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ABSTRACT: (Arylimido)vanadium(V)—alkylidene com-
plexes, V(CHSiMe,)(N-2,6-X,C¢H;)(OCF;)(PMe,), [X
= Me (2), Cl (4)], exhibited remarkable catalytic activities
for ring-opening metathesis polymerization (ROMP) of
norbornene, and the ROMP by 2 proceeded in a living
manner, affording ultrahigh molecular weight polymers.
Cis-specific ROMP was achieved with the alkoxo
analogues, V(CHSiMe;)(N-2,6-X,C4H;)[OC(CH;)-
(CF;),]-(PMe;), [X = Me (5), Cl (6)]. Both the activity
and the selectivity increased upon addition of PMe;, even
at 50 °C.

High—oxidation—state early transition metal alkylidene
complexes attract considerable attention"* because they
play essential roles as catalysts in olefin metathesis, which is
known as one of the most efficient carbon—carbon bond
formation methods in the synthesis of organic compounds,
polymers, and advanced materials," * as demonstrated
especially by molybdenum."**>*3*¢ Due to promising
characteristics (notable reactivity toward olefins, etc.) demon-
strated by classical Ziegler-type vanadium catalyst systems,” the
synthesis and reaction chemistry of vanadium—alkylidene
complexes is thus considered to be of fundamental importance
as well as having potential in catalysis.'¥?*5%¢ We herein
present that (arylimido)vanadium(V)—alkylidene complexes
containing fluorinated aryloxo ligands are remarkably active for
living ring-opening metathesis polymerization (ROMP) of
norbornene (NBE); the activity can be tuned by ligand
modification.” We also demonstrate an efficient cis-specific
ROMP, especially by V(CHSiMe,)(N-2,6-Cl,C¢H;)[OCMe-
(CF;),](PMey),.
V(CHSiMe,)(N-2,6-Me,C4H,) (OAr) (PMe;), [Ar = C,F
(2), 2,6-F,C¢H; (3), Scheme 1] in addition to V(CHSiMe;)-
(NAd)(OC(F,)(PMe,), (1)° have been chosen in this study,
on the basis of our preliminary results in the ROMP of NBE
using a series of dialkyl complexes in the presence of PMe,.*
The dichlorophenylimido analogue (4) has also been chosen,
because V(N-2,6-Cl,C4H,)CL,(0-2,6-Me,C¢H;) showed higher
catalytic activity than V(N-2,6-Me,C¢H;)CL,(0-2,6-Me,C¢Hs,)
for copolymerization of ethylene with NBE in the presence of
Et,AICL° The fluorinated alkoxo analogues, V(CHSiMe;)-
(NAr')[OC(CH;)(CF;),](PMes), [Ar' = 2,6-Me,CcH; (S),
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Scheme 1. Synthesis of (Imido)vanadium(V)—Alkylidene
Complexes Containing Fluorinated Aryloxo/Alkoxo Ligands

V(NR)(CH,SiMe3),(OAr) or V(NR)(CH,SiMe3),[OC(CH3)(CF3),]
PMe; (3.0 equiv)

n-hexane
-30-250r 60 °C

V(CHSiMe3)(NR)(OAr)(PMes), (1-4) or
V(CHSiMe3)(NR)[OC(CHz)(CF3),](PMes), (5,6)
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2,6-CL,C4H, (6)], were also prepared for comparison, not only
because we reported synthesis of the dialkyl analogue, V(N-2,6-
MeZC6H3)(CHZSiMe3)2[OC(CH3)(CF3)2]6b but also because
the related molybdenum—alkylidene complexes, such as
Mo(CHCMe,Ph)(N-2,6-Me,C¢H;) [OC(CH3)(CP3)%:|2, exhib-
it higher activity than the O'Bu analogue.'”“*”* These
complexes (2—6) were prepared from the corresponding
dialkyl analogues by a-hydrogen elimination in the presence
of PMe, (excess 3.0 equiv) in n-hexane (Scheme 1) and were
identified by NMR spectroscopy and elemental analysis."®
Complexes (2—4) present as a mixture of syn/anti forms
(observed as two broad resonances ascribed to protons in the
vanadium-alkylidene especially in the 'H NMR spectra),10 as
observed in 1, and the ratios did not change upon addition of
PMe;. In contrast, one resonance (and additional tiny
resonance) ascribed to proton in the alkylidene was observed
in § and 6."° Moreover, their 'H and 3P VI-NMR spectra
suggest that there is fast equilibrium between coordination and
dissociation in solution, as demonstrated by V(CHSiMe;)-
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Table 1. Ring-Opening Metathesis Polymerization of Norbornene by 1—6“

Ab V cat.
benzene
run cat. (pmol) temp/°C time/min
1 1 (0.5) 25 S
2 1(03) 25 3
3 2 (0.5) 25 S
4 2 (0.3) 25 1
5 2 (03 25 3
6 2 (0.1) 25 3
7 3 (0.5) 25 S
8 3 (03) 25 3
9 4(0.1) 25 3
10 5 (5.0 -20 60
11 5 (5.0)¢ 25 20
12 6 (1.0Y —20 20
13 6 (1.0) 25 20
14 6 (1.0) + PMe,(3.0) 25 20
15 6 (1.0) + PMe;(33.0) 50 10
16 6 (0.5) + PMey(33.0) 80 S

™y

TON? TOF/h™ M, x 107* M, /M,* cis?/%
4110° 49300 519 1.36 39
4950 99000 79.8 115

4150° 49800 92.0 141 47
5650 339000 117 122

6930° 138000 129 1.40

11500 230000 164 1.18

3300 39600 59 141 53
3820 76300 122 1.08
21200° 424000 110 127 45
108 108 64 1.49 96

80.0 129 85
337 1010
7.0 1.20

445 1340 274 1.38 96
1000 3000 52.5 1.38 92
2090° 6270 95.0 115 97
2120° 12700 83.0 1.37 96
3920 47000 546 1.36 86

“Reaction conditions: NBE 200 mg, 2.12 mmol; initial NBE concn, 0.44 mmol/mL. bTON (turnovers) = NBE reacted (mmol)/V (mmol); TOF =
TON/time. “GPC data in THF vs polystyrene standards. “Cis percentage (%) estimated by '"H NMR spectra. “Conversion of NBE >98%. IIn

toluene. ¥Two peaks were observed on GPC trace.

(NAd)(CHZSiMe3)(PMe3)2;6f resonances in the NMR spec-
trum in 1—4 were broad but became rather sharp at low
temperature.10 Moreover, resonance ascribed to proton in
PMe; was not observed in the spectra of § and 6 at 25 °C, but
clearly observed below —20 °C."° These results also suggest the
presence of above-mentioned fast equilibrium.

As can be seen in Table 1 (runs 1—9), the aryloxo analogues
1—4 showed remarkable catalytic activities for ROMP of NBE,
and the activity under the optimized conditions increased in the
order TOF (h™") = 76 300 (3) < 99000 (1) < 339000 (2) <
424000 (4). It is thus clear that the activity can be tuned by
modification of arylimido/aryloxo ligands. In particular, ROMP
by 4 reached completion after 3 min, even under low catalyst
concentration conditions (run 9, TON > 21200), and the
observed activities were much higher than those known for
Mo(CHCMe,Ph)(N-2,6-Me,C4H,)(O'Bu), (TOF = 8090
h™1);% the activity by 4 is rather higher than that of known
active catalyst Mo(CHCMe,Ph)(N-2,6-Me,C4H;)[OCMe-
(CF;),], (TON 17300 after 3 min, under the same
conditions as for run 9).'" The resultant polymers possessed
high molecular weights with relatively narrow molecular weight
distributions when the ROMPs were terminated before
completion (runs 2, 4, 6, 8).

As exemplified in Figure 1, a good linear correlation between
turnover number (TON, polymer yield on the basis of V) and
M, value along with low polydispersity index (M,,/M,) values
(after certain period, ca. S min) was observed in the ROMP of
NBE by 2."" Similar trends were observed in the ROMP of
NBE by 1 and 3 (complex 0.3—1.5 pmol, under similar
conditions).""'* Moreover, the reaction rate is first order with
the NBE concentration, since a linear relationship between
In[NBE],/[NBE], and the polymerization time was observed
(where [NBE], and [NBE], are the NBE concentrations
initially and at a certain time, respectively).'' These facts
strongly suggest a possibility of living polymerization without
deactivation in this catalysis, affording ultrahigh molecular
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Figure 1. Plots of M, vs turnover numbers (TON) in ROMP of NBE
by 2. Conditions: 2, 0.30 ymol; NBE, 8.48 mmol in benzene; NBE,
0.22 mmol/mL at 25 °C.

weight ring-opened polymers with narrow molecular weights
distributions (ex. M, = 1850000, M, /M, = 1.19 for 2)."" As
far as we know, examples for the fast living ROMP affording
ultrahigh molecular weight polymers have been limited and this
is thus one of the unique characteristics in this catalysis.

In contrast, the activity by the alkoxo analogue by 5 was
lower than those by the aryloxo analogues 1—4, affording
polymers with bimodal molecular weight distribution (run 11).
The molecular weight distribution, however, became unimodal
when the ROMP was conducted at —20 °C in toluene (run
10)."* The activity improved by the dichlorophenylimido
analogue (6), and the resultant polymer possessed unimodal
molecular weight distribution, even if the ROMP was
conducted at 25 °C (run 13).

It should be noted that the olefinic double bonds in the
resultant polymers prepared by § and 6 at 25 °C possess high
cis selectivity (92% by 6, run 13, Figure 2b), whereas the
resultant polymers prepared by 1—4 possess a mixture of cis/
trans olefinic double bonds (run 3, Figure 2a), confirmed by 'H
and *C NMR spectra.'’ In particular, cis selectivity in the
resultant polymers prepared at —20 °C in toluene reached 96%
(runs 10, 12). Note that the activity by 6 increased upon addition
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Figure 2. NMR spectra of poly(NBE) prepared from (a) 2 (run 3),
(b) 6 (run 13), and (c) 6 + PMe; (run 14). Detailed polymerization

conditions and data are shown in Table 1.

of PMe; with increasing the cis selectivity in the resultant ROMP
polymer (92 — 97%, run 13 vs run 14), whereas the activity by
2 significantly decreased upon addition of PMe; [TON = 1210
by 2 after 3 min under the same conditions in run 4 (TON =
5650 after 1 min) upon addition of 0.1 equiv of PMe;]."!
Importantly, the activity in the presence of PMe; (excess)
increased at S0 °C with the same level of cis selectivity (runs 15,
96%); 6 exhibited notable activity even at 80 °C, affording
polymer with high cis selectivity (run 16, 86%). Although
examgles of cis-specific ROMP (olefin metathesis) cata-
lysts'*"'® have been shown recently by molybdenum'* and
ruthenium,’® as far as we know, this is one of the most active
catalysts with promising thermal stability (because most of cis
specific ROMP were conducted at room temperature). We also
confirmed that the ROMP by 6 at 25 °C proceeded in a living
manner without deactivation (as observed with 1-3)."!

On the basis of the above polymerization results with § and 6
(increase in cis selectivity upon addition of PMe; or low
temperature) and the fact that fast coordination/dissociation
exchange was seen in complexes 1—6, especially evident in the
P and 'H NMR spectra (where the resonance became rather
sharp at low temperatures),'"® we thus speculate that
coordination of NBE for subsequent metathesis (formation of
metallacyclobutane intermediate C in Scheme 2) would be

4

Scheme 2. Plausible Scheme for Highly Cis-Specific ROMP
by 6 in the Presence of PMe;
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controlled in this catalysis; NBE would coordinate to V trans
(opposite) to PMe;, and high cis selectivity would be thus
achieved due to a proposed intermediate (due to a steric bulk
of small arylimido and large alkoxo ligands). Although one
resonance corresponding to an olefinic double bond was
observed in the *C NMR spectrum (Figure 2c), we speculate
that the resultant polymer possesses a rather syndiotactic rich
stereoregularity on the basis of glass transition temperature
(T,) determined from the DSC thermogram (67 °C) and °C
NMR spectrum of the polymer sample after hydrogenation.'”

Complexes 1 and 2 were also effective for ROMP of NBE
derivatives such as vinylnorbornene and ethylidene-2-norbor-
nene, aﬁordin§ polymers with uniform molecular weight
distributions.' "¢ Moreover, importantly, 6 showed remarkable
activity for ROMP of norbornadiene (NBD), affording the ring-
opened polymer with high cis selectivity (87—95%, TOF =
52100—131000 h™!, Scheme 3); the activity also increased

Scheme 3. Cis-Specific ROMP of Norbornadiene by 6

A7 e Dot

benzene, 25 °C
3 min
upon addition of PMe,.'" These facts thus clearly demonstrate
that the present catalyst 6 is effective for cis-specific ROMP of
these strained cyclic olefins.

We have herein demonstrated highly active (living) ROMP
catalysts (2, 4) and cis-specific ROMP catalysts (5, 6) that can
be tuned by ligand modification in (imido)vanadium(V)—
alkylidene complexes. A unique increase in the activity upon
addition of PMe; at higher temperature was observed in 6. The
results here should present and emphasize promising character-
istics that are different from those of ROMP catalysts with
ruthenium and molybdenum. We are exploring additional
details, including scope and limitations of this catalysis.

TOF 71000-131000 h!
cis 89-95 %
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Experimental details for the synthesis of (arylimido)vanadium-
(V)—alkylidene complexes 2—6, along with NMR spectra
(measured at various temperatures upon addition of PMe,),
additional polymerization results, selected '"H and *C NMR
spectra for poly(NBE) and poly(NBD), and DSC thermogram
for poly(NBE). This material is available free of charge via the
Internet at http://pubs.acs.org.
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