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Abstract

The recent advanced design of surface reaction spaces for heterogeneous selective catalysis in molecular-nano scales is reviewed, focusing on
our recent challenges and also presenting new data. Supported metal complexes on oxide surfaces often exhibit tremendous catalytic properties
based on their unique coordination structures created at the surfaces. Novel active reaction spaces can be designed by coordination regulation
on central metals, chemical interaction at metal-surface interface, and three-dimensional architectures constructed at surfaces. Such molecularly
organized surfaces possess advantageous properties of both homogeneous and heterogeneous catalyst systems and provide great opportunities for

the tailor-made design of highly selective catalysis for various kinds of catalytic chemical syntheses.
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1. Introduction: molecularly organized surfaces with
supported metal complexes

Most artificial chemicals are produced by heterogeneous
solid catalysts in industrial processes and the merits of hetero-
geneous catalysts are not only the separation of catalysts and
products from reaction media but also their high durability and
catalytic activities derived from the structures of catalytically
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active sites at solid surfaces. The relationships between the struc-
ture, organized environment, and catalytic property of surface
species tell us how to establish a new strategy for the ratio-
nal design of heterogeneous catalysts. However, solid surfaces
are generally complex and heterogeneous, which prevent us
from obtaining uniform structures of catalytically active species,
resulting in low selectivity.

The attachment of organic and inorganic metal complexes
on support surfaces is a promising way to produce molecularly
regulated structures of active metal sites at surfaces and various
surface metal structures can be arranged by stepwise struc-
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Fig. 1. Strategies for advanced chemical design of catalytically active reaction space on surfaces with supported metal complexes.

tural transformations in a controllable manner [1-11]. There are
several types of metal-complex attaching techniques: (a) coor-
dination of metal-complex precursors to immobilized ligands
on an organic polymer [12,13], (b) coordination of metal-
complexes with functional ligands bound to an oxide surface
[2,4], (c) intercalation into clay materials [14], (d) ion exchange
into porous materials such as zeolite and mesoporous silica [15],
and (e) direct attachment of metal complexes on an oxide surface
[3,6,11,16].

There are many review articles on polymer-immobilized
metal complexes of the type (a) [12,13,17], which aim to improve
separation and recycling of homogeneous metal-complex cata-
lysts with low stability. The type (b) has the similar strategy to the
type (a) but using oxide supports without swelling unlike organic
polymers by organic solvents [4,17]. This ligand-bound immo-
bilization provides supported metal coordination structures to
homogeneous counterparts, and hence similar catalytic activities
to those of homogeneous precursor complexes.

On the other hand, the interfacial attachment between metal
complexes and support surfaces can produce unique metal coor-
dination different from metal-complex precursors. A chemical
bond between a metal-complex precursor and a support sur-
face modifies the reactivity of the supported metal complex,
resulting in novel catalytic activity [3,6,11,15,16]. Traditional
ion-exchange on zeolites (type (c)) and intercalation to clay
materials (type (d)) are also typical ways to introduce metal
species onto solid supports although the valences and types
of metal precursors are restricted [4,15]. The type (e) involves
direct chemical bonds produced by the reaction of metal com-
plexes with hydroxyl groups at oxide surfaces [3,11,16,18].
Many important factors for selective catalysis can be controlled
at the interface, such as electronic properties and coordina-
tion sphere of the attached metal center, geometry around the
active metal center, dispersion, and stability of the attached

metal sites, etc. Especially, the formation of unsaturated metal
sites, which cannot be isolated in homogeneous solution or
self-assembled materials, is a key issue for improved catalytic
activity [11,19-21].

Recently, we have found several unique phenomena
based on the interfacial chemical attachment of metal
complexes onto oxide surfaces, (A) interfacial chemical attach-
ment [11,18,19,21], (B) chiral self-dimerization at surfaces
[11,20,22], (C) surface functionalization with organic molecules
[11,23,24], (D) molecular imprinting [11,23-29] and (E) immo-
bilization to three-dimensional pores [30,31], whose schematic
protocols are illustrated in Fig. 1. The interfacial attachment
reactions promoted further structural transformations of sup-
ported metal complexes and novel selective catalytic processes
including asymmetric oxidations can be achieved. In this review,
recent examples of the design of supported metal-complex cat-
alysts via interfacial chemical attachment at oxide surfaces are
highlighted.

2. Metal-metal coordination-assisted hydroformylation
on oxide-supported Rh dimers

Metallic interactions between two metal sites often play a cru-
cial role in catalysis on heterogeneous surfaces and the variation
of coordination on metal clusters promotes the bond dissocia-
tion of reactant molecules and subsequent bond rearrangement
to a desired product. For example, metal particles with an opti-
mum particle size show great activity for hydroformylation. Rh
dimers attached directly on oxide surfaces, which are a mini-
mum unit of metal ensembles, showed the unique metal-metal
coordination assisted hydroformylation of ethene [16,19,32].

Scheme 1 shows the structural transformations of trans-
[(RhCp*CH3)2(-CHj3)2] (Cp*: pentamethylcyclopentadienyl)
dimer (1) on SiO;, TiO;, Al,O3, and MgO. Each step of the
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Scheme 1. Structural transformation of Rh dimers on (A) SiO», (B) TiO», (C) Al,0O3, and (D) MgO and their structural changes during ethene hydroformylation.

transformation of the incipient attached Rh species at the sur-
faces was characterized by FT-IR and EXAFS. A CHj3 group
and a p-CHj group reacted to form CoHs on a Rh atom ((3) in
Scheme 1(A)). The Rh dimer (3) was exposed to CO to form
gem-carbonyls (4) and one of the carbonyls inserts into the ethyl
ligand to form an acyl ligand (§) by heating at 423 K. Note that
the Rh dimer (5) obtained is regarded as a catalytic intermediate
for ethene hydroformylation. A Rh dimer species with a Rh—Rh
bond was also produced on TiO; (9) by using the dimer pre-
cursor (1) (Scheme 1(B)). On the other hand, the mononuclear

Table 1

Rh species (10) was formed on Al,O3 and the aggregated Rh
species (11) was formed on MgO irrespective of use of the same
precursor (1) (Scheme 1(C) and (D)) [32]. The difference of the
structures in the Rh species on the oxides may be due to the
difference of acidity, lattice parameter, and arrangement of the
oxide surfaces.

The catalytic activities and selectivities of those catalysts
for ethene hydroformylation are summarized in Table 1. The
Rhy/SiO, (5) catalyst showed high activity and selectivity
(88.9% for propanal) compared with a conventional impreg-

Catalytic activities and selectivities for ethene hydroformylation on Rh dimers attached to SiO,, TiO;, Al,0O3, and MgO at 413 K*

Catalyst TOF (total)® TOF (ethene)® TOF (propanal)b Selectivity (%)
Impregnated Rh/SiO, 22.8 21.5 1.3 5.6

Rh,/Si0; (5) 36.9 4.1 32.8 88.9

Rh,/TiO; (9) 6.3 6.3 0 0

Rh/AL, 03 (10) 6.8 6.8 0 0

Rh,/MgO (11) 56.0 56.0 0 0

2 Ref. [19]/H,/CyHy4 = 1/1/1 (total pressure =40.0 kPa).
® TOF was written in 10~% min~"'.
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nated Rh catalyst, while the Rh dimer on TiO; (9) did not
produce propanal (Table 1). The catalytic activities were highly
depended on the CO insertion on the dimeric structures on the
oxide surfaces. Thus the transformation of Rh species during the
ethene hydroformylation on Rhy/SiO; (S) was fully character-
ized by FT-IR and EXAFS [32]. The acyl ligand is hydrogenated
to the corresponding aldehyde product (propanal) as shown in
Scheme 1(A). CO molecules coordinate to Rh as geminal dicar-
bonyls again, accompanied with Rh—Rh bond breaking, leading
to two mononuclear sites (7) (Scheme 1(A)). The mononuclear
species with dicarbonyl groups and an ethyl group (7) is trans-
formed to the acyl species (5) again at 423 K, accompanied with
rebonding of Rh—Rh coordination. The transformation between
the structures (5 and 7) occurs reversibly. Note that the catalytic
ethene hydroformylation on Rh;/SiO, proceeds in conjunction
with breaking and reformation of the Rh—Rh bond. This is
the first example which clearly illustrates how the metal-metal
bonding plays an essential role in solid catalysis on a molecular
level. In the Rhy/Si0; catalyst (5), one Rh atom with an acyl lig-
and works as the reaction site, while another Rh atom promotes
the Rh reaction site for the CO insertion [32].

Both Rhy/SiO; (5) and Rhy/TiO; (9) have dimer structures,
but their reactivities are very different from each other. The
dimeric structure of Rhy/TiO; (9) did not act as a catalytic site
for ethene hydroformylation, whereas a CO-bridged Rh dimer
structure was formed as shown in Scheme 1(B). Further CO
treatment brought about dissociation of the Rh—Rh bond to a
mononuclear species similar to the case of Rhy/SiO; (§5), but
an acyl species, as a key intermediate for the hydroformylation,
was not formed at the reaction temperature. The difference may
be caused by electronic and geometric states of the Rh sites. The
Rh-Rh bond in Rh,/Si0; (5) has such a flexible character which
makes CO insertion promoted by the Rh—Rh coordination possi-
ble. On Al;O3, metal-support interaction becomes stronger and
the Rh species is supported as monomers (10), where the for-
mation of the Rh—Rh bond is prohibited. Again, metal-metal
assisted CO insertion does not occur on the Al,O3 support.
On MgO, the Rh dimer is converted to clusters (11) during
heating the surface Rh dimers. No hydroformylation reaction
occurs. On Rhy/TiO; (9), Rhy/Al; O3 (10), and Rhy/MgO (11),
the promotion of CO insertion by the adjacent Rh atoms is not
observed possibly because the interaction between Rh species
and supports are too strong.

Hydroformylation reaction of alkenes is known to proceed
on mono-metal sites like mononuclear metal complexes in
homogeneous systems. However, mono-metal sites are gener-
ally disadvantageous because of the necessity to eliminate a part
of intimate ligands to form an unsaturated site on the metal atom.
On the other hand, on the attached Rh dimer, it is not necessary
to dissociate any ligands during the catalytic cycle, and hence the
Rh dimer acts as an effective catalytic site on SiO,. Chemistry
of the Rh dimer on the surface is different from chemistry of the
homogeneous Rh monomer in ahomogeneous system. CO inser-
tion to alkyl on the Rh monomer proceeds only in the presence
of excess CO and the acyl decomposes to CO and alkyl under
vacuum. In contrast, CO insertion proceeds under vacuum with-
out excess CO and the acyl decomposes in the presence of CO.

The catalytic ethene hydroformylation on Rh,/SiO; is referred
to as metal-coordination assisted catalysis by the two adjacent
Rh atoms [16,19,32].

3. Chiral self-dimerized Vanadium Schiff-base
complexes on SiO; for asymmetric oxidative coupling of
2-naphthol

The fine design of chiral spaces on heterogeneous cat-
alyst surfaces is still a serious challenge to be tackled
[4,11,17]. The chemistry of homogeneous metal complexes
cannot straightforwardly be transferred to chemistry on het-
erogeneous surfaces and the enantioselectivity in homogeneous
systems often decreases on heterogeneous catalysts by sim-
ple immobilization of the homogeneous meal complexes on
the surfaces. Thomas et al. proposed immobilization of chi-
ral metal complexes onto mesoporous silica utilizing their
special restrictions imposed by the concave surface at which
active metal complexes are located [33,34]. Immobilization
of chiral metal-complexes on ligand-bonded surfaces has
also been achieved for several asymmetric reactions, whose
enantioselectivities were similar to those of homogeneous
analogues [17,23,24,35,36].

Recently, we found the novel chiral self-dimerization of sup-
ported (Vanadium) V-monomer complexes on a SiO, surface
[20,22], which produces a novel asymmetric reaction space on
the surface: two V-monomer complexes with Schiff-base ligands
are spontaneously dimerized via a selective reaction with surface
Si—OH group and resultant hydrogen bonding. A chiral reaction
space is created between two chiral Vanadium centers, which is
highly enantioselective for the asymmetric oxidative coupling
of 2-naphthol to BINOL with 96% conversion, 100% selectiv-
ity to BINOL, and 90% e.e., while the V-monomer precursor is
inactive for the oxidative coupling.

Several V-monomer precursors (12) with Schiff-base
obtained from a-amino acids (L-valine, L-isoleucine, L-leucine,
L-tert-leucine, and L-phenylalanine) (Scheme 2(A)) were
attached on oxide surfaces by impregnation of each V complex
(12) in dehydrated ethanol. The V-monomers (12) selectively
reacted with surface silanols leading to the structural reconstruc-
tion of the tridentate Schiff-ligand coordination, as characterized
by FT-IR, EPR, XAFS, XPS, XRF, UV-vis, and DFT calcu-
lations at each stage during the attachment of the V complex
precursor (12) and the oxidative coupling of 2-naphthol. The
Ph—O moiety of the Schiff-base ligand selectively transformed to
Ph—OH configuration via a surface reaction with surface Si—~OH,
resulting in a coordinatively unsaturated Vanadium conforma-
tion on the SiO, surface (Scheme 2(A)).

The curve-fitting analysis of Vanadium K-edge EXAFS
spectra (Table 2) revealed the local structure of the attached
Vanadium complex (13) as an unsaturated conformation differ-
ent from that of the V-monomer precursor (12). There are two
kinds of chemical bonding of a V=0 bond at 0.157 £ 0.001 nm,
which is similar to that of the precursor, while the CN of
V-0 bonds at 0.199 + 0.002nm decreased from 3.8 £0.4 to
2.8 £ 0.5 after the attachment on the SiO; surface (Table 2). The
decrease in the CN of V-O by the support was also observed
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Scheme 2. Chiral self-dimerization of V Schiff-base complexes on SiO2 (A) and the top view and side view of a DFT-modeled V-dimer structure (B).

for 0.8, 1.6, and 3.4 wt% V 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 the unique surface-attaching reaction accommo-
dated by the surface Si—~OH groups. The decrease in the
coordination number of V-O(N) bonds indicates that the V cen-

Table 2

ter becomes unsaturated on the surface. All coordination sites of
the Schiff-base ligand to the V#* center possess infrared-active
functional groups, Ph—O, Ph ring, C=N, and COO as shown in
Scheme 2(A): three frequencies (1598, 1373, and 1362 cm™!)
are assigned as one Vasym(coo) and two Vsymcooy; 1629 cm!
peak is assigned to v(c=n); four peaks of 1547, 1470, 1447, and
1436cm ™! are referred to vppy; a strong peak of 1290 cm™!
is attributed to vph-o) (Table 2). A small difference between

Curve-fitting results of EXAFS Fourier transforms (k=30-120nm~!, R=0.10-0.20 nm) at V K-edge measured at 16 K and IR vibration frequencies for a Vanadium
precursor (L-leucine) (a), its supported Vanadium complex (V: 3.4 wt%) (b), and that treated with 2-naphthol (c)*

Shell/vibration mode CN Distance (A) Wavenumber (cm™!)
(a) Precursor
V=0 1.0 1.58 £ 0.01
V-0 3.8+04 1.98 £ 0.01
vie=N)? 1629
Vasym (CO0)s Vsym (COO)" 1598, 1373, 1362
V(Ph) 1547, 1470, 1447, 1436°
V(Ph—O)b 1290
(b) Supported V complex
V=0 1.0 1.57 £ 0.01
V-0 2.8+0.5 1.99 £+ 0.02
U(C:N)d 1629
Vasym (CO0)> Vsym (COO)d 1602, 1370, negligible
V(ph) 1554, 1548, 1471, 1452°¢
U(ph,g) 1391
(c) Treated with 2-naphthol
V=0 1.0 1.57 £ 0.02
V-0 4.0+£0.6 1.99 £+ 0.02
2 Ref. [22].
b KBr disk.

¢ Relative intensity of the three peaks (1470/1448/1436 cm~") changed from 1/2.0/1.4 to 1/2.7/0 after the supporting.

d Neat disk.
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Fig. 2. EPR spectra at 6K for the SiO;-supported Vanadium complex (V:
3.4wt%) (13) in the absence (gray line) and presence (black line) of O,. (1)
Half band for the first O, adsorption, (2) main signal for the first O, adsorption,
(3) main signal for the second O adsorption after the evacuation of adsorbed
O, in the first run, (4) half band after the coordination of 2-naphthol and (5)
main signal after the coordination of 2-naphthol.

Vasym(CO0) and vsym(coo) (~230 cm™!) indicates the delocal-
ization of electron density on the C=0 bond to O—CO, which
makes a hydrogen bond with a Ph—OH group of an adjacent V
complex discussed hereinafter.

After the attachment on SiO;, the difference between
Vasym(C00) and Vsymcoo)y was also small, which implies that
there is hydrogen bonding on C=0, which leads to delocal-
ization of the electron density. The v(c=N), Vasym(coo), and
Vsym(COO) Were very similar to those of the precursor, indicat-
ing no significant change in the original coordination of these
groups upon supporting. On the other hand, the four v(py) peaks
were different from those of the precursor in both their posi-
tions and relative intensities and the vph_0) at 1290cm™! for
the precursor dramatically shifted to 1391 cm™! by the sup-
port. Such a large shift was observed on an ionized molecule
Ph-O7, therefore, the large shift of vph-0y and the changes in
the intensity ratio of v(pn) were caused by the structural recon-
struction 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 Ph—OH group as illustrated in Scheme 2(A)
[20,22].

Fig. 2 shows EPR spectra for the SiO;-supported V com-
plex (13) in the presence and absence of O, measured at
6 K. The V-monomer precursor (12) showed hyperfine signals
attributed to d1 configuration of a V=0 complex, while a differ-
ent broad peak was also observed on the hyperfine signals for
the supported V complex (13) (Fig. 2(2)). It greatly increased
after the adsorption of O, and the half-band signal was also
detected as shown in Fig. 2(1). 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 be 0.40 &£ 0.05 nm by the relative
intensity of the forbidden half-field transition (| AM;| =2) to the
allowed transition (|JAM;| =1) [37]. After evacuation of the O;-
adsorbed sample, the intensity returns completely to the original
one and the change in the EPR signal occurs reversibly, which

indicates the reversible adsorption of O, molecules on the V-
dimer (Fig. 2(3)). Thus the supported V complex (13) possesses
capacity for O 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 independent of V loading on the SiO; surface.

The Ph—OH moiety formed by the surface reaction of the
V-monomer precursor (12) with surface OH groups undergoes
hydrogen bonding with the C=0 group of the ligand in the adja-
cent V complex to assemble the supported V complexes on the
surface (13) illustrated in Scheme 2(A). Indeed, a difference
(232cm™ ) inthe frequencies of vasym(coo) and vsym(coo) in the
FT-IR spectrum indicates the occurrence of hydrogen bonding
at the C=0 oxygen. The V-monomer precursor (12) selectively
reacted with a surface Si—~OH group, followed by the chiral self-
dimerization to form a novel V-dimer with hydrogen bonding
between Ph—OH and C=0O on the surface.

The DFT calculation for the structure of the chiral self-
dimerized V-dimer on SiO; reveals that two V=0 bonds are
directed to the opposite sides mutually from the principal molec-
ular plane of the V complex, making chiral V sites, similar to a
structural unit in the V complex crystal [38]. The DFT modeling
also depicts that a favorable reaction space for the oxidative cou-
pling of two 2-naphthols in the chiral pocket is created between
the two unsaturated chiral V centers (Scheme 2(B)).

The supported V-dimer catalysts (13) were active for the
coupling of 2-naphthol under aerobic conditions, while the
homogeneous V precursor (12) is inactive for the reaction
(Table 3). On the SiO;-supported V catalysts (13), the conver-
sion reaches maximum 96%, and the reaction rate in toluene is
1.3 times higher than that in CHCl3. The supported V catalyst
(13) is perfectly selective (100% selectivity) and reusable for
the BINOL synthesis. On the other hand, Al,O3 and TiO, were
not suitable as supports for the V precursor (12), leading to low
selectivities for BINOL.

Enantioselectivity was not modified by the chiral alkyl groups
of Schiff-base ligands: there are no significant differences in the
performances between the catalysts derived from L-isoleucine
(51% e.e.), L-leucine (54% e.e.), and L-phenylalanine (56% e.e.)
in CHCI3. The most bulky ligand L-tert-leucine has a tert-butyl
group neighboring to the V reaction site, but it reduced the enan-
tioselectivity. These two alkyl groups overhang outside the V
complexes (13) illustrated in Scheme 2(A), and seemingly they
did not affect the asymmetric coupling of 2-naphthol.

The Vanadium loading on SiO; including an L-leucine seg-
ment was varied in the V loading range 0.3-3.4 wt% in order to
maximize enantioselectivity for the coupling reaction (Table 3).
No leaching of V complexes was observed for all the supported
catalysts in toluene. Accompanied with an increase in V load-
ing 0.3, 0.8, 1.6, and 3.4 wt%, the enantioselectivity dramatically
increased: 32% e.e., 39% e.c., 48% e.c., and 90% e.e., respec-
tively, as shown in Table 3. The 3.4 wt% Vanadium catalyst
corresponding to full coverage of the V complex exhibited 90%
e.e., which is comparable to the best performance for the cou-
pling of 2-naphthol on a homogeneous catalyst reported thus far
[39—-42]. Furthermore, the supported V catalysts can be reused
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Catalytic performances of precursor complexes (12) and supported Vanadium dimer (13) for asymmetric 2-naphthol coupling®

v OO -
—_—

OH

" OO

(R)-BINOL
Catalyst—ligandb Temperature (°C) Time (day) Solvent Conversion (%) Selectivity (%) % e.e. (R)
Precursor-L° 20 5 CHCl; 0 0 -
V-L/SiO; 0.3 wt% -10 5 CHCl3 9 100 54
V-L/Si0; 0.3 wt% 20 5 Toluene 96 100 13
V-L/Al1;03 1.7 wt% 20 5 CHCI3 69 53 -2
V-L/TiO; 0.8 wt% 20 5 CHCl3 52 0 -
V-V/SiO; 0.3 wt% 20 5 Toluene 99 100 5
V-V/SiO; 0.3 wt% —10 6 Toluene 12 100 14
V—tert-L/Si0, 0.3 wt% —10 5 Toluene 11 100 12
V-L/Si0; 0.3 wt% —-10 5 Toluene 11 100 32
V-L/SiO3 0.3 wt%4 —10 5 Toluene 10 100 33
V-L/SiO; 0.8 wt% -10 5 Toluene 33 100 39
V-L/SiO; 1.6 wt% -10 5 Toluene 42 100 48
V-L/SiO; 3.4 wt% -10 5 Toluene 93 100 90
V-L/SiO; 3.4 wt%9 —-10 5 Toluene 91 100 89

2 Ref. [22]. Catalyst 100 mg, toluene 5 ml, the molar ratio of Vanadium dimer/2-naphthol was 1/36.

b, L-leucine, V: L-valine, fert-L: L-tert-leuicne.
¢ Homogeneous reaction.
4 Reused.

after filtration and exhibited similar catalytic performances as
shown in Table 3. From the estimation of the cross section of the
V precursor, the V loading of 3.4 wt% corresponds to full cover-
age of the complex on the SiO, surface, where the configuration
and reaction environment of the V-dimer on the surface are reg-
ulated rigidly for the achievement of higher enantioselectivity
when compared to the lower V loadings.

The reactant 2-naphthol coordinates to the unsaturated V cen-
ter, whose V=0 bond coordination number increased from 2.8 to
4.0 as shown in Table 2. The unsaturated V site can activate one
2-naphthol molecule: thus the V-dimer unit is favorable for the
coupling of two molecules. After the coordination of 2-naphthol,
the V-dimer also coordinates O; between two adjacent V sites,
whose EPR spectra are presented in Fig. 2(4) and (5). No positive
formation of BINOL under an N, atmosphere demonstrated that
the 2-naphthol coupling proceeds on the O;-activated V-dimer
on SiO; [22].

The enantioselectivity of the coupling reaction is determined
by the chiral conformation on the V center rather than the chiral-
ity of Schiff-base ligands. The chirality of the ligands sterically
affects the chiral self-dimerization of V complexes on the sur-
face, and the chiral ligands themselves do not determine the
enantioselectivity for the 2-naphthol coupling. The increase in
V loading on SiO, achieved the higher regulation of mobil-
ity of the assembled V species on the surfaces, resulting in the
high enantioselectivity (90% e.e.) 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 3). The selective transforma-
tion of metal coordination at the SiO, surface produces a unique
reaction space for the selective oxidation.

4. N-interstitial Rejg-cluster catalyst on HZSM-5 zeolite
for the direct phenol synthesis from benzene and O,

Re is known to be one of oxophilic atoms with various
valences [43,44]. Various oxide compounds of V, Mn, Mo,
and W are widely used for selective oxidation using O, while
exploitation of Re catalysts for selective oxidation are still unde-
veloped because of sublimation of Re oxides like Re,O7 under
oxidation reaction conditions. Several arrangements of ReOx
species with chemical interaction with various oxide supports
and their unique catalytic properties were observed, different
from those on single Re oxides [45-48]. For example, ReOx
supported on Fe,O3 behaves as a highly selective catalyst for
one-step methylal synthesis from three molecules of methanol
and molecular oxygen [49,50]; the octahedral ReOx cluster in
zeolite pores was active for propene oxidation/ammoxidation
with NH3 [51,52], indicating that Re species work as well as
oxidation catalysts under a reductive atmosphere.

The HZSM-5 zeolite-supported novel N-interstitial Rejg
cluster was active for the direct phenol synthesis from benzene
and Oj in the presence of NH3 [30]. Phenol, which is produced
by three-step cumene process, is one of the major products in
industry. However economically and environmentally favorable
benzene-O; catalytic systems with high selectivity for phenol
synthesis have not been discovered to date because molecular
oxygen is difficult to activate selectively to oxidize benzene to
phenol. The acidity and pore structure of HZSM-5 lead to anovel
N-interstitial Rejo cluster, which cannot be produced on other
oxide surfaces or in solutions, and the direct phenol synthesis
using O; as a sole oxidant was achieved with the highest phenol
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Table 4a
Catalytic performances of Re/zeolite catalysts for the direct phenol synthesis at 553 K under steady-state reaction conditions®
Catalyst Si0,/A1,03 Method Re (Wt%) TOF (x 1075 s~1)® PhOH selectivity (%)
HZSM-5 19 - - Trace 0
Re/HZSM-5¢ 19 CVD 0.58 Trace 0
Re/HZSM-5 19 CVD 0.58 65.6 87.7
Re/HZSM-5¢ 19 CVD 2.2 83.8 82.4
Re/HZSM-5 19 Imp. 0.6 11.8 27.7
Re/HZSM-5 24 CVD 0.58 36.2 68.0
Re/HZSM-5 39 CVD 0.59 31.0 48.0
Re/H-Beta 37 CVD 0.53 18.5 12.0
Re/H-USY 29 CVD 0.60 Trace 0
Re/H-Mordenite 220 CVD 0.55 26.3 23.4

2 Ref. [30]. Catalyst 0.20 g; W/F=6.7 gcac h mol~!; He/O,/NHjz/benzene = 46.4/12.0/35.0/6.6 (mol%).

b Consumed benzene/Refs.
¢ In the absence of NH3.
4 W/F=10.9 g.o h mol~!; He/O,/NHj3/benzene = 46.4/12.0/35.0/6.6 (mol%).

yield (10% conversion and 94% selectivity) for the first time
[30,31].

Zeolite-supported Re catalysts were synthesized by chemical
vapor deposition (CVD) of MTO (CH3ReO3) (14) with several
zeolites such as HZSM-5, H-Beta, H-USY, and H-Mordenite.
HZSM-5, which was the best zeolite support for the phenol syn-
thesis, was prepared through changing its Al proportion. For
comparison, conventional impregnated catalysts were prepared
with water solution of NH4ReOy4. All catalysts were pretreated
at 673 K in a He flow before use.

Table 4a shows the catalytic performances of the Re/zeolite

catalysts under steady-state conditions for the selective
oxidation of benzene with O,. A Re-CVD/HZSM-5 cat-
alyst (Si0/Al,03=19) preferentially produced phenol
with 87.7% selectivity in the presence of NH3 (Table 4a).
No other liquid products were detected and the only
by-product was gaseous CO,. The phenol selectivity
highly depends on the structures, acid strengths, and
Si0,/Al, O3 ratios of zeolites as shown in Table 4a: the
rate of phenol formation decreased in the order; HZSM-
5 (S8i02/A1L03 = 19) > HZSM-5 (Si02/Al, 03 =24) > HZSM-
5 (Si0,/Al,03 =39) > H-Mordenite > H-beta>H-USY. Thus
HZSM-5 (S8102/A1,03=19) among the zeolites employed is
the most favorable support for the Re species. The results also
suggest that AI-OH in the HZSM-5 framework is a coordination
site for active Re species.

Impregnation and physical-mixed Re catalysts were much
less active and much less selective for phenol synthesis
(Table 4a). The CVD catalyst was almost 18 times more active
than the conventional impregnation catalyst. In the physical
mixed and impregnated catalysts, the Re’* precursors were
transformed to partly aggregate as ReO; in the presence of
the NH3 reductant and such ill-defined Re aggregates widely
decreased both activity and phenol selectivity as shown in
Table 4a.

The coexistence of NHj3 is indispensable for selective ben-
zene oxidation. Neither benzene oxidation nor combustion
proceeded in the absence of NHj3 (Table 4a). The addition of
H;0O and N,O gave no positive effects on the catalytic perfor-
mance. Other amine compounds also did not produce any phenol

molecules. The phenol formation rate and selectivity increased
with increasing NH3 pressure because the coexisting NH3 pro-
duces active Re clusters as described hereinafter, and reached
maxima around 35-42 kPa of partial NH3 pressure.

Reaction with NH3 at 553K dramatically changed
the structure of the supported Re species: Re Lpg-edge
EXAFS showed direct Re—Re interaction at 0.276 £ 0.002 nm,
whose coordination number (CN) was 5.2+0.3 (Fig. 3(1)).
Two other types of coordination were observed: Re-N/O
at 0.204+0.00lnm (CN=2.8+0.3) and Re=O bonds at
0.172£0.001 nm (CN=0.3 +0.2). The major contribution of
metal-metal interaction was through the formation of Re clusters
in HZSM-5. Assuming that Re-oxide materials tend to have Reg
octahedral structures [52,53], the CN of Re—Re bonds of 5.2 indi-
cates Rejg clusters edge-shared with two Reg octahedra, whose
structure was revealed by DFT calculation (Scheme 3). Inter-
estingly, the Re clusters contained the stoichiometric amount of
N> (N> per Rejg) releasing it at 685 K. The interstitial nitrogen
atoms are the key element to stabilize the Rejq clusters. Neither
the hollow-site nitrogen (Re3—N), bridged nitrogen (Re-N—Re),
nor bridge NH species (Re-NH-Re) stabilized the cluster frame-
work with Re-Re bonds at 0.276 4+ 0.002 nm determined by
EXAFS [30].

Pulse reactions on the N-interstitial Re g cluster revealed that
the lattice oxygen of the Rejq cluster was inactive for the phenol
synthesis. There was no phenol formation from benzene in the
absence of O, as shown in Table 4b. On the other hand, the N-
interstitial Rejo cluster produced by NH3 selectively converted
benzene to phenol in the presence of O,. The phenol selectivity
was 94%, which is the highest phenol selectivity on the direct
phenol synthesis using O;. The selective benzene oxidation with
molecular oxygen on the active Rejg clusters proceeds without
NH3, demonstrating that the N-interstitial Rejo cluster is the
active species for the direct phenol synthesis. NH3 has a role to
produce the active structure and is not related to the phenol syn-
thesis. After the reactions with benzene and O», the catalytically
active Rejg cluster was converted to inactive Re monomers as
shown in Scheme 3(A).

NH3 promotes the clusterization of the Re species as a reduc-
tant, supplying N atoms to stabilize the Reg cluster framework.
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Fig. 3. Rhenium Ly-edge EXAFS oscillations (A) and their Fourier transforms (B) of HZSM-5 supported Re catalysts. (1) After the treatment with NH3 at 553 K for
2h (15) and (2) after the reaction with benzene and O, at 553 K (16). Solid and dotted lines in (B) represent observed and fitted spectra (both absolute and imaginary

parts), respectively.
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Scheme 3. (A) Preparation of the HZSM-5 supported Re catalysts by CH3ReOs3.
NHj3 produces the N-interstitial Rejq cluster (15), which is the active species for
the direct phenol synthesis. (B) Its DFT-modeled structure of the N-interstitial
Rejg cluster (15) supported in three-dimensional pore of HZSM-5 (pore view
and side view).

The pore size of HZSM-5is 5.5 A, which is similar to the size of
the Reg-octahedral cluster framework. The HZSM-5 pore struc-
ture is supposed to prohibit the further clusterization of the Re
catalyst and also the subsequent reaction of the desired phe-
nol. The synergy of coordination of the N-interstitial Re cluster
and the three-dimensional pore of HZSM-5 makes possible the
highly selective phenol synthesis from benzene and O,.

5. Molecular-imprinted metal-complex catalysts on
oxide surfaces for tailor-made shape-selective catalysis

5.1. General strategy of molecular-imprinted supported
metal complexes

To prepare artificial enzymatic systems possessing the ability
to recognize particular substrate molecules, molecular imprint-
ing methods [54-62] which create template-shape cavities with
memory of the template molecules in polymer matrices have

Table 4b

Catalytic performance of the CVD-Re/HZSM-5 (SiO,/Al, O3 = 19) catalyst (Re:
0.58 wt%) for direct phenol synthesis in the pulse reactions at 553K in the
absence of NH3?

NH3; treatment  Reactant TOF (x10~°s~")  PhOH selectivity (%)
at 553K (h)
2 Benzene 0 0
2 Benzene +0,¢  74.6 93.9
24 Benzene+0,°  86.1 90.6
0 Benzene® 0 0
Benzene + 0,° 0 0

# Ref. [30]. Catalyst 0.10 g.

b 1 pulse of benzene (He/benzene = 93.4/6.6 (mol%)).

¢ 1 pulse of benzene + O, (He/Oa/benzene = 81.4/12.0/6.6 (mol%)).
d Catalyst: 1.0g.
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Scheme 4. Preparation of a molecular-imprinted Rh-amine monomer catalyst on a SiO» surface.

been developed. They have been established in receptor, chro-
matographic separations, fine chemical sensing, etc. in the past
decade, and are regulated mainly by simple adsorption on the
imprinted sites. Nevertheless, artificial enzymatic materials syn-
thesized 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
[63—-67], attempts to imprint metal complexes have been
reported and constitute current state of the art [25-29,68-79].
In most metal-complex imprinting, ligands are used as tem-
plate molecules to create a cavity near the metal site. Molecular
imprinting of metal complexes enables one to realize several
features; (1) attachment of metal complex on robust supports,
(2) surrounding of the metal complex by polymer matrix,
and (3) production of shape selective cavity at the metal site.
Metal complexes thus imprinted have been applied to molec-
ular recognition [68,69], reactive complex stabilization [70],
ligand exchange reaction [71], and catalysis [25-72]. Most of
the imprinted metal-complex catalysts have been prepared by
imprinting in bulk polymer, and we have proposed molecular
imprinting of supported metal complexes on oxide surfaces for
the first time [25-29]. The 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) orienta-
tion of vacant site on Rh, (3) cavity with the template molecular
shape for reaction space produced following template removal,
(4) architecture of the cavity wall, and (5) micropores in the inor-
ganic polymer-matrix overlayers stabilizing the active species at
the surface.

5.2. An amine-imprinted Rh monomer catalyst on SiO; and
its enzymatic inhibition of alkene hydrogenation

There are many stable amine ligands with various shapes
commercially available. Thus, we chose an amine ligand as a
template molecule for the preparation of a molecular-imprinted
Rh complex catalyst on SiO3. Scheme 4 illustrates the schematic
procedure of amine-imprinted Rh monomer catalyst on a SiO»
surface [29].

Rh(n3-C3H5)3 (17) was used as a monomeric precursor and
is easily attached on SiO» releasing C3Hg as shown in Scheme 4.
On Si0Oy, two propene molecules are evolved through the sto-
ichiometric reaction of (17) with two surface silanol groups
(Scheme 4). The next step is the coordination of an amine
template to the attached Rh complex [Rh(C3Hs)(OSi),] (18).
a-Methylbenzylamine was chosen as a template ligand because
ithas a similar shape to a half-hydrogenated intermediate species
in a-methylstyrene hydrogenation:

H H
CH; CH3
CH, THZ
Rh Rh

Coordinated
template ligand

Half-hydrogenated
alkyl species
Thus, the space following the removal of the template will be
a shape selective reaction space. As many amine compounds are
available, many kinds of shape selective sites can be prepared in
the similar way.
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Fig. 4. 2Si solid-state NMR spectra for imprinted materials prepared by the chemical vapor deposition and hydrolysis-polymerization of Si(OCH3)4. (A)—~(D) solid
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The third step of surface molecular imprinting is the stacking
of SiO;-matrix overlayers on the SiO; surface using Si(OCH3)4
as a polymerizing reagent. Si(OCH3)4 earned some excellent
printing results: (1) the stacking of SiO, network proceeds layer
by layer to form SiO;-matrix overlayers on a SiO; support;
(2) Si(OCH3)4 reacts with surface silanol groups preferentially,
and the polymerization does not occur in the absence of surface
silanols under the present conditions; (3) as a result, the height
of the matrix overlayers from the surface is controlled, pores
including attached Rh complexes are produced in the SiO;-
matrix overlayers, and the attached Rh complexes are not buried
in the surface-matrix overlayers; (4) the SiO, matrix possesses a
lot of silanol groups (Q3 and Q) to be flexible enough to shape
the template figure.

The structures of SiOp-matrix overlayers prepared by
hydrolysis-polymerization of Si(OCH3)4 were confirmed by
298i solid-state MAS NMR as shown in Fig. 4. When Si(OCH3)4
corresponding to be a monolayer of the SiO; surface was used,
only surface species (Q; and Q3) were observed (Fig. 4(a)). This
means that the hydrolysis-polymerization occurs with surface-
OH groups at the SiO; surface. When the amount of Si(OCH3)4
increased, bulk Q4 species appeared as shown in Fig. 4(b)-(d).
The large proportions of surface Q; and Q3 species indicate
that the network of the surface SiO;-matrix overlayers seems
to have a flexible structure with many Si—-OH groups, which is
quite essential for good imprinting [28].

After the stacking of the SiO;-matrix overlayers, the local
coordination of the supported Rh complex (20) did not change

and following evacuation at 373 K promoted the elimination of
the amine ligand. The coordination number (CN) of the Rh—N
interaction declined from 4 (20) to 3 (21) approximately, and
the Rh—N distance shortened from 0.209 (£+0.001) nm to 0.205
(£0.001) nm. The decrease in CN suggests the elimination of
one ligand as shown in Scheme 4. The H; adsorption experi-
ments reveal that the surface pores over the Rh complexes are
preserved in the stacking of SiO,-matrix overlayers. The number
of adsorbed Hy per Rh is about 1 as described above, indicat-
ing that almost all the Rh complexes can act as active sites for
hydrogenation catalysis [29].

Rh(C3Hs); (17), Rh(C3H;5)/Si0, (18), supported Rh com-
plex with two amines (19), and imprinted Rh catalyst with one
amine (21) were used as catalysts for the hydrogenation of a-
methylstyrene. The homogeneous complex (17) has no catalytic
activity for the hydrogenation and decomposes rapidly under the
reaction conditions. The reaction also did not proceed after the
decomposition. On the other hand, the attached Rh complex,
(18) also brought about decomposition to form Rh aggregates
under the reaction conditions. The initial activity of (18) is zero,
but the ill-defined decomposed species exhibits some catalytic
activity. Similar behavior is also observed on (19) as shown in
Fig. 5(B), where the decomposition of the attached complex
occurs with color change and the catalytic activity is eventu-
ally lost. Such metal aggregates lose the property and shape
selectivity of intrinsic metal complexes.

On the other hand, (21), after the removal of the template
amine, has a high hydrogenation activity (TOF=5.2min~!)
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Fig. 5. (A) Reaction rates (TOFs: turnover frequencies) for a-methylstyrene hydrogenation of the supported Rh-amine catalyst (19) (O) and the imprinted Rh-amine
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its catalytic activity by heating, while the imprinted catalyst (20) with SiO,-matrix overlayers exhibits high catalytic activity after the removal of the template. (B)
Turnover numbers for a-methylstyrene hydrogenation of the supported Rh-amine catalyst (19) (O) and the imprinted Rh-amine catalyst with the unsaturated Rh

center after the removal of the template (21) (@).

under identical conditions (Fig. 5). Furthermore, the reaction
proceeds linearly, and the Rh structure is maintained after the
reaction; (21) is durable and reusable as shown in Fig. 5(B).
The stability and durability of the coordinatively unsaturated
Rh species (21) are derived from the location of the complex
and the wall architecture of the SiO;-matrix overlayers, which
inhibit the Rh species from decomposing.

The catalytic activity depends highly on the evacuation tem-
perature for the elimination of the template as shown in Fig. 5(A).
The catalytic activity increases with increase in the evacua-
tion temperature. The maximum activity is accomplished in the
temperature range 363-383 K, and at higher temperature the
activity decreases due to dissociation of the amine as shown in
Fig. 5(A). The increase in the catalytic activity is parallel to the
structural change (decrease in the CN of Rh—N) derived from
the EXAFS analysis. Thus, only the imprinted Rh catalyst with
the unsaturated Rh center is the active species for the catalytic
hydrogenation reaction after the removal of the template amine.

As amines easily coordinate to an unsaturated Rh complex
and (19) with two amine ligands has no hydrogenation activ-
ity, amines are regarded as effective reaction inhibitors for
the unsaturated Rh complex (21). The smaller benzylamine
(Inh. a) behaves as a similar inhibitor to the template (Inh. b),
which indicates that the template cavity does not affect smaller
molecules than the template (Fig. 6). In contrast, significant
differences among the larger amine inhibitors were observed.
One methyl substitution on the phenyl ring (Inh. c) makes it
hard to coordinate to Rh, exhibiting less inhibition (Inh. c¢). The
order of inhibition to the a-methylstyrene hydrogenation was
Inh. a >~ Inh. b (template) < Inh. ¢ <Inh. d <Inh. e >~ Inh. f < Inh.
g. g as shown in Fig. 6. A phenyl ring of the naphthyl group (Inh.
g) is more effective for inhibition than the other phenyl branch
of Inh. f as shown in Fig. 6. These results suggest that the shape
and size of the phenyl plane of the inhibitors are much more
effective compared to those on the other sp> carbon atom [29].

Coordinatively unsaturated metal sites are crucial for effec-
tive catalysis. The strategy of surface molecular imprinting

makes three essentials possible: (1) the formation of unsatu-
rated active metal sites, (2) shape-selective reaction space on
the active metal center, and (3) high durability of the unsaturated
metal center by surface matrix overlayers. Fine shape selectiv-
ity for simple molecules without any functional groups which is
one of the most difficult regulations in catalysis can be designed
at the surface and this method can be applied for other template
molecules, metal complexes, and catalytic reactions.

5.3. A molecular-imprinted Rh dimer catalyst on SiO; for
highly shape-selective hydrogenation

A molecular-imprinted Rh dimer can be prepared in a sim-
ilar manner using RhyCly(CO)4 (22) precursor and P(OCH3)3,
which is regarded as an analogue to a half-hydrogenated alkyl
intermediate of hydrogenation of 3-ethyl-2-pentene [26-28].
RhyCI>(CO)4 (22) was attached on SiO; retaining its dimer
structure. By exposing to P(OCH3)3, the surface-attached Rh

Inh. a

Inh. b

Inh. ¢

Inh. d

TOF /min”

Inh. e

Qp Inh. f
0 \ \ »
0 3 6 9 12 < 2
CHy InhAg
.

Molar ratio (inhibitor amine/Rh)
Fig. 6. Shape-selective inhibition of a-methylstyrene hydrogenation on the
molecular-imprinted Rh-amine catalyst (21) with seven amine inhibitors with
different shapes (Inh. a—Inh. g).
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carbonyl dimer (23) was converted to a Rh monomer pair (24)
with two P(OCH3)3 ligands on Rh accompanied by Rh—Rh bond
breaking (Rh—P: 0.224 nm; no Rh—Rh bond by EXAFS), which
was attached on the surface via Rh—O bonding at 0.203 nm in
a bidentate form (Scheme 4). After the P(OCH3)3 coordination
the first step of molecular imprinting for the attached rhodium
complexes is a hydrolysis-polymerization of Si(OCH3)4, which
possesses methoxy groups with positive interaction with the
template.

The second step is the removal of the template by evacua-
tion at 363 K to produce the imprinted Rh dimer catalyst (26).
Note that the surface imprinting causes dimerization of the Rh
monomers (24) to produce highly active Rh dimers (26) with a
direct Rh—Rh bond at 0.268 nm in the pores of 0.74 nm dimen-
sion in the SiO,-matrix overlayers on the SiO; surface. The
EXAFS analysis also indicated the removal of a phosphite lig-
and per Rh by the molecular imprinting procedure, where the
coordination number of Rh—P bond (0.221 nm) calculated by
the EXAFS analysis decreases from 2.3 to 1.1. A large decrease
in Rh 3d XPS intensity after the stacking of SiO,-matrix over-
layers demonstrated that the Rh species were embedded in the
polymerized silica matrix overlayers that were characterized by
298i solid-state MAS NMR. The height of the matrix overlayers
was estimated to be 1.9 nm (Scheme 5).

DFT calculations for the imprinting process revealed the
structure of an imprinted species. When [Rh(P(OCHj3)3)2]2
(24) with a Rh—Rh distance of 0.306 nm (no direct bonding)
eliminated a P(OCH3)3 ligand, leading to a reduction in steric
hindrance, a direct Rh—Rh bond at 0.271 nm was formed to sta-
bilize the unsaturated structure as Rhy(P(OCH3)3)3 (25). When
the SiO-matrix overlayers were stacked surrounding the sup-

ot o
Rh= C |’ ico
‘o

(22) N\

Metal-complex
attachment

(26)

Imprinted catalyst
(Rh dimer)

Removal
of the
template

D —

ported Rh monomer pair, the intermediate (25) was proposed
as an imprinted species. The final evacuation at 373K pro-
moted the further elimination of one more P(OCH3)3; ligand
and an imprinted cavity with the shape of a P(OCHj3)3 ligand
was created at the surface.

Table 5 shows steady-state reaction rates (turnover fre-
quencies (TOFs)) of the hydrogenation of eight alkenes
at 348K on the supported Rh monomer pair (24) and
the imprinted Rh dimer (26). The homogeneous complexes
RhyC1(CO)4 (22) and RhCI(P(OCH3)3)3 and the supported
species RhyClo(C0O)4/Si0; (23) show no activities for the reac-
tion. On the other hand, the species (24) exhibits significant
catalytic activity under similar reaction conditions. The hydro-
genation reactions are remarkably promoted by the surface
imprinting. The species (26) is extremely active for alkene
hydrogenation. For example, the hydrogenation of 2-pentene is
very significantly promoted (51 times greater TOF) when com-
pared to that on species (24). The metal-metal bonding and
coordinative unsaturation of the Rh dimer are key factors for the
remarkable activity of the species (26). The species (26) is highly
durable and surprisingly air-stable in spite of its unsaturated
structure, which is advantageous in the practical handling of the
system. Further, it can be reused without any loss of catalytic
activity [27].

The ratios of TOFs corresponding to the degree of enhance-
ment of the reaction rates, by the imprinting, revealed that
species (26) showed size- and shape-selectivities for the alkenes
as shown in Table 5. Selectivity for the alkene hydrogenation
on species (26) depended on the size and shape of the template
cavity as a reaction site in the micropores of the SiO;-matrix
overlayers on the SiO; surface in addition to the electronic

Supported catalyst
J (Rh monomer pair)

Molecular
imprinting

Si0,-matrix

(25)
Imprinted species

Scheme 5. Preparation of a molecular-imprinted Rh dimer catalyst on a SiO; surface.
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Table 5

Degree of enhancement of the reaction rates on Rh dimer catalysts by molecular imprinting (ratio of TOFs), activation energies (E,), and activation entropies (A%S)

for the catalytic hydrogenation of alkenes at 348 K*

Reactant (24) TOF (s 1) (26) TOF (s 1) Ratio of TOFs? (24) (26)
E.* Algd E.* Algd
7 2-Pentene 13x 1073 6.6 x 1072 51 34 —205 26 —195
\)\/ 3-Methyl-2-pentene 7.0 x 1073 3.6 x 1073 51 44 —200 43 —170
\/Y 4-Methyl-2-pentene 1.3 x 1074 59 %1073 45 40 —207 40 —175
3-Ethyl-2-pentene 44 %107 1.5% 1073 35 42 -210 39 —189
/
4-Methyl-2-hexene 6.8 x 107 9.6 x 107* 14 40 —212 10 —276
\/\/\/\ 2-Octene 3.0x 1073 3.0 x 1072 10 28 -215 7 —257
/ 3 2
1-Phenyl-propene 2.8 x 107 2.0x 10~ 7 29 —213 8 —256
a Ref. [27].

b Ratio of TOFs: TOF of the imprinted Rh dimer catalyst (26)/TOF of the supported catalyst (24).

¢ E,: kImol™!.
4 ALS: JK 'mol™!.

and geometric effects of the ligands. There is a large decrease
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 ratios 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 species (26). Thus, the
molecular imprinting catalyst discriminates the size and shape
of 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 hydrogena-
tion of 3-ethyl-2-pentene and smaller alkenes on the species
(26) were 26-43kJmol~!, which are similar to the values
observed on the species (24). In contrast, for the larger alkenes
such as 4-methyl-2-hexene, 2-octene, and 1-phenylpropene, the
activation energies were 10, 7, and 8kJ mol ™!, respectively,
which are small compared with those for the species (24)
and other metal complex catalysts. Furthermore, the activation
entropies reduced significantly from about —210Jmol~! K~!
to about —260Jmol~! K~!. The conspicuous change in the
kinetic parameters for the larger alkenes parallels the change
in enhancement of the reaction rates. These dramatic decreases
in the activation energy and the TOF ratio can be explained by
shift of the rate-determining step from the alkyl formation to the
coordination of alkene to the Rh site regulated by wall of the
cavity and remaining P(OCH3)3 ligands. For the alkenes with

the larger sizes and different shapes compared to the template,
coordination to the Rh site through the cavity space becomes
rate determining in the reaction sequences. The location of the
Rh center to which the alkenes coordinate, the conformation of
remaining P(OCH3)3 ligand, the orientation of template vacant
site on Rh, the template cavity shape, the architecture of the
cavity wall, and the micropore surrounding the Rh dimer in the
SiO,-matrix overlayers provide active reaction space (26) for
size- and shape-selective hydrogenation of the alkenes [27].

The regulation of simple alkenes without any functional
groups is generally difficult. Metal-complex coordination, unsat-
uration of the metal center, template-shaped cavity, and the
architecture of surface matrix overlayers integrate to regulate
the catalysis at the surface. The method combining metal-
complex attachment and molecular imprinting on the surface
demonstrates that the strategy can regulate and design chemi-
cal reactions at a molecular level such as with artificial enzyme
catalysts.

6. Summary

Unique catalytic properties of metal complexes, which are
very different from those of metal and metal oxides, have been
applied to selective oxidation catalysis, shape selective cataly-
sis, asymmetric catalysis, etc. Attaching metal complexes on
oxide surfaces, followed by chemical events such as ligand
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exchange, structural transformation, etc. on the surfaces, pro-
vides new catalytic systems with the advantageous properties
of both heterogeneous and homogeneous catalysts. The fine
regulation of the coordination sphere of the supported metal
complexes and the reaction space on the active metal centers
produce advanced catalytic materials toward perfect selectivity
that ill-defined conventional catalysts are hard to achieve.
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