors on the one hand and the

occurrence of Si–Si bond scission reactions during the hydro-

genation process on the other. The optimized yield for the

formation of trisilane 2 from Si3Cl8 (154) for example is 60%

with SiH4 (14%) and 1 (10%) always obtained as side products

(eqn. [2]).25

Si3H8 + Si2H6 +  SiH4

12
Si3Cl8

LiAlH4 ½2�

A crucial improvement in this context is the use of diisobu-

tylaluminumhydride iBu2AlH instead of LiAlH4. As shown for

the formation of neopentasilane 4c, formed starting from

(Cl3Si)4Si (158), it effects the hydrogenation without notewor-

thy side products.26 However with LiAlH4 a 1:2 mixture of 3b

and 4c is formed, together with considerable amounts of SiH4

and polymers.27

For technical applications, it turned out to be useful to

hydrogenate mixtures of chlorosilanes, for example, largely

chlorinated oligosilane mixtures obtained from plasma chem-

ical methods28,29 or from the reaction of simple chlorosilanes

(e.g., H3SiCl, H2SiCl2, and HSiCl3) with elemental silicon in

the presence of Cu/CuO catalysts.30

Bond scission during hydrogenation does not occur if cyclic

chlorosilanes are used as starting materials. Si5H10 (9)
31,32 and

Si6H12 (10)33 are formed quantitatively from the correspond-

ing perchlorinated derivatives Si5Cl10 (188a) and Si6Cl12
(189a). However, the formation of SinPh2n from Ph2SiCl2
followed by chlorodephenylation and isolation of SinCl2n

Si4Ph8+Si5Ph10+Si6Ph12+polymersPh2Si2Cl2
Na/K

Si5Cl10

188a
Si6Cl12

189a

Si6H12Si5H10 [Si6Cl14]2− HSiCl3

LiAlH4 Amine
LiAlH4

HCl

9 10

1. Li

2. HCl
3. LiAlH4

Route A

Route B

Route C

Si4Cl8
187a

189d

Scheme 1 Different routes to cyclopentasilane (9) and cyclohexasilane (10).
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makes this route (Route A, Scheme 1) a tedious and time-

consuming process. A Japanese patent claims it to be possible

to synthesize 9 from Ph2SiCl2 without isolation of the inter-

mediates Si5Ph10 and Si5Cl10 (188a) in an overall yield of 25%

(Route B, Scheme 1).34 A more recent alternative for the for-

mation of 10 consists of the reduction of compounds compris-

ing the [Si6Cl14]
2� anion (Route C, Scheme 1). These

complexes are formed by amine-promoted redistribution of

HSiCl3.
35,36

Bi(cyclopentasilanyl) 11 could be prepared by treatment of

Cl9Si5–Si5Cl9 (190a) with LiAlH4.
37 Isolation of the pure com-

pound by distillative separation from 9 (which is formed as a

byproduct) was not possible due to the thermal lability of 11.

Although the dehydrogenative coupling of primary and

secondary organomonosilanes RSiH3 or R2SiH2 is a well-

established procedure (e.g., see Corey38), this method was

only scarcely studied for the synthesis of unsubstituted oligo-

silanes. Harrod was the first to outline this method as a possi-

ble route to higher silanes.39 A Japanese patent describes the

coupling reaction of SiH4 to 1 and 2 in the presence of Pt-, Rh-,

or Ru-complexes as catalysts.40 More recently, the synthesis of

higher silanes (notably silanes 1–6, Figure 1) by the reaction of

mono- or disilane in the presence of a catalyst (e.g., complexes

of Co, Ir, Ni, or Pd) in a H2 atmosphere has been claimed in

another patent.41 A problem that also limits the use of the

dehydrogenative coupling reaction for technical applications

surely is the formation of insoluble polymeric (SiH)x as a side

product.40,41

1.02.2.2 Properties and Reactivity

As already mentioned, hydrosilanes are highly reactive.42 They

are extremely sensitive toward oxidation and possess a high

reducing power.42 The physical and thermal properties as well

as nuclear magnetic resonance (NMR), Raman, and infrared

(IR) spectroscopic data of compounds 1–11 are summarized

in Ref. [1]. Recently, the matrix-isolation IR and ultraviolet

(UV) spectra of 2, 3a, and 3b were reported43 as well as

the UV spectra of 9 and 10.44

The gas-phase structures of 2,45 3a,45 4c,46 and 1047 were

studied by electron-diffraction methods. Compound 10 was

found to exist predominantly in a chair form.47

Hydrosilanes are also of fundamental theoretical interest.

As the smallest representatives of catenated silicon com-

pounds, they are perfect model compounds for calculations

on all levels of theory. To give some examples, ab initio calcu-

lations were performed on the structures and vertical ioniza-

tion energies of 1, 2, 3a, and 4a48 and their NMR shifts and

geometries have been calculated by density functional theory

(DFT)49,50 or MM3 methods.51

Due to their application for film deposition, various studies

have been carried out to understand the thermochemistry and

kinetics of silicon hydride-cluster formation during the ther-

mal decomposition of silanes.52–54 For lower linear silanes,

the primary decomposition processes result from the molecu-

lar elimination of silane or hydrogen to form silylenes. The

heats of reaction for these two processes are nearly the same.

Subsequently, the formed silylenes may insert into Si–H bonds

of silanes (SinH2nþ2), thereby generating higher silanes

(Scheme 2).55 However, recent evidence suggests that a radical

mechanism is favored for branched silanes due to the higher

stability of branched silyl radicals.56

1.02.2.3 Applications

Silanes such as 5a can be used as precursors for hydrogen

fuels57 and the applicability of 2–4 as rocket propellants has

been studied.58 However, the central focus of more recent

literature certainly is the application of hydrosilanes in macro-

electronics, a field in which microelectronic devices are distrib-

uted yet integrated over large area substrates with sizes much

larger than semiconductor wafers (e.g., flat-panel displays).

Further desirable attributes for macroelectronic systems in-

clude flexibility and portability (e.g., rollable displays), and

low cost. Silicon thin-film solar cells are the commercially

most successful example in this context. Amorphous, proto-

crystalline, nanocrystalline, or black silicon is deposited in thin

films on metal, glass, or plastic substrates. Usually, SiH4, or

disilane 1 is used as precursors and CVD is the method of

choice (e.g., see Gao et al.,59 Myronov et al.,60 Katayama

et al.61). However, in 2006 researchers from Japan invented a

process where a mixture of liquid silane oligomers is obtained

by UV-light-induced ring-opening polymerization (ROP) of

cyclopentasilane 9. This mixture can be processed via ink-jet

technology and later be converted to crystalline silicon via laser

treatment.62 It was shown that the constituent elements of a

silicon device – that is, intrinsic silicon, doped silicon, and

silicon oxide films – have become possible targets of solution

processing.3 Subsequently, several patents appeared claiming

new methods for the formation of higher linear hydrosi-

lanes,41,63 neopentasilane 4c,64,65 and of Si6H12 (10).
66 The use

of 10 in a liquid silane-based precursor has been reported67 as

well as the formation of doped silicon films.68 Applied research

in this field certainly is one of the hot topics at the moment.

1.02.3 Halohydrosilanes

As already mentioned, the chemical properties of silanes in

general differ considerably from those of their carbon analogs

and this is, of course, also true for halohydrosilanes. They

easily react with water forming Si–O–Si linkages and hydrogen

halides, HX. In contrast to halogenated alkanes, the activation

energy for the reaction of halosilanes with oxygen is very low,

making them often spontaneously inflammable when in con-

tact with air. In addition, they are very prone to undergo

halogen/hydrogen exchange reactions, which is not the case

for haloalkanes.

In contrast to perhydrogenated silanes, the emphasis onbasic

research interest is much stronger for the halohydrosilanes.

In particular, the bromo- and iodosilanes were synthesized

SiH4 + SiH2

1
Si2H6

H2 + H3SiSiH
or

Sin+2H2n+6

Sin+1H2n+4

+SinH2n+2

Δ

Δ

Scheme 2 Silicon hydride cluster formation by thermal decomposition
of disilane (1).

54 Catenated Silicon Compounds

Comprehensive Inorganic Chemistry II : From Elements to Applications, Elsevier, 2013. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/inflibnet-ebooks/detail.action?docID=1330977.
Created from inflibnet-ebooks on 2021-02-09 22:25:55.

C
op

yr
ig

ht
 ©

 2
01

3.
 E

ls
ev

ie
r.

 A
ll 

rig
ht

s 
re

se
rv

ed
.



systematically by Hassler and coworkers in the 1990s in order to

study their spectroscopic properties (Tables 2 and 3). However,

chlorinated and fluorinated hydrodisilanes are relevant for the

semiconductor industry in the same way as hydrosilanes: as

precursor materials for the formation of semiconductor devices

(e.g., see Pope et al.,69 Bauer and Thomas,70 Tomasini and

Cody,71 Tomasini et al.72).

1.02.3.1 Acyclic Chlorohydrosilanes

Table 1 summarizes the synthetic methods with the respective

references for all isolated and characterized linear and

branched chlorohydrosilanes.

Starting in the 1960s, attempts for the synthesis of chlor-

ohydrosilanes focused on the reaction of hydrosilanes 1–3

with various chlorinating agents (Scheme 3, methods 1A, 1B,

1C, 1D, and 1E) such as BCl3 (method 1A),73–76 HCl (method

1B),77,78 AgCl (method 1C),79,80 SnCl4 (method 1D),81,82 or

Cl2 (method 1E).83 With these methods, product mixtures

were obtained that are difficult or even impossible to separate

and also yields are average. An additional problem arises from

the tendency of higher silanes to isomerize.81 In addition, the

hazardous nature of the starting materials has to be taken into

account. Nonetheless, these methods comprise the only

reported synthetic access to several chlorohydrosilanes (e.g.,

21, 22, or 38–41; in Table 1).

In contrast to hydrosilanes, arylated silanes ArySinH2nþ2�y
are very suitable precursors for the selective preparation of

chlorohydrosilanes ClySinH2nþ2�y (n¼2–7) as aryl groups are

easily replaced by halogen atoms upon reaction with either

liquefied hydrogen chloride or solutions of HCl84 in benzene85

(Scheme 4, method 2 in Table 1). The latter alternative has

the disadvantage that small amounts of AlCl3 are required

as catalysts which are difficult to be removed completely.

SinH2n+2

Method 1A: BX3

Method 1B: HX(AlX3)

Method 1C: AgX

Method 1D: SnX4 (HgX2)

Method 1E: X2

XySinH2n+2-y + B2H6

XySinH2n+2-y + H2

XySinH2n+2-y + HX+Ag

XySinH2n+2-y + HX + SnX2 (Hg)

XySinH2n+2-y + HX

X = Cl, Br

X = Cl, Br

X = Cl, Br

X = Cl, Br

X = Cl, Br, I

Scheme 3 Methods for the formation of acyclic chlorohydrosilanes from hydrosilanes.

Table 1 Isolated linear and branched chlorohydrosilanes

Chlorohydrosilane Synthetic methoda Chlorohydrosilane Synthetic methoda

ClH2Si–SiH3 (12) 1A,75 1B,78 1C,79 1D,81 1E,
83 491 ClSi–(SiH3)3 (38) 1D82

ClH2Si–SiH2Cl (13) 1A,74 1C,80 1D,81 1E,83 2,84 491 Cl2HSi–SiH–(SiH3)2 (39) 1D82

Cl2HSi–SiH3 (14) 1A,74,85 1B,77 1C,80 1E,83 390 ClH2Si–SiCl(SiH3)2 (40) 1D82

Cl3Si–SiH3 (15) 2,85 3,90 491 (ClH2Si)2–SiH–SiH3 (41) 1D82

Cl2HSi–SiH2Cl (16) 1A,74 1B,77 1C,80 284 H3Si–(SiCl2)2–SiH3 (42) 1D82

Cl2HSi–SiHCl2 (17) 1A,74 1B,77 1A87 Cl2HSi–(SiCl2)2–SiH2Cl (43) 288

Cl3Si–SiH2Cl (18) 286 Cl3Si–(SiHCl)2–SiCl3 (44) 295

Cl3Si–SiHCl2 (19) 1E,83 286 Cl2HSi–(SiCl2)2–SiHCl2 (45) 296

ClH2Si–Si2H5 (20) 1C,80 1D,82 1E,83 492 Cl3Si–(SiCl2)2–SiHCl2 (46) 296

H3Si–SiHCl–SiH3 (21) 1A,76 1C,80 1D,82 1E83 Cl3Si–SiCl2–SiHCl–SiCl3 (47) 297

ClH2Si–SiHCl–SiH3 (22) 1C,80 1D82 HSi–(SiCl3)3 (48) 593

ClH2Si–SiH2–SiH2Cl (23) 1A,76 1D,82 492 ClSi5H11 (49) 1D82

Cl3Si–SiH2–SiH3 (24) 1A76 H3Si–SiHCl–(SiH2)2–SiH3 (50) 1D82

Cl2HSi–SiCl2–SiH3 (25) 1A76 H5Si2–SiHCl–Si2H5 (51) 1D82

Cl2HSi–SiHCl–SiHCl2 (26) 288 H2ClSi–SiHCl–Si3H7 (52) 1D82

Cl3Si–SiCl2–SiH2Cl (27) 288 H2ClSi–SiH2–SiHCl–Si2H5 (53) 1D82

Cl2HSi–SiCl2–SiHCl2(28) 296 H3Si–(SiHCl)2–SiH2–SiH3 (54) 1D82

H2Si–(SiH3)2 (29) 593 H3Si–SiHCl–SiH2–SiHCl–SiH3 (55) 1D82

Cl3Si–SiCl2–SiHCl2 (30) 288 ClH2Si–(SiH2)3–SiH2Cl (56) 1D,82 492

Cl3Si–SiHCl–SiCl3 (31) 298 Cl2HSi–(SiCl2)3–SiH2Cl (57) 296

ClSi4H9 (32) 1D,82 492 Cl5Si2–SiHCl–Si2Cl5 (58) 297

H3Si–SiHCl–SiH2–SiH3 (33) 1D82 Cl2HSi–(SiCl2)4–SiH2Cl (59) 296

ClH2Si–SiHCl–SiH2–SiH3 (34) 1D82 (ClH2Si)2HSi–SiH(SiH2Cl)2 (60) 298

ClH2Si–(SiH2)2–SiH2Cl (35) 492 Cl2HSi–(SiCl2)5–SiH2Cl (61) 296

H3Si–(SiHCl)2–SiH3 (36) 1D,82 289

ClSiH2–SiH–(SiH3)2 (37) 1D82

aFor methods 1A, 1B, 1C, 1D, and 1E, see Scheme 3; method 2, see Scheme 4; method 3, see Scheme 5; method 4, see Scheme 6; and for method 5, see Scheme 7.
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In addition, also halogen/hydrogen exchange reactions and

Si–Si bond cleavage are catalyzed by traces of AlCl3, thus

leading to rapid decomposition and/or redistribution of

higher chlorosilanes.80,86

Frequently, phenylated silanes were used as precursors

for the dearylation reactions, as those compounds are easily

available. However, if the boiling points of the obtained chlor-

ohydrosilanes and the formed benzene (Scheme 4) are too

close, isolation of the pure products is not possible. In several

cases, azeotropic mixtures of the chlorosilanes and the formed

benzene occurred, thus impeding the isolation of the pure

products.86 This problem can be solved by replacing phenyl

substituents with larger aryl groups such as naphtyl,84 mesi-

tyl,87 or p-tolyl.88

When the dichlorotetrasilane 36 was synthesized from the

corresponding arylated hydrosilanes,89 the 29Si NMR spectrum

indicated the formation of all possible diastereomers (þ, � ,

and meso form). Separation of the diastereomers was not

reported.89

To avoid equilibration reactions of the chlorinated prod-

ucts,86 W. Uhlig suggested a stepwise dephenylation procedure

with triflic acid followed by subsequent hydrogenation with

LiAlH4 or chlorination with Et3NHCl (Scheme 5, method 3 in

Table 1).90 Starting from H3Si–SiPh3, the selective formation

of 14 or 15, respectively, was thus possible.90

If perchlorosilanes are treated with hydrogenating agents

such as LiAlH4, all Si–Cl bonds are reduced. Nevertheless, a

selective synthesis of chlorodisilanes starting from Si2Cl6
(153) was reported by Stüger et al. (Scheme 6, method 4 in

Table 1).91 To avoid complete hydrogenation of the chloro-

silane, N(SiMe2Ph)2 or N(SiMe3)2 substituents were intro-

duced into the molecule. After hydrogenation, the protective

groups were easily cleaved off by treatment with HCl. Com-

pounds 12, 13, and 15 were isolated this way in good yields.91

It was further shown that even in reactive molecules such as

XH2Si–(SiH2)2–SiH2X or H3Si–(SiHX)2–SiH3 (X¼Cl: 35 and

36; X¼Br: 86 and 87), the NR2 groups can be introduced.

Thus, the linear and cyclic oligosilanes 20, 23, 32, 35, and 56

have been prepared.92 However, the crude products contained

also variable amounts of lower chlorosilanes due to Si–Si bond

rupture.92

HSi(SiCl3)3 (48) was found to be the reaction product of

the cleavage of Si(SiCl3)4 (158) with HCl in a SiCl4 solution

(eq. [3]).93

HSi–(SiCl3)3 + SiCl3XSi–(SiCl3)4 + HX

48X = Cl, Br158
½3�

The reaction of methoxyhydrosilanes with BX3 (X¼Cl2 and

F2) was used for the formation of branched halohydrosilanes

(Scheme 7). Compounds 29 and 48 were prepared by reaction

of the methoxy compounds HSi[Si(OMe)3]3 (194) and H2Si[Si

(OMe)3]2 (192) with BCl3 (method 5 in Table 1).93

In 1962, the ozonizer-type silent-electric discharge was in-

troduced as a method to convert monosilanes into higher

silanes.16 Ten years later, Drake and Westwood reported that

the action of such electrical discharges on halomonosilanes

(X¼F, Cl, and Br) led to the formation of product mixtures

containing halogenated di- and trisilanes (method 6). The

condensed products could be partly separated by trap-to-trap

distillations, but yields of the individual compounds were

rather low (if even reported).94

ArySinH2n+2-y XySinH2n+2-y+ArH
HX

X=Cl, Br, I     y=1-9
Ar=Ph, naphtyl, mesityl, p - tolyl

Scheme 4 Formation of halohydrosilanes by halogenation of arylated
silanes.

(TfO)Ph2Si–SiH3
Ph3Si–SiH3

Cl3Si–SiH3

HCl2Si–SiH3 14

15
Et3NHCl

TfOH

LiAlH4
HPh2Si–SiH3

ClPh2Si–SiH3

Scheme 5 Formation of chlorohydrodisilanes 14 and 15 by stepwise dephenylation with triflic acid.

HnSi(SiX3)4-n+12–3n BX2(OMe)HnSi[Si(OMe)3]4-n+12–3n BX3

48
29

135
132

X=Cl, n=1
X=Cl, n=2
X=F, n=1
X=F, n=2

Scheme 7 Formation of branched halohydrosilanes by the reaction of methoxysilanes with BX3.

LiN(SiMe2Ph)2
Si2Cl2n+2

LiAlH4

ClySi2H2n+2-y

[N(SiMe2Ph)2]ySi2Cl2n+2-y [N(SiMe2Ph)2]ySi2H2n+2-y

HCl

Scheme 6 Formation of chlorohydrodisilanes from perchlorosilanes via aminosilanes.
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1.02.3.2 Acyclic Bromohydrosilanes

BBr3,
76 HBr,78 SnBr4,

99 and Br2
83,100 have all been used for the

bromination of di-, tri-, and tetrasilane 1, 2, and 3a (methods

1A, 1B, 1D, and 1E in Scheme 3). Passage of Si2H5I (92) over

AgBr gave Si2H5Br (62).
101

More recent attempts exploited the possibility of electro-

philic cleavage of silicon–aryl bonds with HBr (method 2,

Scheme 4). Hassler and coworkers optimized this method and

synthesized, among others, bromohydrotrisilanes 73–81.88

If the boiling points of the products differ considerably from

that of formed benzene, hydridophenyldi- and trisilanes can be

used as starting materials as they are comparably easily acces-

sible. In all other cases, larger aryl groups such as mesityl or

naphtyl have to be used. The challenge of this method is the

preparation of the starting materials. Most of the formed com-

pounds have been studied by 29Si NMR, IR, and Raman spec-

troscopy.102 The obtained spectral data were evaluated and

interpreted on the basis of normal coordinate analyses.88,103

Just like the chloro congener H3Si–(SiHCl)2–SiH3 (36), the

dibromotetrasilane BrH2Si–(SiH2)2–SiH2Br (86) has two

asymmetric centers, and the signals of all diastereomers (þ, � ,

and meso form) appear in the NMR spectra. Separation of the

diastereomers was not reported.89 All isolated linear and

branched bromosilanes are summarized in Table 2.

1.02.3.3 Acyclic Iodohydrosilanes

When Feher et al. studied the reactions of hydrosilanes with

halogens in the 1970s, they found that di-, tri-, or tetrasilane

(1, 2, or 3a) reacted with I2 in pentane108 or in the absence of

any solvent in vacuum.109 In any case, they obtained mixtures

of monoiodo- and diiodosilanes (method 1E, Scheme 3). Iso-

lation of the pure isomers of iododisilanes 92–94, iodotrisi-

lanes 100–105, and iodotetrasilanes 120 and 121 was possible

by preparative gas chromatography (Table 3).108,109

It took almost 20 years before next relevant advances in the

synthesis of iodosilanes were reported by Hassler et al.104

Table 2 Isolated linear and branched bromohydrosilanes

Bromohydrosilanes Synthetic methoda Bromohydrosilanes Synthetic methoda

BrSi2H5 (62) 1A,74 1B,78 1C,101 1D,99 1E,83,100 2103 Br2HSi–SiHBr–SiHBr2 (77) 288

BrH2Si–SiH2Br (63) 1A,74 1D,99 1E,83 2104 Br3Si–SiBr2–SiH2Br (78) 288

Br2HSi–SiH3 (64) 1A,74 2102 Br2HSi–SiBr2–SiHBr2 (79) 288

Br3Si–SiH3 (65) 2104 Br3Si–SiH2–SiBr2 (80) 2105

Br2HSi–SiH2Br (66) 1A,74 1E,83 2102 Br3Si–SiBr2–SiHBr2 (81) 288

Br3Si–SiH2Br (67) 2102 Br2HSi–SiBr2–SiH2Br (82) 288

Br2HSi–SiHBr2 (68) 1A,74 2104 BrSi4H9 (83) 1E83

Br3Si–SiHBr2 (69) 2102 H3Si–SiHBr–Si2H5 (84) 1E83

BrSi3H7 (70) 1A,76 1E83,100 BrH2Si–SiH(SiH3)2 (85) 2106

H3Si–SiHBr–SiH3 (71) 1A,76 1E83,100 BrH2Si–(SiH2)2–SiH2Br (86) 2107

BrH2Si–SiHBr–SiH3 (72) 1E83 H3Si–(SiHBr)2–SiH3 (87) 289

BrH2Si–SiH2–SiH2Br (73) 288 Br3Si–SiHBr–SiBr2–SiH2Br (88) 288

BrH2Si–SiHBr–SiH2Br (74) 288 BrH2Si–Si(SiH3)3 (89) 2106

Br3Si–SiBr2–SiH3 (75) 288 BrH2Si–Si(SiH3)2–Si2H5 (90) 2106

Br2HSi–SiBr2–SiH2Br (76) 288 (BrH2Si)2HSi–SiH(SiH2Br)2 (91) 298

aFor methods 1A, 1B, 1C, 1D, and 1E see Scheme 3, and method 2 see Scheme 4.

Table 3 Isolated iodohydrosilanes

Iodohydrosilane Synthetic methoda Iodohydrosilane Synthetic methoda

ISi2H5 (92) 1E,108 2102 I2HSi–SiH2–SiHI2 (108) 288

I2HSi–SiH3 (93) 1E,108 2110 I2HSi–SiHI–SiH2I (109) 288

IH2Si–SiH2I (94) 1E,108 2104 Br2HSi–SiH2–SiHBr2 (110) 288

I3Si–SiH3 (95) 2104 I3Si–SiI2–SiH3 (111) 2111

I2HSi–SiH2I (96) 2102 I2HSi–SiI2–SiH2I (112) 288

I3Si–SiH2I (97) 2102 I2HSi–SiHI–SiHI2 (113) 288

I2HSi–SiHI2 (98) 2104 IH2Si–Si2I5 (114) 288

I3Si–SiHI2 (99) 2102 I3Si–SiH2–SiI3 (115) 2111

ISi3H7 (100) 1E108 I2HSi–SiHI–SiI3 (116) 288

H3Si–SiHI–SiH3 (101) 1E108 I2HSi–SiI2–SiHI2 (117) 288

I2HSi–Si2H5 (102) 1E109 Si3I7H (118) 288

IH2Si–SiHI–SiH3 (103) 1E108 I3Si–SiHI–SiI3 (119) 288

IH2Si–SiH2–SiH2I (104) 1E,109 2111 ISi4H9 (120) 1E108

H3Si–SiI2–SiH3 (105) 1E109 H3Si–SiHI–Si2H5 (121) 1E108

I2HSi–SiH2–SiH2I (106) 288 I2HSi–(SiH2)2–SiH2I (122) 288

IH2Si–SiHI–SiH2I (107) 2111

aFor method 1E see Scheme 3, and method 2 see Scheme 4.
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As outlined already for the syntheses of chloro- and bromohy-

drosilanes, the selective introduction of halogen substituents

into a silane is possible by the electrophilic cleavage of silicon–

aryl bonds with HX (method 2, Scheme 4). Thus, Hassler et al.

were able to synthesize most of the up-to-now known iodohy-

drosilanes in excellent yields (in general, more than 90% crude

yield).88,102,104,110,111 While the reaction of arylated silanes

with a solution of gaseous HI in benzene is a convenient

procedure, the enhanced sensitivities of iodosilanes toward

thermal decomposition as well as toward Si–H bond cleavage

makes the elaborate use of liquefied HI in sealed tubes some-

times unavoidable.88 It is noteworthy that due to the bulk of

iodine, the substitution of three phenyl groups at one silicon

atom is sterically hindered and Si–Si bond rupture occurs

when Ph3Si–SiH3 is used as starting material for the formation

of I3Si–SiH3 (95).104 In this case, the enhanced reactivity of

p-tolyl substituents can be turned to account. Thus, 95 can be

synthesized easily from p-Tol3Si–SiH3.
104

29Si NMR spectroscopic data are available for all com-

pounds synthesized by Hassler and coworkers.88 Iododisilanes

92–99 have been studied by IR and Raman spectroscopy as

well as ab initio molecular orbital- and density functional cal-

culations.88 Furthermore, the molecular structures of 94,112

96,113 and 98112 were determined by gas-phase electron dif-

fraction (GED). No branched iodohydrosilanes are known in

the literature so far. All isolated linear iodohydrosilanes are

summarized in Table 3.

1.02.3.4 Acyclic Fluorohydrosilanes

Just as for the other halohydrosilanes, research on syntheses,

properties, and reactivity of fluorohydrosilanes started

sometime at the beginning of the 1970s. Disilane derivatives

have been studied more extensively due to their possible ap-

plications in the semiconductor industry, while the literature

on the synthesis of higher fluorosilanes is relatively scarce. All

isolated linear and branched fluorosilanes 123–135 are sum-

marized in Table 4.

A unique possibility for the synthesis of fluorosilanes

comes from the fact that the metastable molecule SiF2 is

formed when SiF4 is passed over silicon at high tempera-

tures.114 The thus obtained highly reactive gas can be used as

a precursor for the formation of several fluorosilanes (method

7, Scheme 8).114

Co-condensation of SiF2 with B2H6 at a cool copper surface

led to the formation of a mixture of fluorosilanes from which

F3Si–SiH3 (126), F3Si–SiF2H (128), and H2Si–(SiF3)2 (132)

were isolated by high-vacuum, low-temperature fractional con-

densation.114 Compound 128 also was prepared by the co-

condensation of SiF2 with PH3.
115 When SiF2 is reacted with

HBr, the primarily formed 1-bromo-1,1,2,2-tetrafluorodisilane

(138) decomposed rapidly. Treatment of the formed product

mixture with excess SbF3 gave 128 in high yields (Scheme 8).116.

In the reaction of SiF2 withH2S, the primarily formed silanethiol

F2HSi–SiF2SH decomposed after a few minutes and F3Si–SiF2H

(128) was isolated as the main reaction product.117

The fluorination of hydrosilanes according to the methods

in Scheme 3was not reported in the literature nor was the dear-

ylating fluorination of arylsilanes with HF (method 2,

Scheme 4). The hydrogenation of halosilanes (method 3,

Scheme 5) can be used indirectly: In mixed halosilanes

XySinH2nþ2�y (X¼F and Cl, or F and Br), the chloro or

bromo functionalities can be reduced selectively with

Me3SnH without Si–F bond cleavage (Scheme 8). Thus, F3Si–

SiH3 (126) can be prepared by the reduction of F3Si–SiHX2

Table 4 Isolated fluorohydrosilanes

Fluorohydrosilane Synthetic methoda Fluorohydrosilane Synthetic methoda

FH2Si–SiH3 (123) 8,120 9121 F2HSi–Si2H5 (130) 6,94 876

F2HSi–SiH3 (124) 6,76 874,120 F3Si–Si2H5 (131) 694

FH2Si–SiH2F (125) 676 H2Si–(SiF3)2 (132) 5,119 7114

F3Si–SiH3 (126) 6 F3Si–SiF2–SiHF2 (133) 7114

F2HSi–SiHF2 (127) 3,118 6,76 887 FH2Si–(SiH2)2–SiH2F (134) 8107

F3Si–SiF2H (128) 3,118 7114,115 HSi–(SiF3)3 (135) 5119

FH2Si–Si2H5 (129) 876

aFor method 3 see Scheme 5, method 5 see Scheme 7, method 6¼ electrical discharge method 7 see Scheme 8, method 8¼ fluorination of chloro- or bromosilanes, method 9

see eqn [4].

SiF2+HBr BrF2Si–SiF2H+F3Si–SiF2H
138 128

F3SiSiFHBr+F3Si–SiHBr2+F3Si–SiF2H+1,1–F2Si3H6
139 140

F3Si–SiHCl2F3Si–SiH3
126

128

SnCl4

ClF2Si–SiF2H

126

143

128

128

126

126 142

130128

a = Me3SnH

a

a a

a

SnCl4a

a

F3Si–SiF2H+F3Si–SiH3 F3Si–SiF2H+F3Si–SiH3

F3Si–SiF2H+F3Si–SiH3

Scheme 8 Possible routes to fluorohydrodisilanes, bromofluorodisilanes and chlorofluorodisilanes.
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[X¼Br (140), Cl (142)] with Me3SnH in 90% yield.118

In contrast to this, BrF2Si–SiF2H (138) and F3Si–SiFBrH

(139) cannot be hydrogenated to the corresponding fluorodi-

silanes.118 F/Br redistribution precedes the reduction reaction,

resulting in both cases in mixtures of F3Si–SiF2H (128) and

F3Si–SiH3 (126) (Scheme 8). Reduction of F3SiSiHX2 [X¼Br

(140), Cl (142)] with reducing agents such as LiAlH4,

NaAlH2(OCHCH2OCH3)2, and iBu2AlH resulted in cleavage

of the Si–Si bond and reduction of some Si–F bonds.118

The fluorination reaction of HSi[Si(OMe)3]3 (194) and

H2Si[Si(OMe)3]2 (192) with BF3 (method 5, Scheme 7) was

used for the formation of H2Si–(SiF3)2 (132) and HSi–(SiF3)3
(135).119

Another possibility for the formation of fluorohydrosilanes

is the fluorination of chloro- or bromohydrosilanes (method

8). Compound FH2Si–SiH3 (123) was prepared by chlorina-

tion of Si2H6 (1) with HCl, followed by fluorination of the

formed ClH2Si–SiH3 (12) with SbF3.
120 It appears that the

conversion of chloro- to fluorosilanes is mainly an exchange

reaction, because SbF3 does not fluorinate 1 directly.74 F2HSi–

SiH3 (124), with traces of F3Si–SiH3 (126), was generated by

the reaction of Cl2HSi–SiH3 (14) with SbF3.
74,120 Also, FH2Si–

Si2H5 (129) was prepared by fluorination of 1-ClSi3H7 (20)

with SbF3.
76 Another well-established fluorinating agent is

ZnF2, which was used for the formation of F2HSi–SiHF2
(127)87 and FH2Si–(SiH2)2–SiH2F (134) from the respective

chlorides.107

The cleavage of Si–N bonds in (Si2H5)3N by BF3 can also be

used for the formation of 123 (method 9, eqn [4]).121

(H5Si2)3N + BF3 FH2Si–SiH3 + (H5Si2)2NBF2

123
½4�

Using the electrical discharge method, silanes 124, 125,

127, and 128 as well as F2HSi–Si2H5 (130) and F3Si–Si2H5

(131) were generated from various monofluorosilanes, al-

though separation of the product mixtures was difficult to

impossible (method 6, Table 4).76,94

1.02.3.5 Mixed Acyclic Halohydrosilanes

The possibility to brominate Si–H bonds with BBr3 (according

to synthesis method 1A) was utilized to form chlorobromohy-

drosilanes HBrClSi–SiH3 (136) and BrCl2Si–SiH3 (137) from

ClH2Si–SiH3 (12) and Cl2HSi–SiH3 (14), respectively.
74 These

products were detected by GC but isolation was not reported.74

Mixed halohydrodisilanes of the general formula

Si2XmYnH6�m�n with X¼F and Y¼Br are formed when SiF2 is

co-condensated with HBr. During warming up to room tem-

perature, the composition of the reaction mixture changes, but

halohydrosilanes 138–140 (Scheme 8) could be isolated.

HBrFSi–SiF2Br (141a) and HBr2Si–SiF2Br (141b) were

detected in the final reaction mixture by 19F NMR, but were

not isolated. Chlorination of 138 and 140 using SnCl4 led to

the formation of F3Si–SiHCl2 (142) and ClF2Si–SiHF2 (143)

(Scheme 8).118

1.02.3.6 Cyclic Halohydrosilanes

The synthesis and properties of monocyclic tetra-, penta-, and

hexasilanes as well as of polycyclic silanes and cages have been

summarized in a review by Stüger and Hengge.122 The nona-

halocyclopentasilanes HSi5X9 (144–146) and the octahalocy-

clopentasilanes 1,3-H2Si5X8 (X¼Cl, Br, I, 147–149) are

accessible by dephenylation of HSi5Ph9 and H2Si5Ph8, respec-

tively (Figure 2).123

Partially chlorinated cyclopentasilanes 150–152 (Figure 3)

were obtained by Roewer et al. upon the hydrogention of

Si5Cl10 188a with Me3SnH.124 The reaction proceeds stepwise

without formation of any SiHCl units. The dominating prod-

uct is 1,1,3,3-tetrachlorocyclopentasilane (151), whereas 1,1-

dihydrooctachlorocyclopentasilane could not be detected.

These products were identified only by 29Si NMR spectroscopy

but not isolated.124

Partially halogenated cyclohexasilanes Si6H11X (X¼F, Cl,

Br, I) have been studied by Hassler et al. by DFT

calculations.125

1.02.4 Halosilanes

Surveying the literature for the chemistry of perhalosilanes,

basically the same pattern unfolds as for the hydrosilanes: the

derivatives of SinX2nþ2 with X¼Cl and F, and n¼1, 2 are

relatively well studied due to their possibilities of application

in the semiconductor industry,126 whereas synthetic method-

ology for all other congeners is less developed (Table 5). Per-

brominated and periodated silanes have been studied only in

the context of fundamental research, and publications in this

field stem mainly from Hengge, Hoefler and coworkers.111,127

A list of all perhalosilanes is given in Table 5.

XHSi SiX2

SiHX

X2
Si

X2Si

X = Cl  147
X = Br  148
X = I     149

X2Si SiX2

SiHX

X2
Si

X2Si

X = Cl  144
X = Br  145
X = I     146

Figure 2 Cyclic halohydrosilanes.

Cl2Si SiH2

SiCl2

H2
Si

Cl2Si

H2Si SiH2

SiCl2

H2
Si

Cl2Si

H2Si SiH2

SiH2

H2
Si

Cl2Si

H2Si SiH2

SiH2

H2
Si

H2Si

Cl2Si SiCl2

SiCl2

Cl2
Si

Cl2Si

150 151 152 9188a

Figure 3 Cyclopentasilane 9 and its chlorinated derivatives.
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1.02.4.1 Acyclic Perchlorosilanes

Several methods have been reported for the formation of mix-

tures of perchlorosilanes SinCl2nþ2. The reaction of silicon with

HCl (direct process) for the formation of trichlorosilanes gives

actually a variety of chlorinated silanes. The high boiling frac-

tion of the reaction has been identified as a mixture consisting

of Si2Cl6 (153), Si3Cl8 (154), Si4Cl10 (155), and Si5Cl12
(157).128 The same product mixture 153–155 and 157 was

obtained in a process where SiCl4 was reacted with silicon to

give (SiCl2)x, which was subsequently treated with Cl2.
129

When an electrical discharge acts on halomonosilanes, re-

distribution reactions occur and, depending on the starting

materials and the sort of discharge, various product mixtures

are obtained.130 Passing HSiCl3 through a glow discharge pro-

duced Si2Cl6 (153), HCl, SiCl4, and solid residue. In an ozon-

izer discharge, HSiCl3 gave 153–155. In both discharge

methods, reactions of initially formed SiHCl moieties are pos-

tulated.130 If SiCl4 was subjected to a nonthermal plasma,

Si3Cl8 (154) could be isolated as a reaction product.131

Disilane 153 and trisilane 154 are both formed in reaction

mixtures by oxidative cleavage of a chlorinated polysilane

SinCl2nþ2 (n>4),132 SiClx (x¼0.2–0.8),133 or Si particles134,135

with Cl2 in the presence of Cu containing catalysts.

The selective synthesis of 153–155 or 157 is also possible by

the chlorodephenylation method from Si2Ph6,
136 Si3Ph8,

92

Si4Ph8,
92 or Si5Ph10

92 in good yields (Scheme 9).

Another method for the selective synthesis of the tetrasilane

155137 and also for the branched octasilane (SiCl3)3Si–Si

(SiCl3)3 (162)98,138 starts with the coupling of the respective

hydrosilanes with tBu2Hg, followed by photolysis of the

formed Si–Hg–Si compounds (eqn [5]).

The perchlorinated isotetrasilane (158) can be isolated

from the reaction of ClSi[Si(OMe)3]3 with BCl3 (Scheme 7).139

Due to the need for higher hydrosilanes in the semiconduc-

tor industry, methods for the formation of higher perchlorosi-

lanes as their precursors attracted some attention in the last few

years.64 Therefore, well-known reactions have been re-studied,

such as the amine-promoted redistribution reaction of Si2Cl6
(153), which was known in the literature for about 40 years.

Urray et al. discovered that 153 disproportionates quantita-

tively to Si6Cl14 (159) in the presence of NMe3.
140 In 2010,

researchers fromWacker Chemie claimed that perchlorosilanes

Table 5 Perhalogenated silanes

Silane Synthesis (S) and analytical data Silane Synthesis (S) and analytical data

Si2Cl6 (153) S,128–130 NMR152 Si4Br10 (165) S,127 IR/R,127 NMR127

Si3Cl8 (154) S,128–130 NMR152 Si5Br12 (166) S,127 IR/R,127 NMR127

Si4Cl10 (155) S,92,98,128,130 IR/R,153 NMR152 Si2I6 (167) S,144 X-ray145

ClSi–(SiCl3)3 (156) S,139 NMR,139,152 MS,139 IR/R153 Si3I8 (168) S,111 NMR111

Si5Cl12 (157) S,128,129 IR/R,153 NMR152 Si4I10 (169) S,127 IR/R127

Si–(SiCl3)4 (158) S,64,65,139 IR/R153 Si5I12 (170) S,127 IR/R127

Si6Cl14 (159) S140 Si2F6 (171) S,130,147–150,154 NMR149

1,1-(SiCl3)2Si4Cl8 (160) S,155 NMR152 Si3F8 (172) S,146,148,151 NMR149

1,2-(SiCl3)2Si4Cl8 (161) S,98 NMR,98 IR,98 MS98 Si4F10 (173) S,146 IR,146 NMR,146 MS146

(Cl3Si)3Si–Si(SiCl3)3 (162) S,138 IR/R153 FSi–(SiF3)3 (174) S,114 IR,114 MS114

Si2Br6 (163) S141 Si–(SiF3)4 (175) S,114 IR,114 MS114

Si3Br8 (164) S,142 IR/R143

IR/R, IR and Raman spectroscopy.

Ph2Si SiPh2

SiPh2

Ph2
Si

Ph2Si

Ph2Si

Ph2Si SiPh2

SiPh2

Cl–(SiPh2)4–Cl

PBr5

I2
I–(SiPh2)4–I

HI/AlI3

HCl/AlCl3

Br–(SiBr2)4–Br

I–(SiI2)4–I

Cl–(SiPh2)5–Cl

Br2

I2
I–(SiPh2)5–I

HI/AlI3

HCl/AlCl3
Cl–(SiCl2)5–Cl

I–(SiI2)5–I

165

166

169

170

Br–(SiPh2)4–Br

Cl–(SiCl2)4–Cl

HBr/AlBr3

PCl5

Br–(SiBr2)5–BrBr–(SiPh2)5–Br
HBr/AlBr3

PCl5

155

157

Scheme 9 Formation of acylic perhalogenated tetra- and pentasilanes.

Cl3Si–SiCl2H

(Cl3Si)3–SiH
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hν
(Cl3Si–SiCl2)2
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½5�
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are redistributed in the presence of ethers.64 Refluxing 153 in

the presence of tetrahydrofuran (THF) was reported to lead to

the formation of Si(SiCl3)4 (158).64 Shortly afterward, the

formation of 158 (and other higher hydrosilanes) in the redis-

tribution of perhalosilanes with tertiary amines was patented

by Evonik Degussa.65 Together with the discovery that the use

of iBu2AlH allows the hydrogenation of Si–Cl bonds without

Si–Si bond scission,26 new routes to higher hydrosilanes in

large scale finally seem to become feasible.

1.02.4.2 Acyclic Perbromosilanes

The standard procedure for the formation of Si2Br6 (163)

consists in the passage of a gas stream of an O2/Br2 mixture

over CaSi that has been heated to 200 �C. By condensation of

the volatile reaction products, pure 163 is obtained.141 The

only reliable citation of a preparation method for Si3Br8
(164) stems from 1911.142 In this chapter, the formation of

164, together with SiBr4, Si2Br6 (163), and Si4Br10 (165), is

reported to take place upon action of an electrical discharge on

SiHBr3.
142 Although cited later on, it is not clear from the

original article, whether or not Höfler used this method for

the isolation of 164 in order to investigate its vibrational

properties.143

The cleavage of cyclotetrasilane Si4Ph8 with PBr5 leads to

the formation of 1,4-Br2Si4Ph8, which subsequently can un-

dergo complete dearylation with HBr/AlBr3 to form Si4Br10
(165).127 Using the analogous strategy, Si5Br12 (166) was

formed starting from Si5Ph10 and Br2 (Scheme 9).127

1.02.4.3 Acyclic Periodosilanes

When SiI4 is reacted with finely divided metallic silver in an

evacuated glass tube, Si2I6 (167) can be obtained.144 Utilizing

this method, 50 years later Jansen and Friede were able to

determine the x-ray crystal structure of 167.145 The molecules

are arranged in a staggered conformation, with Si–I bond

lengths (2.42 Å) in good agreement with the bond length

reported for SiI4 and the Si–Si bond length (2.32 Å) in the

same range as those of the analogous disilanes Si2H6 (1) and

Si2F6 (171).
145

Periodotrisilane Si3I8 (168) can be obtained in 65% yield

by dearylation of Si3Ph8 with HI and AlI3 as a catalyst.111 The

iodine derivatives Si4I10 (169) and Si5I12 (167) were obtained

by treatment of Si4Ph8 or Si5Ph10 with I2 in the first step and

with HI/AlI3 in the second one (Scheme 9).127 The obtained IR

and Raman spectra were discussed with the aid of a normal

coordinate analysis.127

1.02.4.4 Acyclic Perfluorosilanes

When the polymer (SiF2)x, prepared by condensation and

warming of the gas mixture emerging from the reaction of

SiF4 and silicon at high temperatures (around 1100 �C) and

reduced pressure, is heated under vacuum to 250–300 �C, it
melts and decomposes to give perfluorosilanes SinF2nþ2 and a

solid, silicon-rich polymer.146 In the mixture, silanes with n¼1

up to 14 were detected by mass spectroscopy, but only the

perfluorinated di-, tri-, and tetrasilanes Si2F6 (171), Si3F8
(172), and Si4F10 (173) were isolated.146 FSi(SiF3)3 (174)

and Si(SiF3)4 (175) were generated in small quantities by the

co-condensation reaction of gaseous SiF2 with B2H6, but isola-

tion was not possible.114

Alternative methods for the formation of 171 consist of the

fluorination of Si2Cl6 (153) with SbF3,
147 ZnF2,

148 or KF,149 of

Si2Br6 (164) with ZnF2,
150 or of Si2(OMe)6 with BF3. Further-

more, formation of 171 was reported to occur in the redistri-

bution reaction of HSiF3 in a glow discharge.130 Trisilane 172

can be prepared by fluorination of Si3Cl8 (154) with ZnF2
148

and of Si3(OMe)8 with BF3.
151 In all cases, moderate yields

around 65% were observed (Scheme 10).

1.02.4.5 Mixed Acyclic Perhalosilanes

Only few studies on mixed perhalosilanes have been reported,

a fact probably caused by the lack of suitable synthetic

methods (Figure 4).

Distribution reactions between Si2Cl6 (153) and Si2Br6
(164) yielded all possible mixed chlorobromosilanes,

Si2ClxBr6�x 176a–183a.
156 The products in the reaction mix-

ture were assigned by 29Si NMR and Raman studies.156 Pure

Cl3SiSiBr3 (178a) could be obtained by bromination of

Ph3SiSiCl3 with HBr/AlBr3.
156

In order to isolate mixed halosilanes, the reaction of SiF2
with halogens X2 (X¼Cl2, Br2, and I2) was studied. In the co-

condensation with Cl2, the three disilane derivatives Cl2FSi–

SiCl3 (176b), Cl3Si–SiF3 (178b), and ClF2Si–SiF2Cl (182b)

were postulated to be the major reaction products in the

formedmixture. Reaction of SiF2 with Br2 also yieldedmixtures

in which Si2F5Br (176d), F3Si–SiBr2–SiF3 (184b), F3Si–Si2Br5
(185a), and F5Si2–SiBr3 (185b) were identified.157 In contrast

to this, the reaction of SiF2 with I2 unexpectedly led to the

formation of only monosilanes.158 The formation of higher

fluoroiodosilanes finally was successful when SiF2 was cocon-

densed with CF3I: F3Si–SiF2I (176c) was definitely identified in

the product mixture and MS and NMR data suggested the

presence of IF2Si–SiF2I (180c) and some trisilanes.159 The

only examples for branched mixed halosilanes are the different

homologs of the isotetrasilane XSi(SiY3)3. Synthesis of ClSi

(SiF3)3 (186b) was accomplished by the reaction of ClSi[Si

(OMe)3]3 with BF3,
139 whereas BrSi(SiCl3)3 (186a) and ISi

(SiCl3)3 (186c) were prepared by the reaction of HSi(SiCl3)3
(48) with CHBr3 and CHI3, respectively.

155

172

171

Si2(OMe)6
BF3

Si2F6 Si2X6

X = Cl 153
X = Br 164

Si3(OMe)8
BF3 Si3F8 Si3Cl8

ZnF2

ZnF2 or KF

Glow discharge

HSiF3 SiF2

D

SiF2

D

154

Scheme 10 Various pathways to hexafluorodisilane 171 and
octafluorotrisilane 172.
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1.02.4.6 Cyclic Perhalosilanes

Utilizing synthetic method 2 (Scheme 4), perphenylcyclopo-

lysilanes SinPh2n are easily dephenylated with HX/AlX3 and all

phenyl groups can be replaced by halogen. Thus, the perhalo-

cyclopolysilanes (X2Si)n with X¼Cl,160 Br, 160 and I161 and

n¼4, 5, and 6 can be obtained (Figure 5). Generally, the

reaction follows an electrophilic substitution mechanism of

the aromatic ring. Acetyl chloride can also be used as a halo-

genating agent for the formation of Si5Cl10 (188a).
124

The amine-promoted redistribution and disproportion-

ation of chlorosilanes was already mentioned as a possible

route to perhalogenated silanes.140 Boudjouk et al. reported

that the reaction of HSiCl3 with pentaethyldiethylene triamine

(¼pedeta) in CH2Cl2 leads to the formation of the complex

[pedetaH2SiCl
þ]2[Si6Cl14]

2�.36 X-ray crystal diffraction analy-

sis of the product showed that the dianion [Si6Cl14]
2� (189d)

comprised a planar dodecachlorocyclohexasilane ring with a

chloride ion above and below the ring plane. This structural

type is unique in group-14 chemistry. Reduction of 189d

afforded Si6H12 (10) in excellent yields (Scheme 1).35,36

The bi(cyclopentasilanyl) compounds (SiX2)5–(SiX2)5 (190,

with X¼Cl, Br) can be prepared by treatment of nonachlorocy-

clopentasilanes HSi5Cl9 (144) with (tBu)2Hg.37 Alternatively,

the phenylderivative bi(nonaphenylcyclopentasilanyl), pre-

pared from BrSi5Ph9 with naphtyllithium, was treated with

HX/AlX3 (X¼Cl, Br) to afford 190a and 190b (Figure 5).37

1.02.5 Chalcogenosilanes

1.02.5.1 Si–O Compounds

Silicon dioxide and silica rank among the best-studied sub-

stances with a wide variety of appearance in nature and

technical applications. Silanediols, disiloxanes, metallasil-

oxanes, and similar compounds also attracted much interest,

but by contrast compounds bearing Si–Si–O units without any

carbon substituents to silicon are comparatively rare.162

1.02.5.2 Acyclic Si–O Compounds

Investigations into bis-disilanyl-[(H3SiH2Si)2O 191] and

higher symmetric as well as asymmetric ethers started in the

1960s.163,164 These silylethers are spontaneously inflammable

in air. The silicon–oxygen bond in 191 can be cleaved with

boron trichloride164,165 or phosphorus pentafluoride.166

Alkoxy-substituted silanes such as bis-, tris-, or tetrakis(tri-

methoxysilyl)silane were obtained by the reaction of tetrakis

(trichlorosilyl)silane with methanol and triethylamine,

depending on the reaction conditions.167

Mercury-sensitized photolysis of siloxane 192 (Scheme 11)

gave besides polymeric polysilanes also 193 in 60% yield and

starting from 194, disilane 195 in 37% yield.168 Unfortunately,

no further chemistry was reported with 193, which combines

the interesting functionalities of disilane, silicon hydride, and

siloxane. Hexamethoxydisilane and hexaisopropoxydisilane

afford under pyrolytic conditions dimethoxysilylene and dii-

sopropoxydisilylene, respectively, and both can be used in

addition reactions with acetylenes or butadienes.169

A compound that has gained some interest is 1,2-bis(tri-

fluoromethylsulfonyloxy)disilane (196) obtained by treat-

ment of 1,2-bis(p-tolyl)disilane with trifluoromethylsulfonic

acid.170,171 Even though 196 has the tendency to decompose

explosively, it was possible to confirm its structure by means of

x-ray single-crystal diffraction analysis.172 Despite its difficul-

ties in handling, 196 represents a relatively simple available

material that offers the possibility of nucleophilic substitution

X3Si–SiX2Y

Cl3Si–SiClBr2

X3Si–SiY3

Cl2BrSi–SiCl2Br   179a

X2YSi–SiXY2

Cl2BrSi–SiBr3   181a

XY2Si–SiXY2

ClBr2Si–SiBr3

X = Cl, Y = Br  176a
X = Cl, Y = F    176b
X = F, Y = I      176c
X = F, Y = Br   176d

177a

X = Cl, Y = Br  178a
X = Cl, Y = F    178b

X = Cl, Y = Br  180a
X = F, Y = I      180c

X = Cl, Y = Br  182a
X = Cl, Y = F   182b

183a

IF2Si–SiF2–SiF2I  184a

F3Si–SiBr2–SiF3  184b

Br3Si–Si2F5  185

XSi(SiY3)3

X = Br, Y = Cl  186a
X = Cl, Y = F    186b
X = I, Y = Cl     186c

Figure 4 Mixed acyclic perhalosilanes.
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Figure 5 Cyclic perhalosilanes.
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on a disilane in the 1,2-position. At low temperature, 196

reacts rapidly and completely with organolithium and organo-

magnesium compounds.173 The compound was used in

investigations toward the UV behavior of silanes, as starting

material in the field of ceramics and conducting materials,

polymers, or simply as a building block for higher

silanes.90,173–176

1.02.5.3 Siloxenes

Two-dimensional layered polymers with the empirical formula

Si6H6�nOn are referred to as siloxene. They turn white when

exposed to sunlight and burst into flame by heating on air.177

Upon treatment with strong oxidants, siloxenes are known to

chemiluminesce and to evolve H2.
178 Siloxenes are not affected

by concentrated H2SO4, but show incandescence by treatment

with fuming HNO3.
177 What is often called in the literature

‘porous silicon’ consists of small siloxene layers.179

Woehler in 1863180 as well as Kautsky in 1924181 treated

CaSi2 with HCl following somewhat different procedures

and obtained what became known as Woehler-siloxene and

Kautsky-siloxene. The name ‘siloxene’ traces back to Kautsky’s

original publication.181 He suggested a structure, which he

named in accordance with the then valid rules of nomenclature

cyclohexasilatrioxene (Scheme 12, C). This was then simpli-

fied for reasons of convienience to siloxene. Woehler-siloxene

is a yellow crystalline polymer, which predominately consists

of the planar modification (Scheme 12, A), as was first shown

by Weiss et al.182 These sheet polymers do not necessarily have

to exist in planar forms but can also form nanotubes.183,184

The ongoing research on the properties of nanosheets might be

of interest to nanotechnology.184 The Kautsky-siloxene is a

gray–green amorphous material, which can be easily modified

by various substitution reactions, thus shifting the lumines-

cence wavelength. Due to being amorphous and generally

insoluble in organic solvents, Kautsky-siloxene is more difficult

to analyze structurally and has an inhomogeneous composi-

tion. X-ray emission and infrared spectra confirm the existence

of several modifications with a predominant contribution of

Si6 rings, which are linked by oxygen bridges to form planes

(Scheme 12, B).

In general, siloxenes show strong photoluminescence even

at room temperature and are responsible for the visible lumi-

nescence in porous silicon, a fact that makes these materials

potentially useful for optoelectronic applications.182 The inter-

est siloxenes gained over the years stems partly from these

fundamental optical properties185 and led to efforts to synthe-

size functionalized six-membered Si-rings as well as oligosi-

lanes with similar characteristics.177,186 These efforts led to the

finding that also siloxy-substituted monomeric cyclohexasi-

lanes show photoluminescence with remarkable fluorescence

intensities and further supported the assumption that the lu-

minescence of siloxene is a molecular rather than a solid-state

property.178 Further, calculations support this assumption by

indicating interaction of the oxygen lone pair with the Si–Si

backbone.178

1.02.5.4 Si–S Compounds

Like bis-disilanyl-ether [(H3SiH2Si)2O 191] also the first bis-

disilanyl-sulfide [(H3SiH2Si)2S 197] was prepared in the 1960s

reacting H3SiH2SiI (92) with HgS.187 Treating silyl halides

(H3SiH2SiX) with lithium tetra(methylthio)aluminate affords

silyl thioethers such as H3SiH2Si–SMe in good yields,188

whereas a,o-dihalooligosilanes react with alkali metal thio-

phenolates to the corresponding di(phenylthio)silanes such

as PhS–SiH2SiH2–SPh and PhS–SiH2SiH2SiH2–SPh.
189 A sys-

tematic access to S-functional derivatives of higher silicon

hydrides by nucleophilic displacement of halo-substituents

by sulfur nucleophiles was established by Stueger et al.

(Scheme 13).190 Only in the case of HSSiPh3 the use of Et3N

as auxiliary base was necessary. Stronger nucleophilic systems

such as HSPh/Et3N cause Si–Si and Si–H scission reactions so

that alkali metal thiolates are here the reagents of choice.30

These thus-obtained methyl derivatives are thermally stable

and can be distilled without decomposition whereas the phe-

nyl compounds show thermal and hydrolytic lability.190

R Si

Me3SiO

Me3SiO

Si

OSiMe3

OSiMe3

R

193 R = H
195 R = OSiMe3

Me3SiO Si OSiMe3

192 R = H
194 R = OSiMe3

H

R

Scheme 11 Synthesis of acyclic Si-O compounds 193 and 195.
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Scheme 12 Different siloxenes.
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One cyclic compound containing a –SiH2SiH2–S– unit is

known, namely 1,4-dithiacyclohexasilane obtained from the

reaction of 1,2-dichlorodisilane (13) and (H3Si)2S.
191 This

compound shows thermal instability and can be converted

within 1 h at 90 �C to 197.

1.02.5.5 Si–Se, Si–Te, and Si–Po Compounds

Nearly 30 years after the first sulfur-containing compounds,

the first selenium analogs were reported in the literature

namely disilanylsilylselenane (H3SiH2Si–Se–SiH3), bis(disila-

nyl)selenane [(H3SiH2Si)2Se], and 1,4-diselenacyclohexasi-

lane.191 All three compounds were prepared the same way as

their sulfur congeners and they also show very similar proper-

ties. No further attention was given to Si–Si–Se compounds

except for some theoretical investigations in comparison with
77Se NMR and stabilization of silicon–selenium double

bonds.192–195 Recently, reaction of the stable silylenes 198 or

199 (see Chapter 6.12) with one or two equivalents of ele-

mental selenium in THF afforded the di(silaneselone) 200 in

24% and 10% yield (Scheme 14).196 X-ray crystallography of

200 proved the assigned structure unambiguously. Thus, 200 is

the first example of a pentavalent silicon with a Si–Se double

bond. It was found to be a highly air- and moisture-sensitive

colorless solid, which is stable at room temperature under inert

atmosphere.197

No compounds containing silyl–polonium bond lacking

silyl–carbon bonds are known in the literature. Maybe worth

to note in this context are polyatomic anions with coordinating

cationic species consisting of pairs of bonded atoms such as

[Si2Te6]
6� and [Si2Se6]

6�. These [Si2Te6]
6� anions are the only

compounds bearing a silyl–tellurium bond. Only few exam-

ples of these silicates containing an ethane-like Si–Si bond are

known: K6Si2Te6 (201),198 Mn3Si2Te6 (202),198,199 Cr2Si2Te6
(203),198,200,201 Na6Si2S6 (204),202 Na6Si2Se6 (205),202

Ba4Ag4Si2Te9 (206),203 and Ba4Cu4Si2Te9 (207).203 The

reported Si–Si bond length in these compounds correspond

to 2.40 Å for 201, 2.33 Å for 206, 2.32 Å for 202, 2.31 Å for

207, and 2.27 Å for 203 to simple s bonds. Ethane-like Si–Si

bonds appear also in quaternary silicates resulting from

the combination of alkali metals, transition or rare earth

metals, main group elements (in this context silicon), and

heavy chalcogens: Na8Eu2(Si2Se6)2,
204 Na8Pb2(Si2Se6)2,

205

Na8Eu2(Si2Te6)2,
206 and Na9Sm(Si2Se6)2.

206

1.02.6 Silanes with Group-15 Substituents

1.02.6.1 Si–N Compounds

The planar structure of trisilylamine (SiH3)3N and its lack of

basicity as compared to the pyramidal structure of trimethy-

lamine (CH3)3N are discussed textbook cases, which reflect

the fundamental variations in ground-state geometries. In

general, more the silicon atoms attached to a given nitrogen

atom, less basic is the behavior of the nitrogen. (H3Si)3N

shows all the common behaviors of Si–N compounds: ther-

mal and moderate hydrolytic stability and reduced basicity.

Silylated amines can be metalated with alkali metals or lith-

ium alkyls and can be treated with LiAlH4 without Si–N bond

scission. Si–N bond cleavage occurs upon treatment with

acids and various organic or inorganic electrophiles. When

fewer than three Si atoms are attached to a nitrogen atom, the

kinetic stability of the Si–N linkage can be enhanced by the

presence of bulky substituents. The stability of the Si–N bond

against nucleophiles allows carrying out reactions at the

Si center without affecting the Si–N moiety. A feature of the

Si–Si–N linkage is an intense UV absorption leading

sometimes to photoluminescence.207,208

Silicon nitride (Si2N4) is used in high-temperature

applications, in electronics, and for all kinds of bearings.

BrSiH2–(SiH2)n–SiH2Br

Ph3SiSSiH2–(SiH2)n–SiH2SSiPh3 MeSSiH2–(SiH2)n–SiH2SMe NaphtSSiH2–(SiH2)n–SiH2SNapht

n = 0, 1, 2; a = HSSiPh3/Et3N; b = NaSMe; c = NaSNapht

a
b

c

Scheme 13 Systematic access to S-functional derivatives of higher silicon hydrides.
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Scheme 14 Possible routes to di(silaneselone) 200.
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Silicon–nitrogen compounds with silicon–silicon bonds have

been investigated as precursors for silicon-nitride ceramics,209

as single-source precursors for CVD,210 as components for sol–

gel preparations of silazane frameworks,210 and photophysical

applications.210 Despite these interesting application possibil-

ities, aminodi- and -polysilanes are still a poorly investigated

class of compounds.

1.02.6.2 Acyclic Si–N Compounds

Amino groups can easily be attached to silicon by employing

reactions of halosilanes with ammonia, amines, or alkali-metal

amides.

The first syntheses of symmetric 1,2-di- and 1,1,2,2-tetra- as

well as of some 1,1-di-substituted aminodisilanes were

reported by Schmidbaur and coworkers.211 The reaction of

halodisilanes with tertiary amines led only to an amine-

catalyzed dismutation to afford only perchloro-polysilanes

and tetrachlorosilane.211 Using a secondary amine namely

dimethylamine showed the same result,211 but by changing

the alkyl substituent to ethyl a series of compounds containing

the Si–Si–NEt2 structural unit became available. Depending

on the reaction conditions in the case of Et2NH either di-

(208) or tetra- (210) substitution occurred, whereas the use

of iPr2NH only led to mono- or di-substitution yielding either

asymmetric 212 or symmetric 214 (Scheme 15). Alternatively,

1,2-diaminotetrahalodisilanes similar to 208 can be obtained

by treating hexachlorodisilane (153) with the lithium or

potassium amides of the N-ligand.212

All these compounds can be hydrogenated with an excess of

LiAlH4 (211, 213, and 215). The only difficulties were reported

for the hydrogenation of 208 as it gave not the expected 1,2-bis

(diethylamino)disilane but the isomer 209 in only 25%

yield.211 Another route to 215 utilized 1,2-bis(trifluoromethyl-

sulfonyloxy)disilane (196) as starting material.213 Roesky

et al. showed that replacement of the halides of 1,2-diamino-

tetrahalodisilanes, such as 208, with NH2 groups can be

achieved by sodium in liquid ammonia. The transformation

gives even higher yields using just ammonia without sodium,

or was carried out in cases of sterically demanding nitrogen

substituents with ammonia at 80 �C in an autoclave.212

The reductive homo-coupling of a diaminochlorohydrido-

silane with lithium constitutes an alternative route to

1,1,2,2-tetra-substituted aminodisilanes similar to 211 as was

demonstrated by Heinicke and coworkers.214 This way it was

possible to achieve also tetra-substitution with diisopropyla-

mine substituents affording (iPr2N)2HSiSiH(NiPr2)2.
214

Polychlorodisilanes with (R3Si)2N groups and their facile

conversion to multifunctionalized disilanes by various selec-

tive substituent-exchange reactions were studied by Stueger

and coworkers.91 Synthesis of [(Me3Si)2N]SiCl2SiCl2[N

(SiMe3)2] was achieved by the reaction of Si2Cl6 (153) with

the respective lithium amide and stoichiometric amounts of

TMEDA (N,N,N0,N0-tetramethylethane-1,2-diamine). The use

of the bulky N(SiMe3)2 substituent led to a change of behavior

of the generally very moisture-sensitive chlorosilanes. While

compounds bearing just one N(SiMe3)2 group decompose

readily by atmospheric moisture, compounds with two N

(SiMe3)2 groups could be handled in air for a limited period

of time.

The formation of the hexa-N-substituted disilane

(Me2N)3Si–Si(NMe2)3 (216) was first reported in 1965,215 but

later problems repeating the procedure became known.216

Verkade et al.216 demonstrated the synthesis of 216 in two

steps and good yield (Scheme 16). With the use of LiNEt2,

they could also establish the formation of hexakis(diethyla-

mino)disilane216 and, furthermore, by treatment of 217 with

NaOMe the methoxy derivative (Me2N)3Si–Si(NMe2)2OMe

(218) was obtained.216 Hexa(amino)disilanes similar to 216

with cyclic amino substituents such as aziridino, azetidino,

pyrrolidino, and piperidino were prepared starting from

Si2Cl6 (153) and excess of the cyclic amines without the use

of additional lithium amide.217

Structural characterization of amino-substituted silanes was

achieved for the acyclic compounds 211 (R¼ iPr),214 214,211

and 216.216 The length of the Si–N bond is for 211 with 1.73 Å

and for 214 with 1.72 Å in the normal value range, but 216

exhibits an extremely short Si–N bond of 1.67 Å. All three

structures show the expected, almost planar configuration of

the nitrogen atom.

Si2Cl6

+ Et2NH

+ iPr2NH

(Et2N)Cl2Si–SiCl2(NEt2)

(Et2N)2ClSi–SiCl(NEt2)2

(Et2N)2HSi–SiH3

(Et2N)2HSi–SiH(NEt2)2

(iPr2N)Cl2Si–SiCl3

(iPr2N)Cl2Si–SiCl2(NiPr2) (iPr2N)H2Si–SiH2(NiPr2)

(iPr2N)H2Si–SiH3

a

a

a

a

208
209

210

211

212

213

214

215

153

Scheme 15 Synthesis of acyclic Si-N compounds starting from Si2Cl6 (153).

Si2Cl6

Excess

Me2NH

215

(Me2N)2ClSi–SiH2Cl(NMe2)2    +    (Me2N)3Si–SiCl(NMe2)2

LiNMe2

(Me2N)3Si–Si(NMe2)3

217

216

153

Scheme 16 Synthesis of hexa-N-substituted disilane 216.
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Examples of higher N-substituted silanes are scarce. Never-

theless, their preparation can be achieved starting from the

respective perchlorinated oligosilanes upon reaction with dif-

ferent amines or alkali-metal amides. The outcome of these

reactions depends, on the one hand, on the nucleophilicity of

the used amines and, on the other hand, on the constitution of

the starting material. Stueger et al.218,92 could show that by

increasing the nucleophilicity of the amine not only Si–Si

bonds but also Si–H and Si–halogen bonds were cleaved.

Remarkable in the synthetic approach using bromo-, hydro-,

or chlorosilanes as starting materials are the obtained yields

and the purity of the rather reactive products. (Figure 6, 219–

226). The bulkiness of the (Me3Si)2N group led to substitution

only at the terminal SiCl3 groups; therefore, mono- or di-

substitution can be achieved but the introduction of a third

(Me3Si)2N group to a trisilane failed even under very harsh

conditions. However, this effect was observed only for trisi-

lanes, but not for higher silanes. Stueger and coworkers also

reported mild conditions under which amino groups could be

replaced by chlorine, for example, by treatment of 226with dry

HCl gas at 0 �C without affecting Si–Si and Si–H bonds.219

1.02.6.3 Cyclic Si–N Compounds

Just two examples (227 and 228)92,220 of inorganic ring sys-

tems consisting only of silicon atoms with attached nitrogen

substituents can be found in the literature; all others are het-

erocylic compounds containing one or two disilanylene units

(229–234, Figure 7).

Decachlorocyclopentasilane (Si5Cl10 188a) was found to

react with lithium amides to mono- (227) or di- (228)

substituted cyclopentasilanes depending on the reaction con-

ditions.92,220 The hydrogenation of 227 and 228 with LiAlH4

did not proceed in the same clean way as mentioned above for

the acyclic compounds. It afforded besides the expected hydro-

genated cyclic aminosilanes also considerable amounts of lin-

ear silanes, arising from ring-cleavage reactions. A separation of

the obtained mixtures could be achieved neither by distillation
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Si

Cl2Si

Cl2Si

Cl N(SiMe3)2

Si
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Cl2Si

Cl2Si
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H2Si SiH2
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H2Si SiH2
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SiH
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R
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H2Si SiH2

N
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N
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Figure 7 Cyclic Si-N compounds.
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Figure 6 Acyclic Si-N compounds.
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nor by fractional condensation due to the limited thermal

stability of these cyclosilanes.92,220

1,2-Bis(trifluoromethylsulfonyloxy)disilane (196) and pri-

mary amines were used as starting materials for 229 (R¼ iPr,

tBu, benzyl), 230, and 231 (Figure 7).213 Under the chosen

reaction conditions, ring formation of 229 is kinetically pre-

ferred over the competitive polymerization reaction. Using bis

(isopropylamino)dimethyl- or -diphenylsilane for this reac-

tion, the five-membered rings (231; R¼Me or Ph) could be

obtained.213 All attempts to obtain six-membered rings with

one disilanylene and one ethylene unit using N,N0-diisopropyl-
or di-tert-butylethylenediamine were not successful.213 In both

cases, a five-membered ring (230) with an exocyclic SiH3 unit

was obtained. Compounds 229 and 231 were described as

volatile and not spontaneously inflammable.213

Reactions of different hydrazine derivatives with 1,2-bis(tri-

fluoromethylsulfonyloxy)disilane (196) led to 229 (R¼NMe2)

and 233 (Figure 7).210 Using two equivalents of 196, all re-

actions were carried out by addition of also two equivalents of

triethylamine as auxiliary base to trap the produced triflic acid.

Monocyclization of tetra(isopropylamino)silane was achieved

by using just one equivalent of 1,2-bis(trifluoromethylsulfony-

loxy)disilane (196) yielding 231 (R-NHiPr) in high yield. The

same reaction with two equivalents of 196 yielded a mixture of

spirocyclic 234 (R¼ iPr), 231 (R¼NHiPr), and a monocyclic

silylammonium triflate 232 (Figure 7).221

In the cases of the five-membered rings, structural informa-

tion for 231 (R¼Ph)213 and 232221 is available and for the six-

membered rings information is available for 229 (R¼ tBu)213

and 229 (R¼NMe2) (Figure 7).210 A length of 2.33 Å for the

H2Si–SiH2 unit turned out to be a good reference value for

the Si–Si bond length in ring systems where the Si atoms have

no substituents other than hydrogen. The five-membered ring

in 231 has a twisted conformation whereas in 232 it is planar.

In the spirocyclic compound 234, two almost planar rings were

found (Figure 7).221

The ammonium nature of the iPrNH2Si in 232 is clearly

evident from the lengthening of the Si–N bond (1.83 Å). The

six-membered ring in 229 (R¼ tBu)213 shows a rare example of

a twist conformation and in 229 (R¼NMe2)
210 a nearly planar

conformation was found, with two ring nitrogen atoms only

slightly above and below the plane of the silicon atoms, indi-

cating at best a very flat chair. The two endocyclic nitrogen

atoms have both the expected planar configuration in contrast

to the exocyclic NMe2 groups, which are pyramidal.

Different sulfur diimides (R1NSNR2, R1, R2¼ tBu and/or

SiMe3) were reacted with octachlorotrisilane (154) to give

diaminosulfanes 235 (Figure 8).222 Upon heating 235 in tol-

uene, the five-membered heterocycles 236 (Figure 8) and SiCl4
were formed.

1.02.6.4 N-Heterocyclic Silylenes as Starting Material for
Acyclic and Cyclic Silanes

N-Heterocyclic silylenes (NHS), particularly five-membered

ones, are the largest group of known silylenes and have been

reviewed several times (Chapter 1.18 in this volume is also

devoted to low oxidation states of silicon).223 The first stable

silylene was reported by Denk et al. in 1994224 and since then,

a number of isolable silylenes have been reported. Com-

pounds derived from NHS with Si–Si bonds lacking carbon

substituents were obtained starting from a benzo-fused silylene

{[NN]Si 237} via nucleophilic addition of adamantyl azide

(Scheme 17).225 A reaction mechanism was postulated includ-

ing the formation of an intermediate silaimine, which reacts

further with an additional silylene 237 to give the three-

membered heterocycle 238. Using azidotrimethylsilane in the

reaction with 237, the 1,3-disila-1-azacyclopropane derivative

239 was obtained which could be fully characterized, although

thermal degradation was observed.226 Insertion of 237 into

Si–Cl or Si–Br bonds was examined by Gehrhus et al.227 The

reaction of silylene 237 with SiCl4 proceeded under mild con-

ditions to trisilane 240 as the main product and traces of [NN]

Si(Cl)SiCl3 (241), irrespective of the relative molar ratio of

the reactants. Trisilane 240 was found to be thermally labile,

being converted into 242 upon heating. The pathway to trisi-

lane 242 was indicated to proceed via an a-elimination

and coincidental insertion of [NN]Si into the Si–Cl bond of

the intermediate [NN]Si(Cl)–SiCl3 (241). Evidence for this

assumption could be found in the literature.228 Contrary to

the use of SiCl4, reaction with SiBr4 was found to be very

dependent on the molar ratio: using an excess afforded a

product mixture of several tri-, di-, and monosilanes whereas

using half an equivalent of SiBr4 led cleanly to trisilane 243.

Complex 245, which has an interesting structural motif,

was obtained in 62% yield by reaction of silylene 237 with

the 2H-azaphosphirene complex, 244 (Scheme 17).229 Its for-

mation was independent of the stoichiometry of 237 and 244.

No further insight into the reaction course was obtained, but a

plausible explanation for the formation of 245 was given.

Nucleophilic addition of two equivalents of adamantyl

azide to the racemic silylene 246 exhibited evolution of N2

and yielded a white solid product 247 (Scheme 18).230 The

structure of 247 could be unambiguously verified by single-

crystal x-ray diffraction, whereas no structural data are avail-

able for the adamantyl derivative, 238. Treatment of silylene

246 with just one equivalent of mesityl azide gave the azadisi-

lacyclopropane, 248, which has great structural similarity to

238 and 239.230

The tris(silyl)chlorostannane 249 was obtained by reaction

of tin(II)chloride with the respective silylene (250). Photolytic

Cl2Si SiCl2

N

S

N

Cl3Si

N

S

N

Cl2Si

R2

SiCl3

R1
R1 R2

235 236

R1          R2

tBu          tBu
tBu          SiMe3

SiMe3      tBu
SiMe3      SiMe3

Figure 8 Sulfur diimides 235 and 236.
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conditions led to a fragmentation of 249 and to the formation

of disilane 251 together with elemental tin and tin(II)chloride

(Scheme 19), whereas a thermolytic decomposition of 249

follows a different pathway yielding a complex mixture of

251 together with silylene 250, the dichlorinated precursor of

250, and tin.231 Recently, West et al. investigated the formation

of disilane 251 by reaction of silylene 250 with hexachloroeth-

ane.232 Their results are explicable in terms of a free-radical

N

Si:

N

R

R

[NN]Si Si[NN]

N

R

[NN]Si

RN3

237

R = CH2tBu

238 R = adamantyl

239 R = SiMe3

[NN]Si Si[NN]

ClCl3Si

[NN]Si Si

ClCl

Si[NN]

Cl

Cl

[NN]Si Si[NN]

BrBr3Si

240
241

242

Δ

SiBr4

SiCl4
[NN]Si

SiCl3

Cl

+

243

C
N

C
(OC)4W

P

Si
[NN]

Si[NN]

O

(Me3Si)2HC

244

C N

P

Ph

Ph

CH(SiMe3)2(OC)5W
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Scheme 17 Reactivity of silylene 237.
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Scheme 18 Possible reactions of silylene 246 with azides.

68 Catenated Silicon Compounds

Comprehensive Inorganic Chemistry II : From Elements to Applications, Elsevier, 2013. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/inflibnet-ebooks/detail.action?docID=1330977.
Created from inflibnet-ebooks on 2021-02-09 22:25:55.

C
op

yr
ig

ht
 ©

 2
01

3.
 E

ls
ev

ie
r.

 A
ll 

rig
ht

s 
re

se
rv

ed
.



chain mechanism where the radical Cl3C–CCl2 loses a chlorine

atom, with formation of a C¼C double bond.

Two disilanes structurally comparable to 251were published

by Knopf et al.209 Instead of a silylene, hexachlorodisilane (153)

was used as startingmaterial and reacted withN,N0-dimethyl- or

N,N0-diphenylethylendiamine in the presence of triethylamine.

The N,N0-dimethyl-substituted material 252 (Figure 9) could

only be observed in a mixture with two other products and

no yield for the disilane was reported. The respective N,N0-
diphenyldisilane 253 (Figure 9) was also part of a mixture but

could be isolated after a recrystallisation step in 21%.

A silylene with a modified b-diketiminate backbone (L) was

the starting material for disilane 254 (Figure 9), which was

obtained in excellent yield (80%) along with some 20% of the

monomeric compound LSiHCl.233,234 This b-diketiminate sily-

lene is unique because of its ylide-like character and, in con-

trast to other silylenes, exhibits a different reactivity toward

halosilanes and haloalkanes. The exclusive formation of 1,1-

insertion products was observed to involve as the initial step a

dipolar 1,4-addition and subsequent rearrangement of the

latter kinetic product to the 1,1-adduct.233,234

An unusual route (Scheme 20) was reported to the trisilane

255: reaction of the stable silylene 250 with tert-butoxy radical

(obtained from di-tert-butyl peroxide) resulted in formation of

255 and 256 (15%) and separation could be accomplished by

vacuum distillation.235

Single-crystal x-ray structure determination could be ac-

complished only for 240,227 248,230 255,235 and 256.235 The

Si–N bond length for all three structures is within the normal

range. For the azadisilacyclopropane 248230 the Si–Si bond

length was assigned to be with 2.23 Å conspicuously short-

ened. In 240227 the [NN]Si–Si[NN] bond is with 2.40 Å

slightly longer than the Cl3Si–Si (2.38 Å) bond, whereas in

255235 Si–Si bonds are extremely elongated to 2.51 Å.

All common synthetic routes toward stable silylenes require

either harsh conditions or highly reactive metallic reagents. In

the quest to alternative methods utilizing milder conditions,

the N-heterocyclic carbene 1,3-bis(tbutyl)imidazol-2-ylidene

was introduced to form cyclic silylenes via dehydrochlorina-

tion of cyclic diaminohydrochlorsilanes (258, 259) in the

absence of any metallic reagents (Scheme 21).236 Using this

approach, disilanes 260 and 261 could be prepared in satisfy-

ing yields of 62 and 78%, respectively (Scheme 21). Their

formation was explained by an initial generation of transient

four-membered heterocyclic silylenes, which reduce the hydro-

chlorosilanes 258 and 259. The reaction was found to be too

fast to allow monitoring of possible intermediates by means of

NMR spectroscopy.

1.02.6.5 N-Substituted Pentacoordinated Si Compounds

In 2008237 and 2009,238 the first compounds containing a

Si–Si single bond and one-electron lone pair on each silicon

atom were reported. In 198 (Scheme 22), the Si–Si single bond

is stabilized by a s-donor ligand, an amidinate ligand with tBu

substituents on the nitrogen atoms, thus preventing the lone

pair of electrons from taking part in any bonding. The air-

sensitive, orange–red crystalline 198 with the formal oxidation

state of the silicon atoms beingþ1, could be fully characterized

by elemental analysis, spectroscopic methods, and x-ray struc-

tural analysis. Theoretical studies (NAO and NBO) were in-

volved to understand the unprecedented electronic structure of

198.239 These analyses showed a Wiberg bond order of 0.9768

with high p-character for the Si–Si bond.
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N

N
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Scheme 19 Different routes to disilane 251.
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Figure 9 Disilane compounds 252–254.
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Reaction of 198 with two equivalents of benzil yielded

colorless crystalline 262240 by two [1þ4]-cycloaddition reac-

tions, a compound where the Si–Si bond remains intact in-

volving dioxolane rings on each silicon atom (Scheme 22).

The formal oxidation state of silicon in 262 is þ3 and the

siladioxolanes are electronically stabilized by the s-donor li-
gands. The surprising feature in this reaction was the preserva-

tion of the Si–Si bond, because it was known that treatment of

198 with Br2
239 or N2O

241 led to cleavage of the Si–Si bond.

Silylsilylene 263 (Scheme 22) was formed by treatment of

[{PhC(NtBu)2}SiHCl2] with two equivalents of potassium

graphite and does not dimerize further to form the correspond-

ing disilene.197 Here again calculations showed a Wiberg bond

index of 0.87, which indicates clearly a Si–Si single bond.

Reaction of 263 with azobenzene afforded 264, which is the

first example of a 1,2-diaza-3,4-disilacyclobutane containing a

pentacoordinated silicon center (Scheme 22).196 Compound

264 was described as a highly air- and moisture-sensitive col-

orless crystalline solid stable both in solution and in the solid

state at room temperature under an inert atmosphere.

The structure of 262240 shows a shortening of the Si–Si

bond length from 2.41 Å in the starting material 198238 to

O
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2.36 Å, a fact, which was explained by the authors by the

nonexistence of a lone pair–lone pair repulsion in 262. Re-

markable are the differences within the Si–N bond length in

262, which are between 2.01 and 1.82 Å in comparison again

to the starting material 198, where the Si–N bond length was

determined to be 1.87 Å.

A completely different route to hypercoordinated oligosi-

lanes was pursued by Wagler et al.242 using a methimazolyl-

substituted silane (265) and hexachlorodisilane (153), leading

to stabilized bis(silyl)silylene 266 (Scheme 23). This com-

pound is, on the one hand, the first example of a structurally

characterized oligosilane bearing two neighboring hexacoordi-

nated Si atoms and, on the other hand, the first compound

comprising more than two chalcogen atoms heavier than oxy-

gen in the Si coordination sphere.

1.02.6.6 Si–P Compounds

The interest in the preparation of silylphosphanes (Sin–P)

bearing no organic substituents on silicon was never high

and faded completely in the last 10 years; thus, only a handful

of such compounds are known in the literature.

Silylphosphanes bearing only hydrogen as substituent are

however popular compounds in theoretical studies.243–246

Salt elimination between polar Si- and P-compounds

turned out to be useful for the formation of silylphosphanes

even with some functional groups. Fritz and Scheer described

in their review the importance of silylphosphanes for the prep-

aration of new metal complexes, metal cluster compounds,

nanostructures, and semiconductors.247 Contrary to trisilyla-

mines which have planar three-coordinated nitrogen atoms in

their ground state, trisilylphosphanes display pyramidal con-

figurations. However, upon increasing the steric demand of

silyl groups in trisilylphosphanes, an almost planar configura-

tion can be achieved.248

Disilanylphosphane (H3Si–SiH2PH2), which was the first

synthesized disilanylphosphane, formed when a mixture of

silane and phosphane was passed through an ozonizer-type

silent discharge tube.249,250 In a more general way, the com-

pound was also obtained by phosphination of halosilanes

using lithium tetrakis(dihydrogenphosphido)aluminate LiAl

(PH2)4 and H3Si–SiH2Br (62).251 The disilanyltriphosphane

[H3Si–Si(PEt2)3] was formed in the reaction of LiSi(PEt2)3
with bromosilane.252 The use of aluminates has the advantage
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of avoiding transmetallation reactions.253 1,2-Di[bis(tri-

methylsilyl)]phosphinodisilane {[(Me3Si)2P]H2Si–SiH2[P

(SiMe3)2]} could be isolated by reacting LiP(SiMe3)2 with

H2ISi–SiIH2 (94). Crucial for this synthesis was the use of

strictly ether-free LiP(SiMe3)2 because otherwise the only ob-

served reaction is cleavage of the Si–Si bond leading to the

exclusive formation of H3SiP(SiMe3)2.
254

The synthesis of trichlorosilylphosphanes 267 (Figure 10)

was achieved starting with chlorodialkyl- or chlorodiarylami-

noisopropylphosphane and hexachlorodisilane (153), yield-

ing inseparable mixtures containing some 267.255,256

The reaction of a diphosphide K2(tBuP)4 with 153 led via a

[4þ1]-cyclocondensation reaction to silatetraphospholane

268 (Figure 10).257

Another cyclic compound is the comparatively complex

spiro-cyclic compound 270, which consists of a four-

membered ring which is linked via the two silicon atoms

spiro-cyclic with a P2Si-three and a P4Si-five-membered ring

(Scheme 24).258 The structure of 270 could be undoubtedly

proved by x-ray structure analysis,259 but any mechanistic

details for this interesting thermal rearrangement or even ex-

planations are missing. Cyclocondensation of diphosphide

K2(tBuP)4 with SiCl4 led to the starting material 269.258

The last examples in this section are from Nöth and co-

workers investigating ring systems containing boron and phos-

phorus atoms (Scheme 25).260 The complex cage structure 272

was obtained by reacting the cyclic phosphaborane 271 with

Si2Cl6 (153) and tBuLi. The reaction pathway was explained

and the molecular structure of triple cage molecule 272 was

elucidated by single-crystal x-ray-diffraction analysis. The com-

pound is stable in dry air and is slowly hydrolyzed by water or

wet solvents.

1.02.6.7 Si–As, Si–Sb, and Si–Bi Compounds

The number of silylarsines as well as silylstibines listed in

Chemical Abstracts is small: a search for Si–Si–As and Si–Si–

Sb led to a total number of 29 structures each and for Si–Si–Bi

only to 11. None of the disilanes bearing antimony or bismuth

fit into the context of this review and for arsenic, the only

fitting compound is H3Si–SiH2AsH2. Its synthesis was accom-

plished analogous to H3Si–SiH2PH2.
261,262

1.02.7 Silanes with Other Group-14 Substituents
Except Organic Groups

In Volume I of this series, Rochow described the chemistry of

silicon and group-IV elements in exactly three lines. At that

time, lead–silicon compounds were not known at all. Mean-

while, some silicon–lead compounds were synthesized but

none fitting into this context. Just one matching silicon–tin

compound: (Me3Sn)2Si(SiCl3)2 (273) was described.

First attempts to produce germanium–silicon fluoride com-

pounds from silicon difluoride and germanium tetrafluoride

led to the explosive formation of polymers rather than to

the desired fluorinated products.263 Synthetic access to pure

compounds even to the simple disilylgermanium hydride

tBuP PtBu

PtBu
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tBuP

SiCl3

268

P
Cl2
Si
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R
R
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267 R = iPr, Et, or Ph

Figure 10 Compounds bearing a silicon-phosphorus bond.
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Scheme 24 Synthesis of the complex spiro-cyclic compound 270.
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H3SiSiH2–GeH3 was never established; they were only

observed in mixtures.264 Recently, halosilylgermanes265,266

and silylgermanium hydrides175,267 found increasing interest

exclusively in patent literature due to their applications in

optoelectronics, silicon–germanium alloys,268 and semi-

conductor structures and devices.269 Their controlled deposi-

tion to produce stoichiometric films (SidGed-1) with a perfect

crystalline microstructure is an ideal property for semiconduc-

tor application.265 Because of these applications, silylgerma-

nium compounds were the subject of theoretical

investigations.269 Synthesis of H3Ge–SiH2SiH2–GeH3 (274), a

colorless pyrophoric liquid, was accomplished via reaction of

H3GeK with 1,2-bis(trifluoromethylsulfonyloxy)disilane (196)

in 26% yield.267 Depending on the reaction conditions,

(H3Ge)2SiHSiH3 (275) and H3GeSiH2GeH2GeH3 are the

main byproducts, which were also fully characterized.270

Halosilylgermanes are prepared by treatment of the corre-

sponding silylgermanium hydrides with BCl3 and the degree

of halogenation can be controlled by the amount of used

BCl3.
265,271 When 274 reacts with BCl3 in a 1:1 ratio halogena-

tion occurs only at the silicon atoms, but the reaction ends up

with a mixture of H3Ge–SiHClSiHCl–GeH3 and H3Ge–SiCl2-
SiH2–GeH3.

265

The synthesis of the moisture-sensitive but thermally quite

stable (Me3Ge)2Si(SiCl3)2 (276) was reported by reacting

chlorotrimethylgermane with trichlorosilane/triethylamine

over several days in about 40% yield.272 (Me3Sn)2Si(SiCl3)2
(273) can be obtained via the same route using chlorotri-

methylstannane but the reaction time requires 14 days.272

Structural proof for 276 and 273 was provided by x-ray struc-

ture determination.272

1.02.8 Silanes with Other Group-13 Substituents

Silicon–boron fluorides with the formula F2nþ2SinB with n

ranging from 2 to 13 were prepared by a low-temperature

acid–base reaction between SiF2 and BF3.
273 They are thermally

stable up to at least 200 �C as vapors and ignite spontaneously

in air.273 These compounds could be identified as a homolo-

gous series of F3Si–(SiF2)n–BF2, and the molecular structure of

the simplest one, F3Si–SiF2–BF2, was determined by electron

diffraction.274

These are the only existing examples of compounds fitting to

the used pattern for the whole group-13 elements. Theoretical

investigations were done for all elements (Al,275–280 Ga,275,276

In,275,276,281 and Tl275), but extensively for boron275,282,283 and

to be more precise for nido-boranes.284–286

1.02.9 Silanes and Group-1 and -2 Metals

The best-studied class of silyl anions is the one of alkali metals

because of their interesting molecular structures and due to

their synthetic abilities. Applications of alkali silanides can be

found in several areas such as optoelectronics287 or semicon-

ductors.288 Silanides of group-1 and -2 metals were reviewed

by Lickiss and Smith289 and Tamao and Kawachi290 both in

1995, Belzner and Dehnert291 in 1998, and more recently by

Lerner in 2005.292 Four main reaction pathways for alkali-

silanide preparations are available: (i) cleavage of Si–Si bonds

(using lithium alkyls, alkali metals, potassium, sodium, or

cesium alkoxides, or alkali-metal hydrides), (ii) cleavage of a

Si–H bond (using alkali metals or alkali-metal hydrides), (iii)

metathesis reactions, or (iv) transmetallation reactions. Routes

to alkaline-earth metal silanides are similar to the synthesis of

alkali-metal silanides but here the most preferable method is

the transmetallation reaction of alkali-metal silanides with

MX2 (M¼Be, Mg, Ba; X¼halogen).

The compounds LiSiH2SiH3,
292 LiSiH(SiH3)2,

292 NaSi

(SiH3)3,
291–293 NaSiH(SiH3)2,

292 NaSiH2SiH3,
292

KSi2H5,
290,291 KSiH(SiH3)2,

290,291 and KSi(SiH3)3
290,291,294

are discussed in detail in the above-mentioned reviews. Unfor-

tunately, no alkaline-earth silyl compounds fitting into the

context of this review are known so far.

Alkali metals have been used over the last decades for the

synthesis and further reactions of silylenes, disilenes, and other

compounds with low-coordinated Si atoms. Gehrhus et al.295

were able to prepare the first thermally robust and crystalline

radical anion (278, Scheme 26). The dichloride 277 was trea-

ted with potassium in a 1:2 ratio and afforded a mixture of two

cyclotetrasilanes – anion radical 278 and dianion 279 – which

could be crystallized by treatment with DME (1,2-dimethoxy-

ethane). The crystal structure of 278 shows the potassium ion

to be solvent separated from the radical anion, whereas in 279

the solvated potassium ions display an Z2-coordination to

carbon atoms of the phenylene ring. In both compounds, the

four-membered silicon rings are square planar with a Si–Si

bond length of 2.34 Å for 278 and 2.28 Å for 279, a value

which is in close range to Si–Si double bonds. The use of

more potassium or C8K shifts the outcome of the reaction to

the dianion 279.296

Treatment of the benzo-fused silylene ([NN]Si 237) with an

excess of sodium led to the crystalline disodium disilyl com-

pound 280 (Scheme 27).297 The crystalline radical cyclotrisilyl

anion 281 was prepared from three equivalents of ([NN]Si

237) reacting with one equivalent of sodium. Further reaction

of 281 with sodium yielded compound 280. The length of the

Si–Si bond is, in 280, 2.48 Å and, in 281, 2.34 Å.296 Running

the reaction with potassium instead of sodium led to the

dipotassium disilyl compound analogous to 280 but no cyclo-

trisilyl anion could be detected.296

1.02.10 Silanes and Transition Metals

Silylmetal complexes are known for all transition metals, and

a variety of ligands on both the metal center and the silicon

have been utilized. A number of reviews are available on this

subject298 and those by Corey in 2011299, and Corey and

Braddock-Wilking in 1999300 are especially recommended.

A variety of synthetic methods for the formation of a metal–

silicon bond are available, whereupon the most common and

versatile one involves the oxidative addition of a Si–H bond of

a hydrosilane to a transition-metal center. Complexes contain-

ing SiH3 substituents are scarce and the reasons therefore

might be associated with difficulties arising from the handling

of SiH4, but also with consecutive reactions that can occur at

Si–H bonds of the initially formed TM–SiH3 complex in the

coordination sphere of the metal. As a consequence, complexes

bearing higher hydrosilanyls are certainly even scarcer.
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Silylscandocenes such as Cp2ScSi(SiMe3)3�THF or Cp2ScSi

(SiMe3)2Ph are extremely reactive toward small molecules (CO

and CO2) and are active as ethylene polymerization catalysts,

but no compounds containing Si–Si–H or Si–Si–halogen units

are yet known.301 Unlike scandium, yttrium, and hafnium, the

more common titanium and zirconium attracted some atten-

tion in Si–N chemistry. In the given examples, no transition-

metal–silicon bond was formed but nevertheless they might

be of some interest. Aminosilanes can be used for the pre-

paration of titanium-containing heterocycles, which were

expected to gain relevance in the development of homoge-

neous and heterogeneous catalysis or ceramic materials.302 N,

N-Tetrachlorodisilane 282 afforded under the treatment with

liquid ammonia the N,N-tetraaminodisilane 283 (Scheme 28)

and further reaction with an excess of Cp*TiMe3 led to titana-

disilazane 284.303,304 The latter is stable at room temperature

under an inert atmosphere and soluble in common organic

solvents. Its molecular structure was fully elucidated by an

x-ray crystal structure analysis.304 The five-membered TiNSiSiN

ring shows an envelope conformation with one nitrogen on

the flap and the Si–Si bond length was found to be 2.36 Å.

Recently, a Lewis acid-assisted reaction of the N-heterocyclic

chlorosilylene 285 (Scheme 29) with Cp*ZrCl3 in a molar

ratio of 3:2 led to 286, a four-membered donor-stabilized

silyl dication species comparable to a tetrasilacyclobutadiene,

which could be isolated as yellow crystals in 29% yield.305

The four-membered ring in 286 consists of two silylene moie-

ties and two N-donor-stabilized silylium subunits. X-ray

Si2Cl6+2 N

Me3Si

Ph
Li N

Me3Si

Ph

Cl2
Si

Cl2
Si N
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Scheme 28 Use of an aminosilane for the preparation of a titanium-containing heterocycle.
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diffraction analysis shows interesting Si–Si bond lengths: the

distances in the four-membered ring are with 2.30 and 2.32 Å

comparable to the central aromatic four-membered ring sub-

unit of hexasilabenzene.305 The exocyclic Si–Si distance is with

2.33 Å a typical Si–Si single bond, which suggests a strong

donor–acceptor interaction between Si lone pair of the ligand

and the silylene-like Si ring atom.

In addition to these two examples, there were some calcu-

lations done toward reaction of titanylporphyrin with silyl

radicals,306 silylidene complexes of transition metals of group

4, 5, and 6,307,308 and silane derivatives of a chromium ami-

noborylene complex.309

For group 5, the situation is similar to group 3. No com-

pounds fitting into the scope of this review containing vana-

dium, niobium, or tantalum are known. For group 6, the same

is true for chromium but some examples with molybdenum

and tungsten are known. Here for the first time in this chapter,

silicon–transition metal bond formation was observed. The

salt-elimination reaction of lithium metallates of tungsten

and molybdenum (287–290) with Si2Cl6 (153) under exclu-

sion of light led to the formation of pentachloro(metallo)-

disilanes (291–294), which upon treatment with LiAlH4

were transformed into the metallodisilanes (295–298)

(Scheme 30).310 The use of either Cp or Cp* had no influence

on the reaction time. The pentachloro(metallo)disilanes (291–

294) are storable at �20 �C for an indefinite period and differ

with this behavior from tricarbonyl complexes Cp(OC)3M–

SiCl2–SiCl3 (M¼Mo, W), which expel even at this temperature

‘SiCl2’ to give Cp(OC)3M–SiCl3.
310 The enhanced stability was

explained with the increased nucleophilicity of the metal cen-

ter accomplished by the replacement of one carbonyl ligand by

phosphane. The metallodisilanes (295–298) were obtained in

good yields (68–83%) and are all stable in air for short times.

The structure of 294 was confirmed by x-ray analysis with a

Si–Si bond length of 2.35 Å.310

The mentioned instability of Mo tricarbonyl complexes was

also observed by Hengge et al. (Scheme 31).311 They were able

to synthesize and characterize the dimolybdenum disilanyl

compound 299, which decomposes even at �30 �C within a

few hours. The reaction carried out in DME and NMR data

provided evidence that in compound 299, DME serves as an

additional stabilizing ligand for the Mo–Si bond.311

Zechmann and Hengge explored tungsten tricarbonyl com-

plexes (300, 301; Scheme 32) and observed an enhanced

stability compared to the molybdenum complex 299 but

also, maybe more surprising, to analogous methylated com-

plexes [(OC)3W–(SiMe2)n–W(CO)3, n¼3, 4].312

For the next two groups, a retaining pattern can be seen: no

manganese, technetium, or rhenium compounds with inor-

ganic oligosilyl groups are known. For group 8 also, none of

these compounds are known for osmium but some examples

of iron and ruthenium were synthesized. Again analogous to

the Mo complex 300 (Scheme 32), the salt-elimination reac-

tion of NaFe(CO)2Cp and Si2Cl6 (153) in THF and subsequent

reduction with LiAlH4 led to the main product 303 and the

byproduct 302 (Figure 11).311 The reduction step was done

at �70 �C as at higher temperature Si–Si bond cleavage was

observed. Compounds 304 and 305 were obtained starting

from the 1,4-dibromotetrasilane (86) and 1,3-dibromotrisi-

lane(79), respectively (Figure 11).311 An example for the sta-

bility of the Si–N bond toward nucleophilic attack is the clean

reaction of Cl3Si–SiCl2–N(SiMe3)2 with the transition metal

anion NaFe(CO)2Cp to 306 (Figure 11).91,219 Here, the hy-

drogenation of the Si–Cl bonds (307, Figure 11) with LiAlH4

could be carried out at 0 �C in excellent yields without any

observed Si–Si bond cleavage.91,219

Salt elimination of NaM(CO)2R (M¼Fe or Ru; R¼Cp or

Cp*) and Si2Cl6 (153) in a molar ratio of 1:1 in cyclohexane

and under exclusion of light gave R(CO)2M–SiCl2SiCl3
(R¼Cp or Cp*, M¼Fe or Ru 308–311) as the main products

(Scheme 33).313 All four compounds are stable and can be

stored under nitrogen as solids for months. Again, full hydro-

genation was achieved by using LiAlH4 (302, 312, and 313).313

X-ray crystallographic studies of 308 and 312 verified the
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Scheme 30 Metallodisilanes (295–298) where obtained by salt-elimination reaction followed by a hydrogenation step.
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Scheme 31 Synthetic access to dimolybdenum disilanyl compound 299.
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proposed structures. The bond lengths of the Si–Si bonds with

2.33 Å (308) and 2.34 Å (312) are close to those of other

disilanes.313 The higher hydridic character of the hydrogens

at the a-silicon compared to the ones at the b-silicon was

proved by treatment with CCl4 or under harsher conditions

with chloroform. The hydrogens next to the metal center could

be selectively substituted by chlorine (314–316).313 Attempted

hydrolysis of 314 and 315 with H2O/Et3N took place only in

the case of 314 and led to 317.314 This result illustrates that the

Cp* ligand reduces the electrophilicity of the a-silicon atom

and consequently allows the regio-specific hydroxylation in

the b-position of 308 and 311 by base-assisted hydrolysis.314

These two metallodisilantrioles (319 and 320) show remark-

able stability without any self-condensation. Treatment of 302

and 312 with dimethyldioxirane resulted in the formation

of dihydroxydisilanes 317 and 318.314,315 Attempts to replace

all hydrogens by using an excess of reagent failed and led

only to decomposition of the starting material. Diiron complex

321 underwent successful tetrahydroxylation to 322 again

with H2O/Et3N (Figure 11).316 Base-assisted condensation

of 322 with chlorodimethylsilane gives metallosiloxane 323

(Figure 11).316

For group 9, no compounds of cobalt meeting the require-

ments of this review are present in the literature and for

rhodium only one theoretical proposal concerning the coordi-

nation of rhodium to a Si2H2 unit is available.
317 For iridium,

calculations on the system [Cp(PH3)Ir(SiH(SiH3)2)]
þ were

carried out and the structures of complexes [(CO)H(Cl)

(PEt3)2IrSiH2SiH3]
318 and [(CO)H2(PPh3)2IrSiH2SiH3]

319

were determined by 1H and 31P NMR spectroscopy.

For the group 10, only few examples are known for plati-

num. One unique complex containing a hydride ligand located

Cp� = MeC5H4

[Cp�-W-(CO)3]2
Na/K
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CF3O3S-(SiH2)n-SO3CF3
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COOC

n

300 n=2
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Scheme 32 Synthesis of tungsten tricarbonyl complexes 300 and 301.
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Scheme 33 Reactivity of 302 and 308–312 with CCl4, H2O/Et3N, and dimethyldioxirane.
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trans to a silicon was reported by Ebsworth et al. as trans-[Pt

(Si2SiH3)(H)(PCy3)2] (Cy¼cyclohexyl).320 The first isolated

example of a platinum complex containing terminal Si2H5

groups and an unusual Pt2Si4 ring system containing a bridging

disilane unit was reported by Michalczyk, Fink, and coworkers

(Scheme 34).321 Addition of Si2H6 (1) to the Pt complex 324

produced 325 and a small amount of 326, but upon adding an

excess of the starting Pt complex 324 the Pt2Si4 ring 326 could

be obtained in quantitative yield. The cyclic compound 326

shows an unusual stability to air both as a solid and in solu-

tion, whereas the bis(silyl) complex 325 is, as expected, air

sensitive. The molecular structure of 326 was determined by

x-ray crystal-structure analysis. Its six-membered ring adopts a

chair conformation with a Si–Si bond length of 2.36 Å.

Cuprates with organic ligands are a well-established class of

compounds, especially lithium-alkyl cuprates are important

and versatile reagents in organic synthesis. However, only few

compounds with a Si–Si–Cu bond are known and none with-

out organic substituents. The same is true for silver and gold

and even more disappointing for the whole group 12.

1.02.11 Silanes and Lanthanoids and Actinoids

Transformations such as hydrogenation, hydrosilylation, poly-

merization of olefins, and dehydrogenative coupling of hydro-

silanes can be effected by organolanthanide alkyl and silyl

complexes.301,322–324 Despite this wide and promising

application range, the numbers of silyl-lanthanides or also

silyl-actinides are very small.299,325,326 The first f-element com-

pound with a SiH3 ligand was synthesized by Tilley et al. in

2000327 and was the result of a detailed investigation into the

formation of a samarium–silicon cluster achieved by

samarium-mediated redistribution of phenylsilane (PhSiH3)

some years before.328 The samarium clusters 327–329 were

produced besides a number of soluble silane products in a

ratio of 5:4:1 and all three of them have been structurally

characterized (Scheme 35). Recently, theoretical mechanistic

investigations were carried out on the bond activation of

PhSiH3 by Cp2SmH.329

The silicate compounds containing ethane-like Si–Si bonds

as in Na8Eu2(Si2Se6)2,
204 Na9Sm(Si2Se6)2,

206 and Na8Eu2
(Si2Te6)2

206 have been already mentioned earlier in this

chapter.

Only a single silyl–uranium compound namely [(tBu)

ArN]3USi(SiMe3)3 was reported and fully characterized over

the last 10 years330 and for Cp3USi(SiMe3)3 theoretical inves-

tigations are available.331 The formation of actinide–silicon

bonds was investigated by Tilley and coworkers. They men-

tioned the difficulties in isolation due to the rapid decompo-

sition of a thorium silyl complex Cp*2Th[Si(SiMe3)3]Cl, which

could be identified only by means of NMR spectroscopy, but

was trapped by reaction with 2 mol CO, thus yielding an

isolable silylthoroxyketene compound.332,333

PtH2

P

P

R
R

R
R

Pt

P

P

R

R R

SiH2SiH3

SiH2SiH3

Pt

H2Si SiH2

Pt

SiH2H2Si

P

PP

P

R
R

R

R

R R

R R

R

Si2H6

325 326324 R = dicyclohexyl

324

Scheme 34 First example of a platinum complex containing terminal Si2H5 groups and an unusual Pt2Si4 ring system.
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Scheme 35 Synthesis of samarium-silicon clusters 327–329.
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1.02.12 Conclusion

This chapter deals with compounds bearing at least one

silicon-silicon single bond, with the restriction of no carbon

substituents on the silicon atoms, and covers mainly the liter-

ature starting from 2000. Emphasis is given to halo-, hydro-,

and halohydrosilanes a neglected class of compounds for

which intensive investigations already started in the 1960s

and which have again gained increasing interest over the last

years for new and exciting applications. Nevertheless, no

review can be found in literature which is devoted to them.
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1.03.1 Germanium

1.03.1.1 Introduction

Of all of the group-14 elements, germanium is probably the

least well-known. It may be telling that the element was the

last of this group to be discovered. Only when the periodic

table had been outlined did it become evident that there

was something missing between silicon and tin. Even when

Winkler finally discovered germanium in 1886,1,2 little more

was done than to establish its existence. Therefore, it may

not be surprising that after Winkler’s synthesis of the first

organogermane, Et4Ge, in 1887,3 38 years passed before

someone else prepared another organogermane. The first

compound containing a Ge–Ge bond, Ph3GeGePh3, was

reported in 1925.4 Voronkov and Abzaeva offer an insightful

discussion of organogermanium chemistry up to 1967.5 More

recent reviews of the topic are offered by Baines and Stibbs6

and especially Amadoruge and Weinert,7,8 who cover essen-

tially all compounds with Ge–Ge bonds of catenated ger-

manes up to 2007.

1.03.1.2 Synthetic Methods

The number of synthetic methods for the preparation of

compounds containing Ge–Ge single bonds is not very

high. There are condensation-type reactions such as the

Wurtz-type coupling of germyl halides with alkali or alkaline

earth metals, the dehydrocoupling of hydrogermanes, or the

recently popularized hydrogermolysis reaction. Because of the

relatively high stability of germylenes, insertion reactions of

germylenes into Ge–X bonds constitute another synthetic

route. Most recently, the strong interest in the chemistry of

unsaturated compounds such as germylenes, digermenes, and

digermynes has introduced addition reactions to these com-

pounds as yet another method for the preparation of di- and

oligogermanes.

Because this chapter is organized by compound types,

information concerning synthetic details can be found in the

respective sections, though a general overview of preparation

methods can be found in Section 1.03.1.5.

1.03.1.3 Reactivity of the Ge–Ge Bond

Compared with C–C and C–H bonds, the Ge–Ge single bond

is relatively weak (Ge–Ge 190–210 kJ mol�1; Ge–C ca.

255 kJ mol�1).9 As with Si–Si, Sn–Sn, and Pb–Pb bonds, low

energy s–s* transitions are known for the Ge–Ge bond. In

accordance with this, the possible photochemical processes

have been reviewed.10 Several reactions are known to cleave

the Ge–Ge bond. Reactions of digermanes with chlorine, bro-

mine, or iodine lead to the formation of triorganylgermanium

halides. Reductive cleavage with alkali metals provides a con-

venient source of germanides. Transitionmetals (especially Pd)

are known to add to Ge–Ge bonds by oxidation, permitting

metal-catalyzed additions across unsaturated organic

substrates such as alkenes or alkynes. Examples for these and

other reactions can be found in the discussion of specific

oligo- and polygermanes.

1.03.1.4 Structural Features of the Ge–Ge Bond

A search for Ge–Ge single bonds in the Cambridge Crystallo-

graphic Database (Conquest 1.12) yielded 275 hits. Excluding

Zintl-type clusters and bonds of divalent Ge atoms to each other

left 186 compounds with 399 single Ge–Ge bonds. Bond dis-

tances range from 2.320 Å for 2,2,3,3-tetramesitylthiadigermirane

(1)11 to 2.710 Å for hexa-tert-butyldigermane (2),12 with the

mean value being 2.482 Å. The latter digermane also features the

longest known Ge–C bonds (2.076 Å). The lengths of acyclic Ge–

Ge bonds typically lie between 2.40 and 2.50 Å. The review by

Amadoruge and Weinert7 offers a good compilation of structural

properties of digermanes.

Whereas all other group-14 elements have stable isotopes

with a nuclear spin of 1/2, the nuclear magnetic resonance

(NMR)-active germanium nucleus is 73Ge with a nuclear spin

of 9/2 and a natural abundance of 7.73%. In addition, the

relative sensitivity (1.4�10�3 compared to 1 for 1H) and the

resonance frequency (17.44 MHz relative to 1H¼500 MHz) are

very low. These facts have limited the popularity of Ge-NMR

spectroscopy as a tool for the characterization and study of

germanium compounds.13 To date, most 73Ge-NMR studies

have relied on compounds with highmolecular symmetry,14,15

but the advent of high-field instruments and advanced pulse

techniques has allowed for the study of compounds with lower

symmetry, as well.16,17 The principal chemical shift behavior of
73Ge was found to be similar to that of 29Si and 117/119Sn.16

As with Si–Si and Sn–Sn bonds, s-bond electron delocali-

zation is a known phenomenon in Ge–Ge bonds. Similar to

the related delocalization of p-electrons in polyenes, catenated

chains of the higher group-14 elements display delocalization

of binding electrons along segments of the chain, which

require the adoption of a distinct (all-transoid) spatial orienta-

tion. Elongation of the chain thus leads to a higher degree of

s-bond electron delocalization and is correlated with s–s*
transitions of lower energy (bathochromic shift).18 Conforma-

tional changes caused, for example, by different temperatures

(thermochromic behavior) are also factors influencing the

degree of electron delocalization. For this reason, UV/vis spec-

troscopy is an important method for the characterization of

compounds containing Ge–Ge bonds.19–23 Absorption prop-

erties of digermanes up to hexagermanes are compiled in the

review by Amadoruge and Weinert7 and are similar to what

was found for the analogous oligosilanes.24 Comparison of

the absorption properties of polygermanes25 with those of

polysilanes26 is somewhat difficult because of different molec-

ular weights. In general, there seems to be a tendency for a

slight bathochromic shift in polygermanes when compared

with polysilanes with the same substitution pattern.

1.03.1.5 Digermanes

Although digermanes originally were obtained mainly by

coupling reactions of monogermanes, several compounds

were reported more recently to form in the course of addition

reactions to germylenes, digermenes, or digermynes.

1.03.1.5.1 Synthesis by coupling
A simple way to obtain digermanes is the reaction of GeX4

(X¼Cl, Br) with Grignard reagents in tetrahydrofuran (THF).

While the reaction using a large excess of RMgX in Et2O leads to
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formation of R4Ge, the use of THF and excess Mg allows the

isolation of substantial amounts of digermanes.27

Another popular method for Ge–Ge bond formation is the

Wurtz-type coupling. In the presence of a reducing agent, such

as an alkali metal, two germylhalides R3GeX can be coupled to

a symmetrical digermane R3GeGeR3.
28–30 Because of the rather

drastic reaction conditions of the Wurtz reaction, the nature of

the substituents is mainly restricted to alkyl and aryl groups.

However, reaction of Ph2GeBr2 (3) with Li amalgam was

reported to give digermane BrPh2GeGePh2Br (4) in 60%

yield.31 The Wurtz protocol is, of course, also well suited for

intramolecular Ge–Ge bond formation steps leading to cyclic

compounds.32–35 Recently, Wurtz-type coupling with SmI2 or

NdI2 has emerged as an attractive alternative to the use of alkali

metals. The reaction can be conducted under homogeneous

conditions and with diminished reduction potential (E� Sm

(II)/Sm(III) �1.55 V; E� Nd(II)/Nd(III) �2.66 V; E� M/M(I)

�2.9 to �3.0 V (M¼alkali metals)). Using this method, good

to excellent yields of digermanes were obtained from the cou-

pling of triorganogermanium chlorides and bromides in THF.

Even asymmetric digermanes such as 1,1,1-triethyl-2,2,2-triphe-

nyldigermane (5) or 1,1,1-tributyl-2,2,2-trimethyldigermane (6)

could be prepared from the respective chloro- and bromoger-

manes in good to excellent yields. Themethod also is suitable for

use in the preparation of trigermanes such as (Me3Ge)2GePh2
(7) or even polygermanes.36 One interesting modification is a

protocol that requires only a catalytic amount of SmI2 and

samarium or magnesium metal as reducing agent.37 Reaction

of the Sm adduct of stilbene [(PhCHCHPh)Sm(DME)2] with

Ph3GeH (8) was found to yield Ph3GeGePh3 (9).38 Compared

with the use of SmI2, the stronger reducing agentNdI2was found

to be less selective in the formation of digermanes.39

As a more finely tuned alternative to theWurtz-type coupling

that also allows access to asymmetric digermanes,40–44 the use of

germyl anions45 is an option. Several methods are known to

obtain anionic germanes, including digermane cleavage,46–50

deprotonation of hydrogermanes,41,44,51,52 metal–halogen

exchange,53–56 and transmetalation.57–59

Currently, the most versatile reaction for the formation of

Ge–Ge bonds is arguably the hydrogermolysis reaction, a

cross-coupling process of aminogermanes with hydrogermanes

(Scheme 1).60,61

Weinert8 recently has studied this reaction in particular

depth and demonstrated its high utility. Its inherent asymme-

try, combined with a deliberate protection group strategy,

makes it a powerful method for the synthesis not only of

digermanes but also of linear and branched oligogermanes.8

Mechanistic studies have shown that the aminogermanes first

undergo reaction with acetonitrile, leading to a-germylnitriles

as reactive intermediates (Scheme 1).62,63

Silylated digermanes were obtained by reaction of the

bulky silyl anion (Me3Si)3SiLi with R2GeCl2, leading to the

formation of (Me3Si)3SiGeR2GeR2Si(SiMe3)3 with R¼Cl (10),

Me (11), and Ph (12). The tetrachloro derivative was charac-

terized by single-crystal-structure analysis.64 The persilylated

digermane (Me3Si)3GeGe(SiMe3)3 (13) was prepared by oxida-

tive coupling of (Me3Si)3GeM (M¼Li (14), K (15)) with 1,2-

dibromoethane65–67 or PbCl2.
68,69

Reductive coupling of GeI2 was reported by reaction with

[M2(CO)10]
2� (M¼Cr, W) to produce Na2[{(OC)5M}I2Ge–

GeI2{M(CO)5}] (16). The [Ph4P]
þ salts of these anions,

obtained by halide metathesis with [Ph4P]Cl, were character-

ized by x-ray structure analysis.70

Dehydrocoupling of hydrogermanes is another attractive

alternative to the Wurtz-type coupling because no alkali

metals are required and the byproduct is hydrogen instead of

alkali-metal halides. Compared to the well-studied area of

hydrosilane dehydrocoupling, not much is known about the

analogous reaction of hydrogermanes (eqn [1]). An example of

an early transition-metal catalyst that refers explicitly to oligo-

merization is Harrod’s reaction of Ph2GeH2 (17) with

dimethyltitanocene, which was reported to give 1,1,2,2-

tetraphenyldigermane (18) in a 90% yield.71 Employing

Wilkinson’s catalyst, it was possible to dimerize mesitylger-

mane (19) in 15% yield to 1,2-dimesityldigermane (20).72

cat.
2 R2R�GeH

−H2
R�R2Ge

R = Ph; R� = H (18)R = Ph; R� = H (17)
R = H; R� = Mes (20)R = H; R� = Mes (19)

GeR2R�
½1�

1.03.1.5.2 Synthesis by addition
Addition reactions to tetramesityldigermene (21), prepared by

the photolysis of hexamesitylcyclotrigermane (22) with several

reagents and under a variety of conditions, were studied exten-

sively by Baines and coworkers (Scheme 2). Reaction with

oxygen cleanly afforded 3,3,4,4-tetramesityl-3,4-digermadiox-

etane (23),73 whereas the addition of chloroform and acetic

acid gave 1,1,2,2-tetramesityl-1-chloro-2-(dichloromethyl)

digermane (24)74 and Mes2HGeGe(OAc)Mes2 (25),75 respec-

tively. Clean addition of MeMgBr was observed to give

2-methyltetramesityl-digermanylmagnesium bromide (26).76,77

The latter was found to undergo facile elimination of MesMgBr

to a germylgermylene, to which excess MeMgBr adds, resulting

in the formal exchange of mesityl and methyl groups (27).

Addition of MeLi occurred in a similar way,76 whereas reaction

with an aldehyde led to a 3,4-digerma-oxetane (28) (Scheme2).78

The addition of water or oxygen to Weidenbruch’s related

digermene, Ar2GeGeAr2 [Ar¼2,5-(tBu)2C6H3] (29), gave

Ar2HGeGe(OH)Ar2 (30) or a trigerma-1,3-dioxolane (31),

which likely formed by insertion of a germylene into the

peroxo bond of the initially formed digermadioxetane.79

Mochida et al.80 studied the reactivity of tetraalkyldigermenes

(32) obtained by photolysis of 7,8-digermabicyclo[2.2.2]octa-

dienes (33). Reactions with butadienes, carbon tetrachloride,

and methanol gave the corresponding digermene-trapping

R3GeNMe2 + HGePh3
CH3CN, 90 °C

Ge Ge

R

R

R

Ph

Ph

Ph

R3GeCH2CN

CH3CN

−HNMe2 + HGePh3
−CH3CN

−HNMe2

Scheme 1 Digermane formation via hydrogermolysis reaction.
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products, 1,2-digermacyclohex-4-enes (34), 1,2-dichlorodiger-

manes (35), and methoxydigermanes (36), respectively, in

good yields (Scheme 3).

Reactions of digermynes have been studied by Power and

coworkers.81 The addition of different amounts of hydrogen to

ArGeGeAr (Ar¼C6H3-2,6-(C6H3-2,6-
iPr2)2) (37) led to mixtures

of the respectively hydrogenated digermene (38), digermane (39),

and primary germane (40) (Scheme 4). The addition of two

equivalents of nitrosobenzene afforded a strained digermane

containing a bicyclo[2.2.0]hexane (41) system (Scheme 4).82

Ge Ge

Ge

Mes Mes

Mes

Mes Mes

Mes

Ge Ge
Mes

Mes

Mes

Mes
hn

O2 CHCl3

MeMgBr R

O

H

HOAc

O

Ge Ge

O

Mes

Mes Mes

Mes

Cl

Ge Ge

CHCl2

Mes

Mes Mes

Mes

O

Ge GeMes

Mes Mes

Mes

Me

Ge Ge

MgBr

Mes
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Mes

H

Ge Ge
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Mes
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Mes

R
Me

Ge Ge

MgBr

Mes

Mes Me
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xs MeMgBr
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Scheme 2 Digermane formation by addition to tetramesityldigermene.
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Scheme 3 Addition reactions of photolytically generated digermenes.
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Scheme 4 Addition reactions to digermynes.
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The addition of cyclooctatetraene (COT) gave a Ge(II) inverse

sandwich compound (42), which isomerized in solution to a

tetracyclic dienedigermane (43) (Scheme 4).83

Reaction of the digermyne BbtGeGeBbt (Bbt¼2,6-bis[bis

(trimethylsilyl)methyl]-4-[tris(trimethylsilyl)methyl]phenyl)

(44) with water gave Bbt(HO)2GeGeH2Bbt (45).
84

1.03.1.5.3 Functionalized digermanes
Digermanes carrying functional groups can be obtained either

by dimerization of functionalized monogermanes, by addition

reactions of digermenes, or – perhaps most conveniently – by

functionalization of alkylated or arylated digermanes.

As is known for the chemistry of the analogous phenylsi-

lanes, phenyl groups of organogermanes can be removed

by reaction with strong acids. Ph3GeGePh3 (7) can thus

conveniently be reacted with HX (X¼Cl, Br)85,86 or

even with Cl3CCOOH87,88 to obtain compounds such as

ClPh2GeGePh2Cl (46),86 X2PhGeGePhX2 [X¼Cl (47), Br

(48)],85 or RPh2GeGePh2R (R¼Cl3CCOO) (49),87,88 which

can be converted to ClPh2GeGePh2Cl (46) by reaction with

concentrated HCl.88 The reaction of Me3GeGeMe3 (50) with

one or two equivalents of H2SO4, followed by treatment with

NH4Cl, gave Me3GeGeMe2Cl (51) (76%) or ClMe2GeGeMe2Cl

(52) (95%).89 The analogous ethyl derivatives Et3GeGeEt2Cl

(53) and ClEt2GeGeEt2Cl (54) were obtained by reaction of

Et3GeGeEt3 (55) with optimized amounts of ECl4 (E¼Ge, Sn).90

The stability of the oxidation state (II) for group-14 elements

is known to increase with increased atomic weight. GeX2 is thus

fairly stable and, consequently, perhalogenated cyclogermanes of

the general formula (GeX2)n are not known. Even the hexahalo-

digermanes Ge2Cl6 (56) and Ge2Br6 (57) are somewhat difficult

to prepare and not stable at ambient temperature, disproportio-

nating to GeX2 and GeX4.
85,91,92 While hexabromodigermane

(57) is formed in a comparably easy setup of the reaction of

GeBr2 with GeBr4 in refluxing toluene,85,91 procedures to prepare

hexachlorodigermane (56) require high temperatures, germa-

nium vapor, or microwave discharge conditions.93,94

The fact that germanium is slightly more electronegative

than silicon, combined with a weaker bond strength, allows

facile deprotonation of molecules containing Ge–H bonds with

strong bases. Reaction of Me3GeGeR2H [R¼Me (58), Ph (59)]

with tBuLi/THF gave quantitative yields of the respective lithium

digermanyls (60, 61).95 Two equivalents of Me3GeGePh2Li

(61) reacted with cis-PtCl2(PMe2Ph)2 in benzene to trans-Pt

(GePh2GeMe3)2(PMe2Ph)2 (62).95 Reaction of the dianionic

(Me3Si)2KGeGeK(SiMe3)2
65 (63) with CpMCl2 (M¼Zr, Hf)

gave metallacyclotrigermanes Cp2M[(Me3Si)2GeGe(SiMe3)2]

(64, 65) and Cp2M[(Me3Si)2GeGe(SiMe3)2]�PMe3 (66, 67)

(Scheme 5).96

1.03.1.6 Linear and Branched Oligogermanes

While the reaction of PhMgBr with GeCl4 in THF or ether/

toluene is the standard procedure for the preparation of

GePh4 and Ge2Ph6 (7)27, it was also found to produce

Ge3Ph8 (68) (up to 11%) and Ge4Ph10 (69) (up to 18%) as

byproducts when an excess of magnesium was used.97 Crystal

structures of Ge3Ph8 (68) and Ge4Ph10 (69) were

determined.97 The actual Ge–Ge bond-formation steps in

these reactions were explained by the transient formation of

germyl magnesium compounds such as Ph3GeMgCl (70) and

Ph3GeGePh2MgCl (71). Similar behavior was observed in the

reaction of GeCl4 with vinylmagnesium chloride.98

Another reaction that leads to the formation of small

polygermane chains is the insertion of diphenyl germylene

(72) into molecules of the type Cl(Ph2Ge)nH (74a,b,c). Germy-

lene formation can be achieved from ClPh2GeH (73) in the

presence of Et3N as a base. Optimized conditions led to a

mixture of digermane, trigermane, and tetragermane in a ratio

of 23/21/36, respectively (eqn [2]). Treatment of the oligomers

thus obtained with CCl4/2-2
0-azobisisobutyronitrile (AIBN) led

to the formation of a,o-dichlorinated compounds (75a,b,c)

(eqn [3]).99

H(Ph2Ge)nCl

74a,b,c

(n−1) Ph2Ge: + Ph2GeHCl

n = 2,3,472 73 ½2�

H(Ph2Ge)nCl + CCl4 Cl(Ph2Ge)nCl + CHCl3
AIBN

75a,b,c
n = 2, 3, 4

74a,b,c

½3�

1.03.1.6.1 Trigermanes
Trigermanes Ge3Ph8 (68) and Ge3Me2Ph6 (76) were prepared in

a selective way by reaction of R2GeCl2 [R¼Ph (77), Me (78)]

with 2 Ph3GeM (M¼Li (79a), K (79b)) in yields of 34% and

44%, respectively.100 Synthesis of the p-tolyl (Tol) substituted

trigermanes Tol3GeGePh2GeTol3 (80) and Tol3GeGeTol2GeTol3
(81) was achieved by hydrogermolysis reaction of Tol3GeNMe2
(82) with R2GeH2 (R¼Ph (17), Tol (83)) (eqn [4]).87

The incorporation of the EtOCH2CH2-substituent into

oligogermanes allows the subsequent transformation into

hydrogermanes by reaction with DIBAL-H (vide infra). With

this in mind, the trigermanes (EtOCH2CH2)R2GeGePh2

GeR2(CH2CH2OEt) [R¼Et (84), nBu (85), Ph (86)] and

Ph3GeGe
nBu2GePh2(CH2CH2OEt) (77) were prepared utiliz-

ing the hydrogermolysis reaction.101

 

Ge

Ge

Me3Si
SiMe3

SiMe3

Me3Si
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K
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M
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SiMe3

SiMe3

SiMe3
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Cp
M

Cp

Ge
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SiMe3

SiMe3

SiMe3
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Me3P
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Scheme 5 Metallacyclotrigermane formation.
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2 Tol3GeNMe2+ R2GeH2
CH3CN, 90 �C

Tol3Ge

R2
Ge

GeTol3−2 Me2NH82 R = Ph (17)
Tol (83)

R = Ph (80)
Tol (81)

½4�

1.03.1.6.2 Tetragermanes
1.03.1.6.2.1 Linear

Tetragermanes Tol3Ge(GePh2)2GeTol3 (88)87 and Ph3GeGe
nBu2(GeR2)2(CH2CH2OEt) (R¼Et (89), nBu (90)) have been

prepared using a hydrogermolysis reaction.101 The stepwise

introduction of R2Ge units allows the synthesis of linear oligo-

germanes with a complicated substitution pattern. The way this

is accomplished is depicted in Scheme 6. Hydrogenation of the

ethoxyethyl-substituted trigermanes (84, 85) with DIBAL-H to

the respective hydrogermanes (91, 92) is followed by coupling

to the tetragermanes (89, 90).

An a,o-diiodooctaphenyltetragermane (93) was obtained

from the ring cleavage of octaphenylcyclotetragermane (94)

with I2.
102,103 Its crystal structure revealed an all-trans confor-

mation with Ge–Ge distances of 2.451(1) and 2.459(2) Å.102

1.03.1.6.2.2 Branched

The first branched isotetragermane (Ph3Ge)3GeH (95) was

obtained by reaction of Ph3GeLi (79a) with GeI2. Subsequent

deprotonation with nBuLi gave (Ph3Ge)3GeLi (96), which

reacted with methyl iodide to give (Ph3Ge)3GeMe (97).104

(Ph3Ge)3GePh (98) was prepared by hydrogermolysis of

PhGeH3 (8) with three equivalents of Ph3GeCH2CN (99).

A similar process was used to produce [(EtOCH2CH2)
nBu2Ge]3

GePh (100), which was converted to (HnBu2Ge)3GePh

(101) by reduction with DIBAL-H.105 (nBu3Ge)3GePh

(102)16 and (Ph3Ge)3GeH (95)106 were prepared employing

hydrogermolysis reactions with GeH4 and PhGeH3, respec-

tively. In an attempt to obtain the respective germylium ion,

compound 95 was converted to the respective halides

(Ph3Ge)3GeX (X¼Cl (103a), Br (103b), I (103c)) by reaction

with [Ph3C][PF6] in CH2X2 as solvent.
106

1.03.1.6.3 Penta-, hexa-, and higher oligogermanes
Reaction of Ph3GeGePh2Li (104), obtained by deprotonation

of Ph3GeGePh2H (105) with nBuLi, with Ph2GeCl2 at �65 �C
in ether yielded n-Ge5Ph12 (106) as the main product, in

addition to shorter chains.107

The only known perhalogenated oligogermane is dodeca-

chloroneopentagermane (Cl3Ge)4Ge (107), which was

reported to crystallize at room temperature from a sample of

Ge2Cl6 (56) with one molecule of GeCl4 (eqn [5]).92 This

compound can be interpreted as the product of fourfold

insertion of GeCl2 into the Ge–Cl bonds of GeCl4. A similar

reaction is known for the formation of Si(SiCl3)4 from

Si2Cl6.
108

GeCl3 GeCl3Ge GeCl3 + 3GeCl4

GeCl3

GeCl356
107

4 Cl3Ge ½5�

Notmany other examples of neopentagermanes are known.

Evidence for the formation of (Me3Ge)4Ge (108) was first

reported by reaction of trimethylgermyllithium (109) with

GeCl4.
109,110 More recently, preparation of this compound

was reported by reaction of trimethylchlorogermane and

GeBr4 with lithium at low temperature.111 Reaction of

(Me3Ge)4Ge (108) with tBuOK in the presence of 18-crown-6

gave (Me3Ge)3GeK�18-crown-6 (110), which was further con-

verted to a number of oligogermanes such as (Me3Ge)3GeH

(111), [(Me3Ge)3Ge]2 (112), [(Me3Ge)3Ge]2GeMe2 (113),

(Me3Ge)3GeSiMe3 (114), and (Me3Ge)3GeSi
iPr3 (115)

(Scheme 7).111

The synthesis of the related isotetragermanyl anion bearing

phenylethynyl substituents, [(PhCC)3Ge]3GeLi (116), was

reported by the reaction of a donor-stabilized germylene chlo-

ride with three equivalents of (PhCC)3GeLi (117).
112

Recently, a stepwise procedure for the construction of oli-

gogermanes was reported to utilize a Lewis acid-catalyzed

rearrangement.113 Starting out from an oligosilane with tri-

methylgermyl groups (118), an AlCl3/FeCl3-catalyzed reaction

allowed the Ge atoms to migrate to the less-alkylated positions

of the molecule (119). Successive introduction of additional

trimethylgermyl groups via dianion formation and treatment

with trimethylchlorogermane (120), followed by AlCl3/FeCl3-

catalyzed rearrangement, led eventually to a molecule with a

linear hexagermane segment (121) (Scheme 8).113

Reaction of (HnBu2Ge)3GePh (101) (vide supra) with

R2(EtOCH2CH2)GeNMe2 (R¼nBu (122), Et (123), Ph (124))

in acetonitrile led to the respective isoheptagermanes

[(EtOCH2CH2)R2Ge
nBu2Ge]3GePh (R¼nBu (125), Et (126),

Ph (127)).105 The mobilities of charge carriers of the

two dendritic oligogermanes [(Me3Ge)2GeMeGeMe2]3GeMe

(128) and [(PhMe2Ge)2GeMeGeMe2]3GeMe (129), each con-

taining 13 germanium atoms, were studied.114

1.03.1.7 Cyclogermanes

1.03.1.7.1 Cyclotrigermanes
The first cyclotrigermane was reported by Masamune in 1982

via the reaction of bis(2,6-dimethylphenyl)germanium

dichloride (130) with lithium naphthalenide, which gave

Ph3Ge
Ge

Ge
CH2CH2OEt

R R

R R

DIBAL-H Ph3Ge
Ge

Ge
H

R R

R R

R2Ge NMe2

CH2CH2OEt

CH3CN, 85°C
Ph3Ge

Ge
Ge

Ge

R R

R R
CH2CH2OEt

R R

R = Et, nBu R = Et (89)
nBu (90)

R = Et (91)
nBu (92)

R = Et (84)
nBu (85)

Scheme 6 Stepwise elongation of oligogermane chains.
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17%of hexakis(2,6-dimethylphenyl)cyclotrigermane (131).115

The use of Mg/MgBr2 as a reducing agent allowed the prepara-

tion of several cyclo-trigermanes and -tetragermanes from the

respective dichlorides in yields from 10% to 62%.116,117 The

first hexaalkylated cyclotrigermane with six bulky tert-butyl

groups (132) was obtained in 15% yield by reaction of the

respective dichloride tBu2GeCl2 (133) with lithium

naphthalenide.118,119 Reaction of (Me3Si)3GeLi (14) with

GeCl2�dioxane provided hexakis(trimethylsilyl)cyclotrigermane

(134) along with the cyclotetragermane [(Me3Si)3Ge(Cl)Ge]4
(135).120 [(Me3Si)2Ge]3 (134) was also prepared by reaction of

tris(trimethylsilyl)germanides (14, 15) with bis[bis(trimethylsi-

lyl)amino]germylene (136).121

A halide-substituted cyclotrigermane [tBu3Si(Cl)Ge]3
(137)122,123 was found to be an intermediate in the reaction

of GeCl2�dioxane with tBu3SiNa to yield the first cyclotriger-

mene (138) (Scheme 9).124

Due to steric overcrowding, 138 could not undergo cyclo-

addition reactions; however, replacement of one tBu3Si group

for mesityl (139) allowed the formation of fused bicyclic cyclo-

trigermanes 140 and 141 (Scheme 10).125

1.03.1.7.2 Cyclotetragermanes
The first example of a four-membered germanium ring, namely

octaphenylcyclotetragermane (94), was obtained by reaction

of diphenylgermane (17) with stoichiometric amounts of
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Me3Ge

Me3Ge
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Me2
Ge

GeMe3

GeMe3

GeMe3

Ge

GeMe3

GeMe3

GeMe3

Me2GeCl2
iPr3SiCl

Br(CH2)2Br

Me3SiCl

dil. H2SO4

KOtBu

Me3Ge Ge
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Scheme 7 Isotetragermanide formation and subsequent derivatization reactions.
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Scheme 8 Stepwise construction of a linear hexagermane chain.
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Scheme 9 Cyclotrigermene formation via an intermediate 1,2,3-trichlorocyclotrigermane.
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diethylmercury in 35% yield along with some 65% of a poly-

meric diphenylgermanylene.103,126 Crystal-structure analysis

showed an almost planar arrangement of the cyclotetrager-

mane with an average Ge–Ge distance of 2.465 Å.127

The formation of octakis(isopropyl)cyclotetragermane

(142) was reported as a byproduct in the reaction of GeCl4
with isopropylmagnesium chloride and lithium aluminum

hydride.128

The photolysis of decamethylcyclopentagermane (168)

proceeded with the generation of dimethylgermylene to give

octamethylcyclotetragermane (143).129,130

Dehydrochlorination of R2ClGeH (R ¼ Et (144), Ph (73))

with DBU (1,8-diazabicyclo[5.4.0]undec-7-ene) led to the for-

mation of the respective germylenes, which further reacted to

give cyclic compounds (R2Ge)n (n¼4 (145), 5 (146), 6 (147)

for R¼Et; n¼4 for Ph (94)) and polymeric material.131

Condensations of R(Ph)GeCl2 (R¼ tBu (148), CEt2Me

(149)) with Mg/MgBr2 in THF produced cyclotetragermanes

[R(Ph)Ge]4 (R¼ tBu (150), CEt2Me (151)), which were con-

verted to [R(Cl)Ge]4 (R¼ tBu (152), CEt2Me (153)) by treatment

with HCl/AlCl3 or with CF3SO3H followed by CH3COCl.132

Reaction of the dianionic Ph2LiGeGeLiPh2 (154) with

Et2(MeO)GeGe(OMe)Et2 (155) gave 1,1,2,2-tetraphenyl-

3,3,4,4-tetraethylcyclotetragermane (156).133

Hepta-tert-butylcyclotetragermane (157) was synthesized

from 1,2-dichlorotetra-tert-butyldigermane (158) by reaction

with lithium. Chlorination with CCl4 gave the corresponding

hepta-tert-butylchlorocyclotetragermane (159).134

Octatolylcyclotetragermane (160) was obtained by the re-

action of an N-heterocyclic carbene (NHC) adduct of GeCl2
(161) with TolMgBr.135

Octakis(trimethylsilyl)cyclotetragermane (162) was

formed by [2þ2] cycloaddition of tetrakis(trimethylsilyl)diger-

mene (163).65,96

[(Me3Si)3Si(Cl)Ge]4 (164) was formed in the reaction of

(Me3Si)3SiLi with GeCl4,
68 likely in a manner similar to the

formation of [(Me3Si)3Ge(Cl)Ge]4 (135)120 from (Me3Si)3-
GeLi (14) and GeCl2�dioxane.

In the reaction of the metastable GeBr136 with NaMn(CO)5,

the cyclotetragermane Ge4Br4[Mn(CO)5]4 (165)137 was

obtained as the first example of a cyclogermane with Mn

(CO)5 substituents.

1.03.1.7.3 Cyclopenta- and -hexagermanes
With respect to Wurtz-type coupling reactions, the situation for

cyclogermanes is similar to that for cyclosilanes. In the reaction

of dichlorodiorganogermanes with alkali metals, the steric

demand of the substituent determines the ring size. In

the case of small alkyl (methyl, ethyl) or aryl groups, preferen-

tially five- and six-membered rings are formed. Addition

of diphenyldichlorogermane to naphthalene/sodium in

dimethoxyethane (DME) gave decaphenylcyclopentagermane

(166) and dodecaphenylcyclohexagermane (167) in 37% and

17% yield, respectively.103,126 Wurtz-type coupling of dimethyl-

dichlorogermane with lithium gave a fraction of cyclic germanes

consisting of five- (168), six- (169), and seven-membered (170)

rings in a ratio of 1/18/1, respectively. Alternatively, the same

cyclogermanes can be obtained by redistribution of polymeric

dimethylgermylene (171) with naphthalene radical anion in a

ratio of 2/20/1, respectively.138 Crystal structures of decaphenyl-

cyclopentagermane (166)139 and dodecaphenylcyclohexager-

mane (167)140 were determined and exhibited Ge–Ge distances

of 2.438–2.473 Å for the five-membered ring and 2.457(1)Å for

the six-membered ring.

Analogous reactions of Tol2GeCl2 with lithium, sodium,

or sodium/naphthalene led to mixtures of (Tol2Ge)4 (160)

and (Tol2Ge)5 (172) in different ratios with the cycloh-

exagermane (Tol2Ge)6 (173) as a minor byproduct in all

cases.141

1.03.1.7.4 Heterocyclogermanes
A fair number of heterocyclogermanes containing Ge–Ge

bonds are known. Several were already mentioned in Section

1.03.1.5.2.

The 1,4-chalcogenacyclohexagermanes Ph8Ge4O2 (174)

and Ph8Ge4S2 (175) were obtained from the reaction of

[(Cl3CCOO)Ph2Ge]2 (49) with wet acetone and with dry

H2S, respectively. Conversion of Ph4Ge2Cl2 (46) with Na2S

or NaHSe yielded Ph8Ge4S2 (175) and Ph8Ge4Se2 (176),

while only Ph6Ge3S2 (177) or Ph6Ge3Se2 (178) but no

Ph6Ge3O2 could be obtained from analogous reactions with

a mixture of Ph4Ge2Cl2 (46) and Ph2GeCl2.
142

Reactions of 1,4-diiodooctaphenyltetragermane (93) with

wet pyridine, Na2S, H2Se, or NaHTe proceeded to the respec-

tive octaphenylchalcogenacyclopentagermanes (X¼O (179),

S (180), Se (181), and Te (182)) in good yields.143 Structural

characterization of the sulfur compound (180) revealed an

envelope conformation with one GePh2 unit being 0.966 Å

above the plane.

Most recently, the groups of Osakada and Braddock-Wilking

reported the formation of pallada- (183) and platina- (184)

cyclogermanes in the reaction of [(dmpe)PtMe2] with Ph2GeH2

(17) via dehydrocoupling chemistry (Scheme 11).144–146
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Scheme 10 Addition reactions to a cyclotrigermene.

90 Catenated Compounds – Group 14 (Ge, Sn, Pb)

Comprehensive Inorganic Chemistry II : From Elements to Applications, Elsevier, 2013. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/inflibnet-ebooks/detail.action?docID=1330977.
Created from inflibnet-ebooks on 2021-02-09 22:25:55.

C
op

yr
ig

ht
 ©

 2
01

3.
 E

ls
ev

ie
r.

 A
ll 

rig
ht

s 
re

se
rv

ed
.



1.03.1.8 Germanium Cages

Polyhedral compounds of the type (RE)n (E¼Si, Ge, Sn) have

been the subject of interest for some time.147,148 The simplest

examples of this general formula with n¼2 are the heavy-

element isomers of alkynes. Stable compounds of this type

have only recently been prepared for the heavier elements

(Si,149 Ge,150,151 and Sn152). Polyhedral compounds of the

formulas (RE)4, (RE)6, and (RE)8 can therefore be considered

as the cycloaddition products of alkyne analogs with insuffi-

cient steric protection to prohibit the oligomerization process.

Precursor molecules of alkyne analogs and polyhedral cages

are therefore frequently of the same type: REX2EX2R.

The only known example of a germatetrahedrane (185) was

synthesized by Wiberg in a way analogous to that previously

reported for (tBu3SiSi)4.
153 Reaction of tBu3SiGeCl2GeCl2Si–

tBu3 (186), obtained from GeCl4 and tBu3SiNa, with tBu3SiNa

in THF yielded tetragermatetrahedrane: (tBu3SiGe)4 (185) in

11% yield (Scheme 12).154 Later, Sekiguchi and coworkers

reported that (tBu3SiGe)4 (185) can also be prepared by the

reaction of GeCl2�dioxane with tBu3SiNa in THF at room tem-

perature (Scheme 12). The authors noted that the same reaction

stoichiometry leads to tetrakis(tri-tert-butylsilyl)cyclotrigermene

(137) at low temperature.124 (tBu3SiGe)4 (185) was slowly

hydrolyzed by water and rapidly oxidized by air.147

The first hexagermaprismane, hexakis[bis(trimethylsilyl)

methyl]tetracyclo[2.2.0.02,6.03,5]hexa-germane (187), was

reported by Sekiguchi and coworkers to form in the reaction

of bis(trimethylsilyl)methyltrichlorogermane (188) with Li

in THF at �78 �C (or Mg in THF at 0 �C) as yellow–orange

crystals in 12% (Li) or 24% (Mg) yield (Scheme 13).147,155 The

same group reported another hexagermaprismane, hexakis

(2,6-diisopropylphenyl)tetracyclo[2.2.0.02,6.03,5]hexagermane

(189), again by reductive coupling of the respective trichloro-

germane 190 with Mg in THF (Scheme 13).156,157

Irradiation of 189 with 360–380 nm light at low temper-

ature produced the hexagerma-Dewar benzene 191. Excita-

tion of 191 with longer than 460 nm wavelength light or

raising the temperature above �160 �C regenerated 189

(eqn [6]).147

The first octagermacubanes were also prepared by Sekiguchi

and coworkers. Reaction of (1-ethyl-1-methylpropyl)trichloro-

germane (192) with Mg/MgBr2 in THF provided 3% of octakis

tBu3SiNa + GeCl2·dioxane
tBu3SiNa

Ge

Ge

Ge

Ge

SitBu3
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SitBu3
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Ge
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Ge SitBu3

tBu3Si
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Scheme 12 Synthetic pathways to tetragermatetrahedrane.
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(1-ethyl-1-methylpropyl)pentacyclo[4.2.0.02,5.03,8.04,7]octager-

mane (193) (eqn [7]). This compound was also obtained in a

stepwise procedure utilizing 1,2,3,4-tetrachloro-1,2,3,4-tetrakis

(1-ethyl-1-methylpropyl)cyclotetragermane (194) as an

intermediate.158 In a similar reaction, (2,6-diethylphenyl)

trichlorogermane (195) was coupled with Mg/MgBr2 to octakis

(2,6-diethylphenyl)pentacyclo[4.2.0.02,5.03,8.04,7]octagermane

(196) in 1% yield (eqn [7]).156,158 Matsumoto and coworkers

utilized the same protocol to obtain octakis(1,1,2-trimethyl-

propyl)pentacyclo-[4.2.0.02,5.03,8.04,7]octagermane (197)

from the coupling of (1,1,2-trimethylpropyl)trichlorogermane

(198) with Mg/MgBr2 in THF in 3% yield.159

Mg/MgBr2

R

Ge

Ge

Ge

Ge
Ge

Ge

Ge
Ge

Ge

Cl

Cl

ClR

R R

R R

R

R

R
R = CMeEt2 (192)

2,6-Et2C6H3 (195)
R = CMeEt2 (193)

2,6-Et2C6H3 (196)

½7�

A completely different route to germacubanes was taken

by Schnepf and coworkers. The reaction of GeBr,136 obtained

as a metastable compound, with NaN(SiMe3)2, gave Ge8[N

(SiMe3)2]6 (199) (eqn [8]), a ligand-stabilized germanium

cluster with two formally zero-valent Ge atoms.160 In a similar

way, treatment of GeBr with Li[2,6-(tBuO)2C6H3] gave a small

amount of Ge8[2,6-(
tBuO)2C6H3]6 (200) in addition to 10%

of Ge(Br)[2,6-(tBuO)2C6H3]3 (201) (eqn [8]).161

R

Ge

Ge
Ge

Ge
Ge

Ge
Ge Ge

R R

R R

R

NaN(SiMe3)2 or

Li[2,6-(tBuO)2C6H3]
GeBr

R = N(SiMe3)2 (199)

2,6-(tBuO)2C6H3 (200)

½8�

The incompletely substituted octagermacubanes raise an

important question about the oxidation state of germanium

atoms in polyhedral compounds. These can be divided into

two broad categories: Zintl anions, which have oxidation states

below 0, and the ligand-stabilized cage compounds with the

general formula GenRn (n¼4, 6, 8) just discussed, which have

an oxidation state of þ1. Schnepf’s cubanes and some other

clusters, which will be discussed below, feature germanium

atoms in a regime between the ligand-stabilized cages (þ1)
and the elemental state (0).160

1.03.1.9 Germanium Clusters

Numerous germanium clusters are known. Most of them are

Zintl-type ions. Given that a separate chapter of this volume is

devoted to Zintl type ions (see Chapter 1.08), this section

focuses only on germanium clusters that have not been pre-

pared or formed using Zintl anions.

[1.1.1]Propellanes of the heavier group-14 elements [E5R6]

(E¼Si, Ge, Sn) have been suggested to possess substantial

singlet biradical character.162 Synthesis of the first penta-

germa[1.1.1]propellane (202) was accomplished by Breher

and coworkers utilizing either the reaction of hexamesitylcy-

clotrigermane (22) with lithium and GeCl2�dioxane or the

reaction of dimesityldichlorogermane (203) with lithium

naphthalenide and GeCl2�dioxane (Scheme 14).163 While the

separation between the two bridgehead atoms of 2.869(2) Å is


0.45 Å longer than a typical Ge–Ge single bond, the com-

pound was found to be electron paramagnetic resonance

(EPR)-silent at ambient temperature and 100 K. However,

addition of Me3SnH occurred smoothly to give the respective

bridgehead stannylated bicyclo[1.1.1]pentagermane (204),

indicating at least some biradicaloid character of 202.163

In the course of studying the reduction of a b-diketiminato

germanium trichloride (205) with KC8, Driess and coworkers

obtained the dipotassium salt of the first heavy cyclobutadiene-

like dianion (206) (eqn [9]) consisting of a Ge4 core as a side

product with a cyclogermylidenide (207) and a b-diketiminato

Ge(II) amide (208) being the major components.164 Crystal-

structure analysis of 206 indicated that the planar Ge4 core con-

sists of a parallelogram with Ge–Ge distances of 2.512(1) and

2.553(1)Å and a transannular Ge–Ge distance of 2.747(1)Å.
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A cationic germanium cluster was reported by Sekiguchi and

coworkers. Reaction of tris(tri-tert-butylsilyl)cyclotrigermenylium�
TTFPB� (TTFPB�¼ tetrakis(2,3,5,6-tetrafluorophenyl)borate)

(209) with excess potassium iodide in ether was found to give

3-iodo-1,2,3-tris(tri-tert-butylsilyl)cyclotrigermene (210), which

eventually, converted to 5-iodo-2,4,6,8,9,10-hexakis(tri-tert-

butylsilyl)heptacyclo[4.4.0.01,3.02,5.03,9.04,7.08,10]decagerman-

7-ylium tetrakis(2,3,5,6-tetrafluorophenyl)borate (211)

(Scheme 15) as air- and moisture-sensitive brown crystals in

37% yield.165 This Ge10 cluster is composed of six Ge atoms

with tBu3Si groups, one with an iodine substituent and three

remaining naked atoms. The distances between these are in a

range from 3.2542(15) to 3.2642(15) Å, which is considerably

longer than a typical Ge–Ge single bond but is close to the

metallic Ge–Ge bond lengths found in Zintl anions such as

Ge9
3�.166

Power and coworkers obtained clusters of the type Ge6Ar2
with Ar¼C6H3-2,6-Dipp2 (Dipp¼C6H3-2,6-

iPr2) (212) via the

reduction of Ge(Cl)Ar (213) and GeCl2�dioxane with KC8 in

THF at room temperature in 40% yield (eqn [10]). X-ray

crystallography of 212 showed a structure with a distorted octa-

hedron in which two of the six vertices carry bulky aryl groups.

The unsubstituted Ge4 atoms comprise an almost perfectly

square array that features Ge–Ge distances averaging 2.86(1)Å.

The Ar0Ge–Ge distances range from 2.498(2) to 2.546(1)Å.167
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Scheme 14 Pentagerma[1.1.1]propellane formation.
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In a related study, reduction of the slightly less bulky orga-

nogermanium(II) halides Ge(Cl)CH(SiMe3)2 (214) and Ge(Cl)

C6H3-2,6-Mes2 (215) in the presence of GeCl2�dioxane with Mg

and KC8, respectively, afforded the clusters Ge5R4 [R¼CH

(SiMe3)2 (216) and C6H3-2,6-Mes2 (217)] (Scheme 16),

where an unsubstituted germanium atom caps a butterfly

Ge4R4 array. The bonding in these clusters involves six two-

center-two-electron Ge–Ge bonds and a lone pair at the unsub-

stituted germanium as well as nonbonding electron density at

two of the substituted germaniums indicating possible biradical

character.168

A comprehensive approach toward the preparation of clus-

ters with some degree of partial unsaturation was undertaken

by Schnepf and coworkers. As already outlined above in the

context of germacubanes, their synthetic strategy involves

the use of metastable GeBr.136 Treatment with LiSi(SiMe3)3
at �78 �C followed by warming to room temperature gave

the Ge cluster anion Li[Ge9{Si(SiMe3)3}3] (218) (eqn [11]).169

Single-crystal x-ray diffraction analysis showed the cluster to be a

tricapped trigonal prism with only three of the nine Ge atoms

bound to a ligand. The Ge–Ge bonds between naked Ge atoms

are, at 2.67 Å, longer than the bonds between the naked and the

ligand-bound Ge atoms (2.53 Å). This behavior is different from

Zintl anions, where the Ge atoms with higher coordination

numbers form longer Ge–Ge bonds.169

An investigation concerning the behavior of 218 in the gas

phase after electrospray ionization allowed the observation of

the anions [Ge9]
� and [Ge9Si]

�. Considering that the forma-

tion of [Ge9]
� from 218 can be interpreted as a formal reduc-

tion process and that [Ge9]
� can also be generated from Zintl

anions [Ge9]
n� via a formal oxidation process, these experi-

ments link the solid-state chemistry of Zintl anions to the

molecular chemistry of metalloid clusters.170

Compound 218 was also found in the reaction of the

metastable GeCl with LiSi(SiMe3)3. In addition, {Ge10Si[Si

(SiMe3)3]4(SiMe3)2Me}� (219) was also found, in which 10

germanium atoms and one silicon atom constitute the cluster

core. Although an anionic cluster, the structure of 219 is

remarkably similar to Sekiguchi’s cationic cluster 211.165

Both structures can be described as a distorted part of the

solid-state structure of a-germanium.171

Even larger clusters were found by reaction of GeBr with

LiGe(SiMe3)3 (14) and subsequent heating to 70 �C giving

Ge14[Ge(SiMe3)3]5[Li(THF)2]3 (220), in which 14 germanium

atoms form a hollow sphere (eqn [12]).172 The isostructural

Ge14[Si(SiMe3)3]5[Li(THF)2]3 (221) was formed with LiSi

(SiMe3)3.
173 Both clusters are remarkable in the sense that

they open up possibilities for the formation of fullerene-like

structures composed of germanium.

Li[Ge9{Si(SiMe3)3}3] (218)
169 was found to react with [ClAu

(PPh3)] to [Li(THF)6][{(Me3Si)3}6Ge18Au] (222) (eqn [13]).174

In the anionic structure, the gold atom bridges two [Ge9{Si

(SiMe3)3}3]
� units, coordinating to six germanium atoms. This

bonding leads to a significant distortion of the cluster arrange-

ment compared to 218. The bond lengths between gold-bound

GeBr + LiE(SiMe3)3
−78 �C to 70 �C
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Scheme 16 Formation of bicyclo[1.1.1]tetragermanes containing subvalent Ge atoms.
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germanium atoms in 222 are elongated by 0.28 Å from 2.68 Å in

218 to 2.96 Å. The other Ge–Ge bond lengths in the Ge9 clusters

are essentially undistorted.174 Further reactions of 218 with Agþ

and Cuþ salts of weakly coordinating anions led to the isostruc-

tural compounds [Li(THF)6][{(Me3Si)3}6Ge18Ag] (223) and [Li

(THF)6][{(Me3Si)3}6Ge18Cu] (224).
175

In order to obtain neutral clusters of this type, 218 was

treated with ZnCl2, CdCl2, and HgCl2 and the isostructural

clusters [Si(SiMe3)3]6Ge18M (M¼Zn (225), Cd (226), Hg

(227)) were obtained.176

Reaction of 218 with Cr(CO)5(COE) (COE¼cyclooctene)

gave [Ge9{Si(SiMe3)3}3Cr(CO)5]
� (228), in which the tri-

capped trigonal prismatic arrangement of 218 is changed to a

mono-capped square antiprism. The capping germanium atom

and two opposite germanium atoms of the open square carry

the Si(SiMe3)3 ligand with a third Ge atom of the open square

coordinating to the Cr(CO)5 fragment.177 If, instead of Cr

(CO)5(COE), Cr(CO)3(CH3CN)3 was reacted with 218, an-

other cluster compound Ge9[Si(SiMe3)3]3Cr(CO)3 (229) was

isolated, in which the Cr atomwas incorporated into the cluster

core that can be described as a bicapped square antiprism,

where three germanium atoms are bound to Si(SiMe3)3 ligands

and the chromium atom still carries the three CO ligands.177

The preparation of another transition-metal-substituted

germanium cluster was accomplished in a manner related to

the synthesis of Ge4Br4[Mn(CO)5]4 (165)137 as outlined

above. Instead of NaMn(CO)5, Collman’s reagent Na2[Fe

(CO)4] was reacted with GeBr136 to obtain a cluster compound

(230) consisting of a Ge10 framework in which eight of the ten

Ge atoms are bound to Fe(CO)4 ligands (Ge–Fe: 2.43 Å). The

Fe(CO)4 ligands are further bound to six Na cations, each of

which is coordinated to three THF molecules. The cluster core

thus consists of a distorted cube of eight GeFe(CO)4 units with

two of the six faces capped by naked germanium atoms, which

are directly bound to each other.178

Octahedral Ge clusters with six attached M(CO)5 (M¼Cr,

Mo, W) fragments of the type [{(OC)5M}6Ge6]
2� (M¼Cr

(231), Mo (232), W (233)) were isolated as crystalline

[Ph4P]
þ salts by the reaction of Na2[M2(CO)10] with GeI2 in

the presence of bipyridine (eqn [14]).179,180

1.03.1.10 Polygermanes

While the methods for the synthesis of polymers with catenated

germanium atoms in themain chain are quite similar to those of

the related polysilanes, the interest in polygermanes was always

significantly lower.25 This may be explained by the high cost of

germanium when compared to silicon, the difficulties involved

in obtaining reliable structural insight into the electronic situa-

tion of the main chain, and the prevalent assumption that

germanium behaves very much like silicon anyway.

In this sense, it is not surprising to find the Wurtz-

type coupling of diorganogermanium dihalides with alkali

metals to be the preferred method for the synthesis of

polygermanes.19,181,182 A modification using SmI2 as a reduc-

ing agent gave polymers of relatively low molecular weight

(Mw¼2380–4890) in modest yields.36

Reports about dehydrogenative polymerization of phenyl-

germane are somewhat contradictory. Phenylgermane (8) and

diphenylgermane (17) are both said to show greater activity

toward dehydrocoupling with dimethyltitanocene than their

silicon analogs. However, while PhGeH3 (8) was reported to

polymerize to a three-dimensional gel with dimethyltitano-

cene and to undergo stepwise oligomerization with vanado-

cene, Ph2GeH2 (17) only dimerized with dimethyltitanocene.

Further reaction of 17 with dimethyltitanocene eventually led

to a purple product, which is a more powerful catalyst to

oligomerize Ph2GeH2 (17), with octaphenyltetragermane

(234) being the main product.71 Reactions of PhGeH3 (8) uti-

lizing the catalyst systems Cp2ZrCl2/2
nBuLi and CpCp*ZrCl2/2

Ge

Ge

Ge

Ge

Ge

Ge

Ge

Ge

Ge

Ge

Ge

Ge

Ge

Ge

Ge

Ge

Ge

Ge

Ge

Ge

Ge

Ge

Ge

Ge

Ge

Ge

Ge

Si(SiMe3)3

Si(SiMe3)3

Si(SiMe3)3
Si(SiMe3)3

Si(SiMe3)3Si(SiMe3)3

Si(SiMe3)3

(Me3Si)3Si (Me3Si)3Si

218

MM+

M = Au, Ag, Cu

M = Au (222), Ag( 223), Cu (224)

2

− −

½13�

Ge

Ge

Ge Ge
GeGe

(OC)5M

M(OC)5

M(OC)5

M(OC)5

M(CO)5

(OC)5M

2−

GeI2 + Na2[M2(CO)10]

M = Cr, Mo, W

M = Cr (231)
Mo (232)
W (233)

½14�
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nBuLi indicated formation of partially networked polyphenyl-

germanes (235) of high molecular weights (Mw 4.0–7.0�104)

in moderate yields.183 UV-absorption measurements clearly dis-

tinguished this material from polyphenylgermyne (236)

obtained by Wurtz-type coupling of PhGeCl3 (237).
184

In contrast to the early transition-metal dehydrogenative

polymerization, Ru(PMe3)4(GeMe3)2 (238) as catalyst permits

the demethanative coupling of Me3GeH (239) to long-chain

polygermanes (240) (eqn [15]).185 From the solubility behav-

ior and dynamic light-scattering experiments, it was concluded

that these polymers possess highly branched structures with

pendant (GeMe2)xGeMe3 groups. Cleaving all Ge–Ge bonds

with Br2 and analysis of the obtained bromogermanes indi-

cated 60% GeMe2 subunits in the polymer.186

n Me3GeH
Ru(PMe3)4(GeMe3)2

H Ge

Me

Me

Me

n

+ n CH4

239

240

238

½15�
This reaction was also used to polymerize other aryldi-

methylgermanes ArMe2GeH to obtain (ArMeGe)n (Ar¼C6H5

(241), p-C6H4F (242), p-C6H4CF3 (243), p-C6H4CH3 (244),

m-C6H3(CH3)2 (245), p-C6H4OCH3 (246)). As the spectro-

scopic and electronic properties of the poly(phenylmethylger-

mane) (241) thus obtained were comparable to those of the

linear analog synthesized by Wurtz-type coupling of MePh-

GeCl2 (247), it was concluded that no significant branching

occurred in the demethanative coupling of arylmethyl

polygermanes.186 Attaching chiral side chains to the aryl

group of ArMe2GeH allowed the demethanative coupling re-

action to be used for the synthesis of the first optically active

polygermanes.187 The obtained meta- (248) and para- (249)

poly[methyl{(S)-2-methylbutylphenyl}germane]s exhibited a

diminished screw-sense selectivity when compared to the anal-

ogous polysilanes, which was explained by the longer Ge–Ge

bonds in the backbone, leading to reduced steric interaction

between screw sense-inducing chiral side chains.

Polygermanes have also been prepared by electroreduction of

diorganodichlorogermanes on Mg electrodes in LiClO4–THF so-

lutions. Soluble crystalline di-n-butylpolygermane (250) belong-

ing to the tetragonal system has been obtained from di-n-butyl

dichlorogermane (251) with an absorption maximum at

315 nm.188 Using the same system, polyphenylbutylgermane

(252) with Mn¼19900 (lmax¼355 nm) was prepared.189 Di-

n-butylpolygermane (250) was also prepared with platinum

cathodes and silver anodes in DME tetrabutylammonium per-

chlorate solution in 31% yield (Mw¼14�103, Mn¼2�103)

with an absorption maximum at 325 nm. This and other

obtained polygermanes showed the typical discontinuous ther-

mochromic changes known for this type of polymers.190

The absorption of the network-conjugated polygermane

(nBuHxGe)n (x¼0–2) (253), prepared by electrochemical re-

duction of butyltrichlorogermane (254), is extended to

900 nm. The structure of the polymer obtained could be influ-

enced, from linear to highly branched, by controlling the

charge for electrosynthesis.191

Insoluble poly[bis(2-thienyl)germane] (255) was obtained

from the reaction of 2-lithiothiophene with GeCl2�dioxane
with UV-absorption bands at 238 and 252 nm.192

Third-order nonlinear optical susceptibilities were deter-

mined for some polygermanes (Table 1).20 They are almost

identical to those reported for polysilanes and p-conjugated
organic polymers that are transparent in the visible range and

were not influencedby the substituents on the germaniumatom.

Thermally induced ring-opening polymerization of

(Ph2Ge)4 (94) and subsequent addition polymerization was

reported to give polymer single crystals (256) with a Ge back-

bone (average molecular weight 11300).193 A condensation

polymerization of 1,5-decaphenylpentasilanyldianion (257)

with 1,2-dichlorotetramethyldigermane (52) was reported to

give alternating block polysilagermanes (258).194

1.03.2 Tin

1.03.2.1 Introduction

The situation for tin is somewhat special among the elements of

group 14. Its position in this group of the periodic table promises

a tendency to form catenates as they are known for all its lighter

congeners. A glance at its heavier relative, lead, points to the

metallic character of tin. This duality is represented best by

elemental tin itself. At temperatures below 13 �C a-Sn is formed,

a nonmetallicmodificationwithdiamond structure,while above

this temperature the metallic modification of b-Sn is present.195

Hence, tin is situated at the borderline between nonmetals and

metals with the opportunity to merge their qualities.

This is also emphasized by the fact that, despite a dominating

tetravalency, the divalent state of Sn is much more stable than

that of C, Si, and Ge. Fortunately, tin has also the advantage of

being an element of good availability. These desirable properties

led to early interest in the chemistry of tin and its catenates.

Compounds and materials containing tin were found to be

applicable in many different areas. The influence of certain

organotin compounds on biological systems led to their use

as fungicidal and pesticidal agents. More recently, long-term

consequences on ecosystems resulted in extensive restriction of

their use. A major industrial application of organotin hydrides

is their use as photo-stabilizing additives in polymers. Further-

more, organostannanes are widely employed in organic syn-

thesis as functional groups used for cross-coupling reactions

such as the Stille coupling.196 In combination with radical

initiators, organotin hydrides are used to start radical chain

reactions ranging from simple olefin polymerization to

sequential cyclization cascades.197

1.03.2.2 Synthetic Methods

Interest in the chemistry of tin compounds led to several re-

views covering achievements and progress.18,197–205 The review

of Braunstein and Morise represents a compact and concise

Table 1 Third-order nonlinear optical susceptibilities w(3) at
1064 nm for some polygermanes20

Polymer lmax (nm) Film thickness (mm) w(3) (a)
(1�10�12 esu)

(nBu2Ge)n 325 0.4 5.2
(Hex2Ge)n 325 0.6 2.1
(MePh2Ge)n 330 0.4 1.6
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source concerning the major synthetic methods to form Sn–Sn

bonds and the characteristics of these catenates.198 The early

chemistry of organotin compounds (up to the late 1960s) is

covered by the outstanding work of Voronkov and Abzaeva.5

The chemistry of catenated compounds of tin is dominated

by organo-substituted systems. Recent developments dealing

with catenates without C–Sn-bonds are comparatively rare and

limited to distannanes. There is a broad variety of synthetic

methods concerning the formation of Sn–Sn bonds. The most

important starting materials are tin halides and hydrides. Basic

synthetic pathways include Wurtz-type coupling reactions of

halostannanes as well as their conversions with metalated

stannanes. Various condensation reactions are known for tin

hydrides with tin halides, -amides, -oxides, and -alkoxides. The

major advantage of organotin hydrides is that the Sn–H bond

can undergo facile homolytic and heterolytic cleavage. Cata-

lytic methods also profit from this advantage, allowing dehy-

drogenative coupling of tin hydrides to form catenates ranging

from di- to polystannanes. A review by Davies covers recent

developments in the chemistry of organotin hydrides.197

Another way to form Sn–Sn bonds is the insertion of Sn(II)

reagents into tin-element bonds.206–209 While many reactions

are considered to involve transient organostannylenes (vide

infra), cases of explicit employment of this reagent type toward

synthesis of oligostannanes are rare.209 Catenates derived from

systems with Sn–Sn multiple bonds are mostly limited to short

chains, particularly distannanes, and represent results of

investigations on the reactivity of distannenes and distannynes

(vide infra).

1.03.2.3 Reactivity of the Sn–Sn Bond

The Sn–Sn bond is comparably weak (Sn–Sn ca. 105–145

kJ mol�1; Sn–C ca. 193 kJ mol�1),9 allowing a large spectrum

of cleavage reactions. Hexaalkyldistannanes can be reductively

cleaved with alkali metals (Li,210–212 Na,213–217 K,210,218,219 and

Cs220), as well as with some alkaline earth metals (Ca,221,222

Sr,221 and Ba221). Further cleavage of Sn–Sn bonds via insertion

of oxygen223–227 and its heavier congeners (S,223,224,226,228–232

Se,223,224,226,228,229,233 and Te,223,224,226,228,234), usually at ele-

vated temperatures or with photo-induction, is also known.

Reaction with bromine235–237 and iodine225,226,235,236,238–243

can also break Sn–Sn bonds.

Distannanes can also undergo oxidative addition with

transition-metal complexes, representing a key step in catalytic

cycles of some transition-metal-catalyzed stannylation reac-

tions.244–252 The low Sn–Sn bond energy is a major advantage

in organic synthesis in that it allows the introduction of stannyl

groups under mild conditions, but represents a significant

drawback with respect to the stability of larger catenates, that

is, polystannanes.

1.03.2.4 Structural Features of the Sn–Sn Bond

A search for Sn–Sn single bonds in the Cambridge Crystallo-

graphic database (Conquest 1.12) yielded 224 hits. Excluding

Zintl-type clusters and bonds to divalent Sn atoms left 148

compounds with 398 single Sn–Sn bonds. Bond distances

range from 2.588 Å for the tris(triphenylstannyl)stannyl

cation253 to 3.423 Å for a pentastanna[1.1.1]propellane,254

with the mean value being 2.88 Å. Typically, the length of

acyclic Sn–Sn bonds of neutral compounds lies between 2.74

and 3.03 Å.

The NMR spectroscopy of Sn was recently reviewed by

Wrackmeyer255 and Davies.199 In contrast to Ge, discussed in

Section 1.03.1.4, there are three Sn nuclei with spin of 1/2 that

are potentially suitable for NMR spectroscopy: 115Sn, 117Sn,

and 119Sn. For several reasons, the 119Sn nucleus is preferably

observed in both the liquid and the solid state; nevertheless,

the 117Sn isotope also shows suitable properties. Chemical

shifts of 119Sn cover a range from ca. þ4000 to �2500 ppm,

referenced against the 119Sn chemical shift of tetramethylstan-

nane (119Sn(Me4Sn)¼0 ppm).

As solid-state Sn NMR spectroscopy became more easily

available and structure determination via x-ray diffraction be-

came more common, the use of 119Sn Mössbauer spectroscopy

decreased extensively.199 Mössbauer parameters (isomeric shift

(IS), quadruple coupling (QC), and magnetic hyperfine split-

ting) provide interesting information when discussing certain

structural situations such as Sn-clusters. Extensive use in the past

led to a vast amount of data for comparison.256,257

Especially for larger Sn-catenates, that is, polystannanes,

UV/vis spectroscopy is of significant importance.209 The

UV/vis absorption bands mainly depend on the orientation

and length of the catenates as well as the substituents and range

from 210 nm258 to more than 500 nm.259

1.03.2.5 Di- and Oligostannanes

The chemistry of catenated tin compounds is dominated by

distannanes, R3SnSnR3. Their extensive use in organic chemis-

try, especially of hexa-n-butyldistannane, and interest in orga-

notin building blocks led to the development of several

synthetic approaches to distannanes. Most of these methods

are not limited to distannanes and can also be employed to

form larger catenates.

1.03.2.5.1 Condensation reactions
Sn–Sn bonds can be formed by condensation reactions of

organotin hydrides with organotin-electrophiles (amides,

halides, oxides, and alkoxides) (eqn [16]).200,226,238,260–264

X + R3Sn     H SnR3R3SnR3Sn
−HX

X = NR�2, Cl, OR�

½16�

A recent reinvestigation of the reaction of tri-n-butyltinhy-

dride (259) with bis(tri-n-butyltin)oxide (260) in neat mix-

tures at elevated temperatures yielded hexa-n-butyldistannane

(261) quantitatively (eqn [17]).265–267

2 nBu3SnH + (nBu3Sn)2O nBu3Sn-SnnBu3+ H2O200 �C
neat

259 260 261

½17�
Sita and coworkers presented a synthetic protocol allow-

ing a controlled stepwise build-up of linear oligostannanes

using tin amides.260 The method involves Sn–Sn bond

formation via reaction of an organotin hydride (259) with

Me2NSnnBu2(CH2)2OEt (262) to give 65% of the
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ethoxyethylated distannane (263) followed by treatment with
iBu2AlH (DIBAL-H) to form a new Sn–H entity (264) under

fragmentation of the –(CH2)2OEt residue (Scheme 17). The

UV/vis spectroscopic analysis showed a bathochromic shift of

the lowest energy transition with growing chain length in a

magnitude of more than 60 nm from the tri- to the hexastan-

nane (265) (Table 2).

1.03.2.5.2 Wurtz-type coupling reactions and comparable
methods
Wurtz-type coupling methods, reactions that usually employ

alkali and alkaline earth metals to reduce organotin halides in

order to form new Sn–Sn bonds, are among the workhorses of

organotin chemistry.18,198,201,202 Besides this, electrochemical

reduction methods were also used to form organotin catenates

from organotin halides.268 While commonly used reaction

systems exclude air and moisture, there are examples that use

a Zn/H2O(NH4Cl)/THF-system for coupling of organotin

halides.269,270

During the last decade, some f-block-element compounds

were tested as mild reducing agents toward formation of distan-

nanes, which allow reactions to be performed under homoge-

neous conditions. In addition to the stoichiometric application of

samarium(II)36,271 and neodymium(II) iodides,39 catalytic use

was reported (eqn [18]).37 In this case, the formed Sm3þ species

is regenerated bymetallic samarium ormagnesium present in the

reaction mixture.36,272 In the combination of an alkaline earth

metal with substoichiometric amounts of a milder reduction

reagent, the latter serves as an electrochemical mediator.

R3Sn – SnR3 R = nBu (a), Ph (b)
cat. SmI2, Sm or Mg

266a,b 261/267

2 R3SnCl
THF, rt, 24 h

½18�
Co-catenation of organosilyl and organotin halides with

magnesium was reported to be a source for mixed

organosilastannanes.273 A distanna derivative of a four-membered

ring, 1,1,2,2-tetra-tert-butyl-3,3,4,4-tetramethyl-3,4-disilacyclote-

trastannane (268), was formed by reaction of tBu2SnCl2 (269)

andCl–(Me2Si)2–Clwithmagnesium. In contrast, whenMe2SiCl2
was used instead of Cl–(Me2Si)2–Cl, 1,1,3,3-tetra-tert-butyl-

2,2,4,4-tetramethyl-2,4-disilacyclotetrastannane (270) was

formed. Use of Me2GeCl2 resulted in formation of the corre-

sponding 2,4-digermacyclotetrastannane (271).

Reaction of R2SnCl2 (R¼Ph (272a), Me (272b)) with 1,4-

dichlorodecamethylcyclohexasilane in the presence of magne-

sium led to formation of a [2.2.2]-bicyclic compound (273a,b)

with a distannanylene bridging instead of the expected stanny-

lene bridge (eqn [19]), respectively.274

Distannatetralin derivatives were synthesized via reductive

coupling of R2SnCl2 (R ¼ Et (274), tBu (269), Ph (272a)) or

Cl–(tBu2Sn)2–Cl (275) and 1,2-di(chloromethyl)benzene

with magnesium.275

Intermolecular coupling of carborane-linked diorganotin

halides formed the corresponding distannanes.276,277 In

the intramolecular case of 1,2-bis(bromodimethylstannyl)

carborane (276), treatment with excess sodium yielded 28%

of a cyclic tristannane (277) instead of the expected strained

distannane (eqn [20]).244

nBu3SnH
Me2NSnnBu2(CH2)2OEt

−Me2NH
nBu3Sn–SnnBu2(CH2)2OEt

DIBAL-H
−DIBAL-OEt

−C2H4

nBu3Sn SnnBu2H

nBu3Sn - (SnnBu2)4- SnnBu2(CH2)2OEt

259 263 264

265

Scheme 17 Stepwise construction of linear oligostannanes.

Si
Me

Mg

THF
+ R2SnCl2

Me2Si

SnR2

SnR2

SiMe2

SiMe2

SiMe2

SiMe2

Me2Si

Me2Si

Me2Si Me
Si

Me
SiSiMe

Cl

Cl

272a,b

273a,b

No. R Yield (%)
273a Me 20
273b Ph 15

½19�
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Na xs.
SnMe2Br

Me2
Sn

Sn
Me2

SnMe2

SnMe2Br

276 277

½20�
The reaction of n-butyldichloro-[2-(N,N-dimethylamino)

phenyl]stannane (278), bearing a penta-coordinated tin atom,

with potassium formed a distannane (279) in 65% yield,224,230

while treatment of diorganotin dichlorides with alkali metals

generally results in formation of oligomers and polymers.

A metalated derivative of a cyclotetrastannane (tBu2Sn)3Sn

(tBu)MgCl (280) was found to be accessible via treatment of

Cl–(tBu2Sn)n–Cl (n¼1 (269), 4 (281)) with excess of

magnesium.278 Alternatively, reaction of (tBu2Sn)4 (282) with
tBuCl andmagnesium also led to this compound. Investigations

into the reactivity of the metalated species toward some electro-

philes (Me2SO4, EtBr, nPrCl, Cl–(CH2)3–Cl, and CHCl3)

resulted in alkylated and chlorinated derivatives, respectively.

Examples of oxidation reactions of tin–metal bonds

toward formation of new symmetric catenates are comparably

rare. In systems with organic substituents, reductive reaction

mechanisms are preferred due to easier accessibility of tin

halides, compared to metalates. In the reaction of HC

[SiMe2N(R)Li]3 with SnCl2 (283), the formation of HC

Me2Si N

Sn Li*3THF

Me2Si N
Si
Me2

N

R
R

R

Me2Si N

Sn

Me2Si N
Si
Me2

N

R
R

R

SnMe3

Me2Si N

Sn

Me2Si N
Si
Me2

N
R

R

R

Sn

N SiMe2

SiMe2
N

SiMe2N

R

R
R

Me3SnCl

AgCl R = Tol

R = (S) -CH(Me)Ph
284a,b 286

285

287

Scheme 18 Coupling reactions of a triaminostannide to distannanes.

S
Sn Sn

S
S

Sn

S

Sn
S

S

R

R

R

R

Sn

Sn

SS
SnSn

SS
SnSn

S SS S S S

R

R

R

R

R

R

S
Sn

S
Sn

RSnCl3 + Na2S·9H2O

R = CMe2CH2COMe

288

289 290

hn

Scheme 19 Thiostannate embedded distannane cluster.

0.2 – 0.3 eq LDA
−LiOEt
−C2H4

nBu2Sn:

(SnnBu2)n (CH2)2OEtHnBu2Sn
Me2NSnnBu2(CH2)2OEt

(SnnBu2)n (CH2)2OEtEtO(CH2)2

nBu2Sn

(CH2)2OEt

H

nBu2Sn

(CH2)2OEt

Li

SnnBu2

(CH2)2OEt

HnBu2Sn

294 295
296293

294

293

298
262

297

Scheme 20 Oligostannane formation by stannylene insertion into Sn–H bond.
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[SiMe2N(R)]3SnLi [R¼(S)-CH(Me)Ph (284a), Tol (284b)]

was reported. This structure can be interpreted as a

stannyl anion but also as an intramolecular R0RNLi adduct of

stannylene (R0RN)2Sn. Oxidative homocoupling of 284 with

an excess of silver chloride gave the corresponding hexaami-

nodistannane (285) in 68% yield (Scheme 18).279–281 Reac-

tions of 284 with electrophiles such as Me3SnCl (286) led to

the related asymmetric distannanes (287).

Another example of a distannane lacking organic substituents

is a structure embedded in a thiostannate. Reaction of RSnCl3
(R¼CMe2CH2COMe) (288) with Na2S�9H2O gave (RSnIV)4S6
(289). Subsequent UV irradiation-induced rearrangement and

elimination reactions led to [(RSnIV)2(m-S)2]3Sn
III
2S6 (290)

(Scheme 19).282 A persilylated distannane derivative

[(Me3Si)3Sn]2 (291) was formed via oxidation of (Me3Si)3SnK

(292) with 1,2-dibromoethane at�78 �C.69,96

1.03.2.5.3 Derivatives of unsaturated organotin compounds
An interesting example of utilizing stannylene-insertion reac-

tions to build up oligostannanes was reported by Sita and

coworkers (Scheme 20).209 Generation of the nBu2Sn: (293)

species was achieved via treatment of EtO(CH2)2Sn
nBu2H

(294) with small amounts of lithiumdiisopropyl amide

(LDA). The initial deprotonation was followed by an elimina-

tion releasing the stannylene. Subsequent reaction of the

stannylene with unreacted tin hydride resulted in formation

of a variety of oligostannanes, predominating penta- to hep-

tastannanes, with chain lengths of up to 15 Sn atoms.

UV/vis spectroscopic measurements of oligostannanes

showed, as noted previously, a bathochromic shift of the low-

est-energy transition with growing number of Sn atoms in the

catenate (Table 2).

There are some more recent reports of reactions of Sn(II)

compounds leading to distannane formation.283–288 For in-

stance, the reaction of 2-(fluorodimethylsilyl)phenyl lithium

with SnCl2 (283) gave the siladistannaindane derivative 299 in

18% yield (eqn [21]).286

Li

SnCl2

2

2

SiMe2

FMe2Si

SiMe2F

Sn

Sn

SiMe2F

283

299

½21�
Efforts to synthesize cluster compounds (vide infra) led to a

cyclotristannene byproduct [(Me3Si)3Si]4Sn3 (300).289 The

compound seemed to be formed via reaction of (Me3Si)3SiLi

with in situ generated SnBr2 (301). Sn–Sn bond lengths were

found to be about 2.84 Å for the two single bonds and 2.56 Å

for the double bond.

Distannenes and distannynes, usually kinetically stabilized

with bulky substituents to prevent homocycloaddition, can also

be converted to distannanes. Most results derived from investi-

gations into the reactivity of such unsaturated systems.290 The

formation of bicyclic distannanes (302a,b) via addition of two

equivalents of ethylene to a terphenyl-substituted distannyne

(303a,b) was found to be reversible (eqn [22]).291

Some reactions of Sn(II) compounds and other unsaturated

ditin compounds lead to compounds bearing the structural

motif of a stannylstannylene, a saturated Sn atom bound to a

low valent Sn atom. This behavior seems to be facilitated when

very sterically demanding substituents are present.

Direct synthesis of such compounds was achieved via reac-

tion of [ArSn(m-Cl)]2 (304) with ArSnMe2Li (Ar¼2,6-

(2,4,6-iPr3C6H2)C6H3) (305), leading to ArSnSnMe2Ar (306)

in 85% yield. Further addition of MeLi gave ArSn(Me)(Li)

SnMe2Ar (307) (Scheme 21).292

Treatment of [ArSn(m-Cl)]2 (304) with other organic nucle-

ophiles (PhLi, tBuCCLi) allowed formation of ArSnSnR2Ar

(R¼Ph (308a), CCtBu (308b)) (Scheme 22).293,294 At low

temperature, in the case of R¼Ph, 308a was found to be

dominant in solution, but when warmed to ambient tempera-

ture, ArSnPh (309), the product of a reversible dissociation,

could be isolated. As part of these investigations, a distannyl-

stannylene, (ArPh2Sn)2Sn (310), was obtained in 24% yield

via reaction of ArPh2SnLi (311) with SnCl2 (283) (eqn

[23]).295

2 ArSnPh2Li

311

310
Ar = 2,6-(2,4,6-iPr3C6H2) C6H3

SnCl2
Ar Sn Sn

Ph

PhPh

Sn Ar

Ph

283 ½23�

Table 2 Comparison of lowest-energy transitions of EtO
(CH2)2(Sn

nBu2)n(CH2)2OEt (298) with different chain lengths209

Number of Sn atoms n lmax (nm)

3 254
4 273
5 296
6 312
7 323
8 332
10 346
15 362

vacuum
or Δ

Ar = 2,6-(2,6-iPr2C6H3)2C6H3 (a), 2,6-(2,4,6-iPr3C6H2)2-3,5-iPr2C6H (b)

Sn Sn

Ar

Ar

+  2   H2C CH2
Sn Sn

Ar Ar

303a,b 302a,b

½22�
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1,1-Dihydro derivatives of the stannylstannylene structural

motif were accessible via direct addition of H2 to Ar0SnSnAr0

(Ar0 ¼2,6-(2,4,6-iPr3C6H2)-3,5-
iPr2C6H) (312), giving

Ar0SnSnH2Ar
0 (313) or by reaction of [Ar0Sn(m-Cl)]2 (314)

with iBu2AlH (DIBAL-H) (Scheme 23).296,297 Slight changes

in the substitution pattern of the aryl group combined with

different reactants (reaction of [Ar*Sn(m-Cl)]2 (315a–d)

[Ar*¼4-X-2,6-(2,6-iPr2C6H3)C6H2; X¼H (a), MeO (b),
tBu (c), Me3Si (d)] with LiBH4 or of Ar*SnNMe2 (316a–d) with

BH3�THF) resulted in formation of hydrogen-bridged dimers,

[Ar*Sn(m-H)]2 (317a–d), rather than Sn–Sn bonded compounds.

Stannylstannylenes are structural isomers of distannenes,

and there has been an example reported that bridges the two

isomers, with a bromine atom coordinated to both tin

atoms.298

In contrast to the synthetic routes mentioned, Kira et al.

reported a fairly complex example of a stannylstannylene

where a aryldiazomethylstannylene, ArSnC(N2)SiMe3 (318)

(Ar¼2,6-(2,4,6-iPr3C6H2)C6H3), was used as substrate.

Photo-induced elimination of N2, which released a carbene,

triggered a reaction cascade including dimerization and a tran-

sient stannaacetylene, which led to a macrocyclic compound

containing a Sn(III)–Sn(I) bond.299

Stannyl–stannylene bonds were found to be slightly longer

than those of saturated distannanes (bond distance in Ph6Sn2
(267) is 2.77 Å). Sn–Sn bonds of the terphenyl-substituted

systems mentioned above range from 2.89 Å in ArSnSnMe2Ar

(306) to 2.97 Å in ArSnSnPh2Ar (308a). In the case of the

distannylstannylene (311), Sn–Sn bond distances are 2.9644

(3) and 2.9630(3) Å.

1.03.2.5.4 Di- and oligostannanes as part of
transition-metal complexes
Stannylated transition-metal complexes were first reported in

the 1960s.300–302 Recent investigations into transition-metal

complexes containing Sn–Sn units in the ligand system fo-

cused on modification of the tin ligands and the use of differ-

ent types of ansa complexes.

Investigations of osmium complexes showed Sn–Sn bond

formation and further functionalization of metal-bound

organodistannanes. Reaction of L2L
0(PPh3)2OsSnMe2Cl

(319a,b) (L2¼Me2NCS2, 2CO/L0 ¼CO, Cl) with KSnPh3

(320a) or LiSnMe3 (320b) gave L2L
0(PPh3)2OsSnMe2SnR3

(321a–c) [R¼Ph (a, b), Me (c)]. Treatment of osmio-

pentaorganodistannanes with Me2SnCl2 or iodine led to

halogenation of the metal-bound tin atoms (Scheme 24).239

General interest in the synthesis of ansa complexes bearing

group-14 bridges led to the preparation of stanna[n]ferroceno-

phanes (n¼2, 3).303 Compounds of this type are potential

precursors for metal-containing polymers, accessible via ring-

opening polymerization. The first methods used for synthesis

of 1,2-distanna derivatives were based on reductive coupling of

0.5 [ArSn(m-Cl)]2 + ArSnMe2Li Ar Sn Sn Ar

Me

Me

MeLi
Ar Sn Sn Ar

Me

Me

Li

Me304 305

307306

Ar = 2,6-(2,4,6-iPr3C6H2)C6H3

Scheme 21 Stannylstannylene formation by addition of a stannide to a chlorostannylene.

[ArSn(m-Cl)]2 Ar Sn Sn Ar

CCtBu

CCtBu304

308b
Ar = 2,6-(2,4,6-iPr3C6H2)C6H3

2 PhLi 2 tBuCCLi

Ar Sn Sn Ar

Ph

Ph
308a

2 ArSnPh

25 °C -30 °C

309

Scheme 22 Stannylene-stannylstannylene equilibrium.

[Ar�Sn(m-Cl)]2Ar� Sn Sn Ar�

H

H 314

313

Ar� = 2,6-(2,4,6-iPr3C6H2)-3,5-iPr2C6H3

H2Sn Sn

Ar�

Ar�

312

DIBAL-H

Scheme 23 Stannylstannylene formation by hydrogenation of a distannyne.
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(Z5-C5H4SnMe2Cl)2Fe (324) with (Me3Si)2Hg and of (Z5-

C5H4SnMe2H)2Fe (325) with (Et2N)2SnR2 [R¼NEt2 (326a),

Et (326b), nBu (326c)], forming distannanylene bridges. It

should be mentioned that, in the case of using (Et2N)2SnMe2
(326d), a tristanna[3]ferrocenophane was formed. Alterna-

tively, reaction of (Z5-C5H4Li)2Fe with Cl-(tBu2Sn)2-Cl (275)

led to 1,1,2,2-tetra-tert-butyl-1,2-distanna[2]ferrocenophane

(327a).304 The method of employing a dilithiated metal frag-

ment was also used to synthesize a distanna[2]troticenophane

derivative, [Ti(Z5-C5H4)(Z
7-C7H6)Sn2

tBu4] (327b), by reac-

tion of [Ti(Z5-C5H4Li)(Z
7-C7H6Li)]∙pmdta (pmdta¼N,N0,N0,

N00,N00-pentamethyldiethylenetriamine) with Cl–(tBu2Sn)2–Cl

(275).305 As the conversion of Cp(CO)3MoLi with Cl-

(tBu2Sn)2-Cl (275) gave Cp(CO)3Mo(tBu2Sn)2-Cl (328),
306 a

combination of these synthetic approaches allowed formation

of ansa complexes where M–Sn and C–Sn bonds were formed in

the same synthetic step (Scheme 25).223 Investigations into the

reactivity of the tungsten derivative (330b) toward chalcogens

resulted not in the expected cleavage of the M–Sn bond, but the

cleavage of the Sn–Sn bond and formation of the respective tin

chalcogenides (Scheme 25).

In this context, the reaction of [ClMe2Sn(Z
5-C5H4)](CO)3-

WSnMe2Cl (332) with sodium amalgam is interesting. The reac-

tion led to 44% of a tristannanylene-bridged ansa- (333) and

23%of a cyclic dinuclear tungsten complex (334), rather than the

expected distannanylene-bridged derivative (eqn [24]).307 The

formation of the tristannanylene bridge is attributed to the inser-

tion of dimethylstannylene into a strained distannanylene inter-

mediate. The second product is proposed to be the result of

dimerization of ametalated tungsten species formed via reductive

elimination of [ClMe2Sn(Z
5-C5H4)](CO)3WSnMe2Na acting as a

stannylene source.307

Os

PPh3

PPh3

SnMe2ClL

L�L
Os

PPh3

PPh3

Sn
Me2

L

L�L
KSnPh3 or
LiSnMe3

Os

PPh3

PPh3

Sn
Me

L

L�L

Os

PPh3

PPh3

Sn
Me

L

L�L

Me2SnCl2

SnR3

SnR3

SnPh3

I

Cl

I2

R=Ph

R=Ph (a, b), Me (c)

319a–c

321a–c

322a–c

323a,b

320a,b

R = Ph (a, b), Me (c)

L2/L� R No. Yield (%) No. Yield (%) No. Yield (%)

2 CO / Cl Ph 321a 62 322a 86 323a 83
S2CNMe2/ CO Ph 321b 65 322b 98 323b 84
S2CNMe2/ CO Me 321c 77 322c 98

Scheme 24 Formation and conversion of osmium distannanyl complexes.

M-Li+

Li

OC CO
CO

M

SntBu2

OC CO
CO

Cl-(tBu2Sn)2-Cl
SntBu2 M

SntBu2

OC CO
OC

E
M=W Sn

tBu2

E

331a–dM=Mo (329a), W (329b) M = Mo (330a), W (330b)

258
E = O, S, Se, Te

No. M Yield (%) No. E Yield (%)
330a Mo 72 331a O 17
330b W 89 331b S 85

331c Se 73
331d Te 72

Scheme 25 Formation of distanna ansa half-sandwich Mo and W complexes.

W

SnMe2Cl

CO
OC

OC
OC

OC
W

CO

SnMe2Cl
4 Na(Hg)

2 + 0.5

SnMe2

SnMe2

W
OC CO

OC

Sn
Me2

Sn
Me2

Sn
Me2

W
COOC

CO

332 333 334

½24�
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1.03.2.5.5 Derivatization of di- and oligostannanes
Treatment of hexaphenyldistannane (267) with two equiva-

lents of perfluoroalkylsulfonic acids resulted in the cleavage

of two Sn–Ph bonds.308 By this method, aryl groups can be

utilized to generate Sn-electrophiles, allowing further derivati-

zation. A symmetric step-by-step exchange of phenyl against

ethyl groups was reported using tetraorganodistanna-1,2-

diperfluoroalkylsulfonates as electrophilic intermediates.

In order to prepare a 1,2-ditin nucleophile, [(Me3Si)3Sn]2
(291) was treated with two equivalents of tBuOK/18-crown-6

to form the corresponding 1,2-dianion, 18-crown-6∙K[Sn
(SiMe3)2]2K∙18-crown-6 (335) (Scheme 26).96 The driving

force for this reaction is the formation of strong Si–O bonds

(Me3SiO
tBu), resulting in fast conversion. Investigations into

the reactivity of this nucleophile with group 4 metallocene

dichlorides led to metallacyclotetrastannanes (336a,b) that

were likely formed via insertion of stannylene (Me3Si)2Sn

into a strained metallacyclotristannane intermediate.

Metalation of H–(tBu2Sn)2–H (337), synthesized via reac-

tion of LiAlH4 with Cl–(tBu2Sn)2–Cl (275), was achieved via

conversion with KH or iPr2NLi (LDA).309 The use of KH

allowed stepwise formation of both the mono- and dipotas-

sium derivatives, while in the case of LDA only one proton per

molecule could be abstracted. Formation of Li–(tBu2Sn)2–H

(338) was also observed in the synthesis of tBu2SnHLi (339)

via treatment of tBu2SnH2 (340) with tBuLi or LDA after

12–48 h via elimination of LiH, with complete conversion

reached after 5–7 days.310

Reaction with LDA was also found to lead to cyclic com-

pounds in the case of linked organotin hydrides.261,311 Treat-

ment of MeSi[SiMe2Sn(H)tBu2]3 (341) with three equivalents

of LDA resulted in the formation of 35% of a 1,2-

distannacyclopentasilane (342) (Scheme 27). When 341 was

reacted with Et3N or (Et2N)3SnPh (343) instead, a six-

membered ring (344) containing a tristannanylene unit was

formed in 75% yield.

1.03.2.5.6 Formation of Sn–Sn bonds via dehydrogenative
coupling
Another major pathway toward distannane formation is the

dehydrogenative coupling of organotin hydrides (eqn [25]).

The steady decrease of E–H bond energy when going down

group 14 reaches a value of ca. 252 kJ mol�1 for the Sn–H

bond.9 A small difference in the electronegativities of tin and

hydrogen leads to a low polarity of Sn–H bonds. In combina-

tion, these circumstances allow reaction mechanisms in which

hydrogen is abstracted as a proton, as a hydride, or even as a

radical. Reviews by Davies197 and Braunstein198 provide in-

sight into recent developments as well as basic knowledge

concerning the field of organotin hydrides in general and

dehydrogenative Sn–Sn bond formation in particular.

2 + H2
Catalyst

Sn SnSnH ½25�

An example for this type of reaction is the synthesis of hexa-

n-butyldistannane (261) by reduction of bis(tri-n-butyltin)

oxide (260) with sodium borohydride in ethanol.312 The im-

mediate formation of tri-n-butyltin hydride (259) was fol-

lowed by its dehydrogenative decomposition under basic

conditions, giving hexa-n-butyldistannane (261) in high yield.

Early investigations of dehydrogenation reactions were

reported by Neumann and coworkers in the 1960s for

Ar2SnH2 which was treated with amines, such as Et2NH or

pyridine, or dissolved in DMF or MeOH at ambient

Sn

Me3Si

Me3Si

Me3Si

Sn SiMe3

SiMe3

SiMe3

Sn

Me3Si

Me3Si

18-crown-6·K

Sn SiMe3

K·18-crown-6

SiMe3

2 KOtBu
2 18-crown-6

1) MgBr2·Et2O
2) Cp2MCl2 Sn

Sn

M

Sn

SiMe3Me3Si

Me3Si

Me3Si

Me3Si SiMe3

Cp

Cp

M = Zr (336a),
Hf (336b)

291 335

Scheme 26 Formation of 1,2-dipotassiotetrakis(trimethylsilyl)distannane and subsequent reaction with group 4 metallocene dichlorides.

MeSi[SiMe2Sn(H)tBu2]3

tBu2Sn SntBu2

SiMe2

SiMe
Me2Si

Si(H)Me2

Me2Si

H
Sn

SntBu2

SiMe2

Si
Me

Si(H)Me2

tBu

LDA Et3N or (Et2N)3SnPh (343)341

342

344

tBu2Sn

Scheme 27 Base promoted silacyclostannane formation.
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temperature.313 Impurities remaining from the previous hy-

drogenation step as well as the addition of catalytic amounts

of the corresponding aryltin chloride to solutions of the aryltin

hydride were found to have a promoting effect on the

reaction.314,315 This approach was used by Davies and

Osei-Kissi to prepare functionalized distannanes of the type

X(nBu2Sn)2X (345a,b) (X¼Cl, OAc).316 nBu2SnH2 (346) and
nBu2SnX2 (347a,b) were mixed and the resulting dispropor-

tionation product, Bu2SnHX (348a,b), was dehydrogenated in

the presence of pyridine (Scheme 28). The dehydrogenative

coupling reaction was also used to synthesize hexaaryldistan-

nanes by heating the corresponding triaryltin hydride in the

presence of a radical initiator (AIBN).317

1.03.2.5.7 Dehydrogenative coupling catalyzed by
transition-metal and f-block element complexes
Over the years, several different transition-metal catalyst sys-

tems for dehydrogenative coupling of hydrostannanes have

been developed. A comparative overview on this issue was

published by Davies in 2006.197 The formation of Sn–Sn

bonds via dehydrogenation of organotin hydrides is usually

not observed at ambient temperature but can be promoted by

various catalysts and conditions as mentioned in the previous

section.

Synthesis of a bifunctional organotin compound,

H–(tBu2Sn)2–H (337), from the corresponding monostan-

nane, tBu2SnH2 (340), was achieved with iron (Cp(CO)2FeMe,

Cp(CO)FePPh3Me) and molybdenum catalysts (Cp

(CO)3MoMe, Cp(CO)2MoPPh3Me) in combination with UV

irradiation or elevated temperature.318 Photo-initiation was

used for Cp(CO)nMMe (n¼2 for M¼Fe; n¼3 for M¼Mo)

and thermal induction for Cp(CO)nMPPh3Me (n¼1

for M¼Fe; n¼2 for M¼Mo). Use of 3–5 mol% catalyst

resulted in isolated yields of 80–90%, representing a valuable

synthetic alternative to low-yielding stoichiometric methods.309

Another study showed that redistributions can take place

when using Cp2MCl2/Red-Al (M¼Ti, Zr, Hf; Red-

Al¼NaAlH2(OC2H4OMe)2) for conversion of nBu3SnH (259),

leading to mixtures of nBu6Sn2 (261) (69–90%) and poly(di-n-

butylstannane), (nBu2Sn)n, (7–23%).319

Another example of a metallacyclooligostannane (349) was

formed in 89% yield via dehydrogenative coupling of Ph2SnH2

(350) with [Pd(dmpe)2]n (n¼1, 2; dmpe¼Me2PCH2CH2PMe2)

(Scheme 29).320 Alternatively, the palladacyclopentastannane

was also formed when the disilylated precursor [dmpePd

(SiPh2H)2] was employed (64%). Heating a toluene solution of

349 led to degradation of the cyclostannane and gave 87% of

[dmpePd(SnPh3)2] (351).

Further, complexes of f-block elements were investigatedwith

respect to their ability to dehydrogenate heavier organotetrel

hydrides forming new element–element bonds.321,322

For instance, formation of nBu6Sn2 (261) from nBu3SnH (259)

was catalyzed by [(tBuC5H4)2Y(m-Me)]2 (1 mol%) at 70 �C in

91% yield after 0.5 h.

A series of organodiamidolanthanides (CH2)3-1,3-[N

(Dipp)]2LnMe (Ln¼La, Ce, Nd, Dy; Dipp¼2,6-iPr2C6H3)

were found to catalyze the synthesis of sterically demanding

tetraorganodihydrodistannanes, H-(R2Sn)2-H (R¼ tBu (337),

Mes (352)).323 These reactions of R2SnH2 were carried out at

ambient temperature with 2–5 mol% catalysts. In contrast to

the tin hydrides with bulky substituents, the analogous con-

version of Ph2SnH2 (350) yielded a polymer (Ph2Sn)n. All

reactions were carried out under exclusion of light to avoid

photo-induced degradation processes.

1.03.2.6 Polystannanes

Polystannanes have attracted significant interest and have thus

been discussed in the literature.18,197,198,201,202,324–327 In par-

ticular, Braunstein and Morise198 and, more recently, Sharma

nBu2SnH2  +  nBu2SnX2 2 nBu2SnHX
pyridine

X = Cl, OAc346 347a,b 348 345a,b

X-(nBu2Sn)2-X  +  H2

Scheme 28 Disproportionation of tin hydrides and halides followed by base promoted dehydrogenative coupling.

SnPh2

SnPh2

Ph2
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Sn
Ph2

Me2
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P
Me2

[Pd(dmpe)2]n + 4 Ph2SnH2
rt rt

SiPh2H

Pd

SiPh2H

Me2
P

P
Me2

+ 4 Ph2SnH2

SnPh3

Pd

SnPh3

Me2
P

P
Me2

70 °C

350 350

349

351

(n = 1, 2)

Scheme 29 Palladacyclooligostannane formation by dehydrogenative coupling of Ph2SnH2.
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and Pannell324 have reviewed this topic in depth. The interest

in Sn polymers can be attributed to their optical and electronic

properties, suggesting a broad variety of possible applications

including nonlinear optical materials, semiconducting mate-

rials, and microlithography. These macromolecular properties

originate from s-bond electron delocalization along the Sn–Sn

bonded systems.209 While this feature is also known from

lighter group-14 elements,19–23,328,329 tin catenates show the

lowest excitation energies for s–s* transitions. The magnitude

of this effect mainly depends on the substituents and the

conformation of the catenate. The strongest conjugation and

thus the lowest excitation bandgap is reached when the back-

bone is completely all-trans orientated. Due to substituent in-

teractions, a slight deviation from a strict all-trans alignment is

common. At short chain lengths, every additional atom

strongly contributes to the lowering of the s–s*-transition
energy, but with increasing chain length the bathochromic

shift gained by additional stannylene units converges to zero

(cf. Table 2). The lowest-energy UV/vis absorptions for poly-

stannanes are in range from 367 nm for (Et2Sn)n
271 to 506 nm

for [(o-Et-p-nBuO-C6H3)Sn]n.
259 In the case of polystannanes

with comparable composition, a higher degree of branching

results in a slightly more pronounced bathochromic shift of

the lowest-energy transition (branched (nBu2Sn)n:

lmax¼394 nm) when compared to a completely linear poly-

mer (linear (nBu2Sn)n: lmax¼378 nm).330 Despite diverse ap-

plication possibilities, the degradation of polystannanes under

ambient conditions, especially daylight, still limits their use.

The major synthetic methods to generate organopolystan-

nanes are (i) reduction of diorganotin dihalides with alkali or

alkaline earth metals, (ii) reduction via electrochemical

methods, and (iii) catalytic dehydrogenative coupling of dior-

ganotin dihydrides (Scheme 30).

Polymerizations utilizing Wurtz-type coupling reactions

are generally performed by reduction of diorganotin

dihalides with alkali or alkaline earth metals in polar

solvents.18,198,201,202,324 In general, these reactions suffer

from several drawbacks such as difficult reproducibility, labo-

rious work-up processes, and polymers of comparably low

molecular weight. The last was attributed to harsh reaction

conditions leading to fission of Sn–Sn bonds, further pro-

moted by reaction conditions such as long reaction times and

elevated temperatures. Over the years modifications of this

method were developed, for instance the use of crown ethers

in nonpolar solvents331,332 or the use of electric current as a

reducing agent.268,333,334 Polymerization of nBu2SnCl2 (347a)

with sodium in the presence of 15-crown-5 resulted in polydi-

n-butylstannanes of average molecular weights (Mw) of

2.4�103 and 1.4�104 when heated in toluene for 14 h. Re-

duction of the reaction time to 4 h led to a polymer of much

higher molecular weight (Mw¼1.09�106). Another approach

to avoid side reactions is the use of milder reducing agents.

Polymerization under homogeneous conditions can be

achieved using SmI2 in stoichiometric or even in catalytic

amounts in combination with alkaline earth metals.36,271,272

Dehydrogenative coupling of diorganotin dihydrides as a

way to form polymeric compounds received significant atten-

tion, especially involving systems using catalysts based on d- or

f-block metals. Dehydropolymerization reactions frequently

produce polymers with much higher molecular weight com-

pared to Wurtz-type polymerization methods. Early inves-

tigations into dehydropolymerization of hydrostannanes

catalyzed by early transition metals suffered from low polymer

weights and significant amounts of byproducts.335 Recent

progress led to synthetic protocols that allowed formation of

polystannanes of high molecular weights with narrow polydis-

persities and very low amounts of side products.324 An example

that employed Wilkinson’s catalyst, (PPh3)3RhCl, resulted in for-

mation of (nBu2Sn)n with Mw¼2.0�104 in high yield without

cyclic byproducts.336 The major side products in all methods for

polystannane formation are small cyclic compounds, predomi-

nantly cyclopenta- and cyclohexastannanes. These were also

reported to form via photo-induced degradation of isolated poly-

mers under inert conditions. Such degradation processes were

found to be retarded by the presence of chlorinated solvents and

styrene as well as dyes and radical scavengers.337 Recent efforts to

form oligomeric and polymeric organostannanes bearing chiral

information led to the synthesis of cyclopentastannanes andpoly-

stannanes with cis- and trans-myrtanyl substituents,

respectively.338 The cyclopentastannanes, (R2Sn)5 (R¼ cis-Myr

(353a), trans-Myr (353b)), were formed via Wurtz-type coupling

of R2SnCl2 (354a,b) with magnesium. Polymerization was

achieved by catalytic dehydrogenative coupling of the respective

dihydrostannane, R2SnH2 (355a,b), with Wilkinson’s catalyst.338

Sn

R

R

Cl

Sn

R

R

HH

Sn

R

R

Cl

n Cl

n

n Cl

2n M

2n e

Sn

R

R

n

cat.

−n H2

- 2n MCl

(i)

(iii)

(ii)

−2n Cl−

Scheme 30 Polymerization methods for polystannanes.
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1.03.2.7 Tin Cages and Clusters

Tin cages, (RSn)n, represent a class of polycyclic saturated

catenates exhibiting a clearly defined bonding situation with

tin atoms linked to three other tin atoms and a fourth substit-

uent (R) saturating its remaining valence. By contrast, the

bonding situation in clusters cannot be described simply in

terms of 2c–2e bonds, but needs involvement of the Wade–

Mingos rules339–343 to describe the electronic situation. Recent

progress in the chemistry of tin cages and clusters was reviewed

by Wiberg and Power.148

The situation with respect to tin cages, [RSn]n, is quite

similar to what was found for analogous germanium com-

pounds (vide supra). Examples of tetrahedral (n¼4, R¼SitBu3
(356)),344 trigonal-prismatic (n¼6, R¼SitBu3 (357)),

345 cubic

(n¼8, R¼2,6-Et2C6H3 (358)),346 and pentagonal-prismatic

(n¼10, R¼2,6-Et2C6H3 (359))347 polyhedra were reported.

Furthermore, a dianionic stannacubane derivative,

(tBu3Si)6Sn8[Na(THF)2]2 (360), was prepared.348 Recent ef-

forts to synthesize persistent radicals of heavier group-14 ele-

ments resulted in the formation of small amounts of the

silylated stannahexaprismane, [{(Me3Si)2MeSi}Sn]6 (361).
349

Stepwise incorporation of tin atoms into a nido-borane

(B10H14) led to 67% yield of a borane-embedded tetrastanna-

nide (362) (Scheme 31).350 The preparation of the starting

material, stanna-nido-undecaborate ([C14H19N2][ClSnB10H12]

(363)), was achieved via reaction of tin(II) chloride (283) with

B10H14 in the presence of a strong base, 1,8-bis(dimethyla-

mino)naphthalene. Further addition of SnCl2 (283) to 363

did not lead directly to a distanna derivative. Only when

triethylamine was used as a base the second tin atom was

integrated and the dianionic dimer (362) formed. While a

monomeric distanna-closo-dodecaborate was not observed

during that reaction, further treatment of 362 with KBHEt3
led to cleavage of the linking Sn–Sn bond affording the dia-

nionic closo-heteroborate (364).

Compounds where Sn–Sn subunits were incorporated

into group-15 (P, As) element clusters saturated with silyl

substituents were reported recently.351,352 Work on stanna

[1.1.1]propellane clusters, R6Sn5 (366),254,346,347,353–356 led

to transition-metal-substituted derivatives, [MCp(CO)2]2[m-
Sn5Dep6] (365a,b) (M¼Fe, Ru; Dep¼2,6-Et2C6H3), display-

ing a complex electrochemistry (Scheme 32).163

Compounds of the type {Sn[M(CO)5]}6
2� are rare examples

of transition-metal-substituted tetrel clusters or, from another

perspective, transition-metal complexes sharing a tin cluster as

ligand.180,357 Formation of these clusters was achieved by reac-

tion of tin(II) chloride (283) with M02[M2(CO)10] (M
0 ¼Na, K;

M¼Cr, Mo, W) (eqn [26]). Sn–Sn bond distances in these

clusters range from 2.89 to 2.93 Å.

Sn

Sn

Sn
Sn

Sn
Sn

M(CO)5

(OC)5M

(OC)5M

M(CO)5

M(CO)5

M(CO)5

2−

SnCl2+ [M2(CO)10]2−

283

368a–d

No. Metal Cation Yields (%)
368a Cr cryp[2.2.2]·K+ 7
368b Cr Ph4P+

Ph4P+

Ph4P+
11

368c Mo 36
368d W 9

½26�

A related octahedral cluster was obtained in a yield of 17%

via reduction of an asymmetric Ge(II) compound, ArGeCl

(Ar¼2,6-(2,6-iPr2C6H3)C6H3) (213), with KC8 in the presence

of SnCl2 (283) (eqn [27]).358 The resulting heteronuclear

Ge/Sn cluster (369) consists of four unsubstituted tin atoms

in equatorial position and two apical germanium atoms still

attached to the aryl substituents. The Sn ring within the cluster

Sn

Sn

Sn

Sn

SnCI2
Et3N

2 Et3NH+

2−

[C14H19N2][ClSnB10H12]

1) KBHEt3
2) Bu3MeNCl

SnSn

2 Bu3MeN+

2-

363

362

283

364

Scheme 31 Preparation of a borane cluster embedded tetrastannanide.
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Sn
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Sn
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Dep2
Sn

Sn

Sn
Dep2

Sn

Sn
Dep2

Cp(CO)2M MCp(CO)2
CoCp*2

Dep2
Sn

Sn

Sn
Dep2

Sn

Sn
Dep2

Cp(CO)2Fe

−
[CoCp*2]+

M = Fe (365a),
Ru (365b)

M = Fe

366 367

Dep = 2,6-Et2C6H3

Scheme 32 Conversion of pentastanna[1.1.1]propellane to transition-metal derivatives.
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showed bond distances between 3.10 and 3.14 Å and Ge–Sn

bonds in the range of 2.70–2.76 Å.

2 ArGeCl + 2 SnCl2
KC8

THF
Ge GeAr Ar

Sn

Sn
Sn

Sn

283

369

213

½27�
The rare structural motif of a pentagonal bipyramid with

two apical substituents was found in Sn5(SnAr)2 (370)

(Ar¼2,6-(2,6-iPr2C6H3)C6H3) (Scheme 33).359 Formation

of this cluster was achieved via two different ways, either in

15% yield by the reduction of a mixture of ArSnCl (304) and

SnCl2 (283) with KC8 or in 25% yield by decomposition of

[ArSn(m-H)]2 (371) in refluxing toluene. Average Sn–Sn bond

distances within the five-membered ring are around 2.959 Å

and range from 2.946 to 3.026 Å for Snax–Sneq bonds (Sn–C:

2.190 and 2.181 Å).

A similar pentagonal bipyramidal motif was obtained in the

reaction of a cyclic gallium(I) amide, Ga(ddp) (ddp¼HC

(CMeNC6H3-2,6-
iPr2)2), with tin(II) chloride (283), forming

a mixture of two tin clusters, [{(ddp)ClGa}2Sn7] (372) and

[{(ddp)ClGa}4Sn17] (373) (eqn [28]).360 The structure of the

[Sn17]
4� cluster is composed of two distorted tricapped prisms

sharing one vertex representing a metalloid cluster (vide infra).

The initially formed [Sn7]
2� cluster was converted into the larger

Sn cluster within a few hours. For the [Sn7]
2� cluster 372, a single

119Sn NMR signal was found with a chemical shift of 614 ppm.
119Sn magic angle spinning nuclear magnetic resonance (MAS

NMR)measurement at ambient temperature for 373 showed two

strongly up-field shifted resonances at �836 and �896 ppm.

This was attributed to fluxional behavior of the cluster, as is

also known for the Zintl anion [Ni2@Sn17]
4� (374).361 With

2.90–2.97 Å for the Sn5 ring and 2.98–3.05 Å for Snax–Sneq
bonds, the bond lengths of 372 are comparable to those of the

arylated derivative (370) discussed above.

A similar method to that outlined for the formation of 370

was pursued in the reaction of [Ar0Sn(m-Cl)]2 (375) (Ar0 ¼2,6-

Mes2C6H3) with potassium, which led to the Sn8 cluster 376with

a distorted cubane structure in 38% yield (Scheme 34).362 Bond

distances within the cluster are between 2.853 and 3.107 Å, with
119Sn NMR resonances at 751.7 and 481.1 ppm. Tin clusters of

the types Sn9R3 (377) (19%) and Sn10R3
þ (378) (12%) were

obtained by thermolysis of an organotin(II) hydride (379) (eqn

[29]) and by reduction of organotin(II) chloride 375 with

potassium-graphite in the presence of AlCl3 (Scheme 34).363

The Sn–Sn bond lengths of Sn9R3 and [Sn10R3][AlCl4] cover

ranges from 2.912 to 3.008 Å and 2.893 to 3.185 Å, respectively.

2 Ga(ddp) + SnCl2
THF

−30 �C / 20 �C

GaCl(ddp)(ddp)ClGa 24 %

Sn

Sn
Sn

SnSn

Sn
Sn

Sn

Sn

Sn
Sn

Sn
Sn

Sn

Sn
Sn

Sn
Sn

Sn
Sn

Sn

Sn

Sn

Sn
(ddp)ClGa

(ddp)ClGa

GaCl(ddp)

GaCl(ddp)

27 %

372

373

283

½28�

Sn2 ArSnCl+5 SnCl2 7/2 [ArSn(μ-H)]2Sn ArAr

Sn

Sn
Sn

Sn
Sn

12 KC8
THF

toluene
reflux

283

370

371304

Scheme 33 Reduction of ArSnCl and SnCl2 leading to a pentagonal bipyramidal Sn7 cluster.
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Scheme 34 Sn cluster formation by reduction of [ArSn(m-Cl)]2.
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In contrast to most synthetic routes utilizing divalent tin

compounds, SnBr (380), a tin(I) halide, was also employed as

a substrate. This highly reactive species was prepared by a

co-condensation technique.364,365 Treatment of SnBr (380)

with (Me3Si)3SiLi gave [Sn10{Si(SiMe3)3}6] (381) and a small

amount of a tetrasilylated cyclotristannene, [(Me3Si)3Si]4Sn3
(300), as a byproduct (eqn [30]).289,366 Bond distances in the

Sn10-cluster range from 2.85 to 3.07 Å.

Metal clusters constructed of enough atoms to have embed-

ded atoms that only interact with other cluster atoms are called

‘metalloid clusters’ as they mark the transition between mole-

cules and bulk metal.367–370 Examples of such clusters contain-

ing tin are [{(ddp)ClGa}4Sn17]
360 (373) (vide supra) and

[Sn15{N(2,6-iPr2C6H3)(SiMe2R)}]
371 (R¼Me (382a), Ph

(382b)) (Scheme 35). The latter clusters were synthesized via

reduction of an asymmetric Sn(II) compound, {Sn[N

(2,6-iPr2C6H3)(SiMe3)](m-Cl)}2 (383), with KC8, as well as by

treatment of a mixture of Sn[N(2,6-iPr2C6H3)(SiMe2R)]2
(R¼Me (384a), Ph (384b)) and SnCl2 (283) with Li

(BHsBu3).
148 The 119Sn Mössbauer spectrum showed two dif-

ferent quadrupole-splitting sites that were assigned to the six

ligand-bound outer Sn atoms and the Sn9 cluster core. The

bond lengths of the central Sn atom to the unsubstituted Sn

atoms range from 3.15 to 3.18 Å, while the distances between

unsubstituted and ligand-bound cluster atoms are in the range

from 2.99 to 3.02 Å. In the case of the anionic [Sn17]
4� cluster

the bond distances between unsubstituted cluster atoms range

from 2.896 to 3.286 Å, with the bonds to the central Sn atom at

3.073 to 3.124 Å. For comparison, the bond distances in the

b-Sn modification were found to be 3.016 and 3.175 Å.195

1.03.3 Lead

1.03.3.1 Introduction

With the decrease in bond energies when going down group

14, molecules with E–E bonds become less stable. While now-

adays a fairly large number of polysilanes are known, ranging

from examples with rather high structural complexity to poly-

mers with several hundred catenated silicon atoms, the situa-

tion for germanium and tin is much more manageable. With

respect to polyplumbanes, containing Pb–Pb bonds, a fair

number of diplumbanes are known, while there are only very

few compounds containing more than one Pb–Pb bond. While

true polymers of catenated silicon, germanium, and even tin

atoms are well-established classes of compounds, with poly-

stannanes being fairly light sensitive, no examples of poly-

plumbanes have been reported so far.

The chemistry of organolead compounds experienced its

climax during the times when tetraethyllead was used as an

anti-knock additive in gasoline. It has been covered in several

reviews,372–375 with the one by Weidenbruch373 being the

most recent. A marvelous description of ‘the rise and fall of

tetraethyllead,’ which also covers some diplumbane chemistry,

was given recently by Seyferth.376,377 A most comprehensive

treatment of the early chemistry of organolead compounds up

to the late 1960s is given by Voronkov and Abzaeva.5

1.03.3.2 Synthetic Methods

As there are comparatively few examples of diplumbanes and

even fewer examples of oligoplumbanes, the synthetic

methods utilized for their preparation are outlined below in

the respective sections.

1.03.3.3 Reactivity of the Pb–Pb Bond

The cleavage of or insertion into the weak Pb–Pb bond (Pb–Pb

ca. 100 kJ mol�1, Pb–C ca. 130 kJ mol�1)378 has been studied to

some extent. A number of nucleophilic and weakly electrophilic

reagents (organolithium and organomagnesium compounds,379

alkali metals,46,380–382 potassium permanganate,383 alkali-metal

alkoxides,47,379 diaryl disulfides,379 sulfur,384 ozone,379 hypo-

chlorous acid,379 and iodine/iodide379) selectively cleave the

Pb–Pb bond of hexaphenyldiplumbane (385).379 The phenyl–

lead bond is preserved under these conditions. Cleavage of the

Pb–Pb bonds of hexaalkyldiplumbanes with halogens proceeds

cleanly to the triorganylplumbyl halides. In the case of arylated

diplumbanes, Pb–C bonds are also split to a considerable degree

under these conditions.385

Promoted by daylight, the insertion of chalcogens into the

Pb–Pb bond of Ph3PbPbPh3 (385) can be accomplished with

organic dichalcogenides R0EER0 (E¼S, Se, Te, R0 ¼nBu, Ph) to

produce the corresponding organolead chalcogenides

Ph3PbER
0 [R0 ¼Bu (386), Ph (387)].386 Catalyzed by tBu3P,

elemental tellurium efficiently inserted into the Pb–Pb bond

of Ph3PbPbPh3 (385) as well, giving Ph3PbTePbPh3 (388).
234

Photolysis of hexaphenyldiplumbane (385) in benzene in the

NBu3

Sn
SnSn
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Sn
Sn

Sn

Sn Sn
Sn

Sn
Sn

Sn
Si(SiMe3)3

SnBr + (Me3Si)3SiLi.3THF

(Me3Si)3Si

(Me3Si)3Si

(Me3Si)3Si

(Me3Si)3Si

(Me3Si)3Si

Si(SiMe3)3

Si(SiMe3)3

Si(SiMe3)3

Si(SiMe3)3

17 %

Traces

+

380

381
300

toluene ½30�

[Ar�Sn(μ-H)]2

Sn
Sn Sn Sn

SnSn
Sn

Sn
Sn

Ar�Ar�

Ar�

toluene
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377
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Ar� = 2,6-(2,4,6-iPr3C6H2)C6H3

½29�
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presence of tert-butylperoxide yielded the triphenylplumbyl

radical (389).12 Electron spin resonance spectroscopy was

used to study spin adducts from the reaction of plumbyl rad-

icals with quinones on several occasions.387–390

Not much is known about reactions of diplumbanes with

transition metals. Work by Eaborn, Pidcock, and others

showed that the initial product of the reaction of Ph6Pb2
(385) with [Pt(C2H4)(PPh3)2] is cis-[PtPh(Pb2Ph5)(PPh3)2]

(390) which, after some time, decomposes to cis-[PtPh

(PbPh3)(PPh3)2] (391).391–393 This facile oxidative addition

of the Pb–Ph bond allowed similar reactions with compounds

such as PhPbMe3 (392).
393

1.03.3.4 Structural Features of the Pb–Pb Bond

A search for Pb–Pb single bond in the Cambridge Crystallo-

graphic database (Conquest 1.12) yielded 44 hits. Excluding

Zintl-type clusters and bonds of divalent Pb atoms to each

other left 16 compounds with 25 Pb–Pb bonds. The bond

distances ranged from 2.839 Å for hexaphenyl- (385) and

1,1,2-triphenyl-1,2,2-tri(4-tolyl)diplumbane (393)394,395 to

3.201 Å for hexakis(2,4,6-triethylphenyl)cyclotriplumbane

(394),396 with the mean value being 2.946 Å. For diplum-

banes, which constitute with 12 examples the majority of the

structurally characterized compounds, the Pb–Pb bonding dis-

tance falls within the range of the above-mentioned 2.839 and

2.970 Å for 1,2-bis(trimethylsilyl)methyltetramethyldiplumbane

(395).397 Like 13C, 29Si, and 117/119Sn, lead also possesses an

NMR-active isotope with nuclear spin 1/2. 207Pb has a natural

abundance of 22.1%, relative sensitivity of 9.2�10�3 compared

to 1 for 1H and a resonance frequency of 104.60 MHz relative to

500 MHz for 1H. NMR techniques and the chemical-shift

behavior of organolead compounds has been the subject of

several reviews.13,398,399 Comparison of UV-absorption data of

some oligoplumbanes with structurally related oligomers of

other heavy group-14 elements revealed the expected bathochro-

mic shift for the plumbanes, consistent with low energy s–s*
transitions.400

1.03.3.5 Diplumbanes

1.03.3.5.1 Synthesis
Reexamining the papers published by Löwig401 in 1853 on the

synthesis of tetraethyllead (396), it now seems evident376 that

hexaethyldiplumbane (397), the first diplumbane, was also

formed as a byproduct. Unfortunately, this was not recognized

by Löwig. With rather unclear perceptions on the valence

properties of lead, it was not until 1923 that Calingaert and

coworkers402 unequivocally proved the existence of hexaethyl-

diplumbane formed by electrolysis of Et3PbOH (398). While

Löwig’s synthesis engaged the reaction of ethyl iodide with a

Pb–Na alloy, the preparative methods currently utilized

involve the reaction of appropriate Grignard reagents with

PbX2 or Pb(OAc)4.
385 The use of PbCl4 or K2PbCl6 is discour-

aged because of the strong oxidizing character of these

reagents.

Depending on the conditions, reactions with Grignard re-

agents lead either to mono- or diplumbanes. While the primary

products formed in these reactions are the unstable plumbylenes

R2Pb, temperature is a decisive parameter for the formation of

either mono- or diplumbanes. If the reaction is heated at about

80 �C,mainly R4Pb and elemental lead are formed. Alternatively,

temperatures below 40 �C (refluxing Et2O) lead to the almost

exclusive formation of diplumbanes (hexaalkyl or -aryl) and lead

(Scheme 36). The series of arylated diplumbanes of the type

R3PbPbR3 prepared this way includes R¼phenyl (385), o-Tol

(399),m-Tol (400), p-Tol (401), p-anisyl (402), 1-naphtyl (403),

and 2-naphtyl (404).403

An unusually bulky diplumbane (405) was formed in

the reaction of 2,4,6-tris(tert-butyl)phenyllithium with PbCl2.

RMe2SiArN

Sn Sn

Sn
Sn Sn

SnSn

Sn
SnSn

Sn

Sn

SnSn

RMe2SiArN

NArSiMe2R

NArSiMe2R

NArSiMe2RRMe2SiArN Sn

[{Sn[N(2,6-iPr2C6H3)SiMe3](m-Cl)]2

KC8

Sn[N(2,6-iPr2C6H3)SiMe2R]2 + SnCl2

Li(BHsBu3)

283384a,b 383

R = Me (382a),
Ph (382b)

Ar = 2,6-iPr2C6H3

Scheme 35 Formation of metalloid clusters by reduction of organostannylene chlorides.

PbCl2 + RMgBr
Et2O R2Pb

80°C

35°C

R4Pb

R3PbPbR3

Scheme 36 Temperature dependence of diplumbane versus
monplumbane formation.
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Instead of the expected plumbylene Ar2Pb, a diplumbane was

formed with rearranged arylalkyl substituents (Scheme 37).404

An inherent limitation of this method for the preparation of

diplumbanes is that it yields only symmetrically substituted com-

pounds. Reactions of Ar3PbLi with Ar03PbCl (Ar¼Ar0 ¼Ph, o-Tol,

p-Tol) gave inseparable mixtures of Pb2Ar6�nAr0n (n¼0–6) in-

stead of the expected asymmetric diplumbanes Ar3PbPbAr
0
3

(406).394 Changing to the more soluble Ar03PbI improved the

situation but still could not fully suppress the formation of the

symmetric compounds Pb2Ar6 and Pb2Ar
0
6 (Ar¼o-Tol, m-Tol,

p-Tol, 2,5-Xyl, 2,4-Xyl, p-Anis, 2-Napht; Ar0 ¼o-Tol, m-Tol, p-Tol,

2,5-Xyl, 2,4-Xyl).405

Formation of (CF3Me2Pb)2 (407) was possible by base-

catalyzed dehydrogenation of CF3Me2PbH (408) (eqn

[31]).406,407

2 CF3Me2PbH
THF/−70 �C

CF3Me2PbPbMe2CF3
cat. pyridine or DMF

408 407

½31�
A few diplumbanes with silyl and germyl substituents are

known. Reacting Ph2PbCl2 (409) with (Me3Si)3SiLi gave, in

addition to the expected [(Me3Si)3Si]2PbPh2 (410),

[(Me3Si)3Si]Ph2PbPbPh2[Si(SiMe3)3] (411) as the major

product.408 Repeating the reaction with (Me3Si)3GeLi (14) led

to an almost identical situation, with [(Me3Si)3Ge]

Ph2PbPbPh2[Ge(SiMe3)3] (412) being the major product

(37%), accompanied by [(Me3Si)3Ge]2PbPh2 (413) (26%).409

The UV/vis spectra of [(Me3Si)3Si]Ph2PbPbPh2[Si(SiMe3)3]

(411) and [(Me3Si)3Ge]Ph2PbPbPh2[Ge(SiMe3)3] (412) showed

strong absorptions at 369 and 375 nm, respectively, consistent

with s-electron delocalization. Formation of both diplumbanes

was postulated to occur via transient formation of the radical

[(Me3Si)3E]PbPh2 (E¼Si (410), Ge (413)).

While a related reaction of Ph2PbCl2 with (Me3Si)3CLi gave

[(Me3Si)3C]Ph2PbPbPh3 (414) instead of the expected

[(Me3Si)3C]Ph2PbPbPh2[C(SiMe3)3] (415),410 the analogous

methylated derivative [(Me3Si)3C]Me2PbPbMe2[C(SiMe3)3]

(416) formed smoothly by reaction of [(Me3Si)3C]Me2PbBr

(417) with either Ph3SnLi or Mg.397

The reaction of (tri-tert-butylplumbyl)lithium (418) with

diphenyl- and amino(phenyl)phosphorus chlorides led to the

formation of hexa-tert-butyldiplumbane (419) and the respec-

tive diphosphanes.411

The availability of plumbates facilitates the synthesis of

asymmetric diplumbanes by the reaction of R3PbM with

R1
3PbX.

405

The reaction of trialkylplumbyl methoxides (R¼Et (420),
nPr (421), nBu (422)) with diborane led to formation of trialk-

ylplumbyl boranates R3PbBH4 (R¼Et (423), nPr (424), nBu

(425)) which at temperatures above�20 �C slowly decompose

to diplumbanes R3PbPbR3 (R¼Et (382), nPr (426), nBu

(427)), diborane, and hydrogen.412

1.03.3.6 Oligoplumbanes

It is interesting to note that the number of compounds with

more than one Pb–Pb bond is extremely small. As early as

1964, Willemsens and van der Kerk reported the synthesis of

the bright red (Ph3Pb)4Pb (428).413,414 Reinvestigating an

older report by Krause415 on the formation of diphenyllead,

(Ph3Pb)4Pb (428) was obtained by simultaneous hydrolysis

and oxidation of Ph3PbLi (429) (Scheme 38). Although the

identity of 428 was strongly suggested by elemental analysis

M

M = Li, MgBr

PbCl2 CH3

CH3

CH2 PbBr

3

CH3

CH3

CH2 Pb

3

CH3

CH3

CH2

3

Pb+

405

Scheme 37 Formation of a bulky diplumbane by rearrangement of a diarylplumbylene.

Ph3PbLi
ice salt

H2O2

PbPh3

PbPh3Pb PbPh3

PbPh3

3 I2 4 Ph3PbI + PbI2
429

428

430

Scheme 38 Formation of a neopentaplumbane by simultaneous hydrolysis and oxidation of Ph3PbLi.
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and reaction with iodine, which gave four equivalents of

Ph3PbI (430) and PbI2, crystallographic and NMR spectro-

scopic characterization are still missing. UV/vis spectroscopy

of this and related compounds with other group-IV elements

revealed that only compounds containing at least one Pb atom

are colored.400 In addition to an absorption band at 358 nm,

which would be consistent with a triplumbane, (Ph3Pb)4Pb

was found to exhibit another strong absorption band at

444 nm.400

Almost 40 years after Willemsens’ work, Weidenbruch416

reported the formation of the structurally related (Ph3Pb)3
PbMgBr (431) (eqn [32]) followed by a similar study by

Robinson417 about (Bp3Pb)3PbMgCl (432) (Bp¼4-biphenyl)

(eqn [33]). Single-crystal-diffraction studies of both plumbates

reveal elongated Pb–Pb bonds of around 2.97 Å compared to a

mean value of 2.857 Å for Ar3PbPbAr3.
394,395,417–420 Neither

NMR spectroscopic properties ((Ph3Pb)3PbMgBr was de-

scribed as very insoluble at low temperature and not stable at

higher temperature)416 nor basic reactivity of the plumbates

were reported.

PbBr2+ PhMgBr
THF

[(THF)5MgBr]+[:Pb(PbPh3)3]−

431

½32�

The only known cyclic molecule with several Pb–Pb bonds

is hexakis(2,4,6-triethylphenyl)cyclotriplumbane (394), also

reported by Weidenbruch.396 By delicate tuning of the steric

properties of the aryl group, the cyclotriplumbane can be con-

sidered as an alternative arrangement to the monomeric

(plumbylene, e.g., Ar¼2-tBu-4,5,6-Me3C6H) and dimeric

forms (diplumbene, less bulky substituent, f.i

Ar¼2,4,6-iPr3C6H2) of Ar2Pb (Scheme 39). This assignment

is further supported by the unusually long Pb–Pb bonds

(3.184 Å) and the orientation of the substituents at Pb, which

are twisted by some 37� out of the ideal positions.396

1.03.3.7 Lead Clusters

The chemistry of Zintl-type cluster ions such as Pb5
2�, Pb9

3�,
and Pb9

4� and related structures of Si, Ge, and Sn has become

the subject of intense research over the last some 20 years. It

will therefore be treated in Chapter 1.08. Through the use of

coordinating agents, many of these ions have been brought

into solution and could even be derivatized. For lead clusters,

alkyl- or aryl-substituted examples are not known, but Klin-

khammer and coworkers were able to obtain tris(trimethylsilyl)

silylated lead clusters.421 During investigations concerning the

reaction of [(Me3Si)3Si]2Pb (433)422 with PH3, which leads

mainly to the heterocubane [(HypPPb)4] (434) [Hyp¼Si

(SiMe3)3], a molecular lead cluster [Pb12Hyp6] (435) was

obtained in minute amounts. Crystal-structure analysis showed

the Pb atoms to constitute a distorted icosahedron. In the course

of verification of the assumed intermediate HypPbH (436), the

reaction of Hyp2Pb (433) with a copper hydride gave another

molecular lead cluster [Pb10Hyp6] (437) in a yield of 47%. The

observed Pb10 core with approximately C3v symmetry can be

envisioned to be constructed from a Pb12 icosahedron by repla-

cing one trigonal face by a single Pb atom.421

1.03.4 Conclusion

Compared to the chemistry of catenated silicon compounds,

the related areas of the analogous chemistry of germanium, tin,

and lead are much less developed. The research efforts in these

fields are quite different. In particular, the chemistry of cate-

nated lead compounds has been developed very little. One

reason for this is certainly the weak Pb–Pb bond, but the

chemistry of polyplumbanes suffers from more than problems

associated with weak bonds. The decline of the use of organo-

lead compounds as additives for gasoline was strongly con-

nected to a growing awareness of the toxicological properties of

these substances. The stigma of being a notorious class of

compounds has also become attached to oligoplumbanes

and, consequently, not much research in this field has been

published over the last decade.

The situation for catenated germanium compounds is ham-

pered by some other problems. Probably the most serious

problem of germanium chemistry in comparison to silicon

and tin is the high commodity price of germanium. With

germanium compounds being 102–103 times more expensive

than the analogous silicon compounds, research on germa-

nium chemistry needs to establish germanium as an element

with unique properties and a unique chemistry in order to

justify any application of germanium in synthesis or in indus-

try. Together with some analytical problems associated with

germanium, namely the difficulties in applying NMR spectros-

copy, the cost problem has likely impeded systematic advances

in the chemistry of oligo- and polygermanes for a long time.

Only very recently have several research groups begun investi-

gations into the development of methods for the formation of

Ge–Ge bonds. The results of these studies have already indi-

cated a surprisingly unique behavior of germanium compared

to silicon and tin. Therefore, it seems likely that further re-

search can be expected in this area.

While tin is not expensive and can easily be studied by

NMR spectroscopy, the toxicity of tin compounds has become

an increasing concern in recent years. Nevertheless, the chem-

istry of oligo- and polystannanes is well established. Tin-

containing chemicals have already proven useful for a wide

PbBr2 + 2 RMgBr :PbR2
� 3

R2
Pb

R2Pb PbR2

394
R = 2,4,6-Et3C6H2

Scheme 39 Cyclotriplumbane as trimeric form of a plumbylene.

PbCl2 + BpMgBr
THF

[(THF)3Mg(m-Cl)3Mg (THF)3]+[:Pb(PbBp3)3]-

432
½33�
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spectrum of applications ranging from polymer stabilizers,

wood preservatives, disinfectants, fungicides, material science,

synthetic chemistry, and so on.199,202 Among the compounds

used, the number of those having Sn–Sn bonds is quite small

and mostly limited to distannanes. Applications of these com-

pounds usually employ the Sn–Sn bond as a source of func-

tionality rather than making use of the physical properties.

Distannanes are thus mainly used in organic synthesis to in-

troduce stannyl substituents via catalytic cleavage of the Sn–Sn

bond.423 Frequently, the obtained stannylated compounds are

then used as synthetic intermediates for cross-coupling reac-

tions such as the Stille reaction.196 The comparably high sta-

bility of stannyl radicals has further led to their use as initiators

for polymerization as well as various cyclization reactions.

Usually, these reactions involve organotin hydrides in combi-

nation with AIBN or hexaorganodistannanes, which are irradi-

ated with UV light to generate radicals. Alternatively, a system

based on a polymer-bound distannane was reported.424 The

removal of residues of organotin compounds, a sometimes

difficult task that is of high importance in the synthesis of

pharmaceuticals, is thus facilitated.

Polystannanes are a very interesting class of compounds

with respect to their physical properties. The phenomenon of

s-bond electron delocalization would suggest applications as

molecular semi-conductors, resists for microlithography,

or optoelectronic materials. Good synthetic methods for the

preparation of polystannanes have already been worked out.

However, a major problem impeding immediate application is

associated with their limited stability, especially toward light.

Clearly, this has to be addressed and solved before technolog-

ical applications of this interesting class of compounds can be

expected to emerge.

In contrast to the chemistry of oligo- and polymers of ger-

manium, tin, and lead, which cannot be considered as fields of

very active research, the cluster chemistry of these elements

currently emerges as a very interesting area at the interface of

molecular and solid-state chemistry of group-14 elements. This

development includes both the chemistry of Zintl anions and

the field of compounds in which the oxidation state of the

cluster atoms is close to that of the elemental state. With many

applications of nano-sized materials under intense investiga-

tion, there will be a huge demand for materials with defined

molecular structure and the possibility of selective chemical

manipulation. It is quite likely that nano-clusters of germanium,

tin, and lead will play an important role in this field. While

currently mainly germanium and tin are used as the elements of

choice in this chemistry, there are some examples of related lead

clusters and it can be expected that organolead chemistry may

experience something of a renaissance in this area.
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136. Schnepf, A.; Köppe, R. Z. Anorg. Allg. Chem. 2002, 628, 2914–2918.
137. Schenk, C.; Schnepf, A. Dalton Trans. 2007, 5400–5404.
138. Carberry, E.; Dombek, B. D.; Cohen, S. C. J. Organomet. Chem. 1972, 36,

61–70.
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1.04.1 Introduction

Society has developed synthetic strategies to access essentially

any CdC-bonded molecular framework including carbon-

based materials that exhibit a wide range of properties and

are sometimes superior to those properties observed for

natural compounds. Many analogies have been described

between carbon and phosphorus that are often justified by

the diagonal relationship between the elements in the

periodic table, and the similarities in electronegativity.1 Nev-

ertheless, the extent of established and documented

phosphorus chemistry is limited compared to the vast chem-

istry that is understood for carbon. Moreover, compounds

containing PdP-bonded frameworks are rare compared to

CdC-bonded compounds.2 Although the PdP bond energy

(200 kJ mol�1) is relatively weak compared to the CdC bond

(350 kJ mol�1),3 examples of polyphosphanes,4 polypho-

sphide anions,5,6 and polyphosphorus cations7 have been

isolated and characterized to show that PdP-bonded

frameworks are viable. It is expected that compounds and

materials involving PdP-bonded frameworks will exhibit a

catalog of properties, some of which are not offered by CdC-

bonded frameworks. This chapter provides an overview of the

types of PdP-bonded compounds that have been prepared

and characterized, a listing of synthetic methods, and a

discussion of some of the structural and spectroscopic

features. The discussion is limited to compounds

containing main-group elements, as the synthesis, structure,

and reactivity of compounds containing catena-

phosphorus units bound to transition metals have recently

been reviewed.8

1.04.2 Nomenclature

The catena-phosphorus compounds described and discussed

in this chapter are named using the guidelines recommended

by the International Union of Pure and Applied Chemistry

(IUPAC),9 and in some cases the Chemical Substance Index

edited by the American Chemical Society’s Chemical

Abstracts Service (CA). The three basic nomenclature systems

(compositional, substitutive, and additive) can provide

different unambiguous names for a given compound. The

choice of system depends on the class of inorganic compound

under consideration and the degree of details one wishes to

provide. An emphasis is given to the substitutive nomencla-

ture derived from parent hydride names, inorganic chains,

and ring compounds.10,11 The name construction follows

the general procedure and choice of the senior compound

class of general organic and inorganic chemistry according to

CA’s ‘Index Guide’ or IUPAC’s ‘Blue and Red Book’ and com-

plementary recommendations.12

The ‘substitutive nomenclature’ is based on a parent phos-

phane with a standard population of hydrogen atoms attached

to the skeletal structure. (IUPAC recommends neutral phos-

phorus hydrides are called ‘phosphanes’ which is used

throughout this chapter instead of ‘phosphanes’ according

to the CA index name. The name ‘phosphane’ is no longer

acceptable.) The name of the ‘derivative’ results from the

unsubstituted parent phosphorus hydride by replacing a

hydrogen atom and citing appropriate prefixes (name of a

substituent that is not the principal group (substituent derived

from a functional parent), e.g., ‘methyl–’ (Me–) in ‘methyl-

phosphane’ (MePH2)) or suffixes (name of the principal group

in a substitutive name consisting of prefix(es), molecular-

skeleton parent name, and ending (i.e., suffix), e.g., ‘–phos-

phonic acid’ (dP(]O)(OH)2) in ‘methylphosphonic acid’

(MeP(]O)(OH)2)) of the ‘substitute groups’ (substituents)

in conjunction with locants when required. Additive nomen-

clature also known as coordination nomenclature is typically

used for coordination and organometallic compounds or in-

organic acids in which a compound or species is treated as a

combination of a central atom or atoms with associated li-

gands. For cases where the bonding number of a phosphorus

atom in a compound deviates from the valence number III,

IUPAC uses the l convention to designate formally charge-

neutral structures that contain heteroatoms with nonstandard

valence.13

Table 1 lists parent phosphanes and polyphosphanes to

summarize the recommendations of IUPAC as applied to PH

compounds. The ‘bonding number’ n refers to valence bonds

to a phosphorus atom and is indicated in the compound name

by the symbol ln. The standard valence of phosphorus (PIII)

is not expressed in the compound name. Naming a catena-

phosphorus compound according to substitutive nomenclature
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Table 1 IUPAC nomenclature for parent phosphanes (CA refers to chemical abstracts)

As prefix:

PH3 ’Phosphane’ ‘Phosphan-1-yl-’ H2Pd
CA: ‘Phosphane’ ‘Phosphino–’

PH5 ’l5-Phosphane’ ‘l5-Phosphan-1-yl-’ H4Pd
CA: ‘Phosphorane’ (’-orane’

indicates in CA nomenclature
the degree of saturation of PV.)

‘Phosphoranyl–’

H2PPH2 ‘Diphosphane’ ‘Diphosphan-1-yl-’ H2PPHd
CA: ‘Diphosphane’ ‘Diphosphinyl–’

H2PPHPH2 ‘Triphosphane’ ‘Triphosphan-1-yl-’ H2PPHPHd
CA: ‘Triphosphane’ ‘Triphosphinyl– ’

H2PPHPHPH2 ‘Tetraphosphane’ ‘Tetraphosphan-1-yl-’ H2PPHPHPHd
CA: ‘Tetraphosphane’ ‘Tetraphosphinyl– ’

H4PPH3PH4 ‘Tri-l5-phosphane ‘Tri-l5-phosphan-1-yl-’ H4PPH3PH3d

CA: ‘Triphosphorane’ ‘Triphosphoranyl–’
H4PPHPH4 ‘1l5,3l5-Triphosphane ‘1l5,3l5-Triphosphan-1-yl-’ H4PPHPH3d

H2PPHPH4 ‘1l5-Triphosphane ‘1l5-Triphosphan-1-yl-’ H2PPHPH3d

or ‘1l5-Triphosphan-3-yl-’ H4PPHPHd
H2PPH2 ‘Diphosphane’ vs. HP]PH ‘Diphosphene’ ‘Diphosphenyl-’ HP]Pd

vs. H2P^P ‘l5-Diphosphyne’ ‘1l5-Diphosphynyl-’ P^PHd
H4PPH4 ‘1l5,2l5-Diphosphane’ (CA: ‘Diphosphorane’)

vs. H3P]PH3 ‘1l5,2l5-Diphosphene’ ‘1l5,2l5-Diphosphenyl-’ H3P]PH2d
CA: ‘Diphosphorene’ ‘Diphosphorenyl–‘(’-orene’, ’-

oradiene’, ’-oryne’,
etc., indicates in CA
nomenclature the degree
of unsaturation of PV.)

H2PPHPH2 ‘Triphosphane’ vs. H2PP]PH ‘Triphosph-1-ene’ ‘Triphosph-1-enyl-’ H2PP]Pd
or ‘Triphosph-3-enyl-’ HP]PPHd

vs. H3P]PH]PH3 ‘1l5,2l5,3l5-Triphospha-1,2-diene’
CA: ‘Triphosphora-1,2-diene’

‘1l5,2l5,3l5-Triphospha-1,2-
dienyl’

H3P]PH]PH2d

vs. HP]P^P ‘2l5-Triphosphenyne’ ‘2l5-Triphosphenynyl-’ P^P]Pd
CA: ‘Phosphinidenephosphinidynephosphorane’
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generally involves the replacement of hydrogen atoms in a

phosphane with other atoms or atom groups. Homopolynuc-

lear (catena) phosphorus hydrides are constructed by prefixing

the ‘-ane’ name of PH3 with the appropriate multiplicative prefix

(‘di’, ‘tri’, ‘tetra’, etc.) corresponding to the number of consecu-

tive phosphorus atoms. In cases where the bonding number of a

phosphorus atom of the chain bonded in a series is different

from n¼3, the name of the catena-phosphane is formed as if all

the phosphorus atoms adopt standard bonding numbers, but is

preceded by locants and using the l convention.

Unsaturated acyclic phosphorus hydrides are not classified

as parent hydrides. The names of phosphorus chains contain-

ing unsaturation are derived in substitutive nomenclature by

following the rules as used for the corresponding hydrocarbon

chain with the final syllable ’-ene’ (alkene) or ’-yne’ (alkyne).

(The final degree of unsaturation is expressed by a numerical

term; ’-ene’ (1 bond) etc.; ’-enyne’ (1 doubleþ1 triple bonds),

’-dienyne’ (2 doubleþ1 triple bonds), ’-enediyne’ (1 doubleþ2

triple bonds), etc.; The numbering of the double bond

follows the hierarchical rules of the substitutive nomenclature

and will be derived after various groups and modifications

have been numbered.) For double-bonded isomers (configu-

rational isomers) the relative stereodescriptors ’(E)’ or ’(Z)’

are used for the assignment, as illustrated in Figure 1.

(A reference plane is vertical to each double-bond plane

which contains the atoms directly connected to the double

bond. Taking into account the priority order of the substitu-

ents attached to the phosphorus atoms, the configuration is

assigned ’(Z)’ where the higher priority substituents are

on the same side of the reference plane and ’(E)’ where the

higher priority substituents are on the opposite side of the

reference plane. IUPAC still accepts the relative stereodescrip-

tors ’(cis)’/’(trans)’ instead of ’(Z)’/’(E)’.)

For catena-phosphorus derivatives containing special sub-

stituents, the name of the heterochain is derived as previously

described. The special substituent is designated either as a

prefix or by an additive name. (The recommendations for

monovalent-acyl prefixes in CA or IUPAC nomenclature are

derived from P-oxoacids with or without acid function. For

compounds where the acid function is lost by replacement

of OH groups, compounds of lower priority are generated,

e.g., acid vs. acid halide or an amide.) The recommendations

for monovalent-acyl prefixes for acidic- and nonacidic-acyl

prefixes are summarized in Table 2 including pseudoesters

dPdX-acyl, pseudoacids dP(]X)(Y), pseudoketones dP

(]X) or dP(]X)d, pseudoalcohols dPdXH or dPVdXH,

and P-acyl-substituted homogeneous heterochainsdPdacyl

or PVdacyl (X¼O, S, Se, Te; Y¼OH, OR, Hal; Figure 2).

(def. acyl: a group that can be mono- or polyvalent and is

formed by a subsequent removal of OH groups and/or chal-

cogen analogs from an acid. E.g. P(]O)(OH)2
�, MeP(]O)

(OH)2
�, PH(]O)(OH)–, PH(]O)–. In additive nomencla-

ture prefixes are derived for formic acids, carbonic acids and

analogs as well as for alcohols, aldehydes and carboxylic acids

according to organic nomenclature. E.g. RO- ’alkoxy-’; H(C]X)–

’formyl-’ (X¼O), ’(thioxomethyl)-’ (X¼S), ’(selenoxomethyl)-’

(X¼Se), ’(telluroxomethyl)-’ (X¼Te); MeC(]O)– ’acetyl-’;

PhC(]O)– ’benzoyl’; PhC(]O)O ’benzoyloxy-’. In certain

cases the special substituent is designated by an additive name. A

heteroatom (OII, SII, SeII, TeII) added to a phosphorus atom with

its standard valence (l convention is considered for the other

phosphorus atoms) is denoted by means of a modification

after the parent name, parent nameþ suffix, or after the

functional-parent name. Modification: ’oxide’ (O]), ’sulfide’

(S]), ’selenide’ (Se]), ’telluride’ (Te]). A heteroatom (OII, SII,

SeII, TeII) added to a phosphorus atom of a substituent that

H

H

H
H E

E

Z

Z

Tetraphospa-1,3-diene
(CA: Tetraphosphi-1,3-diene)

(1Z,3Z)- (1E,3E)-

Me

tBu

tBu
tBu

tBu

tBu

tButBu

tBu tBu

1,1,3,3-Tetra-tert-butyl-
1-methyl-1λ5-triphosph-1-ene

(E)-3,3-Di-tert-butyl-1-
(2,4,6-tri-tert-butylphenyl)triphosph-1-ene

PPh2

Ph2

2-(Diphenylphosphanyl)-
1,1,3,3-tetraphenyltriphosphane

1,2,3-Tri-isopropyl-
triphosphane

iPriPr

iPr

H H

Ph2

Figure 1 Examples of polyphosphanes to illustrate IUPAC nomenclature.
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cannot be expressed by a parent name is named in the substit-

uent by a pseudoprefix and a corresponding locant; pseudopre-

fix: ’oxido-’ (O]), ’sulfido-’ (S]), ’selenido-’ (Se]), ’tellurido-’

(Te]). Pseudoprefixes are treated like prefixes although no H

atoms of the parent compound are substituted. Exceptions are

made when names are derived from a mononuclear formal

phosphane or l5-phosphane. Derivatives with ]X and –YH

or ]X and –Hal, e.g., P(]X)YH, P(]X)Hal or PV(]X)YH,

PV(]X)Hal (X¼O, S, Se, Te, NH; Y¼O, S, Se, Te, OO, OS,

etc; –Hal¼–F, –Cl, –Br, –I, –N3, –NCO, etc., –NC, –CN, –OR,

–NH2, –NHNH2, –OCN, etc., (^N)) are denoted as oxoacids

or their derivatives. It is important to note that oxoacids and

derivatives thereof are higher priority. For a detailed description

see IUPAC’s ‘Blue Book.’)

CA and IUPAC recommend the Hantzsch–Widmann

names for unsaturated and partly saturated heteromonocycles

containing ten or fewer ring members (�10 ring members).

(Unsaturation is understood in terms of the maximum num-

ber of noncumulative double bonds with heteroatoms in

their standard valence. The presence of at least one double

bond in the ring is required. The prefix ’hydro-’ (if necessary)

with a corresponding multiplying affix is employed without a

corresponding locant for heteromonocycles with 6–10 ring

members (however, not for ’perhydro-’). For homogeneous

heteromonocycles with ring members >10, replacement

names are employed, however, cyclophosphanes with more

than 10 phosphorus atoms are not considered here. In CA

nomenclature the nonstandard valence of a heteroatom in

heterocycles is addressed by the prefix ’hydro-’ when the

usual rules for substitutive nomenclature (see Blue Book) can-

not be applied. In such cases IUPAC recommends the l con-

vention. For cyclic structures with cumulative double bonds,

except for chain and ring structures whose names are based on

saturated structures, the d convention is used; dn, n¼number of

double bonds terminating in a molecular-skeleton atom.)

Table 2 Mono- and multivalent-acyl prefixes. (This table contains
only the IUPAC recommendations for acyl names and acyl replacement-
analog names for mono- and multivalent-acyl prefixes.)

P(]O)(OH)2d ‘Phosphono-’
P(OH)2d ‘Dihydroxyphosphanyl-’
PH(]O)(OH)d ‘Hydrohydroxyphosphoryl-’
PH2(]O)d ‘Phosphinoyl-’
PH(OH)d ‘(Hydroxyphosphanyl)-’
PH2d ‘Phosphanyl-’
P(]X)2d ‘Dioxo-l5-phosphanyl-’ (X¼O), ‘dithioxo-l5-

phosphanyl-’ (X¼S), ‘diselenoxo-l5-
phosphanyl-’ (X¼Se), ‘ditelluroxo-l5-
phosphanyl-’ (X¼Te)

P(]X)d ‘Oxophosphanyl-’ (X¼O), ‘thioxophosphanyl-’
(X¼S), ‘selenoxophosphanyl-’ (X¼Se),
‘telluroxophosphanyl-’ (X¼Te)

PH2(]X)d ‘Phosphinoyl-’ (X¼O), ‘phosphinothioyl-’
(X¼S), ‘phosphinoselenoyl-’ (X¼Se),
‘phosphinotelluroyl-’ (X¼Te)

PH2(]NH)d ‘Phosphonamidoyl-’
PH(]X)(NH2)d ‘Phosphonamidoyl-’ (X¼O),

‘phosphonamidothioyl-’ (X¼S),
‘phosphonamidoselenoyl-’ (X¼Se),
‘phosphonamidotelluroyl-’ (X¼Te)

PH(]NH)(NH2)d ‘Phosphonamidimidoyl-’ (X¼O)
PH(^N)d ‘Phosphononitridoyl-’
P(]O)OHd ‘Phosphinico-’
PH(]X)d ‘Phosphonoyl-’ (X¼O), ‘phosphonothioyl-’

(X¼S), ‘phosphonoselenoyl-’ (X¼Se),
‘phosphonotelluroyl-’ (X¼Te)

dP(]X)d ‘Phosphoryl-’ (X¼O), ‘phosphorothioyl-’
(X¼S), ‘phosphoroselenoyl-’ (X¼Se),
‘phosphorotelluroyl-’ (X¼Te)

PHd ‘Phosphanediyl-’
dPd ‘Phosphantriyl-’
PH(]NH)d ‘Phosphonimidoyl-’
P(^N)d ‘Phosphoronitridoyl-’

HC

Thioxo-
diphosphane

(2E)-(2,4,6-Tri-tert-butylphenyl)-
1-sulfanyldiphosphene

2-(Diphenylphosphinothioyl)-
1,1,3,3-tetraphenyltriphosphane

1,3-disulfide

iPr

1,1,3,3-Tetraethyl-2-isopropyl-
triphosphane 1,3-dioxide

O

SS

1-(Benzoyl)-2,2-dimethyl-
diphosphane

O

S

SS

O

MeMe

1,1,2,2-Tetramethoxy-
diphosphane 1,3-disulfide

SH

1,1,3,3-Tetrafluoro-2-sulfanyl-
triphosphane 1,3-disulfide

SS

1,1,2,3,3-Pentahydroxy-
triphosphane 1,2,3-trioxide

OO

OHO

Me
O

2-Ethylidene-1,1-dihydroxy-
diphosphane 1-oxide

S SH

tButBu

tBu

(MeO)2 (MeO)2
Et2 Et2 Ph2Ph2

Ph2

F2F2

(OH)2

(OH)2(OH)2

H2

Figure 2 Selected examples for the nomenclature of substituted catena-phosphorus derivatives.
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Homopolynuclear saturated phosphorus monocycles can also

be constructed by prefixing the ‘-ane’ name of the mononuclear

phosphorus(III) hydride PH3 with the appropriate multiplica-

tive prefix (‘di’, ‘tri’, ‘tetra’, etc.) corresponding to the number of

consecutive phosphorus atoms in conjunction with the prefix

cyclo (Figure 3; The constitution of polyphosphanes (RxPx) with

more than six phosphorus atoms normally involves side-chain

substituted arrangements rather than the formation of a

x-membered ring. The same normally accounts for polycyclic

phosphanes in which the constitution of the system is the result

of the maximum number of fused cyclopentaphosphane and

cyclotetraphosphane rings.)

Radicals, ions, and related species containing phosphorus

can be formally considered as derived from parent hydrides or

characteristic groups by the loss of hydrogen atoms, or by the

addition or loss of hydrogen ions. (The term ‘free’ for radicals is

no longer accepted, since radicals are distinct chemical species.

However, in subsequent recommendations on organic nomen-

clature, the term ‘group’ is used rather than ‘radical’ to

designate a substituting group. Although prefixes are used to

designate a mononuclear species, the free valency does not

necessarily reside on the radical or ionic center.) Depending

on the operation, the number of hydrogen atoms that can be

substituted are altered at the radical or ionic centers and

are described mainly by the operational suffixes or prefixes.

(Operational suffixes are used to indicate that the number of

hydrogen atoms to be substituted is different from that implied

by the parent name or suffix name, e.g. ‘-ium’, ‘-ylium’, ‘-ide’,

and the traditional subtractive suffixes such as ‘-yl’, ‘-ene’, and

‘-yne’ are introduced to express the final degree of unsaturation

of a parent hydride (vide supra).

Table 3 lists examples of cationic compounds that can be

considered as formally derived by the addition of hydrons to a

phosphorus hydride in its standard bonding state by adding

the suffix ’-ium’ to the root of the compound name. (’Hydrons’

stands for the naturally occurring mixture of protons, deu-

terons, and tritons. In the following only the name proton,
1Hþ, will be used for simplicity. In the case of the mononuclear

Unsaturated
saturated

Unsaturated
saturated

'-irene' '-ete' '-ole' '-in(e)'a,b

'-irane' '-etane' '-olane' '-inane'c

'-iridine'd '-etidine'd '-olidine'd '...hydro...-in(e)'b,d

'-epin(e)'a '-ocin(e)'a '-onin(e)'a '-ecin(e)'a

'-epane' '-ocane' '-onane' '-ecane'
'...hydro...-epine'd '...hydro...-ocine'd '...hydro...-onine'd '...hydro...-ecine'd

a) Deviating from IUPAC, CA uses for saturated phosphorus monocycles, exclusively the Hantsch–Widmann
names. For unsaturated N-containing 6- to 10-membered rings, CA employs '-ine', '-epine', '-ocine', '-onine',
and '-ecine'; for non-N-containing unsaturated rings the names are derived without a final 'e' ('-in', '-epin', '-
ocin', '-onin', and '-ecin'); b) IUPAC recommends for unsaturated P-containing 6-membered rings: '-inine',
CA 'phosphor-' directly before '-in(e)'; c) CA: '-ane'; IUPAC: '-inane'; d) CA nomenclature, when N-containing;
IUPAC recommends '-epane', '-ocane', '-onane', and '-ecane', for all saturated 7- to 10-membered rings.

Pentaphospholane
or Cyclopentaphosphane

Triphosphirane
or Cyclotriphosphane

Hexaphosphinane
or Cyclohexaphosphane

Nonaphosphonane
or Cyclononaphosphane

Diphosphirane

1H-Diphosphirene

NH

Azadiphosphiridine

Te

F3C CF3

CF3

2,3,4-Tris(trifluoromethyl)-
telluratriphosphetane

1-(Triphenylstannyl)-
1H-triphosphirene

SnPh3

1,2-Diphosphinine

H
N

CA: 3,3,4,5-Tetrahydro-1H-1,2,3-azadiphosphole
IUPAC: 4,5-Dihydro-1H-3l5-1,2,3-azadiphosphole

CA: 1,4-Dihydrohexaphosphorin
IUPAC: 1,4-Dihydrohexaphosphinine

H H
H

H H

HH HH

HHHH

HH

H H

H2

HH

H

H
H

H

H
H H

HH
H

Figure 3 Hantzsch–Widmann names and selected examples.
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Table 3 Suffix endings and prefixes to describe phosphorus-centered cations resulting from addition of Hþ to a phosphorus hydride

Operation Suffix Cation substituent (prefix) Examplesa

PH3

Phosphane
þHþ H4P

þ

-phosphonium
�H• –PH3

þ

Phosphoniumyl- HH

H
Br

(1-Bromoethyl)
phosphonium

+

P2H2

Diphosphene
þHþ HP]PH2

þ

-diphosphen-1-ium
�H• –P]PH2

þ

Diphosphen-1-ium-2-yl-
–HPþ]PH
Diphosphen-2-ium-2-yl-

Mes*

Mes*

(E )-1,2-Bis(2,4,6-tri-tert-butylphenyl)-
1-methyldiphosphen-1-iuma

Me
+

P2H4 þHþ H2PPH3
þ

-phosphanylphosphonium
-diphosphan-1-ium

�H• �PHPH3
þ

Diphosphan-1-ium-2-yl-
�þPH2PH2

Diphosphan-2-ium-2-yl-

H H

H

H2

H3

1-Methyl-
diphosphan-1-ium

2-Methyl-
diphosphan-1-ium

+

+

þ2Hþ H3PPH3
2þ

-diphosphane-1,2-diium
�H• �PH2

þPH3
þ

Diphosphane-1,2-diium-2-yl-
Me3 Me3

1,1,1,2,2,2-Hexamethyl-
diphosphane-1,2-diium

+ +

P3H5

Triphosphane
þHþ H2PPHPH3

þ

-triphosphan-1-ium
H2PPH2

þPH2

-triphosphan-2-ium

�H• �PHPHPH3
þ

Triphosphan-1-ium-3-yl-
�PHPH2

þPH2

Triphosphan-2-ium-3-yl-
�PH2

þPHPH2

Triphosphan-3-ium-3-yl-

Me

1,1,1,2,3,3-Hexamethyl-
triphosphan-1-ium

1,1,2,2,3,3-Hexamethyl-
triphosphan-2-ium

MeMe

Me2

Me2 Me2

Me3

+

+

þ2Hþ H2PPH2
þPH3

þ

-triphosphane-1,2-diium
H3P

þPHPH3
þ

-triphosphane-1,3-diium

�H• �PHPH2
þPH3

þ

Triphosphane-1,2-diium-3-yl-
�PH2

þPHPH3
þ

Triphosphane-1,3-diium-3-yl-
�PH2

þPH2
þPH2

Triphosphane-2,3-diium-3-yl-

Me

MeMe

1,1,1,2,3,3,3-Heptamethyl

1,1,1,2,2,3,3-Heptamethyl-

triphosphane-1,3-diium

triphosphane-1,2-diium

Me3

Me3

Me3

Me2

+

+
+

+

P4H6

Tetraphosphane
þ1Hþ H2PPHPHPH3

þ

-tetraphosphan-1-ium
. . .

�H• �HPPHPHPH3
þ

Tetraphosphan-1-ium-4-yl-
. . .

Me2

Me

Me

1,1,1,2,3,4,4-Heptamethyl-
tetraphosphan-1-ium

Me3

+

þ2Hþ H3P
þPHPHPH3

þ

-tetraphosphane-1,4-diium
. . .

�H• �H2P
þPHPHPH3

þ

Tetraphosphane-1,4-diium-4-yl-
. . .

Me

Me3 Me3

Me

1,1,1,2,3,4,4,4-Octamethyl-
tetraphosphane-1,4-ium

+
+

aMes*¼2,4,6-tri-tert-butylphenyl.118c
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parent phosphorus hydride PH3 the suffix ’-onium’ is used

(Table 3). E.g. Chlorotrimethylphosphonium (ClMe3P
þ).) In

cations with two or more cationic centers in the same parent

molecular skeleton, the suffixes ’-diium’, ’-triium’, etc.. are

added to the polyphosphane name without the deletion of

the final ’e’. In all cases, appropriate locants of the cationic

center(s) are added as needed. According to substitutive no-

menclature, the suffixes are added individually or in combina-

tion to the name of the phosphane or traditional suffixes are

used to express principal characteristic groups. Locants for the

cationic centers are sometimes omitted, when a cationic center

is fully substituted and locants are cited for the substituents.

The operational suffix ’-ium’, when added to the name of the

phosphane, indicates only that the number of substitutable

hydrogen atoms at the position given by the appropriate locant

has been increased by the addition of a hydron. Accordingly,

there is no change in the bonding pattern at that position from

that of the neutral phosphane.

A cationic center derived formally from the removal of

one or more hydrogen atom as a hydride ion from any position

of a neutral phosphane is named by replacing the final ’e’ by

adding the operational suffixes such as ’-bis(ylium)’, or without

removing ’e’ the operational suffixes such as ’-bis(ylium)’, ’-tris

(ylium)’, etc., to the name of the phosphane. Locants are used

to describe the position of the cationic center(s) and are placed

in front of the name (Table 4). The systematic name for PH3

(phosphane) must be used for naming cationic (radical) de-

rivatives, because the traditional name phosphane would lead

to the name ’phosphinylium’ (‘phosphinyl’) which is the same

name that would be generated from the well-established name

’phosphinyl’, the name for the acyl groups H2P(O)– derived

from phosphonic acid. However, the latter should be named

according to IUPAC recommendation ’phosphinoyl’. Suffixes

based on ’-ylene’, ’-ylidene’ and ’-ylidyne’, such as ’-ylenium’ or

’-ylidenium’, are not used for describing cationic centers. Sys-

tematically derived prefixes for expressing cationic structural

units as substituents are formed by adding the operational

suffixes ’-yl’, ’-ylidene’, ’-diyl’, etc., with appropriate locants

to the name of the parent cation (Tables 3 and 4). The oper-

ational suffix ’-ylidene’ is to be used only to describe the

presence of a double bond between the substituting group

and a parent hydride or parent substituent. Cationic phospho-

rus substituents with the free valence at a cationic phosphorus

centre may also be derived by changing the ’-ium’ ending

in the parent cation to ’-io’. Thus –PH3
þ may also be named

as ’phosphonio-’. This is especially important in polycations

in which all cationic centers cannot be included in a cationic

parent hydride or parent compound. The part of the structure

which contains most of the cationic centers represents

the cationic parent hydride or parent compound. Locants

for added protons take precedence over locants for

unsaturation.

Analogous to the formation of cations, anions are formed

by the removal of one or more protons (Table 5), by the

addition of one or more hydride ions (Table 6), or by a

combination of both from a parent phosphane. The atom on

which the negative charge resides is considered the anionic

center. An anion formally obtained by removal of protons

from the phosphane is named by adding ’-ide’, ’-diide’, etc. to

the phosphane, with deletion of a terminal ’e’ before ’-ide’ but

Table 4 Suffix endings and prefixes for phosphorus-centered cations resulting from loss of hydride ions

Operation Suffix Cation substituent (prefix) Examples

PH3

Phosphane
�H– H2P

þ

-phosphenium
-phosphanylium

�H• �PHþ
Phospheniumyl-
Phosphanyliumyl-

Me Me
Dimethyl-

phosphanylium

+

�2H� HP2þ

-phosphabis(ylium)
�P2þ
Phosphabis(ylium)yl-

PH5

l5-Phosphane
�H� H4P

þ

-l5-phosphanylium (This cation can also be named
by adding the suffix ‘-ium’ to the name of PH3 where
phosphorus is in the standard valency
(phosphonium) by formally adding a hydron
(Table 2), the use of ’-ylium’ in combination with the
l-convention is much preferred.)

�H• �PH3
þ

-l5-Phosphanyliumyl-

P2H4 �H� H2PPH
þ

-phosphanylphosphenium
-phosphanylphosphanylium
-diphosphan-1-ylium

�H• �PþPH2

Phosphanylphospheniumyl-
Phosphanylphosphanyliumyl-
Diphosphan-2-ylium-2-yl-
�PHPHþ
Diphosphan-1-ylium-2-yl-

Me2

1,2,2-Trimethyl-
diphosphan-1-ylium

+

P2H4 �2H– H2PP
2þ

-diphosphan-1-bis(ylium)
HPþPHþ

-diphosphan-1,2-bis(ylium)

�H• �PHPþ2
Diphospha-1-bis(ylium)-2-yl-
�PHþPHþ
Diphospha-1,2-bis(ylium)-2-yl-

P3H5

Triphosphane
�H– H2PP

þPH2

-triphosphan-2-ylium
-bis(phosphanyl)phosphenylium
HPþPHPH2

-triphosphan-1-ylium

�H• �PHPþPH2

Triphosphan-2-ylium-3-yl-
�PþPHPH2

Triphosphan-3-ylium-3-yl-

Me2 Me2

1,1,3,3-Tetramethyl-
triphosphan-2-ylium

+
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not in any other cases. Also in this case the locants for removed

protons take precedence over locants for unsaturation. Analo-

gous to the naming of cations, systematically derived prefixes

for expressing anionic structural units as substituent (cation

substituent as prefixes) are formed by adding the operational

suffixes ’-yl’, ’-ylidene’, ’-diyl’, etc., with appropriate locants to

the name of the parent phosphane. This also applies for corre-

sponding phosphorus radicals (vide infra). If an anion results

from the addition of a hydride ion, the operational suffix ‘-

uide’ or ‘-diuide’, etc. replaces the ‘e’ of the phosphane. The

operational suffix ‘-ide’, ‘-diide, etc. can also be used in com-

bination with the l convention when the anionic center

is derived from any position of the neutral phosphane that

has at least two or more hydrogen atoms than are normally

present in the neutral polyphosphane. The original nomencla-

ture systems do not provide an operational suffix for indicating

addition of a hydride ion to a parent compound comparable to

the ‘-ium’ suffix for naming cations, however, some recom-

mendations have been provided by using the operation suffix

‘-uide’ or ‘-ide’ in combination with l convention. A radical

derived by the formal removal of one hydrogen atom from any

position of a phosphane is named by adding the operational

suffix ‘-yl’ to the name, replacing the final ‘e’ of the name of the

phosphane. The formal removal of more than one hydrogen

atom of a phosphane leads to monovalent radicals of a parent

phosphane. By definition the free (nonbonding) electrons of a

radical must be unpaired and, therefore, a mono- or divalent

radical center with paired electrons (singlet state) is not

Table 5 Suffix endings and prefixes for describing phosphorus-centered anions resulting from removal of protons

Operation Suffix Anionic substituent (prefix) Examples

PH3

Phosphane
�Hþ H2PH2

–

-phosphanide
�H• �HP�

Phosphanidyl-
Me Me
Dimethyl-

phosphanide

-

�2Hþ HP2–

-phosphanediide
�H• �P2–

Phosphanediidyl-
�3Hþ P3�

Phosphide
PH5 �Hþ H4P

–

-l5-phosphanide
�H• �PH3

–

l5-Phosphanidyl-

Me

Me

Me
Tetramethyl-

l5-phosphanide

Me
-

P2H4

Diphosphane
�Hþ H2PPH

–

-diphosphan-1-ide
�H• �PHPH–

Diphosphan-1-id-2-yl-
�P–PH2

Diphosphan-2-id-2-yl-

Me HMe

1,2-Dimethyl-
diphosphan-1-ide

-

–2Hþ HP–PH–

-diphosphane-1,2-diide
HPP2�

-diphosphane-1-diide

�H• �P–PH–

Diphosphane-1,2-diid-2-yl-
�PH–PH�

Diphospha-1-diid-2-yl-

Me Me

1,2-Dimethyl-
diphosphane-1,2-diide

-
-

P3H5

Triphosphane
�Hþ H2PP

–PH2

-Triphosphan-2-ide
H2PPHPH

�

-Triphosphan-1-ide

�H• �PHP–PH2

Triphosphan-1-id-2-yl-
�PHPHPH�
Triphosphan-1-id-3-yl-

Me2

Me

H

Me2

Me2

1,1,3,3-Tetramethyl-
triphosphan-2-ide

1,3,3-Trimethyl-
triphosphan-1-ide

-

-

�2Hþ H2PP
–PH–

-Triphosphane-1,2-diide
HP–PHPH�

-Triphosphane-1,3-diide

�H• �PHP–PH�
Triphosphane-1,2-diid-3-yl-
�P–PHPH�
Triphosphane-1,3-diid-3-yl-

Me2 Me

Me Me

H

1,3,3-Tetramethyl-
triphosphane-1,2-diide

1,3-Dimethyl-
triphosphane-1,3-diide

-
-

--
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considered to be a radical. Regardless of the electronic state of

the nonbonding, free electrons, the ‘radical suffixes’ such as

‘-diyl’ and ‘-ylidene’ are used to describe monovalent radical

phosphorus centers. The distinction with respect to the elec-

tronic state should be made by adding the separate word

‘singlet’ or ‘triplet’ to describe the radical center. For anions

and radicals, locants are also used to describe the position of

the anionic or radical center(s) and are placed in front of the

name. There are derivatives in which more than one ionic or

radical centers are present. Very often, such compounds can be

named by following the rules described here. However, there

are many compounds where the rules cannot be extended to

multi-ionic or radical centers as well as a combination of

such (radical cations, radical anions, and zwitterions) and in

those cases refer to the appropriate literature.10–13 The nomen-

clature of fused polyphosphanes and cage compounds follows

similar rules as introduced by IUPAC recommendation of

carbo- and heterocycles. Also, the stereodescriptions for the

denotation of the absolute and relative configuration in names

of polyphosphorus compounds follow the rules of organic

chemistry.9–12,15 Figure 4 provides a selection of recently pub-

lished compounds and recommended naming according to

IUPAC.

1.04.3 Neutral Compounds

Examples of polyphosphorus compounds have been reported

to exhibit superconductivity, interesting thermochemistry,

and magnetic behavior,6 and some compounds have impor-

tance in homogeneous and heterogeneous catalysis (e.g.,

hydrodesulfurization and hydrodenitrogenation of petro-

leum fuels),24,25 new inorganic polymers,26 energy storage

systems,27 functional molecules (sensors, oxygen barriers

in capacitors, molecular magnets, organic light-emitting di-

odes (OLEDs)),28 optical applicatons,29,30 and corrosion

resistance.31 The chemistry of many polyphosphorus com-

pounds has been developed from the large number of mod-

ifications of phosphorus, some of which have been known

for more than a century. The most important allotropes

are orthorhombic black phosphorus,32 the violet33 and fi-

brous phosphorus,34 amorphous red phosphorus (two allo-

tropes, various degrees of disorder), and the cubic white

phosphorus.35 The relative thermodynamic stability increases

from P4!Pred!Pviolet!Pblack. Black phosphorus represents

the only thermodynamically stable modification under stan-

dard conditions; however, the conversion rates of the other

metastable allotropes are very slow and they can be stored.

Table 6 Suffix endings and prefixes for describing phosphorus-centered anions and radicals resulting from addition of hydride ions or removal of
hydrogen radicals

Operation Suffix Substituent (prefix) Examples

PH3

Phosphane
þH� H4P

�

-phosphanuide
�H• �PH3

�

Phosphanuidyl- Me Me

Me

Me
Tetramethyl-

phosphanuide

-

P2H4

Diphosphane
þH� H2PPH3

�

-diphosphan-1-nuide
-l5-phosphanide

�H• �PHPH3
�

Diphosphan-1-nuid-2-yl-
�PH2

�PH2

Diphosphan-1-nuid-1-yl-

Me

Me Me

Me

Tetramethyl-
phosphanuide

Tetramethyl-
l5-phosphanide

-

PH3 �H• H2P•
-phosphanyl

�H• �PH•
Ylophosphanyl-

Me Me

Dimethyl-
phosphanyl

�2H• HP:
-phosphanylidene

�H• �P:
Ylophosphanylidene-

Me

Methyl-
phosphanylidene

PH5

l5-Phosphane
�H• PH4•

-l5-phosphanyl
�H• �PH3•

Ylo-l5-phosphanyl-
P2H4

Diphosphane
�H• H2PPH•

-diphosphanyl
�H• �PHPH•

2-Ylodiphosphan-1-yl-
Me

1,2,2-Trimethyl-
diphosphan-1-yl

Me2

�2H• H2PP:
-diphosphanylidene

�H• �PHP:
2-Ylodiphosphan-1-ylidene- Me2

2,2-Dimethyl-
diphosphan-1-ylidene

Catenated Phosphorus Compounds 127

Comprehensive Inorganic Chemistry II : From Elements to Applications, Elsevier, 2013. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/inflibnet-ebooks/detail.action?docID=1330977.
Created from inflibnet-ebooks on 2021-02-09 22:25:55.

C
op

yr
ig

ht
 ©

 2
01

3.
 E

ls
ev

ie
r.

 A
ll 

rig
ht

s 
re

se
rv

ed
.



Physical properties and structures for most of the modifica-

tions have been extensively studied and reviewed in detail but

new modifications are regularly discovered.36

2
1800 °C

~50%, gas phase
½1�

The diatomic allotrope P2 has been considered for a long

time as a laboratory curiosity since an equilibrium with an

equimolar ratio of P2 and P4 exists at 1800 �C under low

pressure, as illustrated in eqn [1]. Thus, the application of

such chemistry was in astronomy, in plasma media, and

under matrix isolation conditions.37 The P2 molecule is

49 kcal mol�1 higher in energy than P4 and has not been

observed at room temperature.38 However, Raman spectro-

scopic studies on matrix-isolated P2 in a combination of Kr

and adamantane at 77 K provide new insights into P2
isolation.39 The most common method for the stabilization

of P2 is the coordination to transition metals,40 but the

extrusion and capture of P2 fragments has yielded access to

novel P2 chemistry. For example, the niobium complex in

eqn [2], containing an Z2-P2NRR0-moiety (R¼neopentyl,

R0 ¼3,5-C6H3Me2; Mes*¼2,4,6-C6H2(
tBu)3) and sterically

encumbered amido groups, releases P2 under mild conditions

(
65 �C), which can be captured in a double Diels–Alder

reaction with cyclohexadiene to give a diphosphane.41 A

more convenient but low yield route to P2 chemistry is the

photochemical reaction of P4 in the presence of an excess of

diene to form diphosphanes, as illustrated in eqn [3].

Other approaches to dinuclear compounds have been re-

cently reported to give compounds containing low-coordinate

Tricyclo[2.2.1.02,6]hepta-
phosphane-3,5,7-triide

-
-

- Ph2Ph2
Ph2

+

+

+

+

+

+

+

+

+

+

3,3,5,5,7,7-Hexaphenyltricyclo[2.2.1.02,6]-
heptaphosphane-3,5,7-triium

1,1,2,3,4,4-Hexamethyl-1,2,3,4-
tetraphosphinane-1,4-diium

Me

Me

Me

Me

Me Me

2,2,2',2'-Tetrakis(dimethylamino)-2H,2'H-
[1,1'-binaphtho[1,8-cd ][1,2]diphosphole]-2,2'-diium

Me2N

NMe2

NMe2

NMe2
As

1,2,3-Triphospha-4-arsa-
tricyclo[1.1.0.02,4]butane

Me

Me

Me

Me
Me Me

Me
Me

(1R,3S,4S,6R)-1,2,2,3,4,5,5,6-Octamethyl-
hexaphosphinane-2,5-diium

I

I

3,3-Diiodotricyclo[2.1.0.02,5]-
pentaphosphan-3-ium

N

N

N

N

tBu

tBu

tBu

tBu

1,1',3,3'-Tetra-tert-butyl-1,1',3,3'-tetrahydro-
2,2'-bi(1,3,2-diazaphosphole)

N N

iPr

Dipp

Dipp

iPr

(1Z,2E,4Z)-1-((5R,6R,9S)-2-(2,6-Diisopropylphenyl)-6-isopropyl-
3,3,9-trimethyl-2-azaspiro[4.5]decan-1-ylidene)-4-((5R,6S,9R)-2

-(2,6-diisopropylphenyl)-6-isopropyl-3,3,9-trimethyl-2
-azaspiro[4.5]decan-1-ylidene)tetraphosph-2-ene

Figure 4 Examples of polyphosphorus derivatives and naming recommended by IUPAC.16–23

½2�

R

R

P4

hn
n-hexane

P

R
R

P RR

4 2 ½3�
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phosphorus centers in the P–P units.42 The reduction of a

N-heterocyclic carbene adduct (NHC!PCl3
43) with potassium

graphite in eqn [4] results in the formation of an electron-rich

P2-species. A comparable P2-species is obtained from the reac-

tion of a cyclic-aminoalkyl carbene (CAAC)44 in eqn [5], which

is less electron rich according to electrochemical studies. Thus,

the NHC-ligated species can be oxidized stepwise to the dication

via the radical cation, whereas the CAAC-ligated derivative may

only be singly oxidized.14 Experimental data and computational

investigations favored a bisphosphinidene-like arrangement for

both compounds, in which the two P centers are singly bonded

to each other, each possessing two lone pairs of electrons.

Besides P2, the most reactive modification of phosphorus is

P4 of which three allotropes (a, b, g-P4) are known, and phase

relationships among these at ambient pressure were established

by differential thermal analysis (DTA) and x-ray powder diffrac-

tion experiments. The P4 molecules rotate dynamically around

their centers of gravity in the room-temperature plastic a-P4
modification. As shown in eqn [6], one of two low-temperature

modifications, b-P4, is stable only at temperatures below 197 K

at ambient pressures or higher than 1.0 GPa at ambient temper-

ature. In the crystal structure of b-P4, the P4molecules have fixed

orientations. The new g-modification exists as a stable lower-

temperature modification up to approximately 160 K and is

obtained by super-cooling of a-P4 by rapid quenching from

room to liquid nitrogen temperature and slow warming trans-

forms via b-P4 back to a-P4 at about 193 K; however, a b to g
transformation has not been reported.35

α-P4 β-P4 γ-P4

<197 K or
>1,0 GaP, rt > 160 K

<160 K, super-cooling

½6�

The occurrence of different liquid forms of the same chem-

ical composition, with different atomic or molecular arrange-

ments, is less common. White phosphorus is an interesting

candidate for the investigation of structural transformations

between different liquid phases due to its abrupt structural

change between two stable disordered states above the melting

temperature when the pressure is changed at about 1 GPa and

1000 �C.45 Only very few examples are known for

polymorphism in disordered states where the phase separation

in the disordered state is density driven.46 In situ x-ray radiog-

raphy clearly demonstrates allotropic phase separation in the

molten state of phosphorus at high temperatures and pres-

sures. Two bulk liquid phases of phosphorus (liquid I and

II), having distinct molecular structures and different mass

densities, coexist in thermodynamic equilibrium along a line

in the temperature–pressure phase diagram. The transition

between the two liquid forms is as abrupt as it is for the melting

transition and the various solid–solid phase transformations

observed for phosphorus.47 The reactivity of the P4 molecule

has been controlled in inclusion and intercalation complexes

with supramolecular assemblies.48 The 2:1 inclusion complex

[(P4)2C60] is formed in a 90% yield when a solution of white

phosphorus in CS2 is added to a solution of C60 in toluene. The

observed upfield chemical shift in the 31P-nuclear magnetic

resonance (NMR) of the complex indicates that C60 has some

electronic effects; however, no electron transfer had occurred

between the carbon C60 allotrop and P4 units.
49a White phos-

phorus has been recently also encapsulated in a self-assembly

mechanism with an iron(II)-based capsule.49b

There has been a recent revival in the developing chem-

istry of P4 since this allotrope represents the entry point for

the preparation of most P(III) and P(V) compounds. Chlo-

rination or oxychlorination of P4 provides the very impor-

tant phosphorus bulk chemicals PCl3, PCl5, and POCl3.

These compounds are used in subsequent reactions for the

generation of organophosphorus compounds (OPCs) of tri-

and pentavalent phosphorus as well as phosphoric and

phosphonic acids and esters. Increasingly stringent environ-

mental and transportation regulations with respect to P4
handling, together with the drawbacks of chlorine-based

and heavy salt-waste syntheses, require new ways of P4 func-

tionalization to useful molecules. A number of reviews deal

with the functionalization of P4 with compounds of the

p-block50 and coordination chemistry51,52 as well as electro-

chemical/electrocatalytic formation53 of OPCs from P4.

Chapter 1.35 discusses the P4 chemistry in detail; therefore,

only functionalization and degradation pathways of P4 to

interesting catena-phosphorus compounds are discussed here.

Four types of molecules have been employed to activate white

KC8

N

N
R

N

N
R

N

N

R N

N
R

N

N

R N

N
R

N

N

R
R

RR

R
R R

R
Cl

Cl

Cl
or ½4�

N
R

N
R

N
R

N
R

N
R

N
R

N
R

P4 or ½5�
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phosphorus – p-block nucleophiles, electrophiles, molecules

containing ambiphilic centers,54 and radicals.

The first and most commonly investigated functionalization

of P4 involves the nucleophilic attack by group 14 anions (e.g.,

organoalkali and organoalkali earth metal compounds and

bulky silanides), group 15 anions (alkali metal phosphides

and phosphinites) or group 16 anions (hydroxide, alkoxides,

thiolates, polysulfides, and dichalcogen dianions Q2
2� (Q¼S,

Se, Te)).50a The nucleophilic R� likely engages an empty

p-orbital of one of the phosphorus atoms of P4 (step 1,

Scheme 1) to access a monosubstituted bicyclo[1.1.0]tetrapho-

sphanide anion [RP4]
�. Subsequent attacks of nucleophiles

followed by rearrangement processes explain the formation of

a series of phosphorus anions which can be isolated in many

cases or sequestered into stable products by electrophiles. How-

ever, if the reactions occur in the absence of electrophilic re-

agents, the reformation of starting compounds are observed for

almost all types of nucleophiles, except for the very strong nu-

cleophiles such as carbanions. In protic solvents, the formation

of unstable intermediates results from the very basic properties of

the initially formed polyphosphide anion in step 1, giving rise to

the formation of unstable intermediates such as a bicyclo[1.1.0]

tetraphosphanide anion (R¼OH�) and decomposition prod-

ucts (eqn [7]). In the case of group 16 anions (e.g., hydroxide

and alkoxide anion), disproportionation reactions such as

shown in eqn [8] are often involved allowing the ultimate for-

mation of phosphane (PH3), along with salts of H3PO2 via a

stepwise degradation mechanism.

Nu R

R

Bicyclo[1.1.0]tetraphosphanide

R

R

o
RR

Tetraphosphene-1,4-diide

R

RR

Isotetraphosphanetriide

R
2

+

R R

R R
Phosphanediide

Triphosph-1-en-3-ide

+ R
R (R    )x

Oligomers

R
R

R

+   R3

R

R

R

R

R

R

oo

Diphosphanide

Step 1

Step 2

Step 3

Step 4
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Scheme 1 Proposed mechanism for the stepwise nucleophilic degradation of P4.
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Thus, in an uncontrolled way, the resulting intermediates

spontaneously decompose with evolution of hydrogen, phos-

phane, hypophosphite anions, and phosphite anions, but

when controlled, the fundamental phosphane molecule PH3

provides entry to the preparation of organophosphorus

compounds.55 The addition of further nucleophiles in step 2

leads to the attack at one of the bridgehead phosphorus atoms

followed by a rearrangement to yield 1,4-disubstituted

tetraphosphen-1,4-diide anions [R2P4]
2�. These species can

either dimerize by a [2þ2] cycloaddition reaction via the P–P

double bond or undergo a subsequent nucleophilic attack of

the central phosphorus atom as indicated in step 3.

Another rearrangement step provides the structural motif of

an isotetraphosphanetriide anion [P(PR)3]
3� that can frag-

ment by loss of phosphanediide RP2� and triphosphenide

anions [R2P3]
�. The latter reacts with further nucleophiles in

step 4 to form the phosphanediide RP2� anion and a dipho-

sphene which either oligomerizes to cyclophosphanes (RP)n
(n¼2,4,6) or yields diphosphenide [R3P2]

� by a fast subsequ-

ent nucleophilic attack as indicated in step 5. Diphosphenides

[R3P2]
� decompose to a tertiary phosphane and an RP2� anion

on reaction with a nucleophile (step 6). The rupture of the P–P

bonds in P4 can also proceed by a pattern much more comp-

licated than the successive addition of nucleophilic reagents

as indicated in Scheme 1. Thus, the formation of oligomeric

phosphides is also observed as the negative charge on the

phosphorus atom in the ‘butterfly’-type intermediate of step 1

can be stabilized by interaction with a second P4 molecule.

Many transformations have been studied, taking reactions of

P4 with a series of different anions and other nucleophiles, in

order to elucidate the factors that would suppress dispropor-

tionation. The selection of the optimal conditions ensures in

some cases the selective formation of the target products from

the intermediate phosphorus oligomers; however, predicting

certain structural outcomes is often still not possible and re-

quires further investigations.

Studies of the reactivity of white phosphorus with p-block

electrophiles are limited and many are based on reactions in

combination with nucleophiles such as the hydroxide anion.

In those cases, the simple procedures, mild conditions, ready

availability of the initial reactants, and the easy isolation and

identification of products are the reasons for the fast progress

in this field. The reaction of elemental phosphorus with elec-

trophilic agents in the presence of strong alkalis (so-called

superbasic media) is a convenient preparation of OPCs and a

comprehensive overview has recently been published.55 The

reactivity of white phosphorus with Lewis acids is difficult,

most likely due to the low nucleophilicity of the P4 molecule.56

However, examples are known from the reaction of sterically

encumbered group 13 molecules, such as tBu3Ga, which

reacts with half an equivalent of white phosphorus at room

temperature to give the chelated gallium complex shown

in eqn [9].57

The ambiphilic character of main-group molecules repre-

sents a new tool for the activation of elemental phosphorus

and stems from the potential of such molecules to act as Lewis

acids and Lewis bases at the same time. Different reaction

pathways are possible for the functionalization of P4 depend-

ing on the dual nature and the electronic structure of the

reactants in question.54 The full description of the frontier

orbitals of P4 is beyond the scope of this chapter; however,

the sets of local orbitals for P4, which are in Td symmetry, can

be constructed from the local orbitals of PH3 units since

each corner of the P4 tetrahedron can be represented by a

pseudo-PH3 molecular orbital system.58 Important to note is

that in P4, the 4�a1 local orbital sets of PH3 (highest occupied

molecular orbital (HOMO)) transform as a1þ t2, whereas

the 4�e local orbital sets of PH3 (lowest unoccupied molecular

orbital (LUMO)) transform as eþ t1þ t2. The corresponding

Kohn–Sham orbitals correspond to HOMO � 1 6t2 (�7.5 eV),

HOMO 2e (�6.7 eV), LUMO 2t1 (�1.8 eV), and LUMOþ1 7t2
(�1.5 eV) according to calculations (RI-BP86/TZVP). The

HOMO � 1 (t2) represents a combination of lone-pair orbitals

at P and the HOMO (e) a combination of PP-bonding

orbitals. The LUMO provides (antibonding) p-orbitals that are

perpendicular to the directions of the lone pairs. Based

on symmetry considerations of the frontier orbitals of P4, the

attack of the reactants depends on their philicity.

Electrophiles (E) or nucleophiles (Nu) may attack the P4
tetrahedron at various positions, as illustrated in Scheme 2.

Edge attack is less likely since white phosphorus possesses

almost no strain59,60 and the P–P bonds possess little, if any,

p-character since the resulting bonds are only slightly bent.54,61

The ambiphilic functionalization of P4 can be divided into

two categories assuming a nonsynchronous processes with

two consecutive steps. In step 1 of the reaction of a predom-

inantly electrophilic, ambiphilic molecule, electron density is

transferred from one of the phosphorus atoms into the unoc-

cupied p-orbital at the acceptor molecule (s!p, step 1:

electrophilic stage, Scheme 2, left). Alternatively, a simulta-

neous combination of an electrophilic and a nucleophilic

approach can be considered, however, experimental evidence

of a bimolecular mechanism involving e.g. two P4 molecules

has yet to be reported. The resulting zwitterionic adduct

can then undergo an electronic rearrangement to a bicyclo

[1.1.0]tetraphosphane derivative (step 2: nucleophilic stage).

Examples of ambiphilic systems that are predominantly

electrophilic in nature include, for example, group 13 (alu-

minum(I) and gallium(I) species), group 14 (disilylenes and

silylenes), and group 15 (phosphenium cations) compounds.

The low-valent atoms in these heavier element systems typi-

cally have a lower energy lone pair (i.e., not the HOMO) and

thus tend to initially react via the low-lying empty orbital, as

demonstrated for main-group carbene analogs.54 The domi-

nant electrophilic, ambiphilic reaction mechanism typically

results in complex fragmentation and/or derivatization of P4
and may subsequently lead to phosphorus-rich ring and clus-

ter systems.50

For a molecule with predominantly nucleophilic, ambiphi-

lic properties the donor molecule transfers electron density

from a s-orbital into to the p* orbital of P4 (s!p*, step 1

+
Ga

tBu

tBu tBu

2
Pentane

25 °C

(tBu)3Ga

Ga

tBu

tBu

tBu

½9�
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nucleophilic stage, Scheme 2, right). Since carbenes exhibit a

dual reactivity, this reaction pathway is best exemplified by

singlet carbenes. These systems are known for being strong

s-donors through the lone pair of electrons as well as having

electrophilic character at the carbene center.62 Those reactions

initiated by nucleophilic attack on a vacant orbital of P4 to yield

a triphosphirene intermediate, as shown in eqn [10], are fol-

lowed by an electrophilic stage with a second carbene.23 To date,

this type of reactivity has been limited to singlet carbenes23:

The reluctance of silicon to hybridize dictates the electro-

philic behavior of silylenes compared to carbenes and explains

their different reactivity. In addition, the p-interaction of elec-

trons from the amino substituents to the vacant p-orbital at

carbon is more efficient than the analogous interaction with

the silylene center, which manifests itself as high activation

energy barriers and, therefore, lower efficiency in nucleophilic

insertion reactions of silylenes.50b,63

Although reactivity studies of white phosphorus with

p-block radicals are limited to a few examples, the attack of

P4 with a radical typically results in a homolytical cleavage of a

P–P bond to yield a bicyclo[1.1.0]tetraphosphanyl as an inter-

mediate (Scheme 3, step 1) that can undergo a recombination

reaction with a second radical to form bicyclo[1.1.0]tetrapho-

sphane derivative (Scheme 3, step 2). Cleavage of the P–P

bridge and formation of the four-membered cyclotetrapho-

sphanyl radical results from the attack of a third radical

(Scheme 3, step 3). This species can then either react with

another radical to form a cyclotetraphosphane (Scheme 3,

step 4) or eject a phosphorus atom and ring close to yield a

cyclotriphosphane and P4 (Scheme 3, step 40). Further reaction

Step 1:  Electrophilic stage

Nu
1

2

Nu

E

1

2

Nu Nu

2

1

E

E

E

Step 1: Nucleophilic stage

Step 2: Nucleophilic stage Step 2: Electrophilic stage

Predominantly electrophilic,
ambiphilic reactant

Predominantly nucleophilic,
ambiphilic reactant

Scheme 2 Proposed mechanism for the functionalization of P4 by ambiphilic molecules.
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with radicals would result in degradation of the (RP)n rings and

formation of diphosphanes (Scheme 3, step 5) and finally

ends in the formation of tertiary phosphanes (Scheme 3, step

6). Bicyclo[1.1.0]tetraphosphanes are the main isolated prod-

ucts in most of the reported reactions of P4 with radicals.

However, in some cases, a concerted reaction mechanism can-

not be excluded where a P–P bond of white phosphorus adds

across an element–element bond via a four-centered transition

state. The observed species are dependent on the electronic and

the steric requirements of the radical species.50b The most

prominent radical reaction with P4 involves the molecular

‘jack in the box’ diphosphane, [P{N-iPr2}(N{SiMe3}2)]2, illus-

trated in Scheme 4.64

Homolytic P–P bond cleavage of the diphosphane gives the

phosphanyl radical, which reacts with white phosphorus in

refluxing toluene to give the bisphosphane-substituted bicyclo

[1.1.0]tetraphosphane according to steps 1 and 2 in Scheme3.65

More recently, a number of phosphanes and polyphosphanes

were prepared via a radical route through the use of Ti(N[tBu]

Ar)3 (Ar¼3,5-Me2C6H3), and various R–X species (R–X¼PhBr,

CyBr, Me3SiI, Ph3SnCl). The titanium complex is used in these

reactions to generate group 14 radicals (R•), which then react

with P4 to yield tetraphosphanes and tertiary phosphanes,

according to steps 5 and 6 in Scheme 3.66

Binary interpnictogen compounds of the type AsnP4�n
(n¼1–3), which are structurally related to P4 were, until re-

cently, only observed in gas-phase studies wherein hot

(660 �C) vapors of phosphorus and arsenic mixtures under

equilibrium reaction conditions were subjected to Raman

spectroscopic analysis.67 A directed metal–organic synthetic

pathway for the synthesis of the binary interpnictogen com-

pound AsP3 has been developed by reacting AsCl3 with the

in situ formed [P3Nb(OR)3]
� anion (R¼2,6-diisopropylphe-

nyl) as shown in eqn [11].19

Nb(OR)3

AsCl3, thf

As

−Cl2Nb(OR)3(thf),
−Cl−

½11�

Interestingly, the synthetic strategy developed for the P3
�

transfer with formation of an EP3 tetrahedron is not limited to

E¼As. When using SbCl3 in place of AsCl3 in the synthesis, the
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Scheme 3 Proposed mechanism for the stepwise degradation of P4 by radicals.
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Scheme 4 Radical formation from the ‘Jack in the box’ diphosphane and subsequent reaction with P4.
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generation of the exotic SbP3 molecule could also be justified by
31P NMR spectroscopic investigations.19 Detailed investigations

also confirmed thatAsP3 canbe thought of as a strongly spherical

aromatic system similar to P4. The nucleus-independent chemi-

cal shift (NICS) value68 calculated for P3As (�58.230) compares

to P4 (�59.444). This indicates that despite the lower molecular

symmetry of P3As, a significant spherical aromaticity is retained.

This is due to the fact, that P3As, like P4, maintains closed-shells
and p subsystems, resulting in symmetrically distributed angular

moment. The new data provide a more complete understanding

of the fundamental physical properties of these tetrahedral, ele-

mental entities and beckon further development of the molecu-

lar chemistry of group 15 elements.69

The densest and least reactive allotrope of phosphorus, black

phosphorus, has both pressure-induced and temperature-

dependent phase transitions to rhombohedral semimetallic as

well as cubic metallic phases.70 Crystalline black phosphorus

was first isolated using a growth medium of liquid bismuth.

Black phosphorus is orthorhombic under standard conditions

and consists of puckered layers oriented parallel to the ac

plane.71 Three classical routes are known for the preparation

of this allotrope.72 Recently, the preparation of black phospho-

rus under low-pressure conditions at 873 K was reported from

red phosphorus via the addition of small quantities of gold, tin,

and tin(IV) iodides. This new preparative method of black

phosphorus represents an easy and effective way to avoid com-

plicated preparative setups, toxic catalysts, or ‘dirty’ flux

methods and is of general interest in elemental chemistry to

access this important semiconducting material. Furthermore,

the crystal structure of black phosphorus was redetermined

from single crystals and a possible mechanism for its formation

has been suggested. Calculations of thermodynamic values

showed that the only relevant gas-phase species is P4, and the

transport reactions are not suitable for the preparation of

orthorhombic black phosphorus at temperatures above 773 K.

A kinetically controlled mechanism is favored over a thermody-

namically controlled formation.73 Very recently, black phospho-

rus was drawn back into the focus of material scientists as an

anode material for lithium ion batteries.74

In comparison to the white and black allotropes, the defi-

nition of red phosphorus is less complete and very compli-

cated. The red allotrope has been proposed to exist in five

unambiguous forms denoted as types I–V.75 Type I represents

the commercially available amorphous red phosphorus

through which types II–V are generated via high-temperature

annealing processes. Several suggestions are proposed for the

structural arrangement in the different types of red phospho-

rus. Type I is proposed to be a combination of fibrous red and

Hittorf’s phosphorus, whereas types IV/V were shown to con-

sist of P12 helical structures by characterization in CuI matrices

and x-ray crystallography.75 Characterized as fibrous red phos-

phorus (type IV), the most recent addition to the phosphorus

family exists as a polymeric structure of linked pentagonal

rings, illustrated in Figure 5. Type V is the branched violet

form known as Hittorf’s phosphorus. Fibrous red and Hittorf’s

phosphorus are proposed to be energetically equivalent and

the most stable conformation to date. Both show structural

similarities including a repeating unit of 21 single phosphorus

atoms. On the basis of x-ray crystallographic data, the fibrous

red allotrope is proposed to adopt a similar arrangement of the

phosphorus atoms to that in Hittorf’s phosphorus with the

exception of the branches, which are instead oriented in a

parallel manner.76

More recently, theoretical studies indicate that energeti-

cally related polymeric forms of red phosphorus have similar

stabilities. Energetically analogous polymeric units have

been supported experimentally by the repeating phosphorus

units found in CuI based matrices.77 (CuI)3P12, (CuI)8P12
(Figure 5), and (CuI)2P14 structures have been observed to

date, through which nanorod-like materials may be formed

through removal of CuI by a KCN solution.75d Nanocomposite

Pn materials are also formed from the 60Co radiation of P4 in

benzene solution78 and from polymerization of P4 with bis-

muth nanoparticles for which the latter was proposed as a red

phosphorus structure.79 A chemical heuristic for the deduction

and classification of covalent partial structures of phosphorus

in polycyclic phosphanes, phosphorus-rich polycyclic phos-

phides, and allotropes of phosphorus has been deduced from

work of Baudler. This approach can be used to direct ab initio

techniques in the quest of for as yet unknown forms of molec-

ular or macromolecular phosphorus.

Based on calculated stabilities of systematically generated

structural alternatives, it was rationalized from the stabilities of

Hittorf’s phosphorus and of molecular P4 that other crystalline

allotropic forms of phosphorus must exist.80 Small-molecule

allotropes of phosphorus in which the phosphorus atom is

three-coordinate (either three s-bonds or one s-bond and

one p-bond) would always contain an even number of

P9 P2 P8 P2 P9

Phosphorus substructure fibrous red phosphorus Phosphorus substructure in (CuI)8P12

P8 P4

Figure 5 Phosphorus substructure in red phosphorus and in (CuI)8P12.
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phosphorus atoms Pn (n¼2, 4, 6, 8 etc.). Several structural

alternatives are possible. For example, of the isomers of P6
listed in Figure 6, ab initio calculations indicate that the iso-

mers benzvalene (a) and prismane (b) structures have the

lowest energy and the planar hexagon (e) has the highest

energy. As a general rule, small Pn-molecules prefer cage-like

structures with as many annulated P5-rings as possible and as

few as possible P4-rings (ring stability for phosphorus: P5>P3,

P6�P4). Structures with single bonds are always energetically

favored over structures with double bonds. Therefore, struc-

tures c and d lie energetically between b and e. For the lowest

energy P6 structure, benzvalene-P6, the energy of 2P6 is only

30–35 kcal mol�1 above 3P4 and 60–100 kcal mol�1 below

6P2.
81 Due to the presence of the double bond in a, this

molecule appears to be rather labile toward dimerization.

However, the existence of the species a was detected as a

short-lived species in the gas phase using the polyphosphane

derivative Cp*2P6
82 by means of EI and neutralization–

re-ionization (NR)83 mass spectrometry.

As shown in eqn [12], electron ionization (EI) of Cp*2P6
(Cp*¼pentamethylcyclopentadienyl) affords a molecular ion

Cp*P6
þ and Cp*þ. The NR spectra of Cp*P6

þ (He, Xe) are

dominated by Pn
þ fragments (n¼1–6). Hydrocarbon fragments

due to the Cp* ligand are almost absent which implies that only

minor amounts of neutral CmHn fragments are formed in the

experiment. Collision-induced dissociation experiments with

two different gases (He, Xe) provided firm evidence for the

existence of neutral P6 in the gas phase with minimal lifetime

on the order of microseconds. The ab initio calculations indicate

that the benzvalene structure is retained in the cation Cp*P6
þ84,

suggesting that the neutral P6 species adopts a similar

structure.85 Calculated structures for even Pn-cage compounds

shown in Figure 7 (n¼2, 4, 6, 8, 10, 12) indicate that the P8-

cuneane allotrope maybe an accessible synthetic target.86

1.04.4 Anionic Compounds

Almost every element of the periodic table can be directly

reacted with elemental phosphorus under solid-state conditions

to gain a plethora of phosphides and the extraordinary structural

and chemical variability of phosphorus defines the huge field of

phosphide and polyphosphide solid-state chemistry.6 Some

phosphides adopt the structural arrangements of phosphorus

modifications (e.g., (CuI)3P12, (CuI)8P12, and (CuI)2P14) due to

the fact that the three-coordinate neutral phosphorus atom acts

like a fragment of surface structures. Discussion of the solid-state

chemistry of polymeric and extended polycyclic structures of

phosphides as well as heteroatomic intermetalloid phospho-

rus clusters87 is beyond the scope of this chapter since the

primary structural feature of phosphides are homoatomic-

bonded P atoms that offer a range of complexity.6 In contrast

to homoatomic cages composed of group 14 elements, phos-

phorus cages are limited to molecular P4, polyphosphides,

and very few cationic species.56,87

The term ‘phosphide’ is used here when the phosphorus

atoms are considered to be the most electronegative atoms in a

compound MPx, representing the anionic part with the mean

oxidation state q(Px)¼�q(M). In a more general sense, phos-

phides are ordered from normal phosphides with only het-

eroatomic bonds (3x¼q(M)), polyphosphides (3x>q(M)),

from metal-rich (3x<q(M)) to phosphorus-rich as well as

from main-group binary compounds to binary and ternary

polyphosphides. The value for q(Px) is derived either from

q(M) or from structural details. Independent from the real

effective charges, the formal oxidations states (P(�III), P

(�II), P(�I), P(0), P(þI), etc.) are assigned from the homoa-

tomic P–P bond numbers and can be directly derived from the

Zintl–Klemm88 concept and the Mooser–Pearson89 extended

(8-N) rule. (Count the number of P–P bonds, Sb, to calculate

q(Px)¼�x(3–2Sb/N) or, calculate Sb from q(M) according to

Sb¼N/2(3 � q(M)/x).) The latter applies in contrast to the

classical 2c–2e bonds according to the Zintl–Klemm concept to

(a) (b) (c) (d) (e)

Figure 6 Structural isomers of P6.

(~ +50 kJ mol−1)(0 kJ mol−1) (~ +20 kJ mol−1) (~ −10 kJ mol−1) (~ −30 kJ mol−1)

Figure 7 Calculated structures and energies for Pn-cage compounds (n¼even).
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all varieties of bonds (multiple bonds, partial bonds, multi-

center systems, radicals, and free electrons). Thus, for com-

pounds of the type AmBn, the electron transfer A!Apþ,
B!Bq� (|mp|¼ |np|) to the more electronegative element B

results in the formation of pseudoelements A*, B that show

the structural principles of the corresponding isoelectronic

elements with the whole spread of homoatomic bond types.6

There are many possibilities for the variation of polyanio-

nic structures; however, these remarkable stoichiometric var-

iations can be rationalized by only a few simple structural

subunits that are mostly parts of the known modifications of

phosphorus.90 Many of the structures can be considered to be

assembled from four- to six-membered rings as well as the

well-known building units of the P8 realgar or the norbor-

nane analogs. Figure 8 summarizes the established polypho-

sphide anions for which examples retain the same structural

features in the solid state and in solution such as liquid

ammonia or amines.

Solutions of alkali metals in NH3 (l) are strong reducing

media and have been extensively used for the preparation of a

variety of metal-supported phosphides and polyphosphide

anions.4–6 Solvated alkali and alkaline-earth metal polypho-

sphides are typically obtained from reactions in NH3 or ethyle-

nediamine (en) using either compounds containing polyanions

or P4 in combination with compounds having isolated phos-

phorus anions. Extended frameworks such as [P19]
3� (¼[P7–P5–

P7]
3�), [P21]

3� (¼[P7–P7–P7]3�), [P22]4� ([P11–P11]), or [P26]4�
([P7–P12–P7]

4�) are formed in solution using metal–organic

reactions.6,91 Structural differences are often imposed by the

presence of solvent molecules in the solid state, as evident for

solvent-free Li3P7 and solvated (Li(tmeda))3P7 (tmeda¼N,N,

N0,N0-tetra-methylethylenediamine).92,93

Polyphosphides have very good donor qualities which re-

sults very often in the formation of insoluble derivatives. How-

ever, with the help of crown ether, cryptands, or large cations, a

comparison of the crystal structures of solvent-free and sol-

vated compounds can be achieved via the separation of cation

and polyanions. Unfortunately, systematic studies of the reac-

tivity of those polyphosphides are limited; nevertheless, it has

been shown that certain polyphosphides can be transformed to

molecules and other derivatives as a result of chemical reac-

tions. For example, derivatives of M3P7 react under

[P11]3-

[P4]2- [P4]2- [P5]-

[P7]3- [P7–P7]4-

[P11–P11]4-

[P7–P2–P7]2- [P7–P5–P7]3-

[P7–P7–P7]3-

[P7–P12–P7]4-

2- -

--

-
-

-

-

- - - -

- - - -

- - -

- -

-

-

- -
- -

-

-
-

Figure 8 Examples of polyphosphide anions which retain the same structural features in the solid state as in solution.
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heterogeneous as well as homogeneous conditions. Metathesis

reactions give access to a series of new compounds such as

P7(MR3) (R¼alkyl, aryl; M¼Si, Ge, Sn, Pb).94 Polyanions are

also converted into alkylated polyphosphanes, e.g., [P7]
3� into

R3P7 (R¼alkyl, SiMe3) of which the Me3Si-derivative can also

be prepared from Na/K alloy and white phosphorus in mono-

glyme with Me3SiCl.
4,5

The reaction of white or red phosphorus with alkali metals

or alkali or alkaline-earth metal phosphides in liquid ammo-

nia has been extensively studied and examples of isolated

compounds are presented in Table 7. The ammonia solvated

alkali metal phosphides Cs2P4(NH3)2
111 and Cs3P11(NH3)3

112

are obtained in the reaction of diphosphane and cesium in

liquid ammonia, as shown in eqn [13]. The solvated compound

Cs2P4(NH3)4 contains the square-planar, four-membered ring

([P4]
2�) which was confirmed by x-ray diffraction (d(PdP) ¼

214.7 pm) and 31P NMR spectroscopy. Computational studies

indicate an aromatic 6p [P4]
2� anion.105

Reduction of red phosphorus with Ba in liquid ammonia

yields Ba3P14�18NH3 where [P7]
3� units are joined via P–Ba

contacts to 1
1 [Ba(P7)2]

2� that are separated by the [Ba

(NH3)8]
2þ solvate.102 A series of solvated [P7]

� ionswere isolated
and structurally characterized as Rb3P7(NH3)7, [K([18]crown-

6)]3K3[P7]2(NH3)10, and [Rb([18]crown-6)]3[P7](NH3)6.
97 Ion

exchange was achieved using a resin loaded with an appropriate

cation, through which complete ion exchange was observed for

Cs3P11 to from [Li(NH3)4]3P11(NH3)5.
106 This approach is nicely

adjusted to exchange someof the alkalimetal ionsbymuch larger

substituted ammonia cations as shown by the recently reported

examples of (NEtMe3)Cs2P7(NH3)2, (NEt3Me)Cs2P7�NH3,

(NEt4)Cs2P7�(NH3)4,
101 (NMe4)2RbP7(NH3),

99 (NEt4)Cs2P11,
99

or [NMeEt3]3CsP11�(NH3)5.
107

Hydrogen polyphosphides are rarely described in the

literature and can be considered as intermediates in proton-

ation/deprotonation reactions of polyphosphides or poly-

phosphanes. The first contributions to this field were

obtained from the reaction of diphosphane (P2H4) in liquid

ammonia and amines as a new route to polyphosphides.

Diphosphane reacts with liquid ammonia in the temperature

range �76 to �40 �C to yield a mixture of the ammonium

polyphosphides [NH4]2[H2P14], [NH4]2[P16], [NH4]3[P19],

and [NH4]3[H2P21] and PH3. The formation of these hydro-

gen polyphosphides can be rationalized in terms of thermo-

dynamic aspects. In contrast to PH3, all polyphosphanes

are endothermic compounds in which the decomposition

toward the elements is kinetically inhibited. Therefore,

disproportionation reactions of polyphosphanes, e.g.,

PnHnþ2 and PmHmþ2 (saturated acyclic phosphanes) to PH3

and the condensation product Pnþm�1Hnþmþ1 is the main

decomposition pathway for this class of compounds. The

elimination of PH3 results in the formation of s-bonds. In
contrast the corresponding nitrogen hydrides, NnHnþ2 re-

lease ammonia to form acyclic structures with double

bonds, whereas polyphosphanes and the corresponding de-

rivatives prefer cyclic structures without double bonds.4,5,86

Thus, P2H4 can be used for the formation of phosphorus-

rich and hydrogen-depleted acyclic and cyclic polypho-

sphanes that are formed via consecutive intramolecular and

intermolecular condensation reactions, as demonstrated in

eqn [14].

A series of monocyclic (PxHx), bicyclic (PxHx�2), and tricyclic

(PxHx�4) polyphosphanes as well as isolated and branched

polyphosphorus cages (PxHxþy; y¼�6, �8, �10, . . .) are acces-
sible in a similar fashion. Ultimately, this reaction sequence

leads to the formation of monophosphane PH3 and phospho-

rus Px. However, intercepting these species by the addition of a

base such as ammonia offers synthetic access to polyphosphides

and hydrogen polyphosphides (Figure 9). Important to note is

that the stability of cyclophosphanes PxHx follows the trend

cyclopentaphosphane (x¼5)>cyclotriphosphane (x¼3)>

cyclohexaphosphane (x¼6)�cyclotetraphosphane (x¼4)>

cyclophosphanes (x>7). Therefore, the constitution of poly-

phosphanes with more than six phosphorus atoms involves

side-chain-substituted arrangements rather than the formation

Table 7 Selected examples of compounds with anionic phosphorus
polyhedra

[P4]
2� Cs2P4(NH3)2,

111 [K([18]crown-6)]2P4(NH3)2
105

[P7]
3� Rb3P7(NH3)7,

97 Cs3P7(NH3)3,
98 [K([18]crown-

6)]3K3[P7]2(NH3)10,
97

[Rb([18]crown-6)]3[P7](NH3)6,
97 [NMe4]2RbP7(NH3),

99

[NMe3Et]Cs2P7(NH3)2,
100

[NMeEt3]Cs2P7(NH3),
101 [NEt4]Cs2P7(NH3)4,

101

Ba3(P7)2(NH3)18
102

[P11]
3� Cs3P11(NH3)3,

112 BaCsP11(NH3)11,
104

[Li(NH3)4]3P11(NH3)5,
106

[NMeEt3]3CsP11(NH3)5,
107 [NEt4]Cs2P11,

99 [NEtMe3]3P11,
107

[K([18]crown-6)]3P11(en)2
108

[P14]
4� [Li(NH3)4]4P14(NH3),

109 Na4P14(dme)7.5,
110 Na4P14(en)6

110

[P19]
3� M3P19(solv)x (M¼Li, Na, K) (Anion [P19]

3� has been
characterized by 31P NMR spectroscopy in solution,5 and a
binary system has yet to be observed.)

[P21]
3� [Li([12]crown-4)]3P21(thf)2

95

[P22]
4� [NEtMe3]4P22(NH3)2

103

[P26]
4� Li4P26(thf)16

96

H

H

H H

H

H H
H

H

+

H

H

H

H

H

H

+ H

H

H
½14�

H

H

H

H

6 +   10Cs
liq. NH3 [Cs2(NH3)2] 2− + 8CsPH2 + 4H2 ½13�
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of x-membered rings. The same accounts for polycyclic phos-

phanes in which the constitution of the system is the result of

the maximum number of cyclopentaphosphane rings. In addi-

tion, cyclotri- and cyclohexaphosphane rings are observed in the

constitutional framework but not cyclotetra- and cyclohepta-

phosphane rings. In agreement with this 31P NMR spectroscopic

investigations detected the bicyclo [H4P7]
� anion as the first,

very reactive intermediate in the reaction of P2H4 in ammonia.

This anion reacts further with additional P2H4 to form the more

phosphorus-rich polycyclic phosphides.

Interestingly, the reaction of P2H4 in ammonia in the

presence of tetrahydrofuran gives the hydrogen phosphides

[NH4][H4P7] and [NH4][H5P8] and PH3, and the open-chain

heptaphosphide [NH4][H8P7] has been identified as their

precursor.113 The isolation and characterization of such species

are often hampered by their instability toward temperature and

pH changes. Several hydrogen polyphosphides were identified

by solution NMR methods; however, direct synthetic routes

to stable, crystalline hydrogen polyphosphides were implemen-

ted only very recently. Nowadays, hydrogen polyphosphides

can be obtained from dissolution of corresponding alkali

metal polyphosphides in liquid ammonia via controlled pro-

tonation in the presence of very bulky cations. The same ap-

proach was used for the preparation of the protonated species

[H2P7]
�,114 [HP7]

2�,115,116 [H2P7]
�,114 [HP11]

2�,103,106,107,117

or [Na(NH3)3(P3H3)]
�118 as ammoniates. Polyphosphides and

polyphosphanes normally dissolve incongruently in liquid

ammonia,95,97,119 reactions; however, they were found to yield

good results only when the starting materials dissolve congru-

ently in liquid ammonia. Therefore, a new family of hydrogen

phosphides such as [H3P3]
2� and [H2P3]

3�were used as starting

materials in synthesis.

Derivatives of the [H3P3]
2� anion have been observed in

compounds [Rb(18-crown-6)]2[H3P3]∙71/2NH3 and [Cs

(18-crown-6)]2[H3P3]∙7NH3 which were synthesized by incon-

gruous solvation of diphosphane, or cyclohexaphosphide

[P6]
4�.180 Derivatives of the [H2P3]

3� anion were obtained as

K3[H2P3]∙2.3NH3 and Rb3[H2P3]∙NH3 and are the result of the

direct reaction of white phosphorus and incongruous solvation

of a cyclohexaphosphide [P6]
4� in liquid ammonia.118 Organo-

substituted derivatives of this novel class of compounds have

already been introduced; however, only a few examples have

been described and all of them have shown that the cyclic and

catenated oligophosphanide and oligophosphenide anions can

exhibit a rich coordination chemistry due to the presence of free

electron pairs.8 This might be best explained by the fact that

selective and facile synthetic methods were mostly unknown

for the corresponding oligophosphanide anions.

Interest in the solution chemistry of anionic polypho-

sphorus ligands stems from their potential use as precursors

for the development of rational syntheses of binary metal

phosphides [MxPy], which are compounds with rare structures

and interesting properties for material science (vide supra).

The number of accessible complexes with acyclic and cyclic

polyphosphanides and unsaturated polyphosphenide anions

are rare. Unsaturated phosphenides such as [R2P3]
� and

[R2P4]
2� with sterically overloaded substituents R are readily

formed either from the nucleophilic degradation of P4 with

appropriate substrates (vide supra) or via deprotonation of a

corresponding polyphosphane since in some cases the nega-

tively charged polyphosphides obtainedmay be better stabilized

by a p system in a phosphorus chain. Thus, compounds such as

Mes*2P3Li (Mes*¼2,4,6-tri-tert-butylphenyl) are accessible,122

and derivatives with the 1,3-bis(bis(trimethylsilyl)-methylene)

triphosphen-2-ide [(Me3Si)2C]PPP]C(SiMe3)2]
�123 and 1,3-

di-tert-butyltriphosph-2-en-1-ide [tBuPPPtBu]�124 anions also

contain a P3 skeleton (Figure 10). A Tl(I) coordination com-

plex containing a tetraphosphenide dianion [(ArDipp)2P4]
2�

(ArDipp¼C6H3-2,6-(Dipp)2) was recently prepared.125 The

sterically overloaded supersilyl group was successfully used for

the isolation of a series of polyphosphane and polyphosphanide

clusters.126 The hypersilyl group (R¼Si(SiMe3)3) behaves as a

[H2P3]3−

[H2P14]2−[HP11]2−[H2P7]−

[HP7]2−[H5P8]−[H4P7]−[H8P7]−

[H3P3]2−

H

H H

H

H H

H

H

HH

H

H

HHH H H

H

H

H

HH

H

H H H HH

Figure 9 Examples of hydrogen polyphosphide anions.
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very bulky, electron-releasing substituent and can be used for

the stabilization of main-group elements in low oxidation states

to realize unusual structural arrangements.

Base-free alkali metal hypersilanides ((Me3Si)3SiM, M¼Li,

Na, K) react readily with white phosphorus to form alkali

metal salts of the bis(hypersilyl)tetraphosph-2-ene-1,4-diide dia-

nion, which are the alkali metal salts of the tetraphosphene

(Me3Si)3SiPHP]PPHSi(SiMe3)3 (Scheme 5(a)). Depending on

the reaction conditions, the bis(supersilyl)tetraphosphane

(tBu3Si)2P4, tris(supersilyl)heptaphosphane (tBu3Si)3P7, and

tris(supersilyl)nanophosphane [(Me3C)3Si]3P9 can be isolated.

Also unsaturated P]P containing phosphenides [(Me3C)3-
Si]2P3M and [(Me3C)3Si]2P4M2 as well as polyphosphanides

[(Me3C)3Si]4P8M4 and [(Me3C)3Si]3P5M2 were prepared as

ether adducts (M¼Na,127 K128). However, the observation of

these species strongly depends on the solvent; thus, in toluene or

benzene an equilibrium exists between [(Me3C)3Si]2P4M2 and

the dimer [(Me3C)3Si]4P8M4 (M¼K). Both compounds can be

obtained as solids from benzene solution by fractional

crystallization.

The formation of the octaphosphanide [(Me3C)3Si]4P8M4

(M¼Na, K) (Scheme 5(b)) might be understood in terms of a

[2þ2] cycloadduct of [(Me3C)3Si]2P4M2. The formation of a

four-membered ring of phosphorus atoms is normally not

preferred compared to the thermodynamically more favored

six-, three-, and five-membered rings and might be ratio-

nalized by the influence of the coordinated solvated alkali

metal cations. Tetraphosph-2-ene-1,4-diide dianions such as

depicted in Scheme 5(a) are not stable in solution and slowly

decompose via the formation of an intermediate (Scheme 5(c))

by subsequent protonation and elimination of RPH2 to a

triphosphirene intermediate (Scheme 5(d)) which reacts

with [(Me3C)3Si]2P4M2 (Scheme 5(a)) and eliminates

‘P2’ to yield the pentaphosphanides [(Me3C)3Si]3P5M2

(Scheme 5(e), M¼Na, K). The formation of octaphospha-

nides such as [(Me3C)3Si]3P8M3 (Scheme 5(f)) results very

likely from the partial protolysis of the dimer [(Me3C)3-
Si]4P8M4 (Scheme 5(b)).127,128 The in situ formed

tetraphosph-2-ene-1,4-diide dianions from the reaction of

P4 and the hypersilanide anion (M¼Na, K) is not the main

product, when coordinating solvents such as Et2O or thf

are used. From such reactions the blue triphosphenide

[(Me3Si)3Si]2P3M (Scheme 5(g)), which comprises a tripho-

sphaallyl anion with a partial P–P double bond, can be iso-

lated. The tetraphosph-2-ene-1,4-diide dianion (Scheme 5(a))

can also be conveniently transformed into triphosphenide

anion (Scheme 5(g)) by the protonation with equimolar

amounts of a strong acids (CF3CO2H of CF3SO3H) in thf

at �78 �C. By warming up of the reaction mixtures, a dispro-

portionation reaction takes places to form the monoanion

and RPH2.

Reaction of lithium hypersilanide with P4 in toluene gives

dramatically different products. Several polyphosphanes such

as [(Me3Si)3Si]2P4 are observed and the [(Me3Si)3Si]2P4Li2
represents only a minor product. The presence of hexahydro-

1,3,5-trimethyl-S-triazine triggers the reaction of lithium

hypersilanide with P4 to yield [(Me3Si)3Si]2P3Li (Scheme 5

(g), R¼Li) along with considerable amounts of (Me3Si)4Si,

suggesting that cleavage of Si–Si bonds took place during

the reaction process.128 In those investigations, supersilyl

groups were not only introduced by the reaction of supersilyl

anions with white phosphorus but also via supersilyl

radicals with white phosphorus (vide supra), and by the reac-

tion of supersilyl anions with phosphorus trichloride.127d

Li
(solv)x

Mes*Mes* C(SiMe3)2(Me3Si)2C tBu tBu

Figure 10 Examples of triphosphenide anions.

R R

MM

2(Me3Si)3SiM + P4

M
M

M
M R

R

1/2

R
R

R

M
M R

R

Δ

R R

M H

−RPH2

R

R2P4M2   −'P2'

R R

M

∼H+

−H+

∼H+

∼H+

R R

MM

R

M

R = Si(Me3Si)3
M = Li, Na, K

(a)(e) (b)

(g)(c)(d) (f)

Scheme 5 Transformations between examples of polyphosphorus anions.
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Another class of tetraphosphanides displaying a very inter-

esting coordination chemistry was introduced with the

alkali metal salts [(Me3C)3Si]3P4M3 (M¼Li, Na) and

[(Me3C)2PhSi]3P4Na3.
129

The syntheses and preparation of main-group element com-

plexes of organosubstituted oligophosphanide ligands are

challenging and in many cases the complexes are obtained

serendipitously. Very often, the reactions yield inseparable

mixtures and only very few protocols have proven successfully

for the preparation of main-group element complexes with

PnRn units (R¼alky, aryl; n¼3–6). The formation of Lewis

acid–base adducts from cyclophosphanes such as Ph5P5 and

BH3 yields compounds such as cyclo-1,2-(BH3)2(Ph5P5).
130

The reaction of cyclophosphanes with complexes of valence

electron-rich metals initiate P–P bond cleavage and insertion

of the corresponding metal center. Thus, the triphosphane-

diide complexes cyclo-[ER0(tBuP)3] (E¼Ga, R0 ¼C(SiMe3)3;

E¼Al, R0 ¼Cp*) are obtained from the reaction of cyclo-

(tBuP)3 and alkyl gallium(I) or cyclopentadienyl aluminum

(I) compounds, respectively.131,132 Another method is the

oligomerization of phosphanes or phosphanides mediated

by main-group elements to form complexes with oligophos-

phanediide ligands. This approach was successfully applied

for the syntheses of [{Na(tmeda)(NHMe2)}{cyclo-Sb(CyP)4}]2
(Cy¼cyclohexane, tmeda¼N,N,N0,N0-tetra-methylethylenedia-

mine) by the 1:1:1 reaction of Sb(NMe2)3, CyPH2, and NaPHCy

and also for the lithium salt [Li(tmeda)(thf){cyclo-As(tBuP)3}]

by the 1:3 reaction of As(NMe2)3 and Li[tBuPH].133

The reduction of cyclooligophosphanes with alkali metals

is a very efficient route to oligophosphanides anions and al-

lows the preparation of a plethora of metal complexes.8 The

advantage of these entry points is that the chain length of the

Pn ligands is often retained. Although the formation of com-

pounds of the type M2(PnRn) (n¼2–4; M¼Li, K, Na)134 was

introduced 40 years ago and other compounds such as K[cyclo-

(tBu2P3)],
135 K[cyclo-(Ph4P5)],

136 and Li[cyclo-(tBun�1Pn)]
(n¼3–5)137 were also reported, their use as suitable synthetic

reagents was hampered since they are only obtained as insep-

arable mixtures. However, with the help of ethers (thf) or basic,

flexible polydentate ligands [e.g., bidentate: tmeda (N,N,N0,N0-
tetramethylethylene diamine); tridentate: pmdeta (N,N,N,N0,
N0,N0-pentamethyldiethylenetriamine)] a wider variety of al-

kali metal oligophosphanediides are accessible. For example,

as shown in Scheme 6, lithium oligophosphanediides [(Li

(tmeda)x)(PhnPn)] (n¼2–4) result from different stoichiomet-

ric combinations of the cyclopentaphosphane (PhP)5, lithium

sand, and tmeda in the appropriate solvent.138

Open-chain dianions [R3P3]
2� and [R4P4]

2� are known

in derivatives such as [(Na(tmeda))(Na(tmeda)2)(Ph3P3)],

[(Na(tmeda))2 (Ph4P4)]
139, [(Na2(thf)5)(Ph4P4)], [(Na

(thf)2)2(Mes4P4)], [(Na(thf)2)2(
tBu4P4)], [(K(thf)3)2(Mes4P4)]

(Mes¼2,4,6-Me3C6H2),
140 [(K(pmdeta))2(Ph4P4)], and

[(K2(pmdeta))(tBu4P4)]2.
141 As shown in Scheme 7, the salts

are synthesized by the appropriate stoichiometric reaction of

the corresponding RPCl2 and alkali metals [3:8 for

triphosphane-1,4-diide anions and 4:10 for tetraphosphane-

diide anions; R¼ tBu, Ph,Mes;M¼Na, K]. In the solid state the

catena-tetraphosphane-1,4-diides [R4P4]
2� form isolated ion-

contact complexes, in which the P4 chain has typically a syn

arrangement and the coordination sphere of the two alkali

metal cations is completed by solventmolecules and/or polyden-

tate ligands.139a,140,141

Two coordination types (I and II, Scheme 7) are typically

found in these complexes. Alkali metals can coordinate with

the phosphorus atoms in 1- and 4-position to form five-

membered MP4 chelate rings (type I) or in 1- and 3-position

to form MP3 chelate rings (type II). The phosphorus–

sodium distances are in the typical range for related sodium

and potassium phosphanides. In the case of M¼Na and

R¼ tBu, Ph, coordination mode type I is exclusively found,

whereas for M¼K and R¼Mes, type II is preferred. The

catena-tetraphosphanediides [R4P4]
2� dianion can be nicely

identified with their characteristic AA0BB0 spin system in the
31P NMR spectra. Monoprotonation of tetraphosphanediide

anions with 1 equiv. of HCl (dissolved in Et2O) yields the

tetraphosphanide anion [R4P4H]�. 31P NMR spectroscopic

studies indicate a fluxional behavior of the P–H hydrogen

atom allowing for different alternative structures of anion

[R4P4H]� in solution.142

The highly reducing nature of the [R4P4]
2� dianions limits

their use as trans-metallation reagents with p-block main-group

metals such as SnCl2, AlEt2Cl, AlCyCl2, Ga(dab)I2, GaI, InCyBr2,

or GaCl3 (Cy¼cyclohexyl, dab¼N,N0-bis(2,6-diisopropyl)phe-
nyldiazabutadiene). In most cases, only elemental metal, cyclo-

phosphanes, or unidentified products are obtained.143 However,

the group 13 metal complex [K(tmeda){Ga(Ph4P4)(dab)}] was

obtained from the reaction of cyclo-(PhP)5 with [K(tmeda){Ga

(dab)}].144 Variation in the stoichiometry of combinations of

dichlorophosphanes, phosphorus trichloride, and alkali metal

salts together with the appropriate ligand leads to the formation

of metal cyclooligophosphanides and small amounts of cycloo-

ligophosphanes. A product mixture comprisingM[cyclo-(R2P3)],

M[cyclo-(R3P4)], cyclo-(R4P4), and M[cyclo-(R4P5)] is normally

obtained.

Salts of M[cyclo-(R4P5)] (M¼Li, Na, K; R¼ iPr, tBu, Ph) are

soluble in n-pentane to be separated from the other salts, and

cyclo-(R4P4) derivatives are readily removed from M[cyclo-

(R4P5)] by sublimation. Further purification of M[cyclo-(R4P5)]

Ph

Ph Ph

PhPh

Li excess

thf

3.5 Li
dme

[(Li(thf)x)2(Ph2P2)]

[(Li(dme)x)2(Ph3P3)]

1/5(PhP)5
[(Li(solv)x)2(Ph4P4)]

[Li(tmeda)2][Li(tmeda)(Ph3P3)]

Et2O
tmeda

toluene
[(Li(tmeda) )2(Ph4P4)]

tmeda

toluene
[(Li(tmeda) )2(Ph2P2)]

tmeda

toluene

Scheme 6 Oligophosphanediides from (PhP)5.
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is achieved by crystallization, and a series of alkali metal salts ([Li

(tmeda)2][
tBu4P5],

145 [Na(thf)4][
tBu4P5],

146 and [K(pmedta)

(thf)][tBu4P5])
141 have been crystallographically characterized.

All are formed from tBuPCl2, as shown in Scheme 8. The anion

in the isolated salts typically adopts an envelope conformation in

which the tert-butyl groups of the P5 ring are all-trans arranged,

the tricoordinate phosphorus atoms are almost coplanar, and

the anionic phosphorus atom lies above the plane. The molecu-

lar structure of this chiral anion is retained in solution, as shown

in the 31P{1H} NMR spectrum, which displays the expected

ABB0CC0 spin system. The derived coupling constant indicates

that the inversion barrier for the phosphorus atom in these

compounds is high.

A series of linear and cyclic phosphorus-rich anions are now

available and have been studied in reactions with appropriate

main-group and transition-metal precursors.8 The highly re-

ductive nature of polyphosphanides complicates their use in

trans-metallation chemistry using metals in high oxidations

states. However, as shown in Scheme 9, [tBu4P5]
� reacts with

SnCl2 (2:1), PbCl2 (2:1), or BiCl3 (1:1) to give the tethered

bicyclic oligophosphanes and with AlEt2Cl yields an alane

derivative together with a mixture of products.147

Access to catenated and branched tri- and iso-

tetraphosphane ligands (eqn [15]) results from the reaction

of tri(3,5-dimethyl-1-pyrazolyl)phosphane with various

amounts of a secondary phosphane.148 This method is highly

efficient and typically gives very high yields. This simple pro-

tocol opens the access to other polyphosphanes and allows for

the systematic development of a plethora of other tri- and iso-

tetraphosphanes with a highly diverse substitution pattern.

This approach of P–P bond formation using pyrazolyl-

substituted phosphanes as easily accessible P1 units in combi-

nation with a series of primary and secondary phosphanes is

related to the known phosphanylation reaction of primary and

secondary phosphanes utilizing alkylaminophosphanes along

with the elimination of a corresponding sec-amine.149

NN
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N

N

N

N
N

3Cy2PH

2Cy2PH

Cy2

Cy2 Cy2

Cy2
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−2pyrH
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[K(pmedta)(thf)][cyclo-(tB u4P5)]
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K
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Scheme 8 Formation of [tBu4P5]
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Scheme 9 Reactions of [tBu4P5]
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1.04.5 Cationic Compounds

While the phosphonium cation represents one of the proto-

typical bonding environments for phosphorus, a variety of

cationic environments can be envisaged, but few have been

realized. Figure 11 classifies cations (A–M) according to the

coordination number (CN)150 and illustrates the Lewis accep-

tor potential for phosphorus. Also summarized are generic

examples of donor–acceptor complexes that have been struc-

turally characterized for monocations of each type.7,151–156 Al-

though salts of the tricoordinate phosphonium E are well

known,120 the first complexes were only recently reported.157,158

Complexes of multiply charged phosphorus cations such as

polyonio-substituted ‘Weiss-type’ compounds have been pro-

posed on the basis of spectroscopic and chemical analysis

data.159 An example of bonding environment I (L¼ tris(1,3-

dimethylpyrazolyl)phosphane) was recently reported.160 Solid-

state structures have been confirmed for only two complexes of

bonding environment G [R¼Cy2N, L¼DBN] (1,5-diazabicyclo

[4.3.0]-non-5-ene)154a,b; R¼H, L¼Ph3P.
161e There are no struc-

tural reports of J, K, L, or M and, only one example of bonding

environment H (L¼DMAP) has been reported.162

The phosphonium center is analogous to an ammonium

center and is conventionally defined as a tetracoordinate

phosphorus center bearing a formal positive charge. Examples

of compounds containing P–P-bonded phosphonium centers

were first identified spectroscopically163 and have been recently

structurally characterized,164 representing the prototypical

phosphanylphosphonium cation, illustrated in Figure 12(a).

Derivatives of phosphanylphosphonium cations are most ef-

fectively prepared by the reaction of a chlorophosphane with a

halide abstracting agent (eqn [16]), by the reaction of a chlor-

ophosphane, a phosphane, and a halide abstracting agent

(eqn [17]) or by reaction of a diphosphane with a proton or a

methyl cation (eqn [18]). Crystallographic data for a variety of

derivatives165 show a consistent P–P distance of close to 2.2 Å,

which is similar to the P–P bond in diphosphanes. A compre-

hensive series of acyclic and cyclic catena-polyphosphanyl-

phosphonium cations has been recently reported and offers

new synthetic approaches to P–P bond formation.
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All derivatives of phosphanylphosphonium cations

(Figure 12(a)) exhibit two well-separated doublets in 31P

NMR spectra with the high-field shift typically corresponding

to the tricoordinate phosphorus atom and the low-field shift to

the tetracoordinate phosphorus atom, with a 1JPP in the range

300–360 Hz. In the solid state phosphanylphosphonium cat-

ions contain a slightly distorted tetrahedral environment for

the tetracoordinate phosphorus atom and a pyramidal geom-

etry for the tricoordinate phosphorus atom that is typical of a

phosphane.

In the presence of excess gallium chloride, Me2PCl un-

dergoes chloride abstraction with consequential P–P bond

formation as well as secondary coordination of the resulting

tricoordinate phosphorus atom with the Lewis acid to give

Figure 12(b) as a tetrachlorogallate salt.164a,166 The unusual

P–P–Ga bonding framework is described as an ‘in-series’ coor-

dination complex indicating that the phosphane donates to

the acceptor phosphenium moiety, which in turn donates to

the gallium center. Nevertheless, the framework imposes two

neighboring tetracoordinate phosphonium atoms that carry a

formal positive charge, but this has minimal impact on the P–P

distance, the chemical shifts of the phosphorus atoms or the
1JPP coupling constant, relative to the phosphanylphospho-

nium cations (Figure 12(a)) indicating fast exchange in solu-

tion. Salts of a formal coordination complex of a phosphane

on amethylenephosphorus cation of bonding type B are formed

in the reaction of ClP]C(SiMe3)2 with PPh3 in the presence of a

halide abstracting agent, as shown in Figure 12(c),152 and the

cation retains the phosphaalkenemotif, while the P–P distance is

very similar to those in the phosphanylphosphonium cations.

The imine derivative (Figure 12(d)), is formed in an analogous

reaction, and the acceptor capabilities of the iminophosphenium

cation have been demonstrated by the development of a series

of complexes accommodating a variety of ligands.153

The second period p-block elements (n¼2) are distinct from

the heavier elements in that homoatomic p-bonds are thermo-

dynamically more stable than homoatomic s-bonds. Neverthe-

less, compounds containing double or triple bonds between

p-block elements with n>2 can be prepared and isolated if

they contain sterically bulky substituents or other special

features.167 Compounds containing P]P double bonds, dipho-

sphenes, were first isolated in 1981168 and many derivatives

have since been prepared by a variety of methods. The proto-

typical diphosphene, Mes*P]PMes*168 is methylated in the

environment of a 35-fold excess of MeOTf to give the unusual

diphosphen-1-ium cation (Figure 12(e)) as a triflate salt.169

The two phosphorus atoms in the diphosphen-1-ium cation

are predictably distinct and show in solution two doublets

(237 ppm, 332 ppm) in the 31P NMR spectrum with a 1JPP
coupling constant (633 Hz) that is very large relative to those

observed for phosphanylphosphonium cations (300–360 Hz).

Moreover, the solid-state structure reveals a relatively short P–P

distance [2.024(2)Å] and a distorted trigonal planar environ-

ment [C–P–C: 111.7(3)�, C–P–P: 123.1(2)�, 125.2(2)�] for the
tricoordinate phosphorus center consistent with the ion being

a representative of a phosphorus analog of an alkene. Compu-

tational studies indicate that the P]P bond is strengthened as

a result of protonation, and vibrational spectroscopic studies

show a P]P stretch at 636 cm�1, which compares with

610 cm�1 in Mes*P]PMes*.

[H]+ or [R]+ ½19�

[H]+ or [R]+ ½20�

Compounds containing a dicationic charge borne by two

P–P bonded phosphonium atoms, represented by Figure 12(f),

are phosphorus analogs of the C–C bond in ethane. Examples

were first extensively studied by 31P NMR spectroscopy,170 and

the structural motif of adjacent tetracoordinate phosphorus

atoms has been confirmed for a number of derivatives by x-ray

crystallography. Most derivatives have been prepared by alkyl-

ation of diphosphanes (eqn [19]) or phosphanylphosphonium

cations (eqn [20]),171 and the diethylamino-derivative was pre-

pared by the electrochemical oxidation of (Et2N)3P.
172 Despite

the double cationic charge in these diphosphane-1,2-diium cat-

ions, the P–P distance ranges from 2.16 Å in [P2{(CH2)4}3]

[SO3CF3]2 to 2.36 Å in [(Et2N)3PP(NEt2)3][ClO4]2, which is

surprisingly similar to the P–P bonds in the monocationic phos-

phanylphosphonium salts. Nevertheless, in general, the 1JPP
coupling constants in these compounds are substantially smaller

than those in phosphanylphosphonium cations.

Monocationic molecules containing three catenated phos-

phorus centers have been confirmedwith a variety of topologies.

Triphosphan-2-ium cations (Figure 13(a)) are generally formed

in reactions of a phosphenium cation [R2P]
þ with a

diphosphane.173,174 The phosphenium cation is formed in situ

via halide abstraction from a halophosphane or by dissociation

of a phosphanylphosphonium cation. The iodo-derivative,

P3I6
þ, is also observed as a product of the reaction of P4,

I2, and Ag[Al(OCCF3)4].
173 Interestingly, the 31P NMR spectra

of P3I6
þ exhibits an A2B spin system while derivatives of P3R6

þ

and P3R4R’2
þ exhibit AB2 spin systems with the observation of

the resonance of the tetracoordinate phosphonium atom at

lower field. The 1JPP values are consistent with those observed

for phosphanylphosphonium cations. The unusual square-

pyramidal cluster structure of Figure 13(b) was formed in

the reaction of Cp*2Zr(C
tBu)2P2,

175 and the heterocyclic

derivative Figure 13(c) was obtained from the reaction of

the secondary 1,2-bis(phosphanyl)benzene C6H4P2(
tBu)2H2

with a phosphenium cation [R2P]
þ, involving the formal

removal of dihydrogen.164c The symmetric frameworks of

Figure 13(a)–13(c) exhibit P–P distances consistent with those

of phosphanylphosphonium cations. The unusual triphosph-1-

en-3-ium framework in Figure 13(d) is formed by the deamina-

tion reaction of an aminodiphosphene by triflic acid in the

presence of PPh3.
176 The structural features are consistent

with the drawing in Figure 13(d), in that the designated

P]P double bond is 2.025(1) Å and the P–P single bond

[2.206(1) Å] is very similar to those in derivatives of cations

phosphanylphosphonium. The only three-membered cyclic

catena-phosphorus cation in Figure 13(e)177 is obtained by the

methylation of tBu3P3.
178 While the neutral cyclotriphosphane

framework exhibits difference in the three P–P bonds, the differ-

ences are exaggerated in the cationwith the P–P bonds involving

the tetracoordinate phosphorus center significantly shorter than

those involving tricoordinate phosphorus centers. Interestingly,
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the three 31P chemical shifts are quite distinct and a 31P NMR

AMX spin system is observed in solution.

The reduction of PCl3 with SnCl2 in the presence of PR3

results in the triphosphorus cation (Figure 13(f)),151a,b,179

which is an isomer of Figure 13(a) with all substituents at

the terminal sites. Structural data for the phenylated derivative

of Figure 13(f) reveals an angle of approximately 102� at the
central dicoordinate phosphorus atom, implicating a bonding

model involving a phosphide interacting with two cationic

tetracoordinate phosphorus atoms. Framework Figure 13(f)

may also be interpreted as a phosphorus cation [Pþ or P(I)]

complexed by two phosphane ligands. In this context, a variety

of cyclic derivatives of the type Figure 13(g) have been

obtained in analogous reactions,151c,d,180 and structurally char-

acterized to show a narrow range of P–P bond distances (ap-

proximately 2.1–2.2 Å), in which diphosphane-chelate ligands

support the P(I) center. Cations f and g have been referred

to as triphosph-2-en-1-ium cations, andmanymore derivatives

have been identified by 31P NMR spectroscopy showing

the chemical shifts of the dicoordinate phosphorus atoms to

be distinct from the tetracoordinate phosphorus centers by

almost 300 ppm, and 1JPP values are consistently larger than

400 Hz.

Triphosphane-1,3-diium ions in Figure 13(h) and 13(i)

are formed in reactions of R3P or diphosphanes with RPCl2
and AlCl3, or by alkylation of a triphosph-2-en-1-ium cation,

and cyclic derivatives have been extensively studied.181 Intro-

duction of the increased charge and alkylation at the unique

(central) phosphorus atom of the triphosph-2-en-1-ium cat-

ions in Figure 13(f) and 13(g) has minimal influence on the

structural features of the PPP moiety, showing only a slight

extension of the P–P bond and no significant adjustment in

PPP angle. Nevertheless, the 31P NMR signal assigned to the

alkylated central phosphorus atoms exhibits a substantial

downfield shift relative to triphosph-2-en-1-ium cations and

the 1JPP is substantially reduced. The cation in Figure 13(j) is a

unique analog of derivatives of Figure 13(i).182 It is formed by

reaction of the corresponding diphosphane with the imino-

phosphenium cation, and represents an unusual bonding en-

vironment for the central phosphorus atom, which can be

described as a tricoordinate pyramid with one of the bonds

being a multiple bond to nitrogen and the others are to tetra-

coordinate phosphorus atoms. The compound also represents

an example of a diphosphane-chelate complex of the imino-

phosphenium cation.

A variety of salts containing cations composed of four cat-

enated phosphorus atoms have been reported recently, as il-

lustrated in Figure 14. A number of derivatives of the acyclic

tetraphosphorus dicationic framework (a) are formed by re-

ductive coupling of chlorophosphanylphosphonium cations

(chlorine substitution at the tricoordinate phosphane atom),

and further derivatives are accessible by exchange of the term-

inal phosphorus centers by more basic phosphanes.183

Organo-cyclic derivatives (b) are prepared by a similar

method.184 Unique cyclic organo-derivatives (c)185 and

(d)186 have been formed by alternative methods.

Examples of the framework in Figure 14(a) are demon-

strated to have two tricoordinate phosphane atoms between

two terminal tetracoordinate phosphorus atoms. In the context

of coordination chemistry models described for other

(a) (b) (c) (d) (e)

Ph

Ph

Ph

Mes*tBu

tBu

tBu

tBu

tButBu

tBu

Ph Ph

Me
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N
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(i)

Figure 13 Triphosphorus cations.
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Ph Me2N

NMe2
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Figure 14 Tetraphosphorus cations.
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phosphanylphosphonium cations (vide supra), derivatives of

(a) represent diphosphane-1,2-diium dications stabilized by

two phosphane ligands or a chelating diphosphane.18 The

facile derivatization of (a) by ligand exchange reactions vali-

dates this coordination model.

Cyclotetraphosphetan-2-ium cations of type Figure 15(a) are

formed bymethylation187 and halonium188 addition to cyclote-

traphosphanes, and alkylated derivatives have also been formed

by the insertion of a phosphenium cation [R2P]
þ into the

cyclotriphosphane.177 Derivatives of the tetraphosphetane-2,4-

diium dication in Figure 15(a) are obtained by the reaction of

the corresponding cyclotetraphosphane with an excess of

MeOTf150 or by introducing a source of excess halonium

reagent.188 The first example of Figure 15(b) was isolated,

however, in very low yield from a metathesis reaction.161

Pentaphospholan-2-ium cations of type Figure 15(c) are like-

wise formed by methylation or protonation of cyclopentapho-

sphane, and by phosphenium ion insertion [R2P]
þ into a

cyclotetraphosphane.174,189 In addition, a complicated redis-

tribution reaction is implied from the reaction of cyclo-(Ph5P5)

with phosphenium cations [R2P]
þ, which also provides

derivatives of Figure 15(c). Pentaphospholane-2,5-diium dica-

tions in Figure 15(d) are obtained by reaction of derivatives

of Figure 15(c) with neat MeOTf.150 Hexaphosphinane-

1,4-diium dications such as depicted in Figure 15(e) are

obtained from stoichiometric combinations of cyclo-(Ph5P5),

a chlorophosphane and a halide abstracting agent in a

melt reaction.190 Derivatives of Figure 1(a) and 15(b) exhibit

first-order 31P{1H} NMR spectra, but the larger frames of

Figure 15(c)–15(e) involve magnetic nonequivalence that

give rise to complex second-order spectra. Interpretation of

the experimental spectra for derivatives of Figure 15(e) have

been simulated as AA0BB0X or ABCDX spin systems implicating

a low-energy conformational pseudo-rotation process. Deriva-

tives of Figure 15(d) are simulated as ABGMX spin systems and

derivatives of Figure 15(e) are examples of rare AA0A0 0A0 0 0XX0

spin systems.174,190

Cationic [P5X2]
þ-cages shown in Figure 16 were reported

only recently. Cations of type (a) resulted from the reaction of

the silver salt Ag[Al{OC(CF3)3}4] with PX3 (X¼Cl, Br, I) in the

presence of P4.
20,191 Applying a stoichiometric melt approach

at elevated temperatures (60–100 �C),192 it is possible to ex-

tend this chemistry by intercepting the more stable diorgano-

phosphenium cation [Ph2P]
þ with P4. This approach resulted

in the formation of the cationic cages [Ph2P5]
þ (b), [Ph4P6]

2þ

(c), and [Ph6P7]
3þ (d) via the consecutive insertion of up to

three [Ph2P]
þ units into the P–P bonds of the P4 tetrahedron.

16

Fluorobenzene solutions of RPCl2 and a Lewis acid such

as ECl3 (E¼Al, Ga) in a 1:1 ratio can be used as reactive

sources of chlorophosphenium cations [RPCl]þ, which for-

mally insert into P–P bonds of dissolved P4. This represents

a general, powerful protocol for the synthesis of cationic
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Figure 16 Polyphosphorus cationic cages.
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Figure 15 Cyclic polyphosphorus cations.
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chloro-substituted organophosphorus [RP5Cl]
þ-cages as illus-

trated by the isolation of several monocations of type (e).

According to quantum calculations, it is most likely that the

formation of the cationic P5 cage compounds proceeds via a

two-step reactionmechanismwhichmay be best described as an

adduct formation, addition, and subsequent rearrangement.193

Similarly, the reaction of P4 with the cyclodiphosphadiazane

[DippNPCl]2 (Dipp¼2,6-disopropyl-phenyl) and GaCl3 in

fluorobenzene yielded cation (f) as tetrachlorogallate salt. The

addition of an excess GaCl3 and a second equivalent P4 to a

solution of (f) afforded the dicationic species (g) and was iso-

lated as a [Ga2Cl7]
� salt.194 This approach has been extended to

the highly functionalized cation (h) and the zwitterionic P5-cage

(i), which are formed by the insertion of the corresponding

phosphenium cations that are derived from four-membered

phosphorus–nitrogen–metal heterocycles.195

The bistriphenylarsane complex [P4(Ph3As)2]
2þ is formed

in a high-yielding one-pot synthesis from PCl3, AsPh3 and

AlCl3. The structure of this unusual dication reveals a ‘butterfly’

structure of the bicyclo[1.1.0]-tetraphosphane-1,4-diium core

with two triphenylarsane ligands in an exo,exo configuration.

Theoretical calculations describe a dative As–P bonding inter-

actions and consistent with this model, the reaction of

[P4(Ph3As)2]
2þ with 2 equiv. Ph3P results in quantitative for-

mation of [P4(Ph3P)2]
2þ and 2 equiv. Ph3As (eqn [21]). The

new frameworks provide a versatile source of low-valent poly-

phosphorus cations, which may have high potential as very

valuable synthons in catena-phosphorus chemistry.196

1.04.6 Conclusion

The variety of P–P-bonded frameworks that have been charac-

terized illustrate a diverse chemistry that competes with the

established knowledge of C–C-bonded frameworks. Moreover,

the systematic development of synthetic methods for P–P

bond formation provides opportunities for the discovery of

new compounds and ultimately materials exhibiting new

properties.
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VCH: Weinheim, 1996; p 195; (e) Kovács, I.; Baum, G.; Fritz, G.; Fenske, D.;
Wiberg, N.; Schuster, H.; Karaghiosoff, K. Z. Anorg. Allg. Chem. 1993, 619,
453–460.

128. Yao, S. Tris(trimethylsilyl) Stabilized Phosphorus and Lead Clusters. Ph.D.
Thesis, Johannes Gutenberg – University of Mainz, 2005

129. Lerner, H.-W.; Wagner, M.; Bolte, M. Chem. Commun. 2003, 990–991.
130. Wolf, R.; Finger, M.; Limburg, C.; Willis, A. C.; Wild, S. B.; Hey-Hawkins, E.

Dalton Trans. 2006, 831–837.
131. Uhl, W.; Benter, M. J. Chem. Soc. Dalton Trans. 2000, 3133–3135.
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1.05.1 Introduction

The scope of this chapter is to give an overview on the

developments in the field of catenated As, Sb, and Bi com-

pounds since the year 2000. Syntheses, properties, and reac-

tions including coordination chemistry are reviewed.

Catenated compounds are known as both organometallic

and purely inorganic derivatives of the heavy pnicogen

elements with element–element bonds. They include dimers,

linear or branched chains of variable lengths, or bicyclic or

polycyclic (cluster) compounds. Catenation occurs mainly

in the three-bonded state of As, Sb, or Bi. Examples of

four-bonded species with an E–E bond, for example, adducts

R3E–EX3 (E¼As, Sb, Bi), or related species are less numerous.

To control catenation of three-bonded pnicogen atoms,

the valences, which are not involved in element–element

bonding, have to be blocked. This can be achieved, for in-

stance, by monovalent substituents or by negative charges.

The latter approach leads to catena anions, which frequently

are encountered in Zintl anions of polypnicogen species, for

example, dimers, E2
4�, rings E6

6�, or extended chains 1
1E�

(E¼As, Sb, Bi). One fascinating aspect of the chemistry of

catenated pnicogen compounds involves the structural rela-

tionships between the purely inorganic and the organometallic

catena species. In some cases, there are also close chemical

relations, that is, inorganic catena species can be used as start-

ing materials for organometallic catena compounds, and vice

versa. The Zintl concept of assigning negative charges

to substituent-free pnicogen atoms is particularly useful for

pnicogen derivatives of the most electropositive metals, for

example, alkali-metal or earth alkali-metal pnictides. Pnicogen

catenates are, however, also encountered in pnicogen-rich

alloys with other metals.

Not only negative charges or substituents are useful for

the stabilization of catena species. Linear and branched As,

Sb, and Bi catenates, with or without substituents, are fre-

quently incorporated in frameworks with other elements or

in solid-state materials.

It is useful to consider the relationship between the pnicogen

catenates and the modifications of the elements. Single-bonded

dimers, linear or branched chains, as well as isolated or fused six-

membered rings can be considered as sections of the stable

modifications of the elements, such as gray arsenic, antimony,

and bismuth, which consist of two-dimensional arrays of puck-

ered six-membered rings. However, many examples are known,

such as three-, four-, or five-membered rings or many polycyclic

species that cannot be cut out of themetallic lattice of the element.

In addition, the comparison with the pnicogen clusters, which

exist in the gas phase, and, in the case of As4, in the condensed

phase, as metastable modifications is useful. As4 is also a reagent

for the synthesis of catenates of arsenic and the E4 tetrahedra are

models for tetrahedral pnicogen transition metal clusters.

Catena species in which alkyl or aryl groups are bonded to

the element have been known since the earliest days of organ-

ometallic chemistry. Furthermore, compounds with bonds of

pnicogen centers to organometallic groups, for example, orga-

nosilyl or stannyl groups, belong to this family. Catenated

organometallic compounds include dipnicogen (E¼As, Sb,

Bi, R¼monovalent substituent) compounds of the type

R2EER2, linear chains of the type R2E(ER)nER2, or branched-

chain compounds, and mono cycles (RE)n. Neutral polycycles

RnEm (n<m) (clusters) result when the number of pnicogen

atoms (E) is smaller than the number of substituents. Cationic

organometallic species are obtained when positively charged

substituents are added formally to neutral catena species, for

example, reaction of Rþ with R2EER2 gives [R3EER2]
þ.
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Negatively charged catena compounds result when one sub-

stituent of a neutral chain species is formally removed as a

cation and is thus replaced by a negative charge. Removal of

Rþ from R2EER2, for instance, gives [R2EER]
�.

Organometallic dimers with well-defined double bonds be-

tween the pnicogen compounds of the type RE¼ER (i.e., dia-

rsenes, distibenes, and dibismutenes) are reviewed in Chapter

1.12. However, in clusters or inorganic catena species, the bond

order often is less well-defined, and a large range of pnicogen–

pnicogen bond lengths from values indicating triple bonds to

values typical for weak pnicogen–pnicogen interactions are en-

countered. Such weak interactions with bond lengths similar to

vanderWaals contact distances also occur frequently in the solid-

state structures of organometallic catena species of the heavy and

soft elements antimony and bismuth. Catenation usually is re-

lated to unusual electron-rich lowoxidation states of the elements

(e.g.,þ2 for R2E,þ1 for RE,�0 for substituent-free E,�1 for E�,
and –2 for E2�moieties) and intermolecular interactions extend-

ing the normal valence occur frequently. Typical Zintl ions, for

example, E7
3�, are considered in Chapter 1.09. In this chapter,

mainly molecular species with single bonds between the pnico-

gen atoms are considered.

The stability of catenated compounds depends on various

factors. One of them is the energy of the pnicogen–pnicogen

single bond. The values for the single-bond energies (kJ mol�1),
N–N 159, P–P 205, As–As 146, and Sb–Sb 128 were reported.1

For the bond dissociation energy in the cluster Bi2–Bi, a value of

92 (kJ mol�1) was reported.2 These values clearly show that

among the heavier pnicogen elements the most stable homonu-

clear single bonds are formed between phosphorus or arsenic

atoms, and that Sb–Sb and Bi–Bi bonds are weaker. Also, the

bonds from Sb or Bi to groups or atoms that frequently are used

to block and control the valences of these heavier pnicogen

compounds are rather weak. Consequently, catena species of

the heavier pnicogen atoms often are highly reactive species,

and frequently the substitution pattern at the pnicogen centers

is changed during reactions, that is, R2E centers can become RE or

E centers (E¼As, Sb, Bi) by migration or elimination of sub-

stituents. This behavior often makes it difficult to control the

reactions but offers the possibility of catena species to rearrange

the pnicogen skeleton and to adapt to given or emerging new

environments. Recent examples for such arrangements are the

formation of unusual (RSb)3Sb or (RSb)2Sb7 species in reactions

of distibines R2Sb–SbR2 with a titanocene source.3 Sterical pro-

tection by bulky aryl or silyl groups can provide efficient stabili-

zation of catena species for the heavy pnicogen elements. There

are, however, limitations.With sterically demanding groups R, it

is possible that, instead of homocyclic catena-species cyclo-(RE)n
(n>2) with pnicogen–pnicogen single bonds, the doubly

bonded dimers RE¼ER (E¼As, Sb, Bi) are preferable.

Previous overviews of catenated As, Sb, and Bi compounds

were included in books,4–11 review articles,12–29 and annual

reports.30–36

1.05.2 Dipnicogen Compounds

The first dipnicogen compound reported was Cadet’s fuming

liquid, described already by Louis Cadet de Gassicourt in 1760.

Later, Bunsen found out that this liquid contained the

organometallic species tetramethyldiarsane Me2As–AsMe2,

named cacodyl (malodor), as well as other components. An

excellent overview of the chemistry of tetramethyldiarsane

highlighting the early achievements of Cadet and Bunsen was

published by Seyferth.37

More recently, not only diarsanes with other substituents but

also several distibanes and dibismuthanes including the methyl-

ated compounds Me2E–EMe2 (E¼Sb, Bi) have been synthesized

and investigated. Motivation for the investigations on distibanes

and dibismuthanes since the 1980s has arisen from the observa-

tion of unusual color effects, that is, bathochromic shifts on

crystallization and the formation of extended linear chains in the

crystals. In fact, the R2E–ER2 molecules of these so-called thermo-

chromic distibanes and dibismuthanes R2E–ER2 (E¼Sb, Bi;

R¼Me, Me3Si. Me3Ge, Me3Sn; R2¼Me2C4H2) are aligned

through close intermolecular Sb���Sb or Bi���Bi contacts to

E–E���E–E���E chains with alternating single bonds and intermole-

cular contacts between the pnicogen atoms. The work in this field

has been summarized in several review articles.11,13,17 Little recent

work in the field has been reported. Applications of organometal-

lic dipnicogen compounds include their use as reagents and

ligands or as As, Sb, or Bi sources for electronic materials. RE–ER

units also are frequently incorporated in clusters or transition

metal complexes. Although some of them can be considered as

derivatives of RE¼ER species, their bond lengths frequently exceed

the values for typical double bonds.

Inorganic substituent-free dipnicogen compounds exist as

ions E2
n� (E¼As, Sb, Bi; n¼4) in solid phases or as E2 units in

complexes and clusters. Dipnicogen compounds R2E–ER2

(E¼As, Sb, Bi) frequently are synthesized by reductive

methods, for example, reactions of R2EX (X¼Cl, Br, I) with

hydrides, alkali metals, or magnesium. However, oxidative

coupling reactions with formation of pnicogen–pnicogen

bonds are also used.

An example for reduction with hydrides is the synthesis of R

(H)Sb–Sb(H)R (R¼(Me3Si)2CH), the first organodistibane

with Sb–H bonds, which is formed in good yield by reaction

of RSbCl2 with LiAlH4. A probable intermediate is RSb(H)Cl,

which reacts with RSbH2 with elimination of HCl to give R(H)

Sb–Sb(H)R. The deuterium analogue R(D)Sb–Sb(D)R is formed

from RSbCl2 and LiAlD4. The structure ofmeso-R(H)Sb–Sb(H)R

was determined both by x-ray crystallography and by neutron

diffraction. Crystals contain the distibane molecules in the meso

form. The Sb–Sb bond length is 2.8304(8)Å. Nuclear magnetic

resonance (NMR) studies reveal that meso-R(H)Sb–Sb(H)R

takes part in equilibria with formation of RSbH2, D,L-R(H)Sb–

Sb(H)R and tristibane R(H)Sb–SbR–Sb(H)R.38,39

Tetramesityldibismuthane Mes2Bi–BiMes2 (Mes¼2,4,6-

Me3C6H2) is obtained by the reaction of Mes2BiCl and

LiBH4 or LiAlH4 in diethylether in the temperature range

between �70 and �30 �C and decomposition of the initially

formed Mes2BiH above 0 �C. The red crystals of Mes2Bi–

BiMes2 consist of centrosymmetric molecules in the trans con-

formation. The value of the Bi–Bi bond length is 3.087(3) Å.40

A convenient synthetic method for distibanes is the reaction

of diorganoantimony chlorides or bromides with magnesium

filings activated by 1,2-dibromoethane in tetrahydrofuran

at or above ambient temperatures. Tetraisobutyldistibine

R2Sb–SbR2 (R¼Bui) is formed as a yellow viscous liquid by

reduction of R2SbBr with Mg.41
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In an analogous way, the reduction of R(Ph)SbCl

(R¼ (Me3Si)2CH) with Mg gives the sterically congested

unsymmetric distibane meso-R(Ph)Sb–Sb(Ph)R a yellow crys-

talline compound. The crystals of meso-R(Ph)Sb–Sb(Ph)R

(R¼ (Me3Si)2CH) are composed of molecules in the trans con-

formation. The dihedral angle F¼ lp–Sb–Sb–lp (lp¼assumed

orientation of the lone pair of electrons at antimony) is 137.42

(2)�. It deviates considerably from the ideal value of 180 �C,
which is observed in many distibanes with smaller substituents

including tetraphenyldistibane. The value for the Sb–Sb bond

length for meso-R(Ph)Sb–Sb(Ph)R is 2.844(1) Å.42

Dibismuthanes with small alkyl groups such as methyl,

ethyl, or propyl groups are thermally unstable. They decom-

pose at room temperature even in an inert atmosphere, with

formation of elemental bismuth and trialkyl bismuthanes.

Tetraaryl dibismuthanes, for example, Ph2Bi–BiPh2, are

thermally more stable. Additional stabilization is achieved

with pendant arm ligands 2-(Me2NCH2)C6H4 (one arm), or

2,6-(Me2NCH2)2C6H3 (two arms) where bonding to the pni-

cogen atom is performed not only through normal covalent

pnicogen carbon bonds but also through additional dative

bonds from the pendant amino groups to the pnicogen cen-

ters. When these additional dative bonds are taken into ac-

count, the organic ligands can be considered as bidentate or

tridentate, although the dative bonds are relatively weak and

are involved in dynamic processes in solution. Recently, these

pendant arm ligands were used as protecting groups for other-

wise labile catena species of antimony or bismuth.

Protection through ligands with one pendant arm is achieved

in thedibismuthaneR2Bi–BiR2 (R¼2-(Me2NCH2)C6H4), a dark-

red crystalline compound which is formed from R2BiCl and Mg

in tetrahydrofuran at �40 �C. The dibismuthane exhibits an

antiperiplanar conformation in the crystalline state with three of

the four pendant ligands coordinated to the bismuth atoms. The

value for the Bi–Bi bond length is 3.0657(5)Å.43

Ligands with two pendant arms stabilize the red crystalline

dibismuthane R2Bi–BiR2 (R¼2,6-(Me2NCH2)2C6H3), which

is formed from R2BiCl and Mg. Crystals obtained from toluene

or diethylether contain three different forms of the dibis-

muthane, which in all forms adopts the trans conformation;

however, the dihedral angles and the types of coordination of

the pendant dimethylaminomethyl arms are different. One of

the structures of R2Bi–BiR2 (R¼2,6-(Me2NCH2)2C6H3) is

shown in Figure 1. The Bi–Bi bonds are exceptionally

long. They lie between 3.0992(6) and 3.2092(8) Å. NMR spec-

tra show that in solution the substituents are equivalent. Ap-

parently, the solid-state structures are not preserved in solution

and dynamic processes occur.44

Chloro-tetraethyl-arsole and -stibole (EtC)4E–Cl (E¼As,

Sb; Et¼C2H5) react with Ca, Sr, or Ba with formation of the

corresponding diarsanes or distibanes, that is, octaethyl-

diarsolyl and distibolyl, (EtC)4E–E(CEt)4, as viscous liquids.

Further reduction with Mg or Ca gives the corresponding an-

ionic species, that is, tetraethylarsolide or stibolide (EtC)4E
�.45

The bicyclic distibane [(ButP)3Sb–Sb(PBu
t)3]2 is obtained by

reaction of Sb(NMe2)3 with ButP(H)Li through initial formation

of the [(ButP)3Sb]
� anions. The structure of [(ButP)3Sb–Sb

(PBut)3]2 is shown in Figure 2.46

Tetramesityldistibane is formed as a component of crystals

of the composition (Cp2TiCl)2�2Mes2Sb–SbMes2 in a reaction

between Cp2Ti(Me3SiC�SiMe3), Mes2SbH, and traces of

NH4Cl. The geometrical parameters of tetramesityldistibane

are similar in the pure compound and in the adduct. The

value of the Sb–Sb bond length is 2.8589(8) Å.47

The ferrate K2[Fe(CO)3(PPh3)] reacts with Ph2SbCl bymetal-

assisted reductive Sb�Sb coupling to give the distibane complex

trans-[Fe(CO)3(PPh3)–(Ph2Sb–SbPh2)]). The distibane ligand is

terminally Z1-coordinated trans to the phosphane ligand. The

Ph2Sb–SbPh2 ligand differs by approximately 4� from the trans

conformation. The Sb–Sb bond length in the complex is 2.8282

(7)Å, which is slightly shorter than that of the free Ph2Sb–SbPh2
(2.844(1)Å).48

Catalytic dehydrocouplingwith formationof tetraphenyldiar-

sane Ph2As–AsPh2 occurs when benzene solutions of Ph2AsH

are heated in the presence of N(CH2CH2NSiMe3)3ZrAsPh2.
49

An exceptional inorganic bismuth compound with a Bi–Bi

bond is bismuth(II) trifluoroacetate Bi2(O2CCF3)4, which is

formed by oxidation of elemental bismuth with Ag or Hg

trifluoroacetates, by reduction of bismuth(III) trifluoroacetate

with Zn or by a comproportionation between Bi and Bi

(O2CCF3)3. The crystal structure is shown in Figure 3.

N(4)
N(8)

Bi(2)
Bi(1)

N(1)

N(2)
N(7)

N(5)

N(6)

N(3)

Figure 1 Structure of the central core of R2Bi–BiR2

(R¼2,6-(Me2NCH2)2C6H3).
44 Hydrogen atoms are omitted for clarity.

C(5) C(1� )

C(9�)

P(1� )
Sb(1� )

P(2�)

C(5�)

P(3�)

Sb(1)
P(1)

C(1)

C(9)
P(2)

P(3)

Figure 2 Structure of [(ButP)3Sb–Sb(PBu
t)3]2.

46 Hydrogen atoms are
omitted for clarity.
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It consists of Bi2(O2CCF3)4 molecules with a dinuclear paddle-

wheel shape. The Bi–Bi bond distances are averaged to 2.9462

(3) Å. The compound is volatile and exists in vapor phase up to

220 �C. The solution chemistry is quite limited: the bismuth

(II) trifluoroacetate is decomposed by the majority of common

solvents, but it canbe stabilizedby aromatic systems, for example,

as adducts, Bi2(O2CCF3)4�(C6H5Me) and Bi2(O2CCF3)4�(1,4-
C6H4Me2)2. In the structures of the adducts, the bismuth(II)

centers exhibit weak Z6-coordination to aromatic rings.50

Heating Bi2(O2CCF3)4 and M2(O2CCF3)4 (M¼Rh, Ru) in

the solid state gives the mixed species [BiM(O2CCF3)4].
51

Oxidative coupling processes lead to the formation of

tetraacyldiarsanes.52 Tetrabenzoyldiarsane R2As–AsR2 (R¼Ph

(O)C) is formed from Ph(HO)C¼As–C(O)Ph and Hg[N

(SiMe3)2]2. The value for the As–As bond length is 2.4254(6)

Å. It is likely that initially the intermediate [Hg{As[C(O)Ph]2}2]

forms, which is unstable at room temperature and decomposes

to give the diarsane via an oxidative coupling reaction involving

a simultaneous elimination of elemental mercury.52

Another example for a tetraacyldiarsane formed by oxida-

tive coupling is the compound [Mes(O)C]2As–As[C(O)Mes]2
(Mes¼2,4,6-Me3C6H4). The coupling occurs in the reaction

of lithium arsadionate LiAs[C(O)Mes]2 and TaCl5. The value

for the As–As bond length is 2.4300(8) Å.53 For both tetraacyl-

diarsanes, the As–C and As–As bond lengths are typical for

single bonds and all the C–O distances are in the localized

double-bond range.

Oxidative coupling occurs also in the formation of tetrame-

sityldistibane, Mes2Sb–SbMes2 (Mes¼2,4,6-Me3C6H2) from

the bis(stibido) complex CpCp*Hf(SbMes2)2 (Cp*¼Me5C5)

by reactions with oxidants (I2 and O2) or donors (carbon mon-

oxide and diphenylacetylene) or by thermolysis.54 Tetramesityl-

distibane was previously obtained by the reaction of Mes2SbBr

with magnesium in tetrahydrofuran.55

Tetraneopentyldibismuthane R2Bi–BiR2 (R¼Me3CCH2)

and elemental bismuth are products of the thermal decompo-

sition of cyclo-(RBi)n (n¼3, 5) at room temperature. The

reaction can be described as disproportionation of Bi(I) in

the cyclobismuthane giving Bi(II) in the dibismuthane and Bi

(0) in the element. Tetraneopentyldibismuthane is an orange-

red, air-sensitive solid.56

The ‘jack-in-the-box’ diarsane R2As–AsR2 (R¼(Me3Si)2CH)

is unusual because it exists only in the solid state, whereas the

two R2As radicals spring apart upon release from the solid state

by melting, dissolution, or evaporation. The driving force for

this dissociation is probably the decrease of steric tension

between the bulky substituents in the [(Me3Si)2CH]2As group

during the transition from the congested diarsane to the arsinyl

radical (Scheme 1). The diarsane is obtained by reduction of

R2AsI with Li metal. The solid-state structure of R2As–AsR2

(R¼ (Me3Si)2CH) features the presence of eight independent

molecules in the asymmetric unit. However, each molecule

adopts a syn, anti conformation. There are large distortions of

the ligands attached to arsenic. The As–As bond lengths aver-

age 2.587 Å (2.576(2) to 2.592(2) Å range) and are approxi-

mately 0.1 Å longer than those reported for other diarsines

(Cambridge Structural Database average, 2.455 Å; range,

2.417–2.489 Å). The structure of one of the diarsane molecules

is shown in Figure 4.57

Although the Bi–Bi bond is weaker than the As–As bond,

the corresponding dibismuthane R2Bi–BiR2 (R¼(Me3Si)2CH)

shows no tendency for dissociation in solution. Apparently,

there is less steric tension between the bulky alkyl substituents

in the dibismuthane than in the diarsane, and the driving force

for dissociation with formation of R2Bi radicals is not suffi-

cient. R2Bi–BiR2 is a dark-red crystalline solid, which is formed

by elimination of H2 from R2BiH at room temperature. The

solid is stable at room temperature for a long time but in

solution decomposition with formation of (RBi)n and R3Bi

occurs. The crystal structure of R2Bi–BiR2 (R¼(Me3Si)2CH)

consists of molecules in the near trans conformation. The

value for the Bi–Bi bond length is 3.0534(13) Å. Attempts to

prepare R2Sb–SbR2 (R¼(Me3Si)2CH) in a similar way, by

decomposition of the corresponding stibine, failed. R2SbH

(R¼ (Me3Si)2CH) is stable up to 100 �C.58

F(1� )

F(3� )

F(2� )

O(1� )

Bi(1� )

O(2� )

C(3� )
F(6� ) C(1� )

F(5� )F(4� )

O(3� )
O(1)

F(2)

F(1) F(3)

O(3)
C(1� )

O(4� )
C(3)

F(5)

F(4)

F(6)

O(2)

Bi(1)

O(4)

Figure 3 Structure of Bi2(O2CCF3)4.
50

R2As - AsR2 2 R2As ·

R = (Me3Si)2CH

Scheme 1 Dissociation of the ‘jack-in-the-box’ diarsane R2As–AsR2.

Si(5)

Si(8)
Si(1)

Si(2)

Si(7)

Si(6)

As(2) As(1) C(2)

C(1)

Si(4) Si(3)

C(3)

C(4)

Figure 4 Structure of R2As–AsR2 (R¼ (Me3Si)2CH).
57 Hydrogen atoms

are omitted for clarity.
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Very efficient protection of dibismuth species is achieved

with very bulky silyl groups such as the diphenyl(tert-butyl)

silyl group. Both redox and metathesis processes occur in re-

actions of BiBr3 with Li(THF)3SiPh2Bu
t in a 1:3 molar ratio to

give (ButPh2Si)2Bi–Bi(SiPh2Bu
t)2. This dibismuthane is a

dark-red crystalline compound that is thermally very stable.

Heating under reflux at 100 �C for 3 h does not lead to dispro-

portionation into elemental bismuth and (ButPh2Si)3Bi or to

dissociation into corresponding radicals. The effective steric

protection of the bismuth centers is probably one of the

main reasons for the stability of this compound. The Si2Bi–

BiSi2 core is in the semi-eclipsed conformation. Although there

is considerable steric strain in the molecule, the Bi–Bi distance

(3.006(8) Å) is relatively short.59

In crystals of (ButPh2Si)2Bi–Bi(SiPh2Bu
t)2 there are no

short intermolecular Bi���Bi contacts, whereas the trimethylsilyl

derivative (Me3Si)2Bi–Bi(SiMe3)2 is thermochromic and the

solid-state structure contains extended bismuth chains.11 Re-

cently, calculations were performed on Me2Bi–BiMe2 and

(H3Si)2Bi–Bi(SiH3)2, two model compounds for thermochro-

mic dibismuthanes. According to density functional theory

(DFT)-optimized geometries of the systems n[(H3Si)2Bi–Bi

(SiH3)2] (n¼1–3), the closed-shell attraction between inter-

molecular Bi centers in the chain provides a moderate elonga-

tion of the intramolecular Bi–Bi bond in the dibismuthane

unit and a shortening of the intermolecular Bi���Bi contacts.
According to MP4(SDQ) computations, such oligomerization

is carried out by intermolecular interaction of s lone pairs that

are bound together and p-type orbitals of the Bi–Bi bonds in

the bismuth chain. An increase in the number of (H3Si)2Bi–Bi

(SiH3)2 molecules per chain results in a decrease in the highest

occupied molecular orbital–lowest unoccupied molecular or-

bital (HOMO–LUMO) gap and leads to a bathochromic shift.

TD-PBE0 computations suggest that the lowest energy electron

transition is metal–metal charge transfer. In addition, the at-

tractive contributions in the chain [(H3Si)2Bi–Bi(SiH3)2]���
[(H3Si)2Bi–Bi(SiH3)2] with silyl groups outweigh the repulsion

of the Bi���Bi centers, whereas for the methyl-substituted bis-

muth chain the repulsive van der Waals force dominates. This

fact makes the rectangular oligomerization model more

preferred for n[Me2Bi–BiMe2] (n¼2), while for n[(H3Si)2Bi–

Bi(SiH3)2] chain formation is favored in the gas phase.59

Nevertheless, the chain formation is observed in solid

tetramethyldibismuthane.11

Another method for an effective protection of dibismuth

species is the use of ligands of the type RN(CH2C6H4)2,

which coordinate strongly through two carbon atoms, forming

Bi–C bonds, and in addition through dative bonds from

nitrogen to bismuth. Therefore, these ligands can be viewed

as tridentate.

Examples are the thermally stable dibismuthanes LBi–BiL,

with LBi¼RN(CH2C6H4)2Bi (R¼Me, But, Octt), which are

formed by reactions of the corresponding organobismuth

oxides LBi–O–BiL with phosphorus compounds such as Ph2P

(O)H or, more efficiently, 9,10-dihydro-9-oxa-10-phospha-

phenantrene-10-oxide. A reaction path leading to LBi–BiL is

given in Scheme 2.

The thermal stability of the dibismuthanes LBi–BiL is re-

markable. For example, LBi–BiL, LBi¼OcttN(CH2C6H4)2Bi,

melts at 181–182 �C and no appreciable decomposition was

observed on heating in boiling toluene for 10 h. The structures

were determined by x-ray diffraction. The values for the Bi–Bi

bond lengths range from 3.0547(2) to 3.0707(3) Å.60

A 1,2-dichlorodiaryldibismuthane is formed in the reaction

of the sterically encumbered arylbismuth dichloride RBiCl2
(R¼2,6-(2,6-Pri2C6H3)2C6H3) with KSi(SiMe3)3. Instead of

silylation at bismuth reduction occurs and the dibismuthane

R(Cl)Bi–Bi(Cl)R forms. The solid-state molecular structure

shows the mixed-substituted dibismuthane with a Bi–Bi single

bond length of 3.0232(4) Å. The aryl and chlorine substituents

adopt strictly trans arrangements in the anti-periplanar confor-

mation of the dibismuthane.61

Many dipnicogen compounds are very air sensitive. For

instance, the exposure of tetramethyldistibane to excess air

leads to self-ignition, but with excess distibane the monoxide

Me2SbOSbMe2 or the acid Me2Sb(O)OH forms. Controlled air

oxidation is equally performed when air is slowly introduced

into the yellow solutions of tetraaryldistibanes R2Sb–SbR2

(R¼Ph, o-Tol, p-Tol) and the colorless oxides (R2Sb)2O are

obtained as crystalline samples. Further oxidation leads to

anhydrides of aryl stibinic acids of the type (R2Sb)4O6.
62

The dibismuthanes LBi–BiL with LBi¼RN(CH2C6H4)2Bi

(R¼Me, But, Octt) are also less air sensitive in the solid state,

while in solution they quickly react with air oxygen to form the

monoxide LBi–O–BiL.60

It has been well documented in older literature that reac-

tions of distibanes and dibismuthanes R2E–ER2 with dichalo-

genides RE0–E0R occur readily in an inert atmosphere, with

quantitative formation of the mixed compounds R2E–E
0R

(E¼Sb, Bi; E0 ¼S, Se, Te). A recent result is the formation

of the thiolate LBi–SAr from ArS–SAr (Ar¼aryl group) and

LBi–BiL, respectively.60

Still, little is known of the mechanisms that are involved

in the oxidation processes of the dipnicogen compounds.

One possible mechanism involves insertion of dioxygen

into the pnicogen–pnicogen bond. An example where

the resulting peroxide was in fact isolated is the reaction

of the dibismuthane with the two arm ligands R2Bi–BiR2

(R¼2,6-(Me2NCH2)2C6H3), which with air gives the perox-

ide R2Bi–O–O–BiR2, probably via homolytic dissociation of

the dibismuthane with formation of R2Bi� radicals that react
with the dioxygen.44 The structure of this peroxide, in which

the dioxygen bridge adopts a close to ‘side-on’ coordination,

is shown in Figure 5.

In addition to the insertion of dioxygen, further oxidation

processes occur in which the organic substituents are involved.

One of the pendant arms is transformed into an amine oxide

and another is oxidized to a carboxyl group. It is very likely that

the peroxide is involved in the unusual oxidizing processes of

LBi BiL
Ph2P(O)H

O LBi

But

Bi

N

LBi =

PPh2O

O

LBi BiL  +

Scheme 2 Synthesis of the dibismuthane LBi−BiL.
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the ligands that occur at room temperature and that it has

potential as an oxidating agent in organic syntheses. The

oxidation processes of R2Bi–BiR2 (R¼2,6-(Me2NCH2)2C6H3)

are shown in Scheme 3.44

Reduction of organometallic dipnicogen compounds

occurs with group 1 or with group 2 metals. Recent examples

are the diarsenic and diantimony species octaethyl-diarsolyl

and distibolyl (EtC)4E–E(CEt)4 (E¼As, Sb; Et¼C2H5), which

react with Mg and MgCl2 or Ca and CaCl2 with fission of the

pnicogen–pnicogen bond and formation of magnesium or

calcium chloride tetraethyl arsolide or stibolide (EtC)4EMCl

(M¼Mg, Ca), respectively. In the absence of the earth alkaline

metal dihalides, no reaction is observed. For the larger metals,

strontium and barium, the reduction of the (EtC)4E−E(CEt)4
succeeds also in tetrahydrofuran without the addition of the

halides and halogen-free metallocene complexes of Sr and Ba

with Z5-coordinated tetraethylarsolide or stibolide ligands of

the type [(EtC)4E]2M (E¼As, Sb; M¼Sr, Ba) result.45

It is well known that tetraorganodiarsanes and distibanes

can be incorporated as intact donor ligands into transition

metal carbonyl complexes and into adducts with main group

element acceptors. Complexes with the weaker donors, tetra-

organodibismuthanes, are known as adducts with group 13

metal Lewis acids of type R3M (M¼Al, In).

A recent example of a transition metal carbonyl complex

of a distibane ligand with a known crystal structure is the

complex (CO)4Cr(Me2Sb–SbMe2)2Cr(CO)4, which contains

two bridging distibane ligands between chromium centers.

The distibane complex was formed in a reaction between the

tristibane 2,6-Mes2C6H3Sb(SbMe2)2 and Cr(CO)4(norborna-

diene). A polymer [(CO)4Cr(Me2Sb–SbMe2)]n is formed in the

direct reaction between Cr(CO)4(norbornadiene) and Me2Sb–

SbMe2. The Sb–Sb bond length in the crystal structure of

(CO)4Cr(Me2Sb–SbMe2)2Cr(CO)4 is 2.8157(11) Å. The struc-

ture is shown in Figure 6.63

The related complex with one tetramethyldistibane bridge,

that is, (CO)5CrMe2Sb–SbMe2Cr(CO)5, has also been charac-

terized by single-crystal x-ray crystallography. A remarkable

feature is the substantial deviation from the ideal antiperiplaric

(trans) conformation adopted by the free tetramethyldistibane.

The value for the Sb–Sb bond length is 2.8097(9) Å, which is

shorter than in noncoordinated crystalline Me2Sb–SbMe2
(2.862(2) Å).64

Reactions of the distibines R2Sb–SbR2 (R¼Me, Et,

Me3SiCH2, 2-(Me2NCH2)C6H4, Me3Si) with the titanocene

source Cp2Ti(Me3SiC�SiMe3) give various products. The

most straightforward reaction leads to paramagnetic dimers

(R2SbTiCp2)2 (R¼Me, Et, Me3Si), probably with the insertion

of a titanocene molecule into the Sb–Sb bond of a distibane

followed by addition of a second titanocene molecule. The

transannular antimony–antimony distances in these dimers

(R2SbTiCp2)2 (R¼Me, Sb���Sb 3.4491(11) Å, R¼Me3Si, Sb���Sb
3.7145(4) Å) are shorter than the sum of the van der

Waals radii of two antimony atoms (SrvdW(Sb,Sb) 4.4 Å).47

It is likely that in the case of the reactions of the distibanes

R2Sb–SbR2 (R¼Me3SiCH2, 2-(Me2NCH2)C6H4) with Cp2Ti

(Me3SiC�SiMe3) dimers of the type (R2SbTiCp2)2 also form

initially. Further reactions with rearrangement of the antimony

skeleton and loss or migration of organic groups lead to the

larger antimony titanium clusters (Cp2Ti)3(R3Sb4) or

(Cp2Ti)5(R2Sb9). Incorporated into the clusters are the catena

Sb species of the types (RSb)3Sb or (RSb)2Sb7.
3 The (RSb)3Sb

fragment represents a star-like geometry with three RSb units

bonded to a central naked antimony atom and Sb–Sb bond

lengths of 2.8267(4)Å. The central (RSb)2Sb7 framework is

composed of a tricyclic Sb7 unit und two exocyclic RSb groups.

The Sb–Sb bond lengths lie in the range 2.773(4)–2.850(3)Å.

The formation of the TiSb clusters represents the successive

construction of an antimony framework that can serve as

model for the thermal decomposition of organoantimony com-

pounds with Sb–Sb bonds.

The distibanes R2Sb–SbR2 (R¼Me3SiCH2, 2-(Me2NCH2)

C6H4) are thermally stable in the absence of catalysts. They

decompose only at very high temperatures with formation of

elemental antimony and other products. The rearrangement

processes leading to clusters are probably favored by the pres-

ence of the paramagnetic titanocene complex species. A func-

tion of the titanocene groups is to bind and protect the

N(7)

N(9) O(1)

O(2)

Bi(1)

N(1)

N(8)

N(2)

N(4)

Bi(2)

N(6) N(5)

Figure 5 Structure of the central core of R2BiO2BiR2

(R¼2,6-(Me2NCH2)2C6H3).
44 Hydrogen atoms are omitted for clarity.

R2Bi - BiR2 2 R2Bi · R2Bi BiR2

R = 2,6-(Me2NCH2)2C6H3

O2 O O

Scheme 3 Possible reaction paths leading to the peroxide R2BiO2BiR2.

Cr(1iii)

C(4iii)

Cr(1)

C(5iv)
C(5i)

C(5iii) C(4iv)

Sb(1iii)
Sb(1iv)

Sb(1i)
Sb(1)

C(4i)

C(4)

C(5)

Figure 6 Structure of (CO)4Cr(Me2Sb–SbMe2)2Cr(CO)4. Hydrogen
atoms are omitted for clarity.63
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polyantimony species sterically.3,47 An overview of the reac-

tions between distibanes and the titanocene source is given in

Scheme 4.

Fission of the Sb–Sb bonds occurs in reactions of distibanes

R2Sb–SbR2 (R¼Et, Prn, Me3SiCH2) with Fe2(CO)9 and multi-

nuclear complexes composed of R2Sb units and Fe(CO)4 or Fe

(CO)3 fragments result. However, the pendant arm distibane

R2Sb–SbR2 (R¼2-(Me2NCH2)C6H4) reacts with Fe2(CO)9,

resulting in the formation of the stibinidene complex RSb[Fe

(CO)4]2, which is stabilized through the close intramolecular

coordination of the pendant dimethylamino group on the

antimony center.65

R(H)Sb–Sb(H)R (R¼(Me3Si)2CH) reacts with W(CO)5
(tetrahydrofuran) to give the crystalline isomers meso- and D,

L-(CO)5W[R(H)Sb–Sb(H)R]W(CO)5. The Sb–Sb bond lengths

are 2.833(1) Å for the meso-form and 2.842(1) Å for the D,L-

form. Heating the distibane complexes results in the evolution

of H2 and formation of the distibene complex (trans-

RSb¼SbR)W(CO)5. The Sb–Sb bond length in the distibene

complex is 2.7413(9) Å.

Reaction of R(H)Sb–Sb(H)R with MeI and diazadis-

obutyronitrile results in the substitution of hydrogen by

methyl groups with formation of the methylated distibane R

(Me)Sb–Sb(Me)R as a mixture of the meso- and D,L-isomers.39

Tetraalkyldistibanes R2Sb–SbR2 (R¼Prn, Bui) react with

But3M (M¼Al, Ga) at �30 �C, with the formation of the

Lewis acid–base adducts But3M(R2Sb–SbR2)MBut3 (M¼Al,

R¼Prn, Bui; M¼Ga, R¼Prn, Pri). The aluminum adducts

But3Al(R2Sb–SbR2)AlBu
t
3 (R¼Prn, Bui) are stable in solution,

whereas the gallium derivatives But3Ga(R2Sb–SbR2)GaBu
t
3

(R¼Prn, Bui) undergo a Sb–Sb bond-breakage reaction with

the subsequent formation of the heterocycles [(But2GaSbR)2]2.

The Sb–Sb bond lengths in But3Al(R2Sb–SbR2)AlBu
t
3 (R¼Prn,

2.839(1) Å; R¼Bui, 2.822(5) Å) are almost identical to those of

pure distibanes, for example, Me2Sb–SbMe2 (2.862(2)–2.838

(1) Å). The most significant structural change of the distibane

moiety due to the adduct formation is the increase of the

degree of pyramidalization of the central Sb atoms. The sums

of the C–Sb–C and C–Sb–Sb bond angles observed for But3Al

(R2Sb–SbR2)AlBu
t
3 (R¼Prn, 292.2�; R¼Bui, 290.6�) are sig-

nificantly increased compared with uncomplexed distibanes

such as Me2Sb–SbMe2 (283.1�), resulting from an increase in

p character of the former Sb electron lone pair and an increase

in s character of the former Sb–C and Sb–Sb bonding electron

pairs. Similar reactions occur also between R2Sb–SbR2 (R¼Me,

Et) and R3M (M¼Al, Ga, In; R¼Me, Prn, Pri, But) yielding

adducts R3M(R2Sb–SbR2)MR3. The adducts are unstable in

solution toward the formation of heterocycles of the type

(R2SbMR2)n (n¼2, 3).66–68

The adducts tBu3M(Et2Bi–BiEt2)M
tBu3 (M¼Al, Ga) are

formed from Et2Bi–BiEt2 and MtBu3 at �78 �C in n-pentane.

These adducts are exceptional as complexes with intact dibis-

muthane ligands. The gallium compound is stable at �30 �C
for weeks, whereas the aluminum compound decomposes

under these conditions. In the crystal, both adducts adopt a

staggered conformation with the MBut3 groups in trans posi-

tions. The structure of But3Ga(Et2Bi–BiEt2)GaBu
t
3 is shown in

Figure 7. The value for the Bi–Bi bond length is 2.983(1) Å.69

The reaction of the dibismuthane R2Bi–BiR2 (R¼Me3CCH2)

with Fe2(CO)9 leads to the fission of the Bi–Bi bond and for-

mation of (R2Bi)2Fe(CO)4.
70 The structure of (R2Bi)2Fe(CO)4 is

shown in Figure 8. With a Bi–Bi distance of 3.9581(10)Å, the

complex is better described as an octahedral iron complex with

R
Sb

Sb

Sb

R

R R R

R R

RSb
Sb

Sb

Sb

btmsa = Me3SiC2SiMe3

Sb
Sb

Sb

Sb
Sb

Sb

Sb

Cp2Ti

Cp2Ti

Ti

Cp2Ti

Cp2

TiCp2

TiCp2

TiCp2

[Cp2 Ti(btmsa)]

+ R4Sb2,
   R = 2-(Me2NCH2)C6H4

+ R4Sb2,
   R = Me, Et, Me3Si

+ R4Sb2,
   R = Me3SiCH2

Sb
R

Cp2

Cp2

Ti

Ti TiCp2

Scheme 4 Reactions between distibanes and a titanocene source.

C(19)

Bi(2)

Bi(1)

C(1)

Ga(2)

Ga(1)
C(17)

C(3)

Figure 7 Structure of But3Ga(Et2Bi–BiEt2)GaBu
t
3.
69 Hydrogen atoms

are omitted for clarity.

C(20)

Fe(1)

C(5)

C(10)

Bi(1)
Bi(2)

C(15)

Figure 8 Structure of (R2Bi)2Fe(CO)4 (R¼Me3CCH2).
70 Hydrogen

atoms are omitted for clarity.
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two R2Bi ligands in cis positions. The alternative description,

that is, an Fe(CO)4 complex with dibismuthane ligand ‘side-on’

coordinated through the electrons of the Bi–Bi bond, enjoys less

support from the geometric parameters, although this type

of coordination should lead to considerable elongation of the

Bi–Bi s bond.

1.05.3 Monocycles (RE)n (E¼As, Sb, Bi)

An overview of the types of monocycles with structures estab-

lished by single-crystal x-ray crystallography, including rings

with the size n¼3–6 and monocycles with pnicogen R2E–, RE

(Cl)–, RE– groups as substituents, is given in Scheme 5.

For arsenic and antimony, the three-membered rings (triar-

siranes and tristibiranes) are well established, but no tribismir-

ane with a known crystal structure has been reported, although

three-membered bismuth rings exist in solution. Generally, the

formation of three-membered rings is less favored because the

geometry of these trimers requires E3 (E¼As, Sb, Bi) angles

close to 60� and cis-positions for the substituents. However,

this difficulty can be overcome by the use of appropriate sub-

stituents, such as the bis(trimethylsilyl)methyl group. The

asymmetrical shape of this group is particularly suitable for

three-membered rings because it combines sterical protection

in the ring periphery with little sterical tension inside the ring.

Larger rings with an even number of ring members, allowing

the formation of all-trans isomers, are more favorable. It is

therefore not surprising that four-membered rings are known

for As, Sb, and Bi, with bulky substituents adopting a trigonal

cone symmetry, as in the case of the tertiary butyl group or

tertiary silyl or stannyl groups R3M (R¼Me3Si, Me3Sn, M¼Si,

Sn). Five-membered rings with arsenic are well known, but

only one five-membered antimony homocycle, namely, cyclo-

(RSb)5 (R¼Me3CCH2), was characterized by crystallography,

though five-membered antimony rings were frequently

detected in solution. Crystals of a five-membered ring were

also obtained for (Me3SiCH2Sb)5; however, disorder phenom-

ena hindered the complete crystallographic characterization.

This ring was, however, fully characterized in the coordination

sphere of a transition metal carbonyl complex.

Six-membered rings with known crystal structures were

already repeatedly reported in the older literature for As and Sb.

Phenyl- or tolyl-groups favor the formation of cyclo-hexamers in

the crystalline state. In solution, the cyclo-hexamers (RSb)6 par-

ticipate in ring–ring equilibra with pentamers. Six-membered

bismuth rings (hexabismuthanes) are still unknown and repre-

sent a challenge for future work. Recent approaches for the

syntheses of bismuth rings imply the use of extremely bulky

ligands that favor more the formation of smaller rings or dimers

with Bi¼Bi double bonds. Isolated homocycles with more than

six members are not known as crystalline species. However, the

nine-membered arsenic ring (MeAs)9 was stabilized as a ligand

in the complex (MeAs)9Cr2(CO)6.
5

Common methods for the syntheses of monocycles (RE)n
(E¼As, Sb, Bi) include reduction of organopnicogen dihalides

with magnesium or other metals, elimination of H2 from

REH2, or reactions between pnicogen trihalides with lithium

organyl or silyl reagents, which combine methathesis and

reduction. H2 elimination occurs readily at low temperatures

with bismuthanes RBiH2. For analogous reactions of primary

stibanes RSbH2, the use of catalysts is preferred.
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Scheme 5 Types of monocycles with known crystal structures.
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Examples for sterically less protected antimony rings are the

isobutyl compounds cyclo-(RSb)n (R¼Me2CHCH2, n¼4, 5),

which are obtained from RSbBr2 and Mg in tetrahydrofuran. In

benzene solutions, the five-membered ring is the dominant

species.41

Dehalogenation of RSbBr2 (R¼Me3CCH2) with Mg gives

cyclo-(RSb)n (n¼4, 5). Equilibria between the four- membered

and the five-membered rings favor the smaller ring at higher

temperature and dilution. The crystal structure of (RSb)5
(R¼Me3CCH2) is shown in Figure 9. The structure contains

the five-membered antimony ring in a close to envelope con-

formation. The Sb–Sb bond lengths range from 2.812(3) to

2.820(3) Å. The neopentyl substituents adopt a maximum of

trans positions.56

Protection of cyclic structures is also achieved with poten-

tially bidentate or tridentate pendant arm ligands that can be

coordinated to the pnicogen atoms not only through normal

s-bonds with carbon, but also through dative bonds from

nitrogen.

Stabilization by a potentially bidentate (one-arm ligand) is

achieved in the cyclo-stibane (RSb)4 (R¼2-(Me2NCH2)C6H4)

that is formed by reduction of RSbCl2 with Mg in tetrahydro-

furan or with Na in liquid ammonia. Crystals of the cyclosti-

bane consist of folded four-membered R4Sb4 rings with the

organic substituent in the all-trans configuration. All pendant

amino groups are coordinated to the antimony centers.

Probably due to steric strain in the ring, the Sb–Sb bond

lengths differ, ranging between 2.8474(5) and 2.8605(4) Å.

(RSb)4 (R¼2-(Me2NCH2)C6H4) belongs to the family of

sterically protected antimony rings that do not easily partici-

pate in ring–ring equilibra.77

The four-membered cycle (RSb)4 (R¼2,6-(Me2NCH2)2
C6H3) with a potentially tridentate (two arm) ligand is

obtained by reduction of RSbCl2 with K[B(Bui)3H], probably

via intermediate formation of RSbH2. (RSb)4 (R¼2,6-

(Me2NCH2)2C6H3) is a folded Sb4 ring similar to the analogue

with the one-arm substituent (R¼2-(Me2NCH2)C6H4). Six of

the eight amino groups in the crystal structure of (RSb)4

(R¼2,6-(Me2NCH2)2C6H3) are weakly coordinated to anti-

mony atoms.83

Functionalized cyclotriarsanes (RAs)3 (R¼HB(3,5-Me2pz)3
(CO)2M�C–) are obtained from arsaalkenes and Au(CO)Cl.73

The tristibirane cyclo-R3Sb3 (R¼(Me3Si)2CH) is formed by

reduction of RSbCl2 with Li3Sb. The tristibirane forms also by

photochemical ring contraction of cyclo-(RSb)4 or from the

polycycle R4Sb8.
39

The reaction of (Me3Si)3SiK�18-crown-6 with SbCl3
[3:1 equiv.] gives the cyclo-tetrastibane [(Me3Si)3SiSb]4. In

this method, the silylation of the antimony center and the

reduction are both affected by the silyl lithium reagent. The

Sb–Sb bond lengths in the ring (average 2.86 Å) are at the

upper end of the range seen for Sb–Sb distances in other Sb4
ring systems (2.75–2.88 Å) and the ring plane puckering angle

is an average of 41.23�, which is at the lower end of the range of

fold angles seen in these ring systems (which range from 76� to
36�). These observations are consistent with the [(Me3Si)3Si]

group being a very bulky group and as such the Sb4 ring is

much closer to planarity than in other examples.79

The zirconocene complexes [Cp2Zr(H)Cl] and [Cp2ZrMe2]

(Cp¼cyclopentadienyl) react with MesSbH2 in C6D6 to liber-

ate H2 and produce the cyclo-tetrastibane cyclo-(MesSb)4 in

high yield. The ring formation probably proceeds with a cata-

lytic antimony–antimony bond coupling through stibinidene

elimination from the zirconocene complexes.99

A source of four- and three-membered antimony rings is the

distibane R(H)Sb–Sb(H)R (R¼(Me3Si)2CH), which eliminates

dihydrogen to form the distibene RSb¼SbR as a probable inter-

mediate. Rapid dimerization of the distibene leads to the unique

cis–trans cyclo-tetrastibane cyclo-(RSb)4. Structural features of this

ring are a square planar Sb4 unit and two pairs of organic groups

in cis positions above and below the plane of the antimony

atoms. This result exemplifies the suitability of the (Me3Si)2CH

group for cis arrangements in Sb homocycles. Slow dimerization

of RSb¼SbR leads to all-trans cyclo-(RSb)4. Photochemical ring

contraction of this cyclo-tetrastibane gives the three-membered

ring cyclo-(RSb)3. The reactions are shown in Scheme 6.39

C(16)

C(21)

C(6)
C(11)

Sb(5)
C(1)

Sb(1)

Sb(2)

Sb(3)

Sb(4)

Figure 9 Crystal structure of (RSb)5 (R¼Me3CCH2).
56 Hydrogen

atoms are omitted for clarity.
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Scheme 6 Reactions of the distibane R(H)Sb−Sb(H)R.
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The reaction of RSbCl2 (R¼(Me3Si)2CH) with Na–K alloy

gives the rings cyclo-(SbR)n (n¼3, 4) and the unique pentaalk-

ylchlorohexastibane Sb6R5Cl. The structure of Sb6R5Cl consists

of a monocyclic Sb4R3 unit and a linear Sb2R2Cl unit.
98 The

structure is depicted in Figure 10. The Sb–Sb bond lengths are

in the range 2.837(1)–2.872(2) Å.

The cyclobismuthanes cyclo-(RBi)n (R¼Me3CCH2,

Me3SiCH2; n¼3, 5) form by reaction of RBiCl2 with LiAlH4,

with intermediate formation of RBiH2. Elimination of dihy-

drogen occurs readily with a color change to red when the

solutions of the hydrides, which are prepared from RBiCl2
and LiAlH4 at �78 �C, are warmed above �30 �C. The rings

represent cyclobismuthanes with less sterically demanding

substituents. Their chemical behavior gives insight into the

chemistry of bismuth ring systems that are not fixed in an

environment of bulky substituents. It is remarkable that ring–

ring equilibria in solution exist between the three-membered

and the five-membered bismuth rings.56,100 In contrast, the

four-membered ring (RBi)4 (R¼(Me3Si)2CH) with the bis(tri-

methylsilyl)methyl group takes part in a ring–ring equilibrium

with the three-membered ring.

A four-membered bismuth ring cyclo-(RBi)4 with bulky silyl

substituents (R¼Si(SiMe3)3) was obtained, along with R–R,

from LiR and BiBr3. The ring is thermally and photochemically

remarkably stable, showing no tendency for dissociation. The

ring consists of a folded Bi4 core and the silyl groups in trans

positions. The Bi–Bi bonds lie in the narrow range 3.013(1)–

3.028(1) Å.

The analogous ring (But3SiBi)4 is obtained from But3SiNa

and BiBr3 with But3Si–Si
tBu3 and anionic bismuth species as

additional products. Also, (But3SiBi)4 is a folded tetrabis-

methane with the bulky silylgroups in trans positions. The

Bi–Bi distances range from 3.013(1) to 3.038(2) Å.84,85

The pendant arm cyclo-bismuthanes cyclo-(RBi)n (R¼2-

(Me2NCH2)C6H4; n¼3, 4) form by reduction of RBiCl2 with

Na in liquid ammonia or by reaction of R2BiCl with LiAlH4 in

Et2O. The latter method probably involves the intermediate

formation of R2BiH and elimination of RH. The crystal struc-

ture determination of cyclo-(RBi)4 reveals the intramolecular

coordination of the pendant Me2NCH2 groups to the bismuth

atom. The structure of cyclo-(RBi)4 (R¼2-(Me2NCH2)C6H4) is

shown in Figure 11. The Bi–Bi bond lengths lie in the range

3.0095(16)–3.0221(16) Å. The ring is folded, with Bi3–Bi3
dihedral angles of 107.9 and 109.4�. NMR analyses reveal

that there is an equilibrium in solution between the four-

membered ring and the three-membered bismuth ring

cyclo-(RBi)3 (R¼2-(Me2NCH2)C6H4); however, only the four-

membered ring is present in the crystalline phase. Crystals of the

four-membered ring are stable at room temperature, but solu-

tions decompose readily, with formation of the dibismuthane

R2Bi–BiR2 (R¼2-(Me2NCH2)C6H4) and metallic bismuth.43

Various synthetic pathways lead to the arsenic four-

membered ring (MesAs)4 (Mes¼2,4,6-Me3C6H2), which is

formed by reduction of MesAsCl2 with Mg in tetrahydrofuran

by catalytic dehydrocoupling of MesAsH2 in the presence of

zirconium complexes (N3N)Zr or (N3N)ZrAsHMes (N3N¼N

(CH2CH2NSiMe3)3) or by thermal decomposition of (N3N)

ZrAsHMes via elimination of mesitylarsinidene MesAs.

(MesAs)4 is a folded four-membered ring with the mesityl

substituents in trans positions. The average As–As bond length

is 2.4843(6) Å.49

Monocycles (RE)n (E¼As, Sb, Bi) can be sources for mono

or dipnicogen species or pnicogen chains. Such fragments are

frequently trapped with suitable reagents including dienes or

transition metal complexes. Complexes with intact cyclo-(ER)n
ligands are known only for cyclo-arsanes and cyclo-stibanes.

Upon complexation, cyclobismuthanes are transformed to

RBi, RB¼BiR, or unsubstituted Bi ligands. Types of complexes

with cycloarsanes and cyclostibanes as ligands are depicted in

Scheme 7.

An example for the formation and trapping of a dipnicogen

compound from a monocycle is the photolysis of tetrakis

(trifluoromethyl)cyclotetraarsane (F3CAs)4 with formation of

the diarsene F3CAs¼AsCF3. The [4þ2]-cycloaddition reaction

N(3)

Bi(2)

Bi(3)

N(2)

N(1)

Bi(4)

Bi(1)

N(4)

Figure 11 Structure of cyclo-(RBi)4 (R¼2-(Me2NCH2)C6H4).
43

Hydrogen atoms are omitted for clarity.

Si(9)

Si(10)

Si(5)

Si(6)

Si(7)Si(8)

Si(1)

Si(2)

Sb(3)

Sb(2)

Sb(1)

Si(4)

Si(3)

CI(1)

Sb(6)

Sb(5)

Sb(4)

Figure 10 Structure of Sb6R5Cl (R¼ (Me3Si)2CH).
98 Hydrogen atoms

are omitted for clarity.
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of the diarsene with cyclohexa-1,3-diene gives the correspond-

ing cyclo-adduct which contains the diarsene group in its

E-configuration. The structure of the cyclo-adduct is shown in

Figure 12. The value for the As–As bond length in the adduct is

2.427(3) Å.112

The cyclotetraarsane (F3CAs)4 is also a precursor for the

‘side-on’ diarsene complex Z2-(F3CAs¼AsCF3)(Ph3P)2Pd. The

As–As bond length of 2.341(1) Å in the complex is the average

of the single-bond value in (F3CAs)4 (2.45 Å) and the double-

bond value in Mes*As¼AsCH(SiMe3)2 (Mes*¼2,4,6-

But3C6H2) (2.22 Å), as expected for ‘side-on’ coordination. In

comparison to the above-mentioned representatives, the bond

length, due to less bulky substituents, is reduced by

0.03–0.05 Å.112

Coordination of an intact cyclo-hexaarsane occurs in the

reaction of the sulfur-capped dicobalt–iron complex [Co2Fe

(m3-S)(CO)9] with cyclo-(PhAs)6 in toluene at 70 �C to give

[Co2Fe(m3-S){m2-cyclo-(PhAs)6}(CO)7] as the only product in

good yield.110

Also, reaction of [Ru3(CO)10(NCMe)2] with cyclo-(PhAs)6
in toluene at ambient temperature results in coordination of

the intact arsenic rings in the complex [Ru3{m2-cyclo-(PhAs)6}
(CO)10] (Figure 13), in which rings adopt a chair conformation
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Scheme 7 Types of complexes with cyclo-arsanes and cyclo-stibanes as ligands.

C(4)

C(1)

F(2)

F(1)

F(3)

As(2)

As(1)
F(5)

F(4)

F(6)

Figure 12 Structure of the cyclo-adduct of F3CAs¼AsCF3 and
cyclohexa-1,3-diene.112 Hydrogen atoms are omitted for clarity.
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As(3)
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As(1)
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Ru(1) As(2)

C(17)
As(4)

C(29)

C(23)

Figure 13 Structure of [Ru3{m2-cyclo-(PhAs)6}(CO)10].
111 For clarity,

only the ipso carbon atoms (labeled) are shown.
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and bridge metal–metal edges of a Ru3 core via two arsenic

atoms in the 1,5-positions of the cyclo-hexaarsane ring. The

average As–As–As angle of 93.58� in the arsenic ring is close to

that in cyclo-(PhAs)6 (91.08
�). The As–As bond lengths lie in the

range 2.456(2)–2.487(2) Å.

Conversely, treatment of [Ru3(CO)12] with cyclo-(PhAs)6 in

toluene at elevated temperature results in fragmentation of

the six-membered rings to afford [Ru4(m3-AsPh)2(CO)13].

Fragmentation of the cyclo-hexaarsane ring also occurs on

reaction with [Fe3(CO)12] in toluene at elevated temperature

to furnish [Fe3(m3-AsPh)2(CO)9] as the sole product.
111

cyclo-(AsPh)6 reacts with [Co2(CO)8] in toluene in a sealed

tube at 90 �C to give the cobalt cluster [Co4(AsPh–As4Ph4)

(CO)10]. Further thermolysis leads to [Co4(AsPh)2(As2Ph2)

(CO)10], in which the tetraarsane chain has been cleaved to

give the bridging PhAs–AsPh unit. Similar fragmentation of the

As4Ph4 chain occurs on treatment with [Fe2(CO)9] in benzene,

affording [Co4(AsPh)2{(As2Ph2)Fe(CO)4}(CO)10]. In con-

trast, reaction of [Co4(AsPh–As4Ph4)(CO)10] with excess P

(OMe)3 gives [Co4(AsPh)(As4Ph4)(CO)7{P(OMe)3}3], in

which the As4Ph4 chain remains intact (Figure 14).113

Remarkable differences emerge in reactions of analogous

cyclostibanes or cyclobismuthanes with Me3CCH2 or Me3SiCH2

substituents. cyclo-(RSb)5 (R¼Me3SiCH2) reacts with W

(CO)5(tetrahydrofuran) to form m2-cyclo-(RSb)5(W(CO)5)2, a

complex where the intact antimony ring is preserved. The

structure is shown in Figure 15.56,114

In contrast, the analogous bismuth rings cyclo-(RBi)n
(R¼Me3CCH2, Me3SiCH2; n¼3, 5) react with W(CO)5(tetra-

hydrofuran) to give the cis- and trans-isomers of ‘side-on’ dibis-

muthene complexes (RBi)2[W(CO)5]2. The structure of the

complex with R¼Me3SiCH2 is shown in Figure 16. The Bi–Bi

bond length in this complex (3.0024(7) Å) corresponds to the

value of a Bi–Bi single bond.56,100

Reactions of cyclo-(RBi)n (R¼Me3CCH2; n¼3, 5) with

Fe2CO9 lead to the four-membered heterocycle [RBiFe(CO)4]2.

The rings cyclo-(RBi)n (R¼Me3SiCH2; n¼3, 5) are transformed

to naked Bi2 units on irradiation with ultraviolet (UV) light in

the presence of MeC5H4Mn(CO)2(tetrahydrofuran) and the

dibismuth complex (Bi2)[Mn(CO)2(MeC5H4)]3 forms.70,115

Closely related is the coordination chemistry for Sb- and

Bi-homocycles with the pendant arm 2-(dimethylamino-

methyl)phenyl ligand. Reactions of cyclo-(RE)n (R¼2-

(Me2NCH2)C6H4); E¼Sb, n¼4; E¼Bi, n¼3, 5) with W

(CO)5(tetrahydrofuran) give the analogous stibinidene and

bismuthinidene complexes RE[W(CO)5]2 (E¼Sb, Bi), both of

which are stabilized through the intramolecular coordination of

the pendant dimethylamino group on the pnicogen centers.43,77

Copolymerization of cyclo-(MeAs)5 with phenylacetylene

occurs without any added catalyst or radical initiator at 25 �C
in chloroform to give an organoarsenic polymer having a

methylarsine (MeAs) unit and a vinylbenzene unit alternating

in the main chain, –[AsMe-CH¼CPh]n–.116
Analogous polymerization reactions between pentamethyl-

cyclopentaarsane or hexaphenylcyclohexaarsane with phenyla-

cetylene or other acetylene derivatives also occur in the

presence of a catalytic amount of 2,2-azobisisobutyronitrile

(AIBN). Styrene and 2,3-dimethyl-1,3-butadiene can also be

incorporated in the polymers.117–119
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As(4)
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As(3)
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C(35)

Co(3)

Co(1)

Co(4)

Co(2)
P(2)

P(1)

C(41)

P(3)

Figure 14 Structure of [Co4(AsPh)(As4Ph4)(CO)7{P(OMe)3}3].
113 The

methoxy and the phenyl (except ipso carbon atoms) groups are omitted
for clarity.
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Figure 15 Structure of m2-cyclo-(RSb)5(W(CO)5)2.
56 Methyl groups are

omitted for clarity.
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C(1� )

C(1)

Figure 16 Structure of (Me3SiCH2Bi)2[W(CO)5]2.
56 Hydrogen atoms

are omitted for clarity.
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1.05.4 Catena Tri- and Tetra-Pnicogen Compounds
and Extended Chains (RE)x (E¼As, Sb, Bi)

Catena species of the type R2E(ER)nER2 (n¼1, 2) have recently

been investigated for E¼Sb. Unless protected by bulky sub-

stituents, these chain compounds exist in ring-chain equilibria

with the homocycles (RE)n and dimers R2E–ER2. Tetrastibanes

can be trapped from these mixtures with norbornadiene chro-

mium tetracarbonyl. Examples include the tetrastibane com-

plexes cyclo-[Cr(CO)4(R
0
2Sb–SbR–SbR–SbR

0
2)] (R0 ¼Me, Ph;

R¼Me3SiCH2). The structure of cyclo-[Cr(CO)4(R
0
2Sb–SbR–

SbR–SbR02)] (R0 ¼Me, R¼Me3SiCH2) is shown in

Figure 17.64,120

Mixtures of tri- and tetrastibanes of the types R2Sb

(SbR0)nSbR2 (R¼Mes, R0 ¼Ph; R¼But, R0 ¼Me), which under

protection by terminal mesityl or tert-butyl groups are not

involved in ring-chain equilibria, were obtained as compo-

nents of mixtures.64

Other examples of complexes with pnicogen-chain ligands

are shown in Scheme 8.

The first tristibane isolated in the pure state, that is, the

catena-tristibane DmpSb(SbMe2)2 (Dmp¼2,6-Mes2C6H3),

was obtained from Me2Sb–SbMe2 and DmpSbH2.
130

A chain compound with three arsenic atoms [(k1-L)2As–

As¼As(k2-L)] is formed by the reaction of the potassium

b-diiminate KL (L¼ [{N(Ar)C(H)}2CPh]
�; Ar¼2,6-Pri2C6H3)

with AsI3 and reduction with KC8. The three arsenic atoms

have the formal oxidation states þ2, 0, and þ1. The structure

of [(k1-L)2As–As¼As(k2-L)] is shown in Figure 18. The three As

atoms are in a bent (ca. 90�) chain arrangement with the

central As atom being two-coordinate and bonded only to

the other As atoms. One terminal As atom is chelated by a

single ligand L. The other terminal As atom bears two ligands L.

The As–As bond lengths are As(1)–As(2) 2.3328(8), As(1)–As

(3) 2.4139(9) Å.131

1.05.5 Heteromonocycles with Pnicogen–Pnicogen
Bonds

Heteromonocycles of the type (RE)nYm (E¼As, Sb, Bi;

Y¼heteroatomic groups) are known, with various ring sizes

and composition of the main group or transition metal com-

plex fragment. In the case of three-membered heterocycles

(RE)2Y (Y¼ transition metal complex fragment, MLn¼ transi-

tion metal complex fragment), an alternative description as

complexes with ‘side-on’ coordinated double-bonded dipnico-

gen RE¼ER ligands, as shown in Scheme 9, is sometimes

possible.132

The ZrBi2 heterocycle Cp2Zr(BiR)2 (Cp¼C5H5; R¼2,6-

Mes2C6H3) is formed by the sodium metal reduction of

Cp2ZrCl2 with RBiCl2. The value for the Bi–Bi bond length

(3.1442(7) Å) corresponds to the description of Cp2Zr(BiR)2 as

Si(2)

Sb(2)

Sb(3)

Sb(6)

C(8)

C(10)

Si(1)

Sb(1)

C(5)

C(6)

C(7)
Cr(1)C(9)

Figure 17 Structure of cyclo-[Cr(CO)4(R
0
2Sb–SbR–SbR–SbR

0
2)]

(R0 ¼Me, R¼Me3SiCH2).
120 Hydrogen atoms are omitted for clarity.
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Scheme 8 Types of complexes with pnicogen-chains ligands.
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a heterocycle with a long Bi–Bi single bond and not as a dibis-

muthene complex.132 In contrast, the relatively short Bi–Bi

distance (2.8769(5) Å) in [(RBi)2[W(CO)5]] (R¼Me3SiCH2)

justifies the description as a dibismuthene complex.56

The three-membered TiSb2 heterocycle Cp2Ti(SbR)2
(R¼2,6-Mes2C6H3) is the product of the reaction of Cp2Ti

(Me3SiC�CSiMe3) and RSbH2. The value for the Sb–Sb bond

length in Cp2Ti(SbR)2 (2.8642(6) Å) corresponds to a Sb–Sb

single bond and consequently the complex is best described as

a three-membered heterocycle with the bulky aryl groups trans

to each other. The related ring complex (CO)5W(SbR)2, which

is formed by photolysis of the precursor (CO)5WSb(R)H2,

contains the RSb–SbR unit with a Sb–Sb distance of 2.758(6)

Å. In both complexes, the Sb–Sb bonds are longer than in

the free distibene RSb¼SbR (2.65585(5) Å).133 Nevertheless,

the shorter distance in (CO)5W(SbR)2 supports the description

as a distibene complex because ‘side-on’ coordination of

dipnicogen ligands usually leads to an elongation of the re-

spective bond.134 Related complexes are the iron dibismuth

complexes [Fe(CO)4(Bi2R2)] (R¼2,6-(2,6-Pri2C6H3)2C6H3,

2,6-Mes2C6H3), which are formed from the terphenylbismuth

dihalides RBiCl2 and Na2[Fe(CO)4]. Corresponding to the

general trend, the Bi–Bi bond lengths in the iron dibismuth

complexes (2.9432(2) and 2.9294(2) Å) are longer than Bi¼Bi
bonds in dibismuthenes and shorter than Bi–Bi single bonds

in dibismuthanes.61

Protection with bulky aryl groups is applied also in the

heterocycles (RE)2Se and (RE)2Te (E¼Sb, Bi; R¼2,6-bis[bis(tri-

methylsilyl)methyl]-4-[tris(trimethylsilyl)methyl]phenyl¼Bbt),

which are formed by reactions of the distibene RSb¼SbR or the

dibismuthene RBi¼BiR with elemental selenium or Bun3P¼Te.
The values for the Sb–Sb bond (2.8833(6)Å) in the structure of

(RSb)2Te and the Bi–Bi bond (3.0388(3)Å) in (RBi)2Te corre-

spond to pnicogen–pnicogen single bonds.135,136

In contrast, reactions of RSb¼SbR or RBi¼BiR with elemen-

tal sulfur S8 give five-membered heterocycles (RE)2S3 (E¼Sb,

Bi; R¼Bbt).135

A four-membered FeSb3 heterocycle (RSb)3Fe(CO)4
(R¼ (Me3Si)2CH) is formed by an insertion of the Fe(CO)4
fragment in the reaction of cyclo-(RSb)3 and Fe2(CO)9. The

FeSb3 ring is folded with the alkyl groups in trans positions.

There are close structural relations to the four-membered

homocycle (RSb)4.
106

Dechlorofluorination of ArSb(F)–C(Cl)¼CR2 (CR2¼ fluor-

enylidene, Ar¼2,4,6-tri-tert-butylphenyl) by tert-butyl lithium

leads to the four-membered heterocycle 3,4-bis(fluorenyli-

dene)-1,2-distibacyclobutane. A probable intermediate is the

stibaallene ArSb¼C¼CR2, which dimerizes via the Sb¼C
bonds.137

In older literature, there are numerous reports on polymeric

materials of the type X(RE)nX or (RE)x. These polymeric species

form by decomposition of REH2, by reduction of REX2 (X¼Cl,

Br), or by other methods. Usually, these materials are impure

and not very well characterized. More clearly defined products

result when homocycles cyclo-(RE)n (n¼4, 5, E¼As, Sb) are

used as starting materials and the polymeric catena species

form in ring-chain reactions (eqn [1]) or by removal of dipni-

cogen species from short chains (eqn [2]).

1

n
cyclo� REð Þn ��!

1

x
catena� REð Þx n x [1]

R2E ERð ÞnER2 ��! R2Eð Þ2 þ R2E ERð ÞxER2 n x [2]

Both pathways were used to produce long-chain polymeric

alkyl antimony species, but the structures are unknown.

A unique structure for a catena pnicogen species is the famous

ladder polymer catena-poly(methylarsenic), which is obtained

from CH3AsH2 and CH3AsI2 as a purple–black crystalline pre-

cipitate after 400–600 days at 60 �C. The structure is shown in

Figure 19. The horizontal distance in the ladder is a normal

As–As single bond (ca. 2.4 Å) but the vertical distance is very

long (2.9 Å).5 Catena-poly(methylarsenic) represents a fasci-

nating structure, an ideal for organometallic catena species, but

the long reaction time makes it difficult to reproduce the

synthesis. Attempts to obtain analogous crystalline arsenic or

antimony chains have not been successful. In the arsenic sys-

tems, ring species generally form preferentially. Numerous

polymeric alkyl or aryl antimony chains were prepared, but

the samples were not suitable for single-crystal analyses.130

Research in this field can be motivated by the expectation

that Sb or Bi analogues of catena-poly(methylarsenic) should

have interesting electrical properties. The arsenic polymer is

likely an intrinsic semiconductor.5

1.05.6 Neutral Homoatomic Organometallic
Pnicogen Polycycles (RnEm) (E¼As, Sb, Bi; n<m)

Structural types of organometallic polycycles (RnEm) (n<m)

are depicted in Scheme 10. They are composed of cycles shar-

ing corners or edges and represent combinations of naked

pnicogens and pnicogens bearing substituents.

R R R

R

E

E E

E

R

E

E

R

MLn
MLn MLn

Scheme 9 Bonding in complexes with side-on RE¼ER ligands.

N(6)

N(4)

N(5)

As(2)

As(1)As(3)

N(1)

N(2)

N(3)

Figure 18 Structure of [(k1-L)2As–As¼As(k2-L)].131 Hydrogen atoms
are omitted for clarity.
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There are many examples for arsenic polycycles and, more

recently, homocycles of antimony and bismuth were also syn-

thesized. These neutral molecular clusters are often protected

by very bulky substituents. Without sterical protection, decom-

position occurs via intermolecular pnicogen–pnicogen con-

tacts and formation of the elemental forms of the pnicogens.

Synthetic pathways leading to polycycles are the reduction

reactions of organopnicogen dihalides with partial removal

of organic substituents or HCl elimination from RSbH2 and

SbCl3.

One example for the reductive pathway is the synthesis of

the trigonal bipyramidal cluster Sb5R3 (R¼2,6-

(Me2NCH2)2C6H3), which is obtained together with cyclo-

(SbR)4 by reduction of RSbCl2 with K[B(Bui)3H] probably

with intermediate formation of RSbH2 and elimination of

RH. The cluster is sterically protected by the potentially triden-

tate N,C,N ligand with two pendant arm amino groups. The

structure of Sb5R3, in which all the pendant amino groups are

coordinated to antimony atoms, is shown in Figure 20. The

Sb–Sb bond lengths lie in the range 2.8459(6)–2.8699(7) Å,

which is typical for single bonds. The transannular Sb–Sb

distances range from 3.6664(8) to 3.8558(7) Å. They are

As(2�)

C(2�)

C(2)2.40 Å

3.40 Å

2.90 Å

C(1�)

As(1�)

As(2�)

C(2�) C(1�)

As(1�)

C(1)

As(1)

As(2)

Figure 19 Structure of catena-poly(methylarsenic), (MeAs)x.
138 The coordinates of the hydrogen atoms are not published.
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Figure 20 Structure of Sb5R3 (R¼2,6-(Me2NCH2)2C6H3).
83 Hydrogen

atoms are omitted for clarity.
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significantly shorter than the sum of van der Waals radii of two

antimony atoms (SrvdW(Sb,Sb) 4.52 Å). The geometry of the

Sb5 framework is close to D3h.
83

The polycycle R4Sb8 (R¼(Me3Si)2CH) is formed from

RSbH2, SbCl3, and pyridine or by reduction of RSbCl2. The

crystal structure of R4Sb8�2 tetrahydrofuran consists of stacks of

R4Sb8 molecules. The structure of the polycycle resembles the

structure of the arsenic sulfide realgar As4S4 with naked Sb

atoms in the place of the As atoms and RSb units replacing

the sulfur atoms. R4Sb8 can also be described as a Sb4 tetrahe-

dron where four Sb–Sb bonds are bridged by RSb units. The

Sb–Sb bond lengths lie in the range 2.7980(4)–2.8592(5) Å. In

the crystal, there are stacks of the cluster molecules with disor-

dered tetrahydrofuran molecules in holes between the stacks.

The polycycle is an air- and light-sensitive compound. Expo-

sure to light leads to photochemical ring contraction with

formation of the tristibirane cis–trans cyclo-R3Sb3.
39 The struc-

ture of the Sb8R4 molecule is depicted in Figure 21.

Another Sb8 cluster protected by a bulky silyl group, Sb8R6

(R¼But3Si), is obtained from RNa and SbCl3 in a reaction

where silylation and reduction of antimony is combined. The

structure contains two Sb4 rings connected through a Sb–Sb

bond. The four-membered Sb4 cycles are folded. The bulkiness

of the tri(tert-butyl)silyl substituents is also reflected in the

wide Sb–Sb–Si angles with an average value of 105.5�. The
average Sb–Sb bond length (2.854 Å) corresponds to a normal

Sb–Sb single bond. The structure of Sb8R6 (R¼But3Si) is

shown in Figure 22.142

A bicyclic bismuth compound with sterical protection by a

bulky stannyl group is the Bi8 cluster Bi8R5 (R¼(Me3Si)3Sn),

which was obtained together with the distannane [(Me3Si)3Sn]2
fromLiR and BiBr3. The structure of the octabismuthane consists

of two considerably folded five-membered bismuth rings with a

common edge. The stannyl groups on neighboring bismuth

atoms are in trans positions. The Bi–Bi bond lengths lie between

2.972(2) and 3.019(2)Å, in the range of Bi–Bi single bonds

(Figure 23).84

1.05.7 Heteroatomic Polycycles with Pnicogen–
Pnicogen Bonds

There are also several molecular heteroatomic polycyclic com-

pounds with protection by bulky silyl substituents known.

Examples are the cage compounds [Sb4(PSiMe2R)4] and

[Sb4(AsSiPr
i
3)4], which are formed by reactions of Me2RSiPLi2

(R¼CMe2Pr
i) or Pri3SiAsLi2 with SbCl3 in a 3:2 molar ratio,

respectively. The structures feature Sb4E4 (E¼P, As) clusters

which are composed of five-membered heterocycles sharing

edges. The structures can be considered as derived from a

tetrahedral Sb4 unit where four of the six Sb–Sb edges are

bridged by PSiMe2R or AsSiPri3 groups. They are closely related

to the antimony cage Sb8R4 (R¼CH(SiMe3)2), mentioned

above. The Sb–Sb bond lengths in [Sb4(PSiMe2R)4] (2.879(1)

Å) and [Sb4(AsSiPr
i
3)4] (2.884(2) and 2.890(2)Å) are in the

usual range for single bonds. The structure of [Sb4(AsSiPr
i
3)4]

is shown in Figure 24.146

The bicyclic bismuth compound [Bi2(PSiPh2Bu
t)4], exhibit-

ing a Bi–Bi single bond, is formed from Li2PSiBu
tPh2 with

BiCl3. The structure of [Bi2(PSiPh2Bu
t)4] is shown in Figure 25.

It is constructed of five-membered P3Bi2 and three-membered

PBi2 rings sharing a common bridgehead. The value for the

Bi–Bi bond length is 2.942(2) Å.147

An As–As unit exists in the bicyclic complex [(dppe)Ni(-

As)2Si
tBu(R)] formed from [(dppe)Ni(AsH)2Si

tBu(R)]

(R¼2,4,6-triisopropylphenyl, dppe¼1,2-bis(diphenylpho-

sphino)ethane) through intramolecular dehydrogenation. The

SiAs2Ni skeleton is puckered with a torsion angle of 74.2(4)�.148

1.05.8 Cationic Species with Pnicogen–Pnicogen
Bonds

Cationic catenated species with pnicogen atoms bearing sub-

stituents of the types R3E–ER2
þ, R3E–ER3

2þ, and R2E–ER2–ER2
þ

(E¼As, Sb) are known. In these cationic organometallic chain

compounds, the pnicogen atoms are four coordinate. One re-

cent example is the hexamethyldiarsoniumdicationwhich exists

in the triflate [(Me3As–AsMe3)]
2þ[(OSO2CF3)

�]2, which is

formed from PCl3, Me3As, and Me3SiOSO2CF3. The diarsonium

cation adopts the eclipsed conformation. The value of the As–As

bond length 2.4109(3) Å corresponds to a single bond.149

The formation of ligand-free polycationic clusters is a well-

known feature of bismuth and, to a lesser extent, of antimony

and arsenic. Examples for bismuth polycations are Bi5
þ, Bi5

3þ,
Bi6

2þ, Bi8
2þ and Bi9

5þ, and Bi10
4þ. A known polycation of

antimony is Sb8
2þ. Also, mixed cationic species with a combi-

nation of pnicogen atoms and heteroatoms in cluster frame-

works are known for As, Sb, and Bi, as in the examples As3Se4
þ

or [Bi10Au2]
6þ. Heteroatoms can also reside in the cluster

centers as in [Au@Bi10]
5þ or [Pd@Bi10]

4þ.150,151

Known routes for the synthesis of bismuth polycations

include the high-temperature reaction of melts containing

bismuth and BiX3 (X¼Cl, Br, I), and, in some cases, AlX3,

Si(1)

Sb(1)

Sb(2)

Sb(2�)

Sb(2�)

Sb(1�)

Sb(2�)

Si(2�)

Si(2�)

Si(1�)

Si(1�)

Sb(1�)

Si(2�)

Si(1�)

Sb(1�)Si(2)

Figure 21 Structure of the Sb8R4 (R¼ (Me3Si)2CH).
39 Hydrogen atoms

are omitted for clarity.

166 Catenated Compounds – Group 15 (As, Sb, Bi)

Comprehensive Inorganic Chemistry II : From Elements to Applications, Elsevier, 2013. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/inflibnet-ebooks/detail.action?docID=1330977.
Created from inflibnet-ebooks on 2021-02-09 22:25:55.

C
op

yr
ig

ht
 ©

 2
01

3.
 E

ls
ev

ie
r.

 A
ll 

rig
ht

s 
re

se
rv

ed
.



oxidation of bismuth by AsF5 or SbF5 in liquid SO2 and

the reduction of BiX3 in GaX3–benzene media. The Bi5
3þ poly-

cation is obtained as tetrachloridoaluminate in crystals

of Bi5(AlCl4)3, which are formed by reaction between ele-

mental bismuth, BiCl3, and AlCl3 and can be isolated from

the ionic liquid [BMIM]Cl/AlCl3 (BMIM¼1-n-butyl-3-

methylimidazolium).152 Bi6
2þ polycations are a constituent

of Bi6[PtBi6Cl12] formed by melting reactions of Bi with Pt

and BiCl3. The Bi6
2þ cation, a nido cluster, has the shape of a

distorted octahedron with an opened edge.153 E8
2þ polyca-

tions (E¼Sb, Bi) adopt the square-antiprismatic geometry

(D4d symmetry) consistent with the Wade rules. Sb8
2þ

polycations exist in the salt Sb8(GaCl4)2, formed by reduction

of a solution of SbCl3 in GaCl3–benzene by a solution

of Gaþ(GaCl4)
� in GaCl3–benzene.

154 Bi8
2þ cations and poly-

meric bromooxotantalate(V) anions exist in Bi8[Ta2O2Br7]2,

which is formed by a trace of H2O in a reaction of Bi, BiBr3,

and TaBr5 at 570 K.155 E8
2þ polycations (E¼Sb, Bi) exist also

in the salts E8[GaBr4]2.
156

Bi9
5þ polycations have the shape of tri-capped trigonal

prisms. Various examples are known. Bi9
5þ ions embedded in

a chloridobismuthate(III) framework exist in the black crystals

of the bismuth subchloride Bi7Cl10, which is formed by slow

cooling of stoichiometric mixtures of Bi and BiCl3 from 500 �C

Si(3�)

Si(1)

Si(2)

Sb(3�)

Sb(4�)

Sb(1)

Sb(1�) Sb(3)

Sb(2)

Sb(4)

Si(1�)

Si(3)

Sb(2�)

Si(2�)

Figure 22 Structure of Sb8R6 (R¼But3Si).
142 Hydrogen atoms are omitted for clarity.
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Figure 23 Structure of Bi8R5 (R¼ (Me3Si)3Sn).
84 Methyl groups are omitted for clarity.
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to ambient temperature. In another subchloride Bi6Cl7 there

are Bi9
5þ cations surrounded by chloridobismuthate(III) an-

ions Bi3Cl14
5�.157

Another example for the existence of the Bi9
5þ cluster cation

is Ag3Bi14Br21¼(Bi9
5þ)[Ag3Bi3Br15]

3�[Bi2Br6]
2�, a black crystal-

line compound obtained from a stoichiometric melt of Ag, Bi,

and BiBr3.
158 Bi9

5þ polycations are also present in the bismuth-

rich bromidostannate Bi18Sn7Br24¼(Bi9
5þ)2[Sn7Br24]

10�, which
is obtained from a melt of bismuth, tin, and BiBr3.

159 Both Bi9
5þ

and Biþ ions form the cationic part in the salt Bi(Bi9)[NbCl6],

which formed from Bi, BiCl3, and NbCl5.
155

Several cationic clusters have recently been investigated

which are composed of pnicogen (As, Sb, and Bi) atoms with

element–element bonds and heteroatoms. The heteroatoms

can be incorporated in the cluster framework or reside in the

center of closed pnicogen clusters.

An example for a cationic cluster framework composed of

arsenic and selenium atoms is the structure of the cation in

(As3Se4)[AlCl4],which can be derived from theAs3Se tetrahedron

with three edges bridged by Se atoms. The compound is formed

by reaction of arsenic, AsCl3, and AlCl3 with selenium.160

A cluster containing bismuth and gold is the cation in the

salt-like compound [Bi10Au2](SbBi3Br9)2, which is obtained by

cooling a melt of the metals and BiBr3. There is an icosahedral

cation [Bi10Au2]
6þ where bismuth–gold interactions are in-

volved. The cation can be interpreted as a [Bi10]
4þ polycation

capped by two Auþ cations. The anion contains covalent bonds

between bismuth and antimony.161,162

Examples for pnicogen polycations where heteroatoms are

included in the cluster framework are the noble-metal-centered

polycations [Au@Bi10]
5þ and [Pd@Bi10]

4þ. Both cations have

the shape of pentagonal antiprisms (D5d symmetry) and con-

tain interstitial Au or Pd atoms. The cations are embedded in

the framework of complex chloridobismuthate or halogenido-

bismuthate(III)-stannate(II) anions.150,151

1.05.9 Extended Ribbons in Bismuth Subhalides

Low-dimensional extended structures are exemplified by the

subvalent bismuth iodides (bismuth in an oxidation state

lower than þ3) and their derivatives. Earlier examples are

bismuth monoiodide and bismuth monobromide. Com-

pounds belonging to the BimI4 (m¼14, 16, 18) family of

low-dimensional subhalides feature one-dimensional bismuth

ribbons of varying width, terminated by iodine atoms. The

interior of the ribbons contains only bismuth–bismuth

bonds. The arrangements of the bismuth atoms in the bismuth

subiodides and in the pure metal, which is composed of folded

bismuth hexagons, are similar, and, in fact, the subiodides can

be viewed as slices of the metal layers terminated by iodine

atoms. The width of the ribbons is reflected in the stoichiom-

etry of the respective subiodide.163

One example for a bismuth subhalide is the compound

Bi16I4, which is formed by high-temperature synthesis. The

structure is composed of six-membered bismuth rings with

iodine atoms on the polymer edges. Two iodine atoms are

bonded to each edge-bismuth atom. The width of the ribbon,

that is, 16 bismuth atoms, corresponds to the overall stoichi-

ometry. The ribbons are packed into parallel two-dimensional

blocks (Figure 26), which are further packed into a three-

dimensional lattice. The bismuth–bismuth bond lengths in

Bi16I4 lie in the range 3.0334(9)–3.0722(12) Å.163

1.05.10 Anionic Catenated Species of As, Sb, and Bi

Anionic catena species of the heavy pnicogens are known both

with and without substituents. Anions with organo-substituted

pnicogen atoms are often derived from neutral organometallic

catena species. Substituent-free catena species usually belong

to the family of Zintl anions with element–element bonds and

Si(1�)
Si(2�)

Sb(2�)

Si(2)

Sb(1�)

Sb(2)

Sb(1)

As(1�)

As(2�)

As(2)

As(1)

Si(1)

Figure 24 Structure of [Sb4(AsSiPr
i
3)4].

146 Hydrogen atoms are
omitted for clarity.
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Si(2)
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C(17)

C(7)

C(1)

C(13)
C(49)

C(61)

C(55)

C(23)

Bi(2)

Bi(1)

P(4)

Figure 25 Structure of Bi2(PSiPh2Bu
t)4.

147 Only ipso carbon atoms of
the phenyl groups are represented. Hydrogen atoms are omitted for clarity.
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localized negative charges on the elements. Zintl phases are

characterized by the presence of covalently bonded anion

structures similar to those found in the pure element. There

are interesting relations between the organometallic species

and the corresponding Zintl anions where pnicogen atoms

bear negative charges instead of organic groups. For example,

the dipnicogen species R2E–ER2 (E¼As, Sb, Bi) can be com-

pared with the Zintl anions [E–E]4�.
The remarkable triply charged anion [PhSb2]

3� is formed as

ammoniate [Cs6(PhSb2)2]�11NH3 by reaction of cesium and

triphenylantimony in liquid ammonia in a molar ratio of 5:1.

The length of the single Sb–Sb bond in [PhSb2]
3� is 2.8198(7)

Å, similar to the corresponding bond in Ph4Sb2 (2.844(1) Å),

but considerably shorter than the values obtained for the Zintl

anion Sb2
4� in densely packed ionic solids, for example, in

Cs4Sb2, the Sb–Sb distance is 2.923(2) Å. This shortening of

the single bond in [PhSb2]
3� may probably result from a

reduced repulsion between the Sb atoms which have lesser

charge than in Sb2
4�. The Sb–Sb bond length in the

[Sb3Ph4]
� (2.761(1) Å) is even shorter. In the crystal of

[Cs6(PhSb2)2]�11NH3, there are close contacts between the Sb

atoms and the Csþ cations. The structure of the [PhSb2]
3�

anion is approximately planar.164

Black crystals of the Sb–Sb-bonded dimer {Li(tmeda)}4
�[{C6H4P2Sb–SbP2C6H4}] are obtained by lithiation of

1,2-(PH2)2C6H4 with BunLi in Me2NCH2CH2NMe2 (TMEDA)

followed by reaction with Sb(NMe2)3 in toluene. In the

solid-state structure of the dimeric tetraanion the two

[1,2-C6H4P2Sb]
2� radicals are associated in a cisoid (cofacial)

arrangement. The Sb–Sb distance (2.9711(3)Å) is only slightly

greater than a Sb–Sb single bond.165

Mono anionic Sb2 or Sb3 species But2Sb(Bu
t)Sb� or

(But2Sb)2Sb
� are formed from cyclo-But4Sb4 and alkali metals

(Li, Na, and K). The structure of Li(TMEDA)2(Bu
t
2Sb)2Sb con-

tains well-separated anions. In the structure of Na(TMEDA)

(THF)(But2Sb)2Sb the anion is coordinated through the termi-

nal Sb atoms to the Na centers (Figure 27). The values for the

Sb–Sb bond lengths (2.7542(8) and 2.7631(10) Å) are shorter

than the single bond lengths of distibanes.166–168

Substituent-free (‘naked’) anionic catena species result

when antimony or bismuth is alloyed with electropositive

metals and many types of anionic sublattices form where the

bond often lies at the boundary between the metallic and the

iono-covalent state. The majority of these anionic networks

obey Zintl–Klemm electron counting rules. On the other

hand, there are also networks built from the heavier pnicogens

which show an unusual, nonclassical local coordination such

as two-dimensional square sheets, whose bonding schemes

can be explained by the concept of ‘hypervalent bonding’

proposed by Hoffmann.169

Examples for formal anions following the Zintl concept in

solids composed of pnicogens and electropositive metals in-

clude the catena species Sb2
4�, Bi2

2�, Bi3
3�, As4

2�, As6
4�,

Sb6
8�, As7

3�, Sb7
3�, As�ð Þ1, Sb�ð Þ1, and others. These anionic

species are incorporated in the crystal lattice together with the

cationic part of the lattice. More isolated dimeric or polymeric

anions result when the cations are coordinated with crown

ether or cryptate ligands. An excellent overview of the earlier

literature, with focus on the bonding in polyantimonides, has

been presented in review articles.169,170 More recent develop-

ments are reviewed here.

Selected examples of naked pnicogen anions deposited in

Cambridge Structural Database are shown in Scheme 11.

Formal Sb2
4� (Zintl) anions with the shape of Sb2 dumb-

bells exist in intermetallic compounds TiSb2 and VSb2. The

distance between the Sb atoms is in the range of the reported

single-bond values of 2.853 Å. Both compounds may formally

be described as M4þ[Sb2]
4� (M¼Ti, V) in the Zintl concept.190

Also, Cs4Sb2 contains the anion Sb2
4� with Sb–Sb 2.923 Å.191

There are two types of compounds with formal Bi2
2� dia-

nions, one with a double bond and the stoichiometry A2Bi2

Bi(8)

Bi(4)

Bi(2) Bi(5) Bi(7)

Bi(3)Bi(1)
I(1)

I(2)

Bi(6)

Figure 26 Section including three formula units in the structure of Bi16I4.
163

C(5)

C(1)

N(1)

N(2)

N(3)

Na(1)

Sb(1)

Sb(3)

Sb(4)

C(9)

C(13)

Figure 27 Structure of Na(TMEDA)(THF)(But2Sb)2Sb.
167 Hydrogen

atoms are omitted for clarity.
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(A¼alkali metal) and one with an extra delocalized electron

and the stoichiometry A3Bi2. In the latter, the bond order is

between a single and a double bond.

An isolated dibismuthide anion Bi2
2� exists in

(K-crypt)2Bi2, which is produced from ethylenediamine solu-

tions of crypt and K3Bi2 or K5In2Bi4, the latter formed by heat-

ing stoichiometric mixtures of the elements. The Bi–Bi distance

is 2.8377(7) Å corresponding to a double bond. Unlike the

paramagnetic O2, the ground state of Bi2
2� in (K-crypt)2Bi2 is

singlet (shown by electron paramagnetic resonance (EPR))

with paired electrons in an antibonding orbital.192,193

A coordinated dibismuthide anion Bi2
2� exists in [Cs(18-

crown-6)]2Bi2�7NH3. The compound was prepared by

solvating Cs5Bi4 together with excess 18-crown-6 in liquid

ammonia. The anion coordinates ‘side-on’ to the central ce-

sium cations of two [Cs(18-crown-6)] complexes, resulting in a

neutral, molecular [Cs(18-crown-6)]2Bi2 complex. The Bi–Bi

bond length is 2.8635(4) Å, which is considerably shorter than

the values for Bi–Bi single bonds.194

There are also dimers of bismuth in crystals of A3Bi2 (A¼K,

Rb, Cs). In Cs3Bi2 the Bi–Bi distance is 2.976(2) Å. This

distance is clearly longer than what might be expected for a

double bond in a neat solid (2.90 Å). Based on magnetic

measurements, the structure is described as containing Bi2
2�

dimers with an extra delocalized electron over the structure.

The elongation of the Bi–Bi bond is caused by the extra elec-

tron delocalized over the cations and the antibonding states of

the dimer.193

Bent trimers of Bi3
3� can be ‘fished out’ from solutions of

K5Bi4 in ethylenediamine and crypt (crypt¼hexaoxa-diazabi-

cyclo-hexacosane) with the help of (mesitylene)M(CO)3
(M¼Cr or Mo), which is used as the ‘bait.’ They form trigonal

bipyramidal closo clusters of [Bi3M2(CO)6]
3�, where the M

(CO)3 fragments are equatorial. The clusters are isoelectronic

and isostructural with the [Bi5]
3þ ion. The Bi–Bi bond lengths

in the clusters lie in the range 2.954(1)–3.005(1) Å. The species

[Bi3M2(CO)6]
3� can be viewed also in a ‘noncluster’ way, that

is, without delocalized bonding. Thus, they can be described as

made of bent [Bi3]
3� molecules coordinated to two neutral M

(CO)3 moieties. The trimer [Bi3]
3� is isovalent and isostruc-

tural with ozone, O3, where the average bond order is 1.5 per

bond. The Bi–Bi distances are relatively short and lie between

the single bond length of 3.02 Å and the double bond length of

2.8377(7) Å observed for the naked diatomic molecule

[Bi¼Bi]2�.195
The As4

2� dianion exists in (K@18-crown-6)2As4. The

structure features a triple-decker-like coordination of the cyclo-

tetraarsenide anion between two crown ether-coordinated po-

tassium cations. Calculations reveal that As4
2� shows electron

delocalization primarily through the lone pairs of electrons.172

The compounds K5As4, A5Sb4 (A¼K, Rb), and A5Bi4 (A¼K,

Rb, Cs) contain zigzag tetramers of E4
4� (E¼As, Sb, Bi) and

also multiple bonding. Like K3Bi2, they belong to the class of

‘metallic salts,’ due to the extra alkali-metal cation and the

corresponding ‘extra’ electron delocalized over the structure.

All six compounds are metallic and show temperature-

independent paramagnetism due to a delocalized electron

from the extra alkali-metal cation in the formula. At low tem-

peratures (around 9.5 K) and low magnetic fields, the bis-

muthides become superconducting. The E–E distances in the

tetramers (e.g., K5As4 2.446(2) Å, K5Sb4 2.818(3) Å, and K5Bi4
3.046(3) Å) are shorter than known single bonds for the corre-

sponding element. For the arsenide and the antimonides, they

are also shorter than in helical chains of (As�)1 and (Sb�)1 in

the compounds AE (A¼alkali metal, E¼As, Sb; no compound

of the type ABi is known), with bond lengths in the ranges of

2.47–2.50 and 2.83–2.88 Å, respectively, or in the dimers of

Sb2
4� in Cs4Sb2 (Sb–Sb, 2.92 Å) or in hexamers of Sb6

8� in

Ba4Sb6 (Sb–Sb, 2.86–3.00 Å).196

The gaseous pentapnictogen anions E5
� (E¼As, Sb, Bi) are

produced by laser vaporization of the corresponding element

targets in the presence of helium carrier gas. Studies using

photoelectron spectroscopy and ab initio calculations reveal

that the ground state of the E5
� (E¼As, Sb, Bi) ions is the

aromatic cyclic D5h structure with a low-lying C2v isomer.197

Hexameric pnicogen anions were recently studied for arse-

nic, and hexaarsenides exist in the compounds M4As6 (M¼Rb,

Cs). Upon solvation in liquid ammonia, these hexaarsenides

form heptaarsenide As7
3�, tetradecaarsenide [(As7)2]

4�, and
the cyclotetraarsenide As4

2� as crystalline products. From

Rb4As6 in liquid ammonia the ammoniate {Rb(18-crown-

6)}2Rb2As6�6NH3 forms, which contains the hexaarsenide
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Scheme 11 Examples of naked pnicogen anions with known crystal structures.
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ring As6
4� as anionic part. The ring has a chair conformation

with As–As bond lengths in the range 2.399(4)–2.415(3) Å,

and bond angles close to 120�. In the crystal structure, four Rb

atoms coordinate to the arsenic ring.198

Pnicogen cluster ions containing seven pnicogen atoms are

exemplified by the well-known Sb7
3� anion, which has the

common nortricyclane structure and is isostructural and iso-

electronic to P4S3. Sb7
3� exists in (crypt-Na)3Sb7, (crypt-

K)3Sb7, and Rb3Sb7. It forms also the anionic part of Cs3Sb7,

which is obtained from the elements. In all these compounds,

the structure of the anion is very similar. A general feature is

that the bond lengths between the Sb(0) atoms [Cs3Sb7, 2.856

(2)–2.908(1) Å] are longer than the bonds between Sb(0) and

Sb� atoms [Cs3Sb7, 2.728(1)–2.798(1) Å].
191

Eight pnicogen atoms forming a polyanion are represented

by the S8-like anion Sb8
8�, which exists in the ammoniate

[K17(Sb8)2(NH2)]�17.5NH3. The compound is formed by

reduction of antimony with potassium in liquid ammonia.

The ammoniate contains crown-shaped Sb8
8� Zintl anions

analogous to S8. In the crystal structure of [K17(Sb8)2(NH2)]�
17.5NH3, there are nearly identical [Sb8]

8� rings with Sb–Sb

bond lengths between 2.847(2) and 2.872(3) Å and a mean

value of 2.861 Å.199

Extended linear pnicogen (As, Sb, Bi) chains are known in

alkali-metal pnictides of the composition AE (A¼alkali metal,

E¼As, Sb, Bi). A recently studied example is b-CsSb where the

anionic part of the structure consists of helical antimony

chains. The structure of the chain is shown in Figure 28. The

distances Sb–Sb (2.855–2.878(2) Å) are similar to the values

for a-CsSb (2.844(3) and 2.863 Å), KSb (2.829 and 2.852 Å),

a-RbSb, (2.852 and 2.864 Å), and b-RbSb (2.838(1) and

2.862 Å). They correspond very well to Sb–Sb single bond

lengths in tetraorgano distibanes or other organometallic

catena species.200,201

Short Sb–Sb bonds in linear antimony chains exist also in

(Zr,V)13Sb10, (Zr,V)11Sb8, and (Zr,Ti)Sb13. The Sb–Sb interac-

tions in these chains can be described as half bonds, and the Sb

atoms as being in the �2 state, although the bond lengths

(between 2.80 and 2.90 Å) correspond to single bond dis-

tances. Related antimony chains with Sb–Sb distances

(>3.06 Å) and nonclassical (hypervalent) bonding have been

discussed in the reviews of Hoffmann.169,202 Antimony chains

with Sb–Sb interactions of 3.10 and 3.25 Å exist in the

antimonides Ti5Sb8 and Zr11Sb18.
203,204 Structures of metallic

antimonides (M0,Ti)5Sb8 (M0 ¼Zr, Hf, Nb, and Mo) contain

three-dimensional extended Sb networks with intermediate

Sb–Sb bond lengths (starting at 3.16 Å). They are prepared

from the melt of mixtures of Ti, TiSb2, and M0Sb2.
205 A mixed

chain containing antimony and titanium atoms occurs in the

nonstoichiometric compound Ti11–xSb8–y. There are short

bonds of alternating 2.76 and 2.84 Å. The chain consists

mainly of Sb atoms (i.e., 87% Sb and 13% Ti).202

Ribbons composed of polyantimony anions exist in the

rubidium antimonide RbSb2. There are
1
1 Sb2

�½ � ribbons form-

ing the anionic part of this electron-precise Zintl compound.

RbSb2 is formed from elemental rubidium and antimony. In

accordance with the ribbon-shaped antimonide anions, the

compound crystallizes as extremely thin needles of dark-

metallic luster. The crystal structure shows fused six-membered

rings of two- and three-bonded Sb atoms forming ribbons,

which can be interpreted as sections of the elemental structure

of antimony (Sb–Sb: 2.819(5) and 2.860(9) Å, respectively).

The structure of RbSb2 is closely related to that of KSb2, which

exhibits identical antimony anions.206 Puckered layers com-

posed of 5- and 28-membered rings of two- and three-bonded

antimony atoms form the anionic part of the cesium polyanti-

monide Cs5Sb8. A section of the layer anion is shown in

Figure 29.200

Two- and three-dimensionally infinite antimony polyanions

exist in the phases Pr9–xSb21–y and Ho2Sb5. The structure of

Pr9–xSb21–y contains a two-dimensionally infinite polyanion

with interatomic distances in the range 2.98–3.07 Å. In the struc-

ture ofHo2Sb5, there is a three-dimensional networkof antimony

atoms with Sb–Sb distances in the range 2.83–3.33 Å.207

Anionic bismuth chains and sheets are part of the hypervalent

binary phase EuBi2, which is formed from high-temperature

solid-state reactions of the pure metal elements. The structure

of EuBi2 features on dimensional Bi-zigzag anionic chains and

two-dimensional Bi-square sheets. It can be described as

Eu2þ(Bi�) chain (Bi�) square. Within the Bi-chain, the Bi–Bi

distance (3.2244(16)Å) corresponds to an elongated Bi–Bi sin-

gle bond.Within the two-dimensional Bi-square sheet, the Bi–Bi

distance (3.3442(7)Å) is larger than that of a single bond and

corresponds to a ‘hypervalent’ Bi–Bi bond. Similar square Sb

sheets exist in EuSb2 and BaZnSb2.
208

Planar anionic layers composed of six- and four-membered

bismuth rings with three- and four-bonded Bi, which are sep-

arated by Ba atoms, exist in the phase Ba2Bi3. Single crystals of

Ba2Bi3 are obtained by reacting stoichiometric amounts of pure

elements (with a slight excess of barium). The stoichiometric

amount of Ba, Sb, and Bi under similar reaction conditions

gives Ba2BiSb2. In the mixed compound, there is strict site

preference with Sb occupying only the three-bonded sites.

Ba2Bi3 can be described neither by the classical Zintl concept

Cs(4)

Cs(1)

Cs(1)

Sb(2)

Cs(4)

Cs(1)

Cs(3)

Cs(4) Cs(4)

Cs(1)

Sb(1)

Sb(2)

Sb(1)

Figure 28 Section of the structure of b-CsSb.200
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nor with the extended electron counting rules for two-

dimensional nets, which have been introduced by

Hoffmann.169,170 The anionic network of Ba2Bi3 can be ratio-

nalized as (Ba2þ)2[Bi3]
3�(e�). Bonding distances suggest that

the extra electron fills Bi–Bi antibonding states. The densities of

states obtained from TB-LMTO-ASA calculations showmetallic

character for both compounds. The Bi–Bi bond lengths in

Ba2Bi3 are 3.247(6) and 3.380(2) Å. They are longer than that

of elemental bismuth (3.072 Å). The Sb–Sb distance in

Ba2BiSb2 is (3.098 Å).209

1.05.11 Ligand-Free Pnicogen Cluster Anions with
Heteroatoms

A cluster composed of nickel and antimony is the paramag-

netic anion [Ni5Sb17]
4�, which is obtained as a dark-brown

crystalline [K(2,2,2-crypt)]þ salt by reaction of K3Sb7 and Ni

(COD)2 (COD¼cyclooctadiene) in the presence of 2,2,2-

cryptand in ethylenediamine. The structure consists of a Ni

(cyclo-Ni4Sb4) ring unit in a Sb13 bowl. It resembles the struc-

ture of [Pd7As16]
4� where a Pd(cyclo-Pd4As4) ring is positioned

in a Pd2As12 bowl. In [Ni5Sb17]
4� there are 12 Sb–Sb single

bonds (bond lengths 2.816(4)–2.928(4) Å) and 12 additional

Sb–Sb contacts in the range 3.095(2)–3.176(2) Å, which cor-

respond to partial or secondary Sb–Sb bonds. DFT calculations

suggest an S¼3/2 ground state which may explain the absence

of a room-temperature EPR signal. There are also similarities to

M(cyclo-E8)
n� (M¼Mo, Nb, Cr, E¼As, Sb; n¼2, 3).210,211

A different structure consisting of Zintl As7
3� anions con-

nected through a Pd2 linker was found in the anion [Pd2As14]
4�

(Figure 30).210

Reactions of ethylenediamine solutions of K5Bi4 with

Ni(PPh3)2(CO)2 give closo clusters, for example, the pentag-

onal bipyramidal [Bi3Ni4(CO)6]
3�, the dodecahedral

[Bi4Ni4(CO)6]
2�, and the Ni-centered or empty icosahedral

[Nix@{Bi6Ni6(CO)8}]
4�. The counterions are potassium

cations coordinated by 2,2,2-crypt or 18-crown-6 ether.212

Another example of a heteroatomic naked cluster with a

monocapped square-antiprismatic geometry was found in

(Na-crypt)3[In4Bi5].
213 In the [In4Bi5]

3� anion, the indium

atoms are located in the five bonded positions (Figure 31).

A ligand-free 20-atom intermetalloid cluster is the anion of

K(2,2,2-crypt)5[Zn9Bi11]�2en�tol (en¼ethylenediamine,

tol¼ toluene). The cluster is obtained from en solutions of

K5Bi4, ZnPh2, 2,2,2-crypt and toluene.214

An As20 dodecahedral (fullerene) cage is a component of

the onion-skin-like [As@Ni12@As20]
3� ion that was prepared

from As7
3� and Ni(COD)2 (COD¼cyclooctadiene) in ethyle-

nediamine and isolated as the Bu4P
þ salt. The anion contains

an icosahedral [Ni12(m12-As)]
3� fragment that resides at the

center of the As20 dodecahedral (fullerene) cage to give

the [As@Ni12@As20]
3� cluster with Ih point symmetry.215

The cluster ions [As@Ni12As20]
3� and [Sb@Pd12Sb20]

3� are

also the objective of a density functional study.216
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Figure 29 Section of the anionic layer in Cs5Sb8.
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Figure 30 Structure of the anion [Pd2As14]
4�.210
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A group of compounds containing lanthanides in frame-

works of polyanions of As or Sb named lanthanide-filled

skutterudites were studied due to useful thermoelectric appli-

cations. Skutterudite is the name of a CoAs3-based mineral that

was first extensively mined as a source of cobalt and nickel in

the region of Skutterud, Norway. The chemical composition of

the lanthanide-filled skutterudites with As or Sb polyanions is

given by LnM4E12, where Ln are the lanthanides La, Ce, Pr, Nd,

Sm, Eu, Gd, Tb, Yb; M¼Fe, Co, Ni, Ru, Os, and E¼As, Sb. Some

of the lanthanide skutterudites have excellent thermoelectric

properties above room temperature and this increased the inter-

est in these materials for thermoelectric applications. The rattling

of the Ln atom, which is located in a cage of As or Sb atoms, leads

to an effective scattering of the phonons, thus causing the ex-

traordinarily low thermal conductivity. The electronic structure

of the lanthanide-filled skutterudites can be understood within

the framework of the Zintl concept.205,217,218

The heterocubane dianion [As6I8]
2� is present in [PPh4]2

[As6I8] and [Ph2P(O)CH2CH2P(OH)Ph2]2[As6I8](2CH2Cl2),

two compounds formed by oxidation of the arsenic(I) re-

agent (dppe)AsI (dppe¼1,2-bis(diphenylphosphino)-ethane).

[As6I8]
2� is composed of an As6I6 ring arranged in a chair

conformation (with each terminal iodine ligand in an equato-

rial position) and two iodide anions that cap each face of

the ring.219 The structure of dianion [As6I8]
2� is depicted in

Figure 32.

As12Se4
4� is a selenoarsenate anion which consists of a cen-

tral As12 cage with four exo-bonded, formally negatively charged

Se atoms that exist in the compound [Co(NH3)6]2As12-
Se4�12NH3 formed by the reaction of As4Se4 with a solution

of sodium in liquid ammonia and subsequent precipitation

with CoBr2.
220

1.05.12 Neutral Adducts with Dative
Pnicogen–Pnicogen Bonds

Dative As–As bonds exist in the Lewis acid–base adducts

PhMe2As–AsPhI2, PhMe2As–AsMeI2, and PhMeEtAs–AsMeI2
which form from the components.221 The tertiary arsine-

stabilized arsenium salts, [R3As–AsMePh]OTf (R3As¼Ph3As,

Me2PhAs, [2-(MeOCH2)C6H4]Ph2As, and [2-(MeOCH2)

C6H4]Me2As), are formed by chloride abstraction from

chloromethylphenylarsine with trimethylsilyl triflate in the pres-

ence of the arsine.222 As3 units combined through dative bonds

exist in the complexes AsX3[o-C6H4(AsMe2)2] (X¼Br, I).223

1.05.13 Catena Species in Complexes and Clusters

Pnicogen–pnicogen-bonded species are frequently formed

from mononuclear pnicogen reagents during cluster building

reactions with metal halides or other reagents.

Reactions of AsPh(SiMe3)2, CuSCN, and PRR02 give the

compounds Cu4(AsPh4)2(PRR
0
2)4 (R, R0 ¼Prn, Et; R¼Me,

R0 ¼Prn) which contain (As4Ph4)
2� chains as constituent.224

The reaction of CuCl, LiAs(SiMe3)2 and [dppb¼bis

(diphenylphosphino)butane] leads to the formation of ionic

cluster complexes containing As–As bonded fragments.

Depending on the reaction conditions one can isolate

the salts [Cu8As3(AsSiMe3)2(dppb)4]
þ [Cu{As2(SiMe3)2}

{As4(SiMe3)4}]2
� or [Cu8As3(AsSiMe3)2(dppb)4]

þ[Cu{As
(SiMe3)2}2]2

�.225

Reaction of LiSb(SiMe3)2, CuCl, and [dppm¼bis(diphe-

nylphosphino)methane] leads to the neutral cluster

[Cu10(Sb3)2(SbSiMe3)2(dppm)6].
225

The stibanes PhSb(SiMe3)2 or Sb(SiMe3)3 react with silver

nitrate and phosphanes to give the silver antimony com-

pounds [Ag12{Sb(SiMe3)}6(PPr
i
3)6] with a distorted triangular

antiprism of antimony atoms bearing SiMe3 groups,

[Ag4(Sb4Ph4)2(PPr
i
3)4] containing [(PhSb)4]

2� anions and

[Ag4(Sb6Ph6)2(PBu
n
3)4], where [(PhSb)6]

2� anions are incor-

porated in the cluster structure.226 The structure of

Ag4(Sb4Ph4)2(PPr
i
3)4 is shown in Figure 33.

[Pb4(SbR)6] (R¼Pri3Si) was obtained by the reaction of

RSb(SiMe3)2 with PbCl2 in Et2O. The Pb4Sb6 cage structure

can be described as a Pb4Sb4 heterocube where two SbR edges

are replaced by (RSb–SbR) units.227 A ClSb–SbCl unit exists in

the cation [{(CyP)4}2(ClSb–SbCl)]
2þ which is formed in

reactions of (CyP)4 with stibenium cations [R2Sb
þ, R¼Cl,

Ph].228 Dibismuth ligands of the types PhBi–BiPh and Bi–BiPh2
exist in Re4(CO)16(BiPh2)2(BiPhBiPh) and Re4(CO)16(BiPh2)2
(BiBiPh2), two complexes that form by thermal and photolytical

reactions of the six-membered heterocycle [Re(CO)4(BiPh2)]3.
229

In(1)
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In(2)

Bi(2)
Bi(5) Bi(3)
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Figure 31 Structure of the [In4Bi5]
3� anion.213
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Figure 32 The structure of the [As6I8]
2� dianion.219
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(PPh4)2[Bi10Cu10(SPh)24]�0.5DME is formed from Bi(SPh)3,

CuSPh, PPh4Cl, and PhSSiMe3 in 1,2-dimethoxyethane. The

most striking structural motif within the cluster ion is the Bi10
unit, which consists of two connected Bi5 chains.

230

1.05.14 Naked Neutral En Species (E¼As, Sb, Bi)

The neutral oligomers En (E¼As, Sb, Bi; n	2) are highly

reactive species that exist in the gas phase in vapors of the

elements or can be generated by decomposition of organome-

tallic precursors. The most stable species is yellow arsenic As4,

which can be used as an arsenic reagent also in condensed

phase. In contrast, Sb4 and Bi4 aggregate on condensation

from the gas phase, with formation of the stable (semi)metallic

modifications of antimony and bismuth which are much less

reactive. The En species with As–As, Sb–Sb, and Bi–Bi bonds

exist however in stable compounds as building blocks in clus-

ters, as ligands in complexes, or with protection of suitable

donors. Coordination compounds containing ‘naked’ Asn, Sbn,

or Bin as components are also well known.

En species can also be stabilized on special surfaces or in

channels of zeolites and they are objectives of theoretical stud-

ies. Sb4 molecules exist on the surface of a MoS2 crystal and a

AuSb2 surface.231 Distorted cubic clusters Sb8 are formed in

channels of the zeolite ZSM-11 Å.232 Ligand-free neutral and

anionic E3 (E¼As, Sb, Bi) species were studied with theoretical

methods (CCSD(T), B3LYP-DFT).233 Fullerene-like Asn cages

for sizes 4, 8, 20, 28, 32, 36, and 60, wherein each As atom is

threefold coordinated, were examined in a density functional

study. All the cages studied are energetically stable with respect

to isolated arsenic atoms, but only As20 is energetically stable

against dissociation into As4.
234

Complexes containing thedinitrogenanalogueE2 (E¼As, Sb,

Bi) molecules as ligands are well known. The naked E2 ligands

are ‘side-on’ coordinated through the electrons of the triple

bond to 16 electron complex fragments. Precursor for the Bi2
ligand is the cyclobismuthane cyclo-(Me3SiCH2Bi)n (n¼3–5)

that reacts photochemically with [Mn(CO)3C5H4CH3] to form

[Bi2[Mn(CO)2C5H4CH3]3].
70 A complex where the As2 unit is

protected by a carbene ligand is the compound L–As–As–L (L¼ :

C{N(2,6-Pri2C6H3)CH}2), which is formed by reduction of L–

AsCl3 with potassium/graphite. The structure of L–As–As–L is

shown in Figure 34. The molecule adopts a trans-bent geometry

around the As–As bond. The As–As distance 2.442(1)Å corre-

sponds to an As–As single bond.235

The tetrahedral MoAs3 clusters Cp*Mo(CO)2As3 react with

CuX (X¼Cl, Br, I) to give Cu2X2 bridged complexes [Cp*Mo

(CO)2As3CuX]2.
236 Reactions of the Sb–Sb cluster species

[{CpMo(CO)2}2(Sb2)] with CuX (X¼Br, Cl, I) produce olig-

omers or polymers of the general formula [{CpMo

(CO)2}2(Sb2)(CuX)]n. With X¼Cl, Br halogen-bridged dimers

and with X¼ I, a linear polymer forms.237 The reaction of

[Me5C5Fe(Z
5-As5)] with Cu(I) halides CuX (X¼Cl, Br, I)

leads to the formation of polymers that are built up by the p-
coordination of the cyclo-As5 ring to (CuX)n moieties.26

The complex [Bi4{m3-Fe(CO)3}3{Fe(CO)2Cp
00}2], (Cp00 ¼

But2C5H3), formed from [Fe(CO)4]
2� and [Cp00 (CO)2Fe]

BiCl2, contains a distorted-tetrahedral Bi4 cluster core in

which three of the faces are capped by Fe(CO)3 moieties

(Figure 35). The Bi–Bi distances around the basal face

C(7�)

C(1�) Sb(3�)
Sb(4�)

Ag(1�)
P(1�) Ag2

Ag(1)

Sb(4)
Sb(3)

Sb(1)

C(1)

Sb(2)

P(2)

C(7)C(13)C(19)

Sb(1�)

Ag(2�)

P(2�)

P(1)

Sb(2�)
C(13�) C(19�)

Figure 33 Structure of Ag4(Sb4Ph4)2(PPr
i
3)4.

226 Only the ipso and methylene carbon atoms are represented. The hydrogen atoms of the methylene
groups are omitted for clarity.

N(1) N(2)

C(1)

As(1)

As(1�)

N(2�) N(1�)

C(1�)

Figure 34 Structure of L–As–As–L (L¼ :C{N(2,6-Pri2C6H3)CH}2).
235

Hydrogen atoms are omitted for clarity.
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(3.0893(11)–3.1949(12) Å) are systematically shortened by

0.2–0.4 Å relative to the other three Bi–Bi distances to the

apical Bi atom (3.4226(10)–3.5298(9) Å).238

1.05.15 Conclusion

Developments in the field of catenated As, Sb, and Bi com-

pounds since the year 2000 are reviewed. Catena species com-

prise dipnicogen compounds, oligomeric pnicogen

compounds with structures of linear or branched chains or

bicyclic or polycyclic (cluster) arrangements as well as poly-

meric species with extended structures in indefinite chains or

strips. Catenation occurs both in organometallic or purely

inorganic neutral or ionic pnicogen species. Element–element

bonds in catenated As, Sb, Bi bonds range from weak inter-

molecular or interatomic interactions to well established single

or multiple bonds. Chemical and physical properties of cate-

nated species as well as structural aspects are included in the

review.
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1.06.1 Background and Scope

While the range of different-sized fullerenes may well exceed

the range of molecular forms of sulfur, it is still fair to say that

sulfur is unique in terms of its diversity of allotropes. This is

clearly testament to the element’s remarkable propensity for

homoatomic catenation; even if we were to ignore the rarer

allotropes and just focus on S8, sulfur’s preeminence would

still be guaranteed, thanks to the fact that – uniquely among

the solid elements – it appears in a naturally occurring cate-

nated discrete molecular form (i.e., volcanic sulfur). It follows

that our long history of interaction with the element has seen

us influenced – either wittingly or unwittingly – by the modi-

fications imposed upon its reactivity by this catenation. The

very fact that the word sulfur itself stems from Latin (cf. San-

skrit as sometimes claimed)1 reveals the historical nature of

such interactions, and even moving into the age of true chem-

ical understanding, the element continued to play a part in

development of the science of chemistry per se. Thus, in a very

real sense, the history and chemistry of the element are inex-

tricably bound to its propensity for catenation. If we then

consider the other allotropes, we find that the element is

unique in another aspect, namely the way in which specific

allotropes may be generated by structured, systematic synthetic

methodologies. This contrasts markedly with elements such as

carbon and phosphorus (see Chapter 1.04) for which allo-

trope formation tends to be directed by brute force (albeit

often backed up by exquisite experimental prowess) rather

than pure guile.

In terms of the remit of this chapter, its prime aim is to

highlight just what is possible in terms of units containing only

sulfur atoms. In part, this stems from the astonishing range of

compounds in which, alongside other elements, multiple sul-

fur atoms are present, linked by sulfur–sulfur bonds. It would

be impossible to do justice to all such compounds, but it is

important to note that catenated sulfur units play a key role in

numerous important organic species (including many natural

products) and within systems bearing other main group ele-

ments. In many cases, we find systems with a very high sulfur

‘content’; a good example comes with the sulfimides such as

S7NH, in which a crown structure analogous to S8 is seen, save

for replacement of one S by NH (for information on these and

other sulfur–nitrogen species bearing sulfur chain units, see the

recent monolog by Chivers2). Other examples include the
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sulfanes (H2Sx) and sulfur chlorides (SxCl2) which can both

exhibit long sulfur chains; while both are alluded to here as

synthetic reagents, detailed accounts of their chemistry must be

sought elsewhere.3 The recent treatise on p-block rings and

polymers by Chivers and Manners is also an excellent resource

for many main group systems bearing catenated sulfurs.4 A

caveat to our self-imposed restriction comes in the case of

metal sulfide complexes, which we will touch on (more by

way of illustration of what is possible rather than any attempt

at a comprehensive review) and in examples of systems

wherein the ring structure of an allotrope is retained upon

reaction. Specifically in the latter case, we will look at the

coordination chemistry of the intact rings, and the formation

of oxides of the allotropes such as S8O.

In terms of the timescale of results reported here, the pri-

mary aim is to address work that has happened since 2000; this

not only reflects the need to illustrate the fact that advances

continue, even with such a long-studied element, but also

acknowledges the appearance of Steudel’s magisterial two-

volume compendium of the state of play in 2003, to which

readers requiring more in-depth information on the element

are directed.5 However, the fact remains that many of the key

advances in the formation of new molecular species occurred

during the decade or so prior to that; thus, it is impossible to

summarize the broad sweep of species and reactions without

looking further back. Ultimately, the aim here is to try to

highlight not only the diversity of forms that the element can

exhibit but also areas where ongoing research is being most

keenly undertaken. In order to do this, the species in question

are looked at in three broad classifications: neutral systems,

cations, and anions. As an aside it should be noted that all the

‘ball and stick’ illustrations of molecular structures herein have

been generated from the raw X-ray data by the authors (using

the mercury crystal structure visualization program).

1.06.2 Neutral Systems: The Allotropes of Sulfur

1.06.2.1 The Gas-Phase Allotropes – S2, S3, and S4

The composition of sulfur vapor has been the subject of nu-

merous studies, employing a wealth of spectroscopic and spec-

trometric techniques. Allotropes Sx with the values x¼2–8 can

all be detected, with the exact ratios of species being dependent

upon the precise conditions. A good illustration of the pres-

ence of various species in sulfur vapor comes with the ‘trap-

ping’ of S8, S6, and S2 within zeolite NaX “(for zeolites see

Chapters 4.05 and 5.05) when the latter is heated with the

element.6 Although the smaller systems S2, S3, and S4 may, on

the face of it, appear to have less relevance than the common

solid-state allotrope S8, a number of studies and observations

have shown that they can in fact have a high degree of perti-

nence to natural scenarios and thus cannot safely be ignored.

This is certainly becoming ever truer as we learn more about

the chemistry of the harsher environments found in the solar

system. Thus, in 19997 (and again in 20038) data from the

Hubble Space Telescope provided evidence for the presence of

S2 in the volcanic plume emitted from the Jovian satellite Io’s

volcano Pele. This in turn allows the conclusion that dimeriza-

tion of the latter to S4 occurs on the solid surface of the moon,

a fact which manifests itself as the spectacular characteristic red

coloration observed around the base of such plumes.9 Indeed,

the fact that the Galileo spacecraft visiting that moon between

1996 and 2001 also observed localized red deposits near likely

volcanic sites strongly indicates that the appearance and influ-

ence of these small allotropes are widespread on this far-off

world, and any assessment of surface chemistry has to take

them into account.8 This was demonstrated even more spec-

tacularly not far from Io when Jupiter itself presented evidence

of S2 formation in a spectacular one-off event in 1994. In many

ways, this event could justifiably be called the largest-scale

inorganic chemistry ‘experiment’ ever observed in real time,

and was initiated by the collision of comet Shoemaker-Levy 9

with the gas giant. Ultraviolet (UV) reflection spectrum

revealed the presence of S2 in the resulting ‘scar’ in the cloud

belt. A few days later, it could still be detected; a few weeks

later, it was gone. Any doubts as to the scale of these events are

surely dispelled by the calculation that the observations were

consistent with the production of a hundred million tons of

disulfur during the collision!10

Given that S3 has also been implicated in the atmospheric

chemistry of Venus (e.g., via new analysis of data from the

Soviet Venera missions11) and that S2 has been studied in the

context of lightning-induced chemistry within storm clouds on

Saturn,12 it follows that we can be sure that many more roles

for these transient species will be found in the further-flung

regions of the solar system.13 Closer to home spatially –

though certainly not temporally – the vapor-phase sulfur allo-

tropes may well have played a much more significant role in

Earth’s ancient atmospheric chemistry than they do now. Key

to such suggestions is the observation in 2000 that the sulfide

and sulfates present in extremely old rocks (in the order of

2.5 billion years) exhibit the so-called sulfur isotope mass-

independent fractionation (S-MIF).14 In essence, this means

that sulfur cycles not affected by mass-dependent processes

such as evaporation or kinetic isotope effects predominated,

or at least they did until the collapse of methane levels in the

later Archean period.15 While photodissociation of primordial

SO2 has been mooted as one of the origins for this S-MIF effect,

the possibility that gas-phase reactions such as the combina-

tion of S2 with sulfur radicals to give S3 are key has also been

raised. Thus, it may well be that these transient and apparently

rare species played a significant role. Investigation into the

overall role of sulfur in atmospheric evolution is very much

ongoing, with its importance stemming from the fact that the

results are not simply limited to an understanding of the

‘history’ of the element itself but also provide important clues

to the understanding of other constituents of the early atmo-

sphere, such as oxygen levels.16 Such work constitutes an

excellent example of the way in which ostensibly simple inor-

ganic chemistry can cross over into other areas such as geology

and the origin of life, with the studies often necessitating

advanced calculation methods. By way of illustration, the

humblest reaction in this area, namely the combination of

two sulfur atoms (generated, e.g., within volcanic eruptions)

to form S2, might appear ‘trivial’ but in fact has been the subject

of many computational studies. The most recent of these used

quasiclassical trajectory calculations to come up with a rate

constant of 4.19�10�33cm6 molecule�2 s�1 for the argon-

partnered recombination.17 Clearly, much more work is still

required to get the full story; a very recent and extremely
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comprehensive review of the area of atmospheric sulfur by

Johnston is recommended for those requiring further informa-

tion.18 Away from atmospheric concerns it is worth noting that

the reaction of R3MSSSMR3 (where M¼Si or Ge) with Ph3PBr2
acts as a source of ‘S2’ insofar as the intermediate formed un-

dergoes Diels–Alder adduct formation with dienes in the man-

ner expected for the putative disulfur. In the absence of the

diene, this species oligomerizes to S8.
19

While the structure of violet-colored S2 is, of course, simply

diatomic, the arrangements with S3 and S4 have been the

subject of continuing investigation, particularly in the latter

case. Although a V-shape for S3 with C2v symmetry analogous

to ozone (hence the term ‘thiozone’ which is often used) has

been acknowledged for some time, computational20 and spec-

troscopic21,22 studies continue in an effort to fully elucidate

bonding and reactivity. Identifying the structure(s) associated

with S4 has proved more problematic, however. Multiple iso-

mers can be envisaged for this compound, and the number of

different theoretical studies alone runs into the dozens. How-

ever, recent consensus from both experimental (e.g., via rota-

tional spectroscopy)22,23 and theoretical24–26 studies confirms

the long-held view that an open chain C2v structure is the most

stable arrangement, with automerization occurring via a rect-

angular D2h transition state (Figure 1). Indeed, this structural

conclusion mirrors that of matrix-isolation techniques per-

formed back in 1992 by Andrews and Hassanzadeh.27 Earlier

work such as this also hinted at isomerization induced photo-

thermally28 or by microwave discharge27 that might involve

the trans isomer (i.e., of C2h symmetry). More recent studies

have backed this up,24 though to what extent this possibility

has been fully dealt with is unclear.

1.06.2.2 Forms of S8 and the Effects of Pressure upon
This Allotrope

1.06.2.2.1 Forms at ambient pressure, and biologically
produced S8
The fact that the primary stable allotrope of sulfur consists of a

crown S8 unit has been known for almost a century now

(thanks in no small part to pioneering crystallographic studies

by the great Bragg29). The conversion of this orthorhombic (a)
form to a monoclinic (b) analog at around 96 �C is also well

documented in standard inorganic textbooks30 and needs no

further comment here, save to note that the effect is primarily

one of intermolecular packing rather than any change in the

intramolecular bonding arrangement. While this means that

for most purposes elemental sulfur in commercial laboratory

samples can simply be thought of as consisting of the S8 crown

form, there are important considerations/caveats to be borne

in mind. The first is that as this is the most stable of all

allotropes of the element, this also means that it is the least

reactive and indeed recent years have seen work on the reac-

tivity of specific alternative allotropes. The other point of note

is that, strictly speaking, such samples are not actually exclu-

sively composed of S8, even though it is by far and away the

primary component. Other allotropes such as S7 can be shown

to be present and it has even been suggested that such ‘impuri-

ties’ play a role in determining the characteristic color of com-

mercial samples.31 So not only is referring to such samples as ‘S8’

inaccurate, but also, in fact, purification of the latter is quite time

consuming; a recommended route consists of extraction (tolu-

ene or dichloromethane) and cooling, followed by meticulous

thermal treatment and then distillation. As noted by Steudel,

even commercially available super-high-purity material tends to

rank this only on the amount of metallic contaminant present

rather than other forms of sulfur. Returning to the subject of

color, as Figure 2 shows, cooling commercial samples to liquid

nitrogen reversibly ‘bleaches’ the color; if the material is irradi-

ated with X-rays at this temperature, then a red color develops,

consistent with the formation of the smaller allotropes.32 Again

this effect is reversible and the familiar yellow color reappears on

warming.

In contrast to the a and b forms, it is only relatively recently

that studies have fully confirmed the structure of the third form

of S8. This monoclinic (g, or ‘nacreous’) polymorph can be

generated in the laboratory (e.g., by the reaction of pyridine

with CuSSCOEt) or found in nature (as the mineral rosickyite),

and X-ray crystallography has confirmed earlier suggestions of

a so-called ‘sheared penny roll’ packing arrangement of the

crown units.33 Away from the lab, a fascinating aspect of this

form of sulfur has emerged during work on geological bio-

signatures. These are the traces of minerals whose sources can

be shown to be biogenic and whose appearance indicates the

presence of life, either now or in the past; and, of course, the

preservation of such signatures could have immense implica-

tions in future investigations into the history of life on Earth

and elsewhere. The presence of rosickyite as a geological ma-

terial has recently been shown to be just such a biosignature; in

studies upon evaporate basins in Death Valley (the nearest

natural model for the surface of Mars that we possess), Douglas

reports that the mineral is constantly replenished by a cycle of

microbial attack on gypsum deposits, followed by bacterial

reoxidation of the resulting sulfide to this form of elemental

sulfur.34 That the presence of a sulfur allotrope could betray

such a complex interplay of primitive life and chemical/geo-

logical conditions serves yet again to highlight the importance

and ubiquitous nature of the element. Such conclusions are

bolstered by the fact that elemental sulfur can appear directly

associated with/in microorganisms. A good example comes in

the case of Thiomargarita namibiensis, which is the largest bac-

terium thus far discovered (with individual cells up to

0.75 mm in size).35 Not only are cells large enough to be

S

S S
S S

S S

S S

S

S S

S

S S

SS

S2 S3 S4 (cis, C2v)

S4 (D2h) S4 (cis, C2h)

1.887Å

1.914Å
2.155Å

1.898Å

Figure 1 The structures of S2, S3, and S4 (n.b. bond orders shown are
approximate), together with the D2h isomer of the latter, which forms
during its automerization, and the putative trans isomer.
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visible to the naked eye, but also this is aided by the presence of

sulfur globules within the cells. Subsequent to its discovery,

XANES was employed to show that the sulfur was present as

S8.
36 In other cases, Raman spectroscopy has been employed to

ascertain the form of the element. In a particularly elegant

recent example, Himmel and coworkers demonstrated the use

of Raman spectroscopy on living samples of the nematode

Eubostrichus dianae (preparative techniques required for X-ray

studies would kill biological materials) which possesses a mat-

ted coat of symbiotic sulfur-oxidizing bacteria. These bacteria

generate granules of sulfur in the course of their metabolism

and the Raman studies were able to map the three intense

bands associated with S8 in exquisite detail.37

1.06.2.2.2 The effects of pressure upon S8
While the standard notion of sulfur existing as S8 crowns is

readily appreciated at even basic levels of chemistry, the effect

of pressure upon S8 is not only often neglected in basic ac-

counts of the element, but also complicated enough to mean

that work on its full elucidation is still very much ongoing. In

part, this apparent gap in our knowledge is due to the fact that

work in this area is not simple, requiring as it does very spe-

cialist techniques and expertise. The other reason why full

elucidation of the effect of pressure on the element is taking

so long is that it is in fact a far from straightforward story. To

summarize (and simplify), it now appears that the following

sequence of phases can be obtained starting with S8 and ramp-

ing up the pressure.

The first transformation appears upon heating at pressures

of 
3 GPa. This form, often referred to as S-II, now exhibits

a structure in which the rings have opened up to form spiraling

chains within a trigonal structure. As shown in Figure 3,

we see triangular arrangements generating three atoms per

turn of the spiral, making a structure quite analogous to

that of the standard allotropes of selenium or tellurium (see

Chapter 1.07).38

The fate of this form depends upon the parameters of the

subsequent experiment; if taken back down to ambient tem-

perature, it remains stable at pressures as high as 36 GPa. If,

however, it is taken beyond this pressure, a new form, S-III, is

Figure 2 Contrast in the color of elemental sulfur immediately after removal from liquid nitrogen temperatures (left) and after warming to
ambient (right).
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generated. This form also appears directly from standard S8 if

such pressures are applied at ambient temperature. As shown

in Figure 3, S-III retains the chain structure of S-II, but it is now

tetragonal, exhibiting squared units resulting in four atoms per

turn of the spiral.38 An intermediate, triclinic phase (S-V) has

also recently been reported to form as pressure decreases.39

On the other hand, if instead of cooling, S-II is heated to

beyond 650 K, and subjected to at least 7 GPa pressure, an

entirely different transformation takes place. Now, remarkably,

chains are eschewed once more in favor of a molecular ring, in

this case containing six sulfur atoms.40 This form – S-VI –

mirrors the S6 allotrope which, as we will see below, can be

prepared at ambient temperatures. As with S6 prepared under

ambient conditions, this material is rhombohedral in crystal

form. It is fascinating to consider that although 114 years

separate the work of Engel who first prepared S6 and Crapan-

zano et al. who definitively identified S-VI, and though the

contrast in the complexity of the experiments could not be

more marked (the action of HCl upon an ice-cold saturated

solution of thiosulfate and X-ray diffraction studies upon sul-

fur at 7.2 GPa/950 K, respectively), they are nevertheless inex-

tricably linked by a common outcome.

Application of still higher pressure results in metallic forms

of the element, and recent work has confirmed the onset of

S-IV (with a body-centered monoclinic arrangement) at

83 GPa and of rhombohedral S-V at 153 GPa.41 A useful over-

all phase diagram summarizing these changes has recently

been generated by Degtyareva et al.42

1.06.2.2.3 Polymerization of S8
The polymerization of sulfur has been the subject of many

studies and key results in the full elucidation of its complicated

story were obtained many decades ago; to a large extent, there-

fore, current interest tends to center on problems such as the

high-pressure phases. The area has been extensively reviewed

by Steudel and Eckert43 and succinctly covered by Greenwood

and Earnshaw30; to briefly summarize, if the molten element is

quenched by rapid cooling the resulting ‘plastic’ sulfur can be

crystallized by the stretching of filaments. This product contains

g S8 and an infinite chain helical polymer; slower cooling of

melts or sublimation of the element allows the isolation of two

other polymeric forms, one termed ‘laminar’ sulfur, thanks to

the presence of a ‘cross-graining’ effect of perpendicular chains.

1.06.2.3 The Smaller Rings – S6 and S7

As already noted, both these allotropes of sulfur are found

naturally in various circumstances and the specific (albeit un-

witting) synthesis of S6 as far back as the end of the nineteenth

century has also been alluded to. An excellent method of

preparation of either of these stems from the ability of the

sulfide complex TiCp2S5 to act as a source of the [S5]
2– unit;

given that this material is a commercially available, easily

handled, red crystalline solid, it follows that it is more amena-

ble than using the troublesome sulfanes (H2Sx). In addition to

Engel’s original route, S6 can also be prepared from the reac-

tion of iodide with disulfur dichloride followed by the appro-

priate purification and recrystallization.44

As Figure 4 shows, S6 and S7 both exhibit chair confor-

mations. In the case of S6, all S–S bond lengths are identical

and there appears to be only one known polymorph

(rhombohedral) and in fact this is the densest form of the

element.45 The stability of this arrangement is attested to by

the fact that as noted above this molecular structure forms

upon application of high pressure to elemental sulfur and

also by the fact that chair-shaped units of S6 have been ob-

served within zeolitic structures exposed to sulfur vapor.6 De-

tailed studies by Steudel et al. have, however, shown that other

molecular structures such as the D3h prism are lower in energy

than the energy required for ring opening of S6, a result which

might have implications for reactivity of this allotrope.46

In the case of S7 the fundamental molecular unit shows

much greater variation in bond lengths than S6, with one bond

markedly longer than the others,47 although spectroscopy re-

veals an averaging of the bonds via a pseudorotation effect in

solution.48 Another contrast to S6 comes with the fact that this

allotrope can exhibit four different polymorphs (a–d), though
as with S8 the differences between such forms hinge on inter-

molecular packing effects rather than substantial changes to

the molecular dimensions. Isolation of the individual forms

can be brought about by the specific crystallization technique

employed; for example, the a form results when solutions in

toluene or CH2Cl2 are rapidly cooled.49

Both S6 and S7 ultimately revert to S8 at ambient tempera-

tures, with S7 being the less stable of the two (with decompo-

sition beginning within minutes at these temperatures). The

higher reactivity (i.e., lower stability) of S7 has been attributed

to the aforementioned long S–S bond within the structure; in

contrast, studies by Steudel suggest that S6 can be stored for a

number of days at room temperature without decomposition.50

Direct reactions of these two allotropes are limited, though

they can be taken through to oxides in which the ring structure

is maintained (vide infra). An important reaction in which the

ring structure is not preserved is chlorination to give S4Cl2,

itself a useful precursor to other allotropes. Reaction of S6
with trans-cyclooctene has been shown to result in the corre-

sponding episulfide.51 Although not a ‘reaction’ per se, the co-

crystallization of S6 and S10 results in a system consisting of

alternating layers of the two molecular forms.52 This has been

claimed as the only example of an allotrope of an element

consisting of different-sized molecules, though it should

noted that co-crystallization of C60 and C70 has been reported,

for example, which also fits that bill.53

1.06.2.4 The Larger Rings S9–S20: Preparation and Structure

Figure 5 reveals the known structures of the larger annular

allotropes. Perhaps the most significant feature of the struc-

tures shown comes in the case of S18 which, as it shows, can –

uniquely among the cyclic allotropes – display two different

Orange
88 �C

Yellow
39 �C

2.18 Å

S6 S7

Figure 4 The structures, appearance, and melting points of S6 and S7.
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molecular forms; these are usually designated endo (ortho-

rhombic) and exo (monoclinic).54 In addition to the differ-

ences apparent in Figure 5, the average bond length within the

exo form is markedly larger than in its counterpart, including

one very long bond of 2.103 Å. As shown in Figure 5, these

differ by molecular variation, which does not occur in the

other rings, though different packing arrangements allow the

possibility of crystallizing two polymorphs of S9. One of these

(a) has been fully characterized by X-ray crystallography; while

there appears to be no absolute confirmation of the structure of

the b form by this technique, Raman spectroscopy suggests its

molecular structure matches that of the a form.55 Another

point of note that is that the structure of S15 has yet to be

unambiguously confirmed by X-ray crystallography;

spectroscopy and calculation both lend credence to a ring

structure however.56

Small amounts of many of these species will be present in

commercial samples of sulfur, in sulfur melts, etc., and so can

in that sense be thought of as ‘naturally occurring.’ In practice,

however, probing their structure and chemistry has necessi-

tated the development of ingenious routes to each. In the

case of S9 this is best achieved by the reaction of TiCp2S5
with S4Cl2 (itself best prepared, as noted above, by chlorina-

tion of S6). In a recent study, Harpp et al. noted a 21% yield for

this technique after recrystallization of the product from CS2/

n-pentane.57 A variation on this reaction recommended by

Steudel involves utilizing S4(SCN)2 which can be prepared in

purer form than the dichloride.56 As with S7, S9 is light- and

S8 yellow
113 �C (α form)

S9 deep
yellow, 63 �C

S11 yellow,
74 �C

S13 yellow,
114 �C

S20 pale
yellow, 121 �C

exo-S18

S10 pale
yellow/green
92 �C

S12 pale yellow,
148 �C

S14 deep
yellow, 117 �C

endo-S18
lemon
yellow, 128 �C

Figure 5 The structures, appearance, and melting points of the larger annular allotropes (thermal properties of exo-S18 do not appear to have
been reported). Note that in addition to these, the lemon-yellow-colored allotrope S15 has also been prepared, though its structure has not
been confirmed by X-ray crystallography.
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temperature-sensitive and a typical storage protocol involves

keeping it in the dark at –40 �C.
While S10 can result from the decomposition of sulfur

oxides (vide infra), the most logical preparation again utilizes

TiCp2S5, this time in the reaction with SO2Cl2. The titanocene

complex also acts as a precursor to S11 via reaction with S6Cl2
and to S12 as a side product of the reaction with SCl2. Harpp’s

recent study noted an 8% yield for the latter which is in

agreement with Steudel’s earlier work57; smaller yields result

from the reaction of sulfanes with S2Cl2 or by extraction of

rapidly quenched liquid sulfur (which also generates S8, S7,

S18, and S20). Unlike most of the rarer allotropes, S12 exhibits

high stability.

Perhaps the two most elegant examples of sulfur allotrope

formation (and thus maybe of directed, systematic synthesis of

allotropes of any element) come with the use of S8Cl2. This is

tricky to prepare, but, once formed, it reacts with the afore-

mentioned titanocene complex to give the expected S13
58 and

with another metal sulfide complex Zn(TMEDA)S6
59 to give

S14. This zinc species was first prepared in 1995 by Rauchfuss

and coworkers,60 utilizing the fact that the amine moderates

the normally violent reaction between the elements (leading to

the quip in the paper’s title that the reaction is ‘sans explo-

sion’!) and just as the titanocene species acts as a stable source

of [S5]
2–, this yellow material acts as a source of [S6]

2– during

the formation of S14.

The reaction of TiCp2S5 with SO2Cl2, which generates S10,

also produces a low yield of S15
56 while, as already alluded to,

S18 can be isolated from quenched melts of the element – a

technique which also yields S20. The latter also forms in the

TiCp2S5/SO2Cl2 reaction, with Harpp’s recent study generating

it in 5% yield as a side product in their accumulation of S10.

1.06.2.5 Reactivity of S8 and the Larger Rings

Given the problems in generating pure samples of the larger

annular allotropes (other than S8), it is maybe no surprise that

little work has been done on their individual chemistries be-

yond assessment of basic properties such as thermal stability.

Harpp and coworkers have looked at their ability to act as

sulfur-transfer agents. The first such study looked at the reac-

tion of S10 with 1,3-dienes and with strained olefins and were

able to demonstrate that they progressed under milder condi-

tions than with S8.
61 In the case of the dienes, cyclic di- and

tetra-sulfides form; in the case of strained systems, cyclic tri-

sulfides are the result. The follow-up work revealed similar

reactivity for S12 and S20 (with additional pentasulfide prod-

ucts in the olefin case), with S9 reacting similarly but with

lower yields.57 Overall, the conclusion of such studies was

that of those allotropes, S10 was the most effective source of

sulfur units.

1.06.2.5.1 Complexes of intact rings
Given that the neutral allotropes of sulfur have no shortage of

lone pairs, they could reasonably be expected to coordinate to

metal centers, especially since the weak Lewis basicity of the

sulfurs would be enhanced by a chelate effect if more than one

sulfur was involved in coordination. Unfortunately, this situa-

tion rarely occurs, and reaction with transition metal centers

almost inevitably results in reduction and breaking of the ring

to give a wide variety of (poly)sulfide ligands. Some examples

of these are provided in a later section. Just a handful of

examples of complexes of intact rings are known, even though

it is almost 30 years since the first report of such a species. This

groundbreaking example came in the form of a salt of the [Ag

(S8)2]
þ cation 1, formed in the reaction of Ag[AsF6] with S8 in

liquid SO2 (as solvent).
62

As Figure 6 shows, this product contains two S8 crowns

bound (via relatively long bonds of 2.744 and 2.802 Å) to

the central silver atom through the 1,3 atoms of both rings.

Although this result clearly indicated the potential for ring

coordination, it was not until 2001 that a further unequivocal

advance was made in the form of the rhodium complexes

Rh2(O2CCF3)4(S8) 2 and [Rh2(O2CCF3)4]3(S8)2 3 which

form in the high-temperature solid-state reaction of the element

with Rh2(O2CCF3)4.
63 In the first of these, the S8 unit again

coordinates in 1,3 fashion, but now to two different metal

centers, resulting in a zigzag 1-D chain. In the second example,

each crown coordinates in 1,3,6 fashion to three different rho-

dium atoms, resulting in a quite complex overall architecture.

In both examples, as in the previously mentioned silver

case, the S8 units effectively retain the crown motif exhibited

by the uncoordinated allotrope. At around the same time

as this work, and building upon earlier results, an example

of a rhenium complex of S8 was reported.64 The reaction of

Re2Br2(CO)6(THF)2 with S8 in CS2 generated Re2Br2(CO)6(S8)

4 in which the sulfur unit was postulated to be acting as a bridge

via 1,2 coordination. This was not confirmed by X-ray crystal-

lography, however, due to the instability of the complex in

solution (excess THF, e.g., effectively shifting the equilibrium

back to the starting materials and precipitating sulfur). Again in

2002, Krossing and coworkers were able to advance the chemis-

try of silver complexes by showing that by a judicious choice of

counterion, salts of the [Ag(S8)]
þ cation 5 could also be gener-

ated, with the silver now bearing just the one crown ligand, with

a 1,3,5,7 tetradentate mode of coordination.65

The most recent results in this area are perhaps the most

intriguing, as they pave the way for a wide variety of new

systems. Again this stems from the laboratory of Krossing,

and the reaction of a salt of the [Cu(1,2-F2C6H4)2]
þ cation

with excess sulfur in a mixture of CH2Cl2 and CS2.
66 The key

to the reaction is the use of the large weakly coordinating

anion [Al(OC(CF3)3)4]
–, making this system a potent source

of ‘Cuþ.’ This allows the isolation of two products containing

novel cations: [Cu(S12)(CH2Cl2)]
þ 6 and [Cu(S12)(S8)]

þ 7. In

both cases, the S12 ligand exhibits a 1,5,9 tridentate coordi-

nation mode and appears undistorted with respect to the

structure of the uncoordinated allotrope. What makes the

[Cu(S12)(S8)]
þ structure even more noteworthy is the fact

that, in addition to the unique S12 ligand, it also exhibits

the first example of a monodenate S8 ligand and also consti-

tutes the first example of a complex in which two modifica-

tions of an element are bound to a metal atom. The isolation

of these compounds clearly hints at the possibility of wide-

ranging coordination chemistry for other sulfur allotropes

(Figure 7).

Finally, in this area it should be noted that the interaction

of S8 with a large range of metal centers has been investigated

by mass spectrometry. For example, the work of Dance et al.

has revealed that laser ablation of metals in the ion trap of a
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Fourier transform ion cyclotron resonance mass spectrometer

followed by interaction with sulfur vapor results in [MSx]
þ

(x¼2–16).67 In related work, calculations have suggested that

coordination of S7 to Liþ would result in the former acting as a

tetradentate ligand.68 Such results indicate that a rich chemistry

awaits elucidation. In a note of caution, however, it should be

borne in mind that some compounds such as WCl6S8,
69 which

at first glance would appear to contain annular ligands, in fact

have the sulfur units only weakly coordinating to outer atoms of

the central molecule rather than the metal itself. Reference 65

lists a number of further examples of such compounds.

1.06.2.5.2 Oxides of the cyclic allotropes
Reactions of any of the five allotropes Sx (x¼6–10) with

CF3CO3H in CH2Cl2 at low temperature result in the forma-

tion of SxO in which the cyclic structure is retained with one of

the sulfur atoms now oxidized via formation of a S¼O double

bond. Additionally, in the case of S6O, Ishii and Yamashita

have recently shown that it can be generated in situ by the

reaction of TiCp2S5 with SOCl2 (in CS2 at low temperature

and in the absence of light).51 The material is unstable in

solution at ambient temperatures and can be crystallized in

two forms which may represent different orientations of the

S¼O bond, though this has yet to be confirmed by X-ray

crystallography. If an excess of the oxidizing agent is used,

then the dioxide S6O2 can be obtained; a more unexpected

reaction occurs, however, when the monoxide reacts with

the Lewis acid SbCl5. The product in this case is S12O2�2SbCl5,
which consists of a 12-membered sulfur ring coordinated

to the antimonies via the two oxygens.70 This product is ren-

dered all the more strange by the fact that free S12O2 is not yet

known.

The product from S7 shows the expected arrangement and

this material can also be further oxidized to S7O2; the latter

also forms in the oxidation (via excess acid) reaction of S8,

possibly via the higher oxide S8O3.
71 If the stoichiometric

reaction is performed, S8O results and this material can coor-

dinate to antimony72 and tin73 centers in the complexes

S8O�SbCl5 and (S8O)2�SnCl4; as expected, the ligands coordi-

nate through the oxygen atoms (Figure 8). Cyclic structures

have been postulated for S9O and S10O through spectroscopy,

though this has not been confirmed by X-ray work. In terms of

reactivity of the oxides, studies beyond the aforementioned

acid/base reactions are limited, though Ishii has investigated

the ability of S6O to react with alkenes and act as a sulfur

source.51
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(CO)3Re Re(CO)3
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Figure 6 Complexes bearing the S8 ring coordinated intact (note in the case of 2 and 3 only the immediate coordination environment of one sulfur
ring is displayed and that the structure of 4 has not been confirmed by x-ray crystallography).

6 7

Figure 7 Structures of complexes of the intact S12 allotrope.
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1.06.3 Homoatomic Cations of Sulfur

1.06.3.1 General Introduction

The relatively high electron affinity (electronegativity value of

2.58 on the Pauling scale) of sulfur ensures it is an effective

electron acceptor; thus, many anionic sulfur species of the type

[Sn]
2– (and their relevant derivatives) are known (vide infra). In

contrast, the number of homopolyatomic sulfur cations is very

limited. This is largely due to the high first (999 kJ mol–1) and

second (2252 kJ mol–1) ionization energies which in turn re-

sult in highly reactive, thermodynamically stable cation salts,

requiring both specialist reaction conditions and experimental

design. Given this, it is perhaps ironic that while the oxidation

of sulfur to homopolyatomic cations is the least developed of

our sections (at least in terms of the raw number of species

isolated), the practical/observational chemistry behind it is as

old as anything the others have to offer. In fact, this dates back

over two centuries ago to Bucholz’s observations on the disso-

lution of sulfur in oleum.74 Understandably, elucidation of the

nature of the colored species obtained in such reactions posed

challenges to investigators; indeed, this is still a research area

that is being addressed, but a general understanding of the role

of sulfur cations is now agreed upon. Key development be-

tween the late 1960s and 1980s helped advance our knowledge

of the area significantly, resulting in the syntheses of examples

with weakly basic antimonite and fluoroarsenate anions. The

first isolable solid-state sulfur cation salt, [S8][AsF6]2, was struc-

turally characterized by Gillespie and coworkers in 1971 and

found to contain discrete S8
2þ and AsF6

– ions in a monoclinic

crystal system.75 Passmore et al. reported the synthesis and

crystal structure of two [S4]
2þ hexafluoroarsenate compounds,

[S7I]4[S4][AsF6]6 and [S4][AsF6]2, in 1980, with the [S4]
2þ

cation exhibiting square planar geometry in both systems.76

Gillespie and coworkers first prepared and characterized the

structure of [S19][AsF6]2, in the same year, and showed the

irregular [S19]
2þ cation consisted of two seven-membered

rings linked through a five-atom sulfur chain.77

The understanding of sulfur cation solutions is less clear

than their condensed phase counterparts, with the observation

that the former typically contain increased quantities of at least

two radical cations [Sn]
þ (n	4): one as a probable consequence

of dissolved [S5]
þ78 and the other tentatively assigned as

[S7]
þ.79 More recent work has centered upon further examples,

namely [S6]
2þ,80 square planar [S4]

þ,80 [n-S4]
2þ,81 and [S4]

4þ.81

1.06.3.2 Preparation and Structure of Solid-State Sulfur
Cations

It is immediately apparent that the synthesis of sulfur cation salts

requires the use of strong oxidizing agents in weakly basic sol-

vents, such as HF, HSO3F, and liquid SO2.
82 One of the most

commonly employed oxidizing systems is thus the MF5/liquid

SO2 combination (where M¼As or Sb). Crystalline samples of

all three sulfur cation salts have been characterized by means of

X-ray diffraction (see Chapter 5.01), vibrational and UV–visible

(vis) spectroscopy, and elemental analysis (see Ref. 83 for an

overview).

1.06.3.2.1 The preparation and structure of salts of [S4]
2þ

Synthesis of [S4]
2þ salts (22 valence electrons, D4h symmetry)

requires the presence of a trace amount of halogen to act as a

catalyst or ‘facilitator’ to the reaction.84 All known [S4]
2þ salts

are colorless, with the exception of [S4][SO3F]2 which is pale

yellow.85

In the solid state, the [S4]
2þ cation is aD4h symmetric homo-

cycle that adopts a regular square planar structure, much like the

S2N2 heterocycle,
86 with bond lengths that approximate to 2 Å.

The positive charge, as determined through analysis of the solid-

state anion contacts, is delocalized almost uniformly over the

entire cation (Figure 9).87

1.06.3.2.2 The preparation and structure of salts of [S8]
2þ

Until observations by Passmore et al. in 2000, salts of the

[S8]
2þ cation were always reported to be dark blue in color.

Figure 8 The structures of S8O, S8O�SbCl5, and (S8O)2�SnCl4.
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The latter study, however, reported the isolation of bulk sam-

ples of red single crystals of [S8][AsF6]2 and analogous crystals

that appeared red in transmitted light but blue under reflected

light, both identical by X-ray diffraction (Figure 10).88

The Cs symmetric [S8]
2þ cation is homocyclic in the solid

state and adopts an exo–endo-type conformation with three

weak transannular contacts. As in the case of the smaller

[S4]
2þmoiety, the positive charge is delocalized almost equally

over the entire cation.88 Although the S–S bond length around

the ring (
2.04 Å) is only slightly shorter than those found in

the neutral S8 molecule (2.06 Å), the structure of [S8]
2þ differs

from the crown-shaped S8 allotrope as a result of transannular

bonding effects. The cross-ring distance in solid-state S8
2þ

cations is approximately 2.86 Å, which compares to 4.68 Å in

S8, and is indicative of weak transannular bonding between

adjacent atoms (van der Waals distance 
3.7 Å). Ring distor-

tion occurs as a result of the cross-ring bonding, creating bond

angles ranging from 91.5� to 104.3�, in comparison to 107.9�

as found in the S8 system. Accordingly, an exo–endo-type con-

formation results which is intermediate between that of S8 and

endo–endo S4N4,
89 owing to the distortion created by transan-

nular bonding, coupled with nonbonded repulsions.

1.06.3.2.3 The preparation and structure of salts of [S19]
2þ

Salts containing the [S19]
2þ cation are typically dark orange red/

brown in color. Two known examples have been isolated and

characterized by means of single-crystal X-ray diffraction.77,90

The first of these, [S19][AsF6]2, revealed two seven-membered

sulfur rings linked by a penta-sulfur bridge, thus necessitating

two triply coordinated sulfur atoms.77 In this particular system,

differences between the two rings were highlighted: one of the

rings exhibits a boat-type conformation, the other disordered

with both a major chair (80%) and a minor boat (20%) con-

formation (Figure 11).

Subsequent analysis of the [SbF6]
– salt showed that the

structure was not isomorphous with the previous example,

exhibiting a completely ordered [S19]
2þ cation.90 It is notewor-

thy that the S–S distances around the cation adopt an alternat-

ing short–long bond length and the three-coordinate sulfur

atoms have the longest S–S bond length of all those reported

within the sulfur cation homocycles.

1.06.3.3 Bonding Within Sulfur Cations

The [S4]
2þ cation is an aromatic 6p electron species in which

the four 3pz atomic orbitals combine (Figure 12) to form one

p-bonding, two nonbonding, and one antibonding vacant p*
molecular orbital. Both calculations (see Chapters 9.01 and

9.02)91 and experimental evidence (indicating a decreased S–S

bond distance in [S4]
2þ salts)87 give support to the notion that

one p bond is delocalized around the entire homocycle, creat-

ing a bond order of 1.25.

The nature of the bonding within the [S8]
2þ cation has

been the subject of numerous investigations. Although the

Figure 10 The structure of the [S8]
2þ cation.

Figure 11 The structure of the [S19]
2þ cation.

Figure 9 The structure of the [S4]
2þ cation.

LUMO
Anti-bonding

Essentially
non-bonding

Bonding

Energy

Figure 12 Molecular orbitals of p symmetry within [S4]
2þ. Adapted

from Brownridge, S.; Krossing, I.; Passmore, J.; Jenkins, H. D. B.;
Roobottom, H. K. Coord. Chem. Rev. 2000, 197, 397–481.
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geometrical structure of the dication may be accounted for

through consideration of an intermediate state between

crown-like S8 (exo–exo) and cage-like S4N4 (endo–endo), the

unexpected cross-ring transannular bonds and charge delocal-

ization around the entire homocycle may not. Initial compar-

isons were made between the structure of [Se2I4]
2þ and the six

central sulfur atoms of [S8]
2þ, whereby bonding was thought

to be the result of an intracationic p*–p* bond interaction. In

2000, Cameron et al. confirmed that the S–S transannular

bonds are the result of a weakly bonded p*–p* interaction of

the partially vacant 3p orbitals within the central six sulfur

atoms of the ring (Figure 13).88

The positive charge within the dication is delocalized across

all atoms, including the two apical sulfur atoms (average 0.25),

thereby decreasing Coulomb repulsion. The charge delocaliza-

tion is achieved by donation of 3p2 lone-pair electrons in the

adjacent, and empty, 3s* orbitals. Accordingly, charge delo-

calization may be considered as a progression from the classi-

cally expected [S8]
2þ crown-like structure, whereby positive

charge is found at two discrete positions (tricoordinate

atoms), to a partially shared intermediate state with each of

the six central atoms occupying one third of the positive

charge, and finally resulting in a uniformly distributed charge

delocalization with each sulfur atom sharing 0.25 of the charge

density (Figure 14).88

For many years, the cation now known to be [S19]
2þ was

mistakenly identified as [S16]
2þ.82,92 These conclusions were

reached, in part, via analytical data of the red solid obtained

from reaction of sulfur with AsF5 in anhydrous HF and cryo-

scopic measurements which all supported the formulation of

an [S16][AsF6]2 salt. Initial attempts made to crystallize this

material for X-ray structure determination were unsuccessful,

and it was not until Gillespie and coworkers successfully man-

aged to isolate single, red needle-like crystals in 1980 that a

decisive single-crystal structure was obtained (as illustrated

previously in Figure 11).77

To date, however, a thorough bonding motif has not been

elucidated for the [S19]
2þ cation, nor have chemical calcula-

tions of this intricate system been conclusively investigated.

The alternating bond length around both seven-membered

sulfur rings, which decreases with increasing distance from

the tricoordinate sulfur atoms, may be addressed through con-

sideration of both the bondings within [S8]
2þ, as discussed

above, and that associated with S7 itself.93 Within the [S19]
2þ

dication, the two tricoordinated sulfur atoms are thought to be

the only atoms within the homocycle to possess a 3s2 lone-pair

orbital, but no 3p2 lone-pair orbital. Accordingly, and as illus-

trated for [S8]
2þ, the localized positive charge that formally

resides on these two sulfur atoms may be delocalized through

several 3p2 to 3s* interactions. Electron density is conse-

quently transferred to the neighboring antibonding 3s* or-

bitals of the adjacent bonds, inducing a net bond lengthening

in the bonds around the tricoordinate sulfur atoms. The delo-

calization of electron density progresses around each of the

seven-membered rings through the formation of additional

3p2 to 3s* interactions. This effect is brought about by the

formation of induced positive charges on adjacent sulfur atoms

that are located next to the tricoordinate chalcogen atoms.

1.06.3.4 Sulfur Cations in Solution

The variation in solution color (brown, green, or blue)

obtained by dissolving elemental sulfur in oleum implies that

the chemistry of sulfur in solution is less than straightforward.

While the original discoverers of this reaction so many years

ago74 clearly could not have been expected to even begin

elucidating the true chemistry involved, the complexity of the

system means that even in the age of modern understanding

this poses a challenge. Thus, the species responsible for these

colors have been the focus of several studies using experimen-

tal techniques such as UV/Vis spectroscopy,77 electron spin

resonance (ESR),78 magnetic measurements,75,82,92 and mag-

netic circular dichroism.94 The solvent polarity used to exam-

ine the dissolved sulfur dication salts was shown to affect the

composition of the sulfur species present in the solution itself.

Typically, dissociation products (radical cations) of

the dication salts were found to be present in higher

Energy A' orbitals A" orbitals

LUMO

HOMO

Antibonding

Nonbonding

Bonding

Figure 13 p and p*–p* bonding molecular orbitals in [S8]
2þ. Adapted

from Cameron, T. S.; Deeth, R. J.; Dionne, I.; Du, H.; Jenkins, H. D. B.;
Krossing, I.; Passmore, J.; Roobottom, H. K. Inorg. Chem. 2000, 39,
5614–5631.

ns* orbital

3

7

8

2

1

6

2

1

8

7

64

3np2 lone pairs4

5 5

Figure 14 Charge delocalization in [S8]
2þ by a 3p2 to 3s* interaction.

Reproduced from Cameron, T. S.; Deeth, R. J.; Dionne, I.; Du, H.;
Jenkins, H. D. B.; Krossing, I.; Passmore, J.; Roobottom, H. K. Inorg.
Chem. 2000, 39, 5614–5631.
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concentrations within less polar solvents (such as SO2), com-

pared to more polar solvents, such as fluorosulfuric acid,

which favor the dications.

Early ESR and magnetic investigations highlighted the pres-

ence of numerous radical monocationic species [Sn]
þ present

within solution, that exist in equilibrium with the condensed

phase [S8]
2þ and [S19]

2þ dications (pure [S4]
2þ solutions are

ESR silent). Initial findings suggested the intense blue color,

often associated with [S8]
2þ salts, was attributable to the [S4]

þ

radical cation (in equilibrium with [S8]
2þ in solution). Several

years later, however, [S5]
þ was the only radical (mono)cation

to be unambiguously identified from solution via experimental

ESR analysis of 91.8% 33S-enriched sulfur in 65% oleum.78 In

2004, however, Krossing and Passmore presented evidence in

support of a previously unknown solution-phase species as

being responsible for this blue color.80 The [S6]
2þ dication,

with 10p electrons, was predicted to be an important solution-

phase species, observed computationally, in S8
2þ dication so-

lutions. Calculated thermochemical data suggest that [S8]
2þ

dissociates in solution to an equilibrium mixture of ca. 0.5

[S6]
2þ and [S5]

þ. Thus, the blue color of associated solutions

is thought to be caused by HOMO–LUMO p*–p* electronic

transition transitions within this putative [S6]
2þ cation.80,95

1.06.3.5 Sulfur Cations in the Gas Phase

The presence of sulfur (radical)cations [Sn]
þ (where n¼2–8)

within the gas phase has been known for many years, with

basic thermodynamic properties having been explored. De-

spite the structural properties of [S2]
þ having been ascer-

tained,96 experimental data relating to structural information

of the larger monopositive cations are missing. In the case of

[S2]
þ, the relatively short S–S bond length of 1.825 Å is highly

indicative of dominant p-bonding.97 The structural properties

of other potential sulfur monocations (S3
þ–S7

þ) have been

investigated computationally.80,98 Owing to repulsion of the

two positive charges within [Sn]
2þ species, the dications readily

dissociate within the vapor phase, yielding [Sx]
þ and [Sy]

þ

radical monocations, through a phenomenon referred to as

Coulomb explosion.

1.06.3.6 Sulfur Cations within Zeolite Hosts

A decade or so ago, Krossing proposed that the experimental

development and access to new sulfur cations in the solid state

were only a matter of time, suggesting that by using large and

weakly coordinating anions, such as [Al(OR)4]
–, new synthetic

routes to mono- or dication salts could be conceived.99 Since

then, however, these condensed phase materials have eluded

experimental synthesis as ‘free’ species. However, Kim and co-

workers have isolated two new polyatomic cations of sulfur via

sulfur disproportionation within a zeolite host.81 This research

focused on the ability of zeolites (see Chapter 5.05), with their

regular cavity and channel structures, to offer a somewhat

unique medium in which clusters could assemble and be stabi-

lized. By fully dehydrating the Cd46-X system, through pro-

longed vacuum pumping at 450 �C, it became possible to

introduce sulfur vapor to individual Cd46-X crystallites. X-Ray

studies performed upon the resulting yellow material revealed

the presence of sulfur anions and two new tetrasulfur cations:

[S4]
4þ and [n-S4]

2þ. Within each Cd46-X supercage (an intercon-

nected set of sodalite b-cages, creating a large 12-ring window),

12 sulfide ions coordinate to one Cd2þ ion, and can be essen-

tially considered as individual neutral CdS molecules. The tetra-

hedral [S4]
4þ cation occupies, and is stabilized within, two of the

eight anionic sodalite cavities per unit cell, with a S–S bond

length of 2.17(2)Å. Each of the supercage units also hosts

the electron-deficient [n-S4]
2þ zigzag cluster (torsion angle¼

t 114(8)�). This novel dication isomer covalently bridges two

of the zeolite framework oxygen atoms and exhibits ionic inter-

action with neighboring sulfide ions. It becomes important, in

this instance, to consider the ability of the negatively charged

zeolite framework to provide a suitable host environment for

both isolation and stabilization of these new sulfur cations.

Moreover, it highlights the potential experimental means of

synthesising other homopolyatomic cations (not only of sulfur,

but also of other chalcogen analogs) and in turn helping in the

better understanding of this fascinating class of compounds.

1.06.4 Polysulfide Anions

1.06.4.1 Free Polysulfide Anions

Figure 15 provides three different, though related, insights into

the chemistry of chain-structured polysulfides via recent (or

relatively recent) observations. The first pertains to the ques-

tion of what happens when one of the neutral annular allo-

tropes undergoes reduction. In the case of S8, electrochemical

reduction in DMF proceeds via an initially formed cyclic

monoanion, through an open monoanion and finally onto

the chain-structured dianion [S8]
2– shown.100 Insight into po-

tential intermediates in this reaction can be gleaned from the

other structures shown in Figure 15; here we see the [S6]
–

anion which occurs within the salt [PPh4][S6] and forms as

orange/red crystals in the reaction of H2S with a mixture of

Me3SiN3 and [PPh4]N3.
101 X-Ray crystallography reveals its

structure to be a chair arrangement wherein two S3 fragments
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Figure 15 (Top) The structure of [S8]
2–; (middle) comparison of

the structures of S6, [S6]
–, and [S6]

2–; (bottom) the structure of the
[S9]

2– anion.
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have been joined by two long S–S linkages (2.63 Å compared

to 2.06 Å within the S3 units; note also the comparison in

length to the bonds within the neutral S6 ring). Finally, K

[PPh2BH3] reacts with sulfur to generate a salt of the fully

reduced [S6]
2– and as Figure 15 shows this is now a fully

open chain structure; in contrast, the related reagent K

[SPPh2BH3] generates a salt of [S9]
2–, again exhibiting an

open chain structure as shown.102

This set of results confirms three key things about the

reduction of sulfur: (1) it proceeds via partially reduced rings

within which we see bond weakening compared to the parent

ring to give (2) open chain dianions whose (3) chain lengths

vary with the reducing agent. From these three ‘rules’ springs a

massive body of chemistry. Apart from those mentioned thus

far, chains [Sx]
2– wherein x¼2–5 and 7 are also known, mak-

ing the series complete up to x¼9. A large range of materials

will bring about such reductions and such products have been

extensively documented.103 A feature of such anions is their

ability to act as sources of radical anions of the type [Sx]
–, to

which they decompose in solution. An excellent example

comes in the form of [S3]
– which is the blue chromophore in

the mineral lapis lazuli, prized as a pigment by artists for

centuries. Even though it is now almost four decades since

Chivers’ identification of this species as the active color

center,104 the last few years have seen continued efforts to

probe its properties via X-ray absorption spectroscopy,105

Raman spectroscopy,106 and computational techniques,107

while very recent work has revealed this anion to be far more

ubiquitous than previously imagined (see Section 1.06.5). Just

to show how challenging work on such systems can be, it was

only in 2011 that electron paramagnetic resonance (EPR) (see

Chapter 9.13) observation of the smaller [S2]
– within related

‘green ultramarine’ was finally achieved; although Raman spec-

troscopy had previously revealed its presence, this was the first

characterization via the unpaired electron.108

From a technological point of view, a full evaluation of the

speciation of polysulfides in solution is an important aspect of

the complete understanding of all the redox processes going on

within group 1 metal–sulfur batteries. Free sulfides may even

play a biological role; this has been discussed recently in the

context of the beneficial properties of garlic, alongside organic

polysulfide systems.109

1.06.4.2 Polysulfides as Ligands

The prime remit of this chapter was to look at, for want

of a better phrase, ‘naked’ sulfur compounds, i.e., systems

containing just sulfur. When looking at sulfides it is, however,

impossible to do justice to the structural diversity they can

promote without briefly considering the coordination com-

plexes they can generate.110 Polysulfides can act as mono-,

bi-, and tridentate ligands in both homoleptic and heteroleptic

systems, as well as provide bridging moieties between two, or

more, transition or p-block metal atoms. Moreover, through

appropriate chain-length alteration and the provision of

multiple coordination sites, polysulfides have the capacity to

bind (or ‘glue’) metal aggregates together, as shown in the

[Cu6(S4)3(S5)]
2– system.111 Here, we see more examples, look-

ing at complexes of the known free polysulfides ([Sn]
2– n¼2–9)

in ascending order of polysulfide chain length.

There is an assortment of complexes with different types of

coordinated [S2]
2– ligands (the smallest polysulfide unit). The

breadth of structural chemistry exhibited by this group of

polysulfido complexes results from an extension of the funda-

mental structural coordination type (side-on) to an ‘end-on’ cis

and trans (double) bridging coordination, through use of the

sulfur lone pair. Two examples of [S2]
2– complexes are shown

in Figure 16, with one resulting from recent work on the

synthesis and reactivity of a {Cu2S2} core with a bound side-

on m-Z2:Z2-S2
2– unit.112 This particular compound proved to

be capable of exhibiting the first examples of a sulfur atom-

transfer reaction from a Cu–S moiety to various substrates.

It should be noted, however, that despite the apparent simplicity

of the ligands, all is not necessarily cut and dried when it comes

to describing the bonding in some of these compounds. The

heated debate on the presence or absence of a sulfur–sulfur

bond within one such copper complex (with a seemingly cred-

ible S–S distance of 2.73 Å) is testimony to this – and rather

ironic given sulfur’s general propensity for catenation!113

Examples of complexes of [S3]
2– ligand have been known

for some time, a good example being Ti(MeCp)2(S3), which

contains a nonplanar four-membered TiS3 ring (Figure 17).
115

Numerous examples and structural characterization of

complexes containing the [S4]
2– ligand exist. Typically within

these compounds, the S4
2– anion acts as a bidentate ligand and

adopts either an ‘envelope’ or a ‘half-chair’-type conformation.

Metal atoms that coordinate tetrahedrally tend to favor the

half-chair conformation (as seen in [Ni(S4)2]
2–),116 whereas

those that coordinate in a square-pyramidal manner often

depict the envelope conformation (as found for

[Mo2S10]
2–).117 In contrast to this very well known bidentate

behavior, it was only in 1997 that an example of [S4]
2– acting

as monodentate ligand was finally observed; this came when

Bensch and Dürichen prepared and characterized the novel

Figure 16 The structure of [{CuL}2–(S2)]
2þ (left, L¼N,N-bis{2-[2-(N0,N0-4-dimethylamino)pyridyl]ethyl} methylamine)112 and Mo3(S2)6 (right).

114

Catenated Sulfur Compounds 191

Comprehensive Inorganic Chemistry II : From Elements to Applications, Elsevier, 2013. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/inflibnet-ebooks/detail.action?docID=1330977.
Created from inflibnet-ebooks on 2021-02-09 22:25:55.

C
op

yr
ig

ht
 ©

 2
01

3.
 E

ls
ev

ie
r.

 A
ll 

rig
ht

s 
re

se
rv

ed
.



ternary niobium polysulfide, K4Nb2S14.
118 In this particular

compound, the [Nb2S14]
4– anion plays host to numerous

polysulfide bonding arrangements with terminal monosulfide

S2–, Z2-(S2
2–),Z1-S2

2– and terminal [S4]
2– bonding units present

around the two Nb centers (Figure 18).

As already noted, the [S5]
2– anion is present in TiCp2S5,

119 a

compound which has proved an exceptionally useful synthon.

The TiS5 ring adopts the chair conformation in both solid state

(as is typical for all MS5 moieties within mononuclear com-

plexes) and solution. Recently, Hossain and Matsumoto

reported the room-temperature synthesis of the first known

tridentate chelating S5
2– ligand, found within the ruthenium

complex, Ru(P(OE)3)3S5 (E¼Me and Et).120 In these systems,

the bicyclic RuS5 units essentially have three- and five-membered

polysulfide rings around the central Ru atom (see Figure 19).

Since 2000, substantial work by Bensch and coworkers has

resulted in the synthesis and characterization of several novel

polysulfide-containing metal complexes that incorporate a

pentasulfide unit both as a linker chain moiety121 or as biden-

tate ligands that form homocycles in the chair conformation

with the relevant metal center.122 In 2011, Jambor et al.

reported the preparation of the heptathiadistannabicyclo

[1.1.5]nonane, [({2,6-(Me2NCH2)2C6H3}Sn(m-S))2(m-S5)].
123

This intriguing compound, prepared via oxidation of intramo-

lecularly coordinated distannyne by S8, was shown to possess

one pentasulfide and two monosulfide bridges between the

two {2,6-(Me2NCH2)2C6H3}Sn moieties (Figure 19).

Many complexes containing the bidentate [S6]
2– ligand are

known; typical examples include the [M(S6)2]
2– complexes

(M¼Zn, Cd, Hg).124 The tetraphenylphosphonium salt of

[MnS11]
– also possesses a bidendate S6

2– ligand that is bound,

along with a bidentate S5
2– ligand, to a tetrahedrally coordi-

nated Mn center.116 The fascinating structure of [Et4N]3[-

Cu3(S6)3] arises through bridging interactions by one end of

each of the S6 chelates, affording a Cu3S3 ring.125 S6 rings are

also found in compounds such as the tricoordinate copper(I),

[Cu2S20]
4– complex, which features two CuS6 rings that are

linked by an octasulfur chain (Figure 20).126

An [S6]
2– chain may be found within the structure of the

extremely sulfur-rich [Bi2S34]
4– anion, first prepared in 1986 by

Müller and coworkers.127 Within this anion, the two bismuth

atoms are linked, as mentioned, via the [S6]
2– chain, and

coordinated to two bidentate [S7]
2– ligands. Tridentate [S7]

2–

ligands are seen in the ruthenium and osmium complexes,

M(PMe3)3S7
128 (Figure 21).

The [S9]
2– ligand is found in the structurally fascinating

[AuS9]
2– anion (first reported in 1984 by Strähle and

Marbach)129 which simply and elegantly highlights (Figure

22) both the catenating and coordinating properties of sulfur.

The analogous silver complex can also been prepared.130

1.06.5 Conclusion

There is no getting away from sulfur. This fact was well illus-

trated during the final stages of the completion of this chapter,

with the publication of fascinating results from three quite

Figure 18 The structures of the [Ni(S4)2]
2– (top left), [Mo2S10]

2– (top right), and [Nb2S14]
4– (bottom) anions.

Figure 17 The structure of Ti(MeCp)2(S3).
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different spheres of investigation. As already alluded to, the

[S3]
– anion has now been shown (using in situ Raman spec-

troscopy) not only to be stable in aqueous solutions at elevated

temperatures and pressure, but also, in fact, to be the primary

form of the element in such circumstances.131 This observation

clearly has many implications for our understanding of the

geological role of sulfur; it is not just on Earth that aspects of

this role are being elucidated. Millions of miles away, the

MESSENGER spacecraft in orbit around Mercury recently

revealed the presence of high sulfur levels on the planet’s

surface via X-ray spectrometer measurements.132 Again, this

observation has significant implications for our quest to un-

derstand planetary formation and evolution. In contrast, rather

than looking out into the depths of space, the third recent

observation we have chosen to highlight peered back into the

far depths of Earth’s history. The result was the identification of

microfossils of cells living three and a half billion years ago in

what is now Western Australia. They sit alongside pyrite crys-

tals – telltale signs of the sulfur-based metabolism of these

most ancient of bugs.133

However, even away from such exotica, the importance of

sulfur to industry and technology ensures that there will be

continued interest in all aspects of its chemistry. Within the

specific remit of this chapter, it is fair to say that the pioneering

and astonishingly thorough work of Ralf Steudel in the decades

preceding the turn of the millennium has resulted in an un-

derstanding of the structural properties of annular allotropes

that surely needs relatively little in the way of further

Figure 20 The structures of [Hg(S6)2]
2– (top left), [MnS11]

– (top right), and [Cu2S20]
4– (bottom).

Figure 19 The structures of TiCp2S5 (top), Ru(P(OEt)3)3S5 (bottom left), and [({2,6-(Me2NCH2)2C6H3}Sn(m-S))2(m-S5)] (bottom right).
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embellishment. It may well be that more attention is now paid

to the chemistry of the individual allotropes, and Krossing’s

isolation of the first complexes of intact S12 hints at a wealth of

untapped potential. Even if such products do not prove to be of

direct practical use, they must provide some insight into how

the element reacts with metal centers, acting as maybe a snap-

shot of the very first stage of such interactions.

While the importance of sulfides to technology (such as

power sources) means that they are much studied and will

continue to be so, it may well be that it is with the cations

that the more fundamental breakthroughs lie in wait.

Certainly, the list of known cations is relatively sparse. How-

ever, it is the smallest allotropes that have, perhaps, some of

the greatest potential for future work. Though they may be

unstable, transient species in everyday terms, S2, S3, and S4
will have had – as we have seen – a significant part to play in

the atmospheric chemistry of the early Earth, and continue to

do so in alien environments elsewhere in our solar system.

Given that understanding atmospheric chemistry and history

is a key priority for those attempting to pin down the origin of

life on Earth (and indeed to discover life elsewhere) it follows

that these ostensibly minor players in sulfur’s drama may yet

prove to have starring roles.
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111. Müller, A.; Römer, M.; Bögge, H.; Krickemeyer, E.; Bergmann, D. J. Chem. Soc.
Chem. Commun. 1984, 348–349.

112. Helton, M. E.; Maiti, D.; Zakharov, L. V.; Rheingold, A. L.; Porco, J. A.;
Karlin, K. D. Angew. Chem. Int. Ed. 2006, 45, 1138–1141.

113. Alvarez, S.; Hoffmann, R.; Mealli, C. Chem. Eur. J. 2009, 15, 8358–8373,
together with follow up correspondence: Berry, J. F. Chem. Eur. J. 2010, 16,
2719–2724; Alvarez, S.; Ruiz, E. Chem. Eur. J. 2010, 16, 2726–2728.

114. Diemann, E.; Müller, A.; Aymonino, P. J. Z. Anorg. Allg. Chem. 1981, 479,
191–198.

115. Bird, P. H.; McCall, J. M.; Shaver, A.; Siriwardane, U. Angew. Chem. Int. Ed. Engl.
1982, 21, 384–385.

116. Coucouvanis, D.; Patil, P. R.; Kanatzidis, M. G.; Detering, B.; Baenziger, N. C.
Inorg. Chem. 1985, 24, 24–31.

117. Draganjac, M.; Simhon, E.; Chan, L. T.; Kanatzidis, M. G.; Baenziger, N. C.;
Coucouvanis, D. Inorg. Chem. 1982, 21, 3321–3332.
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1.07.1 Introduction

The characteristic feature in the chemistry of group 16 elements

sulfur, selenium, and tellurium is their propensity to form

molecular species containing cumulated homo- and hetero-

nuclear chalcogen–chalcogen bonds, which leads to rich chem-

istry involving a large number of homo- and heteronuclear,

both cyclic and acyclic polychalcogen molecules1–3 and

ions,3–6 main group compounds and ions,7–12 and transition

metal complexes13–17 that contain polychalcogen ligands.

Illustrative examples of compounds containing cumulated

chalcogen–chalcogen bonds are shown in Table 1.

The structural chemistry of catenated polysulfur com-

pounds is particularly extensive (see Chapter 1.06). That of

related selenium and tellurium species is more limited,

though it is developing very rapidly. Although the molecular

structures of the selenium- and tellurium-containing species

are often similar to those of the analogous sulfur compounds,

there are pronounced differences among the three chalcogen

elements. For instance, selenium and tellurium have a weaker

ability to form homocyclic molecules than sulfur, and the

polymeric trigonal chains of selenium and tellurium are the

most stable forms of the two elements. By contrast, polymeric

sulfur is unstable and the thermodynamically stable form of

the element at NTP consists of cyclooctasulfur molecules.

Decreasing propensity to form p-bonds18 and the formation

of secondary bonding interactions19 in heavier chalcogens

seem to play an important role in explaining the structural

differences.

The structural features of the chalcogen–chalcogen chains

can be explained by three types of interactions. Without steric

effects, the unstrained chalcogen–chalcogen bond adopts a

torsional angle near 90�. This can be explained by the mini-

mized repulsion of np lone pairs of the adjacent atoms (see

Figure 1(a)). The second lone pair occupies the valence ns

orbital and has no stereochemical consequences.
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Table 1 Illustrative examples of the catenation in selenium and tellurium species

Molecular species Cations Anions

Selenium and tellurium allotropes and interchalcogen species Acyclic cations Acyclic anions
Acyclic

Se1, Te1, (SenSm)1,
(TenSm)1, (TenSem)1,
(TenSemSp)1

Cyclic

Se8, SenS8�n,
TenS8�n, TenSe8�n,
TenSemS8�(nþm)

Me3Se3
þ

(mes*)5Te3
þ

Se5
2�, Te5

2�

Ph3Te3
�

Main group polychalcogenides Homocyclic cations Homocyclic anions

Se6(N
tBu)2 Te3{C(SiMe3)3}2

Se8
2þ

Te6
2þ

Se10
2�

Te8
2�

Transition metal complexes Homocyclic cations with exocyclic groups Heterocyclic anions

[TiCp2Se5], [TiCp2SenS5�n]

[Fe(C5H4E)2E
0]

(E, E0 ¼S, Se, Te)

Se6I2
2þ, Te6I2

2þ

Ph2Se6
2þ

MeC(O)C(Se)Se5
�

[HgTe7
�]

Heterocyclic cations

Te3S3
2þ Te2Se6

2þ
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The np lone pairs are often involved in hyperconjugative

np2!ns* interactions (see Figure 1(b)) that explain signifi-

cant bond length alternations in molecules like S7 (see

Section 1.07.2.2.2) and can also be utilized to justify the

bonding and structures of many ionic and electronically neu-

tral polychalcogen species (see, for instance, Section 1.07.3.2).

Partially occupied p* orbitals of two chalcogen fragments can

also overlap and lead to attractive p*–p* interactions, as shown

in Figure 1(c). (EtTe)4
2þ is a typical example of an ion exhibiting

such interactions (see Section 1.07.4.1). The observed bond

length differences in S2I4
2þ and Se2I4

2þ can also be explained

by invoking p*–p* interactions (see Section 1.07.3.2.3.1).

This chapter explores the selenium and tellurium bond cate-

nation in different chemical environments. The emphasis is on

the structures and bonding of the different species, but the

synthetic aspects will be discussed, where appropriate. The rap-

idly growing researchmaterial precludes the fully comprehensive

treatment of the subject, but the basic theme will be pursued by

providing illustrative examples throughout the chapter.

1.07.2 Elemental Selenium and Tellurium and Related
Mixed Chalcogen Systems

1.07.2.1 Polymeric Selenium and Tellurium Allotropes

Hexagonal a-selenium and tellurium are the thermodynami-

cally stable allotropes of the elements. They are isostructural

and are composed of a network of trigonal helical chains, as

shown in Figure 2(a). The Se–Se bond length is 2.350 Å20

and the Te–Te bond length is 2.835 Å,21 both correspon-

ding closely to single bond lengths. The closest interchain

distances are 3.46320 and 3.4912 Å,21 respectively. As seen

from Figure 2(a), the closest interchain contacts expand the

coordination around each atom into a distorted octahedron.

This kind of secondary bonding interactions has originally

been proposed by Allcock.19 They are expectedly weaker in

selenium (the van der Waals’ radii of selenium and tellurium

are 1.80 and 2.20 Å, respectively).

Both selenium and tellurium have several high-pressure al-

lotropes, although complete information on their high-pressure

ambienta

ambientb

87.9 GPac

28.0 GPac

4.5 GPad

150 GPac

27.0 GPaf10.6 GPae

Te
Se

(a) (b)

(c) (d)

Te
Se

Figure 2 Well-characterized selenium- and tellurium-allotropes as a function of pressure. (a) hexagonal polymorph, (b) monoclinic-orthorhombic
polymorph, (c) rhombohedral polymorph (β-Po structure), (d) bcc-polymorph. aKeller et al.20 bAdenis et al.21 cAkahama et al.23 dAoki et al.24 eAoki
et al.24 and Jamieson and McWhan.25 fParthasarathy and Holzapfel.26

tEEEE = 90°
np2 s*

E
E

(a) (b) (c)

R
R

R
R

E

Figure 1 (a) The minimized repulsion of the np lone pairs of adjacent chalcogen atoms leads to a torsional angle of approximately 90�. (b) The
hyperconjugative np2! s* interaction results often in the alternation of chalcogen–chalcogen bond lengths. (c) The p*–p* interaction between two
R2E2

+� stabilizes the square-planar (RE)42+ cation.
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behavior is still rather vague. In the case of both elements, there

are several modifications, which have been proposed,22 but only

three distinct high-pressure phases seem to have been unambig-

uously isolated and structurally characterized for both

selenium23 and tellurium24–26 (see Figure 2(b)–2(d)). Recently,

however, even the structures of the two lowest high-pressure

forms have been questioned and incommensurate crystal struc-

tures have been suggested instead.27 It can be seen from Figure 2

that as the pressure increases, the packing becomes more effi-

cient and approaches and finally reaches the body-centered

cubic structure.

The electrical properties of both selenium and tellurium

depend on pressure. Whereas the ambient, trigonal forms

of both elements are semiconducting, all high-pressure

polymorphs exhibit metallic conductivity.28,29 In addition,

both the high-pressure polymorphs of both elements are

superconducting.30,31 The transition temperature seems to in-

crease as a function of pressure and is in the range of 2.5–4.3 K

up to 15 GPa and is 
6.5 K in the range 15–18 GPa.31

Research activity has been boosted by the observation that

mixed selenium–tellurium system shows enhanced conducting

and photoconducting properties compared to those of

selenium.32 The indexing of x-ray powder diagrams in terms

of a hexagonal unit cell indicates an almost linear variation in

the lattice constants as a function of the elemental

composition.33 These results can be interpreted by the statisti-

cal distribution of tellurium and selenium atoms in the helical

chain that is shown in Figure 2.

1.07.2.2 Selenium- and Tellurium-Containing
Chalcogen Rings

1.07.2.2.1 General
Sulfur is known to exhibit a wide variety of cyclic molecular

forms of different ring sizes.1–3 The existence of analogous

selenium rings is limited to Se8,
34–38 Se7,

39 and Se6.
40 There

are only a few reports on homocyclic tellurium molecules.

The chemical and structural similarity of the three chalco-

gen elements has led to investigations on the structures and

properties of the binary and ternary systems.2 Heterocyclic

selenium sulfides form an extensive binary system that bridges

the properties of an electrical insulator (sulfur) and a semicon-

ductor (selenium). The heterocyclic tellurium-containing spe-

cies are much sparser, and therefore very little is known about

their properties.

The preparation of homo- and heterocyclic chalcogen rings

has been summarized in several reviews (for instance, see

Steudel and Eckert, 20031 and Laitinen et al., 19942). Some

of the reactions yield pure stoichiometric products, but in most

cases the reactions afford mixtures of different molecular

species.

Chalcogen ring molecules are conveniently produced from

the melts of the elements or element mixtures by quenching

the equilibrium melt in liquid nitrogen or in an ice bath

followed by extraction using nonpolar solvents (for details,

see Laitinen et al., 19942 and references therein).

Transition metal chalcogenides of the type [TiCp2E5]

(E¼S, Se) and [TiCp2(m-E2)2TiCp2] (E¼S, Se, Te; Cp¼C5H5
�

or its alkyl-substituted derivatives) are useful reagents for the

preparation of homo- and heterocyclic chalcogen rings. In

particular, the reactions of [TiCp2S5] with SnCl2 afford a

large number of homocyclic sulfur ring molecules Snþ5 (see

Chapter 1.06). In a similar fashion, [TiCp2Se5] reacts with

Se2Cl2 and SeCl2 to afford Se7 and Se6.
39,41,42 In CS2 both

quickly equilibrate to form a mixture of Se8, Se7, and Se6.
43

The reactions of [TiCp2S5] with Se2Cl2
44 or SeCl2,

42 and those

of [TiCp2Se5] with SnCl2 (n¼1, 2)39,45,46 afford heterocyclic

selenium sulfides, as do the reactions of [TiCp2SenS5�n]
mixtures with sulfur or selenium chlorides.46 Dinuclear

[TiCp2(m-E2)2TiCp2] (E¼S, Se, Te) also react with chalcogen

chlorides to form chalcogen rings in a similar fashion.41,47

1.07.2.2.2 Homocyclic selenium molecules
Three monoclinic polymorphs are known for Se8.

34–38 They all

consist of puckered crown-shaped Se8 ring molecules, which

are similar to those of the three known crystallographic mod-

ifications of S8.
48–52 The bond parameters in all three cyclic

selenium modifications are near to those expected for single

bonds (see Table 2).

The structures of monoclinic a- and b-Se8 depend

on temperature. In both polymorphs, the individual bond

lengths in the two low-temperature structures35,37 are signifi-

cantly shorter than the corresponding bonds in the room-

temperature structures.33,35 In the case of a-Se8, the ring

becomes more distorted from the ideal D4d symmetry, as the

temperature is lowered.35 Similar distortion is not so evident

in monoclinic b-Se8.
37

The intermolecular interactions in all three monoclinic

polymorphs are stronger than those in S8. In monoclinic

g-Se8,
38 the shortest intermolecular contact is shorter than in

any modifications of S8.
48–52 The packing of Se8 molecules

in the three monoclinic polymorphs is shown in Figure 3.

Recently, a fourth monoclinic polymorph has been

reported for Se8.
56 However, it is in fact identical to monoclinic

a-Se8,
34,35 if the transformation from the standard setting P21/c

to P21/n is carried out. Any differences in metric parameters

are due to differences in the temperature of the crystal structure

determination.

The crystal structure of Se7 is unknown, but its Raman

spectrum39 is similar to that of g- and d-S7
57 indicating

a similar structure. The molecular Se7 ring in two ionic prod-

ucts, [Na(12-crown-4)2]2(Se8)�(Se7)53 and (NEt4)2(Se5)�
(½Se6,Se7),

54 shows a conformation and bond length alterna-

tion similar to those in S7.
58,59

The bond length alternation can be rationalized in terms of

the p lone-pair repulsion of the two central atoms in the planar

four-atomic fragment and of the hyperconjugational interac-

tion of these lone pairs to the s* orbitals of the bonds con-

necting the fragment to the rest of the molecule,57 as shown

schematically in Figure 4.

1.07.2.2.3 Homocyclic tellurium molecules
The evidence for homocyclic tellurium rings is very sparse.2,3

The presence of the Te8 ring molecule in zeolites has been

suggested based on conductivity measurements and Raman

spectroscopy.60,61 The treatment of [TiCp2(m-Te2)2TiCp2] with
Te2Cl2 in CS2 results in the observation of a single resonance

at 869 ppm in the 125Te NMR spectrum.62 This resonance is

in the region that could be expected for Te8 (cf. 611.5 ppm

for Se8
63).
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Table 2 Homocyclic selenium molecules

Molecule Structure rSeSe (Å) aSeSeSe (�) tSeSeSeSe (�) Ref.

Se8 a-Se8
a

b-Se8
b

g-Se8
c

2.291(1)–2.327(1)
2.301(1)–2.324(1)
2.325(2)–2.344(2)

103.15(4)–107.88(5)
104.60(5)–106.97(5)
103.26(8)–109.08(8)

95.80(5)–106.89(5)
98.21(6)–104.27(6)
98.15(9)–107.23(9)

35
37
38

Se7 [Na(12-crown-4)2]2(Se8)�(Se7)c
(NEt4)2(Se5)�(½Se6,Se7)

c

[Re2(m-I)2(m-Se7)(CO)6]�½C7H16
c

2.281(6)–2.440(8)
2.324(7)–2.409(7)
2.309(3)–2.558(3)

99.6(2)–110.3(3)
101.1(2)–108.3(2)
99.33(10)–104.28(9)

1.6(3), 69.9(2)–114.0(3)
4.6(3), 73.7(3)–111.7(3)
4.3(1), 77.9(1)–114.2(1)

53
54
55

Se6 Se6
c

(NEt4)2(Se5)�(½Se6,Se7)
c

2.356(9)
2.319(7)–2.419(7)

101.1(3)
97.3(2)–105.8(2)

76.2(4)
71.5(3)–77.9(3)

40
54

aT¼120 K.
bT¼150 K.
cr.t.
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1.07.2.2.4 Selenium and tellurium rings in metal complexes
Structural information of the Te8 ring comes from Cs3Te22

64 in

which the crown-shaped puckered Te8 rings are found between

the [Te4Te4/2]21
3� layer anions (see Figure 5). The Te–Te

distances in the ring are 2.787–2.818 Å, the bond angles

99.32–101.12�, and the torsional angles 106.53–106.95�.
Cs4Te28 also contains a Te8 ring in a related layered two-

dimensional (2D) polytelluride lattice.65 In a similar fashion,

the related selenium phase, Cs3Se22, has been shown to con-

tain a cyclooctaselenium ring molecule between the cesium

selenide layers.66

The Te6 ring has also been stabilized as [(AgI)2Te6] (see

Figure 6(a))67 and [Re6Te10Cl6(Te6)].
68 Despite coordination

to the metal, they both show bond parameters that are exp-

ected for the isolated Te6 ring (bond lengths 2.729–2.760 Å67

and 2.762–2.900 Å68; bond angles 95.9–100.2�67 and 92.2–

100.2�68; torsion angles 78.5–82.0�67 and 75.2–87.0�68) on

the basis of bond parameters from Se6
40 (see Table 2).

The reaction of elemental tellurium and iridium and tellu-

rium tetrachloride in a sealed, evacuated ampoule at 250 �C for

7 days afforded black crystals of [{Ir(TeCl4)(TeCl3)}2(Te10)]

containing a novel type of electrically neutral tellurium cage

molecule Te10 (see Figure 6(b)).69 The molecule consists of

two nearly linear 3c–4e bonding arrangements bridging the

two four-membered rings. The ten-atomic cage is considered to

be formally uncharged (Teþ0.50)4(Te
0)4(Te

�)2.
69

The heating of ruthenium, indium, tellurium, and tellu-

rium tetrachloride or ruthenium, tellurium, and tellurium tet-

rachloride at 300 �C afforded shiny black [Ru(Te9)][InCl4]2
and [Ru(Te8)]Cl2, respectively.

70 A similar reaction involving

rhodium, tellurium, and tellurium tetrachloride yielded

[Rh(Te6)]Cl3. All complexes are 1D coordination polymers

with the uncharged tellurium rings acting as bridging bis-

tridentate ligands.

Selenium forms several complexes, which contain homo-

cyclic ring molecules as a ligands.71–74 In addition to

[(AgI)2(Se6)], which is isomorphic with [(AgI)2(Te6)],
67 the

coordination of Se6 ring with Agþ has recently been demon-

strated to form isolated [Ag(Se6)Ag]
2þ ions or close-packed

stacked arrays of Se6 molecules with Agþ residing in the

octahedral holes depending on the size of the counterion.71

Solvothermal reactions also lead to solid phases containing

Se6
72,75 or Se8

72,76,77 ring molecules. In addition to x-ray struc-

tures, these phases have been characterized by vibrational

spectroscopy,72,76 solid-state NMR spectroscopy,75 and ther-

mal analysis.76

The Se7 ring molecule has been isolated as a bridging ligand

in the dinuclear rhenium complex [Re2(m-I)2(m-Se7)(CO)8].
55

Despite the coordination to the dinuclear Re center, the

molecules show the four coplanar atoms and the bond length

alternation well established for S7.
58,59 Very recently,

[Rh2Se9Cl6] was prepared from RhCl3�4H2O and Se2Cl2.
73 It

was found to contain the Se9 ring as a bridging ligand between

two Rh centers (see Figure 7) in a similar fashion to the

Te9 ring in [Ru(Te9)][InCl4]2.
70 Similarly, homocyclic dodeca-

selenium molecule was observed as a bridging ligand in the

dinuclear [Ag2Se12]
2þ containing a weakly coordinating coun-

teranion [Al{OC(CF3)3}4]
� or [AlF{OC(C5F10)(C6F5)}3].

74

The Se12 molecule shows a similar conformation and analo-

gous bond parameters to S12.
2

1.07.2.2.5 Heterocyclic chalcogen molecules
1.07.2.2.5.1 Selenium sulfides

The similarity of sulfur and selenium is reflected by a compli-

cated binary system between the two elements. With the

exception of the condensation reactions of [TiCp2E5] or

[TiCp2(m-E2)2TiCp2] (E¼S, Se) with sulfur and selenium chlo-

rides (see Section 1.07.2.2.1), most synthetic routes produce

mixtures of various selenium sulfides.2 The eight-membered

SenS8�n species are the most abundant and most stable molec-

ular species, although heterocyclic selenium sulfides of other

ring sizes can also be formed.

All known crystal structures of heterocyclic selenium sul-

fides are disordered.39,45,78–83 It has therefore not been possi-

ble to calculate accurate bond parameters or identify individual

molecular species. Vibrational spectroscopy provided the first

indications that selenium sulfides are present in the various

mixtures.84,85 The normal coordinate calculations enabled

the assignment of the Raman spectra of 1,2-Se2S5,
86,87

1,2,3,4,5-Se5S2,
39,87 1,2,3-Se3S5,

82 1,2,5,6-Se4S4,
83 and Se7S

45

and identification of the molecular species.

(b) (c)(a)

Figure 3 Packing of molecules in monoclinic (a) a-Se8,
35 (b) b-Se8,

37 and (c) g-Se8.
38

I.p. I.p.

s

I

n

I

s*

Figure 4 Lone-pair interaction and bond length alternation in
heptachalcogen ring molecules. l¼ long, s¼short, n¼normal single
bond.57
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77Se NMR spectroscopy is the most powerful technique to

date to identify individual heterocyclic selenium sulfides in

mixtures of complicated composition.63,88,89 The spectral as-

signment is based on the combined information from the

natural-abundance samples and from the samples of the

same chemical composition but involving selenium enriched

with 77Se-isotope (enrichment 92%).63 Due to the low natural

abundances of the 77Se-isotope in the natural-abundance sele-

nium, the coupling can only be observed by the appearance of

small satellites that are often lost in the background. Full

coupling information is only obtained with the enrichment

of the 77Se-isotope.

The assignment of the 77Se chemical shifts to individual

molecules is exemplified in Figure 8 by the NMR spectrum of

the CS2 solution that was prepared from the quenched sulfur–

selenium melt containing 30% of 77Se-enriched selenium (en-

richment 92%) and 70%of sulfur. In addition to the resonances

shown in the figure, there are eight resonances in the spectrum,

which appear as singlets even in the 77Se-enriched sample.63

These singlets were assigned to SeS7, all isomers of Se2S6,

1,2,5,6-Se4S4, Se8, and Se6 on the basis of the trends in the

chemical shifts deduced from unambiguously identified molec-

ular species.41,63 The assignments were later verified by DFT

calculations of 77Se chemical shifts.90 Sulfur-rich SeS7 and

1,2-Se6S2 are the main components in the mixture even when

the initial selenium content is high. Other major components

are 1,2,3-Se3S5, 1,2,3,4-Se4S4, 1,2,3,4,5-Se5S3, 1,2,3,4,5,6-Se6S2,

and Se8
63 in agreement with the deductions from earlier

Figure 5 Crystal structure of Cs3Te22 layers consisting of puckered Te8 rings between the [Te4Te4/2]21
3� layer anions.64

(b)(a)

Figure 6 (a) The Te6 molecule stabilized as [(AgI)2(Te6)].
67 [(AgI)2(Se6)] is isomorphic with the tellurium analog. (b) The novel uncharged Te10 cage

stabilized as [{Ir(TeCl4)(TeCl3)}2(Te10)].
69 Tellurium atoms in the Te10 molecule are depicted in orange, those in the TeCl4 and TeCl3 fragments in light

orange, chlorine atoms in green, and iridium in light gray.
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vibrational analysis84 that the number of homonuclear Se–Se or

S–S bonds is maximized in the eight-membered rings.
77Se NMR spectroscopy can also be utilized to monitor

interconversion reactions that take place between the different

chalcogen rings in solution. This is exemplified in Figure 9 for

the reaction of [TiCp2Se5] and S2Cl2.
91 It can be seen that the

initial fluxional seven-membered 1,2,3,4,5-Se5S2 ring decom-

poses into 1,2,3,4-Se4S2 and 1,2,3,4,5,6-Se6S2. Similar inter-

conversion has been shown to take place between Se7, Se6, and

Se8
43 and 1,2-Se2S5, SeS5, and 1,2,3-Se3S5.

82,86

1.07.2.2.5.2 Tellurium-containing chalcogen rings

The formation of TenS8�n rings in sulfur–tellurium melt

has been deduced by mass spectrometry,92 Mössbauer

spectrometry,93 and 125Te NMR spectrometry.94 The disor-

dered crystal structure of the phase prepared from H2S and

TeCl4 was deduced to contain a mixture of ring molecules S8,

TeS7, and Te2S6
95 with a conformation similar to that in TeS7X2

(X¼Cl, Br).96 Nagata et al.97,98 have reported that the

seven- and eight-membered selenium-rich selenium telluride

heterocycles have conformations which are similar to

the analogous sulfur, selenium, and selenium sulfide ring

molecules.39,53,54,58,59

125Te and 77Se NMR spectroscopic characterization of

sulfur–tellurium and sulfur–selenium–tellurium melts at 145 �C
using both natural-abundance selenium and tellurium and
77Se-enriched and 125Te-enriched isotopes has indicated that

the sulfur-rich binary molten mixture contains TeS7 and 1,2-,

1,3-, and 1,4-isomers of Te2S6.
94 In addition, 1,2-, 1,3-, 1,4-,

and 1,5-TeSeS6 rings have been detected in the ternary melt

Figure 7 The bridging electrically neutral homocyclic Se9 ligand in
[Rh2Se9Cl6].

73 Selenium is depicted in red, chlorine in green, and
rhodium in light gray.

620

726 680 670 662 654 642

ppm
560580592600

Figure 8 77Se NMR spectrum of the CS2 solution of quenched sulfur–
selenium melt containing 30 mol.% of selenium enriched in 77Se-isotope
(enrichment 92%).63 The different SenS8�n species have been color-coded. The
colored circles indicate selenium atoms and the empty corners sulfur atoms.

[TiCp2Se5] + S2CI2Initial spectrum:

1,2,3,4,5-Se5S2 + [TiCp2CI2]

1,2,3,4,5,6-Se6S2

1,2,3,4-Se4S2

Se8

1000 800 600

ppm

1,2,3,4,5-Se5S2

Figure 9 The natural-abundance 77Se NMR spectrum of the reaction
mixture of [TiCp2Se5] and S2Cl2 recorded after 1 day of decomposition.91

The uppermost inset is the spectrum recorded at the beginning of the
reaction. The lower insets are resonances of the 77Se-enriched
1,2,3,4,5,6-Se6S2 (enrichment 92%).
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(1.5 mol.% of both tellurium and selenium and 97 mol.%

of sulfur).94 The 125Te NMR spectrum has been recorded at

145 �C for the melt containing selenium enriched in the 77Se

isotope and tellurium enriched in the 125Te isotope (in both

cases the enrichment is 92%) and is shown in Figure 10.

Tellurium-containing chalcogen rings are also formed by fol-

lowing the preparative routes known for other chalcogen rings

(see Laitinen et al., 19942 and references therein). The most

important processes have been summarized below (Scheme1).47

An ab initio molecular orbital (MO) study of eight-

membered sulfur-rich tellurium selenium sulfide rings has

shown that the most stable species contain Se–Te bonds.47

1,2,8-TeSe2S5 was deduced to be themost stable of the isomers.

The formation of this species was indeed observed in the

reaction of (Me3Si)2Te with ClSeS5SeCl.
47

1.07.3 Selenium- and Tellurium-Containing Ions

1.07.3.1 Polyatomic Selenium and Tellurium Cations

1.07.3.1.1 General
It has been known since the late eighteenth and beginning of

nineteenth century that like sulfur, elemental selenium and

tellurium can be dissolved in oleum with the formation

of intensively colored solutions. With the advent of modern

instrumental techniques, it is now well established that all

three chalcogen elements form homopolyatomic cations with

weakly coordinating anions in such strongly oxidizing

media.3–5 In addition to oleum, the synthetic routes involve

super acids, acidic melts, or SO2 and related aprotic solvents.

Suitable oxidizing agents comprise strong main group Lewis

acids such as AlCl3, AsF5, SbCl5, and BiCl5, and transition

1400 1200 ppm

TeS7

Polymeric material

1,4-TeSeS6

or or

1,4-TeSeS6

1,5-TeSeS6 1,5-TeSeS6

1,3-TeSeS6

1,2-TeSeS6

16001800

Figure 10 125Te NMR spectrum of ternary sulfur–selenium–tellurium melt containing 1.5 mol.% of both 77Se-enriched selenium and 125Te-enriched
tellurium (enrichment in both cases 92%) recorded at 145�C. Adapted from Chivers, T.; Laitinen, R. S.; Schmidt, K. J.; Taavitsainen, J. Inorg. Chem.
1993, 32, 337–340, with permission. Copyright 1993 American Chemical Society.

[Ti(MeC5H4)2(m–Te2)2Ti(MeC5H4)2]

2 S2Cl2 TexS8-x

TexSeyS8-(x+y)2 S2Cl2 / Se2Cl2

[Ti(MeC5H4)2(m–TexS2-x)2Ti(MeC5H4)2]

[Ti(MeC5H4)2(m–TexSe2-x)2Ti(MeC5H4)2]

(Me3Si)2Te + ClSeS5SeCl 1,2,8-TeSe2S5 + 2 Me5SiCl

(A)

(B)
+ +  2 Ti(MeC5H4)2Cl2)

(C)

(D)

Scheme 1 Formation of tellurium-containing heterocyclic chalcogen ring molecules.

Catenated Compounds – Group 16 (Se, Te) 205

Comprehensive Inorganic Chemistry II : From Elements to Applications, Elsevier, 2013. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/inflibnet-ebooks/detail.action?docID=1330977.
Created from inflibnet-ebooks on 2021-02-09 22:25:55.

C
op

yr
ig

ht
 ©

 2
01

3.
 E

ls
ev

ie
r.

 A
ll 

rig
ht

s 
re

se
rv

ed
.



metal halides such as MF6 (M¼W, Re, Os, Ir, Pt), MCl6 (M¼V,

W, Zr, Hf, Nb, Ta, Re), VOCl3, NbOCl3, and WOCl4. Very

recently, the use of chemical vapor transport methods4 and

ionic liquids99 in the syntheses of the cations has been sug-

gested. The known homopolynuclear selenium and tellurium

cations are summarized in Table 3.

1.07.3.1.2 E4
2þ

Like S4
2þ (see Chapter 1.06), Se4

2þ and Te4
2þ are 6p electron

square-planar dications that can be described as mostly aro-

matic with the formal bond order of 1.25.100 However, all

three cations have been found to show significant singlet dir-

adical character in their electronic structures.101 The diradical

character increases in the order S4
2þ<Se4

2þ<Te4
2þ. The dir-

adical nature is manifested in the computational prediction of

different molecular properties. This is well exemplified by

comparing the theoretical computation of 77Se NMR chemical

shifts for different SenS4�n
2þ (n¼1–4) cations101 for which

experimental spectroscopic data and the tentative assignment

of the resonances to different species have been reported.102

Multiconfigurational ab initio methods or pure density func-

tionals are needed to compute the chemical shifts with suffi-

cient accuracy to enable the full verification of the tentative

assignment (see Figure 11).101

Numerous structures containing different counterions have

been determined by x-ray crystallography.3–5 The bond lengths

in each cation depend on the nature of the counterions. This is

exemplified by Te4
2þ, the bond length of which spans a range

of 2.660–2.695 Å. The halogen atoms of the counterions

bridge the Te–Te edges of the square-planar cation, as illus-

trated in Figure 12 by (Te4)[WCl6]2.
103 The bond lengthening

is caused by the transfer of electron density from the halogen

into the s* orbital of the cation, and therefore the more basic

anions give rise to longer bonds.5

Unlike S4
2þ and Se4

2þ, the Te4
2þ cation shows a propensity

for extended structures. In (Te4)(Te10)[Bi2Cl8]2,
104 the four-

membered rings are linked together through 1,3-positions

(see Figure 13). The formal Te10
2þ cation in the structure can

be conceived to consist of another stack of polymeric four-

membered rings surrounded by two polymeric tellurium heli-

cal chains.

1.07.3.1.3 E6
nþ (n¼2, 4)

There are four known hexachalcogen cations: Te6
4þ,105,106

Te6
2þ,107,108 Te3S3

2þ,109 and Te2Se4
2þ.110 Their structures are

shown in Figure 14. They cannot be described in terms of elec-

tron precise Lewis structures. The structural relationships, how-

ever, can be rationalized by applying the electron-accounting

principles presented by Gillespie.111

Table 3 Homopolynuclear selenium and tellurium cations for which
the solid-state structures are known (see Krossing, 2007,3 Brownridge
et al., 2000,4 Beck, 19975 and references therein)

Chalcogen
framework

Homopolychalcogen
cations

Heteropolychalcogen
cations

4 Se4
2þ, Te4

2þ, (Te4)n
2nþ SexS4�x

2þ, Te2S2
2þ

6 Te6
2þ, Te6

4þ Te3S3
2þ, Te2Se4

2þ

7 Te7
2þ

8 Se8
2þ, Te8

2þ, Te8
4þ Te2Se6

2þ

10 Se10
2þ, (Te10)n

2nþ Te2Se8
2þ

17 Se17
2þ

1 (Te7)n
2nþ, (Te8)n

2nþ

19542032

Se

SeSe

Se

Se

Se

Se

Se

Se Se

Se

Se

Se

Se

Se

2023

2000

A

729

aC

B

d
d

636

C D

E

F

1950 1900
ppm

1939 1936 1890

1965
2008

2049BPW91b

[22,16]-CASb

Exptl.a

2044 2037 1996 1919 1936* 1868
2042 2001 1924 1941 1873

2010 1984 1935 1936* 1901
1967 1941 1892 1893 1890

Figure 11 The 77Se NMR spectrum of the mixture of SenS4�n
2+ ions in SO2. Reprinted from Collins, M. J.; Gillespie, R. J.; Sawyer, J. F.;

Schrobilgen, G. J. Inorg. Chem. 1986, 25, 2053–2057, with permission. Copyright 1986 American Chemical Society.102 aThe assignments of
experimental resonances have tentatively been made by Collins et al.102 bThe [22,16]-CAS/cc-pVTZ and BPW91/cc-pVTZ calculations of the 77Se
chemical shifts are according to Tuononen et al.101 Two sets of chemical shifts are reported for both methods. The upper line in each case represents
values relative to Me2Se. The lower line of data shown in italics has been referenced with respect to Se4

2+ (marked with*).
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Te6
6þ is a hypothetical cation containing 30 valence elec-

trons. It fulfills the relationship e¼5n in which n is the number

of atoms and e is the number of valence electrons. According to

Gillespie,111 this species is therefore an electron-precise classi-

cal cluster and appears as a trigonal prism in which each

framework atom is connected to three other framework

atoms with single bonds and in addition contains one lone

pair of electrons.

Upon addition of two electrons into Te6
6þ, a 32-electron

cation, Te6
4þ, is formed. It is an elongated trigonal prism (see

Figure 14(a)), the structure of which has been established

experimentally by x-ray diffraction a long time ago.105,106 The

bonds at the triangular face show approximately single bond

lengths (2.662–2.679 Å), but those at the rectangular face are

significantly longer (3.062–3.172 Å). According to the electron

accounting,111 it is expected that one bond in Te6
6þ would be

broken by the addition of two electrons. The observed elon-

gated trigonal prism can be rationalized by considering the

three resonance structures of Te6
4þ shown in Scheme 2.

These observations are in accordance with the suggestion by

Passmore112 that the characteristic features in homopolya-

tomic chalcogen cations involve the delocalization of the pos-

itive charge over all atoms leading to bond length altenations,

the presence of npp–npp bonds (n	3) and long intracationic

transannular interactions, as well as four-center two electron,

and six-center two electron bonds. The DFT calculations with

local density approximation show that Te6
4þ can indeed be

considered as a dimer of two Te3
þ fragments through 6c–2e

p*–p* bonds as depicted in Figure 15.113 The elongated D3h

structure is the ground state of the cation with the extra elec-

tron pair causing the simultaneous elongation of the three

bonds parallel to the C3 axis.

E6
2þ is a 34-electron cation. The addition of two electron

pairs into the classic E6
6þ cage should lead to the cleavage

of two bonds.111 The crystal structure determinations of

Te6
2þ107,108 show, however, that one bond is delocalized

between two different triangular faces (the relevant Te–Te

distances are 3.209–3.382 Å107,108) and only one bond is

completely missing (see Figure 14(b)). The DFT calculations

on the MO interactions again support this bonding

description.114 It is only in the case of hybrid Te3S3
2þ109 and

Te2Se4
2þ110 cations that the expected,111 more open structure

is seen, as shown in Figure 14(c) and 14(d), respectively.

1.07.3.1.4 E8
nþ (n¼2, 4)

Se8
2þ is isostructural with S8

2þ (seeChapter 1.06). The solid-state
structure shows three weak transannular interactions, which

can be derived from the classical 40-electron E8
8þ cuneane

cage,111 as shown in Figure 16. Deductions from the recent DFT

study of the structures, bonding, and energetics of different E8
2þ

(E¼S, Se, Te) cations114 are consistent with the concept of three

weak transannular interactions and the observed slight bond

length alternation, as shown in Figure 17. It can be seen from

the figure that while the orders of the endocyclic bonds show very

little variation around the bondorder of one, the 1,5-transannular

interaction increases in the order S8
2þ<Se8

2þ<Te8
2þ (see

Figure 12 The cation–anion interactions in (Te4)[WCl6]2.
103 Tellurium

atoms are depicted in red, chlorine in green, and tungsten in gray.

Figure 13 The structure of the cation in (Te4)(Te10)[Bi2Cl8]2.
104

(a) (b)

(c) (d)

Figure 14 (a) The structure of the Te6
4þ cation.105,106 (b) The structure

of Te6
2þ cation.107,108 (c) The structure of the Te3S3

2þ cation.109 (d) The
structure of Te2Se4

2þ cation.110 Tellurium atoms are depicted in orange,
selenium in red, and sulfur in yellow.

2e-6+E

E E

E
E

E
E

E 4+ 4+ 4+ 4+
E

E
E

E

E E

E
E

E

E
E

E
E

E
E

E

EE

E
E

E
E

Scheme 2 The addition of two electrons to the classical 30 e� cluster Te6
6þ to form Te6

4þ, a 32 e� elongated trigonal prism.
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interaction marked as B in Figure 17).4,5 An even more pro-

nounced bicyclic nature is found in the Te8
2þ cation in (Te8)

[WCl6]2
115 (see Figure 18(a)). The transannular bond is only

2.993 Å and approaches the single bond length.

The Te8
2þ cation has also been found to show a bicyclo

[2,2,2]octane structure5 similar to that observed in Te2S6
2þ116

(see Figure 18(b)).

While the structure of the Te8
2þ cation in (Te8)[WCl6]2 can

also be derived from the classic 40-electron cuneane cage by

adding six electrons and breaking three bonds (see Figure 16),

that in (Te6)(Te8)[WCl6]4 is derived from the cube that is another

classic 40-electron cage (see Figure 19).110 The Te8
4þ cation in

(Te8)[VOCl4]2
120 is another isomer of the Te8

nþ cation, the

structure of which is also based on the cube. It can be considered

as a dimer of two Te4
2þ cations. In the solid state this (Te4)2

2þ

dimer shows significant association (see Figure 20).

The lengths of the long bonds within the (Te4)2
4þ dimer are

3.010 Å and the contacts between the dimers 3.594 Å.120 Evok-

ing the Pauling equation for the bond orders,118 it can be

concluded that the sum of the bond orders of the weak

bonds for one Te8
4þ unit is almost exactly 2 in accordance

with the expectations for the 44-electron cage.111 Krossing

and Passmore100 have explained these weak bonds in terms

of 5p2!s* interactions.

The Se8
2þ cation has been characterized by 77Se NMR spec-

troscopy in SO2 solution using both natural-abundance

e��

a2
��

e�

a1
�

Elongated prismPrism

Figure 15 BP88/TZ(d,p) molecular orbitals of the intertriangular
s-bonding and antibonding orbitals of the Te6

4þ prism.113 The electrons
depicted in green represent those in the highest occupied molecular
orbitals of the electron-precise Te6

6þ prism (30 electrons). The two extra
electrons (depicted in red) to form the observed Te6

4þ cation occupy the
a2
00 orbital, which is stabilized by the elongation of the prism.
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Figure 16 Structural relationships between the E8
8+ (40 valence electrons) classical cage and other species derived from it by successive addition of

electrons. Illustrative examples: aDeLucia and Coppens.117 bKrossing,3 Brownridge et al.,4 and Beck.5 cBeck.115
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selenium and 77Se-isotope-enriched selenium in the prepara-

tion of the sample and provided for full 77Se–77Se coupling

information.121,122 The ZORA NMR calculations of the 77Se

chemical shifts using the rPBE GGA functional and a large

QZAP basis set and involving explicit solvent molecules122

agreed with the observed spectroscopic data but led to a

slightly modified assignment of the resonances.

1.07.3.1.5 En
2þ (n>8)

Both selenium and tellurium show a number of higher nucle-

arity polyatomic cations. The crystal structure of Se10
2þ has

been elucidated from several salts.123–125 The cation is isostruc-

tural with Te2Se8
2þ116,126 (see Figure 21).

The structure of this 58-electron cation can be derived from

one of the alternative classical ten-atom 50-electron cages

(Scheme 3).111

The structure and geometry of Se10
2þ have been explored by

DFT methods involving the PBE0 functional and the cc-pVTZ

basis set.122 The experimental bond parameters could be repro-

duced well by the computations. The structural features have

been discussed in terms of 4p2!s* and 4p2!4p2 interac-

tions within the cation.4

It has been shown by 77Se NMR spectroscopy that in SO2

solution Se10
2þ is fluxional undergoing a complicated ex-

change process even at low temperature.121 Consequently,

only two resonances are observed even using the 77Se-enriched

selenium with relative intensities varying as a function of tem-

perature. It was also concluded on the basis of significant

differences between the electronic spectra in the solid (Se10)

[AsF6]2 and that recorded for the dissolved material that Se10
2þ

does not retain its solid-state structure in solution.121

The largest known discrete selenium cation, Se17
2þ127,128,

consists of two seven-membered rings with similar conforma-

tions as in S7 ring molecules.58,59 The ring fragments are linked

together by a Se3 bridge (see Figure 22(a)). There is expectedly

marked bond length alternation in this dication. The bonds

from the two three-coordinate selenium atoms are long and

the adjacent bonds are short. Normal single bond lengths are

observed only for bonds further removed from the three-

coordinate selenium. This bond length alternation can again

be explained by charge delocalization through the 4p2!s*
interactions involving the p lone pair of electrons of the sele-

nium atoms bound to the three-coordinate selenium (see

Figure 22(b)).

Two polymeric forms of (Te8)n
2þ have been synthesized

and characterized. They both contain six-membered rings in a

boat conformation that are linked together by Te2 fragments in

1,4-positions.129,130 The main difference between the two iso-

mers is the relative orientations of adjacent ring fragments (see

Figure 23(a) and 23(b)).

Other polymeric homonuclear tellurium cations have also

been recently prepared, as shown in Figure 24. They are all

based on repeating (Te7)n
2þ units.

1.07.3.2 Polyatomic Selenium–Halogen and
Tellurium–Halogen Cations

1.07.3.2.1 General
In addition to the chemistry of polyselenium and polytellur-

ium cations, the recent decades have also seen rapid develop-

ment in that of chalcogen–halogen cations.12 In particular,

selenium–iodine cations have grown from nonexistence to

show a rich variety of species.12,133,134 The species for which

the structure in the solid state is known are listed in Table 4.

Only those cations, which have chalcogen–chalcogen bonds,

are shown.

Many chalcogen–halogen cations may be prepared by the

reaction of elemental chalcogen and halogen in appropriate

molar ratios with AsF5 or other suitable strong Lewis acids in

SO2;
12,122,134 in some cases, other synthetic routes have also

been successfully realized. (Se2I4)[Sb2F11], (Se3X3)[MF6] (M ¼
As, Sb, X ¼ Cl, Br), and (Se9Cl)[SbCl6] are prepared by the

reaction of elemental selenium with (I2)[Sb2F11],
135 (SeCl3)

C

B
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1
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0.8
Te8

2+

Se8
2+

S8
2+
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1.2

Bond order

2 3 4 A B C
Bond

3
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1

A

Figure 17 Pauling bond orders118 based on structural data of E8
2+ (E = S,100 Se,106 Te 119).

(a) (b)

Figure 18 The Te8
2+ cation in (a) (Te8)[WCl6]2

106 and (b) (Te6)(Te8)
[WCl6]4.

5
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[MF6],
134 and (NO)[SbCl6] in SO2,

136 respectively. (Se4I4)

[AsF6] can be made by treating (Se4)[AsF6] with iodine,137

and [Te15X4]n[MOX4]2n (M¼Mo, W; X¼Cl, Br) by the reac-

tions of Te2Br with MoOBr3, TeCl4 with MoNCl2/MoOCl3, and

Te with WBr5/WOBr.138

1.07.3.2.2 Selenium–chlorine and selenium–bromine
cations
The structure of Se3X3

þ (X¼Cl, Br) is exemplified by Se3Cl3
þ

in Figure 25(a) and that of Se9Cl
þ is shown in Figure 25(b).

Both cations show marked bond length alternation. Klapötke

and Passmore have discussed the bond length alternation in

terms of maximized intracationic X� � �Se contacts, charge delo-
calization, and p bonding.12

In contrast to the discrete selenium–halogen cations,

tellurium–chlorine and tellurium–bromine cations (Te15X4)n
nþ

show polymeric structures that are related with that of the tellu-

rium subhalide Te2Br.
138 The crystal structure, however, is disor-

dered with one tellurium atom showing the site occupation

factor of only 0.75.

A preliminary natural-abundance 77Se NMR study of the

soluble products of the reaction of (Se4)[AsF6]2 and bromine

in liquid SO2 exhibited resonances attributable to 1,1,4,4-

Se4Br4
2þ and Se7Br

þ. These assignments are supported by cal-

culated 77Se chemical shifts.122

1.07.3.2.3 Selenium–iodine and tellurium–iodine cations
1.07.3.2.3.1 Se2I4

2þ

The structures and conformations of Se2I4
2þ and S2I4

2þ resem-

ble each other, but there are key differences in interatomic

distances that also reflect the differences in their bonding (see

Figure 26).

The bonding in S2I4
2þ can be described in terms of mutually

perpendicular 4c–2e p*–p* bonds,140–142 whereas that in

Se4I4
2þ consists of two SeI2

þ fragments joined by 6c–2e p*–p*
bonds140,142 (see Figure 27). Recently, Brownridge et al.142 have

reported a detailed analysis to account for the structural differ-

ences. These factors are summarized in Figure 27 and are related

to the strong S–S p bond compared to the weak S–I s bond and

the additional stabilization from increased delocalization of the

positive charge in S2I4
2þ that is missing in Se2I4

2þ.

1.07.3.2.3.2 E6I2
2þ (E¼Se, Te)

The structures of Se6I2
2þ and Te6I2

2þ are expectedly

similar143,107 and can be described as distorted cubes (see

Figure 28). In a similar fashion to other polychalcogen cat-

ions, the positive charge of the three-coordinate chalcogen

atom is delocalized and leads to bond length alternation.

The relevant orbital interactions are shown in Figure 28(b).
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Figure 19 Structural relationships between the classic 40 electron cube and cations derived from it. aBeck5. bCollins et al.116. cBeck and Bock.120

Figure 20 Structure of the Te8
4+ cation in (Te8)[VOCl4]2.

108

Figure 21 The structure of the Te2Se8
2+ cation in (Te2Se8)[AsF6]2.

SO2.
126 Selenium atoms are depicted in red and tellurium in orange.
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Scheme 3 Derivation of the structure of E10
2þ from a classical E10

8þ

cluster.
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A related polymeric cation (Se6I)n
nþ has been isolated as a

hexafluoroarsenate salt and its crystal structure has been

determined.144 The six-membered Se6 ring is in the chair

conformation like in Se6I2
2þ (see Figure 28(a)). Two bridging

iodine atoms in 1,4-positions link the rings into a polymeric

zigzag chain.

When solid (Se6I2)2[AsF6]2�2SO2 is dissolved into liquid

SO2, a complicated equilibrium is set up.122 The composition

of the equilibrium mixture was studied by 77Se NMR spectros-

copy at �70 �C using both natural-abundance and enriched
77Se-isotope samples (enrichment 92%). Some of the reso-

nances in Figure 29 were due to known species (Se6I2
2þ,

Se4I4
2þ, and SeI3

þ,112,137 Se4
2þ,102,145 as well as Se8

2þ and

Se10
2þ121). The unknown 22 resonances were assigned on the

basis of homonuclear 77Se–77Se COSY NMR spectrum, selec-

tive irradiation experiments, and spectral simulation.121 Be-

cause the 77Se-enrichment is 92%, several isotopomers of a

given cation have a significant abundance and need to be

considered in the simulation. This is exemplified for Se6I2
2þ

in Figure 30.

It was inferred that the 22 resonances are due to five cat-

ionic species, and the simulations provided for their spin sys-

tems. This information was combined with the trends in the

chemical shifts, with iodine, selenium, and charge balances, as

well as with ZORA chemical shift predictions, which employ

the rPBE GGA functional and large QZ4P basis sets, an implicit

conductor-like screening model, and a small number of ex-

plicit solvent molecules to include solvent effects.122 All infor-

mation available is consistent with the assignment of the

unknown resonances to acyclic 1,1,2-Se2I3
þ, 1,1,6,6-Se6I4

2þ,
and 1,1,6-Se6I3

þ, as well as to cyclic Se7I
þ and (4-Se7I)2I

3þ (see
Figure 31). It is interesting to note that upon evaporation of

the SO2 from solution, the solid material contains only (Se6I2)

[AsF6]2�2SO2 indicating that the dissociation of Se6I2
2þ is

reversible.122 Volume-based thermodynamics calculations

show that nonsolvated (Se6I2)[AsF6]2 is not thermodynami-

cally stable, disproportionating to (Se4I4)[AsF6]2(s) and (Se8)

[AsF6]2(s) (estimated DG� ¼�17�15 kJ mol�1 at 298 K).122

2.481 Å

2.346 Å

2.285 Å

2.421 Å 2.401 Å

e-

e-

e-

e-

e-

2.488 Å

2.315 Å 2.324 Å

2.261 Å

(a)

(b)

2.260 Å

2.372 Å

2.303 Å

2.344 Å
2.326 Å

2.283 Å
2.310 Å

2.360 Å

Figure 22 (a) The structure of the Se17
2+ cation in (Se17)[WCl6]2 indicating the Se–Se bond lengths.

127,128 (b) 4p2! s* interactions rationalizing the
bond length alternations (for more details, see Brownridge et al.4).

(a)

(b)

Figure 23 The structures of (Te8
2+)n in (a) (Te8)[Bi4Cl14]

129 and
(b) (Te8)[U2Br10].

130

(a) (b) (c)

Figure 24 The structure of (Te7
2+)n in (a) (Te7)[Be2Cl6],

104 (b) (Te7)
[NbOCl4]Cl,

131 and (c) (Te7)[AsF6]2.
132

Table 4 Polychalcogen selenium– and tellurium–halogen cations
that have been structurally characterized by x-ray diffraction

Cl Br I

Se Se3Cl3
þ, Se9Cl

þ Se3Br3
þ Se2I2

2þ, Se4I4
2þ,

(Se6I)n
nþ, Se6I2

2þ

Te (Te15Cl4)n
2nþ (Te15Br4)n

2nþ Te6I2
2þ
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1.07.3.3 Anions

1.07.3.3.1 General
Polyselenide and polytelluride anions show a rich and diverse

structural chemistry that is both similar to and different from

the related polysulfides. In addition to acyclic polychalcogen-

ides, both selenium and tellurium also form polycyclic species.

Their synthetic and structural chemistry as well as ligand

properties and applications have recently been reviewed sev-

eral times (for some recent reviews, see Graf et al., 2009,6

Sheldrick, 2007,146 and Smith and Ibers, 2000147).

The usual preparation of the materials involves direct high-

temperature combination of the elements, solution reactions

involving chalcogen elements and alkali metal carbonates,

solvothermal reactions, or oxidation–reduction reactions with

2.309 Å

2.342 Å

2.088 Å

2.128 Å 2.323 Å

2.233 Å

2.207 Å

2.551 Å

2.328 Å

2.191 Å

(a) (b)

2.271 Å

2.466 Å

2.429 Å
2.367 Å

2.341 Å

Figure 25 The structures of the cations in (a) (Se3X3)[MF6] (X = Cl, Br; M = As, Sb) as exemplified by Se3Cl3
þ 134 and (b) (Se9Cl)[SbCl6].

136 Selenium
atoms are depicted in red, chlorine in green, and Cl/Br atoms in turqoise.

2.446 Å

2.827 Å

3.216 Å

2.603 Å

(a) (b)

2.827 Å
1.842 Å

3.216 Å 2.603 Å
2.457 Å 3.641 Å

2.455 Å

2.459 Å

3.632 Å

2.838 Å

Figure 26 The structure of the cation in (a) (S2I4)[AsF6]2
139 and (b) (Se2I4)[AsF6]2.SO2.

140 Sulfur atoms are depicted in yellow, selenium in red, and
iodine in violet.
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Figure 27 (a) S2I4
2+: Interaction of p* orbitals of S2 with those of two I2

+ in mutually perpendicular planes with subsequent charge delocalization. The
bond orders: S–S 2.33; I–I 1.33.141,142 (b) Se2I4

2+: Interaction of two p* SeI2
+ SOMOs with subsequent charge delocalization. The bond orders: Se–Se

≪1, Se–I 1.25.140,142
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Lewis acids.148,149 These methods have mostly been applied to

alkali metal or alkaline earth metal selenides and tellurides that

can then serve as precursors to other chalcogenides. The pres-

ence of a large organic cation or the encapsulating agent such

as the crown ether complex of an alkali metal leads to the

stabilization of otherwise unstable anions.

Tellurium shows more diverse polyanion chemistry than

sulfur and selenium due to increasing importance of hyper-

conjugation and secondary bonding, when going down group

16 (see Sheldrick, 2007146 and Kanatzidis, 1999,148 and

references therein). In contrast to polysulfides and polysele-

nides, polytelluride anions can exhibit charges that deviate

from �2.

1.07.3.3.2 Acyclic polyselenides and polytellurides
The x-ray structures have been determined for several acyclic

polyselenides and -tellurides En
2� (n¼2–9 for selenium and

2–6, 8, 12, 13 for tellurium). Shorter polychalcogenides occur

as binary alkali metal or alkaline earth metal salts, but longer

chains require bulkier counterions for stabilization.146 These

may comprise alkali or alkaline earth metals encapsulated with

crown ethers or cryptates, or large noncoordinating monoca-

tions such as Et4N
þ, Ph4P

þ, and [Ph3PNPPh3]
þ. Typical struc-

tures of the open-chain polyselenides Se3
2� – Se9

2� are shown

in Figure 32. Discrete polytelluride anions show similar struc-

tures. Since the monoatomic countercations have a significant

effect on the bond parameters of the polychalcogenides, the

examples in Figure 32 have been selected from salts containing

bulky polyatomic cations.

The conformations of the polyselenide and polytelluride

chains vary depending on the counterions.6,146–149 In addition

to changes in the numerical values of torsional angles, there is a

possibility for isomerism in the case of En
2� chains with n	5

depending on the signs of the torsional angle. Longer chain

polyselenides and -tellurides, however, tend to adopt helical

conformations to mimic the hexagonal polymeric chains of the

stable allotropic form of the elements,20,21 as can be seen in

Figure 32.

Dodecatelluride Te12
2�158 and tridecatelluride Te13

2�159

anions are the longest reported acyclic polyselenides and

-tellurides. The structure of the latter is shown in Figure 33.

1.07.3.3.3 Cyclic polyselenides and polytellurides
Sheldrick146 has noted that the importance of hypervalent

3c–4e bonding increases when going down group 16. While

Se9
2� can be regarded as having an open-chain structure (see

Figure 32),157 it has a short intrachain contact of 2.953 Å that

indicates an incipient tendency toward ring formation. A

2.454 Å

2.468 Å 2.227 Å

2.482 Å

(a) (b)

3.710 Å

3.719 Å

Figure 28 (a) The crystal structure of the Se6I2
2þ cation in (Se6I2)[AsF6]2�2SO2.

143 The Te6I2
2þ cation in (Te6I2)[WCl6]2

107 shows a similar
conformation and similar bond length alternation. Selenium atoms are depicted in red and iodine in violet. (b) The bond length alternation can be
explained by two parallel 4p2! s* electron transfers.122
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Figure 29 The 77Se NMR spectrum of the SO2(l) solution of the
dissociation equilibrium of Se6I2

2þ at -70�C using selenium enriched in the
Se77-isotope (enrichment 92%).122 The insets represent portions of the
spectrum recorded for the natural-abundance sample. Reprinted (adapted)
from Brownridge, S.; Calhoun, L.; Jenkins, H. D. B.; Laitinen, R. S.;
Murchie, M. P.; Passmore, J.; Pietikäinen, J.; Rautiainen, J. M.; Sanders,
J. C. P.; Schrobilgen, G. J.; Suontamo, R. J.; Tuononen, H. M.; Valkonen,
J. U.; Wong, C.-M. Inorg. Chem. 2009, 48, 1938-1959, with permission.
Copyright 2009 American Chemical Society.
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ppm

Calculated spectrum
with all isotopomers

Observed spectrum

1313 478

AA�MM�M��M��
(abundance 58.3 %, one isotopomer)

A�MM�M��M��
(abundance 10.2 %, two isotopomers)

AA�MM�M��
(abundance 20.4 %, four isotopomers)

AMM�M��
(abundance 3.2 %, eight isotopomers)

Figure 30 The simulated and observed 77Se NMR chemical shifts of Se6I2
2þ using a sample prepared from selenium enriched in the 77Se-isotope

(enrichment 92%).122 The observed resonance at 1313 ppm overlaps a resonance due to another cationic species. Reprinted (adapted) from
Brownridge, S.; Calhoun, L.; Jenkins, H. D. B.; Laitinen, R. S.; Murchie, M. P.; Passmore, J.; Pietikäinen, J.; Rautiainen, J. M.; Sanders, J. C. P.;
Schrobilgen, G. J.; Suontamo, R. J.; Tuononen, H. M.; Valkonen, J. U.; Wong, C.-M. Inorg. Chem. 2009, 48, 1938-1959, with permission. Copyright 2009
American Chemical Society.
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Figure 31 The species assigned to the 22 77Se NMR resonances observed from dissociation of Se6I2
2+ in SO2(l) solution.

122 Selenium atoms are
depicted in red and iodine in violet.
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Figure 32 Structures of selected acyclic polyselenides containing weakly coordinating counter-cations [12-c-4¼ 12-crown-4; 15-c-5¼ 15-crown-5].
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similar, though stronger, transannular distance (2.460 Å) is

observed in a nominally bicyclic Se10
2�160 (see Figure 34).

Other cyclic polyselenide anions comprise Se11
2�54 and

Se16
4�161 and are also shown in Figure 34 together with two

known spirocyclic polytellurides. Te7
2� has been isolated as

a [Re6Te8](Te7) salt162 and Te8
2� has been characterized in

[K(15-crown-5)2]2(Te8).
163

1.07.3.3.4 Extended polytelluride networks
The propensity of polychalcogenide anions to form extended

structures increases down group 16. Polysulfides are discrete

acyclic Sn
2� anions, polyselenides show only a few structures

with an extended anionic network, as exemplified by

Cs3Se16,
66 but polytellurides exhibit rich structural variety

that obscures the deceptively simple stoichiometry of the poly-

telluride salts. Sheldrick146 has summarized the structural and

bonding features in polytellurides, which can contain classical

bent TeTe2
2�, linear TeTe2

4�, T-shaped TeTe3
4�, and square-

planar TeTe4
6� units involving 3c–4e bonds of formal bond

order of 0.5. In addition, the fragments can be linked together

by weak secondary Te� � �Te bonds.19 These interactions result

in the formation of 1D, 2D, and 3D networks, as exemplified

in Figure 35.

Rb2Te5 exhibits a continuous spirocyclic chain (Te5)n
2�164

that can be thought to consist of square-planar TeTe4 units

stacked together (see Figure 35(a)). The charge of the polytel-

lurides can deviate from �2. This is exemplified by RbTe6
165

that is shown in Figure 35(b). It consists of Te6 rings that are

linked together into a 2D network by two pairs of Te���Te
contacts. Interestingly, [Cr(en)3]Te6 has been reported to con-

tain a polymeric Te6
3� anion.166 Considering the Te–Te

Figure 33 The molecular structure of Te13
2�.159
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Figure 34 Examples of cyclic polyselenide and polytelluride anions.
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distances in the 3D network of the anion, the formula of the

complex is best described as [[Cr(en)3]2(Te4)3] in which case

each tetratelluride carries the charge �2 (see Figure 35(c)).

Particularly interesting structures of Cs3Te22
64 and Cs4Te28

65

have been discussed above (see Section 1.07.2.2.4).

1.07.4 Catenated Main Group Polyselenides and
-tellurides

1.07.4.1 Selenium and Tellurium Halogenides

Diselenium dichlorides and dibromides are a well-

characterized class of reagents, the structures of which have

been known for a long time.167,168 They are dark brown liquids

that undergo facile disproportionation into a small amount of

SeX2 and SenX2 (n¼3, 4).169 The interconversion reaction of a

mixture of Se2Cl2 and Se2Br2 affords Se2ClBr.
169 In a similar

fashion, a mixture of Se2Cl2 and S2Cl2 yields an equilibrium

mixture containing SeSCl2.
170,171

Both Se2Cl2 and Se2Br2 are open-chain X–Se–Se–X com-

pounds in a gauche conformation (the torsional angles are

87.43� and 85.00�, respectively).167 They are useful reagents

in a number of synthetic applications.

Ditellurium dichloride Te2Cl2 and dibromide Te2Br2 can be

prepared in moderate yields by reducing elemental tellurium

with LiBHEt3 in tetrahydrofuran (THF) with a subsequent

treatment with TeX4 (X¼Cl, Br).62 Both are dark brown liquids

that decompose rapidly. In CS2 solution, they, however, are

rather stable. The molecular species were identified by electron

impact mass spectroscopy (see Figure 36). The reaction of

Te2Cl2 and [TiCp2S5] or [TiCp2Se5] expectedly affords 1,2-

Te2S5 and 1,2-Te2Se5, respectively, which were identified by
77Se and 125Te NMR spectroscopy.62

Tellurium forms subhalides that do not find analogs with

lighter chalcogen elements.172,173 The main characterized

(a)

(b)

(c)

Figure 35 The structures of (a) (Te5)n
2� in Rb2Te5,

164 (b) (Te6)n
� in

RbTe6,
165 and (c) [Cr(en)3]2(Te4)3.

166

256

m/z Icalc Iobs

TeCl2+

200

TeCl+
165

Te+

128
291 328

Te2
+

256 Te2Cl+
291

Te2Cl2+

328

260 280 300 320 m/z

316 0.84 -

317 1.23 -

318 3.97 -

319 3.31 -

320 12.42 4.7

321 10.10 -

322 28.14 25.4

323 18.86 9.2

324 54.04 28.9

325 22.03 19.1

326 87.53 85.5

327 9.55 -

328 100.00 100.0

330 74.33 70.5

329 1.32 -

332 - 9.8

Te2Cl2
+

150 200 250 300 m/z

Figure 36 EI mass spectrum of Te2Cl2. The fragmentation and their isotopic distributions indicate the expected composition of the species.
Reproduced from Pietikäinen, J.; Laitinen, R.S. J. Chem. Soc., Chem. Commun. 1998, 2381–2382, with permission of The Royal Society of
Chemistry (RSC).
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species are Te3Cl2, Te2X (X¼Cl, Br, I), and two polymorphs of

TeI. The general method of preparation involves the heating of

the elements at 200–300 �C with subsequent homogenization,

annealing, quenching, and extraction to remove the excess

tellurium tetrahalogenide.174–178 Single crystals of Te2I, and

a- and b-TeI can be produced by hydrothermal methods in

concentrated aqueous hydroiodic acid.176–178 Crystals of stable

Te3Cl2, Te2Br, and a-TeI can also be grown from the melt.173

The reduction of tellurium tetrabromide and tetraiodide by the

corresponding tin dihalogenide affords tellurium subbromides

and -iodides.178,174

Kniep and Rabenau173 and Xu12 have noted the structural

relationship between all subhalides and hexagonal tellurium.

Te3Cl2 contains a continuous twisted tellurium chain with

every third tellurium atom bonded to two chlorine atoms in

axial positions of the trigonal bipyramidal coordination envi-

ronment (see Figure 37(a)).174 The Te–Te bonds within the

chain are approximate single bonds. The chains are connected

by secondary Te� � �Cl contacts.174,178
Te2Cl, Te2Br, and Te2I show mutually similar structures con-

taining fused Te6 rings in the boat conformation (see Figure 37

(b)). The ring fragments are also connected together by two

halogen bridges in 1- and 4-position.178,174 The polymeric

chains are linked together by very weak Te���Br and Te���I sec-
ondary bonds.

TeI has two different polymorphs. a-TeI is composed of

infinite chains of Te(TeI)2(TeI2) units containing a slightly

puckered four-membered Te4 ring (see Figure 37(c)).178 One

tellurium atom is bound to two iodine atoms that also exhibit

the Te���I secondary bonding contacts to the adjacent unit.

Other Te���I and I���I secondary bonds also link adjacent [Te

(TeI)2(TeI2)]n chains together.

b-TeI is a slightly different polymer, the structure of which

is related to that of Te2X (see Figure 37(d)).178 It consists of

(a) (b) (c) (d)

Figure 37 (a) The structure of Te3Cl2,
174 (b) Te2X (X¼ Cl, Br, I),174,178 (c) a-TeI,178 and (d) b-TeI.178 Tellurium atoms are depicted in orange, chlorine

in bright green, bromine in dark green, and iodine in violet.

(a) (b)

(c) (d)

Figure 38 The structures of (a) (PhTeI)4,
181 (b) {(MeO)2C6H3-2,6}TeI2Te{C6H3(OMe)2-2,6},

183 (c) {(Me2N)2CSe}2TeCl2,
186 and (d) (mes)2TeTeI(mes).

TeI(mes).188 Tellurium atoms are depicted in orange, selenium in red, oxygen in dark blue, nitrogen in light blue, and carbon in dark gray.
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four-membered spirocyclic (Te3I2)n fragments with one exocy-

clic and one endocyclic iodine atom. The polymeric chains are

linked together by Te���Te and I���I secondary bonding interac-

tions also in this species.

The optical, electrical, and thermodynamic properties of

tellurium subhalides have attracted considerable research in-

terest for some time.175 For instance, a-TeI has been suggested

to find applications as solid electrolytes in galvanic cells.

In addition to binary halogenides, selenium and tellurium

also form a number of catenated compounds and ions, which

contain additional main group elements in addition to halo-

gens. Some examples of molecular compounds comprise

(PhEX)4 (E¼Se, X¼Cl, Br; E¼Te, X¼ I),179–182 mixed valence

aryltellurenyl halogenides,183,184 as well as thio- and sele-

nourea adducts of TeX2 (X¼Cl, Br, I, SCN, SeCN),185–187 and

an adduct of (mes)2Te with two molecules of (mes)TeI (see

Figure 38).188

The (REX)4 (E¼Se, Te) tetramer, which is exemplified by

(PhTeI)4 in Figure 38(a), is formed in the halogenation reac-

tion of PhEEPh.179–182 The close Se� � �Se and Te� � �Te contacts

of the four-membered rings in (PhEX)4 can be considered to be

due to secondary bonding p2!s*(E–I) interactions. The ap-

proximate average bond orders of 0.38 and 0.57 can be esti-

mated for the Se4
179,180 and Te4

181,182 rings, respectively, based

on the interatomic distances and Pauling’s equation.117 Inter-

estingly, the reaction of PhSeSePh with I2 did not afford the

(PhSeI)4 tetramer, but a dimeric charge-transfer complex

Ph2Se2�I2:189

Ph

Ph
Ph

Ph

Se Se
SeSe

In addition to electrically neutral molecules, main group

chalcogen–halogen species can also form ions. Selenium– and

tellurium–halogen cations have been discussed above (see

Sections 1.07.3.2.2 and 1.07.3.2.3). Some related cations

with ions containing organic groups have been presented in

Figure 39.

The formation of extended selenium–halogen anions has

recently been reported, as exemplified in Figure 40.

The anion shown in Figure 40(a) can be conceived to be

composed of [Se2Br6]
2� anions that are linked into a continuous

chain by two Se2Br2 molecules involving secondary bonding

interactions.193 Similarly, in (Me4N)4[Se3Br8]2�2SeBr2�2Se2Br2,
two [Se3Br8]

2� anions are linked into dimers by secondary

bonding interactions involving two Se2Br2 molecules (see

Figure 40(b)).194 The weak Br� � �Br and Se� � �Br interactions

involving SeBr2 join the dimers into continuous chains.

The information for organic polytellurium ions is sparser

than that for organic polyselenium ions. One-electron oxida-

tion of dialkyl ditellurides can be carried out with nitrosyl

trifluoromethyl sulfonate (NO)(O3SCF3).
195 The radical

(RTe)2�þ cations thus formed dimerize to form rectangular

(RTe)4
2þ (see Figure 41(a)). Dialkyl diselenides can also be

oxidized in a similar fashion.

The long Te���Te contact of 3.284 Å in (EtTe)4
2þ is due to

p*–p* interaction.195 Consequently, the Te–Te bond of

2.653 Å in the (RTe)2�þ fragment is shorter than the single

bond. The Te–Te bond in the {(tBu3P)2Te3}
þ cation is also

slightly shorter than the single bond (see Figure 41(b)).196 By

contrast, the P–Te bond is weak. Kuhn et al.196 have deduced

that the bonding is best described as tri(tert-butyl)phosphane

coordinated to a Te3
2þ cation.

{[(mes)2Te]2Te(mes)}[SbF6] (see Figure 41(c)) has been

obtained by the reaction of {(mes)2TeTe(mes)}[SbF6] with

(mes)2Te (mes¼mesityl, 2,4,6-Me3(C6H2)).
197 The two elon-

gated Te–Te bonds of 2.979 and 3.049 Å in the R2Te–Te(R)–

TeR2
þ cation can be understood in terms of the 3c–4e bonding.

Alternatively, the central tellurium of the cation can be

(a) (b) (c)

Figure 39 The structures of the cations in (a) (Se6Ph2)[AsF6]2�SO2,
190 (b) {C6H4(SeCl)}2(Se2Cl)[SbCl6]MeCN,191 and (c) {(C6H5)2(C10H6)Se2Br}

(Br3).
192 Selenium atoms are depicted in red, chlorine in bright green, bromine in dark green, and carbon in dark gray.

(a)

(b)

Figure 40 Structures of some extended polyselenium–halogen anions
from the crystal structures of (a) (Ph4P)2[Se2Br4]�2Se2Br2193 and (b)
(Me4N)4[Se3Br8]2�2SeBr2�2Se2Br2.194 Selenium atoms are depicted in
red and bromine in dark green.
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considered as a five-electron pair AX3E2 system with a trigonal

bipyramidal arrangement of electron pairs. The two long Te–Te

bonds are in the axial positions.

Recently, the preparation and crystal structures of several

species containing the tritelluride anion {RTeTe(R)TeR}� have
been reported (see Figure 42).198–200 Like in the case of the

{R2TeTe(R)TeR2}
þ cation, the axial Te–Te bonds form a 3c–4e

system. Consequently, the axial Te–Te bonds of 
3.0 Å are

rather long.

1.07.4.2 Group 15 Polyselenides and -tellurides

While selenium–nitrogen and tellurium–nitrogen chemistry is

not as developed or as extensive as sulfur–nitrogen chemistry

(see Chapter 1.06), they have seen rapid progress over the last

decades (for recent detailed reviews on chalcogen–nitrogen

chemistry, see Chivers, 2005,10 Martin and Ragogna, 2011,201

and Chivers et al., 2007202). Some typical compounds contain-

ing catenated Se–Se bonds are shown in Figure 43.

Dipiperidino tetraselane (Figure 43(a)) and dimorpholino

tetraselane have been prepared by heating black selenium

powder with piperidine or morpholine in the presence of

Pb3O4.
203 The Se–Se bond lengths imply normal single

bonds and all Se–Se torsional angles are near 90� (76.4–88.5�).
Cyclic selenium imide derivatives have been prepared

from (Me3Si)(
tBu)NLi. Its reaction with Se2Cl2 affords

Se6(N
tBu)2 (see Figure 43(b)) 204 and that with SeOCl2

yields Se9(N
tBu)6 (Figure 43(c)).204 The latter species was

later prepared in better yields by treatment of tBuNH2 with

an equimolar mixture of elemental selenium and selenium

tetrachloride.205 The reaction of (Me3Si)(
tBu)NLi and SeCl4

results in the formation of Se3(N
tBu)2.

209 It was identified

only by NMR spectroscopy, but the related Se3(NAd)2
(Ad¼adamantyl) has been obtained as a crystalline solid by

the reaction of AdNH2 and SeCl2, and its crystal structure

could be determined (Figure 43(d)).205

The Se–Se bond lengths of 2.331–2.333 Å and the torsional

angle of 73.6–99.5� in the cyclic imide derivatives Se6(N
tBu)2

and Se9(N
tBu)6

204 indicate single bonds. The Se–Se bond of

2.404 Å in Se3(NAd)2
205 is somewhat longer due to a smaller

torsional angle of 46.7�.
The Se2N2CH dimer has been prepared from 1,3,5-triazine

according to Scheme 4.206

In the solid state, the dimer (HCN2Se2)2 is diamagnetic,

with a residual spin density of 0.01%. The material exhibits

three orders of magnitude higher single-crystal conductivity

than the other monofunctional selenium-based radical

dimers.210

Se(NSO)2 is a versatile reagent for a number of chalcogen–

nitrogen species, as shown in Scheme 5.207,211 It can be pre-

pared by the reaction of Me3SiNSO and Se2Cl2.

With the reaction of POCl3, Se(NSO)2 yields molecular

SeCl2(SeNSN) (see Figure 43(g)). With MF5 in SO2(l) solution

followed by the reaction with Cl2, the ionic isomer {SeCl

(SeNSN)}Cl is formed (see Figure 43(f)).207

The product distribution in the reaction of {(Me3Si)2 N}2S

and SeCl4 depends on the reaction conditions. In carbon

disulfide at �70 �C, only 1,5-Se2S2N4 is formed,212 but at

ambient temperature in either CS2 or dichloromethane, the

reaction affords 
75% 1,5-Se2S2N4 and 25% [(Se2SN2)Cl]2,

and in dioxane at 50 �C, the product mixture is reversed con-

taining 
70% [(Se2SN2)Cl]2 and 30% 1,5-Se2S2N4.
208 This is

consistent with the proposal of Haas et al.207 that 1,5-Se2S2N4

is an intermediate in the formation of the Se2SN2 ring upon

treatment of Se(NSO)2 with Lewis acids (see Scheme 5).207

Catenated tellurium–nitrogen species are very rare.

TeCl2(TeNSN) is analogous to the corresponding selenium

compound.213 It can be converted to a {ClTe(TeNSN)}þ

cation by the reaction with AsF5 (see Scheme 6). Another

example is (Te2S2N4)[AsF6] that contains a cyclic cation with

a transannular TeTe single bond.214

(a) (b)

(c)

Figure 41 Structure of (a) (EtTe)4
2þ in (EtTe)4(O3SCF3),

195 (b) (tBu3P)2Te3
þ in {(tBu3P)2Te3}[SbF6],

196 and (c) [(mes)2Te]2Te(mes)}þ in
{[(mes)2Te]2Te(mes)}[SbF6]�CH2Cl2.

197 Tellurium atoms are depicted in orange, phosphorus in dark brown, and carbon in dark gray.

(a) (b)

Figure 42 The structure of (a) {(PhTe)2TePh}
�198,199 and (b)

{(CF3Te)2TeCF3}
�.200 Tellurium atoms are depicted in orange, fluorine in

light green, and carbon in dark gray.
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Whereas several binary phosphorus, arsenic, antimony,

and bismuth selenides and tellurides are known, only P2Se5
contains chalcogen–chalcogen bonds (see Figure 44(a)).215

A number of phosphoryl polyselenides and -tellurides have

been prepared and characterized. The metrical parameters of

the chalcogen–chalcogen bonds indicate strainless single

bonds (see Figure 44(b) and 44(c)).

(PhPSe)2Se2, the so-called Woollins’ reagent,218 has proved

to be a useful synthon in the development of macrocyclic

organoselenium chemistry.219 Structures of some typical exam-

ples are shown in Figure 45.

The diselenides shown in Figure 45 are prepared by treating

the Woollins’ reagent with a diol that yields bis(diselenopho-

sphonic) acids quantitatively. The reaction with primary alkyl

(a)

(b) (c)

(d)

(f) (g) (h)

(e)

Figure 43 Some typical selenium–nitrogen compounds containing Se–Se bonds. (a) Se4(NC5H10)2.
203 (b) Se6(N

tBu)2.
204 (c) Se9(N

tBu)6.
204

(d) Se3(NAd)2 (Ad ¼ adamantyl).205 (e) Se2N2CH dimer.206 (f) {SeCl(SeNSN)}Cl.207 (g) SeCl2(SeNSN).
207 (h) (SN2Se2Cl)2.

208 Selenium atoms are
depicted in red, sulfur in yellow, nitrogen in light blue, chlorine in green, and carbon in dark gray.

Se
N

+

N

H

Se Se

Se

Se

Se

Se

SeLiN(SiMe3)2

Me3SiCI

NSiMe3

N(SiMe3)2
2 SeCI2

-3 Me3SiCI
CI–

1/2 Ph3Sb
1/2H

H

H

N

N

N

N
N

N

N

N

N

H

Scheme 4 The preparation of the Se2N2CH dimer from 1,3,5-triazine.
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amines converts them into alkylammonium salts. The oxida-

tion with I2/KI affords the macrocyclic diselenides (see

Scheme 7), the structures of which are shown in Figure 45.

Dichalcogenoimidodiphosphinates (EPR2NPR2E)
� (E¼S,

Se, Te; R¼ iPr, tBu) have been shown to be versatile reactants

for the preparation of new types of catenated selenium and

tellurium species.221,222 While the sulfur- and selenium-

containing anions can be prepared by the deprotonation of

EPR2N(H)PR2E, which is obtained by prolonged reflux of

(R2P)2NH with elemental sulfur or selenium in toluene, the

related tellurium-containing anions are best obtained as so-

dium salts from Na{R2PNPR2} and elemental tellurium in hot

toluene containing tetramethylethylenediamine (TMEDA).

This procedure has recently been extended also for the lighter

congeners of tellurium.222 One-electron oxidation of the so-

dium salts by iodine in THF affords unprecedented molecular

dimers (see Scheme 8):

The molecular structures of (EPR2NPR2E)2 (E¼S, Se, Te;

R¼ iPr, tBu) dimers are shown in Figure 46. The formal

chalcogen–chalcogen bond between themonomers is elongated

Dimerization

M = As, Sb, Nb

Se(NSO)2
MF5

SbCI5

CI2

+

–SO2

Dimerization

Oxidation
Se

Se

Se

Se
Se

Se

Se

SeCI

Se
Se

+•

+

Se

S

S
S

S

S

S S S

N

NN

N

N

N

N 2+

N
N

NN

N N N N N N N

Se Se Se

Scheme 5 Preparation of cyclic chalcogen–nitrogen species from Se(NSO)2.

NN

N

N

AsF6

N
N

S
S

2 Ph3Sb 3/2 AsF5

–1/2 AsF3 –1/2 CI2 –2 Ph3SbCI2
S

Te

Te

Te

Te

TeTe

Cl

Cl

Cl Cl

Cl Cl

ClCl

Cl

–
+

Scheme 6 The conversion of TeCl2(TeNSN) to a {ClTe(TeNSN)}þ cation by treatment with Ph3Sb and AsF5.

(a) (b) (c)

Figure 44 Molecular structures of (a) P2Se5,
215 (b) {(Ph3C)P(O)(OH)}2Se2,

216 and (c) {(EtO)2P(Se)}2Se3.
217 Selenium atoms are depicted in red,

oxygen in dark blue, phosphorus in light blue, and carbon in dark gray.

(a) (b) (c)

Figure 45 Molecular structures of {Ph(Se)P}2{m-O2(CH2)n}(m-Se2). (a) n¼ 2, (b) n¼ 3, and (c) n¼ 4.220 Selenium atoms are depicted in red, oxygen in
dark blue, phosphorus in light blue, and carbon in dark gray.
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from the corresponding single bond in each molecule shown in

Figure 46(a)–46(d). The elongation increases in the order S–S

(2%)<Se–Se (6%)<Te–Te (8%).222 These elongations corre-

spond to the respective Pauling bond orders of 0.97, 0.84,

and 0.75. The opposite trend in the interactions between the

terminal chalcogen–chalcogen bonds is observed. In the case

of (SPtBu2NPtBu2S)2 (Figure 46(c)), the terminal S� � �S

distance is 5.182 Å222 indicating no interaction. The observed

bond elongation of the middle S–S bond (2.104 Å) is probably

only due to the p lone-pair repulsion as a consequence of the

PSSP torsional angle of 180�.223 The selenium and tellurium

dimers (Figure 46(a), 46(b), and 46(d)) show Pauling bond

orders in the terminal chalcogen–chalcogen interactions of

0.24 and 0.36, respectively, corresponding to the respective

Se

SeH HSe

BuNH2

Se

Se

Se

Se

Se

Se

Se Se
Se

Ph Ph

PhPh

Ph

P

P P

P
PP

P P

Ph
HO(CH2)nOH

Se Se

Ph Ph

O

O O

(CH2)n

(CH2)n

(BuNH3
+)2

I2/KI

(CH2)n
OOO

Se– –Se

Scheme 7 Macrocyclic diselenides from Woollins’ reagent.

+ 2 NaI + 2 TMEDA

N
N

N

E

R
2
P

R
2
P

R
2
P

PR
2PR

2

PR
2

E
EEE

2

Na
(TMEDA)

E

THF

−78 �C
+  I2

Scheme 8 One electron oxidation of Na(TMDEA){EPR2NPR2E} by iodine to form novel (EPR2NPR2E)2 (E¼S, Se, Te).

(a)

(c) (d) (e)

(b)

Figure 46 Molecular structures of (a) (SeiiPr2N
iPr2Se)2,

222 (b) (TePiPr2NP
iPr2Te)2,

224 (c) (SPtBu2NP
tBu2S)2,

222 (d) (SePtBu2NP
tBu2Se)2,

222 and (e)
the contact ion pair {TePtBu2)2N

þ}{(TePtBu2)2N
�}.222 Selenium atoms are depicted in red, tellurium in orange, sulfur in yellow, phosphorus in light blue,

nitrogen in turquoise, and carbon in dark gray.
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distances of 3.329–3.355 and 3.464 Å.222 In these two cases,

all three chalcogen–chalcogen distances can be explained

by the interaction between two (EPR2NPR2Te)� SOMOs,

as exemplified in Figure 47 by the model dimer

(TeiPr2NPiPr2Te)2.
224,225

The MO formed by the two SOMOs is bonding with respect

to the middle bond but antibonding with respect to the termi-

nal bonds. The interaction between the monomers is expected

to be weaker for the tellurium dimer than for the selenium

dimer.224 As the overlap between the SOMOs increases, the

middle E–E bond strengthens and the terminal interactions

become weaker. This is consistent with the observed intera-

tomic distances. The middle chalcogen–chalcogen bond shows

a higher bond order in the selenium dimer than in the tellu-

rium dimer. Conversely, the order of the terminal interactions

is higher in the tellurium dimer than in the selenium dimer.

The DFT computations of Chivers et al.224 yield the

value of �80 kJ mol�1 for the energy of dimerization of

(TeMe2PNPMe2Te), which is clearly lower than the bond en-

ergy of the Te–Te bond of 138 kJ mol�1.118 This is in qualita-

tive agreement with the estimated bond order of 0.75.

The geometry optimization of (TePtBu2NPtBu2Te)2
predicts the middle Te–Te bond to be longer than in

(TePiPr2NPiPr2Te)2.
224 In agreement with this observation,

the repetition of the preparation shown in Scheme 8 by

using [{(PtBu2Te)2}(TMEDA)Na] instead of the isopropyl an-

alog did not result in the formation of the dimer, but a contact

ion pair involving the {(TePtBu2)2N}þ cation and

{(TePtBu2)2N}� anion (see Figure 46(e)).222 Another route

was later designed to prepare similar contact ion salts for other

dichalcogenoimidodiphosphinates (see Scheme 9).226

1.07.4.3 Group 14 Polyselenides and -tellurides

A large number of organic di- and triselenides and tellurides

are known. The Cambridge Crystallographic Database227

shows 147 and 14 entries for open-chain di- and triselenides,

Figure 47 The bonding interaction between two {TePiPr2NP
iPr2Te}

SOMOs. 221,224,225Reproduced with permission from Chivers, T.;
Konu, J., in Woollins, J. D.; Laitinen, R. S., Eds.; Selenium and Tellurium
Chemistry. From Small Molecules to Biomolecules and Materials,
Springer: Heidelberg, Dordrecht, London, New York, 2011, pp. 79–102.
Copyright 2011 Springer.
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respectively, with organic substituents of varying complexity.

In the case of related di- and tritellurides, there are 51 and 4

entries in the database, respectively. Both the Se–Se and Te–Te

bonds in most compounds show quite normal single bond

values with the torsional angle near 90�, as shown in Figure 48.

However, there are a few species in which the torsional angle is

near to or equal to 180�. In all these cases, the organic substit-

uent is bulky and in many cases also electron withdrawing.

However, no systematic factors could be inferred.

In addition to acyclic di- and trichalcogenides, also cyclic

organic species have been prepared and characterized.227 Their

chalcogen–chalcogen bond parameters are in close agreement

with those of dichalcogenides. Some examples are shown in

Figure 49.

The molecular structure of Se6 {C¼C(NEt2)2}2 resembles

that of Se6(N
tBu)2

205 (see Figure 43(b)). The compound is

prepared from (Et2N)2C¼CHCl by refluxing with gray selenium

in benzene for 5 h. The compound was reported to be a conve-

nient reagent in an analogous manner to (Et2N)2C¼CS2.
228

C5H5O(OAc)3Se4 was obtained as a main product from

mannose by treatment with (Et4N)2WSe2.
229 It is the first

tetraselenide in which the Se4 fragment forms a cyclic

(a) (b)

(c)

(d)

Figure 49 Cyclic organic polyselenides and tellurides: (a) Se6{C=C(NEt2)2}2,
228 (b) C5H5O(OAc)3Se4,

229 (c) {Se5C(Se)COMe}� anion,230 and
(d) {(Ph3Te)(TeC6H4Me)}2.

231 Selenium atoms are depicted in red, tellurium in orange, oxygen in dark blue, nitrogen in turquoise, and carbon in
dark gray.

(a) (b)

(c) (d)

Figure 50 Crystal structures of (a) one molecule in the disordered crystal structure of {(Me3Si)3CSi}2(m-Se)2(m-Se2),
234 (b) {(C5Me5)2Si}2(m-Te)

(m-Te2),
235 (c) {[(Me3Si)2C]3C6H2}(Me3C6H2)GeSe4,

236 and (d) {(iPr3C6H2)2Ge}2(m-Te2)2.
237 selenium atoms are depicted in red, tellurium in orange,

silicon in olive green, germanium in light blue, and carbon in gray.
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arrangement with the carbon backbone. The reaction of K2CO3

with red selenium in acetone in the presence of {(Ph3P)2 N}Cl

at 23 �C afforded an ionic product {(Ph3P)2N}{Se5C(Se)

COMe} (see Figure 49(c)).230 The anion shows two short

contacts of 2.942 and 2.955 Å between the exocyclic selenium

atom and the geminal endocyclic selenium atoms.

The triphenyltelluronium cation forms ion pairs with

the arylchalcogenolate anions resulting in cyclic

arrangements.231,232 {(Ph3Te)(TeC6H4R)}2 (R¼Me, OMe)231

(see Figure 49(d)) contains four-membered Te4 rings with

the Te� � �Te distances ranging 3.380–3.596 Å and {(Ph3Te)

(SC6H4Cl)}4
232 consists of an eight-membered Te4S4 ring

with contacts ranging 3.024–3.639 Å.

The information on polyselenium and polytellurium spe-

cies with heavier group 14 elements is much sparser than on

those of carbon. Kückmann et al.233 have reported the prepa-

ration and structure of acyclic tBu2RSiE–ESiR
tBu2 (E¼Se, Te;

R¼ tBu, Ph) from Na(ESiRtBu2). The molecular structures of

the four dichalcogenides are analogous to those in organic

diselenides and ditellurides. Both the Se–Se and Te–Te bonds

(a)

(d)

(b) (c)

Figure 51 Polychalcogenidotin and -lead complexes: (a) [Sn(Se4)3]
2�,244 (b) [Sn(Se4)(Se6)2]

2�,245 and (c) [Pb(Se4)2]
2�.244 (d) The extended anionic

network involving GeTe2, Te8
4�, and TeTe4

6�.243 Selenium atoms are depicted in red, tellurium in orange, tin and lead in gray, and germanium in
light blue.

(b)

(c)
(a)

Figure 52 The structure of (a) [In2(Se4)4(Se5)]
4�,246,247 (b) [In2(Se)2(Se4)]

2�,247 and (c) [In3(Se)3(Se4)3]
3�.247 Selenium atoms are depicted in red

and indium in gray.

(b)

(a)

Figure 53 (a) The structure of polymeric [In2(Se)3(Se2)]
2- anion.249 (b)

The structure of Tl2[{(SPh2P)2C}2Se2].
250 Selenium atoms are depicted in

red, sulfur in yellow, indium in gray, phosphorus in light blue, thallium in
light gray, and carbon in gray.
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show approximate single bond lengths (2.368–2.390 and

2.724–2.740 Å, respectively). The torsional angle about the

chalcogen–chalcogen bond is 180� in each molecule.

A few ring and cage compounds have been reported for

silicon and germanium species containing diselenium and

ditellurium moieties, as shown in Figure 50.

{(Me3Si)3CSi}2(m-Se)2(m-Se2) and {[(Me3Si)2C]3C6H2}

(Me3C6H2)GeSe4 could be isolated in small amounts by the

reaction of (Me3Si)3CSiH2with elemental selenium.234 Similarly,

{[(Me3Si)2C]3C6H2}(Me3C6H2)GeSe4 was obtained by lithia-

tion of R2GeH2 or R2GeCl2 by tBuLi followed by the reaction

with selenium.236 Trialkylphosphane telluride was utilized as the

tellurium transfer reagent in the preparation of {(C5Me5)2Si}2
(m-Te)(m-Te2)

235 and {(iPr3C6H2)2Ge}2(m-Te2)2.
237

Tin and lead are metallic elements. In addition to dinuclear

species of the type shown in Figure 50 for silicon and germa-

nium,238–241 they form complexes with polychalcogenides and

extended anionic networks (see Figure 51), the formation,

structures, and utilization of which have been reviewed by

Sheldrick and Wachold with a special interest in the design of

nanoporous materials with tailored properties.242 Such ex-

tended phases can be exemplified by {[Ga(en)3]2(Ge2Te15)}n
that has recently been prepared by solvothermal methods.243

The single-crystal x-ray structure was interpreted in terms of

two interacting polytelluride anions: cross-shaped TeTe4
6� an-

ions and Te8
4� rings (see Figure 51(d)). The material was

found to be a p-type semiconductor at room temperature. It

switches to an n-type semiconductor at 380 K.243

1.07.4.4 Group 13 Polyselenides and -tellurides

The structural chemistry involving group 13 polychalcogenides

is centered on indium, although some gallium and thallium

species have also been reported. The reaction of Na2Se5 and

InCl3 in dimethylformamide in the presence of R4MX (R¼Ph,

Pr, Et; M¼P, N; X¼Cl, Br) afforded (R4M)4[In2(Se4)4(Se5)]

(b)

(a)

(c)

(d)

(e)

Figure 54 Polymeric In2Te6
2- anions from In2Te3 building blocks in (a)

(Ph4P)2[In2Te6],
252 (b) [Zn(en)3][In2Te6],

252 (c) a- and (d) b-
[Mo3(en)3(m2-Te2)3(m3-Te)(m2-O)][In2Te6],

252 (e) [Ga(en)3][In3Te7].
254

Tellurium atoms are depicted in orange and indium atoms in gray.
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Figure 55 Ligation modes of chalcogenido complexes of the transition metals. Adapted from Sheldrick, W. S., in Devillanova, F. A. (ed.), Handbook
of Chalcogen Chemistry, RSC Publishing: Cambridge 2007, pp. 543–573.
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(see Figure 52(a)) in good yields.246,247 The hydrothermal

reaction of InCl3 with Na2Se4 in the presence of R4MX and

water at 110 �C for 3 days yielded (R4M)2[InCl2(Se)2(Se4)2]

(see Figure 52(b)). When the molar ratio of InCl3 and Na2Se5
was changed to 1:2 and the reaction was carried out in aceto-

nitrile in the presence of Et4NBr, (Et4N)3[In3(Se)3(Se4)3] (see

Figure 52(c)) was formed. The reaction with thallium chloride

resulted in the formation of the analogous salt.247

The reaction of elemental gallium, indium, or thallium

with (Ph4P)2Se5 and an excess of elemental selenium in a

sealed, evacuated Pyrex tube at 200 �C yielded red crystals of

(Ph4P)[M(Se6)2] (M¼Ga, In, Tl), which exhibit an open lay-

ered framework.248 These compounds have congruent melting

points and transform into a glassy state upon cooling. The

materials recrystallize when subsequently reheated. The mate-

rials are also capable of ion-exchange reactions, which could

lead to the possibility for generation of microporous materials.

A hydrothermal reaction involving elemental indium, sele-

nium, and trans-1,4-diaminocyclohexane in water at 170 �C
for 10 days afford (C6H16N2)[In2(Se)3(Se2)], which contains

polymeric [In2(Se)3(Se2)]
2� chains (see Figure 53(a)).249 The

optical bandgap of (C6H16N2)[In2(Se)3(Se2)] was estimated to

be 2.23 eV at room temperature.

The metathetical reaction of [Li(TMEDA)]2[{(SPh2P)2C}2
Se2] and TlOEt at a low temperature cleanly affords

Tl2[{(SPh2P)2C}2Se2] in good yield.250 The molecular structure

is shown in Figure 53(b). The Se–Se bond length of 2.531 Å is

significantly longer than the single bond, but it is near the Se–Se

Table 5 Transition metal complexes involving polyselenido and tellurido ligands in their different ligation modes

Selenium Tellurium

Ligation mode Noa Central atom Noa Central atom
M En

6 Ag, Fe,Mo, Mn, Ti 3 Cr, Hg
M

M

E En 12 Ag, Fe, Mn, Mo, Ni, Re, Ru 5 Fe, Hg

M M

E EEn

44 Ag, Au, Co, Cu, Hf, Hg, Mn, Mo, Nb, Ni, Pd, Rer, Ru, Ti, V,
W, Y, Zr

28 Ag, Au, Co, Cr, Cu, Hg, Mn, Mo, Ni, Pt,
Rh, Ti, V, W

M

M

M

E EEn 22 Ag, Co, Cr, Cu, Fe, Hg, Mn, Pd, Re, Rh, Ru 18 Ag, Au, Cr, Cu, Hg, Zn

E EEn

M

M M

M

13 Co, Fe, Mn, Mo, Re 34 Ag, Cd, Co, Cr, Cu, Fe, Hg, Mn, Mo, Nb,
Ru, W

M

En

Em

86 Ag, Au, Cd, Cu, Fe, Hf, Hg, Ir, Mn, Mo, Ni, Os, Pd, Pt, Re, Ti,
V, W, Zn, Zr

20 Ag, Cd, Cr, Cu, Hg, Mo, Pd, W, Zn, Zr

M
E

E 31 Cr, Cu, Ir, Mo, Nb, Ni, Os, Pt, V, W 15 Fe, Mo, Ni, Ta, Ti, Zr

M M

E

E

53 Cr, Fe, Hf, La, Mn, Mo, Nb, Ni, Ru, V, W 17 Cu, Fe, Mo, Nb, Ni, Pd, Pt, W

M

ME

E
8 Fe, Ir, Mn, Mo, Pd, Rh 1 Nb, Cr

M

M

ME

E
2 Cr, Fe, Mn 2 Fe, Mn, Re

aNumber of complexes for which the crystal structure is known.

Data according to CSD, version 5.32, Cambridge Crystallographic Data Center 2011.
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bond of 2.508 Å observed in [Li(TMEDA)]2[{(SPh2P)2C}2
Se2].

251 Their respective Pauling bond orders of 0.76 and 0.79

are close to the value 0.84 calculated for the bond order of the

Se–Se bond in (SePR2NPR2Se)2 with the observed elongation of

6%.222 This is consistent with the conclusion that the long Se–Se

bond is a consequence of the dimerization of the (SPh2P)2CSe
��

radical anion.250

The few known polymeric telluroindates have been pre-

pared by solvothermal reactions.252–255 The polymeric anions

all have a formal composition In2Te6
2�, they are all composed

of similar cyclic five-membered TeInTeTeInTe building blocks,

but their overall structures differ considerably, as shown in

Figure 54.

The interest in anionic indium or thallium networks comes

from their thermal behavior. Thermogravimetry and differential

scanning calorimetry studies have shown that they may provide

a low-temperature route to binary chalcogenides of catalytic and

electronic importance and therefore they may prove to be suit-

able precursors for fabrication of thin films.247,248

1.07.5 Transition Metal Complexes

Both anionic and molecular polyselenides and tellurides can

coordinate to both hard and soft transition metal centers and

they form complexes with most transition metals. They are

flexible ligands and show terminal, side-on, bridging, and che-

lating coordination and can therefore be involved in a large

number of mononuclear and polynuclear complexes.15–17,146

The ligation modes are shown in Figure 55 and a summary of

polyselenido and tellurido complexes for which crystal struc-

tures are known is shown in Table 5.

Some recent examples of the structures of the complexes are

shown in Figure 56.

All bond parameters of chalcogen–chalcogen bonds in the

chelating and bridging ligands (see Figure 56(b) and 56(c))

indicate normal single bonds. By contrast, the E2
2� (E¼Se, Te)

ligands that are coordinated side-on show bond lengths that

are somewhat shorter than single bonds (the Se–Se bonds are

in the range 2.314–2.336 Å in the complex in Figure 56(a) and

the Te–Te bonds span the range of 2.696–2.699 Å in the com-

plex in Figure 56(e)). The side-on donation involves the anti-

bonding p* orbital of the chalcogen–chalcogen bond and the

coordination therefore strengthens the bond in question.

1.07.6 Conclusion

Catenation, that is, the tendency to form compounds containing

cumulated chalcogen–chalcogen bonds, is a characteristic fea-

ture for group 16 elements sulfur, selenium, and tellurium. They

all exhibit a large number of both cyclic and acyclic homo- and

heterochalcogen molecules and ions. Many main group and

transition metal compounds and ions also contain polychalco-

gen fragments. The structural chemistry of sulfur and polysul-

fides is particularly extensive, but while information of

polyselenium and -tellurium chemistry is much sparser, recent

years have seen rapid progress also in this area of chemistry.

The bonding, the geometrical features, and the intermole-

cular interactions can be described in terms of np2–np2 inter-

actions, hyperconjugative np2–s* interactions, and p*–p*
interactions. The significance of the latter two interactions in-

creases when going down group 16, and they play a major role

in the so-called secondary bonding interactions. They also

explain why the structures and properties of selenium and

tellurium species differ from those of sulfur.

Binary chalcogenides are promising materials in many

electronic devices. Active research interest is currently being

(b)

(a)

(c)

(e)

(d)

Figure 56 (a) (m3-Selenido)-tris(m-diselenido)-tris(O,O’-di-isopropyldiselenophosphato)-trimolybdenum-O,O’-diisopropyldiselenophosphate,256

(b) bis(Z5-pentamethylcyclopentadienyl)tetraselenidomolybdenum,257 (c) catena-{(m-tris(2-aminoethyl)amine)-(m-hexaselenido)dimanganese(ii)},258

(d) bis(Z5-pentamethylcyclopentadienyl) ditelluridomolybdenum,257 and (e) (m3-ditellurido)-bis{N,N’-bis(2,6-diisopropylphenyl)pent-2-en-2-amino-4-
imino}dinickel.259 Selenium atoms are depicted in red, tellurium in orange, oxygen in dark blue, phosphorus in light blue, nitrogen in turquoise, carbon
atoms in dark gray, and metal atoms in light gray.

228 Catenated Compounds – Group 16 (Se, Te)

Comprehensive Inorganic Chemistry II : From Elements to Applications, Elsevier, 2013. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/inflibnet-ebooks/detail.action?docID=1330977.
Created from inflibnet-ebooks on 2021-02-09 22:25:55.

C
op

yr
ig

ht
 ©

 2
01

3.
 E

ls
ev

ie
r.

 A
ll 

rig
ht

s 
re

se
rv

ed
.



directed into synthesis and characterization of novel nonme-

tallic polychalcogen compounds, as well as toward transition

metal complexes containing polychalcogenido ligands. The

objective is to use these compounds as single-source precursors

for the generation of thin films for electronic applications.

Many polychalcogen compounds also find utility in organic

and inorganic synthetic chemistry. The advances in selenium

and tellurium chemistry benefit both fundamental and applied

research.
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1.08.1 Introduction

The concept of catenation can be traced to organic chemistry,

which essentially is based on the ability of the element carbon

to make strong carbon–carbon bonds. Catenation originates

from the Greek word for chain, and through its origin from

organic chemistry it also implicates that the chains are formed

through covalent bonds between the elements involved. This is

certainly a characteristic of the organic C–C chains, but it is not

so obvious for polyhalides, which will be discussed later. Al-

though carbon chemistry is the most prolific example, catena-

tion is an inherent property of many of the p-block elements.

For instance, the lighter pnictogens form tetrahedral P4 and As4
molecules and various polymers, sulfur forms ring-shaped

S8 molecules and polymeric species, the chemistry of selenium

and tellurium contains many examples of chain structures,1

etc. Interestingly enough, the tendency to catenation appears to

decrease down the groups 14–16, but for the group 17, the

halogens, the tendency is the opposite. The reasons can be

understood on the basis of the different type of chemical

bonding, which will be discussed later in this overview.

There are a few comprehensive reviews on polyiodides in

the literature, of which one is fairly recent.2–5 These reviews

offer a rather complete overview of the literature and focus on

the aspect of structural chemistry. The objective of the present

overview is not to ‘top up’ on published work since 2003;

rather, the objective is to use the vast body of information to

highlight the fundamental properties of polyiodides in partic-

ular and polyhalides in general. The chapter also aims to

identify some recent directions of research and some important

applications of polyhalides. The polyhalides included in this

work are essentially negatively charged. Also positively charged

polyhalogen species exist, but that is a much smaller, less

active, and recently reviewed area of research.4 Therefore,

such species are not included in this overview.

1.08.2 The Triiodide Ion

Formally, the group 17 concatenation starts with the well-

known X2 molecules. However, these are thoroughly handled

by all textbooks on fundamental, descriptive inorganic chemis-

try, and consequently we will regard the trihalides as the lowest

representatives of concatenated polyhalides. The most exten-

sively studied trihalide is the triiodide ion, I3
�. Several hundreds

of crystal structures are known. In 2003, we obtained about 500

crystalline triiodide compounds in a search of the Cambridge

Structural Database, and since then another 50 or so have been

added to the list. Very little new is learned from the additional

structures, and the most exciting insights and applications

emerge from low-dimensional structures of interacting triiodide

ion (vide infra). Most likely, most of the triiodide compounds

have emerged by accident, in the line of chemical synthesis of

completely different molecular targets, often through reactions

involving the oxidation by iodine.

In Figure 1, the typical structures of a triiodide ion are

shown. If interacting weakly with the surrounding ions or

molecules, a centrosymmetric structure is normally observed.

Upon stronger interaction with cations or, in particular,

hydrogen-bonding components of the compounds, the triio-

dide is most commonly linearly distorted. However, a few

features of the new triiodide structures deserve some attention.
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For instance, in the structures of tetrahydrothiophene deriva-

tives, pairs of triiodides interacting at a fairly long distance of

3.79 Å can be observed.7 These may be regarded as dimer

models of long-chain triiodide structures. Reis and coworkers

isolated two closely placed (at 3.63 Å) triiodide ions in a host–

guest structure and asked the question whether they were

packed so closely by the host or were directly interacting.8

Their conclusion was that the triiodide ions indeed are inter-

acting, and at an unusually short intermolecular distance.

Chains of triiodide ions are for instance found in quinoline

derivatives with the shortest intermolecular I–I distance of

3.80 Å,9,10 as a side product in the chemistry of bispyridyls

with a distance of 3.69 Å.11 Model systems for the very old

application of iodine/iodide-containing solutions, starch tint-

ing, still offer new insights. In the isolation of a helical sugar,

Saenger and coworkers found triiodides in the channels at as

short intermolecular distances as 3.66 Å.12 It is also notable

that it is not uncommon that double salts of iodide and triio-

dides with the same cation are formed.13–16 Such compounds

can be quite stable, and, as discussed in the section on appli-

cations, can constitute a problem because of low solubility.17

An interesting case of polymorphism was discussed by Dance

and coworkers showing that crystallization from different sol-

vents in a reproducible way may give different crystal forms of

a phosphonium triiodide compound.18

The chains of triiodide ions may be regarded as a link to

applications. Such compounds are special in the sense that they

do not fit into the simple coordination chemistry model of

iodine solvation of ions described for the polyiodides below.

Instead, the triiodide ions tend to interact end-on along chains

at fairly long distances, typically around 4 Å. A few examples are

givenbelow, and considering the applications noted at the endof

this chapter, it is notable that the stacking, structural confine-

ment, of triiodide ions is a unique and important phenomenon

in polyiodide chemistry. Lu and coworkers reported two-

dimensional sheets of triiodide ions, albeit the inter-triiodide

distances appear rather long.19 A crystal engineering approach

afforded chains of triiodides using long-chain diammonium

cations.20 The inter-triiodide contacts observed are 4.13–4.17 Å.

Using a substituted tetrathiafulvalene, an anisotropic organic

metal was formed, containing both stacked fulvalene molecules

and chains of triiodide ions along the plane of stacking.21 The

inter-triiodide distances found are around 3.90 Å.

In the crystalline solids, the triiodide ion most typically

exists in two forms: either linear and centrosymmetric or

non-centrosymmetric (Figure 1). Most commonly, the triio-

dide ion is slightly linearly distorted. One very important factor

controlling the level of distortion is cation coordination. A

cation is often found in the position indicated in Figure 1

(right). The degree of polarization determines the degree of

distortion. In addition, in solution, most notably for strongly

donating solvents, similar effects can be observed, in particu-

lar, when the solvent molecules interact with the triiodide ion

via hydrogen bonding. The strongly polarized hydrogen atom

as donor can be regarded as mimicking the effect of a cation.

The reason for this facile linear distortion is the extremely

low energy required; see Figure 2, in which the flat one-

dimensional potential energy surfaces are shown for a centro-

symmetric and non-centrosymmetric triiodide ion. In contrast,

angular distortions are much more rarely observed in solid

structures, since the energy required for bending distortions is

considerably higher. This difference can be traced to the s-type
of bonding involving the valence p-orbitals, as discussed below.

The extremely low energy required to pull the terminal io-

dine atom far away from the remaining I2 unit can directly be

connected to the special form of electrical conductivity observed

in many polyiodide compounds – the Grotthuss mechanism of

conductivity.22 Initially, the mechanism was used to explain the

conductivity properties of water through hopping protons. It is

equally well applied to polyiodides, where the hopping units

instead are the iodide ions. This phenomenon is discussed in

more detail later and in the light of polyiodide bonding.

In the ideal case, the linear and centrosymmetric triiodide

ion has D1h symmetry. The consequence in terms of group
Figure 1 A centrosymmetric and a non-centrosymmetric triiodide ion,
the latter with a cation coordinated. Data taken from Svensson and Kloo.6

r2 (Å)
r1 (Å)

r2 (Å)
r1 (Å)

4
0

0.5

1

1.5

E
ne

rg
y 

(e
V

)

2

2.5

0

0.5

1

1.5

E
ne

rg
y 

(e
V

)

2

2.5

3.5

3

2.5 2.5
3

3.5

4

4

3.5

3

2.5 2.5

3

3.5

4

Figure 2 Potential energy surfaces of linear distortion of the triiodide ion for the centrosymmetric and non-centrosymmetric configurations. Data taken
from Svensson and Kloo.6
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theory is that it exhibits four normal vibration modes: the

symmetrical stretch (Sg
þ symmetry, n1), the asymmetrical

stretch (Su
þ symmetry, n3), and the doubly degenerate bending

modes (Pu symmetry, n2). The combination of comparatively

weak I–I bonding (bond order of 0.5), extremely flat potential

energy surface of linear distortion, and the high atom mass of

iodine make the frequencies of the vibration modes quite low.

This of course has some consequences. First, the vibrational

modes are not readily observable using a standard experimen-

tal setup for infrared (IR) spectroscopy with a typical cutoff

at about 200 or 400 cm�1. One needs optics (primarily IR

source, beamsplitter, and detector) for far-IR spectroscopy.

Second, because of the low energy of vibrational excitation,

one should be aware that all modes typically are highly excited

at ambient temperatures. Since excitation of vibrational modes

affects the vibrational amplitudes, this again has implications

for the shape of the potential energy surface and, as a conse-

quence, also the Grotthuss mechanism of conductivity men-

tioned above. The technical challenges together with the fact

that the triiodide modes of vibration render small changes in

the molecular dipole moment typically give rather weak and

broad bands in IR spectra. IR spectroscopy is a feasible but not

optimal technique for the study of triiodide and polyiodide

compounds. Instead, the large polarizability of the triiodide

ion makes it highly suitable for Raman spectroscopic studies.

Typically, the vibrational bands, allowed by symmetry, come

out very strongly and one can obtain excellent Raman spectra

even at very low concentrations in solution. However, surface-

absorbed triiodide or polyiodide species still require an extra

boost in sensitivity, such as from Raman-enhanced spectros-

copy, to be detectable. The characteristics of the triiodide

vibrational modes are shown in Table 1.

In the ideal state, only the symmetrical stretch mode will be

observed in a Raman spectrum of a triiodide compound or

solution. However, many factors can disturb the ideal local

symmetry. Such factors involve the formation of higher poly-

iodides in solution, the coordination of cations, or solvation by

strongly donating solvents. In such cases, the formally Raman-

forbidden vibrational modes will also appear in the Raman

spectra, sometimes together with extra features from loosely

bound I2 units. The two types of triiodide Raman spectra are

shown in Figure 3. The very simple and easily interpreted

Raman spectra can become complex very quickly and make

interpretation far from nonambiguous. Nevertheless, Raman

spectroscopy is one of the most informative experimental tech-

niques available for the study of polyiodide chemistry.

In this context, it is appropriate to mention two other related

phenomena concerning triiodide chemistry. As noted above,

from the structural and spectroscopic properties, the expected

chemical dissociation of a triiodide ion is into I� and I2 frag-

ments. This has one important implication: I� as donor to I2 is

readily exposed to competition. Thus, many donors can out-

compete I� if present in sufficient concentration. Typical com-

petitors involve other halide anions, –N, –P, or –S functionalities

of various molecules, and chemistry is full of compounds con-

taining –X–I–I units.23 A practical example, where this can be-

come a problem, can be taken from the electrolyte chemistry of

dye-sensitized solar cells (DSCs). Part of the reasonwhy an ionic-

liquid-based electrolyte requires higher iodine concentration can

be traced to an inherent interaction between the ionic-liquid

cation and I2 lowering the effective concentration of triiodide

in solution and thus reducing conversion efficiencies.24 This type

of chemistry is not within the scope of the present overview, but

represents a characteristic phenomenon of iodine chemistry that

should be kept in mind. Consequently, some of the main fea-

tures of polyiodides can also be observed in related areas of

chemistry. The other phenomenon relates to photochemistry. It

should be noted that photodissociation of the triiodide ion

instead typically renders the ion I2
� and the highly reactive

radical I•.25 A recent study in gas phase reveals a rather complex,

nonadiabatic dissociation with several possible dissociation

channels, although the I2
�þ I• ones display the highest yields.26

Referring to the section of solvent effects below, hydrogen-

bonding solvents are indicated to influence product branching

in the dissociation channels. In electrochemical applications, the

I2
� ion frequently appears as an important intermediate in the

redox reactions involving the iodide and triiodide ions.27–30

Photodissociation studies of the triiodide ion in ionic liquids

showed effects of bimolecular reactions resulting in both triio-

dide recombination and inter-I2
� reactions, depending on the

nature of the ionic-liquid system.31 A K-edge extended x-ray

absorption fine structure (EXAFS) analysis of the triiodide ion

in various solvents displayed a centrosymmetric triiodide ion

with varying I–I bond lengths, albeit it was noted that large

vibrational amplitudes blurred the next-neighbor correlations.32

1.08.2.1 The Bonding in Trihalide Ions

The established scheme of bonding in the triiodide ion was

provided by Pimentel and Rundle in the early 1950s.33,34

On the basis of molecular-orbital theory involving only the

Table 1 Typical vibration characteristics of a centrosymmetric,
linear triiodide ion6

Modes of vibration Typical frequency
(cm�1)

Selection
rules

Symmetric stretch (Sg
þ) 110 Raman active

Asymmetric stretch (Su
þ) 145 IR active

Bending (Pu) 75 IR active
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Figure 3 Raman spectra of a centrosymmetric and a symmetry-broken
triiodide ion, as represented by molten (Et3S)I3 (top) and solid (Me3S)I3
(bottom). Data taken from Svensson and Kloo.6
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iodine atom 5p-orbitals, three molecular orbitals (MOs) can be

derived (see Figure 4). The bonding formalism is analogous to

that of the 1s-orbitals of the simple H3
� ion, allowing for a bit

more complex symmetry consequences when involving the

p-orbitals in I3
�. Essentially, the three 5p-orbitals form one

bonding, one nonbonding, and one antibonding MO. The

5p-orbitals are expected to house four valence electrons, thus

filling the bonding and nonbonding MOs. This simple bond-

ing scheme carries more information than noted at first sight,

since it also explains the role of the triiodide ion in donor/

acceptor type of complexes; more about this is discussed in the

section on polyiodides. As a consequence of the bonding

scheme, electrostatically the triiodide ion can be approximated

as having �1/2 charge on the terminal iodine atoms and close

to zero charge on the central one.

Novoa and coworkers extended the bonding scheme to both

the other homoatomic trihalides and later to some interhalogen

trihalide species using correlated methods of theory.36,37 All

four trihalide ions, F3
�, Cl3

�, Br3
�, and I3

�, were found to be

stable with respect to dissociation into the X� and X2 fragments.

The stability was found to increase down the group 17, in

accordance with experiment. In addition, the interaction with

a cation (Kþ) was investigated and the structural consequences

in terms of symmetry lowering deduced. The same trend was

found for the X3
� series in solution and gas phase with respect to

the formation of X� and X2.
38 However, it was also noted that

the level of theoretical treatment significantly influences the

results. Hoffmann and coworkers have studied both the bond-

ing characteristics of various combinations of trihalides, homog-

enous and interhalogen ones, and found a similar pattern as

Novoa et al. The site preference in interhalogen trihalide ions

was also scrutinized and found to be the largest for chlorine.39

In a later study, the amount of s,p-mixing was investigated in

p-block triatomic molecules and ions. Antibonding effects from

s,p-mixing and electron-pair repulsion tend to be larger further

to the left in the p-block.35 The bonding effects of the terminal

binding of one and two I� to a central I2 unit have been thor-

oughly investigated by Mealli and coworkers.40 In a calculational

study of a large series of interhalogen trihalide ions, Kikuchi et al.

found that, in accordance with experiment, the terminal position

of the most electronegative (lightest) element in group 17 pro-

motes stability, whereas polar solvents flatten the potential en-

ergy surface enhancing X�þX2 dissociation.
41 Kloo et al. made a

thorough study of the bonding contributions to I–I bonding in

the triiodide ion and larger polyiodides. It is clear that the

triiodide ion, in addition to covalent interaction, is also stabi-

lized by secondary types of interaction, such as induction, dis-

persion, as well as ion quadrupole (I2 has a strong quadrupolar

moment).42 It has been argued that a valence-bond (VB)

formalism better describes the bonding in trihalide ions, as

compared to the established (3c,4e)-MO scheme of Pimentel.

The main argument is that dissociation barriers and states are

better described by VB theory.43

Molecular dynamics and other studies in different solvents

show that hydrogen-bonding solvents induce a symmetry

breaking for the triiodide in solution.44–48 Such effects must

have a consequence for the recorded vibrational spectra, as

noted in the experimental studies described above. In addi-

tional simulation studies also solvent-induced shifts of the

peak wavenumbers have been determined.48–50 As previously

noted, solvent effects are of importance in the photodissocia-

tion of the triiodide ion. The results from high-level multi-

configurational calculations indicate significant effects of

solvent interaction on the structure and spectroscopic response

of I3
�.51 One study has suggested that solvent effects give rise to

a bent triiodide ion, although such a structural distortion is not

necessary to explain the experimentally observed properties.52

1.08.2.2 Bonding Trends in Trihalides

The general conclusion from the body of calculational studies on

trihalide systems is that the s-bonded valence p-orbital interac-

tion scheme of Pimentel is a good first approximation for all the

X3
� systems in group 17. Moving down the group, secondary

bonding contributions become increasingly important. At the

same time, atom–atom distances increase down the group. In

view of the coordination chemistry approach described below,

the X�–X2 interaction within the trihalide ions represents a

suitable model system for the understanding of the tendency to

polyhalide formation, for example, catenation. In order to get a

crude estimate of this tendency, some simplemodel calculations

on the X3
� ion were made using a long-range-corrected B3LYP

functional together with the Stuttgart/Dresden effective-core po-

tential and triple-zeta valence basis sets to, on a more uniform

basis, obtain a few characteristic bonding parameters of the

homogenous trihalide ion. The calculational results are given

in Table 2 and are graphically represented in Figure 5.53,54

The results are at first sight a bit surprising, since interaction

energies alone would suggest that polyfluoride chemistry

should be the richest, although the interaction energies be-

tween the X2 and X� fragments differ surprisingly little. It is

clear that the issue requires a deeper analysis. More insight is

obtained from the potential energy surfaces (PESs) of the linear

X2 and X� interaction.

The PESs of linear distortion shown in Figure 6 offer a couple

of important observations. The width of the potential energy

y3

y2

y1

Figure 4 The p-orbital bonding scheme proposed by Pimentel.
Reproduced from Munzarova, M. L.; Hoffmann, R. J. Am. Chem. Soc.
2002, 124, 4787–4795.

Table 2 Calculational results for the homoatomic trihalide ions of
D1h symmetry

X3
�

ion
X–X
distance (Å)

Symmetrical
stretch
vibration
(cm�1)

Asymmetrical
stretch
vibration
(cm�1)

X2–X
�

interaction
energy
(kJ�1mol�1)

F3
� 1.729 483 555 �164

Cl3
� 2.431 256 323 �140

Br3
� 2.577 165 182 �140

I3
� 2.952 116 138 �135

At3
� 3.105 84 106 �149
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wells are also numerically specified in Table 3. As expected, the

X–X distance increases down the group 17. However, the in-

crease is nonlinear and can be described as periodic. There is a

large increase between the F–F and Cl–Cl distances, whereas the

Br–Br one is only marginally longer than the Cl–Cl distance. In

the same way, there is a fairly large increase in X–X distance

between Br3
� and I3

� but small between I3
� and At3

�. Going
from lighter to heavier systems, one can also note that the PES

wells become flatter, more extended, and that the PESs increase

less quickly with increasing X–X separation; see also PES well

widths given in Table 2. This effect emerges from both more

extended covalent interaction and an increasing influence from

intermolecular interaction, such as induction and dispersion. In

summary, the heavier the element, the ‘stickier’ the interaction

between the X2 and the X� fragments becomes. In this context it

is also notable that the periodic behavior cannot be directly

traced to any fundamental physical property, such as polariz-

ability and dipolar moment, etc. However, this effect peaks at

iodine. In fact, the PES of I3
� crosses that of At3

� at longer

distances (at about 4.7 Å) highlighting the very special properties

of the element iodine. In this respect, the extensive polyiodide

chemistry can be attributed to the strong long-distance attractive

forces in iodine – stronger than any of its group 17 congeners,

rather than the I–I interaction energy per se. Thus, the tendency to

catenation is expected to be the strongest for iodine. Moreover,

since the influence of covalent bonding is significant, probably

the chains formed should be regarded as a true case of catena-

tion. However, the case is less clear for the lighter elements.

1.08.3 Polyiodides

As compared to its group members, iodine is unique in the

tendency to form extended, catenated structures, so-called

polyiodides. Just as for the I3
� ion, the bonding in the neutral,

diatomic I2 molecule can as a first approximation be described

1.60

1.80

2.00

2.20

2.40

2.60

2.80

3.00

3.20

−165

−160

−155

−150

−145

−140

−135

−130

F Cl Br I At

X–X-distance Interaction energy

X
–X

-d
is

ta
nc

e 
(Å

)

In
te

ra
ct

io
n 

en
er

gy
 (k

J 
m

ol
-1

)

X-atom

Figure 5 Graphical representation of the bond distances and interaction energies shown in Table 2.

Table 3 Width of the potential energy well of the PES shown in
Figure 6.

X3
� ion Well width at 0.026 eV

(kT at 298 K) (Å)
Well width at 0.4 eV (Å)

F3
� 0.14 0.64

Cl3
� 0.19 0.80

Br3
� 0.23 0.98

I3
� 0.24 1.04

At3
� 0.24 0.99
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Figure 6 Potential energy curves for linear distortion in the X3
�

trihalide ions; from F3
� furthest to the left to At3

� furthest to the right; the
conformation with the lowest total energy is set to zero in all systems.
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as the result of s-interaction between the iodine 5p-orbitals

forming a single bond. The bonding scheme of I2 is shown in

Figure 7. This means that the s-antibonding orbital (2su* MO

in Figure 7) is available for accepting electron density, and thus

I2 readily acts as an electron acceptor, a Lewis acid.

In this aspect, it is notable that the polyiodides typically are

made from only three fundamental building blocks: the I� and

I3
� ions and the neutral molecule I2. Essentially, all polyiodide

structures, with very few exceptions, can be rationalized in terms

of these three fragments4 (Figure 8). Thus, in the polyiodide

structures, the ions will act as donors and typically the I–I bond

distance in the I2 fragment is elongated as a consequence of the

population of its s-antibonding orbital. In classical coordina-

tion chemistry terms, the interaction can be regarded as a simple

solvation, where the neutral molecule I2 solvates the anions I�

and I3
�. This is a useful concept, since it also explains the ready

exchange of the anions for others, for instance, like in themetal–

iodide/iodine systems described later.

In this perspective, either the solvating power of I2 must be

unique or the donor capacity of the iodide anion donors

exceptional. Judging from the results in Table 2, the I2���I�
interaction itself does not stand out in strength in comparison

with the other halogen–halide interactions. Instead, it is the

strong attractive interaction at longer (>3 Å) distances that

generates the rich polyiodide chemistry (vide supra) – a few

nice highlights are given in Figure 9.

Nevertheless, the model of solvation justifies the typically

used formalism in rationalizing polyiodide structures. For in-

stance, the examples shown in Figure 9 can all be broken down

into the three fundamental building blocks of polyiodides, in

spite of the complexity indicated by the stoichiometry. A strik-

ing feature is the seemingly boundary less width of the I–I

contact ranging from that in the I2 molecule (about 2.7 å) up

to over 4 Å. A statistical analysis of I–I���I contacts showed a

rather continuous distribution42 (Figure 10). There are clear

maxima in I–I���I contacts corresponding to intramolecular

distances (I2 and I3
�) and essentially packing distances

(>4 Å). However, all distances in between are also well repre-

sented and it is clear that the intermolecular I���I bond must be

very flexible. This phenomenon is also obvious in the attempts

to rationalize the polyiodide structures to fit into the simple

three-fragment solvation model described above; the assign-

ment of an I���I contact in the range 3.0–3.6 Å is sometimes far

from unambiguous. The distance distributions also have im-

plications for the Grotthuss mechanism of conduction; the

transfer of an iodide ion from one polyiodide fragment to

another is essentially continuous. The assignment of a specific

proton in water to a specific neighboring water molecule oxy-

gen atom can be problematic, just like the assignment of a

specific iodide to a neighboring iodine molecule.

The bonding in polyiodides can be regarded as a logical

extension from the bonding scheme in the simple I3
� ion,

visualized as a solvated iodide ion of I2���I� type. Conse-

quently, a pentaiodide ion can be regarded as a (I2)2���I� inter-

action, a heptaiodide ion as a (I2)3���I�, etc. In relation to the

region of difficult bonding assignment between 3 and 4 Å, it is

clear that the interaction energy can be partitioned into several

different contributions. The partitioned potential energy sur-

face is shown in Figure 11.

A few characteristics can immediately be noted. First,

covalent bonding extends quite far and is significant out to at

least 5 Å. Second, also dispersion, induction, and ion-

quadrupolar interactions contribute significantly in the 3–4 Å

region. For instance, at an I–I distance of 3.5 Å, the attractive

contributions, in terms of contribution to the total interaction

energy, can be partitioned as follows: 52% covalent, 26%

dispersion, 12% induction, and 11% ion-quadrupolar interac-

tion. With this in mind, a Grotthuss mechanism of ionic

conductivity becomes essentially inevitable. In addition, the

reason for the ‘sticky’ character of the long-distance I–I inter-

actions becomes clear.

In this context, it is appropriate to discuss the bonding in

chains of I3
� ions. Although the intermolecular, attractive

forces of iodine-containing species appears to be significant

even at the typical I3
����I3� distances of about 4 Å, the repulsive

force of the negative charges on the terminal iodine atoms is

expected to dominate. From anMO perspective, the interaction

cannot be explained with a simple donor–acceptor formalism.

The chains of triiodides, for instance, found in the herapathite

compound,56 are thus not expected to be bound. However,

2σu
∗

1σg

2σg

5px,py
5pz

5px,py
5pz

5s 5s

1πu

1πg
∗

1σu
∗

Ι Ι

Figure 7 The p-orbital bonding scheme of I2. Data taken from
Svensson and Kloo.4

I- I2

I3
- I5

-

I4m
2-

I4
2-

I8
2- I12

2-
I16

2-

I7
-

I9
-

I2m+1
-

Figure 8 A few polyiodide structures that can be visualized in terms of
I2 solvation of the iodide ions. Reproduced from Walbaum, C.;
Pantenburg, I.; Meyer, G. Z. Naturforsch. B 2010, 65, 1077–1083.
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such a view is too simplified in this case. Essentially, all known

structures of chains of triiodide ions fall into one of two

categories: the triiodides are confined into a host structure,

where triiodide–host interactions are significant, or they

contain bridging cations linking the negatively charged ions

together. Consequently, chains of triiodide ions are found in

structures, where the surrounding components of the com-

pound place the triiodide ions together at distances balancing

[Pd2Cl2([18]-ane-N2S4)]1.5I5(I3)2 [Et4N]I7

[Me4N]I9

[(Fc)3]I29

[Meph3P]I22

[Fe(phen)3]I12

Figure 9 Some large polyiodide fragments that can be broken down into the three fundamental building blocks I�, I2, and I3. This figure is based on
structural data taken from Svensson and Kloo.4
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the electrostatically repulsive force of the anions. Macroscopi-

cally, such an anisotropic arrangement gives anisotropic phys-

ical properties.

In the last 10 years, more than 100 new polyiodide structures

have been published in refereed journals. Many of these repeat

known structural features and conform to the expected bonding

pattern. However, a few new structures call for special attention

and the field as such appears to follow a few new directions

highlighted below. An interesting comparison between polytel-

lurides and polyiodides was recently published by Devillanova

et al., in which systematization in terms of few structural build-

ing blocks proved more difficult in polytellurides.57 Lee and

colleagues made a very thorough structural and theoretical

study of aromatic, organic-polyiodide systems, rating the differ-

ent types of interactions in such systems.58 The iodine–iodine

interactionswere deduced to be the strongest, and thus implicitly

the most important structure-directing interaction. Sulfur-

containing organic molecules, or ligands in metal-containing

systems, appear as a successful strategy to form new and

interesting polyiodide frameworks. Such an example is the

quasi-cubic structure using a dipyridyldisulfide derivative (see

Figure 12),59 or substituted tetrathiafulvalenes of interesting

inherent electrical properties,60 or thiacyclanonanes as ligands

to group-10 metal ions give rise to a rich structural polyiodide

chemistry.61Of course, polyiodide structures can be described in

different ways, as exemplified by the iodine-rich cryptand com-

pound of Pantenburg and coworkers denoted as amixed I5
� and

I8
2� compound, where the anions can be further broken down

into the three fundamental building blocks.62 In another com-

pound, cohabiting I3
� and I5

� ions were found.63 Beryllium(II)

is a less common cation to be used, but in one such compound a

mixture between I3
� and I4

2� was determined.64

1.08.4 New Trends in Polyiodide Chemistry

1.08.4.1 Structural Confinement

Intercalation of iodide with iodine into a solid zeolite host

appears to form various I–I-bonded species, as judged from

vibrational spectroscopic and EXAFS data.65 Yan and coworkers

usedhydrogen-bondednucleotide bases to formsupramolecular

entities with ribbon-like structures as a consequence, including a

formal I14
2� entity of [(I3

�)2�4I2] type.66 Lu and Schauss used

a metal–organic framework to confine pentaiodide ions with

intermolecular contacts of 3.56 Å and of [(I�)�2I2] type.67

Helical, metal–ligand systems were also used by both Dance

with coworkers and Schröder et al. to template new poly-

iodide compounds.68–70 A similar approach has been used by

Devillanova and coworkers, isolating a series of polyiodides with

high I2 content.
71 The use of the secondary interactionsof cations

with long aliphatic chains, self-assembling into low-dimensional

structures known frombasic colloidal chemistry, is another strat-

egy producing confined polyiodides.20,72 A similar strategy was

used by different groups in a series of polyiodide compounds
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Figure 10 Distance distribution of I–I distances in an I3 unit as derived
from the Cambridge Structural Database. Data taken from Kloo et al.42
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and was denoted dimensional caging.73–75 Some beautiful struc-

tures of confined polyiodides are shown in Figure 13.

Of course, this type of structural confinement has strong ties

with both the very old application of polyiodide systems to tint

starch and other potential applications withinmainly optics and

electronics. With this in mind, structural confinement using

various carbohydrate systems is rather frequent, using, for in-

stance, xylene or cyclodextrines.76–81 However, most commonly,

characterization is based on spectroscopic observations and the

exact assignment of polyiodide units must in some cases be

regarded as models to explain experimental results. However,

crystal structure data render considerably higher credibility to

the models in more disordered systems.82

1.08.4.2 Metal–Iodide/Iodine Compounds

As discussed in the section on polyiodides, metal–halide com-

plexes can be regarded as halide donors with respect to the

diatomic halogen molecules. Normally, the donation capacity

is lower than for a noncoordinated halide ion. The aspect of

donor capacity was well illustrated in the work by Tsipis and

Karipidis, where the donor strength essentially follows that

shown in Table 2 for the trihalides – the lighter the element,

the larger the electron donation to the X2 unit.
83 It is pertinent

to note that metal–halide/halogen compounds normally are

regarded as different from polyhalides with metal-complex

cations in that the former type has a halide ion directly coor-

dinated to the metal ion. The metal ion, coordination center,

does not necessarily have to be homoleptic, but the interaction

with a halogen X2 molecule or other polyhalide fragment takes

place via a coordinated halide ion.

Some early work included complex gold iodides as the

iodide/triiodide ‘substitute.’84,85 Because of the highly similar

Figure 13 Examples of new polyiodide structures in confined environments (see main text).

Figure 12 The pseudo-cubic structure described by Devillanova et al.
This figure is based on structural data taken from Aragoni et al.59
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coordination chemistry of gold and iodine, this is not un-

expected.4,85 However, there are quite a number of compounds

of this type. Typically, the halide ligands are bridged by I2
or other halogen/interhalogen molecules (vide infra). As com-

pared to the ‘pure’ polyhalides, the weaker metal–halide donor

ability tends to give thermally rather unstable compounds.

One exception are compounds isolated with a mercury–

hexamethylenetetramine complex.86

Guloy reported a selection of new gold(I)/gold(III) complex

compounds, containing I3
� and other halides in layered,

perovskite-like structures.87,88 It is normally rather difficult to

isolate the I3
� analog AuI2

� from iodine-rich reaction media

because of oxidation to gold (III), typically as AuI4
�. In these

examples, the oxidation is only partial, retaining gold in the þI
oxidation state. Ligand tuning, namely phosphane-ligand tun-

ing, was used to address this problem by Schmidbaur and co-

workers.89 Several gold(I) compounds were isolated as

phosphane gold(I)iodides, some bridged by I2 at iodide–iodine

distances of 3.44–3.65 Å. Also, triiodides of gold(III) com-

pounds were isolated. Dimeric Pd(II)-halide structures are

quite stable, and Pantenburg and Meyer have isolated a com-

poundwith an I2-bridged Pd2I6
2� complex, and with an iodide–

iodine distance as short as 3.32 Å.90 By reacting CuI with I2,

Chen and colleagues obtained a similar I2-briged Cu2I6
4� com-

plex.91 The iodide–iodine distance in this compound is even

shorter, 3.02 Å, raising the question whether it should be

regarded as a bridging I2 molecule or rather as a coordinated,

asymmetric, triiodide ion. Janiak and coworkers used a copper

(I)-iodide-based inorganic starch model to obtain a series of

confined polyiodide compounds.92 Because of structural disor-

der, the nature of the encaptured, linear polyiodide entities is

not fully clarified. Relating to the perovskite structures, Mercier

et al. isolated a low-dimensional lead-iodide structure, where

the metal-iodide ribbons are linked by I2 molecules at an

iodide–iodine distance of 3.51 Å.93 A similar layered structure

with intercalated triiodide ions was described by Chen and co-

workers, rendering an optical semiconductor material.94 Man-

ganese(III) captured in a phtalocyanine ligand was shown to be

bridged by I2 via an asymmetrically bound, terminal iodide

ligand.95 The iodide–iodine bond length is 3.42 Å. As a curios-

ity, the Al13
� cluster can be regarded as a superhalide ion form-

ing ‘polyiodides,’ as verified by mass spectrometry and

calculations. 96 Not too different in character is the extremely

iodine-rich W15I47 compound consisting of W5I8
n� (with n

somewhere between 1 and 3) and iodides/triiodides.97 A few

examples from this class of compounds are shown in Figure 14.

The gold–iodine system was subjected to a high-level cal-

culational study in which the equatorial interaction of I2 and

AuI2
� was deduced to be of predominantly closed-shell type

and containing contributions from secondary interactions at

long distance, making a direct oxidative addition of I2 to form

gold(III) less plausible.98 In previous studies, the AuI2
� ion

was found to be remarkably similar to the I3
� ion in terms of

internal and external coordination.85

1.08.5 Liquids and Solvent Effects

In an early and thorough study using liquid x-ray scattering

and vibrational spectroscopy, Bengtsson et al. showed that

sulfonium iodide ionic liquids with added iodine essentially

can be described in terms of iodine-solvated triiodide ions.99

The liquid local structure has resemblance to the known solid

polyiodide structures, but even more to the nearest-neighbor

structure of solid iodine. When the iodine:iodide ratio is in-

creased, on average the connectivity from the triiodide ions to

the solvating iodine increases. This strongly correlates with an

increase in conductivity with increasing iodine content.100

In the last 10 years, a clear increase in polyiodide studies in

ionic liquids can be observed. This is to a large extent caused by

the use of such electrolyte media in DSCs.101 A few examples of

more fundamental character are given in this section, and the

DSCs will be handled more thoroughly in the section on

applications. In a comparison of different electrochemical

techniques for the determination of triiodide ion-diffusion

constants in ionic-liquid mixtures, it was concluded that

the transport was non-Stokesian, that is, of Grotthuss type.102

A schematic view of the Grotthuss mechanism of conductivity

is shown in Figure 15. In addition, microelectrodes appear to

give the most accurate and reproducible results, also empha-

sized by later studies.103 In ionic-liquid iodides with added

iodine, the formation of polyiodides was concluded on the

basis of combined electrochemical and vibrational spectro-

scopic investigations.104 A related study revealed the formation

of polyiodide species in solution as soon as the cation:iodide

ratio was increased above 1 by the addition of iodine.105 The

formation of polyiodides was also correlated to an increase in

conductivity attributed, once again, to a Grotthuss type of

charge transport. A very recent study employing terahertz spec-

troscopy, also including effects of ion pairing, concludes that

the Grotthuss mechanism can enhance conductivity by as

much as 50% in rather viscous ionic-liquid media.106

1.08.6 Polybromides – An Emerging Branch of
Polyhalide Chemistry

The chemistry of triiodides in particular and also other polyio-

dides or iodide–iodine complexes is very extensive. In contrast,

the corresponding compounds of the other halides are very rare.

Among tribromides, only a few structures are known experi-

mentally.107–111 An outstretched tribromide can be assigned

in a complex structure reported by Kornath and Blecher, in

which the two Br–Br distances are about 3.10 and 2.54 Å,

respectively.112 Devillanova et al. isolated a Br4
2� bromide of

[(Br�)2�Br2] type.113 It seems that most knowledge about these

compounds is derived from the analogy to triiodide ions to-

gether with theoretical comparisons, as described above. How-

ever, there is an increasing amount of attention devoted to this

type of chemistry. A Br10
2� unit – in analogy to the polyiodide

formalism it can be described as [(Br3
�)2�2Br2] – is reported by

Cunningham and coworkers.114 Along with some tribromide

structures, Knop and coworkers also revealed the existence of a

Br8
2� chain of the type [(Br3

�)2�Br2].109 The subsequent theo-

retical study clearly indicates that the corresponding polybro-

mides are more weakly bound than their polyiodide congeners.

A theoretical study at the density-functional level showed that

Br3
�, Br4

2�, and Br5
� all are analogous to their heavier relatives

in terms of structural units.115 Using a dithiolene compound,

Devillanova and coworkers isolated a two-dimensional
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polybromide network of the type [(Br�)2�3Br2].116 Also more

systematic studies of the formation of polybromide species in

solution and solid phases have been reported on the basis of

spectroscopy and calculations.117 Just as for polyiodides, Raman

spectroscopy is highly informative.118 Also a three-dimensional

network of the type [(Br�)2�9Br2] has been reported (see

Figure 16).119 In analogy to iodine-bridged metal iodides,

Au-I−-I2-system

Pd-I−-I2-system

Cu-I−-I2-system

W-I−-I2-system

Au-I−-I2-system

Figure 14 Examples of new metal–iodide/iodine structures (see main text).

Charge transport / no mass transport

I I I-

I-III-

I-

Figure 15 A schematic view of the Grotthuss mechanism of
conduction.

Figure 16 The network structure of Br20
2� deciphered as [(Br�)2�9Br2].

This figure is based on structural data taken from Wolff et al.119
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bromine-bridged metal–bromide complexes have also been

isolated. Such an example is [(Me3P)AuBr3] bridged by a stoi-

chiometric amount of Br2.
120 In the same article, a gold(I)

diphosphane compound containing a Br3
� anion and a Br2

molecule is also reported. This is unusual, since the presence

of an oxidizing agent, such as Br2 or I2, typically renders gold

(III) compounds. Heaton and coworkers isolated a few quite

Br2-rich platinum(IV) complexes analogous to many metal-io-

dide/iodine compounds.121

It is often claimed that the thermal stability of polybro-

mides is lower than that of the corresponding polyiodides,

based on the expected lower interaction energy of an ionic

unit, such as Br� or Br3
�, with Br2.

109,114 Consequently, it is

expected that polybromides much more readily lose Br2 and

decompose. In this perspective, it is notable that the most

bromine-rich compound known is the formal Br20
2�119 clearly

exceeding the X2/X
� ratio of the most iodine-rich compound

known so far, I29
3�.122 A general reflection is that Br2 appears

to be the structure-forming unit rather than polybromide ions,

in contrast to the polyiodide structures, where the triiodide ion

is much more common in polyiodide structures. This hypoth-

esis gains some support from the very recently published Br9
�

compound that is of [(Br�)�4Br2] type.123

1.08.7 Other Polyhalides

The existence of polychlorides is by far even more rare than

polybromides. It seems that only a few trichloride com-

pounds have been isolated in the solid state.124–126 The crys-

tallographically determined trichloride ions are linear and

slightly asymmetric, 2.23 and 2.31 Å, and 2.25 and 2.34 Å,

respectively. The symmetrical stretch vibration is reported to

be about 270 cm�1, whereas the data given for asymmetrical

stretch vibration differ a bit. However, it appears that the

wavenumber is equal or lower than for the symmetrical

stretch vibration, which is rather uncommon and different

from what is observed for the triiodide ion. It is also different

from the calculated results for a centrosymmetric Cl3
�, as

reported in Table 2. Evans and Lo also suggested the forma-

tion of a pentachloride ion on the basis of vibrational spec-

troscopic data.124 A nuclear quadrupolar resonance (NQR)

spectroscopic study on less well-characterized trichloride salts

shows that they are centrosymmetric and adequately de-

scribed by the Pimentel bonding scheme proposed for

triiodides.127 This investigation was later followed up by a

calculational study.128 Just as for polyiodides, vibrational

spectroscopy is a useful tool for the characterization of

trichloride compounds.129 The formation of trichloride in

the gas phase has been proposed,130 and more or less well-

defined polychlorides have been used as chlorination agents

in organic chemistry.131 Thus, the major knowledge on poly-

chlorides can be extracted from calculational studies (vide

supra) and experimental data, as well as examples of catena-

tion, are limited.

The polyfluoride chemistry appears even more limited

than the polychloride one. After some early work on matrix-

isolated trifluorides, mainly theoretical investigations have

been reported.132,133 Mass spectrometry has been used to iden-

tify F3
� in gas phase.134 Mass spectrometry was also used

to determine the dissociation energies of F3
� into F�þF2

(98 kJ mol�1 – in close agreement with high-level theory)

and FþF2
� (27 kJ mol�1).135 Failed reactions aimed at tri-

fluorides in solution have been reported.136 The symmetrical

stretch vibration of F3
� is assigned to a peak at about

460 cm�1. Some rather early high-level calculations on the

F3
� ion identified it as a challenging calculational task because

of significant multiconfigurational character. A symmetrical

stretch frequency, as compared to experiment, was determined

by Ault and colleagues, and an F–F bond distance of 1.74 Å was

obtained.137 Later studies have shown hybrid density-functional

methods to give reasonable results for the trifluoride ion in

alkali-metal systems.138 Also for the trifluoride ion, Braida et al.

used a VB method to get a deeper insight into the bonding

properties. Part of the stability of F3
� was attributed to a lone-

pair stretching instability of the F2 fragment, a property transfer-

rable also to the heavier analogs.139 The old low-temperature

work of Ault et al. was very recently revisited and combined with

calculations at coupled-cluster level. The latter study was ex-

tended to tetra- and pentafluoride ions as well, essentially

rediscovering the structural pattern known from polyiodide

chemistry.140 However, the main contribution to the F3
�–F2

bonding was assigned to electrostatic interaction. Covalent cate-

nation in polyfluoride systems may thus be questioned.

Astatine has a story of its own – and a very short one.

Because of the inherent characteristics of radioactivity and

rare appearance, experimental studies are limited. No studies

on a triastatide or any polyastatide ions have been found in

literature. More strangely, the system does not seem to have

been investigated theoretically either. A simple presumption

regarding a triastatide ion would be that it is even more in-

clined to polyhalide formation through ‘sticky’ long-range At–

At bonding. However, this is not necessarily the case. In the

theoretical studies on period-7 elements in relation to their

lighter congeners, a periodic behavior is often identified rather

than a monotonous change down a group, a phenomenon

attributed to relativistic effects in superheavy elements.141 The

calculational results shown in Table 3 indicate that polyasta-

tides are stable polyhalide units, and the results in Figure 6 that

the potential energy surface is more similar to polybromides

than to polyiodides.

There is a large plethora of interhalogen compounds. Typ-

ically, the most electronegative, for example, lighter, element

takes on the terminal positions, and the heavier group-17

element can be regarded as the coordination center.2 Many

of the interhalogen compounds can be described on the basis

of classical coordination chemistry, where the central atom is

surrounded by ligands. Also, a trihalide, such as I3
�, can be

visualized in such a way. Of course, quite a number of linear

XY2
� ions have been reported in literature. However, they

contribute little new understanding to our previous discus-

sion on trihalide bonding. On the basis of established text-

book knowledge, stability increases as the central atom

becomes heavier and the difference in weight between the

coordination center and ligand becomes lower. This has also

implications for the prospects of forming interhalogen types

of polyhalides. The heavier elements are most prone to bind

to polyhalide species, and since they typically are buried in

the center of interhalogen molecules, there is little tendency

to form larger entities.142 Interestingly enough, nonbonded
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contacts in interhalogen compounds were recently used as an

indicator to identify errors in crystal structure data.143

Having said this, however, a few examples of extended

structures exist. For instance, the rather complex structure of

I3Br4
� is pyramidal of the type [(Br�)�3IBr] and with compa-

rably short Br–Br contacts (3.36 Å) between the molecular

units forming a chain-like structure.144 This polyhalide ion

and other interhalogen ions were subjected to a rather thor-

ough diffraction, vibrational spectroscopic, and calculational

investigation.145 Parlow and Hartl isolated a series of iodine-

bromide interhalogen ions, of which a V-shaped I2Br3
� and a

two-dimensional layer of I5Br2
� composition are the most

notable.146 In these structures, the I2Br
� ion, linked by Br2

and I2 in the structures, respectively, is claimed to be the

fundamental structural unit. It is not unexpected that an ex-

tended structure is based on the I2 bridging unit. A V-shaped

I2Cl3
�, analogous to a pentaiodide, of the type [(Cl�)�2ICl] has

also been reported.147 In this case, the ionic units are regarded

as isolated, since intermolecular Cl–Cl contacts exceed the sum

of the van der Waals radii. In a series of amide/thioamide

compounds, the chlorine-containing I2Cl2
2�, analogous to

I4
2�, has been isolated, where the chloride ions take the termi-

nal positions at the ends of the central I2 unit.148 In haloge-

nated dithiols, IBr has been noted as a bridging unit.149 In

solution, it is clear that mixtures of the halides give rise to an

extensive and quite complex situation with many coupled

equilibria.150 This was also a complication in attempts to use

interhalogen systems as redox couples in DSCs, where the

complex chemistry raises questions about the exact nature of

the active redox agents in the electrolytes.151

1.08.8 Applications

1.08.8.1 Optical Applications

One of the oldest applications involving polyiodide chemistry

is most likely in quantitative determination of redox-active

components in solution – the iodometric titration. Very

strongly associated with this method of analysis is the phe-

nomenon of iodide/iodine tinting of starch, used as a universal

indicator of iodine. Several studies have indicated the presence

of polyiodide chains inside the carbohydrate helices as the

origin of the intense color observed.152–155 A rather recent

study using L-edge x-ray absorption near-edge structure

(XANES) data in comparison with model systems of known

composition indicated the polyiodide chains in amylose to

mainly consist of I5
�.156 It is amazing that the mineral hera-

pathite was successfully used as light-polarizing material for

decades until Kahr and coworkers very recently determined its

structure.56 The structure of herapathite is shown in Figure 17.

A striking feature of this material is the chains of triiodide ions

giving rise to its anisotropic optical properties. The inter-

triiodide distances range from 3.74 to 3.81 Å. The remarkable

linear dichroism of herapathite is described as originating from

molecular transitions in the triiodide ions attributable to the

confined linear arrangement.157 The luminescent properties of

metal–organic frameworks were shown to be affected by io-

dine enrichment, thus attributed to the confined polyiodide

formation.158

1.08.8.2 X-Ray Contrast Agents

A classical problem in crystallography, in particular for large

molecules/unit cells, such as in protein crystallography, is the

lack of phase information. One way to facilitate the crystallo-

graphic analysis is to introduce a heavy atom – a strong scatterer

of x-rays – in a controlled way. Either comparably heavy cations,

such as Csþ or Gd3þ, or anions, such as the heavier halides, or

Xe gas have been used. These elements are also known from

medical x-ray imaging, where, of course, also biological avail-

ability must be taken into account. Recent studies have identi-

fied triiodide, for both chemical and physical reasons, to be a

good candidate to treat the phasing problem.159 Both I3
� and

I5
� entities were found in the model systems studied.160

1.08.8.3 Triiodide Detection

Important advances in the development of a triiodide-selective

electrochemical electrode/sensor have been made. One class of

electrodes is based on a polyvinyl chloride (PVC) membrane

incorporating an active, with respect to the triiodide ion,

metal-complex or organic species.161–163 The metal-complex-

doped membranes often involve salen-like ligands.164,165 The

chemoluminesence has found an interesting application in the

detection of the level of NO in human red blood cells.166

1.08.8.4 Doping of Polymers and Carbons

As already noted, the tetrathiafulvalene triiodide compound

was found to exhibit low-dimensional metallic properties.21

Figure 17 The linear triiodide chains in herapathite. This figure is based
on structural data taken from Kahr et al.56
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One example of an iodine-doped superconducting organic

system based on a selenium-based tetrathiafulvalene showed

the presence of incommensurate I3
� chains and a critical tem-

perature of superconduction at about 8 K.167,168 This is an

interesting model system considering that iodine frequently is

used to dope (partly oxidize) organic polymers in order to

enhance hole-conducting properties. The interaction between

iodine and carbon materials is also of interest in potential

electronic applications. Carbon nanotubes doped with iodine

were shown to host polyiodides of I3
� or I5

� type.169,170 Shi

et al. recently showed how hole doping levels, and thus the

conducting character of the nanotubes, could be tuned by

iodine and the changes could be correlated with the formation

of different polyiodide species inside carbon nanotubes.171 In a

high-pressure study, the confined polyiodide species in the

carbon nanotubes displayed an increasing linearization upon

increasing pressure.172 The carbon-iodide/polyiodide interface

has a special interest because of, for instance, the development

of supercapacitors.173

1.08.8.5 Electrolytes

The zinc-bromine (flow) battery is a rather unusual type of

battery, although with some advantages. The mixture of bro-

mide and bromine in the electrolyte will inevitably lead to the

formation of polybromides. Just as in many electrochemical

devices, ionic liquids have emerged as attractive electrolyte

media. In one such study, in situ IR spectroscopy identified

polybromides at the carbon electrode material and the forma-

tion of Br5
�was proposed.174 Morewell known are the lithium–

iodine batteries, which have found special applications, such

as in pacemaker batteries, because of their typically very long-

term and stable current output. A recent in situ combined

electrochemical and Raman spectroscopic study showed the

formation of I3
� and I5

� at the anode.175

One of the strongest boosts of polyiodide chemistry in rela-

tion to redox-active electrolytes can be attributed to the growing

interest in DSCs. Ever since the remarkable improvement de-

scribed by Grätzel and O’Regan in 1991,176,177 redox-active elec-

trolytes based on the iodide/triiodide (I�/I3
�) system have

prevailed. The schematic view in Figure 18 shows the central

role of the liquid redox electrolyte in the photoelectrochemical

cell. Recent developments strive to avoid iodine in such electro-

lytes, mainly because of its unwanted photochemistry and

corrosive nature setting limits to the DSC stability.178–180

Nevertheless, the I�/I3
� system seems to represent a compromise

between wanted and unwanted side reactions that is difficult to

outperform. In a simplified view, the redox activity of the iodine-

based system undergoes two essential reactions. The triiodide

ions are reduced at the DSC counter-electrode forming iodide

ions. This is a two-electron process, highly facilitated by catalyz-

ing platinum particles adsorbed onto the conducting glass sub-

strate constituting the counter-electrode. These diffuse to the

working electrode (photoanode), where the iodide ions effi-

ciently regenerate the sensitizing dye.27,29,181 The two-electron

process is here divided in space and time, allowing for a quick

electron transfer to the dye. This very property of the iodine

system also retards one of the most problematic side reactions,

the unwanted back transfer of energy-rich photoelectrons from

the working electrode to the electrolyte triiodide ions. This pro-

cess becomes extremely slow, allowing the DSCs to reach high

conversion efficiencies. Yanagida and coworkers have shown

indications of efficient Grotthuss type of conduction in electro-

lytes based on ionic liquid crystals.182,183 However, as noted

above, double salts of iodide and triiodide appear to be quite

stable, and it was shown that an unwanted precipitation in some

working DSCs could be attributed to exactly such a compound,

involving an additive aimed at blocking the loss of photoelec-

trons from the working electrode.17 Solution chemistry some-

times gives unexpected reactions. Another concern regarding

losses in conversion efficiencies using the I�/I3
�-redox couple

is the observed overpotential with respect to dye regeneration.

Efficient dye reduction of the system requires about 0.5 V too

high voltage with respect to the necessary voltage for dye regen-

eration, of coursewith a reduction inphotovoltage and efficiency

TiO2 particle

Dye molecule

FTO

Glass

Pt

I3
−

3I−

Redox electrolyte

Mesoporous TiO2

Figure 18 A schematic view of the DSC, including an I�/I3
�-based

electrolyte. Reproduced from Hagfeldt, A.; Boschloo, G.; Sun, L.; Kloo, L.;
Pettersson, H. Chem. Rev. 2010, 110, 6595–6663.

E0(D+/D)

E0(I2
•−/I−)

VOC

EC

E0(I3
−/I−)

Figure 19 The two-step redox chemistry of dye regeneration in DSCs.
Reproduced from Boschloo, G.; Hagfeldt, A. Accounts Chem. Res. 2009,
42, 1819–1826.
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as a consequence. However, Boschloo and colleagues recently

found that the required overpotential can be traced to the two-

electron character of the redox couple, showing that it is instead

the I�/I2
� system that constitutes the driving force in dye regen-

eration, and thus the overpotential is just apparent.28 Schemat-

ically, this is shown in Figure 19. Privalov and colleagues used

density-functional theory to elucidate the electron-transfer

mechanism of both organometallic and organic sensitizing

dyes, strongly indicating an outer-sphere, two-step

mechanism.29,181 In an experimental study and overview,

Meyer and coworkers arrived at a similar two-step mechanism,

also highlighting the photoinduced formation of I–I bonds.184

Ionic-liquid electrolytes have been used successfully in DSCs,

although the main drawback can be attributed to the relatively

high viscosity of such solvent media.101 The high viscosities

cause mass-transport problems at higher irradiation. In order to

counteract this problem, typically 5–10 times higher concentra-

tion of iodine is used in ionic-liquid media as compared to

organic solvent ones. This strategy reduces mass-transport limi-

tations but introduces losses because of light absorption by the

triiodide/polyiodide species in solution and higher losses be-

cause of recombination with triiodide in the electrolyte.24 In

summary, the polyiodide chemistry in DSCs offers benefits and

drawbacks, but certainly calls for an understanding of the poly-

iodide chemistry.

1.08.9 Conclusion

Anoverviewon polyhalide chemistry is providedwith the aim to

give explanations to the strong tendency for concatenation in the

halogen group. The trihalide ion is used as a model for the

understanding of the bonding conditions in polyhalide com-

pounds. Special focus is given to the polyiodides. The emerging

field of polybromides is also discussed in relation to polyiodides,

and the application of polyhalides in the fields of optics, con-

ducting polymers, and dye-sensitized solar cells is highlighted.
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1.09.1 Zintl Anions

1.09.1.1 What is a Zintl Anion?

1.09.1.1.1 History
Zintl anions are a very interesting class of compounds, which

have fascinated chemists for a long period of time and are still a

matter of growing research interest all over the world. Their

first experimental evidence was reported 120 years ago in

1891, when Joannis first observed a change in color by reacting

the elements sodium and lead in liquid ammonia.1 He prob-

ably could not have anticipated at that time that his observa-

tion would be the first step toward a completely new branch of

inorganic chemistry, namely, ligand-free main group elements

in negative oxidation states. Kraus reported in 1907 that the

deep green Na–Pb solutions are electrolytes from which lead

can be anodically deposited.2 Furthermore, he showed that

anionically dissolved lead can be precipitated through the

addition of Pb2þ salts. This demonstrated the anionic, highly

reduced character of the lead species in solution due to the

comproportionation reaction with Pb2þ. About 40 years after

Joannis’ observation, Zintl et al. identified the reaction that was

described by Joannis.3 They assumed complete electron trans-

fer from the electropositive element to the electronegative re-

action partner. This assumption resulted in the formation of

anionic species, which consisted of more than one atom, the

so-called polyanions (Scheme 1).

The evaporation of ammonia resulted in an alloy that did

not contain polyanions any more. As the x-ray structure deter-

mination of temperature labile compounds was not possible at

that time, Zintl assumed the Pb9
4� anion to be a [Pb4�(Pb8)]

complex of a central Pb4� atom and eight coordinating Pb

atoms. The description of the correct geometry of the poly-

anion was not achieved until 1970, when the first crystal

structure determination on the structurally related compound

Na4Sn97en (en¼ethylenediamine) was possible, which gave

monocapped square-antiprismatic-shaped anions.4 Zintl was

also responsible for the discovery of the possibility of dissol-

ving alloys in liquid ammonia, for example Na4Pb9, which also

contains polyanions precasted in the solid state. The dissolu-

tion of this material yielded the same solution as described in

Scheme 1.

Five years later, Corbett and Edwards could show that the

use of chelating ligands such as 18-crown-6 and [2.2.2]-

cryptand yielded better solubility as well as better crystalliza-

tion of compounds that contain homoatomic polyanions.5

The possibility of reacting Zintl anions with transition metal

complexes was first proved by NMR experiments by Rudolph

et al. in 1983.6 Five years later, the first crystal structure deter-

mination of a transition metal complex of a Zintl anion

succeeded.7 Another milestone in Zintl chemistry was the for-

mation of transition metal-centered polyanionic compounds.

These endohedral clusters are also called intermetalloids and

represent interesting models for doped materials.8,9 Another

recent development was the possibility of oxidative coupling of

homoatomic clusters, which resulted in the formation of a new

elemental modification.10

Besides the homoatomic polyanions, heteroatomic anionic

species have also been investigated. The first anion of this type,

Sn2Bi2
2�, was described in 1982.11 A very recent research field

is the doping by heavier homologs of the same group. This was

shown for mixed Zintl phases and Zintl anions of the elements

Ge/Sn and Si/Ge.12,13 (For a review containing recent develop-

ments, see Scharfe et al.14) In Figure 1, milestones in Zintl

anion chemistry from 1891 to date are given.

4 Na + 9 Pb (Na+)4 (Pb9)4-
NH3 (I)

Scheme 1 Zintl elucidated the chemical reaction described by Joannis:
The dissolution of sodium in liquid ammonia in the presence of lead
yields a salt, which contains homoatomic polyanions of lead.
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Because of his remarkable contribution to the research on

these polyanions, they are named after Eduard Zintl. This term

was extended to one-, two-, and three-dimensional anionic

partial structures of polar salt-like intermetallic solid-state ma-

terials, which are also commonly known as Zintl phases.

It seems to be very useful to differentiate between Zintl anions

and anionic partial structures of Zintl phases. Zintl anions are

discussed in analogy with their historic origin while describing

discrete, molecular anions, which are chemically stable outside

a rigid solid-state network, that is, in solution, but not when

the putatively anionic partial structure of an intermetallic alloy

is designated.

1.09.1.1.2 Definitions and concepts
In the periodic system of the elements, there is a border be-

tween group 13 and group 14, which was described as the Zintl

border. In combination with electropositive elements, this

border separates typical intermetallic structures from salt-like

structures that contain discrete anions. These anionic structures

are interpretable by the generalized (8�N) rule.

The generalized (8�N) rule can be formulated like this:

Take all valence electrons from electronegative (nE) and elec-

tropositive (nM) elements corresponding to the sum formula

(MmEe) and add them up. Divide the obtained number by the

number of electronegative atoms in the sum formula. As a

result, the valence electron concentration per anion atom NE

is obtained (eqn [1]). The subtraction of this number from

eight gives the average number of element–element contacts

(bonds) per anion atom be and predicts structures related

to the isoelectronic element modifications of the neighbor

in the periodic table (Zintl–Klemm–Busmann concept)

(eqn [2]):15,16

NE ¼ mnM þ enEð Þ=e [1]

be ¼ 8 �NEð Þ [2]

As mentioned before, discrete, zero-dimensional anions are

very powerful starting materials in inorganic syntheses. These

anions can be described in terms of the Zintl–Klemm–

Busmann concept, which allows the formulation of electron-

precise two-electron–two-center bonding within most of the

cluster anions. Examples for these kinds of anions are given in

Table 1. Besides these classical Zintl anions, which follow the

Zintl–Klemm–Busmann concept, group 14 polyanions pro-

vide discrete molecular cluster anions, which are widely de-

scribed using another concept originally established for borane

chemistry. Nine-atom clusters of group 14may be described by

the Wade–Mingos–Williams rules,17–19 which include the for-

mulation of multicenter bonding. For Ge9
4� anions, one can

easily calculate the ideal shape of the cluster corresponding to

theWade–Mingos–Williams rules: The total amount of valence

electrons adds up to 40, from which 18 electrons have to be

subtracted due to nonparticipation in the cluster formation.

This results in 22 electrons for the cluster bonding and a nido

geometry (2nþ4; n¼number of cluster atoms), which points

to a monocapped square-antiprismatic shape for a cluster con-

sisting of nine atoms. In contrast, for silicon this bonding

situation could not be confirmed in theoretical calculations.20

The Wade–Mingos–Williams rules can be applied for the pre-

diction of the shape of the cluster, but do not contribute to an

understanding of the bonding situation in these anions. In this

case, the application of the Zintl–Klemm–Busmann concept

1930 Zintl, Goubeau,
Harder, Dullenkopf:
Potentiometric
titrations provide the
stoichometry Na4Pb9
for Joannis’
observations

1891 Joannis:
Observation of green-
colored solution by
reacting elemental
lead with sodium metal
in liquid ammonia

1970 Kummer, Diehl:
First crystal structure
determination of a
homoatomic polyanion
in Na4Sn9·7en

1983 Teixidor,
Luetkens, Rudolph:
Reaction of Sn

9
4-

and Pt(PPh3)4
observed in NMR
experiments

1996 Gardner, Fettinger,
Eichhorn: First endohedral
polyanionic compound
[Ge9Ni2(PPh3)]2-

1999 Xu, Sevov:
Oxidative coupling
of Ge9

4- anions

2010 Gillett-Kunnath,
Petrov, Sevov:
Mixed Ge/Sn anions

2011 Waibel,
Raudaschl-Sieber,
Fässler:
Mixed Si/Ge anions

Time

2011

1975 Corbett,
Edwards:
Chelating ligands yield
better solubility and
crystallization of 
compounds, which
contain homoatomic
polyanions

1988 Eichhorn,
Haushalter, Pennington:
First crystal structure of
a transition metal
complex of a polyanion
in [closo-Sn9Cr(CO)3]4-

2006 Guloy, Ramlau,
Tang, Schnelle,
Baitinger, Grin:
New Germanium
modification by
oxidation of K4Ge9 in
ionic liquid

1982 Critchlow,
Corbett:
Mixed
heteroatomic
group 14/15
anion Sn2Bi2

2-

Figure 1 Milestones in Zintl anion chemistry from 1891 till date are summarized and give an idea about the (still growing) research topics in this
fascinating field of inorganic chemistry. The literature for each milestone is given in the text.
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seems to be much more reasonable, where we can formulate an

electron-precise bonding situation (Figure 2).

1.09.1.1.3 Synthetic routes
To obtain homoatomic polyanions in solution, there are

different synthetic strategies. Besides the electrochemical gen-

eration, the relevancy of which is mainly historic at the mo-

ment, two main concepts are widely used, which have also

been both described by Zintl et al. On the one hand, there is

the low-temperature route. This procedure makes use of the

solubility of electropositive metals in liquid ammonia.

The elements are placed in Schlenk tubes under an inert gas

atmosphere, and dry liquid ammonia is condensed on the

reaction mixture. The resulting solution, which is blue due to

the presence of solvated electrons, is able to reduce the more

electronegative elements across the Zintl border. After some

storage time at temperatures below �33 �C, a change in color

from blue to the characteristic color of the particular Zintl

anions can be observed (Figure 3). This method is limited to

the elements of group 14 (tin and lead), group 15 (phospho-

rus, arsenic, antimony, and bismuth), and group 16 (sulfur,

selenium, and tellurium).15 For the preparation of Zintl

Table 1 Examples for Zintl anions, which can be described using electron-precise two-electron–two-center-bonding formulation

Compound NE be¼8� NE Anionic structure

K4Si4 [4Kþ (4�4Si)]/4Si¼5 3 The Si4
4� anion is built by threefold-bound

silicon atoms. To every silicon atom,
a formal charge of �1 can be assigned.
This makes the anion isoelectronic to
elemental phosphorus, and the similarity
of the tetrahedral Si4

4� anion to white
phosphorus is obvious.

Ba3Si4 [(3�2Ba)þ (4�4Si)]/4Si¼5.5 2.5 Two threefold-bound and two twofold-bound
atoms in Si4

6� result in an average value
of SidSi contacts of 2.5. To the
twofold-bound atom, a formal charge
of�2 can be assigned, whereas the charge
of �1 corresponds to the threefold-bound
atoms.

(K@crypt)2Sn2Bi2 [2Kþ (2�4Sn)þ2�5Bi]/4Sn/Bi¼5 3 The Bi2Sn2
2� anion consists of two threefold-

bound tin atoms (formal charge �1)
and two threefold-bound bismuth
atoms (formal charge 0). Again, this anion
is iso(valence)electronic to white
phosphorus, and therefore the tetrahedral
shape is intelligible.

(K@crypt)2Si5 [2Kþ (5�4Si)]/5Si¼4.4 3.6 The Si5
2� anion is built by two threefold-

bound and three fourfold-bound silicon
atoms, which results in averaged 3.6
SidSi contacts per atom. A formal charge
of �1 can be assigned to the two apical
atoms.

K3P7 [3Kþ7�5P]/7P¼5.43 2.57 The P7
3� anion consists of four threefold-

bound and three twofold-bound
phosphorus atoms. This results in a be
value of 2.57. The formal charge
assignement is �1 for the twofold-bound
atoms and zero for the threefold-bound
atoms.
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anions of silicon and germanium in solution, this method has

not succeeded so far.

On the other hand, there exists a much-used high-

temperature route, where a Zintl phase that already includes

discrete polyanions precast in solid state is dissolved in a

polar aprotic solvent such as liquid ammonia or ethylene-

diamine. Very rarely, solvents like DMF or pyridine are used.

The Zintl phase is prepared in a classical solid-state reaction

at high temperatures using the respective elements in stoi-

chiometric amounts as starting materials. This method is

especially important for the previously mentioned elements

silicon and germanium, which cannot be directly reduced at

low temperatures. Figure 4 shows both preparation

methods.

1.09.1.2 Discrete Polyanions in Zintl Phases of Group 14
and Group 15 and Their Dissolution Behavior

The presence of discrete polyanions in Zintl phases is very

much dependent on the degree of reduction and the counter

cation size. This is comprehensively described21 for alkali and

alkaline earth metal solid-state compounds of group 14 and

group 15. There it was shown that homoatomic polyanions in

Zintl phases of group 14 and group 15 fit like parts of a jigsaw

puzzle concerning their counter cation sizes (Figure 5).

Figure 2 Electron-precise description of the Si9
4� anion results in five

fourfold-bound and four threefold-bound silicon atoms. To the four
threefold-bound atoms of the capped square, a charge of�1 is assigned.
This formulation is in accordance with the Zintl–Klemm–Busmann concept.

M + E

Liquid
ammonia

Storage at
T< −33 �C

Blue-colored solution
due to the presence of
solvated electrons

Deeply colored solutions due
to the presence of Zintl anions
e.g.,   green:  plumbides
         red:      stannides
         brown: arsenides

Figure 3 Low-temperature route for the preparation of Zintl anions in liquid ammonia solution.

m M + e E m M + e E

Solid-state
reaction at high
temperature

Direct reduction in liquid
ammonia, T < –33 �C

Dissolution in liquid
ammonia or
ethylenediamine

MmEe

Ee
m-

M: electropositive element,
           e.g., alkali metal

Contains discrete
polyanions
precasted in solid
state

E: element of
           group 14 or 15

Starting material:

Zintl phase:

Discrete polyanion
in solution

Zintl anion:

Low-temperature route High-temperature route

Figure 4 Commonly used synthetic routes to obtain Zintl anions in liquid ammonia or ethylenediamine solution.
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The focus in the following is on the different kinds of

discrete anions one can find in solid-state materials without

drawing special attention to cation size or bonding situations.

Group 16 has been deliberately excluded from the consider-

ations. A more complete summation of molecular anion-

containing Zintl phases of group 14 and group 15 is given in

Gärtner and Korber.21 The combination of group 14 and group

15 elements results in heteroatomic polyanionic structures,

which are also interpretable by the (8�N) rule. For a more

detailed discussion of this kind of materials, consider Eisen-

mann and Cordier.22

1.09.1.2.1 Homoatomic polyanions of group 14 in solid state
1.09.1.2.1.1 Clusters

At a moderate degree of reduction of 4.4–5 electrons per anion

atom, one can find three differently sized clusters of group 14

elements. The smallest cluster is represented by the tetrahedral-

shaped E4
4� anion, which is present, for example, in A4E4

binary materials (A¼alkali metal, E¼group 14 element)

(Figure 6(a)).23–28 A second cluster species is the previously

mentioned E9
4� anion present in A4E9

(29–32) or A12E17
(33–36)

binary materials. The ideal geometry of this kind of cluster is

the monocapped square antiprism (point group C4v), which is

also predicted for a 22-electron nido-cluster by the Wade–Min-

gos–Williams rules (Figure 6(b)). The shape of the nine-atom

clusters is discussed more in detail in Section 1.09.1.2.4. With

tin one more cluster has been found, the square-

antiprismatic-shaped arachno Sn8
6� anion. This anion is ob-

served exclusively together with lithium cations that cap the

square faces of the cluster, for example, in the material

K4Li2Sn8 (Figure 6(c)).37 If one takes the covalent interaction

between tin and lithium into account, the [Li2Sn8]
4� anion can

also be considered as a closo-cluster.

1.09.1.2.1.2 E4
6� and rings

For an NE value of 5.5 e� per atom, the butterfly-shaped E4
6�

anionic species is found in materials of the composition

Ba3Si4
(38) and b-Ba3Ge4

(39) (high-temperature phase,

T > 630 K; Figure 7(a)). In more electron-rich Zintl phases

up to NE¼6 per atom, anionic ring structures are observed.

The chemical bonding in these rings is not trivial due to partial

double-bonding and covalent interactions between electroneg-

ative and electropositive elements, which cannot be expressed

in terms of the Zintl–Klemm–Busmann concept and the

0.06

0.08

0.1

0.12

0.14

0.16

0.18

4 4.5 5 5.5 6 6.5 7 7.5 8

r(
M

I/
II )

av
 (n

m
)

NE (e/atom)

Group 14

Group 15

Clusters Rings Chains

Group 14

Figure 5 Zintl phases of alkali and alkaline earth metals that contain homoatomic polyanions of group 14 and group 15 fit together like parts of a jigsaw
puzzle when mapped by their degree of reduction and their mean cation radii.

(a) (b) (c)

Figure 6 Clusters of group 14 in Zintl phases. (a) E4
4� (E¼Si–Pb),23–28 (b) E9

4� (E¼Si–Pb),29–36 and (c) Sn8
6�, respectively [Li2Sn8]

4�37.
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(8�N) rule. The most common rings are the quasi-aromatic

five-atom E5
6� (E¼Si–Pb; Figure 7(b))40–44 and six-membered

E6
10� rings (Figure 7(c)).45,46 Five-membered rings do not

crystallize as sole anionic moiety but together with more re-

duced anions like mononuclear E4�. E6
10� rings are only

reported for the elements silicon and germanium and represent

the exclusive anionic moiety in compounds like Ba4Li2E6.
45,46

In the alkaline earth metal compounds Ca7Mg7.5�dSi14 and
SrSi derivatives of the six-membered rings are observed. In

Ca7Mg7.5�dSi14 an Si6 ring is described, where each corner

additionally binds one silicon atom47; in SrSi, four corners

are bound to additional silicon atoms.48 Anyway, the charge

assignment in these compounds is not trivial.

1.09.1.2.1.3 Chains

In even more reduced phases one can observe chains. Zintl

phases containing these chains are interesting model com-

pounds for the study of multiple bonding of heavier main

group elements in the solid state, as well as the coordination

behavior of differently charged main group element atoms in

the same compound. The charge assignment in these com-

pounds is not trivial at all due to multiple bonding between

the group 14 elements and covalent interactions between

group 14 elements and the electropositive metals (Table 2).

Some of the compounds additionally contain more highly

reduced anionic species like monoatomic E4� anions.

1.09.1.2.2 Homoatomic polyanions of group 15 in solid state
1.09.1.2.2.1 Clusters

There are two distinct cluster species present in Zintl phases of

group 15. The most common cluster species is observed, for

example, in materials following the composition M3E7
(A¼alkali metal; E¼P–Sb).58–60 The shape of the cluster is

nortricyclane like. Due to its C3v point group symmetry, the

anions feature three main distances (A, B, C), where A > C > B

and d > g holds true (Figure 8(a)). The least reduced molecular

polyanion of group 15 elements in binary solids is represented

by the trishomocubane-like E11
3� (E¼P, As)61,62 (Figure 8(b)).

1.09.1.2.2.2 Rings

An increased degree of reduction results in the formation of

Zintl phases that contain ring-shaped polyanions. Up to now,

six-, five-, and three-membered rings have been described.

Phosphorus and arsenic compounds with heavy alkali metals

which contain E6
4� rings are known.63,64 For these rings, aro-

maticity in terms of the Hückel concept was considered, which

for phosphorus is however contradicted by the missing low

field shift in 31P MAS solid-state NMR spectra. Recent quantum

chemical calculations demonstrated a slight distortion to

a chair-like confirmation. In contrast, for As5
5�(65) in envelope

conformation and As3
3�(59) rings, where each atom formally

carries one negative charge, the Zintl–Klemm–Busmann con-

cept is perfectly applicable (Figure 9).

1.09.1.2.2.3 Chains

As in the case of highly reduced group 14 compounds, the

analogous group 15 materials contain different chains of finite

length. To stabilize group 15 chains in dense solid-state

materials, larger cations are needed (radii above 0.106 nm)

(a) (b) (c)

Figure 7 (a) Butterfly-shaped E4
6� anion (E¼Si, Ge),38,39 (b) E5

6� rings (E¼Si–Pb),40–44 and (c) E6
10� rings (E¼Si, Ge)45,46 in Zintl phases.

Table 2 Dense solid-state materials of group 14 which include
chain-like polyanions in their crystal structures

Chain Compound Charge
according
to formula

Charge
according
to Zintl

Si3 Sr12Mg17.8Li2.2Si20
(49) �7.45 �8

Si6 Ba2Mg3Si4
(50) �14 �14

Ba6Mg5.3Li2.7Si12
(51) �12.65 �14

Ca8Li0.969Mg2.031Si8
(52) �13.03 �14

Si8 Sr11Mg2Si10
(53) �18 �18

Ge4 Ca7Ge6
(54) �8 �10

Ge6 Ca8Ge8Li1.18Mg1.82
(52) �12.82 �14

Ba6Ge12Li3.1Mg4.9
(55) �12.45 �14

Sn3 Li7Sn3
(56) �7 �8

Sn4 Ca7Sn6
(57) �8 �10

Sn6 Li5Ca7Sn11
(43) �13 �14

The charge assignment in these compounds is not trivial at all due to multiple bonding

between the group 14 elements and covalent interactions between group 14 elements

and electropositive metal.

A
(a) (b)

h

h

C

C

A

B
g

g

d d

Figure 8 (a) Nortricyclane-like E7
3� and (b) trishomocubane-like E11

3�

anions present in binary Zintl phases of alkali and alkaline earth metals.
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compared to group 14 chains. One can distinguish between

electron-precise chains, where two-electron–two-center bond-

ing holds true and therefore the Zintl–Klemm–Busmann con-

cept applies, and electron-deficient chains, where multiple

element–element bonding as well as partial protonation is

discussed. Figure 10 shows chains of group 15 elements in

perspective view to convey helical assemblies.

1.09.1.2.3 Heteroatomic polyanions of group 14/15, group
14/16, and group 15/16 in solid state
Sections 1.09.1.2.1 and 1.09.1.2.2 dealt with homoatomic

polyanions of group 14 and group 15 elements. Of course,

the combination of elements of the two groups results in

further polyanions in solid state.22 Additionally, the combina-

tions group 14/16 and group 15/16 are possible and also lead

to heteroatomic polyanions.74 These polyanions are also called

chalcogenidometalates and are best described as complex poly-

anions structurally related to carbonate and phosphate anions.

They are sometimes also described in terms of the Zintl–

Klemm concept, but the focus here is on the consideration of

Zintl anions in compounds, for which the description by Zintl

is the most (perhaps only) feasible.

1.09.1.2.4 Solid-state versus solution: similarities
and discrepancies
If one compares the structures of discrete polyanions of group

14 and group 15 found in Zintl phases (see Sections 1.09.1.2.1

and 1.09.1.2.2) with the compounds which crystallize from

ammonia or ethylenediamine solutions prepared by the two

routes given in Section 1.09.1.1.3, some similarities and dis-

crepancies become evident. These similarities and discrepan-

cies are presented in the next two subsections to demonstrate

the nontrivial behavior of this class of compounds in solution,

even without any additional reaction partner.

1.09.1.2.4.1 Group 14 polyanions in solution

The most common cluster species of group 14 elements in

solution is represented by the nine-atom species. This cluster

type is nowadays well known from solid-state materials M4E9
(M¼alkali metal; E¼Ge–Pb) or M12E17 (M¼alkali metal,

E¼Si–Pb),33 which can be readily dissolved in ethylenedia-

mine (Ge–Pb) or liquid ammonia (Si–Pb). Although both

solvents are rather aprotic, the highly reduced clusters in solu-

tion may be subject to oxidation by solvent molecules. For the

nine-atom cluster therefore, differently charged species are

present in solution: the highest reduced monocapped square-

antiprismatic E9
4�, known from solid state, the paramagnetic

E9
3� and the threefold-capped trigonal-prismatic-shaped

E9
2�.14 The threefold-capped trigonal-prismatic geometry

would correspond to a 20-electron closo-cluster according to

theWade–Mingos–Williams rules. Both geometries, with point

group C4v for the monocapped square antiprism and point

group D3h for the threefold-capped trigonal prism, have been

shown to be very similar in energy;75 (n ¼ 2–4)therefore their

transformation barrier is very low. For Sn9
n� clusters, a fluctu-

ational behavior in solution is indicated by a single 119Sn

singlet that shows two satellites due to coupling to 117Sn. The

small coupling constant of 
250 Hz is due to the averaging of

one-bond, two-bond, and three-bond couplings one would

expect for a static structure.76 The transformation from mono-

capped square antiprism to the threefold-capped trigonal

prism and vice versa is known as the diamond square pro-

cess.77 Here, one diagonal of the basal square of the antiprism

is shortened until it features the same dimensions as the edge

length of the capped square. The resulting polyhedron is the

threefold-capped trigonal prism. The diamond square process

is illustrated in Figure 11.

Of course, C4v and D3h are the point groups of the ideal

symmetries of the underlying polyhedra. In reality, the crystal-

lographic point group symmetry in most cases is C1, which

means there is no symmetry operation except identity. For

explanation purposes, for the shape of the differently charged

E9
n� clusters (n¼2–4), measures have been introduced to

describe the degree of distortion from the ideal symmetries.

For the monocapped square antiprism, the ratio of the diago-

nals of the basal square is taken into account. As there usually

are two differently sized diagonals in real clusters, the conven-

tionwasmade to divide the length of the longer diagonal by the

length of the shorter diagonal. The value of the ratio of diago-

nals is one for ideal C4v geometry and greater than one for a

distorted polyhedron. For the threefold-capped trigonal prism,

the height-to-edge value is used to describe the degree of dis-

tortion from idealD3h symmetry. The h/e ratio is the quotient of

the average value of the three heights and the average value

of the six triangle edges of the threefold-capped trigonal prism.

The most common experimental route to obtain nine-atom

clusters in solution is the dissolution of the corresponding

Zintl phase of the desired element in the presence or absence

of chelating ligands.20,78–81 For tin and lead the direct reduc-

tion method also succeeds in providing this cluster species in

P6
4-, As6

4- As5
5- As3

3-

Figure 9 Homoatomic rings of group 15 elements that are present in Zintl phases.
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solution.82 The case is different for silicon and germanium. For

nine-atom clusters of these elements, only the dissolution

route provides the favored result.

The tetrahedrally shaped E4
4� anions have been observed

only for tin and lead in solvate crystal structures of liquid

ammonia. Pb4
4� could be obtained by the high-temperature

dissolution route, whereas Sn4
4� has only been produced via

the direct reduction method and not by dissolution of the

analogous Zintl phase.83 This shows that the two preparation

methods to obtain Zintl anions do not necessarily lead to the

same solutions. For silicon and germanium, no fourfold nega-

tively charged tetrahedral four-atom cluster has been reported

in solvate crystal structures. The existence of the anion

[(MesCu)2(Z
3-Si4)]

4� gives a hint that Si4
4� anions may also

be present in solution.84

In solvate structures, an additional homoatomic Zintl anion

is present, for which no corresponding Zintl phase is known.

The trigonal bipyramidal E5
2� anion (E¼Si–Pb) is obtained in

dissolution experiments while using additional [2.2.2]-cryptand

as a chelating ligand for the alkali metal cations.85–88 The for-

mation of this anion is not yet well understood. It is assumed

that the responsible cluster in the solid for the formation of this

anion is the tetrahedrally shaped E4
4� anion, which cannot

balance oxidation processes like the previously described nine-

atom species and therefore reorganizes and enlarges.85 In

Table 3, the polyanions from Zintl phases and the two routes

to obtain Zintl anions of group 14 in solution are compared.

The comparison of Zintl anions and the polyanions in Zintl

phases clearly shows that the new cluster species E5
2� is ob-

tainable by dissolution of a Zintl phase. Furthermore, the

solvent employed seems to play a major role for the stabiliza-

tion of the highly reduced anions. E4
4� anions have been

reported only during the use of liquid ammonia, whereas the

application of ethylenediamine results in many examples of

oxidized nine-atom clusters. As silicide compounds are very

sensitive toward oxidation, it is completely comprehensible

P3
5-

P9
10-

P3
4-

Sb6
8-

P4
6-, As4

6- As4
5-, Sb4

5-, Bi4
5-

As8
10-

Electron-precise chains

(a) (b)

Electron-deficient chains

-

- - - -

-
-

-

--
-

-

-
2-

2-

2-

2-

2- 2- 2-

2-

Chain Compound Electron precise

P3
4� K4P3

(66) No
P3

5� KBa4P5
(67) Yes

P4
6� Sr3P4

(68) Yes
Ba3P4

(68) Yes
P9

10� Ba5P9
(69) No

As4
5� K5As4

(70) No
As4

6� Ca2As3
(71) Yes

Sr3As4
(72) Yes

As8
10� Ca2As3

(71) Yes
Sb4

5� K5Sb4
(61) No

Rb5Sb4
(70) No

Sb6
8� Ba2Sb3

(73) Yes
Sr2Sb3

(73) Yes
Bi4

5� K5Bi4
(70) No

Rb5Bi4
(70) No

Cs5Bi4
(70) No

Figure 10 (a) Electron-precise chains of group 15 elements with assigned formal charges. (b) Electron-deficient chains of group 15 elements.
The table gives the compounds that include these anions, all of which are odd-electron (paramagnetic) species.
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that Zintl anions of this element are exclusively observed when

liquid ammonia is used. Another conspicuous fact is that

anionic rings and chains of group 14 elements have not yet

been observed in solvate crystal structures at all. There seems to

be a border for the stability of Zintl anions in solution at anNE

value of 5 for group 14 elements, which means a maximum

charge of �1 per anion atom.

1.09.1.2.4.2 Group 15 polyanions in solution

From the Zintl phases, we know two different types of clusters,

E7
3� and E11

3�. E73� anions can be crystallized from solutions

of liquid ammonia89,90 or ethylenediamine91 obtained by ex-

traction of the corresponding Zintl phases; the direct reduction

procedure also yields the same cage compounds.92 P11
3� and

As11
3� anions are observed after dissolving a corresponding

Zintl phase in liquid ammonia93–95 or ethylenediamine.96,97 A

further anion known from Zintl phases and also crystallizing

from solution is represented by the ring-shaped As6
4� anion,

which could be obtained by dissolution of a Zintl phase.98

Besides the known polyanions from the solid state, the

high-temperature route also provides access to new Zintl an-

ions in solution, which are not known in Zintl phases up to

now. The ring-shaped P4
2�, for which the term lone-pair aro-

maticity was claimed, is obtainable by incongruent dissolution

of the Zintl phase K4P6 in liquid ammonia.99 Whereas in dense

solid-state materials evidence for Sb11
3� anions is still missing,

the dissolution method succeeded in crystallizing this anion

and therefore proved its existence in solution.95,100

Using the low-temperature route, in which the elements or

compounds of the element are directly reduced by a dissolved

alkali metal, more new polyanions in solution have been

synthesized. This method succeeded in preparing As4
2� anions

by directly reducing arsenic by elemental sodium.92,101 An-

other experimental procedure to obtain P4
2� anions in solu-

tion is the direct reduction of diphosphane by cesium.102

Cyclic antimonides have not yet been reported in Zintl phases,

but by applying the direct reduction method, the formation of

Sb5
5�(103) and Sb8

8�(104) rings in solution could be proved.

Shortening of one diagonal
of the basal square

Elongation of one height of
the trigonal prism

1
1

4

32

9 8

6

7

5
4

3
5

Mono-capped square antiprism Threefold-capped trigonal prism

d(6–8), d(2–5), d(3–4):  heights of the trigonal prism

d(2–6), d(3–6), d(2–3)
d(5–8), d(4–8), d(4–5): edges of the trigonal prism

average value: h

average value: e

h/e ratio = 1 for D3h symmetry
h/e ratio > 1 measure for degree of
                     distortion from ideal D3h symmetry

d(7–9): longer diagonal d1

d2

d1/d2 = 1 for C4v symmetry
d1/d2 > 1 measure for degree of 
                 distortion from ideal C4v symmetry

d(6–8): shorter diagonal

8
76

9

2

Diamond square process

Figure 11 The diamond square process describes the transformation from a monocapped square antiprism to a threefold-capped trigonal prism and
vice versa. Both geometries are very similar in energy to E9

n� (n¼2–4) clusters, therefore distorted variants of both border symmetries are found
in real crystal structures.

Table 3 The comparison of Zintl anions in solution of group 14 elements and Zintl phases containing homoatomic polyanions illustrates the
similarities and discrepancies between solid state and solution and between the two different synthetic strategies to obtain the anions in solution

Zintl anion Zintl phase

Low-temperature route
(direct reduction in NH3 (l))

High-temperature route (dissolution of Zintl phase) Solid-state reaction at high temperature

Zintl anion in ethylenediamine Zintl anion in ammonia (l) Polyanion in Zintl phase
E9

4� (Sn, Pb) E9
4� (Ge–Pb) E9

4� (Si–Pb) E9
4� (Si–Pb)

E9
3� (Si–Sn) E9

3� (Ge)
E9

2� (Si, Ge)
E4

4� (Sn) E4
4� (Pb) E4

4� (Si–Pb)
E5

2� (Ge–Pb) E5
2� (Si–Pb)

For a recent review containing pertinent literature on homoatomic polyanions in solution, refer to Scharfe et al.14
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Furthermore, an anion consisting of two P7 units coupled by

one single bond, P14
4�, is obtainable by the low-temperature

route, which can be explained by an oxidation of P7
3� anions

(for oxidation reactions see Section 1.09.1.3.1).105 In Table 4,

the polyanions from Zintl phases and the two routes to obtain

Zintl anions in solution are compared.

Concerning polyphosphides, 31P NMR experiments of

Baudler et al. in solution elucidated the presence of a great

variety of Zintl anions.106,107 The experiments also gave rise to

protonated polypentelides, the so-called hydrogen polypen-

telides. Some of these hydrogen polypentelides could also be

crystallized from solution and may be regarded as the simplest

form of derivatives of Zintl anions (Figure 12). The stability of

the protonated species in solution is caused by the similar

electronegativities of hydrogen and phosphorus, which results

in a less polarized bond compared to group 14 hydrogen

compounds. The protonation of group 14 or group 15 Zintl

anions generally means an oxidation due to the higher electro-

negativity of hydrogen, compared to the heavier homologs of

these groups.

The presence of the protonated phosphorus species in crys-

tal structures indicates their stability in solution. This is in

strong contrast to the group 14 Zintl anions, where no proton-

ated species has been reported so far and detailed NMR in-

vestigations, similar to phosphorus chemistry, are still missing.

1.09.1.3 Reactions of Zintl Anions

In Section 1.09.1.2 the focus was on polyanions in the solid

state and their dissolution behavior. It became evident that

there are complex processes involved in dissolving the solid-

state material and that even the chosen method to provide

these Zintl anions in solution plays a major role concerning

their availability in different solvents. These processes are not

yet well understood and therefore straightforward syntheses

are rare. Nevertheless, the most common and best understood

cluster species E9
4� (E¼element of group 14) and E7

3�

(E¼group 15) have been used in several reactions. The results

of these sometimes more explorative than purposeful investi-

gations are summarized in the following and should give an

idea about the versatile reaction possibilities of Zintl anions

rather than an exhaustive overview.

1.09.1.3.1 Oxidation of Zintl anions
1.09.1.3.1.1 Group 14

The oxidation of polyanions may lead to the formation of a

bond between two or more monomers. Concerning group 14

elements, quite an impressive number of oligomers obtained

from nine-atom clusters have been reported so far. The first

dimer of a deltahedral Zintl anion of group 14 was synthesized

in 1999 by dissolving a precursor Zintl phase of the nominal

composition Cs2KGe9 in ethylenediamine in the presence of

[2.2.2]-cryptand.111 This approach gave [Ge9–Ge9]
6� units, where

two Ge9 clusters are linked by one single bond (Figure 13(a)).

A trimer of linked Ge9 clusters [Ge9Ge9Ge9]
6� could be

obtained by adding Ph3As or Ph3P or GeI2 to Ge9
4� anion-

containing solutions in ethylenediamine (Figure 13(b)),112,113

and even tetramers [Ge9Ge9Ge9Ge9]
8�114 could be crystallized

from similar solutions, but without adding an oxidizing agent

(Figure 13(c)). Further oxidation, again without intentional

Table 4 Comparing Zintl anions in solution of group 15 elements and Zintl phases which contain homoatomic polyanions illustrates, as previously
shown for group 14 elements, the similarities and discrepancies between solid state and solution and between the two different synthetic strategies

Zintl anion Zintl phase

Low-temperature route
(direct reduction in NH3 (l))

High-temperature route (dissolution of Zintl phase) Solid-state reaction at high temperature

Zintl anion in ethylenediamine Zintl anion in ammonia (l) Polyanion in Zintl phase
E7

3� (Sb) E7
3� (P, As) E7

3� (P–Sb)
E11

3� (P, As) E11
3� (P–Sb) E11

3� (P, As)
E6

4� (As) E6
4� (P, As)

E4
2� (As) E4

2� (Sb) E4
2� (P, As)

E14
4� (P) As14

4�

E5
5� (Sb)

E8
8� (Sb)

For a recent review containing pertinent literature on homoatomic polyanions in solution, refer to Scharfe et al.14

(a) (b) (c)

Figure 12 Hydrogenpolyphosphides accessible from liquid ammonia solutions. (a) P3H3
2� in K3(P3H2)�2.3NH3,

108 (b) HP7
2� in [K(18-crown-

6)]2HP7,
109 (c) HP11

2� in [Sr(NH3)8]HP11�NH3.
110
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addition of an oxidizing agent, results in linear 1
1{�[Ge9]2�–}

polymers (Figure 13(d)).115 The ultimate goal in connecting

Zintl clusters was achieved by Grin et al., who used an ionic

liquid to oxidize Ge9
4� clusters. This approach resulted in the

formation of a guest-free germanium clathrate, and therefore a

new elemental modification of germanium was born.10 The

experiments listed so far show that fourfold negatively charged

nine-atom clusters of group 14 elements are very sensitive to-

ward oxidation processes in solution. The oxidized radical clus-

ters E9
3� in solution compete with dimerization reactions, and

this oxidation from E9
4� to E9

3� even takes place without

intentionally adding an oxidizing component. Therefore, only

slight impurities of water, obviously, are sufficient to oxidize the

cluster that results in coupled cluster units.

1.09.1.3.1.2 Group 15

Concerning group 15 clusters, there are also dimerization re-

actions of P7
3� and As7

3� observed in solution, which are, as

was related above for the group 14-coupled clusters, not asso-

ciated with the addition of an oxidizing agent and therefore

show the sensitivity of the anions toward any impurity of the

solvents.105 In contrast, for the undecaphosphide anion P11
3� a

controlled oxidation by adding the mild oxidizing trihalogenide

anion Br2I
� at �70 �C in liquid ammonia resulted in the for-

mation of the dimer P22
4�.116 The employment of the transition

metal complex (CHT)Cr(CO)3 (CHT¼cyclohepatriene) during

dissolution experiments of Li3P7(DME)3 in THF yielded a trimer

of P7 units, where a central norbornane-like unit is connected

to two heptaphosphanortricyclane cages (Figure 14).117

1.09.1.3.2 Functionalization with exo-bonded main group
elements
1.09.1.3.2.1 Group 14

A further possible reaction route, besides the oxidation of the

clusters, is their functionalization with exo-bonded main

group element ligands.118 In 2002, the first examples for func-

tionalized Ge9 clusters were reported by Sevov et al.119 While

the employment of Ph3P and Ph3As results in the formation

of oxidized Ge9 cage anions, which dimerize or trimerize in

subsequent reactions,112 the application of the heavier

Ph3Pn homologs Ph3Sb and Ph3Bi leaves Ge9 clusters with

two exo-bonded ligands. The first step of the reaction was

(a) (b)

(c) (d)

Figure 13 The oxidation of germanium clusters results in (a) dimeric [Ge9–Ge9]
6�, (b) trimeric [Ge9¼Ge9¼Ge9]

6�, (c) tetrameric, and (d) polymeric

1
1{�[Ge9]2�–} units.

P14
3-

P22
3-

P21
3-

As14
3-

Figure 14 Oxidatively coupled clusters of group 15 elements.
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interpreted as a nucleophilic attack of the nucleophile

(Nu) at Ge9
2�, which is in equilibria with solvated electrons:

Ge9
4�⇄Ge9

3� þ e�⇄Ge9
2� þ 2e�. Consequently, the substit-

uted derivative [Nu–Ge9]
3� is formed. The second step is not as

perspicuous; it is assumed that [Nu–Ge9]
3� units are now able

to form equilibria with solvated electrons (eqn [3]). Due to

change of the occupancy of the frontier orbital in [Nu–Ge9]
�

(empty and low-lying) or [Nu–Ge9]
2� (half empty and low-

lying) it is now available for a second nucleophilic attack

(eqn [4]).

Nu�Ge9½ �3�⇄ Nu�Ge9½ �2� þ e�⇄ Nu�Ge9½ �� þ 2e� [3]

Nu�Ge9½ � �⇄þNu Nu�Ge9�Nu½ �2� or

Nu�Ge9½ �2� þNu⇄ Nu�Ge9�Nu½ �2� þ e� ½4�
A more detailed investigation of the subsequent reactions

shows the involvement of radical anions as intermediates.120

As nucleophiles in these reactions, the Ph2Pn
� anions as well

as Ph�, which are products of the reduction of Ph3Pn by the

highly reducing Ge9
4� anions, have to be considered. Indeed,

different types of exo-functionalized clusters havebeendescribed

as, for example, [Ph3Bi–Ge9–Ph3Bi]
2� and its isostructural com-

pound [Ph3Sb–Ge9–Ph3Sb]
2� (Figure 15(a))119 and [Ph–Ge9–

SbPh2]
2� (Figure 15(b)).121 Functionalization reactions always

compete with dimerisation of the cluster anions, and the exis-

tence of the anion [Ph2Sb–Ge9–Ge9–SbPh2]
4� gives an example

of both reaction possibilities in one molecule (Figure 15(c)).121

Besides the functionalization with PnPh3, similar reactions

that used Ph4Sn or R3TtCl (Tt¼Ge, Sn; R¼Ph, Me)) also

succeeded in the crystallization of [Ge9–TtE3]
3�, [R3Tt–Ge9–

TtE3]
2�, and [R3Tt–Ge9–Ge9–TtR3]

4� containing compounds.120

The best investigated reactions are the alkylation and alke-

nylation of Ge9, Sn9, and Ge9�xSnx clusters.
12,122–124 By using

alkyl or alkenyl halides RX, where the halide can be located at

primary, secondary, or tertiary carbon atoms, these clusters can

be alkylated or alkenylated by nucleophlic substitution of the

halide by the E9
4� cluster. The vinylation of Ge9 clusters is

also possible by reacting them with the trimethylsilyl (TMS)

disubstituted acetylene. In the latter process, the formation of

mono- and disubstituted species [Ge9–(CHCH2)]
3� and

[Ge9–(CHCH2)2]
2� may be controlled by adjusting the ratio

of reagents (Scheme 2(a)).125

C
C
Ge
Sb

H
Ge
Bi

C

(a) (b)

(c)

Ge
Sb
H

Figure 15 Functionalization of Ge9 anions by exo-bonded main group element substituents. (a) [Ph3Sb–Ge9–Ph3Sb]
2�, the isostructural anion

[Ph3Bi–Ge9–Biph3]
2� is also known119; (b) [Ph3Sb–Ge9–Ph]

2�(121); [Ph3Sb–Ge9–Ge9–SbPh3]
4�.121

a)   K4Ge9  + 2 TMS C TMS K2[Ge9(CH2        CH2)2]

b)   K4Ge9  + 2 TMS C TMS  +  6  H2N(CH2)2NH2

K2[Ge9(CH2        CH2)2]   +   4TMS-NH(CH2)2NH2  +  2K-NH(CH2)2NH2

C

C

Scheme 2 (a) Unbalanced equation of the reaction of Ge9
4� Zintl anions with TMS-substituted acetylene, yielding alkenylated Ge9 clusters.

(b) Balanced equation for the vinylation of Ge9 clusters in ethylenediamine.
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At the time of publication, the reaction (Scheme 2(a))

could not be balanced because it was unclear what happened

to the TMS substituents and where the hydrogen for the hy-

drogenation of the triple bond came from. Recently it has been

shown that the solvent ethylenediamine again plays a major

role during this reaction, which involves the substituted sol-

vent molecules TMS–NH(CH2)2NH2 formed by deprotona-

tion of ethylenediamine and hydrogenation of the triple

bond of the alkyne (Scheme 2(b)). For this reaction, acidic

protons are indispensable; this could be shown by using pyr-

idine as solvent, which did not yield the desired product. Only

the addition of methanol to the pyridine solutions resulted in

the same vinylated clusters that had been observed in ethyle-

nediamine before.124 The acidity of the used solvent is ex-

tremely important, and side reactions, which are often not

trivial to determine, are often the driving force for successful

chemical transformations.

1.09.1.3.2.2 Group 15

Concerning group 15 clusters, similar functionalizations are

possible, where the formally negatively charged phosphorus

atoms attack an electrophilic center. One representative reac-

tion is given below (Scheme 3(a)), where Li3P7 is reacted with

bromomethane in THF. In an SN2-like reaction, Me3P7 is

formed and the salt LiBr is produced.126

Partially alkylated cages can be synthesized by alkyl ex-

change; this reaction showed a distribution of compounds

and pure partially alkylated polyphosphides could not be iso-

lated by this method.127 In subsequent works it could be

demonstrated that the use of tetraalkylammonium salts in

ethylenediamine yields exclusively dialkylated products

(Scheme 3(b)).128

1.09.1.3.3 Reactions with transition metal complexes
Besides the functionalization with main group element exo-

bonded ligands (Section 1.09.1.3.2), the reactions of Zintl

anions with transition metal complexes provide the pos-

sibility of testing their reactivity toward different kinds of

reagents, as well as characterizing completely new classes

of substances. Up to now, the employment of transition

metal complexes in syntheses resulted in more than 70

(group 14) and more than 60 (group 15) compounds.14

The versatile, often unpredictable, reactions of Zintl anions

with selected transition metal complexes are illustrated in

the following sections.

1.09.1.3.3.1 Group 14

Mainly, there are three possible products that can be obtained

by reacting a nine-atom group 14 element cluster in solution

with a transition metal complex.

1. The cluster anion acts as ligand toward the transition metal

in a manner similar to that of the previously presented

main group elements. Another possibility of exo-polyhedral

transformation is that the basal noncapped square of the

E9
4� cluster is capped by the transition metal to form a

10-atom 22-electron closo-cluster (Figure 16).129

2. The transition metal is inserted into the cluster anion and

the so-called endohedral complexes are formed, which

sometimes cause a structural rearrangement of the cluster.

The electronic structures of deltahedral clusters like

[Cu@E9]
3� (E¼Sn, Pb),130 [Ni@Pb10]

2�, or [M@Pb12]
2�

(M¼Ni, Pd, Pt)131 can be rationalized by employing

the Wade–Mingos–Williams rules. In [Cu@E9]
3�, the

central Cu atom is assigned a charge of þ1 due to a spher-

ical coordination environment, which accounts for a d10

configuration. In the case of [Ni@Pb10]
2� and

[M@Pb12]
2�(M¼Ni, Pd, Pt), the endohedral atom is

regarded as electronically innocent. It has a formal charge

of zero and does not interfere with the electron count of the

cluster (Table 5).

3. Besides these regular-shaped deltahedral anions, the struc-

ture of which can be directly related to the number of

electrons, there also exist unique clusters for germanium,

which are highly symmetric but do not follow the Wade–

Mingos–Williams rules. The first example of this class of

intermetalloids was the ten-atom pentagonal prismatic-

shaped [M@Ge10]
3� (M¼Co, Fe) anion (Figure 17).132–134

Concerning the syntheses of transition metal compounds

of Zintl anions, Fässler et al. could demonstrate that the reac-

tion temperature presumably plays a major role in the forma-

tion of endohedral complexes. The reaction of Sn9
4� anions

with [IrCl(COD)]2 (COD¼1,5-cyclooctadienyl) at room tem-

perature in ethylenediamine yields the exo-bonded Sn9Ir

(COD) complex. After stirring at 80 �C for 1 h, a compound

could be crystallized from this solution, which contained endo-

hedral [Ir@Sn12]
3� anions (Figure 18). The formal oxidation

C

Cr

Sn

O

Figure 16 [Sn9Cr(CO)3]
4� complex with the shape of a ten-atom

closo-cluster (bicapped square antiprism).129

b)    P7
3- + excess  R4N+ R2P7

- + 2R3NH2

a)    Li3P7 + 3CH3Br (CH3)3P7 + 3LiBr

Scheme 3 (a) Methylation of a P7
3� cage anion. (b) Selective

dialkylation of P7
3� cage anions with the help of quaternary ammonium

salts; R¼Me, Et, nBu.
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state of the iridium atom in these anions has to be�1, as the tin
polyanion is considered to be a closo-Sn12

2� cluster and endohe-

dral encapsulation is now well established for the d10 electronic

configuration of transition metals. The step-by-step reaction

clearly demonstrates that the Zintl anions first act as ligands

toward the transition metal, and that in a subsequent reaction,

the exo-bonded metal moves inside the cage anion under rear-

rangement of the cluster shape. This second step seems to be

energetically not favored at ambient temperatures.135

As beautiful as this tuning of the reaction conditions and the

desired product are, the behavior of the same complex toward

different group 14 clusters E9
4� (E¼Si–Pb) often cannot be

predicted at all. To demonstrate this, a closer look is taken at

the reaction of the different tetrel clusters Si9
4�, Ge94�, and

Sn9
4� with the Ni(PPh3)2(CO)2 complex (Figure 19). In the

case of Si9
4�, the cluster acts as a bridging exo-ligand toward the

Ni(PPh3)2(CO)2 complex and the reaction can be understood as

a classical ligand exchange of triphenylphosphane by Si9
4�.136

For Ge9
4�, two different reaction products are described, both of

which include endohedrally bound Ni atoms.137 In one result-

ing cluster, the triphenylphosphane ligands remain at one Ni

atom and no CO ligands are observed; in contrast, in the other

cluster, the CO ligands remain. In both cases, the nine-atom

cluster undergoes a rearrangement. Finally, for Sn9
4� Zintl an-

ions, the reaction results in a nine-atom cluster of which the

shape still resembles the naked cluster but where one Ni atom is

interstitially bound and additionally an Ni(CO) fragment co-

ordinates the noncapped square.138

1.09.1.3.3.2 Group 15

The reaction behavior of group 15 Zintl anions toward transi-

tion metal complexes is quite as diverse as that of the group 14

clusters. The main difference that has to be noted is the absence

of any endohedral clusters for group 15 anions till date. Three

examples of how E7
3� can be coordinated by transition metals

in rational substitution reactions are given (Figure 20).

Table 5 Endohedral cluster anions of group 14 elements

Endohedral cluster anion Number of
electrons NVE

Number of main group
element atoms NA

Number of cluster
bonding electrons
NCB¼NVE – (2�NA)

Polyhedron according to
Wade–Mingos–Williams
rules

[Cu@E9]
3�(130) Cu

Sn
40 9 22 nido (NCB¼2NAþ4)

monocapped square
antiprism

[Ni@Pb10]
2�(131) Ni

Pb
42 10 22 closo (NCB¼2NAþ2)

bicapped square antiprism

[M@Pb12]
2�(131) Pd

Pb
50 12 26 closo (NCB¼2NAþ2)

icosahedron (bicapped
pentagonal antiprism)

Figure 17 No deltahedral shape: pentagonal prismatic-shaped
[M@Ge10]

3� anion (M¼Fe, Co).
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The twofold-bound, formally negatively charged atoms of

the nortricyclane-like cage can coordinate transition metal

complexes in an Z1-like style. Li3P7�3DME reacts with [CpFe

(CO)2Br] to form [Z1-P7{FeCp(CO)2}3]; the bromine

atoms of the starting complex are thereby substituted by the

negatively charged phosphorus atoms of the P7
3� Zintl

anion.139

Besides the Z1-like coordination, the transition metal can

also be found Z2- or Z4-like bound. The coordination of two

negatively charged phosphorus atoms of the same cage anion

results in Z2-coordination style. Solutions of P7
3� in ethylene-

diamine react with Pt(PPh3)2(C2H4) and the [Z2-P7PtH

(PPh3)]
2� anion is observed.140 For the Z4 mode, two nega-

tively charged atoms and additionally two formally uncharged

atoms of the basal triangle coordinate the transition metal. For

instance, ethylenediamine solutions of Sb7
3� anions react with

Cr(CO)3(mes) (mes¼mesitylene) to give the [Z4-Sb7Cr

(CO)3]
3� anion.141

[IrCI(COD)]2

[Sn9Ir(COD)]3-
Sn9

4- [Ir@Sn12]3-

Ambient
temperature

80 °C, 1 h

Figure 18 Step-by-step synthesis of [Ir@Sn12]
3� shows that at first the transition metal complex coordinates exohedrally under formation of the

[Sn9Ir(COD)]
3� anion (COD¼1,5-cyclooctadienyl). In a subsequent reaction due to a rise in temperature to 80 �C, the [Ir@Sn12]

3� anion is formed,
in which an iridium atom with a formal oxidation state of �1 is interstitially bound.

Si9
4- + [Ni(CO)2(PPh3)2]

Sn9
4- + [Ni(CO)2(PPh3)2]

Ge9
4- + [Ni(CO)2(PPh3)2]

[Ge9Ni2(PPh3)]2-

[Ni2Sn9(CO)]3-

[Ni6Ge13(CO)5]4-

[{Ni(CO)2}2(m-Si9)2]8-

O1

C1

Ni
O2

C2

Ni

Ni2

Ni1

P1

C1

O1

Ni1

Ni2

Figure 19 Reaction of E9
4� Zintl anions with Ni(PPh3)2(CO)2 (E¼Si,136 Ge,8,137 Sn138) gives completely different reaction products. This

demonstrates the limited predictability for this kind of reaction.
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The reaction of group 15 Zintl anions with transition metal

complexes also provides the possibility of preparing huge

intermetalloid clusters. By reacting Sb7
3� Zintl anions with

Ni(COD)2 in ethylenediamine solution [Ni5Sb17]
4� anions

could be crystallized. These anions consist of a Ni(cyclo-

Ni4Sb4) ring, which is inside a Sb13 bowl (Figure 21).142

1.09.2 Conclusion

This chapter has introduced Zintl anions as a versatile and

fascinating class of compounds, which offer different reaction

possibilities. Their behavior with or without any additives in

different solvents has been the subject of research for more than

120 years now, but their diverse reaction possibilities, as well as

their frequently unpredictable behavior in solution, make this a

highly topical and demanding field of research. Interesting

challenges are the controlled oxidation-yielding oligomers and

new elemental modifications, as well as the directed syntheses of

different derivatives of Zintl anions. Furthermore, it would be

very rewarding to investigatemorehighly reduced anionic species

in solution, to broaden the range of available building blocks. It

has to be seen if the border defined by amaximum charge of one

negative charge per atom for dissolved polyanions can be

transcended in the future of Zintl anions. For related chapters in

this Comprehensive, we refer to Chapters 2.04 and 2.05.
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33. Hoch, C.; Wendorff, M.; Röhr, C. J. Alloys Compd. 2003, 361, 206.
34. Carrillo-Cabrera, W.; Gil, R. C.; Somer, M.; Persil, O.; von Schnering, H. G.

Z. Anorg. Allg. Chem. 2003, 629, 601.
35. von Schnering, H. G.; Baitinger, M.; Bolle, U.; CarrilloCabrera, W.; Curda, J.;

Grin, Y.; Heinemann, F.; Llanos, J.; Peters, K.; Schmeding, A.; Somer, M.
Z. Anorg. Allg. Chem. 1997, 623, 1037.

36. Queneau, V.; Todorov, E.; Sevov, S. C. J. Am. Chem. Soc. 1998, 120, 3263.
37. Bobev, S.; Sevov, S. C. Angew. Chem. Int. Ed. 2000, 39, 4108.
38. Aydemir, U.; Ormeci, A.; Borrmann, H.; Bohme, B.; Zurcher, F.; Uslu, B.;

Goebel, T.; Schnelle, W.; Simon, P.; Carrillo-Cabrera, W.; Haarmann, F.;
Baitinger, M.; Nesper, R.; von Schnering, H. G.; Grin, Y. Z. Anorg. Allg. Chem.
2008, 634, 1651.

[h1-P7{FeCp(CO)2}3] [h2-P7PtH(PPh3)]2- [h4-Sb7Cr(CO)3]3-

Figure 20 E7
3� anions (E¼P–As) are able to coordinate inZ1, Z2, and Z4 mode to transition metal-central atoms.

Ni

Sb

Figure 21 The [Ni5Sb17]
4� intermetalloid anion is accessible by

reacting the Zintl anion Sb7
3� with Ni(COD)2 (COD¼1,5-cyclooctadienyl).

266 Zintl Anions

Comprehensive Inorganic Chemistry II : From Elements to Applications, Elsevier, 2013. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/inflibnet-ebooks/detail.action?docID=1330977.
Created from inflibnet-ebooks on 2021-02-09 22:25:55.

C
op

yr
ig

ht
 ©

 2
01

3.
 E

ls
ev

ie
r.

 A
ll 

rig
ht

s 
re

se
rv

ed
.
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62. Emmerling, F.; Röhr, C. Z. Anorg. Allg. Chem. 2003, 629, 467.
63. von Schnering, H. G.; Meyer, T.; Hönle, W.; Schmettow, W.; Hinze, U.;

Bauhofer, W.; Kliche, G. Z. Anorg. Allg. Chem. 1987, 553, 261.
64. Hönle, W.; Krogull, G.; Peters, K.; von Schnering, H. G. Z. Kristallogr. NCS 1999,

214, 17.
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Hoffmann, S. D. Z. Anorg. Allg. Chem. 2007, 633, 1575.
82. Korber, N.; Fleischmann, A. Dalton Trans. 2001, 4, 383.
83. Wiesler, K.; Brandl, K.; Fleischmann, A.; Korber, N. Z. Anorg. Allg. Chem. 2009,

635, 508.
84. Waibel, M.; Kraus, F.; Scharfe, S.; Wahl, B.; Fässler, T. F. Angew. Chem. Int. Ed.
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130. Scharfe, S.; Fässler, T. F.; Stegmaier, S.; Hoffmann, S. D.; Ruhland, K. Chem.

Eur. J. 2008, 14, 4479.
131. Esenturk, E. N.; Fettinger, J.; Eichhorn, B. J. Am. Chem. Soc. 2006, 128, 9178.
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