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nism consisting of an initial photochemical process to cause 
the |3,/3'-bonding and subsequent rapid thermal reaction of 
the reactive intermediates is in accord with the experimen
tal findings. The first photochemical disrotatory cyclization 
of the nine-membered cis,cis dienone IH leads to the bicy-
clic cation 13 having a cis ring fusion, whereas the 12-mem-
bered cis,trans dienone 7H gives rise to the trans-fused bi-
cyclic intermediate 14. These electrocyclizations are sym
metry allowed, and an analogous mechanism has been ad
vanced for the case of the six-membered dienones (eq I).1 

Subsequent thermal suprafacial [1,4] hydride shifts 13 —* 
2H and 14 -»• 8H, regardless of the forbiddenness of the 

processes,6 conclude the overall photoinduced rearrange
ments.7 Cationic [1,4] sigmatropic rearrangements have 
been known to proceed only with inversion at the migrating 
center.8 Although a [1S,4S] shift within a cationic species 
has been predicted to occur in certain cases,9 no experimen
tal evidence relevant to this prediction has been available. 
An explanation for the observed "symmetry-forbidden" 
pathway may be provided by the fact that the process in
volves migration of hydride. The symmetrical, low-lying 
(13.6 eV) Is orbital can interact effectively with the second 
highest occupied molecular orbital of the 1,3-diene unit 
(butadiene ^i 11.34 eV), thereby strongly stabilizing the 
transition states of type 15.9 The smooth intramolecular 

15 

change evading the possible intermolecular pathway (de-
protonation from 13 or 14 followed by enol-lceto tautomeri-
zation) would imply the transformation to be energetically 
concerted.10 Furthermore, the present sigmatropic shifts 
would be facilitated by considerable thermodynamic driving 
force; an oxygen atom present in 13 or 14 does not stabilize, 
or even destabilizes, the cationic system because the het-
eroatom is located at the central carbon of the allylic moi
ety," whereas the product 2H or 8H which can be repre
sented by an oxonium ion-terminally hydroxylated ally] 
cation resonance hybrid is a very stable compound. 

The other type of photorearrangements IH —• 3H and 
7H -* 9H is considered to occur by a [ff2s + X2S] mecha
nism; intramolecular addition of the 7-carbon-hydrogen 
bond (in the case of 7H, that adjacent to the C(S-CH=CH 
bond) across the diagonally situated carbon-carbon double 
bond leads to the bicyclic cyclopentenone products. The 
possible intermediacy of the hydroxyally! cations in these 
reactions is highly unlikely in view of the fact that the 
species 13 (R = H) generated by reaction of H2SO4 and 
2,8-cw,;ra/«-cyciononadienonei2 (0°, in the dark) gave 
only 2H. 
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An Electron Spin Resonance Study of Alkyl- and Aryl-
Substituted Germyl Radicals1 

Sir: 

Although extensive studies of carbon-centered free radi
cals have been made by electron spin resonance, there have 
been relatively few reports on free radicals centered on 
group 4B elements other than carbon.2 Particularly on 
germyl radicals, no report except H3Ge-,3 Cl3Ge-,4 and 
Me3Ge-5 radicals has appeared. The present report de
scribes information gained from electron spin resonance 
about several phenyl- and alkyl-substituted germyl radicals. 
So far as we are aware, this work also represents the first 
observation on the derealization of an unpaired electron 
into a phenyl ring from the heavy group 4B atom-centered 
radicals. Because of the known stability of the triphenyl-
methyl radicals, examination of electron spin resonance 
spectra of such phenyl-substituted group 4B radicals is of 
great interest.6 

The organogermyl radicals were generated by abstrac
tion of hydrogen from the corresponding organogermanes 
with photochemically generated terr-butoxy radicals.8-9 The 

R3GeH + (CH3),CO- (CH3)XOH V3VjCIi -T \ \ ^ n 3 ; 3 v ^ w "- R 3 G e * 

g factors and hyperfine coupling constants (hfcc) for a se
ries of organogermyl radicals are given in Table I. As a typ
ical example, Figure 1 shows the spectrum of the triphenyl-
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Table I. The g Factors and Hyperfine Coupling Constants of 
Organogermyl Radicals 

Temp, Hyperfine coupling constants (G) 
Radical 0C g Value 0-H 7-H o-H m-H p-H 

>- 5 G — < 

Figure 1. ESR spectra of the triphenylgermyl radical: (a) experimen
tal; (b) computer simulated using Lorentzian line shapes and a line 
width of 0.28 G. 

germyl radical that consists of 25 lines arising from the cir
cumstance in which the magnitude of the coupling constant 
of ortho protons is the same with that of para protons (0.93 
G) and twice as large as that of meta protons (0.46 G). All 
of the experimental spectra were satisfactorily reproduced 
by computer simulation using the hfcc listed in Table I. 

Judging from these data, 7r-spin populations of phenyl-
substituted germyl radicals are smaller than those of the 
corresponding carbinyl radicals, in agreement with the ex
pected small 4p-2p conjugation between germanium and 
carbon. In an attempt to confirm this result, Htickel molec
ular orbital calculations with the McLachlan approxima
tion10 have been performed for phenyl-substituted germyl 
as well as for carbinyl radicals, and the calculated spin den
sities with a consistent set of parameters" agree excellently 
with the experimental data as shown partly in Table II.13 In 
the triphenylgermyl radical, 82% of the spin is localized at 
germanium, whereas in the corresponding triphenylmethyl 
radical the spin density of the central carbon is only 42%.10b 

The resonance integral, jSoe-c, was estimated to be 0.45/3o. 
The g factors of organogermyl radicals were larger than 

those of carbinyl and silyl radicals reflecting the large spin-
orbit coupling constant of germanium (fc, 29; fei. 149; fce, 
940).14 The g factors of isotropic germyl radicals may be 
given as the following equation, where ge is the g factor of 

g = ^e + ASc + A£Ge 
the free spin, and Age and AgGe are contributions from 
spins residing in alkyl (or aryl) moieties and the germanium 
atom, respectively. This analysis of the g factor in terms of 
only the unpaired spin density on germanium may be ov
ersimplified, since it ignored the geometry of the radical 
center. However, in the circumstance that most of the spin 
is localized at the germanium radical center of similar ge
ometry, the magnitude of the g factor depends largely on 
the spin density of the germanium atom. In fact, an excel
lent linear relation between g factors and spin densities at 
germanium was found for Ph3Ge-, Ph2MeGe- and 
PhMe2Ge-. The g factors of trialkylgermyl radicals also in
creased linearly with increasing /3-hydrogen hfcc. By the 
hyperconjugation model the /3-hydrogen hfcc can be shown 
to be proportional to the spin density on the carbon radical 
center.15 A similar model for germyl radicals predicts that g 
factors of alkylgermyl radicals being proportional to the 
spin density at germanium, as discussed above, can be relat
ed to the /3-hydrogen hfcc values.16 

However, there are some discrepancies in this interpreta
tion. The hfcc of methyl protons in Ph2MeGe- and 

Ph3Ge-
Ph2MeGe-
PhMe2Ge-
(CH3 )3 Ge-
(C2H s)3Ge-
(n-C3H,)3Ge-
(i-C3H7)3Ge-
(n-C4H9)3Ge-

- 3 0 
-45 
-50 
- 6 0 
-60 
-60 
-50 
- 4 0 

2.0054 
2.0070 
2.0086 
2.0103 
2.0089 
2.0096 
2.0074 
2.0095 

5.36 
5.36 
5.31 
4.75 
4.92 
4.34 
4.91 

0.93 
0.97 
1.20 

0.46 
0.49 
0.60 

0.93 
0.97 
1.20 

0.56 

0.69 

Table II. Spin Populations of Phenyl-Substituted Germyl Radicals 

Radical 

Oj-O 
C] k^ 

••( V-Ge-CH 

f l 
k^ 

,Q-G^-CH1 

CH1 

Position 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 
6 
H3 

1 
2 
3 
4 
5 
6 
H3 

' Calcd 

0.81917 
-0.02274 

0.03981 
-0.01815 

0.03969 

0.86046 
-0.02317 

0.04267 
-0.02027 

0.04383 
-0.00600 

0.01462 

0.90887 
-0.02261 

0.04690 
-0.02325 

0.05048 
-0.00695 

0.01495 

lObsdl ^ 

0.03898 
0.01928 
0.03898 

0.04245 
0.02144 
0.04245 

0.04821 
0.02411 
0.04821 

Qa(r) 

23.89 
(0.999) 

22.85 
(0.999) 

24.89 
(0.999) 

a The Q values are determined to fit the McConnell relation by 
the least-squares method. Value r means correlation coefficient. 

PhMe2Ge- (5.36 G for both radicals) fails to reflect the 
change in unpaired -K spin density on germanium. More
over, the g factor increased substantially in going from 
PhMe2Ge- to Me3Ge- yet the (3-CHj hfcc decreased. Ap
parently the unpaired spin density on germanium alone is 
insufficient to account the change of g factors. 

A second factor affecting the magnitude of the g values 
for this series of radicals is the geometry of the radical cen
ter.18 Gordy et al. established that the H3Ge- radical is py
ramidal with an isotropic g factor of 2.0123.3b We have also 
shown that a chiral germyl radical produced from an opti
cally active hydrogermane undergoes the chlorine-abstrac
tion reaction with retention of the configuration.19 There
fore it is reasonable to expect germyl radicals to be pyram
idal to some degree. The structure of phenyl substituted 
germyl radicals may be more planar than that of alkyl 
germyl radicals, especially of Me3Ge-. This would explain 
the small g values and the large a-CH3 hfcc observed for 
Ph2MeGe- and PhMe2Ge-. 

Acknowledgment. We thank Mitsubishi Metal Corpora
tion for a gift of germanium oxide. 

References and Notes 
(1) Organogermanium Compounds V. 
(2) H. Sakurai, "Free Radicals," Vol. 2, Wiley-lntersoience, New York, 

N.Y., 1973, p 741. 
(3) (a) R. L. Morehouse, J. J. Christiansen, and W. Gordy, J. Chem. Phys., 

45, 1751 (1966); (b) G. S. Jacket J. J. Christiansen, and W. Gordy, ibid., 
47,4274(1967). 

(4) J. Roncin and R. Debuyst, J. Chem. Phys., 51, 577 (1969). 
(5) (a) S. W. Bennett, C. Eaborn, A. Hudson, H. A. Hussain, and R. A. Jack

son, J. Organomet. Chem., 16, P36 (1969); (b) R. V. Lloyd and M. T. 
Rogers, J. Am. Chem. Soc, 95, 2459 (1973). 

(6) In spite of repeated experiments, we could not observe a neat spectrum 
of Ph3Si- and related radicals. A reason that we failed to observe such a 

Journal of the American Chemical Society / 97:4 / February 19, 1975 



931 

spectrum is due to the high reactivity of silyl radicals toward aromatic 
substitution.7 

(7) H. Sakurai and A. Hosomi, J. Am. Chem. Soc, 93, 1709 (1971). 
(8) P. J. Krusic and J. K. Kochi, J. Am. Chem. Soc, 90, 7155 (1968). 
(9) A. Hudson and H. A. Hussain, MoI. Phys., 16, 199 (1969). 

(10) (a) A. D. McLachlan, MoI. Phys., 2, 271 (1959); (b) ibid., 3, 233 (1960). 
(11) For calculations of the jr-spin population, the extended Hartree-Fock 

treatment with X = 1.2, HQ8 = a0 - O.350o and /SG6-C = O.450o were 
finally used. Spin populations at the CH3 group were then calculated by 
using the Gerson's parameters;12 a»3 = «o — 0.5/3, /3C=H3

 = 3.0/3o. 
(12) F. Gerson, "High Resolution E.S.R. Spectroscopy", Wiley Verlag Chem-

ie, 1970, p 106. 
(13) Table I and Il contain only data for germyl radicals, but we have also ob

tained experimental and calculated results for Ph3C-, Ph2MeC-, and 
PhMe2C-. Details will be published elsewhere. 

(14) R. W. Watson and A. J. Freeman, Phys. Rev., 123, 521 (1961); 124, 
1117(1962). 

(15) J. R. Bolton, A. Carrington, and A. D. McLachlan, MoI. Phys., 5, 31 
(1962). 

(16) The square root of the ratio of aH<Me3Ge-)/8H(Me3C-) is noteworthy in 
this respect, since the hyperconjugation model also predicts this value 
to be an approximate relative resonance integral, /3Ge-CH3'/3c-CH3. From 
the reported value for Me3C- (22.72 G),17 it is calculated to be 0.48, 
very close to the value used for the calculation of the 7r-spin popula
tions. 

(17) R. W. Fessenden and R. H. Schuler, J, Phys. Chem., 71, 74 (1967). 
(18) We thank the referees for the constructive criticism on this point. 
(19) H. Sakurai and K. Mochida, Chem. Commun., 1581 (1971). 

Hideki Sakurai,* Kunio Mochida, Mitsuo Kira 
Department of Chemistry, Faculty of Science, Tohoku 

University, Aoba Aramaki, Sendai 980, Japan 
Received June 13, 1974 

Novel [a + ir] Reactions of Hexaorganodisilanes with 
Acetylenes Catalyzed by Palladium Complexes1 

Sir: 

Recently Traven and West2 and we3 reported the donor 
properties of the silicon-silicon a bond as evidenced by 
charge-transfer complexation between organopolysilanes 
and tetracyanoethylene. More recently, we have described 
that the level of the highest occupied molecular orbital of 
1,2-disilacycloalkanes is raised with decreasing ring size, 
and, as a result, the donor property of the silicon-silicon 
bond is enhanced, for example, in 1,1,2,2-tetramethyl-1,2-
disilacyclopentane (I) .4 In this context, 1 is a convenient 
compound for an investigation of reactions in which the sili
con-silicon bond may act as a donor. We report here a 
novel cycloaddition reaction of organodisilanes with some 
unsaturated compounds such as acetylenes5 catalyzed by 
palladium complexes. The reaction afforded mainly cis-
1,2-disilylethylenes and hence the mode of the reaction is 
formally analyzed as a thermally forbidden [a2s + „-2s] pro
cess.6 This type of reaction for the carbon-carbon bond can 
be seen only for a highly strained molecule such as bicyclo-
[2.1.0]pentane,7 but we are not aware of any precedented 
example for the silicon-silicon bond. 

When a solution of 1 (1 mmol), dimethyl acetylenedicar-
boxylate (2a) (1 mmol), and bis(triphenylphosphine)palla-
dium dichloride (0.01 mmol) in benzene (10 ml) was heated 
at reflux for 3 hr under a nitrogen atmosphere, crystal
line dimethyl l,l,4,4-tetramethyl-l,4-disilacyclohept-2-ene-
2,3-dicarboxylate (3a) was obtained in 83.4% yield.8'9 

R 

/ SiMe, 

V-SiMe, + 

1 

2a, R = 
b, R = 
c, R = 

C 
III 
C 
I 

R 
= R' = COOMe 
= Ph; R' = H 
= R' = H 

^.SiMe, 
/ SCR 

—* ( " 
^S iMe 2 

3a, R = R' = COOMe 
b, R = Ph; R' = H 
c, R = R' = H 

The reaction of 1 with phenylacetylene (2b) under simi
lar conditions (reflux for 9.5 hr) gave the corresponding ad
dition compound, 3b, in 84.8% yield.10 Unsubstituted acety
lene (2c) also reacted with 1, when 2c was bubbled into a 
refluxing benzene solution of 1 in the presence of the cata
lyst, to give 3c in 53.3% yield." However, diphenylacetyl-
ene and bis(trimethylsilyl)acetylene failed to react with 1 
under similar conditions, only the starting materials being 
recovered. 

Hexamethyldisilane (4), an example of the unstrained 
hexaorganodisilane, similarly undergoes the reaction but 
slowly. Thus, with 2a, 4 gave dimethyl l,2-bis(trimethylsil-
yl)maleate (5) in 3.4% yield after refluxing for 23 hr in 
benzene.12 The cis stereochemistry of 5 was tentatively as
signed by comparison of the uv spectrum with 3a. 

Me1SiSiMe, + 

CO2Me 
I 

C 
III 
C 
I 

CO.Me 

Me3Si CO2Me 
\ / 

C 
Il 
C 

/ \ 
Me3Si CO2Me 

1,1,2,2-Tetramethyl-3,4,5,6-tetraphenyl-1,2-disilane 
(6)13 gave an interesting new ring system, 7, by the reaction 
with 2a under similar conditions in 72.7% yield.14 

SiMe, 

iMe, 

CO,Me 
I I 

C 

III — 
C 

CO2Me 

Ph. 

Ph ' 

Ph 

- > I 
> 

Ph 

Me, 

Ix 
Me, 

,CO2Me 

'CO2Me 
+ 

We have examined various metal complexes as a possible 
catalyst of the reaction and have found that the palladium 
complexes such as PdCl2(PhCN)2 , [(7r-allyl)PdCl]2, 
PdCl2(PEt3);., and Pd(PPh3)4 are also effective. With these 
palladium complexes, the reaction proceeds similarly, but 
the details of the reaction such as the rate of the reaction, 
yields of the products, and the nature of the by-products are 
different slightly with respect of each catalyst. Thus, for ex-

1 + 2a 
PdCl(PhCN) 

1 + 2a 

PhH. reflux 

MeOOCx^ 
3a + J 

MeOOC^ 

PdCI2(PhCN), 
». 

Me, 

C ^ S i - " -
Me, 

8 

Me, 

J 
Me, 

^CO2Me 

^CO2Me 

PhH, room temp 

CO2Me Mi 

MeOOC 
3a + 

PdCl1(PhCNi, 
1 + 2b : '•*• 3 b + 

PhH. reflux 

C0,Me 

Me, 
P h ^ ^ ~ S i - \ 

P h ^ S l _ / 
Me2 

10 
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