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bstract

Ring-opening metathesis polymerization (ROMP) of norbornene (NBE) using a catalyst system consisting of V(N-2,6-Me2C6H3)Cl2(N = CtBu2)
1a), MeMgBr, and PMe3 proceeded at a remarkable rate, and the catalytic activities (TON values, TON = turnover number) were low when MeLi
r AlMe3 was used in place of MeMgBr. The activities increased upon increasing the polymerization temperature, and were dependent upon the
olar ratio(s) of the catalyst component(s) employed. The resultant polymers prepared at 25 ◦C under the optimized conditions possessed high
olecular weights with unimodal molecular weight distributions (Mn = 1.31–1.66 × 106, Mw/Mn = 1.40–1.59), and contained a mixture of cis/trans
lefinic double bonds. The effects of anionic donor ligands (L) and substituents on the arylimido ligands on the activity in the ROMP using
(NAr)Cl2(L) [Ar = 2,6-Me2C6H3 (1), 2,6-iPr2C6H3 (2); L = N = CtBu2 (a), N = C(CH2SiMe3)tBu (b), O-2,6-Me2C6H3 (c), O-2,6-iPr2C6H3 (d),
-2,6-tBu2-4-MeC6H2 (e)]-MeMgBr-PMe3 were explored; both 1a and 1c showed the remarkable activities, and the observed trends were similar

o those observed in ethylene polymerization using V(NAr)Cl2(L)-MAO catalyst systems.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The classical Ziegler type vanadium catalyst systems dis-
layed promising characteristics [1–4] due to the high reactivity
oward olefins in olefin coordination insertion polymerization
1b,c]; therefore, the design and synthesis of new vana-
ium complex catalyst for the controlled polymerization
ttract considerable attention [1b,c]. Olefin metathesis such as
ing-opening metathesis polymerization (ROMP), ring-closing
etathesis (RCM) and cross metathesis (CM) reactions have

ecently introduced promising possibilities for synthesis of func-
ional polymers as well as of valuable organic compounds
5], as demonstrated by molybdenum [6] and ruthenium [7]
atalyst systems. However, examples of the olefin metathe-

is with homogeneous vanadium catalysts were rare [8,9].
or instance, polymerization of 3-methylcyclobutene using
Cl4-AlEt3, MgEt2, and GaEt3 catalyst systems (so-called
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iegler-type systems) afforded a mixture of polymers via coor-
ination insertion (vinyl addition) and metathesis (ring opened)
echanisms, whereas VCl4-nBuLi catalyst system afforded the

ing-opened polymers with extremely low conversion (ca. 3%)
8]. Polymerizations of cyclopentene using VCl4-AlEt3, VOCl3-
t2AlCl, or V(acac)3-Et2AlCl catalyst systems gave mixtures
f metathesis and vinyl addition polymerization products with
ow catalytic activities [9]. Therefore, the descriptions for olefin

etathesis using homogeneous vanadium catalysts were rare,
nd no other examples were reported until 2000.

We recently focused on the high oxidation state (arylim-
do)vanadium(V) complexes containing anionic donor ligands
s the promising catalysts for both olefin coordination insertion
olymerization and olefin metathesis [10–15], although many
eports are known for olefin insertion polymerization especially
or vanadium(III) and vanadium(IV) complexes-cocatalyst sys-
ems [1b,c]. We reported that (arylimido)(aryloxo)vanadium(V)

omplexes of the type, V(NAr)Cl2(OAr’) [Ar = 2,6-Me2C6H3
Ar1), 2,6-iPr2C6H3 (Ar2), etc.; Ar’ = 2,6-Me2C6H3, 2,6-
Pr2C6H3, etc.], exhibited high catalytic activities not only for
thylene polymerization but also for ethylene/norbornene (NBE)

mailto:nomurak@ms.naist.jp
dx.doi.org/10.1016/j.molcata.2007.05.028
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Scheme 1.

opolymerization in the presence of Al cocatalysts [10,11]; both
he Al alkyls and solvents affected the catalytic activity (and
BE incorporation) [11].
We also reported that ROMP of NBE by V(NAr1)

CH2Ph)2(O-2,6-iPr2C6H3) took place affording ultra high
olecular weight polymer with a unimodal molecular weight

istribution [10], and that the ROMP using V(NAr1)Cl2(OAr’)-
lMe3 (5–10 equiv. to V) catalyst system also proceeded exclu-

ively [10]. Moreover, we communicated that the vanadium(V)-
lkylidene, V(CHSiMe3)(NAr1)(N = CtBu2)(PMe3) (A), which
as isolated from V(NAr1)(CH2SiMe3)2(N = CtBu2) (B) by �-
ydrogen elimination in the presence of PMe3, initiated ROMP
f NBE affording the high molecular weight polymers with
nimodal molecular weight distributions (Scheme 1) [12]. The
ctivity of A for the ROMP increased upon increasing the poly-
erization temperature, and the fact clearly suggested that the

anadium-alkylidene was thermally stable under these condi-
ions. The dialkyl analogue (B), which was prepared from the
ichloro analogue, V(NAr1)Cl2(N = CtBu2) (1a), by treating
ith LiCH SiMe , also exhibited relatively high catalytic activ-
2 3

ty for the ROMP of NBE, and the activity increased upon
ddition of PMe3; the activity also increased at higher tem-
erature [13]. The results strongly suggested a formation of

Scheme 2.
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he alkylidene complex (A) in situ, which was independently
solated from the C6D6 solution containing B and PMe3 upon
eating [12].

More recently, as described below, we found that a cat-
lyst solution, which was prepared in situ from V(NAr1)Cl2
N = CtBu2) (1a), MeMgBr and PMe3, exhibited both remark-
ble catalytic activity and promising thermal stability in the
OMP of NBE [14]. Therefore, we herein introduce our
etailed results concerning various factors affecting the activ-
ty of V(NAr)Cl2(L) [Ar = 2,6-Me2C6H3 (Ar1, 1), 2,6-iPr2C6H3
Ar2, 2); L = N = CtBu2 (a), N = C(CH2SiMe3)tBu (b), O-
,6-Me2C6H3 (c), O-2,6-iPr2C6H3 (d), O-2,6-tBu2-4-MeC6H2
e)]-MeMgBr-PMe3 catalyst systems for the ROMP of NBE
Scheme 2).

. Results and discussion

.1. Reactions of V(N-2,6-Me2C6H3)Cl2(N = CtBu2) (1a)
ith MeMgBr, PMe3: ring-opening metathesis
olymerization (ROMP) of norbornene (NBE) by
a-cocatalyst systems

V(NAr1)Cl2(N = CtBu2) (1a) was prepared by treating
(NAr1)Cl3 with LiN = CtBu2 in Et2O in high yield (84%)

12], and was identified by 1H-, 13C-, and 51V-NMR spectra,
nd elemental analysis [12]. The structure for 1a determined by
-ray crystallography indicates that 1a folds a distorted tetra-
edral geometry around V and the results suggest that 1a is a
4 electron species [12]. Complex 1a reacted with 1.0 equiv.
f PMe3 to afford V(NAr1)Cl2(N = CtBu2)(PMe3) (1a-PMe3)
xclusively confirmed by 1H, 13C and 51V NMR spectra [12].
he crystal structure for 1a-PMe3 showed that the complex

olds a distorted trigonal bipyramidal structure around V, and
hat P atom is positioned trans to the N atom in the ketimide
igand; PMe3 in 1a-PMe3 was dissociated exclusively in vacuo
ffording analytically pure 1a [12].

In order to explore the possibility of generation of
anadium-alkylidene species in situ, the reaction of 1a with
eMgBr in the presence of PMe3 was monitored by 51V
MR spectra (Fig. 1a–c). MeMgBr was chosen because it
as quite effective in preparing the monomethyl analogue,
(NAr1)Me(N = CtBu2)2, from V(NAr1)Cl(N = CtBu2)2 [15].
s shown in Fig. 1a and b, the resonance observed at
7.3 ppm (ascribed to 1a) was moved to 494 ppm, when 1a
as treated with 2.0 equiv. of MeMgBr in C6D6 at 25 ◦C.
he observed chemical shift (494 ppm) was close to that in
(NAr1)(CH2SiMe3)2(N = CtBu2) (B, 495 ppm) reported pre-
iously [12], and the fact would strongly suggest formation of
he dimethyl complex in situ, although we could not isolate
he desired complex in a pure form. A broad resonance at ca.
13 ppm (Fig. 1c) was observed in the 51V NMR spectrum upon
ddition of PMe3 (1.0 equiv. to V) into the solution containing 1a
nd MeMgBr, and the spectra did not change even if excessive

mount of NBE (10.0 equiv. to V) was added into the solution
t 25 ◦C [16].

Note that a consumption of (cyclic) olefinic double bonds
n NBE was observed when a mixed solution consisting of 1a,
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Fig. 1. [Left (a–c)] 51V NMR spectra (in C6D6 at 25 ◦C) for (a)
V(N-2,6-Me2C6H3)Cl2(N = CtBu2) (1a), (b) 1a + MeMgBr (2.0 equiv.), (c)
1a + MeMgBr (2.0 equiv.) + PMe3 (1.0 equiv.). [Right, d–g] 1H NMR spectra
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in C6D6 at 25 ◦C) for time course in ROMP of NBE: (d) 1a + MeMgBr (2.0
quiv.) + PMe3 (1.0 equiv.) + NBE (10.0 equiv.) at 25 ◦C [(c) + NBE]; heating
olution (d) for (e) 0.5 h, (f) 1.0 h, and (g) 4.0 h at 50 ◦C.

eMgBr, PMe3, and of NBE was heated at 50 ◦C. The res-
nances ascribed to NBE disappeared after 4 h (Fig. 1d–g),
nd resonances assigned to the ring-opened poly(NBE) were
ppeared. NBE was not consumed if the same reaction was
mployed in the absence of PMe3. The results clearly indi-
ate that ROMP of NBE took place, as depicted in Scheme 3,
lthough we could not isolate and identify the active species
vanadium-alkylidene) at this moment [16].

.1.1. ROMP of NBE by 1a-cocatalyst systems
Based on the above preliminary experiments, effects of alky-

ating reagents, PMe3, solvent on the catalytic activities for the
OMP of NBE were explored. The results at 25 ◦C are summa-

ized in Table 1.
The ROMP of NBE proceeded with high catalytic activity,
f 1a was treated with 2.1 equiv. of MeMgBr in benzene in the
resence of PMe3 (run 2). The polymerization did not take place
r was extremely slow in the absence of PMe3 (run 1), and the
ctivity decreased upon the excessive addition of PMe3 (3–5

r
i
p
m

able 1
ffect of molar ratios, alkylating reagents, and solvents for ROMP of NBE using V(N

un Reagent M/Va PMe3/Vb Solvent

1 MeMgBr 2.1 – Benzene
2 MeMgBr 2.1 1.0 Benzene
3 MeMgBr 2.1 3.0 Benzene
4 MeMgBr 2.1 5.0 Benzene
5 MeMgBr 5.0 1.0 Benzene
6 MeLi 2.1 1.0 Benzene
7 AlMe3 2.1 1.0 Benzene
8 AlMe3 2.1 0.0 Benzene
9 MeMgBr 2.1 1.0 Toluene
0 MeMgBr 2.1 1.0 Chlorobenzene
1 MeMgBr 2.1 1.0 THF

onditions: complex 1a 0.20 �mol, benzene 4.8 mL, NBE 200 mg (NBE/V molar rat
a MeMgBr, MeLi, or AlMe3/V molar ratio.
b PMe3/V molar ratio.
c TON = (molar amount of NBE consumed)/(mol V).
d GPC data in THF vs. polystyrene standards.
cheme 3. Proposed reaction scheme for ROMP of NBE initiated by in situ
enerated vanadium-alkylidene derived from V(NAr)Cl2(L)-MeMgBr-PMe3.

quiv., runs 3–4). The observed effect of PMe3 was analogous
o that in the ROMP by V(NAr1)(CH2SiMe3)2(N = CtBu2) (B)
13], and this decrease in the activity by the excessive addition
an be explained by assuming that the coordination of PMe3
nto the V retards the propagation (coordination of NBE for
ropagation), leading to the lower activities; in contrast, PMe3
as necessary to generate the catalytically active species in situ,

s reported previously [12,13].
MeMgBr was found to be more effective as the alkylating

eagent than MeLi, and this may be explained in terms of the
act that the products in the reaction of 1a with 2.0 equiv. of MeLi
n C6D6 consisted of 1a and the other species (125 ppm in 51V
MR spectrum) [16]. As described in Section 1, V(NAr1)Cl2(O-
,6-iPr2C6H3) (1d) showed catalytic activities for the ROMP in
he presence of AlMe3 but the observed activities were low (e.g.
ON 29 after 20 min at 25 ◦C) [10]. The catalytic activity by
a in the presence of AlMe3 was, in fact, extremely low (run
), but the activity increased in the co-presence of PMe3 (run
) [17]. The observed lower activity with AlMe3 than that with
eMgBr may also be explained in terms of the facts that the
eaction of 1a with AlMe3 afforded another species (108 ppm
n 51V NMR spectrum), and that a relatively sharp resonance
eak was observed at 116 ppm upon addition of PMe3 into a
ixed C6D6 solution containing 1a and AlMe3 [16]; the results

-2,6-Me2C6H3)Cl2(N = CtBu2) (1a)-cocatalyst systems

Yield (mg (%)) TONc Mn
d × 10−4 Mw/Mn

d

Trace –
129 (65) 6850 158 1.50
75 (38) 3980 131 1.48
86 (43) 4570 144 1.41
2 (1) 85 82 2.28
Trace –
20 (10) 1060
Trace –
90 (45) 4780 Insoluble
139 (70) 7380 74 1.95
Trace –

io = 10600), 25 ◦C, 1 h.
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Fig. 3. Time course plots of NBE concentration, Log[NBE]/[NBE]0, for ROMP
o
s
i

t
r
n
r
d
t
t
f
b
p
2
r
a
r

r
w
f
c
c

T
T

R

1

1
1
1
1
1
1

C

ig. 2. Time course plots of polymer yields for ROMP of NBE using V(N-2,6-
e2C6H3)Cl2(N = CtBu2) (1a)-MeMgBr-PMe3 catalyst system in benzene at

5 ◦C (�) or 50 ◦C (�). The detailed results are also shown in Table 2.

uggested the formation of another catalytically active species
17].

The molar ratio of Mg/V affected the catalytic activity, and
he observed activity became low at a high Mg/V ratio (run 5,

g/V = 5.0), probably due to the partial decomposition of the
atalytically active species and/or formation of other species by
xcessive addition of MeMgBr. The activity was also affected
y the solvent employed (runs 2, 9–11); chrolobenzene and
oluene were found to be suitable as the solvents. However, the
olymerization did not take place in THF, probably due to the
oordination of THF to the metal center, thus disturbing the
oordination of monomers. The resultant polymer prepared in
oluene was hardly soluble in THF for GPC measurement, prob-
bly due to the formation of ultrahigh molecular weight polymer
n this catalysis.

Time course of polymer yields in the ROMP by 1a-
eMgBr-PMe3 catalyst system under the optimized molar

atios (PMe3/MeMgBr/V = 1.0/2.1/1.0, molar ratio) at 25 and
0 ◦C are summarized in Table 2 and Fig. 2. The polymeriza-
ion proceeded at remarkable rates at the beginning, and the
ates decreased gradually probably due to the decrease in the
BE concentration in the reaction mixture. As also shown in

ig. 3, time course plots of log[NBE]/[NBE]0 {[NBE]0: initial
BE concentration}, it is clear that the observed catalytic activ-

ties (NBE consumption rates) were first order with respect to
he NBE concentration employed. The molecular weight dis-

[
a
t
V

able 2
ime course for ROMP of NBE using V(N-2,6-Me2C6H3)Cl2(N = CtBu2) (1a)-MeM

un Temperature (◦C) Time (min) Yield (m

2 25 30 20 (10)
2 25 60 129 (65)
3 25 120 172 (86)
4 25 240 195 (98)
5 50 10 111 (56)
6 50 20 151 (76)
7 50 40 166 (83)
8 80 10 132 (66)

onditions: 1a 0.20 �mol, benzene 4.8 mL, NBE 200 mg (NBE/V molar ratio = 1060
a TON = (molar amount of NBE consumed)/(mol V).
b GPC data in THF vs. polystyrene standards.
f NBE using V(N-2,6-Me2C6H3)Cl2(N = CtBu2) (1a)-MeMgBr-PMe3 catalyst
ystem in benzene at 25 ◦C (�) or 50 ◦C (�). The detailed results are also shown
n Table 2. [NBE]0: initial NBE concentration.

ributions for the resultant polymers prepared at 25 ◦C were
ather narrow (Mw/Mn = 1.43–1.59); however, the Mn values did
ot increase with conversion (polymer yields). Therefore, the
esults suggest that these polymerizations took place without
eactivation and accompanied with a certain degree of chain-
ransfer reactions under these conditions. It is also assumed from
hese results that the polymerization took place with single (uni-
orm) catalytically active species. These assumptions would also
e supported by the facts that the Mn values for the resultant
olymers prepared at 50 ◦C decreased (Mn = 1.31–1.66 × 106 at
5 ◦C versus 6.6–7.9 × 105) and that the Mw/Mn values became
ather broad (Mw/Mn = 1.43–1.59 at 25 ◦C; Mw/Mn = 1.99–2.34
t 50 ◦C) probably due to the increased extent of chain-transfer
eactions.

Note that the catalytic activity increased at 80 ◦C, and the
esultant polymer possessed relatively high molecular weight
ith a unimodal molecular weight distribution (run 18). The

act suggests that the catalytically active species in the present
atalyst system were thermally stable. Moreover, the observed
atalytic activities in the ROMP under the optimized conditions

ex. TON 8820 after 40 min at 50 ◦C (run 17), 7010 after 10 min
t 80 ◦C (run 18)] were significantly higher than (or similar to)
hose observed in the ROMP initiated by the isolated alkylidene,
(NAr1)(CHSiMe3)(N = CtBu2)(PMe3) (A, ex. TON 1275 after

gBr-PMe3 catalyst system

g (%)) TONa Mn
b × 10−4 Mw/Mn

b

1060 131 1.54
6850 158 1.50
9130 140 1.59

10360 166 1.43
5900 66 2.34
8020 79 1.99
8820 67 2.13
7010 91 1.87

0), PMe3/MeMgBr/V = 1.0/2.1/1.0 (molar ratio).
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Table 3
Effect of monomer concentration, temperature in ROMP of NBE using V(N-2,6-Me2C6H3)Cl2(N = CtBu2) (1a)-MeMgBr-PMe3 catalyst system

Run NBE/Va Benzene (mL) Temperature (◦C) Time (min) Yield (mg (%)) TONb Mn
c × 10−4 Mw/Mn

c

2 10600 4.8 25 60 129 (65) 6850 158 1.50
19 10600 7.5 25 60 181 (91) 9610 160 1.40
20 10600 2.4 50 40 174 (87) 9240 70 2.34
17 10600 4.8 50 40 166 (83) 8820 67 2.13
21 21200d 4.8 50 20 396 (99) 21100 37 3.06

Conditions: complex 1a 0.20 �mol, NBE 200 mg, PMe3/MeMgBr/V = 1.0/2.1/1.0 (molar ratio).
a NBE/V molar ratio.
b TON = (molar amount of NBE consumed)/(mol V).
c GPC data in THF vs. polystyrene standards.
d NBE charged 400 mg.

Fig. 4. 1H NMR spectra for ring-opened poly(NBE)s prepared by V(N-2,6-
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e2C6H3)Cl2(N = CtBu2) (1a)-MeMgBr-PMe3 catalyst system. Poly(NBE)s
repared at (a) 25 ◦C (run 2), (b) 50 ◦C (run 16), (c) 80 ◦C (run 18), and (d)
0 ◦C (run 16, full spectrum).

h at 50 ◦C, 1583 after 1 h at 80 ◦C) [12], suggesting that the
ctive species could be efficiently generated in situ under these
onditions.

As shown in Fig. 4, the resultant polymer possessed ring-
pened structures (Fig. 4d) containing a mixture of cis- and
rans-olefinic double bonds, and the significant differences in the
is/trans ratios were not seen in the resultant polymers prepared

t various temperatures (25–80 ◦C, Fig. 4a–c). We are not sure at
his moment whether the control of olefinic double bonds in the
esultant polymer would be explained as a result of the degree
f syn/anti rotational isomers and/or the coordination mode of

i
r

M

able 4
OMP of NBE by various vanadium complexes, V(NAr)Cl2(L) (1,2)-MeMgBr-PMe

un Complex (�mol) Ar L

7 1a (0.2) 2,6-Me2C6H3 NCtBu2

2 2a (1.0) 2,6-iPr2C6H3 NCtBu2

3 1b (1.0) 2,6-Me2C6H3 NC(CH2SiMe3)tBu
4 1c (0.2) 2,6-Me2C6H3 O-2,6-Me2C6H3

5 1d (1.0) 2,6-Me2C6H3 O-2,6-iPr2C6H3

6 2d (1.0) 2,6-iPr2C6H3 O-2,6-iPr2C6H3

7 1e (1.0) 2,6-Me2C6H3 O-2,6-tBu2C6H3

onditions: complex 0.20 or 1.0 �mol, benzene 4.8 mL, NBE 200 mg (NBE/V molar
atio).

a TON = (molar amount of NBE consumed)/(mol V).
b GPC data in THF vs. polystyrene standards.
BE into the vanadium metal center, as proposed in the ROMP
y the molybdenum-alkylidene catalysts [6].

The polymerization results under various NBE concentration
onditions are summarized in Table 3. The observed catalytic
ctivity (TON value) at 25 ◦C increased at lower monomer
oncentration conditions (runs 2, 19), although, as shown in
igs. 2 and 3, the NBE consumption rate was first order with
espect to the NBE concentration. Since the observed activity
ecreased under higher NBE concentrations (TON 5900 after
0 min, benzene 2.4 mL in stead of 4.8 mL in run 2), the fact
improved catalytic activity) would be probably explained by
he improvement in the viscosity [due to the formation of high

olecular weight poly(NBE)] in the solution. Similarly, no sig-
ificant differences in the activity (TON values) at 50 ◦C were
een upon the decrease in the NBE concentration (runs 17, 20);
he polymerization reached to completion even if the ROMP was
mployed at a higher NBE concentration (yield 99%, run 21).

.2. Effect of ligand in ROMP of norbornene (NBE) by
(NAr)Cl2(L)-cocatalyst systems

ROMP of NBE using various (arylimido)vanadium(V) com-
lexes containing aryloxo or ketimide ligands, V(NAr)Cl2(L)-
eMgBr-PMe3 catalyst systems were conducted to explore the

ffect of ligands on both the catalytic activity and the Mn value

n the resultant ring-opened poly(NBE). The results are summa-
ized in Table 4.

Both V(NAr1)Cl2(N = CtBu2) (1a) and V(NAr1)Cl2(O-2,6-
e2C6H3) (1c) showed the remarkable catalytic activities;

3 catalyst systems

Yield (mg (%)) TONa Mn
b × 10−4 Mw/Mn

b

166 (83) 8820 67 2.13
12 (6) 130 17 2.21
31 (16) 330 69 1.83
140 (70) 7440 154 1.46
37 (19) 390 35 2.25
14 (7) 150 16 2.27
Trace –

ratio = 10600 or 2120), 50 ◦C, 40 min, PMe3/MeMgBr/V = 1.0/2.1/1.0 (molar
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Table 5
ROMP of NBE using complex V(N-2,6-Me2C6H3)Cl2(N = CtBu2) (1a)-MeMgBr-PMe3 catalyst system or Mo(CHCMe2Ph)(N-2,6-iPr2C6H3)(OtBu)2 (Mo)

Run Complex Temperature (◦C) Time (min) Yield (mg (%)) TONa Mn
b × 10−4 Mw/Mn

b

2c 1a 25 60 129 (65) 6850 158 1.50
28d Mo 25 60 161 (81) 8550 160 1.15
17c 1a 50 40 166 (83) 8820 67 2.13
29d Mo 50 40 trace
18c 1a 80 10 132 (66) 7010 91 1.87
30d Mo 80 10 30 (15) 1590 49 2.06

Conditions: 1a or Mo 0.20 �mol, benzene or toluene 4.8 mL, NBE 200 mg.
a TON = (molar amount of NBE consumed)/(mol V).
b
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GPC data in THF vs. polystyrene standards.
c PMe3/MeMgBr/V = 1.0/2.1/1.0 (molar ratio), benzene 4.8 mL.
d Toluene 4.8 mL.

he ROMP by 1c afforded high molecular weight poly-
er with a relatively narrow molecular weight distribution

Mn = 1.54 × 106, Mw/Mn = 1.46, run 24). The activities with
,6-dimethylphenylimido (Ar1N) analogues were higher than
hose with 2,6-diisopropylphenylimido (Ar2N) analogues in all
ases (runs 17, 22, runs 25, 26), suggesting that the substituent
n the arylimido ligand affects the catalytic activity. The activ-
ty at 50 ◦C also decreased when 1b [L = N = C(CH2SiMe3)tBu]
as used in stead of 1a (L: N = CtBu2). The order in the

atalytic activity with the ketimide ligands is the same as
hat observed in ethylene polymerization in the presence of

AO at 50 ◦C [18b]. Moreover, the activities for the ROMP
f NBE using the V(NAr1)Cl2(OAr’)-MeMgBr-PMe3 catalyst
ystems increased in the order: 1c (L: O-2,6-Me2C6H3) > 1d
O-2,6-iPr2C6H3) > 1e (O-2,6-tBu2-4-MeC6H2). The order with

series of the aryloxide ligand is also the same as
hat observed in ethylene polymerization using 1c–e-MAO
atalyst systems at 25 ◦C [18a], strongly suggesting that
he steric bulk in the phenoxy ligand affects the activ-
ty.

Well-defined molybdenum-alkylidene, Mo(CHCMe2Ph)(N-
,6-iPr2C6H3)(OtBu)2 (Mo) [6,19,20], was chosen to compare
he catalytic performance of NBE for ROMP under simi-

ar conditions, and the results are summarized in Table 5.
he activity with Mo at 25 ◦C was higher than that of 1a,
nd the resultant polymer possessed high molecular weight
ith a narrow molecular weight distribution (Mn = 1.60 × 106,

b
r
b
f

able 6
OMP of various monomers using V(N-2,6-Me2C6H3)Cl2(N = CtBu2) (1a)-MeMgB

un Monomer 1a (�mol) Monomer (equiv.)a Benzene (m

1 COE 10 425 4.8
2 COE 10 425 –c

3 CPE 10 425 –c

6 NBE 0.2 10600 4.8
4 NBD 5.0 850 4.8
5 NBD 5.0 850 4.8

OE, cyclooctene; CPE, cyclopentene; NBD, norbornadiene. Conditions: PMe3/MeM
a Monomer/V molar ratio.
b TON = (molar amount of NBE consumed)/(mol V).
c Without additional solvent (under bulk conditions).
d Trace amount of polymer precipitates were collected.
w/Mn = 1.15). However, significant decrease in the activity
or Mo was observed at 50 ◦C, probably due to the rapid
ecomposition of the catalytically active species. Since the
ctivity by 1a increased at higher temperature (50–80 ◦C,
uns 17–18), a unique thermal stability in the present
atalyst system (containing 1a) should be thus empha-
ized.

.3. Attempts at ring-opening metathesis polymerizations
f various cyclic olefins

Polymerizations of various cyclic olefins such as cyclopen-
ene (CPE), cyclooctene (COE), and norbornadiene (NBD)
sing the 1a-MeMgBr-PMe3 catalyst system were attempted
t 25–80 ◦C, and the results are summarized in Table 6. The
ttempts at polymerization of CPE and COE afforded negli-
ible amount of polymers even if the polymerizations were
ttempted under bulk (neat) conditions. Moreover, the resultant
olymers in the polymerization of NBD were insoluble even in
ot o-dichlorobenzene, suggesting a possibility of cross-linking
by polymerization/incorporation of residual cyclic olefins in
BD after insertion/incorporation). These results suggest that

he present catalytic systems are limited to be effective for nor-

ornene derivatives. Although we could not obtain the positive
esults for polymerization of COE and CPE, we believe, this can
e improved by innovation of more active catalysts in the near
uture.

r-PMe3 catalyst system

L) Temperature (◦C) Time Yield/mg (%) TONb

80 20 h None
80 20 h Traced

25 20 h Traced

50 20 min 151 (76) 8020
50 40 min 116 (30) 250
80 10 min 274 (70) 600

gBr/V = 1.0/2.1/1.0 (molar ratio).
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. Concluding remarks

We have shown that vanadium-alkylidene species active in
he olefin metathesis can be efficiently prepared from V(N-2,6-

e2C6H3)Cl2(N = CtBu2) (1a) upon the addition of MeMgBr
nd PMe3, and the ROMP of NBE proceeded with remark-
bly high catalytic activities, affording high molecular weight
ing-opened poly(NBE)s with unimodal molecular weight distri-
utions. The activities (TON values) increased upon increasing
he polymerization temperature, and the fact should introduce
ne of the unique characteristics of the vanadium catalysts. We
re now exploring the more details concerning the effect of
igands on the activities to find more active catalysts.

. Experimental

.1. General procedure

All experiments were carried out under a nitrogen atmosphere
n a Vacuum Atmospheres drybox or using standard Schlenk
echniques. All chemicals used were of reagent grade and were
urified by the standard purification procedure. Anhydrous-
rade benzene, THF, toluene, and chlorobenzene (Kanto Kagaku
o., Ltd.) were transferred into a bottle containing molecu-

ar sieves (a mixture of 3A, 4A 1/16, and 13X) in the drybox
nder N2. Polymerization-grade toluene was stored over a
odium/potassium alloy in the drybox, and then passed through
n alumina short column before use. V(NAr)Cl2(L) [Ar: 2,6-
e2C6H3, L: N = CtBu2 (1a) [12], N = C(CH2SiMe3)tBu (1b)

12], O-2,6-Me2C6H3 (1c) [10], O-2,6-iPr2C6H3 (1d) [10], O-
,6-tBu2-4-MeC6H2 (1e) [10]; Ar: 2,6-iPr2C6H3, L: N = CtBu2
2a) [12], O-2,6-iPr2C6H3 (2d) [10]] were prepared accord-
ng to the published methods from (ArN)VCl3. Synthesis of

o(CHCMe2Ph)(N-2,6-iPr2C6H3)(OtBu)2 was according to
he published procedure [20].

All 1H, 13C, and 51V NMR spectra were recorded on a JEOL
NM-LA400 spectrometer (399.65 MHz for 1H, 100.40 MHz for
3C, and 105.31 MHz for 51V), and all spectra were obtained in
he solvent indicated at 25 ◦C unless otherwise noted. Chemical
hifts are given in ppm, and are referenced to SiMe4 (δ 0.00, 1H,
3C), VOCl3 (δ 0.00, 51V).

Molecular weights and the molecular weight distributions
f resultant polymers were measured by gel-permeation chro-
atography (GPC). GPC were performed at 40 ◦C on a
himadzu SCL-10A using a RID-10A detector (Shimadzu Co.
td.) in THF (containing 0.03 wt.% 2,6-di-tert-butyl-p-cresol,
ow rate 1.0 mL/min). GPC columns (ShimPAC GPC-806,
04, and 802, 30 cm × 8.0 mm�, spherical porous gel made
f styrene/divinylbenzene copolymer, ranging from <102 to
× 107 MW) were calibrated versus polystyrene standard sam-
les.

.2. ROMP of norbornene (NBE) with 1a
The typical reaction procedure for ROMP (Table 1, run 2) is as
ollows (Scheme 4). Benzene (4.5 mL), norbornene (2.12 mmol,
00 mg), and MeMgBr in Et2O diluted (0.020 �mol, 0.10

a
t
t
t

cheme 4. General procedure for ROMP of NBE using V(N-2,6-
e2C6H3)Cl2(N = CtBu2) (1a)-MeMgBr-PMe3 catalyst system. *Additional

mount of MeMgBr was added upon the molar ratio employed.

quiv., 3.0 M) with benzene (0.10 �mol/mL) were added into
he sealed Schlenk tube. Pre-mixed catalyst solution was inde-
endently prepared by adding 1a (20 �mol) and MeMgBr
n Et2O (40 �mol, 2.0 equiv.), followed by the addition of
Me3 (20 �mol, 1.0 equiv.) at room temperature. As shown

n Scheme 4, the mixture was stirred for 5 min before adding
eMgBr and PMe3, respectively. Prescribed amount of the pre-

ared catalyst solution was then added into the sealed Schlenk
ube, and was magnetically stirred for prescribed time. The poly-

erization was then quenched by addition of excess PhCHO,
nd the solution was stirred for additional 1 h at room temper-
ture for completion. The mixture was then poured into MeOH
ca. 100 mL). The resultant polymer was collected on a filter
aper, and was adequately washed with MeOH, and was then
ried in vacuo for several hours. 1H NMR (CDCl3): δ 5.19 and
.33 (br.m, 2H olefinic), 2.77 and 2.42 (br.s, 2H), 1.84 and 1.02
m, 2H), 1.77 and 1.33 (m, 4H). 13C NMR (CDCl3): δ 133.9,
33.8, and 133.0 and 132.8 (olefinic), 43.4, 43.1, 42.7, 42.1,
1.3, 38.6, 38.4, 33.1, 32.9, 32.3, 32.2.

ROMP with other vanadium complexes were also performed
ccording to the above procedure, and the polymerizations of
ther cyclic olefins were also attempted similarly.

.3. Reactions of V(N-2,6-Me2C6H3)Cl2(N = CtBu2) (1a)
ith MeMgBr, PMe3 (NMR experiment), and the ROMP of
BE monitored by 1H NMR spectra

Into an NMR tube containing 1a (38 mg, 0.10 mmol),
eMgBr (2.0 equiv. to 1a) was added in the dry box at

5 ◦C. After 5 min, PMe3 (1.0 equiv. to V) was added, and
BE (10.0 equiv. to V) was then added into the reaction
ixture. The tube was then placed in the NMR apparatus,

◦
nd the measurement was started with stirring at 25 C. The
ube was then heated to 50 ◦C and collected the data for
he prescribed period (after 0.5, 1.0, 2.0, and 4.0 h, respec-
ively).
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