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Alternating Ring-Opening Metathesis

Copolymerization of Norborn-2-ene with

cis-Cyclooctene and Cyclopentene
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Summary: Ru-alkylidenes based on unsymmetrical imidazolin-2-ylidenes, were used

for the alternating copolymerization of norborn-2-ene (NBE) with cis-cyclooctene

(COE) and cyclopentene (CPE), respectively. Alternating copolymers, i.e., poly(NBE-alt-

COE)n and poly(NBE-alt-CPE)n containing up to 97 and 91% alternating diads,

respectively, were obtained. The copolymerization parameters of the alternating

copolymerization of NBE with CPE under the action of different initiators were

determined using a first order Markov model. Hydrogenation of poly(NBE-alt-COE)n
yielded a fully saturated, hydrocarbon-based polymer.
Keywords: copolymerization; polyolefins; ring-opening metathesis polymerization;

synthesis
Introduction

The alternating copolymerization of two

different monomers is still a challenging

task. For an alternating copolymerization

to be accomplished by ROMP, a situation

has to be created where the insertion of a

monomer A into the living metal alkylidene

is favored in case a second, different

monomer B was inserted in the previous

step and where insertion of a certain

monomer A or B is strongly disfavored in

case the same monomer was inserted in the

preceding step. Consequently, reports on

the alternating copolymers in general as

well as on copolymerizations accomplished

via metathesis copolymerization of two

different monomers are comparably

rare.[1–9] We addressed this task by using
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Grubbs- or Grubbs-Hoveyda-type initia-

tors. Generally, their selectivity and reac-

tivity is governed by the nature of the

N-heterocyclic carbene (NHC),[10–25] the

alkylidene[26–37] or the (pseudo)halide

ligands.[38–48] We prepared a series of novel

initiators for the synthesis of alternating

copolymers based on Grubbs-type initia-

tors containing unsymmetrical NHCs.[24,49]

and checked for their capability to copoly-

merize norborn-2-ene (NBE) and cis-

cyclooctene (COE) as well as NBE and

cyclopentene (CPE) in an alternating way.
Results and Discussion

A series of different Ru-alkylidenes

(Grubbs-type initiators) based on unsym-

metrical NHCs were used for the alternat-

ing copolymerization of NBE with COE

and CPE, respectively. Their structure is

shown in Figure 1.

We used initiators 1-9 in the copolymer-

ization of NBE with COE and CPE,

respectively. Using a NBE:COE ratio

of 1:50, the corresponding copolymers

poly(NBE-alt-COE)n contained 95-97%
, Weinheim wileyonlinelibrary.com



Figure 1.

Structure of initiators 1-10 and of poly(NBE-alt-COE)n (bottom, left) and poly(NBE-alt-CPE)n (bottom, right).
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alternating diads (Table 1). In contrast,

using a ratio of NBE:CPE of only 1:7, the

poly(NBE-alt-CPE)n copolymers contain-

ing 79-91% of alternating diads were

obtained (Table 2). This percentage of

alternating units is among the highest

values found so far.[4] This is of particular

interest, since CPE usually displays a rather

limited propensity to undergo ROMP[50]
Table 1.
Results of the alternating copolymerization of NBE
with COE.

initiator cis
(%)[a]

alternating
diad (%)[a]

Mn

(g/mol)
PDI[b]

1 61 95 5.5� 105 2.0
2 60 96 7.6� 105 1.9
3 61 97 8.0� 105 1.6
5 61 97 6.0� 105 1.9
6 59 96 7.8� 105 1.8
7 62 97 1.3� 106 1.4
8 64 96 1.5� 106 1.6
9 50 97 4.0� 104 2.19
10 50 97 1.4� 105 1.59

Initiator:NBE:COE¼ 1:2000:100000.[a]by 13C-NMR,[b]by GPC.
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and homopolymerization of CPE is often

counterbalanced by backbiting, yielding

cyclic, low molecular weight polymers.[51]

The structures of the two alternating

copolymers are shown in Figure 1, a

representative 13C-NMR spectrum is

shown in Figure 2.

Hydrogenation of poly(NBE-alt-COE)n
with p-toluenesulfonylhydrazide in hot

xylene yielded a fully saturated, hydro-

carbon-based polymer whose backbone
Table 2.
Results of the alternating copolymerization of NBE
with CPE.

initiator alternating
diad (%)[a]

Mn

(g/mol)
PDI[b]

1 79 1.0� 104 1.9
2 90 2.5� 104 2.3
3 90 4.4� 104 1.9
5 85 2.0� 104 1.9
6 91 5.4� 104 2.4
7 91 3.4� 104 2.6
8 86 2.0� 104 1.9

Initiator:NBE:CPE¼ 1:2000:14000.[a]by 13C-NMR,[b]by GPC.
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Figure 2.
13C-NMR of poly(NBE-alt-CPE)n.

Table 3.
Copolymerization parameters obtained with initiators 1-8 in the alternating copolymerization of NBE (1) with CPE
(2).

initiator 1 2 3 5 6 7 8

r1 1.4 1.2 1.2 1.4 1.2 1.2 1.5
P12 0.83 0.85 0.85 0.83 0.85 0.85 0.82
r2 10

�3 43 6.3 6.4 18 4.8 4.3 14
P21 0.77 0.96 0.96 0.88 0.97 0.97 0.91
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formally consists of CPE (1,3-insertion)

followed by an even number (10) of carbon

units and that may hardly be realized by any

other polymerization method.[52]

From the 13C-NMR spectra, we were

able to extract the copolymerization para-

meter r. A first-order Markov model

ultimately leading to the Mayo-Lewis

equation[53] was applied. In this case, an

r-value for each monomer is obtained.

Thus, r1¼ ([1/P12]-1)([CPE]/[NBE]) and

r2¼ ([1/P21]-1)([NBE]/[CPE]) with P12

and P21 being the reactivity probabilities

for CPE to insert into a growing chain with

a terminating NBE and vice versa. Again,

the results are summarized in Table 3. Both

P12 and P21 can be retrieved from 13C-NMR.
Copyright � 2010 WILEY-VCH Verlag GmbH & Co. KGaA
Conclusion

In summary, we significantly extended the

number of Ru-alkylidene based metathesis

initiators which allow for the synthesis of

highly alternating copolymers of norborn-

2-ene with cis-cyclooctene and cyclopen-

tene, respectively. In terms of initiation

efficiency, the pyridine derivatives turned

out to be superior over the parent PCy3-

based compounds. A high cis-content was

observed in poly(NBE-alt-COE)n prepared

by any of the initiators used here. Hydro-

genation of the alternating copolymers

allows for creating model systems for

poly(olefin) chemistry, e.g., for the deter-

mination of chemical shifts in 1-olefin
, Weinheim www.ms-journal.de
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polymerization-derived copolymers of

cyclopentene and ethylene.
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K. Öfele

[19] C. W. Bielawski, R. H. Grubbs, Angew. Chem., 2000,

112, 3025; Angew. Chem. Int. Ed. 2000, 39, 2903–2906.

[20] M. Scholl, T. M. Trnka, J. P. Morgan, R. H. Grubbs,

Tetrahedron Lett. 1999, 40, 2247.

[21] J. P. Jordan, R. H. Grubbs, Angew. Chem., 2007, 119,

5244; Angew. Chem. Int. Ed. 2007, 46, 5152–5155.

[22] G. C. Vougioukalakis, R. H. Grubbs, J. Am. Chem.

Soc. 2008, 130, 2234.

[23] G. C. Vougioukalakis, R. H. Grubbs, Chem. Eur. J.

2008, 14, 7545.

[24] K. Vehlow, D. Wang, M. R. Buchmeiser, S. Blechert,

Angew. Chem., 2008, 120, 2655; Angew. Chem. Int. Ed.,

2008, 47, 2615–2618.

[25] K. Vehlow, S. Maechling, S. Blechert, Organome-

tallics 2006, 25, 25.

Macromol. Symp. 2010, 296, 44–48
Copyright � 2010 WILEY-VCH Verlag GmbH & Co. KGaA
[26] A. Michrowska, K. Mennecke, U. Kunz,

A. Kirschning, K. Grela, J. Am. Chem. Soc. 2006, 128,

13261.

[27] X. Gstrein, D. Burtscher, A. Szadkowska,

A. Barbasiewicz, F. Stelzer, K. Grela, C. Slugovc,

J. Polym. Sci. A: Polym. Chem. 2007, 45, 3494.

[28] K. Grela, M. Kim, Eur. J. Org. Chem. 2003,

963.

[29] K. Grela, S. Harutyuyan, A. Michrowska, Angew.

Chem., 2002, 114, 4210. Angew. Chem. Int. Ed. 2002, 41,

4038–4040.

[30] L. Gulajski, A. Michrowska, R. Bujok, K. Grela,

J. Mol. Catal. A 2006, 254, 118.

[31] A. Michrowska, R. Bujok, S. Harutyunyan,

V. Sashuk, G. Dolgonos, K. Grela, J. Am. Chem. Soc.

2004, 126, 9318.

[32] R. Bujok, M. Bieniek, M. Masnyk, A. Michrowska,

A. Sarosiek, H. Stepowska, D. Arlt, K. Grela, J. Org.

Chem. 2004, 69, 6894.

[33] M. Bieniek, A. Michrowska, D. L. Usanov, K. Grela,

Chem. Eur. J 2008, 14, 806.

[34] H. Wakamatsu, S. Blechert, Angew. Chem., 2002,

114, 832; Angew. Chem. Int. Ed. 2002, 41, 794–796.

[35] S. J. Connon, A. M. Dunne, S. Blechert, Angew.

Chem., 2002, 114, 3989; Angew. Chem. Int. Ed. 2002, 41,

3835–3838.

[36] H. Wakamatsu, S. Blechert, Angew. Chem., 2002,

114, 2509; Angew. Chem. Int. Ed. 2002, 41, 2403–2405.

[37] M. Zaja, S. J. Connon, A. M. Dunne, M. Rivard,

N. Buschmann, J. Jiricek, S. Blechert, Tetrahedron 2003,

59, 6545.

[38] J. O. Krause, S. Lubbad, O. Nuyken, M. R. Buch-

meiser, Adv. Synth. Catal. 2003, 345, 996.

[39] J. O. Krause, M. T. Zarka, U. Anders,

R. Weberskirch, O. Nuyken, M. R. Buchmeiser, Angew.

Chem., 2003, 115, 6147; Angew. Chem. Int. Ed. 2003, 42,

5965–5969.

[40] J. O. Krause, S. H. Lubbad, O. Nuyken, M. R.

Buchmeiser, Macromol. Rapid Commun. 2003, 24, 875.

[41] J. O. Krause, K. Wurst, O. Nuyken, M. R. Buch-

meiser, Chem. Eur. J. 2004, 10, 777.

[42] J. O. Krause, O. Nuyken, M. R. Buchmeiser, Chem.

Eur. J. 2004, 10, 2029.

[43] P. S. Kumar, K. Wurst, M. R. Buchmeiser, J. Am.

Chem. Soc. 2009, 131, 387.

[44] J. C. Conrad, D. Amoroso, P. Czechura, G. P. A. Yap,

D. E. Fogg, Organometallics 2003, 22, 3634.

[45] J. C. Conrad, H. H. Parnas, J. L. Snelgrove, D. E.

Fogg, J. Am. Chem. Soc. 2005, 127, 11882.

[46] J. C. Conrad, K. D. Camm, D. E. Fogg, Inorg. Chim.

Acta 2006, 359, 1967.

[47] W. Buchowicz, F. Ingold, J. C. Mol, M. Lutz, A. L.

Spek, Chem. Eur. J. 2001, 7, 2842.

[48] P. Nieczypor, W. Buchowicz, W. J. N. Meester, F. P.

J. T. Rutjes, J. C. Mol, Tetrahedron Lett. 2001, 42, 7103.

[49] M. Lichtenheldt, D. Wang, K. Vehlow, I. Reinhardt,

C. Kühnel, U. Decker, S. Blechert, M. R. Buchmeiser,

Chem. Eur. J. 2009, 15, 9451.
, Weinheim www.ms-journal.de



Macromol. Symp. 2010, 296, 44–4848
[50] K. J. Ivin, J. C. Mol, ‘‘Olefin Metathesis and Metath-

esis Polymerization’’, 2nd edition, Academic Press, San

Diego 1997, p. 1.

[51] L.-B. W. Lee, R. A. Register, Polymer 2004, 45, 6479.

[52] Typical Hydrogenation procedure: The polymer

(100mg) was dissolved in 10mL of hot xylene, followed

by the addition of 500mg of p-toluenesulfonylhydrazide.

The mixture was stirred at 120 8C for 2.5 h, then it
Copyright � 2010 WILEY-VCH Verlag GmbH & Co. KGaA
was filtered and the hot filtrate was poured into

methanol (30mL). The precipitated polymer was

recovered by centrifugation, washed several times

with methanol, and dried in vacuo to yield the

hydrogenated polymer.

[53] F. R. Mayo, F. M. Lewis, J. Am. Chem. Soc. 1944, 66,

1594.
, Weinheim www.ms-journal.de


