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A. Scope of review 
I. INlRODUCTtOti 

Cyclodextrins and their chemically modified derivatives have been the subject of numerous in- 

vestigations. Recent interest in the use of chemically modified cyclodextrins for various purposes has 

generated a number of papers containing information pertinent to the syntheses and reactions of these 

useful compounds. However, since these compounds have found applications in many areas, it is 

difficult for a researcher who is not intimately acquainted with the field to keep abreast of recent 

developments. Therefore, a review of the synthesis of the various chemically mod&d cyclodextrins is 

warranted. The goal of this review is to provide a summary of the available information concerning the 

synthesis of chemically modified cyclodextrins in such a form that a reader can easily see what has been 

done and readily locate the appropriate references to the primary literature. In cases where chemically 

modified cyclodextrins have been the objects of detailed spectral investigations, brief descriptions of 

these studies and citations are included along with the synthetic descriptions. 

The general subject of cyclodextrins has been reviewed previously.‘-7.‘n However, the emphasis of 

these reviews has usually been to survey the properties and applications of the parent cyclodextrins, 

with littk or no attention being given IO the area of chemically modified cyclodextrins. Although one 

review was focused specifically on the area of chemically modifkd cyclodextrins,’ the coverage is quite 

limited. In several reviews some information on chemically modifkd cyclodextrins has been included. 

Areas reviewed which fall in this category include enzyme modeling,“” biomimetric petrochemistry,” 
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and cyclodextrin utilization in food.” A comprehensive examination of chemically functional&d 
cyclodextrins has not been previously attempted. 

This review will examine the syntheses and applications of the derivatives of a-, p- and y- 
cyclodextrin which have appeared in the chemical literature from the initial report of the discovery of 
cyclodextrins by Villiers’6 through June 19gl. A few selected articles, which have been published 
subsequently, are also included. In order to provide the maximum insight into the complex array of 
cyclodextrin derivatives, the area of cyclodextrin polymers will not be reviewed, except for brief excursions 
into the area necessitated by the examination of the chemically modified cyclodextrins which are monomers 
for subsequent polymerization reactions. The entire area of cyclodextrin polymers is the subject of a recent 
review,” and the area is also examined in some depth as a subsection of another summary.6 

Since the functionalizing groups, which have been attached to the parent cyclodextrins, vary from 
the simplest of alkyl groups to complex “arms” which may include several functionalities, a truly 
systematic organization for this review has not been attempted. Instead, an organization based upon the 
type of functionality is employed, with a particular derivative occasionally being mentioned under more 
than one category and listed in more than one table. This approach, while producing some fragmentation, 
allows for what the authors believe will be an easier access to pertinent information by grouping 
molecules of similar functionalities together. The subsections for different functionalities are presented 
in approximately the order of the appearance of the tist examples of a type in the literature. Thus, the 
products of simple alkylations and acetylations are discussed early (together with the more recent work 
in these areas), while the more recent “capped” cyclodextrins are discussed in a later subsection. It is 
hoped that this method of organization will maximize the usefulness of this work. 

B. Nomenclature, structure and physical properties 
Cyclodextrins are cyclic oligosaccharides consisting of at least six glucopyrartose units which are 

joined together by a(l+4) linkages. Although cyclodextrins with up to I2 glucose residues are known,’ 
only the first three homologs have been studied extensively (Fig. I). The oligosaccharide ring forms a 
torus (Fig. 2) with the primary hydroxyl groups of the glucose residues lying on the narrow end of the 
torus. The secondary glucopyranose hydroxyl groups are located on the wider end. For the purpose of 
this review, the value of n in structures and tables will indicate the number of glucopyranose residues in 
the cyclodextrin. 

The initial discovery of cyclodextrins is attributed to Villiers,‘6 who isolated them as degradation 
products of starch. In 1904. Schardinger” demonstrated that these compounds could be obtained by the 
action of Bacillus maccrans amylase upon starch. That these compounds are often described in the older 
literature as Schardinger dextrins is attributed to the fact that Schardinger was the ftrst to describe their 

Fii. I. Corey-P&ing-Kdtun molecular models of a-, fi-. and y-substituted cycbdcxtis viewed from rbe secondary hydroxyl 
side of the brus. (Photograph courtesy of hf. L. Bender.) 
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Fi 2. Corey-Pading-Kdtun mokcukr model rod structwal rcpre~~n~tioa d acyck&xtri~ side view of cycbdcxwin 
torus. CThc CPK model was povidcd by R. 1. lkrgeron.) 

preparations and properties in detail.’ Comprehensive accounts of the progress toward characterization 

and improvements in synthesis of the parent cyclodextrins are given clsewkre.‘b The reader is also 

referred to a number of excellent reviews in which detailed chemical and physical data for the 

unsubstitutcd parent cyclodcxtrins can be found.‘-’ The six-glucose unit containing cyclodextrin is 

specified as a-cyclodextrin (1). while the cyclodextrins with seven and eight glucose residues are 

designated as &cyclodextrin (2) and y-cyclodextrin (3). respectively (Table I). There are, however, other 

names for these compounds. They are often referred to as Schardinger dextrins in the early literature.’ 

These compounds have occasionally been called cycloglucans. Perhaps the most common alternative to 

the cyclodextrin nomenclature is the naming of these compounds as cycloamyloses.’ This nomenclature 

has been used extensively from 1930 to the present. One might question if tksc compounds might not 

more correctly be named using such nomenclature, which appears to have great historical preference. 

However, Chemical Abslrucfs has adopted the cyclodextrin nomenclature, and we shall follow their 

convention. 

As the complexity of the derivatives of cyclodextrins has grown, the need for higher precision in the 

nomenclature has also increased. Thus, a highly trivial name can be applied to a per substituted 

Table I. The parent cyclodcxtrms 



1450 A. P. Coon and R. A. B~H 

cyclodextrin. However, as synthetic and characterization methods improved, it became necessary to 

specify not only which type of hydroxyl group has been substituted, but also on which glucopyranose 

residue(s) the substitution(s) had taken place. Chemical Absfrucfs specifies these glucose residues with 

capital letters in the name. However, this nomenclature system is rather cumbersome. 

In this work, trivial names are used to provide unambiguous designations for the chemically modified 

cyclodextrins. A trivial nomenclature system is utilized which is a standardized form of the trivial 

nomenclatures most often found in the primary references. Substituents will be named in alphabetical 

order using the standard IUPAC group prefixes, with the few exceptions which follow. Acetyl will be 

used in preference to ethanoyl since the former name appears to be more firmly entrenched in the 

organic nomenclature. Also, in the interest of brevity, the following generally recognized contracted 

prefixes will be employed: tosyl for 4-methylbenzenesulfonyl; mesyl for methanesulfonyl; and trityi for 

triphenylmethyl. Substituents and substitution positions on a given glucose residue will be specified 

within parentheses or brackets. A multiplying prefix, indicating the number of glucose residues so 

substituted will precede the portion of the name in parentheses, with the name of the parent cyclodextrin 

following the closing parenthesis. Although perhaps redundant, the multiplying prefix mono will be used, 

since confusion might arise as to whether a name indicates substitution at only one glucose residue in 

the cyclodextrin or at all residues. 

As an example of the use of this nomenclature system, an a-cyclodextrin derivative in which all the 

hydroxyl groups have been acetylated would be named as hexakis (2, 3, 6 - tri - 0 - acetyl) - Q - 
cyclodextrin. 

In cases where the point of substitution on the glucopyranose residue is unspecified, all possibilities 

will be designated in the name. Thus, a-cyclodextrin which has one hydroxyl group in the molecule 

acetylated (but which hydroxyl group has not been determined) would be named in this trivial system as 

mono 12 (3) (6) - 0 - acetyl] - a - cyclodextrin. 

At times, this trivial nomenclature system will be insufllcient to completely designate the structure of 

certain very complex cyclodextrin derivatives. When this is the case, the nomenclature of Chemical 

Absfrocfs (9th Collective Index period) will be used. 

Within this review, liberal use of structures has been undertaken in the interest of clarity. 

C. Uses of cyclodextrins 

As was mentioned earlier, cyclodextrins and their derivatives have found application in several areas. 

Certainly a principal application has been the area of enzyme modeling and catalysis.‘.‘.” The relative 

ease with which a cyclodextrin may be appropriately substituted to synthesize models for enzymes and 

other macrocyclic molecules has promoted their use in this area. A considerable amount of excellent 

research in the area of catalysis by the unsubstituted cyclodextrins has been reported elsewhere.‘.‘*” In 

the present review, examples of enzyme modeling and catalysis will only be cited in connection with 

covalent intermediates that are of a more than transitory nature. The reader is referred to excellent 

summaries elsewhere’.‘.” for more detailed discussions of this very important cyclodextrin application. 

The advent of phase transfer catalysis, and the recognition of the role of “host-guest” chemistry in 

such compounds as zeolites. crown ethers and cryptands has accelerated research in the area of 

cyclodextrin inclusion compounds.6 In fact, early observations of the behavior of cyclodextrins in the 

presence of iodine-an inclusion complex-assisted in the further characterization of these com- 

pounds.19 The topic of cyclodextrin inclusion compounds has been reviewed.” The concept of micro- 

encapsulation (placing some “guest” compound within the cavity of the “host” cyclodextrin) has led to a 

number of industrially attractive uses for cyclodextrins. Applications include, but are not limited to: drug 

stabilization. foodstuff preservation and enhancement, plant protection, and use in the manufacture of 

toilet articles. A detailed discussion of these areas is outside the confines of this review. However, 

examples of such applications have been given elsewhere.6 

Certain other applications of selected derivatives of cyclodextrins will be discussed under the specific 

functionality subsections. It should be noted that other applications, which are unmentioned here, also 

exist for these versatile compounds. New uses are being discovered at an accelerating rate. 

n. smEsts OF (IxiEhfICALLY MODmED cYcu)ms 

A. Acylatcd cyclodexrrins 

I. Introduction. One of the first types of cyclodextrin derivatives to appear in the literature was the 

acylated cyclodextrins.m The category o f acylated cyclodextrins includes numerous examples which 
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range in complexity from mono-substitution to the completely peracylated derivatives. Examples of 
acylated cyclodextrins are also known which involve various other functional groups, including halides, 
tosylates, mesylatcs, as well as various alkylated derivatives. 

Many of these acyl derivatives were synthesized for purification purposes. Thus, peracetylated 
cyclodextrins were used in the early purification of the parent cyclodextrins which were obtained from 
starch digestssD Other acylated cyclodextrins were synthesized as intermediates for synthetic 
sequences in which the acyl groups functioned as protecting groups. A number of monoacylated 
derivatives were also prepared in connection with the work of Sender and others concerning cyclodex- 
trins as acylation catalysts.‘.’ 

In the following treatment, the peracylated cyclodextrins-that is, those derivatives in which all 
hydroxyl groups in the parent cyclodextrin have been acylated-will be examincd tirst. Then those 
derivatives that contain other functionalities in addition to the acyl groups will be discussed. Finally, 
attention will be focused upon the monoacyl derivatives of cyclodextrins. 

2. Perucyf deriuotiues. The peracyl derivatives of the cyclodextrins CTabk 2) are perhaps the simplest 
synthetic, chemically modified cyclodextrins and appear early in the literature in the form of the 
peracetylated cyclodextrins, hexakis (2, 3.6 - tri - 0 - acetyl) - a - cyclodextrin (4)). heptakis (2, 3.6 - tri - 
0 - acetyl) - p - cyclodextrin (5) and octakis (2, 3,6 - tri - 0 - acetyl) - y - cyclodextrin (6). Freudenberg 
and Jacob?” reported in 1935 prior to the resolution of the conflict concerning the exact number 
of glucopyranose residues in the parent cyclodextrins, what appears to be the preparation of 4 and 5 by 

the treatment of the parent cyclodextrins with acetic anhydride in pyridine for 2 days at 40”. The crude 
products were then recrystallized from toluene to give what was reported to be 4 and 5. Melting points 
and specific rotation data were also given. Since in this and other early work which employed acetylation 
for the purposes of purification mixtures were more often the rule rather than the exception, the purity 
of the acetylated derivatives might be questioned and care must be exercised in using the data provided 
in these pioneering reports. The peracetate 5 was also prepared by McCknahan cl 01.~’ by both the acetic 
anhydride-pyridine method and by employing powdered zinc chloride as the acetylation catalyst with 
acetic anhydride, as part of the procedure for obtaining pure &cyclodextrin for specific rotation 
measurements. 

In a further attempt to resolve the question of the number of glucopyranose residues in the parent 
cyclodextrins, Freudenberg et al.““’ undertook the synthesis of 4, 5 and 6 using acetic anhydride- 

Tobk 2. Pcracyhkd cycbdextrinr 
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pyridine, as part of a quite complex purification scheme which had the goal of producing very pure Q-, 
fi- and ycyclodextrins (1, 2, 3) for molecular weight determinations. Since this work was used to 
support the claim (incorrect) that a-cyclodextrin (1) consisted of live glucopyranose residues and 
&cyclodextrin (2) six residues, the purity of these derivatives is in doubt. 

French et ol.“~” again in the context of purification, reported the syntheses of 45 and 6 by treatment 
of the parent cyclodextrins with boiling acetic anhydride containing sodium acetate, followed by 
treatment with water and subsequent recrystallization from an appropriate solvent. Solubilities of these 
cyclodextrin peracetates in toluene, methanol, ethyl acetate and n-butyl acetate arc given.” 

Following the initial syntheses of these peracetylated derivatives, many applications have been 
reported. The peracetylated Q- and @cyclodextrins 4 and 5 have been used by Sand and Schknk*m as 
polar stationary phases in gas-liquid chromatography. Also, in an investigation of the conformation of 
the glucopyranose residues in oligo- and polysaccharides. Cramer er ~1.~ measured the optical rotatory 
dispersion (ORD) spectra of 4 and 5. In another conformational study,” the IOOMHz ‘H NMR and IR 
spectra of 4 and 5 are recorded. Takeo and Kuge” have also reported 100MHz ‘H NMR data in their 
conformations study of the peracetylated cyclodextrins 4, 5 and 6. Hirauo,” in probing the charac- 
teristics of the IOOMHz NMR signal from the acetate-methyl groups protons in various peracetyl 
derivatives of oligo- and polysaccharides, includes data for 5. The “C NMR spectra of 4, 5 and 6 are 
reported by Takeo et 01.“” and the proton coupled “C NMR spectrum of 4 is available.la Acetyl 
substituent effects on the “C chemical shifts in oligo- and polysaccharides have been investigated by 
Gagnaire et al.” using 5. Compound 5 has also been used as a reactant in an aceto brominolytic cleavage 
reaction for the synthesis of acetylated glycosyl bromide derivatives of higher maltooligosaccharides.” 

Other nonacetyl peracyl derivatives have been synthesized. Heptakis (2,3,6 - tri - 0 - propanoyl) - /3 
- cyclodextrin (7). heptakis (2,3.6 - tri - 0 - butanoyl) - fi - cyclodextrin (8). and heptakis (2, 3.6 - tri - 0 
- pentanoyl) - /3 - cyclodextrin (9) were prepared and used as polar stationary phases in gas-liquid 
chromatography.2637 The trifluoroacetylated analog of 5, heptakis (2, 3.6 - tri - 0 - trifluoroacetyl) - fi - 
cyclodextrin (10) was obtained as colorless, but very hygroscopic crystalsa” The perbenzoylated 
analogs of 4 and 5, hexakis (2.3.6 - tri - 0 - benzoyl) - Q - cyclodextrin (11) and heptakis (2,3,6 - 0 - 
benzoyl) - p - cyclodextrin (12) have been utilized by Boger e( 01.” as intermediates in the selective 
modification of all primary hydroxyl groups in the parent cyclodextrins. Compound 12 was first prepared 
by Cramer, Mackensen and Senssem using benzoyl chloride and pyridine. 

3. Acylated cyclodexrrins with other functionul groups. In addition to the peracylated derivatives, a 
number of acylated cyclodextrins which also contain other functional groups have been synthesized 
(Table 3). There are numerous examples in which all primary hydroxyl groups in the cyclodextrin are 
substituted by other functional groups, while the remaining secondary hydroxyl groups are acetylated. 
Examples of this type include the 6-mesyl derivatives, hexakis (2,3 - di - 0 - acetyl - 6 - 0 - mesyl) - Q - 
cyclodextrin (13) and heptakis (2, 3 - di - 0 - acetyl - 6 - 0 - mesyl) - fi - cyclodextrin (141, which were 
first reported by Lautsch ef al.” Compounds 13 and 14 were prepared by stepwise reactions of the 
parent cyclodextrins, first with methanesulfonyl chloride and then with acetic anhydride-pyridine. These 
compounds were used as substrates for the complexation of iodine in which cyclodextrin-iodine 
complexes were examined by visible (42(Moonm) spectroscopy. Compound 14 was also prepared by 
Cramer et 01.~ as a synthetic intermediate. 

The tosyl analogs of 13 and 14 are also known. Hexakis (2, 3 - di - 0 - acetyl - 6 - 0 - tosyl) - a - 
cyclodextrin (15) was reported by Lautsch and Wiechert* in studies preliminary to an attempt to form a 
cyclodextrin polymer. Both 15 and the analogous Bcyclodextrin - based derivative, heptakis (2,3 - di - 0 

- acetyl - 6 - 0 - tosyl) - /3 - cyclodextrin (16), were synthesized by Cramer ef ~1.~ as synthetic 
intermediates in the preparation of other cyclodextrin derivatives. The ORD and UV spectra of 15 and 
16 have also been reported.” 

Heptakis (2.3 - di - 0 - acetyl - 6 - N - acetylamino - 6 - deoxy) - /3 - cyclodextrin (17). an analog of 5 with 
the acetyl groups at the primary positions linked to the cyclodextrin via nitrogen rather than oxygen, is 

known.w 
The mesylate 14 was treated with NaI to obtain the iodoacetate. heptakis (2, 3 - di - 0 - acetyl - 6 - 

deoxy - 6 - iodo) - j3 - cyclodextrin (la).” Further transformation of 18, by reaction with potassium 

S 

ethylxanthate (EtO- 1! -SK) yielded- heptakis (2. 3 - di - 0 - acetyl - 6 - deoxy - 6 - ethoxythiocarbonyl- 
mercapto) - #I - cyclodextrin (19). 
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Acetylated 6deoxy cyclodextrins, in which the primary hydroxyl groups have all been replaced by 

hydrogens, have also been synthesized:“,“) hexakis (2.3 - di - 0 - acetyl - 6 - deoxy) - a - cyclodextrin (2Q; 
heptakis (2. 3 - di - 0 - acetyl - 6 - deoxy) - /3 - cyclodextrin (21); and octakis (2, 3 - di - 0 - acetyl - 6 - 

deoxy) - y - cyclodextrin (22). 

Tabk 3. Acylared cyclodcxtrins wifh orhcr functional group 
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Tabk 3 (Contd) 
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Compound 21 was tirst reported as a model compound by Takeo et al.” in their “C NMR investigations 

of cyclodextrins and their peracetates. Compounds 2&22 were prepared by Takeo et al..” by the selective 

reductive debromination of the 6-bromo analogs, hexakis (2.3 - di - 0 - acetyl - 6 - bromo - 6 - dcoxy) - a 

- cyclodextrin (23) heptakis (2. 3 - di - 0 - acetyl - 6 - bromo - 6 - deoxy) - p - cyclodextrin (24). and 

octakis (2, 3 - di - 0 - acetyl - 6 - bromo - 6 - deoxy) - y - cyclodextrin (U). Conformational studies of 

U-25 have been conducted using ‘H NMR.” 

Cyclodextrins with azide functions at all primary sites, and the remaining secondary hydroxyl groups 

having been acetylated, are known.” Boger ef a/.” have synthesized hexakis (2.3 - di - 0 - acetyl - 6 - 
atido - 6 - deoxy) - a - cyclodextrin (26) and heptakis (2, 3 - di - 0 - acctyl - 6 - azido - 6 - deoxy) - @ - 

cyclodextrin (27) by reaction of the parent cyclodextrins 1 and 2 with lithium atide, triphenyl phosphine 

and carbon tetrabromide in dry DMF. followed by treatment with acetic anhydride-pyridine. Proton and 

“C NMR spectral data are reported for these compounds: ” 

In addition to the mixed cyclodextrin derivatives that contain acctyl and other functional groups, the 

mixed benzoylated cyclodextrin derivatives, hexakis (2. 6 - di - 0 - bentoyl) - a - cyclodextrin (28) and 

heptakis (2, 6 - di - 0 - benzoyl) - /3 - cyclodextrin (29). in which only part of the available hydroxyl 

groups are benzoylated have been prepared. In these derivatives all hydroxyl groups except those at 

position 3 on the glucose residues are benzoylated. Ogawa and Matsui” synthesized 28 using a 

regioselective acylation technique which involved the initial triatkylstanylation of the polyhydroxyl 

compound. “C NMR shifts are reported for 28, along with other physical data.” Kondo and Takeo” 

prepared m by treating the p arent cyclodextrin 2 with benzoyl chloride at - 40”. However, the product 

was shown by GLC to be a mixture of benzoyl substituted /J- cyclodextrins with a 52% replacement of 

hydroxyl functions by benzoyl groups. In an ensuing series of oxidation-reduction reactions, this 

mixture was converted into a mixture of cyclic oligosaccharides in which some of the constituent 

D-glucose residues had been converted into D-allose residues by inversion of configuration at a 

secondary hydroxyl group site. A methyl-benzoyl derivative, heptakis (6 - 0 - benzoyl - 2 - 0 - methyl) - 
/3 - cyclodextrin (30). was utilized by Takeo and KugeU as a synthetic intermediate. 

There are a number of benzoyl derivatives in which substitution of other functional groups has 

occurred at the primary hydroxyl groups, while the remaining secondary hydroxyl groups have been 
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esterifkd to form benzoate esters. The simplest example of this type is hexakis (2.3 - di - 0 - benzoyl) - 
a - cyclodextrin (31). in which the primary hydroxyl functions remain unmodiBed. Derivatives 31 was 
prepared by Boger CI 01.” as an intermediate in a reaction scheme which was designed to provide 
selective modification of all primary hydroxyl groups in a-cyclodextrin (1). The perbenzoylated 
derivative 12 was treated with potassium isopropoxide in 2-propanol-benzenc solvent to give 31. 
Compound 31 was then further modiBedg by reaction with tosyl chloride in pyridine to produce the 
6-tosyl derivative, hexakis (2, 3 - di - 0 - benzoyl - 6 - 0 - tosyl) - Q - cyclodextrin (32). Derivative 31 
was also modified” to give the bmethyl analog, hexakis (2. 3 - di - 0 - benzoyl - 6 - 0 - methyl) - Q - 
cyclodextrin (33). by treating 31 with diazomethane and boron trifluoride etherate in ether-chloroform 
solvent at 0”. Further reaction” of the 6-tosyl derivative 32 with sodium azide in DMF yielded hexakis (6 
-azido - 2, 3 - di - 0 - benzoyl - 6 - deoxy) - Q - cyclodextrin (34). ‘H and “C NMR data for these 
compounds are reported.” 

Several asymmetrically functional&d acyl cyclodextrins have been prepared. Cramer, Mackensen 
and Sensse” have, in the course of ORD and UV spectral based conformational studies of glucose 
residues in cyclodextrins, prepared a tetra - 6 - trityl derivative, tetrakis (2, 3 - di - 0 - acetyl - 6 - 0 - 
trityl) - tris (2, 3.6 - tri - 0 - acetyl) - j? - cyclodextrin (35) and its 4.4’dimethoxytrityl analog, tetrakis [2. 
3 - di - 0 - acetyl - 6 - 0 - (4.4’ - dimethoxytrityl)] - trisQ.3.6 - tri - 0 - acetyl) - B - cyclodextrin (36). 
Compounds 35 and 36 resulted from an attempt to tritylate all primary sites in /3_cyclodextrin. That only 
four of the seven primary hydroxyl groups could be substituted was attributed to steric crowding at the 
primary hydroxyl side of.the cyclodextrin toruss (Fig. I). It should be noted that the structures given for 
35 and 36 in Table 3 represent only two of a number of possible isomers which are presumably 
produced. Attempts by the same author? to completely transform the 6-tosyl acetate 15 and its 
/&cyclodextrin analog 16 into derivatives which have all primary hydroxyl groups replaced by iodine and 
all secondary hydroxyl groups acetylated led to derivatives with iodine at all but one of the primary sites 
(the remaining group being tosylatc) with acetate groups at all secondary sites. Thus, treatment of 15 and 
16 with sodium iodide gave mono (2.3 - di - 0 - acetyl - 6 - 0 - tosyl) - pentakis (2.3 - di - 0 - acetyl - 6 - 
deoxy - 6 - iodo) - Q - cyclodextrin (37) and hexakis (2,3 - di - 0 - acctyl - 6 - deoxy - 6 - iodo) - mono (2, 
3 - di - 0 - acetyl - 6 - 0 - tosyl) - B - cyclodextrin (38). respectively. Further reactions of 311 with 
potassium ethylxanthate gave hexakis (2.3 - di - 0 - acetyl - 6 - deoxy - 6 - ethoxythiocarbonylmercapto) 
- mono (2, 3,6 - tri - 0 - acetyl) - /I - cyclodextrin (39). Bergeron tf 01.” have reported the synthesis of 
tetra - 6 - trityl derivative, somewhat analogous to 35, but involving benzoate groups instead of the acetyl 
groups of 35. Thus, initial tritylation of the parent cyclodextrin 2, followed by benzoylation, gave bis (2, 
3.6 - tri - 0 - benzoyl) - mono (2,3 - di - 0 - benzoyl) - tetrakis (2.3 - di - 0 - benzoyl - 6 - 0 - trityl) - /I 
- cyclodextrin (40). a derivative in which four of the seven primary hydroxyl groups were tritylated. two 
of the seven primary hydroxyl groups were benzoylated and one of the primary hydroxyl groups 
remained unmodified. All secondary hydroxyl groups in 16 were benzoylated. Following removal of the 
trityl groups of 40, the four regenerated hydroxyl groups together with the single unmodified hydroxyl 
group were methylated with diazomethane to give” bis (2,3,6 - tri - 0 - benzoyl) - pentakis (2.3 - di - 0 
- benzoyl - 6 - 0 - methyl) - p - cycldcxtrin (41). Structures given in Table 3 for 40 and 41 represent 
only two of the several isomers that were presumably produced by these reactions. 

4. Monocyloled cyclodexftis. In addition to the acyl cyclodextrin derivatives previously described, 
in which several of the hydroxyl groups have been acylated, there are also known several monoacylated 
cyclodextrins (Table 4). The existence of these compounds may be attributed to the work of Bender’ and 
others on the mechanism of covalent catalysis by cyclodextrins in the hydrolysis of aryl esters and 
related substrates. It had been shown’ that the hrst step in the catalytic mechanism for hydrolysis of a 
cyclodextrincomplexed aryl ester substrate is nuckophilic attack by a secondary hydroxyl group of the 
cyclodextrin which ultimately results in a monoacyl cyclodextrin (Fig. 3). Under the reaction conditions, 
the monoacyl cyclodextrin usually undergoes subsequent reaction to give the parent cyclodextrin and the 
carboxylic acid as products. However, it is possible, at kast in some cases,’ to isolate an intermediate 
monoacyl cyclodexttin. Thus, it has been possibk to prepare and characterize a number of monoacyl 
cyclodextrins which have an ester linkage at a secondary site. The simple monoacetyl derivative, mono 
[2 (3) - 0 - acetyll - Q - cyclodextrin (42) was prepared by Bender cl 41.” from m-nitrophenyl acetate in a 
carbonate buffer. Earlier, Bender’s group” reported the preparation of an analogous monobenzoate, 
mono I2 (3) - 0 - benzoylj - @ - cyclodextrin (43) using m-nitrophenyl benzoate in a carbonate buffer. 
Separation of 43 from the reaction mixture was accomplished by gel filtration chromatography.’ Harada 
et q1.“- synthesized a number of monoacyl cyclodextrins with unsaturated sidechains. Using the 
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method developed by Bender, mono [2 (3) - 0 - propenoyl] - a - cyclodextrin (44) and mono (2 (3) - 0 - 

propenoyl] - f3 - cyclodextrin (m were prepared”.‘@ from the respective parent cyclodextrins 1 and 2 and 

m-nitrophenyl acrylate. Analogous compounds with longer unsaturated side chains were prepared”.“ by 

Bender’s method& from m-nitrophenyl N-acrylyl - 6 - aminohexanoate and the parent cyclodextrins 1 

and 2 which gave mono (2 (3) - 0 - (N - acrylyl - 6 - aminohexanoyl)] - a - cyclodextrin (46) and mono 

[2(3) - 0 - (N - acrylyl - 6 - aminohexanoyl)) - /3 - cyclodextrin (47). respectively. Derivatives 4447 were 

characterized, and then polymerized” by radical initiation. The effectiveness of the resulting polymers as 

catalysts for the hydrolysis of several p-niuophenyl esters was compared to that of the parent 

cyclodextrins 1 and 2:’ ” C NMR data for 44 and 45 are also available.q The monomers 4447 were also 

copolymerized with a variety of co-monomers.* Interactions of the monomeric derivatives 4447 with 

fluorescent compounds are also reported.‘9 Bender tr 01.” isolated the cyclodextrin monocinnamates, 

mono [2 (3) - 0 - Pans - cinnamoyl] - a - cyclodextrin (48). and mono[2 (3) - 0 - Pans - cinnamoyl] - /I - 
cyclodextrin (49), which were prepared from the parent cyclodextrins 1 and 2 and m-nitrophenyl 

cinnimate. Compounds 48 and 49 were used to obtain“ the rates of deacylation to form the parent 

cyclodextrins 1 and 2, which is presumed to be the final step in the covalent catalysis of ester hydrolysis 

by cyclodextrins.’ The rates of deacylation of 48 and 49 by amine catalysis were also determinedw with 

the goal of utilizing such cyclodextrins as enzyme models. Komiyama and Bender” further investigated 

the nucleophilic acceleration of the cleavage of 49 by amines such as piperidine and quinuclidine. A 

cyclodextrin derivative which is analogous to the monocinnimates 411 and 4) but with a ferrocenyl 

moiety replacing the phenyl group has been reported by Czarniecki and Breslow.‘* Following the 

Bender” method, the parent @-cyclodextrin 2 was acylated by complexation and reaction with the 

p-nitrophenyl ester of ferrocinnamic acid to give mono [2 (3) - 0 - ferrocenylpropcnoyl] /3_cyclodextrin 

00). The acylation of @zyclodex!rin to form SO showed a 50,oO-fold rate acceleration over the 

hydrolysis of the p-nitrophenyl fcirocinnamate ester by buffer alone. The magnitude of this acceleration 

is comparable to that noted for the acylation of the enzyme chymotrypsin by p-nitrophenyl acetate.” 

Thus, the cyclodextrin enzyme model exhibits both reaction selectivity and rate acceleration.” Further 

investigation in this area has been recently reported by Trainor and Breslow.” 

A special application of the Bender& method has been utilized by Harada cl a/.% to prepare 

@-cyclodextrin dimers (Table 5) having @-cyclodextrin moieties attached at both ends of a dicarboxylic 

acid. Thus, bis - B - cyclodextrin succinate (51) was prepared by the reaction of bis (m-nitrophenyl) 

succinate with a large excess of f&cyclodextrin. Similarly, bis - fi - cyclodcxtrin glutarate (52) was 

prepared from bis (m-nitrophenyl) glutarate and &cyclodextrin. The interactions of 51 and 52 with 

potassium 2 - p - toluidinylnaphthalene - 6 - sulfonate were studies by a fluorescence technique.” 

5. Poorly charucftn’ztd ocyl cyclodtxhn dtn’uorioes. While many of the cyclodextrin derivatives 

which have been prepared are well-characterized single compounds, mixtures of cyclodextrin derivatives 

have been prepared and used in some cases. Mixtures of this sort, while not well-characterized, often 

possess considerable industrial utility. Mixtures of acyl cyclodextrins of this sort have been reported.” 

These syntheses of unspecified long chain and unsaturated esters of cyclodextrins are represented by a 

specific example.” The reaction of lauric acid and @yclodextrin in the presence of p-toluenesulfonic 

acid has led to a water-insoluble product with a degree of substitution of 0.077. Such long-chain acyl 

derivatives are reported” to tind application as clathrating agents, soaps, detergents and plasticizers. 

B. Alkylatcd cyclodtxhns 

I. Infroducfion. Alkyl derivatives of the cyclodextrins appeared early in the literature.’ In analogy to 

the peracetylated derivatives, the permethylated cyclodextrins were initially synthesised for purification 

purposes, or alternately. for molecular weight or structure determination studies of the parent cyclodex- 

trins. Subsequent to the initial preparations of these permethylated derivatives, other partially or fully 

alkylated cyclodextrin derivatives, some containing other functional groups, were prepared. The 

majority of these more complex alkyl derivatives were used as synthetic intermediates in schemes 

designed to produce even more highly functionalized cyclodextrins, while some of these fully or partially 

alkylated cyclodextrins were the subject of spectral investigations. In addition, a number of monoalkyl- 

ated cyclodextrins are known, some of which have sultide linkages to the cyclodextrins. 

In this treatment, the results of the early research dealing with the permethylated cyclodextrin 

derivatives will be presented first, followed by discussion of the more recent research in this area. 

Subsequent to that, partially and fully alkylated cyclodextrins, some with other functionalities. will be 

examined. Finally, the monoalkylated cyclodextrins will be discussed. 
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2. Pennethylated cyctodextrins. Early reports of research in the area of cyclodextrins-their nature 
and StructurGcontain references to the pcrmethylated derivatives, hexakis (2.3.6 - tri - 0 - methyl) - Q 
- cyclodextrin (53). and heptakis (2.3.6 - tri - 0 - methyl) - jl - cyclodextrin (S4) (Table 6). Irvine er 01.” 
first reported in 1924 what is, apparently, the synthesis of 54 from the parent cyclodextrin 2 by repetitive 
treatment of 2 with dimethyl sulfate and sodium hydroxide. This lengthy process” required over twenty 
repetitions of the methylation procedure to yield, ultimately, a crystalline material of m.p. 102-105”. As 
has been noted previously in this work, the result of early research in the area of the synthesis of these 
cyclodextrin derivatives must be held in question. The early work often involved the use of impure parent 
cyclodextrins as starting materials for these preparations. French’ also pointed out that the lengthy reaction 
process required to obtain a completely methylated product might result in structural alterations-a result 
which would have contributed to the then present controversy over the exact structural nature of the 
cyclodextrins. 

Freudenberg and Rapp” employed a method different from that of the Pringsheim group% to obtain 
54 and its a-cyclodextrin analog 53. Treatment of the parent cyclodextrins, 1 or 2 with potassium metal 
in liquid ammonia resulted in formation of the corresponding potassium salts. These salts were then 
treated with methyl iodide in ethyl ether to give the crude products. Remcthylation by treatment of the 
crude material with sodium in liquid ammonia followed by methyl iodide and subsequent rccrystal- 
lization gave 53 or 54. The solubilities of 53 and 54 in common solvents have been determined.” Specific 
rotation datanJ’ are also given for 53 and 54. Since these permethyl derivatives were used to support the 
incorrect hypothesis” that a-cyclodcxtrin (1) contained five rather than six glucopyranose residues and 
that /?-cyclodextrin (2) was formed from only six such residues, the purities of these compounds must be 
questioned. However, later work by Freud&erg and CramerBg” in which freezing point depressions of 
mixtures consisting of 53 or 54 and cyclohexanol in various concentrations were determined, led to the 
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correct assignment of six glucopyranose residues for acyclodextrin (1) and seven for /3-cyclodextrin 

(2). 
Casu CI a/.6’ in the course of a conformational study of the parent cyclodextrins 1 and 2 and amylose, 

prepared 53 ad 51 from reaction of the parent cyclodextrins with methyl iodide and barium oxide in 

DMSO maintained at 40” for five days. ‘H NMR and IR data for 53 and 54 are reported!’ In another 

conformational study, the ORD spectra of 53 and 54 were measured by Cramer ef 01.~ Compounds 53 

and 84 were preparedm in this case by the action of methyl iodide and silver oxide upon the parent 

cyclodextrins in DMF. Recently, Stejtli et 01.~’ have reexamined the synthesis and structure of 54. They 

conclude, from ‘H and “C NMR studies that the previously-assigned structure for 54 is correct. 

Following the initial syntheses of the permethyl derivatives 53 and 54, several studies involving these 

compounds have appeared. Bergeron eta/.” permethylated the parent cyclodextrin 2 in order to enhance 

the hydrophobic character of the cyclodextrin cavity and promote complex formation of the resulting 

permethyl derivative 54 and palmitoyl coenzyme A. The partial molar volume of 54 in water at 25” was 

determined by Shahidi er 01.‘~ In a study of substituent effects on the “C NMR chemical shifts of various 

oligo- and polysaccharides, the “C NMR spectra of 54 is reported.” High purity 53. prepared from the 

parent cyclodextrin 1 with methyl iodide and sodium hydride in DMF. was utilized by Boger er 01.” in 

research aimed at producing cyclodextrin derivatives with selective modification of all primary hydroxyl 

groups. Compound 54 has also been prepared6’ and the a(l+4) linkages hydrolyzed to give trimethylated 

glucopyranose units which were subsequently used as co-monomers in various polymeric processes. TIK 

complexing characteristics of 53 and 54 were investigated by Casu et al.” using ‘H NMR, UV and IR 

spectroscopy. These workersa also employed 53 and 84 as stationary phases for the GLC separation of 

saturated hydrocarbon mixtures. Complexation by 53 of 4-biphenylcarboxylate or p-methylcinnamate 

anions in aqueous solution was studied by Gelb ef al.6s using conductometric methods and “C NMR 

spectrometric analyses and values of the equilibrium constants are reported. Nalai et ~11.~ prepared 

mixtures of 54 and various medicinals by grinding. X-ray diffraction analysis and IR spectral studies 

indicated that the medicinal molecules were “monomolecularly” dispersed in the ground mixtures. 

3.’ Fully und puniully ulkylated cyclodextrins -some with other juncfionulifies. In addition to the 

permethylated cyclodextrins previously discussed, several alkyl cyclodextrin derivatives are reported in 

which only a portion of the hydroxyl groups of the original cyclodextrin have been alkylated. In some 

cases, the remaining unalkylated hydroxyl groups have been functionalized by substitution of various 

other functional groups for hydroxyl. Other derivatives have been prepared wherein the remaining 

unalkylated hydroxyl groups of the partially alkylated cyclodextrin have been further alkylated by a 

reagent containing alkyl groups different from those of the original alkylating reagent. Thus, several 

completely alkylated cyclodextrins are known which contain more than one type of alkyl group. 

In the following listing and discussion of these compounds, symmetrically substituted alkyl cyclo- 

dextrin derivatives-those with the same pattern of functional groups on each glucopyranose residue- 

will be treated first (Tables 7 and 8). Subsequently, asymmetrically substituted derivatives will be 

examined (Table 9). 

The 2,6 - methyl substituted derivatives of 1 and 2. hexakis (2.6 - di - 0 - methyl) - a - cyclodextrin 

(55) and heptakis (2.6 - di - 0 - methyl) - @ - cyclodextrin (56) were lirst incorrectly reported by Staerk 

and Schlenk” to be the 3. 6-methylated derivatives. However, subsequent investigations”” demon- 

strated that these derivatives are in fact the 2. dmethylated compounds. A sample of 55 prepared by 

Staerk and SchlenkW was utilized by Bender et aI.& to test the role of secondary hydroxyl groups in the 

cyclodextrin-catalyzed cleavage of phenyl esters. Compound 55 is uniquely suited for such a test since 

the derivative has all of its primary and half of its secondary hydroxyl groups “blocked” from 

participation in the cleavage reaction. 

The 2. 6dimethyl derivatives 55 and 56 were prepared from the parent cyclodextrins 1 and 2 by 

treatment“’ with dimethyl sulfate and barium oxide in a I : I mixture of DMF-DMSO, followed by 

recrystallization. Both 55 and 56 were employed by Casu CI 01.~’ in their conformational studies of 

cyclodextrins. Thus. the IR and ‘H NMR spectra of 55 and 56 are available.6’ “C NMR spectral data for 
56 have been reported.67 

Bergeron et al.@ utilized these partially methylated derivatives (55 and Sa) to mimick the stimulatory 

effects of certain mycobacterial polysaccharides on the activity of a fatty acid synthetase. In a related 

enzyme modeling study, Bergeron cr al.” have shown that alkylated cyclodextrins 55 and 56 mimick the 

action of these same mycobacterial polysaccharides in effectively complexing palmitoyl coenzyme A. 

Breslow el 01.” utilized SS in a test of a proposed mechanism for the cyclodextrin-catalyxed selective 
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The 2-methyl analog of 60, heptakis (2 - 0 - methyl) - /3 - cyclodextrin (6!5) was prepared by Takeo 

and Kuge.U Treatment of heptakis (6 - bromo - 6 - deoxy - 2 - 0 - methyl) - /3 - cyclodextrin (66) in 

hexamethylphosphoramide (HMPA) with sodium benzoate at 90” gave heptakis (6 - 0 - benzoyl - 2 - 0 - 

methyl) - p - cyclodextrin (30). Cleavage of the benzoyl group by reaction of 30 with sodium methoxide 

in methanol, followed by treatment with an ion exchange resin gave the 2-methyl derivative 65. The ‘H 

NMR spectrum of 65 was utilized” in the structure proof of compound 56. 

Cyclodextrin derivatives with all secondary hydroxyl groups alkylated, and all primary hydroxyl 

groups substituted by other functional groups are also known.” As synthetic intermediates in an overall 

scheme to selectively modify all primary hydroxyl groups in cyclodextrins, Boger et 01.” synthesized a 

number of these compounds. Thus, hexakis (6 - ado - 6 - dcoxy - 2, 3 - di - 0 - methyl) - a - 
cyclodcxtrin (67) was prepared from the parent cyclodcxtrin 1 by two methods which involved a series 

of reaction and purification steps. Further treatment of 67 with triphenylphoshine in dioxane followed by 

addition of concentrated aqueous ammonia and workup gave hexakis (6 - amino - 6 - deoxy - 2.3 - di - 0 

- methyl) - Q - cyclodextrin hcxahydrochloride (68). Acetylation of compound 63 gave hexakis (6 - N - 

acetylamino - 6 - deoxy - 2, 3 - di - 0 - methyl) - a - cyclodextrin (69). 

Boger cl 01.” also reported the synthesis of 6methylated derivatives. The 2, 3benzoylated a- 

cyclodextrin 31 was treated with diazomethane and boron trifluoride cthcrate in chloroform at 0” to give 

the 3-methyl analog hexakis (2, 3 - di - 0 - benzoyl - 6 - 0 - methyl) - a - cyclodextrin (33). Removal of 

the benzoyl protecting groups from 33 by treatment with potassium hydroxide gave the desired bmethyl 

compound, hexakis (6 - 0 - methyl) - a - cyclodextrin (70). These authors” also report spectral data (“C 

and ‘H NMR, IR) for derivatives 33, 67-70. The syntheses of several a-cyclodextrin derivatives which 

contain three symmetrically disposed functional groups by replacing three of the six primary hydroxyl 

groups has also been performed by Boger et aLR.” The remaining hydroxyl groups were methylated 

(Table 8). The 6A, 6”. 6”triammonio a-cyclodextrin derivatives, 6”. 6c. 6F-triamino-6A, 6”. 6”-trideoxy- 

2A, 2’, 2’. 2’. 2E, 2F, 3A, 3’. 3’, 3”. 3”. 3’, 6’. 6D, 6F-pentadeca - 0 - methyl - a - cyclodextrin 

trihydrochloride (71) has been studied as an enzyme model which is capable of stabilizing the trigonal 

bipyramidal transition state required for an in-line displacement at the phosphate group of a phosphate 

monoester.‘*~74 Compound 71 was prepared by the following reaction sequence.” a-Cyclodextrin (1) was 

treated with excess trityl chloride in pyridine to give a mixture of di-. tri- and tetra-trityl derivatives. A 

short silica gel chromatography column was employed to obtain the desired tri-trityl derivative, 6A, 6’, 

6E-tri - 0 - trityl - a - cyclodextrin (72). Methylation of the fifteen remaining hydroxyl groups of 72 was 

accomplished using methyl iodine and crystalline sodium hydride in DMF to give 2A, 2*, 2c, 2D, 2”, 2F, 

3A, 3’. 3’, 3D, 3”. 3’, 6A. 6’. 6E-pentadeca - 0 - methyl - 6’, 6D, 6F - tri - 0 - trityl - a - cyclodextrin (73). The 

three trityl groups of 73 then were removed by concentrated hydrochloric acid to give a derivative 

containing 3 symmetrically disposed primary hydroxyl groups, 2”. 2’. y, 2D. 2E, 2F. 3A, 3’. 3c, 3D, 3E, 3F, 

6A, 6’, C” - pentadeca - 0 - methyl - a - cyclodextrin (74). Further reaction of 74 with methanesulfonyl 

chloride in pyridine produced the 6-trimesylate, 6A, 6’. 6” - tri - 0 - mesyl - 2A, 2’, 2c, 2’. 2”, 2F, 3”. 3’. 

3’, 3’. 3”. 3F, 6*, 6D, 6F - pentadeca - 0 - methyl - a - cyclodextrin (75). which, when treated with sodium 

azide in DMF, yielded the 6-triazido compound, 6A, 6’. 6” - triazido - 6”. 6’. 6” - tdeoxy - 2A, 2’, zc, 2D, 

ZE. 2F, 3”. 3B, 3’. 3D, 3r, 3’. 6’, 6’, 6F - pentadeca - 0 - methyl - a - cyclodextrin (76). Compound 71 was 

obtained by the reduction of 76 with triphenylphosphine-ammonia. Derivatives 71-76 were characterized 

by their ‘H and “C NMR spectra.” 

In addition to the symmetrical alkyl cyclodextrin derivatives discussed to this point, a number of 

asymmetric cyclodextrin derivatives containing alkyl groups are known (Table 9). During their con- 

formational study of the glucopyranose residues in and the ORD spectra of cyclodextrins, Cramer et ~1.~ 

prepared tetrakis (6 - 0 - trityl)) - p - cyclodextrin (77) by treating the parent cyclodextrin 2 with trityl 

chloride and pyridine. Substitution of the primary hydroxyl groups in 2 occurred only at four of the seven 

possible sites, probably due to steric interactions. A derivative containing four trityl groups with the 

remaining hydroxyl groups having been acetylated was prepared by an analogous reaction of 2 with trityl 

chloride in pyridine, followed by addition of acetic anhydride to the reaction mixture. Thus, tetrakis (2.3 - di 

- 0 - acetyl - 6 - 0 - trityl) - tris (2.3.6 - tri - 0 - acetyl) - /3 - cyclodextrin (35) and an analogous compound 

(from 4, b’dimethoxytrityl chloride, pyridine and acetic anhydride). tetrakis - [2, 3 - di - 0 - (4, 4’ - 

dimethoxytrityl)] - tris (2, 3,6 - tri - 0 - acetyl) - fi - cyclodextrin (36) were synthesized.” Compound 77 

has also been prepared by other workers.” Physical data, and ORD and UV spectra are reportedm for 

derivatives 35,36, and 77. 

Bergeron tf al.” prepared a benzoylated analog of the peracetylated btetratrityl derivative 35 by 
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benzoylation of the 6-tctratrityl derivative 77. The resulting material was a @cyclodextrin derivative in 
which four of the seven primary bydroxyl groups were tritylated, two of the seven primary bydroxyl 
groups were benzoylated. one primary bydroxyl group remaincd unmodiRed, and all of the secondary 
hydroxyl groups were benzoylated: bis (2.3.6 - t.ri - 0 - benzoyl) - mono (2,3. - di - 0 - benzoyl - 6 - 0 - 
trityl) - @ - cyclodextrin (48). Following removal of the four primary trityl groups with dilute acid, 
methylation of the resulting fine unprotected primary hydroxyl groups gave bis (2.3.6 - tri - 0 - benzoyl) 
- pentakis (2. 3 - di - 0 - benzoyl - 6 - 0 - methyl) - fl - cyclodextrin (41). Removal of the benzoyl 
groups of 41 by treatment with sodium methoxide in methanol gave pentakis (6 - 0 - methyl) - B - 
cyclodcxtrin (78). in which only five of the seven primary hydroxyl groups were methylated. It should be 
noted that the reactions which produce compounds 35,36.40,41,77 and 78 give mixtures of isomers (i.e. 
although four of the seven primary hydroxyl groups have been tritylated, which four of the seven 
possible sites undergo reaction has not been specified). The structures given in Table 9 for these 
compounds represent only six of the possible isomcric variations. 

Other authors76 have prepared benzyl cyclodcxtrin derivative mixtures by treating cyclodextrins with 
bis (trialkyltin) oxides and allowing the resulting cyclodextrin trialkyltin alLoxides to react with benzyl 
chloride. 

In a series of reactions analogous to those used to prepare 71, Boger cl 01.” synthesized mono (6 - 
amino - 6 - deoxy - 2. 3 - di - 0 - methyl) - pentakis (2, 3. 6 - tri - 0 - methyl) - a - cyclodextrin 
hydrochloride (79) from mono (6 - 0 - trityl) - Q - cyclodextrin (80)” 

4. Monoalkylored cyclodufrins. To this point, cyclodextrin derivatives with six or more alkyl groups 
have been examined. Several monoalkyl cyclodcxtrin derivatives with sulfur or oxygen linkages are also 
known (Table IO). The mono - 6 - trityl derivative, mono (6 - 0 - trityl) - Q - cyclodextrin (80) was 
prepared by Melton and Slessorn from the parent cyclodextrin 1 and trityl chloride in pyridine. This 
material was utilized” in the synthesis of the permethylated monoamino cyclodextrin derivative 79. The 
monotrityl derivative 88 was subjectadn to Aspergillus oryroe amylase (Taka-amylase) in an attempt to 
form 6’trityl substituted maltose. However, the attempted hydrolysis of 88 was found to be slow and 
complicated by side reactions. 

Several monoalkyl derivatives in which the alkyl group is linked to the parent cyclodextrin by a 
sulfide rather than an ether linkage have been reported. Fujita, Shinoda and Imoto” prepared the mono - 
6 - methylthio derivative, mono (6 - deoxy - 6 - methylthio) - j? - cyclodextrin (81) from the parent 
cyclodextrin via a monotosyl intermediate. Similarly, the mono - 6 - n - propyIP mono - 6 - I - butyIn 
and mono - 6 - neopentylm sulfide derivatives were synthesized: mono (6 - deoxy - 6 - propylthio) - fi - 
cyclodextrin (82). mono (6 - I - butylthio - 6 - deoxy) - p - cyclodextrin (83) and mono (6 - deoxy - 6 - 
neopentylthio) - /3 - cyclodextrin (84). respectively. Compounds 8184 were studied as enzyme-like 

Tab& IO. Mcmoalkylalcd cycb&xtrins 

0 

-OC(Ph), 6 

81 -sH* 7 79 

84 -SCH2Cm,), 7 80 
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catalysts in the cyclodextrin-catalysed hydrolysis of meta- and poru-substituted phenyl acetates.“‘O A 

recent X-ray analysis of 83 indicates that the f-butylthio group resides within the hydrophobic cavity of 

the cyclodextrin.” 

C. Cyclodextrin tosylates. mesylales and related derivarioes 

I. Introduction. Following the early research in the area of cyclodextrins, which led to the synthesis 

(for purification or other purposes) of a large number of acyl and alkyl cyclodextrin derivatives, interest 

was focused on the preparation of more complex derivatives of cyclodextrins. As the nature of the 

parent cyclodextrins became better known, it was recognized that these versatile compounds, and their 

derivatives, might be utilized in several chemical applications, including enzyme modeling studies. Often, 

the requirements of these proposed applications included the need for very pure and well-characterized 

cyclodextrin derivatives. It also became apparent that cyclodextrin derivatives with a variety of other 

functional groups would be required for many of the proposed applications. The desirability of preparing 

cyclodextrins with such groups as amino, azido, or halo led to the preparation of a series of cyclodextrin 

derivatives containing tosyl (4methylbenzenesulfonyl). mesyl (methanesulfonyl). or other related 

arylsulfonyl groups, which were then employed as intermediates in the synthesis of other cyclodextrin 

derivatives. In this treatment, the symmetrical cyclodextrin derivatives containing multiple tosyl, mesyl 

or related groups will be examined initially. Thereafter, the asymmetrically substituted cyclodextrin 

derivatives containing arylsulfonyl groups shall be surveyed. Finally, monotosyl cyclodextrins and 

related compounds will be discussed. In addition to the compounds listed in this subsection, several 

“capped” cyclodextrins involving arylsulfonyl linkages are known. Discussion of such derivatives will 

be postponed until subsection R. 

2. Symmetric cyclodextrin dericatiws containing multiple rosy/, mesyl or related groups. Lautsch, 

Weichert and Lehmann.” ’ in 1954, reported the first syntheses of the cyclodextrin tosylates (Table II) 

hexakis (6 - 0 - tosyl) - a - cyclodextrin (85). and the analogous heptakis (6 - 0 - tosyl) - B - cyclodextrin 

(86). Compounds 85 and 86 were prepared from the parent cyclodextrins 1 and 2 by treatment with six 

(derivative 85) or seven (derivative 86) mole equivalents of tosyl chloride (p-toluenesulfonyl chloride) in 

pyridine. Reaction at room temperature, followed by recrystallization, gave the primary tosylates 85 and 

86. Umezawa and Tatsutu,” using a refinement of the procedure of Lautsch et ol.” prepared 85 utilizing 

a low temperature reaction followed by chromatography. The purity of the sample of 85 prepared by 

L-autsch ef al.” was questioned by these researchers,” since the initial preparation had not involved 

chromatography. Cramer ef u/.~ * m their UV and ORD spectral study of the conformations of the 

glucopyranose residues in cyclodextrins, produced 85 and 86 by the reaction of 1 and 2. respectively, 

with a 50% excess of tosyl chloride in pyridine. Breslow er al.“,*5 employing a modification of the 

method of Lautsch ef al.” prepared 86. Specific rotation data for 85 and 86 and the reflectance spectra 

(420-600 nm) of the iodine complexes of 85 and 86 are reported.“’ Derivative 86 has been utilized” as a 

synthetic intermediate in the preparation of a cyclodextrin polymer. Compounds 85 and 86 have been 

converted into azido and amino cyclodextrins,” and other cyclodextrin derivatives.s Cramer and 

Mackenser?‘,“’ also employed 85 and 86 as intermediates in the synthesis of cyclodextrin derivatives 

containing pendant imidazole moieties. Emert and Breslow(U utilised 86 as a synthetic intermediate in 

the synthesis of a flexibly “capped” fi-cyclodextrin in an attempt to improve the catalytic ability of 

8-cyclodextrin as an enzyme model. In further research, which was aimed at preparing cyclodcxtrin 

enzyme models that mimic the action of serine acylase enzymes, Breslow el al.” used 86 as a synthetic 

intermediate. Breslow’” also employed 86 in the preparation of a hepta - 6 - substituted cyclodextrin 

imidazole derivative. 

Analogs of 85 and 86, in which the secondary hydroxyl groups have been acylated, are known. The 

acetyl analogs of 85 and 86. hexakis (2. 3 - di - 0 - acetyl - 6 - 0 - tosyl) - Q - cyclodextrin (IS) and 

hcptakis (2. 3 - di - 0 - acetyl - 6 - 0 - tosyl) - fi - cyclodextrin (16) were prepared by Cramer et 01.~ by 

the reaction of 85 and 86 with acetic anhydride in pyridine. An earlier preparation of 16 was reported by 

Lautsch and Wiechert.‘9 The ORD and UV spectra of 15 and 16 have been published.?p 

The benzoylated analog of 15, hexakis (2, 3 - di - 0 - benzoyl - 6 - 0 - tosyl) - a - cyclodextrin (32). 

was synthesized by Boger ej 01.” Compound 32 was prepared” from the 2,3benzoylated material 31 by 

treatment with tosyl chloride in pyridine at room temperature followed by workup and column 

chromatography. 

In addition to the series of 6-tosyl cyclodextrin derivatives just discussed, a number of analogous 

6-mesyl derivatives have also been prepared. Lautsch ef 01.~ report the preparation of hexakis (6 - 0 - 
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mesyl) - a - cyclodextrin (87) and heptakis (6 - 0 - mesyl) - /3 - cyclodextrin (88). the mesyl analogs of 85 

and 86. Derivatives 87 and 88 resulted from treatment of the parent cyclodextrins 1 and 2 with mesyl 

chloride (methanesulfonyl chloride) in pyridine at low temperature. Due to apparent difficulties encoun- 

tered in the attempted recrystallization of 87 and 88, these workers” acetylated the compounds with 

acetic anhydride-pyridine and obtained hexakis (2, 3 - di - 0 - acetyl - 6 - 0 - mesyl) - a - cyclodextrin 

(13) and heptakis (2.3 - di - 0 - acetyl - 6 - 0 - mesyl) - @- cyclodextrin (14), the mesyl analogs of 15 and 

16. 

Bender et ~11.~ prepared 87 and 88 as a portion of their research on the mechanism of cyclodextrin- 

catalyzed cleavage of phenyl esters. Compound 88 is reported’ to be as effective a catalyst in the 

cleavage of phenyl esters as is the parent J&cyclodextrin. This result is consistent with the proposed 

involvement of a secondary hydroxyl group of the cyclodextrin in the catalysis. The 6 - mesyl - /3 - 
cyclodextrin 88 was also synthesized by Cramer ef 01.~ from 2 and mesyl chloride in pyridine. 

Acetylation of 88 with acetic anhydride-pyridine yielded- 14, the acetylated analog of 88. Cramer and 

Mackensen” employed 88 as an intermediate in preparing cyclodextrin derivatives with pendant 

imidazole moieties. 

A symmetrical cyclodextrin trimesylate. 6A, 6’, 6E - tri - 0 - mesyl - 2A, 2’, 2’. 2D, 2E, 2’, 3A, 3’. 3’, 

3’, 3E. 3F. 6’, 6’, 6F - pentadeca - 0 - methyl - a - cyclodextrin (75). a compound with mesyl groups 

substituted for three symmetrically disposed primary hydroxyl groups and the remaining primary and 

secondary hydroxyl groups replaced by methoxy functions, has been reported.” Compound 75 was 

obtained” via compounds 7t74 (Table 8) from the parent cyclodextrin 1. Azido and amino analogs (76 

and 71, respectively) were obtained by the further reactions” of 75. 

Cyclodextrin mesyl derivatives, with the mesyl groups attached at secondary hydroxyl sites, are also 

known. Hexakis [6 - azido - 6 - deoxy - 2 (3) - 0 - mesyl] - a - cyclodextrin (89) and heptakis [6 - azido - 
6 - deoxy - 2 (3) - 0 - mesyl] - /3 - cyclodextrin (90) were utilized as synthetic intermediates in the 

preparation of modified cyclodextrins possessing antibacterial activity.& Compound 90 was produced” 

in a two step synthesis via the tetradecamesylate. heptakis [2 (3). 6 - di - 0 - mesyl] - /3 - cyclodextrin 

(91). Thus, reaction of the parent cyclodextrin 2 with mesyl chloride (2.15 mole equivalents per 

glucopyranose residue) in pyridine gave 91 in 98% yield. Further reaction of 91 with sodium azide in 

DMF at 85” for 7 hours produced 90 in 96% yield. 
In addition to the 6-tosyl and 6-mesyl derivatives described above, a number of 6arylsulfonyl 

cyclodextrin derivatives appear in the literature. Hexakis (6 - 0 - benzenesulfonyl) - a - cyclodextrin 

(92) was prepared by Cramer and Mackensen” as an intermediate in their syntheses of cyclodextrin 

imidazole derivatives. Kurita er u/.@‘~’ report the synthesis of the 6-mesitylsulfonyl cyclodextrin 

derivatives, hexakis [6 - 0 - (2.4.6 - trimethylbenzenesulfonyl)] - a - cyclodextrin (93) and heptakis [6 - 

0 - (2. 4, 6 - trimethylbenzenesulfonyl)] - /.3 - cyclodextrin (94). Certain amino cyclodextrin derivatives 

derived from 93 and 94 arc reported to possess serum cholesterol-lowering activity.Sbq’ Compound 94 

resulted” from the action of mesityl chloride (2, 4. 6 - trimethylbenzenesulfonyl chloride) on 1 in dry 

pyridine. Other serum cholesterol-lowering-amino cyclodextrin derivatives were prepared” from hexakis 

[6 - 0 - (2, 4. 6 - triisopropylbenzenesulfonyl)] - a - cyclodextrin (95) and heptakis [6 - 0 - (2. 4. 6 - 
triisopropylbenzenesulfonyl)] - /3 - cyclodextrin (96). 

3. Asymmettic cyclodexfrin dericotiws contuining losyl or relurd ,~roups. Several asymmetric 

cyclodextrin derivatives containing tosyl or other arylsulfonyl groups have appeared in the literature 

(Table 12). An attempt by Cramer ef 01.~ to prepare a hepta - 6 - iodo derivative of @cyclodextrin by 

treating the btosylate 86 with sodium iodide resulted in a mixture of compounds 97 which had 5.5 iodo 

groups and I.5 tosyl groups per cyclodextrin molecule. In a related attempt” to synthesize the hexa - 6 - 
iodo peracetate from 15 and the hepta - 6 - iodo peracetate from 16, chemically modified cyclodextrins 

were prepared in which all but one primary tosyloxy group had hen replaced by iodo groups and all 

secondary hydroxyl groups had been acetylated. Thus, mono (2, 3 - di - 0 - acetyl - 6 - 0 - tosyl) - 
pentakis (2. 3 - di - 0 - acetyl - 6 - deoxy - 6 - iodo) - a - cyclodextrin (37) and hexakis (2, 3 - di - 0 - 

acetyl - 6 - deoxy - 6 - iodo) - mono (2, 3 - di - 0 - acetyl - 6 - 0 - tosyl) - /3 - cyclodextrin (38) are 

known.” 

Hexakis 16 - 0 - (2, 4. 6 - trimethylbenzenenesulfonyl)] - /3 - cyclodextrin (98) was preparedU.*’ and 

found to possess antibacterial activity. Compound 98 is closely related to 94. However, one primary 

hydroxyl group in 98 remains unsubstituted. Hexakis [6 - 0 - (2.4, 6 - trimethylbenzenesulfonyl)] - 6 - 
cyclodextrin (99) was formed” as a coproduct in the preparation of 94 from the parent cyclodextrin 2. 

When a mixture of the hepta - 6 - mesitylsulfonyl derivatives 99 and 94 were treated with sodium azide 
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Table 12. Asymmcti cycbdextrin dcrivahs containi~ 10syi 01 related groups 
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in DMF. a mixture of products including the hexa - 6 - azido - mono - 2 - mesitylsulfonyl compound. 

hexakis (6 - ado - 6 - deoxy) - mono (2 - 0 - (2,4,6 - trimethylbenzenesulfonyl)] - /3 - cyclodextrin 

(ItJO), was produced. Catalytic hydrogenation (PtO, in methanol) of 190 yielded a mixture of positional 

isomers of hexakis (6 - amino - 6 - dcoxy) - mono [2 - 0 - (2, 4, 6 - trimethylbenzenesulfonyl)] - /3 - 

cyclodextrin (101) (isolated as the hexahydrochloride). IR Spectral data for derivatives B-101 are 

repOrted. 

Other unspecified tosyl and mesyl derivatives of cyclodextrins, are reported’6 to have been prepared 

by treatment of trialkyl tin atkoxides of cyclodextrins with tosyl or mesyl chloride. 

4. Monotosyl cyclodexfrin dcriootiues and relafed monosubstituted compounds. Monotosyl deriva- 

tives and other related monoarylsulfonyl cyclodextrin derivatives are listed in Table 13. The earliest 

known monotosyl cyclodextrin derivative is the 6-10~~1 derivative of 1. mono (6 - 0 - tosyi) - a - 
cyclodextrin (102). Melton and Skssor” reported the preparation of 102 as a key intermediate in the 

synthesis of several monosubstituted acyclodextrin derivatives. Compound 102 was preparedn from 

freeze-dried 1 and tosyl chloride in pyridine. After reaction for 40 minutes at room temperature, water 
was added to terminate the process. Analysis showed a 67% conversion of 1 to 102. Workup and 

chromatography yielded pure 102. for which specific rotation data are given.n 

The cyclodextrin derivatives prepared from 1@2 and 102 itself were treated with Asper,qillos oryme 

amylase (Taka-amylase) to prepare 6’.substituted mahoses.” Pdyamino cyclodextrin derivatives have 
also been synthesized from 102.% Onozuku ef 4LH” prepared 102 using Melton and Skssor’s method” 

and compared its “C NMR spectrum to that of a suspected mono - 3 - tosyl cyclodextrio derivative. 

The 6-tosyl @-cyclodcxtrin analog of 102, mono (6 - 0 - tosyl) - fi - cyclodextrin (10). was first 

reported by Matsui. ef 01.~ as a synthetic intermediate in the preparation of a copper-amino 

cyclodextrin complex. Compound 103 was tosylated with a 0.5 equivalent of tosyl chloride in pyri- 
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Table 13. Monotosyl cyclodcxti~s and related ccmpounds 
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dine, followed by recrystallization from water.W Tabushi et al.- utilized derivative 103 to synthesize a 

cyclodextrin which was flexibly capped with a metal ion. Compound 103 was also employed in the 

preparation of polyamine cyclodextrin derivatives% and the metal complexes of those polyamine 

derivatives.W Matsui and Okimoto’m used 103 in the preparation of a quaternary amino cyclodextrin-a 

simple enzyme model. Compound 103 was converted into several mono - 6 - halo cyclodextrin 

derivatives by Omichi and Matusshima.“’ These mono - 6 - halo cyclodextrins were then transformed 

into 6-halomaltotrioses, which were employed as substrates in hydrolysis studies using Taka-amylase A. 

Derivative 103 was utilized by Tabushi et a/.“’ in the preparation of an amino cyclodextrin monomer, 

which was subsequently condensed with chloromethylated polystyrene to give a cyclodextrincontaining 

polymer. In an alternative polymer preparation method,“’ the mono - 6 - tosyl derivative 103 was 
condensed with triethylenetriamino-substituted polystyrene, to form the desired cyclodextrin polymer. 

Metal complexes of the polymers produced from 103 are reported to be especially effective in the 

extraction of organic anions from aqueous solutions.‘M Siegel’W has employed 183 in the synthesis of a 

tetrameric iron-sulfur complex, which contains thiocyclodexrrin ligands. Fujita cl 01.~~ used 103 in the 

synthesis of the 6-alkylthio derivatives 8144. A &cyclodextrin-pyridoxamine artificial enzyme derived 

from 103 was reported by Breslow. Hammond and Lauer.“’ Hirotus ef ol.” converted 103 into the mono 

- 6 - fert - butylthio cyclodextrin, 83. Breslow er ~1.“’ have utilized 103 in the preparation of cyclodextrin 

with a pendant imidazole moiety. 

Other monotosyl derivatives of cyclodextrins have appeared. The mono - 3 - tosyl compounds, 

mono(3 - 0 - tosyl) - Q - cyclodextrin (1W and mono (3 - 0 - tosyl) - 6 - cyclodextrin (105) are known. 

Iwakura er 01.‘~ prepared 104 by the treatment of acyclodextrin (1) with IO equivalents of tosyl chloride 

in pH 11 buffer at 25” for I hr. Ion exchange chromatography yielded the pure a-cyclodextrin 3-tosylate 

104. UV and ‘H NMR data are reported’& for 104. Onozuku ef ~1.‘~ achieved the regiospccific tosylation 

of the parent cyclodextrins 1 and 2 lo give 104 and 105. respectively. The parent cyclodextrin (1 or 2) 

was treated with tosyl chloride in a highly basic medium (pH I2 carbonate buffer or a pH I3 sodium 

hydroxide solution) followed by ion exchange chromatography. Compounds 104 and 105 were obtained 

following purification of the crude products. Compound 105 was also utilized”2 in the synthesis of 

cyclodextrin nicotinamide derivatives. 
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In addition to the 3- and 6monotosylated cyclodextrins discussed to this point, four mono - 6 - 
arylsulfonyl cyclodextrins are also known. Tabushi and Shimizu* prepared the mono - 6 - a - 

naphthalenesulfonyloxy derivatives, mono [6 - 0 - (I - naphthalenesulfonyl)] - a - cyclotiextrin (186) and 

mono ((6 - 0 - (1 - napthalenesulfonyl)] - e - cyclodextrin (187). and the mono - 6 - brosylatcs, mono (6 - 

0 - (4 - bromobenzenesulfonyl)] - a - cyclodextrin (II) and mono [6 - 0 - (4 - bromobenz.enesuIfonyl)] - 

8 - cyclodcxtrin (189). Compounds 106109 were utilized in the synthesis of polyamino cyclodextrin 

derivatives.% 

D. Amino and orido derivatives of cyclodufrins 

I. Introduction. Following the initial preparations of the synthetically simpler cyclodextrin deriva- 

tives, which were usually alkylated or acetylated compounds, synthetic methods were developed (often 

employing cyclodextrin tosylates or related compounds) which enaMed amino cyclodextrin derivatives 

to be prepared. While other methods have been utilized. the general synthetic strategy is to generate the 

amino derivatives from the corresponding cyclodextrin tosylates of mesylates via nucleophihc displace- 

ment of the sulfonate group by azide ion. The azido derivatives are subsequently converted into amino 

compounds by reduction. Examples of these azido and amino cyclodextrins are very prolific. In addition 

to numerous primary journal citations for these cyclodextrin derivatives, they are focal compounds or at 

least mentioned in many patents. Since much of the patent literature is only available to the authors of 

this review is abstract form, the discussion of cyclodextrin amine or azide derivatives given in patents 

will be confined to those compounds which are specifically listed in the patent abstract published by 

Chemical Abstracts. 

The amino and azido cyclodextrins will be discussed in the following order: symmetrically sub- 

stituted amine and azide cyclodextrin derivatives- those derivatives with two or more amino or azido 

groups symmetically disposed on the cyclodextrin skeleton-will be considered first. Thereafter, 

asymmetrically substituted amine and azide cyclodextrin derivatives will be examined. Subsequently, 

monosubstituted amino or azido cyclodextrins will be discussed. Finally, selective bifunctionahzed 

cyclodextrin derivatives with amine, azide and related groups which have been prepared from “capped” 

cyclodextrins will be surveyed. In addition to the amino cyclodextrin derivatives discussed in this 
subsection, some other cyclodextrin amines will not be examined at this time. Speci8caIly, cyclodextrins 

with pendant imidazolyl or substituted pyridyl moieties will be treated separately in later subsections of 

this work. 

2. Symmefricolly substituted amino and ozido cyclodcxfrin deriuofiots. The earliest reported amino 

cyclodextrins are the 6-amino derivatives of the parent cyclodextrins 1 and 2, hexakis (6 - amino - 6 - 
deoxy) - Q - cyclodextrin (110) and heptakis (6 - amino - 6 - deoxy) - j3 - cyclodextrin (111) (TabIe 14). 

Compound 110 was first obtained by Umezawa and Tatsuta” from the reaction of the hexa - 6 - tosyl 

derivative 85 with sodium azide in DMF to give the hexa - 6 - azide, hexakis (6 - azido - 6 - deoxy) - a - 
cyclodextrin (112). which was hydrogenated (Pt02 in methanol) to give 110. IR data are reported” for 110 

and 112. In a later preparation, Boger er al.” synthesized 110 as its hexahydrochloride from 112 by reaction 

with triphenylphosphine in dioxane-methanol, followed by addition of aqueous ammonia and then 

acidification with hydrochloric acid. ‘H and “C NMR and IR spectral data for 110 and 112 are reported 

by these authors.” Compound 111. the @-cyclodextrin analog of 110. was tirst prepared by Lautsch and 

Wiechert” as a monomer for subsequent polmerization to form a cyclodextrin polymer. Derivative 111 

was obtained from the hepta - 6 - tosyl analog 86 by an extended treatment with methanolic ammonia in a 

steel bomb. Reflection spectra of the iodine and the p-nitrophenol complexes of 111 are avaiIable.‘p 

Cramer and Mackensen” report an attempted further transformation of 111 to form an imidazole- 

substituted cyclodextrin. Compound 111, preparedwb.PO.P’ from the hepta - 6 - mesitylsulfonyl derivative 
94 via the corresponding azide. heptakis (6 - atido - deoxy) - /I - cyclodextrin (113) is reportedmew to 
possess serum cholesterol-lowering activity. The hepta - 6 - amino derivative 111 was similarly 

produced” from the hepta - 6 - triisopropylbenzenesulfonyl derivative 96 via the hepta - 6 - azide 113. 

Tsujihara, Kurita and Kawazu*’ report ‘H NMR and IR data for derivatives 111 and 113. which were 

synthesized from the mesitylenesulfonyl derivative 94. 

A number of N-substituted amino cyclodextrins are known. Compound 110 was treated” with acetic 

anhydride in methanol IO give the hexa - 6 - acetamido cyclodextrin. hexakis (6 - N - acetylamino - 6 - 
deoxy) - Q - cyclodextrin (114). IR and ‘H NMR data for 114 are available.” The N-methyl and N-ethyl 

substituted amino cyclodextrins, heptakis (6 - deoxy - 6 - N - methylamino) - /? - cyclodextrin (115) and 

heptakis (6 - deoxy - 6 - N - ethylamino) - /I - cyclodextrin (116) have been reported. Derivative 115 was 



I440 A. P. CROFT and R. A. Bmsa 

prepared by Kurita et 01.~~“~’ from the hepta - 6 - mesitylsulfonyl compound 94 and the triisopropyl- 
benzenesulfonyl compound 96 by treatment with methylamine in an autoclave at 6&7tPC. Breslow et 
al.“” report thepreparation of 115 and the ethylamino analog 116 by treating the hepta - 6 - tosylate 86 
with either methyl- or ethylamine. Further reaction “” of 115 and 116 with formic anhydride yielded the 
N-formyl derivatives, heptakis (6 - deoxy - 6 N - formyl - N - methylamino) - g - cyclodextrin (117) and 
heptakis (6 - deoxy - 6 - N - formyl - N - ethylamino) - B - cyclodcxtrin (118). ‘H NMR spectral data for 
115-118 are available.‘5 The substituted amino groups of 117 and 118 would be expected to cluster 
together to form a “floor” on what was the primary hydroxyl group side of the cyclodextrin. It was 
suggested that such “flexible capping” would enhance the binding characteristics of the cyclodcxtrin. 
Therefore, Emert and Breslofl studied these derivatives (117 and 118) as reagents for acetyl transfer 
reactions from m-nitrophenyl acetate and m-rert-butylphenyl acetate to the secondary hydroxyl groups 
of the cyclodextrins. Reported data show rate enhancements. However, these authors” conclude that 
the “floor” either weakens or does not affect the overall bindingdue probably to the now too-shallow 
cavity of the cyclodextrin. Compounds 117 and 118 have been utilized in other mechanistic studies.” 

The hexa- and hcpta - 6 - dimethylaminocyclodextrins, hexakis (6 - dcoxy - 6 - N, N - dimethylamino) 
- a - cyclodextrin (119) and heptakis (6 - deoxy - 6 - N. N - dimethylamino) - /3 - cyclodextrin (124) were 
preparedg”” for use as serum cholesterol-lowering agents from either the corresponding mesityl- 
sulfonatcs 93 or 94 or the triisopropylbenxene sulfonates 95 or M. Similarly produced were a number of 
other N - substituted amino cyclodextrins: heptakis I6 - deoxy - 6 - (I - piperidino)] - B - cyclodextrin 
(121);“~.9’ heptakis [6 - deoxy - 6 - (4 - methyl - I - piperdino)] - /.I - cyclodextrin (122)? heptakis [6 - 

Tab& 14. Symmetrically suhdtuted amino and &do cyclodcxtria derivatives and related compounds 
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deoxy - 6 - (4 - methyl - 1 - piperazinyl)] - /3 - cyclodextrin (123);““’ hexakis [6 - (9 - adenyl) - 6 - deoxy] - 
a - cyclodextrin (lWH9”’ and heptakis [6 - (9 - adenyl) - 6 - deoxy] - g - cyclodextrin (12!t).“,“5’ 

A number of symmetric azido and amino cyclodextrin derivatives, which also contain otkr 
functional groups, have been reported. A mixed azidomcthanesulfonyl cyclodextrin derivative, heptakis 
[6 - azido - 6 - deoxy - 2 (3) - 0 - mesyl] - B - cyclodextrin (90) was preparedm” from the hepta - 2 (3) 6 
- dimesyl, compound 91 by treatment with sodium azide in DMF at 85” for 7 hr. The IR spectrum of the 
resulting compound 90 is reported. n Mixed acetylazides, hexakis (2, 3 - di - 0 - acetyl - 6 - azido - 6 - 
deoxy) - Q - cyclodextrin (26) and heptakis (2.3 - di - 0 - acetyl - 6 - azido - 6 - deoxy) - p - cyclodextrin 
(27). were reported by Bogcr er of.” Compounds 26 and 27 were synthesized from the parent 
cyclodextrins by an initial treatment of I or 2 with lithium azide, triphenylphosphine and carbon 
tetrabromide in DMF, followed by acetylation of the crude product (acetic anhydride-pyridine). 
Compound 26 was deacetylated with potassium hydroxide in methanoldioxane to give the hexa - 6 - atide 
112. The benzoyl analog of 26, hexakis (6 - ado - 2.3 - di - 0 - benzoyl - 6 - deoxy) - a - cyclodextrin 
(34). was also prepared” by treatment of the hexa - 6 - tosylate gS with sodium azide in DMF. The hexa - 
6 - azide 112 was also obtakd from 34 by the potassium hydroxide treatment” already described for 
compound 26. Boger et al.” also prepared three permethylated azido and amino acyclodextrins. 
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Hexakis (6 - ado - 6 - deoxy - 2. 3 - di - 0 - methyl) - a - cyclodextrin (67) resulted from treating the 

hexa - 6 - azide 112 first with crystalline sodium hydride in DMF and then methyl iodide. The amino 

analog of 67, hexakis (6 - amino - 6 - deoxy - 2, 3 - di - 0 - methyl) - a - cyclodextrin (68) was prepared 

from 67 by reaction with triphenylphosphine in dioxane. followed by addition of concentrated aqueous 

ammonia. Subsequent acidification gave the hexahydrochloride of 68. Compound 68 was further 

transformed by reaction with acetic anhydride-triethylamine in dioxane to give hexakis (6 - N - 

acetylamino - 6 - deoxy - 2. 3 - di - 0 - methyl) - Q - cyclodextrin (69). Spectral data (IR, ‘H and “C 

NMR) are reported” for compounds 26, 27, 34. 6749. The acetyl B-cyclodextrin analog of 69 was 

synthesized by other workers.“’ Thus, heptakis (2.3 - di - 0 - acetyl - 6 - N - acetylamino - 6 - deoxy) - /I 
- cyclodextrin (17) was converted into the hepta - 6 - amine 111 by acetylation with acetic anhydride- 

pyridine 

Two tri-substituted permethylated amino or azido cyclodextrins appear in the literature. The 6”. 6’, 

6’ - triamino - 6A, 6”. 6E - trideoxy - 2”. 2*, 2’. 2n. 2E. 2F, 3”. 3”. 3“, 3”. 3F, 3F, 6”, 6’. 6F - pentadeca - 0 - 

methyl - a - cyclodextrin trihydrochloride (71) was designed’* to stabilize trigonal bipyrimidal transition 

states, such as that envisioned for an in-line displacement at the phosphorus atom of a phosphate 

monoester. Compound 71 was prepared” from the corresponding triazido derivative, 6A, SC, 6E - triazido 

- 6A. 6“. 6E - trideoxy - 2A. 2’. 2’, 2’, 2”, 2F, 3A. 3”, 3’. 3’, 3E, 3F, 6’. 6’. 6F - pentadeca - 0 - methyl - a - 
cyclodextrin (76) by reduction of 76 with triphenylphosphine and ammonia in dioxane. ‘H and “C 

spectra of 71 and 76 are reported.” Compound 71 has been investigated as a host molecule for 

phosphate esters. ” 

3. Asymmefricallp substituted amino end ozido cpclodexfrin dericafices. Several asymmetrical sub 

stituted azido and amino cyclodextrin derivatives have been reported (Table 15). Often attempts to 

prepare amino derivatives of cyclodextrins in which all of the primary hydroxyl groups have been 

replaced by amino groups result in formation of partially substituted (at the bposition) amino and azido 

cyclodextrin derivatives. In addition, other such derivatives are known, some of which contain a single 

primary mesitylsulfonyl group in addition to the nitrogen functional groups. The penta - 6 - amine, 

pentakis (6 - amino - 6 - deoxy) - Q - cyclodextrin (126) was reported by Cramer et al.” to result from the 

reaction of the hexa - 6 - tosylate 85 and ammonia. Similarly, pentakis (6 - amino - 6 - deoxy) - p - 
cyclodextrin (127) was obtained as the monohydrochloride by the same worker? from the reaction, in a 

steel bomb, of methanolic ammonia and the hepta - 6 - tosylate 86. The structure given for compound 127 

in Table I5 represents one of a number of possible isomeric forms. Compound 126 and the hexa - 6 - 
amino analog, hexakis (6 - amino - 6 - deoxy) - p - cyclodextrin (128) are novel antimicrobial agents.” The 

researcher? prepared 126 and l#I as polyhydrochlorides from the corresponding penta- or hexa - 6 - 
mesitylsulfonates 98 and 99 and methanolic ammonia by sealed tube reactions. Compound 128 has also 

been synthesized’? from the hexa - 6 - mesitylsulfonyl fl- cyclodextrin 99 via the hexa - 6 - azide. hexakis 

(6 - azido - 6 - deoxy) - p - cyclodextrin (129). IR spectral data are reported” for 12l3 and 129. Tsujihara 

et aL9’ have also prepared a /3 - cyclodextrin 6 - amino derivative in which all. except one, primary 

hydroxyl groups have been replaced by amino groups with a secondary hydroxyl group having been 

mesitylsulfonated. Thus, reaction of a mixture of hepta - 6 - mesitylsulfonatcs of /3 - cyclodextrin 94 and 

99 with sodium azide in DMF gave, as one of the products, hexakis (6 - azido - 6 - deoxy) - mono[2 - 0 - 

(2.4, 6 - trimethylbenzenesulfonyl)] - B - cyclodextrin (100). Reduction of 100 (PtO, in acidic methanol) 

yielded a mixture of positional isomers of hexakis (6 - amino - 6 - deoxy) - mono [2 - 0 - (2, 4. 6 - 

trimethylbenzenesulfonyl)] - B - cyclodextrin (101). as the hexahydrochlorides. IR data are published” 

for 190 and 101. 
Another amino cyclodextrin derivative which also possesses other functional groups is known. Boger 

ef 41.” report the preparation of a permethylated monoarnino a-cyclodextrin. Thus, mono (6 - amino - 6 - 

deoxy - 2.3 - di - 0 - methyl) - pentakis (2.3. 6 - tri - 0 - methyl) - Q - cyclodextrin (79) was the product 

in a multistep synthesis from the mono - 6 - trityl derivative 80. 

Hepta - 6 - amino cyclodextrin derivatives with three to five secondary amino groups have also been 

reported?” bis (6 - amino - 6 - deoxy) - pentakis 12 (3), 6 - diamino - 2 (3), 6 - didcoxy] - j3 - cyclodextrin 

(130);” tetrakis 12 (3). 6 - diamino - 2 (3). 6 - dideoxy] - tris (6 - amino - 6 - deoxy) - p - cyclodextrin 

(131);” and tetrakis (6 - amino - 6 - deoxy) - tris 12 (3), 6 - diamino - 2(3), 6 - dideoxy] - /I - cyclodextrin 

(132).” Compounds U&l32 were obtained from the tetradecamesylate 91 via a series of reactions. Thus, 

91 (obtained from the parent cyclodextrin 2) was treated” with sodium azide in DMF to form the hepta - 
6 - azido heptamesylate 90. Further treatmen?’ of 90 with sodium ethoxide in DMFcthanol gave a 

mixture of hepta - 6 - arido epoxides. from which the following compounds were isolated: bis (6 - azido - 
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6 - dcoxy) - pen&&is [6 - azido - 2 (3). 6 - dideoxy - 2, 3 - epoxy] - p - cyclodextrin (133);‘@’ tetrakis [6 - 
azido - 2 (3). 6 - dideoxy - 2. 3 - epoxy] - tris (6 - azido - 6 - deoxy) - fi - cyclodextrin (134);” tetrakis (6 - 
atido - 6 - deoxy) - tris [6 - azido - 2 (3) 6 - dideoxy - 2.3 - epoxy] - fi - cyclodextrin (KS).” Reaction of 

compounds 13%135 with sodium azide and ammonium chloride in DMF at 9&95” gave, respectively, the 

dodeca-, undeca- and decaazido derivatives: bis (6 - ado - 6 - deoxy) - pentakis [2 (3). 6 - diazido - 2 (3). 

6 - dideoxy] - f3 - cyclodextrin (136);” tetrakis [2 (3). 6 - diazido - 2 (3). 6 - dideoxy] - tris (6 - ado - 6 - 
deoxy) - /3 - cyclodextrin (137);” and tetrakis (6 - diazido - 6 - deoxy) - tris [2 (3). 6 - diazklo - 2 (3). 6 - 
dideoxy] - /3 - cyclodextrin (138).” Catalytic hydrogenation (PtO? in acidic methanol) of compounds 

13613t3 yielded the hydrochlorides of derivatives 130-132. These hydrochlorides have been found to 

possess strong antimicrobial activity. n IR spectral data for compounds 131. 132, 134. 135, 137 and 138 



1444 A. P. CROFT and R. A. BARTSCII 

are available.n The structures gi e v n for 130-138 in Tabk 15 represent only nine of several possible 

isomeric forms of these compounds. 

Less highly characterized amino cyclodextrin mixtures, often useful in industrial applications, have 

been reported. @Cyclodcxtrin (2) was treated”’ with cthylenimine in toluene to form aminoethyl 

&Jcyclodextrin derivatives which were reported to be useful as clathrating compounds or as paper sixes. 

Takeo er 01” prepared 2-aminated B-cyclodextrin (with a 0.39 degree of substitution) via the oxidation, 

oximation, reduction (LiAIH,) and detritylation of the tetra - 6 - trityl derivative 77. Treatment”’ of 2 

with isatoic anhydride in water yielded a mixture of 0 - aminobenzoyl - fi - cyclodextrin derivatives 

(0.77 degree of substitution). Parmerter er 01.‘” have also prepared cyclodextrin derivative mixtures 

/O\ 
from the parent cyclodextrin 2 and a quatemary ammonium-substituted epoxide reagent (CH?-CH- 

CH$JMe,Cl-) to give quaternary ammonium ether cyclodcxtrins useful as paper sixes, binders and 

fluocculants. 

4. Monosubstituted amino and ozido derivatives of cyclodextrins. Several monoamino or monoazido 

cyclodextrin derivatives, and related compounds are known (Table 16). The simplest &amino cyclodex- 

trin, mono (6 - amino - 6 - deoxy) - a - cyclodextrin (Is)), was prepared by Melton and Slessorn from the 

mono - 6 - tosylate 102 via the mono - 6 - axide, mono (6 - azido - 6 - deoxy) - a - cyclodextrin (140). 

Reaction of freezedried 102 and sodium azide in water gave the mono - 6 - azide 140. Hydrogenation of 

140 over palladium black yield the mono - 6 - amine 139. The tide 140 was utilized by Melton and 

Slessorn as a substrate in the preparation of the analogous 6’ - substituted maltose. Gibson, Melton and 

Slessor’a studied the ninhydrin-promoted oxidative dcamination of 139 (obtained via 140) to form a 

cyclodextrin monoaldehyde. The mono - 6 - azide 140 was photolyzed by these authorslo to give the 

same monoaldehyde as had been obtained from 13). 
A number of polyamine cyclodextrin derivatives are known. The mono - w - aminoethylamino 

compound, mono [6 - N - (2 - aminoethyl) amino - 6 - dcoxy] - j3 - cyclodextrin (141). was prepared by 

Matsui et al.” from the mono - 6 - tosylate 103 and ethylenediamine. A I : 2 complex of 141 and Cu(II) 
was shownW to significantly accelerate the oxidation of furion at pH 10.5. Compound 141 also 

reacts’(“‘.“’ with retinal to give the Schiff base 145 which was used as a model compound for native 

visual pigments in UV absorption studies.“’ Higher polyamine analogs of 141 have been prepared by 

Tabushi et al.%.“.PP who synthesized mono [6 - N - (7 - amino - 3 - azapentyl) amino - 6 - deoxy] - /3 - 
cyclodextrin (142) and mono [6-N - (9 - amino - 3.6 -diazaoctyl) - amino - 6 - deoxy] - j3 - cyclodextrin 

(143) from the primary monotosylate 103 and either diethyknetriamine or triethylenetetraamine. Com- 

pounds 142 and 143 complexed with Cu’+, Zn2’ or Me’+ (flexible metal ion “capping”) were found to 

possess enhanced binding characteristics, when compared to the parent cyclodextrin 2. Tabushi er al. 

also report the synthesis% of a cyclic polyamine derivative, mono [6 (I - cycle - I, 4, 8, I I - 
tetraazatetradecyl) - deoxy] - p - cyclodextrin (144) by a method analogous to those reported for the 

linear polyamine cyclodextrins 142 and 143. Compound 143 was usedIm in the preparation of a 

cyclodextrin-polystyrene polymer. 

A quaternary trimethylammonio substituted cyclodextrin is also known. Matsui and Okimoto”“’ 

report the preparation of the positively-charged cyclodextrin derivative, mono (6 - trimethylammonio - 6 

- deoxy) - /3 - cyclodextrin hydrogen carbonate (146). Compound 146 was synthesized from the 

mono-tosylate 103 and trimethylamine in DMF. The ‘H NMR spectrum of 146 is reported, and the 

complexation characteristics and catalytic ability of this enzyme model have been studied.““’ 

Monoamino cyclodextrin derivatives, substituted at a secondary, rather than a primary hydroxyl 

group, are also found in the literature. Mono (3 - amino - 3 - deoxy) - Q - cyclodextrin (147) was produced’” 

from the mono - 3 - tosylate 104 via a monoiodo intermediate. The “C NMR spectrum for 147 is 

reported.lW 

Cyclodextrin nicotinamide derivatives and related compounds are known.“‘.“2 The mono - 3 - 
tosylate 105 was treated’” with a large excess of nicotinamide in DMF to form the cyclodextrin 

nicotinamide derivative, mono [3 - (3 - carbamoyl - I - pyridinio) - 3 - deoxy] - fl - cyclodextrin tosylate 

(148). Reduction of 148 (aqueous Na2COI-Nafi,O,) gave the dihydronicotinarnide cyclodextrin. mono (3 
- (3 - carbamoyl - 4.4 - dihydro - I - pyridyl) - 3 - deoxy] - /I - cyclodextrin (149). Oxidation-reduction 
studies”* were conducted in which 148 and 149 were used as models for naturally occurring NAD+- 

NADH (oxidized and reduced forms of nicotinamide adenine dinuckotide). Similarly synthesized”’ 

were the nicotinic acid analogs of 148 and 149, mono 13 - (3 - carboxy - I - pyridinio) - 3 - deoxy] - /3 - 
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cyclodextrin tosylate (1%) and mono [3 - (3 - carboxy - 4, 4 - dihydro - I - pyridyl) - 3 - deoxy] - /? - 
cyclodextrin (151). Also prepared”’ were the 3. 5 - dicarbmethoxy analogs, mono 13 - (3, 5 - 
dicarbmethoxy - I - pyridinio) - 3 - deoxyl] - /3 - cyclodextrin tosylate (152) and mono [3 - (3, 5 - 
dicarbmethoxy - 4.4 - dihydro - I - pyridyl) - 3 - deoxy] - @ - cyclodextrin (153). 

5. Bifunctionalized amine and azidc derivatives of cyclodextrins. Several specifically disubstituted (at 
primary sites) cyclodextrin amine and ankle derivatives have been reported (Table 17). Tabushi et al”’ 

prepared bis (6 - azido - 6 - deoxy) - p - cyclodextrin (154) by the double nucleophilic displacement with 
azide ion of a diphenylmethane - p, p’ - disulfonate “cap” of a rightly “capped” cyclodextrin. Reduction 
(H,PtOd of 154 gave bis (6 - amino - 6 - deoxy) - /3 - cyclodextrin (1SS). An analogous double 
nucleophillic displacement by diethylamine gave bis [6 - (IV. N - dkthylamino) - 6 - deoxy] - fl- cyclodextrin 
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(156). Treatment of the same capped /3cyclodextrin with thiourea gave 157. Similarly prepared from 

2-mercaptoethylamine was bis [6 - (2 - aminoethylthio) - 6 - deoxy] - /3 - cyclodextrin (158). IR and ‘H 
NMR data are reported for compounds lSb158.“’ Tabushi et ~1.“‘~“~ also synthesized bis [6 - (N - 2 - 
aminoethylamino) - 6 - deoxy] - ~3 - cyclodextrin (159) by heating the capped cyclodextrin”’ (or a diiodo 

analog prepared from the capped cyclodextrin)“’ with a large excess of cthylene-diamine. The ‘H and 

“C NMR spectra for 159 are reported.“’ Compound 159 was used to form a duplex cyclodcxtrin.“’ 

Recently, Tabushi et al.“’ reported mixed bifunctionalized cyclodextrins. Using a “flamingo cap” (an 

asymmetrical diary1 disulfonyl “capped” cyclodextrin), unsymmetrical introduction of two functional 

groups at two primary sites of cyclodextrins was accomplished. Two mixed derivatives containing azide 

groups were produced. The mixed arylsulfonyl azide 160 and the mercapto azide, mono (6 - azido - 6 - 
deoxy) - mono[6 - (4 - I - butylbenzenethio) - 6 - deoxy] - 6 - cyclodextrin (161) were both prepared by 

an initial attack on the “flamingo capped” compound using sodium azide in water to give 169. followed 

by treatment with sodium p-(terr-butyl)thiophenolate to yield 161. The ‘H NMR spectrum of 161 is 

reported.“’ 

A special bifunctionalized cyclodextrin amine derivative has been reported by Tabushi et (I/.“’ who 

synthesized the tetraaza duplex cyclodextrin (162). Thus, 159 was treated with the appropriate capped 

cyclodextrin in DMF-pyridine to form 162. The ‘H and “C NMR spectra of 162 are reported.“‘ The 

complexation characteristics of 159 and 162 have been investigated. 

E. Halogen detivotives of cyclodextrins 

I. Introduction. Halo cyclodextrins have usually been synthesized as intermediates to other chem- 
ically modified cyclodextrins. Often the initial goal of synthetic schemes has been to produce cyclodex- 

trins in which all primary hydroxyl groups are replaced by halides. Early attempts to achieve this goal 
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resulted in cyclodextrin derivatives in which the primary hydroxyl groups of the cyclodextrins were only 

partially replaced by halogen atoms. These asymmetrically substituted halide derivatives will be dis- 

cussed first in this subsection. Subsequently, cyclodextrin derivatives which all primary sites are occupied 

by halogens (obtained as synthetic methods improved) will be discussed. Then, a very versatile bifunc- 

tionalited cyclodextrin halide derivative will be examined, followed by the discussion of monohalo 

cyclodextrin derivatives. 

2. Asymmetrical halo cyclodextrin detivatives. In an attempt to produce the hepta - 6 - iodo 

derivative of 2. Cramer et ai.- treated the hepta - 6 - tosyl derivative 86 with sodium iodide in 

methylglycol. The resulting material 97 (Table 18) was found to be a mixture of cyclodextrin derivatives 

with a majority of the tosylate functions being replaced by iodo groups (5.5 iodo and 1.5 tosylate 

residues per ~cyclodextrin). Mixture 97 was employed*’ in the synthesis of cyclodextrin derivatives 

containing pendant imidazole moieties. Analogous attempts to prepare” hexa - 6 - iodo and hepta - 6 - 
iodo peracetates by the reaction of the peracetylated hexa - 6 - tosyl or hepta - 6 - tosyl derivatives 15 or 

16 resulted in the synthesis of the peracetylated penta - 6 - iodo and hexa - 6 - iodo mono - 6 - tosylates, 

mono (3, 3 - di - 0 - acetyl - 6 - 0 - tosyl) - pentakis ( 2, 3 - di - 0 - acetyl - 6 - deoxy - 6 - iodo) - Q - 
cyclodextrin (37) and hexakis (2.3 - di - 0 - acetyl - 6 - deoxy - 6 - iodo) - mono (2.3 - di - 0 - acetyl - 6 - 

0 - tosyl) - /3 - cyclodextrin (38). Compound 38 was employed” in the preparation of the hexa - 6 - 
ethylxanthate 39. 

3. Symmetrical halo cyclodextrin derivatives. Take0 et aLa prepared primary bromo derivatives of 

the parent cyclodextrins I. 2 and 3: hexakis (6 - bromo - 6 - deoxy) - a - cyclodextrin (163); heptakis (6 - 
bromo - 6 - deoxy) - /3 - cyclodextrin (164); and octakis (6 - bromo - 6 - deoxy) - y - cyclodextrin (165) 

(Table 19). Compounds 16%165 were produced by the reaction of the parent cyclodextrins with 5 

equivalents (based on the number of glucopyranose units) of methanesulfonyl bromide in DMF to give 

brominated, formylated products, which were then deformylated with sodium methoxide in methanol. 

Compounds IS165 were subsequently acetylatedm (acetic anhydride-pyridine) to give hexakis (2, 3 - di 

- 0 - acetyl - 6 - bromo - 6 - deoxy) - a - cyclodextrin (23). heptakis (2.3 - di - 0 - acetyl - 6 - bromo - 6 - 

deoxy) - j3 - cyclodextrin (24). and octakis (2.3 - di - 0 - acetyl - 6 - bromo - 6 - deoxy) - y - cyclodextrin 

(25). respectively. The ‘H NMR (100 MHz) spectra of 2%2!I are reported.a The hepta - 6 - bromo 

derivative I64 was utilizedU in the preparation of the hepta - 2 - methyl compound 65. Also, 164 was 

employed in the preparation of the corresponding hepta - 6 - deoxy compound.“.” 

The peracetylated hepta - 6 - iodo derivative, heptakis (2.3 - di - 0 - acetyl - 6 - deoxy - 6 - iodo - /tl - 
cyclodextrin (18). was synthesized by Cramer et a/.- from the peracetylated hepta - 6 - mesyl derivative 

14 by reaction with sodium iodide in acetic anhydride. When compound I8 was treated with potassium 

ethylxanthate the ethylxanthate derivative 19 resulted. 
A hepta - 2 - methyl - hepta - 6 - bromo derivative, heptakis (6 - bromo - 6 - deoxy - 2 - 0 - methyl) 

- f3 - cyclodextrin (66). was prepared by Takeo and KugeU as an intermediate in the synthesis of the 

hepta - 2 - methyl analog 65. Derivative 66 was produced from the hepta - 6 - bromo compound 164 by 

treatment with dimethylsulfate, barium oxide, and barium hydroxide octahydrate in DMF. 

TaMc 18 Asymmclrical halo cycbdextrin derivatives 
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A very versatile di - 6 - iodo derivative, bis (6 - deoxy - 6 - iodo) - /I - cyclodextrin (166) has been 

reported by Tabushi ef ~1.“~ An arylsulfonyl “capped” cyclodextrin was treated with potassium iodide in 

DMF to form 166. The diiodide. which is reactive toward even weak nucleophiles, can be further 

functionalized to give other bifunctionalized cyclodextrins. For example, reaction of 166 with ethy- 

lenediamine gavelI the di - w - aminoethylamino - p - cyclodextrin 159. Derivatives containing imidatole 

moieties were also produced.“Qerivative 166 has been utilized in structure proofs of four rigidly capped 

cyclodextrins.“‘~“7”8 The corresponding tetra - 6 - iodide, tetra (6 - deoxy - 6 - iodo) - p - cyclodextrin 

(221) has been similarly prepared from a “di-capped” cyclodextrin.“‘.“’ Derivative 221 was also 

employed in structure proofs of capped cyclodextrins.“‘~“’ 

4. Monoholo cyclodexrrin deriootiues.Three mono - 6 - halo cyclodextrin derivatives are listed in 

Table 20: mono (6 - chloro - 6 - deoxy) - Q - cyclodextrin (167), mono (6 - bromo - 6 - deoxy) - a - 
cyclodextrin (160). and mono (6 - deoxy - 6 - iodo) - Q - cyclodextrin (169). Melton and Slessor” 

prepared 167-169 from the mono - 6 - tosylate 102. Thus, reaction of freeze-dried 102 and tetramethyl- 

ammonium chloride in DMF gave 167. Similarly prepared (using lithium bromide) was the mono - 6 - 
bromide 168. The mono - 6 - iodide was synthesized by the reaction of 102 and sodium iodide in water. 

Compounds 167-169 were subjected” to enzymatic hydrolysis by Aspergillus oryzae amylase (Taka 

amylase) to form the corresponding 6’ - halo maltoses. Omichi and Matsushima”’ also utilized 

compounds 167-169in the preparation of 6-halo maltotrioses. which were subsequently hydrolysed by Taka 
amylase A. 

A single mono - 3 - halo cyclodextrin derivative, mono (3 - deoxy - 3 - iodo) - Q - cyclodextrin (170) 

has appeared in the literature. Compound 170 was preparedlW by the reaction of the mono - 3 - tosylate 
1@4 and sodium iodide in water. A histamine-functionalized cyclodextrin derivative was obtained’- from 

170. 
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F. Nitrate derivatives of cyclodextrins 

I449 

A few examples of cyclodextrin nitrate compounds appear in the literature (Table 21). In 1925 (prior 
to the resolution of the conflict concerning the number of glucopyranose residues contained in the parent 

cyclodextrins), Leibowitz and Silmann’n reported what appears to be the preparation of cyclodextrin 

nitrate esters. Two partially nitrated derivatives, hexakis 12 (3) (6). 6 (2) (3) - di - 0 - nitro] - a - 
cyclodcxtrin (171) and hcptakis [2 (3) (6). 6 (2) (3) - di - 0 - nitro] - @ - cyclodextrin (172) were 

synthcsized.‘n Compounds 171 and 172, cyclodcxtrin derivatives in which two-thirds of the hydroxyl 

Tabk 20. Moaohrlo cycbdcxtrin derivatives 
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groups are nitrated, were prepared by reactions of the parent cyclodextrins 1 and 2 with excess nitric 
and sulfuric acids. While substitution positions for the nitrate groups in these derivatives are not 
known, presumably a higher degree of substitution would occur at the more reactive primary hydroxyl 
groups. Elemental analysis of 171 and 172 gaveIn 11.4-I 1.7% nitrogen [ 11.1% is the theoretical value for 
(C6HIOPN2)x] which is consistent with the proposed structures. The completely nitrated cyclodextrins, 
hexakis (2, 3, 6 - tri - 0 - nitro) - Q - cyclodextrin (173) and heptakis(2, 3, 6 - tri - 0 - nitro) - fi - 
cyclodextrin (174) were also formed’22 as byproducts of the reactions used to produce 171 and 172. 
Elemental analysis results of 14.2-14.50/c nitrogen [the theoretical value is 14.1% for (C6H,0,,N,)x] are 
consistent with the proposed structures. 

Attempts by others to prepare polynitrated cyclodextrins have resulted in compounds in which not all 
of the hydroxyl groups have been nitrated. In order to obtain molecular weights of the parent 
cyclodextrins by the Barger method, Grucnhut er 01.“’ obtained cyclodextrin nitrates from the reaction 
of the parent cyclodextrins 1 and 2 with dinitrogen pentoxide and sodium fluoride in chloroform. 
However, the elemental analysis results obtained for nitrogen (13.61% nitrogen for the nitrated Q- 
cyclodextrin, 13.52% nitrogen for the nitrated /?-cyclodextrin) are too low for these cyclodcxtrin 
derivatives to be completely nitrated compounds 173 and 174. Another attempted polynitration by 
Freudenbcrg and CramerdO using dinitrogen pentoxide and acetonitrile at - 20” resulted in the pre- 
paration of nitrated derivatives of the parent cyclodextrins l-3. While the nitrated a-cyclodextrin’s 
elemental analysis@ for nitrogen (14.2%) seemed to identify it as the polynitrate 173. the elemental 
analysis for the j&cyclodextrin nitrate (13.2%) was too low for it to be compound 174. Nitratio# of 
ycyclodextrin (3) led to a material which gave a lower nitrogen analysis (12.7%) than would have been 
required for the polynitrated derivative, octakis (2, 3, 6 - tri - 0 - nitro) - y - cyclodextrin (175). 

More recently, Dawoud and Marawan.l” in connection with their study of the IR spectra of various 
nitrated polysaccharides, prepared nitrated derivatives of 1 and 2. However, the presence of OH 
stretching bands in the IR spectra for these derivatives,‘” and low values for the nitrogen elemental 
analyses (13.2-13.%) argue against their having obtained either 173 or 174. Apparently, a small number 
of the hydroxyl groups in these cyclodestrin derivatives had not been nitrated. 

G. Phosphorus-containing dericofices of cyclodextrins. 
Several cyclodextrin derivatives with phosphorus-containing functional groups are known (Table 22). 

A number of monosubstituted phosphate esters have been reported. Hennrich and Cramer”’ record the 
isolation of a monophosphoryl ~-cyclodextrin from the reaction of diary1 pyrophosphatcs and the parent 
cyclodextrin 2. Covalent catalysis in the hydrolysis of diary1 pyrophosphates by cyclodextrins is 
bclieved7~“s to involve an initial complexation of the substrate by cyclodextrin, followed by the attack of 
a secondary cyclodextrin hydroxyl group on phosphorus, and the subsequent transfer of the phosphate 
group to a secondary site on the cyclodextrin. Thus, the material obtained by Hennrich and Cramer”’ is 
presumed to be a mixture of the salts of mono ( 2 - 0 - phosphoryl) - /3 - cyclodextrin (176) and mono (3 - 
0 - phosphoryl) - 0 - cyclodcxtrin (177). Compounds 176 and 177 were subsequently prepared as their 
diammonium salts by Siegel et a/.1X from the reaction of bis (m - nitrophenyl) phosphate and 
@cyclodextrin (2). Careful chromatography of the resulting product mixture yielded 176 and 177. 
Compounds 176 and 177 were studied’% to determine their effectiveness as general acid or general base 
catalysts with bound substrates. A mixture of diammonium salts of 176 and ln, prepared in a manner 
similar to Breslow’s method.lX was employed by Eiki and Tagaki’?’ as a catalyst for the oxidation of 
bcnzyl methyl sulfide to the sulfoxide by iodine. 

In addition to the secondary monophosphates. mono - 6 - phosphorous - containing derivatives of 
cyclodextrins have been reported. Siegel et al.‘% prepared the mono - 6 - analog of 176 or 17. mono (6 - 
0 - phosphoryl) - /3 - cyclodextrin (178). and a related compound, mono (6 - 0 - diphenylphosphoryl) - B 
- cyclodextrin (179). Compound 179 was synthesized’% from the parent cyclodextrin 2 and diphenyl- 
phosphorochloridate in pyridine. Following workup and characterization’% by NMR, 179 was hydro- 
genated (Pt in ethanol) for one week. Workup yielded compound 178 as its diammonium salt. The 
catalytic ability of 178 as a genera) acid and a general base catalyst was assessed by these researchers.‘% 

Another cyclodextrin derivative with a single phosphorus-containing moiety is attributable to Brass 
and Bender’” who report the isolation of a neutral mono-modified derivative, presumed to be a cyclic j.3 
- cyclodextrin methylphosphonate, 180. Compound 180 was isolated from the products of the reactions 
of diary1 mcthylphosphonates with fi - cyclodextrin (2). The presence of such a derivative was used to 
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support’” a proposed mechanism for this hydrolysis; one which is similar to the mechanism described 

above for the hydrolysis of diary1 pyrophosphates by cyclodextrins. 

Additional cyclodextrin derivatives with multiple phosphate moieties are known. Siegel et (11.‘~ 

report the preparation of heptakis (6 - 0 - diphenylphosphoryl) - fi - cyclodextrin (181) by a method 

analogous to that employed in the synthesis of 179. but using a large excess of the diphenyl- 

phosphorochloridate. In addition, Van Hooidonk et 01.‘~” describe the isolation of an a-cyclodextrin 

derivative which contained three secondary phosphoryl groups. Thus, tris (2 (3) - 0 - phosphoryl] - a - 

cyclodextrin (182) was prepared’mp.‘M by reactions analogous to those used for the synthesis of the mono 

- 2 - and mono - 3 - phosphorylated derivatives 176 and 177, but having excess substrate present which 

allowed trisubstitution of the cyclodextrin. In Table 22, the structure for 182 represents one of several 

isomeric possibilities. 

Cyclodextrin detivatives made from various phosphorus-containing acids, which might be useful in 

industrial applications. such as sewage flocculation or paper finishing. have also been reported.“* 

H. Cyclodextn’n derit+arices containing imidozolc moieties 

I. Introduction. Desire on the part of researchers for more complex enzyme models led to the 

synthesis of cyclodextrin derivatives with pendant imidazole groups. The catalytic activity of the 

enzyme chymotrypsin. with its histidine imidazole group, is believed to be due to acid-base catalysis by 

the pendant imidazole function on a bound substrate. Since cyclodextrins are able to bind a variety of 

substrates, the introduction of one or more pendant imidazole groups into a cyclodextrin molecule might 

provide an enzyme model for chymotrypsin. Attempts to prepare such enzyme models have led to 
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several cyclodextrin derivatives which possess imidazole groups either directly bound to the cyclodex- 
trin, or connected via oxygen-, nitrogen- or sulfur-linked “arms” to the cyclodextrin framework. 

In this summary, early work in this area which produced cyclodextrin imidazole derivative mixtures 
will be examined first. Subsequently, other cyclodextrins which contain one or more imidazole groups 
will be discussed. 

2. Cyclodextn’n dericaiire mixtures with multiple pendan? imidarole moieties. Research by Cramer and 
Mackensen”*“9 led to the preparation of a number of mixtures of cyclodextrin derivatives with 
imidazole groups attached (Table 23). Reaction of the parent cyclodextrins 1 and 2 with 4 (5) - 
chloromethylimidazole and base (potassium f-butoxide or potassium hydroxide) gave”.“’ mixtures of 
the corresponding 0-methylimidazole substituted cyclodextrins. Elemental analysis indicated an ac;eruge 
substitution of three (for 1) or two (for 2) imidazole units for hydroxyl groups, presumably at the 
primary sites. Thus, mixtures of cyclodextrin derivatives designated by the “average” compounds tris [6 
- 0 - (4 (5) - imidazolylmethyl)] - a - cyclodextrin (183) and bis [6 - 0 - (4 (5) - imidazolylmethyl)] - fi - 
cyclodextrin (184) were obtained. Although 183 and 184 are named as single compounds, it must be 
remembered that the mixtures probably contain’.= derivatives with greater or fewer imidazole groups per 
molecule. Also substitution may have occurred at sites other than the primary hydroxyl group~.~ 
Therefore the structures given for mixtures lKb1!32 in Table 23 represent only a few of many possible 
compounds which are presumably present in these mixtures. 

An analogous mixture to that of lt33, but with linkage through nitrogen, was prepared*’ by the 
reaction of the hexa - 6 - benzenesulfonyl derivative 92 and 4 (5) - aminomethylimidazole in methanol in 
a steel bomb to give the mixture, bis [6 - deoxy - 6 - N - (4 (5) - imidazolylmethyl) amino] - a - 
cyclodextrin (185). Similarly obtained from the hepta - 6 - tosylate 86 was the derivative mixture, tris [6 - 
deoxy - 6 - N - (4 (5) - imidazolylmethyl) amino] - p - cyclodextrin (186). Treatment*‘*“’ of the hexa - 6 - 
tosylate 85 with histamine in a steel bomb gave the three - histamine - containing tris 16 - deoxy - 6 - N - 
(2 - imidarol - 4 (5) - ylethyl) amino] - a - cyclodextrin (187). Using 86, histamine, and slightly different 
reaction conditions, the @cyclodextrin derivative mixtures tris [6 - deoxy - 6 - N - (2 - imidazol - 4 (5) - 
ylethyl) amino] - fi - cyclodextrin (ItUB and the tetrakis (6 - deoxy - 6 - N - (2 - imidazol - 4 (5) ylethyl) 
amino] - (3 - cyclodextrin (189) were produced. 

Additional derivative mixtures were prepared in which the imidazole group was attached directly to 
the cyclodextrin via a ring nitrogen. The hepta - 6 - tosylate 86 was treated”’ with imidazole to give the 
mixture bis [6 - deoxy - 6 - (I - imidazolyl)] - /3 - cyclodextrin (190). A mixture analogous to ln, but with 
four imidazole groups per cyclodextrin molecule, was prepared” from the hepta - 6 - mesylate gt3 or the 
iodo compound 97 and imidazole in a steel bomb reaction to give tetrakis [6 - deoxy - 6 - (I - imidazolyl)] 
- /3 - cyclodextrin (191). Hexakis [6 - deoxy - 6 - (1 - imidazolyl)] - /I - cyclodexthn (192) was 
synthesized*’ from the pertrifluoroacetate 10 and imidazole. 

Compounds M-192 have been examined”.“’ as catalysts for the hydrolysis of aryl acetates. 
3. Ofher cycfodexfrin deriuoriues which contain imidutole moieties. In addition to the cyclodextrin 

derivative mixtures discussed above, other cyclodextrin derivatives are known which have attached 
imidazole groups (Table 24). Kitaura and Bender”’ report the preparation of a monosubstituted 
a-cyclodextrin derivative which has a pendant imidazole group. Mono [(2 (3) - 0 - (N - [4 (5) - 
imidazolymethyl] hydroxamoylmethyl)] - a - cyclodextrin (193) resulted from reaction of the cor- 
responding carboxymethyl cyclodextrin and 4 (5) - imidazolemethylhydroxylamine in the presence of 
base.“’ IR and UV data used to characterize 193 are given.“’ Compound 193 was examined as a catalyst 
in the hydrolysis of various aryl acetates and an aryl thioacetate. 

Another monosubstituted (at a secondary position) cyclodextrin derivative with a pendant imidazole 
group has been prepared.lW The cyclodextri*histamine derivative, mono [3 - deoxy - 3 - N - (2 - 
imidazol - 4 (5) - ylethyl) amino] - a - cyclodextrin (194) was obtained from the reaction of histamine and 
the mono - 3 - iodine 170 in water at 80”. Rate data for ester hydrolysis reactions involving 194 as a 
catalyst are provided’” for this chymotrypsin enzyme model. 

Mono primary-substituted, imidazole-containing cyclodextrin derivatives also appear in the literature. 
Mono [6 - deoxy - 6 - (1 - imidazolyl)] - /3 - cyclodextrin (195) was reported by Breslow et 41.“’ who used 
the compound to catalytically cleave a cyclic phosphate ester of 4 - rert - butylcatechol. Also these 
researchers prepared”’ mono [6 - deoxy - 6 - (4 (5) - imidazolylmethyl) thio] - /3 - cyclodextrin (1%) from 
4 (5)-mercaptomethylimidazole and the mono - 6 - tosylate 103. 

A series of symmetrically disubstituted cyclodextrin derivatives with attached imidazole groups has 
been reported. The disubstituted analog of 1% bis [6 - deoxy - 6 - (4 (5) - imidazolylmethyl) thio] - fi - 
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Table 23. Mixtures of cycbdcxlrin derivatives with pendant imidudc moielk* 

187 

6 3 

192 7 6 Al 

cyclodextrin (l!U) was prepared”’ by the reaction of 4 (5) - mercaptomethylimidazole and a capped 
cyclodextrin in analogy to the preparation of 1%. Both compounds 1% and 197 were employed as 
ribonuclease mimics. A symmetrically bifunctionalized derivative, bis [6 - (1 - imidazolyl) - 6 - deoxy] - g 
- cyclodcxtrin (1%) - a derivative with two nearly symmetrically attached (via ring nitrogen) imidazole 
groups has been prepared by Breslow et 01.“’ from a capped cyclodextrin disulfonate derivative. The 
capped cyclodextrin was a mixture of two isomers, the 6A, 6’ capped derivative and the 6A, 6D capped 
derivative (letters refer to the glucopyranose residues in the ~-cyclodextrin). Compound 1%. which was 
synthesized from this capped derivative mixture and imidazole, may also be a mixture of the two 
isomers. Derivative 1% was employed”’ as a ribonuckase mimic in the hydrolysis of a cyclic 
phosphate-containing substrate. Kinetic results obtained for the mixed 6A, 6’ and 6A. 6’ isomers of 1% 
were later confirmed’m using 1% which was the pure 6A, 6’ isomer. Tabushi et al.“’ have studied 1% 
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Tabk 24. Cyclodcxtrin derivatives with pendant imidazck mokricr 
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and another bis derivative, bis [6 - deoxy - 6 - N - (2 - imidazol - 4 (5) ylethyl) amino] - p - cyclodcxtrin 
(199). as carbonic anhydrase models. Derivative 199 was prepared ‘I6 from the diiodide 164 and histamine 
in DMF. 

One hepta - 6 - imidazoylyl cyclodextrin is known.lm Heptakis [6 - dcoxy - 6 - (I - imidazolyl)] - 0 - 
cyclodextrin (2Mf) was obtained’20 from the hepta - 6 - tosylate 86 and imidazole. Breslow’m has 
demonstrated that #)o is also an effective enzyme model for ribonuclease. 

I. Cyclodexfrin derioatioes containing pyridine moiefies 
A few cyclodextrin derivatives with pendant pyridyl groups have been reported (Table 25). Breslow 

and Overman”’ prepared mono [2 (3) - 0 - (2 - carboxypyrid - 5 - yloxo)] - a - cyclodextrin (#II) by 
treatment of the parent cyclodcxtrin cyclodextrin 1 with an equimolar quantity of the 5 - m - nitrophenyl 
ester of pyridine - 2, 5 - dicarboxylic acid in water. Workup and careful chromatography gave to1 in 
55-65s yield. Nickel(D) and coppcrfl1) complexes of 201 were investigated”’ as catalysts for the 
hydrolyses of p-nitrophenyl acetate and the p-nitrophenyl ester of glycine. Compound 241 was 
transformed”’ into a related mctallocnzyme model 202 by treatment of 2431 with a nickel(I1) salt and one 
equivalent of pyridinecarboxaldoxime. Compound 202 was also examined”’ as a catalyst for ester 
hydrolysis. Derivatives 201 (complexed with various metal ions) and 202 were also employed in other 
“attiticial” enzyme studies involving hydrolysis reactions.‘w 
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Tatk 25. Cycbdextti with pendant substituted-pyridinc moieties 
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A fi - cyclodextrin nicotinamide derivative and two related compounds have been prepared.““” 
Kojima et al.“’ synthesized mono [3 - (3 - carbamoyl - 1 - pyridinio) - 3 - deoxy] - /3 - cyclodextrin 
tosylate (148) as a model for NAD* (nicotinamide adenine dinucleotide, oxidized form). Derivative 148 
was formed”“‘2 from the mono - 3 - tosylate 105 and excess nicotinamide in DMF. Similarly prepared”’ 
were mono [3 - (3 - carboxy - I - pyridinio) - 3 - deoxy] - fi - cyclodextrin tosylate (150) and mono [3 - (3, 
5 - dicarbmethoxy - I - pyridinio) - 3 - deoxy] - g - cyclodcxtrin tosylate (152). The ‘H NMR spectra and 
half-wave potential of 148 are reported.“* 

Breslow et PI.‘~~ published a synthesis of a fl-cyclodextrin - pyridoxamine artificial enzyme, mono (6 
- (4 - aminomethyl - 3 - hydroxy - 2 - methylpyrid - 5 - yl) methylthio - 6 - deoxy] - /3 - cyclodextrin (203). 
This compound was preparedlc” from the corresponding substituted pyridylmethyl thiol and the mono - 6 
- tosylate 103 and was examined as an enzyme model for enzymatic reactions in which pyridoxamine 
phosphate participates. 

J. Cyclodexfrin deriwtioes with sulfur-confoining functional groups 
I. fntroducfion. A multitude of chemically modified cyclodextrin derivatives with sulfur-containing 

functional groups are known. In addition to the aryl sulfonates and mesylates (subsection C) and the 
capped cyclodextrins which involve sulfonate linkages (subsection R), many other sulfur-containing 
cyclodextrin derivatives have been repotted. In this subsection. cyclodextrin sulfoalkylethers and 
cyclodextrin sulfates. which have been prepared as mixtures of derivatives, will be discussed tint. 
Subsequently, somewhat better defined cyclodextrin derivatives with one or more sulfur-containing 
functional group(s) will be examined. 
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2. Cyclodexfrin derivative mixtures wifh sulfur-containing funcfional groups. From the reaction of 
j3cyclodextrin (2) with sodium 2-chloroethanesulfonate and pyridine in toluenc, Parmerter et al.“* 
obtained a mixture of cyclodextrin derivatives in which some of the cyclodextrin hydroxyl groups had 
been converted to sulfoethyl ether functions (204) (Table 26). Mixture 204 was found”’ to have a degree 
of substitution of 0.35. Similarly prepared”’ (from propane sultone and 5% sodium hydroxide) were the 
corresponding mixtures of sulfopropyl ethers 205 and 286 from a-cyclodextrin and &cyclodextrin, 
respectively. Depending on the proportions of the reactants,“’ the degree of substitution ranged from 
0.27-1.6 for 206. The degree of substitution for 20!! was 0.80.“* Employing closely-related synthetic 
methods, Lammers et of.“’ prepared 2U5 and 206 with reported average molecular weights of 1358 z 76 and 
2214 2 152, respectively. Compounds #M and 286 were designed”’ to increase the water solubility of 
cyclodextrin derivative complexes with apolar “guest” molecules. Although complexes of apolar “guest” 
moleculesand the parent cyclodextrins have only limited solubilities in water,“‘complexes with 285 and 2M 
possess enhanced water solubilities.“’ The mixtures of cyclodextrin derivatives 205 and 286 which were 
prepared by the L.ammersgroup’lt were found to increase the solubilities of certain hydrocarbons in aqueous 
solutions compared with the solubilities of these hydrocarbons in water.‘“.‘P From the solubility data, 
complex association constants were calculated.‘M Specifically, 205 forms I : 1 complexes with hexane and 2, 
3 - dimethylbutane in aqueous solutions, while 206 forms I : I complexes with 2, 3dimethylbutane and 
mainly I : 1 complexes with hexane (some 2: I hexane: substituted cyclodextrin complexes were also 
observed).‘” 

Other mixtures of cyclodextrin derivatives which possess sulfur-containing functional groups are 
known. Hamuro and Akiyama’” prepared three cyclodextrin sulfate mixtures. The parent cyclodextrins 
l-3 were esterified with sulfuric acid or HSO,CI in pyridine and the product polysulfates were isolated 
as the sodium salts 207-N9. The extent of esterification depended on the ester-forming reagent. When 
sulfuric acid was employed, elemental analyses of 207-209 showed a sulfur content of 6.3% for each 
compound. Esterification with HSOQ gave 207-209 with 16.21-16.78% sulfur. The latter mixtures of 
207-#)9 exhibited antiarterioschlerosis and antiinflammatory activities.‘a 

3. Cyclodexfn’n deriaatioes with multiple sulfur-containing functional groups. Better defined cyclo- 
dextrin derivatives which possess several sulfur-containing functional groups also appear in the 
literature (Table 27). Cramer et aLm treated the peracetylated hepta - 6 - iodide 18 with potassium 
ethylxanthate in acetone to form heptakis (2, 3 - di - 0 - acetyl - 6 - deoxy - 6 - ethoxythiocarbonyl- 
mercapto) fl - cyclodextrin (19). Similarly prepared from the hexa - 6 - iodo - mono - 6 - tosylperacetate 

Table 26. Cychdextrin derivative mixtures wilh skxcbed sulfurca~taining functional groups* 

l3 
1' 

n R 
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.Thc numbar of R ~roupr attached to the cyclodwztrln uy r.~. fra 
0 to 21 withIn . mixture. See text for drtalln. 
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38 was hexakis (2,3 - di - 0 - acetyl - 6 - deoxy - 6 - ethoxythiocarbonylmercapto) - mono (2.3.6 - tri - 0 
- acetyl) - fl - cyclodextrin (39). ORD and UV spectra for 19 are recordcd.‘p 

Bernstein et 41.“’ prepared the polytriethylammonium salt of a-cyclodextrin polysulfatc, hexakis (2, 
3.6 - tri - 0 - sulfo) - a - cyclodextrin (210). Treatment of the parent cyclodextrin 1 with Et,N-SO, in 
DMF gave 210. which showed complement-inhibiting activity in uicw and in uifro.“’ Lewis and 
Bernstein’” also synthesized a related compound, heptakis (5 - carboxy - 5 - demethyl - 6 - deoxy - 2.3 - di - 
0 - sulfo) - /3 - cyclodextrin (211). which was isolated as the polysodium salt and exhibited complement- 
inhibiting activity.“’ 

4. Mono- and disubstitutcd cyclodextrin deriuotioes with sulfur-containing functional groups. A 
number of mono- and difunctionalized sulfur-containing cyclodextrins are listed in Table 28. Both 
a-cyclodextrins resulting from replacement of a primary and a secondary hydroxy group with a thiol 
function are known: mono (2 (3) - deoxy - 2 (3) - mercapto] - a - cyclodextrin (212) and mono (6 - deoxy - 
6 - mercapto) - a - cyclodextrin (213). Bender et al.’ prepared 212 and 213 in an attempt to improve the 
catalytic properties of the parent cyclodextrin 1. However, neither 212 nor 213 exhibited significant rate 
enhancement (over that of 1) in the rate of the hydrolysis of m-nitrophenyl acetate.’ Siegel’M 
synthesized the fi-cyclodextrin analog of 213, mono (6 - dcoxy - 6 - mercapto) - f3 - cyclodextrin (214) 
from the mono - 6 - tosylate 103 by displacement of the tosyl group with thiourca, followed by the 
base-catalysed hydrolysis of the resulting thiouronium salt (the mono-substituted analog of 157). 
Compound 214 functioned as a ligand in iron-sulfur complexes 219 and 220 (Table 29) which have been 
utilized as ferrodoxin models.‘” 

Monosubstituted cyclodextrins with groups linked to the cyclodextrin framework via sulfide linkages 
have been reported. Fujita cl aLn prepared mono (6 - deoxy - 6 - methylthii) - fi - cyclodextrin (81) and 
mono (6 - f - butylthio - 6 - deoxy) - /3 - cyclodextrin (83) from the approprite mercaptans and the mono - 
6 - tosylate 103. ‘H NMR and IR characterization data are supplied.79 Compounds 81 and 83 were 
investigated as catalysts in the hydrolyses of m- and p-substitued phenyl acetates. An X-ray structural 
analysis of 83 was published recently. “ Fujita, Shinoda and Imotom have also synthesized closely- 
related alkylthio-substituted cyclodextrins by the same synthetic method. Thus, mono (6 - deoxy - 6 - 
propylthio- - B - cyclodextrin (62). mono (6 - t - butylthio - 6 - dcoxy) - /3 - cyclodextrin (83) and mono [6 
- deoxy - 6 - (2 - hydroxyethylthio] - /3 - cyclodextrin (215) were prepared and studied as catalysts for 
the hydrolysis of m- and p-substituted phenyl acetates. ‘H NMR and IR spectra for 82. 84 and 215 are 
reported.m 

Two mono substituted cyclodextrin derivatives in which heterocyclic moieties are connected to the 
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219 1oc 

220 -cm,)) 101 

-- 

alkylamino derivative, bis [6 - (2 - aminoethylthio) - 6 - deoxy] - B - cyclodextrin (158). IR and ‘H NMR data 
are reported”’ for compounds 157.1% 216 and 217. A cyclodextrin derivative related to 217, bis [6 - (4 - 
f - butylbenzenethio) - 6 - deoxy] - fl - cyclodextrin (218) was synthesized by Tabushi ef 01.“” via a 
similar reaction of a capped cyclodextrin and sodium p-feri-butylthiophenolate. The ‘H NMR spectrum 
of 218 is given.“’ The disubstituted analog of 1%. bis [6 - deoxy - 6 - (4 (5) - imidazolylmethyl) thiol - /3 - 
cyclodextrin (197) was prepared’*’ from reaction of a capped cyclodextrin with 4 (S)_mercap 
tomethylimidazole. 

Mixed symmetricallydisubstituted cyclodextrin derivatives have been reported. Reaction of a 
“flamingo capped” cyclodextrin”’ (an N - bentyl - N - methylaniline N-oxide capped cyclodextrin) with 
azide ion in water gave the arylsulfonyl azide 160. Further treatment of 164 with sodium p-feti - 
butylthiophenolate gave mono (6 - atido - 6 - deoxy) - mono [6 - (4 - I - butylbenzenethio) - 6 - deoxy] - /_3 - 
cyclodextrin (161). Spectral characterization data for 161 are reported.“’ 

K. Cyclodextrin derioatiees wifh alcohol, oldehpde, ketone or oxime funcfionaliry 
Several functionalized cyclodextrins with pendant alchohol, aldehyde or ketone groups are listed in 

Table 30. In some cases, oxime derivatives of the keto or aldehydo cyclodextrins were also reported. 
Carter and Leel” prepared the a - I. 6 - glucosyl substituted cyclodextrins, mono [6 - 0 - (a - I - 

glucosyl)] - a - cyclodextrin (222) and mono [6 - 0 - (a - I - glucosyl)] -@ - cyclodextrin (223). as specific 
substrates for the assay of an enzyme component of the glycogen debranching system in yeast. The 
adsorption chromatographic behavior or 222 and 223 was also investigated.l” 

Several examples of cyclodextrins with pendant hydroxyl-containing groups are known. Hydroxy- 
propyl - R - cyclodextrin isomers (with one or more hydroxykontaining groups) of mono [2 (3) (6) - 0 - 
(3 - hydroxypropyl)] - fi - cyclodextrin (224) have been utilized in a liquid crystal temperature-indicating 
device.“‘ Fujita et 01.~ prepared the mono - 6 - substituted derivative, mono (6 - deoxy - 6 - (2 - 
hydroxyethyl) thiol - B - cyclodextrin (219, by reaction of the appropriate thiol with the mono - 6 - 
tosylate 103. Compound 215 was used as a catalyst in studies of the kinetics and selectivities of 
hydrolysis of several mefa- and poro-substituted phenyl acetates.” ‘H NMR and IR spectral data are 
reported for 215.” 

Treatment’& of a-cyclodextrin (1) with 2, 3 - epoxy - I - propanol in the presence of sodium 
hydroxide in water gave mono 12 (3) - 0 - (2.3 - dihydroxypropyl)] - a - cyclodextrin (22!9. Compound 
22!l was subsequently transformed into an oxime-modified cyclodextrin which was examined as an 
enzyme model.‘& A @cyclodextrin derivative, analogous to Us but having only a 0.15 degree of 
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substitution, was prepared“’ by the same methods. This glycerol ether of ~cyclodextrin, and the related 
trihydroxybutyl ether (0.27 degree of substitution) obtained”’ from 2 and 2, 3 - epoxy - I, 
Cbutanedid in the presence of base, form inclusion complexes with flavoring agents and HjBOj, and 
also find applications as emulsifiers, paper sizes, and crosslinking agents. 

Another cyclodextrin with a multifunctional sidechain which contains a hydroxyl group was prepared 
by Breslow et al.‘” These authors synthesized mono [6 - (4 - aminomethyl - 3 - hydroxy - 2 - methypyrid 

Table 30 CycLodex~rin derivatives with alcohol. ketone. rldehydc or oximc functionality 
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- 5 - yl) methylthio - 6 - deoxy] - j3 - cyclodextrin (#u) for use as an enzyme mimic in typical 

pyridoxamine reactions. Compound 203 was prepared by treating the corresponding thiol with the mono 

- 6 - tosylate 103. 

A keto cyclodextrin derivative was formed from the parent cyclodextrin tand methyl vinyl ketone in 

the presence of aqueous sodium hydroxide.‘” A mixture of isomers (some may have more than one 

cyclodextrin hydroxyl group functionalized) of mono [2 (3) (6) - 0 - (2 - (methyloxo) ethyl)] - fi - 

cyclodcxtrin (226) with a 0.46 degree of substitution resulted. The corresponding oxime isomers 227 

were also reported.‘” 

Cyclodextrin derivatives which contain aldehyde groups are also known. Mono [2 (3) - 0 - 

(formylmethyl)] - a - cyclodextrin (22IJ) was prepared’& by the periodate oxidation of the glycerol ether 

225. In similar fashion, other workers”’ formed a fi-cyclodextrin aldehyde derivative mixture analogous 

to 228. The corresponding oxime 229 was prepared by Van Hooidonk et al.‘& from Zts and hydroxyl- 

ammonium chloride in water at pH S. A 300 MHz ‘H NMR spectrum of 229 is reported.‘& 

The oxidative deamination of the mono - 6 - amine 139 yielded’w mono (5 - demethyl - 6 - deoxy - 5 - 
formyl) - a - cyclodextrin (230). Derivative 230 was prepared’” by treatment of 139 with ninhydrin and 

sodium bicarbonate in water, followed by chromatographic purification. Compound 230 was also 

formed’W by photolysis of the mono - 6 - azide 140. The perdimethylsilyl O-methyl oxime 231 was 

preparedIm from 230 by stepwise treatment with methoxylamine hydrochloride in pyridine and then with 

tetramethyldisilazane and dimethylchlorosilane. 

L. Carboxylic acid and related derivatices of cyclodexfrins 

I. Introduction. Several cyclodextrin derivatives with attached carboxyl, carbamoyl or related 

functional groups appear in the literature. Many of these derivatives are mixtures in which varying 

numbers of the hydroxyl groups of the parent cyclodextrin have been functional&d. In this subsection, 

such derivative mixtures will be examined first. Subsequently, other cyclodextrin derivatives which were 

isolated as single compounds will be discussed. 

2. Mixtures of cyctodextrin derivatives with carboxyl or refafed groups. Carboxymethyl ether mix- 

tures 232 and 233 (Table 31) have been obtained from the parent cyclodextrins 1 and 2. respectively, by 

several researchers. The /3-cyclodextrin derivative mixture was first formed by Parmerter cl al.“’ from 

the reaction of the parent cyclodextrin 2 and sodium chloroacetate in 2 - propanol - water to give 233 

with a 0.066 degree of substitution. The sodium salts of both 232 and 233 were prepared by Lammers ef 

a/.“’ by an analogous method to give the sodium salts of 232 and 233 with auerage molecular weights of 

I I60 2 54 and I541 ? 169, respectively. These authors prepared the sodium salts 232 and 233 in order to 

increase the water solubilities of inclusion compounds formed from 232 and 233 as sodium salts relative 

to the corresponding inclusion compounds obtained with the parent cyclodextrins 1 and 2. Mixtures 232 

and 233 were utilized as their sodium salts by Lammers el aI.“‘.‘Q in determining the complexation 

constants and composition of the complexes with hexane and 2, 3dimethylbutane. The sodium salt of 

233 (degree of substitution a I) was used by Foldi and Szinnyci’e in sustained release pharmaceutical 

preparations. Andresz el a/.‘% synthesized 233 from the parent cyclodextrin 2 and chloroacetic acid in 

the presence of base. Further trcatment’W of 233 with diazomethane followed by reaction of the 

resulting ester 234 with hydrazine hydrate gave the carboxymcthylhydrazid of /3_cyclodextrin 235. 

Derivative 235 (with 11.69% N) was utilized in the preparation of a cyclodextrincontaining polymer.‘W 

A mixture of the carboxyethyl ethers of &cyclodcxtrin (236 with a degree of substitution = 0.045) 

was prepared”’ from 2 and propiolactone, or by basic hydrolysis of the propionamide 239. and is 

reported lo be useful in sewage flocculation applications,“’ paper finishing.“2 as a binder.‘12 and as a 

drug substituent.‘* 

Mixtures of the cyanoethyl ethers of 1 and 2 (237 and 23& respectively) have also been reported.‘” 

Mixture 237 (degree of substitution = 0.6) was prepared from the parent cyclodextrin 1 and acrylonitrile. 

Similarly Us (degree of substitution 0.75-2.8) was formed. An analogous mixture of carbamoylethyl 

ethers of 2 (239 with a degree of substitution = 0.25) was obtained”‘~“‘ from acrylamide and the parent 

cyclodextrin 2. 

Mixture 240 was prepared for use as a microencapsulation agent in timed-release pharmaceuticals.‘* 

Treatment”’ of the parent cyclodextrins 1 and 2 with various cyclic anhydrides yielded cyclodextrin 

derivative mixtures with pendant carboxylic acid groups. Thus, reaction”’ of 1 with phthalic anhydride 

and pyridine in toluene gave 241 (degree of substitution = 1.1). Similarly prepared”’ from p-cyclodextrin 
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Tabk 31. Mixtures of cycbdextrin derivatives with pcrtdant carboxylic acid (w other related fun&d moups* 

1’ 

2J5 -OCH2 e YNN2 6 1 IO 

H 

19 
236 -KN2CH2Un! 7 132 

237 -tL~2CN2CN 6 110 

238 -tXH2CN2CN I lC8 

tl 
2J9 -OCN2CH2CSN2 1 lC8 

240 

211 

149 

143 

2&l -OC-CM-CNCOH I 163 
- 

was 242 (21.5% COrH). Treatment”’ of 2 with maleic anhydride in DMF yielded X3 (3.5% CO*H). 
Mixture 241-243 have reported”’ applications as clathrating agents, lubricants, and placticizers. 

3. Cyclodextrin derivatives with pendant corboxyl or related functional groups. In contrast to the 

cyclodextrin derivative mixtures just described, a number of well-characterized, chemically-modified 

cyclodextrins with pendant carboxylic acid, amide and ester functional groups are listed in Table 32. 

Mono [2 (3) - 0 - (carboxymethyl)] - a - cyclodextrin (W and its methyl ester mono [2 (3) - 0 - 

(carbomethoxy) methyl] - Q - cyclodextrin (245) were prepared by Bender er ul.‘.“‘.“’ Compound W 

was obtained from the parent cyclodextrin 1 and sodium iodoacetate in DMSO. Treatment”‘,“’ of U4 

with diazomethane gave the methyl ester 245. The ‘H NMR spectrum of 244 and IR spectra of 244 and 

US are reported.“‘.“’ 

Three substituted hydroxamic acids were derived from the methyl ester US. Mono [2 (3) - 0 - (N - 

hydroxy - N - methylcarbamoylmethyl)] - a - cyclodextrin (246) was prepared’.“’ from 245 and 
N-methylhydroxylamine in DMSO. IR spectral data for ?rM are reported.“’ Similarly synthesized”’ 

from 245 and the appropriate N-substituted hydroxyl amine was mono [2 (3) - 0 - (N - hydroxy - N,N - 

dimethylamino) ethyl] carbamoylmethyl)] - Q - cyclodextrin (247). An imidazole moiety-containing analog 

193 (Table 24) was also prepared.“’ Compounds 193, 246 and 247 were found”“.“’ to exhibit enhanced 

catalytic power in ester hydrolyses relative to the parent cyclodextrin 1. 

Breslow ef uI.“‘.‘% report the synthesis of mono [2 (3) - 0 - (2 - carboxypyrid - 5 - yloxo)] - a - 
cyclodextrin (291). which when complexed with various metal ions, or with metal ions and another ligand 
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(282). produced metalloenzyme mimics. Several other biomimetic cyclodextrin derivatives with pendant 
carboxyic acid, amide or ester groups have appeared in the literature. Compounds 14tH53 (which are 
discussed in detail in subsection I) have been employed as models for biological oxidation-reduction 
reactions.“‘*“’ 

Oxidation of all of the primary hydroxyl groups in the parent cyclodextrins 1 and 2 yiclded’sz 
hexakis(5 - carboxy - 6 - deoxy - 5 - demethyl) - a - cyclodextrin (U8) and heptakis (5 - carboxy - 6 - 

Tabk 32. Cyckdextrin derivatives with pcadanl carboxylic acid functional groups and related compounds 

a ‘O 

I n \ 
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Colpounc! No. C Rcf*rrncc __ -. L 
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TaMe 32 (Conrd) 

R 
0 @a X n 
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:: 
240 -OH -al -cot! 6 152 

; 
209 -OH -0tl -COH 1 152 

211 -oso,na -0SD,b Lh.. 7 142 

deoxy - 5 - demethyl) - fi - cyclodextrin (249). respectively. Derivatives 248 and 249, prepared by either 

the catalytic oxidation tPt/O,) or the N204 oxidation of the parent cyclodextrins, were utilized in IR 

spectral studies.“’ 

A similar compound, the persodium salt of heptakis(5 - carboxy - 5 - demethyl - 6 - deoxy - 2.3 - di - 

0 - sulfa) - /3 - cyclodextrin (211). is reported”* to possess complement inhibiting activity. Derivative 

211 was obtained”’ from 2 and NO1 in carbon tetrachloride in the presence of molecular sieves, followed 

by treatment with a trimethylamine-sulfur trioxide complex. 

hi. Carbonate and carbamate derivatives of cyclodextrins 

0 0 

!I II 
I. Introduction. Several carbonate (ROTOR’) and carbamate (ROC-NR’R”) derivatives of cyclo- 

dextrins are known. Most often, these derivatives were obtained as mixtures which were not sub- 

sequently separated into their individual components. Often the positions of substitution in these 

modified cyclodextrins are either unknown or not reported. The initial discussion in this subsection will 

deal with these derivative mixtures (Table 33). Subsequently, a well-characterized /&cyclodextrin 

percarbanilate will be mentioned. 

2. Mixtures of carbonate and carbamafe dericatioes of cyclodexrrins. Carbonates of a- and 

B-cyclodextrins were prepared by Kennedy and Cho Tun.“’ Mixtures of the cyclic carbonates of the 
parent cyclodextrins @!I0 or 251) and the ethyl carbonates (2!t2 or 83) resulted from treatment”’ of 1 or 

2 with ethyl chloroformate in DMSO4ioxane. The relative ratios of 250 : 252 and Ul : 253 depended on 

the mode of workup and were determined by IR spectroscopy.“’ The cyclic carbonate mixtures Uo and 

251 were presumed to involve the substitution of adjacent secondary hydroxyl groups.“’ 

Hull et al.“’ report three carbamate derivatives of p-cyclodextrin (2). Treatment of 2 with an acidic, 

aqueous solution of potassium isocyanate (or an aqueous solution of urea) gave the @cyclodextrin 

carbamate mixture 254 (degree of substitution = 0.012-0.095). Similarly synthesized from the cor- 

responding alkyl isocyanates and 2 were the B-cyclodextrin cyclohexylcarbamate mixture 255 (degree of 

substitution = 2.8) and the B-cyclodextrin octadecylcarbamate mixture 296 (degree of substitution 

= 0.65). 

3. /3-Cyclodexfrin percarbanilare dericatitie. In addition to the cyclodextrin derivative mixtures just 

discussed, a better-characterized 8-cyclodextrin percarbanilate has been reported (Table 34). Wolff and 

Rist”’ obtained heptakis 12, 3, 6 - tri - 0 - (N - phenylcarbamoyl)] - /3 - cyclodextrin (2!I7) from the 
parent cyclodextrin 2 and phenyl isocyanate. Repeated reprecipitations gave pure (elemental analysis) 

u7. 

N. Cyclodexrrin derivatives with silicon-, boron- or tin-containing functional groups 

Cyclodextrin derivatives with functional groups containing silicon, boron, or tin atoms are listed in 

Table 35. Cramer el aLzP report the synthesis of the pertrimethylsilyl &cyclodextrin, heptakis (2, 3,6 - tri 

- 0 - trimethylsilyl) - p - cyclodextrin (258). and the analogous compound in which only the secondary 
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Tabk 33. Cyc&dexlfin cartwmfc and cubamate derivaIive mixtures* 
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Tabk 34. ,3-Cyclodcxtrio pcrcarbnihe 

hydroxyl groups have been silylatcd, heptakis (2, 3 - di - 0 - trimethylsilyl) - fl - cyckxicxtrin (2!!9). 

Compound 258 was prepared from the parent cyclodextrin 2 and trimethylsilyl chloride in pyridine. 

Derivative 259 was obtained using N-trimethylsilylacetamide in pyridine. 

Gibson et 01.‘~ synthcsizcd the pcrdimethylsilyl analog of 1, hexakis (2.3.6 - tri - 0 - dimethylsilyl) - 

u - cyclodextrin (260). by treating the parent cyclodextrin 1 with tetramethyldisilazanc and dimethyl- 

chlorosilane in pyridine. Similarly. a pcrdimethylsilyl 0 - methyl oxime 231 was prepared. The mass 

spectra of both 231 and 260 are reportcd.‘a 

The perdiethylborylated analogs of the parent cyclodextrins 1 and 2 were obtained by Kocster ef 
01.‘~ from the parent cyclodcxtrins and tricthylboranc (activated by a catalytic amount of pivalic acid or 

diethylboryl pivalate). Thus, hcxakis (2.3.6 - tri - 0 - diethylboryl) - a - cyclodextrin (261) and beptakis 

(2, 3.6 - tri - 0 - diethylboryl) - @ - cyclodextrin (262) were produced. 

A tributylstannyl cyclodextrin derivative is also known. Smith et ~1.‘~’ synthesized heptakis (6 - 0 - 

tributylstannyl) - p - cyclodextrin (263) as a model compound for a Mossbauer spectral study of various 

cellulosic materials which had been treated with a bis (tri - n - butyltin) oxide-containing fungicide. 
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Tabk 35. Cyclodcxtin derivatives with siliion-. boron- or tin-containing functional groups 

Curpound Wo. _ ..-.. ,_ _ .x_ 
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Similar trialkylstannyl alkoxide derivatives of cyclodextrins have been prepared in sift by other 

workers.“.76 

0. Spin-labeled cyclodextrin dericative 

Paton and Kaiser’” obtained the N-oxide radical of mono [2 (3) - 0 - (2, 2. 5, 5 - tetramethyl - 3 - 
pyrrolidinyl) 0x01 - @ - cyclodextrin (264) (Table 36) using Bender’s synthetic method.@ Thus 264 was 

prepared’” from the corresponding m-nitrophenyl substituted pyrrolidine N-oxide and the parent 

cyclodextrin 2. These authors reportlb the detection of a “Michaelis” complex for this model enzyme 
system. 

P. Lkulerated derieatices of cyclodextrins 

Two deuterated derivatives of cyclodextrins are presented in Table 37. Hamer er a1.“9 obtained the 

a-cyclodextrin derivative in which all the hydroxyl protons have been exchanged for deuterons. hexakis 

(2, 3.6 - tri - 0 - deuterio) - Q - cyclodextrin (MS), by treating the parent cyclodextrin 1 with deuterium 

oxide. Further reaction of MS with deuterium oxide in the presence of Raney nickel gave a derivative in 

TaMc 34. A spin-labckd cyclodextrin derivative 

- p 

Cocpoulld HO. rmf l rencc _--_ -- 

264 15A 



Synlksis of chemically modifkd cycbdcxtrins 

T&c 37. Dcuaarcd cycldextrin kivatives 

1467 

266 -0 159 

which the hydrogens attached to carbons 2.3 and 6 had also been replaced by deuterium, hexakis (2.3.6 
- tri - 0 - deuterio - 2, 3.6, 6 - tetradehydro - 2, 3, 6.6 - tetradeuterio) - a - cyclodextrin (246). The ‘H 

coupled “C NMR spectrum of 266 was a subject of study.“’ 
Casu ef 01.‘~ investigated the isotopic hydrogen4euterium exchange equilibria for the parent 

cyclodextrins 1 and 2. Equilibrium constants for the exchange reactions 

2ROH + D,O#2ROD + Hz0 (1) 

and 

ROH + CH,OD#ROD t CH,OH (2) 

(where ROH = 1 or 2) were determined.lW In addition, ‘H NMR spectra of partially deuterated 2 are 
recorded.‘@ 

Q. Deoxy derioofic;es of cyclodextrins 

A few deoxy derivatives of cyclodextrins--cyclodextrins in which one or more hydroxyl groups have 

been replaced by hydrogens-are known (Table 38). Takeo er 01.~ prepared the poly - 6 - deoxy 

compounds, hexakis (6 - deoxy) - a - cyclodextrin (267). heptakis (6 - deoxy) - @ - cyclodextrin (268). and 

octakis (6 - deoxy) - y - cyclodextrin (269) from the corresponding poly - 6 - deoxy peracetates, hexakis 

(2, 3 - di - 0 - acetyl - 6 - dcoxy) - a - cyclodextrin (2(1), heptakis (2, 3 - di - 0 - acetyl - 6 - deoxy) - @ - 
cyclodextrin (21). and octakis (2.3 - di - 0 - acetyl - 6 - deoxy) - y - cyclodextrin (22). Thus, treatment of 

2&22 (obtained from the corresponding poly - 6 - bromo peracetates 2U!l by reaction with sodium 

borohydride in DMSO) with sodium methoxide in methanol gave 267-269. The 100MHz ‘H NMR 

spectra of 2&U and 247-269 are reported.@ The preparation of 21 and WI (by methods analogous to 

those just cited”‘) were also reported by Takeo er a/.” in a “C NMR-based study of the parent 

cyclodextrins 1-3 and their peracetates 4-6. 

The mono - 6 - deoxy analogs of the parent cyclodextrins 1 and 2 are also known. Mono(6 - deoxy) - 
Q - cyclodextrin (270) was obtained by Melton and Slessorn by reduction of the mono - 6 - iodide 169 
with HdRaney nickel) in I : 9 pyridine-water followed by chromatography. Compound 270 was utilized~ 

for the preparation of the corresponding 6’deoxy maltose. Thus, treatment of 270 with Aspergillus 

oryzoe amylase (Taka amylase) yielded the desired 6’deoxy maltose. Tabushi et ~1.“’ prepared the 

corresponding J?-cyclodextrin mono - 6 - deoxy derivative, mono (6 - deoxy) - 8 - cyclodextrin (271). for 

use as a ‘H NMR standard. 
In addition, symmetrically disposed di - 6 - deoxy and tetra - 6 - deoxy - g - cyclodextrins 

have been reported.“‘.“’ Sodium borohydride reduction in DMSO of the di- and tetra-iodides 
166 and 221 gave”‘.“’ the corresponding deoxy compounds: bis (6 - deoxy) - B - cyclodextrin 

(272) and tetrakis (6 - deoxy) - /3 - cyclodextrin (273). Depending on the diiodide used, 272 may be the 6”. 
SC- or the 6A, 6Ddideoxy compound.“‘*“’ Similarly, depending on which isomeric tetraiodide is 
employed, isomers of 273 might be obtained. The 6A, 6c, 6D, 6F-tetradeoxy isomer of 273 was reported.“’ 
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Tlbk 38. Dcoxy dcrintiva ol cyctixti~ 
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Compounds 272 and 273 were used in structure determinations of the corresponding iodides. ‘H and “C 
NMR and mass spectral data are available”‘~“’ for 272 and 273. 

R. Rigidly capped cyclodexhns 

1. Ittfroduction Modifications of cyclodextrins for use as enzyme models and for other 
applications have led to the preparation of a number of “capped” cyclodextrins. Emert and Breslow” 
initially used the term “capped” to describe cyclodcxtrins which had been modified with 
bulky substitucnts at all primary hydroxyl groups in a cyclodextrin to form a floor on the primary 
side of the cyclodcxtrin torus. Tabushi cf a/.” have referred to cyclodextrin polyamines coordinated with 
divalent metal ions as “capped” cyclodextrins. However, the introduction of disulfonyl and dicarbonyl 
“capped” cyclodextrins” (Table 39) necessitated the differentiation of these two types of capped 
cyclodextrin derivatives. Thus, cyclodextrin derivatives of the type listed in TaMc 39 are designated as 
tigidly capped cyclodextrins, while the capped cyclodextrin derivatives initially citeduB are known as 
)Yexibly capped cyclodexrrins. 

In this subsection, only the rigidly capped cyclodextrins will be examined. Initially, disulfonyl capped 
cyclodextrins will be discussed. Thereafter, the carbonyl-linked capped cyclodcxtrins will be examined. 
Finally, a doubly-capped &cyclodextrin will be mentioned. 

2. Disulfonate-capped cyclodexrtins. Rigidly capped cyclodextrin analogs of the parent cyclodextrins 
1 and 2 resulted from the reaction”‘*‘6’ of 1 ad 2 with diphenyimethane-p, p’disulfonyl chloride in 
pyridine which formed 6A, 6’ - 0, 0’ - (4,4’ - diphenylmethancsulfonyl) - a - cyclodextrin (274) and 6”, 
6 C’D’ - 0. 0’ - (4,4’ - diphenylmcthancsulfonyl) - /3 - cyclodextrin (275), respectively. Compound 275 was 
shown to be a mixture of isomers”’ (6A - 6’ - capped and 6” - 6’ - capped). Tabushi et al.‘6’ studied the 
interactions of 275 with sodium I - adino - 8 - naphthalenesulfonak and determined the binding 
constant for the complexation by fluoresence measurements. 
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Derivatives 274 and 275 were also utilized as starting materials in the preparation of a number of 

symmetrically bifunctionalized cyclodextrin derivatives. Thus, Tabushi et ol.“’ synthesized the diazido 

and diamino derivatives 154158 and two sulfur-containing derivatives 216 and 217 by reaction of 275 

with the appropriate nucleophile. followed by workup and purification. Similar reactions with 274 were 

proposed.“’ Breslow ef al.‘” obtained a bisimidazole derivative 198 from 275 by treatment with 

imidazole in DMF. Tabushi ef al.“’ utilized 275 in the preparation of a duplex cyclodextrin 162 (Table 

17) via the bis(aminoethylamino) cyclodextrin 159. Tabushi el 01.“~ also converted 275 into the 

symmetrical diiodide 166 for use as an intermediate in the preparation of a carbonic anhydrase model. 

Fujita er ~1.~ examined 275 as a catalyst in the hydrolysis of phenyl acetates. 

Bifuctionalized cyclodextrins obtained from 275 were shownlY to be mixtures of the 6A, 6’ and 6”. 6’ 

isomers. Although such mixtures were employed in the synthetic applications just mentioned, the 

desirability of preparing corresponding cyclodcxtrin derivatives which would not be contaminated by 

isomers led to the search for procedures which would give single capped compounds. Breslow et uL’~*‘* 

prepared the diphenyl ether analog of 275, 6”. 6ccD’ - 0, 0’ - (4,4’ - diphenyloxamethanedisulfonyl - fi - 
cyclodextrin (276) and the biphenyl analog of 275, 6A, 6”” - 0, 0’ - (4, 4’ - biphenyldisulfonyl) - /3 - 
cyclodextrin (277). Since the sulfonyl groups in the capping reagents utilized for the synthesis of 276 and 

277 were thought to be further apart than those in the reagent utilized in preparing 275,“’ enrichment of 

6A, 6D substitution in 276 and 277 was postulated.“’ Comparison of the catalytic activities of bis- 

imidazole derivatives obtained from 276 and 277 with that of the bis-imidazole derivative prepared from 

275 indicates’*’ progressive enrichment of 6A, 6D substitution. Characterization data for 276 and 277 are 

reported.‘*’ Tabushi et al.“’ have identified capping reagents which produce rcgiospecific 6A, 6’- or 6”. 

6D-capped fi-cyclodextrin. Treatment”’ of fi-cyclodextrin (2) with benzophenone - 3, 3’ - disulfonyl 
chloride in pyridine gave the 6A, 6“. capped derivative, 6A, 6’ - 0, 0' - 3, 3’ - diphenyloxodisulfonyl) - /I - 
cyclodextrin (278). Similar treatment of 2 with fauns - stilbene - 4.4’ - disulfonyl chloride yielded 6A, 6D - 

0, 0’ - (truns - stilbene - 4,4’ - disulfonyl) - fi - cyclodextrin (279). ‘H and “C NMR data for 278 and 279 

are available.“’ Detailed structural studies of 278 and 279 were undertakcn”‘~‘6’ which resulted in the 

preparation of 6A, 6” - 0. O'-(cis - stilbene - 4.4’ - disulfonyl) - p - cyclodcxtrin (2813),‘~’ the cis analog 

of 279 and 287.“’ a doubly-capped analog of 278. Compound 280 was produced”‘.‘6’ by the pho- 

toisomerization of 279 or by treatment of the parent cyclodexuin 2 with cis - stilbene - 4.4’ - disulfonyl 

chloride in pyridine. A related capped derivative, 6”. 6D - 0. 0’ - (3. 6 - phenanthrcnedisulfonyl) - fi - 
cyclodextrin (281) can be obtained”’ from 288 by a photochemical method, or alternatively by treatment 

of the parent cyclodextrin 2 with phenanthrene - 3,6 - disulfonyl chloride. Spectral characterization data 

for 280 and 281 are given.‘6? 

Asymmetrical introduction of two different functional groups into two symmetrically disposed 

primary sites in a cyclodextrin has been facilitated by the efforts of Tabushi ef 01.“’ These researchers 

have prepared”” the asymmetrically capped cyclodextrin. 62, 6”“’ - 0, 0’ - [I. 2 - bis(4 - diphenyl- 

sulfonyl) - 2 - azapropane] - 8 - cyclodextrin (282). Compound 282 resulted from treatment of the parent 

cyclodextrin 2 with N - benzyl - N - methylaniline - p. p’ - disulfonyl chloride in pyridinc. Subsequent 

reaction of 282 with m-chloroperbenzoic acid in ethylene glycol yielded the corresponding N-oxide 283. 

Extensive characterization studies of 282 and 283 are reported.“’ Stepwisc reactions of 283 with two 

different nucleophiles (via an intermediate such as 168) yield functionalized cyclodextrins of type 

illustrated by the atido sulfide 161 (Table 17). 

3. Dicurbonylufe-cupped cyclodexfrins. In addition to the disulfonate-capped cyclodextrins discussed 

above, dicarboxylate-capped derivatives are known. Tabushi ef 01.‘~’ prepared 6A. 6’lD’ - 0. 0’ - (p - 
benzenedicarbonyl) - f3 - cyclodextrin (284) from the parent cyclodextrin 2 and terephthaloyl chloride in 

pyridine. Binding of sodium I - anilino - 8 - naphthalenesulfonate by derivative 2t34 was investigatcd’6’ 

and the binding constant was determined by fluorescence measurements. Specific host-guest energy 

transfers were also StudiedI employing 6A, 6”‘D’ - 0, 0’ - (4. 4’ - diphenyloxodicarbonyl) - p - 
cyclodextrin (28!5). Derivative 285 was synthesized’6’ from the parent cyclodextrin 2 and 4. 4’-bis- 

chlorocarbonyl) benzophenone. IR and ‘H NMR spectra for 285 are given.‘” 

An azobenzene-capped cyclodextrin. 6A. CC”” - 0, 0’ - (4, 4’ - azobenzenedicarbonyl) - fi - 

cyclodextrin (286), was reported by Ueno ef 01.‘~‘~’ Derivative 286 was synthesized from 4. 4’ - 

bis(chlorocarbonyl)atobenzene and 2 in pyridine. Photocontrol of the binding ability of 286 was 

observed’M due to the ability of the azo group to photoisomerize (rrunssz cis). The complexing ability of 

286 with a number of substrates including amino acids,‘6”.‘M aryl molecules.‘66 and common organic 

solvents’6’ has been probed. 
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4. A doubly-cupped cyclodexrrin. Tabushi et oL”‘*‘” prepared 6”, 6’ - 0, 0’ - (3, 3’ - diphenylox- 

odisulfonyl) - 6D, 6F - O’, 0” - (3, 3’ - diphenyloxodisulfonyl) - j? - cyclodextrin (287). the dicapped 

analog of 27t3. Derivative 287 was obtained”’ by treatment of the parent cyclodextrin 2 with an excess of 

benzophenone - 3, 3’ - disulfonyl chloride. Detailed characterization of 287 was conducted”’ and this 

compound was utilized in the structure proof of 27g. 

tIJ. SELECTtVE MODtPlCAflON TECHNIQUES 

The organization of this work (grouping cyclodextrin derivatives with similar functionalities together) 

has necessitated fragmentation of reported synthetic sequences. This was done to facilitate the retrieval 

of information regarding specific compounds. However, there are a few reported synthetic strategies 

which have shown (or have a great potential for showing) general applicability in the synthesis of certain 

types of cyclodextrin derivatives. Since these strategies are not often apparent from the fragmented 

presentation of their component parts, a brief discussion of these strategies follows. 

Monosubstituted cyclodextrins have found great utility in a wide range of applications. Generally, the 

mono - 6 - substituted cyclodextrins may be obtained via the mono - 6 - substituted tosylatcs 102 or 103 using 

the method of Melton and Slessor.n Treatment of 102 or 103 with an appropriate nucleophilc yields the 

desired mono - 6 - substituted cyclodextrin. Monosubstitution at a secondary hydroxyl group to obtain the 

mono - 2 (3) - substituted derivatives is most generally accomplished using Bender’s metbod’*ti (Fig. 3). An 

acyl-linked cyclodextrin derivative can be prepared by treating the parent cyclodextrin with an appropriate 

aryl ester in which the desired group is contained in the carboxylate portion of the ester. Complexation of the 

substrate by the parent cyclodextrin, followed by covalent catalysis by one of the secondary hydroxyl 

groups (attack at the carbonyl carbon of the ester) yields a covalent acyl cyclodextrin intermediate, which 

can be isolated in many cases. This strategy has been exploited in preparing many cyclodextrin derivatives. 

Substitution of two symmetrically disposed primary hydroxyl groups to give symmetrically or 

asymmetrically disubstituted cyclodextrin derivatives is best accomplished via displacement of a rigidly 

capped cyclodcxtrin (or by attack on an intermediate diiodide which was derived from the rigidly capped 

cyclodextrin) by Tabushi’s”“” or Breslow’s’m’” methods. This strategy has been utilized extensively 

to prepare symmetrically disposed di - 6 - substituted cyclodextrins. aCyclodextrin derivatives with 

three symmetrically disposed (primary ) functional groups may be prepared by the method of Boger et 

(11.” via the 6A, 6c, 6’-tritrityl derivative 72 and the trimcsyl derivative 75. 

Poly - 6 - substituted cyclodextrin derivatives can be obtained employing the method of Bogcr ef 01.” 

Two efficient strategies are described which facilitate the selective modification of all the primary hydroxyl 

groups in the parent cyclodextrin. 

IV. coNcLusloN 

While many chemically-modified cyclodextrins have been reported in the literature, the need for 

more and better characterized cyclodextrin derivatives for present and future applications is recognised. 

Recent and continuing interest in these versatile compounds is demonstrated by the increasing number 

of papers dealing with modified cyclodextrins which appear each year in the chemical literature. 

Preparation of pure, well-characterized, chemically-modified cyclodextrin derivatives will continue to 

provide a challenge to those who desire to utilize these compounds. Hopefully, this review will stimulate 

even more rapid development in the synthesis of chemically-modified cyclodextrins and their ap- 

plications. 
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