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ABSTRACT: Polymerizations of phenylacetyler (ith [(nbd)RhCI} (nbd: 2,5-norbornadiene) in the presence

of alkali metal amides2—5) in toluene at 30C reached completion almost instantaneously. These polymerizations
are much faster than the polymerization catalyzed by the well-known conventional catalyst system, [(nbH)RhCI]
triethylamine (E$N) (polymer yield is 75% aftel h under the same conditions). The molecular weights of the
formed polymersZ, M, = 270 000;3, M, = 297 000;4, M, = 310 000;5, M, = 396 000; after 1 h) were clearly
higher than that with the [(nbd)RhGIE&;N system 1, = 118 000). KOtBu (6) also served as cocatalyst but it
was less effective than we@-5. In the polymerization ofl with [(nbd)RhCIL/4—6, toluene was the optimal
solvent in terms of polymer yield and molecular weight. The stoichiometric amount of cocatalyst to the Rh metal
was found to be the most suitable with respect to polymer yield, beyond which there was no discernible change
in the polymerization behavior. The increase in monomer-to-rhodium ratia/(IRH]) resulted in the increase of
molecular weight to provide very high molecular weight polymérsM,, = 721 000;5, M, = 766 000) in high

yields @, yield = 79%); 5, yield = 100%) at [M}P/[Rh] of 5000.

Introduction In the present study, we made a working hypothesis that the

Transition metal catalyzed polymerization of substituted reaction of [(an)RhCHW'th a]kah meFaI amldgs or alkoxides
will also result in the formation of highly active 14-electron

acetylenes has been a subject of substantial interest, owing ta_. . . . .
the unique physical and chemical characteristics of the materials!n't".gltlng species that would eventually lead to rapid polymer-
thus obtained. Research in this field is driven by the potential |zat|r?n. deals with th vtic eff f alkali
applications of substituted polyacetylenes as functional materials T Ie prf_edsent_pSaper d elilis .V(\j"t the cocatalytic ef r? ct % da al
in optoelectronics, gas separation materials, stimuli-responsivegﬁg a;rg rizzi(n c)a?anl sat ir?xtlh:@OIF ;Oenrjigggtcl)?]ng}lalltim[i(r? a?t-

materials, and other fieldsAccordingly, considerable research h d]2 | f hy hi > Poly | | r? b

endeavor is directed toward contriving novel catalyst systemst e development of highly active catalyst systems. It has been

for the polymerization of substituted acetylenes. This researchfOLmOI that the catalyst systems [(nbd)RB(}-5 display very

activity has eventuated in the development of various transition E!QE aCt'IV |ty,|e.g., t_h(;systlem ||\r;|vohn7@quantltatlvely affords
metal catalysts from group 4 to 10 applicable to a wide range Igh molecular weight po M) (M, = 766 000) even at a very
of monomerg—4 low catalyst concentration ([RhF 0.1 mM).

Rh catalysts efficiently polymerize monosubstituted acetyl-
enes such as phenylacetyleng) 8 propiolic esters;'° and
N-propargylamide$! Owing to their low oxophilicity, Rh
catalysts are capable of polymerizing monomers with polar H—=——ph (nbd)RACl, @:{L
substitutents and they also allow the polymerization to be carried 1 Cocatalysts 2-6 H  Ph
out in protic solvents such as alcoh&<Pamines’c and even
in watef? and ionic liquid§2to selectively produce stereoregular

Scheme 1. Polymerization of 1 with [(nbd)RhCI}/2—6
as Catalysts

Chart 1. Structures of Cocatalysts 2-6

polymers with cis-transoidal main chain structuf&&>7ayhile e e ¥%
the polymerization ofl with Rh catalysts such as [(nbd)Rh&I] N~ NaN__ KN~
and [(cod)RhCH (cod: 1,5-cyclooctadiene) is very sluggish and S < K
hardly proceeds with these catalysts alone in toluene, the 2 3 4

polymerization is appreciably accelerated either by the addition
of catalytic amounts of NaO¥and EtN’ or by carrying out )\

the polymerization in polar solvents such as alcoFdfs, LiN Ré%
aminegc etc. The basicity and steric bulkiness of amines in the 7/
[(nbd)RhClIp/amine binary catalyst system have a significant 5

influence on the rate of polymerization bfs well as molecular
weight of the polymet? A strong cocatalytic effect of organo-
metallics such a®-BuLi, MeLi, t-BuLi, EtozZn, and E$Al in
conjunction with [(nbd)RhC}in the polymerization ofl was Materials. Monomer1 was purchased (Aldrich) and distilled
also observed, and the initiating species is assumed to be &Ver CaH under reduced pressure before use. The catalyst [(nbd)-

highly active 14-electron Rhalkyl complex formed in sitd? RhCI], was synthesized according to the method described in the
’ literature'* Solvents used for polymerization were purified before

use by the standard procedures. TriethylamingNEtvVako),2 (1.6
* Corresponding author. E-mail: masuda@adv.polym.kyoto-u.ac.jp. = mol/L in THF solution; TCI),3 (0.60 mol/L in toluene solution;
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Table 1. Polymerization of 1 with [(nbd)RhCI]; and
Various Cocatalyst$
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Table 2. Polymerization of 1 with [(nbd)RhCI]2/4 in
Various Solvent$

polymep polymep
run cocatalyst yield (%) IMF Mw/Mp© run solvent yield (%) Mp€ Muw/Mp®
1 0 1 toluene 100 310 000 1.84
2 EtN 75 118 000 2.82 2 CHCk 100 282 000 1.94
3 2 100 270 000 1.93 3 CHCl, 92 165 000 1.97
4 3 100 297 000 1.89 4 CICH,CHCI 95 181 000 1.93
5 4d 100 310 000 1.84 5 THF 100 275 000 1.66
6 5 100 396 000 1.52
7 6 24 189 000 204 a30°C, 1 h; [l]o = 0.50 M, [Rh]= 2.0 mM, [4]/[Rh] = 1.0.? Methanol-

aIn toluene, 30°C, 1 h; [l]o = 0.50 M, [Rh]= 2.0 mM, [Cocat]/[Rh]
= 1.0.P Methanol-insoluble product.Determined by GPC (THF, PStin
these experiments, the polymerization time is 1 h; however, in the
preliminary experiments, it was found that the polymer was obtained in
guantitative yield with cocatalyst in 1 min polymerization.

Aldrich), 4 (0.50 mol/L in toluene solution; Aldrichk (2.0 mol/L

in a mixture of heptane, THF and ethylbenzene; Aldrich), &nd
(2.0 mol/L in THF solution; Aldrich) as cocatalysts were purchased
and employed without further purification.

Instruments. The number- and weight-average molecular weights
(M, and M,,, respectively) and polydispersity indiced/M,) of
polymers were measured by GPC at“4Dwith a Jasco PU-980/
RI-930 chromatograph: eluent THF, columns KF-805 (Shodex)
3, molecular weight limit up to 4 10, flow rate 1 mL/min, and
calibrated with polystyrene standarddd NMR spectra were
recorded on a JEOL EX-400 spectrometer.

Polymerization. All the polymerizations were carried out under

insoluble product® Determined by GPC (THF, PSt).

Table 3. Polymerization of 1 with [(nbd)RhCI]2/5 in
Various Solvent$

polymep
run solvent yield (%) My Mu/Mp¢
1 toluene 100 396 000 1.52
2 CHChk 100 229 000 2.83
3 CHCl, 93 205 000 2.61
4 CICH,CHCI 95 172 000 2.53
5 THF 58 337 000 1.69

a30°C, 1 h; [1]o=0.50 M, [Rh]= 2.0 mM, [BJ/[Rh] = 1.0.° Methanol-
insoluble product® Determined by GPC (THF, PSt).

and alkoxide anions. Amide anions are stronger bases than
alkoxide aniong? and consequently more efficiently cleave the
dinuclear Rh complex into mononuclear initiating species.

an Ar atmosphere in a Schlenk tube equipped with a three-way Rh catalysts are known to polymerize monosubstituted
stopcock. The catalyst solution was employed immediately after gcetylenes in a stereospecific fashion to produce polymers with

its preparation unless otherwise stated. A typical polymerization
procedure is as follows: A toluene solution (2.0 mL) bf2.5
mmol) was added to a toluene solution (3.0 mL) of [(nbd)RhCI]
(20.0umol) with/without cocatalysts. Polymerization was carried
out at 30°C for 1 h. The formed polymer was isolated by
precipitation in a large amount of methanol, filtered with a glass
filter, and dried under vacuum to constant weight.

Results and Discussion

Polymerization of monometr by [(nbd)RhCI} in combination
with cocatalyst2—6 was examined in toluene at 3C, whose

cis—transoidal main chain structufe!* The 'H NMR spectra
of poly(1)s obtained from [(nbd)RhCl]2—6 displayed a sharp
peak around 5.84 ppm due tis-olefinic proton of the main
chain. The cis contents (calculated from the integration ratio of
olefinic proton to ring protons) of polyjs were in the range
of 90—100% manifesting a high level of stereoregularity in the
polymerization.

Table 2 shows the results of polymerization with [(nbd)-
RhCIl],/4 in various solvents. In each case, polymerization took
place instantaneously and high yields {900%) were accom-

results are listed in Table 1. The corresponding result using aplished, and the molecular weights of the polymers formed

typical conventional catalyst system, [(nbd)Rh{E]};N, is also

(M, = 165 000-310 000) were higher than that obtained with

shown for comparison. When no cocatalyst was employed for EtN in toluene W, = 118 000). The highest molecular weight

[(nbd)RhCI}, the polymerization ol did not proceed at all in

1 h (run 1). E4N as cocatalyst under the same conditions
afforded poly() in 75% yield with number-average molecular

weight 118 000 (run 2). On the other hand, when lithium bis-
(trimethylsilyl)amide 2) was employed as cocatalyst, polymer-

was observed in toluen&lg = 310 000). The formation of high

molecular weight polymers supports our working hypothesis
that the initiating species is a 14-electron Rh complex, which
is present at a very low concentration in the polymerization
system due to its unstable nature, leading to high molecular

ization proceeded instantaneously to give a methanol-insolubleweight. Moreover, its remarkable activity keeps up high poly-

yellow polymer in quantitative yield. Quite interestingly, the
molecular weight ¥, = 270 000) with2 was more than two
times as large as the value withgBtas cocatalyst. The use of
analogous Naj) and K @) amides exhibited similar cocatalytic
performance, resulting in quantitative formation of p@yith
even higher molecular weight8:( M, = 297 000,4: M,
310 000). Further, lithium diisopropylamid&)(as cocatalyst
afforded the highest molecular weight polymbst,(= 396 000)
among 2—6. This remarkable increase in molecular weight

merization rate to afford polymer in quantitative yiéfdWhen
5 was employed as cocatalyst (Table 3), similar solvent effects
were observed to the casedfand the highest molecular weight
polymer was obtained in toluene agaM,(= 396 000).
Polymerization ofl with [(nbd)RhCI}L/4—6 at different tem-
peratures showed that an optimum polymerization temperature
is 30°C from the viewpoint of polymer yield, molecular weight
and convenience of experiment (Table 4). In the case of co-
catalysts4 and 5, the polymer yield was quantitative in the

suggests that the initiating species, which is generated at verytemperature range of 515 °C and the resulting polymers were
low concentrations in the present polymerization systems is soluble in common organic solvents. At 46, a slight decrease

sufficiently active to achieve the quantitative polymer yields.
Although the use o6 accomplished higher molecular weight
(M, = 189 000) than that with BN as cocatalyst, the polymer
yield remained 44%n 1 h polymerization. This shows that the
cocatalytic effect ob is weak compared t8—5, which can be
rationalized on the basis of difference of reactivity of amide

in M, was observed due to high propensity of chain termination
or chain transfer reaction at higher temperatures. The chain
degradation of the polymer at higher temperature may also be
responsible for the observed decrease in molecular wéight.
On the other hand; was less effective as cocatalyst, and the
polymer yield increased with increasing temperature with CC?B_V
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Table 4. Effect of Temperature on the Polymerization of 1 with 400 @
[(nbd)RNCI] 2/4—62
polymep LiN(CHMe,), (5)
run cocatalyst  tempC) yield (%) M€ Mw/Mp® 200 ! KN(SiMeg); (@)
1 4 0 90 insoluble
2 15 100 315000 1.94
3 30 100 310000 1.84 S
4 45 100 297 000 2.03 & 200§
5 5 0 93 insoluble N Noﬁk
6 15 100 391 000 1.60
7 30 100 396 000 1.52 100 b
8 45 100 381 000 1.87
9 6 0 25 insoluble
10 15 36 197 000 2.12
11 30 44 189 000 2.04 0 L L L L L L
12 45 59 176 000 2.24 0 20 40 60 80 100 120
a|n toluene, 1 h; IJo = 0.50 M, [Rh]= 2.0 mM, [Cocat]/[Rh]= 1.0. Aging Time (min)
b Methanol-insoluble product.Determined by GPC (THF, PSt). (b)
100
(a) KN(SiMe3), (4) LiN(CHMe»), (5)

500 [ 80 r
400 - LiN(CHMey); (5) 60 L
KN(SiMe3), (4)

40 :\%—’

20

Polymer Yield (%)

KOtBuy (6)

0 . . . . L L
0 20 40 60 80 100 120

0 . . . . Aging Time (min)
0.0 0.5 1.0 1.5 20 Figure 2. Effect of aging time of catalyst solution on (a) number-
[Cocat]/[Rh] average molecular weight and (b) yield in the polymerizatioh wfth

[(nbd)RNCI} in toluene at 3CC in the presence of—6. [1]o = 0.50
100 (b) M, [Rh] = 2.0 mM, [Cocat]/[Rh]= 1.0.

A
LINCCHMey), () KN(SiMeg), (4) decreased, and then leveled off when 1 equiv or more of co-
r catalysts to the Rh metal was employed. This behavior suggests
that the concentration of propagating species becomes constant
60 L in the presence of stoichiometric amount of these cocatalysts
KOt-Bu (6) to the Rh metal. No large differences were observed in the
molecular weight distribution of polymer even though the co-
catalyst concentration was changéd,(M, ca. 1.5-3.0 in all
cases). Quantitative polymer yield was achieved in the presence
20 | of stoichiometric amount of cocatalygtend5 to the Rh metal.

The effect of aging time of catalyst solution is depicted in
0 . . . , Figure 2. Itis clear that aging of the catalyst solution composed
0.0 05 1.0 15 2.0 of [(nbd)RhCIL/4—6 is not a requisite to achieve rapid poly-
[Cocat]/[Rh] merization with the simultaneous formation of high molecular

Figure 1. Effect of cocatalyst concentration on (a) number-average Weight polymer. Aging of catalyst solution results in slight
molecular weight and (b) yield in the polymerizationlofith [(nbd)- decrease of both polymer yield and molecular weight. This
RhCI]Ein toluene at 30°C in the presence o4—6. [1]o = 0.50 M; behavior suggests that reaction between [(nbd)Rh@&fd
[Rh] = 2.0 mM. cocatalyst instantaneously proceeds to generate initiating species.
comitant decrease in molecular weight. In all cases, poly- Thisis in sharp contrast to Nb-, Ta-, W-, and Mo-based classic
mer precipitated during polymerization when polymerization Metathesis catalyst systems in which aging of catalyst solution
was carried out in toluene at%C or below this temperature. affects the catalytic activity to a large extent; in other words,
The poly() obtained at OC was deep red in color and insol- the formation of metal carbene needs some tine.
uble in common organic solvents. This different solubility As mentioned above, a salient feature of the present catalyst
behavior suggests that the main chain of the polymer formed system is the formation of high molecular weight polymers.
at 0°C has a cis-cisoidal structure, which gives rise to crystalline Interestingly, the molecular weight of the polymer can be in-
morphology?’ creased by increasing the monomer-to-rhodium ratiod[I[Rh])

The effect of cocatalyst concentration was examined using especially in the cases dfand5 (Figure 3). At [M]o/[Rh] ratio
4—6 as cocatalysts (Figure 1). With increasing cocatalyst con- of 5000, very high molecular weight polymers were formed
centration, the molecular weight of the formed polymer (4: M,=7210005: M, = 766 000) with high polymer yieId&DV

80

40

Polymer Yield (%)
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Figure 3. Effect of the monomer-to-rhodium ratio on (a) number-
average molecular weight and (b) yield in the polymerizatioh wfth
[(nbd)RNCIL in toluene at 30C in the presence @f—6. [1]o = 0.50 M,
[Cocat])/[Rh]= 1.0.

(4: Yield = 79%,5: Yield = 100%). This shows that catalyst
systems [(nbd)RhCJ}4,5 display very high catalytic activity
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Figure 4. 'H NMR (400 MHz) spectra in CECDs at 25°C of (a)
KN(SiMe3)2 (4), (b) [(nbd)RhCI} and (c) a mixture o# and [(nbd)-
RhCl]; at 2:1 mole ratio ¥ = H;O; *x = toluenees).

peaks at 0.68, 3.18, and 3.71 ppm which can be assigned to
bridged methylene protons (signal b), bridgehead methine
protons (signal c), and olefinic protons of nbd coordinating to
Rh (signal d), respectively (Figure 4b). This spectrum indicates
that the complex has a symmetrical square planar structure.
When a toluenelg solution of cocatalyst was added to [(nbd)-

even at a very low catalyst concentration. To the best of our RhCI], in the same solvent, the solution turned red from yellow,

knowledge, the synthesis of such a high molecular weight poly-
(1) using a very low catalyst concentration ([R&]0.1 mM)
while maintaining the catalytic activity at an appreciably high

indicating a reaction between Rh complex and cocatdlybt
IH NMR spectrum of the mixture of [(nbd)RhGland4 (mole
ratio = 1:2) (Figure 4c), the olefinic protons of nbd showed a

level has never been reported before. Farnetti and co-workersbroad singlet slightly upfield shifted to 3.67 ppm (signél. d

have achieved the formation of high molecular weight pbly(
(M, = 1300 000) by using a binary Rh catalyst system, [(nbd)-
Rh(OMe)p/dppb (dppb: PHP(CH,)4PPh, [dppb]/[Rh] = 1,
[Rh] = 3.6 mM)1°® Tabata et al. have reported the polymeri-
zation ofl by [(nbd)RhCI}, ([Rh] = 0.1 mM) in EgN as solvent
to obtain high molecular weight polymevi(, = 2870 000 M,/

M = 3.42-5.30) in 27% vyiel® In our case, [(nbd)Rhd]
([Rh] = 0.1 mM) in combination with cocatalys% and 5

(1 equiv to Rh metal) polymerizes mononteim much higher
yields @, yield = 79%; 5, yield = 100%) to afford high
molecular weight polymerg( M, = 721 00055, M, = 766 000).
This implies thatt and5 are far more effective cocatalysts than
EtsN for [(nbd)RhCIL. In the case o6, the effect of variation
in [M] o/[Rh] was not so pronounced compared4tand5.

The reaction between [(nbd)Rhegnd KN(SiMe), (4) in
tolueneds was monitored byH NMR spectroscopy in order to
investigate the structure of species forming in the initial stage
of polymerization. ThéH NMR spectrum of KN(SiMg), (4)
observed in toluends displayed a singlet peak at 0.088 ppm
due to methyl protons (signal a, Figure 4a). Th¢ NMR
spectrum of [(nbd)RhCjJobserved in the same solvent showed

Both the bridgehead methine protons (signaland bridged
methylene protons (signal)balso appeared as broad singlet
peaks downfield shifted to 3.29 and 0.77 ppm, respectively. The
methyl protons of trimethylsilyl group (signal)avere observed

as singlet as well downfield shifted to 0.093 ppm. These
observations implicate that the symmetry of nbd ligand is
retained in the Rh species newly formed in the reaction of
[(nbd)RNhCI}L with 4, and can be rationalized by the formation
of 14-electron species, [(nbd)RK(SiMe3),;}], as shown in
Scheme 2! Our suggestion regarding the formation of 14-
electron species is supported by a recent report on the isolation
of a similar 14-electron Rh complex with a bulky amide ligand,
[(EtsPXRH{ N(SiMePh),}1,%t and many reports concerning the

in situ formation of 14-electron Rh complex&sThis result is
opposite to that of the conventional catalyst system, [(nbd)-
RhCIL/Et:N, for which Tabata et al. have shown that the
symmetry of the nbd ligand in the initiating species is lost due
to the formation of a 16-electron Rh complex [(nbd)RhBkBt
CI].7° Hence, the basic difference between the catalyst systems
[(nbd)RhCIL/2—5 and [(nbd)RhCH/EN is in the structure of
initiating species. The formation of 14-electron initiating spe%egv
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Scheme 2. Formation of Active Species in the [(nbd)RhGi]
EtsN and [(nbd)RhCI],/2—6 Systems

cl
NIJC AR 2Et3N RK
Rh RA < 2
N7oer 2EtN NEts

16-electron species

N
Rh-Y
X\

14-electron species

ﬁ

16-electron species

26 (M*Y)
—_———
-MCl

~ ClL
Rh RK
N \C| N

Y = N(SiMes)»
N(CHMe,),
Ot-Bu

in the case of [(nbd)RhCij2—5 would be responsible for the
higher catalytic activity than that of [(nbd)Rh@EN.

Here, we should also take into consideration the dimerization
of 14-electron species to form the 16-electron dinuclear complex

[(nbd)RHK N(SiMe3),} ]2, which may exist in equilibrium with
the 14-electron mononuclear complex [(nbdjRKSiMes),} ],

as shown in Scheme?.This dinuclear complex would also
display alH NMR spectrum similar to that of the mononuclear
14-electron complex. Unfortunately, we could not observe the

signals for mononuclear complex and dinuclear complex sepa-

rately, which limits the exact quantification of these species.

Conclusions

In this paper, it has been demonstrated that alkali metal

amides 2—5) as cocatalysts in combination with [(nbd)RhCl]
form excellent catalyst systems for the polymerizatiot.ofhe
activity of the catalyst systems [(nbd)Rh&#—5 exceeds that
of the conventional catalyst system [(nbd)Rh{H]}3N. Cocata-
lysts 4 and 5 in conjunction with [(nbd)RhC}] manifested
unprecedented high catalytic activity in the polymerization of
1 even at a very low catalyst concentration to afford very high
molecular weight polymersH NMR study indicated that the
reaction of [(nbd)RhCHwith cocatalys# generates 14-electron
species unlike the case of [(nbd)RhZHtN system.
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