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Abstract

Various pyridine ligands attached to the polymer chain end could be prepared by the living ring-opening metathesis polymer-
ization (ROMP) using well-defined the Schrock-type molybdenum-alkylidene initiator of Mo(CHCMe2Ph)(N-2,6-iPr2C6H3)
(OtBu)2, and the possibility for use of this ligand in catalysis has been examined for hydrogenation of PhCH2CHO in the
presence of Ru(acetylacetonato)3 (Ru(acac)3) (in xylene, at H2 10 atm). Significant increase in the activity was observed if the
above polymer was employed as the ligand, although the activity decreased upon the addition of pyridine or 4-methylpyridine
instead. The prepared catalyst could be recovered by pouring the reaction mixture into methanol, and could be reused without
decrease in the activity. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Considerable attention has been devoted to the
studies concerning polymer [1,2] or dendrimer ([3]
supported catalysts, not only due to that there still ex-
ists practical concern in using homogeneous catalysts
such as separation of the products from catalyst and
ligand [4], but also due to that these supported cata-
lysts play a crucial role in combinatorial and parallel
synthesis which have become common in modern
organic chemistry. Traditionally, insoluble polymer
resins such as divinylbenzene crosslinked polystyrene
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have been used as a support for homogeneous cat-
alysts since they can easily be isolated by filtration
[1a]. However, several shortcomings such as nonlinear
kinetic behavior, unequal distribution and/or access to
the chemical reaction, solution problems still remain
due to the heterogeneous reaction nature (Recent
reviews concerning soluble polymer ligands [2]).

As an attempt to combine the advantages and to
minimize the disadvantages associated with homo-
geneous and heterogeneous catalysts, use of soluble
polymer supported ligand has attracted considerable
attention [2]. However, we believe, examples in use
of ligand attached to the polymer chain end as well
as synthesis of ligand by the controlled living poly-
merization technique (Use of ROMP polymer as
the ligand, for example [5]) still have been limited
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Scheme 1.

so far. Since, we recently demonstrated that poly(mac-
romonomer(s)) could be precisely synthesized by re-
peating living ring-opening metathesis polymerization
(ROMP) using well-defined Schrock type molybde-
num initiator [6], also since we reported ruthenium
catalyzed organic reactions such as exclusive reduc-
tion of aromatic nitro group under CO/H2O conditions
[7], hydrogenation of ester under low hydrogen pres-
sure [8], we have thus combined these chemistry and
explored the possibility to expand the ring-opening
metathesis polymerization (ROMP) technique for
synthesis of ligand attached to the polymer chain end
[5]. We thus chose ruthenium catalyzed hydrogena-
tion of PhCH2CHO as the model reaction (Scheme 1),
and we wish to introduce our unique preliminary
results concerning ruthenium catalysis containing
polymer-attached pyridine ligand in this paper.

2. Results and discussion

2.1. Synthesis of polymer-supported ligand

ROMP of norbornene (NBE) was performed in
toluene at room temperature, and Mo(CHCMe2Ph)

Scheme 2.

(N-2,6-iPr2C6H3)(OtBu)2 was used as the initia-
tor (Scheme 2).1 4-Pyridinecarboxaldehyde was
chosen not only to terminate the polymerization
quantitatively, but also to introduce pyridine moiety
into the chain end of ring-opened poly(norbornene)
quantitatively. This is an established method as
we also previously demonstrated for synthesis of
poly(macromonomer(s)) by repeating the ROMP
with this molybdenum-alkylidene initiators [6], and
pyridine moiety could be introduced by cleaving the
polymer–metal bond via Wittig-like reaction with the
aldehyde [6,9–11]. As also presented in the previous
reports [6,9–11], the yields were almost quantita-
tive in all cases (>95%), and the resultant polymer
could be isolated as the white precipitate by pour-
ing the reaction mixture into cold methanol. The
resultant polymer was also identified by1H NMR
spectrum [6,11]2 as the ring-opened structure con-
taining a mixture ofcis- and trans-olefinic double
bonds.

As shown in both Table 1 and Fig. 1, theMn
value measured by GPC versus polystyrene standard
increased linearly by varying the (NBE)/Mo mo-
lar ratios, whereas theMw/Mn values were narrow

1 Typical polymerization procedure is as follows: a toluene so-
lution of Mo(CHCMe2Ph)(N-2,6-iPr2C6H3)(OtBu)2 (80�mol in
toluene 1.0 g) was added in one portion to a rapidly stirred
toluene solution (4.0 g) containing prescribed amount of nor-
bornene at room temperature, and the reaction mixture was
stirred for 30 min. The polymerization was quenched by adding
4-pyridinecarboxaldehyde in excess amount after the consumption
of monomers, stirred for 1 h for completion. The resultant solution
was poured dropwise to stirred cold methanol (∼200 ml), affording
white-pale yellow precipitate. The polymer was collected by filtra-
tion, and was then dried in vacuo. Yield >95%.1H NMR (CDCl3):
δ 5.18 and 5.32 (m, 2H olefinic), 2.76 and 2.37 (br.s, 2H), 1.85 and
1.04 (m, 2H), 1.78 and 1.33 (m, 4H). Peaks corresponding to the
polymer chain end [6,11] could also be observed:δ 8.52 and 8.47
(d, pyridine), 6.42 (m, Py–CHc=CH–), 6.24 (dd, Py–CHc=CH–),
5.56 (d, PhMe2CCHc=CH–), and 5.33 (m, PhMe2CCHc=CH–).
Other resonances corresponding to phenyl group were also ob-
served.

2 1H-NMR spectra were recorded on a JEOL JNM-LA400 spec-
trometer (399.65 MHz,1H), and all chemical shifts are given
in ppm and are referenced to tetramethylsilane. GPC were per-
formed at 40◦C on a Shimazu SCL-10A using a RID-10A
detector (Shimazu Co. Ltd.) in THF (containing 0.03 wt.%
2,6-di-tert-butyl-p-cresol, flow rate 1.0 ml/min). GPC columns
(ShimPAC GPC-806, 804 and 802, 30 cm× 8.0 mm Ø) were cal-
ibrated with polystyrene standards.
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Table 1
Synthesis of ring-opened poly(norbornene)s with Mo(CHCMe2Ph)
(N-2,6-iPr2C6H3)(OtBu)2 initiatora

Run no. NBE/Mob Time (min) Mn (×10−4)c Mw/Mn
c

1 25 5 0.47 1.20
2 50 10 0.79 1.24
3 100 30 1.29 1.22
4 100 30 1.45 1.19
5 200 30 2.63 1.10

a Conditions: in toluene, monomer concentration= ca.
0.20–0.35 mmol/ml, norbornene 83 mg (run 2), room temperature.

b Molar ratio of NBE/Mo.
c GPC data in THF vs. polystyrene standard.

Fig. 1. Plot ofMn (by GPC in THF vs. polystyrene standard) as
a function of NBE/initiator molar ratio based on results displayed
in Table 1.

(Mw/Mn = 1.10–1.24) (see footnote 2).3 These
results clearly indicate that the present polymeriza-
tion took place in a living manner as established
previously [6,9–11].

3 The Mn values measured by GPC in THF versus
polystyrene standard were somewhat higher than those calcu-
lated based on monomer/Mo molar ratios. The same trend
was also seen if 4-Me3SiOC6H4CHO was used in place of
4-pyridinecarboxaldehyde, and the exact molecular weights were
almost identical with those based on the initial molar ratios, which
were confirmed by both1H NMR and MALDI-TOF mass spec-
trometry [6]. Although the attempt to measure mass spectrometry
was not successful at this moment, we believe that the present
polymerization proceeded with quantitative initiation efficiency as
established previsouly in this series of ROMP chemistry.

2.2. Catalytic hydrogenation

Since we recently reported that the catalyst sys-
tem composed of Ru(acac)3 and P(n-C8H17)3 ex-
hibited high catalytic activity for hydrogenation of
PhCH2CHO affording PhCH2CH2OH exclusively
[8], we thus chose this reaction and explored the
possibility for use of this soluble polymer ligand,
poly(NBE), in place of P(n-C8H17)3 under the similar
conditions. Results are summarized in Table 2.4,5

The catalytic hydrogenation took place if only
Ru(acac)3 was added in xylene (41.0 and 69.4
turnovers, runs 7 and 10). Notable increase in the
catalytic activity was observed upon the addition of
the present polymer ligand (runs 11 and 12), although
the addition of pyridine or 4-methylpyridine retarded
the activity under the same conditions (runs 8 and 9).
On the other hand, the use of poly(4-vinylpyridine)
2% crosslinked (Aldrich) in place of poly(NBE) did
not show the improvement in the catalytic activity
(runs 16 and 17). In addition, it seemed impossi-
ble to recover the polymer ligand due to the tiny
amount (1.2 mg, run 16 in Table 2) compared to the
poly(NBE)100 (100 mg, run 15 in Table 2), and this
should be a significant benefit to use the present
polymer attached ligand for efficient recycling. No
reaction took place if the reaction was attempted
without Ru(acac)3, clearly indicating that the ruthe-
nium catalyzes the catalytic reaction. The reaction
product was PhCH2CH2OH almost exclusively, and
trace amount (<1%) of PhCH2CO2CH2CH2Ph was
observed on GLC chromatogram. We believe that this
is an interesting example that only the pyridine lig-
and attached to the ROMP polymer chain end could
enhance the catalytic activity. The observed catalytic
activity also depended upon molar ratio of the ligand

4 The catalytic reactions were typically carried out as follows: in
an autoclave (20 ml) made of stainless steel was charged Ru(acac)3,
ligand, xylene, PhCH2CHO under nitrogen atmosphere [8]. The
reaction mixture was stirred under H2 at 150◦C for 5 h. Reaction
product was then determined by GLC using an internal standard
and was identified by using GLC by co-injection with the authentic
samples under different conditions. Identification was made by
comparison of retention time of the chromatogram (Column: DB-1
30 m, 0.25 mm× 0.25�m Ø), and GC–MS (GC–MS QP 5000,
Shimazu Co. Ltd.).

5 In this chemistry, we chose theMn value calculated based on
monomer/Mo molar ratio as described in the above background
[6,11].
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Table 2
Hydrogenation of PhCH2CHO by Ru(acac)3-polymer ligand catalyst systema

Run no. Ru(acac)3 (mol) Additives (A/Ru)b PhCH2CHO (mmol) TONc

6 – Poly(NBE)100 2.0 –
7 0.02 None 2.0 41.0
8 0.02 4-Methylpyridine (1) 2.0 12.1
9 0.02 Pyridine (2) 2.0 21.2

10 0.005 None 2.0 69.4
11 0.005 Poly(NBE)100 (1) 1.0 153
12 0.005 Poly(NBE)100 (1) 1.0 144
13 0.005 Poly(NBE)100 (1) 2.0 125
14 0.005 Poly(NBE)100 (2) 2.0 86.0
15 0.010 Poly(NBE)100 (1) 2.0 112
16 0.010 Poly(4-vinylpyridine) (1.2)d 2.0 39.6
17 0.010 Poly(4-vinylpyridine) (2.1)d 2.0 43.4

a Conditions: xylene 1.25 ml, H2 10 atm, 160◦C, 5 h, 20 ml scale autoclave.
b Molar ratio based on ruthenium.
c TON (turnover number) = PhCH2CH2OH produced (mmol)/Ru (mmol).
d Poly(4-vinylpyridine) 2% crosslinked (Aldrich).

to ruthenium, substrate charged initially (runs 12–15).
The addition of P(n-C8H17)3 did not improve the cat-
alytic activity (runs 18–19, Table 3), although the use
of this phosphine in place of poly(NBE)n enhanced
the catalytic activity [8].6

The activity was not dependent upon the chain
length of ROMP polymer ligand, because no dif-
ferences were seen in the catalytic activities with
various poly(NBE)n prepared by varying the ini-
tial monomer/Mo molar ratios (runs 13, 15, 21–23,
Table 3). The olefinic double bond in poly(NBE)
was hydrogenated according to the published method
[12], and was used as the ligand in this catalytic
reaction. No improvement in the catalytic activ-
ity was observed (runs 13 and 20), suggesting the
presence of double bond in the poly(NBE) did not
affect the catalytic activity.7 Although the exact

6 For example, the activity of 384 turnovers (96% yield) after
5 h was obtained if excess amount of phosphine was added. Reac-
tion conditions, Ru(acac)3 0.005 mmol, P(n-C8H17)3 0.050 mmol
(phosphine/Ru= 10, molar ratio), PhCH2CHO 2.0 mmol, xylene
1.25 ml, H2 10 atm, 160◦C, 5 h (same conditions in runs 13,
18–19 except that PhCH2CHO = 2.0 mmol and excess amount of
P(n-C8H17)3 was used). The activity depended upon phosphine/Ru
molar ratio [8].

7 Olefinic double bonds in poly(NBE) were partly hydrogenated
during the reaction. A rough estimation by calculating integration
ratio of olefinic/aliphatic resonances in1H NMR spectrum of the
poly(NBE)100 after the reaction, less than 20% of olefinic double
bonds were hydrogenated (H2 10 atm, 160◦C, 5 h, under the same
conditions in run 12).

reason is not clear at this moment, these are also
especially interesting findings as the unique char-
acteristics of the present ligand in this catalytic
reaction.

It should be noted that reuse of the catalyst did
not decrease the catalytic activity (run 24, Table 3).8

The catalyst could be collected as brown precipi-
tate from the reaction mixture efficiently (recovered
yield >98%) by pouring the reaction mixture into cold
methanol (Scheme 3) because the polymer supported
catalyst was insoluble in methanol. The catalytic ac-
tivity (turnover number) did not change between first
(run 12) and second runs (run 24), although the hy-
drogenation did not complete in each runs.9 These re-
sults also indicate that ruthenium should be supported
almost exclusively on the polymer surface probably

8 For catalyst recycling experiment (runs 12 and 24), two in-
dependent runs were made under the same conditions in run 12.
Similar catalytic activities were observed (TON= 144 (run 12)
and 153, respectively), and the polymer supported catalysts could
be collected as deep brown precipitate by pouring the reaction
mixture into cold methanol. The isolation yields were 98% (calcu-
lated as poly(NBE)+Ru atom). The recovered catalyst was mixed
and used for the next experiment (145 (run 24) and 141 (rest of
the catalyst was used instead of 0.005 mmol of ruthenium under
the same conditions) turnovers).

9 The yields of PhCH2CH2OH were ca. 36% (runs 12 and
24) as calculated from TON and substrate charged. The reaction
conditions of incomplete conversion were chosen to compare the
exact catalyst performances between before and after the recycled
procedure.
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Table 3
Hydrogenation of PhCH2CHO by ruthenium catalysts containing polymer attached liganda

Run no. Ru(acac)3 (mol) Additives (A/Ru)b PhCH2CHO (mmol) TONc

13 0.005 Poly(NBE)100 (1) 1.0 125
18 0.005 Poly(NBE)100 (1) + P(n-Oct)3 (1) 1.0 94.1
19 0.005 Poly(NBE)100 (1) + P(n-Oct)3 (2) 1.0 83.0
20 0.005 Poly(NBE)100–hydrogenated (1)d 1.0 135
13 0.005 Poly(NBE)100 (1) 1.0 125
21 0.005 Poly(NBE)200 (1) 1.0 121
15 0.010 Poly(NBE)100 (1) 2.0 112
22 0.010 Poly(NBE)50 (1) 2.0 106
23 0.010 Poly(NBE)25 (1) 2.0 119
12 0.005 Poly(NBE)100 (1) 2.0 144
24 0.005 Poly(NBE)100 (1) reusee 2.0 145

a Conditions: xylene 1.25 ml, H2 10 atm, 160◦C, 5 h.
b Molar ratio based on ruthenium.
c TON (turnover number) = PhCH2CH2OH produced (mmol)/Ru (mmol).
d Olefinic double bond in poly(NBE)100 was hydrogenated in advance.
e Recycled catalyst was used.

Scheme 3.

by coordination. The prepared catalyst was stable and
could be handled without trouble under ordinary at-
mosphere (air) for a while.

Since, the molecular weight of the polymer lig-
and can be simply modified only by varying the
monomer/initiator molar ratios, also, since the poly-
mer main chain could be modified not only by use
of substituted NBE but also by using the block
copolymerization in this living ROMP chemistry us-
ing well-defined Schrock-type initiator, we certainly
believe that the present approach should introduce
one, new insight to study polymer supported catalysis
chemistry.
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