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A linear codimerization of 2-norbornenes with acrylic compounds such as acrylates and an
acrylamide proceeded efficiently by ruthenium catalyst systems, RuCl3(tpy)/Zn (tpy ) 2,2′:6′,2′′-
terpyridine) or [RuCl2(C6H6)]2/Zn in a primary or secondary alcoholic solvent, to afford the
corresponding exo-trans-2-norbornylacrylates as major products regio- and stereoselectively along
with a small amount of cis isomers. The reaction of 2,5-norbornadiene with methyl acrylate also
gave the linear exo-trans codimer, which was effectively catalyzed by the addition of triarylphos-
phines to the RuCl3(tpy)/Zn catalyst system.

Introduction

Linear codimerization of unsaturated hydrocarbons
affording valuable chemicals has been receiving consider-
able attention due to industrial aspects.1 Hydrovinylation
of alkenes and dienes (addition of ethylene to alkenes and
dienes), which originated from the research by Alderson
et al., appeared in 1965 in the open literature.2 This is
one of the most successfully developed reactions among
the codimerizations known to date and is known to be
preeminently catalyzed by several late transition metal
complexes such as Ni and Pd, with high enantio-
selectivity.3-6 On the other hand, although linear codimer-
ization of alkenes and/or dienes except hydrovinylation
also has been intensively investigated, the scope of
substrates is still rather limited, and most of the reac-
tions suffer from difficulty in controlling the cross-
coupling selectivity as well as the regio- and stereo-
selectivity.2,7-28 In the course of our investigation on the
low-valent ruthenium-catalyzed selective dimerization

reactions of unsaturated hydrocarbons,28,29 we found a
linear codimerization of a novel combination of sub-
strates, 2-norbornenes and acrylic compounds. The reac-
tion proceeds regio- and stereoselectively by ruthenium
catalyst systems involving neutral tridentate ligands,
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RuCl3(tpy) (tpy ) 2,2′:6′,2′′-terpyridine) (1) or [RuCl2-
(C6H6)]2 (3) in the presence of Zn in an alcoholic solvent.

Results and Discussion

First, complex 1, which can be reduced by an appropri-
ate reductant to generate an electron-rich low-valent
species in situ, was used as a catalyst. The reaction of
2-norbornene (5.0 mmol) with methyl acrylate (1.0 mmol)
in the presence of 5 mol % of complex 1 and Zn powder
(0.50 mmol) in MeOH under reflux gave the correspond-
ing exo-trans codimer trans-2a as a major product along
with a small amount of cis-2a (eq 1).

Catalytic activity of several ruthenium and group 9
complexes in the presence of Zn was surveyed in the
codimerization of 2-norbornene with methyl acrylate
(Table 1). Complex 1 gave the best result (87% yield,
trans:cis ratio > 40:1) among ruthenium polypyridyl
complexes (runs 1, 3, and 4). In the absence of Zn, 1 did
not show catalytic activity (run 2). In place of 1, RuCl2-
(PPh3)3 showed a certain activity, whereas [RuCl2(CO)3]2

was ineffective (runs 5 and 6). [RuCl2(C6H6)]2 (3) was
found to be also effective, and the activity is comparable
to that of 1 (run 7). However, other η6-substituted arene
complexes such as [RuCl2(p-cymene)]2 and [RuCl2(C6-

Me6)]2 were not efficient (runs 8 and 9). No dissociation
of these arenes was observed during the codimerization
according to the GC-MS analysis, indicating that the
arenes stay on ruthenium and work as spectator ligands.
Thus, the bulky arene ligands seem to lower the catalytic
activity by steric hindrance against the substrates. RuH2-
(PPh3)4, Ru(cod)(cot) (cot ) 1,3,5-cyclooctatriene), and Ru-
(CO)3(PPh3)2, which are zerovalent or can be reduced to
zerovalent in situ, were examined without Zn, and the
former two complexes were somewhat effective (runs 10
and 11), but the latter was almost ineffective (run 12).
Rhodium and iridium complexes with a tpy ligand have
no catalytic activity (runs 13 and 14).

Several metals were examined as reducing agents
instead of Zn under the same reaction conditions shown
in run 1. A Zn-Cu couple gave a moderate yield of the
codimers (75%), whereas others such as Al, Fe, and Mg
afforded 7%, 4%, and 0% yield, respectively. When
sodium and potassium carbonates were used in place of
metals, only trace amounts of the codimers with byprod-
ucts were obtained.

The effect of solvents was also found to be critical in
the 1/Zn-catalyzed codimerization under the same reac-
tion conditions as shown in eq 1. MeOH was the best
solvent (87%), whereas in a secondary alcohol, i-PrOH,
the reaction was rather slow at 80 °C and the yield of
the product was 28% after 1 h. In t-BuOH or nonalcoholic
solvents such as toluene and THF the codimerization did
not proceed at all, probably because no reduction of the
ruthenium species occurred in these solvents.

The 1- or 3-catalyzed linear codimerization was applied
to diverse substrates (Table 2). By the use of ethyl
acrylate in EtOH, the exo codimers were obtained in 82%
total yield with a trans:cis ratio of 20:1 (run 2). Other
acrylates having primary, secondary, and tertiary hy-
drocarbyl substituents at the ester moiety afforded the
corresponding exo-trans and cis codimers in good yields,
respectively (runs 3-6). Acrylates with heteroatom(s) at
the ester moiety are also applicable (runs 7 and 8). In
the case of N,N-dimethyl acrylamide, however, 1 could
not catalyze the codimerization. Instead, 3 worked as a
catalyst moderately to afford the codimers (run 9).
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TABLE 1. Catalytic Activity of Several Complexes on
the Linear Codimerization of 2-Norbornene with Methyl
Acrylatea

run catalyst yield/% (trans:cis)b

1 1 87 (>40:1)
2 1 (without Zn) 0
3c RuCl3(tbtpy) 8
4d RuCl4(bpy) 20
5 RuCl2(PPh3)3 20
6 [RuCl2(CO)3]2 0
7 [RuCl2(C6H6)]2 (3) 87 (>40:1)
8 [RuCl2(p-cymene)]2 19
9 [RuCl2(C6Me6)]2 7
10e RuH2(PPh3)4 12
11e,f,g Ru(cod)(cot) 26 (12:1)
12e,f Ru(CO)3(PPh3)2 <5
13 RhCl3(tpy) 0
14 IrCl3(tpy) 0

a 2-Norbornene (5.0 mmol), methyl acrylate (1.0 mmol), catalyst
(0.050 mmol as a metal atom), Zn (0.50 mmol) in MeOH (1.0 mL)
at 80 °C for 1 h. b Determined by GLC. c tbtpy ) 4,4′,4′′-tri-tert-
butyl-2,2′:6′,2′′-terpyridine. d bpy ) 2,2′-bipyridine. e Without Zn.
f In toluene. g cot ) 1,3,5-cyclooctatriene.
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Substituted 2-norbornenes also reacted with methyl
acrylate in the presence of 3 (runs 10 and 11). The scope
of the catalytic activity of 3 seems to be wider than that
of 1. Reactions with unsymmetrical norbornene deriva-
tives such as dicyclopentadiene and 5-vinyl-2-norbornene
resulted in the formation of a complex mixture of
codimers. While N-methyl-7-oxa-5-norbornene-2,3-dicar-
boximide as a heteroatom bridged norbornene and ben-
zonorbornadiene were also employed in the reaction with
methyl acrylate, no conversion of the substrates occurred.
The use of other electron-deficient alkenes such as
acrylonitrile and vinyl ketones resulted in either no
formation or formation of a trace amount of the products
under the present reaction conditions.

In Table 2, the results under various reaction condi-
tions were summarized. EtOH, n-PrOH, i-PrOH and
n-BuOH were used instead of MeOH (runs 2-8) to avoid
the transesterification reaction. In runs 9-11, i-PrOH
seems to be better than MeOH in the 3/Zn catalytic
system. When these reactions were conducted in MeOH,
the yields of the corresponding codimers 2i, 2j, and 2k

were 18%, 6% and 52%, respectively. As for the reaction
temperature, for example in runs 2-4, the reactions at
80 °C were also examined, but the yields were slightly
lower than those shown in Table 2 (78%, 53%, and 44%).
Thus, in some cases higher temperature is required to
obtain higher yields of the products.

To elucidate a possible mechanism, a zerovalent ru-
thenium complex having a benzene ligand, Ru(η6-C6H6)-
(methyl acrylate)2 (4), which is known to catalyze the
homodimerization of methyl acrylate in the presence of
sodium naphthalenide,30 was examined as a catalyst.
Complex 4 was prepared by treatment of 3 with methyl
acrylate and Zn in MeOH. 2-Norbornene reacted with
n-butyl acrylate in the presence of 5 mol % of 4 in
n-BuOH at 130 °C, affording the codimer 2d in 79%
(Scheme 1). Moreover, the codimerization proceeded
smoothly even in an aprotic solvent such as N,N-
dimethylacetamide (DMA) or diglyme. This suggests that
in the 1 or 3/Zn catalytic system, alcohol is not necessarily

(30) McKinney, R. J. Organometallics 1986, 5, 1752.

TABLE 2. Ruthenium-Catalyzed Linear Codimerization of 2-Norbornenes with Acrylic Compoundsa

a 2-Norbornenes (5.0 mmol), acrylic compounds (1.0 mmol), 1 (0.050 mmol), Zn (0.50 mmol). b Determined by GLC. c 3 (0.025 mmol)
was used instead of 1.
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required as a solvent for the codimerization process but
is needed at the initial reduction step of ruthenium by
Zn.

Two possible reaction pathways for the linear codimer-
ization of 2-norbornene with an acrylate are illustrated
in Scheme 2. In path A, coordination of 2-norbornene and
an acrylate to zerovalent ruthenium active species 5,
followed by oxidative cyclization gives ruthenacyclopen-
tane intermediate 6. This step seems to be reasonable
according to the results described in Scheme 1. â-Hydro-
gen elimination to form 7 and successive reductive
elimination would give 2 along with the regeneration of
5. This metallacycle mechanism is proposed in the Fe-
(CO)5-mediated photoassisted reaction,31 and in addition,
the â-hydrogen elimination from the ruthenacyclopen-
tane (6 f 7) is plausible, which is supported by DFT
calculation (the energy barrier for the â-hydrogen elimi-
nation from nonsubstituted ruthenacyclopentane with a
benzene ligand is estimated at 2.7 kcal/mol).32 On the
other hand, in path B, ruthenium hydride species 8 is
generated in situ initially, and 2-norbornene inserts into
the Ru-H bond of 8 to give 9. Subsequent insertion of

acrylate to the Ru-C bond affords 10. â-Hydrogen
elimination from 10 would give 2 and ruthenium hydride
8 again. The mechanism involving successive insertion
of alkenes via a metal hydride species has been well
investigated by Brookhart et al. in the homodimerization
of alkenes catalyzed by Rh and Pd.33 The result in
Scheme 1 using aprotic solvents indicates that the
hydride in 8 should be derived from the acrylate, if the
reaction proceeds via path B. As another mechanism,
insertion of norbornene to a Ru-H bond formed by sp2

C-H activation of acrylate and successive reductive
elimination would give cis-2,13,14 whereas the predomi-
nant formation of trans isomers cannot be explained.
Time dependence of the codimerization of 2-norbornene
with methyl acrylate under the reaction conditions shown
in Table 1, run 1 was examined by GLC, and the trans:
cis ratio of 2a was revealed to be approximately constant
(>40:1) during the reaction, suggesting that no isomer-
ization from the cis to the trans isomer occurs. Moreover,
if the reaction proceeds via this pathway, acrylates
having a substituent at the R- or â-position should react
with 2-norbornene; actually no reaction occurred, and
thus this pathway seems unlikely.

In the reactions of 2,5-norbornadiene with an electron-
deficient alkene, the [2 + 2 + 2] homo-Diels-Alder
reaction is well-known to proceed thermally or catalyti-
cally by several transition metal complexes.34-36 In
contrast, linear codimerization is comparatively rare; only
Fe-mediated photoreaction mentioned above31 and Co-
(I)-catalyzed reaction9 have been reported, which give the
corresponding codimers as depicted in Scheme 3. The
reaction of 2,5-norbornadiene with methyl acrylate under
the optimized conditions for 2-norbornene, however, did
not afford the codimers. Further investigation revealed
that the 1/Zn/PPh3 system promotes linear codimeriza-
tion to give the exo-trans codimer 11 regio- and stereo-
selectively as a major isomer in good yield along with no
formation of [2 + 2 + 2] cycloadducts (Scheme 4). P(p-
C6H4F)3 also worked efficiently, whereas other additives
such as arylalkylphosphines, trialkylphosphines, biden-
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61, 1427.
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Am. Chem. Soc. 1996, 118, 6225.
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SCHEME 1

SCHEME 2. Possible Mechanisms

SCHEME 3
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tate phosphines, phosphites, and amines were almost
ineffective. The combination of 3/Zn/PPh3 showed no
catalytic activity. The addition of phosphine probably
prevents the coordination of norbornadiene to the ruthe-
nium in a bidentate manner to deactivate the catalyst.

In summary, we have developed a novel ruthenium-
catalyzed linear codimerization of 2-norbornenes with
acrylic compounds. This reaction provides a straightfor-
ward method to introduce a series of norbornyl substit-
uents on the terminal sp2 carbon of acrylic compounds.
The obtained codimers are potentially expected as mono-
mers with a bulky substituent for materials such as high-
resolution photoregists.

Experimental Section

All solvents were distilled under Ar over appropriate drying
reagents (Na or CaH2). [RuCl2(CO)3]2 was obtained com-
mercially and used without further purification. RuCl3(tpy),37

RuCl3(tbtpy),38 RuCl4(bpy),39 RuCl2(PPh3)3,40 [RuCl2(C6H6)]2,41

RuH2(PPh3)4,42 Ru(cod)(cot),43 Ru(CO)3(PPh3)2,44 RhCl3(tpy),45

and IrCl3(tpy)46 were prepared as described in the literature.
Methyl acrylate and 2,5-norbornadiene were obtained com-
mercially and distilled before use. Other reagents (norbor-
nenes, acrylates, and phosphines) were obtained commercially
and used without further purification. Compounds 2d, 2e, and
2g-k were purified on a recycling preparative HPLC using
CHCl3 as an eluent. The codimers obtained here are all new
compounds except 2b, the 1H NMR data of which were
compared with the data reported previously.47

General Procedure for Ruthenium-Catalyzed Codimer-
izaition of 2-Norbornenes with Acrylates. The reaction of
2-norbornene with methyl acrylate is representative. 2-Nor-
bornene (470 mg, 5.0 mmol), methyl acrylate (86 mg, 1.0
mmol), complex 1 (22 mg, 0.050 mmol), Zn powder (33 mg,
0.50 mmol), and MeOH (1.0 mL) were placed into a 20-mL
Pyrex glass reactor equipped with a magnetic stirring bar and
a three-way cock under Ar. The mixture was stirred under
reflux (bath temp 80 °C) for 1 h. After the reaction mixture

was cooled to room temperature, the volatile materials were
evaporated under vacuum. Kugelrohr distillation at 110-120
°C (10 mmHg) and flash column chromatography on silica gel
(hexane/EtOAc ) 50/1) gave 129 mg of codimer 2a (0.70 mmol,
70%). The structure of 2a was confirmed by GC-MS, 1H and
13C NMR, IR, and elemental analysis. The trans:cis ratio was
determined by GLC.

exo-Methyl 3-Bicyclo[2.2.1]hept-2-ylprop-2-enoate (2a).
Colorless liquid, GC yield 87% (trans:cis ) 40:1), isolated yield
70%. IR spectrum (neat): 1727, 1652 cm-1. 1H NMR for trans-
2a (CDCl3, 400 MHz): δ 6.85 (dd, J ) 7.8, 15.7 Hz, 1H), 5.72
(dd, J ) 1.0, 15.7 Hz, 1H), 3.71 (s, 3H), 2.29-2.22 (m, 2H),
2.15 (br s, 1H), 1.60-1.43 (m, 4H), 1.40-1.32 (m, 2H), 1.28-
1.15 (m, 2H). 13C NMR for trans-2a (CDCl3, 100 MHz): δ 167.3,
153.9, 118.1, 51.4, 44.7, 41.9, 37.0, 36.7, 35.9, 29.7, 29.0. MS
(EI) m/z 180 (M+). Anal. Calcd for C11H16O2: C, 73.30; H, 8.95.
Found: C, 73.15; H, 9.16.

exo-Ethyl 3-Bicyclo[2.2.1]hept-2-ylprop-2-enoate (2b).
Colorless liquid, GC yield 82% (trans:cis ) 20:1), isolated yield
63%. IR spectrum (neat): 1720, 1649 cm-1. 1H NMR for trans-
2b (CDCl3, 400 MHz): δ 6.85 (dd, J ) 7.6, 15.6 Hz, 1H), 5.71
(dd, J ) 1.0, 15.6 Hz, 1H), 4.17 (q, J ) 6.8 Hz, 2H), 2.28-2.22
(m, 2H), 2.15 (br s, 1H), 1.60-1.50 (m, 4H), 1.40-1.32 (m, 2H),
1.28 (t, J ) 6.8 Hz, 3H), 1.25-1.15 (m, 2H). 13C NMR for trans-
2b (CDCl3, 100 MHz): δ 167.3, 153.8, 118.7, 60.1, 44.6, 41.8,
36.9, 36.6, 35.8, 29.6, 28.9, 14.3. MS (EI) m/z 194 (M+). Anal.
Calcd for C12H18O2: C, 74.19; H, 9.34. Found: C, 74.15; H,
9.16.

exo-n-Propyl 3-Bicyclo[2.2.1]hept-2-ylprop-2-enoate (2c).
Colorless liquid, GC yield 62% (trans:cis ) 20:1), isolated yield
43%. IR spectrum (neat): 1720, 1650 cm-1. 1H NMR for trans-
2c (CDCl3, 400 MHz): δ 6.78 (dd, J ) 7.8, 15.6 Hz, 1H), 5.65
(dd, J ) 1.4, 15.6 Hz, 1H), 4.00 (t, J ) 6.8 Hz, 2H), 2.22-2.15
(m, 2H), 2.09 (br s, 1H), 1.60 (m, 2H), 1.55-1.40 (m, 4H), 1.34-
1.25 (m, 2H), 1.21-1.07 (m, 2H), 0.89 (t, J ) 7.3 Hz, 3H). 13C
NMR for trans-2c (CDCl3, 100 MHz): δ 167.0, 153.6, 118.6,
65.8, 44.7, 41.9, 37.0, 36.7, 35.9, 29.8, 29.0, 22.2, 10.6. MS (EI)
m/z 208 (M+). Anal. Calcd for C13H20O2: C, 74.96; H, 9.68.
Found: C, 75.03; H, 9.93.

exo-n-Butyl 3-Bicyclo[2.2.1]hept-2-ylprop-2-enoate (2d).
Colorless liquid, GC yield 76% (trans:cis ) 8.5:1), isolated yield
42%. IR spectrum (neat): 1720, 1649 cm-1. 1H NMR for trans-
2d (CDCl3, 400 MHz): δ 6.78 (dd, J ) 8.3, 15.7 Hz, 1H), 5.65
(d, J ) 15.7 Hz, 1H), 4.12 (t, J ) 6.8 Hz, 2H), 2.28-2.23 (m,
2H), 2.15 (br s, 1H), 1.67-1.15 (m, 12H), 0.94 (t, J ) 7.3 Hz,
3H). 13C NMR for trans-2d (CDCl3, 100 MHz): δ 167.0, 153.5,
118.6, 64.1, 44.7, 41.9, 37.0, 36.7, 35.9, 30.9, 29.8, 29.0, 19.3,
13.9. 1H NMR for cis-2d (CDCl3, 400 MHz): δ 6.07 (dd, J )
11.3, 11.7 Hz, 1H), 5.61 (dd, J ) 1.5, 11.7 Hz, 1H), 4.11 (t, J
) 6.8 Hz, 2H), 3.29 (m, 1H), 2.26 (br s, 1H), 2.06 (br s, 1H),
1.73-1.18 (m, 12H), 0.94 (t, J ) 7.3 Hz, 3H). 13C NMR for cis-
2d (CDCl3, 100 MHz): δ 166.5, 155.6, 116.8, 63.8, 43.0, 41.0,
38.9, 36.6, 36.1, 30.8, 29.6, 28.9, 19.3, 13.8. MS (EI) m/z 222
(M+). Anal. Calcd for C14H22O2: C, 75.63; H, 9.97. Found: C,
75.60; H, 10.16.

exo-t-Butyl 3-Bicyclo[2.2.1]hept-2-ylprop-2-enoate (2e).
Colorless liquid, GC yield 62% (trans:cis ) 11:1), isolated yield
31%. IR spectrum (neat): 1720, 1650 cm-1. 1H NMR for trans-
2e (CDCl3, 400 MHz): δ 6.67 (dd, J ) 7.7, 15.7 Hz, 1H), 5.57
(dd, J ) 1.4, 15.7 Hz, 1H), 2.20-2.14 (m, 2H), 2.07 (br s, 1H),
1.52-1.44 (m, 2H), 1.41 (s, 9H), 1.37-1.36 (m, 1H), 1.32-1.25
(m, 2H), 1.19-1.07 (m, 3H). 13C NMR for trans-2e (CDCl3, 100
MHz): δ 166.3, 152.4, 120.3, 79.9, 44.6, 42.0, 37.0, 36.7, 35.9,
29.8, 29.0, 28.3 (3C). MS (EI) m/z 222 (M+). Anal. Calcd for
C14H22O2: C, 75.63; H, 9.97. Found: C, 75.60; H, 10.16.

exo-Cyclohexyl 3-Bicyclo[2.2.1]hept-2-ylprop-2-enoate
(2f). Colorless liquid, GC yield 75% (trans:cis ) 12:1), isolated
yield 60%. IR spectrum (neat): 1716, 1648 cm-1. 1H NMR for
trans-2f (CDCl3, 400 MHz): δ 6.83 (dd, J ) 8.3, 15.6 Hz, 1H),
5.71 (d, J ) 15.6 Hz, 1H), 4.79 (m, 1H), 2.28-2.21 (m, 2H),
2.15 (br s, 1H), 1.87-1.85 (m, 2H), 1.74-1.72 (m, 2H), 1.61-
1.14 (m, 14H). 13C NMR for trans-2f (CDCl3, 100 MHz): δ
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166.4, 153.2, 119.1, 72.3, 44.7, 41.9, 37.0, 36.7, 35.9, 31.8 (2C),
29.8, 29.0, 25.6, 23.9 (2C). MS (EI) m/z 248 (M+). Anal. Calcd
for C16H24O2: C, 77.38; H, 9.74. Found: C, 77.34; H, 9.54.

exo-2-Methoxyethyl 3-Bicyclo[2.2.1]hept-2-ylprop-2-
enoate (2g). Colorless liquid, GC yield 52% (trans:cis ) 16:
1), isolated yield 38%. IR spectrum (neat): 1719, 1648 cm-1.
1H NMR for trans-2g (CDCl3, 400 MHz): δ 6.88 (dd, J ) 8.3,
15.6 Hz, 1H), 5.57 (d, J ) 15.6 Hz, 1H), 4.28 (t, J ) 4.4 Hz,
2H), 3.62 (t, J ) 4.4 Hz, 2H), 3.40 (s, 3H), 2.28-2.22 (m, 2H),
2.15 (br s, 1H), 1.59-1.50 (m, 3H), 1.39-1.34 (m, 2H), 1.27-
1.15 (m, 3H). 13C NMR for trans-2g (CDCl3, 100 MHz): δ 166.9,
154.3, 118.2, 70.6, 63.2, 59.0, 44.7, 41.8, 36.9, 36.6, 35.8, 29.7,
28.9. MS (EI) m/z 224 (M+). Anal. Calcd for C13H20O3: C, 69.61;
H, 8.99. Found: C, 69.33; H, 8.92.

exo-2,2,2-Trifluoroethyl 3-Bicyclo[2.2.1]hept-2-ylprop-
2-enoate (2h). Colorless liquid, GC yield 44% (trans:cis ) 10:
1), isolated yield 27%. IR spectrum (neat): 1741, 1649 cm-1.
1H NMR for trans-2h (CDCl3, 400 MHz): δ 6.98 (dd, J ) 8.3,
15.6 Hz, 1H), 5.79 (dd, J ) 1.5, 15.6 Hz, 1H), 4.51 (q, JH-F )
8.8 Hz, 2H), 2.31-2.26 (m, 2H), 2.18 (br s, 1H), 1.62-1.50 (m,
3H), 1.40-1.34 (m, 2H), 1.29-1.18 (m, 3H). 13C NMR for trans-
2h (CDCl3, 100 MHz): δ 165.1, 156.7, 123.0 (q, 1JC-F ) 277
Hz), 117.7, 60.1 (q, 2JC-F ) 36.5 Hz), 44.9, 41.8, 36.8, 36.6,
35.9, 29.7, 28.9. MS (EI) m/z 248 (M+). HR-MS (EI) m/z
248.1029 (M+), calcd for C12H15F3O2 248.1024.

exo-3-Bicyclo[2.2.1]hept-2-yl-N,N-dimethylprop-2-en-
amide (2i). Colorless liquid, GC yield 45% (trans:cis ) 8.0:1),
isolated yield 18%. IR spectrum (neat): 1659, 1620 cm-1. 1H
NMR for trans-2i (CDCl3, 400 MHz): δ 6.76 (dd, J ) 7.7, 15.2
Hz, 1H), 6.15 (d, J ) 15.2 Hz, 1H), 3.07 (s, 3H), 3.00 (s, 3H),
2.28-2.25 (m, 2H), 2.13 (br s, 1H), 1.55-1.13 (m, 8H). 13C NMR
for trans-2i (CDCl3, 100 MHz): δ 167.0, 150.8, 117.4, 45.0, 42.2,
37.4, 37.3, 36.6, 35.8, 35.7, 29.7, 29.0. MS (EI) m/z 193 (M+).
HR-MS (FAB-mNBA) m/z 194.1548 (M + H+), calcd for C12H20-
NO 194.1545.

exo-Methyl 3-[5,6-Bis(methoxycarbonyl)bicyclo[2.2.1]-
hept-2-yl]prop-2-enoate (2j). Colorless liquid, GC yield 45%
(trans:cis ) 10:1), isolated yield 18%. IR spectrum (neat): 1738,
1731, 1716, 1651 cm-1. 1H NMR for trans-2j (CDCl3, 400
MHz): δ 6.90 (dd, J ) 7.8, 15.6 Hz, 1H), 5.81 (dd, J ) 1.0,
15.6 Hz, 1H), 3.72 (s, 3H), 3.66 (s, 3H), 3.65 (s, 3H), 3.12-
3.03 (m, 2H), 2.95 (dd, J ) 3.9, 11.7 Hz, 1H), 2.63 (br s, 1H)
2.47 (d, J ) 2.5 Hz, 1H) 2.05-1.96 (m, 1H), 1.62-1.58 (m, 1H),
1.40-1.19 (m, 2H). 13C NMR for trans-2j (CDCl3, 100 MHz):
δ 172.5, 172.1, 167.1, 152.6, 119.3, 51.7, 51.5, 51.5, 47.0, 46.0,
44.8, 41.1, 37.7, 37.4, 32.0. MS (EI) m/z 296 (M+). Anal. Calcd
for C15H20O6: C, 60.80; H, 6.80. Found: C, 60.82; H, 6.80.

exo-Methyl 3-(4-Aza-4-methyl-3,5-dioxotricyclo[5.2.1.02,6]-
dec-8-yl)prop-2-enoate (2k). White solid, GC yield 66%
(trans:cis ) 5.6:1), isolated yield 52%, mp 104-105 °C. IR
spectrum (KBr): 1765, 1724, 1692, 1658 cm-1. 1H NMR for
trans-2k (CDCl3, 400 MHz): δ 6.79 (dd, J ) 7.3, 15.6 Hz, 1H),
5.76 (dd, J ) 1.5, 15.6 Hz, 1H), 3.72 (s, 3H), 3.20-3.11 (m,
2H), 2.99 (s, 3H), 2.85 (m, 1H), 2.70 (d, J ) 4.4 Hz, 1H), 2.25
(m, 1H), 1.78-1.76 (m, 1H), 1.62-1.54 (m, 2H), 1.49-1.45 (m,
1H). 13C NMR for trans-2k (CDCl3, 100 MHz): δ 177.4, 177.4,
166.6, 150.7, 120.2, 51.7, 48.7, 48.4, 44.2, 39.6, 39.3, 39.2, 32.0,
24.6. MS (EI) m/z 263 (M+). Anal. Calcd for C14H17NO4: C,
63.87; H, 6.51; N, 5.32. Found: C, 63.58; H, 6.50; N, 5.31.

Synthesis of Ru(η6-C6H6)(methyl acrylate)2 (4). To a
MeOH suspension (20 mL) of [RuCl2(C6H6)]2 (0.55 g, 1.0 mmol)

were added methyl acrylate (1.55 g, 18 mmol) and Zn (0.65 g,
10 mmol), and the mixture was stirred at room temperature
for 16 h under Ar. After removal of the solvent under vacuum,
the residue was dissolved in CHCl3 (5 mL) and was chromato-
graphed on alumina under Ar. Elution with CHCl3 gave a
yellow solution, from which the solvent was removed under
vacuum. The obtained yellow solid was recrystallized from
CHCl3/pentane to give 4 (0.21 g, 28% yield), which contained
two minor isomers. Only the major isomer could be fully
characterized by 1H and 13C NMR as shown below. Mp 144-
145 °C (decomp). IR spectrum (KBr): 2985, 2944, 1693, 1464,
1453, 1438, 1386 cm-1. 1H NMR (CDCl3, 400 MHz): δ 5.48 (s,
6H), 3.61 (s, 6H), 2.99 (d, J ) 10.7 Hz, 2H), 1.97 (d, J ) 7.8
Hz, 2H), 0.85 (dd, J ) 7.8, 10.7 Hz, 2H). 13C NMR (CDCl3, 100
MHz): δ 178.5 (2C), 93.4 (6C), 51.1 (2C), 46.2 (2C), 34.4 (2C).
Anal. Calcd for C14H18O4Ru: C, 47.86; H, 5.16. Found: C,
47.58; H, 5.03.

Codimerization of 2-Norbornene with n-Butyl Acry-
late Catalyzed by Complex 4. 2-Norbornene (470 mg, 5.0
mmol), n-butyl acrylate (128 mg, 1.0 mmol), complex 4 (18 mg,
0.050 mmol), and a solvent (1.0 mL) were placed in a 20-mL
Pyrex glass reactor equipped with a magnetic stirring bar and
a three-way cock under Ar. The mixture was stirred at 130 °C
for 1 h. Yield and trans:cis ratio were determined by GLC with
naphthalene as an internal standard.

Ruthenium-Catalyzed Linear Codimerization of 2,5-
Norbornadiene with Methyl Acrylate. 2,5-Norbornadiene
(645 mg, 7.0 mmol), methyl acrylate (86 mg, 1.0 mmol),
complex 1 (22 mg, 0.050 mmol), Zn powder (33 mg, 0.50 mmol),
P(p-C6H4F)3 (158 mg, 0.50 mmol), and MeOH (1.0 mL) were
placed in a 20-mL Pyrex glass reactor equipped with a
magnetic stirring bar and a three-way cock under Ar. The
mixture was stirred under reflux (bath temp 80 °C) for 12 h.
After the reaction mixture was cooled to room temperature,
the volatile materials were evaporated under vacuum. Kugel-
rohr distillation at 120-130 °C (10 mmHg) and flash column
chromatography on silica gel (hexane/EtOAc ) 50/1) gave 103
mg of codimer 11 (0.58 mmol, 58%). The trans:cis ratio was
determined by GLC.

exo-Methyl 3-Bicyclo[2.2.1]hept-5-en-2-ylprop-2-enoate
(11). Colorless liquid, GC yield 72% (trans:cis ) 35:1), isolated
yield 58%. IR spectrum (neat): 1724, 1652 cm-1. 1H NMR for
trans-11 (CDCl3, 400 MHz): δ 6.98 (dd, J ) 8.8, 15.6 Hz, 1H),
6.12 (t, J ) 2.0 Hz, 2H), 5.83 (dd, J ) 1.0, 15.6 Hz, 1H), 3.73
(s, 3H), 2.93 (br s, 1H), 2.70 (d, J ) 1.4 Hz, 1H), 2.17 (ddd, J
) 4.4, 8.8, 13.2 Hz, 1H), 1.47-1.36 (m, 4H), 13C NMR for trans-
11 (CDCl3, 100 MHz): δ 167.0, 154.1, 137.4, 135.8, 119.4, 51.4,
47.8, 45.6, 42.4, 41.5, 32.6. MS (EI) m/z 178 (M+). Anal. Calcd
for C11H14O2: C, 74.13: H, 7.92. Found: C, 74.23; H, 7.96.
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