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Abstract

The ring-opening polymerization of norbornene was investigated in refluxing benzene solution wiG@W(L)(L")]
(M = Mo, W; L =L’ = NCCHjs, PPh, AsPh; L = NCMe, L' = PPh;, AsPh) as catalysts. Turnover numbers (TNs) after
20 min ranged from 40 to 380 with the highest value recorded for(@O)(NCMe),]. Under similar conditions Grubbs’
catalyst, [RuCGI(PCys)2(CHPh)], was at least 1000-fold more active. A first order relationship was obtained between the
initial polymerization rate and [W(CO)3(NCMe),] concentration. The catalytic activity of [WICO);(NCMe),] showed
exponential decay with » = 600s.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction of a possible intermediate, [WICO)(nbd)] [7].

Herein, we report a comparative study of the catalytic
Bencze and Kraut-Vass in 1985 showed that the polymerization of norbornene by seven coordinate

seven co-ordinate Group 6 Mo(ll) and W(Il) com- Mo(ll) or W(ll) diiodotricarbonyl complexes.

plexes [MX(CO)L2] (X = Cl, Br; L = AsPhs, PPh)

were able to initiate ring-opening metathesis polymer-

ization (ROMP) reactions of norbornene and norbor- 2. Experimental

nadiene[l]. Grubbs and co-worker2] and Grubbs

et al.[3], and many subsequent research grddgs] 2.1. General

have since developed and refined alkylideneruthe-

nium(ll) complexes as highly active and robust poly- The Mo(ll) and W(Il) complexes used as cata-

merization catalysts. Recently, Baker and co-workers lysts ([MI2(CO)3(PPh)2] [8], [MI2(CO)(AsPhy),]

reported some preliminary studies on polymerization [8], [MI2(CO3(NCMe)] [9,10], [MI2(CO)(NCMe)

of norbornadiene, styrene, and phenylacetyléie (PPh)] [11], and [ML(CO)(NCMe)(AsPh)] [11]

using [Wh(CO)(NCMe)] and related organophos- (M = Mo, W)) were prepared by literature methods,

phine derivatives, and have investigated the reactionsand their purities were checked by satisfactory el-
emental analyses and spectroscogid NMR and

* Corresponding author. Tel#44-1248-351151, IR) examlnathn. [RuQi(PCyg,)z(CHPh)]_ was avail-
fax: 44-1248-370528. able commercially and used as supplied. Thgi§
E-mail address: m.beckett@bangor.ac.uk (M.A. Beckett). solvent was dried by refluxing over CaHand was
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distilled immediately before use. All reactions were 5 ]
performed under a dry nitrogen atmosphere using '
standard Schlenk line apparatus and procedures.

N

2.2. Polymerization reactions of norbornene

(o8]

(a) Comparison of catalysts: Norbornene (0.61 g/
6.5mmol) was dissolved in dry degassed benzene
(25 cn?) to give a 0.26 M solution. This solution was
then brought to reflux (353 K) and to this was added
an appropriate amount of metal complex2® x
10-%mol, e.g. 3.8mg for [WH(CO)z(NCMe)]) to 0 ' ; ' ' ;
form a 25 x 10~*M solution. The solution was al- 0 1 2 3 4 3
lowed to react for 20 min and cold MeOH (100&m Catalyst Concentration X 10 (M)
was added to quench the reaction. The solid poly- o
mer was filtered from the solution and then dried F'9- 1 Plot oninitial rate of the [WACO)(NCMe)] catalysed
. . . . . polymerization of norbornene ingElg solution at 353K against
in vacuo before being weighed, results are given in catalyst concentration.

Table 1 The molar ratio of norbornene to catalyst
was maintained at 1000:1.

(b) Yield against [WI2(CO)3(NCMe)2] concen- of 1.2x 1074, 25 x 10~* and 50 x 10~* M solutions.
tration data for the norbornene polymerization After 20min had elapsed the reaction mixture was
reaction: Norbornene (0.619/6.5mmol) was dis- quenched with cold MeOH. The solid polymer was
solved in dry degassed benzene (25t form a filtered from the solutions and then dried in vacuo be-
0.24 x 10~*M solution. This was then brought to  fore being weighed, the results are plotted as shown
reflux (353 K) and an appropriate amount of the com- iy Fig. 1
plex [WI2(CO)s(NCMe),] was added to give a series  (c) Yield against time data for [W12(CO)3(NCMe),]
catalysed norbornene polymerization reaction: Nor-
bornene (11.8 g/125 mmol) was dissolved in dry de-

\]

oy

Initial Rate X 10°° (Msec™)

Table 1 .

Yield and turnover number for Mo(ll) and W(Il) initiated poly- ga_ssed benzene (500%)"0 form a 0.26 M solution.

merization of norbornene Th'S was then brought tO reﬂUX (353 K) and the com-

Entry Complex Yield TND plex [WI>(CO)(NCMe)] (0.08 g/0.125 mmol) was
added to give a3 x 10-*M solution. After a given

; mg:zgggigzsggﬂ 1‘; ((17?)2’1?:0311 1%% time period had elapsed a sample (2Ggmas re-

3 [Mol2(CO)s(NCMe)] 21 (20_22)1 012 210 moved and quenched with cold MeOH. The amount

4 [Mol2(COR(NCMe)(PPR)] 15 (13_17); 009 150 of polymer in each aliquot was measured and data are

5 [Mol2(COR(NCMe)(AsPh)] 19 (18-20); 0.11 190 recorded as shown iRig. 2

6 [WI2(CO)(PPh)2] 9 (6-12); 0.05 90

7 [WI5(COX(AsPhs)2] 23 (19-27); 0.14 230

8 [WI2(CO)R(NCMe)] 25 (12-38); 0.15 250 ) ]

9  [WI(COX(NCMe)(PPh)] 20 (17-23); 0.12 200 3. Resultsand discussion

10 [WI>(CO)(NCMe)(AsPh)] 30 (22-35); 0.18 300

11 [RUCK(PCys)2(CHPh)] 100; 0.61 1000

The ring-opening polymerization of norbornene
2Obtained after 20 min reaction (353 K) followed by quenching was investigated in refluxing benzene solution under
the reaction with MeOH and weighing the mass of dried polymer. an inert N atmosphere with various seven co-ordinate
Yields (%) quoted are average with ranges obtained in parentheses; Mo(ll) and W(Il) complexes as catalyst§3C NMR
followed by average polymer mass (g). t cD fth b | ) h d
b Moles of polymer/moles of catalyst based upon average yield Spectra ( &) 0 € norbornene polymers, showe
after 20 min. four series of signals centered &t+32, +38, +42

¢ Reaction complete irc1s. and 4133 ppm consistent with the expected product,
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Fig. 2. Plot illustrating the time course of the reaction for the {{€I0):(NCMe),] catalysed polymerization of norbornene insHs
solution at 353 K. A maximal yield of 23% was obtained afte#0min. The line as drawn is calculated fram, = 600s.

poly(cyclopentylene vinylene). Spectra were visually analogues. Bencze and Kraut-Vass also found that the
similar to those described by Bencze and Kraut-Vass dibromo complexes were less active than analogous
[1] indicating a slight excess of theis configura- dichloro complexes, and this would lead us to expect
tion of the double bond. Average polymer molecular that the diiodo complexes should be comparatively
weights were not determined. We kept reaction con- poor catalysts. However, we have found that the di-
ditions identical to those reported by Bencze and iodo complexes were considerably more active than
Kraut-Vass[1] in order to enable suitable compar- the other halide derivatives; compare entry 1 with
isons to be made: Temperatue353 K, [complex] [WX2(CO)R(PPH)2] (X = Cl, 0.5%, 20 min; X= Br,

= 0.25mM, [norbornenel= 0.26 M. The yields of 0%, 20 min), and entry 6 with [WG(CO)s(PPh)]
polymer produced after 20 min, and turnover numbers (4%, 23 min). The rate determining step in the re-
(TNs) are given inTable 1 The reactions were gener- action has been showi?2] to be dissociation of L
ally repeated 3—6 times and ranges of yields (averagefollowed by alkene co-ordination to the metal centre.
in parentheses) were obtained for each complex. The Reaction mechanisms at metal centers are usually
variations in yields for each individual catalysts might accelerated by bulky spectator ligands; the increased
be explained by errors associated with weighing of rate for the diiodo species is consistent with this. It
the small quantities~5 mg) required and/or a possi- would also be expected that complexes with labile
ble sensitivity of the polymerization reaction to trace ligands would show greater activity. We found that
impurities in the sample since different ‘batches’ of complexes with acetonitrile ligands were consider-
the same analytically pure catalyst gave different re- ably more active than analogous complexes with
sults. Despite these inconsistencies in yield, a generalorganophosphine ligands and of comparable activity
picture does emerge with yields and TNs gener- to complexes with organoarsine ligands; compare en-
ally comparable with those obtained by Bencze and tries 1 (and 4) with 3; 6 (and 9) with 8; 8 with 7, and
Kraut-Vass for related catalysts, and we also note that 3 with 2. This enhanced activity of complexes with
the W(Il) complexes are more active than their Mo(ll) NCMe ligands may be attributable to the increased
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lability of the NCMe ligand over PPh[13]. The

Group 6 metal complex which produced the highest
recorded yield was [W(CO)(NCMe),] (entry 8) 151
although [Wh(CO)(NCMe)(AsPh)] (entry 10) gave
consistently high yields.

Yield and TN data for Grubbs’ catalyst, [Rucl
(PCy3)2(CHPhH)], is also included inTable 1 (en-
try 11). This enabled a realistic assessment of these
Group 6 metal complexes against this ‘benchmark’
catalyst. The Group 6 metal complexes gave yields
of ~20% ¢ = 20 min), which would indicate con-
version rates of ~0.15TNsl. By comparison,
[RuCl(PCy)2(CHPhH)], showed complete instan-
taneous conversion of norbornene to polymer with
a conversion rate of >1000TN%$, calculated for
t < 1s. Thus, the Group 6 metal complexes were 0 ‘ ' . '
less active catalysts by a least 3 (and probably 4 0 500 1000 1500 2000
or more) orders of magnitude. In order to further Time (sec)
understand this comparatively poor catalytic activ-
ity, one of the more active Group 6 metal catalysts, Fig- 3. First order lot of data as given ifig. 2 The best
[WI2(CO)s(NCMe),], was studied in more detail. j”ﬁ_)'gxhtu“;‘fs[‘f‘s a gradient of®x 107s™" and, hence, & of

The initial reaction rate for the [W(CO)(NCMe),] ' '
catalysed polymerization of norbornene was esti-
mated by quenching reactions 20 min after initiation been established as dependent on catalyst concentra-
of the reaction. A minimum monomer:catalyst ratio tion the plot clearly shows that the catalyst is being
of 500:1 was used during these studies, and data werepoisoned or deactivated in some manner. The data in
obtained in triplicate. These initial reaction rate data Fig. 2were fitted by a first order log ploE{g. 3) which
are plotted against catalyst concentration as shown gave a rate constant of deactivation df3x 10~3s1,
in Fig. L Bencze and Kraut-Vass had previously re- From this we calculated the half-life,(>) of the cat-
ported a first order dependence for this type of data alytic complex to be 600 s. The curve drawn as shown
in their catalytic systems. This straight line plot as in Fig. 2is the theoretical line based upon thig,
shown inFig. 1 confirmed this first order dependence value. We have not been able to identify the reason
on catalyst (metal complex) concentration and, hence, why our complexes become deactivated and we can
a rate equationW = kjcat] may be written, withk only assume it is due to their inherent thermal and
evaluated as-0.1s L. This rate constant is compara- moisture sensitivity. However, Bencze and Kraut-Vass
ble to that we calculate was observed by Bencze and reported that these type of catalysts with phosphorus
Kraut-Vass of 0.024s!t for [WCIo(CO)s(AsPty),] and arsenic donor ligands were highly tolerant to poi-
(W = 12 x 10%Ms™ 1 at 5x 10°3M catalyst  soning effects of water and oxygen. It may be the labile
concentration). acetonitrile ligands in our systems makes these com-

The dependence of reaction yield against time for plexes considerably more thermal- and air-sensitive.
the [WI>(CO)(NCMe),] catalysed polymerization of
norbornene was investigated next. A plot of reaction
yield against time is as shown ig. 2, where it is 4. Conclusion
clearly observed that the reaction effectively stops af-
ter ~30 min. The maximal yield 0f23% was within Seven-coordinate Mo(ll) and W(ll) complexes
the range observed for this complex in comparative are catalysts for the polymerization of norbornene
studies Table 1. Since the relationship between the and TNs of up to 380 were observed. However,
rate of polymerization and catalyst concentration has these catalyst systems deactivate with time;(=

S
1

=3
W
Il

Log {23% - %Yield at time, t)}
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600s for [Wh(CO)(NCMe)]). Grubbs' catalyst,
[RuCla(PCys)2(CHPhH)], was found to be at least 3
orders of magnitude more active than these Group
metal complexes.
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