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inset on different time scales). The sign of the photovoltage, 
porphyrin side positive, proves that the direction of electron transfer 
is from the surface-bound porphyrins to ground-state C60 molecules 
inside the lipid bilayer. The formation of porphyrin cation14 and 
C60 anion15 from the excited state is highly favored (AG 0.7 
eV) over the formation of porphyrin anion14b and C60

+ cation15b 

(AG > +0.6 eV). The photovoltage16 rise (Figure lb) consists 
of two components: a fast component with the same half rise time 
(18 ns, data now shown) and magnitude as that in Figure la, and 
is thus assigned to the inter-porphyrin electron transfer, and a 
slow component fit by a single exponential with T = 6.0 jts. The 
latter is assigned to the electron transfer from the interfacial 
porphyrin radical anion to C60 in the lipid core. The photovoltage 
decay (the middle trace of the inset in Figure 1) is fit by sec­
ond-order kinetics; the observed half decay time decreases in 
photovoltages of higher amplitudes (obtained by increasing the 
laser power), confirming second-order kinetics.17 Similar pho­
tovoltage rise and decay kinetics (Figure Ic and the lower trace 
of the inset) were observed from a porphyrin-C70 system.18 

The contribution of the porphyrin absorption to the photovoltage 
far exceeds that of C60 on the basis of excitation wavelength. 
When the excitation wavelength is changed to 355 nm with a 
comparable photon flux, the observed photovoltage is 0.9 of that 
at 532 nm. This is close to the ratio (1.1) of the absorption 
coefficients of the zinc deuteroporphyrin at 355 nm to that at 532 
nm and is far different from the corresponding ratio (17)15a of 
C60. For C70, the ratio of photovoltage at these wavelengths is 
1.2 versus 3.215a for absorption. 

When a ground-state aqueous electron donor, ascorbate, re­
placed the porphyrin in the C60 bilayer system, a small photo­
voltage (Figure 2a) was observed. The free energy difference, 
AG 1.3 eV, between ascorbate and 3C60

6 highly favors the 
formation of C60" anion. The rise time of the photovoltage is 
essentially a single exponential and is consistent with slow electron 
transfer at the interface (T = 74 ^s) producing a small voltage 
and a much faster (~ 1 fis) escape of negative charges deeper into 
the bilayer, thus producing a large voltage. The order of mag­
nitude slower rise time as compared to that with amphoteric 
porphyrin may reflect the increased average distance between the 
reactants. The photovoltage decay (Figure 2c) is fit with a single 
exponential decay with a surprisingly long T of 400 ms." The 
first-order decay is probably due to a small amount of oxidized 
ascorbate since the rate varies with the freshness of the ascorbate 
solution. The ascorbate-C70 system (Figure 2b,d) produces larger 
photovoltages than those in the C60 system, but with the same rate 
constants. The larger photovoltages of the ascorbate-C70 system 
are consistent with an 8-fold-higher absorption coefficient of C70 
than of C60 at 532 nm.15a These results, in agreement with previous 
work,5,6 show that photoexcited triplet C60 and C70 can serve as 
electron acceptors. The slow photovoltage rises in Figure 2a,b 
must be caused by the triplet state, since the lifetime, T, of 1C60 

(14) (a) Fuhrhop, J.; Mauzerall, D. J. Am. Chem. Soc. 1969, 91, 4174. 
(b) Felton, R. H. In The Porphyrins; Dolphin, D., Ed.; Academic Press: New 
York, 1978; Vol. 5, Part C, pp 53-115. 

(15) (a) Allemand, P. M.; Koch, A.; Wudl, F.; Rubin, Y.; Diederich, F.; 
Alvarez, M. M.; Anz, S. J.; Whetten, R. L. J. Am. Chem. Soc. 1991, 113, 
1050. (b) Dubois, D.; Kadish, K. M.; Flanagan, S.; Wilson, L. J. J. Am. 
Chem. Soc. 1991, 113, 7773. 

(16) The larger photovoltage of Figure lb, as compared with that in Figure 
la, is most likely caused by the high efficiency of electron transfer and larger 
distance of charge separation into the low dielectric, i.e., the hydrocarbon core 
of the bilayer. The amphoteric charged porphyrins cannot penetrate more 
deeply into the bilayer, but electrons can be transported into the bilayer by 
C60" anion diffusion or by electron hopping among C60 molecules. 

(17) Frost, A. A.; Pearson, R. G. In Kinetics and Mechanism; Chapman 
& Hall Limited: New York, 1953; Chapter 2. 

(18) When C60 is replaced by C70, the photovoltage rise kinetics also show 
two components. The fast rise component has the 18-ns half rise time. The 
slow component is slightly slower (T = 7.4 ^s) than that of the porphyrin-C^ 
system. The photovoltage decay of the porphyrin-C70 system is also sec­
ond-order; comparing photovoltage of similar amplitudes, it is 2.5-fold slower 
than that of the porphyrin-C^ system. 

(19) Since the system relaxation (RC) time is ~500 ms, the true decay 
time may be as long as 2 s, indicating that the C60' anion is very stable under 
our experimental conditions. The photovoltage is not saturated by the pulsed 
light and can be increased several fold at higher incident light intensity. 

is 1.2 ns and of 1C70 is 0.67 ns,20a while T(3C60) - 410 MS and 
T(3C70) - 51 ms.20b 

In summary, we report unambiguous electrical evidence showing 
that both the ground-state and triplet C60 and C70 can serve as 
interfacial electron acceptors in a self-organized lipid bilayer 
system. 
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We report here the generation and unimolecular dissociation 
of reaction intermediates for two classes of gas-phase ion-molecule 
reactions: proton transfer and SN2 displacement. The interme­
diates are generated in two distinct and widely separated internal 
energy regimes, with both high and low angular momentum. Thus 
we are able to initiate chemical reactions starting from energized 
reactive intermediates and examine directly the effects of large 
changes of energy and angular momentum on the product 
branching for both proton-transfer and SN2 reactions. The 
chemical sequence which relates the two reactions is shown in 
Scheme I. 

Proton-transfer reactions are a simple and general system in 
which temperature or energy dependences can be studied. The 
temperature dependence and dynamics of proton-transfer reactions 
in the gas phase have been the subject of numerous investiga­
tions1"12 and have been reviewed by Magnera and Kebarle.13 The 
proton-transfer reaction shown in Scheme I has recently been 
studied using high-pressure mass spectrometry by Mautner.5 The 
overall enthalpy (AH") and entropy14 (AS0) changes for the 
reaction (NC)2CH" + HCl — (NC)2CH2 + Cl", were found to 
be -2.3 kcal mol"1 and -8 cal deg"1 mol""1, respectively, making 
the free energy change (AG0) at room temperature very close to 
zero.15 

(1) Gas Phase Ion Chemistry, 1st ed.; Bowers, M. T., Ed.; Academic Press: 
New York, 1979; Vol. 1, pp 198-268. 

(2) Dodd, J. A.; Baer, S.; Moylan, C. R.; Brauman, J. I. / . Am. Chem. Soc. 
1991, 113, 5942. 

(3) Lias, S. G.; Shold, D. M.; Ausloos, P. / . Am. Chem. Soc. 1980,102, 
2540. 

(4) Mauter, M.; Smith, S. C. / . Am. Chem. Soc. 1991, 113, 862. 
(5) Mautner, M. J. Phys. Chem. 1991, 95, 6581. 
(6) Larson, J. W.; McMahon, T. B. / . Am. Chem. Soc. 1987, 109, 6230. 
(7) Caldwell, G.; Rozeboom, M. D.; Kiplinger, J. P.; Bartmess, J. E. / . Am. 

Chem. Soc. 1984, 106, 4660. 
(8) Ervin, K. M.; Gronert, S.; Barlow, S. E.; Gilles, M. K.; Harrison, A. 

G.; Bierbaum, V. M.; DePuy, C. H.; Lineberger, W. C; Ellison, G. B. / . Am. 
Chem. Soc. 1990, 7/2,5750. 

(9) Moylan, C. R.; Dodd, J. A.; Han, C. C; Brauman, J. I. / . Chem. Phys. 
1987, 86, 5350. 

(10) Wright, L. G.; McLuckey, S. A.; Cooks, R. G.; Wood, K. V. Int. J. 
Mass Spectrom. Ion Phys. 1982, 42, 115. 

(11) Henchmen, M.; Hierl, P. M.; Paulson, J. F. J. Am. Chem. Soc. 1985, 
107, 2812. 

(12) Lim, K. F.; Brauman, J. I. J. Chem. Phys. 1991, 94, 7164. 
(13) Magnera, T. F.; Kebarle, P. In Ionic Processes in the Gas Phase; 

Almoster Ferreira, M. A., Ed.; D. Reidel: Dordrecht, The Netherlands, 1984; 
pp 135-157. 

(14) The statistical mechanical calculation of (AS0) using the theoretically 
determined parameters is in excellent agreement with experiment. 

(15) Cumming, J. B.; Kebarle, P. Can. J. Chem. 1978, 56, 1. 
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Scheme I 

CN- + CICH2CN «- [CN"«CICH2CN] 
(B) 

SN2 step 

HH "I f " 

NC---C---Cl 
I 
CN 

(CN)2CH- + HCI — - I [(NC)2CH2-CH — — * " (NC)2CH2 + Cr 
(A) 

We have prepared the proton-transfer intermediate complex 
A via three different routes and observed the effects of internal 
energy on the branching between reactant (A1) and product (k2) 
channels. Infrared multiple-photon (IRMP) activation16 of the 
isolated and thermalized complex A accesses a low-energy, low 
angular momentum regime17 (0-3 kcal mol"1 above threshold). 
Chemical activation (CA) via the SN2 displacement reaction18 

generates the complex in a much higher energy regime ( ~ 30-3 5 
kcal mol"1 above threshold) resulting from the exothermicity of 
the SN2 reaction. This was accomplished using the bimolecular 
S N 2 reaction which forms A with high angular momentum and 
by IRMP activation19 of complex B which forms A with low 
angular momentum. 

Experiments were performed using an IonSpec OMEGA ion 
cyclotron resonance (FT-ICR) spectrometer equipped with impulse 
excitation.120 The stable intermediates A and B were synthesized21 

using McMahon's method.6,22 Photochemical activation of the 
intermediates to form product ions was accomplished by IRMP 
activation16 at many different fluences23 (and thus intensities). 
In the bimolecular experiment, CN" was allowed to react with 
ClCH2CN to form products directly via CA without isolation of 
either intermediate. Cl" and (CN)2CH" were the only product 
ions observed. To avoid problems due to differential ion loss, ion 
intensities were measured at the shortest time delays possible. 

Table I shows the results for the proton-transfer dissociation 
branching ratio (BR) at low energy obtained via IRMP activation 
of the thermalized complex A. The BR is close to unity, consistent 
with the near-zero free energy change for the reaction at room 
temperature.5 At higher fluences (higher internal energy) the BR 
increases, producing more (CN)2CH" and less Cl". Table I also 
shows the observed BR for dissociation of A via CA at much higher 
energies above threshold. The BR obtained from the bimolecular 
and IRMP-induced unimolecular CA experiments deviates sig­
nificantly from unity and is approximately [(CN)2CH"]: [Cl"] = 
15:1 and 10:1, respectively. 

The results from both the IRMP and CA experiments dem­
onstrate that, with increasing internal energy, decomposition of 
A favors channel 1 (i.e., formation of (CN)2CH"), which is the 
endothermic but entropically favored direction. The energy de­
pendence of the BR can be rationalized using RRKM theory.24 

(16) Johnson, C. E.; Brauman, J. I. In Techniques for the Study of Ion 
Molecule Reactions; Farrar, J. M., Saunders, W. H., Jr., Eds.; Wiley: New 
York, 1988; Vol. XX, pp 563-590. 

(17) For the IRMP experiments, a wavelength of 1048.66 cm-1 (3.0 kcal 
mol"1) was used. 

(18) The rate for the bimolecular SN2 reaction is 2.2 x IO"10 cm3 s"1 

molecules"1. This corresponds to an efficiency of about 4.5%. 
(19) IRMP activation of the SN2 intermediate B allows B to undergo 

unimolecular isomerization via crossing of the SN2 reaction barrier. Thus, 
it can be considered chemically activated via a photochemically initiated 
reaction. 

(20) Mclver, R. T. J.; Hunter, R. L.; Baykut, G. Rev. Sci. Instrum. 1989, 
60, 400. 

(21) The creation of stable adducts from a bimolecular reaction requires 
a collision with a third body, which rarely occurs at ICR pressures (IO"7 Torr). 

(22) Larson, J. W.; McMahon, T. B. Can. J. Chem. 1984, 62, 675. 
(23) A mirror in the back of the ICR cell reflects the incident laser pulse 

back through the ion cloud. Thus, the effective fluence is calculated as twice 
the measured fluence. 

Table I. Branching Ratio for the Proton-Transfer Reaction," 
CH2(CN)2 + Cl" — CH(CN)2" + HCl, as a Function of Internal 
Energy 

kjk2 

energy statistical 
above theory 

method threshold* experiment prediction0 

chemical activation 30-35 15 ± 3 25-30 
IRMP activation of ~ 3 0 ~\Oi 20 

SN2 complex 

IRMP activation of 0-3 0-2.1 
PT complex' 

(2.8) 0.6 
(3.7) 1.0 
(5.0) 1.4 
(5.5) 2J> 

0AC298 « 0 and A#°29g = +2.3 kcal mol"1 (ref 5). 'kcal mol"1. 
c Statistical RRKM theory was used to determine the branching ratios 
(see text for details). ''Only obtained at low fluence due to poor mass 
balance at higher fluences. ' Laser fluence in units of J cm"2 given in 
parentheses. 

Even though the dissociation threshold for channel 1 lies at a 
slightly higher energy relative to channel 2 by ~2.3 kcal mol"1, 
the sum of available quantum states increases more rapidly, and 
within a few kcal mol"1 the sums of states, and hence the uni­
molecular rates, become equal. By the time the system reaches 
30 kcal mol"1 of excess energy, dissociation strongly favors channel 
1. The RRKM interpretation of the BR energy dependence 
provides a microscopic explanation for the observed results in terms 
of the relative availability of quantum states in the reactant and 
product channels for the proton-transfer reaction. This is directly 
related to the partition functions and manifests itself in the 
thermochemistry as a strong temperature dependence for both 
the enthalpy (AH0) and entropy (A5°) changes which ultimately 
contribute to the strong temperature dependence of the equilibrium 
constant found by Mautner.25 At such high energies, however, 
the absolute rates predicted from RRKM theory approach 1014 

s"1, which raises important questions about incomplete intramo­
lecular vibrational energy redistribution. Thus, while the RRKM 
results are consistent with experiment, cautious interpretation is 
indicated at the highest energies. 

The chemical activation experiments also provide important 
information about the dynamics of exothermic SN2 reactions,26"31 

a topic of considerable current interest.32"40 The proton-transfer 

(24) Two hindered rotational degrees of freedom in channel 1 (dipolar HCl 
rotating in the electrostatic field of (CN)2CH-) become free rotations as the 
complex dissociates. These same modes correspond to vibrations in channel 
2 which add to the total sum of states more slowly as a function of total 
internal energy. 

(25) The temperature dependence of the enthalpy and entropy is sufficient 
to account for the observed changes in the equilibrium constant for the energy 
ranges studied. 

(26) Bohme, D. K.; Mackey, G. I.; Payzant, J. D. J. Am. Chem. Soc. 1974, 
96, 4027. 

(27) Riveros, J. M.; Jose, S. M.; Takashima, K. Adv. Phys. Org. Chem. 
1985, 21, 197. 

(28) Olmstead, W. N.; Brauman, J. I. J. Am. Chem. Soc. 1977, 99,4219. 
(29) Caldwell, G.; Magnera, T. F.; Kebarle, P. J. Am. Chem. Soc. 1984, 

106, 959. 
(30) Hied, P. M.; Ahrens, A. F.; Henchman, M.; Viggiano, A. A.; Paulsen, 

J. F. J. Am. Chem. Soc. 1986, 108, 3142. 
(31) Van Doren, J. M.; DePuy, C. H.; Bierbaum, V. M. J. Phys. Chem. 

1989,95, 1130. 
(32) Gertner, B. J.; Wilson, K. R.; Hynes, J. T. / . Chem. Phys. 1989, 90, 

3537. 
(33) Graul, S. T.; Bowers, M. T. / . Am. Chem. Soc. 1991, 113, 9696. 
(34) Gronert, S.; DePuy, C. H.; Bierbaum, V. M. J. Am. Chem. Soc. 1991, 

113, 4009. 
(35) Tucker, S. C; Truhlar, D. G. J. Phys. Chem. 1989, 93, 8138. 
(36) Vande Linde, S. R.; Hase, W. L. J. Chem. Phys. 1990, 93, 7692. 
(37) Wilbur, J. L.; Brauman, J. I. J. Am. Chem. Soc. 1991, 113, 9699. 
(38) Cyr, D. M.; Posey, L. A.; Bishea, G. A.; Han, C-C; Johnson, M. A. 

J. Am. Chem. Soc. 1991, 113, 9697. 
(39) VanOrden, S. L.; Pope, R. M.; Buckner, S. W. Org. Mass Spectrom. 

1991, 26, 1003. 
(40) Viggiano, A. A.; Paschkewitz, J. S.; Morris, R. A.; Paulson, J. F. J. 

Am. Chem. Soc. 1991, 113, 9404. 
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and SN2 reactions share a common intermediate complex, [(C-
N)2CH2-Cl"] .41 The observation of proton transfer indicates that 
the lifetime of the complex is sufficiently long to allow for 
structural rearrangement and rules out a mechanism in which the 
leaving group (Cl") is ejected immediately following the substi­
tution event. The lifetimes of SN2 reaction intermediates may 
provide insight about the details of ion-molecule complex disso­
ciation dynamics and energy transfer within the ion-molecule 
complex. Recent theoretical results of Vande Linde and Hase36 

and the experimental results of Graul and Bowers,33 Viggiano and 
co-workers,42 and Buckner and co-workers39 on S^l reactions have 
suggested that energy transfer between certain modes within the 
ion-molecule complex may be inefficient. A detailed interpretation 
of our results, and their relationship to inefficient energy transfer, 
will be the subject of a forthcoming publication. 
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(41) The expected structures for the SN2 and proton-transfer complexes 
may be different. The energy difference is expected to be small, however, and 
interconversion should be facile. 

(42) Viggiano, A. A. Personal communication. 

Ring-Opening Metathesis Polymerization of Substituted 
Bicyclo[2.2.2]octadienes: A New Precursor Route to 
Poly(l,4-phenylenevinylene) 

Vincent P. Conticello, Douglas L. Gin, and 
Robert H. Grubbs* 

Arnold and Mabel Beckman Laboratories of Chemical 
Synthesis, California Institute of Technology 

Pasadena, California 91125 
Received July 9, 1992 

Poly(l,4-phenylenevinylene) (PPV),1 a perfectly alternating 
copolymer of p-phenylene and trans-vinylene units, possesses 
attractive material properties. Thin films of PPV display high 
electrical conductivity when doped (<r = 5000 S/cm),2 a large, 
third-order nonlinear optical response (x(3) = 1.5X 10~10 esu),3 

and photo- and electroluminescence in the visible region.4 

However, the extended planar topology of the PPV backbone, 
which renders it infusible and insoluble in nonreactive media, limits 
the capacity for post-synthesis fabrication of the material. A 
convenient method to circumvent this problem consists of a 
two-step synthesis via a processable intermediate polymer.5 This 
precursor polymer can be fabricated into the desired form and 
subsequently converted to the target polymer by a clean, intra­
molecular chemical reaction. Wessling and Zimmerman have 
reported the synthesis of a processable, water-soluble poly(1,4-
xylylenesulfonium salt) that undergoes a thermally-induced 
elimination to PPV under mild conditions.6 The precursor 

(1) Kossmehl, G. A. In Handbook of Conducting Polymers; Skotheim, T. 
A., Ed.; Marcel Dekker: New York, 1986; Vol. 1, Chapter 10. 

(2) (a) Murase, I.; Ohnishi, T.; Noguchi, T.; Hirooka, M. Synth. Met. 
1987,17,639. (b) Han, C. C; Elsenbaumer, R. L. Synth. Met. 1989,30,123. 

(3) (a) Bubeck, C; Kaltbeitzel, A.; Lenz, R. W.; Neher, D.; Stenger-
Smith, J. D.; Wegner, G. NATO ASISer. E 1989,162, 143. (b) Kaino, T.; 
Kobayashi, H.; Kubodera, T.; Kurihara, T.; Saito, S.; Tsutsui, T.; Tokito, S. 
Appl. Phys. Lett. 1989, 54, 1619. 

(4) (a) Burroughes, J. H.; Bradley, D. D. C; Brown, A. R.; Marks, R. N.; 
Mackay, K.; Friend, R. H.; Burns, P. L.; Holmes, A. B. Nature 1990, 347, 
539. (b) Burn, P. L.; Holmes, A. B.; Kraft, A.; Bradley, D. D. C; Brown, 
A. R.; Friend, R. H.; Gymer, R. W. Nature 1992, 356, 47. 

(5) (a) Feast, W. J.; Friend, R. H. J. Mater. Sd. 1990, 25, 3796. (b) 
Feast, W. J. In Handbook of Conducting Polymers; Skotheim, T. A., Ed.; 
Marcel Dekker: New York, 1986; Vol. 1, Chapter 1. 

(6) (a) Wessling, R. A.; Zimmerman, R. G. U.S. Patents 3 401 152, 1968, 
and 3 705 677, 1972. (b) Wessling, R. A. J. Polym. Chem.: Potym. Symp. 
1985, 72, 55. (c) Lenz, R. W.; Han, C. C; Stenger-Smith, J.; Karasz, F. E. 
J. Polym. Sci., Polym. Chem. Ed. 1988, 26, 3241. 

polymer formation occurs via the generation and in situ polym­
erization of p-xylylenesulfonium chloride, a very reactive inter­
mediate.7 Therefore, certain aspects of the polymer structure, 
for example, the degree of polymerization, polydispersity, and 
sequence homology of copolymers, are difficult to control in this 
synthetic route. We report an alternative precursor synthesis of 
poly(l,4-phenylenevinylene) based on the living ring-opening 
metathesis polymerization (ROMP)8 of bis(carboxylic ester) 
derivatives of bicyclo[2.2.2]octa-5,8-diene-cw-2,3-diol 1 and 
subsequent pyrolytic acid elimination from the polymer.9 

In contrast to bicyclo[2.2.1]heptenes, few examples of the 
ring-opening metathesis polymerization of bicyclo[2.2.2]octenes 
or -octadienes have been reported10 although the calculated strain 
energies of the two ring systems (16.0 and 20.4 kcal/mol, re­
spectively)11 are significantly larger than cycloalkenes that undergo 
successful polymerization. The lack of general synthetic routes 
to simple bicyclo[2.2.2]octenes and -octadienes, compared to the 
readily available norbornenes, has hindered their utilization as 
ROMP substrates. The synthesis of the bicyclo[2.2.2]octadiene 
monomers of type 1 is depicted in Scheme I. Diels-Alder reaction 
between the acetonide adduct of 3,5-cyclohexadiene-cw-l,2-diol 
and ethynyl p-tolyl sulfone generates the anti cycloadduct as the 
sole product.12 Reductive desulfonylation13 followed by acid-
catalyzed hydrolysis of the acetonide yields the bicyclic diol, which 
may be converted into bis(carboxylate) derivatives la and lb.14 

Ring-opening polymerization of la and lb was attempted with 
the olefin metathesis catalyst [Mo(=NArX=C(H)CMe2Ph)-
(OCMe2(CF3))2] 2 (Ar = 2,6-diisopropylphenyl),15 which initiates 
the polymerization of both monomers at ambient temperature (eq 
1). However, only lb undergoes polymerization under these 

n d-^-oc(0)OCH3 —5°ME—_ J1 / 3 X I (1) 
^L-J^.OC(0)OCH3 [ V - / ^H 1 " 

H3CO(O)CO OC(O)OCH3 

conditions in high yield.16 A single downfield doublet (12.69 
ppm), characteristic of a propagating alkylidene CnH, is observed 
in the 1H NMR spectra of polymerizations in THF. This reso­
nance increases in intensity at the expense of the initiating al­
kylidene as the reaction proceeds to completion. Preliminary 
investigations indicate that the rate of polymerization in CH2Cl2 
is at least an order of magnitude faster than in THF and that the 
rate of initiation is marginally slower than the rate of propagation 
in both cases. Typical preparative-scale polymerizations are 
performed in CH2Cl2, terminated by capping with benzaldehyde, 
and isolated by precipitation.17 Relatively narrow molecular 

(7) Lahti, P. M.; Modarelli, D. A.; Denton, F. R.; Lenz, R. W.; Karasz, 
F. E. / . Am. Chem. Soc. 1988, UO, 7258. 

(8) (a) Grubbs, R. H.; Tumas, W. Science 1989, 243, 907. (b) Schrock, 
R. R. Ace. Chem. Res. 1990, 24, 158. 

(9) A similar thermal aromatization of a cyclohexenyl ring in a polymer 
has been employed in the precursor synthesis of poly(p-pheny!ene): (a) 
Ballard, D. G. H.; Courtis, A.; Shirley, I. M.; Taylor, S. J. / . Chem. Soc., 
Chem. Commun. 1983, 954. (b) Ballard, D. G. H.; Courtis, A.; Shirley, I. 
M.; Taylor, S. J. Macromolecules 1988, 21, 294. (c) McKean, D. R.; Stille, 
J. K. Macromolecules 1987, 20, 1787. 

(10) The ring-opening metathesis polymerization of bicyclo[2.2.2]octene 
has been described with classical catalyst systems: (a) Hamilton, J. G.; Ivin, 
K. J.; Rooney, J. J. Br. Polym. J. 1985,17,41. (b) Ofstead, E. A. Makromol. 
Chem. 1972, /54,21. 

(11) Allinger, N. A.; Sprague, J. T. J. Am. Chem. Soc. 1972, 94, 5734. 
(12) The Diels-Alder reaction between the acetonide derivative of 3,5-

cyclohexadiene-ci'.s-l,2-diol and linear dienophiles affords the anti cycloadducts 
with high stereoselectivity: (a) Mahon, M. F.; Molloy, K.; Pittol, C. A.; Pryce, 
R. J.; Roberts, S. M.; Ryback, G.; Sik, V.; Williams, J. 0.; Winders, J. A. 
/ . Chem. Soc, Perkin Trans. 1 1991, 1255. (b) Cotterill, I. C; Roberts, S. 
M. J. Chem. Soc., Chem. Commun. 1988, 1628. 

(13) Kunzer, H.; Stahnke, M.; Sauer, G.; Wiechert, R. Tetrahedron Lett. 
1991, 32, 1949. 

(14) (a) The 'H and 13C NMR and analytical data are consistent with the 
structural formulations of the intermediates and products in Scheme I.'4b (b) 
Please see supplementary material. 
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