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"There is something fascinating about science. One
gets such wholesale returns of conjecture out of

such a trifling investment of fact."

Mark Twain, Life on the Mississippi, 1874.
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SUMMARY

Multinuclear NMR techniques have been used to investigate
molecular and ionic inclusion processes. In the first part of
this work, molecular complexes formed by the inclusion of
fluorocinnamates by the cyclic oligosaccharide a-cyclodextrin
were studied by 19¢ nMR spectroscopy. The complex association
constants were obtained from analysis of chemical shift data
for a range of selectively fluorinated cinnamates, and the
variation of chemical shifts of the complexed species provided
information pertaining to the stereochemistry of the
complexes.

The results indicated that 1:1 (binary) and 1:2 (ternary)
complexes are formed in D,0 solution, generally with the
binary complexes dominant in the case of mono- and difluoro-
cinnamates and a highly stable ternary complex in the case of
p-trifluoromethyl cinnamates. The chemical shift data
indicated that the predominant binary complex is that in which
the carboxylate side chain of the fluorocinnamate enters the
wide end of the cyclodextrin cavity first. The ternary complex
probably has a structure in which the cinnamate is encaps-
ulated by two cyclodextrin molecules with the wide ends of

their cavities in close proximity.

In the second part of this work, 23Na and 13¢ NMR
spectroscopy were employed in a structural, kinetic and
mechanistic investigation of the complexes formed by the
macrobicyclic ligands, cryptands. The sodium cryptates of the
cryptand C211, and a structurally modified cryptand, C21Cgy,
were found to exist in the solid state, as determined by X-ray

crystallography, in an 'exclusive' form in which the sodium
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ion resides on one of the fifteen membered cryptand rings,
rather than in the centre of the cryptand cavity as in the
'inclusive' form. 13C NMR studies indicated that this
conformation is retained in solution, whereas the analogous
lithium cryptates possess inclusive structures.

Variable temperature NMR studies and subsequent lineshape
analysis of the spectra of these cryptates in various
solvents, together with the determination of the stability of
the C21Cg5 cryptate, allowed a detailed mechanistic discussion
of the processes involved in cryptate formation and
dissociation. In general, the rate determining step for
sodium exchange on cryptates is the dissociation of the
cryptate, and the solvent variation of the formation and
dissociation rate constants indicated a correlation between
the solvent donor strength and the structure of the transition

state for the exchange process.
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FOREWORD

Molecular and ionic inclusion phenomena are known to play
a vital role in a number of biochemical processes which
sustain life, from enzyme catalysis and drug receptor systems
to the ionophoric activity of antibiotics. Physical organic
chemists have made important contributions to the under-
standing of many biochemical systems, particularly to those
processes which involve specific complexation of one species
by another. The strategy usually adopted in such research is
either to probe the actual biological system per se, or to
develop and study practical models which emphasize the
particular features of the system which are of interest so
that subsequent <comparisons with the real biological system
can be made.

Such 'biomimetic' models have been very successfully
applied to various aspects of biochemistry involving inclusion
complexes, including enzymic catalysis and ion tramsport
processes. This has led to an enormous amount of research
activity in the field of inclusion complexation chemistry
which has now evolved into an important branch of chemistry in
its own right, The transport of a metal cation across a
membrane, or the specific reaction catalysis of a substrate
bound to an enzyme are clearly of interest. However, the
physiochemical basis of complexation of molecules and ions in
solution is fundamental to a complete understanding of these
biochemical processes.

The process of enzyme catalysis involves the formation of
a molecular inclusion complex where the substrate is bound

within the active site of the enzyme., This binding has been
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successfully mimicked by the use of the cyclic oligomeric
saccharides, cyclodextrins.l’2 Antibiotics such as valinomycin
which facilitate the transport of metal ions across membranes,
function as ionophoric ligands and complex the metal ion
within a cavity formed by the arrangement of coordinating

atoms around the ion as depicted in the figure below.

Figure. Structure of the potassium - valinomycin complex.

Potassium is the approximately octahedral coordinated central
atom. The eighteen oxygen atoms are represented by the larger
spheres, six nitrogen atoms by medium sized spheres, and the

carbon by small spheres. Hydrogen atoms are not shown.
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3 and cryptandsz"'6 have been

The synthetic crown ethers
proposed as models for the action of antibiotics and much
insight into complexation and binding phenomena has been
gained from the extensive studies of the chemistry of these
systems. A technique which has proven very powerful and
productive is nuclear magnetic resonance (NMR) spectroscopy.
NMR spectroscopy is particularly well suited to the study of
inclusion complexation chemistry since the spectra of species
involved are generally quite sensitive to any changes in
environment which occur due to complexation. In this work,
NMR spectroscopy has been utilized in the study of two forms

of complexation, molecular inclusion complexes of cyclo-

dextrins and the complexation of sodium ions by cryptands.



PART 1

A STUDY OF o-CYCLODEXTRIN INCLUSION COMPLEXES

BY 19F NMR SPECTROSCOPY



CHAPTER 1 INTRODUCTION

Cyclodextrins are formed during the degradation of starch
by the glucosyltransferase of Bacillus macerans which was
first discovered by Villiers in 1891,7 and were subsequently
recognized to be cyclic oligosaccharides by Schardinger in
1904.8 Freudenberg determined that cyclodextrins consisted of
@(l-4)-linked glucopyranose units? and with Cramer, realized
their ability to form inclusion complexes in solution,10 thus

ploneering an extremely prolific field of chemistry.

1.1 Structural Properties of Cyclodextrins

Cyclodextrins are named according to the number of D(+)-
glucopyranose units present. Of the most commonly studied
members, oO-cyclodextrin (cyclohexaamylose, Figure 1.1),
B-cyclodextrin (cycloheptaamylose) and Y-cyclodextrin (cyclo-
octaamylose) are comprised of 6,7 and 8 glucose residues

respectively, while species containing up to 12 units per ring

have been reported.11

HO— 1

Figure 1.1. Schematic representation of the structure of

G-cyclodextrin.

The gross structure of the cyclodextrin molecule defines

a cavity with the shape of a truncated cone, which in the case
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0
of o-cyclodextrin, is 6.7A in depth and has a diameter of
about 4.58 at the narrow end.12 Other physical properties of

the cyclodextrins are included in Table 1.1.

Table 1.1 Physical properties of the cyclodextrins.14

Cyclodextrin No.of Mol.Wt. Water Cavity Diameter
glucose solubility
units (g/100 ml1)@ (ﬂ)b
a 6 972 14.5 4.7 - 5.2
B 7 1135 1.85 6.0 - 6.4
Y 8 1297 23.2 7.5 - 8.3

a) Room Temperature b) Smaller value for ring of H atoms
bonded to C(5) and larger value for ring of H atoms bonded to
C(3) as measured from CPK models.

As depicted in Figure 1.2, the wider rim of the o-cyclo-
dextrin torus consists of the 12 secondary hydroxyl groups of
the glucose residues and the narrow rim is defined by the 6
primary hydroxyl groups. The internal ca&ity thus formed is
lined by the ring of glycosidic oxygens and the hydrogen atoms
bonded to carbons 3 and 5, and is therefore thought to be
apolar in nature relative to the water environment in
solution. An x-ray crystallographic study of oc-~cyclodextrin
hexahydrate revealed that in the solid state the glucose units
are in the D1 chair conformationl? and as confirmed by other
studies, including NMR spectroscopy,13 this conformation
persists in both D,0 and dimethylsulphoxide solution.

Two water molecules were found to be included within the
cavity of crystalline a-cyclodextrin and one of the glucose
residues is tilted with respect to the other five residues,
lying almost normal to the axis of the cavity. This allows

hydrogen bonding to occur between the water molecules and two



Figure 1.2 a) Perspective view of the a-cyclodextrin (Hy0) ¢ molecule.
The red shaded spheres represent the oxygen atoms of the primary and
secondary hydroxyl groups, and the blue spheres represent the glycosidiec

ether oxygen atoms.



Figure 1.2 b) View of the a-cyclodextrin (Hy0) ¢ molecule from

above the wider rim (top), and a stereoscopic view (bottom).



of the primary hydroxyl groups.

1.2 Cyclodextrin Inclusion Complexes

It is the relative rigidity of the cyclodextrin molecule
allowing the maintenance of the cavity in solutionm which
gives rise to its most interesting and useful property - the
formation of inclusion compounds with molecular 'guests' of
appropriate sizes. This ability to act as a 'host' molecule
and the considerable specificity or selectivity toward the
geometry and size of the guest has been successfully exploited
in many applications, including biomimetic chemistry and in
the food, pharmaceutical and chemical industries. The cyclo-
dextrins are toxologically harmless and are finding increas-
ingly important uses in the latter industries, including the
stabilization of drugs and active ingredients towards
oxidation, decomposition or hydrolysis; the reduction in
volatility of drugs, food flavours and cosmetic fragrances;
the suppression of unpleasant tastes and odours; the enhance-
ment of bioavailability of drugs via increased solubility or
the formulation of small amounts of liquid drugs as their
solid cyclodextrin complexes; and the stabilisation of
explosives and agricultural poisons.

The major drawback to industrial utilization of cyclo-
dextrins appears to be their prohibitive cost. However, with
the rapidly increasing number of patents and publications
appearing describing such potentially important applications,
the industrial and commercial use of the cyclodextrins is
likely to increase. The above facets of cyclodextrin research

are both interesting and important and will be responsible for



increased support for research by industry. Many examples of

the above applications of cyclodextrin complexation may be

found in the 1iterature1’2’14'15 and a detailed review will

not be attempted here.

1.3 Biomimetic Chemistry -~ Cyclodextrins as Enzyme Models

The inclusion of molecular substrates in the hydrophobic
cavity of cyclodextrins has led to their extensive use in
biomimetic chemistry as enzyme models. This complexation
process is analogous to the formation of the Michaelis-Menten
complex between catalyst and substrate in enzymic catalysis.
To act as an enzyme analogue, a catalytic species must
stabilize the transition state of a reaction relative to the
starting materials and the cyclodextrins exhibit the following
number of features which allow such comparisons to enzymes.
They contain structural features such as the hydrogen bonding
hydroxyl groups which can be used as handles for stabilizing
interactions and promoting reactions. The molecule is quite
rigid in solution so that the binding is generally specific
and the host-guest relationship is usually readily defined.
The source or region of binding (the cavity) is removed from
the reaction site (the secondary or primary hydroxyl groups)
so that it is the transition state of the catalytic reaction
centre which is preferentially stabilized.

Apart from these important requirements of complex form-
ation, other features of cyclodextrin inclusion chemistry
which are analogous to enzymic reactions include selectivity
and specificity toward the substrate structure. The reactions
may show enantiomeric specificity and are usually carried out

in aqueous solution.



Indeed, cyclodextrins have been shown to catalyse a
number of biochemically significant reactions, usually involv-
ing the participation of the hydroxyl groups in hydrolysis of
substrates. In most examples of catalytic hydrolysis, such as
phenyl ester cleavage which is analogous to the action of the

enzyme a—chymotrypsin16’17,

the complexed substrate undergoes
nucleophilic attack by a secondary hydroxyl group resulting
in the release of the leaving group and either reversible or
irreversible modification of the cyclodextrin. Examples of
other reactions accelerated by cyclodextrins include
hydrolysis of amides, cleavage of organophosphates, carbonates
and sulphates, decarboxylation of cyanoacetates, oxidation of
o-hydroxyketones and intramolecular acyl migratiorxs.ls’19

However, while the acceleration factor (the ratio of the
pseudo first order rate constant of the complexed substrate to
the rate constant of the uncomplexed species under identical
conditions) for some of these reactions is high (e.g. 300 for
phenyl ester hydrolysis), the catalytic activity of cyclo-
dextrins is often lower than for natural enzymes.
Consequently, there has been much effort to prepare chemically
modified cyclodextrins in which strategically designed funct-
ional groups for specific reactions are introduced to simulate
residues within the catalytic sites of enzymes, while the
cavity serves as the substrate binding site.18’19 For example,
replacement of a secondary hydroxyl group of d-cyclodextrin
with a histamine group leads to an 80 fold increase in the
rate of hydrolysis of p-nitrophenyl acetate relative to o-
£,20

cyclodextrin itsel

Another approach to host design has been to modify the



cyclodextrin with a view to improving its binding character-
istics instead of the catalytic reaction site. Association
constants may be increased by enhancing hydrophobic effects
which are considered to be important in complex formation.21
The hydrophobicity of the cavity can be increased by the
capping of one end with bifunctionalized aromatic moieties.
Capping of B-cyclodextrin across the primary hydroxyl end with
diphenylmethane-p,p-disulphonate (actually forming a mixture
of two possible regioisomers) increases the catalytic effect
for hydrolysis of nitrophenyl acetates by a factor of 200 and
also increases the para/meta selectivity of the reaction.22 A
large number of such chemical modifications have been
d,23

reporte many of which demonstrate the effective use of

host design in the preparation of enzyme analogues.

1.4 Driving Force for Inclusion Complex Formation

Various processes are considered to contribute to
the thermodynamic stability of cyclodextrin inclusion
complexes, the predominance of particular factors depending on
the system under investigation. The inclusion process is
usually associated with a favourable enthalpy change and, in
the case of the binding of apolar substrates, a positive
entropy change. These free energy changes have been explained
in terms of the following interactions:

a) van der Waals forces between the host and guest
molecules as evidenced by the dependence of the complex
.24

stabilities on guest polarizability;

b) hydrogen bond formation between the hydroxyl groups



of the cyclodextrin and the substrate;25

c) the release of strain energy of the cyclodextrin via
conformational changes upon substrate inclusion (applying
mainly in the case of a-cyclodextrin where the tilted glucose
residue causes considerable bond angle strain);12’26

d) polar guest - host interactions;27

e) and possibly most importantly, particularly for bind-
ing of apolar guests in aqueous solution, hydrophobic inter-
actions between the apolar cavity environment and the

quest,18,21,24,28

These forces are derived from the solvat-
ional changes which occur during the inclusion process and
their significance is due to the structure of water itself.
Water molecules in the solvation shell- of an apolar substrate
are more tightly bound to each other, since hydrogen bonding
in the direction of the solute is reduced, and the degree of
molecular order in the region is greater., So the removal of
this solvation assembly on inclusion should result in an
increase in both entropy and enthalpy. Also accompanying the
inclusion of the substrate is the expulsion of the water
molecules initially included in the cyclodextrin cavity. The
liberated water molecules form hydrogen bonds and van der
Waals interactions with the bulk water and gain motional
degrees of freedom.16’29

While the overall free energy change on complexation
probably consists of contributions from all of the above
interactions, the relative importance of each depends on the
nature of the substrate involved. However, the most

essential requirement for inclusion complex formation is an

appropriate spatial 'fit' between the substrate and the cyclo-
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dextrin cavity. A knowledge of the stoichiometry and spatial
geometry of the complex is obviously important when consider-
ing the relative predominance of the various factors influenc—

ing the driving force for inclusion.

1.5 Application of NMR Spectroscopy Xo the Study of

Complexation

The biochemist's understanding of many biological
phenomena has been greatly enhanced since the development of
NMR spectroscopy and its use in the elucidation of problems of
biological interest. Many of the problems associated with the
measurement of 1H NMR spectra of complex biological systems
have recently been overcome with the advent of sophisticated
multi-pulse two-~dimensional NMR techniques and spectral
editing techniques. However, the ly nwur study of the
association of macromolecules with small molecules may remain
difficult due to spectral overlap. In these cases, much
success has been achieved by selectively labelling the species
of interest with other nuclei which are observable by NMR
spectroscopy, such as 13C, 2y or 19F.

The use of L9F NMR spectroscopy in the biological field
was first reported by Spotswood et al.31 in 1967 and has since
become particularly important in studies of enzyme - substrate
interactions.32 Observation of the l9F nucleus has a number of
advantages over 1H NMR épectroscopy. The spectra are usually
simple, coﬁsisting of only a few sharp resonances, thus
eliminating the problem of the broad macromolecule spectrum

envelope masking the small molecule resonances. ly coupled 19p
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resonances may be broad band decoupled, further simplifying
the spectrum. The small size of the fluorine atom allows its
incorporation into a molecule without significantly affecting
its molecular structure,\since fluorine is approximately
isosteric with hydrogen. 19 chemical shifts extend over a
much larger range (ca. 150 ppm) than protons (ca. 15 ppm) so
assignment difficulties due to overlapping resonances rarely
occur. More importantly however, the 19F chemical shifts (and
to a lesser extent, the relaxation times) are extremely sens-
itive to changes in environment and are therefore a very
useful probe in providing spatial orientation and binding
strength information in complexation processes.

The majority of 19 NMR studies of biological processes
involve examination of a small molecule undergoing exchange
between free solution and a macromolecular bound state, such
as in enzyme - substrate or drug - receptor systems. Inform-
ation obtained from such investigations include complex
association constants and molecular orientations from chemical
shifts and exchange kinetics from linewidth and relaxation

rate data.33

The association constant and chemical shift
on binding for <complexation between a particular host mole-

cule (A) and guest (B) may be obtained as follows:

For the equilibrium

the association constant K is given by

K = kl/k_l = C/A.B



12

i.e. K = C/(AO—C)(BO—C) (1.1)
where AO = initial concentration of A
Bo = initial concentration of B

Under conditions of rapid exchange, the observed chemical
shift, 6, is given by the weighted average of the free

solution shift, 6_, and the shift in the complex, A.
i.e. § = p.A+ S, (1.2)

where p is the mole fraction of the complex and A is measured
relative to 6, as O.
The concentration of the complex, C, may be obtained by

rearranging and expanding (1.1),

C = (Ag + By + 1/K) +/- [(A, + By + 1/K)2 - 4a_B_11/2 (1.3)
2

Thus, K may be obtained by iterative adjustment in (1.3) and
minimization of the least squares error in (1.2) for the
experimental values of §, Ao and BO as described by Sykes.34
By varying the position of the fluorine probe within the
structure of the guest, and comparing the magnitudes of the
shifts on complexation and the association constants, direct
information about the geometry of binding sites and molecular
motion of the guest in the complex is available. This approach
has proved successful in the study of the binding of various
fluorinated substrates, including derivatives of phenylalanine

and 3°-37 tryptophan38

to the serine protease a-chymotypsin.
The results of these investigations allowed the formulation of

a detailed model for the enzyme~substrate complex formation.
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The elucidation of the mechanism of the G-chymotrypsin
catalysed hydrolysis of cinnamoyl esters and amides by
Bender3? led to a number of studies of the complexes formed by
the enzyme and the competitive inhibitor trans-cinnamic acid?©
and some fluorinated derivativesl*l’42 to gain information
about the structure of intermediates in the hydrolysis
process. As the cyclodextrins had been proposed as models for
the catalytic binding site of enzymes, it seemed a logical
progression to apply the techniques developed in the above
mentioned work to the study of inclusion complexation of

trans-cinnamic acids by cyclodextrins.

1.6 Objectives

A series of substituted trans- and cis- cinnamic acids
were shown to form inclusion complexes with both d~cyclo-
dextrin (aCD) and B-cyclodextrin (BCD) in a study by Uekama et
al43 in an attempt to investigate the spatial and steric
dependency of inclusion. Ultra-violet and circular dichroism
data were interpreted in terms of the formation of 1:1
complexes only and the authors speculated from 1y NMR data for
the trans-cinnamic acid - BCD complex which was not given
in detail, that the conformation of the complex was that with
the aromatic ring of the cinnamic acid included in the cavity,
leaving the carboxylic acid side chain substantially solvated.
However, in a more detailed investigation by Connors and
Rosanske44, it was found that analysis of solubility,
potentiometric and UV spectral data for complexation of trans-

cinnamic acid by aCD required the formation of a subsequent

1:2 complex where the substrate molecule is encapsulated by
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two cyclodextrin molecules.

The aim of this work was to examine the inclusion of a
series of selectively fluorinated trans-cinnamic acids by aCD
employing 19p NMR spectroscopy with a view to determining the
stoichiometry of the complexes formed and to assess the
environmental changes experienced by the substrates, thereby
gaining insight into the Stereochemistry of the inclusion
complex. This would allow a comparison to be made with the
mode of complexation of the cinnamic acids by the enzyme

G@-chymotrypsin.
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CHAPTER 2. RESULTS AND DISCUSSION

2.1 Preparation_g£ Fluorocinnamic Acids

A comprehensive investigation of the inclusion of trans-
cinnamic acid by aCD requires information from a range of
sites on the substrate moleéule (for convenience, the trans-
prefix will not be used hereafter, since all cinnamic acids
studied were the trans- isomer). Thus a series of fluoro-
cinnamic acids were prepared, both mono-labelled and di-
labelled with fluorine in positions around the aromatic ring

and in the a- position of the carboxylic acid side chain

(Figure 2.1).

Figure 2.1 P y

The ring fluorinated cinnamic acids can be conveniently
prepared by saponification of the corresponding ethyl esters
obtained via a Wittig condensation of the appropriate fluoro-

benzaldehyde and cafboethoxymethyl;i.denetriphe_nylphosphorane45

as depicted in Scheme 2.1.

Scheme 2.1
CHO CH=CHCO,C,H.
@ + PR PTCHCOCH, — ——>
F F
~OH/C,H.OH

CH=CHC02H
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The o-fluorinated cinnamic acids were also obtained from
the corresponding ethyl esters which were best prepared by the
Claisen reaction of ethyl fluoroacetate, ethyl oxalate and the

appropriate benzaldehyde46 (Scheme 2.2).

NaH o o
(COCoH5), + CFHCO,CH,  ————  [C,H,0-C-C-OCHFCO,C,H, ]
1) NaH
2y CHO
N 2 F

CH=CFC02H CH=CFC02C2H

- 5
g OH/C2H50H g
P4
N\
F F

Scheme 2.2

To gain some insight into the steric effect on inclusion
of cinnamates, derivatives with trifluoromethyl substituents
in the m- and p- positions were also synthesized by the above
methods. The yields of the Preparations are summarized in
Table 2.1.

As a consequence of the poor solubility of the cinnamic
acids in water, this study is of the soluble sodium or lithium
cinnamates. Samples of p-fluoro, a-fluoro, o,p-difluoro- and
m-trifluoromethyl cinnamic acids were available from previous

work in this laboratory.47
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TABLE 2.1
R YIELD (%)
Cinnamate Ester Cinnamic Acid

o-fluoro 87 83
m-fluoro 92 86
p-trifluoromethyl 92 92
a,p-difluoro 41 87
0—~fluoro-p-trifluoromethyl 52 93

2.2 Inclusion of Fluoro- and Difluorocinnamates by

a-Cyclodextrin

(i) Results

The !9F NMR resonances of the ring substituent fluorines
(multiplets with Jp_g = 7-9 Hz for o-, p- and m-F and Jp_F =
15.7 for o,p-difluorocinnamate) and the o-fluorines (doublets
with Jp_yg = 36.2 and 37.6 Hz for a-fluoro- and a,p-difluoro-
cinnamate respectively) are characterised by chemical shifts
upfield from the 19f resonance of CF3COO' (Table 2.2). The
hyperfine splitting of these resonances is lost as [aCD] is
increased and a systematic variation of the chemical shift
occurs. The magnitude and direction of the chemical shift
variation depends on the site of the fluorine atom in the
fluorocinnamate as does the systematic broadening of thelgF
resonances as exemplified by a,p-difluorocinnamate (Fig. 2.2).
Over the total [aCD] range examined for all six fluoro-
cinnamates only one resonance was observed for each fluorine
consistent with site exchange of the fluorocinnamate occurring

rapidly on the NMR timescale. With the possible exception of
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Figure 2.2. Variation of the 282.35 MHz 19F NMR spectrum of
G,p-difluorocinnamate in the presence of 0.1 mol dm ™3 NaCl at
294.0 K. In the bottom spectrum the doublet (-44.11 ppm)
arises from a-F and the unresolved multiplet (-36.80 ppm)

arises from p-F. [difluorocinnamate] was 10-3 mol dm_3.
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m-fluorocinnamate the 19F chemical shift variations are
biphasic (Figs. 2.3 and 2.4) consistent with consecutive form-

ation of binary (1:1) and ternary (1:2) inclusion complexes:

Ky
S + aCD ——— S.aCD (2.1)
K2
S.aCD + aCD —— S.(aCD), (2.2)

Under such fast exchange conditions the observed chemical
shift, 6, is given by
GO[S] + 67[S.aCD] + GZ[S.(aCD)Z]

§ = (2.3)
[S] + [S.aCD] + [S.(aCD)z]

where §, 6, and 89 are the chemical shifts of S, S.aCD and
S(uCD)Z, respectively. The equilibrium concentration of the

species in solution may be determined in the following manner:

Let [S] = S (free substrate)
[aCD] = C (free cyclodextrin)
[S.aCD] = C1 (1:1 complex)
[S.(aCD)z] = C2 (1:2 complex)

then from (1) Cl = K;.8.C (i)

and from (2) C2 = K,.C1.C = K;.K,.8.C2  (ii)

and So =S + C1 + C2 (iii)

Co =C + Cl + 2C2 (iv)

Substituting for Cl and C2 in (diii):

' 2
So = 5 + Ky.5.C + K;.Xy.S5.C
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Rearranging:
S =80/ (1+X;.C+ Ky.Ky.C%) (v)
Similarly from (iv):

Co = C + K;y.5.C + 2.K;.K,.5.C% (vi)

Substituting for S from (v) in (vi) and rearranging gives

(Co - €) = So(Ky.C + 2.K1.K,5.C2) / (1 + X;.C + Ky.K,.C2)

This is then expanded and solved for C using the
Newton-Raphson method of evaluating the roots of equations.
Thus S follows from (v) and Cl1 and C2 from (i) and (ii). Using
a weighted non-linear least squares computer program, DATAFIT,
the parameters K;, X,, 6; and 8, were obtained by fitting the
experimental values of So, Co, §, and § to equation (2.3). The

free solution shift, 50, was measured in the absence of aCD,

DATAFIT minimizes the residuals between the experimental
and calculated surfaces defined by the experimental variables
keeping the fractional change of any of the parameters to
within 0,001 at convergence. The standard deviations for the
calculated shifts and association constants produced by the
program serve as true measures of the statistical uncertain-
ties since account is taken of the experimental errors in the
individual input variables. In the case of the cinnamates
with two fluorinated positions, both chemical shift variations
were fitted simultaneously to equation (2.3).

The 19F chemical shift data for all systems studied are
presented in Appendix 1. The curves in Fig. 2.3 and 2.4
represent the best fits of the data to equation (2.3) and the
best-fit values of K1, Ko, 51 and 62 are given in Table 2.2.

Qualitatively, the variation of 6 with [aCD] for the two o-,

three p- and two a- 19F resomnances are seen to represent three



21

-43

a -39

0 5 ) 10 ;
10" [o<CD] /mol dm

Figure 2.3, Variation of the 19F chemical shifts (8) of
fluoro- and difluorocinnamates with [aCD]. The experimental
data are shown as individual points and the best fits of these
data to equation 2.3 are shown as curves. Curves A and C
pertain to p- and a-F, respectively, of Q,p-difluorocinnamate
and curves B and D pertain to a- and p-fluorocinnamate
respectively. The chemical shifts are referenced to CF4C00™

and are corrected for bulk susceptibility variations.
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Figure 2.4, Variation of the 19F chemical shifts of fluoro-
and difluorocinnamate with [aCD]. The experimental data are
shown as individual points and the best fits of these data to
equation 2.3 are shown as curves A-C. Curves B and C pertain
to o- and p-F, respectively, of o,p-difluorocinnamate and
curve A pertains to o-fluorocinnamate. Curve D for m-
fluorocinnamate represents the best fit of the data to
equation 1.2. The chemical shifts are referenced to CF3COO_

and are corrected for bulk susceptibility variations.



chemical shifts for Fluoro- and Difluoro-cinnamates.

a

Table 2.2. Equilibrium constants and 19p
trans—cinnamate K1 K2 &ir 51 52 §, - 8o ;% 8y 62, 6
dm® mo1lt dm?® mol™? ppm ppm ppm ppm ppm ppm
a-fluoro- 184 *+ 16 7.8 £+ 1.0. -42.82 -39.44 + 0.17 -32.0 + 0.01 3.38 10.81 7.43
p-fluoro~ 109 + 10 35 1 ~36.72 -35.66 %= 0.05 ~-40.78 * 0.03 1.06 -4.06 -5.1
a,p-difluoro- 111 * 13 23 2 (o) -44.11 -39.75 + 0.39 -32.54 * 0.15 4,36 11.57 7.21
.(R) -36.80 -35.54 * 0.10 -41.68 * 0.13 1.26 -4.89 -6.15
o—fluoro- 49 + 2 39 + 2 -41.43 -39.51 + 0.08 -42.75 * 0.01 1.92 -1.33 -3.25
o0,p-difluoro- 32+ 3 94 * 5 (o) -37.13 -35.03 1'0.14 . =37.32 £ 0.01 2.10 -0.19 -2.29
(R) -33.14 -33.09 + 0.09 -36.55 + 0.02 0.06 -3.41 -3.47
®cinnamate 110 15
®cinnamic acid 2260 60
a Shifts are relative to CF3COO  and are corrected for bulk susceptibility variations. A negative sign signifies
an upfield shift.
b Error is 0.0l ppm.

Ref. 44.

1A



24

distinct families of curves, which implies a correlation
between the stereochemistry of the inclusion complexes and the
19F chemical shift variation. Similar trends are observed in
the 6; and 6, data of Table 2.2. In the case of the m-
fluorocinnamate the 19F chemical shift variation is relatively
small and does not exhibit a noticeable biphasic variation.
By analogy with the other fluorocinnamates it is reasonable to
assume that both S.aCD and S.(aCD)z are also formed in this
case. Nevertheless, a unique fit of the m-fluorocinnamate
data to equation (2.3) could not be obtained. A possible
explanation for this may be that a fortuitous combination of
61; 62, K; and X, values eliminates the biphasic chemical
shift variation observed in the other data sets, A fit of the
m-fluorocinnamte data to the appropriate equation for the
equilibrium shown in equation (2.1) as described in the intro-

duction yields K; = 31.0 * 0.4 dn3 mo1~! and 61—60 (apparent)

1.50 £ 0.01 ppm; the best fit is shown in Figure 2.4.

The variation of the lH decoupled fluorocinnamate 19g
linewidth with [aCD] is also markedly biphasic with the
exception of the m-fluorocinnamate system which exhibits no
significant broadening. In the absence of aCD the 19F line-
widths are 3-5 Hz (1.6 Hz digital resolution) and the maximum
broadenings observed for the o,p-difluorocinnamate system are
120 and 45 Hz for the a- and p- 19g resonances, respectively.
As [aCD] increases the line broadening increases systematic-
ally to a maximum coincident with the maximum [S.aCD] as
calculated from Kl and K2 (Table 2.2) and thereafter decreases
as shown in Figure 2.5. Similar but smaller systematic line

broadenings were observed for the other fluorocinnamates as

shown in Figure 2.6 for o,p-difluorocinnamate,
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Figure 2.5. The variation of the width at half height, W1/2’
of the 1H decoupled 19p resonances of the a-F (A) and p-F (B)
of o,p-difluorocinnamate with [aCD]. In the lower part of the
figure, the variations of the mole fractions, Xs» of S, S.0CD
and S.(aCD)z with [aCD]'calculated from K1 and K2 in Table 2.2

are represented by curves E, D and C respectively.
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Figure 2.6.
of the 'H decoupled 19p resonances of the p-F (A) and o-F (B)
of o,p-difluorocinnamate with [aCD].
figure, the variations of the mole fractions, X» of S, S.aCD

and S.(aCD)2 with [aCD] calculated from K1 and K2 in Table 2.2
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NMR studies’8,49 show that the tumbling or correlation time,
T.s, of the complex S.((x'CD)Z as an entity (where S = p-methyl-
cinnamate) is 6 x 10710 5 at 306 X in water and it may be
assumed that similar and smaller T. values apply for S.(aCD),
and S.aCD when S = fluorocinnamate. Such T. values appear to
be too small to produce significant longitudinal 19F relax-
ation through dipole-dipole, chemical shift anisotropy or

related relaxation processes,50’51

and hence it is likely that
the observed 19F 1line broadening occurs predominantly through
transverse relaxation. This transverse relaxation is probably
a consequence of fluorocinnamate exchange occurring between
the S, S.aCD and S.(aCD)Z environments. These three species
co-exist in significant temperature dependent concentrations
over the [aCD] range studied and as only a single 19F reson-
ance is observed even down to 273 K it is clear that the
chemical exchange between these species 1is occurring suffic-
iently rapidly to coalesce the three resonances to a broad
singlet.

Computer simulation of chemical exchange (see chapter 6)
between two sites characterised by two singlets of equal
intensity of 3 Hz width at half height, w1/2’ and separated by
3.45 ppm shows that single Lorentzian resonances resonances of
W1/2 = 560 and 50 Hz are observed when the site exchange rate
constants are 5 x 105 and 5 x 104 s_l, respectively.
Qualitatively, this indicates that the observed a— F line
broadening is consistent with transverse relaxation being

induced by chemical exchange occurring at rates within the

range reported for a temperature-jump spectrophotometric

52

study in which amongst other included species, the dissoc-
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iation of p-nitrophenolate from S.aCD was characterised by a
dissociation rate constant ky (287 K) = 3.1 x 104 -1,
However, as for all of the fluorocinnamate systems studied,
only a single chemical exchange averaged signal was observed
for each fluorine substituent at 273 K it proved impossible to

make a quantitative analysis of the exchange kinetics.

(ii) FEquilibrium Aspects

The !9F chemical shift data (Table 2.2) show that S.aCD
and S.(aCD)2 are readily formed when S = fluorocinnamate.
However, four different structures potentially exist for
S.0CD if the possibilities of either end of S entering either
the narrow end or the wide end of the aCD cavity are
considered. An examination of space-filling models indicates
that entry of the fluorocinnamate through the wider end is
favoured on steric grounds over entry through the narrow end.
Consistent with this, a 13¢ NMR solution study48 indicates
that p-methylcinnamate enters through the wider end of the oCD
cavity and X-ray diffraction studiess:‘;’54 of crystallinmne
S.éQD, where S= p- and m-nitrophenol and p-hydroxybenzoic
acid, reveal molecular structures in which the nitro and
carboxylic acid substituent ends of S are inserted into the
wider end of the cavity as shown in Figure 2.7. It appears
therefore, that the two S.0CD species most 1likely to be
produced in this study are those in which either end of
fluorocinnamate is inserted into the wide end of the aCD
cavity. This steric restriction requires that SJaCD)z
consist of the fluorocinnamate encapsulated by two aCD with
the wide ends of their cavities in close proximity, consistent

with deductions made from the 13C NMR spectroscopic studies of
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(a)

(b)

53

Figure 2.7. X~-ray crystallographic structures of the aCD-p-

nitrophenol (a) and aCD-p-hydroxybenzoic acid (b) complexes.
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the inclusion of p-methylcinnamate.48 In consequence of these
considerations the four possible environments for a given
fluorocinnamate are encompassed by the four equilibria
characterised by the constants K'l, K"l, K'2 and K“z, as shown
in Figure 2.8. The ratio of the concentration of the two S.aCD
species is constant but the 19F data do not permit a determin-
ation of these concentrations separately. It is readily

shown,K however, that the equilibrium constants in Table 2.2

Ki=Kye K K=K 1

Figure 2.8. Representation of the inclusion equilibria
possible in the fluoro- and difluorocinnamate / aCD systems,

The truncated cone represents the aCD cavity.
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and Figure 2.8 are related through the equalities:

Ky

]

K']. + K"l

and K2 K'2 + K"z.

It is seen from Table 2.2 that the magnitudes of K, and
K2 vary with the fluorocinnamate, which probably reflects a
combination of the electronic, solvational and stereochemical
changes caused by fluorination of cinnamate in the o-, p- and
o positions. However, the variation of K; and K, with the
fluorocinnnamate is modest and encompasses the Kl and X,

b

values reported for cinnamate, which indicates that fluorin-
ation of cinnamate does not have a major effect on the
cinnamate-0CD inclusion interaction. The K; value for cinmnamic
acid44 is substantially outside the range exhibited by the
fluorocinnamates and probably reflects the effect of substrate

charge on the inclusion process.

(iii) 19F Chemical Shifts.

While factors which influence proton chemical shifts are
well known, less is understood of 19F chemical shift
behaviour.55 The effect on 1I9F chemical shifts of external
factors such as susceptibility, hydrogen bonding and ring
currents has not been as well documented or explained as in
the case of proton shifts. There is no correlation between 19F
shifts as a function of structure and the proton chemical
shift and structure relationship. For instance, whereas
protons on aromatic rings resonate downfield of methyl
protons, the reverse is true for fluorine nuclei in similar

structures. The direction of induced shifts on complexation
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have not been fully rationalized and are not easily predicted.
Hydrogen bonding, while predicted to cause deshielding of the
19 nucleus which is usually observed, has also been used to
explain upfield chemical shifts.56 Also, studies of solvent
effects on 19F chemical shifts show that transfer from water
to nonpolar solvent usually induces substantial upfield shifts
and yet the majority of observed shifts for fluorinated probe
molecules complexed by proteins are downfield.32

Clearly the observed shifts are comprised of a number of
contributions which are difficult to quantify, including
magnetic anisotropy, van der Waals interaction and other
specific chemical interaction effects, such as H-bonding.
Although the origin of the 19 shifts on complexation may not
be discernible in this work, the relative magnitudes of the
shifts provide important information for discussion of the

stereochemistry of the complex.

(iv) Stereochemistry of oCD - fluorocinnamate complexes

and Mechanistic Conclusions

The 19F chemical shift data in Table 2.2 show that:

(i) the formation of S.(aCD), from S.0CD induces a
greater shift change (8, - 6;) than does the formation of
S.aCD (61 - 60) and

(ii) the shift for a-F is downfield for S.aCD and
S(aCD)Z whereas the shifts for o-F and p-F are downfield and
upfield for S.aCD and S(aCD)z, respectively. In interpreting
these shifts it must be remembered that whilst a given segment
of the fluorocinnnamate may be in close proximity to a part-

icular segment of aCD and will experience a strong local
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solvational and electronic variation, the effects of this
variation will be transmitted throughout the conjugated
fluorocinnamate and will modify all 19F chemical shifts to
some extent. The greatest environmental change experienced by
the fluorocinnamates is in S.(aCD)z, in which space filling
models (Figure 2.9) show fluorocinnamate to be completely
encapsulated and where it appears that the fluorocinnamate
hydration shell is probably totally lost. The polar carboxyl-
ate group of fluorocinnamate interacts more strongly with
water than does the phenyl group and accordingly the solv-
ational change experienced by the carboxylate group on
transfer from water to the largely hydrophobic oCD cavities of
S.(aCD)z will be greater than that experienced by the phenyl
group. Thus, o-F, which is adjacent to the carboxylate group,

should reflect solvational changes in 69 — 8, more than o- and

o
P-F; In contrast, the 62 - 60 of o- and p-F are expected to
reflect more strongly the dispersion-force interactions
established between the T system of the phenyl group and the
interior of the aCD cavity, which are considered to be a major
factor in the stabilization of cyclodextrin inclusion
complexes as discussed in the introduction.

In the S.aCD complex one end of the fluorocinnamate is in
a water environment whilst the other resides in the aCD
cavity. The p-F is furthest removed from the carboxylate group

and exhibits the smallest values for 61 -~ §_ and the most

o
negative values for 62 - 51. Thus of o- and p-F the latter is
least affected by the formation of S.aCD and most affected by.
the formation of S.(aCD)z. This suggests that the predominant

S.aCD species formed is that in which the carboxylate group
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ALPHA-CYCLODEXTRIN

ALPHA-CYCLODEXTRIN

ALPHA-CYCLODEXTRIN

CINNAMATE

Figure 2.9 CPK models of aCD and the cinnamate anion (top),
the two conformations of the binary a-CD - cinnamate complexes

(centre) and the ternary [S.(aCD)zj complex (bottom).
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enters the aCD cavity as shown in the equilibrium character-
ised by K"; in Figure 2.8. This deduction is reinforced by the
observation that the fluorocinnamate carboxylate substituent
bears substantial stereochemical and electronic similarities
to the nitro and carboxylic acid groups of p-~ and m-nitro-
phenol and p-hydroxybenzoic acid, which were found to be
inserted first into the aCD cavity in S.aCD complexes in the
previously discussed X-ray studies.>3s5%

The predominance of the binary complex with the carb-
oxylate group inserted in the aCD cavity is in accordance with
the results of the 13C NMR study of p—methylcinnamate48 and a
range of other carboxylate containing substrates.27 The over-
all driving force for formation of such complexes is probably
dominated by dipolar or induced dipolar interactions, with
other mechanisms making minor contributions only. Hydrophobic
and apolar binding mechanisms are thought to be dominated by
favorable entropy changes, whereas the formation of complexes
in the above conformation is characterized by a favourable
enthalpy term dominating an unfavourable entropy termi.27 While
a study of the temperature dependence of the stability of the
fluorocinnamate - aCD complexes has not been undertaken, it is
likely that the thermodynamics of this system would show
similar characterisitics to those of complexes investigated by
Gelb et al.,27 as indicated by the conformation of the pre-
dominant complex formed.

However, the formation of S.(aCD)z suggests that the
alternative 5.0CD complex characterised by K"; in Figure 2.8
may well exist as a minor species. The formationm of this
complex indicates that the energetics of the inclusion of

either end of fluorocinnamate in S.aCD in solution may not be
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substantially different. The existence of S.(aCD), in the
absence of any evidence for the dimerization of oCD in the
absence of S, is a demonstration of the substantial magnitude
of the interaction established between the fluorocinnamate and
aCD. This ternary complex may be stabilized to some extent by
intermacrocyclic interactions formed between the wider rims of

the two aCD molecules.

2.3 Inclusion of Trifluoromethyl Substituted Cinnamates

The influence of substrate steric size and shape is of
obvious importance to acquiring an understanding of spatial
effects on inclusion by cyclodextrins. These effects have
been utilized in studies of catalytic hydrolyses of phenyl

esters16

in which the rate of catalysis was found to be
greatly increased for meta- substituted substrates relative to
corresponding para- substituted phenyl esters. This was
attributed to the influence of the steric bulk of the meta-
substituent on the geometry of the inclusion complex, with the

ester group being forced into closer contact with the second-

ary hydroxyl groups of the cyclodextrin.

The addition of a para- methyl group to cinnamate has a
profound effect upon its inclusion by aCD. The stabilities of
both the 1:1 and 1:2 complexes formed with p—methylcinnamate48
are increased by orders of magnitude compared to cinnamate,
with the 1:2 complex being substantially predominant (Table
2.3). Therefore, it was of interest to investigate the

complexation of trifluoromethylcinnamates by aCD.



37

Figure 2.10 shows the variation of 19¢ chemical shifts of
p-trifluoromethyl, m-trifluoromethyl and a~fluoro-p-trifluoro-
methylcinnamates with [aCD]. With the exception of m-tri-
fluoromethylcinnamate, the 19¢ resonances undergo a dramatic
downfield shift on the addition of approximately 3 to 8 molar
equivalents of oCD and then rapidly attain a constant limiting
chemical shift, indicating the formation of a highly stable
complex. The rapid chemical shift change is accompanied by a
simultaneous linewidth variation, as exemplified by a-fluoro-
p-trifluoromethylcinnamate in Figure 2.11 where the a-19f
resonance broadens into the baseline, reappears ca. 10 ppm
downfield, and then continues to narrow at high [aCD].

As in the case of the ring fluorinated cinnamates, the
chemical shift variations are not monophasic but biphasic,
indicating the presence of two complexed species. The over-
whelming domination of the second complex formation has
resulted in a deficiency in information describing S.oCD over
the concentration range studied in this experiment.
Consequently, exhaustive attempts to fit the experimental data
to equation (2.3) yielded results for the p-trifluoromethyl
(p-CF3) 197 chemical shifts only, with uncertain error limits
and large standard deviations. The a-19F shift curve could not
be fitted to any degree, either simultaneously with the p—CF3
data or individually. A number of modifications to the
algorithm described earlier were also unsuccessful, including
attempts to incorporate the two individual S.oCD complexes
shown in Figure 2.8 as separate entities. This further exacer-
bated the problem of lack of data pertaining to the binary

complexes.
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Figure 2.10. Variation of the I9F chemical shifts of tri-
fluoromethylcinnamates with [aCD]. The experimental data are
shown as individual points. Curves A and D represent the best
fit of the p-CF3 chemical shifts of a-fluoro-p-trifluoro-
methyl- and p-trifluoromethylcinnamates to equation 2.3. Curve
C for m~trifluoromethylcinnamate represents the best fit of

the data to equation 1.2. The data labelled B pertains to the

@-F resonance of o-fluoro-p-trifluorocinnamate.
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Figure 2.11. Variation of the 282.35 MHz 19F NMR spectrum of
a-fluoro-p-trifluoromethylcinnamate with [aCD]. The doublet at
high field (6 -39.96 ppm) arises from the G-F and the
resonance at low field (6 13.31 ppm) arises from the p-CFg4

group. The chemical shifts are measured relative to CF3COO_.

3

3 in NaCl,.

and the aqueous solutions
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Bearing in mind these limitations, the values presented
in Table 2.3 contain useful information pertaining to the
complexation of these substrates, While the standard
deviations of the parameters are large, the results do produce
an acceptable simulation of the experimental data as shown in
Figure 2.12 for p-trifluoromethylcinnamate in which the low
[aCD] data only is plotted. The linewidth variation of the CFq
resonance is also plotted and, as in the case of the other
fluorocinnamates discussed previously, probably reaches a
maximum coincident with the maximum binary complex concentra-
tion. Again the broadening is thought to arise due to trans-
verse relaxation caused by exchange of the cinnamate between

the environments of the three complexes present. The larger
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Figure 2.11. Variation of 19F chemical shift (circles) and
W1/2 (triangles) of p-trifluoromethylcinnamate with [aCD]. The
experimental data are represented by individual points and the

curve represents the best fit of the chemical shift data to

equation 2.3.



Table 2.3. Equilibrium constants and 19¢ chemical shifts for Trifluoromethylcinnamates.a

trans-cinnamate Ky Ky 60b 8 §,° 81-6p 8§2-8¢
dm3mo1-1 dm3mo1~1 _ ppm ppm ppm ppm ppm

o-F-p-CF3 ’ 714+1370 296213340 (B) 13.31 9,2945.6 -16.09 -4,02 2.78
() -39.96 - -27.88 - 12.08

p-CF3 967+1400 4270%3300 13.39 9.97+3.5 15.94 -3.42 2.55

m~CF3 9615 - 13.10 14.09+.01 - 0.99 -

d
p-CH3 50 1995

a Shifts are relative to CF3CO,~. A negative sign indicates an upfield shift.
b Error is 0.01 ppm.
c Measured graphically

d Ref. 48.

1%
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linewidths are probably a consequence of a combination of a
slower rate of exchange and the greater chemical shift differ-
ences between the complexes than those found in the case of
the mono- and difluorinated cinnamates.

As noted in Table 2.3, the values of Kl and K2 found for

p—methylcinnamate48

are of the same order of magnitude as
obtained here for both p-trifluoromethyl cinnamates. Thus the
presence of the p-trifluoromethyl group has a similar
influence on the complexation to that of the p-methyl group,
indicating that there is probably no special contribution to
the binding mechanism by the fluorine atoms such as hydrogen
bonding.

The large increase in stability of the 1:2 complex is not
well understood but may contain contributions from inter-
actions between the secondary hydroxyl groups on the wider
rims of the two aCD molecules as mentioned earlier, and from
increased van der Waals interactions. The increased axial
length of the p-trifluoromethylcinnamate produces a substrate
with almost "ideal" dimensions for the cavity formed by two
0CD molecules, resulting in an optimum spatial fit of the
substrate and the formation of stronger intermolecular van der
Waals forces. Presumably, the dipole-dipole interactions
discussed previously also contribute to the binding in these
complexes, probably to a similar extent to that in the other
cinnamate-aCD complexes.

The m-trifluoromethylcinnamate 19g resonance showed a
monophasic chemical shift variation with increasing [aCD]
(Figure 2.10), with no significant line broadening. This data

could not be fitted to the algorithm for consecutive formation

of 1:1 and 1:2 complexes (equation 2.3) but was simulated with
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good precision by the algorithm described in the introduction
for the formation of a binary complex only. The best fit is
shown in Figure 2.10 and the K; value in Table 2.3 pertains to
the equilibrium shown in equation (2.1). The value obtained
here is similar to that found for m—methylcinnamate43 (132 dm3
mol'l). It appears that the bulky meta- substituent precludes
the formation of a stable SJaCD)z inclusion complex as is
confirmed by inspection of space-filling models. The van der
Waals axial diameter of m-trifluoromethylcinnamate is approx-
imately 8.6 & as measured from CPK models, compared to the
cavity diameter of 5.2 R at the position of the C(3) H atoms.
While the observed Kl value is comprised of contributions from
the formation of two complexes, where either the CF5 group or
the carboxylate group is inserted into the aCD cavity, it is
likely that the latter conformation is largely dominant as
indicated by the small chemical shift change relative to those
observed for the para-CF5 groups which are strongly included.
Of interest to this discussion would be a study of the
inclusion of a-fluoro-m-trifluoromethylcinnamate to determine
whether oCD/includes the cinnamate side chain to any extent as

in the case of the other cinnamates.

2.4 Conclusion

(i) A Comparison with Binding by a—Chymotrypsin

Although the cyclodextrins have been shown to catalyse
various reactions in solution,l’z’ls’19 and are therefore
considered as useful enzyme models, it is clear that their use

as models for the study of enzyme - substrate binding must be
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made with some caution. The factors controlling the complex-
ation of substrates by aCD are complex and are very sensitive
to the nature of the substrate. While most of the driving
forces for complexation postulated to be important for
inclusion by cyclodextrins probably contribute to the
mechanism of binding by enzymes to some extent, their relative
importance is probably not as dependent upon the substrate.

197 NMR studiesg4ls42 of the binding of o-, m- and p-
fluorocinnamates to O-chymotrypsin showed that the complexes
formed are 1 to 2 orders of magnitude more stable (Kl = 909,
6250 and 3333 mol dm™3 respectively) than the complexes formed
with aCD. Whereas a-chymotrypsin forms dimers and trimers in
solution and the substrates may then bind to any of the three
forms, dimerization of oCD occurs only after substrate
complexation. The stereospecificity of aCD complexation
appears to be much lower than enzyme binding and mechanisms
such as dipole-dipole binding, which are not usually thought
to be as important as hydrophobic binding in enzyme systems,
may become dominant allowing the inclusion of charged substit-
uents.

Thus 19F NMR spectroscopy has provided information about
the stereochemistry and stability of oCD complexes, thereby
giving some insight into the nature of the driving force for
the formation of inclusion complexes in general. Studies to
determine the effect of changing the hydrophobic nature of the
cyclodextrin cavity, for example by methylation of the

hydroxyl groups, are progressing in this laboratory.
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CHAPTER 3 EXPERIMENTAL

3.1. General

Melting points were measured on a Reichert Kofler hot-
stage melting piont apparatus and are reported uncorrected.

Infrared spectra were recorded on a Jasco IRA-1 grating
infrared spectrometer, using the 1601 cn~! band of polystyrene
as a reference. The characteristics of the infrared bands are
designated as s, strong; m, medium; w, weak; b, broad.

Mass spectra were measured with a Hitachi Perkin-Elmer
RMU-7D double focussing or an AEI MS-30 mass spectrometer
operating at 70 eV. The major fragments are given with rela-
tive abundances in parentheses.

Routine proton NMR spectra were recorded on either a
Varian T-60 or a Jeol PMX-60 spectrometer operating at 60 MHz,
with chemical shifts being measured relative to tetramethyl
silane as an internal standard. Multiplets of resonances are
given as s, singlet; d, doublet; t, triplet and m, complex
multiplet. Samples were made up in CDClg unless otherwise
stated.

Elemental analyses were performed by the Australian

Microanalytical Service, Melbourmne.

3.2. Solution Preparation

Solutions for the 19 NMR study were made up in D,0 and
the pD was adjusted to 8.5 0.1 with NaOD/D,0 and DC1/D,0.

The total ‘@-~cyclodextrin concentration, [aCD], varied in the

range 0-0.130 mol dm_3, the fluorocinnamate concentration was
constant at 10-3 mol dm~3 and all solutions were 0.10 mol dm~3

in sodium chloride to keep the ionic strength constant.
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3.3. NMR Spectra

19¢ NMR spectra were run on a Bruker CXP300 NMR spectro-
meter at 282.35 MHz and on a Bruker HX-90E NMR spectrometer at
84.67MHz locked on the D,0 deuterium frequency. Spectra were
obtained in quadrature detection FT mode and were accumulated
into a 8192 point data base using various spectral widths.The
Fourier pulse angle used was 45° and where appropriate, the
84.67MHz 19F spectra were fully 1y decoupled by gating off the
BB proton decoupler during acquisition of each data point. The
samples in 5 mm o.d. NMR tubes (Wilmad 507-1PP) were
thermostatted at 294 * 0.3 K using a Bruker B-VT 1000 variable
temperature unit to control the probe temperature.

Chemical shifts were measured relative to a 2% sodium
trifluoroacetate/DZO solution sealed in a capillary. The use
of such an external reference introduces the possibility of
the incorporation of bulk susceptibility effects into the
observed 19¢ chemical shifts. Accordingly, the bulk suscept-
ibility variation introduced through the variation of [aCD]
was simulated by preparing a series of D20 solutions contain-
ing D~glucose at six times the [aCD] employed in the fluoro-
cinnamate inclusion studies. The viscosity of such solutions
were found to be approximately equal to those of the
corresponding aCD solutions at one sixth of the concen-
tration.?/ The 19F shifts of these solutions measured relative
to the reference capillary were used to produce a bulk suscep-
tibility correction chart for the shifts observed in the
fluorocinnamate studies. The shift difference between the
internal and external trifluoroacetate resonances increases
smoothly to a maximum of 0.07 ppm at [D-glucose] = 0.78 mol

dm~3. Thus the bulk susceptibility corrections were very small
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compared to the shift variation observed for the fluoro-
cinnamates as [aCD] varied. (Trifluoroacetate is included by
oCD and so cannot be used as an internal reference.) No
significant shift or line width variation of the o~F and p-F
resonances of a,p-difluorocinnamate were induced by up to 0.78
mol dm~3 [D-glucose] in D,0 solution and similar behaviour is
assumed for the other fluorocinnamates. By measuring the 19g
shifts of the fluorocinnamate and trifluoroacetate solutions
with the applied field Bo parallel (CXP300) and perpendicular

(HX 90-E) to the sample long axis, it was found that general

bulk susceptibility effects were negligible.58

3.4, Materials

a-Cyclodextrin (Sigma) was stored as the anhydrous material
over P,0g in a vacuum desiccator prior to use.

The sodium fluorocinnamates were prepared by stoichio-
metfic'neutralization of the acids with sodium hydroxide and
the solid product was obtained by freeze drying.

The fluorobenzaldehydes were purchased from Tgoch—Light
and were redistilled before use.

D,0 was supplied by AAEC and used without further purif-
ication. CDClg (MSD) was dried over Linde 4A molecular sieves.

A1l solvents employed in the preparative work were

redistilled or purified and dried where necessary before

59

use.
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3.5 Preparation of Fluorocinnamic Acids

(i) o-Fluorocinnamic acid

(a) Ethyl o-Fluorocinnamate

The method is a modification of that of Kucherov et al.%d
A solution of o-fluorobenzaldehyde (2.5 g, 0.02 mol) and
carboethoxymethylidenetriphenylphosphorane (16.1 g, 0.046 mol)
in dry benzene (200 ml) was heated under reflux in a dry
nitrogen atmosphere for 6 hours. The benzene was then removed
under reduced pressure, the residue was stirred well with
petroleum ether (X4) and filtered. Removal of the solvent and
fractional distillation of the residue gave ethyl o-fluoro-
cinnamate (3.4 g, 87%) as a colourless oil, b.p. 80-82°C/0.2

mm (1it.00 140-141°C/11 mm).

(b) o-Fluorocinnamic Acid
The ester (2.0 g, 0.01 mol) was saponified in refluxing
aqueous 107 sodium hydroxide (30 ml) until the reaction
mixture became homogeneous. The solution was cooled, acidified
and the crude acid was collected by filtration. Recrystalliz-
ation from aqueous acetic acid gave o-fluorocinnamic acid

(1.43 g, 83%) as a white solid, m.p. 179-181°C (1it.%9 175°¢C).

(ii) m-Fluorocinnamic Acid

m-Fluorobenzaldehyde (2.48 g, 0.02 mol) was reacted with
the phosphorane (8.8 g, 0.025 mol) as described above to give
ethyl m-fluorocinnamate (3.6 g, 92%), b.p. 74-75°C/0.1 mm
(1it.%1 137°C/11 mm).

Saponification of the ester (2.0 g, 0.01 mol) gave
m-fluorocinnamic acid (1.43 g, 86%), m.p. 166-167°C (lit.62

166.5°C).
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(iii) p-Trifluoromethylcinnamic Acid
p-Trifluoromethylbenzaldehyde (2.5 g, 0.0143 mol) was

reacted with the phosphorane (5.7 g, 0.016 mol) as above to

give the crude ester which was purified by '"flash' column

chromotography63

on silica (Merck, 230-400 mesh, 20% ether/X4)
to give ethyl p-trifluoromethylcinnamate (3.2 g, 92%), as a
white crystalline solid which was recrystallized from X4, m.p.
36-37°C. Calculated for Cy9H;,F30,: C, 59.02; H, 4.54; F,
23.33. Found: C, 59.33; H, 4.62; F, 23.0%. v ., 1710 s, 1640
m, 1325 s cm~'. 'H NMR: § 1.32 (3H, t, J 7 Hz, OCH,CHg), 4.23
(2H, t, J 7 Hz, 0CH,CHg), 6.40 (1H, d, J 16 Hz, =CHCO,-), 7.50

(4H, m, Ar-H), 7.83 (1H, d, J 16 Hz, Ar-CH= ).

Saponification of the ester (2.0 g, 0.0082 mol) gave
p-trifluoromethylcinnamic acid (1.63 g, 927) as a white solid,

m.p. 228-229°C (1it.%% 229.5-230°C).

(iv) a,p-Difluorocinnamic Acid
(a) Ethyl a,p-difluorocinnamate

The method described is essentially that of Bergmann and
Shahak.4®

To a suspension of sodium hydride (2.40 g, 507 dispersion
in oil, 0.05 mol) in dry xylene (50 ml) at 40-50°C, about 10
drops of dry ethanol were added, followed by diethyl oxalate
(8.0 g, 0.055 mol) with stirring under a dry nitrogen atmos-
phere. Then a solution of ethyl fluoroacetate (5.3 g, 0.05
mol) in dry xylene (15 ml) was added dropwise, resulting in a
vigorous reaction. After heating at 60°C for 1 hour, the
temperature was increased to remove the ethanol by distill-

ation, followed by a small amount of xylene (c.a. 5 ml). After

cooling for 30 minutes, p-fluorobenzaldehyde (6.2 g, 0.05 mol)
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in dry xylene (10 ml) was added dropwise and the reaction
mixture was then heated at reflux for 30 minutes, cooled and
poured into water (250 ml). This mixture was then extracted
with ether (2 x 50 ml), the combined extracts were washed with
5% sodium carbonate solution (50 ml) and water (2 x 50 ml).
The pale yellow ethereal solution was then dried over sodium
sulphate, evaporated and the residue was fractionally distill-
ed affording ethyl o,p-difluorocinnamate (4.3 g, 417%) as a
colourless oil, b.p. 78-80°C/0.15 mm, which crystallized on
standing, m.p. 20-22°C. Calculated for C11H1009F9: C, 62.26;
H, 4.75; F, 17.91. Found: C, 62.35; H, 5.02; F, 17.8%. Vioax
1730 s, 1665 m, 1605 m, 1510 s cm— 1. 1y NMR (CCLl,): 6 1.37
(3, t, J 7 Hz, OCH,CHg3), 4.25 (2H, d, J 7 Hz, OCH,CHg3), 6.77
(1H, d, Jy_p 41 Hz, CH=CF), 6.8-7.6 (4H, m, Ar-H); m/e 212
(M*, 100), 184(30), 167(44), 139(25).

(b) a,p-Difluorocinnamic Acid
Saponification of the ester (2.0 g, 0.009 mol) as
described above yielded a,p-difluorocinnamic acid (1.51 g,
87%) as a white solid, m.p. 205-206°C. Yres (nujol): 1680,
1650, 1595 cn~l. 1y NMR (dg-DMSO): & 7.00 (1H, d, Jp_p 37 Hz,
CH=CF), 7.02-7.83 (4H, m, Ar-H), 12.2 (1H, s, COoH). m/e 184

(M*, 100), 164(19), 120(28).

(v) a—-fluoro-p-trifluoromethylcinnamic acid
p-Trifluoromethylbenzaldehyde (2.0 g, 0.011 mol) was
reacted with ethyl fluoroacetate (1.22 g, 0.011 mol) and
diethyl oxalate (1.85 g, 0.013 mol) in the presence of sodium
hydride (0.011 mol) as described above which afforded Ethyl a-
fluoro-p-trifluoromethylcinnamate (1.54 g, 527) as a colour-

less oil, b.p. 106-108°C/2.0 mm. Vv 1725 s, 1665 m, 1620 w,

max
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1325 s cm~l. 1y NMR: 6§ 1.37 (3H, t, J 7 Hz, OCH,CHg), 4.32
(24, q, OCH,CH5), 6.83 (1H, d, Jy_p 33 Hz, Ar-CH=), 7.57 (4H,
m, Ar-H). Accurate mass: Calculated for C12H10F402
262.0616924, found 262.062462; m/e 234 (MT,100), 234(44),
233(25), 217(54), 189(29).

Saponification of the ester (0.27 g, 0.001 mol) as
described previously afforded a-fluoro-p-trifluoromethyl-
cinnamic acid (0.217 g, 937) as a white crystalline solid,
m.p. 172-173°C. v__. (nujol): 1710 s, 1655 m, 1615 v cm~!. lH
NMR (dg-DMSO): & 6.90 (1H, d, Jy_p 34 Hz, Ar-CH=), 7.62 (4H,
m, Ar-H). Accurate Mass: Calculated for C10H6F402 234.0303923;
found 234.030887. m/e 243 (M*, 100%), 214(17), 197(15),

186(15).
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CHAPTER 4. STRUCTURAL ASPECTS OF CRYPTATES

4.1 CRYPTATES: GENERAL INTRODUCTION

The macrocyclic coordination chemistry of the alkali
metal and alkaline earth metal ions has been the subject of
intensive study in recent years.l_8 Much of the interest in
these metal ions arose from the discovery of their biological
importance. For example, sodium and potassium ions constitute
the major ionic component of intra- and extracellular fluids
and the transport of these ions across cell membranes
initiates the nerve impulse.

Various naturally occurring macrocyclic moleculesselect-
ively complex alkali metal cations by wrapping around the ion,
completely isolating it from solvent molecules, as illustrated
for the antibiotic valinomycin - Kkt complex in the Figure in
the foreword. Detailed studies of this complexation process9
revealed a strong solvent dependence of the complex stability,
indicating involvement of the solvent in the mechanism of
complexation which entails sequential solvent displacement
from the first solvation sphere of the metal ion and conform-
ational changes in the valinomycin molecule. Two of these
processes were detected in sound absorption kinetic studies,10
one where a complex was formed in which the solvent was only
partially displaced from the first solvation sphere of k*, and
the subsequent process of sequential displacement of remaining
solvent synchronously with the formation of the valinomycin
bracelet conformation around K¥. These mechanistic studies
were important in the development of a model for the iono-

phoric action of the antibiotics and are discussed in more
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detail in reference to the cryptands in subsequent sections.
Synthetic macrocyclic polyethers, or crown ethers, were

introduced in 19.6711

and showed similar complexation of metal
cations. However, in these complexes the metal ion often
remains in contact with solvent molecules or the associated
anions, since the coordinating oxygen atoms of the crown ether
form a circle around the metal ion, depending upon the size
and flexibility of the ring. Thus benzo-[15]-crown-5 is too
small and inflexible to completely displace water from the
first coordination sphere of Na®t 12, whereas the large crown
ether dibenzo-[30]-crown-10 completely encloses Kt and

13

excludes water from its solvation sphere, as shown in Figure
4.1, closely resembling the complex formed by Kt and the
antibiotic nonactin.

The design and preparation of ligands which completely
encapsulate metal ions and thereby imitate the antibiotics,1
was most successfully achieved by Lehn with the introduction
of the diazapolyoxamacrobicyclic ligands, or cryptands.ll*’15

The general structure and naming of the cryptands are shown in

Table 4.1

Table 4.1 Cryptand Nomenclature.

a b c Cryptand
.0 0 0 Cl11
O /a
1 0 0 C211
N
<)“ N 1 1 0 €221
0O 0]
\/ b
o) 1 1 1 C222
1“ c 2 2 2 C333
3rd
1 1 bridge C22C8
CgHy6

etc
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(a)

(b)

Figure 4.1. a) The structure of [Na.(B[lS]C—5)]+. Sodium is
the six coordinated central atom with the apical water
molecule represented by a single sphere. The five oxygen atoms
are shown as larger spheres and the smaller spheres represent

the carbon atoms.l2

b) The structure of [KZ(DB[BO]C—IO)]+. Potassium
is the ten coordinated central atom. The ten oxygen atoms are
represented by the larger spheres, and carbon atoms by small

spheres.13
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The cryptand structure delineates approximately spherical
cavities containing both nitrogen and oxygen binding sites and
the cavity size may be varied by altering the number of
ethylene-oxy 1linkages in the nitrogen-nitrogen bridges. The
cavity shape is also determined by the bridgehead nitrogen
configurations. The ligand may exist in either of three forms,
exo-exo, exo-endo or endo-endo which rapidly interconvert via
nitrogen inversion. The endo-endo form shown in the figure in
Table 4.1, is strongly favoured on complex formation as both
nitrogens may participate in binding dinteractions. This is
confirmed by the cryptate conformation found in all crystal
structure determinations performed to date, examples of which
are discussed in following sections.

The cryptands were found to form very highly stable
complexes (cryptates) with metal cations which are of a
size appropriate for the cryptand cavity. The properties of
the cryptates are strongly dependent upon the cryptand struc-
ture and a number of structural modifications have been made
in attempts to gain an understanding of the various factors
which characterise the complexation process, and to enhance
particular cryptate functions.

The properties of cryptates in general are well reviewed
in the 1iterature1’16_18 and a number of important features
are discussed in the introductions to the following sections.
The aim of this work was to investigate structural, thermo-
dynamic, kinetic and mechanistic aspects of the sodium
cryptates of C211 and a structurally modified analogue, C21Cg,
which would complement existing information, thereby gaining
further insight into cryptate complexation processes 1in

general.
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4.2 STRUCTURAL ASPECTS: INTRODUCTION

The relationship between the natures of the metal ion
and the cryptand and the structure of the cryptate formed is
fundamental to the general thermodynamic and kinetic
properties of cryptates. Generally, the structure of metal ion
— ligand complexes in the solid state cannot be assumed to
represent the complex structure in solution, since various
solvational and conformational changes may occur on dissolut-
ion. However, it has become apparemnt from studies mentioned
below that in the case of alkali metal cryptates such a
correlation may be made. This has proved particularly useful
in aiding mechanistic discussion of cryptate equilibria in
solution. The work in this section deals with various
structural aspects of cryptates which are essential to the
interpretation of kinetic and thermodynamic results presented

in later sections.

Determination of Cryptate Structure

The cryptands may form complexes with alkali metal ions
(M*) in which M% resides in the centre of the cryptand cavity
in an "inclusive" cryptate or in which MY is located on the
outside of a cryptand face defined by one of the polyoxadiaza-
cycloalkane rings in an "exclusive” cryptate. (Perhaps a more
appropriate term for the latter conformation is "addition"
complex as this better describes the intermediate formed prior
to inclusion. However, the exclusive terminology has been
adopted in the literature and will be used here.) The
inclusive cryptate is exemplified by [Li.C211]I and
[Na.C221]NCS (Figure 4.2a), and the exclusive cryptate by

[K.C221.NCS] (Figure 4.2b), whose structures have been determ-
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ined by single crystal X-ray diffraction methods1?+20, The
solid state structure of [Na.C211.X] had not previously been
determined. In the inclusive cryptates the Lit and Na® first
coordination spheres are occupied solely by the binding groups
of the cryptand, whilst in the exclusive cryptate the nitrogen
of NCS™ is within bonding distance of K¥ and accordingly the
above formulae are adopted for these cryptates. In solution
both inclusive and exclusive cryptates are shown as cations
(e.g. [M.C221]1%) as any anion in the Mt first coordination
sphere in the solid state is likely to be displaced by solvent

on dissolution.

(a) (b)

Figure 4.2. View of (a) [Na.C221]NCS and (b) [K.C221.NCS].
Hydrogen atoms are represented by spheres of arbitrary size

and thermal ellipsoids are drawn at the 307% probability
1.20

leve
It has been deduced from 13C NMR studies that these

3 . ; 3 . . 21
inclusive and exclusive structures are retained in solution.
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The 13C chemical shifts of the cryptand show characteristic
variation on complexation by alkali metal ions, depending
upon the type of cryptate formed. These results may then be
correlated with the known solid state structure, which allows
a prediction of the structure in solution.

Quite apart from its own intrinsic interest, a knowledge
of the inclusive or exclusive nature of cryptates in solution
can be important in mechanistic interpretation21 of the
kinetic parameters characterising Mt exchange between the
fully solvated and the cryptate environment. As part of a
wider structural and kinetic investigation of cryptates this
study examines the structural effects of replacing an oxygen
in one of the rings of C211 by a carbon to give C21Cq (shown
schematically below) on the Na™t cryptates in the solid state
by X-ray diffraction, and on both Nat and Lit cryptates in

solution by 13¢c NMR spectroscopy.
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4,3 RESULTS AND DISCUSSION

(i) Synthesis of Cryptand C21Cqg

The synthetic method for the preparation of cryptands was

22 and involved the condensation of diamines

reported by Lehn
with diacid chlorides under conditions of high dilution in
moderate yield, followed by diborane reduction of the result-
ant diamide. This general method appeared to be convenient for
our purposes of preparing C21Cg, particularly as the immediate
monoEyclic diamine precursor (1,4,10-trioxa-7,13-diazacyclo-
pentadecane) had become commercially available (Merck, Krypto-
fix 21).

The synthetic method used here is depicted in Scheme 4.1

and is essentially that of Lehn with some minor modifications.

o

M\ M\
00 \N /0 High diluti /—U\C/“\O/>

k/o\/' e “ @ /B 0// k/\)\\“0

Kryptofix 21 cz2iCq
1.BFsEL0/

BH3 DMS /THF
2. diLHC1
3.Dowex "OH

Vo
N\
0 O
/_"\f_"\‘>
N O N

C2ICq

Scheme 4.1. Synthetic route for C21Cs. The asterisk indicates

the bridge in the cryptand structure containing the diamide

carbonyl groups.22



64

The high dilution condensation reaction was carried out with
the use of motor driven syringes to allow very even addition
rates of the two reactant solutions, which appeared to result
in much improved yields of the diamide, typically up to 85
percent. In this way, the total volume of solvent required for
the reactant solutions could also be reduced.

Reduction of the diamide was achieved with the more
convenient borane-dimethylsulphide reagent introduced by

Brown.23

The preparation and properties of C21Cg5 had not
previously been reported in the literature, although it had
beenproposed24 as an efficient ion carrier for Li%t, and rates

of transport of Li* and Na® by C21Cg through a chloroform

membrane had been published.25

(i) X-ray Crystallography

The c¢crystal structures of [Na.C211.NCS] and
[Na.C21C5.NCS] were determined as described in the
experimental section at the end of this chapter. The bond
lengths and bond angles for [Na.C211.NCS] are given in Tables
4.2 and 4.3 in which the primed atoms represent the minor
contributors to the disordered cryptand. The differences
between the conformations of the primed and unprimed cryptand
are insignificant and the structure of the latter and major
contributor is shown together with the atom numbering system
in Figure 4.3. Thus [Na.C211.,NCS] is seen to exist as an
exclusive cryptate with Na%t residing 0.14 & outside the plane
defined by 0(1), 0(2), and 0(3) where the equation for the
plane is : - 0.2705x + 0.8136y + 0.5146z = 0.6059. The

[NaiﬂlCS.NCS] cryptate also exists as the exclusive complex
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C1
N1 S

Figure 4.3. Perspective view (top), and stereoscopic view

(bottom) of the [Na.C211.NCS] crystal structure.



Bond Lengths (A) for [Na.C211.NCS]

Table 4.2

o(1)
0(2)
0(3)
0(4)
N(1)
N(2)
N(3)
c(1)
C(8)
c(7)
c(11)
c(12)
Cc(13)
c(14)
C(3)
c(4)
c(1)
c(2)
c(9)
Cc(10)
c(5)
c(6)
C(15)
c(3)
C(5)
c(7)
c(9)
c(11)
c(13)
Cc(15)
o(1")
o(2")
o(3")
o(4")
N(2")
N(3")
c(10)
c(12)
C(4)
c(8)
N(3")
c(6)
Cc(14)
c(5")
c(8")
c(10")
c(1i2')
C(14")
c(7'")
c(8")
c(12")
C(14")
c(3")
c(2")
c(10")
c(5")
C(3')
c(7')

Na(l)
Na(l)
Na(l)
Na(1l)
Na(l)
Na(l)
Na(l)
S(1)
0(1)
o(1)
0(2)
0(2)
0(3)
0(3)
0(4)
0(4)
N(1)
N(2)
N(2)
N(2)
N(3)
N(3)
N(3)
c(2)
c(4)
c(6)
c(8)
c(10)
c(12)
c(14)
Na(1l)
Na(1l)
Na(l)
Na(l)
Na(1l)
Na(l)
o(2")
o(3")
o(4")
N(2")
0(3)
N(3")
N(3')
C(4)
C(8)
c(10)
c(12)
c(14)
o(1l")
o(1")
o(2")
0(3")
o(4")
N(2'")
N(2'")
N(3'")
c(2")
c(6")

et ot ot ot et et e et et et et e et e e et et e e NN

2.289(14)
2.324(13)
2.433(19)
2.662(9)

2.409(11)
2.478(13)
2.492(17)
1.616(28)
1.385(18)
1.374(59)
1.402(56)
1.370(38)
1.365(70)
1.299(42)
1.447(62)
1.408(31)
1.143(28)
1.504(41)
1.509(61)
1.474(38)
1.542(54)
1.306(53)
1.441(83)
1.617(70)
1.555(49)
1.701(74)
1.464(24)
1.557(49)
1.481(63)
1.341(62)
2.290(21)
2.348(19)
2.316(23)
2.594(19)
.450(22)
.422(26)
«355(46)
.319(58)
-469(49)
«455(27)
.817(69)
-496(39)
«506(72)
-448(62)
.430(39)
.493(73)
-469(81)
.672(86)
.264(30)
-443(43)
«399(41)
.204(40)
+439(36)
«524(33)
«476(41)
1.461(32)
1.557(42)
1.782(37)
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Table 4.3

Valence Angles (°) for [Na.C211.NCS]

N(1)
c(1)
0(2)
0(3)
0(4)
0(3)
0(4)
0(4)
N(1)
N(1)
N(1)
N(1)
c(12)
c(10)
N(2)
c(10")
c(10)
c(10)
c(9)
c(3)
0(4)
c(4)
c(5)
c(5")
C(4)
C(15)
c(6)
c(15)
Cc(14)
c(15)
c(14")
c(14)
c(12)
c(13)
c(12")
c(7)
c(6)
c(8)
c(9)
c(8")
N(2')
c(10")

-C(1)
-N(1)
-Na(1l)
-Na(1l)
~Na(1l)
-Na(1)
-Na(1l)
-Na(1l)
=Na(l)
~Na(1)
-Na(l)
-Na(1l)
-0(2)
-c(11)
-C(10)
-C(10)
-N(2)
-N(2)
-N(2)
-C(2)
-C(3)
-0(4)
~C(4)
-C(4)
-C(5)
-N(3)
-N(3)
-N(3)
-C(15)
-C(14)
-C(14)
-0(3)
-C(13)
-C(12)
-C(12)
-C(6)
-C(7)
-0(1)
-C(8)
-C(8)

-S(1)
-Na(1l)
-0(1)
-0(1)
-0(1)
-0(2)
-0(2)
-0(3)
-0(1)
-0(2)
-0(3)
-0(4)
-C(11)
-0(2)
-C(11)
_0(2l)
-C(2)
-C(9)
-C(2)
-N(2)
-C(2)
-C(3)
-0(4)
-N(3)
-C(5)
-C(5)
-C(6)
~N(3)
-0(3)
~C(13)
-0(3)
-0(2)
-0(3")
-N(3)
-0(1)
-C(7)
-0(1)

-C(10')-C(10)

~N(2")

-C(8)

c(2') -N(2') -C(8)

c(2")
c(3")
0(4")
c(3")
N(3'")
c(6")
0(3")

0(2")
c(7")
o(1")
c(8")

-N(2'")
-c(3")
-0(4")

N(3")

-C(10")
—N(Z')
—C(Z')
=C(4)
—C(4)
-C(S')

~C(14")-C(14)
C(14')-0(3') —C(12)
—c(12')-C(12)

-C(6")
-Cc(7")
-0(1")

-N(3")
-C(6"')
-c(7")

178.7(24)
160.4(11)
145.2(5)
140.7(6)
94.9(4)
72.8(6)
84.3(4)
75.4(5)
94.5(11)
92.2(4)
92.7(5)
168.1(4)
113.9(34)
109.5(35)
110.0(25)
110.8(35)
112.5(27)
112.4(32)
113.4(31)
109.8(33)
102.1(38)
108.9(32)
112.4(26)
107.0(36)
113.2(35)
107.5(44)
123.6(49)
112.8(49)
127.5(59)
112.2(43)
102.6(45)
121.0(45)
118.6(48)
106.1(33)
103.6(44)
110.0(42)
105.8(38)
118.6(17)
113.1(13)
115.8(19)
111.3(25)
115.6(24)
102.1(21)
117.8(24)
112.3(24)
99.1(23)
112.1(17)
115.5(23)
114.8(21)
122.7(33)
114.7(31)
117.8(29)
107.4(22)
101.8(21)
104.9(26)

67



68

as shown in Figure 4.4 which also shows the atom numbering
system used for the bond lengths given in Table 4.4 and the
bond angles in Table 4.5. In this cryptate Nat is 0.37 R
outside the plane defined by 0(1), 0(2), and 0(3) ( where the
equation for the plane is : -0.0725x + 0.2022y + 0.9767z =
3.3146 ) a substantially greater distance than that observed
in [Na.C211.NCS].

In both cryptates the large size of Na‘t relative to that
of the cryptand cavity evidently dictates the formation of
exclusive cryptates in contrast to [Li.C211]I which is an
inclusive cryptatelg. Complexation on the face of the fifteen
membered ring of both cryptands brings Nat into close
proximity to three oxygens and two nitrogens. This together
with the larger size of the cusp formed by this ring (and
hence its greater ability to accomodate Nat ) by comparison
with that of the twelve membered ring is probably the major
determinant of stereochemistry in both exclusive cryptates.

The closer proximity of Nat to the 0(1), 0(2), 0(3) plane
in [Na.C211.NCS] probably reflects the interaction of Nat with
0(4) which is absent in [Na.C21C5.NCS]. In both cryptates N(1)
of NCS™ is within bonding distance of Nat and thus in
[Na.C211.NCS] sodium is seven coordinate (bonding inter-
actions with 0(1), 0(2), 0(3), 0(4), N(1), N(2), and N(3) )
whilst in [Na.CZlCS.NCS] sodium is six coordinate <(bonding
interactions with 0(1), 0(2), 0(3), N(1), N(2), and N(3) ). As
a consequence of the Na(l1)-0(4) bonding interaction a major
stereochemical difference arises in the conformations of the
C(2)-C(6) and C(2)-C(5) bridges of [Na.C21C5.NCS] and
[Na.C211.NCS] respectively (Figures 4.3 and 4.2). Other

stereochemical differences are the larger Na(l)-N(1l) distance
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Figure 4.4. Perspective view (top) and stereoscopic view

(bottom) of the [Na.C21C5.NCS] crystal structure.



Table 4.4

Bond lengths (A) for [Na.C21C5.NCS]

0(1) ---Na(l) 2.297(2)
0(2) ——-Na(l) 2.340(3)
0(3) ——-Na(1) 2.356(2)
N(1) ——-Na(l) 2.358(4)
N(2) —--Na(1l) 2.759(4)
N(3) —---Na(l) 2.576(3)
Cc(1) ---8(1) 1.609(5)
c(8) -—-0(1) l1.416(4)
c(9) ---0(1) 1.429(4)
c(12)-—-0(2) 1.381(4)
C(13)---0(2) 1.427(4)
c(14)---0(3) 1.416(4)
c(15)---0(3) 1.421(4)
c(l) —-N(1) 1.167(5)
c(2) ——-N(2) 1.471(4)
c(10)-—-N(2) 1.478(4)
C(11)---N(2) 1.465(4)
C(6) ——-N(3) 1.475(4)
c(7) ——-N(3) 1.466(4)
Cc(16)——-N(3) 1.478(4)
c(3) ——-C(2) 1.522(5)
c(4) —-C(3) 1.522(5)
c(5) ——=C(4) 1.504(5)
c(6) —-C(5) 1.523(5)
c(8) -——C(7) 1.509(4)
c(10)---C(9) 1.502(5)
c(12)---C(11) 1.490(5)
Cc(14)--—-C(13) 1.492(5)

C(16)——-C(15) 1.502(5)




Table 4.5

Bond Angles (°) for [Na.CZICS.NCS]

N(1) -c(1) -s(1) 179.5(3)
C(1) -N(1) -Na(l) 164.3(3)
0(2) -Na(1)-0(1) 136.7(1)
0(3) -Na(1)-0(1) 141.4(1)
0(3) -Na(1)-0(2) 72.2(1)
N(1) -Na(1l)-0(1) 94.7(1)
N(1) -Na(1)-0(2) 103.6(1)
N(1) -Na(l)-0(3) 102.3(1)
c(9) ~0(1) -C(8) 115.3(2)
c(13)-0(2) -c(12) 116.4(3)
C(15)-0(3) -C(14) 114.9(3)
C(10)-N(2) -C(2) 110.4(3)
C(11)-N(2) -C(2) 111.1(3)
C(7) -N(3) -C(6) 112.8(3)
C(11)-N(2) -C(10) 111.4(3)
C(16)-N(3) —-C(6) 112.0(3)
C(16)-N(3) -C(7) 111.5(3)
C(3) —c(2) -N(2) 113.9(3)
C(4) -c(3) -c(2) 114.1(3)
Cc(5) -C(4) -C(3) 114.3(3)
C(6) -C(5) -C(4) 114.3(3)
C(5) -C(6) -N(3) 114.0(3)
C(8) -C(7) -N(3) 113.2(3)
Cc(7) -c(8) -0(1) 107.9(3)
c(10)-c(9) -o(1) 107.9(3)
c(9) -c(10)-N(2) 113.4(3)
C(12)-C(11)~N(2) 115.0(3)
C(11)-c(12)-0(2) 111.2(3)
C(14)-c(13)-0(2) 113.4(3)
Cc(13)-C(14)-0(3) 108.1(3)
C(16)-C(15)-0(3) 107.3(3)

C(15)-C(16)-N(3) 111.6(3)
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and the smaller N(1) - Na(l) - 0(2) and N(1) - Na(l) - 0(3)

angles observed for [Na.C211.NCS].

(iii) Cryptate Structure in Solution - 13¢ NMr Spectroscopy
yp

In a 13C NMR study2! of [K.C221]% and [Na.C221]% Popov
and coworkers found that the chemical shifts of the cryptates
varied markedly from those of the cryptand. The resonances of
[Na.C221]% which is an inclusive cryptate in the solid state,
were all shifted upfield relative to those of the free ligand
in deuterio~chloroform solution. (In this thesis, the terms
'upfield' and 'downfield' refer to shifts to lower frequency
and higher frequency respectively.) [K.C221]1% is an
exclusive complex in the solid state and its 13¢ resonances
were also shifted upfield, but to a lesser extent and with the
exception of the resonance assigned to the carbons next to
nitrogen in the longer bridge. This peak shifted substantially
downfield, separated from the other carbon adjacent to
nitrogen by about 4.4 ppm. These chemical shift changes were
attributed to differences in torsion angles of various bonds
in the two different cryptate conformations.

On the basis of the optimisation of fit between the
alkali metal ion and the cryptand cavity, [Li.C211]+ and
[Na.C211]" resemble [Na.C221]% and [K.C221]" respectively, and
are inclusive and exclusive cryptates in the solid state as
discussed earlier. The 130 NMR spectrum of [Na.Cle]+ and that
of its Lit analogue shown in Figure 4.5 differ markedly and
are very similar to the spectra of [K.C221]% and [Na.C22171%.
This suggests [Na.C211]% exists predominantly in the exclusive

form and [Li.C211]+ in the inclusive form in deuterio-
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Figure 4.5. 13c-{lH) NMR spectra (20.1 MHz) of C211,
[Li.C211]% and [Na.C211]% in CDCl4 solution at 305.2 K. The

low field triplet arises from CDCl4. The resonance numbering

corresponds to that shown in the stylised C211 structure and

is identical to that shown in Figure 4.3.
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chloroform. The assignments of the resonances arising from
carbons 3, 10, and 11 (where the numbering is the same as that
used in the crystal structures discussed above) in C211 are
self evident and those from carbons 11 and 12 are made by
comparison to those reported for c221.21 The shifts of all of
the [Li.C211]% resonances are upfield of those of [Na.C211]%
and the separations of the resonances in the two spectra
differ substantially and qualitatively in a similar manner to

those observed for [Na.C221]% and [K.C221]%.

The 13¢ NMR spectra of C21Cg5 and its Nat and Lit
cryptates are shown in Figure 4.6. The associated chemical
shifts, and those of C211 and its Nat and Lit cryptates, are
given in Table 4.6.

The resonances arising from C21C5 are in three distinct
groups: those of carbons adjacent to oxygen (C(9), C(12),
C(13)), of carbons adjacent to nitrogen ((C(2), C(10), C(11)),
and of carbons adjacent to carbon only (C(3), C(4)). The
assignments of C(9), C(12), and C(13) are made by comparison
to those made for C211 ( as are those for the Nat and Lit
cryptates )26, and the assignments of C(3) and C(4) are
obvious. In principle, selective decoupling of the C(3)
protons should distinguish the C(2) resonance from those of
C(10) and C(11) and similar decoupling of C(9) and C(12)
should distinguish the resonances of C(10) aqd C(11) from that
of C(2). In practice, overlap of the proton coupled resonances
of C(2), C(10), and C(11) rendered distinguishing between C(2)
and C(11) a little uncertain for C21C5 and [Li.C21Cg]% but in
the case of [Na.C21C5]+ the assignment of the superimposing

C(2) and C(11) resonances is unambiguous. The decoupling

experiments do not distinguish between C(10) and C(11) but as
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Figure 4.6. 13¢c-{1H) NMR spectra (20.1 MHz) of C2ICs,
[Li.C21C5]* and [Na.C21C5]* in CDCl3 solution at 305.2 K. The
low field triplet arises from CDClg. The resonance numbering
corresponds to that shown in the stylised C21Cs5 structure and

is identical to that shown in Figure 4.4.



76

Table 4.6 13C NMR chemical shifts® for C211, C21Csg

and their Li%*, and Nat cryptates at 305.2 K.

Carbon €211  [Li.C211}* [Na.C211]% Carbon C21Cs [Li.C21Cg]l* [Na.C21Cg]?

12 70.752 68.717 69.021 13 71.298 68.383 67.897
11 70.053 66.986 67.624 12 70.053 66.683 67.594
3,8 70.266 65.954 69.324 9 70.539 65.377 68.596
10 57.512 51.864 58.362 11 56.541 51.986 58.180
2 56.146 51.864 58.180
2,9 55.690 50.619 54.901 10 54.354 51.287 52.229
3 27.693 22,409 25.841
4 20.891 21.893 21.013

a) Chemical shifts are referenced to the centre peak of
CDCl4 ( 77.25 ppm). The numbering system is that used in the
structures shown in Figures 4.3 and 4.4. The cryptand and

cryptate concentrations were 0.21 mol dm~3,

the resonance corresponding to C(10) in the spectra of C211
and its Nat and Li* cryptates (C(2)) has been unambiguously
assigned as appearing at higher field than that of the carbon
(C(10)) corresponding to C(11), it is unlikely that the
relative chemical shifts of C(10) and C(11) will change in the
very similar C21C5 and its cryptates. The spectra in Figure
4.6 and Table 4.6 demonstrate that the changes in the chemical
shifts of C21Cg5 caused by complexation of Nat and Lit differ
significantly as observed for C211 and follow similar
patterns.

Thus it is generally observed that complexation of C222
by K+, Nat, and Lit 26; of €221 by K*, Na*, and Lit 21,26, 554
of C211 by Nat and Li?t 26 produces an upfield shift of the
cryptand 13¢ resonances with the exception of the C(11)
resonance of [Na.C211]%* and the equivalent resonance in

[K.C221]%. This distinguishes these two exclusive cryptates
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from the other cryptates which exist in the inclusive form.
This difference in shift direction is also seen for the C(11)
( and C(2) ) resonances of [Li.C21C5]+ and [Na.CZlCS]+
consistent with their existence as inclusive and exclusive
cryptates respectively. The chemical shifts of C(3) and C(4)
of [Na.C21C5]+ and [Li.C21C5]+ differ substantially, with
those of the latter differing most from those of CZlCS. This
is consistent with C(3) and C(4) in the inclusive Li%t cryptate
being in close proximity to Lit and consequently experiencing
a major change in environment, whilst in the exclusive Nat
cryptate C(3) and C(4) are more distant from Nat (Figure 4.4)
and their environment is more similar to that in CZlCS.

One caveat to the above discussion, particularly with
respect to the i cryptates, is that the 13¢ NMR measurements
were carried out in deuterio-chloroform solution only and
generalising to other solvents may not be valid. It is
conceivable that in a strongly coordinating solvent the
exclusive form of the Lit cryptates may exist to some extent,
particularly in the case of [Li.C21C5]+. However, the ‘L4
chemical shift of [Li.C211]+ in a range of solvents27 was
found to be insensitive to the nature of the solvent as
expected for an inclusive cryptate. The observations that the
23Na chemical shift of [Na.C211]% and [Na.C21Cg]* do vary with
solvent (Table 4.7) is consistent with contact occurring
between the complexed Nat and solvent as anticipated for
exclusive cryptates. (Under the experimental conditions of
this study, the chemical shifts of [Na.C211]+ differ from

those reported elsewhere2® but the trends are similar.)
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Table 4.7. 23Na Chemical Shifts for [Na.C2111% and [Na.CZlCS]+

Solvent Cryptand Chemical Shift (ppm)
Nat(solv.) Na+(cryth

H,0 c2118 -1.01 12.06
DMF C211 -4,12 10.82
DMSO C211 -0.24 10.52
DMF c21Csb 0.0 9.18¢
MeCN C21Cq 2.37 11.83
Pyridine C21Cjy 4,92 12.79
pcd C21Cq ~4.57 12.14
Acetone C21Cy -2.22 10.60
MeOH C21Cq 1.68 12.57

a) Chemical shifts referenced to 3.0 mol dm=3 aqueous NaCl
solution at 298 K and are corrected for bulk diamagnetic
susceptibilities.29 b) Chemical shifts referenced to 0.1 mol
dm—3 NaCl0, in DMF at 261.5 K since in some solvents Na¥ was
undergoing rapid exchange at room temperature. c¢) Value
obtained by extrapolation from lower temperature spectra.

(d) Propylene Carbonate.

In conclusion, it appears that the cryptate conformation
formed in the solid state is also predominant in solution. The
relationship between cavity size and metal ion diameter is
important in determining whether the cryptate exists in the
exclusive or inclusive form. Replacement of an oxygen binding
site in C211 by a CH, group resulted in a sodium cryptate in
the so0lid state with the sodium ion residing at an increased

distance from the centre of the cavity relative to the C211
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cryptate. This difference should be reflected significantly
in the thermodynamic and kinetic parameters of the two crypt-
ates in solution. Further investigations into the structural
properties of these cryptates are continuing, including the
determination of the crystal structure of [Li.C21C5]NCS and
CP-MAS 13C solid state NMR studies. The CP-MAS 13c NMR
spectrum of [Na.C211.NCS] showed two broad resonances, corres-
ponding to the carbons adjacent to oxygen and those adjacent
to nitrogen, but the individual resonances could not be
resolved. This was presumably due to the disordered nature of
the cryptate in the solid state as determined by X-ray

diffraction studies.
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4.4 EXPERIMENTAL

(i) Materials. NaSCN, LiSCN, and NaCl0, were dried at 80 -

90°C under high vacuum for 48 hours and were stored over P,05
under vacuum. CDC13 and all other solvents were purified and
dried where necessary by literature methods39 and were stored
over Linde 4A molecular sieves. Cryptand C211 (Merck) was
distilled, dried under high vacuum for 24 hours and stored

under dry nitrogen.

(ii) Preparation of C21Cs

(a) C21Cx
(16,20-Dioxo-4,7,13-Trioxa-1,10-diazabicyclo[8.5.5]eicosane)

The method described is a modification ofthe general
method of Lehn.22
A solution of 1,4,10- trioxa- 7,13-diazacyclopentadecane
(Kryptofix 21, Merck) (2.0 g, 9.2 mmol) and triethylamine
(2.5 g, 25.0 mmol) in dry benzene (100 ml), and a solution of
glutaric acid dichloride (1.41 g, 8.34 mmol) in dry benzene
(100 ml) were added simultaneously to dry benzene (1200 ml)
over 8 hours at room temperature (22°C) with vigorous stirring
under dry nitrogen using Perfusor motor driven syringes. After
filtration and removal of the solvent under vacuum the residue
was chromatographed on 'flash' silica3l (Merck, 230 - 400
mesh, 47 methanol / dichloromethane, Rf = 0.30 ), removal of
the solvent and drying under high vacuum afforded the cryptand
diamide CZIC; as a white solid ( 2.2 g, 84 Z), m.p. 115 -

117°C; v

-1, 1 ;
max 1630, 1130 cm™"; “H NMR (CDClg): 6 1.8 - 5.2, a

complex spectrum with large peaks at 3.55 and 3.60; m/e 314

(Mt), 286, 271, 246, 239, 28 (100) ).
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(b) C21Cg
(4,7,13-Trioxa-1,10-diazabicyclo[8.5.5]eicosane)

The diamide C21C§ (1.3 g, 4.1 mmol) was dissolved in dry
tetrahydrofuran (30 ml) and treated with boron trifluoride
etherate (1.0 ml, 8.2 mmol) at 50°C under dry nitrogen. The
reaction mixture was heated to reflux and borane-
dimethylsulphide complex (Fluka, 10% dimethylsulphide, 1.2 ml,
10.9 mmol) was slowly added with a syringe. Heating was
continued for 3 hours and ether and dimethylsulphide distill-
ed off as they formed. After cooling, the solvent was
removed under vacuum and the white residue was treated with
6M hydrochloric acid (25 ml). The resultant solution was
heated at reflux for 12 hours and then evaporated to dryness.
The crude cryptand was obtained from the hydrochloride salt
after ion exchanging an aqueous solution on Dowex 1X8 (OH™
form, 50 - 100 mesh), concentration of the basic eluent,
extraction with chloroform (4 x 50 ml), and evaporation of the
combined extracts. Fractional distillation of the residue
yielded 4,7,13-trioxa-1,10-diazabicyclo[8.5.5]eicosane (1.1 g,
92 %) as a colourless o0il, b.p. c.a. 110°C / 0.025 mm
(Sublimation block). Calculated for C15HggN904: C, 62.90; H,
10.56; N, 9.78; Found: C, 62.93; H, 10.55; N, 9.88%. Accurate
mass: Found 286.22448; Required m/e 286.225628; m/e 286
(M*,100), 269, 255; Viax 1460 (m), 1350 (m), 1125 (s), 1070
(m); 1H NMR (CDC14): & 1.35 (6H, m, aliphatic ~-CH,- ), 2.50

(12H, m, -NCHy~ ), 3.40 (12H, m, -0CHqy- ).
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(iii) X-ray Diffraction

Crystals of [Na.C211.NCS] and [Na.C21C5.NCS] were prepared by
dissolving equimolar amounts of NaSCN and the cryptand in dry
methanol and evaporating to dryness. The white solids were
dissolved in dry acetone and the solutions were then equili-
brated with dry hexane in a desiccator whereupon white

crystals slowly formed.

(a) X-Ray Crystallography of [Na.C211.NCS].

Crystal Data, C15H28N3NaO4S, M = 369.45, space group Pbca,

a 14.686(3), b = 15.699(4), ¢ = 16.522(5) ®; U = 3809.2 QB,

Z =8, D, =1.28, D, = 1.288 g cm™3, F(000) = 1584, A(Mo-Kg) =

0.7107 8, u(Mo-Ky) = 9.17 cm™ 1.

Data Collection. A crystal of dimensions 0.15 x 0.16 x 0.65 mm

was mounted on a glass fibre and coated with cyano-acrylate
super glue. (The crystal density was measured by floatation in
a mixture of CCl, and petroleum spirit (100 - 120 °C).)
Lattice parameters were determined at 295 K by a least-squares
fit to the setting angles of 25 independent reflections,
measured and refined by scans perforﬁed on an Enraf-Nonius CAD
4 four-circle diffractometer employing graphite monochromated
Mo-K, radiation. Intensity data were collected in the range
1.3 ¢ 8 ¢ 23° using a ®w - n/3 6 scan, where n(=1) was
optimised by profile analysis of a typical reflection. The w
scan angles and horizontal apertures employed were (1.85 +
0.35tanb)® and (2.40 + 0.5tanb®) mm respectively. Three
standard reflections, monitored after every 58 min. of data
collection, indicated that by completion of the data

collectionno decomposition had occurred. Data reduction and
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application of Lorentz and polarization corrections were
performed using program SuScAD32, Of the 2,944 reflections
collected 1,417 with I > 2.50(I) were considered observed and

used in the calculations.

Structure Solution and Refinement. The structure was solved

by direct methods using the routines for non-centrosymmetric
solution of program SHELX32. The solution was confirmed as
being correct by analysis of the Patterson map. The
thiocyanate ion, the sodium ion and two oxygen atoms were
located in the E-map. Least-squares refinement and calculation
of a series of difference maps resulted in the location of a
set of atoms with the expected connectivities. However at this
stage the discrepancy index E* had only converged to 0.19,
some atoms had unacceptably large thermal parameters, and a
number of peaks (about 2¢8-3 in height ) remained in the
difference maps. Therefore a model with the cryptate
disordered was developed. In this model there are contributors
to all oxygen and nitrogen sites but five carbon sites overlap
which explains why initially not all atoms had large thermal
parameters, A group multiplicity parameter, defining the
disorder, refined to 0.60(1) and in the final refinement all
atoms had reasonable thermal parameters. The shift associated
with the disorder is small with all oxygen and nitrogen atoms
lying about 1 ® from their images, and presumably arises as a
consequence of the approximately spherical form of the
cryptand. Only those atoms present at full occupancy were
refined anisotropically. Hydrogen atoms for both contributors
were included at sites calculated assuming tetrahedral

geometry about carbon ( C-H, 0.97 8 ). Full matrix least-
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squares refinement converged ( all shifts < 0.1¢0 ) with

R = 0.069, R, =0.075"" and w = 5.33 / (02(F,) + 0.00044F 2).
The largest peak in a final difference map was 0.3 ef73 in

height. Final position parameters are listed in Table 4.8.

(b) X-Ray Crystallography of [Na.C21Cs.NCS].

Crystal Data. CygHagN,Na0O,S, M = 367.48, space group P2:/n,
1673043 3 1

a 9.947(2), b = 15.681(4), ¢ = 12.460(3) A°; B = 95.27(2)°,

U=1935.4 83, 2 = 4, D, =1.25, D_ = 1.261 g cm~3, F(000)

= 792, A(Mo-K,) = 0.7107 R, u(Mo-K,) = 1.69 cm™ !,

Data Collection. A crystal of dimensions 0.08 x 0.16 x 0.28 mn

was mounted on a glass fibre and coated with cyano-acrylate
super glue. The lattice parameters and the crystal density
were determined as described above for [Na.C211.NCS].
Intensity data were collected in the range 1.3 < 6 < 23° using
a w -n/3 & scan, where n(=1) was optimised by profile analysis
of a typical reflection. The ®w scan angles and horizontal
apertures employed were (1.85 4+ 0.35tan8)® and (2.40 +
0.5tanB) mm respectively. Three standard reflections,
monitored after every 58 min. of data collection, indicated
that by completion of the data collection no decomposition had
occurred. Data reduction and application of Lorentz and
polarization corrections were performed using program
suUscap32, Absorption corrections were applied with program
ABSORB32. Maximum and minimum transmission factors were
estimated to be 0.98 and 0.95 respectively. Of the 3,388
reflections collected 2,259 with I > 2.50(I) were considered

observed and used in the calculations.



Table 4.8

Final Positional Parameters (x 103) for [Na.C211.NCS]

X Y Z
Na(1l) 6035(2) 929(2) 2263(2)
S(1) 7463(2) -1287(2) 400(2)
0o(1) 7199(8) 1050(8) 3177(9)
0(2) 4560(9) 440(7) 2055(8)
0(3) 5498(13) 1553(11) 1003(12)
0(4) 5217(7) 2369(6) 2706(6)
N(1) 6682(7) -285(7) 1583(7)
N(2) 5337(10) 844(9) 3626(7)
N(3) 7026(14) 2137(10) 1837(12)
c(1) 7010(7) -692(6) 1089(7)
C(2) 5047(11) 1682(10) 3985(10)
Cc(3) 5558(20) 2455(28) 3523(27)
Cc(4) 5601(8) 3014(7) 2222(8)
c(5) 6658(13) 2973(12) 2203(14)
C(6) 7826(26) 1821(15) 2Q07(15)
c(7) 7898(14) 1606(13) 3014(26)
C(8) 6991(9) 872(8) 3977(8)
c(9) 6118(15) 433(14) 4075(12)
c(10) 4567(8) 256(7) 3507(8)
c(11) 4012(14) 522(11) 2475(12)
c(12) 4151(9) 713(8) 1356(9)
c(13) 4898(28) 927(28) 790(28)
C(14) 6221(10) 1700(11) 573(7)
c(15) 6843(23) 2157(29) 980(20)
o(1") 7483(14) 1286(12) 2648(11)
0(2'") 4691(13) 258(10) 2695(13)
0(3") 4847(28) 1243(15) 1391(15)
o(4") 5902(26) 2446(12) 2876(13)
N(2") 6040(29) 949(15) 3746(13)
N(3') 6528(29) 2064(15) 1371(29)
(H@AD 5779(25) 1805(29) 4110(20)
c(3") 5231(20) 2370(20) 3503(27)
c(5") 6256(20) 2934(28) 1572(29)
Cc(6') 7530(29) 1904(27) 1330(28)
c(7") 7948(28) 1882(27) 2343(29)
c(8") 7622(37) 1364(23) 3510(22)
c(10") 5459(22) 208(20) 3939(29)
c(12') 3962(25) 519(21) 2209(22)
C(14") 5124(24) 1480(38) 744(24)

Primes denote the minor contributors to the disordered ligand
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Structure Solution and Refinement. The sodium, oxygen,

nitrogen, and most of the carbon atom locations were
determined using the direct method routine of the SHELX
program. The remaining carbon atoms were located in the
Fourier difference maps of successive full matrix least-
squares refinements using the SHELX program. All hydrogen
atoms were included at calculated positions (C-H, 0.97 R )
assuming tetrahedral geometry about the carbon atoms and their
thermal parameters were refined as a common group factor. In
the final full matrix least-squares calculations only the non-
hydrogen atoms were modelled anisotropically. The refinement
converged with R¥ = 0.039 and Rw* = 0.045. The weighting
scheme employed converged at w = 2.90/(02Fo + 0.0002F  *F ).
The largest peak remaining in the final difference map was
associated with the O (2) atom and was less than 0.6 £-3 in
height. The final least squares positional parameters are

given in Table 4.9.

A1l the calculations pertaining to [Na.C211.NCS] and
[Na.C21C5.NCS] were performed using the scattering for the
respective neutral atoms as tabulated in the International
Tables for X-ray Crystallography33. The hydrogen atom

parameters and the structure factor amplitudes are presented

in Appendix 2.

(iv) NMR Spectroscopy. 13¢c yMR spectra were recorded on a

Bruker WP-80 NMR spectrometer operating at 20.1 MHz. The broad
band and selectively proton decoupled 13¢ spectra were rumn in

anhydrous CDClg solutions ca. 0.2 mol dm~3 in cryptand or



Table 4.9

Final Positional Parameters for [Na.CZlCS.NCS]

X y b4
Na(l) 76782(11) 17255(7) 44974(10)
S(1) 76287(10) 3864(6) 82118(8)
0o(1) 8397(2) 419(1) 3944(2)
0(2) 8565(3) 3106(1) 4667(2)
0(3) 5869(2) 2693(1) 4202(2)
N(1) 7515(4) 1298(2) 6295(3)
N(2) 9884(2) 1871(2) 3320(2)
N(3) 5821(2) 1050(2) 3189(2)
c(1) 7557(3) 914(2) 7100(3)
c(2) 10009(3) 1855(2) 2153(3)
c(3) 8933(4) 2372(2) 1494(3)
C(4) 7497(3) 2178(2) 1747(3)
Cc(5) 7069(4) 1268(2) 1545(3)
c(6) 5751(3) 1029(2) 2002(3)
c(7) 6034(3) 205(2) 3679(3)
c(8) 7401(3) -167(2) 3521(3)
c(9) 9708(3) 301(2) 3586(3)
c(10) 10506(3) 1101(2) 3839(3)
c(11) 10471(3) 2651(2) 3811(3)
c(12) 9487(4) 3347(2) 3960(3)
c(13) 7515(4) 3701(2) 4823(4)
c(14) 6261(4) 3554(2) 4094(4)
C(15) 4743(3) 2434(2) 3493(3)
C(16) 4637(3) 1481(2) 3579(3)

Na and S coordinates x 105, for the other atoms x 104.

87



88

cryptate at 305.2 K in a standard microprobe using a deuterium
lock. An average of 30,000 transients were accumulated into a
16,384 point data base.

23Na NMR spectra were measured on a Bruker CXP300 NMR
spectrometer operating at 79.39 MHz. An average of 6000
transients were accumulated into a 2048 point data base using
typically, a 2000 Hz spectral width. The sample temperature
was controlled with a Bruker B-VT 1000 variable temperature

unit to within 0.3 K.
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CHAPTER 5. CRYPTATE STABILITY

5.1 INTRODUCTION

The cryptands were designed by Lehn with a view to
producing ligands for metal ions which would exhibit consider-
able selectivity and high stability in complex formation,1
properties important for their suitability as synthetic ion
carriers or model antibiotics, A comprehensive appreciation
of the mechanism of cryptate formation and dissociation
requires a knowledge of cryptate thermodynamic behaviour.
Factors affecting cryptate stability have been the subject of
many studies and are generally well understood. While a
comprehensive review is not attempted here, some of the major
influences on cryptate stability are mentioned. More detailed
discussion may be found in a number of published

reviews,1»16,18,30,35

Varying the "topology" of the cryptand cavity by altering
the length of the nitrogen - nitrogen bridges was found to
markedly affect cryptate stability, such that the most stable
cryptate for a given metal ion is formed with the cryptand
having a cavity size approximately matched with the metal ion
diameter. This is demonstrated in Table 5.1 for the overall
equilibrium exemplified in Scheme 5.1 for C211 in which Kg =

kelkg.

ke
.,

Mt + C211 —/—/——= [M.c211]% Scheme 5.1

kg
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Table 1. Variation of Stability Constant, Kg, with Cavity

Size and Metal Ion Diameter, d, in Aqueous Solution.34

Cryptand Cavity Size log X
(diameter) Lit Nat Kt Cs*
% d (R) 1.56 2.24 2.88 3.3
C211 1.6 5.3 3.2 <2 <2
C221 2.2 2.5 5.4 3.9 <2
C222 2.8 <2 3.9 5.4 <2
C322 3.6 <2 1.6 2.2 2.0

As well as cavity size, the number of coordinating heteroatom
binding sites in the cryptand affects the cryptate stability.
For example, replacement of one or more oxygen atoms with CH,
groups significantly reduces the stability constant and this
has been shown for C22C834 where the values for its Nat and Kt
complexes are 104- 10 times smaller than those of €222,
Studies of the variation with solvent35 showed a large effect
on stability, with the selectivity properties maintaining
similar trends in different solvents and iﬁdicated that solv-
ation of both the metal ion and the cryptand were important.
The structural properties of the sodium cryptates of C211
and C21Cy were discussed in the previous section, and as part
of the investigation into the influence of cryptand structure
on thermo-kinetics of cryptates, the solvent variation of the

stability of [Na.C2105]+ is presented here.

(i) Stability Constant Determination

Cryptate stability constants have been measured

predominantly by two classical methods, potentiometric
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titration with ion specific electrodes3°=37 and pH-metric

titrations,34

and also by analysis of NMR chemical
shifts.28:3% The method of choice is usually determined by the
magnitude of stability constants to be measured and solvent
considerations. pH-metric titrations are suited to measure-
ments of high stability constants (log Ky 2 2) in protic
solvents and alkali-cation potentiometric titrations and NMR
methods are suitable for measurements in most solvents where
1 <log K < 6. Due to the lower sensitivity of NMR measure-
ments this technique was considered to be too expensive in
cryptand and as the stability was to be studied in a range of
solvents, it appeared that the potentiometric method would be
most convenient for our purposes. A variation of the technique

had been developed by Schneider and coworkers36

allowing the
indirect measurement of alkali metal cryptate stability
constants greater than 106.

Direct potentiometric measurement of metal ion concentr-

ation may be made with cation selective glass electrodes. The

electrode potential is given by

E = E, + klog [MT] (5.1)

where the coefficient k is determined by calibration measure-
ments of solutions containing known metal ion concentration
and may vary between 45 and 65 (where the emf is in mV).
Having determined k, the concentration of free metal ion in a
solution containing cryptand may be obtained directly, from
which the stability constant may be calculated.

The sensitivity of sodium glass electrodes permits

detection of free sodium where cryptate stabilities are in the
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range 10 to 108. The reported35 stability constants for
[Na.C211]%t are less than 109 and the values for [Na.C21C5]+
were expected to be 102 - 10% 1ess by comparison to the €222
and C22Cg cryptates mentioned earlier. Therefore, it was
envisaged that the [Na.C2105]+ stability constants could be

measured in a variety of solvents employing this method.
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5.2 RESULTS AND DISCUSSION

Early attempts to obtain the result of Schneider et.al.35
for the stability constant of [Na.C211]" in DMF using a sodium
ion glass electrode were hampered by apparently capricious
behaviour of the electrode in this solvent. Consequently, it
was decided to employ the indirect method36 of determining the
stability constant for the formation of the Agt cryptate (KAg)
by direct titration using a Ag/Ag+ electrode, then monitoring
the competitive equilibrium established between the Agt

cryptate in the presence of Nat in solution as shown below.

Ke

[Na.Cryplt + Agt T——— [Ag.Cryplt + Nat (5.2)

where

[Ag.Crypt][Nat]
Ke = (5.3)
[Na.Crypt][Agt]

from which KS is obtained since
KS = KAg / Ke (5.4)

Thus a solution of standardAg+js titrated with a solution of
[Na.Cryp]t and as the initial concentrations of these species
are known, and the equilibrium concentration of Ag+ is deter-
mined from the potential of the Ag/Agf electrode, the value of
K, may be evaluated from the -stoichiometry of the equilibrium.
The total metal ion concentration is always in excess of that
of the total cryptand concentration, under which conditions,
the concentration of uncomplexed cryptand is assumed to be

negligible.37 The results are summarized in Table 5.2 and
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35

values for C211 cryptates in some solvents are included for

comparison., Figure 5.1 shows a typical titration curve, for

[Ag.C21C5]* in methanol (MeOH).

-100 e,
~200 &k

~300 . S

Cell EMF (mV)

g

-400
0 1 2 3 L 5

Vol. added (ml)

Figure 5.1. Curve obtained for the titration of 10”7 mol dm~3

AgNOy with 1072 mol dn™3 C21Cs in MeOH.

Surprisingly, C21C5 is only sparingly soluble in water
and its Nat cryptate was virtually insoluble. The stability
constants for [Ag.C2105]+ could not be measured accurately in
pyridine or propylene carbonate (PC). Only a small potential
change was observed during the direct titration of Ag+ with
CZlCS in pyridine indicating the formation of a relatively
weak complex (log KAg < 2), presumably a result of the strong

solvational interactions formed between Ag+ and pyridine.
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Solutions of AgCl0, in PC turned brown, even after repeated
redistillation of the PC. The [Na.C21C5]+ stability constants
in pyridine and PC were subsequently measured by direct
potentiometric titration monitored with a sodium glass
electrode which performed consistently in these solvents. (The
previous problems associated with this electrode were event-
ually attributed to impurities in the sample of background
electrolyte (tetrabutylammonium perchlorate) being used and
were overcome by the use of tetraethylammonium perchlorate in

subsequent titrations.)

Table 5.2. Stability Constants (log KS)a of Cryptates in

Various Solvents at 298 K.

Solvent
Cryptate MeOH DMF MeCN PC Acetone Pyridine
[Ag.C21Cg]" 7.62 5.19  4.55 - 8.58 -
[Na.C21C5]* 3.76 2.87  5.08 5.12 3.98 3.72
[Ag.C211]1% 10.6 8.6 7.7 14.4 = -
[Na.C2111% 6.1 5.2 >9 8.7 - -

a) Accuracy: 0.1 (0.2 for [Ag.C21C5]* in MeOH)

Two points should be noted before further discussion of
these results. The thermodynamic stability constant Kip is
given by

fo [M.Cryp+]

K = (5.5)
e £o [Cryp] £+ [M*]

where fn, f_. and fy+ are the activity coefficients of the
cryptate, cryptand and metal ion respectively. Since these
quantities are generally unknown in the solvents studied, the

stability constants reported here are concentration stability
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constants KS, such that

f.fy+ [M.Crypt]
K, = Kep—— = ri (5.6)
fe [Cryp]l [MT]

Also, the stability constants represent the overall equilib-
rium shown in Scheme 5.1 and include contributions from
cryptand conformational changes and solvational equilibria.
The [Na.C21C5]+ stability constant shows a similar
variation (ca. 2.3 orders of magnitude ) with solvent to that
of [Na.C211]+t The Ag+ cryptates exhibit a larger solvent
variation in stability (ca. 4 orders of magnitude for
[Ag.C2105]+) which dis consistent with the known larger
variations of free energy of solvent transfer40 compared with
alkali metal cations. The Ag+ cryptates are more stable than
the Nat cryptates in all solvents except acetonitrile (MeCN)
and probably pyridine, due to the stronger ion - solvent

interactions of Ag+ in the latter solvents.40

The trends in the stability constants are as predicted
from ion - solvent interaction considerations. In solvents
where alkali metal ion - solvent interactions are relatively
weak, such as PC and MeCN the stability constants are
greatest, whereas in solvents which exhibit strong inter-
actions with cations, the stability of the cryptates are lower
as is the case in DMF, If the stability of [Na.C21C5]+ could
be measured in water, it would be expected to be lower than in

the non-aqueous solvents as observed for the other cryptates.

It is seen from Table 5.2 that Ky for [Na.C2105]+ in all
solvents is markedly lower than for [Na.C211]%, generally by

factors of 102 to 103 for the Na©t cryptates and slightly
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larger differences for the Ag+ cryptates. This significant
reduction in stability of the cryptates of C21Cg5 relative to
those of C211 must be a consequence of the removal of one
oxygen binding site and indicates the importance of this Nat -
O bonding interaction, even in the exclusive [Na.C211]%
complex where the Nat - 0(4) (Figure 4.3) is significantly
longer than the other Nat - O bond lengths. The difference in
stability between these two cryptates is less than found for
C222 and C22Cg where the stability constants differ by five
orders of magnitude in methanol.34 In this case a larger
effect would be expected since two oxygen binding sites are
replaced by CH, groups and the cryptates are inclusive where
the Nat - 0 bonding distances are shorter and interactions
stronger.

Lehn34 ascribed the very high stability of cryptates
partly to the macrobicyclic topology of the cryptands or the
"cryptate" effect. For example, it was noted that the form-
ation of bicyclic topology in the 1ligand C222, caused an
increase of 10° in its K% complex stability in methanol
compared to the monocyclic ligand derived by cleaving one end
of a cryptand nitrogen - nitrogen bridge. This ligand has an
equal number of binding sites to C222, the only difference
being the structural spherical cavity of the cryptand which is
well suited to forming complexes with spherical cations.
The thermodynamic origin of this effect appears to be entirely
enthalpic in nature.34b However, such an effect is not
observed in the case of the Nat and k% complexes of C22Cg
whose log K, values are 3.5 and 5.2 respectively.34 The
formation of the macrobicyclic cavity does not significantly

increase the complex stability in these examples as log K
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in methanol for the Nat and X% complexes of the mono-

cyclic ligand [22-Me] (formed by methylation of both
nitrogens in the monocyclic analogue of C222,
HN(CH,CH,0CH,CH,0CH9CH,),NH ([22-H])), are 3.7 and 5.3
respectively.34

In the 1light of these observations it would be of
interest to compare data for similar complexes of [21-Me] with
the C21C5 cryptate stabilities obtained in this work.
Unfortunately, such studies have only been carried out in

41 in the case of the alkali

water and chloroform solvents
metal ions. However, log K for the complex formed by [21-H]
with Ag+ in methanol 1is 7.6142 which is identical within
experimental error to the value obtained in this work for
[Ag.C21C5]+. Here again there appears to be no further
stabilization on formation of the macrobicyclic topology. This
may not be unexpected in the case of exclusive cryptates such
as [Ag.C21C5j+ where the added bridge introduces no increase
in the number of binding heteroatoms, but the results for the
inclusive C22Cg cryptates mentioned above are surprising,
particularly considering the magnitude of the cryptate effect
observed for C222 and other cryptands. When making such direct
comparisons of the cryptands and monocyclic analogues, it
should be remembered that there are likely to be significant
differences in conformational and solvational properties of
the ligands which may influence the stability of their

complexes.
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CHAPTER 6. KINETIC AND MECHANISTIC ASPECTS OF THE

CRYPTATES OF C211 AND C2i1Cg

6.1 INTRODUCTION

The cryptands have attracted much attention as a result
of their ability to form highly stable complexes with metal
ions and to show high selectivity toward the metal cations in
cryptate formation. Many of the proposed applications of these
synthetic ligands, such as phase transfer catalysis, anion
activation, extraction and isotope separation, are based on
these thermodynamic properties. However, equilibrium studies
generally only give information about the relative energetics
of the reactant and the product states in the system. The
kinetic properties of complexation also contain valuable
information, for both mechanistic and practical consider-
ations. Cryptate stability can be considered as the ratio of
the rates of complexation and decomplexation and so insight
into the kinetic basis for cation selectivity may be obtained
from dynamic studies of cryptates. Kinetic factors are of
obvious importance to the application of cryptates as metal
ion carriers. Cryptands forming highlj'gtable complexes do not
necessarily perform as efficient ion carriers, that is, their
function as either a metal ion receptor or a carrier is

dependent upon both stability and cation exchange rates.

The alkali metal cryptates have consequently been the
subject of a number of kinetic studies,43_51 amongst which
alkali metal ion NMR was shown to be a particularly useful

technique. Various broad trends have been discerned from these
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studies. The dissociation rates, kd, decrease as cryptate
' stability increases. The most stable cryptates have dissoc-
iation rates which are several orders of magnitude slower than
the naturally occurring antibiotic complexes. The variations
of stability in a given sSolvent are reflected in the
dissociation rates, with the rates of formation, kf, varying
over a relatively small range (106 - 109 mol_1 dm3 s_l),
almost independent of stability in some cases,

However, it is apparent that the cryptands formed by C211
do not fit the broad kinetic pattern of those formed by the

larger cryptands,46

probably as a consequence of its smaller
size and lower flexibility. Thus ky for [Li.C211]% (which has
been well characterised43 and for which most of the surpris-
ingly few activation parameters for cryptate systems are
available) is substantially less than expected from a simple
comparison of the ky values for the C221 and C222 cryptates.
To a lesser extent this is also the case for the less studied
[Na.C211]+ which is the subject of the first part of this
variable temperature NMR investigation.

The objective of this work was to investigate the factors
determining the lability of cryptates formed by C211 and the
structurally modified cryptate, [Na.CZlC5]+, thereby obtaining
a better understanding of the mechanism of cryptate dissoc-

iation and formation.

(i) Experimental Methods

(a) 23Na NMR Spectroscopy
Multinuclear NMR has become a very powerful technique in
the study of ion - molecule interactions in solution, partic-

ularly in studies of alkali metal cryptates.52 23Na NMR



101

spectroscopy 1is a very convenient and direct method for
investigating the exchange kinetics of sodium
cryptates.44’53’54 23Na has a natural abundance of 100Z and an
intrinsic NMR sensitivity of one tenth of the proton53, or
more than 500 times more sensitive than 13C, which has allowed
its extensive use in studies of interactions with organic
molecules and in direct investigations of biological systems.

The 23Na nucleus is quadrupolar with a spin number of
3/2. However, in the extreme narrowing conditions of rapid
reorientational motion, the 23Na relaxation is characterised
by a single exponential rate and gives rise to true Lorenztian
lineshapes. The usual chemical shift range for 23Na cations is
about 40 ppm which is relatively small for a heavy nucleus.
The chemical shift is strongly solvent dependent and shows a
linear correlation with the solvent Gutmann donor number.>?
Complexation by cryptands usually results in a considerable
chemical shift change and if the rate of sodium ion exchange
between the cryptate bound site and the free solution site is
substantially less than the chemical shift separation, then
individual resonances are observed for the two sites. These
characteristics make sodium cryptate kinetics quite amenable
to investigation by variable temperature 23Na NMR techniques

and lineshape analysis.

(b) Lineshape Analysis

The theory and background of the NMR techniques for
investigating rate processes in general have been reviewed by
Lincoln.56 The Bloch equations which describe the transverse
components of magnetization in the rotating frame require
modification under conditions of chemical exchange.57’58 In

the case of two site exchange, a useful model describing the
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magnetization was proposed by Nakagawa59 and further modified
by Siddall et.al.60 The algorithm applies only to cases where
the system may be decomposed into a series of isolated

coalescing doublets and is shown below.

The transverse magnetic moment component due to

coalescing doublet i, is given by

My; = C[{(1+ar py+argpg)K + a(f+pg-1)L}/ (k%+12)] (1)

and the total transverse magnetic moment at frequency Vv is

therefore

M\) = ;n M\)i'si (2)
1

where n is the number of coalescing doublets

S; is an interdoublet scaling factor

and K = (rppap+rpprg) - a(rArB—f(f—l)) (3)
L = f(1+arA+arB) - (arA+pB) (4)
C = -VvH{M, / (2n|vA—vB|) (5)
r, = 1/2mw TZAI\’A‘VBI = wy / (2]\)A—\)B|) (6)
rg = 1/2m Typ|vy-vg| = wg / (2]vy-vg]) (7)
£ = (v=vy) [ (vg=vy) = (vy=v) / (Vy-Vpg) (8)
a = 2mT|[Vv,y-vg]| (9)
T = ppTg = PBTy ( (10)

where vj is the chemical shift of site j in the absence of

exchange
Pj is the relative population of site j, such that
wj is the width at 1/2 height of site j in the absence

of exchange
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sz is the T, of site j in the absence of exchange
T is the exchange lifetime

and Tj is the spin lifetime in site j.

Since the value of ~-VH M, / 27 in (5) is a constant for a
particular experiment, M,, is proportional to the experimental
value (I,)) of the absorption intensity at any frequency Vv. A
theoretical spectrum proportional to the experimental spectrum
may be calculated for a particular T value.

Spectra for a variety of T values must be generated and
compared to the experimental one. This method of analysis is
readily adapted for use on a minicomputer, and such a progranm,
LINSHP,®! was written for the BNC-12 computer of the HX-90E
spectrometer and provided a convenient visual display of the

fit.

As described above, the lineshape analysis method
requires a knowledge of the chemical shifts, line widths and
populations of the site resonances in the absence of exchange.
If these parameters are temperature dependent and vary through
the region of coalescence where they cannot be measured
directly, the variation must be established in conditions of
no exchange and extrapolated into the exchange region. Altern-
atively, as in the case of ligand - metal ion exchange where
the complex stability is sufficiently high, the temperature
variation of the chemical shifts and linewidths may be deter-
mined from samples containing free metal ion or complexed

metal ion only.
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6.2 RESULTS AND DISCUSSION

(i) General Mechanistic Aspects

Cryptate formation is the result of a complicated
sequence of events involving solvational, conformational and
coordination changes in the metal ion and cryptand in
solution. However, a simplified mechanistic scheme may be
constructed which encompasses many of these processes. In the
case of sodium cryptates, the Nat ion is bonded to two
nitrogen atoms and a number of oxygen atoms. These bonds must
be formed sequentially, accompanied by other complexation
processes. The overall sequence involves .the progressive
desolvation of Na¥ (solvated), conformational, and probably
solvational changes in the cryptand, leading to the formation
of the sodium cryptate in which, for C211 and C21Cg, the Na*t
ion is probably still partially solvated due to the exclusive
structure of these cryptates. This process has become known as
the Eigen-Winkler mechanism? on the basis of mechanisms
proposed for the interactions of alkali metal ions with
antibiotics. The mechanism may be schematically represented
for [Na.C211]% as shown below in Scheme 6.1 (the discussion

applies equally well to [Na.C2105]+ﬁ

Scheme 6.1, kl
Nat + C211 = = Nat.--C211
k_j
ko
S
— Nat.c211
k_o
kg
S~
- [Na.C211]%
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ki characterises the diffusion controlled formation of the
encounter complex or collision complex in which both Nat and
C211 retain their complete solvational shell or sphere
(probably associated with van der Waals interactions to some
extent). ko characterises the first Nat-C211 bond formation
which dinvolves solvational and probably, conformational
changes. A1l subsequent steps are incorporated in the final
equilibrium and are represented by k5. It should be remembered
that this truncated scheme is almost certainly over
simplified.

The identification of the rate determining step for the
formation of [Na.C211]+ is not simple as desolvation of Nat
and C211, and conformational changes in C211 will contribute
to the energetics of each step. As the solvating strength of
the solvent changes or the cryptand structure is changed (e.g.
from C211 to C21C5), the rate determining step in the sequence
of events leading to [Na.Cryp]+ may change to an earlier or
later step. Similarly, whilst the solvent may be the dominant
contributor to the transition state energetics in one case,
the cryptand may dominate the energetics in another solvent.
Therefore, there will exist a sensitive balance between the
dominance of the cryptand and of the solvent, depending on the
solvating ability of the solvent. Thus broad generalisation
concerning the formation of [Na.Cryp]* and its dissociation
are necessarily qualified by these considerations. In these
NMR studies, only two rate constants are derived for the
overall equilibrium shown in Scheme 5.1, where k¢ / kg = Kg.
Therefore, kg and kg are closely related to the rate determin-
ing steps for the formation and dissociation reactions, which

as previously noted, may change with solvent,
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(ii) Dynamics of C211 cryptates

At 298.2 K exchange of Nat between [Na.C211]% and the
solvated state is slow on the NMR time scale in the solvents
investigated (H20, DMSO, DMF, MeCN, pyridine, HMPA, acetone,
propylene carbonate (PC) and MeOH). The 23Na resonance of the
cryptate has a greater line width (Figure 6.1) than solvated
sodium due to the quadrupolar induced relaxation arising from
the non-cubic symmetry experienced by the nucleus in the
cryptate environment. At 79.39 MHz coalescence of the reson-
ances of the solvated and cryptate Nat similar to that shown
in Figure 6.1 is only observed for the water and DMSO systems.
At the slower time scale available at 23.81 MHz this coalesc-
ence is also observed for the DMF system (Figure 6.1)but in
the other solvents the exchange process is still too slow at
this frequency to produce similar coalescences in the access-
ible temperature ranges. Subsequent discussion is accordingly
restricted to water, DMSO and DMF solutions such that direct
comparisons may be made with [Li.C211]+ under similar

conditions. The mean lifetimes of [Na.C211]%, = were derived

c?
using the complete lineshape analysis discussed in the
previous section and typical best fit lineshapes are shown in
Figure 6.1. The relationship between kg, the dissociation rate
constant and T, is given by equation (6.1) in which Ty is the

mean lifetime of solvated Na¥, X. and Xg are the appropriate

Cc

mole fractions.

1/te = Xg/(TgXe) = Kkq

(kyT/h) exp(-AHT/RT +asT/R)  (6.1)
where ky is Boltzmann's constant
h is Planck's constant

and R is the gas constant.
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500 Hz

34,0.3K 114

335.2 1.81

330.1 281,

325.0 L42
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Figure 6.1, Typical exchange modified 23.81 MHz23Na NMR
spectra of a DMF solution of NaClO, (0.100 mol dm™3) and C21I
(0.067 mol dm—3). Experimental temperatures are shown to the
left of the figure. Best fit lineshapes and derived T_. values

appear to the right of the figure.
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Kinetic data may be fitted to the Eyring relationship in this

exponential form or in the more convenient linear form below

1n (TT,) (aHT/R) / T + (1n(h/ky) - asT /7 ®) (6.2)

The non-linear least squares program DATAFIT mentioned in
section 2.2 was used to,calculate the activation enthalpies
and entropies using the above relationship. Eyring plots of
Tt. against 1/T are shown in Figure 6.2 and the derived ks
AET and AST values appear in Table 6.1 as do the compositions
of the solutions studied. Within experimental error integra-
tion of the [Na.C211]% and Nat (solvated) resonances under
slow exchange conditions showed all of the cryptand to be
complexed consistent with reported stability constants log K =
3.2, 4.6 and 5.2 in water, DMSO and DMF, respectively.35 The
most reliable kinetic parameters are obtained in the midst of
the coalescence temperature range when the width and
amplitudes of the coalescing resonances are similar and this
imposes a limitation on the range over which Xe and Xg may be
varied. Thus X. and X4 were varied from 0.30-0.63 and 0.70-
0.37 respectively in water; 0.33-0.67 and 0.67-0.33 in DMSO;
and 0.495-0.665 and 0.505-0.335 in DMF. It is seen from Figure
6.2 and Table 6.1 that kg is invariant under these conditions
which suggests that the rate determining step for exchange is
the dissociation of [Na.Cle]+ as has also been reported to be
the case for [Na.0222]+.44 Protonation of both cryptates and

62

cryptands can occur in water and accordingly in addition to
the three solutions of [Na.C211]% studied in water at pH 10.5
another solution was studied at .pH 11.8. It is seen from Table

6.1 that this pH variation induces no significant change in

the kinetic parameters and it is concluded that the data
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Figure 6.2. Plots of T.T against 1/T for (A) DMF (x102),
where solutions (viii) and (ix) are represented by O and +,
respectively; (B) Ho0 (x 10), where solutions (i), (ii) and
(iii) are represented by O, + and A, respectively; and (C)
DMSO, where solutions (v), (vi) and (vii) are represented by

O, + and A, respectively.



Table 6.1. Solution composition and kinetic parameters for Na+ exchange on [Na.C211]+ in various solvents.>
Sglyent [Na*(solvated)]  [Na.c211]% ky (335 K) put ast
mol dm > mol dm > Sk kJ mol™t J k1 mo1l
i) HZO (pH 10.5) 0.052 0.048 1054.8+8.2 67.5x0.5 13.5%1.3
ii) H20 (pH 10.5) 0.037 0.063 1061.8+7.1 67.2120.4 12.6+1.1
iii) H20 (pH 10.5) 0.070 0.030 1044.444.8 66.9+0.3 11.7+0.9
i)-iii) combined - - 1053.6%4.1 67.2%0.3 12.6%0.7
iv) H20 (pH 11.8) 0.049 0.051 1058.3%9.5 67.3+0.1 12.9+1.6
V) DMSO 0.051 0.049 837.416.2 69.1+0.5 16.4+1.4
vi) DMSO 0.033 0.067 827.919.0 71.1+0.9 22.1+2.5
vii) DMSO 0.067 0.033 840.34£8.2 68.3%£0.7 14.0%1.8
v)-vii) combined = - 832.7%5.0 69.5+0.4 17.4%1.2
viii) bMF 0.052 0.048 550.2%3.0 84.2+0.4 57.7+1.3
ix) DMF 0.033 0.067 558.3%5.0 83.1+0.7 54.9%1.8
viii)-ix) combined - - 554.8+3.2 83.5+0.5 55.9%1.2

a)

Kinetic parameters were determined from DATAFIT analysis.

Errors quoted represent one standard deviation.

01T
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reported here pertains to the unprotonated form of [Na.C211]%.

Comparisons between the kinetic parameters characterising
[Na.C211]% may be made from the data collected in Table 6.2.
The positive Ast values characterising [Na.C211]% contrast
with the negative values characterising [Li.C211]% and are the
sole source of the greater [Na.C211]% kq values in DMSO and
DMF solvents. In water the greater kg value characterising
[Na.C211]% arises from both a smaller AHY and more positive
ast value than are observed for [Li.C211]%. These differences
in the activation parameters characterising the Li* and Nat
cryptates probably reflect the different sizes and solvation
of the two metal ions to some extent, but in addition may also
reflect the differing propensities of the two cryptates to
exist in the exclusive and inclusive forms as is discussed
below. The modest dependence of k; characterising both
[Na.C211]% and [Li.C211]% on the nature of the solvent
indicates some involvement of solvent in the transition state,
but the dependence of kg (=de, Table 6.2) on the nature of
the solvent is greater. This suggests that the transition
state for alkali metal ion exchange resembles [M.Cle]+ more
closely than solvated Mt and C211, and that in the formation
reaction M' becomes substantially desolvated. Also, any C211
solvational changes are close to completion when the
transition state is attained. These observations are contrary
to those made for the larger and more flexible cryptands and
reflect the greater rigidity of the C211 structure by
comparison to its larger homologues.46 Discussion of these
data is complicated by the multistep nature of the cryptate
formation process and it is now appropriate to consider the

mechanistic aspects in more detail.



Table 6.2. Kinetic parameters for Lit and Nat exchange on cryptate in various solvents

+ . : )
M cryptand solvent 1077k (298.2K) a k4(298.2K) U ast Ref.
dm3 s Imol™1 s—1 kJ mol—1 J K_l mol-'l
+
Li Cc211 H20 1.55 0.0049+0.002 86.6%4.6 1.7+#13.0 b
Lit C211 DMSO 16.1 0.0232+0.0054 64.8+2.5 -57.7+5.8 b
it C211 DMF 127 0.013 *0.0033 64.4%2.5 -63.2+5.8 b
+
Na c211 HZO 75.4 47.6%0.5 67.2+0.3 12.6%0.7 c
+
Na c211 DMSO 1450 34.0+0.7 69.5+0.4 17.4%1.2 c
N
Na c211 DMF 1920. 12.1+0.2 83.5+0.5 55.8+1.2 c
+
Na c221 HZO 3600 14.5 - - d
+ .
Na c221 DMSO 7200 0.75 - - d
+
Na c221 DMF 18000 0.25 - - d
kt c221 H,0 18000 2000 - - d
+
Na C222 H20 1400 147.6%2.6 67.410.8 22,243.3 e
Kkt C222 H,0 2000 7.5 - - d
2) kf = de using values from ref. 35. b) Ref. 43 Ref. 46 quotes kd = 0.025, 0.0212 and 0.0145 s~t
for H,0, DMSO and DMF respectively. These values were determined using a stopped-flow technique and the
origin of the discrepancy between the H;0 values is not obvious. However, this discrepancy does not affect
the arguments presented. c) This study. For H,O and DMSO refs. 62 and 46 respectively quote k4(298.2K)
= 140 and ca 5 s~1, determined by temperature-jump spectrophotometric and stopped-flow spectrophotometric
methods. The origins of these discrepancies are not apparent but they do not affect the arguments presented.
d) e)

Ref. 46. Ref. 44.

(48!



113

As cryptates exist in exclusive and inclusive forms in
solution, a minimum of two steps, as shown in Scheme 6.2, must
be considered in discussion of dissociation and formation

processes.

N\
0 0 k )
<N\h°,_\rl + ﬁl <N\ N k;-_i“'
k/O\) K-y k/O\.) k.2
c211 Exclusive Inclusive

Scheme 6.2

This scheme is over simplified as it does not specifically
include solvational and conformational changes, and the
diffusion controlled formation of the encounter complex
generally considered to precede metal complex formation
reactions is not shown. Nevertheless, Scheme 6.2 provides a
convenient basis for ensuing mechanistic discussion, and
clearly raises the possibility that the rate determining step
for dissociation of [M.Cle]+ may involve either the exclusive
or the inclusive cryptate as the nature of Mt is varied (or
the nature of the cryptate is varied). The previously
discussed data indicate that [Na.C211]+ exists predominantly
in the exclusive form in solution such that kg << k_,. Under
these circumstances it is probable that k_j; characterises the
rate determining step for dissociation of [Na.C2111%, and as
shown below, kgxk_q/(kg/k_o9 + 1) =k_; and similarly,
kg = Kokyg = k.

K = [M.c2111F_ / [M*][C211] = kjky / k_jk_, (6.3)

ky / k4

[M.c2111%, / [M*][C211] (6.4)

and ko, / k_o = [M.C2111%  / [M.C211]%, (6.5)
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Now if k_; characterises the rate determining step, then

kg = k_p([M.C2111%, / (IM.c211]%, + [M.C211]%.))

=k_q{1/(1+([M.c211]%  / [M.c2111%.)))

in
and substituting from (6.5) gives
= k_1 / (kg/k_9 + 1) (6.6)

(It should be noted that if significant amounts of [Na.C2111%
exist in the inclusive form and k_; > k_y the 23Na resonance
of this species would appear superimposed on the coalescing
resonances of Nat and [Na.C211]1%.)

In contrast, [Li.C211]% exists predominantly in the
inclusive form such that kg9 >> k_g. A stopped flow calori-
metric study of the formation of [Li.C211]+ in water detected
two kinetic processes consistent with the fast formation of
the exclusive form followed by the slower formation of the
inclusive form.45 It was not possible to separate individual
rate constants from these data and the ky values determined by
7Li NMR43 (Table 6.2) cannot be unambiguously identified with
k_3 or k_9 in Scheme 6.2, Intuitively it seems plausible
that as a consequence of the smaller ionic radius of Lit
compared to that of Nat, the rate determining step in the
dissociation of the Lit cryptate involves inclusive [Li.C211]+
such that kg = k_5. (An alternative possibility that k_;
characterises the rate determining step results in
kg = k_jk_o/ky.) When log ki is plotted against log K the
[Li.C211]+ kqy values are found to be 103 - 104 smaller than
expected by comparison to similar data for the dissociation of

Nat and X* from larger cryptates and this has been
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attributed46 largely to the lower flexibility of C211. In DMF,
DMSO and water, kg for [Na.C211]* is found to be 10 -102
smaller than anticipated from a similar comparison. These
observations are consistent with the earlier deduction (based
on the solvent dependence of kg being greater than of kd) that
both Lit and Nat in the transition state are substantially
desolvated. Thus it appears that the relative rigidity of C211
restricts the sequential displacement or acquisition of
solvent molecules in the metal ion solvation sheath by
comparison to more flexible complexones, and as a consequence
kg and kg characterising [Li.C211]% and [Na.C211]% are quite
small.

The discussion is now extended to include the data
pertaining to the other Nat and X* cryptates in Table 6.2. A
comparison of the kg and ky values determined in water for
[Na.C221]% and [K.C221]% (which 13C NMR studies indicate exist
predominantly in the inclusive and exclusive forms respect-
ively in solution21) shows that the kg and ky values charact-
erising [Na.CZZl]+ are substantially less than those for
[K.C221]%. It is expected that for [K.C221]F k4 = k_; and for
[Na.C221]1% kd = k_5 on the basis of the arguments advanced for
the C211 cryptates. In both pairs of exclusive and inclusive
cryptates the latter is seen to be the least labile towards
exchange of M* between the solvated and complexed environ-
ments.

The kg and kg values characterising [K.0222]+, which is
expected to exist predominantly in the inclusive form, are
decreased relative to those for [K.C221]+ consistent with the
above observations. However, such comparisons between

cryptates formed with different cryptands must be made with
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caution as the flexibility of the cryptand increases with
size. Thus it is seen that in contrast to [Na.C211]% and
[Li.C211]% the ky values obtained for [Na.C221]% are more
dependent on the nature of the solvent (Table 6.2) than are
the kg values consistent with the transition state for Nat
exchange resembling the solvated Nat and the cryptand more
than the cryptate, as compared with the C211 cryptates where
the reverse situation prevails. It is therefore likely that
the variation of the ky and kg values in water for [Na.C211]+,
[Na.C221]% and [Na.C222]% not only reflects the change from
the exclusive to the inclusive species on going from the first
to the second cryptand, but also the increasing flexibility of
the cryptand with size and the non-optimal fit of Nat into the
large cavity of C222. This discussion is based on data
obtained in a limited range of solvents but it is nevertheless
apparent that the predominance of the factors determining the
lability of the cryptates varies as the structural properties
of the metal ion and the cryptand are varied. Extension of
the discussion pertaining to the relative solvent dependence
of kfy and k; to a broader solvent range 1is presented in

section 6.2 (iv).



117

(iii) Kinetics of [Na.CZlC5]+

The previous section dealt with the effect on general
cryptate dynamics of factors such as ionic radius, cryptand
cavity size and flexibility in terms of the exclusive or
inclusive nature of the cryptate structural conformation., In
this section, the effect of changing the structural binding
features of the cryptand are examined by a comparison of the
kinetic parameters of [Na.C211]% and [Na.C21C5]+.

In the solid state structure of [Na.C21C5]+, the sodium
ion was found to be bound less closely to the cryptand cavity
than in the C211 analogue since there is no binding inter-
action with the all carbon bridge. In the structure of
[Na.C211]%T the sodium ion is in binding contact with the
oxygen of the bridge on the opposite side of the cryptand, as
indicated by the conformation of the bridge where the oxygen
is directed towards the cavity and sodium ion. These differ-
ences in structures are manifest in the solution stabilities
of the two cryptates with the CZlCS cryptate being substant-
ially less stable than the C211 cryptate since the solvent may
compete more effectively in the coordination of Nat in the
former cryptate. In line with the behaviour of cryptates in
general, such a reduction in complex stability should result
in increased rates of dissociation for [Na.C21C5]+.

The variable temperature 23Na NMR studies of [Na.C21C5]+
revealed that the rate of exchange of Nat was increased in all
solvents. The coalescence temperatures were substantially
reduced relative to those found for [Na.Cle]+ such that the
coalescence of the two resonances was observed within the
accessible temperature ranges for a wider range of solvents;

DMF, MeOH, propylene carbonate (PC), acetone, pyridine at
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79.39 MHz and MeCN at 23.81 MHz. The exchange rate was fast on
the NMR time scale in DMSO at its melting temperature and as

mentioned previously, the cryptand and its Nat cryptate are
insoluble in water. The mean lifetimes of [Na.C21C5]+, Tes
were derived from complete lineshape analysis as described in
section 6.1 and typical best fit lineshapes and the experi-
menta1‘23Na NMR spectra for [Na.C21C5]+ in MeOH and MeCN are
shown in Figures 6.3 and 6.4 respectively. Eyring plots of Tt,
against 1/T are shown in Figures 6.5 and 6.6 and the solution
compositions, derived ky and activation parameters are given
in Table 6.3. Again it can be seen from Table 6.3 and Figures
6.5 and 6.6 that ky is independent of the ratio of
Nat(solvated) to [Na.C21C5]+ indicating that the rate deter-
mining step for exchange is the dissociation of the cryptate.
A summary of the kinetic parameterslfor [Na.C21CS]+ is
presented in Table 6.4 and ky values for [Na.C211]1" in common
solvents are included for comparison. Clearly the kd values
for [Na.C21C5]+ show a strong solvent dependence and with the
exception of the nitrogen donor solvents, pyridine and MeCN,
the ky values rise steeply with increasing Gutmann donor
number (DN), although log kq is not linearly dependent on DN
as found for [K.C222]+.46 (The Gutmann donor number63
represents a quantitative measure of the electron donating
ability of a solvent, and is given by the heat of formation of
the complex between SbClg and the solvent in 1,2-dichloro-
ethane.) The kg values also show some solvent variation, but
by a factor of only 43 over the range of solvents as compared
to a factor of greater than 1500 for the ky values. This

suggests that in the case of [Na.C2105]+, the transition state
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Figure 6.3. Typical exchange modified 79.39 MHz 23Na NMR
spectra of a MeOH solution of NaCl0, (0.099 mol dm—3) and
C21C5 (0.066 mol dm—3). Experimental temperatures are shown to
the left of the figure, and best fit lineshapes and derived

T. values appear to the right of the figure.
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Figure 6.4. Typical exchange modified 23.81 MHz 23Na NMR
spectra of a MeCN solution of NaClOy, (0.105 mol dm-B) and
C21C4 (0.053 mol dm-3). Experimental temperatures are shown to
the left, and best fit lineshapes and derived T. values appear

to the right of the figure,
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Figure 6.5. Plots of T_.T against 1/T for (A) PC, where
solutions (ix) and (x) are represented by O and +,
respectivelys (B) pyridine, where solutions (i) and (ii) are
represented by O and +, respectively, and (C) MeCN, where
solutions (vii) and (viii) are represented by O and +

respectively.
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ix)
x)

ix)-x)

xi)
xii)

xi)-xii)

PC
PC

combined

DMF
DMF

combined

0.051
0.033

0.053
0.035

0.050
0.068

0.053
0.071

19.4%0.8
19.1+0.6
19.4+0.5

288191343
28871+337
288181242

70.2%0.7
70.710.7
70.3%0.5

40.1+0.2
40.010.2
40.0%0.1

15.2%2.0
16.7£1.9
15.3%1.4

-25.0%0.8
-25.4%0.7
-25.3%0.5

a)

Kinetic parameters determined from DATAFIT analysis.

Errors quoted represent one standard deviation.
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Table 6.4. Kinetic Parameters Summary for Nat exchange on Cryptate in Various Solvents

Solvent DN& Cryptand 1073 kfb kg (298K) AH+ AS*
dm3s-1mol-L s~1 kJ mol™Ll J K lmo1™t
MeCN 14.1 c21csg 10195.2 84.8+1.6 57.9+0.7 -13.8+2.1
PC 15.1 c21Csg 25574.1 19.4+0.5 70.3+0.5 15.3%1.4
Acetone 17.0 c21Cq 8398.2 879.4+6.4 54.4%0.4 -6.1%1.2
MeOH 19.0 C21Cq 10370.0 1802.1+4.8 44.940.1 ~31.940.4
DMF 26.6 C21Cs 21363.1 28818 +242 40.0%0.1 -25.340.5
Pyridine 33.1 c21Cg 490.7 93.5+0.5 62.8+0.2 3.3%0.5
DMFC c211 1920 12.1+0.2 83.5+0.5 55.8+1.2
Meond c211 3100 2.5 - -
pcd c211 21000 0.036 - =

a) Gutmann donor number;

b) kg = kgKg values from section 5.2;

c) From Table 6.2;

d) Values taken from Ref. 46.

wel
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for complex formation strongly resembles Nat(solvated) and
cryptand rather than the cryptate. The greater solvent
dependence of k4 values in this range of solvents is contrary
to the situation found for the [Li.C211]% and [Na.C211]7
cryptates in the solvents discussed in section 6.2 (ii).

It is also noted from Table 6.4 that the ky values for
[Na.C21C5]+ are 2 to 3 orders of magnitude larger than those
for the C211 cryptate in the same solvent. This increase is
much larger than the increase in ky values, for example, in
DMF the kg value differs by a factor of over 2000, whereas the
kg value varies by a factor of approximately 20. Thus the
overall reduction in stability of the C21Cg5 cryptates relative
to the C211 cryptates is reflected almost completely in the
dissociation rates. Indeed, a plot of log K  vs log ky is
approximately linear and the values for [Na.C21C5]+ are
coincident with the plot obtained for the (€222 and C221
cryptates of various metal ions in various solvents.46

[Na.C21C5]+ exists as an exclusive cryptate as shown
previously and so the mechanistic arguments presented for
[Na.C211]% in terms of the equilibrium shown in Scheme 6.2 are
also appropriate for this cryptate. Thus k_j is substantially
increased and k; slightly increased relative to [Na.C211]%,
destablizing the exclusive cryptate. The loss of an oxygen
binding site has led to a reduction in the lifetime of the
sodium residing on the face of the cryptand containing three
oxygen binding sites. There is no evidence that the sodium ion
binds to either face containing the all carbon bridge.

It is of interest to extend these studies to other alkali

metal cations and preliminary 116.64 MHz Li NMR investig-
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ations of the kinetics of [Li.C21C5]+ have been carried out.
As in the case of [Li.C2111% 43, the rate of Lit exchange is
slow on the NMR time scale at 298 K in the solvents studied
(DMF, DMSO, acetone, MeOH and PC). Of these solvents, only in
DMF and DMSO was coalescence obtained within the accessible
temperature ranges and to date, the data obtained for DMF only
has been subjected to complete lineshape analysis.65 The ky
valﬁe obtained in DMF was 145 s~ at 298 K, substantially
lower than for [Na.C21C5]+ (28818 s_l, Table 6.4). This
difference reflects the change in cryptate structure from
exclusive [Na.C2105]+ to the presumably inclusive [Li.C21C5]+.
(Although the latter cryptate was shown to be inclusive by 13¢
NMR in CDClg in section 4,3, it is possible that in the more
strongly solvating DMF, the exclusive form may exist in
significant amounts.) The variation of a factor of 200 between
these two cryptétes compares to a difference in ky of a factor
of 920 for the two C211 cryptates (Table 6.2). This smaller
difference in the C21Cg cryptate dissociation rates may
indicate the presence of a significant amount of exclusive Lit
cryptate, However, a more detailed investigation of the
kinetics of [Li.CZlC5]+ in a wider range of solvents is
required before any such mechanistic conclusions can be made.
The ky value for [Li.C21C5]+ is much higher than that for
[Li.Cle]+ (0.013 s'l, Table 6.2), again a consequence of the
loss of an oxygen binding site. The variation (4 orders of
magnitude) is larger than for the two Na®t cryptates (just over
3 orders of magnitude, Table 6.4), which again reflects the
difference between the inclusive cryptates where the inter-
action between Lit and all oxygen binding sites are strong and

so loss of one site would be expected to affect the exchange
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rate to a greater extent than in the exclusive cryptates where
the bonding interaction with the third bridge of the cryptand
is weaker. In the absence of stability information for
[Li.CZlC5]+ and kinetic data in other solvents, a detailed
mechanistic discussion is not possible. Determination of this
information is part of continuing work imn the study of

cryptates in this laboratory.

(iv) General Mechanistic Conclusions

In summarizing the preceding kinetic and mechanistic
discussion, two important features of cryptate formation
emerge, Firsély, the possibility that the cryptate may exist
predominantly in either of the two structural conformations,
inclusive or exclusive, depending upon the relative sizes of
the metal ion and the cryptand cavity. In the cases of
[Li.C211]% and the Na't cryptates of C211 and C21Cg, the
inclusive and exclusive forms respectively dominate
completely, there being no kinetic or spectroscopic evidence
for the presence of the other form in either case., However,
the importance of consideration of such factors in analysing
kinetic and thermodynamic data is strongly emphasised by the
example of [Cs.C222]+. 133¢s chemical shift studies38’66’67
revealed a temperature dependence of the position of the
equilibrium between the exclusive and inclusive forms of this
cryptate. At room temperature the 133Cs chemical shift is
markedly solvent dependent, indicating interaction of the cst
ion with solvent as expected for an exclusive cryptate.
However, on decreasing the temperature to -100° C, the
chemical shifts in a range of solvents converge to a value

which is independent of solvent, indicative of the predomin-
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ance of the inclusive form. This is clearly good evidence for
the formation of a relatively stable, exclusive intermediate
in the formation of [Cs.C222]+ and, in conjunction with the
observations made for the C211 and similar cryptates,
illustrates the effects of cryptand size and flexibility on
the energetics of cryptate formation.

The other important conclusions to be drawn from these
kinetic studies pertain to the mechanistic aspects of cryptate
formation and dissociation revealed by the solvent dependence
of these processes. In previous work46 interpretation of the
variation of ky and k¢ with solvent was generalised over a
range of solvent types and conclusions made concerning the
structure of the transition state of formation. However, as
mentioned in section 6.2 (ii), the results obtained for
[Na.C211]" in the solvents studied in this work are apparently
at variance with these conclusions. A more detailed analysis
of the available data, in terms of the donor strength of the
solvents and its effect on the energetics of the transition
state gives further insight into the mechanism of cryptate
dynamics and incorporates these findings.

As described at the beginning of this chapter,
application of the Eigen-Winkler mechanism to cryptate form-
ation would lead to the expectation that the structure of the
transition state of the rate determining step should be
dependent upon solvent coordination strength. Eyring, Petrucci
and coworkers have interpreted kinetic data obtained from
ultrasonic absorption studies in terms of this mechanism for
the complexation of Ba2+, Li*, Nat and &% by [18]-crown-6 and
analogous crown ethers.68_71 In Scheme 6.1, the kg step

involves partial conformational change in the crown ether and
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partial desolvation of M*, and the kg step involves further
desolvation and encapsulation of the cation. The rate deter-
mining factor for the kg step varied depending upon the
solvent. In water the desolvation process was found to be
important, whereas in methanol the crown ether conformational
change was the rate determining factor. This variation with
solvent is also observed in the formation of the cryptates
studied in this work.,

As previously noted, ky for [Na.C211]+ shows a signif-
icantly smaller solvent dependence than kg in DMF, DMSO and
water, all strongly coordinating solvents (Table 6.4). This
also applies to [Li.C211]%. This suggests that in the rate
determining step for the formation reaction the transition
state more closely resembles the product cryptate than the
reactants, implying that Nat has almost reached its final
(partially) desolvated state. Conversely, for [Na.C211]% in
methanol and PC (Table 6.4), ky exhibits the greater solvent
dependence and the transition state for the rate determining
step is probably more similar to solvated Nat and cryptand.
Thus as the solvent varies from water to PC, the transition
state for formation becomes more like the reactants and kg
increases while kd decreases. Generally, kf increases as the
solvent donor strength decreases and ky decreases with the
same solvent variation.

Hence, in simplistic terms, the stonger the solvation of
Na+, the greater is the barrier to formation of [Na.C211]+ and
greater is the ability of the strong donor solvent to compete
for binding sites on Nat in the cryptate. Consequently, the
magnitude of ky will be greater in these solvents. It appears

that in weak donor solvents the formation of Nat - cryptand
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bonds makes a relatively larger contribution to the transition
state energetics than in the presence of strong donor
solvents, and the rate determining step for cryptate formation
involves the first Nat - cryptand bond (or a step close
thereafter). In strong donor solvents the rate determining
step appears to occur somewhat later in the inclusion process,
possibly involving removal of final solvent molecules.

That the position of the transition state may vary along
the reaction coordinate with solvent thereby changing the rate
determining step, is evidenced by the mechanism of exchange
of Ca2+, Sr2+, Ba2+ and Pb2+ between different cryptands in a
range of solvents.72 In strongly solvating water, DMF and
DMSO, the rate determining step was found to be the dissoc-
iation of the metal ion from the cryptate, whereas in the
weak donor solvents methanol and PC, the attack of a second
cryptand on the cryptate is important in the rate determining
step.

The preceding arguments also apply to [Na.C21C5]+ where
most solvents studied were weakly coordinating. From Table 6.4
it can be seen that k4 varies with solvent to a greater extent
than kg amongst the weak donor solvents, as would be predicted
from the above discussion. As such, the transition state
presumably resembles the reactants in the formation reaction,
which suggests that the rate determining step for dissociation
of the cryptate occurs late in the cryptand - Nat bond
breaking process. Relative to C211, the total bonding strength
of C21C5 is reduced by the loss of an oxygen binding site and
this should result in a significant decrease in the rate of
dissociation as is observed. If the rate determining factor

for cryptate formation involves the formation of the first
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cryptand - Nat bond as mentioned above, the influence of the
oxygen binding site on the opposite face of the cryptand would
be expected to be less and this is reflected in the smaller

difference in kg between [Na.C211]1% and [Na.C21C5]+.

In summary, the kinetic parameters for Nat exchange on
[Na.C211]% and [Na.C21C5]+ have been determined by dynamic
23Na NMR spectroscopy in a range of solvents. The results have
been interpreted in terms of stepwise formation of the
cryptate and discussion has been extended to include other
cryptates. The mechanistic discussion has incorporated the
effects of metal ion size, and cryptand cavity size,
flexibility and binding sites on cryptate formation and

dissociation.
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6.3. EXPERIMENTAL

(i) Materials. Cryptand C211 (Merck) was redistilled, then

dried under high vacuum for 24 hours before use and stored
under nitrogen. Sodium, lithium and silver perchlorate salts
were dried under high vacuum for 24 hours. All solvents were
purified and dried using literature methods30 and were stored
over Linde 4A molecular sieves under nitrogen. Tetraethyl-
ammonium perchlorate (TEAP) was prepared by ion exchange of
tetraethylammonium chloride (BDH) on Amberlite IRA-400 resin
(OH™ form) to give an aqueous solution of the hydroxide which
was acidified with perchloric acid resulting in the precipit-
ation of TEAP. The crude material was twice recrystallized
from water (no precipitate was observed on the addition of

AgNOg5 to an aqueous solution) and dried under high vacuum at

60° C for 24 hours.

(ii) Stability Constant Measurements. The stability constants

of Ag+ cryptates were measured by direct potentiometric
titration. Cell potentials were measured using an Orion
Research 701A digital ionalyser and were accurate to 0.2 mV.
Typically, 103 mol dm™3 AgNO4 ‘solution (25 ml) was titrated
with 1072 mol dm~3 C21Cg solution (approximately 5 ml) and
the Ag+ concentration was monitored with a siiver wire
electrode. For all titrations, the reference electrode was a
Ag wire in 10~2 mol dm~3 AgNO5 solution (AgClO4 in the cases
of acetone and PC) and all solutions were 0.05 mol dm—3 in
TEAP to keep the Ag+ activity coefficient constant. The sample
cell was separated from the reference cell by a salt bridge
containing the TEAP background electrolyte solution. The

titrations were carried out with stirring and a slow stream of



133

nitrogen passing through the sample solution contained in a
Princeton Applied Research polarographic cell with a water
jacket for thermostatting at 298K. The electrode response was
calibrated in each solvent by measuring the potential of
solutions containing known Ag+ concentration, usually by
adding 10™2 mol dm~3 AgNOg solution to the TEAP solution (25
ml). Plots of potential vs. log [Agt] were linear with slopes
varying from 55 to 65 (emf in mV). Readings were taken after 5
- 10 minutes equilibration time when no further change in emf
was observed.

The indirect determination of Na©t cryptate stability
constants was carried out by titration of 10—3 mol dmn~3 AgNO4
(25 ml) with a solution 10~2 mol dm~3 in both cryptand and
NaCl0,, monitoring the [Ag+]'with a Ag wire electrode. The
stability constants were calculated as described in section
5.2.

The direct potentiometric titrations of NaCl0, solutions
with cryptand were carried in out a similar manner to the Ag+
titrations described above using a Radiometer G502Na sodium
glass electrode which was also calibrated in solutions of
known Nat concentration. Typically, ten points on the
titration curve after equivalence point, where the error in Kg
is lowest, were used in the calculations and the results

averaged to give the quoted K4 value.64

(iii) NMR Spectroscopy. 23Na NMR spectra were recorded on a

Bruker CXP-300 NMR spectrometer operating at 79.39 MHz or on a
modified Bruker HX-90E NMR spectrometer at 23.81 MHz. TLi NMR
spectra were also run on the CXP-300 spectrometer operating at
116.64 MHz. An average of 6000 transients were accumulated

into a 2048 point data base using a 2000 Hz spectral width.
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The sample temperature was controlled to within % 0.3 K with a
Bruker B-VT 1000 variable temperature unit which was
calibrated using a copper-constantan thermocouple and checked
periodically using the temperature dependence of the ly
resonances of methanol and ethylene glycol.73 Data obtained on
the CXP-300 was transferred from the Aspect 2000 computer to
the Nicolet BNC-12 computer of the HX-90E using the Bruker
program, SPECNET, for lineshape analysis.

Solutions of the sodium cryptates were prepared under dry
nitrogen, degassed and sealed under vacuum in 5 mm o.d. NMR
tubes according to the compositions in Tables 6.1 and 6.3.
A1l operations were performed in a dry box under nitrogen to
exclude moisture.

Refer to section 3.1 for general experimental details and

to section 4.4 for details of the preparation of C21Cs.
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APPENDIX 1 19F Chemical Shifts of Fluorocinnamates in the
Presence of Varying [aCD]
(Chemical shifts are referenced to CF3C00™ (2% w/v in D,0) and

are corrected for bulk susceptibility variations (see 3.3))

a—FLUOROCINNAMATE

[a-CD] shift
mol dm~3 ppm

.0010 -42.342
.0030 . -41.655
. 0050 -41.121
.0081 -40.570
.0102 -40.264
.0152 -39.721
.0204 -39.317
.0250 . ' -38.964
.0301 -38.679
. 0352 -38.435
. 0401 -38.240
.0503 -37.727
.0600 -37.419
.0701 -37.090
.0802 -36.858
.0902 -36.641
. 1000 -36.401
.1201 -36.001

p—-FLUOROCINNAMATE

[a-CD] shift
mol dm~3 ppm

. 0005 -36.686
.0010 -36.634
.0020 -36.582
.0030 -36.565
. 0038 -36.547
.0060 -36.621
.0080 -36.726
.0100 -36.831
.0153 -37.173
.0202 -37.483
.0252 -37.771
.0302 -38.014
.0399 -38.405
.0503 -38.765
.0602 -38.994
.0802 -39.328
.0902 -39.453
. 1000 -338.537
.1150 -39.696

.1304 -39.814
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o~FLUOROCINNAMATE

[a-CD] shift
mol dm~3 ppm
.0004 -41.394
.0010 ~-41.349
. 0020 -41.276
.0030 -41.210
.0039 -41.171
.0059 -41.088
.0081 -41.038
.0102 -41.017
.0153 -41.031
.0202 -41.095
.0249 -41.181
.0301 -41.269
.0402 -41.460
.0501 -41.606
.0601 -41.725
.0800 -41.910
.0%01 -41.989
.1024 -42.062
.1148 -42.137
.1304 -42.191

n-FLUOROCINNAMATE

[a-CD] shift
mol dm™3 ‘ ppm

. 0005 -38.271
.0010 -38.248
.0020 -38.209
.0031 -38.161
.0040 -38.127
. 0060 -38.062
.0080 -37.985
.0101 -37.948
.0152 -37.833
.0201 -37.729
.0249 -37.648
.0301 -37.584
.0401 -37.466
.0503 -37.382
.0601 -37.314
.0800 -37.225
.0900 -37.193
. 1001 -37.159
.1151 -37.124

.1300 -37.124
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0,p~-DIFLUOROCINNAMATE

o~FLUORINE p-FLUORINE
[@a-CD] shift shift
mol dm~3 ) ppm ppm
. 0005 -37.095 -33.142
.0010 - -37.061 -33.148
.0020 ' -37.013 -33.178
.0031 © -36.952 -33.218
.0038 -36.924 -33.258
.0060 -36.841 -33.382
.0080 -36.792 -33.518
.0100 -36.753 -33.699
.0152 -36.745 -34.162
.0202 -36.759 -34.546
.0252 , -36.754 -34.817
.0301 -36.780 -35.039
.0401 -36.852 =ISSEias
.0502 -36.908 -35.634
.0603 -36.967 -35.794
.0800 -37.037 ~35.976
.0901 -37.078 -36.067
.1003 ~37.106 ~36.129
1152 -37.136 _ -36.193
.1298 -37.150 -36.218
a, p—~DIFLUOROCINNAMATE
oa-FLUORINE p—-FLUORINE
[a-CD] shift shift
mol do~3 Ppm ppm
.0002 -44.041 ~-36.774
.0005 -43.926 -36.756
.0010 -43.712 -36.705
.0020 -43.308 -36.608
.0030 -42.968 -36.577
.0040 -42.619 -36.548
.0060 -41.982 -36.571
.0100 -40.932 -36.699
.0150 -39.954 -36.951
.0182 -39.395 -37.168
.0203 -39.086 -37.270
.0223 -38.878 -37.430
.0272 -38.351 -37.660
.0319 -37.897 ~37.897
.0395 -37.202 -38.203
. 0453 -36.931 -38.455
.0540 -36.439 -38.739
.0757 -35.535 -39.289
.0811 -35.473 -39.400
.0950 -34.897 -39.73%
.1100 -34.660 -39.962

.1248 -34.871 -39.886
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a-FLUORO-p~-TRIFLUOROMETHYLCINNAMATE

a-FLUORINE p-TRIFLUOROMETHYL
[a-CD] shift shift
mol dm™3 PpPO ppm
.0002 -39.856 13,131
.0005 _ -39.766 13.165
.0011 -39.598 13.291
.0020 -39.326 13.597
.0031 B 14.817
.0039 - 15.200
.0050 - 15.437
.0080 -28.866 15.742
.0101 -28.427 15.831
.0151 -28.144 15.926
.0200 : -28.014 15.951
.0300 -27.915 15.981
.0451 -27.861 15.987
.0602 -27.861 ‘ 15.987
.0798 -27.860 15.988
.100 -27.860° 15.988
.130 -27.859 15.989

p-TRIFLUOROMETHYLCINNAMATE

[a-CD] shift
mol dm™3 ppm
.0002 13.193
. 0005 13.242
.0011 13.298
.0020 13.472
.0030 14.998
. 0040 15.320
.0051 15.479
.0060 15.590
.0080 15.735
.0102 15.813
.0149 15.877
.0204 15.903
.0302 15.911
.0401 15.906
.0501 15.900
.0650 15.892
.0800 15.884
. 1001 15.866

.1304 15.842




m-TRIFLUOROMETHYLCINNAMATE

[a-CD] shift
mol dm~3 pPpm
.0010 13.186
.0051 13.415
.0101 13.572
.0151 13.667
.0200 13.741
.0302 13.833
. 0400 13.883
.0501 13.925
.0650 13.961
.0801 13.980
.1003 13.983
.1298 13.998
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APPENDIX 2.

Supplementary Data.
and Thermal (XIOZ) Parameters for [Na.C211.NCS]

Supplementary Crystallographic Data

Final Hydrogen Positional (X103)

Atom X y z Ull
H(1) 439(1) 173(1) 395(1) 13(2)
H(2) 523(1) 174(1) 454(1) 13(2)
H(3) 621(2) 239(2) 352(2) 13(2)
H(4) 540(2) 301(2) 375(2) 13(2)
H(5) 540(1) 293(1) 167(1) 13(2)
H(6) 539(1) 356(1) 242(1) 13(2)
H(7) 688(1) 301(1) 275(1) 13(2)
H(8) 689(1) 345(1) 189(1) 13(2)
H(9) 796(2) 131(1) 169(1) 13(2)
H(10) 827(2) 226(1) 189(1) 13(2)
H(11) 780(1) 212(1) 333(2) 13(2)
H(12) 849(1) 137(1) 315(2) 13(2)
H(13) 698(1) 139(1) 429(1) 13(2)
H(14) 746(1) 49(1) 419(1) 13(2)
H(15) 620(1) -13(1) 387(1) 13(2)
H(16) 596(1) 42(1) 465(1) 13(2)
H(17) 400(1) 54(1) 366(1) 13(2)
H(18) 460(1) -29(1) 377(1) 13(2)
H(19) 348(1) 17(1) 283(1) 13(2)
H(20) 391(1) 108(1) 298(1) 13(2)
H(21) 381(1) 25(1) 111(1) 13(2)
H(22) 375(1) 119(1) 146(1) 13(2)
H(23) 460(2) 109(2) 29(2) 13(2)
H(24) 527(2) 43(2) 69(2) 13(2)
H(25) 649(1) 115(1) 44(1) 13(2)
H(26) 610(1) 201(1) 8(1) 13(2)
H(27) 742(2) 199(2) 74(2) 13(2)
H(28) 672(2) 275(2) 86(2) 13(2)
H(1') 635(2) 210(2) 421(2) 11(2)
H(2') 546(2) 172(2) 462(2) 11(2)
H(3") 508(2) 293(2) 371(2) 11(2)
H(4') 467(2) 208(2) 335(2) 11(2)
H(7') 680(2) 325(2) 172(2) 11(2)
H(8") 600(2) 318(2) 109(2) 11(2)
H(9"'") 764(2) 136(2) 108(2) 11(2)
H(10') 781(2) 235(2) 101(2) 11(2)
H(11') 782(2) 241(2) 263(2) 11(2)
H(12') 860(2) 177(2) 237(2) 11(2)
H(13") 749(3) 195(2) 364(2) 11(2)
H(14') 825(3) 123(2) 366(2) 11(2)
H(17") 578(2) -29(2) 377(2) 11(2)
H(18') 537(2) 19(2) 452(2) 11(2)
H(21'") 369(2) 103(2) 244(2) 11(2)
H(22") 351(2) 6(2) 220(2) 11(2)
H(25') 491(2) 107(3) 34(2) 11(2)
H(26') 481(2) 202(3) 66(2) 11(2)
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Supplementary Data.

Thermal (x103) Parameters for [Na.C21C5.NCS]

Final Hydrogen Positional (XI04) and

Atom bd y z Ull
H(1) 10886(3) 2085(2) 2029(3) 68(2)
H(2) 9948(3) 1268(2) 1908(3) 68(2)
H(3) 9110(4) 2972(2) 1634(3) 68(2)
H(4) 9001(4) 2253(2) 737(3) 68(2)
H(5) 6888(3) 2542(2) 1300(3) 68(2)
H(6) 7421(3) 2307(2) 2501(3) 68(2)
H(7) 6960(4) 1173(2) 773(3) 68(2)
H(8) 7779(4) 900(2) 1870(3) 68(2)
H(9) 5501(3) 456(2) 1765(3) 68(2)
H(10) 5060(3) 1427(2) 1721(3) 68(2)
H(11) 5950(3) 252(2) 4446(3) 68(2)
H(12) 5346(3) -178(2) 3356(3) 68(2)
H(13) 7484(3) -256(2) 2760(3) 68(2)
H(14) 7514(3) -707(2) 3899(3) 68(2)
H(15) 10152(3) ~-180(2) 3956(3) 68(2)
H(16) 9360(3) 199(2) 2815(3) 68(2)
H(17) 11399(3) 1030(2) 3598(3) 68(2)
H(18) 10583(3) 1186(2) 4614(3) 68(2)
H(19) 10908(3) 2504(2) 4515(3) 68(2)
H(20) 11140(3) 2864(2) 3358(3) 68(2)
H(21) 9005(4) 3481(2) 3269(3) 68(2)
H(22) 9972(4) 3848(2) 4241(3) 68(2)
H(23) 7291(4) 3657(2) 5562(4) 68(2)
H(24) 7845(4) 4270(2) 4694(4) 68(2)
H(25) 6432(4) 3671(2) 3354(4) 68(2)
H(26) 5550(4) 3926(2) 4300(4) 68(2)
H(27) 3925(3) 2702(2) 3696(3) 68(2)
H(28) 4885(3) 2593(2) 2760(3) 68(2)
H(29) 3830(3) 1292(2) 3148(3) 68(2)
H(30) 4573(3) 1329(2) 4327(3) 68(2)
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Supplementary Data. Final Positional (X 104) and Thermal (X 103) Parameters for [Na.C211.NCS]

X Y z u11 U22 u33 u23 Ul13 u12
Na(1) 6035(2) 929(2) 2263(2) 56(2) 52(2) 57(2) 0(2) 5(2) -10(2)
s(1) 1463(2) -1287(2) 400(2) 85(2) 84(2) 78(2) -17(2) 4(2) 2(2)
o(1) 7199(8) 1050(8) 3177(9) 72(4) .
0(2) 4560(9) 440(7) 2055(8) 65(4)
0(3) 5498(13) 1553(11) 1003(12) 109(6)
0(4) 5217(7) 2369(6) 2706(6) 48(3)
NCL) 6682(7) -285(7) 1583(7) 120(9) 87(8) 141(11) -55(7) 1(8) 15(7)
N(2) 5337(10) 844(9) 3626(7) 55(4)
N(3) 7026(14) 2137(10) 1837(12) 92(6)
c(1) 7010(7) -692(6) - 1089(7) 61(7) 41(6) 82(8) -2(6) -12(6) 0(6)
c(2) 5047(11) 1682(10) 3985(10) 133(6)
c(3) 5558(20) 2455(28) 3523(27) 84(10)
c(4) 5601(8) 3014(7) 2222(8) 100(9) 76(7) 126(11) 31(9) 44(9) 41(7)
c(5) 6658(13) 2973(12) 2203(14) 96(7)
c(6) 7826(26) 1821(15) 2007(15) 75(8)
c(7) 7898(14) 1606(13) 3014(26) 76(6) _
c(8) 6991(9) 872(8) 3977(8) 97(10) 111(10) 83(9) 3(8) -39(8) 13(9)
c(9) 6118(15) 433(14) 4075(12) 80(6)
c(10) 4567(8) < 256(7) 3507(8) 78(9) 70(7) 108¢10) 8(7) 26(8) =7(7)
c(11) 4012(14) 522(11) 2475(12) 68(5)
c(12) 4151(9) 713(8) 1356(9) 85(10) 116¢11) 124¢12) 5(9) ~34(9) -28(8)
c(13) 4898(28) 927(28) 790(28) 120(9)
c(14) 6221(10) 1700(11) 573(7) 125(13) 207(27) 57(8) 18(10) 15(9) -14(11)
c(15) 6843(23) 2157(29) 980(20) 141(12)
o(1") 7483(14) 1286(12) 2648(11) 67(5)
o(2") 4691(13) 258(10) 2695(13) 69(6)
0(3") 4847(28) 1243(15) 1391(15) 108(8)
0¢4") 5902(26) 2646(12) 2876(13) 87(7)
N(2") 6040(29) 949(15) 3746(13) 73(7)
N(3") 6528(29) 2064(15) 1371(29) 73(7)
c(2') 5779(25) 1805(29) 4110(20) 106(11)
c(3") 5231(20) 2370(20) 3503(27) 42(10)
c(5") 6256(20) 2934(28) 1572(29) 80(10)
c(6") 7530(29) 1904(27) 1330(28) 66(8)
c(7") 7948(28) 1882(27) 2343(29) 45(8)
c(8') 7622(37) 1364(23) 3510(22) 94(10)
c(10') 5459(22) 208(20) 3939(29) 87(10)
c(12") 3962(25) 519(21) 2209(22) 90(10)
c(14") 5124(24) 1480(38) 744(24) 96(13)

Primes denote the minor contributors to the disordered ligand
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Final Positional and Thermal Parameters for

[Na.C21C

.NCS}]

Supplementary Data. 5
Atom / X y z u(ll) U(22) u(33) U(23) u(13) u(12)
Na(l) 76782(11) 17255(7) 44974(10) 394(7) 417(7) 513(8) -3(6) 67(5) 8(5)
S(1) 76287(10) 3864(6) 82118(8) 617(6) 598(6) 701(7) 110(5) 149(5) 29(5)
o(l) 8397(2) 419(1) 3944(2) 34(1) 42(1) 58(1) -4(1) 10(1) -1(1)
0(2) 8565(3) 3106(1) 4667(2) 74(2) 50(1) 90(2) -9(1) 27(2) -11(1)
0(3) 5869(2) 2693(1) 4202(2) 48(1) 49(1) 59(2) 7(1) 10(1) 8(1)
N(1) 7515(4) 1298(2) 6295(3) 114(3) 94(3) 56(2) 9(2) 15(2) 34(2)
N(2) 9884(2) 1871(2) 3320(2) 34(1) 48(2) 51(2) 5(1) 9(1) -4(1)
N(3) 5821(2) 1050(2) 3189(2) 31(1) 53(2) 52(2) =-3(1) 4(1) -3(1)
c(l) 7557(3) 914(2) 7100(3) 44(2) 58(2) 64(3) -22(2) 2(2) 10(2)
c(2) 10009(3) 1855(2) 2153(3) 49(2) 67(2) 61(2) 7(2) 26(2) -1(2)
c(3) 8933(4) 2372(2) 1494(3) 78(3) 71(3) 42(2) 9(2) 21(2) . 0(2)
c(4) 7497(3) 2178(2) 1747(3) 59(2) 64(2) 34(2) 5(2) 1(2) 7(2)
c(5) 7069(4) 1268(2) 1545(3) 61(2) 74(3) 38(2) -7(2) 1(2) 2(2)
c(6) 5751(3) - 1029(2) 2002(3) 51(2) 70(2) 59(2) -11(2) -12(2) -3(2)
c(7) 6034(3) 205(2) 3679(3) 43(2) 46(2) 77(3) -3(2) 8(2) -15(2)
c(8) 7401(3) -167(2) 3521(3) 56(2) 37(2) 74(3) -4(2) 7(2) -6(2)
c(9) 9708(3) 301(2) 3586(3) 43(2) 51(2) 66(2) 9(2) 17(2) 14(2)
c(10) 10506(3) 1101(2) 3839(3) 30(2) 62(2) 70(2) 12(2) 8(2) 7(2)
c(11) 10471(3) 2651(2) 3811(3) 41(2) 62(2) 79(3) 6(2) 6(2) -11(2)
c(12) 9487(4) 3347(2) 3960(3) 58(2) 54(2) 80(3) =7(2) 8(2) -19(2)
c(13) 7515(4) 3701(2) 4823(4) 86(3) 47(2) 88(3) -17(2) 37(3) -7(2)
c(14) 6261(4) 3554(2) 4094(4) 84(3) 46(2) 88(3) 5(2) 28(3) 15(2)
c(15) 4743(3) 2434(2) 3493(3) 41(2) 77(3) 67(2) 8(2) 11(2) 21(2)
c(16) 4637(3) 1481(2) 3579(3) 31(2) 79(3) 74(3) ~4(2) 6(2) -1(2)

Na and S coordinates x 105, for the other atoms x 104.

Na and S thermal parameters x 104, others x 103.
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