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Preface

Through modification, the native cyclodextrins are effective templates for the 
generation of a wide range of molecular hosts. This makes it possible to tailor a 
cyclodextrin host to a particular guest, to meet specific requirements in the host-guest 
complex, and opens the way to diverse new areas of supramolecular chemistry. 
Metallocyclodextrins, rotaxanes and catenanes, and surface monolayers of modified 
cyclodextrins are now accessible. The native cyclodextrins serve as scaffolds on 
which functional groups and other substituents can be assembled, with controlled 
geometry. This results in substantially improved molecular recognition and 
procedures for chemical separation, including enantiomer discrimination, through 
guest binding. Access to the gamut of functional groups greatly expands the utility of 
cyclodextrins in chemical synthesis and affords catalysts which mimic the entire 
range of enzyme activity. Modifications to the cyclodextrins also lead to a wide 
range of photochemistry of cyclodextrin complexes, through which the enhancement 
of guest reactivity occurs. In addition, light harvesting molecular devices and 
photochemical frequency switches may be constructed. In solution, modified 
cyclodextrins have been used to construct molecular reactors, and molecular, 
temperature and pH sensors. At surfaces, they form semipermeable membranes and 
sensor electrodes. Such innovative fields of chemistry, only made possible through 
modifications to the native cyclodextrins, are the subject of this book.
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CHAPTER 1 
MODIFIED CYCLODEXTRINS

CYCLODEXTRIN STRUCTURE AND COMPLEXATION
BEHAVIOUR

1 .1 .  Introduction

The first reports of the naturally occurring cyclodextrins (CDs) appeared in the late 
nineteenth and early twentieth centuries [1,2]. Since then the study of CDs has gained 
increasing momentum to the point where Szejtli commented that more than 15,000 
CD-related papers appeared in the literature by the end of 1997 [3]. Apart from their 
intrinsic interest, the fascination with these cyclic oligosaccharides has largely arisen 
from the homochiral doughnut-like annular structures of the smaller CDs and their 
ability to complex other molecules within their annuli. This complexation exhibits 
size and chiral discrimination between guests to varying degrees, and in some cases 
the guest may undergo reactions in the annulus at an increased rate or yield different 
product ratios from those arising in the free state, while in other cases the guest 
reactivity may be decreased. Inevitably this has led to an extensive range of chemical 
modifications of the natural CDs to capitalise on and enhance these characteristics 
while retaining the ability to complex guests within the CD annulus. The basic 
structures of the natural CDs have proven to be remarkably resilient during such 
modifications and have permitted the design and synthesis of modified CDs to achieve 
specific outcomes. Hence, the natural CDs may be viewed as molecular platforms on 
which molecular scaffolds of increasing sophistication and designed for specific roles 
may be erected. It is a recounting of the many facets of the modification of the 
natural CDs and their outcomes about which this book is primarily concerned.

Before such a recounting can proceed it is necessary to gain a basic understanding 
of the chemistry of the natural CDs, an understanding which this first chapter seeks to
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establish. Accordingly, it discusses the structures of the naturally occurring CDs and 
the stoichiometries, equilibria, kinetics and mechanisms of complex formation and the 
interactions controlling them. These characteristics of the natural CDs carry through 
to their modified analogues which are discussed in detail in the chapters which follow. 
Such has been the plethora of natural CD modifications that it is now possible to 
systematise strategies for achieving desired modifications and this forms the content of 
the Chapter 2. The modified CDs and their structural complexing characteristics 
provide an evolving sequence through Chapters 3 to 8 where, in general terms, the 
modifications progress from those based on a single CD to those with two covalently 
linked CDs to CD rotaxanes, catenanes and polymers, and finally to those forming 
monolayers. In parallel with this broad structural progression, the complexation, 
catalytic, photochemical and other characteristics of modified CDs are discussed.

While this book is predominantly concerned with the chemistry of modified CDs 
as a research area, it should be remembered that increasingly natural and modified CDs 
are found in a range of industrial applications. Thus, several thousands of tonnes of 
natural CDs are produced annually, and their major usage in 1996 was found in the 
foods and cosmetics (-73%), pharmaceutical (-15%), chemical (-10%) and pesticide 
(<1%) industries, and in analytical chemistry (1%) [4]. Readers wishing to learn more 
about the practical applications of natural and modified CDs are referred to the range of 
monographs and reviews available [3-14].

1 .2 . Natural Cyclodextrins and Their Structures

Naturally occurring CDs are homochiral cyclic oligosaccharides, the most 
common of which are composed of 6, 7 or 8 a-l,4-linked D-glucopyranose units. 
They are produced, together with some larger CDs and some linear oligosaccharides, 
through the degradation of starch by the enzyme CD glucosyltransferase. The CDs 
composed of 6, 7 and 8 glucopyranose units are usually referred to as aCD, PCD and 
yCD (1.1a in Fig. 1.1), respectively, are the most plentifully produced and 
extensively studied [6,8,15-31]. For the larger CDs with the number of 
glucopyranose units extending from nine to fourteen [26,30-33], the Greek prefix 
follows the alphabet from 6CD to iCD as the number of D-glucopyranose units 
increases. Obviously, this nomenclature cannot extend to the CDs composed of 100
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or more such units obtained through the action of a disproportionating enzyme on 
amylose [34]. However, the vast majority of publications on natural and modified 
CDs describe research based on aCD, pCD and ^CD, and retain the CD nomenclature 
which is also retained throughout this text. (The CDs are also known as 
cycloamyloses, so that aCD, pCD, and 7CD are named cyclohexa-, cyclohepta- and 
cyclooctaamylose, respectively, or CA6, CA7 and CA8 where the number indicates 
the number of glucopyranose units in the macrocycle [26].)

secondary hydroxy primary hydroxy
groups

aCD n = 1

ОН А Г 0Н n = 2
0H Л Г  -yCD n = 3

1 .1а н о ^  он  i . ib

Fig. 1.1. Schematic illustrations of aCD, 0CD and 7CD (1.1a). A truncated cone (1.1b) is frequently 
used to represent a native or modified CD. When a substituent is shown at the narrow end of the cone, it 
indicates that it replaces one of the C(6 ) hydroxy groups, while a substituent shown at the wide end of the 
cone indicates that it replaces either a C(2) or a C(3) hydroxy group.

Many crystallographic X-ray studies of CDs and their complexes have been 
reported from which a comprehensive picture of their structures has been generated
[16,17,19,20,24,26,27]. These crystalline state structures also provide a valuable 
guide to CD interactions in solution. The aCD, pCD and ")CDs have doughnut-like 
annular structures with wide and narrow hydrophilic ends delineated by 0(2)H and 
0(3)H secondary and 0(6)H primary hydroxy groups, respectively, and hydrophobic 
annular interiors lined with H(3), H(5) and H(6) hydrogens and 0(4) ether oxygens. 
Crystallographic X-ray studies show that each glucose unit adopts a fairly rigid 4Cj 
chair conformation. The only conformational freedom that exists is in the rotation of 
the C(6)-0(6) groups and constrained rotation about the glucosidic C(l)-0(4)-C(4) 
link. Usually the C(6)-0(6) bonds are directed away from the centre of the CD 
annulus, such that the torsion angle 0(5)-C(5)-C(6)-0(6) is (-)-gauche, although 
hydrogen bonding between a guest molecule in the annulus and the 0(6)H group may
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turn the C(6)-0(6) bonds towards the centre of the annulus, such that the torsion angle 
0(5)-C(5)-C(6)-0(6) becomes (+)-gauche. Neutron diffraction studies show that the 
CD structure is stabilised in the solid state by intramolecular hydrogen bonding 
between the secondary hydroxy groups of adjacent glucose units [20,26]. The 0(4) 
oxygens delineating the macrocyclic hexagons, heptagons and octagons of aCD, (3CD 
and YCD, respectively, are almost coplanar with < 0.25 A deviation from the 
common plane. However, substantial deviations from planarity are seen in the 0(4) 
nonagon of the nine glucopyranose unit 5CD which forms a boat-like ellipse [30]. 
Molecular modelling shows that this distorted structure is a result of the steric strain 
induced by the larger ring size of 5CD, and that further increases in size with increase 
in the number of glucopyranose units results in a departure from the doughnut shape 
of aCD, (iCD and 7CD. Thus, the solid state structures of the ten and fourteen unit 
eCD [31,33] and iCD [33] are twisted as a result of a -180° rotation of two dia
metrically opposed glucopyranose units about the glucosidic link so that the ring of 
intramolecular hydrogen bonds present in aC D -6CD is broken. At the -180° 
rotation site two adjacent glucopyranose units are oriented trans to each other while 
the other units retain a cis orientation. The structure of the 26 unit t)CD describes a 
figure of eight where each half consists of two left handed single helical turns with six 
glucopyranose moieties per repeating unit [35].

Apart from being the most extensively studied of the natural CDs, aCD, pCD and 
7CD also represent the platforms for modifications ranging from the substitutions 
exemplified by that of a hydroxy group proton by a methyl group and the replacement 
of a hydroxy group by an amine group, to major single and multiple hydroxy group 
substitutions where the substituent mass may approach that of the natural CD. 
Nevertheless, the substituted CD's annulus usually retains a central importance in the 
properties of the modified CD, and accordingly some of the properties of aCD, pCD 
and 7CD are presented in Table 1.1. The solubilities of the CDs vary in an irregular 
manner [26,36], and the relatively low solubility of PCD provided an early reason for 
its modification to improve its solubility as its annulus is of a size particularly 
suitable for the complexation of drug molecules, and its more soluble modified forms 
yield a range of drug complexes which are more soluble than the drugs in their free 
states [14]. The annular diameters and volumes increase substantially from aCD to 
*yCD and this provides a crude discrimination between molecules entering the annulus 
to form complexes. The partial molar volumes are much larger than the annular
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volumes and arise from the doughnut-like overall shape of the CDs [26,37]. The 
homochirality of the CDs is reflected by their a p  values [6,17,26]. The Final 
parameters in Table 1.1 are the p/Tas assigned to 0(2)H and 0(3)H in each CD [38], 
and which have an important role in the CD mediation of the hydrolysis of a range of 
guests inside the CD annulus as discussed in Chapter 4.

Table 1.1. Some Characteristics of aCD, PCD and ^CD.

CD aCD |JCD 7CD

Number of glucopyranose units 6 7 8

Molecular weight (anhydrous) 972.85 1134.99 1297.14
Solubility per dm3 H20  at 298.2 Ka 14.5 1.85 23.2
Annular diameter measured from 4.7 6 .0 7.5
the C(5) hydrogens, k b
Annular diameter measured from 5.2 6.4 8.3
the C(3) hydrogens, k b
Annular depth from the primary to 7.9 - 8.0 7.9 - 8.0 7.9 - 8.0
the secondary hydroxy groups, k b
Annular volume. A3 c 174 262 472
Partial molar volumes, cm3 mol' 1 d 611.4 703.8 801.2
ocd. deg e +150.5 +162.5 + 177.4
pКл 0(2)H and 0(3)H at 298.2 12.33 12 .20 12.08

References 26 and 36. ^Measured from Corey-Pauling-Koltun models. References 6  and 
26. ^Reference 26. 'References 6 , 17 and 26. ^Reference 26.

1 .3 .  Cyclodextrin Complexation Processes

Much of the interest in natural and modified CDs arises from their ability to 
include or encapsulate a substantial part of a guest molecule or ion inside their annuli 
to form complexes usually described as either inclusion complexes, host-guest 
complexes or simply as complexes. These complexes are unusual in that only 
secondary bonding occurs between the CD and the guest (G), yet their stability can be 
quite high depending on the nature of the CD and G. The stoichiometry of the 
complexes is usually encompassed by the ratios: 1:1, CD.G; 1:2, CD.G2 ; 2:1,
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CD2.G; and 2 :2 , CD2.G2, characterised by the sequential stability constants * ц ,  
* 12, АГ21, #22  anc* * 22'» respectively.

fCD.GI [CD.G2I [CD2.G]
* n  ”  [CD][G] ’ 12 [CD.G][G] ’ [CD.G][CD] ’

[CD2.G2I . [CD2.G2]
22 "  [CD.G2][CD] ’ 3 d 22 _  [CD2.G][G] '

Quite often complexes of different stoichiometries may coexist in solution so that 
more than one stability constant characterises the system as shown in Eqs. (1.1) and 
(1.2). Although the equilibria characterised by *22  and * 22' produce the same 
complex, CD2.G2, this is achieved through different routes and there is no necessity 
for K22 and * 22' to be of similar magnitude.

* 1 1  * 12, + G * 22» + CD
CD + G -  CD.G ‘ CD.G2 ~ CD2.G2 (1.1)

- G -C D

* 1 1  * 21, + CD * 22’, + G
CD + G -  CD.G ----- ~ “ CD2.G ■ CD2.G2 (1.2)

- CD - G

As expressed above, * 11* * 12» * 2 b  *22  and * 22' concentration stability 
constants rather than true stability constants where activities of the equilibrium 
participants are employed instead of concentrations. However, concentration stability 
constants are usually determined in CD complexation studies in solutions where a 
constant ionic strength (/) is maintained by a supporting electrolyte which does not 
participate in the complexation process.

Stability constants do not directly indicate the structure of the complexes formed. 
Thus, if it is assumed that a ditopic guest (AB) with differentiated complexing ends (A 
and B) enters the CD annulus through the secondary face alone, there still exists the 
question as to which end of the guest enters first (Fig. 1.2). When isomeric 
complexes (CD.AB and CD.BA) are formed, where either end of the guest enters the 
annulus first, they are characterised by the microscopic stability constants, *1  and
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K \\  respectively. If a second CD adds, the microscopic stability constants, K2 and 
К 2' aPPty to the formation of CD2 AB. Generally, the complexes CD.AB and 
CD.BA are not separately detected and K\ 1 and K\2 are related to K\, K\ \  K2 and 
K2' through: K U = K \ +  K \\  and K \2 = zK2K2'/K \i, where z = K2/Ki = K24K\' 
[23,25]. Should the guest, AB, enter the CD annulus through both the primary and 
the secondary faces additional complexes may form, and other microscopic stability 
constants arise, as is also the case should CD.(AB)2 form.

у

CD

CD.AB - cd4 ^ +CD

CD.BA

Fig. 1.2. The complexation of a ditopic guest, AB, by a CD through the secondary face only.

The majority of CD complexation studies have been carried out in aqueous 
solution and as a consequence considerable attention has been focused on the change in 
hydration of the CD and the guest in the complexation process [23,25,28]. 
Depending on the identity of the CD, differing numbers of water molecules (XH2O) 
occupy its annulus. Similarly, differing numbers of water molecules (уНгО) hydrate 
the guest depending on its identity. Upon formation of a 1:1 CD.G complex, the 
guest displaces water molecules from the CD annulus while also losing part of its 
own hydration shell so that several water molecules (ZH2O) enter the bulk water as 
shown in Eq. (1.3).

*11
CD.XH2O + G.yH20  -  CD.G.(x + у - z)H20  + zH20  (1.3)
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While the change in the number of water molecules associated with the CD and guest 
on formation of the complex is unknown, it, together with the entry of the guest into 
the CD annulus, are considered to be major factors affecting the stability of the 
complex. In addition, hydrogen bonding between the guest and the CD appears to 
stabilise complexes, and it may be that conformational changes in either the CD, the 
guest or both also contribute to complex stability. Within this broad outline of 
stabilising factors, more specific effects have been invoked which include hydrophobic 
effects, release of "high energy" water from the CD annulus, relief of conformational 
strain in the uncomplexed CD, ion-dipole, dipole-dipole and induced-dipole-dipole 
interactions, and London dispersion forces. While there is little doubt that the quite 
strong secondary bonding found in CD complexes results from the summation of 
multiple weak interactions, their individual identification is less certain. Accordingly, 
only the salient aspects of these interactions are considered below.

The majority of the thousands of CD complexes reported involve a guest 
incorporating a hydrophobic moiety which resides in the vicinity of the hydrophobic 
region of the CD annulus. This feature is thought to arise through the "hydrophobic 
effect" whereby non-hydrogen bonding entities are excluded from the bulk water 
hydrogen bonded structure to form aggregates, in this case CD complexes, which 
thereby experience a stabilising effect. Water occupying the CD annulus cannot form 
the same hydrogen bonding interactions as bulk water, and is sometimes referred to as 
"high energy" water. The entry of a guest into the CD annulus expels some or all of 
this "high energy" water which enters the bulk water structure, a transition which is 
sometimes thought to contribute to the stability of CD complexes. However, neither 
the number of water molecules occupying the CD annulus, nor the number expelled 
on complexation, has been determined in solution and accordingly much of the 
interpretation of solution studies is based on observations of the crystalline state. 
One X-ray crystallographic study of aCD.6H20  shows two water molecules hydrogen 
bonded to each other lying within the aCD annulus, almost on its axis, with the 
water molecule closest to the primary face hydrogen bonding to two 0 (6) hydroxy 
groups [39]. A second study [40] of G1CD.6H2O finds one water molecule within the 
annulus, while a third [41] finds 2.57 water molecules statistically distributed over 
four sites within the annulus. There appears to be a consensus that 2 to 3 water 
molecules occupy the aCD annulus in aqueous solution and are expelled on 
complexation of a guest.
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Another observation pertinent to the complexation process is that in the first of 
the above X-ray crystallographic studies of 01CD.6H2O one of the glucopyranose 
rings is tilted with respect to the other five whereas this is not so in simple aCD  
complexes in the solid state [39]. Calculations show this puckered macrocyclic ring 
conformation to be strained by comparison with that in which all six glucopyranose 
units are equivalent and accordingly it has been postulated that relief of this strain on 
complexation may stabilise the complex [42]. However, in the third of the above 
solid state studies of (XCD.6H2O, significant puckering of the macrocyclic ring is 
found to be absent and strain energy is diminished [41]. This observation of different 
macrocyclic ring conformations for aCD in the solid state is consistent with solution 
NMR [43-45] and Raman [46] studies which show significant flexing of the 
macrocyclic ring and changes in the C(5)-C(6) rotamers to occur in natural and 
modified CDs, as do molecular mechanics and molecular dynamics calculations [47- 
55]. The (3CD annulus accommodates 6.5 water molecules statistically distributed 
over eight sites, and the 7CD annulus accommodates 7.1 water molecules distributed 
over fourteen sites, as shown by X-ray crystallographic studies of PCD.I2H2O and 
yC D .13.3H 20 [56,57]. The macrocyclic rings of pCD and yCD show little 
puckering akin to that sometimes observed for aCD, and as a consequence the relief 
of strain energy for the larger CDs is generally not considered significant in 
stabilising their complexes.

1 .4 .  Enthalpy-Entropy Compensation in Cyclodextrin Complexation

The enthalpy and entropy of complexation, AH0 and AS0, respectively, of more 
than 2000 natural CD complexes and more than 100 modified CD complexes have 
been determined. In the overwhelming majority of cases, AH° is negative and AS° is 
usually negative, and as a consequence CD complexation is said to be "enthalpy 
driven" [25,28,58-60]. In the "classical" hydrophobic interaction between nonpolar 
molecules the structure of the neighbouring water is a critical factor, both AH0 and 
Д50 are positive, and the interaction between the nonpolar molecules is said to be 
"entropy driven". The latter observation could be taken to indicate that hydrophobic 
interactions are unimportant in stabilising CD complexes. However, CDs are quite 
polar and it is only the annulus interior which is hydrophobic. "Nonclassical"
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hydrophobic interactions between semipolar molecules may have either a negative 
AH 0 or AS0 [25,61,62], and consequently it appears to be of dubious value to 
attempt to deduce the CD complex stabilising interactions in too great a detail from 
the magnitude and sign of AH° or AS0.

An extensive range of CD complexations shows an enthalpy-entropy 
compensation where, for a given CD, a plot of AH0 against AS0 is linear for all 
guests and has a positive slope [18,23,25,28,59,60]. This observation has generated 
considerable mechanistic discussion about the formation of CD complexes. Before 
entering this discussion it is salutary to briefly review the thermodynamics of 1:1 CD 
complex formation through Eq. (1.4):

lnATu = -AG0IR T= -A H °IR T+ A S°/R  (1.4)

In many cases, AH0 and AS0 are determined from a plot of R \nK \\ against 1 IT 
which yields AH0 from the slope and AS0 from the intercept. Two issues arise from 
this. First, the errors in AH° and AS0 are closely correlated so that an error in the 
determination of one is compensated for by the error in the other so that a range of 
errors in the studies of the same system could produce a linear relationship between 
AH0 and AS0. Second, there is no thermodynamic requirement for a correlation to 
exist between the magnitudes of AH0 and AS0. Thus, an experimental correlation 
between AH0 and AS0 represents an extrathermodynamic relationship. The range of 
spectroscopic and other techniques used in the determination of AH0 and AS0 from 
the temperature dependence of K \\ are all subject to the first of the above cautionary 
comments concerning errors [23]. It also appears that calorimetric methods which 
determine K\ j and AH0 directly might be subject to a similar caution because of the 
possibility of a correlation of error between these parameters. However, the existence 
of a real correlation between AH0 and AS0 can be tested for by appropriate statistical 
analysis [25,63,64] and subsequent discussion concentrates on AH 0 and AS0 
correlations established in this way.

The linear plot of AH0 against AS0 for 1:1 CD complex formation has a positive 
slope, P, which is a temperature, referred to as the "compensating" or "isoequilibrium" 
temperature (Eq. (1.5)). It may be argued that because AH° is related to the energy of 
the secondary bonding interactions in the CD complexation process, an increasingly 
negative AH° in a series of complexations reflects an increase in the strength of these
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interactions, a decrease in the number of degrees of freedom and a correspondingly 
more negative AS0 and vice versa. Thus, the observation of an enthalpy-entropy 
compensation is consistent with the CD complexations to which it applies sharing 
similar interactions. This is an important observation, but there is considerable 
debate as to what further information about the CD complexation process can be 
inferred from such an enthalpy-entropy compensation. Substantially, the debate 
revolves around the contention that the interrelation of Eqs. (1.5) and (1.6) means that 
variations in AH0 and AS0 convey no additional information to that derived from 
variations in AG°.

Nevertheless, mechanistic conclusions have been drawn from the linear plots of TAS° 
against AH0 for 524 aCD, 488 (3CD and 58 )CD 1:1 complexes formed with a wide 
range of different guest molecules [28]. In broad terms these linear relationships (Eq. 
(1.7)) indicate that the dominant stabilising factors within each set of CD complexes 
are similar, and that a change in TAS° is compensated for by a change in AH0 as the 
guest changes, as indicated by Eq (1.8). Eq. (1.7) shows that the overall entropy 
change is made up of a term, TAS° , proportional to the enthalpy change and a term 
independent of it, ТАS0°, and further that when AH0 = 0 the complex is still stable 
provided that TAS0°  is positive. Eq. (1.9), derived through Eqs. (1.6) and (1.8), 
shows that a  represents the entropic contribution decreasing the enthalpic 
stabilisation of the CD complex such that only a (1 - a) portion of bAH° contributes 
to increasing complex stability. It has been deduced that a  arises from 
conformational change and that TAS0°  arises from the extent of dehydration occurring 
on complex formation, and that these are the dominant effects determining CD 
complex stability. For aCD, pCD and *yCD, a  increases in the sequence: 0.79, 0.80 
and 0.97, respectively, and TAS0°  increases in the sequence 8, 11 and 15 kJ m ol'1, 
respectively. These increases in a  and TAS0°  are thought to be consistent with 
increases in conformational change and dehydration occurring on complexation. This 
is in accord with the expected increase in flexibility and an increase in the number of 
water molecules in and around the annulus as CD size increases.

5ДH°  = р Ш °
6AG° = 6ДH ° - Т Ш 0

(1.5)
( 1.6)
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TAS° = aA H ° + TAS0°  

TbAS0 =  ccbAH°

SAG0 =  (1 -  a)8AH°

(1-8)

(1.9)

(1.7)

1 .5 .  Examples of Cyclodextrin Complexation

The homochirality and variation in size of the aCD, pCD and yCD annuli 
provide opportunities for both chiral [21] and size [18,25,28] discrimination in 
complexation, as indicated by changes in complex stability as the identity of either 
the CD or the guest is varied. A wide range of neutral and ionic guests are complexed 
[65] as is frequently reported for aliphatic [66-75], aromatic [75-84], amino acid [85- 
94], drug [14,95-104], and dye, indicator and related [105-113] guests, and less 
frequently reported for sugar [114], inorganic anion [115-118], cation [119], noble gas 
[120] and fullerene [121-123] guests. A selection of examples which illustrate some 
of the factors affecting natural CD complex stability are now discussed in more detail, 
and many examples of modified CD complexes are discussed in the chapters which 
follow.

The stereochemistry and stability of a CD complex can be profoundly affected by 
the structure and charge of the guest as is illustrated by the complexation of 4- 
nitrophenols and -phenolates by aCD (Table 1.2) [124]. Predominantly, these guests 
enter nitro-substituent first through the secondary face of aCD as shown by !Н NMR 
studies. This is in accord with 2,6-dimethyl-4-nitrophenol and -phenolate and the 4- 
nitrophenol and -phenolate analogues forming stable complexes with aCD, while 
3,5-dimethyl-4-nitrophenol and -phenolate are inhibited from forming a C D  
complexes because of steric hindrance to the nitro-substituted end entering the aCD 
annulus. The less hindered 2-methyl-4-nitrophenolate forms a weak aCD complex, 
but its phenol analogue does not. When complexes form in this series, neither the 
phenol nor the phenolate end of the guest enters the aCD annulus first, and the 
phenolates complex more strongly than the phenols. Possible reasons for both of 
these observations are that either head-to-tail alignment of the dipole of the guest with 
that of aC D  [125], or hydration of the phenol and phenolate groups inhibit 
complexation, or both.
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Table 1.2. Stability Constants for 1:1 aCD Complexes of 4-Nitrophenols and 4-Nitrophenolates.a

Guest АГц/dm3 mol' 1 Guest ЛГц/dm3 mol*1

Me Me

aDetermined spectrophotometrically at pH 6.5 and pH 11.0, respectively, in aqueous phosphate
buffer (/ = 0.5 mol dm'3) at 298.2 K. ^No complex detected.

It is of interest to briefly review some of the literature on the dipole moments of 
CDs and their guests. Calculations based on crystallographic structures arrive at 
dipole moments for aCD  in the range 12-20 D depending on the method of 
calculation [125-127]. The calculated values of the dipole moment of aCD in its 4- 
nitrophenol complex are 13.5 D and 12.4 D when the CNDO/2 MO and MM2 
routines are used, respectively. These dipole moments align approximately with the 
aCD annular axis with its positive pole at the primary face, where the nitro group of 
the guest in the aCD.4-nitrophenol complex is also located. This is the structure of 
aCD.4-nitrophenol found in solution [128] and the crystalline state [24,27,129]. The 
dipole moment of 4-nitrophenol (5.0 D) has its negative pole adjacent to the nitro 
group, from which it is seen that the dipole moments of aCD and the guest are 
aligned head-to-tail in the complex. Benzoic acid (1.5 D) and 4-hydroxybenzoic acid 
(1.5 D) have their negative poles adjacent to their carboxylic acid groups and align 
head-to-tail with the dipole moment of aCD in their complexes. These calculations 
and observations are in accord with dipole-dipole interactions being significant in
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orienting guests CD complexes and stabilising them. However, the magnitude of 
these interactions is subject to uncertainty given the dependence of the calculated CD 
dipole moments on the assumptions in the calculations. Thus, CNDO/2 calculations 
show the magnitude of the dipole moment to increase in the sequence: aCD < pCD < 
7CD, and that these magnitudes vary with the nature of the guest in the complex 
[127]. However, AMI calculations yield dipole moments of 7.06, 2.03 and 2.96 D 
for aCD, (3CD and 7CD, respectively [130]. Related AMI calculations also show 
that the dipole moment of pCD changes from 2.9 D when the primary hydroxy 
groups are perpendicular to the annular axis, to 14.9 D when they are parallel to the 
axis [131].

High CD complex stabilities are observed under favourable conditions as is found 
for the pCD complexes of some of the steroids shown in Table 1.3 [132]. They also 
show how the stereochemistry of guest molecules can have a marked effect on 
complex stability as exemplified by the formation of the 1:1 pCD complexes of the 
steroids with cis AB fusion, 1.2a and 1.2b, and with trans AB fusion, 1.2c and 
1.2d. Under the same conditions, lithocholic acid (1.2a) is complexed 20 times 
more strongly by pCD than is its isomer 5a-cholanic acid Зр-ol, 1.2c. Molecular 
modelling indicates that this stronger complexation of lithocholic acid is a result of 
the cis AB fused structure causing the A ring to better fit the wider secondary end of 
the pCD annulus than is the case with the trans AB fused 5a-cholanic acid Зр-ol such 
that the latter is more exposed to solvent. In both cases, the В, С and D rings thread 
through the annulus. The same trend in stability is seen for 1.2b and 1.2d  
consistent with the effect of cis AB fusion being important for the complexation of 
1.2b also. The variation of K \\ with solution composition for the complexation of 
1.2a is consistenf with its aggregation which competes with its complexation. 
Thus, the true magnitude of K \\  is probably greater than 1.17 x 106 dm3 mol"1 
which appears to be the highest K \\  reported for a PCD complex to date. None of 
1.2a-1.2d show appreciable complexation by the smaller aCD.

Adamantane-l-carboxylic acid (1.3a) and bicyclo[2 .2 .1]heptane-1-carboxylic acid 
(1.4a) and their conjugate bases (1.3b and 1.4b) provide interesting contrasts in 
their complexation by aCD and PCD [133] (Table 1.4). While aCD forms both 1:1 
and 2:1 complexes with both 1.3a and 1.4a, pCD only forms 1:1 complexes which 
are much more stable than the aCD complexes as a consequence of the better fit of 
the guest to the PCD annulus. The anionic 1.3b and 1.4b form 1:1 complexes of
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Table 1.3. Stability Constants for 1:1 Complexes of pCD and Some Steroids.0

Steroid К ц /d m 3 mol' 1

1.17 x 106 * 

2 .01  x 105 c 

2.77 x 105 d 

4.83 x 104 *

2.40 x 105c

1.07 x 104c

1.67 x 103c

^Determined calorimetrically in 0.2 mol dm ' 3 pH 9.0 ЫаНСОз - ЫагСОз buffer in water/dimethyl 
sulfoxide solution at 298.2 K.
^2.0 x 10*3 mol dm ' 3 PCD, 5.0 x 10*5 mol dm' 3 steroid, 1% dimethyl sulfoxide. 
c2 .0x 10' 3 mol dm' 3 PCD, 1.0 x 10"4 mol dm' 3 steroid, 10% dimethyl sulfoxide. 
d2S) x 10' 3 mol dm*3 PCD, 5.0 x 10' 5 mol dm*3 steroid, 10% dimethyl sulfoxide.
*5.0 x 10*3 mol dm' 3 pCD, 5.0 x 10*4  mol dm*3 steroid, 10% dimethyl sulfoxide.

similar stability to those of their conjugate acid analogues with aCD and form no 2:1 
complexes. There is a significant decrease in stability in the analogous pCD 
complexes. The' formation of aCD.1.3a and aC D 2.1.3a reveals cooperativity in 
the complexation of the second aCD through £ 21 being substantially larger than



K \\.  Cooperative complexation also occurs in aC D 2-1.4a. The complexation of 
several other similar carboxylic acid guests also shows cooperativity, and provides a 
major rationale for the syntheses of covalently linked CDs which are discussed at 
length in Chapter 6 . At a lower ionic strength, conductivity measurements yield K\ \ 
= 1.05 x 105 , 3.3 x 104 and 1.9 x 103 dm3 mol"1 in aqueous solution for the 1:1 
pCD complexes of 1.3a and 1.3b and the positively charged adamantane-l-aminium 
where the -CO2H of 1.3a is replaced by -NH3+ [134]. This variation in stability is 
quite small when the charge variation in these guests is considered and is consistent 
with the closeness of fit of the hydrophobic adamantane moiety to the pCD annulus 
being the dominant factor determining the stabilities of these complexes.

Table 1.4. Stability Constants0 of aCD and [SCD Complexes in Aqueous Solution at 298.2 K.

16 M odified Cyclodextrins

Guest * 11* 
dm3 mol' 1

*21* 
dm3 mol' 1

Guest * llc 
dm3 mol' 1

13a

C 0 2H ,  0
I 2 1.3 x 102 (aCD) 4.2 x 102 (aCD)

_ /- /  З.ОхК^фСЭ)

C 0 2H 3.1 x 101 (aCD) 1.57 x 102 (aCD) 

7.0 x  103 (pCD)

1.4a

13b

^ ° 2 1.4 x 102  (aCD) 

1.8 x 104 (pCD)

C 0 2‘ 2.2 x  101 (aCD) 

8.3 x 102 (PCD)

1.4b

flDetermined microcalorimetrically. ^In 0.1 mol dm ' 3 sodium acetate at pH 4.05. cIn 0.05 mol 
dm ' 3 sodium borate at pH 8.5.

The change in environment from full hydration to partial dehydration and entry 
into the hydrophobic CD annulus can substantially modify the chemical behaviour of 
the guest. This is exemplified by the change in p o f  the carboxylic acid group of 
1.3a from 6.90 to 6.6 in aCD.1.3a and to 6.2 in pCD.1.3a, and for 1.4a from 
4.68 to 5.89 in aCD.1.4a and to 5.88 in pCD.1.4a [133].
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The structures of CD complexes in solution are the subject of much discussion. It 
has been widely assumed from the earliest complexation studies that a major portion 
of the hydrophobic part of a guest occupies a site within the hydrophobic region of 
the CD annulus on the basis that guests possessing substantial hydrophobic character 
tend to complex more strongly than those which do not. Increasingly sophisticated 
computational [55] and NMR studies [45] have brought more certainty to the structure 
determination of CD complexes in solution. Thus, the ROESY *H NMR technique 
identifies through-space dipolar interactions between the protons of a guest inside the 
CD annulus and the protons of the annulus interior from which the position of the 
guest within the annulus can be accurately determined. Generally, computed 
structures show substantial agreement with those deduced from such NMR studies.

Usually there is strong evidence that entry of a substantial portion of the guest 
into the CD annulus occurs on complexation. However, examples of complexes 
where this appears not to be a dominant interaction have been reported as shown by 
the (3CD complexation of the bile pigment (4Z, 15Z)-bilirubin-IXa where the 
enantioselective binding is dominated by hydrogen bonding between the guest 
carboxylate groups and the pCD secondary hydroxy groups [135]. Similar hydrogen 
bonding between the (P)- and (M)-l,12-dimethylbenzoic[c]phenanthrene-5,8-di- 
carboxylate enantiomers and pCD appears to stabilise diastereomeric complexes. 
Those of the (P)- and (Af)-enantiomers are characterised by K\ \ = 2.2 x 103 dm3 
m ol"1 and 1.87 x 104 dm3 mol"1, respectively, which are quite large despite the 
expectation that a combination of the considerable guest size and 2- charge minimises 
entry into the pCD annulus [136].

Many structures of CD complexes have been determined by X-ray crystallography
[24,27], and often there appears to be a substantial similarity between these solid state 
structures and those determined in solution and computed. However, the obvious 
difference between the solution and solid states is the relatively high CD and guest 
mobility and the competing interactions between CD, guest and solvent which 
influence complex stoichiometry and stereochemistry in solution. Accordingly, it is 
unsurprising when structural differences appear to exist between CD complexes in the 
two states. This is exemplified by the solution structures of the pCD.pyrene and 
p C D 2 -pyrene complexes shown schematically as 1.5 and 1.6, in which 
spectroscopic studies are consistent with a substantial portion of the pyrene guest 
being inside the pCD annulus and aligned parallel to its axis
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ray diffraction studies show that in crystalline PCD.1.5 octanol.pyrene.14.5 H2O, 
pyrene sits parallel to the secondary faces of two pCDs which are hydrogen bonded to 
each other (1.7) [144]. A second example of such differences in guest orientation is 
provided by the aCD.4-fluorophenol complex where X-ray crystallographic studies 
show the flourine substituent to protrude from the secondary face of aCD (1.8 [145]) 
while ROESY NMR studies show the guest orientation to be reversed in solution 
so that the hydroxy substituent protrudes from the secondary face of aC D  (1.9) 
[146]. Thus, some caution is appropriate in extrapolating from solid state 
observations of CD complexes to the solution state.

1 .6 .  Kinetics of Cyclodextrin Complexation

The complexation of a guest species by a CD involves the partial or complete 
dehydration of the guest as it enters the CD annulus, displacement of water from the 
annulus and adjustment of the guest to the thermodynamically most favourable 
orientation within the annulus. This involves a sequence of many small steps as the 
guest moves towards its optimum orientation in the complex, and both the guest and 
the CD adjust their hydration to that of the final complex. In principle, depending on 
the energy barrier associated with each complexation step, some of these steps should 
produce a spectroscopic or other change at a rate within the timescale of a kinetic 
technique. In practice, usually only one, and sometimes two, of these steps are
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observed. The latter sequence for the CD complexation of a guest molecule (G) to 
form a 1:1 complex may be represented as in Eq. (1.10) where k\/k.\ = K\ and k^k.2
-  K2 which are related to the stability constant for the CD.G complex discussed in 
section 1.3 by K\ \ = k \/k .\ + {к\к£^{к.\к.Ц.

k\ k2 
CD + G -  CD.G' -  CD.G (1.10)

*-1 *-2

In many cases, simple inspection does not reveal which end of the guest first 
enters the CD annulus. This problem is minimised when one end of the guest is too 
large to enter the CD annulus as is the case of the naphthalene moiety in 1.10 in the 
formation of 1:1 complexes with aC D  [147]. In this temperature-jump 
spectrophotometric study only a single relaxation is found consistent with the k\/k.\ 
equilibrium processes (Eq. (1.10)) being too fast to be kinetically characterised so that 
the slower k2/k-2 processes are quantified alone. When R 1 is varied from H to Me to 
Et, and R2 is either OH or O', both k2 and k.2 decrease greatly consistent with 
increasing steric hindrance similarly slowing both rate processes, and as a consequence 
*11 is not greatly affected by this change in 1.10.

When both ends of the guest are of similar size the identification of the end 
entering the CD annulus through the secondary face first is less obvious. This 
difficulty may be tackled through a systematic comparison of complexation rates with 
structural variations in the guest as exemplified by a temperature-jump and stopped- 
flow spectrophotometric study of aCD complexation of the azo-dye guests 1.11a- 
1.13 [148]. While the k \fk .\  (=  * 1) equilibrium processes (Eq. (1.10)) are again 
too fast to kinetically characterise so that only the slower *2 and k,2 processes are 
kinetically quantified, they still strongly affect the kinetics of the approach to 
equilibrium. Thus, the variation of the observed first order rate constant for the
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approach to equilibrium, A0bs» w‘lh change in the total concentration of aC D  
(laC D )(). where laCD )t is in great excess over that of the guest dye, facilitates the 
derivation of K[ values through Eq. ( 1.11).

-  1 + Ki[ctCD]t *2
(1.11)

OH

R 1 r 2 R3 r 4

1.11 a Me H so3- H

1 .11b H H S 0 3' H

1.1 1c H H NH2 H

l.l l d H Me H Me

1 .1  le H H a H

l . l l f H H OEt H

l . l lg H H Me H

1.1 lh Me Me H Me

1.1 li H H Pr H

1.12

1.13

By varying the substituents on the A and В rings of the azo-dyes, charge and steric 
effects are found to substantially influence the magnitude of K\> k2 and k.2 (Table 
1.5). It is assumed that for guests with the same entering group, the quantified rates 
of entry (k2) are comparable, irrespective of the structure of the rest of the molecule, 
and that the leaving rate should show a greater dependence on the whole structure of
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the guest. This assumption infers that the rate determining step for entry into the CD 
annulus involves a transition state close to the final ground state of the complex. As
1.1 lh  is not complexed by aCD, it is deduced that the 3,5-dimethylphenyl and 3- 
methylsalicylate moieties are too large to enter the aCD annulus. Thus, the 
phenylsulfonate and salicylate moieties are the entering ends for 1.11a and 1.1 Id.

Table 1.5. Parameters for the Complexation of Aza-Dyes by aCD in Aqueous Solution at 298.2 K.

Guest *1 *2 *-2 End entering first
dm3 mol' 1 s"1 s- 1

l . l l a 4.3 x 102 1.6 0.28 В

1.11b 6 .2  x 102 2.9 x 103 6 .0  x 102 A
1 .1 1 c 2 .0  x 103 1.1 x 104 2.7 x 103 В
1.1 Id 4.8 x 102 4.4 x 103 7.0 x I02 A
l . l l e 1.1 x lO 3 5.7 x  104 2 .2  x 104 В
l . l l f 1.5 x Ю3 1.9 x  I04 9.8 x 102 В

l . l l g 7.4 x lO 2 3.1 x 104 3.0 x lO 4 В

l .l lh no complexation none

l . l l i 2 .0  x 103 5.4 x lO 3 2 .6  x 103 В

1.12 1.1 x 103 0 .6 0.5 В

1.13 1.6 x Ю2 1.2 x  104 3 .2  x 102 А

Within the magnitude range of the parameters in Table 1.5, those for 1.11a and 
1.12 are similar and confirm phenylsulfonate as the entering moiety for both as the 
naphthalene moiety of 1.12 is too big to enter the aCD annulus. The similarity of 
parameters for 1.11b and 1.1 Id confirms that the salicylate is the entering moiety 
for both. The similar k .2 values for 1.11b and 1.1 Id are consistent with the other 
end of these guests having a minor influence, as is also the case for 1.11a and 1.12. 
For 1.11c, l . l l e ,  l . l l f ,  l . l l g  and l . l l i  both *2 and k . 2 are greater than those 
of 1.1 Id consistent with the salicylate moiety not being the entering end for these 
guests. For Methyl Orange, 1.13, *2 much larger than for 1.11a and 1.12 were 
the phenylsulfonate moiety is thought to enter the annulus and accordingly it appears 
that the N,/V-dimethylaniline moiety enters first for this guest.
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The complexation of the alkyl-substituted hydroxyphenylazosulfanilic acid 
derivatives in their HA" and A2- forms, 1.14a-1.14i, by aCD exhibits both of the 
k \ l k . \  and k 2 lk _ 2 steps of Eq. (1.10), with the exception of 1.14a, 1.14b and 
1.14h [113,149,150]. The rate constants k \ y k . \ , k 2  and k . 2 , determined by 
stopped-flow spectrophotometry, show significant variations which can be rationalised 
in terms of the steric crowding caused by the changing size of R 1 and R2 (Table 1.6) 
On steric grounds, it is considered that either end of 1.14a-1.14c may enter through 
the secondary face of aCD while the smaller size of the phenyl sulfonate ends of 
1.14d-1.14i favours entry of this end predominantly. This is supported by the 
marked decrease in the size of k \  and k . \  from 1.14a to 1.14c and the much smaller 
variation in k \  and k . \  from 1.14c to 1.14f and for 1.14h. Only a single rate

The monoanions, HA” are as shown and 

the dianions, A2',  have deprotonated 

hydroxy groups.

process is observed for 1.14a and 1.14b which may indicate that these guests are 
sufficiently slender to approach their optimum complexation site after passing over 
one major energy barrier. In contrast, the well established two-step complexation of 
1.14d-1.14f and 1.14h is consistent with passage over two major energy barriers 
where the appearance of the second suggests a steric interaction between the R* 
substituents and aCD as these guests move deeper into the annulus in the second 
step. The disubstituted 1.14h shows similar kinetic characteristics to those of 
1.14e and 1.14f which are singly substituted with larger substituents. The 
slowness of complexation of 1.14g and 1.14i and the observation of a single 
complexation step is attributed to the bulkiness of their R1 and R2 substituents 
limiting the depth of entry of these guests into the aCD annulus.

R 1 R2

1.14a H H

1.14b Me H

1.14c Et H

1.14d Pr H

1.14e j-Pr H

1.14Г 5-Bu H

1.14g /-Bu H

1.14h Me Me

1.141 i-Pr /-Pr
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Table 1.6. Rate Constants for the Complexation of Alkyl-Substituted Hydroxyphenylazosulfanilic 
Acid Derivatives by aCD.

Guest 1<X

A2-

*1 *-l *2 k.2 *г *2* k-2
mol-1 dm3 s' 1 s- 1 s' 1 s' 1 mol' 1 dm3 s*1 s' 1 s-« S’*

1.14a v

ОA b b > 107 > 103 b b

1.14b 7.0 x 105 77 b b 9.3 x 103 2 .0 b b

1.14c 2.1  x 104 6.5 с с 8.1 x 103 2.1 с с

1.14d 2 .0  x 104 6 .0 0.87 0.55 6.9 x 103 3.6 0.25 0.08
1.14e 1.2 x 104 9.4 0.58 0.26 9.0 x 103 15.0 1.47 0 .1 0

1.14f, 1.1 x 104 14.0 0 .8 0.16 7.0 x 103 2 0 .0 1.67 0.08
1.14g 4.6 x 102 0.55 с с 3.4 x 102 0.41 с с

1.14h, 1.1 x 104 4.0 0.47 0.28 9.63 x 103 10 0.64 0.14
1.141 5.4 x 102 0.7 с с 3.5 x 102 0.5 с с

a In aqueous solution at 298.2 К and /  = 0.1 mol dm ' 3 (NaCl). ^Undetected by stopped-flow 
spectrophotometry cAbsorbance change too small for rate constant determination.

An interpretation of the sequence of events accompanying the complexation of 
1.14d and the associated activation parameters is shown in Fig. 1.3 [113]. Here, the 
hydration of 1.14d is shown in 1.15a as two components, the hydrogen bonding 
interactions between water and the hydrophilic hydroxy and sulfonate groups, and the 
self-hydrogen bonding water clustering around the hydrophobic regions of 1.14d. In 
the first complexation step (k\) to form the transition state, 1.15b*, ASj* makes a 
major contribution to AGi*. This is consistent with the sulfonate losing much of its 
hydration to displace some of the water in the aCD annulus to produce a large 
negative ASi* mainly through a loss of motional freedom of both participants in the 
first transition state. (This loss is expected to contribute -209 to -251 J mol"1 K"1 to 
AS\$, with positive contributions from dehydration of the sulfonate. The entropy 
increase from the partial collapse of the water cluster around the hydrophobic region of
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k\ = 2 0 0 0 0  

(dm3 m o l1 s*1) 
AGi*=48.4 
(kJ mol'1) 
AH? =22.5 
(kJ mol'1)
ASi* = -87 
(J mol' 1 K '1)

JL, = 6.0 
(s*1)
AG-i* = 69.1 
(kJ mol'1) 
AH.i* = 49.6 
(kJ mol'1)
AS. -65.3
(J mol' 1 K '1)

кг = 0.87 k.2 = 0.55
(s'1) (s*‘)
AG2t  = 69.9 AG-2* = 7 1.6

(kJ mol'1) (kJ mol'1)
ЛЯ2* = 54.5 AH.2* =  63.3
(kJ mol'1) (kJ mol'1)
AS2*=-63.4 A S j  = -37.3
(J mol' 1 K'1) (J mol' 1 K '1)

_ Л - 7  ---------------

Fig. 1 J .  The two-step mechanism proposed for the formation of the aC D  complex (1.15e) of 1.15a 
(1.14d shown with its hydration shell) through the intermediate complex 1.15c. Two transition states, 
1.15b^ and 1.15d^, are shown although the latter does not appear in the original reference [113] and is 
shown here as midway between the structures of 1.15c and 1.15e.

aCD

U  J - l  j

Hydrating H20

H20  cluster

л
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the guest and the expulsion of water from the aCD annulus apparently sum to about
0.6 of ASi*.) The reverse process from the intermediate species (1.15c) to 1.15b* 
is also characterised by a negative but smaller AS .\$y and now AG_i* is dominated 
by the larger A//_i* contribution. The dominance of AG2* and AG_2* by their large 
Д # 2* and Atf_2* contributions accounts for the relative slowness of the k.2 and k.2 
processes with the negative A52* and AS_2* making a lesser contribution to this 
slowness.

Based on the kinetic data, the formation of the intermediate complex, 1.15c, is 
characterised by K\ = 3.3 x 103 dm3 mol"1, AG10 = -20.7 kJ mol"1, the formation 
of the final complex, 1.15e, from 1.15c by K2 = 1.6 dm3 mol"1, AG20 = -1.7 kJ 
m o l'1, and the formation of 1.15e from 1.15a and aCD by K\ \ = K\ + K \K 2 = 
8.6 x 103 dm3 m ol'1. This compares with K\ \ = 8.3 x 103 dm3 m ol'1, determined 
by equilibrium spectrophotometry, A G n °  = -22.5 kJ mol"1, AH \\°  = -33.3 kJ 
mol' 1 and А 5ц° = -32.0 J K"1 mol"1.

With the exception of 1.14a, k\ for HA” is larger than k\ for A2'  and this is 
attributed to the increased hydration of the guests as the hydroxy group deprotonates 
(Table 1.6). While the difference between k\ and k\ for 1.14b is large and 
consistent with entry by the phenolic end being dominant, the differences for 1.14c- 
1.141 are modest consistent with entry from the sulfonate end. The changes in k2 
and k.2 are also quite small and consistent with this interpretation. Studies of the 
analogues of 1.14h where SO3" is replaced by either CO2', SO2NH2 or ASO3H', 
show that the magnitudes of k\ and decrease in the sequence CO2' > SO2NH2 > 
> ASO3H' as the substituent size increases, and one-step complexations are observed 
for the first and third systems while a two-step complexation applies to the second
[150]. The complexation of the analogues of 1.14a-1.14g and 1.14i, where the 
phenylsulfonate moieties are replaced by 2-naphthylsulfonate moieties, exhibit one- 
step and two-step sequences depending on the steric nature and the charge of the guest
[151].

Having considered the kinetic aspects of their complexation, it is appropriate to 
explore some of the factors affecting the stabilities of the CD complexes of some of 
the above guests. The effect of CD and guest size on complexation is shown by the 
variation of K \\  for the complexes of 1.14a-1.14g and 1.141 formed with aC D  
and pCD which vary in the sequence: 6.3 x 103 (2.0 x 103), 8.3 x 103 (2.0 x 103), 
1.0 x 104 (4.8 x 103), 8.3 x 103 (5.6 x 103), 4.5 x 103 (2.5 x 103), 5.6 x 103 (4.2
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x  103), 1.9 x  103 (3.4 x 103) and 9.1 x 102 (1.3 x 103) dm3 mol"1 (K\ \ for pCD 
is shown in brackets), respectively, in aqueous solution at 298.2 К and /  = 0.1 mol 
dm”3 (NaCl) [152]. The complex stability increases to a maximum for aCD with 
1.14c and thereafter decreases. A similar pattern is seen for pCD which forms its 
most stable complex with 1.14d. However, the aCD  complexes are the more 
stable, except with the larger 1.14g and 1.14i. This pattern of stability variation is 
consistent with complex stability being dominated by the optimisation of fit of the 
guest to the CD annulus for this series of guests.

When a natural CD is modified it is to be expected that its complexation 
characteristics will also be modified. This expectation is fulfilled in the complexation 
of 1.14d, 1.14e and 1.14g by hexakis(2,6-di-0-methyl)-aCD (DMaCD), hepta- 
kis(2,6-di-0-methyl)-pCD (DMpCD) and heptakis(2,3,6-tri-0-methyl)-pCD (TMpCD) 
where methylation at 0(2) and 0(6) in the first two cases and 0(2), 0(3) and 0(6) in 
the third case greatly extends the hydrophobic region of the annuli by 8- 11 A beyond 
that in the natural CDs [24,153]. The for the aCD complexes of 1.14d, 1.14e 
and 1.14g are 8.3 x 103, 4.5 x 103 and 1.9 x 103 dm3 mol"* while those for their 
DMaCD analogues are increased to 4.9 x 104, 2.7 x 104 and 7.4 x 103 dm3 mol"1 
probably because the increased hydrophobicity of the DMaCD annulus enhances the 
interaction with the hydrophobic moieties of the guests in the complexes [154]. A 
similar stability increase is seen for the pCD-based systems where АТц for the pCD 
complexes of 1.14d, 1.14e and 1.14g are 5.6 x 103, 2.5 x 103 and 3.4 x 103 dm3 
mol’1 and those of their DMpCD analogues are increased to 2.0 x 104, 2.2 x 104 and
2.2 x 104 dm3 mol"1, and is similarly explained. However, K \\  = 5.5 x 103, 3.6 x 
103 and 4.7 x 103 dm3 mol"1 found for the TMPCD complexes show only modest 
changes from those for the PCD complexes of 1.14d, 1.14e and 1.14g possibly 
because the methylation at 0(3) inhibits entry through the secondary face of the 
annulus. (X-Ray crystallographic studies show distortion of the CD ring of TMpCD 
and steric crowding of the -0(2)-СНз and -0(3)-СНз groups [153], and similar steric 
crowding and distortions occur in TMaCD [155]. By comparison both DM aCD  
[156] and DMpCD [157] are much less sterically crowded.) The aCD complexes of 
the deprotonated dianionic 1.14d and 1.14e (A2-) show small decreases in stability 
by comparison with their HA" analogues, and that of 1.14g shows a substantial 
decrease. With pCD, DMaCD and DMPCD, dianionic 1.14d, 1.14e and 1.14g 
form significantly less stable complexes than their monoanionic (HA") analogues.
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This is probably because the decreased hydrophobicity of these guests lessens their 
interactions with the hydrophobic annuli of the CDs.

The modification of aCD to DMaCD has the effect of rendering distinguishable 
three steps of the DMaCD complexation of 1.14d, 1.14e and 1.14g and their 
dianionic analogues so that the three-step Eq. (1.12) applies [154]:

*1 *2 
D M aC D + G -  DMaCD.G" "■

k. i k. 2

*3
DMaCD.G' ■ CD-G (1.12)

k. 3

The rapidity of the complexation steps decreases from the first to the third such that 
the first step is only measurable as the ratio k \/k .\ -  K \. Thus, when G = 1.14g, 
stopped-flow spectrophotometric measurements yield K\ = 2.6 x 102 dm3 mol-1, k i  
= 1.3 x 102 s*1 Д .2 = 6.0 s’1 Д з  -  0.7 s"1 and k. 3 ~ 0.3 s' 1 in aqueous solution at /  
= 0.1 (NaCl) and 298.2 K. It is envisaged that the sequence of complexation steps is 
similar to that in Fig. 1.3, with the addition of a third detectable step as a result of the 
extension of the DMaCD annulus through methylation.

The volumes of activation and reaction, AV* and AV°, respectively, give 
interesting insights into the two-step complexation of the dyes Ethyl Orange (1.16a) 
and Mordant Yellow (1.16b) by aCD [158-159]. Their complexations are envisaged 
as being similar to that shown in Fig. 1.3 with the phenylsulfonate end entering the 
aCD first. The parameters for both complexations are given in Table 1.7, and AV* 
and AV° for the complexation of Mordant Yellow are shown in the volume profile of 
Fig. 1.4. The substantial negative value for AVi* is attributed to dehydration of the 
sulfonate group and its entry into the annulus and its interaction with water therein in
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the first transition state, aCD. 1.16b*', which represents a contraction in volume 
compared with that of the ground state aC D  + 1.16b. In the intermediate 
aCD. 1.16b' the water has been expelled from the annulus and the sulfonate has 
become rehydrated as it protrudes from the primary end of aCD, and AVi° is only 
slightly negative. The very negative A V2* is attributed to the formation of hydrogen 
bonds between the hydroxy and carboxylate groups of 1.16b and aCD  during the 
formation of the second transition state, aC D . 1.16b*, where the aC D  may be 
distorted as a consequence of rotation of one or more of the glucopyranose rings about 
the glycosidic linkages [42]. Subsequently, this distortion may relax to produce an

Table 1.7. Parameters for aC D  Complexation of Ethyl Orange, 1.16a, and Mordant Yellow, 
1.16b, in Water.

Parameters Guest Parameters Guest

Ethyl
Orange

Mordant
Yellow

Ethyl
Orange

Mordant
Yellow

Jkl/dm3 mol' 1 s"1 a 12200 15200 k2/ s X a 0.199 1.83
k.y/ s' 1 a 1.84 25.4 k. 2/ s ' l a 0.093 0.17
Л Я ^ /kJ mol*1 20 .1 27.3 AH2^№  mol*1 72.0 50.8
A//_l*/kJ mol*1 54.8 38.6 A H ^ /k )  mol*1 43.8 39.5
A S ^/J  K' 1 mol' 1 -99.3 -73.3 AS2*/J K*1 mol*1 -16.8 -69.4
AS.y*/} K' 1 mol' 1 -55.9 -8 8 .6 AS.2*/J K' 1 mol*1 -117.7 -127.0
A V ^/cm 3 mol*1 -2 2 . \ b -20.9C AV^^/cm3 mol' 1 - 1.8b -15.8C
AV_l*/cm3 mol' 1 -15.8b -17.3C AV.2^/cm3 mol*1 -18.8^ -2 1 .8 C
log(Kn /dm3 mol*1)0 * 4.3 3.8

flAt 298 K. bAl 308 K. cAt 288 K. dK n  = k {/k .x + (*|*2>/<M-2)

increase in volume as the final ground state, aCD. 1.16b, forms with AV̂ 0 = +6 * 
cm 3 mol"l. Interestingly, the overall volume change from aCD + 1.16b to 
aC D .1.16b is +2.5 cm3 mol-1 which corresponds to the sum of hydration changes 
and conformational changes in aCD. A similar volume profile pertains to Ethyl 
Orange with a larger volume increase on going from the starting reactants to the final 
complex of +10.7 cm3 mol’l.
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Д1Л0 = -3.6
AV2° = +6.1

AVV = -21.8

Д Vj* = -20.9 bV7* = -Ш

ДК, = -17.3

L
a  CD + 1.16b -> aCD.1.16b*' -> aCD.1.16b’ -> aCD.1.16b* -> aCD.1.16b 

Fig. 1.4. Volume profile for the complexation of Mordant Yellow by aCD.

The kinetics of the formation of 1:2 CD.G2 complexes have also been studied (Eq. 
(1.13)). When G is Tropaeolin 000 No. 2 (1.17) and CD is either TMPCD or 7CD, 
temperature-jump spectrophotometric studies show that £2 and k .2 =  1.68 x 108 and 
2.27 x 109 dm3 mol"1 s '1, and 3.48 x 103 and 1.38 x 103 s"1, respectively, at
298.2 К in aqueous 0.200 mol dm"3 K2SO4, and k \  and k . \  are too large to measure 
[110]. (In contrast to the earlier discussed examples, only a single step is detected in

*1 *2
CD + 2G

*-1
CD.G + G CD.G2 (1.13)

*-2

the formation of CD.G, and also for CD.G2). The corresponding k \1 k .\  and k ^ k .2 

are 1.24 x 102 and 4.82 x 104, and 4.18 x 102 and 1.68 x 106 dm3 mol-1. The 
dimerisation of Tropaeolin in the absence of CD is characterised by K& = 9.1 x 102 
dm 3 mol-1 which by comparison *2^ - 2» shows that the complexed dimer is 
substantially stabilised in CD.G2.

OH

1.18
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The formation of a 2:2 PCD2.G2 complex is detected when G is l-(2-naphthyl)- 
ethanol (1.18) in the equilibria shown in Eq. (1.14) where k \  = 2.9 x 108 dm 3 
mol"1 s"1, k . \  = 1.8 x 105 s-1 and k& = (0 .2-2 .5) x 103 s’1 determined by laser flash 
photolysis at 293 К in aqueous solution [160]. The excitation of guests from their 
electronic ground states to their triplet states may change their complexing 
characteristics as exemplified by the complexing of xanthone, 1.19 [161]. Thus, for 
PCD and 7CD the ground state K\ \ = 1.1 x 103 dm3 mol"1 and 2.2 x 102 dm3 
mol"1 in water at 293 K, respectively, while for the triplet excited state K\ \ = 4.8 x  
102 dm3 mol"1 and < 4 dm3 mol-1. It is thought that triplet state xanthone has a 
greater dipole moment than its ground state so that water hydrates the triplet state 
more strongly [162]. For the pCD and 7CD triplet state complexes, k \  = 4 x 10® 
dm3 mol"1 s”1 and < 3 x 10  ̂ dm3 mol"1 s’1, respectively, and k . \  = 8.4 x 10^ s"1 
and 7.3 x 106 s"1.

*1 *4
2pCD + 2G =  2pCD.G =  pCD2.G2 0-14)

*-1 *-d

1 . 7 .  Chiral Discrimination in Cyclodextrin Complexes

The homochirality of CDs gives them the potential to discriminate between guests 
in forming complexes according to their chirality and this has been a major area of 
study for both natural and modified CDs [21,163,164]. Since early studies of the 
enantioselectivity displayed by natural CDs in the formation of diastereomeric 
complexes [165] the quantification of the extent of chiral discrimination and 
interpretation of its origins have proceeded in parallel for both the natural CDs and the 
modified CDs synthesised in an effort to enhance this thermodynamic chiral 
discrimination. A model for such thermodynamic discrimination, derived by 
Armstrong, has formed the basis of much of the interpretation of observed chiral 
discrimination by CDs and the design of modified CDs to enhance such discrimination 
[164]. It is postulated that i) the guest must be complexed within the CD annulus, ii) 
the fit of the guest into the annulus must be tight, iii) the stereogenic centre of the 
guest should form one strong interaction with the hydroxy groups at the annulus 
entrance and iv) the secondary hydroxy groups of the CD are particularly important in 
chiral discrimination. With the increasing sophistication of molecular modelling
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techniques, this model has been subjected to some refinement [55,166], but it still 
forms a sound basis for the understanding of chiral discrimination in natural CD 
complexes.

Generally, thermodynamic discrimination displayed by aCD, pCD and *yCD in 
complexing chiral guests in aqueous solution is modest [21,86,90,164,167], but 
markedly different NMR chemical shifts are often displayed by the enantiomers and 
diastereomers of complexed guests [45,86,168-171]. This is exemplified by a 
particularly detailed *H and 13C NMR and molecular dynamics simulation study of 
the complexation of tryptophan by aCD [166]. Chemical shift, coupling constant 
and relaxation time changes caused by complexation are greater for (R)- than for (S)- 
tryptophan consistent with the (/?)-enantiomer interacting more strongly with aCD 
than does the (S)-enantiomer. Intermolecular NOE interactions between aCD and 
both (/?)- and (S)-tryptophan are consistent with the indole ring being in the vicinity 
of the aCD secondary hydroxy groups and the benzene ring protruding into the 
annulus consistent with similar complexing modes in both diastereomeric complexes. 
In both cases molecular dynamic modelling shows that this tryptophan orientation is 
about 4 kJ mol"1 more stable than the reversed orientation. This modelling also 
shows that (/?)- and (S)-tryptophan are off-centre and differently oriented in the aCD 
annulus with (tf)-tryptophan forming twice as many hydrogen bonds as (S)- 
tryptophan. This is attributed to (tf)-tryptophan carboxylate oxygens and the indole 
NH readily hydrogen bonding with aCD secondary hydroxy groups, while the 
opposite chirality of (S)-tryptophan renders it less able to form hydrogen bonds. In 
neither case does the NH3+ group of the tryptophan zwitterion appear to hydrogen 
bond with aCD  as it projects too far out from the annulus. Overall, hydrogen 
bonding stabilises the aCD (/?)-tryptophan complex by 12.6 kJ mol' 1 more than is 
the case for the aCD (5)-tryptophan complex. A lH NMR and molecular mechanics 
study of the complexation of (/?,S)-3-(2-thienyl)piperizin-2-one (Tenilsetam, CAS- 
997 - an anti-amnesic drug) shows guest complexing by the thiophene ring through 
the secondary face of aCD and pCD, with deeper penetration into the annulus in the 
latter case, while the piperizinone ring protrudes from the annulus [172]. Hydrogen 
bonding with aCD and PCD provides specific sites for differentiation between the 
enantiomeric guests in the diastereomeric complexes. No complexation by 7CD is 
detected. Similar modelling studies have been reported for chiral discrimination by 
DMPCD [173,174]. Generally, molecular modelling studies indicate that the forces
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determining the extent of chiral discrimination are small by comparison with the total 
guest binding force in the complex.

Substantial differences between the diastereomeric complexes formed by (R,S)-2- 
(3-phenoxy)phenylpropionic acid (Fenoprofen, a non-steroidal anti-inflammatory drug) 
occur in the solid state [175]. X-ray crystallography shows that in the pCD  
complexes of (/?)- and (S)-Fenoprofen (5CD is present as a head-to-head dimer as a 
result of extensive intermolecular hydrogen bonding between secondary hydroxy 
groups of adjacent (iCDs with one molecule of Fenoprofen present in each pCD 
annulus. However, while PCD is isomorphous in the two complexes, the (/?)- 
Fenoprofen guest is oriented with its propionic acid group protruding from the 
primary face of PCD and its phenoxy group protruding from the secondary face, 
whereas (S)-Fenoprofen shows this orientation and its reverse in a repeating pairwise 
arrangement. (5)-Fenoprofen is the pharmaceutically active enantiomer. Due to the 
homochiral nature of the CD annulus, chiral interactions are ubiquitous in CD 
chemistry and accordingly examples of chiral discrimination appear throughout the 
succeeding chapters of this book.
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CHAPTER 2 
MODIFIED CYCLODEXTRINS

STRATEGIES FOR SYNTHESIS

2.1. Introduction

While the natural cyclodextrins (CDs) are themselves of interest as molecular 
hosts, much of their utility in supramolecular chemistry derives from their 
modification. This involves altering the shape, size and other physical properties of 
the CD annuli and surfaces, and introducing new functional groups. The geometry of 
the modified CDs is well defined, reflecting that of the parent CDs. Consequently, 
CDs can be carefully tailored to match particular guests and meet specific 
requirements in their host-guest complexes. Reasons for the modifications include 
the need to introduce photochemically active and pH sensitive groups in order to 
develop chemical sensors, the necessity to introduce coordination sites for the 
construction of metalloCDs, the desire to alter the physical properties of external 
surfaces of CDs in order to construct monolayers and micellar structures, and the 
aspiration to build enzyme mimics and related catalysts with predetermined 
alignment of binding sites and catalytically active groups. Objectives such as these 
are discussed in more detail in subsequent sections of this book while this chapter 
covers the underlying strategies available for covalent modification of the natural 
CDs in a closely controlled manner. Related reviews [1-4] have surveyed other 
aspects of this field from different perspectives and provide complementary 
assessments of the enormous amount of work published in this area.

The most straightforward way to elaborate CDs is through reaction of their 
hydroxy groups. This survey is concerned only with such modifications of aCD, 
pCD and 7CD, but it is worth noting that access to larger CD homologues [5-12] 
broadens even further the scope for the synthesis of novel molecular hosts. Each 
glucopyranose residue of a CD has a primary hydroxy group at C(6) and secondary
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hydroxy groups at C(2) and C(3), and aCD, |JCD and 7CD comprise six, seven a n d  
eight glucopyranose residues, respectively (see Chapter 1, Fig. 1.1, p.3). Thus, each  
CD contains numerous sites for elaboration. The difficulty is that reactions of th e  
hydroxy groups tend to occur in a random fashion, to afford complex mixtures o f  
products. Such mixtures have proved useful in. a number of applications, including 
the chromatographic separation of chemicals and the administration o f  
pharmaceuticals (see Chapter 1), however, they are generally unsuitable for use in the 
contexts discussed in this book. Instead, these require individual modified CDs 
which are uniquely defined and well characterised, and are only obtained when a 
strategic approach is used to control the regioselectivity and limit the extent o f 
reaction, to substitution of either one or a specific combination of the hydroxy, 
groups.

a ) R-OH ------------ ► R-OR’

Scheme 2.1. Methods for modifying CD hydroxy groups.

The methods that have been developed for the controlled modification of CDs 
exploit the different reactivity of the C(2), C(3) and C(6) hydroxy groups, protecting 
groups to mask reactive centres, the complexation of reagents in the CD annuli, and a 
variety of other factors. Required substituents may be introduced directly, for 
example through alkylation, acylation and sulfonation (Scheme 1.1a). Alternatively,

R-OCOR' R -0S02R’

b) R-OSOjR'

R-OH R-Nuc

R-X

R-NHR' R-NR'COR’

R-X
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sulfonates, halides and related species may be prepared as intermediates, for the 
subsequent introduction of substituents through nucleophilic displacement (Scheme 
1.1b). In turn, amino groups incorporated in this manner provide nucleophilic sites 
for further elaboration (Scheme 1.1c). These multi-step methods comprise initially 
making one or more sites of a CD chemically distinct from the others, in a controlled 
manner, such that further reactions occur without competing involvement of 
unreacted hydroxy groups. Since this generally involves the synthesis of CD 
sulfonates and halides, procedures to accomplish such transformations have attracted 
a great deal of attention and are a main focus of this review.

2.2a. Modifications Involving Reaction of a Single C(6) Primary Hydroxy 
Group

The primary hydroxy groups of the CDs are the most basic. They are also the 
most nucleophilic, as a consequence of which they may be selectively modified 
through their reactions with electrophilic species. For example, aCD and pCD react 
with p-toluenesulfonyl chloride in pyridine, to give mixtures of products arising from 
sulfonation of these groups [13,14]. The corresponding C(6) monotosylates 2.1 and
2.2 may then be obtained by separation from the mixtures, through chromatography 
in the case of the aCD 2.1, and through recrystallisation from water for the pCD 2.2. 
In this manner, the sulfonates 2.1 and 2.2 have been prepared in yields of 20 and 
31%, respectively. The importance of the sulfonates 2.1 and 2.2 as intermediates for 
the synthesis of other modified CDs is such that several alternative procedures for 
their preparation have also been reported [15-17]. In a recent example, treatment of 
pCD with /7-toluenesulfonic anhydride, under basic aqueous conditions, afforded the 
tosylate 2.2 in 61% yield [17]. The high yield of the monosubstitution product 2.2 is 
attributed to complexation of the anhydride in the CD annulus prior to reaction.

2 3  X = Cl, x = a
2.4 X = Вг, X = a
2.5 X = I. x = a
2.6 X = N3> x = a
2.7 X == N3, X = P
2.8 X = N3, X = Y
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Through reactions with nucleophiles, the tosylates 2.1 and 2 .2  are suitable 
intermediates for the introduction of a variety of other substituents. Thus, reaction o f 
the tosylate 2.1 with sodium chloride, bromide, iodide and azide gives the halides 
2.3-2.5 and the azide 2.6, respectively [13]. Alternatively, the azide 2.6 and the 
corresponding PCD and 7CD derivatives 2.7 and 2.8 have been prepared directly, in 
yields of 18, 15 and 22%, from aCD, pCD and *yCD, respectively, through treatment 
with lithium azide, triphenylphosphine and carbon tetrabromide [18]. As with the 
preparation of the tosylates 2 .1  and 2 .2 , the synthesis of the azides 2 .6 -2.8 
demonstrates selective reaction of the C(6) hydroxy groups of the natural CDs.

NO,

Scheme 2.2. Selective elaboration of the amino group of the CDs 2.9 and 2.10 in the synthesis o f the 
dimers 2 .1 1  and 2 .1 2 , respectively.

Catalytic hydrogenation of the azides 2.6 and 2.7 is used to prepare the 
corresponding 6A-amino-6A-deoxyCDs 2.9 and 2.10 [13]. The monoamines 2.9 and 
2.10 have also been prepared more directly, by treatment of the corresponding 
tosylates 2.1 and 2.2 with ammonia [14]. Analogous reactions of primary and 
secondary amines have also been reported, as a method for attaching substituted 
amino groups at C(6) of a CD [19]. These are incorporated as basic residues, which 
become ionic when protonated, and metal coordinating ligands (see Chapter 5). In 
addition, they can be exploited for further modification of the CDs, since the amino
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groups are substantially more nucleophilic than the CD hydroxy groups. This is 
demonstrated in reactions of the amines 2.9 and 2.10, with complexed esters to give 
good yields of the amides 2.13 and 2.14, respectively [20], and with diesters to give 
the corresponding specifically linked CD dimers 2.11 and 2.12 (Scheme 2.2) [21,22].

CHO

2.15 x = a  
2-16 X = P 
2*17 Х-У

The (3CD tosylate 2.2 has been converted to the corresponding aldehyde 2.16, 
through oxidation using dimethyl sulfoxide [23-25]. Alternatively, the aldehydes 
2.15-2.17 may be prepared directly from aCD, PCD and yCD, respectively, in yields 
ranging from 85-100%, by oxidation with Dess-Martin periodinane [26]. The 
efficiency of this monofunctionalisation is attributed to formation of a covalent 
intermediate between the oxidising agent and each of the natural CDs, which limits 
access of more reagent to the other C(6) hydroxy groups. The aldehydes 2.15-2.17 
are suitable precursors for the synthesis of the corresponding carboxylic acids, and 
for attaching other substituents to CDs through the formation of imines.

From the above examples it is clear that a sulfonate can be introduced in place of 
a single C(6) hydroxy group of a CD, then replaced through nucleophilic substitution. 
Alkaline bases are unsuitable for use in these substitution reactions, however, because 
they react instead by deprotonation of the C(3) hydroxy group of the modified 
glucopyranose residue and intramolecular displacement of the sulfonate, to give the 
corresponding 3,6-anhydroCDs [27]. Direct 0-alkylation of a C(6) hydroxy group 
using the corresponding CD alkoxide is also not feasible, as the C(2) and C(3) 
hydroxy groups are more acidic than those at C(6) [28-30], and they react 
preferentially. It is possible to prepare a mixture of modified CDs where the primary 
and secondary hydroxy groups have been О-alkylated in a random fashion, and then 
separate the C(6) monosubstituted CD chromatographically. Better alternative 
methods for the C(6) O-alkylation of CDs involve the use of protecting groups. For 
example, silylation of the primary hydroxy groups of aCD, then peracetylation of the 
secondary hydroxy groups and desilylation, gave a product which was treated with a

2.13 x = a  
2*14 X = P
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glucopyranosyl bromide in the presence of tetraethylammonium bromide, before base 
hydrolysis to remove the ester protecting groups, in order to prepare a C(6) 
monopyranosyl CD [31]. In another example [32], which is illustrated in Scheme
2.3, reaction of pCD with sodium hydride and terf-butyldimethylsilyl chloride gives a 
mixture of products from silylation of between four and seven of the secondary 
hydroxy groups. This degree of substitution proves sufficient to limit further reaction 
of the secondary hydroxy groups, such that subsequent alkylation of a primary 
hydroxy group can then be achieved. The silyl groups are then removed through 
treatment with ferf-butylammonium fluoride.

 ̂ NaH 

1 TBDMSC1 I P \

C _ j : С(2ЪУ

NHMe

(TBDMSO)4_7

NHMe

Scheme 23.  Use of protecting groups for the alkylation of a (JCD C(6 ) hydroxy group.
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2.2b. Facial Modifications Involving Reaction of All the C(6) Primary Hydroxy 
Groups

The methods that have been used to modify each of the primary hydroxy groups 
of the CDs, without competing reaction of the secondary alcohols, are similar to those 
described above for reaction of a single C(6) hydroxy group. They rely on the greater 
nucleophilicity of the primary hydroxy groups but, whereas the main difficulty with 
modification of a single residue is to avoid competing reactions of the other primary 
groups, the limitation to elaboration of each of the primary hydroxy groups is that 
competing reactions of the secondary hydroxy groups become more likely as the 
degree of reaction increases. Thus, purification of a CD in which each of the primary 
hydroxy groups has been modified often involves its separation from mixtures with 
other CDs in which all but one of those groups has reacted or in which some reaction 
of the secondary hydroxy groups has also occurred. In this manner, the p- 
toluenesulfonates 2.18-2.20 are obtained by treatment of aCD, PCD, and yCD, 
respectively, with excess p-toluenesulfonyl chloride in pyridine, followed by 
chromatography of the product mixtures [33-41].

2.18 x = a, n = 6
2.19x = M  = 7
2.20 x = Y. n = 8

The poly tosylates 2.18-2.20 undergo nucleophilic substitution reactions, which 
are analogous to those of the monotosylates 2 .1  and 2.2  described above. 
Accordingly, the pCD 2.19 reacted with methylamine and ethylamine, to give the 
polyamines 2.21 and 2.22, respectively [37,42]. CD polyhalides have also been 
prepared by treatment of the corresponding polytosylates with sodium halides 
[35,36]. Alternatively, the poly halides can be prepared more directly. Treatment of 
aCD, pCD and >CD with methanesulfonyl bromide and MN-dimethylformamide, 
followed by sodium methoxide, gives the corresponding bromides 2.23-2.25 [43]. 
Reactions of aCD and pCD with triphenylphosphine and iodine are used to prepare
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the iodides 2.26 and 2.27, in 80 and 88% yield, respectively, and (5CD gives the 
bromide 2.24 in 93% yield on treatment with triphenylphosphine and bromine [44- 
46]. The chloride 2.28 has been obtained in 90% yield through treatment of pCD 
with methanesulfonyl chloride and imidazole in N,N-dimethylformamide [47]. 
Halomethylenemorpholinium halides have also been used as reagents for these 
transformations [48].

2.21 X = P. x = NHMe, n = 7
2.22 x  = (3, X = NHEt, n = 7
2.23 x = a, X = Br, n = 6
2.24 x = P, X = Br, n = 7
2.25 X = T X = Br, n = 8
2.26 x = a ,X  = I,n = 6
2.27 x = (}, X = I, n = 7
2.28 x = P, X = Cl, n = 7
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Nucleophilic substitution of the polyiodide 2.27 with sodium azide, followed by 
reduction, affords the poly amine 2.29 [45]. Direct substitution of halides such as 
2.23-2.27 with alkylamines gives the corresponding per-6-alkylamino-substituted 
CDs [49,50]. While these modifications render the face of the C-6 carbons of the 
CDs basic, and therefore ionic as a result of protonation under acidic conditions, 
reduction of per-6-haloCDs with sodium borohydride affords the corresponding per- 
6-deoxyCDs [51], which have a hydrophobic face. Such amino-substituted and 
reduced CDs are particularly useful for the production of CD monolayers on polar 
and non-polar surfaces, respectively (Chapter 8). The polyamine 2.29 has also been 
used as the template for the synthesis of the first and second generation dendrimers 
2.30 and 2.31 [52].

The reactions of the poly tosylates 2.18-2.20 with alkaline bases such as sodium 
hydroxide are analogous to those of the monotosylates 2.1 and 2.2 , and afford the 
corresponding per-3,6-anhydroCDs 2.32-2.34 [38,39,41,53-55]. The anhydrides 2.32 
and 2.33 are also obtained by treatment of the corresponding periodides 2.26 and 2.27 
with hydroxide in dimethyl sulfoxide [44,56]. The CDs 2.32-2.34 are substantially 
distorted, compared with aCD, (3CD and “yCD, and show quite different behaviour as 
molecular hosts. Their cation complexing ability is particularly noteworthy.

232  n = 6
233  n = 7
234  n = 8

0-Alkylation of each of the primary hydroxy groups of a CD is best achieved 
through prior protection of the secondary residues, as described above for the O- 
alkylation of a single C(6) hydroxy group. The general approaches which have been 
reported involve either esterification of the secondary hydroxy groups, alkylation of 
the primary residues, and then hydrolysis of the esters [57], or silylation of the 
primary alcohols, either esterification or benzylation of the secondary residues, 
desilylation and alkylation of the primary hydroxy groups, and then hydrolysis of the 
esters or debenzylation [31,58,59]. The latter approach again exploits the greater
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nucleophilicity of the primary hydroxy residues in their silylation, and all such 
residues of aCD, PCD and 7CD can be protected through reaction with ter t-  
butyldimethylsilyl chloride [31,45,60-63].

2.2c. Modifications Involving Reaction of Two, Three, or Four C(6) Primary 
Hydroxy Groups

In addition to being able to modify either one or all of the primary hydroxy groups 
of a CD, it is also feasible to modify an intermediate number of these residues. 
Where the extent and regioselectivity of these reactions can be controlled, it is 
possible to build a CD derivative with a predetermined geometry and orientation of 
the substituents, both with respect to each other and with respect to the CD annulus. 
Such modified CDs are particularly well suited for application in the construction of 
enzyme mimics and other catalysts (Chapter 4).

One way to access individual disubstituted CDs is through their separation from 
mixtures obtained through random modification, but this generally involves tedious 
chromatography, and individual products are obtained only in low yields. A 
preferable alternative is to use a bifunctional reagent, where the geometry of that 
reagent determines the relative orientation of the CD residues which react. 
Arenedisulfonyl chlorides are commonly used for this purpose [64-71]. For example, 
the 6^ ,6D-disulfonated CDs 2.35 and 2.36 are obtained as the predominant products, 
in yields of 20 and 18%, by treatment of pCD with fra/i$-stilbene-4,4'-disulfonyl 
chloride and biphenyl-4,4'-disulfonyl chloride, respectively [68,69]. Using 
benzophenone-3,3'-disulfonyl chloride as the reagent gives the 6^ ,6^-disubstituted 
pCD 2.37 in 40% yield [68,69]. The disulfonated CDs 2.38 [70] and 2.39 [71] have 
been prepared in 40 and 12% yields, by treatment of pCD with 1,3-benzenedisulfonyl 
chloride and 4,6-dimethoxybenzene-l,3-disulfonyl chloride, respectively. Although 
formed in lower yield, the latter of these 6A,6B-capped CDs 2.38 and 2.39 is the more 
stable and less susceptible to hydrolysis.

Regiospecifically trisubstituted CDs are more difficult to obtain. Nevertheless 
each of the five possible isomers of tri-6-tosylated PCD has been isolated, by 
chromatography of a mixture obtained through random reaction of the parent CD 
[72]. Reactions on adjacent glucopyranose residues may be restricted using bulky
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reagents, as a method to control the regioselectivity of modification of CDs. This has 
been exploited in the reaction of aCD with trityl chloride, which gives а 23% yield of 
the 6A,6^ ,6E-tritrityl species 2.40 [73]. An alternative procedure for the controlled 
synthesis of 6A,6c ,6E-trisubstituted aCDs is through enzyme-catalysed 
cyclotrimerisation of the corresponding monosubstituted maltoses (Scheme 2.4) 
[74,75]. Cyclooligomerisation of other disaccharides is also used to prepare 
symmetrically substituted aCDs and “yCDs, as well as related cyclic oligosaccharides 
and their higher homologues [76-79].

235 236

MeO. OMe

237 238 239

The regiospecifically 6A,6C,6D,6E-tetrasubstituted CD 2.41 has also been 
prepared and characterised [80,81]. It is obtained in 35% yield, by treatment of pCD 
with benzophenone-3,3’-disulfonyl chloride. As outlined above, the initial reaction of 
pCD affords the disulfonate 2.37, which then reacts with a second equivalent of the 
bifunctional reagent. The sulfonates 2.35-2.39 and 2.41, and related di-, tri- and 
tetra-functionalised CDs, undergo reactions which are analogous to those of the
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tosylates 2.1, 2.2, and 2.18-2.20, outlined above. These include interm olecular 
nucleophilic substitution reactions with halides and amines, and intram olecular 
nucleophilic displacement on treatment with hydroxide to give the corresponding 3 ,6 -  
anhydroCDs. Thus, it is possible to construct a range of regiospecifically C (6 ) 
modified CDs in a controlled manner.

2.40 2.41

MeO
ОМе

k F E__

/ о

Scheme 2.4. Synthesis of a symmetrically trisubstituted aCD through cyclooligomerisation of a modified 
maltose.

2.3a. Modifications Involving Reaction of a Single C(2) Secondary Hydroxy 
Group

, The secondary hydroxy groups of the CDs are the most acidic, with pKa values 
near 12.2 [28-30]. The C(2) groups are also exposed at the wider end of the CD 
annuli, such, that when they deprotonate under basic conditions, the resultant 
alkoxides often react readily and selectively as nucleophiles. That is, whereas the 
primary hydroxy groups are the most nucleophilic under neutral and acidic
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conditions, above pH 10-11 it is the C(2) secondary hydroxy groups which are 

generally selectively modified through treatment with electrophilic reagents. The 

inclusion o f reagents in the annuli o f the CDs and the relative orientations o f reactive 

groups in the complexes also affect the regioselectivity o f reactions of the CDs. As a 

consequence o f these effects, reactions o f phenyl esters with aCD and PCD at pH 10 

or higher result in acylation of the C(2) hydroxy groups [28,82]. The CD esters thus 

formed are base labile and hydrolyse under the reaction conditions, however, so this 

is not an efficient method for their preparation.

The orientation o f reagent complexation and selective deprotonation o f the CD 

C(2) hydroxy groups also account for the production o f the C(2) tosylate 2.43, 

through reaction o f pCD with m-nitrophenyl tosylate 2.46, in aqueous buffer at pH 10 

[83]. The reagent 2.46 is thought to complex in the CD cavity as shown in Fig. 2.1. 

A  similar rationale accounts for the reaction o f aCD  with m-nitrobenzenesulfonyl 

chloride at pH 12 to give the C(2) sulfonate 2.45 [84]. The sulfonate 2.43 is also 

accessible by treatment o f PCD with /Moluenesulfonyl chloride and sodium hydride 

in Л ^ -dimethylformamide [85]. The corresponding aCD tosylate 2.42 has been 

prepared using p-toluenesulfonyl chloride in aqueous alkaline solution [15,86]. By 

contrast, the reaction o f pCD with p-toluenesulfonyl chloride in aqueous alkaline 

solution, under the same conditions, gives the C (6) tosylate 2, instead o f the 

regioisomer 2.43 [15]. This illustrates the effect that the size and complexation 

properties o f the CDs can have on the regioselectivity o f their reactions.

2.45
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Fig. 2.1. Inclusion of the sulfonate 2.46 in the annulus of PCD determines the regioselectivity of reaction.

An alternative method for synthesis of the monotosylates 2.42 and 2.43, which is 
also suitable for preparation of the corresponding 7CD derivative 2.44, is illustrated 
in Scheme 2.5 [87]. It exploits the reaction of 1,2-diols with dibutyltin oxide, to 
activate the C(2) hydroxy group of a CD glucopyranose residue. Another variation 
on the synthesis of the tosylate 2.43 is to first silylate the primary hydroxy groups of 
pCD, so that the product of reaction with p-toluenesulfonyl chloride is more easily 
purified through chromatography [88].

Scheme 2.5. Use of dibutyltin oxide to control the regioselective sulfonation of the CDs.
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Displacement reactions of CD C(2) sulfonates generally result in the formation of 
manno-2,3-epoxyCDs (Scheme 2.6) [84,86,89,90]. Independent investigators [91] 
were unable to substantiate the only report to the contrary [92]. Consequently this 
approach is generally regarded as unsuitable for the direct introduction of substituents 
at C(2). Nucleophilic ring-opening reactions of the manno-tpoxyCDs afford C(3) 
substituted products, with overall inversion of stereochemistry at both C(2) and C(3) 
of the modified glucopyranose residue. These reactions are discussed in more detail 
below, as a route for the synthesis of C(3) monosubstituted CDs.

X = P 
Х=У

Scheme 2.6. Displacement reactions of CD C(2) sulfonates afford /mjnno-2,3-epoxyCDs.

CD C(3) sulfonates undergo displacement reactions to afford a//o-2,3-epoxyCDs 
[84,93-95]. Reactions of these epoxides with nucleophiles afford, as the major 
products, C(3) substituted CDs, with overall retention of stereochemistry at C(2) and 
C(3). They also afford minor amounts of the C(2) modified analogues, with 
stereochemical inversion at C(2) and C(3). Accordingly, the a//<?-epoxide, prepared 
from PCD, reacts with imidazole to give the C(2) substituted CD 2.47, in 18% yield 
[91].

Nevertheless, the elaboration of the corresponding sulfonates is inefficient as a 
method for the synthesis of C(2) substituted CDs, so other approaches have been 
investigated. The C(2) amino-substituted PCD 2.48 has been prepared by insertion of 
a glucosamine residue into aCD [96,97]. The amine 2.48 has also been prepared 
from heptakis(2 ,3,6-tri-0 -benzoyl)-pCD, by hydrolysis of one of the C(2) esters, then 
elaboration of the unmasked hydroxy group, before hydrolysis of the remaining ester 
moieties [98]. Alternatively, a substituent may be introduced directly at C(2) of a CD 
by O-alkylation [85,99,100]. For example, treatment of pCD with sodium hydride 
and N-methyl-4-chloromethyl-2-nitroaniline gives the ether 2.49, in 35% yield
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2.47 2.48 2.49

2.3b. Modifications Involving Reaction of Multiple C(2) Secondary Hydroxy 
Groups

The methods outlined above for modification of a single C(2) hydroxy group have 
also been used for multiple substitutions of the CDs. For example, the reaction of 
aCD  with m-nitrobenzenesulfonyl chloride at pH 12 has been used to prepare a 
mixture of the corresponding 2A,2B-, 2A,2C-, and 2A,2D-disubstituted CDs, which 
have been separated through chromatography [84]. The procedure outlined in 
Scheme 2.5, exploiting dibutyltin oxide to activate the C(2) hydroxy group of the CD 
glucopyranose residues, toward reaction with p-toluenesulfonyl chloride, has been 
used to obtain a mixture of the isomeric C(2) ditosylated (JCDs, from which the 
individual components have been isolated [101].

Complete sulfonation of each of the C(2) hydroxy groups can only be 
accomplished if the primary hydroxy groups are first protected, to prevent their 
involvement in competing reactions. Thus, silylation of the primary hydroxy groups 
of pCD, followed by sulfonation of the C(2) alcohols through reaction with p- 
toluenesulfonyl chloride, and then desilylation with boron trifluoride etherate, affords 
the CD per-2-tosylate 2.50 [102,103]. Similar methodology has been used to prepare 
the corresponding per-2-benzenesulfonate [ 104].

[85,99]. This type of chemistry has also been carried out using CDs in which the 
C(6) hydroxy groups have first been silylated, to aid chromatographic separation o f  
the products [88].
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2.51

On treatment with base, the CD di- and per-2-sulfonates described above each 
react by intramolecular displacement to give the corresponding di- and per-manno- 
2,3-epoxyCDs [84,101,103-105]. Little has been reported on the reactions of these 
compounds, but рег-/лшшо-2,3-epoxy-PCD has been treated with water to give P- 
cycloaltrin 2.51, in 73% yield [106], opening the way to a new class of cyclic 
oligosaccharides.

TBDMSCl

BnBr/NaH

Scheme 2.7. Use of protecting groups for the synthesis of per-O-2-alkylated CDs.
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As for persulfonation of the CD C(2) hydroxy groups, per-O-2 -alkylation is b es t 
achieved by first protecting the primary alcohols, to limit competing processes. A  
convenient approach, as illustrated in Scheme 2.7 [107], is to initially prepare the per- 
2,6-disilylated CDs 2.52. Under basic conditions, the silyl groups then migrate 
between the C(2) and C(3) hydroxy groups, exposing the C(2) alkoxides fo r 
alkylation. Thus, reaction of the CDs 2.52 with sodium hydride and benzyl bromide, 
followed by desilylation of the products 2.53 with tetrabutylammonium fluoride, 
gives the corresponding per-O-2-benzylCDs 2.54. Heptakis(2-0 -methyl)-PCD has 
also been prepared using similar methodology [107]. Alternatively, silylation of only 
the primary hydroxy groups followed by alkylation of all the C(2) hydroxy groups 
has also been reported [59].

2.4a. Modifications Involving Reaction of a Single C(3) Secondary Hydroxy 
Group

Selective modification of the CD C(3) hydroxy groups requires special reagents to 
avoid the generally greater reactivity of the C(2) and C(6) alcohols, p- 
Naphthalenesulfonyl chloride reacts with aCD and pCD to give the corresponding 
monosulfonates 2.55 and 2.56 [84,94], and with 7CD to give a mixture of C(2) and 
C(3) modified species, from which the sulfonate 2.57 has been separated through 
chromatography [95]. The tosylate 2.58 has also been produced, in low yield, by 
treatment of a  CD with p-toluenesulfonyl chloride under carefully controlled 
conditions [93].

Treatment of the sulfonates 2.55-2.58 with bases gives the corresponding alio-2,3- 
epoxyCDs [84,93-95]. These react with nucleophiles to give mainly C(3) substituted
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CDs, with overall retention of stereochemistry at C(2) and C(3), together with minor 
amounts of the C(2) substituted analogues, through stereochemical inversion at C(2) 
and C(3) [91]. Cyclodextrin manno-2,3-epoxides, obtained as described above by 
treatment of C(2) sulfonates with base [84,86,89,90], react with nucleophiles to give 
C(3) substituted CDs, also with stereochemical inversion at C(2) and C(3) of the 
modified glucopyranose [86]. In this way a pyridoxamine moiety has been attached 
at C(3) of pCD [89,90], and the amines 2.59 and 2.60 have been prepared by 
treatment of the corresponding aCD and pCD manno-tpoxides with ammonia 
[86,108]. The amino group of the CDs 2.59 and 2.60 reacts selectively as a 
nucleophile and therefore provides a site for further elaboration, as illustrated in the 
synthesis of the acetamide 2.61 [108] and the CD dimers 2.62 [21,22] through 
acylation of the amine 2.60.

AcNH 

C(3) in verso

2 .59X = a  
2*60 X = P

2.61

inverso

Selective alkylation of CD C(3) hydroxy groups has been accomplished by 
exploiting insertion reactions of aromatic diazo compounds. For example, the 
reaction of PCD with phenyldiazomethane affords mainly the ether 2.63 [109]. 
Selective modification of a C(3) hydroxy group of heptakis(6-0-/err-butyldimethyl- 
silyl)-pCD is also achieved using sodium hydride and N-methyl-4-chloromethyl-2- 
nitroaniline, in order to prepare the ether 2.64 [110].
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OBn

2.63

2.64

2.4b. Modifications Involving Reaction of Multiple C(3) Secondary Hydroxy 
Groups

Multiply C(3) substituted CDs have also been reported. The disulfonates 2.65 and 
2.66 are obtained by treatment of pCD with р-naphthalenesulfonyl chloride [94]. In a 
similar fashion, 3A,3c ,3E-tri-0-(P-naphthylsulfonyl)-pCD 2.67 has been prepared in 
18% yield [111]. The sulfonates 2.65-2.67 are converted to the corresponding di- and 
tri-a//o-epoxides [94,111], which in turn react with imidazole to give the 
regiospecifically modified CDs 2.68-2.70, respectively [112]. Thus, the behaviour of 
the di- and tri-sulfonates 2.65-2.67 is analogous to that of the corresponding 
monosulfonates 2.55-2.58, described above.

2.65 2.66 2.67



О О

2.69* 2.70*

*The stereochemistry of the CDs 2.68*2.70 is inverted at C(2) and C(3) of the modified glucopyranose 
residues.

To prevent modification of the C(2) and C(6) hydroxy groups in the synthesis of 
heptakis(3-0-methyl)-(}CD from the parent oligosaccharide, protecting groups are 
employed, as illustrated in Scheme 2.8 [113]. This illustrates an alternative approach 
for the modification of multiple CD C(3) hydroxy groups.

BnBr

Ba(OH)2

Mel / NaH
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Scheme 2.8. Synthesis of heptakis(3-0-methyl)-|3CD.
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2.5. Conclusion

The strategies outlined above mainly illustrate ways in which specific 
combinations of either the C(2), C(3) or C(6) hydroxy groups of the CDs can be 
modified, in a controlled manner. Reactions of mixtures of these different groups 
have also been reported. For example, the reaction outlined in Scheme 2.8 involves 
initial benzylation of all the C(2) and C(6) hydroxy groups of pCD [113]. The 
synthesis of per-2,6-0-trimethylsilyl-a- and p-CD has also been reported [114], and 
procedures for modification of combinations of the C(2) and C(3) hydroxy groups 
have also been described [62,63,115-118]. Generally these modifications exploit the 
same properties of the different types of hydroxy groups which have already been 
discussed. Consequently the methods that have been developed for modification of 
the natural CDs provide enormous scope for the construction of molecular hosts, 
which may be tailored to meet quite specific requirements in supramolecular 
chemistry. Applications of these are discussed in the following chapters of this book.
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CHAPTER 3
MODIFIED CYCLODEXTRINS 

INTRAMOLECULAR COMPLEXATION, CHIRAL 
DISCRIMINATION AND PHOTOCHEMICAL DEVICES

3 .1 . Intramolecular Complexation Modes Displayed by Modified 
Cyclodextrins

A substituent of a modified CD may include within the CD annulus, to form an 
intramolecular complex. Many of the factors which contribute to this complexation 
are the same as those which lead to the formation of intermolecular complexes, as 
discussed in Chapter 1. The extent of intramolecular complexation depends on 
complementary relationships between the substituent and the CD annulus, the most 
fundamental of these being size. This is exemplified by the 6A -(4 - 
(dimethylamino)benzamido)-6A-deoxy-substituted aCD, pCD, and ?CD 3.1-3.3 [1- 
3]. The *H NMR and induced circular dichroism spectra of these compounds show 
that only the PCD 3.2 spontaneously forms an intramolecular complex in aqueous 
solution. Presumably this is an example of what has been referred to as the 
G oldilocks effect, where the aC D  annulus is too small to accommodate the 
substituent, the 7CD annulus too large, and the pCD annulus ju st right [4]. In 
aqueous solution a single hydrophobic substituent is unlikely to complex in a 
relatively large hydrophobic CD annulus, because accommodation of residual water 
molecules in the resultant smaller cavity is energetically unfavourable. However, in 
the presence of another guest which fits the smaller cavity, intramolecular 
complexation may take place. This occurs with the 7CD derivative 3.3, where the 
substituent acts as a spacer to narrow the large annulus and allow binding of small 
hydrophobic molecules (Scheme 3.1c). The substituent must be displaced from the 
annulus of the pCD 3.2 for competitive guest binding to occur (Scheme 3.1b) but,
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since the substituent of the aCD 3.1 is not complexed, in this case the annulus 
remains available for intermolecular guest complexation (Scheme 3.1a).

Scheme 3.1. Schematic representation of intra- and inter-molecular complexation modes for substituted 
CDs.
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Scheme 3.1 conk Schematic representation of intra- and inter-molecular complexation modes for 
substituted CDs.

The complexing characteristics of the CDs 3.2 and 3.3 in aqueous solution are 
similar to those of the dansyl-substituted (3CD and 7CD 3.4 and 3.5, respectively 
[5,6]. The pCD 3.4 forms an intramolecular complex, which dissociates for 
competitive guest binding (Scheme 3.1b) [5]. The substituent of the 7CD 3.5 may 
include within the annulus, to regulate the shape of the cavity for intermolecular 
inclusion of a guest (Scheme 3.1c) [6]. Alternatively, it sometimes acts as a cap, to 
increase the hydrophobicity of the CD annulus (Scheme 3.1a) [6]. The space- 
regulating effect of substituents of modified CDs (Scheme 3.1c) is an example of 
induced-fit complexation, and was originally observed with the naphthylacetate 3.6 
[7-9]. Although the effect is most common with derivatives of 7CD, where the 
annulus is relatively large, the phenomenon has also been seen with the anthranilate-
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modified PCD 3.7 [10]. A variant of the effect is observed with the 6A,6E- 
disubstituted 7CD 3.8, where both substituents include in the CD annulus, to create 
a small hydrophobic pocket for guest complexation (Scheme 3. Id) [11].

A variety of anthracene-appended CDs have been prepared and studied as molecular 
hosts [12,13]. In water, the mono-substituted pCD 3.9 and the doubly modified 
*yCD 3.11 display competitive guest binding, according to Schemes 3.1b and 3 .1e, 
respectively. The latter mode of guest complexation is also observed with a variety 
of dinaphthyl-substituted tCDs [14-19]. The ability of a 7CD to accommodate two 
aryl substituents is reflected in the behaviour of the anthracene derivative 3.10  to 
form an association dimer, which undergoes guest-induced dissociation (Scheme 3. If). 
Pyrene-substituted tCDs such as the amide 3.12 also form association dimers in 
aqueous solution, which dissociate on competitive guest complexation, according to 
Scheme 3.1f [20-24].
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As discussed in Chapter 2, substituents may be readily attached to CDs through 
modification of the C(2), C(3) and C(6) hydroxy groups. The site of attachment 
affects the extent of intramolecular complexation [25-28], as illustrated with the 
regioisomeric pCDs 3.13 and 3.14 [27]. In aqueous solution, the bromonaphthyl 
moiety of the C(2) substituted CD 3.13 complexes in the annulus, from where it is 
displaced by dodecyltrimethylammonium bromide, acting as a competitive guest. The 
CD 3.14 does not form an intramolecular complex under the same conditions, 
presumably because the end of the annulus delineated by the primary hydroxy groups 
is too hindered. The dansylated pCDs 3.15-3.17 provide another example of the 
dependence of the intramolecular complexation of a substituent on its site of 
attachment to the CD nucleus. All three compounds form intramolecular complexes 
in water but, whereas the aromatic moiety of the C(6) and C(2) substituted derivatives 
3.15 and 3.16 is readily displaced by other hydrophobic guests, the thermodynamic 
stability of the intramolecular complex of the C(3) substituted CD 3.17 is generally 
too high for competitive guest binding [25,26].

3.9X = P 3.11
3*10 X = Y

3.12
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The extent of intramolecular complexation is also affected by other factors such as 
the nature of the link between the CD and the substituent [29,30], the chirality of the 
substituent [31-33], the temperature [34-36], and the extent of protonation of the 
substituent [30]. *H NMR studies in deuterium oxide have shown that of the CDs 
3.18-3.20, which vary in the way in which the substituent is tethered, the latter has 
the aromatic substituent most completely included [29]. The effect of the CD 
annulus to protect the ester moiety from hydrolysis reflects the extent of this 
complexation, with the pentane derivative 3.20 being the least reactive.
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Since the natural CDs each exist as a single enantiomer, their substitution with 
racemates produces diastereomers. The extent to which intramolecular complex 
formation with stereoisomers of this type can depend on the chirality of the 
substituent is illustrated with the N-dansylleucine-appended CDs 3.22 and 3.24, 
where the dansyl portion of the (S)-leucine derivative 3.22 is more deeply included in 
its own annulus than is the case with the diastereomer 3.24 [33].

3.18 n — 3
3.19 n = 4
3.20 n = 5

NHCO— CH— NHSO

CH2CHMe2 NMe2

3.21x = ct 
3.22 X = P CH2CHMe2 

NHCO— CH— NHSC

NMe2
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Scheme 3.2. Temperature-dependent inside-outside isomerism of the naphthyl-pCD 3.26.

Scheme 3 3 . Heat-induced intramolecular complexation of the |3CD 3.27 in the presence of adamantan- 
l-o la tp H 1.6 .

The effect of temperature on the extent of intramolecular complex formation is 
clearly demonstrated in studies of 3A-0-(naphth-2-ylmethyl)-(3CD 3.26 [35,36]. In 
aqueous solution, the substituent is complexed at lower temperatures (ca. 20 *C) but 
not at higher temperatures (ca. 90 *C) (Scheme 3.2), and the dissociated form 3.26b 
shows evidence of aggregation [37]. However, a lower temperature doesn't necessarily 
favour intramolecular complexation. In the presence of adamantan-l-ol, the
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intramolecular complex of the dye-substituted CD 3.27 increasingly dissociates with 
decreasing temperature over the range 65-25 *C (Scheme 3.3) [34].

In buffer at neutral pH, where the dansyl substituent is uncharged, the modified 
CDs 3.28 and 3.29 form thermodynamically stable intramolecular complexes, even 
in the presence of other potential guest molecules. The effect of protonation of the 
substituents on the stability of these complexes becomes evident as the pH is 
lowered, in that intramolecular complexation becomes less favourable and the 
tendency to form intermolecular complexes with other guests increases [30].

3 .2 .  Molecular Recognition by Intramolecular Complexes of 
Substituted Cyclodextrins

Intramolecular complexation of the substituent of a modified CD affects the ease 
of competitive intermolecular guest complexation by such a host. In aqueous 
solution and in the absence of other guests, the substituents of the (5)- and (/?)- 
phenylalanine-substituted CDs 3.30 and 3.31 are complexed within the CD annuli, 
from where they are displaced by the enantiomers of N-dansylalanine 3.32 and N- 
dansylphenylalanine 3.33. This substituent displacement is reflected in the stability 
constants (ЛГц) of the complexes of |3CD and the derivatives 3.30 and 3.31 with 
the enantiomers of the amino acid derivatives 3.32 and 3.33 (Table 3.1) [38-42], 
which are generally lower for the modified CDs 3.30 and 3.31, due to competition 
between the intramolecular and intermolecular complexes in those cases. The range 
in thermodynamic stabilities of the complexes indicates the way in which CDs can be 
modified to control molecular recognition in guest binding. Other examples are given 
in Tables 3.2 and 3.3, for the complexation of cholic acid 3.34 and adamantan-l-ol 
by the dansylated otCDs 3.21, 3.23," and 3.25 [43], and the pCDs‘3.2 and 3.22
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[2,3]. The data for the (JCDs 3.2 and 3.22 indicate that the dimethylaminobenzoyl 
substituent of the former is more easily displaced from its annulus than is the dansyl 
group of the latter, since the stability constants of the intermolecular complexes of 
the former are much higher.

H NHCHO 

N H C O -C —  CH2- ^ ~ ^

330

H NHCHO
V -O

332  R = Me
333 R = CH2Ph

Table 3.1. Host-Guest Stability Constants of the Complexes of PCD and the Derivatives 
33 0  and 331 with the Enantiomers of the Amino Acid Derivatives 332  and 333 .a

Guest *11 
dm3 mol*1

PCD 330 331

(Л)-3 3 2 179 113 42

(S)-332 144 95 54

(Я)-ЗЗЗ 197 139 160

(5)-3.33 153 231 83

aAt 298 К and pH 7.0 in 0.075 mol dm-3 phosphate buffer.
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Table 3.2. Host-Guest Stability Constants of the Complexes of the Dansylated aCDs 3.21, 
3.23 and 3.25 with Cholic Acid 334  and Adamantan-l-ol.a

Guest *11 
dm3 mol-1

3.21 3.23 3.25

334  1650 588 60.4

adamantan-l-ol 54200 19900 8910

aAt 298 К and pH 7.0 in 0.01 mol dm'3 phosphate buffer.

Table 3 3 . Host-Guest Stability Constants of the Complexes of the pCDs 32  and 3.22 with 
Cholic Acid 334  and Adamantan-l-ol.a

Guest *11 
dm3 mol*1

ЪЛ 3.22

334  27000 1320

adamantan-l-ol 128000 116

aAt 298 К and pH 7.0 in 0.01 mol dm'3 phosphate buffer.
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Chiral substituents often lead to enhanced stereoselectivity by CDs on 
complexation of racemic guests [44]. In complexing N-dansylphenylalanine 3.33, 
clearly the enantioselectivity displayed by both the modified CDs 3.30 and 3.31 is 
greater than that shown by pCD (Table 3.1) [39,41,42]. The chiral discrimination by 
the CDs 3.30 and 3.31 is approximately equal in magnitude, although reversed in 
terms of absolute stereochemistry. On this basis it appears that the annuli of the 
modified CDs 3.30 and 3.31 serve mainly to bind the guests and contribute little 
toward the enantioselectivity. Instead, stereoselectivity probably results from 
interactions of chiral portions of the enantiomers of the guest 3.33 with the chiral 
substituents of the modified CDs 3.30 and 3.31. A chiral substituent is not a 
prerequisite for enhanced enantioselectivity by a modified CD, however, as illustrated 
by the complexes of the toluidinyl-substituted CD 3.35 with amino acids [45]. 
Whereas PCD shows very little stereoselectivity in binding the enantiomers of 
alanine, serine, valine and leucine, the stability constants of the corresponding 
complexes of the modified CD 3.35 differ by factors of 3.0, 7.6, 3.6 and 33, 
respectively.

It is worth digressing at this point to briefly discuss some other examples of 
chiral discrimination by modified CDs. Thermodynamically, the chiral discrimination 
displayed by the natural CDs is usually quite small and of little practical utility in 
terms of separating guest enantiomers unless the CDs are incorporated into 
chromatographic materials. Even simple modifications to the CDs appear to increase 
their asymmetry and lead to greater diastereoselectivity of complexation [44]. Thus, 
the stability constants of the complexes of (/?)- and (S)-2-phenylpropanoate with 
pCD, K \ \ = 6 3  and 52 dm3 mol-1, respectively, while those of the analogous 
complexes of protonated 6A-amino-6A-deoxy-pCD and 3A-amino-3A-deoxy- 
(2AS,3AS)-pCD are 36 and 13, and 51 and 32 dm3 mol-1 [46,47]. It appears that 
unfavourable interactions between substituents of the modified CDs and the racemic

Me

3 3 5
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guests destabilise the complexes and lead to greater enantioselectivity in these cases. 
Another example of chiral discrimination between amino acids by a simply modified 
CD is provided by 6A-0-(ethoxyhydroxyphosporyl)-pCD complexes where K\ \ (dm3 
mol’1) = 130 and 220, 1480 and 410, 1400 and 740, 1700 and 1400, and 510 and
330, respectively, when the guests are the (R)- and (5)-enantiomeric pairs of alanine, 
serine, valine, leucine and cysteine [48]. The difference in thermodynamic stability 
between such diastereomeric pairs of complexes gives little indication of the structural 
changes that may be involved. However, the differing NMR chemical shifts shown 
by enantiomers complexed by modified CDs do provide insight into complex 
structure and the origins of the chiral discrimination [49,50]. For example, NMR 
studies and complementary molecular modelling calculations of the enantioselective 
complexation of (/?)- and (S)-atenolol with heptakis(2,3,6-tri-0-phenylcarbamate)- 
PCD show that the aromatic moiety of (S)-atenolol is complexed in the CD annulus, 
with the chiral centre outside the annulus (3.36), while the opposite is the case with 
the (tf)-atenolol (3.37) [50]. Molecular dynamics studies show that for permethyl- 
pCD, the most often used CD chiral stationary phase in gas chromatography, the 
preferred guest complexation site is in the interior of the annulus and that the guest is 
quite mobile within the annulus [51,52].

R = OCONHPh

h 2n c o c h :

CHMe2

The influence of CD and guest charge on chiral discrimination is illustrated by the 
1:1 complexes formed between protonated 6A-amino-6A-deoxy-pCD (3.38) and 
heptakis(6-amino-6-deoxy)-pCD (3.39) and deprotonated N-acetylated tryptophan 
(3.40), phenylalanine (3.41), leucine (3.42) and valine (3.43) as shown in Table 
3.4 [53,54]. The pATas of 3.38 and 3.39 are 8.49 [47] and 6.9-8.5 [55],
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Table 3.4. Stability Constants for Protonated Amino-pCD Complexes of Deprotonated Amino 
Acid Derivatives.0

Amino Acid Derivative CD 338 
/dm3 mol' 1

CD 339  
/Гц/dm3 mol' 1

NHAc

3.40

H

99 (/?) 

64(5)

2310 (/?) 

1420 (5)

67 (R) 2180 (tf)

3.41 t ^ J T  H COj- 55(5) 2000 (5)

3.42 м ' У \ т '
m I  h  C<V

58 (Л) 

60(5)

2480 (Л) 

2380 (5)

3.43

Me

JL NHAc 

H 2

2090 (R) 

1310(5)

determined by NMR in D20  at pD = 6.0 and 298.2 K.

respectively, and at the pD = 6.0 of the study, the charge of 3.39 is much greater 
than the unipositive charge of 3.38. The enantioselectivity in favour of the СЮ- 
enantiomers shown by the complexes is modest, but is greater than that shown by the 
analogous aC D  and pCD complexes. It is clear that the greater electrostatic 
interactions between 3.39 and 3 .40-3 .42 greatly increase К  i \ over those 
characterising the complexes of 3.38 and 3.40-3.42 where the electrostatic 
interactions are weaker. This electrostatic contribution to complex stability also 
appears to be important in the complexation of nucleotides by 3.39 [56]. Molecular 
modelling shows the mutual electrostatic repulsion between the -NH3+ groups of
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3.39 to force them apart, and attraction between them and the negatively charged 
amino acid function of 3.42 to occur in the complex. The modelled complex 
structure is in agreement with that deduced from *H NMR studies. Weaker 
enantioselectivity, also in favour of the (fl)-enantiomers, occurs in the complexing of 
cationic protonated a-amino acid methyl esters by anionic deprotonated heptakis[(6- 
thioglycolic acid)-6-deoxy]-|3CD [54].

Returning now to the discussion of intramolecular complexes of modified CDs, in 
addition to substituent chirality, factors such as the protonation state of substituents 
and temperature also affect the extent of intramolecular complexation. They can also 
be exploited to enhance molecular recognition through controlling intermolecular 
complexation. As already mentioned, the CD 3.27 complexes adamantan-l-ol only 
at lower temperatures, when formation of the intramolecular complex is disfavoured 
[34], and the CDs 3.28 and 3.29 only form intermolecular complexes at low pH, 
when the dansyl substituents are protonated and therefore readily displaced from the 
CD annuli [30]. Fluorescein-modified CDs provide other examples of the effect of 
substituent protonation on molecular recognition [57,58], as illustrated by the 
behaviour of the pCD 3.44. In aqueous solution, the stability constants of its 
complexes with adamantan-l-ol are 670 dm3 mol' 1 at pH 9.30, 2800 dm3 mol' 1 at 
pH 4.00, and 18000 dm3 mol' 1 at pH 1.20, under which conditions the substituent is 
anionic 3.44a, neutral 3.44b and cationic 3.44c, respectively. Under the same 
conditions, the stability constants of the complexes of adamantan-l-ol with pCD are 
6900, 5900, and 5100 dm3 mol"1, respectively.
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3 .3 .  Molecular Sensors Based on Guest-Induced Dissociation of 
Intramolecular Complexes

Guest complexation according to each of the modes illustrated in Scheme 3.1 
involves a change in the environment of the CD substituent or substituents. This 
normally results in alterations to the physical and spectroscopic properties of the 
substituted CDs, such that the complexation is readily monitored. The modified CDs 
then behave as molecular sensors of guest complexation. The complexation modes 
most often exploited in the development of molecular sensors involve guest-induced 
substituent displacement (Schemes 3.1b and 3.1e), in part because systems of this 
type are relatively straightforward to construct, and in part because the changes in 
environment and physical and spectroscopic properties of the substituents on 
dissociation of the intramolecular complexes are relatively large. A number of the 
substituted CDs described above have been developed as molecular sensors. For 
example [27], in aqueous solution the intramolecular complex of the C(2) substituted 
CD 3.13 dissociates through competitive binding of dodecyltrimethylammonium 
bromide. Since this displacement results in quenching of the phosphorescence of the 
bromonaphthyl group, the CD 3.13 may be considered to be a sensor of guest 
complexation. The CD 3.14 is unsuitable for use as a sensor in the manner 
described for the regioisomer 3.13 because it does not form an intramolecular 
complex. With the dimethylaminobenzamido-substituted CDs 3 .1-3.3, the 
fluorescence of the substituent decreases markedly on displacement from within a CD 
annulus outside to an aqueous environment, and thereby indicates complexation of a 
guest through the equilibria shown in Scheme 3.4 [1-3].

As discussed above, formation of intramolecular complexes may be influenced by 
pH and temperature. The intramolecular complexes of the dansylated CDs 3.28 and 
3.29 are insensitive to other organic molecules in water at neutral pH. However, 
under acidic conditions when the dansyl substituent is protonated, the intramolecular 
complexes dissociate in response to guest binding, which results in quenching of the 
substituent fluorescence (Scheme 3.5) [30]. This spectroscopic behaviour of the CDs 
3.28 and 3.29, which allows detection of adamantane-l-carboxylic acid at a 
concentration of 5 x 10'7 mol dm'3 at pH 1, may be switched off or on again by 
increasing or lowering the pH of the solution, such that the CDs 3.28 and 3.29 
may be regarded as pH sensors. The temperature-dependent behaviour of the CD
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3.26 (Scheme 3.2) may be monitored using fluorescence spectroscopy [35,36]. 
Displacement of the substituent dye from the annulus of the CD 3.27 at lower 
temperatures (Scheme 3.3) changes its extent of protonation and spectral 
characteristics, such that its colour changes from yellow to red at pH 1.6 [34]. On 
the basis of these temperature-induced spectral changes, the CDs 3.26 and 3.27 may 
be regarded as thermosensors.

NMe2

Scheme 3.4. Competitive guest complexation by the CDs 3.1-3J.

Scheme 3.5. Competitive guest binding by the CDs 3.28 and 3.29 on protonation of the dansyl substituent.

The conformational and colour change displayed by the CD 3.27 in response to 
the variation in temperature also occurs simply as a result of competitive guest 
complexation [59,60]. In a closely related system, at pH 2.5, guest-induced 
dissociation of the intramolecular complex of the CD 3.45 results in protonation of
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the substituent and a change of its colour from orange to red (Scheme 3.6) [60]. The 
ionisation of the substituents of the modified CDs 3.27 and 3.45, when they are 
displaced from the CD annuli to an aqueous environment, reflects the greater ease of 
hydration of the dissociated forms and the preferred complexation of neutral species by 
CDs.

orange

Scheme 3.6. Guest-induced substituent displacement and protonation with the CD 3.45.

o 2n

OH

3.47 X = P 3.48

Similar behaviour has been observed with a number of other common pH 
indicators that have been attached covalently to CDs, such that their dissociation from 
intramolecular complexes on binding of other guests is readily observed [61-64].
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Accordingly, the CDs 3.46-3.48 change from yellow to colourless, at pH 5.1, 5.1 
and 6.5, respectively [61,64], while a phenolphthalein-modified (3CD has been shown 
to change from colourless to pink at pH 9.7 [62].

3 .4 .  Towards Photochemical Frequency Switches and Related 
Molecular Devices

The majority of the modified CDs discussed so far in this chapter possess aryl 
substituents which absorb photochemical irradiation. Consequently they undergo 
photochemically-induced reactions, where the outcome is often determined by 
geometrical constraints imposed by the CD annulus. An early example [65,66] of 
this involved irradiation of each of the 6A,6B-, 6A,6C-, 6A,6D-, and 6A,6E- 
bis(anthracene-9-carbonyl)-TCDs, which resulted in reversible dimerisation of the 
anthracene substituents, due to their proximity when attached to, and possibly 
complexed within, the CD annuli. More recently [2+2]-photocycloaddition reactions 
of a polycinnamoylCD have been used to trap N-methylpyrrolidin-2-one in the CD 
cavity [67]. The cyclobutane moieties introduced through this process are acid-labile, 
so it is possible to release the guest through reaction with methanolic hydrogen 
chloride.

Table 3.5. Products Resulting from the Irradiation at 312 nm of (£)-4,4'-Bis(dimethyIaminomethyl)- 
stilbene Dihydrochloride in the Presence of CDs in Water.

CD time/h

(£)-sti!bene (Z)-stilbene

Product % 

ci'j-cyclobutane /ranj-cyclobutane phenanthrene

none 24 10 62 7 2 19

aCD 24 20 60 0 0 20

PCD 24 16 83 0 0 1

7CD ?2 а 0 0 79 19 2

°For shorter irradiation times (Z)-stilbene is found among the reaction products.
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aCD or pCD.(Z)-stilbene

3.53 3.54

Scheme 3.7. Effect of CDs on photochemical reactions of a stilbene.

Even the natural CDs affect the course of photochemical reactions of complexed 
guests, by constraining reactant geometry [68-70]. In a recent example, the effect of 
aCD, pCD and 7CD on the photochemistry of (£)-4 ,4 '-bis(dimethylammonio- 
methyl)stilbene was examined, and found to be substantially dependent on the size of 
the CD annulus, as seen from Table 3.5 (Scheme 3.7) [71]. This effect may be
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understood when the complexes 3.49 and 3.52 are considered. The aCD and pCD 
1:1 complexes of the stilbene, 3.49, hinder the formation of the cyclobutanes while 
the complexation of two stilbenes in 3.52 greatly increases their formation. The 
PCD complex, 3.49, participates in a photochemically driven equilibrium with 3.50 
(PCD), but the analogous effect does not occur with the aCD 3.49 complex which 
does, however, allow the oxidation of the (Z)-stilbene to produce the phenanthrene 
(3.51). The effect of pCD is greater in that it increases the yield of the (Z)-stilbene 
and hinders the production of the phenanthrene.

Table 3.6. Parameters for the Formation of CD Complexes in Aqueous Solution.0

Complex *11 

dm3 mol' 1

AH° 

kJ mol' 1

TAS°

kJmol*1

3.49 (aCD) 1.52 x lO 3 -27 -8.8

3.50 (aCD) 3.6 x 102 -7.9 +6.7

3.49 (PCD) 7.05 x lO 2 -11 +5.0

3.50 (pCD) 5.4 x 102 -41 -25

3.52 CyCD) 3.85 x 102 -4.6 +10

3.52 CjCD) 2.73 x 103 СKi2) -30 -10

3.53 CyCD) 1.8 x 104 -30 -5.4

3.54 CyCD) 5.2 x 102 +5.4 +38

flIn ammonium acetate buffer at pH 5.7 and 298.2 К

The origin of the product distribution becomes more clear from the parameters for 
complex formation (Table 3.6). For both aCD and PCD, 3.49 is more stable than 
3.50, but the stability of 3.50 is greater for PCD than for aCD. The fit of the 
stilbenes into aCD is closer than is the case for pCD. Evidently these differences 
control the outcome of the photochemistry. The greater stability of ternary complex
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3.52 than that of its binary precursor is consistent with 7CD engendering production 
of the cyclobutanes through the reaction of an excited state stilbene with its 
complexed neighbour in 3.52. Furthermore, the much greater stability of 3.53 by 
comparison with that of 3.54 is consistent with the geometry of the 7CD cavity 
favouring the frans-cyclobutane product.

Another example of CD annular size preorganising a reactant to give a particular 
product occurs with the antiparallel (3.55a) and parallel (3.55b) forms of 2,2'- 
dimethyl-3,3'-(perfluorocyclopentene-1,2-diyl)bis(benzo[b]thiophenesulfonate [72] 
(Scheme 3.8). In aqueous solution, the ratio of 3.55a, which photocyclises to 3.56 
on irradiation at 313 nm, to non-photoreactive 3.55b is 64:36 as shown by *H 
NMR. This ratio is unchanged in the presence of aCD, probably because the aCD 
annulus is too small to form complexes, while both pCD and yCD shift the 
equilibrium toward 3.55a evidently because of a better fit of 3.55a to their annuli 
than 3.55b. As a consequence the cyclisation quantum yield for a combined 3.55a 
and 3.55b concentration of 5.0 x 10"  ̂ mol dm”3 in the absence of a CD is 0.38, and 
in the presence of 8.0 x 10"3 mol dm-3 aCD, pCD and 7CD is 0.37, 0.58 and 0.53, 
respectively.

Scheme 3.8. Photocyclisation of 2,2'-dimethyl-3,3,-(perfIuorocycIopentene-l,2-diyl)bis(benzo[b]- 
thiophenesulfonate.
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Other effects of irradiation on CDs and their complexes involve photochemically- 
induced changes to CD substituents which affect their intramolecular complexation 
and, as a result, the extent of competitive intermolecular guest binding by the 
modified CDs [73-75]. This phenomenon is clearly demonstrated with azobenzene- 
modified CDs such as 3.57, where exposure to ultraviolet and visible light results in 
trans-cis and cis-trans isomerisation, respectively [74] (Scheme 3.9). The trans- 
azobenzene 3.57a forms an association dimer which limits competitive guest 
complexation, whereas the annulus of the ds-azobenzene 3.57b is unencumbered. 
Thus, both dimer formation and guest complexation may be regulated by light in an 
on-off fashion. This selective complexation by CDs of the /rans-isomer of 
azobenzenes forms the basis of a device for the electrochemical transduction of optical 
signals, which is discussed in Chapter 8.

Scheme 3.9. Photochemical response of the CD 3.57 and its effect on guest complexation.
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CD substituents have also been used as photosenzitizers for the production of 
triplet oxygen, to facilitate the oxidation of included guests [76,77]. Triplet oxygen 
has a half-life of approximately 2 jisec and travels less than 50 A in aqueous media 
before deactivation. Therefore it is difficult to maintain a high concentration in free 
solution. However, when triplet oxygen is generated using, as a photosensitizer, rose 
bengal or one of its derivatives covalently attached to a CD, its effective concentration 
in the vicinity of a guest complexed in the annulus is increased and oxidation of such 
species is greatly enhanced.

Fig. 3.1. Energy transfer from the antennae of 6A'G-heptanaphthoate-|3CD (3.58) to a - (4 -  
dimethylaminophenyl)-N-phenylnitrone (3.59) which photolyses to N-(4 -dimethyIaminophenyl)- 
formanilide (3.60).

As described above, the change in fluorescence of substituents bound to CDs and 
of guests on complex formation is widely used to monitor complexation processes. 
Observation of fluorescence may also be used to monitor energy transfer processes 
within CD complexes [9,78-82], and exploited in the construction of photochemical 
frequency switches as is shown by the innovative example now discussed. The 
antennae chromophores of photosynthetic units absorb photons whose energy is then 
transferred to other components in the photosynthetic process. This process has been 
modelled using 6A'^-heptanaphthoate~pCD (3.58) where naphthoate antennae are
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attached to (JCD (Fig. 3.1) as one component of an energy transfer system, and which 
is an example of a range of similarly modified PCDs [83-85].

Scheme 3.10. Photochemically-induced reaction of the pivalate 3.62 in the annulus of the antenna CD 
3.61.

When 3.58 complexes the dye 4-(dicyanomethylene)-2-methyl-6-(4- 
(bis(hydroxyethyl)aminostyryl-4//-pyran and the complex is irradiated at 300 nm, the 
3.58 emission band (^max = 355) overlaps the absorption band of the dye which in 
turn fluoresces in the range 550-750 nm. This energy transfer from 3.58 to the dye 
has an efficiency close to unity. The high of 1.2 x 105 dm3 mol' 1 for the 
complex of 3.58 and the dye is attributed to the increased hydrophobicity of 3.58 
over pCD arising from the naphthalene rings of the attached chromophores. This 
principle of energy transfer has been applied in the photoisomerisation of a-(4- 
dimethylaminophenyl)-N-phenylnitrone (3.59) to N-(4-dimethylaminophenyl)- 
formanilide (3.60) as shown in Fig. 3.1 [86]. Compared with this photoisomer
isation in the absence of 3.58, a 6-fold acceleration of its rate occurs when it
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proceeds through the 3.58 complex. This is attributed to the efficient transfer of 
energy gathered by the heptanaphthoate antennae of 3.58 to the complexed 3.59 so 
that 3.58 acts as a photochemical microreactor.

A closely related antenna CD, 2A"G,3A‘G-tetradecabutyl-6A' G-hepta(6-0-2- 
naphthalenesulfonate)-(3CD (3.61) strongly complexes 9-anthrylmethyl pivalate 
(3.62) with A'n = 7.8 x 104 dm3 mol-1 by comparison with pCD where K \\  = 80  
dm3 mol"1 [87]. Irradiation of the 3.61 complex of 3.62 at 300 nm produces the 9- 
methylanthracene radical (3.63) which further reacts to produce 9-neopentylanthracene 
(3.64) and 9-methylanthracene (3.66) but none of the 9-rerf-butyl-lO-m ethyl- 
anthracene (3.65), which is also produced by photolysis in the absence of 3.61 
(Scheme 3.10). It appears that 3.64 is produced by recombination of the terr-butyl 
radical with the 9-methylanthracene radical (3.63) in the CD annulus, 3.64 by 
hydrogen abstraction by the anthrylmethyl radical 3.63, and that the 10-position of
9-anthrylmethyl pivalate (3.62) is protected from reaction within the CD annulus.

The reactions illustrated in Fig. 3.1 and Scheme 3.10 involve the use of CDs as 
catalysts, to affect the efficiency and outcome of reactions of complexed guests. Such 
characteristics resemble the behaviour of enzymes and this aspect of CD chemistry is 
discussed in more detail in the following chapter.
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CHAPTER 4 

MODIFIED CYCLODEXTRINS

CYCLODEXTRIN CATALYSTS AND ENZYME MIMICS

4.1. Introduction

Cyclodextrins (CDs) have long attracted attention in catalysis and as enzyme 
mimics, due to the way in which they act as hosts to complex guest molecules and 
induce reactions of the complexed species (Scheme 4.1) [1-3]. The reactions exhibit 
kinetic characteristics, such as saturation, non-productive binding and competitive 
inhibition, that are typical of enzyme-catalysed processes. In addition, the 
discrimination displayed by CDs in binding guests and promoting their reactions is 
analogous to the substrate selectivity displayed by enzymes.

Scheme 4.1. CD-induced reaction of an included guest.
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With the natural CDs, hydroxy groups are the only functionality available to 
promote reactions of included guests. However, the introduction of a diverse range of 
new functional groups, through modification of the natural CDs, results in catalysts 
which mimic the entire range of enzyme behaviour. The CD nucleus serves as a 
scaffold on which functional groups can be assembled. In some cases this has been 
accomplished with controlled alignment of both the functional groups and the CD 
annulus, to optimise the geometry for binding and reaction of a particular guest. This 
is an important factor in the catalytic activity of modified CDs, as it is with enzymes 
where the geometry at the active site is determined by the three dimensional structure 
of the protein. It is this catalytic activity of CDs which is the subject of this chapter.

4.2. Cyclodextrin Hydrolases

The natural CDs induce the alkaline hydrolysis of esters and other carboxylic acid 
derivatives, as illustrated in Scheme 4.2. Therefore they may be classed as CD 
hydrolases, by analogy with enzymes which catalyse reactions of this type. Bender 
and co-workers [4,5], in the original papers in this area, explored the CD mediation of 
hydrolysis of phenyl acetates. They found that in basic aqueous solution aC D  and 
PCD greatly accelerate the rates of hydrolysis of a range of 3-substituted phenyl 
acetates, while the hydrolysis of their 4-substituted isomers is only slightly 
accelerated. This is shown for selected examples in Table 4.1 where the listed 
parameters refer to the mechanistic scheme of Eq. (4.1). Here, К ц  is the stability 
constant for the formation of a 1:1 complex, as discussed in Chapter 1, and k T 
characterises the reaction of the CD and guest in the complex. This mechanistic 
scheme resembles the Michaelis-Menten scheme through which enzyme catalysis 
proceeds, where V K \\  is equivalent to the Michaelis constant, K y i, and k r is 
equivalent to the catalytic rate constant ifccat. The latter terms are used throughout this 
chapter in the context of the discussion of CDs as enzyme mimics, although some of 
the CDs become modified during the reaction and are therefore not true catalysts.

*11 *r
CD + G '4 ^ CD G * CD + products (4.1)

fast
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Scheme 4 2 . Alkaline hydrolysis of phenyl esters by CDs.

The substrate selectivity of the mediation of the hydrolysis of selected phenyl 
acetates by aCD and (3CD is seen in Table 4.1. In the original publications [4,5], this 
selectivity was attributed to a correlation with the proximity, in the host-guest 
complex, of the carbonyl of the phenyl acetate to the CD deprotonated secondary 
hydroxy group which makes the nucleophilic attack leading to the phenoxide and the 
acylated CD as shown in Scheme 4.2. This interpretation presupposes complexation 
of the phenyl moiety inside the CD annulus. The observation that the acceleration of 
phenyl acetate hydrolysis by aCD and PCD is slowed or inhibited in the presence of 
competing guests supports this interpretation [4,6]. It is notable that the acceleration 
of hydrolysis is independent of the stability of the complex. The aCD accelerated 
hydrolysis of the 3-methyl-, 4-methyl-, 3-nitro- and 4-nitro-phenyl acetates is 
enthalpy controlled, and it is argued that the closer proximity of the deprotonated 
secondary hydroxy group of the CD to the carbonyl carbon of the 3-substituted 
phenyl acetates than to that of their 4-substituted analogues in the host-guest 
complexes leads to smaller A//* for the hydrolysis of the former [7]. (The effect of 
yCD  on phenyl acetate hydrolysis rate is small as is its substrate selectivity by 
comparison with those of aCD and (3CD. This probably arises from the looser fit of 
the guests into the 7CD annulus.) Recent theoretical studies of pCD acceleration of



104 Modified Cyclodextrins

ester hydrolysis have employed different models. The first uses a semiempirical 
quantum mechanical model and finds nucleophilic attack by 0(3) to provide the 
lowest energy path [8]. However, a molecular dynamics simulation of the hydrolysis 
of 3-terf-butylphenyl acetate shows the (S)-tetrahedral reaction intermediate resulting 
from bonding of a pCD 0(2) to the carbonyl carbon of the acetate moiety to be of 
lowest energy and characterised by a AG* close to the experimental value [9].

Table 4.1. Parameters for Hydrolysis of Phenyl Acetates in the Presence of a- and p-CD.fl

Acetate 104iku/s~1 b lO^ca/s-1 ^cat^u K^'Vdm3 mol' 1

aCD

Phenyl 8.04 2.19 27 45

2-Tolyl 3.84 0.72 19 53

3-Tolyl 6.96 6.58 95 59

4-Tolyl 6.64 0.22 3.3 91

3-r-Butylphenyl 4.90 12.9 260 500

4-r-Butylphenyl 6.07 0.067 1.1 154

3-Nitrophenyl 46.4 42.5 300 53

4-Nitrophenyl 69.4 2.43 3.4 83

(3CD

3-Nitrophenyl 46.4 44.4 96 125

4-Nitrophenyl 69.4 6.3 9.1 164

flIn pH 10.60 carbonate buffer, /  = 0.2 mol dm"3 at 298.2 К in 0.5% acetonitrile-water. ^In the 
absence of CD.

The model illustrated in Scheme 4.2 for ester hydrolysis by CDs is likely to be too 
simplistic, however, to apply in all cases. In contrast to that of the 3-substituted 
phenyl acetates, the hydrolysis of the 4-substituted isomers is often little reduced by 
the presence of other CD guests which might be expected to act as inhibitors 
[6,10,11]. In some cases the rate of hydrolysis modestly increases in the presence of 
the potential inhibitor (or spectator) consistent with its occupancy of the CD annulus 
stabilising the orientation of the host-guest complex required for hydrolysis. This has 
been interpreted to indicate that for the hydrolysis of 4-substituted phenyl acetates,
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the phenyl group lies outside the CD annulus with the carbonyl carbon adjacent to the 
deprotonated secondary hydroxy group which makes the nucleophilic attack. 
Alternatively, a more recent study of acyl transfer reactions of 4-nitrophenyl 
alkanoates (acetate to decanoate) is consistent with the complexation of the 4- 
nitrophenyl end of the guest within the annulus by aCD and pCD for the acetate to 
the hexanoate, but for the guest orientation to reverse from heptanoate to decanoate so 
than the alkyl group occupies the annulus [12]. It also appears that the entry of a 
spectator guest into the CD annulus can greatly change the orientation of a reactive 
guest which also occupies the annulus. Thus, in a study of the pCD mediated 
hydrolysis of 3-nitrophenyl hexanoate the reaction kinetics are consistent with simple 
alcohols reversing the orientation of 3-nitrophenyl hexanoate from complexation of 
its 3-nitrophenyl moiety in the annulus to complexation of the hexyl group [13]. 
Other indications that the achievement of a reactive guest ester orientation in the CD 
annulus may sometimes be possible in different ways come from a study of the pCD 
mediated hydrolysis of phenyl trifluoroacetate and 4-methylphenyl trifluoroacetate 
[14]. Here the modest acceleration of hydrolysis at pH > 8 is attributed to 
complexation of the trifluoromethyl group in the annulus and nucleophilic attack by a 
deprotonated pCD secondary hydroxy group. The retardation of hydrolysis at pH < 8, 
where the rate of hydrolysis is pH independent, is thought to proceed through the 
complexes with the reversed orientation of the guests. At pH < 8 there is no 
deprotonation of the secondary hydroxy groups of PCD and so the only route for 
hydrolysis is nucleophilic attack by water from which the carbonyl group is shielded 
through is complexation in the PCD annulus. The same explanation may apply to the 
retardation of the hydrolysis of benzaldehyde dimethyl acetal by aCD, pCD and ^CD 
and of a range of alkyl nitrites in aqueous hydrochloric acid [15,16]. Under alkaline 
conditions alkyl nitrite hydrolysis is accelerated through a similar mechanism to that 
deduced for the esters.

Regardless of the exact geometry of the reactive complex, it is important to realise 
that this orientation is not necessarily the most thermodynamically stable. Thus, in 
basic solution 6A-amino-6A-deoxy-a- and p-CD both accelerate the hydrolysis of 4- 
nitrophenyl acetate to produce their 6A-acetamido-6A-deoxy analogues and 4- 
nitrophenoxide through attack of the CD amino nucleophile on the acetate carbonyl 
carbon [17]. To achieve this the acetate group of 4-nitrophenyl acetate must be in the 
vicinity of the amino nucleophile at the primary face of the CD. This is the opposite



106 Modified Cyclodextrins

orientation to that required for the accelerated hydrolysis by aCD  and pCD. As the 
for the 6A-amino-6A-deoxy-a- and P-CD mediated reactions of 4-nitrophenyl 

acetate are similar to those for the aCD and pCD mediated reactions, it appears likely 
that the isomeric complexes with opposed orientations of 4-nitrophenyl acetate are 
formed by aCD and pCD, but only those with the acetate group at the secondary face 
are reactive.

In principle, either the complexation of chiral guests by a CD (KmX or any 
subsequent reaction between the CD and the guests (fccal), or both, may display chiral 
discrimination in the Michaelis-Menten reaction scheme of Eq. (4.1). This facet of 
the hydrolytic activity of CDs continues to attract attention and varying degrees of 
chiral discrimination are observed [18-25]. These are exemplified by the reactions of 
the pCD complexed ferrocenyl esters 4.1a and 4.1b where the 62-fold difference 
between their fccat values appears to be the highest enantioselectivity reported for ester 
hydrolyses catalysed by pCD [20]. For 4.1a and 4.1b, АГм = 1.75 x 10'2 and 2.12 x 
10"2 mol dm-3, and fccat = 9.2 x 10‘2 and 1.49 x 10"3 s"1, respectively, at pH 10.0 and 
303 K, in dimethyl sulfoxide/water (60/40 v/v). The acceleration of the reactions by 
pCD is 5.8 x 10‘6 and 9.4 x 10-4, respectively, as a comparison with the uncatalysed 
reaction rate constant, ku = 1.58 x 10‘8 s’1, shows. The reactions proceed through the 
Michaelis-Menten mechanism and &cat characterises the nucleophilic attack of a 
deprotonated secondary hydroxy group of PCD on the carbonyl carbon of 4.1a and 
4.1b. It is seen that the greatest chiral discrimination occurs in the reaction of the
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complexed species (*Cat) rather than in the initial complexation step (Am), and this 
appears to be often the case in CD catalysed reactions. Molecular modelling of the 
pCD complexes of 4.1a and 4.1b, the tetrahedral intermediate for the reaction, and 
the resulting acylated pCD provide substantial insight into the reaction mechanism 
[26,27]. The catalysis of the reactions of the enantiomers of the phenylpropionate 
4.2a and 4.2b by pCD provide another example of the second step in the Michaelis- 
Menten scheme being the more chirally discriminating as shown by the 
enantioselectivity of complexation, КМ(7?/*М (£) = 0.8 and that of reaction, 
*catfl?/*cattf; = 15.5 [22].

The extent of chiral discrimination may vary considerably with the CD as is 
exemplified by the catalysed hydrolysis of the stereoisomers of the dipeptide ester 4.3 
[24]. While the variation of with CD and dipeptide guest is quite small, £Cat f°r 
the DL diastereomer is much greater than that for the LL diastereomer (Table 4.2), 
and kC2x for pCD and 7CD is much greater than that for aCD.

Table 4.2. Parameters for the Catalysis of the Hydrolysis of the Dipeptide Ester 4 3  by CDs.°

CD Parameter LL DL DL/LL

aCD w 1 0.00104 0.0230 22
^M’Vdm3 mol*1 28.7 22.2 0.8

pCD W * ' 1 0.0180 0.758 42

KM-'/dm3 mol’1 23.0 26.4 1.1

TCD *ca/s 1 0.0170 0.778 46

^M'Vdm3 mol' 1 32.7 79.9 2.4

none V * ' 1 0.000595 0.00547 9.2

flln 3% acetonitrile 97% water by volume at pH 9.5 and 298.2 K.
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The immediate products of the reactions of the esters discussed above are the 
released phenoxides and the 0(2)-acylated CDs. Depending on the acyl group, the 
rate of hydrolysis of the modified CD to regenerate the natural CD and complete the 
catalytic cycle varies considerably. However, it should be noted that chiral 
discrimination may be expected to apply in both the nucleophilic attack by the CD 
and the subsequent hydrolysis of the resulting modified CD. Few detailed studies of 
both steps have been reported. However, the pCD diastereomeric esters of the 
nonsteroidal antiinflammatory drug Ibuprofen 4.4a and 4.4b are of particular interest 
as they are both prodrugs and show complementarity in their formation and 
deacylation to give a ca. 50-fold chiral disrimination in favour of (flj-Ibuprofen over 
(SHbuprofen [28,29]. Formation of 4.4a and 4.4b through reaction of the racemic 
acid chloride of Ibuprofen with PCD in aqueous phosphate buffer at pH 6.0 gave a 
4.4a:4.4b product ratio of ca 4.5:1. At pH 11.5 in aqueous carbonate buffer, 
deacylation of 4.4a and 4.4b is characterised by к  = 3.16 x 10"4 s’1 and 2.97 x l0 ‘-> 
s"1, respectively, at 310 K. Apart from their intrinsic interest, the formation of pCD 
prodrugs exemplified by those of Ibuprofen 4.4a and 4.4b provides opportunities for 
directed oral drug delivery. While neither CDs nor their prodrugs are either 
appreciably absorbed through the intestinal wall or therapeutically active, release 
from the prodrug of the drug at a selected site restores its activity. This has been 
exploited in the design of potential large intestine targeting prodrugs as exemplified 
by 6A-0-[(4-biphenyl)acetyl]-a-, p - and у-CD and 6A-0 -{ [(4-biphenyl)- 
acetyl]amino}-6A-deoxy-a-,P- and y-CD [30-32]. These prodrugs hydrolyse very 
slowly in the small intestine but the CD component is metabolised by the microflora 
of the large intestine to release the drug and thereby effectively target the large 
intestine for drug delivery.

4.4a R1 = Me, R2 = H 
4.4b R1 = H, R2 = Me
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Despite the interest in this area, it must be acknowledged that the catalytic 
efficiency of the natural CDs in hydrolysing esters is limited, because alkaline 
reaction conditions are required to deprotonate the CD secondary hydroxy groups, for 
rapid reaction, and the intermediate acylated CDs are generally slow to hydrolyse 
under these circumstances. An early improvement on the natural CDs, as catalysts for 
ester hydrolysis, was the hydroxamic acid derivative 4.5 [33]. Through deprotonation 
at near neutral pH, the hydroxamic acid moiety provides a nucleophile which is more 
reactive than the CD hydroxy groups, and the adjacent tertiary amine acts 
intramolecularly as a base, to promote hydrolysis of the intermediate acylated CD 4.6 
and regeneration of the catalyst 4.5. As a result the modified CD 4.5 is more than 
three orders of magnitude more effective than aCD in promoting reaction of p- 
nitrophenyl acetate at pH 7.80, and the acylated CD intermediate 4.6 (R = Me) 
hydrolyses 105 times faster than the corresponding 0(2)-acylated aCD 4.7.

OH oc o r
I I

A variety of imidazole-substituted CDs have also been synthesised, as catalysts of 
ester hydrolysis at near neutral pH [34-40]. For example, the CD 4.8 was shown to 
accelerate the hydrolysis of p-nitrophenyl acetate at pH 6.80 and 298 K, with a 
catalytic rate constant (£Cat) of 0.82 x 10"3 s' 1 and a binding constant (*m) °f 4.4 x 
10'3 mol dm'3 [36]. The efficiency of this process approaches that for hydrolysis of 
the same ester by chymotrypsin, for which the fccat and Am values are 6.5 x 10‘3 s' 1 
and 7.7 x 10"3 mol dm '3, respectively. Such a comparison is of limited validity
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however, as p-nitrophenyl acetate bears little resemblance to the natural substrates of 
the enzyme, and the enzyme and the CD 4.8 function through different mechanisms. 
With the natural CDs, the hydroxamic acid derivative 4.5, and chymotrypsin, an 
hydroxy group of the catalyst acts first as a nucleophile, in a transacylation reaction of 
the substrate, while the CD 4.8 functions as a general base catalyst, with the 
imidazole delivering water to the bound species [41,42]. In this regard, the 
mechanism of the reaction catalysed by the CD 4.8 is more closely related to that of 
the hydrolase enzyme ribonuclease A, which is discussed in more detail below.

Fig. 4.1. Schematic representation of a reaction involving the catalytic triad of functional groups at the 
active site of chymotrypsin.

Chymotrypsin and other enzymes possess a catalytic triad of an aspartate 
carboxylate, a histidine imidazole and a serine hydroxy group at the active site, to 
promote hydrolysis of amides and esters under neutral conditions (Fig. 4.1). The 
modified CD 4.9 was synthesised as an artificial enzyme possessing this combination 
of functional groups, and the early reports indicated that it was an efficient catalyst of

Asp His Ser
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ester hydrolysis [43,44]. However, subsequent studies established that it was less 
effective than native pCD, and that the hydrolysis probably involves a deprotonated 
secondary hydroxy group but not the imidazole-carboxylate moiety [45,46]. This 
highlights the fact that the mere presence of multiple functional groups is not 
sufficient for them to act in concert in catalysis. The relative geometry and alignment 
of those groups must also be controlled.

A significant degree of such geometric control has been achieved by Breslow et al. 
[41,42,47-55], in their construction of a series of bis-imidazole-substituted CDs. 
These were made and studied as mimics of the enzyme ribonuclease A, which 
catalyses the cleavage of RNA through the cooperative function of an imidazole base 
and an imidazolium ion. The disubstituted CDs prepared in the course of this work 
include the 6A,6B-, 6A,6C-, and 6A,6D-disubstituted pCD isomers 4.10, 4.13 and 4.14 
[48], and the 6A,6B-disubstituted aCD and ^CD derivatives 4.11 and 4.12 [55].

The PCDs 4.10,4.13 and 4.14 are catalysts in the hydrolysis of 4-tert- 
butylcatechol cyclic phosphate 4.15 (Scheme 4.3), at near neutral pH, with the 6A,6®- 
isomer 4.10 being the most effective [48]. The enhanced activity of this isomer

4-10 X = 3
4.11 X = a
4.12 x = Y

♦denotes the substituted 
glucopyranoses which are lettered 
sequentially around the ring
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Fig. 4.2. Concerted acid-base catalysis of hydrolysis of the phosphate 4.15 by the CD 4.10.

4.17

Scheme 43. Hydrolysis of the catechol phosphate 4.15.

indicates a preferred reaction geometry. Together with results of deuterium isotope 
studies [41], it provides strong evidence that the reaction mechanism involves 
simultaneous bifunctional acid-base catalysis, where one imidazole ring acts as a base 
and the other, which is protonated and therefore present as the imidazolium ion, acts 
as an acid, to promote formation of the intermediate phosphorane (Fig. 4.2). The CD
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4.10 also affects the regioselectivity of oxygen-phosphorus bond cleavage in the 
phosphorane. Whereas hydrolysis of the catechol 4.15 in imidazole or other buffers 
affords the products 4.16 and 4.17 in nearly equal yields, the product ratio from the 
reaction catalysed by the CD 4.10 is > 99:1.

At 298 К in 0.05 mol dm'3 phosphate buffer at pH 6.2, the £cat and Am values for 
the interaction of the catechol 4.15 with the CD 4.10 are 1.2 x 10'3 s”1 and 0.41 x
10-3 mol dm '3, respectively. By comparison, the values obtained for the 
corresponding 7CD derivative 4.12 are 0.09 x 10'3 s“* and 4.8 x 10"3 mol dirr3, 
respectively, while the aCD analogue 4.11 complexes the catechol 4.15 but does not 
induce reaction of the bound species [55]. For the interactions of the methyl- 
substituted catechol 4.18 with the CDs 4.10-4.12, the fccat and Am values are 2.8 x 
10"5 s"1 and 1.7 x 10"3 mol dm’3, 3.8 x 10'5 S'1 and 5.5 x 10"3 mol dm'3, and 0.83 x 
10'5 s'l and 7.6 x 10"3 mol dm"3, respectively. Therefore, taking into account both 
complexation and reaction of the bound species (£Cat^M)> the pCD 4.10 has the best 
geometry for catalysis with these substrates. It also exhibits the highest 
regioselectivity of phosphorus-oxygen bond cleavage in reaction of each of the 
intermediate phosphoranes [55]. Even so, the orientation of the catalytic imidazole 
groups is still flexible and more efficient catalysts might be expected in systems 
where their geometry is restricted and optimised.

Me 4.18

4.3. Cyclodextrin Isomerases

Concerted acid-base catalysis is not only a feature of hydrolase enzymes; some 
isomerase enzymes also function in this manner. It follows that bis-imidazole 
substituted CDs which provide acid-base catalysis as hydrolases, as described above, 
can also function as isomerase mimics [51-54,56]. As a CD isomerase, at pD 6.2, the 
6A,6D-disubstituted CD 4.14 catalyses enolisation of the ketone 4.19 (Scheme 4.4). 
This was investigated by measuring deuterium incorporation into the substrate when
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the reaction was carried out in D2O. The 6 A,6B- and 6A,6c -disubstituted pCDs 4.10 
and 4.13 are much less effective as catalysts in this case, showing activity similar to 
that displayed by a corresponding mono-substituted CD. On this basis it seems likely 
that the CDs 4.10 and 4.13 act as general base catalysts, while the 6A,6P-isomer 4.14 
provides bifunctional catalysis (Fig. 4.3). Stereoelectronic arguments have been 
advanced to account for this particular activity of the 6A,6^-isomer 4.14.

Fig. 4 3 . Simultaneous acid-base catalysis of the enolisation of the ketone 4.19 by the CD 4.14.

A number of other modified CDs which may be classified as isomerases act 
through general base catalysis alone. At 310 К and pH 9.0, the three isomeric 
monophosphates of pCD, substituted at either C(2), C(3) or C(6), catalyse enolisation 
of the ketoalcohol 4.20 (Scheme 4.5), with fccat and values of 1.98 x 10'2 s' 1 and 
3 x lO-3 mol dm'3, 3.18 x 10'2 S'1 and 2 x 10'3 mol dm"3, and 3.0 x 10'2 s '1 and 3 x 
10"3 mol dm"3, respectively [57]. By comparison, the corresponding values for native 
PCD are 0.024 x 10"2 s”1 and 1.2 x 1(T3 mol dm'3, so the phosphate group of the 
modified CDs has little effect on guest complexation but increases the rate of reaction 
of the bound species, by approximately two orders of magnitude, in each case. More

4.19

Scheme 4.4. Enolisation of the ketone 4.19.
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recently, enolisation of acetaldehyde and a variety of ketones and a-ketoacids 
catalysed by heptakis^A-amino-^-deoxy-pCD has also been reported [58].

4.20 *Bu

Scheme 4.5. Enolisation of the ketoalcohol 4.20.

SHh c = 0
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Scheme 4.6. Mechanism for the conversion of a-ketoaldehydes to the corresponding a-hydroxycarboxylic 
acids catalysed by glyoxalase enzymes.

Glyoxalase enzymes catalyse the conversion of a-ketoaldehydes to the 
corresponding a-hydroxycarboxylic acids. The isomerisation involves formation of 
an enzyme-bound a-keto hemithioacetal, followed by deprotonation to form an 
hydroxyenolate, rearrangement of the hydroxyenolate, and then protonation of the 
rearranged species, to give a thioester. Hydrolysis of the thioester affords the a- 
hydroxycarboxylic acid, which is released from the enzyme (Scheme 4.6). The 
modified CD 4.21 has been investigated as a glyoxalase mimic [59]. As a catalyst of
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the reaction of the naphthylglyoxal 4.23 to give the naphthyl-a-hydroxyacetic acid 
4.24 (Scheme 4.7), at pH 9.75 and 298 К the equilibrium constant for the formation 
of the a-keto hemithioacetal (Ahemi) is 1100 dm3 m ol'1, while the rate constant for 
the rearrangement of this species (A:rear) ls 1-2 x 10"2 s’1. This compares with values 
for Ahemi and fcrear of 250 dm3 mol"1 and 2.0 x 10'2 s' 1 for the analogous reaction 
catalysed by 2-(dimethylamino)ethanethiol 4.22. The CD 4 .21  forms the 
hemithioacetal more readily, presumably as a result of complexation of the naphthyl 
moiety of the glyoxal 4.23 in the CD cavity, but subsequent rearrangement of the 
bound species is less favoured and partially offsets the catalytic advantage of CD 
complexation.

4.23 4.24

Scheme 4.7. Reaction of the naphthylglyoxal 4.23 catalysed by the CD 4.21.

The conversion of a-ketoaldehydes to the corresponding a-hydroxycarboxylic 
acids, catalysed by the glyoxalase mimic 4.21, involves the generation of a new chiral 
centre. The CD annulus provides an enantioselective environment for the reaction of 
phenylglyoxal 4.25 and, at pH 8.0 and 283 K, affords (S)-mandelic acid 4.26 in 46% 
enantiomeric excess (Scheme 4.8) [60]. This stereoselectivity is much greater than 
that obtained using combinations of 2-(dimethylamino)ethanethiol 4.22 with the  
native CDs, or their hydroxypropyl or methyl derivatives. Thus, the geometric 
constraints resulting from covalent attachment of the thiol functional group to the CD
4.21 appear to contribute to the enantioselectivity, although the system remains quite
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flexible and it is reasonable to expect that greater enantioselectivity is possible 
through optimisation of the molecular recognition in this system.

4-25 4.26
46% ее

Scheme 4.8. Reaction of phenylglyoxal 4.25 catalysed by the CD 4.21.

4.4. Cyclodextrin Lyases

The modified CDs and in particular the 6A,6D-disubstituted CD derivative 4.14, 
which catalyse enolisation, have also been examined as catalysts for aldol 
condensations [51,53,54,61]. From a mechanistic viewpoint, enolisation and aldol 
condensation reactions of carbonyl compounds are similar, but in the former context 
the CDs behave as isomerases, while in the latter context they may be regarded as CD 
lyases. The CD 4.14 catalyses the intramolecular aldol condensation of the keto 
aldehyde 4.27 (Scheme 4.9) [61]. The first step of the reaction involves enolisation of 
the ketone moiety. Cyclisation of the enol 4.28 then occurs, to give the trans-isomer 
of the p-hydroxyketone 4.29, with minimal enantioselectivity. Catalysis of the aldol 
reaction by the CD 4.14 may arise from the effect of the CD imidazole groups on 
either the formation of the enol 4.28 or the cyclisation of that species or both. In any 
event, the CD 4.14 increases the rate of the overall process by approximately 4,000- 
fold [53]. It also catalyses the slow dehydration of the hydroxy ketone 4.29 to the 
corresponding enone 4.30.

While the CD 4.14 does not alter the regioselectivity of the aldol condensation of 
the keto aldehyde 4.27, it and the corresponding 6A, eB-disubstituted CD isomer 4.10 
do affect the regioselectivity of cyclisation of the dialdehyde 4.31 (Scheme 4.10), in a 
striking example of the control of this aspect of a chemical reaction by an enzyme 
mimic [62]. The reaction of the dialdehyde 4.31 induced by imidazole buffer, at 298 
K, afforded approximately equal quantities of the three JJ-hydroxy aldehydes 4.32- 
4.34. By contrast, the analogous reaction carried out in the presence of the CD 4.14
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gives a 1:6:17 mixture of the products 4.32-4.34, while the corresponding ratio is 
1:9:24 for the reaction catalysed by the CD 4.10. This indicates that the CDs 4.10 and 
4.14 catalyse the enolisation of the benzylic aldehyde group of the substrate 4.31 and 
the addition of that enol to the remote aldehyde group.

Scheme 4.9. Aldol reaction of the keto aldehyde 427  catalysed by the CD 4.14.

Other enzyme cofactors have also been attached to CDs, to produce CD lyases. 
CDs substituted with thiazolium salts have been investigated as catalysts of the 
benzoin condensation of benzaldehyde 4.39 (Scheme 4.11) [54,63,64]. At pH 8 and 
323 K, the second order rate constants for the reaction of benzaldehyde 4.39 are found



Cyclodextrin Catalysts and Enzyme Mimics 119

to be 0.22 and 3.7 mol dm"3 s '1, when the condensation is carried out in the presence
of 2 x 10'2 mol dm"3 of the CDs 4.35 and 4.36, respectively. The corresponding rate 
constants measured for the reactions carried out in the presence of the thiazolium salts 
4.37 and 4.38, lacking a CD annulus, are almost an order of magnitude lower, at 
0.025 and 0.52 mol dm"3 s’1, respectively. By comparison with the yCDs4.35 and 
4.36, the analogous PCD derivatives have much less effect on the rate of reaction, 
presumably because the larger CD annulus is required to simultaneously complex two 
molecules of benzaldehyde 4.39, for effective catalysis.

H

OH

4.33* 4.34*

♦Diagram depicts relative stereochemistry only

Scheme 4.10. Aldol condensation of the dialdehyde 431.

4 31 
431

OH



120 Modified Cyclodextrins

Scheme 4.11. Benzoin condensation of benzaldehyde 439 catalysed by the CDs 435  and 436.

Pyridoxamine phosphate and pyridoxal phosphate are cofactors of numerous 
enzymes involved in amino acid metabolism. Alone, pyridoxal induces the reaction 
of a,(3-dehydroalanine with indole to give tryptophan, but 3-5 times more tryptophan 
is produced using pyridoxal attached to pCD, in the conjugate 4.40, under otherwise
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identical conditions [65] (Fig. 4.4). In this regard, the pyridoxal derivative 4.40 is 
another example of a CD lyase.

Fig. 4.4. Reaction of indole with a t(3-dehydroaIanine bound to the CD 4.40.

4.5. Cyclodextrin Transferases

In amino acid metabolism, pyridoxamine phosphate and pyridoxal phosphate are 
also involved as cofactors of enzymes which catalyse the transfer of the amino group 
between amino acids and keto acids (Scheme 4.12). Pyridoxamine derivatives of CDs 
have been investigated as models of these transferase enzymes [54,66-72]. Pyruvic 
acid 4.41, phenylpyruvic acid 4.42 and indolepyruvic acid 4.43 react equally well 
with pyridoxamine, to give the corresponding amino acids, alanine 4.44, 
phenylalanine 4.45 and tryptophan 4.46. The C(6)-pyridoxamine-substituted pCD 
4.47 has little effect beyond that of pyridoxamine itself on the reaction of pyruvic 
acid, but accelerates the reactions of phenylpyruvic acid 4.42 and indolepyruvic acid 
4.43, by factors of 15 and 12, respectively [66,70,71]. The C(3)-modified CD 4.48 
displays a similar selectivity for the aromatic substrates, and causes a 20-fold increase 
in the rates of reaction of both phenylpyruvic acid 4.42 and indolepyruvic acid 4.43 
[67,70,71]. The reactions with the CD 4.47 afford mainly the (S)-enantiomers of 
phenylalanine 4.45 and tryptophan 4.46, in 66% and 33% enantiomeric excess, 
respectively. By comparison, the reactions with the CD 4.48 occur without 
enantioselectivity in the case of phenylpyruvic acid 4.42, and give the (/?)-isomer of 
tryptophan 4.46 in 29% enantiomeric excess.
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R1 R2 R1 R

H j N ^ ^ C O j  + O ^ C O j '  O T ' C O j '  + H3N * - ^ C O j

Scheme 4.12. Transamination of a-amino acids and a-keto acids.
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The substrate selectivity of the modified CD 4.47 is further demonstrated through 
the use of the terf-butyl-substituted phenylpyruvic acids 4.49 and 4.50 [72]. In 
competition experiments with pyruvic acid 4.41, the effect of complexation in the 
annulus of the CD 4.47 results in a 28,000-fold selectivity for reaction of 4'-tert- 
butylphenylpyruvic acid 4.49, but neglible selectivity for reaction of the 5’-tert- 
butylphenylpyruvic acid derivative 4.50. Using the CD 4.51, where the orientation of 
the pyridoxamine moiety with respect to the CD annulus is more rigidly controlled,
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leads to a decrease in the selectivity of transamination of 4'-/m-butyIphenylpyruvic 
acid 4.49, but an increase in the selectivity for reaction of the 5'-tert- 
butylphenylpyruvic acid derivative 4.50. Again this demonstrates the importance of 
complementary host and guest geometry for optimum catalysis.

rBu

Ah ,

c r  C02H 

4.49

.XX
fBu

Ж CO,H

4.50

HO

♦Mixture of 6A,6B- and 6B,6A-regioisomers 432

Tabushi et al. [69], constructed the disubstituted CD 4.52, possessing a 
pyridoxamine substituent adjacent to an aminoethylamino group. The production of 
phenylalanine 4.45, tryptophan 4.46 and phenylglycine 4.54, from the corresponding 
keto acids 4.42, 4.43 and 4.53, occurs approximately 2,000 times faster with the CD 
4.52 in place of pyridoxamine. The reactions are also enantioselective, affording
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mainly the (S)-isomers of the amino acids 4.45, 4.46 and 4.54, each in greater than 
90% enantiomeric excess. The enantioselectivity is attributed to the stereoselective 
participation of the diamine moiety in proton transfer to the complexed guests. The 
rate acceleration is probably due to a combination of the catalytic effect of this group 
and guest complexation in the annulus of the CD 4.52.

/

4.6. Cyclodextrin Oxidoreductases

Another principal class of enzymes are oxidoreductases, and CD analogues of 
these have also been prepared and investigated. The dihydronicotinamide-substituted 
CD 4.55 reduces complexed ninhydrin [73]. At pH 7 and 298 K, the measured kcal 
and Am values are 2.0 x 10' 2 s"1 and 2.1 x 10' 5 mol dm’3, respectively. The 
flavocyclodextrins 4.56-4.59 have also been assembled [74-77]. At pH 7.4 and 298 
K, the aCD 4.56 reduces the N-alkyldihydronicotinamide derivatives 4.60-4.62, with 
fcCat and Am values of 0.5 s"1 and 4.0 x 10’4 mol dm’3, 0.36 s’ 1 and 3.8 x lO’3 mol 
dm’3, and 0.06 s’ 1 and 9.5 x 10"4 mol dm '3, respectively [74]. The values are 
particularly remarkable in that they indicate a facile electron transfer from the 
complexed nicotinamides 4.60-4.62 to the flavin substituent of the CD 4.56. ,The CDs 
4.57 and 4.58 do not show saturation kinetics for reactions with the nicotinamides
4.60, 4.62 and 4.63, neither do the reactions of the CD 4.59 with the substrates 4.60 
and 4.62 [76]. It appears that the complexes formed between these species do not 
have the orientation required for reaction. The reaction of the CD 4.59 with the 
napthylamine derivative 4.63 is characterised by fccat and Am values of 2.8 x 10‘2 s' 1 

and 3.7 x 10' 3 mol dm’3, respectively [76]. The CDs 4.57-4.59 have also been 
investigated as catalysts for the oxidation of thiols [77]. The fccat and ^m  values for 
reaction of the CD 4.59 with phenylmethanethiol 4.64, and the o - t m- and p- 
chlorophenylmethanethiols 4.65-4.67, are 1.1 x 10'3 s’ 1 and 1.9 x 10' 3 mol dm"3,
0.18 x 10'3 s' 1 and 1.5 x 10'3 mol dm'3, 3.5 x lO’3 s’* and 8.9 x 10'3 mol dm’3, and
1.2 x 10'3 s' 1 and 2.9 x 10"3 mol dm'3, respectively. As is the case with riboflavin, 
with each of the CDs 4.57-4.59, the reduced form of the flavin moiety reoxidises 
readily in air, indicating the true catalytic nature of these species [76].
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О
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4.58 x = a  
4*59 X -  P

a CONHi

I
R

4.60 R = C6H13
4.61 R = CHMej
4.62 R = Bn
4.63 R = l-naphthylmethyl

CH2SH

4.64 R = H
4.65 R = 2-C1
4.66 R = 3-C1
4.67 R = 4-C1

4.7. Future Prospects

The reactions described above demonstrate ways in which CDs and particularly 
their modified forms may be regarded as enzyme mimics, which catalyse reactions
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and affect the regio- and stereo-chemical outcomes of those processes. The catalytic 
efficiency of the CDs reported to date is often modest, but with the techniques that are 
now available to obtain modified CDs of predetermined geometry (see Chapter 2), 
there is plenty of scope for the design and synthesis of even better catalysts. It is also 
possible to incorporate metal ions and multiple binding sites in the modified CDs, as 
is discussed in Chapters 5 and 6 , respectively. This provides opportunities to 
introduce new functionality and enhance molecular recognition. Together these 
aspects of CD chemistry hold great potential for the development of new catalysts for 
use in chemical processing.

R1

4.70

Scheme 4.13. Usual regioselectivity of cycloaddition reactions of nitrile oxides with monosubstituted 
alkenes and alkynes.

Significant advantages can be expected with CD-based catalysts when compared 
to their enzyme counterparts. They should be more robust and less susceptible to 
chemical and biological degradation. Perhaps even more importantly, they can be 
designed to induce tranformations for which there is no enzyme catalyst, and to bring 
about reactions which are entirely different to those which normally occur in free 
solution. The deployment of pCD as a purpose designed molecular scaffold for the 
reversal of the regioselectivity of nitrile oxide cycloadditions [78,79] illustrates the 
potential use of CDs in this area, although at this stage it has yet to be developed into 
a catalytic process. Nitrile oxides (1,3-dipoles) (4.68) undergo efficient [3+2] 
cycloadditions with alkynes and alkenes (dipolarophiles) to produce isoxazoles and 
4,5-dihydroisoxazoles, respectively [80]. When the dipolarophile is unsymmetrical 
the possibility of producing regioisomeric mixtures arises, but it is usually found that
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steric effects determine the regioselectivity so that the more crowded end of the 
dipolarophile becomes attached to the oxygen of the nitrile oxide. This is exemplified 
by terminal alkynes and alkenes affording predominantly 5-substituted isoxazoles 
4.69 and dihydroisoxazoles 4.70, respectively (Scheme 4.13). However, by attaching 
the dipolarophiles to PCD, the modified CDs then predetermine the regioselectivity of 
the cycloaddition reactions by controlling the relative orientations of the 
dipolarophiles and the nitrile oxides in the 1:1 complexes. This is illustrated by the 
reactions of the CD 4.71 with 4-ferf-butylbenzonitrile oxide 4.72a and 4-phenyl- 
benzonitrile oxide 4.72b (Scheme 4.14), which are summarised in Table 4.3. In 
water, where complexation of the nitrile oxides 4.72a and 4.72b by the CD 4.71 is 
favoured, the corresponding 4-substituted isoxazoles 4.73a and 4.73b are formed as 
the dominant products. In WV-dimethylformamide, where the CD complexes are less 
stable than those formed in water, the regioselectivity is reversed such that the 
reactions favour formation of the 5-substituted isoxazoles 4.74a and 4.74b, 
respectively. By comparison, the reactions of methyl propynoate and the nitrile 
oxides 4.72a and 4.72b in both water and A^dimethylformamide produce only the 
corresponding 5-substituted cycloaddition regioisomers. Thus, attachment of the 
dipolarophile to a CD reverses the regioselectivity of cycloaddition reactions with 
nitrile oxides in a predetermined manner.

о

4.71

a R = /-Bu 
b R = Fh

4.73 4.74

Scheme 4.14. Use of CDs to reverse the regioselectivity of nitrile oxide cycloaddition reactions.
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Table 43. Products of Reactions of the Modified PCD 4.71 with the Nitrile Oxides 4.72a and 
4.72b.

Nitrile Oxide Solvent Ratio of regioisomers Yield %

4.72a H20 4.73a:4.74a, 15:1 71

4.72a DMF 4.73a:4.74a, 1:1.5 86

4.72b H20 4.73b:4.74b, 5:1 100
4.72b DMF 4.73b:4.74b, 1:5 93

4.79

Fig. 4.5. The catalysis of reaction of (S)-phenylalanine 4.75 by PAL to ammonium ion and trans- 
cinnamate 4.78, and the sequestration of the latter as an aCD or a jJCD complex 4.79.

Alternatively, CDs may be used in conjunction with enzymes to improve the 
efficiency of reactions brought about by these catalysts. Substrate and product 
inhibition are important methods of biological control of enzymes but they limit the



Cyclodextrin Catalysts and Enzyme Mimics 129

utility of enzymes in vitro. However, CDs may be used to selectively complex either 
the substrate or the product of an enzyme catalysed reaction, thus reducing both the 
concentration of that species in solution and the associated enzyme inhibition. This 
has been clearly demonstrated with the enzyme (S)-phenylalanine ammonia lyase 
(PAL), which catalyses the elimination of ammonium ion from (S)-phenylaIanine 
4.75, proceeding through the (S)-phenylalanine complex 4.76 and the /ranj-cinnamate 
complex 4.77, to free rnms-cinnamate 4.78 and PAL, as shown in Fig. 4.5. As the 
/ra/w-cinnamate 4.78 builds up the equilibrium between 4.78 and PAL and 4.77 
moves to the right, thereby inhibiting the formation of the catalytic complex 4.76 and 
decreasing the catalytic effect of PAL. However, as aCD and (3CD complex trans- 
cinnamate 4.78 much more strongly than (S)-phenylalanine 4.75, the addition of 
either CD decreases this inhibiting formation of 4.77 by sequestering tawj-cinnamate 
4.77 as the aCD or |3CD complex 4.79 [81].
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CHAPTER 5 
MODIFIED CYCLODEXTRINS

METALLOCY CLODEXTRINS

5 .1 . Cyclodextrins, Metal Complexes and Metallocyclodextrins

Metallocyclodextrins (metalloCDs) may be viewed as coordination compounds or 
metal complexes in which a modified CD acts as a ligand. In some cases this 
modification may simply amount to one or more of the secondary hydroxy groups of 
a native CD losing a proton to produce an alkoxide which coordinates a metal ion to 
form the simplest type of metalloCD. However, the majority of metalloCDs are 
formed from functionalised or modified CDs which incorporate one or more metal ion 
coordinating groups of varying degrees of complexity. Before considering the 
multitude of such metalloCDs that have appeared in the literature, it should be noted 
that native CDs can form complexes where only secondary bonding exists between 
the CD host and the metal complex guest and some of these are now discussed.

Square-planar cyclobutane-l,l-dicarboxylatodiamineplatinum(II) and aCD form а 
1:1 complex in water where АГц = 6 0  kg mol-1, AH® = -25.3 kJ mol-1, and A5° = 
-42 J K*1 mol-1 as determined by microcalorimetry [1]. This complexation is also 
detected by *H NMR spectroscopy. In the solid state, X-ray crystallography shows 
cyclobutane-l,l-dicarboxylatodiamineplatinum(II) oriented with the cyclobutane ring 
protruding into the aCD annulus with its plane parallel to the aCD pseudo C$ axis 
[2]. The two amine ligands are singly hydrogen bonded to secondary 0(3)H groups of 
adjacent glucopyranose moieties so that Pt2+ is approximately in the plane of the six 
0(3) Hs. It is probable that the hydrophobic nature of the cyclobutane moiety makes 
a major contribution towards the stabilisation of this aCD complex in water. The 
cycloocta-l,5-diene (cod) ligands of square-planar cycloocta-l,5-dienediamine-

133
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rhodium(I), [Rh(NH3>2Cod], and cycloocta-l,5-diene-ethane-l,2-diaminerhodium(I), 
[Rh(en)cod], probably similarly stabilise the 1:1 complexes which they form with 
aCD in water. The latter complex is characterised by K \ \ = 520 kg m ol'1. Even 
so, the X-ray structure of aCD.[Rh(NH3)2Cod] shows that the cod penetration of the 
aCD annulus is shallow in the crystalline state [3]. Thus, cod is positioned centrally 
in the aC D  annulus with two carbons lying 0.88 A and 1.08 A below the mean 
plane of the twelve aCD secondary hydroxy groups and the bulk of [Rh(NH3)2Cod] 
rests outside the aCD annulus.

Sometimes more than one metal complex may associate with a CD. Thus, 
electron spin resonance studies are consistent with bis(2-pyridylcarbinolato)copper(II) 
forming a 1:1 complex with aCD, а 2:1 complex with 7CD, and complexes of both 
stoichiometries with PCD in frozen aqueous solution [4]. Circular dichroic studies at 
room temperature are also consistent with the complexation of bis(2 -pyridyl- 
carbinolato)copper(II) by aCD and 7CD in aqueous solution at room temperature.

The metalloCD A and Л diastereomers of (aCD or pCD)bis(ethane-l,2-diamino)- 
cobalt(IH), Д and A[Co(ocCD or PCD)(en)2]+, are formed when Co3+ coordinates to 
0 '(2 ) and 0 '(3) of a single glucopyranose unit of doubly deprotonated aCD and PCD 
under basic conditions [5]. Thus, the coordination of three bidentate ligands by 
octahedral Co3+ results in [Co(aCD)(en)2]+, where aCD acts as a bidentate ligand. 
This confers either A or A chirality on the metalloCD which, combined with the 
homochirality of the CDs, produces diastereomers as shown by the resulting d-d band 
circular dichroic spectra. A similar situation holds for A and A[Co(PCD)(en)2]+, and 
both diastereomers of each complex may be separated by fractional crystallisation. A 
similar mode of coordination applies in (aCD or PCD)( 1,4,7,10 -tetraazacyclodo- 
decane)cobalt(III), [Co(aCD or pCD)(cyclen)]+ whose circular dichroic spectra arise 
from the singular chiralities conferred by aCD or PCD.

The formal oxidation state of the cobalt centre can greatly influence the formation 
of metal complexes. Thus, the Co2+-centred cobaltacene and carboxycobaltacene are 
complexed by pCD with K \\  = 2.0 x 103 and 1.8 x 103 dm3 mol' 1 at 298.2 К in 
aqueous solution, but their oxidised Co3+-centred cobalticinium forms are not, 
probably because their increased positive charge decreases their hydrophobicity [6 ]. A 
similar explanation may apply to the anionic Fe2+-centred ferrocenecarboxylic acid 
PCD complex where K \\  = 2.2 x 103 dm3 mol' 1 at 293.2 К in aqueous solution at 
pH 9.2 (AH0 = -12 kJ m ol'1, AS0 = 21 J K '1 m ol'1, and dissociation constant к =
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2.1 x 104 s '1) while the neutral oxidised Fe3+ ferrociniumcarboxylic acid |3CD 
complex is not detected [7].

The complexation of deprotonated CDs by Cu2+ and Pb2+ in alkaline solution 
produces metalloCDs where more than one metal ion is bound per CD [8-12]. In the 
solid state, X-ray crystallography shows several such metalloCDs to consist of two 
CDs linked together through 0(2) and 0(3) atoms coordinated to metal ions. This 
linkage occurs in blue 1лз[1лз(Н20)зСиз(аС0Н_б)2] (5.1) where alternating Cu2+ 
and Li+ form a coordinating circle binding the secondary faces of two aCDH.g 
together as shown schematically in Fig. 5.1 [12]. (The formalism aCDH_6 indicates 
the loss of six hydroxy protons.) Hydrogen bonding between adjacent secondary 
hydroxy and alkoxy groups forms two hydrogen bonding circles. A similar structure 
is found for Na3[Na3Cu3(aCDH.6)2]. However, in K4 [Cu2(aCDH_4)2] and its Rb+ 
analogue two Cu2+ coordinated to the A and D glucopyranose moieties of both aCDs

aCD(l)

aCD(2)
5.1

7CD(2)
5.2

1CD(1)

Fig. 5.1. One repeating unit of [Li3(H2 0 >3Cu3(aCDH.6)2lLi3 is shown between the vertical broken 
lines of 5.1. Each Li+ has a H2O bound to it and pointing out from the annulus (not shown) so that the 
coordination stereochemistry of Li+ is midway between square pyramidal and trigonal bipyramidal. The 
coordination stereochemistry about Cu2+ is approximately tetrahedral. The three unbound Li+ are not 
shown. Two repeating units of [Pb^CifCDH.^^] incorporating equal numbers of Pb2+ in alternating 
sites are shown between the vertical broken lines of 5.2.
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and extensive hydrogen bonding holds the aCDH .4 secondary faces together. The K+ 
and Rb+ show little if any interaction with aC D  in these structures. In 
Li 11 [Cu4((5CDH. 11 5)2] four Cu2+ and seven Li+ coordinate 0(2) and 0(3) atoms to 
link two pC D H .ji 5 together through their secondary faces [9]. Two adjacent Li+ 
interpose between pairs of Cu2+ except in one case where a single Li+ interposes 
which is a consequence of pCD being composed of seven glucopyranose moieties.

The highest ratio of metal ions to CD is found in [P bi6(YCDH_i6)2 ] (^*2) 
whose structure is shown schematically in Fig. 5.1 [11]. The repeating units of 
[Pbi6(7CDH_i6)2] incorporate equal numbers of alternating Pb2+ sites. In one site 
Pb2+ is above a square array of two 0(2) and two 0(3) alkoxide groups and points 
outwards from the annulus, while in the other site Pb2+ is below a square array of 
two 0(2) and two 0(3) alkoxy groups and points inwards to the annulus with two 
0(1) atoms also in bonding distance. This results in a rather beautiful eight-pointed 
planar star-like array of Pb2+ which binds the two 7CDH .16 together through their 
secondary faces.

5 .2 . MetaUocyclodextrins of Modified Cyclodextrins

Most metalloCD studies concern the coordination of a metal ion by a modified 
CD to produce a binary metalloCD. Subsequently, a guest may be complexed in the 
CD annulus and may also be coordinated by the metal centre to give a ternary 
metalloCD as shown in Fig. 5.2. Under these circumstances an opportunity arises to 
study the effects of the metal centre and CD interactions on metalloCD stability and 
guest complexation. This is exemplified by the binary metallo-6A -(3 - 
aminopropylamino)-6A-deoxy-pCD, [M(PCDpn)]2+ and metallo-6A-(2 -(bis(2 - 
am inoethyl)am ino)ethylam ino)-6 A-deoxy-pCD, [M (pCDtren)]2+, and their 
complexation of tryptophan anion, Trp~, to form the ternary metalloCDs 
[M(pCDpn)Trp]+ and [M(PCDtren)Trp]+ [13-15]. The substitution of pCD at C(6 ) 
by -NH(CH2 )3N H 2 and -NH(CH2)2N((CH2)2NH2)2 results in strong M 2 + 
coordination in the binary metalloCDs (Table 5.1) which, nevertheless, is not as 
strong as that in [M(pn)]2+ and [M(tren)]2+ where pn is 1,3-diaminopropane and tren 
is tris(2-aminoethyl)amine [16]. This is probably a consequence of differences in the 
electron donating powers of the secondary amine groups in pCDpn and pCDtren and
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the primary amine groups in pn and tren and the greater steric hindrance to M2+ 
coordination caused by pCDpn and PCDtren. The greater stabilities of 
[M(PCDtren)]2+, by comparison with those of [M(pCDpn)]2+, result from the tetra- 
dentate nature of PCDtren. This increase in metalloCD stability as the number of 
donor atoms of similar type increases in the chelating group(s) substituted on CDs is 
consistent with expectations arising from coordination chemistry. This is well 
illustrated for Cu2+ where log(K/dm 3 m o l'1) = 7.35, 13.79 and 17.29 for 
[Cu(PCDpn)]2+, [Cu(PCDdien)]2+ and [Cu(pCDtren)]2+, respectively, where 
tridentate pCDdien is 6A-(5-amino-3-azapentyIamino)-6A-deoxy-pCD [14,15,17].) 
The variations of stability with the nature of M2+ for both binary metallocyclo
dextrins arise through a combination of M2+ size and ligand-field variations.

Fig. 5.2. The coordination of fSCDpn (5.3) by M2+ to form a binary metalloCD [M((3CDpn)]2+ (5.4) and 
subsequently a ternary metalloCD (5.5), [M(PCDpn)(5)-Trp]+ and [M(pCDpn)(/?)-Trp]+, through the 
complexing of either (5)- or (/?)-tryptophan anion. These anions may also be complexed by PCDpn to 
form either PCDpn.(5)-Trp" or PCDpn.(/?)-Trp* (5.6).
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Table 5.1. Stability Constants (K) for MetalloCDs of PCDpn and pCDtrenfl and Related Species.

Equilibrium М2+ and log(tf/dm3 mol’1)*

Со2+ Ni2+ Cu2+ Zn2+

M2+ + pn [M(pn)]2+ 6.31 9.75

M2+ + tren ■5S=i [M(tren)]2+ 12.7 14.6 18.5 14.5

M2+ + PCDpn —  [M(pCDpn)]2+ 4.22 5.2 7.35 4.96

M2+ + pCDtren —  [M(PCDtren)]2+ 11.65 17.29 12.25

M2+ +pCDpnH+ —  [M(pCDpnH)]3+ 2.5 3.1 3.09 3.0

M2+ + pCDtrenH+ —  [M(pCDtrenH)]3+ 8.46 11.56 7.92

M2+ + Тф- —  [М(Тф)]+ 4.41 5.42 8.11 4.90

[M(pCDpn)]2+ + (Д)-Тф' —  [М(рСОрп)(/?)-Тф]+ 4.04 4.1 7.85 5.3

[M(pCDpn)]2+ + (5)-Тф‘ —  [М(рСОрп)(5)-Тф]+ 4.32 5.1 8.09 5.3

[M(pCDtren)]2+ + (Л)-Тф' —  [М(рС01геп)(Л)-Тф]+ 8.2 9.5 8.1

[M(pCDtren)]2+ + (5)-Тф- —  [М(рС01геп)(5)-Тф]+ 8.1 9.4 8.3

[M(pCDtren)]2+ + (Л)-ТфН — 4.6 4.3

[M (pCDtren)(K)^H]2+
[M(pCDtren)]2+ + (5)-ТфН — 4.3 4.2

[М(рС01геп)(5)-ТфН]2+
[M(pCDtrenH)]3+ + (Л)-ТфН — 3.56 4.4 4.82

[М(рС01гепН)(Л)-ТфН]3+
[M(pCDtrenH)J3+ + (5)-ТфН — 3.6 4.4 4.96

[М(|*С1*гепН)(5)-ТфН]3+

Equilibrium not involving М2+ log(tf/dm3 то Г 1)

PCD + (Л)-Тф' —  рСО.(Л)-Тф' 2.33
pCD + (5)-Тф- —  рСО.(5)-Тф- 2.33
pCDpn + (Л)-Тф- —  pCDpn.(Я)-Тф' 3.41
PCDpn + (5)-Тф' PCDpn.(5)-Тф* 3.40
PCDtren + (Л)-Тф' pCDtren.(/?)-Тф" 6.36
PCDtren + (5)-Тф' PCDtren.(5)-Тф' 6.5

flCDpn is 6A-(3-aminopropylamino)-6A-deoxy-pCD and PCDtren is 6A-(2-(N.W-bis(2-aminoethyl)- 
amino)ethylamino)-6A-deoxy-pCD. ^n aqueous solution at 298.2 К and /  = 0.10 (NaClO^.
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The complexation of (/?)-Trp“ and (S)-Trp‘ by [Ni(pCDpn)]2+ shows a 10-fold 
chiral discrimination in favour of [Ni(pCDpn)(S)-Trp]+ over [Ni(pCDpn)(/?)-Trp]+ 
while the Co2+ and Cu2+ analogues show lesser discrimination, and the Zn2+ 
analogue shows none [13,14]. The influence of M2+ on chiral discrimination 
coincides with the variation in the ionic radii of six-coordinate Co2+, Ni2+, Cu2+ and 
Zn2+, which are 0.745, 0.69, 0.73 and 0.74 A, respectively, and the stereochemical 
constraints arising from ligand field effects in Co2+, Ni2+ and Cu2+. It is note
worthy that [Zn(pCDpn)(/?)-Trp]+ and [Zn(PCDpn)(S)-Trp]+ are of the same stability, 
while the analogous diastereomeric complexes of the other three metal ions differ in 
stability. This may indicate that the absence of ligand field generated stereochemical 
constraints on d 10 Zn2+ allows more flexibility in the structures adopted by 
[Zn(pCDpn)(/?)-Trp]+ and [Zn(pCDpn)(5)-Trp]+ and as a result enantioselectivity is 
negligible. In contrast, the d 9 electronic configuration for similar-sized Cu2+ 
imposes a tetragonally distorted octahedral stereochemistry. This probably places 
greater constraints on the interaction of the chiral centres of (tf)-Trp" and (S)-Trp' 
with the pCDpn moiety and decreases the stability of [Cu(PCDpn)(/?)-Trp]+ by 
comparison with that of [Cu(pCDpn)(S)-Trp]+. Similar arguments apply in the cases 
of (P Co2+ and dfi Ni2+ whose six-coordinate stereochemistries more closely 
approach regular octahedra. The greater enantioselectivity observed for Ni2+ may 
indicate that the size of the metal centre is important, and that a difference of 0.04 A 
can produce a substantial change in the degree of enantioselectivity. The major 
influence of M2+ in chiral discrimination in these systems is demonstrated by the 
lack of chiral discrimination in the PCDpn.(S)-Trp" and pCDpn.(/?)-Trp‘ complexes. 
Similar variations in chiral discrimination are seen in the analogous phenylalanine 
anion metalloCDs [18].

The major factors affecting the stability of the ternary metalloCDs appear to be: 
(i) the hydrophobic interactions between the interior of the PCD annulus and the 
guest, (ii) the coordination of the guest to the metal centre, and (iii) the interaction of 
the guest's chiral centre with the chirality of pCD. Significant thermodynamic chiral 
discrimination is only likely to occur when (iii) makes a significant and different 
contribution to the stabilities of the diastereomeric ternary metalloCDs for 
enantiomeric guests. Thus, the absence of chiral discrimination in [M(pCDtren)(/?)- 
Trp]+ and [M(pCDtren)(S)-Trp]+ is probably a consequence of factors (i) and (ii)
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dominating despite a considerable increase in stability over that of [M(pCDpn)(tf)- 
Trp]+ and [M(pCDpn)(S)-Trp]+

The effect of protonation of the guest is shown by [M(PCDtren)(/?)-TrpH]2+ 
where the monodentate tryptophan (TrpH) coordinates less strongly than bidentate 
Trp' in the more stable [M(pCDtren)(/?)-Trp]+. The [M(pCDpn)(tf)-TrpH]2+ species 
is not detected. This probably reflects the lower stability of [M (pCDpn)]2+ by 
comparison with that of [M(PCDtren)]2+ where the tetradentate tren substituent 
coordinates M2+ much more strongly than does the bidentate pn substituent.

The stabilities of pCDtren.(/?)-Trp" and pCDtren.(S)-Trp‘ are ca. 1000-fold greater 
than those of pCDpn.(Я)-Тгр' and pCDpn.(S)-Trp" which are ca. 10-fold greater than 
those for pCD.(/?)-Trp" and pCD.(S)-Trp' as is seen from Table 5.1. These variations 
are attributable to the interactions of the Trp' amino and carboxylate groups with the 
primary face of the pCD annulus such that Trp' egress is hindered more than ingress 
with the substitution of a polyamine at C(6 ). The stabilities of [M(pCDtren)(/?)- 
Trp]+ and [M(pCDtren)(S)-Trp]+ are greater than those of the analogous MTrp+ and 
pCDtren.Trp" consistent with the coordination of Trp' by M2+ and the interaction of 
Trp" with the pCD annulus being mutually reinforcing and stabilising [M(pCDtren)- 
(tf)-T rp]+ and [M (pC D tren)(5)-Trp]+. In contrast, while the stabilities of 
[M(pCDpn)(/?)-Trp]+ and [M(pCDpn)(S)-Trp]+ are greater than those of PCDpn .Trp", 
indicating the stabilising effect of coordination of Trp* by M2+, they more closely 
approach those of MTrp+ which is consistent with significant competition between 
the Trp" complexing effects of the pCD annulus and M2+ in these ternary 
metalloCDs [14].

The less labile Pt2+ is also coordinated by pCDpn to form c/,s-dichloro(6A-(3- 
aminopropylam ino)-6 A-deoxy-pCD)platinum(II) where square-planar Pt2+ is 
coordinated by two amine nitrogens and two chlorides [19]. The closely related cis- 
dichloro(6A,6B-diamino-6A,6B-dideoxy-PCD)platinum(U) [20], cis-dichloro(6A-(2- 
aminoethylamino)-6A-deoxy-pCD)platinum(II), aminodichloro(6A-amino-6A-deoxy- 
pCD)platinum(II) and the 7CD analogues of the latter two have also been reported 
[19,21]. These platinum(U) metalloCDs are analogues of the cisplatin anti-cancer 
drug, cis-[Pt(NH3>Cl2], but they have no significant anti-cancer activity probably 
because they do not penetrate the cell membrane.

MetalloCDs exhibit the usual forms of isomerism shown by other metal 
complexes. This is exemplified by [ReBr(CO)3(TMpCDbpy)], the Re+ metalloCDs
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of TMpCDbpy, where all of the PCD hydroxy groups are replaced by methoxy groups 
except one at C(6 ) which is linked through 0(6) to a bipyridyl moiety which chelates 
octahedral Re+ as shown in 5.7-5.10 [22]. Thus, 5.7 and 5.8, 5.9 and 5.10, 5.7 
and 5.10, and 5.8 and 5.9 are diastereomers, while 5.7 and 5.9 are rotamers, as are
5.8 and 5.10, which may interconvert by rotation about the linker between the 
bipyridyl moiety and the TMpCDbpy C(6 ). In practice, NMR spectroscopy 
shows resonances for only two diastereomers which probably indicates that 5.7 and
5.9 and 5.8 and 5.10 are in fast exchange in CDCI3 at 303.2 K. The link between 
0(6) and the main body of TMpCDbpy may either be extended [23] or two CD 
moieties may be attached to the bipyridyl coordinating group [24] as shown in 5.11 
and 5.12, respectively.

5.7 CO 5.8 Br

5.9 5.10

По

TMpCD

5.11 CO По

TMpCD O C ^  j ^ C O  TMpCD 

5.12 CO



142 Modified Cyclodextrins

The multiple substitution of CDs with metal ion coordinating groups is 
illustrated by 6A,646E-trideoxy-6A,6c ,6E-tris(2,3-dihydroxybenzamido)pentadeca-0- 
methyl-aCD 5.13 (where the three 6 B,6 ^  and methyl groups at 0(6) and the 
twelve at 0(2) and 0(3) are not shown). It has been synthesised to incorporate some 
characteristics of natural siderophores such as enterobactin, parabactin and agrobactin 
by coordinating Fe3+ and Al3+ while binding a guest in the aCD annulus [25]. All 
six phenol groups are thought to coordinate these metal ions consistent with the very 
large К и  = lO3  ̂ dm3 mol"1 characterising the coordination of Fe3+ by 5.13 in 
aqueous solution. This compares with an even greater value of ATn = 10^2 dm3 

mol' 1 for enterobactin. ^  NMR studies indicate that when Al3+ is coordinated by 
5.13, 4-nitrophenolate binds in the aCD  annulus. A related modification is seen
in 6A,6B,61-\6E-tetradeoxy-6A,6®,61-),6E-tetra(0 -nicotinyl)tetradeca-O-methyl-(xCD
which in dimethyl sulfoxide coordinates two cij-PtCl2 moieties through pairs of 
immediately adjacent nicontinyl nitrogens (5.14 where the two methyl groups at 
0(6) and the twelve at 0(2) and 0(3) are not shown) [26]. Molecular modelling 
shows both PtCl2 moieties of 5.14 to lie above and outside the CD rim as is also 
the case for CoCl2 and CuCl2 in its Co2+ and Cu2+ analogues [27].

5.13 5.14 a
•denotes the substituted glucopyranoses which are 
lettered sequentially around the ring

The CD modifications so far discussed and the many more which are discussed 
below are usually made with the intention of manipulating the interactions of the 
coordinated metal ion and a guest complexed in the CD annulus. These interactions
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result in major themes that pervade metalloCD chemistry. One arises from the 
homochiral nature of CDs and is the tendency for chiral discrimination to manifest 
itself in a variety of ways. Another arises from the close proximity of the metal 
centre and the hydrophobic guest-complexing cavity, a characteristic found in 
metalloenzymes, which has lead to extensive studies of the catalytic and biomimetic 
aspects of metalloCDs. These same characteristics have also led to the study of 
electron transfer and energy transfer between the metal centre and guest species. These 
aspects are now explored.

5 .3 . Metallocyclodextrins and Chiral Discrimination

Chiral discrimination in ternary metalloCDs is very dependent on the nature of the 
metal ion and the coordinating group. It also shows a considerable dependence on the 
nature of the chiral guest. Some of these aspects are illustrated by the complexation 
of amino acids by 6A-[2-(imidazol-4-yl)ethylamino]-6A-deoxy-pCDcopper(II), 
[Cu(PCDhm)]2+ [28], and its use as a chiral discriminating agent added to the mobile 
phase in LEC HPLC studies (LEC = ligand exchange chromatography) [29,30]. 
Thus, the (/?)-enantiomers of tyrosine, phenylalanine and tryptophan elute ahead of 
the (5)-enantiomers where the ratios of their elution rates, a  = 1.10, 1.12, and 1.23, 
respectively. This is attributed to the guest (fl)-amino acid anions forming more 
stable ternary metalloCDs because their aromatic moieties enter the pCD annulus of 
the ternary metalloCDs whereas those of the (S)-enantiomers do not, as is exemplified 
by [Cu(pCDhm)((/?)-Trp)]+ (5.15) and [Cu(pCDhm)((S)-Trp)]+ (5.16), respectively. 
This deduction is supported by circular dichroic spectroscopic solution studies which 
show a much stronger Cotton effect for the ternary metalloCDs formed with the 
aromatic (/?)-amino acid anions than for their (5)-diastereomers. It is also consistent 
with the structure of 5.16, determined by X-ray crystallography, where the 
tryptophan anion aromatic moiety is outside the pCD annulus [31]. The five- 
coordinate Cu2+ assumes a distorted square-pyramidal stereochemistry and is sited 
0.17 A above the basal plane of three nitrogen and an oxygen donor atoms with a 
water molecule (Cu- 0  distance = 2.35 A) occupying the fifth coordination site. It 
may be that Cu2+ in 5.15 also becomes five-coordinate through coordination of a 
water in an apical site.



144 Modified Cyclodextrins

In LEC HPLC studies, the amino acid anions participate in a partitioning 
equilibrium between the mobile aqueous phase and the non-aqueous stationary phase, 
while the binary and ternary metalloCDs are insoluble in the latter phase as shown in 
Fig. 5.3. The enantiomers which form the most stable ternary metalloCDs spend 
less time in contact with the HPLC column and elute first. However, the enanti
omers of the aliphatic amino acids alanine, proline, and leucine are not separated by 
this method which indicates the importance of the presence of an aromatic moiety in 
the guest to engender enantioselectivity through complexation in these systems.

(ад-Аа* + [Cu(0CDhm)]2+

[Cu(pCDhm)((*,S)-Aa)]+

Mobile
Phase

Fig. 5 3 . The principle of ligand exchange chromatography (LEC) HPLC where (R.S)-Aa' is an amino 
acid anion.

The potentiometrically determined log(|3/dm^ mol'2) values shown in parentheses 
for the (,S)- and (R)-amino acid anions, respectively, are: alanine (15.53 and 15.51), 
leucine (14.89 and 14.96), norvaline (14.80 and 14.87), phenylalanine (15.68 and 
15.85), tyrosine (14.82 and 15.22), tryptophan (16.12 and 16.47), and histidine

(ад-А а*

Stationary
Phase
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(16.78 and 16.70), where p = [Cu(PCDhm)(guest)+]([Cu2+][pCDhm][guest])'1 [30]. 
These data independently show that a more substantial selectivity for the (/?)- 
enantiomer over the (5)-enantiomer occurs for the aromatic amino acid anions than for 
the aliphatic amino acid anions.

In contrast to [Cu(pCDhm )]2+, LEC HPLC studies show that 6A-[4-(2- 
aminoethyl)imidazol-i-yl]-6A-deoxy-pCDcopper(II), [Cu(pCDmh)]2+, causes (S)-Trp“ 
to elute before (tf)-Trp" with an a  = 2.4 [32]. This reversal of chiral discrimination 
is attributed to the higher stability of the (S)-Trp' ternary metalloCD which is 
thought to complex the aromatic moiety of the guest inside the pCD annulus of 
[Cu(PCDmh)((S)-Trp)]+ (5.17), whereas that of its less stable (tf)-Trp- analogue, 
[C u(pC D m h)((/?)-Trp)]+ (5.18) does not. The greater enantioselectivity of 
[Cu(pCDm h)]2+ is attributed to 5.17 and 5.18 being more rigid than 5.15 and 
5.16 combined with the preference for the amino groups of the modified pCD and of 
the amino acid anion to coordinate Cu2+ in cis positions.

The subtle nature of chiral discrimination between guests is illustrated by two 
further metalloCD systems. The first example is 6A-(2-aminoethylamino)-6A-deoxy- 
pCDcopper(II), [Cu(pCDen)]2+, which shows no thermodynamic enantioselectivity 
for alanine, phenylalanine, and trytophan anions in forming ternary metalloCDs [33]. 
However, it does cause a partial LEC HPLC separation of tryptophan anions with the 
(S)-enantiomer eluting first, but no separation was observed for the anions of the
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other two amino acids. This is consistent with amplification of a small 
enantioselectivity by chromatography for tryptophan anion.

The second example is the three isomeric Cu2+ metalloCDs formed with 6A,6X- 
diamino-6A,6x -dideoxy-pCD, [Cu(PCD-A,X-(NH2)2)]2+, where X is either В, С or D 
[34]. The [Cu(pCD -A ,X -(N H 2)2)]2+ binary metalloCDs and their ternary 
metalloCDs with (R)- and (S)-alanine, phenylalanine, tyrosine and tryptophan anions 
have been characterised in solution by ESR and circular dichroic spectroscopy. It 
appears that the aromatic moieties of the guest amino acid anions can enter the PCD 
annulus of the ternary metalloCDs formed by [Cu(PCD-A,B-(NH2)2)]2+> but not the 
pCD annuli of those formed by the other two isomers because Cu2+ coordination of 
both amino groups of pCD-A,C-(NH2)2 and pCD-A,D-(NH2)2 blocks their primary 
faces. (Such bidentate coordination is observed in the X-ray crystal structure of cis- 
dichloro(6A-(2-aminoethylamino)-6A-deoxy-pCD)platinum(II) where Pt2+ is at the 
centre of a square plane delineated by the 6A- and 6B-amine groups and two chloride 
ligands [35]). In accord with this interpretation, the (tf)-enantiomers of the tyrosine, 
tryptophan and phenylalanine anions elute ahead of the (S)-enantiomers where the 
ratios of their elution rates, a  = 1.50, 1.06 and 1.18, respectively, when [Cu(pCD- 
A,B-(NH2)2)]2+ is in the mobile phase in LEC HPLC studies. Interestingly, no 
enantiomeric separation is observed for o- and m-hydroxyphenylalanine which 
indicates the critical role of the position of the OH groups of the guest in the chiral 
discrimination pattern. The aliphatic alanine and leucine anions are similarly not 
separated. When either [Cu(PCD-A,C-(NH2)2)]2+ or [Cu(pCD-A,D-(NH2)2)]2+ *s 
added to the mobile phase in LEC HPLC studies, no enantiomeric separation is 
observed.

Bearing some similarity to [Cu(PCD-A,C-(NH2)2)]2+, in its ability to coordinate 
Cu2+ through donor groups sited on two C(6) centres, is 6A6c -cyc/^-(L-histidyl-L- 
histidyl)-6A6G-dideoxy-pCD where the cyc/0 -L-histidyl-L-histidyl moiety links two 
C(6) sites across the primary face of PCD and coordinates Cu2+ through the imidazole 
nitrogens [36]. This, in turn, is related to 6A-cyc/o-(L-histidyl-L-histidyl)-6A-deoxy- 
pCD where the cyc/o-L-histidyl-L-histidyl moiety is bound at C(6 ) and also 
coordinates Cu2+ [37], and 6A-cyc/o-(L-histidyl-L-leucyl)-6A-deoxy-pCD where the 
cyclo-L-histidyl-L-leucyl moiety is likewise bound at C(6) [37,38].

The site of substitution of the coordinating group of a modified CD is important 
in the interaction of its metalloCDs with chiral guests. This is illustrated by the
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reaction of 6A-(2-aminoethylamino)-6A-deoxy-pCD with diethylenetriaminepenta- 
acetic dianhydride to produce a multidentate oxygen and nitrogen donor group which 
coordinates Dy3+ to give the binary metalloCD 5.19, and by an analogous reaction 
of 2A-(2 -a m in o e th y la m in o )-2 A-deoxy-pC D  which leads to 5.20 [39]. 
Dysprosium(III) possesses paramagnetic properties which induce large *H NMR 
chemical shift changes without significant broadening of the *H resonances of 
coordinated ligands. Its complexes are consequently used as NMR shift reagents, as 
are those of Eu3+. Because of the homochirality of the C(6)-substituted pCD, 5.19 
is a chiral shift reagent which significantly increases the NMR chemical shift 
differences for the enantiomers of aspartame, tryptophan, propranolol, and l-anilino-8- 
naphthalenesulfonate, compared with those observed in the presence of PCD alone. 
The corresponding C(2)-substituted metallo-pCD 5.20 induces a greater chemical 
shift difference than does 5.19. It appears that in both cases the enantiomeric guests 
complex with a major portion of their aromatic moieties inside the pCD annulus, and 
that either K \ \  for the ternary metalloCD formation is greater for 5.20 than for 
5.19 so that a greater proportion of the guest is complexed, or that the 
stereochemistry of the ternary metalloCD formed by 5.20 produces a greater Dy3+ 
induced change in chemical shift, or both.

5.19 5.20

5 .4 . Catalytic Metallocyclodextrins: Mono-Cyclodextrin Systems

As in many metalloenzymes, binary metalloCDs incorporate a metal centre in 
close proximity to a hydrophobic cavity capable of complexing a guest to form a 
ternary metalloCD which resembles a Michaelis metalloenzyme complex or
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holoenzyme-substrate complex. Accordingly, it is expected that metalloCDs will act 
as artificial enzymes or as metalloenzyme mimics to some extent [40-49]. It should 
be noted, however, that metalloenzymes have optimised their active site-substrate 
stereochemistry over millions of years, and it is to be expected that substantial 
misalignments may occur between the CD, the metal centre and the guest in ternary 
metalloCDs chosen as potential enzyme mimics, and that their catalytic activities and 
selectivities will be relatively low as a consequence. Nevertheless, increasingly 
sophisticated and selective metalloCD enzyme mimics have been studied over the past 
thirty years or so, particularly by Breslow and co-workers [41-43,49]. This 
sophistication has been achieved through the attachment of a wide range of metal 
coordinating groups to CDs, and increasingly through the linking of two or more 
CDs to metal coordinating groups. Accordingly, these metalloCDs conveniently fall 
into two classes: those incorporating a single CD and those incorporating two or 
more CDs, and it is with the first group that this discussion of catalytic metalloCDs 
begins.

The first reported catalysis by a metalloCD appears to be that of the hydrolysis of 
4-nitrophenyl acetate by the aCD-based Ni2+ metalloCD 5.21 [50]. Hydrolysis is 
accelerated > 1000-fold over the uncatalysed rate, and proceeds through acylation of 
the pyridinecarboxaldoxime ligand followed by deacylation of the resulting acetate. 
However, the catalysis by 5.21 is only 4-fold more effective than that caused by the 
pyridinecarboxaldoximenickel(II) complex. It appears that while the aCD annulus of
5.21 assists in the catalysis by complexing 4-nitrophenyl acetate in close proximity 
to the attacking pyridinecarboxaldoxime oxygen, either significant freedom of 
movement exists for 4-nitrophenyl acetate in the aCD annulus or the complex 
stereochemistry is not optimal for catalysis and that its catalytic effect is quite small.

The importance of the orientation of the metal centre and the guest in the ternary 
metalloCD is considerable as is shown by the > 1000-fold rate acceleration of the 
hydrolysis of 4-nitrophenyl acetate over the uncatalysed rate (ku = 1.3 x 10'^ s‘ *) 
caused by 6A-deoxy-6A-(l,4,7,10-tetraazadodec-l-yl)-pCDcobalt(III) (5.22), and the 
ca. one half less effective catalysis caused by 3A-deoxy-3A-(l,4,7,10-tetraazadodec-l- 
yl)-PCDcobalt(III) (5.23) at pH 7 [51,52]. The catalytic effectiveness of 5.22 is 
greatest at pH 7 coincident with deprotonation of a water ligand coordinated to Co3+ 
to produce the nucleophilic hydroxo ligand which attacks the carbonyl carbon of 4- 
nitrophenyl acetate. It appears that the lesser catalytic effectiveness of 5.23 may
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result from a less favourable orientation of the Co3+ complex moiety with respect to 
the 4-nitrophenyl acetate guest. (The catalytic activity of 5.23 is reported to be 
much decreased after column chromatography [52].)

5.21 5.22 5.23 5.24

The [Co(cyclen)(OH)(H2 0 )]2+ complex alone (where cyclen is 1,4,7,10-tetraaza- 
cyclododecane) has no catalytic effect, but 6A-deoxy-6A-(l,4,7,10-tetraazadodec-l-yl)- 
pCD causes an 8 .6 -fold hydrolysis rate acceleration under similar conditions. 
However, in the latter case it is a nitrogen of the 1,4,7,10-tetraazadodec-l-yl moiety 
which acts as the nucleophile and becomes acylated [52]. In contrast to 5.22, its 
Ni2+, Cu2+ and Zn2+ analogues cause only 16-, 14-, and 12-fold accelerations of 
hydrolysis of 4-nitrophenyl acetate at pH 7 which indicate the lesser effectiveness of 
these metal centres in this catalysis [53]. At higher pHs these divalent analogues of
5.22 become less effective and it may be that precipitation of the hydroxides of the 
divalent metal ions leave predominantly 6A-deoxy-6A-(l,4,7,10-tetraazadodec-l-yl)- 
|3CD in solution. Such precipitation of the hydroxides of labile transition metal ions 
is always a possibility in studies of their metalloCDs at high pH.

The hydrolysis of 4-nitrophenyl carbonate and 4-nitrophenyl phosphate is 
accelerated by factors of 2.9 x 103 and 3.7 x 103, respectively, in the presence of 
either 10"3 mol dm'3 5.22 or 5.23 compared with ku = 1.9 x 10'8 s"1 at pH = 7.0 
and 298.2 К [51]. However, [Co(cyclen)(OH)(H2C>)]2+ accelerates the hydrolysis of
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4-nitrophenyl phosphate about 20 times more than either of these metalloCDs which 
is attributed to 6A-deoxy-6A-(l,4 ,7 ,10-tetraazadodec-l-y l)-PC D  hindering 4- 
nitrophenyl phosphate coordination by Co3+ in the metalloCD. The hydrolysis of 4- 
nitrophenyldiphenyl phosphate in the presence of the Zn2+ metallo-pCD 5.24 shows 
Michaelis-Menten kinetics where fccat = 3.63 x 10'4 s"1 and Km  = 1.67 x 10"3 mol 
dm "3 at pH 8 in 20% acetonitrile aqueous phosphate buffer at 298.2 K. It is 
accelerated 7-fold by comparison with the catalysis caused by the complex where the 
modified PCD substituent is replaced by a methyl group in the tetraaza macrocycle 
[54]. In the ternary metalloCD where a phenyl group is complexed in the PCD 
annulus, Zn2+ appears to act as a bifunctional catalytic centre by simultaneously 
providing a nucleophilic hydroxo ligand to attack the phosphorus centre and 
coordinating a phosphate oxygen. While the hydroxo ligand is not shown in 5.24, 
the coordination number of Zn2+ commonly ranges from four to six, so the 
likelihood of Zn2+ assuming a coordination number of six in the ternary metalloCD 
catalytic intermediate is reasonable.

In a related study, the hydrolysis rates of the 2',3'-cyclic monophosphates of 
adenosine, guanosine, cytosine and uridine are accelerated 23-, 28-, 3 .5- and 9 .6-fold at
293.2 К and pH 9.5 in the presence of 10"2 mol dm"3 of the Zn2+ metalloCD 5.25 
formed by pCD substituted by diethylenetriamine at C(6 ), pCDdien [55]. This 
variation is consistent with the purine residues of the first two 2 ',3 '-cyclic 
monophosphates complexing more strongly in the PCD annulus and aiding the 
formation of stable ternary metalloCDs more than the pyrimidine residues of the 
second two. At pH 9.5, the most probable structure of the binary metalloCD 5.25 
is shown with four-coordinate Zn2+ coordinating a hydroxo ligand which acts as the 
nucleophile. It is probable that Zn2+ expands its coordination number to five to 
coordinate the ribonucleoside 2',3'-cyclic phosphate guests thereby increasing the 
stability of the catalytic ternary metalloCD. Smaller rate accelerations occur for the 
hydrolysis of ribonucleotide dimers in the presence of 5.25. The high stabilities of a 
range of ground state ternary metalloCDs formed by 5.25 have been attributed to 
Zn2+ coordination of the guest [56]. Thus, for the complexing of adamantan-2 -one-l- 
carboxylate by PCD and 5.25 K u  = 8.3 x 102 and 2.8 x 105 dm3 mol"1, 
respectively, in aqueous solution at 298.2 K. The analogous values for complexing 
adamantan-1-carboxylate are 2.3 x 102 and 5.3 x 103 dm3 mol"1, respectively, and
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for complexing 4-nitrophenoxide are 4.8 x 102 and 1.2 x 103 dm3 mol-1, which 
illustrate the variability of ternary metalloCD stability with the nature of the guest.

The ternary metalloCD 5.26 is thought to form when Zn2+ is coordinated by 
6A,6^-bis[2-(4-imidazolyl)ethylamino]-6A,6^-dideoxypCD (ACpCDdihm) in 
imidazole buffer at pH 7. It resembles the active site of carbonic anhydrase where 
Zn2+ is coordinated by three imidazoles at the base of a cavity formed by the protein 
[57,58]. For CC>2 hydration, 5.26 is > 3 more effective as a catalyst than is Zn2+ 
alone, but is much less effective than carbonic anhydrase. Although there is evidence 
for the turnover of 5.26, the formation of a carbamate by bis(histamino)-PCD 
steadily decreases the concentration of 5.26 as the reaction proceeds. The dehydration 
of HCO3" is not catalysed by 5.26 probably because HCO3" coordinates to Zn2+ too 
strongly.

12+

More recently, the 6A,6B-bis[2-(4-imidazolyl)ethylamino]-6A,6B-dideoxyPCD 
regioisomer (ABpCDdihm) has been shown to coordinate Cu2+ in aqueous 0.1 mol 
dm '3 KNO3 at 298.2 К with K \ \ = 1.3 x 1010 dm3 mol’1, a high value attributable 
to the coordination of Cu2+ by four nitrogens [59,60]. The corresponding values for 
the mono- and diprotonated analogues are 4.2 x 107 dm3 mol’ 1 and 1.5 x 105 dm3 
mol-1, respectively, which reflect the inability of the protonated nitrogen donor atoms 
to coordinate. 6A,6B-Bis[2-(4-imidazolyl)ethylamino]-6A,6B-dideoxypCDcopper(II) 
([Cu(ABpCDdihm)]2+) shows substantial superoxide dismutase activity probably
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because the four donor nitrogens provide a coordination sphere midway between the 
square-planar stereochemistry favoured by Cu2+ and the tetrahedral stereochemistry 
preferred by Cu+ in the reduced intermediate form of the metalloCD catalysing the 
superoxide dismutation:

202- + 2H+ —  - 0 2 + H20 2

The order of catalytic effectiveness is: [Cu(ABpCDdihm)]2+ > [Cu(ACpCDdihm)]2+ 
> [Cu(ADpCDdihm)]2+ which corresponds to a decreasing tendency towards tetra
hedral stereochemistry and the ability to stabilise Cu+ in the same order [60,61].

The formation of a ternary metalloCD does not necessarily ensure that reaction of 
the guest will be catalysed to a greater extent than the catalysis caused by an 
independent component of the precursor binary metalloCD. A combination of the 
effects of coordination of the guest by the metal centre and complexing of the guest in 
the CD annulus causes the relative catalytic effectiveness of the metalloCD (and the 
modified CD from which it is formed) to vary substantially with the nature of the 
guest. Thus, 3A-deoxy-3A-((6-hydroxymethylpyridin-2-yl)methylthio)PCDcopper(II), 
where PCD is substituted at C(3) with a 6 -hydroxymethylpyridin-2 -yl)methylthiyl 
group (5.27), accelerates the hydrolysis of the 4-nitrophenyl esters of picolinic acid, 
quinaldic acid and its 6-phenyl derivative through a nucleophilic attack of the hydroxy 
group of the pyridine based substituent which also coordinates Cu2+ in 5.27 [62]. 
However, it is less effective than is 2-hydroxymethyl-6-methylthiomethylpyridine- 
copper(II) which is identical to 5.27 except that the PCD moiety is replaced by a 
methyl group. This shows that there is no cooperative catalytic effect of coordination 
of the guest by Cu2+ and its complexing in the pCD annulus in 5.27, possibly 
because of a misalignment of the guest in the ternary metalloCD.

Sometimes a binary metalloCD and its dimer are formed where the Mm+:CD 
ratios are 1:1 and 1:2 when Mm+ coordinates one or two modified CDs, respectively. 
Thus, 5.28 (pCDen) forms both [Cu(PCDen)]2+ and [Cu(pCDen)2]2+ at pH 10.5, 
and the latter accelerates the oxidation of furoin to furil by 20-fold (*cat = 1.8 x  10-2 
s 1 and K \ 1 1 = 2.6 x 10"3 mol dm-3) over the uncatalysed rate (ku = 9.5 x  
10"4 s *), whereas PCDen does not [63]. Michaelis-Menten kinetics are observed and 
this is attributed to the complexing of furoin simultaneously in both pCD annuli of 
[Cu(PCDen)2]2+ stabilising the furoin derived enolate anion which may coordinate to
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the Cu2+ centre. It appears that Cu2+ may be able to act as an oxidant in addition to
O2. Michaelis-Menten kinetics are also observed for the hydrolysis of 4-nitrophenyl 
benzoate and 4-nitrophenyl acetate catalysed by pCDen, [Cu(PCDen)]2+ and 
[Cu(PCDen)2]2+ as shown by the data in Table 5.2 [64]. However, a change in the 
nature of the guest substantially changes the order of catalytic efficiency within the 
ternary metalloCD as indicated by kca{/ku which increases in the sequence: PCDen < 
[Cu(pCDen)2]2+ < [Cu(pCDen)]2+ for 4-nitrophenyl benzoate but in the sequence 
[Cu(pCDen)]2+ < [Cu(PCDen)2]2+ < pCDen for 4-nitrophenyl acetate. This 
probably results from changes in the proximity of the guest carbonyl carbon to the 
nucleophile which is an amine group for PCDen and a hydroxo ligand for 
[Cu(PCDen)]2+ and [Cu(PCDen)2]2+. While the variation of Am for pCDen reflects 
changes in interactions between this catalyst and the guest alone, the overall variation 
of Am reflects variations in the competing interactions of the pCD annulus and Cu2+ 
with the two guests.

Table 5.2. Parameters for Ester Hydrolysis in Aqueous Solution.0

Catalyst Guest *cat
s'1

*cat^4i
mol dm'3

none 4-nitrophenyl benzoate 0.002 = *u (deduced from [64])

pCDen 4-nitrophenyl benzoate 0.038 19 0.00261

[Cu(pCDen)]2+ 4-nitrophenyl benzoate 0.0755 38 0.00662
[Cu(pCDen)2]2+ 4-nitrophenyl benzoate 0.059 30 0.00155

none 4-nitrophenyl acetate 0.0057 = ka (deduced from [64])

PCDen 4-nitrophenyl acetate 0.453 80 0.0145

[Cu(pCDen)]2+ 4-nitrophenyl acetate 0.129 23 0.0092

[Cu(pCDen)2]2+ 4-nitrophenyl acetate 0.219 38 0.00425

flAt pH 10.7 and 298.2 K. Data from Lineweaver-Burk plots.

In another catalysed redox system, thioanisole is oxidised to phenylmethyl 
sulfoxide by hydrogen peroxide in the presence of the binary metalloCD thought to be 
formed by oxodiperoxomolybdate, MoO(02)2" and 5.28-5.31 to give a substantial 
excess of (/?)-phenylmethyl sulfoxide as seen from Table 5.3 [65]. In the presence of 
hydrogen peroxide, MoO(C>2)2" and pCD, racemic phenylmethyl sulfoxide is produced
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which indicates that the coordination of МоО(С>2)22" by 5.28-5.31 is important in 
forming the ternary metalloCD with thioanisole and the enantioselective oxidation 
which results. The effect of isomerism is seen in differing enantioselectivities of 6A- 
(2-aminoethyl)amino-6A-deoxy-pCD 5.28 and its 3A isomer 5.29 where the latter 
produces a lesser enantioselectivity. This is probably because the wider secondary 
face of the MoO(C)2)22‘ ternary metalloCD results in a looser fit of the thioanisole 
guest. The lower enantioselectivies engendered by 5.30 and 5.31, by comparison 
with that of 5.28, may result from their bulkier substituents hindering access to the 
pCD annulus.

OH NH

5.28 5.29 530 531

Table 53. Enantioselective Oxidation of Thioanisole by Hydrogen Peroxide in the Presence 
of Mo0 (02)2_ and Modified CDs.0

CD % Yield ofPhS(0)CH3 % Excess of (*)-PhS(0)CH3

PCD 69 0
5.28 91 59
5.29 90 17
530 76 24
531 89 20

°Reaction of thioanisole suspensions in HEPES buffer at pH 7 and 293.5 K.
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The most highly charged metal ion studied in metalloCD catalysis is Ce4* which, 
in the presence of 7CD, acts as an effective peptidase for di- and tri-peptides in neutral 
aqueous solution [66]. Apart from solubilising Ce4+, the nature of the interaction 
between Ce4+ and 7CD is unclear, but presumably some degree of complexation of 
the catalytic Ce4+-peptide complex occurs. It is possible that the highly charged 
Ce4+ may sufficiently polarise a secondary hydroxy group of 7CD to produce an 
alkoxide and coordination similar to that discussed in section 5.1.

5 .5 . Catalytic Organometallocyclodextrins: Mono-Cyclodextrin 
System s

Organometallic compounds generally incorporate metals in their lower oxidation 
states so that the metal centre acts as a soft acid, is coordinated by soft base donor 
atoms, and tends to catalyse reactions at soft base centres in organic molecules. A 
fascinating example of this is provided by the selective complexation, phase transfer 
and catalytic hydrogenation and hydroformylation of alkenes in the presence of the 
pCD-based Rh+ metalloCD catalysts 5.32-5.36 (cod = 1,5-cyclooctadiene) [67]. 
Hydrogenation of an equimolar mixture of the alkenes 5.38 and 5.39 to 10% 
conversion in N,N-dimethylformamide in the presence of the control catalyst 
[P h N (C H 2 P P h 2 )2 R h (co d )]+ 5.37 produces an equimolar mixture of the 
corresponding product alkanes 5.40 and 5.41. The same reaction in the presence of 
the catalysts 5.32-5.36 gives predominantly 5.40, as shown in Table 5.4. This is 
attributed to preferential complexing of the phenyl group of 5.38 in the pC D 
annulus. This predominance of the 5.40 product increases through the interplay of 
preferential complexing, Rh+ catalysis and phase transfer catalysis in a two-phase 
system where the organic phase is A^N-dimethylformamide and the aqueous phase is 
30% A^N-dimethylformamide and 70% water, and appears to operate as shown in Fig.
5.4 Thus, 5.33 has a water soluble pCD component and an organic phase soluble 
Rh+ organometallic component which allows it to operate as a phase transfer agent at 
the phase interface. The organic phase soluble alkene enters the hydrophobic interior 
of the pCD annulus where Rh+ catalysed hydrogenation occurs to produce the 
corresponding alkane.
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Table 5.4. Selectivity for Hydrogenation of the Alkenes 538  and 5 3 9 .fl

Catalyst^ Product ratio 5.40/5.41 Catalyst^ Product ratio 5.40/5.41

537 5(У50 535 66/34
532 68/32 53 2 c 82/18
533 74/26 53 3 c 81/19
534 71/29 5 3 6 c 87/13

°At 1 Atm H2 in A/,A/-dimethylformamide at 295.2 K. ^0.5 mol% catalyst. cWhere the organic 
phase is N*A/-dimethylformamide and the aqueous phase is 30% A^N-dimethylforrnamide and 70% 
water.
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_  Ph

Rh(cod)

Organic phase

~  »  “l + 
" p^  Rh(cod)

533 Aqueous phase

Fig. 5.4. Phase transfer and selective catalysis of alkene hydrogenation. The organic phase is N,N- 
dimethylformamide and the aqueous phase is 30% W.W-dimethylformamide and 70% water.
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The hydroformylation reaction of the alkene 5.42 with CO and H2 (100 bar and 
350 K) in a two phase alkene: 30% N,N-dimethylformamide and 70% water system 
with 0.03 mol % of catalyst 5.33 results in a quantitative conversion with 76% 
regioselectivity in favour of 5.43 over 5.44, and a turnover of 3172. This indicates 
that 5.33 is > 150 times more efficient than is the conventional Rh+ catalyst, and 
demonstrates the effect of complexation of 5.42 in the pCD annulus of 5.33.

Fig. 5.5. Rhodium(I) catalysed hydroformylation of dec-l-ene 5.45 in a two phase undecane/water 
system where DM^CD (5.46 where the 7 C(2) and 7 C(6) methoxy groups are not shown) acts as an 
inverse phase transfer catalyst.

A different approach to catalysing reactions of water-insoluble long chain alkenes 
involves transfer of dec-l-ene 5.45 from the organic phase (dec-l-ene/undecane in 
20/1 mol ratio) by DMpCD 5.46 acting as an inverse phase transfer catalyst in the
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complex 5.47 to the aqueous phase where hydroformylation at 50 Atm of CO2/H2 
and 350.2 К is catalysed by [Rh(acac)(C0 2 )2]/P(w-C6H4S0 3 Na)3 as shown in Fig.
5.5 [68]. This results in a 95% yield of the complexed 1- and л-aldehydes 5.48 and 
5.49 which transfer to the organic phase in a 9:1 5.50:5.51 ratio. The 5% side 
products are mainly dec-2-ene, dec-3-ene and dec-4-ene. While some other water 
soluble modified CDs are quite effective as phase transfer catalysts, DMpCD has 
proven to the most effective of those so far tried [68-71]. The relative ineffectiveness 
of pCD is attributable to its poor organic-phase solubility. The oxidation of other 
olefins (C8-C16) to the corresponding ketones is also greatly enhanced (90% yields 
under oxygen at 353.2 K) through the use of DMPCD as the inverse phase transfer 
catalyst in a similar two-phase system where PdS0 4 /H9PV6Mo6 0 4 o/CuS0 4  is the 
composite water soluble catalyst [72,73].

Due to the soft base nature of phosphorus donor atoms, CDs substituted with 
phosphine groups coordinate soft acid metals and represent a class of 
organometalloCDs which participate in different catalyses from those of the borderline 
hard to hard acid first row transition metal ions. This is illustrated by the catalysed 
hydrogenation and hydroformylation reactions discussed above. Nevertheless, only a 
few phosphine based metalloCDs, in addition to 5.32-5.36, have been prepared and 
these are exemplified by pCD-based 5.52 and DMpCD-based 5.53 (methoxy groups 
at C(2) and C(6) are not shown), neither of which appear to have been deployed in 
catalytic studies. Thus, 5.52 incorporates a norbornadiene Rh+ moiety bound 
through sulfur to a C(6) of PCD [74], and 5.53 has a ferrocenyl bisdiphenyl- 
phosphine moiety bound to DMpCD through an 0(3) [75]. In the latter case, Pd2+ 
coordinates to the diphenylphosphine groups to form an organometalloCD which 
appears to aggregate in water.
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The ferrocenyl group itself plays an important mediating role in the 
electrochemical conversion of benzyl alcohol to benzaldehyde in acetonitrile as 
proposed in Fig. 5.6 [76]. The lipophilic organometalloCD 5.54 has one ferrocenyl 
group appended at the primary face of (JCD where all of the remaining twenty hydroxy 
groups are acetylated. Electrochemical oxidation of the ferrocenyl moiety to 
fenocinmm ion causes the latter to move out of the pCD annulus to form 5-55 as 
indicated by circular dichroic spectroscopy. Complexation of benzyl alcohol in 5.56 
and electron transfer produces 5.57 with the completion of the electrochemical cycle 
to give benzaldehyde. Thus, after 12 hours electrolysis time, 36.8# of the benzyl 
afcefcet s  converted to benzaldehyde with a turnover of 22.2 in the presence of 5.54 
ССШ112 ею! dm*^, benzyl alcohol 0.337 mol dm'-3). In the presence of 
iaafe?ffesroceee carbonate (0.0118 mol dm'3, benzyl alcohol 0381 mol dm '3) only 

»  cocverted to benzaldehyde after 24 hours electrolysis time, and addition of 
23.6-0-acetyl}-fiCD only increases this yield to 0.919t over 24 hours. This 
азе importance of the complexation of benzyl alcohol by 5.54 in mediating 

ffihe ©ie^LTOcbemical oxidation. A s i m i l a r  situation prevails in the analogous oxidation 
©f 1-iacMrrimesfaanol to 1-naphthaldehyde.

Fig. 5.6. The electrochemical redox cycle for the organometalloCD mediated oxidation o f benzyl 
alcohol to benzaldehyde in acetonitrile.
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The parallel orientation of the ferrocenyl axis with that of the pCD annulus in 
5.54 shown in Fig. 5.6 is also the orientation observed in its analogues where the 
ferrocene carboxylate moiety is either bound directly to C(6) of pCD (5.58) or 
through a trimethylene link (5.59), as shown by circular dichroic spectroscopy [77]. 
When the annulus is enlarged there is an opportunity for this orientation to change 
and, although it has not proven possible to determine the orientation in the 7CD
5.60, it does change to an orientation where the ferrocenyl axis is at 90° to the yCD 
axis in 5.61. The impact of the intramolecular complexation of the ferrocenyl 
moiety on the formation of ternary organometalloCDs is considerable. Thus, in 20% 
ethylene glycol aqueous solution at 298.2 K, K\ \ for the complexation of adamantan-
l-ol is 1.45 x 104, 2.88 x 103 and 4.05 x 102 dm3 mol*1 for PCD, 5.58 and 5.59, 
respectively, are consistent with the complexation of adamantan-l-ol being 
progressively impeded as the ferrocenyl moiety penetrates deeper into the pCD 
annulus. The analogous K \ \ -  5.16 x 103, 2.23 x 102 and 1.72 x 102 dm3 mol' 1 
for yCD, 5.60 and 5.61, respectively, consistent with a similar interpretation but 
reflecting the looser fit of the yCD annulus to adamantan-l-ol. Similar variations in 
#11  are found for the complexation of /-bomeol, cyclododecanol, /-menthol and 
cyclohexanol.

558 n = 0 BCD 5.59 n = 3 P0 0
5.60 n -  0
5.61 n = 3 ^

5.6. Catalytic Metallocyclodextrins: Multi-Cyclodextrin Systems

Breslow and co-workers have made extensive studies of the metalloCD 5.62, 
where two PCDs are linked by a metallobipyridyl group, and its complexation and 
catalytic hydrolysis of a range of guest species exemplified by 5.63-5.70
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[49,78,79]. In the absence of M2+, the complexation of bis(indol-3-ylethyl)- 
carbonate, bis(indol-3-ylethyl)phosphate and bis(adamant-l-ylethyl)phosphate 5.63- 
5.65 [78] in 1:1 complexes by the linked pCD dimer 5.62 is characterised by K \ i = 
1.43 x 10*\ 1.00 x 106 and 2.05 x 10^ dm3 mol-1, respectively, at pH 7 in aqueous 
solution at 298.2 K. These high complex stabilities are attributable to the ditopic 
guests being complexed by both PCD annuli, and that of 5.65 in particular is further 
enhanced by the strong complexation of its adamantyl moieties. When M2+ = Zn2+, 
^11 = 7.70 x 106, 5.47 x 10  ̂ and 1.02 x 10^ dm3 mol"1, respectively, for the 
ternary metalloCDs formed by 5.63-5.65. Thus, the presence of the Zn2+ centre 
increases K \\  by 5, 55 and 50-fold, respectively, consistent with guest coordination 
by Zn2+. The greater increase for the two phosphates is thought to reflect the 
dissociation of the phosphate proton and the tetrahedral coordination of the resulting 
anion by Zn2+, while possibly only one carbonate oxygen is available for 
coordination of 5.63. The increases in the strength of complexation of 5.64 and 
5.65 in the presence of Zn2+ is similar to that expected of a metalloenzyme where 
substrate complexation in the transition state is stronger than in the ground state.
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Such complexation of phosphate diesters is sometimes considered analogous to that 
in the tetrahedral transition states for ester and amide hydrolysis in enzymatic 
systems. Thus, it is anticipated that when M2+ = Zn2+ 5.62 should act as a catalyst 
for ester hydrolysis, and this is found to be so not only for Zn2+ but also for other 
metal ions.

The variation of the observed rate constant, k0bs, for the 5.62 (M2+ = Cu2+) 
catalysed ester hydrolysis of 4-nitrophenyl 3-indolepropionate 5.66 in the pH range
6.5 to 9.0 in aqueous 10"2 mol dm‘3 HEPES buffer is given by:

*obs = кКлК \\(К Л + [H+])‘ l

where PK3 = 7.15, = 7.0 x 104 dm3 m ol'1 and * = 2.05 x 10’4 s '1 at 310.2 К 
in aqueous solution [79]. (АГц"1 = АГм = 1.4 x 10'5 mol dm"3, the Michaelis 
constant for the equilibrium between 5.71, 5.66 and 5.72.) This is consistent with 
the mechanism shown in Fig. 5.7. The dissociation of a proton from Cu2 + 
coordinated water in 5.62 produces the hydroxo ligand nucleophile in 5.71 which

Table 5.5. Ester Hydrolysis Catalysed by 5.62 (M2+ = Cu2+).fl

Guest ester pH *obs
S'1

k b 
s*1

^obs^u

5.66 7.0 5.49 x  10^ 3.00 x 10*8 18300

5.66 8.0 1.04 x lO '3 1.00 x 10*3 10400

5.67е 8.0 1.35 x 10-4 1.50 x 10*7 900

5.68е 8.0 1.74 xlO *4 1.00 x lO *7 1740

5.69 7.0 6.67 x 10*3 3.00 xlO *8 225000

5.69 8.0 1.20 xlO *2 1.80 x lO *7 66700
5.70 8.0 9.61 x 10*5 1.42 x 10*5 7

°In aqueous 10*2 mol dm'3 HEPES buffer at 310.2 K. All solutions are 1.0 x 10*4 mol dm'3 in 5.62 
(no M2+), 2.0 x  10'4 mol dm'3 in CuCl2 and 6.0 x 10'4 mol dm'3 in guest ester. bRate constant 
observed in the absence of 5.62 and Cu2+. cIn 60% aqueous 10*2 mol dm'3 HEPES buffer 40% 
dimethyl sulfoxide solution.
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attacks the carbonyl carbon in the Michaelis-like complex 5.72. Simultaneously 
Cu2+ coordinates the carbonyl oxygen of 5.66 whose aromatic moieties are bound in 
the PCD annuli. At pH 7.0 and 8.0, k 0 bs = 5.49 x 10"4 s '1 and 1.04 x 10'3 s’1, 
respectively, which represents 1.83 x 104- and 1.04 x 104-fold increases over ku . 

This indicates the great gain in catalytic effect achieved through the careful design of
5.62 to strongly complex and accurately position 5.66 for nucleophilic attack by 
the Cu2+ coordinated hydroxo nucleophile. At least 50 turnovers occur for the 
catalysis of the hydrolysis of 5.66 and 5.69 by 5.62 when M2+ = Cu2+. (Much 
smaller catalytic effects occur in the presence of either Cu2+ or (3CD alone or 5.62 in 
the absence of Cu2+.)

Table 5.6. Ester Hydrolysis Catalysed by 5.63 and 5.73 .a

M11» Catalyst Guest ester *obs
s'1

^obs^u

none none 5.66 3.00 x 10*8 (*u)fr 1
Ni2+ 5.62 5.66 3.00 x 10*4 10000
Cu2+ 5.62 5.66 5.50 x  10-4 18300
Ni2+ 5.73 5.66 1.77 x 10‘3 59000
Cu2+ 5.73 5.66 2.70 x lO ’4 900
Co2+ 5.73 5.66 1.40 x 10-4 4700
Zn2+ 5.73 5.66 8.89 x 10'3 300000
Tb2+ 5.73 5.66 5.5 x lO"4 18000
Eu2+ 5.73 5.66 6.2 x lO *4 21000
none none 5.69 3.00 x 10‘8 (ku)b 1
Cu2+ 5.62 5.69 6.8 x 10'3 220000
Zn2+ 5.62 5.69 1.2 x lO '3 40000
Zn2+ 5.73 5.69 5.12 x 10'2 1700000
Ni2+ 5.73 5.69 1.12 x 10'2 371000

"In aqueous 10'2 mol dm’3 HEPES buffer at pH 7 and 310.2 K. All solutions are 1.0 x 10'4 mol 
dm*3 in 5.62 or 5.73 (no Mm+), 1.0 x 10*3 mol dm'3 in Mm+ and 6.0 x 10’4 mol dm*3 in guest 
ester. ^Rate constant observed in the absence of 5.62 or 5.73 and Mm+.
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Fig. 5.7. The mechanism proposed for the 5.62 catalysed ester hydrolysis of 4-nitrophenyl indol-3- 
ylpropionate 5.66.

The increase in ester hydrolysis rate varies substantially with the nature of the 
ester as is seen from Table 5.5. Ester 5.69 shows the greatest rate acceleration 
which may reflect the anticipated greater ЛГц arising from the very strongly 
complexing adamantyl group. This is also seen for the formation of the ternary 
metalloCD between 5.62 (M2+ = Zn2+) and 5.65. The small acceleration observed 
for 4-nitrophenyl acetate 5.70, which has only one coordinating group, probably
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Fig. 5.8. Probable mechanism for catalysis of hydrolysis of 5.69 by 5.73 (M2+ = Zn2+).

arises from a relatively low The poor solubility of 5.67 and 5.68 necessitates 
the use of aqueous 40% dimethyl sulfoxide solutions and is lowered as a 
consequence.

The effectiveness of 5.62 as a catalyst varies with the nature of Mm+ as is seen 
from Table 5.6 where Cu2+ is a more effective catalytic centre for the hydrolysis of
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ester 5.66 than is Ni2+, and Cu2+ is a more effective catalytic centre for ester 5.69 
than is Zn2+. However, this may change with the occupancy of the first coordination 
sphere of Mm+. Such a change occurs when 5.62 coordinates the additional ligand,
2-pyridinecarbaldehyde oxime, to form 5.73 shown in Fig. 5.8. The catalysis of 
ester hydrolysis by 5.73 appears to occur through the quaternary metalloCD 
Michaelis-like intermediate 5.74, where the additional ligand, 2-pyridinecarbaldehyde 
oxime, participates in the ester hydrolysis mechanism (Fig. 5.8). Thus, for the 
hydrolysis of 5.66 in the presence of 5.62 Cu2+ is a more effective centre than is 
N i2+, but this order of effectiveness is reversed for 5.73. This may reflect the 
differing ligand field restraints placed on these ions by their different d orbital 
occupancies, and may partly explain why Zn2+, which experiences no such 
constraints, is the most effective metal centre for 5.73. To some extent this is borne 
out by the large catalytic effect of 5.73 with a Zn2+ centre in the hydrolysis of 5.69 
(Table 5.6). An increase in the effectiveness of a metal centre in 5.73 over 5.62 is 
consistent with the ground state ternary metalloCD 5.74 more closely approaching 
the entatic state for ester hydrolysis.

Another example of a quaternary metalloCD being involved in catalysis is 
provided by the hydrolysis of bis(4-nitrophenyl)phosphate 5.76 to produce two 
moles of 4-nitrophenolate and inorganic phosphate in the presence of 5.62 (Mm+ = 
La3+) and H2O2 which is thought to proceed through the quaternary metalloCD 5.77
[80]. The oxidative hydrolysis of 6 x 10"5 mol dm'3 5.76 is characterised by k0bs 
(= £u) = 1.1 x 10”11 s"1 at 298.2 К in aqueous HEPES buffer at pH 7. This 
hydrolysis is greatly accelerated as shown by k0\>s = 1.07 x 10'6 s_1 when the 
concentrations of 5.76, La3+ and H2O2 = 6 x 10'5, 1 x 10*4 and 4.8 x 10'2 mol 
dm '3, respectively. When 5.62 is added as the free linked CD to 2 x 10'4 mol dm"3 
concentration, fc0bs increases to 3.37 x 10"5 s '1 which forms the basis for the 
postulation of intermediate 5.77. In contrast, 5.78, for which ku = 4.9 x 10'7 s"1, 
shows a very small acceleration in hydrolysis rate in the presence of either 1 x 10'3 
mol dm"3 La3+ or 4.8 x 10'2 mol dm"3 H2O2, separately or together, probably 
because La3+ does not coordinate 5.78 to a significant extent. Neither is there 
acceleration in the presence of 1 x 10'3 mol dm-3 La3+ and 2 x 10"4 mol dm"3
5.62 added as the free linked CD, but when 4.8 x 10"2 mol dm’3 H2O2 is added, 
*obs = 1.88 x 10‘4 s-1 for the hydrolysis of 5.78, which suggests the formation of 
an intermediate similar to 5.77.
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The pCD-based dimers 5.79-5.82 have longer linkers that incorporate the metal 
ion coordinating phenanthroline moiety which is more rigid than the bipyridyl moiety
[81]. ROESY l H NMR studies indicate that the phenanthroline of 5.80 is 
sandwiched between the primary faces of the two (3CD, and a modelled structure is 
consistent with this. In aqueous solution, both Cu2+ and Eu^+ are coordinated by 
5.80 but Zn2+ and La3+ are weakly coordinated at best. The metalloCD formed by 
Cu2+ and 5.80 is quite effective in catalysing the hydrolysis of the phosphodiester 
bond of bis(4-nitrophenyl)phosphate in the presence of H2O2 .
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Table 5.7. Amino acid Sequences Selected by the MetallopCDs 5.83 and 5.84 in the Assay of 
a Tripeptide Library.0

AA3 AA2 AA1 Frequency of % occurrence with: 
5.83 5.84

L-Phe D-Pro X 36 46
X L-Phe D-Pro 16 8
D-Phe L-Pro X 28 31
X D-Phe L-Pro 20 0

aX, which represents the third amino acid of the tripeptide, was any of: Gly, D-Ala, L-AIa, D- 
Val, L-Val. D-Leu, L-Leu, D-Phe, L-Phe, D-Pro, L-Pro, D-Ser, L-Ser, D-Thr, L-Thr, D-Asp, L- 
Asp, D-Glu, L-Glu, D-Asn, L-Asn, D-Gln, L-Gln, D-His, L-His, D-Lys, L-Lys, D-Arg and L- 
Arg.

Although not directly related to catalytic studies, the use of orange 5.83 and 
5.84 in screening a tripeptide library on hydrophilic poly(ethyleneglycol)polystyrene 
(TentaGel) beads represents a novel application of these metallopCDs [82]. The 
principles of combinatorial chemistry were employed in screening the library for 
differences in peptide complexation which could not have been as rapidly achieved 
through conventional complexation studies. The library has the general structure
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AA3 -AA2 -AAl-NH(CH2)2-TentaGel with 29 different amino acids at each site so 
that it contains maximally 293 (24389) different tripeptides. About 1 in 200 of the 
library beads show the colour of 5.83 and 5.84 after equilibration in water at pH 7, 
indicating complexation of an amino acid moiety. All of the beads selected by 5.83 
contain either the sequence L-Phe-D-Pro or D-Phe-L-Pro, as do most of the beads 
selected by 5.84 (Table 5.7). None of the other possible phenylalanine-containing 
sequences are selected and neither are the D-Phe-D-Pro and L-Phe-L-Pro sequences.

5.7 .  Corrin and Porphyrin Metallocyclodextrins and Catalysis

Although vitamin B 12 is often encountered in its cyanocob(III)alamin and 
aquocob(III)alamin forms 5.85 and 5.86 (Fig. 5.9), respectively, it is as the 
adenosylcob(III)alamin coenzyme (coenzyme В12 5.87) which combines with a high 
molecular weight protein or apoenzyme to form the fully functional holoenzyme. 
The first holoenzyme component determines the type of reaction which is catalysed 
and the second component determines the specificity and reaction rate of the catalysis. 
In one such catalytic cycle, homolysis of the cobalt(IH)-carbon bond in coenzyme В 12 
(5.87) produces B i2(r) with cobalt in oxidation state (U) and an adenosyl radical in 
the first stage. Subsequently, hydrogen atom transfer from the holoenzyme-bound 
substrate to the adenosyl radical is followed by substrate rearrangement and hydrogen 
atom return to recreate the adenosyl radical which re-coordinates B j2(r) 1°  produce 
coenzyme В12 and complete the catalytic cycle.

Several attempts have been made to mimic the vitamin В 12 catalytic process, one 
of which involves the displacement of CN‘ in 5.85 by pCD coordinated through a 
C(6) carbon to give the metalloCD 5.88 in Fig. 5.10 where it is shown with a guest 
in the annulus mimicking the holoenzyme bound substrate in the biological cycle 
[83,84]. This is in equilibrium with B i2(r) (5.89) and the radical PCD complex 
5.90 where homolysis of the С-I bond and transfer of Г produces the modified (3CD 
complex 5.91, containing the radical guest. When the guest is either benzyl- or tert- 
butylbenzyl iodide, the product 5.91 is obtained consistent with B j2(r) (5.89) and 
the (JCD radical 5.90 being produced as reaction intermediates. The PCD moiety of 
5.88 is expected to complex benzyl- and terf-butylbenzyl iodide strongly and mimic 
the strong and selective substrate complexation by the apoenzyme in the B 12
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holoenzyme. While the full catalytic В 12 cycle is not achieved, this system clearly 
mimics several aspects of the holoenzyme including group transfer to form a substrate 
radical.

Fig. 5.9. The conin ring based structures of vitamin В 12 (5.85), aquocob(III)alamin (5.86) and vitamin 
В i2  co-enzyme (5.87).

Fig. 5.10. Mode of action of a PCD-B12 enzyme mimic. In 5.88, cobalt(III) is bound to a C(6) of PCD 
which has complexed a guest molecule to form a ternary metalloCD.
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The metalloCD 5.92 arising from binding modified В \ 2 to pCD at C(6) catalyses 
the rearrangement of 5.93a to 5.94a and 5.93b to 5.94b as shown in Fig. 5.11, 
and comes close to mimicking methylmalonyl-CoA mutase which catalyses highly 
stereoselective 1,2-shifts at saturated hydrocarbon centres [84]. When equimolar 
5.93a and 5.93b (7 x  10"5 mol dm"3) and 9 x 10"5 mol dm"3 5.92 (or aquocob- 
(IH)alamin 5.86 for comparison) react in a 1:4 mixture of ethylene glycol to 8% 
aqueous NH4CI in the presence of zinc, the reduced products 5.95a and 5.95b are 
also obtained in addition to the rearranged products 5.94a and 5.94b. The flexible 
link between the В12 moiety and pCD in 5.92 appears to allow the Со(Ш) centre to 
reach a guest complexed in the (JCD annulus as is necessary for 5.92 to mimic 
methylmalonyl-CoA mutase. The hydrophobic /er/-butylphenyl group of 5.93a is 
expected to ensure its complexing in the (3CD annulus while the ethyl group of 
5.93b is less likely to cause significant complexation.
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Fig. 5.11. Reaction of 5.93a,b to 5.94a,b and 5.95a,b catalysed by B^-pCD metalloCD 5.92.

These expectations appear to be borne out by the data in Table 5.8. The ratios of 
the products 5.94a:5.95a and 5.94b:5.95b in the presence of 5.92 are quite 
different; 0.43 and 0.16, respectively. The ratio 5.94a:5.95a decreases markedly in 
the presence of 1-aminoadamantane which occupies the PCD annulus of 5.92, largely 
to the exclusion of 5.93a, while 5.94b:5.95b changes to a much smaller extent. 
The 5.94a:5.95a ratio is smaller in the presence of aquocob(III)alamin (5.86)

Table 5.8. Selectivities of the Catalyst 5.92 and Aquocob(III)alamin.a

Catalyst 5.94a:5.95a* 5.94b:5.95b* Preferencec

5.92 0.43 0.16 2.73

5.92-1 -aminoadamantane 0.16 0.21 0.77

aquocob(III)alamin 0.23 0.53 0.43

aquocob(III)alamin- 1 -aminoadamantane 0.22 0.46 0.48

5.92 : aquocob(III)alamin 1.89 0.30 6.34

5.92 : 5.92-1-aminoadamantane 2.74 0.77 3.56
aquocob(III)alamin : 
aquocob(IIl)alamin-1 -aminoadamantane

1.04 1.16 0.89

^Equimolar 5.93a and 5.93b (7 x 10'5 mol dm'3) and 9 x 10‘5 mol dm*3 5.92 or aquocob(III)- 
alamin reacted in a 2:8 mixture of ethylene glycol to 8% aqueous NH4CI in the presence of zinc. 
^Ratio of products obtained ^atio  of values in second and third columns.
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presumably due to the lack of a specific binding site, while the ratio 5.94b:5.95b is 
larger possibly because the interaction of 5.93b with the Co(III) centre is hindered by 
the pCD moiety of 5.92 with which comparison is made. The effect of 1- 
aminoadamantane on the reaction in the presence of aquocob(III)alamin is small 
consistent with there being no obvious mechanism for inhibition. In the absence of 
either aquocob(III)alamin or 5.92 < 5% of 5.93a and 5.93b undergo rearrangement 
consistent with the cob(III)alamin moiety playing a major role in directing substrate 
rearrangement.

Aqueous solutions of the Mn2+, Mn3+ and Fe3+ metallo-tetrakis(4-sulfonato- 
phenyl)porphyrins show small changes in their uv-visible absorption spectra and 
increases in their water proton spin-lattice relaxation rates on the addition of aCD, 
pCD and yCD [85]. This is interpreted in terms of the formation of complexes where 
the metalloporphyrin is sandwiched between two CDs so that its plane is parallel to 
their annular faces. However, it is reported that Zn2+ and Fe3+ tetrakis(4- 
sulfonatophenyl)porphyrin form strong complexes with pCD where each 4- 
sulfonatophenyl group is complexed within a pCD annulus [86]. A third type of 
structure is also proposed for the complexation of tetrakis(4-(3-aminopropyloxy)- 
phenyl)porphyrin where the secondary faces of two heptakis(2 ,6-di-0 -methyl)-PCDs 
almost touch as they each complex almost half each of the porphyrin [87]. While 
these observations are very interesting, most research in this area now concentrates on 
attaching CDs to the porphyrin structure to generate binary metalloCDs where the 
collective guest complexing properties of the strongly coordinated metal ion and the 
linked CD generate ternary metalloCDs with impressive catalytic properties.

The hemoprotein based cytochrome P450 acts as a selective Fe2+/Fe3+ electron 
transfer catalyst in the hydroxylation and epoxidation reactions:

RH ROH

or + 0 2 + 2e‘ + 2H+ P-450
or + H2O

In an effort to mimic cyctochrome /*450, the metalloCD of heptakis-(2,6-di-0- 
methyl)-pCD (DMpCD) linked through C(2) to an Fe3+ porphyrin (5.96) (where the 
6 and 7 methoxy groups at C(2) and C(6), respectively, are not shown) has been used
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as the catalyst in the enantioselective oxidation of (S)-a-pinene (5.97S) and (/?)-a- 
pinene (5.97R). The catalytically active species is generated through irradiation with 
light of X > 350 nm [88]. For a racemic mixture of 5.975 and 5.97/? in benzene, 
the catalytic turnover is 144 and the mol % of 5.98 produced is 35 (5), 5.99 18 (5), 
5.100 30 (6), 5.101 14 (4), 5.102 3 (10) and 5.103 0, where the figures in 
parentheses refer to the modest enantiomeric excess of the (S)-enantiomer. The 
proportions of the products vary with the solvent, and in acetonitrile and acetone the 
enantiomeric excess of the (S)-products tends to be greater. This may be because 
these solvents cause a higher proportion of pinene to be complexed in the DM0CD 
annulus which results in a greater extent of enantioselectivity for (S)-pinene over (R)- 
pinene.

^  catalyst

hv,02 ^ 1 ^
5.975 5.97Л 5.985 5.995

OH

5.1005 5.1015 5.1025 5.1035

Another attempt to mimic cytochrome P450 involves two (JCDs bound to an 
Fe2+ porphyrin to give the sandwiched structure 5.104, in which a guest-binding 
site is positioned to either side of the porphyrin plane [89]. This latter aspect raises 
the possibility that 5.104 may be able to complex guests to form Michaelis 
complexes, as do cytochrome P450 a^d similar hemoproteins with substrates. In the 
presence of 5.104, the epoxidation of cyclohexene occurs in 55% yield in aqueous 
phosphate buffer using iodosylbenzene as the oxygen source, while only a trace of
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epoxycyclohexane is detected when the simple tetrakis(p-sulfonatophenyl)porphyrin- 
atoiron(U) is used as the catalyst [90]. Under similar conditions 5.104 catalyses the 
epoxidations of norbomene, styrene and p-chlorostyrene in 14%, 18% and 29% yield.
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“ U

Through elegant design of the Mn3+ metalloCDs 5.105 and 5.106, it has 
proved possible to mimic the P450 catalysed hydroxylations and epoxidations in 
larger molecules [91-93]. Thus, steroid 5.107 is hydroxylated to give the single 
product 5 .1 0 8 , with at least 4 turnovers in the presence of 5 .1 0 5  with 
iodosobenzene as the oxidant [92,93]. However, 5.105 is oxidised during the 
catalytic cycle. Under similar conditions 5.109 gives exclusively 5.110 with up to 
650 turnovers at rates comparable to those for P450 enzymes [93,94]. The selectivity 
of these hydroxylations is consistent with 5.107 and 5.109 being bound to 5.105 
by the complexation of their two terf-butylphenyl groups by PCD moieties in trans
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positions across the porphyrin ring. Thus, the hydroxylation site is directly above 
the porphyrin ring at the centre of which Mn^+ is thought to coordinate the oxo 
ligand. This interpretation is supported by the observation that 5.111, which lacks 
the hydrophobic rm -butylphenyl binding groups of 5.107 and 5.109, is not 
hydroxylated [92] The requirement for a precise fit to 5.105 of the compound to be 
hydroxylated is illustrated by 5.112, which contains a single ter/-butylphenyl group 
and is hydroxylated with at least 10 turnovers, but the hydroxylation occurs at several 
sites.

The tetrafluorination of each of the four phenyl rings of 5.105 stabilises it 
towards oxidation and 187 turnovers have been achieved with this catalyst in the 
conversion of 5.107 to 5.108 which compares very favourably with the 5 turnovers 
achieved by 5.105 [94].
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The epoxidation of the stilbene derivative 5.113 to give 5.114 is catalysed by 
both 5.105 and 5.106, when iodosobenzene is the oxidant, 15 and 16 times more 
rapidly than 5.115 is converted to its corresponding epoxide [91-94]. For the first of 
these epoxidations the catalytic effectiveness of 5.105 is shown by the observation 
of up to 40 turnovers. The analogous epoxidation of 5.116 in the presence of 
5.105 is 21 times faster than that of 5.115. This variation in epoxidation rates is 
attributed to the hydrophobic nitrophenyl and /erf-butylphenyl groups of 5.113 and
5.116 binding more strongly in complexes of 5.105 and 5.106 than do the 
hydrophilic end groups of 5.115. Thus, under similar conditions the proportion of 
5.113 and 5.116 complexed is greater than that of 5.115. In the complexes of 
5.105, 5.113 and 5.116 are thought to be bound by the trans pCD moieties so 
that the double bond epoxidised is held above the porphyrin, as is a regiochemical 
necessity in the case of their complexes with 5.106. The very poor selectivity 
between the stibene derivatives observed in the presence of the cis isomer of 5.106, 
where such regiochemistry in the complex is much less probable, supports this inter
pretation.
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Energy and electron transfer are intimately related processes and both have been 
observed in metalloCDs. An interesting example of energy transfer is seen with
5.117 where the dansyl group of 6A-(5-dansylamino-3-azapentylamino)-6A-deoxy- 
PCD self-complexes in the pCD annulus to give a strong fluorescence [95]. On 
coordination of Cu2+ by the three amine groups this fluorescence is quenched through 
the d9 electronic manifold of Cu2+. (It has been suggested that the sulfonamide 
group also coordinates, but such coordination would be very strained given the 
necessity to form a four-membered chelate ring.) Fe2+, Ni2+ and Co2+, all of which 
are potential quenchers, are much less effective than Cu2+ in quenching the dansyl 
fluorescence which may indicate that they coordinate less strongly due to steric 
restraints. Such restraint is suggested as the reason for Cu2+ being ineffective in 
quenching the fluorescence of the 6A-(2-dansylaminoethylamino)-6A-deoxy-pCD 
analogue of 5.117.

5 .8 . Energy and Electron Transfer in M etallocydodextrins

The Re+ ternary metalloCD 5.118 with N,N-diethylaniline as the guest in the 
pCD annulus shows both energy and electron transfer [96]. The complexation of 
A^N-diethylaniline is characterised by = 1.1 x 1(P dm^ m ol'1. In the absence of 
N,N-diethylaniline, 5.118 is raised to an excited state through metal to ligand 
charge-transfer (MLCT) and fluoresces at 580 nm. The fluorescence lifetime shortens 
from 92 ns to 21 ns on formation of the ternary metalloCD 5.118 because of 
quenching through electron transfer from N,N-diethylaniline with an electron transfer 
rate constant ktt  = 3.7 x 107 s '1.
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A similar quenching is seen when the tolyl-terpyridyl substituted TMpCD 5.119 
coordinates Ru2+ to give the luminescent metalloCD 5.120 [97]. The formation of 
a ternary metalloCD by 5.120 with anthraquinone-2-carboxylic acid in water 
partially quenches the MLCT emission of Ru2+ probably through electron transfer 
from anthraquinone-2-carboxylic acid to the Ru2+ centre.

Some of the trivalent lanthanides possess luminescent properties which make 
them particularly interesting for coordinating to CDs and thereby producing light 
harvesting ternary metalloCDs [98-101]. The hard acid character of the trivalent 
lanthanides gives them a preference for coordinating to hard base oxygen donor CD 
substituents exemplified by the ether oxygens of the coronand substituents shown in
5.121 and 5.122 (formed through the 6A- and 6A,6D-substitution of PCD by 
1,4,10,13-tetraoxa-7,16-diazacyclooctadecane [98,99,102). While 5.121 and 5.122 
are very stable, detailed formation studies have not been published and it is interesting 
to briefly consider the alkali metal ion analogues of 5.121. The alkali metal ions 
resemble the trivalent lanthanides in their hard acid character, and also in size in the 
case of the heavier alkali metal ions. In yV^V-dimethylformamide the complexation of 
4-nitrophenolate by metal ion free 5.121 is characterised by АГц = 7.5 x 103, 2.8 x
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104 and 9.0 x 103 dm3 mol"1, which compare with 1.17 x 103, 4.0 x 102 and 7.2 x
102 dm3 mol"1 for the formation of the corresponding pCD complexes where in both 
cases the successive values of АТЦ pertain to the Li+, Na+ and K+ 4-nitrophenolates, 
respectively. It appears that the complexation of 4-nitrophenolate in the pCD 
annulus of 5.121 stabilises the coordination of the alkali metal ion by the 
diazacrown ether substituent which in turn provides an electrostatic attraction for 4- 
nitrophenolate [102].

Generally Eu3+ complexes exhibit strong red luminescence arising from 
transitions between the lowest energy ^Do excited state to the 7Fo (580 nm), 7F i 
(592 nm), 7F2 (616 nm), 7F3 (650 nm), 7F4 (700 nm), 7F5 (750 nm), and 7F6 (810 
nm) components of the ground states manifold with the transitions to 7F i, 7F2, and 
7F4 accounting for 95% of the emission intensity. Both 5.121 and 5.122 and their 
parent complex ion, l,4,10,13-tetraoxa-7,16-diazacyclooctadecaneeuropium(III), 
exhibit these emissions, and also dominant absorptions at 394 and 470 nm assigned 
to transitions 7Fq and ^D2 7Fq, respectively.

In acetonitrile solution the addition of benzene has little effect on the emission 
intensity of l,4,10,13-tetraoxa-7,16-diazacyclooctadecaneeuropium(III) on excitation 
at the benzene 254 nm absorption frequency, but 5.121 shows a substantial increase 
in emission intensity under the same conditions [98]. This is attributed to 
absorption-energy-transfer-emission (AETE) occurring when benzene complexes in 
the pCD annulus of 5.121 and, in its excited state, acts as an energy donor to Eu3+ 
which is in close proximity. The absence of AETE for l,4,10,13-tetraoxa-7,l6- 
diazacyclooctadecaneeuropium(III) is attributed to its inability to bind benzene so that 
energy transfer from benzene can only occur through a bimolecular route which is 
very inefficient because of the short excited state lifetime of benzene.
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In aqueous solution, picolinic and benzoic acid enhance the emission intensity of
5.121 much more strongly than does benzene [100]. This is probably because 
picolinate and benzoate both complex inside the PCD annulus and simultaneously 
coordinate to Eu^+ in the ternary metalloCD and thereby decrease the distance between 
the aromatic energy donor and Eu3+ to enhance the efficiency of AETE. In contrast, 
it appears that the l,4,10,13-tetraoxa-7,16-diazacyclooctadecaneeuropium(III)
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substituent swings away from the pCD moiety to which it is attached in the ternary 
metalloCD formed by benzene and thereby lowers the efficiency of AETE [100]. 
Addition of benzene to aqueous solutions of 5.122 where Eu3+ is tethered more 
closely to the PCD annulus causes little increase in Eu3+ luminescence. This is 
because the inclusion of benzene is weak (K\ j < 10 dm-* m ol'1) which is probably a 
consequence of the close proximity of Eu3+ decreasing the effective hydrophobicity of 
the pCD annulus. However, polar pyridine includes more strongly in 5.121 and
5.122 where K \ \  = 1.05 x 103 and 3.48 x 102 dm3 mol"1, respectively. In both 
cases Eu3+ luminescence is strongly increased through AETE, the more so for 
5.122, probably because pyridine and Eu3+ are in closer proximity. Similarly, in 
the metalloCD 5.123 where Tb3+ is coordinated by the amino and carboxylate 
groups of a 6A- and 6^-substituted PCD, Tb3+ emits a strong luminescence at 544 
nm when either naphthalene or 1,2,4,5-tetramethylbenzene complexed in the PCD 
annulus is excited at 275 or 278 nm, respectively [100,101].

The substitution of PCD on each nitrogen of 1,4,7-triazanonane and 1,4,7,10- 
tetraazadodecane to produce 5.124a, 5.124b, 5.125a and 5.125b has also been 
reported [103]. The Eu3+ complex of 5.125a has luminescence lifetimes of 0.66 ms 
and 3.03 ms in methanol and D2O, respectively.
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CHAPTER 6 
MODIFIED CYCLODEXTRINS

MULTISITE COMPLEXATION OF GUESTS AND LINKED 
CYCLODEXTRINS

6.1. Multiple Complexation of Guest Species by Cyclodextrins

A major thrust in the modification of natural CDs has been the introduction of 
additional guest complexing sites. Such modifications can have fascinating 
consequences both for the complexes formed and the complexed guest. It is 
instructive to introduce this area of CD chemistry through a brief examination of the 
multiple complexing of guest species by natural CDs which occurs quite widely. This 
is exemplified by the complexation of о p- and a-fluoro-/rd7W-cinnamate and o,p- 
and cx,p-difluoro-/ranj-cinnamate by aCD where both 1:1 and 2:1 complexes are 
formed in the sequential equilibria:

*11
aCD + cinnamate -  aCD.cinnamate 

*21
aCD + aCD.cinnamate - (aCD)2-cinnamate

The 1:1 and 2:1 complexes are characterised by different NMR chemical shifts 
and as consequence a biphasic variation of the 19F NMR chemical shift of the 
cinnamate is observed with increase in aCD concentration as the cinnamate 
exchanges rapidly between the different magnetic environments of the two complexes

191
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[1]. For p-fluoro-rrani-cinnamate, Ky i and K 2 \ = 109 and 35 dm3 mol’ 1, 
respectively, in aqueous 0.1 mol dm"3 NaCl at 294.0 K.

When two different guests are present, the possibility of i) forming two different
1.1 complexes with a single CD arises together with the possibility of forming ii) 
dimeric 2:1 complexes with one or other of the guests, iii) dimeric 2:2 complexes 
where two of the same guest are complexed, and iv) dimeric 2:1:1 complexes where 
one of each guest is complexed. Possibilities i), iii) and iv) are realised in the 6A-0- 
a  D glucosyl-(iCD (Gi-|3CD, 6.1) complexation of 4-(dimethylamino)benzonitrile 
(DMABN) in the presence of either benzonitrile or anisole as shown in Fig. 6.1 [2]. 
Changes in the fluorescence of DMABN with changes in solution composition are 
consistent with the formation of Gj-pCD.DMABN (6.2) and a homodimer (G {- 

CD)2-(DMABN)2 (6.4), together with the analogous complexes 6.3 and 6.6 where 
DMABN is replaced by either benzonitrile or anisole. A heterodimer, (G i- 
pCD)2.DMABN.benzonitrile (6.5) or its anisole analogue is also formed. Both the 
homo and heterodimer dimer complexes are probably stabilised by

6.6 Homodimer

Fig. 6.1. The formation of homo- and heterodimers by 6A-0-a.D-gIucosyl-pCD, G,-PCD (6.1) with two
guests GA and GB where GA is 4-(dimethylammo)benZomtrile and GB is either benzonitrile or anisole. 
The onentadons shown for the complexes are representative only.
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interactions between the guests and simultaneous interactions of each guest with both 
Gj-pCD hosts. In 9:1 ratio by volume water:acetonitri!e solvent at 298.2 K, K\ i = 
158 and 86 mol dm"3 for Gi-pCD.DMABN and Gi-pCD.benzonitrile, respectively, 
and the dimerisation of these complexes to form (Gi-pCD)2-(DMABN)2 and (Gi- 
pCD)2.DMABN.benzonitrile is characterised by Kd  = 4.1 x 102 mol dm'3 and 5.0 x
101 mol dm"3, respectively.

The stability of dimer complexes can be quite high as is exemplified by the 
complexes formed between heptakis(2,6-di-0-methyl)-pCD (6.7, DMPCD) and the 
tetraaminoporphyrin (6.8) shown in Fig. 6.2 [3]. The spectrophotometrically 
determined K \ \ = 7.7 x 104 mol dm"3 and AT2i = 5.9 x 104 mol dm"3, respectively,

x

Fig. 6.2. The complexation by DMpCD (6.7) of the tetraaminoporphyrin 6.8 to form the 1:1 and 2:1 

complexes 6.9 and 6.10, respectively.
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at 333.2 К in aqueous succinate buffer at pH 5.0. These high stabilities are attributed 
to the complexation of both the phenyl group and part of the hydrophobic periphery 
of the porphyrin macrocycle in the DMpCD annulus. The alignment of the secondary 
faces of each DMpCD over the porphyrin macrocycle is deduced from ^H NOESY 
NMR spectroscopy. When the two porphyrin macrocycle ring protons of 6.8 are 
displaced by the coordination of Fe3+, 1:1 and 2:1 complexes analogous to 6.9 and 
6.10 are formed with = 3.5 x 104 mol dm '3 and K2 \ = 9.0 x 102 mol dm"3, 
respectively, at 298.2 К in aqueous citrate buffer at pH 3.0. The marked decrease in 
the relative stability of the Fe3+ dimer complex is attributed to the introduction of a 
positive charge into the hydrophobic microenvironment created when two DMpCDs 
complex the tetraaminoporphyrin simultaneously. Other complexations of porphyrins 
and their use as substituents in modified CDs are discussed in several of the sections 
that follow.

6.2. Dimerisation of Modified Cyclodextrins

While the natural CDs show little tendency to dimerise in solution, modified CDs 
form dimers if they either possess opposite charges or are substituted by groups which 
are complexed by another CD. An example of a dimer formed between CDs of 
opposite charge is provided through the interaction of the two modified pCDs 
produced through substitution at all seven C(6) sites by either -NH2 (pCD(NH2)7> or 
-SCH2CO2H (PCD(SCH2C02~>7(H+)7) [4]. This creates 7 positively charged and 7 
negatively charged modified pCDs, respectively, at low and high pH so that a 
solution of both modified PCDs contains a range of opposite and highly charged 
species at intermediate pH values. The formation of at least five electrostatically 
bound heterodimers, [pCD(NH2)7.pCD(SCH2C0 2 -)7(H+)i4.n/ 7‘n)+, where n ranges 
from 5 to 9, occurs in the equilibrium:

Pn
[pCD(NH2)7(H+)(14.i.n)](14-i-n)+ + [PCDCSO^OVMH+MC7-*)"

[pCD(NH2)7.pCD(SCH2C02-)7(H+)(i4-n)](7_n)+

where for the heterodimers the number of protons varies in integers (i) from 7 to 14 
and the corresponding variation in charge ranges from 0 to 7. The potentiometrically 
determined phenomenological stability constants, Pn, encompass the range: log Pn =
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7.5, 8.35, 10.15, S.6, and 6.6 as n increases from 5 to 9 in aqueous solution a*
298.2 K.

The photochemical I у generated radical cations of T ^ icx y M ^
bipyridin- 1-ylVpC.D <j}CDCnV *.6.11) and their heptyU and octyb analogues fv4W 
homodimers, as shown in Fig. 6.3 [5). The homodimer (6Д2) formation results from 
the complexadon of the alkyl tails of adjacent pCDCnV * monomers, and is disrupted 
by either an amphiphile such as /i-octyl sulfate being competitively complexed by 
PCDCnV + to form a 1:1 complex (6.13) or pCD competing for complexation of the 
tail to form a heterodimer (6.14). The homodimer formation is characterised by Ok? 
spectrophotometrically determined = 1.0 x Ю2, 4.0 x 104. 8.9 x U>\ and 6.vS К 
106 dm3 mol"1 where the alkyl tail is methyl, hexyl, heptyl, and octyl, respectively* in 
aqueous 0.1 mol dm"3 NaCI solutions at 298.2 K. This variation of A'p demonstrates 
the systematic variation of complex stability with tail length.

c 8h 17s o 4- -C gH17S 0 4- PCD
-  PCD

6.12

Fig. 6.3. Formation of homo- and heterodimers by 6A-(r-octyl-4,4'-bipyridin-l-yl)-6A-deoxy-pCD.

Such dimerisation is quite common, and a second example is provided by a 
spectrophotometric and circular dichroic study of the modified PCD substituted at 
C(6) by the amino group of 5-(4-aminophenyl)-10, 15,20-tris(4-sulfonato)phenyl)- 
porphyrin. It is found that a head-to-tail dimer forms where the porphyrin moiety of
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one modified pCD enters the secondary face of another, while the head-to-head dimer 
analogous to 6.12 forms to a lesser extent [6].

In the solid state the proximity of one CD to another is inevitably close, 
nevertheless, it is of interest to note that complexation of the tail of one modified CD 
by another occurs here also. X-ray crystallography shows that the alkyl tail of each 
6A-(6-aminohexylammo)-6A-deoxy-pCD enters the secondary face of the annulus of 
an adjacent CD molecule and protrudes from the primary face in the formation of 
polymer-like columns [7]. Similarly, head-to-tail arrangements of 6A-azido-6A- 
deoxy-aCD and of 2A-0-allyl-aCD form helical columns where the azido and allyl 
tails, respectively, enter the annuli of adjacent CD molecules [8].

As in the case of 1:1 CD.guest complexes, the relative sizes and orientations of the 
CD annulus and the guest are important factors affecting the stability of CD dimers. 
Thus, the pyrene moiety linked to 7CD through amide and ester bonds at 0 (6) in 
6.15a and 6.15b enters the 7CD annulus to form the dimers 6.16a and 6.16b for which 
spectrophotometrically determined tfj) values of 1.74 x 105 and 1.53 x 104 mol dm-3, 
respectively, are obtained in aqueous 10% dimethyl sulfoxide at 298.2 К [9]. 
Fluorescence studies are consistent with the pyrene moieties in 6.16a and 6.16b being 
sufficiently close to form an eximer. However, the isomers of 6.15b where the 
pyrene moiety is linked to 7CD through an ester bond at either 0(2) or 0(3) do not 
form dimers to a detectable extent consistent with dimer stability being critically 
dependent on the orientation of the pyrene moieties. The (3CD analogue of 6.15b 
does not form a dimer probably because of the smaller size of the pCD annulus.

6.15a X = NH 6.16a X = NH
6.15b X = О 6.16b X = О
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6.3. Covalently Linked Cyclodextrin Dimers

The complexation of free and appended guest species in the dimer formations 
considered in the preceding sections prompts the obvious query as to what extent 
cooperativity between covalently linked CDs might enhance guest complexation. 
This has resulted in the synthesis of a wide range of linked CDs. Thus, sulfide [10], 
disulfide [11-21], dithioether [14,15,17-19,22-27], diether [28,29], diamine [30,31], 
diester [13,21,16,32], diamide [26,33-39], imidazole [18,21], benzimidazole [40], 
porphyrin [22,25,26,41] and urea [39,42] linked CDs have been synthesised and their 
complexing properties studied. The linking of two CDs may be achieved by 
substituting either a primary hydroxy group in each CD, or a secondary hydroxy 
group in each CD, or a primary hydroxy group in one CD and a secondary hydroxy 
group in the other CD. In some cases two hydroxy groups are substituted on each 
CD, and in others different combinations of aCD, PCD and *yCD have been linked 
together.

If the two CD moieties of a linked dimer complex the guest simultaneously this 
may increase the complex stability to a substantially greater extent than that expected 
from the statistical effect, under which circumstances a cooperative effect arises. This 
is often observed, as is exemplified by the complexation of the three dyes 6.17, 6.18 
and 6.19 by the pCD dimers 6.20, 6.21a-6.21d, and 6.22a and 6.22b. Because 6-{p- 
toluidinyl)naphthalene-2-sulfonate (TNS", 6.17) fluoresces weakly in water but 
strongly in a hydrophobic environment, its fluorescence increases greatly on 
complexation in the annuli of 6.20, 6.21a-6.21d, and 6.22a and 6.22b. The change in 
TNS' fluorescence with increasing linked CD concentration, in aqueous 0.10 mol 
dm '3 phosphate buffer at pH 7.0 and 298.2 K, yields K\ j = 4.5 x 104, 3.3 x 104, 1.1 x
104, 1.7 x 104, and 1.3 xlO4 dm3 mol"1, respectively, for the complexes formed with 
6.20 and 6.21a-6.21d [38]. For the TNS' complexes formed by 6.22a and 6.22b, K \ \ 
= 1.05 x 104 and 6.7 x 103 dm3 mol*1, respectively [35]. The general increase in 
stability as the linker length decreases in this group of complexes is consistent with an 
optimisation of the hydrophobic interaction between both TNS" aromatic moieties and 
the two pCD annuli. The decrease in the stability of the 6.22b.TNS complex may 
indicate a secondary effect of a stereochemical constraint on stability, however, the 
similar stabilities of 6.21c.TNS" and 6.22a.TNS' show that the change in pCD 
orientation in these complexes has little effect on stability.
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Me

NH 

6.17 S°3 ’ Me

Me\  / = \  -i= \ _ / 4 D ~
SO,

6.18

The complexation of TNS" by pCD has generated considerable interest, and under 
the conditions of the above studies may either be fitted to a model where pCD.TNS 
alone forms and = 1.85 x 103 dm3 mol-1 or to a model where both pCD.TNS 
and (PCD)2.TNS- form and * ц  = 3.14 x  103 dm3 m ol'1 and *21 = 86 dm3 mo1' 1 
[38]. It is seen from comparison with these data that there is substantial cooperativity 
in the complexation of TNS' by 6.20, 6.21a-6.21d, and 6.22a and 6.22b, and that the 
lengthening of the linker in 6.22b decreases the cooperativity. In the latter case, it is 
possible that some of the decrease in stability of the 6.22b complex is because the 
linker itself partially complexes and competes with TNS" for complexation in the 
PCD annulus, as has been reported for an analogue of 6.22b in which one of the 
pCDs is replaced by an aCD [36]. (The l H NMR spectra of 6.22b and its analogue, 
where a PCD is replaced by aCD, show more anomeric 1H resonances than



Multisite Complexation of Guests and Linked Cyclodextrins 199

anticipated from the formal magnetic equivalences of the anomeric hydrogens which 
is consistent with the octamethylene linker being partially complexed inside a CD 
annulus [37].) Similar cooperativities are found for the complexation of Methyl 
Orange and Tropaeolin by 6.20, 6.21a and 6.21c [34]. An analogue of 6.22a, where 
one PCD is replaced by aCD, shows cooperative and site-specific binding of isoamyl 
/7-dimethylaminobenzoate, where the isoamyl group complexes in the pCD annulus 
and the 4-dimethylaminobenzoate moiety partially enters the aCD annulus [34].

A spectrophotometric study finds that Methyl Orange (6.18) is also complexed 
cooperatively by 6.20, 6.21a and 6.21c as shown by K\ i = 1.05 x 105, 1.92 x 105 and 
2.5 x 104 dm3 mol-1, respectively, in aqueous 0.10 mol dm-3 phosphate buffer at pH
9.0 and 298.2 К which compare with K \ \ = 2.16 x 103 dm3 mol-1 for the pCD 
complex [43]. Tropaeolin (6.19) similarly shows cooperative complexing by 6.20, 
6.21a and 6.21c as shown by K \\  = 1.39 x 104, 7.4 x 103 and 4.6 x 103 dm3 mol-1, 
respectively, in aqueous 0.10 mol dm-3 phosphate buffer at pH 5.5.0 and 298.2 К 
which compare with K \\  =7.1 x 102 dm3 mol-1 for the pCD complex. These data 
show the larger Tropaeolin (6.19) to be less strongly complexed probably because of 
its greater rigidity and more angular structure by comparison with Methyl Orange.
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SCr*eS ^  comPlexes o f 6-(4-terf-butylanilino)-naphthalene-2-sulfonate

ifiBNf l With PCD dimCrS 6-24a-6*24e>linke^ by substitution of an OH(6) by 
a su о (CH2)nS-, shows a steady decrease in stability as the linker lengthens 

om n = 2 to n = 6, so that K u  decreases from 8.2 x 106 to 1.5 x 105 dm3 m ol'1 [19]. 
However, when n -  0, K \ i drops to 7.9 x 104 dm3 mol"1, and this is attributed to a 
destabilising decrease in the stereochemical match of the hydrophobic areas of the 

e and BNS . When the nature of the aromatic guest is varied, K\ \ for the 
complexes formed with 6.24a varies over a range < 3 x 103 to 3.5 x 108 dm3 mol’1 in 
water at 298.2 К where the guests forming the least and most stable complexes are the 
cis stilbene 6.25 and the cyclopropane 6.26 [13]. Under similar conditions, the 

ydrophobic nature of cholesterol (6.27) causes it to form a strong complex with the 
an ogue о 6.24a, where the disulfide linker is replaced by a sulphide linker, and K\ i

3.3 5.54 x 10 dm3 mol \  although it contains no aromatic moiety [10]. For the 
analogous BNS" complex, K \ ! = 6.37-7.40 x 105 dm3 mol"1.

Changing the size of the CD annulus causes substantial changes in the stability of 
. complexes which depend on the relative sizes of the CD and the guest as 
scussed in preceding chapters. Such changes also affect the stabilities of 1:1 

omplexes formed by linked CDs. Thus, 6.24a complexes Methyl Orange and Ethyl 
ange 22.4 and 108.6 times more strongly in 1:1 complexes, respectively, than does 

its analogue where both J3CD moieties are replaced by aC D  [11]. (For Methyl 
range л  _ 5.83 x 105 and 2.60 x 104 dm3 mol"1, respectively, and for Ethyl 
ange * n  -  2.03 x 10* and 1.87 x 104 dm3 mol"1, respectively.) Nevertheless,

* ^ a аПС* ^  analogue complex these dyes much more strongly than do 
and aCD. In the analogue of 6.24a where both pCD moieties are replaced by 

, the larger annular size results in the dominant 1:2 complex accommodating two 
dye molecules and (312 {Kx, x K n ) = 1.06 x 1011 and 3.60 x 1 0 ^  dm* mol"2 for 
Methyl Orange and Ethyl Orange, respectively, at pH 10.6 and 298.2 К [12]. These 

s are consistent with a high degree of cooperativity in complexing the two dye 
molecules simultaneously as a comparison with p 12 = 8.67 x 106 and 4.36 x 107 dm6 
mol for the analogous 7CD.dye2 complexes shows. A head-to-tail analogue of 
6.24a where one |3CD is linked through C(3) and the other through C(6) has been
p pared, but no studies of the effect of this linkage variation on complexation appear 
to have been reported [20].
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The stereochemical aspects of the formation of linked CD complexes have been 
studied through the double linking of (3CD in the occlusive or 'clamshell' isomer 6.28, 
and the aversive or 'loveseat' isomer 6.29 [14,18,44]. The occlusive 6.28 closes on 
ditopic guests like a clamshell, leading to strong complexation, while the aversive 
6.29 shows no cooperative complexation of ditopic guests because the two pCD 
annuli are directed away from each other. Thus, the large K \ \ = 4 x 10^ dm3 m ol'1 
for the complexation of 6.23 by 6.28 is attributed to cooperative complexation while 
K \  i = 2 x 105 dm3 m ol'1 for the complexation of 6.23 by 6.29 is not much greater 
than that for complexation by JJCD. Longer ditopic guests fit the steric requirements 
for complexation by 6.28 more closely and are complexed much more strongly as 
illustrated by K \ \ = 4 x 108 and 1 x 1010 dm3 mol"1, respectively, for the complexing 
of 6.30 and 6.31.
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Another doubly linked pCD system involves two PCDs linked through two 1,2-
diaminoethane moieties substituting through either the A and С or the A and D C(6) 
sites [30].

Calonmetric studies show that the complexation of 6.23, 6.30, 6.32 and 6.33 by 
CD is dominantly enthalpy driven and the cooperativity between the two linked 

moieties in 6.24a, 6.34 and 6.35 in complexing 6.23, 6.30 and 6.33 is due to a 
much greater AH than that observed for the complexing of these guests by pCD 
(Table 6.1) [17]. This contrasts with the observation that hydrophobic interactions 
[45] and the formation of chelated metal complexes tend to be entropy driven [46].

e linear relationship between TAS° and Д//° in Table 6.1 is consistent with an 
nthalpy/entropy compensation which probably mainly arises through hydration 

changes accompanying complexation [16,17]. The decreases in heat capacity, ДCp°, 
arising from the complexation of 6.31 by pCD and 6.31 by 6.24a are -400 and -657 J 
mQl ^  ’ resPect*vely. and typify hydrophobic complexing interactions [45,47,48].

635

--- P-OCH2CHj----
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Table 6.1, Parameters for Guest Complexation by PCD and Linked pCDs.a

CD Guest *11 ° r *12 
dm3 mol'1

AG° 
kJ mol'1

Д№  
kJ mol'1

TAS° 
kJ mol"1

PCD6 6.32 3.95 x 104 -26.2 -21.8 4.44
pCD6 633 2.26 x  105 -30.5 -29.3 1.26

pCDc 633 4.39 x 103 -20.8 -16.1 4.73

6.24a6 633 1.79 x lO 7 -41.4 -67.6 -26.2

6346 633 1.13 x I07 -38.7 -60.5 -20.2

63Sb 633 2.14 x  Ю6 -36.1 -62.3 -26.2

PCD6 6.23 5.57 xl O4 -27.1 , -25-3 1.76

6.24a6 6.23 3.67 x 106 -37.4 -65.5 -28.1

PCD6 630 8.05 x 104 -28.0 -18.5 9.50

pCDc 6.30 2.34 x lO3 -19.2 -16.2 3.01

6346 630 3.50 x 107 -43.1 -89.5 -46.48

flIn aqueous 0.020 mol dm'3 HEPES buffer solution at 298.2 K. ^Complexation of first guest. 
^Complexation of second guest.

The bipyridyl component in the linker of 6.34 chelates metal ions and this greatly 
enhances its ability to complex guests possessing two hydrophobic moieties and also 
metal ion coordinating groups. This is illustrated by the complexation of 6.36 by 6.34 
for which K\ i = 2.5 x 106 dm3 mol"1 which is raised 10-fold in the presence of Zn2* 
due to the simultaneous coordination of Zn2+ by the tryptophan groups of 6.36 and 
the bipyridyl nitrogens of 6.34 to produce a ternary metalloCD [24]. Such metal ion 
coordination affords an opportunity for a hydroxo ligand to make a nucleophilic 
attack on a guest in a ternary metalloCD as is proposed for Cu2+ in 6.37 
[18,44,49,50]. Thus, while for the uncatalysed hydrolysis of the esters 6.38 and 6.39 
the rate constant, *u (310.2 К) = 3 x 10"8 s’1 in each case at pH 7.0, the Cu2 + 
metalloCD 6.37 catalyses their hydrolyses by several orders of magnitude under the 
same conditions, as shown by the respective rate constants, A:cat (310.2 K) = 6.8 x 
10“3 and 5.5 x 10"4 s"1 [24]. The catalysis occurs through a nucleophilic attack by a 
hydroxo ligand (the p £ a of its conjugate acid aqua ligand is 7.15) on the carbonyl 
carbon as shown in 6.37. With an excess concentration of the ester 6.38 at least 50
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turnovers are observed for the hydrolysis. The linked CD 6.34 is also the basis for an 
impressive catalyst for cleavage of the phosphate esters 6.40a and 6.40b in the 
presence of La3+ and H2O2 [51]. This, together with the catalytic and other 
characteristics of metalloCDs, are discussed in detail in Chapter 5.

NH3+ о  c o 2‘

HoO CH— C-NH- CH- CH2 If I /Р
0 Г Л  =  o h Q ^ n o ,

636 HN— 638 ^ '

When two CDs are linked an opportunity arises not only to tailor the separation of 
the CDs to selectively complex a guest, but also to attach a catalytic group to the 
linker to produce selectivity in catalysing reaction of a guest. This approach has been 
adopted in a study of the catalysis of the hydrolysis of the 4-nitrophenyl alkanoates 
6.41a-6.41d by the linked pCD 6.42 where the histidine moiety is the catalytic group 
[52]. The catalysed hydrolysis follows Michaelis-Menten kinetics and the catalytic 
rate shows a significant dependence on the alkyl chain length in the 6 .4 1 a -6 .4 1 d  

series as seen from Table 6.2. The positioning of the guests 6.41a-6.41d within their 
6.42 complexes appears to have a major influence on the magnitudes of kc2x and /£м* 
and the ratio fcCaAi* While, in terms of the ratio *саДи» 6.42 is not as effective a 
catalyst as 6.43 it does show a greater catalytic discrimination between guests. WTien 
either one of the PCD moieties of 6.42 is replaced by ocCD, two isomers are possible
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and these have been synthesised [53]. Neither isomer is as effective a catalyst as is 
6.42 in hydrolysing 6.41a, 6.41b and 6.41c.

OCOChH ^,

6.41a n = 1 
6.41b n = 2 
6.41c n = 5 
6.41d n = 11

6.42

6.43

When a pendant group attached to a linker becomes sufficiently long it may be 
complexed by an adjacent linked CD and so on to from an aggregate as appears to be 
the case for 6.44 where the 2,3,6-termethylated aCDs are linked through C(6) [54]. 
In acid and basic aqueous solution the spectrum of the azophenol and azophenolate 
moieties of 6.44 undergo absorption maximum changes from 380 to 390 nm, and 
from 520 to 540 nm, respectively, over a two hour period at room temperature, 
consistent with the complexation of the pendant groups by the CD annuli of adjacent 
6.44 to form aggregates.
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Table 6.2. Parameters for Hydrolysis of the 4-Nitrophenyl Alkanoates 6.41a-6.41d by the 
Modified Cyclodextrins 6.42 and 6.43.a

CD Guest *catx 10  ̂
s*1

KM x Ю6 
dm3 mol'1

*cai^M 
dm3 mol'1 s '1

^cat^u

6.42 6.41a 2690 3700 0.726 134
6.42 6.41b 2830 3170 0.893 191
6.42 6.41c 191 6.73 28.4 10.7
6.42 6.41d 86.2 12.5 6.90 12.2
6.43 6.41a 4700 6730 0.698 234
6.43 6.41b 4220 5080 0.830 285
6.43 6.41c 1630 1970 0.827 91.9

aIn aqueous phosphate buffer at pH 7.8 and 298.2 K.

OH
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Intramolecular complexation of the dansyl pendant group of the PCD dimer 6.45, 
where linking occurs through C(6), renders it fluorescent [55]. This fluorescence is 
markedly decreased when the steroids 6.46a and 6.46b are present consistent with the 
dansyl moiety being displaced from the pCD annulus through the formation of 
complexes characterised by K\ \ = 6.9 x 103 and 1.3 x 103 dm3 mol-1, respectively, in 
aqueous solution at 298.2 K. However, steroid 6.46c causes a small increase in the 
fluorescence of 6.45 which may be due to it being complexed without displacement of 
the dansyl moiety, while 6.46d causes no change in fluorescence consistent with little 
if any complexation.

co2H

OH 6.46a

In principle, the complexation of two reactive guest molecules, one in each 
annulus of a linked CD dimer, might be expected to influence the direction of the 
reaction between them where more than one reaction path is possible. The first report 
of this effect is for the competitive formation of A2’2-biindoline-3,3'-dione (indigo) 
6.47 and A2*3 -biindoline-2',3-dione (indirubin) 6.48 from the oxidative dimerisation 
of l//-indol-3-olate 6.49 and its condensation with ltf-indoline-2,3-dione 6.50, 
respectively [56]. Under the same conditions, the ratio of the percentage yield of 6.47 
to the percentage yield of 6.48 in the absence of any CD is 16:13, in the presence of 
PCD is 2.5:2.5, and in the presence of the linked pCD dimers 6.20, 6.21a and 6.21c is
0.03:1.0, 0.2:0.6 and 0.5:0.7, respectively, after 16 hours at pH 10.0. In the presence 
of the CDs the yields of 6.47 and 6.48 are substantially decreased, probably because 
their complexation favours their unimolecular reactions over their bimolecular
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reactions which produce 6.47 and 6.48. However, in the presence of the (3CD dimers 
the product ratio 6.47:6.48 is increased markedly in favour of 6.48, particularly for

simultaneous complexation of 6.49 and 6.50 in the orientation shown in 6.51 which 
leads to the formation of 6.48 in 6.52, rather than 6.47.

6.4. Porphyrin Complexing, Porphyrin Substituted Cyclodextrins and 
Related Systems

The porphyrins have attracted attention either as guest species in linked CD dimer 
complexes or as a component of the linker itself. This interest arises largely from a 
desire to gain further insight into the role of the porphyrin moiety in photosynthesis 
and in heme proteins. The complexation of the porphyrins 6.53a and 6.53b by PCD 
is characterised by K n  = 1.4 x 103 and 1.7 x 103 dm3 mol"1 at pH 7.0 and 298.2 K. 
Their complexation by the linked CD dimer 6.22a is characterised by K \ i = 8 x  105 
and 1.9 xlO6 dm3 mol’1, respectively, and for complexation by 6.22b ATn = 4 x  105

the linked dimer 6.20. This change in product ratio is consistent with the

6.47 6.48 6.49

6.52
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and 9 x l ^ d m 3 mol’ 1, respectively, which demonstrates strong cooperativity 
between the two pCD moieties in the linked CD dimers [57]. A similarly strong 
cooperativity arises in the complexation of 6.53b by 6.54 where ATji > 5 x 107 dm3 
mol"1. Isomerism can arise in such porphyrin complexation as is shown by the 
complex formed between 6.22a and 6.53a, which has a syn stereochemistry where the 
two pCD annuli complex adjacent aromatic groups, while the complex formed 
between 6.22b and 6.53a exists both as the syn isomer and the anti isomer where the 
two pCD annuli complex alternate aromatic groups. The more rigid 6.54 appears to 
form a 2:2 complex with 6.53a.

Metalloporphyrins are able to coordinate to metal binding sites in the linker as is 
shown by the complexation of the porphyrin 6.55a and the metalloporphyrins 6.55b- 
6.55d by the linked pCD dimer 6.56 [22,58]. Here, K\ \ = 2.5 x 104, 3.4 x  10*, 7.6 
x  10^ and 1.7 x 108 dm3 mol-1 for the complexation of 6.55a-655d, respectively, by 
the linked pCD dimer 6.56 at pH 7.0 and 298.2 K. The stronger complexation of the 
metalloporphyrins is attributed to coordination of the pyridine nitrogen of the host by
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ftrn  ?  centre* Th*s is consistent with the observation that the closely related linked 
, 1ШеГ which lacks a nitrogen in the linker, shows no enhanced 

complexation of the metalloporphyrins as shown by Ky i = 1.7 x  104, 1.9 x 104, 1.0 x
10 and 1.3 x 104 dm3 mol’1, respectively, for the complexation of 6.55a-6.55d.

shown h co*nj>*ex®'’ ®'58a an<l <>.S8b are also strongly complexed by 6.56 as 
shown by J ,  , = 2 . 1 X1 0 4  and 2.4 x  104 mo, ^  lespecli^  J M e  Ше ^ e r  ,

■ Ш0* ôr comPlexation of 6.58b by 6.57 is consistent with metal
& " !0°Г1П̂ ° П by 6-56 enhancing the stability of its complex with 6.58b. A similar 
^endmstab.htyis seen m the complexes of 6.56 with 6.59a to 6.59d where K \\ = 6.3

with (i SQn ^  аПС̂ ^  ^  mo* dm'3, respectively, and those of 6.57
th 6.59a and 6.59d where Kn  = 5.6 x 10* and 5.0 x 10* mol dm'3, respectively. In

comDlexec f PrCS?KCe ^ .*** *5̂ r'^ ‘ne mtrogen in 6.56 adds little to the stability of the 
complexes formed by 6.56 with 6.60a and 6.60b where * „  = 1.4 x 10* and 17 x  10*

6 60b 1̂ ЬегГ^>еСиТ 1э ’ b>; r mPanSOn wi,h ,hose formed ЬУ 6.57 with 6.60a and 
6.60b where AT„ = 1.3 x 10* and 1.2 x io* mol dm’3, respectively. This difference

mpt i ■ У a^ eS because’ unlike the borderline hard acid divalent first row transition 
metai 10ns> hard acid B a ^  La3-  and Eu3+ are unlikely to strongly coordinate the

6 «btn"d 6 °£  f  ̂ Пе "i,r0gen °f  656  1116 comPlexes of 6.56 with 6.61a, 
6.61b and 6.62 are characterised by AT,, = 2.2 x 10*. 2.6 x  10* and 6.9 x  10* mol
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dm-3, respectively. A variety of dyes are also complexed by 6.56 among which 
Methyl Orange (6.18) forms a complex characterised by K \ \ = 1.6 x 107 mol dm"3 
which appears to be the highest K\ i reported for a CD complex of this dye [22].

6.58b M = Ni2+ 6.59c M = Zn2+ 6.59d = (V

6.60b M = La3+ 6.61b M = La3+

A competitive fluorescence study, where TNS" acts as the reference fluorescent 
guest, shows that the linked pCD dimers 6.63a-6.63d and 6.64a and 6.64b form 
stable 1:1 complexes with the porphyrinoid guests 6.65-6.67 [31]. Generally, K \\  
increases with decrease in the linker length as shown in Table 6.3. The linked (}CD 
dimers 6.63a-6.63d and 6.64a and 6.64b were designed as potential carriers for 
porphyrinoid photosensitisers in photodynamic cancer therapy.
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Table 63 . Stability Constants for Linked pCD Complexation of Porphyrinoid Guests/1

CD Guest = TNS- 
10'3K ii m°l d m 3

Guest = 6.65 Guest = 6.66 Guest = 6.67
10‘5Ki j mol dm'3 10-5AT| \ mol dm'3 Ю'5Кц  mol dm*3

6.63a 3.6 4.5 3.3 2.1
6.63b 3.8 3.1 13 6.3
6.63c 5.5 1.3 150 8.4
6.63d 5.6 1.4 41 8.7
6.64a 8.3 0.58 40 5.0
6.64b 5.8 14 2.4

°In 0.1 mol dm'3 carbonate buffer at pH 9.

C02H

6.65
SQ3H
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An interesting extension of linked CD chemistry is exemplified by the pCD 
tetramer 6.68 where each (3CD linkage occurs at C(3) [59]. Both tetraarylporphyrins 
and metalloporphyrins are bound in 1:1 complexes with K \\  values of up to 108 dm3
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mol"1, but the number of porphyrin aryl substituents simultaneously complexed is 
uncertain.

In the linked PCD dimer 6.69 the porphyrin linker is bound to each pCD through 
sulfur at the A and D C(6) sites. This dimer forms the complexes 6.70 with the 
guests 6.71-6.73 (Fig. 6.4) where ДГц = 7.4 x 103, 2.2 x 104, and > 5 x 105 dm3 
mol"1, respectively, in aqueous solution at pH 9.0 and 296.2 K. The rate of electron 
transfer from the porphyrin linker of 6.69 to the guests in the complex 6.70 is 
characterised by = 2 x 109, 109, and 109 s"1, respectively, as measured from the 
quenching of the porphyrin fluorescence in the presence of the guests 6.71-6.73 [25].

Fig. 6.4. Complexation of guests by 6.69 and election transfer in the 1:1 complex.

The analogue of 6.69, where each S link between the porphyrin and pCD is 
replaced by an amide link and each hydroxy group is replaced by a methoxy group, 
shows potential for similar electron transfer studies [26]. It is not necessary for the
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porphyrin to link two CDs for electron transfer between the porphyrin and the guest to 
occur. Thus, the modified PCD where a 5-(4-carboxyphenyl)-10,15,20-tris(4- 
methyl)phenyl)porphyrin is substituted onto C(6) of pCD through the carboxy group, 
shows light induced electron transfer from the porphyrin to complexed guest quinones 
and nitrobenzenes as detected by EPR spectroscopy [60]. Extensive studies of 
metalloCDs formed by porphyrin substituted PCDs have been reported [61] and are 

discussed in Chapter 5.

6.5. Calixarene Substituted Cyclodextrins

The substitution of the primary amine group of 6A-(2-aminoethylamino)-6A-
deoxy-pCD by tetrakis(hydroxycarbonylmethoxy)calix[4]arene produces the water
soluble modified CD 6.74, where the calixa[4]arene substituent acts as a second 
hydrophobic binding group in addition to the PCD moiety [62]. While 
complexation studies have been reported for 6.74, such studies have been reported for 
the isomeric modified pCDs 6.75 and 6.76, substituted at one OH(2) by

6.74 6.75 6.76
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calix[4]arene moiety, and by OMe at the remaining six OH(2) sites [63,64]. The 
formation of 1:1 complexes by 6.75 and 6.76 with TNS" (6.17) is characterised by 
К  и  = 3.05 x 104 and 1.53 x 105 dm3 mol"1 in water at pH 7.0, respectively, while 
under the same conditions pCD forms a 1:1 complex with TNS" where £ ц  = 2.0 x
103 dm3 mol"1. The greater K \\  values observed for the complexes formed by 6.75 
and 6.76 are attributed to the simultaneous complexing of the toluidinyl and naphthyl 
groups of TNS'. The lower stability of the complex formed by 6.75 is attributed to 
partial complexation of the calix[4]arene substituent in the pCD annulus competing 
with the complexation of TNS'. A similar effect is seen for the binding of 1-anilino- 
8-naphthalenesulfonate, ANS', by 6.75 and 6.76 where K \ j = 2 . 3 x  103 and 2.48 x
104 dm3 m ol'1, respectively. (The analogues of 6.75 and 6.76 where each primary 
hydroxy group is replaced by an O-terf-butyldimethylsilyl group have also been 
prepared [64].)

The complexation of TNS’ and ANS' by 6.75 and 6.76 is detected by the 
increased fluorescence of both guests. This fluorescence decreases when other guests 
such as steroids and terpenes compete in the complexation process, and the decrease

6.77a R = H, X = A
6.77b R = Si(CH2)2CMc3, X = A
6.78a R = H, X = В
6.78b R = Si(CH2)2CMe3, X = В
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in fluorescence is an indication of the complexation of the steroids and terpenes [62]. 
A logical extension of this observation is to develop a sensor system which 
incorporates an intramolecular complexing fluorophore into the modified CD as 
exemplified by 6.77a and 6.78a (6.77b and 6.78b are precursors in the preparation of 
6.77a and 6.78a) [65]. While 6.77a shows substantial fluorescence decreases in the 
presence of steroids and terpenes in aqueous solution (ATn = 1.03 x 10'4 dm3 mol-* 
in phosphate buffer at pH = 7 and I = 0.02 mol dm"3 for the complex of 6.77a and 
norethindrone), consistent with the 2-naphthylamine fluorophore being exposed to the 
aqueous environment in the steroid and terpene complexes, 6.78a shows no 
fluorescence change in the presence of either class of potential guests. It appears that 
the dansyl fluorophore is so strongly intramolecularly complexed that steroids and 
terpenes do not effectively compete for its place within the hydrophobic interior of 
6.78a.

Another attachment of a second complexing group is exemplified by the mono- 
and bis-substitution of l,4,10,13-tetraoxa-7,16-diazacyclooctadecane through one and 
two C(6) sites of a single PCD, respectively [66,67]. Such attachment of second 
complexing groups to CDs has been used extensively in the metalloCD chemistry 
discussed in Chapter 5.

6.6. Polymeric Cyclodextrins

A logical development of the linked CD dimers is to increase the number of 
linkages to produce polymers, and this has resulted in some interesting systems. 
Early examples are the polyacryloyl-ocCD 6.79 and poly-N-acryloyl-6-aminocaproyl- 
aC D  6.80 and their PCD analogues where the CD moieties are attached mainly 
through substitution at C(3) to the polymer by single linkers [68-70]. Polyacryloyl- 
PCD catalyses the hydrolysis of 4-nitrophenyl acetate and 4-nitrophenyl 4- 
nitrobenzoate through a mechanism which appears to involve cooperative complexing 
of these guest molecules by adjacent PCDs attached to the polymer. In the latter 
hydrolysis polyacryloyl-pCD is a 3.3-fold more effective catalyst than PCD, but poly- 
N-acryloyl-6-am inocaproyl-pCD is only 1.8-fold as effective consistent with 
increasing distance between the PCD moieties decreasing catalytic effectiveness. 
(Polyacryloyl-pCD also binds TNS" (6.17) through simultaneous complexation by 
adjacent pCD moieties.) Another polymer, where PCD moieties are linked to a
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polyethylenimine backbone, catalyses the hydrolysis of two 4-terf-butylphenyl esters 
where the ethylenimine nitrogen acts as the nucleophile [71]. Michaelis-Menten 
kinetics are observed for the hydrolysis consistent with the guest ester being 
complexed by the polymer pCD moieties.

—I-CH2CH— |-n
< r°

6.80

The reaction of pCD with epichlorohydrin produces a polymer where pCDs are 
linked mainly through their C(6) sites and are part of the polymer backbone (6.81) 
[72], while reaction of poly(allylamine) with monotosylated PCD produces a polymer 
where each pCD is attached to the polymer through a short linker, mainly through 
C(6) sites (6.82) [73]. Several examples of each polymer have been prepared where 
the average n varied. (It should be appreciated that a degree of heterogeneity exists in 
each polymer chain when the average n is referred to below.)

A very detailed luminescence study shows that 6.81 (shown as the polymer 
segment 6.83) complexes pyrene (6.84) more strongly than does PCD provided that

- | - C H 2 CH— b ,
p=o
NH

(CH2)5

p o

, o —CH2-
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the distance between linked PCD moieties is sufficiently large [72]. This is attributed 
to cooperative complexation proceeding through 6.85, where one end of a pyrene is 
complexed by one PCD moiety of 6.86 and the other end is complexed by another 
PCD moiety in the polymer chain. The distance of the second PCD moiety from the 
first has a considerable impact on pyrene complexation. This distance is controlled 
by the number of units (n) in the -0 (CH2CH(0 H)CH2 0 )n- linker joining the two 
PCD moieties at C(6). The apparent pyrene complexation constant, *app» given by:

*app = (*int + 0*11

When n = 1, tfapp = 1.2 x 102 dm3 mol"1 and ^ nt = 2.4; when n = 2, Кгpp = 1.8 x
102 dm3 m ol'1 and tfjnt = 4; when n = 3, Kapp = 5.1 x 102 dm3 mol"1 and Aint = 14; 
when n = 4, Kapp = 1.11 x 103 dm3 m ol'1 and Kint = 31; and when n =8, tfapp = 4.2 
x 103 dm3 m ol'1 and Kini = 1.2 x 102 in water at room temperature. This increase in 
*app with n is attributed to the increasing ease of simultaneous complexation of 
pyrene by two pCD moieties in the same polymer chain. The higher the value of /£jnt 
the greater is the proportion of total complexed pyrene which is simultaneous 
complexation by two PCD moieties. Molecular modelling shows that when n — 1 
such simultaneous complexation by adjacent PCDs is not possible and the third or 
fourth pCD along the polymer chain combines with the first in simultaneous 
complexation instead. A similar situation may exist when n = 2. For the initial 
complexation step for each polymer K \ \  is estimated as 35 dm3 mol which

6.83 6.85
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compares with tfapp = ^11  = 1.4 x 102 dm3 mol"1 for the pCD.pyrene complex. 
Thus, when n = 8 for the polymer tfapp is 30 times greater than that for pCD.

Stronger complexation by epichlorohydrin-generated polymers of aCD, pCD and 
7CD, by comparison with that of the parent CDs, occurs for several guest molecules 
and is mainly attributed to cooperative complexing of the guests by adjacent CD 
moieties in the polymer [74,75]. It appears that the linker units may also serve to hold 
the CD moieties in optimal orientations for guest complexation and also increase the 
hydrophobicity of the polymer such that guest complexation is reinforced [75].

Luminescence studies of the complexation of pyrene by polymer 6.82 show that as 
the degree of substitution of PCD onto the polymer backbone increases from 0.5% to 
23% of the amine groups being substituted by PCD (and n decreases) so tfapp for the 
complexation of pyrene increases to 3.5 x 102 times that for pyrene complexation by 
PCD [73]. In principle, pyrene may be simultaneously complexed by either two 
adjacent appended PCD moieties (6.87) or by two PCDs separated by several polymer 
segments (6 .88). If the latter complexation is significant complex stability should 
increase with polymer length, but this is not observed and it appears that 
complexation of pyrene by adjacent pCDs dominates.

The effect of the polymer structure on guest complexation may be exploited in 
molecular imprinting where a CD.guest complex is incorporated into a polymer such



that subsequent removal of the guest leaves the guest imprint on the polymer so that it 
retains a strong selectivity for complexation of that guest. This principle of molecular 
imprinting has been applied to produce a cross-linked polymer which complexes 
cholesterol with a high degree of specificity as shown in Fig. 6.5 [76]. The 
pCD.cholesterol 3:1 complex 6.89 is linked and cross-linked with hexamethylene- 
diisocyanate to produce the polymer 6.90, from which the templating cholesterol is 
then removed to produce 6.91. This solid polymer is 15 times more effective in 
absorbing cholesterol from solution than is its analogue prepared in the absence of the 
cholesterol template. The nature of the linker is critical for the selective absorbing 
character of the polymer as is shown by the t o l u e n e - 2 , 4-disocyanate linked analogue 
of 6.91 which, although 4.7 times more effective in absorbing cholesterol than 6.91, is
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Fig. 6.5. Synthesis of a molecular imprinted polymer for the molecular recognition of cholesterol.
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only 3.7 times more effective than its analogue prepared in the absence of the 
cholesterol template. The epichlorohydrin-linked polymer is much less effective than 
6.91 in absorbing cholesterol.

Solid CD polymers have attracted attention as chromatographic materials but so 
far do not appear to have proved either as durable or versatile as the chromatographic 
materials generated through the binding of CDs to silica supports [77]. The latter 
chromatographic materials are capable of separating structural isomers, enantiomers 
and diastereomers [78-81].
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CHAPTER 7 
MODIFIED CYCLODEXTRINS

CYCLODEXTRIN ROTAXANES AND CATENANES

7 .1 .  Introduction

Rotaxanes and catenanes are unusual molecular species whose major components 
are held together mechanically. The name rotaxane is derived from the Latin rota for 
wheel and axis for axle in recognition that the macrocycle component of a rotaxane 
may be viewed as a wheel on an axle represented by its linear or threading molecular 
component. Similarly, the name catenane is derived from the Latin for chain, catena, 
in recognition that the interpenetrating macrocycles of the catenane may be likened to 
the links of a chain. A simple rotaxane consists of a macrocycle threaded onto a long 
molecule where large blocking end groups prevent the macrocycle from dethreading. 
A range of variations on this theme are shown in Fig. 7.1. The CD rotaxane 
precursor necessarily lacks one or both blocking end groups so that the CD may be 
threaded, and such species are often referred to as pseudorotaxanes shown as 7.1 and
7.2. The blocking end groups are then attached to form the CD rotaxane 7.3.

A simple nomenclature system devised by Schill [1,2], has been widely adopted 
for the rotaxanes, and is followed here. The number of mechanically joined molecular 
components in the rotaxane is written first and is enclosed in square brackets. This is 
followed by the names of the threading molecule and the macrocycle, each in square 
brackets, and ends with rotaxane also in square brackets. Thus, 7.3 is named [2]- 
[threading molecule]-[CD]-[rotaxane]. Should there be two CDs simultaneously 
threaded, the name becomes [3]-[threading molecule]-[CD]-[CD]-[rotaxane] and so on. 
The pseudorotaxanes 7.1 and 7.2 are both named [2]-[threading molecule]-[CD]- 
[pseudorotaxane] under this system. As the threading molecule becomes longer and

227
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more complex, large numbers of CDs may be threaded in different ways as illustrated 
by the polyrotaxanes 7.4-7.6.

7.1 [2]-Pseudorotaxane 7.2 [2]-Pseudorotaxane 7.3 [2]-Rotaxane

7.4 Polyrotaxane

Fig. 7.1. Representations of CD rotaxanes where the truncated cones represent CDs. the wavy lines 
represent lengthy molecular segments and the straight lines represent blocking end groups. The orient
ations of the CDs may be selective or random depending on the interactions occurring with the threading 
segment, the end groups and neighbouring CDs.

A simple catenane consists of two interpenetrating macrocycles as illustrated by
7.7 in Fig. 7.2. The Schill nomenclature system also applies to catenanes. Thus,
7.7 is named [2]-[macrocycle]-[CD]-[catenane], 7.8 is named [4]-[macrocycle]-[CD]- 
[CD]-[CD]-[catenane] and so on. As the threading macrocycle increases in size so 
increasing numbers of CDs may be threaded to give polycatenanes such as 7.9.

Many rotaxanes and catenanes have been studied and their chemistry has been 
extensively reviewed [3-9]. A considerable variety of participating macrocycles has 
been explored as is exemplified by crown ethers, cyclophanes and CDs. A wide range 
of threading molecules has also been explored. Rotaxane formation sometimes 
involves the formation of the macrocyclic component as an integral part of the 
synthetic procedure, a process which is not available in the formation of CD rotaxanes

7.5 Side-chain polyrotaxane
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and thereby restricts their formation to the passing of the threading molecule through 
the CD annulus. Necessarily, in the formation of CD catenanes the ends of the 
threading molecule must link to form the second macrocycle during the catenane 
synthesis.

7.7 [2]-Catenane 7.8 [4]-Catenane

Fig. 7.2. Representations of CD catenanes where the truncated cone represents a CD and the threading 
macrocycle is represented by the rectangle traced by the wavy line. The orientations of the CDs may be 
selective or random depending on the interactions occurring with the threading macrocycle and with 
neighbouring CDs.

7 . 2 .  Cyclodextrin Pseudorotaxanes

Pseudorotaxanes of the 7.1 type differ little from other CD complexes except that 
the threading molecule entering the CD annulus is significantly longer than the CD 
longitudinal axis so that end groups may be attached to form a rotaxane. In some 
cases, the threading molecule may possess end groups which fit the CD annulus quite 
closely so that the pseudorotaxane has quite a high stability but still allows the CD to 
dethread. Similar considerations apply to the 7.2 type pseudorotaxanes, but now it is 
only necessary to attach one additional end group to form a rotaxane.

A well characterised pseudorotaxane is represented by [2]-[l,10-bis(l-(4-ferf- 
butylpyridinium)-decane)]-[aCD]-[pseudorotaxane], whose self-assembly is shown in 
Fig. 7.3 [10]. The rapid, but weak, complexation of the terf-butylpyridinium end 
group of l , 10-bis(l-(4-terf-butylpyridinium)-decane) (7.10) to form the initial 
complex (7.11) is characterised by K u  (298.2 K) = 18 dm3 mol' 1 in D20  0.1 mol
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by a slippTge'melfhMilra' 11 10 b'S(l44  ИГ/bU‘ylPyridin'Um))‘deCanCl' [“ CD1' tpSeud0r0taXanel

shown n a^*.aS s^own by >H NMR studies. (Although complexation in 7.11 is 
shown occumng through the secondary face of aCD, it may occur through the

aiy ace or through both routes.) The slow slippage of aCD over the pyridinium
тою  у to give the [2]-pseudorotaxane 7.12 is characterised by k\ (298.2 K) = 4.2 x

oroce« h 4 f  До!,09 U  m° 1’ 1 a"d 4 5 * = 57 J K_1 m o H - and ‘he dethreading,process by (298.2 K) = 4 2 x  10.6 rl> ^ t  = 99kJ m oH and ^  _  , 17 j  K S1

-  , ^*'e S' m'*ar' ty for both processes is consistent with the formation o f
7.12 being largely entropy driven. Thus, Д5 * = 57 J K 'l m oH  for the threading

5Г 7 Г аПУ reSUl* Г̂0Ш dehydrating the cationic pyridinium moiety as it 
rs e a  annulus in the transition state, while Д5$ = -17 J K_1 m o l'1 for
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dethreading may reflect its partial rehydration as it leaves the annulus. When the 
1.10-bis(l-(4-terf-butylpyridinium))-decane end groups are replaced by bulkier 
moieties, such as 3,5-dimethyIpyridinium or quinuclidinium, pseudorotaxane 
analogues of 7.12 are not formed.

A series of a,co-alkanedicarboxylates 7.13 form pseudorotaxanes 7.14 with 
ccCD in D20  at pD 8 [11]. Both one- and two-dimensional *H NMR studies are 
consistent with aCD being located close to the centre of the alkyl chain in the general
[2]-pseudorotaxane structures. No analogous PCD and 7CD pseudorotaxanes are 
detected. This suggests that the closeness of fit of the threading a ,co- 
alkanedicarboxylate to the interior of the CD annulus is an important stabilising 
factor in these [2]-pseudorotaxanes. In D20  at pD 13, where an aCD secondary 
hydroxy group is deprotonated to produce a negative charge, the formation constant, 
*11 (303.2 K) increases in the sequence: 3.1 x 102, 6.3 x  102, 1.4 x 103, 1.5 x 103 
and 5.4 x 103 dm3 mol"1 as n increases from 8 to 12. It appears from this that 
electrostatic repulsion between the threaded and negatively charged aCD and the 
negatively charged carboxylate end groups may repel the threaded aCD towards the 
centre of the threading alkane chain of the [2]-pseudorotaxanes and thereby stabilise 
them. Similar [2]-pseudorotaxanes form with a.co-alkanedipyridinium threading 
dications 7.15 [12]. When n = 8, 9, 10 and 12, K \ \ (278.2 K) = 1.1 x 102, 6.4 x
102, 2.2 x  103 and 4.8 x 102 dm3 mol"1, respectively, for the formation of 7.16 in
d 2o .

O'
+

о о

7.13 aCD

+

7.15 aCD 7.16
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The threading of aCD by carbazole-4,4'-bipyridinium (viologen) linked dications 
7.17 to form [2]-pseudorotaxanes 7.19 through the transition states 7.18 shown in 
the free energy profile in Fig. 7.4, reveals an interesting variation of stability with 
polyalkyl chain length [13]. The carbazole moiety acts as a blocking end group so 
that formation of the pseudorotaxane only occurs through aCD  threading from the 
opposite end of the carbazole-4,4'-bipyridinium dication. When n = 4 or 6 no 
complexation is detected, but when n = 8, 10 and 12 the [2]-pseudorotaxanes 7.19

Fig. ТА. Reaction profile for the threading of aCD by carbazole-viologen linked dications 7.17 to form
it Pseudorotaxanes 7.19. In 7.17, the carbazole moiety may fold back over the viologen entity to 

allow charge transfer to occur.
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are formed as shown by both NMR and uv-visible spectroscopy. The orientation 
of the aCD annulus shown in Fig. 7.4 is consistent with the structure deduced from 
NOESY !h  NMR spectra. The stability of 7.19 increases as n increases in the 
sequence: 8, 10 and 12 as shown by correspondingly increasing AG^(303 K) = -19.3, 
-24.3 and -27.2 kJ mol"1. The formation constants for 7.19, K \\  = 2.1 x 103, 1.5 
x 104 and 4.9 x 104 dm3 mol"1, increase with increasing n = 8, 10 and 12. This is 
consistent with the dehydrated viologen entity passing through the aCD annulus with 
difficulty, and with maximum stability being gained when it rehydrates as aCD 
passes over it to become threaded by the polyalkyl chain. This is achieved to the 
greatest extent when n = 12, but it is not possible with the shorter polyalkane chains 
when n = 4 and 6 and the corresponding [2]-pseudorotaxanes are of relatively low 
stability.

For pCD, the [2]-pseudorotaxane formed when n = 12 for 7.17 is less stable 
{AG°(303 K) = -23.4 kJ mol"1, * ц  = 1.5 x 104 dm3 mol"1} than is its aCD  
analogue. Greater insight is gained by comparing AG* (303 K) for threading (n = 12) 
aCD = 73.6 kJ mol"1 with that for pCD = 48.5 kJ mol"1, and the corresponding 
dethreading values of 100.8 and 72.0 kJ mol"1, respectively. The greater AG* values 
for aCD probably reflect a combination of the distortion of the aCD annulus required 
to permit passage of the viologen moiety together with its dehydration, while the 
larger PCD annulus more readily permits passage of the dehydrated viologen moiety 
so that its dehydration represents the major contribution to AG*. The larger 7CD is 
thought to simultaneous complex the carbazole and the viologen moieties in the 
folded 7.17 dication.

v a 7.20a n = 4
N -  (CH2)r +N -----( ==/N+(CH2)2Mc 1Л0Ъ n = 12

7.21a n = 0 
7.21b n = 1 J.

OH о D
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When n is increased to 16 in the 7.17 polyalkyl chain, the increased length 
allows the threading of two aCDs. Only the isomer where the aCDs are in a head to 
tail orientation with their primary faces towards the carbazole end group is observed. 
This indicates the presence of orienting forces which render the opposite head-to-tail, 
the head-to-head and the tail-to-tail aCD orientations less stable in the [2 ]-pseudo- 
rotaxane [14].

The formation of pseudorotaxanes by other threading molecules with single 
blocking end groups also occur. Thus, while the phenothiazine-viologen linked 
species 7 .20a appears to be too short to form a stable rotaxane, the longer 7 .20b 
forms a pseudorotaxane with aCD characterised by K n  = 4 x 104 dm3 mol at
303.2 К in D2O and less well characterised complexes with pCD and "yCD [15]. The 
polyacetylenic molecule 7.21a forms pseudorotaxanes with aC D , pCD and 
heptakis(2,6-di-0-methyl)-pCD (DMpCD) characterised by £ ц  = 1.3 x 103, 2.3 x
103 and 4.3 x 103 dm3 mol"1, respectively, in D2O at 298.2 К [16]. Analogous 
pseudorotaxanes characterised by K \\  = 6.1 x 103, 6.5 x 103 and 2.7 x 104 dm 
mol"1, respectively, are formed by the longer 7 .21b, and the addition of a second 
DMpCD is characterised by K2\ = 5.3 x 103 dm3 mol"1.

The effect of charge on the formation of pCD [2]-pseudorotaxanes by 7.22-7.24, 
which undergo sequential one electron reductions of their viologen moieties, has been 
studied voltammetrically [17]. None of 7.22-7.24 form stable [2]-pseudorotaxanes, 
however, the reduced monocation and zero charged forms of 7 .2 2  form [2 ]- 
pseudorotaxanes characterised by K \ \ = 5.0 x 101 and 6 x 103 dm3 mol » 
respectively, in aqueous 0.1 mol dm' 3 phosphate buffer at pH and 298.2 K.

7.22 OH

7-B

724  0 ,S
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Similar sequential one electron reductions produce anionic and dianionic 7.23 which 
form pCD [2]-pseudorotaxanes characterised by K \ \ = 9.0 x  101 and 2 x 104 dm3 
mol'1, respectively, and anionic and dianionic 7.24 whose (3CD [2]-pseudorotaxanes 
are characterised by = 5.0 x 101 and 7 x 103 dm3 m ol'1, respectively. These 
stability variations are consistent with pCD being threaded by the viologen moiety 
which becomes increasingly hydrophobic as its local charge decreases from 2+ to 1+ 
to 0 and its complexing ability correspondingly increases. The analogous DMpCD 
pseudorotaxanes show the same stability trend where K\ \ = 5.0 x  101 and 2 x 104,
1.0 x Ю1 and 7 x 104, and 7.0 x 101 and 1 x 104 dm3 m ol'1, respectively, 
characterise the monocation and zero charged forms of 7.22, and the anionic and 
dianionic forms of 7.23 and 7.24 [17].

Fig. 7.5. The formation of di- and tetracadonic [2]-pseudorotaxanes 121  and 7.28, respectively.

A similar influence of charge is seen in the strong pH dependence of [2]- 
pseudorotaxane formation from aCD and 1,1 l-bis(pyridinium)undecane (7.25) and its 
diprotonated form (7.26, with pATas = 2.63 and 3.96) shown in Fig. 7.5 [18]. Thus,
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*11  = 4.05 x 103 dm3 mol’ 1 with A H 0 and TA S°  = -29 and -8.8 kJ mol’1, 
respectively, and K\ i ' = 5.8 x 102 dm3 mol’1 with A ffi and TAS° = -33 and -17 kJ 
mol ^  respectively, in aqueous medium at 298.2 K. The greater stability of 7.27, 
by comparison with 7.28, mainly arises from its less negative TAS® contribution. 
A decrease in entropy arises from the threading process, but an increase in entropy 
might be expected from expulsion of water from the aCD annulus. Superimposed on 
this is the variation in these contributions resulting from the di- and tetracationic 
natures of 7.25 and 7.26. The less hydrated viologen moieties in 7.25 probably 
present a lesser barrier to the threading of aCD than do the more highly hydrated 
viologen moieties of the tetracationic 7.26 as aC D  moves to its ground state 
position threaded by the polyalkyl chain as shown by NMR spectroscopy. The 
tetracationic analogue of 7.26, where the two protons on the bipyridyl nitrogens are 
replaced by Et+, forms a [2]-pseudorotaxane characterised by A 'n' = 2.3 x 102 dm3 
mol 1 with A ffl and 7AS^ = -35 and -22 kJ mol"1, respectively.

The threading of three pCD onto the ammonium ion 7.29 to form a [4]- 
pseudorotaxane appears to be consistent with the variation of the fluorescence of this 
cationic surfactant as pCD concentration is increased in aqueous solution [19]. 
Although sequential threading of the three (JCD necessarily occurs, it has not proved 
possible to determine the stepwise constants K \\ ,  K2\ and * 31, and their product рз
-  3.7 x 105 dm^ mol' 3 was determined instead. More extensive examples of the 
threading of several CDs are considered in section 7.6.

Me _

M e -N * -  (CH ^NH — ----- r V 4
Me —  „

Me \ C02Et

7.3 .  Cyclodextrin Rotaxanes with Organic End Groups

The attachment of organic end groups to the threading moiety of a CD rotaxane is 
achieved through either covalent bonding or ionic interactions. In Fig. 7.6, an 
example of the former attachment is shown where the azobenzene diazonium cation 
7.30a adds one end group through reaction with p-naphthol 7.31 [20]. This 
intermediate product then threads either aCD or pCD to form a [2]-pseudorotaxane
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which adds a second end group to form [2]-rotaxanes 7 .32a and 7 .32b . 
Alternatively, 7.30a may thread aCD or pCD prior to the addition of the first end 
group. The yield of 7.32a with aCD and pCD is 12% and 15%, respectively, and 
the yield of 7.32b with PCD is 6% when the toluidine diazonium cation 7.30b is 
used. As in all CD rotaxane syntheses, the formation of the threading entity complete 
with two end groups competes with the formation of the [2]-rotaxanes. None of the 
[2]-rotaxane 7.32b with aCD  is obtained probably because 7.30b is too large to 
thread the aCD annulus.

Fig. 7.6. The formation of [2]-rotaxanes 732a and 732b incorporating covalently bound end groups.

Examples of similarly assembled [2]-rotaxanes incorporating covalendy attached 
end groups are represented by 7.33 and 7.34 [21]. The water soluble [2]-rotaxane 
7.33 (obtained in 28.1% yield) is the first example where an aromatic chromophore, 
the stilbene entity, is threaded through a PCD annulus. This facilitates uv-visible 
absorption and circular dichroic spectroscopic studies from which it is deduced that the 
stilbene function is within the pCD annulus. The precursor to 7.33 is also a [2]- 
rotaxane where two chloro groups occupy the place of the two anilino groups. The 
reaction of 1,12-diaminododecane with two moles of 2,4,6-trinitrobenzenesulfonate
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and either hexakis(2,6-di-0-methyl)-aCD (DMaCD) or hexakis(2,3,6-tri-0-methyl)- 
aCD (TMaCD) gives the corresponding [2]-rotaxane 7.34 in 42% and 48% yield 
[22]. Both [2]-rotaxanes are insoluble in water, but are soluble in most organic 
solvents.

V ^ N°2

734

The position of CDs in rotaxanes can be significantly influenced by the 
constituents of the threading chain as shown by [2]-[l,l-b is(4-(7 ,7 ,7 -triphenyl- 
heptyloxy)-benzyl)-4,4 '-bipyridinium]-[heptakis(2,6-di-0 -butyl-3-O-acetyl)-f}CD] [23]. 
Thus, l-[4-(7,7,7-triphenylheptyloxy)-benzyl]4,4,-bipyridinium ion (7.35) forms [2]- 
pseudorotaxanes 7.36 and 7.37 with heptakis(2 ,6-di-0 -butyl-3-O -acetyl-pCD ), 
DBM(3CD, as shown in Fig. 7.7. Proton NMR spectroscopy shows 7.37 to be the 
more stable [2]-pseudorotaxane and its subsequent reaction with 4-(7 ,7 ,7-triphenyl- 
heptyloxy)-benzyl bromide 7.38 in 3:1 acetonitrile:chloroform solvent gives the [2]- 
rotaxane 7.39 in 50% yield. The smaller DBMaCD yields no [2]-rotaxane 
analogous to 7.39, probably because its annulus is too small to be threaded. 
However, the larger DBM7CD gives the analogue of 7.39 in 15% yield in 3:1 
acetonitrile/chloroform. Similar studies have been reported for the analogue of 7.39 
where both ether oxygens of the threading molecule are replaced by carboxylate groups 
[24].
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Fig.  7.7. The formation of the [2]-rotaxane 7.39 showing the sequence leading to a dominant position of 
the threaded DBMpCD.

The ionic attachment of large organic end groups is illustrated by 7.40 and 7.41 
where the positive charges of the ammonium groups are balanced by the negative 
charges of the tetraphenylborates [25,26]. The DMJ3CD [2]-rotaxane 7.40 is obtained 
in 71.2% yield. The orientation of the two DMflCDs in the [3]-rotaxane 7.41 is 
shown to be as depicted by NOE NMR spectroscopy, and is attributed to the steric



240 Modified Cyclodextrins

hindrance at the primary face of DMpCD being greater than that at the secondary face. 
The yield of 7.41 is 85.3%.

7.40

threading molecule and the threaded CD in a [2]-rotaxane both 
ate c^romophores, the possibility of energy transfer between them arises. An 

l  ^ ,° 1 ! occurs *n 7.42 where energy transfer between the naphthalene 
° c tlle Substituted aCD and a dansyl group of the threading molecule 

nanhth i u XC*tat*0n a* 234 nm, the absoption maximum of the
nanhth I6"0 SU StitUCnt’ results in a much reduced fluorescence at 350 nm from the 
naphthalene group by comparison with that seen for the substituted aCD  alone, and a
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fluorescence at > 450 nm where the dansyl group fluoresces. This is consistent with 
singlet energy transfer from the naphthalene group to a dansyl group in 7.42.

S 0 3‘

7.42

7.4.  Cyclodextrin Rotaxanes with Metal Complex End Groups

The first CD [2]-rotaxanes appeared in an elegant study reported by Ogino in 1981 
[28]. These diastereomeric [2]-rotaxanes are composed of pCD threaded onto ц-(1,12- 
diaminododecane)bis(chlorobis-l,2-diaminoethane)cobalt(III), [(en)2ClCo(NH2- 
(CH2) 12)NH2)CoCl(en)2]4+. The inert octahedral cobalt(UI) moieties are too large to 
pass through the PCD annulus and act as blocking end groups for the retention of 
PCD threaded onto the alkyl chain. The starting materials in the self-assembly 
process shown in Fig. 7.8 are pCD, 1,12-diaminododecane 7.43 and racemic cis- 
dichlorobis-l,2-diaminoethanecobalt(III)chloride) c/$-[Co(en)2Cl2]Cl, where the 
reactive constituent is ci.y-[Co(en)2Cl2]+- The reaction may proceed through the [2]- 
pseudorotaxane 7.44 where PCD is threaded onto 7.43 and a subsequent reaction 
with c/j-[Co(en)2Cl2]+ attaches the first end group in 7.45. Alternatively, the first 
end group may be attached to 7.43 to form 7.46 which then forms the [2]- 
pseudorotaxane 7.45. The attachment of the second end group completes the 
formation of the [2]-rotaxane 7.47. Because cw-[Co(en)2Cl2]+ may possess either A 
or A chirality and the cw-[Co(en)2Cl]2+ moieties at either end of [(en)2ClCo- 
(N H 2(CH2) i 2)NH2)CoCl(en)2]4+ are randomly selected with respect to their
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chirality, four diastereomeric ДА, АЛ, АЛ, and ЛА [2]-rotaxanes are formed in 7% 
yield. The preparation of the aCD analogue results in a 19% yield of the combined 
diastereomers. The analogous 1,10-diaminodecane and 1,14-diaminotetradecane 
analogues of these [2]-rotaxanes have also been reported [28,29]. The formation of 
[2]-[Ц-(1»12-diaminododecane)bis(chlorobis-1,2-diaminoethane)cobalt(III)]-[otCD]- 
[rotaxane], the aCD analogue of 7.47, is accompanied by a volume decrease of about 
28 cm3 mol"1 in water at 298.2 К as shown from partial molar volume 
measurements [30]. This is consistent with the displacement of four water molecules 
from the aCD annulus as it accommodates six methylene groups as it is threaded by 
the 1,12-diaminododecane entity to form the [2]-rotaxane.

pCD 7.44

+ c/s[Co(en)2Cl2]+
+ c«[Co(en)2Cl2]+

/ ^ NH2
H2N ^  I ^  n h V W W V  n h 2 

h 2n ^  i " a  
4 . n h 2 n

“I 2+

+ (3CD NH2------► H2N^ I ^ NH2
h2n"  i " a  

\ . nh2
7.46 7.45

“I 4+
h2n- \

. h ^  n h 2

| NH;
H jN ^y

7.47

Fig. 7.8. The self-assembly of [2 ]-Qi-(l,12-diaminododecane)bis(chlorobis-l,2 -diaminoethane)cobalt-
(lII)HpCD]-[rotaxane) 7.47.
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r NHV
NH2 I " NH 

H,N

7.48 AA-[2]-rotaxane
П6+

7.49 AA-[2]-rotaxane

7.50 AA-(2]-rotaxane H2N ^

r NH2. L
n h 2 I n h 2

H ,N > ^ /

16+

^  Co^ 0  
H2N ^  J NH2

\ ^ N H ,

7.51 AA-[2]-rotaxane
NH,

| NH,

\v N H i

"16+

Fig. 7.9. Diastereomers of [2]-Iji-(U8-diamino-3,16-dithiooctadecane)bis(bis-I,2-diaminoethane)-
cobalt(III)]-[aCD]-[rotaxane].

The proportions in which diastereomeric [2]-rotaxanes are formed can be 
substantially affected by the interaction of the chiral metal complex end groups with 
the homochiral CD as is exemplified by [2]-[ji-(l,18-diamino-3,16-dithiooctadecane)- 
bis(bis-1,2-diaminoethane)cobalt(III)]-[aCD]-[rotaxane], [2]-[(en)2CoNH2(CH2)2S- 
(CH2) i 2S(CH2)2NH2Co(en)2]-[aCD]-[rotaxane] [31]. The preparation of this [2]- 
rotaxane follows a sequence similar to that shown in Fig. 7.8 through the reaction of 
[Co(NH2CH2CH2S)(en)]2+, which forms the end groups, with 1,12-dibromododecane 
and aCD. When [Co(NH2CH2CH2S)(en)]2+ is a racemate of A and A enantiomers,
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four diastereomers of the resulting [2]-rotaxane, 7.48-7.51, are possible as shown in 
Mg. 7.9. However, when either A- or A-[Co(NH2CH2CH2S)(en)]2+ is used, the ДД 
and ЛЛ [2]-rotaxane diastereomers are obtained. This is also the case for the [2]-
[(en)2CoNH2(CH2)2S(CH2)nS(CH2)2NH2C o(en)2]-[aC D ]-[rotaxane] analogues

here n 8 and 10 [31,32]. The yields of the ДД and ЛЛ diastereomers are 3.5 and 
ca. 0%, 21 and < 7%, and 28 and ca. 14% when n = 8, 10 and 12, respectively. This 
is attributed to the chiral discrimination exercised by aCD in complexing the alkyl 

am of [(en)2CoNH2(CH2)2S(CH2)nBr]3+ in the [2 ]-pseudorotaxane, the step 
immediately prior to the attachment of the second end group to form the [2]-rotaxane. 
(The PCD analogues show a lesser chiral discrimination which is attributed to the 
looser fit of the larger pCD annulus to the threading species.) A similar chiral 

iscnimnation is found in the aCD rotaxanes formed with [(en)2CoXCH2S(CH)nS- 
CH2Y)Co(en)2]m+ where m = 4 when n = 8, 10 and 12 for X = Y = С 0 2_; and m = 5 
when n = 10, X = C 02" and Y = CH2NH2 [32,33].

It is interesting that A- and A-[Co(en)2(NH2CH2CH2SR]3+ have been partially 
resolved through the complexation of the side chain R (which is either (CH2)nBr or

2)nMe and n -  7-12) by either aCD or PCD which preferentially interact with the 
A enantiomers, respectively [34]. The origin of this resolution may be related

causing the preferential formation of the AA-[2]-rotaxane diastereomer 
discussed above.

cobTham rgan0metalliC ^ " rotaxane system shown in Fig. 7.10 also involves 
n t. comPlex end groups, but now they are cob(III)alamins derived from vitamin 

iscussed earlier in section 5.6 [35]. The addition of a solution of

Х о т п Н Пя)а1аШ1П ?’52, Wh°Se detailed structure is shown in Fig. 5.9, and 1,12- 
presence of r °  * S° lutl0n comaining one equivalent of cob(I)alamin 7.53 in the 
the isome • roi ° ^ CXCeSS produces 12-bromododecylcob(III)alamin 7.54,
i  56 in 50  ̂[ ]r eUd°r0taXanes and 7.55b, and finally the [2]-rotaxane

formed and ЛеГ* 7’S5a' 7‘5Sb a"d ? ' 56  cobalt(In) 10 carbon bonds are
[2]-rotaxanes The ^ C°rd n̂g^  classified as organometallic [2]-pseudorotaxanes and 

7.57 is obtained as a^byprod^ ^  ^1’l2' d°decane b̂is ĉob^ n âlamin threading species

(R(CH2)nR' И  Г 6 C2]' rotaxanes is represented by the [2]-[[(NC)5Fe-
J-laCD)-[rotaxane] systems 7.58-7.60 where R and R' are
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Fig. 7.10. The formation of (2 ]-[pi-(l,1 2 -dodecane)bis(cob(III)aIamin)}-[aCD]-[rotaxane] and related

species.

either pyrazinium (pyz) or 4 ,4 '-bipyridinium (bpy), n = 8-12 and aCD is positioned 
on the alkyl chain section of the threading entity [36,37]. These [2]-rotaxanes self- 
assemble irrespective of the order of addition of the (R(CH2)nR ] thread, the 
pentacyanofen-ate(U), [Fe(CN)5]3‘ end groups and aCD. The [2]-rotaxanes 7.59 and 
7.60 have been the subjects of comprehensive kinetic and equilibrium studies. The 
equilibria represented be Eqs. (7.1-7.7), where R = R' = pyz, are representative of
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CN

7.58 [2]-[(NC)5Fe(bpy(CH2)nbpy)Fe(CN)54‘]-[aCD]-[rotaxane]

7.59 [2]-[(NC)5Fe(pyz(CH2)nbpy)Fe(CN)54*]-[aCD]-[rotaxane]

where n = 8-12

7.60 [2]-[(NC)5Fe(pyz(CH2)npyz)Fe(CN)54‘]-[aCD]-[rotaxane]

these studies. A facile route for the formation of [(NC)5Fe(pyz(CH2)npyz.ocCD)- 
Fe(C N )5]4 occurs through these equilibria where the threading of aC D  by 
pyz(CH2)npyz2+ produces the pyz(CH2)npyz.aCD2+ [2]-pseudorotaxane and is 
followed by sequential substitution of the labile water ligands of two 
[Fe(CN)5OH2]3' by the end nitrogens of pyz(CH2)npyz2+ to give [(NC)5Fe(pyz- 
(CH2)npyz.aCD)Fe(CN)5]4- or [2]-[[(NC)5Fe{pyz(CH2)nPyz}Fe(CN)5]4-]-[aCD]- 
[rotaxane). A slower route to this [2]-rotaxane through equilibria represented by Eqs. 
(1.5-1.1) involves initial formation of the [(NC)5Fe{pyz(CH2)npyz}Fe(CN)5]4* dimer 
which cannot directly thread aCD because of the large [Fe(CN)5]3- end groups. Slow 
dissociation of a [Fe(CN)5]3- end group produces [(NC)5Fe(pyz(CH2)npyz)]‘ which 
threads aC D  to produce either [(NC)5F e(p y z(C H 2)n P y z .aC D )]-  or [2]- 
[(NC)5Fe(pyz(CH2)nPyz)']-[aCD]-[pseudorotaxane]. Subsequent reattachment of a 
second [Fe(CN)5]3' end group completes the formation of the [2]-rotaxane. Thus,
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depending on the relative concentrations of the reactants, the equilibria represented by 
Eqs. (7.1-7.6) feature to a greater or lesser extent in the [2]-rotaxane formation. The 
self-assembly of 7.58 and 7.59 occur in a similar manner. The [Fe(CN)5]3" end 
group has also been used to convert [2]-pseudorotaxanes (where aCD is threaded onto 
R(CH2)nR2+ and R is 3- or 4-cyanopyridine and n = 9 or 10) to [2]-rotaxanes where 
[Fe(CN)5]3' binds to a cyanopyridine at both ends of the R(CH2)nR2+ thread in a 
series of equilbria similar to those shown in Eqs. (7.1-7.6) [38].

pyz(CH2)npyz2++ aCD —  - — pyz(CH2 )npyz.aCD2+ 

pyz(CH2)nPyz.aCD2+ + [Fe(CN)5 0 H2]3"
[(NC)5Fe(pyz(CH2)nPyz.aCD)]- + H20

[(NC)5Fe(pyz(CH2)nPyz.aCD)]- + [Fe(CN)5 0 H2]3'
[(NC)5Fe(pyz(CH2)nPyz.aCD)Fe(CN)5]4'  + H20

pyz(CH2)npyz2+ + [Fe(CN)5 0 H2]3‘
[(NC)5Fe(pyz(CH2)nPyz)]" + H2O

[(NC)5Fe(pyz(CH2)nPyz)]- + [Fe(CN)5OH2]3-
[(NC)5Fe(pyz(CH2)npyz)Fe(CN)5]4' + H2O

[(NC)5Fe(pyz(CH2)npyz)]' + aCD -
[(NC)5Fe(pyz(CH2)nPyz*aCD)]-

The size selectivity of a metal complex end group is demonstrated by 7.61 (n -  
7) which forms the two isomeric [2]-pseudorotaxanes 7.62 and 7.63 with aC D  
characterised by an overall * ц  = 1.2 x 102 dm3 moH in aqueous 0.05 mol dm‘ 
NaCl at pH 2.6 and 298 К where the carboxylic acid is unionised as shown m Fig. 
7.11 [39,40]. The aCD is threaded by the polyalkyl chain (n = 7 or 11) in 7.62 and
7.63 while in their PCD analogues the larger pCD preferentially encapsulates the 
ferrocene moiety instead of being threaded by the alkyl chain [40,41]. At pH 8.0, 
where the carboxylic acid is completely ionised, the formation of the carboxylate

(7.1)

(7.2)

(7.3)

(7.4)

(7.5)

(7.6)
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1 -[3-(dimethylamino)propy] 
-3-ethylcaibodiimide hydrochloride

Fig. 7.11. Preparation of the isomeric and zwitterionic [2]-rotaxanes 7.65 and 7.66 from the isomeric 

[2}-pseudorotaxanes 7.62 and 7.63.
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analogues of 7.62 and 7.63 (n = 7) is weaker ( * ц  = 4.5 x 102 dm3 mol"1) 
probably because the carboxylate charge decreases the hydrophobic nature of the 
threading entity and aCD may complex the ferrocenyl moiety instead. Subsequently, 
reaction of 7.62 and 7.63 with 5-amino-2-naphthalenesulfonate 7.64 yields the 
isomeric and zwitterionic [2]-rotaxanes 7.65 and 7.66. The length of the threading 
alkyl chain has a substantial influence on the ratio of isomers produced which for
7.65a:7.66a is 2:3 and for 7.65b:7.66b is 3:2.

The effect of alkyl chain length and CD size in the closely related [2] 
pseudorotaxanes 7.67a, 7.67b and 7.67c has been studied by electrochemical an

NMR methods [42]. The formation of 7.67a is characterised by K\  \ -  • x 
102, 1.9 x 103 and 4.0 x 102 dm3 mol-1 in aqueous 0.05 mol dm"3 NaCl at room 
temperature for aCD, pCD and 7CD, respectively. For 7.67b the corresponding 
values are 4.2 x 102, 1.4 x 103 and 1.7 x 102 dm3 mol"1, consistent with PCD 
fitting the thread most closely while aCD and 7CD are too small and too large 
optimum fit, respectively. However, increasing alkyl chain length incre ** 
stability of the aCD [2]-pseudorotaxane while the opposite trend is establis e or 
PCD and 7CD. When n is increased to 15 in 7.67c a [3]-rotaxane is forme w ere 
two aCDs are threaded on the polyalkyl chain while pCD and 7CD form on у 

pseudorotaxanes.

7 . 5 .  Cyclodextrin Catenanes

While the first attempt to prepare a CD catenane was reported in 1958 
not until 1993 that the first successful preparation of CD catenanes was reported

7.67a n = 0 
7.67b n — 6 
7.67c n — 15
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• o 4 o f  NH,

DMpCD

co ci

4 ^ 4 ^ NH2
П

7.68

Na0H/H20

co ci

°  °  n r0̂ N0K >  CONH^O^O,
1 СО Л ь  n .

CO 
I

NH

7.70 7.7 X

coc\

0
c o a

N a0H /H ,0

O ^V j^H N O C -^^- CONH^ o 'h  (

H N O C -i >CO N H  [ p i  a

7.72
(+ 7.74 and 7.75) 7.73

“  ^ reading тасгосУс1е formation in the preparation of the DMPCD [2]- and [3 ]-catenanes 
7.72-7.75. (E.ther n = 3 or n = 4 in each polyether chain.)
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7.74

О ^ Н Ы О С О  C O N H fo ^ '

HNOC-Л  ^~CON

7.75

HNOC CONH

H N O C 4\ /-C O N H

7.76 7.77

[9,44,45]. It followed the route shown in Fig. 7.12 where n = 3 in each polyether 
chain. The reaction is critically dependent on DMPCD and the bitolyl-based diamine 
7.68 forming the [2]-pseudorotaxane 7.69 ( £ ц  = 3.28 x 104 dm3 mol 1 in D2O) 
with subsequent cyclisation by reaction with terephthaloyl chloride to give the [2]- 
and [3]-catenanes 7.72-7.75. The two DMpCD [2]-catenanes 7.72 and 7.73 (n =
3) are obtained in 3.0% and 0.8% yield (2.4% and 0.3% when n = 4), and the two 
DMpCD [3]-catenanes 7.74 and 7.75 are obtained as a 40:60 isomeric mixture in
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1.1% yield (50:50 isomeric mixture in 0.4% yield when n =4). The reaction also 
cyclises free 7.68 to give 7.70 and 7.71 in 12% and 0.8% yield (8% and 0.6% 
when n = 4). When n = 2 in one of the polyether arms of the starting diamine, and n 
= 4 in the other, the resulting asymmetry in the threading macrocycle produces 
isomeric DMpCD [2]-rotaxanes 7.76 - 7.77 in a 50:50 1.5% yield.

Reaction between DMpCD, 7.68 and biphenyl-4,4’-dicarbonyl chloride produces 
7.78-7.81 in 41%, 2.7%, 26% and 0.7% yield, respectively, and also the biphenyl 
analogue of 7.71 in 2.2% yield. The structures of 7.68-7.81 have been deduced 
largely from *H NMR spectroscopy, and the X-ray crystal structure of 7.73 (n = 3) 
has been determined.

7.6. Cyclodextrin Pseudopolyrotaxanes and Polyrotaxanes

Pseudopolyrotaxanes and polyrotaxanes consist of many CDs threaded onto a 
polymeric thread and may be prepared by two basic methods in principle. The first 
method requires the threading of CDs onto a polymer to form a pseudopolyrotaxane 
which may be converted to a polyrotaxane by the addition of end groups. The second 
method requires formation of [2]- or [3]-pseudorotaxanes and subsequent 
polymerisation of the threading molecule. Examples of the application of these and 
related preparative methods are discussed below.

The stabilities of pseudopolyrotaxanes formed by threading CDs onto polymers 
exhibit a substantial correlation with the internal diameter of the CD and the cross- 
sectional area of the polymer chain [46-51]. Thus, for the relatively slender
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polyethylene glycol polymer, (-CH2CH2 0 -)n> a crystalline pseudopolyrotaxane is 
obtained in 92% yield with aCD and none is obtained with pCD. With the more 
bulky polypropylene glycol polymer (-C H 2 C H (M e)0 -)n no crystalline 
pseudopolyrotaxane is obtained with aCD, while with pCD and 7CD 96% and 80% 
yields are obtained, respectively. A further increase in cross-sectional area with the 
polymethylvinylether polymer (-CH2CH(0Me)0-)n produces no crystalline pseudo
polyrotaxane with aCD and pCD but a substantial amount is found with 7CD. It 
appears that the formation of these pseudorotaxanes requires a sufficient closeness of 
fit to restrict motion of the CDs threaded by the polymer chain if the pseudopoly
rotaxane is to be stable. Such a fit is obtained between polyethylene glycol and 
aCD, but this polymer is too slender to confer significant stability in the potential 
pseudopolyrotaxanes of the larger pCD and 'jCD. While polypropylene glycol is too 
bulky to enter aCD, it fits pCD and yCD sufficiently closely to form stable 
polyrotaxanes. The most bulky polymer, polymethylvinylether, only forms a 
pseudopolyrotaxane with 7CD.

In aqueous solution the formation of the aCD polyethylene glycol pseudopolyr
otaxane results in the slow formation of a thick gel preceded by an induction period 
during which the solution remains clear. This induction period represents the time 
over which the 3350 average molecular weight polyethylene glycol threads about 20 
aCDs to form pseudopolyrotaxanes prior to their aggregation, and is termed the 
threading time [50]. The threading time increases from about 7 s in an aqueous 
solution 1.4 x 10'3 mol dm"3 in polyethylene glycol and 7.8 x 10*2 mol dm 3 aCD  
to about 3.0 x 103 s in a solution 8 x 10'4 mol dm'3 in polyethylene glycol and 4.5 
x 10'2 mol dm-3 aCD, and generally decreases with increase in temperature. The 
negative temperature dependence of the threading time is attributed to aCD threading 
initially being dependent on the attraction between the interior of the aCD annulus 
and the polyethylene glycol with the subsequent addition of further aCD requiring 
unfolding of the polyethylene glycol. These effects are thought to be favoured at low 
temperature where random thermal motion is reduced and hydrogen bonding is more 
long-lived. In H2O and D2O, AG* = -50.9 kJ mol’ 1 and -65.1 kJ mol*1, 
respectively, which reflects the trend in hydrogen bond strength in these solvents. As 
A//* ~ 0, AS* is strongly positive and is attributed to the release of a large number of 
water molecules on formation of the pseudopolyrotaxane.
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H2N"
7.82 Polyethyleneglycolbisamine 

(MW > 2000)

-NH2

7.83 Pseudopolyrotaxane or 
molecular necklace

7.84 Polyrotaxane or 
molecular necklace

7.85 Threaded molecular tube

aCD

HjC^CHCHiCl / 10% NaOH
О

25% NaOH

Fig. 7.13. Scheme for the sequential formation of aCD pseudopolyrotaxanes, polyrotaxanes and 
molecular tubes. For convenience, only two cross-links between each aCD is shown in the molecular 
tubes.

The composition of the pseudopolyrotaxane formed when aCD is threaded onto 
polyethylene glycol bisamine polymer (7.82 in Fig. 7.13) varies significantly with 
the length of the polymer as is seen from Table 7.1 [49,52,53]. It is evident from
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these data that the separation between neighbouring aCDs increases as the length of 
the threading polymer increases. Because the DMaCD and TMaCD, which are 
completely methylated at (0)2 and (0)6 and at (0)2, (0)3 and (0)6, do not form 
crystalline pseudopolyrotaxanes with polyethylene glycol it has been concluded that 
the driving force for the formation of the aCD pseudopolyrotaxane is hydrogen 
bonding between adjacent aCDs. It is on this basis that the head-to-head arrangement 
of the aCDs in the pseudopolyrotaxane or molecular necklace 7.83 in Fig. 7.13 is 
proposed.

Table 7.1. Composition of Pseudopolyrotaxanes Prepared from Polyethylene Gycol Bisamine and

Polymer MW Number of ethylene glycol units: 

inside aCD outside aCD

Number of 
threaded aCDs

Mole ratio of ethylene 
glycol units to aCD

16500 30 5 15 2.3

19000 34 11 17 2.6

20000 36 9 18 2.5

23500 40 37 20 3.9

44000 72 121 36 5.4

89000 140 314 70 6.5

Reaction of 7.83 with 2,4-dinitrofluorobenzene produces the N,N  -bis(2,4- 
dinitrophenyl)polyethylene glycol-threaded aCD polyrotaxane or molecular necklace, 
7.84, where the large 2,4-dinitrophenyl end groups prevent dethreading of aC D  
[49,52-54]. Reaction of 7.84 with epichlorohydrin produces the cross-linked aCD  
molecular tube 7.85 and subsequent removal of the 2,4-dinitrophenyl end groups 
allows dethreading to give the molecular tube 7.86 [49,55,56] This molecular tube 
acts as a host to 1з_ in solutions of КШ2 as evidenced by the development of a deep 

red colour [56,57]
Different threading polymers 7.87a and 7.87b are used in the preparation of the 

aC D  poly(aminoundecamethylene) (к = I =11) and poly(aminotrimethylene- 
aminodecamethylene) (k = 10, / =3) polyrotaxanes shown in Fig. 7.14 [58]. The 
pseudopolyrotaxanes 7.88a and 7.88b were converted to the polyrotaxanes 7.89a 
and 7.89b by substituting the amino nitrogens with a blocking nicotinyl group at 
intervals in the polymer, thereby constraining aCD to limited lengths of the polymer



256 Modified Cyclodextrins

thread. Thus, up to 36 aCDs are permanently threaded in the 55000 molecular 
weight polyrotaxane 7.89b that is obtained in 43% yield.

aCD

(CH2)*(CH2),

V  V  4
I I 

H H

7.87a Jfc =11,/ = 11 
7.87b /с =10, / = 3

A M N W W W V v  
I

H

I

7.88a Jk =11,/ = 11 
7.88b it = 10,/ = 3

V OО \ = N

V S A N W W V V A
I

H

l-JC-У

7.89a к =11, / = 11, x = 0.025, and у  = 0.10 
7.89b к =10,1 = 3, x = 0.25, and у = 0.67

Fig. 7.14. Formation of two aCD poly(aminooligomethylene) based polyrotaxanes.

An interesting study of the generation of blocking groups from the (£)- or trans 
stilbene units in the polymer 7.90 through their photochemical conversion to the 
(Z)- or cis isomer has been reported [59]. It was anticipated that the formation of a 
pseudopolyrotaxane by pCD and 7.90 followed by ultraviolet irradiation would 
produce (Z)-stilbene blocking units and a polyrotaxane. While the (Z)-stilbene units 
are produced, they are insufficiently large to prevent dethreading of (iCD. However, a 
pseudorotaxane of composition 7.90.7.91o,i3-PCDo.87-YCDo.l3 (7*92) under
goes condensation of the stilbene units of 7.90 and 7.91 which are thought to be 
simultaneously complexed by ^CD to produce tetraphenylcyclobutane blocking 
groups in the polyrotaxane 7.93.
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H2N

h 2n

7.94

^ ---4s
NH,

NH,

+ HO(CH2) 12OH 
RuCl2(PPh3)3/catalyst 

- H20 , - H2

NH2 +aC D

7.95
NH2 - «CD

+ HO(CH2)12OH 
RuC12( PPh3)3/catalyst 

• H20 , - H2

H O - (CH2) l f <N V - (CH2),j

7.96

+ aCD

- aCD

OH

Ю+(СЙ2) V - ( C H 2) , r OH

7.98

the aCD п л т ь и Г ' ' 011 intermediate Ро1Ут е г  units and pseudopolyrotaxanes in the preparation o f  
the aCD poly(alkylbenz.midazole)polyrotaxane 7.99 shown in Fig 7.16.

( iw ik polyrotaxane with blocking groups has been prepared with a poly-
Т “ е) t l̂rea<̂  wllere the benzimidazole moieties act as blocking groups 

(X) as shown in Fig. 7.15 [60]. The starting point is the RuCl2(PPh3)3 catalysed

_ _ П ^  diaminobenzidine (7.94) with 1,12-dodecanediol to produce 7.95 or 
w ch form the aCD [2]-pseudopolyrotaxanes 7.97 and 7.98. These [2]- 

Р560 °P°lyrotaxanes subsequently condense with either 7.95 or 7.97 to form 
ane segments of the polyrotaxane 7.99 shown in Fig. 7.16. This polyrotaxane

. 1 C rati° ° f 16:84 for the A and B segments shown in Fig. 7.16
e u 2( h3 ) 3  catalysed reaction is carried out in N-methylpyrrolidine in a 

3,3 -diaminobenzidine (7.94): 1,12-dodecanediol:aCD mole ratio of 1:3:0.5.
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-------- ----

7.99 Polyrotaxane

£D
aCD blocking group polymethylene thread

Fig. 7.16. Composition of the aCD poly(alkylbenzimidazole) polyrotaxane 7.99 where the ratio of the A 
and В segments is 16:84. The orientations shown for the aCDs are illustrative only.

7.100

COI
NH

(CH2)io
COI

CO,Me

molar ratio = 1:4.1

—  CONH(CH2)10CONH(CH2)3CONH —

An example of a CD tandem polyrotaxane is provided by 7.100 [61]. The 
precursor to 7.100, where a carboxylic acid group occupies the place of the 4-amino- 
N-[4-(triphenylmethyl)phenyl]butanamide group, is prepared by radical copolymer-



260 Modified Cyclodextrins

isation of 5-[(l l-methacryloylamino)undecanoylamino]isoisophthaloylbis(12-aza- 
dodecanoic acid) and methyl methacrylate. Condensation of the carboxylic acid groups 
of this precursor with 4-amino-A/r-[4-triphenylmethyl)phenyl]butanamide in the 
presence of DMpCD results in 7.100. Broadening of the *H NMR resonances 
arising from the alkyl threading moieties are consistent with the movement of 
DMpCD along the alkyl chain at room temperature, while at 263 К the DMpCDs are 
located near the anilide end groups.

7.102

7.103

Fig. 7.17. Polymerisation of 11-aminoundecanoic acid in aCD channels to form a polyamide threaded 
pseudopolyrotaxane. A head to tail arrangement is also possible in the aCD pairs.

Solid state polymerisation of threaded (x,co-alkylaminocarboxylic acids in [2]- and
[3]-pseudorotaxanes proves to be particularly effective [62,63]. This is exemplified by 
the polymerisation of [2]-[l 1-aminoundecanoic acid]-[a-cyclodextrin]-[pseudorotaxane] 
(7.101) and [3]-[l 1-aminoundecanoic acid]-[aCD]-[aCD]-[pseudorotaxane] (7.102), 
for which К n  = 9.58 x 103 dm3 m ol'1 and K n  = 2.34 x 103 dm3 mol’1 at 298.2
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К and pH 4.7 in aqueous solution, respectively, and which are isolated as crystalline 
solids. (11-Aminoundecanoic acid and similar species exist as a.co-alkylammonium 
carboxylates.) When heated under vacuum at 470-510 К in the solid state, 7.102 
polymerises as shown in Fig. 7.17 to give a polyamide threaded rotaxane 7.103, 
where 19 7.102 monomer units are polymerised, in 97.4% yield. A similar reaction 
of 7.101 results in a polyamide threaded rotaxane similar to 7.103, where 10 
7.101 monomer units are polymerised, in 97% yield. Unlike the polyamide thread 
alone, 7.103 is water soluble, but a precipitate slowly forms as it loses aCDs, and a 
similar precipitation occurs with its analogue formed from 7.101. The extent of 
polymerisation diminishes with the length of the a,co-aminocarboxylic acid, and the 
[2]-[6-aminocarboxylic acid]-[aCD]-[pseudorotaxane] produces no polymer 
presumably because the 6-aminocarboxylic acid is too short to allow the required 
condensation in the solid state.
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CHAPTER 8 
MODIFIED CYCLODEXTRINS

SURFACE AND INTERFACE BEHAVIOUR

8.1. Introduction

The natural CDs each present two parallel planar faces, which are delineated by the 
rings of primary and secondary hydroxy groups at the narrow and wide ends of the 
annuli, respectively (see Chapter 1, Fig. 1.1, p.3). These are hydrophilic but either 
one or both of the faces may be modified, through alkylation or other substitution of 
the hydroxy groups (as described in Chapter 2), to produce amphiphilic CDs. Such 
modified CDs possess parallel hydrophobic and hydrophilic surfaces and therefore tend 
to form layers, in solution, at solvent interfaces and on solid supports. These layers 
and their applications are discussed in this chapter.

8.2 .  Amphiphilic Cyclodextrin Monolayers at the Air-Water 
Interface

Kawabata et al. [1] have reported the formation of monolayers of the amphiphilic 
PCDs 8.1-8.4 on the surface of water. Examination of surface pressure-molecular 
area (я-А) isotherms indicates that in each monolayer the CDs are aligned with their 
hydrophilic faces parallel to the water surface (Fig. 8.1). The molecular area of the 
CD 8.1 in the monolayer, extrapolated to zero pressure (Л0)> was fc>und to be 2.17 
nm2. This corresponds closely to the value of 1.95-2.16 nm2, calculated for a close- 
packed structure based on the dimensions of the wide secondary face of pCD. The 
monolayers of the CDs 8.1-8.4 are each stable up to 55 mN m"1 at 290 K.
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substituted th ° substjtutl°n reactl°ns of the bromides 8.S-8.7 with a range of 4- 
substnuted thiophenols afford the sulfides 8.8-8.10 (where R = H, Br, OC4H9.
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С5НЦ and NO2), and the ability of these compounds to form monolayers has been 
examined systematically [5], Hydrophobic substituents on the phenyl ring are found 
to increase the stability of the monolayers.

8.5 x -  a, n = 6
8.6  x = P, n = 7 
8.7x = Y,n = 8

Presumably, CDs form stable monolayers due to their large surface of hydroxy 
groups available for interaction with the water. On this basis, the stability of the 
monolayers might be expected to increase with an increase in the number of hydroxy 
groups, as is observed with the bromides 8.5-8.7, where the monolayer of the 7CD
8.7 is the most stable and that of the aCD 8.5 the least. However, this trend is not 
seen with the sulfides 8 .8 -8 . 10 , and is often not observed, because the

a)

c)

Fig. 8.2. Schematic representation of close-packed structures for the monolayers of a) aCD, b) PCD 
and c) 7CD.
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symmetry of the various CDs affects their close-packing arrangements. As discussed 
in more detail below, aCD and 7CD have six- and eight-fold molecular symmetries, 
respectively, and can therefore form ordered close-packed monolayers, whereas PCD 
has seven-fold symmetry and can only form disordered dense structures (Fig. 8.2) 
[7,8], which may be more or less stable.

With the amphiphilic CDs 8.1, 8.2 and 8.5-8.10 described above, the 
hydrophobic surface is introduced through substitution of CD primary hydroxy 
groups. Alternatively, the face of secondary hydroxy groups can be modified. The 
esters 8.11-8.18 have been prepared, in which all the CD C(2) and C(3) hydroxy 
groups are acylated [8,9]. Their monolayers at the air-water interface show collapse 
pressures of approximately 14, 31, 31, 31, 31, 45, 43 and 47 mN mf1, respectively. 
Obviously the monolayer of the acetylated CD 8.11 is the least stable, but the fact 

at it forms at all again indicates long alkyl chains are not essential. The CDs 
.11 8.15 each form only one condensed phase, but the molecular area-surface 

pressure isotherms for the С 14 esters 8.16-8.18 are each biphasic, indicating that 
ce compression results in transitions from a liquid expanded state to a liquid 

condensed state, and then to a solid state

(NH3+Cr)n

(OCOR)n

*•11 X = P, n = 14, R = CH3 
8-12x = P ,n =  14,R = C5HM 
S-13x = P ,n = 14 ,R  = C7H15 
8*14X = P ,n =  14, R = C9H,9 
8*15X = P ,n =  14,R = CMH23 
8*16 X -  <*> n =  12, R  =  C j j H m  

7 X = P. n = 14, R = C13H27 
8-18X = Y .n=16,R  = C13H27

(OR)m

8.19 n = 7, m = 14, R = C6H13
8.20 n = 7, m = 14, R = C12H25

s with both faces modified can also form monolayers [1,10], as shown for the

я ^ Г . 6 ^  ̂ aiK* ^  su^ lde The monolayers of the sulfoxides 8.1 and
have collapse pressures near 55 mN m"1, indicating that substitution of 

у oxy for acetoxy does little to alter the stability in this case. Replacing hydroxy 
ents with ammonium groups also retains the hydrophilic character of the CD

л si V ^  *llustratecl by the fact that monolayers of the amine hydrochlorides 8.19 
and 8.20 form with collapse pressures of 46 and 50 mN n r 1, respectively [11]. The
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molecular area-surface pressure isotherm is biphasic for the modified CD 8.20, 
whereas that of the shorter chain analogue 8.19 shows only a single phase.

As with other types of CDs, much of the interest in the amphiphilic species 
incorporated in monolayers is related to their ability to form complexes. Heptakis(6- 
dodecylamino-6-deoxy)-pCD 8.22 has been shown to form a 1:1 complex with trans- 
4-(4-dimethylaminophenyl)azobenzoic acid 8.21 as a monolayer on the surface of 
water [12]. The surface area occupied per molecule of the CD 8.22 is found to be 
the same for monolayers formed from the CD 8.22 alone and from a 1:1 mixture of 
the CD 8.22 with the azobenzoic acid 8.21. This is convincing evidence that the 
azobenzoic acid 8.21 is included in the cavity of the CD 8.22.

Me

'L<̂ co2h

8.21

Similar evidence shows that cholesterol and the 7CD 8.25 form a monolayer of 
the 1:1 inclusion complex [13]. At relatively high surface compression pressures (42 
mN n r 1), monolayers formed from mixtures of cholesterol with the corresponding 
aCD  8.23 and PCD 8.24 are not condensed, in that the surface area occupied by a 
mixture is no less than the sum of that occupied by the individual components at the 
same pressure. At relatively low surface pressures (10 mN m"1), condensed phases do 
form, presumably where the cholesterol is incorporated in intermolecular cavities 
formed by the CD alkyl chains, which are not fully compressed (Fig. 8.3) [13]. An 
analogous structure has been proposed for monolayers formed from mixtures of 
dipalmitoylphosphatidylcholine with various amphiphilic CDs [14].
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Fig. 8.4. Illustration of a cross section of a CD monolayer showing that the CD annuli provide 
membrane channels.

8.26 8.26 8.26 8.26 8.26 8.26

Fig. 8.5. Schematic representation of a CD ion-permeable membrane where the annuli allow passage of 
the quinone 8.26 from the water to the electrode (above), and where that access is partially restricted by 
CD guest complexation (below).
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8.26 О ОН

Scheme 8 .1 . Reversible reduction of p-quinone 8.26.

8.3.  Langmuir-Blodgett Films

Monolayers formed at the air-water interface can be deposited as Langmuir- 
Blodgett films [1,2,4,6,12]. Accordingly, monolayers of the CDs 8.1, 8.3 and 8.4 
have been transferred to quartz glass slides which had been precoated with five layers 
of cadmium eicosanoate [1]. In a similar fashion, Langmuir-Blodgett films 
consisting of up to 100 monolayers of the 1:1 complex of the azobenzoic acid 8.21 
with the CD 8.22 have been prepared on the surface of quartz [12]. Under these 
circumstances, the interactions between CDs in the monolayer and between the CD 
and the surface control the CD orientation, which in turn determines the alignment of 
the included guest, such that the guest is held in a specific environment and 
orientation, and isolated ftom other guest molecules. The orientation of the guest

Fig. 8 .6 . Orientation of the azobenzoic acid 8.21 in monolayers of the CD 8.22.
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8.21 in the CD 8.22 (Fig. 8.6) was elucidated on the basis of guest and host 
substituent effects, while absorption spectra using polarised light show that the 
orientation of the guest 8.21 is substantially perpendicular to the film plane.

Irradiation at 360 nm of the Langmuir-Blodgett film of the 1:1 complex of the 
CD 8.22 with the trans-azobenzoic acid 8.21 results in a 60% conversion of the 
guest to the cis isomer (Scheme 8.2) [16,17]. Reversion to the trans form occurs 
spontaneously, and is accelerated at higher temperatures and by irradiation at 254 nm. 
The azobenzene derivative 8.27, lacking the electron-donating dimethylamino 
substituent, shows the same reversible photochemical response to irradiation at 360 
and 254 nm, but in this case the cis isomer is thermally stable and does not revert 
spontaneously to the trans form. The photochemical cycle may be repeated ten times 
with very little change to the optical density of the film.

Prior to this work, the photochemical conversion of a trans-azobenzene to the cis 
isomer in a Langmuir-Blodgett film had not been observed, although the reverse had 
been reported. The cis isomer is the bulkier form and processes which involve an 
increase in surface area occupied per molecule are generally difficult to accomplish. 
In the monolayer of the CD inclusion complex, the space provided by the CD annuli 
allows the isomerisation to take place because there is no increase in surface area for 
the complex, despite the increase in surface area of the guest. Reversible 
photochemical conversion systems of this type may be applicable in the development 
of optical memory devices and photochemical switches.

Me,N

8.21 CO,H

Scheme 8.2. Reversible photochemical conversion of the azobenzoic acid 8.21 included in the CD 8.22 

in a Langmuir-Blodgett film.
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8.27

Another potential application of Langmuir-Blodgett films of modified CDs is in 
the area of sensor electrodes. The film of the CD 8.25 on the surface of a glassy 
carbon electrode has already been shown to function as an anionic guest responsive 
sensor (Fig. 8.7) [18]. When the electrode is immersed in an acidic solution, or the 
solution is made more acidic, the amino groups of the CD become protonated and

+  +

Fig. 8.7. Schematic representation of a Langmuir-Blodgett film of the CD 8.25, protonated on the 
surface of an electrode, and the effect of that film on the access to the electrode of a) negative ions, b) 
positive ions, and c) positive ions when the CD 8.25 complexes anionic guests.
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positively charged. This facilitates access of negative ions from the solution to the 
electrode, though electrostatic attraction, but restricts access of positive ions. The 
guest anion sensing ability arises from the molecular recognition and complexation 
of negatively charged guests by the positively charged CD annuli. This reduces the 
surface charge and therefore allows less access of negative ions and greater access of 
positive ions to the electrode. In this system, access to the electrode must be via 
intermolecular holes in the monolayer, rather than through the CD annuli, otherwise 
guest complexation by the CD would limit access of both positive and negative ions.

In general, it seems likely that aCDs and )CDs are likely to be more useful than 
pCDs in constructing molecular devices based on films and monolayers. As indicated 
above, monolayers of pCDs tend to show more disorder than those of the 
corresponding aC D s and yCDs, because the pCD seven-fold symmetry is 
incompatible with a planar close-packed structure. This is confirmed when 
monolayers of the CDs 8.16-8.18 which form at the air-water interface are deposited 
as Langmuir-Blodgett films and examined for roughness, density and thickness using 
X-ray reflectivity [7]. In particular the roughness of the film-air interface is several A 
larger in the case of the pCD 8.17, indicating a greater variation in the thickness of 
the monolayer.

8 .4 .  Cyclodextrin Monolayers on Gold and Silver

An alternative approach to the construction of monolayers on electrodes is through 
chemisorption of thiolated CDs on gold and silver surfaces. The CD 8.28, which is 
a mixture of compounds with an average of three 2-mercaptoethylamino substituents 
in place of primary hydroxy groups on pCD, produces a monolayer on the surface of 
colloidal silver and a silver electrode, through formation of covalent sulfur-silver 
bonds. The CD annuli in the monolayers retain their ability to complex the azo-dye 
Methyl Orange [19]. In a development of this work the corresponding per-6- 
substituted aCD 8.29 has also been examined as a monolayer on the surface of 
silver [20] and gold [21]. Complexation of the Methyl Red-phenylethylamine 
conjugates 8.31-8.34 by the CD annuli in the monolayer on silver is characterised 
by ATi! = 2.0 x 105, 2.3 x 105, 2.0 x 104 and 1.3 x 104 dm3 m ol'1, respectively, at 
pH 7.35 and 298 K, while the corresponding values for the monolayer on gold are 7.3
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x 1 0 5 , 7.2 x 1 0 5 , 8.7 x 10^ and 3.9 x 10^ dm3 mol"1, respectively. The 
stereoselectivity displayed in the complexation of the enantiomers 8.33 and 8.34 in 
the monolayers mirrors that shown by aCD in solution, under the same conditions, 
although the K \\ values are much lower for the free CD.

(NHCH2CH2SH)n

8.28 X = P. average degree 
of substitution, n = 3

8.29 x = oc, n = 6
8.30

8.33 R1 = Me, R2 = H
8.34 R1 = H, R2 = Me

The modified CD 8.30, prepared by substitution of all the primary hydroxy 
groups of pCD with thiol groups, is found to chemisorb on gold surfaces, with 
formation of at least six sulfur-gold bonds per CD molecule [22,23]. The geometries 
of the CD and gold surfaces are incompatible with the formation of sulfur-gold bonds 
involving all seven CD thiol groups, without distortion of the CD. Even bonding of 
six requires some deviation from the CD seven-fold symmetry. The CD monolayer 
is stable, but imperfect, with substantial areas of the gold surface remaining 
uncovered. To fill the defects, the monolayer has been treated with a mixture of 
ferrocene and pentanethiol, the latter to chemisorb to the gold surface in the 
intermolecular voids (Fig. 8.8). Ferrocene is employed to complex in the CD annuli, 
thereby blocking access of the pentanethiol to the gold surface through the annuli and 
protecting these monolayer complexation sites. Electrodes formed in this way
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exhibit the expected voltammetric response for bound fcrroccnc. The thcrmodyaamxr 
equilibrium of ferrocene complexation in the CD annuli has been confirmed using ль 
toluic acid as a competitive guest, which with increasing concentration displaces 
greater portions of the ferrocene, with a consequent reduction in the electrode 
voltammetric response.

Fig. 8 .8 . Illustration of the monolayer formed by treating gold with the CD 8 JO, then a mixture of 
pentanethiol and ferrocene.

The orientation of thiolated CDs on gold surfaces depends on the number of thiol 
groups, and their mode of attachment to the CD. Molecules of the CD 8.30 are 
aligned in the monolayers with their faces of secondary hydroxy groups and primary 
thiol groups parallel with the gold surface. A similar orientation of the mono-thio- 
substituted PCD 8.35 was observed, whereas the CDs 8.36 and 8.37 having a 
single thiol group attached to the CD by a long chain, which allows, greater 
flexibility, align with their faces at an angle to the surface (Fig. 8.9) [24,25]. This 
arrangement is stabilised by intermolecular hydrogen bonding between the CD 
hydroxy groups and is consistent with a theoretical study [26].

R

8J5 R = SH
836 R = S(CH2)20(CH2)20(CH2)2SH
837 R = S(CH2)10SH
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gold 
t \  \

Fig. 8.9. Orientation of the thiolated CD 8.37 chemisorbed on a gold surface.

An alternative way to construct CD layers on gold surfaces is illustrated in Fig. 
8.10 [27]. The gold surface is first coated with a mercaptoalkanoic acid such as 
mercaptopropanoic acid. Self-assembly of CD layers on the modified surface is then 
induced by electrostatic interactions between the negatively charged carboxylate 
groups on the surface and the positively charged residues on the CDs 8.38-8.40. 
Due to the amphiphilic nature of the CDs 8.38-8.40, they form multilayers, which 
are much more organized than those formed by aggregation of the CDs 8.38-8.40 
on bare gold electrodes.

As with monolayers of amphiphilic CDs deposited on electrodes, CD monolayers 
on gold and silver surfaces are suitable for application in the development of optical 
and electrochemical devices. In this regard, the system illustrated in Fig. 8.11 has 
been developed, where the CD monolayer on a gold electrode has been used as an

8.38 x = a, n = 6, m = 12 
8-39 x = P, n = 7, m = 14 
8.40 x = Y, n = 8, m = 16

(C6H13)r
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gold

N

S S S S S S
C 02' C 02' C 02' C02‘ C02- c o 2*

Fig. 8.10. Aggregation of the CDs 838-8.40 on a gold surface pretreated with mercaptopropionic acid.

interface for the transduction of optical signals recorded by /V-methyl-N-[1 
phenylazobenzyl]-4,4'-bipyridinium ion 8.41 [28]. The azobenzene 8.41 undergoes 
a one-electron reduction. It also exhibits reversible photochemical cis-trans 
isomerisation (Scheme 8.3), and the trans-isomer has a much greater tendency to 
include in the annuli of a CD. Consequently, irradiation of the cis-isomer of the 
azobenzene 8.41, with light of wavelength greater than 375 nm, results in 
conversion to the frcws-isomer, which complexes in the CD annuli of the monolayer, 
where it is reduced. Irradiation at 355 nm results in the reversion to the cis isomer, 
which shows less tendency to complex in the CD annuli and therefore be reduced, 
this way the optical input received by the azobenzene 8.41 is converted to an 
electrochemical output through the CD monolayer on the gold surface.

CD polymers coated as thin films on electrodes function in the same way as 
amphiphilic CD monolayers deposited on electrodes and thiolated CDs chemisorbed 
on gold surfaces, in that the CD annuli complex guests in the vicinity of the 
electrodes, allowing electron transfer processes between the electrodes and the guests 
to take place. Alternatively, guest complexation in the CD annuli may limit passage
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Fig. 8.11. Illustration of the operation of a CD monolayer chemisorbed on the surface of a gold 
electrode, in the electrochemical transduction of optical signals received by the azobenzene 8.41.
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Scheme 83. Reversible photochemical isomerisation of the azobenzene 8.41.
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of ions through the annuli and therefore be detectable as an electrode response [29-31]. 
n example of the use of a CD polymer film on a gold electrode has recently been 
P rted, in the form of a sensor for the determination of the concentration of oxygen
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in water (Fig. 8.12) [32]. Cobalt tetraphenylporphyrin binds to the CD annuli on the 
electrode surface, where it electrocatalytically reduces oxygen to hydrogen peroxide. 
The development of such systems indicates that we may soon see commercial 
electrochemical devices exploiting CD monolayers and thin films.

Fig. 8.12. Schematic representation of an oxygen sensor constructed using a gold electrode coated with 
a film of CD polymer.

8 . 5 .  Micelles and Vesicles of Amphiphilic Cyclodextrins

The properties of amphiphilic CDs which lead to their surface behaviour described 
above also lead to characteristic features in solution. In aqueous solution, 
amphiphilic CDs form mixed vesicles with phospholipids [33,34] and are of interest 
in this regard as agents for ion-transport through membranes [35,36]. Alone, 
amphiphilic CDs adopt lamellar structures in aqueous and non-aqueous solvents, 
leading to the formation of micelles and vesicles [9]. In water, the critical micelle 
concentration of the CD 8.11 is 2 x 10"^ mol dm"3. This is orders of magnitude 
lower than for amphiphilic mono- and di-saccharides, presumably because the planar 
surface of the CD 8.11 facilitates layer formation.
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Micelle and vesicle formation in non-aqueous media is less common but in
tetrahydrofuran the CDs 8.12, 8.15 and 8.17 show behaviour typical of surfactants
and consistent with the formation of vesicles, with critical micelle concentrations of
2.8 x 10 , 7.1 x 10 3, and 6.0 x 10"3 mol dm3, respectively [9]. These micelles of
the CD 8.17 were studied using dynamic light scattering, and shown to be stable
over 48 hours, with a mean apparent diameter of 0.53 Jim and little apparent variation
in size. In pyridine, the CDs 8.15 and 8.17 also form vesicles, but these are larger,
highly disperse aggregates, with apparent diameter of approximately 4.3 fim. They
are also relatively unstable and undergo further aggregation within 2 hours of
formation, leading to assemblies larger than 10 Jim in diameter. Micellar behaviour
of amphiphilic CDs in chloroform has also been reported [37]. The internal structure
and organisation of CD micelles has been examine using freeze-fracture electron 
microscopy [38].

fnm.H m* P? Slb)C Complexalion of Pharmaceuticals (*) in amphiphilic CD nanospheres; a) in the CD 
. within the alkyl chains, c) between CDs, and d) on the external surface of charged CDs.



Surface and Interface Behaviour 283

CDs incorporated in micelles retain their ability to form complexes. Indeed, 
aggregated CDs have been reported to show cooperativity in their binding of guests 
[39,40]. The complexation of pharmaceuticals in CD vesicles has been studied in 
some detail, with a view to the administration of pharmaceuticals in this manner [41- 
46]. By dispersing amphiphilic CDs such as 8.12, 8.15, 8.17 and 8.42 in 
aqueous solution, monodisperse nanospheres of 90-300 nm mean diameter have been 
prepared and characterised, using scanning force microscopy and scanning electron 
microscopy. The complexation of pharmaceuticals can be accomplished during or 
after micelle formation. In this manner, progesterone and testosterone are 
incorporated in vesicles of the CD 8.42, at 60-80 and 20-30 \ig per mg of CD, 
respectively [45]. In these systems, it is possible that the pharmaceutical complexes 
either in the CD annuli, within the envelope of the alkyl chains, or between the CD 
molecules (Fig. 8.13), or through a combination of these processes. Another 
possible mode of association involves the adsorption of charged molecules on the 
external surface of charged CDs assembled in nanospheres. Thus, a variety of 
complexation modes are likely and it should be possible to tailor these to meet 
specific requirements for the administration of particular pharmaceuticals.

(OCOC13H27)i4

8.42
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Through modification, the natural cyclodextrins are effective templates for 
the generation of a wide range of molecular hosts. This makes it possible to 
tailor a cyclodextrin host to a particular guest, to meet specific requirements 
in the host-guest complex, and opens the way to diverse new areas of 
supramolecular chemistry. Metallocyclodextrins, rotaxanes and catenanes, as 
well as surface monolayers of modified cyclodextrins, are readily obtained. 
The native cyclodextrins serve as scaffolds on which functional groups and 
other substituents can be assembled, with controlled geometry. This results in 
substantially improved molecular recognition and procedures for chemical 
separation, including enantiomer discrim ination, through guest binding. 
Access to the gamut of functional groups greatly expands the utility of cyclodextrins 
in chemical synthesis and provides catalysts which mimic the entire range of 
enzymic activity. Modifications to the cyclodextrins also lead to a wide range of 
photochemistry of cyclodextrin complexes, through which the enhancement of 
guest reactivity occurs; in addition, light harvesting molecular devices and 
photochemical frequency switches may be constructed. In solution, modified 
cyclodextrins have been used to construct m olecular reactors, as well as 
molecular, temperature and pH sensors. At surfaces, they form semipermeable 
membranes and sensor electrodes. Such exciting fields of chemistry, made 
possible only through modifications to the natural cyclodextrins, are the 
subject of this book.


