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ABSTRACT

Ester terminated telechelic polymers were synthesized by the
Acyclic Diene METathesis (ADMET) polymerization of 1,9-
decadiene with ester-containing monoolefins using ruthenium
based Grubbs catalyst.  The number of methylene spacers
between the olefin and the ester from the oxygen side of the
ester-containing monoolefins were varied from one to three.  The
optimal condition of the present ADMET polymerization was
determined as monomer/catalyst ratio of 400/1 for 72 hours at
90¡C.  All polymer structures were characterized by FT-IR and
1H-NMR spectroscopy.  It is quite interesting that even allyl n-
butyrate with one methylene spacer metathesizes successfully
using ruthenium catalyst despite this monoolefin suffers stronger
negative neighboring group effect than the other monoolefins.
Mechanism of the ADMET polymerization of 1,9-decadiene 
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with ester-containing monoolefin was examined comparing the
reactions for each of the monomers.  Deprotection of terminal
ester group was successful to give alcohol terminated telechelic
polymer which is useful for production of block copolymer.

INTRODUCTION

The finding of well-defined organometallic catalysts have resulted in the
great progress in metathesis chemistry.  Tungsten and molybdenum based
Schrock catalysts [1, 2] made a bridgehead on it.  These catalysts allow ring-
opening metathesis polymerization [3] (ROMP) and ring closing metathesis [4]
(RCM) reactions.  The success of living polymerization by ROMP offers a new
methodology for polymer synthesis.  However, complicated synthesis of prefer-
able cyclic monomer for ROMP limits the general application of ROMP.
Recently, Wagener et al. reported a new type metathesis chemistry, acyclic diene
metathesis (ADMET) polymerization using Schrock catalyst [5], as well as
ruthenium based Grubbs catalyst [6].  ADMET polymerization is a useful
method polymerizing various kinds of functionalized olefins to produce polymer
which are perfectly linear and free from branching and other defects [7-10].

Telechelic polymer is a very useful intermediate material for the produc-
tion of functional polymer.  Much research for telechelic polymer covers the
whole area of polymer synthesis methods [11-13].  Well-defined acetate termi-
nated telechelic poly(butadiene) has been prepared by living ring-opening
metathesis polymerization of 1,5-cyclooctadine with a chain transfer agent [14,
15]. Recently, Wagener et al. reported the synthesis of telechelic polymer by
ADMET depolymerization [16] and polymerization [17].

This paper describes the synthesis of ester terminated telechelic polymer
by ADMET polymerization of 1,9-decadiene with ester-containing monoolefins
using Grubbs catalyst.  The optimal conditionS and mechanism of ADMET poly-
merization were examined.  The deprotection of ester moiety was successfully
achieved to give alcohol terminated telechelic polymer.

EXPERIMENTAL

Materials 

GrubbsÕ ruthenium catalyst was synthesized according to the literature
method [18]. 1,9-Decadiene (1) and allyl n-butyrate (2) were purchased from
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Wako Pure Chemical Industries, Ltd.  Other ester-containing monoolefins, 3-
butenyl n-butyrate (2) and 4-pentenyl n-butyrate (4), were synthesized by the
esterification of n-butyryl chloride with corresponding olefin alcohol.  They
were dried over calcium hydride and transferred into a round bottomed flask
equipped with a high vacuum Teflon stopcock prior to use.

Polymerization  

The polymerization was performed under  reduced pressure at 90¡C for
72 hours with a mole ratio of monomer/catalyst = 400/1.  The ratio of
diene/monoolefin was adjusted to 5/1.  Ethylene as a by-product was removed
every 3 hours from the reaction system, and the reaction was finished by expos-
ing the reaction mixture to the air.  The reaction mixture was dissolved in a small
quantity of toluene, precipitated from methanol, and dried in vacuo.  

Allyl n-butyrate Endcapped Telechelic Polymer (5)

Viscous oil. Yield: 20%. 1H-NMR (CDCl3): δ 0.95 (t, 3JHH=7.2Hz, -CH3),
1.21-1.41(m, =CH-CH2-(CH2)4-), 1.58-1.61 (m, -CH2-CH3), 1.94-2.05 (m, =CH-
CH2-), 2.29 (t, 3JHH=7.2Hz, -OCO-CH2-), 4.51 (d, 3JHH=6.4Hz, =CH-CH2-O),
5.30-5.42 (m, -CH=CH-), 5.50-5.65 (m, -CH=CH-). Anal. Calcd. For C256H448O4

(Mn = 3490): C, 85.63; H, 12.59. Found: C, 86.16; H, 12.54.

3-Butenyl n-butyrate Endcapped Telechelic Polymer (6)

Viscous oil. Yield: 28%. 1H-NMR (CDCl3): δ 0.95 (t, 3JHH=7.2Hz, -CH3),
1.25-1.39 (m, =CH-CH2-(CH2)4-), 1.59-1.61 (m, -CH2-CH3), 1.90-2.06 (m, =CH-
CH2-), 2.27 (t, 3JHH=7.2Hz, -OCO-CH2-), 4.08 (d, 3JHH=6.4Hz, =CH-CH2-CH2-
O), 5.32-5.44 (m, -CH=CH-), 5.45-5.55 (m, -CH=CH-). Anal. Calcd. For
C234H410O4 (Mn = 3210): C, 85.47; H, 12.58. Found: C, 85.95; H, 12.54.

4-Pentenyl n-butyrate Endcapped Telechelic Polymer (7)

Viscous oil. Yield: 36%. 1H-NMR (CDCl3): δ 0.95 (t, 3JHH=7.2Hz, -CH3),
1.27-1.37 (m, =CH-CH2-(CH2)4-), 1.59-1.63 (m, -CH2-CH3), 1.64-1.70 (m, =CH-
CH2-CH2-CH2-O-), 2.28 (t, 3JHH=7.2Hz, -OCO-CH2-), 4.06(d, 3JHH=6.4Hz, =CH-
CH2-CH2-CH2-O), 5.30-5.44 (m, -CH=CH-). Anal. Calcd. For C410H722O4 (Mn =
5640): C, 86.14; H, 12.74. Found: C, 86.58; H, 12.69.

Deprotection of the Telechelic Polymer

Ester terminated telechelic polymer (7) was treated with sodium hydrox-
ide in H2O-EtOH under reflux for 24 hours.  The reaction mixture was neutral-
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ized, extracted with chloroform, and evaporated.  The crude product was redis-
solved in a small quantity of chloroform, precipitated from acetone, and dried in
vacuo.

Alcohol Endcapped Telechelic Polymer (7)

Viscous oil. Yield: 80%. 1H-NMR (CDCl3): δ 1.20-1.40(m, =CH-CH2-
(CH2)4-), 1.89-2.04(m, =CH-CH2-), 3.66(s, -OH), 5.30-5.45(m, -CH=CH-). Anal.
Calcd. For C368H646O2 (Mn = 5400): C, 86.61; H, 12.76. Found: C, 86.22; H,
12.82.

Measurements 

Proton NMR spectrum was obtained with a JOEL JNM-EX270 super-
conducting spectrometer system.  FT-IR spectra were measured with a Perkin
Elmer PARAGON 1000 FT-IR spectrometer.  Gel permeation chromatography
(GPC) data (relative to polystyrene standards) were collected using a Toso HLC
8020 liquid chromatography apparatus equipped with a refractive index detector
and TSKgel G2000HHR and G3000HHR columns.

RESULTS AND DISCUSSION

Optimal Conditions  

In order to explore the optimal conditions, polymerization of 1,9-decadi-
ene (1) with 4-pentenyl n-butyrate (4) was performed under several conditions
(Scheme 1).  Although there are several ways to evaluate the optimal conditions
(yield etc.), molecular weight of the polymer was evaluated as an index of the
optimal condition because this value can be measured during the course of the
polymerization.  At first, reaction temperature was varied under monomer/cata-
lyst = 400/1 and diene/monoene = 5/1.  Sampling of the reaction mixture
(100µL) was done every 24 hours.  This solution was diluted with THF and mea-
sured by GPC after passing through the membrane filter with the pore size of
0.45 µm.  Typical example of GPC trace of the telechelic polymer (7) measured
after the reaction at 90¡C for 72 hours is shown in Figure 1a.  Figure 1a demon-
strates that reaction mixture contains variety of molecular weight components
since ADMET polymerization is a step reaction.  Thus, in this section, molecu-
lar weight of the polymer was represented as the value indicated by the arrow
shown in the Figure 1a.
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Figure 2 shows the effect of reaction temperature on molecular weight of
the telechelic polymer (7).  Molecular weight of the polymers reached the max-
imum value and it decreased by the prolonged reaction in all the tested temper-
atures.  Maximum value at 90¡C was 5060 after 72 hours and that at 80 and
100¡C was 3240 and 2440 after 48 hours, respectively.  This result suggests that
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Scheme 1. ADMET copolymerization of 1,9-decadiene 1 with 4-pentenyl n-
butyrate 4.

Figure 1. GPC traces of the telechelic polymer of reaction mixture at 90¡C for 72
hours (a) and reprecipitated sample (b).  Molecular weight of the polymer described
in the section of optimal condition of the polymerization is represented as the value
indicated by the arrow.
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Grubbs catalyst is most effective at 90¡C for ADMET polymerization in the pre-
sent system of which the temperature is higher than that reported by Wagener et
al. (70¡C) [6].

The effect of the monomer/catalyst ratio on molecular weight of the
telechelic polymer 7 examined at 90¡C is shown in Figure 3.  The ratio of
diene/monoene was kept at 5/1.  Molecular weight of the polymer approached
the maximum value of 3000 as the reaction time increased when the
monomer/catalyst ratio was adjusted to 200/1 and 800/1.  On the contrary, Mw
value reached the maximum value of 5060 after 72 hours in the case of 400/1.

Thus, optimal condition of the present polymerization was determined as
monomer/catalyst ratio of 400/1 for 72 hours at 90¡C.  The reprecipitation with
toluene/methanol of the reaction mixture synthesized under the optimal condi-
tion gave the purified polymer of Mw = 8010, Mn = 5640 (Figure 1b).  The pre-
sent polydispersity of 1.42 is smaller than the theoretical value of 2, which is typ-
ical for step reaction.

Under the optimal condition, polymerizations were performed for 1,9-
decadiene (1) with ester-containing monoolefins (2-4) in which the number of
methylene spacers between the olefin and the ester from the oxygen side was
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Figure 2. Effect of temperature on molecular weight of the telechelic polymer 7.
l: 80¡C, [: 90¡C, Æ: 100¡C.
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varied from one to three.  The results are shown in Table 1.  All the ester-con-
taining monoolefins, even 2 with one methylene spacer, polymerized successful-
ly using the ruthenium catalyst.  This observation is in quite a contrast to the
ADMET polymerization of an ester-containing monomer using molybdenum-
based Schrock catalyst, where having less than two methylene spacers between
the olefin and the ester moiety prevents polymerization [7].  Although molybde-

TELECHELIC POLYMER AND ADMET POLYMERIZATION 1159

Figure 3. Effect of monomer/catalyst ratio on molecular weight of the telechelic
polymer 7. l: 200/1, [: 400/1, Æ: 800/1.

TABLE 1.  Dimerization and Polymerization of Ester-
Containing Olefins
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num catalyst has high catalytic activity and provides high molecular weight poly-
mer, this catalyst tends to suffer inhibition for polymerization due to the negative
neighboring group effect [7].  This phenomenon was also found using the ruthe-
nium catalyst demonstrated for the dimerization of ester-containing monoolefins
(Table 1).  The reactivity of the catalyst decreased with a decrease in the number
of methylene spacers.  However, ruthenium catalyst is still active for dimeriza-
tion even with  one methylene spacer (2).  The molecular weight of the telechel-
ic polymer (5) is around 3900, which increased with increasing the number of
methylene spacer.  Although the monomers are converted in high yield
(83Ð93%), the isolated yield of the polymers were low (20-36%).  It may be due
to the loss during the reprecipitation procedure because molecular weights of the
polymers are relatively low. 

Structure of the Polymer

Figure 4 shows the 1H-NMR spectrum of the reprecipitated ester termi-
nated telechelic polymer (7) synthesized under the optimal conditions.  Although
the peak contributed to the proton i' cannot detect on the spectrum concealed
behind that to proton c', the spectrum contains both poly(1,9-decadiene) (f, c', d',
e') and ester (j'-p') components.  The peak area ratios contributed to poly(1,9-
decadiene) and ester components are f:c':d' = 1.0:1.9:3.8 and k':l':p' = 2.0:1.7:3.3,
respectively, which are in good agreement with expected values.   The spectrum
contains very strong internal olefinic peak (f; 5.3 Ð5.4 ppm) and almost no exter-
nal olefinic peaks (5 and 5.8 ppm) from poly(1,9-decadiene) were found expand-
ing the intensity at this region.  The 1H-NMR spectra of 5Ð7 in the internal
olefinic region are shown in the Figure 5.  Beside the strong internal olefinic
peak (α), weak multiple peaks (β) were observed for 5 (5.50Ð5.65 ppm) and 6
(5.45Ð5.55 ppm).  These peaks seem to be an internal olefinic peak adjacent to
the ester oxygen, since they shift depending upon the distance between olefinic
proton and ester oxygen.  In addition, the position and shape of them were sig-
nificantly different from those of dimers of ester-containing monoolefins (2; 5.7
and 5.9 ppm, 3; 5.5 ppm).  In the case of 7, very weak and broad peaks appeared
around 5.5Ð5.6 ppm.  Considering the shift found in 5 and 6, the peaks found in
7 are not assigned as an internal olefinic proton (h') and are still unknown.  Thus,
it is proper that the peaks from h' might be concealed behind the strong peak (f).
Figure 6 shows the FT-IR spectra of purified 7 and 4.  The comparison of the
spectra indicates the presence of ester group of band (1740 cm-1) in the carbonyl
stretching region.  These results strongly suggest that the present polymer is an

1160 TAMURA ET AL.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
7
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



TELECHELIC POLYMER AND ADMET POLYMERIZATION 1161

F
ig

ur
e 

4.
1 H

-N
M

R
 s

pe
ct

ru
m

 o
f 

es
te

r 
te

rm
in

at
ed

 te
le

ch
el

ic
 p

ol
ym

er
 7

.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
1
7
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



objective ester terminated telechelic polymer with the poly(1,9-decadiene) back-
bone.  The number average molecular weight (Mn) calculated from the peak area
ratios of ester (k', l', p') and internal olefin (f) was 7900-6100, which was con-
sistent with the GPC measurement (Mn = 5640).  

1162 TAMURA ET AL.

Figure 5. 1H-NMR spectra of internal olefinic proton regions for ester terminated
telechelic polymers.
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Mechanism of the Polymerization 

In order to investigate the polymerization mechanism, 1H-NMR spec-
trum of polymerization of 1 with 2 was monitored because no overlap of inter-
nal olefinic peaks for dimer of 2 and other peaks were observed in this case.
Conversions of monomers were calculated from the peak area of the 1H-NMR
spectra.  The result is shown in Figure 7.  For polymerization of 1 ([) and dimer-
ization of 2 (a), conversions reached 98 and 22% after 24 hours, respectively.  In
the course of the polymerization of 1 with 2, no internal olefinic peaks for dimer
of 2 were detected.  Thus, we assumed that all the reacted 2 was introduced into
the terminal of the polymer chain.  The conversion of 2 in polymerization with 1
was monitored by the methylene proton adjacent to the ester oxygen (t) as well

TELECHELIC POLYMER AND ADMET POLYMERIZATION 1163

Figure 6. IR spectra of ester terminated telechelic polymer 7 (a) and monomer 4
(b).
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as the internal olefinic proton (f).  It is possible to distinguish between both cis
and trans methylene proton adjacent to the internal olefinic proton in the
telechelic polymer (5) by 1H-NMR (Figure 8b), i.e., the cis proton at 4.62 ppm
and the trans proton at 4.51 ppm.  A trans content of 74.7% is a value close to
the reported value for the conventional ADMET polymerization [19].  The sim-
ilar methylene proton in the dimer (Figure 8c) is also possible to distinguish
between cis and trans (trans content; 79.2%).  However, overlapping of trans
peak of dimer at 4.60 ppm with that of monomer (2) makes it difficult to moni-
tor the progress of the dimerization in stead of the use of internal olefinic proton
(a).  The conversion of 2 in polymerization with 1 (f and t) increased drasti-
cally compared to that in dimerization (a).  This acceleration of the reactivity of
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Figure 7. Time-conversion curves for polymerization of 1 ([), dimerization of 2
(a), and polymerization of 1 with 2.  For the polymerization of 1 with 2, l denotes
conversion calculated from internal olefinic proton, f and t denote conversion calcu-D
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2 is quite interesting since this compound suffers higher negative neighboring
group effect in polymerization compared to the other ester-containing
monoolefins (Table 1).  The fact that both the conversions obtained from inter-
nal olefinic (f and methylene (t) proton show the similar values indicates the
proper assignment for the weak multiple peaks beside the strong internal olefinic
peak.  On the contrary, the reactivity of 1 with 2 in polymerization (]) decreased
compared to that of 1 in polymerization ([). Thus, speculated mechanism of
ADMET polymerization is shown in Scheme 2.

Dimerization of 2 (pathways v and vi) is slower than polymerization of 1
(pathways i and ii) due to the negative neighboring group effect of 2.  Though 2
is consumed only by the pathways of v and vi when 2 is dimerized, 2 might be
introduced into the terminal of the chain via other pathways of iii and vii when 2
is polymerized with 1.  These pathways (iii and vii) are crossmetathesis reaction
of 1 with 2, which enhance the consumption of 2 in the case of polymerization.
According to the above results, relative reactivity decreases in the following
order: polymerization of 1 (i, ii) > crossmetathesis reaction (i, iii, and v, vii) >
dimerization of 2 (v,vi).  Terminal capping by crossmetathesis of pathway iii pre-
cedes to pathway vii, since production of carbene species of 1 (A) might precede
that of 2 (B).  The decrease of reactivity of 1 in polymerization with 2 compared
to that in polymerization of 1 (Figure 7; ] and [) may be demonstrated that
crossmetathesis of 1 with 2 (Scheme 2; iii and vii) suffers from the negative
neighboring group effect and internal olefin will disappear by the chain transfer
reaction (Scheme 2; iv and viii).  The main pathway for production of the
telechelic polymer (F) is presumed to be ix since 2 crossmetathesizes with the
other side of the external olefin of terminal capped species of D.  There are two
possible reactions in the pathway of ix; one is carbene species like A produced
by D crossmetathesizes with 2 and the other is carbene species B crossmetathe-
sizes with D.  It is not clear at this time which reaction is predominant.  Before
this final crossmetathesis reaction, repetition of the reactions of A toward D
affords elongated terminal capped species of D, which leads increase of molec-
ular weight.  An internal olefins of elongated homopolymer (C), elongated ter-
minal capped species (D) and telechelic polymer (F) might suffer from the attack
of the carbene species of A or B, which is a chain transfer reaction.  In the latter
two cases, the attack of the carbene species of B produces telechelic polymer (F)
where decrease of molecular weight of the polymer is expected [15].  Reactivity
of chain transfer reaction may be inferior to that of the crossmetathesis reaction
(pathway ix) as this reaction relates to internal olefin.  The fact that no ADMET
polymerization was found for 2,4-hexadiene, using ruthenium based Grubbs cat-
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alyst supports the above speculation.  The decrease of molecular weight under
the prolonged reaction time presented in Figures 2 and 3 might be due to this
chain transfer reaction.

Deprotection of the Polymer

In order to improve the functionality of the ester terminated telechelic
polymer, deprotection of terminal ester group was carried out.  The treatment of
ester terminated telechelic polymer (7) with sodium hydroxide in H2O-EtOH

TELECHELIC POLYMER AND ADMET POLYMERIZATION 1167

Figure 8. 1H-NMR spectra of methylene proton adjacent to ester oxygen regions
for monomer 2, ester terminated telechelic polymer 5 and dimer of 2.
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gave a highly viscous polymer.  Figure 9 shows the 1H-NMR spectra of ester ter-
minated telechelic polymer (7) before and after the hydrolysis.  Disappearance
of the propyl portion (b, c, d) and a higher field shift of methylene proton from
4 ppm (a) to 3.6 ppm (a') suggests that the ester terminal was hydrolyzed to the
corresponding alcohol terminal.  The fact that methylene proton adjacent to
hydroxyl group of monomeric penten-1-ol (3.7 ppm) supports the above result.
Almost no molecular weight decrease was detected for the alcohol terminated
telechelic polymer (Mn=5400) compared to that for ester terminated telechelic
polymer (7) (Mn=5640), suggesting no degradation of the polymer backbone.
Although the molecular weight of the present alcohol terminated telechelic poly-
mer is relatively low, it is useful as a prepolymer for the production of block
copolymer.  Related work is now underway.

1168 TAMURA ET AL.

Figure 9. 1H-NMR spectra of ester terminated telechelic polymer 7 before (a) and
after (b) the hydrolysis.
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CONCLUSION

ADMET polymerization of 1,9-decadiene with ester-containing
monoolefins with various numbers of methylene spacers between the olefin and
the ester using ruthenium based Grubbs catalyst was successfully achieved to
give ester terminated telechelic polymers.  The optimal condition of the present
ADMET polymerization was determined as monomer/catalyst ratio of 400/1 for
72 hours at 90¡C, which gave the polymer with weight-average molecular weight
of 8010.  Due to negative neighboring group effect, the molecular weights of the
telechelic polymers depend on the number of methylene spacers of the ester-con-
taining monoolefins.  Examinations for the mechanism of the ADMET polymer-
ization suggest that a main pathway for production of the telechelic polymer is
presumed that ester-containing monoolefin crossmetathesizes with other side of
the external olefin of terminal capped species. Terminal ester group of telechel-
ic polymer was deprotected successfully to give a alcohol terminated telechelic
polymer that is useful for production of block copolymer.
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