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Figure 3, Cyclic voltammograms of melt background (A), 1.5 X 1073
M ferrocene (B), and 1.5 X 10~3 M hexamethylbenzene, (C), in the
2:1 aluminum chloride:ethylpyridinium bromide melt, at 25°. Scan
rate = 0.2 V/sec.

the corresponding diffusion coefficients of these complexes
in 11 M H280,4. However, the viscosity of the melt is ca.
three times greater than that for 11 M H,SO,4. An estimate
of the solvodynamic mean radii for these complexes in the
molten salt yields values very close to the structural mean
radii. This indicates that in the melt solvation of the com-
plex species is not of major importance. In point of fact, the
potential solvating species would be the ethylpyridinium ion
or aluminum chloride both of which have larger structural
mean radii than simple water molecules or hydronium ions.

Cyclic voltammograms of the melt background, ferro-
cene, and hexamethylbenzene at a vitreous carbon electrode
are shown in Figure 3. Ferrocene was found to undergo a
reversible one-electron transfer (£,,2 = 0.25 V) over sweep
rates ranging from 0.1 to 100 V /sec. The anodic to cathodic
peak separation was found to be 60 & 5 mV and the ratio of
peak currents equaled one. A computer simulation of the
data yielded voltammograms which were superimposable
with the experimental curves.

At slow sweep rates hexamethylbenzene was observed to
undergo an irreversible two-electron transfer (£, = 1.4 V).
A cathodic wave, E, = 0.15 V, appeared only after cycling
into or through the anodic wave. This was taken to be the
reduction of proton to hydrogen by analogy with previous
work. 10

When hexamethylbenzene was subjected to sweep rates
exceeding 10 V/sec a coupled cathodic wave (AE, ~ 80
mV) appeared and increased in height with faster sweep
rates. To our knowledge, this is the first report of the hexa-
methylbenzene cation radical being electrochemically de-
tected at room temperature.'> This reinforces previous re-
sults''-!2 which propose that aluminum chloride based mol-
ten salts stabilize cation radicals. A comprehensive study of
this phenomenon as well as preparative electrooxidations of
hexamethylbenzene in this fused salt will be reported on
shortly.!3

It is clear from the data presented here that room tem-
perature,'4 strong Lewis acid, molten salt systems offer a
new choice of media in which to study the chemical and
electrochemical properties of a variety of compounds. Such
solvents can easily be maintained free of proton, water, and
oxygen.
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Consideration of the Mechanism of the Olefin
Metathesis Reaction
Sir:

One of the most intriguing problems in organometallic
chemistry has been the determination of the mechanism of
the olefin metathesis reaction.! Two classes of mechanism
have received the most attention. The earliest suggestions
involved a concerted switching of carbons through a “quasi-
cyclobutane” transition state. This suggestion received
much theoretical consideration.?? A later suggestion in-

volved the rearrangement of a diolefin complex through a
five-membered metallocycle.*

HH R, R.

R. _HH R. Re. / N\ _R Neemc?

N N ,\_\____/_1/ H T u

o = S =
c<l--0— R,

R HET R, ol [ >(‘=C<
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concerted

A\ 1
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R, R, R, M\C/R"' R~ M R,
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metallocyele

This mechanism was supported by a number of studies of
model systems.>-® Both of these mechanisms require the
pair-wise interchange of carbon atoms.

Recently, carbene-metal complexes have been demon-
strated to be rather stable and relatively easy to generate in
the early transition metal series.® Schrock!9 has demon-
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strated that tantalum-alkyl carbenes can be prepared from
tantalum alkyls and Casey!' has demonstrated that a tung-
sten carbene will undergo exchange with an olefin. In the
light of these studies, the following mechanism'? becomes a
reasonable alternative.

| |
R R
MCH,R — M=C< —_ M=C< + RH
| H H
H
R R
R R! R!
M=C< + >C—C< = =
H H H M
Rl
R
M=c{  + RC=CR,
Rl
- H J/RZCH=CHR2
/Rg \c/ R
M=c{_ =7 NS
H M c_
| N F
etc. Rz/ \H
RICH=CHR?

The difference between this third alternative and the ear-
lier considered mechanisms is that this reaction involves a
chain transfer of methylene groups instead of a “pair-wise”
interchange.

In order to distinguish between these classes of mecha-
nisms, the metathesis of mixtures of 1,7-octadiene-/,/,8,8-
ds'3 () and 1,-7-octadiene (II) was carried out. The major
products of the metathesis of 1,7-octadiene are cyclohexene
and ethylene.'4

An examination of the possible “pair-wise” interchange
mechanisms provide a prediction of the ethylene ratios for
this mixture.

D
D
CfD @—M—n -
N D\ /
C ko
——M——|C| = | ——M——(l!‘
| l D/ \D H.C (!‘ H/ \H
7\
D D
k"l lk

D

/
==CH, ~—D
M + C.D, M g + C,H.D,
==CH, ==C,

\H

If kex > km then a dy:da:dg ratio of 1:0:1 would be pro-
duced under nonequilibrating conditions. The other ex-
treme, km > key,' provides a route for the formation of eth-
ylene-ds. A calculation of the ds:d>:dy ratio based on this
mechanism predicts!® a maximum ratio of ds:dy:dy of 1:
1.6:1 (corrected 1:1.76:1.16).

The carbene mechanism requires the production of a sta-
tistical distribution (1:2:1) of ethylene d4:d>:d,.

A 1:1.1 mixture of 1,7-octadiene-d4/-do(I:1I) was al-
lowed to react with the heterogeneous catalyst prepared
from tungsten hexachloride and butyllithium in benzene.'6
After 28 min (2% conversion)'” at room temperature, the
gas over the reaction was removed with a syringe; the ethyl-
ene was separated by GPC and analyzed by mass spectros-
copy (15 eV ionization voltage). The ratio of ethylene da:
dadg was 1:3.6 £ 0.2:3.2 £ 0.1 (caled equilibrium mixture
= 1:3.6:3.1).'® The reaction was repeated with 2 ml of eth-
ylene-dy added to the starting reaction mixture. If the eth-
ylene-d> resulted from the equilibration of the initially
formed ethylene-d4 and —do, then a new equilibrium ratio
would result. The ratio after 36 min was 1:3.7 + 0.2:16.0.
This result indicates the ethylene-d> was not produced by
subsequent equilibration of the ethylene. Significant
amounts of ethylene-d; and —d,; were produced. These
must result from a monohydride exchange scheme and com-
plicate the analysis. The d4:d>:dg ratio of 1,7-octadiene re-
covered at the end of the reaction had not changed.!” These
results, although obscured by the monohydride equilibra-
tion, do, however, support the “carbene” scheme.

The above reaction sequence was repeated with a new
metathesis catalyst, PhWCl3-AlICl3,'20 which is homoge-
neous.'” More importantly, this reagent does not require an
alkyl lithium, tin, or aluminum as an activator. Consequent-
ly, the initiation step as outlined above is not possible. A
1:1.1 mixture of 1,7-octadiene-7,/,8,8-d4 and 1,7-octadiene
was added to a chlorobenzene solution of the catalyst, and
samples were taken during the first approximately 10% of
the reaction.!” Each ethylene sample collected during this
period showed a ratio of ethylene-dy:d>:do of 1:2.3 £ 0.13:
1.4 (equilibrium 1:2.3:1.4). There was less than 5% 1,7-oc-
tadiene-d> produced during this reaction period (m/e 112/
114 = 0.24 + 0.02 before, m/e 112/114 = 0.25 £+ 0.01 after
reaction). The reaction was repeated with ethylene-dg pres-
ent in the starting reaction mixture. The ethylene-d4-da:do
ratio was 1:2.3 £ 0.1:5. These data are most consistent with
the carbene mechanism and provide much cleaner evidence
than the first experiment.

The earlier work on the reactions of tetramethylene met-
allocycles suggests that they may be the source of the car-
benes*S in at least some of these catalyst systems which do
not require an alkyl activating reagent.?!

The results from the studies with two different catalysts,
one heterogeneous and alkyl activated the other homoge-
neous and nonalkyl activated, suggest that the olefin me-
tathesis reaction proceeds through a non “pair-wise” inter-
change of carbons between two olefins. The carbene mecha-
nism outlined above is most consistent with these results.?3

Acknowledgment is made to the donors of The Petroleum
Research Fund, administered by the American Chemical
Society, and the Dreyfus Foundation through a Camille and
Henry Dreyfus Teacher-Scholar Grant for support of this
research, and to E. M. Sweet for aid with the calculations
and to C. Casey and F. Mango for helpful discussions.

References and Notes

(1) N. Calderon, Acc. Chem. Res., 5, 127 (1972), and references therein;
G. C. Bailey, Catal. Rev., 3, 37 (1969).

(2) F. D. Mango and J. H. Schachtschneider, J. Am. Chem. Soc., 89, 2484
(1967).

(3) G. 8. Lewandos and R. Pettit, Tetrahedron Lett., 780 (1871).

(4) R. Grubbs and T. K. Brunck, J. Am. Chem. Soc., 94, 25638 (1972).

(5) C. G. Biefield, H. A. Eick, and R. H. Grubbs, /norg. Chem., 12, 2166
(1973).

(6) L. Cassar, P. E. Eaton, and J. Halpern, J. Am. Chem. Soc., 92, 3515
(1970).

(7) A.R. Fraser, P. H. Bird, 8. A. Bezman, J. R. Shapley, R. White, and J. A.
Osborn, J. Am. Chem. Soc., 95, 597 (1973).

Journal of the American Chemical Society | 97:11 | May 28, 1975


d4.-d2.-do
d4.-d2.-do
d4.-d2.-do
d4.-d2.-do
d4.-d2.-do

(8) J. X. McDermott and G. M. Whitesides, J. Am. Chem. Soc., 96, 947
(1974).

(8) D. J. Cardin, B. Cetinkaya, and M. F. Lappert, Chem. Rev., 72, 545
(1972).

(10} R. Schrock, J. Am. Chem. Soc., 96, 6796 (1974).

(11) C.P. Casey and T. J. Burkhardt, J. Am. Chem. Soc., 98, 7808 (1974).

(12} J. L. Herrlsson and Y. Chauvin, Makromol. Chem., 141, 161 (1870).

(13) Prepared by the reduction of dimethylsuberate with LiAID, followed by
the pyrolysis of the diacetate dlol. Some scrambling (10-15%}) occurred
during the pyrolysis.

(14) W. B. Hughes, J. Am. Chem. Soc., 92, 532 (1870).

(15) Calculated by an iterative procedure using the following equations:

EQ, E2, E4 = ethylene ratios produced

RO, R2, R4 = metal-ethylene complex ratios at start
Z0, 22, Z4 = metal-ethylene complex ratios produced
A0, A4 = 1,7-octadiene ratio

EQ = RO(AO + BA4) + R2A0B

E2 = B+RO+A4 + D+ R2(A0 + A4) + B+ R4+ AQ
E4 = C+R2+A4 + R4(A4 + BeAD

Z0 = AO(RO + D+ R2 + B+R4)

Z2 = AO(C *R2 + B+ R4) + A4(B* RO + C+R2)
Z4 = A4(B+RO + D*R2 + R4)

The 8, C, and D factors represent the probabllities of the combination

of the A and R factor producing the desired £ or Z under.consideration.

The Z values became the R factors for the next iteration. After approxi-

mately 20-30 iterations the calculated ratios become constant and are

independent of the assumed starting ratios. Very large isotope effects

have a small effect on the calculated values. Only those equillbration

steps indicated in the scheme were allowed.

Isolated by centrifugation of the reaction mixture, washed twice with

benzene, and used as a suspension in benzene.

The ratlo of the m/e peaks of 114, 112, and 110 for the starting mixture

and the recovered reaction mixture of | and Il were compared on spec-

tra determined under Identical conditions. The per cent reaction was de-

termined by comparing the ratio of cyclohexene and 1,7-octadiene in

the reactlon mixture.

(18) The equilibrium ratio was calculated from the equation {1 + A)? which

ylelds the ratio, dy:2Adz:A2d,. Without monohydride equillbration A =

II/1. With some equillbration A = % the ratio of (ethylene-d,:ethylene-

da).

Prepared from equal molar quantities of PhWCls and AICl; in chloroben-

zene, the suspension was centrifuged and the supernatant, homoge-

neous by light scattering, was used.

(20) W. Grahlert, K. Milowski, and V. Langbeln, Z. Chem., 14, 287 (1874).

(21) R. Rossi, P. Diversi, A. Lucherini, and L. Porri, Tetrahedron Lett., 11,
879 (1974).

(22) Fellow of the Alfred P. Sloan Foundation.

(23) NoTe ADDED IN PROGF. Similar conclusions have been reached by T. J.
Katz and J. McGinnis, J. Am. Chem. Soc., 97, 1592 (1975).

Robert H. Grubbs,*22 Patrick L. Burk, Dale D. Carr

Department of Chemistry, Michigan State University
East Lansing, Michigan 48824

Received January 16, 1975

(16)
Qa7

(19)

Abnormal Regioselectivity in the Photochemical
Cycloaddition of Singlet trans-Stilbene with
Conjugated Dienes
Sir:

The regioselectivity of 1,2-cycloaddition to conjugated
dienes has been investigated for a number of electrophilic
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species. Such diverse reactions as radical,! ionic,'P concert-
ed [+2¢ + »2a],2 1,3-dipolar,’ and carbene3>* additions dis-
play similar regioselectivities. Addition to cis- or trans-
1,3-pentadiene occurs selectively at the monosubstituted
double bond (>90%), whereas addition to 2-methyl-1,3-
pentadiene occurs selectively at the disubstituted double
bond (70-80%).5 The observed regioselectivities have been
attributed to one or more of the following: (a) formation of
the more stable bifunctional intermediate, (b) preferential
addition to the sterically less hindered terminus, and (c) ad-
dition to the terminus of highest electron density. In spite of
the fact that concerted photochemical [»2; + 2] cycload-
dition is a symmetry-allowed reaction, there are few exam-
ples of concerted 1,2-cycloaddition to conjugated dienes.?
We wish to report that 2 + 2 cycloaddition of the singlet ex-
cited state of trans-stilbene to conjugated dienes occurs
preferentially at the more substituted double bond. Appli-
cation of frontier orbital theory'© for a concerted 2 + 2 cy-
cloaddition correctly predicts the observed regioselectivities.

Irradiation of trans-stilbene in the presence of dienes re-
sults in the efficient formation of mixtures of 2 + 2 cycload-
ducts.!! Direct irradiation of cis-stilbene or triplet sensi-
tized irradiation of either cis- or trans-stilbene in the pres-
ence of dienes results in stilbene cis-trans isomerization,
but no cycloaddition. Addition of singlet trans-stilbene to
the disubstituted double bond of the isomeric 1,3-penta-
dienes occurs with complete retention of diene and stilbene
stereochemistry (eq 1), as is the case for addition of trans-

Ph !
Y
mo Jon
Ph Ph Ph
—_ + + ¢
Ph Z  Ph .

stilbene to the isomeric 2-butenes.'?%:!3 The regioselectivity
of cycloaddition of trans-stilbene with several conjugated
dienes is given in Table I. Addition to the more substituted
double bond predominates in all cases and attains a maxi-
mum value of 80% for cis-1,3-pentadiene. Since the quan-
tum yields for cycloaddition are high,'! the regioselectivi-
ties reflect relative rates of addition rather than selective
partitioning of a 1,4-biradical intermediate. A biradical
mechanism!4? appears unlikely in view of the high stereo-
specificity and abnormal regioselectivity of cycloaddition. It
is possible that the stereochemical outcome of the cycload-
dition process is determined by the formation of an excited
state w-donor-acceptor complex (exciplex) prior to bond
formation. The rate of addition of singlet trans-stilbene to
alkenes displays a negative temperature dependence,'?® in-

Table I. Regioselectivity of Cycloaddition and Diene Frontier Orbital Coefficients
Regioselectivity Orbital coefficients
Diene 1, 2% 3,4% C, C, C, C,
4-Methyl-1,3-pentadiene 34 66 HO 0.495 0.294 0.510 0.492
LU 0.501 0.351 0.441 0.554
trans-1,3-Pentadiene 46 54 HO 0.525 0.337 0.469 0.521
LU 0.528 0.382 0.437 0.562
cis-1,3-Pentadiene 20 80 HO 0.522 0.339 0.473 0.526
LU 0.528 0.384 0.437 0.564
2-Methyl-1, 3-pentadiene 70 30 HO 0.621 0.429 0.337 0.500
LU 0.566 0.428 0.407 0.544
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