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Abstract

This thesis describes the preparation and characterisation of a series of 6A-amino-substituted B-

cyclodextrins. The reactions of 6A-0-(4-methylbenzenesulfonyl)-B-cyclodextrin 32 with a

range of primary and secondary amines in l-methyl-pynolidin-2-one at70"C produce thirteen

amino-substituted B-cyclodextrins in yields of 30-50Vo. The product cyclodextrins have been

fully characterised by NMR, electrospray-ms and elemental analysis.

Potentiometric titration was used to determine the pÇ values of the protonated amines

and the formation constants of the complexes formed by them with benzoate, 4-methylbenzoate

and (R)- and (S)-2-phenylpropionate. The formation constants of these complexes were much

greater than those found for the complexes formed with B-cyclodextrin. In particular, the

complexes formed with cyclodextrins bearing a cyclic polyamine substituent were extremely

stable, with formation constants in the range 9650-44000 dm3 mol-1 for the complexes formed

between the cyclodextrins bearing a 1,5,9-triazacyclododecanyl ot a I,4,'7,I0-tetraaza-

cyclododecanyl substituent and these carboxylates. NMR studies suggest that the high stability

of these complexes may be due to the capping of the primary face of the cyclodextrin by the

cyclic substituent.

The solution structures of the complexes formed between the carboxylates and some of

the modified cyclodextrins were examined by 2D-ROESY NMR spectroscopy' Hydrophobic

linear substituents are included within the annulus at high pH, when the substituent is non-

protonated. The spectra of the complexes formed between 6A-16-aminohexyl)amino-64-deoxy-

B-cyclodextrin and the carboxylates indicate that the 6-aminohexyl substituent is included

simultaneously with the carboxylate.

The zn(II) complexes of 6A-(1,5,9-triazacyclododecan-l-yl)- and 6A-(1,4,7,I0-

tetraazacyclododecan-1-yl)-64-deoxy-p-cyclodextrin were examined as mimics of esterases.

The reactions of 6A-(1 ,5,9-triazacyclododecan-1-yl)-64-deoxy-B-cyclodextrin with 4-
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nitrophenyl acetate are inhibited by the presence of Zn(II). The reactions of 6A-( 1 ,4,7 ,lO-tetra-

azacyclododecan-t-yl¡-64-deoxy-p-cyclodextrin with 4 iib?#ï1t"",u,, were marginally

enhanced by the presence of Zn(II) at pH < 7.5 but were inhibited by the presence of Zn(II) at

higher pH.

The reactions of ol-aminoalkylamino-substituted p-cyclodextrins with 4-nitrophenyl

acetate involve the nucleophilic attack of the primary nitrogen on the carbonyl of the ester to

give the acetamides. The major reactive species is the non-protonated species as shown by the

pH dependence of the reaction of 6A-(6-aminohexyl)amino-64-deoxy-B-cyclodextrin with 4-

nitrophenyl acetate. The reaction this ester with the co-aminoalkylamino-substituted B-

cyclodextrins involves the inclusion of the ester within the annulus as shown by the inhibition

of the reaction in the presence of adamantane-1-carboxylate. The inhibition is not quantitative,

some of the reaction between the ester and the cyclodextrins occurs by a normal SN2 pathway'

The solution structure of the complex formed between adamantane-l-carboxylate and 6A-(6-

aminohexyl)amino-64-deoxy-p-cyclodextrin was examined by 2D-ROESY NMR

spectroscopy. The adamantyl group is deeply included within the annulus while the 6-

aminohexylamino substituent forms a rigid structure within the primary face of the cyclodextrin'

The effect of the hydrophobicity of the substituent on the inclusion chemistry of

modified cyclodextrins was examined by 2D-ROESY NMR spectroscopy' A l2-aminododecyl

substituent is much more strongly included within the annulus than is 6-aminohexyl substituent,

preventing the inclusion of 4-methylbeîzoate within the annulus of 6A-(12-amino-

dodecyl)amino-64-deoxy-B-cyclodextrin. Adamantane-1-carboxylate is able to displace most

of the alkyl chain of the l2-aminododecyl substituent from the annulus but is itself only partially

included within the annulus.

The reactions of 6A-(6-aminohexyl)amino-6A-deoxy-B-cyclodextrin with the 4-

nitrophenyl esters of 1-methoxycarbonyl-cubane-4-carboxylic acid, 2,3-dimethyl-1-

methoxycarbonyl-cubane-4-carboxylic acid and adamantane-1-carboxylic acid lead to the

formation of the corresponding 6-amidohexylamino-substituted cyclodextrins. The substituents

of each of these derivatives is included within the annulus. Addition of adamantane-1-

carboxylate to solutions of these modified cyclodextrins causes the cubanyl substituents to be

lv



excluded from the annulus as the adamantane-l-carboxylate is included. The adamantyl

substituent o¡ 6A-(6-N-(adamantan-1-oyl)aminohexyl)amino-64-deoxy-B-cyclodextrin is not

excluded from the annulus by adamantane-1-carboxylate under these conditions and no

inclusion of the added adamantane-1-carboxylate occurs. 6'l-(6-N-(adamantan-1-

oyl)aminohexyl)amino-64-deoxy-B-cyclodextrin may be a molecular knot'

The reaction of 1,4-bis(4-nitrophenoxycarbonyl)-cubane with 6A-(6-aminohexyl)amino-

6A-deoxy-Þ-cyclodextrin gives a cyclodextrin dimer. The cubanyl group is included within the

annulus of one of the cyclodextrin moieties leading to a product which is asymmetric on the

NMR time-scale. Addition of two equivalents of adamantane-l-carboxylate to the dimer

generates a symmetric l:2 host-guest complex where the cubanyl group has been displaced

from the annulus and each cyclodextrin moiety has included a molecule of adamantane-l-

carboxylate.
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Chapter 1: The Cyclodextrins

1.L. The natural cyclodextrins

The cyclodextrins are a class of natural, cyclic oligosaccharides first isolated by Villiers

in 1891.1 They were determined to be cyclic oligosaccharides by Schardinger in 1904.2 For'

this reason they are often referred to in the early literature as Schardinger-dextrins. More

recently they have been referred to as cycloamyloses following the full structure determination

by Freudenberg and Cramer in 1948.3 However, most current reports use the general name

cyclodextrins and this terminology is used throughout this thesis.

o(3) o(2) primary hydroxy
o(4) OH g roups

65 o(1) /

OH

secondary
hydroxy groups

o

n

1n=1cr-cyclodextrin
2 n=2 p-cyclodextrin
3 n=31-cyclodextrin

HO
o(6)

OH

OH

HO

HO
OH

Figure 1.1. Schematic representations of
cone is used to represent a natural or modifie
narrow end of the cone, it indicates that i
substituent drawn at the wider end of the con
hydroxyl group.
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Chapter I

The cyclodextrins are a series of cyclic oligimers composed of a-(1+4)-linked n-

glucopyranose units. The most common cyclodextrins are composed of 6"1' or 8 glucose

units corresponding to 0-, p-, and 1-cyðlodextrin, respectively, (Figure 1'1) although

cyclodextrins with up to 21 glucopyranose units have been described'4

Cyclodextrins are prepared commercially by the enzymatic degradation of starch with

cyclodextrin-glucanosyltransferase (EC 2.4.I.19) from Bacillus macerans and other Bacilltts

species. Starch hydrosylates prepared from such bacterial fermentations contain mixtures of the

various cyclodextrins and it is necessafy to separate the products by selective precipitation in

order to isolate the individual cyclodextrins. considerable effort has been put into developing

commercial processes to provide high yietds of the pure cyclodextrins' particularly B-

cyclodextrin 2, which is the most commonly used of the cycrodextrins. The current world-

wide production of B-cyclodextrin 2 is around 10 tonnes per annum's one recent report

describes the use of a debranching enzyme, pullulinase (EC 3'2.1.4r), and cyclodecanone

(which preferentially complexes with and precipitates B-cyclodextrin 2) to obtain a92Vo yield

of B-cyclodextrin 2 ftomamylopectin. when cyclodecanone is replaced with decan-1-ol' cr-

cyclodextrin f. is obtained in 847o yield from the same source, while 1-cyclodextrin 3 is

obtained ín'12¿oyield in the presence of cyclotridecanone.6

Crystallographicx-raystudiesofcyclodextrinhydratesshowthateachglucopyranose

unit is held in a rigid 4ct chair conformation such that each molecule exists in an annular

structure resembling a shallow truncated cone where the narrow end is delineated by the

primary hydroxyl groups on C6 and the wider end by the secondary hydroxyl groups on C2

and C3.7 This structure is stabilised by intramolecular hydrogen bonding' The interior of a

cyclodextrin molecule is lined with two layers of methine groups (C3 and C5' hydrogens inside

the annulus) sandwiching a layer of glycosidic oxygens' making it a hydrophobic surface'

while the exterior of the molecule is hydrophilic due to the presence of the hydroxyl groups' It

is the hydrophobic nature of the cavity that brings about the formation of non-covalent host-

guest complexes between cyclodextrins and many organic molecules in aqueous solution' and it

is the ability to form such complexes which has directed the large amount of interest in the

2



Chapter I

chemistry of the cyclodextrins.

The crystal structures of cyclodextrin hydrates show some distortion of the cone and an

inherent asymmetry in the smaller cyclodextrins.T This apparent rigidity disappears in solution

where, on the NMR time-scale, the cyclodextrins appear to be perfectly symmetrical. Further

experimental evidence that cyclodextrins are more flexible than is commonly portrayed comes

from a recent study on the conformational flexibility of cyclodextrins using vibrational Raman

optical activity.S Theoretical studies, using molecular dynamics, indicate that cyclodextrins are

able to modify their shape in order to accommodate different guest molecules.9 -14

Table 1.1. Some physicochemical properties of the natural cyclodextrins

Cyclodextrin

Property 1 3 Reference2

no. glucose units

anhydrous molecular weight

cavity length (^Ä,)

cavity diameter (Ä.)

solubility in water, 25 "C (mol dm-3;

6

912.85

8

-5.2

o.t2l

12.33

7

tr34.99

8

-6.6

0.0163

12.20

8

1297.r4

8

-8.4

0.1 68

12.08

15

15

r6

17,18pKv(25 'c)

Some physical data for the cyclodextrins 1,2 and 3 are given in Table 1.1. The depth

of the cavity is the same for all cyclodextrins, being determined by the width of a glucose

molecule (- 8 Å), but the width varies with the number of glucopyranose units in the

cyclodextrin. It is the difference in the widths of the annuli which brings about the selectivity in

complex formation based on the size of the guest. Benzenes form tight complexes with cr-

cyclodextrin 1 while naphthalenes form tight complexes with B-cyclodextrin 2. This size

selectivity forms the basis for the methods for the purification of cyclodextrins from

hydrosylates as discussed above.
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Chapter I

The cyclodextrins are all much less soluble in water than their linear analogues, with p-

cyclodextrin 2 being the least soluble. The lower solubility of B-cyclodextrin 2 has been

ascribed to self-aggregationlg and to the piesence of intramolecular hydrogen bonding around

the rim of p-cyctodextrin 2.20 Alkylation of cyclodextrin hydroxyl groups, which would be

expected to increase the hydrophobicity of the cyclodextrin, actually increases the solubility of

the product relative to that of the native cyclodextrin. This suggests that hydrogen bonding is a

factor in the relatively low solubility of B-cyclodextrin 2. There are no satisfactory

explanations for this anomalous solubility of B-cyclodextrin 2 given that hydrogen bonding

effects should be similar for all of the cyclodextrins.

1.2. Host-guest comPlexation

k1

+
k1

kt IoD.GUESTIt1 -: k1 [CD][GUEST]

Scheme L.1. Schematic representation of the formation of a host-guest (inclusion) complex

between a guest molecule and a cyclodextrin host'

Most of the current interest in cyclodextrins arises from their ability to partially or fully

include a wide range of guest species within their annuli to form host-guest (inclusion)

complexes (Scheme 1.1).20 -30 Their ability to form host-guest complexes has lead to the use of

cyclodextrins in the formulation of pharmaceuticals,3l,32 as stationary phases in gas liquid

chromatography33 and high pressure liquid chromatography,34, 35 as a mobile phase modifier

in capillary electrophoresis,26 and as catalysts for chemical ¡s¿ç¡ls¡5.36 -39

Several hypotheses have been proposed to account for the formation of host-guest
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Chapter I

complexes with cyclodextrins: (l) the release of "high energy" water from the cavity;4O (2) the

relief of conformational strain energy of the uncomplexed cyclodextrin (particularly for

cr-cyclodextrin 1);a1 (3) the hydrophobic'interaction;42'unU (4) the electrostatic interactions:

dipole-induced dipole, dipole-dipole, London dispersion force and hydrogen bonding.43 A

recent review of this area discusses each of these effects and concludes that the main driving

force for inclusion of an organic molecule within the cyclodextrin annulus is the hydrophobic

effect.28 A model has been developed to predict binding constants of guests with

cr-cyclodextrin 1, based on differences in the solvent interactions of the free guest, the free

cyclodextrin 1 and the complex that is formed between them.44 More recently, molecular

modelling studies have shown that there is a linear relationship between the logarithm of the

binding constant, K and the maximum change (decrease) in the exposed hydrophobic surface

area of the host as it is overlapped by the hydrophobic surface of a guest.45 Structures of the

host-guest complexes predicted by this model system are in accord with the reported crystal

structures of these comPlexes.

The variation in the size of the annuli of the cyclodextrins 1-3 allows for discrimination

in the inclusion process based on size and shape of the guest. The cyclodextrins are homo-

chiral molecules. The chirality of the cyclodextrins leads to the formation of diastereomeric

complexes with racemic guests. The diastereomeric complexes which are formed will have

different stabilities leading to chiral discrimination by cyclodextrins. However, in practice this

discrimination is only small due to the inherent synìmetry of the cyclodextrin hosts'30

1.3. Catalysis by natural cyclodextrins

Cyclodextrins can affect the course of chemical reactions in two distinct ways. Firstly,

inclusion of a guest molecule within the annulus changes the micro-environment of that

molecule. It may experience an effective solvent polarity or dielectric constant which is

different from that of the bulk solution, thereby altering levels or positions of ionisation within

the guest. One particular conformation of a guest may be more favoured by inclusion, giving

5



Chapter I

rise to a product of a reaction carried out in the presence of a cyclodextrin, which has a different

stereo- or regiochemistry from that obtained by the same reaction canied out in the absence of

the cyclodextrin. Inclusion of a guest may favour attack by a reagent at a specific position on

the guest through the protection of other reactive sites on the guest by the steric bulk of the

cyclodextrin.46 The cyclodextrin can act as a "reverse phase-transfer" catalyst, carrying organic

molecules into the aqueous phase for reaction with a water soluble reagent.4T In reactions

where a cyclodextrin is only involved through the inclusion of reactants within the annulus, the

cyclodextrin acts as a "non-covalent catalyst".

Non-covalent catalysis may also involve the pre-organisation of two or more reactants

to favour the formation of a particular product. In such reactions the size of the cyclodextrin

annulus becomes an important factor in the control of the reaction pathway. The presence of

cyclodextrins can greatly affect the photochemical reactions of the stilbene derivative (E)-4

(Scheme I.2).48 Under acidic conditions, in the absence of cyclodextrins, irradiation of the

trans isomer (E)-4yields mainly the cis- isomer (Q-4 andthe secondary photo-product 5. In

the presence of the cyclodextrins 1 and 2 dimerization is totally suppressed as the inclusion of

the stilbene moieties, to give 1:1 complexes with the cyclodextrins, shields them from each

other and only cis-trans isomerization is possible. In the presence of the larger y-cyclodextrin

3, however,2:1 guest:host complex formation is most favoured. This generates a high local

concentration of the stilbene (E)-4 and consequently dimerization to give the cyclobutanes 6

proceeds readily. This chemistry has been extended to the formation of a f3]-rotaxane made up

of the cyclodextrins 2 and 3 threaded onto a poly-(trans-stilbene).49
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Chapter I

R
R

R
frans-6

+
R = CHzNHMez

R
,s\

(q-4
hv

11,'
-+

R

R

RR
Ø-4

hv

R

cls6

R R
5

7o Composition of reaction mixture

Cyclodextrin tth (E)-4 ( 5 trans-6 cis-6

none

1

2

3

10

20

t6

0

62

60

83

0

19

20

1

2

24

24

24

72

1

0

0

2

0

0

1919

Scheme 1.2. Effects of the cyclodextrins 1-3 on the photochemical reactions of the

stilbene 4. From ref. 48.

Cyclodextrins can also act as "covalent catalysts". Cyclodextrins catalyse the base

hydrolysis of phenyl esters through the formation of a transient O-acyl cyclodextrin (Scheme

1.3). pioneering work by Bender's group in the 1960's established the mechanism for this

catalysis.50 -54 A deproton ated C2 hydroxyl group (pKu - 1217 ' 18¡ makes a nucleophilic

attack on the substrate, previously included within the annulus of the cyclodextrin, to give an

O-acylcyclodextrin and a phenoxide. Under the conditions of the reaction (usually pH > 10.5)

7



Chapter I

there is a slow hydrolysis of the O-acyl cyclodextrin to regenerate the cyclodextrin catalyst'

This mechanism resembles that of the hydrolysis reactions catalysed by chymotrypsin, an

enzyme which has a hydrophobic binding pocket, adjacent to the active site, capable of binding

aryl groups (eg. tyrosine, phenylalanine) and a hydroxyl group of a serine residue which is

activated as a nucleophile through a charge relay network.55

M o k1 M

oo

+
k1

deprotonated cyclodextrin substrate ester cyclodextrin/substrate comPlex

Hydrolysis

(slow)

Acyltransfer

(fast)

MM
lA

o+
k2

2-Oacyl cyclodextrin product 2- O-acylcyclodextrin/prod uct complex

Scheme 1.3. Schematic representation of the hydrolysis of phenyl esters catalysed by

ãv.ióãã.t¡ni. a Cz nydro^yig.oop is deprotonatedipKa - 12) to generate the active catalyst'

Generally, the greatest rate enhancement of the hydrolysis occurs when cr-cyclodextrin

1 is the catalyst and the phenyl ester substrate is meta-substituted.56 -58 V/ith this catalyst,

meta-substituted esters are bound within the annulus of the cyclodextrin such that the carbonyl

group is held in close proximity to the ionised secondary hydroxyl group, while the carbonyl

group of an inclu ded para-substituted ester is positioned further away from the active hydroxyl

group. This leads to a greater enhancement of the rate of reaction of meta-substituted esters

relative to that of the para-substituted esters in the presence of the cyclodextrin 1' When the

cyclodextrin 2 is the catalyst, both types of substrate are held more loosely in the larger annulus

and the resultant greater number of degrees of freedom of movement of the substrate leads to a

o
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Clmpter I

lowering of both the overall rate of catalysis, and the difference between the reactivities of the

meta- and para-substituted esters. V/ith the much larger cyclodextrin 3 there is little difference

in the in the reactivities of meta- and. para-substituted esters. The differences in the reactivity of

the different cyclodextrins and their substrates has been correlated to differences in transition

state binding.36 The hydrolysis of phenyl esters by the cyclodextrin 2 has been modelled using

a molecular dynamics methodology and the results, which are in good agreement with

experimental data, support this observ¿¡fen'59' 60

1.4. Modification of natural cyclodextrins

V/hile the nàtural cyclodextrins are themselves of interest as molecular hosts, they are

limited in their applications through their inherent symmetry and lack of specific binding

groups. For example, enantioselective binding requires a minimum of three specific

interactions between a host and a guest. Addition of new functionality to the cyclodextrin

structure allows for the possibility of specific interactions between these groups and sites on a

guest molecule, which may lead to much greater host-guest specif,rcity.3O

1.4.I. Nomenclature

The following nomenclature system has become generally accepted for the naming of

modified cyclodextrins and is used throughout this thesis. The cyclodextrin is named c¡(-, Þ-, Y-

, etc., depending on the number of glucose residues that make up the annulus, as for the natural

cyclodextrins. Each atom of a single glucose residue is numbered as for glucose itself. For a

cyclodextrin with a modification to a single glucose residue, that residue is labelled as A and the

remaining residues are labelled B, C, D..., etc., going from the C1 of the modified residue to

the C4 of the next residue (clock-wise around the cyclodextrin if it is viewed from the primary

face, Figure 1.2). Thus, a cyclodextrin of seven glucose residues, where the C6 hydroxyl

group of one of the residues has been converted to a bromide, is named 6A-bromo-64-deoxy-

B-cyclodextrin.

9
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Br
o

.rtQrr

Br

(b)

OHoH
6

(a) (c)

Figure t.2. Schematic representations of the structure of 6A-bromo-64-deoxy-0-
cyãlodextrin showing (a) the aìom labelling. of an individual glucose 1".tiqY.", 

(b)_a view.of the

tio¿iii.¿ ðyclodextíin irorn above the piimary face^ s.howing. the labelling of the glucose

iËri¿uãr, uío (.) the truncated cone reprèsentaiion of the modified cyclodextrin that is used

throughout this thesis.

1.4.2. Modification of all hydroxyl groups

Most modifications of the cyclodextrin structure involve a reaction at one or more of the

hydroxyl groups. The simplest modifications involve the alkylation or acylation of all of the

hydroxyl groups. When a cyclodextrin is treated with an excess of base and an alkylating agent

(eg. alkyl halide or epoxide) or an acylating agent (eg.. acid anhydride) the per(O-alkyl)- or

per(O-acyl)-cyclodextrin is obtained. The product of such a reaction is usually non-

homogenous and contains a mixture of cyclodextrins with one or more unmodified hydroxyl

groups.33 The cyclodextrins modified in this way have improved solubility properties over the

natural cyclodextrins. The crystalline per-O-methyl derivatives are much more soluble in water

than the parent cyclodextrins. As the length of the attached alkyl chain is increased, the

modified cyclodextrins become increasingly more hydrophobic and are generally isolated as

viscous oils. Such compounds have been found to be of great utility as liquid phases for

enantioselective gasliquid chromatography' 33

10



Chapter I

1,4.3. Modification of specific hydroxyl groups

More specific modifications of the natural cyclodextrins rely on the different reactivities

of the C2, C3 and C6 hydroxyl groups. The C2 hydroxyl groups are the most acidic and can

be selectively alkylated without the need for protection of the C3 and C6 hydroxyl groups.

Treatment of a solution of B-cyclodextrin 2 in dimethylsulfoxide (DMSO) with one equivalent

of sodium hydride, followed by one equivalent of N-methyl-4-chloromethyl-2-nitro aniline

gave the 2A-O-substituted cyclodextrin in 357o yield.6l Similarly, per(2-O-methyl)-B-

cyclodextrin was obtained in83Vo yield by.treatment of p-cyclodextrin 2 with seven equivalents

each of sodium hydride and methyl iodide. This chemistry has been extended to the formation

of a y-cyclodextrin dimer62 and some calixarene-appended B-cyclodextrins.63, 
6a Nucleophilic

substitution at CZ is difficult to achieve. The mono- and per-sulfonates of the C2 hydroxyl

groups are readily available through the use of a number of reagen15.65, 66 However, attempts

at substitution of these sulfonates by nucleophiles lead to the formation of manno-2,3-epoxides

as the major products of the reactions, only small amounts of the C2 substituted product are

formed in these reactions.6T

The C3 hydroxyl groups are the least reactive of the hydroxyl groups on a cyclodextrin.

The selective modification of these groups usually requires the prior protection of the C2 and

C6 hydroxyl groups or an indirect approach, through transfer of functionality from adjacent

centres. B-Naphthalenesulfonyl chloride reacts with the cyclodextrins L and 2 to give the

corresponding 3A-O-sulfonates 7 and 8 which when treated with mild bases are converted to

allo-2|3{-epoxycyclodextrins 9 and 19.68 -71 The epoxides 9 and 10 react with nucleophiles

to give mainly the corresponding C3A-substituted cyclodextrins with retention of

stereochemistry at C2A and C3A (Scheme L4).67

The treatment of the CzL-O-sulfonates 1L and 12 with a mild base generates the

manno-2A,3A-epoxycyclodextrins 13 and L4 which react with nucleophiles to give mainly the

corresponding C3A-substituted cyclodextrins with inversion of the stereochemistry at C2A and

634 (Scheme 1.5¡.68, 72 -74
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Scheme 1.4. Preparation of cyclodextrins substituted at C3A through the formation of an

allo-2,3-epoxide. The stereochemistry atCzA and C3A is retained in this process'
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Chapter I

The chemistry of the manno-epoxy-cyclodextrins has been developed further for the

preparation of a novel B-cyclodextrin analogue, B-cycloaltrin 16.'75 The per(rranno-

epoxy)cyclodextrin 15 (prepared from per(2-O-4-methylbenzenesulfonate)-B-cyclodextrin) was

heated in water at reflux for five days to give B-cycloaltrin 16in737o yield'

toI
OH

o

o I

HO

o o

OH

otl

¡

7

15 16

The C6 hydroxyl groups are the most nucleophilic and can be selectively modified by

reaction with electrophilic species. The conversion of all of the C6 hydroxyls ts halides can be

achieved by reaction with Vilsmeier-Haack complexes (t(CH:)zNCHXl+.¡-r, prepared either

in situ76 -78 or isolated as the crystalline salts.79, 80 The product per(6-halo)-p-cyclodextrins

are readily converted to the per(6-amino)-80, 81 or per(6-thio)-B-cyclodextrinsS2 which can be

elaborated further to give new cyclodextrins with a range of complex functionalities. The

per(6-bromo)- and per(6-O-4-methylbenzenesulfonate)-B-cyclodextrins have been converted to

per(3,6-anhydro)-B-cyclodextrin by treatment with a mild þ¿5s.76' 83

The selective substitution of a single C6 hydroxyl group is usually managed through the

formation of the 6L-O-4-methylbenzenesulfonate derivative and subsequent displacement of the

sulfonate by a suitable nucleophile. Seminal work in this area was carried out by Melton and

Slessor, who prepared pure 6{-O-4-methylbenzenesulfonyl-cr-cyclodextrin and converted this

to the corresponding halo-, azido-, amino- and deoxy-cr-cyclodextrin derivatives.S4 Matsui and

Okimoto have developed a similar strategy for the preparation of derivatives of B-cyclodextrin

2.8s

A series of disulfonyl chloride reagents has been developed for the selective di-
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Chapter I

sulfonation, and subsequent substitution, of primary face hydroxyl groups.86' 87 1¡s sulfonyl

chlorides 17 and 18 give AB di-sulfonation, while the sulfonyl chlorides L9 and 20 give AC

and AD disulfonation, respectively.

CIO2S SOzCI

CIOzS SOzCI
CIO25 SO2CI

17X=H
lgx=oMe

19 n

Once one or more functional groups, such as amino or thio, have been introduced into a

cyclodextrin by the methods outlined above, they can then act as nucleophiles for further

elaboration to a wide range of more extensively modified cyclodextrins.30 Such modified

cyclodextrins have been developed to improve the stability of host-guest complexes through

ionic interactions between the guest and host, to form metal complexes which are able to mimic

the reactions of enzymes and to act as molecular reactors to direct the stereo- or regiochemical

f a reaction

The work discussed in the following chapters involves the preparation of a series of 6A-

amino-6A-deoxy-p-cyclodextrins and an examination of their solution structures, and those of

some of their complexes with small aromatic carboxylates, by 2D NMR spectroscopic

techniques. The ZI(II) complexes of some of these derivatives are examined as mimics of

metallo-enzymes through their reactions with 4-nitrophenyl acetate, and this ester is also used to

probe the reactivity of the nitrogens of a series of 6A-ol-aminoalkylamino-64-deoxy-B-

cyclodextrins. The reactions of some 6A-co-aminoalkylamino-substituted cyclodextrins with the

4 sters of bulky carboxylic acids give rise to products with large hydrophobic

substituents and the host-guest chemistry of these products is examined by NMR'

X

T4



Chapter 2: Synthesis and Characterisation of 6A-amino-64-deoxy-

B-cyclodextrins

2.I. Introduction

The substitution of a hydroxyl group at C6 of B-cyclodextrin 2 by a series of polyamino

species presents the opportunity to examine, in a systematic way, the factors affecting the

formation of host-guest complexes.27,88 Metallo-cyclodextrins derived from such amino-

substituted B-cyclodextrins, may show enantioselectivity in the formation of ternary complexes

with chiral guests89,90 and can act as catalytic systems which mimic the actions of enzymes.gl

In order to carry out such a systematic survey it is necessary to be able to prepare a number of

analogues in a simple and reproducible fashion. The compounds chosen for this study are

shown in Figure 2.I andrepresent several series of substituted B-cyclodextrins (BCDX).

The first series of substituents consists of linear cr,crl-diaminoalkanes with a regular

increase in the length of the alkyl chain separating the amino groups. Thus, there is an increase

in the hydrophobicity of the substituent on going from 6A-(2-aminoethylamino)-64-deoxy-B-

cyclodextrin 2L to 6A-(6-aminohexylamino)-6A-deoxy-B-cyclodextrin 24. An increase in the

hydrophobicity of the host was expected to increase the stability of complexes with

hydrophobic guests. Alternatively, as the length of the alkyl chain increases there may be an

increasing tendency for the substituent to include (either completely or partially) in the annulus

of the cyclodextrin and so compete with prospective guests, causing a relative decrease in the

stability of host-guest complexes.92

The second series of substituents consists of linear polyamines containing three or four

amino groups with variations in the distance between the amino groups. Increasing the number

of amino groups on the substituent increases the number of available sites for additional ionic or

15



Chapter 2

hydrogen bonding interactions between a guest and the cyclodextrin and so the formation

constants of such host-guest complexes may be higher than for the diamino systems' In

addition the higher polarity of these chains makes it less likely that they will include in the

annulus of the cyclodextrin and so they will not compete with the guest for this site'

pcDX
H
N

_N
H
n NHz

-ilvt*'

À,n,,NHz

-NH

:â NHz

r¡ila¡**,
H
N À.,NHz

25 X= -NH21 X=

22 X=

23 X-

24 f,=

-NH 27 X=
_N

H

26 X-
_N

H

N
H

H_N -'â¡â.,NHz

NHz

28 f,=

29 X= 30 x- 31 f,=

N

The third series of substituents consists of cyclic polyamines which may be considered

to be the cyclic analogues of the linear polyamines described above' They contain three or four

sites capable of ionic or hydrogen bonding interactions with suitable guests but, because of the

cyclic nature of these groups, they are more constrained than their linear equivalents' This was

expected to lead to more selective interactions with guest molecules and so to a greater degree of

H

)
H

(
H

N

Figure 2.I The series of polyamino-cyclodextrin derivatives discussed in this chapter
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Chapter 2

molecular recognition by these compounds. The cyclic polyamines were not expected to

include in the annulus of the cyclodextrin but rather to sit over the primary face of the

cyclodextrin and possibly cap this end of the molecule. Strong hydrogen bonding interactions

between the amino groups of the cyclic substituent and the primary hydroxyl groups of the

cyclodextrin were expected to hold the substituent tightly against the primary face of the

cyclodextrin. Capping of one end of a cyclodextrin has been shown to increase binding by

guests.93

+H+

-

.l_

NHz*

NHz*

NHz*

NHz*

+H+

+H
N

NHz*
N

Scheme 2.1. Schematic representation of the cyclodextiin 30 behaving as a pH dependent
,,molecular peddle-bin". Dalhed lines (---) represen^t hydrogen bonds between the nitrogen ot

the substituent and a hydroxyl gfoup on the primary face of the cyclodextrin'

This hydrogen bonding wilt be pH dependent. At high pH (all amino groups

deprotonated) it was expected that strong hydrogen bonding interactions between the substituent

and the cyclodextrin would hold the substituent against the primary face of the cyclodextrin

annulus. At low pH (all amino groups protonated) the high charge that will reside over the

substituent was expected to cause it to move away from the hydrophobic cavity of the

cyclodextrin . Effectively the modified cyclodextrin would be acting as a proton activated

"molecular peddle-bin" (Scheme 2.1). This may have consequences for the host-guest

chemistry of these compounds and raises the possibility of their use in drug delivery systems

where the pH dependence of complexation can be an important factor in the delivery of drugs to
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Chapter 2

the appropriate site in the body .9a Evidence is presented below that the cyclodextrins 30 and

31 most probably do behave in this fashion.

2.2. Synthesis

Although some of the required derivatives have been reported previously it was found

that the material produced by the reported methods was not of sufficient purity to calry out

further studies and so an alternative procedure \¡/as developed.

The synthesis of $A-modified cyclodextrins begins with the preparation of the

monotosylate derivati ve 32,which was prepared by the method of Matsui.85' 95 516'" addition

of one equivalent of 4-methylbenzenesulfonyl chloride to a solution of dry B-cyclodextrin 2 in

pyridine at 0 oC gave a mixture of mono- and poly-tosylated cyclodextrins together with

unchanged starting material. Pure mono-tosylated product 32 was obtained in 3OVo yield by

repetitive recrystallization from water, At least two recrystallizations were required to remove

all of the poly-tosylated cyclodextrin from the mixture and leave less than 5Vo of unsubstituted

cyclodextrin. This material was of sufficient purity for subsequent steps as aminated

cyclodextrins can be separated from B-cyclodexûín2by ion-exchange chromatography' It is

important, however, to remove all of the poly-tosylated material because of the potential

difficulties in removing contaminant polyaminated-cyclodextrins from the products of later

reactrons

o
il

o- S Me

o
Me

9ç
P-o-1oo

M

æ.
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Chapter 2

A new method for the preparation of the tosylate 32 from p-cyclodexttin 2 using 4-

methylbenzenesulfonic anhydride 33 in aqueous solution has been reported.96 Although the

method reportedly gave good yields of pure tosylate 32, a single attempt to prepare the

anhydride reagent 33 was not successful in my hands. All of the tosylate 32 used in this

present work was prepared by the method of Matsui.

Initially, the amination reactions were carried out by heating the tosylate 32 in MN-

dimethylformamide (DMF) containing a large excess of the required polyamine' Workup of

these reactions involved repetitive precipitation of cyclodextrin containing material from

aqueous solutions by dilution with ethanol or acetone to remove the excess amine reagent. In
Sox\-'\et-

some cases Sehx-let extraction with ether or acetone was necessary in order to remove all of the

excess amine. Chromatography using a cation exchange resin was then carried out to separate

neutral cyclodextrins from those bearing amino groups. After this process the product

cyclodextrins wele often still contaminated by residual starting amine'

The prepararion of 6A-(2-(bis(2-aminoethyl)amino)ethyl)amino)-64-deoxy-þ-

cyclodextrin 28 was used as a starting point for developing an improved method for the

synthesis of amino-cyclodextrins.g0 Early preparations of this compound involved stirring a

solution of the tosylate 32 with one equivalent of tris(2-aminoethyl)amine in DMF at 70 oC in a

lightly stoppered flask. Only one equivalent of tris(2-aminoethyl)amine was used because it

was found to be difficult to separate any excess amine from cyclodextrin products. Thin-layer

chromatography (TLC) analysis of the dark coloured reaction mixture after 18 hours showed

that most of the starting tosylate 32 had disappeared and that a new, low R¡ spot was present

together with a spot corresponding to B-cyclodextrin 2. Some hydrolysis of the tosylate 32 to

B-cyclodextrin2 occurred in all of the reactions carried out due to the presence of bound water.

This water remains associated with all cyclodextrin derivatives despite extensive drying over

phosphorus pentoxide under vacuum. Cyclodextrin compounds were precipitated from the

reaction mixture by addition of acetone-ether (3:1) and the collected precipitate was dissolved in

water and reprecipitated by addition of ethanol. This step was repeated until there was no

evidence of tris(2-aminoethyl)amine in the sample (TLC).
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Neutral B-cyclodextrin2 was separated from the amino-cyclodextrin 28 by passing an

aqueous solution of the crude mixture down a column of a weak cation-exchange resin in its

protonated form. Neutral compounds passed through the column in the void volume while the

amino-cyclodextrin 28 was protonated and formed an ion pair with the carboxylate groups on

the resin. The cyclodextrin 28 was eluted with a solution of 1.4 mole dm-3 ammonia solution

and evaporation of the eluent gave the cyclodextrin 28 as a yellow powder.

BioRex 70 resin (Bio Rad Laboratories) was chosen for this separation because it was

thought to be unlikely that cyclodextrins would interact with the poly-acrylate matrix of this

resin. There have been reports of yield loss when cyclodextrins have been treated with poly-

styrene based Amberlite and Dowex resins.97 Sephadex (Pharmacia) based resins are also

suitable for use with cyclodextrins but they can have additional binding interactions with

cyclodextrins unless organic co-solvents are used.98,99 This effect has been used previously to

separate mixtures of substituted cyclodextrins .94

g

The cyclodextrin 28 obtained from the above procedure was highly coloured' lH and

13C NMR indicated that at least one of the amino groups had been formylated. The lU NVIR

spectrum showed a singlet at ô 8.1 corresponding to a formyl proton and the l3C NMR showed

a signal at ô 164.1 corresponding to a carbonyl carbon. There \üere no resonances which could

be due to the methyl groups of any residual DMF present in either spectrum. This suggests that

the extra signals do not arise from included DMF but are most likely to be due to a trans-

acylation reaction between DMF and the cyclodextrin 28 to give the N-formyl derivative 34 as

the most likely product.

H
H
NY

o

NHz
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Chapter 2

The above sequence was repeated using pyridine as the solvent to avoid this side

reaction but the cyclodextrin 28 isolated after the ion-exchange step appeared to be strongly
z6

associated with pyridine. Pure cyclodextrin4 was obtained as a salt after acidification of an

aqueous solution of the complex with methanesulfonic acid and precipitation of the cyclodextrin

by dilution with acetone.gO The tris(methanesulfonate) salt thus obtained was further

characterised as the tetra-hydrochloride by addition of hydrochloric acid to a solution of the

tris(methanesulfonate) followed by precipitation as described above.

While many amines are best stored as their hydrochloride salts, it was believed that the

high acidity of the salt might cause some hydrolysis of the acid labile glycosidic linkages in the

cyclodextrin over a period of time and this was not desirable. Therefore, as the use of pyridine

as the solvent for the amination reaction appeared to require an acidic workup in order to obtain

a pure product, as well as involving a number of additional precipitation steps with concurrent

losses in yield, other solvents were considered for this reaction.

An ideal solvent for the amination reaction would be one in which the tosylate 32 is

readily soluble and is itself highly water soluble, decreasing the tendency to form strong

inclusion complexes with cyclodextrins. Polar aprotic solvents such as DMF will favour the

S¡2-type reaction but DMF is not completely stable to the reaction conditions. Increasing the

substitution on the formyl group might be expected to hinder attack at the carbonyl carbon by

amines and so decrease the amount of acylation of the amino-cyclodextrin product. On this

basis 1-methyl-pynolidin-2-one (NMP) was expected to be a good solvent for the reaction, as it

is a highly water soluble dipolar aprotic solvent, that is readily available, and has been shown to

be superior to DMF as a solvent in a number of application5.l00 In particular, Henbest and

Jackson have shown that nucleophilic substitution of tosylates occurs more readily and in better

yield when NMP is used as solvent rather than DMF.l0l 1¡ addition, NMP is more stable to

acid and base than is DMF and it is also more stable to prolonged heating.l02

'When the tosylate 32 was heated with 3.3 equivalents of tris(2-aminoethyl)amine and

0.1 equivalentsof potassiumiodideinNMP at10"C for4hourspurecyclodextrin23was

obtained in 6OVo yield following a single precipitation with ethanol and purification through ion-
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exchanle chromatography as described above. The addition of potassium iodide to the reaction

mixture was to generate 6A-iodo-6A-deoxy-B-cyclodextrin 35 in situ as this had been shown

earlier to react with tris(2-aminoethyl)amine more rapidly than did the tosylate 32 in both DMF

and pyridine.g0 The cyclodextrin 28 obtained by this procedure was fully characterised by

NMR, electrospray-mass spectroscopy and elemental analysis. The product was isolated as the

trihydrate and, unlike our first reported synthesisg0, the product was obtained as a clean white

powder and showed no evidence of inclusion or other association with solvents other than

water

Table 2.1. Reaction times and yields for the preparation of the 6Aamino-64-deoxy-Þ-

cyclodextrins 2t3I.a

BCDX
Time (hr) Yield(Vo) BCDX

Time (hr) Yield (Vo)

6

4.5

4.5

5

4.5

6

a Conditions: 3.3 equivalents of amine and catalytic KI in NMP atJO "C. å Starting amine

purified by distillation, no K[ catalyst.

A series of substituted cyclodextrins was prepared under the conditions described above

(Table 2.1). All of the preparations were reproducible in both yield and purity of the final

product. Elemental analysis of each of the products showed that they were all of high purity

and that all had been isolated as hydrates, most usually containing three molecules of water.

Reactions of primary amines were complete within 4-6 hours and gave yields around 50Vo. The

more hindered secondary amines required longer reaction times (5-14 hours) and gave lower

yields (around 30Vo). In these reactions TLC showed that there was some unreacted tosylate

32 remaining after this time. Extending the reaction time to 18 hours gave no improvement in

22

2t

22

23

24

25

26

55

52

52

51

54

50

27

28

29

30

31

7

4

5

1

40

51

ß $zu¡

34 6ob)
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yield and darkening of the reaction mixture suggested that some solvent decomposition may

have occurred.

The crude product from the reaction of the tosylate 32 and 1,2-diaminoethane contained

an unidentified minor compound together with the cyclodextrin 21. This material did not

separate from the cyclodextrin 2I on ion-exchange under the standard conditions. Pure

cyclodextrin 21 was obtained only when the crude mixture was loaded onto the ion-exchange

resin in its NH4+ form and eluted with 0.05 mol dm-3 ammonium bicarbonate. Repetitive

evaporation of the combined fractions containing the cyclodextrin 2L gave the product as the

free diamine as shown by NMR, elemental analysis and potentiometric titration'

Early preparations of the cyclodextrins 29 and 30 were carried out after an in sitt¿

neutralisation of the hydrochloride salts of the respective amines , 1,4,7-triazacyclononanel03

and 1,5,9-triazacyclododecane,l04 prepared by a modified Richman-Atkins procedure.l05' 106

A stirred suspension of the amine hydrochloride was treated with three equiyalents of sodium

hydroxide, the resultant solid (NaCl) was filtered off and the filtrate was evaporated to give the

free amine, which was then used directly in the reaction with the tosylate 32 under the

conditions described above. There is always the possibility that some sodium hydroxide may

be introduced into the reaction mixture when the amine is prepared in this fashion and this will

cause an increase in the amount of hydrolysis of the tosylate 32 so lowering the yielcl of the

desired product. Therefore, in later preparations I,4,J-ttiazacyclononane and I,5,9-triaza-

cyclododecane were purified by treatment of their salts with strong base followed by extraction

of the free amine into dichloromethane and distillation at reduced pressure prior to reaction with

the tosylate 32.

When the tosylate 32 was allowed to react with 1,5,9-triazacyclododecane, prepared in

this fashion, under the standard conditions the crude cyclodextrin 30, obtained after

precipitation of the reaction mixture by addition of ethanol, gave a bright pink solution when

dissolved in water. This colour disappeared on dropwise addition of l07o sodium metabisulfite

solution suggesting that the colouration was due to the formation of iodine in the reaction

mixture. Repetitive precipitation of the cyclodextrin from aqueous solution by addition of
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ethanol and purification by ion-exchange chromatography gave pure cyclodextrin 30 but only in

low yield (I6Vo). When this reaction was repeated under exactly the same conditions the work-

up was again complicated by the formation of iodine in the reaction mixture. It is not clear how

the iodide, added as catalyst, is being oxidised to iodine under these conditions.

The problems caused by the generation of iodine in the reaction between the tosylate 32

and 1,5,9-triazacyclododecane led to an examination of the need for the use of potassium iodide

as a catalyst. The preparation of the cyclodextrin 2l was carried out under the standard

conditions except that the potassium iodide was omitted from the reaction mixture. The product

21 was obtained in high purity and in the same yield as when potassium iodide was used.

There appeared to be no decrease in the rate of reaction when the iodide was omitted. Several

other substituted cyclodextrins were prepared under similar conditions, without the use of

potassium iodide, and gave highly pure products in yields comparable to those obtained

previously in reactions where the iodide had been added'

When the tosylate 32 was allowed to react with either 1,4,7-triazacyclononane or 1,5,9-

triazacyclododecane, previously purified by distillation, under these modified conditions, the

cyclodextrin 29 or30 was obtained in a considerably higher yield (-50Vo) than had been

obtained previously, indicating that in the earlier reactions some sodium hydroxide may have

been carried through to the reaction mixture and so caused a loss in yield. Thereafter, all

preparations of the substituted cyclodextrins, where the parent amine was best stored as the

hydrochloride salt, were carried out using amine that was freshly isolated from the salt and

distilled just prior to use. In all further preparations of the substituted cyclodextrins sodium

iodide was omitted from the reaction mixture.

All of the modified cyclodextrins, with the exception of the cyclodextrins 24 and30,

were considerably more soluble in water than B-cyclodextrin 2, giving clear solutions around

pH 9 at a concentration of approximately 0,06 mol dm-3. (The solubility of B-cyclodextrin 2 in

water is 0.016 mol dm-3.28; For the cyclodextrins 24 and30 solutions of 0.06 mol dm3 were

only obtained at low pH, when the amino groups were fully protonated, or at high pH when

either the deprotonation of a secondary hydroxyl group or a salting in effect increased the
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solubility of these compounds. Differences in the polarity of these compounds were also

observed in their behaviour on TLC. Both of the cyclodextrins 24 and 30 had Rr (the value of

R¡ for the derivative relative to that of B-cyclodextrin 2) values of 0.75. In contrast to this, the

other linear diamines ran at Rc - 0.6 while the other polyamines ran at Rc - 0.3. This may

suggest that a strong interaction exists between the substituent and the cyclodextrin moiety for

the cyclodextrins 24 and30limiting the interaction of the amino groups with the polar sites on

the silica surface.

2.3. NMR spectroscoPY

On the NMR time scale all of the glucopyranose groups of B-cyclodextrin 2 are

equivalent, consistent with complete conformational averaging and the lH and 13C NMR

spectra of B-cyclodextrin 2 a¡e relatively simple. In particular, the l3C NMR spectrum of B-

cyclodextrin 2 shows only six signals each corresponding to a carbon of a glucose unit'

Substitution of the C6 hydroxyl of a single glucopyranose of B-cyclodextrin 2 renders this ring

(ring A) and the other glucopyranose groups (rings B-G) inequivalent, and as such they should

each exhibit six unique 13C resonances to give a total of forty-two individual signals' In

practice, however, the difference in magnetic environment experienced by the carbons in the

unsubstituted rings (B-G) is usually too small to resolve these separate signals and only the

carbons of the substituted ring (A) can be differentiated, The lH spectra of these substituted

cyclodextrins are usually too poorly resolved to give much information as to structure other than

changes to the shift of the resonance due to H6A.

The amino-cyclodextrins described above are poly-basic compounds so the lH and l3C

NMR spectra of these compounds are dependent on the pH at which the spectra are lecorded'

An NMR titration study of the cyclodextrin 25 has been repor¡s¿.107 This study was carried

out by adding stoichiometric amounts of DCI to the cyclodextrin 25 and recording the 50 MHz

l3C NMR spectrum at 30 values of pH over the range I2-2. Changes in the positions of the

carbon signals in the spectra recorded at different values of pH were then used to determine the
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order of protonation of the amine groups.

The pH-dependence of the NMR spectra of the cyclodextrins 2L-31 was examined at

p:H2I2,pH -9 and pH < 2. Solurions of these cyclodextrins ( 0.06 mol dm-3) in D2O/H2O

have a pH - 9. After collecting the spectra of these solutions they were treated with NaOH to

give solutions of pH> 12, the spectra were recorded and the samples were then treated with

HCI to give solutions of pH < 2. Thus, spectra were recorded for the fully protonated and

deprotonated compounds as well as for intermediate species with at least one protonated group'

The resolution of the 300 MHz lH NMR spectra of the cyclodextrins 21-3L does not

allow much determination of structure. The resonances were assigned on the basis of literature

assignments and some limited l¡1-13ç correlation spectroscopy. At pH212 and pH 9, the two

diastereotopic protons 116A (attached to the substituted carbon) often give separate resonances

in the region õZ.g-3.2, an apparent doublet (J - 12 Hz) due to geminal coupling, and a doublet

of doublets (geminal coupling and coupling to H5A) around 0.2 ppm further upfield which is

not clearly resolved from the resonances of the methylene protons'adjacent to the amino

functionality of the substituent polyamine in most cases. An apparent triplet at around ô 3' 1

(J - g Hz) due to the proton H4Ais observed at pH > 12 and this resonance was shifted to

around ô 3.4 at pH 9. At pH < 2 the resonances of the protons H6A and the aminomethylene

protons on the substituent often merge together and the resonance of the proton H4A merges

with those of the protons H2 and H4 of the unsubstituted rings while an apparent triplet

(J -gHz) due to the proton H5A appears at around ô 5.1. Interestingly, for the cyclodextrin

30 the resonance of the proton H5A is clearly resolved from the rest of the protons H5 at each

pH. If the shift of the resonance of H5A at low pH for all of the substituted cyclodextrins is

due to the build-up of positive charge on the nitrogens of the substituent, then this anomalous

behaviour of the proton H5A of the cyclodextrin 30 may suggest that there is a strong hydrogen

bonding interaction between the nitrogens of the substituent and the cyclodextrin moiety at high

pH. This will result in an increase in the relative positive charge on 'the nitrogens and a

resulting downfield shift of the resonance of the proton H5A'

The 75.5 MHz 13C NMR spectra of the substituted cyclodextrins 21-31 are more
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informative about the structures of the modified cyclodextrins and the interactions between the

substituents and the cyclodextrin than are the lH NMR spectra. For all of the substituted

cyclodextrins, the resonances of the carbons C1A, C4A, C5A and C6A are often well separated

from those of the carbons of the unsubstituted glucopyranose residues. In particular, the

resonanðe ofthe carbon C6A is observed at around ô 50 ppm (about l0 ppm upfield from the

resonances of the other carbons C6) as expected for a methylene attached to nitrogen of a

secondary amine. The resonance of the carbon C5A is shifted about 2-5 ppmupfield from the

rest of the carbon C5 resonances depending on the pH at which the spectrum was recorded'

protonation of an amine group causes upfield shifts of the resonances of the B-carbons' 
107' 108

The resonance of the carbon C4A is shifted about 3 ppm downfield from those of the other

carbons C4 while the resonance of the carbon C1A is shifted about I ppm upfield from those of

the rest of the carbons C 1.

The pH dependent changes in the 13C NtttR spectra of the cyclodextrins 21-28, where

the substituent is a linear polyamine, show no systeniatic variation. However, there is a general

trend for the spectra to show more resolution of the resonances of the carbons of the

unsubstituted glucose units at plH212 and pH < 2 than at pH 9 . This may indicate that the

substituents are held in specific conformations with respect to the cyclodextrin moiety when

either fully protonated or fully deprotonated and that the system is more flexible when in a

partially protonated state.

In contrast, the l3C NMR spectra of cyclodextrins bearing cyclic polyamino substituents

show a great increase in the resolution of the resonances of the carbons of the unsubstituted

glucose units as the pH is increased (Figures 2.2-2.3). This is consistent with the highly

charged substituent moving away from the cyclodextrin annulus so that it has little or no

interaction with the primary hydroxyl groups of the cyclodextrin moiety at low pH and thus

causes little differentiation of the unsubstituted glucopyranose units of the cyclodextrin'

Hydrogen bonding interactions between the primary hydroxyl groups and the substituent

increase as the substituent becomes more deprotonated and less charged as the pH is increased'

Thus, at high pH the substituent is firmly bound across the primary face of the cyclodextrin
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annulus and so gives maximum differentiation of the unsubstituted glucopyranose units of the

cyclodextrin. These results indicate that cyclodextrins bearing cyclic polyamine groups do act

as "molecular peddle-bins" as shown in Scheme 2.f .

C2, C3,C5

cl
C4

tacdoCN
C4A c5A tacdoC

(b)

(c)

(a)
C6

c6A

100 80 60 20
ppm

Figure 2.2. 75.5 MHz 13C NMR spectra of the cyclodextrin 30 in D2O at a concentration of

0.06 mol dm-3 at (a) pH < 2, (b) pH - 9 and (c) pH212'

I

40
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c2,c3,.cs

C5A

cyclenC I

C6A

cyclenC2-4

(a)

cl c4
c6

C4A

(b)

(c)

100 60 40
ppm

Figure 2.3. 755MHz l3C NMR spectra of the cyclodextrin 31 in D2O at a concentration of

0.06 mol dm-3 at (a) pH <2, (b) pH - 9 and (c) p}l212.

2.4. pKu Variation

The values for the pKus of the protonated cyclodextrins 2l-31, determined by

potentiometric titration, are given in Table 2.2 and, the pKus of the corresponding protonated

free polyamines are included for comparison. In general, the amino nitrogens of the substituent

of the cyclodextrin are less basic than those of the free amine.

80
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Table 2.2. pKus for some protonated 6A-substituted-B-cyclodextrins and the corresponding

protonated free polyamines ln aqueous NaCIO¿ (/ 0.10 mol dm-3) at298.2K.

2l

22

23

24

25

26

27

29

30

31

9.42
5.70

10.26
8.06

r0.27
8.72

9.52
7.63
3.88

90
39

9
7

Free Amine

1,2-diaminoethane

1,3-diaminopropane

1,6-diaminohexane

2 - (2- aminoethyl) aminoethy I amine

9.91
7.16

10.56
8.97

1,4-diaminobutane 10.91
9.49

1 1.01
10.04

8.99
4.32

9.44
1.54

9.78

10.5610.06 3-(3-aminopropyl)aminopropylamine
8.44
6.72

9.33
8.22
5.61
3,1

2 - (2- (2 - arrrrnoethyl) ami no ethy l) aminoethyl amine

tris (2-aminoethyl) amineå

1,4,'7 -tr\azacyclononane

L,5,9 -tnazacyclododecanec

1,4,7, IO -tettaazacy clo do dec aned

9.83
8.93
5.40
3.0

10.14
9.43
8.41

10.69
1.01

12.60
1 .51
2.4r

10.6
9.6

9.
8.
6.
2

28a 85
99
89
6

10.0
5.89
2.4

1r.24
5.85
2.8

10.40
8.62

a Ref. go. b Ref. 109. c Ref. llo. d Ref. 111

Generally, N-alkylation of a polyamine system yields a product which is more basic

than the starting polyamine. For example the pKus of 2-(methylamino)ethylamine ate I0.21
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and7.27 while for l,2-diaminoethane (en) the pKus are 9.97 and7.16.109 The observed

decrease in basicity on N-alkylation of a polyamine by a cyclodextrin may be due to one or

more of the following factors: a decrease in the ability of water to solvate the protonated species

adjacent to the hydrophobic cavity of the cyclodextrin; electronic and steric effects due to

attachment of a large oxygen-rich entity to the polyamine;and involvement of the nitrogen lone

pair electrons in hydrogen bonding to the remaining hydroxyl groups on C6B-G. Some

evidence that such hydrogen bonding does exist has been presented above.

A calorimetric study of the protonation of the cyclodextrin 25 has shown that for each

protonation of the cyclodextrin 25 there is a more favourable entropic contribution to

ÂGoprotonalisn than for the corresponding protonation of 2-(2-aminoethyl)aminoethylamine

while the reverse is true for the enthalpic contributions.l0T This suggests that protonation of the

nitrogens allows a greater increase in the degrees of freedom of the chain in the cyclodextrin 25

than in 2-(2-aminoethyl)aminoethylamine and that this is due to the breaking of hydrogen bonds

in the cyclodextrin25.

The variation of the pK¿s across the series of cyclodextrins 2l-3I parallels that of the

parent polyamines. For example, for the ro-aminoalkylamino-substituted cyclodextrins 2l-24

the two pKus increase as the chain length increases while the difference between the two pKus is

decreased, and a similar tend is observed for the free diamine analogues.

The increase in the pKu magnitude as the chain length of the substituent increases

coincides with the increasing hydrophobicity of the substituents and a consequent lessening of

the ability to lose a proton to the surrounding water as overall hydration is decreased. The

effect of the number of methylenes in the chain decreases after a certain length.1 12 While there

is a large difference in the pK¿s for the first protonation of the cyclodextrins 21 and 22 there is

little difference between the first pKus of the cyclodextrins 23 and24. The decrease in the

difference between pKul and pKv2 as the chain-length increases is due to the increase in charge

separation in the di-protonated species leading to a decreased electrostatic repulsion between the

ammonium groups.
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Each nitrogen of a linear polyamine substituent of a substituted cyclodextrin is unique

while the corresponding free amines are symmetric and contain pairs of equivalent nitrogens'

Thus, there is a question as to the order of protonation of a substituted cyclodextrin' It is

generally accepted that secondary amines are more basic (pKu -11) than primary and tertiary

amines (pKu -10-11)113 however, there is evidence that in polyamine systems the first

protonation involves all of the nitrogens and that the position of subsequent protonations is

controged mainly by charge separation effects.l14, l15 The involvement of all nitrogens in the

first protonation of polyamines has been disputed on the basis of lH and 13C NMR evidence

that suggested that protonation of these systems involved only the terminal primary amino

nitrogens.ll6 More recently, a series of amine shift parameters has been developed for

predicting 13C chemical shift changes with the order of protonation, and this suggests that all

nitrogens are involved in the f,trst protonation of 2-(2-aminoethyl)aminoethylamine' 
l l7

A full study of the pH dependence of the 13c 
f** spectra of the cyclodextrin 25

concluded that the protonation order is terminal nitrogen followed by nitrogen bound to C6A of

the cyclodextrin (with a partial overlap of the first and second protonations) and no involvement

of the central nitrogen until the addition of the final proton.107 116'¿vsver, such a conclttsion

does not fit all of the reported data. Protonation of an amine causes an upfield shift of the

resonances of the B-carbonsloS and such a shift was observed for c5A after the first addition of

acid to a solution of the cyclodextrin 25. The resonance of the proton H5A is shifted downfield

at the same time. These observations support the sharing of the first additional proton between

the terminal nitrogens of the substituent and do not rule out involvement of the central nitrogen

in the mono-protonated species, Further evidence in support of the sharing of the first

protonation between the terminal nitrogens of the substituted cyclodextrins 2r-24 is presented

in the next chaPter.
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2.5. Inclusion phenomena

The presence of the substituent on the cyclodextrins 21-31 may affect the binding of a

guest molecule within the annulus of the cyclodextrin moiety in a number of ways: (1) as the

hydrophobicity of the substituent increases, the stability of complexes with hydrophobic guests

may increase; (2) the protonation of one or more amino groups on the substituent may increase

the stability of complexes with negatively charged guests through the formation of ion pair

interactions; (3) interactions between the nitrogen groups on the substituent and the C6

hydroxyl groups may act to block the primary face of the annulus preventing exit of the guest

and so increasing the stability of complexes (particularly for cyclic substituents); and (4) the

substituent may be included within the annulus of the cyclodextrin moiety and limit the entry of

guest molecules thus decreasing the stability of complexes (particularly for linear diamino

substituents).

2.5.t. Self-inclusion of the substituent

There are a number of reports of substituted cyclodextrins where the substituent is

included within annulus of the cyclodextrin moiety. rl8 -126 Such "self-inclusion" has been

utilised in molecular signalling devices. Most of these systems involve substituents bearing

aromatic groups which include within the annulus, giving rise to a characteristic spectral

phenomenon such as fluorescence. In the presence of an added guest molecule, able to bind

within the annulus, the substituent is pushed out of the annulus with resultant quenching of the

fluorescence by solvent, thus signalling the complexation of the added guest. Self-inclusion is

often inferred by such changes but in one study self-inclusion of the aromatic substituent is

confirmed through 2D-ROESY spectroscopy. 126

For the substituted cyclodextrins 21-31 described above, it is most likely that the linear

diamino substituents, and the 6-aminohexyl substituent in particular, would undergo self-

inclusion. The reported crystal structure of the 6-aminohexylamino-cyclodextrin 24 shows that

individual molecules come together to form polymer-like columns such that the 6-aminohexyl
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chain enters the cavity of an adjacent cyclodextrin moiety in the column from the secondary side

(Figure 2.4).127 The likelihood of the self-inclusion of this substituent in the annulus in the

i€ct
solution phase täõto the cyclodextrin 24being chosen for a 2D-NMR study of the solution

structures of these modified cyclodextrins and their inclusion complexes with several guests.

2
H
N NHz

N
H

H2

n

Figure 2.4. Schematic repr,ese_ntation of the columnar structures formed in the crystals of the

cyðlodextrin 24. From Ref. 127.

Recently, 2D-ROESY has been shown to be a powerful tool for examining the solution

structure of host-guest complexes of cyclodextrins.l2S -132 y¿¡.n a guest (or a part of a guest)

is included in the annulus of a cyclodextrin the attached protons may have through-space

(nuclear Overhauser effect, NOE) interactions with the protons H3 and H5 of the cyclodextrin

host which are located within the annulus. In the 2D-ROESY experiment these interactions

produce cross-peaks between the resonances of the interacting protons. Some indication of the

orientation and./or depth of inclusion of a guest within the annulus of a host cyclodextrin can be

gained from the relative intensities of these cross-peaks'

The 600 l,/.i]HzZD ROESY specrrum of the cyclodextrin24 (0.06 mol dm-3) in D2O at

pH> 12 was run using standard Varian software with a mixing time of 0.3 seconds (Figure

2.5). Strong cross-peaks were observed between the resonances of the methylene protons of

the substituent hnHl-hnH6 and the annular protons H3 and H5 indicating that under these

conditions the substituent is included within the annulus. The protons hnH3, hnH4 and hnH5

show equally strong NOE interactions with the annular protons H3 and H5 while the protons

hnH2 show a weaker NOE interaction with the protons H3 than with the protons H5. The
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protons hnH6 also show strong NOE interactions with the protons H3 and H5 but the protons

hnHl show an NOE interaction with the protons H5 only (and are alone in interacting with the

proton H5A). This spectrum represents a time averaged view of the solution structure of the

cyclodextrin 24 at pH > 12. The methylene groups of the 6-aminohexyl substituent are

included in the annulus and become more mobile the further they are from the point of

attachment to the cyclodextrin (Scheme 2.2).

fn

H
N

246 H
N

NHz135

24

Scheme 2.2. Schematic representation of the self-inclusion of the substituent of the

cyclodextrin2í in aqueous solution at pH 2 12.

In contrast to the picture at pH 2 12, the 2D-ROESY spectra of the cyclodextrin 24

recorded at pH 9 and pH 3 2 showed no evidence of inclusion of the 6-aminohexyl substituent

within the annulus. protonation of the amino nitrogens precludes their entry into the annulus of

the cyclodextrin moietY.

The substituents of the cyclodextrins 25-28 were not expected to be included within the

annulus of the cyclodextrin moiety as the extra nitrogens within the chain of these substituents

should decrease the overall hydrophobicity of the substituent relative to that of the co-

aminoalkylamino substituents and so increase their solvation by water through additional

hydrogen bonding interactions.
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H3, H5, H6

H2,H4

H6A' hnH6

hnH2-5

H4A H6A hnHl

1

2.0

z.s

3.0

3.5

4.0

4-5

4_5 4- 0 3.5 3.0 2.5
F1 [ ppmJ

?.0 1.5 1.0

Figure 2.5. Contour plot of ROESY experiment (D2O, pH > 12, 298 K, 600 MHz, 0'3 s

mixing time) performed on a sample containing 0.06 x#3 mol dm-3 of the cyclodextrin24.
The protons are labelled as shown in Scheme 2.2.
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H3, H5, H6
H1

H2, H4 dipnH6

H6A'

H6A

I

dipnHl,3,4
dipnH2,5

H4A
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Figure 2.6. Contour plot of ROESY experiment (D2O, pH > 12, 298 K, 600 MHz, 0'3 s

mixing time) performed on a sample containing 9.96 >æF3 mol dm-3 of the cyclodextrin 26'

The protons are labelled as shown in Scheme 2.3.
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The 2D-ROESY spectrum of the cyclodextrin 25 at pH > 12 shows no NOE

interactions between the protons of the substituent and the annular protons H3 and H5,

indicating that this substituent is not included within the annulus of the cyclodextrin. However,

the 2D-ROESy spectrum of the cyclodextrin 26 at pH à 12 does indicate self-inclusion of the

substituent. Strong cross-peaks are observed between the resonances of the annular protons

H3 and H5 and those of the protons of the substituent (Figure 2.6). The increased

hydrophobicity of the substituent of the cyclodexúin 26, over that of the cyclodextrin 25, has

decreased the ability of water to solvate this substituent relative to the increase in the

hydrophobic interactions within the cyclodextrin annulus'

dipn

5

-rn--NHz
46

H2

c O2' O2-
Hec O2'c

s
cHs

g7 38

As part of a continuing systematic study of the properties of modified cyclodextrins, a

series of potentiometric titrations was carried out to determine the formation constants of host-

H
N

H
N

2

13

Â

Scheme 2.3. Schematic representation of the self-inclusion of the substituent of the

cyclodextrin 26 in aqueous solution atpH> 12.

2.5.2. Host-guest comPlexes
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guest complexes formed between the cyclodextrins 2l-31and benzoate 36, 4-methylbenzoate

37 and(R)- and (S)-2-phenlþropionute 38.88, t33, r34 The formation constants obtained for

the complexes formed between the unprotonated cyclodextrins 21-31 and the guests 36-38 are

given in Table 2.3.

Table 2.3. Formation constants for host-guest complexes formed between the cyclodextrins

2l-31and the carboxylates 36-38 determined by potentiometric titration.4

K dm3 mol-l

a Determined in aqueous solution at I = 0.10 mol ¿--: lNaClO¿) and 298.2 K. á Ref 88

c No complex detected.

For the three cyclodextrins 21,25 and 27 no complexes were detected by this method.

This does not mean that the complexes do not exist in solution but rather, that they are not

reliably detected by the potentiometric method used in this study. Complexes that are present at

< 5Vo ofthe total concentration of the cyclodextrin host are eliminated from the fitting protocol

and are listed as not detected.

2

2t

22

23

24

25

26

27

28

29

30

31

36

6ob

C

915

950

1000

c

300

C

340

2500

24000

15000

37

1 10å

c

885

535

750

c

1050

c

930

t250

r2300

6000

R 38

63b

c

760

630

1 150

c

1900

C

t740

2700

13500

41000

s 38

52b

c

46s

630

t760

c

3400

c

1600

1400

9650

44000
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In the cases where complexes between the host cyclodextrin and the carboxylates 36-38

were detected, several general trends can be observed. Substitution of a C6 hydroxyl group by

an aminoalkyl chain substantially increases. the stability of the complex formed compared to that

of the complex formed between the same guest and B-cyclodextrin 2. The complexes formed

with cyclodextrins bearing a cyclic polyamine substituent are considerably more stable than

those formed when the substituent is a linear polyamine. This may be attributed to capping of

the primary face of the cyclodextrin by the cyclic substituent, or to competition between the

guest and a linear substituent for binding within the annulus due to self-inclusion of the

substituent, or a combination of both effects.

For the aminoalkylamino-substituted cyclodextrins 22,23 and24 there are no great

differences in the stabilities of the complexes formed with any of the guests 36-38. The

complexes formed with benzoate 36 are slightly more stable than those formed with the more

bulky 4-methylbenzoate 37 but there is no real selectivity for any guest by any host. A slight

selectivity can be seen in the stability of the diastereomeric complexes formed between these

chiral hosts and the chiral phenylpropionate 38. No selectivity is observed in complex

formation with the cyclodextrin-?.å+ut with the 3-aminopropylamino-cyclodextrin 22 as host

there is a small selectivity (1.6:1) for the (R)-isomer while the 6-aminohexylamino-cyclodextrin

24 shows a reversed selectivity (but of the same order)'

The complexes formed with cyclodextrins bearing a cyclic substituent show much

greater selectivity between the hosts and guests. For all the guests 36-38 the complexes

formed with the cyclodextrin 29 are considerably less stable than those formed with the

cyclodextrins 30 and 31. However, the cyclodextrin2g shows the greatest selectivity (2:1) in

the complexes formed with the enantiomers of 2-phenylpropionate 38'

The solution structures of several of these host-guest complexes were studied by 2D-

ROESy NMR. Solutions were prepared at pH ) 12 with the host and guest each at a

concentration of 0.06 mol dm-3. Under these conditions all of the guests will be deprotonated

and all of the amino groups on the hosts will be unprotonated. In addition, it is likely that one

of the secondary hydroxyl groups of the cyclodextrin moiety will be deprotonated (pK" - l2I\'
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These conditions are necessary to avoid complications in analysing the 2D spectra due to the

presence of more than one type of species in solution.

The 2D-ROESY spectrum of a solution containing a 1: 1 mixture of the cyclodextrin 24

and 4-methylbenzoare 37 (Figure 2.7) shows that both the aryl ring of the guest 37 and the 6-

aminohexyl arm of the cyclodextrin host 24 are included in the annulus of the cyclodextrin

moiety. The lD spectrum of this solution shows that the resonances of the methylene protons

hnH2-hnH5 are more clearly resolved and are shifted relative to the resonances of these protons

for the cyclodextrin 24 alone. Cross-peaks between these resonances and those of the annular

protons H3 and H5 indicate the inclusion of the 6-aminohexyl group within the annulus.

Cross-peaks between the resonances of the protons Ho and H* of. the guest 37 and those of the

annular protons H3 and H5 show that the aryl group of the guest 37 is included in the

cyclodextrin annulus. The benzylic methyl protons also show some NOE interactions with the

annular protons H3 and H5. There are no NOE interactions between the protons of the guest

37 and those of the 6-aminohexyl substituent of the host 24 indicating that these protons must

be at least 4 ,Å. apart from each other.

Changes to the NMR spectral resolution and chemical shift of the methylene protons

hnH2-hnH5 on complexation of the guest 37 by the cyclodextrin 24 arc consistent with the

methylene chain lying inside the annulus parallel to the face of the aromatic ring of the included

guest. The 2D spectrum does not give a clear indication of the orientation of the guest 37

within the annulus. That the protons H, and H' appear to interact equally with the annular

protons H3 and H5 suggests that both head-first and tail-first inclusion may occur under these

conditions as indicated in Scheme 2.4.

Gas-phase modelling of the complex formed between B-cyclodexttin 2 and 4-

methylben zoate 37 showed that "head-first" inclusion (carboxylate group positioned towards

the primary face of the cyclodextrin) was favoured over "tail-first" inclusion (carboxylate group

positioned towards the secondary face of the cyclodextrin). The most stable orientation

corresponded to the formation of the maximum number of intramolecular hydrogen bonds and

an anti-parallel alignment of the dipole moments of the host 2 and the guest 37.13s
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Figure 2.7. Contour plot of ROESY experiment (D2O, pH ) 12,298 K, 600 MHz, 0'3 s

mixing time) performed on a sample containing 0 06 ry3 mol dm-3 each of the cyclodextrin

24 anã 4-metliylbenzoate 37 . Thé protons are labelled as shown in Scheme 2'4'
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Scheme 2.5. Inclusion modes for Naproxen 39 in B-cyclodextrin 2 and 6A-deoxy-64-

amino-B-cyclodextrin 41 at pH 6.8 determined by 500 MHz 2D-ROESY NMR spectroscopy.

From Ref. 132.

A 2D-ROESY spectroscopy study has shown that while Naproxen 39 forms a "tail-

+

-

Scheme 2.4. Schematic representation of the inclusion of both the 6-aminohexyl substituent

;;dih" gìest 37 in the cyðlodextrin24-in aqueous solution at pH > 12 indicating the two

possible modes of inclusion of the guest 37.
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first" complex 40 with B-cyclodextrin 2 atpH 6.8, the complex formed when Naproxen 39 is

added to a solution of the amino-cyclodextrin 41 proceeds with "head-first" inclusion to give

the compl ex 42 due to ion-pairing interactions between the ammonium group and the

carboxylate group (Scheme 2.5¡.tzz

Under the conditions used above to study the complexes formed by the cyclodextrin 24,

no ion-pairing interactions are possible between the negatively charged guest 37 and the

unprotonated, neutral host 24. However, hydrogen bonding interactions between the

carboxylate anion and either the terminal (primary) amino hydrogens or the secondary amino

hydrogens may occur. The nature of the inclusion complexes formed under the conditions used

to obtain the 2D-ROESY spectra will be dependent on a complex interplay between hydrogen

bonding, solvation, hydrophobic and steric effects due to the self-inclusion of the aminohexyl

substituent, and repulsive forces due to the deprotonation of a hydroxyl group on the secondary

face of the cyclodextrin moietY.
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Scheme 2.6 Schematic representation of the inclusion of the 6-aminoh_exyl_ substituent and

,nËã-i,ñ*/piopionæ"ã8 ñ;;h¿ ¿yctoOextrin ?! i"aqueous solution at pH > 12 indicating the

two pòssibie módes of inclusion of the guest 38'
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Figure 2.8. Contour plot of ROESY experiment (D2O, pH 2 12,298 K, 600 MHz, 0'3 s

mixing time) performed on a sample containing 0.06 # mol dm-3 each of the cyclodextrin

24 and(S)-2-phenylpropionate 38. The protons are labelled as shown in Scheme2.6.
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The 2D-ROESY spectrum of the complex formed between the cyclodextrin2{ and the

guest (S)-38 show cross-peaks indicating that both the 6-aminohexyl substituent and the guest

(S)-3g are simultaneously included within the annulus. Cross-peaks are observed between the

resonances of the protons hnH2-5 of the 6-aminohexyl arm and the annular protons H3 and

H5, and between the resonances of the protons H, or Hr of the guest 38 and the annular

protons H3. There are no NOE interactions between the methine proton H¡¿ or the cr-methyl

protons and the annular protons H3 and H5, suggesting that the "tail-first" mode of inclusion is

dominant under these conditions. The lack of NOE interactions between the protons of the

guest (S)-3S and the annular protons H5 suggests that there is only shallow inclusion of the

aryl ring of the guest 38 into the cyclodextrin annulus. The 2D-ROESY spectrum obtained of a

solution containing the cyclodextrin24 and the guest (R)-38 is identical to that obtained above.

Shallow inclusion of the guest 38 into the annulus such that the chiral centre of the guest 38 is

held away from the chiral environment of the cyclodextrin leads to a lack of spectroscopic (and

thermodynamic) discrimination between the two diastereomeric complexes formed between the

chiral host 24 and the enantiomers of the guest 38.

While it was not possible to detect the formation of a complex between the cyclodextrin

25 and 4-methylbe nzoate 37 under the conditions used for potentiometric titration, the 2D-

ROESY spectrum of a solution containing both components at pH > 12 shows that such a

complex does exist under the conditions used for the NMR studies (Figure 2.9)' There are

strong NOE interactions between the aryl protons H, and H, and the annular protons H3 and

H5. The methyl group also shows NOE interactions with the annular protons H3 and H5. The

relative intensities of the cross-peaks due to these interactions suggest that "head-first" inclusion

is the predominant inclusion mode in this system.
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Figure 2.9. Contour plot of ROESY experiment (D2O, pH > 12, 298 K, 600 MHz, 0'3 s

mixing time) performed on a sample containing 0.06Æ3 mol dm-3 of the cyclodextrin 25

and 4-methylbenzoate 37. The protons are labelled as shown in Scheme 2.7.
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Scheme 2.7. Schematic
cyclodextrin 25 in aqueous
of the guest 37.

The lD tg NVIR spectrum of a solution containing both the cyclodextrin 26 and 4-

methylben zoate 37 at pH ) 12 shows an increase in the resolution of the resonances of the

aminomethylene protons relative to that observed for a solution of the cyclodextrin 26 alone,

where only the signal due to the protons dipnH6 is well resolved. This fuggests that the

substituent is held in a fixed conformation such that each of the aminomethylene groups is in a

different magnetic environment (compare Figure 2.6 withFigure 2'10).

The 2D-ROESY spectrum of this solution shows that 4-methylbenzoate 37 is included

within the annulus of the cyclodextrin26. There are cross-peaks between the resonances of

each of the protons of guest 37 and those of the annular protons H3 and H5, the relative

intensities of which suggest that "head-first" inclusion is the predominant inclusion mode'

There are no observable NOE interactions between the annular protons H3 and H5 and those of

the substituent. Inclusion of the guest 37 pushes the substituent out of the annulus' The 2D-

ROESy spectrum does show cross-peaks between the resonances of the protons dipnH4 and

those of the protons dipnH3 and dipnH6, suggesting that the linear substituent is held in a

conformation that brings these methylene protons near to each other.
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Figure 2.10 Contour plot of ROESY experiment (D2O, pH > 12, 298 K,600 MHz, 0'3 s

mixing time) performed on a sample containing 0.06¿æ¡ mol dm-3 each of the cyclodextrin

26 anl -methylbenzoate 37 . The protons are labelled as shown in Scheme 2.8.
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Scheme 2.8. Schematic representation of the inclusion of 4-methylbenzoate 37 in the

õyclodextrin26 inuqo"our so'lution at pH 2 12 indicating the two possible modes of inclusion

o'f th" guest 37.

Cyclic substituents were not expected to be included within the annulus of the attached

cyclodextrin moiety and the 600 MHz 2D-ROESY spectrum of a solution of the cyclodextrin 30

at pH ) 12 shows no evidence for NOE interactions between the protons of the substituent and

the annular protons H3 and H5. The 2D-ROESY spectrum of a solution of the cyclodextrin 30

containing one equivalent of 4-methylbenzoale 37 atplH->12 shows that the guest 37 is

included within the annulus of the cyclodextrin 30 (Figure2.Il).

Cross-peaks indicate that the protons Ho and Hn, are located near the annular protons

H3 and H5, with the strongest NOE interactions being between protons H,,, and the annular

protons H5. There are cross-peaks indicating that the methyl group of the guest 37 is situated

adjacent to the protons H5 and has NOE interactions with one or more of the aminomethylene

groups of the substituent (Scheme 2.9). This suggests that "tail-first" inclusion, where deep

penetration of the guest 37 allows the methyl group to push up into the "crown" of the

substituent, is the major inclusion mode under these conditions.
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mixing time) performed on a sample containing O 06 ry3 mol dm-3 each of the cyclodextrin

30 anà'4-methylbenzoate 37. The protons are labelled as shown in Scheme 2.9.
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Scheme 2.9. Schematic representation of the inclusion of 4-methylbenzoate 37 in the

ãvåióãè-t¡n ¡O in aqueous soiution.at pH> 12 indicating the two^possible.modes of inclusion

ói-tt* guãri ¡2. TËe substituenr is ñeld against the primary fãce of the cyclodextrin by

hydrogen bonding.

V/hy do cyclodextrins bearing linear chains, which have been shown to include in the

annulus at high pH, show stronger binding of aromatic carboxylates than does the parent B-

cyclodextrin 2? It has been shown that such self-inclusion can preclude binding of large

guests.92, 137 116v¡syer, in the systems studied above the guests are small enough to fit inside

the annulus alongside the included substituent, as shown above for the complexes formed by

the cyclodextrin 24. The hydrophobic nature of these alkyl chains must increase the

hydrophobicity of the annulus, thus making inclusion of the guest within the annulus

increasingly favourable over solvation of the guest by water. As the size of the guest is

increased (benzoate 36 to 4-methylbenzoate 37) steric factors cause some decrease in the

stability of the complexes formed, this effect being smallest for the host with the shortest

substituent (3-aminopropylamino-cyclodextr\n 22). The shallow inclusion of the aryl portion

of 2-phenylpropionate 38 into the annulus of the host causes the steric effects to become less

important than the hydrophobic effects and so the cyclodextrin 24 gives the more stable

complex formed with this guest.

Cyclodextrins bearing cyclic polyamine substituents form the most stable complexes

with the guests examined because the substituent acts to cap the primary face of the cyclodextrin
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moiety at high pH, as shown by 13ç NMR. In particular, the 1,5,9-triazacyclododecyl

substituent of the cyclodextrin 30, acts to cap the primary face of this host and also causes an

increase in the overall hydrophobicity of the system by increasing the apparent depth of the

cavity to form the most stable complexes, of all the hosts examined, with the smaller guests'

2.6. Conclusion

A clean, simple and reproducible synthesis of 6A-amino substituted p-cyclodextrins has

been developed. The key improvement over previous methods is the use of l-methyl-

pynolidin-2-one (NMP) as the solvent for the reaction. The use of this solvent allows the rapid

substitution of a 4-methylbenzenesulfonate by a wide variety of primary and secondary amines

at moderate temperature. This avoids the use of high pressure or sealed tube reactions and the

use of large excesses of amine reagents, some of which may be expensive to obtain and difficult

to separate from the desired product. The cyclodextrin products are obtained as pure materials

after a simple and inexpensive ion-exchange step.

A series of amino-substituted B-cyclodextrins has been prepared by this procedure and

systematic studies of their pH dependent solution structures and host-guest chemistry have been

carried out using titrometric and 2D-NMR techniques. At high pH the hydrophobic, linear

substituents are included within the annulus of the cyclodextrin moiety and remain included

within the annulus when small aromatic guests are bound inside the cyclodextrin' Cyclic

substituents form a tight cap over the primary face of the cyclodextrin at high pH resulting in the

enhanced binding of aromatic guests. At lower pH both types of substituents move away from

the annulus as the charged ammonium groups are better solvated by water, allowing easier

dissociation of host-guest complexes.
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Chapter 3: Reactions of Amino-substituted Cyclodextrins and their

Zn(ll) Complexes with Activated Esters

3.1. Introduction

It has been reported that the Zn(II) complexes 43 and 44 are able to catalyse the

hydrolysis of active esters and phosphates at physiological pH.138 -142 1¡sss complexes also

catalyse the hydration of carbon dioxide and are described as mimics of carbonic anhydrase, a

metallo-en zyme which has in its active site a Zn(II) ion bound by three nitrogen donors. The

physiological activity of this enzyme is ascribed to the ready deprotonation of a water molecule

bound to Zn(lI) (pKu - 7.5). The pKus of the 'water and hydroxyl bound to Zn(II) in the

Zn

úù

9H, 
-12* 2+

H H H

4

oÇ
The Zn(II) comple 5 has been shown to act as an esterase with ZI(II) acting both to

bring together the aromatic groups to form an ill-defined cavity and to activate a phenolic

hydroxyl to deprotonation (its pKa is lowered about 1.3 units relative to the free phenoD.t43't44

The compl ex 46 has been shown to be a phosphatase and protease mimic, able to cleave

the unactivated glycylglycine bond. It shows a high level of bond selectivity in the cleavage of

bovine semm u16u-¡.145' 146

43
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H H
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The binding of a substrate within the active site of an enzyme (to form an enzyme-

substrate complex) is an important step in any process catalysed by an enzyme. This binding

places the substrate in an optimum position to react with the active groups within the active site.

Modification of the conformation of the enzyme or the substrate or both species on binding can

be a major driving force in the catalytic process.l47 Control of enzyme activity is dependent on

the requirement for the substrate to be bound to the enzyme before any reaction can occur'55

Feed-back inhibition, where a product of the reaction being catalysed can compete with the

substrate for binding to the active site (competitive inhibition), is a process for preventing the

over-production of metabolites by enzymes. Allosteric interactions, where binding of some

species at a site remote from the catalytic centre causes changes to the three dimensional

structure of the active site, are important in the control of enzyme activity. These changes can

either activate the enzyme, by altering the active site to a form which can bind the substrate and

then carry out the catalytic process, or they may distort the active site to prevent productive

substrate binding (non-competitive inhibition) and so inhibit the catalytic process'

None of the complexes 43-46 is able to form such catalyst-substrate complexes prior to

reaction with a substrate, so the complexes 43-46 are not truly enzyme mimics. It was

anticipated that if these, or similar, catalytic groups could be attached to a cyclodextrin by the

methods outlined in the previous chapter, better models of metallo-enzymes could be created.

Unlike the complexes 43-46, such catalysts were expected to show Michaelis-Menten kinetics

in their reactions due to binding of the substrate within the cyclodextrin annulus prior to

subsequent reaction.50,52,54, 148, 149 The catalytic reactions of such modified cyclodextrins

HoH

Æ¿t5

é.

Ëf
2
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were expected to be inhibited by the presence of molecules which can compete with the

substrate for binding within the annulus of the cyclodextrin.

Cyclodextrins bearing substituents capable of binding metals have been shown to act as

mimics of metallo-enzymes. It has been shown that the cyclodextrin 25 forms a complex with

Z1(II) that acts as an efficient phosphatase mimic.l50 The esterase activity of lhe cyclen

appended cyclodextrin 3L in the presence of a number of metal salts has been studied and it was

shown that there was an enhanced reactivity of the metallo-cyclodextrins formed under these

conditions over that observed for the corresponding 1,4,'7,L}-Letraazacyclododecanyl

comPlexes .9I' 97 ' l5l

3.2. Reactions of Zn(II) Complexes

ied
The high activity reported for complex 43 leaC to the examination of the Zn(II) complex

47, derived from the cyclodextrin 30, as a potentially highly active mimic of carbonic

anhydrase.

2+

NH
zir- N

H

Hzo

47

The reaction examined was the catalysed hydrolysis of 4-nitrophenyl acetate 48. There

have been some questions raised as to the validity of the use of the "active" ester 48 for studies

of this type.llz -154 go*"ver, this substrate is the most frequently utilised ester in studies of

this kind, allowing comparisons of the results obtained here with those of previously reported

studies. In addition, hydrolysis of the ester 48 generates 4-nitrophenol 49 which, on

deprotonation, gives the yellow phenolate anion due to absorbance at 400 nm (Scheme 3.1). It
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is by monitoring changes in absorbance at 400 nm that the reactions are followed.
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Scheme 3.1 Hydrolysis of 4-nitrophenyl acetate 3-6 generates the phenol 3-#
deprotonated phenol has an absorbance at 400 nm'

Studies on the reactivity of the complex 47 were carried out by the "initial rate method"

used for the study of the reactivity of complex 43.138 This method is often employed for the

study of slow reactions. In the initial rate method, reactions are monitored to less than ZVo

completion and the rate constant (mol dm-3 s-1) for the formation of 4-nitrophenol 49 is

determined from the slope of the straight line obtained by plotting the absorbance at 400 nm

against time.

Deprotonation of bound water in the complex 43 is believed to be important in the

hydrolyses catalysed by this complex and this was expected to be important in the reactions of

complex 47, the reactivity of both complexes therefore being pH dependent. A sigmoid curve

was obtained for the pH dependence of the hydrolysis of ester 48 by complex 43' with the

inflection point at around pH1.3, which is the pK^ of the bound hydroxyl as detelmined by

potentiometric titration.l38 It was not known what effect the conjunction of a cyclodextrin

moiety to the metal complex might be. It was anticipated that deprotonation of the complex 47,

which would decrease the charge adjacent to the hydrophobic annulus, may make this process

more favoured than for the complex 43, giving a lower PKa of the bound water relative to that

of the water bound to the complex 43. This would parallel the decrease in basicity of amine

groups attached to the annulus noted in the previous chapter. Alternatively, it was thought that

a C6 hydroxyl group may be bound to the Zn(II) to form the complex 50, related to the

hydroxyethyl complex 44 which has a higher pKafor the deprotonation of the hydroxyl group

but is a much more efficient nucleophile than the deprotonated complex 43.140 Complexation
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of a metal by a C6 hydroxyt group has been proposed for the cobalt (III) complex of the

cyclodextrin 31.151

2+

.€a-

Solutions of the complexes 43 and 47 were prepared by dissolving the appropriate

weight of the free ligand in buffer (1 = 0.1 mol dm-3) over the range pH 6.6-9' I and adding one

equivalent of Zn(ClOa)2 from a stock solution to give a final concentration of 1'03 x 10-3 mol

dm-3 of complex, assuming.that complete complexation of Zn(lI) occurs' Solutions of pH 2

8.5 containing complex 47 prepared in this manner became cloudy suggesting that either ZI(II)

ion or the complex 47 was precipitating, possibly as a hydroxo species. To cover the full range

of pH, both HEPES and borate buffers were used. The range of pH covered by each buffer

was overlapped around pH 8 so that any differences in reactivity due to buffer effects could be

taken into account. Buffer reagents may affect the formation of complexes with

cyclodextr¡nt.l55

Reactions were carried out at 298.2 K by pipetting 2.0 cm3 of the appropriate solution

(buffer, buffer + 43 or buffer + 47) into a quarfz cell (1 cm pathlength) and placing this in the

heated cell block of a Cary 2200 spectrophotometer. The solution was allowed to equilibrate

and then 0.05 cm3 of a stock solution of the ester 48 in acetonitrile (0.041 tttol ¿--3; was

added to give a final solution that was 2.5Vo acetonitrile and contained each reactant at a

concentration of 1.0 x 10-3 mol dm-3. The solution was mixed quickly and the increase in

absorbance at 400 nm was recorded digitally for the first 27o of reaction. The absorbance was

referenced against a solution of buffer placed in the reference beam. Each run was carried out

in triplicate and the results were averaged. Va¡iations in the determined rate constants between

g)
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runs were less than 5Zo. The calculated rate constants for the formation of the phenol 39

determined from the above experiments are given in Tables 3.1 and3'2'

Table 3.1 Variation of molar absorbance and initial rate of formatio-n of the phenol 49 for

the reaction betweéri-me comptex 43 and 4-nitrophenyl acetate 48 in aqueous buffered

solutions (/ = 0.1 mol dm-3) at298.2K.

p}lo e46g dm3 mol-lb 108kJmol ¿¡1-3 5-lc 108kou, - kelmol ¿¡¡-3 5-lr/

6.9

7.r

1.3

7.6

7.8

8.0

8.2

10600

1 1300

12500

13500

14500

15300

rs900

0.546

0.689

0.9r2

r.39

2.0r

2.78

4.95

0.14

1. 18

2.15

3.10

2.39

4.34

4.36

c 0.05 mol dm-3 HEPES buffer. b Determined from seven concentrations of 4-nitrophenol

49 for buffer reaction calculated from rate of
te of formation of phenol 49 in the presence

ed from rate of chánge of absorbance at 400

The molar extinction coefficient e4gg of 4-nitrophenol49 (pKu= S'Ç109; varies with pH

as it is the phenolate anion which absorbs at 400 nm. It was therefore necessary to determine

the value of e46¡ at each pH in order to convert the kinetic data, obtained as AAU s- l, into the

rate of formation of the phenol 49 (mol dm-3 s-1). The absorbance of seven solutions of 4-

nitrophenol 49 over the concentration range 0.331-8.4I x 10-5 mol dm-3 was determined at

each pH studied and the value of e4g6 at each pH was calculated by a linear least squares fit of

this data (Table 3.1). It was found that the molar extinction coefficient of the phenol 49 was

affected by the presence of the complex 47, the value of e4gg being increased, most probably

due to complexation of phenol 49 within the cyclodextrin annulus, Therefore, the value of e469

for the phenol 49 in solutions containing cyclodextrins was determined by a single point

method. Solutions of the complex 47 were placed in the spectrophotometer as described above
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but 0.05 cm3 of a solution of the phenol 49 in acetonitrile was added rather than the solution

containing ester 48 (final concentration of phenol 49 =3.65 x 10-5 mol dm-3). The solution

was allowed to equilibrate, the absorbance at 400 nm was recorded and a value for e4g6 was

calculated.

Table 3.2 Variation of molar absorbance and initial rate of formation of the phenol 49 fot
the reaction between co-pf"* 4i,7 andthe ester 48 in aqueous buffered solutions (1= 0.1 mol

dm-3) at 298.2K.

pH e¿oo dm3 mol-ld l08kJmol ¿p-3 s-le 108ko6, - kolmol dm-3 s- l"f

6.6a

7.2a

7.8a

8.la

8.1b

8.4a'c

9.lb'c

8900

r4100

19300

2t300

2t300

21,300

21300

0.218

0.4r7

1.08

2.47

2.47

3.27

18.9

0.489

1.81

7.41

13.5

20.5

2r.6

111

d 0.05 mol dm-3 HEPES buffer. b 0.05 mol dm-3 borate buffer. c Some precipitate observed.

d Determined from single measurement of a solution of 4-nitrophenol 49 (3.65 x 10-5 mol

dm-3)inbuffercontainingcomplex 47. eRateof formationof thephenol 49for buffer'

reaction calculated from rate of change of absorbance at 400 nm. / Observed rate of formation

àltï. pi.r"i ló in ttr" presence of tñe_complex 47 minus the buffer rate calculated from rate

ðl.truñgá of absorbancå at 400 nm. See Sèction E.3.2 for experimental data.

When the rate of reaction in buffer alone (ko) is subtracted from the observed rate of

reaction in the presence of either the complex 43 or 47 (kous) the value obtained is a measure of

the reaction due to the complex. For the complex 43 amaximum catalytic effect is observed at

around pH7.3 where the catalytic rate is about three times that of the buffer reaction. At higher

pH the increasing concentration of hydroxide begins to mask the effect of the complex. When

the rate constant for the reaction of the complex 43 with ester 48 at pH 8.2 is converted to a

second order rate constant (by division of the measured rate constant by the initial
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concentrations of the reactants) a value of 4.36 x I0-2 dm3 mol-l s-l is obtained which

compares well with the reported value (4.1 x 10-2 dm3 mol-l 5-l;'138
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Figure 3.1. plot of variation of rate (kous-ko) with pH for the reaction of the ester with

t+Z I+l

Comparison between the reactivities of the two complexes 43 and 47 can only be made

in a qualitative manner as each is presumed to follow a different kinetic pathway. At pH l7'3

the complexes 43 and 47 show similar rates of formation of the phenol 49. However, above

pH1 .3,where the reactivity of the complex 43 tends towards a plateau as the complex becomes

fully deprotonated, there is a continuous increase in the reactivity of the complex 47 over the

pH range studied (the observed catalytic rate is about seven times that of the rate of the buffer

reaction for most of this range). This effect is enhanced by a change in buffer, an increase in

rate being observed on changing from HEPES to borate buffer (compare observed rates at pH

g.1 with each buffer), suggesting that HEPES is able to compete with the ester 48 for inclusion
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in the cyclodextrin annulus.

The continuing increase in the reactivity of the complex 47 as the pH of the solution is

increased, and the observation that Zn(II) appears to be coming out of solution at pH > 8.5,

suggests that the reactive group is not a deprotonated hydroxy species activated by Zn(II) but

one of the amino groups on the substituent of the cyclodextrin. The rate of formation of the

phenol 49 from the reaction of the ester 48 with the cyclodextrin 30 in buffer in the absence of

Zn(II) is2.42 x 10-8 mol dm-3 s-l and 1.70 x 10-6 mol dm-3 s-l at pH'7.2 and pH 9'1,

respectively. These results suggest that Zn(II) acts to inhibit the reactivity of the cyclodextrin

30, most probably by binding to, and so decreasing the nucleophilicity of, a reactive nitrogen.

The reaction of the cyclodextrin 30 with the ester 48 appears to involve attack of one of the

nitrogens of the substituent on the carbonyl of the ester 48.

These results were unexpected given the number of reports of metal induced activation

of amino-substituted cyclodextrins towards reaction with esters and phosphate esters. In

particular, metal ions have been reported to enhance the reactivity of the cyclodextrin 31 in the

deacylation of the ester 48.91 The unexpected de-activation of the cyclodextrin 30 by Zn(II) in

the reaction with the ester 48 lead to an examination of the previously reported reactions of the

Zn(II) complex of the cyclodextrin 31.

The reactivity of the cyclodextrin 31 with ester 48 has been reported to be enhanced in

the presence of metal salts, including Zn(II).91 The observed enhancement in the activity of the

cyclodextrin-bound complex over the free complex was around a factor of two in most cases

(cf. factor of two to three for complex 47 over complex 43 observed above). However, the

presence of added metals had only a marginal effect on the reactivity of the cyclodextrin 31,

particularly at higher values of pH. The reported data show a trend similar to that obseryed

above in the reactions of the complex 47 , that there is a continuous increase in the reactivity of

the cyclodextrin complexes as the pH is increased'

These results had been obtained using a bis-tris-propane buffer and it is possible that

this buffer, related to tris and in a large excess over the concentration of the cyclodextrin 31,
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will itself complex the added metals, so reducing the amount of the cyclodextrin complex in

solution. This might then account for the observed low enhancement in reactivity of the

cyclodextrin 31 on addition of the metals and so the rate analysis was repeated using HEPES,

which does not bind metals, as the buffer agent.

The rates for reaction of the cyclodextrin 31 with the ester 48 were determined by the

initial rate method as described above. (The reported rates had been determined under first order

conditions.) The rates obtained in this experiment (see SectionF,.3.2 for the experimental data)

were comparable to those reported earlier and confirmed that there was little effect of the metal

on the reactions of the cyclodextrin 31 with the ester 48. Although a small rate enhancement

was observed at the lower pH (ks65-ko = 2.58 x 10-8 and 1.63 x 10-8 mol dm-3 s-l for the

reaction with and without added Zn(II), respectively, at pH 7 .2), the presence of Zn(II) caused

a decrease in the reaction rate at higher pH (ke65-ke = 5'56 x 10-? and 8'31 x 10-7 mol dm-3 s-1

for the reaction with and without added zn(l[), respectively, at pH 9.1).

Thus, it appears that the Zx(II) complexes of the amino-substituted cyclodextrins 30

and 31 do not act through the activation of a bound water (or C6 hydroxyl) to deprotonation

and subsequent reaction at the ester carbonyl but through reaction of a free amine nitrogen' The

Zn(II) complexes of these cyclodextrin derivatives may involve co-ordination of the metal by

one or more of the hydroxyl groups around the primary face, leaving one or more of the amine

nitrogens free to react with suitable electrophiles. Zn(II) may play a role in the reactions with

the ester 48 by polarising the carbonyl group and so enhancing the reactivity of the system, but

this has only a minor effect on the reaction rate at near neutral pH, Zn(II) acting as an inhibitor

at pH > 8.5.

It has recently been shown, by a full kinetic analysis, that the complex 43 does not act

through an activated hydroxyl bound to Zn(II) as was previously reported but that Zn(II) most

probably acts as a Lewis acid to polarise the carbonyl bond of the ester and so facilitates the

attack of hydroxide ion on the complexed ester.156
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3.3. Reactions of Aminoalkylamino Cyclodextrins

The reactivity of an amine group bound to a cyclodextrin moiety has been utilised to

prepare derivatives selectively modified at nitrogen.l5T Bs¿s¡isn at nitrogen by esters leads to

the formation of amide bonds and this type of reaction has been used to prepare a number of

cross-linked cyclodex¡¡i¡5158, 159 ¿n¿ several pro-drug compounds.99 These reactions may

show some diastereoselectivity when a chiral amino-cyclodextrin reacts with a racemic mixture

of a reactive carbonyl compound. Such reactions may involve inclusion of the carbonyl

compound within the cyclodextrin cavity prior to reaction at the amino function and so may be

considered to model the reaction of an enzyme with a suicide substrate (a substrate which

undergoes part of the catalysis sequence but becomes permanently covalently attached at the

active site at some Point).

In earlier work the mono-amino cyclodextrin 41 was used as a kinetic probe for

examining the inclusion states of 4-nitrophenyl acetate 48 in cyclodextrins.l60 Reaction of the

ester 4g with B-cyclodextrin 2 atplH> 10 forms a transient CZ-O-acyI cyclodextrin which is

slowly hydrolysed back to B-cyclodextrin 2. The reaction occurs through the inclusion of the

aryl portion of the ester 48 such that the acyl bond is adjacent to a deprotonated C2 hydroxyl

group. A reversal of this inclusion mode places the acyl group adjacent to a C6 hydroxyl

group, which is not reactive under these conditions, and so this is a non-productive binding

mode (Scheme 3.2).

When the amino-cyclodextrin 4L is allowed to react with the ester 48 the previously

non-productive binding mode places the acyl bond adjacent to a reactive amino nitrogen which

reacts to form the stable acetamide 51. This result showed, for the first time, that the ester 48

has two binding modes within the annulus of a cyclodextrin. The reaction between 3-

nitrophenyl acetate 52 and the amino-cyclodextrin 41 gave none of the acetamide 51,

suggesting that for,this substrate only one mode of inclusion (acyl group toward the secondary

face) was possible.

64



L

+o

L

o

Chapter 3

NHz

NHAc

o

o4

O2

productive comPlex

hydrolysis products

O2

NHz

hydrolysis products

ozN

Æ

Æ

2

=- OzN

Ê ozN

NHz

transacylation

non-productive comPlex

o o

o +

Noz

4',1

51

Scheme 3.2. Schematic representation of the reactions of the ester 48 with B-cyclodextrin 2

and the amino-cyclodextrin 4L showing the formation of productive .an$ no.n-groductive

ðð*pi"*"r. The íeaction of the ester 36 íoith ttre amino group of the cyclodextrin 4L leads to

the fõrmation of the stable acetamide 5L.
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52

The reactions of the ester 48 with a series of co-aminoalkylamino-cyclodextrins with

alkyl chain lengths ranging from two to six carbons were examined in order to determine the

effect of substituent length on the reactivity of the system. The oaminoalkylamino substituents

were expected to modify the binding of the ester 48 within the annulus due to their inclusion

within the cyclodextrin annulus. The increased flexibility of these aminoalkylamino chains was

also expected to modify the reaction geometry relative to that of the reactions of the amino-

cyclodextrin 41.

3.3.1. Rate analYsis

The reactions of the cyclodextrin derivativ es 2I,22 and 24 were compared with those

of the corresponding "free" diaminoalkanes. All of the reactions were carried out under first

order conditions (IRNHz]>>t481).

Reactions were carried out at 298.2 K by pipetting 2.0 cm3 of a stock solution (1.03 x

10-3 mol dm-3) of the amino compound in 0.05 mol dm-3 borate buffer pH 9.1 into a quartz cell

(1 cm pathlength) and placing this in the heated cell block of a Cary 2200 spectrophotometer.

The solution was allowed to equilibrate and then 0.05 cm3 of a stock solution of ester 48 in

acatonitrile (4.I x 10-4 mol dm-3) was added to give a final solution that was 2.57o acetonitrile

and contained the ester 48 at a concentration of 1.0 x 10-5 mol dm-3 and the amine at a

concentration of 1.0 x 10-3 mol dm-3. The solution was mixed quickly and the increase in

absorbance at 400 nm was recorded digitally for at least eight reaction half-lives. The

absorbance was referenced against a solution of buffer placed in the reference beam. Each mn

was carried out in triplicate and the results averaged. Va¡iations in the determined rates between

O2
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runs were less than 5%.

The first order rate constant (koUr-ko) was determined by fitting the collected data to a

first order rate equation by conventional methods (Table 3.3). Under these conditions the first

order rate for the reaction of ester 48 in buffer alone (ko) was found to be 2.00 x 10-4 s- L.

Table 3.3 pseudo-first order rates for the reaction of the ester 48 with c¡-aminoalkylamines

in 0.05 mol dm-3 borate buffer pH 9.I at 298'2K.a

pcDX 1 93 1¿o5r-ko)/s- 
I å X I 03(kour-ko)/s-rø

21.

22

24

1.ll

3.61

0.93

NHz(CHz)zNHz

NHz(CHz)¡NHz

0.69

1.15

1.08(CHr)rNHr

a Initial concentration of the ester 48 and co-aminoalkylamine 1.00 x 10-5 and 1.00 x 10-3 mol

dm3 respectively. å Difference in the observed first order rate, k66r, and the rate observed

with buffer alone, ko=2.00 x 10-a s-1. See Section E.3.3 for the experimental data.

Initial examination of the obtained data suggests that the presence of a cyclodextrin

moiety enhances the reactivity of the attached amine groups over that of the "free" amine species

and that this effect decreases with an increase in the length of the attached aminoalkyl chain.

For cyclodextrins 2l and22 the rate of reaction is increased over that of the "free" amine by a
2+

factor of 9 and 3.1, respectively, while for the cyclodextrínåLa decrease in rate (0.86) is

observed. However, such an observation ignores the effect of the different pKus of the amines

examined. At pH 9.1 there will be different levels of protonation of each of the amines and the

observed rate will be dependent on the reactivity of each of the protonated species in solution

(Table 3.4). It was expected that only the mono-protonated and the non-protonated species

would be able to react with the ester 48 as the di-protonated species have no free electrons to

allow them to act as nucleophiles. The reactivity of the mono-protonated species was expected

to be dependent on the degree of sharing of the additional proton between the nitrogens of these

specles
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Table 3.4 pKus and speciation at pH 9.1 of the crl-aminoalkylamino-cyclodextrins 21,22

and24 and the "free" diaminoalkanes

% Species atpHg.Ib

Amine þK^ non-protonated mono-protonated

NHz(CHz)zNHz

NHz(CHz)¡NHz

NHz(CHz)oNHz

2t

22

24

9.97, 1.16

10.56, 8.97

11.01, 10.04

9.42, 5.70

9.90, 7.39

10.27, 8.72

I 1.8

2.0

0.13

32.4

13.1

6.3

87.2

56.3

10.3

67.6

86.3

93.1

3.3.2. pH dependence

The pH dependence of the reaction between the cyclodextrin 24 and the ester 48 was

examined under first order conditions, as described above, over the range pH 9.1 to pH 10.3'

The plot of the reaction rate (k obs-ko) against the concentration of either the non- or mono-

protonated species indicates that it is the non-protonated species which is the major reactive

species (Figure 3.2).

There is a linear dependence between the first order rate of the reaction due to the

cyclodextrin 24 and the concentration of the amount of non-protonated cyclodextrin 24' In

contrast, the plot shows that there is no linear correlation between the rate of the reaction due to

the cyclode xtrin 24 and the concentration of the mono-protonated species. The first order rate

(k oUr-ko) is decreased as the amount of mono-protonated species increases. The observed lack

of reactivity of the mono-protonated species is most probably due to the sharing of the

additional proton between both nitrogens of the 6-aminohexyl substituent of the cyclodextrin

24
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Figure 3.2. Plot of (ks6r-ks) against the concentration of non-protonated (+) and mono-

prõtonated (x) cyclodextrin over the range pH 9.1-10'3'

Dividing the observed rate of reaction at pH 9.1 by the concentration of the non-

protonated species in solution at pH 9.1 gives a better measure of the relative reactivity of the

cyclodextrin amines 21,22 and24, if the non-protonated species is the major reactive species '

This gives first order rate constants of 0.022 s-1, 0.026 s-l and 0.014 s-1 for the cyclodextrins

ZI,22 and24, respectively. This suggests that the 3-aminopropylamino substituent of the

cyclodextr in 22 provides the best balance between flexibility of the substituent to attain an

optimum geometry for the reaction with the ester 48, and self-inclusion of the substituent which

may inhibit complexation of the ester 48 within the annulus. That inclusion of the ester 48 is

involved in its reactions with amino-cyclodextrins is shown below.

In comparison, carrying out the same calculation for the "free" amines NHZ(CHZ)^NHZ
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gives first order rate constants of 0.006 s-1, 0.057 s-l and 0.83 s-l for x = 2,3 and 6,

respectively. The apparent increase in reactivity, as the length of the alkyl chain is increased, is

most likely due to the increase in the relative reactivity of the mono-protonated species of these

amines. As the length of the alkyl chain is increased there will be less tendency for the sharing

of the extra proton between the terminal nitrogens of the mono-protonated amine and so there

will be an increase in the nucleophilicity of one of the nitrogens.

3.3.3. Product studies

The reaction of the ester 48 with the aminoalkylamino-cyclodextrins 21,22 and24

generates stable acetamides as reaction products (Scheme 3.3). Acetylation may occur at either

the primary or the secondary nitrogen. In order to determine the site of the acylation on the co-

aminoalkylamino-cyclodextrins, authentic samples were required to be synthesised,

characterised and compared with the products observed in the reactions described above.

NHz NHAcll ll

21
22
24

o

fl=2
î=3
Fì=6

l't=2
fì=3
fì=6

53
54
55

+
Ac*-tfi

56
57
58

NHz

o Noz

¿18

11 =2
fì=3
fì=6

Scheme 3.3 possible formation of isomeric acetylated aminoalkylamino-cyclodextrins from

the reaction between the ester 48 and the cyclodextrins 21,22 and24 at pH 9' 1'
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Each of the cyclodextrins 21,22 and24 was treated with one equivalent of the ester 48

in MN-dimethylformamide (DMF) at room temperature. When the reactions were complete, as

determined by thin-layer chromatography (TLC), the yellow solutions were acidified to pH I

with dilute acid and extracted with dichloromethane to remove most of the 4-nitrophenol 49

formed as a result of the trans-acylation reaction. The cyclodextrin products were precipitated

by addition of ethanol and were further purified by passage of an aqueous solution of the crude

product through a cation-exchange resin (BioRex 70) in its ammonium form and further elution

with water. This process rendered the mono-acetylated products as the hydrochloride salts'

A single product was obtained from each reaction as indicated by TLC, which showed

that each of the acetylated products that had been isolated was a single spot (R. 1' 1). Each of

the products obtained in this manner gave a satisfactory elemental analysis and the molecular ion

corresponding to the mono-acetylated product was the major ion observed in the electrospray

mass spectrum. There was no evidence for the formation of any diacetylated materials'

The 75.5 MHz 13C NMR spectra confirmed the presence of the acetyl group in each of

the products with signals at around õ 176 and ô 25 for the carbonyl and the methyl carbons of

the acetyl group, respectively, but there was little change in the signals for the carbons of the

rest of the molecule compared to those of the starting crl-aminoalkylamino-cyclodextrin'

Therefore, it was not possible to determine which of the two nitrogens had been acetylated in

these reactions from these spectra.

In contrast to the 13C NMR spectra, the 300 MHz lH NMR spectra of these derivatives

show that the primary nitrogens of the aminoalkylamino-cyclodextrins 21,22 and24 are

acetylated under the conditions described above to give the acyl derivatives 53-55,

respectively. In D2O atpH 9 the triplet resonance for the methylene protons attached to the

primary amino group of the starting diamine (identified by lg-1:ç correlation spectroscopy) is

shifted about 0.6 ppm downfield to around ô 3.2 in the acetylated products. The positions of

the resonances for the protons on C6A and those of the methylene group attached to the

secondary nitrogen are unchanged on acetylation. If the acetylation was to occur on the

secondary nitrogen, attached to C6A, then it will affect the chemical shift of the C6A protons as

7T



Chapter 3

well as those of the attached methylene group of the aminoalkyl chain. Thus, in solution in

DMF, the reaction of the ester 48 with the ol-aminoalkylamino-cyclodextrins 21,22 and24

gives the mono-acetylated products 53-55, respectively, and not the isomeric acetamides 56-

58.

A temperature effect was noticed in the 300 MHz ttt NtrrtR spectra of the amide 54 in

D2O at pH 9. At room temperature, the spectrum showed only broad peaks and was poorly

resolved. The signal due to the methyl protons of the acetyl group appeared as a doublet. The

spectrum recorded at 50 oC, however, was well resolved and the methyl protons of the acetyl

group gave rise to a sharp singlet. This may be due to a slow (on the NMR time-scale)

exchange process, perhaps involving self-inclusion of the acetylated substituent within the

cyclodextrin annulus. Why this is observed only with the 3-aminoalkyl derivative 54 and not

the other two derivatives, prepared in the Same manner, is not known.

The reaction in DMF may not involve the inclusion of the ester 48 which occurs under

aqueous conditions (as discussed below) and this may affect the position of acetylation, so

further analysis of the products of the reaction carried out under aqueous conditions was

required in order to determine the position of reaction under aqueous conditions. It had been

possible to examine the products of the reaction between the ester 48 and the mono-amino

cyclodextrin 41 by comparison of the retention times of the reaction products with those of an

independently prepared acetamide using high pressure liquid chromatography (HPLC).160 1¡

was not possible to follow the reactions of the amino-cyclodextrins 21,22 and 24 in this way

as no solvenlcolumn system could be found to give good separation between these compounds

and the corresponding acetamides. However, the starting amines were able to be separated

from the product acetamides by TLC so this technique was used to analyse the aqueous

reactions between the ester 48 and the cyclodextrins 21,22 and24.

Small-scale reactions were carried out by adding one equivalent of the estel 48 to a

solution of the amine 21,22 or 24 (2.2 x 10-6 mol dm-3) in 0,05 mol dm-3 borate buffer pH

9.1 and stirring the resultant solution at room temperature until all of the ester had been

consumed (TLC). Comparison of the cyclodextrin products of these reactions with the
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previously prepared acetamides 53-55 by TLC indicated that the same acetamides are produced

under aqueous conditions as when the reaction is carried out in DMF as solvent. It should be

noted, however, that as there is no difference in the R" values for the different acetamides 53-

55, and no authentic products of acetylation at the secondary nitrogen were available for

comparison (these may have the same R. values as well) this can only be a tentative assignment

of the products of the aqueous reactions.

The products of the reaction between the ester 48 and the 6-aminohexylamino-

cyclodextrin 24 were examined further by 300 MHz lH NMR spectroscopy' The crude

reaction mixture from the reaction between the cyclodextrin 24 and the ester 36, both at a

concéntration of 2.4 x l0-3 mol dm-3, in 0.05 mol dm-3 borate buffer pH 9.1 was freeze-dried

and the residue was dissolved in D2O. This procedure was repeated for the reaction between

the cyclodextrin24 and 3-nitrophenyl acetate 52.

Both solutions contained a similar mixture of products and unreacted cyclodextrin 24 as

shown by TLC. The 300 MHz lH NMR spectra of these two solutions are too complex to

clearly show which of the nitrogens had been acylated due to the mixture of cyclodextrins

present in the solution. Two resonances due to acyl methyl groups can be seen at around ô 2.1

and ô 1.9 in a ratio of I:2.1 and 3.3:1 for the products of the reaction with the esters 48 and

52, respectively. Treatment of each solution with sodium hydroxide to give a pH > 12 caused

the resonance at ô 2.1 to disappear, suggesting that this signal is due to an O-acyl group, which

is readily hydrolysed. After this treatment, the spectra became less complicated and it was

possible to see the resonances of the protons of the acetamide 55 over the top of those due to

the protons of the starting cyclodextrin24. Comparison of the integrations of the signals due to

the acetyl groups with the integration of the signal due to the protons Hl allowed the

determination of the relative amounts of the cyclodextrins in the crude products from these

reactions (Table 3.5).

The reactions of the cyclodextrin 24 with the esters 48 and 52 in water at pH 9.1

produce mixtures of O- and N-acetylated products and unchanged starting material. The

O-acylatedproducts are most likely formed by reaction of a secondary hydroxyl group with the
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esters 4g and 52 in analogy with the reactions of these esters with p-cyclodextrin 2.50 -54 1¡ ¡t

surprising that this reaction is so competitive with that occurring at nitrogen, given that at pH

9.1 there is less than O.lVo of the total species with a deprotonated hydroxyl group (pKa =I2r1)

compared with 6.3Vo of total species with non-protonated amine groups.

Table 3.5. Percentages of the components of the crude mixtures from the reactions of the

cyclodextrin 24 with the esters 48 and 5 2 in 0.05 mol dm-3 borate buffer at pH 9.1

0.1 mol dm-3 a,b

55 lated24ester

48

52

27

26

54

tl
20

5l

alnitial concentration of the reactants is 2.4 x 10-3 mol dm-3. å Calculated from the relative

integrations of the resonances at õ 1.94, 2'll and 5.07 .

The N-acetylated product 55 is formed by the reaction of the primary amino nitrogen of

the cyclodextrin 24 with the esters 48 and 52. The formation of the acetamide 55 in the

reaction with the ester 52 is in contrast with the earlier report for the reactions of the ester 52

with the amino-cyclodextrin 41, where no N-acetylated products were observed.160 The lack

of any N-acylated products in this reaction tra¿ Hto the conclusion that the ester 52 was only

able to include within the annulus such that the acetyl group was located at the secondary face of

the cyclodextrin annulus. The formation of the acetamide 55 in the reaction between the ester

52 andthe cyclode xtrin24 may be due to the reaction of a self-included 6-aminohexylamino

chain, with the ester 52 being included in a "tail-first" manner (Scheme 3.4). This complex

would be similar to that found for the complex formed between 4-methylbenzoate 37 and the

cyclodextrin 24 described in the previous chapter. Alternatively, the acetamide 55 may be

formed in the reaction of a "head-first" included ester 52 with a non-included primary nitrogen

group. If the latter case is the correct one, then the formation of an N-acetylated product in the

reaction of the ester 52 with the cyclodextrin24bú not with the cyclodextrin 41 is due to the

increased flexibility of the 6-aminohexylamino substituent of the cyclodextrin 24.
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Scheme 3.4. Schematic representation of two possible modes of inclusion of the ester 52 in

ttt" .y"f,oA.rtrin24 in aqueóus solution leading tò formation of the acetamide 55.

Under similar reaction conditions as described above, the first order rate (ko6s-ks) for

the reaction of the ester 48 with B-cyclodextrin 2 at pH9.1 is 3.4 x lO'4 s-1, which is 0.37

times the rate observed for the reaction with the cyclodextrin24. The amount of O-acetylated

material formed in the reaction between the cyclodexftin24 and the ester 48 is 0'37 times that

of the N-acetylated product formed. This suggests that the product ratios determined above

reflect a l:1 ratio of "head-first" to "tail first" inclusion complexes of the ester 48 in the annulus

of the cyclodextrin 24 as the rate of the reaction of the ester 48 with a secondary hydroxyl

group of the cyclodextrin 24 is the same as that for the reaction with B-cyclodextrin 2. Thus,

the cyclodextrin 24 acts as a kinetic probe for the determination of the populations of the

various reactive inclusion modes of the ester 48 within the annulus of this cyclodextrin.
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3.3.4. Inhibition studies

If inclusion of the esters 48 and 52 within the annulus of the cyclodextrin is important

in the trans-acylation reaction with the crr-aminoalkylamino-cyclodextrins 21, 22 and24,fhen

this reaction will be inhibited in the presence of a non-reactive compound which is able to

include in the cyclodextrin annulus. Depending on the relative binding constants of the ester 48

and the added "competitive inhibitor" the reaction would be slowed or, in the case of an

inhibitor with an extremely high binding constant, stopped completely. A commonly used

inhibitor of this type of reaction is adamantane-1-carboxylate 59 which forms an extremely

stable complex with B-cyclodextrin 2 (K = 1.g x 104 dm3 mol-1 at pH 8.5).161 Adamantane-1-

carboxylate 59 was found to be an effective inhibitor of the reactions of ester 48 with the

cyclodextrins 2 and .160 1¡s formation constants for the complexes formed between ester

48 and these cyclodextrins was determined to be around 100-200 dm3 mol-l'

O2

59

When the reaction between the ester 48 and the cyclodextrins 21,22 and 24 were

10-3 s-1 for the cyclodextrins 21, 22 and24, rcspecTively. In the presence of two equivalents

of the carboxylate 59, the first order rate (ks6r-ko) for the reaction between the ester 48 and the

cyclodextrin 22 was x 10-3 s-1. Thus, adamantane-l-carboxylate 59 acts as a

competitive inhibitor of the trans-acylation reaction between ester 48 and the cyclodextrins 2L,

22 and24, andthis reaction involves the formation of a substrate-host complex prior to the

transfer of the acetyl group from the ester to the primary nitrogen of the co-aminoalkylamino-

substituent. That the reaction is not stopped quantitatively by the addition of the guest 59

suggests that some reaction is occurring outside of the annulus through a normal S¡2 process'
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The complex formed between the cyclodexlrin2f and the carboxylate 59 was examined

by NMR spectroscopy. The 600 MHz 2D-ROESY spectrum of a solution containing the

cyclodextrin24 andthe carboxylate 59 both at 0.06 mol dm-3 in D2O at pH> 12 clearly shows

that the adamantyl group is included within the annulus of the cyclodextrin (Figure 3.3). It was

not possible to specifically assign the annular protons H3 and H5 to particular resonances in the

region õ 3.4-3.7 but, generally, the resonances due to the protons H3 are found downfield of

those due to the protons H5 (but not the proton H5A). There are intense cross-peaks between

the resonances due to the adamantyl protons and the annular protons H3 and H5. Only weak

cross-peaks are seen for the NOE interactions between the protons of the 6-aminohexyl

substituent and the annular protons (mainly) H5 suggesting that the substituent is not deeply

included within the annulus of the cyclodextrin moiety. The strong NOE interactions between

the protons hnHl and hnH6 suggest that these methylene groups are held close together in the

complex. There are no cross-peaks between any resonances due to the adamantyl protons or

those of the protons of the 6-aminohexyl substituent. The substituent may be coiled around the

primary face of the cyclodexttin24.

NHz H
N135

24

H2

H2
H3

H4
H4

6

fn

42

H2

Oz

Ad

59

Scheme 3.5. Schematic representation of the inclusion of adamantane-1-carboxylate 59 in

the cyclodextrin24 in aqueous solution atpH212.
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Figure fi-. Contour plot of ROESY experiment (D2O, pH > 12, 298 K,600 MHz, 0'3 s

mixing time) performed on a sample containing 0.06Æ3 mol dm-3 each of cyclodextrin 24

and ad-'amantane-l-carboxylate 59. fhe protons are labelled as shown in Scheme 3.5.
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3.4. Conclusion

The reaction of the cyclodextrin 30 with 4-nitrophenyl acetate 48 is inhibited by the

addition of Zn(tr) ion to the reaction mixture. The reaction between the cyclodextrin 31 and the

ester 48 is marginally enhanced in the presence of Zn(II) at neutral pH but is inhibited by Zn(lI)

at higher pH. The rate enhancement is most likely due to the increased polarisation of the

carbonyl bond of the ester in the presence of Zn(II) and not due to the formation of a metallo-

cyclodextrin hydroxy sPecies.

The reactions of the co-aminoalkylamino-cyclodextrins 2I,22 and 24 with the esters

4g and 52 involve the nucleophilic attack of the primary nitrogen on the ester carbonyl to give

N-acetylated derivatives. The site of reaction was confirmed by comparison of the reaction

products with authentic samples of the amides 53-55 prepared by an independent synthesis'

The non-protonated ro-aminoalkylamino-cyclodextrin species is the major reactive species in the

trans-acylation reaction with the ester 48 as shown by pH dependence studies for the reaction

of the cyclodextrin24.

The reactions of the cyclodextrin 24 with the esters 48 and 52 lead to both N- and O-

acetylated products. These reactions involve the prior inclusion of the esters 48 and 52 within

the cyclodextrin annulus and indicate that both "head-first" and "tail-first" inclusion may occllr.

The product ratios for the reaction between the cyclodextrin24 and the ester 48 are in accord

with the ratio of the rates for the reactions at a secondary hydroxyl and at the primary nitrogen

of the substituent of the cyclodextrin24'

The addition of adamantane-l-carboxylate 59 to these reactions inhibits the trans-

acylation by competitive inhibition. The inhibition is not quantitative as some trans-acylation is

occurring outside of the annulus by an S¡2 attack of a primary nitrogen on a non-included

ester. 2D-ROESY spectroscopy confirms that the adamantyl group is included within the

cyclodextrin annulus of the cyclodextrin2{ at pH> 12.
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Chapter 4:

Knots

self-inclusion complexes: An Approach to Molecular

4.1. Introduction

The addition of a short hydrophobic substituent to a cyclodextrin increases the stability

of the host-guest complexes formed with small aromatic guests over that found for the

unsubstituted cyclodextrin (Chapter 2). However, the self-inclusion of hydrophobic

substituents within the annulus of a cyclodextrin has been reported previously to limit the ability

of larger guests to be included by the cyclodextrin and to result in the total exclusion of the

guest in some cases.92 A recent report described an attempt to limit the self-inclusion of o¡-

aminoalkylamino substituents attached to B-cyclodextrin 2 through tert-butyloxycarbonylation

of the trl-nitrogen.l37 1¡s resultant "Cup and Ball" molecules showed a decreased tendency for

the inclusion of the substituent relative to that of the parent co-aminoalkylamino-cyclodextrin but

the self-inclusion was still evident. If a group that was larger than tert-butyl was attached to the

end of the substituent, then the self-inclusion of the substituent may not be possible at all'

Alternatively, the attachment of a large group to the end of a self-included hydrophobic chain

covalently bound to a cyclodextrin raises the possibility of preparing novel derivatives of

cyclodextrins which may be considered to be molecular knots.162 rf a sufficiently large groltp

can be attached to the terminus of such a self-included chain, then it will prevent the dethreading

of the chain. The chain will be knotted through the cyclodextrin, held in place by mechanical

(steric) forces (Figure 4.1).

If an equilibrium exists between self-inclusion and non-inclusion of a substituent within

the annulus of the cyclodextrin moiety then two isomeric products may be formed' The in-

isomer (a molecular knot) will be produced when the substituent chain is included within the

annulus of the cyclodextrin moiety while undergoing the reaction with the blocking group' The
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out-isomer will be formed when the reaction occurs while the substituent chain is located

outside the annulus. Provided that the blocking group is sufficiently large to prevent its passage

through the cyclodextrin, these isomers are not interconvertfble. However, if the blocking

group can pass through the cyclodextrin then the two isomers are interconvertþUte and represent

two components of an equilibrium. The in-isomer is simply a self-included conformer of the

cyclodextrin derivative.

Y

X

Blocking group

_X.Y

/n-tsomer ouf-isomer

Scheme 4.1. Proposed formation of a molecular knot. Y and X represent two reactlve
functional groups wtrictr can react with each other to form a covalent bond.

These two isomers may be differentiated using 2D-ROESY NMR spectroscopy to

examine the competition for inclusion within the annulus between the substituent and an added

guest molecule. The 2D-ROESY spectrum of the product of such a reaction will show the NOE

interactions between the protons of the substituent and the annular protons H3 and H5, if they

are included within the annulus. This will not differentiate between self-inclusion and a

mechanically held knot. One test for knot formation would be the inability of a molecule,

known to be a strong binder in the cyclodextrin annulus, to displace the chain and blocker from
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the annulus (Scheme 4.2). If such a displacement occurs it will result in observable NOE

interactions between the protons of the guest molecule and the annular protons H3 and H5 of

the cyclodextrin, and the diminution, or loss, of the NOE interactions between those of the

chain or blocking group and the annular protons H3 and H5. This behaviour is that of a self-

included substituent. Should no NOE interactions between the protons of the added molecule

and the annular protons be observed in the 2D-ROESY spectrum, this indicates that the self-

inclusion of the substituent is more favoured than inclusion of the added molecule and may

indicate the formation of a knot.

Scheme 4.2. Competitive host-guest chemistry. Displacement of a substituent from the

ãnnufu. Uy an added guest molecul-e indicates tha[ the substituent is simply included within the

annulus.

A suitable molecule to use as a competitive guest to examine the effects of size and

hydrophobicity on the self-inclusion of a substituent is adamantane-1-carboxylate 59, which

was used as a competitive inhibitor in the work discussed in the previous chapter. It was

shown that the self-included 6-aminohexyl chain of the cyclodextrin 24 was readily displaced

from the annulus in the presence of this guest. Other workers have shown that once the gtlest

59 is included within the annulus there is no room for further complexation of additional

molecules, including water.161 The formation constant, K, for the complex between

adamantane-1-carboxylate 59 and B-cyclodextrin 2 is 1.8 x 10a dm3 mol-l at pH 3'5.161 1¡

was decided to use the carboxylate 59 as a probe to determine whether or not a self-included

substituent could be displaced from the annulus'

+
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4.2. Self-inclusion of hydrophobic substituents

4.2.1. Effect of increasing the length of the alkyl chain

It was expected that increasing the length of the alkyl chain linking the two nitrogens of

an r¡-aminoalkylamino substituent would increase the hydrophobicity of the substituent and

hence the tendency for self-inclusion of the substituent. The 12-aminododecylamino substituted

cyclodextrin 60 was prepared in order to examine its host guest chemistry with the carboxylate

59.

NHz

d)

Reaction of the mono-tosylate32 with 1,12-diaminododecane in 1-methyl-pyrrolidin-2-

one (NMP) under the standard conditions described in Chapter 2 gave the cyclodextrin 60 in

43Vo yie1d. This product was surprisingly soluble in water at pH 9. The water solubility of the

aminoalkylamino-substituted cyclodextrins dec¡eased as the number of carbons in the alkyl

chain of the substituent increased fromZ to 6 and it was expected that the twelve carbon chain

of the cyclodextrin 60 might limit the water solubility of this compound, particularly as its

behaviour on TLC (Rc = 0.90) implied that it was considerably more non-polar than the 6-

aminohexyl-amino derivative 24 (Rc = 0.75). Despite this, aqueous solutions of the

cyclodextrin 60 at a concentration of 0.06 mol dm-3 were readily prepared over the full range of

pH.

The 600 MHz lH NMR spectrum of the cyclodextrin 60 at pH > 12 was poorly

resolved by comparison with the lH NMR spectra of the cyclodextrin derivatives with shorter
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alkyl chains in the substituent discussed in Chapter 2, perhaps due to the slow tumbling time of

this larger derivative. Only the triplet resonance due to the protons ddnH12 was well resolved.

This may be due to an increased freedom of movement towards the end of the dodecyl chain.

The 600 MHz 2D-ROESY spectrum of a solution of the cyclodextrin 60 at pH > 12

shows that the l2-aminododecylamino chain is included within the annulus of the cyclodextrin

moiety (Figure 4,1) It was not possible to assign the annular protons H3 and H5 to specific

resonances in the region õ3.4-3.7 but, generally, the resonances due to the protons H3 are

found downfield (ô -3.6) from those due to the protons H5 (ô - 3.4). The resonance due to the

proton H5A occurs around õ 3.7 (dependent on pH). There are intense cross-peaks between

the resonances due to the protons ddnH2-ddnH11 and those due to the annular protons H3 and

H5. One of the diastereotopic protons ddnHl shows a strong NOE interaction with H5A while

the protons ddnHl2 appeff to have a strong NOE interaction with H3 and little else. This

suggests that the l2-aminododecylamino substituent passes through the annulus in such a

fashion that the primary amino group is located towards the secondary face of the cyclodextrin

moiety.

In contrast to the observations with the 6-aminohexylamino derivative 24 at pH 1, the

2D-ROESY spectrum of the cyclodextrin 60 at pH 1 shows that the l2-aminododecylamino

substituent remains partially included within the annulus of the cyclodextrin moiety. Although

they are considerably weaker in intensity than those observed for the spectrum recorded at

pH212, there are cross-peaks between the resonances due to the protons ddnH3-ddnHl0 and

those due to the annular protons H5 and, to a lesser extent, the protons H3. There are no NOE

interactions between the protons ddnH12 and the annular protons H3 and H5. The intra-chain

interactions are more evident in the spectrum recorded at pH 1 than that recorded at pH 2 12.

This suggests that the protonated amino groups are positioned away from the annulus so that

these positively charged groups are solvated by water while the middle part of the hydrophobic

chain of the substituent sits within the rim of the primary face of the cyclodextrin moiety'
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Figure 4.1. Contour plot of ROESY experiment (D2O, pH212,298 K,600 MHz, 0'3 s

mixing time) performed on a sample containing 0.06 #,3 mol dm-3 of the cyclodextrin 60.

The protons are labelled as shown in Scheme 4.3.
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ddn

24681012

135791t NHz

60

Scheme 4.3. Schematic
cyclodextrin 60 in aqueous

HzN

representation of the self-inclusion of the substituent of the
solution at pH > 12.

When one equivalent of 4-methylbenzoate 37 was added to a solution of the

cyclodextrin 60 in D2O at pH > 12, no complexation of the guest 37 was observed. In

contrast, addition of one equivalent of the carboxylate 59 to a solution of the cyclodextrin 60 in

DzO at pH 2 12 causes most of the l2-aminododecylamino chain to be pushed out of the

annulus of the cyclodextrin moiety as the adamantyl group is included within thê annulus. The

600 MHz 2D-ROESY spectrum of this solution shows that the adamantyl protons have NOE

interactions with the annular protons H3 and H5 (Figure 4.2). There are also weak NOE

interactions between the protons ddnH3-ddnH10 and the annular protons H5 suggesting that

the middle part of the 12-aminododecylamino chain remains inside the primary face of the

cyclodextrin moiety. There are no NOE interactions between the adamantyl protons and those

of the l2-aminododecylamino chain.

Thus, adamantane-1-carboxylate 59 can displace the substituent from the annulus of the

cyclodextrin 60 to some extent. However, the increased hydrophobicity of the dodecyl chain

allows it to compete with the adamantyl group for binding in the annulus. This is in contrast to

the observations made with the complex formed between the cyclodextrin 24 and adamantane-

1-carboxylate 59, where the 6-aminohexyl substituent appeared to be completely excluded from

the annulus by the inclusion of the guest 59. While it was not possible to assign the resonances

in the region õ3.2-3.7 to specific protons it appears that the adamantyl protons are interacting

more strongly with the annular protons H3 than the protons H5 while the protons of the

substituent appear to be interacting more strongly with the annular protons H5 than the
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ddnH2-l I
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loo^o'

1.0

HI H6A ddnHt2
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Figure 4.2. Contour plot of ROESY experiment (D2O, pH 2 12,298 K, 600 MHz, 0'3 s

mixing time) performed on a sample containing 0.06 'Æ3 mol dm-3 each of the

cycloà'extrin'6d and adamantane-1-cãrboxylate 59. The protons are labelled as shown in
Scheme 4.4.
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24681012

1357911 NHz

H
N

60

H4

59

-ozC

2o
H2
H2

6l
H3 Ad

H4

Scheme 4.4. Schematic representation of the inclusion of adamantane-1-carboxylate 59 in

the cyclodextrin 60 in aqueous solution atpH> 12'

protons H3. This suggests that there is only a shallow inclusion of the adamantyl group of the

guest 59, with the dodecyl substituent sitting around the primary end of the annulus. The lack

of NOE interactions between the adamantyl protons and those of the alkyl chain implies that

these protons are further than 4 Å apart in the complex 61 that is formed between the guest 59

and the cyclodextrin 60.

The 2D-ROESY spectrum of this solution represents a picture of the dynamic

equilibrium that exists in this solution. It is possible that if a fast exchange process was

occurring between the self-inclusion of the substituent and the total exclusion of the substituent

on formation of a complex with the guest 59. The NOE interactions between the protons of the

guest 59 and the protons of the alkyl substituent with the annular protons would both give rise

to cross-peaks between the resonances of the interacting protons. If this were the case, then the

relative intensities of the cross-peaks due to the species where the substituent is fully included

within the annulus would be the same as are observed in the absence of the guest 59' This is

not the case for the spectrum shown in Figure 4.2, where there are differences in the relative

intensities of the cross-peaks due to NOE interactions between the methylene protons of the
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substituent and the protons H3 and the protons H5 which were not observed in the spectrum

shown in Figure 4.1. It appears that the 2D-ROESY spectrum shown in Figure 4.2 is

consistent with the formation of the complex 61 as the major species present in solution.

4.2.2. Effect of the addition of a bulky substituent

The reactions of 4-nitrophenyl acetate 48 with crr-aminoalkyamino-cyclodextrins occur

with inclusion of the 4-nitrophenyl group within the annulus of the cyclodextrin moiety and

involve acylation of the primary nitrogen (Chapter 3). It was believed that if the 4-nitrophenyl

ester of a bulky acid was allowed to react with an ro-aminoalkylamino-cyclodextrin then the

resultant al-amidoalkylamino-cyclodextrin chain may be strongly self-included within the

annulus of the cyclodextrin. A series of amido-cyclodextrins bearing cubanyl or adamantyl

groups at the end of the linking chain were prepared by the reaction of the cyclodextrin 24 with

the 4-nitrophenyl esters of the appropriate acids.

R ozR
R

COzFN P pNP = Noz

R'o2C

=R"=H;R'=Me
=H;R'=R"=Me
= pNP; R'= Me; R" = H
= pNP; R'= R" = Me

æ

The cubane esters 64 and 65 were prepared by treating the corresponding acids 62 and

63 with one equivalent each of 4-nitrophenol 49 and dicyclohexylcarbodiimide (DCC) in

dichloromethane at room temperature.lsT (The acids 62 and 63 were a gift from Dr. J'

Tsanaksidis.163 -168; The pure esters 64 and 65 were obtained in 507o and 95Vo yields,

respectively, after a standard work-up followed by purification by either flash

62R
63R
64R
65R
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chromatographyl6g or squat column chromatography.lT0,l7l The adamantyl ester 66 was

prepared from the corresponding acid 59 in9\Vo yield by the same method'

When the ester 64 was added to a solution of the 6-aminohexylamino-substituted

cyclodextrin 24 inDMF, the hydrochloride salt of the cubane amide 67 was obtained in 5Ivo

yield after precipitation with 1:1 ethanol/ether, followed by an acidic work-up and treatment

with a weak anion-exchange resin (AG4-X4, BioRad Laboratories). The isolated product gave

a molecular ion at m/z I42I with electrospray-ms and gave a satisfactory elemental analysis.

The 300 MHz lH NMR spectrum of the cyclodextrin amide 67 shows sets of multiplets

near ô 4.1 due to the cubanyl protons. Resonances for the protons hnH6, adjacent to the amido

nitrogen, overlap with those due to H4A and H6A but the diastereotopic protons hnH1, adjacent

to the secondary nitrogen, give rise to separate signals at ô 2.6 and ô 2.4 indicating that the

alkyl chain of the substituent is held in a rigid conformation. The 15 }y'rHz l3C NMR spectrum

shows signals due to the two carbonyl carbons at ô 176.5 and ô 175.6.

246

fn

6t

H
NH

N N
H135 o

Mê- NH
oMeO

o

cubane

Scheme 4.5. Schematic representation of the self-inclusion of the cubanyl substituent of the

cyclodextrin amide 67 in aqueous solution atpH>LZ.

The 600 MHz 2D-ROESY spectrum of the cyclodextrin amide 67 inD2O at pH > 12

shows that the cubanyl group is included within the annulus of the cyclodextrin (Figure 4'3)'

Strong NOE interactions are observed between the resonances of the cubanyl protons and the

annular protons H3 and H5. No cross-peaks are observed between the resonances due to the

protons of the alkyl chain (hnH1-hnH6) and the annular protons H3 and H5, indicating that the

alkyl chain is not included within the annulus.
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Figure 4.3. Contour plot of ROESY experiment (D2O, pH 2 12,298 K, 600 MHz, 0.3 s

mixing time) performed on a sample containing 0.06 :cæ¡ mol dm-3 of the cyclodextrin 67.

The protons are labelled as shown in Scheme 4.5.
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Figure 4.4. Contour plot of ROESY experiment (D2O, pH > 12, 298 K, 600 MHz, 0'3 s

mixingtime)performedonasamplecontaining0.06ffismoldm-3eachofthe
cyclodixtrin amide 67 and adamantane-l-carboxylate 59. The protons are labelled as shown
in Scheme 4.6.
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Addition of adamantane-1-carboxylate 59 to the solution of the amide 67 causes the

cubanyl group to be displaced from the annulus of the cyclodextrin moiety as the adamantyl

group is included within the annulus, as shown by the 600 MHz 2D-ROESY spectrum of this

solution (Figure 4.4). Strong NOE interactions are observed between the adamantyl protons

and the annular protons H3. Weaker NOE interactions are seen between the adamantyl protons

and the annular protons H5, suggesting that the inclusion of the adamantyl group is not as deep

within the annulus as was observed with the inclusion of this guest with the cyclodextrin24.

fn

H
N

2 4 6

135

O2-

cubane

6t Me
N
H

'ozc

2 MeO

H2
H3

H4

Ad

H4

æ

Scheme 4.6. Schematic representation of the inclusion of adamantane-1-carboxylate 59 in
the cyclodextrin amide 67 in aqueous solution atpH> 12'

When the ester 65 was allowed to react with the cyclodextrin24 as described above for

the ester 64 the amide 68 was obtained in 63Vo yield. The 300 MHz lH NMR spectrum of this

product shows signals for the cubanyl protons at õ 4-4.2 and for the cubane methyl groups at

ô 1.3, overlapping with the protons hnH2-hnH5 of the alkyl chain. The 75 MHz l3C NMR

spectrum of this product shows two signals at ô 175.8 and õ 175.5 due to the carbonyl

carbons.
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Figure 4.5. Contour plot of ROESY experiment (D2O, pH> 12,298 K,600 MHz, 0'3 s

mixing time) performed on a sample containing 0.06')#j mol dm-3 of the cyclodextrin 68.

The protons are labelled as shown in Scheme 4.7.
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Scheme 4.7. Schematic representation of the self-inclusion of the cubanyl substituent of the

cyclodextrin amide 68 in aqueous solution at pH >- 12 .

The 600 MHz 2D-ROESY spectrum of a solution of the amide 68 in D2O at pH > 12

indicates that the cubanyl group is included within the annulus of the cyclodextrin moiety

(Figure 4.5). Strong cross-peaks are observed between the signals due to the cubanyl protons

and the annular protons H3 and H5 which also show strong interactions with the cubane methyl

groups. There are no interactions between the protons of the alkyl chain and the annular

protons H3 and H5.

When adamantane-l-carboxylate 59 is added to the above solution the cubanyl group is

displaced from the cyclodextrin annulus as the adamantyl group is included, as shown by

600 MHz 2D-ROESY spectroscopy (Figure 4.6). There are only weak NOE interactions

between the adamantyl protons and the annular protons H5 and there are residual weak NOE

interactions between the cubane methyl groups and the protons H5' The stronger NOE

interactions between the adamantyl protons and the annular protons H3 show that the adamantyl

group is only partially included within the cyclodextrin 68 with the cubane methyl groups

remaining partially included at the primary end of the annulus. Increasing the hydrophobicity of

the cubanyl skeleton by the addition of two methyl groups increases the tendency for this grotlp

to self-include within the annulus such that it can compete, to some extent, with the guest 59

for binding within the annulus. V/hile this spectrum may also represent a dynamic equilibrium

between inclusion of the guest 59 and self-inclusion of the substituent it is most consistent with

the equilibrium shown in Scheme 4.8.
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Figure 4.6 Contour plot of ROESY experiment (D2O, pH > 12, 298 K,600 MHz, 0.3 s

mixing time) performed on a sample containing 0.06 "x#:3 mol dm-3 each of the

cycloà'extrin 6ti and adamantane-l-cãrboxylate 59. The protons are labelled as shown in
Scheme 4.8.
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Scheme 4.8. Schematic representation of the inclusion of adamantane-1-carboxylate 59 in

the cyclodextrin amide 68 in aqueous solution at pH 2 12.

When the adamantyl ester 66 was allowed to react in DMF with one equivalent of the

cyclodextrin 24 the amide 69 was obtained in a yield of 70 Vo following a similar work-up to

that described above for the other amide derivatives. The 600 MHz 1g NVIR spectrum of the

product suggests that the substituent is held in a rigid conformation with the protons hnH6 and

hnHl each giving rise to two resonances due to differentiation of the diastereotopic protons.

The resonances due to the protons hnH2-hnH5 were likewise well resolved from each other'

The 75 MHz 13C NMR spectrum of the product showed a signal at ô 182.4 due to the carbonyl

carbon.

fn

o
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H4 H4

Scheme 4.9. Schematic representation of the self-inclusion of the adamantyl substituent of
the cyclodextrin amide 69 in aqueous solution atpH> 12.
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Figure 4.7. Contour plot of ROESY experiment (DZO, pH > 12,298 K,600 MHz, 0'3 s

mixing time) performed on a sample containing 0.06 x€-3 mol dm-3 of the cyclodextrin 69.

The protons are labelled as shown in Scheme 4.9.
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Chapter 4

The 600 MHz 2D-ROESY spectrum of a solution of the product in D2O at pH> 12

shows that there are strong interactions between the protons of the adamantyl group and the

annular protons H3 and H5 (Figure 4.1). The protons AdH4 give rise to two separate doublets

at õ 1 .94 and 1.79. One set of protons AdH4 do not show any NOE interactions with the

annular protons H3 and H5 while the protons giving rise to the signal at õ 1.79 show a strong

NOE interaction with the annular protons H3 and H5 which suggests that the adamantyl group

is restricted in its motions within the annulus of the cyclodextrin moiety. There are no NOE

interactions between the protons of the alkyl chain and the annular protons H3 and H5.

On addition of two equivalents of adamantane-l-carboxylate 59 (in order to help

differentiate between the signals due to the covalently attached adamantyl group and those of the

added adamantyl protons) there is little significant change to the 1D lH NMR spectrum of the

product. The signals of the added adamantane-l-carboxylate 59 are clearly distinguishable

from those of the covalently attached adamantyl group and give rise to three broad singlets in

the ratio of 3:6:6 as is expected for an adamantyl group which is not included within the annulus

of a cyclodextrin, i.e. there is no differentiation of the H4 protons in the added adamantane-1-

carboxylate 59.

NH

2H

69

H
N

z 4 6

fno

135 Ad
'ozC

H3
O2- H4

2

exAd
H3

H4

H4

æ

Scheme 4.10. Adamantane-1-carboxylate 59 does not form a detectable host-guest complex

;ithiú cyclodextrin amide 69 in aqueous.solution atpH > 12. The adamantyl substituent

remains inótuded within the annulus oñ addition of two equivalents of added guest.
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Figure 4.8. Contour plot of ROESY experiment (D2O, pH >- 12, 298 K,600 MHz, 0'3 s

mixing time) performed on a sample containing 0.06 x#3 mol dm-3 of the cyclodextrin 69

andO.LZx 10-3 mol dm-3 of adamantane-1-carboxylate 59. The protons are labelled as shown

in Scheme 4.10.
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The 2D-ROESY spectrum of this solution shows that there is no change in the degree of

the interactions between the covalently attached adamantyl group and the annulus of the

cyclodextrin, that is, the added adamantane-carboxylate 59 is not able to push the covalently

attached adamantyl group out of the annulus. The hydrophobicity of the adamantyl group of the

substituent is probably the same as that of the added adamantane-1-carboxylate 59. The

covalent attachment of this group gives it an entropic advantage for complexation within the

annulus over that of the added adamantane-1-carboxylate 59, so favouring the self-inclusion of

the substituent over the inclusion of adamantane-l-carboxylate 59. Given that adamantyl

compounds form the most stable host-guest complexes with cyclodextrinsl6l it is unlikely that

any other added molecule would be able to displace the substituent from the annulus of the

cyclodextrin 69. Although the adamantyl-substituted group may be able to pass through the

cyclodextrin annulus it is not pushed out by adamantane-1-carboxylate 59and so can be

considered to be a molecular knot, held together mainly by non-covalent forces if the

mechanical (steric) ones are not effective.

The dimethyl cubane group of the cyclodextrin 68 contains the same number of carbons

as the adamantyl group of the cyclodextrin 69 and so might be expected to have a similar "level

of hydrophobicity". If this is the case, then the shape of the adamantyl group may be the major

factor that makes the self-inclusion of this substituent so favoured. The adamantyl group is

known to fit snugly within the annulus of B-cyclodextrin 2.

4.3. A novel cyclodextrin dimer

The cubanyl groups of the cyclodextrins 67 and 68 are able to include within the

annulus of the cyclodextrin moiety. If a similar self-included cubanyl derivative was able to

undergo a reaction which incorporated a large group onto the end of the substituent, then the

substituent of the product of such a reaction may not be able to pass through the annulus. The

product will be a molecular knot. The reaction of the diester 71, pteparcd from the diacid

7gl72,with two equivalents of the cyclodextrin 24 was expected to give a cyclodextrin dimer

Chapter
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analogous to those reported in earlier *ot¡.159 Three isomeric dimers 72,73 and74 could be

formed in this reaction. If either the dimer 73 or the dimer 74 was formed this would give a

molecular knot, where a cyclodextrin moiety was acting as the blocking group'

o o

H ozN o Noe

70 TI

72

o

N
H NH

73

HN
H
N

NH

74

The diester 7L was prepared in 46Vo yield by the reaction of the diacid 70 with two

equivalents each of 4-nitrophenol 49 and DCC in dichloromethane. Treatment of the diester 71

with two equivalents of the cyclodextrin 24 in DMF gave the dimer 72 (the identification of

this isomer is discussed below) in38Vo yield after a similar work-up procedure to that described

for the amide 67 above, with the addition of a gel-filtration step using Sephadex G10 to

H

N
H N

Ho
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Chapter 4

separate the dimer 72 from monomeric cyclodextrins. The isolated dimer 72 gave a clean

electrospray-mass spectrum with a molecular ion at m/22622'

The 300 MHz lH NMR spectrum of the dimer 72 shows a complex set of resonances

due to the cubanyl protons but all of the other signals were too broad and poorly resolved to

give much structural information. Similarly, the 75 MHz 13C NtVtR spectrum gives little

structural information. The presence of two carbonyl resonances at ô 175 9 and ô 175.6

suggests that the product is asymmetric.

The 600 MHz 2D-ROESY spectrum of a solution of the dimer 72 in,D2O at pH > 12

shows that the cubanyl substituent is included in one of the cyclodextrin moieties (Figure 4'9).

Very strong cross-peaks are seen between the resonances due to the cubanyl protons and the

annular protons H3 and H5. Weaker NOE interactions between protons on the alkyl chains and

the annular protons H3 and H5 are also observable.

The 300 MHz lH NMR spectrum of a solution of the dimer 72 containing two

equivalents of adamantane-1-carboxylate 59 indicates the formation of a highly symmetric

species. The cubanyl protons give rise to a sharp singlet at õ 4.15, protons H4A give a sharp

triplet at ô 3.40, protons H6A and ¡164'give rise to a sharp doublet atõ3.29 and a triplet at

ô 3.00 respectively, a multiplet appears at ô 3.18 due to protons hnHl and protons hnH6 give

rise to two multiplets at ô 2.80 and ô 2.10. Additionally, the resonance due to protons H5A

appears as a triplet at ô 4.03. The 75 MHz 13C NMR spectrum of this solution shows only one

signal for an amide carbonyl at õ 176J together with the carbonyl of the carboxylate 59 at

ô 189.0 and the region where the signals due to carbons hnC2-hnC5 appear is simplified'

The 600 MHz 2D-ROESY spectrum of this solution shows that adamantane-1-

carboxylate is included in the annuli of the cyclodextrin moieties of the dimer 7 2

(Figure4.10,). There are strong cross-peaks between the adamantyl protons and the annular

protons H3 and H5. There are no observable NOE interactions between the cubanyl protons

and the annular protons H3 and H5.
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Figure 4.9 Contour plot of ROESY experiment (D2O, pH 2 12,298 K, 600 MHz, 0.3 s

mixing time) performed on a sample containing 0.06.x# mol dm-3 of the cyclodextrin
dimer 72. The protons are labelled as shown in Scheme 4.11.
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Figure 4.10 Contour plot of ROESY experiment (D2O, pH > 12,298 K, 600 MHz, 0'3 s

mixing time) performed on a sample containing 0.06x1úÉ3 mol dm-3 of cyclodextrin dimer 72

and 0.12 x 10-3 mol dm-3 of adamantane-1-carboxylate 59. The protons are labelled as shown

in Scheme 4.11.
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fn

246

135 N
Ho

cubane

H

co 2

H4

H2
H3 Ad

2
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N
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Scheme 4.1L. Schematic representation of the inclusion of the cubanyl grouP within one of

tnË-ðy"i"¿"*trin -óì.li"r of th" dimer 72 to give an asymmetric system. Addition of two

;q"i"'J;;tr oi u¿u*ánián"-i-.*Uoxylate gives rise to a symmeftic I:2 host guest complex'

From the above data it is clear that the product from the reaction of the diester 7L with

the cyclodextrin 24 is the dimer 72. Itis not possible for adamantane-1-carboxylate 59 to be

included within either of the annuli of the dimer 74 as there is not enough room within the

annuli while the alkyl chain is included. The dimer 73 could include adamantane-1-carboxylate

59 within one of the annuli but this would not give rise to the symmetric system described

above. In solution, the dimer 72 exists as an asymmetric species with the cubanyl bridging

group partially, or wholly, included within one of the cyclodextrin annuli. Only the dimer 72 is

able to form a symmetric 1:2 host-guest complex with adamantane-1-carboxylate 59'
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4.4, Conclusion

The self-inclusion of a hydrophobic substituent attached to a cyclodextrin o..utt readily

in aqueous solution. Depending on the shape and the hydrophobicity of the substituent relative

to that of an added guest, this self-inclusion can either increase or reduce, and in some cases

prevent, the inclusion of the added guest. While 4-methylbenzoate 37 is readily accommodated

within the annulus of the cyclodextrin24whenthe 6-aminohexyl substituent is included within

the annulus, no complexation of the guest 37 is observed with the cyclodextrin 60. Complete

inclusion of adamantane-1-carboxylate 59 occurs with the total exclusion of the 6-aminohexyl

substituent of the cyclodextrin24 but when the cyclodextrin 60 is the host, the guest 59 is

only partially included within the annulus and the 12-aminododecyl substituent is also partially

included.

The reactions of the cyclodextrin 24 with the 4-nitrophenyl esters of a series of bulky

aliphatic acids yielded amide products where the substituent was found to be included within the

annulus of the cyclodextrin in aqueous solution. The substituent of the cubane amides 67 and

68 was readily displaced from the annulus of the cyclodextrin on addition of adamantane-1-

carboxylate 59 to a solution containing either of the amides 67 and 68. The adamantyl

cyclodextrin 69 formed an extremely stable self-inclusion complex. The substituent could not

be displaced by added adamantane-l-carboxylate 59. The cyclodextrin 69 may be a molecular

knot, held together by mainly non-covalent forces, although there may also be a steric

interaction holding the substituent inside the annulus.

In solution, the linking group of the cyclodextrin dimer 72 is partially included within

the annulus of one of the cyclodextrin moieties. 'When two equivalents of adamantane-1-

carboxylate 59 are added to this solution the linking group is displaced from the annulus and a

symmetrical 1:2 host-guest complex is formed between the cyclodextrin dimer and adamantane-

1-carboxylate 59.
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Conclusion

Chapter 2 describes the development of a clean, simple and reproducible synthesis of

6A-amino substituted p-cyclodextrins. The key improvement over the previous methods that

have been used to prepare these derivatives is the use of 1-methyl-pynolidin-Z-one (NMP) as

the solvent for the reaction. The use of this solvent allows the rapid nucleophilic substitution of

a 6{-O-4-methylbenzenesulfonate by a wide variety of primary and secondary amines at

moderate temperature. The use of this solvent avoids the need for high pressure or sealed tube

reactions and the use of large excesses of the amine reagents, some of which may be expensive

to obtain and have often been difficult to separate from the desired product. The amino-

cyclodextrin products are obtained as pure materials after a simple and inexpensive ion-

exchange step.

A series of amino-substituted p-cyclodextrins has been prepared by this procedure and

systematic studies of their pH dependent solution structures and host-guest chemistry have been

carried out using titrometric and 2D-NMR techniques. At high pH the hydrophobic, linear

substituents are included within the annulus of the cyclodextrin moiety and remain included

within the annulus when small aromatic guests are bound inside the cyclodextrin' Cyclic

substituents form a tight cap over the primary face of the cyclodextrin at high pH resulting in the

enhanced binding of aromatic guests. At lower pH both types of substituents move away from

the annulus as the charged ammonium groups are better solvated by water, allowing easier

dissociation of host-guest complexes.

The esterase activity of the Zx(II) complexes of some of these amino-cyclodextrins was

investigated and it was found that the reaction of the cyclodextrin 30 with 4-nitrophenyl acetate

48 is inhibited by the presence of Zn(II) ion in the reaction mixture. The reaction between the

cyclodextrin 31 and the ester 48 is marginally enhanced in the presence of Zn(II) at neutral pH
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but is inhibired by Zn(II) at higher pH. The observed rate enhancement is most likely due to the

increased polarisation of the carbonyl bond of the ester in the presence of Zn(II) and not due to

the formation of a metallo-cyclodextrin hydroxy species'

The trans-acylation reactions of the crl-aminoalkylamino-cyclodextrins 21,22 and24

with the esters 48 and 52 involve the nucleophilic attack of the primary nitrogen on the ester

carbonyl to give N-acetylated derivatives. The site of reaction was confirmed by comparison of

the reaction products with authentic samples of the amides 53-55 prepared by an independent

synthesis. The non-protonated c¡-aminoalkylamino-cyclodextrin species is the major reactive

species in the trans-acylation reaction with the ester 48 as shown by pH dependence studies for

the reaction of the cyclodextrin 24.

The reactions of the cyclodextrin 24 with the esters 48 and 52lead to both N- and O-

acetylated cyclodextrin products. These reactions involve the prior inclusion of the esters 48

and52 within the cyclodextrin annulus and indicate that both "head-first" and "tail-first"

inclusion may occur, The product ratios for the reaction between the cyclodextrin 24 and the

ester 4g are in accord with the ratio of the rates for the reactions at a secondary hydroxyl and at

the primary nitrogen of the substituent of the cyclodextrin24. The product ratio suggests that

there is a 1:1 ratio of the two inclusion modes in solution at pH 9.1.

Addition of adamantane-l-carboxylate 59 to these reactions inhibits the trans-acylation

by competitive inhibition. 2D-ROESY NMR spectroscopy confirms that the adamantyl group is

included within the annulus of the cyclodextrin24 atp}l212'

The self-inclusion of a hydrophobic substituent attached to a cyclodextrin occurs readily

in aqueous solution. Depending on the shape and the hydrophobicity of the substituent relative

to that of an added guest, this self-inclusion can either increase or reduce, and in some cases

prevent, the inclusion of the added guest. The guest 4-methylbenzoate 37 is readily

accommodated within the annulus of the'cyclodextrin 24 while the 6-aminohexyl substituent is

included within the annulus, but no complexation of the guest 37 is observed with the 12-

aminododecyl amino-cyclodextrin 60. Complete inclusion of adamantane-1-carboxylate 59
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occurs with the total exclusion of the 6-aminohexyl substituent of the cyclodextrin 24 but when

the cyclodextrin 60 is the host, the guest 59 is only partially included within the annulus and

the l2-aminododecyl substituent is also partially included'

The reactions of the cyclodextrin 24 with the 4-nitrophenyl esters of a series of bulky

aliphatic acids yielded amide products where the substituent was found to be included within the

annulus of the cyclodextrin in aqueous solution. The substituent of the cubane amides 67 and

6g was readily displaced from the annulus of the cyclodextrin on addition of adamantane-1-

carboxylate 59 to a solution containing eithçr of the amides 67 and 68. The dimethyl cubane

substituent of the cyclodextrin 68 remained partially included in the presence of the guest 59.

The adamantyl cyclodextrin 69 formed an extremely stable self-inclusion complex. The

substituent could not be displaced by added adamantane-1-carboxylate 59. The cyclodextrin

69 may be a molecular knot, held together by mainly non-covalent forces, although there may

be a steric interaction holding the substituent inside the annulus. The effect of self-inclusion on

the host-guest chemistry of a substituted cyclodextrin depends on the relative size, shape and

hydrophobicity of the substituent and the added guest.

In solution, the linking group of the cyclodextrin dimer 72 is partially included within

the annulus of one of the cyclodextrin moieties. This self-inclusion is of such high stability that

the dimer 72 is asymmetric on the 600 MHz NMR time-scale When two equivalents of

adamantane-1-carboxylate 59 are added to this solution the linking group is displaced from the

annulus and a symmetrical 1:2 host-guest complex is formed between the cyclodextrin dimer

and adamantane- l-carboxylate 59.
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8.1. General

Melting points were determined using a Kofler hot-stage apparatus under a Reichert

microscope and are uncorrected. As cyclodextrin derivatives generally decompose without

melting above 180 "C melting points were not determined for these compounds.

Elemental analyses were carried out by the Microanalytical Service of the Chemistry

Department, University of Otago, Dunedin, New Zealand. Cyclodextrin derivatives were

characterised as the hydrates by adding whole molecules of water to the molecular formula to

give the best fit to the microanalytical data.

Infrared spectra were recorded on either a Hitachi 210-30 grating spectrometer or an

ATI Mattson Genesis FT-IR. The abbreviations strong (s), medium (m), weak (w) and broad

(b) are used in reporting the infrared data.

Unless stated otherwise lH and 13C NtvtR were recorded on a Bruker ACP-300

spectrometer operating at 300.145 MrHz (1H) or 75.4 MrHz (1:C). During the course of this

work the ACP-300 was modified by Varian to a Gemini 2000 system using the original Bruker

magnet. Other spectrometers used were a Varian Gemini 200 operating at 199'953 MHz (1H)

and 50.4 MHz (13ç¡ and a Varian Inova 600 operating at 599.915 MHz (tÐ and 150.7 MHz

(1¡ç;. The NMR spectra of cyclodextrin derivatives were recorded in D2O at concentrations of

0.06 mol dm-3 and the signals were referenced to aqueous trimethylsilylpropiosulfonic acid as

an external standard. For the pH dependence studies the spectra were initially recorded at pH

-9 (sample dissolved in D2O), NaOH was then added to give solutions pH>- 12 and finally

HCI was added to give solutions of pH < 2. Protons and carbons of the substituents are

labelled as shown in Figure E.1'

All 2D-ROESY NMR spectra were recorded on a Varian Inova 600 Spectrometer

operating at 599.951 MHz. using a standard sequence with a mixing time of 0'3 seconds.

Under these conditions cross peaks could be observed due to TOCSY interactions as well as

those due to nuclear Overhauser relaxation effects. During the course of this work new
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sequences which avoided these additional cross-peaks were tested but most of the 2D-spectra

reported below were obtained under the original conditions. The cyclodextrin (and the guest

when present) were dissolved in 0.1 mol dm-3 NaOH in D2O to give final concentrations of

0.06 mol dm-3 of each component and a final pH > 12. The resultant solutions were filtered

(0.22 ¡tm) and degassed by freeze-thawing before the spectra were recorded.
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Figure 8.1. Examples of the labelling of the protons and carbons of the substituents of the

modified cyclodextrins described below.

Electrospray mass spectroscopy (Electrospray-ms) was carried out at the Research

School of Chemistry at the Australian National University, Canberra, ACT. Samples were

dissolved in IOVo acetonitrile for injection and the cone voltage was set to 120 V.

Potentiometric titrations were carried out using a Metrohm Dosimat E665 titrimator, an

Orion SA 720 potentiometer and an Orion 8172 Ross Sureflow combination pH electrode that

was filled with 0.10 mol dm-3 NailO+. All titration solutions were saturated with nitrogen by

passing a fine stream of bubbles (previously passed through aqueous 0.10 mol dm-3 NaOH
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followed by 0.10 mol dm-3 NaCIO¿) through them for at least 15 minutes before the

commencement of the titration. During the titrations a similar stream of nitrogen bubbles was

passed through the titration solution which was magnetically stirred and held a|298.2 + 0'1 K

in a water-jacketed 20 cm3 titration vessel that was closed to the atmosphere except for a small

exit for nitrogen. In all titrations, standardised 0.100 mol dm-3 NaOH was titrated against

solutions that were 1 x 10-3 mol dm-3 in the species of interest, 5 x 10-3 mol dm-3 in HCIO¿

and 95 x 10-3 mol dm-3 in NaCIO¿ (/ = 0.1). Values of Eo and pK* were determined by

titration of a solution that was 1 x 10-4 mol dm-3 in HCloa and 9 x 10-4 mol dm-3 in NaClo+

against 0.100 mol dm-3 NaOH. Values of pKu were determined using the program

SUpEReUAn.lT3 At least three runs were performed for each system and at least two of these

runs ,were averaged; the criterion for selection for this averaging being thati/cz for each run was

< 12.6 at the 95Vo confidence level'

Ultra-violet spectroscopy was carried out with a Varian Cary 2200 spectrophotometer

with a cell block that was held at 298.2K.

Thin layer chromatography (TLC) was carried out on Kieselgel 60 F25a (Merck) on

aluminium backed plates. Unless otherwise stated, plates were developed with 7:l:5:4 vlv

ethyl acetate/propan-2-ol/ammonium hydroxide/water for the analysis of all cyclodextrin

samples. Compounds bearing amino groups were visualised by drying the plate then dipping it

into a solution of 0.5Vo ninhydrin in ethanol and heating it with a heat-gun. Cyclodextrin

compounds were further visualised by dipping the plate into a solution of lVo sulfuric acid in

ethanol and heating it with a heat-gun. Iodine vapou was also used to visualise cyclodextrins'

The value R" represents the R¡ of a cyclodextrin derivative relative to the R¡ of B-cyclodextrin.

Flash chromatography was carried out using Merck Kieselgel 60 (230-400 mesh

ASTM) as described in the literature.169

Squat column chromatography was carried out using Merck Kieselgel 60 PF254 thin

layer chromatography silica as described in the li¡s¡¿¡¡¡e.170' 171

Unless stated otherwise, reagents were obtained from Aldrich and were used without

further purification. 2-(2-(2-Aminoethyl)aminoethyl)aminoethylamine tetrahydrochloride

(trien.4HCl, Aldrich) was purified by two recrystallisations from ethanol/water' P-
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Cyclodextrin was a gift from Nihon Shokuhin Kako Co. and was dried by heating at 100 'C

under vacuum (< .01 Ton) for 18 hours. 6A-O-(4-Methylbenzenesulfonyl)-B-cyclodextrin 32

was prepared by the method of Matsui.85 The cubane derivatives 62, 63 and 70 were a gift

from Dr. John Tsanaktsidis. N,N-Dimethyl-formamide (DMF) was dried by distillation from

calcium hydride under reduced pressure and stored over freshly prepared 4,Ä' molecular sieves'

pyridine and 1-merhylpynolidin-2-one (NMP) were dried by distiltation from calcium hydride

but were not stored over molecular sieve as both solvents tend to extract material from the

sieves. Ether refers to diethyl ether.

8.2. Experimental for ChaPter 2

8.2.1. Preparation of lr4r7'triazacyclononane

1,2 -B i s - ( 4 -methy Ib enzene s ulfonat o ) e thanelj3

To a stirred solution of 1,2-ethanediol (I3.25 g,0.213 mol) in dry pyridine (150 cm3)

was added 4-methylbenzenesulfonic acid (S5.61 g, 0.451mol) in portions, such that the

reaction temperature was kept at 0 'C (ice-salt bath). The resultant mixture was left to stir at

room temperature for l8 hours during which time a thick precipitate had formed. The mixture

was shaken with an equal volume of ice and left to stand at 4 "C for 6 hours' The solid was

collected by vacuum filtration, washed successively with water (4 x 200 cm3), ethanol (2 x

100 cm3) and ether (2 x 100 cm3) and air dried. the crude product was recrystallised from

acerone to give the ditosylate (58.9 g,74.8Vo) as white needles. (mp 13I-I32 oç' 1¡¡103 123-

125"C). õg(CDCI¡)1.46 (d,J= 8lHz,4H);7'36 (d,,I= 8Hz,4H); 4.18 (s,4H);2'46(s,

6H). LR.(nujol) 1596 (w),1496 (w),1374 (s), 1362 (s),1310 (s), 1298 (w), 1192 (s)' 1i78

(s), 1094 (m), 1036 (m), 1018 (m), 978 (s), 816 (m), 798 (m), 770 (m), 668 (s), 592 (s)

cm-1.

N,N',N"-/r i( 4 -methylb enzene s uþnyt) d ie thy lenetriamine r03

A solution of 4-methylbenzenesulfonyl chloride (146 g,0.768 mol) in dry ether (700
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cm3) was added slowly over 5 hours to a mechanically stirred solution of diethylenetriamine

(25.Ig,O.243mo1) and sodium hydroxide (29.2 g,0.730 mol) in water (250 cm3)' The

reaction mixture was left to stir at room temperature for 16 hours. Methanol (400 cm3) was

added and the resultarrt precipitate was collected by vacuum filtration, washed with water (3 x

200 cm3) and methanol (2 x 200 cm3) and dried under vacuum to give the crude product

(g2.469) which was recrystallised from either methanol (-I2 9/800 cm3; or acetone

(-36 gl250cm-3) ro give the pure compound (54 E,39Vo) as white needles. (mp 180-181 'C,

fi¡103 Iß-115 "C). õH(CDCI¡) 7 .76 (d, "I = 8.3 Hz, 4H); 7 .61 (d, J - 8'3 Hz' 2H); 7 .3

(overlapping doublets, J= 8.3 Hz,6H);5.15 (t, J = 5.4H2,2H NHz); 3.17 (multiplet, 8H);

2.43 (s,9H). I.R.(nujol) 3288 (s), 1596 (s), 1496 (s), 1322 (s), 1308 (s), 1154 (s), 1092 (s)'

1078 (s),992 (s),940 (m),908 (m),830 (w),814 (s),748(m), 732(s),696 (s),668 (s) cm-l

1,4,7 -tri( 4 -methylbenzene sulfonyl) - 1,4,7 -trialacy clononane r03

Sodium hydride (2.2 g, 60Vo dispersion in oil, 0.055 mol) was added in one portion

under nitrogen to a stirred solution of N,N',N"-tri(4-methyl-benzenesulfonyl)-

dierhylenetriamine (14.16 g,0.025 mol) in dry DMF (250 cm3). After the initial vigorous

reaction was over the mixture was heated to 70 oC and left to stir for 2 hours. The mixture

was then heated to 105 oC and a solution of 1,2-bis-4-methylbenzenesulfonatoethane (9.26 g,

0.025 mol) in DMF (100 cm3) was added dropwise over 90 minutes. The resultant brown

solution was stirred at 105 "C for 5 hours then evaporated to dryness under vacllum' The

residue was triturated with water (750 cm3) and the solid which formed was collected by

vacuum filtration and washed successively with water (500 cm3), ethanol (3 x 25 cm3) and

ether (50 cm3) and air dried to give 15.2 g of a tan powder. This was suspended in boiling

ethanol (150 cm3) and boiling chloroform (-70 cm3; was added until all of the solid had

dissolved. The product crystallised as white needles (11.1 g, 75Vo). (mp222 oç, 1¡¡103 213-

220 "C). ôH(CDCI¡) 7.67 (d, 'I = 8'4H2, 6H); 7 '33 (d, 'I = 8'4llz' 6H); 3'42 (s' 12H);

2.44 (s,9H). ôc(CDCI¡) 143.93, 134.58, l2g.g0, 127.51, 51.88, 2L54. I.R. (nujol) 1596

(m), 1496 (m),1342 (s),1322 (s), 1186 (m), 1160 (s), 1120 (m), 1088 (s), 994 (s),930 (m),

900 (m), 882 (m), 868 (m), 818 (s), 710 (s), 690 (s), 642 (s) cm-l'
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l, 4,7 -Triazacy clononane T rihydro r¡¡or¡¿, lo3

A stirred suspension of I,4,7-Tri(4-methylbenzenesulfonyl)-1,4,7-triazacyclononane

( 1 1.06 g, 0.019 mol) in 9'87, sulfuric acid (30 cm3) was heated at 100 oC for 72 hours. The

resultant dark brown solution was cooled to 0 oC and ethanol (100 cm3¡ was added slowly.

On addition of ether (200 cm3) a gelatinous precipitate formed. This was collected by filtration

under nitrogen and washed with ether (3 x 25 cm3). The solid was dissolved in water

(60 cm3) and the resultant solution was heated on a steam-bath and treated with charcoal

(12 Ð. The charcoal was removed by filtration through Celite and the clear, tan coloured

solution was diluted to -1 L with water to give a solution at pH 2.0. This solution was passed

through a column of BioRad AG50V/-X2, H+form (3 x 18 cm). The amine band appeared as

a gold band at the top of the column. The column was washed with water (400 cm3) and 0.5

mol dm-3 HCI (400 cm3) and the amine was eluted with 1.5 mol drn-3 HCI taking 100 cm3

fractions. The fractions were analysedby TLC (8:1:1 acetic acid: chloroform: water) and

fractions containing the pure product were combined and concentrated to about 20 cm3, when

crystallisation began. Addition of ethanol (150 cm3) gave the product as a white solid

(3.168 g,7IVo). (mp255-258'C dec). ôn(DzO) 3'58 (s). õc(DzO) 44'26'

An amount of this material (I.156 g) was dissolved in 1 mol ¿^-3 potassium hydroxide

in brine (30 cm3) and this solution was extracted with dichloromethane (3 x 30 .-3¡. The

combined organic solutions were dried over sodium sulfate, filtered and the solvent was

removed under reduced pressure to leave 1,4,7-triazacyclononane as a yellow oil. Bulb to bulb

distillation (130 "C/6 mmHg) gave pure I,4,7-tiazacyclononane (0.74I g,78Vo).

8.2.2. Preparation of t,519'ftiazacyclododecane

1, 3 - B is - ( 4 -m e thy lb enzene s ulfonat o ) p r o p an el03

A solution of propan-1,3-diol (10g,0.136mol) in dry pyridine (25 cm3) was added

dropwise over 10 minutes to a vigorously stined solution of 4-methylbenzenesulfonyl chloride

(i5 g, 0,394 mol) in pyridine (160 cm3) cooled in an ice/salt bath (-10 "C) such that the

temperature did not rise above -5 oC. After the addition was complete stirring was continued
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for another 4 hours as the mixture slowly warmed to 5 oC. The reaction mixture was then

poured onto ice (1.3 dm¡) and the resultant mixture was stirred vigorously to coagulate the

precipitate that had formed. The precipitate was left to stand at 0 oC for 18 hours and was then

collected by vacuum filtration, rinsed thoroughly with water (1 dml) and air dried. The crude

product was recrystallised from ethanol (-300 cm3¡ to give the product as white needles

(4t.6 g, 82Vo). (mp. 93-94 oç, li1l03 9I-93'C). ôH(CDCI¡) 7.85 (d, J = 8. I Hz, 4H); 7 .45

(d, ,f - 8.1H2, 4H);4.17 (t, J = 6'0Hz,4H);2.56 (s, 6H);2'10 (pent, J = 6'0Hz,2H)'

ôc(cDCls) l44.gg, 132.51, 129.88, 121.76,65.80, 28.56, 2L54. I.R. (nujol) 1599 (m),

1499 (w), 1190 (m), 1174 (s), 1096 (w),946 (s),856 (s), 812 (s), 742 (s),664 (s) cm-1.

N,N',N"-fr i( 4 -methylb enlene s ulþnyt) - di( 3 - aminopropyl ) aminerj{

Freshlypurified4ffihloride(29.4g.0.155mol)wasaddedin

portions over 3 hours to a stirred solution of bis(3-aminopropyt)amine (5.2 9,0.040 mol)

and potassium carbonate (I2.4g,0.090mol) in water (250 cm3) heated at 60'C. The

reaction mixture was stirred at 60 "C for a further 3 hours and then left to stand at room

temperature for 18 hours. The precipitated solid was collected by vacuum filtration and

washed with water. The solid was then dissolved in dichloromethane (100 cm3) and the

solution was then washed successively with 1 mol dm-3 hydrochloric acid (100 cm3), water

(2 x 100 cm3) and brine (50 cm3), dried (Na2SOa) and evaporated under reduced pressure to

give the product as an oily solid. This was crystallised from ethanol to give the title compound

as a white solid (16.5 g,70Vo). (mp I l7- I2O oÇ, li¡104 119-120 'C). ôH(CDCI¡) 1 .11 (d, J

= 8.3 }Jz,4H);7.61 (d, J =8.3H2,2H);1.21 (d, "I = 8.3 Hz,6H);4.98 (broad singlet,

2H);3.07 (t, J = 6.9H2,4lH);2.91 (t, J = 6.2H2,4H);2.40 (s, 9H); 1.68 (tt, J = 6'9,

6.2H2, 4H). ôc(CDCI¡) 143.16, 143.44, 136.70, 135.39, 129.95, 129.92, 129.18,

t27.07, 126.98, 46.64, 40.I'7,29.01,21.50. I.R. (nujol) 3291 (s),3247 (s), 1597 (s), 1495

(s), 1337(s), 1309 (s), 1157 (s), 1091 (s), 1059 (w), 1005 (w),950 (s),943 (s), 821 (s),717

(s),687 (s) 659 (s) cm-l'
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l, 5,g -tri(4-methylbenzene s ulþnyl) - 1, 5,9 -triazacy clodode c ane 104

A mixture of N,N',N"-tri(4-methylbenzenesulfonyl)-di(3-aminopropyl)amine

(g.109 g, 0.0154 mol) and sodium hydride (2.72 g,60vo dlspersion in oil, 0'068 mol) in dry

DMF (150 cm3) was stined at room temperature until the first, vigorous reaction had slowed

and then at70 "Cfor t hour. The mixture was then cooled to room temperature and filtered

under nitrogen through Celite to remove the excess sodium hydride. The resultant clear, light

yellow solution was heated to 1 10 "C and a solution of 1,3-bis(4-methyl-

benzene-sulfonato)propane (6.00 g, 0.0156 mol) in dry DMF (75 cm3) was added dropwise

over t hour. The resultant clear, yellow solution was left to stir at 110 oc for a further

4 hours and then at room temperature for 18 hours. The solution was concentrated to 50 cm3

under reduced pressure when crystals began to form' \ùy'ater (400 cm3) was added and the

resultant precipitate was collected by vacuum filtration, washed with water (100 cm3), ethanol

(10cm3) and ether (50cm3) and air dried to give the crude product (9.125g,93'97o)' A

small amount of this material was recrystallised from chloroform/ethanol (-1:4) as needles

m.p. t72-173 "C (lit 171 "C). õH(cDCl¡) 7.64 (d, J = 8.1 Hz, 6lgr); 7.31 (d"r = 8'1 Hz'

6H);3.20 (t, J = 6.9H2, |2H);2,43 (s,9H); 1.90 (quintet, J = 6.9H2,6H). ôc(CDCI:)

143.58,135.09, 12g.78, 127.24, 45.46,26.30,21.41. I.R' (nujol) 1598' t496' 1378', 1304',

1158 (s), 1090, 1036, !020,968,g44,g20,846,816, 748,724,'108,692' 680' 658 cm-l'

I, 5,9-triazacyclododecane trihydrochloride

The crude 1,5,9-tri(4-methylbenzenesulfonyl)- 1,5,9-triazacyclododecane from above

(9.0 g) was stirred in 98vo sulfuric acid (25 cm3; at 110 'C for 80 hours then cooled to room

temperature and diluted with ethanol (75 cm3) and ether (200 cm3)' The resultant black

precipitate was collected by filtration under nitrogen and washed with ether (2x30 trrl3;' The

crude product was dissolved in boiling water (60 cm3), ffeated with charcoal (2 g) and the

mixture filtered through Celite to give a clear, pale yellow solution' This was diluted to

-1.600 L with water and loaded onto a column of BioRex AG50W-X8 (3 x 18 cm)' The

column was washed with water (500 cm3) and then eluted successively with 0'5 mol dm-3 HCI

(500 cm3), 1.5 mol dm-3 HCI (500 cm3) and 3 mol dm-3 HCI (700 cm3) taking 100 cm3

I
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fractions. The fractions were analysed by TLC and fractions containing pure amine (#11-18)

were combined and concentrated under reduced pressure to -2 cm3. The solution was diluted

with ethanol (100 cm3) and the resultant precipitate was collected by vacuum filtration and

rinsed with ethanol and ether to give the product as a white powder (1.89, 44.6Vo). (m'p. 230-

23I"C,lit 286"C). õH(DzO) 3.42 (t, ,I = 6.7 Hz, IZH); 2.29 (quint, J = 6.7 Hz, 6}l).

ôc(DzO) 43.8'7,21.93.

An amount of this material (1.635 g) was dissolved in I mol ¿--3 potassium hydroxide

in brine (30 cm3) and this solution was extracted with dichloromethane (3 x 30 .*3;. The

combined organic solutions were dried over sodium sulfate, filtered and the solvent was

removed under reduced pressure to leave I,5,7-triazacyclododecane as a yellow oil. Bulb to

bulb distillation (150'C/3 mmHg) gave pure 1,5,7-triazacyclododecane (0.817 g,80Vo).

8.2.3. Preparation of 6A- amino'substituted B'cyclodextrins '

General procedure for preparation of amino-substituted cyclodextrins.

A solution of 6A-O-(4-methylbenzenesulfonyl)-p-cyclodextrin 32 (2.0 g,

1.55 x 10-3 mol), potassium iodide (0.025 g, 0.15 x 10-3 mol) and the amine (5 x tO-3

mol) in dry N-methylpyrrolidin-2-one (NMP) (5 cm3 ) was stired at 70'C in a lightly

stoppered flask for 4-8 hours. The resultant light yellow solution was cooled to room

temperature and diluted with ethanol (100 cm3 ). The resulting precipitate was collected by

vacuum filtration, washed successively with ethanol (100 cm3) and ether (50 cm3) and dried

under vacuum to give the crude product. This material was dissolved in water (10 cm3) and

loaded onto a column (4.5 x 4.5 cm) of BioRex 70 1H+ form). The column was washed with

water (400 cm3) and the amino-cyclodextrin product was eluted with 1 mol dm-3 NHaOH.

Fractions containing the product were combined and evaporated to dryness under vacuum' The

residue was dissolved in water and the solution evaporated under reduced pressure to remove

excess ammonia (this procedure was repeated several times). The product was dried under

vacuum over P2O5 to give the amino-cyclodextrin in yields of 30-55Vo.

All of the syntheses of the amino-cyclodextrins described below were caried out by the
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procedure described in the general method. However, it was later found that the addition of

potassium iodide was not essential for obtaining good yields and so this reagent was omitted in

reactions carried in the later part of this work. Yields and reaction times were not affected by

the omission of potassium iodide.

#-(Z-(U¡s(2-aminoethyl)amino)ethyl)amino-6A-deoxy-B-cyclodextrin 2890

A mixture of the tosylate 32 (2.048 g, 159 x 10-3 mol), tris-(2-aminoethyl)amine

(0.74g,5.07 x 10-3mol) and KI (O.O24g) in NMP (5cm3) was treated according to the

general procedure to give the title compound as a white powder (LI92g,597o). Rc 0.31.

Electrospray-ms m/z 1263 (M+). (Found C, 43.84; H, 7.58; N, 4.40' Calculated for

28.3HzO (C+sHqzN qOlrø) C, 43.76; H,7.04 N, 4.25Vo.) õu(DzOA{aOH, pH - 14) 5.00

(bs, 7H + solvent, H1); 3.5 - 3.8 (m, 26H, H3, H5, H6); 3.1 - 3.4 (m, 13H, }l2, H4); 3'02

(t, J - 9.0H2,lH, H4A); 2.85 (d, J = l2.0Hz, IH, tt6A); 2.2 - 2.7 (m, 13H, H6A', trenH).

ôH(DzO, pH - 9) 5.05 (bs,7H, H1); 3.8 - 4'0 (m, 26H,IJ3, H5, H6); 3'5 -3'l (m, 13H,

H2,H4);3.41 (t,,I= 9.0H2, lH, H4A); 3.05 (d, J= ll.4Hz, lH, H6A); 2.4-2'9 (m,

13H, H6A', trenH). ôs(DzOlHCl, pH - 1) 5.00 (s, 7H, H1); 4.10 (t, J - 9'0lPr2,lH, H5A);

3.6 - 4.0 (m,25H, H3, H5, H6);3.4 - 3'6 (m, l4H,1912,H4);2.9 - 3'4 (m, 14H, H6A,

trenH). ôc(DzOA{aOH, pH - 14) 107.0, 106.6, 106.4, 105.2 (C1); 87.6 (C4A); 85.0, 84.8,

84.5,83.9 (C4):17,3,76,4,76.3, 15.2,14.9 (C2, C3, C5); 70.9 (C5A); 63'0 (C6); 59'8

(trenC3,3'); (56.9); 55.1 (C6A); 50.5 (trenC2); 46.2 (trenCl); 41.0 (trenC4,4'). ðç(D2O, pH

-g) IO4.i,tO4.3 (C1); 36.4 (C4A),84.0,83.6 (C4);75.9 (C2);14.9 (C3),74.1 (C5); 73.3

(C5A); 63.1 (C6); 58.7 (trenC3,3');55.7 (trenC}); 52.0 (C6A); 48.7 (trenCI); 40.1

(trenC4,4'). õc(DzOlHCl, pH - 1) 104.5,103.8 (C1); 85.8 (C4A); 84.2, 83.8,83.a (C4);

75.8,75.5,75.0,74.8,74.5 (C2, C3, C5); 10.2 (C5^); 63.6,63'1 (C6); 52'8 (trenC3,3');

51.5 (C6A); 51.3 (trenC2); 47.0 (trenCl); 38.6 (trenC4,4').

6A - Q - amin o e thy I ) ami n o - 6A - d e o xy - B- cy c I o d e xt r i n 2l

A mixture of the tosylate 32 (1.981g, 1.53 x 10-3mol, 1,2-diaminoethane (0.305 g'

5.08 x 10-3 mol) and KI (0.024 g) in NMP (5 cm3) was treated according to the general
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procedure except that the crude product, obtained from the ethanol precipitation, was dissolved

in water (10 cm3) and loaded onto a column (4.5 x 4.5 cm) of BioRex 70 (NH++ form). The

column was washed with water (120 cm3) and the product was then eluted with 0.05 mol dm-

3 NH¿HCO3. Fractions containing the product were combined and evaporated to dryness to

give the title compound as a white powder (1.005 g,56Vo). Rc0.62. Electrospray-ms

m/z llTl (M+). (Found C, 42.70; H, 6.67; N, 2.18. Calculated for 2l.3H2O

(C¿sHs¿N zOqù C, 42.92; H, 6.71; N,2.27Vo.) ôH(DzOlI{aOH, pH - 14) 4'87 (s' 7H +

solvent, Hl); 3.6-3.9 (m, 26H, H3, H5, H6); 3.3-3.5 (m, 13H, H2, H4); 3'17 (t' J =

g.4Hz, lH, H4A); 2.g4(d,J= I2.lHz, lH, H6A); 2.5-2.1 (m,5H, H6A" enH1, enH2)'

ôH(DzO, pH - l0) 5.07 (s, 7H, Hl); 3.8-4'0 (m,26H, H3, H5, H6); 3'5 - 3'7 (m, I3H,H2,

H4); 3.48 (t, J - 9.2H2,lH, H4A); 3.09 (d, J = ll.9 Hz, lH, H6A); 2.1-2.9 (m, 5H, H6A',

enHl, enH2). õH(DzOlHCl, pH - l) 5.0 (m,7H, H1); 4.17 (t,J=J.0Hz, IH, g5A;; 3.7

(m, 25H, H3, H5, H6); 3.5 (m, 20H, H2, H4, H6A, enH). ôc(DzOlNaOH, pH - la)

106.08, 105.80, 105.51 (C1); 87.37 (C4A); 84.70,84.63,84.51 (CÐ;76.79,J6.69,'76.00,

74.58 (C2, C3, C5);72.74 (C5A); 63.16 (C6); 53.a5 (C6n); 52.21 (enC2); 42.s0 (enCl).

ôc(DzO, pH - 10) 104.57, 104.28 (C1); S6.25(C4n); 83.85, 83.68 (CÐ; 15.79,75'73,

i4.ii,i4.5t (C2, C3, C5); , 73.17 (C5A); 62.99(C6);52.43 (C6A); 51.96 (enC2);42'21

(enCt). õc(DzOlHCl, pH - 1) 104.53,703.75 (C1); 85.74 (C4A); 84.20,83.82, 83.05 (Ca);

75.83,75.72,75.53,15.48,75.08, 74,75,74.65,74.49 (C2, C3, C5); 10.13 (C5A); 63'51,

63.11,63.07 (C6); 5L45 (C6A); 47.55 (enC2); 31.96 (enC1).

6A - ( 3 - amin o p r o py I ) amino - 6A - d e o xy - B- cy c lo de xt rin 22

A mixture of the tosylate 32 (2.052 g, 1.59 x 10-3 mol), 1,3-diaminopropane

(0.420 g,5.67 x 10-3 mol) and KI (0.026 g) in NMP (5 cm3) was treated according to the

general procedure to give the title compound as a white powder (0.792 g, 42Vo). Rc 0'50'

Electrospray-ms m/z I191 (M+). (Found C, 43.65; H, 6.85; N, 2.39' Calculated for

22.3HzO (Ca5H3aN2O¡z) C, 43.40; H,6.80; N,2.24Vo.) õn(DzOA{aOH, pH - 14) 4'97 (s,

7H, Hl); 3.8 (m, 26H,H3, H5, H6); 3.5 (m, I3H,}l2,H3,H4);3.30 (t, J = 9'1 Hz, lH,

u4A); 3.02 (d,J= l2.4Hz, lH, H6A); 2.72 (dd,J= 9.8, I2.4Hz, lH, H6A'):2.58
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(overlapping triplets , J = 7.0, 7.4ll¡ir2,4H, pnHl, pnH3); 1.59 (tt, J = ',|.O, 7 '4H2, 2H,

pnH2). ô¡¡(D2O, pH - 9) 5.06 (s, 7H, H1); 3.8-4.0 (m, 26H , H3, H5, H6); 3'5-3'7 (m'

l3H,HZ,H4);3.4I (t,,I= 9.2Hz,lH,H4A); 3.05 (d, J=I2.0H2, lH, H6A); 2.7-2.8(m,

3H, H6A', pnHl); 2,62 (d, J = 7.0]H2, 2H, pnH3); 1.67 (tt, J = 1'0, 7 '3 Hz, 2H, pnH2)'

õn(DzOlHCl, pH - 1) 5.13 (s, 7H, H1); 4.20 (t, J = 8. I Hz, lH, H5A); 3'8 - 4'0 (m' 25H'

H3, H5, H6); 3.5-3.7 (m, l4H, H2, H4);3.41 (m, 2H, H6A); 3'22 (t, J = 7'lHz,2H'

pnHl); 3.I3 (t, J = 7.4H2, 2H, pnH3); 2.I8 (tt, ur= J.l, 7'3H2, 2H, pnH2)'

ôc(DzOA{aOH, pH - 14) 105.40, 105.27,104.96 (Cl); 86.99 (C4n); 84.31,84.21,84'02

GÐ;76.35,75.54,74.58 (C2, C3, C5); 72,87 (C5A); 63'14, 62.91 (C6); 52'27 (C6A);

49.lo (pnc3); 41.40 (pnc1); 34.39 (pnC2). õs(D2O, pH - 9) 104.59, 104.27 (C1); 86'40

(C4A); 83.89, 83.61 (C4) 75.82,75.75,74,78,74.54 (C2, C3, C5);13.12 (C5n); 63.00,

62.88 (C6); 5z.zt (C6A); 49.18 (pnC3); 41.r5 (pnC1); 32.93 (pnC2). ôc(DzOlHCl, pH - 1)

IO3.7g, 103.05 (C1); 35.12 (C4\;83.40, 83.06, 82.34 (Ca); 75.09, J4.99, 14.81, l4'36,

74.05, 74.01, 73.91, 73,77, 73.10 (C2, C3, C5); 69.46, 62.68, 62.32 (C6); 50'41 (C6n);

47.28 (pnC3); 38.57 (pnC1); 25'57 (pnC2).

6A - Q - aminoburyl ) amino -64 - de oxy - þ- cy clode xtrin 23

A mixture of the tosylate 32 (1.403 g, 1.088 x 10-3 mol), l,4-diaminobutane

(0.340 g, 3.86 x 10-3 mol) and KI (0.020 g) in NMP (3.5 cm3) was treated according to the

general procedure to give the title compound as a white powder (0.619 g, 52Vo). Rc 0.63.

Electrospray-ms mlz 1205 (M+). (Found c, 44.88; H, 1.17; N, 2.17. Calculated for

23.2HzO (Ca6H3aN2O¡e) C, 44.51;H,6.82;N,2.25Vo.) ôH(DzOll{aoH, pH - 14) 4.73 (s,

7H, H1); 3.6-3.7 (m,26H, H3, H5, H6);3.2 - 3.3 (m, I3H,H2, H4); 3'03 (f'J= 9'0Hz'

lH, H4A); 23g (d,J= I1.8Hz, 1H, H6A); 2.3 -2.6 (m,5H,H64" bnHl, bnH4); 1'25

(bs,4H, bn[Z,bnH3). ôs(D2O, pH - 10) 5.03 (s,7lH,HI);3.8-4.0 (m,26H, H3, H5, H6);

3.5 -3.7 (m, 13H, H2,H4);3.39 (t, J=9.3H2, IH, H4A); 3.00(m,2H, H6A); 2'75 (m,

2H, bnHl);2.58 (m, 2H, bnH4); 1.52 (bs, 4H,bnH2, bnH3). ôU(DzOlHCl, pH - l) 4.9

(bs, 7H + solvent, H1); 4.06 (t, J = 9.0H2,1H, H5A); 3.6 - 3.9 (m, 25H, H3, H5, H6); 3'5-

3.6 (m, l4H,;g12,H4);3.40 (m,2H,U6A); 3.02 (bs,2H, bnHl);2'92 (bs,2H, bnH4); l'66
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(bs, 4H, bn[Z, bnH3). ôc(DzOlftaoH, pH - 14) 106.73, 106.44, 106.36, 706.27, 106.20,

106.05, 105.43 (Cl); 87.63 (C4n); 84.87, 84.67, 84.57,84.18 (CÐ; 17.28, 77.15, 7l '00,

i6.2t,76.12,74.71,74.64 (C2, C3, C5);11.87 (C5A); 62.92 (C6); 51.36 (C6A); 50.59

(bnc4); 43.19 (bnC1); 32.41 (bnC3); 28.53 (bnC2); ô6(D2O, pH - 9) 104.57, 104.21 (Cl);

86.30 (C4A); 83.88, 83.62 (Ca); 75.81, J5.66,'74.73,74.55 (C2, C3, C5); 73.08 (C5A);

62.99 (C6);52.13 (C6e); 61.64), (51.32),51.16 (bnC4); (43.69),42.52 (bnCl); (30'13),

(2g.56), (2g.05),28.48 (bnC}, bnc3). ôc@zolHCl, pH - 1) 104.53, 104.43, 103.75 (C1);

g5.g1 (C4A); 84.04, 83.73,83.04 GÐ; 75.73, 75.64, 75.46, 75.01, 14.67, 14.59, 74.43,

i4.33 (C2,C3, C5); 70.14 (C5n); 63.31,63.08, 62.91 (C6); 50.87 (C6n); 50.28 (bnC4);

41.41 (bnC1); 26.61,25.27 (bnC2, bnC3)'

6A - ( 6 - aminohexyl )amino -64 - de oxy - þ- cy clodextrin 24

A mixture of the tosylate 32 (L432g, 1.111 x 10-3 mol), 1,6-diaminohexane

(0.460 g,3.97 x 10-3 mol) and KI (0.016 g) in NMP (4 cm3) was treated according to the

general procedure to give the title compound as a white powder (0.700 g, SIVo). Rc 0.75.

Electrospray-ms m/z 1233 (M+). (Found C, 44'95; H, 1.2'7; N, 1'88. Calculated for

24.3HzO (CasHeeN2O¡z) C, 44.19;H,7.04;N,2.17Vo.) ôu(DzOA{aOH, pH - 14) 4.80 (s,

7H+ solvenr, H1); 3.5-3.8 (m,26H, H3, H5, H6);3.2-3.4 (m, I3H,}l2, H4); 3.11 (t,J=

g.3}jz,lH, H4A); 2.93 (d,J= l2.4Hz, !H, H6A); 2.65 (m,3H, H6A" hnH6); 2.46 (m,

2H, hnHl); 1.40 (m,4H, hnH2, hnH5); I'26 (m,4H, hnH3, hnH4)' ôs(D2O, pH - 9) 5'09

(s,7H, H1); 3.8 - 1 (m, 26H,]¡j^3, H5, H6); 3.5-3.7 (m, 13H, H2,H4);3'48 (t, J= 9'3Hz'

lH, H4A); 3.28 (d, J = 12.019'2, lH, H6A); 2.99 (m,3H, H6A', hnHl); 2'8i (bs, 2H,

hnH6);1.65 (m, 4H,hnE}, hnH5); 1.41 (m,4H, hnH3, hnH4). ôH(DzOlHCl, pH - 1) 4.80

(s,7H+solvent,Hl); 4.07 (t,J=9.5H2,lH,H54); 3.65-3.9 (m,25H,H3,H5,H6);3.4-

3.6 (m, l4H,H2,H4);3.22 (m,2H, H6A); 2.97 (m,2H, hnHl); 2.88 (m,2H, hnH6); 1'59

(m, 4H, hnH2, hnH5); 1.30 (bs,4H , hnH3, hnH4). ôc(DzOlNaOH, pH - 14) 106'64'

t06.Zg, 106.05, 105.91, 105.17 (C1); 87.42 (C4A); 84.76,84.68, 84.55, 84.38, 84'18,

83J2 (C4); 77.38, 77.25, 77.15, 76.26, 76.!4, 75.11, 74.95, 74.86, 14.74 (C2, C3, C5);

iLI6 (C5A); 62.85,62.68 (C6); (51.48), (50.27), (44.09), 43.29,34.71, (32.26), (30.84),
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(2g.16),28.96, (28.85), 28.56. ôç(D2O, pH - 9) IO4.3l, IO3.7I (C1); 85.39 (C4A); 83'72,

g3.61, 82.94 (C4);75.60,75.42,75.35,75.30, 15.25,74.49,74.33 (C2, C3, C5);71.66

(C5A), 62.76 (C6); 51.32 (C6A); 50.74 (hnC6); 41.90 (hnC1); 29.45,29.28, 28.19,21.91

(hnC2-5). ôc@zOlHCl, pH - 1) 104.54, 104.43, lO3.7I (C1); 35.80 (C4A); 83.91,83'12,

83.00 (CÐ; 75.74, 75.65, 75.45, 75.05, 74.69, '74.60, 74.43, 14.33 (C2, C3, C5); 70' i 1

(C5A), 63.21, 62.99 (C6); 50,Sa (C6A); 50.72 (hnC6); 42.02 (hnCl); 29.13,27.93,21.82,

27.75 (hnC2-5).

Ot -Q -Q - aminoethyl )amino ethyl) amino -64 de oxy - B- cy clodextrin 25

A mixture of the tosylate 32 (2.026 g, 1.57 x 10-3 mol), 2-(2-aminoethyl)-

aminoethylamine (0.538 g,5.27 x 10-3 mol) and KI (0.038 g) in NMP (5 cm3) was treated

according to the general procedure to give the title compound as a white powder (1.033 g,

54Vo). Rc0.62. Electrospray-ms m/z 1220 (M+). (Found C, 44.88; H, 6.75; N, 4'05'

calculated for 25.H2o (ca6H33N3O¡s) C, 44.62;H,6.15:N,3.39Vo.) ôH(DzOlNaOH, pH

- 14) 5.06 (s, 7H + solvent, H1); 3.5-3.8 (m, 26H, }j3, H5, H6); 3.I-3.3 (m, 13H, H2,

H4); 3.01 (t, J = 9.6, lH, H4A); 2.82 (d, J = 12.6, lH, H6A); 2.3-2.6 (m, 9H, C64',,

dienH). ô¡¡(D2O, pH - 9) 5.07 (s,7H, Hl); 3.8-4.1 (m, 26H,H3, H5, H6); 3'5-3'7 (m,

I3H,IJz,H4);3.44 (t,J= 9.2H2, lH, H4A); 3.07 (d, J= II'9H2, lH, H6A); 2.7 (m,

9H). ôs(DzOlHCl, pH - I) 4.9 (m, 7H * solvent, H1); 4.08 (t, J = 8.2H2, tt, ¡154); 3.6-

3.9 (m, 25H, H3,H5, H6); 3.6 - 2.5 (m, 24H). ôc(DzOlNaOH, pH - 14) 106'8, 106'5,

106.4,106.35, 106.3, 105.9 (C1); 8S.0 (C4A); 85.4,85.3,85.1,84.9 (C4);77'5,11.4,11'3

(c2);76.6 (C3);15.34,75.2,75.1 (C5); 72.8 (C5A);63.7 (C6); 53,9 (dienC3); 52'3 (C6^);

50.5, 50.3 (dienc1,2);43.1(dienC4). ôç(D2O, pH - 9) 104.6, 104.3 (C1); 86.4 (C4A);

83.g, 83.7 (C4);15.8,75.7,74.8,74.6 (C2, C3, C5); 73.2 (C5A); 63.0 (C6); 52.9 (C6\;

52.1 (dienC3); 50.6, 50.2 (dienc1, dienc2); 42.4 (dienc4). õç(D2olHCl) 104.45,

103.65(C 1); 85.68 (C4A); 84. 1 5, 83 :1 4, 82.96 (C4); 7 5.7 8, 7 5.7 3, 7 5.66, 7 5'48, l 5'42,

75.03, 74.76, 74.72,74.61,74.44,74.35 (C2, C3, C5); 70.10 (C5e); 63.53, 63.1'7, 63.06

(C6); 51.5S (C6A); 4i .34( dienC3); 46.33 (dienCl); 46.00 (dienC2); 38.04 (dienC4).
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O¡ -( S - ( S - aminopropyl) aminop ropyl) amino -64 - de oxy - B- cyclodextrin 26

A mixture of the tosylate 32 (1.991g, 1.55 x 10-3 mol), 3-(3-aminopropyl)-

aminopropylamine (0.460 g,3.97 x 10-3 mol) and KI (0.026 g) in NMP (5 cm3) was treated

according to the general procedure to give the title compound as a white powder (97 | mg,

50Vo). Rc 0.38. Electrospray-ms m/z 1248 (M+). (Found C, 45.11; H,6.52; N, 3.12.

calculated for26.2H2O (Ca3H3eN¡O:e) C,44.89;H,6.98; N,3.2lVo.) ôH(DzOlNaOH, pH

- 14) 4.87 (bs, 7H + solvent, Hl);3.1-4.0 (m, 26H, H3, H5, H6);3.4-3.6 (m' I3H,H2,

H4);3.27 (t, J = 9.6H2,lH, H4A); 2.98 (d, J = 12.6lPlz, IH, H6A); 2.4-2-7 (m, 9H, H6A"

dipnHl, dipnH3, dipnH4, dipnH6); 1.4-I'6 (m, 4H, dipnH2, dipnH5)' ôs(DzO, pH - 9)

4.91 (s,7H, H1); 3.7 -3.9 (m,26H, H3, H5, H6);3.4-3.6 (m, I3H,Il2,H4);3.26 (t,"I=

g.gHz, lH, H4A);2.90 (d,"r- ll.9Hz, lH, H6A); 2.4 -2.1 (m,9H (H6n', dipnHl,

dipnH3, dipnH4, dipnH6); 1.53 (m,4H, dipnH2, dipnH5). ôH(DzolHCl, pH - 1) 5.10 (s,

7H+solvenuHl); 4.22(t,J=9.2H2, IH,H5o)t 3.8-4.1 (m,25H,H3,H5,H6),3.5-3.1

(m, 15H, H2,H4, H6A); 3.42 (dd,J= !2.8,92H4 lH, H6A'); 3.20 (m,8H, dipnHl,

dipnH3, dipnH4, dipnH6); 2.18 (m,4H, dipnH3, dipnH5). ôc(DzOA{aOH, pH - 14) 105.3,

105.1, 104.8 (C1); 36.9 (C4A); 84.3,84.2, 33.9 (C4); 76.3,76.1 (C2);15.a (C3);1a'1 (C5);

72.8 (CsA); 62.1 (C6); 52.0 (C6A); 49.3, 49.2, 48.9 (dipnCl, dipnc3, dipnc4); 41.5

(dipnc6); 34.5,31.0 (dipnC2, dipnc5). ôç(D2o, pH - 9) lo4.5l, 104.16 (C1); 86.3a (C4A);

83.88, 83.53 (C4); 15.18,74.78,74.72,74.60 (C2, C3, C5);13.02 (C5A); 63.01 (C6);

51.97(C6A); 49.4r, 49,29, (49.07), 48.19, (48.48), 4L21, (41.18) (dipncl, dipnc3,

dipnc4, dipnc6); 33.30, (31.52), 30.75, (30.24) (dipnC2, dipnc5). ôc(DzO/HCl, pH - 1)

t}4.4g, t03.gZ (Cl); 85.83 (C4n); 84.15, 83.84, 83.20 (Ca); 75.83,75.J5,15.55,15.09,

74.7'.7, 74.69, 74.54, 14.46 (C2, C3, C5); 70.19 (C5n); 63.48, 63.14 (C6); 51'14 (C6n);

41.96, 41.45, 41.34 (dipnCl, dipnC3, dipnc4); 39.32 (dipnC6); 26.44,25.18 (dipnC2,

dipnC5).

A¡-Q-Q-Q-aminoethyl)aminoethyl)aminoethyl)amino-64-deoxy-B-cyclodextrin 27

A mixture of 2-(2-(2-aminoethyl)aminoethyl)aminoethylamine .4HCl (0.855 9,292 x

10-3 mol) and sodium hydroxide (0.474mg, 11.85 x 10-3 mol in ethanol (30cm3) was
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stirred at room temperature for 15 minutes. The mixture was filtered and the collected solid

was washed with ethanol (10 cm3). The combined filtrates were evaporated under reduced

pressure to give the free amine as a yellow oil. This was dissolved in NMP (5 cm3) and the

tosylare 32 (l.ll9 9,0.868 x 10-3 mol) and KI (0.024 g) were added to the solution. The

resultant mixture was treated according to the general procedure to give the title compound as a

white powder (0.446 g,4IVo). Rc 0.28. Electrospray-ms m/z 1263 (M+). (Found C,44'83;

H, 6.89; N,4.42. Calculated fot 27.H2O (Ca3H33N+O¡s) C, 44.99; H, 6.92; N,4'37Vo')

ôH(DzOAtaOH, pH - 14) 5.0 (s,7H + solvent, H1); 3.5-3.9 (m,26H, H3, H5, H6); 3.3-3'5

(m, 13H, H2,H4);3.13 (t, J = 9.OHz,1H, H4A); 2.93 (d, J = l}Hz, IH, H6A); 2.5 - 2.7

(m, 13H, H6A', trienH). ô¡¡(D2O, pH - 9) 5.08 (s,7H, H1); 3.8-4.0 (m,26H, H3, H5, H6);

3.5 - 3.1 (m, 13H, H2,H4);3.46 (t,"/= 8.1H2, lH, H4A); 3.06 (d, J= II'6H2, IH,

H6A); 2.4 - 2.9 (m, 13H, H6A', trienH). ôn(DzOlHCl, pH - I) 4.95 (bs, 7H + solvent, H1),

4.08 (t,J= 9.0H2, lH, H5A);3.6-3.9 (m,25H, H3, H5, H6);3.2-3.6 (m, 28H).

ôc(DzOA{aOH, pH - 14) 106J,106.3, 106,2, 105.8 (C1); 87.9 (C4A); 85.2,85.1,85'0,

8a.S (Ca); 77 .3, 7l .I (C2); 76.5 (C3); 75.3, 75.2,75.1 (C5); 73.0 (C5A); 63.6 (C6); 53.9

(trienCl?); 52.2 (C6A); 50.6, 50.2 (trienC2-5),43.1 (trienC6). ôc(DzO, pH - 9) 104.55,

to4.tg (c1); 86.31 (C4n); 83.88, 83.63 (C4); 75.S1,J5;74,74.75,14.56 (C2, C3, C5);

73.08 (C5A); 63.01 (C6);52.69 (C6n); 52.01, (5L32),50.51, 50.30, 50.21, (49.95),

(43.02), 42.35. ôc(DzOlHCl, pH - l) 104.48, 103.62 (C1); 35.71 (C4n); 84.25, 83.82,

83.76, 82.95 (CÐ; 75.73, 75.65,75.47, 75.37, 15'07, 74.69,'74.41, 74.40 (C2, C3, C5);

7O.II (C5A); 63,57,63.03 (C6); 51.59 (C6A);4'7.31,46.19,45.98,45.88,37.94.

6A - ( l, 4, 7 - t riaza cy c lono n- t -y I ) - 6A - de o xy - B - cy cl o d e xt r in 29

A mixture of 1,4,7 triazacyclononane.3Hcl (1.014 g,4.28 x 10-3 mol) and potassium

hydroxide (0.261 g,4.65 x 10-3 mol) in ethanol (40 cm3) was stirred at room temperature for

15 minutes. The mixture was filtered and the collected solid was washed with ethanol

(10 cm3). The combined filtrates were evaporated under reduced pressure to give the free

amine as a yellow oil. This was dissolved in NMP (5 cm3) and the tosylate 32 (L945 g,

1.51x 10-3 mol) and KI (0.025 g) were added to the solution. The resultant mixture was
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treated according to the general procedure except that the crude product isolated after the ethanol

precipitation step was dissolved in a solution of triethylamine (1.5 cm3) in water (10 cm3) and

the cyclodextrins were then precipitated by addition of ethanol (100 cm3). The crude product

was then purified by ion exchange as for the general procedure to give the title compound as a

white powder (0.630 g,33Vo). Rc 0.38. Electrospray-ms m/z 1246 (M+). (Found C,44'59;

H, 6.83; N, 3.30. Calculated for 29.3H2O (CasHseN¡O¡z) C,44.34; H, 6.90; N,3.23Vo.)

ôH@zOlNaOH, pH - 14) 5.0 (bs, 7H + solvent, H1); 3.5-3.9 (m,26H, H3, H5, H6);3.2-4.4

(m, 13H, H2,H4);2.9-3.1 (m, 2H, H4A, H6A);2.3-2.7 (m, 7H, H6A', tacnH). ô¡1(D2o, pH

- 9) 5.0 (s, 7H, Hl);3.7-4.0 (m, 26H,H3, H5, H6); 2.1-3.1 (m,23H, H4A, H6A, tacnH)'

ôH(DZOIHCI, pH - 1) 3.96 (bt, lH, U5A); 3.5-3.8 (m, 25H, H3, H5, H6); 3.0-3.4 (m' 23H'

IJz,H4, H6A, tacnH). õc(DzOA{aOH, pH - 14) 107.0, 106.6, 106.3, 106.0, 104.8 (C1);

g7.8 (C4A); 85.2, 85.1, 84.9, 83.7 (C4); 77.5, 77.2, 16.7, 76.4, 76.3, 15.6, l5'0, J4.8,

(c2, c3, c5); 13.7 (C5A); 63.3 (C6); 6L7, 60.5, 58.1, 57.4,55.5, 55.3, 54'6, 49.8, 49.4,

47.2. ôc(DzO, pH - 9) 104.7,104.6,104.0 (C1); 86.3 (C4A); 83.9,83.3, 83'l (C4);75-9,

75.6,74.7 (C2, C3, C5);72.9 (C5A); 63.0 (C6); 59.4, 58.6, 56.2, 54.4, 53'2, 52.8, 50.6,

49.0,48.3,46,5,45.6. ôc(DzOlHCl, pH - I) 104.4, 103.8 (C1); 36'5 (C4A); 84'0, 83'8,

83.7, 83.1 (Ca); 75,8,75.7,75.4,75.2,74:7,74.5 (C2, C3, C5); 71.6 (C5A); 63'4, 63'0

(C6); 56J (C6A); 50.0 (tacnCl); 45.8, 44.4 (tacnC2 tacnC3).

When this reaction was carried out using I,4,1-triazacyclononane that had been purified

as described above (5.2.1) and without addition of potassium iodide to the reaction mixture a

yield of 52Vo was obtained. The product of this reaction was identical to that described above

in all respects.

6A - ( l, 5, g - t ri azacy c I o do de c an- I -yl ) - 6A - d e o xy - þ- cy c I o de xt r in 30

A mixture of 1,5,9-triazacyclododecane.3HCl (1.451g,5.18 x 10-3 mol) and sodium

hydroxide (0.625 g,15.62 x10-3 mol) in ethanol (30 cm3) was stirred room temperature for

90 minutes. The mixture was filtered and the collected solid was washed with ethanol

(10 cm3). The combined filtrates were evaporated under reduced pressure to give the free

amine as a yellow oil. This was dissolved in NMP (5 cm3) and the tosylate 32 (2.081 g,
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1.61 x 10-3 mol) and KI (0.030g) were added to the solution. The resultant mixture was

treated according to the general procedure to give the title compound as a white powder

(0.709 g,34Vo). Rc 0.75 Electrospray-ms m/z 1288 (M+). (Found c,45.28; H, 7.34; N,

3.15. Calculated for 30.4H2O (CsrHszNsO¡s) C, 45.03; H, 7.18; N,3.087o.)

ôH(DzOlNaOH, pH - 14) 4.9 (bs, 7H+solvent, H1); 4.14 (t, J = 6.0Hz, IH, H5A); 3.7-4.0

(m,25H, H3, H5, H6); 3.I7 (t,J = 6.0 Hz, llH, H4A); 2.88 (d, J= 15Hz, IH,¡16t¡;2.64

(m, 13H, H6A', tacdoHl, tacdoH3, tacdoH4); 1.66 (m, 6H, tacdoH2, tacdoH5). ôU(DZOI- I

eqHCl,pH-8.5)5.09(s,7H+solvent,Hl); 4.26(t,"I=9.0H2, lIH., H5o); 3'8-4'2(m,

25H,H3, H5, H6); 3.5-3.1 (m, 13H, H2,H4);3.39 (t, J = 9.0H2, IlH, H4A); 2'5-3'2 (m,

14H, H6A, tacdoHl, tacdoH3, tacdoH4); I.6 - 2.0 (m, 6H, tacdoH2, tacdoH5). õg(DzOl- 2

eq HCl, pH - 6.0) 5.07 (bs,7H, H1); 4.25 (t,J=9.0H2, lH, H5A); 3.8-4.1 (m,25H, H3,

H5, H6); 3.5-3.1 (m, 13H, H2, H4); 3.43 (f, J = 9.0H2, IH, H4A); 2]-3.3 (m, 14H, H6A,

tacdoHl, tacdoH3, tacdoH4); L7-2.2 (m,6H, tacdoH2, tacdoH5). ôH(DzO/HCI, pH - 1) 5'0

(bs, 7H+solvent, HI); 4.33 (bt, lH, H5A); 3.1-4.0 (m 25H, H3, H5' H6);3.2-3.6 (m,27H,

H2, H4, H6A, tacdoHl, tacdoH3, tacdoH4); 2.2 (broad, 6H, tacdoH2, tacdoH5).

ôc(DzOA{aOH, pH - 14) 106.9, 106.6, 106.4,106.3, 105.8, 105.1,104.3 (C1);81.7 (C4A);

85.2, 85.1, 85.0, 84.9,84.5,84.3,829 (CÐ;71'4,77'2, JJ.I,71.0,76.9,76'8, J6'7,

J6.5, J6.3,76.r,75.4,75.r, 74.9 (C2, C3, C5);72.5 (C5A); 63.4, 63.1 (C6); 55'9 (C6n);

54.6 (tacdoCI);48.7,48.6 (tacdoC3, tacdoC4);28.0,26.5 (tacdoC2, tacdoC5). ôc(DzOl-1

eq HCl, pH - 8.5) 104.8, 104.5, 103.4, 103.0 (C1); 86.a (C4A); 84'1, 83.9,83"7,83.6,

82.5 (C4); 76.1,76.0, 75.9, 75.6, 74.9, l4.J (C2, C3, C5); 70.5 (C5A); 63.3, 63.2 (C6);

54.3 (C6A); 51.9, 49.0 (tacdoCl, tacdoC3, tacdoC4);26.6,25.4 (tacdoC2, tacdoC5).

ðc(DzOl-2 eqHCI, pH - 6) 104.8, 104.7,103.7 (C1); 86.5 (C4A); 84.1, 83.9, 82.6 (C4);

76.1,76.0, J5.9,75.8,15.6, 74.9,14.8 (C2, C3, C5); 10.7 (C5A); 63.4, 63.2 (C6); 53.8,

(53.1), 47.5 (broad), (45.7) (C64, tacdoCl, tacdoC3, tacdoC4); 25.1 (broad),23.9 (broad)

(tacdoc2, tacdoc5). ôc(DzolHCl, pH - I) IO4.g. 104.7, 104.6, 103.1 (C1); 36.3 (C4A);

84.3, 84.0, 82.8 i(Ð; 76.1, 76.0, 75.9, 75.6, J5.2, 75'0, 74.1, 74'6 (C2, C3, C5); 70'0

(c5A); 63.8,63.3 (C6); 53.6, 50.9 (broad), 47.5,45.2,43.9 (C64, tacdoCl, tacdoc3,

tacdoC4); (25.4),23.7 , 19.9 (tacdoC2, tacdoC5).
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When this reaction was carried out using I,5,9-triazacyclododecane purified as

described above (5.2.2) and without addition of potassium iodide to the reaction mixture a yield

of. 5OVo was obtained. The product of this reaction was identical to that described above in all

respects.

6A - d e oxy -6A - ( 1, 4, 7, I 0 - t e t raazacy c lo do de c an - I -y I ) - þ - cy clo de xtrin 3l

A mixture of I,4,7,|}-teftaazacyclododecane sulfate (1.S45 g, 5.0 x 10-3 mol) and

sodium hydroxide (0.784 g, 19.6 x 10-3 mol) was stirred in ethanol (40 cm3) at room

temperature for 90 minutes. The mixture was filtered and the collected solid was washed with

ethanol (10 cm3). The combined filtrates were evaporated under reduced pressure to give the

free amine as a yellow oit. This was dissolved in NMP (5 cm3) and the tosylate 32 (2.177 g,

1.69 x l0-3 mol) and KI (0.024 g) were added to the solution. The resultant mixture was

treated according to the general procedure to give the title compound as a white powder

(0.759 g,34.8Vo). Rc 0.31. Electrospray-ms m/z 1289 (M+). (Found C,44.16; H, 7.10: N,

4.36. Calculated for 31.3H2O (CsoHq¿N¿O¡z) C, 44.71; H, 7'05; N,4.I7Vo')

ôH(DzOA{aOH, pH - 14) 4.9 (s, 7H+solvent, H1); 3.6-3.9 (m, 26H, H3, H5, H6); 3-2-3'5

(m, 13H, H2, H4);3.09 (t, J = 8.7 Hz, l1g', tt4A); 2.2-2.8 (m, 18H, H6A, cyclenH).

ôs(DzO, pH - 10) 5.03 (bs,7H, H1); 3.7-4.0 (m,26H, H3, H5, H6); 3.5-3.7 (m, l3H,H2,

H4);3.41 (t, J = 9.3H2,1H, H4A); 2.4 - 2.9 (broad, 18H, H6A, cyclenH). ôu(DzOlHCl,

pH - 1) 4.9 (s, 7H + solvent, H1); 4.07 (t, J = 9.4 Hz, lH, H5A); 3'4-3.9 (m, 25H, H3, H5,

H6); 2.9-3.5 (m, 32H, H6A, cyclenH). ôc(DzOll'{aOH, pH - 14) 106.9, 106.8, 106'6,

t06.4, 105.7,105.3, 104.4 (C1); 36.35 (C4n); 85.2, 85.0,84.J,84.6, 84.0,82.6 (C4);

77.9,77.7,'/J.5,77.4,77.2,77.1,76.8,76.6,76.4, 16.r,76.0,75.8, 15.6, 15.2,75.r

(C2, C3, C5);74.ø (C5A); 63.1, 62.9, 62.8 (C6);59.0 (C6A); 55.0, (50.2), 48.0, 41.1, 46.1

(cyclenC). ôç(D2O, pH - 10) IO4.g, 104.6, 104.3, 104.2, 103.8(C1); 85.6 (C4A); 84.1,

83.6, 83.5, 82.2 (C4);16.4,76.1, 76.0, 75.8, 75.5,75.4, 75.2, 75.1, 74.9, 14.6, 14.5 (C2,

c3, c5); 73.5 (C5A); A9.1, 63.0, 62.8 (C6);58.3 (C6A), 54.3, (50.2), 48.2, 46.9, 46'2

(cyclenC). ôc(DzOlHCl, pH - 1) 104.5 , 104.4. 104.3,103.6 (C1); 86'4 (C4A); 84'0,83.7,

83.6, 82.6 (C4); 75.9,'75.8, 75.6, 75.5, J5.3, 75.2, 14.9, 74'8, 74.1 , 74.6, 74.4, 74.3, '74'2
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(CZ, C3, C5); 70.9 (C5A); 63.6,63.2,63.0 (C6); 56.2 (C6A); 51.5 (cyclenCl);45.7,45.4,

44.9 (cyclenC2-4).

8.2.4. 2D-ROESY spectroscopy of inclusion complexes.

8.2.4.1. Self-inclusion of the substituent

Inclusion of the substituent in 6A-@-aminohexyl)amino-6A-deoxy-þ-cyclodextin 24

lD proton spectrum data: ô¡1 4.80 (s,7H+ solvent, H1); 3.5-3.8 (m,26H, H3, H5,

H6);3.2-3.4 (m, I3H, H2, H4); 3.11 (t, J = 9'3H2, IH, H4A); 2.93 (d, J = L2'4H2, IH,

tt6A); 230 (m,1H, H6A'); 2.65 (m,2H, hnH6);2.46 (m,2H, hnHl); 1.40 (bs, 4H, hnH2,

hnH5); 1.26 (bs, 4H, hnH3, hnH4).

2D ROESY cross-peaks: õ¡1 1.26 (hnH3,4) shows cross-peaks with 1.40 (hnH2,5),

2.46 (hnHl),2.65 (hnH6),3.7 (H5),3.8 (H3); l'40 (hnH2,5) shows cross-peaks with 1'26

(hnH3,4), 2.46 (hn[l),2.65 (hnH6), 3.7 (H5), 3.S (H3); 2'46 (hnlJ.l) shows cross peaks

with 1.26 (hnH3,4), 1.4 (hnn2,5), 3.9 (HSe \;2.65 (hnH6) shows cross-peaks with 1.26

(hnH3,4), L4 (hnHZj),3.7 (H5), 3.8 (H3).

Inclusion of the substituent in 6A-(3-(3-aminopropyl)aminopropyl)amino-64-deoxy-þ-

cyclodextrin 26

lD proton spectrum data: ôg 4.87 (bs,7H + solvent, H1); 3.7-3.9 (m,26H, H3, H5,

H6); 3.4-3.6 (m, l3:H, H2, H4); 3.21 (t, J = 9.6H2, lH, H4A); 2.98 (d, J = 12'6H2, IH,

tt6A); 2.65 (dd, J = 9.0, 12.6 1g1z, lH, H6A'); 2.58 (t, J = 6.6 Hz,2H, dipnH6) 2.48 (m, 6H,

dipnHl, dipnH3, dipnH4); 1.5 (m,4H, dipnH2, dipnH5).

2D ROESY cross-peaks: ô¡¡ 1.5 (dipnH2, dipnH5) shows cross-peaks with 2.6-2.4

(dipnHl, dipnH3, dipnH4, dipnH6), 2.65 (H6A),3.7-3.9 (H3, H5); 2.48 (dipnHl, dipnH3,

dipnH4) shows cross-peaks with 1.5 (dipnH2, dipnH5),2.65 (H6't';, 2.98 (H64),3.7-3.9

(H3, H5); 2.58 (dipnH6) shows cross-peaks with 1.5 (dipnH2, dipnH5),3.7-3'9 (H3' H5);

2.65 (H6A') shows cross-peaks with 2.48 (dipnHl, dipnH3, dipnH4), 2.98 (H6\, 3.21
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(H4A), 3.9 (H5a); 2.98 (H6A) shows cross-peaks with 1.5 (dipnH2, dipnH5),2.48 (dipnHl,

dipnH3, dipnH4), 2,65 (H6^\,3.1-3.9 (H3, H5); 3.21 (H4A) shows cross-peaks with 2.65

(H6n'¡. 3.7-3.g (H3, H5) shows cross-peaks with 1.5 (dipnH2, dipnH5), 2'48 (dipnHl,

dipnH3, dipnH4), 2.58 (dipnH6),2.98 G6A).

8.2.4.2. Host-guest complexes of substituted cyclodextrins.

Inclusion of 4-methylbenzoate 37 in 6A-6-aminohexyl)amino-64-deoxy-B-cyclodextrin 24

lD proton spectrum data: ô¡1 7.80 (d, J ='1.8lfl12,2H, ArH2); 7.29 (d,J =J.8Hz,

2H, ArH3); 5.00 (m,7H + solvent, H1); 3.6-3.9 (m,26H,H3, H5, H6), 3'4-3'6 (m' 13H'

IJ2, H4); 3.26 (t, J = 9.6 :Hz, IH, H4A); 2.gg (d, J = I3.2 Hz, IlP^, H6A); 2'71 (m, IH,

H6A'); 2.64 (t, J =',1.2 Hz,2H, hnH6); 2.45 (t, J = 7.2 Hz,2H, hnHl); 2.41 (s, 3H, Me);

1.4-1.5 (m, 4H, hnH2, hnH5); 1.2-1.3 (m, 4H, hnH3, hnH4).

2D ROESY cross-peaks: ôs L2-1.3 (hnH3,4) shows cross-peaks with 1.4-1.5

(hnH2,5), 2.45 (bn[l),2.64 (hnH6), 3.8 (H5), 3.9 (H3); 1.4-1.5 (hnH2,5) shows cross-

peaks with 1.2-L3 (hnH3,4), 2.45 (hnHl),2.64 (hnH6), 3.8 (H5), 3.9 (H3); 2.41 (Me)

shows a cross-peak with 1.29 (ArH3); 2.45 (hnHl) shows cross-peaks with l-2-1.3

(hnH3,4), 1.4-1.5 (hnH2,5),3.8 (H5),3.9 (H3); 2.64 (hnH6) shows cross-peaks with l'2-

1.3 (hnH3,4), 1.4-L5 (hnH2,5),3.8 (H5),3.9 (H3); 2.71 (H6A') shows a cross-peak with

3.26 (H4A):3.26 11¡4A) shows a cross-peak with 2.71 (H6A'); 3.8 (H5) shows cross-peaks

with 1.2-1.3 (hnH3,4), L4-1.5 (hnH2,5),7.29 (AtH3),7.80 (ArH2); 3.9 (H3) shows cross-

peaks with i:.2-L3 (hnH3,4), 1.4-1.5 (hnH2,5),2.45 (hnHI),2.64 (hnH6),7.29 (ArH3)'

7.80 (ArH2);7.29 (ArH3) shows cross-peaks with 2.41 (Me),3.8 (H5),3.9 (H3)' 7'80

(ArH2); 7.80 (ArH2) shows cross-peaks with 3.8 (H5), 3.9 (H3), 7.29 (AtH3).

Inclusion or 6 )-2 -phenylpropionate (s)-3s in 6A -( 6 -aminohexyl )amino -64 - d e oxy - þ-

cyclodextrin 24

lD proton spectrum data: ô¡¡ 7.30 (m, 4H, ArH2,2' , ArH3,3');1.22 (m, 1H, ArH4);

4.92 (bs,7H+ solvent, Hl);3.6-4'0 (m, 26H,H3, H5, H6); 3'58 (q, J =7'2 Hz' crCH);
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3.2-3.5 (m, 13H, H2,H4);3.19 (t, J =9.6H2,LH, H4A); 2.93 (d, J = 12.6Hz, IIF^, H6A);

2.67 (dd,J =12.6,9.5Hz,lH, H6A'); 2.62(t,J =7.2Hz,2H, hnH6); 2.45 (t,J =J'8Hz,

2H, hnHl);1.39 (m,4H, hnH2, hnH5); 1.36 (d, J =7.2H2,3H, uMe); I'25 (m,4H, hnH3,

hnH4).

2D ROESY cross-peaks: ô¡1 1.25 (hnH3, hnH4) shows cross-peaks with 1.39 (hnH2,

hnHs),2.45 (hnHl),2.62 (hnH6), 3.7(H5), 3.75 (H3); 1.36 (crMe) shows a cross-peak with

3.58 (crCH); 1.39 (hnH2, hnH5) shows cross-peaks with 1.25 (hnH3, hnH4), 2.45 (hnHl)'

2.62 (hn;g16), 3.7(H5), 3.75 (H3); 2.45 (hnH1) shows cross-peaks with 1.25 (hnH3, hnH4),

1.39 (hnH2, hnH5), 3.7(H5), 3.8 (H5n); 2.62 (ltnlHr6) shows cross-peaks with 1'25 (hnH3,

hnH4), 1.39 (hnH2, hnH5), 3.7(H5), 3.75 (H3); 2.67 (H6A') shows cross-peaks with 2'93

(H6A), 3.19 (H4A);2.93 11¡6A) shows cross-peaks with 2.67 (H6A'),3.1 (H5), 3.8 (H5A);

3.19 Ë44) shows cross-peaks with 2.67 (H6A'),3.75 (H3), 3.8 (H5A); 3.58 (crCH) shows

cross-peaks with 1.36 (aMe),7.30 (ArH2,2', ArH3,3'); 3.7 (H5) shows cross-peaks with

1.25 (hnH3, hnH4), 1.39 (hnH2, hnH5), 2.62 (hnH6),7.30 (ArH2,2" ArH3,3'); 3.15 (H3)

shows cross-peaks with 1.25 (hnH3, hnH4), 1.39 (hnH2, hnH5), 2.62 (hnH6), l'30

(ArH2,2" ArH3,3',); 3.8 (H5A) shows cross-peaks with 2.45 (hnHl),2.93 (H6A), 3.19

(H4A); 7.30 (ArH2,2', ArH3,3') shows cross-peaks with 3.58 (ctCH), 3'75 (H3).

Identical spectra were recorded for the complex formed between (R)-2-

phenylpropionate (R)-3S and the cyclodextrin 24.

Inclusion of 4-methylbenzoate 37 in 6A-Q-(2-aminoethyl)aminoethyl)amino-6A-cleoxy-þ-

cyclodextrin 25

lD proton spectrum data: ô¡1 7.68 (d, J =7.8H2,2H, Ho); 7'18 (d, J =l'8H2,2H,

Hm); 4.83 (m, 7H, H1); 3.5-3.8 (m, 26H,H3, H5, H6); 3'3-3'5 (m, 13H, Il2,H4);3'14 (t'

J = g.6 Hz, lH, H4A); 2.83 (d, J =I3.2 Hz, I]H, H6A); 2.4-2.6 (m, 9H, H6A', dienH2-4);

2.3I (s,3H, Me).

2D ROESY cross-peaks: ôs 2.31 (Me) shows cross-peaks with 3.5-3.8 (H3, H5)'

7.18 (Hm);2.6 (H6A') shows cross-peaks with 2.83 (H64),3.14 (H4A); 2.83 (H6A) shows

cross-peaks with 2.6 (H6A\,3.65 (H5); 3.14 (H4A) shows cross-peaks with 2.6 (H64'); 3.65
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(H5) shows cross-peaks with 2.31 (Me), 2.83 (H6A), 7.18 (H-), 7.68 (Ho); 3.8 (H3) shows

cross-peaks with 2.31 (Me),7.18 (Hil,7.68 (Ho); 7.16 shows cross-peaks with 2'31 (Me),

3.6-3.8 (H3, H5); 7.68 shows cross-peaks with 3.6-3.8 (H3' H5).

Inclusion of 4-methylbenzoate 37in 6A-(3-(3-aminopropyl)aminopropyl)amino-64-deoxy-B-

cyclodextrin 26

lD proton spectrum data: ôH 1.7I (d, J = 7.8 Hz,2H,Hò;1'20 (d, J =7 '8 Hz,2H,

H*); 4.87 (m,7H, H1); 3.6-3.9 (m, 26H,H3, H5, H6); 3.2-3'5 (m, 13H, H2,H4);3'18 (t'

J = g.o Hz, IH, U4A); 2.89 (d, J = I2.0 Hz, lH, H6A); 2.62 (dd, J = 9.0, I2.0 Hz, lH,

H6A'); 2.55 (t,J =6.6Hz,2H, dipnH6); 2.46 (t,J =7.8¡1z,2H, dipnH4); 2.40 (t,J =7'8

Hz,2}J, dipnH3); 2.34 (m,5H, dipnHl, Me); 1.52 (m,4H, dipnH2, dipnH5)'

2D ROESY cross-peaks: ôs 1.52 (dipnH2, dipnH5) shows cross-peaks with 2.34

(dipnHl), 2.40 (dipn[3),2.46 (dipnH4), 2.55 (dipnh6);2.34 (Me) shows cross-peaks with

3.6-3.g (H3, H5), 7.20 (H*); 2.40 (dipnH3) shows cross-peaks with 1.52 (dipnH2, dipnH5),

2.46 (dipnp4); 2.46 (dipnH4) shows cross-peaks with 1.52 (dipnH2, dipnHs), 2'40

(dipnH3), 2.55 (dipnil6); 2.55 (dipnH6) shows cross-peaks with 1.52 (dipnH2, dipnH5),

2.46 (dipn:H|);2.62 (C6n', shows cross-peaks with 2.89 (C6A),3.18 (C4A); 2.89 (C6A)

shows cross-peaks with 2.62 (C6A\,3.7 (H5A); 3.18 (C4A) shows cross-peaks with2'62

(C6e'r. 3.6-3.9 (H3, H5) shows cross-peaks with 2.34 (Me),7.20 (Hm),7;71 (Ho); 7.20

(H-) shows cross-peaks with 2.34 (Me),3.6-3.9 (H3, H5); 7.11 (Hò shows cross-peaks

with 3.6-3.9 (H3, H5).
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8.3 Experimental for ChaPter 3

8.3.1. Preparation of solutions

Table 8.1. Buffer compositions of 0.05 mol dm-3 UgPnS solutions (1 = 0.1 mol drn-3)n

pH x v PFI x v

6.6

6.9

1.7

7.2

7.3

5

9.1

13.1

15.4

18.0

9.5

9.09

8.69

8.46

8.20

1.6

7.8

8.0

8.2

8.4

26.4

32.0

36.9

40.9

43.8

7.36

6.80

6.3r

5.91

5.62

a l.l92g of HEpES + x cm3 0.1 mol dm-3 NaOH + y cm3 1.0 mol dm-3 NaClO4 rnade up to

100 cm3 with cleionised water

Table E.2. Compositiln of 0.05 rnol dm-3 borate buffer (I = 0.1 mol dm-3)o

pH x pH x

7.9

8.1

9.1

9.5

a Stock boric acid solution prepared by dissolving 6.184 g H3BO3 and 12.244 g NaClOa in

water to t dm3. Buffer prepared by adding x cm3 0.1 mol dm-3 NaOH to 50 cm3 of boric

acid stock and diluting to 100 cm3 with water.

3.9

4.9

23.6

34.6

Buffers were preparecl from analytical grade reagents. Boric acid and sodium

perchlorate were obtained from BDH. Sodium perchlorate was dried under vacuum over P2O5

prior to use. HEPES was obtained from Aldrich and used as supplied. Buffers were prepared

according to Perrin ancl Boyd174 except that NaClO4 was used to maintain the ionic strength at

/ =0.1 mol dm-3 rather than KCI or NaCl.

Solutions containing cyclodextrins were prepared by dissolving the appropriate weight
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of the cyclodextrin in buffer to give stock solutions of 1.03 x 10-3 mol dm-3 in cyclodextrin.

The molecular weight of the cyclodextrin was assumed to be that of the hydrate determined by

elemental analysis.

The final pH of all buffered solutions was measured using an Orion SA 720

potentiometer and an Orion 8172 Ross Sureflow combination pH electrode that was filled with

0.10 mol dm-3 NaClO4. There was some variation with the nominal pH of the buffer and that

found for some of the final solutions. The reported pH values are those measured in this way.

Fresh stock solutions of 4-nitrophenyl acetate 48 were prepared each day by dissolving

74,2 mg of the ester 48 in dry acetonitrile (10 cm3). For initial rate studies 0.05 cm3 of this

solution was added to 2.0 cm3 of solution to give a final ester concentration of 1.0 x 10-3 mol

dm-3. For the first order studies this stock solution was diluted 1:100 with dry acetonitrile and

0.05 cm3 of this solution was added to2.0 cm3of solution to give a final ester concentration of

1.0 x 10-s mol dm-3.

8.3.2. Reactions of Zn(II) complexes of amino-cyclodextrins

The variation of molar absorbance e4gg of 4-nitrophenol 49 with pH was determined by

measuring the absorbance at 400 nm of solutions of phenol 49 at concentrations over the range

0.337-8.41x 10-5 mol dm-3 in buffer over the range pH 6.9-8.5. Solutions were prepared by

addition of 0.05 cm3 of stock solutions of the phenol to 2.0 cm3 of buffer (Table E.3). The

values of e4gg were used to convert the measured rate of change of absorbance at 400 nm to the

rate of formation of 4-nitrophenol 49 for the buffer reaction and the reaction with complex 43.

The reactions of the ester 48 with the complexes 43 and 47 were examined by the

initial rate method. Reactions were caried out at 298.2 K by pipetting 2.0 cm3 of the

appropriate solution (buffer or buffer + catalyst) into a qvarlz cell (1 cm pathlength) and placing

this in the heated cell block of a Cary 2200 spectrophotometer. The solution was allowed to

equilibrate and then 0.05 cm3 of a stock solution of 4-nitrophenyl acetate 48 in acetonitrile

(0.041 mol dm-3) was added to give a final solution that was 2.5Vo acetonitrile and contained

each reactant at a concentration of 1.0 x 10-3 mol dm-3. The solution was mixed quickly and
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the increase in absorbance at 400 nm was recorded digitally for the first 2Vo of reaction. The

absorbance was referenced against a solution of buffer placed in the reference beam. Each run

was carried out in triplicate and the results averaged. Variations between runs were less than

5Vo. The data collected for the reactions of the ester 48 in the presence and the absence of the

complex 43 are given in Tables E.4 and E.5.

Table 8.3. Experimental data used to determine the variation of molar absorbance at 400

nm with for 49a

10st49l
/mol dm-3

pH 6.9 pldl.t pH7.3 pH7.6 pH 7.8 pH 8.0 pH 8.5

0.337

0.520

0.841

1.27

2.58

6.34

8.41

0.033

0.047

0.085

0.125

0.247

0.684

0.872

0.037

0.056

0.090

0.r41

0.273

0.125

0.943

0.039

0.066

0.108

0.t74

0.295

0.817

1.038

0.048

0.074

0.120

0.t76

0.349

0.0936

Lr99

0.052

0.075

0.119

0.196

0.3s9

0.862

0.054

0.079

0.116

0.202

0.400

r.023

r.252

0.059

0.091

0.t29

0.229

0.438

r.390

eqoob
10600 11300 12500 13500 14500 15300 16500

a In 0.05 mol dm-3 HEPES buffer (1 = 0.1 mol dm-3) 2.57o vlv acetonitrile in water at

298.2 K. å Molar absorbance calculated by determining slope of the line from plots of A4gg

vs [49].
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Table 8.4. Experimental data used to obtain the values for the initial rate of formation of 4-

nitrophenol 49 from the

aqueous buffered solutions mol dm-3) at298.2K.a
reaction
(/ = 0.1

of 4-nitrophenyl acetate 48 (1.0 x 10-3 mol dm-3) in

pH t+oo 104slopeb

/AU s-l
lO4average

/AU s-l
108koc

lmol dm-3 s-l

6.9

7.r

1.3

7.6

7.8

8.0

8.2

10600

1 1300

12500

13500

14500

15300

15900d

0.588
0.580
0.569

0.711
0.774
0.170

1.11
t.20
1.10

3.00
2.87
2.90

4.27
4.29
4.22

0.579

0.772

t.r4

1.87

2.92

4.26

7.87

0.546

0.689

0.912

r.39

2.0r

2.78

4.9s

r.92
1.80
1.88

1
1
l

90
89
83

d 0.05 mol dm-3 HEPES. å Determined from the least squares fit of A469 against time for the

fist2To of reaction. c Rate of formation of the phenol49 calculated by dividing the average

slope by the value of e46g. d From interpolation of a plot of e466 against pH.
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Table E.5. Experimental data used to obtain the values for the initial rate of formation of 4-

nitrophenol 3.7 from the reaction of 4-nitrophenyl acetate 43 (1.0 x 10-3 mol dm-3) in the

presence of the complex 43 (1.0 x 10-3 ttrot O*-3; in aqueous buffered solutions

1= 0.1 mol dm-3) at298.2K.a(

pH e4oo 104slopeb

/AU s-1

lO4average

iAU s-l
108ko6rc

rmol dm-3 s-l

6.9

7.1

7.3

1.6

1.8

8.0

8.2

10600

1 1300

12500

13500

14500

15300

15900d

1.45
t.4l
1.40

6.44
6.40
6.30

t.42

2.TT

4.58

6.r9

6.38

10.9

14.8

t.34

1.87

3.66

4.59

4.40

7.t2

9.3r

2.t4
2.06
2.r3

4.64
4.60
4.50

6.24
6.29
6.04

10.8
II.2
ro.l

14.4
15.2
14.9

d 0.05 mol dm-3 mPES. å Determined from the least squares fit of 4466 against time for the

first 2Vo of reaction. c Rate of formation of the phenol 49 calculated by dividing the average

slope by the value of e4gg. d From interpolation of a plot of e46g against pH.

The molar absorbance 1400 of 4-nitrophenol 49 is affected by the presence of

cyclodextrins. Therefore it was necessary to determine the value of e4gg for each solution

containing a cyclodextrin. The molar absorbance €469 of 4-nitrophenol 49 in solutions

containing cyclodextrins was calculated from the observed absorbance at 400 nm measured by

adding 0.05 cm3 of a stock solution of phenol 49 (I.5 x 10-3 mol dm-3) in acetonitrile to the

cyclodextrin solution (or a solution of the buffer) to give a final concentration of 3.65 x l0-5
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mol dm-3 phenol 49 in 2.5Vo acetonitrile. These values of e469 were used to convert the

measured rate of change of absorbance at 400 nm to the rate of formation of 4-nitrophenol 49

for reactions involving cyclodextrins. In order to minimise the systematic errors that may arise

from using this method to calculate e46g, the reactions of the ester 48 in buffer alone were

repeated, and the initial rate values, k6, were calculated using a value of e4gg determined by

addition of the stock solution of the phenol 49 to a solution of buffer as described above. The

data collected for the reactions of the ester 48 in the presence and the absence of the complex

47 arc given in Tables E.6 and E.7.

Table 8.6. Experimental data used to obtain the values for the initial rate of formation of 4-

nitrophenol 49 from the hydrolysis of 4-nitrophenyl acetate 43 (1.0 x 10-3 mol dm-3) in

aqueous buffered solutions (I= 0.1 mol dm-3) at298.2K.

pH Aqñ e4oo l04slopeå
/AU s-l

lO4average

/AU s-l
108koc

lmol dm-3 s-1

6.6d 0.285 7800 0.n3
0.178
0.1 68

0.835
0.805
0.776

6.58
6.50

0.r73 0.218

7.2d 0.550 15000 0.805 0.4r7

7.8d 0.655 18000 1.94 1.08
1.95
1.95

8.rd,e 0.704 19300 4.77 2.47

8.4d 0.730 20000 6.s4 3.27

9.re 0.157 20700 38.5
39.r
39.6

39.r 18.9

a Measured from a solution of 4-nitrophenol 49 (3.65 x 10-5 mol dm-3) in buffer and used to

calculate the value for e4¡g. å Determined from the least squares fit of A4gg against time for

the first 2Vo of reaction. c Rate of formation of the phenol 49 calculated by dividing the

average slope by the calculated values of e+Oo. d O.O5 mol dm-3 HEPES. € 0'05 mol dm-3

borate.

r.92

13
80

4
4
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Table E.7. Experimental data used to obtain the values for the initial rate of formation of 4-

nitrophenol 49 from the reactions of 4-nitrophenyl acetate 43 ( 1 .0 x 10-3 mol dm-3) in the

presence of the complex 47 (I.o x 10-3 mol dm-3) in aqueous buffered solutions (/ = 0.1 mol

dm-3) at298.2K.

pH A¿ooo Ê4oo 108ko6rc

lmol dm-3 s-l
104slopeb

/AU s-1

lO4average

/AU s-l

6.6d

7.2d

7.8d

8.td

8.1¿

8.4d'r

9Je'r

0.325

0.538
(0.481)8

0.705

0.755

0.716

0.715

0.170
(0.691)8

8900

r4700
(13200)8

19300

20100

2t300

2t300

21100
(18900)c

0.634
0.639
0.614

3.34
3.23
3.28

(3.16,3.22)c

16.6
t7.0
15.9

33.2
32.0
34.1

49.2
48.8

54.5
52.2
53.6

214
269
283

0.629

3.28
(3.19)8

16.5

33.l

49.0

53.4

215
(322)c

0.107

2.23
(2.42)8

8.55

16.0

23.0

24.9

130
(170)8

(32r, 322)8

d Measured from a solution of 4-nitrophenol 49 (3.65 x 10-5 mol dm-3) in buffer containing

the Zn(II) complex of the cyclodextrin 30 and used to calculate the value for e4sg.

å Determined from the least squares fit of A4gg against time for the firsf ZVo of reaction.

c Rate of formation of the phènol 49 calculated by dividing the average slope by the

calculated values of e4g9. d o.o5 mol dm-3 HEPES. e 0.05 mol dm-3 borate. "f some

precipitate
Zn(II).

was observed in the solutions containing Zn(II). 8 Reaction in the absence of
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The reactions of the ester 48 with the cyclodextrin 31 in the presence and absence of

Zn(II) were carried out as described above. The experimental data collected for these reactions

is given in Table E.8.

Tabte E.8. Experimental data used to obtain the values for the initial rate of formation of

4-nitrophenol 49 from the reactions of 4-nitrophenyl acetate 43 (1.0 x 10-3 mol dm-3) in the

presence of the cyclodextrin 31 (1.0 x 10-3 mol dm-3) in aqueous buffered solutions (1= 0.1

mol dm-3) at298.2 K in the presence and absence of Zn(ClO¿,)z

103lzn(rr)l
/mol dm-3

pH A¿ooo e4oo l0aslope
/AU s-lb

i08ko6.
7¡1s1¿m-3 s-lc

2.69
2.70
2.49

0

3.9r
3.7 L

7.2d

1.2d

0.468

0.464

12800

t2700

2.05

3.001.0

9.re 0.678 18600 r02

1.0 9.le 0.685 18800 r4l
139

14.5

a Measured from a solution of 4-nitrophenol 49 (3.65 x 10-5 mol dm-3) in buffer containing

the cyclodextrin 3L or the cyclodextiin 31 and Zn(II), and used to calculate the value for

eqoo. b Determined from the least squares fit of A496 against time for the fÍst2% of reaction.

c Rate of formation of the phenol 49 calculated by dividing the average slope by the calculated

values of e4gg. d O.oS mol dm-3 HEPES. ¿ 0'05 mol dm-3 borate.

8.3.3. Kinetics of reactions of 6A-o¡-aminoalkylamino-B-cyclodextrins

These reactions were studied by the first order method. Reactions were carried out at

Z¡B.Z K by pipetring 2.0 cm3of a stock solution (1.03 x 10-3 mol dm-3) of the amino-

alkylamino-B-cyclodextrin 21, 22 or 24 (or the corresponding free amine NHz(CHz)¡NH2) in

0.05 mol dm-3 borate buffer pH 9.1 into a qtartz cell (1 cm pathlength) and placing this in the

heated cell block of a Cary 2200 spectrophotometer. The solution was allowed to equilibrate

and then 0.05 cm3 of a stock solution of 4-nitrophenyl acetate 48 in acetonitrile (4.1 x 10-4 mol

dm-3) was added to give a final solution that was 2Vo acetonttrile and contained the ester 48 at a

r42
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concentration of 1.0 x 10-5 mol dm-3 and the amine at a concentration of 1.0 x 10-3 mol dm-3.

The solution was mixed quickly and the increase in absorbance at 400 nm was recorded

digitally for at least eight reaction half-lives. The absorbance of the reaction solution was

referenced against a solution of buffer placed in the reference beam. The rate of hydrolysis of

ester 48 in buffer alone was determined by a similar method.

Table E.9. Experimental data for the first -order rates for the formation of 4-nitrophenol 49

fiom ttre reactiön of the ester 48 in the presence of cyclodextrins or diaminoalkanes in 0.05

mol dm-3 borate buffer pH 9.r (1 = 0.1 mol dm-3) at298.2K.a

Added reactantå l03observed ratels-1c 103 average rate/s-l

nit

NHz(CHz)zNHz

NHz(CHz)sNHz

NHz(CHz)oNHz

2

2I
))22

24

0.190,0.208

0.993, 0.877, 0.900

1.33, r.35, 1.37

1.27, r.30, r.26

0.339, 0.34r,0.351

1.17, 7.46

3.19,3.81, 3.89

0.200

0.890

1.35

t.28

0.344

7.32

3.83

1.131.13 1.13

a Initialconcentrationof theester43 1.0x 10-5moldm-3. åInitialconcentrationof added

reactant 1.0 x 10-3 mol dm-3. c Calculated from a least squares fit of a plot of ln(A¡n¡-Á1)

against time.

The first order rate constants were calculated by fitting the collected data to a first order

rate equation (A¡n¡á¡ = Ainf.e-kt ). The amount of 4-nitrophenyl acetate 48 remaining in the

reaction mixture at ant time, /, is related to the absorbance at infinite time, A¡n¡' minus the

absorbance at that time, A¡. Plots of ln(A¡n¡-A) against time give straight lines with a slope

equal to the first order rate constant, k. Each run was carried out in triplicate and the results

averaged. Variations in the calculated first order rates between runs were less than 5%. The

obtained data from these reactions is given in Table E'9'
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8.3.4. pH dependence studY

These reactions were carried out as described above in Section E.3.3. Solutions of the

cyclodextrin24 (L03 x 10-3 mol dm-3) were prepared in 0.05 mol dm-3 borate buffers over the

range pH 9.1-10.3. The reactions were carried out in triplicate and the results were averaged.

Variations in the calculated first order rates were less than SVo between runs. The obtained

experimental data is given in Table E.10.

buffer reaction added 24

pH 103kJs-l average

103kJs-1
103ko6,

/s- I
average

103ko6,

/s- 1

103
(kout-ko)

/s-1

r04124l
/mol dm-3

non-

Drotonatedá

r04124l
/mol dm-3

mono-
protonatedb

r0.3

10.0

1.87
1.91
1.83

0.577
0.575
0.584

0.290
0.280
0.280

0.191
0.208

1.87

1.02

10.3
1 1.1
10.9

5.91
5.91
6.17

3.6r
3.66

o.994
1.05
1.08

10.8 8.93 5.2 4.7

6.00 4.98 3.5 6.2

3.64 3.06 2.0 1.29.7 0.579

9.4 0.283 1 .85 1.57 1.1 7.5

9.r 0.200 1.13 0.93 0.44 6.1

a Initial concentration of the ester 48 is 1.0 x 10-5 mol dm-3. Initial concentration of the

cyclodextrin 24 is 1.0 x 10-3 mol dm-3. å Calculated from the measured pKus = lO'41 and

8.72.

1.86
1.84
1.86

1.13
1.13
1.13

r44



Experimental

E.3.5. Preparation of N-acetyl-aminoalkyl amino B'cyclodextrins

6A-Q -acetamidoethylamino-íL -deoxy- B-cyclodextrin 53

A mixture of the cyclodextrin.L(0.100 g, 0.085 x 10-3 mol) and 4-nitrophenyl

acetate 4S (0.015 g, 0.082 x 10-3 mol) in NMP (2 cm3) was stirred at room temperature for

18 hours. TLC analysis showed the presence of B-cyclodextrin 2 and a new spot (R. 1.06).

The yellow solution was diluted with 1 mol dm-3 HCI (30 cm3) and washed with

dichloromethane (5 x 20 cm3). The water was evaporated under reduced pressure and the

residue was solidified by addition of ethanol and collected by vacuum filtration. The crude

product was dissolved in water (5 cm3) and loaded onto a column of BioRex 70 (NH++ form).

The column was washed with water and fractions (8 cm3) were taken. Fractions containing

the product were combined and dried to give the title compound as a white powder (0.021 g;

2lVo). Rc 1.06. Electrospray-ms 1219 (M+). (Found C,40.43; H,6.38; N' 1.86. Calculated

for 53.HCt.6HzO (Ca6HelClNzO+r) C,40.52;H,6.72;N,2.05Vo). ôH (DzO) 5.07 (s, 7H,

H1);3.3-4.0 (m,26H,H3, H5, H6); 3.5-3'7 (m, 13H, }l2,H4);3.43 (t,J =9'3}J2, IH,

H4A); 3.31 (m, 2H, CH2NAc); 3.06 (d, 'r - lr.7 Hz, lH, H6A); 217 (m,3H, H6A',

cHzNH); 1.99 (s, 3H, Me). ôc-(DzO) t77.05 (C=O); 104.51,104.21(c1); s6.32 (C4A);

83.90, 83.56 (C4); 75.84, J4.83,74.60 (C2, C3, C5);13.11 (C5e); 63.04 (C6); 51.6a

(C6A); 50.14 (enCl); 4L26 (enCZ);24.63 (Me).

6A - ( 3 - ac e tamido p r o py l) amino - 6A - de o ry - B- cy c lo de xtrin 54

A mixture of the cyclodextrin 22 (0.096 g, 0.086 x 10-3 mol) and 4-nitrophenyl

acetate 48 (0.016 g, 0.088 x 10-3 mol) in NMP (2cm3) was stirred at room temperature for

18 hours. TLC analysis showed the presence of p-cyclodextrin 2 and a new spot (R. 1'1).

The yellow solution was diluted with 1 mol dm-3 HCI (30 cm3) and washed with

dichloromethane (5 x 10 cm3). The water was evaporated under reduced pressure and the

residue was solidified by addition of ethanol and collected by vacuum filtration. The crude

product was dissolved in water (5 cm3) and loaded onto a column of BioRex 70 (NHa+ form).

The column was washed with water and fractions (8 cm3) were taken. Fractions 4-14,

containing the product, were combined and dried to give the title compound as a white powder
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(0.04s g,45Vo). Rc 1.1. Electrospray-ms 1233 (M+). (Found c,41.63; H,6'81; N,2.23'

Calculated forlJ,.HCl.5H2O (CaTHelClNzO¿o) C,41.52;H,6.74;N,2.06Vo). ô¡¡ (D2O, 25

.c) 5.06 (s,7H, H1); 3.8-4.0 (m, 26H,H3,H5, H6); 3.5-3.7 (m, 14H, H2,H4);3.0-3'5 (m'

5H); 2.80 (m, 0.3H); 2.58 (t, J = 6.9 Hz, 0.6H); 2.00, L98 (s, 3H, Me tatio 2:1); l'68 (m'

2H, pnH2). õc (DzO) 176.69, 167.46 (C=O); 104.82, 104.33 (C1); 36.51 (C4\;83.92,

g3.52 GÐ;15.g4,74.95, 14.67 (C2, C3, C5);72.67 (C5A); 65.38, 63.03 (C6); 51.86

(C6A); 48.52 (pnC1); 39.95 (pnC3); 30.93 (pnC2); 24.64 (Me). õs (D2O,50 "C) 5.35 (s,

7H, H1); 4.0-4.3 (m,26H, H3, H5, H6); 3.8-4.0 (m, l3H,H2, H4); 3'68 (f' J =8'9Hz'

lH, H4A); 3.47 (t, J = 6.9 Hz,2;E^, CH2NAc); 3.30 (d, J = II.9 Hz, lH, H6A); 3'04 (dd, 'I =

l..g,7.l Hz, lH, H6A'); 2.87 (t, J-= 6.9 Hz,2H, CHzNH); 2.26 (s,3H, Me); 1.94 (bs,2H,

pnH2).

6A -þ-acetamidoheryIamino -64 -deoxy- B- cyclodextrin 55

A mixture of the cyclodextrin24 (0.101 g,0.082 x 10-3 mol) and 4-nitrophenyl

acetate 48 (0.014 g, 0.078 x 10-3 mol) in NMP (2 cm\ was stirred at room temperature for

18 hours. TLC analysis showedthe presence of B-cyclodextrin 2and anew spot (R. 1.2)'

The yellow solution was diluted with I mol dm-3 HCI (30 cm3) and washed with

dichloromethane (5 x 20 cm3). The water was evaporated under reduced pressure and the

residue was solidified by addition of ethanol and collected by vacuum filtration. The crude

product was dissolved in water (5 cm3) and loaded onto a column of BioRex 70 (NHa+ form)'

The column was washed with water and fractions (8 cm3) were taken. Fractions containing

the product were combined and dried to give the title compound as a white powder (0.018 g,

ISVo). Rc 1.2. Electrospray-ms 1275 (M+). (Found C,42'84;H,6.64; N, l'99' Calculated

for !!.HCI.5H2O (C5sHeTClNzO+o) C,42.84;H,6'97;N,2'O0Vo)' ôH (DzO) 5'07 (s' 7H'

H1); 3.5-4.0 (m, 3gH,H2,H3,H4,H5, H6); 3.40 (t, J =9.0H2, IH, U4A); 3.16 (t, J =J.2

Hz,2¡¡, CHzNAc); 3.05 (d, J = t2.6Hz, LH, H6A); 236 (m,lH, H6A'); 2.58 (t, J --J.2Hz,

2H, CHzNH); l.gg (s, 3H, M"); I.2-1.6 (m, 8H, hnlgl2, hnH3, hnH4' hnH5)'

ôc-1pzo)- 176.51 (C=O); 104.81, 104.73, 104.6I, 104.43,103.36 (Cl); 85.12 (C4A); 84'03,

83.89, 83.75,82.83 (Ca);76.a8,76.04,75.85, 15.65,74j9,74.45 (C2, C3, C5);11.24
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(C5A); 63,04,62.90 (C6); 50.a7 (C6A); 49.20 (hnCl); 42.11(hnC6); 31.26,29.92,28.81,

28.70 (hnC2, hnC3, hnC4, hnC5); 24.76 (Me).

Identification of the products of the reaction between the cyclodextrin 24 and the esters 48

and 52.

A solution of 4-nitrophenyl acetate 48 (3.0 mg, 0.016 x 10-3 mol) in dry acetonitrile

(0.1 cm3) was added to a stirred solution of the cyclodextrin24 (15 mg, 0.012 x 10-3 mol) in

0.05 mol dm-3 borate buffer pH 9.1 (5 cm3). The resultant yellow solution was left to stir at

room temperature for 18 hours after which time the solution was freeze-dried and the residue

was dissolved in D2O (0.8 cm3). The 300 MHz lH NMR spectrum of this solution showed the

presence of a complex mixture of products. Signals due to acyl methyl groups appeared at

ô 2.11 and 1.94 and were integrated as 10 units and27 units respectively. The signal for

protons Hl integrated as 117 units. The solution was made pH> 12 by the addition of sodium

hydroxide and left to stand at room temperature for 2 hours. The 300 MHz lH NMR spectrum

of this solution showed that the signal at õ 2.1 t had disappeared suggesting that this signal was

due to an O-acylgroup. The spectrum appeared to be that of a mixture of the cyclodextrins 24

and 55

The above procedure was repeated using 3-nitrophenyl acetate 52 (3.0 mg, 0.016 x 10-

3 mol) in place of 4-nitrophenyl acetate 48. The 300 MHz lH NMR spectrum of the solution

after work-up showed signals at õ 2.11 and 1.94 which integrated as 23 and 7 units

respectively. The signal for protons H1 integrated as 95 units.

8.3.6. Inhibition by adamantane-L-carboxylate

Stock solutions of adamantane-1-carboxylate 59 and 4-nitrophenyl acetate 48 were

prepared by dissolving either 0.0182 g or 0.012 g of adamantane-1-carboxylate 59 in

acetonitrile, adding 0.039 cm3 of 0.0534 mol dm-3 4-nitrophenyl acetate 48 in acetonitrile and

making the resultant solution up to 5 cm3 with acetonitrile to give solutions which were 4.22 x

10-4 mol dm-3 in ester 48 and either 2.0 x 10-2 mol dm-3 or 8.0 x 10-2 mol dm-3 in

adamantane-1-carboxylate 59. For the inhibition studies 0.05 cm3 of either of these solutions
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was added to 2.0 cm3 of a solution of one of the cyclodextrins 21, 22 or 24 (1.05 x 10-3 mol

dm-3) in 0.05 mol dm-3 borate buffer pH 9.1 and the reactions monitored as described above.

The experimental data collected is given in Table E.1 1.

Table E.11. Experimental data for the effect of adamantane-1-carboxylate 59 on the first

order rate of the reaction between the ester 48 and the cyclodextrins 2I-24 in 0.05 mol dm-3

borate buffer pH 9.1 (/= 0.1 mol dm-3) at298.2K.a

lO3average ko6r/s-lcyclodextrin

2T

22

r03k I

4.24,4.49,4.59

2.fl, 2.19
(0.704,0.606, 0.612¡b

4.44

2.t8
(0.6$)b

0.91624 0.943,0.916 0.889

a Initial concentrations of the ester 48 is 1.0 x 10-5 mol dm-3. Initial concentration of the

cyclodextrin is 1.0 x 10-3. mol dm-3. The concentration of the added carboxylate 59 is

0.48 x 10-3 mol dm-3. å Concentration of the carboxylate 59 is 2.0 x 10-3 mol dm-3'

Inclusion of 1-adamantane carboxylate 59 in 6A-(6-aminohexyl)amino-64-deoxy-þ-

cyclodextrin 24

lD proton spectrum data: ô¡1 4.65 (m,7H, H1); 3.81 (t, J =9.6H2, Iif^, ¡154;; 3.5-

3.8 (m, 25H,H3,H5, H6); 3.2-3.4 (m, 13H, H2,H4);3.06 (t, J =9.6H2, IH,¡144¡;2.92

(d, ,I - I4.0 Hz,lH, H6A); 2.58 (dd, J = 14.0,9.6 Hz, lH, H6A',); 2.42 (m, 2H, hnH6);

2.23 (dt, J = 5.4, 10.8 Hz, lH, hnHl);2.14 (d, ,I = 5.4 }lz, lH, hnHl'); 1.99 (bs, 3H,

AdH3); 1.76 (bs, 6H, AdH2); 1.69 (bd, "I = 10.8 Hz, 3H, AdH4); 1.45 (bd, ,I = 10'8 Hz,3H,

AdH4'); 1.0-1.4 (m, 8H, hnH2-5).

2D ROESY cross-peaks: ô¡¡ 1.45 (AdH4') shows cross-peaks with 1.69 (AdH4),I.99

(AdH2), 3.53 (H5?),3.7 (IP.3?); 1.69 (AdH4) shows cross-peaks with 1.45 (AdH4',), 1.99

(AdH2), 3.53 (H5?), 3.7 (IH3?); L76 (AdH2) shows cross-peaks with 1.99 (AdH2), 3.53

(H5?), 3.7 (H3?);1.99 (AdH3) shows cross-peaks with 1.45 (AdH4'), 1.69 (AdH4¡, 1.76

(AdH2), 3.53 (H5?), 3.7 (H3?); 2.23 (hnHl) shows cross-peaks with 2.42 (hnÉ6),

2.g2(H6A),3.81 (H5A); 2.42 (hnlH6) shows cross-peaks with 2.23 (hnHl),3.81 (H5n);

2.58 (H6A') shows cross-peaks with 2.92 $te/.¡, 3.06 (H4A); 2.92 (H6\ shows cross-peaks
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with 2.58 (H6.+';, 3.S1 (H5A); 3.53 (H5?) shows cross-peaks with 1.45 (AdH4'), 1.69

(AdH4), 1.76 (AdH2), 1.99 (AdH3); 3.7 (H3?) shows cross-peaks with 1.45 (AdH4'), 1.69

(AdH4), 1.76 (AdH2),1.99 (AdH3); 3.81 (H5A) shows cross-peaks with 2'23 (hnHI),2.42

(hnH6), 2.92 (H6\.

8.4. Experimental for ChaPter 4

8.4.1. Preparation and inclusion chemistry of 6A-(12-aminododecyl)amino-

6A -deoxy- p -cyclodextrin

6A - ¡ I Z - amino do de cy I ) amino - 6A - de oxy - þ- cy cl o de xtr in 60

A solution of the tosylate 32 (I.256 g,0.974 x 10-3 mol) and 1,12-diaminododecane

(0.620 g, 3.10 x 10-3 mol) in dry N-methylpyrrolidin-2-one (2 cm3 ) was stirred atl5 oC in a

Iightly stoppered flask for 18 hours. The resultant light yellow solution was cooled to room

temperature and diluted with 2:1 ethanol/ether (100cm3 ). The resulting precipitate was

collected by vacuum filtration, washed successively with 2:1 ethanol/ether (50 cm3) and ether

(50 cm3) and dried under vacuum to give the crude product. This material was suspended in

water (20 cm3), insoluble material was removed by filtration and the filtrate was loaded onto a

column (4.5 x 4.5 cm) of BioRex 70 1t1+ form). The column was washed with water

(400 cm3) and the product was eluted with 1 mol dm-3 NH+OH. Fractions containing the

product were combined and evaporated to dryness under vacuum. The residue was dissolved

in water and the solution evaporated under reduced pressure to remove excess ammonia (this

procedure was repeated several times). Final drying under vacuum over P2O5 gave the title

compound as a white powder (0.570 g,43Vo). Rc0.90. Electrospray-ms m/z 1317 (M+).

(Found C, 4l.50; H,7.70; N, 2.15. Calculated for 60.3H2O (C5aH16zNzO¡z) C, 4J '29;H,

7.49; N, 2.04Vo.) ô¡¡(D2O, pH - 10) 5.07 (s, 7H, H1); 3.8-4.0 (bs, 26H, H3, H5, H6); 3'5 -

3.7 (bs, I3H, H2, H4); 3.48 (m lH, H4A); 3.09 (m, lH, H6A); 2.3-2.9 (m, 5H, H6A"

ddnHl, ddnHl2); 1.0-1.7 (m, 20H, ddnH). ô¡¡(D2O, pH - 14,600 MHz) 4.78 (bs,7H +

solvent, H1); 3.5-3.8 (m, 26H,H3, H5, H6); 3'2-3'4 (m, l3H, H2,H4);3.03 (t, J = 9'6H2,
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lH, H4A); 2.87 (m,lH, H6A); 2.58 (m, lH, H6A'); 2.52 (t, J = 7.2 Hz,2H, ddngI2);2.42

(m, lH, ddnHl); 2.19 (m,lH, ddnHl'); 1.00-1.40 (m, 20H, ddnH)' ôç(D2O, pH - 10' 50

MHz) 104.9 (C1); 87.0 (C4A); S3.7 (C4); 76.2,74.8 (C2,C3, C5); 70.0 (C5A); 62.6 (C6);

51.2, 4g.4, 4J.3 (C64, ddnCl); 429 (ddnCI2); 32.3,31.9, 30.9, 29;1, 28.6, 21.5, 26.6

(ddnc). õç(D2O, pH - 14,75 MHz) 106.3, 106.2,106.1, 105.8 (C1);87.9 (C4A); 84.6,

84.4,84.3 GÐ;77.2,77.0 (C2);76.4 (C3);75.3,75.1 (C5); 7L2 (C5\; 63'l (C6); 51'9'

50.2 (ddnc 1, c6A); 43.7 (ddnCl2); 34.9, 3 1.3, 3r.t, 29.4, 28.8 (ddnc).

Setf-inclusion of the substituent in 6A-¡t2-aminododecyl)amino-64-deoxy-þ-cyclodextrin 60

lD proton spectrum data: ôH 4.78 (bs, 7H + solvent, H1); 3.5-3.8 (m, 26H, H3, H5,

H6);3.2-3.4 (m, I3H,H2, H4); 3.03 (t, J = 9.6H2,lH, H4A); 2.87 (m,lH, H6A); 2'58 (m,

lH, H6A');2.52 (r, J = 7.2 Hz,2H, ddnHl2);2.42 (m, lH, ddnHl); 2.19 (m, lH, ddnHl');

1.00-1.40 (m, 20H, ddnH2-ddnHl 1).

2D ROESY cross-peaks: õs 1-1.4 (ddnH2-ddnHl1) shows cross-peaks with 2'52

(ddnHl2), 3.5-3.8 (H3, H5); 2.42 (ddn:Hl) shows a cross-peak with 3'7 (H5A?); 2.52

(ddnHl2) shows cross-peaks with 1-1.4 (ddnH2-ddnHl1),3.63 (H3?); 2.58 (H6A') shows

cross-peaks with 2.87 (H6A), 3.03 (H4A); 2.81 (H6A) shows cross-peaks with 2.58 (H6A')'

3.5 (H5?), 3.7 (H5A);'3.03 (H+e¡ shows cross-peaks with 2.58 (H6A\,3.63 (H3?),3.1

(H5A); 3.5-3.8 (H3, H5) shows cross-peaks with 1-1.4 (ddnH2-ddnHl I), 2.42 (ddnHl)'

2.52 (ddnlfl.lz),2.87 (H6A), 3.03 (H44).

Inclusion of l-adamantane-l-carboxylate 59 ¡n 6¡-(12-aminododecyl)amino-64-deoxy-þ-

cyclodextrin 60

lD proton spectrum data: ôs 4]6 (m,7H, H1); 3.2-3.8 (m, 39H, H2-H6);3'05 (t'

J = g.0 Hz lH, H4A); 2.81 (d, J = 13,2 Hz, IH, H6A); 2.58 (dd, J = 9.0, I3.2 Hz, IH,

H6A'), 2.43 (m,3H, ddnH12, ddnHl);2.21 (m, lH, ddnHl'); 1.89 (bs,3H, AdH3);I'69

(bs, 6H, AdH2); 1.61 (d, J = 10.8 Hz,3H,AdH4); 1.38 (d, ¡ =rO.s Hz,3H, AdH4'); 1-1'35

(m, 20H, ddnH2-ddnHl 1).

2D ROESY cross-peaks: ô¡¡ 1 .O-I.2 (ddnH3-ddnH10) shows cross-peaks with 3'4-
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3.44 (]H5?\ 3.55 (H6?); 1.38 (AdH4') shows cross-peaks with 1.61 (AdH4), 1.89 (AdH3)'

3.44 (¡¡5?),3.1 (H3?); 1.61 (AdH4) shows cross-peaks with 1.38 (AdH4'), 1'89 (AdH3),

3.44 (H5?),3.7 (I1t3?);1.69 (AdH2) shows cross-peaks with 1.89 (AdH3),3.1 (H3?); 1'89

(AdH3) shows cross-peaks with 1.38 (AdH4'), L6l (AdH4), 3'44 (H5?),3.7 (H3?);3'44

(H5?) shows cross-peaks with L0-1.2 (ddnH3-ddnH10), 1.38 (AdH4'), l'61 (AdH4), 1'89

(AdH3); 3.55 (H6?) shows cross-peaks with I.o-1.2 (ddnH3-ddnH10); 3'7 (H3?) shows

cross-peaks with 1.38 (AdH4'), 1.61 (AdH4), 1.89 (AdH3).

8.4.2. preparation and inclusion chemistry of 6.amidohexylamino'substituted

cyclodextrins

8.4.2.1. Synthesis

1 -M ethoxyc arbonyl-4 -( 4 -nitrophenoxy ) carbonyl- c ubane 64

A mixture of 4-nitrophenol 49 (0. 139 g,1 x 10-3 mol), 1-methoxycarbonyl-cubane-4-

carboxylic acid 62 (0.20'7 g, 1 x 10-3 mol) and dicyclohexylcarbodiimide (0.216 g, l'02 x

10-3 mol) in dry dichloromethane (5 cm3) was stirred at room temperature for 20 hours. The

reaction mixture was filtered through a pad of Celite which was washed with dichloromethane

(3 x 5 cm3) and the combined filtrate was washed successively with 5% sodium bicarbonate

solution (3 x25 cm3) and brine (25 cm3) and dried over sodium sulfate. The filtered solution

was evaporated under reduced pressure and the residue was dissolved in dichloromethane

(2 cm3) and subjected to flash chromatography (column 1.5 cm i'd', eluted with

dichloromethane).171 Fractions containing the product were combined and evaporated under

reduced pressure to give the title compound as colourless needles (0.163 g,50Vo)' This

material was used in later steps without further purification. A small portion of this material

was recrystallised from dichloromethane-hexane mp 150-151 'C ôg (CDCI3) 8'21 (d, J = 6'8

Hz,2Il, ArH); 7.33 (d, J = 6.8 Hz,2H, ArH); 4,4 (m,6H, cubaneH); 3.75 (s, 3H, MeO).

ôc (cDCl:) 171.6, 168.7, 155.3, 145.2, 125.1, 122.3, 55.7, 55.4, 5L5, 47.1, 4-l '0. I.R.

(cDCl3) 3114 (w), 3083 (w), 3019 (w), 2996 (m),2948 (w),1735 (s)' 1722 (s)' 1589 (m)'

1521 (m), 1490 (s), 1430 (s), 1342 (s),,1305 (s), 1222 (m),1199 (s), 1052 (s), 863 (m),844
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(m),736 (m) cm-1

t - M ethorycarbonyl-4 -( 4 -nitrophenoxy ) c arb onyl-2, 3 -dimethyl- cubane 65

A mixture of 4-nitrophenol 49 (0.142 g, 1.02 x 10-3 mol), 1-methoxycarbonyl-2,3-

dimethyl-cubane-4-carboxylic acid 63 (0.245 g, 1.05 x 10-3 mol) and dicyclohexylcarbo-

diimide (0.220 g, !.07 x 10-3 mol) in dry dichloromethane (5 cm3) was stirred at room

temperature for 20 hours. The reaction mixture was filtered through a pad of Celite which was

washed with dichloromethane (3 x 5 cm3) and the combined filtrate was evaporated under

reduced pressure. The residue was dissolved in chloroform (2 cm3) and subjected to flash

chromatography (column 1.5 cm i.d., eluted with chloroform¡.tzt Fractions containing the

product were combined and evaporated under reduced pressure to give a viscous oil (0.417 g,

lISVo) which solidified on standing. This material was used in later steps without further

purification. A small portion of this material was recrystallised from dichloromethane-hexane

mp 79-80 .C. ôH (CDCI:) 8.29 (d, J = 6.J Hz,2H, ArH); 7.31 (d, J = 6.1 Hz,2H, ArH);

4,25 (m,2H, cubaneH); 4.17 (m,2H, cubane[);3.73 (s, 3H, MeO); 1'32 (s, 3H' Me); 1'31

(s, 3H, Me). ôc (CDCI¡) 17L 0, 168.3, I55.4, I45.3, 125.1, 122.4, 57.4, 56.8,55.9, 55.3,

55.1,51.25,48.2,44.9, 12.2, 12.0. I.R. (film) 3116 (w),3085 (w),2996 (m),2915 (m),

2856 (m), 1745 (s), 1722 (s),1614 (m), 1592 (m), 1525 (s), 1490 (m), 1436 (m), 1348 (s),

1324 (s),1203 (s), 1160 (s), 1110 (s), 1091 (s), 1002 (m), 862 (m), 756 (m) cm-l'

I -( 4 -nitrophenylcarboxy ) - adamantane 66

A mixture of 4-nitrophenol 49 (0.I39 g,1.0 x 10-3 mol), adamantane-l-carboxylic

acid 59 (0.182 g, 1.0 x l0-3 mol) and dicyclohexylcarbodiimide (0.218 g, 1.1 x 10-3 mol) in

dichloromethane (5 cm3) was stirred at room temperature for 20 hours. The reaction mixture

was filtered through a pad of Celite and the pad was washed with dichloromethane (10 cm3)'

The filtrate was loaded onto a squat column (30 g, 4.5 cm i.d.) and eluted with

dichloromethane (100 cm3) .172, 173 Fractions containing the product were combined and

evaporated under reduced pressure to give the title compound as an off-white powder (0'270 g,

90Vo). This material was used in later steps without further purification. A small portion of
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this material was recrystallised from dichloromethane-hexane mp 130-132 "C. ôs (CDCI¡)

8.21 (d, J =9.0H2,2H, ArH); 7.22 (d, J=9.0H2,2}J, ArH); 2.04 (bs, 10H); 1'91 (bs,

2H); I.7O (bs, 3H). ôc (CDCI¡) 175.1, 156.0, 145.1, 124.9, 122.3, 41.0,38.4,38.).,21.5.

I.R. (nujol) 1747 (s) (C=O); 1614 (m), 1589 (m), 1438 (m) (Ar); 1519 (s), 1342 (s) (NOz);

1199 (s), 1049 (s) (C-O).

6A-deoxy-#-(6-N-(4-methoxycarbonyl-cuban-1-oyl)aminohexyl)amino-B-cyclodextrin 67

A solution of the cyclodextrin24 (0.128 g, 1.0 x 10-a mol) and 1-methoxycarbonyl-4-

(4-nitrophenoxy)carbonyl-cubane 64 (0.036 g, 1.1 x 10-4 mol) in dry DMF (2 cm3) was

stirred at room temperature f.or 20 hours. The resultant yellow solution was added dropwise

with stining to 1:1 ether:ethanol (50 cm3) cooled to 0 "C and the resultant fine yellow precipitate

was collected by vacuum filtration on a Celite pad. The product was dissolved in water (5 cm3)

and the Celite was removed by filtration. The filtrate was acidifîed with dilute hydrochloric acid

and extracted with dichloromethane (3 x20 cm3). The aqueous layer was treated with AG 4-

X4 weak anion exchanger (5 g, Bio Rad Laboratories, 100-200 Mesh, free base form) for 1

hour. The resin was removed by filtration and the filtrate was freeze dried to give the title

compound as a colourless powder (0.072 g,Slvo), Rc = 1.11. Electrospray-ms m/z |42I

(M+). (Found C,45.lI;H,6.79; N, 1.75. Calculated for 67.HCI,5H2O (CssHto¡ClNzO+z)

c,45.77;H,6.70; N, 1.807o.) ôH (DZO) 4.76 (bs, 7H, H1); 4.2 (m,6H, cubaneH);3.4-4.0

(m,42H, CDH, Meo); 3.0-3.4 (m, 4H, C4A,C6A, hnH6); 2.8 (m, lH, C6A'); 2.55 (m, lH,

hnHl); 2.40 (m, lH, hnHl'); 1.1-1.5 (m, 8H, hnH2-5). ôc (DzO) 176.5, 115.6 (C=O);

105.0 (c1); 87.3 (C4A); 33.9 (Ca); 16.0,74.9,12.4,10.6 (C2, C3, C5); 63.0 (C6); 60.6'

58.7, 55.3, 52.3, 5L6, 49.5, 49.I, 40.3 (C6A, cubaneC, hnC1, hnC6, MeO); 25-31 (broad

lump, hnC2-5).

6A-d.eoxy-6A-(6-N-(4-methoxycarbonyl-2,3-dimethyl-cuban-I-oyl)aminohexyl)amino-B-
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cyclodextrin 68

A solution of the cyclodextrin24 (0.123 g, 1.0 x 10-a mol) and 1-methoxycarbonyl-4-

(4-nitrophenoxy)carbonyl-2,3-dimethylcubane 65 (0.058 E, 1.6 x 10-a mol) in dry DMF

(2 cm\ was stirred at room temperature for 20 hours. This solution was diluted with ether

(50 cm3) and the resultant precipitate was collected on a pad of Celite. The pad was washed

with ether (3 x 10 cm3) and then suspended in water (25 cm3) to dissolve cyclodextrins. The

Celite was filtered off and the filtrate was acidified with dilute hydrochloric acid and extracted

with dichloromethane (3 x20 cm3). The aqueous layer was treated with AG 4-X4 weak anion

exchanger (5 g) for t hour and the resin was removed by vacuum filtration. The colourless

filtrate was freeze-dried to give the product as a white powder (0.092 g,63Vo). Rc = 1.11.

Electrospray-ms m/z 1449 (M+). (Found C, 46.94; H, 6.68; N, 1.79' Calculated for

6g.HC1.4H2O (C61H1osClNzO+ ù C, 47.03; H, 6.19; N, 1.807o.) ôu (DzO) 5,04 (bs' 7H'

H1); 3.5-4.4 (m,46H, CDH, MeO); 3.0-3.4 (m, 4H, C4A, C6A, hnH6); 2.6 (m,3H, C6A',

hnHl) 1.1-1.5 (m, 14H, cubaneMe, hnH2-5). ôc (DzO) 175.8, 175.5 (C=O); 105.1 (Cl);

863 (C4A);84.2 (CÐ;76.0,74.8,72.3 (C2, C3, C5); 62.5 (C6); 60'9, 59.9, 59.1, 59.1,

57.5,57.4,54.5 5I.5,49.6,46.9,46.I,45.6,4I'7 (C64, cubaneC, hnC1, hnC6, MeO);

28.5-31.4 (broad lump, hnC2-5); 15.4, 14.5, 14.2 (cubaneMe)'

6A - de oxy - 6A - 6 -N - ( adamantan- I - oyl ) aminohexyl ) amino - B- cy clo de xtrin 69

A solution of the cyclodextrin 24 (0.130 g, 1.05 x 10-4 mol) and l-(4-

nitrophenylcarboxy)-adamantane 66 (0.037 g, I.22 x 10-a mol) in dry DMF (4 cm3) was

stirred at room temperature for 20 hours. TLC showed two new spots at Rc 1 .2 and 1.0' The

reaction mixture was diluted with ether (40 cm3) and the resultant precipitate was collected by

vacuum filtration and washed with ether (3 x 10 cm3). The crude product was dissolved in

water (20 cm3) and the solution was acidified with dilute hydrochloric acid and extracted with

dichloromethane (3 x 15 c-3). The aqueous layer was treated with AG 4-X4 weak anion

exchanger (5 g) for t hour and the resin was removed by filtration and the colourless filtrate

was freeze-dried to give the product as a white powder (0.103 g,707o). Rc = 1'2, I'0'

Electrospray-ms m/z 1395 (M+). ôu (DzO) 5.03 (bs, 7H, H1); 2.5-4.1 (m, 65H, CDH'
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hnH1, hnH6); Ll-2.4 (m, 3lH, AdH, hnH2-5). ôc (DzO) 182.4, (117.1) (C=O); 105.2,

105.0, 104.8, 102.3 (C1); 87.85, 86.7, 86.0, 84.5, 84.3, 84.2, 84.1, 83.8 (CÐ;79.5,16.0,

75.g,75.8,75.5,75.2,75.1,75.0,74.8,74.7,74.6,74.5,73.9,72.3, 12'2, 12'r,70'2,

69.6 (C2, C3, C5); 63.2, 63.0, 62.8, 62.1 (C6); 57.1, 51.1, 50.6, 48'8, 45'5, 43'3, 43'2,

42.0, 41.5, 39.4, 39.2, 38.6, (C64, hnCl, hnC6, AdCl-3); 34.9, 33.9, 31.8, 3r.3, 30'7,

30.3, 30.0, 29.4,28.5,28.0, 27.8, 27.4, 26.0,25.0 (hnC2-5, AdC4)'

8,4.2.2, Inclusion chemistry

Self-inclusion of the cubanyl group in 6A-deoxy-6e-(6-N-(4-methoxycarbonyl-cuban-l-

oy I ) aminohe ry I ) amino - þ- cy c lo de xtrin 67

lD proton spectrum data: ôs 4.76(bs,7H, H1); 4.30 (m,3H, cubaneH); 4.16 (m,

3H, cubaneH'); 3.4-4.0 (m,42H, CDH, MeO); 3.33 (m, 2H, C4A, hnH6);3.06 (m, 2H, H6A,

hnH6'); 2.8 (m, lH, C6A'); 2.55 (m, lH, hnHl); 2.40 (m, lH, hnHl'); 1.1-1.5 (m, 8H,

hnH2-5).

2D-ROESY spectrum data: õs 3.4-4.0 (CDH) shows cross-peaks with 4'16

(cubaneH'),4.30 (cubaneH); 4.16 shows cross-peaks with 3.4-4.0 (CDH); 4.30 (cubaneH)

shows cross-peaks with 3.4-4.0 (CDH).

Inclusion of adamantane-I-carboxylate 59 in 6l-deoxy-6A-@-N-(4-methoxycarbonyl-cuban-

1 - oyl) aminoheryI)amino - þ- cy clodextrin 67

lD proton spectrum data: õs 5.04 (bs,7H, H1); 4.20 (m,2H, cubaneH); 4.12 (m,

4H, cubaneH'); 3.5-4.0 (m, 42H, CDH. MeO); 3'37 (t, J = 9.6 Hz, lH, H4A); 3'17 (m' 3H,

H6A, hnH6); 2.87 (m,lH, H6A'); 2.67 (m,lH, hnHl);2.41 (m, lH, hnHl'); 2.04 (bs, 3H,

AdH3); 1.86 (bs, 6H, AdH2); 1.75 (d, J - 12.0 Hz,3H, AdH4); 1.64 (d, ,r - I2'0 Hz,3H,

AdH4'); 1.2-1.5 (m, 8H, hnH2-5).

2D-ROESY spectrum data: ô¡1 1.64 (AdH4') shows cross-peaks with 3.5-4.0 (CDH);

1.75 (AdH4) shows cross-peaks with 3.5-4.0 (CDH); 1.86 (AdH2) shows cross'peaks with

3.5-4.0 (CDH); 2.04 (AdH3) shows cross-peaks with 3.5-4.0 (CDH); 3.54 (CDH) shows

cross-peaks with 1.64 (AdH4'), 1rls (AdH4), 1.86 (AdH2),2.04 (AdH3).
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Self-inclusion of the dimethylcubanyl group in 6A-deoxy-øn-6-N-(4-methoxycarbonyl-2,3-

dimethyt- cuban- I - oyl)aminoheryI) amino - B- cy clodextrin 68

lD proton spectrum data: ô¡¡ 5.04 (bs, 7H, H1); 3.5-4.4 (m, 46H, cubaneH, CDH,

MeO); 3.42, (t, J = 9.0 Hz, IH, H4A); 3.19 (m, 3H, H6A, hnH6); 2.92 (m, 
"1, 

ç164',¡; 2'64

(m, 2H, hnHl); 1.1-1.5 (m, 14H, hnH2-5, Me)'

2D-ROESY spectrum data: õs 1.3 (Me) shows cross-peaks with 3.5-4'0 (CDH)' 4.0-

4.2 (cubaneH); 3.5-4.0 (CDH) shows cross-peaks with 1.3 (Me), 4.0-4.2 (cubaneH);4.0-4.2

(cubaneH) shows cross-peaks with 1.3 (Me), 3.5-4.0 (CDH)'

Inclusion of adamantane-l-carboxylateSg in 6A-deoxy-6e-¡6-N-(4-methoxycarbonyl-2,3-

dimethyl- cuban- I - oyl) aminohexyl )amino - þ- cy clodextrin 68

lD proton spectrum data: ô¡1 5.05 (bs,7H, H1); 3.5-4.2 (m,46H, cubaneH, CDH,

MeO); 3.36 (t, J =9.0Hz,LH,H4A); 3.10 (m,3H, H6A, hnH6); 2.81 (dd, J =7.2, I4.3Hz,

lH, H6A'); 2.59 (m,1H, hnHl);2.42 (m, lH, hnHl'); 2.05 (bs,3H, AdH3); 1'87 (bs,6H,

AdH2); 1.7 6 (d, J = 12 Hz, 3H, AdH4); 1.61 (d, J = 12 IHz, 3H, AdH4'); I .l-I.4 (m, 14H,

hnH2-5, Me).

2D-ROESY spectrum data: ôn 1.61 (AdH4') shows cross-peaks with 3.8 (H3); 1.76

(AdH4) shows cross-peaks with 3.8 (H3); 1.87 (AdH2) shows cross-peaks with 3.8 (H3);

2.05 (AdH3) shows cross-peaks with 3.8 (H3); 3.8 (H3) shows cross-peaks with 1'61

(AdH4'), 1.76 (AdH4), r.87 (AdH2), 2.05 (AdH3).

Self-inclusion of the adamantyl group in 6A-deoxy-óA-ló-N-(adamantan-1-oyl)-ctmino-

he xy I ) amino - B- cy c Io d e xtrin 69

lD proton spectrum data: ôs 5.1 (bs,7H, H1); 3.5-4.0 (m, 39H, CDH); 3.32 (¡., J --

g.0 Hz,lH, H4A); 3.25 (m,lH, hnH6); 3.0 (m, 2H, hnH6" H6A); 2'79 (dd, J = 9.0, I2'0

Hz, !H,H6A); 2.56 (m,lH, hnHl);2.28 (m,4H, hnHl" AdH3); I.94 (d, J = 12.6H2,3H,

AdH4); 1.84 (s, 6H, AdH2); 1.79 (d, J - 12.6H2,3H, AdH4'); 1.0-1.8 (m, 8H, hnH2-5)'

2D-ROESY spectrum data: ôs 1.79 (AdH4') shows cross-peaks with 3.7-4.0 (CDH);
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1.84 (AdH2) shows cross-peaks with 3.5-4.0 (CDH); 2.28 (AdH3) shows cross-peaks with

3.1-4.O (CDH)

Addition of 2 equivalents of adamantane-l-carboxylate 59 to 6A-deoxy-64-(6-N-(adamantan-

1 - oyl)aminohexyl) amino - B- cy clode xtrin 69

1D proton spectrum data: ô¡¡ 5.1 (bs, 7H, H1); 3.5-4.0 (m, 39H, CDH); 3'37 (t, J =

g.oIJz,lH, H4A); 3.23 (m,lH, hnH6);3.16 (m, lH, hnH6'); 3'07 (d, J = l2'0H2, lH,

H6A); 2.80 (dd, J =9.0, 12.01912,lH, H6A); 2.57 (m, lH, hnHl);2'29 (m, lH, hnHl');

2.17 (bs,3H, AdH3); 1.95 (bs, 6H, exADH3); 1.84 (m, 9H, AdH4, AdH2); 1.79 (m, 15H,

exADH2, AdH4'); 1.67 (bs,6H, exAdH4); 1.0-1.8 (m, 8H, hnH2-5)'

2D-ROESY spectrum data: õ¡1 1.67 (exADH4) shows cross-peaks with 3.8-4.0

(CDH); 1.8 (AdH4') shows cross-peaks with 3.8-4.0 (CDH); 1.84 (AdH2) shows cross-peaks

with 3.5-4.0 (cDH); 2.17 (AdH3) shows cross-peaks with 3.8-4.0 (cDH).

E.4.3. Preparation of a cyclodextrin dimer

l, 4 -bi s ( 4 - nítr ophenoxy c arb onyl ) - cub an e 7 I

A mixture of 4-nitrophenol 49 (0.282 g,2.00 x 10-3 mol), cubane-1,4-dicarboxylic

acid 70 (0.193 g, 1.00 x 10-3 mol) and dicyclohexylcarbodiimide (0.41 I g,2.0 x 10-3 mol)

in dichloromethane (10 cm3) was stirred at room temperature for 20 hours. The reaction

mixture was filtered through a pad of Celite and the pad was washed with dichloromethane (30

cm3). The combined filtrates were washed with SVo sodium bicarbonate (3 x 20 cm3), water

(20 cm3) and brine (20 cm3) and dried over sodium sulfate. The filtered solution was

evaporated to about 20 cm3 and loaded onto a squat column (30 g, 4.5 cm i.d.) which was

eluted with dichloromethane.lT2,173 Fractions containing the product were combined and

evaporated under reduced pressure to give the title compound as a white powder (0.263 g,

6OVo). A small portion of this material was recrystallised from dichloromethane-hexane mp

215-217"C. ôn(CDCI¡) 8.30(d,,I=9.2Hz,4H,ArH2);7.33 (d,J=9.2Hz,4H,ArH3);

4.53 (s, 6H, cubaneH). ôn (CDCI¡) 168.5, 155.3, 145.5, 125.3, 122.4, 47.4' I'R. (nujol)

1741 (s) (C=O); I6t2 (m),1589 (m), 1488 (m) (Ar); 1521 (s), 1339 (s) (NOz); 1199 (s), 1049
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(s) (c-o).

1,4-bis((6-N-(6A-deoxy-B-cyclodextrin-6A-yl)aminohexyl)aminocarbonyl)-cubane 72

A solution of the cyclodextrin24 (0.128 g, 1.0 x 10-4 mol) and 1,4-bis(4-nitro-

phenoxycarbonyl)-cubane 7l (0.020 g,4.6I x 10-s mol) in dry DMF (2 cm3) was stirred at

room temperature for 20 hours. The reaction mixture was diluted with ether (40 cm3) and the

resultant precipitate was collected by vacuum filtration and washed with ether (3 x 10 cm3)'

The crude product was dissolved in water (20 cm3) and the solution was acidified with dilute

hydrochloric acid and extracted with dichloromethane (3 x 15 cm3). The aqueous layer was

treated with AG 4-X4 weak anion exchanger (5 g) for t hour and the resin was removed by

filtration and the colourless filtrate was freeze-dried to give the crude product as a white

powder. This was dissolved in water (5 dm3) and loaded onto a column of Sephadex G-10

(600 x 20 mm i.d.). The column was eluted with lTVo aqueous ethanol and 10 cm3 fractions

were collected. Fractions containing the product were combined and freeze-dried to give the

titlecompoundasawhitepowder(0'046g,387o).Rc=0.71.Electrospray-msm/22622

(M+). õu (DzO) 5.00 (bs, 14H, H1); 2.5-4.4 (m,142H, cubaneH, cDH, hnHl, hnH6); 1'1-

1.8 (m, 16H, hnH2-5). ôc (DzO) 175.9, n5.6 (C=O); 105.1, 104.6, 104.1 (C1); 87.8,

86.9, 85.8,84.4,84.3, 84.0, 83.8, 83.3, 83.1 (Ca); 15.8, 15.6, J5.3, 15.2, 14.9,74"7,

J4.5,72.3, 12.2,72.7,70.4,69,6 (C2, C3, C5); 63'2,63'0, 60'5, 60'1 (C6); 51'5' 51'0'

50.8, 49.4,4g.I,4g.0,48.8,42.0,4I.9,39.1 (C6A, cubaneC, hnCl, hnC6); 34.7,34'0,

31.8, 3 r.4, 31.1, 30.8, 29.6, 29.5, 29.2, 28.6, 28.3, 28.2, 21.9, 27.5, 25'6, 25'0 (broad

lump, hnC2-5).

Addition of wo equivalents of adamantane-l-carboxylate 59 to 1,4-bis((6-N-(64-deoxy-B-

cy clodextrin- 6A -yl ) aminohe xyl) aminocarb onyl) - c ub ane 7 2

600 MHz lD proton spectrum data: ô¡1 5.06 (s, 14H, Hl); 4'16 (s, 6H, cubaneH);

4.01 (t, J = 9.2H2,2H, H5A); 3.9-3.5 (m, 76H, H2-H6),3.40 (t, J = 9.2H42H, U4A);

3.30 (d, J = 13.2H2,2H, H6A); 3.18 (m,4H, hnH6); 3.01 (m,2H, U6A'); 2'80 (m,2H'

hnHl); 2.68 (m, 2H, hnHl');2.04 (s, 6H, AdH3); 1.84 (s, IzH, AdHz); L74 (d, J - II Hz,
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6H, AdH4); L.67 (d, ,I = ll Hz,6H, AdH4'); 1.2-t'6 (m, 16H, hnH2-hnH5)'

2D-ROESY spectrum data: ôH 1.2-I.6 shows cross-peaks with 3.18 (hnH6); 1.67

(AdH4') shows cross-peaks with 3.6-3.9 (H3, H5); 1.74 (AdH4) shows cross-peaks with

3.6-3.9 (H3, H5); 1.S4 (AdH2) shows cross-peaks with 3.6-3.9 (H3, H5); 2.04 (AdH3)

shows cross-peaks with 3.6-3.9 (H3, H5);3.18 (hnH6) shows cross-peaks with I'2-l'6

(hnH2-hnH5);3.6-3.9 (H3, H5) shows cross-peaks with 1.67 (AdH4'), l'74 (AdH4)' 1'84

(AdH2),2.04 (AdH3).
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Introduction

ncw studicr

Expcrimental

Thc modificd pCDs wcre prcparcd as prcviously dcscribcd,rt

and wcrc dricd to conslant wcight and storcd ovef P¡Ot Prior to
use Thc c Y commcrcial gradc

material! th a MilliQ-Rcagcnt
syitcm to sistancc o[ > I 5 MQ
m and, a uscd in thc Pr'Par'

!ig. I 6^{o-Aninoalþlminoþ^lcoxy'þ+yclodalnnr whcrc n =
2,J,4o.6,

ation of all solulionr A Mctrohm Dosimat E665 titrimator' an

Orion SA 720 potcntiomctcr ¡nd an Orion 8172 Ross Surcflow

combination pH clcctrodc fillcd wilh o. l0 mol dm-r Naclo.
was u¡cd in ali titrationr During cach titralion a ñnc strcam of
nitrogcn bubbles (prcviouly passcd through aqucou 0.10 mol

dm-¡ NaOH to rcmove any CO, tnccs, and thcn through aquc'

ous 0.10 mol dm-¡ NaOO,) wæ pæscd through thc titntion
solution which wns magnctically stincd and thcmost¡tted at

298.2 ! O.l K in a Mter-jack.t.d 20 cm! titntion vsscl which

ide solution (0.10 mol dm-r) ms lhc !itnnt. All titntions wcrc

canicd oul in duplicatc at tcast and a tyPic¡l titnt¡on cutre is

shom in Fig. 2. ComPlcx slabil¡ly ænstants w.c dcrivÊd from

thc titntion data using thc proEam SUPERQUAD.tr
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phcnylpropanoatcl at thc pH>
spcctßl assignmcnts are: lD rH

Appendix

L-1

.\.ì-o "t

ll

l0

I

I

t7

3

(Hb,c),7.29 (Ho),7.E0 (Hø);3.9 (H3) shows cross'pcaks with
1.2-l.l (Hcd), l.+-l.J (Hb,c),2.a5 (Ha),2.6a (HQ,7.29 (Ho),
7.80 (H¿Ð; 7.29 (Ho) shows cross-peaks with 2.al (Mc), 3,8

3.9 ?.80 (tûrr); 7.80 (lLr) shows cross-perks with
7.29 (Ho\.

coos¿ao[s discusscd (hat thc

9Cl'¿ of thc total
I 1.5 of R

,\o.¡
À\uot"

É
Ho): 7.22 (m, lH, Hp)l 4.92 Or s' ?H + solvcn(, Hl): 3.6-4.0
(n, 26H, H3, H5, Hd)i 1.58 (q, l =1.2 Hz, oCFÐi 1.2-3.5 (m,

l3H, H2, H4); 3.19 (t, r=9.6 Hz, lH, H4^)i 2.93 (d, J - 12.6

H¿ IH, H6^); 2.67 (dd. r=0.6,9.5 Hz, IH, H6^); 2'62 ((,

! -7.2H2,2H, H0; 2.45 (t, ,. ?.E Hz, 2H, Ha): 1.39 (m, 4H,
Hb,c): 1.36 (d, J -7.7 Hz, 3H, lvf c); 1.25 (m, 4H, Hcd). 2D
ROESY cross-pcaks: óH 1.25 (Hcd) shows cross'pcaks with
1.39 (Hb,c),2.45 (Ha),2.62 (Hf),3 7 (H5),3.75 (H3): l'36 (lvfc)

shows a cross-pcak with I 58 (scfÐ; L39 (Hb,c) shows cross'

iing'* canied ouÌ uing a Silicon
X2 400 Uoix workstation. Computational
d uing thc forcc-ficld Progamme CVFF

with thc 6-12 ¿ [unction with gcom

¡uclcar intcmctions EncrgY min ;

*i,tt itr" P¡t"o".t frogr".ä., uri I

rithm until thc root m.an squa

dcrivcd <10, whcre¡ftcr a conjugrtc gndients algorithm Ks
ucd uñäi-RlvfS <l and thc global minimisation was obtained

us¡ng a quasi Ncwtoo-Raphsoo aJgorithm. Several local cncrgy

.inñr¡ *e," found betoic the global minimum ms rcachcd' :

Gmphical displays wcrc printcd through thc Insight II molecu'

lar modclling programc.

spctrum:d¡ 7.30 (m, lltn,

Results and discussion

Complex st¡bil¡ties

n =2 znd 6, respcctivcly, as shoçr in Tablc l. While cach pos'

o2 06

NaOH added/ml

2 Thc

â(

\rÞej-\

tl-

Thc tH NlvfR lD and 2D ROESY (miting timc of0.35 s)rt

aromatic gucst pro(ons arc labellcd æ Ho and Hz whcrc thc

2 J, Chen. Soc.,PerkinTrou 2'1999' l-7
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tj

Trhlcl Equilibrie.r(andpK¡'vålusd.¡cmintdinaqucou:olution¡t/.0.l0noldm-'(NaClO,)rnd298.2K

Jldml mol-¡

Equilibrium ! ¡.4 ¡.6

(t) FCDNH¡(CH¡).NH c.rcidl¡'

þiþcoNH,icn^i.¡¡u ¡'
(l) pcDNH(CH¡),NH¡
(4) pcDNH(CH¡).NH¡

350 t 80

915 ! ó0

420 ! 60

740 ! 100

305 ! !5
9J0 ! 120

4t5 ! 6J
acidl¡'

+ +mcthylb(uor(c-:

275 ! !0
t000 ! 120

E85 t 65

39J I 50

515 ! 50

420 I 65

tEo 1 20

?50 t 20

1û!15

690 i 70

630 ! t0

570 ì 80

250 ! l5

I 150 t 295

285 ! 80

465 ! 60 6t0 à 105 1760 i lJo

545 ! 140

- 4 ¡nd l0 26 and 8.72 uhcn
(S).2-phcnyl groganoic

820 ¿ 170

870 i 70
180 ! t5

(5)

(6)

(7)

(8)

¡cid:

¡c¡d:

1000 ! 170

¡40 t 15

850 ! 170

790 ! 80

!45 t 40

610 t l0

Hso}z

¡e

(e)

(10)

(¡ l)

(t2)

(l) +

(14)

acidll'

(l 5)

(16)

(r7) 9CD
(18) ¡cD
Ìtsi'Êco ¡cidl'
(20) pcD
(2r) ÊcD

590¡
60¡

340¡
120¡
50,

1680)
I t0¡
910¡
llot
l00l

(221 ÞcD
FCD

+ +mcthylbcnzoic ãcid:
(21)
(24)
(25)
(26)

+
9CDNH,
ÞCDNH¡
PCDNHI

+
+

.cidl'

2, 9.90 end 7.19 whcn ¡ = 3, 10.26 ¡od 8 06 s'hco ¡
.8.49.r Th. px.s of b€uoic, 4-m.thylb.üoic ¡nd

+

'Thc plí.r of pCDNH(CH¡).NH¡¡' arc 9.42 ud 5.70 vbcn ¡ -
¡ = 6 úndi¡ rhc conditiãns of rhis irudy." Ìlc PK. of ÊCDNHT'
Âcid a.c 4.0ó,4.20 and 4.Ð, rcspcctivcl¡rt'¡ Fod rcfcrcne 2.

I ¿\

dcrætcd whcn a=2, lhe neutral and unipositivcly charged

dctcctcd by thc potcntiomctric mcthod us.d ¡n this study and

arc listcd as nol dctccted )
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pattcm of variarion io stability may be attdbuted to thc cffccts

ofchangcs in i) thc chargc, ii) thc bydrophobicity iii) the stcrco
ch€mistry ot both host and gucst, and iv) changcs in CD host,
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tutcs 90/o of thc total
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LJIo

12

ll
t0

9

I

2 Thc

É

o2 06

NaOH added/m¡

0.010 mol

dm-¡ in
/=0l0mol

dm-rolution of 9CDN.
rnd b) a 0.010 nol dm-¡

and

iùsø-\ i
L )7',

Thc rH NMR lD and 2D ROESY (niting timc of 0.35 s)re

aromatic gucst prolons atc labcllcd æ Ho aod flr¡ whcrc thc

2 J. Chen. Soc.. Pcrkin T¡ou 2,1999, l-7

(oCH) shows cross-pcaks sith 1.36 (lyfc), 7.30 (Ho, ll¡t); 3.7

(H5) shows cross-pcaks with 1.25 (Hc,d), l.l9 (Hb,c),2.62(H0,

propanoate æmplcx.'lvfolecular 
modcllingD w canicd out uing a Silicon

Gnphics Iris lndigo X2 400 Uoir workstation. ComPutational
rcsults wcrc obtained uing thc fos-ficld prognmmc CVFF
with thc 6-12 E funcdon with ScoEctric avcmgcs for thc hetcro'

uuctear inteactions Encrgy minimisations wcre perfomed
*ith the Discover programq using a stecpest dcrcnb algo-

rithm until the root mc¡n squarc of thc rcsidurls (RMS)

dcrivcd <10, whcreaftcr a conjug¡te grÀdients algorithm was

used uñiìlRirfs <l and the global mininisation w¡s obtained
using a qutsi Ncwton-Raphsoo algorithm. Several Iocal energy

mini-ma *erc found bcfore thc ¿Jobal minimum wa¡ rc¡chcd'

Gøphical displays werc printcd through thc lnsight ll molccu'

lar modclling programe

ResuÌts and discussion

Complex stabilitíes

Thc variou weak sccoodary bonding intcractions bclwccn thc

CD host and rhe guest can sum to producc quitc high stabilities

in CD complcier'lt has been concluded fiom a widc nngc of
studies dominated by natural CDs that the complexat¡on pro-

ccss involves confomational change io thc CD host and the

n=2and 6, respcctively, as shos¡ in Tablc l. Whilc cach pos'

À.f" "s
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Appendix

gucst and complcx hydration :upcrimposing on thc stabilising
cffccr of cntry of the hydrophobic phcnyl group of thc gucst

into the hydrophobic entrc ofthe pCD annulus.

Tìe pCD annulus and thc tço aminc 3roups rcPrcscnt con-
srant structuBl fe¡turcs in thc four pCDNH(CH').NH¡ hosls
Hcncc, variations in cfæts ifiv) gcncnted by thc CD hosts

arisc prcdominantly from lhe changc in thc lcngth of thc
-NH(CH¡).NH¡ substitucn¡ indicatcd by n. Thc phcnyl ring and
thc carboxylic acid group arc invariant in tbc four gucst qrb-
oxylic acids, and thcreforc diffcreoccs io thcir complcxation
ch¡ncteristis arisc from diffcrcnca in hydrophobicity and
stcreochcmistry cngcndercd by thc CHr ¡od CHrCH < moictics
in 4-mcthylbcnzoic acid and (R) or (5|2-phcnylprcpanoic acid,
rcspcctivcly, whcn comparcd with (hosc ofbcnzoic acid.

Dcsccnd¡ng thc vcrtiel aris ofFig.3 is cquivûlcnt to incrcæ-
ing solution pH so thrt thc hort's chargc dccrcæcs with
dæreasing protonation and its hydrophobicity incrcæcs u a
conscqucnce Coæspondingly, thc gucst bæomcs ncgativcly
chargcd uith the probablc rcsult ùat its hydration iucøscs and
its hydrophobicity dccrsscl On thc borizontal ar¡s, hosl
hydrophobicity iocreascs and lhc chargc scparation in thc
diprctonatcd host incrcases as z in pCDNH(CHj).NH¡
incrcascr Thus, in thc uppcr Icfi band comcr of Fig. 3, thc host
has a dipositive chargc and thc gucrt has c¡thcr no chargc or a
ncgat¡ve chargc, and it appcars rh¡t cithcr a chargclipolc or
a charge<hrrgc intcraction stabiliscs tbc complcr, Thc intcnsity
of th¡s ¡ntcnction probably diminishcs æ ¡ incrcases and thc
chargcs in PCDNHT(CHJ.NH¡!' movc furlhcr apart so ¡hat
thc stab¡lit¡cs of thc complcxes diminish in thc uppcr right haod
comcr of Fig. 3. (fhc oricnution of t-hc erboxylic acid or
carboxylatc gucst within thc annulus oay also changc wilb
variation of pCDNH(CH¡)"NH¡ chargc æ its protonatioo
changcs æ indicatcd by thc molccular modclling studics dis-
cusscd bclow)

Ar thc lowcr lcft h¡nd comcr of Fig. 3, thc bost is uncharged,
the gucst is negativcly charged and no complexcs arc obscrucd.
(fhis is consistcot with thc obscryatioo that thc analogou

carboxylatc gucst s(rengthcns to givc morc shblc complcxcs
in thc lower right hand comcr of Fig. 3. whilê it is possible

th¿t the incrcase in host hydrophobicity is thc main sourcc of

stabiliscs thc host-gucst complcr whilc thc short -NH(CH)t-
NH¡ substitucnt is fcss cFectivc in lhis rolc, Similar sclf-
complcrations arc obscrcd for thc pcndant naphthyl group
and pcndant dansyl group o ino
t -naphthylsulfonyl)diam i ooe lha n

and 3^-O-naphthylmethyl-p<yc Thc
charged -NH¡(CH)6NHr2' substil.ucnt docs no( appc¡¡ to
cntcr thc pCDNHICH¡)6NH,¡' annulu5 as is discussed bclos

Supcrimposcd on lhcsc cffecu is that of hydration. Thc
hydration ofpCDNH(CH)"NH¡ aod its protonatcd analogucs
probably has two main componcnts: w¡ter æcupying thc annu-
lus but intcracting wcakly with thc mcthylcne, mcthinc and
cther oxygcn moicties dcfining thc hydrophobic æntr. of thc
annulus, and watcr hydrogcn bonding wirh thc hydroxy groups
at cithcr cnd of thc annulus (From G-6 5 HrO havc bccn
obscrycd in thc pCD annulus in solid statc neut¡on and X-ray
difTraction studics r") Thc displaccmcnt of watcr from thc

4 t. Chen. Soc, Pe¡khTrau. 2,1999, l-7

thc cxtcn! of hydmúon may cirhcr incrcasc or dccrcasc on
fomation of thc complcx. Thc coopletc or plrtial canccllation
of host chargc by that of rhc luesr is likcly to producc a
dccrcasc in thc ovcnll hydmtioo of rhc complcx comparcd with
that of ¡ts charged componcnq aûd a conscqucnt lcsscning
of conplcx sÌability. This ccurs iu thc entrc of Fig. 3 and is
cxcmpliñcd by cquilibria (2) aod (3), (6) and (7), (10) and (l l),
and (¡4) and (15) io Tablc L Hydnrioo cffects on stabil¡ry arc
likcly to bc lcss for cquitibria (l), (a), (5), (8), (9), (12), (l]) and
(16) whcre no changc'u ovcrall cbarge occurs on complcxation.
Thus, a dcgrcc of complcx stabilisation may bc achicvcd
through minimising thc intcßcrioos of thc hydrophobic moi-
ctics of úc host and guest with *têr through partial cncapsu-
lation of thc hydrophobic gucst Doicty in thc hydrophobic
annulus of thc host whilc rct¡itriog thc hydntion of thcir
hydrophilic mo¡cticr

Thcrc ¡s no appdrcot systcmaric slcrcæhcm¡c¡l cllccl gf lhc
variation of ¡ in ÊCDNH(CHJ.NH¡ and i6 conjuglrc acids
and of thc stercochcnistry of thc crboxylic acids and thc con.
jug¡tc b6cs othcr than thosc subsumcd ioto thc discussion of
facton i)-iv) above Howcvcç thcrc is a mall chiral di*rimio-
ation in cquilibria (9) and (13) vhcn ¡=2 and 3, whcrc
IPCDNH¡(CH¡)"NH,.(Â!2-phcnylpropaooic acidl¡' is morc
s¿ablc than is (S).analoguc çbcu ¡=2 and yice y¿¡¡s whcs
¡ = 3. Although small, tbce diffcrcucc arc consistcnt with ¡ of
thc -NHr(CH,)"NHf ' substitucnt infl ucncing gucsL oricntåtion
as is also thc cæc for thc -NH(CHJ.NHT subslitucn! whcrc
¡ = 3 and 6 in cquilibria (12) and (16).

lJùf R structural stud¡6

thc total {4-mcrhylbcnzoatcl at thc
¡H chemical shifts and ¡hcpH>ll

spcc(El rcso¡ution oÍ thc substitucnt mcthyþ
cnc of
for

l"r\ r\ LC

'tl o
Þ-¡

3tt-o

(tt\s

lù5i,-\'

rl-1

and coosistent çith the

insidc thc þCD annulus and paallcl to
thc the aromatic ring whcic thcy cxpcricncc an aniso-

arising from thc high i clætron density of thc guest.tropic field
Cross-peaks betwcen Ha-Hf of -ì\H(CHt6NH¡ and H3 and
H5, and Ho and FI/r ol'thc 4-m.(hylbcnzoate and HJ and H5
(Fig. 6 and Tablc 2) arc consistcnt cith thc simulhneous com-
p¡cxttion of both cntities ¡o thc pCD aonulus, However, thcc
arc no cross-pcaks duc to intcractions bctwccn the.NH(CHJç
NH¡ substitucnt and 4octhylbcczcatc. Thcsc data are consis!-
cnt tìth cithcr a sing:lc conplcr whcre thc carboxylatc
protrudcs from cirhcr the primary or the sccondary faæ (Fig. 5)
of thc pCD annulus (rcspcct¡vcly d:liocated by primary and

chain of Ll-

Nçf,-
\-I f-r L9

ql
¡C¿ Job: .r<J¡.tll¡a llÈ1.! ,..1tñ ¡ a/06a8¡^ Cb¡9t.r' l¡taa t.t.i a

t.lnÈ.d¡À. À9¡ it tt!2?rii rtgt ¡?' tù !c¡t.¡ loo.oot ,.q!u' ¡sy.!4t9Jù ¡1¡¡¡/r¡rl¡/l2l!{
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T¡blc 2 rH NMR cros.pcakr'ob:cncd for pCDNH(CH¡)¡NH¡ rnd
¡tr +m.thylb.Mo¡tc ¡nd (Ð-2-phcnylprop.no¡t. compl.¡.s

9CDNH¡(CH¡).NH¡

A¡nul¡r protons 6.Àminohayl subrtitucor proront

IPCDNH¡(CH¡).NH¡.+mcùylbcEo¡t.l-

6.Aminohc¡yl !ubst¡tucnt ¡nd 4.ñ.thylb.Moât.
¡{nnùl¡aprotons p¡oton¡

IPCDNH¡(CH¡).NH¡.(.5¡2-phcnylgroganoatcl-

6-Âminoh.¡yl subitirucnt aud (5)-2-phcnyl-
Annul¡r protons Drcpano¡tc proloß

Hf Ho, Hd Mc

Ha Hb Hc Hd H€ Ht
+ ++ ++ ++ ++

+ ++ ++ ++ ++ +
++ + +

H]
H5
H5^

H¿ Hb Hc Hd Hc Hf Ho ún McI
+++++++++++++ +++
+++++++++++++++

Ha Hb Hc Hd He

++++
+++++
++

H]
H5
H5^

(¡)

lb ll^

(bt

o[ t¡Ê ltructurq of (â)
(b)

ùc irtÉ.
thc intcr. tìrsc}¡nd

!o15
-\*Xl

Vl H

'1. 
H]
H5

.E

ñE

++ [+
+Ca¡.\cr

i<
L{o 2 l-f.

'Thc iilcnsity of rhc frs pc¡kr hccag from + to ++.Th. @n6-
rñtions ofÞCDNHICH'.NH' lnd cirhcr +mcthylbcdo¡tc or (Ð'2-
phcnylPmPano¿tq whcn pracnt' vcrc 0.06 mol dm-'.

lo¡('

þ

Ff/ppm

FÌg. 6 Thc 'H 600 I'f Hz ROE5Y NMR
( gCDNH(CH¡).NH¡.+mcthylbcuoatcl- complcx
fomcd br¡wccn Ha to Hl ¡¡d Hl Âod H5,

rpctum o[ thc
showint æs.pÉak5
Ho and Hñ of ,l-

hcthylbtnzoare
¡nd H5.

and H] ¡nd H5 and Mc of,l-mcthy bcuoalc ¡nd HJ

trum cross-p€aks
and H5, and Ho

bctwccn Ha-Hf of -NH(CH¡)¡NH¡ and H3
and Hm of and HJ

and H5
lancos
Hoscver, thcrc are no cross-p.aks due to inteEctioN betwcen
thc and

Thc of cross-

pcaks bctwcco lhc aryl
H5 ¡5 consistcnt with complcxation of thc aromatic
ring io thc pCD annulus No crors-pcaks are obserycd bctwccn
thc mc(hyl group of thc (.f12-phcoylpropanoatc and eitÌ¡cr H3
o¡ H5 consistent with the pÞ
trudiog from thc

sccondary hydroxy groups), or thc coc¡istcncc ofboth complcx

I ô5¡¿r I ti¡ration alsoabove

l- 90%
of thc HJ and
oare¡ ar rhc pH ¿ I 1.5 of thc NMR study. thc spcc-

tcl Jobr !¡êj¡!l¡laa lltt.' Þ.rlln 2 l/06.aaÀ Õ¡rÈ..r t¡¡la t¡s.¡ I
iirnr¿ìäii ipi-ãi i¡'¡r,:r ¡tt, ¡y¡ ,¿. !a¡t.r ¡oo.ooi tlqru¡ ¡!Y.!4ltJù l¡¡¡r/r¡r!./¡2ll¡

similar for rh€cDNH(CHJ.NH¡.(Á)-

ùlolecular modelling

Gas phasc force-field molccular modellingæ prcduccd thc
global encrgy minimiscd (877.1 kJ mol-r) structurc ofþCDNH-
(CHJ.NH¡ with thc -NH(CHJ,NH¡ substituent complcxcd
insidc the pCD annulus as shom in Fig.7. Similar modclling
showcd that thc -NH¡(CHJ6NH¡'' substitucnt of þCDNHT
(CH¡).NH¡" docs not .ntcr thc FCD annulur Borh of thcsê

J. Chem. Soc., Pe¡kh Truns. 2,1999, l-7 5

Fllppm

F¡ß. 4 Thc rH 600 MHz ROESY NMR sp<rruñ of ÞCDNH-
(CHr).NH¡. Crors.p€¡k5 ¡rc fomrd bctwcco Hb-Hf ¿nd Hl, H¡-Hf
e¡d H5 ¡nd Ha-Hc and H5^.
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1¿

¡b
Ijg,7 Th. global cncrgy miniñi$d snctur. oiFCDNH(CH¡).NH¡
vi*cd frcm .) thc p.im¡ry f¡e of ùc ¡mulus aod b) froo tlc sidc
wi(h thrcc Llu@pyñno* unic ot rway. Tbc -NH(CH¡).NH¡ tub!(i(u.
cnt h shom in dark shãdin8.

ab
Fìg. 8 Thc global
NH¡*ncthyl bcnzo
annulus and b) from
The -NH(CH)¡NH¡
dark shading.

I

models are consistenl with thc deductioos made from rhc NMR
data discusscd above

lvfodclling thc [PCDNH(CH
complcx produccd a global cncrgY

for the structure shom in Fig. E

oricnted with its ørboxylatc group tomrds thc secondary face

of rhc pCD annulus and the -NH(CHi)6NH, substituent is also

complcxed insidc thc pCD annulus consistent with thc NlvfR
d¡tr: Thís oricnt¡tion ofthé carboxylatc tow¡rds thc sccondary
facc is also found io adamanune'l srboxylatc complexes of
oCD and pCDr0 and thc cyclohcxanæarboxylate complex of
pCD.rr Whcn thc 4methylbcnzoatc oricntatioo is rcvcrsed so

that thc carboxyl¡lc group i5 oricntcd towards thc primary facc

thc mol-r consistcnt with this

bcin The modelled structurc of
thc lbcnzoatcl' comPlcx shows

the 4-methylbenzo¡lc guest ùo havc its carboxylate grouP in the

vicinity ot the primary facc of thc PCD annulus. This rcvcrsal
of oricntation, comparcd with that ¡n thc [ÞCDNH(CH;).'
NH¡'4-mcthylbenzoatel- complcx, is consi5tcnt wilh the charge

of thc -NHr¡.-,(CH)¡NHo.,l"')' substitucnt (whcrc nr=
0 or I and ¡=0 or l) substantially influcncing Sucst orien-
tation through clcctrostatic ¡nteßctions, This has also been

found (o oæur in modclling studics of thc +mcthylbcnzoatc
complcx of protonttcd hcptakis(6amino.6-deoxy)-þyclo-
dcxtinr¡ and also its amino acid complcxct¡' \'Vhilc our
modclling studics show lhe probablc orienting cf[ccß ofchargc
in [pCDNHICH)"NH¡4-mcthylbenzortc]- and [pCDNH'

6 J. Chent. Soc., PerkìnT¡oru.2,1999, l-7

(CH¡).NH¡.4.mcthylbcnzoatcl-, thc la(l.r complcx was not
dcrcctcd ín solutíon as d¡scEscd above

l'lolccular modclling also shou¡ that both thc .NH(CH¡)¡-
NH¡ substituent and (S)-phcnylpropanoatc arc complcxcd
uithin the pCD annu¡us ¡n thc IpCDNH(CHJ.N H''(S)-phcnyl-
propanoatc]- complcx. Thc Grboxyl¡tc group is oricntcd
tow¡rds (hc sccondary facc ofthc FCD annulus Thc [pCDNH-
(CHJ¡NH¡.(R)-phcnylpropanoatcl- complex is found to h¡vc a
simil¡r structure to that of its (Slaoaloguc with somc diffcr-
cnccs in oricntation of the gucst sìthin lhc pCD annulus The
globalised cncrgy minima of thc IpCDNH(CH)¡NH¡.(.t]
phcnylproganoatcl- complcx aod its (Rlanaloguc arc 738.5

and 8 12,3 kJ mol-r, rcspcctivcly, showing thc (5)-diastcrcomcr
to bc thc morc stablc in thc gas phuc.

Conclusion

Thc stabilitics of thc host-g!cst complcxcs fomcd bctwccn thc
6^-(o-aminoalþlamino)6^4coxy-þ<yclodc¡lrin hosts and
thcir p(otonatcd foms (whcrc ùe
arc -NH(CH¡)"NH¡ and ¡ = 2, 3, 4

oic acid, 4-mcthylbcuoic acid

uaminoalþlamino groups

and thc bcnz-

that ùhc -NH(CH¡)NH, substitucot of ÊCDNH(CH)5NH¡
self<omplcxes insidc the pCD aonulus, and thaù in [PCD-
NH(CH)6NH¡4-mcthylbcnzoatcl- and is (S)-2-phcnyl-
propanoarc analoguc both thc gu.st aDd thc -NH(CH),NHt
substitucnr arc simultaocouly cooplcxcd within thc ÞCD
anoulur Gas phase foræ-ñcld modclling also show this to oæur
for ÞCDNH(CH¡)¡NH¡ and thcs two complexcs, whcrc in thc
lattcr two cascs thc srboxylatc goup is oricntcd toErds the

sccondary facc of thc annulus Tbe cotry of thc -NH(CHJ.-
NH¡ subst¡tuent into thc pCD annulus may sig¡ificantly affcct
complu stability, as mty also bc thc esc for thc -NH(CH¡).-
NH¡ subsûtucnts whcre ¡ = 2, 3 aod 4 if they also cntcr thc

PCD annulu In contnst thc fully Protonttcd -NH¡(CHil.'
NH¡¡' substirucnt docs not cntcr thc PCD annulus accotding to
thc rH NNIR and molecular moc:lling studicr

and
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