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I. Introduction 

It was conventional wisdom for many years that 
compounds featuring double bonds between heavier 
main-group elements would not be stable because of 
weak plr-pr bonding. Such a view is sometimes re- 
ferred to as the “classical double-bond rule”.l Due to 
many unsuccessful attempts to synthesize such species 
and to the assumptions of theoreticians,l this field lay 
dormant until the 1970s. 

In the 19609, transient molecules with double bonds 
between the heavier group 14 and 15 elements were 
detected spectroscopically or implicated from trapping 
experiments. The breakthrough in this field was the 
isolation in 1981 of the first stable compounds with 
P=P, Si=C, and Si=Si double bonds. Researchers 
understood from these successful syntheses that oli- 
gomerization would be thwarted if sufficiently large 
ligands were utilized. Interestingly, despite the requisite 
steric blockades, kinetically stabilized compounds un- 
dergo a wide variety of chemical reactions at the double 
bond. Recent reviews have summarized this field.2-9 

In the case of germanium, many studies have been 
conducted on transient and stable compounds of the 
type >Ge=X (X = C<, Ge<, N-, P-, 0, S, Se, tran- 
sition metal). In 1984 the first stable multiply bonded 
germanium compound was synthesized in solution 
(Ge=Ge) . lo 

The work on doubly bonded germanium derivatives 
reported before 1982 has been reviewed by Satg@ and 
will be briefly summarized in this paper. The reader 
should refer to Satg6’s review for additional details. 

The synthetic routes, physicochemical studies, and 
reactivity of >Ge=X derivatives described in the 
present review have been particularly developed since 
1982 and will be presented in the following order: 
>Ge=C< (germenes), >Ge=Ge< (digermenes), 
>Ge=N- (germanimines), >Ge=P- (germaphos- 
phenes), >Ge=O and >Ge=S(Se) (germanones and 
germanethi(selen)ones), and >Ge=Mn. 

II. Ge-C Species: Germenes 

(1) Transient Germenes 
Germenes 1, species containing a p-plr double bond 

between germanium and carbon, are among the most 
intensively investigated topics in germanium chemistry. 
To briefly summarize the different routes to transient 
germenes, it is noted that the three most important are 
(1) the thermal decomposition of bicycles 211 (Diels- 
Alder adducts of germacyclohexadienes with alkynes), 
(2) the photolysis or pyrolysis of (trimethylgermy1)- 
diazomethanes 312-14 with methyl migration from ger- 
manium to carbon, and (3) a direct interaction between 
a germylene 4 and a carbene generated in situ.15 Other 
routes have also been described, such as the thermolysis 
of PhOGe(R2)CH=CH2,16 the reaction between cyclo- 
pentadienylchlorodiethylgermane and a phosphorus 
ylide,17 or the reaction between [bis(trimethylsilyl)- 
bromomethyl]lithium and dimethyldichlorogermane.18 
However, in the last case, another process not involving 
a germene intermediate is considered more likely 
(Scheme 1). 
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SCHEME 1 

These transient germenes were trapped in situ with 
alcohols, dienes, aldehydes, nitrones, and nitroso- 
benzene.16 In the absence of trapping reagents, the 
formation of dimers was observed. 

A transient germabenzene was postulated by Mdrkl'' 
as an intermediate formed during the dehydrobromi- 
nation of the corresponding germacyclohexa-2.4-diene. 
and its dimerization or Diels-Alder product has been 
characterized. These various routes, which allowed the 
f i rs t  evidence of the format ion of transient germenes, 
and some other new methods have been developed since 
1982 and are described below. 

The formation of germene was demonstrated by 
in situ trapping with methanol in the photolysis of the 
digermirane 5 (eq 1). T h e  format ion of the products 
8 and 9 in good yields clearly indicates that digermirane 
5 i s  fragmented in to  the corresponding germene 6 and 
germylene 7. While germylene 7 reads efficiently with 
butadiene and methanol, germene 6 did not react with 
the butadiene and undergoes polymerization. Note, 
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of benzaldehyde (see section 111.1). 
Recently, the transient germene Me2Ge=C(SiMe3)2 

( 19)24 has been obtained by Wiberg following thermal 
elimination of LiX (between -110 and +lo0 “C, de- 
pending on X) from 20. In the absence of suitable 
trapping reagents the dimer 21 is obtained (eq 4). Note 

RLI -2LIX 
PMepGe-C(SiMe& 2 M e ~ G e - c ( S i M e ~ ) ~  - 

-RBr I I  
X Li 

I I  
X Br 

20 

,CHZ h v  
ArpGe -‘GeArp .-) 

5 
f i  

Ar= 6 
’t 

Ar2ue:l f ir: ,  

6 7 ArpGeOMe + ArpGeOMe 
I 
H 

I 
Me 

8 9 

however, that germenes obtained by routes other than 
irradiation give good yields of cycloadducts with dienes 
(see below). 

Generation of a transient germene 1021 was postulated 
in the reaction of (Me3Si)3CGePh2C1 with cesium 
fluoride. Surprisingly, this reaction provides, in good 
yield, 12, which was characterized by X-ray analysis. 
It is assumed that the precursor of 12 is the germene 
10, which because of steric hindrance, cannot undergo 
cyclodimerization and loses a Me3% group to give a 
second transient germene 11 followed by cyclo- 
dimerization to give 12 (eq 2). 
CsF + (Me3Si)3C-GePh2Cl - [(Me3Si)pC= GePhd - 

10 

[Me3SiCH =GePhp) ----) Me,SiCH-Geph, (2) 
I I  

11 PhpGe-CHSiMe, 

12 

The problem of how the Me3Si group undergoes ex- 
change with a proton remains unresolved. In contrast, 
the transient silicon analogue of 10, (Me3Si)2C=SiPh2, 
undergoes a 1,3-migration of a methyl group, followed 
by C-H insertion a t  the ortho positions of the phenyl 
substituent (eq 3). 

,SiMe3 

\SiMePh, 
L Ph2Si=C(SiMe~)p - Mepsi= 

I 
MepSi=C 

I 
SiMe, 

I 
SiMe3 

The formation of the transient germene Me2Ge=CH2 
( 13)23 has been observed in attempts to synthesize the 
four-membered-ring oxagermetane Me2Ge-CH2-0- 
CH2 (Scheme 2). Classical routes to oxetane, when 
applied to the dihalogenated germane 14, led to ger- 
moxane 15 instead of the expected cyclic product. An 
elimination reaction, with formation of formaldehyde 
and germene 13, followed by a [2 + 21 cycloaddition 
leading to germaoxetane 16 and a retro [2 + 21 reaction 
are postulated in order to account for this result. Ev- 
idence of the transient formation of 13 comes from its 
trapping with water or ethanol to give 17 and 18 
(Scheme 2). 

The formation of transient digermene EbGe=GeEb 
and germene Et2Ge=CHPh has been invoked in the 
pyrolysis of a digerma- 1,2-cyclohexene in the presence 

I 

-I 

Me2@- C(SiMe,), 
[MenGe=C(SiMe& ] - I I  (4) 

(Me3Si)$ -GeMez 
19 

21 

X = F, Br, OMe, OPh, OCsF5, OC6H3CIz, SPh, Ph2P04, Ph2PO2 

that the chemical behaviors of 10 and 19 are completely 
different, since 19 easily dimerizes, whereas 10, sub- 
stituted on germanium by two phenyl groups, which are 
slightly bulkier than the methyl group (as in the case 
of 19), cannot dimerize and instead loses a trimethylsilyl 
gr0up.2~ Germene 19 has been thoroughly characterized 
by its chemical reactivity: both by insertion into the 
0-H bond of alcohols25a and by ene r e a ~ t i o n s . ~ ~ ~ ~ ~ *  
Various  cycloaddition^^^^^^ have also been observed: [ 2 + 21 cycloadditions are obtained with the C=C bond 
of CH2=CHOMe25a and the C=O bond of 
[2 + 31 cycloadducts with azides25 and N20,25 and [2 + 
41 cycloadducts with dienes. However, in the case of 
dimethylbutadiene, a competition occurs between ene 
reaction and c y ~ l o a d d i t i o n ~ ~ * ~ ~ ~  (Scheme 3). The five- 
membered-ring derivatives 23 obtained by cycloaddition 
of azides are good precursors of germanimines (>Ge= 
N-). Most of the reactions of germenes are regiospe- 
cific, the first step probably being the nucleophilic at- 
tack on germanium25a (Scheme 3). 

In the case of benzophenone, both [2 + 21 and [2 + 
41 cycloaddition occur, but [2 + 21 cycloaddition is 
predominant (83%). The adduct 22 can be considered 
as a “store” for germene 19 since it decomposes very 
easily to the germene and benzophenone by thermal 
cycloreversion (eq 5).258 
MepGe- C(SiMe,), MepGe =C(SiMe& 

19 
I I  

0-CPh 
22 + O=CPhp 

By comparison with the silaethene Me2Si=C(SiMe3)2, 
19 is less Lewis acidic and its double bond is less po- 
lar,25a as predicted by calculations.26 

Thermolysis, pyrolysis, and photolysis of various 
heterocycles such as thiagermetane Me2Ge-CH2-S- 
6H2,27,B dithiagermolane Me2Ge-CH2-S-S-CH2,28 2,4- 
digermetane Me2Ge-CH2-GeMe2-0,29 2,4-digermath- 
ietane Me2Ge-CH2-GeMe2-S,30p31 and thiagermetane 
dioxide Me2Ge-CH2-S02-CH228 lead to both germenes 
Me2Ge=CH2 and germanones Me2Ge=0, germane- 
thiones Me2Ge=S, or germanesulfenes Me2Ge=S02. 
Germenes and germanethiones have also been charac- 
t e r i ~ e d ~ ~ ? ~ ~  in the reaction of dimethylgermylene 

- 
I 

I I 

I i 

1 I 
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SCHEME 2 

Me2Ge(CH2X), I MezGe’Hzx-] *- Me,Ge+ 
14 [or Li20) ‘CH,O 

ElOH 

/-+ 
CHFO + [ Me,Ge=CH,] 17 

13 [ Me3GeOH I - 112(Me3Ge)20 1 18 

[ MepGg] 1 - (MepGeO), + CHp=CH2 

15 
16 

SCHEME 3 

Me,Ge-C( SiMe3), Me2Ge-C\(SiMe3), 
I o\N+ ’ N  

ti&-CHOMe 

R = H , M e  

MeOH [ Me,Ge=C(SiMe3), ] - MeZGe-C(SiMe3), 

19 Meb H 
I 

O=N=N 

R’N3 
Me2G,+2\(SiMe3), 

23, R’= t - B u ,  Me3Si, 1 -BuMezSi, i-BuzMeSi, t-Bu3Si 

R’N, N 
N+ 

1 c ~ F i - i ~ ~  
Me,Ge4(SiMe3), 

I 
H p d  H 

\ 

R = H, Me, CMe=CH2 

(Me2Ge) (generated from germanorbornadiene) and 
adamantanethione. All these reactions leading to both 
germenes and germanethiones are described in section 
VI. 

Evidence for germenes and germabenzenes has been 
obtained by physicochemical methods. The 1- 
methylenemetallacyclobutenes 2434 for example are 
observed from precursors 25 (eq 6). In the mass spectra 

25 24a, Si 
b, Ge 

of these spiro compounds of silicon and germanium, a 
relatively abundant fragment ion [M - C4Hsj+ appears. 
In view of the well-established cleavage of silacyclobu- 
tanes into silenes and ethylene% under electron impact 
conditions, an analogous cleavage can be suggested in 
this case leading to silenes and germenes 24 (eq 6). It 
should be pointed out that, in contrast to observation 
on the monocyclic group 14 metallacyclobutanes, the 
[M - C4Hs]+ ions do not form the base peak; further 
fragmentation is evident, in particular the loss of an 
additional methyl group. 

Germenes have also been detected in the mass spectra 
of four-membered-ring germaoxetanes obtained by ad- 
dition of aldehydes or ketones to a stable germene (see 

section 11.2.~). Three 1,4-dialkylgermabenzenes 2636 
generated from the corresponding allylcyclohexadienes 
27 by gas-phase pyrolysis have been spectroscopically 
detected in the gas phase by VTPES (variable-tem- 
perature photoelectron spectroscopy) experiments (eq 
7). Various silabenzenes were detected earlier in a 
similar manner.36 

? ? 8 0.05 rbar ( 7 )  

I 
Me’ \/\\ Me 

27 26 
R = El, i -Pr ,  1-Bu 

(2) Stable Germenes 

(a) Synthesis 

The use of steric and electronic stabilization allowed 
the isolation of three stable germenes by B e ~ m d t ~ ~ p ~  and 
by some of us39340 in 1987. The Berndt compounds 28 
and 2937*38 were synthesized by the reaction between the 
electrophilic cryptocarbene 30 and the stable germyl- 
enes 3141 and 3242 at room temperature (eq 8). 

The germene structure of 28 and 29 has been proved 
by NMR (see Figure 1) by addition of HC1 onto the 
germanium-carbon double bond (eq 9) and in the case 
of 28 by X-ray crystallography. 
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/N(SiMe3)2 B N(SiMe3)2 

'N(SiMe,), \B/ N(SiMe,), 
+ :Ge - (Me,Si),C/ 'C=Ge< 

I 
t -Bu 31 r 1 28 

30 

t -Bu t -Bu t -Bu 
I I I 
N B N + :Ge' 'SiMe, - (Me3Si)2C\ / \  / C = G l  'SiMe, 

B 'N' 
I 

\N' 
i 

t -Bu 

32 
t -BU t - 0 U  

29 

t -Bu 

B 
I 

28 + HCI ----) (Me3Si),C/ \C-Ge[N(SiMe3)2]2 (9) 
'B'I I 

H CI I 
t -Bu 

The starting cryptocarbene 30 is the nonclassical 
boranediylborirane 3343 (eq 10): interaction of the 
empty p orbital a t  the dicoordinated boron with the 
adjacent B-C cr bond (a) of the three-membered ring 
yields 34; stronger interaction with the C-C cr bond (b) 
can lead to carbene 30, which has recently been calcu- 
lated to be only 10 kcal/mol higher in energy than 34 
for model compounds with R = SiH3 and R' = CH3.44 
It was shown experimentally that 33 behaves as a 
carbene in the reactions with bis(trimethylsilyl)ethyne, 
triphenylphosphine, and t r iphenylar~ine.~~ 

c 
7 R 

'C -B 
R' \ !-:%. 

C=B-R' 

34 

33 

R = Me3Si, R' = t -Bu 

In our laboratories the stable germene 3539340 was 
prepared by dehydrofluorination of the corresponding 
fluorenyl germane 36 at low temperature (eq 11). 

I -BuLi 

F H -5O'C 

MeszGeFz + RPCHLi - MespGe-CR2 - 
I I Et20 

36 

- MespGe=CR2 (11) 
-LiF 

35 

[ M'"P"-E"I  

Germene 35 is very thermally stable but highly air 

NR 

Figure 1. ORTEP view of 28 (reprinted from Angew. Chem., Znt. 
Ed. Engl. 1987,26,799; copyright 1987 VCH Verlagsgesellschaft 
mbH). 

f luoren ylidene I / h %  
\ 

Figure 2. ORTEP view of 35 (reprinted from Angew. Chem., Znt. 
Ed. Engl. 1988,27,828; copyright 1988 VCH Verlagsgesellschaft 
mbH). 

sensitive. As other doubly bonded main-group com- 
pounds, it is thermochromic: it is yellow a t  -100 "C, 
orange at room temperature, and orange-red at +80 "C. 
It forms stable B->Ge==C< adducts with Lewis bases 
such as ethers or amines; this type of complexation has 
also been observed with silenes (>Si=C<)46147 and si- 
lanimines (>Si=N-)e50 but never in symmetric mol- 
ecules M=M (M = Si, Ge, Sn, P) or in metal- 
laphosphenes M'=P (M' = Si, Ge, Sn) where the group 
14 metal is bound to phosphorus, a less negative atom 
than carbon or n i t r ~ g e n . ~ ~ ~ ~ ~  The complexation reac- 
tions of 35 are easily explained by the electrophilic 
character of germanium and the polarity of the Ge=C 
bond (the dipole moment of 35 is estimated to be 4 D;40 
see below). 

(6) Physicochemical and Theoretical Studies 

The 13C NMR shows for 28 and 29 the expected 
low-field signals for the carbon doubly bonded to ger- 
manium (respectively 115 and 93 ppm), whereas the llB 
NMR shows a shielded boron atom, indicating that 
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TABLE 1. Calculated d(Ge=C) and v(Ge=C) for 
H2Ge=CH, 

ab initio using 
pseudopotentialsa 

SCF CI MNDOb 
d(Ge=C), 8, 1.779 1.812 1.717 
u(Ge=C), cm-' 906 847 854 

Reference 27. *Reference 55. 

TABLE 2. Calculated and Experimental Physicochemical 
Values for 35 and 37 

property germane 37 germene 35 
ionization energy, eV 
bond order 

Ge=C 
Ge-C(Mes) 

Ge 
C(fluoreny1) 
C(Mes) 

d(Ge-C), 8, 
d(Ge=C), A 

charge distribution 

exptl 
calcd (MNDO) 

exptl 
calcd (MNDO) 

v(Ge=C), cm-I 

8.50 7.26 

0.77 1.50 
0.79 0.86 

t1.66 t1.53 
-0.34 -0.62 
-0.42 -0.43 

2.01 

1.80 
1.77 

988 
1018 

there is a relatively large amount of negative R charge 
on these atoms and an ylidic character to the molecule 
(eq 12). 

I 

I 
/ \ ,B\ / 

/ B  \ / B  \ 

I 

I 
'CCB>C=Ge - C,-bC=Ge + (12) 

28A, 29A 288,298 

An X-ray structure analysis of 28 (Figure 1) con- 
firmed the significance of the ylide resonance form B 
as shown by short distances C(Ge)-B and an average 
twist angle at the Ge=C bond of 36°.37*38 The germa- 
nium-carbon double bond (1.827 A) is about 8.4% 
shorter than the Ge-C bond in GeMel (1.98 A). Similar 
contractions are observed for ~ i l e n e s . ~ ? ~  The X-ray 
structures of both MeszGe=CR2 (35) (Figure 2) and 
Mes2Ge(H)C(H)R2 (37) have been obtained@ and allow 
a good comparison between Ge-C single and double 
bonds. The Ge==C double bond (1.80 A) is about 10.5% 
shorter than the corresponding Ge=C single bond in 
37 (2.01 8) and constitutes a very large shortening. The 
germanium atom is planar, and the twisting around the 
Ge-C bond is only 6" (compared to 36" in 28).373 This 
finding, namely that 16 atoms lie nearly in the same 
plane despite high steric strain, supports the postulate 
of a stabilization of 35 by electronic interaction between 
the Ge==C double bond and the fluorenylidene moiety. 
Similar stabilizations of a P=C53 and of a B=C54 
double bond by the fluorenylidene system are known; 
for P=C, interactions with the fluorenylidene x elec- 
trons have been proposed. 

The results of the X-ray structure of 35 are in good 
agreement with ab initioz6 or MND055 calculations 
which predicted a planar structure for H2Ge=CH,. On 
the other hand, H2Ge=CF2 is predicted to be nonplanar 
by calculations.56 The germanium-carbon double-bond 
length in H2Ge=CH2 has been predicted by various 
methods to be between 1.71 and 1.81 8, (see Table 1). 

TABLE 3. *-Bond Energy of Me2M=CH2 (M = C, Si, Ge, 
Sn) (kcal/mol) 

method H2C=CH2 H2Si=CH2 H,Ge=CH9 H,Sn=CH, 
aa 64-66 35-36 31 19 
bb 67-68 35 31 19 

'Method a: direct energy differences between planar (n bonded) 
and perpendicular (biradical) structures. Method b: from dis- 
proportionation energies. 

TABLE 4. n-Bond Strength of Me2M=CH2 (M = Si, Ge, Sn, 
Pb) (kcal/mol) 
Me2Si=CH2 Me2Ge=CH, Me2Sn=CH2 Me2Pb=CH2 

38 43 45 30 

Semiempirical calculations have also been made on 
35. The MNDO optimization of the geometrical pa- 
rameters gives a Ge=C bond length of 1.77 A,57 in 
relatively good agreement with the X-ray analysis@ (see 
Table 2). 

The Raman spectrum of crystalline 35 shows an 
emission at  988 cm-l, which is attributed to the Ge==C 
valence vibration.@ This assignment was corroborated 
by ab initio calculations using pseudopotentials26 (see 
Table 2). A comparison has been made by MNDO 
calculations between germene 35 and germane 37. The 
results for ionization energy,57 bond order,57 charge 
di~tr ibut ion,~~ and bond lengths@ are listed in Table 2. 

The charge distributions for HzGe=CH2 and H2Si= 
CH2 have been calculated by using double + d (Ge 
and C) basis sets; the charge difference in silenes is 
predicted to be greater than in germenes26 (eq 13), in 
agreement with the Allred-Rochow electronegativity 
~ c a l e ~ l , ~ ~  and with their chemical reactivity. 

4 05 to 18 4 10 10  18 

H \ + ~ 3 5  -0spH H,+O% -07f /H  
G e X ,  SI =c (13) 

H' H H' 'H 

Other calculations on charge distribution have been 
performed on germenes, particularly on the fluorinated 
germenes H2Ge=CF2, F2Ge=CH2, and FzGe=CF2. 
They were predicted to have an unusual double bond 
having a relatively weak u bond and much stronger R 
bond, which is polarized Ge6+-C6-.58 

The R-bond energies of the M=C bonds in H2M= 
CH2 have been determined by various methods59 (see 
Table 3). Pietro and HehreG0 have estimated the R- 
bond strength of Me2M=CH2 (M = Si, Ge, Sn, Pb) on 
the basis of gas-phase deprotonation thresholds for 
group 14 trimethylmetalla cations Me3M+ (M = Si, Ge, 
Sn, Pb) (Table 4). These authors have noted, however, 
that the values for the germanium and tin systems ap- 
pear to be out of line with the ?r-bond strengths in 
silicon compounds due to experimental thermochemical 
data of uncertain quality. 

Calculations have been performed comparing the 
relative stabilities of germene (H2Ge=CH2) and me- 
thylgermylene (HGeMe). All the calculations26Jj1@ show 
that the germene is less stable than the germylene by 
about 15,26 17.6,61 23,62 24.2,6l and 24.861 kcal/mol, de- 
pending on the calculation method and on the basis sets 
considered. 

(c) Chemical Reactivity of 35 

Germene 35 is highly reactive toward various elec- 
trophiles and nucleophiles (Scheme 4). For example, 



Multiply Bonded Germanium Species Chemical Reviews, 1990, Vol. 90, No. 1 280 

SCHEME 4 
Me1 

Mes2Ge-CRz Mes2Ge-CR2 MespGe-CR2 - Mes,Ge -C R2 
I I  

Me Me 
I I  

Me Li 
I I  I I  

Mes SMe 

35 H Li 

Mes,Ge-CRp Mes2Ge-CR, Mes2Ge-CR2 Mes2Ge-CR2 
I 1  A i  H H  A A  H Me 

I I  

A = HO. MeO, EiS, F, CH2=C(Me)0, PhzC=N 37 30 39 

SCHEME 5 

Mes,Ge -C R, Mes,Ge-CR, 
I I  

PhN-NPh 
I 1  

0-CPh 

47 

43 

Ph$= NH 
MeszGe=CRz Mes2Ge-CR2 

I I  
MeszGe-CR2 

N H  I I  35 

,c=c-c=o II 
CH, I H 

co PhCH=N--l-Bu 1H \ Ph,C 
46 

I 
Me 

44 

Mes,Gf-CR, ph 

I 

' /  

t -Bu 

Mes2Ge-C R2 

H 
42 

protic  reagent^,^^*^^ halogens,83 and lithio compoundsm 
add very easily onto the double bond. Reduction of 35 
can be effected by LiA1H4.39 With tert-butyllithium, 
derivatives 38 and 39 are obtained after quenching with 
methanol and methyl iodide; these reactions probably 
involve radical intermediate 40. An addition of di- 
methyl disulfide onto the double bond has also been 
observed39 (Scheme 4). 

Various [2 + 21, [2 + 31, and [2 + 41 cycloadditions 
occur with 35 (Scheme 5). For example, four-mem- 
bered rings are obtained from 35 and aldehydes or ke- 
t o n e ~ ; ~ ~  the germaoxetanes 41 are highly stable, prob- 
ably due to steric hindrance (at room temperature the 
rotation of the mesityl group is hindered, as shown by 
NMR). Generally, such heterocycles dimerize or de- 
compose very easily to give germanones and alkenes. 
Diphenylimine reacts with germene 35 as a protic 
reagent to give 46 in nearly quantitative yield. With 
acetone the main reaction (90%) leads to 44; the first 
step of the reaction is probably the formation of com- 
pound 43, which cannot be observed. The intermediate 
undergoes a germanotropic rearrangement with for- 
mation of 44. With azobenzene, a stable four-mem- 
bered ring 4763 with a Ge-N-N linkage is obtained 
(Scheme 5). In this case also the steric hindrance plays 
a very important role for the stabilization; rotation of 

45 
R'= R"= H 
R'= Me; R" = Me 

the mesityl group is hindered at  room temperature, 
displaying six different methyl signals in the 'H NMR 
(eq 15). 

Mes2Ge f 7 R, - Mes2Ge=CR2 + PhCR'=O 

%-Re MespGe=O + PhCR'=CR2 
(14) 

Ph 

41 

R ' = H , P h  

M e s q 2  MeszGe=CR2 + PhN=NPh 

PhN- -NPh MeszGe=NPh + PhN =CR2 
(15) 

42 

Nearly quantitative [2 + 31 cycloadditions have been 
observed with n i t r o n e ~ . ~ ~  With 1 , 3 - d i e n e ~ ~ ~  and a- 
ethylenic aldehydes and ketones,m [2 + 41 cycloaddition 
occurred (Scheme 5). Mass spectra (electron impact) 
of 41 and 47 show, besides the molecular peak, the two 
types of [2 + 21 decomposition: fragments with Ge-0 
or Ge=N double bonds are observed. 

The reaction of diazofluorene with 35 gives quite 
surprising results.65 It does not afford the expected 
three-membered-ring germacyclopropane (such heter- 
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ocycles are still unknown and should be of great in- 
terest; due to a high strain, the Ge-C and C-C bonds 
should be very reactive), but the four-membered-ring 
cyclodigermazane 48. The structure of 48 has been 
established by X-ray analysis, which demonstrates that 
the N=CR2 moieties are in cis position. After 2 weeks 
in solution at room temperature, the thermodynamic 
trans isomer 49 is obtained. Fluorene 50 is also formed 
in this reaction (eq 16). 

Barrau et al. 

The reaction of 35 with diphenyldiazomethane@ leads 
exclusively to germazane 51 and fluorene 50 (eq 17). 
Mes2Ge=CRz + PhZCN2 - 

35 

Mes, 
I 

Ge N=CPh, 
N’ ‘N’ +R,Cl i2 j17) 

Ph,C=N/ b e ’  50 
I 

Mes, 

51  

Among the mechanisms postulated, the most probable 
is given in eq 18. It seems reasonable to postulate the 

J 
48, 51 W R 2  

50 

formation of the transient germanimine 52 followed by 

its dimerization. The presence of fluorene 50 can only 
be explained by abstraction of hydrogen from the sol- 
vent by a fluorenyl carbene intermediate 53. 

The structure of 48 is very close to that of german- 
imines obtained by Glidewell, which are stabilized by 
greater steric hindrance on germanium (two (Me3Si)2N 
instead of two mesityls) (see section IV). 

(3) Siienes and Stannenes 

Large reviews have been devoted to compounds with 
silicon-carbon double bonds. Many transient silenes 
have been evidenced by trapping. Since the synthesis 
of the first stable silene, (Me3Si),Si=C(OSiMe3)(ada- 
mantyl) (55), by Brook in 198166a (eq 19), some other 
stable silenes have been obtained, either by Brook 
(photolysis of a c y l s i l a n e ~ ~ ~ ~ ~ ~ ~ @ )  or by Wiberg (dehy- 
drofluorination of f l u o r o ~ i l a n e s ) . ~ ~ ~ ~ ~ ~ ~ ~  

Note that the photolysis of the adamantyl tris(tri- 
methylsily1)germane 56 (eq 20) does not give the ex- 
pected germene 57,70 whereas a similar photolysis of the 
silicon analogue 54 gives rise to high yields of the 
isomeric silene 5 P a  (eq 19). 

h v  
(Me3Si)aSi- C- Ad - (Me3Si),Si=C(Ad)OSiMe3 (19) 

55 II 
0 

54 

(Me3Si)3Ge- C- Ad % (MesSi)?Ge =C(Ad)OSiMe3 (20) 

57 
II 
0 

56 

Recently, two stable stannenes, 58 and 59, have been 
obtained by Berndt38i71 in the reaction between stan- 
nylenes and the cryptocarbene 30 analogous to the 
synthesis of germenes (eq 21). 

f -Bu t -Bu 
I I 

f -Bu f -Bu 

58 ,59  

I -Bu 
I 

R2Sn = [(Me3Si)2CH]2Sn: or Me,Si, /N\ ,Sn: 

N 
58 I A“ 

59 

Compound 58 has been characterized by X-ray 
crystallography. The chemistry of such derivatives is 
not well developed, and only the addition of HC1 onto 
the tin-carbon double bond has been performed. 

I I I .  Ge =Ge Species: Digermenes 

(1) Transient Digermenes 

Digermenes are the heavier congeners of alkenes 
(>C=C<) and disilenes (>Si=Si<). Digermenes have 
been implicated as reactive intermediates in several 
reactions, but it was only in 1982 that solution spectra 
of a digermene, tetrakis(2,6-dimethylphenyl)digermene, 
were recorded.72 We present here the different routes 
to transient digermenes, beginning with their charac- 
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terization by chemical trapping, followed by the syn- 
thesis of stable digermenes with their structural data, 
and lastly theoretical aspects and calculations on such 
compounds. 

The first route to transient digermenes was the 
photolysis of polynuclear germylmercury compounds 
of the type [-GeR2GeR2Hg-],.73y74 This reaction leads 
to a mixture of cyclopolygermanes (R2Ge),, probably 
by intermediate formation of digermyl diradical 
&Ge-GeR2,73v74 which can be considered as the limiting 
form of digermene R2Ge=GeR2 and can be trapped by 
b i a ~ e t y l , ~ ~ ~ ~ ~  dimethyl disulfide,75 and dienes such as 
2,3-dimethylb~tadiene~~s~~ and isoprene76 (Scheme 6). 

The dimerization of the germylene R2Ge has been 
observed to lead to the corresponding digermene in 
some r e a c t i o n ~ . ~ ~ * ~ ~ l ~ ~  For example, the thermolysis of 
germanorbornadiene 60 in the presence of butyl- 
acetylene leads to the three products 61,62, and 63.77 
Independent experiments have demonstrated that 62 
cannot arise from 61, 63, or 64. It is assumed that 62 
is obtained by the rapid dimerization of MezGe: (65) 

Chemical Reviews, 1990, 
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t 
R,Gy-GeR, 

68 

S-&=CH -t-Bu, 

to give tetramethyldigermene (66) and subsequent cy- 
cloaddition with the alkyne (Scheme 7). 

The formation of a digermene intermediate has also 
been postulated in the thermolysis of germanorborna- 
diene 60 in the presence of a d a m a n t a n e t h i ~ n e . ~ ~ ~ ~  This 
reaction leads to the four-membered-ring 1,2-diger- 
mathietane 67, probably via dimerization of germylene 
65 in digermene 66 with subsequent [2 + 21 cyclo- 
addition with adaman tane th i~ne~~ ,~~  (eq 22). The other 

h v  Ad* 
60 - [MepGe:] - [Me2Ge=GeMez] - 

65 66 

Me2Ge- eMe, (22) 

i - r d  

67 

Ad = adamantyl 

products obtained in this reaction probably arise from 
a germanethione intermediate (see section VI). The 
formation of dimethylgermylene (65) from germanor- 
bornadiene 60 has been proved unambiguously by 
 and^.^^ When a solution of 60 cooled a t  77 K was 
irradiated with a low-pressure mercury lamp, the matrix 
became intensely yellow and a broad electronic ab- 
sorption band with a maximum of 420 nm was observed. 
The electronic spectra of Me2Ge: had been previously 
reported to have a A,, = 430 nm, in good agreement 
with the results of  and^.^^ Convincing evidence is 
provided by the result of a chemical trapping experi- 
ment of 65 with dimethylbutadiene, leading to the 
formation of the corresponding germacy~lopentene.~~ 
Reaction between 60 and di-tert-butylthioketene leads 
also to digermathietane 68. In this case the authorss0 
report that 68 is more likely obtained via route a than 
via route b involving a digermene intermediate 
R,Ge=GeR, (Scheme 8). 

The matrix isolation technique has been used widely 
for the observation of the reactive species. For example, 
in the irradiation of thiagermirane 69 in 3-methyl- 
pentane a t  77 K with a low-pressure mercury lamp, a 
new band at 690 nm appeared, indefinitely stable at 77 
K33 (eq 23). The careful annealing and recooling of the 
matrix led to the disappearance of this band and the 
formation of a new one at 406 nm, which was assigned 
to tetramesityldigermene (70). On the basis of results 
obtained in the photolysis of oxa(or thia)silirane 7181 
(eq 241, the authors assign the band a t  690 nm to the 
germathiocarbonyl ylide 73, which decomposes ther- 
mally to dimesitylgermylene (74) with subsequent di- 
merization into digermene 70. This digermene reacts 
with adamantanethione to yield 7533 (eq 23). 
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+ -  h v  - Ad=S-GeMes, -% MesZGe: + Ad=S - 
73 74 I Mes, 

69 
Ad =s Mes,Ge= GeMesp - Mes,Ge- GeMesp (23 )  

70 

75 

71 

x=o.s  

Pyrolysis of the six-membered-ring 1,2-tetraethyl- 
digerma-4-cyclohexene 76 a t  500 "C under Torr 
leads in the absence of trapping reagent to polymers 
and also to 2- and 3-germacyclopentenes 77 and 7882 
(Scheme 9). The tetraethyldigermene has been de- 
tected by its trapping with 1,4-diphenylbutadiene or 
benzaldehyde. In this last case, the four-membered ring 
79 decomposes to germene and germanone Et2Ge=0. 
Germene 80 can then react with an excess of benz- 
aldehyde to give finally germoxanes 81a2 (Scheme 9). 

Similar pyrolysis of the disila analogue of 76 yields 
disilenes, which can be trapped by conjugated dienes 
or aldehydes.82 I t  must be noted that the [4 + 21 cy- 
cloreversion is easier with the digermacyclohexene (from 
400 "C) than with its disila isologue (between 500 and 
600 "C). 

In the molten state, 7-dimethylgermanorbornadiene 
82 acts as a powerful germylene s c a ~ e n g e r , 8 ~ ~ ~  com- 
peting successfully with the rapid polymerization of 
germylene by insertion into the highly strained ger- 
manium-carbon bond to  form benzo- 
digermabicyclooctadienes 83.83@ The heterocycle 83 
has also been synthesizeds5 from digermacyclohexadiene 
84 and benzyne (eq 25). Such heterocycles 83 are by 

82 83 bh 

84 
(25) 

thermolysis at ca. 170 "C very good precursors of tet- 
ramethyldigermene, which is found to be an active 
dienophile and can be trapped by anthraceneM@ and 
silacy~lopentadiene.~~ Whereas reaction of tetra- 
methyldigermene (66) with diphenylacetylene and 
bis(trimethylgermy1)acetylene failed,% a [2 + 21 cyclo- 
addition is observed with the cyclic acetylene 85 to give 
the digermacyclobutene 86.@ Although highly strained, 
86 is thermally stable and was characterized by X-ray 
analysis (Scheme 10). 

One of the most important sources of digermenes is 
the photolysis of three-membered-ring trigermiranes 
>Ge-Ge-Ge<.10~20~33~72*s6-87~89 This route gave the first 
metastable digermene 8772 but the slow photolytic 

- 

conversion from 88 and concomitant photoinduced 
polymerization of 87 prevented its isolation. Never- 
theless, 87 was clearly characterized spectroscopically 
by UV and proton NMR and chemically by trapping 
with methanol (eq 26). 

ArzGe 
h v  ArzdAeAr, 7 ArzGe=GeAr2 + ArzGe: 

88 07 
\ 

MeOHL Ar,Ge--GeAr, (26) 

MeA A 

During photolysis or mild thermolysis of a solution 
of hexamesitylcyclotrigermane (89) in the absence of 
trapping reagent, the solution turned yellow with a 
maximum at 410 nm, which was assigned to digermene 
70.78 After irradiation or thermolysis, 89 was recovered 
almost quantitatively, suggesting that the decomposi- 
tion of 89 into digermene 70 and germylene 74 may be 
a reversible reaction.% Photolysis of 89 in the presence 
of adamantmethione leads to the corresponding three- 
and four-membered rings,33 due to the reaction of 
adamantanethione with germylene 74 and digermene 
70. Thermolysis of 89 at 80 "C in the presence of pa- 
raformaldehyde or phenylacetylene gives the corre- 
sponding four-membered ring oxadigermetane or di- 
germetene in good yield.% Only the digermene 70 has 
been trapped in these two reactions. In the case of 
dimethylbutadiene and thiobenzophenone (thermoly- 
sis)% or sulfur and selenium (photolysis),% both prod- 
ucts resulting from trapping of digermene 70 and ger- 
mylene 74 have been obtained. With sulfur and sele- 
nium, the formation of 90 can be explained by the 
transient formation of germanethione or germane- 
selenone 91 (Scheme 11). 

Although it is well-known that seleniranes >C-C-Se 
are generally unstable molecules (they decompose easily 
to olefins with the extrusion of selenium), selenadi- 
germirane 92b is thermally very stable and does not 
decompose when heated to its melting point (217-219 
oC).s6a A great difference is observed between the 
chemical behavior of alkenes and their heavier homo- 
logues. Under normal conditions, alkenes do not react 
with sulfur or selenium, but disilenesw or digermenes 
react very easily to form stable three-membered ad- 
ducts.s6a Note that other [2 + 11 cycloadditions have 
recently been observed between sulfur and selenium 
and doubly bonded derivatives of main-group elements 
such as diphosphenes?l* dimenes,% phosphaarsene~?~ 
or germaphosphenes.= The structure of 92a has been 
proved by X-ray analysis; 92a presents surprisingly 
some character of a 7r complex.s6a The Ge-Ge bond 
length (2.376 A) is remarkably shorter than the normal 
bond length (2.44 A). This is not a characteristic feature 
of three-membered rings because hexakis(2,6-di- 
methylpheny1)cyclotrigermane has very long Ge-Ge 
bonds (2.53-2.54 A). Also surprising is the nearly planar 
arrangement around germanium. The s u m  of the bond 
angles Ar-Ge-Ge', Ar'-Ge-Ge', and Ar-Ge-Ai around 
each germanium is 357.3 and 356.7", respectively, close 
to the expected 360" for a planar sp2 germanium. Ac- 
cording to Dewar's model of metal-olefin b0nd ing ,9~~~~  

- 
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Ando suggested that 92a has some of the character of 
x complex A. Recently, such similar structures have 

S 

t 
Mes2Ge=GeMesz 

A 

been reported for other three-membered rings such as 
thiadisilirane,w oxadisilirane,99 disilirane," and ger- 
mathiaphosphiranew (see section V). The theoretical 
investigation of Grev'Ol on three-membered rings con- 
taining two silicon atoms, >Si-Si-X, supports these 
results. 

The photolysis of cyclotetragermanes 9375 is also a 
route to digermenes (or to the corresponding biradicals) 
by successive (Y elimination of germylene. Trapping by 
dimethyl disulfide proves unambiguously the mecha- 
nism of this reaction (Scheme 12). Cyclopenta- 
germanes give under UV irradiation the same type of 

. 

decomposition with the final formation of the digerm- 
ene, but much less rapidly.75 

(2) Stable Digermenes 

(a) Synthesis and Reactivity 

Two compounds with a germanium-germanium 
double bond, R2Ge=GeR2 (R = bis(trimethylsily1)- 
methyl (94),lo2J03 R = 2,6-diethylphenyl (95)10379104) have 
been characterized in the solid state by X-ray analy- 
sis,10J02J03 but only 95 retains its digermene structure 
in s o l u t i ~ n , ~ ~ ~ ~ ~  whereas the other disproportionates into 
two germylenes.lo2 Another digermene stable in solu- 
tion, 96, (R = 2,6-diisopropylphenyl) has been recently 
obtaineds9 (eq 27). 

R2Ge= GeR2 (27 )  

Compound 95 is obtained in >90% yield by irradia- 
tion of cyclotrigermane 97.10387J04 These appear in the 
form of thermally stable yellow air- and moisture-sen- 
sitive crystals. The mechanism of the formation of 95 
and its photostability with respect to fragmentation to 
98 were investigated. Irradiation of cyclotrigermane 97 
and of 99 was performed under different  condition^.^^ 
It appears that photolysis of 99 gives germylene 98, 
which thermally dimerizes after irradiation to digerm- 
ene. In the photolysis of cyclotrigermane 97, both 
germylene and digermene are observed at the beginning 
of irradiation by NMR. Prolonged irradiation afforded 
exclusively germylene 98, which can be trapped by 
2,3-dimethylbutadiene or methanol@ (Scheme 13). The 
structure of 86 was determined by X-ray analysislO (see 
below) as well as chemically. Addition of methanol 
gives the addition product 100101s7 and proves unam- 
biguously the digermene structure. [2 + 11 cyclo- 
addition reactions have been observed with selenium," 
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-R2Ge 

hleSSMe 
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~ I 1  

MeS- Ge-Ge-Ge-SMe 

[2 + 21 with acetonelo5 and pheny1acetylene,lo5 and [2 + 31 with d i a z ~ m e t h a n e ~ ~ ~ ’ ~ ~  and phenyl a ~ i d e . ~ ~ . ’ ~ ~  In 
these two last cases three-membered rings 101 and 102 
are obtained after elimination of nitrogen. Note that 
in the reaction with acetone, only the [2 + 21 cyclo- 
adduct is obtainedlo5 and no ene-type products are 
observed (Scheme 14). 

t 
+ -  

Mes,Gq*eMe% + Ph,C=S-GeMes, 

P h , U  

Ph,C--GeMes, 
\s/ 

SCHEME 13 

R,Ge(SiM,) 

Vce, 99 
R2Ge--\GeR2 ?; 

hvi77 K 
97 

/ R,Ge=GeR, R,Ge 
95 ‘OMe 

R =  

Contrary to 95,96 can be obtained directly from the 
corresponding dichlorogermane Af2GeClz, by addition 
of lithium naphthalenide a t  low temperature (eq 28). 

DM E A n i  + G e I p  - [Aq’Ge:] ‘ Ar2’Ge= GeAr,’ (28) 

96 
Li naphthalenide 

Aq’GeClp DME. -78 10 +20 ‘c 

After elimination of naphthalene in vacuo, the usual 
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workup affords 96 in 25% yield (the yield before pu- 
rification is estimated to be 65% by NMR). The di- 
germene 96 can also be obtained in low yield (10%) by 
the reaction of Ge12 with 2 equiv of (2,6-diisopropyl- 
phenyl)lithium, with the transient formation of the 
germylene Ar'2Ge, followed by dimerization. 

The steric hindrance in this molecule is clearly dem- 
onstrated by NMR, which shows two types of isopropyl 
groups. This phenomenon is temperature independent 
in toluene from -80 to +lo0 OC. The hindered rotation 
of the aryl groups along the Ge-C axis is certainly re- 
sponsible for the nonequivalence of the isopropyl 
groups. In contrast, the spectrum of 95 at room tem- 
perature has only one type of ethyl group but can be 
induced to show two types of ethyl groups upon cooling 
to below -80 "C. 

Due to the very large Ar' groups, the Ge-Ge double 
bond of 96 is effectively protected from attack by ex- 
ternal reagents. For example, addition of methanol to 
96 proceeds only to 33% completion in 7 days whereas 
this reaction is complete in 30 min at room temperature 
for 95. Addition of an excess of lithium naphthalenide 
results in a totally unexpected reaction, with the for- 
mation of digermenyllithium (DME) complex 103, 
which gives 104 after methanolysis (eq 29). 

ex- 
Li naphthalenide 

Arp'GezGeAr?'  - Ar2'Ge=GeAf + A f i i  
-78 to +20 4: I 

96 ~ (DME) ,  

t t 
AriGe- GeAr?' AriGe- Ge(0Me)Af + AfH 

I I  I I  
h 6Me 

A f =  0 4 
Oxygenation of digermenes 95 and 96 gives, depend- 

ing on the oxidant used and on the experimental con- 
ditions, 1,2-digermadioxetanes 105, 1,3-cyclo- 
digermoxanes 106, or digermoxirane 107 derivatives" 
(Scheme 15). Exposure to oxygen leads to 105, which 
upon heating at 90 "C is isomerized to 108. Photolysis 

0-0 0 
0 N20.60"C /-\ 

105 95.96 107 

eR, 2 RzGe=GeR2 - R2Ge-GeR2 
-78 or +20 "C 

108 
I 
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of 105 yields 106. Three-membered-ring 107 is obtained 
with nitrous oxide. Addition of DMSO or N-methyl- 
morpholine N-oxide to 95,96, and 107 affords the cy- 
clodigermoxane 106. The structures of 105a and 106a 
(R = 2,6-diethylphenyl) have been proved by X-ray 
analysis" (Scheme 15). The skeletal geometry of 106a 
is square with a Ge-Ge distance of 2.617 (1) A, longer 
than the Ge-Ge normal bond length (2.46 A). This is 
contrary to the case of its silicon analogue [Mes(t- 
Bu)Si0I2;lo7 in this compound the Si-Si distance is 
shorter than a normal Si-Si bond length. 

Digermene 94 is prepared from germylene 109 by 
reaction with bisyllithium, (Me3Si),CHLi (108) or from 
dichlorogermylenedioxane complex 1 10 and Grignard 
reagentloga (eq 30). Contrary to 95, which is clearly 

[(Me3Si)zNlzGe: +e3Si)2NLI 
RLi (108) 

109 -b RzGe: R z G e z G e R z  

94b 94a 
- [WIR(OEtdIn 

GeC12 CIH~OZ 

110 (30) 

R = (Me,Si)&H 

dimeric, the digermene 94 disproportionates very easily 
in solution into two singlet ge rmylene~ . '~~J~~  However, 
in the crystalline state 94 was shown to be dimeric by 
X-ray c rys ta l10graphy~~~J~~ (see X-ray below). The 
chemical properties of 94 are those of the monomer 
R2Ge:. It reacts as a Lewis base ((a) in Scheme 16), a 
substrate for valence expansion to yield a tetravalent 
germanium adduct ((b)-(e)), or a substrate for dispro- 
portionation ((f)).lo2 It is also evident that & G d e &  
resembles R2Sn=SnR2: in these two compounds the 
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Figure 3. ORTEP view of 95 (reprinted from Tetrahedron Lett. 
1984, 25, 4191; copyright 1984 Pergamon Press Inc.). 

M=M bond is exceedingly labile. Note the great dif- 
ference of reactivity in solution between 95 and 94 to- 
ward alcohols; in this reaction 94 behaves as a ger- 
mylenelo3 and 95 as a digermene.1°pa7 The structural 
integrity of the digermene species (Le., dimeric or mo- 
nomeric) in solution seems to be very sensitive to sub- 
stituent effects. In the gas phase the germylene 94b is 
also observed by mass spectrometry,lNJm photoelectron 
spectroscopy,108J09C and gas electron diffraction.logb 

The monomeric nature of 94 in solution contrasts 
with that of its silicon analogue, which is dimeric both 
in solution and in the solid state. 

(6) Physicochemical and Theoretical Studies 

X-ray  Structures and Theoretical Aspects. The 
differences in chemical behavior between 94 and 95 can 
be understood from their X-ray structures (Figures 3 
and 4). The Ge=Ge double-bond length is very long 
in 94,1°2J03 which explains its easy cleavage. The 
shortening in relation to the standard germanium- 
germanium bond (2.465 8, in (Ph2Ge)4,111 2.463 and 
2.457 A in (Ph2Ge)s112) is only 4% in 94 but 8% in 95, 
which corresponds to the standard shortening for dou- 
bly bonded main-group elements. The germanium en- 
vironment in both 94 and 95 is intermediate between 
pyramidal and planar. Theoretical studies using various 
basis sets103J13-115 predicted a trans-bent geometry with 
short Ge-Ge distance (2.30114 and 2.325 All3) and im- 
portant fold angle 6' (40114 and 38.90113) (Table 5) .  The 
bonding occurring in H2Ge=GeH2 has been described 
as two semipolar bent bonds between two singlet ger- 
mylenes113 (eq 31). 

The ab initio molecular orbital calculations with 
better than double {basis sets on the model compounds 
M2H4 (M = Ge, Sn) show that trans-folded equilibrium 
structures are more stable than planar by 3-4 kcal/mol 
for g e r m a n i ~ m ' ~ ~ * " ~  and 6 kcal/mol for tin. The 
structures predicted by calculations (semipolar bent 
bond between two singlet germylenes) correspond well 

W 

Figure 4. ORTEP view of 94 (reprinted from J. Chem. SOC., Chem. 
Commun. 1984,480; copyright 1984 Royal Society of Chemistry). 

TABLE 5. Some Structural Parameters of 94 and 95 

twist angle fold angle 0 
trans-bent structure 

fold twist sum of 

compd A shortening 0, deg a, deg Ge, deg 
d(  Ge=Ge), angle angle angles on 

8% 15 11 358.4 
4% 32 0 348.5 

95 2.213 (2) 
94 2.445 

to the digermene 94 obtained by Lappert, except for the 
Ge=Ge double bond, which is found experimentally 
longer. The X-ray structure of 95, however, displays 
a slightly different structure closer to that of alkenes. 
The M=M dissociation energy is calculated to be 30 
kcal/mol for germanium (22 kcal/mol for tin).lo3 These 
energies are about half the experimental >M-M< sin- 
gle-bond dissociation energies of H3GeGeH3 or 
Me3GeGeM3.103J09b The decreasing strength of M-M 
bonding in the series M2X4 with increasing atomic 
number of M as well as the increasing stability of the 
trans-folded relative to planar structures is attributed 
to the increasing inertness of the electron lone pair in 
the MX2 monomer, which in turn is reflected in an 
increasing singlet - triplet excitation energy.lo3 

Ab initio calculations using pseudopotentials have 
been carried out on digermene (H2Ge=GeH2) and its 
germylgermylene isomer (HGeGeH3) at  both SCF 
(double { + d basis sets) and CI levels. The digermene 
is predicted more stable than the germylene by 5 
kcal/mol. l3 

IR, Raman, UV, and Mass Spectroscopy. The UV 
absorption band of the Ge=Ge double bond was ob- 
served when the matrix containing dimesitylgermylene 
was annealed: a yellow coloration appeared due to 
tetramesityldigermene (Mes2Ge=GeMes2) (Amm = 406 
nm at  77 K).78 This absorption band is identical with 
that obtained from the photolysis of hexamesitylcy- 
clotrigermane giving tetrame~ityldigermene.~~ In the 
case of Ph2Ge=GePh2, A,, is observed at  320 nma1I6 
A strong Raman band at  300 cm-' attributed to u(Ge- 
Ge) was observed in crystalline 94," in good agreement 
with calculations (286 cm-' 55). 
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TABLE 6. Observed and Calculated Skeletal Vibrations of 
the Isolated Tetramethyldigermene MelGe=GeMe2 (cm-') 

IR Raman 

obsd obsd 
~~ ____ 

assignment Ar N2 calcd Ar calcd 
v(Ge-C) 591 589 588 598 593 

580 580 576 568 564 
v(Ge-Ge) 404 405 401 
6(GeGeC) 235 234 232 
6(CGeC) 200 198 206 

SCHEME 1 7 O  

.+ EtzGIx - E t 2 G e X e E t  .___c 

EtzG 21 <Hz=CH, 
112 

"lo+ -.+ 
E12GeSe/ ' .  

'Et 1 
113 

Oa, R = H,@ Ph;@ b, re f  83a; c, ref 117; d, re f  118; e, re f  33. 

Tetramethyldigermene (Me2Ge=GeMe2) has been 
isolated in argon and nitrogen matricesa4 by thermolysis 
of germanorbornadiene 82 in the solid state or melt (see 
eq 25). IR and Raman data have been obtained in 
matrices at  5 K (see Table 6). Whereas a planar model 
gave insufficient approximations, the trans-bent geom- 
etry in accordance with the theory113J15 led to the best 
agreement with the measured frequencies. The v- 
(Ge=Ge) (404 cm-l) is much higher than in the case of 
the single-bonded digermane Me3Ge-GeMe3 (275 cm-l). 
This means that Me2Ge==GeMe2 can really be written 
with a double bond like an alkene. It is bent, and di- 
polar or biradical forms give, if any, only minor con- 
tributions.a4 

The tetramethyldigermene ion 111 and the tetra- 
ethyl- and triethyldigermene ions 112 and 11382 have 
been observed by mass spectroscopy of various sub- 
strates. These fragmentations are consistent with the 
results of thermolysis of parent compounds: in all cases 
digermenes were relatively easily generated and could 
be chemically evidenced by in situ trappin$2 (Scheme 
17). 

(3) Dlsllenes and Dlstannenes 

Many transient disilenes have been generated by 
various methods and evidenced by trapping! The first 
stable disilene was prepared by West in 1981119 by 
photolysis of an acyclic trisilane leading to the inter- 
mediate formation of a silylene and dimerization (route 
a). Other routes afford stable disilenes, such as the 
photolysis of cyclotrisilanes (c) or of bicycles with a 
Si-Si bridge (d), reaction of dichlorosilanes with lithium 
or lithio compounds (b), and redistribution of other 
disilenes (Scheme 18). Various groups on silicon were 

SCHEME 18 

,/LH h v  / h v  I 
Si- i, - 'Si=Si - Me3Si-Si-SiMe3 

I / (c) / -Me3SiSiMe3 

SCHEME 19 

RLi + SnC12 - I R2Sn=SnR2 - 2R,Sn:] 

115 

= (Me3Si)2CH 
RLi + Sn[N(SiMes)& 

A r.. 
Sn' 

Ar2Sn/--\;nAr2 h v  Ar2Sn=SnArp 

01 

116 I- 

R =  T- 
found to stabilize disilenes R(R')Si=Si(R')R (R, R' = 
(Mes)2;119J20 (2,6-Me2C6H3)2?21a (2,6-E~C6H3)2;10i87i121b 
t-Bu, Mes;122J23 (Me3Si)2N, Mes;lU (2,4,6-i-Pr3C6H2)2;125 
[ (Me3Si)2CH]2.126 Some other disilenes are marginally 
stable in solution when substituted by a less bulky 
group: R (R'): ( ~ - B U C H ~ ) ~ ; ' ~  ~ - B u ~ ; ~ ~ ~ - ~ ~ ~  (Et$H)2;130 
(Me3SiCH2)2;131a i-Pr2;132b (Et3Si)2;132 Mes, Ad;133 i- 
Bu2;131a s-Bu2;131a t-Bu, Pr;131a t-Bu, Me.131a 

X-ray structures show a shortening of about 8% in 
relation to the standard silicon-silicon single bond and 
an alkene-like structure with planarity around the 
double The chemical behavior of such deriv- 
atives is well-known, and many insertion reactions and 
cycloadditions have been p e r f ~ r m e d . ~ ~ ~ ~  

In the case of distannenes R2Sn=SnR2, two types of 
compounds with a double bond between two tin atoms 
have been obtained, like for digermenes: compound 
114, obtained by Lappert, has a distannene structure 
only in the solid state, as shown by X-ray a n a l y ~ i s , ~ ~ J ~ ~  
with a very small shortening of the tin-tin double bond. 
In solution the reactivity of 114 corresponds to the re- 
activity of stannylene 115 (Scheme 19). Another dis- 
tannene 105, obtained by photolysis of a cyclo- 
tristannane, has recently been described by Masa- 

(Scheme 19) and retains its distannene struc- 
ture in solution: the l19Sn NMR spectrum displays a 
signal characteristic of an sp2-hybridized tin (+427 
ppm/Me4Sn) with a very large l19Sn-l17Sn tin-tin 
coupling. 

I V. Ge = N Species: Germanlmines 

( 1) Transient Germanimines 

The formation of germanimine intermediates 
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SCHEME 20 
R R 0 Ph 
1 I I 1  I 

I , ,  . 
N N-C-N 

GePh, - 2PhNCO /4 L\ 
Ph,Ge< >GePh, - Ph,Ge 

N \?-C-T 
I I I1 I 
R Ph 0 R 

2[Ph2Ge=NR] + 2PhNCO 
R = M e  

I 
N 

20-60 "C / \  - 2PhzGe\ /C=O 
N 
I 
Ph 

119 

R2Ge=NR' was first observed by a @-elimination pro- 
cess from unstable germaazetidine 1 176J35J36 (eq 32). 

R 2 G e 7  - -CZH4 [RzGe=NMe] 

'N 
I Me 

117 

They are also formed by the action of phenyl or methyl 
azides on germylene~l,~ (eq 33). The direct interaction 

- +  + 
RZGe + R'-N-NN_N- R & ? - N - N E N  -.-t 

A, 
[R&=NRI + N2 (33) 

of a germylene with a nitrene also leads to german- 
imines .6~~~~  Like silanimines the germanimines can also 
be generated by photolysis of triorganogermanium 
a z i d e ~ ~ J ~ ~  (eq 34). Germanimines have been quantita- 
tively trapped by pinac01.~J~~ 

h v  
R3GeN3 - -Nz [R2Ge=NRj (34) 

Another route to germanimines is via the reaction of 
2 mol of phenyl isocyanate with 1 mol of cyclo- 
digermazane leading to diadduct 118, which decomposes 
through successive eliminations to a germanimine sta- 
bilized by dipole-dipole interaction with phenyl iso- 
cyanate and thence to equilibrium with an unstable 
germaoxodiazetidine 1 196J40 (Scheme 20). 

Studies of ring opening of cyclogermazanes 
(R2GeNR'), (n  = 2, 3)691?0J41 and chlorocyclo- 
trigermazanes (C12GeNR), (n  = 2, 3)142 induced by 
Lewis bases (Et,N, HMPA) or Lewis acid (ZnC12, M- 
(CO),, M(CO),.THF (M = Cr, W) show the existence 
of an equilibrium between cyclogermazanes and ger- 
manimines. The 1,3-cycloaddition with nitrones is 
proposed as chemical evidence of germanimine forma- 
tion in this e q ~ i l i b r i u m . ~ J ~ * ' ~ ~  

It is prossible to characterize germanimine interme- 
diates in the ammonolysis of diphenyldichlorogermane 
by trapping (under conditions in which the cyclo- 
germazane does not react) of the germanimine with CS2 
to yield germathiaazetidine 120, which then decomposes 
to Ph2Ge=S and MeNCS. Subsequent reaction of 
MeNCS on germanimine is also observed with forma- 
tion of germathiaazetidine 12 16J40 (Scheme 21). 

The formation of germanimine Ar2Ge=NPh (Ar = 
(2,6-diethylphenyl)) is postulated in the photodecom- 
position of the azadigermiridine Ar2GeGe(Ar2)NAr.20 

- 

SCHEME 21 
Ph,GeCIz + MeNHz - PhzGe(NHMe), Me 

I I-M~NH, Ph,Ge< N >C=S 

[Ph,Ge=NMe] 
N 
I / 1 ' 2  \s :e 

Ph,Ge/ \C=NMe 
\ /  

N 
\ /  

N 
I I 

(PhzGeNMe), Ph,Ge/ 'C=S 

Me 
120 

Me 
121 

J 
'/,(PhzGeS), + MeNCS 'in(Ph2GeS), + (MeN=C=NMe) 

SCHEME 22 

Me2Ge-C(SiMe3), - Me,Ge-C(SiMe& - +BULl - L B r  
-BuBr I 1  I I  

Br Br Br LI 
RN 

Me,Ge=C(SiMe3i2 Me,Ge-C(SiMe,), 
I \  

R-N, N 
N+ 
122 

SCHEME 23 

122 
(2 + 3) cycbrevenion \(b) 

SCHEME 24 

(Me,Si),f -GeMe, (Me,Si),f -GeMe, 
\ - \ ,SiMe, 

N+N eN -Ge - N \  
N+N ,NSiMe3 +Me,Ge=NSIMe, 

Me, SiMe, 
122 123 

i +(n -  1)MezGe=NSiMe3 

(Me,Si),f--GeMe, SiMe,] 
\ r  1 

N+N ,NtGe;N*SiMe, Me 

Germene and silene Me2E=C(SiMe3)2 (E = Ge, Si) 
generated by reaction of BuLi with Me2E(Br)C(Br)- 

in EhO quantitatively react with azidoalkanes 
or -silanes RN, (R = t-Bu, p-tolyl, Me,Si, t-BuMe2Si, 
t-Bu2MeSi, t-Bu,Si, Ph,Si, (Me3Si),NMe2E, Me2SiN3) 
at -78 "C by [2 + 31 cycloaddition to form germa(or 
sila) dihydrotriazoles 122 (Scheme 22) .5325 

The germadihydrotriazoles 122 decompose partly at 
or above room temperature in a first-order reaction 
either by isomerization into diazomethane derivative 
123 (route a) or by [2 + 31 cycloreversion into 
(Me3Si)2C=N=N and germanimines Me2Ge=NR 
(route b). These germanimines are formed as short- 
lived intermediates, which d i m e r i ~ e ~ ? ~ ~  (Scheme 23). 

Reactions of germanimines Me2Ge=NR with its 
precursor 122 (for R = SiMe3)25bJ43 (Scheme 24) and 
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SCHEME 25 
R' 

J 
Et,@-N-Ge-NMe, t 

R' R, /CHz-CHz\ 

/NMe 'N-Ge 
Ph,Ge 

R ' R ,  

SCHEME 26 
Me 
I 
td 

[Ph,Ge=NPh] + MeNCO - PhzGe<' >=O 
N 

R,@, ,CHPh [ ';; ] 

I 
Ph 

ph, I? 
'24 N-C 

/ \  
[PhpGe=NMe] + PhNCO 4 P h p y  ,NMe 

'N - C' 
I \\ 

Ph 0 
125 

an intramolecular migration process (R = SiMe2N- 
(SiMe3)2, SiPh3)25bJ43 (eq 35) are also observed. 

,SiMe, MepGe--NSiMe3 1 -  Me3SiN -SiMe, 'SiMe, I I .  (35) MezGe = N - SiMep- N 

Germanimines are characterized in the form of po- 
lygermazanes by insertion into the germanium-nitrogen 
bond of germylazetidine and dimethyl(triethy1- 
germy1)amine and by insertion into a tetrahydrofuran 
ring and formation of a seven-membered heterocycle 
as well as pseudo-Wittig reaction with benzaldehyde 
and formation of unstable g e r m a o x a a ~ e t i d i n e ~ ~ J ~ ~ l ~ ~  
(Scheme 25). 

The 1,2-cycloadditions of germanimines with phenyl 
or methyl isocyanates produce unstable germaoxo- 
diazetidine 124 which leads to 2-germa-4,6-dioxo- 
1,3,5-perhydrotriazine 125140 (Scheme 26). 

In the case of isothiocyanates, the formation of ad- 
ducts from C=N and C=S addition is observed. Ad- 
dition across the C=N bonds leads to 2-germa-4-thi- 
oxo-1,3-diazetidine 126 and 2-germa-4,6-thioxo-l,3,5- 
perhydrotriazine 127. Addition across the C=S bond 
leads to unstable 2-germa-4-(methylimino)-1,3-thiaz- 
etidine 128 and 2-germa-4-(phenylimino)-l,3-thiazeti- 
dine 129, which decompose to diphenylgermanium 
sulfide dimer and trimer and carbodiimide140 (Scheme 
27). 
N-Methyldiphenylgermanimine [from Ph2Ge(NMe2), 

+ PhNCO] adds to CS2 with formation of unstable 
2-germa-4-thioxo-l,3-thiaazetidine 13Ol4O (eq 36). 

l 

M e  

N 
I 

[Ph2Ge=NMe] + CSp - Ph,Ge' 'c=S - 
' d  
130 

+(Ph2GeS), + MeNCS (36) 

Germanimines Me2Ge=NR (R = SiMe,, %Me2-t-Bu, 

SCHEME 27 
S 

R, // 
N-C 

/ \  
Ph,Ge NMe 

\ /  
N-C 
I \\ 

Ph S 
127 

1 RNCS 

Me 
I 
N 

+ N + 
Ph 

1 26 

MeNCS PhpGe< )C=S (PhpGe=NMe) 

[P hzGe = N Ph] I PhNCS 

I 
' I ,  ( PhzGeS), S 

I 
S 

Ph2Ge( )C=NMe - + - PhzGe( >C=NPh 
N MeN =C=NPh N 

I I 
Ph 

128 
Me 
129 

SiMe-t-Bu2, SiMe2N(SiMe3)2, GeMe2N(SiMe3)2) gen- 
erated as reactive intermediates by thermal [2 + 31 
cycloreversion from cycloadducts of Me2Ge=C(SiMe3)2 
or Me2Ge=NR with silyl azides RN3 combine with 
amine EtNMe2 to afford the adducts50 EtMe2N+Ge- 
(Me2)=NR. These germanimines undergo addition 
reactions with i-PrOH, Me3SiN3, and Ph2CNSiMe3 (eq 
37 and 38). Germanimines give also [2 + 21 cyclo- 

[MepGe=N-Rl + i-PrOH - Me2Ge-NHR (37) 

A., -Pr 

[MepGe=NRI + YSiMe3 - Me3Ge-N-R (38) 
I I  Y SiMe, 

Y = N3, PhpCN 

additions with themselves by dimerization (eq 39) and 
with Ph2C=0 (eq 40). However, ene reactions are 

[MepGe=NR] + [RN=GeMep ] 
R - SiMe, f - B U ~ . ~ ,  MepGe-NR 

S l P h  SIM~~N(SIM~J; R ~ ! J - ~ ~ M ~ ~  

(39) 

[MepGe=NR] + O=CPhz 

(401 

observed with CH2=CHCH2H and O=CMeCH2H (eq 
41). Reactions with azidoalkanes or -silanes R'N, (R' 

[MepGe=NR] + \\ - G I 4  (41) 

Me,Ge-NR 
Y H  

R" 
R' > 

Y = CH2, 0 

= t-Bu, SiMe,-t-Bu,_,, SiPh,, SiMe2N(SiMe3)2) yield 
germatetrazoles 13150J43 (eq 42). The formation of in- 
sertion products of Me2Ge=NR into the R'N bond of 
the azides N=N=NGe(Me2)NRR' is also noted. 

The germadihydrotetrazoles 131 decompose a t  ele- 
vated temperatures in a first-order reaction, reversing 
their formation by [2 + 31 cycloreversion into azides 
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Me2! 
’ Ge ‘ 

[RN=GeMea] + N=N=N-R’ - R-N” &R‘ 
- a ,  “. 4 - 

N=N 

131 

Me2Ge= NR or Me2Ge= NR’ (42) 

R’N, or RN3 and germanimines Me2Ge=NR’ or 
Me2Ge=NR. The germanimines are formed only as 
short-lived intermediates. Consequently, azides operate 
as stores for germanimine~l~~ (eq 42). 

The [2 + 31 cycloadditions of germanimines 
RR’Ge==NR” (R = Ph; R’ = Ph, C1; R” = Me, Ph, t-Bu) 
with nitrones 132 (diphenyl- or phenyl-tert-butyl- 
nitrone) as well as their insertion reactions on oxazir- 
idines 133 lead to germanones (RR’Ge=O), imines 
PhCH=NR”, and nitrenes, probably via transient 2- 
germa-l-oxa-3,5-diazolidines 134. The imines formed 
contain the NR” group of the initial germanimines14J41 
(Scheme 28). Similar reactions are observed with di- 
chloro-N-methylgermanimine (from ring opening of 
chlorocyclotrigermazanes catalyzed by Lewis bases 
(HMPA) or Lewis acids (ZnC12, M(CO)6, M(CO),.THF 
(M = Cr, W)).14, Germanimines obtained from catalytic 
depolymerization of cyclodigermazane by ZnC1, or Et3N 
insert into ethylene oxide with formation of 2-germa- 
1,3-oxazolidine 135140 (eq 43). Reactions of diazo 

SCHEME 28 

[RR’Ge=NR”] + PhCH=N-R’” 
+ 

I 
0- 

132, R”’= Ph, t-Bu 1 
A“ 

)’$zMPh 
RR‘Ge (I - [RR’Ge=O] + PhCH=NR” + R”’N 

i 
A’’”= NR”‘ 

.1 34 N. A”’ 
134 

(RR’Ge0)3 
,*ct ‘;h R”’ = Ph 

HC-N-t-Bu 

‘O/ 
[RR‘Ge=NR”] + 

133 

Me 
I 

135 

compounds R’&N2 (R’,C = fluorenylidene or Ph2) with 
germene Mes2Ge=CR2 (35) lead to cyclodigermazanes 
48 and 51, probably via transient germanimines 52, with 
evolution of carbene CR2 and formation of RzCH2& (cf. 
eq 16-18). 

The transient diphenyl-N-mesitylgermanimine 
(Ph,Ge=NMes) (from dehydrohalogenation of 
Ph,ClGeNHMes by DBU) gives unstable 1,4 adducts 
136 and 1,2 adducts 137 with di-tert-butyl-3,5-o- 
quinone223 (Scheme 29). 

(2) Stable Germanimines 

The electron-rich germylene Ge[N(SiMe,),], reacts 
with the diazo compound N2C(COOMe), to give ger- 
myleneazines [ (Me3Si)2N]2Ge=N-N=C(COOMe)2 
( 138).’44-’46 Two forms of the stable germyleneazine 
have been characterized in solution by ‘H and 13C NMR 
spectroscopy. MNDO calculations on the simpler 
analogue [ (H2Si)2N]2GeNNC(COOMe)2 indicate that 
the two forms have planar transoid 138a and cisoid 
138b GeNNC groups, respectively, with the cisoid iso- 
mer as the more stable (Scheme 30). The calculations 
also indicate that charge-controlled additions of elec- 
trophiles will occur at nitrogen adjacent to germanium 
while all nucleophilic additions will occur a t  Ge.144J45 

Some adducts of [ (Me3Si)2N]2Ge=N-N=C- 
(COOMe), (138) with weak acids HX are described. 

In all cases 1,2-addition of HX occurs across the 
Ge-N bond to yield [ (Me,Si),N],Ge(X) [NHN=C- 
(COOMe)2] (Scheme 31). The reaction with water is 

SCHEME 29 
tDBU 

Ph,Ge-N-Mes - [Ph2Ge=NMes] 
-DBU*HCI I I  , ,  

CI H 

1,4 addition 1.2 addnion 1 
Ph2Ge - 0 

Mes-N, 
0 

136 137 

I 
p h 2 G e ‘ o Y  

/,(Ph2GeO), + MesNT 0 

I 
P h , G < I Y  ; Mes?. ‘ 

MesN=NMes MesNH? 

(M’ 135) 
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[(Me3Si)pNI2Ge + N2C(COOMe)2 --c 

,COOMe - (Me3Si)2N, 
,Ge=N, 

(Me,Si),N N=C, 
COOMe 

138a 

MeOOC’ ‘COOMe 
138b 

SCHEME 31 

id 
+ N  
_ I  

(Me,Si),N,Ge, /C-coPh 

‘N - N= C(COOMe), Hc(N*)coY u I 

[(Me,Si),N],Ge=N -N =C(COOMe), 

X H\ 

(Me,Si),N2Ge -N -N =C(COOMe), 
I I  
X H  

X = MeO, EtO. (Me3Si)*N 
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139 H 
L = (Me3Si)2N 

R' = H; I? = CO(OEI), S O ~ C ~ H ~ M ~ P ,  COPh 
0 

more complex; when at least 2 molar equiv of water is 
used, the germyleneazine undergoes complete cleavage 
of the unique Ge-N bond to give the germanediol 
(HO)2Ge[N(SiMe3)2]2 together with the hydrazone 
H2NN=C(COOMe)2. When only 1 molar equiv of 
water was added to [ (Me3Si)2N]2GeNNC(COOMe)2, the 
products included not only Ge(OH)2[N(SiMe3)2]2 and 
H2N-N=C(COOMe)2 but also the very labile 
[ (Me,Si),N] 2Ge(OH) [NH-N=C( COOMe)2], which de- 
composes to 1/,[GeO[N(SiMe3)2]2],, and H2N=N-C- 
(COOMe)2. The same germylene Ge[N(SiMe,),], reacts 
with other diazo compounds R'CH2COC(N2)R2 that 
contain an enolizable function to yield the heterocycles 
[ (Me,Si),N] 2GeNH-N=C(R2)C (=CHR1)O (1 39) 146 
(Scheme 32). The crystal and molecular structure of 
one of these compounds 139 (R' = H, R2 = COOEt) has 
been described.147 

The weakly acidic diazo compounds ethyl diazo- 
acetate and diazoacetophenone yield bis adducts 
[ (Me3Si)2N]2Ge[C(N2)COR] [NH-N=CHCOR] (R = 
OEt or Ph).'46 

All the reactions of germylene with these diazo com- 
pounds can be rationalized in terms of the initial for- 
mation of a germyleneazine [ (Me3Si)2N]2Ge=N-N= 
C(X)Y formed by initial addition of the terminal ni- 
trogen of the diazo group to the germylene Ge[N- 
(SiMe3)2]2. The adduct, containing a Ge=N bond, can 
be trapped either intramolecularly in the presence of 
enolizable groups or by addition of weakly protic 
species. The characterization of the germyleneazine 
[ (Me3Si)2N]2Ge=N-N=C(COOMe)2 (138) represents 
the first system containing three-coordinate germanium 
forming a formal double bond, which does not rely on 
the presence of sterically bulky substituents a t  both 
ends of the double bond to confer kinetic persist- 
ence.14-146 

Reaction of germylene Ge[N(SiMe,),] with tosyl azide 
follows a different course from the reaction involving 
diazo compounds; nitrogen is lost and the product is a 
polygermazane [ (Me3Si)2N]2GeNS02C6H4Me-p]n. The 
product probably arises via the formation of transitory 
germanimine [ (Me,Si),N] 2Ge=NS02C6H4Me-p.'45 

Two stable germanimines 140 and 141 have recently 
been characterized from the action of bis[bis(tri- 
methylsilyl)amino]germylene on triethylsilyl azide or 
tri-tert-butoxysilyl azidela (eq 44). The germanimines 
are characterized by MS, 'H NMR, and 29Si NMR. 
Germanimines 140 and 141 are white solids that quickly 

I I 

[(CH3)3Si]zN THF, 25 a c  [(CH3)3Si]ZN 
b e  = NSiX, h e :  + N3SiX3 - 

/ -N2 / 
[(CH3)3Si]2N [(CH3)3Si]ZN 

140, X = C2H5 
141,X=O- t -C4H~ 

(44) 

react with water to form triamino hydroxygermanes 142 
(eq 45). 
[(CH3)3Si]2N pentane 

h e = N S i X 3  + H20 - 
/ 

l(CH3)3Si],N 

[ [(CH3)3Sq2NI 2Ge(OH)NHSiX3 (45) 

142a, X = C2H5 
b, X = 0-1 -C4H9 

Methanol reacts only with 141 to give triamino me- 
thoxygermane 143 (eq 46). 
[ [(CH&Si]2NI 2Ge= NSi(0-f -C4H9)3 

141 

+ CH30H - 
I [(CH3)3SiJ2NI 2Ge(OCH3)NHSi(O-f -C4H9)3 (46) 

143 

The reactions of diazagermylenes [ (CH,),Si(R)N], Ge 
144 (R = (CH3),Si, 2,6-(CH3)2C6H3, 2,4,6-(CH3),C6H2) 
with trimethylsilyl azide lead to azido germanium de- 
rivatives 145 (eq 471, probably via transitory formation 
of germanimines followed by addition of trimethylsilyl 
azide on the Ge=N double bond. 

THF. 25 4: 
2Ge + 2N3Si(CH& 7 

144 

145 

Reaction of germa(I1)indane 146 with N3SiX3 (X = 
C H ,  C2H5) leads to the germatetragermoles 147 (eq 48), 
probably by preliminary formation of an unstable 
germanimine followed by [2 + 31 cycloaddition of tri- 
organosilyl azide. 

I I I  
SiMe, SiMe, Six3 

pentane, Bz. THF * aN><N-n (48) K , G e  + 2N3SiX3 
N N-N 25 "C. -N2 

AiMe3 

146 

I I  
SiMe, Six3 

147 

By the same route the sterically hindered germylenes 
[ (CH3),Si(R)NI2Ge 148 react with phenyl and benzyl 
azides to give the corresponding germatetrazole 149 (eq 
49). 

7, 
THF. 25 "c N-N 

4 2  h- 
[(CH3)3Si(R)N]2Ge + 2N3R' - [(CH,),Si(R)N],Gd fl (49) 

I 140 
R' 

149 

= (CH3)3Si, 2, &(CH3)zCsH3, 2, 4, ~ - ( C H ~ ) ~ C ~ H Z  
R' = CsHs, CHzC& 
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The reactions of less hindered diazagermylene 150 
with N3SiX3 (X = CH3, O-t-C,H,) lead to 
hexaazadigermadispirododecanes 151, the dimer of the 
transient g e r m a n i m i ~ ~ e l ~ ~  (eq 50). 

7H3 Six, YH, 

Barrau et al. 
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H 128.8' 122.8' H 
1.552 A \.I r b . 0 2 2  A 
113.1" Ge N 

1.538 1'695 A 
118.1" H 

for the F2Ge=NPh double bond? The stability of these 
nonhindered germanimines described in this paper149 
is, however, rather surprising. 

Trimesitylgermanimine (Mes2Ge=NMes (157)) was 
obtained by reaction between dimesitylgermylene and 
mesityl azide (eq 56) and also by photolysis of trimes- 

151 

X = CH3,O-1 -C,Hg 

A new stable germanimine, N-(trifluoromethy1)ger- 
manimine CF3N==GeH2 (152), was recently synthesized 
by reaction of CF3N0 and GeH4 and characterized by 
IR and electron impact mass spe~ t romet ry '~~  (eq 51). 

CF3N0 + GeH, - CF3N=GeHz + H20 (51) 

152 

N-(Trifluoromethy1)germanimimine (152) was isolated at 
-96 "C in a trap-to-trap fractionation under high vac- 
uum as a white solid in 25% yield. At room tempera- 
ture the germanimine 152 became a colorless gas. On 
standing in an evacuated ampule for 2 days at  room 
temperature, the germanimine 152 underwent polym- 
erization. 

The presence of the Ge=N double bond in this ger- 
manimine was chemically confi ied by its reaction with 
hydrogen iodide, which gave the product CF3NHGeH21 
in 33% yield. 

The presence of the GeH2 moiety in N-(trifluoro- 
methy1)germanimine (152) was confirmed by its reac- 
tion with bis(trifluoromethyl)nitroxyl, which is a pow- 
erful hydrogen abstractor and a radical scavenger (eqs 
52 and 53). The new [bis(trifluoromethyl)nitroxy]- 
CF3N=GeHz + 2(CF3)*N0 - 

CF3N=Ge(H)ON(CF3)2 + (CF&NOH (52) 

153 

CF3N=GeH2 + 4(CF&NO - 
CF3N= Ge[ON(CF3)2]2 + 2(CF&NOH (53) 

154 

germanimines 153 and 154 were isolated at  -70 "C as 
white solids. They are stable at  room temperature. 
Cleavage of the Ge-0 bonds of both the [bis(trifluoro- 
methy1)nitroxyJgermanimines 153 and 154 by hydrogen 
chloride afforded the corresponding chloro derivatives 
155 and 156 in 53% and 57% yields, respectively (eqs 
54 and 55). Compounds 155 and 156 are stable at -20 
CF,N=Ge(H)ON(CF,), + HCI - CF,N=GeHCI + CF3NOH (54) 

155 

CF,N=Ge(ON(CF3)2)2 + 2HCI + CF,N=GeCI, + 2CF3NOH (55) 

156 

"C. On standing for 1 day at  room temperature in 
evacuated ampules, both 155 and 156 deposited some 
nonvolatile solids. 

The presence of the Ge=N double bond in the new 
germanimines 153, 154, 155, and 156 was indicated by 
their IR spectra, which gave absorption peaks located 
at 1028, 1070, 1057, and 1076 cm-1,149 respectively, which 
are slightly higher than the band at  970 cm-' reported 

Me3N MesN3 
MeszGe /H - [Mes,Ge] - MeszGe=NMes (56) 

'CI - Me3N, HCI - NZ 
157 

itylgermyl azide (158). Transitory formation of (tri- 
mesitylgermy1)nitrene (159) and Curtius-like rear- 
rangement are postulated in this rearrangement.lW The 
cyclic isomer 160 is also formed by insertion of ger- 
mylnitrene into the C-H bond of the mesityl group (eq 
57). 

h v  

- N2 
158 159 

Mes,GeN, - [Mes@eNI - 
Mes,Ge=NMes + MeszGe-NH (57) 

I I  
157 

160 

Hydrolysis by HC1 carried out at  the end of the 
photolysis reaction leads to MeszGeC12, thus confirming 
the Curtius-like rearrangement.150 

Trimesitylgermanimine (157) has been characterized 
by pseudo-Wittig reaction with benzaldehyde and for- 
mation of PhCH=NMes and (Mes2Ge0)2.'W Recently, 
Ando et al.228 have characterized 157 by irradiation of 
Mes3GeN3 in a 3-methylpentane matrix at 77 K. The 
formation of azagermacyclopentene 160 is also observed 
(50% yield). Mes2Ge=NMes (157) is intensely yellow 
with absorption maxima a t  309 and 459 nm. This as- 
signment agrees with that of West et al. for the analo- 
gous silanimine Mes2Si=NMes, which has absorption 
maxima at  296 and 444 nm.2297230 

In the presence of ethanol, in addition to a 50% yield 
of 160, diethoxydimesitylgermane (161) and 2,4,6-tri- 
methylaniline (162) were obtained in 14% and 11% 
yields, respectively (eq 57a). 
Mes,Ge=NMes + 2EIOH - MeszGe(OEl)z + MesNH, (57a) 

157 161 162 

(3) Theoretical Studies 

Germanimine (H2Ge=NH) is predicted to be a pla- 
nar molecule.26 Its optimized geometry at the SCF level 
is shown in Scheme 33. 

The Ge=N bond length (1.695 A) is shorter than a 
normal Ge-N Q bond (1.83-1.87 The length, 
force constant, and absorption frequency of the GFN 
(noncoupled) bond at the CI level are found to be 6 W N  
= 1.727 A, KGe=N = 5.37 mdyn/A, and vGe=N = 854 
cm-'. 

The germylene isomer HGeNH2 is calculated to be 
more stable than the doubly bonded form H2Ge=NH. 
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The energy difference between HGeNH2 and H2Ge= 
NH is 32 kcal/mol. The relative stabilization of ami- 
nogermylene is enhanced by delocalization of a ?r lone 
pair in the vacant germanium p?r orbital. The charge 
distribution and dipole moment of the germanimine is 
shown in Scheme 34. The theoretical analysis and 
experimental studies of the flash pyrolysis of tri- 
methylgermyl azide 163 combined with calculations of 
the ionization potentials of the rearrangement products 
have led to the conclusion of the formation of germa- 
isonitrile 164 as the thermolysis (eq 58). 

[Ge=NH] + N2 (58) 
(CH3)3GeN3 1100 K. i o - ‘  mb: 

163 164 

(4) Stable Sllanimines 

The stable silanimine t-Bu2Si=N-t-Bu has been 
prepared in quantitative yield from the reaction be- 
tween azidodi-tert-butylchlorosilanes and (tri-tert-bu- 
tylsily1)sodium in dibutyl ether a t  -78 ‘C. 

The mechanism of this reaction is not well under- 
stood. It seems that the silanimine could be formed 
after a sequence of substitution reactions, formation of 
silylnitrene, and Curtius-like rearrangement (eq 59). 

,Si-f-Bu3 
t-BuzSi - t-Bu,Si=NSi-t-Bu, (59) 

‘N : 

t-Bu2Si=Ni-t-Bu has been structurally characterized 
by X-ray analysis (Si=N = 1.568 A, Si-N-Si = 177 
(8) O ).224 

The same silanimine can be obtained by thermal 
elimination of LiCl from (~-BU)~C~S~-NL~-S~(~-BU)~~~~ 
A free silanimine, diisopropy1[(2,4,6-tri-tert-butyl- 
phenyl)imino]silane, has been isolated by elimination 
of LiCl from chlorodiisopropyl[N-lithio-N-(2,4,6-tri- 
tert-butylphenyl)amino]silane heated in a vacuum at 
0.01 mbar. The silanimine sublimes at 80 OC. It is an 
orange crystalline solid which melts without decompo- 
sition to give a deep red liquid.226 

V. Ge =P Species: Germaphosphenes 

(1) Transient Germaphosphenes 

Until recently, germaphosphenes RR’Ge=PR” were 
postulated only as reactive intermediates and charac- 
terized by trapping reactions. These highly reactive and 
short-lived species were obtained by two routes: ther- 
mal decomposition of the four-membered heterocycles 
2-germaphosphetanes 165153 and dechlorosilylation 
between dialkyldichlorogermanes and disilyl- 
 phosphine^.'^^ The transient germaphosphenes 166 
were clearly characterized by formation of dimeric or 
trimeric cyclic germylphosphine 167 and by insertion 
and ring-expansion reactions with strained three- or 

167 
Ph 
I 

Ph R, 
R2Ge - PPh I I -  

P-Ge, , PPh 

/ 
PhP?] + R2GeCI2 

Si 

four-membered heterocycles (Scheme 35). 
In the case of silicon and tin, sila- and stanna- 

phosphenes RR’M=PR’’ (M = Si,155 f31-1’~~) could also 
until recently only be obtained and characterized by 
similar procedures. 

(2) Stable Germaphosphenes 

(a) Synthesis 

Owing to substituents having strong steric hindrance 
and  electronic effects,  t h ree  s tab le  
germaphosphenes-167,’57 168,158 and 169lS-have re- 
cently been obtained. The best route to 167-169, which 
is nearly quantitative, is the dehydrofluorination of the 
corresponding fluorogermylphosphines 170 by tert-bu- 
tyllithium at low temperature (eq 60). 

CBuLi 
RR’GeF2 + ArP(H)Li - RR’Ge-PAr 

Et200rpentane~ I I  
-50 4: 
route a 

t H  
170 

-10 4: 

I I -LIF 
F Li 167-1 69 

IW’Ge-PAr - RR’GeeAr  (60) 

145 

Ar= @- 
RR’=Mes2 (167),15’Mes, 1-Bu (168),’” t-Bup (169)15’ 

In the case of 169, the best yield (75%) is obtained 
by using pentane as solvent for the dehydrofluorination. 
With diethyl ether, the lithiophosphine is quite stable1% 
and leads after 24 h a t  25 “C to the expected germa- 
phosphene only in poor yield. The major product is the 
germylphosphine t-Bu2Ge(H)P(H)Ar, probably formed 
via biradical 171. 

In solution in pentane 169 gives after 1 week a t  room 
temperature the germylphosphine 172; this transfor- 
mation is much more rapid in diethyl ether. So it seems 
that, contrary to 167, the germaphosphene 169 sub- 
stituted on germanium by two alkyl groups has some 
radical character (eq 61). 

Two other routes, routes b and c, to germaphosphenes 
starting from chlorogermylphosphines have also been 
used but lead to 167 only in poor yield157 (eq 62). 

In the case of 168, starting from a 60/40 mixture of 
the diastereoisomers 173, a sole isomer 168a is obtained 
after reaction at  low temperature.158 This phenomenon 
is explained by the preferential reaction of one dia- 
stereoisomer of 173 and by a rapid thermodynamic 
equilibrium between the two diastereoisomers of 173, 
probably due to the configurational instability of 
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solvent 
t-Bu,GedAr - t-Bu,?e<Ar - t-Bu,Ge--PAr 

I I  
169 171 

Me,P=CH, 

H H  

172 

b/ -Me,P6-\ 
/ route b. 30% \ 

Mes,Ge+Ar Mes,Ge=PAr (62) 

167 I I  DBU 
CI H A 

- DBU HCI 
route c. 15% 

asymmetric flu~rogermanes.'~~ After 5 h at room tem- 
perature the ratio 168a/168b becomes nearly 0/100 (eq 
63). 
Mes(t-Bu)Ge-PAr - 

I t  
Ar --n, 

/ 

F H  l-BJGerrP 
1688 

173 

/ A r  
f-Bu 

Mes 
'Ge==P (63) 
/ 

168b 

The structure of 168b has been proved by X-ray 
analysis (see section V.2.b). 

The cis-trans isomerization barrier (22.3 kcal/mol) 
has been determined by NMR. A similar value was 
experimentally obtained for diphosphene ArP=PAr (Ar 
= 2,4,6-tri-tert-butylphenyl); but in the case of germene 
(H2Ge=CH,), the calculated isomerization barrier is 
much higher (31 kcal/m01)~~ (see section 11). 

Note, however, the large discrepancy between the 
experimental value for ArP=PAr (22.3 kcal/mol)lW and 
the theoretical value for HP=PH (34 kcal/mol);161 this 
is probably due to the very important steric and elec- 
tronic effects of the very bulky Ar group. Values higher 
than the 22.3 kcal/mol found for germaphosphene 
168b158 are also calculated for silaphosphene (H2Si= 
PH)161 and for phosphene (HzC=PH).161J62 

(6) Physicochemical Studies 

The yellow-orange crystals of 167 and 168b are air 
and moisture sensitive but very thermally stable (until 
150 "C); they can be stored without change for months 
in an inert atmosphere. 

Germaphosphenes 167, 168, and 169 are thermo- 
chromic: they are yellow at -80 "C, orange at room 
temperature, and orange-red at +80 "C. Such a re- 
versible phenomenon has previously been noted in other 
doubly bonded species like disilenes2b or dipho~phenes.~ 
The vibrational population of the electronic ground 
state changes drastically from low to room temperature 
(vGFP = 500 cm-' - 1.4 kcallmol), and from this re- 
organization a red shift of the electronic absorption is 
expected according to the Franck-Condon principle.'% 

A rather important temperature dependence of 12-14 
ppm has been observed for the 31P chemical shift of 
germaphosphenes (see Table 7).15$ Increasing the 
temperature causes a low-field shift in connection with 
the red shift of the electronic absorption: an analogous 
connection between electronic absorption and lI9Sn 
chemical shifts has been observed in the series Ph,Sn- 
(Sn-t-Buz),SnPh3 (n  = 1-4).163 

The 31P chemical shifts (148.5-178.2) (see Table 7) 
are characteristic of dicoordinated phosphorus. As in 

TABLE 7. Variation of 6(3'P) Chemical Shifts with 
Temperature (ppm) 

31P NMR 
germaphosphene -80 "C +20 "C +80 "C 
Mes, yAr +164.8 +173.6 +178.2 

Mes, lAr +169.2 

Ge=P 

tB"/Ge=p 

tau, /Ar  +149.1 +157.4 +161.0 
MeS/G-p 

TABLE 8. Important Bond Lengths (A) and Angles (Deg) with 
Esd's in Parentheses and Raman Emission for 167 and 168b 

Mee,Ge=PAr Mes(t-Bu)Ge=PAr 
(167) (168b) 

bond lengths 
Ge=P 
P-Ar 
Ge-C (cis to lone pair) 
Ge-C (trans to lone pair) 

bond angles 
Ar-P-Ge 
P-Ge-C (cis to lone pair) 
P-Ge-C (trans to lone pair) 

C(cis)-Ge-C(trans) 

Raman (cm-l) 

2.138 (3) 
1.86 (1) 
1.94 (1) 
1.96 (1) 

107.5 (3) 
111.8 (3) 
135.2 (4) 
112.9 (4) 

503 

2.144 (3) 
1.86 (1) 
1.97 (1) 
2.01 (1) 

102.6 (3) 
114.4 (3) 
134.7 (4) 
110.9 (5) 

501.5 

the case of stable germenes, germanimines, and di- 
germenes, no 73Ge NMR signal could be detected. 73Ge 
NMR gives good results only in the case of relatively 
symmetrical molecules. Compounds 167 and 168b have 
strong Raman emission at 503 and 501.5 cm-l (see Table 
8).158 A good correlation is observed with previous 
calculations using pseudopotentials: the value obtained 
by Barthelat with configuration interaction is 481 

The structures of 167 and 168b have been determined 
by X-ray crystallography158J66 (Figures 5 and 6). The 
germanium-phosphorus double-bond length (2.138 and 
2.144 A; see Table 8) is substantially shorter than the 
standard germanium-phosphorus single bond (2.33-2.35 
&.96J68-173 This shortening of about 8.5% (about the 
same as that in other main-group doubly bonded 
species) and the essentially planar double-bond geom- 
etry (the sum of the angles on germanium is 360' and 
the five atoms C2Ge=PC are in the same plane) sup- 
port the existence of a true double bond. 

When the germanium is substituted by two different 
groups (mesityl and tert-butyl), the most stable isomer 
has the tert-butyl group cis to the tri-tert-butylphenyl 

Such an arrangement may seem surprising, 
since tert-butyl is considered to be bulkier than mesi- 
t ~ l ; ' ~ ~  however, it is the sole possibility allowing free 
rotation of all groups, which is not possible when 
mesityl and tri-tert-butylphenyl are cis. 

A good correlation between calculations and experi- 
ment was observed for bond lengths and angles in 
Ge=P. 167 

cm-l 167 

121.2" 2136A 121.2" 2136A 
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SCHEME 36 
Mes2Ge - PAr 

I I  
A H  

Figure 5. ORTEP view of 167 (reprinted from Organometa&s 
1988, 7, 1010; copyright 1988 American Chemical Society). 

P A 

Figure 6. ORTEP view of 168b (reprinted from Neu, J. Chem. 
1989, 13,389; copyright 1989 CDR-Centrale des Revues). 

(c) Chemical Reactivity of 167 and 168b 

The double-bond character of the germanium-phos- 
phorus connection, as shown by X-ray data, was also 
supported by the study of the chemical reactivity. Only 
a behavior of a doubly bonded compound was observed 
and never a behavior of germylene R2Ge: and phos- 
phinidene ArP, as if the germanium-phosphorus con- 
nection was very weak. 

Germaphosphene 168b reacts regiospecifically with 
protic reagents such as fluorhydric acid or water;'58 
germylphosphines 174 are obtained in a nearly quan- 
titative yield. Immediately after reaction, 31P NMR 
shows a mixture of two diastereoisomers in the ratio 
60/40, due to a rapid thermodynamic equilibrium (eq 
65). 

t-Bu /Ar AH 

Me/ 
'Ge- - Mes( t -Bu)Ge--P-Ar (651 

I I  
A H  

174 
168b 

A = F,HO 

Germaphosphene 167 is very reactive toward com- 
pounds having active hydrogens such as 
a l ~ o h o l s , ' ~ ~ J ~ ~  t h i o l ~ , ' ~ ~ J ~ ~  a m i n e ~ , ' ~ ~ J ~ ~  mineral and 
organic ~ c ~ ~ s , ~ ~ ~ J ~ ~ J ~  phosphorus y l i d e ~ , l ~ ~ * ' ~  and ace- 
tylenic c o m p o ~ n d s ~ ~ ~ J ~  (Scheme 36). These additions 

MeszGe-PAr - Mes2Ge=PAr - Mes,Ge-PAr 
I I  R = Me, r-Bu 

167 
I I X - B r , I  

X H  R Li i MeOH 

Mes,Ge - PAr 
+ 

Me%Ge - PAr 
I I  I I  
x x  M e O V  R H 
175 I 7 7  

Mes,Ge - PAr + Mes,Ge - PAr Mes,Ge - PAr 

H BH, R MgX 
178 

I 1  I 1  I I  
H H  

are highly regiospecific, producing only secondary 
phosphines. The regiochemistry is determined partic- 
ularly by polar effects arising from the fact that ger- 
manium (electronegativity 2.051752) is more electropo- 
sitive than phosphorus (2.151952). The indicated ger- 
manium-phosphorus bond polarity Geb+=P" is in good 
agreement with  calculation^.'^^ 

Bromine and iodine react with 167 to produce the 
expected adduct 175 and, surprisingly, the halo- 
germylphosphine 176 as a major p r o d u ~ t . ' ~ ~ J ~ ~  The 
formation of 175 and 176 probably involves two com- 
petitive mechanisms: an electrophilic addition on the 
double bond and a radical process with an intermediate 
Mes2Ge(X)P'Ar abstracting X' (formation of 175) and 
H' (formation of 176) from the solvent. Nucleophiles 
such as lithio compounds or Grignard reagents add 
easily to the double bond, affording deep red solutions 
characteristic of the presence of the phosphorus an- 
ions.'75J85 Quenching with methanol gives the new 
germylphosphines 177. Reduction of the germanium- 
phosphorus double bond is observed with lithium alu- 
minum hydride and borane, together with the adduct 
178 in this last case1759185 (Scheme 36). Similar additions 
of lithio compounds have been observed on di- 
p h ~ s p h e n e s . ' ~ ~ J ~ ~  

Germaphosphene 167 reacts with dimethyl disulfide, 
probably by a radical process, leading to 179 (Scheme 
36). Even with a large excess of dimethyl disulfide, 
cleavage of the germanium-phosphorus single bond has 
not been o b ~ e r v e d . ' ~ ~ J ~  The same phenomenon occurs 
with electrophiles and nucleophiles, which react only 
with the double bond. The fact that the Ge-P single 
bond, which is usually cleaved by lithio  compound^,'^^ 
Grignard reagents,'79 hydrides,lsO and dimethyl di- 
sulfide,18' is unaffected is probably due to the very large 
steric hindrance of the mesityl and tri-tert-butylphenyl 
groups. 

Reactions of germaphosphene 167 with halogenated 
compounds such as carbon tetrachloride or diiodo- 
methane'75J85 are particularly interesting because they 
lead to phosphaalkenes 179 and 180, unsaturated com- 
pounds of phosphorus with a carbon-phosphorus dou- 
ble bond. The first step of this reaction is probably the 
addition of carbon tetrachloride (or diiodomethane) to 
the germanium-phosphorus double bond followed by 
a P elimination initiated by the affinity of chlorine for 
germanium'86 (eq 66). Phosphaalkenes ArP=CC12183 
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Figure 7. ORTEP and PLUTO views of respectively 167 and 181a 
(reprinted from Organometallics 1988, 7, 1010 (167), and Or- 
ganometallics 1988, 7, 1545 (181a); copyright 1988 American 
Chemical Society). 

and ArP=CH21s4 have been prepared through other 
routes by Appel and Issleib, respectively. 

F' 
I 

Mes2Ge=PAr 167 F- MespG;$Ar -+ Mes2GeCI, + 

ut4212 CI-CCI, ArP=CCI, (66) 

179 
1 

Mt.s,GeI, + ArP=CH2 

180 

Cycloadditions have also been observed with germa- 
phosphenes. For example, addition of sulfur or sele- 
nium to 167 leads to the corresponding three-membered 
rings 181a175 and 181b95J75 (eq 67). The first step of 

Mes,Ge==?Ar - (or "8sB Se) [Mes,Ge?Ar] - 
(Se) 1 (Se) 

181a,S 182 
1 

b, Se 

this reaction is probably the formation of germa- 
phosphene sulfide or selenide 182, which isomerizes 
rapidly to 181 due to the great affinity of sulfur or 
selenium for germanium (for example, Ge-Se = 115 
kcal/ mol). 186 

A similar mechanism has been postulated by Yoshi- 
fuji in the reaction of sulfur with diphosphenes: in this 
case the intermediate 183 is relatively stable and isom- 
erizes slowly to the three-membered ring 184187 (eq 68). 

183 184 

>c 

= 9 
The X-ray structure of 181a deserves some comments: 
germanium, phosphorus, and the three ipso carbons of 
the aromatic rings are nearly in the same plane with a 
quasi-planar germanium.% Surprisingly, the geometry 
of 181a is very close to that observed in the starting 
germaphosphene 167166 (Figure 7). 
So it seems that due to the planarity of the molecule 

(sum of angles on germanium = 358.1') and the short 

+ % 
Ge-P bond, the hybridization at  germanium may be 
better represented as sp2 than sp3 and partial R bonding 
may exist between the germanium and the phosphorus 
atoms. The bonding may be intermediate between that 
of a normal three-membered ring and that of a R com- 
plexg6 (eq 69). 

S S 

Similar observations have been made by West in the 
three-membered ring obtained from d i ~ i l e n e s ; ~ ~  West 
postulated a contribution from the form B (eq 70). This 
hypothesis has been supported by calculations.lol 

X X 

/Si--Si\ '" 0 (70) 
\ 

A B 

x = o,% s,w c- loo 

Addition of an excess of sulfur to 181a leads to me- 
tadithiophosphonate 185 and 2,4-digerma-l,3-dithietane 
187. The formation of 187 may involve a germanethione 
intermediate 186 (eq 71). 

I 

2, '/& 9 Mes,Ge--f'Ar - ArP\ + 
\S 

181a 
185 

[ Mes,Ge=S] r M e s ~ ~ ~ e M e s z  (71) 

186 187 

Thermolysis of 167 (140 OC/48 h) affords nearly 
quantitatively 188, the unique stable germaphosphet- 
ene173 (Scheme 37). X-ray analysis shows a nearly 
planar four-membered heterocycle. The formation of 
188 may be explained by a radical process (route a) 
involving the preliminary formation of 189 by intra- 
molecular radical aromatic substitution, followed by an 
abstraction of hydrogen from the s01vent.l~~ A similar 
aromatic substitution involving a silylated radical has 
been described by Ishikawa in the thermolysis of disi- 
lacyclopropanes.188 However, route b or other routes 
for the formation of 188 are not excluded (Scheme 37). 
(3) Sila- and Stannaphosphenes 

(a) Silaphosphenes 

Stable silaphosphenes 190 have also been recently 
synthesized and stabilized owing to bulky substituents 
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on silicon and phosphorus. 
They were obtained by B i ~ k e l h a u p t ' ~ ~ - ' ~  from the 

reaction of ArP(H)Li and the corresponding dichloro- 
silanes RR'SiC12, followed by elimination of HC1. De- 
pending on R and R', several side reactions were en- 
countered; for this reason and because of their insta- 
bility, the compounds were not isolated in pure form 
(eq 72). 

RR'SiCI, + ArP(H)Li - 
RR'Si=PAr + ArPH, (72) 

190 
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Ar= 

Silaphosphenes were characterized by their low-field 
31P and 29Si NMR data, in the expected range for 
doubly bonded silicon and phosphorus, with a large 
'J(PSi) coupling constant: 6(31P): 93-136 ppm; 6(%i): 
148.7-175.9 ppm; '&Psi): 149-155 Hz. They react very 
easily with methanol and telluriumlg0 to give the cor- 
responding adducts (eq 73). 

R2Si+Ar 

Meb A 
R,Si-PAr 

' T k  

( R  = Mes) 

(73) 

(b) Stannaphosphenes 

Only one stable stannaphosphene R2Sn=PAr (191) 
has been stabilized so far in a monomeric state.lgl 
Compound 191 was synthesized by dehydrofluorination 
of the corresponding fluorostannylphosphine with 
tert-butyllithium (eq 74). 

1-BULI 
Bis,Sn+Ar - B i s Z S n 4 A r  Bis,Sn-Ar (74) 

L A  [ L ~ i ]  191 

P+ Bis = (MeSSi),CH. Ar = 

The stannaphosphene structure of 191 was unam- 
biguously determined by NMR: the 31P NMR chemical 
shift (+204.7 ppm) falls in the range of sila- and ger- 
maphosphenes. The '19Sn chemical shift, at very low 
field (+658.3 ppm/Me4Sn), is also a normal value for 
a tricoordinate pa-hybridized tin. Similar chemical 
shifts have been observed in stannenes71 and distan- 
nenes.134 Very significant are the coupling constants 
between phosphorus and tin ('J(P'17Sn) = 2191, 'J- 
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(P1l9Sn) = 2195 Hz). These values are much larger than 
for single-bonded tin-phosphorus compounds 
(1150-1200 Hz), which can be attributed to a a bond 
between tin and phosphorus. A similar effect has been 
observed in the coupling constants, for example for 
'J(PBSi) in silaphosphenes and 'J(PP) in diphosphenes. 

The structure of 191 was corroborated by its chemical 
b e h a v i ~ r : ' ~ ~ J ~ ~  addition of protic reagents (alco- 
h o l ~ , ~ ~ ~ J ~ ~  hydrogen ~ h l o r i d e ' ~ ~ J ~ ~ ) ,  lithio compounds, 
and Grignard reagentsls5Jg2 to the double bond is re- 
giospecific and confirms its expected polarity Sn*+=P". 
Reduction of the double bond by LiAlH4,185J92 addition 
of dimethyl d i s ~ l f i d e , ' ~ J ~ ~  and cycloaddition with sel- 
eniumls5Jg2 are also observed (Scheme 38). 

Thermolysis of 191 in a sealed tube a t  70 "C for 15 
h gives a completely different reaction from that ob- 
served in the case of germaphosphenes. It leads, 
probably according to a metathesis-type reaction, to the 
stannylene 192 and the phosphinidene 193.185J92 Evi- 
dence for the formation of 192 has been obtained by the 
thermolysis of 191 in the presence of BisC1, leading to 
Bis2SnC12 (eq 75). 

A 
Bis,Sn=PAr - Bis2Sn: + [ArP:] 

191 192 193 

BisclJ 1 (75) 

BispSnCI, ArP=PAr 

Reactions of stripping of halogens by divalent species 
of group 14 have already been observed by Neumann.lg3 
In the reaction between BisCl and stannylene 192 at 
room temperature, Lappert has observed the formation 
of Bis3SnCl (194)lg4 (eq 76). 

(76) 

These two completely different reactions can be ex- 
plained by a difference in the stannylene electronic 
state: singlet, which is the ground state of stannyl- 
ene,lo8Jg5 in the case of Lappert, and triplet when gen- 
erated thermally from stannaphosphene. 

BispSn + BisCl - Bis,SnCI 

192 194 

V I .  Ge=X (X = 0, S) Species: Germanones 
and Germanethlones 

The chemistry of germanones and germanethiones is 
essentially the chemistry of elusive reactive interme- 
diates. 

Early work, summarized in a previous review,6 was 
based on thermal generation of [>Ge=X] species (X 
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Mes,Ge -GeMes, 
199, X = S or Se 

S 
/ \  

S 
200 

IS' 
[ Mes2Ge=S] - Mes,Ge, ,GeMes, 

= 0, S) by various fi eliminations on linear germoxanes 
or germathianes, various cycloreversions, and oxygen 
or sulfur abstractions by germylenes. 

A survey of the more recent results shows that no free 
germanone and only one compound with an intramo- 
lecular base-stabilized Ge-S double bond have yet been 
isolated. These [ >Ge=X] species exhibit only fleeting 
existence under the experimental conditions used. 
Thus their preparation and their trapping, which are 
usually two aspects of the same experiment, often need 
to be described together. The only direct observation 
is based on a recent germanethione matrix isolation 
work. 

(1) Translent Germanone and Germanethione 
Generation 

Reaction of germylenes with oxygen or sulfur donors 
is an interesting reaction process which leads to ger- 
manones or germanethiones. In early work 02, KMn04, 
DMSO, C5H5N0, and S8 were the favorite oxidizing 
agents.6 

It is noteworthy that the adducts of germylene- 
transition-metal complexes of the type Y2GeM(C0)?. 
THF (M = Cr or W, Y = F or C1) with various 1,2-d1- 
poles, aldehydes, oximes, and oxidizing agents (DMSO, 
C6H5N0, C5H5NO) present high stability that impedes 
their decomposition into [ >Ge=X] intermediates.l% 

Bis[ (2,4,6-tri-tert-butylphenyl)germylene] (195) is 
oxidized by elemental sulfur to give the germaindane- 
thiol 196 apparently via the intermediate germane- 
thione 197 by addition of an ortho tert-butyl group C-H 
bond to the Ge=S double bondlg7 (Scheme 39). 

A route involving the reaction of dimesitylgermylene 
and sulfur to dimesitylgermanethione was suggested to 
explain the production of dithiadigermirane 199a and 
dithiadigermetane 200 from irradiation of a cyclohexane 
solution of hexamesitylcyclotrigermane and elemental 
sulfur in a quartz tube at  room temperature with a 
low-pressure mercury lamp.86a Similarly, selenadiger- 
mirane 199b was obtained from the photolysis of 198 
and selenium in cyclohexane at room temperature, but 
it is noteworthy that no adduct from dimesitylger- 
mylene and selenium could be found (Scheme 40). 

Photolysis of 199 (a and b) with 2,3-dimethyl-1,3- 
butadiene produces only products from dimesitylger- 
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(Me,Si),C=C: + [ Me2Ge=S] [ Me,Ge=S] + Me3Si-CEC-SiMe3 
203 1 \ /  

Me,Si-CGC-SiMe, (Me2GeS)3 
203 204 

mylene and dimesitylgermanethione or -selenone 
(Scheme 41). 

The intermediacy of free germanethione has been 
proposed to rationalize the results of the reaction of 
dimethylgermylene and t h i o k e t o n e ~ ~ ~ ~ ~ ~  (adamantane- 
thione and indanethione). Formation of 1,3,2,4-di- 
thiadigermolanes 201 is explained by the authors in 
quite conventional fashion: dimethylgermylene adds 
to thioketone to form thiagermirane, which reacts with 
another molecule of germylene to eliminate sulfur to 
form dimethylgermanethione (Scheme 42). 

In the reaction of dimethylgermylene with bis(tri- 
methylsilyl)thioketene, compounds 203 and 204 were 
obtained. Digermathietane or germathiirane are not 
formed in this reaction, in contrast with the reaction 
with di-tert-butylthioketene. The reaction proceeds 
probably by addition of germylene to thioketene to give 
the intermediate 202, which decomposes directly to 
acetylenic 203 and germanethione or alternatively to 
germanethione and alkylidenecarbenesO (Scheme 43). 

Various germaoxetanes and -thietanes R2Ge-X-C-C 
(X = 0, S) are thermally unstable and lead probably 
via elimination to transient dialkylgermanones and 

- 
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[ Et2Ge=O] + CH2=CH-Ph 

205 
(- 5%) 

germanethiones, which can be trapped with oxirane or 
thiirane.“’ Reaction of chlorodiakylgermanes hGeHCl 
with (i) triethylamine in pentane (elimination of 
Et3N.HC1 by filtration) and (ii) various oxiranes and 
thiiranes is one of the recent methods investigated for 
the obtention of these four-membered  heterocycle^'^^ 
(Scheme 44). 

Evidence for the initial formation of germaoxetane 
or -thietane in these reactions was obtained when ex- 
periments starting from chloromethylphenylgermane 
were carried out with oxirane. In this case a rapid 
dimerization reaction of the transient germaoxetane 
occurs instead of decomposition to germanone (eq 77). 

PhMeGeHCl 
(i) +Et3N; -EtsNHCI 

U (ii) + 

With phenyloxirane and chlorodiethylgermane as 
starting materials, the reaction leads to the germylated 
dioxolane 205 in low yield ( - 5 % ) ,  the main reaction 
product resulting from formal germanone oligomeriza- 
tion (Scheme 45). 

In the reaction of 1,2-dimethyloxirane with chloro- 
methylphenylgermane as starting material, the formal 
germanone-trapping product is not obtained, suggesting 
a low reactivity of the methylphenylgermanone toward 
1,2-dimethyloxirane (Scheme 46). 

Thermolysis and pyrolysis of thiagermetane Me2- 
GeCH2SCH2 (206) and photolysis of 206 and dithia- 
germolane Me2GeCH2SSCH2 (207) lead to various new 
germylated heterocycles, in particular 208-210.27328 

. 
I 

\ /  
[ PhMeGe=O] + ,C=C\ 

t 

# 
Ph, ,O-fMe (PhMeGeO)3 

Decomposition of 206 probably proceeds by two com- 
petitive mechanisms a and b (Scheme 47) involving 
transient germene [Me2Ge=CH2], germanethione 
[Me2Ge=S], thiagermirane Me2GeCH2S, and thiadi- 
germetane Me2GeCH2Ge(Me2)S (Scheme 47). 

Path a, which is consistent with the observation by 
UV spectra of electronic interaction between sulfur and 
germanium in 206 and with the trapping of CH2 by 
cyclooctene in these decompositions, seems to be pre- 
dominant in thermolysis; path b, consistent with the 
mass spectrometric study of the decomposition of 206, 
would be predominant in pyrolysis, but other possi- 
bilities clearly exist. These results indicate the possible 
occurrence of [2 + 21 cycloaddition between 1,l-di- 
methylgermene and dimethylermanethione. 

For photolysis of 207 the authors proposed Scheme 
48. 

Pyrolysis of the thiagermetane dioxide Me2- 
GeCH2S(02)CH2 is also postulated to involve multiply 
bonded germanium species: the germene [Me2Ge= 
CH2] and probably the new doubly bonded germanium 
species, the germanesulfene [Me2Ge=S02], which fi- 
nally gives germoxanes (Me2GeO), (n = 3,4)% (Scheme 
49). The germanesulfene has been detected in the mass 
spectroscopy of the four-membered-ring thiagermetane 
dioxide. 

An interesting precursor for dimethylgermanethione 
and dimethylgermene seems to be the 2,4-digermathi- 
ane Me2GeCH2Ge(Me2)S (214). This heterocycle, pre- 
viously postulated as an intermediate in some thermo- 
lyses, is relatively stable in solution a t  room tempera- 
ture but spontaneously dimerizes and easily dissociates 
upon heating.30 Obtention of 215-217, 210, and 
(Me2GeSI3 supported the conclusion that germane- 
thione and germene are both formed in this decompo- 
sition reaction (Scheme 50). 

Dimethylgermanethione and a 1,l-dimethylgermene 
intermediate are also probably formed in the thermo- 
lysis of 215. Obtention of 210,217, and (Me2GeS)3 and 
the trapping reaction of [Me2Ge=CH2] support these 
cycloelimination mechanisms (Scheme 51). 

Similar decompositions of thia- or oxadigermetane 
intermediates 214 are postulated in investigations of the 
actions of S8 or O2 on the tetragermadimercurocane 
2N31 or on the [bis(dimethylgermyl)alkane]iron tetra- 
carbonyls 21929 that, in a first step, lead to the relatively 
stable dithia- or dioxadigermolanes 220Bg31 (Scheme 52). 

It has been proposed that the decomposition of the 
phosphorylated heterocycle Me2GeSP(S)(An)S (2211, 

- 
I i 

I i 

I i 

I . 
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stable a t  room temperature, leads to the transient 
species [AnPS2] and [MezGe=S].lg9 The evidence is 
the formation of the expected thiirane adducts of the 
germanethione and of [AnPS2] when thiirane is present 
in the mixture. In the absence of trapping agent, 
(MezGeS)3 and (AnPS2), are isolated from the reaction 
mixture (eq 78). 

221 i i 
(Me,GeS), (AnPS,). 

In the same way the dithiaphosphadigermolane 222 
undergoes thermal fragmentation leading to (MezGeW3 
and (AnPS)2, probably via the monomer species 
[Me2Ge=S] and [AnP=S].lg9 The decomposition, 

208 

which is inhibited in the presence of EhN, seems to be 
initiated by nucleophilic attack on germanium by the 
sulfur P=S. The dimethylgermathione can be trapped 
by Me2Ge(SMe)2 (Scheme 53). 

The germathiaphosphirane 223 heated with an excess 
of sulfur leads to the metadithiophosphonate 224 and 
the 2,4-digerma-1,3-dithietane 225. Three possible 
mechanisms involving formation of dimesitylgermane- 
thione by decomposition of three- or four-membered 
heterocycles have been suggested to explain these for- 
m a t i o n ~ ~ ~  (Scheme 54). 

An interesting precursor to dimethylgermanone is the 
1,3,2-dioxagermetane 226, which is stable at room tem- 
perature in the solid state (association dimer form). 
Dilution or low pressures induce decomposition to form 
chloral and dimethylgermanone by p elimination. Di- 
methylgermanone is easily trapped by ethylene oxide 
or thiiranezw (Scheme 55).  

Decomposition in a similar manner of various diox- 
agermetane intermediates 227 has been suggestedzw 
(Scheme 56). 

Dimethylgermanethione and dimethylgermylene are 
probably formed in the thermolysis of the 2,3-diger- 
ma-1,Cdithiane 228, which leads to the isolation of the 
germylated heterocycles 229-231 .zol The authors ra- 
tionalize these results by two concurrent decomposition 
mechanisms of 228 involving formation of dimethyl- 
germylene ([ Me2Ge:]) and dimethylgermanethione 
( [Me2Ge=S]), respectively (Scheme 57). This proposal 
is supported by the result of the pyrolysis of 228 in the 
presence of 2,3-dimethylbutadiene: formation of the 
cycloadduct expected from the trapping of dimethyl- 
germylene, the absence of 230 and 231, and formation 
of the trimer of the dimethylgermanethione (MezGeW3 
are observed in this experiment (Scheme 57) .  

Species [>Ge=X] (X = 0, S) have been often sug- 
gested as intermediates formed in pseudo-Wittig reac- 
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tions of g e r m e n e ~ , ~ ~ ~ ~ ~ ~  digermenes,82 and german- 
imines50J35-137J40 with carbonyl or thiocarbonyl com- 
pounds (eq 79). It is noteworthy that the adduct of 

z = ~ e ’  c’, N-R; x = o o r s  
\ ’  \ 

the germene 232 with PhzCO is not a source of di- 
me thy lge rman~ne .~~~  Thermal [2 + 21 or [2 + 41 cy- 
cloreversions of the isomers 22 and 233 regenerate 19 
and PhzCO (cf. eq 5) .  

Direct generation of the dimethylgermanone from 
thermolysis in a flow system of the 6-oxa-3-germabi- 
cyclo[3.1.0]hexane 234 via a transient 2-germaoxetane 
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has also been suggested. Initial formation of a diradical 
followed by attack on the metal atom by the oxygen 
radical with transient formation of an unstable ger- 
maoxetane that decomposes to germanone and 1,3-bu- 
tadiene seems r e a s ~ n a b l e ~ ~ ~ ~ ~ ~ *  (Scheme 58). The 1,4 
hydrogen shift that gives rise to 3-germacyclopent-4- 
en-1-01 is a minor process and the 1,2 hydrogen shift 
that would lead to 3-germacyclopentan-1-one is not 
observed under the experimental conditions, where this 
derivative is stable (Scheme 58). 
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n + -  
Y-x R,Ge-Z Y-X-Ree - Z 

I I - I I I I -dimer 
2-GeR, X-Y Z-GeR, X-Y 

I I  

J x = o , s  
Z = CHz; Y = CH2, GeR2 
Y = CR'2; Z = 0, S, NR", PR" + 

Y-X-GeR, Z 
I I I _  + I I  
Z-GeR, X Y 

Similarly, thiiranes 235 are unstable and potential 
precursors of germanethiones205 (eq 80). 

235 
R = Me, 20 'C 
R = Ph, 130 "C 

It should be noted that in many of these reported 
reactions involving four-membered germylated rings, 
the data are compatible with mechanisms in which 
these strained heterocycles are believed to fragment to 
yield an olefin (a ketone, an imine, etc.) and a germa- 
none or a germanethione, since the corresponding oli- 
gomers (R,GeX), (X = 0, S; n = 3-5) are produced. 
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SCHEME 60 

(R2GeS)3 
EtsN. Ht4PA.y yPh3P)ZPdClz 
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[ I R2Gi=S I ]  (x [ R2Ge,/S ] 
[R2Ge<E>GeR2 + [ R2Ge=S 1 (Ph,P),PdCI, 1 (PhsP)2PdC12 

R = Et, Me 

1-Bu 
237 

L f-Bu 
236, X = S, n = 1 
238, x = 0, n =  2 

B 
236a 236b 

B = base 

Similarly, intermediacy of free silanone has been pos- 
tulated in reactions of the same type, particularly in the 
pyrolysis of oxa~iletanes;~ however, formation of these 
doubly bonded silicon species in these reactions has 
recently been questioned on the basis of calculations 
which suggest that the fragmentation of oxasiletanes 
is too endothermic to occur a t  a significant rate under 
pyrolytic conditions.231 Thus, intervention of bimole- 
cular mechanisms, such as those proposed for formation 
of the observed products in the pyrolysis of oxasile- 

could be accepted too in the case of germanium 
(Scheme 59). 

The intermediacies of germanones and germane- 
thiones have also been often proposed to rationalize the 
results of thermal decomposition of various cyclo- 
germoxanes and cyclogermathianes. 

Cyclogermathianes (R2GeS)3 lead very easily, by 
thermal and catalytic dissociation, to the german- 
ethiones [R2Ge=S].206 Basic solvents such as Et3N or 
HMPA and catalysts (Ph3P)2PdC12 induce these dis- 
sociations and catalyze the reaction of germanethiones 
with three- and four-membered rings (Scheme 60). 

Figure 8. ORTEP view of 236 (reprinted from Angew. Chem., Int. 
Ed. Engl. 1989,28,1238; copyright 1989 VCH Veriagsgesellschaft 
mbH). 

SCHEME 62 
R2Ge-X 

I3,Ge-X 

A-B 
I I  I I  

A B  

[ 2 + 21 cycloadditions 

[ 2 + 1 ] cycloadditions 

.A-B = R',GeY, R2GeY2 (Y = O R ,  SR?; Y-GeW2 (Y = 0, S, N-R) 
W 

FY,SiCI, ~ ~ ~ i - 0 ;  (R&O 
U 

bA=B = >C=S (X = 0); ,Ge=CH I' 4 
c I  
r ) C g ( n  = 1 , 2 , Y = O . S ; n  = l , Y = N R , C H C N )  

Y 

Thermolysis of (Me2GeS), has been found to be 
useful for the production of matrix-isolated germane- 
thionea212 

Germanones are often postulated as intermediates 
formed on thermal dissociation of various germox- 
anes;200y206 the claims are supported by trapping ex- 
periments and ESR characterization (eq 81). 

(R2GeO), -- (R2GeO),-l + (R,Ge=O] (81) 
a 

R = M e ; n  = 4  
R = Me3SiCH2, Ph; n = 2 

Recently, 236, the first isolable compound with an 
intramolecular base-stabilized Ge-S double bond, has 
been reported.232 Compound 236 is the sulfurization 
product of the bis(amino)germanediy1237 (Scheme 61). 
In 236 the germanium atom is four-coordinate. The 
coordination can be described as distorted tetrahedral 
or as trigonal planar (N2, S, N4) with an additional 
bond (Ge-N3) (Figure 8). The Ge-S distance of 2.063 
A is about 0.2 A shorter than the value of the Ge-S 
single bond, 0.06 A shorter than the terminal Ge-S 
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SCHEME 63 

Barrau et al. 

SCHEME 65 

f-Bu(Me;l)SiCI 
[ Me2Ge=O] - l-Bu(Mep)SIGeMepCI 

234 -? I \ 

t 
PhMe2SiOGe(OMe)Me, 

n 
Me,S[ SiMe, (PhMe2Si0),GeMe2 

SCHEME 64 
Me 

\ ’”3 / ’e? 4 h  
E1,Ge \ ,NMe [EI2Ge=S] + PhN=C 

s-c N 
NPh I I  // 1.3 Me 

239 

[ Et2Ge=S 1 

/ 
tt+e --b - GeEI, 

241 

t 

E!,Ge”] 

240 
\* 

distances in the thiogermanate ion Ge4Slo4-, and 0.05 
A longer than the calculated p n - p ~  Ge-S double bond 
in Me2Ge=S. All these structural data suggest to the 
authors that a bonding model described in terms of the 
resonance structures 236a and 236b could be applied 
to this compound (Scheme 61). 

Surprisingly, the oxidation product 238 of 237 is a 
dimer of the corresponding g e r m a n ~ n e . ~ ~ ~  

(2) Germanone and Germanethione Reactivity 

Germanones and germanethiones with strongly po- 
larized double bonds are highly reactive, and several 
kinds of reactions appear to be characteristic of these 
species: (i) polymerization reactions; (ii) addition re- 
actions to various d bonds of acyclic or cyclic organo- 
metallic compounds (e.g., GeO,  Ge-S, Si-0, Si-Cl); (iii) 
insertion and expansion reactions with strained organic 
heterocycles; (iv) [2 + 21, [2 + 31, and [2 + 41 cyclo- 
addition reactions (Scheme 62). 

Insertions of [>Ge=X] into simple bonds between 
an atom carrying a lone pair and a group 14 metal are 
facile. Many of these reactions are postulated for Ge 
(se above or refs 6, 7, 27, 28, 30, 32, 33, and 199). In- 
sertions of dimethylgermanone into Si-0 and Si-Cl 
bonds are also observed,204 Si-0 bonds of siloxanes 
being more reactive than Si-0 bonds of alkoxysilanes 
toward insertion of dimethylgermanone (Scheme 63). 

The addition of a C-H function from the ortho 
tert-butyl group of an intermediate germanethione to 
the Ge=S bond has also been postulatedlg7 (cf. Scheme 
39). 

SCHEME 66 
* /  

As examples of reactions with small organic rings, we 
summarize the results of the work quoted in ref 206. 
Dialkylgermanones and dialkylgermanethiones 
[R2Ge=X], directly generated from various heterocyclic 
precursors and dimeric or trimeric forms (&GeO), and 
[ R2GeS)3, react with various three- or four-membered 
rings Y(CH2), to lead to the germaheterocycles Rz 
GeY(CH2), (n = 2 or 3) (eq 82). 

various precursors - 
n - 

Y = 0, S;  NR, CHCN; n = 2 
Y = O , S ; n  = 3  

Simultaneous obtention of oxathiolane 239 and di- 
oxolane 240 as final products is observed in the reaction 
of diethylgermanethione with oxirane at  160 “C (cf. 
Scheme 64). When the reaction is carried out at  lower 
temperature (100 “C) with (Et2Gef& as the precursor 
of [Et,Ge=S], the oxathiolane 239, expected from the 
trapping of [Et2Ge=S] with the oxirane, is the only 
adduct recovered. It is assumed that formation of an 
intermediate germanone [Et2Ge==O] originating from 
the decomposition of adduct 241 is probably responsible 
for 240. Such decomposition being detected in a sep- 
arate experiment (decompositions of the adduct di- 
methylgermanone [Me2Ge=O]-diethylgermadithiolane 
EhGeSCH2CH,S), Scheme 64 is proposed as a working 
hypothesis for the mechanism of this reaction. 

The mechanism and the stereochemistry of some of 
these additions to small rings have been studied.l* The 
condensation reactions of germanone with oxirane begin 
by nucleophilic attack of oxygen on germanium, fol- 
lowed by ring opening and cyclization. This noncon- 
certed mechanism is supported by the results of con- 
densation of the germanone with cis or trans isomers 
of butene oxide. Each reaction leads to a mixture of 
cis and trans adducts: 45/55 from cis-butene oxide and 
52/48 from trans-butene oxide. However, in the 
presence of triethylamine, the percentage of the cis 
adduct increases. In the presence of a 300% excess of 

I i 
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SCHEME 67 

[ :>@=XI + C6H5&N-N-C& 

R, ,X-c/C,H5 x.o,s 

R' \N.N I 
- RR'Ge=X + C,H5SN + C,H5N: im-zza 4: Ge I I  
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(3) Calculations 

Ab initio calculations using pseudopotentials have 
been carried out on H2Ge=0 and H2Ge=S. The ge- 
ometries of the lowest singlet and triplet states of the 
doubly bonded molecules as well as the geometries of 
their respective singlet germylenes have been optimized 
at the SCF level of theory.26*210 Singlet H2Ge=X (X 
= 0, S) compounds possess a planar structure, while 
the corresponding triplets are both twisted and pyram- 
idalized on germanium (for charge density and density 
difference contour maps for the x MO of germanone 
and of germathione, see refs 6 and 210). Germanone 
and germanethione are predicted to have singlet ground 
states; the results are also obtained with MNDO 
methods.211 The lowest triplet state of H2Ge0 is 44 
kcal/mol higher in energy than the singlet (determined 
by CI calculation). H2GeO: Ge-0 = 1.634,261210 1.611 

Ge-H = 1.547,261210 1.499 A:'' LHGeO = 124°,26~210 
119.4°;211 uG-0 = 1036 (SCF),26 881 (CI),26 980 cm-' 
(MND0);211 p = 4.65 D. H2GeS: Ge=S = 2.020 A, 
Ge-H = 1.55 A, LHGeS = 125"; uGe=S = 586 cm-'; p = 
3.80 D. 

The Ge=X bonds are strongly polarized, especially 
in H2Ge=0. The u and K Ge-0 bond polarities suggest 
that the bonding is intermediate between x(H2Ge=O) 
and semipolar (H2Ge:+O) bonding. 

The reaction enthalpies of H2GeX - H2Ge('A1) + 
X(3P) are about 108 kcal/mol for X = 0 and 83 
kcal/mol for X = S. 

For each case singlet germylenes are calculated to be 
more stable than their ?r-bonded isomers (by 20 kcal/ 
mol in the case of germanone at the CI level). 

Recently ab initio Hartree-Fock level calculations 
have been carried out on Me2Ge=S.212 The calculated 
equilibrium geometry is of CZu symmetry. Me2GeS: 
Ge=S = 2.010 A, Ge-C = 1.950 8, LCGeC = 110"; u m  
= 666 cm-l (599 cm-l after scaling correction); p = 4.6 
D. 

I 
CsH5 

t 
C,H,N=NC,H, 

SCHEME 68 
160 "C 

+ 2 h  
[ MezGe=S] + C,H,-CH-Y-f-Bu - 

b- 
/ S ' ~ ~ - ~ , ~ ,  

MePGe 1 - [ MezGe=O ] + PhCH=N-f-Bu + [ S] 
\-. N-f-Bu u I 

60 'C 

E1,N 
'/3(MeZGeS)s -- Me2Ge=S + C,H,-C-N-f-Bu 

I / /  
H O  

triethylamine, almost exclusive formation of the cis 
adduct is observed from both cis- and trans-butene 
oxide, along with a maximum of 2% of the trans adduct. 

The high stereoselectivity in the presence of tri- 
ethylamine implies a germanium atom hexacoordinated 
by two molecules of triethylamine. The study of mo- 
lecular models shows very strong steric interactions 
between the methyl group and the triethylamino group 
in the equatorial position of the bipolar intermediate 
during the cyclization process. The position of least 
hindrance occurs when the two methyls are in the cis 
position opposite the triethylamino group, leading to 
the cis isomer (Scheme 65). 

On the other hand, the condensation of germane- 
thione with cis- or trans-butene oxide gives a stereo- 
specific reaction with inversion of configuration: cis- 
and trans-butene oxides lead to trans and cis adducts, 
respectively, in proportions >95% with or without 
t r ie th~1amine. l~~ 

The mechanism of this reaction seems to proceed by 
nucleophilic attack of sulfur on the epoxide with con- 
figuration inversion (Scheme 66). 

New cycloaddition reactions with 1,3-dipolar reagents 
(nitrilimines, nitrones, and nitrile oxides) have been 
o b s e r ~ e d . ~ ~ ' * ~ ~ ~  The reactions of germanone and ger- 
manethione with diphenyl-2,5-tetrazole (precursor of 
nitrilimine) gave regioselective cycloaddition with for- 
mation of germaoxa- or germathiadiazolines (Scheme 
67). Dimethylgermanethione reacts with nitrones 
(diphenylnitrone and phenyl-N-tert-butylnitrone) to 
form germaoxathiazolidines. Dimethylgermanethione 
reacts with butylphenyloxazirane (isomer of pheny1-N- 
tert-butylnitrone) by an insertion reaction in the oxa- 
zirane ring and formation of the same germaoxathia- 
zolidine208 (Scheme 68). Nitrile oxides also give cy- 
cloadducts with germanethiones208 (eq 83). The re- 
gioselectivity of all the 1,3-cycloaddition reactions is 
analogous to that observed with ketones, thioketones, 
or CS2.209 

+ - 
RC=N-0 + (Mez@&) .-) M e z G a ' R  

R = Ph, mesityl 

(4) Photoelectron Spectroscopy 

Pyrolytically produced germanones and germane- 
thiones have been investigated by photoelectron spec- 
troscopy (PES). The PES spectra of the trimer of di- 
methylgermanethione, (Me2GeSI3, were analyzed be- 
tween 80 and 300 0C.213-215 The spectrum recorded at 
300 "C is interpreted in terms of a decomposition of the 
trimer and a coexistence of dimer and monomer. A very 
intense band in the spectrum a t  8.6 eV is assigned to 
the ionization of the nonbonding pair on sulfur in the 
dimethylgermanethione. Bands at 9.55,10.75, and 11.47 
eV are characteristic of x ionizations of the Ge=s bond, 
the Ge-S bond, and the Ge-C bond, respectively. 

The spectrum of Me2GeOCH(CC13)0 decomposition 
products includes the characteristics of the chloral and 
of the dimethylgermanone whose ionization potentials 
are 9.7 (no), 10.2 (xGeO), 11.0 (uGe-o), and 12.1 eV 

At temperatures higher than 150 "C the monomer 
apparently recombines as a result of thermal agitation, 
yielding the stable trimer (MezGeO),. This explains 
why only the trimer is visible in the photoelectron 
spectrum when the tetramer (Me2GeO)4 is decomposed 
at 350 "C. 

h d 

(uG&) ,2153216 
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TABLE 9. Vibrations of Dimethsltzermanethione 

Barrau et al. 

SCHEME 69 

obsd vib” assignment 
850 (s) 
605 (vs) Ge=S stretch 

1390 (m) 
761 (m) 

1229 (m) 
753 (m) 

CH, rock (in phase) 

CH, asym def (in phase) 
CH, def (in phase) 
CH, def (out of phase) 
CH, rock (out of phase) 

Frequency in units of cm-’. 

All these assignments are in agreement with theo- 
retical ionization potentials calculated with the PS HO- 
NDO program and introduced polarization and correla- 
tion interpair corrections. 

The observed ionization potentials are interpreted in 
terms of the highly polar character of the 7rGe-= and 
rGeES bonds. This polarization and the relatively low 
ionization potentials explain the very high reactivity of 
these species and their short lifetimes. 

(5) Matrix-Isolated Dimethylgermanethione 

Recently, the IR spectrum of the matrix-isolated 
dimethylgermanethione obtained by gas-phase pyrolysis 
of (Me2GeS), was reported.212 The observed frequencies 
and their relative intensities (cf. Table 9) are in good 
agreement with those calculated at  the ab initio Har- 
tree-Fock level. 

The same IR spectrum is obtained by interaction 
between atomic sulfur and dimethylgermylene obtained 
by photodecomposition of OCS and Me2Ge(N3)2, re- 
spectively212 (eq 84). 

S t Me,Ge + Me,Ge=S (84) 

h L  I 1  -CO h i  -3N2 

OCS Me,Ge(N,), 

V I I .  Ge=Mn Species 

The significantly shortened Ge-MT distance and the 
trigonal-planar environments at  the germanium atom 
in the complexes LM-GeXY may indicate the pres- 
ence of a formal double bond in these derivatives. 
Chemical properties and the most important spectro- 
scopic features of these complexes of divalent germa- 
nium are well summarized in a recent review;217 we 
report here only recent works concerning structures 
242-24521e221 for which X-ray diffraction studies218~19~z1 
and theoretical calculations222 clearly revealed multi- 
ple-bond character. 

p,,=M. / M‘=Ge=M’ 
M‘ 

244, M’ = (x5-C~H4Me)Mn(C0)2220 

245, M’ = ( X ~ - C ~ M ~ ~ ) M ~ ( C O ) ~ ~ ~ ’  
242, M’ = (x5-C5HS)Mn(C0)~18.219 

243, M’ = ( T T ~ - C ~ H ~ M ~ ) M ~ ( C O ) ~ ~ ~ ’  

The synthesis of compounds 242 and 245 is achieved 
by treatment of the solvent complex M’(THF) with 
germane (GeH,) in the presence of sulfuric acid 
(Scheme 69). Compounds 243 and 244 have been ob- 
tained by treatment of K[ (?r5-C5H4Me)Mn(CO)2GeH3] 
with Hg2+ ions and acetic acid, respectively.220 Diazo- 
methane reacts with 242 with addition of CH2 to the 
Mn=Ge multiple bond. 

(b) + M’eTHF 
M’ n - 3  / M’ b 

nM’ + GeH4 - M’=Ge I - CI,Ge’ I 
I M ‘M’ 

\ 

l a  242,243 I n 2 2  CH2=N, J b  
M’ = ( T ~ - C ~ M ~ ~ ) M ~ ( C O ) ~ .  M = (a5-C5H5)Mn(CO),. 

show a strictly linear Mn-Ge-Mn 
skeleton for compounds 244 and 245. In these com- 
pounds the man anese-germanium bonds lengths av- 

multiple bonding between these atoms (2.48-2.60 i% for 
single bonds). 

X-ray 

erage 2.18-2.20 1 and thus correspond to considerable 

VI I I .  Conclusion 

Although the chemistry of doubly bonded germanium 
species remains in some cases that of elusive interme- 
diates, it appears, upon comparison of the present re- 
view with the previous review of multiply bonded ger- 
manium species,6 that progress in the field during the 
past 8 years has been important, particularly in the field 
of stable or stabilized doubly bonded species. 

The first stable germenes, digermenes, germa- 
phosphenes, germanimines, and germanethiones have 
recently been isolated. Digermenes and germa- 
phosphenes were kinetically stabilized owing to steric 
hindrance, which prevents oligomerization. In the cases 
of germenes and germanimines both steric and mesom- 
eric effects can act as factors for stabilization. A ger- 
manethione was stabilized by intramolecular coordi- 
nation of a base, and dimethylgermanethione 
(Me,Ge=S) has recently been characterized at  low 
temperature by matrix techniques. 

The structure of various stabilized germenes, di- 
germenes, germaphosphenes, and germanethione has 
been proved by X-ray analyses which show a planar or 
a nearly planar germanium and a shortening of the 
double bond by 8-10%. This shortening is less than 
that observed between alkanes and alkenes (13%) but 
comparable to the shortening previously reported for 
other doubly bonded main-group species such as silenes, 
disilenes, phosphenes, diphosphenes, and diarsenes. 

A >Ge=Y species can be considered as a hybrid of 
the following three resonance structures: 

I A  I B  I C  

On the basis of the physical and chemical properties, 
it appears that structure IC seems to make the greatest 
contribution in the cases of asymmetrical structures (Y 
= 0, S, N-, C C )  while structure IA seems to be pre- 
dominant in the cases of symmetrical (Y = GeC) or 
asymmetrical structures when the electronegativity 
difference between the two bonded atoms is low (Y = 
P-). The doubly bonded germanium structure is fa- 
vored by mesomeric effects of the ligands (aromatic 
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groups on germanium or on Y) while the biradical 
structure is favored by the donor inductive effect of the 
ligands. 

Reports of chemical trapping of doubly bonded ger- 
manium species are numerous, but detailed reaction 
mechanisms are known for only a few of the reactions 
of this family. In many reactions, formation and re- 
activity of free >Ge=Y have been postulated and a 
variety of reaction mechanisms have been proposed. 

A statement that can be made with considerable 
certainty is that the polar character of Ge-Y multiple 
bonds leads to numerous types of reactions (insertion, 
addition, cycloaddition, transposition, etc.). Moreover, 
the symmetrical structure of some species and the 
weaker polar character of other ones leads also in some 
cases to radical activity. However, the experimental 
evidence that is presently available does not provide a 
basis upon which to decide between the possible al- 
ternatives. Calculations would be of particular im- 
portance in some cases for the interpretation of ex- 
perimental data. 

The new "organometallic functions'' >Ge=Y (Y = 
C<, N-, 0, P-, Ge<, M) are much more reactive than 
the carbon analogues and are precursors to many new 
formulations in germanium-heteroelement chemistry. 
Moreover, these unsaturated species could be inter- 
esting precursors of new high-performance materials of 
practical interest such as polymers, conductors, and 
ceramics. 

The synthesis and investigation of the chemical 
properties of novel structures containing sp germanium 
such as -Ge=X, Y=Ge=Y are likely to be the next 
challenge in organogermanium chemistry. 
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