Organometallics 1988, 7, 1201-1207 1201

Experimental Section

Compounds and the Reactions. The cyclohex-2-enyl-
stannanes were prepared and characterized as described previ-
ously.8%1® Reactions with sulfur dioxide in chloroform or methanol
were conducted (at 0 °C), normally in NMR tubes, and examined
directly by 'H and '3C spectroscopy. The solvent was then re-
moved, and the viscous gel or white solid remaining represented
essentially pure insertion product (the cyclohex-2-enylsulfinate).
IR spectroscopy established O-sulfinato products.®* The key 1*C
and 'H NMR spectra are located in Tables IV and V.

NMR Spectra. These were acquired by utilizing the conditions
and solvents described fully in the preceding paper.
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(cis-5-(1,1-dimethylethyl)cyclohex-2-enyl)trimethylstannane,
84537-09-7; (trans-5-(1,1-dimethylethyl)cyclohex-2-enyl)tri-
methylstannane, 84537-11-1; (cis-4-(1,1-dimethylethyl)cyclohex-
2-enyl)trimethylstannane, 89633-88-5; (trans-4-(1,1-dimethyl-
ethyl)cyclohex-2-enyl)trimethylstannane, 89633-89-6; (cis-4-
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During the reaction of Me,Ge with CCL;X (X = Cl, Br), PhCH,X (X = Br, I), and Ph,CHC], 'H CIDNP
is observed in the products of net insertion of Me,Ge into the carbon-halogen bond and in Me,GeX, (X
= Cl, Br). It is concluded that a two-step radical reaction takes place by an abstraction-recombination
mechanism. No reaction takes place with alkyl halides that have a C-X bond dissociation energy of more
than about 70 kcal/mol. Me,Ge is generated thermally at 70-95 °C or photochemically from the 7-ger-
mabenzonorbornadiene 1 and reacts in both cases in the singlet state. The activation energy for forming
Me,Ge from 1 is 19 keal /mol for the reaction with CCl,. Insertion products are also formed with the alkenyl
halides CH~CHCH,X, Pr\CH=CHX (X = Cl, Br), and 2-bromobut-2-ene, but without showing CIDNP
effects. Since Me,GeX, was not found either, Me,Ge reacts in these cases in a nonradical manner. It does
not react with 1-chlorocyclohexene, but it does react with Me,GeX, under formation of digermanes and/or

oligogermanes without CIDNP.

Introduction

Carbenes, R,C:, play an important role as intermediates
in organic chemistry. Similarly, the chemistry of the heavy
carbene analogues, the silylenes R,Si,? the germylenes
R,Ge,* and the stannylenes R,Sn,’ has received much at-
tention in recent years. In principle, the heavy carbene
analogues undergo the same types of reactions as the
carbenes—addition and insertion—but there are charac-
teristic differences that are still in need of investigation.
A question that is still of great interest is the spin state
of the reacting intermediate (singlet or triplet). For ex-
ample, dimethylgermylenes generated by thermolysis from
the 7-germabenzonorbornadiene 1° or pentamethyldi-
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germane’ have been shown to undergo concerted 1,4-ad-
ditions to 1,3-dienes (eq 1), indicating a singlet state for
the reacting species.
Me Me
Ge Ph

Pb Ph Ph
/ ——A————) O + MezGe:s
pr” Ph 70°-150°C Ph

Ph

ey}

Ph

.S
Me 5 Ge: +Ph—/—\_Ph —_— Mezcg

Ph

Carbenes are known to undergo insertion into the car-
bon-hydrogen bond. From the beginning of carbene
chemistry, two different reaction mechanisms were dis-
cussed. The first is-a concerted one, meaning that the
insertion occurs in a single step without further reaction
intermediates via a three-center-type transition state (eq

(7) Ma, E. C.-L.; Kobayashi, K.; Barzilai, M. W.; Gaspar, P. P. J.
Organomet. Chem. 1982, 224, C 13.

© 1988 American Chemical Society



1202 Organometallics, Vol. 7, No. 5, 1988

2). The second is a two-step reaction via a radical pair

CRy
RyC:5 - H:f— — H c — %RQC—cé (2)

formed by hydrogen abstraction that collapses to the re-
combination product, the formal net insertion product (eq
3). It has been found that carbenes in the singlet (S) state
RoCT + Hci— ———  HR,C +'c<— _— HRQC—C<— (3)
react with C-H bonds in a concerted manner while from
the triplet (T) state they react via an abstraction-recom-
bination mechanism with radicals as intermediates.?
These two mechanisms can be distinguished by studying
the minor reaction products; the abstraction-recombina-
tion reaction should give products typical for radical re-
actions such as abstraction, recombination, and Jispro-
portionation; the concerted reaction should not. However,
the product analysis does not allow a distinction in every
case and is not capable of differentiating between S and
T states. A method that allows this is CIDNP? (chemically
induced dynamic nuclear polarization) through the ob-
servance of emission (E) and enhanced absorption (A)
signals in the NMR spectra of the reaction products of
radical pairs taken during or immediately after reaction
(eq 4).101! Tt has been shown by CIDNP that S carbenes

c
i—) R=R", Ryp + R-y
oL
Precursor ST~— RR s ] R-7 & , 4)
— R S
e, gy -
—2 RX.R'X + 8
SX KK

do not react with halides in a concerted manner but are

capable of abstracting halogen and reacting via radical
pairs (eq 5).18

RyC:S + R'Hal —— HalRyC R ° — HalR,C ~ R’ (5)

Germylenes do not react with the carbon-hydrogen bond
but react with the carbon—halogen,!* metal-halogen,®
metal-carbon,'® metal-metal,’” and metal-hydrogen
bonds,!® although thorough mechanistic studies have not
been performed. The only mechanistic study concerns the
insertion of Me,Ge into the Sn—Cl bond of Me;SnCl, giving
Me,ClGeSnMe; in greater than 90% yield.® As radical
reaction products such as MegSn, or Me,ClGeGeMe,Cl are
not present as byproducts, the occurrence of a one-step
reaction has been assumed. In a preliminary communi-
cation we have shown by CIDNP that Me,Ge generated
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Figure 1. 'H CIDNP during thermal decomposition of 1 in the
presence of CCly: (a) before reaction; (b) during reaction at 80
°C taken ca. 1 min after beginning; (c) after reaction.

Table I. 'H CIDNP during Thermal Decomposition of 1
with Organic Halides® (See Figures 1-4)°

) assignt Figures CIDNP
0.20 GeMe (1) 1-4 N
0.95 (0.98) GeMe (1) 1-3(4) N
0.58 PhCH,GeMe,Br 3 E
0.63 Ph,CHGeMe,Cl 4 E
0.80 Me,C1GeCCl, 1 A’
0.90 (0.93) Me,GeCl, 1(4) E (A)
1.03 Me,BrGeCCl, 2 E
1.15 Me,GeBr, 2,3 A
2.57 PhCH,GeMe,Br 3 E
3.95 Ph,CHGeMe,Cl 4 E
0.52-0.56  oligogermanes 3 N
0.55-0.62 (GeGeMe,Ge) 4 N
0.80 oligogermanes (GeMe,Cl) 4 N
0.90-0.93 oligogermanes (GeMe,Br) 3 N
2.22 PhCH; 3 N
2.84 PhCH,CH,Ph 3 N
3.75 Ph,CH, 4 N
4.69 Ph,CHCHPh, 4 N

¢E = emission; A = enhanced absorption: N = no effect. *The
signals not listed are due to impurities or not identified products.
¢The signal shows 30% intensity after the reaction stopped.

thermally from the 7-germabenzonorbornadiene 1 reacts
with PhCH,Br via an abstraction-recombination mecha-
nism from its singlet state.!® In this paper CIDNP in-
vestigations of the reactions of photochemically generated
germylenes Me,Ge with PhCH,Br will be described as well
as reactions of Me,Ge generated by thermolysis of 1 with
other organic halides and with Me,GeCl, and Me,GeBr,.

Results and Discussion

(A) Thermal and Photochemical Decomposition of
1. Thermal Decomposition in the Presence of CCl,
and Me,GeCl,. Thermal and photochemical decompo-
sition of 1 in toluene quantitatively gives tetraphenyl-
naphthalene and poly(dimethylgermylene) (eq 1 and 6).

n MeyGe: ~———3 (Me;Gel, (8)

CIDNP effects are not observed. Thermal decomposition
of 1 in the presence of CCl, at 70 °C results in the for-
mation of C,Clg, Me,GeCl, and Me,ClGeCCl; as the main
products (eq 7).22 The formation of these products sug-

+'CCL
— c,clg

CCly, —— )
MeyGe:S ——ty MeyClGe 0Oy~ — (7

cai, (E)
==L .5 Me,GeCly +CCly

(19) Kécher, J.; Lehnig, M. Organometallics 1984, 3, 937.



Chemistry of Heavy Carbene Analogues R.M

Table II. Kinetic Data of the Thermal Decomposition of 1

solv T, °C t1/5, min ref
benzene 70 47 20
CClL, 70 40 20
CCl, 80 20 this work
CCl, 85 16.5 this work
CCl, 90 9 this work

gests radical reactions involving free germylenes (eq 3-5).
CIDNP experiments confirm this presumption (see Figure
1 and Table I). When a solution of 1 and CCl, in toluene
is warmed to 80 °C in the probe of a 'H NMR spectrom-
eter, the methyl resonance of Me,GeCl, shows emission.
When the reaction is finished, the Me,GeCl, proton signal
appears with absorption, as expected. Additionally, an
enhanced absorption signal appears during the reaction
due to the protons of a minor product that might be
Me,C1GeCCl;.2° For determining the spin state of the
germylene, the sign of the g value difference of the two
radicals forming the radical pair has to be used.!! The g
value of Me,ClGe* is not known, but it is expected that
it is very similar to the g value of Cl;C* (g = 2.00912Y),
From the known g values of Me;Ge® (g = 2.0104%?) and
CliGe® (g = 2.0070%), a g value of 2.008 might be estimated
for Me,ClGe*, meaning g(Me,ClGe") < g(CI,C*). This gives
the observed emission for Me,GeCl, if Me,Ge reacts from
singlet states®'® (u < 0,e <0, Ag <0,a>0;# T, =-) and
enhanced absorption for Me,ClGeCCl; (u < 0, ¢ > 0, Ag
<0,a>0%T,=+).

In a preliminary communication,? a two-step decom-
position mechanism of 1 has been proposed, in which a
biradical is generated by Ge—C bond scission in a first step,
which is in turn scavenged by CCl, or leads to the ger-
mylene in a second step (eq 8). The CIDNP results

+ CCl

LU, 7 Gemeyc

—ccly ®
l—GeMeZC\

Zz

L =—— Z-GeMey

— Mej Ge:

suggest the existence of free germylenes as reaction in-
termediates rather than of radicals ‘Z-GeMe,Cl (eq 8).
Furthermore, it has been shown that it is not a biradical
but instead a free germylene that is the reacting inter-
mediate during reaction of 1 with dienes (eq 1).f! To
provide support that this is in fact the case during the
thermal decomposition of 1 with CCl,, decomposition rates
of 1 have been determined. Table II gives the results of
the kinetic experiments. Data for the decomposition in
benzene without scavenger are added.

The thermal decomposition of 1 follows a first-order rate
law, in benzene with 7, ,, = 47 min and in CCl, with 7,
= 40 min at 70 °C. This indicates the absence of or only
a small scavenger effect. The activation energy for the
decomposition of 1 in CCl, is 19 keal/mol. As there is no
indication of the formation of a biradical such as *Z-
GeMe,* as an intermediate, it might be suggested that a

(20) Neumann, W. P.; Schriewer, M. Tetrahedron Lett. 1980, 21, 3273.
Schriewer, M. Dr. rer. nat. Thesis, University of Dortmund, 1981. Maslov,
S., unpublished work from this laboratory.

(21) Hudson, A.; Hussain, H. A, Mol. Phys. 1969, 16, 199.

(22) Bennett, S. W.; Eaborn, C.; Hudson, A.; Hussain, H. A.; Jackson,
R. A. J. Organomet. Chem. 1969, 16, P36.

(23) Lloyd, R. V.; Rogers, M. T. J. Am. Chem. Soc. 1978, 95, 2459.

(24) A positive sign for az®H3(Me,ClGe*) and aHC“S(MezzﬁBtGe') is as-

and ayCHs

sumed in accordance with the signs of ayCH3(Me;C*)
(Me;Sn*). %8

(25) Scheffler, K.; Stegmann, H. B. Elektronenspinresonanz; Springer:
Berlin, Heidelberg, New York, 1870.
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Figure 2. 'H CIDNP during thermal decomposition of 1 in the
presence of CCl;Br: (a) before reaction; (b) during reaction at
90 °C taken ca. 1 min after beginning; (c) after reaction.

—

synchronous decomposition reaction takes place. This,
however, is unlikely following Dewar’s arguments® and can
neither be proved nor disproved here. It has been shown
that 7-phospha- and 7-silanorbornadienes decompose in
an analogous manner.2%30

Me,Ge does not react with CHCl;,>” CH,Cl,,*” CH,Cl,
and the higher alkyl chlorides C,H,,.;C! but instead po-
lymerizes (eq 6). It does, however, react with Me,GeCl,
(eq 9).” The main reaction product is Me,ClGeGeMe,Cl;

Me)Ge: nMe,Ge:

MeyGelly T Me,GeGeMey —j;—»Mezele(MeZGe\nG'eMez 9)
ciel 2 ¢l ¢l
ky > kz, n=1,2,..

a minor product is Me,ClGeGeMe,GeMe,Cl. Higher oli-
gogermanes are also present. CIDNP effects are not ob-
served.

The decomposition rate of 1 in the presence of Me,GeCl,
is comparable to that in the presence of CCl,. This can
also be interpreted as favoring the existence of free ger-
mylenes as intermediates as well. Because of the absence
of CIDNP effects, a one-step, nonradical reaction of Me,Ge
with Me,GeCl, is likely, in analogy to the reaction path
formulated with Me,SnCl,8 However, the two-step
pathway cannot be excluded unambiguously, as the rad-
icals which might appear are identical or nearly so and the
products of the radical and the nonradical reactions are
identical.

(B) Thermal Decomposition of 1 in the Presence of
CCl1;Br and Me,GeBr,. Me,GeBr; is the main product
of the reaction of MeyGe with CCl;Br.® A mechanism
analogous to that of the reaction of Me,Ge with CCl, is
given in eq 10. Enhanced absorption is observed in the

(Al
— s ,
MepGe:S SE38T, o BrGe ety © SS138T, MeyGeBr, + CCly  (10)

Me,GeBr, proton signals (Figure 2; Table I). The emission
line observed might be due to the Me,BrGeCCl; protons.
A more detailed analysis was not performed, as the g value
of the dimethylbromogermyl radical Me;BrGe* is not
known and cannot be estimated from similar radicals. If
Me,Ge reacts from singlet states, it follows from the en-
hanced absorption observed in Me,GeBr, that g-
(Me,BrGe*) > g(CL,C*) = 2.0091 (1 <0,¢<0,A2>0,a
> 0;** T, = +); Me,BrGeCCl; would show emission (u <

(28) Dewar, M. J. S. J. Am. Chem. Soc. 1984, 106, 209. Dewar, M. J.
S.; Chantranupong, L. J. Am. Chem. Soc. 1983, 105, 7161.

(29) Marinetti, A.; Charrier, C.; Mathey, F.; Fischer, J. Organo-
metallics 1985, 4, 2134. Mathey, F. Angew. Chem., Int. Ed. Engl. 1987,
26, 275.

(30) Barton, T. J.; Goure, W. F.; Witiak, J. L.; Wulff, W. D. J. Orga-
nomet. Chem. 1982, 225, 87.
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Figure 8. 'H CIDNP during thermal decomposition of 1 in the
presence of PACH,Br: (a) during reaction at 85 °C taken 1-3 min
after beginning; (b) after 1-h reaction.

0,e>0,48>0,a>0%T, =-).

Alkyl bromides C,H,,,;Br do not react with Me,Ge.
Me,GeBr, shows reactivity similar to that of Me,GeCl, (eq
11) without CIDNP. The insertion product

MesGe: nMe,Ge
Me,GeBry —‘%i)MezGleG‘eMez -—k22—>Me26’e(MezGe',nG’eMe2 (1D
Br 8r Br Br

ko> Ky, n=1,2,..

Me,BrGeGeMe,Br is not observed, and the main products
are Mey,BrGeGeMe,GeMe,Br and Me,BrGe-
(GeMe,),GeMe,Br. It is assumed that the reaction of
Me,Ge with Me,GeBr, is a one-step reaction, analogous
to the Me,Ge reactions with Me,GeCl, and Me;SnCl.
(C) Thermal and Photochemical Decomposition of
1 in the Presence of PhCH,Br and Thermal Decom-
position of 1 in the Presence of PhCH,I and Ph,CHCIl.
'H NMR spectra taken during and after the thermal de-
composition of 1 in the presence of PhCH,Br in chloro-
benzene are shown in Figure 3. The assignment of the
signals is given in Table I. The methyl as well as the
methylene proton signals of PhCH,GeMe,Br show emis-
sion; the Me,GeBr, proton signals enhanced absorption.
The scheme shown in eq 12 explains the effects. With

(E} (E}
PhCH,GeMeyBr
PhCH,Bf oo —
MeyGe:S —2°% BRCH; GemesBr (12)
{A)
PhCH2Br
t-—%EaT GeMepBry

g(PhCH,") = 2.0026% and g(Me,BrGe*) > 2.009 and with
the assurnption of singlet states of the reacting germylene,
Kaptein’s rule!! gives emission for the methyl protons (u
<0,e>0,Ag>0,a>0®T, =-) as well as for the
methylene protons (1 < 0,¢>0,A2 <0,a <0;® T, =-)
of PhCH,GeMe,Br and enhanced absorption for Me,GeBr,
(u<0,6<0, Ag>0,a> 02T, =+), as observed.
PhCH,GeMe,Br, toluene, and PhCH,CH,Ph are only side
products of the reaction because Me,Ge reacts more ef-
ficiently with Me,GeBr, than with PhCH,Br. This is
shown independently by adding Me,GeBr;, to the reaction
mixture, from the beginning. In this case, only traces of
the benzylic products are formed.

(31) Paul, H,; Fischer, H. Helv. Chim. Acta 1973, 56, 1575.
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Figure 4. 'H CIDNP during thermal decomposition of 1 in the

presence of PhyCHCI: (a) during reaction at 95 °C taken 1-3 min
after beginning; (b) after reaction.

Photochemical decomposition of 1 in the presence of
PhCH,Br in the probe of a 'H NMR spectrometer leads
to the same product distribution and CIDNP pattern as
during thermal decomposition of 1. This indicates the
occurrence of a singlet germylene Me,Ge during the pho-
tochemical decomposition of 1.

The thermal decomposition of 1 in the presence of
PhCH,I leads to PhCH;GeMe,l and to Me,Gel, as the
main products. The methylene proton signal of
PhCH,GeMe,! shows emission; further CIDNP effects are
not observed. The explanation for the emission signal is
analogous to that with PhCH,Br as the germylene trap.
With PhCH,CI, no reaction is observed.

The thermal decomposition of 1 in the presence of
Ph,CHCI leads to the CIDNP spectrum shown in Figure
4 and described in Table I. In analogy to the reaction with
PhCH,Br, the methine and the methyl proton signals of
the net insertion product Ph,CHGeMe,Cl and the ab-
straction product Me,GeCl, show CIDNP as explained by
the scheme shown in eq 13.

(E)  (E!

— thC_HGGMEQCl
T T -
MepGe S — 2y FRTH GeMe, Ol —] (13)
Prochel A
TPhoH GeMe,Cly

g(Ph,CH") is not known. It should be similar to g-
(PhCH,*) = 2.0026%! and g(Ph;C*) = 2.0026,%? leading to
an analogous interpretation of the CIDNP effects as in the
PhCH,Br case. Some minor emission and enhanced ab-
sorption signals are due to side products and are not an-
alyzed here. Me,GeCl, formed during the reaction reacts
with Me,Ge to give oligogermanes as described in section
A.

During the thermal decomposition of 1 in the presence
of PhyCCl, ESR signals of the trityl radical can be ob-
served.

Table III covers the results of the thermal decomposition
of 1 with organic alkyl halides. Additionally, carbon-
halogen bond energies of the investigated halides are

(32) Mébius, K.; Plato, M. Z. Naturforsch., A: Astrophys., Phys.
Phys. Chem. 1969, 244, 1078.
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Table III. Reactions of Me,Ge with the Carbon-Halogen
(C-X) Bond of Some Organic Halides at 70-95 °C3!

C-X bond energy,

compd kcal/mol reactn CIDNP
CCl, 73 X X
CHCl, 78
CH,CCl, 81
CH,Cl 84
CCl;Br 55 X X
C.Hzp1~Cl 80-84
C.H;..,-Br 66-70
PhCH,CI 70
PhCH,Br 55 x X
PhCH,I 40 x X
Ph,CHCI 60° x X
PhyCCl1 50° X b
allyl-Cl 68 X
allyl-Br 57 X
vinyl-Cl 89 (x)e
vinyl-Br 76 x4

2The bond dissociation energies of Ph,CHCl and PhyCCl are
estimated from the values given for CH;Cl and PhCH,Cl. ®Ph,C*
is observed by ESR, and CIDNP cannot be observed under these
conditions. °The reaction occurs with PhCH=CHCI, but not with
1-chlorocyclohexene. ¢ The reaction occurs with PhCH=CHBr as
well as with 2-bromobut-2-ene.

given.’® A comparison of the values shows that a bond
energy of about 70 keal/mol is the upper limit allowed for
the halogen abstraction reaction of Me,Ge from organic
alkyl halides to take place. Germyl radicals behave dif-
ferently; they are known to react with alkyl chlorides and
bromides in processes that are independent of the car-
bon-halogen bond energies.34%

(D) Thermal Decomposition of 1 in the Presence of
Allyl and Vinyl Halides. The thermal decomposition
of 1 in the presence of allyl chloride and allyl bromide leads
to the insertion product of Me,Ge into the C~X bond in
high yields (80%) (eq 14). Neither the formation of

MeGe:  + CHp=CHCH)X ———— CH,=CHCHGeMeyX (14)
X=Cl, Br

Me,;GeCl, or Me,GeBr, nor CIDNP has been observed.
This indicates a one-step, nonradical reaction. A compe-
tition experiment between PhCH,Br and CH,~CHCH,Br
with Me,Ge gave only CH,—~CHCH,GeMe,Br (eq 14),
indicating a higher activation energy of the two-step re-
action of Me,Ge with PhCH,Br compared with the non-
radical one with CH,~CHCH,Br.

The decomposition of 1 in the presence of 3-chloro-
styrene gives the insertion product of Me,Ge into the C-Cl
bond, PhCH=CHGeMe,Cl, as well as higher oligomers.
With g-bromostyrene as the Me,Ge trap, PhCH=
CHGeMe,Br is the exclusive product. As in the case of
the allyl halides, neither Me,GeCl, or Me,GeBr, are
formed nor are CIDNP effects observed in the reaction
products, indicating the occurrence of a nonradical reac-
tion. 1-Chlorocyclohexene does not trap Me,Ge generated
by thermolysis of 1. 2-Bromobut-2-ene as substrate gives
the expected insertion product, bromine-containing oli-
gogermanes, and polygermanes. No Me,GeBr; is obtained,
and CIDNP effects do not appear. A nonradical reaction
is indicated here as well.

The results of the reactions of Me;Ge with allyl and vinyl
halides are collected in Table III; C-X bond dissociation
energies are given as well. An upper limit of the bond

(33) Egger, K. W.; Cocks, A. T. Helv. Chim. Acta 1978, 56, 15186.

(34) Carlsson, D. J.; Ingold, K. U. J. Am. Chem. Soc. 1968, 90, 7047.

(35) Lehnig, M.; Werner, F.; Neumann, W. P. J. Organomet. Chem.
1975, 97, 375.
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dissociation energy might exist above which no reaction
takes place. The restricted number of data does not allow
its determination, but it should be =89 keal/mol.

It may be that the w-system of the allyl and viny! halides
is involved in the first reaction steps by formation of a
w-complex,* followed by a different reaction path than in
the case of alkyl halides. Germylenes are known to un-
dergo smooth reactions with unsaturated systems such as
styrenes,? 1,3-dienes,®%” vinyl ketones,?® a-diketones,® and
alkynes.%

Conclusion

The 7-germabenzonorbornadiene 1 decomposes ther-
mally in the presence of alkyl and alkenyl halides with
formation of insertion products if the bond dissociation
energy does not exceed an upper limit. Free germylenes,
Me,Ge, are the reacting intermediates. However, the
mechanism of the reactions is different for various halides.
Whereas alkyl] halides give side products and show CIDNP
effects indicating a two-step radical reaction, alkenyl
halides do not. Me,GeCl, and Me,GeBr, give insertion
products, too, but show no CIDNP effects.

MNDO calculations have been performed for the similar
reactions of Me,Sn with Me,SnCl, and Me;SnCl that are
one-step insertions and with Mel that is a two-step ab-
straction-recombination process.*’ In these cases, the
differences of the activation energies between the concerted
and the nonconcerted mechanism are about 10 kcal /mol.
Similar calculations would be valuable in the germylene
case in order to better understand the different behavior
of Me,Ge toward alkyl halides and Me,GeX, (X = Cl, Br).

Experimental Section

General Comments. The solvents were dried and distilled
under argon. 'H NMR spectra were taken on a 60-MHz Varian
EM-360A spectrometer and GC-MS spectra with a CH 7 (Varian)
in connection with a Varian Aerograph 1740-1. For further details
see the foregoing communications.! The ESR spectrum was taken
with a Varian E-109 E spectrometer.

CIDNP Experiments. 1 (50 mg, 0.09 mmol) and a threefold
excess of the halide were added to 0.5 mL of solvent, PhCl, or,
if D lock was used, PhCl with C¢Dg (3:1), filled under argon into
an NMR tube, and transferred to the probe of the 'H NMR
spectrometer (Bruker HFX 90, pulsed, or Perkin-Elmer R 32, CW)
which was preheated to the reaction temperature (80-95 °C). In
the CW case, the spectrum was scanned at a rate of 2 ppm/min.
The pulsed spectra were taken with 32 scans meaning 2 min. The
photochemical experiments were performed with a suitably
modified spectrometer (HFX 90) allowing irradiation during the
taking of a spectrum.?® The unfiltered light of an Hg—Xe high-
pressure lamp (Hanovia 977-B1, 1000 W) was used. The light
was focussed with quartz lenses to a quartz light pipe leading to
the sensitive part of the spectrometer. Quartz NMR tubes were
used. Emission lines could be detected directly in the spectra.
For distinguishing between enhanced absorption and the absence
of a CIDNP effect, the reaction was interrupted, and the 'H NMR
spectrum was compared with the 'H NMR spectrum taken during
the reaction.

Kinetic Experiments. The kinetic experiments were per-
formed by observing the disappearance of the GeMe 'H NMR
signals of 1. At 80-90 °C, they were carried out in the heated
probe of the 'H'NMR spectrometer as described under “CIDNP
Experiments”. At 70 °C, 30 mg of 1 (0.056 mmol) was added to
0.5 mL of CCl, or benzene with traces of toluene, filled under argon
into the NMR tube, and heated in a thermostat (“Unistat”, Firma

(36) Kocher, J.; Neumann, W. P. Organometallics 1985, 4, 400.

(37) Kécher, J.; Neumann, W. P, J. Am. Chem. Soc. 1984, 106, 3861.

(88) Michels, E.; Neumann, W. P. Tetrahedron Lett. 1986, 27, 2455,

(39) Krebs. A.; Berndt, J. Tetrahedron Lett. 1983, 24, 4083.

(40) Dewar, M. J. S.; Friedheim, J. E.; Grady, G. L. Organometallics
1985, 4, 1784.
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Huber). The methyl proton signal of toluene was used as an
internal standard. The following values of the relative concen-
trations c¢/c, were found at 70 °C:

t (min) 0 19 36 58 78
c/e(CCly 1 0.70 0.54 0.35 0.27
¢/c(CeHy) 1 0.75 0.59 0.43 0.32

Determination of Products and Product Yields. The
products and product yields were determined from the 'H NMR
spectra after completing the reactions (see Figures 1-4). The
chemical shifts were measured against Me,Si and determined by
adding authentic samples of Me,GeCl,, Me,GeBr,, PhCHj,
Ph,CH,;, PhCH,CH,Ph, and Ph,CHCHPh,. In order to identify
the further reaction products, the reactions were repeated under
dry argon at 70~80 °C and analyzed by GC or GC-MS. A me-
thylation or ethylation of the reaction mixture proved to be
necessary before analysis, since otherwise only molecular fragments
could be detected.

For methylation or ethylation of the compounds containing
C-Br bonds, about 8 mmol of MeMgBr or EtMgBr in Et,0 was
added to the reaction mixture at 0 °C and the solution stirred
at 0 °C for !/, h and at room temperature for 1 h. After H;0 and
NH,CI were added at 0 °C, the phases were separated and the
aqueous phase was extracted twice with 50 mL of Et,0. The
combined organic phases were washed with H,0 and dried with
Nay,SO,. The solvent was removed, and the tetraphenyl-
naphthalene precipitated with n-pentane. The crude product was
either investigated directly by GC-MS or after distillation by
GC-MS, as described below.

Thermal and Photochemical Decomposition of 1.2 1 (0.3
g, 0.56 mmol) was heated at 70 °C for 3 h in 3 mL of benzene.
The formation of poly(dimethylgermylene) (8 0.4) was demon-
strated by treatment of the reaction mixture with I; leading to
Me,Gel, in quantitative yield (6 0.90). Evaporation of the solvent
and recrystallization from CH,Cl,/EtOH quantivatively gave
tetraphenylnaphthalene (mp 250 °C; § 6.9-7.3 (br signals)). The
photochemical decomposition of 1 without a scavenger in the probe
of the 'H NMR spectrometer also lead to poly(dimethylgermylene)
and tetraphenylnaphthalene (see also “CIDNP Experiments”).

Thermal Decomposition of 1 in CC1,.%% 1 (0.2 g, 0.4 mmol)
was heated at 70 °C for 3 h in 3 mL of CCl,. GC analysis {column
4m OV17) demonstrated the presence of C,Clg and Me,GeCl, in
yields of 100% and 95%, respectively. The 'H NMR spectrum
showed that further products were present, probably Me,ClGeCCl;
(5 0.80), which is expected to decompose thermally,'* and tetra-
phenylnaphthalene, which was precipitated with EtOH in
quantitative yield.

Thermal Decomposition of 1 in the Presence of
Me,GeCl,.27 1 (0.53 g, 1.0 mmol) was heated at 70 °C for 2 h in
2 mL of benzene with 35 mg of Me,GeCl, (0.2 mmol). GC analysis
demonstrated the formation of a major and two minor products.
GC-MS analysis (column 4m OV17) showed Me,ClGeGeMe,Cl
as the major product and Me,ClGeGeMe,GeMe,Cl as one of the
minor products (6:1). Me,ClGeGeMe,Cl: MS (70 eV), m/e
(relative intensity) 241 (m* — Cl, 19), 205 (m* - 2C], 10), 157 (m*
~ Me;sGe, 3), 139 (Me,GeCl*, 8), 89 (MeGe*, 33).
Me,ClGeGeMe,GeMe,Cl: MS (70 eV), m/e (relative intensity)
343 (m* ~ Cl, 23), 221 (m* - MeGeCl, 31), 205 (m* — Me,GeCl,,
7), 189 {m* - Me;GeCl,, 9), 139 (Me,GeCl*, 8), 119 (Me;Ge*, 100),
104 (Me,Ge*, 7), 89 (MeGe™, 40). The 'H NMR spectrum showed
two signals at § 0.52 and 0.56 (GeGeMe,Ge) and at 6 0.76 ppm
(Me,ClGe).

Thermal Decomposition of 1 in the Presence of Me,GeBr;.
1 (1.0 g, 1.9 mmol) and 0.6 g of Me,GeBr, (0.3 mL, 2.4 mmol) were
heated at 75 °C for 4 h in 10 mL of benzene. The reaction mixture
was methylated with MeMgBr.# GC-MS analysis demonstrated
the formation of MeyGe; and Me,Ge, as the methylation products
(1:1). MegGes: MS (70 eV), m/e (relative intensity) 338 (m*, 4),
323 (m* - Me, 7), 221 (m™* - Me,Ge, 32), 206 (m* — Me,Ge, 13),
191 (Me;Ge,™, 2), 119 (MeyGe™, 100), 104 (Me,Ge™, 6), 89 (MeGe™,
25). Me,oGe,: MS (70 eV), m/e (relative intensity) 440 (m*, 7),
425 (m* - Me, 4), 323 (m™* - Me;Ge, 26), 308 (m* — Me,Ge, 3),

(41) Lesbre, M.; Mazerolles, P.; Satgé, J. The Organic Compounds of
Germanium; Wiley: London, 1971.
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221 (m+ - MesGeg, 52), 206 (m+ - MesGeg, 13), 176 (M92G62+, 2),
119 (Me;Ge*, 100), 104 (Me,Ge*, 5), 89 (MeGe™, 19). MesGe, was
not found.

Thermal Decomposition of 1 in the Presence of PhCH,Br.
1 (0.5 g, 0.95 mmol) and 0.5 g of PhCH,Br (0.35 mL, 2.9 mmol)
were heated at 80 °C for 4 h in 5 mL of benzene. GC-MS analysis
demonstrated the formation of PhCH,GeMe,Br. The presence
of MeyGeBr, (yvield 5%: 6 1.156), PhCHj (yield ca. 5%: § 2.22),
and PhCH,CH,Ph (yield ca. 15%: & 2.84) was demonstrated by
adding authentic material to the reaction mixture. After me-
thylation, the formation of PhCH,GeMe;* was shown by 'H NMR
and GC-MS by using authentic material which was prepared from
Me,GeCl and PhCH,MgBr.#! MeyGes, Me,(Ge,, and Me;,Ge; were
detected by GC~-MS as well. After ethylation of the reaction
mixture with EtMgBr,*! PhCH,GeMe,Et and Et,Me,Ge; were
detected by GC-MS. PhCH;GeMe,Br: MS (70 eV), m/e (relative
intensity) 274 (m™*, 12), 259 (m* - Me, 11), 195 (m* - Br, 7), 183
(GeMe,Br*, 7), 153 (GeBr™, 10), 139 (GeC:;H;*, 17), 91 (PhCH,*,
100), 65 (C;Hs*, 55). PhCH,GeMeg: MS (70 V), m/e (relative
intensity) 210 (m*, 10), 195 (m* — Me, 18), 165 (PhCH,Ge", 3),
119 (GeMe,*, 100), 105 (Me;GeH*, 12), 91 (PhCH,*, 72), 65
(CsH,*, 26); 'H NMR (CCly) 6 0.12 (s, 6 H, GeMe), 2.18 (s, 2 H,
PhCHy), 6.9-7.2 (m, 5 H, Ph). Me,Geg: MS (70 eV), m/e (relative
intensity) 544 (m*, 6), 529 (m* - Me, 3), 425 (m* - MeyGe, 14),
323 (Me;Geg*, 30), 308 (MegGeg*, 9), 221 (MesGe,*, 45), 206
{(Me,Ge,*, 12), 529 (m* ~ Me, 3), 425 (m* - Me;Ge, 14), 323 (m™*
- Me5G92, 30), 308 (m+ - MeGGGQ, 9), 221 (m+ - Me7Ge3, 45), 206
(Me4Geg+, 12), 191 (M93G62+, 9), 176 (M92G82+, 3), 119 (Me3Ge+,
100), 104 (Me,Ge, 4) 89 (MeGe*, 16). PhCH,GeMe,Et: MS (70
eV), m/e (relative intensity) 224 (m*, 4), 209 (m* - Me, 5), 195
(m* - Et, 100), 179 (PhCH,GeCH,", 24), 165 (PhCH,Ge™, 19),
151 (PhGe*, 9), 139 (GeCsH;*, 10), 89 (MeGe*, 37), 65 (C;H;",
44). Et;MesGeg: MS (70 eV), m/e (relative intensity) 366 (m*,
5), 851 (m* ~ Me, 2), 337 (m* - Et, 7), 309 (MesGe;H?, 10, 220
(MeaGegEt+, 11), 205 (M83G620H2+, 18), 191 (M93Gez+, 11), 133
(Me,GeEt*, 53), 119 (MeyGe*, 35), 105 (Me,GeH*, 100), 89
(MeGet, 49).

Thermal Decomposition of 1 in the Presence of Me,GeBr,
and PhCH,Br. 1 (162 mg, 0.30 mmol), 143 mg of PhCH,Br (0.1
mL, 0.84 mmol), and 42 mg of Me,GeBr; (0.02 mL, 0.16 mmol)
were heated at 80 °C for 4 h in 4 mL of benzene. As shown by
'H NMR, benzylic products were only formed in traces (<5%).

Photochemical Decomposition of 1 in the Presence of
PhCH,Br. 1 (0.29 mg, 0.05 mmol) and 29 mg of PhCH,Br (0.02
mL, 0.17 mmol) in 0.2 mL of PhCl/C¢Dg were irradiated in a
quartz tube in the probe of the 'H NMR spectrometer for 20 min.
The products formed are identical with those formed during the
thermal decomposition of 1 with PhCH,Br (‘H NMR). The
product yields were identical as well.

Thermal Decomposition of 1 in the Presence of PhCH,I.
1(1.0 g, 1.9 mmol) and 1.2 g of PhCH,I (0.7 mL, 5.6 mmol) were
heated at 75 °C in 10 mL of benzene. PhCHj (yield ca. 10%; &
2.10) and PhCH,CH,Ph (yield ca. 20%, & 2.74) were present as
products which was demonstrated by adding authentic material
to the reaction mixture. After methylation, the presence of
PhCH,GeMe, and GeMe, was demonstrated by 'H NMR and
GC-MS using authentic material and of MegGez, Me,(Ge,, and
Me,,Ges by GC-MS (yield ca. 70%). A singlet (§ 2.53) which
shows emission during the reaction was assigned to the methylene
protons of PhCH,GeMe,!I (yield 10~20%), a further singlet (& 1.26
ppm) to the methyl protons of Me,Gel, (yield 10-20%).

Thermal Decomposition of 1 in the Presence of Ph,CHCl.
1(1.0g, 1.9 mmol) and 1.1 g of PhyCHCI (1.0 mL, 5.6 mmol) were
heated at 75 °C for 4 h in 10 mL of benzene. PhyCHCHPh, was
identified by 'H NMR (yield 5-10%, 6 4.69) using authentic
material. After methylation, Ph,CHGeMe,* was detected by 'H
NMR and GC-MS using authentic material which was prepared
from MezGeCl and n-BuLi/Ph,CH,* (yield ca. 5%). MegGe;,
Me,,Ge,, and Me,;Ge; were identified by GC-MS (yield ca. 5%).
Ph,CHGeMez MS (70 eV), m/e (relative intensity) 286 (m*, 4),

(42) Mironov, V. F.; Dzhurinskaya, N. G.; Gar, T. K.; Petrov, A, D. Izv.
Akad. Nauk SSSR, Khim. Nauki 1962, 460.

(43) Bott, R. W.; Eaborn, C.; Swaddle, T. W. J. Chem. Soc. 1963, 2342.

(44) Brook, A. G.; Warren, C. M.; McGriskin, M. E. J. Am. Chem. Soc.
1959, 81, 981.
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271 (m* - Me, 3), 167 (Ph,CH", 39), 119 (Me,Ge*, 100), 89
(MeGet, 8), 77 (Ph*, 31); 'H NMR (CCly) 4 0.15 (s, 6 H, GeMe),
3.68 (s, 1 H, Ph,CH), 7.10 (s, 10 H, Ph).

Thermal Decomposition of 1 in the Presence of Ph;CCl.
1 (30 mg, 0.06 mmol) and 30 mg of PhyCCl (0.11 mmol) in 0.5
mL of PhCl were filled into an ESR tube, and the tube was heated
up to 75 °C in the cavity of the ESR spectrometer. After some
minutes, the trityl radical was observed (a, = 2.53 G, ¢, = 1.14
G, a, = 2.76 G).

Tflermal Decomposition of 1 in the Presence of CH,—C-
HCH,CI. 1 (1.0 g, 1.9 mmol) and 4.7 g of CH,=~CHCH,CI (5.0
mL, 61 mmol) were heated at 70 °C for 4 h in 10 mL of benzene.
After the benzene was removed and the mixture methylated all
volatile compounds including CH,~CHCH,GeMe; were separated
from the reaction mixture by distilling in vacuo at room tem-
perature and collecting in a trap cooled with dry ice. The mixture
contained ether, CH,=CHCH,GeMe;, and traces of benzene.
Most of the ether was removed from the mixture by using a
microcolumn. The residue was CH;=CHCH,GeMe; with traces
of benzene and ether. CH,~CHCH,GeMe;* was detected by
'H NMR and GC-MS by using authentic material that was
prepared from Me;GeCl and CH,—~CHCH,MgBr.4! Yield of
CH,=—CHCH,GeMe,Cl: ca. 80% (H NMR). CH,=
CHCH,GeMeg: MS (70 eV), m/e (relative intensity) 160 (m*,
2), 145 (m* - Me, 19), 119 (Me;Ge™, 100), 105 (Me,GeH™, 16),
89 (MeGe™, 34); 'H NMR (Et,0) 4 0.17 (s, 6 H, GeMe), 1.62 (d,
2 H, CH,), 4.51-4.95 (m, 2 H, =CH,), 5.35-6.10 (m, 1 H, =CH).

Thermal Decomposition of 1 in the Presence of CH,—C-
HCH,Br. 1 (1.5 g, 2.8 mmol) and 2.8 g of CH,=CHCH,Br (2
mL, 23 mmol) were heated at 25 °C for 4 h in 25 mL of benzene.
The volatiles were distilled off at room temperature under reduced
pressure, and the residue was stirred in 10 mL of n-pentane at
room temperature for 1.5 h. The tetraphenylnaphthalene was
precipitated, and CHy,~CHCH,GeMe,Br was obtained as crude
product: 'H NMR (CCl,) 6 0.80 (s, 6 H, GeMe), 2.17 (d, 2 H, CH,),
4.62-5.20 (m, 2 H, =CH,), 5.42-6.27 (m, 1 H, =CH). After
methylation and following the same procedure as described in
the case of allylic chloride, CH~CHCH,GeMe; was detected by
GC-MS analysis.

Thermal Decomposition of 1 in the Presence of PhCH,Br
and CH,—~CHCH,Br. 1 (200 mg, 0.37 mmol), 172 mg of
PhCH,Br (0.12 mL, 1.00 mmol), and 1.13 mg of CH,=~CHCH,Br
(0.08 mL, 0.93 mmol) were heated at 70 °C in 10 mL of benzene
for 4 h. The *H NMR spectrum after reaction is identical with
that after decomposition of 1 with CH=~CHCH,Br alone; benzylic
products were not found.

Thermal Decomposition of 1 in the Presence of PhCH=—
CHCI. 1 (1.0 g, 1.9 mmol) and 0.8 g of PhCH==CHCI (5.8 mmol)
were heated at 75 °C for 4 h in 10 mL of benzene. After me-
thylation, the crude product was divided into two fractions by
distillation. The first fraction (bp 60 °C at 1 Torr) contained
PhCH=CHCI and PhACH=CHGeMej; the second fraction (bp
180 °C at 0.5 Torr) contained PhCH=CHGeMe,GeMe; and
PhCH=CHGeMe,GeMe,GeMe;. All the products were detected
by GC-MS analysis; PhCH=CHGeMe,* was detected addi-
tionally via TH NMR of authentic material prepared from
Me;GeCl and PhCH=CHM;gBr.* PhCH=CHGeMe; (Z and E):
MS (70 eV), m/e (relative intensity) 222 (m*, 23), 207 (m* - Me,
100), 191 (m* - 2 Me - H, 15), 177 (m* ~ 3 Me - H, 9), 151 (GePh*,

(45) Petrov, A. D.; Mironov, V. F.; Dolgii, I. E. Isv. Akad. Nauk SSSR,
Khim. Nauki 1956, 1146. .
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23), 119 (Me;Ge™, 17), 105 (Me,GeH™, 78), 89 (MeGe™, 39), 77
(Ph*, 24). PhCH=CHGeMe,GeMey: MS (70 eV), m/e (relative
intensity) 324 {m*, 1), 309 (m* - Me, 5), 221 (Me;Ge,"*, 3), 207
(Me,GeC,H,Ph*, 100), 191 (MeGeC,HPh™, 8), 151 (GePht, 11),
119 (MeyGe*, 38), 105 (Me,GeH*, 60), 89 (MeGe*, 26).
PhCH=CHGeMe,GeMe,GeMes: MS (70 eV), m/e (relative in-
tensity) 309 (M32G9M32G602H2Ph+, 24), 221 (Me5Ge2+, 8), 207
(Me,GeC,H,Pht, 83), 151 (GePh™, 15), 119 (Me,;Ge*, 100), 105
(Me,GeH™, 54), 89 (MeGe™, 24).

Thermal Decomposition of 1 in the Presence of PhCH=
CHBr. 1 (1.5 g, 2.8 mmol) and 0.5 g of PhCH=CHBr (0.4 mL,
3.1 mmol) were heated at 75 °C for 4 h in 20 mL of benzene. After
methylation, 300 mg of a clear liquid were obtained by distillation
(bp 60 °C at 0.2 Torr) containing a mixture of PhACH=CHBr and
PhCH=CHGeMe; (data, see above). Further insertion products,
such as PhCH=CHGeMe,GeMe,, were not found.

Thermal Decomposition of 1 in the Presence of MeCH=
CMeBr. 1 (1.0 g, 1.9 mmol) and 0.8 g of MeCH=CMeBr (0.6
mL, 5.9 mmol) were heated at 75 °C for 4 h in 10 mL of benzene.
After methylation, the crude reaction mixture was distilled (bp
100 °C at 15 Torr), and MeCH=CMeGeMe,GeMe; and
MeCH=CMeGeMe,GeMe,GeMe; were detected by GC-MS.
Poly(dimethylgermylene) was identified by 'TH NMR. MeCH=
CMeGeMe,GeMeg: MS (70 eV), m/e (relative intensity) 276 (m™,
4), 261 (m* — Me, 11), 221 (Me;Ge,t, 2), 207 (Me,Ge,H*, 8), 159
(MeZGeC4H7+, 100), 144 (MEGGC4H7+, 2), 129 (GeC4H7+, 4), 119
(Me;Ge*, 50), 105 (Me,GeH*, 50), 89 (MeGe™*, 25). MeCH=
CMeGeMe,GeMe,GeMe;: MS (70 eV), m/e (relative intensity)
378 (m™, 5), 363 (m* - Me, 6), 261 (Me,Ge,C,H,™, 27), 206
(Me,Ge,*, 21), 191 (Me;Ge,*, 6), 159 (Me,GeC,H,*, 75), 129
(GeCH,*, 6), 119 (MeyGe™, 100), 105 (Me,GeH™, 100), 89 (MeGe*,
21).

Thermal decomposition of 1 in the presence of CH,Cl,, alkyl
chlorides C,H,,+,Cl, 1-chlorocyclohexene, and alkyl bromides
C,Hy,4+Br. 1(1.0 g, 1.9 mmol) and an approximately threefold
excess of the halide were heated at 75 °C for 4 h in 10 mL of
benzene. The poly(dimethylgermylene) formed was detected by
H NMR (8 0.4); see “Decomposition of 1 without Scavenger”.
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