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This review covers several recent topics of novel catalyst design with supported metal complexes

on oxide surfaces for selective catalysis such as chiral self-dimerization to create asymmetric

oxidative coupling catalysis, surface functionalization with achiral reagents to promote

asymmetric catalysis, and molecular imprinting to design shape-selective catalysis. The new

concepts and designs find wide applications to a variety of selective catalysts.

1. Introduction

New materials with distinct chemistry prepared stepwise in a

controllable manner by using organometallic and inorganic

complexes as precursors provide an opportunity for the

development of efficient catalytic molecularly-organized sur-

faces.1–8 The key factors in the chemical design of supported

catalyst surfaces are composition, structure, oxidation state,

distribution, morphology, polarity, etc., which should be

organized at the surface. Reports on progress in several

techniques for in-situ characterization of catalyst surfaces have

documented dynamic behaviors of supported metal complexes

on surfaces and active structures for selective catalysis, and the

obtained structural information has provided feedback for new

strategies for catalyst design.8,9 A large store of knowledge of

the relationship between active structures and their catalysis

allows prediction of the reactivity of supported catalyst

surfaces.

The chemical design of catalyst surfaces is now reaching the

stage of regulation of selective catalysis for a variety of

important chemical products. The control of the coordination

of active metal centers has been indispensable for the selective

chemical rearrangement of reactant molecules, but their

reactivity depends on not only the electronic configuration of

metal centers but also their environments on the surface, which

regulate the reaction paths and hence the selectivity of

catalysis. Comprehensive design and construction of chemical

architectures on surfaces provide novel approaches to develop

selective catalysis such as asymmetric catalysis which has not

been developed successfully in the field of heterogeneous

catalysis so far.

However, the chemical design of definite structures and

compositions prepared on oxide surfaces are generally still

difficult challenges because of a lack of established methods

and techniques for synthesis and transformation of active

structures at surfaces and characterization of the prepared

surface species.6–8 Heterogeneity of oxide surfaces also
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prevents researchers from making inroads on the uniform

active sites on supported catalyst surfaces. Recently, we have

proposed the advanced design of catalyst surfaces managing

surfaces as a foundation to mediate regulated architecture as

not only a simple support grafting active metal complexes, and

have found novel tools toward asymmetric catalysis: surface

OH-promoted chiral self-dimerization of Schiff-base com-

plexes10,11 and achiral surface functionalization enhancing

enantioselective catalysis.12,13 In this review, we introduce

some examples of advanced catalyst design with supported

metal complexes mediated by surfaces for selective catalysis.

2. Advanced chemical design with supported metal

complexes on oxide surfaces

Three novel methods for advanced surface design with

supported metal complexes for selective catalysis, which have

been developed by us, are illustrated in Fig. 1.

Sharp selectivity can be achieved on metal-complex cata-

lysts, where the regulation by ligands in metal complexes

allows selective catalysis and asymmetric synthesis. However,

homogeneous metal complexes in solutions are generally easy

to gather and can cause undesired decomposition during

catalytic cycles, resulting in loss of the catalytic activities.

Transformation of homogeneous catalysts to heterogeneous

catalysts with molecular-level active structures has been

accomplished by attaching metal complexes on oxide supports

to provide coordinatively unsaturated and regulated structures

on the surfaces as illustrated in Fig. 1.1–8,14–16 Attaching metal

complexes to oxide surfaces provides new catalytic systems

that have the advantages of both heterogeneous and homo-

geneous catalysts. We have discovered a new phenomenon of

self-dimerization of metal complexes on oxide surfaces. By

using this phenomenon one can create new chiral space around

the metal centers for enantioselective reactions as shown in

Fig. 1. The supported chiral metal complexes may also be

regulated chemically and physically by grafting molecules

modifying the surface, resulting in promotion of the chiral

property. Advanced catalytic materials can also be designed

through the combination of metal-complex attachment and

molecular imprinting on oxide surfaces as shown in Fig. 1. The

imprinting of metal complexes may be a promising way to

design artificial enzymatic catalysts with 100% selectivity for

target reactions. The precise characteristics of active structures

on surfaces of conventional supported metal catalysts are often

difficult to ascertain especially under catalytic reaction

conditions despite the progress of in-situ/operando techniques,

which results in the restriction of the development of new

catalytic materials on surfaces. Molecular-level control of

catalyst surfaces is necessary for design of multi-functionalized

catalytic sites.

3. Interfacial chemical bonding for catalysis
(strategy 1): Oxide-surface promoted alkene

hydrogenation on supported Pd-monomer complexes

A C–N bond formation, hydroamination, is crucial for the

synthesis of valuable new amine derivatives, which have been

produced via several synthetic processes. However, this

reaction is generally slightly exothermic and entropically

negative,17 and the hydroamination of alkenes is highly

difficult compared to that of alkynes because of the lower

electron density of CLC bonds than C;C bonds.18 It is to be

noted that there is no example of heterogeneous catalysts for

alkene hydroamination. Supported Pd-complex catalysts were

successfully prepared on SiO2, Al2O3, and TiO2 surfaces in a

Fig. 1 Methods for advanced surface design with supported metal complexes.
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controllable manner, which are active and durable for the

catalytic intrahydroamination of 3-amino-propanol vinyl ether

to produce the corresponding cyclic amine.19

Palladium is one of the active metals for hydroamination,

but its low stability to aggregation to almost inactive species

under reaction conditions is one of the major problems in its

use as a catalyst. Furthermore, it is known that the

hydroamination activity of Pd complexes greatly depends on

the nature of their anionic ligands, and hence good catalytic

performance of Pd complexes is expected by chemical bonding

to oxide surfaces to regulate their electronic and geometric

coordination sphere. The strategy is devoted to chemical

reconstruction of novel Pd–P and Pd–N complexes with a

Pd–O bond formed by the chemical reaction between a methyl

ligand of Pd complexes and a hydroxyl group of appropriate

oxide supports.

Some new Pd monomers with Pd–P (P: P(O–iPr)3, PMe2Ph,

and dppf) and Pd–N (N: tmeda, methylpiperidine, and

cyclohexylamine) bonds were prepared in two or three steps.

These precursors PdMeClL2 were supported on SiO2, Al2O3,

and TiO2 surfaces (Scheme 1), where the methyl groups

quantitatively reacted with surface hydroxyl groups to evolve

CH4 in the gas phase. On the other hand, the nitrogen and

phosphorus ligands of the precursors did not dissociate into

the solution during the attachment reaction. A chlorine ligand

remained on Pd as estimated by the intensity ratios of XPS Cl

2p and Pd 3d peaks for both the supported Pd–P and Pd–N

complexes.

The XPS binding energies of Pd 3d5/2 were 336.4 eV,

indicating that the Pd precursors were attached on the surfaces

maintaining the oxidation state of Pd2+. The curve-fitting

analysis for the EXAFS Fourier-transforms at a Pd K edge for

the Pd–P complexes on SiO2 revealed the existence of a Pd–O

bond at 0.212 nm (coordination number (CN) = 0.8) and Pd–P

(Cl) bonds at 0.235 nm (CN = 3.1). The structures of

supported Pd complexes are evidenced as Pd monomers with

a Pd–O (surface) bond, a Pd–Cl bond, and two Pd–L (L: P or

N) bonds (Scheme 1).19

Table 1 shows the catalytic activities of the hydroamination

of 3-amino-propanol vinyl ether in toluene at 343 K. The

homogeneous Pd precursors in toluene were completely inac-

tive for the reaction, instead the Pd precursors decomposed.

Both Pd–P and Pd–N complexes exhibited significant catalytic

activities after attachment on the oxide surfaces, the intrahy-

droamination reactions on all the supported catalysts pro-

ceeded linearly with reaction time and the catalysts were

reusable after filtration (Table 1).

There are significant differences in catalytic performance

between the P and N ligands. The SiO2-supported phosphorus-

ligand complexes are more active for the reaction compared to

the nitrogen-ligand complexes (Table 1). The coordination of

the CLC bond of alkenes on a Pd center is an important step

for the hydroamination, which is affected by the electron

density of the Pd center. In the Pd–P complexes it may be

regulated positively by a Pd–P orbital hybridization.

A SiO2 support is most favorable for the Pd catalysis, while

the catalytic activity on Al2O3 is less than one third of that on

SiO2. TiO2 shows an intermediate support effect. The order of

Scheme 1 Supported Pd-monomer complexes on oxide surfaces for hydroamination.

Table 1 Catalytic activities (TOF: turnover frequency) of Pd-
monomer precursors and oxide-supported Pd-monomer catalysts for
the hydroamination of 3-amino-propanol vinyl ethera

Ligand Oxide Pd loading/wt%b TOF/h21d

P(O–Pri)3 — — 0
PPh(CH3)2 — — 0
methylpiperidine — — 0
cyclohexylamine — — 0
P(O–Pri)3 SiO2 0.23 15.3
PPh(CH3)2 SiO2 0.34 18.8
dppf SiO2 0.11 22.6
tmeda SiO2 0.44 1.1
cyclohexylamine SiO2 0.25 9.1
methylpiperidine SiO2 0.16 5.0
methylpiperidinec SiO2

c 0.16c 4.8c

methylpiperidine Al2O3 0.32 1.6
methylpiperidine Al2O3 0.25 1.8
methylpiperidinec Al2O3

c 0.25c 1.7c

methylpiperidine TiO2 0.28 3.7
methylpiperidine TiO2 0.22 3.5
methylpiperidinec TiO2

c 0.20c 3.4c

a Hydroamination of 3-amino-propanol vinyl ether was performed in
toluene at 343 K under N2. b Determined by XRF. c Reused after
filtration. d TOF: product molecule Pd21 h21.
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the activities for the support is the same as that of pKa, SiO2 ,

TiO2 , Al2O3. The most ionic bond, Pd–OSi, is favorable for

the hydroamination of alkenes, while the Pd–OAl bond with

relatively more covalent character does not efficiently promote

the reaction. These results show that the chemical bonding with

surfaces is a key factor to draw out catalytic activity and

appropriate surfaces can produce new catalysis.

4. Chiral self-assembly of metal complexes on a
surface (strategy 2): SiO2-surface promoted chiral
self-dimerization of V monomers and their
asymmetric catalysis for oxidative coupling of
2-naphthol

The fine design of chirality on heterogeneous catalyst surfaces

is still a serious challenge to be tackled.20,21 However, the

application of asymmetric metal complexes with chiral ligands

to heterogeneous catalytic reactions is neither easy nor simple.

The chemistry of homogeneous metal complexes cannot

straightforwardly be transferred to chemistry on surfaces. A

new strategy to construct novel chirality on surfaces which is

unique to the surfaces is indispensable for the design of

heterogeneous asymmetric catalysis. It is also difficult to

realize both high activity and high enantioselectivity on a

surface simultaneously because restriction of reaction space

around the metal center to increase enantioselectivity often

results in a decrease of the catalytic activity. Generally, simple

immobilization of metal-complex precursors with chiral

ligands on support surfaces causes commonplace catalytic

performances far from the goal for asymmetric catalysis.

The oxidative coupling of 2-naphthol is a representative

reaction mode for a direct synthesis of 1,19-binaphthol

(BINOL) whose optically pure derivatives are regarded as

versatile chiral auxiliaries and ligands in asymmetric synth-

eses.22–25 Nevertheless only a few studies have been reported

for the asymmetric coupling of 2-naphthols in homogeneous

systems.26–33 Recently, we have discovered chiral self-dimeri-

zation of supported vanadium complexes on a SiO2 surface,

which is a novel phenomenon of metal complexes on oxide

surfaces. Two V-monomer complexes with Schiff-base ligands

are spontaneously dimerized via a selective reaction with a

surface Si–OH group and the formed V dimer has a unique

chiral conformation, which is highly enantioselective for the

asymmetric oxidative coupling of 2-naphthol with 96%

conversion, 100% selectivity to BINOL, and 90 ee%. To our

knowledge, this is the first heterogeneous catalyst for the

asymmetric coupling reaction though the V monomer is

inactive for the oxidative coupling.10,11

Several V-monomer precursors with a Schiff-base obtained

from a-amino acids (L-valine, L-isoleucine, L-leucine, L-tert-

leucine, and L-phenylalanine) (Scheme 2) were synthesized and

the attachment of the precursors on oxide surfaces was

performed by impregnation of each V complex in dehydrated

ethanol, followed by evacuation of the solvent under vacuum.

The V monomers selectively reacted with surface silanols

leading to the structural reconstruction of the tridentate Schiff-

ligand coordination, as characterized by FT-IR, ESR, XAFS,

XPS, XRF, UV/VIS, and DFT calculations at each stage

during the attachment of the V complex precursor and the

oxidative coupling of 2-naphthol. The Ph–O moiety of the

Schiff-base ligand was selectively transformed to Ph–OH

configuration via a surface reaction with surface Si–OH,

resulting in a coordinatively unsaturated V conformation on

the SiO2 surface (Scheme 2).10,11

The pre-edge position of the V K-edge XANES spectrum

(Fig. 2 (A)) and the XPS V 2p binding energy reveal that V

valence in the supported V complex stays at 4+, the same as

that of the V precursor. Upon attachment to the support a

VLO bond was preserved, but the symmetry of the V

complexes became distorted as monitored by the appearance

of a d–d transition in DR-UV/VIS spectra. These behaviors

were observed independent of the amount of V loading. Curve-

fitting analysis of the V K-edge EXAFS spectra (Fig. 2 (B))

revealed the local structure of the attached V complex as an

unsaturated conformation different from that of the

V-monomer precursor. There are two kinds of chemical

Scheme 2 Chiral self-dimerized V complex on SiO2 (A) and its DFT modeled structures ((B) side view and (C) top view).
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bonding of a VLO bond at 0.157 ¡ 0.001 nm, which is similar

to that of the precursor, while the CN of V–O bonds at 0.199 ¡

0.002 nm decreased from 3.8 ¡ 0.4 to 2.8 ¡ 0.5 after the

attachment on the SiO2 surface. The decrease in the CN of

V–O on attachment to the support was also observed for 0.8,

1.6, and 3.4 V wt% samples independent of V loading. Longer-

distance bonding was not observed with all the catalysts,

indicating that there was no direct V–V bonding in the

supported V catalysts.

EXAFS and FT-IR spectra of the supported V complexes

demonstrate that the unique surface-attaching reaction pro-

ceeded through surface Si–OH groups. The decrease in the

coordination number of V–O(N) bonds indicates that the V

center becomes unsaturated on the surface. All coordination

sites of the Schiff-base ligand to the V4+ center possess

infrared-active functional groups, Ph–O, Ph ring, CLN, and

COO as shown in Scheme 2: three frequencies (1598, 1373, and

1362 cm21) are assigned as one nasym(COO) and two nsym(COO);

the 1629 cm21 peak is assigned to n(CLN); four peaks of 1547,

1470, 1447, and 1436 cm21 are referred to n(Ph); a strong peak

of 1290 cm21 is attributed to n(Ph–O). A small difference

between nasym(COO) and nsym(COO) (y 230 cm21) indicates the

delocalization of electron density on the CLO bond to O–CO,

which forms a hydrogen bond with a Ph–OH group of an

adjacent V complex as discussed hereinafter.

After the attachment on SiO2, these vibration frequencies

were observed at n(CLN) 1629 cm21, nasym(COO) 1602 cm21, n(Ph)

1554, 1548, 1471, and 1452 cm21, nsym(COO) 1370 cm21, and

n(Ph–O) 1391 cm21. A difference between nasym(COO) and

nsym(COO) was also small, which implies that there is hydrogen

bonding on CLO, which leads to delocalization of the electron

density. The n(CLN), nasym(COO), and nsym(COO) were very similar

to those of the precursor, indicating no significant change in

the original coordination of these groups upon attachment to

the support. On the other hand, the four n(Ph) peaks were

different from those of the precursor in both their positions

and relative intensities and the n(Ph–O) at 1290 cm21 for the

precursor dramatically shifted to 1391 cm21 upon attachment

to the support. Such a large shift was observed on ionized

molecule Ph–O2, therefore, the large shift of n(Ph–O) and the

changes in the intensity ratio of n(Ph) were caused by the

structural reconstruction of the Ph–O coordination to produce

a new Ph–OH moiety that was promoted by proton transfer

from Si–OH. These results demonstrate that the PhO-

coordination is dispatched from the V center by the reaction

of the V precursor with the Si–OH to form a Ph–OH group as

illustrated in Scheme 2.10,11

Fig. 3 shows ESR spectra for a V–L-leucine monomer

precursor and its supported complex in the presence and

absence of O2 measured at 6 K. The V-monomer precursor

showed hyperfine signals attributed to d1 configuration of a

VLO complex, while a different broad peak was also observed

on the hyperfine signals for the supported V complex. It

greatly increased after the adsorption of O2 and the half-band

signal was also detected as shown in Fig. 3 (b). The results

demonstrate that another V complex is located near a V

complex to form a dimer assembly. The V–V distance in the V

dimer produced by self-assembly on the surface is estimated to

Fig. 2 V K-edge (A) XANES spectra and (B) EXAFS Fourier

transforms for (a) a V precursor (L-leucine) and (b) its SiO2-supported

V complex (V 3.4 wt%). Black and gray lines represent observed and

fitted spectra, respectively.

Fig. 3 ESR spectra at 6 K for a V precursor (L-leucine) in methanol (a) and the SiO2-supported V complex (V: 3.4 wt%) in the absence (gray line)

and presence (black line) of O2 (b1: half band and b2: main signal).
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be 0.40 ¡ 0.05 nm from the relative intensity of the forbidden

half-field transition (|DMs| = 2) to the allowed transition

(|DMs| = 1).34 After evacuation of the O2-adsorbed sample, the

intensity returns completely to the original one and the change

in the ESR signal occurs reversibly, which indicates the

reversible adsorption of O2 molecules on the V dimer. Thus the

supported V catalyst possesses capacity for O2 activation that

is indispensable for the oxidative coupling reaction. The broad

signal and the behavior for oxygen molecules were observed in

the range of V loading 0.3–3.4 wt%, indicating that the chiral

self-dimerization of the V precursors occurs independently of

the V loading on the SiO2 surface.

The Ph–OH moiety formed by the surface reaction of the V

monomer precursor with surface OH groups forms a hydrogen

bond with the CLO group of the ligand in the adjacent V

complex to assemble the supported V complexes on the surface

as illustrated in Scheme 2. The presence of nasym(COO) and

nsym(COO) (Dn: 232 cm21) in the FT-IR spectrum indicates the

occurrence of hydrogen bonding at the CLO oxygen, which

results in the CLO and C–O bonds being coupled as nasym(COO)

and nsym(COO). The V-monomer precursor selectively reacted

with a surface Si–OH group, and this was followed by chiral

self-dimerization to form a novel V dimer with hydrogen

bonding between Ph–OH and CLO on the surface. The DFT

calculation for the structure of the chiral self-dimerized V

dimer on SiO2 reveals that two VLO bonds are directed to the

opposite sides mutually from the principal molecular plane of

the V complex, making chiral V sites, similar to a structural

unit in the V complex crystal.35 The DFT modeling also

indicates that a favorable reaction space for the oxidative

coupling of two 2-naphthols in the chiral pocket is created

between the two unsaturated chiral V centers (Scheme 2).

The supported V catalysts were active for the coupling of

2-naphthol under aerobic conditions, while the homogeneous

V precursor is inactive for the reaction (Table 2).10,11 On the

SiO2-supported V catalysts, the conversion reaches a max-

imum of 96%, and the reaction rate in toluene is 1.3 times

higher than that in CHCl3. The supported V catalyst is

perfectly selective (100% selectivity) and reusable for the

BINOL synthesis as shown in Table 2. On the other hand,

Al2O3 and TiO2 were not suitable as supports for the V

precursor, leading to low selectivities for BINOL.

Enantioselectivity was not modified by the chiral alkyl

groups of Schiff-base ligands as shown in Table 2: there are no

significant differences in performance between the catalysts

derived from isoleucine (51 ee%), leucine (54 ee%), and

phenylalanine (56 ee%) in CHCl3. The most bulky ligand,

L-tert-leucine, has a tert-butyl group neighboring the V

reaction site, but it reduced the enantioselectivity. These two

alkyl groups overhung outside the V complexes as illustrated

Table 2 Catalytic performances of homogeneous and heterogeneous V catalysts for the oxidative coupling of 2-naphthol

Catalyst-liganda,b Temp./K Time/day Solvent Conv. (%) Selectivity (%) ee% (R)

Precursor-Lc 293 5 CHCl3 0 0 —
Precursor-Lc,d 293 3 CHCl3 15 73 8
Precursor-Lc,d 263 9 CHCl3 0 0 —
V–L/SiO2 0.3 wt% 293 5 CHCl3 76 100 19
V–L/SiO2 0.3 wt% 263 5 CHCl3 9 100 54
V–L/SiO2 0.3 wt% 293 5 toluene 96 100 13
V–L/Al2O3 1.7 wt% 293 5 CHCl3 69 53 22
V–L/TiO2 0.8 wt% 293 5 CHCl3 52 0 —
V–V/SiO2 0.3 wt% 293 2 CHCl3 26 100 12
V–V/SiO2 0.3 wt% 293 5 toluene 99 100 5
V–V/SiO2 0.3 wt% 263 6 toluene 12 100 14
V–I/SiO2 0.3 wt% 293 3 CHCl3 37 100 17
V–I/SiO2 0.3 wt% 263 5 CHCl3 6 100 51
V–I/SiO2 0.3 wt% 293 2 toluene 41 100 21
V–L/SiO2 0.3 wt%e 293 2 toluene 40 100 13
V–L/SiO2 0.3 wt%e 263 6 toluene 9 100 31
V-tert-L/SiO2 0.3 wt% 263 5 toluene 11 100 12
V–F/SiO2 0.3 wt% 293 5 CHCl3 81 100 10
V–F/SiO2 0.3 wt% 263 5 CHCl3 9 100 56
V–L/SiO2 0.3 wt% 263 5 toluene 11 100 32
V–L/SiO2 0.3 wt%f 263 5 toluene 10 100 33
V–L/SiO2 0.8 wt% 263 5 toluene 33 100 39
V–L/SiO2 1.6 wt% 263 5 toluene 42 100 48
V–L/SiO2 3.4 wt% 263 5 toluene 93 100 90
V–L/SiO2 3.4 wt%f 263 5 toluene 91 100 89
a V dimer/2-naphthol was 1/36 and 100 mg of supported catalysts were used in 5 ml of toluene. b L: L-leucine, V: L-valine, I: L-isoleucine, tert-
L: L-tert-leucine, and F: L-phenylalanine. c Homogeneous reaction. d Chlorotrimethylsilane was added as acid. e Hydroxy naphthaldehyde was
coordinated instead of salicylaldehyde. f Reused.
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in Scheme 2, and seemingly they did not affect the asymmetric

coupling of 2-naphthol.

V loading on SiO2 including a L-leucine segment was varied

in the V loading range 0.3–3.4 wt% in order to maximize

enantioselectivity for the coupling reaction (Table 2). No

leaching of V complexes was observed for all the supported

catalysts in toluene. Accompanying an increase in V loading to

0.3, 0.8, 1.6, and 3.4 wt%, the enantioselectivity dramatically

increased: 32, 39, 48, and 90 ee%, respectively, as shown in

Table 2. The 3.4 wt% V catalyst corresponding to full coverage

of the V complex exhibited 90 ee%, which is comparable to the

best performance for the coupling of 2-naphthol on a

homogeneous catalyst reported thus far.30–33 Furthermore,

the supported V catalysts can be reused after filtration and

exhibited similar catalytic performances as shown in Table 2.

From the estimation of the cross section of the V precursor,

the V loading of 3.4 wt% corresponds to a full coverage of the

complex on the SiO2 surface, where the configuration and

reaction environment of the V dimer on the surface are

regulated rigidly for the achievement of the high enantioselec-

tivity compared to the lower V loadings.

Reaction rate (TOF) under O2 was 3.6 day21. On the other

hand, when N2 was admitted to the same reaction system after

evacuation of O2, TOF was as low as 0.24 day21. The reaction

completely stopped and no further BINOL was produced in a

prolonged reaction. This limited amount of produced BINOL

under N2 may be due to the residual O2 remaining after the O2

evacuation. The admission of O2 to the reaction system recovered

the initial catalytic activity of 3.7 day21. Hence the presence of O2

is a prerequisite for the oxidative coupling of 2-naphthol. The

activation energies, activation enthalpies and activation entropies

were 47 kJ mol21, 45 kJ mol21 and 2144 J K21 mol21,

respectively in toluene and 49 kJ mol21, 47 kJ mol21 and

2140 J K21 mol21, respectively in CHCl3. There was no

significant solvent effect on these kinetic parameters.11

It is noteworthy that the enantioselectivity of the coupling

reaction is determined by the chiral conformation on the V center

rather than the chirality of the Schiff-base ligands. The chirality

of the ligands affects sterically the chiral self-dimerization of V

complexes on the surface, and the chiral ligands themselves do

not determine the enantioselectivity for the 2-naphthol coupling.

The increase in V loading on SiO2 achieved higher regulation

of the mobility of the assembled V species on the surfaces,

resulting in the high enantio excess of 90 ee% at 93%

conversion on the V 3.4 wt% catalyst compared to the case

of the V 0.3 wt% catalyst with the same V structure (Table 2).

This is the first heterogeneous catalyst with active self-

assembly structure for the asymmetric oxidative coupling of

2-naphthol. The phenomenon and the concept of the self-

assembly of metal complexes on surfaces provide a new

promising way to produce active species for a variety of

heterogeneous enantioselective catalyses.

5. Surface functionalization (strategy 3):
Enantioselective Diels–Alder reaction promoted by
achiral reagents on a surface

BOX (bis(oxazoline)) is one of the practical ligands for

asymmetric catalysis36–40 and several heterogeneous Cu–BOX

systems have been reported.41–46 We have found that the

surface functionalization of SiO2 with achiral 3-methacrylox-

ypropyl-trimethoxysilane remarkably amplifies the enantiose-

lective catalysis of SiO2-supported Cu–BOX complexes for

asymmetric Diels–Alder reaction. Enantioselectivity for Diels–

Alder reaction can be significantly regulated by surface

functionalization with achiral silane-coupling reagents on

SiO2-supported Cu–BOX complexes.6,15

The SiO2-supported Cu–BOX catalysts were prepared in a

controllable manner (Scheme 3). A BOX ligand was grafted on

a SiO2 surface and the surface around the immobilized BOX

ligand was covered with several silane-coupling reagents ((a):

p-styryltrimethoxysilane; (b): 3-phenylaminopropyltrimethox-

ysilane; (c): ureidopropyltriethoxysilane; (d): trimethoxyvinyl-

silane; (e): 3-glycidoxypropyltrimethoxysilane; (f): 3-(2-

aminoethylaminopropyl)trimethoxysilane; (g): octyltriethoxy-

silane; (h): octadecyltriethoxysilane; (i): 3-methacryloxypro-

pyltrimethoxysilane). Cu(ClO4)2?6H2O was coordinated to

the BOX ligand on the surface both with/without the

functionalizing reagents (Scheme 3). The immobilization of

the BOX ligand and the silane coupling reagents was

confirmed by 29Si solid-state MAS NMR, and the amount of

the supported BOX ligand was estimated to be 0.03 mmol g21

(0.1 BOX molecule nm22) by dC–H peak intensity at 1370 cm21

in FT-IR.

The ESR signal of a supported Cu–BOX complex (g// =

2.291, A// = 12.6, and gH = 2.083) was observed at higher

magnetic fields than that of the Cu(ClO4)2 precursor, which

demonstrates that the precursor was coordinated to the

immobilized BOX ligand because the ESR signals for Cu2+

species coordinated by nitrogen ligands were observed at

higher magnetic fields.47 A peak observed around 370 nm for

the supported Cu–BOX catalyst in diffuse-reflectance UV/VIS

spectra indicated similar local structure to a homogeneous

analog Cu(BOX)(ClO4)2. The bond distance and total

coordination number (CN) of Cu–O (Cu–N) in the supported

Cu–BOX catalyst were 0.199 ¡ 0.001 nm and 4.4 ¡ 0.5,

respectively by Cu K-edge EXAFS, which were almost the

same as 0.198 ¡ 0.001 nm and 4.5 ¡ 0.6 for Cu(BOX)(ClO4)2.

Similar structural parameters were also observed for the

surface-functionalized Cu–BOX catalysts, indicating that the

local structures of both Cu–BOX complexes on the SiO2

surface were the same as Cu(BOX)(ClO4)2 as shown in

Scheme 3.15

In spite of the similar local coordination of the Cu–BOX

complexes, the catalytic performances for the Diels–Alder

reaction of cyclopentadiene and 3-acryloyl-2-oxazolidinone

(Table 3) were tremendously different from each other.

The homogeneous Cu–BOX complex showed a low enantio-

selectivity of 5 ee% (S) at concentrations of both 25 and

0.35 mmol l21 of the Cu complex. The catalytic activity of

the homogeneous Cu–BOX complex, particularly at the

low concentration, was very low (conversion: 4% after 1 h).

On the other hand, the catalytic reaction proceeded on

the simple supported Cu–BOX catalyst without surface

functionalization and was complete after 24 h as shown in

Table 3.

Interestingly, the surface functionalization remarkably

changed the enantioselectivity although the surface building
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blocks are not optically active. Especially, in the case of (i)

3-methacryloxypropyltrimethoxysilane, the surface-functiona-

lized catalyst brought about a large increase in the enantios-

electivity as shown in Table 3. The enantioselectivity highly

depended on the kinds and amounts of the functionalized

reagents and it was found that further surface-functionaliza-

tion up to a full coverage of the achiral (i), 0.6 mmol g21,

increased the enantioselectivity to 65 ee% of endo conforma-

tion product. After 24 h, the conversion reached 100%, while

keeping a similar enantioselectivity (63 ee% of endo) (Table 3).

The silane-coupling reagent (i) without attachment on SiO2

was added to the CH2Cl2 solution in which the simple

immobilized Cu–BOX catalyst was suspended, but no increase

in the enantioselectivity was observed. Thus the chemical

bonding of (i) to the surface may be indispensable for the

promotion of enantioselective catalysis, and the full-coverage

functionalization with (i) is most effective for the creation of

an enantioselective reaction field on the surface. The function-

alized Cu–BOX catalyst was reusable without significant loss

of the catalytic activity (88% conversion at 24 h) and the

enantioselectivity (58 ee% of endo) as shown in Table 3.

Other silane-coupling reagents with styryl (a) and vinyl (d)

groups cause large decreases in the enantioselectivity (Table 3).

It has been reported that the capping of free surface Si–OH

with trimethylsilyl moieties is favorable for asymmetric

catalysis on SiO2.45,48 However, the results for (a) and (d)

indicate that the capping of silanol groups does not lead to an

increase in the enantioselectivity. Long alkyl chains such as

octyl (g) and octadecyl (h) groups influenced ee% a little. Ee%

for the longer octadecyl group (h) (25 ee%) was higher than the

13 ee% for the shorter octyl group (g), while the catalytic

activities were similar to each other. Phenylamino (b), urea (c),

epoxy (e), and amino (f) brought about a large loss of the

catalytic activities because these reagents act as bidentate

ligands for Cu2+ to probably decompose the original Cu–BOX

complex.

Only the methacryl-functionalized catalyst (i) showed high

enantioselectivity for the Diels–Alder reaction. As the lengths

of methacryl reagent (i) and the BOX ligand on SiO2 are

similar to each other, the oxygen of the methacryl group may

interact with the NH group of the chiral BOX ligand by

hydrogen bonding. The dependence of the enantioselectivity

on the coverage of (i) indicates that the achiral methacryl

groups surround the supported chiral BOX ligand to form a

new assembled structure of the chiral BOX with the achiral

methacryl groups, resulting in the large increase in the ee%.

The values of ee%s in polar CHCl3 and ethanol were as small

as 0.8 and 5 ee%, respectively, also agreeing with the

assumption of the assembled structure on the surface. This

gluing effect of achiral methacryl groups on the chiral BOX

ligand may be the origin of the increase in the chiral selectivity.

The present results demonstrate that the non-chiral design of

catalyst surfaces has the potential to create novel asymmetric

reaction fields that are unique on the surfaces.

Scheme 3 Preparation of surface-functionalized Cu–BOX complexes on SiO2.
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6. Molecular imprinting (strategy 4): Molecular-
imprinted catalysts designed at oxide surfaces

To prepare artificial enzymatic systems possessing recognition

ability for particular substrate molecules, molecular imprinting

methods which create template-shaped cavities with memory

of template molecules in polymer matrices have been devel-

oped and established in receptors, chromatographic separa-

tions, fine chemical sensing, etc. in the past decade.49–54

Nevertheless, artificial enzymatic materials synthesized by

molecular imprinting techniques using a variety of template

molecules provide promising molecular recognition catalysis

with 100% selectivity for a variety of catalytic reactions where

natural enzymes cannot be employed. Recently, in addition to

imprinted acid–base catalysts,55–61 attempts to imprint metal

complexes have been reported and constitute state of the art

currently.6–8 Molecular imprinting of metal complexes enables

the realization of several features to note, (1) attachment of a

metal complex on robust supports, (2) surrounding of the

metal complex by a polymer matrix, and (3) production of a

shape selective cavity on the metal site in the matrix. Metal

complexes thus imprinted have been applied to molecular

recognition,62,63 stabilization of a reactive complex,64,65 ligand

exchange reaction,66 and catalysis.67–76

Most of the imprinted metal-complex catalysts have been

prepared by imprinting in bulk polymer, while the access of

substrate molecules to the sites in the bulk is disadvantageous.

Such organic polymers tend not to be durable in organic

solvents or under severe catalytic conditions such as in the

presence of oxidants, at high temperatures, etc. We have

proposed the design of molecular-imprinted catalysts for oxide-

supported metal complexes to produce shape-selective reaction

sites for desired molecules by using a ligand on a metal center as

a template. Here we summarize our recent work on molecular

imprinting metal-complex catalysts, which show remarkable

catalytic performances beyond simply supported metal-com-

plex catalysts.

A ligand of a supported metal complex not only influences

its catalytic activity but also provides an unsaturated, reactive

metal site with a ligand-shaped space by removal of a ligand.

We chose a ligand of the attached metal complex with a similar

shape to a reaction intermediate (half-hydrogenated alkyl) of

alkene hydrogenation as a template molecule. Our strategy to

design active and selective catalysts was based on the following

five factors for regulation, (1) conformation of ligands

coordinated to Rh atom, (2) orientation of vacant site on

Rh, (3) cavity with the template molecular shape for reaction

space produced behind template removal, (4) architecture of

the cavity wall, and (5) micropore in inorganic polymer-matrix

overlayers stabilizing the active species at the surface.6,8

Scheme 4 shows the preparation steps for molecular-

imprinted Rh-monomer and Rh-dimer catalysts on SiO2 for

hydrogenation of alkenes.73–76 Both catalysts were prepared

step-by-step, characterizing their structures on the surfaces. A

P(OCH3)3 ligand was used as a template with a similar shape

to one of the half-hydrogenated species of 3-ethyl-2-pentene,

which can produce the template (reaction intermediate)-

shaped cavity by extraction of the ligand. We succeeded in

preparing Rh monomer and a pair of Rh monomers by using

appropriate precursors on the surfaces (Scheme 4).

On both surfaces, Si(OCH3)4 was deposited by chemical

vapor deposition and hydrolysis–polymerization was con-

ducted to prepare SiO2-matrix overlayers surrounding the

attached Rh complexes. Finally the template P(OCH3)3 ligand

was extracted from the attached Rh complex in the SiO2-

matrix overlayers and the molecular imprinted Rh-monomer

and Rh-dimer catalysts were successfully obtained. The peak

intensity of Rh3d XPS decreased after the stacking of the SiO2-

matrix overlayers as shown in Fig. 4, demonstrating that the

attached Rh complexes were embedded in the surface matrix.

Table 4 shows steady-state reaction rates (turnover fre-

quencies (TOF)) of the hydrogenation of seven alkenes at

348 K on the supported Rh-complex catalyst and the

molecular-imprinted Rh-dimer catalyst. The homogeneous

complexes Rh2Cl2(CO)4 and RhCl(P(OCH3)3)3 and the

supported species Rh2Cl2(CO)4/SiO2 show no activities for

the reaction. On the other hand, the molecular-imprinted

catalysts exhibited significant catalytic activities under similar

reaction conditions. It is to be noted that the hydrogenation

Table 3 Asymmetric Diels–Alder reactions of cyclopentadiene and
3-acryloyl-2-oxazolidinone catalyzed on homogeneous Cu(ClO4)2–
BOX, simple supported catalyst and surface-functionalized Cu–BOX
catalysts at 263 K

Catalyst Solvent Time/h
Conv.
(%) endo%

ee% (S)
(endo)

Homogeneous
Cu(ClO4)2–BOX CH2Cl2 1 4 89 5
Cu(ClO4)2–BOXa CH2Cl2 3 98 89 5
Simple supported

CH2Cl2 1 61 90 15
24 100 14

With ib CH2Cl2 1 58 90 15
Functionalized
i: methacrylc CH2Cl2 1 12 91 49

24 100 42
i: methacryld CH2Cl2 1 16 93 65

24 100 63
i: methacryld,e CH2Cl2 24 88 93 58
i: methacryld toluene 24 100 91 38
i: methacryld CHCl3 24 88 92 0.8
i: methacryld ethanol 24 86 90 5
a: styryld CH2Cl2 1 5.3 97 0
b: phenylaminod CH2Cl2 1 0.4 90 1
c: uread CH2Cl2 1 1.2 90 2
d: vinyld CH2Cl2 1 33 90 3
e: epoxyd CH2Cl2 1 0.3 88 6
f: diamined CH2Cl2 1 0.2 91 11
g: octyld CH2Cl2 1 11 96 13
h: octadecyld CH2Cl2 1 11 89 25
a Concentration of Cu was 25 mmol l21. b 3-Methacryl-
oxypropyltrimethoxysilane (i) was added to the solution. c Loading
of (i) was 1 nm22. d Loading of (i) was 2 nm22. e Reused.

f Ratio of Cu/diene/dienophile = 1/40/10. Concentration of Cu was
0.35 mmol l21.
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reactions are remarkably promoted by the surface imprinting.

For example, hydrogenation of 2-pentene on the molecular-

imprinted Rh-dimer catalyst is promoted 51 times as compared

to that on the supported catalyst. The metal–metal bonding

and coordinative unsaturation of the Rh dimer are key factors

for the remarkable activity of the imprinted Rh-dimer catalyst.

The imprinted Rh monomer after the removal of the template

ligand is also relatively unsaturated, resulting in an increase in

hydrogenation activity compared to the precursor complex

and the simple supported catalyst.75

Ratios of TOFs corresponding to the degree of enhancement

of the reaction rates by the imprinting revealed that the

molecular-imprinted Rh catalysts showed size- and shape-

selectivities for the alkenes as shown in Table 4. Selectivity for

the alkene hydrogenation on the molecular-imprinted catalysts

depended highly on the size and shape of alkenes which should

come into the template cavity as a reaction site in the

micropores of the SiO2-matrix overlayers on the surfaces in

addition to the electronic and geometric effects of the ligands.

The TOF ratios were reduced with gain of alkene size. It is to

be noted that there is a large difference in the reaction rates

between 3-ethyl-2-pentene and 4-methyl-2-hexene (4-ethyl-2-

pentene) due to the difference in the shape of the alkenes. The

difference in the TOF ratio between 4-methyl-2-pentene and

4-methyl-2-hexene is also large, where the difference in the size

of a methyl group is discriminated on the molecular-imprinted

catalyst. The TOF ratio for 4-methyl-2-hexene is much smaller

than that for 2-pentene, where the difference is referred to

the ethyl group. Thus, the molecular-imprinted catalyst

Scheme 4 Molecular imprinting of SiO2-attached (A) Rh-monomer and (B) Rh-dimer catalysts with P(OCH3)3 ligands.

Fig. 4 Rh3d XPS spectra for (a) the supported Rh–P(OCH3)3

catalyst and (b) the molecular-imprinted Rh-dimer catalyst with

SiO2-matrix overlayers.
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discriminates the size and shape of the alkenes. However, the

molecular-imprinted catalyst cannot discriminate between the

existence of methyl and ethyl groups among the alkenes

smaller than the template size as shown in Table 4. It is

noteworthy that the reaction rates of 2-pentene, 2-octene, and

1-phenylpropene on the simple supported catalyst are similar

to each other, whereas the rate enhancements (TOF ratios) for

2-octene and 1-phenylpropene (10 and 7 times, respectively)

are much less than that for 2-pentene (51 times). Because the

length of the linear alkene chains cannot be discerned by the

ligand-coordinated metal site, it is suggested that the difference

is caused by a wall of the template cavity around the Rh dimer

site.

Activation energies for the hydrogenation on the supported

catalyst are divided into two values, about 30 and 42 kJ mol21,

for the linear alkenes and the branched alkenes, respectively, in

Table 4 and activation entropies are similar to each other, with

values in the range 2200 to 2215 J mol21 K21 for all the

alkenes. After the imprinting, significant differences between

small and large alkenes were observed in both activation

energies and activation entropies. The activation energies

for the hydrogenation of 3-ethyl-2-pentene and smaller alkenes

on the imprinted catalyst were 26–43 kJ mol21, which are

similar to the values observed on the supported catalyst.

The activation entropies for the four alkenes were 2170

to 2195 J mol21 K21 on the molecular-imprinted

Rh-dimer catalyst, which are larger than those (2200 to

2210 J mol21 K21) obtained for the supported catalyst. 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 mol21, respectively, which are very small

compared with those for the supported catalyst and other

metal complex catalysts. Furthermore, the activation entropies

were reduced markedly from about 2210 J mol21 K21 to

about 2260 J mol21 K21. The conspicuous change in the

kinetic parameters for the larger alkenes is paralleled by the

change in enhancement of the reaction rates.

These dramatic decreases in the activation energies and the

TOF ratios can be explained by a shift of the rate-determining

step from the alkyl formation to the coordination of alkene to

the Rh site. Attending this shift, the activation entropies for

the larger alkene molecules also decreased markedly to about

2260 J mol21 K21 from about 2180 J mol21 K21 for the

other small molecules. It suggests that the conformation of the

coordinated alkene in the template cavity is regulated by a wall

of the cavity and the remaining P(OCH3)3 ligands. For the

alkenes with the larger sizes and different shapes compared to

the template, the coordination to the Rh site through the

cavity space becomes most slow in the reaction sequences.

The location of the Rh center to which the alkenes

coordinate, the conformation of the remaining P(OCH3)3

ligand, the orientation of the template vacant site on Rh, the

template-shaped cavity, the architecture of the cavity wall, and

the micropore surrounding the Rh dimer in the SiO2-matrix

overlayers provide the active imprinted catalysts for size- and

shape-selective hydrogenation of the alkenes. The method

combining metal-complex attachment and molecular imprinting

on the surface demonstrates that the strategy can regulate and

design chemical reactions at a molecular level like artificial

enzyme catalysts.

7. Conclusions

Our recent work on chemical design of catalytically active

metal complexes supported on oxide surfaces was reviewed,

describing the strategy and concept for the catalyst surface

design. Supported metal complexes often exhibit unique

catalytic performances different from metal and metal oxides

for various chemical processes including shape-selective

catalysis and asymmetric catalysis. Step-by-step chemical

transformations of metal complexes in a controllable manner

create selective reaction sites on surfaces and the fine design of

space surrounding attached metal complexes is also indis-

pensable for better achievement of selective catalysis on

surfaces. Further, the arrangement of active sites on surfaces

by chiral self-dimerization, surface functionalization with

achiral reagents, and molecular imprinting provide new

powerful ways to design catalyst surfaces and selective

catalysis beyond conventional homogeneous and heteroge-

neous catalyst systems.

Table 4 Degrees of enhancement of the reaction rates on the Rh-dimer catalysts by molecular imprinting (ratio of TOFs), activation energies (Ea),
and activation entropies (D{S) for the catalytic hydrogenation of alkenes at 348 K

Reactant
Supported Imprinted

Ratio of TOFsa

Supported Imprinted

TOF/s21 TOF/s21 Ea
b D{Sc Ea

b D{Sc

(1) 2-pentene 1.3 6 1023 6.6 6 1022 51 34 2205 26 2195
(2) 3-methyl-2-pentene 7.0 6 1025 3.6 6 1023 51 44 2200 43 2170
(3) 4-methyl-2-pentene 1.3 6 1024 5.9 6 1023 45 40 2207 40 2175
(4) 3-ethyl-2-pentene 4.4 6 1025 1.5 6 1023 35 42 2210 39 2189
(5) 4-methyl-2-hexene 6.8 6 1025 9.6 6 1024 14 40 2212 10 2276
(6) 2-octene 3.0 6 1023 3.0 6 1022 10 28 2215 7 2257
(7) 1-phenyl-propene 2.8 6 1023 2.0 6 1022 7 29 2213 8 2256
a Ratio of TOFs: TOF of the imprinted Rh-dimer catalyst/TOF of the supported catalyst. b Ea: kJ mol21. c D{S: J K21 mol21.
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