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I .  Introduction 

Within the chemistry of the organometallic compounds of the main- 
group element,s, perhaps no area has received more attention than that  
of the lower cogeners to carbon in Group IV. In particular, the ability of 
silicon to form catenated species and to  mimic the organic chemistry of 
carbon on the one hand and the extensive structural chemistry of the 
organotins on the other has given rise to volumes of research publica- 
tions. Nohble,  however, by its relative paucity, is the extent of interest 
in the organometallic chemistry of germanium. This is nowhere more 
apparent than in the structural chemistry of these species, which is 
perhaps made more surprising in view of the structural crossroads 
occupied by this class of compounds, separating the predominantly 
carbonoid chemistry of silicon from the metallic elements tin and lead. 

119 
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Despite this, the available data present a number of interesting fea- 
tures which merit review, a review which we feel is timely both from 
the recent absence of any similar collective article [although annual 
reviews do provide a yearly assessment of current interest in the field 
(1 1 )] and in view of the current explosion of structural studies result- 
ing from the relative ease with which diffraction data can now be 
collected and manipulated. 

In presenting this current review of structural organogermanium 
chemistry our aim is threefold. First, to provide a collective database 
summarizing Ge-element bond lengths and molecular geometries 
which can be used subsequently for comparative purposes. Second, the 
higher volatility of many organogermanium compounds compared to 
those of the lower members of Group IVA has led to a relatively bal- 
anced application of diffraction techniques to the structural problem, 
thus affording a number of opportunities to compare both solid (X-ray 
diffraction) and gaseous state (electron diffraction and microwave 
spectroscopy) structures for the same compound. Finally, to compare 
and contrast the data with that available for analogous organosilicon 
(128) and organotin (49, 185) compounds, so that structural trends 
within the group might be established. 

The article is sectionalized by periodic group to which the atom 
directly bonded to the R,iGe moiety belongs, the transition elements 
being treated collectively. Derivatives of divalent germanium are re- 
viewed separately. With the exception of the organogermanium hy- 
drides, no entries are recorded for derivatives of main Groups I, 11, and 
111, highlighting this as an area for further study. The literature has 
been covered up to the end of 1981 with an addendum updating the 
article, and includes those compounds reviewed by Bokii and Struch- 
kov in 1968 (22).  

II. Organogermanium Hydrides 

Several volatile organogermanium hydrides have been studied, 
principally to compare their barrier to  internal rotation about the 
Ge-C bond with the analogous C-C and Si-C compounds. Al- 
though analysis of the microwave spectroscopic data which predomi- 
nate in these studies often requires one or more of the molecular pa- 
rameters to be assumed, the data taken as a whole indicate a number 
of trends in the bonding of these simple tetrahedral molecules 
(Table I). 

Comparison of the structures of mono- (1201, di- (161 1, and trimethyl- 
germane (62) indicates no systematic variation in the Ge-C bond 
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Compound 
_ _  - 

Ge- H 

1529 
~ 

1.532 

1.517 
1.522 
1.520 
1.521 

1.700 
1.528 
1.46 

Ge-C 

19453 
1.950 
1947 
1 935 
1.925 

1.949 
1.926 
1.896 

1.969" 
1.965' 
1.980'' 

1.953 
1.969 

H ~ Ge -H C-Ge-C H-Ge-C 
~ ~ 

109 3 
110 0 
!09 6 109 3 

1 07.75 
109.7 
109.7 

109.9 

98 

99-110 102-116 
109 6 

114.5 108 
180 

Refer- 
ence 

120 
I61 
62 

I14 
145 
13:1 
67 
65 

160 

162 

14 
I4 
3 6 

126 
118 

All data  pertain to the gaseous state. derived from microwave spectroscopic data,  

Gas phase, electron-diffraction data.  

Mean value. 

unless indicated olherwise. 

' Solid-state, X-ray crystallographic data.  

" R  = l(CH:i),,Si12CH-. 

length (mean value 1.948 A ) ,  behavior paralleled in the corresponding 
silanes ISi-C = 1.867 A (106,107,141 ) I  and hydrocarbons (123,124). 
The Ge-H bond length (mean value 1.531 A) and C-Ge-C angle 
(mean value 109.8") also show no systematic variation within the se- 
ries, although the relevant silanes (106, 107. 141 1 and hydrocarbons 
(123,124 1 show a slight increase in the bond length and a decrease in 
the bond angle with increased organic-group substitution. 

Substitution of a hydrogen directly bonded to germanium in methyl- 
germane by fluorine results in a decrease in Ge-C bond length (Table 
I), although the extent of this decrease, which presumably arises from 
isovalent rehybridization (16)  in which the p-dominated Ge-F bond 
allows an increase in the s-character of the Ge-C bond, varies among 
authors (114, 145) depending on the method of data manipulation. It 
is interesting to note that the decreased Ge-C bond length in 
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CH3GeH2F relative to CH3GeH3 does not increase the barrier to rota- 
tion about this bond, although within the series CH3EH2F (E = 

C,Si,Ge), the potential energy barrier to rotation about the C-E bond 
does decrease with increasing E-C bond length, as expected (145) .  

When halogen substitution occurs within the organic group of the 
organogermane, the increased electronegativity of the organic moiety 
results in an increase in the Ge-C bond length, for example, from 
1.945 A in CH3GeH3 (120) to 1.961 A in C1CH2GeH3 (1331, and a 
decrease in the Ge-H bond length from 1.529 to 1.517 A for the same 
pair of compounds, both trends following the pattern expected from 
simple rehybridization arguments (16).  Methyl- (106) and chloro- 
methylsilane behave analogously (75, 153). 

The Ge-C bond length is also a function of the hybridization at  
carbon, as seen in the structures of ethylgermane (671, vinylgermane 
(651, and germylacetylene (160). A gradual decrease occurs, from 
1.949 A in ethylgermane (67) to 1.926 A in vinylgermane (65) and 
1.896 8, in germylacetylene (1601, paralleling an increase in s-content 
in the Ge-C bond as the hybridization at carbon changes from sp3 to 
sp2 and finally to sp. This compares with a contraction of 0.7 A in the 
C-C bond between methylacetylene (165) and n-propane (123) and 
with a shortening of the Si-C bonds of 0.015 going from methylsi- 
lane (106) to vinylsilane (135).  The Ge-H bond in all three of the 
above organogermanes is identical (Table I), and is apparently unaf- 
fected by the hybridization of carbon in the adjacent Ge-C bond. 

Despite the experimental difficulties inherent in the crystallation of 
highly volatile compounds, the structure of germylcyclopentadiene has 
been studied by both electron diffraction in the gas phase and by X-ray 
diffraction at  low temperature (160 K )  in the solid state ( 1 4 ) .  It  is 
possible for the germanium to be q 1  bonded to a monohapto ring, as 
silicon is in silylcyclopentadiene (171, or q 5  bonded to  a pentahapto 
ring as evidenced by beryllium in cyclopendtadienyl(methy1)beryllium 
(611, the former structure being indicated by NMR data (9) and now 
confirmed in both phases by diffraction data. The shortest Ge-C con- 
tact in both structures is the same (1.967 &, although it should be 
borne in mind that the two techniques measure different molecular 
entities, electron diffraction measuring the average internuclear sepa- 
ration while X-ray diffraction distances are the separation of the mean 
positions of the centers of electron density. Contacts to the next nearest 
carbons in the ring (-2.80 A) are too long to be considered bonding, 
and the pattern of long, short, medium, short, long C-C distances 
around the ring from C-1 (Fig. 1) reflects a localization of the two 7 ~ -  

bonds between the C-2 and C-3 and the C-4 and C-5 ring positions. The 
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FK; 1. General view of the H,Geiq'-C.,H,i hhowing the labeling scheiiie 

homocyclic ring is essentially planar, the dihedral angle between the 
planes C-2-C-1-C-5 and C-2-C-3-C-5 (Fig. 1) being 4" in the crys- 
tal and 1'' in the gas. Silylcyclopentadirne also contains a planar ring 
( 1  7), while elect,ron diffraction data for trimethylsilyl- (1  72 and tri- 
methylgermylcyclopentadiene ( 17;3) indicate significant deviations 
from planarity for the aromatic moiety. The lack of donor-acceptor 
sites within the  molecule precludes close approach of molecules in the 
solid state, and packing interactions leave the molecular structure 
essentially unperturbed. 

Bond angles within the gaseous organogermanes are  internally con- 
sistent for each of the three angle types, namely, H-Ge-H, 
C-Ge-C, and H-Ge-C (Table I,. Two exceptions however merit 
comment. First, the H-Ge-C angle in C1CH2GeH,] is reduced by al- 
most 2" from -109.5 to 107.75" (1331, an observation which corrobo- 
rates the proposed rehybridization of bonds about germanium to simul- 
taneously increase the p-content of the Ge-C bond and the s-content 
of the Ge-H bond (v ide supra). Second, the C-Ge-C bond angle 
within germacyclopentane is reduced to 98" as  a consequence of un- 
equal bond lengths within the ring ( 162 ), although direct comparison of 
this species with linear organogermanes is inappropriate. 

The crystal structure of tri-o-tolylgermanium hydride (36 )  is that  of 
a badly distorted tetrahedron, although detailed interpretation of the 
bond lengths and angles is clouded by the quality of the data, which, 
because of crystal twinning, could only be refined to an  R value of 14%. 
The molecule is sterically hindered, wit,h the methyl group from each 
organic residue crowding close to the germane hydrogen atom. Conse- 
quences of the crowding about the central atom are  a range of 
C-Ge-C angles (98.7-1 10.3"), distortions in the bond angles at the o- 
carbon atoms which bear the methyl groups, and long Ge-C (mean 
value 1.980 A) and Ge-H (1.700 A) bonds. 
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TABLE I1 

GERMANIUM-CARBON BOND LENGTHS ( A )  I N  SYMMETRICAL 
TETRAORGANO(:ERMANES 

C-Ge--C Reference 
- 

Ge-C 
~ ~~~~ 

Compound 

(CH 3),,GeU 1 9 4 5  h 91 
(CF,),Ge" 1 9 8 9  h 136 
(C6H&Ge' 19537" 108 8(2) ,  109 8 42 

1954  108 8 ( 2 ) ,  109 8 41 
1 9 5 7  109 0 102 

(ChF6).,Ge' 1957  105 0(2),  111 7 101 
r 7 

1.94 111.5 103 

Electron diffraction. 
Tetrahedral geometry assumed. 

' X-Ray crystallography. 
rf Mean of two values (1.9559(51 and 1.9515(6) A ]  obtained from differing modes 

of data collection. 

The shortest Ge-H bond yet Sound in an organogermane occurs in 
the recently reported complex hydride {[(CH3)3Si]2CH}2(0C2Hs)GeH 
(118). The shortness of the Ge-H bond (1.46 A) must, a t  least in part, 
arise from the hybridization demands of the electronegative ethoxy 
group. Distortions in the tetrahedral environment about the germa- 
nium (Table I) arise from the steric requirements of the bidtrimethyl- 
silylmethyl) moieties, while the authors attribute to the same source 
the stability of this compound with respect to the reductive elimination 
of alcohol normally observed (127). 

Ill. Group IVA Derivatives 

A. SYMMETRICAL TETRAORGANOGERMANES 

The structures of the simple, tetrahedral, symmetrical tetraorgano- 
germanes serve both as the best measures of Ge-C bond lengths (Ta- 
ble 11) unperturbed by the influence of atoms of varying electronegativ- 
ity bonded to germanium, and also to assess the available theoretical 
models for the prediction of molecular packing in the solid state. It is 
somewhat surprising therefore that relatively Sew compounds of this 
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type have been studied (Table IIi compared with extensive interest in 
this aspect of the chemistry of tin (49,  185). 

Brockway and Jenkins  applied electron diffraction techniques as 
early as 1936 to determine a Td geometry for (CHs)4Ge, and a Ge-C 
bond length of 1.98 A (31 i .  In the light of more recent microwave data  
which indicate a substantially shorter Ge-C bond length in the series 
of methylgermanes (62, 120, 161 i ,  this structure has been redeter- 
mined (91 1 to yield a more reliable Ge-C bond length of 1.945 A. 

When the more electronegative trifluoromethyl groups are  bonded to 
germanium the Ge-C bonds lengthen to 1.980 A i 136). This is in good 
agreement with systematic force constant calculations which predict a 
Ge-C bond length of 1.98-2.00 A for (CF,,),Ge (72) ,  but somewhat 
shorter than the  value of 2.02-2.04 A predicted on the basis of the 
electronegativity of the central atom ( I82 ). The four CF:< groups stag- 
ger the corresponding Ge-C bond to preserve Td symmetry, in accord 
with the calculations of the torsional potential (90) which predict, an  
energy minimum a t  the staggered conformation and a maximum a t  
-10 kJ mol-' higher in energy for the eclipsed arrangement (136) .  

The crystal structures of tetraphenylgermane (41 ,  42, 102) and its 
related pentafluorophenyl analog ( 100,101 1 have been the subject of a 
number of reports. Both compounds exhibit 4 symmetry, and general 
agreement on bond angles and distances exists (Table IT). The avail- 
able data permit a comparison of a number of theoretical approaches to 
predicting molecular packing. Most successful among these is a n  ap- 
proach ( 102) in  which all intermolecular H ... H contacts are  computed 
for varying values of a,  a n  angular measure of the degree of rotation of 
the phenyl ring about the Ge-C bond. Assuming that  a t  the most 
favorable packing arrangement at least one H ... H distance must be in 
the range 2.37-2.40 A (271, with none less than 2.37 A, the analysis 
yields a value of CY = 54" for (C6H5)4Ce, in good agreement with the 
experimental value of 54.1", although a second conformation with (Y = 

45" was also predicted, suggesting limitations to this simple analytical 
method. 

Lattice constants and space groups have been reported for two crys- 
ta l  modifications of (C6H5C=C)4Ge t 129). 

1.  Siniplc. Compounds 

Electron diffraction data  for (CH ,),iGeC=CCl and the analogous tri- 
methylsilyl and t-butyl compounds show no differences in the length of 
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FIG. 2. The molecular structure of I ~IP-(CRH5)nGeC~CC6H51zNb(CO)(~b-CbHb ). 

the carbon-carbon multiple bond, thus ruling out resonance forms 
involving dr -pr  bonding in the organometallic compounds (183). No 
explanation is available for the long Ge-C-C bond (1.930A) in the 
organogermy lacetylene. 
r Bond formation between the acetylene groups and niobium in (q5-  

C5H5)Nb(CO)(T2-Ph3GeC=CPhl2 (Fig. 2) produces a lengthening of 
both the -C=C- and Ge-C- bonds relative to H3GeC-CH (Table 
I) and distortions of the linear Ge-C-C-C moiety toward a cis- 
olefin geometry, both observations consistent with a rehybridization 
from sp to sp2 at  carbon (110). 

Cyclopentadiene groups are invariably CT bonded to Ge(IV), although 
the geometry of the ring is less consistent. Thus, gaseous trimethylger- 
my1 cyclopentadiene (I 73) shows a marked deviation from planarity 
for the aromatic ring with a envelope dihedral angle of 24". In contrast, 
germylcyclopentadiene incorporates a planar ring in both gaseous and 
solid phases (see Section 11). The symmetry demands on an q5-C5H5 
ring involved in a metal-ligand n- interaction obviate the question of 
major distortions from ring planarity, and such an arrangement is 
maintained in the ferrocenophane, (1,l'-ferrocenediylldiphenylger- 

FIG. 3. The molecular structure of (1,l'-ferrocenediy1)diphenylgermane. 
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mane (Fig. 3). The single atom bridge between the two cyclopentadiene 
rings is, however, strained, and distortions in the geometry of the 
molecule as a whole manifest themselves in a tilting of the C5H4 rings 
relative to one another and in a closing of the bridging C-Ge-C 
angle by -15" from the tetrahedral value of 109.5" (156). 

The existence of two distinct types of Ge-C bond in acetyltriphenyl- 
germane [Ge-C(phenyl) = 1.945; Ge-C(acetyl) = 2.011 A1 has been 
interpreted in terms of resonance structures involving ionic species, 
viz. 

( C H I  1; ,,,Ge--Cc!H,I ~c,,H,I:,c;~~- -CC-H,  (('eHSI,,Ge' CCH:, 
I 
0 

I 
0 

/ I  
0 

( I A )  (113) ( I C )  

While a significant contribution from 1C to the overall structure is 
claimed (891, the  difference in the two Ge-C bonds amounts to only 
4a, and suggests that  such a n  interpretation is, a t  best, tentative. 

In the related ketene, I tCH,i)yGe12C=C=0, electron diffraction data 
indicate a Ge-C(=CbGe angle of 127.6" (1491, compared to 119.2" 
for the Ge-C(=O)-C angle in 1 (891, presumably arising from the 
increased steric bulk about the central spp2 carbon, while phenyl- 
(triphenylgermylidiazomethane is isostructural with its silicon analog 
(86).  

2. C.yclic Derivatives 

The reaction between Ge(I1) halides and carbon-carbon triple bonds 
yields oxidative addition products which can be either monomers (2)  or 
dimers (3): 

I i  
/ 

('=c' 

' /  
( Y Z c '  

R\  R K 
\ /' 

C'=C' 
\ '  

/ \  
X X 

\ 
GeX2 ;e x L G e  

\ 

K rt 

(2) X = halogen ( 3 )  

Alkylation or arylation of these species has  been achieved via 
Grignard reactions, and the structural problem for representative 
members of both the tetraorgano- (20, 21, 26, 176, 178) and dihalo- 
diorganogermane (see Section VI) series has been resolved. 

A 1,4-digerma-1,1,4,4-tetraorganocyclohexa-2,5-diene structure (3)  
is adopted for both X = CH3 (26)  and C(;H5 (20,21,178) in the solid. In 
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F~ti 4 Projection of the molecule 10,10-dimethyl-10-germa-9-th~o-9,10-dlhydroan- 
thracene 

both compounds the heterocyclic ring is planar within experimental 
error (26, 178) in contrast to the analogous [(CHs)2SiC2(CfiH6)212, in 
which a slight tendency toward a chair conformation is observed (1 78). 
Ring planarity is, however, achieved only at  the expense of endocyclic 
valence angle distortions a t  both carbon and germanium, while the 
observed equivalence of the endo- and exocyclic Ge-C bond lengths 
precludes d r - p r  interactions between germanium and the ring car- 
bons (21,261. 

On the other hand, electron diffraction data for gaseous 
(CH&GeC2H2 (1 76) indicates a three-membered ring structure (21, 
despite the fact that mass spectral evidence indicates structure (3) in 
the vapor (1 74 1. Electron diffraction data for the corresponding dihalo- 
germyl compounds (1 76) only cloud the issue, with the dichloro com- 
pound adopting structure (3) as it does in the solid (1791, while the 
diiodide analog, which also has a dimeric structure in the crystal ( I  781, 
is capable of existing in either of the structural forms (2,3) in the vapor 
(176; see Section VI). 

The lattice parameters and space group have also been determined 
for [(C6H5C)2Ge(CH3)2In ( n  = 1,2?) (251, although the reliability of 
these data is questionable in the light of redeterminations of other 
data reported therein (20,261. 

The question of ( p  + d 1-r bonding and ring planarity also arises in 
compounds having an anthracene-like carbon skeleton substituted at  
either or both of the 9 and 10 positions by atoms bearing vacant d- 
orbitals (4). Heteroatom substitution in 9,10-bis(dimethylgermyl)- 
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(69 1 ,  9-thio-l O-dimethylgermyl- ( 6) (Fig. 4) ,  and 9-methylene-10- 
diphenylgermyl-9,lO-dihydroanthracene' ( 4 5 )  produces nonplanar 
structures, with "butterfly angles" in the range 143.6-156" (Table 111). 
This evidence, when coupled with the near equality of the endo- and 
exocyclic Ge-C bond lengths, rules out a n y  possibility of significant 
d.rr-p.ir bonding. 

Data for the related compounds 9,9-diphenyl-9-germafluorene and 9- 
oxa-lO-dichlorogermy1-9,lO-dihydroanthracene, arc, however, less eas- 
ily interpreted. Ring planarity is forced upon the fluorene derivative 
by the absence of a bridging atom at the 9 position of the anthracene 
skeleton, thereby affording the most favorable molecular architecture 
for heteroatom .ir bond participation. Contrary to expectation, however, 
the exocyclic Ge--C bonds a re  shorter than the endocyclic analogs 
(Table III), casting doubt upon the reliability of the data 168). 

If ti-orbital participation in bonding occurs to any significant extent 
in this series of compounds it does so in the 9-oxa-10-dichlorogermyl 
derivative, which, together with only a 9.5" deviation from ring planar- 
ity, exhibits the expected short (1.90 A )  endocyclic C>e-C bonds ( 1  70).  
Nonetheless, such a claim is made with justifiable caution in view of 
the absence of the same phenomena in both t,he fluorene ( 6 8 )  and 1,4- 
digermacyclohexa-2,5-dienes (21, 261, whose ring planarity would 
seem even more favorably disposed to TT bond formation. 

2,3,4,5-tetraphenyI- 1 ,l-diet hynyl- 1 -germacyclopenta- 
diene is also nonaromatic as evidenced by the alternating short i- 1.35 
A) and long ( --1.51 A )  C-C bond lengths within the five-membered 
ring, even though the germanium lies only -0.1 A out of the C4 plane 

Moreover, 

I Alternatively named 5,5-diphen) 1-10,l l-dihydro-f,H-dibenlol h, /  Igermepin 
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FIG. 5. The lattice structure of (CH&GeCN. Top view: along the a axis; bottom view: 
along the b axis. 

(125). An additional feature of this molecule is the very short exocyclic 
Ge-C= bond (mean value 1.883 A). 

The structures of 6,6-dimethyl-6-germacycloundecanone ( 73 ), 1- 
methyl-l-germaadamantane (gas phase) (154 1, and two polycyclic ger- 
macarbosiloxanes ( 76) have been determined and incorporate the 
usual bond angles and distances. Cell parameters for 1,l-dimethyl-l- 
germa-6,7-cycloundacanediol have been reported (29). 

3. Tetraorganogermanes with Bridging Llgands 

Intra- and intermolecular interactions between lone-pair bearing 
atoms and potential Lewis acids play a paramount role in structure 
formulation, imparting both variety and variability to the coordina- 
tion number and geometry at the donor-acceptor sites and ultimately 
influencing the chemical and physical properties of the species. Unfor- 
tunately, such interactions in the solid often occur a t  about the limits 
of van der Waals forces, inflicting ambiguity on even X-ray diffrac- 
tion studies and leaving structural interpretation very much in the eye 
of the beholder. It might even be anticipated that such borderline 
situations would be common in the chemistry of germanium, in view of 
its location in the fourth group between the carbonoid chemistry of 
silicon and the metallic elements tin and lead. 
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FK; 6 Views of tCH,i,GetCN),, perpendicular (Lop view) and parallel (bottom view) t o  
the plane of interacting molecules 

Problems of this nature, however, can be somewhat alleviated by the 
availability of complementary gas phase electron diffraction or micro- 
wave data, from which values for the crucial structural parameters 
uninfluenced by solid-state bonding and packing effects can be evalu- 
ated. Changes in these reference values coupled with a suggestive 
stereochemistry between the donor-acceptor components of the coordi- 
nate bond are  often sufficient to confirm bonding. The utility of com- 
bined microwave spectroscopic and X-ray diffraction methods is amply 
illustrated by the cyano derivatives of' di- and trimethylgermane. 

In crystals of trimethylcyanogermane, molecules align parallel to 
the c axis (Fig. 51, with the nitrogen atom of the cyanide group in one 
molecule pointing directly toward the germanium atom of the next, at 
a distance of 3.57 A (lii2 J.  A similar, but more extensive, stereochemi- 
cal arrangement of Lewis acid and base components occurs in dimethyl- 
dicyanogermane (Fig. 6)  with intermolecular contacts occurring at 
3.28 and 3.84 A (112). These distances are very close to what is as- 
sumed to be the van der Waals distance for such a n  interaction ( 3.5 
A), although a reliable value for the van der Waals radius of germa- 
nium is apparently lacking. For such borderline interactions to be 
meaningful, the  valence angles about the germanium atom should 
alter from the tetrahedral angle of 109.5" toward the theoretical values 
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for either a trigonal bypyramid or an octahedron, as the coordination 
number increases from four, through five, to  six. Microwave data for 
gaseous trimethylcyanogermane provide comparative molecular pa- 
rameters for the free molecule (661, although the critical 
H3C-Ge-CH3 angle is omitted in the report. 

In the extreme case in which the cyanide groups lie midway between 
adjacent germanium atoms in (CH&GeCN, the geometry about the 
central atom would be that of a trigonal bipyramid in which the two 
axial sites are occupied by the more electronegative C r N  moieties. 
Such a situation is exemplified in (CH3)$3nCN (151), where the 
C-Sn-C angle is 120", and any tendency toward this structure in the 
germanium compound should be reflected in a C-Ge-C angle inter- 
mediate between the tetrahedral (109.5") and trigonal bipyramidal 
(120") extremes. The observed H3C-Ge-CH3 angles in (CH&GeCN 
are 114.1 and 116.2", which, although in excess of 109.5", do not alone 
provide confirmation of a bridged structure, because even in the free 
molecule this angle should expand slightly from tetrahedral solely on 
the grounds of isovalent rehybridization (16) .  However, in conjunction 
with the H3C-Ge-CN angles (103.0, 104.2") which have closed from 
106.2' in the gas phase toward the 90" expected in a regular trigonal 
bipyramidal structure, and in the light of the molecular packing which 
brings components of the intermolecular coordinate bond into juxtapo- 
sition, the long N: -+ Ge interaction can be taken as real. 

Valence angles in (CH3)aGe(CN)a show even more marked devia- 
tions from the gas phase values, again confirming the long, intermolec- 
ular N: - Ge bonds (112). For example, the H3C-Ge-CH, angle 
(120.9") is distorted toward 180", the value expected for a trans-R2GeX4 
octahedron, the geometry most prevalent in diorganotin chemistry (49, 
1851, and the structure toward which the analogous (CH3)$3n(CN),! 
distorts (112). 

4. Carborane Derivatives 

While isovalent rehybridization to  provide a greater p-content to 
bonds involving more electronegative atoms or groups at  the expense 
of more electropositive ones (16) is now well accepted, exceptions can 
occur when steric factors outweigh electronic ones. Thus, in bis(o-car- 
borany1)dimethylgermane ( 10) the tetrahedral angles a t  germanium 
are expanded for both the H3C-Ge-CH3 residue (114.2") and the 
angle involving the more electronegative cage ligands lC(carb1- 
Ge-C(carb) = 112.6"l. This latter angle is reduced to 108.4" in 5 
where the two carborane ligands are linked via a phosphorus atom 
bonded to each of the second carbon atoms in the cage (24). 
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The six-membered heterocycle central to 5 does not adopt the boat 
conformation shown by the related anthracenyl derivatives discussed 
earlier (see Sect.ion III,B,2); rather the GeC4 moiety is coplanar, with 
the phosphorus atom lying 0.33 A out of this plane in an  envelope 
arrangement reminiscent of (CH:{ l:rGeC5Hs (1  73 1. The structure of 
HCBl,,HloCGe(CH:3):j has also been determined. 

C. POLYORGANOGERMANES 

The tendency toward catenation for the carbon group elements de- 
creases a s  atomic radius increases, that  is, as M-M bond energies 
decrease. The structural chemistry of organometallic compounds of 
this group, which contain the (M-M),, unit, ranges from copious in the 
case of silicon (128)  to almost nonexist.ent in the case of lead, passing 
through a group of polyorganotins dominated by short chain, ditin 
compounds (49 ,185) .  The structural data for polyorganogermanes ap- 
propriately attests to their position in this stability sequence, and in 
addition to the simple digermanes (54,55)  a linear tetragermane (58 ) 
and cyclic species containing four (146-148) and six (56. 57, 97) ger- 
manium atom chains have been studied. 

Hexaphenyldigermane can be isolated from chlorinated hydrocarbon 
solvents in both triclinic and metastable hexagonal modifications, 
whereas from benzene a rhombohedral modification incorporating 
eight solvent molecules crystallizes. The structures of the triclinic ( 54 ) 
and rhombohedral (55 modifications have been determined, and yield 
Ge-Ge bond lengths of 2.437 and 2.445 A, respectively. In each case 
the two tC6H5):rGe units adopt an  achiral bipropeller conformation 
with respect to each other, the gross conformation of the solvated modi- 
fication seemingly unaffected by the presence of two benzene molecules 
sandwiching the Ge-Ge bond (55 1. 

Not surprisingly, a completely staggered conformation is main- 
tained in the symmetrical, linear, terminally substituted diiodidooc- 
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FIG. 7.  The structure of [(C6Hs)2Ge14S showing the envelope conformation of the het- 
erocyclic ring. 

taphenyltetragermane (581, with the two iodine atoms disposed in a 
trans arrangement as dictated by the center of symmetry at  the mid- 
point of the central Ge-Ge bond. 

A Ge4 polygermane ring has also been studied (cf. Addendum for a 
Ge3 ring). The intraring Ge-Ge bond lengths (mean value 2.465 A) in 
octaphenyl cyclotetragermane (147) are equal within experimental er- 
ror to those in the linear iodinated compound (2.451,2.459 A) (581, and 
are sufficiently long to form a nearly distortion-free, planar (angle of 
pucker = 3.9"), square (range LGe-Ge-Ge = 90.2-89.4"), four-mem- 
bered ring of approximately Dad geometry (147). Shorter intraring 
bond distances in cyclobutane, and the cyclotetrasilanes [(C6H5),Si1, 
and [(CH3)(t-C4H9)SiI4 all exhibit major distortions from ring planarity 
[angle of pucker = 20-40" (1301, 12.8" (1381, and 36.8" (961, respec- 
tively]. No cyclic tetrastannanes [R2Sn14 are available for comparison 
(49, 185). 

The Ge4 moiety is also incorporated into two five-membered hetero- 
cycles, (C6H5)&e4X, X = S (146), Se (148). The ring in the sulfur 
compound adopts an envelope configuration (Fig. 71, with Ge(4) lying 
almost 1 8, out of the plane of the remaining atoms (146). In contrast, 
the corresponding selenium compound is almost perfectly planar, the 
maximum deviation frorn the ring plane being only 0.14 A (148). 

The largest polyorganogermanes studied structurally to date are 
based upon cyclohexagermane. Two different solvates of [(C&&Ge]6, 
containing either seven benzene (57) or two toluene (56) molecules in 
the crystal, are known and can be compared to the solvent-free dodeca- 
methyl analog (97). In all three compounds the ring formed by the six 
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FIG 8 The molecular structure of tCH i~&,,H5GeNCMotCO)5 

germanium atoms adopts a chair configuration with the expected six 
axial and six equatorial hydrocarbon substituents. 

The presence of seven benzene molecules in the clefts between ger- 
manocycles brings about a flattening of the Ge6 chair (57)  and this 
distortion is accentuated in the toluene solvate in which the two 
C6H5CH,] molecules sandwich the distorted plane of the Ge6 ring (56) 
in an  arrangement similar to that  in (C6H5)&e2 . X R H 6  (55). Relative 
to dodecamethylcyclohexagermane (97), the two solvated dodecaphenyl 
analogs show a lengthening of the Ge-Ge bond from 2.374 (97 )  to 
2.457 A for the benzene (57) and still further to 2.463 A for the toluene 
solvate (56) where most disruption of' the germanocycle geometry is 
incurred, Dodecamethylcyclohexagermane is isostructural with its sil- 
icon analog (391, whereas [ (C6H,)&l(; also adopts a chair conforma- 
tion (137). 

IV. Group VA Derivatives 

The bonds formed between germanium and elements of Group VA 
can be divided into two categories: those in which the element is 
bonded via a covalent bond and others in which a Lewis acid-Lewis 
base interaction between the two elements results in coordinate bond 
formation. The same classification of bond types is also appropriate 
when discussing organogermanium derivatives of Groups VIA and 
VIIA. 

Both triphenylgermanium isocyanate ( 159 ) and dimethylphenylger- 
manium isocyanide (pentacarbonyl )molybdenum ( I  66) (Fig. 8 )  are sim- 
ple, tetrahedral molecules, in which nitrogen is covalently bonded to 
germanium at distances of 1.83 and 1.897 A, respectively. Isovalent 
rehybridization (1 6 )  at germanium to accommodate a greater p-con- 
tent in the bonds to the more electronegative nitrogen in each case 
reduces the C-Ge-N angles below 109.5", while simultaneously 
expanding C-Ge-C angles in accord with a greater s-component of 
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the Ge-C bonds (159, 166). The lattice arrangement of 
(C6H&GeNC0 shows no molecular ordering, unlike the corresponding 
tin compound which forms polymeric chains of planar [(C6H5l3Sn1 
groups linked by NCO bridges (158). 

For comparison, a number of compounds incorporating coordinate 
N: + Ge bonds have been reported, among which studies of organoger- 
matranes (6) by several Russian authors (12,18, 77,87,104,105,180) 
predominate. 

R 

( 6 )  

In the three germatranes 1RGe(OCH2CH2)3N, R = ethyl (121, iodo- 
methyl (87) ,  or a-naphthyl (105,l and the related compound 
C6H5Ge[(OCH2CH2)~(O2CCH2,1N (77) for which complete structure 
analyses were performed, the germanium occupies the center of a dis- 
torted trigonal bipyramid flanked by three oxygen atoms in the equa- 
torial positions with the nitrogen and the R group disposed in a trans 
manner in the axial sites. The N: - Ge bonds are in the range 2.19- 
2.24 A, in excess of both the theoretical (1.92 A) and experimental 
(uide supra) covalent bond lengths, but considerably shorter than the 
sum of the van der Waals radii.2 They are also significantly less than 
the analogous bridging bond in (CH3)3GeCN [3.57 A (152; see Section 
III,B,3)], behavior which is attributable to both the spatial constraints 
imposed upon the nitrogen by the triply chelating ligand and the in- 
creased Lewis acidity of a germanium bonded to three oxygens and 
carbon rather than four carbon atoms. The angles a t  germanium, 
which are -96 and 82" for the C-Ge-0 and N-Ge-0 angles, re- 
spectively (12, 87, 1051, describe the transition between tetrahedral 
and trigonal bipyramidal geometries with concomitent approach of the 
axial nitrogen, a situation which has recently been described (30) in 
terms of positions along the pathway of an  S N ~  displacement reaction. 

2Quoted as 3.8 A in Refs. (12) and (26), based upon an  estimated van der Waals 
radius for germanium of 2.3 A. Other authors (112; see Section III,B,3) approximate the  
Ge ... N van der Waals contact distance to the lower value of 3.5 A by analogy with 
As ... N contacts. 
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FIG. 9 The structure of bis(3,3-dimethyl-l-butyneyi)hemiporphyrazine germanium, 
showing the octahedral geometry about the metalloid 

Five-coordination at germanium is also achieved via chelation in o- 
L(CHS)2NCH27CfiH4Ge(CH3)(C:GH5)Cl (28; see Section VI), and again the 
trigonal bipyramidal geometry, which also dominates the chemistry of 
this coordination number for tin, is adopted. In comparison with the 
germatranes, the coordinate bond (Ge-N: 2.479 A) is somewhat 
longer, while the relative geometric flexibility of the singly chelating 
ligand allows the two most electronegative atoms to occupy the favored 
axial sites. 

The constraints of the tetradentate hemiporphyrazine ligand impose 
a six-coordinated trans-R2GeN4 octahedral geometry (Fig. 9) on 
bis~3,3-dimethyl-l-butyneyl~hemiporphyrazinogermanium, in which 
both covalent (1.956 A) and coordinate (2.172 A )  Ge-N bonds are  
incorporated (92) .  The heterocycle is nearly planar, and this structure 
represents the only unequivocal example of a six-coordinated organo- 
germane whose structure is known thus far. 

Instances of a n  R,,Ge-P bond are  confined to one example, the ada- 
mantane-like cage compound, I (CHS)YGe16P4 (51 I. The Ge-P distance 
(2.3217 A) is equal to the sum of covalent radii (2.32 A), although the 
strained trifurcated bonding of each phosphorus atom (Fig. 10) sug- 
gests that  this may not be representative of a “typical” covalent Ge-P 
bond. Such speculation awaits further study for confirmation. 

Cage structures also prevail in two organogermanium-bismuth 
compounds [(ChF&Gel3BiL and [(C,jF5)2Gel~BiPPt[P(CsH5),~l~ (19) .  The 
former, surprisingly the product of the reaction between (CF,F5)2GeH2 
and Bi(C2H5I3, forms a trigonal bipyramidal heteroelemental frame- 
work (Fig. 11) in which apical bismuth atoms are linked by organoger- 
my1 bridges. The average values of the six Ge-Bi bonds is 2.739 A 
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FIG. 10. The structure of [(CH3)2Ge16P4, emphasizing the adamantane-like cage ar-  
rangement of germanium and phosphorus atoms. 

Bl 

FIG. 11. The heteroelement framework of [(C6F&GeIJBi2. Only the a-carbon of the 
perfluorophenyl groups is included for simplicity. 

(19). The geometry approximates tetrahedral a t  the metalloid and py- 
ramidal a t  the metal, although the interatomic angles deviate signifi- 
cantly from the ideal. When reacted with [(CSH5)3P]3Pt, the transition 
metal inserts into one of the Ge-Bi bonds to yield a six-atom heterocy- 
clic cluster, [(C6FS)aGe13Bi~PtlP(c6H5)3]a (Fig. 12). 

The two bismuth atoms in the molecule are bridged by two (CSF5l2Ge 
and one (C6F5)2GePt[P(CsHS)312 moiety, i.e., the framework has two 
five-membered and one four-membered heterocycles (19) .  The two 
five-membered rings show an  envelope conformation, with fold angles 
along the Bi-1 ... Bi-2 line of 60.3" toward Ge-2 and 66.6" toward Ge-3. 
The Ge-Bi bonds range in length from 2.695 to 2.774 hl, with the 
Ge-Pt bond equal to 2.466 hl (cf. Section VII). 
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FIG 12 The heteroelement framework of ItC,,F )LGelIBiLPt[(P(GbHi),lL The aro- 
matic groups have been omitted for clari t j  

V. Group VIA Derivatives 

Interest in the ether derivatives of the lower elements of Group IVA 
has centered on the rationalization of the M-0--M angle with re- 
spect to both M-0 and M ... M contacts and the relative size of the 
organic substituents on M. Despite the abundance of data available for 
correlation, no systematic trend seems to have emerged (Table IV). For 
example, hexaphenyldigermoxane, (CfiHr,):~GeOGe(CfiHF,):~, is bent 
IiGe-0-Ge = 135.2 (79); 137" (115)), as is the corresponding stan- 
noxane IiSn-0-Sn = 137" (82)l, whereas the siloxane analog is 
perfectly linear a t  oxygen by the demands of symmetry (80) .  These 
observations suggest that  angular variations a t  oxygen are a function 
of the M-0 internuclear separation, a postulate supported by the 
bent structure of (C6HF,):,EOM(CGH5):ij [ E  = Si, M = Ge, E = Si, M = 

Sn, and E = Ge, M = Sn (13111, but completely at variance with the 
carbonoid hexaphenyl ether which is most acute [IC-0-C = 127.9" 
(8111 despite incorporating the shortest M-0 bond 11.454 A (81 11. 
Similarly, while the increased bulk of the benzyl relative to the phenyl 
group might be expected to be offset by its increased flexibility ( v i a  
rotation at both the methylene and CY ring carbons), both 
[(CGHSCH2):3M120 1M = Ge (Fig. 13) and Snl are unexpectedly linear at 
oxygen (83,84 ). Despite the diff'erences in bulk of the group bonded to 
germanium, both hexamethyldigermoxane ( 1  77) and [q5-C5H5 )(C0lp- 
FeGe(CH,)pI20 ( 2 )  have similar angles at the bridging oxygen (Table 
IV). 
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TABLE IV 

S E L E C T E D  Ge-X (x = O,S,Se) INTERNUCLEAR DISTANCES (A) AND ANGLES   DEGREE)^ 

Ge-0 Ge-S Ge-Se Ge-E-Ge 

1.767" 
1.75" 
1.711' 
1.862' 
1.730 
1.77 h,d 

1.785" 
1.767''' 
1.797 
1.838 

2.23Sh 
2.229 
2.264 
2.283 
2.218' 
2.240' 

2.373(1) 

135.2 
137 
142.5 
134.9 
180 
141 
134 
126.5 

111.0 

Refer- 
ence 

79 
115 
131 
131 

83, 84 
177 

2 
85 

118 
78 

113 
47 

140 

15 
146 
148 

~~ ~ 

* X-Ray crystallographic data, unless indicated otherwise. 
Mean Ge-E distance. 
Occupancy weighted mean of the Ge-0 and M-0 distances. 
Electron-diffraction data. 
R = [(CH&Si12CH2-. 

'R = (CtiHa)[(C2H5)nPJnPt-. 

@ G e  0 0  o c  

the organic groups adopt a staggered conformation. 
FIG. 13. The molecule of [(CSH5CHn)JGe120. The Ge-0-Ge fragment is linear, and 



STRUCTURAL OIICANOGERMANIUM CHEMISTRY 135 

One consistent feature of all these ethers is the disordered na- 
ture of the crystals. This manifests itself in rotameric disorder (21, site 
disorder for the lower Group IVA elements in R3MOER:j (M + E)  
(131 ), and disorder owing to the presence of a mixed crystal originat- 
ing from impure starting materials in synthesis (83 ) .  In related com- 
pounds, two conformers of I iCfiH6):jGe12S have been isolated and char- 
acterized, and differ only with respect to  a rotation of (C6H&Ge groups 
about the Ge-S bonds (113). Site disorder also occurs in the peroxide 
(C6H5):~GeOOSi(C6H5)3 (121 1, so that the M-0 internuclear distance 
(1.742 A )  merely reflects a n  occupancy weighted average of the two 
distinct M-0 bonds, as it does with the mixed element ethers dis- 
cussed above. 

Of the remaining structures containing covalent Ge-0 bonds, the 
structures of a number of five-coordinated germatranes, RGe(0CH- 
CH2):jN, in which the three oxygen atoms occupy the equatorial sites 
in the trigonal bipyramid about germanium (range Ge-0 = 1.69- 
1.81 A) have been previously discussed (see Section IV). Two other 
derivatives have been reported which incorporate either a Ge-OH 
(78) or Ge-OC2H5 (118) moiety, although both are more notable for 
the preparative rather than their structural chemistry. The synthesis 
of the latter, involving oxidative addition of {[(CH3)3Si12CH}2Ge(II) 
across the 0-H bond of ethanol, has already been discussed (see Sec- 
tion 11). The Ge-OH bond in cis-[ (OH)(C~Hr,)2Gel(CsH6)Pt[P(C2H~):~l~ 
arises from internal rearrangement of the isomeric triphenylger- 
mylhydroxyplatinum compound ( 78 ): 

I rCyH.,),iI’l~Pt~e(C,iH.-,) - I CLH,,),,P ILI’tGetOH I( C{,Hc,lL 

ChH: 
I 

(1) 
1 

OH 

Unique not only among the germanium-oxygen compounds but in 
the whole field of structural organogermanium chemistry is the lattice 
structure of carboxyethylgermanium sesquisoxide, 03(GeCH2CH2- 
COOHI., (168). An infinite sheet arrangement is formed (Fig. 14), 
made up of interlinked 12-membered rings. Each basic ring unit is 
comprised of six germanium-centered tetrahedra bridged by six oxy- 
gen atoms in an alternating array. Carboxylate chains alternate above 
and below these infinite sheets, and a network of hydrogen bonds be- 
tween carboxyl groups of adjacent sheets extends the polymer to a 
third dimension. The similarity between the 12-membered ring at the 
heart of this structure and the crown ethers may account for its re- 
ported biological activity (1  69 ). 
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FIG. 14. A portion of the layer network of 0:<(GeCH2CH&O2H). The alkyl carboxylate 
groups, which have been omitted for clarity, alternate above and below the polymeric 
sheet. 

In addition to [(C6H5),GeI2S (1131, four other organogermanium- 
sulfur compounds have been investigated, including the cyclic oc- 
taphenyltetragermanium sulfide ( 1 4 6 )  discussed in Section II1,C. 
Triphenylgermanium-p-t-butylphenylmercaptan (47 )  and tetra- 
(methy1germanium)hexasulfide (15 )  are both isostructural with their 
organotin counterparts (43 and 1 1  1 ,  respectively), the former a dis- 
torted tetrahedron in geometry while the latter adopts an adaman- 
tane-like cage structure (cf. Fig. 10) rather than the open cage (7). 

"'\ 

S 5 

Me 
\ 

Me 

(1) 

Bis(trimethylgermy1)sulfide has been coordinated to tungsten penta- 
carbonyl, and its structure determined (140). 

Three structures containingR,Ge-Se bonds are known (1481, namely 
cyclo-PhsGe4Se (Ge-Se: 2.373 A), the six-membered ring (Ph2GeSe), 
(2.342-2.363 A), and the adamantyl (PhGeI4Se6 (2.339-2.360 A). 
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TABLE V 

S E L t i r ' I ' m  GERMANIV~~-H,~I.O(:I ':N BOND LEN(:I'I-~s ( A )  

Compound Ge-F Ge-CI (k-Br Ge--I Ge--C Reference 
~ 

~~~ ~ ~~~ ~~ ~~ 
~ ~ ~ ~ ~~~ 

CH3GeF:t 1.714 1.904 ij 9 
(CH:OZGeF2" 1.739 l.92U 59 

CH3GeCIJh 2.135 63 
(CH:I).lGeCI 'I 2.170 1.940 61 
CHsGeBr," 2.276 1.89 60 
(CH:,j2GeBr2" 2.3 0 3  1.91 60 
tCH:J3GeBrh 2.323 1.936 122 
(C6Hb):IGeBrc 2.320 1.935 144 

(CH3)H2GeF" 1.751 1.925 145 
C13CGeCI IU 2.111 171 

<5 8 I1 (C6H&Ge 141(' 2.559( 1) 1.949 

a Electron-diffraction data.  

" X-Ray crystallographic data.  
Microwave spectroscopic data 

VI. Group VII Derivatives 

As with the volatile organogermanium hydrides (Section II), the 
structural chemistry of the simple organogermanium halides is domi- 
nated by microwave and electron diffraction studies. In both the gas- 
eous and solid states these species are invariably tetrahedral (al- 
though often of varying degrees of irregularity), and only in cases in 
which an additional bridging or chelating group other than the halide 
is present does the coordination sphere expand to accommodate five 
bonds to  the central atom. Such behavior is in direct contrast to the 
chemistry of tin and lead, where the formation of associated lattices 
via halide bridges is common, if not the norm (49, 143, 185). 

Despite the mundane nature of the their molecular geometries, a 
number of interesting trends in both bond lengths and angles are dis- 
cernible (Table V).  

For all three lightest halides, both the Ge-X ( X  = F, C1, Br, and 
(availability of data permitting) Gti-C bond lengths show a decreas- 
ing trend with increasing halogen substitution. For example, in 
(CH,),GeBr,- ,, , the Ge-X bond length changes from 2.323 (122 ) to 
2.303 to 2.276 A (60)  as n decreases from 3 to  2 and finally to 1. 
Simultaneously, the Ge-C bond decreases in length in the order 1.936 
(1221, 1.91, 1.89 A (60 )  for the same sequential variation in 1 2 .  Two 
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apparently contradictory descriptions of the bonding in these com- 
pounds are capable of rationalizing this behavior (59). On simple rehy- 
bridization arguments (1 61, increasing the number of methyl groups 
on germanium, each of which prefers s-dominated hybrid orbitals cen- 
tered on the latter for bonding, enhances the p-content of the hybrid 
orbitals involved in bonding to the halogen, hence lengthening the 
Ge-X bond. Lengthening of the Ge-C bond with increasing methyl- 
ation occurs simply because the available s-character in these bonds is 
spread more thinly. Conversely, on bond polarity grounds, the electron 
content of the Ge-C bonds exceeds that of the Ge-X bonds, although 
this difference diminishes as the germanium undergoes increasing ha- 
logenation. While such a scenario leads qualitatively to the same 
results as the rehybridization model, it invokes the contradictory as- 
sumption that sp3 hybridization is maintained at  germanium for all 
the compounds considered (59).  Both descriptions are also capable of 
satisfactorily explaining the variations in bond angles, which for any 
compound follow the general order LC-Ge-C 9 X-Ge-C = 
X-Ge-X. For example, the relevant angles for (CH3)2GeBr2 are 124, 
107, and 104", respectively (60). 

The only reports of an organogermanium-iodine bond occur in the 
polygermane, I[(C~H5)zGe141 (58; see Section II1,C) and the cyclic 1,4- 
digermacyclohexadiene, 12GeC4H4Ge12 (21,178). The two reports offer 
Ge-I distances of 2.559 (21) and 2.48 A (178), respectively. 

Products of the reaction between germanium(I1) halides and 
-C=C- triple bonds, of which the above diiodide is but one, have 
been exhaustively reported by a number of Russian workers (21, 23, 
175, 176, 178, 179). In contrast to the dimeric structure (3) shown by 
the iodinated compound in the solid (1781, the structure in the gaseous 
phase revealed by an electron diffraction study (1 76) is volatilization- 
temperature dependent with both monomeric (2) and dimeric (3) prod- 
ucts observed. The corresponding product from reaction of GeClz with 
C6H5C-CC6H5 forms the six-membered ring structure in both phases 
(21, 175). The composition of the tetraorganogermanes obtained by 
alkylation or arylation of these halogenated species and the signifi- 
cance of (p -+ d 1 - 7 ~  bonding in the class as a whole is discussed in Section 
111,B,2. 

Other cyclic organogermanes have aroused interest because of the 
possibility of ( p  -+ d)-.rr bonding between germanium and the ring 
atoms, particularly when the other ring atoms are components of an 
aromatic species. The structure of 10,10-dichloro-10-germa-9-oxa-9,10- 
dihydroanthracene (I 70) is discussed in this context in Section 111,B,2. 
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Fic;. 15. The molecular structure of o- l (CH ,IsNCH,ICtiH,GetCH ,I(CAHc,)Cl 

Apart from rr bonding possibilities within the ring, interest has  also 
centered on conformational aspects of the structures of cyclic organo- 
germanes. 2,2,4,4-Tetrachloro-1,~~-bis(trimethylsilyl~-2,4-digermacy- 
clobutane (88 )  forms part of a series of studies in which cyclobutane is 
substituted by heteroatoms in the 1,3 positions. The conformation of 
four-membered rings appears to be a compromise between two oppos- 
ing factors: minimization of either the van der Waals repulsions be- 
tween diagonally opposite atoms on the one hand or the intraring 
twisting stress on the other (88) .  As cyclobutane is substituted by 
heteroatoms from Group IVA in the 1,3 positions, the increasing ease 
of internal rotation about the C-M bond (M = Si,Ge) should encour- 
age ring planarity. Such a trend, indicated by reduction in the ring- 
folding angle from -30" in cyclobutane (3)  to 14" in 1,3-(dichlorosi- 
lylkyclobutane (41, is further endorsed by a n  almost planar ring (fold 
angle = 0.6") in the halogenated, cyclic organogermane (88 ) .  

Five-coordinated organogermanium halides arise only when a sec- 
ond, bifunctional group is bonded to the germanium. The molecular 
structure of o-(CH3)2NCH2CfiI14Ge(CH:i1(Cc,HF,)C1 (28; see Section IV) 
reveals tha t  the o-substituted phenyl group is bidentate, and the pres- 
ence of the electron-withdrawing chlorine confers sufficient Lewis 
acidity on the germanium to promote N: + Ge coordinate bond forma- 
tion. The more electronegative nitrogen and chlorine atoms occupy the 
apical positions in trigonal bipyramidal arrangement of bonds about 
the metalloid (Fig. 15), with the result tha t  the Ge-Cl bond length 
(2.327,2.301 A for the two crystallographically independent molecules 
in the asymmetric uni t )  is the longest so far reported. 

1-Substituted 2,3,4,5-tetraphenylgermacyclopentadienes have been 
utilized a s  rr-donor ligands toward Fe(CO),{, via the 2,4-butadiene part 
of the germanocycle. The structure of one member of this series, the 1- 
fluoro-1-methyl-derivative (Fig. 161, has been elucidated ( 9 8 )  and 
presents a n  interesting comparison with 1 ,l-diethylnyl-2,3,4,5-tet- 
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a 

FIG. 16. Views of tricarbonyl~l-exo-fluoro-1-methyl-2,3,4,5-tetraphenyl-l-germacy- 
clopentadienyUiron, (a)  perpendicular to the C4Ge plane and (b) perpendicular to the Fe 
ring interaction (phenyl groups omitted for clarity). 

raphenylgermacyclopentadiene ( 125; see Section III,B,2), an analog of 
the free parent germacyclopentadiene. Complexation induces greater 
distortions in the planarity of the five-membered ring, the germanium 
moving from -0.1 8, out of the C4 plane in the tetraorganogermane 
(125) to a 1 A displacement in the transition metal complex. This 
represents a change in the ring envelope angle [i.e., folding along C-1 
... C-41 from - 4  t o  31.1". The alternating arrangement of C-C single 
and double bonds within the ring of the ethynyl derivative (see Section 
III,B,2) gives way to a completely conjugated C4 chain when complexed 
with Fe(C0I3 and three equal C-C bonds [1.44 A (98)l interim in 
length to the localized bonds ofdiffering order [-1.35 and 1.51 (12511 
in the free heterocycle. 

Organogermanium chlorides have also been utilized as ligands in a 
number of organoiron complexes ( 7,8 ,35)  and the structures of these 
compounds are discussed in the context of the Ge-Fe bond (see Sec- 
tion VII). 
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VII. Transition Metal Derivatives 

Compounds in which an organogermane is bonded to a transition 
element (including Group IIB) by a direct metalloid-metal bond have 
been structurally characterized for manganese (37,108,157,167), iron 
(1, 2,  7, 8, 33, 35, 48, 53, 70, 71, 1841, cobalt (13, 38, 50, 1551, nickel 
(1631, cadmium (1631, molybdenum (401, chromium (2191, ruthenium 
(32,93,94), rhenium (157,181 ), platinum (19, 781, and mercury (116, 
117, 164). These species can be loosely classified into four structural 
types: linear, triangular, square, and trigonal bipyramidal clusters 
(Table VI). The general area of germanium transition metal chemistry 
has been the subject of recent reviews ( 4 4 ,  134). 

Of the linear clusters, the organogermanium-substituted transition 
metal carbonyl compounds are the simplest. In every case, the coordi- 
nation a t  germanium is tetrahedral, while the transition element re- 
tains the geometry of the parent. carbonyl compound (50,108,119,155, 
157, 182 ). The Ge-M bond is almost without exception shorter than 
the sum of the Ge-M covalent radii (Table VI), which is cited as 
evidence for ( d  + d ) - r  multiple bonding. 

The shortest Ge-Fe bond reported to date 12.28 A ( 7. 811 occurs in 
(q5-C5H5)(q4-C4H6)FeGe(CH:j)C12 (Fig. 17), and is attributed to a 
strong [d(Fe) - d(Ge)l-r  back-donation, promoted by the weak ri- 
acceptor ligands (C5H5 ,C4H61 on iron and the electronegative halogen 
atoms bonded to germanium ( 7, 8 1. 

The rhenium derivative tCH3)3GeRe( CO )5 can be converted into the 
carbene complex (CH:j)2~eRe(C014C(0)CH:(, which in solution is in 
equilibrium with its dimer. The dimer crystallizes preferentially, and 
incorporates an eight-membered I GeReCOI2 heterocycle ( 181 ). 

The nearly linear Ge-Ru-Ru-Ge spine in the organoruthenium 
complex Ru2(Ge(CH3)312(C0)4(CHHf) has provided a basis €or the first 
example of a stable eight-electron pentalene ligand (32, 94). The two 
carbon atoms common to both hydrocarbon rings IC-4-C-8, Fig. 181 
are bonded to both ruthenium atoms in the form of a transverse bridge, 
the remaining two groups of three carbon atoms of the pentalene li-  
gand bonding each as q3-allyl interannular units to one ruthenium 
atom. 

The structure of (C6H5J,GeMotC0)2( 7)'-CCRHF,)C(OC2H5)CGHfj has a 
trans arrangement of ligands about the molybdenum (40) .  Related 
carbene structures that have been determined are the optically active 
cis-S-(CH,,)(CfiH5)(CloH7)GeMn(CO)C(OC2H,)CH3 (37),  (C6H5):jGeCo- 
(C0)3C(OC2H5)C2Hs (38) ,  and the dimeric rhenium complex (181 1 dis- 
cussed above. 
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TABLE VI 

TRANSITION METAL DERIVATIVES 

Compound 

M = Mn 
Ph3GeMn(CO)5 

Me(C ,oH7)PhGeMn(C0 )I C( 0Et)Me 
Me2GeMn2(CO)s 

M = Fe 
1Me2GeFe(CO12(cp)120 
MeCI2GeFe(C4H6)icp) 
tCO)dFe-R,Ge 

\ I /O 
(CO),Fe-R2Ge 
I ClCHLSiMeLCHLlClGeFe2(C0)8 

M = Cr  
I(MezSi)LCH12GeCr(CO):, 

PhjGeMo(v5-Cp)(CO)21 C(0Et)Ph 1 

(MesGe)2Ru2(CO),(CkHG) 

M = Mo 

M = Ru 

Type” Ge-M iA)  

Linear 2.53, 2.54‘ 
2.60” 

Linear 2.524 
Trian- 2.477, 2.432 

gular 

Linear 2.372 
Linear 2.28, 2.29 

Linear 2.876 

Trian- 2.375 

Trian- 2.347, 2.345 

Trian- 2.408, 2.430 

Square 2.445, 2.443 
Square 2.492 
tbP 2.39814) 
tbp‘ 2.402-2.440 

gular 

gular 

gular 

Linear 2.34 
Linear 2.458 
Linear 2.419 
Trian- , 2.375, 2.392’ 

gular 

Linear 2.406 

Linear 2.658 

Linear 2.476-2.491 

Trian- 2.482, 2.500 
gular 

Sum 
Ge-M 

covalent 
radii Refer- 
(hh M-M (A)  ence 

2.57 

2.854 

2.52 

2.814 

2.628 

2.785 

2.750 
2.666 

2.56 

2.546 

3.056, 

2.926 
3.060 

108 
157 
37 

167 

2 
7 ,  8 

53 

35 

1 

48 

35 
I84 

33, 71 
70 

155 
50 
38 
13 

119 

40 

32 ,95  

93, 94 
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Type'' 
~~ 

Linear 
Linear 

Linear 
tbp? 

Linear 
Linear 
Linear 

Linear 

Linear 

Ge-M ( A )  
~~ 

2 69 
2 691 

2 4-33 
2 466 

2 543, 2 514 
2 483 
2 534 

2 308 

2 587 

Sum 

covalent 
radii 
I A ) "  

2.58 

Ge - M 

~~ 

2.53 

"52 

2.35 

2.60 

Refer- 
M-M I A )  ence 

~~ ~~ 

157 
181 

7# 
19 

164 
117 
116 

I 63 

163 

' I  tbp, Trigonal bipyramid. 
*Ref. (139) .  
l' Space group = P1 

Space group = A21a. 
One site on the tbp is occupied by a bridging CO group. 

'An additional Ge-Co bond 12.456t3) Al is exocyclic to the triangular GeCo, cluster. 
*' One site on the tbp is occupied by the (CI,Fs).GePtlPtC,;H,),II~ moiety to yield a tricyclic cluster. 

Three linear organogermanium mercury structures have been re- 
ported (116, 117, 164) .  The two independent molecules in the asym- 
metric unit of I (C6H&GeI2Hg differ in that one is centrosymmetric a t  
mercury while the other has a Ge-Hg-Ge angle of 178.68", with a 
shortening of the contiguous Ge-Hg bond from 2.543 to 2.514 A (164). 
In the absence of any meaningful intra- or intermolecular contacts, 
these phenomena must arise purely from packing effects. In contrast, 
the perfluoro analog, [(C6F&GeI2Hg, which is also nearly linear a t  
mercury, incorporates significantly shorter Ge-Hg bonds (2.483 A )  as 
a consequence of intramolecular coordination between one fluorine 
from each triorganogermyl group and mercury (11 7 ) .  No such bonds 
occur in (CGFr,)3GeHgPt[P(CfiH~)~l~Sn(CAFS):j, and the Ge-Hg bond 
lengthens again, to 2.534 A (116). 

The longest polymetallic chain known to date for any combination of 
metals is the nine-atom cluster I iPh:jGeCd)iPh:jCe)( q5-C5HS)Ni12Cd 
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FIG. 17. The molecular structure of ( r15-C5H5)(~5-C4HG)FeGe(CH3)Cl~. Bond lengths 
are in A. 

FIG. 18. The molecular configuration of R u ~ ( G ~ ( C H ~ ) ~ ~ ~ ( C O ) ~ ( C ~ H ~ ) ,  viewed perpen- 
dicular to the plane of the pentalene ligand. 

(163). The molecule is made up of a zig-zag arrangement of germa- 
nium, cadmium, and nickel atoms, with localized linearity a t  cadmium 
and chain branching at  nickel (Fig. 19). This compound also affords the 
only characterized examples of Ge-Ni (2.308 A) and Ge-Cd (2.587 
A) bonds for a n  organogermanium compound. 

Triangular clusters of three centers are formed when a diorganoger- 
mane bridges metal atoms which are themselves linked via a covalent 
bond. This is usually achieved by decarbonylation of a germanium 
bidmetal carbonyl). Structures have been reported in which the RzGe 
residue is the only bridging agent, e.g., in p-{[(C6H5)4C4H]C6H6Ge}- 
Fe2(CO)8 (481, C1[C1CH2Si(CH3)2CH21GeFe2(CO)8 (351, or when it is 
accompanied by a bridging carbonyl group as in (CH3)2GeMn2(CO)g 
(167, Fig. 20). For the iron compounds, the Fe-Fe bond lengthens as 
bridging CO groups are replaced by the larger, germanium-based 
bridge (1,481, a trend which would also serve to relieve angular strain 
within the acute Fe-Ge-Fe angle and repulsions between non- 
bonded, eclipsed, terminal carbonyls. In contrast, the Mn-Mn bond 
l2.854 A (16711 in (CH3)2GeMn2(C01g is shorter than in the parent 
Mna(CO)lo L2.923 A (5211, an  observation rationalized in a bonding 
model in which the Ge-Mn bonds are bent rather than along the line 
connecting the nuclei, the Mn-Mn bonding orbitals are delocalized 
and some bonding character is ascribed to the Mn-Mn antibonding 
molecular orbitals (167). 
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' I  

FIG 19 The  molecular structure of' ( ( a  '-C'-,kI~lltCJl ,JIGell(C,,Hj),GeCdlNi)LCd Onlv 
the tr-carhon atoms of each phenyl ring have been included 

FIG 20 The  molecule of (CH,)ACeMn,(COi, Bond lengths ( A )  are Mn-1-Mn-2, 
2 854, Mn-1-Ge, 2 432; Mn-2-Ge, 2 477 

The Ge-Co bond exocyclic to the triangular GeCo2 cluster in 
C6H5Ge-C0:3(CO)II is longer than both of the two endocyclic Ge-Co 
bonds by 0.64-0.81 A ( 1 3 ) .  

Unique to this series of clusters based upon GeM, is the structure of 
the trimer, [(CH:3)2GeRu(CO)313 (93, 94 1. Central to the molecular ar-  
chitecture is a n  Ru:< ring, each side of which is bridged by the organo- 
germyl group producing a six-membered heterocycle (Fig. 211, the first 
of its kind. 

Replacement of the Fe-Fe bond and the bridging carbonyl group in 
Fe2(COj9 with bridging RR'Ge moieties LR,R' = C2Hs (184);  R = C1, 
R'  = CH2Si(CH3)2CH2Cl (35 )  I yields square, GeFeGeFe clusters. For 
the haloorganogermyl compound ( 3 5 ) ,  the nonbonding Fe . . I  Fe dis- 
tance (3.84 A) is in excess of 1 A greater than the Fe-Fe bond (2.814 
A) in the corresponding triangular GeFe? compound ( 3 5 ) .  

Derivatives of diiron enneacarbonyl, Fe2(C0 j 9 ,  in which two or three 
of the bridging carbonyls are replaced by diorganogermanium linkages 
adopt a structure based upon a trigonal bipyramid. This is exemplified 
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FIG. 21. The molecular structure of the ItCHl)2GeRu(CO)311 heterocycle. Bond 
lengths: Ru-Ru = 2.93 a; Ru-Ge = 2.49 A. 

FIG. 22. The molecular structure of [(CH,,)LGel,,Fe2(CO)(;, showing the trigonal bipy- 
ramidal arrangement of heavy atoms. 

by [(CH3)2Ge13Fe2(CO)6 (33, 71) in which the two iron atoms lie on a 
threefold axis (the axial sites on the trigonal bipyramid), with the 
three bridging germanium atoms girding this bond in the equatorial 
plane (Fig. 22). In I(C6H5)2Ge12Fe2(C0)7, a bridging carbonyl replaces 
one of the R2Ge moieties on an equatorial site, leaving a four-atom, 
Fe2Ge2 pyramid (70) .  Both of these compounds contain an Fe-Fe 
bond, which increases in length with increasing germanium substitu- 
tion: 2.46 A3, Fe2(CO)9 (142) < 2.666 A [(C6H5)2Ge12Fe2(CO)7 (70 )  < 
2.750 A, [(CH3)2Ge13Fe2(CO)6 (71). 

Isostructural with these iron compounds is the germanium-bismuth 
cluster I(C6F&GeI3Bi2 (19; Fig. 11) which can insert Pt[P(C6H5)313 to 
yield I(C6F5)2Ge]3Bi2Pt[P(C6H5)313 (19; Fig. 12, see Section IV). The 
Ge-Pt bond length in this compound (2.466 A) can be compared t o  a 

Cited as 2.523 A in Ref. ( 1 )  
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value of 2.433 A in the square-planar cis-I(OH)(CGH,i2Gel(ChHn) 
[P(CGHS)3]Pt (78) .  

VIII. Divalent Germanium Compounds 

In keeping with the relative instability of the + 2 oxidation state of 
germanium, few organometallic representatives of this class have 
been characterized (119). As with divalent tin (49, 185) stable 
RzGe compounds generally form when R is either cyclopentadiene (or 
one of its methylated derivatives) or a bulky ligand such as bidtri- 
methylsily1)methyl. The structurally characterized R,Ge(II) com- 
pounds cover each of these ligand groups (see Addendum). 

The donor properties of {I tCHc3):iSilLCH}LGe arising from the lone 
pair centered on germanium have been utilized in complex formation 
with a number of transition metal carbonyls. When this diorganoger- 
manium(1Ii compound displaces CO from Cr(CO)(;, a donor-acceptor 
complex, R2GeCr(CO)5, results, in which the germanium exhibits the 
unusual coordination number of three (119). The orientation of the 
germanio group is such that  the chromium atom and three carbonyl 
groups surrounding i t  are  coplanar with the germanium and the meth- 
ylene carbons to which i t  is bonded. The corresponding t in  compound is 
isostructural (46 i ,  and a 7~ interaction between chromium 3d orbitals 
and empty 5 p  or 5d orbitals on t in  has been suggested. 

IX. Addendum 

Several organogermanium structures have recently been reported, 
and are herein included to  up-date the literature surveyed. 

Triphenylgermyl trifluoracetate crystallizes as  discrete monomeric 
units, in which the geometry about the germanium is tha t  of a dis- 
torted tetrahedron (191 ). The Ge-0 bond length is 1.98 A ,  with the 
second oxygen of the carboxylate group forming a weak, intramolecu- 
lar coordinate bond (3.09 A,,  distorting the geometry about the metal- 
loid toward that  of a trigonal bipyramid. 

Interest in sterically hindered Group IVA ethers and thio-ethers 
continues, with the structure of LtCfjH5CH2),Ge12S ( 190) being added to 
those already reported (Section V).  The Ge-S-Ge moiety is nonlin- 
ear  (106.6") and the overall structure is similar to tha t  of [(Cc,Hn)3Ge12S 
(113 1. 

Three cyclic organogermanium structures have appeared, embrac- 
ing three-, four-, and six-membered ring systems. A triangular Ge:3 
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cluster is confirmed for the first time in [(CH312C6H3]6Ge3 (1951, incor- 
porating the longest known Ge-Ge bonds (2.537-2.543 A). The Ge3 
triangle is essentially equilateral (LGe-Ge-Ge = 59.9, 60.1") in 
contrast to the isoscelean arrangement in the trisilicon analog. The 
four-membered ring in [(t-C4H&GeSI2 appears planar (1971, as is the 
six-atom heterocycle in [(C6H5)2Ge0]:3 (196). This latter, unique struc- 
ture is suggested as a transition state model for twist-boat enantiomer 
racemization and c6 chair-chair inversion processes. 

Two additional structures utilizing organogermanes as ligands for 
transition-metal carbonyls have been elucidated, both involving a 
triorganogermyl cycloheptatriene 7~ bonded to Fe(C0I3. The triphenyl- 
germyl compound, for which a full report has appeared (1941, reveals 
an exo-disposition of iron carbonyl and organogermane with respect to 
the C7H7 ring, and q4 bonding between ring and transition metal. A 
similar arrangement is also found in (1-4-r)-7-(CH3)3GeC7H7)Fe(C0)3 
(1871, although a full report of this structure has not yet been pub- 
lished. 

Interest in five-coordinated germanium as exemplified by the germa- 
tranes (6) continues, with reports on two new structures, CH3Ge[(OCH2 
CH2)2(CH2)31N (192) and l-germatranyl methylgermatrane (1931, in 
addition to a complete description of the structure of C6H5Ge[(OCH2 
CH2)2(02CCH2)]N (186) previously reported ( 77). All three species 
adopt the established trigonal bipyramidal structure (see Section IV), 
although in CH3Ge[(OCH2CH2)2(CH2)31N the intramolecular N: + Ge 
bond is unusually long (2.436 A) reflecting a diminished Lewis acidity 
a t  germanium resulting from the absence of an electron-withdrawing 
oxygen in one arm of the chelating ligand (192). 

A five-coordinated germanium at  the center of a trigonal bipyrami- 
dal arrangement of ligands is also found in both C13GeCH2CH2COOH 
and C13GeCH2CH2CONH2 (189). In both cases, the expansion in coor- 
dination number a t  germanium from four to five arises from intramo- 
lecular C=O: + Ge bond formation, the oxygen occupying an apical 
position on the bipyramid trans to a chlorine (LO-Ge-Cl = 166.0, 
175.7", respectively). In the amide the coordinate Ge-0 bond is rela- 
tively short (2.166 A) reflecting a stronger interaction than in the 
carboxylic acid in which the corresponding bond length is 3.228 A. This 
results in the expected lengthening of the Ge-Cl bond trans to the 
oxygen from 2.134 A in the acid to 2.253 A in the amide. 

Finally the structure of [(CH:3)5C512Ge(II) elucidated by electron dif- 
fraction (74) has been retracted (188). In the same report appears 
preliminary electron diffraction data on (r)-C5H4CH3)2Ge(II), an angu- 
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lar sandwich compound (angle between ring planes 7 35') witah a mean 
Ge-C bond length of 2.53 A, a st,ructure significantly more in keep- 
ing with other metallocenes of the group (ti, 99) which are  all angular 
sandwiches, with angles between the ring planes ranging from 36'' for 
lC5(CH:i)51,Sn (99) to -55" for (C5H&Sn (is). An electron diffraction 
study of bis(pentamethylcyclopentadieny11 germanium yields a struc- 
ture consistent with parallel, planar C5 rings, although the data do not 
rule out structures in which the angle between the two rings is 10 or 
20" (74).  Even allowing for this uncertainty, the structure contrasts 
markedly with the corresponding lower Group IV analogs. 

X. Conclusions 

The primary goals of any review are  t,wofold: to collate and precis 
existing data, while a t  the same time providing fertile ground in which 
ideas for further work can germinate. The body of the article, we hope, 
has provided the necessary collective data  base, the yardstick against 
which new structures can be measured. In conclusion, we attempt to 
crystallize from that  disparate collective. generalizations applicable to 
the whole of structural organogernianium chemistry and to suggest, 
albeit by inference, areas for further development. We enumerate 
these generalizations as follows: 

1. The quality of the available data are  generally of a reliable stan- 
dard, particularly the more recent X-ray diffraction studies. C!aution, 
however, must be exercised when evaluating much of the earlier gas 
phase work, in view of limitations in both contemporary instrumenta- 
tion and experimental methods which usually require implicit as- 
sumptions about molecular geometry. Such data are  generally best 
assessed in groups, and reliance given to systematic trends rather than 
absolute values. 

2. Structures with coordination numbers of germanium a t  three, 
four, five and six have been determined, and adopt exclusively trigonal 
planar, tetrahedral, trigonal bipyramidal, and octahedral geometries 
about the metalloid, respectively. The square pyramidal geometry fbr 
five-coordinated germanium, recently characterized for the inorganic 
I(C6H402)2GeC11 I(C2H5)4N]' (1,501, remains, a s  yet, unrealized for or- 
ganogermanes, as do the examples of seven-coordinated pentagonal 
bipyramidal geometry, exemplified in organotin chemistry by, inter 
uliu, CH,3Sn(N03):, ( 3 4 )  and CH:lSnlS~CN(CrIlr,)sls (132). 
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3. Angular deviations away from these regular geometries can usu- 
ally be rationalized in terms of isovalent rehybridization theory (16). 
4. Tetrahedral coordination predominates in the chemistry of the 

organogermanes, which in this respect compares more closely with 
silicon rather than with the chemistry of tin and lead. Enhanced coor- 
dination a t  the metalloid is predominantly a consequence of the steric 
demands of the ligands which surround it, e.g., five-coordinated or- 
ganogermatranes (12, 77,87,105), or the six-coordinated diorganoger- 
my1 hemiporphyrazine (92). The Lewis acidity of tri- and diorganoger- 
manium compounds appears generally too low to encourage 
interactions with Lewis bases, and it is to the relatively barren area of 
monoganogermanium chemistry that future workers may need to turn 
in order to evaluate more fully these higher coordinated states. 

5. The lattice structures for organogernianes are predominantly mo- 
lecular, with only isolated examples of associated lattices arising from 
intermolecular polymerization (1 12, 152, 168). It is, perhaps, surpris- 
ing that so few examples exist in this area of chemistry in which 
molecular ordering signifies the onset of lattice association which is so 
common in organotin chemistry (49, 185). 

6. There is no evidence to substantiate claims for ( p  -+ d1-v bonding 
in these compounds, although shortening of the germanium-transi- 
tion metal bond in almost all examples of such compounds suggests 
that  overlap of d-orbitals leading to rr bond formation may be energet- 
ically more favorable. 
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NOTE ADDED IN PROOF: The structure of (F:jC)3GeMn(CO)5 has been reported and incor- 
porates the shortest Ge-Mn bond (2.4132 A) yet observed (298). The structure of 1,1- 
dimethylgermanocene in the gas phase has been described (199) as well as  tha t  of solid 
germanocene itself which is bent (angle between ring planes = 50.4“) with Ge-C bond 
lengths ranging from 2.3 to 2.7 A (200). Alcoholysis with t-BuOH followed by treatment 
with Ni(COL gives l(OC)3NiGe(OBu-t)2 I p  whose structure is known (201). 

The first anionic, pentacoordinated organogermane, triethylammoniurn bis(benzene- 
1,2-diolato)phenylgermanate [(CsH40~)pGeCfiHSI[(C2H5)~NH1 is 82% displaced from an  
ideal trigonal bipyramid toward a rectangular pyramid (202). 
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