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Abstract: The development of heterogeneous chiral cat-
alysts for enantioselective reactions is highly desirable
in order to overcome some drawbacks of homogeneous
catalysts. Different from the conventional approaches
by using various types of supports or biphasic systems
for the recovery and reuse of homogeneous catalysts, a
conceptually new strategy for heterogenization of ho-
mogeneous chiral catalysts, that is, a “self-supporting”
approach, has been developed to use homochiral metal—
organic coordination polymers generated by the self-as-
sembly of chiral multitopic ligands with metal ions, and
thus obviates the use of any support. In this concept ar-
ticle, the success of this “self-supporting” strategy will
be exemplified in heterogeneous catalysis of asymmetric
carbonyl-ene, sulfoxidation, epoxidation, and asymmet-
ric hydrogenation reactions.

Keywords: asymmetric catalysis + C—C coupling - het-
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Introduction

Asymmetric catalysis of organic reactions to provide enan-
tiomerically enriched products is of central importance to
modern synthetic and pharmaceutical chemistry.'l Although
homogeneous asymmetric catalysis has the advantages of
high enantioselectivity and catalytic activity in a variety of
asymmetric transformations under mild reaction condi-
tions,"! the high catalyst loadings (usually 1-10 mol %) and
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the difficulties associated with recovery and the reuse of ex-
pensive chiral catalysts severely hampers its practical appli-
cations. In addition, sometimes the metal contaminants can
leach from the homogeneous catalysts into the products;
this contamination is particularly unacceptable for pharma-
ceutical production. As one of the most promising solutions
to these problems, immobilization of homogeneous chiral
catalysts for asymmetric catalysis has attracted a great deal
of recent interest.””

For the immobilization of homogeneous catalysts, many
approaches have been employed, including the use of inor-
ganic materials, organic polymers, dendrimers, or mem-
branes as supports, as well as the use of ionic liquid and
other biphasic systems.!”! Despite the fact that some success-
es have been achieved in this field, the catalysts immobilized
by these approaches often display reduced enantioselectivity
or activity in the catalysis in comparison with their homoge-
neous counterparts. In the conventional immobilization of
homogeneous catalysts by using organic polymers, the chiral
ligands or the catalytically active units are usually anchored
randomly onto irregular polymers (mode 1, Scheme 1),”! or
are incorporated into the main chain of the polymers
(mode 2, Scheme 1),”! as highlighted by Dai.¥ Although
these strategies have yielded some successes, the polymeric
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M
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Mode 2

M M
Scheme 1. Schematic representation of the classical methods for immobi-
lization of chiral catalysts using organic polymers as the supports.
Mode 1: Pendent ligands by anchoring on a polymer, through a polymer
reaction. Mode 2: Ligand on the backbone, through copolymerization.
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ligands must be prepared before the active metallic species
is loaded, and the procedures for their syntheses are usually
somewhat tedious. In the present account, we present a con-
ceptually new strategy, that is, a “self-supporting” approach,
for the immobilization of homogeneous catalysts through as-
sembly of chiral multitopic ligands and metal ions without
the use of any support. The success of this strategy will be
exemplified in heterogeneous asymmetric carbonyl-ene,
sulfoxidation, epoxidation, and asymmetric hydrogenation
reactions.

The Principle for the Generation of Self-Supported
Heterogeneous Chiral Catalysts for Asymmetric
Catalysis

Since the 1990s, the design and synthesis of metal-organic
coordination polymers or metal-organic frameworks (MOF)
as functional materials have been an interesting and rapidly
growing research area in material sciences.” These materials
are usually prepared by the reactions of multitopic ligands
with metal ions in solution through molecular self-assembly,
and sometimes possess cavities, pores, or channels capable
of adsorption and inclusion of guest molecules and ions, like
natural materials such as clays and zeolites. By adjusting the
size and geometry of the organic ligand as well as the coor-
dination preference of the metal species, one can, in princi-
ple, control the size and the shape of the formed pores in
the resulting frameworks. Accordingly, the structural and
functional information of the components can be conven-
iently expressed in a specific target material through build-
ing block carriers. Among the variety of promising applica-
tions of these assemblies, the most attractive one may lie in
the area of heterogeneous catalysis because these assemblies
often display poor solubility in common organic solvents,
and both the catalytic activity and the selectivity might be
tuned by the pore matrices and chemical functionality of the
cavities through metal and ligand diversity.

The use of nonchiral metal-organic assemblies as the het-
erogeneous catalysts for organic transformations has been
demonstrated by several groups in oxidation, hydrogenation,
cyanosilylation, Diels—Alder, and polymerization reactions.!!
In parallel, homochiral metal-organic coordination poly-
mers formed by self-assembling of enantiopure chiral multi-
topic ligand with catalytically active metal ions should be
applicable as a new type of heterogeneous chiral catalysts
for asymmetric transformations. Since the stereochemical
features of the chiral ligands will be retained in the coordi-
nation polymers by virtue of the mild synthesis, it can be ex-
pected that the chiral multitopic ligand would spontaneously
form a chiral environment inside the cavities or on the sur-
face of the solids for enantioselective control of the reaction,
and the metal ion may act as the catalytically active center
(Scheme 2). On the basis of the fact that the polymeric
chiral catalyst obviates any extra support in the heteroge-
nous catalysis, the use of chiral metal-ligand assemblies can
be considered as a “self-supporting strategy”.” However,
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Scheme 2. Schematic representation of the “self-supporting” strategy for
heterogenization of chiral catalysts through the reactions of a) one-di-
mensional, b) two-dimensional and c) three-dimensional multitopic chiral
ligands with metallic ions.

despite the apparent feasibility of this rationale, the use of
homochiral metal-organic assembly for the applications in
asymmetric catalysis did not meet with success until the be-
ginning of this century.

In 2000, Kim and co-workers demonstrated the applica-
tion of assembled, homochiral, microporous metal-organic
material in enantioselective heterogeneous catalysis.”l Al-
though the enantiomeric excess in the product of transesteri-
fication was rather low (~8%), this work constituted the
first example of asymmetric catalysis with a well-defined ho-
mochiral metal-organic assembly as the heterogeneous cata-
lyst, and triggered the further interest in the research of this
unexplored field.®'”! It should be noted that although nu-
merous coordination polymers have been developed over
the past two decades,”™ only sporadic successful applications
in catalytic transformations can be found in the literature
even fewer for catalytic enantioselective reactions. The in-
herent reason for this limitation might be attributed to the
fact that most coordination polymers prepared thus far have
coordinatively saturated metal centers, which precludes
their involvement in the catalytic transformation.”

Since the metal centers in the homochiral metal-organic
assembly play the dual roles as the structural binders
(Scheme 2) as well as the catalytically active sites, it is essen-
tial that they should be capable of simultaneously bonding
with at least two ligand moieties (same or different), and
still have vacant or labile sites available for substrate and/or
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reagent coordination and activation. In the course of our
studies on the combinatorial approach to the discovery of
chiral catalysts for asymmetric reactions, a variety of highly
efficient and enantioselective catalysts have been developed
on the basis of a two-component ligand modification strat-
egy for the generation of a chiral catalyst library."y! The
common feature of the catalysts discovered by this approach
is the incorporation of either two homo- or two heteroli-
gands in the active catalysts. This feature of homogeneous
catalysts provides an excellent opportunity for generation of
heterogeneous catalysts through self-supporting strategy
shown in Scheme 2. One can easily imagine that if the com-
ponent chiral ligands with known excellent asymmetric in-
duction for a target reaction are bridged with a specific
spacer, the reaction of the bridged multitopic ligands with
the catalytically active metal species would spontaneously
form metal-organic coordination polymers through assem-
bly. In such a case, the high activity and enantioselectivity of
the formed metal-organic coordination polymers can be ex-
pected by judicious choice of the bridged chiral ligand and
metal species. In the following text, we will summarize our
results on heterogenization of homogeneous chiral catalysts
for asymmetric catalysis on the basis of this concept.

Self-Supported Heterogeneous Titanium Catalysts
for Enantioselective Carbonyl-Ene and
Sulfoxidation Reactions

Th asymmetric carbonyl-ene reaction is an important ap-
proach to C—C bond formation in organic synthesis,'* for
which the titanium complexes of 1,1’-bi-2-naphthol (binol)
derivatives are among the most widely used chiral Lewis
acidic catalysts. According to Mikami’s asymmetric activa-
tion concept,”! an enantiopure [Ti{(R)-binol}(OiPr),] cata-
lyst could be further evolved for this reaction by addition of
another equivalent of (R)-binol(H,), affording the product
in higher enantioselectivity.'*! The results of kinetic study
showed that the reaction catalyzed by the [Ti{(R)-binol}-
(OiPr),)/(R)-binol complex was 25.6 times faster than that
catalyzed by [Ti{(R)-binol}(OiPr),] alone.'*! We have dem-
onstrated that the catalysts prepared by the homocombina-
tion of two equivalents of (R)-6,6"-1,-binol with Ti(OiPr), or
by the heterocombination of one equivalent of (R)-6,6'-1,-
binol and one equivalent of (R)-6,6'-(CF;),-binol with Ti-
(OiPr), show exceptionally high efficiency for the carbonyl-
ene reaction between ethyl glyoxylate and a variety of ole-
fins under nearly solvent-free conditions, affording o-hy-
droxy ester derivatives in good yields and excellent enantio-
selectivities." These observations provided the rational
basis for the design of assembled catalysts for this reaction
by reaction of bridged binol ligands with Ti(OiPr),.

Sasai”! and our group™'" independently reported the
heterogenization of chiral titanium complexes by in situ as-
sembly of bridged multitopic binol ligands with Ti(OiPr),
(Scheme 3), and the assembled heterogeneous catalysts
were found to show excellent enantioselectivity (up to
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1a: X = H, linker = 1,4-phenylene
1b: X = H, linker = 1,3-phenylene
1¢: X = H, linker = single bond

1d: X = Br, linker = 1,4-phenylene

1 equiv of
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Scheme 3. Generation of self-supported chiral titanium catalysts for car-
bonyl-ene reaction and sulfoxidation.

98 % ee) in carbonyl-ene reaction of a-methylstyrene with
ethyl glyoxylate. Consistent with the activities exhibited by
the discrete Ti-binolate catalysts for the same reaction
under the homogeneous conditions, the ratio of the binol
unit to Ti(OiPr), employed in the preparation of the coordi-
nation polymers was found to be critical for their catalytic
activity."***] The heterogeneous catalyst 2¢ obtained by
employing a 2:1 molar ratio of binol unit to Ti(OiPr), is evi-
dently more active and enantioselective than the catalyst 3¢
prepared with a 1:1 molar ratio of binol unit to Ti(OiPr),
(entry 3 versus 7, Table 1). The spacers between two binol
units of the ligands in the assembled catalysts showed signif-
icant impact on the enantioselectivity of the carbonyl-ene
reaction. For example, catalysts 2a and 2b, prepared and
tested under the same conditions with the only difference
lying in their spacer moieties, displayed dramatically differ-
ent performance in terms of both catalytic activity and enan-
tioselectivity (entry 1 versus 2, Table 1). This fact suggests
that a change in the linker moieties of the ligands may alter
the supramolecular structures of the assemblies, and as a
result, impact the activity and/or enantioselectivity of the
catalysis. Consistent with one of our previous reports,'*! the
introduction of an electron-withdrawing substituent to the
backbone of binol, such as ligand 1d, resulted in the im-
provement of the catalytic activity due to the increase of
Lewis acidity of the Ti" complexes, affording the product in
very high yield (99 %) with excellent enantioselectivities (up
to 98% ee, entry 5).11%

The recovery and recycling of this type of self-supported
titanium catalyst was examined with catalyst 2d in diethyl
ether. Upon completion of the reaction, simple filtration of
the reaction mixture realized the separation of the solid-
state catalyst from the product-containing solution. The sep-
arated solids were recharged with diethyl ether and sub-
strates for the next run. Similar to the observation with cata-
lyst 3¢ reported by Sasai,®l catalyst 2d could be used for
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Table 1. Self-supported Ti catalysts for the enantioselective carbonyl-ene reaction! and sulfoxidation.”

OH
PhMOEt

o

1 mol % 2a-d

(0]
JL . H)H(OEt or 20 mol% 3¢
Ph™ Me 0 toluene or ether

5 6
XN ‘S\R' 5 mol% of 4a-c X
R— - — R
= oxidant (2 equiv)
CCl,
8 9

8a:R=H,R'=Me
8b: R = 4-Me, R'= Me
8c: R =4-Br,R'=Me

8g:R=H,R = Et
8d: R=4-F,R' =Me

8e: R=3-Br,R'=Me
8f: R =4-NO,, R'=M

periment without using any cat-
alyst under otherwise identical
conditions. The inductively cou-
pled plasma (ICP) spectroscop-
ic analyses of the liquid phase

= 0 after filtration of the insoluble

R, catalysts indicated that no de-
tectable Ti (<0.1 ppm) was
leached into the organic solu-
tion; this fact further supports

e the heterogeneous nature of the

present system. The facile re-

covery and remarkable stability

Entry Substrate Catalyst [mol %] Solvent T [°C] t [h] Yield [%)] ee [%] ’

of this type of heterogeneous
1 54+6 2a (1) toluene 0 120 85 95 o
) 546 2b (1) toluenc 0 120 9 24 catalyst was exemplified by the
3 546 2¢ (1) toluene RT 30 99 9% oxidation of thioanisole (8a) by
4 5+6 2d (1) toluene RT 96 99 95 using catalyst 4a. This catalyst
5 5+6 2d gli toluene 0 96 99 98 was reused for eight cycles that
6 5+6 2d (1 diethyl ether RT 96 99 97 .
7 546 3¢ (20) diethyl ether ~ RT 98 88 gg  covered a period of more than
3 8a 4a (5) ccl, RT 7 38 99, one month without any loss of
9 8a 4b (5) ccl, RT 72 38 99.5 enantioselectivity (99.0—
10 8a 4¢ (5) cdal, RT 72 37 987 99.9% ee) or evident deteriora-
u 8b 4b (3) Cccl, RT 724 98 tion of activity (38-33% yield).
12 8¢ 4c (5) CCly RT 72 31 >99.9 .
13 8d 42 (5) cal, RT 7 m 986 In addition to the heteroge-
14 Se 4b (5) cal, RT ” 36 ~999 neous Ti catalysts for carbonyl-
15 8f 4b (5) ccl, RT 60 20 89.1 ene reactions, Sasai and co-
16 8g 4a (5) CCl, RT 72 36 755 workers also reported that the

[a] Catalyst 2d could be recycled on the carbonyl-ene reaction of a-methylstyrene (5) with ethyl glyoxylate
(6) five times, affording 7 with 87-70 % yield and 97-70 % ee. [b] Catalyst 4a could be recycled on the sulfoxi-
dation of 8a eight times, affording 9a with 2942 % yield and 98.2—99.9 % ee.

five cycles in the carbonyl-ene reaction with gradually de-
teriorated activity (from 87 to 70 % yield) and enantioselec-
tivity (from 97 to 70 % ee). This is probably due to the parti-
al decomposition of the assemblies during the catalysis, and
as a result, some amount of the active Ti'" species may be
leached into the solution phase of the reaction mixture
during the catalysis and lost in the catalyst recovery.!"”!

The heterogeneous Kagan—Uemura type!' catalysts 4a—c
for asymmetric sulfoxidation of sulfides were prepared in a
similar manner, that is, by the reaction of bridged binol li-
gands 1a—c with Ti(OiPr), (1:1 molar ratio) followed by ad-
dition of H,O (40 equiv relative to ligand). Different from
that observed in carbonyl-ene reaction, 4a—c were found to
be completely insoluble in CCl,."”) The heterogeneous enan-
tioselective oxidation of a variety of aryl alkyl sulfides was
then investigated by using catalysts 4a—¢ with cumene hy-
droperoxide (CMHP) as the oxidant. As shown in Table 1,
the oxidation of both para- or meta-substituted aryl methyl
sulfides 8a—e afforded chiral sulfoxides 9a—e with very high
enantioselectivities (from 96.4 to >99.9 % ee) in moderate
yields (ca. 40%). The heterogeneous nature of the above
catalyst systems was confirmed by using the supernatant of
4a in CCl, for the catalysis of sulfoxidation of thioanisole
(8a) under the same conditions. The isolated product (9a)
was racemic, similar to that obtained from the control ex-
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heterogeneous Al-bridged poly-
mers (ALB) prepared by the
reaction of LiAlH, with bis-
binol ligands were efficient cat-
alysts for enantioselective Mi-
chael addition of dibenzyl malonate to 2-cyclohexenone, af-
fording the corresponding adduct with the results (86 %
yield, 96 % ee) comparable to those obtained with a homo-
geneous catalyst (100% yield, 97 % ee).”™ The heterogene-
ous ALB catalyst could be recycled for four times with
slight drop of activity (88-59 % yield) and enantioselectivity
(96-77% ee).

Heterogenization of Shibasaki’s Binol/La" Catalyst
for Enantioselective Epoxidation of a.,f}-
Unsaturated Ketones by Using Multitopic Binol
Ligands: the Impact of Bridging Spacers

As can be envisioned from Scheme 2, in the use of self-sup-
porting strategy for the heterogenization of homogeneous
chiral catalysts, the stereochemical characteristics of the
multitopic ligands should in principle have substantial
impact on the microstructures of the resulting homochiral
metal-organic polymers, and thus may exert a profound in-
fluence on the enantioselectivity and activity of the catalysis
in a given reaction.

Such effects of bridging spacers in the multitopic ligands
have been investigated in the heterogenization of Shibasa-
ki’s lanthanum catalyst!'”! for the enantioselective catalysis
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of epoxidation of a,B-unsaturated ketones."¥! As shown in
Scheme 4, four types of multitopic ligands (10a-i) containing
different bridging linkers, including linear (10a-d), angular

spacer

a = N\ / —

Fe={ L X(=
OH
20
& f X

b  single bond & O
c ——
™
h =
g =
d < > Il
e
10h
touy _OP:
a-i —————  11a-g or i
PhPO, THF g 11h or 11i

Scheme 4. Multitopic ligands 10a—i employed for the generation of heter-
ogeneous lanthanum catalysts 11a-i.

(10e-g), trigonal-planar (10h), and tetrahedral (101) spacers,
were designed to investigate the impact of the spatial ar-
rangement of chiral units ((S)-binol) on the catalytic proper-
ties of their assemblies with the lanthanum ion. The hetero-
geneous catalysts (11a—i) were prepared by dropwise addi-
tion of a solution of the corresponding multitopic ligand
(10a-i) and triphenylphosphine oxide in THF to a solution
of La(OiPr); in THF under argon atmosphere. The applica-
tion of the heterogeneous catalysts 11a-i in the epoxidation
of chalcone 12a (Table 2) demonstrated that the influence
of structure of the spacer on the enantioselectivity of the
catalysis was dramatic. For the ligands with a linear spacer
(10a-d), extending the length of the linker between two
chiral units generally had a beneficial effect on the enantio-
selectivity (entries 1-4). However, the reduction of the ex-
tension angles of the spacers (10e, 10g) was clearly unfavor-
able for the enantioselectivity (entry5 versus 4, 6 and
entry 7 versus 1). The catalysts composed of planar tritopic
10h and tetrahedral tetratopic 10i ligands with longer
spacers also demonstrated high activity and enantioselectivi-
ty of the heterogeneous epoxidation (entries 8 and 9). Given
the modular nature of the multitopic ligands, it can be ex-
pected that both the reactivity and enantioselectivity may be
fine-tuned by judicious choice of the spacer part of the li-
gands.

Under the optimized reaction conditions, the enantiose-
lective epoxidation of several a,B-unsaturated ketones 12a—
h was then carried out in the presence of catalyst 11a with
CMHP as oxidant (Table 2). The reactions proceeded effi-
ciently to give corresponding epoxides in excellent yields
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Table 2. Enantioselective epoxidation of a,fB-unsaturated ketones with
heterogenized Shibasaki’s catalysts (11a-i).

L _pnpo (ismath i
e 3 mol% Sz
R R "MS4A THF,RT RMR'

12a-h CMHP (1.5 equiv) 13a-h

R =Ph, R = Ph (a) R =4-NO,-Ph, R' = Ph (e)

R=4-F-Ph R'=Ph(b) R=4-NC-Ph, R = Ph (f)

R=4-C-Ph,R'=Ph(c) R =Ph, R =4-MeO-Ph (g)

R=4-Br-Ph, R'=Ph(d) R=/-Pr,R' =Ph (h)
Entry Catalyst Substrate t Yield ee

[mol %] [h] [%] [%]
1kl 11a 12a 0.5 99 97.6
2 11b 12a 0.5 99 83.7
3 1lc 12a 0.5 99 82.9
4 11d 12a 0.5 99 95.5
5 1le 12a 0.5 99 93.3
6 11f 12a 0.5 99 95.1
7 11¢g 12a 0.5 99 84.2
8 11h 12a 0.5 99 91.5
9 11i 12a 0.5 99 95.0
10 11a 12b 0.5 99 96.2
11 11a 12¢ 0.5 99 96.0
12 11a 12d 0.5 99 95.6
13 11a 12e 1.0 95 95.7
14 11a 12 1.0 99 94.3
15 11a 12¢ 0.5 99 95.0
16 11a 12h 3.0 91 84.9

[a] Catalyst 11a could be recycled on the epoxidation of 12a SIX times,
affording 13a with 99-83 % yield and 96.5-93.2% ee.

(91-99%) and high enantioselectivities (84.9-97.6% ee).
The remarkable advantage of the present self-supported het-
erogeneous catalysts over their homogeneous counterparts
was again exemplified by the facile recovery and recycle of
11a in the catalysis of the epoxidation of chalcone 12a. As
outlined in the footnote of Table 2, 11a can be recycled and
reused for at least six cycles without significant loss of enan-
tioselectivity and activity. Moreover, the lanthanum leaching
in each run during the recycling of the catalyst was deter-
mined to be less than 0.4 ppm by ICP. The heterogeneous
nature of the above catalyst system has been further con-
firmed by the fact that the supernatant of 11a in THF did
not exhibit any catalytic activity for the epoxidation under
the same experimental conditions.

Self-Supported Mono-Phos/Rh' Catalysts for
Enantioselective Hydrogenation Reactions

The use of monodentate phosphorous ligands in Rh-cata-
lyzed enantioselective hydrogenation of olefin derivatives
represents one of the breakthroughs in the area of asymmet-
ric hydrogenation,' for which the generally accepted mech-
anism is that the catalytically active species has a composi-
tion of 2:1 molar ratio of monodentate phosphorous ligands
to Rh' metal ion. One can easily imagine that if two or
more monodentate phosphorous ligand motifs are covalent-
ly bridged with some rigid spacer at the backbone of the
ligand, homochiral metal-ligand coordination polymers can
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be conveniently constructed by the reaction of the corre-
sponding multitopic phosphorus ligands with Rh' precursor.

As expected, the reaction of Feringa’s MonoPhos ligands
bridged with a linker (14a-c) with the catalyst precursor
[Rh(cod)]BF, (cod=cyclooctadiene) in a dichloromethane/
toluene mixed solvent resulted immediately in the formation
of orange solids (Scheme 5), which were confirmed to be

[Rh(cod),|BF,

= single bond (a); 1,4-phenylene (b); 1,3-phenylene (c)

Ce o O
0\P \r\il:/o
/RN
7/
n

15a-c
[Rh] = [Rh(cod)]BF,

Scheme 5. Heterogenization of Feringa’s catalyst by self-supporting strat-
egy.

completely insoluble in toluene.” As shown in Table 3, the
application of the self-supported Rh' catalysts (15a—c) in the
asymmetric hydrogenation of some representative substrates
including p-aryl- or alkyl-substituted dehydro-a-amino acid

Table 3. Enantioselective hydrogenation of olefin derivatives (16a-d)
under the catalysis of self-supported catalysts 15a—c.

e}
N 15a-c, 1 mol% -~ -CO:.CH;
R OCH, H
H,, 40 atm, NHAc
NHAc toluene, RT
16a-c >99% conv. 17a-c

R =H(a), CH; (b), Ph(c)

)L 15a-c, 1 mol% J\

Ph” “NHAc H,, 40 atm, Ph” “NHAC
toluene, RT
16d >99% conv. 17d
Entry Catalyst Substrate ee [%]
1 15a 16a 95.8
2 15a 16b 95.7
3 15a 16¢ 96.6
4 15a 16d 97.3
5 15b 16a 94.3
6 15b 16b 94.9
7 15b 16¢ 94.7
8 15b 16d 96.8
glal 15¢ 16a 95.0
10 15¢ 16b 95.9
11 15¢ 16¢ 96.2
12 15¢ 16d 95.9

[a] Catalyst 15¢ could be recycled on the hydrogenation of 16a seven
times with >99% conversion and 95.0-89.5 % ee.
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(16a—c) and enamide (16d) derivatives afforded a variety of
amino acid (17a—c) and secondary amine (17d) derivatives
with high yields and enantioselectivities, which are compara-
ble to the cases of homogeneous catalysis at the same level
of catalyst loading. Particularly, the self-supported catalysts
demonstrated remarkably improved enantioselectivity (95—
97 % ee) in the hydrogenation of the enamide derivative in
comparison with the cases that make use of a MonoPhos/Rh
homogeneous catalyst (88 % ee). The heterogeneous nature
of the catalysis was also confirmed by the inactivity of the
supernatants of these self-supported catalysts for the hydro-
genation. The ICP spectroscopic analysis indicated that no
detectable rhodium was leached into the solution phase and
the concentration of phosphorus in solution was less than
3 ppm for each round of hydrogenation; these facts further
confirmed the heterogeneous nature of the present systems.
The catalysts could be readily recycled and reused for at
least seven runs without significant loss of activity and enan-
tioselectivity.’ Very recently, Wong and co-workers de-
signed a beautiful ditopic chiral “linear” monodentate phos-
phoramidite ligand with a biphenylene backbone for the
generation of self-assembled oligomeric or polymeric Rh
catalysts. The solid catalyst demonstrated excellent enantio-
selectivities (97-99 % ee) in the hydrogenation of a variety
of dehydro-a-amino acid derivatives."!

Programmed Assembly of Two Different Ligands
with Metal Ions: Generation of Self-Supported
Noyori-Type Catalysts for Heterogeneous
Asymmetric Hydrogenation of Ketones

As mentioned above, the heterogenization of the chiral cat-
alysts by using a self-supporting strategy through the homo-
combination of multitopic chiral ligands with metallic ions is
very convenient. On the other hand, the assembly of poly-
meric or oligomeric homochiral catalyst by heterocombina-
tion of two different multitopic chiral ligands (L' and L?)
with metal ions (M) is a very challenging task, since a com-
plex multispecies system (e.g., [M(L'),], [M(L?),], [ML'L?],
etc.) would be easily envisioned when the three reacting
components were mixed together. Thus, specific formation
of a heteroligand combination complex [ML'L?] would re-
quire that the structural and coordination information
stored in the ligands and metallic ion, respectively, must be
sufficiently strong to dictate their coordinating organization
and thus direct the assembly process in a programmed way.
In this respect, the structural feature of Noyori’s catalyst,?!!
[RuCL{(R)-binap}{(R,R)-dpen}] (binap: 2,2"-bis(diphenyl-
phosphino)-1,1’-binaphthyl; dpen: 1,2-diphenylethylenedia-
mine), can provide an excellent opportunity for generation
of self-supported catalysts by the programmed assembly™
of a [ML'L,] type of coordination polymer.

As shown in Scheme 6, both bridged binap 18 and dia-
mine 19 were designed to possess a 1,4-phenylene or a 1,4-
phenylenebismethoxy linkers, which were assembled at 6-
position of the corresponding 1,1’-binaphthyl backbone or at
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NH,
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18a Ar = CgH,
18b Ar = 3,5-(CH,),CeH;

K{RU(CeHe)Clo}o]
18 +19 ————————> /Il?u\

DMF p N
9oty

20a Ar = C4Hs —
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Scheme 6. Generation of self-supported Noyori’s catalyst by programmed
assembly.

4'-position of (S,5)-dpen derivative, respectively, in order to
avoid the intramolecular interaction of two chiral units. The
self-supported catalysts (20a,b) were prepared by reacting
bridged binap ligands (18a,b) with [{Ru(C4H,)CL,},] in DMF
at 100°C, followed by the treatment of the resulting reddish
brown solution with one equivalent of bridged dpen 19 at
room temperature. As shown in Table 4, the application of
the self-supported catalyst 20 in the catalysis of the asym-
metric hydrogenation of acetophenone (21a) indicated that
catalyst 20b was highly efficient and enantioselective, af-
fording 1-phenylethanol in quantitative yield with 97.4 % ee,
which is slightly higher than those obtained with its homoge-
neous counterparts (95.5-96.4% ee).’”! Moreover, the cata-
lyst loading for 20b can be further reduced to 0.01 mol %

Table 4. Enantioselective hydrogenation of aromatic ketones (21a-h)
under the catalysis of self-supported Noyori-type catalysts 20 a-b.

o 20a-b OH
)J\ . H, 0.1-0.01 mol% Ar/\
Ar KOtBu, iPrOH
21a-h >99% conversion 22a-h
Ar = Ph (a), 1-naphthyl (b), 2-naphthyl (c), 4'-F-Ph (d),
4-CL-Ph (), 4-Br-Ph (f), 4-Me-Ph (g), 4-MeO-Ph (h)
Entry Catalyst [%] Substrate ee [%]
1 20a (0.1) 21a 78.2 (R)
2l 20b (0.1) 21a 97.4 (R)
3 20b (0.1) 21b 98.1 (R)
4 20b (0.1) 21c 94.5 (R)
5 20b (0.1) 21d 96.2 (R)
6 20b (0.1) 2le 96.9 (R)
7 20b (0.1) 21f 97.2 (R)
8 20b (0.1) 21g 97.5 (R)
9 20b (0.1) 21h 96.2 (R)
10 20b (0.01) 21a 95.2 (R)

[a] Catalyst 20b could be recycled on the hydrogenation of 21a seven
times with 97—99 % conversion and 97.4-95.4 % ee.
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without significant deterioration of yield or enantioselectivi-
ty (entry 10). The turnover frequency (TOF) under these cir-
cumstances was calculated to be ~500 h™', illustrating the
high activity of the assembled solid catalyst. The superna-
tant of catalyst 20b in 2-propanol did not show any catalytic
activity in the hydrogenation of acetophenone, indicating
the heterogeneous nature of catalysis. Furthermore, catalysis
with 20b was extended to the hydrogenation of a series of
aromatic ketones (21a-h), affording the corresponding sec-
ondary alcohols (22a-h) with excellent enantioselectivities
(entries 3-9). The self-supported catalyst 20b could be
reused for seven cycles of hydrogenation without evident
loss of enantioselectivity and catalytic activity.””

Conclusion and Outlook

In summary, we have demonstrated a conceptually new
strategy, that is, a “self-supporting” approach, for the immo-
bilization of homogeneous catalysts through self-assembly of
chiral multitopic ligands and metal ions without the use of
any support. On the basis of this strategy, the chiral multi-
topic ligand can spontaneously form chiral environment
inside the cavities of or on the surface of the solids for enan-
tioselective control of the reaction, and the metal ions act as
the catalytically active centers. The success of this strategy
has been demonstrated in heterogeneous catalysis of asym-
metric carbonyl-ene, sulfoxidation, epoxidation, and asym-
metric hydrogenation reactions. In addition to the simple re-
covery and convenient recycle commonly associated with
heterogeneous catalysts, such kinds of homochiral metal-or-
ganic assemblies may also exhibit advantages of facile prep-
aration, robust chiral structures, and excellent enantioselec-
tivities. These remarkable features, coupled with the versa-
tile methods for rational design and synthesis of the multi-
topic chiral ligand, suggest a considerable scope of applica-
tion of this “self-supporting” strategy in the development of
new, efficient, and practical catalysts for heterogeneous
asymmetric catalysis.

This emerging field calls for the principles of supramolec-
ular chemistry, coordination chemistry, and catalysis in the
design and generation of robust heterogeneous catalysts. Al-
though some remarkable achievements have been attained
recently, a variety of challenges still remain, among which
the most demanding one is the detailed structural elucida-
tion of the self-supported catalysts. Although several analyt-
ical techniques such as elemental analysis, solid-state NMR
spectroscopy, IR spectroscopy, powder X-ray diffraction
analysis and scanning electronic microscopy (SEM) have
been employed for the characterization of the assembled
heterogeneous catalysts, the usually noncrystalline nature of
these solids precludes the possibility of a more detailed
study by using single-crystal X-ray diffraction. This lack of
structural information renders mechanistic probing extreme-
ly difficult. In this respect, design of structurally well-de-
fined and catalytically active homochiral metal-organic co-
ordination polymers is highly desirable to facilitate the un-
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derstanding the microenvironment of the assemblies and
identifying their mechanism of action on a molecular level.
This is particularly useful for the rational design of the new
generation of the heterogeneous chiral metal-organic poly-
meric catalysts. Moreover, the construction of the structural-
ly diverse multitopic ligands through covalent bonding is
still somewhat tedious at the moment. The future develop-
ment might be directed to the use of noncovalent interac-
tions (such as hydrogen or coordination bonds)™! for linking
chiral motifs together in order to simplify the procedure for
the construction of multitopic ligands. This concept is also
expected to extend to much broader scope of organic trans-
formations, such as nonchiral catalysis or polymerization
processes, and materials science. We hope that the concept
in this account for the heterogenization of homogeneous
catalysts may provide a new approach to bridge the gap be-
tween homogeneous and heterogeneous asymmetric cataly-
sis and stimulate further research on the development of
practical processes for industrial syntheses of optically
active products.
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