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Abstract

A variety of ruthenium–allenylidene complexes were produced in two steps from the simple RuCl2(dmso)4 precursor:
the neutral RuCl2(=C=C=CR2)(PCy3)n(dmso)m and the cationic [RuCl(=C=C=CR2)(PCy3)n(dmso)m]TfO complexes. Some
of them have been evaluated for polymerisation of norbornene and cyclooctene, and constitute the first example of ac-
tive Ru=C=C=CR2 catalysts for ring opening metathesis polymerisation (ROMP). The most active system is the cationic
[RuCl(=C=C=CPh2)(PCy3)(dmso)2]TfO complex5 which leads in PhCl at 80◦C to 90% of polycyclooctene with a polydisper-
sity of 1.89 and 69% ofcis-configuration of CH=CH bonds. The presence of an electron-donating group on the aryl substituents
(p-OMe) drastically favours both yield and low polydispersity of the polymer. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Well-defined 16 electron alkylidene-ruthenium
complexes have been revealed, during the last
decade, as efficient tools in fine synthesis as alkene
metathesis catalyst precursors [1–3], whereas sev-
eral coordinatively unsaturated ruthenium species
have promoted the ring opening metathesis poly-
merisation (ROMP) of cyclic olefins [4–7]. Recently,
arene–ruthenium–allenylidenes [8] and related sys-
tems [9] were shown to efficiently promote ring
closing metathesis of dienes [8–10] and enynes [11],
whereas their activity for ROMP was modest. Con-
sequently, we have attempted to generate arene-free
Ru=C=C=CR2 complexes but with labile ligands in
order to produce more active species for ROMP.

∗ Corresponding author.

We now report a variety of new neutral and cationic
allenylidene–ruthenium systems of type RuCl2(=C=
C=CR2)(PCy3)n(dmso)m and [RuCl(=C=C=CR2)
(PCy3)n(dmso)m]TfO (3 ≤ n + m ≤ 4) and their use
to promote ROMP of cyclic alkenes.

2. Results

2.1. Synthesis of ruthenium–allenylidene
complexes

It was shown previously that the 18 electron,
cationic complexes [RuCl(=C=C=CPh2)(PCy3)
(p-cymene)]X were transformed into an active alkene
metathesis catalyst after preliminary loss of the arene
ligand [8], thus generating a highly coordinatively
unsaturated species. We thus consider RuCl2(dmso)4
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Scheme 1.

as a possible source of alkene metathesis ruthenium
catalysts by linking to the Ru site both a bulky,
electron-rich ligand and a carbene-type moiety such
as an allenylidene ligand.

RuCl2(dmso)4 1 [12] was reacted with 1 equiv. of
PCy3 and gave a stable complex2 containing, as in-
dicated by1H NMR, a PCy3 ligand for two dmso lig-
ands (Scheme 1). This simple reaction of the bulky
PCy3 group displacing two dmso ligands contrasts
with the reaction of1 with smaller bidentate ligands
leading to RuCl2(dmso)2(Me2NCH2CH2NMe2) [13].
This complex2 on treatment with 1 equiv. of AgOTf
leads to a salt of which the formula is consistent with
[RuCl(PCy3)(dmso)2]OTf 3, but likely in its dimeric
form, as this 14-electron cationic species is expected
to easily dimerise into a dication with two chloride
bridges. Both complexes2 and 3 were reacted with
1 equiv. of HC≡CCPh2OH at room temperature. Com-
plex 2 slowly but quantitatively afforded the neutral
purple derivative4 containing one allenylidene lig-
and (ν(C=C=C) = 1935 cm−1). Complex3 reacted
faster to afford the purple derivative5 (ν(C=C=C) =
1942 cm−1) (Scheme 1).

Alternatively, when RuCl2(dmso)4 was reacted with
2 equiv. of PCy3 the yellow complex RuCl2(PCy3)2
(dmso)2 6 was formed. The latter which possesses
equivalent PCy3 (31P NMR, δ = 51.3 ppm) and dmso
ligands (1H NMR, δ = 3.48 ppm (12H)) reacted

with 1 equiv. of AgOTf to give a brown species
[RuCl(PCy3)2(dmso)2]OTf 7 (Scheme 2) displaying
non-equivalentcis-phosphine ligands (31P NMR, two
doublets atδ = 43.65 and 37.60 ppm,2JPP=34.7 Hz)
and non-equivalent dmso ligands (1H NMR, two
singlets atδ = 3.36 (2Me) and 3.50 (2Me) ppm).

Complex 7 reacted with HC≡CCPh2OH and af-
forded the purple allenylidene complex8, containing
non-equivalent groups for both PCy3 and dmso lig-
ands. Consequently, the chloride and allenylidene
ligands cannot be intrans-positions as in [RuCl(=C=
C=CPh2)(Ph2P(CH2)nPPh2)2]PF6 (n = 1) [14] and
(n = 2) [15]. The data are consistent with the rela-
tive cis-position of the PCy3 ligands and of the dmso
groups. Under similar conditions, the complex6 af-
forded the neutral allenylidene complex9 resulting
from the displacement of one labile dmso ligand
(Scheme 2). The latter reaction of6 was performed
with various propargylic alcohols HC≡CCAr2OH
(Ar = p-C6H4–F,p-C6H4–Cl andp-C6H4–OMe) and
the neutral allenylidene complexes10–12 analogous
to 9 were successively obtained in quantitative yields.

The31P NMR analysis of each complex9–12 shows
equivalent phosphines as in the precursor6. The 13C
NMR spectrum of12 showed three allenylidene car-
bon atoms atδ = 312.5 (C�), 269.7 (C�) and 193.0
(C�) ppm. These data can be compared with those of
[RuCl(=C=C=CPh2)(Ph2PCH2CH2PPh2)2]PF6 [15]
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Scheme 2.

δ: 308.6 (C�), 215.9 (C�) and 161.4 C(�) ppm. These
data are consistent with thetrans position of the PCy3
ligands, both of them beingcis to the allenylidene
ligands.

2.2. Polymerisation of norbornene and cyclooctene
by Ru=C=C=CR2 catalysts

The above ruthenium–allenylidene complexes were
evaluated as catalysts in ROMP of cyclic olefins. The
ROMP of norbornene and cyclooctene has been at-
tempted with the two cationic ruthenium–allenylidenes
5 and8 and the neutral complexes9, 11 and12.

The reaction was first performed with 1 g of nor-
bornene in the presence of 0.28 mol% of ruthenium
catalyst in chlorobenzene at 60◦C for 4 h and the re-
sulting polymer was precipitated in methanol. The data
in Table 1 show that among the cationic precursors
only 5 gives decent yields (70%) but with high poly-
dispersity (3.97) and low percentage ofcis-CH=CH
configuration as shown by13C NMR [16]. Among
the neutral derivatives, only12 gives a good com-
promise between activity (yield 96%) and polydisper-
sity (1.61); also it shows a drastic influence of an
electron-donating group on the phenyl group (p-OMe)

with respect to11 (p-Cl) (80%, PDI= 2.66). How-
ever, the molecular weights remain modest.

The polymerisation of the unstrained cyclooctene,
usually more difficult to perform, was then attempted.
The reaction was performed, at 80◦C but for longer
time (16 h), with 0.33 mol% of catalyst in 5 ml of
chlorobenzene and the resulting polymer was precipi-
tated in methanol. Table 2 shows that the cationic pre-
cursor5 is also the best catalyst as it leads to 90%
of polymer with a rather narrow polydispersity (1.89)
and the13C NMR shows 69% ofcis-configuration of
the –CH=CH– bonds [16].

Table 1
Polymerisation of norbornene with Ru=C=C=CR2 catalystsa

Catalyst Yield
(%)

Mw
(1 × 10−3)

Mn
(1 × 10−3)

Mw/
Mn

Percent
cisb

5 70 149.5 37.6 3.97 15
8 22 66.1 17.0 3.88 13
9 56 66.1 15.9 4.15

11 80 53.3 20.0 2.66
12 96 73.1 45.2 1.61 52

a 3×10−5 mol (0.28 mol%) of ruthenium–allenylidene catalyst
in 5 ml of PhCl and 10.6 × 10−3 mol of norbornene, at 60◦C for
4 h.

b Determined by13C NMR [16].
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Table 2
Polymerisation of cyclooctene with Ru=C=C=CR2 catalystsa

Catalyst Yield
(%)

Mw
(1 × 10−3)

Mn
(1 × 10−3)

Mw/
Mn

Percent
cisb

5 90 133.6 70.6 1.89 69
8 20 133.5 70.6 1.89 –
9 65 173.3 95.3 1.81 60

11 10 70.0 41.6 1.68 –
12 92 57.0 36.5 1.56 54

a 3×10−5 mol (0.33 mol%) of ruthenium–allenylidene catalyst
in 5 ml of PhCl and 9.1 × 10−3 mol of cyclooctene, at 80◦C for
16 h.

b Determined by13C NMR [16].

Among the neutral systems, the catalyst precur-
sor 12 with p-C6H4–OMe groups leads to high yield
(90%) but with low molecular weight, whereas com-
pound11 (with p-C6H4–Cl groups) only affords 10%
of polymer. Actually derivative9 gives the best com-
promise for yield (65%), molecular weight and poly-
dispersity 1.81, with 60% ofcis-configuration for the
CH=CH bonds.

Thus, these results show that the above Ru=C=C=
CR2 complexes are active for ROMP but that the sim-
ple cationic precursor5 offer the best compromise for
yield, molecular weight narrow dispersity and high
percentage ofcis-CH=CH configuration for both nor-
bornene and cyclooctene. They also give evidence for
a drastic favourable influence of the electron-donating
capability of the aryl groups linked at the carbon C(�)
of the allenylidene ligand in neutral systems such as9
and12. This observation strongly suggests that the al-
lenylidene ligand behaves as an ancillary ligand rather
than being involved in the coupling with the cyclic
olefin in the first step.

Whereas several ruthenium catalyst precursors have
been used to polymerise cyclic olefins, such as carbene
[5,6] and vinylidene [7] complexes or highly coordina-
tively unsaturated ruthenium species [4], these results
provide the first example of ROMP polymerisation of
a cycloalkene by ruthenium–allenylidene catalyst.

3. Experimental

3.1. General methods and chemicals

(a) ROMP of norbornene. In a Schlenk tube con-
taining 3× 10−5 mol (0.28 mol%) of ruthenium

complex under an argon atmosphere, 5 ml of
degassed chlorobenzene and 1 g (10.6 mmol) of
norbornene were added. The reaction was heated
at 60◦C for 4 h. The polymer was then precip-
itated in 600 ml of methanol, filtrated and dried
under vacuum.

(b) ROMP of cyclooctene. In a Schlenk tube con-
taining 3× 10−5 mol (0.33 mol%) of ruthenium
complex under an argon atmosphere, 5 ml of de-
gassed chlorobenzene and 1 g (9.1 mmol) of cy-
clooctene were added. The reaction was heated at
80◦C for 16 h. The polymer was then precipitated
in 600 ml of methanol, filtrated and dried under
vacuum.

4. Synthesis

4.1. Synthesis of complexes containing one
tricyclohexylphosphine ligand

4.1.1. Synthesis of RuCl2(PCy3)(dmso)2 (2)
In a Schlenk tube under an argon atmosphere, 1 g

(2.06 mmol) of RuCl2(dmso)4, 0.578 g (2.06 mmol)
of tricyclohexylphosphine and 15 ml of degassed
dichloromethane were introduced. The solution
was stirred at room temperature for 16 h. The sol-
vent was then distilled under reduced pressure and
1.385 g of a yellow powder was obtained (yield
98%).

1H NMR (200.130 MHz, CDCl3): δ 1.00–2.03 (m,
30H, 15CH2PCy3), 2.04–2.42 (m, 3H, 3CHPCy3),
3.42 (s, 12H, 2CH3SOCH3) ppm. 31P NMR: (81.019
MHz, CDCl3), δ 50.97 (s, PCy3) ppm. 13C NMR:
(50.332 MHz, CDCl3), δ 25.6 (s,�-CH2PCy3), 26.5
(d, 3JPC = 26.1 Hz, �-CH2PCy3), 26.9 (d,2JPC =
11.5 Hz, �-CH2PCy3), 35.0 (d, 1JPC = 60.1 Hz,
CHPCy3), 46.1 (CH3SOCH3) ppm.

4.1.2. Synthesis of [RuCl(PCy3)(dmso)2]+TfO− (3)
In a Schlenk tube under an argon atmosphere,

500 mg (0.82 mmol) of RuCl2(PCy3)(dmso)2, 225 mg
(0.82 mmol) of silver triflate and 10 ml of degassed
dichloromethane were introduced. The solution was
stirred at room temperature for 2 h. The solution was
filtrated with a cannula, the solvent was distilled un-
der reduced pressure, and 552 mg of a brown powder
was obtained (yield 93%).
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1H NMR (200.130 MHz, CDCl3): δ 1.09–2.02 (m,
33H, PCy3), 3.41 (s, 12H, 2CH3SOCH3) ppm. 31P
NMR: (81.019 MHz, CDCl3), δ 60.32 (s, PCy3) ppm.

4.1.3. Synthesis of
RuCl2(=C=C=CPh2)(PCy3)(dmso)2 (4)

In a Schlenk tube under an argon atmosphere,
500 mg (0.82 mmol) of RuCl2(PCy3)(dmso)2, 171 mg
(0.73 mmol) of 1,1-diphenylpropynol and 10 ml of
degassed dichloromethane were introduced. The so-
lution was stirred at room temperature for 16 h. The
solvent was distilled under reduced pressure and
623 mg of a purple powder was obtained (yield 95%).

1H NMR (200.130 MHz, CDCl3): δ 1.05–1.98 (m,
30H, PCy3), 3.49 (s, 6H, CH3SOCH3), 7.11–7.38 (m,
6H, meta- andpara-CH in C6H5), 7.51–7.62 (m, 4H,
ortho-CH in C6H5) ppm. 31P NMR (81.019 MHz,
CDCl3): δ 51.07 (s, PCy3) ppm. IR (KBr): 1935
(Ru=C=C=C) cm−1.

4.1.4. Synthesis of
[RuCl(=C=C=CPh2)(PCy3)(dmso)2]+TfO− (5)

In a Schlenk tube under an argon atmosphere,
500 mg (0.69 mmol) of [RuCl(PCy3)(dmso)2]+TfO−,
144 mg (0.69 mmol) of 1,1-diphenylpropynol and
10 ml of degassed dichloromethane were introduced.
The solution was stirred at room temperature for
4 h. The solvent was distilled under reduced pres-
sure and 613 mg of a purple powder was obtained
(yield 97%).

1H NMR (200.130 MHz, CDCl3): δ 1.05–2.08 (m,
33H, PCy3), 3.42 (s, 12H, CH3SOCH3), 7.18–7.35
(m, 6H, meta- andpara-CH in C6H5), 7.50–7.61 (m,
4H, ortho-CH in C6H5) ppm.31P NMR (81.019 MHz,
CDCl3): δ 61.20 (s, PCy3) ppm. IR (KBr): 1942
(Ru=C=C=C) cm−1.

4.2. Synthesis of complexes containing two
tricyclohexylphosphine ligands

4.2.1. Synthesis of RuCl2(PCy3)2(dmso)2 (6)
In a Schlenk tube under an argon atmosphere, 1 g

(2.06 mmol) of RuCl2(dmso)4, 1.578 g (4.12 mmol)
of tricyclohexylphosphine and 20 ml of degassed
dichloromethane were introduced. The solution was
stirred at room temperature for 16 h. The solvent
was distilled under reduced pressure and 1.756 g of a
yellow powder was obtained (yield 96%).

1H NMR (200.130 MHz, CDCl3): δ 1.01–2.24 (m,
66H, PCy3), 3.48 (s, 12H, CH3SOCH3) ppm. 31P
NMR (81.019 MHz, CDCl3): δ 51.3 (s, PCy3) ppm.

4.2.2. Synthesis of [RuCl(PCy3)2(dmso)2]+TfO− (7)
In a Schlenk tube under an argon atmosphere,

150 mg (0.17 mmol) of RuCl2(PCy3)2(dmso)2, 35 mg
(0.17 mmol) of silver triflate and 10 ml of degassed
dichloromethane were introduced. The solution was
stirred at room temperature for 2 h. The solution was
filtrated with a cannula, the solvent was removed un-
der reduced pressure, and 161 mg of a brown powder
was obtained (yield 95%).

1H NMR (200.130 MHz, CDCl3): δ 1.06–2.05 (m,
60H, 15CH2PCy3), 2.05–2.33 (m, 6H, 6CHPCy3),
3.36 (6H, CH3SOCH3), 3.50 (s, 6H, CH3SOCH3) ppm.
31P NMR (81.019 MHz, CDCl3): δ 43.65 (d,2JPP =
34.7 Hz), 37.60 (d,2JPP = 34.7 Hz) ppm.

4.2.3. Synthesis of
[RuCl(=C=C=CPh2)(PCy3)2(dmso)2]+TfO− (8)

In a Schlenk tube under an argon atmosphere,
150 mg (0.21 mmol) of [RuCl(PCy3)2(dmso)2]+TfO−,
43 mg (0.21 mmol) of 1,1-diphenylpropynol and
10 ml of degassed dichloromethane were introduced.
The solution was stirred at room temperature for 4 h.
The solvent was distilled under reduced pressure and
180 mg of a purple powder was obtained (yield 95%).

1H NMR (200.130 MHz, CDCl3): δ 1.06–2.03 (m,
66H, 2PCy3), 3.35 (s, 6H, CH3SOCH3), 3.42 (s, 6H,
CH3SOCH3), 7.20–7.38 (m, 6H,meta- andpara-CH
in C6H5), 7.52–7.61 (m, 4H,ortho-CH in C6H5) ppm.
31P NMR (81.019 MHz, CDCl3): δ 33.25 (d,2JPP =
35.1 Hz), 39.38 (d,2JPP = 35.1 Hz) ppm. IR (KBr):
1941.9 (Ru=C=C=C) cm−1.

4.2.4. Synthesis of
RuCl2(=C=C=CPh2)(PCy3)2(dmso) (9)

In a Schlenk tube under an argon atmosphere,
150 mg (0.17 mmol) of RuCl2(PCy3)2(dmso)2, 35 mg
(0.17 mmol) of 1,1-diphenylpropynol and 10 ml of
degassed dichloromethane were introduced. The so-
lution was stirred at room temperature for 7 h. The
solvent was distilled under reduced pressure and
160 mg of a purple powder was obtained (yield 95%).

1H NMR (200.130 MHz, CDCl3): δ 0.98–2.20 (m,
66H, 2PCy3), 3.38 (s, 6H, CH3SOCH3), 7.11–7.31 (m,
6H, meta- andpara-CH in C6H5), 7.52–7.64 (m, 4H,
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ortho-CH in C6H5). 31P NMR (81.019 MHz, CDCl3):
δ 50.84 (s, PCy3) ppm. 13C NMR (50.332 MHz,
CD2Cl2): δ 26.6 (�-CH2PCy3), 26.9 (d, 3JPC =
28.2 Hz, �-CH2PCy3), 27.4 (�-CH2PCy3), 35.5 (d,
1JPC = 61.3 Hz, CHPCy3), 46.3 (CH3SOCH3),
126.4, 127.7, 128.4 (CH arom.), 146.3 (ipso-C), 218.2
(C�), 263.5 (C�), 309.3 (C�) ppm. IR (KBr): 1934.3
(Ru=C=C=C) cm−1.

4.2.5. Synthesis of
RuCl2(=C=C=C(p-C6H4F)2)(PCy3)2(dmso) (10)

In a Schlenk tube under an argon atmosphere,
150 mg (0.17 mmol) of RuCl2(PCy3)2(dmso)2, 41 mg
(0.17 mmol) of propargyl alcohol HC≡CC(p-C6H4F)2
OH and 10 ml of degassed dichloromethane were
introduced. The solution was stirred at room tem-
perature for 16 h. The solvent was evaporated under
reduced pressure and 165 mg of a purple powder was
obtained (yield 94%).

1H NMR (200.130 MHz, CDCl3): δ 0.92–2.19 (m,
66H, PCy3), 3.44 (s, 6H, CH3SOCH3), 9.92 (d, 4H,
3JHH = 8.5 Hz, 4CHC6H4), 7.51 (d, 4H,3JHH =
8.5 Hz, 4CHC6H4) ppm. 31P NMR (81.019 MHz,
CDCl3): δ 51.27 (s, PCy3) ppm. IR (KBr): 1933.3
(Ru=C=C=C) cm−1.

4.2.6. Synthesis of
RuCl2(=C=C=C(p-C6H4Cl)2)(PCy3)2(dmso) (11)

In a Schlenk tube under an argon atmosphere,
150 mg (0.17 mmol) of RuCl2(PCy3)2(dmso)2, 47 mg
(0.17 mmol) of propargyl alcohol HC≡CC(p-C6H4Cl)2
OH and 10 ml of degassed dichloromethane were
introduced. The solution was stirred at room tempera-
ture for 16 h. The solvent was distilled under reduced
pressure and 173 mg of a purple powder was obtained
(yield 96%).

1H NMR (200.130 MHz, CDCl3): δ 0.94–2.21 (m,
66H, 2PCy3), 3.45 (s, 6H, CH3SOCH3), 7.20 (d, 4H,
3JHH = 8.6 Hz, 4CHC6H4), 7.47 (d, 4H,3JHH =
8.6 Hz, 4CHC6H4) ppm. 31P NMR (81.019 MHz,
CDCl3): δ 51.07 (s, PCy3) ppm. IR (KBr): 1924.4
(Ru=C=C=C) cm−1.

4.2.7. Synthesis of
RuCl2(=C=C=C(p-C6H4OMe)2)(PCy3)2(dmso) (12)

In a Schlenk tube under an argon atmosphere,
150 mg (0.17 mmol) of RuCl2(PCy3)2(dmso)2,
45 mg (0.17 mmol) of propargyl alcohol HC≡CC

(p-C6H4OMe)2OH and 10 ml of degassed dichloro-
methane were introduced. The solution was stirred
at room temperature for 16 h. The solvent was dis-
tilled under reduced pressure and 170 mg of a purple
powder was obtained (yield 95%).

1H NMR (200.130 MHz, CD2Cl2): δ 0.98–2.21
(m, 66H, 2PCy3), 3.38 (s, 6H, CH3SOCH3),
3.71 (s, 6H, 2OCH3), 6.77 (d, 4H, 3JHH =
8.8 Hz, 4CHC6H4), 7.44 (d, 4H, 3JHH = 8.8 Hz,
4CHC6H4) ppm. 31P NMR (81.019 MHz, CDCl3):
δ 50.94 (s, PCy3) ppm. 13C NMR (50.332 MHz,
CD2Cl2): δ 26.2 (�-CH2PCy3), 26.5 (d, 3JPC =
25.1 Hz, �-CH2PCy3), 27.0 (�-CH2PCy3), 35.1 (d,
1JPC = 60.9 Hz, CHPCy3), 45.9 (CH3SOCH3), 55.2
(OCH3), 113.2, 127.2 (CHC6H5), 138.2 (ipso-C),
158.9 (ipso-OCH3C), 193.0 (C�), 269.7 (C�), 312.5
(C�) ppm. IR (KBr): 1943 (Ru=C=C=C) cm−1.

5. Conclusion

The above results offer a novel family of ruthenium–
allenylidene complexes containing both bulky PCy3
and labile dmso ligands. They are easily made in two
or three steps with high yields from RuCl2(dmso)4
and they are expected to be key starting derivatives
for the access to a variety of ruthenium–allenylidene
complexes. These simple ruthenium–allenylidene
complexes appear to be efficient catalyst precur-
sors for the ROMP polymerisation of cyclic olefins.
The coordinatively unsaturated complex [RuCl(=C=
C=CPh2)(PCy3)(dmso)2]OTf 5 is the most active
catalyst for the ROMP polymerisation of both nor-
bornene and cyclooctene. Among the neutral com-
plexes RuCl2(=C=C=CAr2)(PCy3)2(dmso),12 (Ar =
p-C6H4OMe) gives by far the best compromise for
the norbornene polymerisation for yields (96%) nar-
row polydispersity (1.61) andcis-configuration of the
CH=CH bonds (56%). Whereas both complexes9
(Ar = C6H5) and12 constitute efficient catalysts for
cyclooctene polymerisation.
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