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1. Introduction
The modification of cyclodextrins offers both enor-

mous opportunities and challenges for chemists.
Opportunities are provided by the fact that, through
modifications, cyclodextrins can provide exquisite
molecules that can be invaluable in investigations at
the frontiers of chemistry ranging from enzyme-like
catalytic activity1 and antibody-like binding2 to aes-
thetically pleasing molecules. Challenges are pro-
vided by the presence of the hydrophobic cavity and
a large number of hydroxyl groups.3 Hydroxyl groups

present at the 2-, 3-, and 6-positions compete for the
reagent and make selective modification extremely
difficult. The hydrophobic cavity often has a ten-
dency to interfere with the well laid out plan of a
chemist by complexing with the reagent to direct its
activity to an unexpected place.4

Cyclodextrins, in their native state, are rigid
molecules and offer limited utility in terms of size,
shape, and availability of chemically useful functional
groups. Cyclodextrins have thus been called struc-
tural and functional straightjackets.5 It is a credit
to those who have catapulted these unusual mol-
ecules to such prominence despite their limitations.
It is mind boggling to think of the progress that could
be made if cyclodextrins of any size, shape, and most
importantly containing any functional groups were
available. The best method to provide such a facility
is to selectively convert the hydroxyl groups to other
desired functionalities. The three types of hydroxyl
groups available on two different sides of cyclodextrin
make the challenge of selective conversion a daunting
task. Several chemists who have not been satisfied
with what nature has provided with cyclodextrins
and who have wanted more from them have chipped
away at this monumental task. It is to the credit of
these people that a variety of new cyclodextrins are
now available.6-8

Cyclodextrins are modified for a variety of reasons
ranging from achieving solubility in a desired solvent
to investigating the mechanisms of enzyme-catalyzed
reactions. The strategy for modification depends on
the purpose of the final product. For example, if a
highly water soluble cyclodextrin is desired for ap-
plication in a drug formulation, then a random
conversion of hydroxyl groups to sulfate groups can
be easily achieved and the product will have the
desired solubility in water.9,10 Similarly, if a cyclo-
dextrin with a high solubility in organic solvents is
desired, one can easily convert the hydroxyl groups
to silyl ethers in a random fashion.11 This product
will be highly soluble in organic solvents and can be
used to disperse indicator dyes which would other-
wise tend to aggregate. However, in both these cases,
the final product is not homogeneous and cannot be
subjected to rigorous characterization like elemental
analysis. On the other hand, if an enzyme mecha-
nism is to be investigated using cyclodextrin deriva-
tives, then this compound needs to be homogeneous
with a structure that is well characterized. The
number of substituents, the exact position that they
are attached to, and all the stereochemical changes† E-mail: vally@umsl.edu.
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that have taken place during its synthesis have to
be established before the mechanistic information
about the artificial enzyme can be reliably derived.

1.1. Scope of This Review
In this review, we present a systematic analysis of

methods that are available for modification of cyclo-
dextrins. The focus is on methods for transformation
where the number and the exact positions of modi-
fications are ascertained and pure compounds with
unambiguous structures are obtained. In cases
where the products have unusual and interesting
properties, these attributes are mentioned. We have
not attempted to cite every cyclodextrin derivative
that has been made. This has already been achieved
in an excellent and recent review.12 We have also
not included modified cyclodextrins obtained by

purely synthetic routes, i.e., strategies to obtain these
molecules from appropriately derivatized monosac-
charides rather than cyclodextrins. A recent review
describes strategies for the preparation of synthetic
cyclic oligosacharides.7

1.2. An Overview of Methods for Modification of
Cyclodextrins

Methods for selective modification of cyclodextrin
can be divided into three categories: (1) the “clever”
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method, where the chemistry of cyclodextrin is
exploited to get the desired product by the shortest
route; (2) the “long” method, where a series of
protection and deprotection steps have taken place
in order to selectively reach the positions which
would otherwise not be selectively accessible; (3) the
“sledgehammer” method, where cyclodextrin is in-
discriminately reacted to give a mixture of products
and then the desired product is painstakingly sepa-
rated out from other isomers and homologues by
chromatographic methods.

An example from the first category is the synthesis
of 2-tosyl-â-cyclodextrin by reacting cyclodextrin with
m-nitrophenyl tosylate.4 In this synthesis, the com-
plexation property of cyclodextrin is taken advantage
of to direct the tosyl group to the secondary side. This
avoids the natural tendency of cyclodextrin to react
on its primary side and predominantly gives cyclo-
dextrins substituted at the 2-position. An example
of the second category is the alkylation of the primary
side, which is outlined in Figure 5 (steps I-III, VII,
and VI).13 This involves in sequence (1) protection
of the primary side with silyl groups, (2) protection
of the secondary side with acetyl groups, (3) desily-
lation of the primary side, (4) reaction of the primary
hydroxyl group with an appropriate alkyl halide, and
finally (5) deprotection of the secondary side to give
the desired product. In this strategy, each reaction
is carefully chosen to give a high yield and the
product should be easily separable and purifiable;
however, the overall yield of the final product is often
very small. An example of the third category is
ditosylation of the secondary side of cyclodextrin.14

In this case, tosyl chloride is reacted with cyclodex-
trin to give a mixture of products. This mixture is
separated using reverse phase HPLC. Given the
choice between three categories, one would always
choose the first strategy because it is most productive
and least painful; however, a method in the first
category is not always available when a modified
cyclodextrin of a specific structure is needed.

1.3. Chemistry Involved in Methods for
Modification of Cyclodextrins

It is important to understand the various chemical
factors that are involved in these methods for modi-
fication of cyclodextrins to fully appreciate and be
able to apply them for syntheses that have not yet

been attempted. The glucopyranose ring contains
secondary hydroxyl groups at the 2- and 3-positions
and primary hydroxyl groups at the 6-positions. The
whole molecule assumes a rigid structure because of
the formation of a belt of intramolecular hydrogen
bonds between hydroxyl groups at the 2- and 3-posi-
tions of adjacent glucose units. The rotation of the
secondary hydroxyl groups is thus restricted, whereas
rotation of the primary hydroxyl groups is free, thus
reducing the effective diameter of the cavity on the
primary side of the molecule.1 The presence of the
hydroxyl groups makes the upper and lower end of
the molecule hydrophilic. The cavity of cyclodextrins
is rendered hydrophobic because of the presence of
glycosidic oxygens and C-H units. The inner diam-
eter of the cavity on the secondary side varies from
5.7 to 9.5 Å as the number of glucose units increases
from 6 (in R-CD) to 8 (in γ-CD).3

Two primary factors need to be considered in the
chemistry of cyclodextrins for their modification, the
nucleophilicity of the hydroxyl groups and the ability
of cyclodextrins to form complexes with the reagents
used. All modifications of cyclodextrins take place
at the hydroxyl groups. Since hydroxyl groups are
nucleophilic in nature, the initial reaction, which
directs the regioselectivity and the extent of modifi-
cation (mono, di, tri, etc.) of all subsequent reactions,
is an electrophilic attack on these positions.

Of the three types of hydroxyl groups present in
cyclodextrins, those at the 6-position are the most
basic (and often most nucleophilic), those at the
2-position are the most acidic, and those at the
3-position are the most inaccessible.15,16 Thus, under
normal circumstances, an electrophilic reagent at-
tacks the 6-position (I in Figure 1). It is important
to recognize that more reactive reagents will attack
the hydroxyl groups less selectively. Thus, more
reactive reagents will not only react with hydroxyl
groups at the 6-positions but also with those on the
secondary side; whereas, less reactive reagents will
react more selectively with the 6-position hydroxyl
groups. An example of this is that the less reactive
reagent tert-butyldimethylsilyl chloride (TBDMSCl)
will react selectively with hydroxyl groups at the
6-positions,17 while the more reactive reagent trim-
ethylsilyl chloride (TMSCl) will react with all the
hydroxyl groups indiscriminately.18

Since the hydroxyl groups at the 2-position are the
most acidic, they will be the first to get deproto-

Figure 1. Overview of the methods for modification of cyclodextrins.

Selective Modifications of Cyclodextrins Chemical Reviews, 1998, Vol. 98, No. 5 1979



nated.19 The oxyanion thus formed is more nucleo-
philic than the nondeprotonated hydroxyl groups at
the 6-position (II in Figure 1). However, this situa-
tion is complicated by proton transfers between these
two positions which can lead to a product mixture
consisting of modifications at the 2- as well as the
6-positions. The effect of solvents or the strength of
the electrophiles in these proton transfers has not
been investigated. In practice, we have observed that
addition of the electrophilic reagent as a solid in one
portion reduces the amount of the latter product.

An interesting factor affecting the chemistry of the
hydroxyl groups is provided by the ability of cyclo-
dextrins to form complexes (III in Figure 1). If the
electrophilic reagent forms a complex with cyclodex-
trin, then the orientation of the reagent within the
complex introduces an additional factor in determin-
ing the nature of the product.4 If the complex formed
is very strong, then the predominant product formed
will be dictated by the orientation of the reagent
within the complex. On the other hand, if the
complex is weak, then the product formation will be
directed by the relative nucleophilicities of the hy-
droxyl groups. It is also important to note that
solvents play an important role in determining the
strength and the orientation of the complex between
the reagent and cyclodextrin. Thus, tosyl chloride
reacts with R-cyclodextrin in pyridine to give the
6-tosylated product, whereas, in aqueous base, it
gives the 2-tosylated product.20 The size of the
cyclodextrin cavity also has a pronounced effect on
the strength and the orientation of the complex and
affects the product of the reaction. For example, in
aqueous solutions, tosyl chloride reacts with R-cyclo-
dextrin to give the 2-substituted product; whereas
with â-cyclodextrin, it gives the 6-substituted prod-
uct.21 Even the most inaccessible hydroxyl groups

at the 3-position can be modified using this property
of cyclodextrin. For example, naphthalenesulfonyl
chloride reacts with â-cyclodextrin to give the 3-sub-
stituted product.22 However, methods to design
reagents which can bind cyclodextrins with a specific
orientation to give substitution at a specific hydroxyl
group have not yet been well developed. With
advances in computational chemistry, one hopes that
a day will come when we will be able to direct
reagents to specific parts of cyclodextrin by using its
ability to bind these reagents.

A strategy used to avoid complications due to
binding of the reagent into the cavity of cyclodextrin,
and thus give products which are not expected by
their normal nucleophilicity, is to protect the hy-
droxyl groups and direct the incoming reagent ex-
clusively to the other open hydroxyl groups. For
example, if one protects the 2-position of cyclodextrin,
one can direct the incoming electrophile to the
6-position (IV in Figure 1). A specific example of this
is peralkylation of the primary side of cyclodextrin
in which the secondary side is first protected by
esterification and then the primary side is reacted
with alkyl halides.17 Similarly, protection of the
primary side enables one to direct the incoming
electrophile exclusively to hydroxyl group at the
2-positions (V in Figure 1). Pertosylation of this side
has been achieved using this strategy,23 and TBDMS
is the most popular protecting group since it is easy
to attach and easy to remove.17,24 However, cyclo-
dextrins have shown a propensity to circumvent even
this apparently foolproof strategy. This has been
demonstrated in the reaction of the electrophile
N-methyl-4-(chloromethyl)-2-nitroaniline with 6-pro-
tected â-cyclodextrin which directed the electrophile
to the 3-position instead of the expected 2-position.25

This could probably form a strategy to access the

Figure 2. Possible positional isomers of di- and trimodified R- and â-cyclodextrins.
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usually inaccessible hydroxyl groups at the 3-posi-
tion. Thus, if a cyclodextrin modified at the 3-posi-
tion is needed and if it cannot be obtained by the
reaction of the electrophile with cyclodextrin, then
one could add suitable protecting groups at the
6-position to see if the electrophile can be directed
toward the 3-position. Since a coherent strategy for
directing incoming electrophiles by taking advantage
of the complex forming ability of cyclodextrins has
not been developed, such generalizations cannot yet
be made.

In this review, mono-, di-, tri-, and permodifications
refers to modification at respectively one, two, three,
and all hydroxyl groups at one site (either the 2-, 3-,
or 6-positions) of cyclodextrins. Higher modifications
of cyclodextrins are not well documented in the
literature. It is important to note that of the four
types of modifications mentioned above, only di- and
trimodifications give positional isomers. As shown
in Figure 2, both R- and â-cyclodextrins give three
(AB, AC, and AD) disubstituted isomers. On the
other hand, R- and â-cyclodextrins have respectively
four (ABC, ABD, ABE, and ACE) and five (ABC, ABD
ABE, ABF, and ACE) trisubstituted positional iso-
mers. We now analyze the literature in of terms
methods of modifications of cyclodextrins at specific
sites resulting in a known degree of modification.

2. Primary Face Modification
Since primary hydroxyl groups are more nucleo-

philic than their secondary counterparts, they are
easily modified into other functional groups. Selec-
tive permodification of all the primary hydroxyl
groups is relatively easier than mono-, di-, or trisub-
stitution because symmetrical substitution is achieved
when the reaction is allowed to run for a longer time
with appropriate amounts of reagents. Regioisom-
erism further complicates this situation when selec-
tive di- or trisubstituted cyclodextrins are to be
prepared. Usually these products require chromato-
graphic purifications.

Strong electrophiles such as alkyl,26 phosphoryl,27

silyl,17 sulfonyl,4,20 or carboxylic acid chlorides18 react
with hydroxyl groups of cyclodextrin to produce an
alkylated, silylated, sulfonated, or acetylated product
along with an acid which is neutralized by using a
basic solvent or a weak base. The reason for the use
of a base or basic solvent is that cyclodextrins are
stable under basic conditions whereas they decom-
pose in the presence of a strong acid.28,29 All these
reagents are very reactive and attack the hydroxyl
groups of cyclodextrins indiscriminately producing
mono-, di-, or trisubstituted products. Increasing the
size of these reagents is not helpful in controlling the
selectivity; even a bulky group like trityl is not
selective and gives a mixture of products which
requires chromatographic treatment.30-32 The most
popular reagent for producing primary side modified
cyclodextrins, TBDMSCl, under optimal conditions
gives 90% of the major product which can be easily
separated out by flash column chromatography or by
recrystallization.33 There are several reports where
investigators have used the “long” method to obtain
pure samples of 6-substituted cyclodextrin. This is

achieved in one case by first blocking the 6-position
using the tert-butyldimethylsilyl (TBDMS) group and
then acetylating the remaining hydroxyl groups.13

The product is desilylated and glycosylated on the
primary side and then deacetylated to obtain mono-
6-glycosylcyclodextrin.13

Among all the substituents, the sulfonyl group acts
as a good leaving group and can be displaced by
nucleophiles to synthesize useful derivatives. 6-Sul-
fonates serve as precursors for the preparation of the
6-deoxycyclodextrin compounds. A large number of
nucleophiles attack the carbon atom at the 6-position
in these sulfonates to give the corresponding modified
cyclodextrins. However, alkaline bases cannot be
used as nucleophiles due to the elimination reaction
which result in a 3,6-anhydro product as shown in
Figure 4.34

2.1. Monosubstitution at the 6-Position of
Cyclodextrins

The most popular method for monomodifications
at the 6-position of cyclodextrins is by a nucleophilic
attack of a reagent containing the appropriate group
on mono-6-sulfonylcyclodextrin (II in Figure 3). These
monosulfonates are prepared by reacting 1 equiv of
benzene or p-toluenesulfonyl chloride with cyclodex-
trin in pyridine or DMF containing a base (I in Figure
3). Monotosylation of cyclodextrin is often a nonse-
lective process and produces a mixture of primary as
well as secondary side tosylated products along with
di- or tritosylated derivatives. Thus, depending on
the desired purity of the final product, it requires
extensive purification. The yield of the final product
is often reduced because the tosylate can undergo an
exchange by chloride ions or an elimination process
to give either the 3,6-anhydro compound or an
alkene. Pyridine, a non-user-friendly solvent of
choice for this reaction, forms a pyridinium complex
with the cavity and complicates the workup process.
However, the major advantage of this solvent is its
ability to direct the reaction to the 6-position as
compared to DMF where sulfonation occurs on both
faces of cyclodextrin. Despite all these problems and
drawbacks, monotosylates have been extensively
investigated6,30,35 and improvements in their prepara-
tion have been reported.36 The method of choice37 for
the synthesis of monotosylcyclodextrin is to react
cyclodextrin with tosyl chloride in 1:1 equivalent ratio
in aqueous alkaline medium for a short time to give
the mono-6-tosylate in fairly good yield. The product
is obtained in a reasonable purity either by repeated
crystallization from water or by chromatography on
a charcoal column.37 In some cases, the complex-
formation property of cyclodextrin has been used to
direct the reagent to the primary side. For example,
reaction of tosyl chloride with â-cyclodextrin in basic
aqueous medium to give monosulfonation on the
primary side has been attributed to the formation of
a complex prior to the reaction.21

6-Tosylcyclodextrins are important precursors for
a variety of modified cyclodextrins because a nucleo-
phile can attack the electrophilic carbon atom at the
6-position to produce a corresponding functionality
(II in Figure 3). A nucleophilic displacement of the
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tosyl group by suitable nucleophiles such as iodide,
azide, thioacetate, hydroxylamine, alkyl, or poly-
(alkylamines) affords38 monoiodo-,39 azido-,30,40

thio-,41,42 (hydroxylamino)-,43 or (alkylamino)cyclo-
dextrins.35,44 This strategy is also used in the syn-
thesis of artificial enzymes where only one functional
group which act as a catalyst is attached to the
6-position of cyclodextrins.45,46 This is achieved by
reacting a nucleophile containing the catalytic group
with the 6-tosylated cyclodextrin to give the artificial
enzyme. Artificial enzymes based on cyclodextrin are
discussed in another paper in this issue.47

A variety of other derivatives have been prepared
by displacing the tosyl group from the 6-position of
cyclodextrin. A bulky group like 4-N-(tert-butoxy-
carbonyl)-2-ethylimidazolyl has been connected to
cyclodextrin and characterized by X-ray diffraction.48

Various derivatives such as seleno-, p-picolinyl-,
(chloroanilino)-, and ((aminoethyl)amino)cyclodex-
trins49 have been synthesized to assess their com-
plexation and thermodynamic behavior. Monotolu-
idinyl or (alkylamino)cyclodextrins can recognize the
size, shape, and chirality of amino acids with good
enantioselectivity.50 (Alkylbipyridino)cyclodextrins
enhance the dimerization of viologen radicals as
compared to methylalkyl viologens.51 The mono-
(hydroxylamine) derivative of cyclodextrin obtained
from the monotosylate shows a 1900-fold increase in
trans-acylating behavior as compared to unmodified
cyclodextrin.52

Monothio derivatives are synthesized from mono-
tosylates or monoiodocyclodextrins and the respective
alkanethiolate ion (II in Figure 3). A variety of
mercaptocyclodextrin derivatives have been obtained
from monotosylated cyclodextrins and have been used
to study immobilized films on a gold surface.53 The
direct synthesis of monothiocyclodextrins with aro-

matic thiol and unprotected cyclodextrin in DMF or
pyridine is performed by a thio-Mitsunobu reaction.
This reaction gives a mixture mono-, di-, and trisub-
stituted products which are purified by chromatog-
raphy.54

Monoamino derivatives of cyclodextrin have made
important contributions in this area. These are
conveniently obtained from monoazides of cyclodex-
trin by reduction with triphenylphosphine in the
presence of aqueous ammonia (VII in Figure 3).55

Monoazides of cyclodextrin are indirectly obtained by
heating the monotosylate with sodium or lithium
azide salt in DMF (IV in Figure 3).30 A direct
approach to make mono-azides is through Vilsmeier-
Haack type reactions in which cyclodextrins are
heated with sodium azide containing triphenylphos-
phine in DMF (V in Figure 3).55 Monoamines show
greater solubility and react with isocyanate without
a need to protect the primary hydroxyl groups to
produce isothiocyanatocyclodextrins.56 The amide
formed by reaction with acrylolyl chloride undergoes
1,3-cycloadditions with nitrile oxides with reversed
regioselectivity relative to other terminal alkenes.57

Monoamines are invaluable in attaching desired
groups to the primary side of cyclodextrins via
carbodiimide (DCC) coupling technology (VIII in
Figure 3). This strategy has been used to connect
various sugar units such as â-D-glucose, â-D-galac-
tose, R-D-mannose, and â-D- and L-fructose to cyclo-
dextrins through alkyl chains. These compounds
have been used to investigate their antennae ef-
fects.58 Monoamines condense with D- or D-N-dan-
sylleucine in DMF containing DCC and 1-hydroxy-
benzotriazole at room temperature to form D- or
L-mono-6-(N-dansylleucylamino)-6-deoxy-â-cyclodex-
trin in 50% yield.59

Figure 3. Overview of methods for monosubstitution at the 6-position of cyclodextrins.
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Monoaldehydic cyclodextrins are an important
class of derivatives because they provide a route for
further modifications. The monoaldehyde has been
synthesized by oxidizing 6-tosyl-â-cyclodextrin using
DMSO (VI in Figure 3).37,60,61 However, the monoal-
dehyde can be synthesized directly by reacting cy-
clodextrins with Dess-Martin periodinane (DMP) in
85-100% yield (IX in Figure 3).62-64 This process
avoids complications in the synthesis of monotosyl-
cyclodextrin mentioned earlier. Oxidation of the
monoaldehyde leads to the corresponding carboxylic
acid (X in Figure 3).61 Hydroxylamine or hydrazine
reacts with the monoaldehyde to produce a mo-
nooxime or a monohydrazone derivatives (XI in
Figure 3).61

Alkyl ethers of cyclodextrins cannot be synthesized
from tosylates because nucleophiles in this case
(alkoxide ions) act as strong bases which pick up
protons from hydroxyl groups at the 3-position and
produce the 3,6-anhydro compound by ring inversion
as shown in Figure 4.34 Alkyl ethers of â-CD are
obtained by the “long” method in which the primary
side is first protected by TBDMS (I in Figure 5). This
is followed by permethylation of the secondary face
(both 2- and 3-positions) (II in Figure 5, R2 ) CH3),
desilylation of the primary side, and then monoto-
sylation of the primary side (III and IV in Figure 5).
The reaction of an alkoxide ion with this protected
tosylate gives the desired alkyl ether on the primary

side without the formation of the 3,6-anhydro deriva-
tive (V in Figure 5).34 The main problem with this
approach is that methyl groups on the secondary side
cannot be easily removed. This limitation can be
overcome by using acetyl groups to protect the
secondary side which can be subsequently hydrolyzed
(II in Figure 5, R2 ) Ac). An example of this is the
synthesis of mono-6-O-R-D-glycopyranosyl-R-cyclo-
dextrin which is obtained from 2,3-acetylated cyclo-
dextrin and tetra-O-benzyl-R-D-glycopyranosyl bro-
mide in methylene chloride containing tetraethyl-
ammonium bromide.17 The ester groups on the
secondary side are hydrolyzed under aqueous alka-
line conditions to afford the final product. This “long”
method has been made shorter by directly protecting
the secondary side using TBDMSCl without first
protecting the primary side (VIII in Figure 4). This
protection strategy takes advantage of the acidity of
the hydroxyl groups at the 2-position to selectively
deprotonate them. This increases their nucleophi-
licity and reactivity toward TBDMSCl as compared
to that of the hydroxyl groups on the primary side.
The secondary side protected cyclodextrin can now
be exploited for selective alkylation on the primary
face (IX in Figure 4, R3 ) benzyl).65 The advantage
of this approach is that the protecting group TBDMS
is easily removed under mild conditions once the
desired modifications on the primary side are com-
pleted (X in Figure 4).

A direct approach for alkylation involves treating
aqueous alkaline solutions of cyclodextrins with alkyl
halides to afford a mixture of products which are
separated by chromatographic means.26,66,67 Hydrox-
ypropylation is an example of a random reaction
which results in a mixture of O-2, O-3, and O-6
derivatives. This substitution can be controlled by
the concentration of alkali used during the reaction.68

Other examples of direct alkylation are mono(dicy-
anoanthracene) derivatives which have been synthe-
sized to improve the binding properties of cyclodex-
trins.69 Another direct approach for monoalkylation
is the pyrolysis of solid complexes of cyclodextrins-
aromatic diazo compounds via insertion of carbene
into hydroxyl groups. The mixture of 2-, 3-, and 6-O-
isomers formed are separated by HPLC to give the

Figure 4. Conversion of a 6-substituted cyclodextrin to a
3,6-anhydrocyclodextrin.

Figure 5. Strategies for monoalkylation of the primary side of cyclodextrins.
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desired monoalkylcyclodextrin derivative.70

Recently, some cyclodextrins dimers using the
primary sides have shown extraordinary binding
properties as strong as those of antibodies.71-73 Other
dimeric cyclodextrins show interesting properties
such as preferential binding of nonlinear substrates.74

The simplest of these are synthesized75 by air oxida-
tion of 6-deoxy-6-mercaptocyclodextrins to corre-
sponding disulfide dimers. Other dimers are pre-
pared by reduction of this mono(disulfide) and
condensation with isomeric monothiocyclodextrins.2
The ethylenediamine-cyclodextrin dimer is synthe-
sized reacting ethylenediamine with monotosylcyclo-
dextrin stepwise to attach a cyclodextrin moiety to
each end of a ethylenediamine molecule.76 Similar
dimers are also made by heating capped (disul-
fonated) cyclodextrins with ethylenediamine in two
steps.77 Dimerization of monoazidocyclodextrins can
be achieved (up to 91% yield) by linking two units
through urea in DMF.78,79 Symmetrically and un-
symmetrically dimerized R- and â-cyclodextrins are
synthesized by reacting 3- and 6-aminocyclodextrins
with dicarboxy acid esters.80 In an interesting ex-
ample, aminocyclodextrin is connected to histidine
in the presence of dicyclohexylcarbodiimide (DCC) in
DMF. This is further coupled to 6-((carboxymethyl)-
thio)-6-cyclodextrin (obtained from the reaction of
cyclodextrin iodide with sodium sulfidoacetate) in the
presence of DCC to give a cyclodextrin dimer in which
an imidazole is appended to the linker. This com-
pound shows a greater rate of hydrolysis and sub-
strate specificity for certain types of phenyl esters
as compared to cyclodextrins.81 Cyclodextrin dimers
and their properties are discussed in another article
in this issue.47

2.2. Disubstitution at the 6-Position of
Cyclodextrins

Disubstituted cyclodextrins are obtained by using
more than 1 equiv of reagent with cyclodextrin under
suitable conditions to give a mixture of products. It
is a cumbersome process due to the formation of
positional and regioisomers which requires extensive
purification by HPLC. Statistical calculations sug-
gest that disubstitution can produce 33 regioisomers

in the case of â-cyclodextrins,82 which indicates the
enormous complexity of this process. Use of an
oversized reagent like mesitylenesulfonyl chloride is
not effective in limiting the number of substitutions
on the primary face to two or three.83,84 As in
sulfonation reactions in general,85 these can also be
plagued by substitutions on the secondary side and
exchange (of the sulfonates) with chloride ions present
in the medium to further lower the yield of a final
product. Toluenesulfonyl84,86-89 or mesitylenesulfo-
nyl83,90,91 chlorides react with R-, â-, or γ-cyclodextrin
in pyridine and generate a mixture of bis(sulfonates)
in a low yield which are separated by HPLC. Reac-
tion of tosyl chloride with cyclodextrins is reported
to give a mixture of di-O-6,86 di-O-2,14,22 or di-O-392

derivatives along with other products. These are
separated by reverse-phase column chromatography
to give the desired disubstituted products. Despite
all these difficulties, a variety of disulfonates are
reported in the literature.6

A particularly efficient method to obtain disubsti-
tuted sulfonates of cyclodextrins is by reaction of
arenedisulfonyl chlorides with cyclodextrins to give
AB, AC, and AD isomers.93-95 Although these dis-
ulfonyl chlorides give a mixture of regioisomers, they
show distinct regiospecificity based on their struc-
tures. An elegant method to control the regiospeci-
ficity to produce AB, AC, or AD isomers by the use
of the geometry of the reagents has been described.96

For example, as shown in Figure 6, trans-stilbene-
and biphenyl-based capping reagents preferentially
give AD isomers,96,97 benzophenone-based reagents
give AC isomers, and 1,3-benzenedisulfonyl chlo-
rides87 (especially the electron-rich 4,6-dimethoxy-
benzene-1,3-disulfonyl chloride98) gives the AB iso-
mer. Anthraquinone-2,6-disulfonyl chloride gives AC
and AD isomers in low yield after purification by
HPLC.99 Bis(9,10-dicyanoanthracenesulfonyl chlo-
ride) produces two isomers (AD and AC) in a ratio of
3:1, showing some degree of selectivity.100

γ-Cyclodextrin produces 4 regioisomers (AB, AC,
AD, and AE) when treated with 2-naphthylsulfonyl
chloride in pyridine which are then separated by
HPLC. These are converted to bis(2-anthracenyl-9-
carbonyl)-γ-cyclodextrins by reacting with anthracene
carboxylate in DMSO.101

Figure 6. Use of the geometry of reagents to direct the regiospecificity in disubstitution of cyclodextrins.
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Disulfonated cyclodextrins are important interme-
diates in the synthesis of disubstituted cyclodextrins.
The strategy is to displace the ditosylates with
nucleophiles in a manner similar to reactions of
monotosylates (II in Figure 3). It is important to note
that the positional isomerism (AB, AC, and AD) of
the ditosylate is retained in these disubstituted
derivatives. A variety of bifunctional cyclodextrins
such as thio, amino, alkylamino, azido, etc.,93,102 are
obtained from disulfonated derivatives and respective
reagents. Several other disubstituted cyclodextrins
synthesized using this strategy have demonstrated
very interesting properties. Disulfonates have been
transformed to bis(alloxyphenyl)-R- or â-cyclodextrin
derivatives and converted to cyclodextrin-containing
copolymers in a multistep process. These copolymers
are used in enatiomeric separation in supercritical
fluid chromatography.97 Dianthracenylcyclodextrins
form intramolecular complexes and give regioselec-
tive photodimerization.103,104 The bis(naphthalene-
sulfonate) of γ-cyclodextrin105 behaves as a flexible
host and can be used as a fluorescent sensor for a
variety of organic compounds.106 Bis[2-(1-naphthyl-
propyl)propanoyl]-γ-cyclodextrin synthesized from its
ditosylate and (R)- or (S)-2-(1-naphthyl)propanoic
acid sodium salt in DMSO discriminates between
deoxycholic acid epimers.107

Another strategy for synthesis of substituted cy-
clodextrins is to convert the ditosylates to dideoxy-
diiodo derivatives by a reaction with KI and then
react these diiodides with appropriate nucleophiles.
For example, these disulfonates are converted into
diiodo derivatives which on treatment with histamine
in DMF produce dideoxy-dihistamine compounds.108

Regioisomers of diiodo and permethylated diiodo
derivatives of R-, â-, and γ-cyclodextrins are obtained
from suitable disulfonates.108-110 The trehalose group
has been connected to â-cyclodextrin by the reaction
of diiodocyclodextrin with a cysteamine derivative of
the sugar and found to have analytical and kinetic
applications.111 A large number of isomeric diamino
compounds containing alkyl, imidazole, or thiophene
groups have been synthesized via diiodides from the
respective disulfonyl esters of cyclodextrins.108,112-118

Disulfonated or dihalogenated cyclodextrins react
with alkanethiolates in aqueous or DMF medium to
give thioethers of cyclodextrins. Thiolate ions act as
good nucleophiles rather than strong bases and do
not produce elimination products or 3,6-anhydro
compounds. Bis(methylthio), Bis((pyridinoalkyl)-
thio),109 and bis(phenylthio)-â-cyclodextrins are pre-
pared from ditosylates using the appropriate thiolate
reagent.86,119 Although the preparation of derivatives
with two different types of alkylthio groups on a
cyclodextrin molecule increases the number of re-
gioisomers formed, these have been prepared and
separated in the case of â-cyclodextrins.120

2.3. Trisubstitution at the 6-Position of
Cyclodextrins

Esters of cyclodextrin containing three acyl or
sulfonyl groups at the 6-positions are generally
prepared by treating their respective acid chlorides
in the presence of a base or basic solvent.88 These

reagents are highly electrophilic and attack primary
or secondary hydroxyl groups of the molecule indis-
criminately producing a mixture of products with
variable degrees of substitution. This situation along
with the complication created by regioisomers makes
the separation and the purification of these products
a very tedious process. Despite these problems, the
literature contains well-characterized examples as
triacetylated R-cyclodextrin121 and trisulfonated â-cy-
clodextrin.88,122 Trisulfonates are obtained by react-
ing 1 equiv of cyclodextrin with 3 equiv of sulfonyl
chloride in pyridine which results in a mixture of
over- and undersubstituted derivatives. These com-
pounds are separated and purified by a lengthy
process of chromatography. Trimesylates of R-90 and
γ-cyclodextrins114 are obtained from mesyl chloride
and the respective cyclodextrin in dry pyridine. In
another investigation, the three regioisomers of di-
tosylated cyclodextrins were individually reacted
with 1 equiv of p-toluenesulfonyl chloride. Five
regioisomers of tri-6-tosyl-â-cyclodextrin thus pre-
pared were separated and characterized.122

Trialkyl ethers are not obtained by displacing
sulfonate groups by strong bases such as alkoxide
ions due to the elimination reaction (an example of
elimination is shown in Figure 4). These are directly
prepared by reacting alkyl halides with cyclodextrin
alkoxide ion in aqueous or DMF media resulting in
a mixture of products. For example, tritritylated
R-cyclodextrin is synthesized by a reaction of trityl
chloride with cyclodextrin in pyridine to give a
mixture of di-, tri-, and tetrasubstituted products.123-125

This mixture of products is separated by chromatog-
raphy. These examples suggest that selectivity is
difficult to achieve on the basis of size because even
the trityl group is not big enough to produce exclu-
sively one derivative.126 These tritylated cyclodex-
trins are used for chromatographic purposes.127 Tri-
tritylated R-cyclodextrin is permethylated (at all
remaining hydroxyl groups) under anhydrous condi-
tions in DMF and detritylated under mild acidic
conditions. This compound is treated with sulfonyl
chloride in pyridine at room temperature to make the
trisulfonated derivative.125,128 Trisubstituted cyclo-
dextrins are more conveniently prepared by de novo
synthesis from linear starting material. For ex-
ample, 6-trimethylated and triacetylated R- and â
cyclodextrins have been synthesized from 6′-O-me-
thylmaltosyl fluoride and 6′-O-acetylmaltosyl fluoride
respectively in phosphate buffer containing the en-
zyme cyclodextrin glycosyl transferase (CGTase) of
Bacillus macerans with yield up to 42% after HPLC
purification.121,126 These de novo strategies are dis-
cussed in a previous review.7 Selective trisilyl ethers
at the 6-positions are rarely reported, although such
ethers with variable degree of substitution are men-
tioned in the literature.11

Sulfonates are good leaving groups and can be
replaced by nucleophiles such as substituted amines
to make tris(alkylamino) or aromatic alkylamino
derivatives.128 Imidazolylalkylamines also serve as
nucleophilic reagents to replace the sulfonate groups
to produce triamino derivatives of cyclodextrins.118,129

These transformations are similar to reactions of
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monotosylates (II in Figure 3).
On treatment with aqueous sodium hydroxide,

tritosylates of R- and â-cyclodextrins produce 3,6-
anhydro derivatives.88,90,122 Tris(thiobenzyl)-, tris-
(thiochlorobenzyl)-, and tris(thiomethoxybenzyl)-
cyclodextrins are prepared from tosylates and the
respective thiolates.114 There is no example in the
literature for trihalogenocyclodextrin, although the
tetraiodo compound is synthesized from the doubly
capped bis(sulfonate) of â-cyclodextrin and potassium
iodide in DMF at high temperature.95

Reaction of sodium azide on permethylated-6-
trimesylated cyclodextrins in DMF gives permethy-
lated-6-triazidocyclodextrins.125 These are also di-
rectly prepared from cyclodextrin as a mixture of
mono-, di-, and triazido derivatives and Ph3P in DMF
containing sodium azide. This mixture is then
separated and purified by HPLC. The triazides are
reduced to triamines of cyclodextrins with triph-
enylphosphine in ammonia solution.55 The amino
functionalities behave as better nucleophiles than the
hydroxyl groups in these bifunctional cyclodextrins.
Triaminocyclodextrin derivatives are selectively con-
verted to the corresponding amides by stearoyl or
n-octanoyl chloride.114

2.4. Persubstitution at the 6-Position of
Cyclodextrins

According to statistical calculations, permodifica-
tion of the primary face should give 57% yield
(assuming 91% yield per reaction; 0.916 ) 0.57) in
the case of R-cyclodextrin. However, the actual yield
of hexa-6-substituted cyclodextrin is often found to
be much lower. Steric crowding, the geometry of the
molecule, the type of inclusion complex formed, and
positional isomerism decrease the yield of the product
as the degree of substitution increases.130

Persulfonates are generally prepared directly from
cyclodextrins and a large amount of sulfonyl chloride
in pyridine. The good leaving group behavior of the
sulfonate ion poses a major limitation in this reaction
because as the reaction proceeds, the tosylated
groups at the 6-position tend to change to the 3,6-
anhydro form (Figure 4) even in the absence of a base
at room temperature. Usually, freshly prepared
sulfonated derivatives need to be used for further
modification to get homogeneous products and re-
producible results. During this reaction, in the
presence of a base or basic solvent, the secondary face
is sulfonated to some degree and leads to formation
of partial 2,3-epoxy derivatives (mono, di, etc). There-
fore, it is has been stated8 that many reports of so-
called pure persulfonated cyclodextrins are in reality
a mixture of compounds. Despite all these complica-
tions and difficulties, many workers have reported
pertosylation or -mesylation of the primary side of
cyclodextrins.18,112,131-135 Highly pure per-6-tosylated
cyclodextrin derivatives for further synthetic ma-
nipulations can be obtained by a “long” method. This
strategy is similar to the one described in Figure 5
(steps I-IV) except that a large excess of tosyl
chloride is used in the tosylation reaction. In this
procedure, the primary side of cyclodextrins is sily-
lated and the secondary face is esterified. This

product is further desilylated and tosylated on the
primary side. Peracetylated-6-tosylated cyclodex-
trins thus obtained are used for the synthesis of other
derivatives without the fear of formation of 3,6-
anydro compounds.24

Per-6-deoxy-6-substituted cyclodextrins are easily
obtained by displacing the 6-sulfonate groups with
suitable nucleophiles such as halides, azides, or
thiolate ions in reactions similar to II in Figure 3.
Pertosylated cyclodextrins are treated with sodium
halides in DMF to obtain perhalogenated com-
pounds.24 Perhalogeno-6-deoxycyclodextrins are also
directly prepared by reacting cyclodextrins with
triphenylphosphine and bromine or iodine in
DMF.112,136 Isolation and purification of the of the
Vilsmeier-Haack reagent [(CH3)2NCHBr]+Br - prior
to reaction with cyclodextrin avoids severe problems
of removal of triphenylphosphine oxide in this reac-
tion.137

Perbromocyclodextrins were originally obtained
from the reaction of methanesulfonyl bromide and
cyclodextrin in DMF at elevated temperature.138 A
more soluble version of this compound is prepared
by reacting per-6-silylated cyclodextrin with methyl
iodide under anhydrous basic conditions to give per-
(2,3-methyl-6-silyl)cyclodextrin. This compound is
desilylated and then brominated by a reaction with
triphenylphosphine dibromide in DMF to give per-
(2,3-dimethyl-6-bromo-6-deoxy)cyclodextrin.139 Meth-
anesulfonyl chloride has been used for the synthesis
of perchlorocyclodextrin140 by exploiting Vilsmeier-
Haack type reactions.141,142 This is a very simple
method and gives a very high yield (>90%) of the
pure product. This method has been exploited in the
synthesis of other derivatives of cyclodextrin.143

Recently, perchloro- and perbromocyclodextrins have
also been prepared directly by heating cyclodextrins
with the Vilsmeier-Haack type reagent halometh-
ylenemorpholinium halide in DMF. This reagent
gives similar products in other aprotic solvents such
as N-methyl-2-pyrolidinone, N-dimethylacetamide,
N,N′-dimethylpropyleneurea, and pyridine in low
yield suggesting that DMF is not involved in this
reaction and halodimethyleneammonium halide is
not the reactive intermediate.144

Per-6-deoxy-6-halogenocyclodextrins are an impor-
tant class of compounds which can be used for the
selective functionalization of the primary face be-
cause of their greater stability as compared to per-
6-sulfonates. However, their use is limited because
of their insolubility in less polar solvents. They are
soluble in polar solvents such as pyridine, DMF,
DMSO, or HMPA. Their solubility in nonpolar
solvents can be increased by esterification of the
secondary hydroxyl groups. The secondary side of
halogenated cyclodextrins can be acetylated with
acetic anhydride in pyridine in a very high yield for
further selective functionalization (I in Figure 7).143,145

A large number of cyclodextrin derivatives including
percyanocyclodextrins have been obtained by displac-
ing the bromo groups from the 6-positions as shown
in Figure 7.146

Alkylamines react with periodocyclodextrins at a
high temperature to produce secondary amines in a
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very good yield.147 This approach is not applicable
to perbromo- or perchlorocyclodextrins. Amino acid
derivatives have been obtained from periodocyclo-
dextrin in DMF by using suitable reagents in a very
good yield.148 Per-6-halogenated cyclodextrins are
converted to the respective per-6-deoxycyclodextrins
in a very high yield when treated NaBH4 in DMSO.149

Alkyane-150 or aromatic151,152 thiolate ions displace the
halogen groups from the 6-positions to produce thio
derivatives which have been used to study their
amphiphilic and surface behavior. Sulfur-containing
amino acid derivatives of cyclodextrins are similarly
prepared as alkylthio compounds.153

In an interesting example, per-N-(aminoethyl)-
aminocyclodextrin reacts with (2-carboxyethyl)thym-
ine containing 1-ethyl-3-(dimethylamino)propylcar-
bodiimide hydrochloride in water at pH 5 to give
cyclodextrins modified with 1-(2-carboxyethyl)thym-
ine on the primary side. These appended thymine
groups undergo photodimerization when exposed to
UV light, and this process is reversed upon exposure
of a different wavelength.154

Peralkylation of the primary face is a difficult
process but can be achieved indirectly after many
steps. The reaction scheme is similar to the one
outlined for monosubstitution in Figure 5 (steps
I-III, VII, and VI). The primary face of cyclodex-
trins is first protected by silyl groups and the second-
ary side is esterified. The primary face is then
desilylated and reacted with an alkyl halide under
strongly basic conditions to produce an alkyl
ether.17,24,130 Similarly, per-2,3-acetyl-6-iodocyclo-
dextrin reacts with naphthyl alkoxide under anhy-
drous conditions in DMF to produce per-6-naphthoyl-
cyclodextrin after hydrolysis.155 This water-soluble
compound forms a stable complex with a merocya-
nine dye and shows 100% transfer of energy from the
naphthalene chromophore to the complexed dye.156

It is not possible to control the selectivity by simply
increasing the size of the alkyl groups, as up to
n-nonyl functionality has been completely incorpo-
rated into all three positions.157 Peralkylation of the
primary side directly after protection of the secondary
side (as in VIII-X in Figure 5) with silyl ether has
not yet been reported.

A common synthetic approach for the synthesis of
silyl ethers on the primary side is the treatment of
tert-butyldimethylsilyl chloride (TBDMSCl) in pyri-

dine with cyclodextrins at room temperature.17,158 The
major product in this reaction is the 6-substituted
derivative along with minor amounts of over- and
undersubstituted derivatives. An improved method
of silylation in which the final product was purified
by flash column chromatography has been pub-
lished.159 Silyl ethers of cyclodextrins are widely
investigated because silyl groups are good protecting
groups due to their ease of removal.17,24,159 TBDMS
is relatively more selective in pyridine or DMF at
room temperature and proceeds to mostly the 6-posi-
tions whereas at higher temperature it starts react-
ing with the secondary side of cyclodextrins.158 Tri-
methylsilyl chloride (TMSCl) is less discriminatory
than TBDMSCl and attacks all three positions of
cyclodextrins in pyridine at room temperature.18,160

Perazidocyclodextrins are obtained from per-6-
mesitylated cyclodextrins and sodium azide in DMF
in 92% yield.161 In early reports, they are synthesized
by reacting the per-6-sulfonate with the azide salt
in DMF.40,130,162 These are also synthesized from
6-chloro-6-deoxy 143 or 6-bromo-6-deoxy163 derivatives
by reacting with sodium azide in DMF at high
temperature in a very high yield. Perazidocyclodex-
trins can be selectively alkylated, benzylated, and
acylated on the secondary side.143,163 Per(2,3-acety-
lated-6-azido-6-deoxy)cyclodextrin which is prepared
by acetylation of the perazido compound gives a 1,3
dipolar cycloaddition product with 2-butyne dicar-
boxylic acid ester at high temperature in aqueous
alkaline medium. This 1,2,3-triazole heterocyclic
compound is obtained in 91% yield and is highly
water soluble.164

Reduction of the azido group by Ph3P in aqueous
ammonia solution followed by treatment with dilute
hydrochloric acid yields the corresponding amine
salt.143 This is a rather straightforward method for
making aminocyclodextrins and other substituted
amino derivatives.143 A major drawback with this
approach is the difficulty of removing Ph3P/Ph3PO
from the final product. This is due to formation of a
complex between Ph3P/Ph3PO with aminocyclodex-
trin which is not broken down immediately after
acidification. A complete removal of triphenylphos-
phine from acidic solution of aminocyclodextrins
cannot be achieved even after stirring in this medium
for a long time, but its amount can be reduced to a
negligible level.

Pertosylate or perhalogen derivatives are converted
to 3,6-anhydrocyclodextrins when treated with strong
base (Figure 4).85,133,135,138,164 The base picks up a
proton from the C-3 hydroxyl group to form an anion
which on ring inversion attacks the C-6 electrophilic
carbon. Tosylate and halide ions are good leaving
groups, and the resulting 3,6-anhydro compound has
a 1C4 conformation. 3,6-Anhydrocyclodextrins con-
tain oxygen atoms in their cavities and act as hosts
for metal cations or ammonium ions according to
FAB-MS investigations.164

Selective esterification of the primary face has not
been achieved until recently when pivaloylation or
diphenylacetylation was accomplished directly on this
side.165 Cyclodextrins react with diphenylacetyl or
pivolyl chloride in pyridine at low temperature to

Figure 7. Strategy for the synthesis of per-6-substituted
cyclodextrins by Displacement of halogens at the 6-position.
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produce a mixture of esters. After purification by
column chromatography, these esters were obtained
in very good yields. These are also indirectly syn-
thesized by following a sequence of silylation of the
primary face, acetylation of the secondary side, and
desilylation and esterification of the primary side
with appropriate reagents (similar to the scheme in
Figure 5, steps I-III and VII; R3 ) acyl group).
Selective deacetylation of the final product under
milder conditions gives the desired per-6-ester of
cyclodextrins.165

3. Secondary Face Modification
The secondary side is more crowded than the

primary side due to the presence of twice the number
of hydroxyl groups. Hydrogen bonding between
hydroxyl groups at the 2- and 3-positions makes them
rigid and less flexible as compared to C-6 hydroxyl
groups. All these factors make the secondary side
less reactive and harder to selectively functionalize
than the primary face. During the course of a
reaction, as the degree of substitution increases, the
secondary side becomes even more crowded. This
results in steric hindrance of the incoming nucleo-
phile which forces the attacking group toward the
other face and decreases the selectivity. Positional
isomerism on the secondary side further complicates
the situation. This side is stated to be catalytically
very important,166,167 and therefore, modifications of
this face are believed to produce valuable derivatives
for catalysis, enzyme mimics, etc.

3.1. Monosubstitution at the 2-Position of
Cyclodextrins

An authentic sample of mono-2-tosyl-â-cyclodex-
trins was first prepared using a group transfer
strategy.4 m-Nitrophenyl tosylate was reacted with
cyclodextrin DMF/aqueous buffer at pH 10 in a low
yield. This reaction proceeds via complex formation
to transfer the tosyl group to the 2-position (I and II
in Figure 8).4 The tosyl group gets transferred
preferentially to the 2-position due to the orientation
of the reagent within the host molecule. Several

workers have prepared mono-2-tosylate of cyclodex-
trins as a mixture with other isomers by using an
aqueous alkaline medium or DMF and p-toluene-
sulfonyl chloride. These have been well characterized
after chromatographic purification of the mix-
ture.20,21,168,169 Dibutyltin oxide has been used to
facilitate this reaction in DMF.170 The mono-2-
mesylate of â-cyclodextrin with a mesyl group at the
6-position has also been reported.171 Other examples
of mono-2-sulfonates such as nitrobenzenesulfonyl or
naphthalenesulfonyl groups, also obtained as mix-
tures and later purified, are mentioned in the litera-
ture.22,26,172 The hydroxyl groups at the 2-positions
are more acidic than those at the 6-position, and this
feature has been exploited by using NaH as a strong
base under anhydrous conditions for selective tosy-
lation at the 2-position (III in Figure 8).19 Yields in
all these cases are affected by the elimination of the
sulfonate group due to its good leaving behavior.4 The
elimination of the tosyl group at the 2-position by the
hydroxyl groups affords the manno-2,3-epoxycyclo-
dextrin (I in Figure 9).

Formation of an inclusion complex by the cavity of
cyclodextrins also plays a very prominent role in
determining the reaction site for the incoming group.
An included reagent may react with the hydroxyl
groups at the 2-, 3-, or 6-positions depending on the
nature of the complex.4 Some of these problems can
be overcome by protection of the primary side before
tosylation of the secondary side (IV in Figure 8). For
example, per-6-silyl-mono-2-tosylcyclodextrin is syn-
thesized by the reaction of 6-silylated cyclodextrin
with tosyl chloride in THF with NaH as a base in
32% yield after purification (V in Figure 8).173 An
advantage of this strategy is that the reaction as well
as the purification steps can be carried out in organic
solvents and the desilylation can be carried out easily
(VI in Figure 8) to yield the desired tosylate.

Exclusive esterification of the 2-position is an
extremely difficult process, but some examples such
as a mono-2-ester of cyclodextrin containing the
ferrocene174 or pyrrolidine oxide175 group have been
reported. These are prepared by a group transfer
strategy (steps I and II in Figure 8) in which an ester
is hydrolyzed (via complex formation) in the presence
of the cyclodextrin. Thus, hydrolyses of (p-nitrophe-
nyl)ferrocinnamic or pyrolidine acid ester with cy-
clodextrin in aqueous or DMSO medium at basic pH
affords the corresponding cyclodextrin ester. These
reactions were performed to study the rate of hy-
drolysis of esters in the presence of cyclodextrins,
which suggested a large enhancement in the rate,174

and the synthetic utility of these reactions is limited.
Although symmetrical alkyl ethers with substitu-

tions at all three positions have been synthesized,
very few examples of monoderivatives at the 2-posi-
tion are known. It is not easy to make such deriva-
tives due to the indiscriminate reaction of alkyl
halides with the cyclodextrin alkoxide at the 2-, 3-,
or 6-positions which results in a mixture of com-
pounds. Mono-2-methyl, -ethyl, and -allyl, deriva-
tives are prepared directly from cyclodextrins and the
respective dialkyl sulfates in aqueous alkali solution,
giving a low yield after purification.176 Mono-2-propyl

Figure 8. Strategies for modification at the 2-position of
cyclodextrins.
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derivatives are obtained upon hydrogenation of the
mono-2-allylcyclodextrins.176 Monoalkyl ethers with
terminal aromatic esters appended through amide
linkage show intramolecular inclusion complex for-
mation.177 Mono(isoalloxazinomethyl)cyclodextrin is
another example of a mono-2-ether which is obtained
by exploiting the acidity of a 2-hydroxyl group by
reacting with a strong base and subsequent conver-
sion of the product to a flavin moiety after several
steps.178-180 Dicyanoanthracenylmethyl bromide at-
tacks the 2- and 6-alkoxide ion of cyclodextrin in
alkaline medium to give a mixture of products which
is purified by chromatography. Comparative study
of their binding properties suggests that the 2-deriv-
ative binds better than the 6-linked cyclodextrin
compound.181 Pyrolysis of solid complexes of aro-
matic diazo compounds with cyclodextrins and sub-
sequent HPLC separation of the regioisomers also
provide monoether derivatives at the 2-position.70

As mentioned earlier, the tosyl group at the 2-posi-
tion is generally eliminated in the presence of bases
by the hydroxyl group at the 3-position to afford the
manno-2,3-epoxycyclodextrin (I in Figure 9). How-
ever, in some cases, certain bases seem to act as
nucleophiles instead and bring about SN2 type reac-
tions (III in Figure 9). Mono-2-tosyl-â-cyclodextrin
reacts with imidazole at 60 °C in DMF to give mono-
2-imidazolyl-â-cyclodextrin in low yield. Kinetic
studies suggest that 2-imidazolylcyclodextrin works
as a better enzyme mimic than its 6-substituted
derivative.182 Similarly, methylamine reacts with the
2-tosyl derivative at room temperature to produce
mono(2-methylamino)cyclodextrin in a very high
yield (III in Figure 9). However, the elimination
reaction takes place if this reaction is performed at
high temperature to give the 2,3-epoxy derivatives
(I in Figure 9).183 These compounds react with CS2
in aqueous triethylamine to give dithiocarbamate
derivatives which are used as models for superoxide
dismutase (SOD).184 The reason for this change in
the behavior of the base to a nucleophile in these
reactions is not clear. It is important to note that
the stereochemistry at the 2-position is inverted in
SN2 type reactions.183

Mono-2,3-epoxycyclodextrins are prepared from the
respective monotosylate on the secondary side in a

basic medium.122 Two types of epoxides are produced
during the reaction depending on the position of the
sulfonate group on the pyranose unit. Mono-2-
sulfonate is converted to manno-2,3-epoxycyclodex-
trin (I in Figure 9) whereas the mono-3-sulfonate
gives the allo-2,3-epoxy derivative (III in Figure
10).20,122,168,172,185 The per-6-silylated manno-mono-
2,3-epoxy derivative is obtained from the per-6-silyl-
mono-2-tosyl derivative.173

Mono-2-aminocyclodextrins have been synthesized
from peracetylated R-, â-, or γ-cyclodextrin by cleav-
ing the cyclodextrin ring in a concentrated acidic
medium and coupling with D-glucosamine derivatives
which gives final products after series of cyclization
and deprotection reactions.186 The mono-2-amino
derivative was also prepared recently from perben-
zoylated â-cyclodextrin by a series of reactions in-
cluding selective de-O-benzoylation at one of the
2-positions, oxidation, oxime formation, and reduction
of the oxime at that position to give mono-2-amino-
â-cyclodextrin.187 There is one example of mono-2-
iodo-2-deoxycyclodextrin which has been obtained
from permethylated cyclodextrin. In this reaction,
glycosidic bond is cleaved thiolytically and the result-
ing product is converted to a glycal. Finally, cy-
cloglycosidation is achieved to afford mono-2-iodo
derivative in a good yield after treating a glycal with
iodinium reagent.188 Synthesis of cyclodextrin de-
rivatives via ring cleavage and insertion of a sugar
unit are treated in a previous review.7

3.2. Disubstitution at the 2-Position of
Cyclodextrins

p-Toluenesulfonyl chloride reacts with â-cyclodex-
trin in DMF in the presence of dibutyltin oxide to
give a mixture of regioisomers at the 2-position. This
mixture is then separated and purified by chroma-
tography.14 3-Nitrobenzenesulfonyl chloride reacts
with R-cyclodextrins to give selectively three isomers
of disulfonates at the 2-position.22 This selectivity
is attributed to formation of an inclusion complex
with the reagent. Since the chlorosulfonyl group of
included 3-nitrobenzenesulfonyl chloride faces toward
the secondary side, it forms 2-substituted deriva-
tives.22 Whereas p-nitrobenzenesulfonyl chloride
gives a mixture of 2- and 3-sulfonated products,

Figure 9. Reactions of mono-2-tosylcyclodextrin.
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R-naphthalenesulfonyl chlorides are known to give
almost exclusively 2-sulfonate with very little of the
3-substituted product. â-Naphthalenesulfonyl chlo-
ride is used to selectively give the di-3-sulfonated
product in aqueous acetonitrile solvent. When these
disulfonates are treated with a base, the base picks
us protons from 3-hydroxyl groups which attack C-2
electrophilic carbons to give manno-di-2,3-epoxy-
cyclodextrins.14,22,92 The nucleophilic ring opening of
this epoxide to give substitutions at the 3-position is
discussed in a later section.

Selective dialkylation is a very difficult process, and
the degree of substitution varies depending upon the
nature of the reagent.189 The dibenzyl derivative of
â-cyclodextrin has been made by protecting the
primary face by TBDMS.190

3.3. Persubstitution at the 2-Position of
Cyclodextrins

Selective perfunctionalization of the secondary side
is a difficult process due to the greater reactivity of
the primary hydroxyl groups. A strong base selec-
tively produces an 2-alkoxide ion which reacts with
alkyl or sulfonyl chloride.19 This discriminatory
behavior becomes less significant with increasing
degree of substitution due to steric crowding, and the
incoming electrophile finds the attack at the open
primary hydroxyl groups more attractive as the
reaction proceeds. This problem can be overcome by
protecting the primary face of cyclodextrins with
suitable group such as TBDMS.

Per-2-tosylation of cyclodextrin is achieved by
protecting the 6-positions by silyl groups and then
tosylating cyclodextrin in pyridine with tosyl chloride
at elevated temperature.23,191 Desilylation of this
product provides the desired pertosylated cyclodex-
trin. This reaction scheme is similar to the one
shown in Figure 8 (steps IV-VI) except that a large

excess of tosyl chloride is used. Overall yields of the
tosylated derivatives are low because of their ten-
dency to form 2,3-epoxy derivatives in the basic
medium. Per-2-sulfonates have been used as precur-
sors for the synthesis of manno-per-2,3-epoxy-cyclo-
dextrins.191 manno-epoxycyclodextrins have also been
synthesized from 6-silylated cyclodextrins without
isolating the 2-sulfonate.192,193 This reaction is very
sensitive to moisture and should be performed care-
fully to get reproducible results.

The protected manno-per-2,3-epoxycyclodextrins
undergoes a ring-opening reaction on heating with
water. Deprotection of this product generates cy-
cloaltrin which has alternating 4C1/1C4 pyranose
chairs in the ring.194 Ring opening of the per-2,3-
epoxycyclodextrin by nucleophiles gives 3-substituted
cycloaltrin which is discussed in a later section.

Peralkylation is generally carried out by protecting
the primary side and then reacting the hydroxyl
groups with appropriate alkyl halides under basic
conditions. Per-2-alkylated or benzylated cyclodex-
trins are made by reacting 6-silylated cyclodextrins
with the respective halides under basic condi-
tions.24,195,196 Very few reactions of direct alkylation
of unprotected cyclodextrins are known. An excep-
tion to this is the per-2-methylated cyclodextrin
which is obtained by reacting methyl iodide with
cyclodextrin under anhydrous condition in DMF
containing NaH.19 2-Naphthoyloxy groups have been
connected to the 2-positions of per-3-O-methyl-6-
deoxy-â-cyclodextrin by reacting it with naphthoyl
chloride in pyridine with the goal of investigating the
fluorescence behavior.197

An interesting procedure to access the hydroxyl
groups at the 2-position has been reported recently.
This process takes advantage of the migratory prop-
erty of silyl groups. Per(2,6-di-O-tert-butyldimeth-
ylsilyl)cyclodextrins react with alkyl or benzyl halides
under strongly basic conditions to produce per-2-

Figure 10. Strategies to access the 3-position of cyclodextrins.
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alkylated-3,6-silylated derivatives which after desi-
lylation afford per-2-alkylated derivatives.198 This is
a two-step reaction in which silyl groups migrate
from the 2- to the 3-positions generating the 2-alkox-
ide ions of cyclodextrin in the first step. Alkylation
of the 2-positions takes place in the second step,
which gives the final product after desilylation.198

3.4. Monosubstitution at the 3-Position of
Cyclodextrins

Direct reaction selectively at the 3-position is a very
complicated and difficult process because of higher
reactivity of 2- or 6-hydroxyl groups. Most modifica-
tions at the 3-position are obtained by a reaction of
a nucleophile with manno-mono-2,3-epoxycyclodex-
trin (II in Figure 9). Tosyl chloride has been reacted
indiscriminately with cyclodextrin to give the mono-
3-tosylate of R- and â-cyclodextrins along with 2- or
6-tosylates as previously mentioned (V in Figure
10).20,199-201 The products are then separated and
purified by chromatographic techniques (VI in Figure
10). However, two reagents 2-naphthalenesulfonyl
and 3-nitrobenzenesulfonyl chlorides have been shown
to give a higher yield of the 3-substituted cyclodex-
trin.22,202,203 Cyclodextrins are reported to form com-
plexes with the reagent to direct the electrophile
toward the hydroxyl group at either the 3-position (I
and II in Figure 10) or the 2-position. In aqueous
acetonitrile solution, the former reagent gives 29%
yield of the 3-sulfonate and only 3.9% and 0.4% of 2-
and 6-sulfonates, respectively. Dansyl chloride has
been reported to be the reagent of choice for reaction
with γ-CD to give a mixture 2- and 3-substituted
products which are then chromatographically sepa-
rated.204

Mono-3-sulfonates react with alkali thiolates in
DMF to produce corresponding thio derivatives of
cyclodextrins in a SN2 type reaction.205 These sul-
fonates are also converted to allo-mono-2,3-epoxy
cyclodextrins under basic conditions (III in Figure
10).22,92,203 Ring opening of the allo-epoxide with a
nucleophile like imidazole is shown to produce a
mixture of mono-2- and mono-3-imidazolyl cyclodex-
trin products in a ratio of 1:3 (IV in Figure 10).213

In general, nucleophiles react with manno-mono-
2,3-epoxycyclodextrins (obtained from 2-tosylates) to
give a substitution at the 3-position (II in Figure 9).
It is important to note that the sugar unit produced
by this reaction is a derivative of altrose and has 1C4
conformation. Alkylamino derivatives at the 3-posi-
tion are prepared by ring opening of the manno-2,3-
epoxide.206-208 Mono-3-aminocyclodextrins are syn-
thesized by treating manno-2,3-epoxycyclodextrins
with aqueous ammonia solution at room tempera-
ture.168,209,210,220 Similarly, hydroxylamine reacts with
this epoxide to give 3-hydroxylaminocyclodextrin.211

The hydroxylamino derivative is converted to the
corresponding oxime by air oxidation. The oxime is
further hydrolyzed by NaHSO3 to a cyclodextrin
ketone.212 However, it has been reported that imi-
dazole attacks both the 2- and 3-positions of the
manno-epoxide to give mono-2- and mono-3-imida-
zolyl derivatives, which is an exception to exclusive
C-3 opening in these reactions.213

Thiolate ions are often reacted with the manno-
2,3-epoxide to attach desired functional groups to the
3-position of cyclodextrins. A pyridoxamine deriva-
tive of cyclodextrins has been obtained by opening
the epoxy ring using this strategy.169,214,215 Mono-3-
thiocyclodextrin is obtained by treating the epoxide
with sodium thioacetate and subsequently hydrolyz-
ing this thioester with aqueous alkaline solution.216

These thio derivatives react with alkyl di- or tetra-
halides under basic conditions to form dimers217,218

or tetramers of cyclodextrins.219 Cyclodextrin tet-
ramer has a very high binding constant for arylpor-
phyrins and metalloporphyrins,219 whereas dimers
show relatively moderate values.217

Various nucleophiles such as ethylenediamine,
lithium azide, or anhydrous ammonia are used to
open the epoxy ring of per-6-silyl-mono-2,3-epoxycy-
clodextrin in DMF to produce exclusively 3-substi-
tuted derivatives.173,220 The azido group is reduced
to produce the amine derivative of the protected
cyclodextrin. This compound is also directly obtained
by a reaction of anhydrous ammonia and the pro-
tected epoxide.220 6-Protected amino-R- and â-cyclo-
dextrins are coupled with the phenyl ester of a
dicarboxylic acid to form a protected homo or het-
erodimers. The products are desilylated with tet-
rabutylammonium flouride (TBAF) in refluxing THF
to give the corresponding cyclodextrin derivatives.220,221

The aminocyclodextrins from this reaction have been
coupled with formylcalix[4]arene to cap their second-
ary face.173

A mono-3-alkylcyclodextrin is obtained by protect-
ing the primary face with TBDMS and reacting
cyclodextrin with a specific alkyl halide (N-methyl-
4-(chloromethyl)-2-nitroaniline) in lutidine at high
temperature.25 The protected cyclodextrin is believed
to complex with this reagent to direct its reactive site
toward the hydroxyl group at the 3-position to give
this product. This strategy cannot be generalized to
access the 3-position with other electrophilic reagents
because the orientation of the reagent bound to
protected cyclodextrins cannot yet be predicted. A
more general strategy to access mono-3-alkylcyclo-
dextrin is the pyrolysis of solid complexes of aromatic
diazo compounds followed by HPLC purification of
the regioisomers formed in this reaction.70,222 A
disadvantage of this strategy is that it can be used
with only those compounds whose diazo derivative
is accessible.

3.5. Disubstitution at the 3-Position of
Cyclodextrins

Sulfonating reagents such as 3- or 4-nitrobenze-
nesulfonyl and 1- or 2-naphthalenesulfonyl chloride
can react with cyclodextrins to produce a mixture of
sulfonated products at the 2-, 3-, or 6-positions.
These products can be further separated and purified
into respective isomers.22 However, 2-naphthalene-
sulfonyl chloride has been reported to be the ideal
reagent for synthesis of 3-substituted disulfonates.22,92

It is believed that naphthalenesulfonyl chloride forms
a complex with cyclodextrins in which sulfonyl group
is directed toward 3-hydroxyl groups to give the
3-substituted product as a mixture of AC and AD
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isomers. 3-Disulfonates are transformed into allo-
di-2,3-epoxides in the presence of a base by an attack
of the 2-alkoxide ion on the sulfonyl groups at the
3-position (similar to III in 10).22,92

In general, di-3-substituted cyclodextrins are pre-
pared by a ring-opening reaction of manno-di-2,3-
epoxide (formed from di-2-tosylates) with nucleo-
philes (similar to II in 9). The regiospecificity (AB,
AC, or AD) of these products is determined by the
ditosylate that is employed. altro-Di-3-aminocyclo-
dextrins are formed when manno-di-2,3-epoxide is
treated with ammonia solution at high tempera-
ture.223,224 manno-Diepoxide reacts with imidazole
in an imidazole-HCl buffer at pH 7.0 at high
temperature to produce a mixture of di-3- and di-2-
imidazolylcyclodextrins.225 Similarly, allo-2,3-diep-
oxide has been reported to react with imidazole to
yield a mixture of products. However, chromato-
graphic techniques allow isolation and purification
of the product in which the disubstitution has taken
place at the 3-position.226

Examples of selective dialkylation at the 3-posi-
tions are not available in the literature. Reports of
di-3-substituted derivatives of sulfur or other alky-
lamines are also very rare.

3.6. Persubstitution at the 3-Position of
Cyclodextrins

The hydroxyl groups at the 3-positions are the least
reactive probably due to their involvement in hydro-
gen bonding with 2-hydroxyl groups. The 3-position
is more hindered and not easily available for further
modification. Selective persulfonation at the 3-posi-
tions is still a challenge and cannot yet be achieved.
If the primary side is protected, sulfonation proceeds
to the 2-position hydroxyl groups.189,191 Sulfonyl
chlorides fail to react with 3-position hydroxyls with
2- and 6-positions protected by tert-butyldimethylsilyl
groups193 probably due to steric hindrance by the
bulky silyl functionality. TBDMS has a tendency to
migrate from the 2- to 3-hydroxyl groups under
strongly basic conditions,198 which also limits the
attack of sulfonyl groups at 3-positions. Although the
use of trimethylsilyl groups for protection at the 2-
and 6-positions decreases the bulk of silyl groups in
this reaction; these groups are easily hydrolyzed
under neutral or acidic conditions, and the 3-tosy-
lated cyclodextrin is not obtained.193

Per-2-sulfonated cyclodextrins give per-2,3-epoxy-
cyclodextrins under basic conditions which serve as
intermediates in the synthesis of altro-cyclodextrins
(cycloaltrins). Nucleophiles attack the 3-position of
these epoxides to give cycloaltrins in which each
sugar unit is a derivative of altrose (similar to II in
Figure 9). These cycloaltrins can be synthesized with
the desired functional group at the 3-position of all
the sugar units. â-Cycloaltramine has been obtained
by reacting the manno-per-2,3-epoxide of cyclodextrin
with ammonia solution at room temperature.227 man-
no-Per-2,3-epoxide reacts with water when refluxed
for 5 days to produce cycloaltrin as a mixture of
rapidly interconverting 1C4/4C1 conformations.228

4. Permodification at the 2- and 6-Positions of
Cyclodextrins

Cyclodextrins are readily modified at 2- and 6-posi-
tions under rigorous conditions due to the greater
reactivity of these hydroxyl groups, and this property
has been used to selectively functionalize these
positions without affecting the 3-positions.

In general dialkyl sulfates react with cyclodextrin
in DMSO-DMF in the presence of BaO/Ba(OH)2 to
give 2,6-dialkylcyclodextrins.229 The size of the alkyl
group has little effect on the selectivity, and alkyl
chain lengths up to 12 carbon atoms are easily
incorporated at both the 2- and 6-positions. A large
number of alkyl-2,6-cyclodextrin ethers ranging from
methyl to n-dodecyl have been reported.230-235

Silylation of cyclodextrins proceeds to both the 2-
and 6-positions in pyridine, if the reaction mixture
is kept at elevated temperature.158,236,237 Alkylsilyl
reagent serves as an excellent protecting group which
can easily be removed after selective modification.17,24

Selective per-di-2,6-sulfonic esters of cyclodextrins
continue to be inaccessible, although other esters
have been prepared. Electron-withdrawing groups
(e.g. the tosyl group) on the primary side seem to
decrease the reactivity of the hydroxyl groups at the
2-position, and pertosylation of this position becomes
very difficult. The ease with which 6-sulfonates form
3,6-anhydro derivatives also complicates this reac-
tion. Although generally organic acid chlorides react
indiscriminately with cyclodextrins in pyridine and
esterify all the positions of cyclodextrins,130 per-2,6-
diacyl derivatives have been synthesized by reaction
with acyl chloride in pyridine.165

5. Permodification at All Three Positions of
Cyclodextrins

All of the hydroxyl groups can be converted to ester
functionalities by using suitable reagents under
appropriate conditions. Organic acid chlorides attack
all three positions indiscriminately in pyridine or any
other solvent containing a tertiary amine as a base
and produce esters of cyclodextrins. The size of the
alkyl or aromatic group has little effect on the
substitution pattern, and homogeneous persubsti-
tuted products are produced. Acetylation13,18,32,131,238-240

and benzoylation18,130,241 are achieved with acetic
anhydride and benzoyl chloride, respectively, in py-
ridine when reactions are allowed to run for a long
time. Cinnamoyl chloride also react with cyclodex-
trins in pyridine to give peracylated derivatives after
chromatographic purification. These cinnamoylated
molecules form intramolecular cyclobutane rings on
irradiation to trap N-methylpyrrolidin-2-one (NMP)
molecules and release them upon irradiation of
different wavelength.242 In some cases, esters on the
primary face of the peracylated cyclodextrin thus
obtained is hydrolyzed to give selectively per-2,3-
diesterified product.130

Another strategy to produce a persubstituted cy-
clodextrin is to react a partially modified cyclodextrin
with an appropriate reagent to attach desired groups
on the remaining free hydroxyl groups. For example,
selective esterification of 3-hydroxyl groups can be
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accomplished by first alkylating the 2- and 6-posi-
tions of cyclodextrins.243,244 However, this approach
does not have a synthetic significance. Naphthale-
necarboxylic acid ester reacts with per-2,6-methy-
lated cyclodextrin under basic conditions to give per-
3-naphthoyloxy-2,6-methylated cyclodextrin. This
molecule is used to investigate energy-hopping dy-
namics.245 Per-2,3-methylated cyclodextrin is reacted
with a bromoacetate in DMF/NaH to attach a car-
boxymethyl groups at the 6-positions. These are used
to attach a specific number of peptides, lipids, or
other molecules to serve as supramolecular as-
semblies.246 Another example is the introduction of
14 naphthoyloxy groups on the primary and second-
ary side of per-3-alkylated-â-cyclodextrin. This mol-
ecule shows excimer formation and energy-hopping
properties.247 Per-6-azidocyclodextrins are alkylated
at the 2- and 3-positions with alkyl halides containing
up to 12 carbon atoms under basic conditions. These
azido groups have been reduced to amines and used
in monolayer studies.130,163,248,249

Alkyl halides react with cyclodextrin alkoxide ions
to produce the corresponding cyclodextrin ethers
in very good yields.18,131,229 Once again, increasing
the size of the alkyl group has no effect on the
selectivity.243,250-252 Peralkylation of these molecules
improves their solubility in organic solvent. Perm-
ethylated cyclodextrins are more water soluble than
unmodified cyclodextrins229 and widen their potential
for further exploitation.

Complete silylation at all three positions is possible
with trimethylsilyl chloride, although this reaction
has little synthetic utility.18,160,253 Silylation of cy-
clodextrins greatly enhances their solubility in vari-
ous organic solvents. Cyclodextrins which have been
selectively persilylated at either the primary or the
secondary face are extensively used to attach desired
groups at the free hydroxyl groups. These permodi-
fied cyclodextrins are easily desilylated under mild
conditions to give selectively modified cyclodex-
trins.17,24,201 Secondary side esterified-6-silylated cy-
clodextrins have been used for enantioselective sepa-
ration of biologically active compounds by capillary
gas chromatography.254

6. Conclusion
Cyclodextrins have been catapulted into promi-

nence in the last few decades because of their
catalytic,255 enzyme mimic,46 complexation,256,257 drug
encapsulation,258 asymmetric,259 and molecular rec-
ognition260 behavior. They are also used in purifica-
tion, stabilization of products, polymerization, food
preservation, chemical treatment, and other indus-
trial processes.3 Since structural and available func-
tional group limitations have stymied their utility,
these molecules have been subjected to exhaustive
synthetic manipulations and a large number of good
methods have been developed for their modifications.
In this review, we have presented a systematic
analysis of available methods by which cyclodextrins
with a desired functional group at a specific position
can be synthesized. It is hoped that chemists who
require a specific structure and functional groups in
a cyclodextrin type molecule can decipher the chem-

istry underlying the method for necessary modifica-
tion, study similar examples in the literature, and
be able to design and execute their own synthetic
methodology.

Although, as mentioned in an earlier paper in this
issue,261 it is indeed true that very few modified
cyclodextrins hold a promise for industrial use, they
will be found invaluable in areas where cost of the
material is not an issue. Being chiral entities,
selectively modified molecules260 have potential for
asymmetric synthesis, molecular recognition, molec-
ular switches, and chiral separations.262 Since they
are expected to be nontoxic and form complexes with
various flavors, perfumes, vitamins, and essential
oils,263 they have a promising future in biodegradable
materials264 and health-related products. Synthesis
of artificial receptors which recognize and bind with
transition metals is an important field265 which could
find application in waste treatment. Modified cyclo-
dextrins show better complexing behavior than un-
modified cyclodextrins and hold greater potential in
the formulation of slow-releasing drugs.266 Cyclo-
dextrins are spectroscopically inert and can be con-
verted to photosensitive molecules by attaching chro-
mophores to them which function as chemosensors.260

Theoretical studies of cyclodextrins267,268 and their
derivatives269 with help of computer-generated 3D
models provided information about their lipophilic,270

hydrophobic, and complexation271 behavior. This
insight will lead to a better understanding of these
molecules and help in devising new synthetic ap-
proaches and applications for these novel molecules.
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