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ABSTRACT: Hydrooligomerization or polymerization of cyclopentene using racemic 1,2-ethylenebis(η5-
indenyl)zirconium dichloride (1) and methylaluminoxane leads to the production of poly(cis-1,3-
cyclopentane). Analogous reactions using racemic 1,2-ethylenebis(η5-tetrahydroindenyl)zirconium dichlo-
ride (2) leads to the production of oligomers in which cyclopentene is incorporated in a cis- or trans-1,3
manner. Two plausible mechanisms for trans-1,3 insertion are presented which involve reversible
â-hydrogen elimination reactions of unsaturated oligomers or direct interconversion of olefin hydride
complexes via the intermediacy of a σ-CH complex. Copolymerization of cyclopentene and 3-cyclopen-
tylcyclopentene-2-d (9) reveals that the former process can occur but is not competitive with simple
copolymerization; this, in combination with other observations, suggests that reversible chain transfer is
unlikely to account for trans-1,3 insertion. Polymerization of cyclopentene-d8 led to significantly different,
instantaneous ratios of cis to trans trimers compared with that observed during polymerization of
cyclopentene. The observed deuterium isotope effect on stereochemistry, in combination with other work,
can be interpreted in terms of trans-1,3 insertion occurring predominantly via the second mechanism.

Introduction
Cyclopentene and other cyclic olefins can be polym-

erized using rac-ethylenebis(η5-indenyl)zirconium dichlo-
ride (1) in the presence of methylaluminoxane (MAO)
cocatalyst to give polymers without detectable ring
opening.1 Previous work involving both polymerization
and hydrooligomerization has established that cyclo-
pentene is incorporated in a cis-1,3 manner in which
the stereochemical relationship between cyclopentane
rings in the polymer and hydrooligomers is isotactic.2
When rac-ethylenebis(η5-tetrahydroindenyl)zirconium

dichloride (2) is employed in the hydrooligomerization
or polymerization of cyclopentene, the hydrooligomers
or polymer have cyclopentane rings that are incorpo-
rated in both a cis-1,3 and trans-1,3 manner, with the
relative stereochemistry between rings being dictated
by isotactic placements of monomer with respect to the
penultimate cyclopentane ring.2b This leads to the
production of two saturated trimers (cis- and trans-1,3)
and four major, saturated tetramers (isotactic, cis,cis,
isotactic cis,trans, syndiotactic cis,trans, and syndio-
tactic trans,trans) under hydrooligomerization condi-
tions.2b
The fundamental processes observed in polymeriza-

tion of simple olefins using metallocene catalysts are
now firmly established. With R-olefins (e.g., propylene),
propagation consists of repetitive cis-1,2 migratory
insertion, and, to a much lesser extent, both cis-2,1 and
cis-1,3 enchainments of monomer.3 Chain-transfer
reactions are dominated by â-hydride elimination so as
to give terminal unsaturation (i.e., vinylidene end
groups),3b whereas â-alkyl elimination has also been
observed with sterically demanding catalysts.4 Chain
initiation processes involve cis-1,2 insertion of monomer
into Zr-H (generated by â-hydride elimination) so as
to give saturated n-propyl end groups.3b More recent
work has established that, under starved feed condi-
tions, metallocenes can also act as epimerization cata-
lysts via a reversible â-H elimination/insertion mecha-
nism.5 Finally, remote C-H activation processes have
been implicated in polymerization of 4-methylpentene
using sterically hindered metallocene catalysts.4b

The occurrence of trans-1,3 insertion in the polym-
erization of cyclopentene using catalyst 2 is of funda-
mental interest. Since concerted trans insertion of an
olefin into M-C or M-H bonds is without good prece-
dent in transition-metal chemistry, it is likely that
trans-1,3 insertion occurs via an indirect route. Two
plausible mechanisms (i.e., those with some literature
precedent) that could account for the occurrence of
trans-1,3 insertion of cyclopentene are outlined in
Scheme 1.

In the first of these (path A, Scheme 1), an olefin
hydride complex 4, produced via â-hydride eliminationX Abstract published in Advance ACS Abstracts, May 1, 1997.

Scheme 1
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from 3, could undergo a displacement reaction by, e.g.,
monomer. This process would initiate a new polymer
chain and produces an oligomer with terminal unsat-
uration. If the latter product recoordinates to another
metal center via its opposite face (to give 5) and inserts,
the resulting stereochemical relationship between the
metal and the penultimate cyclopentane ring is now
trans-1,3 as in 6. In essence, the process of trans-1,3
insertion would then involve reversible chain transfer,
which has been postulated to occur (with low frequency)
in some olefin polymerizations.6
An alternative mechanism (path B, Scheme 1), which

does not invoke reversible chain transfer, involves
indirect isomerization 4 to 5 via the intermediacy of a
σ-CH complex 7. This process has been advanced to
account for the observed isomerization of diastereomeric
Re-olefin complexes without prior olefin dissociation7a
and, more recently, has been implicated in isomerization
reactions of cationic, ω-(π-alkenyl)alkoxyzirconocene
complexes.7b
This paper describes our efforts to study the mecha-

nism of trans-1,3 (and cis-1,3) insertion in an attempt
to distinguish between these two processes.

Results and Discussion: Polymerization
Kinetics

The kinetics of polymerization were studied by GC
analyses of quenched aliquots in the presence of an
internal standard (n-decane). The consumption of
monomer does not obey first order kinetics as is typically
encountered.3 Plots of 1/[M] - 1/[M]0 vs t (Figure 1)
were linear, indicating a second-order dependence of the
rate of polymerization on monomer concentration. Ex-
periments at higher monomer concentrations also con-
formed to this behavior (Figure 1). The implication of
this result is that 1,2 insertion of cyclopentene does not
occur in the conventional way (i.e., rate-limiting inser-
tion from an olefin alkyl complex) but is triggered by
coordination of additional monomer (e.g., eq 1).8 It is
not immediately obvious whether this unusual 1,2
insertion mechanism impacts on the cis/trans-1,3 inser-
tion issue; presumably, the latter two processes occur
subsequent to this rate-limiting step.2
This mechanism does provide an attractive explana-

tion for the stereochemical control seen in polymeriza-
tions of cyclopentene with chiral catalysts that incor-
porate cyclopentene in a cis-1,3 fashion.2 As shown in

eq 1, two molecules of cyclopentene could coordinate to
the metal center via the same enantiotopic face (by
external comparison) in such a catalyst so as to favor
isotactic insertion of either monomer unit.9

Reversible Chain-Transfer Mechanism. A re-
quirement of the first mechanism for trans-1,3 insertion
is that unsaturated oligomers be produced and con-
sumed during the course of the polymerization. Previ-
ous work demonstrated that unsaturated oligomers are
indeed produced during polymerization of cyclopentene,
but this is expected given the low average degree of
polymerization observed and the expected molecular
weight distribution (i.e.,Mn ∼ 620 using catalyst 2 and
Mw/Mn ∼ 2).2 In principle, consumption of oligomers
should be readily observed by monitoring their concen-
tration during polymerization. As shown in Figure 2,
there is no evidence for significant depletion of unsatur-
ated dimer, trimer, tetramer, etc., as a function of time.
Given that the concentration of monomer is much
greater at all times than any of these oligomers during
the time scale of this experiment, one would not expect
to observe a significant decrease in their concentration
until keff[Zr*][M]2 ≈ ki[Zr*][Mn]where [Mn] is the con-
centration of oligomer with DP ) n and ki is the effective
rate constant for coordination and insertion of this
oligomer into the Zr-H bond (Scheme 1, path A). This
condition is obviously not satisfied over the time scale
of these polymerizations, which do not proceed to
completion under these conditions, possibly due to
catalyst deactivation.
Copolymerization Studies. To determine whether,

e.g., unsaturated dimer is consumed and how it is
incorporated in this polymerization, the specifically
labeled compound (9: 88% d1) was prepared as shown
in eq 2. A copolymerization of this material with
cyclopentene was carried out at 50 °C where the initial
concentrations of these two compounds were 2.83 and
0.19 M, respectively.10 There was clear evidence for

Figure 1. Reciprocal monomer concentration vs time for
polymerizations of cyclopentene and cyclopentene-d8 using
catalyst 2 (conditions: toluene solution, 25 °C; [2]0 ) 2.5 µM;
[Al]:[2] ) 1000sraw data are summarized in Table 1).

Figure 2. Production of oligomers vs time for polymerization
of cyclopentene using catalyst 2 (conditions: toluene solution,
25 °C; [Cp-h8] ) 0.13 M; [2]0 ) 2.5 µM; [Al]:[2] ) 1000sraw
data from Table 1).
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consumption of dimer. Based on the deuterium content
of the dimer fraction that was recovered and the amount
of (unlabeled) dimer normally produced from cyclopen-
tene under these conditions, about 40% of 9 was
consumed.11

While consumption of labeled dimer is consistent with
reversible chain transfer (Scheme 1, path A), it is also
conceivable that consumption is due to direct insertion
of compound 9 into a growing polymer chain.12 Exami-
nation of the trimer fraction, formed under these
conditions, should provide evidence for the latter pro-
cess.
In the absence of the labeled dimer, four unsaturated

trimers are produced as revealed by 13C NMR spectra
and GC-MS analyses of this fraction; these arise from
competitive cis- and trans-1,3 insertion combined with
formation of 2- and 3-cyclopentenyl end groups.2b In
addition to these compounds, at least two other unsat-
urated trimers were formed in the presence of labeled
dimer 9. The major isomer had two signals at δ 125.4
(1:1:1 t, JCD ) 24 Hz) and 148.3 (4 °C) due to olefinic
carbon atoms and additional signals at higher field in
the 13C NMR spectrum of the trimer fraction. The 2H
NMR spectrum of the trimer fraction exhibited a single
resonance at 5.35 ppm that could be attributed to this
compound (Figure 3a). The other isomer was present
in lower amounts but exhibited a characteristic signal
at 2.3 ppm in the 2H NMR spectrum of the mixture. In
addition to these resonances, several absorptions were
present in the region δ 1.0-2.0.
As the 13C NMR spectra of the trimer fraction were

complex (i.e., all compounds were unsymmetrical and
therefore difficult to identify and quantitate due to
overlap of signals), a hydrooligomerization was per-
formed using cyclopentene and compound 9 at room
temperature in order to obtain saturated (i.e., sym-
metrical) material. As shown in Figure 3b, this ap-
proach was only partially successful; the signals at 5.35
and 2.3 ppm were reduced in intensity, and there was,
at least, one new peak at 1.6 ppm and a more intense
peak at 1.4 ppm. This mixture was then hydrogenated
[(Ph3P)3RhCl, C6H6, 50 psi H2, 25 °C] to provide the
material whose 2H NMR spectrum is depicted in Figure
3c. Not all of the unsaturated trimers present could be
fully hydrogenated under these conditions. In particu-
lar, the signal at 5.35 ppm, although diminished in
intensity, is clearly present, but the signal at 2.3 ppm
is absent. In addition, there was the appearance of a
new peak at 0.75 ppm.
A 13C NMR spectrum of this mixture revealed the

complete consumption of all unsaturated trimers with
the exception of that with signals at 125.4 and 148.3
ppm. There were several resonances present, which
exhibited coupling to a single deuterium atom, at δ 48.2
(JCD ) 19 Hz), 38.5 (JCD ) 19 Hz), 38.3 (JCD ) 20 Hz),
and 36.5 (JCD ) 19 Hz) ppm.13 Detailed spectroscopic
studies established that the saturated trimers that were
present included compounds 11t, 11c, 14, and 15
(Schemes 2 and 3).14
The interpretation of these results is depicted in

Schemes 2 and 3. Insertion of labeled dimer into Zr-H
followed by further insertion of cyclopentene and chain
transfer gives rise to trimers 10t and 10c in which the

terminal ring is unsaturated, with the double bond
being at the 2 (major) or 3 (minor) position (Scheme 2).2b
Under hydrooligomerization conditions or on hydroge-
nation of the mixture, the corresponding saturated
trimers 11t and 11c are formed with the indicated
stereochemistry.
Insertion of labeled dimer into Zr-C could occur with

different regiochemistry and gives rise to unsaturated
trimers 12 and 13 following â-hydride elimination
(Scheme 3). Under hydrooligomerization conditions,
competitive hydrogenolysis of the Zr-C bond in these
intermediates leads to the production of 11t and 15,
respectively. Hydrogenation of trimer 12 using Wilkin-
son’s catalyst is expected to be stereoselective (in the
manner shown) and produces saturated trimer 14 (the
epimer of 11c), whereas isomer 13 is transformed to 15.
Having clarified the nature of the products formed,

we found that the 2H NMR spectrum of the trimer
fraction formed from cyclopentene and 9 at 50 °C is more
readily interpreted. From Figure 3a, it is readily
apparent that trimer 12 is a major component of this
fraction (∼50 mol %), while isomer 13 and compounds
10t and 10c comprise ca. 17 and 33 mol %, respectively.
Thus, nearly 70% of the incorporated dimer undergoes

Figure 3. 2H NMR spectra (30.7 MHz, CHCl3) of fractions
obtained from the copolymerization of cyclopentene and 9 (see
text and Experimental Section for details). (a) Trimer fraction
formed at 50 °C. (b) Trimer fraction obtained in the presence
of H2 at 25 °C. (c) Trimer fraction from b) following hydrogena-
tion [(Ph3P)3RhCl, H2, benzene]. (d) Higher MW fraction
(insoluble in methanol) formed at 50 °C (conditions: 120 °C;
TCB, 30.7 MHz).
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insertion into Zr-C (i.e., copolymerization, Scheme 3),
with the remainder inserting into Zr-H as depicted in
Scheme 2. Furthermore, the stereoselectivity of the
latter process is consistent with that required for trans-
1,3 insertionsi.e., 10t dominates over 10c (ca. 3:1).
However, these results seem inconsistent with a

reversible chain-transfer process being largely respon-
sible for trans-1,3 insertion (Scheme 1, path A) as very
little insertion of unsaturated oligomers into Zr-C
bonds occurs under normal conditions.15 Having said
this, the product distribution in the trimer fraction
obtained from copolymerization of cyclopentene and 9
is probably misleading; intermediates derived from
insertion of 9 into Zr-H can undergo further insertion
of monomer, whereas those arising from insertion of 9
into Zr-C (especially that involved in the formation of
12) probably do so much less readily. Thus, trimers
formed from Zr-C insertion will tend to accumulate,
whereas those formed from insertion into Zr-Hwill not.

Indeed, the 2H NMR spectrum of a higher MW fraction
indicated somewhat lower amounts of insertion into
Zr-C vs Zr-H (ca. 50:50, Figure 3d).16

These experiments suggest that a reversible chain-
transfer mechanism is an unlikely candidate for trans-
1,3 enchainment of cyclopentene. Under normal con-
ditions, incorporation of unsaturated oligomers by
insertion into Zr-H appears to be minimal,15 and under
conditions where significant incorporation is observed,
copolymerization (i.e., insertion into Zr-C) appears to
dominate or is at least competitive.
Trans-1,3 Insertion via σ-CH Isomerization. The

alternative mechanism (path B, Scheme 1) for trans-
1,3 insertion is consistent with the results reported
above, but direct evidence for such a nondissociative
isomerization process would be desirable. Indirect
evidence that a unimolecular pathway might be opera-
tive was obtained from polymerization studies employ-
ing racemic and optically pure 2.2b Identical product
distributions for the trimer and tetramer fractions were
obtained. This result is compatible with the mechanism
depicted in Scheme 1 (path B) but is unlikely to be
observed if a reversible chain-transfer mechanism is
operative (i.e., perfect stereoelection for the unsaturated
oligomers produced would be required).
As previously mentioned, the σ-CH pathway has been

invoked to explain unimolecular isomerization of metal-
olefin complexes that occurs without olefin dissociation.7
In the case of Re-olefin complexes, the rate of inter-
conversion of the two complexes could be studied by
standard kinetic techniques, and as might be expected
for such a process, a secondary deuterium isotope effect
on this rate was observed (kH/kD ) 1.64).7a In the
present case, this type of direct study is precluded in
that the olefin-hydride complexes (i.e., 4 and 5, Scheme
1) are unstable intermediates in what is undoubtedly a
rather complicated process.
Nevertheless, if σ-CH isomerization is responsible for

trans-1,3 insertion, there should be a kinetic isotope
effect associated with this process. If the isomerization
depicted in Scheme 1 is not rate-limiting, this isotope
effect will manifest itself in the stereochemistry of the
polymerization process (i.e., the cis:trans ratio) rather
than on the overall rate of polymerization.17 Further-
more, as is implied in Scheme 1, this isomerization
process may be freely reversible. This is the worst
possible case as one would then be looking for a 2°
isotopic perturbation of an equilibrium. This effect is
inherently small18 and in the present case likely to be
negligible; intermediates 4 and 5 are very similar in
structure. In any event, a reversible chain-transfer
process (Scheme 1, path A) is not expected to exhibit
an appreciable isotope effect on stereochemistry.
With this in mind, the polymerization of cyclopentene-

d8 (Cp-d8) was investigated and compared to that of
cyclopentene (Cp-h8).19 The stereochemistry of polym-
erization was most conveniently monitored by GC
analysis of quenched aliquots; the cis and trans trimers
produced are separable by this technique. As shown in
Figure 4a, the cis:trans ratio of the trimer fraction was
not constant during the polymerization of cyclopentene,
and significantly different, instantaneous cis:trans ra-
tios were observed during the polymerization of Cp-d8.
The interpretation of these results, in terms of kinetic

parameters, is not straightforward. As shown in Scheme
3, cis trimer would be formed from 4 by insertion to form
6 (cis) followed by 1,2 insertion of monomer and â-hy-
dride elimination; a similar sequence applies to the

Scheme 2. Insertion of Dimer 9 into Zr-H

Scheme 3. Insertion of Dimer 9 into Zr-C
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formation of trans trimer from 5. The instantaneous
cis:trans ratio of the trimer fraction should be constant
with time if these are the only relevant pathways. The
fact that the cis:trans ratio is not constant implies that
there are additional competing reactions involving
intermediates 4 and 5. The simplest and most reason-
able pathway that can be invoked involves displacement
of the bound olefin from 5 (and 4) by monomer (Scheme
4).
For simplicity, we will assume in this analysis that

insertion from intermediates 4 and 5 and propagation
from intermediates 6(cis) and 6(trans) occur at identical
rates.20 Application of the steady-state approximation
to 5 then leads to the expression shown in Scheme 4

for the instantaneous cis:trans ratio. Thus, a plot of the
cis:trans ratio vs instantaneous monomer concentration
should be linear if the mechanism depicted is operative.
Plots of the cis:trans ratio for both Cp-h8 and Cp-d8 vs
[M] were linear (Figure 4b) with significantly different
slopes and intercepts. As can be appreciated from
Scheme 4, the slope is equal to ktr/kiso and the ratio of
the slopes should provide an estimate for the isotope
effect associated with the isomerization process, if the
isotope effect associated with ktr is negligible (i.e., ktrD
× kisoH/ktrH × kisoD ≈ kisoH/kisoD).21 The computed
value is 1.27 ( 0.13. This probably represents a lower
bound for kisoH/kisoD as any secondary isotope effect
associated with displacement of the olefin from the
metal center is expected to be small but normal rather
than inverse.
The fact that the isotope effect observed (1.3) is

smaller than that determined previously for an unam-
biguous example of a σ-CH isomerization process (1.64)
is not too much of a concern. In the latter case, the
metal complex was a d6 system, whereas here it is d0;
presumably the lack of backbonding to the CH σ* in the
present case may lead to an increase in the force
constant for CH stretching in the σ-CH complex/transi-
tion state and therefore a decreased 2° isotope effect.17
Having said that, while all of the results obtained are
consistent with σ-CH isomerization as a mechanism for
trans-1,3 insertion, we cannot exclude other possible
mechanisms on the basis of the evidence obtained to
date.22

Conclusions

In summary, mechanistic evidence gathered to date
does not appear to be compatible with trans-1,3 inser-
tion occurring via a reversible chain-transfer mecha-
nism. On the basis of the studies presented here, an
alternative process involving a σ-CH complex is in
agreement with the experimental results. Although
such olefinic, CH complexes have not been directly
observed in early-transition-metal systems of the type
studied here, the propensity of these electrophilic
complexes to engage in agostic CH interactions and to
effect CH activation (even of simple olefins) by σ-bond
metathesis reactions is well documented.23 It would be
desirable to study the isotope effect for such a process
using a simpler system in which such isomerization
processes could be directly observed in the absence of
competing monomer polymerization.7b

Experimental Section
All solvents and chemicals were reagent grade and purified

as required. Tetrahydrofuran, diethyl ether, and toluene were
dried by distillation from sodium benzophenone ketyl. Cyclo-
pentene (Aldrich, 97%) and TMEDA were dried by distillation
from LiAlH4 under nitrogen. Methylaluminoxane was ob-
tained from Texas Alkyls as a solution in toluene and the
solvent removed under high vacuum to obtain solid MAO used
in the polymerizations. Metallocenes 1 and 2 were prepared
by the methods described in the literature.24 Cyclopentanone
8 was prepared from 2-cyclopentylidene-cyclopentanone (Lan-
caster) by hydrogenation (Pd/C, EtOH).25 All synthetic reac-
tions were conducted under an atmosphere of dry nitrogen in
dry glassware unless otherwise noted.

1H and 13C NMR spectra were recorded in a CDCl3 or C6D6

solution on either a Bruker AM-250 or AC-200 spectrometer;
chemical shifts are referenced with respect to residual CHCl3
or C6D5H. 2H NMR spectra were recorded on an AC-200
spectrometer in CHCl3 or TCB containing benzene-d6 at 25 or
120 °C. Chemical shifts are referenced with respect to
benzene-d6.

Figure 4. Cis:trans trimer ratio vs (a) time and (b) monomer
concentration for cyclopentene-h8 and -d8 (data are sum-
marized in Table 2).

Scheme 4
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IR spectra were recorded on a Bomem MB-100 FTIR
spectrometer. Mass spectra were obtained using a Kratos MS-
890 instrument at the University of Guelph. Gas chromatog-
raphy was performed on a Hewlett-Packard 5890 instrument
equipped with FID detectors and a 0.25 mm × 50 m, Supelco
SE-30 capillary column or a 0.25 mm × 25 m J&W Scientific
DB1701 column. GC-MS analyses were obtained using a
Hewlett-Packard 5890 Series II instrument equipped with a
5971A mass selective detector and a 0.32 mm× 25 m HP-5
column. Elemental analyses were determined by M. H. W.
Laboratories of Phoenix, AZ.
Kinetic Studies. To a round-bottomed flask containing

MAO (0.30 g, 5.1 mmol) dissolved in toluene (45 mL) was
added cyclopentene (0.440 g, 6.46 mmol) and 0.50 mL of
n-decane (previously dried over activated MS 4Å) as an
internal standard. A solution of compound 2 (4.0 mg, 9.4 µmol)
in 5 mL of toluene was then added via syringe at 25 °C.
Aliquots (1.5 mL) were removed periodically over a period of
3 days at this temperature and were filtered through silica
gel to remove catalyst, MAO, and polymer prior to GC analysis
(conditions: 40 °C (2 min) to 250 °C (10 min) at 10 °C/min).
The results are summarized in Table 1 and in Figure 1: An
experiment was conducted under identical conditions, employ-
ing 6.46 mmol of cyclopentene-d8 (99% d), and the data are
also collected in Table 1 and plotted in Figure 1.
2-Cyclopentylcyclopentanone (p-toluenesulfonyl)hy-

drazone (16). The hydrazone derivative of ketone 8 was
prepared following a general literature procedure.26 To a
round-bottomed flask equipped with a condenser was added
p-toluenesulfonylhydrazide (7.0 g, 0.038 mol), methanol (80
mL), concentrated HCl (0.2 mL), and 8 (5.0 g, 0.033 mol). The
mixture was refluxed under nitrogen for 3 h and allowed to
cool. The white crystals were filtered, and the mother liquor
was concentrated in vacuo to provide a second crop. Both
fractions were combined and recrystallized from methanol,
providing 9.0 g of 16 (85% yield). Mp: 152 °C. 1H NMR (250
MHz, CDCl3): δ 7.82 (d, J ) 5 Hz, 2 H), 7.27 (d, J ) 6 Hz, 2
H), 7.2-7.1 (br, 1 H), 2.41 (s, 3 H), 2.34-0.9 (m, 16 H). 13C
NMR (62.85 MHz, CDCl3): δ 169.78, 143.86, 135.42, 129.37 (2
C), 128.15 (2 C), 49.10, 41.58, 30.79, 29.73, 29.21, 28.25, 25.14,
24.90, 22.36, 21.57. IR (KBr, disk) 3222 (s), 2947 (s), 2865
(s), 1651 (m), 1597 (m), 1450 (m), 1400 (s), 1332 (s), 1304 (sh),
1291 (sh), 1210 (w), 1184 (sh), 1166 (s), 1092 (s), 1012 (s), 918
(s), 844 (w), 811 (s), 702 (s), 619 (m), 545 (s) cm-1. Anal. Calcd
for C17H24N2O2S: C, 63.92; H, 7.57. Found: C, 63.60; H, 7.49.
3-Cyclopentyl-2-deuteriocyclopentene (9). Compound

9 was synthesized from hydrazone 16 using a general proce-
dure outlined in the literature.27 To a round-bottomed flask
was added 6 g of 16 and 60 mL of TMEDA (distilled from
n-BuLi). The slurry was cooled using a dry ice-acetone bath,
and to the frozen solution was added by syringe n-BuLi in
hexane (2.5 M, 3 mL, 7.5 mmol). The reaction flask was
allowed to warm slightly to melt the TMEDA (-55 °C) and
then cooled back down to -78 °C. To the cold slurry was then
added n-BuLi (2.5 M, 27 mL, 0.068 mol) over 15 min, at which
time the cold bath was removed. The red slurry, containing
white crystals, slowly became homogeneous after approxi-
mately 5 min. The solution was allowed to warm to room
temperature, and after a total of 6 h, it was deep red-brown
in color. At this time the solution was cooled to 0 °C and D2O
(3 mL, 0.167 mol) was added. The product was extracted with
pentane (100 mL) and dried over Na2SO4 before being purified

by flash chromatography on silica gel eluting with pentane.
Compound 9 was obtained as an oil (2.36 g, 85% yield).
Deuterium incorporation was determined to be 88% based on
GC-MS and 88% based on 13C NMR. 1H NMR (250 MHz,
CDCl3): δ 5.70 (m, 1 H), 2.6-2.4 (br, 1 H), 2.4-2.2 (br m, 2
H), 2.1-1.9 (m, 1 H), 1.85-1.4 (br m, 8 H), 1.3-1.0 (br, 2 H).
13C NMR (62.85 MHz, CDCl3): δ two sets of signals at 134.55
and 134.26 (t, 1:1:1, JCD ) 24.4 Hz) in a 1:1 ratio, two sets of
signals at 130.45 and 130.32 in a 1:6.8 ratio, two sets of signals
at 51.33 and 51.24 in a 1:6.8 ratio, 45.84, 32.15, 31.16, 30.80,
28.82, 25.55, 25.36. IR (NaCl, neat) 3049 (m), 2939 (s), 2863
(s), 2278 (w, νCD), 1597 (w), 1454 (m), 1363 (w), 1322 (w), 1291
(vw), 1242 (w), 1130 (vw), 1041 (vw), 1011 (w), 980 (vw), 937
(w), 898 (w), 863 (w), 831 (w), 800 (w), 751 (w), 721 (m), 655
(m) cm-1. Mass spectrum (EI): m/e 137 (M+).
Cyclopentene-d8. Cyclopentene-d8 was synthesized from

cyclopentene following a literature procedure with some
modifications.28 To a 22 cm long× 19 mm o.d., medium-walled
glass tube was added cyclopentene (0.82 mL), decalin (3.2 mL),
and 1% w/v DCl/D2O (16 mL). The mixture was degassed via
three freeze/pump/thaw cycles and the tube sealed under
vacuum. Three tubes, prepared in the above manner, were
placed in a 1 L Parr autoclave reactor (Series 4000 Rocker
type) containing 400 mL of water and agitated for 24 h at 145
°C. After cooling to room temperature, the tubes were removed
and opened. The product was recovered by freezing the
aqueous layer and decanting the decalin/cyclopentene solution,
which was dried over K2CO3, distilled over CaH2, and finally
fractionally distilled over LiAlH4, resulting in 1.5 mL of
product (63% yield) having a deuterium content of ∼90% as
determined by GC-MS.
Repetition of this procedure yielded 1.1 mL (46% yield) of

product having a deuterium content of 99.2% as determined
using 1H NMR spectroscopy by comparing the area ratio of
signals due to residual CHCl3 in known amounts of CDCl3
(99.8% d1) to those of the product.
Copolymerization of Cyclopentene and Compound 9.

A solution of compound 2 (4.3 mg) in toluene (5.0 mL) was
added to a solution of cyclopentene (5.0 mL, 56.5 mmol), the
labeled dimer (0.52 g, 88% d1, 3.8 mmol), and MAO (0.15 g) in
toluene (10.0 mL). After 12 h at 50 °C, a known aliquot of
the toluene-soluble fraction was analyzed by GC using n-
decane as an internal standard. The total amount of deuter-
ated dimer present (after correcting for the amount of dimer
formed from cyclopentene under these conditions) was 0.31 g;
about 40% of compound 9 was incorporated into higher
oligomers. The suspension was quenched with methanol (30.0
mL) and the insoluble fraction of the polymer was isolated by
filtration (yield 2.4 g). 2H NMR spectroscopy in TCB at 125
°C revealed that it contained deuterium which was found in
both the aliphatic and olefinic C-D regions (see Figure 3d).
The MeOH-toluene-soluble fraction was concentrated in

vacuo at 25 °C and 1.0 mmHg, and the distillate was collected
in a liquid-N2-cooled trap. The distillate was carefully distilled
at atmospheric pressure using a long Vigreux column to
remove the toluene-MeOH azeotrope, and additional MeOH
was added until all the toluene had been removed. The
residual MeOH was extracted with pentane, and the pentane
extracts were concentrated in vacuo. Bulb-to-bulb distillation
provided recovered dimer (0.14 g). GC-MS analysis indicated
that the total deuterium content of the recovered dimer was
68.7%. The 13C NMR spectrum indicated the presence of

Table 1. Cyclopentene Polymerizationa

t (103 s) [C5D8] (M) t (103 s) [C5H8] (M) dimer (10-3 M) trimer (10-3 M) tetramer (10-3 M)

0.0 0.1292 0.0 0.1292 0.0 0.0 0.0
14.4 0.0846 14.4 0.1218 0.40 0.23 0.15
32.4 0.0538 32.4 0.1033 1.08 b 0.37
46.8 0.0436 46.8 0.0900 b b b
72.0 0.0362 72.0 0.0754 2.30 1.43 0.92
115.2 0.0265 115.2 0.0630 3.43 1.91 1.13
162.0 0.0209 158.4 0.0582 4.34 2.54 1.50

201.6 0.0520 b b b
252.0 0.0470 6.17 3.45 2.23

a The concentrations were determined by GC analysis using n-decane as an internal standard. b Not determined.
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signals at δ 130.45, 130.32, and 130.24 (2C) ppm due to
3-cyclopentylcyclopentene (17),2 compound 9, and 4-cyclo-
pentylcyclopentene (18),2 respectively, in a mole ratio of 5.4:
14.4:1. In the absence of labeled dimer, but under the same
conditions, the mole ratio of 17 to 18 was 4.4:1. Thus, based
on the molar amount of 18 present in the mixture, the
deuterium content of recovered 9 was 86.7%.
The residue remaining from the initial removal of the

toluene and MeOH (ca. 0.5 g) was bulb-to-bulb distilled at 80
°C and 0.01 mmHg to provide the trimer fraction (0.040 g)
which was a mixture of at least six isomers as revealed by GC
and 13C, 2H, and 1H NMR spectroscopy. Relevant spectral data
for this fraction are discussed in the text and presented in
Figure 3a.
Hydrocooligomerization of Cyclopentene and Dimer

9. A solution of catalyst 2 (4.3 mg, 10 µmol) in 5 mL of toluene
was injected by syringe to a magnetically stirred solution of
cyclopentene (10.0 mL, 113 mmol), compound 9 (1.78 g, 13
mmol), and MAO (0.15 g) in 5 mL of toluene in a 300 mL Parr
reactor under 30 psi of H2. After 72 h at 25 °C, the mixture
was quenched by the addition of MeOH (1.0 mL) and the
reactor vented to the atmosphere. The product was fraction-
ated as described above to give 0.9 g of a MeOH-toluene
soluble fraction.
The trimer fraction was isolated and purified as described

above, and the spectroscopic data for this material (0.18 g) are
presented in the text and in Figure 3b.
Hydrogenation of Deuterated Trimers Using (Ph3P)-

3RhCl. This procedure was adopted from a literature refer-
ence.29 In a glovebox, (Ph3P)3RhCl (10 mg) was added to a
Parr autoclave. To this was added 10 mL of degassed, distilled
(from Na and benzophenone) benzene containing 100 mg of
the deuterated trimer obtained from the above experiment.
The reactor was then purged with H2 and finally pressurized
to 50 psi with H2. After 48 h the reactor was vented and the
solution was filtered through Celite and the solvent removed
in vacuo. Final purification was effected by filtering a pentane
solution of the trimer down a small silica gel column eluting
with pentane. The trimer was the first product to elute, and
85 mg of pure material was obtained. Spectral data for this
material are summarized in Figure 3c and in the text.
Kinetic Studies of Cyclopentene and Cyclopentene-

d8 Polymerization. To a round-bottomed flask containing
MAO (0.29 g, 5.1 mmol) was added toluene (45 mL), cyclopen-
tene (1.0 mL, 11.3 mmol), and n-decane (0.5 mL). A solution
of 2 (4.0 mg, 9.4 µmol) in 5 mL of toluene was then added via
syringe ([C5H8]0 ) 0.226 M). Aliquots (1.5 mL) were removed
periodically over a period of 4 days and filtered through silica
gel to remove catalyst, MAO, and polymer prior to GC analysis
(40 °C/5 min to 200 °C/5 min at 10 °C/min).
In a simultaneous experiment, cyclopentene-d8 (0.859 g, 11.3

mmol) was polymerized under the following conditions: 2 (4.0
mg), MAO (0.29 g), n-decane (0.5 mL), and toluene (50 mL).
Aliquots were obtained and analyzed as above. The data are
summarized in Table 2 and in Figure 4.
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