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Homonuclear multiple bonding in heavier main group elements

Philip P. Power

Department of Chemistry, University of California, Davis, California 95616, USA

Recent developments in multiple bonding between heavier main
group atoms are the focus of this review. Emphasis is placed on
compounds with homonuclear bonds. It is clear that the Group 15
derivatives REER (E 5 P, As, Sb or Bi; R 5 alkyl or aryl ligand)
display double bonding throughout the group. For the Group 14
species R2EER2 (E 5 Si, Ge, Sn or Pb, R 5 organo or related
group), it is argued that, at present, only the silicon and certain
germanium derivatives merit designation as ‘dimetallenes’. Data
for multiply bonded heavier Group 13 compounds are currently
very scarce. Nonetheless, the available structures of compounds
such as (MR)n (M 5 Al, Ga, In or Tl; R 5 alkyl or aryl group;
n 5 1–6) indicate weakness of the M]M interaction especially
for the gallium, indium and thallium compounds where mono-
meric species are obtained readily. The M]M bond order in the
dimers RMMR is apparently less than 1 but can be increased by
reduction to give [RMMR]22 but it is probable that the overall
M]M bond order remains less than 2.

1 Introduction
The stabilization of heavier main group element compounds
having multiple bonding has been a central research theme in
organometallic chemistry for almost 30 years. Much of this
work has focused on compounds of Groups 14 1 and 15,2

although heavier Group 13 element derivatives have attracted
increasing attention within the past decade.3 It was recognized
from the early work, particularly in Group 14, that the multiple
bonding of the heavier elements differs from that seen for the
lightest group members. This difference was first illustrated
experimentally by Lappert and co-workers through the syn-
thesis 4 and structure 5 of the landmark compound [Sn{CH-
(SiMe3)2}2]2. This was the first isolable species in which there
was a possibility of multiple bonding between two heavier main
group elements. In the solid state (Fig. 1) it has a trans-bent
dimeric structure, with a pyramidal metal geometry and an
out-of-plane angle (δ, see below) of 418. The Sn]Sn distance,
2.768(1) Å 5b is ca. 0.03 Å shorter than the 2.80 Å in elemental
tin 6 and is very similar to the 2.764(2) Å in (SnPh3)2.

7 Nonethe-
less, the compound is dissociated 4,5 in solution [∆H = 12.8 kcal
mol21, ∆S = 33 cal K21 mol21 (cal = 4.184 J)] 8 into stannanediyl
monomers which exist in the singlet form and its chemistry is
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consistent with a monomeric structure.9 The germanium analog
[Ge{CH(SiMe3)2}2]2

5b,10 also is monomeric in solution and
dimeric in the solid with a Ge]Ge bond length of 2.347(2) Å
which is ca. 0.09 Å less than a Ge]Ge single bond.6 The out-of-
plane angle at germanium is 328 (cf. 418 for tin). Evidently, the
Ge]Ge interaction is stronger than the corresponding one in its
tin congener.

In addition to these early results there were also extremely
important achievements in heavier Main Group 15 chemistry
that provided a foretaste of developments to come. The first
stable phosphabenzene was reported as early as 1966.11 In the
1970s the isolation and characterization of stable phos-
phaimines,12 phosphaalkenes 13 and phosphaalkynes 14 were
published. (It should be borne in mind, however, that related
compounds involving multiple bonding between sulfur and
carbon or nitrogen or oxygen had been already well established,
in some cases, for many decades.) These discoveries heralded
the explosive growth in the 1980s when a large variety of stable
molecular compounds with multiple bonding between two
heavier main group elements or between a heavier and lighter
main group element were reported. Examples include Si]]C,15

Si]]Si,16 Ge]]C,17 Ge]]Ge,10,18 Si]]N,19 Ge]]N,20 Sn]]C,21 Si]]P,22

Ge]]P,23 Sn]]P,24 P]]P,25 P]]As,26 As]]As,27 P]]B,28,29 As]]B 30 and
As]]]C bonds.31

Recent work in the 1990s has afforded more examples of
dimeric tin species 32–35 related to Lappert’s original [Sn{CH-
(SiMe3)2}2]2 compound. These and related germanium 18,35–40

and lead 33 analogues are listed in Table 1.5b,10,18,35–40 Structural
details of the anion [{Sn(C6H3Trip2-2,6)}2]

2 41 (Trip = C6H2Pri
3-

2,4,6), a singly reduced valence isomer of a ‘distannyne’,
are also given in Table 1. It has a formal bond order of 1.5 and
a Sn]Sn bond length of ca. 2.81 Å. The trigermanium ring
compounds [{Ge(SiBut

3)2}2Ge(SiBut
3)2]

42a [{Ge(SiBut
3)}3]-

[BPh4]
42b and [Ge(C6H3Mes2-2,6)]3

? (Mes = C6H2Me3-2,4,6) 42c

are also included. In addition, the first structural details for
a (PbR2)2 compound, [Pb{Si(SiMe3)3}{C6H2(CF3)3-2,4,6}]2,

33

with a Pb]Pb interaction, are listed.
Besides these compounds, heteronuclear heavier Group 14

derivatives with Si]]S,43 Ge]]O,44a Ge]]S,44b,45,46 Ge]]Se,44c,46

Fig. 1 A drawing of the structure of [Sn{CH(SiMe3)2}2]2 illustrating
its trans-bent configuration (ref. 5b)
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Table 1 Selected structural data for diorgano-germanium(), -tin() and -lead(II) dimers and related species

Compound

[Ge(C6H3Et2-2,6)2]2

[Ge(C6HMe3-2,3,4-But-6)2]2

[Ge(SiMePri
2)2]2

[Ge(SiPri
3)2]2

[Ge(Mes)(C6H3Pri
2-2,6)]2

[Ge{CH(SiMe3)2}2]2

[GeCl(C6H3Mes2-2,6)]2

{GeN(But)(CH2)3N(But)SiN(But)(CH2)2N(But)}2

[{Ge(SiBut
3)2}2Ge(SiBut

3)2]
[{Ge(SiBut

3)}3][BPh4]
[Ge(C6H3Mes2-2,6)]3

?

K[{Ge(C6H3Mes2-2,6)}3]
[Sn{CH(SiMe3)2}2]2

[Sn{Si(SiMe3)3}2]2

[Sn{C6H2(CF3)3-2,4,6}{Si(SiMe3)3}]2

[Sn(C6HMe3-2,3,4-But-6)2]2

[Sn{C6H2(CF3)3-2,4,6}2]2

[K(THF)6][{SnC6H3Trip2-2,6}2]
[Pb{C6H2(CF3)3-2,4,6}{Si(SiMe3)3}]2

M]M/Å

2.213(2)
2.2521(8)
2.267(1)
2.298(1)
2.301(1)
2.347(2)
2.443(2)
2.451(2)
2.239(4)
2.226(4)
2.35(7)
2.422(2)
2.768(1)
2.8247(6)
2.833(1)
2.910(1)
3.639(1)
2.8123(9)
3.537(1)

δ*/8

12
0
0
0

36
32
39
41.3
—
—
—
—
41
28.6
41.5
21.4, 64.4
46
95.20
40.8

γ*/8

10
20.4
6.5

16.4
7
0
0

42.3
—
—
—
—
0

63.2
0

—
0
0
0

Ref.

18
36
37
37
38
5b, 10
39
40
42a
42b
42c
42c
5b
32
33
34
35
41
33

* The angles δ and γ are represented below:

M M δ M γ

Ge]]Te,44d,46 Sn]]S,47,48 Sn]]Se 47–49 and Sn]]Te 49 multiple bonds
have been characterized. The compound (η5-C6H5)(CO)2MoGe-
C6H3Mes2-2,6, in which there is a Mo]Ge triple bond, has also
been reported.50 The characterization of the first stable Sb]]Sb 51

and Bi]]Bi 52 bonds has been described and structural inform-
ation for these and their arsenic and mixed Group 15
congeners 26,27,51–54 is in Table 2. Triply bonded phosphorus–
transition-metal compounds have also been characterized.55

Another development of the 1990s has been the expansion of
the range of multiple bonds to aluminum and gallium.3a Some
structural parameters for homonuclear Group 13 multiple
bonded compounds are included in Table 3.56–74 In addition,
stable complexes featuring heteronuclear Ga]]Se,75 Ga]]Te 75 and
In]]Se 76 double bonds have been synthesized. Table 3 includes
structural data for the radical species [R2MMR2]

2 [M = Al or
Ga; R = CH(SiMe3)2 or Trip] which have a formal M]M bond
order of 1.5 and the ring compound [{Ga(C6H3Mes2-2,6)}3]

22

which has a 2 π-electron, three-membered ring with a formal
Ga]Ga bond order of 1.33. It is related to the above-mentioned,
isoelectronic cyclotrigermanium cation [{Ge(SiBut

3)3}3]
1.42b The

radical [(But
3Si)GaGa(SiBut

3)2]?
63 with a formal Ga]Ga bond

order of 1.5 and the dimer Na2[{Ga(C6H3Trip2-2,6)}2],
74 which

was stated to have a Ga]Ga triple bond, are also listed. More
recently, it was reported that the related species (OC)4FeGa-
(C6H3Trip2-2,6) 77 also had a Ga]Fe triple bond.

The bonding description of the last two compounds, in par-
ticular, has generated considerable discussion. Some say that

Table 2 Selected structural parameters for organo-arsenic, -antimony
and -bismuth double bonded compounds

Compound

[Mes*PAs{CH(SiMe3)2}]
[MesPAs(C6H3Trip2-2,6)]
[Mes*AsAs{CH(SiMe3)2}]
[AsC(SiMe3)3]2

[As(C6H3Trip2-2,6)]2

[MesPSb(C6H3Trip2-2,6)]
[Sb{C6H2[CH(SiMe3)2]3-2,4,6}]2

[Sb(C6H2Trip2-2,6)]2

[Bi{C6H2[CH(SiMe3)2]3-2,4,6}]2

E]E/Å

2.124(2)
2.134(2)
2.224(2)
2.244(1)
2.285(3)
2.335(2)
2.642(1)
2.664(2)
2.8206(8)

E]E]C*/8

101.2(2), 96.4(2)
96.7(2), 101.5(2)
93.6(3), 99.9(3)
106.3(2)
96.40(22)
95.7(3), 100.9(2)
101.4(1)
98.58(32)
100.5(2)

Ref.

26
53
27
54
53
53
51
53
52

* Where two angles are given they are listed in the order in which the
atoms appear in the formula.

the Ga]Ga bond is a double one on the basis of its bond length
or its trans-bent geometry, DFT 78 and ab initio calculations.79a

The possibility of single bonding has also been suggested.79b In
contrast, others have supported triple bonding on theoretical
grounds.80,81 The claim for Fe]Ga triple bonding has also been
questioned 82 on the basis of DFT calculations and a com-
parison of IR data with related aluminum 83 and indium 84 com-
pounds which imply essentially negligible π-bonding between
the Group 13 element and the transition metal.

The bonding of the Group 14 compounds 1 in Table 1 has
also been the subject of considerable discussion (see below).
This is based on the fact that none of the tin or lead compounds
has a distance much shorter than a single bond and all are
dissociated to monomers in solution. They deviate from the
planar geometries expected in ethylene analogs and have
large out-of-plane angles at the metals. Three of the eight
germanium dimers have similar characteristics. As a result of
this behavior (which is at such variance to that normally seen in
alkenes) several interesting questions arise. For example, is it
justified to refer to the tin compounds in Table 1 as distannenes,
thereby suggesting a behavior normally associated with corre-
sponding alkenes? Is it expedient to refer to Na2[{Ga(C6H3-
Trip2-2,6)}2] as a (triply-bonded) digallyne when it has a Ga]Ga
distance similar to some Ga]Ga single bonds 61,62 as well as a
non-linear structure? The object of the rest of this perspective is
to examine some current views of these questions. The discus-
sion is focused primarily on homonuclear bonds to avoid the
complicating effect of ionic factors associated with hetero-
nuclear species. Furthermore, emphasis is given to recent devel-
opments in compounds of the third, fourth and fifth rows
where deviations in the structural and chemical properties from
compounds of the first row are the most marked.

2 Phosphorus, Arsenic, Antimony and Bismuth
Multiple Bonding
It is, perhaps, easiest to begin with the least controversial of the
heavier main group multiply bonded compounds, the Group 15
derivatives of formula REER (E = P, As, Sb or Bi; R = alkyl or
aryl group).2 Currently, there are structural data for about 20
diphosphenes (which generally have trans-planar structures) as
well as several η1-diphosphene transition-metal complexes in
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Table 3 Metal–metal bond lengths and torsion angles in structurally characterized Group 13 tetraorganodimetallanes and related species and their
reduced analogs

Compound

[Al{CH(SiMe3)2}2]2

(AlTrip2)2

[Ga{CH(SiMe3)2}2]2

(GaTrip2)2

[GaCl{Si(SiMe3)3}2]2

[Ga{CH(SiMe3)2}DPPD]2
c

[Ga{CH(SiMe3)2}N3Ph]2

[Ga(TMP)2]2
d

[GaB4H4(CSiMe3)2]2

[GaN(But)CHCHN(But)]2

[GaI(C6H3Trip2-2,6)]2

[(But
3Si)GaGa(SiBut)3)2]

[In{CH(SiMe3)2}2]2

(InTrip2)2

[In{C6H2(CF3)3-2,4,6}2]2

[In{N(But)SiMe2}2N(But)]2

[In(SiBut
3)2]2

[Tl{Si(SiMe3)3}2]2

[Tl(SiBut
3)2]2

[{Al{CH(SiMe3)2}2}2]
2

[{Ga{CH(SiMe3)2}2}2]
2

[{AlTrip2}2]
2

[{GaTrip2}2]
2

Na2[{Ga(C6H3Mes2-2,6)}3]
Na2[{Ga(C6H3Trip2-2,6)}2]

M]M/Å

2.660(1)
2.647(3)
2.541(1)
2.515(3)
2.505(4)
2.44(1)
2.457(9)
2.525(1)
2.340(2)

2.333(1)
2.511(3)
2.420(1)
2.828(1)
2.775(2)
2.744(2)
2.768(1)
2.922(1)
2.914(5)
2.966(2)
2.53(1)
2.401(1)
2.470(2)
2.343(2)
2.441(1)
2.319(3)

M]C/Å

1.982(3)
1.996(3)
1.995(5)
2.008(7)
2.395(5) b

1.995(5)
1.977(2)
1.901(4) e

—

1.836(4) e

1.994(9)
—
2.194(5)
2.184(7)
2.21(1)
2.12(1)–2.29(8) e

2.778(4) b

2.675(2) b

2.789(12) b

2.040(5)
2.059(4)
2.021(1)
2.038(10)
2.037(3)
2.044(20)

δ a/8

≈0
44.8
≈0
43.8
—
—
—
31
—

90
0

—
≈0
47.8
85.9(5)
—
90
78.1
90
0
0
1.4

15.5
—
—

Ref.

56
57
58a
59
60a
58b
58c
60
61

62
64
63
65
66
67
68
69
70
69
72
71
57
59
73
74

a Angle between the perpendiculars to the M]C2 co-ordination planes. b M]Si distances. c DPPD = 1,3-Diphenylpropane-1,3-dionate. d TMP = 2,2,6,6-
Tetramethylpiperidine. e M]N distances.

which the P]P double bond is conserved.2d,e There are also
many metallodiphosphenes in which the phosphorus organic
substituent is replaced by a transition-metal fragment.2d The
range of P]P distances in organodiphosphenes lies between
1.985(2) 85 and 2.034(1) Å.25 This may be compared to the
approximate single P]P bond distance of 2.22 Å.86a Thus, the
percentage difference between singly and doubly bonded P]P
moieties lies between ca. 7.5 and 9.8%. This impressive margin
probably reflects not only P]P π-bond formation, but also a
change in σ hybridization at phosphorus which is thought to
account for up to half the observed contraction.87 The shorten-
ing is ca. 50–60% of the 15.2% difference observed between
hydrazine N2H4 (N]N 1.45 Å) 86b and the diimine N2H2 (N]N
1.23 Å).86c It seems probable that this margin is enhanced in
view of the long single N]N σ bond which is thought to be
caused by interelectronic repulsion. Nonetheless, there seems to
be little doubt that the P]P π bond is much weaker than an
N]N π bond and this view is supported by spectroscopic and
thermochemical data in Table 4 88 which features a comparison
of the σ- and π-bond strengths of some homonuclear main-
group element–element bonds.88,89a It can be seen that there is
more than 50% decrease in π-bond strength between the first

Table 4 Relative energies (kcal mol21) of σ and π bonds in homo-
nuclear main group diatomic species a

B]B
Al]Al
Ga]Ga
In]In
Tl]Tl

70 b

36 b

32 b

23 b

2 b

C]C
Si]Si
Ge]Ge
Sn]Sn
Pb]Pb

81/62 a

47/28 a

39/26 a

35/11 c

23(33)/— c,d

N]N
P]P
As]As
Sb]Sb
Bi]Bi

38/94 a

48/34 a

35/28 a

31/20 c

21/10 c,e

a These values are generated by using methods in ref. 88 which are in
part abstracted from spectroscopic data in ref. 89(a). b These values
were obtained from ref. 89(a) and they represent single bonds. c These
data were abstracted from ref. 89(a) and from single bond values in ref.
89(b). d The Pb]Pb single bond value (in parentheses) is from ref. 89(b);
the first value is from 89(a) and corresponds to a ‘double’ bond. e These
values were estimated from the 41 kcal mol21 value for the diatomic
Bi2 [see ref. 89(a)] and by assuming an approximate 2 :1 ratio for the
strengths of the σ and π bonds. 

and second row. It is also notable that the π-bond strengths are
greater in Group 15 than in Group 14, possibly as a result of
their smaller size. By using bond dissociation energies for the
diatomic triply bonded Group 15 molecules 89a and single bond
strengths, it is possible to distinguish the σ and π components
of the bonding within this group. For phosphorus, although the
P]P π bond is much weaker than the N]N π bond, the σ :π
bond strength ratio (48 :34) in a P]P double bond is compar-
able to the ratio (81 :62) in carbon. From this perspective, the
P]P double bond is correctly regarded a full-fledged double
bond. The P]P π-bond strength, which may be represented by
the rotational barrier for the E–Z isomerization, was calcu-
lated 90 to be ca. 33.5 kcal mol21. This value is in good agree-
ment with the 34 kcal mol21 estimated in Table 4. Laser
irradiation studies of the E–Z isomerization in (PMes*)2

(Mes* = C6H2But
3-2,4,6) afforded a lower energy barrier, ca. 20

kcal mol21.91

The σ :π bond strength in arsenic is 35 :28. As expected, both
bonds are weaker than their phosphorus counterparts, never-
theless, the relative π-bond strength is slightly higher for
arsenic. The bond lengths in diarsenes are in the range
2.224(2) 27–2.285(3) Å.53 With 2.44 Å as the As]As single
bond distance,86d this represents a shortening of 6.3–8.0%. This
margin is slightly less than that observed in the diphosphenes.
Nonetheless, it is fully consistent with the presence of As]]As
double bonds.

The currently known range of structurally characterized dis-
tibenes and dibismuthenes is limited to two of the former 51,53

and just one of the latter.52 The Sb]Sb distances in the two
distibenes are 2.642(1) 51 and 2.664(2) 53 Å which represent
shortenings of 6.94 and 6.16% respectively.86e It may be noted
that both σ and π bonds of the Sb]Sb double bond are weaker
than in the arsenic case but the weakening is greater in the case
of the π bond. A similar trend is observed for the dibismuth-
ene.52 In this case the Bi]Bi π-bond strength is estimated to be
only about half that of the Sb]Sb π bond. In the dibismuthene
the amount of shortening is 5.7%.86 f Clearly, the percentage
shortening diminishes in these heavier metals. This is consistent
with the lower π-bond energies in Table 4.
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3 Silicon, Germanium, Tin and Lead Multiple
Bonding
Moving now to the Group 14 elements, it can be seen that
the estimated π-bond strengths are less than those in Group
15. In contrast, the σ-bond strengths for the Group 14 ele-
ments are generally higher (the P]P and Si]Si bonds have
about equal strength) than in the Group 15 elements. The
stronger π bonds in the pnictides may be explained primarily
on the basis of the smaller size of these elements, whereas the
weakness of the Group 15 σ bonds has often been thought to
be due to interelectronic repulsions between the lone pairs
which is most pronounced in the case of the very weak N]N
single bond. In Group 14 homonuclear double bonding pri-
marily concerns the species R2MMR2 (M = Si–Pb; R = alkyl
or aryl group). For silicon about a dozen compounds have
been structurally characterized.1i The Si]Si distances vary
from 2.251(1) 92a to 2.138(1) Å 92b which represents a shorten-
ing in the range 7.3–8.6%. As with the Lappert ditin com-
pound some disilenes adopt trans-bent structures but the out-
of-plane bending is very much less (maximum published
value 188) 93 and many have essentially planar geometry like
most alkenes. 94 The activation enthalpy for cis–trans isomeri-
zation, which is considered to be a measure of Si]Si π-bond
strength, ranges from 25.4 to 30.3 kcal mol21.95,1 j This is ca.
50% of the π-bond strength in alkenes and in good agree-
ment with the value in Table 4. In one case, the compound
[Si(Mes)C6H2{CH(SiMe3)2}3-2,4,6]2,

96a,b there is dissociation
to monomers under relatively mild conditions. The ∆Hdiss is
ca. 26 kcal mol21. The dimer has a lengthened Si]Si doubly
bonded distance of 2.228(1) Å with out-of-plane angles in the
case of the Z isomer of 9.4(3) and 14.6(3)8.

The structures of eight (GeR2)2 compounds are known
(Table 1). The Ge]Ge distances and out-of-plane angles
range from 2.213(2) 18 to 2.451(2) Å 40 and from 0 36,37 to
42.38.40 Thus, the Ge]Ge bond shortenings range between 9.3
and 0%. Two of the three compounds having the longest
Ge]Ge bonds are dissociated to monomers in solution, which
underlines the weakness of their association. Another feature
of the germanium compounds is that the majority (five out
of eight) show substantial out-of-plane angles and all display
either a substantial out-of-plane or twist angle. The geo-
metrical distortion therefore is greater than in the silicon
compounds. The data in Table 4 indicate a π-bond strength
of ca. 26 kcal mol21 which is close to that predicted theor-
etically 97 but higher than the enthalpy of activation (ca. 22
kcal mol21) of the interconversion of the E–Z isomers of
[Ge(Mes)(C6H3Pri

2-2,6)]2.
38 The lower value of this compound

is in harmony with the elongation [Ge]Ge = 2.301(1) Å] and
high out-of-plane angle of 368 which are probably caused by
steric crowding. Furthermore, the 22 kcal mol21 barrier is
less than the ca. 26 kcal mol21 in its silicon analog
[Si(Mes)(C6H3Pri

2-2,6)]2.
38 A recent variable temperature UV/

VIS spectroscopic study 96c of [Ge(MeS)(C6H2{CH(SiMe3)2}3)]2

(crystal structure currently unknown) yielded an enthalpy of
dissociation of 14.7 kcal mol21, about half that of the silicon
analog.96a,b Considerable Ge]Ge multiple bond character is
also seen in the cyclotrigermanium cation [{Ge(SiBut)3}3]

1

which has an average Ge]Ge distance of 2.226(4) Å.42b Short
Ge]Ge distances, average 2.35(7) Å, are also observed in the
cyclotrigermanium radical [{Ge(C6H3Mes2-2,6)}3]?.

42c

A sharp decrease in the π-bond energy is predicted in Table 4
upon descending the Group 14 elements from germanium to
tin. The Sn]Sn π-bond strength is estimated to be just 11 kcal
mol21 (cf. Ge]Ge π-bond strength = 26 kcal mol21) whereas
the strength of an Sn]Sn σ bond is marginally less than that
of its Ge]Ge counterpart (35 vs. 39 kcal mol21). The decrease in
π-bond strength is more abrupt than that in the corresponding
Group 15 elements between arsenic and antimony. It is difficult
to explain this difference on the basis of sizes since antimony

and tin have similar radii as do arsenic and germanium. The
weakness of the Sn]Sn bonding in the five (SnR2)2 structures in
Table 1 is supported by the fact that all compounds are dissoci-
ated in solution and the shortest tin–tin distances are similar to
that of a single bond.5b,32,33 The longest Sn]Sn interaction is in
[Sn{C6H2(CF3)3-2,4,6}2]2,

35 Sn]Sn = 3.639(1) Å, which is ca. 0.8
Å longer than a single bond. The trans-bent structure is
observed in all compounds but there is no correlation between
the out-of-plane angle and Sn]Sn bond length in the compounds
seen here.

The structure of one dimeric (PbR2)2 species with a Pb]Pb
interaction is currently available.33 In that compound, [Pb{C6-
H2(CF3)3-2,4,6}{Si(SiMe3)3}]2, the Pb]Pb distance is 3.537(1)
Å and the out-of-plane angle is 40.88. This distance is much
longer than the single Pb]Pb bond in (PbMe3)2 [2.88(3) Å] 98

which indicates that the Pb]Pb interaction is very weak. This is
in agreement with the data in Table 4, which predict a Pb]Pb
bond energy of 23 kcal mol21 89a in the dimer Pb2 (putatively a
Pb]Pb double bond) much less than the corresponding value
(35 kcal mol21) for its tin analog. A problem arises, however,
when this value (23 kcal mol21) is compared to that for a single
Pb]Pb bond in (PbMe3)2 (33 kcal mol21).89b,98 This implies that
a single Pb]Pb bond is stronger than a multiple one. This
apparently absurd result is consistent with the observation
that the ‘multiple’ Pb]Pb bond in [Pb{C6H2(CF3)3-2,4,6}{Si-
(SiMe3)3}]2

33 is much longer than a single bond whereas the
analogous tin species [Sn{C6H2(CF3)3-2,4,6}{Si(SiMe3)3}]2 has
a bond length similar to a single Sn]Sn bond.33

One other class of homonuclear multiply bonded heavier
Main Group 14 species needs to be considered. These are com-
pounds of formula RMMR (M = Si, Ge, Sn or Pb; R = organo
group), which are heavier analogues of the alkynes. Unfortu-
nately, experimental details of only one related compound
currently exist. The radical ion [{Sn(C6H3Trip2-2,6)}2]

2, which
is a singly reduced analogue of a neutral tin species of the
formula (SnR)2, has a Sn]Sn distance near 2.80 Å and an
Sn]Sn]C angle of ca. 958 (Fig. 2).41 This structure suggests that
there is a lone pair at each tin occupying orbitals high in s
character with p orbitals being used for Sn]Sn and Sn]C σ
bonding. The remaining p orbitals, one at each tin, may overlap
to form a π orbital occupied by a single electron. Formally, the
bond order is 1.5 but the Sn]Sn distance is the same as a
single bond. Removal of the π electron should result in a
slightly longer Sn]Sn bond but the trans-bent structure with
lone pairs at each tin should be preserved.

Fig. 2 Schematic drawing of [K(THF)6][{Sn(C6H3Trip2-2,6)}2]
2 (ref.

41)
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4 Boron, Aluminum, Gallium, Indium and Thallium
Multiple Bonding
Homonuclear multiple bonding between the Group 13 elements
is a relatively recent development.3a Historically, such com-
pounds were more noted for their electron deficiency and con-
sequent absence of sufficient numbers of electrons to form
multiple bonds. This was particularly true for derivatives
of boron. Nonetheless, there were a number of reports that
indicated that the problem of electron deficiency could be
remedied. For example, multiply bonded B]B moieties were
generated in various metal complexes of reduced six-membered
quasi-aromatic rings.99 In addition, the structures of a number
of three-membered delocalized ring compounds containing
B]B units have been synthesized.100 In these, the stabilized ring
π orbitals provide the impetus for the delocalization incorpor-
ating the B]B unit. Boron–boron bonds as short as 1.58 Å
(cf. single B]B bond ca. 1.71 Å) have been reported.101 Short
B]B distances (ca. 1.6 Å) have also been observed in the struc-
tures of several transition-metal borides which contain one-
dimensional polyacene-type boron chains as part of a three-
dimensional metallic lattice.102 The common feature of these
compounds is that B]B units with adjacent empty p orbitals as
part of rings or chains are reduced to form multiple bonds
between the boron atoms.

The reduction of acyclic, molecular B]B bonded species had
to await the synthesis of suitable compounds for reduction. The
simplest are the species (BR2)2 (R = alkyl or aryl groups) which
are only stable if the substituents are large. They were first
reported in 1980 103 and it was shown that they could undergo
a 1-electron reduction to the species [(BR2)2]

2.104 Solution
EPR data showed that the unpaired electron occupied a π
orbital formed by overlap of two adjacent boron p orbitals for a
formal B]B bond order of 1.5. However, further reduction of
tetraalkyl diboron species was not achieved. Tetraaryl diboron
compounds permitted double reduction as seen in the dianion
[Mes2BB(Ph)Mes]22.105a It has a shortened B]B bond of
1.636(11) Å and an almost planar B2{Cipso}4 array consistent
with the presence of a formal B]B double bond. The dianion
[{B(NMe2)Ph}2]

22 has a similar B]B distance of 1.631(9) Å as
well as a planar core.105b The B]B bonds are ca. 0.07–0.08 Å
shorter than in their neutral precursors. The shortening is not
as great as that in corresponding ethylene species possibly as a
result of coulombic repulsion. A comparison with [{B[C-
(SiMe3)2]Mes}2]

22, which has a much longer single bond [B]B
1.859(6) Å] between two negatively charged borons, seems to
bear out this view.106 Theoretical data for diborane(4) dianions
are scant but one paper suggests that the B]B π bond may be
quite strong.107a

Extension of these methods to aluminum and gallium has
resulted in the synthesis of several monoreduced anions (Table
3) of tetraorganodimetallanes similar to the corresponding
boron species.57,59,71,72 Stable multiply bonded dianion products
from further reduction have not yet been obtained. The
monoreduced species have a formal M]M (M = Al or Ga) bond
order of 1.5. The M]M bond shortening is in the range 0.13–
0.18 Å (ca. 7–8%) and the torsion angle between the metal co-
ordination planes is decreased. The multiple bonding is not
complicated by the presence of associated alkali-metal counter
cations which are separated from the anion by solvent co-
ordination. The solution EPR spectra of the monoanions show
that the unpaired electron is equally coupled to two metal nuclei
and that the magnitude of the couplings is consistent with the
location of the electron in a π orbital. For the aluminum com-
pounds there is good agreement with theoretical data 107b which
predict an Al]Al distance of 2.478 Å and a torsion angle of 6.38
in the hypothetical compound [(AlPh2)2]

2; cf. Al]Al 2.470(2) Å
and torsion angle 1.48 in [(AlTrip2)2]

2.
Reduction of the substituted m-terphenyl gallium dihalides

GaCl2(C6H3Mes2-2,6) or GaCl2(C6H3Trip2-2,6) gave Na2-

[{GaC6H3Mes2-2,6}3]
73 or Na2[{GaC6H3Trip2-2,6}2],

74 which
were the first examples of two new compound classes. The
former species has a core composed of a Ga3 ring with equal
Ga]Ga distances near 2.44 Å. It may be regarded as a delocal-
ized 2 π-electron system that conforms to the Hückel rule. It
has a formal Ga]Ga bond order of 1.33. This conclusion is
supported by calculations,73b although the Ga]Ga distances
(ca. 2.5 Å) in hypothetical species such as Na2[(GaH)3] or
K2[(GaH)3] are significantly longer than those measured
experimentally.73b This may indicate that Na1–aromatic ring
interactions could play a role in shortening the Ga]Ga bonds.
The digallium compound Na2[{GaC6H3Trip2-2,6}2] also has no
precedent in heavier main group element chemistry.74 It crystal-
lizes as an ion triple with interactions between the Na1 ions and
the ortho-aryl substituents (Fig. 3). The dianion is isoelectronic
to the corresponding, unknown, neutral germanium compound
and it was stated to have a Ga]Ga triple bond. However, its
geometry is not linear and Ga]Ga]C angles of ca. 1318 are
observed. The Ga]Ga bond, 2.319(3) Å, is the shortest reported
to date, but it can be seen from Table 3 that this distance is
similar to the 2.343(2) Å 59 in the anion [(GaTrip2)2]

2 (Ga]Ga
bond order 1.5) or the 2.340(2) Å in the less crowded species
[GaB4H4(CSiMe3)2]2

61 (Ga]Ga bond order 1) or the 2.333(1) Å

in [GaN(But)CHCHN(But)]2
62 (Ga]Ga bond order 1). Un-

fortunately, no stable dimeric, neutral compounds of the type
RMMR (M = Al or Ga; R = alkyl or aryl) solvent or separated
ion pairs of the type [M9Ln]2[RMMR] (M9 = alkali metal;
L = Lewis base donor) are known at present. Structural data for
these would be of interest since the Ga]Ga bond in the dianion
[{GaC6H3Trip2-2,6}2]

22 would be illuminated by the synthesis
of the corresponding unreduced species, the putative dimer
[Ga(C6H3Trip2-2,6)]2 and the influence (if any) of the metal
counter cations on the Ga]Ga bond distance could also be
determined. The M]M bonds in compounds of the general
formula (MR)n (M = Al or Ga; R = alkyl or aryl; n = 4–6) are
usually weaker than single bonds. Evidence for this comes from
structural studies 108–117 of species such as [Al(η5-C5Me5)]4,

108

[Ga{C(SiMe3)3}]4,
109a,b [Ga(η5-C5Me5)]6

110 and monomeric
GaTpBut

2 [TpBut
2 = tris(3,5-di-tert-butylpyrazolyl)hydroborate] 111

(Table 5). The tetramers, which have electron deficient M4

frameworks, display somewhat lengthened Al]Al and Ga]Ga
bonds of ca. 2.77 and 2.69 Å and [Al(η5-C5Me5)]4,

108a [Ga-
{C(SiMe3)3}]4 and [Ga{C(SiMe2Et)}]4

109c dissociate to mono-
mers in dilute benzene solution 109 and in the vapor phase.
However, the recently synthesized tetramer [Al(SiBut

3)]4
108b has

a shorter average Al]Al distance of 2.604(4) Å which demon-

Fig. 3 Schematic drawing of Na2[{Ga(C6H3Trip2-2,6)}2] (ref. 74)
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Table 5 Selected structural data for some metal–metal bonded and related compounds of the formula (MR)n (M = Al, Ga, In or Tl; R = alkyl or
aryl group; n = 1–6)

Compound

[Al(η5-C5Me5)]4 (solid)
[Al(η5-C5Me5)] (vapor)
[Al(SiBut

3)]4 (solid)
[Ga(η5-C5Me5)]6 (solid)
[Ga(η5-C5Me5)] (vapor)
[Ga{C(SiMe3)3}]4 (solid)
[Ga{C(SiMe3)3}] (vapor)
GaTpBut

2 (solid)
[In(η5-C5Me5)]6 (solid)
[In(η5-C5Me5)] (vapor)
[In{C(SiMe3)3}]4 (solid)
[In{η5-C5(CH2Ph)5}]2 (solid)
[In(C6H3Trip2-2,6)] (solid)
[Tl{C(SiMe3)3}]4 (solid)
[Tl{η5-C5(CH5Ph)5}]2 (solid)
[Tl(η5-C5Me5)] (vapor)
[Tl(C6H3Trip2-2,6)] (solid)
[Tl{N(SiMe3)C6H3Pri

2-2,6}] (solid)

Structure type

Tetrahedral Al4

Monomer
Tetrahedral Al4

Distorted octahedral Ga6

Monomer
Tetrahedral Ga4

Monomer
Monomer
Octahedral In6

Monomer
Tetrahedral In4

In]In trans-bent
Monomer
Tetrahedral Tl4

Tl]Tl trans-bent
Monomer
Monomer
Tetramer, planar Tl4

M]M/Å

2.769(4)
—
2.604(4)
4.073(2), 4.173(3)
—
2.688(6)
—
—
3.942(1)–3.963(1)
—
3.002(1)
3.631(2)
—
3.322(1)–3.638(1)
3.632(1)
—
—
4.06

Ref.

108a
117a
108b
110
117b
109a
109b
111
112
117c
113b
114a
116a
113c
114b
117d
116b
117e

strates the very important role of the electronic and steric prop-
erties of the ligand in determining bond strengths. The hexamer
[Ga(η5-C5Me5)]6 has much longer Ga]Ga distances of 4.073(2)
and 4.173(3) Å.110 An unusual gallium species, [(But

3Si)-
GaGa(SiBut

3)2] (Fig. 4), which features a relatively short
Ga]Ga bond of 2.420(1) Å, has also been reported.63 The
formal Ga]Ga bond order is 1.5. The Ga]Ga bond is com-
posed of a 2-electron σ bond and the unpaired electron
occupies a π orbital with coupling to two different galliums.

A number of indium() and thallium() compounds with
metal–metal interactions are known. The metal–metal bonding
appears to be very weak in all currently known cases (Table 5).
This is exemplified by the indium structures of the hexameric
[In(η5-C5Me5)]6

112 (In]In ca. 3.95 Å), tetrameric [In{C-
(SiMe3)3}]4

113 [In]In 3.002(1) Å], and the dimers [M{η5-
C5(CH2Ph)5}]2

114 (M = In or Tl; In]In and Tl]Tl 3.63 Å)
which have In]In interactions that are much longer than the
distances in the In]In singly bonded compounds (InR2)2

[2.768(1)–2.828(1) Å]. Indeed, it has been possible to crystallize
monomeric species such as MTpBut

2 (M = In 115a or Tl 115b) and
one-co-ordinate metal species of formula [M(C6H3Trip2-2,6)]
(M = In 116a or Tl 116b). It is also notable that all the [M(η5-
C5Me5)] (M = Al, Ga, In or Tl) derivatives are monomeric in
the vapor phase.112,117

Unfortunately, no estimates of Group 13 π-bond strengths
are available. However, it is probable that they are less than
values given for the π bonds in Group 14 or 15 compounds
owing to the larger Group 13 element sizes. If it is assumed
that there is optimized orbital overlap in the Group 13 species,

Fig. 4 Schematic drawing of [(But
3Si)GaGa(SiBut

3)2] (ref. 63)

values for π bonds that are ca. half to two thirds those of σ
bonds seem warranted by extrapolation of the Group 14 and 15
data.

5 Bonding and Bond Order
Bonding

It is already clear that the bonding in the heavier main group
element compounds differs fundamentally from that in the
lighter members of the group. Perhaps only in the heavier
Group 15 derivatives are the simple bonding models used for
the lighter nitrogen congeners usefully applicable. In the Group
13 and 14 compounds, however, there are major distinctions in
the molecular architecture between the heaviest and lightest
element derivatives. These geometrical changes, which mirror a
changed electronic structure, have necessitated a different bond-
ing description of the compounds. It is these bonding models,
or, more accurately, the interpretation of them, that give rise to
controversy. Prior to discussing these it is perhaps worth quot-
ing a definition for a chemical bond provided by Pauling who
said that:118 ‘there is a chemical bond between two atoms or
groups of atoms in case that the forces acting between them are
such as to lead to an aggregate of sufficient stability to make it
convenient for the chemist to consider it as an independent
molecular species’. The advantage of this definition is that it
does not assume any theory, not even the existence of electrons
or orbitals. In essence, chemical bonding is assumed to exist
when it is justified by the physical and chemical behavior of the
species in question.

If the Pauling criterion is applied to the Group 15 molecules
in Table 2, it is clear, beyond doubt, that they are stable molecu-
lar entities of the formula REER (E = P, As, Sb or Bi). There is
no dissociation to monomeric units of formula ER either in
solution or in the vapor phase. In addition, the E]E bonds are
ca. 6–10% shorter than corresponding single bonds, and there
are substantial barriers to cis–trans isomerization.2 There is
good agreement between calculations 2,78,119 and experimental
findings and electron density measurements on a diphosphene
have confirmed the existence of strong σ and π bonds.120 Apart
from these data there is an extensive chemistry of compounds
related to those in Table 2 which show that E]E bonding is
retained in many different reactions.2

When the simple bonding definition is applied to the heavier
diorgano–Group 14 element species (Table 1) a more complex
picture emerges.121 Clearly, the disilenes are stable chemical
species and chemical 1 and NMR data 122 support their double
bonding. Even where one of them has been shown to dissoci-
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ate,96 the enthalpy of dissociation is sufficiently high that the
molecule remains mostly dimeric in solution at room temper-
ature. With germanium, however, two 39,40 of the eight (GeR2)2

species have Ge]Ge bond lengths similar to a Ge]Ge single
bond and two 5b,10,40 are monomers in solution. Five com-
pounds 18,36–38 do not dissociate readily, have short Ge]Ge
bonds with significant rotation barriers, undergo reactions that
retain the Ge]Ge moiety,1h,k,121 and are, essentially, germanium
analogs of alkenes.

The structures of the five (SnR2)2 compounds show that three
compounds 5b,32,33 have an Sn]Sn distance comparable to the
Sn]Sn single bond (2.80 Å) in elemental tin. In the other two,
the Sn]Sn distances are significantly longer.34,35 More import-
antly, all the compounds are dissociated to monomers in solu-
tion at room temperature. Since the enthalpy of association of
[Sn{CH(SiMe3)2}2]2 is 12.8 kcal mol21, and this compound 8 has
the shortest Sn]Sn bond in the (SnR2)2 series, it may be
assumed that the other four compounds have enthalpies of
dissociation of the order of ca. 10 kcal mol21 which is some-
what greater in strength than an average hydrogen bond but is
considerably less than the 35 kcal mol21 predicted for a single
bond in Table 4.123 It is also noteworthy that the chemistry of
the tin compounds is usually consistent with a monomeric
stannanediyl formulation seen in compounds that are mono-

meric in the solid, e.g. [Sn{C(SiMe3)2(CH2)2C(SiMe3)2}] 124a or
[Sn(C6H2But

3-2,4,6)2].
124b Products with Sn]Sn bonds are rarely

obtained from such reactions. Exceptions are the reaction
of [Sn{CH(SiMe3)2}2]2 with HCCPh,125a the reaction of
[Sn{C6H2(CF3)3-2,4,6}2] with MesN3,

125b and the reaction of
(SnTrip2)2 with tellurium.125c The latter diaryl is unusual in
that it is the only diorganotin() species that exists as a dimer
in solution.126 It is stable only at low temperature (ca.
270 8C) however, and it readily converts to the cyclic trimer
(SnTrip2)3 above 0 8C. The structure of the dimer would be of
great interest since it may display a short Sn]Sn bond and a
less pyramidal metal geometry. The sole dilead compound,
[Pb{C6H2(CF3)3-2,4,6}{Si(SiMe3)3}]2, has a Pb]Pb distance
that is ca. 0.65 Å longer than that predicted for a single
bond.98 Clearly, the Pb]Pb interaction is very weak even in
the solid state. The compound, not surprisingly, is monomeric
in solution.

It is clear from their physical properties, structures and chem-
ical behavior that the weakly associated germanium, tin or lead
species bear little resemblance to alkenes. As a result the terms
digermenes, distannenes, or diplumbenes hardly seem justified.
These names often appear to be used for convenience 127 rather
than accuracy. Since they behave as simple monomeric dialkyl
or diaryl metal compounds in solution, the IUPAC terms
germane-, stannane- or plumbane-diyls are obviously more
descriptive. If they are weakly associated in the solid state, the
terms bis-(germane-, stannane- or plumbane-diyls), which have
been used in some of the recent literature, seem apt.33,35 The
terms digermylene, distannylene and diplumbylene are, appar-
ently, inappropriate. Such nomenclature is used 128 to describe
the putatively singly bonded valence isomer of the correspond-
ing dimetallyne (Fig. 5). The term distannylene may be an
appropriate description of the (as yet unisolated) neutral
analog of the anion [Sn(C6H3Trip2-2,6)2]

2 41 that has a lone pair
at each of the tin atoms which appear to be connected by a
single bond.

The Pauling definition may also be applied to the lower
valent Group 13 compounds. It has already been seen that the

Fig. 5 Disilylyne and disilylene forms of a compound of the general
formula (SiR)2

R Si Si R
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Si Si
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disilylyne disilylene

currently known (Table 5) neutral, lower valent organic deriv-
atives of the Group 13 metals are usually weakly associated,
often becoming monomers in the vapor phase or in solution.
By analogy with the lower valent Group 14 species the terms
digallene, diindene or dithallene for dissociating RMMR
species are not indicative of their structures. For the monomeric
species, the IUPAC name gallanediyl, indanediyl, etc. seems
sufficiently descriptive, and for the dimeric species bis(metal-
lanediyl) is more representative of their structures than the term
dimetallene.

Bonding models

The various bonding models for the heavier Group 14 and
Group 15 compounds have been described in a recent review.121

Accordingly, these models are only briefly discussed here. As
expected, the bonding in the Group 15 species is the most
straightforward. In simplistic terms, the π bond is formed from
parallel overlap of p orbitals and the σ bond results in the
nitrogen case from overlap of two orbitals with approximate sp2

hybridization. As the group is descended the s character in the
σ bond decreases and that in the lone pair increases so that in
the heaviest antimony and bismuth compounds, the lone pair is
predominantly s in character.78

In the Group 14 compounds a molecular orbital (MO)
view 128a,b of the M]M bonding in R2MMR2 dimers (M = Si, Ge,
Sn or Pb) is that upon descending the group there is increased
mixing (Fig. 6) of an antibonding M]M σ* orbital and a
π orbital due to the lowering of the π–σ* energy gap. This is
closely related to the critical orbital interactions in the pyramid-
alization 129 (which is a second-order Jahn–Teller effect 130) of
AH3 systems such as NH3, CH3

2 or PH3 and the bending of
AH2 molecules such as H2O or H2S. The mixing is particularly
marked in the case of tin and lead dimers and to a lesser extent
in the silicon and germanium analogues. The increased mixing
of the σ* orbital results in stabilization of the original π orbital
but weakens that π bond by increasing its lone pair character. In
effect, it comes to resemble an n lone pair orbital more than a π
bond (n = non-bonding, lone pair orbital). The σ bond is also
weakened since the orbital orientations are not as favorable in
the pyramidalized species as in the planar one. In effect, bond-
ing electron density is lowered between the two Group 14
atoms. In the tin and lead compounds in Table 1, the bonding
interaction is weakened to such an extent that the compounds
are dissociated to monomers in solution at room temperature.
An appealing aspect of the MO bonding model is that it readily
explains why the use of more electronegative (EN) substituents
usually results in dissociation to monomers. Increasing the EN
of the substituent (e.g. by using amide 131 instead of alkyl or aryl
groups) or decreasing the EN of the central (Group 14) atom
reduces the π–σ* energy gap and gives σ-bonding orbitals that
are more located on the substituent atom while the σ* orbitals
are biased toward the central atom. This gives a greater inter-
action between the π and σ* orbitals which increases the stabil-
ization of the lone pair relative to the π orbital and increases the
likelihood of a monomeric structure. On the other hand, more
electropositive substituents, e.g. silyl groups,32,33,37 decrease the

Fig. 6 Schematic drawing of the mixing of the π and σ* molecular
orbitals in a heavier group 14 species

π

σ
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stability of the lone pair form and favor a π-bonded dimeric
structure.

The trans-bending in the heavier element compounds has
also been considered 132 in light of the splittings of the singlet–
triplet states (∆EST) based on calculations on the hydrogen
derivatives (MH2)2 (M = Si, Ge or Sn). According to this cri-
terion the double bonds will be unstable with respect to the
trans-bent distortion if the sum of the ∆EST values of the frag-
ments is more than one half the total bend energy. It can be
seen from Table 4 that the total bond energy drops rapidly des-
cending the group. Moreover, the singlet–triplet (ST) splitting
increases 132 so that the trans-bent structure is normally
observed. The type of bonding occurring in such compounds
has also been described as two weak semipolar dative bonds
between two singlet metallanediyls, the so-called ‘pawpaw’
bond.133 This approach emphasizes the important role of ST
separation in the bending; the larger the ST splitting the more
trans-bent the structure becomes.

This view of the M]M interaction is similar to the donor–
acceptor model (Fig. 7) proposed originally by Lappert and co-
workers.134 In effect, the metals are held together by weak (cf.
6.4 kcal mol21) 8 polarized dative bonds in which electron dens-
ity is distributed asymmetrically. Ab initio MO calculations 5b,135

on the (MH2)2 (M = Ge or Sn) model compounds have afforded
an M]M dissociation energy of ca. 31.0 kcal mol21 for the Ge
species and 21.5 kcal mol21 for the tin analog. These values
are much less than the experimental M]M single bond dissoci-
ation energies of compounds such as (MH3)2 and (MMe3)2

(M = Ge or Sn) which are in the range of ca. 50 to 70 kcal
mol21.136 However, the calculated value for (SnH2)2

137 is almost
double the enthalpy of dissociation for the sterically hindered
compound [Sn{CH(SiMe3)2}2]2. Apparently, steric effects are

Fig. 7 Donor–acceptor bonding model for [Sn{CH(SiMe3)2}2]2
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Fig. 8 Schematic drawing of the unshared electron-pair resonance in
(SnR2)2 (ref. 138)
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Fig. 9 Calculated MO energy and correlation diagram for (GeMe)2

(ref. 79)

very important in determining the strength of the M]M bond.
Density functional theoretical (DFT) studies 137 have indicated
a significant influence of intra- and inter-atomic Pauli repulsion
on trans-bending and π-bond strength in the heavier (MH2)2

species (M = Si, Ge, Sn or Pb). Moreover, quite high intrinsic
π-bond strengths were calculated, 38 kcal mol21 (Ge), and 32
kcal mol21 (Sn). This study also showed that in the heavier
elements the dissociation energy is less for double than for
single bonds but that this was due to the fact that preparation
energy for the singlet fragments and the interatomic Pauli
repulsion was higher for the heavier elements. Pauling 138 also
proposed that the Sn]Sn single bond distance in [Sn{CH-
(SiMe3)2}2]2 can be explained by assuming that an unshared
electron pair resonates between two tin atoms that are con-
nected by a single bond (Fig. 8). A theoretical study of frac-
tional bond orders in (MH2)2 (M = Si, Ge or Sn) molecules 139

revealed bond orders that were less than two but greater than
one, and were in reasonable agreement with the bond order
formula of Pauling.140

The MO explanation of the bonding in heavier Main Group
14 analogues of alkynes is similar to that for alkenes. The bend-
ing from the linear geometry and the lengthening of the
element–element bonds occurs for the same reason it occurs in
the alkene analogues. As the energies of the π and σ* levels
become closer going down the group the two levels interact and
there is increased mixing of a σ* antibonding orbital into one
of the π orbitals which causes it to become more stable and
assume non-bonding n character. Calculations 79 on the hypo-
thetical species (GeMe)2 show that the trans-bent form is more
stable than the linear form by ca. 15 kcal mol21. In the higher
energy linear form the two π orbitals are degenerate (eu sym-
metry) and the σ bond (ag symmetry) is lower in energy (Fig. 9).
As long as the geometry remains linear the σ* orbital cannot
mix with the π levels as they are mutually orthogonal. With
bending, this restriction is removed, and one of the original
π orbitals (15bu) becomes progressively more stable as the
amount of mixing increases. The mainly non-bonding, lone-
pair character of this orbital is indicated by the contour (Fig.
10) which shows regions of electron density opposite the methyl
groups. In contrast, the energies of the remaining π orbital (6au)
and the σ orbital (15ag) are increased, indicating that these
bonds are also weakened by the bending process. If this MO
view of the bonding is accepted then it is clear that in the linear
configuration the bond order is 3 since there are three bonding
MOs each occupied by an electron pair. However, distortion of
the geometry toward trans-bent and mixing of antibonding
character from the σ* level reduces the bond order below 3 by
converting one of the three bonding orbitals originally associ-
ated with the Ge]Ge bond to an essentially non-bonding one.
In effect, the formal bond order is reduced from 3 to 2, or less
than 2 if the weakening of the remaining σ and π bonds is taken

Fig. 10 Contour diagram of the 15bu lone pair MO in trans-(GeMe)2

obtained with a 6–31G* basis set [ref. 79(a)]
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into account. Accordingly, the Ge]Ge bond (2.167 Å) in the
lowest energy trans-bent configuration is considerably longer
than that calculated (2.014 Å) for the triply bonded linear form.
Interestingly, if this distance is compared to 2.417 Å calculated
(with the same basis set) for the single Ge]Ge bond in (GeH3)2

and a line is drawn between the two points on a semilog plot
based on the Pauling relationship between bond length and
bond order,140 then the bond length for the trans-structure,
2.167 Å, affords a bond order of 1.98. Calculations on
(SnMe)2

141 show a similar pattern. In the linear distannyne the
Sn]Sn distance is 2.432 Å whereas the lower (by 34 kcal mol21)
energy configuration has a trans-bent structure (Sn]Sn]C 1258)
and an Sn]Sn distance of 2.673 Å. This gives a Sn]Sn bond
order of 1.46. However, it is clear that steric effects can play a
large role in determining the Sn]Sn bond length and longer
Sn]Sn distances are seen in practice. The hypothetical com-
pound (SiMe)2

142 (Si]Si ca. 2.07 Å) also has a bent geometry
and is 14.4 kcal mol21 more stable than the linear form. The
calculated bond order is 2.17.

Several theoretical studies have been made on aluminum and
gallium Main Group 13 species that have possible multiple
M]M interactions.121 Some data are given in Table 6.78,79,81,143,144

In addition, the influence of the ligand geometry on InI]InI and
TlI]TlI bonding has been investigated 145,146 via extended Hückel
theory. The latter studies 146 showed that the weak M]M inter-
action occurs between empty p levels and the occupied s
orbitals. Variation of the angle in the trans-bent structures such
as (TlH)2 or [Tl(η5-C5H5)]2 indicated that interaction is almost
non-bonding (or repulsive) in the linear arrangement but that
upon trans-bending to a Tl]Tl]ligand angle of ca. 1208 there is
a significant increase in the overlap population.145 Attention has
been drawn to the similarity between the Group 14 and 15
metallanediyl fragments, e.g. :SnR2 and :InR, which only differ
in the number of acceptor orbitals.146 Thus, the trans-bending
in dimers (MR)2 (M = In or Tl) corresponds to mixing of the
π-acceptor orbitals into the in-phase and out-of-plane lone pair
orbitals. In MO terms there is mixing of the antibonding σ*
level into a π level very similar to that already described for the
Group 14 compounds. The valence bond description involves a
polarized donor–acceptor bonding model like that proposed
for the tin() dialkyl. The In ? ? ? In 146 or Tl ? ? ? Tl 146,147 inter-
actions are quite weak and are weaker than the Sn ? ? ? Sn inter-
action in [Sn{CH(SiMe3)2}2]2.

8 This weakness is exemplified by
the M]M distances (ca. 3.63 Å) in the dimers [M{η5-C5-
(CH2Ph)5}]2 (M = In or Tl) which are much longer than normal
In]In (ca. 2.8 Å) or Tl]Tl (ca. 3.0 Å) single bonds (cf. Table 3).
In the lighter species (AlH)2 and (GaH)2 the trans-bent form is
also calculated to be lower in energy than the linear forms.143,144

The Ga]Ga distance, 2.656 Å is ca. 0.14 Å longer than the
normal Ga]Ga single bonds given in Table 3, whereas the calcu-
lated Al]Al bond length is very similar to that of a single bond.

A number of calculations have been carried out on the
doubly reduced gallium analogues of these compounds since

Table 6 Selected calculated structural parameters for some low-valent
derivatives of aluminum and gallium

Compound

(AlH)2

(GaH)2

[(GaH)2]
22

[(GaMe)2]
22

Na2[(GaMe)2]
Li2[(GaMe)2]

Na2[(GaPh)2]
Na2[{Ga(C6H3Ph2-2,6)}2]

Structure

Linear
trans-bent
Linear
trans-bent
Linear
trans-bent
trans-bent
trans-bent
Linear
trans-bent
trans-bent
trans-bent

M]M/Å

2.298
2.613
2.2512
2.656
2.214
2.4568
2.5221
2.5082
2.161
2.388
2.461
2.362

M]M]C/8

180
120
180
120.4
180
125.2
123.8
126.0
180
132.5
126.1
124.3

Ref.

143
143
144
144
81
81
81
81
79
79
78
78

the structure of Na2[{Ga(C6H3Trip2-2,6)}2] was published.74

Calculations using density functional quantum mechanical
methods on Na2[(GaMe)2] or [(GaMe)2]

22 afford a trans-bent
structure with long Ga]Ga distances of 2.508 and 2.522 Å. It
was concluded 81 that there was no Ga]Ga bond length–bond
order relationship and that the bonding in the experimental
molecule 74 was between triple and double in character despite
the relatively long bond length. The bond order was adduced on
the basis of localized rather than canonical MOs. It may be
noted, however, that extended Hückel MO calculations (see
below) 79a show that the three canonical MOs associated with
the Ga]Ga bonds (of which one is essentially non-bonding) are
already mainly localized 79 on the digallium moiety. The calcu-
lated distances are considerably longer than those experi-
mentally observed in Na2[{Ga(C6H3Trip2-2,6)}2]. A possible
explanation for this discrepancy comes from DFT calculations
on the hypothetical compound Na2[{Ga(C6H3Ph2-2,6)}2] which
suggest that the alkali metals may play a significant role in
shortening the Ga]Ga bond since the potential energy curve as
a function Ga]Ga distance is relatively flat in this region.78

Thus, the Ga]Ga distance in Na2[(GaPh)2] is 2.46 Å whereas
the Ga]Ga distance in Na2[{Ga(C6H3Ph2-2,6)}2], which has
non-covalent Na1 ? ? ? o-Ph interactions, is only 2.36 Å, i.e. 0.1
Å shorter. The relatively shallow potential energy curve for the
Ga]Ga bond is also suggestive of overall bond weakness. The
DFT calculations also led to the conclusion that the Ga]Ga
bond is a double one.78 Extended Hückel MO calculations 79

on Li2[(GaMe)2], in which the [(GaMe)2]
22 ion is isoelectronic

to the (GeMe)2 compound discussed above, reveal a similar
pattern and Ga]Ga bond order of 2 or less. In this case [cf.
(GeMe)2, Fig. 10] the HOMO (15bu) is the lone pair orbital (i.e.
the n2 combination) and the HOMO-1 (7au) is the π orbital
which is believed to have been stabilized by the Li1 ions. The
Ga]Ga bond length in the lowest energy trans-bent form was
calculated to be 2.388 Å and the Ga]Ga]C angle is 132.58. The
linear, triply bonded valence isomer lies ca. 7.5 kcal mol21

higher in energy and has a much shorter Ga]Ga bond of
2.161 Å. The calculated angle is similar to that observed experi-
mentally (ca. 1318) although the Ga]Ga distance is about 0.06 Å
longer than the experimental one. The calculations also indi-
cated that the bending of the (GaMe)2 array in Li2[(GaMe)2]
results in a weakening of the remaining π and σ bonds. A recent
paper, however, reported 80 that a natural bond order analysis of
the anion [(GaH)2]

22 led to the conclusion that, although one
of the π bonds is ‘slipped’, ‘three bonds are . . . obtained’. The
contour diagram for the ‘slipped’ π bond, however, can also
be interpreted mainly in terms of an n lone pair orbital where
the maxima of electron density are not located in the region
between the gallium nuclei.79a

6 Summary and Conclusions
Differing interpretations of the structural, spectroscopic and
theoretical data have given rise to the current debate. One inter-
pretation says that the weak interactions frequently observed or
calculated for heavier Main Group 13 or 14 analogs of com-
pounds such as alkenes or alkynes fully merit designation as
multiple bonds, with a nomenclature that emphasizes their rela-
tionship to their lighter analogs. Another holds that the bond
lengths observed for these compounds can, in many cases, be
greater than the lengths of normal single bonds and the inter-
actions are frequently so weak that the ‘multiple’ bonds effect-
ively do not exist in solution. In short, the relationship between
bond order and bond strength and length becomes increasingly
meaningless if any interaction, no matter how weak, can be
qualified as a ‘bond’. Not surprisingly, each side can cite theor-
etical data that support their position. However, the theoretical
data have proved their usefulness in the sense that they demon-
strate that pyramidalization or bending of the geometries at
the heavier elements usually leads to a significantly weakened
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element–element bond in comparison to the idealized planar or
linear configuration. Thus the theoretical data provide bond
lengths for the idealized linear or planar species against which
the significantly longer bonds in the real molecules can be com-
pared. It is, therefore, to be hoped that further experimental
investigation will provide deeper insight on the factors that
influence the strength of these bonds. In the long run, it is
probable that the actual physical behavior and chemical proper-
ties of these compounds will determine the bonding model that
is most practical for chemists to use. More specific observations
and comments as well as suggestions for further experiments
are given below.

Group 14 and 15 compounds

At present, it seems clear that in the Group 15 element com-
pounds there can be relatively strong double bonding for all
elements of this group. In such compounds the physical and
chemical characteristics of double bonding are maintained in
the solution and solid states. In Group 14, however, no cur-
rently known compounds of formula (SnR2)2 or (PbR2)2 remain
dimerized in solution at room temperature. Some germanium
species also have this characteristic. The M]M bonding in these
weakly associated compounds is much weaker than single
bonding and their chemistry is more consistent with their for-
mulation as monomers. The terms digermenes, distannenes or
diplumbenes provide an inadequate description of the metal–
metal bond. Similarly, the term dimetallyne seems inappropri-
ate for neutral molecules of the type RMMR where the MM
distances are close to that of a single bond and there is a strong-
ly bent M]M]C angle {cf. the highly bent structure of the
anion [{Sn(C6H3Trip2-2,6)}2]

2}.41 It has been correctly said that
amongst Group 14 elements the carbon species are in reality the
‘exotic’ compounds 121 in the type of bonds they form and that
it is the trans-bent structures of the dimers (MR2)2 or (MR)2

(M = Si, Ge, Sn or Pb) that are normal. The multiple bonding
model (i.e. distinct σ and π bonds) used for alkenes and alkynes
is so ingrained in the chemical consciousness that it is difficult
to think of their heavier analogues without citing it. However,
the continuing emphasis of bonding models and terminologies
appropriate for elements of the first row has tended to obscure
the uniqueness of the bonding in the heavier element com-
pounds. In short, the bonding in these elements is inherently
interesting and distinct, and does not require an often mislead-
ing analogy with lighter congeners to emphasize its importance.

Group 13 compounds

In the Group 13 elements a similar pattern to that seen in the
Group 14 elements (albeit with weaker bonding) is rapidly
emerging, although data are scant. Stable (BR)2 and [(BR)2]

22

compounds are currently unknown but calculations 148 indicate
that only (BH)2 has a double bond with a triplet ground state.
In contrast, the association of species of formula (MR)2

(M = Al, Ga, In or Tl) appears to be relatively weak and, except
in the hypothetical aluminum compound (AlH)2, which has a
singly bonded Al]Al distance, the M]M bonds are longer than
normal single bonds. The long bonds and trans-bent geometry
observed 114 for the organo-indium and -thallium dimers imply
ever weaker bonding than that seen in related Group 14
species. In no sense do they resemble doubly bonded ‘dimetal-
lenes’ either in their physical properties or their chemistry.
Recent calculations 79a on the dimeric organogallium species
(GaMe)2 also indicate a trans-bent structure and a long Ga]Ga
distance of 2.676 Å which is ca. 0.16 Å longer than a single
bond and incompatible with a bond order of 2. Irrespective of
how the bonding in the RMMR (M = Al, Ga, In or Tl) dimer is
seen, i.e. whether it involves the bending of the geometry and
mixing of a σ* orbital into a π level or that it is composed of
weak donor–acceptor bonds that may be similar in strength to
hydrogen bonds, there is little doubt that the bond order is

much less than 2 (less than 1 in the case of the indium and
thallium derivatives) and the generation of a further bond by
double reduction to give the [RMMR]22 ion may be insufficient
to generate a bond order of 3. In this sense, the terms dimetal-
lene and ‘dimetallyne’ are unrepresentative of their bonding.

s Electron participation

The most striking aspect of the currently available experimental
and theoretical data for the heavier Group 13, 14 and 15 com-
pounds is how profoundly the lower tendency of the s electrons
to participate in bonding affects the molecular configurations in
homonuclear species.147b In the Group 15 elements it seems pos-
sible to form double bonds with p orbitals in compounds of
formula REER (E = P, As, Sb or Bi) with little s electron par-
ticipation (they remain primarily lone pair in character) 78 so
that double bonding is observed even for the heavier elements
antimony and bismuth. In Group 14 elements, however, full-
fledged doubly bonded molecules that are formally analogous
to ethylene would require substantial s orbital participation in
the double bonding which becomes less energetically favored
upon descending the group. In effect, the s electrons display an
increasing preference to remain in essentially non-bonded, lone
pair orbitals which is, of course, just another manifestation of
the so-called inert pair effect. In Group 13 this behavior is seen
in the increasing stability of the bent form of the [RMMR]22

ions, or weak association in the neutral molecules RMMR
(M = Al, Ga, In or Tl).

7 Future Work
Multiple bonding that is stable to dissociation in solution at
room temperature has yet to be observed for In]In, Tl]Tl,
Sn]Sn or Pb]Pb compounds. The synthesis of homonuclear
derivatives of these elements with stable multiple bonds
remains, therefore, an exciting synthetic challenge. As has also
been seen, no stable dimeric compounds of formula RMMR
(M = Al or Ga) are known currently. The synthesis of these
would be of particular interest since they would help resolve the
nature of the bond in their reduced M92[RMMR] (M9 = alkali
metal) analogues. Furthermore, the synthesis of solvent separ-
ated ion pairs of the type [MLn]2[RMMR] will also illuminate
the role played by ligand–alkali metal π interactions in deter-
mining M]M bond lengths which has been suggested theoretic-
ally,78 but which remains undefined experimentally. Apart from
one tentative estimate,3a there are no experimental data for
π-bond strengths for homonuclear multiple bonding in the
heavier Group 13 elements. Other families of compounds also
beckon. There is a scarcity of stable compounds with hetero-
nuclear multiple bonding, for instance heavier Group 13–15
compounds with valence multiple bonds. Stable, neutral homo-
nuclear heavier Group 14 alkyne analogues and their doubly
reduced derivatives (isoelectronic to neutral Group 15 species)
also remain unknown. Data on these may throw light on the
tendency to isolate the singly reduced anion [{Sn(C6H3Trip2-
2,6)}2]

2 in preference to the neutral analogue.41 This tendency
implies the presence of a low-lying unoccupied orbital in the
neutral species and, possibly, a weak Sn]Sn bond order of 1 or
less. The increasing use of electropositive substituents such as
silyl groups 32,42,63,108b to enhance M]M bond strengths may also
be expected in future experiments.

Bond lengths

Inevitably, future investigations will rely on various spectro-
scopies and X-ray diffraction data. The latter technique, in
particular, has proved of key importance but it can lead to
erroneous conclusions if used in isolation. The observation of
short bond lengths and deviations from idealized geometries
often provides reliable information on the nature and strength
of the bonds involved. Nonetheless, in some cases the unusual
geometries and unsuitable orbital orientations or energies can
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allow a fairly close approach of atoms without affording a bond
of the expected strength, as in [Sn{CH(SiMe3)2}2]2.

5 Also, some
bond distances in relatively weak bonds may be easily short-
ened by other interactions, owing to a relatively flat potential
curve in certain ranges, cf. calculations on Na2[{Ga(C6H3Ph2-
2,6)}2]

78 which suggest that the interactions of the Na1 with
aryl rings may have shortened the Ga]Ga distance by as much
as 0.1 Å. In essence, such effects tend to shorten the inter-
metallic distance and increase the apparent bond order rather
than the opposite. Thus, the Sn]Sn distance in [Sn{CH-
(SiMe3)2}2]2 suggests single bonding, yet the enthalpy of associ-
ation indicates the bond strength is a fraction of the strength of
a single bond. With the synthesis of further heavier main group
compounds such effects may be more accurately gauged and
taken into consideration in subsequent discussions.
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