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Ring-opening-metathesis polymerization (ROMP) has
expanded the realm of polymer synthesis, and has provided
access to many structurally unique polymers.[1] With the
developments of well-defined olefin-metathesis catalysts,
such as [(tBuO)2(ArN)Mo¼CH(tBu)] (1)[2] and
[(PCy3)2(Cl)2Ru¼CHPh] (2 ; Cy= cyclohexyl),[3] controlled
living polymerization became possible, making ROMP a
novel method to synthesize polymers with various architec-
tures. However, these catalysts suffer from either a lack of
functional-group tolerance (1) or decreased activity and
produces polymer with a moderate polydispersity index
(PDI) around 1.2 (2). The recent development of N-hetero-
cyclic carbene ruthenium catalysts[4] led to catalyst 3, which
exhibited activity comparable to or higher than 1, while
retaining the functional group tolerance of 2.[5] Catalyst 3 was

found to be extremely useful in organic transformations such
as cross and ring-closing metathesis.[6] Nevertheless, 3 gen-
erally gives polymers with uncontrolled molecular weights
and broad PDIs, owing to high propagation rates and slow
initiation rates (low ki/kp; ki= the rate constant for initiation,
kp= the rate constant for propagation)[7] and competing
chain-transfer reactions.[8]

From the previous study on ring-opening-insertion-meta-
thesis polymerization,[9] we found that norbornene derivatives
were not viable comonomers as the steric hindrance around
the olefin in the polymers prevented the required insertion
into catalyst 3. This observation suggested that chain transfer
or “back-biting” was minimal even with the active catalyst 3
at 40 8C.[10] Previously, a new member of the family of
catalysts, 4, was found to initiate more rapidly than 3.[11,12]

Therefore an increased ki/kp ratio should promote the
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controlled living polymerization if chain transfer and chain
termination are absent. Herein, we report the controlled
living ROMP of norbornene and 7-oxonorbornene deriva-
tives by the highly active and rapidly initiating Ru-based
catalyst 4 to make monodisperse homopolymers and block
copolymers.

When a solution of monomer was added to a solution of
catalyst 4 in dichloromethane (to give a monomer concen-
tration 0.2–0.4m), the color instantaneously changed from
green to yellow, which implies the immediate initiation of
catalyst 4. After 30 minutes, the reactions were complete
(monitored by TLC and 1H NMR) and were quenched by
adding ethyl vinyl ether, and the polymers were precipitated
by pouring the reaction mixture into methanol. The polymers
were obtained in high yields with very narrow PDIs, as low as
1.04 (Table 1), which is indicative of controlled living
polymerization. All the PDI values are much lower than
typical controlled living ROMP products obtained from

catalyst 2 (PDI� 1.2).[13] Additionally, endo-monomers 5
and 8 (Table 1), which are polymerized slowly if at all with
catalyst 2, undergo ROMP readily with the highly active
catalyst, 4.[3a,13]

Norbornene (10) is a unique monomer, since only catalyst
1 and [(PPh3)2(Cl)2Ru¼CHPh] (11),[3b] promote its controlled
living polymerization. Catalysts 2, and 3 give poor PDIs
because of chain-transfer reactions.[3b,8b] Not surprisingly, 4
also produced polynorbornene (PNB) with a broad PDI
(1.65) at room temperature. However, PNB with a narrower
PDI (1.28) was obtained when the polymerization was carried
out at 0 8C, and furthermore, the PDI was lowered to 1.08 at
�20 8C (Table 1), which demonstrates that 4 initiates rapidly
even at �20 8C and chain-transfer reactions on PNB are
suppressed at low temperatures.[14]

The effects of changing the polymerization conditions
were studied using 100 equivalents of monomer 6 to catalyst
4. When the monomer concentration was lowered to 0.05m in

dichloromethane or the temperature was
lowered to 0 8C, there were no effects on
the product yields, molecular weights, or
PDI values. Furthermore, the reaction of
the isolated polymer with 20 mol% of a
chain-transfer agent, 1,4-bis(acetoxy)-cis-
2-butene, and 1 mol% of 4 for 10 hours at
room temperature resulted in no change of
the polymer structure. A change in the
solvent of the reaction had no marked
effects, but increasing the starting temper-
ature from 23 8C to 55 8C in 1,2-dichloro-
ethane gave a polymer with a similar M̄n

but a much broader PDI of 1.25. These
results suggest that chain transfer or back-
biting does occur at higher temperatur-
es.[8a]

Encouraged by the narrow PDI, we
examined the relationship between the
molecular weight and M/C. Representative
graphs of M̄n versus M/C for monomers 6
and 7 are in Figure 1, which clearly shows a
linear relationship between M̄n and M/C.
Importantly, the linear relationship holds
for both low- (as low as DP= 10; DP=

degree of polymerization) and high-molec-
ular-weight polymers with narrow PDIs
(< 1.1). Other monomers give similar
linear relationships. The control of the
molecular weight through the M/C ratio,
and the low PDI values suggest that for 4,
ki/kp is high enough that all the chains
initiate and grow at a similar rate.[15] The
high ki/kp ratio is attributed to the fact that
although the kp value of catalyst 4 is much
larger than that of catalyst 2, the extremely
high ki value (more than ten thousands
times higher that that of 2)[7, 11] overrides
the effect of the increase in kp relative to
that of catalyst 2, which results in a
narrower PDI and good molecular-weight

Table 1: ROMP of various monomers with catalyst 4.[a]

Monomer M/C Yield[b] [%] Obs. M̄n
[c] [ C 103] Theo. M̄n [ C103][d] PDI[c]

50 –[e] 14.0 19.2 1.08
100 84 24.5 38.3 1.06
200 84 50.0 76.6 1.05

400 83 114.0 153.1 1.04

100 84 29.1 18.0 1.05
150 –[e] 41.7 26.8 1.05
200 86 53.1 35.9 1.06

400 97 106.0 71.7 1.04

100 –[e] 30.4 33.5 1.05
200 92 60.9 67.0 1.04

400 90 131.5 133.9 1.06

50 –[e] 11.5 8.9 1.08
100 87 22.9 17.8 1.08

200 73 40.2 35.5 1.09

100 –[e] 28.7 19.9 1.10
200 81 50.6 39.7 1.09

400 87 91.1 79.4 1.10

100 87 9.0[f ] 9.5 1.09
150 –[e] 15.1[f ] 14.2 1.06

200 93 22.0[f ] 18.9 1.10

[a] 0.2m in CH2Cl2 at 23 8C (or �20 8C for 10) for 30 min. [b] Isolated by precipating into methanol.
[c] Determined by CH2Cl2 GPC relative to polystyrene standards. [d] Assuming quantitative conversion.
[e] Samples prepared by quenching and removing the solvent without precipitation. [f ] The correction
factor of 0.5 applied to PNB.[8a] GPC=gel-permeation chromatography, TBS= tert-butyldimethylsilyl,
Bn=Benzyl, Bz=Benzoyl, M/C=monomer to catalyst ratio, M̄n=number-average molar mass.
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control. Thus, catalyst 4 promotes living ROMP with both
higher activity and better control.

If 4 indeed promotes the controlled living polymerization
for norbornenes and 7-oxonorbornene derivatives, it should
produce block copolymers from sequential additions of
monomers. Monomer 7 (M/C= 200) was treated with catalyst
4, followed by the addition of monomer 5 (M/C= 200) after
30 minutes (Table 2, entry 1). The resulting polymer had
almost twice the M̄n of the initial homopolymer 7, and the
PDI of 1.10. The 1H NMR spectrum of this product shows
only two sets of overlaying signals identical to those of the two
homopolymers. To confirm that 4 produces diblock copoly-
mers, another block copolymer was synthesized by treating
monomer 6 (M/C= 50) with catalyst 4, followed by monomer
7 (M/C= 200). The well-resolved GPC traces for the diblock
copolymer of entry 2 (Table 2) show the complete shift to
higher molecular weights (Figure 2a).

The M̄n value of the final copolymer (73000) agrees with
the value obtained by adding the M̄n of individually synthe-
sized homopolymers of 6 and 7 (10000 + 60000= 70000).
One can also make ABC-triblock copolymers by the sequen-
tial addition of three different monomers (entry 3). Figure 2b
displays well-resolved GPC traces of monodisperse triblock
copolymer. No fractions are observed in the low-molecular-
weight regions, which indicates that no termination processes
occurred during the course of the two sequential additions of
monomers. In all cases, the ratios of the monomers, obtained
by 1H NMR studies of the final block copolymers, are in good
agreement with the added feed ratios.

In conclusion, we have demonstrated that catalyst 4
bearing an N-heterocyclic carbene, which greatly enhances
the activity, and a 3-bromopyridine[16] ligand, which signifi-
cantly increases the initiation process, effects controlled living

polymerization of norbornene and oxo-norbornene deriva-
tives, even those derivatives that do not undergo living
polymerization with other catalysts.

Experimental Section
Representative procedure for the ROMP of monomer 7: A solution
of 7 (150 mg, 0.45 mmol) in CH2Cl2 (0.5 mL) was added rapidly by
syringe to a vial charged with 4 (1.0 mg, 1.1 mmol) in CH2Cl2 (1 mL)
under an argon atmosphere at room temperature. After 30 minutes
excess ethyl vinyl ether was added and the polymer was precipitated
by pouring the reaction mixture into methanol. Yield 135 mg (90%,
59% cis olefin). 1H NMR (300 MHz, CDCl3): d= 7.25 (brs, 10H), 5.25
(brm, 2H), 4.30 (brm, 4H), 3.45 (brs, 4H), 2.76 (brs, 1.2H for cis), 2.38
(brs, 0.8H for trans), 2.03 (3H, brm), 1.12 ppm (brs, 1H). 13C NMR
(75 MHz, CDCl3): d= 138.9 (brm), 134.0 (brm), 128.5, 127.7, 127.6,
73.2, 70.7, 70.4, 48.0, 47.7, 45.4 (brm), 41.3 (brm), 40.3 ppm. Other
homopolymers referred to herein are known and characterized.
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Entry First M/C M̄n
[b] Second M/C M̄n

[b] Yield[c] PDI[b]

Monomer [C103] monomer [C103] [%]

1 7 200 60.6 5 200 115.1 (143.5) 90 1.10
2 6 50 10.0 7 200 72.7 (75.9) 86 1.07
3 6 15 5.1 7 75 37.4 (27.9) 1.06

third monomer 5 370 154.8 (169.5) 90 1.05

[a] 0.2m in CH2Cl2 at 23 8C for 30 min for each monomer. [b] Determined by GPC with CH2Cl2 relative to
polystyrene standards. [c] Yield of product isolated by precipating into methanol.

Figure 1. M̄n versus M/C for the polymers produced from momomers
6 and 7 by using catalyst 4.

Figure 2. GPC traces for diblock (a) and triblock (b) copolymers.
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