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ABSTRACT: Novel molybdenum- and tungsten-based catalysts induced stereospecific ring-opening
metathesis polymerization (ROMP) of cycloolefins to produce a new class of crystalline polymers. Various
monomeric molybdenum(VI) and tungsten(VI) complexes of the general formula M()O)(O-Ar)4 (M )
Mo or W; (O-Ar)4 is two biphenolate or four phenolate ligands) were prepared. These catalysts exhibited
moderate ROMP activity in the presence of cocatalyst such as n-BuLi and Et3Al. The molybdenum and
tungsten complexes bearing substituted biphenolate ligands such as oxomolybdenum(VI) bis(racemic-
5,5′,6,6′-tertamethyl-3,3′-di-tert-butyl-1,1′-biphenyl-2,2′-diolate) promoted cis and isospecific ROMP of endo-
dicyclopentadiene (cis > 90% and meso > 95%). The novel ternary and quarternary catalysts such as
MoOCl4-biphenolate-n-BuLi (1:2:2) were developed as a new useful methodology to control the
stereoselectivity of the ROMP. Hydrogenation of the cis-isotactic poly(endo-dicyclopentadiene)s and poly-
(norbornene)s provided novel crystalline polymers with high melting points (295 °C, ∆H ) 50 J/g; 175
°C, ∆H ) 60 J/g, respectively), which can be regarded as a new class of crystalline polymers.

Introduction

In recent years, precise polymerization has been
researched extensively in order to develop new, versatile
polymeric materials. Especially, transition-metal-cata-
lyzed polymerization has been an effective means to
accomplish precise polymerizations, such as stereo-
specific polymerizations and living polymerizations. For
instance, the research on metallocene and nonmetal-
locene catalysts of early transition metals has made
great advancement over the past two decades. Conse-
quently, the appropriate molecular design of these
catalysts has resulted in the stereospecific and/or living
polymerizations of olefins and polar monomers.1 On the
basis of these studies, it is recognized that the precise
control of stereoregularity of the polymer backbone
changes the physical properties in the conventional
polymeric materials (e.g., syndiotactic polystyrene, syn-
diotactic polypropylene).1,2

It is also well-known that the development of metal
carbene complexes (e.g., Mo carbenes and Ru carbenes)
and several related catalysts (Ti, V, Ta, W, and Re
complexes) have also enabled the precise polymerization
of cycloolefins in the field of ring-opening metathesis
polymerization (ROMP).3-8 Molybdenum (and tungsten)
imidoalkylidene complexes, i.e., Schrock catalysts and
Schrock-Hoveyda catalysts, have made extensive
progress with ROMP and several types of olefin meta-
thesis reactions.5 An extensive number of superior
ruthenium carbenes (Grubbs’ catalysts) have been
developed. The main characteristics are extremely high
catalyst activity and high tolerance against polar func-
tional groups in the monomer and solvent.6

To date, there has been vigorous study of the stereo-
control of ROMP. In the case of poly(norbornene), there
are four possible structures in the polymer backbone
(i.e., cis/trans and meso/racemo) (Scheme 1). The stereo-
specific ROMP of several cycloolefins (e.g., 2,3-bis-
(trifluoromethyl)norbornene) has been investigated in
detail.7a-e Schrock-Hoveyda catalysts, which possess
diolate ligand, were especially useful in controlling the
stereochemistry of ROMP. Recently, it was reported that
chiral Schrock-Hoveyda catalysts are useful for asym-
metric ring-closing metathesis (ARCM) and have been
gathering some attention as a powerful tool for organic
synthesis.5c,d,7f-j To the best of our knowledge, the
appropriate design of chiral diolate ligands resulted in
the catalyst’s high utility for ARCM. Then it may be
said that both stereospecific ROMP and ARCM have
been developed on the basis of the investigation and
insight into the asymmetric metathesis reaction.

Synthesis and characterization of various poly(cyclo-
olefin)s and its hydrogenated products have been stud-
ied in the past.8 In general, hydrogenated poly(cyclo-
olefin)s are prepared by ROMP of cycloolefins followed
by hydrogenation of double bonds (Scheme 2). Most of
the hydrogenated poly(cycloolefin)s are amorphous plas-
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Scheme 1. Four Possible Structure of
Poly(norbornene)
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tic when its main chain is atactic. On the contrary, we
have already reported that the Schrock-Hoveyda cata-
lyst provided the crystalline hydrogenated poly(endo-
dicyclopentadiene) (Tm ) 290 °C, ∆H ) 42 J/g), a
backbone which is supposed to be isotactic.9 On the basis
of the above stated point, the diolate ligand appears to
be the key ligand that controls the stereochemistry in
the metathesis reaction.

This viewpoint leads to investigate the isospecific
ROMP of several polycyclic olefins, followed by the
hydrogenation of the resultant polymers with the inten-
tion of developing a new class of highly crystalline
polymers having rigid ring structures in the main chain.
The research has focused on the polymerization of endo-
dicyclopentadiene (DCPD) and norbornene (NBE) using
the novel molybdenum(VI) and tungsten(VI) phenolate
type complexes such as oxomolybdenum(VI) bis(racemic-
5,5′,6,6′-tetramethyl-3,3′-di-tert-butyl-1,1′-biphenyl-2,2′-
diolate) (Scheme 3). This article reports a novel meth-
odology to produce highly crystalline hydrogenated
poly(DCPD) and poly(NBE), both of which appeared to
be a new class of crystalline polymers.9

Experimental Section

General Remarks. All operations were carried out under
a dry argon atmosphere by using standard Schlenk techniques.
MoOCl4 (Strem), WCl6 (Soegawa Chemical), Et3Al (Kanto
Chemical), MeMgI (Kanto Chemical), n-Bu4Sn (Wako Chemi-
cal), and n-BuLi (Kanto Chemical) were used without further
purification. WOCl4 was synthesized from WCl6 and hexa-
methyldisiloxane in methylene chloride according to the
literature.10 Ni(II) acetate anhydrous (Ni(OAc)2) was prepared
by dehydration of Ni(II) acetate tetrahydrate. Grubbs catalyst,
Ru(Cy3P)2Cl2()CHPh) (Strem), was used as received. n-
Hexane and diethyl ether as reaction solvents were distilled
over sodium-potassium alloy under an argon atmosphere
before use. Toluene and cyclohexane were purified by distil-
lation over sodium metal. Methylene chloride was distilled over
calcium hydride. Hexamethyldisiloxane was distilled over
molecular sieves under reduced pressure. Commercially avail-
able (R)-(+)-5,5′,6,6′-tetramethyl-3,3′-di-tert-butyl-1,1′-bi-
phenyl-2,2′-diol (R)-(+)-biphenol, (R)-(+)-biphenH2) (Strem),
racemic-5,5′,6,6′-tetramethyl-3,3′-di-tert-butyl-1,1′-biphenyl-
2,2′-diol (rac-biphenol, rac-biphenH2) (Strem), 3,3′,5,5′-tetra-
methyl-2,2′-biphenol (Strem), (S)-(-)-4,5-bis[hydroxy(diphenyl)-
methyl]-2,2′-dimethyl-1,3-dioxolane ((S)-(-)-taddol) (Tokyo
Kasei), 2,2′-methylenebis(6-tert-butyl-4-methylphenol) (Wako
Chemicals), (R)-(+)-2,2′-bi-1,1′-naphthol (Tokyo Kasei), and
2,6-dimethylphenol (Wako Chemicals) were used as received.
endo-Dicyclopentadiene (DCPD) (Zeon Corp.) and norbornene
(NBE) (Wako Chemicals) were distilled over calcium hydride

under reduced pressure and stored as cyclohexane solution.
1-Octene (Wako Chemicals) was distilled over calcium hydride.

MoO((R)-(+)-biphenolate)2‚C7H8‚C6H14 (1). Dilithium (R)-
(+)-biphenolate (4.19 g, 11.82 mmol) in diethyl ether (30 mL)
was dropwise added to a solution of MoOCl4 (1.50 g, 5.91 mmol)
in diethyl ether (30 mL) at -78 °C. The mixture was allowed
to warm to ambient temperature. The reaction mixture was
stirred for 18 h to give a dark-blue solution. Diethyl ether was
removed in vacuo, and the residue was extracted with toluene.
The blue extract was dried in vacuo to yield the desired product
as a deep-blue powder in 96% yield. Recrystallization from
toluene/n-hexane gave deep-blue needle crystals of MoO((R)-
(+)-biphenolate)2‚C7H8‚C6H14 (1). Two crops of corresponding
crystals were collected by filtration and dried in vacuo (yield
53% (2.56 g, 3.13 mmol)). An analytically pure sample was
obtained by repeated recrystallization from toluene/n-hexane.
1H NMR (C6D6): δ 7.24 (s, 1, Haryl), 7.19 (s, 1H, Haryl), 7.13-
7.02 (m, 5H, toluene), 2.13 (s, 3H, CH3), 2.11 (s, 3H, toluene),
2.03 (s, 3H, CH3), 1.68 (s, 3H, CH3), 1.67 (s, 3H, CH3), 1.52 (s,
9H, t-Bu), 1.45 (s, 9H, t-Bu), 1.24 (m, 8H, n-hexane), 0.89 (t,
6H, n-hexane). EI-MS for 98Mo, m/z ) 818 (M+). Anal. Calcd
for MoC48H64O5‚C7H8‚C6H14: C, 73.61; H, 8.71. Found: C,
73.84; H, 8.68. Melting point (Tm): 200 °C.

MoO(rac-biphenolate)2‚C7H8 (2). This complex was pre-
pared and isolated in the same manner as described in the
catalyst 1 synthesis section. The desired product was a deep-
blue powder with 93% yield. Recrystallization from toluene/
n-hexane gave deep-blue prism crystals of MoO(rac-biphen-
olate)2‚C7H8 (2). The corresponding crystals were collected in
three crops by filtration and dried in vacuo (yield 69%). 1H
NMR (C6D6): δ 7.24 (s, 1, Haryl), 7.19 (s, 1H, Haryl), 7.13-7.02
(m, 5H, toluene), 2.13 (s, 3H, CH3), 2.11 (s, 3H, toluene), 2.03
(s, 3H, CH3), 1.68 (s, 3H, CH3), 1.67 (s, 3H, CH3), 1.52 (s, 9H,
t-Bu), 1.45 (s, 9H, t-Bu). EI-MS for 98Mo, m/z ) 818 (M+). Anal.
Calcd for MoC48H64O5‚C7H8: C, 72.66; H, 7.98. Found: C,
72.14; H, 8.02. Tm: 199 °C.

WO(rac-biphenolate)2 (3). This complex was prepared and
isolated in essentially the same manner as described in the
catalyst 1 synthesis section. The desired product was a deep-
red powder in 96% yield. Recrystallization from pentane gave
deep-red prism crystals of WO(rac-biphenolate)2 (3). Two crops
of corresponding crystals were collected by filtration and dried
in vacuo (yield 14%). An analytically pure sample was obtained
by repeated recrystallization from pentane. 1H NMR (C6D6):
δ 7.36 (s, 1H, Haryl), 7.27 (s, 1H, Haryl), 2.14 (s, 3H, CH3), 2.03
(s, 3H, CH3), 1.69 (s, 3H, CH3), 1.67 (s, 3H, CH3), 1.56 (s, 9H,
t-Bu), 1.46 (s, 9H, t-Bu). EI-MS for 184W, m/z ) 904 (M+). Anal.
Calcd for WC48H64O5: C, 63.71; H, 7.13. Found: C, 63.96; H,
7.05. Tm: 220 °C.

MoO(3,3′,5,5′-Me4-biphenolate)2 (4). This complex was
prepared and isolated in a manner similar to that in the
catalyst 1 synthesis section. The expected product was a black
powder in 83% yield. Recrystallization from toluene/n-hexane
gave a black powder of MoO(3,3′,5,5′-Me4-biphenolate)2 (4). The
corresponding powder was collected in two crops by filtration
and dried in vacuo (yield 45%). An analytically pure sample
was obtained by repeated recrystallization from toluene/n-
hexane. EI-MS for 98Mo, m/z ) 594 (M+). Anal. Calcd for
MoC32H32O5: C, 64.86; H, 5.44. Found: C, 65.03; H, 5.58. Tm:
229 °C.

MoO[2,2′-methylenebis(6-tert-butyl-4-methylpheno-
late)]2 (5). This complex was isolated in the same method as
described in the catalyst 1 synthesis section to yield a desired
product as a deep-blue powder in 95% yield. Recrystallization
from toluene/n-hexane gave a deep-blue needle microcrystals
of MoO[2,2′-methylenebis(6-tert-butyl-4-methylphenolate)]2 (5).
The corresponding microcrystals were collected by filtration
and dried in vacuo (yield 33%). An analytically pure sample
was obtained by repeated recrystallization from toluene/n-
hexane. 1H NMR (C6D6): δ 6.89 (d, 2H, Haryl), 6.74 (d, 2H, Haryl),
5.74 (d, 1H, CH2), 3.35 (d, 1H, CH2), 2.04 (s, 6H, Me), 1.52 (s,
18H, t-Bu). EI-MS for 98Mo, m/z ) 790 (M+). Anal. Calcd for
MoC46H60O5: C, 70.76; H, 6.71. Found: C, 70.11; H, 7.45. Tm:
120 °C (dec).

Scheme 2. Preparation of Hydrogenated
Poly(cycloolefin)s

Scheme 3. Catalysts and Monomers in This Study
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MoO((S)-(-)-taddolate)2‚C7H8 (6). This complex was pre-
pared and isolated in a manner similar to that in the catalyst
1 synthesis section. The desired product was a yellow powder
in a yield of 75%. Recrystallization from toluene/n-hexane gave
a yellow needle microcrystals of MoO((S)-(-)-taddolate)2‚C7H8

(6). Two crops of the corresponding powder were collected by
filtration and dried in vacuo (yield 18%). 1H NMR (C6D6): δ
7.97 (m, 4H, Haryl), 7.63 (m, 4H, Haryl), 7.18 (m, 12H, Haryl),
7.13-7.02 (m, 5H, toluene), 5.57 (d, 1H, CH), 5.40 (d, 1H, CH),
2.11 (s, 3H, toluene), 0.75 (d, 6H, Me). EI-MS for 98Mo, m/z )
968 ((M - C3H6O2)+) and 74 (C3H6O2

+). Anal. Calcd for
MoC62H56O9‚C7H8: C, 73.13; H, 5.69. Found: C, 72.34; H, 5.44.
Tm: 152 °C.

MoO((R)-(+)-binaphtholate)2 (7). This complex was pre-
pared in the same manner as described in the catalyst 1
synthesis section to yield a desired product as a dark-brown
powder in 71% yield. Recrystallization from toluene/n-hexane
gave a dark-brown powder of MoO((R)-(+)-binaphtholate)2 (7).
The corresponding powder was collected in three crops by
filtration and dried in vacuo (yield 27%). 1H NMR (C6D6): δ
9.3-6.5 (brs, Haryl). Anal. Calcd for MoC40H24O5: C, 70.59; H,
3.55. Found: C, 70.79; H, 4.23. Tm: 230 °C.

MoO(2,6-Me2-phenolate)4 (8). Lithium 2,6-dimethylphen-
olate (4.97 g, 38.8 mmol) in diethyl ether (50 mL) was dropwise
added to a solution of MoOCl4 (2.46 g, 9.70 mmol) in diethyl
ether (50 mL) at -78 °C. The mixture was allowed to warm
to ambient temperature. The reaction mixture was stirred for
18 h to give a dark-blue solution. Diethyl ether was removed
in vacuo, and the residue was extracted with toluene. The blue
extract was dried in vacuo to yield the desired product as a
deep-blue powder in 74% yield. Recrystallization was per-
formed from toluene/n-hexane to give deep-blue needle crystals
of MoO(2,6-Me2-phenolate)4 (8). The corresponding needle
crystals were collected by filtration and dried in vacuo (yield
23% (1.33 g, 2.23 mmol)). 1H NMR (C6D6): δ 6.71 (d, 2H, Haryl),
6.57 (t, 1H, Haryl), 2.36 (d, 6H, CH3). EI-MS for 98Mo, m/z )
598 (M+). Anal. Calcd for MoC32H36O5: C, 64.43; H, 6.08.
Found: C, 63.69; H, 6.69. Tm: 192 °C.

WO(2,6-Me2-phenolate)4 (9). This complex was prepared
in the same manner as described in the catalyst 8 synthesis
section. The desired product was a reddish-brown powder in
76% yield. Recrystallization from toluene/n-hexane gave a
reddish-brown needle crystals of WO(2,6-Me2-phenolate)4 (9).
The corresponding crystals were collected by filtration and
dried in vacuo (yield 20%). 1H NMR (C6D6): δ 6.75 (d, 2H,
Haryl), 6.58 (t, 1H, Haryl), 2.35 (s, 6H, Me). EI-MS for 184W, m/z
) 684 (M+). Anal. Calcd for WC32H36O5: C, 56.15; H, 5.30.
Found: C, 56.17; H, 5.30. Tm: 218 °C.

Analyses of Complex and Polymer. 1H NMR spectra
were recorded on a Bruker AMX 400web spectrometer (400.13
MHz), and chemical shifts were calibrated using the residual
benzene protons (δ 7.16 ppm) or tetramethylsilane (δ 0.00
ppm). 13C NMR spectra were measured on a JEOL JNM-
EX400WB spectrometer (100.53 MHz for 13C), and chemical
shifts were determined with reference to o-dichlorobenzene (δ
127.5 ppm) or chloroform (δ 77.2 ppm). Elemental analyses
were performed on a PE 2400 series II CHNS/O analyzer. The
samples were sealed in tin foils under an argon atmosphere
in a glovebox. EI-MS spectra were recorded on a JEOL JMS-
SX-102A spectrometer. The molecular weight distributions
(MWD) of the polymers were estimated on a gel-permeation
chromatograph (GPC) (Tosoh HLC-8121 GPC/HT; eluent o-
dichlorobenzene). The relative number- and weight-average
molecular weights (Mn and Mw, respectively) were calculated
by the use of a calibration curve obtained using polystyrene
standards. Differential scanning calorimeter (DSC) measure-
ments were performed on a Seiko model SSC/5200 DSC220
in a dry nitrogen stream. Crystallinity of the polymers was
estimated on X-ray diffractometer (XRD) (Rigaku RINT 2500).

Polymerization. Polymerization was carried out in a
prebaked ampule tube equipped with a rubber septum at 80
°C. Polymerization catalyst solutions were prepared as follows
unless otherwise stated: A toluene solution of MoO(rac-
biphenolate)2 (2) (0.0515 g, 56.7 µmol) was mixed with 2 equiv
of n-BuLi at -78 °C, and the mixture (deep-blue solution) was

allowed to warm to ambient temperature. The mixture was
aged for an additional 15 min, resulting in becoming a reddish-
orange solution. A cyclohexane solution of DCPD (7.50 g, 56.7
mmol) and 1-octene (0.127 g, 1.13 mmol) was added to the
mixture at the prescribed temperature. After stirring for a
fixed time, the polymerization was quenched with a small
amount of 2-propanol. The polymer yield was determined by
gravimetric measurement.

Hydrogenation. A cyclohexane slurry of poly(DCPD) and
a cyclohexane solution of hydrogenation catalyst (Ru- or Ni-
based catalyst) were mixed in an autoclave under a dry
nitrogen atmosphere. Then the dry nitrogen in the autoclave
was replaced by dry hydrogen. The mixture was allowed to
heat up to the hydrogenation temperature while stirring.
Hydrogenation was carried out at 160 °C for 8 h under 1.0
MPa of H2. The Ni-based hydrogenation catalyst solutions were
prepared as follows: A cyclohexane slurry of Ni(OAc)2 was
mixed with 4-fold of Al(i-Bu)3 at ambient temperature, and
the mixture was allowed to heat to 60 °C. The mixture was
aged for an additional 30 min, and the resultant slurry turned
to a black solution, indicating the formation of reduced Ni(0)
species. Ru-based hydrogenation catalyst solutions were pre-
pared as follows: Ru(Cy3P)2Cl2()CHOEt), the precursor of
hydrogenation catalyst, was prepared from Ru(Cy3P)2Cl2-
()CHPh) and 50-fold excess of ethyl vinyl ether.11 According
to the literature, RuCl2(H2)(PCy3)2 or (PCy3)2ClRu(CO)(H)
might be formed in the presence of H2 and possible becoming
an active species of hydrogenation.11

X-ray Structure Determination of 1 and 8. Single
crystals of 1 and 8 suitable for X-ray diffraction sealed in a
glass capillary under an argon atmosphere were mounted on
a Rigaku RAXIS RAPID imaging plate for data collection using
Mo KR radiation. Crystal data and data collection parameters
of these complexes are summarized in Table 1. The data
collections were performed at -93 °C. Indexing was performed
for three oscillations, which were exposed for 3.0 min. The
camera radius was 127.40 mm. Readout was performed in the
0.100 mm pixel mode. A numerical absorption collection using

Table 1. Crystal Parameters of
MoO((R)-(+)-biphenolate)2‚C7H8‚C6H14 (1) and

MoO(O-Me2Ph)4 (8)

parameter 1 8

chem formula C48H64MoO5‚
C7H8‚C6H14

C32H36MoO5

FW 995.29 596.57
color black black
crystal system monoclinic tetragonal
lattice params

a, Å 10.1622(7) 14.028(1)
b, Å 18.344(1) 14.028(1)
c, Å 15.001(1) 7.3532(6)

R, deg 90 90
â, deg 93.902(3) 90
γ, deg 90 90
V, Å3 2789.9(3) 1446.9(2)
space group P21 P4/n
Z 2 2
Dcalc, g/cm3 1.185 1.369
µ(Mo KR), cm-1 2.80 4.90
2θmax, deg 55.0 55.0
oscillation range
(φ ) 0.0°, ø ) 45.0°) ω 130.0-190.0° with 5.0° step
(φ ) 180.0°, ø ) 45.0°) ω 0.0-160.0° with 5.0° step
no. of reflections total: 24 138 total: 11 269

unique: 6564
(Rint ) 0.046)

unique: 1672
(Rint ) 0.043)

no. of observations 6545 1672
((all, 2σ < 54.95°)) (I > 0.00σ(I))

no. of variables 540 98
goodness-of-fit on F2 1.07 1.17
R1 (all data)a 0.050 0.042
Rw (all data)b 0.164 0.109

a R1 ) ∑||Fo| - |Fc||/Σ|Fo|. b Rw ) [(∑w(Fo
2 - Fc

2)2/∑w(Fo
2)2)]1/2;

w ) 1/[σ2(Fo2)].
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the program NUMABS12a was applied for 1, whereas a cor-
rection for secondary extinction12b was applied for 8 (coefficient
) 608.450 012). The data were corrected for Lorentz and
polarization effects. The structures of 1 and 8 were solved by
direct methods (SHELXS-9713a for 1, SIR9213b for 8) and
expanded using Fourier techniques (DIRDIF9414a for 1,
DIRDIF9914b for 8). In the final refinement cycle (full-matrix),
hydrogen atom locations were included at an idealized position,
and the hydrogen atoms were given in the same temperature
factor as that of carbon atoms to which they were bonded. All
non-hydrogen atoms other than crystalline solvents were
anisotropically refined, while the crystalline solvents were
refined isotropically. All calculations were performed using the
teXsan or Crystal Structure 3.10 crystallographic software
package.

Results and Discussion

Synthesis of Oxo Complexes of Molybdenum
and Tungsten Having Biphenolate Ligands. To
date, syntheses and ROMP catalyses of molybdenum
and tungsten phenolate (and alkoxide) type complexes
have already been studied in detail.15 To our knowledge,
WCl6, WOCl4, MoOCl4, and W()NAr)Cl4 seem to be the
typical starting materials. These can be easily trans-
formed into phenolate and alkoxide complexes. In
general, tungsten-based complexes were more widely
reported than molybdenum-based complexes. Typical
examples for W-based complexes are as follows:
W(OAr)3Cl3,15a W(OAr)4Cl2,15a,b W(OAr)6,15c WO(OAr)2-
Cl2,15d WO(OAr)4,15d WO(OR)4,15e W()NAr′)(OAr)2Cl2,15f

W()NAr′)(OAr)4,15f and W()NAr′)(OR)4.15g Lithium or
sodium phenolates and phenols themselves have been
mostly employed for the ligand exchange reaction to
synthesize above-stated W complexes. On the other
hand, the use of aryltrimethylsilyl ethers (Me3Si-O-
Ar) is convenient to prepare mono- and bis(phenolate)
complexes.15h It is also reported that tungsten(VI) tris-
(1,2-ethanediolate) and molybdenum(VI) bis(acetylac-
etonate) dioxide are versatile precursors to synthesize
phenolate or binaphtholate complexes.15i-k In this case
the phenols themselves were used for the alkoxide
displacement reaction.

In this study, MoOCl4 and WOCl4 were selected as
starting materials, and lithium salts were employed as
ligand exchange reagents for the purpose of producing
M()O)(O-Ar)4 (M ) Mo or W; (O-Ar)4 is two biphen-
olate or four phenolate ligands). MoOCl4 and WOCl4
were treated with 2-fold of bidentate dilithium biphen-
olates or 4-fold of monodentate lithium phenolates in
diethyl ether at low temperature, and the crude prod-
ucts of M()O)(O-Ar)4, which were pure enough for use,
were obtained in moderate yields (Scheme 4). These
products could be recrystallized from suitable solvents
such as toluene/n-hexane to yield highly pure products.
Then the following complexes were prepared: MoO((R)-
(+)-biphenolate)2 (1), MoO(rac-biphenolate)2 (2), WO-
(rac-biphenolate)2 (3), MoO(3,3′,5,5′-Me4-biphenolate)2
(4), MoO[2,2′-methylenebis(6-tert-butyl-4-methylpheno-

late)]2 (5), MoO((S)-(-)-taddolate)2 (6), MoO((R)-(+)-
binaphtholate)2 (7), MoO(2,6-Me2-phenolate)4 (8), and
WO(2,6-Me2-phenolate)4 (9) (Scheme 5). 1H NMR, el-
emental analysis, EI-MS, and melting point measure-
ment identified these complexes. The 1H NMR spectra
of the complexes 1 and 2 were completely identical,
indicating that the complex 2 consisted of racemic
diastereomers, MoO((R)-(+)-biphenolate)2 (1) and MoO-
((S)-(-)-biphenolate)2, and did not contain a meso
isomer, MoO((R)-(+)-biphenolate) ((S)-(-)-biphenolate).

Single-crystal X-ray diffraction studies on MoO((R)-
(+)-biphenolate)2 (1) and MoO(2,6-Me2-phenolate)4 (8)
were carried out, and their molecular structures are
shown in Figures 1 and 2, respectively. Selected bond
lengths and angles are also shown in Table 2. Complex
1, which appears to have a crystallographic C2 axis
through Mo and O1, has distorted square-pyramidal
geometry with the terminal oxo ligand in the apical
position. The C(1)-C(2)-C(14)-C(13) torsion angle of
the (R)-(+)-biphenolate group of 1 (69.4(7)°) is signifi-
cantly narrower than that of Schrock-Hoveyda catalyst
(102°).7i The bond length between Mo and terminal oxo
group (O1) is 1.672(4) Å. The geometry of 1 is somewhat

Scheme 4. Synthesis of Mo (and W) Aryloxo
Complexes

Figure 1. ORTEP representation of MoO((R)-(+)-bipheno-
late)2 (1).

Scheme 5. Mo (and W) Aryloxo Complexes
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deviated from square-pyramidal to trigonal-bipyrami-
dal: the O1-Mo-O3 bond angle (97.3(2)°) is narrower
than O1-Mo-O2 (110.7(2)°), whereas the bond distance
of Mo-O3 (1.937(4) Å) is relatively longer (ca. 0.06 Å)
than the Mo-O2 distance (1.881(4) Å). Complex 8 is
revealed to have a square-pyramidal structure with a
crystallographic C4 axis through Mo and O2. Its coor-
dination geometry is simple and quite similar to that
of the corresponding tungsten complex WO(2,6-Me2-
phenolate)4 (9).15d The ModO length (Mo-O2) of 8 is
1.681(4) Å and close to that of complex 1. The Mo-O1
distance (1.881(2) Å) is also almost equal to Mo-O2 of
1, which implies that the Mo-O3 bond distance of 1 is
elongated, owing to the steric hindrance of the large ring
substituents in the biphenolate groups. The bond angle
of O1-Mo-O2 (104.75(7)°) is a medium value compared
with O1-Mo-O3 and O1-Mo-O2 of complex 1.

Considering the results of X-ray diffraction studies
for 1 and 8, it can be speculated that all the complexes
1-9 should have similar C2 (or C4 for 9) symmetric
square-pyramidal structures with the terminal oxo
ligand in the apical position.

DCPD Polymerization and Subsequent Hydro-
genation of the Resulting Poly(DCPD). Table 3
summarizes the results of DCPD polymerization using
several Mo and W catalysts and the subsequent hydro-
genation of the obtained poly(DCPD)s. Catalyts 1-8
were effective for the DCPD polymerization, giving
polymers with molecular weights ranging from 3000 to
70 000. However, polymerization with 9 caused slight

gelation probably owing to its high molecular weight.
As reported previously, our 1H NMR study suggested
that all the present poly(DCPD)s were linear and non-
cross-linked polymers through selective ROMP of
strained norbornene ring.8d Further, we have investi-
gated the polymerization of 5,6-dihydro-DCPD by cata-
lysts 1-9, but no vinyl addition-type oligomer was
obtained. This result also supports the complete linear-
ity of the present poly(DCPD)s.8d

It is interesting that the cis content of the poly-
(DCPD)s depends on the phenolate ligands in the
complexes. Actually, the poly(DCPD)s obtained from 5
and 8 exhibited no cis regularity (cis/trans ∼ 50/50),
while the introduction of binaphtholate group (7) or
taddolate group (6) onto MoO(OAr)4 enhanced the cis
contents up to 80%. Especially, the use of 1-4, which
possess substituted biphenolate groups, gave rise to the
cis contents of the polymers up to 90%. The low
solubility of these poly(DCPD)s in ordinary solvents at
room temperature indicated that these polymers were
highly stereoregular. In the ROMP by classic catalyst,
main catalyst’s ligands, cocatalyst, additives, solvent,
polymerization temperature, and even monomer/cata-
lyst ratio often influenced the cis/trans ratio.3,8 In Table
3, only the main catalyst’s ligands were varied, and
other parameters were fixed to determine the effect of
ligand of cis regularity. It appears very difficult to
correlate the cis/trans ratio with the bulkiness/structure
of the ligand in the present polymerization system.
However, one can say that sterically large ligand tends
to lead the polymerization to high cis selectivity.

To know how the structures of the phenolate ligands
affected the stereochemistry (i.e., tacticity of the polymer
obtained) of the polymerization by 13C NMR, hydroge-
nation of the poly(DCPD)s was then conducted. The
hydrogenated poly(DCPD)s (H-poly(DCPD)s) produced
by 4-8 were soluble, while those produced by catalysts
1-3 were entirely insoluble in ordinary solvents at room
temperature and slightly soluble in o-dichlorobenzene
at high temperature. Therefore, the tacticities of the
H-poly(DCPD)s were determined by 13C NMR at high
temperature (150 °C), and the recorded NMR charts are
illustrated in Figure 3.16 There was no significant
stereoselectivity in the polymerizations using 7 and 8
as main catalysts. In contrast, isotactic bias (m ) 60-
70%) was observed in 13C NMR spectra of the H-poly-
(DCPD)s prepared by 4, 5, and 6. It is noteworthy that
the H-poly(DCPD)s formed with bulky biphenolate
complexes (1-3) were highly isotactic (meso > 95%).

According to the stated above, it can be concluded that
Mo and W biphenolate catalysts (1-3) induced the
stereospecific ROMP (m/r ∼ 95/5) of endo-dicyclopenta-
diene.9 Before the present investigation, we speculated
that binary catalysts would produce atactic poly(DCPD)
because the cocatalyst may alkylate a Mo complex at
random to produce many kinds of propagating species
that may be deprived of ligands. Contrary to our
expectation, MoO(rac-biphenolate)2-n-BuLi induced the
stereospecific polymerization successfully. It is interest-
ing that the ligand exchange between Mo and n-BuLi
appears to proceed smoothly and mildly. We believe it
is significant discovery that binary catalysts can control
the stereochemistry of the metathesis reaction. The
present finding may enlarge the application of binary
catalysts to many kinds of precise olefin metathesis
reactions.

Figure 2. ORTEP drawing of MoO(O-Me2Ph)4 (8).

Table 2. Selected Bond Distances (Å), Bond Angles (deg),
and Torsion Angles (deg) for

MoO((R)-(+)-biphenolate)2‚C7H8‚C6H14 (1) and
MoO(O-Me2Ph)4 (8)

MoO((R)-(+)-biphenolate)2‚C7H8‚C6H14 (1)
Mo-O(1) 1.672(4) Mo-O(2) 1.881(4)
Mo-O(3) 1.937(4) Mo-O(4) 1.895(3)
Mo-O(5) 1.928(4)
O(1)-Mo-O(2) 110.7(2) O(1)-Mo-O(3) 97.3(2)
O(1)-Mo-O(4) 110.7(2) O(1)-Mo-O(5) 96.7(2)
O(2)-Mo-O(4) 138.6(2) O(3)-Mo-O(5) 165.9(2)
Mo-O(2)-C(1) 126.7(3) Mo-O(3)-C(13) 119.2(3)
Mo-O(4)-C(25) 126.2(3) Mo-O(5)-C(37) 122.6(3)
C(1)-C(2)-C(14)-

C(13)
69.4(7) C(25)-C(26)-C(38)-

C(37)
67.4(7)

MoO(O-Me2Ph)4 (8)
Mo-O(1) 1.881(2) Mo-O(2) 1.681(4)
O(1)-Mo-O(2) 104.75(7) Mo-O(1)-C(1) 146.7(2)
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The isotacticity in poly(DCPD) by 1-3 is supposed to
arise from the enantiomorphic site control.7 That is, the
bulkier “biphen” ligand, which is designed by Schrock
and Hoveyda for their catalyst,7j remains on the present
propagating species and controls the coordination of
DCPD effectively. Catalyst 4, which has less bulky

3,3′,5,5′-Me4-biphenolate ligands, is expected to regulate
the polymerization in the same fashion. However, its
isospecificity was rather low (m/r ) 71/29) and did not
meet our expectation. It is plausible that Me groups in
3 and 3′ positions are not bulky enough to influence the
coordination of DCPD. On the contrary, nonsubstituted
binaphtholate 7 has no ability to control the tacticity
(m/r ) 50/50). In the case of catalysts 1-4 and 7, which
possess biphenolate as ligand, the isospecificity of the
polymerization appears to increase with increasing the
size of the substituents in the ortho position of biphen-
olate. Taddolate complex 6 exhibited low stereoselec-
tivety as compared to “biphen” complexes 1-3. Such a
tendency regarding the stereospecificity of polymeriza-
tion with the present system is similar to those with
Schrock catalyst’s systems.7b As 1H NMR spectra of 5
suggested that it has the C2v symmetric structure, we
have supposed that 5 would produce atactic poly-
(DCPD). In contradiction to our expectation, catalyst 5
promoted the iso-biased polymerization (m/r ) 67/33).
At this stage we have no information about the propa-
gating species structure of 5, however speculating
perhaps the t-Bu groups on the bisphenolate may have
steric hindrance effect on the coordination of DCPD.
Catalyst 8 polymerized DCPD to yield an atactic poly-
mer suggests that the polymerization process is not

Table 3. Polymerization of DCPD by Various Catalysts and Sequential Hydrogenation of the Obtained Polymersa

a Polymerized in cyclohexane at 80 °C for 2 h; [DCPD]0 ) 1.3 M, [1-octene] ) 26 mM, [Mo or W complex] ) 1.3 mM, [Mo or W complex]:
[n-BuLi] ) 1:2, all the polymer yields are 100%. b Before hydrogenation. c The extent of hydrogenation was >99%. Olefinic signals were
no longer present in the 1H NMR spectra of all the H-poly(DCPD)s. Hydrogenated in cyclohexane at 160 °C for 8 h; [Ru(Cy3P)2Cl2()CHOEt)]/
[DCPD unit] ) 1/1000 in mole ratio, [poly(DCPD)] ) 5 wt %, H2 ) 1.0 MPa. d Hydrogenated in cyclohexane at 160 °C for 8 h; [Ni(OAc)2]/
[DCPD unit] ) 1/100 in mole ratio, [Ni(OAc)2]:[i-Bu3Al] ) 1:4, [poly(DCPD)] ) 5 wt %, H2 ) 1.0 MPa.

Figure 3. 13C NMR spectra of methine carbon in the main
chain of H-poly(DCPD) shown in Table 3.
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regulated by chain end or enantiomorphic metal site
control.

Properties of the Poly(DCPD)s and the Hydro-
genated Poly(DCPD)s. The poly(DCPD)s were char-
acterized by DSC. As shown in Table 3, the poly(DCPD)s
obtained with 4-9 exhibited glass transition point at
130-160 °C, while 1-3 provided insoluble poly(DCPD)s
with melting point at 260 °C. The thermal properties
of the H-poly(DCPD)s were also investigated, and the
DSC charts of the polymers obtained with 2 and 8 are
shown in Figure 4. The atactic H-poly(DCPD)s from 5-8
exhibited glass transition point at 100-105 °C (e.g.,
Figure 4a for 8), as observed for the polymers formed
with classic ROMP catalysts such as WCl6-based
systems.8e,f,9 This suggests that these polymers are
amorphous. In sharp contrast, the highly isotactic
H-poly(DCPD)s, which were yielded by the bulkier
biphenolate complexes 1-3, displayed a large endo-
thermic peak at an elevated temperature and no glass
transition (Figure 4b for 2). Furthermore, the crystal-
linities of these nonannealed isotactic H-poly(DCPD)s
were estimated to be about 57% by XRD.18 These results
clearly indicate that these isotactic H-poly(DCPD)s are
highly crystalline polymers. Methyl-substituted biphen-
olate 4 yielded crystalline polymer whose isotacticity
was only 70%, while the slightly less isotactic-biased
H-poly(DCPD)s (m ) 60-70% produced by 5 and 6)
showed amorphousness. The relationship between
stereoregularity and higher-order structure (amorphous
or crystalline) in the H-poly(DCPD)s is not yet clearly
understood. The information about the triad structure
might hold the key, and our investigation is now in
progress to determine the relationship.

In conclusion, the bulkier biphenolate complexes 1-3
proved to be effective for the production of higher

crystalline hydrogenated poly(DCPD). It is interesting
that the thermal property of H-poly(DCPD) obtained
with MoO(rac-biphenolate)2 (2) was essentially the same
with that obtained with MoO((R)-(+)-biphenolate)2 (1).
This stimulated further investigation of catalyst 2 with
the NBE polymerization.

Development of Highly Crystalline Hydroge-
nated Poly(NBE). We have studied the polymerization
of NBE with the motivation to know how MoO(rac-
biphenolate)2 (2) influences the stereoselectivity of NBE
polymerization. We have also employed MoO(O-Me2Ph)4
(8) to make a comparison with MoO(rac-biphenolate)2
(2). NBE polymerization was carried out under the
following conditions: in cyclohexane at 80 °C for 2 h;
[NBE]0 ) 1.8 M, [1-octene] ) 36 mM, [Mo complex] )
1.8 mM, [Mo complex]:[n-BuLi] ) 1:2. Hydrogenation
of poly(NBE)s was conducted in the following condi-
tions: in cyclohexane at 160 °C for 8 h; [Ru(Cy3P)2Cl2-
()CHOEt)]/[NBE unit] ) 1/1000 in mole ratio, [poly-
(NBE)] ) 5 wt %, H2 ) 1.0 MPa.

In the presence of MoO(rac-biphenolate)2-n-BuLi,
polymerization of NBE proceeded rapidly and ended up
with the formation of soluble poly(NBE) (polymer yield
) 100%, Mn ) 26 000, Mw/Mn ) 3.9, cis content >
99.5%). The subsequent hydrogenation of the poly(NBE)
provided an insoluble hydrogenated poly(NBE) (H-poly-
(NBE)), of which extent of hydrogenation is ∼100%. It
was difficult to evaluate the m/r ratio of H-poly(NBE),
since the polymer was almost insoluble to CDCl3 at 60
°C. However, the low solubility of H-poly(NBE)/2 may
indicate its tactic structure. MoO(O-Me2Ph)4 (8) also
provided soluble poly(NBE) quantitatively (polymer
yield ∼100%, Mn ) 83 300, Mw/Mn ) 2.2, cis/trans )
30/70). The successive hydrogenation was carried out
to produce a soluble H-poly(NBE), of which hydrogena-
tion ratio is ∼100%. The tacticity of the H-poly(NBE)/8
was determined to be about m/r ) 45/55, owing to the
polymer’s high solubility to CDCl3.19

The thermal property of these H-poly(NBE)s was
characterized by DSC. An atactic H-poly(NBE) provided
by 8 showed an endothermic peak at low temperature
(Tm ) 136 °C, ∆H ) 46 J/g) (Figure 5a). This indicates
that the H-poly(NBE) is essentially crystalline polymer
even though its backbone is atactic. The H-poly(NBE)
obtained from 2 had a higher melting point with a larger
melting enthalpy (Tm ∼ 172 °C, ∆H ) 60 J/g) (Figure
5b). The XRD pattern of H-poly(NBE)/2 showed many
crystalline reflections, supporting its high crystallinity.19

These results indicate that the present “tactic” H-poly-
(NBE)/2 was a highly crystalline polymer. We believe a
novel method was developed to produce highly crystal-
line H-poly(NBE) using the MoO(rac-biphenolate)2-n-
BuLi catalyst system. It is also interesting that there
are two endothermic peaks in DSC (i.e., the first peak
at 150 °C and the second one at 172 °C) in the tactic
H-poly(NBE). This fact suggests that tactic H-poly(NBE)
may form more than one kind of different crystal
structure.20

Effects of Reaction Conditions. Effects of reaction
conditions on the polymerization of DCPD by catalyst
type 2 were investigated in more detail. The polymer-
ization was carried out under the following conditions
unless otherwise noted: in cyclohexane at 80 °C for 2
h; [DCPD]0 ) 1.3 M, [1-octene] ) 26 mM, [Mo or W
complex] ) 1.3 mM.

The effect of the cocatalysts was examined in the
polymerization of DCPD by MoO(rac-biphenolate)2-

Figure 4. DSC thermograms of H-poly(DCPD)s obtained by
8-based (a) and 2-based (b) catalysts in Table 3 (determined
on the first heating scan under N2 for 10 °C /min).
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cocatalyst (1:x) (Table 4). MoO(rac-biphenolate)2 (2) does
not have polymerization activity in the absence of a
cocatalyst. When n-BuLi was added to MoO(rac-biphen-
olate)2, polymerization was induced, resulting in in-
soluble poly(DCPD)s with high crystallinity. On the
other hand, when n-BuLi was employed in 3-fold excess,
no polymer was obtained. Et3Al was also useful as a
cocatalyst of MoO(rac-biphenolate)2, whereas its activity
was considerably lower in comparison with that of
n-BuLi. No poly(DCPD) was obtained by using MoO-
(rac-biphenolate)2-n-Bu4Sn (1:1). The transalkylation
between MoO(rac-biphenolate)2 and n-Bu4Sn (i.e., cata-
lyst activation) probably did not occur due to the low
basicity of n-Bu4Sn. The polymerization in the presence
of MoO(rac-biphenolate)2-EtMgI ended in the gelation
to yield an amorphous polymer. The n-BuLi and Et3Al
turned out to be effective cocatalysts to promote stereo-
specific ROMP, and 2-fold of n-BuLi seems to be more

favored. Unfortunately, no information about the propa-
gating species has been obtained in the present M(d
O)(O-Ar)x-n-BuLi binary ROMP system. However, the
initiation mechanism and the structure of the initiating
species can be speculated as follows: Reaction of MoO-
(rac-biphenolate)2 (2) with 2-fold n-BuLi generated a
dialkyl species (n-C4H9)2Mo(dO)(rac-biphenolate). Then
the n-butyl group on the Mo becomes an n-butylidene
by R-H elimination, based on the information obtained
from the literature.17 Taking into account the report
about the stereospecific polymerizations by the Schrock-
Hoveyda catalyst,7a-e,9 it is plausible that the above-
stated molybdenum n-butylidene [n-C3H7CHdMo(d
O)(rac-biphenolate)] induces the present stereospecific
polymerization.

The effects of reaction time and temperature were
examined. A time profile of the polymerization of DCPD
was studied by using MoO(rac-biphenolate)2-n-BuLi (1:
2) at 80 °C. The time-polymer yield curve is depicted
in Figure 6. In the early stage of the reaction, one can
see that the polymerization is rather slow. This indi-
cates that the initiation reaction is much slower than
the propagation reaction. Polymerization proceeded at
moderate rate and finished within 50 min at the 80 °C
reaction temperature. The polymerization temperature
was changed to determine the effect of the reaction rate.
At 0 °C, polymerization became very slow; the polymer
yield was 2% after 2 h reaction. The results of the
polymerization at other temperatures were as follows:
at 20 °C, polymer yield 22% for 2 h and 77% for 24 h; at
50 °C, polymer yield 90% for 2 h. From the stated above,
polymerization with Mo or W complexes-n-BuLi (1:2)
was conducted at 80 °C for 2 h in the following
investigation on the effect of the monomer/catalyst ratio.

The catalyst activity was investigated in the polym-
erization of DCPD. When DCPD in 1000-fold excess was
employed for the polymerization, catalyst systems 1-9
consumed monomer completely within 2 h at 80 °C.
When 2500 equiv of DCPD was used, the polymeriza-
tions were saturated at 30-80% in the case of catalyst

Table 4. Effects of Cocatalysts for the Polymerization of DCPDby MoO(rac-biphenolate)2-Cocatalyst Systemsa

Tm and ∆H

cocatalysts [Mo]:[cocat] polymer yield Mn
b Mw/Mn

b poly(DCPD)s hydrogenated poly(DCPD)sc

none 1:0 no polymer
n-BuLi 1:1 83% 5700 2.0 270 °C, 19 J/g 294 °C, 39 J/g
n-BuLi 1:2 100% 4400 2.1 264 °C, 21 J/g 293 °C, 38 J/g
n-BuLi 1:3 no polymer
Et3Al 1:1 50% 10500 2.7 267 °C, 8 J/g 286 °C, 39 J/g
n-Bu4Sn 1:1 no polymer
MeMgI 1:2 gelation
a Polymerized in cyclohexane at 80 °C for 2 h; [DCPD]0 ) 1.3 M, [1-octene] ) 26 mM, [Mo or W complex] ) 1.3 mM. b Before

hydrogenation. c Hydrogenated in cyclohexane at 160 °C for 8 h; [Ni(OAc)2]/[DCPD unit] ) 1/100 in mole ratio, [Ni(OAc)2]:[i-Bu3Al] ) 1:4,
[poly(DCPD)] ) 5 wt %, H2 ) 1.0 MPa.

Figure 5. DSC thermograms of H-poly(NBE) produced by 8
(a) and 2 (b) (polymerized in cyclohexane at 80 °C for 2 h;
[NBE]0 ) 1.8 M, [1-octene] ) 36 mM, [Mo complex] ) 1.8 mM,
hydrogenated in cyclohexane at 160 °C for 8 h; [Ru(Cy3P)2Cl2-
(dCHOEt)]/[NBE unit] ) 1/1000 in mole ratio, [poly(NBE)] )
5 wt %, H2 ) 1.0 MPa; determined on the second heating scan
under N2 for 10 °C /min).

Figure 6. Time profile of the polymerization of DCPD with
MoO(rac-biphenolate)2-n-BuLi (1:2) (polymerized in cyclohex-
ane at 80 °C; [DCPD]0 ) 1.3 M, [1-octene] ) 26 mM, [MoO-
(rac-biphenolate)2] ) 1.3 mM).
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systems 4-9, whereas the polymer yields reached 90%
and 100% with the bulkier biphenolate complexes 2 and
3, respectively. Particularly, the tungsten catalyst 3 can
be characteristic in extremely high activity: the polymer
yield was 100% when the monomer/catalyst ratio was
the 10 000/1, and the polymer yield was 95% even when
the monomer/catalyst was 20 000/1 (polymerized in
cyclohexane at 80 °C for 2 h). It can be emphasized that
the catalyst activity of 3 is higher than the Schrock-
Hoveyda catalyst. As reported, the Schrock-Hoveyda
catalyst polymerized 5000-fold of DCPD quantitatively.9
The polymerization was investigated to gain information
about the Schrock-Hoveyda activity. There was no
polymer produced with a DCPD/catalyst ratio 10 000/1
(polymerized in cyclohexane at 50 °C for 3 h; [DCPD]0
) 1.3 M, [1-hexene] ) 13 mM, [Schrock-Hoveyda
catalyst] ) 0.13 mM).

The possibility of a one-pot catalyst preparation was
investigated. In other words, this investigation can be
assumed as a study of novel ternary and quarternary
catalysts such as MoOCl4-rac-biphenolate-n-BuLi
(1:2:2) and rac-biphenol-n-BuLi-MoOCl4-n-BuLi
(2:4:1:2), respectively.

The preparation of the novel quarternary catalyst is
described in Scheme 6 as follows: 2 equiv of the rac-
biphenol and 4 equiv of n-BuLi were mixed in toluene
at -78 °C and aged at room temperature for 30 min to
form Li2(rac-biphenolate). The toluene solution was
added to the toluene slurry of MoOCl4 at -78 °C. This
mixture was allowed to age at an ambient temperature
for 30 min to yield MoO(rac-biphenolate)2 (2) and 4-fold
of LiCl. A dark-blue mixture was formed, and 2 equiv
of n-BuLi at -78 °C was added. The reaction mixture
was aged at room temperature for an additional 15 min
and became reddish-orange solution. The color of this
solution is very similar to that of the above-stated
normal MoO(rac-biphenolate)2-n-BuLi (1:2) catalyst
solution prepared from the isolated 2. In the presence
of this catalyst solution, polymerization of DCPD pro-
ceeded smoothly and resulted in the formation of
insoluble crystalline poly(DCPD). Its hydrogenated
product also showed high melting point (Tm ) 288 °C,
∆H ) 40 J/g).

Catalyst preparation of the ternary catalyst, MoOCl4-
rac-biphenolate-n-BuLi (1:2:2), was essentially in the
same manner as described for the quarternary cata-
lyst: The toluene solution of rac-biphen-Li2 was added

to the toluene slurry of MoOCl4 at -78 °C. This mixture
was aged at ambient temperature for 30 min. A dark-
blue mixture was formed, and 2 equiv of n-BuLi at -78
°C was added. The reaction mixture was aged at room
temperature for an additional 15 min to eventually
become a reddish-orange solution. The present ternary
catalyst solution induced the stereospecific polymeri-
zation of DCPD successfully.

Therefore, great emphasis can be placed upon the fact
that a one-pot catalyst preparation is the effective
method to provide crystalline H-poly(DCPD). Namely,
we have developed the novel convenient methodology
to control the stereoselectivity of the ROMP by use of
the novel ternary catalyst [MoOCl4-rac-biphenolate-
n-BuLi (1:2:2)] and the novel quarternary catalyst [rac-
biphenol-n-BuLi-MoOCl4-n-BuLi (2:4:1:2)]. We be-
lieve this novel convenient methodology may expand the
utility of stereospecific ROMP and related metathesis
reaction.

Summary

The present study is summarized as follows: Various
novel Mo and W complexes of the formula M()O)(O-
Ar)4 (M ) Mo or W; (O-Ar)4 is two biphenolate or four
phenolate ligands) were synthesized. Mo and W cata-
lysts bearing bulkier biphenolate ligands (1-3) pro-
moted cis and isospecific ROMP of DCPD (cis ∼ 90%
and meso > 90%). The H-poly(DCPD)s, whose meso-diad
contents are up to 90%, exhibited melting points at high
temperatures (Tm ) 292 °C, ∆H ) 45 J/g). The H-poly-
(NBE) yielded by catalyst 2 was also a highly crystalline
polymer featuring a high melting point (Tm ) 175 °C,
∆H ) 60 J/g). We have developed a novel class of
crystalline polymer plastics with unique technical prop-
erties for future engineering applications.
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