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complex catalysts containing a ‘ROMP polymer-attached’ ligand
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Abstract

Various pyridine and 2,2′-bipyridyl ligands attached to the polymer chain end of ring-opened poly(norbornene) were prepared by living ring-
opening metathesis polymerization (ROMP) using Mo(CHCMe2Ph)(N-2,6-iPr2C6H3)(OtBu)2. The prepared pyridine and 2,2′-bipyridyl derivatives
were examined for their use as ligands for catalytic hydrogen transfer reduction of cyclohexanone in the presence of Ru(acac)3 (in toluene/iPrOH
in the presence of NaOiPr, at 50◦C, acac: acetylacetonato). The catalytic activity increased upon addition of the above polymer as the ligand, and
the prepared catalyst could be recovered by filtration as the precipitate, by pouring the reaction mixture into methanol. The recovered catalyst
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ould be reused without decrease in the activity. Since the olefinic double bond in the ROMP polymer was not hydrogenated under th
onditions, exclusive reduction of carbonyl group in various ketones, such as acetophenone, 5-hexen-2-one, 2-allylhexanone could be
his catalysis.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Particular attention has been devoted to studies concerning
olymer [1,2] or dendrimer[3] supported catalysts, not only
ecause that there are practical concerns in using homogeneous
atalysts such as separation of the products from the catalyst
nd ligand[4], but also because that these supported catalysts
lay a crucial role in combinatorial and parallel synthesis. Tra-
itionally, insoluble polymer resins such as divinylbenzene,
ross-linked polystyrene have been used as a support for homo-
eneous catalysts as well as for reactants since they can easily be

solated by filtration[1a]. However, several shortcomings such
s nonlinear kinetic behavior, unequal distribution and/or access

o the chemical reaction, solution problems, etc. still remain due
o the heterogeneous reaction conditions.

As an attempt to combine the advantages and to minimize the
isadvantages associated with homogeneous and heterogeneous
atalysts, use of soluble polymer supported ligands has attracted
onsiderable attention[2]. However, examples for using ligands

attached to the polymer chain end and/or the synthesis of lig
by the controlled living polymerization technique still have b
limited so far. We focused on using the ring-opening meta
sis polymerisation (ROMP) technique[5], because quantitativ
introduction of reactive functionality into the polymer chain
can be easily achieved by adopting the living ROMP techn
especially using the Schrock type molybdenum-alkylidene
tiator [6–10]. The nice characteristics enable us not onl
prepare poly(macromonomer)s by repeating ROMP techn
[9], but also to prepare various amphiphilic block copolym
by grafting poly(ethylene glycol) to end-functionalized blo
ROMP copolymers in quantitative yields[10].

We communicated previously that the catalytic activity
the hydrogenation of an aldehyde increased upon the ad
of the pyridine ligand attached to the chain end of ring-ope
poly(norbornene) that was prepared by the living ROMP u
Mo(CHCMe2Ph)(N-2,6-iPr2C6H3)(OtBu)2, whereas the activ
ity decreased upon the addition of pyridine, 4-methylpyridin
poly(4-vinylpyridine)[11]. The prepared catalyst could be e
ily recovered by pouring the reaction mixture into methanol,
could be reused without decreasing the activity[11]. Since we
∗ Corresponding author. Tel.: +81 743 72 6041; fax: +81 743 72 6049.
E-mail address: nomurak@ms.naist.jp (K. Nomura).

also reported exclusive reduction of aromatic nitro group under
CO/H2O conditions[12], we have thus combined these methods

381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Scheme 1.

and explored the possibility to expand this ROMP technique for
the synthesis of ligand attached to the polymer chain end. In this
paper, we wish to introduce our results for exclusive reduction
of the carbonyl group in ketones by selective hydrogen transfer
reduction catalyzed by recyclable ruthenium complexes con-
taining ‘ROMP polymer-attached’ pyridine and 2,2′-bipyridyl
ligand (Scheme 1) [13–17].

2. Results and discussion

2.1. Synthesis of ‘polymer-attached’ ligand

Ring-opening metathesis polymerization (ROMP) of nor-
bornene (NBE) using Mo(CHCMe2Ph)(N-2,6-iPr2C6H3)
(OtBu)2 was performed in toluene at 25◦C, and 4-
pyridinecarboxaldehyde (A), 4,4′-diformyl-2,2′-bipyridyl
(B) [18], or 4-formyl-4′-methyl-2,2′-bipyridyl (C) [19] was
added in excess amounts after consumption of NBE not only

to terminate the polymerization quantitatively, but also to
introduce a pyridine or bipyridyl moiety into the chain end
of ring-opened poly(NBE) quantitatively (Scheme 2). This is
an established method as we demonstrated for synthesis of
poly(macromonomer)s by repeating the ROMP[9], and the
pyridine moiety could be introduced by cleaving the polymer-
metal bond via a Wittig-like reaction with the aldehyde[6–10].
The yields were thus very high in all cases (>90%), and the
resultant polymer could be isolated as a white precipitate by
pouring the reaction mixture into cold methanol, because the
resultant polymer was insoluble in methanol. The resultant
polymer was also identified by its1H NMR spectrum as
the ring-opened structure containing a mixture ofcis-and
trans-olefinic double bonds.

As shown in Table 1, the Mn value measured by GPC
versus polystyrene standard increased linearly by varying the
norbornene/Mo molar ratios, whereas theMw/Mn values were
narrow (Mw/Mn = 1.07–1.21) in all cases. These results clearly
indicate that the present polymerization took place in a living
manner as established previously[6–10], and that the molecu-
lar weight of the polymer ligand can be simply modified only
by varying the monomer/initiator molar ratios. TheMn values
estimated by GPC versus polystyrene standards were some-
what higher than those calculated based on the NBE/initiator
molar ratio, however, theMn values estimated by1H NMR
spectra (integration ratios of olefinic protons versus pyridine
o lues
[ ted
w te
t tion
e

2
c
p
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eme
Sch
r bipyridyl) were in good agreement with the calculated va
20], as reported previously by the ROMP of NBE termina
ith p-Me3SiO–C6H4CHO [9,10,21]. The results also indica

hat the present ROMP took place with quantitative initia
fficiency, as reported previously[6–10].

.2. Hydrogen transfer reduction of cyclohexanone
atalyzed by ruthenium complexes in the presence of
oly(NBE)s

Hydrogen transfer reduction of cyclohexanone in the p
nce of a ruthenium catalyst was chosen as the model re

2.
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Table 1
Synthesis of poly(norbornene)s prepared by ring-opening metathesis polymerization (ROMP) initiated with Mo(CHCMe2Ph)(N-2,6-iPr2C6H3)(OtBu)2 and termi-
nated withA, B or Ca

Run no. Mo (�mol) NBE/Mob Terminatorc Mn (calcd)d (×10−4) Mn (GPC)e (×10−4) Mw/Mn (GPC)e Yieldf (%)

1 50.0 50 A 0.49 0.91 1.21 >95
2 25.0 50 A 0.49 0.89 1.17 >95
3 25.0 100 A 0.96 1.73 1.09 >95
4 25.0 100 A 0.96 1.73 1.08 >95
5 25.0 100 B 0.97 2.15 1.07 >90
6 12.5 100 C 0.97 1.51 1.18 >90
7 16.7 150 A 1.43 2.65 1.07 >95
8 16.7 150 A 1.43 2.59 1.08 >95

a Conditions: toluene 7.8 g (runs 1–5) or 4.4 g (run 6) or 8.9 g (runs 7, 8), 25◦C, 30 min.
b Molar ratio of NBE/Mo.
c Aldehydes shown inScheme 2.
d Calculated value based on monomer/Mo molar ratio according toScheme 2.
e GPC data in THF vs. polystyrene standards.
f Isolated yields.

to explore the utility for using these polymer-attached ligands.
The results for the hydrogen transfer reduction in toluene/iPrOH
at 50◦C under various base (NaOiPr) concentration conditions
are summarized inTable 2. The reduction by Ru(acac)3 (acac:
acetylacetonato) did not take place in the absence of NaOiPr
(run 9), and the activity increased upon increasing the base
(NaOiPr) concentration (runs 10, 11). The addition of pyridine
slightly increased the activity (runs 11, 14), and the activity
seemed slightly increasing upon addition of the polymer lig-
and, poly(1)100-py (run 11 versus 17). The increase of the NBE
repeating unit did not affect the observed catalytic activity (runs
17, 18), and the activity increased upon increasing NaOiPr con-
centration (run 19). The activity in the presence of both pyridine
and poly(1)100-py showed the similar activity in the presence

Table 2
Effect of ligand additives, base concentration in hydrogen transfer reduction of
cyclohexanone catalyzed by Ru(acac)3

a

Run NaOiPrb (mmol/mL) Ligand/additives (L/Ru)c TONd

9 – None Trace
10 0.04 None 63
11 0.16 None 210
12 0.16 Pyridine (1) 218
13 0.16 Pyridine (2) 228
14 0.16 Pyridine (5) 287
15 0.04 Poly(1)100-py (2) 76
1
1
1
1
2
2
2
2
2

1

of pyridine (run 20). The activity increased upon addition of
2,2-bipyridyl (run 21), and the use of the polymer ligands,
poly(1)100-bpy(R) (R: CHO, Me) were also found to be effective
(runs 21–24).

Since the addition of poly(1)100-py seemed rather effective to
improve the activity in the hydrogen transfer reduction of cyclo-
hexanone, the reductions using other ruthenium compounds
were employed as the catalysts under the same conditions.
The temperature dependence toward the catalytic activities was
also explored in this catalysis. The results are summarized in
Table 3.

The catalytic activities in the presence of Ru(acac)3 increased
at higher temperature, and the reduction completed at 70◦C
(runs 32–34). It should be noted that the activities of
RuCl2(PPh3)4, [RuI2(p-cymene)]2 increased upon addition of
poly(1)100-py (runs 28–31), and these results suggest that the
use of present ‘polymer-attached’ pyridine ligand is effective as
the ligand for this ruthenium catalyzed reduction.

Table 4shows the time course dependence for the reduc-
tion in the presence of Ru(acac)3-poly(1)100-py. The yield
increased at longer reaction hours, and, as shown inFig. 1, a
relatively linear first order relationship was observed between
substrate concentration (log10[S]0 − log10[S], [S]0 is the initial
substrate concentration and [S] is the substrate concentration
at the prescribed time) and the reduction rate. The result not
only clearly indicates that the reduction rate was first order
d learly
i
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r
r

2
r
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a ed the
6 0.08 Poly(1)100-py (2) 168
7 0.16 Poly(1)100-py (2) 238
8 0.16 Poly(1)150-py (2) 239
9 0.32 Poly(1)100-py (2) 471e

0 0.16 Poly(1)100-py (2) + pyridine (5) 284
1 0.16 2,2′-bpy (1) 374
2 0.16 2,2′-bpy (5) 377
3 0.16 Poly(1)100-bpy(CHO) (2) 283
4 0.16 Poly(1)100-bpy(Me) (2) 291

a Conditions: Ru(acac)3 0.002 mmol, cyclohexanone 1.0 mmol,iPrOH
.5 mL, toluene 1.0 mL, 50◦C, 5 h.
b Initial NaOiPr conc. mmol/mL.
c Molar ratios Ligand/Ru.
d TON = (product in mmol)/Ru(mmol).
e 94% Yield.
ependent upon the substrate concentration, but also c
ndicates that no catalyst decomposition was observed.Table 5
ummarizes the solvent effect (ratio of toluene/iPrOH) toward
he catalytic activity, and the activity increased upon incr
ng the ratio of iPrOH in the reaction medium although
eaction mixture became heterogeneous at higheriPrOH/toluene
atio.

.2.1. 1H and 31P NMR spectra for catalyst solutions and
ecovered catalyst

Since the pyridine-attached ring-opened poly(NBE)
ound to be effective as a ligand for the reduction of cycloh
none in the presence of a ruthenium catalyst, we investigat
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Table 3
Ruthenium catalyzed hydrogen transfer reduction of cyclohexanonea

Run Ru compound Ligand (L/Ru)b Temperature
(◦C)

Yield
(%)

TONc

25 Ru(acac)3 None 25 3 13
26 Ru(acac)3 Pyridine (1) 25 5 26
27 Ru(acac)3 Poly(1)100-py (2) 25 6 30
11 Ru(acac)3 None 50 42 210
12 Ru(acac)3 Pyridine (1) 50 44 218
13 Ru(acac)3 Pyridine (2) 50 46 228
17 Ru(acac)3 Poly(1)100-py (2) 50 48 238
28 RuCl2(PPh3)4 None 50 36 181
29 RuCl2(PPh3)4 Poly(1)100-py (2) 50 43 216
30 [RuI2(p-cymene)]2 None 50 31 157
31 [RuI2(p-cymene)]2 Poly(1)100-py (2) 50 42 212
32 Ru(acac)3 None 70 96 481d

33 Ru(acac)3 Pyridine (1) 70 99 494d

34 Ru(acac)3 Poly(1)100-py (2) 70 99 498d

a Conditions: Ru compound 0.002 mmol (as Ru), cyclohexanone 1.0 mmol,iPrOH 1.5 mL, toluene 1.0 mL, NaOiPr 0.40 mmol (0.16 mmol/mL), 5 h.
b Molar ratios Ligand/Ru.
c TON = (product in mmol)/Ru(mmol).
d Yields 96.2–99.9%.

Table 4
Time course for hydrogen transfer reduction of cyclohexanone catalyzed by
Ru(acac)3-poly(1)100-py systema

Run Time (h) Yield (%) TONb

35 1 21 105
36 2 27 134
37 3 42 208
17 5 48 238
38 10 73 366

a Conditions: Ru(acac)3 0.002 mmol, poly(1)100-py 0.004 mmol, cyclo-
hexanone 1.0 mmol,iPrOH 1.5 mL, toluene 1.0 mL, NaOiPr 0.4 mmol
(0.16 mmol/mL).

b TON = (product in mmol)/Ru(mmol).

Fig. 1. Time course plots for the hydrogen transfer reduction of cyclohexanone
catalyzed by Ru(acac)3-poly(1)100-py catalyst (detailed results are shown in
Table 4). From this figure, the coefficient of 5.41× 10−2 h−1 was obtained.

catalytically active species in the reaction mixture.Fig. 2shows
31P NMR spectra for (c) a mixed solution of RuCl2(PPh3)4 and
poly(1)50-py and (d) Ru complex containing poly(NBE)50-py
[after heating in toluene/iPrOH (1.0/1.5 mL) for 5 h at 50◦C]
recovered by pouring the reaction mixture into methanol. The
CDCl3 solution containing RuCl2(PPh3)4 (Fig. 2b) showed a
mixture of the original complex and the dissociated species,
RuCl2(PPh3)3. It is clear that another PPh3-coordinated species
(as * in the spectra c) which is different from RuCl2(PPh3)4
nor RuCl2(PPh3)3 (as + in the spectrum c) was formed by the
dissociation of PPh3 and the resonance was the same as that in
the recovered catalyst (d). The fact would also be supported by
the reported facts that RuCl2(PPh3)3 was reacted with norborna-
diene (NBD), acetonitrile (MeCN) to afford the corresponding
RuCl2(PPh3)2(L)2 (L: NBD, MeCN) in high yields[22–24].
Moreover, the1H NMR spectrum for the ruthenium complex,
which was recovered as the precipitate after the reaction, con-
sisted of mixed resonances of PPh3 and ring-opened poly(NBE)
[20]. Since the catalyst could be easily recovered by filtration
as the precipitate, these results strongly suggest that pyridine in
the poly(1)100-py coordinates to the Ru in the reaction mixture.

Table 5
Effect of solvent for transfer hydrogenation of cyclohexanone catalyzed by
R a

R

3
4
1
4

-
h l
(

u(acac)3-poly(1)100-py system

un iPrOH/toluene (mL/mL) Yield (%) TONb

9 0.5/2.0 17 83
0 1.0/1.5 33 164
7 1.5/1.0 48 238
1 2.0/0.5 52 261

a Conditions: Ru(acac)3 0.002 mmol, poly(1)100-py 0.004 mmol, cyclo
exanone 1.0 mmol, iPrOH + toluene total 2.5 mL, NaOiPr 0.4 mmo
0.16 mmol/mL).
b TON = (product in mmol)/Ru(mmol).
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Fig. 2. 31P NMR spectra (in CDCl3 at 25◦C) for (a) free PPh3, (b)
RuCl2(PPh3)4, (c) RuCl2(PPh3)4 + poly(NBE)50-py (2.0 equiv.), and (d) recov-
ered Ru complex containing poly(NBE)50-py [after heating in toluene/iPrOH
(1.0/1.5 mL) for 5 h at 50◦C, Ru(acac)3 0.004 mmol, 2 equiv. of poly(1)50-py].

Moreover, the1H NMR spectrum (Fig. 3) for the recovered
catalyst containing poly(1)100-py after the reduction of cyclo-
hexanone with Ru(acac)3 showed that no olefinic double bonds
were hydrogenated during this catalytic reaction[20]. This result
may suggest that the present reduction took place not by hydro-
genation with dihydrogen once formed by dehydrogenation of

Fig. 3. 1H NMR spectra for (a) ring-opened poly(NBE)100-py and (b) the recov-
ered catalyst after the reduction of cyclohexanone in the presence of Ru(acac)3.

iPrOH but by hydrogen transfer reduction generally proposed
under these conditions. Since the olefinic double bonds in the
ROMP polymer were not hydrogenated under these conditions,
the result strongly suggests the possibility of exclusive reduc-
tion of carbonyl group in ketones in this recyclable catalysis, as
described below.

2.3. Recycle experiment for hydrogen transfer reduction of
cyclohexanone

As described above, the resultant ROMP polymer ligand
was effective as the ligand for the catalytic hydrogen transfer
reduction of cyclohexanone with Ru(acac)3, RuCl2(PPh3)4, or
[RuI2(p-cymene)]2 in iPrOH/toluene in the presence of NaOiPr,
and the activity increased upon the addition of the ligand. As also
described above, the catalyst can be recovered by filtration as
the precipitate by pouring the reaction mixture into a methanol
solution (Scheme 3). The recovered yields were ca. 95%[25],
and the catalyst can be reused without further purification after
removing methanol in vacuo.

The results for the recycled experiments in the transfer hydro-
genation of cyclohexanone in the presence of Ru(acac)3 and
poly(1)100-py are summarized inTable 6 [26]. Several reaction
runs were performed to check the reproducibility of these exper-
imental runs (runs 17, 42–46) as well as to perform the reaction
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Scheme 3.

with the same amount of catalyst in the recycled experiments.
Fig. 4shows the plot of TON values in each of the experimental
runs for the transfer hydrogenation of cyclohexanone. It is clear
that the TON values did not change significantly by reusing

Table 6
Hydrogenation transfer reduction of cyclohexanone catalyzed by Ru(acac)3-
poly(1)100-py systema

Run Catalyst (molar ratio to Ru)b NaOiPr (mmol) TONc

17 Ru(acac)3/poly(1)100-py (2) 0.4 238
42 Ru(acac)3/poly(1)100-py (2) 0.4 237
43 Ru(acac)3/poly(1)100-py (2) 0.4 238
44 Ru(acac)3/poly(1)100-py (2) 0.4 210
45 Ru(acac)3/poly(1)100-py (2) 0.4 241
46 Ru(acac)3/poly(1)100-py (2) 0.4 239
47 Recycled from runs 42–45 (2nd cycle) 0.4 219
48 Recycled from runs 42–45 (2nd cycle) 0.4 208
49 Recycled from runs 47–48 (3rd cycle) 0.4 210
50 Recycled from runs 47–48 (3rd cycle) 0.4 241
51 Recycled from runs 49–50 (4th cycle) 0.4 221
52 Recycled from runs 46, 51 (5th cycle)d 0.4 218
19 Ru(acac)3/poly(1)100-py (2) 0.8 471e

53 Ru(acac)3/poly(1)100-py (2) 0.8 471e

54 Ru(acac)3/poly(1)100-py (2) 0.8 481e

55 Recycled from runs 53–54 (2nd cycle) 0.8 158
20 Ru(acac)3/poly(1)100-py (2)/py (5) 0.4 284
55 Ru(acac)3/poly(1)100-py (2)/py (5) 0.4 258
56 Ru(acac)3/poly(1)100-py (2)/py (5) 0.4 316
5
5
5 4
6 0
6 0
6
6
6

t

r

Fig. 4. Recycled experiments for hydrogen transfer reduction of cyclohexanone
with Ru(acac)3-poly(1)100-py (runs 42–52,Table 6).

the catalyst (runs 42–52 inTable 6). Although the reduction
completed under high NaOiPr concentration conditions (NaOiPr
0.80 mmol, run 53–55), the activity using the recovered catalyst
decreased probably due to partial decomposition. As described
in Table 2, further addition of pyridine increased the catalytic
activity (runs 20, 55–58), and the TON values in the recycled
runs (runs 59–64) reached those obtained in the absence of pyri-
dine (runs 47–52) probably due to the dissociation of additional
pyridine (not the polymer attached ligand) from the ruthenium.
These results suggest that the pyridine ligand attached to the
ROMP polymer chain end strongly coordinates to ruthenium.
Taking these results into account, the present ruthenium catalyst
can be easily reused without deactivation. Since the molecu-
lar weight for the supported catalyst can be tuned by varying
the monomer/initiator molar ratio in the living polymerization
step, we believe the catalyst system presented here is a promis-
ing candidate that possesses unique characteristics for designing
efficient recyclable catalytic systems.

2.4. Application to chemoselective catalytic reduction of
unsaturated ketones

As described above, the possibility for chemoselective reduc-
tion of the carbonyl group of ketones was suggested in this
catalysis, because the olefinic double bond in the ROMP polymer
w
T ac)
p ions
7 Ru(acac)3/poly(1)100-py (2)/py (5) 0.4 306
8 Ru(acac)3/poly(1)100-py (2)/py (5) 0.4 290
9 Recycled from runs 55–58 (2nd cycle) 0.4 23
0 Recycled from runs 55–58 (2nd cycle) 0.4 28
1 Recycled from runs 55–58 (2nd cycle) 0.4 20

2 Recycled from runs 59–61 (3rd cycle) 0.4 240
3 Recycled from runs 59–61 (3rd cycle) 0.4 216
4 Recycled from runs 62–63 (4th cycle) 0.4 243

a Conditions: Ru cat. 0.002 mmol, cyclohexanone 1.0 mmol,iPrOH 1.5 mL,
oluene 1.0 mL, 50◦C, 5 h.
b Molar ratios for additives (ligand)/Ru.
c TON = (product in mmol)/Ru(mmol).
d Recycled catalyst from run 51 and small amount of catalyst recovered from

un 46.
e Yields 94–96%.

a
the

p e-
n anol
e onyl
g this
c poly-
m one
u with
as not hydrogenated under these reaction conditions (Fig. 3).
herefore, the reduction of various ketones using the Ru(ac3-
oly(1)100-py catalyst were explored under the same condit
s for cyclohexanone. The results are summarized inTable 7.

The catalytic activity slightly increased upon addition of
olymer ligand, poly(1)100-py, in the reduction of acetoph
one, and the reaction product formed was 1-phenyleth
xclusively. In addition, the chemospecific reduction of carb
roup in 5-hexen-2-one proceeded to afford 5-hexen-2-ol in
atalysis, and the activity increased upon the addition of the
er ligand. Moreover, the reduction of 2-allyl-cyclohexan
nder the same conditions afforded 2-allyl-cyclohexanol



158 K. Nomura, Y. Kuromatsu / Journal of Molecular Catalysis A: Chemical 245 (2006) 152–160

Table 7
Hydrogen transfer reduction of various ketonesa

Run Catalyst (molar ratio to Ru)b Substrate Product TONc

65 Ru(acac)3 PhCOCH3 PhCH(OH)CH3 126
66 Ru(acac)3/pyridine (1) PhCOCH3 PhCH(OH)CH3 133
67 Ru(acac)3/pyridine (2) PhCOCH3 PhCH(OH)CH3 139
68 Ru(acac)3/poly(1)100-py (2) PhCOCH3 PhCH(OH)CH3 141
69 Ru(acac)3/poly(1)100-py (2) + py (5) PhCOCH3 PhCH(OH)CH3 154
70 Ru(acac)3 5-Hexen-2-one 5-Hexen-2-ol 91
71 Ru(acac)3/poly(1)100-py (2) 5-Hexen-2-one 5-Hexen-2-ol 175
72 Ru(acac)3/poly(1)100-py (2) 5-Hexen-2-one 5-Hexen-2-ol 197
73 Ru(acac)3 2-Allyl-cyclohexanone 2-Allyl-cyclohexanol 104
74 Ru(acac)3/poly(1)100-py (2) 2-Allyl-cyclohexanone 2-Allyl-cyclohexanol 124
75 Ru(acac)3/poly(1)100-py (2) 2-Allyl-cyclohexanone 2-Allyl-cyclohexanol 125
76 Recycled from runs 74–75 2-Allyl-cyclohexanone 2-Allyl-cyclohexanol 125

a Conditions: Ru(acac)3 0.002 mmol, substrate 1.0 mmol,iPrOH 1.5 mL, toluene 1.0 mL, NaOiPr 0.4 mmol (0.16 mmol/mL), 50◦C, 5 h.
b Molar ratio of ligand additive/Ru.
c TON = (product in mmol)/Ru(mmol).

Scheme 4.

exclusive reduction of the carbonyl group, and the catalyst can
be reused without decrease in the activity (runs 74–76). These
results clearly indicate that selective reduction of carbonyl group
can be achieved in the present catalysis (Scheme 4).

3. Concluding remarks

We have introduced a new type of polymer soluble ligand
that possesses a ligand moiety only at the polymer chain en
prepared by the living ROMP technique using the well-defined
molybdenum-alkylidene initiator. The prepared pyridine ligand
was effective for ruthenium catalyzed hydrogen transfer reduc
tion of cyclohexanone, and the catalyst can be recovered b
filtration and can be reused without decreasing the catalytic
activity. Moreover, the exclusive reduction of carbonyl groups
can be achieved in this catalysis. Since the molecular weigh
of the polymer ligand can be simply modified only by varying

the monomer/initiator molar ratios, also since the polymer main
chain will also be modified not only by use of substituted nor-
bornene but also by using the block copolymerization in this
living ROMP chemistry, we certainly believe that the present
approach should introduce a new insight to study polymer sup-
ported catalysis chemistry.

4. Experimental section

4.1. General procedure

All experiments were carried out under a nitrogen atmo-
sphere in a vacuum atmospheres dry-box or using standard
Schlenk techniques. All chemicals used were of reagent grade
and were purified by the standard purification procedures. Poly-
merization grade toluene was distilled from sodium and ben-
zophenone, stored over sodium/potassium alloy in the dry-box,
and was then passed through an alumina short column prior
to use. NaOiPr was prepared by treatingiPrOH with Na under
nitrogen atmosphere, and isolated as a white solid. Ru(acac)3
(acac: acetylacetonato), RuCl2(PPh3)4 were purchased from
STREM and were used as received. [RuI2(p-cymene)]2 was pre-
pared according to the previous report[27]. The molybdenum
initiators of the type (ArN)Mo(CHCMe2Ph)(OtBu)2 (Ar: 2,6-
iPr2C6H3) was prepared according to the literature[28], and
4 ther
p
4 to
t
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w
c
T GPC
w D-
1 t.%
2 ns
d

-
y

t

-pyridinecarboxaldehyde (Aldrich) was used without fur
urification. 4,4′-diformyl-2,2′-bipyridyl (B) [18], or 4-formyl-
′-methyl-2,2′-bipyridyl [19] were also prepared according
he literature.

All 1H-and13C-NMR spectra were recorded on a JEOL JN
A400 spectrometer (1H, 399.65 MHz;13C, 100.40 MHz), an
ere obtained in the solvent indicated at 25◦C, with all chemi-
al shifts quoted in ppm and referenced to SiMe4. HPLC grade
HF was used for GPC and was degassed prior to use.
ere performed at 40◦C on a Shimazu SCL-10A using a RI
0A detector (Shimazu Co. Ltd.) in THF (containing 0.03 w
,6-di-tert-butyl-p-cresol, flow rate 1.0 mL/min). GPC colum
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(ShimPAC GPC-806, 804 and 802, 30 cm× 8.0 mm�) were cal-
ibrated versus polystyrene standard samples.

4.2. Polymer synthesis

Typical polymerization procedure is as follows: a certain
amount of toluene solution containing 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 (4.4–8.9 g, shown
in Table 1) containing the prescribed amount of norbornene at
25◦C, and the reaction mixture was stirred for 30 min. The poly-
merization was quenched by adding 4-pyridinecarboxaldehyde
in excess amount after the consumption of monomers, and stirred
for 1 h for completion. The resultant solution was poured drop
wise to stirred cold methanol (∼200 mL), affording white–pale
yellow precipitates. The polymer was collected by filtration, 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 could also be observed:δ 8.52 and 8.47
(d, pyridine), 6.42 (m, PyCH CH ), 6.24 (dd, PyCH CH ),
5.56 (d, PhMe2CCH CH ), and 5.33 (m, PhMe2CCH CH ).
Other resonances corresponding to phenyl group were also
observed.

Syntheses of other ligands were also prepared by the living
ROMP terminated with 4,4′-diformyl-2,2′-bipyridyl, and with 4-
f
N ,
2 H),
1
8
b
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i -
n te)
w ixtur
w he
r nter
n tion
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poly(NBE) being much higher than those for others (ruthenium,
etc.).

Acknowledgement

Part of this research was supported by Grant-in-Aid for
Exploratory Research (No. 16656248), and authors express their
thanks to Prof. Michiya Fujiki (NAIST) for helpful discussions.

Appendix A. Supplementary data

Supplementary data such as (1)1H NMR spectra (in CDCl3
at 25◦C) for poly(NBE)s prepared by Mo(CHCMe2Ph)(N-
2,6-iPr2C6H3)(OtBu)2 terminated with various aldehydes, (2)
1H NMR spectra (in CDCl3 at 25◦C) for RuCl2(PPh3)4,
RuCl2(PPh3)4 + poly(NBE)50-py (1.0 equiv.), and the recov-
ered Ru complex. These supplementary data associated
with this article can be found in the online version, at
doi:10.1016/j.molcata.2005.09.047.
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