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In recent years there have been considerable interest in and numerous investiga-
tions of organometallic species or intermediates with a metal with an unusual degree
of coordination. These species are of great interest from the fundamental, theoreti-
cal, and synthetic points of view. Several recent articles or reviews have portrayed
the rapid development of research in the field of organometallic intermediates
species of group 14 [1-11]. The contribution of Toulouse group in this field and
especially in organogermanium chemistry is important [1-3].

This article presents our more recent results in the field of the chemistry of
germylene and multiply-bonded germanium species.

Germylenes

Several thermal of photochemical a-elimination reactions of functional polyger-
manes lead to germylenes R ,Ge [12] (eq. 1).

~ ~ ~
—_ Ge—Ge/ = —_— Ge--fn_\Ge/ = — Ge—X+ \Ge: (1)
X

Photolysis of polygermanes, cyclopolygermanes and polygermylmercury com-
pounds and also hydrogen abstraction from various organohydropolygermanes by
t-BuO~ lead to the formation of a polymetallated chain containing one or two
germanium centered radicals. These polygermyl radicals give germylenes R,Ge,
germanium centered radicals ;Ge', a-digermyl diradicals (or digermenes),
[>Ge- Ge & >Ge=Ge{], and B- or y-polygermyl diradicals via a homolytic
monoelectronic «-elimination process. In some cases the formation of a-di-
germyldiradicals or digermenes can also be seen as occurring through dimerization
of germylenes.

All these intermediates have been characterized by several trapping reactions
with dimethyldisulifide, 2,3-dimethylbutadiene or biacetyl [12] (Scheme 1).

0022-328X /90,/$03.50 © 1990 — Elsevier Sequoia S.A.
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The hydrides PhCl,GeH and R ,ClGeH are dehydrochlorinated by DBU (1,8-di-
azabicyclo[5.4.0jundec-7-ene) to give germylene [13] (eq. 2)

BU CH,SSCH,
RCIGeH —vs (R,Ge) —— R,Ge(SMe), (2)
1/n(R,Ge),

R = Et, Ph, Mes

When these reactions are carried out in concentrated solutions, intermolecular
reactions predominate and give organochlorohydropolygermanes in good yields (eq.
3)

DBU DBU
R 2C1GCH m R 2C|}e Cl}CR 2 m’ R 2C|}e GeR 2 ClieR 2
H Cl H Cl

(3)

The latter reaction provides an interesting and selective way of obtaining di-
germanes with bulky substituents (R = mesityl). In these reactions, the formation of
di- and tri-germanes can be explained in terms of the intermediate formation of
germylene {13].

The germylenes X,Ge, RGeX and R,Ge (X = halogen, OR; R = alkyl or aryl)
react at room temperature with 3,5-di-t-butyl orthoquinone by regioselective
cycloaddition [14]. The corresponding substituted 2-germa-1,3-dioxolanes are formed
in good yields (eq. 4)

t-Bu t-Bu
o o}
R,Ge: + —_— R2G°< (4)
(o] tBu o t-Bu

Their stabilities depend on the substituents on the metal. Thus 2-halo(6,8-di-t-
butyl}4,5-benzo-2-germa-1,3-dioxolans undergo redistribution reactions while the
corresponding dialkyl or diaryl derivatives are very stable [14]. Reactions of the
same type have been described by Neumann for dimethylgermylene [15].

The hitherto unknown germanium(II) pseudohalides Ge(CN),, Ge(NCO), and
Ge(NCS), have been prepared by reactions of germanium(Il) halides with corre-
sponding silver or potassium salts. They are stable in tetrahydrofuran or acetone but
extremely sensitive to moisture. They undergo cycloadditions with 2,3-dimethyl-
buta-1,3-diene or 3,5-di-t-butyl-orthoquinone, insertion reactions with [FeCp(CO),],
or dimethyldisulfide, and Lewis acid-base complexation reactions with DBU or
a,a’-bipyridine, characteristic of highly reactive germylenes. Infrared spectroscopy
indicates that, in tetrahydrofuran solution, Ge(CN), is the normal cyanide, whereas
Ge(NCO), and Ge(NCS), are the isocyanate and isothiocyanate respectively [16].
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The exchange reactions between dithia- and dioxagermoles with GeCl,, dioxane
give new stable unsaturated germylenes [17,18] (eq. 5).

vy R vy K
R,Ge/ I + GeCly, C;H0, ——  Ge] I (5)
Y N p Y Np
Y =S, R =H, CN, R = Me, Et, Ph
Y=0, R =Ph, R=Et, Ph
CN

S
The germylene Ge/ I can also be obtained by reaction of GeCl,, C,HzO,

LNT
with NaSC(CN)=C(CN)SN5./ "The 4,5-diphenyl-1,3-dioxa-2-germole has been char-
acterized by mass spectroscopy and by reaction with ethanedithiol (eq. 6).
HS S._ 8 |
:] _— [ lGe: :] + C=0 (6)
HS S S P /

Ph
o
Ge: I + 2
O™ >pp h
The intermediate formation of the 1,3-dithiolane-2-germylene is proved by the

direct reaction of this germylene with ethanedithiol, which gives the same spiro-
germanium compound (eq. 7)

S, HS S, S_ S
[ Ge + ] —_ [ GeSCH,CH,SH  —— [ Ge! ] 7N
S HS S Il-I 2 S S

~
Ph CH—OH

This reaction represents the first example of insertion of germylene into an S-H
bond [17,18].
_0-C=0
The germylene Ge\ | CH, Wwas prepared by exchange between GeCl,,

~ "CH,

0-C=0

/ \ _CH,
C,H O, and Et,Ge C_
4118V2 2 \O/ CH;

The halogermylenes GeF, and PhGeCl react readily with some metal carbonyl
dimers to give the corresponding insertion adducts, which have been isolated [20]

(eq. 8).
GeF,+ L, M-ML, -—— ,Ge[ML, ], (8)
M = Fe, Co, Mn

(19)

F
~

GeF, + Ph;SiCo(CO), —= [Phssi< <'5e—Co(C0>4] (9)
F

|

FGeCo(CO), + PhasiF
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Similar insertions into group l4-transition metal bonds lead to unstable adducts
that decompose by an a-elimination process to give the first germylenes with
germanium-—transition metal bonds (eq. 9 and 10).

_ s _ s f \ - * ~ .
GeF, + 2Ph,SiCo(C0), —— 2Ph,SiF + [(CO),Co},Ge: (

These new divalent germanium species undergo specific germylene reactions.
Cycloaddition with 2,3-dimethylbutadiene leads to germacyclopentene and, unusu-
ally, is thermally reversible. Insertion into the cobaii—cobalt bond of Co,(CUOjg
gives a polymetallated compound (20].

Transition metal-germylene complexes of the type X,GeM(CO), - THF (M = Cr,
W; X =F, Cl) react with nitrones [21], aldehydes, imines and oximes [22] by
nucleophilic exchange at the germanium atom to form new stable adducts. Similar
reactions were observed with various oxidizing agents (e.g. dimethylsulfoxide,
nitrosobenzene, pyridine-N-oxide) [22]. The high stability of the germanium—transi-
tion metal bond in these adducts impedes their decomposition into doubly bonded
germanium intermediates >Ge=Y (Y = O, NR) by metathesis. Adducts with imine
or oxime Cl1,GeCr(CO),-Ph,C=NH or Cl,GeCr(CO),- P\CH=NOH have also
been described [23].

New germylene complexes were prepared by exchange reactions with organoger-
manes Et,GeY were Y = N<, OR, SR [23] (eq. 11).

C1,GeCr(CO); + Et,GeY ——  Y(C1)GeCr(CO); or Y,GeCr(CO)s (11)

The stabilization of these complexes by self-association depends on the nature of the
heteroelement Y linked to germanium [23].

UYV irradiation of matrix isolated dimethyldiazidogermane Me,Ge(N;), permits
identification of dimethylgermylene (Me,Ge) by its IR and UV-visible spectra. The
IR spectrum of the annealed matrix shows peaks attributable to the known dimer
Me,Ge=GeMe,. Chemical trapping experiments in room temperature solutions are
compatible with a generation of free Me,Ge by the irradiation of Me,Ge(N,), [24]
(Scheme 2).

hv(254 or 248 nm)
Me,Ge(N;), ——— [Me,Ge:]

CeHq Me,GeCl,
(Me,GeO);

MeZC/}e—- G{Mel MeZCI}e- (l}eMe2
M%Geij + MezGe\/:E: 2 P a c
#
Mesz:\O _GeMe,

Scheme 2
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Multiply-bonded germanium species

Germenes: Ge=C species

Germenes containing pw-p# bonds between germanium and carbon are among
the most intensively investigated species in germanium chemistry. We have de-
scribed a novel route to germene by a direct interaction between a germylene and
diazo compounds or carbene generated in situ [25] (Scheme 3).

*N=N *N=N
~ /—\I ~N I l) -N, /H
/Ge+ I(_:HR —_— Ge-(i‘, H —= /Ge C\
N R :
\Ge+ ICH—R <{ e—C%
L1
Scheme 3

A similar route to germenes was recently described Bby Berndt [26,27] in the
t-Bu
i

~BJ ,
synthesis of the stable germenes (Me3Si)2C\B/C=Ge[N(SlMe3)2]2 and

[
t-Bu t-Bu t-Bu
B N
(Me,Si),CZ B S C=GeZ N >SiMe, from the stable germylenes [(Me,Si),N],Ge [28]
[ |
t-Bu t-Bu

lt-Bu
~ N ~
and :Ge_ _SiMe, [94]
N
t-Bu
The stable germene 1 was prepared by dehydrofluorination of the corresponding
fluorenylgermane [29,30] (eq. 12).

t-BuLi

Mes,GeF, + R,CHLi —— Mes,Ge—CR Mes,Ge—CR
2 2 I ‘ 2 Et,O 2 ‘ I 2
F H —%¢ F Li
—LiF
Mes,Ge=CR,

1 (12)
Mes = @ CR,=C
©)
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Fig. 1. ORTEP view of 1 (reprinted with permission from Argew. Chem., Int. Ed Engl 27 (1988) 828.)

Germene 1 is thermally very stable but highly air sensitive. It forms stable
:G\e=C: adducts with Lewis bases such as ethers or amines.
B

The X-ray structures of Mes,Ge=CR, (1) and Mes,Ge(H)C(H)R, (2) have been
determined [30] (Fig. 1).

The Ge=C double bond (1.80 A) is about 10.5% shorter than the corresponding
Ge-C single bond (2.01 A). The germanium atom is planar and the twisting around
the Ge-C bond is only 6°. These results are in good agreement with ab initio
calculations which predict a planar structure for H,Ge=CH, {31].

The germene is highly reactive toward various electrophiles and nucleophiles. For
example, protic reagents AH, halogens, and lithio-compounds add very easily to the
double bond (Scheme 4).

Mesz(lie—(IZR2 A = HO, MeO, EtS,
AH

e A F, Ph,C=N
Mes,Ge=CR,

1 \Me‘Li
Mel

Mes2(|}e— (|ZR2 —_— Mesz(l}e-— (IZR2

Me Li Me. Me
Scheme 4
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The germene is reduced by LiAlH, to give Mesz(l_‘ve— (‘ZR2 , 2.
H H

Various [2 + 2], [2 + 3] and [2 + 4] cycloadditions occur with germanium-carbon
double bond [29,32]. Four membered ring species are obtained from aldehydes or
ketones namely the highly stable germaoxetanes Mesz(l}e—ICR2 R’=H, Ph.

O—C(Ph)R’
With azobenzene, a stable four-membered ring MeszC;re—?Rz is obtained.
PhN—NPh

Near quantitative [2 + 3] cycloadditions have been observed with nitrones [29].
With 1,3-dienes and a-ethylenic aldehydes and ketones [2 + 4] cycloadditions oc-
curred [29,32] (Scheme 5).

Mes,Ge=CR,
o 1 Mc:C:C’_C:O
T Y | 1|(
PhCH=N-t-Bu :\ f H R’
MeszG,e—-(;R} Ph Meszc/}e -CR, MesZCie—C\RZ/ Me
~ /C\ O\ /C\ ’
N H = c=c R
| / \
t-Bu R H
R'=R"=H

Scheme 5

The reactions of diazafluorene and diphenyldiazomethane give exclusively
germazanes 3 and fluorene. Of the mechanisms postulated the most probable is

shown in eq. 13.

-+
PN )
MeszG”e + IN=N=CR,— MesZC-Ii_e/—l_*l_=\/N—CR’2
CR) CR,
. MeszGe'=N—N=CR'2+ :CR,
‘ (13)
Mes, H,CR,
Ge
/. _-N=CRr
S, ©
R,C=N
2 Ge
Mes2 CR2=CPh2, C

3 C



129

It seems reasonable to postulate the formation of transient germanimine followed
by dimerisation [33].

The structure of germanimine intermediate is very close to that of the germani-
mines obtained by Glidewell that are stabilized by greater steric hindrance at
germanium (two Me,Si),N instead of the two mesityl groups [34].

Reaction of germene Mes,Ge=CR,, 1, with diazomethane leads, depending on
the experimental conditions, to the germapyrazolines 4 or 5. Thermal decomposition
of 4 affords an unstable germirane 6, as evidenced by its decomposition products [3]
viz., [2 + 1], 9-methylenefluorene and dimesitylgermylene [35] (eq. 14).

CH;N, KOH
Mes;Ge=CR, —— Mes;Ge-CR, —— Mes,Ge-CR, (14)
1 H,C_ N CH_ _NH

N N

4 5
stable

"

Mes,Ge-CR,| — [Mes,Ge:]+ H,C=CR,
CH,
6

Krebs et al. have reported the same type of decomposition for the germapyra-
zolidine 4 [36].
When diazomethane is addcd to an excess of the germene at — 78° C the dipolar
intermediates MeszGeCH~NNH o MeszGeCH N=N! can be detected by trap-
— CR - CR
ping reactions with germene 1 that lead to the seven-membered ring species 7.

Mes,)g}e—C

N CR,
\NH/

7

(lieMes2

Compound 7 is very stable as a solid, but slowly decomposes in solution at room
temperature to give germene 1 and germapyrazolidine 5. Thus 7 can be considered
as a store for the germene [35].

Germanimines: Ge=N-species
The first generation of germanimine intermediates R,Ge=NR’ involves a §-
elimination from unstable germaazetidines [37,38] (eq. 15).

-C
RGeS —2% [R,Ge=NMe] (15)
N

|
Me
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They are also formed by the action of phenyl or methyl azides on germylenes [39]
(eq. 16).

-+ +
RzGe/+-\R’N—N=N — Ry e\h‘JJEN —[R,Ge=NR] + N, (16)
R’

The direct interaction of a germylene with a nitrene also leads to germanimines
[40]. Like silanimines the germanimines can also be generated by photolysis of
triorganogermanium azides [41]. Studies of ring opening of cyclogermazanes
(R,GeNR’), (n =2, 3) [42,43] and chlorocyclotrigermazanes (Cl,GeNR), (n =2, 3)
[44] induced by Lewis bases (Et;N, HMPA) or Lewis acid (ZnCl,, M(CO),,
M(CO),, THF (M = Cr, W)) show the existence of an equilibrium between cyclo-
germazanes and germanimines. The 1,3-cycloaddition with nitrones is regarded as
chemical evidence for germanimine formation in this equilibrium [42-44].

Transient germanimines are characterized in the form of polygermazanes, by
insertion into the germanium-nitrogen bond of germylazetidine and dimethyl(trieth-

R
N—
(R,GeNR"), =—— [R,Ge==N—R'] —O & RzGe (CH2)4

thGe/> phovo  R= F R’=Ph
EtaGeNMe,

E(:,Ge—g—-Ge——NMez

NMe
“Ne—ce” R
R’ R,

PHa=CHa RzGe< cHPh
PhyGe(_

Scheme 6

[RR'Ge=NR"j + PhCH:T}I—-H"’

o
R* = Ph, {-Bu '
-
N._H_pn
/’:‘}\C/
RR'Ge _ ¢l —= [RR'Ge=0] + PhCH=NR” + R"N
N L
ol | |
Ph (RR'GeO), R"N=NR"
| R = Ph
—N-t
(RR'Ge=NR"] + "o N FBY

Scheme 7
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ylgermyl)amine and by insertion into a tetrahydrofuran ring and formation of a
seven membered heterocycle as well as by a pseudo Wittig reaction with benzalde-
hyde to form the unstable germaoxaazetidine [37-39] (Scheme 6)

The {2 + 3] cycloadditions of germanimines RR’Ge=NR"” (R=Ph; R’ = Ph, CJ;
R” = Me, Ph, t-Bu) with nitrones (diphenyl or phenyl-tert-butyl nitrone) as well as
their insertion reactions on oxaziridines lead to germanones (RR’'Ge=0) imines
PhCH=NR" and nitrenes, probably via transient 2-germa-1-oxa-3,5-diazolidines.
The imines formed contain the NR” group of the initial germanimines [42,43]
(Scheme 7).

The transient diphenyl-N-mesitylgermanimine (Ph,Ge=NMes) (from dehydro-
halogenation of Ph,C1GeNHMes by DBU) gives unstable 1,4-adducts and 1,2-ad-
ducts with 3,5-di-tert-butylorthoquinone [45] (Scheme 8)

Trimesitylgermanimine (Mes,Ge=NMes) 8 was obtained from the reaction be-
tween dimesitylgermylene and mesitylazide [46,67] (eq. 17) and also by photolysis

_H Me;N MesN,
Mes,Ge al Mo TG [Mes,Ge] - Mes,Ge=NMes 17)
8

of trimesitylgermyl azide, involving the transitory formation of trimesitylger-
mylnitrene and a Curtius-like rearrangement.

PhZCI}e—ITI—Mes —2>"2  [Ph,Ge=NMes]
c H
0: ; )(
0
J’ 1,4 addition 1,2 addition l

Ph,Ge-O

/0 |
PhZG.e Mes—N
Mes—N
O o)

o MesN
Ph,Ge/ + MesN 1/n(Ph,Ge0), +
/N ’
MesN= NMCS MCSNH2
(M* 135)

Scheme 8
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The cyclic isomer 9 is also formed by insertion of germylnitrene into the C—-H
bond of the mesity! group [46,47] (eq. 18).

Mes;GeN, —_"—;» [Mes,GeN] —— 8 + Mes,Ge—NH (18)
: CH, CH,
CH,
9

Compound 8 was characterized by pseudo Wittig reaction with benzaldehyde and
formation of PhACH=NMes and (Mes,GeO), [47]. Cycloaddition [2 + 3] with di-
phenylnitrone also takes place. In the presence of trimethylamine Mes,Ge=NMes
behaves like a monomer, which is probably stabilized in solution by association with
the nucleophile [47].

Recently Ando et al. have characterized the same trimesitylgermanimine 8 in a
3-methylpentane matrix at 77 K. The formation of azagermacyclopentane 9 is also
observed [48]. Mes,Ge=NMes is intensely yellow, with absorption maxima at 309
and 459 nm.

The reactions between germylene and azides already described [39] permit the
isolation of two stable germanimines 10, 11 from bis[bis(trimethylsilyl)amino]germy-
lene and triethylsilylazide or tri-tert-butoxysilyl-azide [49] (eq. 19).

[[(CH,),8i],N],Ge: + N,SiX, 25 [[(CHS,),8i] N, Ge=NSiX, (19)

X = C,H;, O-t-C,H,

10 11

Germanimine (H,Ge=NH) is predicted to be planar. Its optimized geometry at
the SCF level is shown in Scheme 9 [31]; The Ge=N bond length (1.695 A) is shorter
than a normal Ge-No bond (1.83-1.87 A) [49,50].

128.8 122.8

1.552:<’\ /N‘/;M
/‘_/—TQEA_—

Scheme 9

The germylene HGe=NH, is calculated to be more stable than the doubly
bonded isomer H,Ge=NH. The energy difference between HGeNH, and H,Ge=NH
is 32 kcal/mole [31].

Germaphosphenes Ge=P—species

Until recently, germaphosphenes RR’Ge=PR"” were postulated only as reactive
intermediates and characterised by trapping reactions. They were obtained by two
routes, namely thermal decomposition of 2-germaphosphetanes 12 and dechlorosily-
lation between dialkyldichlorogermanes and disilylphosphines. The transient
germaphosphenes 13 were clearly characterized by formation of dimeric or trimeric
cyclic germylphosphines and by insertion and ring expansion reactions with oxirane,
thiirane and 2-germaphosphetanes [51-53] (Scheme 10)
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10~ % mmHg/150°C

RzGle;I]’Ph ey l Il’h
12 A\ P
[R,Ge=PPh] — 55~ RiGe/ j
13 X
—2Me,SiCl Ph R,
Me, | |
/Sl R,Ge-PPh /P — G\e
PhP, ] + R,GeCl, L R,Ge PPh
Si N/
Me,
Scheme 10

Sila- and stanna-phosphenes R,M=PR (M = Si) [53,54]; M =Sn [53,55] can be
formed and characterised similarly. Use of substituents having strong steric and
electronic effects has recently allowed isolation of three stable germaphosphenes 14,
15, 16 [56,57). The best route to stable germaphosphenes involves the dehydrofluo-
rination of the corresponding fluorogermylphosphines by tert-butyllithium at low
temperature (eq. 20).

t-BuLi

RR’GeF, + ArP(H)Li —— RR—Ge—PAr ————— RR'Ge—P—Ar
| | Et,0 or pentane |
F H -s0%¢ F Li
-10°C| —LiF
RR’'Ge==PAr

(20)

R,R’ = Mes [56], Mes, t-Bu [57], t-Bu [57]
14 15 16

In the case of Mes(t-Bu)Ge=PAr 15, the formation of stereoisomer
Mes. _Ar .
_Ge=P , 15a is only observed in reactions at low temperature. After 5 h at

t-Bu
rogm temperature complete isomerisation is observed, with formation of
t-bBu AT

~Ge=P”~ , 15b.

~

Mes
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O
O ()
(7
@,
Q
QR ~
O .
LY
Mes(3} :
O
G 9
o O\ ] o @,
Q O
'\o o2
O
O
Ge (} O
Q ACAN 213.8(3) pm O

O
(3
5
g
-
r/

Fig. 2. OrRTEP view of 14 (reprinted with permission from Organometallics 7 (1988) 1010).

The structure of 15b has been determined by an X-ray study [57]. The cis—trans
isomerization barrier (22.3 kcal/mole) has been determined by NMR spectroscopy.
The stable germaphosphenes form yellow-orange crystals and air and moisture
sensitive but thermally very stable (up to 150°C). They can be stored without
change for months in an inert atmosphere. Germaphosphenes are thermochromic,

Fig. 3. ORTEP view of 15b (reprinted with permission from New J. Chem. 13 (1989) 389)
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Mesz(l}e—err
A H
Mes,Ge—PAr R,; ;Hg, g}cl), (l:zgo
SM Me,PC n, |AH Tam, Mes,Ge—PAr
MeS ¢ Ph;P=CH, H H
PhC=C
MeSSMe
RLi
Mes2(|}e—PAr “XoBrl Mes,Ge=PAr ReMe. 1B Mes, C|}e—I|’Ar
X H R Li

Mes 2Gc — PAr lMeOH
| BH,-SMe,
X X Mes,Ge—PAr
|
MeOH R H

Mesz(l}e—fl’Ar + MesZGe—PAr M%z?e_fl’Af
H H H BH2 R MgX

Scheme 11

they are yellow at —80°C, orange at room temperature, and orange-red at 180°C.
The P NMR chemical shifts (148.5-178.2) are characteristic of dlcoordmated

Mes
phosphorus. The structures of Mes,Ge=PAr, 14, and *-Bu Ge P~ , 15b, have

been determined by X-ray crystallography [57,58] (Figs. 2 and 3). In each case the
germanium-—phosphorus double bond length (2.138 and 2.144 A) is mg.mflcantly
shorter than the standard germanium—phosphorus single bond (2.33-2.35 A) [59-62].
This rather important shortening (about 8.5%) and the essentially planar double
bond geometry support the existence of a true germanium-phosphorus double

bond. Raman emission of the Ge—P bond is at 503 cm ™! for Mes,Ge=PAr, 14, and
501.5 cm™" for rdl:s‘G =P~ ,15b [41]

Germaphosphene 14 is very reactive towards compounds containing active hy-
drogen, such as water, alcohols, thiols, amines, mineral and organic acids, phos-
phorus ylides, and acetylene compounds [53,56,63,64] (Scheme 11). These additions
are highly regiospecific, leading to only secondary phosphines.

Bromine and iodine react to give the expected adduct and the haloger-
mylphosphine, probably via a radical process and intermediate formation of
Mes Ge(X)PAr [63,64]. Nucleophiles such as lithium compounds or Grignard
reagents add readily to the double bond. Reduction of the germanium—phosphorus
bond is observed with lithium aluminium hydride and borane, together with
formation of the adduct in the latter case.

Germaphosphene 14 reacts with dimethyl disulfide by a radical process [63,64].
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Reactions of 14 with organic halogenated compounds such as carbon tetrachloride
or diiodomethane lead to phosphaalkenes 17, 18 [63,64] (eq. 21).

Cl

|
Ge —PA
20/"0/ MR A —+ Mes,GeCl, + ArP=CCY,
cicel
Mes,Ge=PAr Cla 2 17

14 WZ (21)

Mes,Gel, + ArP=CH,
18

Cycloadditions of sulfur or selenium leading to three-membered rings 19a, 19b
[63] (eq. 22) have also been observed.

1/8
Mes,Ge=PAr 2% Mes,Ge=PAr —— Mes,Ge—PAr (22)
or Se “ \ /
14 S S
(Se) (Se)
19a, 19b

The X-ray structure of germaphosphathiirane suggests that the structure may be
intermediate between a normal three-membered ring and #-complex [59] (eq. 23).

S
\G/—P— \G% — 2
_Ge —— _GesP (23)

Thermolysis of 14 affords in near quantitative yield a stable germaphosphetene
20 [62). An X-ray study shows it to be a nearly planar four-membered heterocycle.
The formation of germaphosphetene 20 may be accounted for in terms of a radical
process involving intramolecular radical aromatic substitution followed by hydrogen
abstraction from the solvent [62] (eq. 24).

Mes,Ge=PAr 14__0._, Mes,Ge— — Mes,Ge—P° solvent
14 * ;{L ) j
Mes,Ge-PH
(24)
20

We have also studied stannaphosphene compounds. Only one stable stan-
naphosphene R,Sn=PAr, 21, has been isolated as a monomer {65]. This compound
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was synthesized by dehydrofluorination of the corresponding fluorostannylphos-
phine with tert-butyllithium (eq. 25).

t

Biszsln—ll’Ar LBut Biszsln'—-ll’—Ar — 7 Bis;Sn=PAr (25)
— L1
F H F Li 21

Bis = (Me,Si),CH Ar = @

The stannaphosphene structure was unambiguously demonstrated by NMR
spectroscopy. The *'P NMR chemical shift (+204.7 ppm) falls in the range of sila
and germaphosphenes. The "Sn chemical shift at very low field (+658.3
ppm/Me,Sn) is normal for a tricoordinate pm-hybridized tin. Very significant are
the coupling constants between phosphorus and tin J(P-'"Sn) = 2191 'J(P-!"Sn)
= 2195 Hz. These values are much larger than those for single-bonded tin and
phosphorus compounds (1150-1200 Hz) [65]. A similar effect has been observed for
J(P-?°Si) in silaphosphenes [66]. The structure of stannaphosphene was corrobo-
rated by its chemical behaviour: additions of protic reagents (alcohols, HCI),
organolithium compounds, and Gngnard reagents to the double bond are regiospe-
cific and confirm the expected polarity Sn——P Reduction of the double bond by
LiAlH,, addition of dimethyl disulfide, and cycloaddition with selenium are also
observed [64,65,67] (Scheme 12).

Thermolysis of stannaphosphene in a sealed tube at 70°C for 15 h gives a

Bis,Sn— PAr Bis,Sn—PAr  Bis,Sn— PAr
[ [ L ‘ McOH
MeS SMe A H Me Li
Bis2|Sn— Il’Ar
AH
MeSSMe (A= MeO, MeLi Me H
ch
Bis,Sn(SMe), +[ArP:] AeOH
MeMgl
Bis, Sy — PAr <=~ Bis,Sn—PAr —> B152|Sn— Il’Ar
Se 21 Me Mgl
l mm,,l
[Bis,Sn—Se] +[ArP:] Bis,Sn— PAr

R

(Bis;Sn—Se), ArP=PAr
Scheme 12
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completely different reaction from that observed in the case of germaphosphenes. It
leads to the stannylene and the phosphinidene [64,67] (eq. 26).

Bis,Sn=PAr ——  Bis,Sn: + [ArP:] (26)

21 J
BisCl J

Bis,SnCl,  ArP=PAr

Germanones and germathiones: Ge=X (X = O, S) species

Reactions of germylenes with oxygen or sulfur donors is a direct interaction
which leads to germanones or germathiones. O,, KMnQO,, DMSO, C;H;NO and S;
were the oxidizing reagents [1]. A similar reaction was described recently by
DuMont in the reaction between elemental sulfur and bis(2,4,6-tri-t-
butylphenyl)germylene, which gave a germaindanethiol, via the intermediate
germanethione, by addition of an ortho-t-butyl group C-H bond to the Ge=S
double bond [68].

Various germa-oxetanes and -thietanes are thermally unstable and lead, proba-
bly via a p-elimination process, to transient dialkylgermanones and germa-
thiones, which can be trapped with oxirane or thiirane [1]. Thermolysis, pyrolysis,
and photolysis of thiagermetane Me,GeCH,SCH,, 22, and dithiagermolane
Me,GeCH,SSCH,, 23, give various new germylated heterocycles [69,70]. Decom-

Me,Ge: + DS

Me,Geﬂ +S Me,Ge GeMe, ——
@ NS/
\g /
MezGe/\S Me,Ge
N AP
. 22
(v) N
/ m\ Me,Gel s - 2ich,
[ Me,Ge=CH, ] + [CH, =5} {MezGe—-S + ICH,
| s
41‘10”2 MezGe‘/— GeMe,
Me,Ge 7 Me,Ge=S5 s~
*Ng/| ~orp=ch; | Me,Ge=5)
+[MezGe-‘=CH//// \ % +:t:r12u—:c+«2
Me,Ge GeM Me,G /S\ “‘;C—H?— S\
2 \S/ e, (MeGes),y MezGe\s/GeMez o, MezGe\S/GeMez

Me,
[ MeGe=S | /S—G\e +[ Me,Ge=CH, |

M H
egGe\ /C 2

S—Ge
Me,

Scheme 13
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position of thiagermetane, 22, probably proceeds by two competitive mechanisms
involving transient germene [Me,Ge=CH,] and germanethione (Me,Ge=S), thia-
germirane MezéeCHzg, and thiadigermetane Mez('ieCHzGe(Me2 )S {Scheme 13).

These results indicate the possible occurrence of [2 + 2] cycloaddition between
dimethylgermene and dimethylgermanethione.

The photolysis of dithiagermolane Mc-,zéc:CstS@H2 , 23, is outlined in Scheme
14.

Pyrolysis of the thiagermetane dioxide Me,z(ie-CHZS(OZ)ZIH2 is also postulated
to involve multiply-bonded germanium species, namely the germene Me,Ge=CH,
and probably a novel doubly-bonded germanium species, the germasulfene
Me,Ge=50,, detected in the mass spectrum of the four-membered-ring thiagerme-
tane dioxide [70]. Another interesting precursor for dimethylgermanethione and
dimethylgermene is the 2,4-digermathiane Mez(ieCHzGe(Mez)g [71].

Similar decompositions of thia- or oxa-digermetane intermediates are postulated
in investigations of the action of S; or O, on the tetra-germadimercurocane [72] or
on the [bis(dimethylgermyl)alkaneliron tetracarbonyl {73], which in a first step give
the relatively stable dithia- or dioxa-digermolanes [72,73].

The phosphorylated heterocycle Mez(ieSP(S)(An)S, 24 (An = anisyl), stable at
room temperature, gives the transient species (AnPS,) and (Me,Ge=S) [74]. The
evidence for this is the formation of the expected thiirane adducts of the germane-
thione and of (AnPS,) when thiirane is present in the reaction mixture (eq. 27).

/TS /ST —(cH)
Me,Ge | ~—— MeGe —_—
S A
23
S
Me,G
& C\ /GeMez
e CH,-S
[MCZGC“S]
V

1 +[{CH;=8]}, +[Me,GeS]

[Me,Ge = S] + :CH,

/CH 2 - S h CH 2
l[MQGe\;S] Me,zGe\

S— I(\}'Ie —S

CH,-S ©

/ +CH,S

MezGe\ ' > or

S— GeMe, CH, S\
MezGe/\ /GeMez

S - CH 2 - S

Scheme 14
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M G/\/ [Me,G s1+A1/ 27)
€s € Ee— (< e n
AN \A 2 \\\S (
n

S
2 |
(Me,GeS), (AnPS,),
An = Anisyl

Mes,Ge— PAr LN
\/

25

N s /SN A
A ——  Mes,Ge P

PAT NEPZAN

S S Ar

\a) /(b) l
©

S

= =
[Mes,Ge:] + ArP<S —2 1 [Mes,Ge=S]+ ArPL_
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27
Scheme 15
CHCCI
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Me /. / /Me . ’é))\
YWo° |
Scheer,

[Me,Ge==0] + CCl,CHO
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[o]
/
Me,Ge_ ] (Me;GeO),
X
X=0,8
Scheme 16
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R,Ge(NMe,), + nCX,CH(OH), — [RzGe\ /CHCX3]
)

29

l

(R,GeO), «—— [R,Ge=0]+ CX,CHO

n=1, R=Ph,X=Clor F
R=Me, X=F
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Scheme 17
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The germathiaphosphirane MeszGc—PAr 25, when heated with an excess of sulfur

gives the metadithiophosphonate, 26 and the 2,4-digerma-1,3-dithietane 27. Three
possible routes involving formation of dimesitylgermathione by decomposition of
three- or four-membered heterocycles have been suggested to be involved in forma-

tion of the products [59] (Scheme 15).

Me2(§e - G\eMe2
N S
\—/

30

® ®-®
R -

CH,=CH, + 2[Me,Ge=5] [Mes,Ge:] + MezGe

Me,Ge (a,) (az)
S (ay) [Me;Ge=5]
Ge s~ ~ GeMe,
MezGe (}eMe2
. GeMe,
—_ M
wece: o Mche\ /GeMc2 Moo che S
2 S S I GCMCg
31
31 l
Mez(;e - G\eMe2
S /S —~ Me,Ge:

\
Me,Ge - GeMe,
Scheme 18
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An interesting precursor to dimethylgermanone is the 1,3,2-dioxagermetane, 28,
which is stable at room temperature (in associated dimer form). Dilution or low
pressures induce decomposition to form chloral and dimethylgermanone by B-
elimination. Dimethylgermanone is readily trapped by ethylene oxide or thiirane
[75] (Scheme 16).

Similar decomposition of various dioxagermetane 29 intermediates has been
suggested [75] (Scheme 17).

Dimethylgermanethione and dimethylgermylene are probably formed in the
thermolysis of the 2,3-digerma-1,4-dithiane, 30, which leads to stable germylated
heterocycles. The authors suggest two concurrent decomposition mechanisms A and
B [76) (Scheme 18)

Germanones and germathiones have been often suggested as intermediates formed
in pseudo-Wittig reactions of germene [1,77,78] digermenes [79] and germanimines
[37-39,42] (eq. 28).

~ e ~ ~ Y
_Ge=Y+X=C_ —— _Ge—Y —  _Ge=X+ | (28)

X——C\ / \

P G G
X=0,8 Y=C{, Ge{,NR
Direct generation of the dimethylgermanone from thermolysis in a flow system of
the 6-oxa-3-germabicyclo[3,1,0]hexane, 32, via a transient 2-germaoxetane has also
been suggested [80,81] (Scheme 19).

Similarly, thiiranes 33 are unstable and potential precursors of germathiones [82]

(eq. 29).

RlGe:)S BN RzGeij + 1/8 S+ (R,GeS), +C,Hq (29)
33
R =Me, Ph

Cyclogermathianes (R ,GeS), very easily give the germanethione (R,Ge=S) by
thermal and catalytic dissociation. Basic solvents such as Ety;N or HMPA and
catalysts as (Ph,P),PdCl, induce these dissociations, and catalyze the reaction of

1,2-H shift O
/ MezGeij
o] OH
MezGe<)O — MezGe(j/ 14-H shift MezGeg
32
[MezGe\/>—“] —_— 7\ + [Me,Ge=0] —— (Me,GeO),,
o

Scheme 19
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28
R,Ge—X
A B |
A—B
(R2GeX), :ddmm {2 + 2) cycloadditions X<c—R
polymerizations A=8"° . ) R,Ge( 1]
R—C=N—-2Z Z’N
(2+3]cydoaddllons/:.s Zs0O,N—
[R,Ge=X] X-0,8 N—
| e {2 + 1) cycloadditions .
(Cl- MeGe: Ph—CH=N—F /X ~cH—pn
Y o. RzGe\ _N—R'
insertions [}
[ MeZGe\;'GeMez )
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=G
RzGB/ " \

\Y/‘ 34

ap—B = R',GeY, R,GeY, (Y = OR", SR"); Y—§eR2 (Y=0.5,N—R")

—GeMe,—GeMey;—X3=

R',SiCl, RZSI—0: (R38),0

bA=—B = >c=s (X =0): [>Ge=OHz]
[

|
Y‘}C),,— (n=1,2¥Y=0,8;n =1,Y=NR, CHCN)
Y

Scheme 20

germanethiones with three- and four-membered rings [83]. Thermolysis of (Me,GeS),
has been found to be useful for the production of matrix-isolated germathione [84].

Germanones are also postulated as intermediates in the thermal dissociation of
various germoxanes [75,83]).

It should be noted that the first isolable compound with an intramolecular base
stabilized Ge=S double bond was recently reported. This compound was obtained
by sulfurization of a cyclic bis(amino)germylene [85]. The oxidation product of the
same germylene is a dimer of the corresponding germanone [85].

Germanones and germathiones, with their strongly polarized bonds, are highly
reactive; types of reactions characteristic of these species are polymerisation or
oligomerisation, addition to various ¢ bonds of acyclic or cyclic organometallic
compounds, insertion and expansion reactions with strained organic heterocycles,
and [2 + 1], [2 + 2] and [2 + 3] cycloaddition reactions [1,83,86-88] (Scheme 20).

Many insertions of germanones and germathiones into ¢ bonds Ge-Y (Y = O, S,
N, P, etc.) have been described [1,69-71,74]. Insertions of dimethylgermanone into
Si—O and Si-Cl bonds are also observed [81]. Insertion into a C—H bond from the
ortho-t-butyl group of germanethione intermediate has also been postulated [68].

Dialkylgermanones and dialkylgermanethiones react with three- or four-mem-
bered ring species to give the corresponding germaheterocycles 34 [83,86). The
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160°C
[ Me,Ge=S] + C6H5—EH—IT-t-Bu 2,

o-
S\
CH-—CH = =N-t-
MezGe s —— [Me,Ge=0] + PhCH=N-t-Bu + [S]
O/N-t-Bll J'
35
1/n(Me,Ge0),,
60°CIEt3N
9h

1/3(Me,GeS), %_’i Me,Ge=S$ + C6H5—-/C\——/N-t-Bu

Scheme 21

mechanism and the stereochemistry of some of these additions to small rings have
been studied (86].

New cycloaddition reactions with 1,3-dipolar reagents (nitrilimines, nitrones and
nitrile oxides) have been observed [1,87,88]. Dimethylgermanethione reacts with
nitrones to form germaoxathiazolidinés, 35. Dimethylgermanethione reacts with
butylphenyloxazirane (isomer of phenyl N-t-butylnitrone by an insertion into the
oxazirane ring and formation of the same germaoxathiazolidine, 35. The regioselec-
tivity of all the 1,3-cycloaddition reactions is analogous to that observed with
ketones, thioketones, or CS, (87,88] (Scheme 21).

Ab initio calculations using pseudopotentials and including electron correlation
have been performed on H,Ge=0O and H,Ge=S. Full geometry optimization per-
formed at the SCF level led to planar structures

:Ge=0 =1.63 A Ge-H =1.55 A HGeH = 112°
for H,GeO

:Ge=S =2.02 A Ge-H =1.55 A HGeH =110°
for H,GeS

The force constants were calculated, as well as the theoretical vibrational frequen—
cies »(Ge=0): 1038 cm™}, »(Ge=S): 586 cm™' at SCF level The Ge=X bond is

strongly polarized, especially in H,Ge=O. The ¢ and = Ge O bond polarities
suggest that the bonding is intermediate between 7 (H,Ge=0) and semipolar
H,Ge — O bonding [1,31,89].

In each case the singlet germylene HGeOH or HGeSH is calculated to be more
stable than its 7-bonded isomer (by 20 kcal /mole) in the case of germanone at the
CI level

Recently ab initio Hartree—Fock level calculations have been carried out on
Me,Ge=S ([84]. The calculated equilibrium geometry is of C,, symmetry.
MezGeS Ge=S: 2010 A Ge—C: 1.950 A CGeC=110° »(Ge=S) = 666 cm ' (599
cm™ 1) (after scaling correction) u = 4,6 D

Photoelectron spectra of the trimer of dimethylgermanethione (Me,GeS), were
analysed between 80 and 300° C. The spectrum recorded at 300 ° C is interpreted in
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terms of a decomposition of the trimer and the presence of dimer and monomer. A
very intense band in the spectrum at 8,6 eV is assigned to the ionization of the
nonbonding pair on sulfur in the dimethylgermanethione. Bands at 9.95; 10.75 and
11.47 eV are characteristic of w-ionizations of the Ge=S bond, the Ge-S bond, and
the Ge~C bond, respectively [90-92).

The spectrum of the products of the decomposition of Mez(ﬁeOCH(CC13)6
includes the bands characteristic of the chloral and of the dimethylgermanone,
whose ionization potentials are 9.7 (n,) 10.2 (7Ge=0) 11.0 (¢Ge-0) and 12.1 eV
(6 Ge—C) [92,93].

The observed ionization potentials are interpreted in terms of the highly polar
character of the #Ge~0 and 7Ge=S bonds. This polarization and the relatively low
ionization potentials account for the very high reactivity of these species and their
short lifetimes.

Recently the IR spectrum of the matrix-isolated dimethylgermathione obtained
by gas phase pyrolysis of (Me,GeS); was reported [84]. The same IR spectrum is
obtained from the product of interaction between atomic sulfur and dimethyl-
germylene obtained by photodecomposition of O=C=S and Me,Ge(N,),, respec-
tively [84].

In conclusion it appears that progress in the field on multiply-bonded germanium
species has been very important during the ten past years. The first stable germenes,
digermenes (3), germaphosphenes, germanimines and germathiones have recently
been isolated. These new “organometallic functions” :Ge=Y (Y=C:, N-, P-, O,
S, Ge{) are much more reactive than their carbon analogues, and are the precursors
to many new compounds and structures in organogermanium chemistry. These
unsaturated species could be useful precursors of new high performance materials of
practical interest, such as polymers, conductors, ceramics, etc..

The field of new compounds and intermediates containing sp-hybridized
germanium, such as -Ge=X, Y=Ge=Y, at present provides the most promising
challenge in organogermanium chemistry.
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