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Introduction
Cyclodextrins are extremely attractive components

of artificial enzymes and other biomimetic materials.
They are readily available, they bind hydrophobic
substrates into their cavities in water solution, and
they have two rims of hydroxyl groups (Figure 1) that
can either react with substrates themselves or be
used to attach other catalytic and functional groups.
Of course, they have disadvantages. For one, unless
they are extensively modified their complexes with
substrates can be rather flexible and, perhaps, with
unpredictable preferred geometry. They are also
unstable to strong acid. Thus for some purposes such
synthetic cavity species as calixerenes1 or synthetic
macrocycles2-4 may have advantages. However, one
of the chief advantages of cyclodextrins is highly
attractivesthey are readily available, so it is possible
to avoid the synthesis of a binding group and go
directly to studies of what can be achieved with their
use. Afterward, the lessons learned may be applied
to other systems with advantage.

This review will cover all the literature on reactions
in which cyclodextrins bind substrates and then
either catalyze their reactions or mimic a step in an
enzymatic catalytic sequence. However, it will not
describe work in which cyclodextrins simply change
the course of a reaction without playing an obvious
catalytic role involving substrate binding. For ex-
ample, there are systems in which the main function
of the cyclodextrin seems to be to complex a metal
ion and keep it in solution.5-11 There are other
studies in which binding into a cyclodextrin simply
alters the selectivity of attack by an external reagent
in some way12-24 or causes solubilization to facilitate
phase transfer catalysis.12,25,26 Presumably such
other areas are described elsewhere in this volume.

While much work on artificial enzymes using
cyclodextrins has been done in the author’s labora-
tory, and will be described, every effort is made to

describe all the relevant work in the field. Several
reviews of this subject already exist and should be
consulted for further information.2,27-70 The readily
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available cyclodextrins (Figure 1), produced enzy-
matically, are cyclohexaamylose (R-cyclodextrin, 1a),
cycloheptaamylose (â-cyclodextrin, 1b), and cyclooc-
taamylose (γ-cyclodextrin, 1c). In this review they
will be abbreviated as R-CD, â-CD, and γ-CD, re-
spectively.

Simple Cyclodextrins
Interest in cyclodextrins as components of enzyme

models was first stimulated with the publication of
the book Einschlussverbindungen (Inclusion Com-
pounds).56 In early work, it was shown that cyclo-
dextrin as its oxyanion 2 could react with some bound
pyrophosphates71,72 or carboxylic esters.73,74 In later
work, it was shown that esters bound into the
cyclodextrin cavity could acylate the hydroxyl groups
on the cyclodextrin rim with some geometric prefer-
ences (Figure 2).75-78 For example, m-nitrophenyl
acetate (3) transferred its acetyl group to a secondary
side hydroxyl of â-CD about 100 times as rapidly as
it hydrolyzed under the same conditions in the
absence of â-CD.76 This is of course not a catalytic
reaction but is related to the first step of serine
proteases in which an acyl group is transferred to a
serine hydroxyl in the first enzymatic step. Some
computer modeling of this process has been re-
ported.79

The rate acceleration, interesting as it was, seemed
small as a model of what one could expect in an
enzyme-substrate complex. Molecular model build-
ing80 indicated that the reaction of m-nitrophenyl
acetate with a cyclodextrin hydroxyl had a problem:
the well-bound substrate was pulled partly out of the
cavity when it added the â-CD hydroxyl group to form
the tetrahedral intermediate. Thus other substrates
were examined where this would not occur, and the
cavity was also modified.81 Some very large accelera-
tions of cyclodextrin acylations were seen. A series
of p-nitrophenyl ferroceneacrylate esters (e.g. 4a)
bound well into the cavity, and acylated a â-CD
hydroxyl group with as much as a 5 900 000-fold
acceleration relative to substrate hydrolysis under
the same conditions (Figure 3).82 Molecular model

building80 and physical studies83 indicated that the
tetrahedral intermediate, and transition states that
resemble it, are bound almost as deeply as was the
substrate. This very large acceleration seems a
better model for the effect of proximity, as in an
enzyme-substrate complex.

The substrates examined were rather rigid,84 which
helps accelerate the reaction by holding the ester
group precisely over the â-CD secondary side hy-
droxyl group. However, for 4b with imidazole, a
poorer leaving group than the p-nitrophenoxide ion
in 4a, the acceleration was smaller,82 and when the
phenyl esters carried less activating groups than
p-nitro, the accelerations were also smaller.85 This
reflected a fundamental problem with rigid esterssthe
oxygen atom of the nucleophilic hydroxyl group must
attack perpendicular to the ester group plane but end
up as part of the new ester, in the ester plane (Figure
3).86 The rotation needed to convert the tetrahedral
intermediate to the acylated cyclodextrin was blocked
by excessive rigidity. When a degree of freedom was
introduced in substrate 5 that permitted this rota-
tion, the problem was solved.86 This calls attention
to the need to consider not only the geometry of the
substrate-cyclodextrin complex, and not only the
geometric change on proceeding to the transition
state or related intermediate, but also the geometric
changes needed for the entire reaction. Otherwise a
late step may become rate determining.

Since this earliest work, a number of esters have
been examined that bind into the cyclodextrin cavity
and then react with a cyclodextrin hydroxyl group.
These include derivatives of adamantane87,88 and of
various other hydrophobic species,89-105 in some cases
with enantioselectivity.91-93,98,106-109 The structural
selectivity of such hydrolyses has been used for the
analysis of mixtures.110 Particularly interesting are
some cases (e.g. 6 in Figure 4) in which two cyclo-
dextrins cooperate in the cleavage of an ester, with
both the acyl and the alkyl group bound into a
cyclodextrin.94,97,111,112 Building on this, some cyclo-
dextrin dimers such as 7 also cleave esters that can
bind into both cyclodextrin cavities.113

Cleavages of bound esters have been performed
using cyclodextrin polymers.114-116 Some activated

Figure 1. Various representations of the cyclodextrins.

Figure 2. Substrate 3 binding into the cavity of the
cyclodextrin. Anion 2 is then acetylated.75-78

Figure 3. Substrate 4a acylating â-CD with a very large
acceleration. With the poorer leaving group in 4b the rate
acceleration is slower because of the preferred geometry
of the product.82 In substrate 5 the free rotation solves this
geometric problem.86
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amides have also been cleaved117-119 as well as a
carbonate ester.120 Addition of an additional ligand
can promote the formation of a ternary complexs
substrate, ligand, cyclodextrinssometimes with im-
proved reaction rate.99,121-124

An interesting series of studies involved ester
cleavage in the presence of a cyclodextrin and an
additional species such as an alcohol that can bind
into the cyclodextrin cavity (Figure 5).125-127 The
additional bound ligand weakens substrate binding
but strengthens the binding of the transition state
for the acylation reaction. Studies from the same
laboratory examined the effect of dimethyl sulfoxide
on the cleavage of esters by R-CD and â-CD128 and
the kinetics of ester cleavage by γ-CD and a modified
â-CD.23 Aspirin is cleaved by R-CD and â-CD.129

Cleavage of phosphate esters by nucleophilic attack
of a cyclodextrin oxyanion, to form a phosphorylated
cyclodextrin, has also been studied.130 Simple â-CD
accelerates the cleavage of bis(p-nitrophenyl) phos-
phate by almost 2 orders of magnitude,131 and some
fluorophosphate nerve gases acylate cyclodextrins
rapidly.132-134 Polymers containing cyclodextrins
have also been examined for phosphate cleavages.135

Simple cyclodextrins can act as catalysts and not
just reactants. The earliest example was the chlo-
rination of anisole catalyzed by R-CD (Figure 6).136-138

Mechanistic studies showed that the anisole binds

into the cavity and that the hypochlorous acid
reagent transfers a chlorine atom to a cyclodextrin
hydroxyl group, which is then relayed to the anisole.
The result was that a chlorination that randomly
attacks both the ortho and para positions of anisole
without the cyclodextrin became completely specific
for para chlorination in the complex and with an
increased rate and changed kinetics, but the specific-
ity was changed with other substrates that bind
differently. It was also shown that binding in the
cyclodextrin protected the substrate from reagents
that could not be catalytically delivered by the
cyclodextrin hydroxyl groups.

Interestingly, an enzyme that catalyzes the chlo-
rination of anisole is not selective but forms both the
o- and p-chloroanisole. The enzyme functions chiefly
to convert chloride ion into HOCl.139 This indicated
that artificial enzymes could have advantages over
natural enzymes that were not optimized for chemi-
cal processes of interest.

Some related reactions have been reported subse-
quently. For example, an interesting alkylation of a
hydroquinone is promoted modestly by binding into
a cyclodextrin (Figure 7).140 Also, there are many
examples in which the point of reaction of an external
reagent is influenced when a substrate binds into a
cyclodextrin cavity12-24,141-144 but so far with no
evidence that the cyclodextrin catalyzes the process
as it does in the HOCl chlorinations. The bromina-
tion of anisole and some phenols shows at most a
slight acceleration by R-CD and is often retarded
because tribromide ion binds into the cyclodextrin
cavity.145,146 However, R-CD catalyzes the debromi-

Figure 4. Ester cleavage when the substrate is bound into
two cyclodextrin rings, either separate (6)112 or as a dimer
(7).113

Figure 5. Geometric problem with substrates that acylate
cyclodextrins but form products that are more poorly bound
into the cyclodextrin cavity can be partially solved with
additional binding species.125-127

Figure 6. Anisole is selectively chlorinated in the para
position when it binds into R-CD and the chlorine is
delivered from a cyclodextrin hydroxyl group.136-138

Figure 7. Cyclodextrin binding promotes the alkylation
of substrate 8140 and the debromination of a bromocyclo-
hexadienone.148
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nation of some bromocyclohexadienones (the pro-
posed mechanism is shown in Figure 7), the reverse
of one of the steps in the bromination of aromatic
rings.147,148 R-CD also modestly catalyzes the reaction
of formic acid with bromine.149

The Diels-Alder reaction is an example of an
important chemical process for which enzyme cata-
lysts are not available. Models indicated that â-CD
could bind cyclopentadiene into its cavity along with
a slim dienophile such as acrylonitrile (Figure 8
shows this and an intramolecular case), and for this
reason the addition reaction was accelerated by
â-CD.150-153 The process has been computer mod-
eled.154 By contrast, the smaller R-CD inhibited the
reaction by binding only the cyclopentadiene, and
â-CD was also an inhibitor for Diels-Alder reactions
with larger components. Interestingly, this study
showed that water itself also strongly promoted the
Diels-Alder reactions, because of the hydrophobic
effect. This observation has led to a major interest
in water solvent effects on organic reactions.

An important feature of Diels-Alder reactions in
cyclodextrins,150 and for that matter in water solution
itself,155-160 is an increase in the selectivity for
products produced from the most compact transition
states. It has also been seen that the regioselectivity
of a Diels-Alder reaction which has a choice of
reaction positions can be enhanced when the reaction
occurs inside a cyclodextrin cavity (Figure 9).161

Related to this, some photocycloaddition reactions
can take place in a cyclodextrin cavity, with altered
selectivity.162 Also, the thermal isomerization of
previtamin D3 9 to vitamin D3 10 is catalyzed by

complexation into â-CD.163 The cis-trans thermal
isomerizations of azobenzenes are inhibited by bind-
ing into â-CD,164 as is an internal charge-transfer
reaction that requires geometric twisting of the
substrate.165

The cavity of a cyclodextrin can be modified, e.g.
by capping it. Flexible capping in 11 has been
described,81,166 as well as capping by a rigid floor in
12 (Figure 10).167-171 Somewhat better acylation
rates by bound substrates relative to reactions with
unmodified cyclodextrins were observed in a few
cases.81,166

An interesting series of studies examined the
hydrolysis of nucleoside 2′,3′-cyclic phosphates in the
presence of cyclodextrins.172-176 The hydrolysis was
selective for cleavage of the bond at either the 2′ (cf.
13) or the 3′ position (cf. 14), depending on the
cyclodextrin and substrate used (Figure 11). Polyri-
bonucleotides are also cleaved.176

Enolizations are catalyzed,177,178 as well as aldol
condensations179,180 and decarboxylations.181 Some
reports have appeared dealing with free radical
reactions within cyclodextrin complexes.182,183

Cyclodextrins Carrying Catalytic or Reactive
Groups

For the best enzyme models, one must combine the
cyclodextrin binding ability with functional groups
more effective than the hydroxyls of the simple
cyclodextrins. Thus a decision has to be made
whether to use the secondary or the primary face of
the cyclodextrin for such attachment. Many sub-
strates can bind with their reactive sections on either
side of the cyclodextrin, so either face can be used to
attach catalytic functions. For example, the first
compound 15 referred to as an “artificial enzyme” in
the literature was prepared by attaching a metal-
binding group to the cyclodextrin secondary face
(Figure 12).184 The copper ion catalyzed the hydroly-
sis of substrates that could bind into the cyclodextrin

Figure 8. Bimolecular150 or intramolecular153 Diels-Alder
reactions can be promoted by cyclodextrin binding.

Figure 9. Cyclodextrin binding can promote the regiose-
lectivity of a Diels-Alder reaction161 and the thermal
isomerization of 9 to 10.163

Figure 10. Flexible capping of the cyclodextrin cavity in
1181,166 and rigid capping in 12.167

Figure 11. Cyclodextrin binding promotes the selective
cleavage of cyclic phosphate groups in 13 and 14.172,176
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cavity but that were not metal ligands and not
normally hydrolyzed by copper complexes without the
cyclodextrin binding component. In other work de-
scribed later, it was shown that catalysts with a
metal ion bound to the cyclodextrin primary face
could also be effective.

In a direct study of the question of facial selectivity,
catalysts were prepared with a phosphate group
attached to either the primary or the secondary face
of â-CD, and it was found that both were effective.185

Thus for many purposes either cyclodextrin face is
suitable for catalytic group attachment,186-188 but
there are also examples of substrates that preferen-
tially bind into the secondary face of â-CD, which is
somewhat more open.189-192 With such substrates,
the facial placement of the catalytic group will
matter.193,194

Attachment of a simple catalytic group to a cyclo-
dextrin can afford interesting enzyme mimics. For
example, an imidazole ring has been attached to a
primary (in 16)195 or secondary (in 17) 196,197 face and
into the linker of a cyclodextrin dimer 7 (Figure
13).198 In 18, an imidazole carries a benzoate group
in a position to imitate the function of the aspartate
ion in the catalytic triad characteristic of serine
proteases such as chymotrypsin (Figure 14).199-203

It was claimed that compound 18 acted to hydro-
lyze a bound substrate using the imidazole as a base
with the carboxylate hydrogen bonded to it, as in the
enzymes for which it was a putative mimic. How-
ever, the data reported did not support this claim but
instead made it clear that the additional functional
groups played no useful role. For instance, the
reaction rate was said to be first order in hydroxide
ion at pH’s above neutrality, not consistent with
catalysis by the attached imidazole group. The

reaction was simply the normal reaction of unsub-
stituted cyclodextrin with the bound substrate and
actually at a slower rate than for cyclodextrin without
the added functionality. Independent work in two
other laboratories showed that the imidazole and
carboxylate in 18 play no catalytic role but instead
impede the reaction.204,205 Thus there is as yet no
true mimic of the serine protease enzymes.117,124,206,207

Cyclodextrins carrying nucleophilic groups for more
effective ester cleavage, albeit not with catalysis,
have been widely studied.93,193,194,200,208-215 A quite
effective true hydrolytic catalyst (19) was constructed
using a nickel oximate ligand bound to a cyclodextrin
carrying another metal binding group (Figure 15).34

The oxime oxyanion is acylated, and the product then
hydrolyzes to regenerate the catalyst. Also, a poly-
mer with â-CD linked to poly(ethylenimine) can bind
metal ions to the nitrogen atoms and catalyze the
hydrolysis of bound esters.216 A poly(vinylamine) 20
linked to cyclodextrins acts as a nucleophile toward
p-nitrophenyl acetate.217

Glyoxalase enzymes use thiols to isomerize R-keto
aldehydes to hydroxy acids. A mimic 21 carrying an
aminoethanethiol group on the primary face of â-CD
binds 2-naphthylglyoxal and catalyzes its rearrange-
ment with a modest advantage over an analogue
without the cyclodextrin (Figure 16).218 In a system

Figure 12. The first compound, 15, described as an
artificial enzyme.184

Figure 13. Imidazole rings can be attached to the primary
face of a cyclodextrin in 16195 or to the secondary face in
17.196,197

Figure 14. A compound, 18, designed to mimic the
catalytic triad in chymotrypsin.199-203 Other work204,205

showed that the indicated mechanism does not occur.

Figure 15. Metal complex 19 cleaving bound esters with
catalytic turnover.34 Functionalized CD-polymer-metal
complexes 20 have also been shown to catalyze ester
hydrolysis.216
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22 that imitates the style of an enzymatic reaction,
if not its details, a bis(phosphine) has been attached
to the primary face of â-CD and used to bind rhodium
and catalyze reactions of bound substrates (Figure
17).219 Other systems with metal ligands attached
to cyclodextrins have also been described.220-223

Enzymes frequently use coenzymes to perform
catalytic functions not possible with normal amino
acid side chains of the enzyme itself. Thus it is of
interest to attach coenzymes to cyclodextrins, as
mimics of the enzyme-coenzyme combination. The
first example was a catalyst 23 in which pyridoxam-
ine was linked to the primary face of â-CD through
a sulfur atom.224 Catalyst 23 was able to transform
R-keto acids (24) to R-amino acids (25), as pyridox-
amine itself does, but with selectivity (Figure 18).
That is, phenylpyruvic acid was transaminated ca.

100 times as rapidly as was pyruvic acid by 23, while
simple pyridoxamine shows no such selectivity. Com-
pound 23 is selective because of binding of the phenyl
group into the â-CD cavity. With the better binding
(p-tert-butylphenyl)pyruvic acid, the selectivity rela-
tive to pyruvic acid exceeds 15 000.225

Another enzyme mimic was prepared with the
pyridoxamine attached to the secondary face of
â-CD.226 Its properties were similar to those of the
primary derivative. As another comparison, an
artificial macrocyclic bonding species was used in
place of the cyclodextrin.227

To fix pyridoxamine to the cyclodextrin with even
better defined geometry, a set of four compounds 26-
(1-4) was made by reacting a pyridoxaminedithiol
with â-CD-6A,6B-diiodide (Figure 19). As molecular
models suggested, one pair of isomers 26(1) and 26-
(2) with the pyridoxamine held over the â-CD cavity
had a preference for p-substituted phenylpyruvic
acids, while the other pair held the pyridoxamine to
the side and preferred m-substituted phenylpyruvic
acid substrates.225

Enzymes that synthesize amino acids by transami-
nation do so with stereoselectivity. Thus in tran-
samination by an artificial enzyme there has been
much interest in learning how to direct the proton
addition to a particular face of the developing amino
acid. The earliest example 23 of such an enzyme
mimic224 afforded amino acids with some selectivity,
because of the chirality of the cyclodextrin unit.
However, more selectivity is expected if the proton
is delivered by a chirally mounted basic group, as in
the enzyme.

In a study of such transamination with a chirally
mounted base, but not involving cyclodextrins, it was
found that optically active amino acids could be
produced with up to 98% selectivity.228 However, less
success has attended attempts to extend this to
artificial enzymes based on cyclodextrins. A com-
pound 27 carrying both a pyridoxamine and an
ethylenediamine unit attached to â-CD on neighbor-
ing primary methylene groups was prepared and
studied for its ability to form amino acids from keto
acids with chiral selectivity (Figure 20). Although
quite good selectivities were reported,229 it has proven
difficult to duplicate these findings. In some alter-
nate approaches, optical induction has indeed been
produced with related catalysts (28) but so far not
in high 90% selectivities.230

Pyridoxal phosphate is the coenzyme for many
processes involving amino acids, including the con-
version of serine and indole to tryptophan. A com-
pound 29 has been synthesized coupling pyridoxal
to â-CD on its primary side. This artificial enzyme

Figure 16. A mimic of glyoxalase enzymes.218

Figure 17. Rhodium complex 22 catalyzing the reductive
carbonylation of a bound olefin.219

Figure 18. The first artificial enzyme, 23, that combined
a coenzyme with a cyclodextrin binding group.224 It selec-
tively converts 24 to 25.

Figure 19. Four catalysts 26(1-4) that mimic 23, but with
extra selectivity.225
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mimicked tryptophan synthase, by coupling a dehy-
droalanine intermediate formed on the pyridoxal unit
to an indole held in the cyclodextrin ring (Figure
21).231

Thiamine pyrophosphate is the coenzyme for many
important biochemical reactions that formally require
the intermediacy of an acyl anion. This involves the
addition of the thiazolium C-2 anion to the carbonyl
group of the substrate,232-239 which acts much as
cyanide ion does in the benzoin condensation. Con-
sistent with this, thiazolium salts will catalyze the
benzoin condensation (Figure 22). Since γ-cyclodex-
trin has a cavity large enough to bind two phenyl
rings simultaneously, an artificial enzyme 30 was
synthesized with a thiazolium ring linked to γ-cyclo-
dextrin.240,241 It was the most effective catalyst
known for benzoin condensation, apparently because
it could bind two benzaldehydes and then link them
with catalysis by the thiazolium group.

Flavins are coenzymes for electron-transfer reac-
tions. Several research groups have attached a flavin
to a cyclodextrin (e.g. 31), so as to promote electron
transfers involving bound substrates (Figure 23). In
one study,242 a flavin was attached to R-CD and was
found to show preferential electron transfers to
nicotinamide derivatives that can bind into the
cyclodextrin cavity. In another study, a flavin was
attached to either the primary or the secondary rim
of â-CD, and the oxidation of bound thiols was
investigated.243,244

Nicotinamide is the functional component of some
coenzymes that perform oxidation-reduction reac-
tions, often involving hydride transfers. Dihydroni-
cotinamide has been covalently linked to the primary
carbon of both R-CD and â-CD, and the properties of
the compounds 32 have been compared.245-247 They
reduce bound substrates with increased rates com-
pared with reactions of unlinked dihydronicotinamide
and substrate. When an electrophoric benzophenone
is linked to â-CD, compound 33 promotes the elec-
trochemical reduction of a bound substrate.248 Ap-
parently an electron is first added to the benzophe-
none system and from it into the bound substrate to
induce reaction.

Coenzyme B-12 catalyzes some remarkable rear-
rangements, acting along with appropriate enzymes.
Two studies have been done so far to try to make an
enzyme mimic using cyclodextrin and vitamin B-12.
In the first study,249 B-12 was directly linked to a
primary methylene group of â-CD by a carbon-cobalt
bond in 34. When the B-12 dissociated from the
cyclodextrin, a cyclodextrin radical 35 was produced.
This mimics the formation of a deoxyadenosyl radical
in the enzymatic process, when the B-12 unit dis-
sociates from the ribose linked to its cobalt atom. The
cyclodextrinyl radical was able to abstract a phenyl
selenide group from a substrate bound into the â-CD
cavity in 35, just as deoxyadenosine can abstract a
hydrogen atom from a substrate bound to its enzyme
(Figure 24). This is a necessary step in developing a
mimic for the enzymes that use coenzyme B-12, but

Figure 20. Two transaminase mimics, 27 and 28, that
produce amino acids with some optical selectivity.229,230

Figure 21. Catalyst 29 mimics tryptophan synthase.231

Figure 22. Compound 30 catalyzes the benzoin conden-
sation by binding two benzaldehydes into the γ-CD cavity
and coupling them with a thiazolium catalytic group.240,241

Figure 23. Cyclodextrins carrying coenzyme groups such
as flavin (31)242-244 and nicotinamide (32)245-247 catalyze
enzymelike reactions. The benzophenone group in 33 can
transfer electrons to a bound substrate.248
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there is still much to do before a complete mimic is
made.

In the second study,250 a â-CD group was attached
to a propionic acid side chain of vitamin B-12 in 36.
It was found that this species could catalyze some
rearrangements related to those of the enzyme and
with a preference for substrates that bind into the
â-CD cavity.

Enzymes often use acid and base catalysts derived
from their amino acid side chains, and it is common
for them to use more than one such group in
simultaneous bifunctional or multifunctional cataly-
sis. Thus it is of interest to imitate this feature in
artificial enzymes. For example, the enzyme ribo-
nuclease A uses two imidazole groups, of histidines
12 and 119, as its principal catalytic groups in the
hydrolysis of RNA. To mimic this enzyme, two
imidazole rings were attached to the primary face of
â-CD, by displacement on â-CD diiodides.251-254

By the use of appropriate bridging groups it is
possible to make disulfonate esters of â-CD on
neighboring glucose units (AB), on units one further
apart (AC), or on units separated by two glucose
residues (AD) (Figure 25).225,255 These were con-
verted to the related diiodides, and reaction with

imidazole afforded catalysts 37-39. All three of
these enzyme mimics were able to catalyze the
hydrolysis of a cyclic phosphate 40 that could bind
well into the â-CD cavity, and all three showed a bell-
shaped pH vs rate profile with a rate maximum near
pH 6.2 (Figure 26). This is almost identical to the
pH vs rate profile for the enzyme ribonuclease itself
and indicates that one imidazole functions in its
protonated form while the other is unprotonated.
Isotope effect studies showed that the two catalytic
groups were operating simultaneously.256

In the classical mechanism for the enzyme, the
hydrolysis of the cyclic phosphate intermediate in
RNA cleavage involves water delivery to the phos-
phorus atom by the unprotonated imidazole while the
leaving group is protonated by the imidazolium ion.
If the enzyme mimics used a similar mechanism, the
AD isomer 39 would be the most active, since it has
the best geometry for this mechanism. However, it
was found that the best catalyst for the hydrolysis
of the cyclic phosphate 40 was the AB isomer 37. This
indicated that the function of the imidazolium ion
was to protonate the phosphate anionic oxygen,
which it can reach better than in the other catalyst
isomers. It has been argued that the enzyme itself
uses a similar mechanism,257 but there is no general
agreement yet on this idea.

A study was made on the importance of a tight fit
of substrate into the binding cavity for such enzyme
model systems.258 The substrates were either the
tert-butyl derivative 40 or an analogue 41 with a

Figure 24. Cyclodextrin 34 carrying vitamin B-12 mimics.
In 35, formed from 34, the ability of coenzyme B-12 to
perform group transfers.249 In 36 the cyclodextrin adds
some selectivity to such reactions.250

Figure 25. The AB (37), AC (38), and AD (39) isomers of
a cyclodextrin carrying two imidazoles on the primary
carbons.225,255

Figure 26. Cyclodextrin bis(imidazoles) catalyzing the
hydrolysis of substrates 40 and 41.256 Loosely fitting
complexes form both 42 and 43, but a tight complex is
selective for 42.258

2004 Chemical Reviews, 1998, Vol. 98, No. 5 Breslow and Dong



methyl group instead. The catalysts were all AB
diimidazoles, but using R, â, or γ-cyclodextrins. The
strongest binding was seen with the tert-butylated
substrate 40 into the â-CD derivative 37, and this
combination also gave the fastest rate of hydrolysis.
It was also the most selective. The other catalyst-
substrate combinations afforded mixtures of products
42 and 43, but with the 37, 40 combination only
product 42 could be detected. To achieve optimum
catalysis, it is important that there be no significant
flexibility in the catalyst-substrate complex (except
that needed to permit the reaction to occur).

With the availability of a set of cyclodextrin cata-
lysts carrying two imidazoles in different geometries,
it is possible to investigate other reactions that are
catalyzed by simultaneous acid-base proton trans-
fers. One process examined was the enolization of a
bound ketone, p-tert-butylacetophenone (44), which
binds well into â-CD (Figure 27).259,260 The reaction
showed a bell-shaped pH vs rate curve, indicating
that both the imidazole and the imidazolium ion
played a catalytic role. It was found that the best
isomer for the enolization, monitored by deuterium
exchange, was the AD isomer. This indicated what
the preferred geometry is for proton abstraction from
carbon, an important matter not easily determined
without the geometric information furnished by these
bifunctional catalysts. The same catalyst set has also
been examined, and found effective, in two intramo-
lecular aldol condensations involving keto aldehyde
45 and dialdehyde 46.261,262

Synthetic approaches to cyclodextrins carrying two
or three imidazoles on the C-3 secondary side posi-
tions have recently been reported263,264 as well as a
compound with cyclic L-His-L-His linked to the
primary carbon of â-CD.265 It will be interesting to
see their catalytic abilities.

Amino- and polyaminocyclodextrins have signifi-
cant catalytic properties. Cyclodextrin amines can
catalyze or inhibit catechol autoxidation,266 can act
as catalysts for decarboxylation,267 can catalyze deu-
terium exchange268 or perform aldol condensa-
tions,269,270 or can add metal binding and catalysis
271 or electrostatic binding272,273 to the normal cyclo-
dextrin properties.

Cyclodextrin Dimers and Tetramers
Cyclodextrins bind typical substrates in water with

binding constants of ca. 104 M-1 or less. (A recent
exception is lithocholic acid, whose binding constant
to â-CD exceeds 106 M-1.190) Thus it was of interest
to make artificial enzymes that use two or more
cyclodextrins to bind substrates well. It would be
expected that a substrate that binds to both cyclo-
dextrin cavities could have a binding constant ex-
ceeding 108 M-1. Simple additivity of the binding free
energies would lead to 108 M-1, while the entropy
advantage of the chelate effect should lead to an even
larger binding constant than that.

The earliest study seems to be that of a cyclodex-
trin dimer 47 linked on the secondary face by a
terephthalate group (Figure 28).274 Several other
dimers have been constructed in which two cyclodex-
trins are joined by various linkers.214,275-284 In a
systematic study, dimers made up of â-CD linked in
various ways (48-50) were examined with substrates
such as 51 that could put two good binding groups
into the cyclodextrin cavities.285 With such relatively
rigid substrates carrying two tert-butylphenyl groups,
binding constants exceeding 109 M-1 were observed.

Figure 27. Cyclodextrin bis(imidazoles) catalyzing the
enolization of 44259 and the aldol condensation of 45 and
46.261,262

Figure 28. Cyclodextrin dimers 47-50 and a substrate
51 that is strongly bound by such dimers.274,285

Biomimetic Reactions Catalyzed by Cyclodextrins Chemical Reviews, 1998, Vol. 98, No. 5 2005



The substrates were rigid, but the â-CD dimers had
a single linker between them, so binding involved a
loss of flexibility. Thus dimers 52 and 53 were made
with two links attached to neighboring primary
hydroxyls in â-CD (Figure 29).286 With a flexible
substrate 54 that could fit well, the binding constant
to 52 was 1010 M-1, and with a rigid substrate of the
correct shape it exceeded 1011 M-1, comparable to the
binding constants of very strong antibodies. How-
ever, 53 did not show strong binding.

Heterodimers have also been made linking two
different cyclodextrins287,288 and even cyclodextrin
tetramers.289,290

If a cyclodextrin dimer has a catalytic group in the
linker, one might observe strong catalysis in com-
plexes where a substrate functional group is held
directly above the catalytic linker group. This has
been observed. For example, the â-CD dimer 55 with
a linker containing a bipyridyl group can form
complexes with metal ions (Figure 30). These are
very effective at hydrolyzing ester substrates (e.g. 56)
with two hydrophobic ends that can bind into the
cyclodextrin cavities of the catalyst.291-293 A cyclo-
dextrin dimer carrying an imidazole unit attached
to the linker has already been mentioned.198

One of the biggest challenges in the field of
artificial enzymes is to imitate the ability of enzymes
to perform selective reactions at particular points in
a bound substrate. Enzymes can override the intrin-
sic reactivity of a substrate by such geometric control.
For example, in the biosynthesis of cholesterol there
are steps in which unactivated methyl groups are
enzymatically oxidized in the presence of untouched
olefinic groups. Although some substrates had been
functionalized using such principles, the catalysts

were covalently attached to the substrates, so cata-
lytic turnover was not achieved.28,294-303

To make a selective oxidation catalyst capable of
turnover, metalloporphyrins were synthesized car-
rying two or four â-CD groups (Figure 31).290 It was
found that the Mn(III) complex of 59, the porphyrin
bearing four â-CD rings, could selectively catalyze the
oxidation of olefinic substrates such as 60 that bind
into two cyclodextrin rings to stretch the substrate
across the porphyrin ring, with the substrate double
bond directly above the porphyrin metal atom. This
was also true when only two â-CD rings were present
on opposite sides of the porphyrin, in 58, but not
when they were on adjacent positions in 57. Reason-
able catalytic turnover was observed.

In this reaction the metalloporphyrin accepts an
oxygen atom from a simple reagent, such as io-
dosobenzene, and then transfers that oxygen to the
bound substrate (Figure 32). After the product
dissociates, a second substrate binds and the process
repeats. This is fundamentally the same description
as for enzymes of the class cytochrome P-450, which
catalyze selective olefin oxidation as well.

Figure 29. Occlusive isomer 52 of a doubly linked cyclo-
dextrin dimer can bind appropriate substrates with very
high affinities and shape selectivities.286

Figure 30. A cyclodextrin dimer 55 that can bind both
ends of a substrate and hold it onto a catalytic metal ion
is very effective at ester hydrolysis with turnover.291-293

Figure 31. Porphyrins carrying attached cyclodextrin
rings to bind substrates.290
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Cytochrome P-450 enzymes also hydroxylate satu-
rated carbon atoms, and it is of greater practical
importance to imitate this process. Thus the same
catalyst based on 59, carrying a Mn(III), was exam-
ined with saturated substrates that could bind into
two â-CD rings and stretch across the metallopor-
phyrin ring. It was found that the dihydrostilbene
61 was catalytically hydroxylated and with catalytic
turnover of 650 (Figure 33).304-306 More interesting
was the result with a steroid substrate.

Androstanediol (62) was converted to the diester
63swhich has tert-butylphenyl binding groups, and
water solubilizing functionalitysand submitted to
the action of iodosobenzene with catalysis by the Mn-
(III) complex of 59. It was found that the process
was completely selective for hydroxylation at a single
carbon atom of the steroid, within the limits of
detection (Figure 34). Carbon 6 of the steroid was
hydroxylated with regio- and stereospecificity and
with 3-5 turnovers before the catalyst was itself
destroyed by oxidation.304 Clearly such a catalytic
system has great potential for performing useful
oxidations, once the catalyst is made more stable and
the geometry of the catalyst-substrate complex is

adjusted so as to direct oxidations at will to otherwise
inaccessible sites on the substrate.

Binding of the two ends of the substrate is critical
for these results. In both the olefin and the steroid
oxidations, no product was formed under these condi-
tions with substrates that did not carry the tert-
butylphenyl binding groups. Furthermore, a steroid
carrying only one such group was oxidized but
without single-site selectivity.

A dimer 64 has also been prepared in which two
cyclodextrins are held on an iron tetraarylporphyrin,
one on each face (Figure 35).307-310 It bound cyclo-
hexene into the cyclodextrin cavity and catalyzed its
oxidation more effectively than did a simple iron
porphyrin lacking the cyclodextrin binding groups.

One of the most interesting examples of a cyclo-
dextrin acting to mimic an enzyme is the observation
that it facilitates the folding of a protein.311 This
mimics the role of chaperones, proteins that help
guide the folding of other proteins.

Noncatalytic Biomimesis
A number of systems have been constructed to

imitate biological functions other than enzymatic
catalysis. For example, when a chromophoric mate-
rial is bound into a cyclodextrin, it can undergo

Figure 32. Metalloporphyrins derived from 58 and 59
catalyzing selective epoxidations of bound olefins.290

Figure 33. A metalloporphyrin derived from 59 catalyzing
the hydroxylation of a benzylic carbon of 61 with 650
turnovers.304-306

Figure 34. Steroid 62 is converted to diester 63, which is selectively hydroxylated at a single unactivated carbon atom
because of geometric control in the catalyst-substrate complex.304

Figure 35. Cyclodextrins locked onto the face of a met-
alloporphyrin, as the iron complex of 64, catalyzing the
epoxidation of cyclohexene.307-310
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energy transfer with other chromophores covalently
attached to the cyclodextrin. A striking example is
the report that attachment of seven naphthalene
units to the primary hydroxyl groups of â-CD in 65
permits them to act as antennae for energy transfer
into a bound merocyanine dye (Figure 36).312-314 This
imitates one of the important features of the photo-
synthetic center. A cyclodextrin carrying naphtha-
lene units has also been used as the base for other
antenna studies, part of a series going back to
1981.315,316

Furthermore, the selective binding of molecules by
cyclodextrin derivatives can be thought of as mimick-
ing the binding of antigens by antibodies. There is
a large and growing literature devoted to such
molecular recognition, sometimes with extremely
large binding constants.286 While this is an impor-
tant area, covering it exhaustively would expand this
review beyond sensible limits.

Conclusions
It is clear that many interesting catalysts can be

constructed, based on cyclodextrins, that perform
biomimetic chemistry and other processes of interest.
Since the cyclodextrin is used to bind a substrate,
such species can be considered to be artificial en-
zymes. These catalysts generally show substrate
specificity, for molecules that can bind into the
cyclodextrin cavity. They often show specificity in
the products formed, including stereospecificity. Thus
they have many of the properties of enzymes. In the
future, we can expect ever more effective catalysts
based on the principles that have been elucidated by
the work described in this review.

References
(1) Gutsche, C. D. Inclusion Compd. 1991, 4, 27-63.
(2) Tabushi, I. Acc. Chem. Res. 1982, 15, 66.
(3) Lutter, H. D.; Diederich, F. Angew. Chem. 1984, 98, 1125.
(4) Odashima, K.; Itai, A.; Iitaka, Y.; Koga, K. J. Am. Chem. Soc.

1980, 102, 2504.
(5) Yashiro, M.; Takarada, T.; Miyama, S.; Komiyama, M. J. Chem.

Soc., Chem. Commun. 1994, 1757.
(6) Yashiro, M.; Miyama, S.; Komiyama, M. J. Inclusion Phenom.

Mol. Recognit. Chem. 1994, 17, 393.
(7) Miyama, S.; Takarada, T.; Komiyama, M. Proceedings of the 7th

International Cyclodextrins Symposium Business Center for
Academic Societies: Tokyo, 1994; p 326.

(8) Komiyama, M.; Shiiba, T.; Takahashi, Y.; Takeda, N.; Mat-
sumura, K.; Kodama, T. Supramol. Chem. 1994, 4, 31.

(9) Yajima, H.; Sumaoka, J.; Miyama, S.; Komiyama, M. J. Biochem.
1994, 115, 1038.

(10) Sumaoka, J.; Miyama, S.; Yashiro, M.; Komiyama, M. J. Chem.
Soc., Chem. Commun. 1994, 1755.

(11) Nair, B. U.; Dismukes, G. C. J. Am. Chem. Soc. 1983, 105, 124.
(12) Ravichandran, R.; Divakar, S. J. Inclusion Phenom. Mol. Rec-

ognit. Chem. 1994, 18, 369.
(13) Rocchini, E.; Spogliarich, R.; Graziani, M. J. Mol. Catal. 1994,

91, L313.
(14) Monflier, E.; Blouet, E.; Barbaux, Y.; Mortreux, A. Angew. Chem.,

Int. Ed. Engl. 1994, 33, 2100.
(15) Lewis, L. N.; Sumpter, C. A. J. Mol. Catal. A 1996, 104, 293-

297.
(16) Velusamy, P.; Pitchumani, K.; Srinivasan, C. Tetrahedron 1996,

52, 3487.
(17) Ravichandran, R.; Divakar, S. J. Inclusion Phenom. Mol. Rec-

ognit. Chem. 1993, 16, 201.
(18) Pitchumani, K.; Velusamy, P.; Srinivasan, C. Tetrahedron 1994,

50, 12979.
(19) Bonetto, L.; Fornasier, R.; Tonellato, U. Gazz. Chim. Ital. 1995,

125, 63.
(20) Guy, A.; Doussot, J.; Dallamaggiore, A.; Garreau, R. Can. J.

Chem. 1995, 73, 599.
(21) Zhou, C.-H.; Yuan, D.-Q.; Xie, R.-G. Synth. Commun. 1994, 24,

43-46.
(22) Bantu, N. R.; Kupfer, R.; Brinker, U. H. Tetrahedron Lett. 1994,

35, 5117-5120.
(23) Tee, O. S.; Gadosy, T. J. Chem. Soc., Perkin Trans. 2 1994, 2191-

2197.
(24) Hirai, H.; Shiraishi, Y.; Saito, K. Macromol. Rapid Commun.

1995, 16, 31-34.
(25) Monflier, E.; Tilloy, S.; Fremy, G.; Castanet, Y.; Mortreux, A.

Tetrahedron Lett. 1995, 36, 9481-9484.
(26) Monflier, E.; Fremy, G.; Castanet, Y.; Mortreux, A. Angew.

Chem., Int. Ed. Engl. 1995, 34, 2269-2271.
(27) Breslow, R. Approaches to Artificial Enzymes. In Biomimetic

Chemistry; Yoshida, Z.-I., Ise, N., Eds.; Kodansha Ltd. Publish-
ing Co.: Tokyo, Japan, 1983; pp 1-20.

(28) Breslow, R. Chem. Soc. Rev. 1972, 1, 553.
(29) Breslow, R. Isr. J. Chem. 1979, 18, 187.
(30) Breslow, R. Acc. Chem. Res. 1980, 13, 170.
(31) Breslow, R. Adjusting the Lock and Adjusting the Key in

Cyclodextrin Chemistry; Dolphin, D., McKenna, C., Murakami,
Y., Tabushi, I., Eds.; American Chemical Society: Washington,
DC, 1980; pp 1-15.

(32) Breslow, R. Science 1982, 218, 532-537.
(33) Breslow, R. Chem. Br 1983, 19.
(34) Breslow, R. Enzyme Models Related to Inclusion Compounds.

In Inclusion Compounds; Atwood, J. L., Davies, J. E., Eds.;
Academic Press: Orlando, FL, 1984; Vol. 3, pp 473-508.

(35) Breslow, R. Artificial Enzymes and Enzyme Models.In Advances
in Enzymology and Related Areas of Molecular Biology; Meister,
A., Ed.; John Wiley & Sons: New York, 1986; Vol. 58, pp 1-60.

(36) Breslow, R. Ann. N.Y. Acad. Sci. 1986, 471, 60.
(37) Breslow, R.; Czarnik, A. W.; Lauer, M.; Leppkes, R.; Winkler,

J.; Zimmerman, S. J. Am. Chem. Soc. 1986, l08, 1969-1978.
(38) Breslow, R. Biomimetic Control of Chemical Selectivity. Proceed-

ings of the XVIII Solvay Conference on Chemistry; Springer-
Verlag: Berlin, 1986.

(39) Breslow, R. Cold Spring Harbor Symp. Quant. Biol. 1987, 52,
75-81.

(40) Breslow, R. New Scientist 1988, 119, 44.
(41) Breslow, R. Proc. Robert A. Welch Found. Conf. Chem. Res. 1988,

31.
(42) Breslow, R. Pure Appl. Chem. 1990, 62, 1859-1866.
(43) Breslow, R.; Anslyn, E.; Huang, D.-L. Tetrahedron 1991, 47,

2365-2376.
(44) Breslow, R. Enzyme Mimics. Ciba Foundation Symposium;

Wiley: Chichester, 1991; Vol. 158, pp 115-127.
(45) Breslow, R. Selective Binding and Catalysis by Cyclodextrins.

Minutes of the Sixth International Symposium on Cyclodextrins;
Editions de Sante: Paris, 1992; pp 625-630.

(46) Breslow, R. Supramol. Chem. 1993, 1, 111-118.
(47) Breslow, R. Pure Appl. Chem. 1994, 66, 1573-1582.
(48) Breslow, R. Recl. Trav. Chim. Pays-Bas 1994, 113, 493-498.
(49) Breslow, R.; Halfon, S.; Zhang, B. Tetrahedron 1995, 51, 377-

388.
(50) Breslow, R. Acc. Chem. Res. 1995, 28, 146-153.
(51) Breslow, R. Studies on Bioorganic Reactions and Mechanisms.;

Organic Reactivity: Physical and Biological Aspects; Golding,
B. T., Griffin, R. J., Maskill, H., Eds.; The Royal Society of
Chemistry: London, 1995; Vol. 148, pp 3-24.

(52) Breslow, R. Supramol. Chem. 1995, 66, 41-47.
(53) Breslow, R. Bifunctional Binding and Catalysis; NATO ASI Ser.,

Ser. E; Kluwer: Dordrecht, The Netherlands, 1996; Vol. 320,
pp 113-135.

(54) Bender, M. L.; Komiyama, M. Cyclodextrin Chemistry;
Springer: Berlin, 1978.

Figure 36. Naphthalene units in 65 acting as antennae
to funnel light energy into the bound merocyanine dye
66.312-314

2008 Chemical Reviews, 1998, Vol. 98, No. 5 Breslow and Dong



(55) Komiyama, M. In Cyclodextrins as Enzyme Models; Atwood, J.
L., Davies, J. E., MacNicol, D. D., Vogtle, F., Eds.; Comprehen-
sive Supramolecular Chemistry; Pergamon: Oxford, U.K., 1996;
Vol. 3, pp 401-421.

(56) Cramer, F. Einschlussverbindungen; Springer-Verlag: Berlin,
1954.

(57) Szejtli, J. Cyclodextrins and their Inclusion Complexes; Aka-
demiai Kiado: Budapest, 1982.

(58) Bender, M. L.; Bergeron, R. J.; Komiyama, M. The Bioorganic
Chemistry of Enzymatic Catalysis; Wiley: New York, 1984.

(59) Tabushi, I.; Kuroda, Y.; Mizutani, T. Tetrahedron 1984, 40, 545.
(60) Tee, O. S. Adv. Phys. Org. Chem. 1994, 29, 1-85.
(61) Murakami, Y.; Kikuchi, J.; Hisaeda, Y.; Hayashida, O. Chem.

Rev. 1996, 96, 721.
(62) Brady, P. A.; Levy, E. G. Chem. Ind. 1995, 18.
(63) Kirby, A. J. Angew. Chem., Int. Ed. Engl. 1994, 33, 551.
(64) Wenz, G. Angew. Chem., Int. Ed. Engl. 1994, 33, 803.
(65) Takahashi, K.; Hattori, K. J. Inclusion Phenom. Mol. Recognit.

Chem. 1994, 17, 1-24.
(66) Breslow, R. Studies on Enzyme Models. Bioinorganic Chemistry;

American Chemical Society: Washington, DC, 1971.
(67) Breslow, R. Attempts to Mimic Enzymes-Report from the Battle

Front. Chemical Reactions in Organic and Inorganic Constrained
Systems; Setton, R., Ed.; D. Reidel Publishing Co.: Dordrecht,
The Netherlands, 1986; pp l7-28.

(68) Breslow, R. Hydrophobic and Antihydrophobic Effects on Organic
Reactions in Aqueous Solution. In Structure and Reactivity in
Aqueous Solution; Cramer, C. J., Truhlar, D. G., Eds.; American
Chemical Society: Washington, DC, 1994; pp 291-302.

(69) Szetli, J. J. Mater. Chem. 1997, 7, 575-583.
(70) Yuan, D. Youji Huaxue 1992, 12, 126-138.
(71) Cramer, F.; Dietsche, W. Chem. Ber. 1959, 92, 1739.
(72) Cramer, F.; Dietsche, W. Chem. Ind. (London) 1958, 892.
(73) Cramer, F. Angew. Chem. 1961, 73, 49.
(74) Heinrich, N.; Cramer, F. J. Am. Chem. Soc. 1965, 87, 1121-

1126.
(75) van Etten, R. L.; Sebastian, J. F.; Clowes, G. A.; Bender, M. L.

J. Am. Chem. Soc. 1967, 89, 3242.
(76) van Etten, R. L.; Clowes, G. A.; Sebastian, J. F.; Bender, M. L.

J. Am. Chem. Soc. 1967, 89, 3253.
(77) Komiyama, M.; Bender, M. L. Bioorg. Chem. 1977, 6, 323.
(78) Komiyama, M.; Hirai, H. Chem. Lett. 1980, 1471.
(79) Luzhkov, V. B.; Venanzi, C. A. J. Phys. Chem. 1995, 99, 2312-

2323.
(80) Thiem, H.-J.; Brandl, M.; Breslow, R. J. Am. Chem. Soc. 1988,

110, 8612-8616.
(81) Breslow, R.; Czarniecki, M. F.; Emert, J.; Hamaguchi, H. J. Am.

Chem. Soc. 1980, 102, 762.
(82) Breslow, R.; Trainor, G.; Ueno, A. J. Am. Chem. Soc. 1983, 105,

2739.
(83) le Noble, W. J.; Sristava, S.; Breslow, R.; Trainor, G. J. Am.

Chem. Soc. 1983, 105, 2745.
(84) Trainor, G.; Breslow, R. J. Am. Chem. Soc. 1981, 103, 154.
(85) Menger, F. M.; Ladika, M. J. Am. Chem. Soc. 1987, 109, 3145.
(86) Breslow, R.; Chung, S. Tetrahedron Lett. 1990, 31, 631-634.
(87) Komiyama, M.; Inoue, S. Bull. Chem. Soc. Jpn. 1980, 53, 3266.
(88) Komiyama, M.; Inoue, S. Chem. Lett. 1979, 1101.
(89) Tee, O. S.; Boyd, M. J. J. Chem. Soc., Perkin Trans. 2 1995,

1237-1243.
(90) Gadosy, T. A.; Tee, O. S. Can. J. Chem. 1996, 74, 745-752.
(91) Fornasier, R.; Scrimin, P.; Tonellato, U. Tetrahedron Lett. 1983,

24, 5541.
(92) Bonora, G. M.; Fornasier, R.; Scrimin, P.; Tonellato, U. J. Chem.

Soc., Perkin Trans. 2 1985, 367.
(93) Fornasier, R.; Reniero, F.; Scrimin, P.; Tonellato, U. J. Chem.

Soc., Perkin Trans. 2 1987, 1121.
(94) Tee, O. S.; Du, X.-x. J. Org. Chem. 1988, 53, 1837-1839.
(95) Tee, O. S.; Hoeven, J. J. J. Am. Chem. Soc. 1989, 111, 8318-

8320.
(96) Tee, O. S.; Mazza, C.; Du, X.-x. J. Org. Chem. 1990, 55, 3603-

3609.
(97) Tee, O. S.; Du, X.-x. J. Am. Chem. Soc. 1992, 114, 620-627.
(98) Ueoka, R.; Matsumoto, Y.; Harada, K.; Akabori, H.; Ihara, Y.;

Kato, Y. J. Am. Chem. Soc. 1992, 114, 8339.
(99) Tee, O. S.; Bozzi, M.; Clement, N.; Gadosy, T. A. J. Org. Chem.

1995, 60, 3509-3517.
(100) Trotta, F.; Moraglio, G.; Rapposelli, A. J. Inclusion Phenom. Mol.

Recognit. Chem. 1995, 20, 353-361.
(101) Tee, O. S.; Gadosy, T. A. J. Chem. Soc., Perkin Trans. 1994,

2307-2311.
(102) Zhang, D.-D.; Huang, N.-J.; Xue, L.; Huang, Y.-M. J. Inclusion

Phenom. 1987, 5, 443.
(103) Gadosy, T. A.; Tee, O. S. J. Chem. Soc., Perkin Trans. 2 1995,

71-76.
(104) Akiyama, M.; Ohmachi, T.; Ihjma, M. J. Chem. Soc., Perkin

Trans. 2 1982, 1511.
(105) Yatsimirsky, A. K.; Bezoudnova, K. Y. Russ. Chem. Bull. 1996,

45, 2517-2524.

(106) Ravichandran, R.; Divakar, S. Indian J. Chem. 1996, 35A, 504-
507.

(107) Ueno, A.; Suzuki, I.; Hino, Y.; Suzuki, A.; Osa, T. Chem. Lett.
1985, 159.

(108) Bertin, P.; Fornasier, R.; Scrimin, P.; Tonellato, U. J. Mol. Catal.
1986, 36, 293.

(109) Beyrich, T.; Jira, T.; Beyer, C. Chirality 1995, 7, 560-564.
(110) Chen, E. T.; Pardue, H. L. Anal. Chem. 1994, 66, 3318-3322.
(111) Gadosy, T. A.; Tee, O. S. J. Chem. Soc., Perkin Trans. 2 1994,

715-721.
(112) Giorgi, J. B.; Tee, O. S. J. Am. Chem. Soc. 1995, 117, 3633-

3634.
(113) Ikeda, H.; Nishikawa, S.; Takaoka, J.; Akiike, T.; Yamamoto,

Y.; Ueno, A.; Toda, F. J. Inclusion Phenom. Mol. Recognit. Chem.
1996, 25, 133-136.

(114) Harada, A.; Furue, M.; Nozakura, S. Macromolecules 1976, 9,
701.

(115) Seo, R.; Kajihara, T.; Iijima, T. Makromol. Chem. 1987, 1295.
(116) Seo, R.; Kajihara, T.; Iijima, T. Makromol. Chem. 1990, 191,

1665.
(117) Palmer, D. R. J.; Buncel, E.; Thatcher, G. R. J. J. Org. Chem.

1994, 59, 5286-5291.
(118) Granados, A.; de Rossi, R. H. J. Am. Chem. Soc. 1995, 117,

3690-3696.
(119) Tutt, D. E.; Schwartz, M. A. J. Am. Chem. Soc. 1971, 93, 767.
(120) Brass, H. J.; Bender, M. L. J. Am. Chem. Soc. 1973, 95, 5391.
(121) Tee, O. S.; Bozzi, M.; Hoeven, J. J.; Gadosy, T. A. J. Am. Chem.

Soc. 1993, 115, 8990-8998.
(122) Deratani, A.; Maraldo, T.; Renard, E. J. Inclusion Phenom. Mol.

Recognit. Chem. 1995, 23, 137-146.
(123) Ueno, A.; Moriwaki, F.; Hino, Y.; Osa, T. J. Chem. Soc., Perkin

Trans. 2 1985, 921.
(124) Ueno, A.; Moriwaki, F.; Osa, T.; Ikeda, T.; Toda, F.; Hattori, K.

Bull. Chem. Soc. Jpn. 1986, 59, 3109.
(125) Tee, O. S.; Gadosy, T. A.; Giorgi, J. B. Can. J. Chem. 1997, 75,

83-91.
(126) Tee, O. S.; Giorgi, J. B. J. Chem. Soc., Perkin Trans. 2 1997,

1013-1018.
(127) Tee, O. S.; Bozzi, M. J. Am. Chem. Soc. 1990, 112, 7815-7816.
(128) Tee, O. S.; Mazza, C.; Lozano-Hemmer, R.; Giorgi, J. B. J. Org.

Chem. 1994, 59, 7602-7608.
(129) Tee, O. S.; Takasaki, B. K. Can. J. Chem. 1985, 63, 3540-3544.
(130) Cramer, F.; Kampe, W. J. Am. Chem. Soc. 1965, 87, 1115.
(131) Hengge, A. C.; Cleland, W. W. J. Org. Chem. 1991, 56, 1972.
(132) van Hooidonk, C.; Breebaart-Hansen, J. C. A. E. Recl. Trav.

Chim. Pays-Bas 1970, 89, 289.
(133) Cabal, J. Collect. Czech. Chem. Commun. 1995, 60, 1162-1169.
(134) van Hooidonk, C.; Groos, C. Recl. Trav. Chim. Pays-Bas 1970,

89, 845.
(135) Hu, C.-C.; Chen, W.-H.; Liu, C.-Y. J. Inclusion Phenom. Mol.

Recognit. Chem. 1996, 23, 289-303.
(136) Breslow, R.; Campbell, P. J. Am. Chem. Soc. 1969, 91, 3085.
(137) Breslow, R.; Campbell, P. Bioorg. Chem. 1971, 1, 140.
(138) Breslow, R.; Kohn, H.; Siegel, B. Tetrahedron Lett. 1976, 1645.
(139) Brown, F. S.; Hager, L. P. J. Am. Chem. Soc. 1967, 89, 719.
(140) Tabushi, I.; Kuroda, Y.; Fujita, K.; Kawakubo, H. Tetrahedron

Lett. 1978, 2083.
(141) Tee, O. S.; Javed, B. C. J. Chem. Soc., Perkin Trans. 2 1994,

23-29.
(142) Hirai, H. Pure Appl. Chem. 1994, A31, 1491-1500.
(143) Asakura, K.; Watanabe, T.; Honda, E.; Osanai, S. Chem. Lett.

1996, 307-308.
(144) Davies, D. M.; Deary, M. E. J. Chem. Soc., Perkin Trans. 1996,

2, 2423-2430.
(145) Tee, O. S.; Bennett, J. M. Can. J. Chem. 1983, 62, 1585-1591.
(146) Tee, O. S.; Bennett, J. M. J. Am. Chem. Soc. 1988, 110, 269-

274.
(147) Tee, O. S.; Bennett, J. M. J. Am. Chem. Soc. 1988, 110, 3226-

3230.
(148) Takasaki, B. K.; Tee, O. S. Can. J. Chem. 1989, 67, 193-197.
(149) Tee, O. S.; Javed, B.; Mikkelsen, S. R. Can. J. Chem. 1990, 68,

2119-2121.
(150) Rideout, D.; Breslow, R. J. Am. Chem. Soc. 1980, 102, 7812.
(151) Schneider, H.-J.; Sangwan, N. K. Angew. Chem. 1987, 99, 924.
(152) Schneider, H.-J.; Sangwan, N. K. J. Chem. Soc., Chem. Commun.

1986, 1787.
(153) Hudlicky, T.; Butora, G.; Fearnley, S. P.; Gum, A. G.; III, P. J.

P.; Stabile, M. R.; Merola, J. S. J. Chem. Soc., Perkin Trans.
1995, 1, 2393-2398.

(154) Alvira, A.; Cativiela, C.; Garcia, J. I.; Mayoral, J. A. Tetrahedron
Lett. 1995, 36, 2129.

(155) Breslow, R. Acc. Chem. Res. 1991, 24, 159-164.
(156) Breslow, R.; Maitra, U.; Rideout, D. Tetrahedron Lett. 1983, 24,

1901.
(157) Breslow, R.; Maitra, U. Tetrahedron Lett. 1984, 25, 1239.
(158) Breslow, R.; Guo, T. J. Am. Chem. Soc. 1988, 110, 5613.
(159) Breslow, R.; Rizzo, C. J. Am. Chem. Soc. 1991, 113, 4340.
(160) Breslow, R.; Zhu, Z. J. Am. Chem. Soc. 1995, 117, 9923.

Biomimetic Reactions Catalyzed by Cyclodextrins Chemical Reviews, 1998, Vol. 98, No. 5 2009



(161) Chung, W.-S.; Wang, J.-Y. J. Chem. Soc., Chem. Commun. 1995,
971.

(162) Chung, W.-S.; Wang, N.-J.; Liu, Y.-D.; Leu, Y.-J.; Chiang, M. Y.
J. Chem. Soc., Perkin Trans. 2 1995, 307-313.

(163) Tian, X. Q.; Holick, M. F. J. Biol. Chem. 1995, 270, 8706-8711.
(164) Sanchez, A. M.; de Rossi, R. H. J. Org. Chem. 1996, 61, 3446-

3451.
(165) Cho, D. W.; Kim, Y. H.; Kang, S. G.; Yoon, M.; Kim, D. J. Chem.

Soc., Faraday Trans. 1996, 92, 29-33.
(166) Emert, J.; Breslow, R. J. Am. Chem. Soc. 1975, 97, 670.
(167) Acquavella, M. F.; Evans, M. E.; Farraher, S. W.; Nevoret, C.

J.; Abelt, C. J. J. Org. Chem. 1994, 59, 2894-2897.
(168) Tabushi, I.; Shimokawa, K.; Shimizu, N.; Shirakata, H.; Fujita,

K. J. Am. Chem. Soc. 1976, 98, 7855.
(169) Nakamura, N.; Ikeda, A.; Ise, N.; Ikeda, T.; Ikeda, H.; Toda, F.;

Ueno, A. J. Chem. Soc., Chem. Commun. 1995, 721-722.
(170) Zhao, S.; Luong, J. H. T. J. Chem. Soc., Chem. Commun. 1995,

663-664.
(171) Yuan, D.; Koga, K.; Yamaguchi, M.; Fujita, K. J. Chem. Soc.,

Chem. Commun. 1996, 1943-1944.
(172) Komiyama, M.; Takeshige, Y. J. Org. Chem. 1989, 54, 4936.
(173) Komiyama, M.; Sawata, S.; Takeshige, Y. J. Am. Chem. Soc.

1992, 114, 1070.
(174) Kunugi, S.; Kawade, T.; Kabata, H.; Nomura, A.; Komiyama,

M. J. Chem. Soc., Perkin Trans. 2 1991, 747.
(175) Sawata, S.; Komiyama, M. J. Phys. Org. Chem. 1992, 5, 502.
(176) Komiyama, M. J. Am. Chem. Soc. 1989, 111, 3046.
(177) Tee, O. S.; Donga, R. A. J. Chem. Soc., Perkin Trans. 1996, 2,

2763-2769.
(178) Tee, O. S.; Iyengar, N. R.; Takasaki, B. K. Can. J. Chem. 1993,

71, 2139-2143.
(179) Li, Y.-M.; Yao, X.-J.; Feng, X.; Wang, X.-M.; Wang, J.-T. J.

Organomet. Chem. 1996, 509, 221-224.
(180) Wang, J.-T.; Feng, X.; Tang, L.-F.; Li, Y.-M. Polyhedron 1996,

15, 2997-2999.
(181) Straub, T. S.; Bender, M. L. J. Am. Chem. Soc. 1972, 94, 8881.
(182) Lehmann, M. N.; Bakker, M. G.; Patel, H.; Partin, M. L.;

Dormady, S. J. J. Inclusion Phenom. Mol. Recognit. Chem. 1995,
23, 99-117.

(183) Jimenez, M. C.; Miranda, M. A.; Tormos, R. Tetrahedron 1995,
51, 2953-2958.

(184) Breslow, R.; Overman, L. E. J. Am. Chem. Soc. 1970, 92, 1075.
(185) Siegel, B.; Pinter, A.; Breslow, R. J. Am. Chem. Soc. 1977, 99,

2309.
(186) Coleman, A. W.; Zhang, P.; Parrot-Lopez, H.; Ling, C.-C.;

Miocque, M.; Mascrier, L. Tetrahedron Lett. 1991, 32, 3997.
(187) Hanessian, S.; Benalil, A.; Laferriere, C. J. Org. Chem. 1995,

60, 4786-4797.
(188) Ueno, A.; Breslow, R. Tetrahedron Lett. 1982, 23, 3451.
(189) Maletic, M.; Wennemers, H.; McDonald, D. Q.; Breslow, R.; Still,

W. C. Angew. Chem., Int. Ed. Engl. 1996, 35, 1490-1492.
(190) Yang, Z.; Breslow, R. Tetrahedron Lett. 1997, 38, 6171-6172.
(191) Mortellaro, M. A.; Hartmann, W. K.; Nocera, D. G. Angew.

Chem., Int. Ed. Engl. 1996, 35, 1945-1946.
(192) Hubbard, B. K.; Beilstein, L. A.; Heath, C. E.; Abelt, C. J. J.

Chem. Soc., Perkin Trans. 1996, 2, 1005-1009.
(193) Martin, K. A.; Mortellaro, M. A.; Sweger, R. W.; Fikes, L. E.;

Winn, D. T.; Clary, S.; Johnson, M. P.; Czarnik, A. W. J. Am.
Chem. Soc. 1995, 117, 10443.

(194) Fikes, L. E.; Winn, D. T.; Sweger, R. W.; Johnson, M. P.; Czarnik,
A. W. J. Am. Chem. Soc. 1992, 114, 1493.

(195) Ikeda, H.; Kojin, R.; Yoon, C.-J.; Ikeda, T.; Toda, F. J. Inclusion
Phenom. Mol. Recognit. Chem. 1989, 7, 117.

(196) Rao, K. R.; Srinivasan, T. N.; Bhanumathi, N.; Sattur, P. B. J.
Chem. Soc., Chem. Commun. 1990, 10.

(197) Yuan, D.; Ohta, K.; Fujita, K. J. Chem. Soc., Chem. Commun.
1996, 821-822.

(198) Akiike, T.; Nagano, Y.; Yamamoto, Y.; Nakamura, A.; Ikeda, H.;
Ueno, A.; Toda, F. Chem. Lett. 1994, 1089-1092.

(199) Bender, M. L. J. Inclusion Phenom. 1984, 2, 433.
(200) D’Souza, V. T.; Hanabusa, K.; O’Leary, T.; Gadwood, R. C.;

Bender, M. L. Biochem. Biophys. Res. Commun. 1985, 129, 727.
(201) Bender, M. L.; D′Souza, V. T.; Lu, X. Tibtech 1986, 132.
(202) D’Souza, V. T.; Bender, M. L. Acc. Chem. Res. 1987, 20, 146.
(203) Komiyama, M.; Breaux, E. J.; Bender, M. L. Bioorg. Chem. 1977,

6, 127.
(204) Breslow, R.; Chung, S. Tetrahedron Lett. 1989, 30, 4353.
(205) Zimmerman, S. Tetrahedron Lett. 1989, 30, 4357.
(206) Ikeda, T.; Kojin, R.; Yoon, C.; Ikeda, H.; Iijima, M.; Toda, F. J.

Inclusion Phenom. 1987, 5, 93-98.
(207) Ikeda, H.; Kojin, R.; Yoon, C.-J.; Ikeda, T.; Toda, F. Chem. Lett.

1987, 1495.
(208) Cramer, F.; Mackensen, G. Angew. Chem. 1966, 78, 641.
(209) Iwakura, Y.; Uno, K.; Toda, F.; Onozuka, S.; Hattori, K.; Bender,

M. L. J. Am. Chem. Soc. 1975, 97, 4432.
(210) Tabushi, I.; Kuroda, Y.; Sakata, Y. Heterocycles 1981, 15, 815.
(211) Ikeda, H.; Kojin, R.; Yoon, C.-J.; Ikeda, T.; Toda, F. Tetrahedron

Lett. 1988, 29, 311.

(212) Akkaya, E. U.; Czarnik, A. W. J. Am. Chem. Soc. 1988, 110,
8553.

(213) Ekberg, B. E.; Anderson, L. I.; Mosbach, K. Carbohydr. Res.
1989, 192, 111.

(214) Beeson, J. C.; Czarnik, A. W. Bioorg., Med. Chem. 1994, 2, 297.
(215) Gruhn, W. B.; Bender, M. L. Bioorg. Chem. 1974, 4432.
(216) Zoh, K. D.; Lee, S. H.; Suh, J. Bioorg. Chem. 1994, 22, 242-

252.
(217) Martel, B.; Morcellet, M. Eur. Polym. J. 1995, 31, 1089-1093.
(218) Tamagaki, S.; Katayama, A.; Maeda, M.; Yamamoto, N.; Tagaki,

W. J. Chem. Soc., Perkin Trans. 2 1994, 507-511.
(219) Reetz, M. T.; Waldvogel, S. R. Angew. Chem. 1997, 109, 870-

873.
(220) Bonchio, M.; Carofiglio, T.; Di Furia, F.; Fornasier, R. J. Org.

Chem. 1995, 60, 5986-5988.
(221) Brown, S. E.; Haskard, C. A.; Easton, C. J.; Lincoln, S. F. J.

Chem. Soc., Faraday Trans. 1995, 91, 1013-1018.
(222) Corradini, R.; Dossena, A.; Impellizeri, G.; Maccarrone, G.;

Marchelli, R.; Rizzarelli, E.; Sartor, G.; Vecchio, G. J. Am. Chem.
Soc. 1994, 116, 10267-10274.

(223) Brown, S. E.; Coates, J. H.; Easton, C. J.; Lincoln, S. F. J. Chem.
Soc., Faraday Trans. 1994, 90, 739-743.

(224) Breslow, R.; Hammond, M.; Lauer, M. J. Am. Chem. Soc. 1980,
102, 421.

(225) Breslow, R.; Canary, J. W.; Varney, M.; Waddell, S. T.; Yang,
D. J. Am. Chem. Soc. 1990, 112, 5212-5219.

(226) Breslow, R.; Czarnik, A. W. J. Am. Chem. Soc. 1983, 105, 1390.
(227) Winkler, J.; Coutouli-Argyropoulou, E.; Leppkes, R.; Breslow,

R. J. Am. Chem. Soc. 1983, 105, 7198.
(228) Zimmerman, S. C.; Czarnik, A. W.; Breslow, R. J. Am. Chem.

Soc. 1983, 105, 1694.
(229) Tabushi, I.; Kuroda, Y.; Yamada, M.; Higashimura, H.; Breslow,

R. J. Am. Chem. Soc. 1985, 107, 5545.
(230) Breslow, R.; Chmielewski, J.; Foley, D.; Johnson, B.; Kumabe,

N.; Varney, M.; Mehra, R. Tetrahedron 1988, 44, 5515-5524.
(231) Weiner, W.; Winkler, J.; Zimmerman, S. C.; Czarnik, A. W.;

Breslow, R. J. Am. Chem. Soc. 1985, 107, 4093.
(232) Breslow, R. J. Am. Chem. Soc. 1957, 79, 1762.
(233) Breslow, R. Chem. Ind. 1957, 893.
(234) Breslow, R. J. Am. Chem. Soc. 1958, 80, 3719.
(235) Breslow, R.; McNelis, E. J. Am. Chem. Soc. 1959, 81, 3080.
(236) Breslow, R.; McNelis, E. J. Am. Chem. Soc. 1960, 82, 2394.
(237) Breslow, R. CIBA Foundation Study Group II; J. A. Churchill

Ltd.: London, 1961; p 65.
(238) Breslow, R. Ann. N.Y. Acad. Sci. 1962, 98, 445.
(239) Breslow, R. Curr. Cont. Phys., Chem. Earth Sci. 1993, 33, 8.
(240) Hilvert, D.; Breslow, R. Bioorg. Chem. 1984, 12, 206.
(241) Breslow, R.; Kool, E. Tetrahedron Lett. 1988, 29, 1635.
(242) Tabushi, I.; Kodera, M. J. Am. Chem. Soc. 1987, 109, 4734.
(243) Ye, H.; Tong, W.; D’Souza, V. T. J. Am. Chem. Soc. 1992, 114,

5470.
(244) Ye, H.; Tong, W.; D’Souza, V. T. J. Chem. Soc., Perkin Trans. 2

1994, 2431.
(245) Yoon, C.-J.; Ikeda, H.; Kojin, R.; Ikeda, T.; Toda, F. J. Chem.

Soc., Chem. Commun. 1986, 1080.
(246) Kojima, M.; Toda, F.; Hattori, K. Tetrahedron Lett. 1980, 21,

2721.
(247) Kojima, M.; Toda, F.; Hattori, K. J. Chem. Soc., Perkin Trans. 1

1981, 1647.
(248) Smith, C. Z.; Utley, J. H. P. J. Chem. Soc., Chem. Commun. 1981,

792.
(249) Breslow, R.; Duggan, P. J.; Light, J. P. J. Am. Chem. Soc. 1992,

114, 3982-3983.
(250) Rezac, M.; Breslow, R. Tetrahedron Lett. 1997, 38, 5763-5766.
(251) Breslow, R.; Doherty, J.; Guillot, G.; Lipsey, C. J. Am. Chem.

Soc. 1978, 100, 3227-3229.
(252) Breslow, R.; Bovy, P.; Hersh, C. L. J. Am. Chem. Soc. 1980, 102,

2115.
(253) Anslyn, E.; Breslow, R. J. Am. Chem. Soc. 1989, 111, 5972-

5973.
(254) Breslow, R. Acc. Chem. Res. 1991, 24, 317-324.
(255) Tabushi, I.; Kuroda, Y.; Mochizuki, A. J. Am. Chem. Soc. 1980,

102, 1152.
(256) Anslyn, E.; Breslow, R. J. Am. Chem. Soc. 1989, 111, 8931-

8932.
(257) Breslow, R. Proc. Natl. Acad. Sci. U.S.A. 1993, 90, 1208-1211.
(258) Breslow, R.; Schmuck, C. J. Am. Chem. Soc. 1996, 118, 6601-

6605.
(259) Breslow, R.; Graff, A. J. Am. Chem. Soc. 1993, 115, 10988-

10989.
(260) Breslow, R. J. Mol. Catal. 1994, 91, 161-174.
(261) Desper, J. M.; Breslow, R. J. Am. Chem. Soc. 1994, 116, 12081-

12082.
(262) Breslow, R.; Desper, J.; Huang, Y. Tetrahedron Lett. 1996, 37,

2541.
(263) Chen, W.; Yuan, D.; Fujita, K. Tetrahedron Lett. 1996, 37, 7651.
(264) Chen, W.-H.; Yuan, D.-Q.; Fujita, K. Tetrahedron Lett. 1997, 38,

4599-4602.

2010 Chemical Reviews, 1998, Vol. 98, No. 5 Breslow and Dong



(265) Cucinotta, V.; D′Alessandro, F.; Impellizzeri, G.; Pappalardo, G.;
Rizzarelli, E.; Vecchio, G. J. Chem. Soc., Chem. Commun. 1991,
293.

(266) Eliseev, A. V.; Yatsimirski, A. K. J. Org. Chem. 1994, 59, 264-
265.

(267) Tagaki, W.; Yano, K.; Yamanaka, K.; Yamamoto, H.; Miyasaka,
T. Tetrahedron Lett. 1990, 31, 3897.

(268) Binder, W. H.; Menger, F. M. Tetrahedron Lett. 1996, 37, 8963-
8966.

(269) Tagaki, W.; Yamamoto, H. Tetrahedron Lett. 1991, 32, 1207.
(270) Yuan, D.; Xie, R.; Zhao, H. Chin. Chem. Lett. 1991, 2, 617-620.
(271) Komiyama, M.; Matsumoto, Y. Chem. Lett. 1989, 719.
(272) Matsui, Y.; Okimoto, A. Bull. Chem. Soc. Jpn. 1978, 51, 3030.
(273) Matsui, Y.; Ogawa, K.; Mikami, S.; Yoshimoto, M.; Mochida, K.

Bull. Chem. Soc. Jpn. 1987, 60, 1219.
(274) Chao, Y. Ph.D. Thesis, Columbia University, 1972.
(275) Breslow, R.; Zhang, B. J. Am. Chem. Soc. 1996, 118, 8495-8496.
(276) Harada, A.; Furue, M.; Nozakura, S.-I. Polym. J. 1980, 12, 29.
(277) Tabushi, I.; Kuroda, Y.; Shimokawa, K. J. Am. Chem. Soc. 1979,

101, 1614.
(278) Fujita, K.; Ejima, S.; Imoto, T. Chem. Lett. 1985, 11.
(279) Fujita, K.; Ejima, S.; Imoto, T. J. Chem. Soc., Chem. Commun.

1984, 1277.
(280) Ishimaru, Y.; Masuda, T.; Iida, T. Tetrahedron Lett. 1997, 38,

3743-3744.
(281) Jiang, T.; Sukumaran, D. K.; Soni, S.-D.; Lawrence, D. S. J. Org.

Chem. 1994, 59, 5149-5155.
(282) Venema, F.; Baselier, C. M.; Dienst, E. v.; Ruel, B. H. M.; Feiters,

M. C.; Engbersen, J. F.; Reinhoudt, D. N.; Nolte, R. J. M.
Tetrahedron Lett. 1994, 35, 1773.

(283) Schneider, H.-J.; Xiao, F. J. Chem. Soc., Perkin Trans. 2 1992,
387.

(284) Venema, F.; Rowan, A. E.; Nolte, R. J. M. J. Am. Chem. Soc.
1996, 118, 257-258.

(285) Breslow, R.; Greenspoon, N.; Guo, T.; Zarzycki, R. J. Am. Chem.
Soc. 1989, 111, 8296-8297.

(286) Breslow, R.; Chung, S. J. Am. Chem. Soc. 1990, 112, 9659-9660.
(287) Venema, F.; Basilier, C. M.; Feiters, M. C.; Nolte, R. J. M.

Tetrahedron Lett. 1994, 35, 8661.
(288) Wang, Y.; Ueno, A.; Toda, F. Chem. Lett 1994, 167.
(289) Jiang, T.; Li, M.; Lawrence, D. S. J. Org. Chem. 1995, 60, 7293-

7297.
(290) Breslow, R.; Zhang, X.; Xu, R.; Maletic, M.; Merger, R. J. Am.

Chem. Soc. 1996, 118, 11678-11679.

(291) Breslow, R.; Zhang, B. J. Am. Chem. Soc. 1992, 114, 5882-5883.
(292) Breslow, R.; Zhang, B. J. Am. Chem. Soc. 1994, 116, 7893-7894.
(293) Zhang, B.; Breslow, R. J. Am. Chem. Soc. 1997, 119, 1676-1681.
(294) Breslow, R.; Winnik, M. A. J. Am. Chem. Soc. 1969, 91, 3083.
(295) Breslow, R.; Baldwin, S. W. J. Am. Chem. Soc. 1970, 92, 732.
(296) Breslow, R.; Scholl, P. C. J. Am. Chem. Soc. 1971, 93, 2331.
(297) Breslow, R.; Kalicky, P. J. Am. Chem. Soc. 1971, 93, 3540.
(298) Breslow, R.; Dale, J. A.; Kalicky, P.; Liu, S. Y.; Washburn, W.

N. J. Am. Chem. Soc. 1972, 94, 3276.
(299) Grieco, P. A.; Stuk, T. L. J. Am. Chem. Soc. 1990, 112, 7799.
(300) Kaufman, M. D.; Grieco, P. A.; Bougie, D. W. J. Am. Chem. Soc.

1987, 109, 5045.
(301) Stuk, T. L.; Grieco, P. A.; Marsh, M. M. J. Org. Chem. 1991, 56,

2957.
(302) Breslow, R. Chemtracts Org. Chem. 1988, 1, 333-348.
(303) Breslow, R. Oxidation by Remote Functionalization Methods. In

Comprehensive Organic Synthesis; Trost, B. M., Ed.; Pergamon
Press: Oxford, U.K., 1991; Vol. 7, pp 39-52.

(304) Breslow, R.; Zhang, X.; Huang, Y. J. Am. Chem. Soc. 1997, 119,
4535-4536.

(305) Huang, Y. Unpublished work.
(306) Breslow, R.; Huang, Y.; Zhang, X.; Yang, J. Proc. Natl. Acad.

Sci. U.S.A. 1997, 94, 11156-11158.
(307) Kuroda, Y.; Hiroshige, T.; Sera, T.; Shiroiwa, Y.; Tanaka, H.;

Ogoshi, H. J. Am. Chem. Soc. 1989, 111, 1912.
(308) Kuroda, Y.; Hiroshige, T.; Sera, T.; Ogoshi, H. Carbohydr. Res.

1989, 192, 347.
(309) Kuroda, Y.; Hiroshige, T.; Ogoshi, H. J. Chem. Soc., Chem.

Commun. 1990, 1594.
(310) Kuroda, Y.; Egawa, Y.; Seshimo, H.; Ogoshi, H. Chem. Lett. 1994,

2361.
(311) Rozema, D.; Gellman, S. H. J. Am. Chem. Soc. 1995, 117, 2373.
(312) Jullien, L.; Canceill, J.; Valeur, B.; Bardez, E.; Lehn, J.-M.

Angew. Chem., Int. Ed. Engl. 1994, 33, 2438.
(313) Wang, P. F.; Jullien, L.; Valeur, B.; Filhol, J.-S.; Lehn, J.-M.

New J. Chem. 1996, 20, 895.
(314) Jullien, L.; Canceill, J.; Valeur, B.; Bardez, E.; Lefevre, J.-P.;

Lehn, J.-M.; Marchi-Artzner, V.; Pansu, R. J. Am. Chem. Soc.
1996, 118, 5432-5442.

(315) Gravett, D. M.; Guillet, J. E. J. Am. Chem. Soc. 1993, 115, 5970.
(316) Nowakowska, M.; Loukine, N.; Gravett, D. M.; Burke, N. A. D.;

Guillet, J. E. J. Am. Chem. Soc. 1997, 119, 4364-4368.

CR970011J

Biomimetic Reactions Catalyzed by Cyclodextrins Chemical Reviews, 1998, Vol. 98, No. 5 2011




