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Abstract: Amphiphilic resin-supported rhodium-
phosphine complexes were prepared on polystyr-
ene-poly(ethylene glycol) graft co-polymer (1%
DVB cross-linked) beads. The immobilized rhodium
complexes exhibited high catalytic activity in water
to promote hydroformylation of 1-alkenes, [2�2�2]
cyclotrimerization of internal alkynes forming ben-
zene rings, and 1,4-addition of arylboronic acids.
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The development of organic reactions in water is
becoming an important chemical research topic[1] just
as organic reactions using solid-supported catalysts are
gaining in popularity due to more efficient methods for
product purification and catalyst recycling.[2] We have
developed amphiphilic resin-supported palladium com-
plexes with a view toward using them for catalytic
reactions in water.[3] The immobilized complexes ex-
hibited high catalytic activity as well as stereoselectiv-
ity[4] in various palladium-catalyzed organic transfor-
mations in water where the advantages of both a water-
based reaction and heterogeneous catalysis have been
combined in one system. Thus, for example, �-allylic
substitution, carbonylation, and Suzuki±Miyaura cross-
coupling have been achieved in water using a palladium
complex immobilized by coordination with a triaryl-
phosphine anchored on an amphiphilic polystyrene-
poly(ethylene glycol) graft co-polymer (1%DVB cross-
linked) (PS-PEG-phosphine, 1). As part of our effort to
develop wide utility of this PS-PEG phosphine ligand,
rhodium-phosphine complexes bound to PS-PEG resin
were prepared, and their basic catalytic abilities were
examined for three types of rhodium-catalyzed carbon-
carbonbond forming reactions, i.e., hydroformylation of
1-alkenes, [2� 2� 2] cycloaddition of internal alkynes
forming benzene rings, and Michael-type alkylation of
enones with arylboronic acids.

Preparation of PS-PEG-supported rhodium-phos-
phine complexes: Amphiphilic resin-supported rhodi-
um-phosphine complexes[5] were readily prepared by
treatment of PS-PEG-phosphine 1 with [RhCl(CO)2]2.
Thus, a mixture of PEG-PS-phosphine 1 (loading value:
ca. 0.4 mmol/g)[6] and an excess amount of [RhCl(CO)2]2
was agitated in dichloromethane at room temperature
to give the PS-PEG resin-supported monophosphine-
rhodium complex 2 quantitatively. The resin-supported
bisphosphine complex 3 was obtained from the com-
plexation performed in acetonitrile under otherwise
similar conditions. Treatment of the monophosphine
complex 2 in acetonitrile also gave the bisphosphine
complex 3 whereby acetonitrile-promoted dissociation
of the rhodium species from 2 occurred to form
compound 3. The reaction progress was conveniently
monitored by gel-phase 31P MAS-NMR studies of the
resin beads swollen with chloroform-d. After formation
of the complexes 2 and 3, a narrow singlet at�� ± 5 ppm
observed for the starting resin phosphine 1 disappeared
andwas replaced by a doublet at 44 ppmwith a coupling
constant of 177 Hz (for complex 2), and 28 ppm with a
coupling constant of 128 Hz (for complex 3), respec-
tively. The remarkable low field shifts and the observa-
tion of Rh-P coupling demonstrate that the phosphine
group of 1 coordinates to rhodium forming the com-
plexes 2 and 3.

Scheme 1. Preparation of PS-PEG-supported Rh-phosphine
complexes 2 and 3.
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Rhodium-catalyzed hydroformylation in water: The
catalytic utilities of the amphiphilic resin-supported
complexes 2 and 3 in water were first examined for the
rhodium-catalyzed hydroformylation[7] of terminal al-
kenes where the hydroformylation was found to take
place under atmospheric pressure conditions at 25 �C
(Scheme 2). Thus, a mixture of styrene (4a) and resin-
supported monophosphine-rhodium 2 (5 mol % Rh to
styrene) in an aqueous solution of sodium acetate was
shaken at 25 �C for 12 h under an atmospheric pressure
of H2/CO (1/1) to give a quantitative yield of the
hydroformylation products iso-5a and nor-5a in a ratio
of 4.3 to 1 (Table 1, entry 1). The catalytic activity of 3
was lower than that of 2 in the hydroformylation of
styrene, giving a 35%yield of 5a under otherwise similar
reaction conditions (entry 2). The chemical yield of the
hydroformylation product 5a was significantly lower
without sodium acetate, namely 11% (entry 3). While
potassium carbonate and pyridine were effective as
additives in the present catalysis in furnishing high yields
of 5, the ratios of the iso-5/nor-5were decreased to 3.1/1
(entries 4 and 5). Hydroformylation of 4-methoxystyr-
ene (4b) gave a77%yieldof 5b in an iso/nor ratio of 4.9/1
(entry 6).Octene (4c) also underwent hydroformylation
under the same conditions to give nonyl aldehyde 5c
where the linear product nor-5c was obtained as the
major regioisomer (entry 7).
Cyclotrimerization of alkynes forming hexasubstitut-

ed benzenes in water:Cyclotrimerization of alkynes has
been thoroughly investigated with group 9 transition

metals to form aromatic compounds.[8] Rhodium-cata-
lyzed cycloaddition of dimethyl acetylenedicarboxylate
(DMAD, 6a) was examined to demonstrate the basic
catalytic activity of the PS-PEG-supported complex 2 in
water. Thus, when a mixture of 6a and 2 was refluxed in
water for 48 h, cyclotrimerization took place to give
57% of hexamethyl benzenehexacarboxylate.[9] Tolan
(6b) gave 29% of hexaphenylbenzene under the same
conditions. Although the chemical yields observed in
the cyclotrimerization were not satisfactory, the PS-
PEG resin-supported rhodium complex demonstrated
its potential by realizing ™aqueous switching∫ and
™heterogeneous switching∫ in the reaction.
Rhodium-catalyzed 1,4-addition of ArB(OH)2 in

water:[10±12] Rhodium-catalyzed 1,4-addition of arylbor-
on reagents to enones is rapidly becoming an important
reaction in organic synthesis. Methyl vinyl ketone (8)
reacted with 5 equivalents of phenylboronic acid (9a) in
water at 25 �C in thepresence of 3 mol %rhodiumof the
PS-PEG resin-supported complex 3 to give the methyl
phenethyl ketone 10a in 81% yield (Table 2, entry 1).
The chemical yield of 10a was improved to 93% with
5 mol % Rh of 3. Phenylboronic acids having 4-chloro
and 4-trifluoromethyl substituents (9b and 9c) reacted
with ketone 8 to give 10b and 10c in 79% and 80% yield,
respectively (entries 3 and 4). Cyclohexenone (11)
underwent the Michael-type arylation using similar
conditions to give a 65% yield of 3-phenylcyclohexa-
none (12) (entry 5). Recycle experiments were exam-
ined for the reaction of 8with 9a. Thus, after the first run
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+
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a: R = C6H5, b: R = 4-CH3OC6H4, c: R = C6H13

Scheme 2. Rh-catalyzed hydroformylation of alkenes in wa-
ter.

Table 1. Rh-catalyzed hydroformylation of alkenes in water.[a]

Entry Alkene Catalyst Additive[b] Product Yield [%][c] Ratio of iso/nor[d]

1 4a 2 NaOAc 5a �99 4.3/1
2 4a 3 NaOAc 5a 35 4.0/1
3 4a 2 none 5a 11 4.5/1
4 4a 2 K2CO3 5a 94 3.1/1
5 4a 2 pyridine 5a 94 3./1
6 4b 2 NaOAc 5b 77[e] 4.9/1
7 4c 2 NaOAc 5c 57 1/8.5

[a] All reactions were carried out in water at 25 �C for 12 h under CO/H2 (1/1, 1 atm) in the presence of 2 or 3. The ratio of
alkene (mol)/catalyst (Rh equiv)/H2O (L)� 1/0.05/10.

[b] 0.2 M aqueous solution was used as the reaction medium.
[c] GC yield.
[d] Determined by GC analysis.
[e] Isolated yield.

R3  R

R

R

R

R

R

R2 (cat)

100 °C, 48 h, in water

7a: R = COOMe
7b: R = Ph

6a: R = COOMe
6b: R = Ph

57%
29%

Scheme 3. Rh-catalyzed trimerization of alkynes in water.
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giving excellent yield of 10a (Table 2, entry 2), the PS-
PEG-supported rhodium complex was recovered by
filtration. The recovered catalyst was successively sub-
jected to a second and a third series of the reaction to
give 85% yield (second run) and 89% yield (third run),
respectively, demonstrating the practical recyclability of
this catalyst. It is noteworthy that during 3 continuous
recycle experiments, no deposition of rhodiummetal on
the glass (the so-called metal mirror) was observed.
Metal leaching from the resin matrix under the reaction
conditions should causemirror formation. Although the
chemical yield was only moderate, the present test
reaction system is particularly interesting to us because
of the possible extension to asymmetric catalysis[11] in
water.
In summary, the immobilization of a rhodiumcomplex

on PS-PEG resin provided an efficient catalyst promot-
ing a variety of rhodium-catalyzed carbon-carbon bond
forming reactions in water under heterogeneous con-
ditions. Currently, we are focusing our efforts on the
development of immobilized chiral rhodium catalysts
attached to PS-PEG for asymmetric catalysis in water.

Experimental Section

Preparation of PS-PEG Resin-Supported Rhodium-
Monophosphine Complex 2

A Merrifield vessel was charged with 1.1 g of PS-PEG-
phosphine 1 (0.37 mmol of phosphine residue), 78 mg of
[RhCl(CO)2]2 (0.20 mmol), and 20 mL of dichloromethane
under a nitrogen atmosphere. The mixture was agitated on a
wrist-action shaker for 15min. Themixturewas filtered and the
collected resin beads were rinsed 5 times with dichlorome-
thane (20 mL� 10 min shaking). The resin beads were dried
under vacuum at room temperature for several hours to give
the pale yellow resin 2. IR (nujol): �� 1977 cm±1; (KBr): ��
1979 cm�1; 31P{1H} NMR (SR-MAS, CDCl3): �� 29.2 (d, J�
128 Hz).

Preparation of PS-PEG Resin-Supported Rhodium-
Bisphosphine Complex 3

A Merrifield vessel was charged with 1.1 g of PS-PEG-
phosphine 1 (0.37 mmol of phosphine residue), 39 mg of
[RhCl(CO)2]2 (0.10 mmol), and 20 mL of acetonitrile under a
nitrogen atmosphere. The mixture was agitated on a wrist-
action shaker for 15 min. The mixture was filtered and the
collected resin beads were rinsed 5 times with dichlorome-
thane (20 mL� 110 min shaking). The resin beads were dried
under vacuum at room temperature for several hours to give
the pale yellow resin 3. IR (KBr): �� 1961 cm�1; 31P{1H} NMR
(SR-MAS, CDCl3): �� 45.2 (d, J� 177 Hz).

Hydroformylation of Alkenes in Water;[13] General
Procedure

A Merrifield vessel was charged with 80 mg of resin-bound
complex 2 (loading value: 0.31 mmol/g, 5 mol % Rh), NaOAc
(83 mg, 1 mmol), and 5 mL of distilled H2O under a CO/H2
atmosphere (1 atm). To the mixture was added alkene
(0.5 mmol), and the reaction mixture was shaken on a wrist-
action shaker at 25 �Cfor 12 h.Themixturewas filteredand the
resin was extracted three times with ether (5 mL� 10 min).
The combined extractwas dried overNa2SO4 and concentrated
under reduced pressure to give crude 5.The chemical yield and
iso/nor ratio of the resulting aldehydes 5 were determined by
GC analysis (internal standard: biphenyl).

Cyclotrimerization of Alkynes[14]

A typical procedure is given for the reaction of dimethyl
acetylenedicarboxylate (6a). A Schlenk tube was charged with
319 mg of resin-bound complex 2 (loading value: 0.31 mmol/g,
20 mol % Rh) and 5 mL of distilled H2O under a nitrogen
atmosphere. To the suspensionwere added 61.5 �Lof dimethyl
acetylenedicarboxylate (6a; 0.5 mmol), and the reaction mix-
ture was refluxed for 48 h. After being cooled, the mixture was
filtered and the resin was extracted three times with ether
(5 mL� 10 min). The combined extract was dried overNa2SO4
and concentrated under reduced pressure. The crude residue
was chromatographed on silica gel (eluent: n-hexane/

Table 2. Rhodium-catalyzed Michael reaction of enones with
arylboronic acids in water.[a]
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[a] All reactions were carried out in water at 25 �C for 24 h in
the presence of 3. The ratio of alkene (mol)/3 (Rh equiv)/
H2O (L)� 1/0.03/4.

[b] Isolated yield.
[c] 5 mol % rhodium of 3 was used.
[d] GC yield (internal standard: naphthalene).

COMMUNICATIONS Yasuhiro Uozumi, Maki Nakazono

276 Adv. Synth. Catal. 2002, 344, 274 ± 277



EtOAc� 1:1) to give hexamethyl benzenehexacarboxylate
(7a) as a white solid; yield: 41 mg (57%).

1,4-Addition of ArB(OH)2 to Enones;[15] General
Procedure

A Merrifield vessel was charged with 92 mg of resin-bound
complex 3 (loading value: 0.16 mmol/g, 3 mol % Rh),
ArB(OH)2 (2.5 mmol), and 2 mL of distilled H2O under a
nitrogen atmosphere. To the mixture was added 8 (41 �L,
0.5 mmol), and the reaction mixture was shaken on a wrist-
action shaker at 25 �C for 24 h. The mixture was filtered and
the resin was extracted three times with chloroform (2 mL�
10 min shaking). The combined extract was washed with
saturated NaHCO3, then dried over Na2SO4 and concentrated
under reduced pressure. The crude residue was chromato-
graphed on silica gel to give the 1,4-adduct 10.
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