FEATURE ARTICLE

DOI: 10.1039/b212224c

Philip P. Power

ChemComm
WwWW.rsc.org/chemcomm

Recent experimental results which have described the charac-
terization of the first, stable heavier group 14 element analogues
of acetylenes are outlined. It is shown that the use of large
terphenyl substituents allows the isolation of transition metal-
heavier group 14 element complexes that can achieve essential
triple bonding by a three-fold orbital interaction between the
transition metal and group 14 moiety. On the other hand the
alkyne analogues RMMR (R = Ge, Sn or Pb) display increasing
distortions from linearity to frans-bent geometry due to the
accumulation of non-bonding electron density at the group 14
element. The non-bonding electron density comes at the
expense of electron density in the bonding region between the
group 14 elements. Accordingly the bond orders are decreased
to values that are near double for the germanium and tin
derivatives and single for the lead compound.

1 Introduction

The study of stable compounds with multiple bonds between
heavier main group elements has been guided amost ex-
clusively by the pursuit of molecules (generaly stabilized by
large substituents) that are iso-structural to their carbon
analogues. However, it has become increasingly clear that this
god isdifficult, if notimpossible, to attain for reasonswhich are
inherent to the electronic structure of the heavier main group
elements where orbital mixing (hybridization) occursto a much
lesser extent than in the lightest element in each group.® This
phenomenon is most easily understood in terms of the radii of
the sand p orbitals asillustrated for group 14 elements (tetrels)
in Fig. 1.2 For carbon the most probable radii of the 2s and 2p
orbitals are amost the same owing to the absence of Paulli

The author received his BA degree from Trinity College Dublin
in 1974 and his DPhil degree, under the supervision of M. F.
Lappert, from the University of Sussex in 1977. After post-
doctoral studies with R. H. Holm at Stanford, he joined the
faculty at the University of California, Davis, where he is
currently Professor of Chemistry. His main research interests
involve the structural chemistry of organoalkali metal and
organocopper compounds, low-coordinate transition metal
chemistry, multiple bonding in main group chemistry, new
hydrides of the main group elements, and the development of
new ligands for the stabilization of low coordination numbers,
unusual oxidation states, and multiple bonding in both
transition metal and heavier main group compounds. He is a
recipient of fellowships fromthe A. P. Soan and Alexander von
Humboldt foundations. In addition he has been Reilly Lecturer
at the University of Notre Dame (1995), Faculty Research
Lecturer at the University of lowa (1993), and the University of
Auckland, New Zealand (1993).

Silicon, germanium, tin and lead analogues of acetylenes

Department of Chemistry, University of California, Davis, One Shields Avenue, Davis, California 95616,
USA. E-mail: pppower @ucdavis.edu; Fax: 530-752-8995; Tel: 530-752-6913

Received (in Cambridge, UK) 11th December 2002, Accepted 26th March 2003
First published as an Advance Article on the web 18th July 2003

15 6p
B 5p
-~ I m
< |
5s
g 101 6s
=
I 3s 4s
L 2si2p
05 L 1 L 1 It
C Si Ge Sn Pb

Fig. 1 Variation in the most probable radii of the sand p valence orbitalsin
group 14 elements.2

repulsions from non-existent 1p electrons. In contrast, the radii
of nsand np (n = 3-6) orbitals of the heavier congeners Si—Pb
differ considerably. Thismakesorbital mixing inthese elements
more difficult. The result is that the more stable, lower energy
s-electrons are increasingly excluded from bonding. In effect,
the valence s electrons become increasingly lone pair in
character as each group is descended and this has profound
bonding and structural consequences. The group 14 element
alkene analogues, first synthesized by Lappert,3 West4 and
Brook,> provide a striking illustration of the changed bonding
where, instead of the planar Do, geometry typically seen in
alkenes, increasingly trans pyramidal geometries (C,,) and
decreased bond shortenings are observed on proceeding from
the silicon to the lead compounds.® In fact, for the tin, lead and
many of the germanium alkene congeners dissociation takes
place in hydrocarbon solution to give monomeric :MR;
molecules (M = Ge, Sn or Pb, R = hydrocarbyl or related
group). The silicon derivatives (disilenes) generally do not
dissociate at room temperature, their geometries usually display
only modest deviations from planarity and the Si—-Si bond
lengths are consistent with double bonds. In addition, solid state
295 NMR data for a range of disilenes lend experimenta
support to the classical o- and wt-bonded model for the S—-Si
doublebond.” At present, about forty of the heavier tetrel alkene
analogues have been structurally characterized and their
chemistry has been examined in some detail .6 In general, the
chemistry of the heaviest derivatives also supports the weak
bonding picture suggested by the structural data and solution
behavior.

In spite of thelarge body of experimental datanow known for
the Si—-Ge alkene analogues, stable alkyne congeners RMMR
(M = Si—Pb) have remained unknown until recently. One of the
reasons for their absence has been the greater steric require-
ments for the R group since each tetrel now carries only one
substituent. Another has been the scarcity of suitable precursors
that could be smoothly converted to stable RMMR molecules.
Nonetheless, since the early 1980s there have been numerous
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calculations on their hypothetical hydrogen or methyl derive-
tivesin particular those of silicon and germanium.8.° The unique
hydrogen species were calculated to possess energetically low
lying doubly bridged, monobridged or vinylidene structuresin
preference to a trans-bent or linear triply bonded form.
Spectroscopic studies on SioH, have identified both the
mono- and dihydrogen bridged structures HSi(u-H)SI and
Si(u-H)>SI which have short Si—-Si distances of 2.119 and
22079 A (cf. S-S = 234 A in eementd silicon).1
Computational data for methyl derivatives89.11 have clearly
shown that the vinylidene and planar trans-bent C,, structures
are the lowest energy isomers. With large substituents the
vinylidene form is disfavored for steric reasons, and the planar,
trans-bent isomer isthe most stable. The trans-bent structureis
favored over the linear structure for similar reasons to the
preference for trans-pyramidal C,, structures in the akene
analogues. The calculations have al so shown that the electronic
properties of the substituents can exert a large effect.11.12
Although in all cases the trans-bent geometry is more stable
than the linear, in some cases by as much as 37 kcal mol—1, the
use of o-donor substituents such as silyls can lower the energy
differenceto aslittle as ca. 4 kcal mol—1in RSiSiR molecul es'2
so that a disilyne which has nearly linear geometry should be
isolable at room temperature.13

In addition to the computational results a number of
experiments have indicated the existence of akyne-like tran-
sient species such as MeSiSiMe14 2,6-Mes,H3CgSiSiCeHx-
2,6-Mes;15 (Mes = CgH»-2,4,6-Me3), R*SISIR*,16 R,*MeSi-
SiISISIMeR*, (R* = SiBut),}” HCSIX (X = F or Cl) or
MesSiICGeCgH3-2,6(CHoNPriL),.18 They were either detected
spectroscopically or their existence was inferred on the basis of
plausible reaction schemes. None has been isolated however.
The main purpose of this feature article is to summarize the
most prominent recent experimental developments in the
characterization of stable heavier group 14 element alkyne-like
derivatives, and to discuss their bonding and its impact on the
current debate on the nature of triple bonds in heavier main
group compounds.

2 Stable compounds with transition heavier group
14 element triple bonds: isolobal analogies

The first stable compound to feature triple bonding to a heavier
tetrel was the molybdenum—germanium derivative (n>-
CsHs)(CO).M0GeCgH3-2,6-Mes,.19 This species was synthe-
sized by the reaction given in egn. (1).

This route involved elimination of NaCl and CO to generate
(n®-CsH5)(CO)M0=Ge—-CgH3-2,6-Mes, under mild condi-
tions. The facile elimination of CO is probably due to steric
congestion caused by the large size of the terpheny! substituent.
An X-ray crystal structure (Fig. 2) showed that the germanium
was two-coordinate and it had a wide Mo-Ge-C interligand
angle of 172.2(2)°. Moreover, the Mo-Ge bond length of
2.271(1) A was quite short in comparison to single bonds (ca.
2.65 A) in other molybdenum-germanium complexes. These
structural parameters were consistent with the presence of an
Mo-Ge triple bond—a germylyne complex. This bonding
description was aso justified on the basis of a three fold
interaction between the three frontier orbitals (of a and e
symmetry) of the 15-electron fragment Mo(n5-CsHs)(CO), and
the isolobal, three electron GeAr moiety as shown in Fig. 3.
Subsequent work expanded the original result for molybdenum
to the chromium and tungsten anal ogues as well as species with

Fig. 2 Drawing of the X-ray crystal structure of (n3-CsHs)(CO),Mo=Ge-
CeH3-2,6-Mes, showing the amost linear geometry for the Mo-Ge-C
moiety. Hydrogen atoms are not shown.19

Cp(CO)MoC D) + (A GeAr —  Cp(CO)Mo=Ge-Ar

Fig. 3 Schematic drawing of the orbital interactions between the fragments
Cp(CO),Mo and ArGe.

thelarger —-CgH3-2,6-Trip, (Trip = CgH»-2,4,6-Priz) substituent
at germanium.2° |n addition, the corresponding chromium and
tungsten singly bonded tricarbonyl derivatives of GeAr were
isolated by performing the reaction at lower temperature.
Important structural parameters for these complexes are
summarized in Table 1. Itis clear that the triply bonded species
have M—Ge bondsthat are more than 0.4 A shorter than thosein
the singly bonded complexes. Also, the narrower M—Ge-C
angles (<120°) in the singly bonded complexes are consistent
with the presence of alone pair at germanium.

Table 1 Selected structural data for singly bonded (n5-CsHs)(CO)sM-Ge—
Ar (M = Cror W) and triply bonded (n5-CsHs)(CO),M=Ge-Ar (M = Cr,
Mo or W) Complexest®.20

Cr Mo W
(n3-CsHs)(CO)sM-Ge-Ar
M-Ge/A 2.590(2)2 — 2.681(3)2
M-C/A 1.989(8) — 1.99(2)
C-Ge-M/° 117.8(2) — 114.7(6)
(n5-CsHs)(CO),M=Ge-Ar
M-Ge/A 2.1666(4)2 2.272(8)a 2.277(1)°
M-C/A 1.951(2) 1.936(5) 1.916(11)
C-Ge-M/° 175.99(6) 174.25(14) 170.9(3)

apAr = C5H3-2,6-Trip2. bAr = CeH3-2,6-Mes,.

The reaction, by Filippou and coworkers, of Ge(X)Cp* (X =
Cl, Bror I; Cp* = cyclo-CsMes) with trans-[M(dppe)2(N2)2]
(M = Mo or W; dppe = Ph,PCH,CH,PPh,) as shown in egn.
(2)2122 has provided an dternative synthetic approach to
germylyne complexes via an oxidative addition—displacement
reaction. The products obtained were trans-X (dppe).M=GeCp*
(M = Mo; X = ClorBr; W, X = CI, Bror |) wherein the Cp*
is m* bonded to germanium and which featured M—Ge triple
bond distances and angles in the range 2.293(1)-2.3185(6) A
and 171.23(3)-174.04(3)°. Density functional calculationswere
performed on model complexes of the type trans
[CI(L)sW=ECp] (L = CO, PH3; E = C, Ge; Cp = n1-CsHs).
The complexes were predicted to have an wmi-bound Cp

Na| Mo(n’-C;H, )(CO), | + Ge(C1)CyH,-2,6-Mes, —2% (n® -C;H, )(CO), Mo = Ge-CH,-2,6-Mes, +CO +NaCl ()

tmns-[]\/[(dppe)2 (N, )2] +Ge(X)Cp* — trans-X(dppe), M = Ge-Cp* + 2N, @)
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substituent and there was fair agreement between the experi-
mental and theoretical W=Ge bond distances (to be calculated
2.347 and 2.374 A).2222 The calculations showed that the
germylyne ligand is a poorer o-donor than a carbyne but an
equally good mt-acceptor. However, comparison of the carbonyl
stretching frequencies of the triply bonded complexesin Table
1 showed that they were significantly (45-65 cm—1) lower than
those in related carbyne complexes. This difference may be
interpreted in terms of a higher o-donor/swt-acceptor ratio for the
germylyne ligand. This may be a result of the higher
electropositive character of germanium which may permit
stronger o-bonding to the metal through an orbital that may
have considerable sp character and is relatively low in energy.
The sp hybridization at germanium is supported by the
observation of Jow = 13C-83W coupling in the range 4648
Hz for the ipso carbon of the terphenyl ligand, which is very
similar to the 38 Hz coupling reported for (n®°-
CsH5)(CO),W=C—-CgH3-2,6-Mer.23 On the other hand, the
germanium p-orbitals are expected to be at a significantly
higher energy which may result in less efficient mt-interaction
with the frontier orbitals of the metal fragment (but see later in
section 7). lrrespective of which bonding picture is more
accurate, the interaction between the germanium and transition
metal moietiesis essentially atriple one that ensures very short
Ge-M distances and a near linear germanium coordination.
Their designation as germylyne complexes is thus a relatively
accurate description of their bonding. In essence, the Ge-M
bond is composed of three electron pairs in orbitals that are
localized mostly in the region between the germanium and
transition metal. Furthermore, the geometry a germanium
closely resembles the linear arrangement found at carbon in
alkynes.

3 Reduction of M(CIAr* to the mono and
dianions [Ar*MMAr*]-— and [Ar*MMAr*]2— (M
= Geor Sn)

Theisolation of transition metal complexes with triple bonds to
an amost linearly coordinated germanium suggested that stable
compounds of the general formula RMMR (R = alkyl or aryl
group; M = Si—Pb) were an attainable goa. The first
experiments directed toward this objective involved the reduc-
tion of the aryltin(n) halide Sn(Cl)Ar* (Ar* = CgH3z-2,6-Tripy)
with potassium or sodium in accordance with Scheme 1.24.25 |t

18-crown-6 o | (THF),(18-crown-6)][Ar*SnSnAr#] 2+

K

2 Sn(ChAS KC [K(THF)J[Ar*SnSnAr¥] 24

Na
THF

[(THF);Na{Ar*SnSnAr*}] 25

Scheme 1 Reduction of Sn(Cl)Ar* with Na, K or KCs.

is noteworthy that organotetrel(1) halide reduction substrates
themselves, i.e. species of the formulaM(X)R (M = Ge, Sn or
Pb, R = monodentate alky! or aryl group), had been extremely
rare and confined to a number of C(SiMes)s derivatives.24 The
use of terphenyl groupsas R substituents showed that they could
possess quite a wide structural diversity. Unusua halide
substituted alkene like structures observed for germanium,
chloride bridged dimers were obtained for tin and monomeric
structures were observed for derivatives of lead.26-28

It can be seen in Scheme 1 that even when stoichiometric
guantities of reductant were used, singly reduced salts were
crystallized in each case. It was aso shown that stirring
Sn(CHAr* with excess potassium for longer periods gave the
novel doubly reduced complexes K Ar* SnSnAr*.2% Important
bond distances and anglesfor the various reduced tin speciesare
given in Table 2. The singly reduced compounds contain one
unpaired electron and EPR spectroscopy showed that the

Table 2 Selected Bond Distance and Angles for Singly and Doubly
Reduced Ar*MMATr* (M = Ge or Sn) Species

M-M/A M-M-C/° Ref.
[K(THF)E][Ar*SnSnAr]  2.8123(9) 95.20(13) 24
[K (18-crown-6)(THF),] 2.7821(4) 93.6(4), 95.0(4) 24
[Ar*SnSnAr+] 2.8236(14) 97.3(2)
[(THF)sNa{ Ar*SnSnAr+}]  2.8107(13) 97.93(3), 98.1(4) 25
KA SnSnSnAr* 2.7763(9) 107.50(14) 29
NayAr* GeGeGeAr* 2.394(1) 102.37(8) 29

hyperfine coupling to the 119/117Sn jsotopes was small (ca. 8-9
G) and consistent with the location of the odd electron in a rt-
orbital. The Sn—Sn bond lengths in the monoanions were near
2.81 A (cf. 2.80 A in gray tin)3° and featured Sn—Sn-C anglesin
the range 93.6-98.0°, cf. structure of [(THF)s;Na{Ar*SnS-
nAr*}]inFig. 4.25 Dueto therelatively narrow Sn—Sn—C angles

Fig. 4 The X-ray crystal structure of [K(THF)g][{ Ar* SnSnAr*}] illustrat-
ing the trans-bending of the CSnSnC framework. Hydrogen atoms are not
shown.24 Structural data are given in Table 2.

in these compounds, they were viewed asasingly reduced form

1V of the singly bonded valence isomer(in) of the distannyne(i)
as shown in Scheme 2

R—Sr=Sm—R

R R
1l Il
A L
$m—$n S..n=|8"n S..n=f'n
R R R
1l \% \'%

Scheme 2 Schematic drawing of some bonding possibilities in neutral and
reduced RSnSnR compounds.

Although the formal bond order in IV is 1.5, the absence of
shortening with respect to the single bond in elemental tin could
be rationalized on the basis that the Sn—Sn ¢ bond results from
overlap of p-orbitals which, due to their larger average radii,?
causeit to lengthen. Further reduction to K Ar* SnSnAr*, which
contains a formal Sn-Sn double bond (by analogy with
isoelectronic Ar*Sh=SbAr* ),3! asillustrated in the dianion V,
causes the Sn-Sn bond to shorten slightly to 2.7763(9) A and
the Sn—Sn—C angle to widen to 107.50(14)°. The K+ ions are
complexed to the dianion and sandwiched between Trip rings.
Paralel work involving the reduction Ge(Cl)Ar* afforded
NaAr* GeGeAr* which had a Ge-Ge bond length of 2.394(1)
A (cf. Ge-Gesinglebond in elemental Ge = 2.44 A) and a Ge-
Ge-C angle of 102.37(8)°.2° The relatively modest shortening
of the formal Ge-Ge and Sn—Sn double bondsin comparison to

| CHEM. COMMUN., 2003, 2091-2101
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single bonds is probably due to the presence of Coulombic
repulsions within the dianions [Ar*MMAr*]2— (M = Ge or
Sn).

4 Neutral ArMMAr (M = Ge, Snor Pb; Ar =
terphenyl group) alkyne analogues. experimental
and calculated structures

Further investigations of the reduction of M(Cl)Ar* (M = Geor
Sn; Ar* = CgHsz-2,6-Tripy) with exactly one eguivalent of
sodium or potassium, for periods of 2-3 days, showed that
quantities of the singly reduced salts Na or K{ArMMAr*}
with various degrees of complexation by the donor solvent were
often produced. The solubility of these ionic species is lower
than neutral ArxMMATr* so that such salts are precipitated first.
It was found that the more soluble, neutral Ar*MMAr* (M =
Ge or Sn) species could also be obtained asred or green crystals
once the monoanion salts had been removed. However, the
crystals obtained with the Ar* ligand were found to be
unsuitable for X-ray crystallography, although they could be
characterized spectroscopically and analytically. Crystalline
products were obtained by the addition of two equivalents of
2,3-dimethyl-1,3-butadiene as shown in Scheme 3 which

Scheme 3 Reaction of Ar*GeGeAr* with 2,3-dimethyl-1,3-butadiene.32

afforded the unusua product [Ar*Ge{CH,C(Me)C-
(Me)CH,} CH,C(Me)=], derived from the reaction of Ar*Ge-
GeAr* with three equivalents of butadiene.32 The formation of
the ‘bridged’ product is unusual. Initialy it was expected that a
digermacyclohexadiene product depicted in the upper line of
Scheme 3 would be obtained but this is sterically disfavored
owing to the cis-orientation of the large Ar* ligand. The
formation of a cyclopentene ring at each germanium is also a
possibility but this molecule would also be extremely crowded
so that dissociation to give {Ar*GeCH,C(Me)C(Me)CHy}-
radicals could occur to add a further diene to yield the product
obtained.

While efforts to obtain X-ray quality crystals of the neutral
Ar*GeGeAr* and Ar* SnSnAr* compounds continued, parallel
work on divalent metal hydrides of heavier group 14 elements
provided an unexpected route, [egn. (3)], to the first heavier
group 14 element analogue of an alkyne whose crystals were of
sufficient quality for a structure determination.33

2 Pb(Br) Ar¥ — M0y Ap#phPhArH ©)

The compound Ar*PbPbAr* was isolated as amber-green
dichroic crystalsin ca. 10% yield by thisroute. The isolation of
this product is in contrast to the analogous reduction with
Sn(ChAr* where the unusua hydride {Sn(u-H)Ar*}, was
obtained.34 It is possible that the reduction of Pb(Br)Ar* aso
proceeds through a lead(i1) hydride intermediate which could
convert rapidly to Ar*PbPbAr* with elimination of hydrogen.
The most important structural parameters of the dimer are the
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Pb—Pb bond length, 3.1881(1) A, the planar, trans-bent CPbPbC
core arrangement, and the Pb—Pb—C angle, 94.26(4)° (Fig. 5).

» »
Bews 0300
c125)

Fig. 5 The structure of Ar*PbPbAr* illustrating the almost 90° Pb—Pb—C
angles.33 H atoms are not shown. Someimportant bond distances and angles
are given in Table 3.

The Pb—Pb bond distance is much longer than those found in
diplumbanes which are usually in the range 2.85-2.95 A 30
However, it issignificantly shorter than theinteratomic distance
of 3.49 A found in metallic lead. Owing to the near 90° Pb—Pb—
C angle, the structure of Ar*PbPbAr* corresponds to a
diplumbylene (rather than a diplumbyne species) which carries
a lone pair at each lead and empty p orbitas that lie
perpendicularly to the CPbPbC plane as shown.

0O~
L0

diplumbylene

*

Although it is not possible to infer bond hybridization from
interbond angles, the structure strongly suggested that the lead
employed 6p orbitals to form bonds to its metal partner as well
astheterphenyl ligand, whilethe lone pair occupied a6s orbital.
The relatively long Pb—Pb and Pb—C (2.303(2) A, cf. 2.22(2) A
in Pb,Phg)3° bonds are consistent with the use of 6p orbitals for
o-bonding. The apparent lack of significant involvement of the
6s electrons in the bonding can be attributed in part to their
further stabilization and contraction by relativistic effects.
Nonethel ess, the bonding isnot assimple asit isdepicted in this
scheme and high level calculations on various model species
have alowed further insights. Thus, calculations®s on the
hydride Pb,H, and phenyl derivative Pb,Ph, showed that the
terminaly bonded trans-bent isomers were higher lying
transition states than the doubly hydrogen or phenyl bridged
global minima at 0.0 kcal mol—1 (Scheme 4).

The experimentally observed stability of the Ar*PbPbAr*
structure does not appear to be aresult of the electronic effects
of the aryl substituents. Instead, steric effects seemto play akey
role. Thus, calculations on the more elaborate model species
Pb,(CgH3-2,6-Phy),, which incorporated the bulkier terphenyl
ligand -CeH3-2,6-Ph,, showed that the bridged structure was
destabilized by the ligand size. Furthermore, the calculations
showed that the strongly trans-bent structure depicted schemat-
ically by the representation is an energy minimum rather than a
transition state as it is in the PboPh, species. Moreover, the
calculated Po—Pb distance, 3.213 A, and the Pb—Pb—C angle,
91.2°, are in good agreement with those experimentaly
observed. In effect, the bulkier terphenyl ligand stabilizes a
structure that would normally be atransition state if aless bulky
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124-5“/H 126.6°/Ph
+255k calmol™'  Pb——Pb +10k calmol”!  Pb——Pb
H o 2743A PH, 2.787A
H Ph
905° | 95.5°
+17.0 k cal mol™ rb—pb +8 k cal mol™! rb_Pb
3.240A 3.229A
h
H Ph
0.0 k cal mol™ p@% 0.0 k cal mol™! P@Pb
: . —
H/ Ph

Scheme 4 Relative energies of various arrangements of Pb,H, and
Pb,Ph,.35

substituent were employed. The calculations confirmed that
there was no Pb—Pb rt-bond and that the Pb—Pb bond was purely
of o character as originally proposed.

C¢H;-2,6-Ph,
91.2° |
rb— Pb
3213A
2,6-Ph,H;Cg

Like PboH,, numerous calculations on the silicon and
germanium congeners SioH, and Ge,H, have confirmed that the
global minimum in each case is a dihydrogen bridged structure
similar to the lead compound.8® Unlike Pb,H, however, the
trans-bent multiply bonded arrangement with terminal hydro-
gensisnot atransition state but isahigher lying local minimum
for both silicon and germanium. Calculations for the methyl
derivative Si,Me»3¢ showed that the dimethyldisilavinylidene
isomer Me,SiSi and the trans-bent isomer of MeSiSiMe were
the lowest lying minima with the trans-bent arrangement lying
12 kcal mol—1 above Me,SiSi.36 However, it is probably safe to
assume that the use of larger substituents would favor atrans-
bent isomer for steric reasons. The calculated Si—Si and Ge-Ge
bond lengths in the trans-bent isomers were 2.0903¢ and 2.197
A37 with Si-Si—C and Ge-Ge-C anglesof 129.9°.8 Unlikeinthe
lead species Ar* PbPbAr*, the M—M distances are much shorter
than those expected for the single bonds Si-Si = 2.34 and Ge—
Ge = 2.44 A and suggest considerable multiple character. In
fact, such bonds are dlightly shorter than the shortest bond
distances measured experimentally for Si—-Si (2.138(2) A) and
Ge-Ge (2.213(2) A) double bonds® The linear forms of
MeSiSiMe or MeGeGeMellie at higher energies.36-38 They are
not minima, however, but are transition states, even though they
were cal culated to have even shorter Si—Si and Ge-Ge distances
of 1.937 and 2.073 A, respectively. It has been calculated that
the bond orders in the trans structures of the silicon and
germanium with various substituents vary between 1.74 and
2.37 (vide infra).11

In order to obtain crystals of the digermanium and ditin
diaryls that were suitable for X-ray crystallography, we tested
several ligands, and it was found that the ligand -CgHs-
2,6-Dipp. (Dipp = CeHs-2,6-Pris), which is closely related to
Ar* and differs only in the absence of para Pri groups from the
flanking aryl rings, readily yielded well-formed crystals that
could be structurally characterized. Although para substituents
a aryl rings generdly have little steric effect at the ipso
position, thisis not so in the case of terphenyl substituents as
demonstrated by the structures of the lithium derivatives
CGHG'LiAr* and (LiAr')z (Ar’ = C6H3-2,6-Dipp2)2.39 When

crystallized from benzene LiAr* has a monomeric structure in
which the lithium is ne-coordinated to benzene and the ipso
carbon of the terphenyl ligand. In contrast, LiAr’ is a dimer,
even in the presence of benzene, and affords the unusual
structure shown on the right hand side of Fig. 6. We reasoned

Fig. 6 The monomeric and dimeric structures of CeHe-LiAr* and (LiAr")s.
H atoms are not shown.39

therefore that the use of the Ar’ ligand might allow stronger
dimerization to occur while permitting adequate steric protec-
tion for the tetrels, as well as inducing crystals to form in a
manner that would be useful for X-ray crystallographic study.
Treatment of the aryl tetrel(n) halide with potassium as shown
in egn. (4) afforded the compounds Ar'GeGeAr4° and
Ar'SnSnAr’41 in moderate yield. The anal ogous lead compound
Ar'PbPbAr’ could also be obtained in good yield by treatment of
Pb(Br)Ar’ with HAIBU',. No problems were encountered in
obtaining data sets for the germanium or tin compounds. The
structures may be illustrated by the germanium species shown
in Fig. 7. Structural data for the compounds as well as the
neutral lead dimer are given in Table 3.

9,
c23)

Fig. 7 The structure of Ar'GeGeAr’ illustrating the planar trans-bent
C(1)Ge(1)Ge(1A)C(1A) skeleton. Hydrogen atoms are not shown.40
Structural data are given in Table 3.

2M(Cl)Ar'—%— ArMMAr” + 2KCI 4

(M = Ge or Sn; Ar' = CgHs-2,6-Dippy; Dipp = CgHs-
2,6-Priy)

The main structural features of interest are obviously the
planar, trans-bent CMMC core, the M—M distance and the M—
M—C angle. It can be seen that the Ge-Ge and Sn—Sn bond
lengths are much shorter than the distances expected from
normal singlebonds of 2.44 A (Ge) and 2.81 A (Sn). TheM-M—
C angles are much wider than the corresponding anglesin lead.
The measured parameters suggest considerable multiple charac-
ter. The Ge-Ge distance and Ge-Ge-C angle may aso be
compared to the 2.22 A and 123.0 or 124.0° recently calculated
for parent trans-HGeGeH! or the 2.197 A and 124.1°
calculated for MeGeGeMe.3” The longer Ge-Ge bond and
wider Ge-Ge-C angle experimentally measured for Ar'Ge-
GeAr’ may be a consegquence of the large size of the Ar’ group.
A calculation?® for the trans-bent isomer of HSnSnH revealed a
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Table 3 Selected bond distance and angles for ArMMAT’ (M = Ge or Sn)
and Ar* PbPbAr*

M-M/A Torsion
M—C/A M-M—C/° anglel® Ref.

ArGeGeAr  2.2850(6) 128.67(8) 04 39
1.996(3)

AFSNSPAF  2.6675(4) 125.24(7) 35 40
2.191(3)

ArPbPbAr*  3.1881(10) 94.26(4) 34 il
2.303(2)

Sn-Sn distance of 2.65 A and an Sn—Sn—H angle of 122° which
agree more closely with those measured in Ar'SnSnAr’.

Calculations have also been carried out on the structurally
uncharacterized terphenyl compounds Ar*GeGeAr* and
Ar*SnSnAr* and on the sterically crowded, as yet un-
synthesized, species ThtMMTbt (M = Geor Sn; Tht = CgH-
2,4,6-{ CH(SIMes),} 3.42 These were density functional calcula-
tionsat theB3LY Plevel with asmaller 3-21G* basis set (owing
to the size of the molecules) and the Gaussian 98 program.
However, calibration calculations on HGeGeH at the B3LY P/
6-311G (2d,2p) and MP2/6-311G (2d,2p) levels suggested that
the lower level calculations ensure relatively accurate results.
For Ar*GeGeAr* thetrans-bent isomer is29.5 kcal mol—1 more
stable than the vinylidene GeGeAr*, for steric reasons. In the
trans-bent Ar* GeGeAr* was calculated to be 2.277 A which is
in very good agreement with the experimentally measured
2.2850(6) A. The Ge-Ge-C angle was calculated to be 123.2°
or ca. 5° narrower than the measured value. However, the
CGeGeC core was calculated to be twisted by 22.4° around the
Ge-Gebond. Itispossiblethat these angular differencesare due
to the presence of paraPri groupsin Ar* GeGeAr*. A lesstrans-
bent and less twisted structure with a shorter Ge-Ge distance of
2.218 A was aso located but thisis 46.3 kcal mol—1 less stable
than the structure above. Upon replacement of Ar* by CgHs-
2,6-Ph, substituents, a more highly trans-bent (Ge-Ge-C =
99.2°) and twisted (88.5°) structure, in which the germaniums
interact with the aryl rings of the terphenyl group was
calculated. This structure also featured a long Ge-Ge bond
distance of 2.509 A. With phenyl groups at germanium, a
dibridged structure similar to that calculated for Pb,Ph, was
obtained. For the tin compound, the Ar* SnSnAr* structure was
calculated to have a more trans-bent (Sn—Sn—C = 111.0°) and
twisted (54.7°) skeleton with a long Sn-Sn bond of 2.900 A.
These parameters are quite different from those experimentally
observed for Ar'SnSnAr’. In contrast, calculations for
ThtSnSnTht afforded the parameters Sn—Sn—C = 122.0°, twist
angle 10.7° and Sn—Sn = 2.659 A which arein good agreement
with the experimental data for Ar'SnSnAr’.42

5 Bonding models and approximations

The bonding in compounds thought to have homonuclear triple
bonds between heavier main group elements has been debated
exhaustively over the last five years, especialy in the case of
gallium compounds. One bonding model4344 advocated for the
existence of triple bonding between heavier main group
elementswith atrans-bent geometry viewed the bond as athree-
fold interaction between two doublet fragments as represented
in Chart 1.

In this way the bond can be considered a triple one since it
consists of two donor—acceptor, polar-dative (paw-paw) bonds
involving the lone pairs (indicated by arrows), plus a st-bond
due to coupling between the unpaired electron in the p-orbital
on each element (indicated by the central line between the p-
orbitals in an end-on view). This bonding model has the
advantagethat itissimpletovisualize. Y et, there are difficulties
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Chart 1

with it because if the trans-bending isincreased to ca. 90°, asit
is in the lead compound Ar*PbPbAr*, the donor—acceptor
bonds are undone and the model assumes a structure shown in
Chart 2inwhich the metalsareformally linked by asingle bond.

O
R
Chart 2

However, the drawing implies that thisis az-bond and not a o-
bond even though o-bonding is aso possible through head to
head overlap of p orbitals. There has been no evidence to
suggest that m-bonding is stronger than o-bonding between
heavier main group elements. Indeed, cal cul ations on the model
compounds for Ar*PbPbAr* featured Pb—Pb-C angles that
were close to 90° and showed them to be o-bonded in this
configuration.3s Thus, the above model, which leadsto asingle
nt-bond when the trans-bending is 90°, is not in agreement with
theoretical data, or what is currently known about the relative
strengths of o and st bonds in main group compounds. Even if
it were conceded that a o bond is indeed present in the singly
bonded species, it is not readily apparent how the transforma-
tion from @ — o bonding occurs upon narrowing the bending
angle by this simple model. Nonethel ess, theoretical support for
the triple bonding model has been reported. It has come mainly
from calculations on related species such as [HGaGaH]2— or
[MeGaGaMe]2— which are models for [Ar*GaGaAr*]2—a
gdlium dianion that isisoel ectronic to neutral Ar* GeGeAr*. By
use of localized molecular orbitals (LMOs), three bonding
molecular orbitals, that correspond to two polar-dative and one
o-bond, can be calculated.43* The two dative bonds were
described as weak interactions. The predicted behavior of the p-
orbital when a trans-bending angle of ca. 90° is enforced has
remained undefined.

The other bonding model for heavier main group acetylene
analogues is based on the MO approximation and involves
canonical molecular orbitals (CMOs).811 There is a second
order Jahn-Teller mixing of M—M o* and =t levels and, to a
much lesser extent, * and o levels (since they are much further
apart energetically) to give a molecular orbital that is non-
bonding or nearly so. In thisway the M—M bond is transformed
from atriple to adouble one. The model also demonstrates how
atriple bond can be transformed into a o-bond with lone pairs
at each group 14 element upon bending the geometry through
90°. Thismodel is, perhaps, more difficult to conceptualize than
thetriple bonded one described above, butismoreflexibleinits
applicability in terms of energy levels and the reconciliation of
bond lengths and bond orders. The orbital mixing is possible
since the energy levels are closer to each other in the heavier
elements as a result of weaker M—M bonds and the equivalent
symmetry of the orbitals in trans-bent C,, symmetry. These
interactions are illustrated in the correlation diagram in Fig. 8.
In this scheme, one of the two st bonds in the linear moleculeis
transformed into alone-pair like by, orbital so that the number of
bonding orbitals associated with the M—M bond decreases from
three to approximately two. However, this model as shown is
also oversimplified sinceit does not adequately illustratethe s—s
orbital combination which has a; symmetry slightly mixed into
the pp, a; combination and mainly provides the lone pair
combinations when the bending angle is 90°. Nonetheless, the
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Fig. 8 Schematic diagram of the orbital interactionsin linear and trans-bent
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model does show that bending weakens the M—M bond through
gradua transformation of a m-bonding orbital into a non-
bonding, lone pair orbital. The o-bond i s al so weakened through
aless efficient overlap. The weakening and lengthening of the
bonds together with the appearance of lone pair character at the
heavier main group element, as manifested by the trans-bent,
geometry correspondsto areduction in bond order from threeto
roughly two.

Upon bending the HMMH skeleton through 90° the correla-
tion diagram in Fig. 9 is applicable. At the left the (un-
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Fig. 9 Schematic diagram of the orbital changes upon 90° bending of the
HMMH geometry.

hybridized) molecular orbitals for the linear geometry are
illustrated, and five electron pairs occupy the 204, o, and 2m,,
levels corresponding to an M=M triple bond and two M—H
bonds. Upon bending through 90°, the in-plane =, orbital is
converted to an a, o*-orbital while the out of plane r, orbital
remains essentially unaffected although its symmetry designa
tion is b, in the Cyy, point group. Similarly, the most stable og
orbital overlap is unaffected, becoming ag in Ca, Symmetry. In
contrast, the next highest oy and o, orbitals, upon rotation
through 90°, become a4 and by, orbitals which are both bonding
with respect to the M—H interaction but antibonding and
bonding respectively with respect to the M—M interaction. In
sum, the lowest &y orbital and the &, orbital are sigma bonding
and antibonding, whereas the remaining ay and lower b, orbital
are m-antibonding and bonding respectively. To a first approx-
imation the bonding effects of these four orbitals cancel each
other leaving only the b, wt-level asanet t-bonding orbital. The
central set of orbitals seemingly supports the view that the
metals are indeed connected by az-bond in this case. However,
upon “relaxation”, which is necessitated by the degree of
bonding character or stabilization of each orbital, the orbital
sequence on theright hand sideis obtained. Of great importance
is the realization that where strong trans-bending occurs oneis

dealing with the heaviest elements of the group 14 where the s-
electronsareincreasingly non-bonding in character. WhereM is
Pb the assumption of non-bonding character for the 6s-electrons
is a reasonable approximation. The lack of bonding by the 6s-
electrons implies that the symmetric (ay) and unsymmetric (b,)
combinations are, in effect, lone pair orbitals which lie close to
each other in energy. Thus the five occupied molecular orbitals
become a4 (Ione pair), by, (lone pair), b, (M—H o-bonding, M—M
si-bonding), ag (M—H, o-bonding, M-M, m-antibonding), &y
(M-M, o-bonding) and the LUMO isant-level of a, symmetry
that lies perpendicularly to the HMMH plane. The net effect of
these is an M—M single (o) bond and a molecule which, upon
reduction accommodates the extra electrons in a LUMO (rt-
bonding) level. This is consistent with the experimenta
findings.

6 Bond orders

In section 4 it was shown that calculations could, in many
instances, reproduce the experimentally measured core struc-
tural parameters fairly accurately. In section 5 the two main
bonding models were outlined and briefly discussed. The
localized molecular orbital (LMO) scheme led to a triply
bonded trans-bent molecule. However, the advent of the single
bonded lead compound Ar*PbPbAr*, which has a Pb—Pb o-
bond, showed that simple extrapolation to a single rt-bond
obtained by 90° bending was not observed in practice.3334 On
the other hand, the canonical molecular orbital (CMO) model
incorporating the mixing of bonding and antibonding orbitalsto
yield orbitals of non-bonding character affords abond order that
is less than three. In particular, the character of the by HOMO
arising from mixing of a & and a o* orbital is crucia to the
assignment of the Ge-Ge bond order in the model speciestrans-
bent MeGeGeMe.37 This orbital is illustrated by the contour
diagram in Fig. 10 where it can be seen that its shape differs

.
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Fig. 10 Molecular orbital diagram for trans-MeGeGeMe obtained with a
6-31G(d) basis set. The energies given are in kcal mol—1.37

significantly from that expected for a m-bond, it is closer in
character to alone pair orbital. The minor correlation of thelone
pair across the MeGeGeMe molecule is with the Ge-C o-bond
rather than a p-orbital in the other germanium atom. This
approach leadsto abond order of approximately two for the Ge—
Ge bond and this is in harmony with the 2.097 bond order
calculated using AIM theory.3” These conclusions are in
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essential agreement with earlier findings* for the isomers of
Ge;H, which showed that the linear form HGe=GeH (Ge-Ge =
2.024 A) is not aminimum on the potential energy surface but
lies about 25 kcal mol—1 above the trans-bent (C,) form (the
most stable structure is a dihydrogen bridged species Ge(u-
H)-Ge which lies ca. 18 kcal mol—1 below the Cyy, form). The
Ge—Ge distance in the Cy, structure — 2.204-2.215 A (depend-
ing on the basis set), isvery similar tothe 2.197 A calculated for
trans-bent MeGeGeMe.

The Ge-Ge bonding in the trans-bent HGeGeH may also be
represented as resonance hybrids described by

H G e=GeH <> HGe=GeH

in which the Ge-Ge bond is a double one. This representation
has strong parallels with the resonating lone pair depiction of
the bonding illustrated by the structure of 11 in Scheme 2. These
resonance forms are related to those originally proposed by
Lappert,3 and later by Pauling?é for the heavier tetrel analogues
of akenes. The existence of Ge-Ge double bonds in RGeGeR
compounds is also supported by the fact that Ge-Ge bond
lengths calculated for the trans-bent forms of HGeGeH and
MeGeGeMe are similar to those at the lower end of the range
experimentally observed 2.213(2)-2.347(2) A for germanium
akene analogues. Nonetheless, they are shorter than the
2.2850(6) A observed for Ar'GeGeAr’ and it is possible that
experimental Ge-Ge distance in this compound is longer for
steric reasons. The negligible torsion angle between the
CGeGeC core and the planes of the central aryl rings show that
conjugation involving the aryl rings and the Ge-Ge bond is
possible although the Ge—C distances are not shorter than those
in the germyne complexes in Table 1.

Density functiona theoretical studies on isoelectronic mod-
els (e.g., [PhGa(.;aPh] 2= and [2,6'thH3CGGa(3aC6H3'
2,6-Phy]2—) for the electronically related [Ar*GaGaAr*]2—
have provided avery similar DFT orbital plot to the b, canonical
molecular orbital illustration in Fig. 10 which is consistent with
non-bonding character.4? Later, more detailed DFT calculations
on the same model species using natural molecular orbitals
afforded aby, type orbital which wasinterpreted to be t-bonding
on the basis of its contour values.#8 However, the contour map
for this orbital (in which there is aso a strong correlation with
the Ga—C bond) a so bears a strong resemblance to the contour
diagram given in Fig. 10 and has little Ga-Ga bonding
character. The authors concluded that there exists“awesk triple
bond—or perhaps a bond between triple and double” for the
gallium compound. Furthermore, an NLMO/NPA bond order of
2.794 was calculated although a significantly lower Wiberg
bond index value of 2019 was also obtained for this
homonuclear system.48

Further calculations on group 13 and group 14 homonuclear
akyne analogues using hybrid density functional theory
methods afforded structural parameters for RMMR species (M
= S—Pb; R = H, Me, Ph).11 |t was shown that trans-bending
of the core leads to a lengthening of the M—M bond and a
corresponding decrease in the bond orders. Some of the

calculated structural data and bond orders for these compounds
are provided in Table 4. It can be seen that the calculated M—M
distances vary dightly with the R substituent with marginally
longer distances being calculated for the phenyl substituted
compounds (also accompanied by narrower M—M—C angles for
the Ge, Sn and Pb species). For the germanium and tin
compoundsthe bond orders arein the ranges 2.32—1.74(Ge) and
1.87-1.73(Sn).1* Some multiple character was also calculated
for the lead species and this may be contrasted to the Pb—Pb
single bonding when amost 90° angles are seen with large
groupsasin Ar* PbPbAr*. Higher bond orders (2.20-2.37) were
caculated for the silicon species, however. In addition,
caculations by Nagase have shown that with use of syl
substituents instead of H or Me the energy difference between
the trans-bent and linear forms can be reduced to a low value,
ca. 6 kcal mol—1.12 Higher bond orders, perhaps approaching
three, may be anticipated for these species.

The bonding in multiply bonded akene analogues
[RzMMR;] (M = C-Pb) and [RGaGaR]2— and related species
has also been studied with use of electron localization function
(ELF) toresolvethe bond order question.4® On the basis of these
functions topographical comparisons between classical (as in
carbon compounds) and non-classical (asin heavier main group
13 and 14 element compounds) could be made. From these the
multiply bonded species were divided into compounds that had
dlipped (non-classical) and unslipped (classical) m-bonds.
Studies of the ELF functions of the alkene analogue series
H,MMH, (M = C—Pb) and [HGaGaH]2— were interpreted to
support the existence of double and triple bonding, respectively.
However, in the galium case, and presumably in the iso-
electronic HGeGeH species, although the slipped wt-bonding
orbital (which resembles the b, orbital discussed earlier) has
some electron density in the region between the galliums, the
electron density is maximized in the areas expected for lone
pairs. Moreover, these maxima lie outside the internuclear
region defined by lines perpendicular to the Ga-Ga bond. Thus
themajor portion of the electron density of thisorbital isoutside
theinternuclear region. Itsbonding character isderived fromthe
very small amount of electron density between the galliums. On
this basis the bond was regarded as a triple one.

A more recent ELF and AIM studys° of RMMR and
R-MMR; (E = Si, Ge, Sn; R = H or CH3) compounds also led
to non-linear or non-planar geometries but to different conclu-
sions about the bonding. The ELF studies did not yield
guantitative values for the M—M bond orders owing to
difficultiesin assigning bonding or non-bonding character to the
electron density. Nonetheless the ELF results showed that the
bond orders were less than three for RMMR species and less
than two for R,MMR; species, due to the fact that there were
less than six or four electrons, respectively, in the bonding
region. Upon descending the group the amount of non-bonding
electron density increases and it is the presence of this non-
bonding density that causesthe non-planarity or non-linearity of
the molecules. Theincrease in the non-bonding electron density
comes at the expense of electron density in the bonding region
between the tetrels which results in a weakening and lengthen-

Table 4 Density functional theory calculated structural parameters? and bond orders for RMMR (M = Si—-Pb; R = H, Me or Ph)11

H Me Ph

M M-M M-M-R B.O.b M-M M-M-R B.O.b M-M M-M-R B.O.b
S 2.10 124 2.37 212 129 2.30 212 130 2.20
Ge 2.22 124 2.32 2.24 127 2.10 2.25 118 1.74
Sn 2.65 122 1.87 2.66 124 1.84 2.67 119 173
Pb 2.74 124 1.65 2.77 126 1.62 2.77 119 151

aDistancesin A, anglesin (°). b B.O. = bond order.
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ing of the M—M bond. These trends result from the fact that in
the heavier congeners the valence electrons are less attracted
into the M—M bonding region and the electrons are less
localized into localized pairs than in the carbon molecules due
to the lower EN values of the heavier elements. Accordingly, it
becomes increasingly difficult to distinguish between the
bonding and non-bonding electron density. Nonetheless, calcu-
lations for the model species MeGeGeMe and MeSnSnMe (at
the cc-pVD2 level) yielded bond lengths of 2.25 and 2.66 A in
good agreement with those experimentally found. Furthermore,
topological bond orders of 2.0 and 1.9 were calculated for these
molecules.

To summarize, arguments about bond order in RMMR
species (M = Si—Pb) or their related group 13 element dianions
[RM’M’R]2— (M = AI-TI) have been based to alarge extent on
theoretical models (involving LMO’s and CMO’s) that lead to
apparently different conclusions. It is worrisome that these
bonding models, whose orbitals are related in principle by a
unitary transformation, lead to very different views about bond
orders in the heavier main group elements. Quite simply, the
models, which have provided a clear and relatively consistent
picture of the bonding in multiply bonded compounds of the
lighter main group elements, become confusingly inconsistent
when applied to their heavier counterparts. Furthermore, bond
orders calculated by several currently available approaches do
not resolve theissue since they can afford bond indicesthat vary
considerably. But such inconsistency cannot obscure the
essentia truth that the double and triple bonds in archetypal
lighter element compounds such as ethylene and acetylene (and
isoelectronic species) transform to two lone pairs or two lone
pairs and a single bond upon descending a group to the heaviest
derivative. The extent to which the four or six valence electrons
originally associated with double or triple bonding between
light elements become non-bonding in their heavier congeners
has not been yet calculated in awidely accepted and consistent
manner. Nonetheless, the bond distances and angles in the
germanium and tin alkyne anal ogues strongly suggest that bond
orders near two are present in these compounds.

7 Why do the transition metal—group 14
metallynes have essentially linear geometry

wher eas the alkyne analogues have a trans-bent
configuration?

The formation of RMMR species from two group 14 RM

moieties may be viewed as a stepwise process that isillustrated
schematically in Fig. 11. The R—-M moieties exist as doubletsin
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Fig. 11 Stepwise formation of singly and triply bonded group 14 RMMR
species

the ground state and an energy input of AEp_q is required to
convert each doublet state to aquartet state; i.e., 2AEp_g for the
whole molecule. The doublet fraaments can be coupled to give
atrans-bent (by ca. 90°) RMMR species that has a single M—
M bond (E,). The quartet fragments can be coupled to give a
linear RM=MR species that has a triple bond, the energy of
which is Es.o-. The difference between the linear and trans-

bent moleculesis E,,.. This statement is an approximation since
it does not take into account the changes in the o-bond strength
or steric effects. However, if this approximation is accepted it
can be predicted that if the magnitude of E,, exceeds 2AEp_q,
alinear structure should be observed. On the other hand if Ex,
is less than 2AEp o a trans-bent structure is predicted. It is
possibleto calculate the AEp_g energy separationfor MH (M =
C, Si or Ge) fragments. Approximate values for the strength of
the C-C, Si-Si and Ge-Ge mt-bonds are also known. These are
givenin Table 5.

Table 5 AEp_q approximate wt-bond energies (kcal mol—1) and predicted
geometries for HMMH (M = C, Si, Ge) model species

Compound H-C=CH H-Si=Si-H H-Ge=GeH
2AEp o 28.92 76.02 82.42
Ezn 120-130p 46-62¢ 44-50¢

Eon > 2AEp o Exr < 2AEp o Eox < 2AEpo
Geometry Linear trans-Bent trans-Bent

aRef. 51. b Ref. 52. ¢ Ref. 53.

It is clear that the linear geometry is strongly favored for
acetylene whereas trans-bent geometries are favored for silicon
(by 14-30 kca mol—1) and germanium (by 32-38 kca
mol—1).

A similar model can be used for the formation of species (n>-
CsHg)(CO),M =Ge-R (M = Cr, Mo or W; see Fig. 3). The
most important point to note in such casesisthat their formation
requiresjust oneinput of AEp_g (i.€., 38 kcal mol—1) energy for
the GeR moiety since the 15-electron (n5-CsHs)(CO).M
fragment already exists in the quartet configuration. Accord-
ingly, it isreasonable to conclude that the two M—Ge “t-bonds’
are together worth at least 45 kcal mol—1 and it is not
unreasonable to predict that the corresponding tin and lead
compounds would aso possess wide, and possibly near linear
angles at the group 14 element. This conclusion supports the
existence of st-bonding for the M—R ligands.

8 Future developments

The silicon analogues of alkynes RSISIR are the most obvious
and immediate synthetic objective in the title area5* They
remain unknown aswell characterized, stable speciesin spite of
severa attempts to synthesize them.1>-17 The most recent
synthetic approachl? (see also ref. 15) hasinvolved the reduction
of the disilene (R*,MeSi)(Cl)S=Si(Cl)(SiMeR*,) (R* =
SiButz) with lithium naphthalenide in tetrahydrofuran with
formation of a reaction mixture containing a chlorine free
product that givesalow field 2°Si NMR signal at 6 = 91.5 that
may be consistent with the presence of (R*,MeS)Si=Si(Si-
MeR*,). This species reacts with oxygen to give a product
whose formula corresponds to (R*MeSi)SiSi(SiMeR*,) plus
two oxygen atoms.l?” Calculations have predicted that the
disilyne (R* ,MeSi)Si=Si(SiIMeR*,) should be stable enough to
isolate, and should have a short S—Si bond length of 2.072 A
and a wide Si-Si=Si bond angle of 148° consistent with
substantial triple bonding.23 These experiments and others
indicate that adisilynethat is stable at room temperature will be
isolated in the near future, thereby completing the heavier group
14 element akyne analogue series.

Another class of compounds that is closely related to the
RMMR (M=Si—Pb) compounds are derivatives where only one
of the carbons in an alkyne is replaced by a heavier tetrel. No
stable compounds of this type have been characterized,
athough calculations have been performed on various model
species.® Like their heavier ditetrel model counterparts the
model hydrogen substituted derivatives differ from those with
bulkier ligands. For example, calculations on CH,Si indicate
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that the 1-silavinylidene (i.e. H,C=S) form ismore than 30 kcal
mol—1 more stable than the HCSiH isomer which exists in the
trans-bent form (HSIC = ca. 130°; HCS = ca. 150°; C-Si =
1.632 A). Although the formation of transient species such as
HC=SICH3, HC=SiCl and MeSi=SiMe has been suggested by
various experiments, it was not until 1999 that the first
exampleswere detected spectroscopically.55 These experiments
on a silicon carbon system were performed on the basis of
calculations that showed the use of halogen substituents at
silicon conferred much larger barriers to rearrangement and a
higher stability of the trans-bent isomer (by ca. 10.4 kca
mol—1) HC=SiF versus the vinylidene H(F)C=Si. It was
suggested that the use of very large carbon substituents (e.g.
CeH2-2,4,6-{ CH(SIMe3),}3) might allow the isolation of a
stable RCSIX (X = halogen or akoxide) compound. Recent
experimental work involving the photolysis of the diazo
derivative ArGeC(N),SiMes (Ar = CgH3z-2,6-(NMey),) in the
presence of acohols has shown that ArGe(OR),CH,SiMes
could be obtained.18 These results supported the view that the
germyne species ArGeCSiMe; was probably generated as an
intermediate that is trapped upon reaction with the alcohol.
Stable germyne compounds related to this intermediate cannot
be far in the future.

The reactions that the heavier alkyne analogues undergo will
play avery important rolein defining the nature of their multiple
bonds. To date only a few such reactions have been described.
The first of these involves the reduction of the neutral
compoundswhich occursrelatively easily at ca. —1.4and 1.2V
(versus SCE) in case of the ArGeGeAr’ and Ar'SnSnAr’
compounds in Table 34041 Their facile reduction to give a
stable radical is consistent with the existence of a low lying
empty orbital associated with the M—M interaction. EPR studies
of the radical anion [Ar*SnSnAr*]-— suggest that the added
electron isin an orbital of p-character associated with the tins,
athough thisis not known with certainty.21 A second electron
can aso be added to generate species containing digermanium
and ditin dianions [Ar*MMAr*]2— (M = Ge or Sn) that are
isoelectronic to the corresponding neutral diarsenes and dis-
tibenes.2® This behavior may be contrasted with that of less
bulky alkynes where reduction of Ph—C =C—Ph by lithium
affords aradical that couples to give a tetraphenyl butadienide
as a dilithium sat. The only other reaction concerns the
cycloaddition outlined in Scheme 3 in which 2,3-dimethyl-
1,3-butadiene reacts in a unique way with Ar*GeGeAr*. This
reaction suggested the presence of substantial lone-pair charac-
ter at the germanium centers. A wide range of such addition
reactions seems likely with various unsaturated molecules,
cumulenes and heterocumul enes.

Since the trans-bending of the CMMC arrays indicates lone
pair character at the M atoms, these centers should show Lewis
base behavior and function as ligands to transition and main
group metal centers. Likewise, the ready reduction of the
molecules indicate low-lying orbitals that are mainly located at
with the group 14 elements. Accordingly, Lewis acidic
properties at the M centers should also be apparent and this
expectations could be tested with a variety of Lewis bases.

9 Conclusions

Germanium, tin and lead compounds that are formal analogues
of acetylene have been isolated and structurally characterized.
They were stabilized with the use of versatile terphenyl
substituents.56 They possess trans-bent, planar structures dueto
non-bonding el ectron density at the tetrel atoms. The strength of
the M—M is diminished by the removal of electron density from
the region between the atoms. The M—M bonds are no longer
triple but are approximately double in character for the
germanium and tin compounds and essentially single for the
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lead species. For the, as yet unisolated, silicon species a bond
order of between two and three (depending on the substituent)
can be expected.

Note added in proof: Two recent publications have extended
therange of heavier group 14 alkyne-like species. Theseinvolve
triple bonding between tin and tungsten in trans
[Cl(PMe3) ,W=Sn-CeH3-2,6-Mes;]57 and possible triple bond-
ing between silicon and molybdenum in [Cp* (dmpe)(H)Mo-
SiMes][B(CéFs)4] .58
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