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Alternating copolymers are normally
formed by step growth polymerization of
AA±BB monomers and in some special
chain-growth reactions.[1] Although re-
cent developments in ring-opening-meta-
thesis polymerization (ROMP)[2] and acy-
clic-diene-metathesis polymerization
(ADMET)[3] have extended the versatil-
ity of both chain-growth and step-growth
reactions, these metathesis polymeriza-
tion reactions have not provided a general
solution to alternating copolymerization.
Examples of alternating copolymers by
ROMP are rare as a result of the difficulty of finding systems
in which there is an alternation in the affinity of the
propagating metal carbene for the monomers.[4] Although
ADMET is a step-growth polymerization, examples of alter-
nating copolymerization with two monomers by this mecha-
nism have not been reported since most olefins studied have
similar reactivity. Therefore, a general metathesis route
toward A,B-alternating copolymers would open the way to
the synthesis of new functional polymers.

Although well-defined olefin-metathesis catalysts such
as [((CF3)2MeCO)2(ArN)�Mo¼CH(tBu)] (1) and

[Cl2(PCy3)2Ru¼CHPh] (2)
have proven useful for the
synthesis of polymers, the
highly active catalyst 1 is sen-
sitive to some polar functional
groups[5] and the highly func-
tional-group-tolerant catalyst
2 shows decreased reactivity.[6]

These disadvantages were recently addressed with the devel-
opment of catalyst 3, which exhibits high activity and remains
tolerant of many functional groups.[7] Furthermore, catalyst 3
promotes ring-closing metathesis and selective cross meta-
thesis (CM) of a,b-unsaturated carbonyl olefins with high
conversions,[8] thereby expanding the scope of olefin meta-
thesis in organic synthesis. This suggests that catalyst 3 should
be able to produce polymers from a,b-unsaturated carbonyl

olefins. Also, if the coupling between internal olefins and a,b-
unsaturated carbonyl olefins is selective, as is the case in cross
metathesis, diacrylate monomers should be selectively insert-
ed into ROMP polyolefins to yield alternating copolymers
(Scheme 1). Herein we report the development of a new

method for synthesizing A,B-alternating copolymers by ring-
opening-insertion-metathesis polymerization (ROIMP).

Treatment of a 1:1 mixture of monomers A (diacrylates)
and B (cycloalkenes) with catalyst 3, indeed, yielded highly
A,B-alternating copolymers in high yields. Examples of A,B-
alternating copolymers from a variety of diacrylates and
cycloalkenes are shown in Table 1. For example, with a total
monomer/catalyst ratio of just 290:1, a 1:1 mixture of 1,4-
butanediol diacrylate and cyclooctene gave a copolymer with
up to 99% A,B-alternation and a molecular weight of
90100 gmol�1 (Table 1, entry 1). It is important to match the
stoichiometry of cyclooctene because any excess of cyclo-
octene results in oligocyclooctene blocks, which lowers the
A,B-alternation.

The extent of A,B-alternation could be easily determined
by 1H NMR spectroscopic analysis, since olefinic protons for
A,B-alternating units have a distinct chemical shift from the
starting materials and homocoupled units. E-Acrylate dimers
produce a sharp singlet at d¼ 6.9 ppm (Figure 1a), whereas
polycycloalkenes display a multiplet at d¼ 5.4 ppm (Fig-
ure 1c). On the other hand, A,B-alternating units produce a
doublet of triplets at d¼ 7.0 ppm and a doublet at d¼ 5.8 ppm
(Figure 1b). Therefore, the extent of A,B-alternation can be
easily calculated by integrating these peaks. The sharp
coupling patterns demonstrate a highly uniform polymer
structure with E olefin isomer (J¼ 15.9 Hz). 13C NMR
spectroscopic analysis also shows high A,B-alternation, dis-
playing only two olefinic carbon peaks for carbon atoms a and
b to the carbonyl group (Figure 1d).

In support of the mechanism shown in Scheme 1, inde-
pendently prepared polycyclooctene was treated with diacry-
late and catalyst 3, yielding A,B-alternating copolymer similar
to the product of Table 1, entry 1. Furthermore, monitoring
the reaction by 1H NMR spectroscopy showed rapid and
complete ROMP of cyclooctene followed by gradual appear-
ance of peaks corresponding to A,B-alternating units. Fur-
thermore, when a ROIMP reaction was terminated after
20 minutes, a polymer enriched in homopolycycloalkene
olefin units was obtained. These results strongly suggest a
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Scheme 1. Proposed mechanism for ROIMP.
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mechanism whereby ROMP of the cycloalkene initially
produces an unsaturated polymer scaffold to which subse-
quent insertion of the diacrylate forms the final A,B-
alternating structure.

Other cycloalkenes were also viable for ROIMP and
yielded highly A,B-alternating polymers (Table 1, entries 2±
4). However, substrates with particularly low ring strain, such

as cyclopentene and cycloheptene, required a lower mono-
mer/catalyst ratio (125:1) as a result of the slow rate of
ROMP.[9] To obtain a high A,B-alternation (96%) with
volatile cyclopentene (b.p. 44 8C), a slight excess (1.3 equiv)
of the cycloalkene relative to the diacrylate was used. Even
with 2.0 equivalents of cyclopentene, a polymer with higher
than 85% A,B-alternation was obtained. Also, treating an
isolated polymer of lower A,B-alternation with catalyst 3
yielded a final polymer with higher A,B-alternation. These
results suggest that the equilibrium for cyclopentene lies
toward the cyclic form at 40 8C; excess homopolycyclopentene
units are degraded back to cyclopentene and lost from the
system by evaporation.[10]

Notably, various functional groups can be incorporated into
ROIMP copolymers. 5-tert-Butyldimethylsilyloxycyclooctene
proved to be a viable monomer, comparable to the parent
cyclooctene (Table 1, entry 5). In this way, free alcohol groups
could be installed into alternating monomer units upon simple
deprotection. Further variations such as ethylene glycol and
phenyl groups can be substituted into diacrylate units
(Table 1, entries 6 and 7). These results demonstrate that the
regioselective incorporation of functional groups is possible
by the appropriate choice of monomers A and B, thus opening
up a new class of polymers that can be synthesized by ROIMP.

ROIMP exhibits remarkable conversion and selectivity.
Compared to ADMET, where high vacuum and elevated
temperatures are required to drive the polymerization to high
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Table 1. Examples of ROIMP products, their A,B-alternations, molecular weights, and distributions.
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Entry Diacrylate Cycloalkene[a] M/C[b] Conc. [m][c] Yield [%][d] A,B-alt. [%][e] Mn/PDI
[ î 10�3 gmol�1][f]

1 290 0.2 84 99 90.0/1.73

2 125 0.4 75 96 20.3/1.58

3 125 0.4 93 97 14.0/1.80

4 200 0.5 91 94 26.1/1.71

5 250 0.4 69 94.5 21.4/1.43

6 200 0.2 99 98.5 26.5/1.80

7 100 0.1 98 97 25.2/2.06

[a] 1.0 Equivalents of cycloalkene was used, except for cyclopentene (1.3 equiv). [b] Total monomer/catalyst ratio. [c] Concentration with respect to
diacrylate. [d] Yields of isolated products after precipitation into hexane or methanol. [e] Determined by 1H NMR spectroscopic analysis. [f] Determined by
CH2Cl2 GPC relative to polystyrene standards.

Figure 1. NMR spectra for a ROIMP product (Table 1, entry 1).
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The storage and replication of genetic information requires
bases that pair stably and selectively in duplex DNA and are
also good substrates for DNA polymerases. Though the four
natural bases pair by hydrogen bonding, there is no reason to
assume that the pairing of two unnatural bases could not be
driven by other intermolecular interactions, for example,
those based on hydrophobicity.[1,2] To investigate this issue, a
wide variety of hydrophobic base pairs has been character-
ized.[3,4] For example, ICS (see Figure 1) and its derivative
PICS, with a propynyl group at C7, form self-pairs in duplex
DNA that are as stable as natural base pairs. The unnatural
triphosphates are also inserted opposite themselves in the
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conversion by removal of ethylene gas,[3] ROIMP gives high
conversion under gentle reflux conditions for two reasons.
First, ROMP of monomer B is efficient in making the initial
homopolycycloalkene chains. Second, the formation of 1,2-
disubstituted a,b-unsaturated carbonyl compounds is thermo-
dynamically favored by more than 3 kcalmol�1 per bond.[11]

These enthalpic factors, combined with the loss of ethylene,
drive the reaction to high conversion. Furthermore, the
unfavorable oligomerization of diacrylates, in which the
intermediate is an unstable enoic carbene, leads to high
A,B-alternation.[12] Therefore, ROIMP has benefits of both
chain-growth and step-growth polymerization, leading to high
molecular weight and high selectivity.

To optimize conversion, other polymerization conditions
were investigated. It was found that 0.1±0.5m solutions in
CH2Cl2 at 40 8C give the best results. In contrast to ROMP,
increasing the concentration beyond 0.5m resulted in lower
conversion. Switching to toluene or 1,2-dichloroethane as
solvent also gave lower conversion at either 40 8C or 60 8C.
Although there is precedence for CH2Cl2 being the best
solvent for cross metathesis of functionalized olefins,[12] the
concentration dependence for ROIMP is somewhat surpris-
ing, since concentrations of 0.1±0.5m are considered dilute
conditions for conventional step-growth-polymerization re-
actions.

Controlling the molecular weight of polymers is a very
important issue since polymers with different molecular
weights often exhibit different properties. For alternating
copolymers produced by ROIMP, molecular weight can be
roughly controlled by changing the relative stoichiometry of
the two monomers. For example, using 0.96 equivalents of
cyclooctene to 1.0 equivalent of hydroquinone diacrylate gave
a copolymer of 17800 gmol�1 with 98% A,B-alternation
(PDI¼ 1.64), whereas a copolymer of 45200 gmol�1 and
95.5% A,B-alternation (PDI¼ 1.69) was obtained by increas-
ing the cyclooctene to 1.06 equivalents. These results show
that when compared with the 1:1 case (Table 1, entry 7), an
excess of hydroquinone diacrylate shortens the polymer
chain, but an excess of cyclooctene gives higher molecular
weight as a result of the oligomeric blocks of polycyclooctene.

In conclusion, we have demonstrated a new general method
for synthesizing highly alternating copolymers by olefin
metathesis. The high conversion and degree of alternation
arise from the thermodynamically driven selective bond
formation between diacrylates and cycloalkenes.

Experimental Section

Full procedures and characterization data are given in the Supporting
Information.

Representative procedure (Table 1, entry 1): Catalyst 3 (2.7 mg) and
cyclooctene (65 mL, 0.45 mmol) were added to a flask charged with 1,4-
butanediol diacrylate (90 mg, 0.45 mmol) in CH2Cl2 (2 mL). Quick
degassing by dynamic vacuum was conducted and the flask was fitted with
a condenser and heated at reflux under argon for 6 h. The product (108 mg,
84%) was precipitated into methanol. 1H NMR (300 MHz, CDCl3): d¼
6.93 (dt, J¼ 7.2, 15.9 Hz, 1H), 5.77 (d, J¼ 15.9 Hz, 1H), 4.13 (br s, 2H), 2.12
(m, 2H), 1.73 (m, 2H), 1.43 (m, 2H), 1.30 ppm (m, 2H); 13C NMR
(75 MHz, CDCl3): d¼ 166.8, 149.6, 121.3, 64.0, 32.5, 29.3, 28.2, 25.8 ppm.
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