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S elective catalysis is critical for the development of green chemical processes, and natural enzymes that possess specialized
three-dimensional reaction pockets with catalytically active sites represent the most sophisticated systems for selective
catalysis. A reaction space in an enzyme consists of an active metal center, functional groups for molecular recognition (such as
amino acids), and a surrounding protein matrix to prepare the reaction pocket. The artificial design of such an integrated catalytic
unit in a non-enzymatic system remains challenging. Molecular imprinting of a supported metal complex provides a promising
approach for shape-selective catalysis. In this process, an imprinted cavity with a shape matched to a template molecule is created
in a polymer matrix with a catalytically active metal site.

In this Account, we review our studies on molecularly imprinted metal complex catalysts, focusing on Ru complexes, on oxide
surfaces for shape-selective catalysis. Oxide surface-attached transition metal complex catalysts not only improve thermal stability
and catalyst dispersion but also provide unique catalytic performance not observed in homogeneous precursors. We designed
molecularly imprinted Ru complexes by using surface-attached Ru complexes with template ligands and inorganic/organic surface
matrix overlayers to control the chemical environment around the active metal complex catalysts on oxide surfaces. We prepared
the designed, molecularly imprinted Ru complexes on SiO, surfaces in a step-by-step manner and characterized them with solid-
state (SS) NMR, diffuse-reflectance (DR) UV-vis, X-ray photoelectron spectroscopy (XPS), Brunauer—Emmett—Teller isotherm
(BET), X-ray fluorescence (XRF), and Ru K-edge extended X-ray absorption fine structure (EXAFS). The catalytic performances of
these Ru complexes suggest that this process of molecular imprinting facilitates the artificial integration of catalytic functions at
surfaces. Further advances such as the imprinting of a transition state structure or the addition of multiple binding sites could lead
to systems that can achieve 100% selective catalysis.

1. Introduction

The pursuit of selective artificial catalysts is a long-standing
challenge. Natural enzymes are sophisticated catalytic sys-
tems capable of molecular recognition, and they are role
models of catalysts that are selective for particular reac-
tants. Enzymes use specialized three-dimensional active
sites to control and carry out catalytic reactions. The design
of such active sites in nonenzymatic systems remains a
challenging endeavor.
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Molecular imprinting'? is a method for creating, in a
polymer matrix, an imprinted cavity that has a shape
matched to a template molecule. Molecular imprinting
has been initially developed for polymer science and ana-
lytical applications®>~'° and has also been applied to the
preparation of shape-selective catalysts by incorporating
catalytically active sites."’~'® An organic or inorganic
monomer is polymerized in the presence of a template,
and subsequent removal of the template from the prepared
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polymer matrix produces a molecularly imprinted cavity
with a shape matched to the template molecule. Molecular
imprinting of a metal complex whose ligand is utilized as the
template is practical for controlling the chemical environ-
ment around the metal complex catalysts in an imprinted
cavity and for enhancing catalytic properties (activity, selec-
tivity, and stability).'>~'®

Most imprinted metal complex catalysts are prepared by
imprinting in bulk organic polymers,'>'4-'8 which often
hinders access of reactant molecules to reaction sites con-
tained within. A supported metal complex has an advantage
over the corresponding homogeneous catalysts in that the
site isolation effect provides stability to the metal complex,
and unique catalytic performance is realized through the
interplay between the attached metal complex and the
support surface.’~2> We have developed an approach that
combines a supported metal complex and molecular imprint-
ing to produce shape-selective reaction sites for particular
molecules by using ligands on the metal center as a template
for selective catalysis as summarized in Scheme 1. Molecu-
larly imprinted Rh dimer and monomer catalysts on SiO,
exhibited remarkable performances for shape-selective
hydrogenation of alkenes.?®~2°

This Account highlights our recent work on molecularly
imprinted Ru complex catalysts on oxide surfaces.?°3' The
following six factors are essential in achieving integrated
catalysis on such catalysts: (1) conformation of ligands on the
metal complex, (2) orientation of the vacant site (cavity) with
respect to the metal center, (3) shape of the imprinted cavity, (4)
wall of the matrix overlayers to regulate the mobility of the
supported metal complex, (5) surface micropores for access of
reactants to the active metal complex, and (6) molecular binding
site on the matrix overlayers. Toward the preparation of artificial
enzymatic surfaces for selective catalysis, the design of molec-
ularly imprinted metal complex catalysts on oxide surfaces
enables the integration of catalytic functions at the surfaces.

2. Molecularly Imprinted Ru Complexes with
SiO>-Matrix Overlayers for Regioselective
Epoxidation

Regioselective intramolecular reactions are an important target
in that they accomplish a pinpoint functional group transforma-
tion at a particular position without the need for protecting
groups elsewhere in the molecule. We have applied our
approach of designing a molecularly imprinted metal complex
catalyst whose ligand is similar in shape to the reaction inter-
mediate or product of a particular functional group transforma-
tion in a regioselective intramolecular reaction.
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A target reaction was the regioselective epoxidation of
(R)-(+)-limonene: a molecule with one internal C=C bond
and one terminal C=C bond. Both C=C bonds react with an
appropriate oxidant to produce the internal epoxide, the
terminal epoxide, or the diepoxide. In general, the epoxida-
tion of an internal alkene is faster than that of a terminal
alkene, resulting in low selectivity for the terminal epoxide.
We applied the molecular imprinting technique to a SiO»-
supported Ru complex, which is active for the epoxidation of
alkenes,*?~34 and prepared molecularly imprinted Ru com-
plex catalysts for the regioselective epoxidation of the
terminal C=C bond of (R)-(+)-limonene by using limonen-
10-ol, which serves as an isostructural template for the
epoxidation of the terminal alkene of (R)-(+)-limonene.

Scheme 2 shows the steps for preparing the molecu-
larly imprinted Ru complex designed for the regioselective
epoxidation of the terminal alkene of (R)-(+)-limonene. A
site-isolated Ru complex was prepared on a SiO, surface;
a Ru complex precursor (B) was grafted onto p-styryl-
functionalized SiO, (A), and the supported Ru complex
(D) was prepared.2~34 Then, the template limonen-10-ol
(E) (0.8 equiv with respect to Ru) was coordinated to D, as
characterized by '3C solid-state (SS) NMR (Figure 1) and Ru
K-edge extended X-ray absorption fine structure (EXAFS)
(Table S1, Supporting Information). In the '>C SS-NMR spec-
trum, six peaks attributable to E were clearly observed for the
SiO5-supported Ru complex with the template (F): 28.2, 36.9,
65.2,107.8, 120.4, and 133.8 ppm (Figure 1).

Surface SiO,-matrix overlayers were stacked on the SiO,
surface with the Ru complex, and space around the sup-
ported Ru complex was covered by the matrix overlayers.
The SiO,-matrix overlayers can be prepared by chemical
vapor deposition (CVD) of Si(OCH3)4 (TMOS) and H,O and
subsequent hydrolysis polymerization, and a SiO, network
with many hydroxyl groups, which were observed by 2°Si SS-
NMR (Figure 2), was formed.?°~2° The SiO,-matrix over-
layers had a micropore structure, the diameter of which
was estimated to be 0.73 nm by Brunauer—Emmett—Teller
isotherm (BET) analysis. We found that the addition of basic
organosilane coupling agents led to the formation of a more
rigid SiO, network with better regioselectivity for epoxida-
tion of the terminal C=C bond of (R)-(+)-limonene. A small
amount of organosilane coupling agent or organic re-
agent triethoxy-3-(2-imidazolin-1-yl)propylsilane (IM-Si),
(N,N-dimethylaminopropyl)trimethoxysilane (NMe,-Si), (3-
aminopropyljtrimethoxysilane (NH-Si), p-styryltrimethoxysilane
(p-styryl-Si), 1-methyl-3-[3-(triethoxysilyl)propyllimidazolium
chloride (IL-Si), 4-[N-[3-(triethoxysilyl)propyl]-N-methylamino]-
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SCHEME 1. A Preparation Scheme for a Molecularly Imprinted Metal Complex Catalyst on an Oxide Surface
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SCHEME 2. Steps for Preparing the Molecularly Imprinted Ru Complex Catalyst for Selective Epoxidation of the Terminal C=C Bond of (R)-(+)-

Limonene

(B)

Sio,

0.211 nm O/

Ho Y

° %" 0.240 nm
\\S/< RU<G

N\\/NH2

C4Hg

O\\s//o Ru ~C1
N \

(©)

Metal complex
attachment

CVD/impreg.
Si(OCH,), +
H,0
w/o additive

S

pyridine (DMAP-Si), ammonia (NHs), trimethylamine (NMes),
2-methylimidazole (2-MelM), 4-(N-methylamino)pyridine

Stacking of
SiO, matrix
overlayers

ox\s//o Ri~c|
A

SiO,

'Sjp?, 0.207 nm
matrix

302 = ACCOUNTS OF CHEMICAL RESEARCH = 300-311 = 2013 = Vol. 46, No. 2

H 0.238 nm
0\\ //0 Ru\m/

Q/ \NC,T&\ 0.207 nm \

C4Hg

Sio,

(E)
HO’W‘&

o=0

SiO,

Coordination of
the template

Imprinted

Removal of
the template

(MAP); <2 wt %) was impregnated together with TMOS
and H,O.



Intensity /a.u.

(©

l]| HLLI " I Lh ()

li |
Y ! " T ! ! @

160 140 120 100 80 60 40 20 0
Chemical shift /ppm

FIGURE 1. '3Cliquid and SS-NMR spectra of (a) E in CDCls, (b) B in CDCl/
CD30D (4:1,v/v), (9 C,(d) D, (e) F, (f) G_CVD, and (g) H_CVD. Dashed lines
indicate peaks attributed to E.

295i SS-NMR (Figure 2A) showed that the SiO,-matrix
overlayers with the additives had considerably different
compositions. When the SiO,-matrix overlayers were pre-
pared without any additives, Q> (Si(OSi)>(OH),; 11%, —91.7
ppm) and Qs (Si(OSi)3(OH); 56%, —100.8 ppm) Si species
were observed, as well as Qg (Si(OSi)4; 34%, —109.2 ppm) Si
species on H_impreg (Figure 2A(c)), indicating that the SiO»-
matrix overlayers contain a substantial amount of unreacted
Si—OH groups. The addition of a small amount of organic
additive (e.g., IM-Si (1.0 wt % with respect to Si(OCHs)g4))
significantly decreased the amount of Q, and Qs Si species
(Figure 2A(e): 3% and 28%, respectively) and Qg Si species
became the major species (69%) on H_impreg IM-Si
(1.0 wt %), demonstrating that the basic additives acted as
a catalyst for hydrolysis polymerization of TMOS. After the
preparation of SiO,-matrix ovetlayers, a significant decrease
in the intensity of Ru 3p X-ray photoelectron spectroscopy
(XPS) peaks on G suggested that the space around the
supported Ru complex was covered by the SiO>-matrix
overlayers (Scheme 2).28

Template (E) was successfully released from G; indeed
87% of template with respect to Ru was released from G
with 1.0 wt % IM-Si, yielding a molecularly imprinted Ru
complex (H) on the SiO,, surface. In the '>CSS-NMR spectrum,
peaks attributable to E (28.2, 36.9, 65.2, 107.8, 120.4, and
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133.8 ppm) disappeared from the SiO,-supported Ru com-
plex. The step-by-step preparation of H with a reaction
cavity suitable for the epoxidation of the terminal C=C bond
of (R)-(+)-limonene was performed in a controlled manner,
and the structures of the Ru complexes were characterized at
each step.

We investigated the epoxidation of (R)-(+)-limonene on H
with an imprinted reaction cavity matched to the template
shape (Table 1). On B, the conversion of (R)-(+)-limonene
was 93% and selectivities for the internal and terminal
epoxide were 70% and 24%, respectively, after 24 h
(entry 1). On D, similar conversion (90%) and selectivity
(internal 62%; terminal 23%) were observed (entry 2). On
the other hand, the epoxide selectivity was switched on H.
The optimization of the temperatures of the hydrolysis
polymerization and subsequent evacuation provided selec-
tivities of 20% and 63% for the internal and terminal epoxides,
respectively (91% conversion), and the terminal epoxide was
obtained as a major product (Table 1 and Table S2, Supporting
Information).

The shape-selective catalysis contributed to epoxida-
tion of other alkene reactants (Table 2). The epoxidation
of cyclopentene, cyclohexene, 1-hexene, and norbornene,
which are smaller than limonene, smoothly proceeded on
both D and H_CVD with similar conversions and selec-
tivities, indicating that these reactants can easily enter the
reaction cavity and the epoxidation reaction on H_CVD
proceeds in a similar manner to D. In contrast, the reactions
of alkene reactants, which are larger than the limonene
and have different shapes from limonene, for instance,
1-heptene, cyclooctene, trans-2-octene, 5-vinyl-2-norbornene,
and trans-stilbene, were suppressed on H_CVD, while the
reaction proceeded on D, indicating that the imprinted
catalyst prevented access of these reactants to the imprinted
cavity, where the Ru center is located. These results demonstrate
that molecularly imprinted Ru catalyst H_CVD has a reaction
cavity for shape selectivity together with regioselectivity.

It is to be noted that the utilization of basic additives
significantly improved the selectivity for the terminal epox-
ide on H (Table 1). The selectivity for the terminal epoxide
was 73% on H prepared by the impregnation method with-
out any additives (H_impreg), while that on H prepared
by a similar impregnation method with 1.0 wt % NH,-Si
(H_impreg NH,-Si (1.0 wt %)) was 80% (entries 4 and 6).
The best performance was obtained on H_impreg IM-Si
(1.0 wt %); 91% conversion, 90% terminal epoxide selec-
tivity (entry 11). The selectivity of (R)-(+)-limonene epoxida-
tion on the imprinted catalyst was opposite that on the
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FIGURE 2. (A)%°Si SS-NMR of (a) D, () H_CVD, (d) H_Impreg, (d) H_Impreg_IM-Si (0.5 wt %), (¢) H_Impreg_IM-Si (1.0 wt %), and (f) H_Impreg_IM-Si
(2.0 wt %). (B) (a) Raw spectra of D (dotted line) and H_Impreg_IM-Si (1.0 wt %) (solid line) and their difference spectrum (H_Impreg_IM-Si (1.0 wt %)
— D) (solid line) and (b) fitted curves attributed to Q,, Qs, and Qg Si species (dotted lines).

TABLE 1. Catalytic Performance of (R)-(+-)-Limonene Epoxidation on B, D, and H’

selec %

entry catalyst additive for polymerization of TMOS? conv % (24 h) internal terminal di
1 B (Homogeneous) 93 70 24 6
2 D (Supported) 90 62 23 15
3¢ H_CVD 91 20 63 17
4¢ H_impreg 96 19 73 8
5¢ H_impreg_NH; 1.0 wt % NH3 98 25 64 11
6° H_impreg_NH,-Si 1.0 wt % NH-Si 89 19 80 1
7¢ H_impreg_NMe; 1.0 wt % NMes 98 20 70 10
8¢ H_impreg_NMe,-Si 1.0 wt % NMey-Si 96 18 81 1
9 H_impreg_2-MelM 1.0 wt % 2-MelM 81 29 61 10
10¢ H_impreg_IM-Si 0.5 wt % IM-Si 90 15 83 2
11¢ 1.0 wt % IM-Si 91 9 90 1
12¢ 1.5 wt % IM-Si 92 15 81 4
13¢ 2.0 wt % IM-Si 54 23 73 4
14¢ H_impreg p-styryl-Si 1.0 wt % p-styryl-Si 95 21 77 2
15¢ H_impreg IL-Si 1.0 wt % IL-Si 99 27 67 6
16¢ H_impreg DMAP-Si 1.0 wt % DMAP-Si 92 27 72 1
17¢ H_impreg MAP 1.0 wt % MAP 22 37 63 0
18“¢ H_impreg IM-Si 1.0 wt % IM-Si 14 (2d) 10 86 4

39(5d) 15 81 4

76 (12 df 15 77 8

9Ru concentration 1.5 x 10~ mol; Ru/(R)-(+)-limonene/IBA = 1/200/200 (molar ratio), 3 mL of CH>Cl», 298 K, 101.3 kPa O». “An additive was used for the
impregnation of TMOS. “Prepared by the hydrolysis polymerization of TMOS at 338 K and subsequent evacuation at 368 K. “TMOS was deposited by CVD instead of
impregnation. ®Ru concentration 1.5 x 10~° mol; Ru/(R)-(+)-limonene/IBA = 1/400000/400000 (molar ratio), 3 L of CH,Cl,, 298 K, 101.3 kPa O,.”TON (12 days) =
304 888.

homogeneous catalyst. Large turnover number (TON) of The activation energies and reaction rates were found
3.0 x 10* with selectivity of 77% after 12 days was also  tobe 64 +7kJmol~'and7.6 x 10~*s~" (internal) and 81 +
achieved on H (entry 18). 5kImol 'and 4.2 x 10" *s~ (terminal), respectively, on D.
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TABLE 2. Catalytic Performance of Alkene Epoxidation on D and H_CVD*

Reactant D H_CVD"
Time/h Conv. % Epoxide Time/h  Conv. % Epoxide
selec. % selec. %
@ 12 98 82 12 97 84
Q 7 90 62 7 92 67
NN 6 94 66 6 90 67
@ 7 >99 70 7 88 72
62 (internal) 24 91 20 (internal)

>/ @_ 24 95

12 95

23 (terminal)

9 94

>99

%10

100

()

O

63 (terminal)

61 12 61 61
80 9 30 83
77 7 12 80
52 48 0 -
90 12 0 -

9Ru concentration 1.5 x 10~° mol; Ru/reactant/IBA = 1/200/200 (molar ratio), 3 mL of CHCl», 298 K, 101.3 kPa O,. "H_CVD was prepared by the CVD method

(hydrolysis polymerization at 338 K and subsequent evacuation at 368 K).

Compared with the terminal epoxide, the internal epoxide
was formed 1.8-fold faster and had lower activation energy.
These values on H_impreg_IM-Si (1.0 wt %) were 65 + 7 kJ
mol~'and 3.6 x 10~*s~ (internal) and 35 &+ 7 k) mol~" and
15.8 x 10~% s~' (terminal), respectively. Compared with
the internal epoxide, the terminal epoxide formed 4.5-fold
faster on H_impreg_IM-Si (1.0 wt %).

The reaction rate of internal epoxide formation was lower
on H_impreg IM-Si (1.0 wt %) than on D, but the activation
energy of epoxidation of the internal alkene was almost
the same on both D and H_impreg_IM-Si (1.0 wt %). These
findings indicate that the epoxidation of the internal
alkene was hindered due to the diffusion effect. In contrast,
the activation energy of terminal alkene epoxidation on
H_impreg_IM-Si (1.0 wt %) was about half that on D, and
the rate of terminal epoxide formation was 3.8-fold higher on
H_impreg IM-Si (1.0 wt %) than on D. It is suggested that
molecular imprinting not only suppresses the reaction rates of
reactants shaped differently from the template but also has a
possibility to raise the rates of template-shaped reactants.

3. Molecularly Imprinted Ru Catalysts in
Organic Polymer Matrices for Transfer
Hydrogenation in Aqueous Media

We have proposed molecular imprinting of an oxide-
supported metal complex whose ligand is used as a
template.?°~2° We expanded this strategy to hydrogenation
reactions in aqueous media by using hydrophobic organic
polymer matrices instead of the SiO,-matrix overlayers.3°
Molecularly imprinted Ru complex catalysts for asymmetric
transfer hydrogenation (ATH) of o-fluoroacetophenone in
water were prepared by using hydrophobic polymer matrices
as surface-matrix overlayers (Scheme 3).2° The hydrophobic
organic polymer matrices around the template created a
hydrophobic reaction pocket, which was expected to serve
as an efficient reaction site for shape-selective ATH reaction
in water. One enantiomer produced by the hydrogenation
of o-fluoroacetophenone, namely, (R)-1-(o-fluorophenyl)-
ethanol (K), was used as a template for ATH of o-fluoroace-
tophenone, and K was coordinated to SiO,-supported Ru
complex (J).

300-311
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SCHEME 3. Preparation of Molecularly Imprinted Ru Complex Catalysts on SiO, with Organic Polymer Matrices and SiO, Matrix for ATH of

o-Fluoroacetophenone in Water
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We used several methods to prepare matrix overlayers:
(1) photopolymerization of ThreeBond 3026E contain-
ing acrylate oligomer and 2-hydroxyethyl methacrylate
(method PH); (2) deposition polymerization of styrene and
divinylbenzene (method VDP); (3) precipitation polymeriza-
tion of methyl methacrylate and ethylene glycol dimetha-
crylate (method PP); and (4) hydrolysis polymerization of
TMOS (method HP). The polymerization methods and height
of deposited polymer matrices were evaluated by XPS,
which is a practical way to investigate stacking manners of
polymer matrices (Table 3). After the polymerization of an
organic polymer on the surface of SiO,, the intensity ratio of
Si 2p XPS peak of SiO5 to C 1s XPS peak of organic polymer
decreases as the height of polymer matrix increases. If
polymerization proceeds apart from the SiO, surface, the
XPS peak intensity ratio is expected to be larger than that in
the case of layer-by-layer polymetization when compared at
a similar height of the polymer matrices, which was calcu-
lated from the observed densities of polymers prepared
without SiO,. The XPS peak intensity ratios were found to
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be significantly different among the three polymerization
methods (Table 3). When the height of polymer matrix was
increased, the PH method brought about large decreases in
the XPS peak intensity ratios. On the other hand, the degree
of decrease in these values for N_VDP were smaller than
those for N_PH, suggesting that monomers prepared by the
VDP method would initially polymerize on SiO, but further
polymerization tended to proceed apart from the SiO, sur-
face. In the case of the PP method, the XPS peak intensity
ratios were much larger than those of N_PH in every height.
Assignificant decrease in the intensity of a Ru 3p XPS peak on
N_PH (2 nm) supported the fact that space around the
supported Ru complex was surrounded by the polymer-
matrix overlayers.

Finally K was removed from M by the addition of
triethylbenzylammonium chloride. The amount of K re-
moved from M_PH (2 nm polymer height) was 0.89 equiv
with respect to Ru, which was detected by GC. The local
coordination of the molecularly imprinted Ru complex
N_PH was investigated by Ru K-edge EXAFS to have



TABLE 3. XPS Peak Intensity Ratio (Si 2p/C 1s) and Catalytic
Performance in Asymmetric Transfer Hydrogenation of
o-Fluoroacetophenone of I, J, and N30

calculated polymer  XPS peak intensity

catalyst matrix height, nm’  ratio (Si 2p/C1s) conv% % ee(R)
| 98 81
J 98 80
N_PH 0.5 1.48 >99 80
1 1.27 99 90
2 0.74 99 91
3 0.57 81 87
N_VDP 0.5 1.59 42 80
1 0.95 35 84
2 0.86 21 87
3 0.75 2
N_PP 0.5 4.14 12 74
1 2.28 8 62
2 1.34 5 59
3 0.99 3 54
N_HP 2 62 81

9Ru concentration 4 x 10~° mol; Ru/SDS/o-fluoroacetophenone/HCOONa = 1/
4/100/500; 2 mL water with SDS as a surfactant, 313 K, 96 h. The sum of them
(mass balance) was 95—97%. “Polymer matrix heights were calculated using
the observed density of each polymer.

coordination numbers (CNs) and bond distances similar to
those of J, suggesting that template K on N_PH was
released after the polymerization (Scheme 3). In contrast,
the amount of released template was 0.77 and 0.64 per Ru
on M_VDP and M_PP, respectively, implying that a part of
the supported Ru complex was covered by the polymer
matrices on N_VDP and N_PP.

Catalytic performance for ATH of o-fluoroacetophenone,
whose hydrogenated product was imprinted, was investi-
gated on the supported and molecularly imprinted catalysts
in water (Table 3). On I, conversion and enantiomeric excess
of o-fluoroacetophenone ATH was 98% and 81% ee (R),
respectively, after 96 h. On J, similar conversion and en-
antiomeric excess were observed. On the molecularly im-
printed catalysts, the catalytic activity was maintained on
N_PH for polymer matrices of 0.5, 1, and 2 nm in height.
Note that the enantiomeric excess of (R)-1-(o-fluorophenyl)-
ethanol increased from 80% ee to 91% ee on N_PH with the
polymer matrix of 2 nm in height. No further improvement
of enantioselectivity was observed on N_PH with a polymer
matrix of 3 mm in height.

In the cases of N_VDP and N_PP, the conversion and en-
antiomeric excess o-fluoroacetophenone were largely de-
creased, in accordance with the poor preparation of polymer
matrix overlayers suggested by XPS analysis. It is to be noted
that the conversion of o-fluoroacetophenone on N_HP with
hydrophilic SiO,-matrix overlayers prepared by hydrolysis
polymerization of TMOS was much lower than on J or on
N_PH. Hydrophilicity of the surface SiO,-matrix ovetrlayers
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was suggested as a primary reason for the decrease in the
catalytic activity on N_HP, and the hydrophobic PH polymer
with partially hydrophilic OH groups may be involved in the
maodification of surface hydrophilicity, which would be ad-
vantageous for ATH in water.

4. Molecularly Imprinted Ru Catalyst with a
Molecular Binding Site on the Imprinted
Cavity Wall

Artificial design of an enzyme-like catalytic system requires
not only creation of active metal species and a shape-
selective reaction space but also design of spatially arranged
molecular binding sites. Several attempts have been made
to prepare molecular binding sites on imprinted materials
using organic functional groups.'”'83>-39 We designed a
molecularly imprinted Ru complex catalyst with a molecular
binding site on the wall of a molecularly imprinted cavity.'

We prepared an NH, binding site on the wall of a
molecularly imprinted cavity on a molecularly imprinted
Ru complex on SiO,. The target reaction was the shape-
selective transfer hydrogenation of o-fluorobenzophenone
(o-F-BP), which will have a favorable interaction with an NH,
binding site at an appropriate spatial position. An alcohol
similar in shape to the product of o-F-BP hydrogenation was
coordinated to a SiO,-supported Ru complex and was utilized
as a template. A carbamate group (—NHCOO—-) connected
to a silane-coupling moiety (—Si(OC,Hs)s) was tethered to
the alcohol template, and the cleavage of the carbamate
moiety after affixing the silane-coupling moiety to the wall
of the molecularly imprinted cavity produced a spatially
arranged NH, binding site for the hydrogenation of o-F-BP
(Scheme 4).

A template ligand (0) was initially coordinated to the
Ru center of J. O is shaped like the product in the trans-
fer hydrogenation and consists of three parts: an o-
hydroxybenzhydrol moiety (a), which has a similar shape
to the alcohol product of o-F-BP hydrogenation and is the
object of the molecularly imprinted structure; a carba-
mate (—-NHCOO-) linker (b); and a 3-triethoxysilylpropyl
moiety (c), which is connected to imprinted object (a) via
carbamate (b). New peaks attributed to O appeared in the
13C SS-NMR spectrum of P-0 (Figure 3); for example, at
23 ppm for CH,CH,>CH,Si (0-c), 58 ppm for Si(OCH,CH3)s3
(0-¢), 117 ppm for Ar (0-a), and 156 ppm for NHCOO (0-b).

Then, SiO5-matrix ovetrlayers of 1.8 nm in height were
stacked by CVD, and subsequent hydrolysis polymerization
of Si(OCHs), was performed.?°~2° To explore the effects of
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FIGURE 3. '3C liquid- and SS-NMR spectra of (a) O in CDCl3, (b) I in
CDCl3/CDs0D (3:1, v/v), () J, (d) P-0O, (e) Q-0, and (f) R-BS. Dashed lines
indicate peaks attributed to 0.

the template and NH, binding site, we prepared three
samples with and without a template (Scheme 4). R-noBS
was prepared by using o-methylbenzhydrol (S) as a template
instead of @. The shape of S is similar to that of 0-a, and thus
an imprinted cavity with a similar shape to 0-a without the
NH, binding site could be prepared. R-noTemp was also
prepared without any template on J. Similar amounts of
SiO>-matrix overlayers were stacked in a similar way for the
three catalysts R-BS, R-noBS, and R-noTemp. A large
decrease in XPS peaks was observed (Figure 4), indicating
that the SiO»-matrix overlayers stacked in the close proxi-
mity of the Ru complex.

The final step of the preparation of R-BS was the extrac-
tion of the template moiety (0-a) by the cleavage of the
carbamate moiety (0-b) (to produce —NH;, CO,, and —OH).
In the "3C SS-NMR spectrum of Q-0, the peak at 58 ppm for
Si(OCH,CH3); (0-¢) disappeared in the preparation step from
P-0 to Q-0 (Figure 3), indicating that the Si(OC;Hs)s moiety
of 0-c was incorporated onto a part of the wall of the SiO5-
matrix overlayers. Two peaks at 117 and 156 ppm for Ar
(0-a) and NHCOO (0-b), respectively, disappeared in the
preparation step from Q-0 to R-BS, whereas the broad peak
at around 23 ppm (CH,CH,CH,Si (0-¢)) did not decrease in
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FIGURE 4. (A) Cl 2p XPS spectra of (a) J and (b) P-0. (B) Ru 3p XPS spectra
of (a) J and (b) R-BS. Intensity was calibrated by the Si 2p peak intensity
of each sample.

this step. These results indicate that O-b actually linked the
o-hydroxybenzhydrol (0-a) and NH,-(CH,)s moiety (0-c),
that 0-a was released from Ru in the final step by the
cleavage of 0-b, and that a cavity with a shape tailored to
0-a in which an NH, binding site was fixed on the wall was
created around the active Ru site (Scheme 4). The average
diameter of the surface pores was estimated to be 0.82 nm
by N, adsorption.

J exhibited enantioselectivity for ATH of o-F-BP (55% ee
(S) and o-methylbenzophenone (0-Me-BP) (71% ee (S))
(Table 4). After the removal of 0-a by the cleavage of O-b,
the transfer hydrogenation of o-F-BP proceeded with con-
version of 29% in 4 days on R-BS-(1R,2R)-(0-S). R-noTemp
did not exhibit any catalytic activity for the transfer hydro-
genation. Thus, in the molecularly imprinted systems where
the catalytic transfer hydrogenation did occur, the reaction
proceeded within the template-shaped molecularly im-
printed cavity. In the case of R-noBS with an imprinted
cavity but without the NH, binding site, the activity of o-F-BP
was lower than that on R-BS with the NH, binding site,
but no significant differences were observed for o-Me-BP on
R-BS and R-noBS.

The enantioselectivity of the transfer hydrogenation
was a little higher in the molecularly imprinted system.
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SCHEME 4. Steps for Preparing Molecularly Imprinted Ru Complex Catalysts on SiO, with and without an NH,, Binding Site Spatially Arranged on the

Wall of an Imprinted Cavity for ATH of o-Fluorobenzophenone
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The enantiomeric excess for o-F-BP and o-Me-BP on
R-BS-(1R,2R)-(0-S) were 72% ee (S) and 79% ee (S), respectively,
while those on J before imprinting were 55% ee (S) and 71%
ee (S), respectively. The higher enantioselectivity might be
caused by the overlayer wall restricting the mobility of the
chiral diamine ligand on the Ru complex. The SiO5-matrix
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overlayers serve not only to create a molecular shaped
cavity but also to regulate the flexibility of the coordinating
ligands to enhance enantioselectivity.

The initial reaction rates for the transfer hydrogenation of
o-F-BP, which can interact with the NH, binding site via
hydrogen bonding, and o-Me-BP, which is not thought to
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TABLE 4. Catalytic Performance of 1, J, P-0, Q-0, R-BS, R-noBS, and R-noTemp in ATH of o-F-BP and o-Me-BP*>'

Catalyst Time /d Reactant

. o F O Me
omplaigt

Conv. % (TOF /s")  %ee Conv. % %ee

I-(1R,2R) (homogeneous) 1 98 54(S) 35 68 (S)
J-(1R,2R) 2 78 (4.4 x 10™) 55(8) 31 71 (S)
R-BS-(1R,2R)-(0-S) 4 29 (8.3 x 107) 72(8) 5 79 (S)
R-BS-(15,25)-(0-S) 4 19 72(R) 2 78 (R)
R-BS-(1R,2R)-(p-S) 4 15 7308 3 83 (S)
R-noBS-(1R,2R) 4 14 (3.7 x 107) 71(8) 6 78 (S)
R-noTemp-(1R,2R) 4 0 - 0 -

9Ru/'BuOK/reactant = 1/10/100 (molar ratio); [Ru] = 3.9 x 10~° mol; i-PrOH 3 mL, 313 K. °Ligand, (1R/S,2R/S)-N-p-styrenesulfonyl-1,2-diphenylethylenediamine;

template, (R/S)-o/p-hydroxybenzhydrol.
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FIGURE 5. TONs of the transfer hydrogenation of (a) o-Me-BP and
(b) o-F-BP on R-BS-(1R,2R)-(0-S) (a, W) with the NH, binding site and on
R-noBS-(1R,2R) (», O) without the NH, binding site at 313 K.

participate with the NH; binding site, were investigated. In
the case of o-Me-BP, similar reaction rates were observed on
R-BS and R-noBS (Figure 5a). On the other hand, the
existence of the NH, binding site brought about an increase
in the transfer hydrogenation activity for o-F-BP (Figure 5b).
The reaction rate of o-F-BP on R-BS was twice that on
R-noBS, implying that there was preferable adsorption of
o0-F-BP in the molecularly imprinted cavity in R-BS with the
NH, binding site spatially arranged for the o-F-BP reactant.
The coordination of the reactants to the Ru center may be a
primary issue, but the interaction of the reactants with the
NH, binding site via hydrogen bonding was also suggested
to contribute on R-BS.
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5. Summary and Outlook

In this Account, we focused on recent examples of molecularly
imprinted Ru complex catalysts on SiO, surfaces, whose ligands
were used as templates for the preparation of imprinted cavities
on active Ru sites. The design of a template and surface matrix
overlayers with a molecular binding site greatly affected the
propetties of the reaction cavity and, in turn, the catalytic selec-
tivity. The molecular imprinting method utilizing supported
metal complexes would be applicable for variety of catalytic
reactions including syntheses of pharmaceuticals and functional
molecules. The integration of various functional units for selec-
tive catalysis is an important issue to be addressed in the future,
for instance, the molecular imprinting of a transition state struc-
ture of a reaction and the addition of several molecular binding
sites inside a reaction cavity to achieve superior molecular
recognition properties, to realize artificial enzymatic catalyst
systems on surfaces toward 100% selective catalysis.
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Supporting Information. Experimental procedures for
molecularly imprinted SiO,-supported Ru complexes for
regioselective epoxidation, Ru K-edge EXAFS data for the



prepared catalysts, the catalytic performances for regiose-
lective epoxidation, and calculation methods for the height
of surface matrix overlayers. This material is available free of
charge via the Internet at http://pubs.acs.org.
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