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Abstract

The molecular structures, as determined by X-ray erystallography, of organogermanium
compounds of the main group elements, excinding carboranes, are reviewed.

Keywords: Organogermanivim compounds; Polygermanes; Heterocycles

1. Iatreduction

The relationship between the structure of a compound and its reactivity is a central
theme in the study of chemistry. In the field of organogermanium chemistry, to our
knowledge, only one review has been published in this area concerning the siructural
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investigations of polygermanes and heterocycles rich in germanium [ 1]. The review
also details the synthesis and spectroscopy of compounds of this type. The present
review surveys the molecular structures of a variety of functional organogermanium
compounds, including low- and hypercoordinate compounds as determined by X-ray
crystallography. Only compounds containing main group elemenis have been consid-
ered, excluding carborane struciures. We have deliberately focused only on com-
pounds containing a germanium-—carbon bond to provide a precise definition of the
scope of the review and to limit the material covered to a manageable amount.
Inevitably, this led io the exclusion of some seemingly relevant compounds; however,
we believe this was unavoidable. The review is based on the resuits obtained from a
search of the Cambridge Structural Database [2] conducted in February 1994;
however, we have atiempted to cover the literature up to the end of 1994. Any
omissions are unintentional.

2. Organogermanivm derivatives of Group 1, 2 and 13 elements

Cyclo(GeH,CH,), (Entry 4, Table 1) has an almost ideal chair conformation with
angles at germanium of 110.3{2)° and 109.5(2)° [3]. All the other structures of
germanium hydrides reported have the germanium in a distorted tetrahedral environ-
ment {Entries 1-3 and 3, Table 1); the degree of distortion is determined by steric
factors and non-bonding intramolecular interactions. The H—Ge—C angles in
H{EtO)Ge[CH{SiMe;), 1, (108(2)° and 120(2)°) [4], (6-MeC H,};GeH (162.0°,
120.0° and 116.0°} [5] and {Mes),Ge(fluorenyi)H (113.4(2)") [6] {Entries 1-3,
Table 1) all exhibit significant distortions from tetrahedral geometry due to, respec-
tively, different non-bonding H---CH, contacts with the SiMe, groups, different non-
bonding contacts between H and the o-Me groups, all of which are on the same side
of the molecule, and steric crowding. A limited number of Ge—H bond lengths have
been determined; a shoster distance is found when there is an ethoxy substituent
{146 A, Entry 1, Table 1) than when there are only alkyl and silyl substituents
{1.70 A, Eniries 2 and 5, Table ).

The only siructure examined containing a Ge—Group 2 element bond is that of
Mg(GeMe,;),2DME (Entry 6, Table 1}, in which the coordination polyhedron is
octahedral about magnesium and the germanium atoms are neighbours; the germa-
nium atems show distorted teirabedral geometry [7]. The boron-containing five-
membered ring species (Entry 7, Table 1) has an envelope conformation with the
germaniuvm atom adjacent to the carbon atom out of the Ge—Ge—B—C plane [§].
The two germanium-germanium bond lengths are different [2.402(2) versus
2.4353(2) A] owing to the inductive effect of boron, the longer bond being adjacent
to boron.

3. Organogermanium derivatives of Group 14 elements

Because of the large number of compounds containing a Ge—C bond, each
compound is not reviewed individually, but rather a histogram of the distribution
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Table 1
Selected bond lengths and angles of compounds containing a Ge— Group 1, 2 or 13 element bond

Entry Compound Ge—E (A) X Ge—ED Rel.
i H  CHSiNey, 1.46{6} C Ge—H: [41
'Ge\ 108{2). 12002}
Et0  CH{SiMzyo 3 Ge H:
98(2)
2 1.700 C—-Ge H: 157}
1020, 120640,
1160
10
|
3* Mea Not located 113.4(2) 6]
O
Mes._
Ge
HI
H 6
4 /Gei-h Not located C Ge—(C: [3]
™~ 1B3(2)
T T‘*’ 109.52)
HiGe Geoty
~_ .
CHy
5 Mes,GeGeMes(SiEt, H 170010} [134]
6° Meg(GeMe,),-2DME Molecule I: C—Ge—C: (7]
272774, IS §-131{2)
277N
Motecuie 2: Q{1106 1)
226
2718(6)
7 2.165(10) Ge—Ge B (%]
103.503)
N8 G

e

? Mes=24.6-trimethylphenyl.
* DME =1,2-diimethoxyethane.

of Ge—C bond lengths in the Cambridge Structural Database is given in Fig 1.
Examination of Fig. | reveals that most compounds have a Ge—C bond length in
the range of 1.9-2.05 A; however, most of these fall in the narrow range of 1.95-2.00 A.
The shorter Ge—C bonds tend to be found either in compounds in which the
germanium atom is attached to an unsaturated carbon atom (where there is the
possibility of some delocalization occurring} or in simple compounds in which the
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Fig. 1. Histogram of Ge—C bond lengths.

electronic and steric effects which cause elongation are minimized; for example,
2,3,4,5-tetraphenyi-1,1-diethynyl-1-germacyclopentadiene has a Ge—C,, bond length
of 1.88 A [9], the Ge—C bonding distance of Ph;GeSSSGePh; (Entry 5, Table 13)
varies from 1.85 to 1.92 A and that of Ph,SiOGePh, from 1.89 to 1.90 A [10]. The
longer Ge—C bonds occur in extremely sterically congested molecules such as
ClGe(9-triptycyl); {Entry 14, Table 16) with a value of 2.16 A and for the germylenes
(see Table 18) in which the Ge—C bond length can be as long as 2.36 A

The highly strained nature of three- and four-membered hydrocarbon rings con-
taining one or two germanium atoms leads to some interesting siructural features.
The two reported germiranes {Enitries 1 and 2, Table 2) exhibit Ge—C,,,,,, bond
lengths within the normal ranges. The germirenes { Entries 3 and 4, Table 2}, like the
germiranes, show significani deviation of the configuration about the germanium
atom from ideal tetrahedsal geometry (for example C,,,,) —Ge—C na 40.5(3)°,
Crendey —Ge—C oy 113.9{3)° for Entry 4). The endocyclic Ge—C bond lengths of
the germirenes are shorter than the standard Ge—C bond lengths (1.88-1.93 versus
1.95-2.00 A). The bond shortening suggesis that the germirene may be aromatic;
however, the C=C bond does not deviate significantly from the typical value
(1.331(9) and 1.339(1) versus 1.337 A [11,12]. The digermirane {Entry 5, Table 2}
also shows significant distortion of the germanium atom from tetrahedral geometry,
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Tabie 2
Selected boad lengths and angles of compounds containing a germanivm atom in a three- or four-
membered hydrocarbon ring

Entry Compound Gc—Cmm(fk} Comg—Ge E{) Ge—C-E{) Rel

i HMe;SilC_ CiSiMedH 155413, 1.96{11  44.0(5) 68.3(74, [11]
LG.ES 6T T
V4 \‘_
2 HMeS)C  C{SiMegH Molecule 1: 45.0(8}) 68{i), 614{(% [11]
G 1.92(2), 1.98(2) 47.7(8} 71{1), 671}
Molecuie 2:
ot o 1.97(2), 207{2)
N
|
Fh
3 HMe;S),C_ /c(smw-; 1.88¢1}) 43.2{2) 68.4(2) [11]
Ge
><i><
0:% ):0
N
]
Fh
4 Me_ Me i.929(6}, 40.5(3) 70.3(4), [12]
1.915(6} 69.2(4)
) GeMe,
Me Me
5 A 1.970¢1), 52.9¢1} 74341} [13]
A 1.984{ 3}
A A
Ar=-§©
6 H.  SiMe, R=Ph; 1987, R=Ph:914 R=Ph 886 R=
R >< R 1950 Ph:
o d [13s)
R >< R
MeSi H
R=Cl: 1.982, R=Cl
1975 [136]
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Table 2 {continued)

Eniry Compound Ge—Cring (15..) Ciring —Ge—E {"} Ge—C—E(") Rel
7 Me X=Ck X=Cl: 74.6(2), X=_Cl: X=Cl:
1.598{6), 74.7(2) 105.7(43, iy
2.002(6) i35.1{4)
GeXy
s
GeXe
Me
X =1: 2.003, X=I
2.009 [138]
8 Mo Ms - 2.030(7}, 73K 105.041) [14]
N 3)'“ 2.028(6)
.-*/__N/ “Me
g ‘B
Ao
N—S
\!Bu Ma
Me Ma

and the Ge—Ge bond is also relatively short (2.379(1} versus 2.44 A), suggesting
that the #-complex shown below may contribute to the structure [13].

H H
~ 7

c
ArzGe$GeAt2

The 1,3-digermacyciobutanes (Eniry 6, Table 2) are planar with no unusual bond
lengths and angles, whereas the 1,2-digermacyclobutenes (Entries 7 and §, Table 2}
exhibit distorted bond angles owing to the difference in length between the Ge—Ge
bond and the C—=C bond. The angle at germaniom {73.3-74.7°) is much smaller
than that at carbon (105°). The introduction of bulky substituents at Ge leads to a
slight puckering of the four-membered ring {14].

The structures of an isomeric pair of silylgermanes, Ph,GeSiMe; [15] and
Ph,8iGeMe, [ 161, have been examined. The Ge —Si bond length in the two isomers,
2.384 and 2.394 A, respectively, varies only slightly {Entries 1 and 2, Table 3) and is
comparable to the Ge—S8i bond length in the simplest silylgermane, H,;8iGeH,,
determined by microwave spectroscopy [2.36{2) A] [ 17]. With increasing substitu-
tion, the Ge—Si bond appears to clongate (Entries 3-8, Table 3) to 2.40-2.45 A.
With the exception of the large M—M'—M angles noted in the perphenylated
propanc analogues {Entries 3 and 4, Table 3: Ge—Si—Ge 116.5(1)° and Si—Ge—S8i
123.3(13°) [ 181, no unusual angles were noted in linear silylgermanes.

The two three-membered ring systems, the siladigermirane (Eatry 7, Table 3) [ 19]
and the disilagermirane {Entry 8, Table 3) [20], show a similar disorder in the
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Table 3
Selected bond leagths of compounds containing a Ge—Si bond

Entry Compound Ge—S5i (A} Ref.
i Ph,GeSiMe, 238411 [ 15]
2 Ph,$5iGeMe, 239441} [is]
3 Ph,GeSiPh,GePh; 240142, 2406(1) fis]
4 Ph,8iGePh,5iPh, 241843, 2.425{4) figl
5 PhGeSi(SiMe;); 2416013 [139]
& Mes,GeGeH MesSiEL, 244044 [134]
™ Mes Mes M{1}—M{2), 1512} [19]
P4 M(2)— M(2) 2.505(2)
I
Mes’?’_GE“Mw
Mes Mes
g Me,Si. Sile, Exocyehic: 2.356(4) [20]
:S;\' Endocyclic; 2.391( 1}
L Si—Ge
Me,Si— ‘,‘ \e SiMe,
Me, S SiMe,
9 Me,Si R='Pr. 2457 {av.] [21]
l SiR, R =neopeniyl: 2444
— i ]
Me;si” | | tav.)
Ry Si——SiR,

* Mes =2 d.6-trimethylphenyl.

crysial. The single metal atom {i.e. Si or Ge, respectively) of the central ring appears
to be disordered equally over three sites for each molecule. In the siladigermirane,
the Ge—Si bond length was estimated to be 2.493 A, whereas in the disilagermirane,
the disorder was successfully resolved and the two different bond lengths were refined.

The trisilagermetane rings (Entry 9. Table 3) are both folded (R='Pr, 24", R=
neopentyl, 36°) [21]. The reduction in the degree of puckering in comparison with
the corresponding cyclotetrasilanes (37° in {'Pr,Si), [22] and 39° in [(*BuCH,},Si],
[237) is believed to be the result of the introduction of a germanium atom into the
ring which has a larger atomic radius than the silicon atom. The considerably smaller
puckering of the ring when R ='Pr has been attributed to the less bulky nature of
the isopropyl groups compared with the neopentyl groups. .

In digermane, the central Ge—Ge bond has been found to be 2.404(3)A by
electron diffraction [241; however, in perphenylated di- and polygermanes the
Ge—Ge bond length typically varies from 2.42 to 247 A {Table 4). Replacement
of one or more phenyl groups with chiorine or methyl significantly shortens the
bond to 2.41 A, which is comparable to the bond length in the parent digermane.
The increase in the bond length on substitution with phenyl has been atiributed
solely to a steric effect. The shoriest Ge—Ge bond length has been found in
1,2-bis(trichloroacetatepeiraphenyldigermane { Eniry 3, Table 4}, 2.393 A [25]. The



164 K M. Baines, W.G. Stibbs/Coordination Chemistry Reviews 145 { 1995} 157-200

Table 4
Selected bond lengths in digermanes and lirear polygermanes

Eniry Compound Ge—Ge (;\) Ge—Ge- Ge (°) Ref
1 Ph,GeGePh, 2.437(2) - [ 1407, see also
(1]
2 Me,GeGePh, 2418(1) - [39]
3 {‘Bu;GeGe('Bu)y Malecuie 1: 2.705(1) — [27]
Molecule 2: 2.71441) —
PhCLGeGePRCL, 2413{1) - [141]
5 [GePh,OCOLCCL, ], 2.393(2) . {25]
6 Ph,GeGePhGePh, 2438(2), 2441(2)  120.3(1) (297, see also
[13
7 PhyGeGeMe,GePh, 2.42%41) 120.3(13% [ 1427, see also
[i}
8 CiPh,GeGePh,GePh,Cl Molecule 1: 110.4(1) [1431
2.437(2), 2.419(1)
Molecule 2: 116.7(1)
2.413(2), 2.423(2)
9 Ph,GeGePh,GePh,GePh, 2.463{2), 2.461(3} 117.8(1} [ 2517, see also
[
10 1Ph,GeGePh,GePh,GePh,l [Ge—Ge: 2451(1},  114.2{1) [28], see aiso
Ge—Ge {central ): [1]
2.450(2)
1l Ph,Ge(GePh,; };GePh; 2.447(4), 2.485(4), 116.7(2), [26]
2468(4), 2.439(2)  1140(2),
116.0(2)

bridging carboxylate group 1s believed to be responsible for shortening the
Ge—Ge bond.

CCly
0 0
Phii... : _.|I|“Ph
FRI™ ‘?’ Gle“"lph
6Y ©
CCly

The Ge—Ge bond can be stretched with increasing steric repulsions between the
substituents. For example, the central Ge—Ge bonds in GesPh,, are significantly
longer than the peripheral Ge—Ge bonds: 248 versus 2.44 A, respectively [26]
{Enatry 11, Table 4}. A rather dramatic lengthening of the Ge—Ge bond was found
in (‘Bu};GeGe('Bu);, where the Ge—Ge bond length 15 2.71 A [27]. This is the
longest Ge—Ge bond reported to date.

The Ge—Ge—Ge bond angles in polygermanes with bulky substituents (ie. Ph
versus Cl or Me) are typically larger than the normal tetrahedral angle, ranging from



K M. Baines, W.G. Stibbs/Coordination Chemistry Reviews 145 ( [995) 137-200 165

1147 in [{GePh,),1 [28] to 121° in Ge,Phg [ 29]. The phenyl groups in the phenylated
di- and polygermanes, both linear and cyclic, often form a propelter-type arrangement
about the Ge—Ge bonds. The arrangements have been discussed in a previous
review [1].

Cyclotrigermanes, the smallest members of the cyclopolygermane series, are isola-
ble provided that they are substituted with bulky ligands which serve to stabilize
kinetically the three-membered ring. Three structure deierminations of cyclotriger-
manes have been reperted to date. Because of the bulky substituents, not surprisingly,
the Ge—Ge bond is ¢longated in the ring to 2.53-2.56 A (Entries 1-3, Table 5).
Unlike the planar four-membered ring in (GePh,), [30] (mean deviation from the
least-squares plane 10.003 A), the four-membered ring in {Ge'BuCl), is puckered
by 217 [31]. The Ge—Ge—C angles are expanded to 125° and the Ge— Ge—C(l
angles are contracted to 1057 because of the steric repulsion between the substituents.

The Ge—Ge bond lengths in perphenylated cyclopolygermanes (Enotries 5 7,
Table 5) de not difier from those found in lincar perphenylaied polygermanes
{2.42-2.47 A). Because of the considerable decomposition of the crysial which
occurred during measurement and the shortness of the Ge—Ge bond in comparisen
with the Ge—Ge bond in the perpbenylated analogue [32], the accuracy of the
short bond length observed in (GeMe, ), 2.374(8) A [337], has been questioned. The

Table 5
Selected Ge—Ge bond lengths in cyclic polygermanes

Entry Compound Ge Ge (A) Ref.
1 1Ge'Bu,), 2563(1}) 271
22 1GeMes, ), 2.535{2), 2.539(3} [
ki {GeDmp, 1, 25371} 2.543¢1) (517
4 {Bu 1 247102}, 2455(2) [311]
]
NN
C|\ [ _:‘Bu | "
=
Bu a
5 {GePh,), 24582, 247221, 2471423, [30]. see also [1]
246102}
6 {GePh;), Molecuie 1; 2.44942), [144]. see alse [1]
2.455(2), 2.449(2), 2.45442).
247342y

Molecule 20 2.445¢2),
2.462§2), 2450(2), 2441 2),

2.455(2)
7 {GePh, ), 7C,H, 2.458(2). 2.456{2), 2458(2)  [32). scc also [1]
2 {GeMe, ), 236647, 2377(9), 237816)  [33]

* Mes =2.4.6-tnimethyiphenyl.
® Dmp = 2.6-dimethyiphenyl.
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structures of this class of polygermanes have been discussed in detail in a previous
review [1].

Four interesting struciures of polyhedral polygermanes have been reported. The
molecular structures of two examples of tetracyclo[3.3.0.0%7.0*®Joctagermanes
{Eniry 1, Table 6) have been determined. Each tertiary germanium atoin is substituted
with a ‘Bu group and the secondary germaniuin atoms are substituted with a halogen,
either bromine [34] or chlorine [35], in addition to the alkyl group. The dimensions
in the core germanium rings are essentially identical and range from 2.442 t0 2.542 A.
A hexagermaprismane [36] {Eniry 2, Table 6) and an octagermacubane [37]
{Entry 3, Table 6} have alsc been synthesized and their structures determined. The
prismane consisis of two regular triangles and two regular squares. The bond lengths
in the triangles at 2.578-.2.584 A are longer than in the squares (2.516-2.526 A). This

Table 6
Selected bond lengths in pelycyclic compounds containing 2 Ge— Ge bond

Eatry Compound Ge—Ge (A) Ref.
Ge—Ge X=Cl X=Br
1 Bu 1-2 2470(6)  2478{1)  X=Ck[35]
" L ﬁ“ 1-4 2442{6)  2.443(1)  X=Br (3]
3 ./ \(L;e___._Ga X 2-3 253746} 2.542(1)
- Bu -2 2466{6)  2461¢1)
G ___ \ 3-4 248166)  2.495(1)
) / ;Gf'\gau 3-4 247360 -
’Ge G\B,
Bu By
2 R 1.2 2.584{6) [36]
Ge' 1-3 2.580{6)
) / I\ 6 2-3 2.580(5)
Red—1 Near 4-5 2.579¢6)
I 4-6 2.5795)
R 5-6 2.578(6)
G&R -5 2.526(6)
/ \ 26 2.516(6)
RGS————GeR 3-4 2.523(4)
R = CH{SiMes)
3 Ree LR 12 2478(1) [37]
ValvZ 1-4 2.492(1)
Roa—— GéR 2-3 2.486¢1)
J ] 3-4 2.503(1)
RGe—{—GCe, 1-4 2.500(1)
1,/ S 23 2.482(1)
Ge
R ¢ R
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Tabie 7
Selected bond lengths of compounds containing a Ge—S8n or a Ge-- Pb bond

Entry Compound Ge—Sn/Pb {A) Ref.
1 Me,GeSaPh, 2.6(143) [38.39]
3 Me:SaGePh, 261111) (38,39]
3 Ph,GePbPh, 2.623§5) (407
L Ph,GePhip-Tolj, 2642410 [41]
sab | p-Tol WGePb{ p-Tol), 259912 {4i]

* Oppositely placed Ge - Pb orientations.
* p-Tol = p-tolyl,

is opposite to the trend found in the carbon analogues. The Ge—Ge bond leagihs
found in the sguares are comparable to those found in bulky substituted cyclotriger-
manes; the Ge—Ge bond lengths in the triangles are only slightly longer.

Only a limited numbers of compounds containing a germanium-tin or germani-
um—lead bond have had their structures determined by X-ray crystallography
{Table 7). The pair of germylstannanes Me,GeSnPh; and Me;SnGePh; were found
to have essentially identical Ge—Sn bond lengths, 2.601 and 2.611 A, respectively
[ 381, after a correction [39].

Although three germylplumbanes, R;GePbR), have been structurally charac-
terized, in two cases there are two different orientations of the Ge—Pb vector in the
unit cell because of the presence of 1dentical substituents {R=R'=Ph [40] and R=
R'=p-tolyi [41]). The Ge-- Pb length in an unsymmetrcaily substituted molecnle.
R =Ph, R’ =p-iolyl, is 2.642 A, consistent with the sum of the covalent radii {Ge 1.22:
Pb 142} [41].

4. Organogermanium derivatives of Group 15 elements

In organogermanium compounds with an acyclic Ge N bond, the lengih of the
Ge—N bond ranges from 1.85 to 1.86 A {Entries 1, 2 and 4, Table 8). comparable
to the value of 1‘836(5}2\ found in trigermylamine, N{GeH,}, [42]. Mes;GeNH,
{Eniry 1, Table 8}, the only primary amine to have its structure determined by X-ray
methods, has a propeller arrangement of the mesityl groups [43]. The germyl-
substituted dithicoxamide (Eniry 3, Table 8) has elongaied Ge—N bond distances
of 1.917-1.924 A [44] for no obvious reason. The dithiooxamide molecule can be
divided up inio two planes, each containing the {Ge}{ N} Cy )J(C_s) skeleton. The
two planes are twisted by 78.6°. As has been observed in other compounds containing
the [bis(trimethylsilyl}amino]germyl moiety [45], the Ge—N bonds are slightly
shortened and the N{Si,}—Ge—N({81,) angle is enlarged in the compound shown
[46] {Entry 4, Table 8} in comparison with the free germylene, Ge[ N{SiMe;}, ],
[471.
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Table 8
Selected bond lengths of compounds containing an acyclic Ge—N bend
Enity Compound Ge— N {;\} Ref.
1# Mes;GeNH, 1.854{3) [43]
2 7\ 1.859{4} f145]
Me,Ge—N — Gehla,
—/
3 Me,Ge 1.924{8), 1.917(8} [44]
.
8 N—CH,
CH3—N\ 5
GeMe;
4 Lot o] Ge—N: 1.859(4) [456]
\ }3\ Ge—N(Si,): 1.821¢5), 1.829¢5)
Ge h
H“"-\..N’ ‘-‘-C P
o\ Me
]
L=N[SiMe.
MeO 3k
CMe
G
5 Mes, GeNHCO'Bu 1.899(6) [48]

& Mes =24 6-tnimethylphenyl.

L=N{SiMa}:
MeO

CMa
0o

The Ge—N bond length in Mes;GeNHCO'Bu (Entry 5, Table 8) is elongated to
1.899 A [48]; however, this is probably a consequence of the weak coordination
between the carbonyl oxygen atom and the germanium atom.

In cyclic germylamines, the endocyclic Ge—N bond elongates only siightly, to
1.895 A on substitution with bulky substituents, such as mesityl groups (Entries 1
and 3, Table 9). The Ge—N bond in the (—C—8—N—Ge—) four-membered ring
{Entry 4, Table 9) has a significantly shoriened length {1.813 ;%) [49]. The structure
of the azadigermiridine (Entry 1, Table §) shown is interesting [50]. Unlike the
corresponding hexakis{2,6-dimethylphenyl)cyclotrigermane [517], the bulky aryl
substituted Ge— Ge bond is short (2.379 versus 2.54 ;\}.
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In addition, there is a nearly planar arrangement of the Ge atoms and the carbon
atoms directly bonded to them (sum of the angles about Ge=358.2°). The structure
suggests that the compound may have considerable n-complex character, as has
been observed in some three-membered disilaheterocycles [52].

Two of the three four-membered rings containing a Ge—N linkage in Table ¢ are
planar, whereas the third, the cyclodigermazane shown below, deviates significantly
from plananty. There is a fold angle of 34° between the two planes containing the
Ge—N—N atoms of the cyclodigermazane [53] and a fold angle of 38" between
the two Ge—-Ge—N planes. This large fold angle 15 unique in comparison with
related cyclodigermazanes [ 541 and cyclodisilazanes [ 551, which are all planar. The

Table ¢
Selected bond lengths and angles of compounds containing 2 cyclic Ge—N hond

Eniry Cempound Ge—N (A} X Ge—N( Ref.
i Mes /Mes 187601} 50.6{1) [50]

Y

Ge

/N

on NG
Mes

2 =N 1.862(3), 1.865(3) 75.1¢1} [146]

3 Mes,Ge._GeMes, 1.894(3), 1.895(3) 79.6¢2} [53)

4 LRI 829(2) [491

& Mes =2.4.6-trimethylphenyl.
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bulky substituents, however, on both the germaniom and the nitrogen ring atoms
and the pyramidalized nitrogen ring atom may account for this unexpected feld.

MazG; Ge\Mesz

« 2ELD
Ny
’/N N\\

R CRy

e (LT

It is well known that in germylamines, the three-coordinate nitrogen is most often
planar [36]. It is interesting that the majority of the structures in Tables 8 and 9
{Entries 2, 3 and 4 in Table 8 and Eatries 1, 2 and 4 in Table 9} are indeed planar,
or nearly planar, about the nitrogen atoms attached to germanium. In the cyclic
compounds, the endocyclic angle at germanium is significantly compressed
{75.1--82.9%), probabiy as a resuli of the planar-coordinated nitrogen atom, although
the same trend is still observed in the cyclodigermazane where the ring nitrogen
atoms are pyramidalized.

The Ge—P bond length in trigermylphosphine, P{GeH,),, is 2.308(3} A [57],
essentially identical with the distance observed in three-membered rings containing
the Ge— P linkage, 2.291-2.316 A (Entries 1-4, Table 10). The Ge~ P disiance is
remarkably constant in these compounds despite a variety of substituenis and types
of atoms in the ring. In four-membered rings, the length of the Ge - P bond increases
significantly to 2.332-2.369 A (Entries 5-7. Table 10} and is the longest (2.731 A) in
the six-membered germaoxaphosphorinene ring {Entry 8, Table 10) [ 58]. For the
adamaniane-like, edge-substituted tetraphosphide {Me,Gej P, (Eatry [, Table 11),
the Ge—P distance, at 2.322 A, falls between the iwo ranges obscrved for the three-
and four-membered rings {59] and the germyl-substituted heptaphosphanortri-
cyclenes, P,{GeR;);, R=Me [60], R=Ph [61] {Entrv 2, Table 11}, have bond
lengths of the same order as the four-membered rings.

The endocyclic bond angles at germanium in the three- and four-membered rings
are not remarkable excepi to note that the most extreme compression occurs when
there is an inflexible first-row atom aiso 1n the ring, such as in the germaphosphirene,
C -Ge—P=456"(av}and Ger C--P=789"{av.}[62]. and the planar germaphos-
phetane, C—Ge—P=750" (av.), Ge—C--C=101.1" (av.} [63]. Both the [2-
{Entry 6, Table 10} [64] and the 1,3-digermadiphosphetanes (Entry 5, Table 10}
[65] are puckered, the former by 32°. The six-membered germaoxaphosphorinene
ring is in a distorted beat conformation. The bulky substituents on both the germa-
nium and the phosphorus atoms resuli in some distortion about the germamum
atom. The endocyclic O—Ge—P angle is compressed to 100.1%, as is one of the
O—Ge—C{Mes} angles {to 100.0°}, and the two P—Ge—C angles are expanded
{115.9° and 118.6°) { 58].

The germathiaphosphiranc [66] {(Entry 2, Table 10) exhibiis structural features
that are very similar to thosc in the previously discussed azadigermirane [50]. The
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Table 10
Selected bond lengths and angles of compounds containing a cyclic Ge—P bond
Entry Compound Ge P {;\} X Ge P{} Rel.
1 Et Et Molecute 11 2.30142} 58.041) av. [147]
P24 Moiecule 2: 2.300(2), 2.296(2)
P
P—P__
8Bu IIIBLI
> Mes Mas 23161 57.2013 [66]
NS -G T IIFE
9? Ge--8: 222701
5—R {Bu
Bu
{Bu
3 (Me;SiCH  CH(SiMe;), Molecule 1: 2.298(4) Molecule 1: 45.2(3) [62]
pA Molecule 2: 2.291(4) Molecule 2 45913}
:‘Bu—éf—’
4 P—P 2.312(2) 2.310(2) 82.1(1) [65]
LN\ s
fBu-..Gla/ CTE/ u
Mes Mes
b ~ 7 2.343(5), 2.368{4), SL601L 91T [653
M”\ f8u 2.342(4), 2.364(5)
/G‘e\
fBUHg-"P\ /an "‘HB
Ge
Mesj ‘—-fBLI
— -2
6 Ph Fh 733242), 2.347(2) 83.16{6), 8279 7)  [64]. see
g Ge -Ge: 2421(1) also (1]
Ph
7N
Bulio-p Gé
N e
i
Bu
7 Mes> Ge—FH Motecule 1: 2.35443) Molecule 1: 75.0i3) [63]
Molecule 2: 2.369(3j Maolecule 2: 74.5{})
{Bu
Bu
g 1oy 23711} W01 1) [3%]
. Ge— O LR3I

Messze——P 1Bu
)

* Mes=246-trimethylphenyl.
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Table 11
Selected bond lengths and angles of polycyelic compounds containing Ge— P bonds and of compouads
containing Ge— As and Ge —Sb bonds

Entry Compound Ge—X {A) X—Ge—X (%) Ref.
1 P—GeMs, 2.32¢8) 120.7{2) [ 597, see also
me,6e” \ (i
\ MeoGe b
P__/\I: GeM
\ —GeMs;
Ge/
Mey
2 P R =Me: 2.362{8}, - R =Me: [60]
Ra(;,_p/ ‘;,\,vaeaq 2.351(8), 2.348(8) R="Ph: [61]
\ /H}‘Geﬂa R =Ph: 2.349(1) av.
P—/—P
Np”
kil By H 2.308(2) 94.7(2) (1481
- \O

B8u
4 As R=Me: 2.4506(1) - 1671
RaGe—As ks As—GeRy
<
.( &Rs
As—i-As
As’

5 {Me;Ge),Sb-SbiGeMe; ). 2.636{1}, 2.624{1) - [687

* Mes=246-trimethylphenyl.

Ge~P bond is noi elongated for a bond between a bulky-subsiituted germanium
atom and a bulky-substituted phosphorus atom. The germanium, the phosphorus
and the three ipso carbon atoms of the aryl groups lie nearly in the same plane (sum
of angles about Ge=1358.1"). Again, because of the short Ge—P bond length and
the planarity of the GePC, skeleton, the hybridization at germanium may be better
represented as sp*-hybridized and the bonding may be intermediate between that of
a normal three-membered ring and that of a 7-complex.

Only one molecular structure of an organogermanium compound containing a
Ge— As bond has been reporied, and one containing a Ge—Sb bond. The trimethyig-
ermyl-substituted heptaarsanortricyclene As,{GeMe,;); (Eniry 4, Table 11) has a
Ge— As bond length of 2.450 A [67] and tetrakis{irimethylgermyl)distibane has a
Ge—Sb bond length of 2.630 A [681, in close agreement with the values obtained
from addition of the covalent radii. The bond angles about germanium in both
compounds are not particularly notable,
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5. Organogermanium derivatives of Group 16 elements

Fig 2 shows the distribution of Ge—O bond lengths in organogermanium com-
pounds in the Cambridge Structural Database. Most compounds have a Ge—O
bond length of 1.75-1.85 A. For the most part, the longer Ge—O bonds in Fig. 2
(>2.0 A} are found in hypercoordinate compounds of germanium (see Section 8}.
The shorter Ge—©O bonds (< 1.75 A} tend to be found in simple, linear compounds
such as (PhCH,},GeOGe(CH,Ph},, Ph;Si0OGePh, and - [(CF,},Ge0]—, with
Ge— O distances of 1.73 [691, 1.70 [10] and 1.73-1.75 A [70], respectively. The
structures of compounds with Ge—O bonds are too numerous for them all to be
discussed here; instead, an interesting subgroup, namely the four-membered rings.
are covered, in addition to some five- and six-membered rings for comparison

Four-membered rings containing endocyclic Ge—O bonds have highly sirained
structures (Entries 1-4, Table 12). The germaoxetanes (Entry 1, Table 12) are folded
by 8-24° in order to relieve the steric strain [ 71]; this degree of folding is higher
than that found in {Ph;Ge), but less than that of a 1,3-digermazane [53]. A
1,3-cyclodigermoxane {Entry 2, Table 12} exhibits an almost square ring which is
puckered with a fold angle of 8-9° [72]. These three compcunds all have endocyclic
bonds within the normal ranges. On the other hand the 1,2-digermadioxetane
(Entry 3, Table 12) has a trapezoidal ring with a normal Ge—Ge bond [2.441(2) A]
and an elongated Ge— O bond [ 1.857(5) versus 1.82 A1 [72]. The ring is puckered

200 T T -
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Ge—-0 Bond Length

Fig. 2. Histogram of Ge— O bond lengths.
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Table 12
Selected bond lengths and angles of four-, five- and six-membered rings containing cndocyclic Ge—0
hoads
Entry Compound Ge—0 (A) O- Ge—E (%) Ref.
1 R=H: 1.827(3} R=H: 93.7(2} [71]
R=Ph: R="Ph:
Molecule 1: 1.83(1} Molecute 1. 59(1)
Molecule 2 1.32{1) Muolecuie 2: 98(1}
® 1.820(2). 1.814(2) 87.6(1) [72]
3® 1.857¢5) 74.1(1) [72]
=TT
o—0
4 o 1.876(3) 77.9(1) (731
I
8
w
,0
Ge
/ LY
Mes Mes
5 By Bu 1.783(10), 1.789(19), Ge—Ge—C: 95.7(3), (1491
e 1.800(10), 1.786(11) 97.1(3)
0/ \0 O—Ge— 0 105.1{5)
\ /
Ph—?e—Ge—Ph
Ph Ph
6 H H 1.8041), 1.76{1) 94.2(4), 97.25) [150]
- De
oep/GeXGe( p
Dep™ [ "Dep
7 8u 1.781{1) 107.0(1) [151]
tBu—Ge—O
i / \ /fBu
O\ ;33\
tBu—Ge—0 Y
tBu/
8 Ph, 1.765(4), L775(4), 1.768(4)  107.0(2), 108.1(2}, [152]
Ph—Ge—0 o 197.6(2)
/ \
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Table 12 (continued)

Entry  Compound Ge—0O (A} O Go Ei} Ref.
9 Ph Ph 178611, 17811y L6711, 106771 Fi33]
\ /
Ph—Ge—Ge-Ph
I4 \
o] o]
\ /
Ph—Ge—Ge—Ph
/ 5
Ph Ph
10 H Fh E79IL 181115 O—Ge--CiPhy 10180 d) [74]
. 102
tes_ >_< e 0 Ge CiHY 1029(7)
Ge Ge
\ hY

* Mes=246-tnmethylphenyl,
® Dep =26-dicthylphenyl

with a torsion angle between the two Ge—O moieties of 19.5°. The ring of the
1.2 4-oxathiagermetane S-oxide {Entry 4, Table 12) also deviates significantly from
planarity with a dihedral angle of 24.3(3)" between the Ge—8—C aad Ge—S5- 0O
planes. The Ge O and endocyclic Ge—C bonds are both clongated, the latter
presumably owing to steric repulsion between the bulky adamantyl and mesityl
groups [73].

Five- and six-membered rings containing a Ge O bond, as a result of being less
strained than the four-membered rings, generally have shorter Ge—O bond lengths
(the averages values are 1.78 versus 1.83 A). Examples of five-membered riags which
have both planar (Entry 5, Table 12) and half-chair conformations ( Eniry 6, Table 12)
have been reported. Six-membered rings of the type [R,GeO], (Eniries 7 and &.
Table 12} have planar conformations whereas [ Ph,GePh,GeO]; (Eniry &, Table 12)
adopts a chair conformation. The unsaturated ring [ Mes,GeQOMes,GePhC=CH]
{Eniry 10, Table 12) deviates significantly from planarity with a Ge O ~0O - Ge
torsion angle of 94.5(5)° [74].

The parent digermyl suilphide, (H,Ge),S, has been studied in the gas phase by
electron diffraction (Entry 1, Table 13} [753]. The Ge—S8 bond length is consistent
with a Ge—3S single bond {2.209[4))5;} and the geometry about germanium is
essentialiy tetrahedral, The structures of two other digermyl sulphides have been
reported {Entries 2 and 3, Table 13); (PhyGe),S, which has previously been reviewed
[ 17. crystallizes in two forms which have different conformeric structures with respect
to the rotation of the PhyGe groups around the Ge—S bonds: one of the forims has
significantly different Ge—35 bond lengths, giving rise to an unsymmetrical S bridge
for no obvious reason [76]; {PhCH,Ge),S has symmetrical Ge—S bond lengths
which do not indicate significant n-bond coatributions [77].

Molecules with a trithio bridge between two germanium atoms (Entries 4 and 5.
Table 13) have a coiled conformation with the central S atom being 1.14-1.19 A out
of the plane formed by the two Ge—S moieties [78]. The organic groups have a
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Table 13

Selected bond lengths of compounds containing an acyclic Ge— 8 bond

K M. Baines, W.G. Stibbs{Coordination Chemistry Reviews 145 { 1995) 157-200

Entry Compound Ge—S5 (A} Ref.
1 H,GeSGeH, 2.209(4) £75]
2 Ph,GeSGePh, Molecute 1: 2.212{1), 2.261{1) [76]

Molecule 2: 2.227¢1), 2.240(2)
3 {PhCH, 1,GeSGe(CH,Ph), 2.233(4) (771
4 Cy,GeSSSGeCy, 2.278(5), 2.286(5) (78]
5 Ph,GeSSSGePh, 2.254{11}, 2.263(11) {781
& Cy,GeSH 2.253(2) [79]
7 Ph,GeSMe 2.224(1) (297
8 PhyGeS{ p-CoH,'Bu) 2.229(2) (31]
g OMs 2.285(1) [82]
|
Ph,se—s—ﬁ—onne
]
10 MeO 2.257(2). 2.253(2) [82]
v -8
/S--—P..f
PhoGe ,&}g
S—P
s g
MeC
1 M0 225 [83]
Nos
Ph. &P
ja./\ oM
g “s—pOMe
7 \s
Meo P MeC
Meo 8
12 s, O—CMe 2.268(4), 2.275(4) [84]
\ L
/s_P\ I
oC3e O—CMesy
M \ ’O—CMﬂz
s |
oy
87 O—CMe,
13 X X =Ck 2.254(1) X=Cl: [85]
Me._ | X =Br; 2.222(4), 2.252{4} X=Br, 1: [86]
Mo~ N X=1:2255(2}
s,/c Nise,
14 s::c/"'“% 2.275(2), 2.281{2) [37]
Lt S,
3
\Ge/\
Me” s
\c
§“ “NMey
15 N 2.271¢1) [881
SC~-NEt,
Ph\ /S
IC*\
Ph s
o
ZC—NEL
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Table 13 lcontinued)

Entry Compound Ge §{A) Ref.
16 RO R =Me: 2.262(3) R =Me: [89]
on S,CZS R=1Pr 2.251(3). 2252{3) R =P [90]
N/
Gé
rd A
Phn S
Se=s
RO
i7 _ s R = Me: 2.249(4) (901
PhyGe—S_ :
h° ~c7 R="P¢ 2270{2)
;
CR

® Cy=cyclohexyl

staggered propeller-like arrangement about the germanium aioms. In the case of
{Cy,Ge),S, the Ge—S bond distances were found to be significantly longer than in
digermyl sulphides. Compounds of the type R;GeSR’ {Entries 6-8, Table 13} all
exhibit distorted ieirahedral geometry about the germanium atom with Ge—S bond
lengths from 2.22 0 2.25 A [79-81].

Mono-, di- and tri-0,0'-dimethyldithiophosphato compounds of germanium show
monodentaie coordination of the ligand with tetrahedral geometry about the germa-
nium atom {Entries 9-11, Table 13}. The Ge—S§ bond length in diphenylbis{Q,0'-
dimethyldithiophosphatojgermanium is shorter than in the iniphenyl derivative
[2.255(2) versus 2.285(1) A] because of the replacement of a phenyl with the
more electronegative dithiophosphate group [82]. There 1s no indication of any
anisobidentate coordination for the sulphur ligand, the smallesi non-bonding
Ge---S distances being 5.253(1) and 5.363(2);& for the triphenyl and diphenyl
derivatives, respectively {compared with the sum of the van der Waals radii of
3.75 A). Only partial selution of the structure of the monophenyl derivative was
possible owing to deterioration of the crystal during data collection; the data are
consistent with the structures discussed above [83]. In contrast, the structure of
dimethylbis(0,0-2,3-dimethylbutiylenedithiophosphato)germane {Eniry 12, Table 13)
has the terminal sulphur atoms oriented towards the germanium atom with an
average Ge---§ distance of 3.49(3) A; however, this distance is still too great to
consider the ligand to be anisobidentate [84].

The structures of chloro-, [85] bromo- [86] and wdo(N,N-dimethyldithiocarba-
matoidimethylgermanium [ 86] have been reported (Entry 13, Table 13}. In all three
cases the germanium atom is at the centre of a distorted trigonal bipyramid with
the halogen and a sulphur atom occupying the axial positions. The molecule is
“frozen” in this anisobidentate coordination. The axial Ge - S distance is much
greater than that of a normal Ge—S8 covalent bond (2.68-2.90 versus 2.25 A) whilst
being much less than the sum of the van der Waals radii {3.75 A) and the S—Ge—$S
angle is about 160° rather than 180". The Ge—S,,;, bond length increases in the
order X=1<X=Br <« X=C]; thisis accompanied by a decrease in the Ge—X distance
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Table 14
Selected bond lengths and angles of compounds containing a cyclic Ge 5 bond

Entry  Compound Ge—S tA} X—Ge—5{) Ref.
1 s 2263{3), 22773) 58213, S8.%(1) [s1]
PN
Mes"G’_G%“Mes
Msas Aas
. 222741 .
2 s . 27{1) 57.201) [66]
Mes“‘Ge_p
Bu
Bu
3 s 22221} 5291} (73]
|
GeMes;
4 Ph_  Ph 2.242{6) 8N2) [82)
Vd
tBu /Ge\ Ph
o=C_ Gt
8y Ng7 ph
5 5 2.246(3), 2.254(3 94.5(1 154
®u, S @u ) (3) {1) [154]
Ga
By’ g7 sy
6 . . 8 :
PR, S, crPh ;;3(}(5),2248(6)_ 95.5(3) [155]
o ok 254(6), 2.241(5)
MesiN’ g7 NSiMey),
7 S 2.22602), 2210(2 95.3(1 98
Mes, S, O (2) (2) (1} (98]
&\
a’ N7 Mes
8% Mes  .S. Mes 2274(4), 2250(5),  84.6(2), 84.8(2) [93]
‘Ge/ Nad 2259(5), 2.275(4)
n N7 'm
9 Bu. _S. _{Bu Ge S:2243(8} S—Ge—§": [94]
PRS,GQ Ge—8" 2.216{3) 114.2{2)
& & §—Ge—8: 95.7
v LS s
/c\‘\ /m'\
By s V]
10 s 2.230{4}, 2.250(4) 109.5(1} [95], see also
Pheep ”” S _Ph
~Ga GeZ fi]
PR \ / Ph
py— 50— 0Ge~p),
Ph Ph
TN N [96]
/Ge
s s
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Table 14 (continued)

Entry  Compound Ge—S(A) X—Ge -§¢9) Ref.
joub 8§—85 229002y 23512 97
1"b\ ! AY [97]
,Ge 1]
Mes \S—C/
(‘\
Ph"
i3 {Bu X=Ct Ge" & X=Cl X=5H: [%94]
Ql‘ 2227145, 2.221¢4): S Ge & X=ClL [98]
s*'/ g Ge—85: 2.212(4), 104.312)
ooy 1% 2214(4) S—Ge--§"
B \ P.\ 112211
8 s tBu 113311
G‘I' 5-Ge--§:
Bu 115.312)
i4 R R =Me: 2.218(3) 111813 R=Me [156].
| R=CF; 221042y L1381 see also [1]
577 s R=CF,: [157]
s
R—Ge
/ Ge\// “R
877 A™g
R

* Mes =2.4.6-tnimethylpheayl.
® Tb = 2,4,6-tris[ bis{tritnethylisilyl jmethyl Jphenyl

and a narrowing of the S—Ge—S§ angle [X=1, 71.6{1}; X=Br, 69.7(2); X=ClL
68.5(1)°]. The bis{dithiocarbamato} germanium compounds (Entries 14 and 15,
Table 13) show pseudotetrahedral geometry about germanium with the non-bonding
sulphur atoms accupying open positions; the Ge---S non-bonding distances are long
enough {3.08-3.18 A} for the ligands to be considered as monodentate rather than
anisobidentate. The Ge— S bond lengths of dimethylbis{ N, N-dimethyldithiocarbama-
tojgermanium [ 87] are loanger than those of the monoderivative because of the
increased steric crowding. The diphenyl derivative has a similar value [88]. In both
cases the dithiocarbamate groups are pseudocoplanar.

The structures of several dithiocarbonate derivatives of di- and triphenyigermane
have been reported {Eniries 16 and 17, Table 13). All exhibit distorted tetrahedral
geometry about the germanium atom and the dithiocarbonate ligands are clearly
monodentate; if any secondary interaction does occur it is through the oxygea atom
of the ligand, the Ge---O distance varies from 2.92 to 3.15 A (the sum of the covaleni
radii is 1.88 A and that of the van der Waals radii 3.47 A). The S—Ge—S angle is
significantly smaller for Ph,Ge[S,COMe], [89] than that of Ph,Ge[S,CO{'Pril,
[90] because the isopropyl groups prevent the dithiocarbenate ligands from coming
as close as they can in the methyl-substituted case. From the structures reported,
neither an increase in the number of phenyl substituenis nor a chaage in the bulk
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Table 15
Selected bond lengths of compounds containing & Ge— %S¢ or Ge—Te bond

Entry Compound Ge - X (A) X-Ge X (%) Ref.

1 Ge(5ePh), 2.347(1), 2.344(1} [158]

2 EtGe{SePhj, 2.353(1), 2.356(1}, 2.348(1) [158]

3 PhSe SePh 2.362(3) [159)

/&‘\
Hz?\ fCHz
HL CH,
4 a 2.351(2), 2.350(2) 994, 99.1 (98]
/
,Ge“Se
t&a/

5 Se 2373(1) 110.4(1) {993, see
Ph~od” “ga-Ph also [1]
P\ [ Pn

P O
Ph Ph
6 Ph  Ph Ge'—Se: 2.368(1), 2.363(1} Se—Ge'—Se: 113.1{1) [100]
N\ Ge/ Ge—S8e: 2.370(1), 2.359(1)  Se—Ge— Ge: 163.0(1},
se” “Se 101.3(1)
So-co
-8
~
Ph”7 / \Pn
Ph Fh
b Mes\ /Tb 2.42i(2), 2.40%2) 101.23(7) [1011]
/Ge
Se \Se
\
Se—Se
8 H 2.349, 2.352 103.2 [102]
{.H
Se—10C
H;C\ / \ ICHS
2 NA
CH
HC Se—C.\ :
\TH
H
9 By Ge'—8e: 2.359(1), 2.358(1) Se—Ge'—Se: 103.9¢1) [9%]
G"_ Ge'—S8e” 2.347(1) Se—Ge'—8e: 112.7(1),

GeBa' 4
B \ \ /Gl\
Se e fBu
[T

Ge—Se: 2.336(1), 2.3372)

114.8(13
Se—Ge—Se: 116.6(1)
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Table 15 leontinued)

Entry Compouad Ge-X (A} X -Ge— X (*) Ref.
10 CF, 2.334{1) 114.8({1} [1577
f
~S3e
Se Se
Fea St

il Te 2.597(2} 62.04(4). 62054 {i11]

* Mes=24.6-trimethylpheayl.
b Th =2 4,6-tris [ bis(tritnethylsilyl ymethyl ] phenyl.

of the R group in the dithiocarbonate ligand has any significant effect on the
arrangement about germanium.

The structure of a thiadigermirane has been examined {Entry 1, Table 14) [91].
The Ge— Ge bond is shorter than normal [ 2.376(2) versus 2.44 ;\] and the angles
about the germanivm atoms are almost planar (357.3° and 356.7°}, suggesting that
the compound has some of the character of the n-complex shown. It has been
postulated that partial z-bonding also occurs in a germathiaphosphirane {Eniry 2.
Table 14), although the Ge— P bond length is not unusually short { 66]. The structure
of the only reported thiagermirane is unremarkable (Eatry 3, Table 14} [73].

S

M%zseiGeMesz

Compounds containing a four-membered ring with a Ge - S linkage all have bond
lengths which are consistent with single Ge—S8 bonds {Entries 4-8, Table 14}, The
ring of an alkylidenedigermathietane {Entry 4, Table 14) has a puckered structure
with a dihedral angle of 154" formed by the Ge—Ge- 8§ and Ge—C—5 planes
£92]1. In conirast to the other planar 1,3-dithia-2.4-digermetanes, the ring with un
extremely congested ¢is configuration of four bulky aryl groups (Eniry 8, Table 14)
has a folded structure with large torsion angles of 36" and 38° [93]. The germanium
sesquisulphide {'BuGe},S, has a “double-decker™-type siructure with iwo four-
membered rings and two eight-membered rings (Entry 9, Table 14). The two four-
membered rings are almost planar and are perpendicular to the common plane of
the two eight-membered rings [94].

The two compounds containing a five-membered ring with a Ge—3S bond (Entrics
10 and 11, Tabie 14} both show envelope conformations. {Ph,Ge}l,S (Entry 10,
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Table 14} has been reviewed previously [ 1] and shows no unusual features [95]. In
MesThGeS,, the S, unit is asymmetrically bound with iwo unequal Ge—S8 lengths
[96]. The only six-membered ring reported (Entry 12, Table 14} adopts a chair
conformation in which the germanium-containing moiety is significantly flatter than
the carbon-containing motety {51° versus 787) [97].

The two substituied sesquichalcogenides are bicyclic compounds with two six-
membered rings and a Ge—S—Ge bridge (Entry 13, Table 14). The dichloro-
derivative has a twisi-boat conformation for both rings and the chloro substituents
are both axial and hence on the same side of the rings as the sulphur atom of the
bridge. This steric sitwation prevents conversion to the corresponding sesquichalco-
genide [98]. The ietragermanium hexasulphides (Entry 14, Tabie 14) both have
adamantane strictures with unremarkable bond lengths and angles. The methyl-
substituted compound has been reviewed previously [1].

The Ge—Se bond lengths in acyclic compounds vary from 2.34 to 2.36 A (Entries
i- 3, Table 15} The distortion from tetrahedral geometry aboui the germanium
atoms is caused by steric cffects.

Compounds containing four-, five- and six-membered rings generally have similar
Ge—S8e bond lengths compared wiih the linear compounds and bond angles consis-
teni with a distorted tetrahedral geometry about germanium (Entries 4-8, Table 15).
The four-membered ring $BuClGeSe}, is folded along the Se---Se axis. Both ‘Bu
groups are on the same side of the ring as the selenium atoms [98]. {Ph,Ge),Se
[99], which has been reviewed previously [1], exhibits a twist conformation
and approximaies planarity, whereas both (Ph,Ge),S3¢{Ph,Ge}Se [160] and
ThMesGeSe, [ 181] exhibit half-chair conformations. The Ge—Ge bond lengih in
{Ph,Ge),8¢(Ph,GelSe is shorter than found in a perphenylated cyclopolygermane
[2.415(1) versus 2.42-2.47 ;\]. A 1,3-diselena-2-germacyclohexane { Eniry 8, Table 15)
surprisingly shows a 2,5-twist-boat conformation, which results in an intramolecular
non-bonding distance of ca. 3.21 A between selenium and the methylene carbon,
which is much less than the sum of the van der Waals radii (3.6 A), which may
suggest attractive interactions due 1o the hypervalent nature of selenium [102].

{*BuGe},Sc,Cl, {Eniry 9, Table 15) has a bicyclic structure with two iwisted six-
membered rings, which results in bothk chlerine atoms being on the same side of the
rings as the Ge--Se—Ge bridge [98]. {CF,Ge),Se, (Entry 10, Table 15} has an
adamantane structure. The tellurium-coniaining three-membered ring (Entey 11,
Table 15) has an unusually long Ge—Ge bond [2.435(2) versus 2.38-2.40 A] for a
Ge,X ring system [103].

6. Organogermaninm derivatives of Group 17 elements

A large number of compounds containing germaninm—haiogen bonds have had
their structures determined by X-ray crystallography (Table 16). Typical Ge—Cl
bond lengths are 2.08-2.15 A; far fewer values are available for the other halogens.
Longer bond lengths occur when the germanium atom has a coordination number
greater than four.
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Simple four-coordinate compounds have a distorted tetrahedral arrangement
about the germanium atom, the deviation from tetrahedral geomeiry being dependent
on the relative sizes of the halogen atom and the organic substituents. The simplesi
structures reported (Entries 1--13, Table 16} show clearly that, as expected. the Ge-— X
bond lengih increases in the order Cl<Br<l the average values being 2.15. 2.32
and 2.51 A, respectively.

Tris{9-triptycylichlorogermane (Entry 14. Table 16} has a shghily clongated
Ge - Cl bond owing to the steric crowding caused by the bulky 9-triptycene groups
[ 104]. On the other hand, clectronmic effects result in long Ge—-Cl bond lengths in
the complex {HCPIN(CH;),],}1,°GeCl; {Eniry 16, Table 16). the bonding between
the germanium aiom and the ligand having some ionic character [105].

The four-membered ring compound (CF;LCSN{adamantyl)GeCl, (Entey 19,
Table 16) has a surprisingly short Ge - Cl bond length [ 2.008{4) f\] for no 1immedi-
ately obvious reason [49]. All the other four-membered rings surveyed have iypical
Ge X bond distances. The bicyclic compounds (Entries 23 and 24, Tabie 16} have
the chlorine atoms in axial positions and, therefore. on the same side of the rings as
the sulphur or selenium bridge, which prevents rning closure from occurnmg which
would lead to an adamaatane-type structare [98].

A series of carboxylic acids and carboxylic acid derivatives with terminal irihalo-
germyl groups have been reporied ( Entries 25-32, Table 16). In the amino derivaiives,
an mtramolecular interaction between the oxygen of the carbonyl group and the
germanium atom can occur, resulting in the germanium becoming pentacoordin-
ate with a distorted trigonal bipyramidal coordination polyhedron and leagthen-
mg of the Ge-halogen bond trans to the oxygen atom. For example. in
C1,GeCH,CH,CONH, {Entry 31, Table 16}, the Ge---Q distance 15 2.166(9} A (the
sum of the covalent radii is 1.88 A}, the germanium atom is in a trigonal bipyramidal
environment and the axial Ge—Cl bond is ca. 0.1 A longer than the equatorial
Ge  Cl bonds [2.253(6) versus 2.156{4) and 2.138{6) 5\] [106]. On the other hand,
the corresponding acid, Cl;GeCH,CH,COOH {Entry 25, Table 16}, has a Ge Q)
distance of 3.228 A {close to the sum of the van der Waals' radii of 3.3 A). the
environiment around the germanium aiom is tetrahedral and therc 15 no frans
influence of the O atom on one of the Ge—Cl bond lengths [2.134(2), 2.123(2) and
212142 f\] [166, 107]. The examined pyrrolidines {Enines 34 and 35, Table 16),
piperidone-2 (Entry 36, Table 16) and d-valerolactam { Entry 37, Table 16} ail have
a distorted 13+ 2] trigonal bipyramidal geomeiry about germanivm with either
oxygen or nitrogen as the second axial atom. and this is accompanicd by long
Ge—Cl bonds of 2.32-2.57 A [108]. The chlero-, bromo- and icdoi N.N-dimethyl-
dithiocarbamato)dimethylgermanium siructures ( Entry 39, Table 16} also exhibit this
geomeiry with sulphur as the internally coordinated atom: all the Ge X bonds ase
clongated [85.86].

The structure of the pentacoordinate compound o-{ Me,NCH,)C H GeMePh(l
{Eniry 41, Table 16} is similar to that of those above which involve internal coordina-
tion [109]. The cnly structures of compounds containing Ge I bonds which have
been reported are penta- and hexacoordinate anions (Entrics 43 and 44, Table 161
in both cases the Ge—F bond length 1s approx. 1.83 A (110118 ].



184

Table 16

Selected bond lengths of compounds with Ge—halogen boads

K M. Baines, W.G. Stibbs{Coordination Chemistry Reviews 145 { 1995} 157-200

Entry Compound Ge—X (A) Ref.
1 Ph,GeBr 2.318(3), 2.322(3} [160]
2 MeGel, 2.50242), 2497(2} [161]
3 (Cl,PhGe), 2.156(2), 2.147(2} [i41]
4 Cl{Ph,Ge),C) Molecute §: [i43}
2.187(6), 219444}
Molecule 2:
2.192{6), 2.196{6)
5 CliPh,Ge), 0 2.132¢8) i143]
6 I{Ph,Ge),I 2.559{1) [ 287, see also
[1]
7 {C,Cls1,GeCl 2.158(2) [1621
8 (CCl),Gel, 2.518(2), 2.502¢2) [163]
9 Me.  Me X=CL 2.146{2), 2.150(2), X=CL [137]
2.146(2), 2.145(2) X=I [138]
. X=1i:2.522, 2,511, 2.515,
SeX 2526
s
GeXo
Me”  Me
10 Bu 2378 [34)
-1 T, B&:
Bra /1 de "B
iB!.l“Ge Ge-_ : I
Lol
|y 4
\tau
il —\ X=Cl 2,144, 2.138 X=Cl [164]
Aol Y™ X =1 2,490, 2.483 X=1 [165]
x’ \:/ \x
12 H Sike 2142, 2,127 [136]
a a
\& i
a’ o
Mesi© H
13 ClyGe Ph 2.1240(6), 2.1335(6), [166]
2.1374(6)
Ph Ph
Ph Ph
12 CIGeTp, 2.204(2) [164]
Tp= O
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Table 16 {continued)

Entry Compound Ge- X (A) Ref.
15 ChGe OEt 21002y, 201002y, 2126023, [167]
2111(2), 2028(2). 2.110(2),
CiyGe GeCl 24342}, 2.015(2), 21153},
2018(2), 2.108(3) 2.128{2)
i6 (|3 2323{1) 2.297( 1) [105]
a—Ge _H
Mot P,"“’Z
g e
H
17 £ 2212 [168]
I
Me ,GB\ Me
Pr’ o
i3 : [e) : 2144, 2152 [169]
Ge\
a’ o
19 2.008(4) [49]
s—N
CFy GoCl;
CFy
20 Lo, 2428, 2030, 2,130, 2123 [170]
LG GeCl,
s
21° Mee 5. 2.183(2) (98]
Y
4 4
o’ N7 wes
b3 a 2.159(7). 2.181(9) [98]
So—Ga~ B
i |
[
Ga—Se
t&gf
23 o 2.180(5) 1987
5/7"--.3
a \ g
\G-/ o e
s N\ \ S ea
s\ S
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Table 16 (continued)

Entry Compound Ge—X {A} Ref.
24 ll‘Bu 2.174(3) (981
-
.~ 3. iy s.‘ ol
Gassd ‘s
T Ga
o Se 8’(. "ty
o -
u
25 Cl;GeCH,CH,CO0H 2.034(2), 2.1232), 2.121(2), [105]
2,128, 2,125, 2141 [167]
26 Cl,GeCH,CH{Me}COOH 2141, 2,127, 2122 [17i]
27 {Br,Ge),CHCH,COOH 2272, 2271, 2267, 2261, [i?21
2.250, 2.273
28 ClLGeCH,CH{Ma)COOMe 2.120, 2,133, 2,152 [i713]
24 ClGeCH,CH,COOPh Molecule 1: [174]
2022, 2123, 2109
Molecule 3:
2.107, 2123, 2,117
30 C1,GeCi{ PR} MeiCH,COPh 2,138, 2,143, 2,181 f175]
31 ClyGeCH,CH,CONH, 245614), 2.138(6), 2.253(6} {106]
32 Cl,GeCH{MelCH,CONMe, 2.263, 2.143, 2.135 [176]
3 (o] 2253, 2134, 2.138 [176]
\Y
ClyGeCHCH—N |
4 s 2324(2 [108]
A\
ClMezseCHz—::]
35 ['e] 2.354(2) [108]
CiMe,GeH,C —N
36 CiM e,GeH G N 2.458(%) [168]
o
37 CiMe,GeCH, N 2.566(2}) [108]
L
ma
38 CLGeN(Me} O p-C H,-Me} Molecule 1: [177]
2149 2251, 2133
Molecule 2
2142, 2238, 2.149
39 XMe,GeSCSNMe, X=Ck 225141) X=Cl: [85]
X=Br
Molecule 1: 2.418{3) X=8r L |86]

Molecule 2: 2.430(3)
XN=1I2712{{)
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Table 16 (continied)

Entry Compound Ge- X {A) Ref.
40 ) 2148 2168, 2136 [178]
Gel
41 Cl Molecule 1: 2.327(5} [109]
| _Me Molecule 2: 23014}
&‘\
\ Ph
NMe,
42¢ (CHn n=1:21591) [179]
n=2:3122
n=3: 216511
N N
‘\ [}
Cleeﬁ---OTf
o]
7\*‘ [\
{CHon
43 [F,GeiCF,)] NMe,! 1.835(8) [110]
44 [FiGelCF 518 2K 1824, 1833 [i11]

* Tp=9-triptyeyi.
® Mes = 2,4.6-trimeshylphenyl.
¢ OTi=1trifluoromethanesulphonate,

7. Low coordinate germanium compounds
7.1 Tricoordinate germanium compounds

Several compounds containing a tricoordinate germanium atom have had their
structures determined by X-ray crystallography; they are listed in Table 17. The foid
angle, 0. is defined as the angle between the Ge—E vector and the GelL, planc. The
twist angle, 7, is defined as the angle between the Gel, and the EL, planes about
the Ge—E vector.

L

L

There are some geaeral trends of note. Except for the digermences, the iricoordinate
germanium atom is trigonal planar. Although the degree of shortening of the Ge—E
double bond length varies from 4% to 10%, the majority are shortened by 7-9%
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Table 17
Selected bond lengths and angles in double bonded germanivm compounds

Entry Compound Ge=E C—Ge~C C—Ge—E Fold Twist Ref.
{A} (°) '} ) )
P 1.803(4) 0 6 {6]
Mes\ O
oe=(_ |
Mes @
2 tBu 1.827(4} N—Ge--N: N—Ge—E: 1.7 36 [ii4]
(Me;SikN\ 8\ 110.5¢2) 125.3(2,
Ge C(SiMey), 124.1(2)
/ Ve
MeSiN B
8o
3 {Me,SipCH CHSil 2.34742) 112.5(2) 113.7(3}, 32 o [115]
\ 7 122.3(2}
ot |
{MeaSiyCH CH(SiMes),
4% Dep Dep 2.213{2} 115.4{2) 118.7(1}, i2 106 [116]
EEeZGé: 124.3(1)
Dep Dep
5e.@ Cip Dip 2.301(1} 109.9(2) 111.6(2}, 36 7 [it7]
te—Gh 124.0(2)
Mes/ \Mes
& {M%Si}zCH\ 1.704(5) 1229(3) 121.8(3}, [118]
Ge=n 115.2(3)
Me,SiRCH Si8uLN;
" 1,681{8) 116.3(5}) N—-Ge € [118]
eI, 119.1(5),
3" 124.6(4)
MeasSiLH Sikes,
2
g {Bu 2.138(3) 112.9(4} 111.8{3}. cis: 10 [18¢]
135.244) trans: 13
Mes Bu
\
Ge—p B
MBS/
g By 2.144(3} 110.9(5} 114.4(3), [181]
134.7(4)
Bu Bu
Ge—p 1Bu
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Table 17 (continued}

Entry Compound Qe=E C-Ge-C C—Ge—E Fold Twst Ref.
{A) (' 't ) i)

6 Tip 2.049(3) 118.3(4}) 124.8{3}. [1207
Ge=s 116.2(3}
/
1]

e Tip 2A80(2) 1194 126.413), [i121]
Ge—Se 113.8(3)
/
b

" Mes =2 4.6-trimethylphenyl.

* Dep = 2.6-diethylphenyl.

¢ Dip=26-dusopropylphenyl.

¢ Tip = 2,4,6-triisopropyiphenyl.

* Tb=2.4.6-tris [ bis(tmmrethylsilyl jmethyl Jphenyl.

compared with the average Ge—E single bond length. This is slightly smaller than
the degree of shortening observed for C—C to C=C (12%), but neot surprising
considering the relative weakness of Ge—E x bond strengths [112,113].

The molecular structures of two germenes have been determined {Entries 1 and
2, Table 17} by X-ray methods. In both, the germanium atom is essentially trigonal
planar and there is a shortening of 8--9% (Ge—C 1.98 A) of the Ge—C bond. In
the fluorenylidene substituied germene shown, 16 atoms {those of the fluorenylidene
group, the germanium atom and the ipso carbon atoms of the mesityl groups) all lie
in the same plane which is consistent with stabilization of the Ge=C by electronic
interactions between Ge=C and the fluorenylidene moiety [6]. From the chemical
shifts of the carbon atom of the double bond and the directly substituted boron
atoms, the bis[ bis{trimethylsilyl jamino]-substituted germene shown appears to have
significant vlid character [114]. This molecule is also significantly twisted by 36
about the Ge—E axis.

tBu Bu

(MegSIN, 8\ (MeSHN | _ B\
9@:< CISiMe;), -— Ge4< ClSiMes),

Me,SipN B/ MeSipN B/

{Bu Bu

The molecular struciures of three digermenes, RR'Ge=GeRR’, have been deter-
mined (Entries 3 [R=R'=CH({(SiMe,},], 4 (R=R'=2,6-diethylphenyl} and 5 [{Z)
R =mesityl, R’ =2 6-diisopropylphenyl ], Table 17}. All three have trans-bent double
bonds. The trans-bent geometry has been calculated to have the lowest energy of all
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the Ge,H, isomers [ 112] and lies 3.2 kcal mol ™! below the planar form. The fold
angle {as defined above} appears to increase with steric congestion and, as the
germanium atom becomes more pyramidalized, the degree of bond shortening
decreases {9% for RR'Ge=GeRR(R =R’'=2,6-diethylphenyl} [115] and 4% for
RR'Ge=GeRR'[R=R'=CH(SiMe,),} [116]; Ge—Ge 2.44 A}. The digermene with
the longest Ge=Ge double boand length [Eniry 3, R=R' =CH(S81Me;),] disso-
ciates readily in solution to two germylenes, although this does not appear to be
related io the conformation of the digermene since the bulky substituted
{Z}-1,2-bis{ 2,6-diiscpropyl)-1,2-dimesityldigermene does not appear io dissociate
under the same conditions [ 117]. The smail twist observed about the Ge—E vector
also may relieve some steric strain.

The structuses of two germanimines containing a Ge— C bond bave been examined
by X-ray crystallography (Entries 6 and 7, Table 17) [118]. In each case, the
germaniuvm atom is trigonal planar and an 8-10% shortening of the Ge—N bond
is observed. The Ge—N—L {L =silyl ligand} angle is enlarged to 136-137"° from the
expecied 120°

The molecular structures of germaphosphenes (Entries 8 and 9, Table 17} show
much the same characteristics as germanimines. They are planar about the germa-
niwm atom and the Ge=P double bond is about 8% shorter than its single-bond
analogue. The angle at phosphorus is smaller than in germanimines (102.6-107.5°),
reflecting the increased p-character used in bonding to the phosphorus. The same
trend has been observed on going from dilmines to diphosphenes to diarsenes [119].

One example of a diarylgermanethione, with a germanm-sulphur double
bond [ 1201, and one example of a diarylgermaneselone, with a germanium-selenium
double bond [121], have been examined (Entries 10 and 11, Table 17).
Both compounds are kinetically stabilized by the extremely bulky
2,4,6-tris | bis{trimethylsilyl jimethyl ] phenyl and the 2,4,6-triisopropyiphenyl groups.
Again, the germanium is trigonal planar in each case. The Ge— S bond is shortened
by 8% and the Ge—3Se bond is shoriened by approximately 7%.

7.2. Dicoordinate germanium compounds

The molecular structures of ihe germylene species which have been carried out to
date can be classified into two groups. There is one example of a dialkyigermylene;
all other examples have at least one cyclopentadienyl derivative as a ligand (see
Table 18). By substitution of a trimethylsilyl group for one hydrogen attached
to the central carbon atom in one of the bis(trimethylsilyl}methyl ligands in
Ge[CH(SiMes),],, the structure of (MeySi);C—Ge—CH(SiMe,), {Entry 3,
Table 18} becomes monomeric in the solid state [ 122]. Presumably, the extra steric
bulk of the silyl group prevents dimerization of the germylene as was observed in
the X-ray determination of the structure of Ge[CH{SiMe,),1, [115]. The Ge—C
bond lengths in {Me;Si},C— Ge— CH(SiMe,), are elongated and the angle at germa-
nium is compressed (111.3° compared with the expected 120°), indicating the presence
of a sterecchemically active lone pair and steric crowding within the molecule.

Within the cyclopentadienyl-substituied low-valent germanium compounds, there
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Table 18
Selected bond lengths and angles in germylenes
Entry Compound Ge—C (A} C- Ge—C1) Ref
1= Cp,Ge 2.347(7), 2.355(6) 56.4% [123]
ha (CeBn 1,Ge 24290127234 e T34
Ge— [centrond of C,, {Centraid of ring)
nngl: 2240144, 2.288(4)  -Ge— {centroid
of nmgh 163.H 1}
3 Me Me Ge—CH{(SMe, Ge  CSiy: 2.044(7) 15,)C Ge - [1%2]
Ge —C{Cp*y 22438}, [vector 10 mid-
i 2.250(9} point of
Me k Me C(Cp*)—C(Cp)
bond]: 106%
Me
4 SiMe, MeSi 2.46(11-2.66(2) {Centroid of ringl  [123]
. Ge— [centroid of C —Ge—(eentrond of
Me,Si SiMe; ring]: 2.250 2.261 ring):
~--Ge---- Molecule 1: 169.4%
Molecule 2: 177.77
Me,Si SiMe,
5 { Mg, $5i)C - Ge—CH(S1Me,); Ge—CSi,: 2067(4) 111342y [i22]
Ge - CSiy: 2812(6)
& Ma Me Ge— C(SiMey) Ge ~CSiy: 2.14{2) (Si0 Ge— [183]
Ge—CICp*) 22512, [vector to mid-
23%2) point of C{Cp*)
Me Me -CiCp* bond ]
1159
Me
7 =1 Ge—C{Ark 208717) (ANC—Ge— [183]
Ge—Ci{Cp*): 2.304¢7), [vector to mid-
23257 point of CiCp")
Ga 11
Mo  Me . -~ C(Cp* bond]:
1.0
Bu
Me Me
Me

* Cp=cyclopentadicnyl.

® The angle of aperture of the cyclopentadicayl ring planes,
¢ Bn =bcnzyl.

4 Cp* = penlamethyleyclopentadienyl.

appear to be two different modes of bonding in the solid state, although all com-
pounds are fluxional in solution. In bis[ tris(trimethylsilyl)cyclopentadienyl Jgermy-
lene (Eniry 4, Table 18} [123] and decabenzylgermanocene (Entry 2, Table 18)
[ 124]. the cyclopentadieny! unit is #° in character and there is only a shght deviation
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Table 19
Selected bond lengths and angles in hypercoordinated permanivm compounds

Entry Compound Ge—X {A) Coordination Ref.
1 Ge— N: 1.956(2), Octahedral {127]
2172(3)
Ge—C: 1.938(3)
=
2 N / [T 'I‘“ Me
N \G! / '\?/
¢
N R=
il
S N
2 o Me Ge—C: 1.946(6} Displaced 21.3%  [128]
P Ge—0: 1.920(5), from trigonal
Ge, 1.834(5) bipyramidal to
o o rectangular
pyramid®
3 Ge—C: 1.97(1)  Displaced 41.3% [128]
N I , Ge—S$: 2.413(4), from trigonal
2.383{4), bipyramidal to
2.278(4), rectangular
2.269(4) pyramid®
cl Ge—C: 1901{6} Dispiaced 85% from [128]
Me Ge—O: 1L.874(4), trigonal bipyramidal
d 0\ | {0 @ 1.884({4), to rectangular
’Ge\ 1.872{4), pyramid*
o o" o . 1.890(4)
d NEt, <
5 eh Ge—C: 1936(3) Displaced 50.5%  [129]
O | /O Ge—O; 1.897(2), from trigonal
IGe\ 1.883(2}, bipyramidal to
O o] 1.847(2}, rectanguiar
NEL, 1.845(2) pyramid*
4] o Pho Ge—C: 1.937(7 Displaced 80.7% [129]
W, Ge—O: 1.874(5), from trigonal
B, 1.858(53, bipyramidal to
o o 1.832(5), rectangular
Ni'E!;,o 116 CHEN 1.870(5} pyramid®
Ge—C: 1930(6) Displaced 842%  [129]

rsiets

Ge—0: 1.879(4),
1.870(4),
1.859(4),
1.884(4)

from trigonal
bipyramidal to
regctangular
pyramid®
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Table 19 {continued)

Entry Compound Ge—X {A) Coordination Ref.

8 O Ge— Npepnde! Distorted trigonal {131]
1.888{4) bipyramid
Ge__Namino:
C 215
Me—__ E Ge O 2025(4)
/Gle—N Ge 19077y,

he L905( 7}
HAN o

g o} Ge—Noepnde: Distorted irigonal f132]
1.889{4} bipyramid
8 Ge_Namino:
21034}
Me.. l Ge—0: 2008(3)
Ge—N Ge—C: 1921(5),
1,908 5)

10 Ge O 1.984(5), Distorted trigonal (i3]
1904 5) bipyramd

Ge - C: 193064,

1.972(8}

Ge--Ci{Bul:

1.947{9}

OFF  CR,

® By the dihedral angle method to access displacement, see [ 128.129].

from linearity. These structures most closely resemble the well known metallocene
sandwich-type structure, In Entries 3, 6 and 7 {Table 18), the pentamethyicyclopenta-
dienyl ligands are all n?-substituted and there is a significant bending observed at
the germanium atom (101.0° to 118.9°). The reported Ge—C bond lengths in Cp,Ge
{Entry 1, Tabie 18) are similar to those in the n*-bonded cyclopentadienyl ligands in
Entries 3, 6 and 7 [125]. The germanium atom is described as being displaced
towards the apex at which the cyclopentadienyl rings touch.

8. Hypercoordinated germanium componnds
The structures of several penta- and hexacoordinate organogermanium compounds

have already been discussed in previous sections (in particular, Sections 5 and 6)
and the reader is also referred there,
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Organogermatranes, of the general structure shown, are an important class of
pentacoordinated organogermanium compounds; however, the structural featuses of
these molecules have already been reviewed [ 126] and will not be discussed in detail
here. The coordination about the germanium atom is trigonal bipyramidal and the
Ge—N intramolecular distance varies from 2.1 to 2.4 A.

o

Ge—0O
R

The structure of a bis-substituied teri-buiylalkynyl-substituted germanium hemi-
porphyracine has been reported {Entry 1, Table 19} [127]. The geometry about the
germanium atom is that of a distorted octahedron. The Ge—N boad lengths are
unequal (1.956 and 2.172 A} and longer than Ge— N bond lengths found in tetracoor-
dinated germylamines (1.85-1.92 A). The Ge—C bond length, on the other hand, is
not lengthened.

Several siructures of anionic pentacoordinated germanates have been determined
(Entries 2-7 and 10, Table 19). The sulphur-substituted germanate (Eniry 3, Table 19)
is apparently a 50: 50 mixture of the ¢is and trans isomers with respect to the position
of the methyl substituent on the aromatic ring. The position along the coordinate
between a trigonal bipyramidal and a rectangular pyramidal (with four basal chalco-
gen atoms and an apical organic moiety) structure about germanium in Entries 2-7
was determined by the dihedral angle meihod and was rationalized in terms of ligand
effects on germanium, substituent effects on the aromatic rings, hydrogen bonding
to the cation and the nature of the acyclic ligand [128,129]. The buiyl-substituted
germanate (Entry 10, Table 19} shows only slight distortion from trigonal bipyrami-
dal geometry about the germanium and lengthened Ge—O and Ge—C bonds, as
expected [130].

The motecular structures of two dimethylgermanium derivatives of dipeptides have
been reporied (Entries § and 9, Table 19} [131,132]. Both show a distorted trigonal
bipyramidal arrangement of the ligands about germanium with the two methyl
groups and the peptide niirogen atom in the equatorial positions and the oxygen of
the carboxylate group and the amino nitrogen atom in the apical positions. The
apicat Ge—N and Ge-- O bond leagihs are significantly elongated compared with
the corresponding fous-coordinate values; however, the Ge— N, ..., bond is not as
long as those reported in organogermatranes [ 133]. Intermolecular hydrogen bonds
are apparently present in the Me,GeGlyMet derivative but absent in the analogous
Me,GeGlyGly.

9, Summary

Table 20 summarizes the typical ranges of Ge—X bond lengths found in this
review; unusually short or long bond lengths are not included in the ranges. These
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Tabic 20
Typical boad lengths in organogermanium compounds

Ge X Range
[ingar Cyclic
Ge—H 146 1.70
Ge-B 217
Ge Mg 272
Ge -C 130205
Ge=C {.8603-1.83
Ge- Si 2.38-246
Ge—-Ge 341-248 244.254
Ge=Ge 2M-230
Ge--Sn 260-2.61
Ge—Pb 2.64
Ge—N 1.85-1%86 1.86-1.90
Ge=N L&R-- LT
Ge—P 335 236 224237
Ge="P 2.i4
Ge—As 245
Ge—Sb 262-2.64
Ge O 1.75-1.85
Ge S 22-225 227224
Ge="58 205
Ge—Se 234-236 234247
Ge=S8e 248
Ge—Te 260
Ge—F 1.82-1.84
Ge -l 209-2.214
Ge—Br 225-2.38
Ge—1l 2.48-2.56

values were derived from a close examination of the material surveyed herein and it
is hoped that this table will be wseful in providing the reader with a convenicnt
source of standard bond lengihs found in organogermanium compounds,
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