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A new size- and shape-selective Rh-dimer catalyst was de-
signed by combination of a metal-complex-attaching method and a
molecular-imprinting method on an Ox.50 surface. Coordinatively
unsaturated, air-stable Rh dimers with a Rh–Rh bond of 0.268 nm
were prepared in 0.74-nm micropores of SiO2-matrix overlayers on
the Ox.50 silica surface by attaching a Rh2Cl2(CO)4 precursor on the
surface (Rh2Cl2(CO)4/SiO2), followed by coordination of template
ligands P(OCH3)3 to the attached Rh species (Rhsup catalyst), and
then by surface imprinting of the template with SiO2-matrix over-
layers formed by hydrolysis–polymerization of Si(OCH3)4 (Rhimp

catalyst). The Rh dimers, micropores, and SiO2-matrix overlayers
in the molecular-imprinting Rhimp catalyst were characterized by
EXAFS, BET analysis, and 29Si solid-state MAS NMR, respectively.
It was found that activity of the Rhsup catalyst for hydrogenation
of alkenes was promoted remarkably (35–51 times) after the im-
printing. The alkene hydrogenation proceeded on the imprinted
Rh dimers with a monohydride without any breaking of the Rh–Rh
bond. Size and shape selectivities of the molecular-imprinting Rhimp

catalyst were examined by measuring the hydrogenation rates of
eight alkenes of different sizes and shapes. It was also found that
the Rhimp catalyst exhibited not only high activity and stability but
also size and shape selectivities for the alkene molecules, probably
due to a template-size cavity, created behind the removed template
ligand, being used as a reaction site. Activation energies and activa-
tion entropies for the hydrogenation of large and branched alkenes
were much smaller than those for small alkenes, which implies a
shift in the rate-determining step in the reaction sequence for alkene
hydrogenation. The performance of the molecular-imprinting
Rh-dimer catalyst is discussed from structural and kinetic
viewpoints. c© 2002 Elsevier Science (USA)
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fundamental and industrial interests. In native systems, an-
tibodies and enzymes act as highly selective catalysts for
various reactions under mild reaction conditions, and arti-
ficial synthesis of such active and selective catalysts is one
of the attractive subjects in catalytic chemistry. Recently,
molecular-imprinting materials possessing cavities of
template-molecular shapes have been prepared (1–9) and
used for many processes, such as that of receptor (10–12),
chromatographic separation (13, 14), chemical sensing
(15–18), and catalysis (19–28). Molecular imprinting is a
promising approach to the preparation of artificial enzy-
matic catalysts. However, there have been few attempts
at the molecular imprinting of metal complexes, though
many important catalytic reactions proceed on metal sites
(29–34).

Bulk imprinting of metal complexes has been utilized to
stabilize labile metal complexes (35, 36), to bind selectively
particular ligands at the metal sites (37), and to prepare se-
lective catalysts (29–34) for, e.g., Diels–Alder reaction on
Ti complex (30), hydrogenation of ketones on Rh catalyst
(31), hydride transfer reduction of prochiral ketones on Ru
and Rh complexes (32, 33), and so forth. In these cases of im-
printing by bulk polymer matrices, however, slow diffusion
of reactant molecules causes a decrease in catalytic activity
because of disadvantageous locations of catalytic sites in
bulk polymers. Further, distribution of pores produced in
the polymer matrices is often nonuniform and ill defined
(37), which is a fatal problem for selectivity. The difficulty
of characterizing the imprinted sites in bulk matrices has
prevented demonstration of the mechanism in regulating
catalytic reactions at the imprinted sites.

On the other hand, imprinting at oxide surfaces can pro-
vide catalytic sites that are readily accessible to reactant
molecules, located in template pores of matrices deposited
on the surfaces. The obtained samples were employed as
efficient catalysts for alkene combustion and amide hydrol-
ysis reactions (38, 39). However, to our knowledge, there
is no example of successful molecular imprinting of metal
complexes at oxide surfaces for catalyst design thus far.
Hence, it is a challenging project, designing imprinted metal
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complexes which are chemically attached on oxide surfaces
and surrounded by matrix overlayers on the surfaces. We
have demonstrated that metal complexes attached on oxide
surfaces exhibit unique catalytic properties, which are much
better than their homogeneous analogues due to the unique
structures formed on the surfaces (40–48). These two tech-
niques, metal-complex attachment on oxide surfaces and
subsequent molecular imprinting at the surfaces, may pro-
vide a new way to design active and selective catalytic metal
sites with template-imprinted spaces.

Recently, we succeeded in preparing and characterizing
in detail a new molecular-imprinting Rh-dimer catalyst on a
SiO2 surface (49, 50). The bridged Rh dimer Rh2Cl2(CO)4

used as precursor was attached to the SiO2 (Ox.50) sur-
face and the template ligand P(OCH3)3 was coordinated
to the attached Rh dimer. An obtained Rh monomer pair
with two template ligands per Rh atom was converted to a
Rh-dimer structure again by surface imprinting with SiO2-
matrix overlayers formed by hydrolysis–polymerization of
Si(OCH3)4 on the Ox.50 surface. Coordinatively unsatu-
rated Rh dimers (Rh–Rh, 0.268 nm) with cavities of the tem-
plate size in micropores 0.74 nm in diameter were produced
by step-by-step preparation at the surface. Individual syn-
thesis steps were characterized by FT-IR, XPS, elemental
analysis, solid-state MAS NMR, BET, and EXAFS (49, 50).
The imprinted Rh dimers were found to act as highly ac-
tive catalysts for hydrogenation of 3-ethyl-2-pentene. The
template ligand P(OCH3)3 was regarded as an analogue of
a half-hydrogenated species of 3-ethyl-2-pentene.

In this paper, we report catalytic performances of the
novel imprinted Rh dimer for hydrogenation of alkenes
of different sizes and shapes. This new approach to selec-
tive catalysis on the imprinted Rh dimer is based on the
following: (i) conformation of ligands on the Rh dimer,
(ii) orientation of vacant sites (for adsorption and reac-
tion) on the Rh dimer, (iii) cavity space with a template-
molecular shape (reaction space), and (iv) architecture of
the cavity wall. The molecular-imprinting Rh-dimer cata-
lyst exhibited remarkable activity for alkene hydrogenation
after the surface imprinting, as well as size and shape selec-
tivities discriminating methyl and ethyl groups of alkenes.

EXPERIMENTAL

Catalyst Preparation

Catalyst preparation has been described in detail in a
separate paper (49). The procedure of synthesis of the im-
printed Rh dimer is briefly summarized. All solvents used
in this study were purchased from WAKO chemicals (re-
search grade) and used without further purification. SiO2

(Ox.50, Degussa; surface area, 50 m2 g−1) was preevacuated

at 673 K for 1 h, then impregnated with an n-hexane solu-
tion of Rh2Cl2(CO)4 (Aldrich) under nitrogen (99.999%
CTIVE Rh-DIMER CATALYST 497

purity) atmosphere, followed by evacuation to remove the
solvent at room temperature. The obtained Rh sample is
denoted Rh2Cl2(CO)4/SiO2.

A diethyl ether solution of P(OCH3)3 (four times more
than the Rh quantity) was added to the Rh2Cl2(CO)4/SiO2

under nitrogen atmosphere. The mixture was stirred for
30 min at room temperature and then evacuated in vacuum.
Further treatment at 363 K for 3 h in vacuum changed the
color of the sample to bright yellow. The obtained sample
is denoted supported Rh catalyst (Rhsup). The Rh loading
used in this study was 0.43 wt% Rh/SiO2, which corresponds
to 0.25 Rh dimers nm−2 at the Ox.50 surface.

Both Si(OCH3)4 (0.68 g per 1 g of Ox.50) and H2O
(0.34 g) were admitted to the Rhsup catalyst placed in a
closed batch reactor at room temperature, with a chemi-
cal vapor deposition (CVD) technique vaporizing them at
373 K. After CVD, the whole closed system was heated at
348 K for 7 h to promote the hydrolysis–polymerization of
Si(OCH3)4 for surrounding the attached Rh complexes and
then evacuated at 363 K for 12 h to remove a P(OCH3)3 lig-
and as template. The obtained sample is denoted imprinted
Rh catalyst (Rhimp). All catalysts were stored in Schlenk
tubes under vacuum in a refrigerator until use.

H2 Adsorption

The Rhimp catalyst (700 mg) was enclosed in a closed
system and preevacuated at room temperature for 1 h. The
dead volume of the system (60 cm3) was measured using
helium gas at ambient temperature. Hydrogen adsorption
was measured at room temperature in the pressure range
0–93 kPa. This manipulation was repeated three times for
the same sample to estimate the amount of irreversible and
reversible adsorption on the Rh dimer site.

EXAFS

The Rhimp catalysts at each step of the hydrogenation
of 3-methyl-2-pentene were characterized by EXAFS; the
fresh Rhimp catalyst, the catalyst after H2 adsorption, and
the H2-adsorbed catalyst reacted with 3-methyl-2-pentene.
The treatments of the EXAFS samples were carried out
as follows. The Rhimp catalyst was exposed to 101.3 kPa of
H2 at room temperature in a closed system. After 30 min,
H2 was evacuated at ambient temperature and the ob-
tained sample (about 260 mg) was enclosed in an EXAFS
cell (cross section, 12.56 mm2) under N2 atmosphere and
stored in a refrigerator until EXAFS measurement. The H2-
adsorbed sample was exposed to 3-methyl-2-pentene vapor
(three times more than the Rh quantity) at 348 K for 5 min
for the hydrogenation. This reaction time corresponded to
one turnover number (product molecule/Rh dimer). The
sample was evacuated at 348 K for 1 h and enclosed in an

EXAFS cell under N2 atmosphere and stored until EXAFS
measurement.
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EXAFS spectra at the Rh K -edge were measured in a
transmission mode at 15 K at the BL-10B station in the Pho-
ton Factory at the Institute of Materials Structure Science,
High Energy Accelerator Research Organization (KEK-
IMSS-PF) (Proposal 2001G315). The energy and current
of electrons in the storage ring were 2.5 GeV and 250–
400 mA, respectively. X-rays from the storage ring were
monochromatized by a Si(311) channel-cut crystal. Ioniza-
tion chambers filled with pure Ar and Kr gases were used
to monitor the intensities of the incident and transmitted
X-rays, respectively. The EXAFS spectra were analyzed by
the UWXAFS package (51). The threshold energy E0 was
tentatively set at the inflection point of the absorption edge.
The background was subtracted by the AUTOBK program.
The k3-weighted EXAFS data were Fourier transformed
into R-space. The curve-fitting analysis was carried out us-
ing the FEFFIT program in the R-space. The k-range for
the Fourier transformation and the fitting R-range were
30–140 nm−1 and 0.12–0.29 nm, respectively. The number
of independent parameters (Nind) in the curve fitting of the
imprinted catalyst was evaluated to be 13 from the Nyquist
law (52):

Nidp = 2�k�Rπ−1 + 2.

The fitting parameters were coordination numbers (CN),
interatomic distances (R), Debye–Waller factors (σ), and a
correction-of-edge energy (�E0). The same �E0 was used
for all shells in a sample. Curve fitting of all samples was
performed with three shells, Rh–O, Rh–P, and Rh–Rh, and
the number of the fitting parameters for the imprinted cata-
lyst was 10, which is smaller than the Nidp. The phase shift
and backscattering amplitude for Rh–O, Rh–P, and Rh–Rh
bonds were calculated by the FEFF8 code (53). The coeffi-
cient of the multiphoton effect (S2

0 ) was fixed at 1.0 for the
fitting.

29Si Solid-State MAS NMR

The SiO2-matrix overlayers in the Rhimp catalyst and
without the Rh dimers on Ox.50 were characterized by 29Si
solid-state MAS NMR. The sample without the Rh dimers
was also prepared by CVD of Si(OCH3)4 and H2O (the
same quantities as those for the preparation of the Rhimp

catalyst) on Ox.50 preevacuated at 673 K for 1 h. All ma-
nipulations were same as those in the case of the Rhimp

catalyst except for Rh-complex attachment and P(OCH3)3

addition.
The 29Si solid-state MAS NMR spectra were recorded

on a Chemagnetics CMX-300 spectrometer operating at
59.68 MHz. A 5-mm-diameter zirconia rotor with kel-F
caps was used. The MAS NMR spectra were measured by
a single-pulse detection method with a pulse duration of
1.5 µs (corresponding to about π/6 pulse) in the hydro-

gen decoupling mode. The rotor spin rate was 4 kHz, with
an acquisition interval of 20 s. Chemical shifts are given
ND IWASAWA

in parts per million relative to tetramethylsilane fused in a
glass tube as external standard. Si(OCH3)4 solved in CDCl3
was fused in a glass tube and also measured with the same
spectrometer. Peak signals attributed to SiO2-matrix over-
layers in the imprinting catalysts were discriminated from
those for SiO2 (Ox.50) bulk by the following procedure.
Peak areas of the samples depend on the amount of sample
and the number of measurements accumulated. The linear-
ity of the NMR peak areas for Ox.50 to its amount and the
number of measurements accumulated were confirmed by
plural NMR measurements for various amounts of Ox.50
with different accumulated numbers. The results gave a lin-
ear dependency of the peak area on the accumulated num-
ber for an equal amount of the samples. Error range was
4.2%. Then the peak signal of Ox.50 was calibrated using
the accumulated number and the amount of Ox.50 per the
total amount of SiO2 overlayers and Ox.50. A calculated
signal for Ox.50 was subtracted from the overall peak sig-
nals, including those for SiO2 overlayers and Ox.50, and
curve-fitting deconvolution of the obtained difference spec-
trum corresponding to SiO2-matrix overlayers was carried
out for Q4, Q3, and Q2 species.

BET Analysis

Nitrogen (99.99995% purity) adsorption BET analysis
was performed with a BELSORP 28SA apparatus. Sam-
ples (40–50 mg) were evacuated at 363 K for 5 h before
the measurements. The total dead volume was determined
with helium gas. Nitrogen isotherms were obtained with
N2 gas in the pressure range 0–101.3 kPa and analyzed by
the t-method (54), using amorphous silica as a standard
material.

Catalytic Hydrogenation of Alkenes

Eight alkenes (2-pentene, 3-methyl-2-pentene, 4-methyl-
2-pentene, 3-ethyl-2-pentene, 4-methyl-2-hexene, 2,4,4-
trimethyl-2-pentene, 2-octene, and 1-phenylpropene) were
used for catalytic hydrogenation reactions to examine
size and shape selectivities for the molecular-imprinting
catalyst. All alkenes were purchased from Tokyo Kasei
Kogyo and used without further purification. Each cata-
lyst (50–200 mg) was suspended in toluene solution under
101.3 kPa of hydrogen in a closed batch reactor equipped
with a mechanical stirrer. Alkene hydrogenation reac-
tions were carried out at 293–353 K by addition of neat
alkene to the suspension (Rh/alkene/toluene molar ratio =
1/1,000/23,000). The reactions were monitored by gas chro-
matographical analysis at an appropriate interval.

Modeling of the Imprinted Rh-Dimer Catalyst

Modeling of the imprinted Rh-dimer catalyst was per-

formed based on the molecular mechanics (MM) us-
ing a commercially available modeling tool, Cerius 2.4.2
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a
SCHEME 1. Preparation steps for the molecular-imprinting Rh-dimer c

(Accelrys), with the universal force field 1.02 (55, 56). The
structure model of SiO2-matrix overlayers and supported
silica was taken from the database of the software for amor-
phous silica, and the structure was relaxed to minimize the
total energy. Taking into account the structure of the im-
printed Rh dimer determined by EXAFS and DFT calcu-
lation in our previous study (49, 50), we found that the im-
printed structure was a Rh dimer which had one P(OCH3)3

ligand on a Rh atom and two P(OCH3)3 ligands on another
Rh atom, as illustrated in Scheme 1 (imprinted species,
(step 3). The Rh dimer with three P(OCH3)3 was placed
in the middle of the silica matrix with the cubic size of
2.1×2.1×2.4 nm3. Si and O atoms were removed to form a
pore, and silanol groups were formed at the wall surface of
the pore so that the imprinting Rh dimer was located at the
bottom of the pore in the SiO2-matrix overlayers. Then, one
of the two P(OCH3)3 ligands on a Rh atom was removed to
leave the template cavity behind the P(OCH3)3 template,
and the structure was optimized by MM. The structural pa-
rameters around the Rh atoms agreed with the EXAFS
analysis within a deviation of 0.006–0.03 nm. Therefore

the MM simulations were performed without any cons-
traints.
talyst by metal-complex attaching and imprinting on an Ox.50 surface.

RESULTS

EXAFS for the Imprinted Rh-dimer Catalyst

Structural parameters around Rh atoms in the Rhimp

catalyst at each step of the alkene hydrogenation were in-
vestigated by EXAFS. EXAFS spectra for three samples,
fresh Rhimp catalyst, Rh-dimer hydride species formed by
adsorption of 101.3 kPa of H2 at room temperature, and the
sample after reaction of the hydride species with 3-methyl-
2-pentene at 348 K for 5 min, were measured at 15 K.

Figure 1 shows k3-weighted EXAFS oscillations and their
associated Fourier transformed spectra at the Rh K -edge
for the three samples. EXAFS analysis for the fresh Rhimp

catalyst was performed in the previous study (49, 50), and
the determined structural parameters are given in Table 1.
A proposed structure is illustrated in Scheme 1. EXAFS
oscillation and Fourier transform of the Rh dimer after H2

adsorption, shown in Figs. 1b and 1e, were similar to those
shown in Figs. 1 a and 1d, respectively. The detailed anal-
ysis of the EXAFS data confirmed that the local confor-
mation of the Rh dimer with a Rh–Rh bond (coordination

number (CN), 1.3 ± 0.4), two Rh–O bonds (CN, 1.7 ± 0.5),
and a Rh–P bond (CN, 1.2 ± 0.2) was retained after the
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FIG. 1. k3-weighted EXAFS oscillations (a–c) and their associated Fourier transforms (d–f) at the Rh K -edge measured at 15 K for the imprinted
Rhimp catalyst. Left (a, d), middle (b, e), and right (c, f) spectra are those for the fresh Rhimp catalyst, the Rhimp catalyst exposed to 101.3 kPa of H2
e

at 293 K, and the Rhimp catalyst after reaction of the H2-exposed sample w
lines) The absolute values and imaginary parts of the observed data and th

H2 adsorption. But the distance between two adjacent Rh
atoms changed from 0.268 to 0.265 nm. After reaction of
the Rh-dimer hydride species with 3-methyl-2-pentene, the
shortened Rh–Rh bond was recovered to the original bond
length (0.270 ± 0.001 nm). Structural parameters for Rh–O
and Rh–P were similar to those for the Rhimp catalyst be-
fore H2 adsorption. These results demonstrate that the Rh
dimer structure is maintained at each step of the reaction
sequences for the catalytic hydrogenation of 3-methyl-2-
pentene.

H2 Adsorption

Hydrogen adsorption measurements were performed

three times at room temperature to examine the numbers
of hydrogen ads

Figure 3 shows 29Si solid-state MAS NMR spectra for
yers, 4.7 SiO2
orbed reversibly and irreversibly on the

TABLE 1

Structural Parameters Determined by EXAFS Curve-Fitting Analysis
for the Imprinted Rh Catalysts Measured at 15 K

Shell CN R (nm) σ2 (nm2)

Fresh Rhimp catalyst �E0 = 11 ± 2 eV
Rh–O 2.0 ± 0.5 0.211 ± 0.002 (4 ± 3) × 10−5 Rf = 0.3%
Rh–P 1.1 ± 0.2 0.221 ± 0.001 (1 ± 2) × 10−5

Rh–Rh 1.3 ± 0.3 0.268 ± 0.001 (7 ± 1) × 10−5

After H2 adsorption �E0 = 9 ± 4 eV
Rh–O 1.7 ± 0.5 0.208 ± 0.003 (6 ± 3) × 10−5 Rf = 1.6%
Rh–P 1.2 ± 0.2 0.220 ± 0.001 (2 ± 4) × 10−5

Rh–Rh 1.3 ± 0.4 0.265 ± 0.001 (7 ± 2) × 10−5

After reaction of the H2-adsorbed sample with 3-methyl-2-pentene �E0 = 12 ± 3 eV
Rh–O 2.2 ± 0.6 0.212 ± 0.003 (5 ± 4) × 10−5 Rf = 1.4%
Rh–P 1.1 ± 0.2 0.221 ± 0.001 (1 ± 4) × 10−5

the Rhimp catalyst with 4.7 SiO2 monola
Rh–Rh 1.2 ± 0.4 0.270 ± 0.001
ith 3-methyl-2-pentene at 348 K for 5 min, respectively. (Dotted and solid
fitted spectra, respectively.

imprinted Rh dimer catalyst. Figure 2 shows the amount
of H2 adsorbed versus H2 pressure. In the first run, the
amount of adsorbed hydrogen increased with H2 pressure
and reached 1.22 H2 per Rh dimer at saturation. In the
second run after evacuation of the H2-adsorbed sample at
room temperature, only 0.32 H2 per Rh dimer adsorbed.
The same adsorption profile was observed in the third run,
indicating reversible H2 adsorption. Thus the majority of
H2 irreversibly adsorbed on the Rh dimers, and the num-
ber of H2 molecules that adsorbed irreversibly was close to
the number of Rh dimers.

29Si Solid-State MAS NMR for SiO2 Overlayers on Ox.50
(6 ± 2) × 10−5
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FIG. 2. Hydrogen adsorption on the imprinted Rh dimer catalyst at
293 K as a function of H2 pressure. �, �, and � are the first, second, and
third adsorption runs, respectively.

monolayers on Ox.50 without the Rh complex, and Ox.50.
Figure 3 also shows their difference spectra and the fitting
deconvolution analysis. The observed three peaks are at-
tributed to Q4, Q3, and Q2 species for the surface SiO2 ma-
trices. Table 2 presents the analysis results for the two SiO2-
matrix overlayers. In both samples, the sharp peaks due to

Q4, Q3 and Q2 species were observed at similar chemical

shifts. In the sample without Rh complex the Q2 species

FIG. 3. 29Si solid-state MAS NMR spectra for the Rhimp catalyst with 4.7 SiO2-matrix overlayers on Ox.50 (a) and for the same amount of SiO2-
matrix overlayers on Ox.50 without the template Rh complex (c). (Solid and dotted lines) The SiO2-matrix overlayers + Ox.50 and Ox.50, respectively.

matrix overlayers by the hydrolysis–polymerization of
(b, d) The difference spectra obtained by subtracting the Ox.50 spectrum (so
to Q4, Q3, and Q2 species of the SiO2-matrix overlayers (dotted lines).
CTIVE Rh-DIMER CATALYST 501

TABLE 2

29Si MAS–NMR Measurements for SiO2-Matrix
Overlayers on Ox.50

Sample Si(Q2) Si(Q3) Si(Q4)

Rhimp catalyst (4.7 ML)
Chemical shift (ppm) −92.5 −101.7 −110.7
Widtha 3.7 5.8 4.6
Intensityb 0.156 0.616 0.206

SiO2 overlayers without Rh complex (4.7 ML)
Chemical shift (ppm) —c −102.2 −112.0
Widtha —c 4.4 7.1
Intensityb —c 0.333 0.426

a Standard deviation.
b Normalized to the total area of supported material (Ox.50).
c Negligible.

with two silanol groups on a Si atom in the SiO2-matrix
overlayers was scarcely observed in Figs. 3c and 3d, while
that for the Rhimp catalyst corresponded to 16% of overall
Si in the SiO2-matrix overlayers as shown in Figs. 3a and
3b. Bulk Q4 species of the Rhimp catalyst was minor in Figs.
3a and 3b, while it was major in the SiO2-matrix overlayers
prepared without the Rh complex.

The catalyst weights increased after deposition of SiO2-
lid lines) and the curve-fitting deconvolution results, which are attributed
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Si(OCH3)4. The weight gain indicated existence of phys-
ically adsorbed water in addition to the weight of the pro-
duced SiO2 overlayers. To estimate the contribution of ad-
sorbed water to the weight increase, the imprinted catalyst
was evacuated at 363, 423, 523, and 673 K. It was estimated
from extrapolation of the weights of the samples evacuated
at the high temperatures to the value at 363 K that 84% of
the amount of Si(OCH3)4 employed in the catalyst prepara-
tion was hydrolyzed. Assuming a cristobalite structure and
taking into account the surface area of 50 m2 g−1 for Ox.50,
the amount of the SiO2-matrix overlayers was estimated to
be 4.7 monolayers 1.9 nm thick.

BET Analysis for Pore Size

BET analysis was performed to estimate whether mi-
cropores of the template were formed by the imprinting
at the surface. Figures 4a and 4b are nitrogen adsorption
isotherms for the Rhimp catalyst and the SiO2-matrix over-

layers without the Rh complex template, respectively. Their at 348 K on Rh2Cl2(CO)4 (homogeneous system),

t-plots are shown in Fig. 4c. Total surface areas of the

FIG. 4. Nitrogen adsorption isotherms for BET analysis at 77 K for the Rhimp catalyst (a) and the SiO2-matrix overlayers on Ox.50 without the Rh

RhCl(P(OCH3)3)3 (homogeneous system), Rh2Cl2(CO)4
complex (b). (Dotted and solid lines) Adsorption and desorption of nitrogen
overlayers on Ox.50 without the Rh complex (�).
ND IWASAWA

two SiO2-matrix overlayers increased compared with the
Ox.50 support. There is a break at 0.37 nm in the t-plot for
the Rhimp catalyst. The break reveals formation of micro-
pores 0.74 nm in diameter by the surface molecular im-
printing. The pore size was somewhat smaller than the
size of the imprinted Rh-complex intermediate with three
P(OCH3)3 ligands shown in Scheme 1, which was estimated
from the cross section of the intermediate calculated by
DFT.

Catalytic Hydrogenation of Alkenes

The template ligand P(OCH3)3 has a shape similar to
that of a half-hydrogenated species of 3-ethyl-2-pentene.
To examine size and shape selectivities resulting from the
molecular imprinting, eight alkenes, including 3-ethyl-2-
pentene, were used as reactants for catalytic hydrogena-
tion. Table 3 shows steady-state reaction rates (turnover
frequencies (TOF)) of the hydrogenation of eight alkenes
, respectively. (c) The t-plots for the Rhimp catalyst (�) and the SiO2-matrix
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TABLE 3

Steady-State Catalytic Activities (TOF s−1) of the Rh Catalysts for Hydrogenation of Eight Alkenes
under 101.3 kPa of H2 in Toluene Solutiona

Catalyst Rh2Cl2(CO)4
b Rh2Cl2(CO)4/SiO2 RhCl(P(OCH3)3)3 Rhsup catalyst Rhimp catalyst

2-Pentene — — — 1.3 × 10−3 6.6 × 10−2

3-Methyl-2-pentene — — — 7.0 × 10−5 3.6 × 10−3

4-Methyl-2-pentene — — — 1.3 × 10−4 5.9 × 10−3

3-ethyl-2-pentene 0c 0c 0 4.4 × 10−5 1.5 × 10−3

2,4,4-Trimethyl-2-pentene — — — 0 1.3 × 10−4

4-Methyl-2-hexene 0c 0c 0 6.8 × 10−5 9.6 × 10−4

2-Octene 0c 0c 0 3.0 × 10−3 3.0 × 10−2

1-Phenylpropene — — — 2.8 × 10−3 2.0 × 10−2

a Rh/alkene/toluene = 1/1,000/23,000 (molar ratio).

b Homogeneous system.

c Decomposition of Rh complex was observed.

attached on SiO2 (Rh2Cl2(CO)4/SiO2), the supported
Rh-complex catalyst (Rhsup), and the molecular-
imprinting catalyst (Rhimp). The homogeneous catalysts
Rh2Cl2(CO)4 and RhCl(P(OCH3)3)3 and the attached
Rh2Cl2(CO)4/SiO2 catalyst showed no activity during the
reaction. On the other hand, the Rhsup catalyst exhibited
significant catalytic activity under similar reaction condi-
tions. It is to be noted that the hydrogenation reactions
were remarkably promoted for all alkenes after the surface
imprinting. It was found that the attached Rh structure
changed from a monomer pair to a dimer with a Rh–Rh
bond of 0.268 nm by the imprinting (49, 50).

The Rhimp catalyst was highly active as well as so durable
that it could be used repeatedly in toluene solution, as
shown in Fig. 5. Figure 5 shows turnover number (TON)
for the hydrogenation of 3-ethyl-2-pentene on the Rhsup

catalyst and the Rhimp catalyst as a function of reaction
time. The catalytic hydrogenation proceeded linearly on
the both catalysts and such linearities in the performance
were observed for all alkenes employed in this study, in-
dicating high durability of the catalyst. Indeed, the second

FIG. 5. TONs (turnover numbers) for hydrogenation of 3-ethyl-2-

at 348 K on the Rhsup catalyst (�) and the Rhimp catalyst

n : �, second run).
run reproduced the performance of the first run without
any loss of catalytic activity, as shown in Fig. 5. The active
Rhimp catalyst was also air stable, which is advantageous in
practical handling of the system.

The TOFs for the alkene hydrogenation on the Rh cata-
lysts remarkably depended on the nature of the alkenes,
as shown in Fig. 6 and Table 3. This was observed more
or less on both Rhsup and Rhimp catalysts. The reaction
rates were tremendously promoted after the surface molec-
ular imprinting, but the degrees of increase for the alkenes
were different from each other. Figure 7 shows the ratios
of TOFs (TOF of the Rhimp catalyst to TOF of the Rhsup

catalyst) for each alkene. The reactions of 2-pentene and
3-methyl-2-pentene, which are smaller molecules than the
template P(OCH3)3, were promoted 51 times by the im-
printing, as shown in Table 4 and Fig. 7. For 4-methyl-2-
pentene, which is an isomer of 3-methyl-2-pentene, the hy-
drogenation was 45 times promoted. The hydrogenation
of 3-ethyl-2-pentene whose half-hydrogenated species has
FIG. 6. TOFs (turnover frequencies) for hydrogenation of seven
alkenes at 348 K on the Rhsup catalyst (black) and the Rhimp catalyst (slash).
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FIG. 7. Degree of enhancement of the reaction rates (ratio of TOFs)
for seven alkenes as a result of surface molecular imprinting. The ratio of
TOFs is that of the Rhimp catalyst to that of the Rhsup catalyst for each
alkene.

a shape similar to that of the template was 35 times pro-
moted. On the other hand, the enhancements for alkenes
larger than 3-ethyl-2-pentene, such as 2-octene and 1-
phenylpropene, were factors of 10 and 7, respectively, which
were much less than those for the four left alkenes in Fig. 7.
The promotion ratio for 4-methl-2-hexene, which is an iso-
mer of 3-ethyl-2-pentene, was 14, which was much smaller
than 35 for 3-ethyl-2-pentene.

To understand the different kinetic features in Figs. 6
and 7, activation energies and activation entropies for the
catalytic hydrogenation of the alkenes on the Rhsup catalyst
and the Rhimp catalyst were obtained in the temperature
range 293–353 K. The kinetic parameters determined for
seven alkenes are shown in Table 4. Activation enthalpies

at 348 K are also given in Table 4, which are different by RT
(T, 348 K) f

The new molecular-imprinting Rh-dimer catalyst (Rhimp)
as much more
rom the corresponding activation energies.

TABLE 4

Degrees of Enhancement of the Reaction Rates by Molecular Imprinting (Ratio of TOFs), Acti-
vation Energies (Ea), Activation Enthalpies (�‡H), and Activation Entropies (�‡S) for the Catalytic
Hydrogenation of Alkenes at 348 K

Supported catalyst (Rhsup) Imprinted catalyst (Rhimp)

Reactant Ea
a �‡H b �‡Sc Ea

a �‡H b �‡Sc Ratio of TOFsd

2-Pentene 34 31 −205 26 23 −195 51
3-Methyl-2-pentene 44 41 −200 43 40 −170 51
4-Methyl-2-pentene 40 37 −207 40 37 −175 45
3-Ethyl-2-pentene 42 39 −210 39 36 −189 35
4-Methyl-2-hexene 40 37 −212 10 7 −276 14
2-Octene 28 25 −215 7 4 −257 10
1-Phenylpropene 29 26 −213 8 5 −256 7

a Ea: kJ mol−1.
b �‡H : kJ mol−1.

with a Rh–Rh bond at a distance of 0.268 nm w
c �‡S: J K−1 mol−1.
d Ratio of TOFs: TOF of the Rhimp catalyst/TOF of th
ND IWASAWA

Activation energies for hydrogenation on the Rhsup cat-
alyst were divided into values of approximately 30 and
42 kJ mol−1 for the linear alkenes, such as 2-pentene,
2-octene, and 1-phenylpropene, and the branch alkenes, re-
spectively. Such a large difference in activation energy was
also observed with Wilkinson complex. In contrast, activa-
tion entropies for hydrogenation on the Rhsup catalyst were
similar to each other: the values were in the range −200 to
−215 J mol−1 K−1 for all alkenes.

After the imprinting, significant differences between
small and large alkenes were observed in both activation en-
ergy and activation entropy. The activation energies for the
hydrogenation of 3-ethyl-2-pentene and for alkenes smaller
than 3-ethyl-2-pentene (four left alkenes in Fig. 7) on the
Rhimp catalyst were 26–43 kJ mol−1, values similar to those
observed on the Rhsup catalyst. The activation entropies
for the four alkenes were −170 to −195 J mol−1 K−1, which
were larger than those (−200 to −210 J mol−1 K−1) ob-
tained for the Rhsup catalyst (Table 4). In contrast, for the
larger alkenes, such as 4-methyl-2-hexene, 2-octene, and
1-phenylpropene, the activation energies were 10, 7, and
8 kJ mol−1, respectively, very small values compared with
those for the Rhsup catalyst and other metal complex cata-
lysts. Furthermore, the activation entropies reduced signif-
icantly, from about −210 to about −260 J mol−1 K−1, as
shown in Table 4. The conspicuous changes in kinetic pa-
rameters for the larger alkenes paralleled the changes in
enhancement of the reaction rates, as shown in Table 4 and
Fig. 7.

DISCUSSION

Structures of the Imprinted Rh Dimers after H2

Adsorption and Alkene Hydrogenation
e Rhsup catalyst.
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active than the supported Rh catalyst (Rhsup) for the alkene
hydrogenation, as shown in Fig. 6. The coordinatively un-
saturated Rh dimers were stable under the reaction condi-
tions, as shown in Fig. 5, which depicted durability for reuse
as catalyst. In contrast, in homogeneous systems, such ac-
tive unsaturated Rh species often decompose to form dimer
species during catalytic cycles, and the dimer species in solu-
tion seldom work as catalysts (57). Therefore, first we inves-
tigated whether the Rhimp catalyst held the dimer structure
during the course of alkene hydrogenation by EXAFS and
H2 adsorption.

The Rhimp catalyst was prepared as illustrated in
Scheme 1 (49, 50). The Rh species at each step were charac-
terized by EXAFS, XPS, FT-IR, and ICP(49, 50). One Rh
site in the dimer (Rhimp) possesses a template cavity as reac-
tion site, and the other does not have the cavity near the site
(step 4 in Scheme 1). This structure is derived from the inter-
mediate species [Rh(P(OCH3)3)–Rh(P(OCH3)3)2] (step 3
in Scheme 1), which is surrounded by SiO2-matrix over-
layers on an Ox.50 surface. The species (step 3) has been
demonstrated by DFT calculation in a previous study (49).
A P(OCH3)3 ligand, was desorbed to leave the cavity be-
hind the template ligand, as shown in step 4 of Scheme 1.

These Rh sites have only four bonds per Rh, including a
Rh–Rh bond at 0.268 nm, as shown in Table 1. The Rhimp

catalyst was exposed to H2 at room temperature to form
a Rh-hydride species. There are two possibilities for the
hydride complex, which is a first intermediate of catalytic
alkene hydrogenation cycle: one is monohydride and the
other is dihydride. From the results of the H2 adsorption
shown in Fig. 2, the number of H2 adsorbed per Rh dimer
was 1.25 at saturation, which excludes the possibility of
dihydride formation on both Rh sites of the dimer. Thus
it is suggested that H2 adsorbs dissociatively to form Rh-
monohydride complexes. One might indicate the possible
formation of a Rh(H)2–Rh pair, but this is much less plau-
sible because (i) there is no reason for discriminating be-
tween the two Rh sites for adsorption of small H atoms, and
(ii) the Rh atom without hydrides has a four-coordination
structure, on which H2 should also adsorb eventually to
form a Rh(H)2–Rh(H)2 pair, which is not the case experi-
mentally.

The adsorption of hydrogen to produce the monohydride
species was irreversible, as shown in Fig. 2. The second
and third runs coincided with each other, which demon-
strates the existence of reversible H2 adsorption. By sub-
tracting the reversible H2 adsorption from the total H2

adsorption, the amount of irreversible H2 adsorption was
estimated to be 0.92 H2/Rh dimer. Thus, most of the Rh sites
in the Rhimp catalyst are converted to have monohydride
ligand at saturation of H2 adsorption.

Because the monohydride complex could maintain the
hydride ligand under vacuum, fortunately, structural pa-

rameters for the Rh complex, which were determined by
EXAFS measured at 15 K (Fig. 1) were equal to those
CTIVE Rh-DIMER CATALYST 505

for the Rh complex in situ under H2 atmosphere. Contrac-
tion of the Rh–Rh bond from 0.268 (±0.001) to 0.265 nm
(±0.001 nm) was found with the hydride dimer, which indi-
cates stabilization of the dimer structure by electronic rear-
rangement due to hydride coordination on both Rh atoms
in the dimer. The shrunk Rh–Rh bond of the monohydride
species expanded again to recover the initial bond length
(0.270 ± 0.001 nm) after reaction with 3-methyl-2-pentene
at 348 K, as shown in Table 1. During the hydrogenation
process, the Rh–Rh bond was retained without breaking.
Further, the bond distances and coordination numbers for
Rh–O and Rh–P did not change significantly (Table 1). The
EXAFS analysis demonstrates that alkene hydrogenation
on the molecular-imprinting Rhimp catalyst proceeds on the
Rh-dimer unit in each step of the catalytic cycle. The Rh
dimers are attached on the Ox.50 surface through the Rh–O
interface bonding at 0.211 nm (±0.002 nm) and also sur-
rounded by SiO2-matrix overlayers.

SiO2-Matrix Overlayers on an Ox.50 Surface

SiO2-matrix overlayers formed on an Ox.50 surface by
the CVD method were characterized by 29Si solid-state
MAS NMR (Fig. 3 and Table 2). Micropores formed in the
SiO2-matrix overlayers in which the Rh dimers were located
were also characterized by BET analysis (Fig. 4). The 29Si
solid-state MAS NMR spectrum for the SiO2-matrix over-
layers was much different from that for the Ox.50 silica bulk,
as shown in Figs. 3a and 3b. Three sharp peaks, at −111,
−102, and −93 ppm, were assigned to Q4 species (Si(OSi)4),
Q3 species (Si(OSi)3), and Q2 species (Si(OSi)2). The Q4,
Q3, and Q2 species may be regarded as a bulk Si–O–Si net-
work, a surface monohydroxylated Si species, and a surface
dihydroxylated Si species, respectively. The same amount
of SiO2-matrix overlayers as used for the Rhimp catalyst
were prepared without the Rh complex at the surface. The
relative ratio of the bulk and surface Si species in Figs. 3c
and 3d was much different from that for the Rhimp catalyst
(Figs. 3a and 3b). Of the total Si in the overlayers for the
Rhimp catalyst, 79% was surface species, while in the case
of SiO2-matrix overlayers prepared without the Rh com-
plex, bulk Q4 species was the major species and Q2 species
was negligible. The difference in the 29Si solid-state MAS
NMR between the two samples was caused by the presence
of Rh dimers in micropores of the SiO2-matrix overlayers
of one and not the other. On the other hand, the chemi-
cal shifts were similar to each other, which indicates similar
bond conformations for the polymerized silicas in the two
samples.

A significant difference between the two samples was
also observed in BET analysis. The SiO2-matrix overlayers/
Ox.50 sample without the Rh complex showed a typical
BET curve for porous materials with nonuniform pores

(Fig. 4). In contrast, there was a break at 0.37 nm in the
t-plot for the Rhimp catalyst, as shown in Fig. 4c, which



506 TADA, SASAKI, AND IWASAWA
FIG. 8. Modeling of the imprinted Rh catalyst coordinated with 3-ethyl-2-pentene by the MM method.
imp

indicates the existence of uniform micropores 0.74 nm in
diameter in the SiO2-matrix overlayers.

These characterizations reveal that the SiO2-matrix over-
layers were formed on the Ox.50 surface by the hydrolysis–
polymerization of Si(OCH3)4, surrounding the Rh dimers
chemically attached on the surface to produce micropores
0.74 nm in diameter, as illustrated in Scheme 1. The cav-
ity created behind the removed template ligand is also de-
picted in Scheme 1. The pore size agrees with the size of the
Rhimp catalyst estimated by MM calculation. The modeling
of the Rhimp dimer coordinated with the 3-ethyl-2-pentene
located at the bottom of the pore is presented in Fig. 8.

Size and Shape Selectivities in Catalytic
Hydrogenation of Alkenes

It was found that the catalytic activity of the supported
Rh species for hydrogenation of alkenes was tremen-
dously promoted (7–51 times) after the surface imprint-
ing, as shown in Fig. 6 and Table 3. In contrast to the
supported Rhsup catalyst and the imprinted Rhimp catalyst,
Rh2Cl2(CO)4 and its supported species Rh2Cl2(CO)4/SiO2

showed no activity for the hydrogenation reactions because
these Rh complexes decomposed readily under the hydro-
genation conditions. Coordination of P(OCH3)3 to the in-
active Rh2Cl2(CO)4/SiO2 induced the activity of the Rhsup

catalyst, but a homogeneous complex RhCl(P(OCH3)3)3
was inactive (Table 3). The Rhsup monomer pairs are at-
tached to the Ox.50 surface through Rh–O bonding at
0.203 nm (49, 50), which may modify the electronic state
of the Rh center. The molecular imprinting created a new
Rh-dimer structure with a Rh–Rh bond at 0.268 nm in the
0.74-nm pores of the SiO2-matrix overlayers. The metal–
metal bonding and coordinative unsaturation of the Rh
dimer are key factors in the tremendous activity of the
Rhimp catalyst. The Rh dimers are also attached to the Ox.50
surface through an Rh–O bond at 0.211 nm (Table 1). It
seems that the chemical attachment in a tetradentate form
and the location with stable fitting in the micropore 1.9 nm
thick prevented leaching of the Rh dimers to the reaction
solution and decomposing and gathering of the Rh dimers.

Large ligands of metal complexes can regulate the re-
activity of metal center electronically and geometrically to
give higher selectivity than do metal and metal oxide cata-
lysts without ligands. Surface-attached metal complexes are
also subjected to regulation by the surface, which is re-
garded as a unique and large ligand. Indeed, the Rhsup

catalyst showed remarkable selectivity for the alkene hy-
drogenation, as shown in Fig. 6. The hydrogenation rate
of 2-pentene on the Rhsup catalyst was 19 times faster
than those of 3-methyl-2-pentene and 4-methyl-2-pentene,
which have methyl groups at the 3- and 4-carbon posi-
tions, respectively. In contrast to the branch alkenes, the
length of the alkene main chain did not negatively affect
the reaction rate (see, for example, 2-pentene, 2-octene, and
1-phenylpropene, as shown in Fig. 6 and Table 3).
Selectivity for the alkene hydrogenation on the Rhimp

catalyst is more complicated. It depends on the size and
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shape of the template cavity used as reaction site in the
micropores of the SiO2-matrix overlayers on the Ox.50 sur-
face, in addition to the electronic and geometric effects of
the ligands. To see the molecular-imprinting effect on se-
lectivity, we calculated the ratio of the TOF of the Rhimp

catalyst to the TOF of the Rhsup catalyst for each alkene.
The TOF ratios reduced with an increase in alkene size as
shown in Fig. 7. It is to be noted that there was a large
decrease in the TOF ratios of 3-ethyl-2-pentene and 4-
methyl-2-hexene. Since a half-hydrogenated species of 3-
ethyl-2-pentene has a shape similar to the template lig-
and P(OCH3)3, the big difference in the rate enhancement
is due to the difference in the shape of the alkenes. The
difference in the TOF ratios between 4-methyl-2-pentene
and 4-methyl-2-hexene was very large where the differ-
ence in the size of a methyl group is discriminated on the
Rhimp catalyst. The TOF ratio for 4-methyl-2-hexene was
much smaller than that for 2-pentene, as shown in Fig. 7,
where the difference in the alkenes is the size and shape
of the ethyl group. There was also a big difference be-
tween TOF ratios for 2-pentene and 2-octene, where a
propyl group could be discriminated. Thus, the molecular-
imprinting catalyst discriminates the size and shape of the
alkenes. However, there was no significant difference in the
TOF ratios between 2-pentene and 4-methyl-2-pentene, be-
tween those of 3-methyl-2-pentene and 3-ethyl-2-pentene,
and between those of 2-pentene and 3-ethyl-2-pentene, as
shown in Fig. 7. Thus, the molecular-imprinting catalyst
could not discriminate the existence of methyl and ethyl
groups among alkenes smaller than the template size. It is
noteworthy that the reaction rates of 2-pentene, 2-octene,
and 1-phenylpropene on the Rhsup catalyst were similar to
each other, whereas the rate enhancements (TOF ratios)
for 2-octene and 1-phenylpropene (10 and 7 times, respec-
tively) were much less than that for 2-pentene (51 times).
Because the length of the linear alkene chains could not be
discerned by a ligand-coordinated metal site, it is supported
that the difference was caused by a wall of the template cav-
ity around the Rh dimer site.

Regulation of Alkene Hydrogenation on the Imprinted
Rh-Dimer Catalyst

The mechanism for alkene hydrogenation on Rh-
complex catalysts such as the Wilkinson complex
RhCl(PPh3)3 has been demonstrated by careful kinetic
(57–70) and spectroscopic (71, 72) studies. The well-known
hydrogenation mechanism involves four steps: dissocia-
tion of hydrogen molecules on metal center to form hy-
drides, coordination of an alkene C==C double bond to the
metal center, insertion to the Rh–H bond to form a half-
hydrogenated alkyl species, and reaction of the alkyl with
the remaining hydride. The rate-determining step has been

experimentally considered to be the third step (formation
of alkyl) and this suggestion was confirmed by ab initio
CTIVE Rh-DIMER CATALYST 507

MO calculation (73, 74). To understand the mechanism of
regulation of the catalytic hydrogenation of alkenes on the
Rhimp catalyst, Arrhenius parameters for the alkene hy-
drogenation on the Rhsup catalyst and Rhimp catalyst were
compared (Table 4).

Activation energies for alkene hydrogenation on the
Rhsup catalyst were classified into two values, ca. 30 and
42 kJ mol−1 for linear and branch alkenes, respectively.
These are typical values for the activation energies on
metal-complex catalysts such as the Wilkinson complex in
homogeneous systems, where the rate-determining step is
the formation of a half-hydrogenated alkyl intermediate by
insertion of π -coordinated alkene to a Rh–H bond. The en-
ergy barrier for the formation of a half-hydrogenated inter-
mediate increases with branch alkenes. On the other hand,
activation entropies for the catalytic hydrogenation on the
Rhsup catalyst were similar for all the alkenes used in this
study, which indicates that restriction of conformations in
the transition states to form the half-hydrogenated species
does not depend on the size and shape of alkene molecules
in the case of the Rhsup catalyst.

In addition to the change in the ratio of TOFs among
the alkenes with different sizes and shapes (Fig. 7), kinetic
parameters for the alkene hydrogenation on the Rhimp cata-
lyst changed particularly for the alkenes of larger size than
and different shape from the template ligand P(OCH3)3,
as shown in Table 4. Activation energies of alkenes smaller
than 3-ethyl-2-pentene did not change significantly after the
imprinting (Table 4). For these alkenes the ratios of TOFs
were as large as 35–51. These results mean that the rate-
determining step for the smaller alkenes does not change by
imprinting and the hydrogenation of the smaller alkenes is
not regulated by the cavity with the template shape. In con-
trast, activation energies for the larger and different-shape
alkenes compared to the template (their TOF ratios were
7–14) were as small as 7–10 kJ mol−1. These dramatic reduc-
tions in activation energy and TOF ratio can be explained by
a shift in the rate-determining step from alkyl formation to
coordination of alkene to the Rh site. Along with this shift,
the activation entropies for those alkene molecules also de-
creased greatly, from about −180 to about −260 J mol−1

K−1 for the other small molecules. It suggests that confor-
mation of the coordinated alkene in the template cavity is
regulated by a wall of the cavity and remaining P(OCH3)3

ligands.
The narrow pore in the overlayers and the small space

(template cavity) around the Rh site would disturb the
approach of larger molecules to the Rh site due to steric
hindrance. There was a large difference in both rate pro-
motions and kinetic parameters between 3-ethyl-2-pentene
and 4-methy-2-hexene, as shown in Table 4. The two
molecules have similar sizes but shapes different from each
other. The pore 0.74 nm in diameter in the imprinted Rhimp
catalyst is large enough for these alkenes to enter. Thus,
for the alkenes with the larger sizes and different shapes
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FIG. 9. The catalytic cycle of alkene hydrog

compared to the template, shown in Table 4 and Fig. 7, co-
ordination of the alkenes to the Rh (steric hindrance in the
template cavity around the Rh site) rather than diffusion of
the alkenes in the micropore (steric hindrance in the pore)
may be a key step to regulating catalytic reaction for the
larger alkenes.

On the basis of the characterizations of the Rhimp catalyst
in this study as well as in the previous study (49, 50), and
on the basis of the kinetic parameters for the alkene hy-
drogenation on both Rhimp and Rhsup catalysts, we summa-
rize the catalytic alkene hydrogenation cycle on the Rhimp

catalyst in Fig. 9. The regulation of the alkene hydrogena-
tion occurs at the step coordinating alkene to the imprinted
Rh dimer, probably due to the different sizes and shapes
of the alkenes sticking out of the template cavity. It is to
be noted that the sizes and shapes of alkenes without any
functional group were discriminated on the Rhimp catalyst,
where the molecular imprinting of an active metal com-
plex on an oxide surface was successful for the first time.
Achievement of more strict recognition of molecules needs
further investigation, but the molecular imprinting at the
surface may be a promising way to design new catalytic
materials.

CONCLUSION

Performances of hydrogenation of alkenes without func-

n a new SiO2-attached molecular-imprinting
enation on the imprinted Rh-dimer catalyst.

Rh-dimer catalyst (Rhimp) were investigated. Hydrogen ad-
sorption and EXAFS studies demonstrated that the im-
printed Rh dimer maintained its dimer structure during the
course of alkene hydrogenation. The BET analysis revealed
the existence of micropores 0.74 nm in diameter which
were created in SiO2-matrix overlayers on an Ox.50 sur-
face formed by hydrolysis–polymerization of Si(OCH3)4

characterized by 29Si solid-state MAS NMR. In the sample
without the template Rh complex, such micropores were
not produced. The molecular-imprinting Rhimp catalyst ex-
hibited remarkable activities for the alkene hydrogenation
compared with the supported Rh monomer pairs before
the imprinting. The Rhimp catalyst was air stable and could
be reused without any loss of activity in spite of its co-
ordinatively unsaturated structure, probably because of a
tetradentate attaching mode through Rh–O bonding and
the location of the dimer in the micropore of the SiO2-
matirx overlayers. In addition to enhancement of the activ-
ity and stability by the surface imprinting, significant se-
lectivity was observed for alkenes of different sizes and
shapes. The degree of the rate enhancement by the im-
printing was suppressed for the alkenes with sizes larger
than and shapes, different from those of 3-ethyl-2-pentene.
A half-hydrogenated species of 3-ethyl-2-pentene is re-
garded to have size and shape similar to the template ligand
P(OCH3)3. Further, for hydrogenation of those alkenes the
activation energies and activation entropies remarkably de-

creased, compared with those for the other small alkenes.
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The drastic change in the kinetic parameters was explained
by a shift in the rate-determining step from the alkyl in-
termediate formation to the alkene coordination to Rh.
The conformation of two P(OCH3)3 ligands, the location of
Rh, to which the alkenes coordinate, and the spatial archi-
tecture of the wall of the pore may produce the template
cavity which acts as the reaction space for the size- and
shape-selective alkene hydrogenation. To our knowledge,
the imprinted Rh-dimer is the first example of molecular
imprinting of an active metal complex at an oxide surface,
though molecular recognition of reactants with functional
groups is a next stage of the study.
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