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Abstract

Bis(acetoxy)-terminated telechelic poly(butadiene) (PBD) with molecular weights controllable up¢d@'ave been prepared via the
ring-opening metathesis polymerization (ROMP) of cyclooctadiene when 1,4-bis(acetoxy)-2-butene was included as a chain transfer agent
(CTA). The polymerizations were catalyzed by a highly active ruthenium catalyst 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene)
(PCp)(Cl,Ru= CHCHC(CH), (Cp= cyclopentyl) 6) with monomer/catalyst ratios as high as 8.80*. Removal of the acetoxy groups
with sodium hydroxide afforded hydroxy end-terminated telechelic PBD (HTPBD). Examination of the telechelic PBDs revealed an
exclusive 1,4-PBD microstructure with a predominatelgns geometry (up to 90%). The high activity and stability @fpermitted a
one-step synthesis of HTPBD using the unprotected free alcohol, 2-butene-1,4-diol, as th® QUA1 Elsevier Science Ltd. All rights
reserved.
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1. Introduction tional groups per polymer chaifr ) is close to 2, the mole-
cular weights are controllable up to 10 kDa, amly 1,4-
Telechelic polymers, which contain two reactive func- linkages are observed in the PBD backbone. In addition, this
tional groups situated at both termini of the polymeric approach has been recently extended to the synthesis of
chains, have been employed as key components in theamino- and carboxyl-terminated PBDs [8]. Other meta-
synthesis of block copolymers and polymeric networks, in thetical routes to HTPBDs have also been reported [7—14].
reaction injection molding applications, and as cross-linking While radical or anionic polymerization methods are often
agents to enhance thermal and mechanical properties ofemployed, demanding conditions are usually necessary and
other materials [1-3]. Hydroxy-terminated telechelic varying amounts of 1,2-linkages are introduced into the
poly(butadiene) (HTPBD) is a particularly useful telechelic polymer backbone [3,4,15-17]. This not only leadsHp
polymer and is of great importance in the polyurethane values that deviate greatly from 2, but also limits the
industry [4]. We previously reported the synthesis of material’s elastomeric potential [3].
HTPBD via the ring-opening metathesis polymerization  One drawback of our previously reported route to
(ROMP) of cyclooctadiene (COD) in the presencecaf HTPBD is that it necessitates a post-polymerization depro-
1,4-bis(acetoxy)-2-butend), catalyzed by ruthenium cata- tection step [5]. When the free alcohalis-2-butene-1,4-
lyst 2 (Scheme 1) [5,6]. The acyclic olefin acts as a chain diol (3), was used directly, it was found that telechelic
transfer agent (CTA) that not only aids in regulating mole- PBD obtained contained significant amounts of aldehyde
cular weight but also effectively transfers functionality (in end-groups [5,18,19]. We believe that either ruthenium
this case the acetoxy groups) to the ends of the polymerspeciest, which forms from the cross metathesis of catalyst
chains [7]. Using this method, the average number of func- 2 with 3, decomposes over the timescale of the polymeriza-
tion (Eq. (1)), or2 simply decomposes in the presence3of
* Corresponding author. Tel+1-626-395-6003; faxi+1-626-564-9297. In either case, the decomposition product, which has been
E-mail addressrhg@caltech.edu (R.H. Grubbs). previously suggested to be a ruthenium hydride species,
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Scheme 1.

then catalyzes the isomerization of the allyl alcohol end-
group to an aldehyde [5,19,20].
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Recently, several new highly active ruthenium catalysts
(5 and 6), which utilize N-heterocyclic carbene ligands,
have been reported [21-26]. In particular, catalgst
displays an unsurpassed level of activity and functional
group tolerance in ring-closing metathesis (RCM), cross-

metathesis (CM) and ROMP when compared to other ruthe-

nium catalysts [21-31]. Herein, we report that the high
activities of catalysb have allowed for the preparation of
acetoxy-terminated PBDs, usirigas the CTA, with extre-
mely low catalyst loadings (up to monomer/catakgst
9.8x 10%. In addition, as described below, these catalysts
are stable in the presence of the free alcoBolThus,
we report a one-step synthesis of HTPBD via the
ROMP of COD using catalysb, in the presence of the
free alcohol3.
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5: R=iPr, cyclohexyl (Cy), or
mesityl (2,4,6-trimethylphenyl)

6: Mesityl=2,4,6-trimethylphenyl,
Cp=cyclopentyl

2. Experimental
2.1. Materials and characterization methods

COD (redistilled, 99+ %) and cis-2-butene-1,4-diol
were purchased from Aldrich.cis-1,4-Bis(acetoxy)-2-
butene was purchased from TCI America and distilled
from CaH, prior to use. Thecis-2-butene-1,4-diol was
distilled prior to use. All monomers, chain transfer agents

and solvents were purged with argon prior to use. Catalysts
2 and6 were prepared as previously reported [6,25,26].

———— > Decomposition (€

Gel permeation chromatography (GPC) measurements
were carried out using an Alltech 510 liquid chromatogra-
phy pump equipped with a Viscotek refractometer using
HPLC grade THF as the eluent. The GPC columns
(10 wm linear mixed bed, American Polymer Standards
Corp.) were calibrated against monodispersed polystyrene
standards (Shodex). AffH and **C NMR spectra were
recorded on a GE NMR spectrometer (300 MHH;

75 MHz, *C), and all chemical shifts are given in ppm
and were referenced to residual protio solvent. All spectra
were obtained in the solvent indicated afQaunless other-
wise noted.

2.2. Polymerization of COD using cataly&twith 3 as the
CTA

All polymerizations were set-up using standard Schlenk
techniques. A small flask equipped with a magnetic stirring
bar was de-gassed, backfilled with argon, and then sealed
with a rubber septum. A typical example is given as follows.
COD (4.7 g, 44 mmol), CTA3 (190 mg, 2.2 mmol), THF
(0.3 ml) and benzene (2.8 ml) were transferred into the flask
via syringe. Inside a dry box under nitrogen atmosphere, a
small vial was charged ruthenium cataly8t (6.9 mg,

8.8 umol) and dissolved in a minimal amount of benzene.
The catalyst solution was removed from the dry box, trans-
ferred into a syringe, and injected into the above reaction
mixture, which was preheated to®&5in an oil bath. After

24 h, the reaction mixture was opened to air and poured into
rapidly stirring acidic methanoH0.1 M HCI). Non-solvent
was decanted away from the precipitated polymer and the
polymer was washed with fresh methanol several times. The
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Table 1

Synthesis of bis(acetoxy) telechelic PBD under a variety of conditions (bulk polymerization of COD using dataj¢dbis(acetoxy)-2-butene was included
as a CTA. COD/CTA=5 in all cases. Theoreticl,, = 700, at 100% conversion)

Entry M/C? Temp. (C) Time (h) Yield (%} My, NMR® M, GPC PDI trans (%)°
1 10 300 25 12 75 1300 2100 1.6 65
2 10 300 25 24 72 1200 2000 15 70
3 10 300 25 12 72 1300 1900 15 75
4 10 300 25 24 72 1250 1600 15 85
5 10 300 55 12 70 950 1500 1.4 90
6 10 300 55 24 69 1050 1700 1.4 90
7 10 300 55 12 71 950 1500 1.4 90
8 10 300 55 24 68 1100 1700 1.4 90
9 26 100 25 12 62 1650 2600 1.6 80

10 26 100 25 24 69 1550 2400 1.6 75

11 26 100 25 12 69 1600 2400 1.7 80

12 26 100 25 24 69 1450 2100 1.6 60

13 26 100 55 12 73 1050 1600 15 70

14 26 100 55 24 68 1150 1800 1.4 70

15 26 100 55 12 74 1150 1700 15 50

16 26 100 55 24 68 1250 1900 1.4 50

17 49 200 55 24 66 1100 1900 1.4 90

18 98 300 55 24 74 1250 2000 1.4 70

& Monomer (COD) to catalyss ratio.

® |solated yield of polymer.

¢ Molecular weight determined using end-group analy$sNMR), assuming=, = 2.0.

94 Determined using GPC with THF as the eluent. Values reported relative to polystyrene standards.
¢ Percentransolefin in polymer backbone determined usitig NMR spectroscopy.

polymer was then dried under dynamic high vacuum and (C,, ct), 63.77 (G, t), 58.60 (G, c), 32.68 (G, t), 27.39
characterized byH NMR, *C NMR and GPC!H NMR (C,, ¢). GPC (THF, relative to polystyrene standardi4):=
(300 MHz, CDC}): 6 5.6-5.7 (m, H, Hy, cis andtrans), 360Q PDI = 15.

5.42 (bs, H, trans), 5.38 (bs, H, cis), 4.18 (d, H, cis), 4.09

(d, Hy, trans), 2.09 (bs, H, cis), 2.04 (bs, H, trans). *C

Ha 1 3
NMR (75 MHz, CDC}): 132.70 (G, tc), 130.30 (G, tt), HOMMOH HOMMOH
130.09 (C1, tc), 129.99 (C1, tt), 129.60,(Cc), 129.42 Hc He Hb Hd 2 4

Table 2

Synthesis of telechelic PBDs with a variety of molecular weights (bulk polymerization of COD using cétdlyétbis(acetoxy)-2-butene was included as a
CTA. Reaction time(24 h. Reaction temperaturé(®5

Theoretical molecular weight((%Yiel& (COD/CTA)x (M,, of COD)((M,, of CTA).
Molecular weight determined using end-group analy&isNMR), assuming=, = 2.0.

Entry M/C? COD/CTA M,, Mn, GPC PDIP Yield (%)° trans (%)°
Theof NMR'

1 26 100 5 500 1150 1800 14 68 70
2 19 800 10 1200 2150 2600 1.7 88 90
3 23 000 15 1750 2650 3100 18 89 90
4 19 600 20 2300 3250 3800 2.0 92 90
5 24 500 60 6600 7900 7200 25 91 90
6 24 500 80 8800 9300 107 00 21 95 90
7 24 500 100 10 900 10 200 15 200 2.2 89 90
8 49 000 200 21 750 24 500 30 000 2.0 98 90

& Monomer (COD) to catalyss ratio.

P Determined using GPC with THF as the eluent. Values reported relative to polystyrene standards.

¢ Isolated yield of polymer.

9 percentransolefin in polymer backbone determined usitij NMR spectroscopy.

e
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Fig. 1. Dependence of PBD molecular weight on COD/CTA.

3. Results and discussion

3.1. Preparation of bis(acetoxy)-terminated telechelic
poly(butadiene)s

Previously, while exploring the preparation of telechelic
PBDs via the ROMP of COD in the presence of CTAnd

carbene region

(a) o ke ik e o i o e |
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catalyst 2, we reported the maximum monomer/catalyst
ratio that could be employed was xA0* [5,19]. At
lower catalyst loadings? began to lose activity over the
timescale of the polymerization and led to reduced yields
of polymer and CTA incorporation. However, as shown in
Table 1, when cataly$t was employed bis(acetoxy)-termi-
nated telechelic PBDs were prepared with monomer/cata-
lyst ratios up to 9.& 10%. We attribute the ability to use
lower catalyst loadings to the increased stability and higher
activity of catalyst6 over 2. Isolated yields of telechelic
polymer ranged between 62 and 75%, and the microstruc-
ture of the PBD backbone was found to contain predomi-
natelytransgeometry. In all casesH NMR and*C NMR
analysis supported df, near 2. Molecular weights obtained
by 'H NMR analysis were in excellent agreement with their
theoretical values (based on yield). Molecular weights
obtained by GPC were higher than predicted and may be
explained by the differences in hydrodynamic volume of
PBD and the polystyrene standards used for calibration. In
all cases the acetoxy groups were easily cleaved using a
methanolic solution of sodium hydroxide to afford the corre-
sponding HTPBDs [5].

Such low monomer/catalyst loadings permitted the synth-
esis of much higher molecular weight telechelic PBDs. It is
important to remember that non-functional end-groups
(which cause deviations iR, from 2) come predominately
from the catalyst (e.g. the dimethylvinyl carbene grouggon

(b)

(©)

d

Fig. 2.'H NMR spectra of crotyl alcohol in the presence of ruthenium catalyaisl6, solvent= THF-d;: (a) catalys®, 20 min; (b) catalysg, 7 h; (c) catalyst

6, 20 min; and (d) catalys, 21 h.
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Table 3
One-step synthesis of HTPBD (ROMP of COD using cataflysélonomer/catalyst(5000 in all entriesis-2-Butene-1,4-diol§) was included as a CTA)
Entry Solvent systefn CODICTA Yield (%)° M,, NMR? M, GPC PDI® trans (%)’
1 A 15 29 2250 3900 1.7 40
2 B 10 36 12868 2380 2.8 25
3 C 5 26 396 1340 1.7 25
4 D 20 45 2400 3600 15 45

2 A: THF. B: benzene. C: CkCl,. D: benzene/THF (9/1 viv).
Monomer (COD) to CTAS ratio.

b
¢ Isolated yield of polymer.
d
e
f
g

Aldehyde resonances were observed in'tHeand **C NMR spectra.

or the benzylidene group o) [7,19]. Thus, to prepare a
telechelic PBD with ar, > 1.99, a CTA/catalyst ratio of
>200 must be employed [19]. Sind¢, ~ COD/CTA, the
maximumM,, is ~5500 for a catalyst with maximum COD/
catalyst=1.0x 10*. As shown in Table 2, by varying
the COD/CTA ratio and adjusting the COD/catalyst
ratio, telechelic PBD with Mys controllable up to
3.0x 10" have been prepared when usifg A linear
relationship between the COD/CTA and thg, of the
isolated telechelic polymer was observed (Fig. 1). Mole-

Molecular weight determined using end-group analy4isNMR), assuming=, = 2.0.
Determined using GPC with THF as the eluent. Values reported relative to polystyrene standards.
Percentransolefin in polymer backbone determined usitij NMR spectroscopy.

alcohol to butyraldehyde (Eq. (2)) in the presence of
2 and 6 was examined in a variety of solvents. In

benzene-gd or CD,Cl,, alcohol isomerization was

observed within minutes, regardless of which catalyst
(2 or 6) was used (Eg. (2)). It has been previously
proposed that the decomposition products contain ruthe-
nium hydride species that can isomerize allylic alcohols
to aldehydes [5,20]. While complete decomposition was
observed for both catalysts (complete loss of carbene

cular weights determined by end-group analysis using hydride species were observed.

'H NMR spectroscopy and GPC were in good agree-

ment with their theoretical values.

3.2.'"H NMR analysis o2 and 6 in the presence of allylic
alcohols

As previously mentioned, when HTPBD was prepared
from the ROMP of COD in the presence of CT3,

proton signals) within a few hours, no ruthenium
"Ru Decomposition
/\rﬂ\OH Species MO
Crotyl Alcohol Butyraldehyde
2

Surprisingly different results were obtained in THF-

aldehyde end-groups were observed indicating that theds. In the presence of-250 equivalents of crotyl alco-

allylic functionality isomerized over the timescale of the
polymerization. To help gain a better understanding of
this drawback, the stability and metathetical activity of
catalysts2 and 6 in the presence of the free did@d
(~500 equivalents, 95 % cis) were examined byH
NMR spectroscopy in CECl, (25°C). Over 15 min,
catalyst 2 isomerized the predominatelycis olefin
(95 + %) to its trans isomer (70%), while6 afforded
95% trans olefin over the same timescale. In addition,
formation of [Ru]= CHCH,OH from cross metathesis
of the starting catalyst ([Ru} CHPh 2 or [Ru]=
CHCHC(CHy), 6) with 3 was observed. No catalyst

hol, extremely small amounts< 1%) of butyraldehyde
were observed after 24 h, when either catalyst was
employed. However, decomposition o2 occurred
rapidly (<2 h) while 6 was more robust and appeared
active for over 6 h. Complete decomposition &fwas
observed after 21 h. Representativelk NMR spectra
summarizing these results are shown in Fig. 2. In addi-
tion, no ruthenium hydride species (for either catalyst)
were observed.

It has been previously observed that well-defined ruthe-
nium catalysts exhibit lower metathesis activity in THF
relative to solvents such as benzene or,Chl [32,33].

decomposition or aldehyde formation was observed in While THF may reduce activity, catalyst lifetimes seem to

either case 4 or 6).

The lack of ruthenium hydride species or aldehyde
substrates does not rule out the possibility that olefin
migration (followed by tautomerization) occueadter the
CTA has been incorporated into the polymer chains.
Using crotyl alcohol as a model compound for the
termini of the HTPBD, the isomerization of crotyl

be extended. The mechanism of olefin metathesis using
well-defined ruthenium catalysts appears to be predomi-
nately dissociative in nature [34]. In addition, catalyst
decomposition also appears to be bimolecular and depen-
dent on phosphine concentration (higher phosphine concen-
trations give longer catalyst lifetimes) [35]. As shown in Eq.
(3), THF may coordinate to the ruthenium center after
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Fig. 3. %ransolefin in PBD backbone vs. %conversion of COD to polymer
using catalys6. Polymerization monitored usintH NMR spectroscopy.
Solvent= CD,Cl,. Temp= 25°C. [6]o = 0.5 mM. CODS6 = 300.

phosphine dissociation suppressing metathetical activity

and attenuating bimolecular decomposition pathways.

L« -PR L .Cl +THE :;_‘\\Cl
Ru=,, <——> Ru= U=\
Cl"bg, R *PRs  CI7 TR THE O70 R

For 2: L=PR3=PCyj3;, R'=Ph
For 6: L=N-heterocyclic carbene, PR3=PCp3, R'=CHC(CH3),

©)

3.3. Synthesis of HTPBD

In order to prepare HTPBD witk, values that approach
2 using the free dioB, any alcohol isomerization to alde-
hyde functionality must be minimized. The stability ®fn
the presence of the free didkand crotyl alcohol poised us to
prepare HTPBD via the ROMP of COD using the unpro-
tected diol3 as the CTA. As shown in Table 3, when THF

C.W. Bielawski et al. / Polymer 42 (2001) 4939—-4945

Close examination of the HTPBD prepared via this one-
step method revealed that relatively high amount§@%6)
of cisolefin were present in the PBD backbone. This was an
unexpected result as generally higgans PBD is observed
in the ROMP of COD withl and6 (Tables 1 and 2) and
stems from secondary metathesis reactions that form the
more thermally stable olefin isomer [7]. In the absence of
secondary metathesis reactions, the ROMP of COD should
yield at least 50%:is olefin in the resulting PBD backbone.
Fig. 3 suggests th&may kinetically favor the formation of
the cis isomer as at up to an 80% conversion of COD to
PBD, a very highcis content =75%) is observed in the
polymer. Thus, our results (high amounts @ olefin,
low yields andF, values near 2) may be explained by a
relatively high rate of CTA incorporation countered with
catalyst decomposition occurring over the timescale of the
polymerization, limiting secondary metathesis reactions.

4. Conclusions

Highly active ruthenium catalysé has allowed the
preparation of bis(acetoxy)-terminated telechelic PBDs
with molecular weights controllable up to 30L0* The
polymers were obtained via the ROMP of COD in the
presence of an acetoxy functionalized CTA using mono-
mer/catalyst ratios as high as X&80". The acetoxy groups
were easily cleaved with methanolic solutions of sodium
hydroxide to afford high yields of HTPBO'H NMR spec-
troscopy studies in CETl, or benzene-glusing crotyl alco-
hol as a model for the HTPBD termini suggest that 1,3-
bis(2,4,6-trimethylphenyl)imidazol-2-ylidene)
(PCp)(ClI,Ru= CHCHC(CH), (Cp= cyclopentyl) ) and
(PCy),RUCL(CHPh) @) decompose in the presence of
allylic alcohols and their decomposition products isomerize
allylic alcohols to aldehydes. While no isomerization was
observed in THF-g the stability of2 still appeared limited.

In contrast, the stability and activity & did not diminish
and led to the successful one-step preparation of HTPBD

was used as solvent, HTPBD was obtained in a modest yieldUSing the unprotected 2-butene-1,4-dig) gs the CTA.

of 29%. THF solutions of low molecular weight PBD are
difficult to precipitate in methanol, which may account for
the low yield. However!H and **C NMR supported aff,

near 2 and no aldehyde resonances were observed. In accor-

dance with the model study of crotyl alcohol, when non-
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