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During the last 10 years, sever& campounds ofthe type Ge=X (X = 6, Ge, N, P, S) have been isoiated 
as monomers. The stabilization of such derivatives, which are generally highIy polymekable, was achieved by 
using very bulky groups both on the germanium atom and on the heteroeiement X. Conjugation (part&My in 
a few germenes and germaimim) and intramolecular or intermolecular coordination with oxygen or nitrogen, 
also contributes, in some cases, to the stabikation. The X-ray analyses of such compounds show a significant 
bond shortening of the double bond (HO%) relative to the corresponding single bond and a planar or nearly 
planar germanium. These doubly bonded germanium derivatives are usually tbermaliy stable but mnst be 
handled in an inert atmosphere because of their high sensitivity to oxygen and moisture; they are extremely re- 
active, much more than the caning carbon analogues. Nearly qu~t~ve editions on the double bond 
have been observed with electrophiies and nucleophiles, and various types of ~cio~ditions also occur. Except 
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in one case, a germykse behavior has not been observed, proving that such compounds retain their stxuctura~ 
integrity in solution. 

A huge part of the richness of organic chemistry results from the ability of carbon 
to form double and triple bonds with itself or with other elements. So it seemed very 
promising to try to obtain similar multiply bonded species with heavier elements of Group 
14, such as silicon, germanium and tin, and consequently to develop new heterocom- 
pounds. However, all attempts over a long time have been unsuccessful, leading exclu- 
sively to oligomers. The fust evidence for transient M=X species (M = Si, Ge, Sn; 
X = C, 0, S, N, P, Si, Ge, Sn) was obtained in the 1960s and 1970s with their in situ 
trapping [la]. However, during the last 10 years, great progress has been made in the or- 
ganometallic chemistry of Group 14 elements, with new synthetic routes to doubly 
bonded species and particularly with their stabilization due to substituents having large 
steric effects, and electronic effects in some cases. 

Among orgauogennanium compounds, many doubly bonded molecules have now 
been stabilized, such as germenes >Ge=C<, digermenes >Ge=Ge<, germaimines 
>Ge=N-, germaphosphenes >Ge=P- and ge~a~iones >Ge=S. Some reviews have 
scud this field [l-4]. This paper describes the synthesis, the physiochemical 
studies and the reactivity of such doubly bonded gerbil species. Only those reactions 
involving stable compounds are described. Transient doubly bonded species, which have 
been reviewed recently [4], are not reported. 

B. GERMENES, Xie=C< 

0) Synthesis 

Three routes allow the synthesis of stable compounds with a germanium-carbon 
double bond (eqn. (1)): 

- coupling between a germylene and a carbene (route a) 
- dehydrohalogenation of a halogermane by lithio compounds (route b) 
- addition of au organolithio compound to a fluorovinylgermane followed 

tion of LiF (route c). 
by elimina- 

(1) 
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(a) Route a 
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The reaction, reported by Bemdt et al., between the electrophilic cryptocarbene 1 

[5] and the stable germylenes 2 [6] and 3 [7] afforded the stable germenes 4 and 5 [8] 
(eqn. (2)). Compounds 4 and 5 are stable at room temperature in solution. The presence 
of the Ge=C double bond in 4 has been confirmed by X-ray diffiction (see Section 
B(ii)(a)). Moreover, 4 has been chemically characterized by addition of HCl across the 
Ge=C double bond [8] (eqn. (3)). 

9 
(MesSi)&:B:C!: 

B 

bu 

1 

:Ge fN(~Me,),] 2 

,:b (MesSi)sCi=Ge ( zi 

t&l tBu 

A r; 

(Me@)&: :C=Ge:N/‘siMe, 
B 

4 + HCl - 
(Me3Si),CHB‘C-Ge/ N(Sae3)2 

‘B’ H 61 ‘N(SiMe3), 

bu 

(3) 

(3) Route b 

In our laboratory, five stable germenes 6-10 have been obtained by dehydrohalo- 
genation of chloro- or fluorogermanes by tert-butyllithium [9-l l] (eqn. (4)). Owing to the 
high germanium-fluorine bond energy (113 kcal/mol) [ 121, substitution of germanium by 
fluorine rules out the Limalogen exchanges frequently observed when germanium is 
substituted by other halogens; therefore the best result is generally obtained with 
fluorogermanes, but the reaction must be done in some cases with chlorogermanes, par- 
ticularly when the starting fluorogermanes are insoluble in Et20 [lo]. The use of a bulky 
lithio compound such as ‘BuLi is necessary to prevent direct alkylation of germanium. 
Addition of ‘BuLi to the halogermanes was performed at -78T and under such condi- 
tions, the yields of germene are usually about 80%. Like 4 and 5, germenes 6-10 are 

thermally stable but highly air- and moisture-sensitive derivatives obtained in the form of 
orange crystals. 
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R’\ t,BuLi /- 78°C 
Ge-(2% _. R’\ 

R”/ f 1 
R’ \ 

XH -tBUH R” 
,Cje-yRZ - 

X Li 
-LiX Rd;=IT 

. (4) 

RX” : Mes2 6 191; (R;zCH)z 7 Cl01 ; NMe$Z)zCHl2 8 [III ; Mes, (Me$3)9CH 9 [ill; %F 

FW’ : tBu, CHR, 10 Cl01 ; X : Cl ; CR, :c 

(c) Route c 

This route was described for the first time by Jones [13], and then widely used by 
Auner for organosilicon compounds [14] to obtain transient silenes from vinylchlorosil- 
anes. By using bulky mesityl groups on germanium, the stable dimesityhreopentylgermene 
could be obtained in 90% yield [15] (eqn. (5)). Compound 11, like the other germenes 
6-10, must be handled in an inert atmosphere and appears thermally stable. 

BuLi . 
Mess;eCH=CH, ~~,_78”c I MeasCje-~H-CH#Bu 

Fti 1 + MeasGe=CH-CH.$BU 

11 

BZk& 83 
& 
N20 

Fig 1. ORTEP view of 4 (reprinted from Angew. Chem. Int. Ed. Engl., 12 (19g7) 221). 
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(a) X-Ray structure determinations 
X-Ray diffraction studies of 4 and 6 show short Ge-C distances (1.827 [8] and 

1.801-l ,806 A [ 161, respectively), about !LlO% shorter than Ge-C single bonds, which 
are generally about 1.95-2.00 A, depending on the degree of steric hindrance. Such short- 
ening is typical of all doubly bonded main group elements [3,4,17-191. The structure of 4 
(Fig. 1) confirms the significance of the ylide resonance form B (eqn. (6)) as shown by 
short distances C(Ge)-B and an average twist angle at the Ge=C double bond of 36” [8]. 

C 6 D 

Fig 2. ORTEP view of 6 (reprinted fkom Angew. Chem, fnt. Ed. Engl., 27 (1988) 828). 
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In 6, a ylide form D could also be postulated since the negative charge on carbon can be 
delocalized on the fluo~nylid~e group (eqn. (6)). However, the X-ray sag of 6 [ 161 
(Fig. 2) displays a planar gerbil atom and a small twisting around the GBC bond 
(only 6O) consistent with structure C. 

(3) Theoretical studies 
The germanium-carbon double bond length (1.801-l .827 A) is in good agreement 

with the sum of covalent radii (1.12 + 0.67 = 1.79 A), with ab initio calculations using 
pseudopotentials ( 1.779 A at the SCF level, 1.8 12 A with cont&uration interactions) [20], 
and with other calculations (1.767, 1.782 [22c]; 1.761, 1.784, 1.814 [22d]). Calc~ations 
have also predicted a rather important polarity of the Ge-C double bond [20] (eqn. (7)), 
but less important than in silenes, which is in complete agreement with the chemical be- 
havior of Ce=C bonds. 

+0.35 

H, + 
Ge=C 

,H 

H’ +‘H 
(7) 

-0.61 -0.71 -- 

Tbe a-bond energies of Group 14 metal-carbon double bonds have been determined by 
various methods. The results show that n-bond energies of silenes (35-36 kcal/mol [2 11) 
and germenes (3 1 kcal/mol[2 l] or 32.2-33 [22d]) are similar, greater than for stamrenes 
(19 f213 or 20.9,21 kcal/mol [22d] ), and smaller by about 30 kcallmol than for alkenes 
(6468 kca~mol 1211). Thus these results show that the order of ability to form w-bonds is 
C>Si-Ge>Sn, 

Ab initio calculations showed that germanium is more reluctant to form doubly 
bonded compounds than silicon [22a]. For example, altbough much more stable than 
germyhnethylene HsGeCH [22b], the corresponding germene was predicted to be 11.4 
[22c], 15 1201 and 24.2 kcaYmol[22a] less stable than m~ylge~ylene H&GeH; how- 
ever, the energy barrier for the isome~~tion was calculated to be about 36 [22b] or 
33.1 kcaVmo1 122~1. The dipole moment of 6 is estimated to be 4 Debyes [ 161 indicating 
that the Ge=C double bond is strongly polar. The great importance of the resonance 
structure Ge+=C-R2 explains its high stabilization due to the delocalization of the excess 
negative charge into the fluorenylidene system. 

Germenes are very stable in the c~s~l~e state and in non-polar solvents such as 
pentane or benzene. In polar solvents such as ethers or atnines, 6-10 form Lewis acid- 
base adducts as shown by ‘H NMR 191 (eqn, (8)). This type of complexation has already 
been observed with silenes >Si=C< [23a], silaimines >Si=N- [23b] and recently in 
germaimines (see Section D) in which the double bond is strongly polarized and the metal 
highly electrophilic, but never in symmetric molecules M=M (M = Si, Ge, Sn, P) [ 17-19] 
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or in metallaphoqhenes >M’=P- (M’ = Si, Ge, Sn) (see Section E) in which Group 14 

metal is bonded to phosphorus, a less electronegative atom than carbon or nitrog~. 

TABLE 1 

Germenes 

Germems Synthetic &Ge=C) 13c 
routea <A) @pm) 

Ref. 

4 tB” a I.827 115 8 

5 a 93 8 

6 

MwGe=CRz (CR, : 

b K?Olb 
1.806 

9,16 

(R2CH)$e=CR2 b 

[~e~SikC~~Ge=C~2 b 

b 

IO 

11 

11 

10 

11 

R&H 
\ 

G&R2 

t&i 
/ 

b 79.8 10 

Mes2~e=~H~H2t~~ c 124.2 15 

“(a) Coupling reaction between a germylene and a carbene; fb) dehy~h~o~~~n of a haloger- 
mane; (c) addition of ‘BuLi on a vinylfluorogermane, then elimination of LiF. 
bTwo crystallograp hit independent molecules. 
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Gemenes have also been characterized by 13C NMR which shows chemical shifts 
between 79.8 and 124.2 ppm [S,lO,lS] (see Table 1) for the sp* carbon doubly bonded to 
germanium. Unfortunately it is not possible to characterize $ germanium by NMR as 
73Ge NMR is efficient only for symmetric tetracourdinated germanium species. The 
Raman spectrum of 6 shows a band at 988 cm-l which is assigned to the Ge=C valence 
vibration [ 161, close to the calculated value of 10 18 cm-t using MNDO [ 161. other recent 
calculations predicted values of 785,827 and 904 cm-t [22d]. 

(iii) Reactivity 

(a) Protic reagents. lithio compounIcIs. disuijkles, &&ti 
Although buUry groups stabilize the Ge=C bond, 611 are extremely reactive to- 

wards various elec~ophiles and nu~leop~les, and in ~~loadditions. The most commonly 
used reagent to characterize germenes 6-11 is methanol which gives the ~~~n~rng 
methoxyadducts in nearly quantitative yield [9,10,11,15] (eqn. (9)). Other protic reagents 
react with germenes, for example HCl with 4 [S] and 11 [15], and thiols [9], hydrofluoric 
acid [9b] and immes, such as diphenylimine [24] with 6 (eqn. 10). Water gives two 
different products with 6 and 11, depending on the quantity of water. With an excess, 
germanols 12 are obtained whereas with 0.5 equiv., digermoxanes 13 are formed, due to 
the reaction of germanol with unreacted germene [ 15,251 (eqn. 11). 

,Ge=C: 
MeOH ) 

ZGe-C ‘, 

6-11 
Mei> k 

Mf3s,Gedx12 AH * 
6 

Mes,Fe-C F$ 

A: Cl, F, Et& Ph&=N 

;Ge=C; my*) 

6,ll 

AIi 

)Fe-7: 
HO H 

12 

(9) 

w-9 

* ~Ge=C!{ + 

6,ll OH 
\ 1 
,Ge-7; 

13 H 
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Enolyzable ketones such as acetone also react with 6 as protic reagents, yielding the 
derivative 14 [25] by a classic germanotropic rearrangement [26] (eqn. (12)). These re- 
actions are regiospecific with the more negative group bonded to germanium. 

Mes,Ge=CRa + CH&GCH, - 

6 

Mes+f*CH% & MessGe-CRs 

? 
HsC=C-CHs 

CHsI: 

&CH, 

14 

Lithio compounds give two types of reaction depending on steric hindrance. 
Methyllithium adds to the double bond of 6 to afford the corresponding germane [9b] 
after quenching with methyl iodide (eqn. (14)). The same type of addition to the Ge=C 
double bond is observed between tert-butyllithium and germene 11 [ 151 (eqn. (13)). A 
completely different reaction occurs between tert-butyllithium and germenes 6 and 8 
which have a more pronounced steric hindrance around the double bond than 11. After 
quenching with methanol or methyl iodide, the germanes 17 and 18, respectively, are ob- 
tained. These reactions are best explained by a single-electron transfer mechanism involv- 
ing the intermediates 15 and 16 (eqn. (14)). 

MesaGe=CHCHstBu 

11 

1) tBuLi 
2) H,C w MessGe-CHsCH$Bu 

hl 

(13) 

Mesac;“-(+ 

MeMe 

R’,Ge=CR, 
tBuLi ) 

6 R’:I&S [g,] 
[ RS1”C$?l solvent R’2(je-yRa 

H Li 
6,8 8 R’:(Me,Si),CH [II] 15 

y"y 

K2C;e-(+ R’2992 

HH H Me 

17 18 

(14) 
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Disulfides such as ~me~yldisulfide also add to the ge~~i~~~n double 
bond, probably according to a radical mechanism [9] (eqn. (15)). The double bond of 6 
and 11 can be easily reduced by lithium Alexis hydride (eqn. (16)). 

MessGe=CRs MeSSMe ) MesaCje-YRs 

6 MeS SMe 
(15) 

LiAlH( 
MesaGe= CRR’ __T 

6,ll 

Me&,+je-CRR’ 

HH 

6 C91; CHCH&Ru 11 fl51 

(bj [2+2] Cyeloadditions: aldehydes and ketones, imines, nitroso compounds 
Germenes, and particularly germene 6 which has been the most intensively studied, 

are very reactive in cycloadditions. Nearly quantitative [2+2] cycloadditions are observed 
with aldehydes [25], ketones [25], nitrosobenzene [24] at ambient temperature, and imi- 
nes [24] after heating at 140°C in a sealed tube (eqn. (17)). Four-membered ring de- 
rivatives 19 and 20 are thermally very stable contrary to other heterocycles of this type 
which generally dimerize [27] or decompose by a [4] + [2+2] process, with formation of 
germanone and alkene (route a), or by cycloreversion (route b) to give the starting ma- 
terial (eqn. (18)). 

The process (b) has been observed by Wiberg in the fog-rnern~~ ring com- 
pounds obtained by addition of ben~phenone to the transient germene M%Ge= 
C(SiMe& [28]. Thus, this germaoxetane is a ~onveni~t storage device for this germene. 
Heterocycles 19 and 20 are stable to oxidation and hydrolysis, even towards acetic acid. 
The chemical inertness of the Ge-0 bond in these heterocycles is probably due to the 
large steric hindrance caused by mesityl groups on germanium, as clearly demonstrated 
by the X-ray structure. 
Reaction of 6 with nitrosobenzene affords only the imine 24 and the 2,4-digerma-1,3- 
dioxetane 25, a dimer of the transient germanone 26 [24]. These products probably 
involve the preliminary formation of the four-membered ring heterocycle 22 followed by 
a classical [4] + [2+2] decomposition. Imines are much less reactive than carbonyl 
compounds towards germene 6 and a prolonged heating at 140% in a sealed tube is nec- 
essary for the reaction [24]. As in the case of benzaldehyde and benzophenone, a [2+4] 
cycioaddition has never been observed although the preliminary formation of the six- 
membered heterocycle 23, followed by its isomeri~tion to 21 is not excluded (eqn. (19)) 
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Mes,Ge-7% 

d -CHPh 

19 

Mes29”-Y”2 
0-CPh, PhCHO 

a0 
\I PhaCO 

PhCH=NEt 
Mes2Ge=CR2 h 

6 

Mes2Cje-(j!R2 

I EtN-CHPh 

0 
(2%: c 

8 0 

PhNO I 21 

f'", 

0-f; 

Mes2Ge CR, 

d IiPh 
f- . 

_ lJvles2Ge=O] + R&=NPh 

a6 x2 % 

22 

Mes,qe-C) 

0-GeMes2 

\/ 

a Ge (b) L b- >C= Ge: + )%O 

1 (a) 

(17) 

(18) 

Mes2Ge=C$ 

t” 
EtfbCHPh 

Mes2(je-y$ 

EtN-CHPh 

(19) 
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(isomer&&ion of a six-membered ring to a four-membered ring has been postulated by 
Wiberg in the formation of silaoxetanes from silenes and ketones [293). 

(c) [2+3] Cycloaa?.iitions: n&ones and diazo compouruh 
Facile [2+3] cycloadditions have been observed between 6 and N-(tert-butyl)a- 

phenyluitrone and diazomethane leading to the five-membered heterocycles 27 [9a], 28 
[30,31] and 29 [30] (eqn. (20)). The reaction with diazomethane is very dependent on 
experimental conditions. When a large excess of an ethereal solution of diazomethane, 
dried over potassium pellets, was added to a solution of 6 in Et20 at -78”C, the only ob- 
servable product was the germapyrazoline 29 [30]. When the reaction was carried out 
with a solution of distilled diazomethane (thus tree of traces of KOH), the 4-germa-l- 
pyrazoline 28 was obtained [30,31]. The first steps of these reactions are probably the 
formation of the dipolar inte~ediates 30 or 31. Such a proto~opy leading to 29 Erom 28 
is well known and has already been observed in other five-membered rings containing the 
CHz-N=N linkage [32]. The reverse addition of diazomethane to the Ge=C double 
bond, with nitrogen bonded to germanium, has never been observed. 

Mes$&C * @ 

I I tH 

Mes,,-C\Re 
b HC NH 

1 GJH,] 
11 

KOH 

@v% 0 
Mes&e=CR, - 

6 

Mes,Cxe(2% & 

I 

CHZ 
PhCH=NtBu 

+ 
r: 

0 ii@ 

90 

Corn~~d 28 was of particular interest as a potential precursor ef ~~-mem~red 
ring germhanes 32 (eqn. (21)) which are still unknown, contrary to stable siliranes ]33]. 
Heathrg 28 at 60% does not afford the germirane 32, but only 9-methylenefluorene 34, 
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and oligomers (Me%Ge), according to a decomposition [3] + {2+1] already observed 
with siliranes. The transient germylene has been trapped by methanol [30] or dimethylbu- 
tadiene [3 11. Attempts to trap germirane have been unsuccessful probably because of its 
very short lifetime. 

H 
/ 

Mes2Ge 
\ 

l/n (Mes2Ge) n 

‘OMe 

(21) 

Other diazo compounds such as diazofluorene or diphenyldiazomethane give a 
completely different reaction with 6, leading to the digermadiazetidines 35 and fluorene 
R2CH2 exclusively [34]. A mechanistic study seems to prove the formation of germaimine 
36 as an intermediate, followed by its dimerization (eqn. (22)). In the case of diazofluo- 
rene, the dimerization of germaimine 36 affords only the cyclodigermazane 35 with the 
R’&N in a cis position, which then quantitatively isomerizes to the trans isomer (as char- 
acterized by X-ray) after a week at room temperature in solution. 

Mes2Ge=C% + N&R’, - 
I 
Mes,Ge=N-N=CR’, 

I 
+ : CR, 

6 

0 

8 

CR,: c 

0 

CR’, : C%, cph, 

36 
x2 

I 

solvent 

Mes,Ge-N-N=CR’, HzC% 

I I (22) 

R’,C=N-N-GeMes, 

I 

(d) [2+4] Cycloadditions: dienes, azobenzem, a-ethylenic aldehydes and ketones 

[2+4] Cycloadditions have been observed between germene 6 and 2,3dimethylbu- 
tadiene [Sal, azobenzene [24] and various a-ethylenic aldehydes and ketones [35] (eqn. 
(23)). With 2,3dimethylbutadiene, only the [2+4] cycloaddition occurs, whereas an ene- 
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reaction or a [2+2] cycloaddition with the C=C double bond have not been observed 

Pal. 

(R’:Me;R”:H 

: H;R”:H,Me) 

D&5 
c-- Mes2Ge=CI$ A 

Mea2$Se-C,$ 
0 CR’, 

I 

6 Me$+c”; ‘CZC’ 

OH Me/ ‘H 

PhNrNPh 

I 

(R’:H,Me) 

CR,: C 

Mes2Fe-C,$,H 
PhN C 

‘N=C’ \ 
3 40 - 

42 

41 

(23) 

AIthough the a-ethylenic aldehydes and ketones have different steric and electronic 
properties, as well as different charges on carbons 2 and 4 [36], exclusive [2+4] cycload- 
dition leading to the corresponding six-membered ring germaoxacyclohexenes 37-39 [35] 
have been observed. In the mass spectrum, the most important tiagmed is always (except 
for 37) the germylene Mes2Ge+. This can arise from the germene lh4eqrGe=CR,]+ as ob- 
sewed in most cases (fragmentation b), but more likely, from a [6] + [5+1] decomposi- 
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tion, since the R+CX=CO moieties are also observed (&agmemation a). So it seems 
that the two types of ~~en~tion, a and b, occur in g~aoxacy~lohexenes 38, 39, 
whereas path c appears as a minor one since [MeszGe=O]+ is observed less frequently 

(esn. (2499. 

(249 

The structure of these adducts is supported by their physicochemicd data and also 
by their chemical reactivity. Addition of water or HF to 38 and 39 gives aldehydes and 
ketones, respectively, after cleavage of the Ge-0 bond (eqn. (25)). 

;+d 

A ‘c: 
KO\c=c( 

R L R’ 

88939 
(R: H, Me) (259 

Azobenzene gives only a [2+4] ~cloaddition involving one of the phenyl groups; 
the reaction occurs at room temperature with formation of 40 [24] {eqn. (23)) After a few 
days in solution, compound 41 was formed, the driving force of the rearrangement 40 -_) 
41 being the re-aromatization. On the contrary, heating 40 leads to the four-membered 

ring 42. ~~oiysis of 42 gives the two expected types of ~en~tion [4] + [2+2], 
with fo~ation of starting material (a), of germahnine 43 and the co~espond~g imine (b) 

Ow. (2699. 
a ) 

/ 

a\ 
1 

b 
b W 

C. DIGE~ >Ge=Ce< 

MessGe=C+, + PhN=NPh 

MesaGetNPh + R+NPh 

B3 

(269 

Stable digermenes are obtained by four routes (eqn. (27)): 
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- reaction of aryl- or alkyllithio compounds with a stable germylene (route a); 
- coupling of germylenes obtained by irradiation of his-silylgermanes (route b); 
- irradiation of cyclotrigermanes (route c); 
- reaction of diaryldichlorogermanes with lithium naphthalenide (route d). 

(27) 

(a) Route a 
Route (a) was used by Lappert to prepare digermene 45 [37], using bisyllithium, 

(Me$$)&HLi, with stable germylene 46 or a Grignard reagent with dichlo- 
rogermylene-dioxane complex 44. These reactions afforded 45 in good yield (eqn. (28)). 
Compound 45 was the first digermene to be prepared, but it retains its digermene 
structure only in the solid state, and in solution it behaves as two germylene species (see 
below). Digermene 47 1381 can also be synthesized in low yield (10%) by reaction of 
diiodogermylene, GeI2, with 2 equiv. of 2,6-diisopropylphenyllithium, resulting in the 
formation of the transient germylene, ArrGe, followed by its dimerization (eqn. (29)). 

GeCl&HsOa 
RMgCl 

44 -\ RaGe a v2 RsGe=GeRs 

RLi R : <MeaSi)sCH 
45 

I(MesSi&IsGe 

46 

(28) 

2ArLi + GeI, _!?!!!+ [ArsGe:] -+ l/X? ArsGe=GeArs 

47 

Ar: 0 
cl 

(29) 

(b) Route b 
l~~iation of bis(~e~yIsiIyl)ge~~es gives the ~o~es~d~g germylenes 

which diierize to digermenes [3,39413. This route allowed the synthesis of 48 1391, 
which was the first digermene to retain its Ge=Ge structure in solution, and of 49 [42a] 
(eqn. (30)). This route also affords other transient digermenes which dimerize at room 
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temperature because they are substituted by less bulky groups such as two 2,6-dimethyl- 
phenyl, two mesityl, a mesityl and a tert-butyl, a mesityl and a 2,6diethylphenyl [3]. In 
the organosilicon field, the dimerization of a silylene obtained by photolysis of an acyclic 
trisilane was the first route to tetramesityldisilene [43]. 

%GdSiM%h _Me zsiMe b &Ge:l x2 Z? RsGe=GeRs 
3 3 

W49 

(30) 

(c) Route c 

The photolysis of a cyclotrigermane was the first access to a transient digermene 
substituted by the 2,6-dimethylphenyl group [44]. However, this digermene could not be 
isolated because of its slow conversion to the starting cyclotrigermane. other digetmenes 
have been obtained by this route [3]. The only clean reaction is observed in the case of 48 
(eqn. (31)) [45] from the corresponding cyclotrigennane [42b,45]. A similar route in- 
volving the irradiation of cyclotrisilanes or of a cyclotristannane was employed for the 
synthesis of disilenes [ 181 and a distannene [46]. 

Ar’sG \-?A+ hv Ar’sGe=GeAr’s 

49 

(31) 

(d) Route d 
The treatment of diaryldichlorogermanes with lithium naphthalenide afforded the 

corresponding digermenes [38,47] (eqn. (32)). This route is particularly useful for the 
synthesis of digermenes bearing very large substituents, which cannot be obtained by 
route (c) since the synthesis of cyclotrigermanes is impossible due to the excessive steric 
hindrance. 

R(Ar)GeCls 
Li naphthalenide 

DME 
+ R(Ar)Ge = Ge(Ar)R 

(32) 
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(ii) Physicochemical studies 

(a) X-Ray d@action 
The X-ray crystal structure has been determined for digermenes 45,48 and 50. The 

Ge=Ge bond length is very different in the three derivatives: 2.213 A in 48 [45,47], 
2.30 A in 50 [47] and 2.347 A in 45 [48,5 l] (sum of covalent radii 2.24 A) (see Table 2). 
These long bonds are probably due to an increase in the size of substituents. Lapper-t’s 
digermene 45 (see Fig. 3), which has the longest Ge-Ge distance, retains its structural 
integrity only in the crystal [48] and reacts as two germylenes in solution. There is a 
rather good agreement with calculations which predicted bond lengths of 2.27-2.341 A 
depending on the method used [22c,d,49b]. 

Digermenes 45 and 50 have a markedly trans conformation with a fold angle of 32 
and 36”, respectively (eqn. (33)). Such fold angles correspond to calculations which 
predict values from 34 to 40” (depending on the basis set used) [3,48,49]. Gn the con- 
trary, 48 (see Fig. 4), which contains two smaller groups on germanium than 45 and 50, is 
more &nar, with a fold angle of only 12’. The structure of germene 45 has been de- 
scribed according to eqn. (33) [48]. 

TABLE 2 

Digermenes 

Digermenes Synthetic UVnm Fold d(Ge=Ge) Ref. 
routea (log s) angle (“) (A) 

45 RzGe=GeRz a 302 (3.2) 32 2.35 37 
(R = (Me$i)$H) 414 (3.0) 48 

47 ArzGe=GeArz ad 418 (4.6) - - 38 

48 Ar’zGe=GeAr’z b,c 412 (3.9) 12 2.21 39 

Ar’= cc 0 
45 
47 

49 b 305 (4.0) - - 
418 (4.5) 

42 

50 Mea 
‘Ge=Ge 

jla 

Ar’ ‘Ar 

c,d - 36 2.30 47 

51 Mea Ar 
‘Ge=Ge’ 

c,d 412 (4.6) - - 47 

A/ ‘Maa 

“(a) Reaction of lithio compound with a stable germylene; (b) coupling of ge ylenes obtained by 
irradiation of bis-silylgermanes; (c) irradiation of cyclotrigermanes; (d) rea ion of dichloroger- 
manes with lithium naphthalenide. 
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C(9) 

P 
C(7) 

Sit21 Ge 93% CM) 

C(S) 

C(L)” C(13 II 
SI( .I) 

C(llI~ 

S(l) 

A 

b 

a121 

C(l) 

C(2) 

-c(3) 

Fig. 3. Molecular structure of 45 (reprinted from J. Chem. Sot. Chem. Commun.,.( 1984) 480). 

Fig. 4. Molecular structure of 48 (reprinted from Tetrahedron Lett., 25 (1984) 4191). 
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Note that the fold angles in digermenes are much greater than in disilenes which are 
generally more planar and, in some cases, completely planar with fold angles and twist 
angles of O” [3]. The twist angles in digermenes 45,47 and 51 are small, 0, 10 and 7O, re- 
spectively. 

(33) 

(6) Wspectra 
Like other doubly bonded main group species, digermenes are usually yellow. The 

absorptions of digermenes are blue-shifted compared to those of disilenes but consider- 
ably red-shifted from those of ethenes and are not affected by their conformation. The 
longest wavelength absorptions (between 412 and 418 nm) (see Table 2) have been at- 
tributed to a transition between modified a and x* orbitals [3]. 

(c) Energy of the Ge =Ge double bond 
The synthesis of 2 or E stereoisomers 50 and 51 [47] provides a means to determine 

the activation energy of the isomerization, which is 20.0 f 0.3 kcal/mol for E -+ Z (50 + 
51) and 22.2 It 0.3 kcaYmo1 for Z + E (51 + 50) [47]. These values are in good agree- 

ment with calculations of the enthalpy of activation for the Ge=Ge bond isomerization, 
which are estimated at 25 [49e] and 25.4-28 [22d] kcal/mol. In disilenes, the values are 
about 4-7 kcal/mol higher [3]. The dissociation energy of 48 was estimated, by kinetic 
investigation, at an upper limit of 30 kcal/mol [3]. Calculations predict this dissociation 
energy to be between 30 and 45 kcaYmo1 for digermenes [48,491>,50]. 

(iii) Reactivity 

Like all the doubly bonded main group species, the digermenes are extremely air- 
and moisture-sensitive, but they can be stored for long periods in an argon or a nitrogen 
atmosphere. Although a large steric hindrance is necessary for their stabilization, they 
appear very reactive, showing double bond characteristics toward certain reagents. As 
noted previously, 45 retains its digermene structure only in the solid state. The reactivity 
of 45 involves the corresponding germylene 52 (eqn. (34)). Most of the reactions lead to 
tetravalent germanium compounds (e.g. with MeI, EtOH, M&l& (M = Pt, Pd), 0, S, Te) 
[48]. Transition metal complexed germylenes are also obtained from 45 as well as germyl 
radicals R3Ge’ by irradiation in benzene [51]. Recently, the first gennaphosphirene 53 
[52] was synthesized by reacting 45 = 52 with tert-butylphosphaalkyhe (eqn. (34)). A 
similar behavior occurs for the tin analogue of 45 which appears as a distannene 
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R$n=SnR~ in the solid state by X-ray Dillon and behaves as a stannyIene R$n in 
solution [54]. In sharp contra& among silenes, the analogue of 45 retains its disilene 
structure R$i=SiR.r (R = (MesSi)&I) in sohrtion [SS]. 

RsGe ’ 

O,S,Te 

&&WXCOl, + 

(RsGeX), 

Cx : 0, S. Te) 

RsGe(I)Me 

(a) Alcohols 
The great difference between digermene 45 and other digermenes appears in their 

chemical behavior; for example, 48 gives the corresponding methoxydigermane with 
methanol (eqn. (35)), whereas digermene 45 displays the reaction of germylene shown 
previously in eqn. (34). This reaction proves that dige~ene 48, contrary to 45, retains its 
stru&ural intern in solution. 

Ar’sGe=GeAr’s 
MeOH w Ar’,G[e-YeAr’, (35) 

48 H OMe 

(3) Oxidation 
Digermenes 47 and 48 undergo oxygenation through various pathways [53] (eqn. 

(36)). Exposure of 47 or 48 to oxygen gives 54 quantitatively, which isomerizes to 57 on 
heating, whereas 54 gives 55 upon photolysis. This last derivative can also be obtained 
directly and quantitatively from digermenes by reaction with DMSO or N-methyl- 
rno~ho~~e-~-oxide‘ The dige~ox~e 56 also results from 47 or 48 by oxidation with 
N20 at 60°C [53] (eqn. (36)). 
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(36) 

B7 R’=H, Me 

cc) Reaction with pithily ~ht~leni~ 
Addition of an excess of lithium naphthalenide to 47 produces the unexpected 

cleavage of a Ge-Ar bond to give the corresponding digermenyllithium 58 [38], the first 
compound of this type in Group 14 metal chemistry (eqn. (37)). A different reaction is 
observed with less hindered digermene 48 since, in this case, cleavage of the germa- 
nium-aryl bond does not occur. Instead, digermane 59 (due to the reduction of the Ge-Ge 
double bond), Ar’zGeHz, and unidentified polymers were obtained [3] (eqn. (38)). 

ArsGe=GeAr, 
LiNp kxcess) 

v AraGe=GeAr + ArLi 
DME 

47 I!i(DME) 

5% 

H 
MeOH 

w ArsGe-deAr +ArH 

H bMe 

AT: 0 

CI 

Ar’zGe=GeAr’z 
1) LiNp (excess) 
.-b Ar’zGe-GeAr’z + Ar’sGeHa 
2) MeOH 

40 BrlI 

69 

(37) 

(38) 

Digermene 48 reacts with S [56], Se [56] and Te [57] to give the co~~n~~ air-stable 
thia-, selena- or tell~ige~~es in good yields (eqn. (39)). These heterocycles show 
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tern~~e~e~ndent NMR spectra due to the slow rotation of the aryl groups caused by 
large steric hindrance [56]. Tell~ge~~e exhibits ~e~~~ornisrn, bemg colorless 
at -196”C, pale yellow at room temperature, and orange at about 140°C [57], The struc- 
tures of 6th~ and 60b have been determined by X-ray crystallographic analyses f3], and 
show relatively short germanium-germanium bond distances (2.387 and 2.398 A; cf. 
2.44 A in a standard Ge-Ge bond) and nearly planar arrangements of the two germanium 
atoms and of the four ipso carbon atoms of the aryl groups (the sum of angles on germa- 
nium is 357.3 and 356.7’). As short Ge-Ge bond distances are not characteristic of three- 
membered rings (cyclotrigermanes have a longer Ge-Ge bond than expected [44] [59]), 
these results can be interpreted in terms of Dewar’s model of metal olefIn bonding 
[60,61]. Thus, 60a and 60b should have some n-complex character (form A) (eqn. (40)). 
Similar structures have been reported in other three-membered heterocycles: 

G= (X = CH2, NPh; see Section C(iii)(f) 

Si-si-rt (X = QS, CH2, NSiMq) 

GZ (see Section E) 

In compound 6Oc [57], the X-ray structure also shows that the ipso carbons of the aryl 
groups and the germanium atoms are almost coplanar (sum of angles on germanium 355.4 
and 355.5O). But in contrast to 6Oa and 6!b, the normal Ge-Ge bond length (2.435 A) 
does not support the z-complex model. Similar [2+1] cycloadditions with sultk and se- 
lenium have also been obtained from the metastable tetramesityldigermene 
MeszGe=GeMesz [57,58]. 

X 
AfsGe=GeAr’s e Ar’,G;-CjeAr’s 

X 
48 

x:s, 6oa 
se, f3b 

(39) 

Te, 6oc 

(e) [2+2] Cycloadditions 
Acetone and diphenylacetylene undergo [2+2 ] cycloadditions with digermene 48 to 

give the corresponding four-membered ring derivatives 61 and 62 [56] (eqn. (41)). In 
sharp contrast, acetone and acetophenone react only as protic reagents with gennenes 
>Ge=C< and ge~aphos~~~ >Ge=P-, which have polar bonds (see Sections (B(iii) 
and E(iii)). 
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(41) 

4a \ 
PhC=CH Ar’,G e-GeArlz 

) II 62 
HC=CPh 

I’$ [2 + 3 J Cycloadditions 

Digermene 48 undergoes [2+3] cycloadditions in good yields with diazomethane 
and phenylazide [42a,56] (eqn. (42)). As for compounds 60a &d 60b [3], short Ge-Ge 
distances and planarity around the germanium atoms are observed for 63 and 64 [42a], 
hence a z-complex can also be postulated for these cycloadducts. 

Ar’zGe=GeAr’2 

49 \ 

e Ar’ G?te Ar 
‘2 -N2 

2 - ‘2 

8 

(42) 

Ph 
I 

‘2 _N7 Ar’ Gl!heAr 2 ‘2 
2 

61 

Photolysis of the two three-membered ring compounds 63 and 64 shows them to be 
good precursors of germylene AYzGe (which have been trapped by DMB and methanol) 
and of the corresponding germene and germaimine [42a] (eqn. (43)). However, only the 
germene could be confirmed by trapping with methanol. The germaimine probably po- 
lymerizes rapidly [42a] (eqn. (43)). 

X 

Ar’,G/e--\GeArS2 hv [ Ar12Ge: + Ar’,Ge=X ] 

( XzcHs,NPh; 

Ar’,Ge(Me)OMe 

Interestingly [2+4] cycloadditions from stable digermenes (for 
or a-ethylenic aldehydes and ketones) have never been observed. 
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with dienes have only been obtained from transient digermenes such as EtzGe=GeEt, 
[62]. Other types of cycloadditions have also been observed with transient digermenes 
(see [4] and refs. therein). 

Until now, no stable germasilenes RzGe=SiRz or stannagennenes R$n=GeRz 
have been synthesized. However, very recently, the transient germasilene MeszGe= 
SiMes, has been obtained by Baines et al. by photolysis of hex~esi~ldige~~il~~e 
and characterized by a trapping reaction with methanol and 2gSi NMR at -70°C [ 1221. At 
room temperature, this germasilene isomerizes to the corresponding silylgermylene 
MessSi-GeMes [122], in accordance with calculations which predicted that silyl- 
germylene is more stable than germasilene by 3-6 kcal/mol[50,122]. 

D. GERMAlMlNES >oe=N- 

Stable gentles are obtained by five routes (eqn. (44)): 
- coupling of germylenes with diazomalonic esters (route a); 
- coupling of germylenes with azides (route b); 
- photolysis of a germylazide (route c); 
- reaction between germane and nitroso or nitroxy compounds (route d); 
- dehydrochlorination (or fluorination) of a chloro- (or fluoro)germylamine by tert-bu- 

tyllithium (route e). 

;Ge: + N~C(CO~R~ ;GiX + RNs 

(a) Rot&e a 

The fast stable germaimine 65 was obtained by Glidewell in the reaction between 
the electron-rich germylene 66 and the diazo-compound 67 [63,64] (eqn. (45)). 
Compound 65 exhibits high stability at room temperature in benzene solution, in the ab- 
sence of air, since addition of EtOH 3 h or 23 h after reaction has minor effect on the 
yield of adduct. In contrast, when other diazo compounds containing an enolizable fimc- 
tion such as RCH2COC(N2)R’ (R-H; R’= C!OOEt, SO&&-p-Me, COPh; 
RR’ = CMe$H&(O)-) are mixed with germylene 66, the resulting gables are not 
stable 1641. 



J. Escudi~ et al. / Coord 

I(MesSi)zN]sGe: + 

83 

(b) Route b 
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N&(COOMe)s w KMesSi)$Il,Ge=N-N=C(COOMe)s 

67 85 

(45) 

Reaction of stable germylenes with azides substituted by bulky groups is the best 
route to stable compounds containing a germanium-nitrogen double bond. Seven stable 
germaimines 68, 69 [65] 70-72 [66], 73 [67] and 74 [68] have been obtained by this 
route in good yields (eqn. (46)) (see Table 3). Although stable germylenes were generally 
used [65-67], this reaction also occurs with transient dimesitylgermylene generated in situ 

WI. 

[MessGel 

7 

MesNs 

MessSiNs 
) 

l(Me,Si)sNlsGe 
Ar:Mes, Ar’:Mes 

(46) 

In these reactions, the tlrst step is probably the formation of the intermediate 75 
[68] followed by elimination of nitrogen. However such an intermediate has never been 
observed (eqn. (47)). Germaimines 65,68-73 (see Table 3) are stable in solution at room 
temperature, but 74 must be stabilized by complexation with trimethylamine. When 74 
was generated without amine in a benzene or cyclohexane solution, it oligomerized 
rapidly and could not be chemically characterized. 

)Ge 
00 + RN-NdII + ;Ge=NR + N, 

R 7!5 

(47) 

(c) Route c 
Compound 74 has been obtained through a Curtius type rearrangement by irradia- 

tion of MessGeNs [68,69] (eqn. (48)). 
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Meq@N, hv Mes3GeN3* -b -N2 

I 
MessGeN 

1 

MeSN 
Mes2Ge=NMes 4 

4 
me3 

74a 

TABLE 3 

Germaimines 

%- 
A 

I Mes2Ge=NMes I 
74 

Me 

(48) 

Germaimines Synthetic &Ge=N) UV I,,,,, (nm) Ref. 
route8 (A) 

65 

68 
69 

70 

71 

72 

73 

74a 

[(Me3Si)zN],Ge=N-SiEt, 
[(Me$i)zN],Ge=N-Si(O%& 

MB\ 
( Me,Si ,N ),Ge=NMes 

MB 
( ‘N), Ge=N- Ar 

Me,Si / 

Ar 
\ 

(Me$i/ 
N),Ge&Ar 

tBu 

c 

t&l 

E ’ 
N\ 

TV& ;N ---+Ge=NS=e, 
si -N/ 
Me 

bu 

Mes,Ge=NMes 

4 
NM% 

a - 502 (C&) [72] 63,64 
504 (EtzO) [72] 

b - 65 
b - 65 

b 1.691(3) 66 

b - 66 

b 

b 

b 
C 

1.703(2) 6 15N 66 
(ratio 2: 1): 
-295, -193 

1.688(9) 67 

- Free 74: 309,459 68 
[691 68,69 
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TABLE 3 (continued 

455 

Gennaimines Synthetic d(Ge=N) W & (nm) Ref. 
routr? (A) 

78 FsC-N=GeH2 d - IRv(Ge=N) 70 
1030 cm-t 

79 F&J-N=Ge(H)ON(CF& d - 1028 cm’ 70 
80 F$-N=Ge[ON(CF&]2 d - 1070 cm-’ 70 
81 FsC-NO-N=GeHz d - 71 

82 Mes,GedJ e 325 nm 77 
0 261 mn 

\\ 
P 

MeO 

83 e 77b 

%ynthetic routes: (a) coupling between a germylene and a diazomalonic ester; (b) coupling be- 
tween a germylene and an azide; (c) photolysis of a germylazide; (d) reaction between a germane 
and a nitroso compound, (e) dehydrochlorination (or fluorination) of a chloro- (or fluoro-) 
germylamine by text-butyllithium. 

(d) Route d 

2 (F,C)$O 7 
F3GN0 

w FsC-N=GeO-N(CFs), 

/TW F3C-N=GeHa v (F,C)$JO 

GH, 
78 

F c N ,,“,,,, ) , 
)3-= - 322 

a0 (4% 

\ w F,C-NO-N&%, 
-H,O 

81 

A novel synthesis of CF&xring germaimines 7S-gO [70] and 81 [71] (see Table 
3) has been reported in two preliminary publications which appeared 4 years ago (eqn. 
(49)). Although supporting analytical and spectroscopic data appear to be strong, no com- 
ment was made about the astounding resistance of 78 to hydrolysis, unlike all other ger- 
maimines. Yet hydrogen iodide added readily. Moreover, the surprisingly high proton 
chemical shift of the GeH2 group was unexplained even though the value is higher than 
and inconsistent with those of all other organogermanium compounds. These results are 
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also astonishing since doubly bonded germanium species are usually stabilized by steri- 
tally demanding groups. It remains to be seen whether the reported synthesis can be ex- 
tended to a wider range of germanes and organofluorine compounds. Interestingly, the 
CFs group appears to stabilize compounds having a phosphorus-carbon [73] or a phos- 
phorus-nitrogen [&I41 double bond. 

(e) Route e 

XH 

X : Cl, F -MeOLi tBuLi 

- LiCl 

I 

AMe 

A 
6Me 

B 
%1 

tBU 

82a 
XH 

MessGkIk 

D 

MessGe=N 

0 0 
tBuLi ) 

W2 
- 30% 0 D -‘c 

0 
dMe i)Me 

83 (50) 

A new germaimine 82 [77] that is stable in solution at room temperature, has been 
very recently prepared by dehydrochlorination or dehydrofluorination of the correspond- 
ing chloro- (or fluoro)germylamine in excellent yield (nearly 90%) (eqn. (50)). The minor 
product 82a (-10%) was obtained when the reaction was performed at room temperature. 
A similar route leads to stable germylamine 83 [77b] (eqn. (50)). This is the first time that 
dehydrohalogenation has been used in germaimine synthesis. But, whereas this method is 
very efficient for germenes >Ge=C< and germaphosphenes >Ge=P-, the de- 
hydrohalogenation of halogermylamines afforded only cyclogermazan es [78a]. When the 
steric hindrance was important, it appeared very difficult [78b], as also observed in 
silicon chemistry. In the case of 82, elimination of halogen is probably easier because of 
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the nucleophilic assistance of oxygen [77]. Germaimine 82 is probably stabilized by 
conjugation with the thiophoate group, and also by an intramolecular coordination with 
oxygen of the ester groups as evident from the decrease in the Y(C=O) band in the IR 
spectrum and the bathochrome shift in the UV spectrum [77]. Gn this basis, resonance 
structures 82A t) 82B can be postulated. Moreover, mesityl groups on germanium appear 
to be necessary for stabilization since, with ethyl groups, the germaimine was not stable 
and instead only the corresponding cyclodigermazane was obtained [80]. 

(ii) Physicachemical studies 

Three gennaimines have been structurally characterized by X-ray diEaction. The 
Ge=N double bond lengths: 1.691(3) A in 70 [66], 1.703(2) A in 72 [66] (see Fig. 5) and 
1.688(9) A in 73 [67] (see Fig. 6), are in excellent agreement with the calculated value for 
H2Ge=NH (1.695 A at the SCF level and 1.727 A at the CI level) [20]. The bond short- 
ening relative to the standard single bond is about 7.8% . In 70 and 72, the C-N=Ge-N 
torsion angles (-1.5(5), 178.4(3)0 and -1.5(5), 178.1(3)0, respectively) and the sum of 
angles at germanium (exactly 360”) are consistent with a normal pn-pn double bond. 

In compound 73, the sum of angles at germanium is 357.7” [67], also very close to 
360”. From X-ray and NMR data, it seems that it should be described by three resonance 
structures [67] (eqn. (51)). Apparently, 73 is stabilized by an intramolecular base-stabi- 
lization, a new concept which appears to be very efficient and does not affect the reactiv- 

Fig. 5. Molecular structure of 72 (reprinted from J. Chem. Sot. Chem. Comma., (1991) 1123). 
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Fig. 6. Molecular structure of 73 (reprinted &om Angew. Chem. Int. Ed. Engi., 29 (1990) 216). 

ity of the germaimine. A similar stabilization by intramolecular coordination with a nitro- 
gen occurs in silaimines >Si=N- [74] and silaphosphenes, >Si=P- [74], but in these 
cases, the Si=N(P) double bond is unreactive. 

\/@ \A/ 

;.+_r;o _ + 

.\ t 
N 

\N 
/ 

i 
SiMes 

;N-/Ge=N’ - 40 0 

\ 
)N-G~=N_s~M~ 

TN 
% 

SiMe, I s (51) 
N 

/\ 

Ge~~rn~e H2Ge=NH was predicted to be planar [ZO]. The calculated geometry 
and the Ge=N bond distances agree well with the expe~en~l values 166,671. The 
charge distribution shows a very polar bond (Ge, +0.54; N, -0.70 PO]) and a large dipole 
moment (2.99 D). 

Compound 65 slowly changes over a period of a few days into a second species. 
Tbe similarities between the NMR spectra of the two compounds show that they are iso- 
me&, The initial form is the transofd 65a, and the more stable the cisoyd 65b [63,72] 

(eqn. (52)). 

(Me~Si)~, 
Ge=N 

(Me@)@ ’ \ 
N=C(COOMeJ 

(Me~Si)~N , 

Ge=N 

(Me@)& ‘N w 
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These results have been confumed by MNDO calculations on the simpler analogue 
[(H$i),N],GeNN(CGGMe)z [72]. Structural data suggest that 65 should be represented 
as a hybrid of three forms, with C as the most important contributor [72] (eqn. (53)). 

)G~=N-N=C : 4--+ 
,@ 
,Ge-N=N-- : s? ,oo 

- ,Ge-N-N&: (53) 

A B C 

(c) IR, UK NMR 
The Ge=N stretching vibration has been observed experimentally at 1028 (79), 

1300 (78) and 1070 cm-’ (80) [70]. It was one of the most important physicochemical 
data responsible for the characterization of germaimines 78-80 [70]. These values are 
slightly higher than previously reported for F2Ge=NPh (970 cm-r [la]) and much higher 
than calculated (854 cm-l [20]). In the W spectra, bands were observed at 502 nm (in 
EQO) and 504 nm (in C&IJ for 65 [72]. In the case of 74, two bands were observed at 
459 mu (n + a*) and 309 nm (a -+ z*) [69]. These measurements were done in an argon 
matrix since 74 is only stable at room temperature when it is complexed by an amine. In 
the r5N NMR spectrum of 72, two signals were observed in the ratio 2:1 at -295 and 
-193 ppm, respectively, for the three nitrogen atoms [66]. 

(iii) Reactivity 

(a) Protic reagents 
Whereas the reactivity of transient germaimines is now well known [4 and refs. 

therein], the chemical behavior of stable germaimines is still relatively undeveloped. Most 
characterization reactions have been done with protic reagents (alcohols, water, mineral 
acids) or compounds with active hydrogen ((Me&NH, PhCOCH(N2)) (eqn. (54)). The 
reactions displayed in eqn. (54) deserve some comment. They occur regiospecifically, 
with hydrogen always on nitrogen, and usually in excellent yield. In the case of hy- 
drochloric acid, addition to the Ge=N double bond is normally observed in 73 and 82, 
giving 84 [67] and 85 [77], respectively. In contrast, a rather surprising reaction occurs 
between HCl and 79 or 80; cleavage of the Ge-G bond is observed, leading only to the 
corresponding chlorogermaimines 86 and 87 in 53 and 57% yield, respectively, together 
with an almost quantitative yield of bis(trifluoromethyl)hydroxylamine. These new ger- 
maimines are stable at -20°C. In some cases the labile G&N bond is cleaved by an ex- 
cess of protic reagent, leading to dimesityldiethoxygermane (e.g. 74 with EtOH [69]) or 
germoxane ([(MesSi),N],GeG),, (e.g. 65 with Hz0 [64,72]). Similar results are obtained 
when EtOH is added to 65 3 h or 23 h after its synthesis; the yield decreases only from 83 
to 75%, indicating a considerable lifetime at room temperature for this germaimine. 
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from= ,R:EL[8,64] 

@B ,R:Me[GSl &Ge=NCF, from 80 

78, R:WUb 1671 

74 , R:M [@I 

88 , R:Ms [n] 

A : cMe$ii),N l721 

PhCOWJC [6&n] 

(b) Lithio compoun& and methyliodide 
Methyllithium and methyliodide add to the double bond of 73 with the electroposi- 

tive part of the reactant bound to nitrogen and the electronegative part on the germanium 
atom as expected. Quenching 88 with ethanol, and addition of trimethylstannane to 89 
yield the two regioisomers 90 and 91, respectively. Such reactions are interesting since 
they give two compounds which differ only in the position of the hydrogen atom and 
methyl group on germanium and nitrogen [75] (eqn. (55)). 

MeLi 
c 

EtQH 

r- 

Ge-NSiMea 

IJe zli 

_ EtoEb c $-ySiMes 

Me H 

E 
Ge=NSiMes 88 90 

73 

\ Me1 Me$nH 

- MesSnI *( c;“- TSiMes 

H Me 

88 91 

t&l 

Ee -I- F 
N\ 

Ge : t&N: :N __)(= 
N’ e Si - 

Me Al 

t&l 

c 
Ge : tBuN Ge 

\ / 
Si -N / 

bke ku 

(55) 
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Addition of methyliodide to the Ge=N double bond of 73 shows the high reactivity 
of such a derivative, although the germanium is complexed with nitrogen. Note that such 
addition of a&y] iodide to a stable doubly bonded germanium species has never been ob- 
served before, 

(c) CycrOadditions 
The free transient germaimine MessGe=NMes 74 can be characterized by trapping 

with benzaldehyde during the course of the irradiation of MessGeNs. But if benzaldehyde 
is added after the end of the irradiation, no pseudo-Wittig reaction occurs, showing that 
free 74 is not stable at room temperature [68]. When the irradiation was done in the pres- 
ence of ~rne~yl~~e, the complexed germahnine 74s showed good stability, since ad- 
dition of be~ldehyde or diphenylni~one gave the expected pseudo-Wi~ig reaction even 
after the end of the irradiation [68] (eqn. (56)). 

PhCHO 
V 

MeasGe=NMes ’ 
+ 

MesN 
\ 

74a \ 0 

\ PhCH&‘h 
. 

Mess ye-f;JMes 

0-CHPh 

82 

Me5 

rs -CHPh 

MesaG; 1 

b-NPh 

93 

w (MessGeOIs + PhCH=NMes 

+ @ks@O)s +PhCH=NMes 

+PhN=NPh 

(56) 

These reactions involve the intermediate formation of four- and five-membered ring 
derivatives 92 and 93 which are not stable and give the classical decomposition of cy- 
cloadducts of germaimines [76]. A [2+4] cycloaddition has been observed between ger- 
maimine 82 and 3,5-di-tert-butyl-ortho-quinone, leading to cycloadduct 94 [77], then to 
the corresponding germadioxolane 95 according to a type of decomposition already ob- 
served in derivatives having similar structure [8 l] (eqn. (57)). 

-w MessG,e 
-0 

TPN 
‘0 

P --e Mes2Ge, 
-TPN 0 

TP : tiophoate : 

COOMe 
(57) 
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E. GE~~HOSP~ES se=P- 

(i) Synthesis 

Stable germaphosphenes are obtained in two ways (eqn. (58)): 

dehydrohalogenation of halogermylphosphines by tert-butyllithium (route a); 
synthesis in one step by reacting dihalogermanes with dilithiophosphides (route b). 

$=P’ 

3GeXs + L&P- 

(58) 

(a) Route a 

The dehydrofluorination of the corresponding fluoro precursor by tert-butyllithhnn 
is the best route to germaphosphene 96 [82], 97, 98 [83] and 99 [83], which are all ob- 
tained nearly quantitatively (eqn. (59)). In dehydrohalogenation reactions, the best results 
are obtained with fluoro-germanium derivatives. Owing to the high germanium-fluorine 
bond energy (113 kcaYmo1) [ 121, the Li/halogen exchange frequently observed when 
germanium is substituted by other halogens, does not occur. Moreover, bulky lithio 
compounds such as tBuLi prevent direct alkylation of germanium. Note that 
silaphosphenes >Si=P- are usually obtained from chloro precursors [85-87], and rarely 
from fluoro precursors [88]. Ge~aphosphene 96 cart also be prepared by dehy~~hlori- 
nation of the co~espond~g chloroge~ylphosph~e by ~me~y~e~ylenephosphor~e 
[82] or DBU ]82], but in low yields. These are only marginal routes to ge~~hosphenes 

(eqn. (60)). 

R\ t&&i/-5OT R, Ar 
Ge-P-Ar ,_b 

R”h H -tBuH,-LiF 
R,,Ge=P ’ 

(59) 
R,R’:Mes,%l;tBu99 
R:Mes,R’:tBu ;97,98 

DBU or MesP=CH, 
Mesa?-YAr * MessGe=PAr 

- DBU, Ha o r - Me,PCl (60) 
Cl H 

The ge~phosphene 100 1891 can be synthesized in a one-step reaction between 
d~esi~ldi~uoroge~~e and 2,4,6-~-isop~pylphenyldili~iophosphide, which is ob- 
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tamed Tom the corresponding phosphine and 2 equiv. of b~lli~i~. This type of proc- 
ess, generally less clean than the two-step reaction, gave good results for 100 (eqn. (61)). 

Mes2GeF2+ IsPLi2 - 
-2 LiP 

Mes2Ge=PIs 

100 (61) 

(ii) Physicochemical studies 

(a) X-Ray dt@action 
The presence of a double bond between germanhrm and phosphorus was proved 

~~bi~o~ly by an X-ray crystal structure determination. In the cases of 96 (2.138 A) 
1911 (Fig. 7) and 98 (2.14 A) [83] (Pig. 8), a shortening of about g-9% compared to the 
Ge-P single bond (2.33-2.36 A for a single bond [92]) was observed. This is typical for 
or~ome~lli~ doubly bonded compounds. Moreover, 96 and 98 adopt a nearly planar 
conformation of the central atoms qGe=PC witb the sum of angles on germanium practi- 
cally 360°. The Ge=P bond length is in good agreement with calculated values by 
Barthelat [93] of 2.169 A at the SCF level with configuration interactions, and 2.136 A by 
ab initio calculations using pseudopotentials. These calculations also agree well with the 
sum of covalent radii (2.12 A) of sp2 hybridized germanium (1.12 A) and sp2 phosphorus 
(1.00 A). 

@) Isomerization barrier 
As mentioned above, dehydrofluorination of fluorogermylphosphine 101 afforded 

germaphosphenes 97 and 98 [83]. However, only the isomer with a ciS arrangement of 
Mes and Ar groups (97) is observed immediately after the reaction, even when starting 

cl23 

Fig. 7. Molecular view of 96 (reprinted from Organomcbdlics, 7 (1988) 1010) 
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Fig. 8. Molecular view of 98 (reprinted from New J. Chem., 13 (1989) 389). 

with a 60:40 mixture of the two diastereoisomers lOla/lOlb (eqn. (62)). This 
phenomenon can be explained by the preferential reaction of one of these two 
di~te~oisome~, followed by a rapid ~e~~~~ic ~~lib~~ between them, 
probably due mainly to the high confi~tio~al instability of asymmetric fluoroge~~es 
[90]. ARer 5 h at room temperature, complete isomerization of 97 to 98 was observed 
[83] (eqn. (62)). Both isomers were identified by NMR spectroscopy, and 98 also by X- 
ray diffraction (see Section (E(ii)(a)). 

alLi Mes, Ar ma, Ar 
Mes(tBu)ye-FAr - Ge=P’ - Ge=P’ 

FH 
t&l’ Mes’ (62) 

101 9I 96 

The eis-tram isomerization barrier 97 + 98 (22.3 kcal/mol) has been determined 
by Nh%R spectroscopy. A similar value (20.3 kcal/mol) was obtained for the ~phosphene 
ArP=PAr (AK 2,4,6-~-tea-bu~lphenyl) [94]. The cis ~~gement of Ar and ‘Bu may 
seem surprising since tert-butyl is considered to be bulkier than mesityl [95]. However, 
free rotation of all groups is not possible when mesityl and Ar are cis. 
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Germaphosphenes display characteristic low field 31P NMR signals (between +145 
and +173.6 ppm; see Table 4) [82,83,89). A rather large temperature dependence has 
been observed for the d31P [83] with increasing temperature efTecting a low field shift, up 
to 12 ppm, between -80°C and +8O”C (see Table 4). This corresponds to a red shift in the 
electronic absorption spectrum. As a result, germaphosphenes display high thermo- 
chromism, yellow at -8O”C, orange at room temperature, and orange-red at +80°C. Such 
a reversible phenomenon has previously been noted in other doubly bonded species lie 
disilenes [ 173 and diphosphenes [ 191, and similar relationship between electronic absorp- 
tion and li9Sn chemical shifts is observed in the series Ph3Sn(Sn~Bu@rPh3 (n = l-4) 
1961. Germaphosphenes 96 and 98 have strong Raman emission bands at 503 and 
50 1.5 cm-l, respectively (see Table 4) [83]. A good correlation is observed with previous 
calculations: 48 1 cm-’ [93] using pseudopotentials and confi~tion ~te~~io~. 

(iii) Reactivity 

(a) Protic reagents 
Orange solutions of germaphosphenes 96100 are extremely air- and moisture-sen- 

TABLE 4 

Germaphosphenes 

Gerrnaphosphenes Synthetic Raman 8 31P (ppm) d(Ge=P) Ref. 
routea (cm-‘) (4 

96 Mf@e=PAr 

97 Mes, ,A= 
t&/e=P 

a 503 i-173.6 Z-139(3) 
(+164.8: -80°C 1911 
i-1 78.2: +80°C) 

a +169.2 

82 
91 

83 

98 tl3u\ 
Mesl Ge=PPf‘ c 

501.5 +157.4 2.14(4)b 
(-c149.1: -80°C 2.14(3) 
i-161.0: +80“(J) 

83 

99 *BqGe=PAr a - +156.6 
(+148.5: -80°C 
e159.8: +80”C) 

83 

100 MqGe=Pls b - +146.8 89 

“(a) ~hydrofluo~n~on by %Li of a fl~o~g~ylpho~hine; (b) one st process: reaction of 
difluo~im~i~lge~~e with a dili~~opho~hide; (c) isomerization eL m another germa- 

hosphene. 
4 wo crystallographic independent molecules. 
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sitive, but they can be stored without change for months in an inert atmosphere. They 
behave only as doubly bonded compounds, never as germylene R2Ge or phosphinidene 
Rp should the germanium-phosphorus connection be very weak. Germaphosphene 96 
reacts quantitatively with protic reagents or compounds with active hydrogen, such as 
phenylacetylene or trimethyhnethylenephosphorane (eqn. (63)) [82,97-991. These reac- 
tions are regiospecific, giving only secondary phosphanes. The regiochemistry is deter- 
mined prhnarily by polar effects since the germanium-phosphorus bond is slightly polar- 
ized Ged+=P(“-. Addition of water or hydrofluoric acid to 98 gives a mixture of two 
diastereoisomers Mes(Bu)(A)GeP(H)Ar (A = F or OH) due to a rapid thermodynamic 
equilibrium ]83]. 

MessGe-PAr AH WMessGe-PAr A : Cl, F, HO, MeO, PhNIi, 

88 d$ iPrS, CHsCOO, Ph=-C , (63) 
MesP=CH 

(@) Lithio compounds, Grignard reagents, @&ides, d&u&id=, halogens and carbon 
tetrachloride 

Mes&je-YAr + Mesaqe-PAr 

HH H BH2 

lo!2 

Messye-pAr / 
MeesGje-PAr 

MeOH R H 
R MgX 

(64) 

Germaphosphene % is highly reactive towards nucleophiles. Methyllithium, tert- 
butyllithium and methyhnagnesium iodide react rapidly at room temperature to give, after 
methanolysis, the corresponding secondary phosphanes [97,99] (eqn. (64)), and the 

reactions are all ~gios~cific. Lithium Alexis hydride reduces the germa- 
ni~phospho~ double bond 197,991, as do boranes such as BHs - SMe2. In this case, 
the adduct 102 was also observed in minor quantities [97] (eqn. (64)) depending on ex- 
perimental conditions. Germaphosphene 96 reacts with dimethyldisulfide, probably by a 
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radical process [97,99]. Each reaction involves only the germaniun+phosphorus double 
bond. The Ge-P single bond, which is usually cleaved by lithio eompounds [loo], 
Grignard reagents [ 1011 and hydrides [102], is unaffected due to large steric hindrance by 
mesityl and tri-tert-butylphenyl groups . 

Halogens react with 96 to produce the expected adducts 103 and, surprisingly, 
halogermylphosphines 104 as major products [97,99] (eqn. (64)). Two competitive 
mechanisms probably occur, an electrophilic addition leading to 103 and a radical process 
forming the radical MeszGe(XkP ‘Ar which reacts tbrther with halogen, or by hydrogen 
abstraction to produce either 103 or 104. 

The reaction of 96 with carbon tetrachloride is particularly interesting because it 
allows the quantitative synthesis of a compound with a phosphorus-carbon double bond 
105 from a compound having a germanium-phosphorus double bond [97] (eqn. (65)). 

MessGe=PAr + Ccl, 
20°C 5’ ) + Mes2GeCla + 

96 ArP=CCl, 

105 (65) 

(c) [2+ I] Cycloadditions 
Reaction of an equivalent sulfur or selenium with germaphosphene 96 leads to sta- 

ble three-membered heterocycles, the germathiaphosphirane 106 and the germaselena- 
phosphirane 107 [ 1031 (eqn. (66)). The fust step of the reaction is probably the formation 
of the germaphosphene sulfide (or selenide) 108 followed by its isomerization to the 
three-membered ring. A similar process has been demonstrated by Yoshimji in the reac- 
tion of sulfur with a diphosphene [104] (eqn. (67)). The X-ray crystal structure of 106 is 
rather surprising since germanium, phosphorus and the three ipso carbons of the aromatic 
rings are nearly in a plane as in the starting germaphosphene. Moreover, the germanium 
atom is nearly planar (sum of angles 358.1”) with respect to the two mesityl groups and 
the P atom, and the germanium-phosphorus bond is shorter than a classical Ge-P single 
bond (2.316 A versus 2.35-2.36 A) [92]. Apparently the hybridization of germanium is 
between sp2 and sp3 and the bonding intermediate between a normal three-membered ring 
and a z-complex (eqn. (68)). 

Mes2Ge=PAr 

!I6 

- Mes2Ge-PAr 

108 s 106 
se 107 

Similar observations have been reported by West for disilaoxiranes 

SG [ 1051 and disilathiiranes E [ 1061 
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in which the Si-Si bonds are shorter than expected with quasi planar silicon atoms. This 
hypothesis is supported by a theoretical investigation of three-membered rings containing 
two silicon atoms [ 1071. The same phenomenon has been described for other three-mem- 
bered ring derivatives (see Section C2). 

Us% ArP=PAr .----w 
A orb 

ArP=PAr _ ArP-PAr 

!!t ‘S’ 

S 

- ;Ge P- 
i 

(67) 

63) 

(d) [2+2] Cycloadditions 
Germaphosphenes 96 and 100 react readily with benzaldehyde by [2+2] cycloaddi- 

tion to give the corresponding four-membered ring heterocycles 109 [89] (eqn. (69)). 

PhCHO 
D+21 

i- 

MessCje-TR 
109 

MessGe=PR 0-CHPh 

100 

(69) 

The first step of this reaction is probably the nucleophilic attack of oxygen on ger- 
manium, followed by cyclization. Although the Ge-P bond is only slightly polarized, a 
regioselective reaction takes place with oxygen bonded exclusively to germanium. Six- 
membered ring heterocycles such as 110 are never obtained, contrary to [2+4] cycloaddi- 
tions reported between benzophenone and some transient germenes Ge=C [28] or silenes 
Si=C [108]. The 31P NMR signal of 109 appears at low field (between +45 and +82 ppm 
depending on group R on phosphorus). Such a large deshielding has been explained by 
folding of the four-membered ring allowing an interaction between phosphorus and 
oxygen lone pairs [89]. In the mass spectrum of 109, the classical [2+2] decomposition of 
organometallic four-membered ring heterocycles has been observed, the most important 
route a (a/b 95:5) regenerating the starting material [89] (eqn. (70)). 

b 

MessGeGPR 
__I_+__ 8 

O--$HPh 
I 

109 

MessGe=PR + PhCHO 

b Mea&&O + RP=CHPh 
b 

(70) 
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Reactions of ~-phenyl-~-tee-bu~lni~one with germaphosphenes 96 and 100 afford 
the corresponding five-membered ring heterocycles 111 and 112 [89] (eqn. (71)). Whilst 
two diastereoisomers were obtained for 112, only one was observed for ‘111, probably due 
to the large steric hindrance imposed by the 2,4,6-tri-tert-butylphenyl group. An insertion 
with ring expansion, equivalent to a [2+3] cycloaddition, involving oxirane or thiirane, 
was the first method of characterization of transient germaphosphenes obtained by de- 
chlorosilylation reactions between dichlorogermanes and disilylphosphmes [ 1091 (eqn. 

(72)). 
MessGe-PR 

d ’ MesaGe=PR + PhCH=N(OjtRu 4 
\ ,GHPh 

96,100 
N 

t&l 

R:Ar, 

R:Is, 

Me2 
si 

X (71) 

R&&I, + PhP’ 
‘Si 

Me3 

+ lR#e=PPh] A 

Me2 _ 1 x:o,s 
Me2f+ J 

Cl 
@I [2+4J7 Cycloadditions 

(72) 

Germaphosphenes 96 and 100 react with a-ethylenic aldehydes and ketones to pro- 
duce six-membered ring germaoxaphosphorinenes according to a [2+4] cycloaddition 
[I lo]. However, four-membered ring compounds ([2+2] ~clo~diti~~ and open-chain 
products are also obtained with Q or /I me~yl-substi~ted aldehydes and ketones, respee- 
tively (eqn. (73)). Hence, it seems that the outcome of the reaction strongly depends upon 
steric hindrance, both on the carbonyl corn~~d and on the ge~aphosphene. The first 
step of these reactions is probably the nucleophilic attack of oxygen on the germanium 
centre while the attack of phosphorus occurs at the carbonyl carbon or the ,B carbon, 
depending on the substituents on these atoms. 

Four- and six-membered ring derivatives are easily differentiated in 3*P NMR spec- 
tra by their very different chemical shifts (-33 to -77 ppm for six-membered rings, +36 to 
+89 ppm for four-membered rings) [ 1 lo]. 

The inversion barrier of phosphorus has been determined for three derivatives [ 1 lo] 
(eqn. (74)). These low barriers are due to the substitution of phosphorus by the electro- 
positive germanium (electronegativity 2.0) and particularly by the large steric effects of 
the substituted aromatic rings. Such studies have determined the influence of the aryl 
group bonded to phosphorus (Ar in relation to Is) and of the substi~~n on the 4-carbon 
of the carbonyl (Me in relation to H). 

InterestingIy an insertion with ring expansion, equivalent to a [2+4] cyclo~dition, 
has previously been observed with germaphosphenes obtained by thermolysis of four- 
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membered rings. This was, for a long time, practically the only evidence for the formation 
of transient germaphosphenes [ 1141 (eqn. (75)). 

Mea@-P\R Mes@+PR 
0 a2 + 
,b=d 

bI: 

Mes$e-P\R 
0 ,cItL + 
)=c, 

MaTIE_c;cy 

Me \Me 
I 

IH Me Me I 

Is: 0 
4 

six-membered ring 

R:Ia, 58 to -77 ppm 

Rh, -33 to 46 ppm 

four-membered riq 

R:Is, +36 ppm 

+4r,+80to+89 ] 

M%GePR 

;I: 

H&&H=CMe, 

'M+Ge-I'?3 Mea&-PR ’ 
d 

CMe, + L!H-~=s~M+ 'c=(j 

H’ ‘H !I 

R: Is l!i& 

R: Arti 

Mes,Fe-P\Is 
0 CH2 

‘c=& 

H’ ‘H 

Mes2$h-P\Ar 

0 CH2 
‘c=C’ 

d ‘H 

Mes Ge-P\Ar 
2/ 
0 CHMe 

‘C=C’ 

H’ ‘H 

AG? 18.2 kcaUmo1 

A G* 13.2 kcal/mol 

Influence of Ar group 
in relation to Is group: 

5 kcaVmo1 

Influence of Me group 
in relation to H: 

AG*: 13.7 kcal/mol 
0.5 kcal/mol 

(73) 

(74) 



J. Escudid et al. /Coot-d. Chem. Rev. 130 (1994) 427480 471 

Ph 

RsGe-PPh 

I 

150=C/162mmHg 

- CHpCH, 
+ [ R,Ge=PPh 

I 

113 j-G,, 

‘p 
-R2Gew ph (75) 

113 

(R: Me, Et) 

Various types of cycloadditions have been observed between a-ethylenic aldehydes 
and ketones and other doubly bonded main group elements including exclusive [2+2] cy- 
cloadditions with disilenes [l 111, [2+4] with germenes [25], [2+2] and [2+4] with silenes 
[ 1121. With diphosphenes a cycloaddition involving one of the phosphorus atoms was 
observed to give a five-membered ring [ 1131 (eqn. (76)). 

&i-C,< 
0’ /c< 
JC=c 

\ 

+ 

ISi-C 
/ 
? 

;d 0 
)c=d 

\ 

/\ \ (76) 

(a) Thermolysis 

Heating 96 at 14O’C affords the stable germaphosphetene 114 [115] (eqn. (77)) 
probably by an intramolecular radical aromatic substitution. Compound 114 is the first 
heterocycle of this type to be prepared and has been structurally characterized. Although 
the four-membered ring is highly strained, it is thermally stable. 

140% l solvent 
Mes2Ge=PAr - Mes2Ge -P - 

96 

Of the silaphosphenes, >Si=P-, germaphosphenes >Ge=P- and stannaphosphenes 
>Sn=P- series, the germaphosphenes have been tbe most extensively studied. This is 
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probably due to their straightforward synthesis allowing the isolation of pure crystalline 
derivatives. The germanium-phosphorus double bond appears very reactive in spite of the 
large steric hindrance necessary for its stabilization. 

F.GERhIATHIONES>Ge=S 

(i) Synthesis 

Stable germathiones are obtained by two routes (eqn. (78)): 

coupling of a germylene with sulfur (route a); 
- decomposition of a germatetrathiolane (route b). 

(78) 

(a) Route a 

The germathione 115 is obtained in high yield by a reaction between the stable 
germylene 116 and sulfur [ 1161 (eqn. (79)). All previous attempts to isolate germathiones 
failed even with sterically demanding ligands on the germanium, and compound 115 is 
the first derivative with a base-stabilized double bond between sulfur and germanium. 
Stabilization of a doubly bonded compound of the type >Ge=Mr6 (MI6 = 0, S, Se) is of 
course much more difficult than the stabilization of compounds such as >Ge=M,s 
(MIS = N, P) or >Ge=Mt4 (MI4 = C, Ge) since there is no substituent on the MI6 element. 
Therefore complexation of germanium by a Lewis base is advantageous. A similar 
stabilization allowed the isolation of a stable compound with a silicon-sulfur double bond 
[117]. 

Me tBu 
I I 

Me tBu Me tBu 

116 115 

(79) 

By contrast with sulfur, the reaction of germylene 116 with oxygen did not afford 
stable germanone >Ge=O, but only its dimer [ 1161. 
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(6) Route b 
Recently, Tokitoh obtained the new stable germathione 118 by thermolysis of the 

germatetrathiolane 117. Compound 118 is stabilized by the extremely bulky substituents 
on germanium (eqn. (SO)) [121]. 

;:G<:l 2 Tb: ’ d 0 . AT: 4 0 

(R: (Me$i),CH) (80) 

117 118 

(ii) Physicochemical studies 

(a) X-Ray dtfiaction 
The geometry of germanium in 115 can be described as trigonal-planar (GeSN4W) 

with an additional bond (GeN3) since the sum of angles on germanium deviates by only 
5’ from the ideal value of 360’ [ 1161. The Ge-4 bond length (2.063(3) A) is the shortest 
germanium-sulfur bond observed, 0.2 A shorter than that of a single bond [ 1181 (Fig. 9). 
Theoretical caldulations predict the Ge=S double bond length to be 2.02 A in H*Ge=S 
[ 1191 (using pseudopotentials or MNDO methods) and 2.01 A in Me*Ge=S [ 1201 (ab 
initio Hartree-Fock level calculations). On the basis of X-ray and NMR measurements, it 
seems that 115 can be formally described in terms of the two resonance structure 115a 
and 115b [67] (eqn. (81)). 

Fig. 9. Molecular view of 115 (reprinted from Angew. Chem. Int. Ed. Engl., 2$ (1989) 1237). 
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TABLE 5 

Germathiones 

Synthetic 
rout9 

d(Ge= S) (A) Ref. 

a 2.063 (3) 116 

118 
Ar 

b 
\ 

e=S R 

121 

(R:(MesSi)@-I) ) 

“(a) Reaction of a stable gennylene with sulfur; (b) decomposition of a gemmtetrathiolane. 

(81) 

116 a 

(6) IR spectra 

115b 

The only IR spectrum of a germathione obtained to date is that for transient 
MezGe=S trapped in an argon matrix at 18-20 K. The observed Ge=S stretching vibra- 
tion (604.6 cm-t) is in good agreement with calculated values (666 cm-t [119] and 
586 cm-l [la]). 

(iii) Reactivity 

The reactivity of transient germathiones is well known (see [4] and refs. therein). 
But, for the recently prepared stable gerinathione 115, only the addition of methyl iodide 
to the germanium-sulfur double bond has been studied [75] (eqn. (82)). In the adduct 
119, iodine is bound to germanium and the methyl group to sultk, as expected t?om the 
bond polarity Ged+=S”-. Thi s reaction shows that the base-stabilized germathione 115 
behaves as a normal unsaturated molecule. 

lGe=S 

115 

IMe ) 
;G,e-S (82) 

I Me 
119 
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G. CONCLUSION 

Great progress has been made in the field of organogermanium doubly bonded 
species in the 1980s and the beginning of the 1990s during which more than 30 stable 
germenes, digermenes, germaimines, germaphosphenes and germathiones have been syn- 
thesized and isolated. These compounds are stabilized by various means, the most impor- 
tant being the use of very bulky substituents which prevent their oligomerization. 
However, electronic effects, such as conjugation, also play a role, especially in germenes 
and germaimines. In the last case, the powerful -1 effect of CFs attached to nitrogen prob- 
ably allowed the extraordinary stabilization of germaimines substituted by small groups. 
The intermolecular or intramolecular base stabilization (by oxygen or nitrogen) also ap- 
pears to be an effective way to stabilize germannines. 

Some doubly bonded gerbil species have been ~~~11~ chord by 
single crystal X-ray lotion, showing gerbil to be planar or nearly planar, with a 
significant bond shortening of about &lo% relative to the corresponding single bond. 
Studies of the reactivity of these species co&m the presence of >Ge=X unsaturation as 
easy and nearly quantitative additions on the double bond are observed with many elec- 
trophiles and nucleophiles. Various types of cycloadditions ([Z+l], [2+2], [2+3], [2+4]) 
are also possible with these species. The Ge=X derivatives appear extremely reactive, 
much more than the corresponding carbon analogues. Their reactivity as a germylene has 
never been observed (except in Lappert’s digermene), but only their behavior as doubly 
bonded germanium, proving that they retain their structural integrity in solution. 

Stable >Ge=X compounds are of particular interest because their reactivities can 
be thoroughly studied whereas studies of transient species are severely limited. The study 
of these new ‘org~ome~llic functions’ is now in progress and appears very promising, 
particularly in organic and org~ometallic synthesis, ~clud~g org~ome~llic polymers. 
Although the chemistry of low-coor~mat~ gerbil species has developed rapidly 
during the last 10 years, many aspects remain to be examined, such as the synthesis and 
isolation of new types of doubly bonded germanium species including stable >Ge=B-, 
>Ge=Si<, >Ge=Sn<, >Ge=As- and >Ge=O. Another challenge is the preparation of 
triply-bonded germanium species -Ge=X, germa-allenic derivatives X=Ge=X, het- 
erogermadienes and heterodigermadienes (for example: >Ge=X-X=X, X=&-X=X, 
>Ge=X-X=Ge<, X=&e-6e=X.. . with X = C, N, P) which, as yet, have neither been 
isolated nor clearly characterized by a trapping reaction. 
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