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ttThere is something fascinating about science.One

gets such wholesale returns of conjecture out of
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SUHMARY

Multinuclear NMR techniques have been used to Ínvestigate

molecul-ar and ionic inclusion processes. In the first part of

this workr Eolecular complexes formed by the inclusion of

fluorocinnamates by the cyclic oligosaccharide c-cyclodextrin

Í¡ere studied by 19r' lun spectroscopy. The complex association

constants u¡ere obtained from analysis of chemical shift data

for a range of selectively fluorinated cinnamates, and the

variation of chenical- shifts of the complexed species provided

information pertaining to the stereochemistry of the

compl-exes.

The resurts indicated that 1:1 (bÍnary) and lz2 (ternary)

complexes are formed in Dzo solution, generally wiÈh the

binary complexes doninant in the case of mono- and difluoro-

cinnamates and a highly stable ternary complex in the case of

p-|-rifluoromethyL cinnamates. The chemical shift data

indicated that the predomÍnant binary complex is that in which

the carboxylate síde chain of the fluorocinnamate enters the

wide end of the cycl-odextrin cavíty first. The ternary complex

probably has a strucLure in which the cÍnnamate is encaps-

ulated by two cyclodextrin nolecul-es with the wide ends of

their cavíties in close proxÍmity.

In the second part of this work, 23N. and 13C NMR

spectroscopy r{¡ere employed in a structural, kinetic and

mechanistic investigation of the conplexes formed by the

macrobicyclic ligands, cryptands. The sodium cryptates of the

cryptand c2L7, and a structurally modified cryptand, c2lc5,
rr¡ere f ound to exist in the solid state, as deternined by X-ray

crystallography, in an texclusivef 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

'inclusivet form. 13c NMR studies indicated that this
conformation is retained in solution, whereas the analogous

1Íthium cryptates possess inclusive structures.

Variable temperature NMR studies and subsequent lineshape

analysis of the specLra of these cryptates in various

solvents, together with the determination of Lhe stability of

the C21C5 cryptate, allowed a detailed mechanistic discussion

of the processes involved in cryptate fornation and

dissociation. rn general, the rate determining step for
sodium exchange on cryptates is the dÍssociation of the

cryptate, âDd the solvent varj-ation of the formation and

dissociation rate constant,s indÍcated a correlation between

the solvent donor strength and the structure of the transition

state for the exchange process.
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Molecular and ionic inclusion phenomena are known to play

a vital role in a number of biochemical processes which

susLain life, from enzyure catalysis and drug receptor systens

to the ionophoric activity of antibiotics. Physical organic

chemísts have nade irnportant contribuLions to the under-

standing of many biochenical systems, particularly to those

processes which involve specific complexatÍon of one species

by another. The strategy usually adopted in such research is

either to probe the actual biol-ogical system per se, or to

develop and study practi.cal models which emphasize the

partícu1ar features of the system which are of interest so

that subsequent comparisons with the real biological system

can be made.

Such tbiomimeticr nodels have been very successfully

applied to various aspects of biochemistry involving inclusion

conplexes, including enzymic catalysis and ion transport

processes. This has led to an enormous amount of research

activity in the field of ínclusion compl-exation chemistry

which has nol.¡ evolved into an inportant branch of chemistry in

its own right. The transport of a metal cation across a

menbrane, or the specifíc reaction catalysis of a substrate

bound to an enzyme are clearly of interest. However, the

physiochemical basis of conplexation of molecules and ions in

solution is fundamental to a conplete understandíng of these

biochemical processes.

The process of enzyme catal-ysis involves the formation of

a rnol-ecular inclusíon complex where the subst,rate 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, cyclodextrin".l,2 Antibiotics such as valinornycin

which facilitate the transport of metal ions across membranes,

function as ionophoric ligands and complex the metal ion

within a cavity formed by the arrangemenÈ of coordinating

atoms around the ion as depicted in the figure be1ow.

Figure. structure of the potassium - vaTinonycin conpTex.

Potassiun is the approxinateTy octahedraT coordinated central
aton. The eighteen oxygen atons are represented by the Targer

spheres; six nitrogen atons by nediun sized spheres t and the

carbon by sna77 spheres. Hydrogen atons are not shown.
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The synLhetic crown ethers3 and cryptand"4-6 have been

proposed as models for the action of antibiotics and much

insight into conpLexation and binding phenomena has been

gained fron the extensive studies of the chenistry of these

systems. A technique which has proven very poL'erful and

productive is nuclear magnetic resonance (NMR) spectroscopy.

NMR spectroscopy j-s partlcularly well suited to the study of

inclusion conplexation chemistry sÍnce the spectra of species

involved are generall-y quite sensÍtÍve to any changes in

environrnent which occur due to complexation. In this work,

NMR specËroscopy has been utilized in the study of two forms

of coÍrplexation, Eolecular inclusion conpl-exes of cyclo-

dextrins and the complexation of sodium ions by cryptands.



PART I

A STUDY OF a-CYCLODEXTRIN INCLUSI0N COMpLEXES

BY 19r NuR spEcrRoscopy



CEAPTER 1 TNTRODIICTIO N

cyclodextrÍns are formed during the degradation of starch
by the glucosyl-transf erase of Bacillus macerans which was

first discovered by villiers in 1g91,7 and Ì,ere subsequentry
recognized to be cyclic oligosaccharides by schardinger in
1904-8 Freudenberg determined that cyclodextrins consist.ed of
c( 1-4)-linked glucopyranose units9 and with craner, reaLized
their ability to form inclusÍon complexes Ín solution,l0 thus
pi-oneerÍng an exËreme1-y prolific field of chenistry.

1.1 Structural Properties of Cvclodex trins

cyclodextrins are named according to the number of D(+)_

glucopyranose units present. 0f the most conmonly studied
menbers, o-cyclodextrin (cyclohexaanylose, Figure 1.1),
ß-cyclodextrin (cycroheptaanylose) and y-cycl_odextrin (cyc1o-
octaamylose) are comprised of 6,7 and g glucose residues
respectively, while species containing up to L2 units per ring
have been report"d.ll

4
H

HO

6

l
OH

6

Figure 1.1. scåenatÍc representation of tåe structure of
a-cycTodextrin.

The

a cavity

gross structure of the cyclodextrin molecule defines

truncated cone, which in the casewith the shape of a
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of c-cyclodextrin, is 6.7i in depth and has a diameter
about 4.5ß at the narrow end.12 oth"r physical properties
the cyclodextrins are included in Table 1.1.

Table 1.1 Physical properties of the cyclodextrins.l4

of

of

Cyclodextrin No.of
glucose
uni- t s

Mo1.hlt. hlater
solubility
(e/too ml)a

Cavity Diameter

(8)b

5

6

8

7

0

5

4

6

7

6

7

8

0

B

Y

972

1135

I297

14.s

1.85

23.2

2

4

3

a) Room Temperature b)
bonded to C(5) and l_arger
C(3) as measured from CPK

Smaller value for ring of H atoms
value for ring of H atoms bonded to
models.

As depicted in Figure L.z, the wider rim of the o-cyc1o-
dextrin Lorus consists of the 12 secondary hydrbxyl groups of
the glucose residues and t.he narror^¡ rin is defined by the 6

primary hydroxyl groups. The internal_ cavity thus formed is
l-ined by the ring of glycosidic oxygens and the hydrogen atons
bonded to carbons 3 and 5, and is therefore thought to be

apolar in nature relative to the water environnent in
solution. An x-ray crystallographic study of o-cyclodextrin
hexahydrate revealed that Ín the solid state the glucose units
are in the D1 chair conformation12 

^nd as confirmed by other
studies, including NMR spectroscopy, l3 this conformation
persists Ín both Dzo and dinethylsulphoxide solution.

Two water molecules vrere found to be included within the
cavity of crystalline o-cyclodextrin and one of Lhe g1_ucose

resÍdues is tilted with respect to the other five residues,
1-ying armost normal to the axis of the cavity. This a11ows

hydrogen bonding to occur between the vrater molecules and two



Fígure 7"2 a) Perspective view ot

The red shaded spåeres represent

secondary hydroxyl groupsç afld the

ether oxygen atons.

the

the

blue

CL-cycTodextrin

oxygen atoûs

(H20) 6 no7ecu7e.

of the prÍnary and

spheres represent the glycosÍdic
(f,)



1.2 b) View of the

the wider rìn (top),

4¡

a-cycTodextrin (HrO16 noTecuJe fron
and a stereoscopic view (botton).

Figure

above
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of the prinary hydroxyl groups.

t.2 c clodextri Inclusion ComDlexes

It is the relative rigidity of the cyclodextrin molecule
allowing the maintenance of the cavity in solution which
gives rise to its most interesting and useful property the

formation of incl-usion compounds with molecular tguestsr of
appropriate sizes. This ability to act, as a rhostr nolecule
and the considerable specifÍcity or selectivity toward the
geometry and size of the guest has been successfully exploited
in many applications, including biomimetic chenistry and in
the food, pharmaceuLical- and chemical industries. The cyclo_
dextrins are toxologically harmless and are finding increas-
ingly import,ant uses in the latter industries, including the

stabirization of drugs and active ingredients towards
oxidaLion, decomposition or hydrolysis; the reduction in
vol-atility of drugs, food flavours and cosnetic fragrances;
the suppression of unpl-easanË tastes and odours; the enhance_

ment of bioavailability of drugs via increased solubility or
the formulation of smarl arnounts of liquid drugs as their
solid cyclodextrin complexes; and the stabilisation of
explosives and agricultural poisons.

The major drawback to industrial utÍ1ízation of cyclo-
dext,rins appears to be their prohibitive cost. However, trith
the rapÍd1-y increasing number of patent,s and publications
appearing describing such potentially inportanË applications,
the indust.rial and commercial use of the cyclodextrins is
likely Lo increase. The above facets of cycl-odextrin research
are both interesting and important and will be responsible for
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increased support for research by industry. Many examples of

the above applications of cyclodextrin complexation may be

found in the 1iteraturu1,2,74,15 and a detaÍ1ed review will
not be attempted here.

1.3 Biominetic Chemistrv - Cyclodçxtrins as Enzyme Modelq

The inclusion of nolecular substrates in the hydrophobÍc

cavity of cyclodextrins has 1ed to their extensive use in
biominetic chemistry as enzyme models. This conplexation
process is analogous to the formation of the Michaelis-Menten

compl-ex between catalyst and substrate in enzynÍc catalysis.
To act as an enzyme analogue, a catalytic species must

stabíLize the transition state of a reaction relative to the
starting materials and the cyclodextrins exhibit the fol1owÍng

number of features r4rhich all_ow such comparisons to enzynes.

They contain structural features such as the hydrogen bonding

hydroxyl groups which can be used as handles for stabÍ1Ízing
interactions and promoting reactions. The molecule is quite

rigid in solution so that Lhe 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 thaL it is the transition state of the catalytíc reaction
centre whÍch is preferentially sÈabilized.

Apart from these inporÈant requirements of conplex form-

ation, other features of cyclodext,rin inclusion chemistry
which are analogous to enzynic reactions include selectivity
and specificity toward the substrate structure. The reactions
may show enantiomeric specificity and are usually carried out

in aqueous solution.
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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 c-chymotrypsin16,L7, the conplexed 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

oLher reactions accelerated by cyclodextrins include

hydrolysis of amides, cleavage of organophosphates, carbonates

and sulphates, decarboxylation of cyanoacetates, oxidation of

s-hydroxyketones and intramolecular acyl nigrations.lS'19

However, while Ëhe acceleration factor (the ratio of Lhe

pseudo first order rate constant of the conplexed substrate to

the rate constant of the unconpl-exed species under identical

conditions) f or some of these reactions is high (e.g. 300 f or

phenyl ester hydrolysis), the catalytic activity of cyclo-

dextrins is of ten lower than for natural- eîzymes.

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 Lhe

cavity serves as the substrate binding site.18'19 For example,

replacement of a secondary hydroxyl group of C-cyclodextrin

with a histanine group leads to an 80 fold increase in the

rate of hydrolysis of p-nitrophenyl acetate relative to 0-

cyclodextrin itse1f.20

Another approach to host design has been to modífy the
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cyclodextrin with a viehr to inproving its binding character-

istics instead of the caÈalytic reaction site. Association

constants may be increased by enhancing hydrophobic effects

which are considered to be inportant in complex formatíon.21

The hydrophobicity of the cavity can be increased by the

capping of one end with bifunctionalized aromatic moÍeties.

Capping of ß-.yclodextrin across the prinary hydroxyl end with

diphenylmethane-p,p-disulphonate (actual1y 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 parafmeta selectivity of the reaction.2Z A

large number of such chenÍca1 modif ications have been

reported,23 many of whích demonstrate the effective use of

host design in the preparation of enzyme analogues.

1.4 Driving Force for Inclusion Conplex 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 Ínteractions:

a) van der hlaals forces between the host and guesL

molecules as evidenced by the dependence of the compLex

stabilities on guest polari zabitity;24

b) hydrogen bond formation between the hydroxyl groups
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of the cyclodextrin and the substrate;25

c) the release of strain energy of the cyclodextrin via

conformationaL changes upon substrate inclusion (applying

maín1y in the case of c-cyclodextrin where the til-ted glucose

residue causes considerable bond angle strain) '12,26

d) polar guest host ÍnteractÍorrs;27

e) and possibly most importantly, partÍcu1ar1y for bind-

íng of apolar guests in aqueous solution, hydrophobÍc inter-

actions between the apolar cavity environment and the

guest.18,2L,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 rlrater itself.

hlater molecules in the solvation she11- of an apolar subsLrate

are more tightly bound to each other, since hydrogen bonding

in the direction of the sol-ute is reduced, and the degree of

molecul-ar order in the region is greater. So the removal of

this solvation assembl-y on inclusion should result in an

increase in both entropy and enthalpy. Al-so accompanyÍng the

incl-usi'on of the substrate is the expulsion of the water

molecules Ínitial-1-y included in the cyclodextrin cavity. The

liberated water molecules form hydrogen bonds and van der

l,ilaals interactions with the bulk water and gaÍn motional

degrees of freedom.l6'29

hrhile the overall free energy change on complexation

probabl-y 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 conplex formation is an

appropriate spatial 'fÍtf between the substrate and the cycl-o-
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dextrin cavity. A knowledge of the stoichiometry and spatial
geometry of the complex is obviously important when consider_
ing the rel-ative predominance of the various factors influenc-
ing the driving force for inclusion.

1.5 Aoolicati on of NMR Spectros CODY to the Studv of
Comolex ation

The biochemistrs understanding of many biological
phenonena has been greatly enhanced since the development of
NMR spectroscoPy and its use in the el-ucidation of problens of
biological interesÈ. Many of the problems assocÍated with the
measurement of 1H NMR spectra of complex bío10gica1 systems
have recently been overcone with the advent of sophísticated
nulti-pu1se two-dínensional NMR techniques and spectral
editing technÍques. However, the 1H NMR study of the
association of macromolecules with sma11 nolecules may rernain

difficult due to spectral overlap. rn these cases, nuch
success has been achieved by selectÍveJ_y 1abe11ing the species
of int,erest with other nucrei which are observable by NMR

spectroscopy, such as 13c, 2H or 19r'.

The use of 19¡' nMR spectroscopy in the biological field
was first reported by spotswood et .1.31 in 1967 and has sínce
become particularly inportant in studies of enzyme - substrate
Ínteraction".32 oaservation of the 19r nucleus has a number of
advantages over 1H NMR spectroscopy. The spectra are usually
simple, .oir"istÍng of only a fer+ sharp resonances, thus
elininating the problem of the broad nacronolecul_e spectrun
envel-ope naskÍ.ng the sma1l nolecule resonances. lH.oup1ed 19r
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resonances may be broad band decoupled, further sirnplifying

the spectrum. The smal1 size of the fluorine atom a11ows its

incorporation into a nolecule without significantly affectíng

its molecular structure, since fluorine is approximately

isosteric with hydrogen. 19r chemical shifts extend over a

much larger range (ca. 150 ppn) than protons (ca. 15 ppm) so

assignment difficulties due to overl-apping resonances rarely

occur. More importantl-y however, the 19r chemical shifts (and

to a lesser extent, the relaxation tines) are extremel-y sens-

Ítive to changes ín environment and are therefore a very

useful probe in providing spatial orientation and binding

strength information in complexation processes.

The majority of 19r NMR studies of biological processes

involve examination of a sna11 molecule undergoing exchange

between free solution and a macromolecular bound state, such

as in enzyne - substrate or drug receptor systems. rnform-

ation obtained from such Ínvestigations include cornplex

association constants and nolecular orientatÍons from chemical

shifts and exchange kinetics from l-inewidth and relaxation

rat.e data.33 The association constant and chemical shift

on binding for compl-exation betr+een a particul-ar host mole-

cule (A) and guest (B) nay be obtaÍned as follows:

For the equilibrium

k I
A+B c

the association constant K

k1lk_1

k1
-I

is given by

C/A. BK



where Ao

i. e. K = C/(Ao-C) (Bo-C)

= initÍal concent,ration of A

= initial concentration of B

L2

(1.1)

chemical

the free

(L .2)

Bo

under conditions of rapÍd exchange, the observed
shift, 6, is given by the weighted average of
solution shift, ôo, and the shift in the complex, A.

i.e. ô p.A ôo+

where p is the mole fraction of the complex and 
^ 

is measured

relative to ôo as 0.

The concentration of the complex, c, may be obtained by

rearranging and expanding (1.I),

(Ao + Bo + t/K) +/- r /Ð2c (1.3)4AoB olt /,[(Ao + Bo +

2

Thus, K nay be obtained by ÍteraÈive adjustment in (1.3) and

minimízation of the least squares error in (1.2) for the
experinental values of ô, Ao and Bo as described by sykes.34

By varying the posiLÍon 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. ¡nolecular
motion of the guest Ín the conplex is available. This approach
has proved successful in the study of the binding of various
fluorinated substrates, Íncluding derj-vatives of phenylalaníne
and 35-37 tryptophan3S to the serine protease c-chynotypsin.
The results of these investigations a1l-owed the fornulation of
a detailed nodel for the enzyme-substrate complex formation.
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The elucidation of the mechanism of the a-chynotrypsin
catalysed hydrol-ysis of cinnanoyl esters and amides by

Bender39 l-ed to a number of studi.es of the conplexes formed by

the er'zyme and the competitive inhibitor Êrans-cinnamic acid40
and some fluorinated derivatiu""4r,42 to gain information
about the structure of inter¡nediates in the hydrolysis
process. As the cycl-odextrins had been proposed as nodels for
the catalytic binding sÍte of enzymes, Ít seerned. a logical
progression to apply the techniques developed Ín the above

mentioned work to the study of inclusion complexation of
trans-cinnamic acíds by cyclodextrins.

1.6 0b ectives

A series of substituted trans- and cis- cÍnnamíc acids
frere shown to forn inclusion complexes wíth both o_cyc1o_

dextrin (scD) and ß-cyclodexrrin (ßco¡ in a study by uekana et

^L43 in an attempt to investigate the spatial and steric
dependency of inclusion. Ultra-violet and circular dichroism
data \¡¡ere interpreted in terms of the f ornation of 1: l
complexes only and the authors speculated from 1tt ttUn data for
the trans-cínnarnic acid - ßCD complex which u¡as not given

in detail, that the conformation of the complex v/as that with
the aromatíc ring of the cinnamic acid íncluded in the cavity,
leaving the carboxylic acÍd sÍde chain substantially solvated.
However, Ín a more detailed investigation by connors and

Rosan"k"44, it was found that analysis of solubility,
potentiometríc and uv spectral data for complexation of trans-
cinnamic acid by scD required the formation of a subsequent

Lz2 complex where the substrate molecule is encapsul_ated by
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th'o cyclodextrin molecules.

The aim of thÍs work r,ras to exanÍne the inclusion of a

series of selectively fluorinated trans-cinnanic acids by acD

employing 19r NMn spectroscopy with a view t,o determÍnÍng the
stoichionetry of the conpl-.exes forned and to assess the
environmental changes experienced by the substrates, thereby
gaining insight into the stereochenÍstry of the incrusion
complex. This would al1ow a conparison to be nade with the
mode of conpLexation of the cinnanic acids by the enzyne
o-chymotrypsin.
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CEAPTBR 2 RES TS ANI) DISCUSSION

2.1 Preparation of Fluoro nnam]-c Acids

A comprehensive investigation of the inclusion of trans-
cinnamic acid by ocD requires information from a range of
sites on the substrate nolecule (for convenience, the tran^s_

prefix will not be used hereafter, since all cinnamic acids
studied vi¡ere the tran,s- isomer). Thus a serÍes of fluoro_
ci-nnamic acids were prepared, both mono-1abe11ed and di_
l-abe11ed with fluorine in positions around the aromatic ring
and in the o- posítion of the carboxylic acid side chain
(Figure 2.I).

m0 o(

Figure 2.1 t0;
P

B

The ring fluorinated cinnamic acids can be conveniently
prepared by saponification of the corresponding ethyl esters
obtained via a l.rrittig condensation of the appropriate fluoro_
benzaldehyde and carboethoxynethyl-.idenetrípheny1phospho..rr"45

as depicted in Schene 2.L.

Schene 2.1

cHo cH= cHcozczH,

ö tF
+ Ph3P=cHcozgH5 

-)
ö,

H

- oH I CZH5oH
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The c-f1uorínated cinnamic acids \.¡ere also obtained
the corresponding ethyl esters which.h¡ere best prepared by

claisen reaction of ethyl fruoroacetate, ethyr oxalate and

appropriate benzaldehyde46 (Scheme 2.2).

NaH

from

the

the

oo
(cozczH>)z cFHzCO2C2H5 _ ltil

I CZH5O-C-C-OCHF COz C zH Jl
+

l) HaH

2) cHo

/

cH= cFcozc2HS

ö,
\

-oHl
^t

czH5OH

ö"
\

Schene 2.2

To gain some insight into the steric effect on inclusion
of cinnamates, derivatives with trifluoronethyl substj.tuents
in the n- and p- positions v¡ere also synthesized by Lhe above

methods. The yields of the preparations are summarized in
Tabl e 2.I.

As a consequence of the poor solubility of the cinnamic
acids in water, this study is of the soluble sodÍun or lithÍum
cÍnnamates. samples of p-fruoro, o-fruoro, o,p-difluoro- and

ø-trifluoromethyl- cinnamic acids were available from previous
work in this labora tory.47



TABLE 2.1

YrELD (7")

L7

Cinnamic Acid

R

Cinnamate Ester

o-f 1uo ro

ø-fluoro

p-trifl-uoromethyl

c,p-difluoro

o,-f 1uo r o-p-tr i f 1uo r o m ethyl

87

92

92

4T

52

83

86

92

87

93

2.2 Inclusion of Fluoro- and Difluorocinnanates -ÞJ

c-Cyclodextrin

(i) Re su1 ts

The 19f' NMR resonances of the ring substÍtuent fluorínes

(nultiplets with Jf_n - J-9 Hz for o-t p- and u-F and JF_F =

L5.7 for o,p-dj-fluorocinnamate) and the o-fluorines (doublets

with JF-H = 36.2 and 37.6 Hz f or o-f luoro- and o'p-dif luoro-

cinnamate respectively) are characterised by chenical shifts

upfiel-d fron the 19¡'resonance of CF3COO- (Tab1e 2.2). The

hyperfine splitting of these resonances Ís lost as IaCD] is

increased and a systematic variation of the chemical shift

occurs. The magnitude and direction of the chemical shift

vari-ation depends on the site of the fluorine atom in the

fluorocinnamate as does the systematic broadening of tfr"19F

resonances as exenplified by o'p-difluorocinnamate (Fig. 2.2).

Over the toÈa1 [ oCD ] range examined for all six fluoro-

cinnamates only one resonance \{as observed for each fluorine

consistent r+ith site exchange of the fluorocinnamate occurring

rapidly on the NMR tínesca1e. hlith the possible exception of
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'l0t t o. tD J

3

..rtlllïdrd.'/\

mol dm

81

45

32

22

r^liïrrfu¡1r 2

0

6

ltrllrl lllrlttt

- 35 -40 - /*5 pprn

Figure 2.2. variatíon of the 282.35 Ì,IHz 19r xan spec trun of
o,,p-difTuorocinnamate in tåe presence of 0.r nor dn-3 Nacl at
294.0 K. rn the botton spectrun the doubTet (-l4.ri ppn)

arises fron a-F and the unresoived nuTtipret (-36.g0 ppr)
arises fron p-F. IdÌfluorocinnanate] was l0-3 no7 dn-3.
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n-fLuorocinnamate th" 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) inclusi-on complexes:

K
1

S+aCD S.aCD (2 .L)

K 2

Under

shift,

s.acD + oCDE_sS.(ccD)2 (2.2)

such fast exchange conditions the observed chenical
is given by

ô
+ ô1[S.cCD] + 62[s. (ocD)2]

(2.3)
tsl + [s.ocD] + [s.(ccD)2]

wher" ôo, ô1 and ô2 are the chemical shifts of S, S.oCD and

S.(aCD)2, respectively. The equil-ibrium concentration of the

species in solution may be determined in the following manner:

ôolsl

Let

then from (1)

and from (2)

and

tsl =

I aCD] =

I S. aCD] =

IS.(aCD)2] =

( free substrate )

( free cyclodextrin)
( 1: 1 complex)

(lz2 conplex)

(i)
2 (iÍ)

(iii)

(iv)

S

c

c1

c2

Cl =

C2=

So=

Co=

K1.S.C

K2.C1.C = Kt.KZ.S.C

S+C1+C2
C+Cl+2C2

Substituting f,or C1 and C2 in (iii):

so = s + Kl.s.c + Kl.Kz.s.c2
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Rearranging:

S - So / (t + Kr.C + Kr.K2.c2) (")
Similarly f rorn ( iv) :

Co = c + Kt.S.c + 2.Kt.K2.S.c2 (vi)

SubsLituting for S from (v) in (vi)

(co c) = So(K1.C + 2.Rt.Kz.c2) / (L

and rearranging gives

c + Kt.K 2.c2)+ Kl'

This is then expanded and solved for C using the

Ner¡ton-Raphson method of evaluating the roots of equations.

Thus S foll-ows from (v) and Cl and CZ from (i) and (ii). Using

a weighted non-linear least squares computer progran, DATAFIT,

the parameter" K1 , KZ, ô 1 and ô 2 \,r¡ere obtained by f itting t.he

experimental values of So, Co, ôo and ô to equation (2.3). The

free solution shift, ôo, was measured in the absence of oCD.

DATAFÏT ninimj-zes the residuals between the experirnental

and calcuLated surfaces defined by the experinental 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

progran 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 chenical shift variations

r{¡ere fitted sirnultaneously to eguation (2.3).

The 19F .hemical shift data for all systems studied are

presented in Appendix 1. The curves in Fig. 2.3 and 2.4

represent the best fÍts of the data to equation (2.3) and the

best-fit values of K1, K2, ô1 and ô2 are gÍven in Table 2.2.

Qualitatively, the variation of ô with IaCD] for the two o-,

three p- and two o- 19¡' resonances are seen Èo represent three
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Figure 2.3. Variation of the 19f chenj_caT shifÊs (ô) of

tluoro- and difluorocinnanates wíth IaCD]. The experinental

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 e-F, respectiveTyt of a,p-difluorocinnanate

and curves B and D pertain to c- and p-fTuorocinnamate

respectiveTy. The chenicar sàifts are referenced to CF3Coo-

and are corrected for buTk suscepËibi7Íty variations.
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Figure 2.4. variation of the 79 F .henicar st¡if Ë s of f ruoro-

and dif Tuorocinnamate with IacD]. The experimentaj data are

shown a.s individual points and the bes t fi ts of Èhese data to

equatìon 2.3 are shown as curves A-c. curves B and C pe¡Ëajn

to o- and p-F, respecti very¡ of orp-dif TtJoÍocinn a.nate and

curve A pertains to o-fruorocìnnanate. curve D for n-

fiuorocinnanate represenÊs tbe besË fit of tåe data to

suscepÈi bi Tity variaÈions.



labLe 2.2. EquiliJcrium constants and t9r chemical shifts for Fluoro- and Difluoro-cinnamates'a

trans-c Lnname È,e Kr

dnr3 mola

K2

dm3 mol--l

ôr - 6o

PPM

ô2 6s

PPItr

ôz - 6r

PPB

^b0¡

pPm

ôr

Ppn

6z

PPM

a-fluoro-

g-fluoro-

a,g-dJ.f 1-uoro-

o-fluoro-

o,g-dif luoro-

cc ínnama te

ccinnamic acid

111t13 23 !2

49!2 39 !2

32!3 94 t5

110 15

2260 60

(s) -44. 11

(Ð -36.80

(-9.) -37.13
(p) -33. 14

-39.75 I 0.39

-35.54 t 0.10

-35.03 t 0.14

-33.09 t 0.09

-32.54 J 0.15

-41.68 ! 0.13

, -37.32 t 0.01
'-36.55 ! 0.o2

184 ! 16 7.8 ! 1.0. -42.82 -39.44 I 0.17 -32.0 ! 0.01 3 .38 10.81 7 .43

109r10 35 !1 -36.72 -35.66 I O.O5 -40.78 ! 0'03 l'06 -4.06 -5. I

-41.43 -39.5L I 0.08 -42.75 t 0'01 1.92 -r.33 -3 -25

4.36

1.26

2.lo
0 .06

11.57

-4 .89

-0. 19

-3.4r

7.21

-6. 15

-2.29

-3.47

a Shifts are relatíve to CFgCOO and are corrected for bulk susceptibil ity variations. A negative sign signifies

an upfield shift.
b Error is 0.01 PPm.

c Ref. 44.
N)
u)
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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 ô 1 and 6 2 data of rabl- e 2.2. rn the case of the n-

fluorocinnanate the 19F.h"mica1 shift variation is relatively

small- and does not exhibit a noticeable biphasic variation.

By analogy with the other fluorocinnanates Ít is reasonable to

assume that both S.oCD and S.(ocD), are also formed in this

case. Nevertheless, a unigue fit of the ¡a-fluorocinnamate

data to equation (2.3) could not be obtained. A possible

explanation for t.his may be that a fortuitous combination of

ô1, ô2, K1 and KZ values elininates the biphasic chemical

shift variation observed in the other data sets. A fit of the

n-fLuorocinnamte data to the appropriate equation for the

equilibrium shown in equation (2.I) as described in the intro-

duction yie1d" K1 = 31.0 t 0.4 dn3 rol--1 and 6f-ôo (apparenr)

= 1.50 t 0.01 ppr; the best f it is shown in Fi gtre 2.4.

The variation of the 1H decoupled fl-uorocinnamat" 19F

linewidth with I scD ] is also markedly biphasic with the

exception of the ø-fluorocinnamate systen which exhibits no

significant broadening. rn the absence of ocD the 19r line-

widths are 3-5 Hz (1.6 Hz digiLal resolution) and the maxÍmum

broadenings observed for the crp-difluorocinnanate system are

l2o and 45 Hz f or t.he o- and p- 19r resonances, respectivel-y.

As IccD] increases the line broadening increases systematic-

a1ly to a maximum coincident with the maximum Is.ocD] as

calculated from K1 and K2 (Tab1-e 2.2) and thereafter decreases

as shown in Figure 2.5. Similar but snal-1er systematic line

broadenings were observed for the other fluorocinnamates as

shown in Figure 2.6 for o,p-difluorocinnamate.
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of Q,p-difJ-uorocinnamate with tacDl. rn the lower part of tåe
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and s.(scD)2 with taCDl calcurated tron Kj and K2 in Table 2.2

are represented by curves E, D and C respectively.
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NMR studies48,49 show that the tumbling or correlation time,
r., of the conplex s.(ocD)2 as an entity (where s = p-methyl-

cinnanate) is 6 x 10-10 s at 306 K in water and it may be

assumed that sini-1ar and smaller Tc values apply for S.(oCD)2

and S.aCD when S = fluorocinnamate. Such Tc values appear to
be too small to produce significant longitudinal 19F.el-ax-

ation through dipole-dipo1e, chemical shift anisoLropy or

related relaxation processes,50,5l and hence it is likery that
the observed 19¡ line broadening occurs predoninantly through

transverse relaxation. This transverse rel-axat,ion is probably

a consequence of fluorocinnamate exchange occurring between

the s, s.acD and s.(oco)z environments. These three species

co-exisL in significant temperature dependent concentrations

over the IacD] range studied and as only a single 19F reson-

ance is observed even down to 273 K it is clear that the

chernical exchange betveen these species is occurring suffic-
iently rapidly to coalesce the three resonances to a broad

síngl-et.

computer simulation of chenical exchange (see chapter 6)

betrveen two sites characterised by two singlets of equal
intensity of 3 Hz width at half height, w!/2, and separated by

3.45 ppm shows that single Lorentzian resonances resonances of
Iilt/2 = 560 and 50 Hz are observed when the site exchange rat,e

constanÈs are 5 x 103 and 5 x 104 "-1, respectívery.

Qualitatively, this Índicates that the observed c- F line
broadenÍng is consistent with transverse relaxation being
induced by chenical exchange occurring at rates withÍn the
range reported for a temperature-jump spectrophotomet,ric
study52 in which anongst other included specÍes, Èhe dissoc-
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iation of p-nitrophenolate fron S.aCD was characterised by a

dissociation rate constant kd (287 K) = 3.1 x 104 s-1.

However, as for all- of the fluorocinnamate systens studied,

on1-y a single chemical exchange averaged signal was observed

for each fluorine substituent at 273 K it proved inpossible to

make a quantitative analysís of the exchange kinetics.

(ii) Equilibriun Aspects

The 19f chemical shif t data (Table 2.2) show that S.aCD

and S.(oCO)Z are readily formed when $ = fluorocinnanate.

However, four different structures potentially exist for

S.aCD if the possibilities of either end of S entering eÍther

the narrow end or the wide end of the oCD cavity are

considered. An examination of space-fi1ling nodels Índicates

that entry of the fluorocinnamate through the wider end is

favoured on steric grounds over entry through the narrol'r end.

Consistent with this, a 13C NMR solution study4S indicates

that p-methylcinnamate enters through the wider end of the oCD

cavity and X-ray diffractÍon studies53,54 of crystalline

S.oPD, where S= p- and ø-nitrophenol and p-hydroxybenzoic

acid, rêvea1 mol-ecular 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.aCD species most 1ikely Lo be

produced in this study are those in which either end of

fluorocinnamate is inserted into the wide end of the oCD

cavity. This steric restriction requires that. S.(oCD)2

consist of the fluorocinnamaÈe encapsulated by two cCD with

the wide ends of their caviLies in close proxinity, consistent,

with deductions nade from the 13c Hun spectroscopic studies of
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tl¡e aCD-p-

conpTexes.

X-ray crystaLTographic structures53 of
(a) and UCD-p-hydroxybenzoic acid (b)
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the inclusíon of p-nethyl-cinnat.te.48 In consequence of these

consideratíons the four possible environments for a given

fluorocinnamate are encompassed by the four equilibria

characterised by the constant" KtI, Ktt1, K'2 and K"2, as shown

in Figure 2.8. The ratio of the concentration of the two S.oCD

specÍes is constant but the 19F dtta do not permit a determin-

ation of these concentrations separately. Ït is readily

shown, however, that the equílibrium constants in Table 2.2

+

K
?

0
2

K;'

+ Ki' K
,,

Figure 2.8. Repr esen tation of the incTusion equilíbria

possibTe Ín the fTuoro- and dilTuorocinnanaËe / aCD systens.

The truncated cone represents the g,CD cavity.

,/
\

+

K,;0_

+

2
+

2
K

2
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and Figure 2.8 are related through the equalities:

K' 1+K il

and

K1

K2

1

Kt 2 + Ktt2

ït is seen f rom Table 2.2 that the magnitudes of Kl and

K2 vary wÍth the fluorocinnamate, which probably reflect,s a

combination of the el-ecLronic, solvational and stereochemical

changes caused by fluorination of cinnamate in the o-t p- and

o positions. However, the variation of K1 and K2 with the

fluorocinnnanate is nodest and enconpasses the Kl and R2

values reported for cinnamat ",44 which índÍcates that fluorin-

ation of cinnamate does not have a rnajor effect on the

cinnamate-cCD inclusion interaction. The Kl value for cinnamÍc

acid44 is substantially outside the range exhibited by the

fluorocinnamates and probably refl-ects the effect of substrate

charge on the inclusion process.

(iii) Chenical Shifts.

l{hil-e factors which influence proton chemical shifts are

well known, l-ess j.s understood of 19r chenical shift

behaviour.55 The effect on 19r'chemical- shifts of external

factors such as susceptibility, hydrogen bonding and rÍng

currents has not been as well documented or explained as in

the case of proton shifts. There Ís no correlation between 19r

shifts as a function of structure and the proton chemical

shift and structure relationship. For instance, whereas

protons on aronatic rings resonate downfield of methyl
protons, the reverse is true for fluorine nuclei in similar

sÈructures. The direction of induced shifts on complexation

19r
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have not been ful1y rationalized and are not easily predicted.

Hydrogen bonding, while predicted to cause deshielding of the
l9F nucleus which is usually observed, has also been used to

explain upfiel-d chemical shifts.56 Al-"o, studies of solvent

effects on 19f chenical shifts show that transfer from water

to nonpol-ar solvent usually induces substantial upfield shifts

and yet the majority of observed shifts for fluorinated probe

molecules complexed by proteins are downfie1d.32

clearly the observed shifts are comprised of a number of

contributions which are difficurt to quantify, including

magnetic anisotropy, van der ItIaals interaction and other

specific chemical interaction effects, such as H-bonding.

Although the origin of the 19r shifts on complexation may not

be discernible in this work, the relative nagnitudes of the

shifts provide imporLant information for discussion of the

stereochemistry of the complex.

(iv) Stereochemistry of aCD f luoroc innanate conp 1 exe s

and Mechanistic Conclusions

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

(i) the formatíon of S.(aCD)2 fron S.cCD induces a

greater shift change (ôz ôt) than does the formation of

S.aCD (6t ôo) and

(ii) the shift for o-F is downfield for S.sCD and

s.(scD)2 whereas the shifts for o-F and p-F are downfield and

upfield for S.aCD and S.(aCD)2, respectively. In interprering

these shifts it must be remembered that whilst a given segment

of the fluorocinnnamate may be in close proxirnity to a part-

icul-ar 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 19r chemical- shÍfts to

some extent. The greatest environmental change experÍenced by

the f luorocinnamates is in s.(aCD)2, in which space filling

models (Figure 2.9) show fluorocínnamate to be conpletely

encapsulated and where it appears that the fluorocinnamate

hydration she1l is probably total1-y l-ost. The polar carboxyl-

ate group of fluorocj-nnamate interacts more strongly with

water than does the phenyl group and accordingly the solv-

ational change experienced by the carboxylate group on

transfer from v¡ater to the largely hydrophobic aCD cavities of

s.(acD)2 wÍ11 be greater than that experienced by the phenyl

group. Thus, o-F, which is adjacent to the carboxylate group,

should reflect solvational changes in ô2 ôo more than o- and

p-F/. rn contrast, th" ô2 6o of o- and p-F are expected to
reflect more strongly the dispersion-force interactions

established between the n system of the phenyl group and the

interior of the aCD cavity, which are considered to be a major

factor in the stabi]-j-zation of cycl-odextrin inclusion

complexes as discussed in the introduction.

In the S.cCD conplex one end of the fluoroci-nnamate is in

a waLer envÍronnent whilst the other resides in the oCD

cavity. The p-F is furthest removed from the carboxylate group

and exhÍbits the smallest values for ô1 ôo and the most

negative values for ô2 ô1. Thus of o- and p-F the latter is
l-east affected by the formation of S.aCD and most affected by.

the fornation of S.(oCD)2. This suggests that the predoninant

s.ocD species formed is that in which the carboxylate group
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enters the aCD cavity as shown in the equilibrium character-

ised by Kttl in Figur e 2.8. This deduction is reinf orced by the

observation that the fluorocinnamate carboxylate substituent

bears substantial stereochemical and electronic sinilarities

to the nitro and carboxylic acid groups of p- and ln-nitro-

phenol- and p-hydroxyben zoic acid, which hrere f ound to be

inserted first into the aCD cavity ín S.oCD complexes in the

previously discussed X-ray studies.53,54

The predominance of the binary cornplex with the carb-

oxylate group inserted in the oCD cavity is ín accordance with

the results of the 13C NMR study of p-nethylcinnamate4S and a

range of other carboxylate containing subs trates.27 The over-

all driving force for fornation of such complexes is probably

dominated by dipolar or induced dipolar interactÍons, with

other mechanisms naking minor contributions on1y. Hydrophobic

and apolar binding mechanisms are thought to be dominated by

favorable entropy changes, whereas the formation of complexes

in the above conformation is charactetized by a favourable

enthal-py Ëerm doninating an unf avourable entropy terr0.27 Wt it"

a study of the tenperature dependence of the stability of the

fluorocinnamate aCD conplexes has not been undertaken, it is

1ikely that the thermodynamics of this system would show

similar characterisitics to those of complexes investigated by

Gelb et a!.,27 "" indicated by the confornation of the pre-

doninant complex formed.

However, the formation of S.(oCD)2 suggests that the

alternative S.aCD cornplex characterised by Kttl in Figure 2.8

nay well exist as a minor species. The fornation of this

complex indicates that the energetics of the incl-usion of

eÍther end of fluorocinnamate in S.ecD in solution nay not be
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substantially different. The existence of S.(cco)2 in the
absence of any evidence for the dimerization of cCD in the
absence of S, is a demonstration of the substantial magnitude

of the interaction established between the fluorocinnamate and

ccD. This ternary complex may be stabirized to some extent by

interrracrocyclic int.eractions forrned between the wider rins of
the two aCD molecules.

2.3 Inclusion of Trifl oroneth 1 Substituted Cinuamates

The ínfluence of substrate steric size and shape is of
obvious importance to acquiring an understandíng of spatial
effects on inclusion by cyclodextrins. These effects have

been utili-zed in studies of catalytic hydrolyses of phenyl
ester"l6 in which the rate of catal-ysis was found to be

greatly increased for neta- substituted substrates relative to
corresponding para- substÍtuted phenyl esters. This uas

attributed to the influence of the steric bul_k of the øeta-
substituent on the geometry of the inclusion complex, with the
ester group being forced into closer contact wÍth the second-

ary hydroxyl groups of the cyclodextrin.

The addition of a para- nethyl group to cinnamate has a

profound effect upon its inclusion by acD. The stabilÍties of
both the 1:1 and lz2 complexes formed with p-methylcinnamate4S

are increased by orders of magnitude compared to cinnanate,
with the r:2 complex beíng substantially predoninanÈ (Tab1e

2.3). Therefore, it r{¡as of interest to investigate the
complexation of trifluoronethylcínnamates by cCD.
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Figure 2.10 shor,rs the variation of 19r chemical shifts of

p-trifluoromethyl, m-trÍfluoromethyl and a-fluoro-p-trifluoro-

nethylcinnamates with IocD]. I^tith the exception of n-tri-

fluoromethylcinnamate, the 19r' resonances undergo a drarnatic

downfield shift on the addition of approximately 3 Lo 8 molar

equivalents of oCD and then rapidly attain a constant limiting

chemical shift, indicating the formation of a highly stable

complex. The rapid chenical shift change is accompanied by a

simultaneous linewidth variatíon, âs exenplified by c-fluoro-

p-trifluoronethylcinnamate in Figure 2.71 where the o-19F

resonance broadens ínto the baseliner rêappears ca.10 ppm

downfield, and then contÍnues to narrow at high IaCD].

As in the case of the ring fluorinated cinnanates, the

chemical shift variations are not monophasic but biphasic,

indicating the presence of two complexed species. The over-

whelning domination of the second conplex fornation 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-trifluoronethyl

(p-cF¡) 19r' chenical shifts on1y, with uncertain error limits

and large standard deviations. The a-19tr' shift curve could not

be fitted to any degree, either sinultaneousl-y with the p-cFg

data or indÍvidual1y. Á, number of nodifications to the

algorithn described earlier r{rere also unsuccessful, including

aÈtempts to incorporate the two individual S.aCD complexes

shown in Figure 2.8 as separate entities. This further exacer-

bated the problem of lack of data pertaining to the binary

complexes.



3B

E
ct-
o-

(¡

p

12

16

- /+0

(I

-32

3

-28

13

A
A

B
ar a ^ a A

^

17

0 10

2
tccDl/ moI dm

3

Figure 2.10. variation of the 19p chenical shÍfts of tri-

fluoronethyTcinnanates with IacD]. The experinentar data are

shown as Ìndividuar points. curves A and D represent the best

fit of the p-cF s chenicaT shifts of a-fluoro-p-trifluoro-

nethyT- and p-trifTuoronethyTcinnanates to equation 2.3. Curve

C tor n-trif Tuoromethyl-cinnanate represenËs the best f it of
the data to equation 1.2. The data 7abe77ed B pertains to the

o-F resonance of a-fjuoro-p-trifluorocinnanate.

5

1 0



39

H c
CF3

F

la-t D l

(mM)

+3000 HJ

30

8

5

15

0.5

0

2

1

ttrt¡ltllltllllll

2OO Hzldiv

Figure 2.11. variation of the 282.35 MHz 19y nan spectrun of
a-fTuoro-p-trifTuoromethyTcinnanate with IacD]. The doubret at
high field (ô -39.96 ppn) arjses fron the a-F and the
resonance at 7ow field (ô 13.31 ppn) arises fron the p-cFs

group. The chenicaT shifts are neasured relative to cF rcoo-.
The IcÍnnanate] was 10-3 no7 dn-3 and the aqueous s orutions
were 0.1 nol- dn-3 in NaCl.



40

Bearing in mind these linitatÍons, the values presented

ín Tabre 2.3 contain useful j-nformation pertaining to the
complexaËion of these substrates. l^lhile the standard
deviations of the parameters are 1-arge, the results do produce

an acceptable sirnulation of the experinental data as shown in
Figure 2.12 for p-trifruoronethylcinnamate in which the 1ow

IoCD] data only is plotted. The linewidrh variation of rhe CFg

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 arÍse due to trans-
verse relaxation caused by exchange of the cinnanate between

the environments of the three compl-exes present. The larger

5
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Table 2.3

trans-cinnamate

Equilibiium constants and l9f 
"he*ical shifts for Trifluoromethylcinnamates.a

^bo0
pPIn

6z'
pPm

KrK
a*äåor-r ¿^äåor-l

ô1
ppm

ô r-ôo
Ppm

ôz-ôo
PPM

o-F-E-CF3

p-CFe 967l!L400 4270!3300 13.39 9.97!3.5 15.94 -3.42

m-CFS 9615 13. r0 14.091.01

P-cH¡
d 1995

a Shífts are relative to CF3CO2-. A negative sign indicates an upfièld shift.

b Ercor is 0.01 ppm.

c Measured graphically

d Ref. 48.

7L4!t370 2962!334A (Ð 13.31

(c) -39 .96

9.29!5.6 16.09

-27.8A

-4.O2

o.99

2.7A

12.08

2.55

50
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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 Kz found for
p-nethylcinnarate4S are of the sane order of nagnitude as

obt.ained 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-nethyl group,

indicating t.hat there j-s probabl-y no special contribution to
the binding mechanism by the fluorine atoms such as hydrogen

bonding.

The large increase in stability of the !22 complex is not

well understood but may contain contributions from inter-
actions between the secondary hydroxyl groups on the wider
rims of the trn'o acD molecules as nentioned earlier, and fron
increased van der l,ilaal-s interactÍons. The increased axial
1-ength of the p-trifluoronethylcinnamate produces a substrate
with al-most ttidealrr dimensions for the cavity formed by two

ocD nolecules, resulting in an optÍmum spatial fit of the

substrate and the formation of stronger intermolecular van der

I^laa1s forces. Presunably, the dípo1e-dipole interactions
discussed previously also contribute to the binding in these

complexes, probably to a similar extent to that in the other
cinnanate-oCD complexes.

The m-trifluoromethylcinnamate 19r resonance showed a

monophasic chemical shift variation with increasing IaCD]
(Figure 2.10), with no significant line broadening. This data

could not be fitted to the algorithm for consecutive formation

of 1:1 and Iz2 complexes (equation 2.3) but u¡as simulated with
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good precision by the algorithn described in the introduction

for the formation of a binary complex only. The best fit Ís

shown in Figure 2.10 and the Kl value in Tabl-e 2.3 pertains to

the equilibrium shown in equation (2.r). The value obtained

here is sinilar to that found for ø-nethylcinnar.t"43 (L32 drn3

rot-1). rt appears that the bulky neta- substituent precrudes

the formation of a stable s.(aCD)2 inclusion complex as is

confirmed by inspection of space-fi1-1ing models. The van der

Itlaals axial diameter of n'-t-rj-fluoronethylcinnamate is approx-

imaLely 8.6 I as measured fron CPK models, compared to the

cavity diameter of 5.2 A at the posi-tion of the C(3) H aLoms.

ltlhile the observed Kt value is conprised of contributions from

the formation of two compl-exes, where either the CFs group or

the carboxylate group is inserted into the oCD cavity, it is

likely that the latter conformation is 1arge1-y doninant as

indicated by the sma11 chemical shift change relative to those

observed for the para-CE3 groups which are strongly included.

0f interest to this dÍscussion would be a study of the

inclusion of a-fluoro-m-trifluoromethylcÍnnamate to deterrnine

whether sCDjlincludes the cinnamate side chain to any extent as

in the case of the other cÍnnanates.

2.4 Conclusion

(i) A Conparíson wirh Bindins ry c-Chynotrypsin

Although the cyclodextrins have been shown to catalyse

various reactions in so1ution,L,2r18,19 und are therefore

considered as useful enzyme models, it is clear that their use

as model-s for the study of enzyme - substrate binding must be
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made with sone caution. The factors controlling the complex_

ation of substrates by acD are complex and are very sensitive
to the nature of the substrate. I,rrhile most of the driving
forces for complexation postulated to be important for
inclusion by cyclodextrins probably contribute to the
mechanísm of binding by enzynes to some extent, their relative
importance is probably not as dependent upon the substrate.

19r' NMR studies4L,42 of the binding of o-¡ n- and p-
fluorocinnamates to c-chynotrypsin showed that the complexes

formed are 1 to 2 orders of nagnítude nore stable (Kr = 909,
6250 and 3333 mo1 dm-3 respectÍve1y) than the complexes formed

with ocD. Ìrlhereas o-chymotrypsin forms dÍmers and trimers in
solution and the substrat,es may then bind to any of the three
forms, dimerj-zaLion of acD occurs onJ_y after substrate
complexation. The sLereospecificity of ocD complexation
appears to be nuch lower than enzyme binding and nechanisms
such as dipole-dipole binding, which are not usually thought
to be as important as hydrophobic binding in enzyme systems,

may become doninant aLlowing the inclusion of charged substit-
uents.

Thus 19f NMR spectroscopy has provided information about

the stereochenistry and stability of ocD complexes, thereby
giving some insight inLo the nature of the driving force for
the formation of incLusÍon complexes in general. studies to
determine the effect of changing the hydrophobic nature of Lhe

cyclodextrin cavity, for example by methylation of the
hydroxyl groups, are progressing in this laboratory.
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CHAPTER 3 EXPERIT{ENTAL

3.1. General

Melting points were neasured on a Reichert Kofler hoÈ-

stage melting piont apparatus and are reported uncorrected.

Infrared spectra h'ere recorded on a Jasco IRA-1 grating

infrared spectrometer, using the 1601 "t-1 
band of polystyrene

as a reference. The characLeristics of the infrared bands are

designated as s, strong; m' mediun; w, weak; b, broad.

Mass spectra h'ere measured with a Hitachí Perkin-Elmer

RMU-7D double focussing or an ÀEI MS-30 mass spectroneter

operating at 70 eV. The najor fragments are given ÏIith rela-

tive abundances in parentheses.

RoutÍne proton NMR spectra Ìrere recorded on either a

Varian T-60 or a Jeol PMX-60 spectroneter operating at 60 l{Hz,

with chemical shifts being measured relative to teËramethyl

silane as an internal standard. Multiplets of resonances are

given as s, singlet; d, doublet; t, triplet and m' complex

mul-tip1et. Sanples were made up in CDCl3 unl-ess otherwise

stated.

ElemenLal- analyses were performed by the Australian

Microanalytical- Service, Melbourne.

3.2. Solution Preparation

Solutions for the 19f UuR study were nade up in DZO and

rhe pD was adjusted to 8.5 10.1 with NaOD/D2O and DCL/DZO.

The total ,c-cyclodextrin concentration, IaCD], varied in the

range 0-0.130 mo1 dm-3, the fluorocinnamate concentration was

constant at 10-3 no1 dm-3 and all solutions v¡ere O.1O mol dm-3

in sodium chloride to keep the ionic strength constant.
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3. 3. NllR Spectra

19f' NMR spectra u¡ere run on a Bruker CXP3OO NMR spectro-

meter at 282.35 MHz and on a Bruker HX-908 NMR spect.roneter at

84.67YlHz locked on the DZO deuterium frequency. Spectra r.Iere

obtained in quadrature detection FT mode and r¡¡ere accumulated

into a 8192 point data base using varÍous spectral wÍdths. The

Fourier pulse angle used \.Ias 45o and where appropriate, the

84.67ltïz 19f' spectra were f u1ly lH decoupled by gating of f the

BB proton decoupler durÍng acquisition of each data point. The

samples in 5 mm o.d. NMR tubes (hIilrnad 507-IPP) t¡ere

thermostatted at 294 t 0.3 K using a Bruker B-VT 1000 variable

temperaLure unit to control the probe temperature.

Chemical shif ts Ìrere measured relative to a 27" sodium

trifluoroacetate/D2O solution seal-ed in a capillary. The use

of such an external reference introduces the possibility of

the incorporation of bulk susceptibility effects into the

observed 19f chenical shifts. Accordingly, the bulk suscept-

ibilÍty variation introduced through the variation of IaCD]

was simulated by preparÍng a series of DZ0 solutíons contain-

ing D-glucose at six times the IaCD] "tployed in the fluoro-

cinnamate inclusion studÍes. The viscosity of such solutions

were found to be approximatel-y equal to those of the

corresponding oCD solutions at one sixth of the concen-

tration.5T Th" 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 ppn at ID-glucose] = 0.78 no1

dm-3. Thus the bulk susceptibiLity corrections r¡ere very snall
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compared to the shift variation observed for the fluoro-

cinnamates as IoCD] varied. (Trifluoroacetate is included by

oCD and so cannot be used as an internal reference.) No

significant shift or line width varÍation of the c-F and p-F

resonances of c,p-difluorocinnamate rdere induced by up to 0.78

nol dn-3 [D-glucose] itr DZO solution and similar behaviour is

assumed for the other fluorocinnamates. By measuring the 19f

shifts of the fluorocinnamate and trifluoroacetate solutions

with the applied field Bo parallel (CXP300) and perpendicular

(HX 90-E) to the sanple long axis, it !¡as found that general

bulk susceptibiLity effects were negligible.58

3.4. Materials

c-CycLodextrin (Sigma) v/as stored as the anhydrous materiaL

over PZOS in a vacuum desiccator prior to use.

The sodiurn fl-uorocinnamates were prepared by stoichio-

metric neutralization of the acids with sodiun hydroxÍde and

the solid product hras obtaj-ned by freeze drying.

The fluorobenzaldehydes were purchased fron iKoch-Light

and were redísti1l-ed before use.

DZO !¡as suppl-ied by AAEC and used without further purif-

Ícation. CDC13 (MSD) was dried over Linde 4A nolecular sieves.

All solvents employed in the preparative r+ork ì{ere

redistilled or purified and dried where necessary before
<ouse.-'
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3.5 Preparation of Fluorocinnamic Acids

(i) o-Fluorocinnamic acid

(a) Ethyl o-Fluorocinnarnate

The method is a modification of that of Kucherov et 11.45

A solution of o-fluorobenzaldehyde (2.5 g, 0.02 mo1) and

carboethoxynethylidenetriphenylphosphorane (16.1 B, 0.046 no1)

in dry benzene (200 n1) was heated under reflux in a dry

nitrogen atmosphere for 6 hours. The benzene was then removed

under reduced pressure, the residue Ïras stirred well with

petrol-eum ether (X4) and filtered. Renoval of the solvent and

fractional distillation of the residue gave ethyL o-fluoro-

cinnanate (3.4 g, 877") as a colourless oi1, b.p. 80-820C/0.2

nn (tir.6o t4o-141o c/n mn).

(b) o-Fluorocinnamic Àcid

The ester (2.0 B, 0.01 mo1) was saponified in refluxing

aqueous L07" sodium hydroxide (30 n1) until the reaction

mixture became homogeneous. The solution was cooled, acidified

and the crude acid \,ras collected by filtration. Recrystalliz-

ation fron aqueous acetic acid gave o-fTuorocinnanìc acid

(1.43 g, 837.) as a whire so1id, m.p. 77g-181oC (l-ir.60 175oC).

(ii) p-Fluorocinnamic Acid

ø-Fluorobenzaldehyde (2.48 g, O.O2 mo1) h'as reacted with

the phosphorane (8.8 9,0.025 mo1) as described above to give

ethyl m-fTuorocinnanate (3.6 E, 927,), b.p. 74-75oC/0.1 mn

(1ir.61 r37oc/tr mm).

Saponification of the est,er (2.0 g, 0.01 mo1) gave

m-ft uorocinnanic acid (1.43 g, 867"), m.p. 166-167oC (1ir.62

166. soc) .
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(iii) p-Trifluoromethylcinnanic Acid

p-TrifluoromethylbenzaLd,ehyde (2.5 E, 0.0143 no1) lras

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

give the crude ester which h¡as purified by tflasht column

chromotography63 on silica (Merck, 230-400 nesh, 207. ether/X4)

to give ethyl p-tr if TuoroûethyTcinnamate (3.2 g, 927"), as a

white crystalline solid which was recrystallized from X4, m.P.

36-37oC. Calcul-ated f or CtZH11F3O2: C, 59.02; H, 4.54i F,

23.33. Found: C, 59.33; H, 4.62i F, 23.O7". Vr"* 1710 s, I640

m, 1325 " "r-1. 
1tt Nt'tR, ô 1.32 (3H, t, J 7 Hz, OcHzCEg), 4.23

(2H, t, J 7 Hz, OCEZCH3), 6.40 (lH, d, J L6 Hz, =CHCOZ-), 7.50

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

Saponificatíon of the esLer (2.0 B, 0.0082 mo1)

p-trìfTuoromethyTcinnanic acìd (1.63 g, 922) as a white

n.p. 228-22goC (1ir.64 22g.5-2gOoC).

gave

so1id,

(iv) c'p-Difluorocinnamic Acid

(a) Bthyl c'p-difluorocinnanate

The method described is essential-1y that of Bergmann and

Shahak.46

To a suspension of sodium hydride (2.40 E, 5O7. dispersíon

in oi1, 0.05 mol) in dry xylene (50 ml) at 4O-50oC, about 1O

drops of dry ethanol were added, followed by diethyl oxalate

(8.0 B, 0.055 mo1) r+ith stirring under a dry nitrogen atmos-

phere. Then a solution of ethyl fluoroacetate (5.3 B, 0.05

mo1) in dry xylene (15 n1) was added dropwise, resulting in a

vigorous reaction. After heating at 60oC for t hour, the

tenperature was increased to renove the ethanol by distill-

aLion, followed by a sna11 amount of xylene (c.a. 5 m1). After

cooling for 30 minuLes, p-fluorobenzaldehyde (6.2 g, 0.05 rnol)
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in dty xylene (10 n1) was added dropwise and the reaction

mixture was then heated at reflux for 30 minutes, cooled and

poured into water (250 m1). This mixture was then extracted

with ether (2 x 50 m1), the conbined extracts were washed with

57" sodium carbonate solution (50 n1) and water (2 x 50 m1).

The pale ye1low ethereal solution was then dried over sodium

sulphate, evaporated and the residue ï¡as fracLionally distill-

ed affording ethyT o,p-difTuorocìnnanate (4.3 g, 4I7") as a

colourless oi1, b.p. 78-8OoC/0.15 DD, which crystallized. on

standing, m.p. 2O-22oC. Calculated for CttH1g02F2: C, 62.26;

H, 4.75! F, 17.91. Found: C, 62.35; H, 5.02; F, L7.87". vr.*

1730 s, 1665 m, 1605 m, 1510 
" 

.r-1. 1H NMR (CC14): ô 1.37

(3H, L, J 7 Hz, OCHZCEg), 4.25 (2H, d, J 7 Hz, 0CH2CH3), 6.77

(lH, d, Jg-f 4I Hz, CH=CF), 6.8-7.6 (4H, m, Ar-H); n/e 2I2

(M+, 1oO), 184(30), L67(44), 139(25).

(b) a'p-Difluorocinnamic Aci-d

SaponificaÈion of the ester (2.0 g, 0.009 mo1) as

described above yiel-ded o,p-difluorocinnamic acìd (1.51 g,

877") as a white solid, n.p. 205-2060C. vr.* (nujo1): 1680,

1650, 1595.r-1. ltt NMR (do-DMSO): ô 7.oo (lH, d, Jr_n 37 Hz,

CH=CF), 7.02-7.83 (4H, r, Ar-H), I2.2 (1H, s, C02H). n/e 184

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

(") c-fluoro-p-trifluoromethylcinnanic acid

p-TrifluoromeËhylbenzaldehyde (2.0 B, 0.011 mo1) h'as

reacted with ethyl fluoroacetate (7.22 E, 0.011 no1) and

diethyl oxalate (1.85 g, 0.013 no1) in Èhe presence of sodium

hydride (0.011 mo1) as described above which afforded EthyT o,-

fluoro-p-trifluoronethyTcinnanate (1.54 g, 527.) as a colour-

less oi1, b.p. 106-108oC/2.O mm. vru* L725 s, 1665 m, 1620 w,
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1325 s cm-1. 1H NMR: 6 1.37 (3H, r, J 7 Hz, oCHzCEg), 4.32

(2H, e, OCH2CH3), 6.83 (1H, d, JH-f 33 Hz, Ar-CH=), 7.57 (4H,

m, Ar-H). Accurate mass: Calculated for CtZHtOF¿02

262.0616924, f ound 262.062462i n/e 234 (M+,100), 234(44),

233(2s) , 2r7 (s4) , I 89( 29).

Saponification of the esLer (0.27 9,0.001 mol) as

d e s c r i b e d pr evi ou s 1y af f o r d e d a- f Tuor o- p - t r i f Tuor o n ethyT -

cìnnanic acìd (0.217 g, 937") as a white crystalline so1id,

m.p. 172-173oC. vr.* (nujo1):1710 s,1655 m,1615 *.r-1.lH

NMR (dO-DMS0): ô 6.90 (1H, d, JU-¡. 34 Hz, Ar-CH=), 7.62 (4H,

m, Ar-H). Accurate Mass: Cal-cul-ated f or ClOH6F40 Z 234.0303923;

found 234.030887. n/e 243 (M+, 1O0Z), 2I4(17), 197(15),

186(1s).
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CEAPTER 4 STRUCTURAL ASPECTS OF CRYPTATBS

4.t CRYPTATBS: GBNERAL INTRODUCTION

The macrocyclic coordination chemistry of the a1kali

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 biologícal

imporLance. For exarnple, sodium and potassium ions constitut.e

the najor ionic component of intra- and extracellular fluids

and the transport of these ions across ce11 membranes

ínitÍates the nerve impuLse.

Various naturally occurring macrocyclic noleculesselect-

ively complex alkali metal cations by wrapping around the ion,

completely isolating it from solvent molecuJ"es, as illustrated

for the antibiotÍc valinomycin K+ complex in the Figure in

the foreword. Detailed studies of this complexation pto."""9

revealed a strong solvent dependence of the conplex stability,

indicating involvement of the sol-vent 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 mo1ecule. Two of these

processes r¡ere detected in sound absorption kinetic studi"srl0

one where a complex rllas 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 formatj-on of the valinomycin

bracelet conformation around K+. These mechanistic studies

\{ere important in the devel-opment of a nodel for the iono-

phoric action of the antibiotics and are discussed in more
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detail in reference to the cryptands Ín subsequent secLions.

Synthetic macrocyclic polyet.hers, or crolitn ethers ' v/ere

introduced in I967LI and showed similar complexation of metal

cations. However, in t.hese cornplexes the metal ion often

remains in contact with solvent molecules or the associated

anions, since the coordinating oxygen aLoms of the crown et,her

form a circle around the metal ion, depending upon the size

and flexibí1ity of Lhe ring. Thus benzo- [ 15 ]-crown-5 is Loo

sma1l and inflexible to completely displace water from the

f irst coordination sphere of Na* I2, whereas Lhe large cror,^/n

ether dibenzo-[30]-crown-10 completely encloses K+ and

excludes water from its solvation sphete,13 as shown in Figure

4.I, closely resembling the complex formed by 1+ and the

antibiotic nonacLin.

The des,ign and preparation of ligands which completely

encapsulate metal ions and uhereby imitate the antibiot.ics,l

was mosL successfully achieved by Lehn with the introduction

of Lhe d,iazapolyoxamacrobicyclic ligands, or cryptands.l4'15

The general structure and naming of the cryptands are shown in

Table 4.I

Table 4.L Cryptand Nomenclature.

b Cryptanda c

a
000

100

c111

C2LI

c22I

c222

c333

c22C

o

Ð

0

1

2

1

1

2

I

I

2

1

3rd
1 bridge

cgHro

o
o

etc

B
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(a)

(b)

Figure 4.1, a) The structure of INa.(8t15]C-5)l+. Sodiun is

the six coordinated centraT aton with the apicaT water

noTecuTe represented by a singTe sphere. The five oxygen atons

are shown as Targer spheres and the snaTTer spheres represent

the carbon ators.72

b) The structure of tK.(DBt30lC-10)l+. Potassiun

is the ten coordinated centraT aton. The ten oxygen atons are

represenÊed by the Targer spherest and carbon atoms by sna77

spheres .7 3
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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 linkages in the nitrogen-nitrogen bridges. The

cavity shape is also determined by the bridgehead nitrogen

configurations. The ligand nay exist in either of three forns,

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 sLrongly favoured on complex formation as both

nitrogens may participate ín bÍnding interactions. This is

confirrned 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 forn very highly stable

complexes (cryptates) with metal cations \4¡hich are of a

size appropriate for the cryptand cavÍty. The propertÍes of

the cryptates are strongly dependent upon the cryptand struc-

Lure and a number of structural nodifications have been nade

in aÈtempts to gain an understanding of the various factors

which characterise the conplexation process, and to enhance

partícu1ar cryptate functions.

The properties of cryptates in general are well reviewed

in the literatur.l'16-18 and a number of irnportant features

are discussed in the introductions to the foll-owing secLions.

The aim of this work was to investigate structural, thermg-

dynamic, kinetic and nechanistic aspects of the sodium

cryptates of C2II and a structurall-y modified anal-ogue, CZIC5,

which would complement existing infornation, thereby gaining

further insight into cryptate complexation processes in

general.
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4.2 STRUCTURAL ASPECTS: II¡TRODUCTION

The relationship between the natures of the meLal ion

and the cryptand and t,he structure of the cryptate formed ís

fundamental to the general thernodynamic and kinetic

properties of cryptates. Generally, the structure of met.a1 ion

ligand complexes in the solid state cannot be assumed to

represent the conplex structure in solution, since various

solvational and conformational changes rnay occur on dissolut-

ion. However, it has become apparent from studies nent,ioned

belo¡+ that in the case of a1ka1i metal cryptates such a

correlation may be made. This has proved particularly useful

in aiding mechanistic dÍscussion of cryptaLe equilibria in

solution. The work in this sectíon deals with various

strucLural aspects of cryptates whieh are essential to the

interpretation of kinetÍc and thernodynamic results presented

in later sections.

Deterrnination of Cryptate Structure

The cryptands nay form conplexes with a1kali metal ions

(M+) in which M+ resides in the centre of the crypÈand cavity

in an ttinclusiverr cryptate or in which M+ is located on the

outside of a crypËand face defined by one of the polyoxadi-aza-

cycloalkane rings in an rfexclusivett cryptate. (Perhaps a more

appropriate tern for the latter conformatíon is tradditiontt

complex as this better describes the intermediate formed prior

to inclusÍon. However, the exclusive terminology has been

adopted in the literature and r*i11 be used here.) The

inclusive cryptate is exemplified by ILi.C211]I and

INa.C221]NCS (Figure 4.2a), and the exclusive cryptate by

ÍK.C221.NCS ] (Figure 4.2b), whose structures have been determ-
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ined by single crystal X-ray diffraction method"19,20. The

solid state strucLure of INa.C2IL.X.] had noL previously been

determined. In the inclusive cryptates the Li* and Nu* first

coordination spheres are occupied so1e1y by the binding groups

of the cryptand, whilst in the exclusive cryptate the nitrogen

of NCS- is wiLhin bonding dÍstance of K* and accordingly Lhe

above formulae are adopted for these cryptaLes. In solution

both inclusi.ve and exclusive cryptates are shor^/n as cations

(e.g. IM.C22I]+) as âny anion in the ¡'1+ first coordination

sphere in the solid state ís 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 atons are represented by spheres of arbitrary size

and thernaT eTLipsoìds are drawn at the 30% probabiTity

7eve7.2o

It has been deduced from 13C NMR studies thaL these

inclusive and exclusive sLructures are retained in so1ution.21
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The l3C.hemica1 shifts of the cryptand show characteristic

variation on complexation by aIkali metal ions, depending

upon the type of cryptate formed. These results may then be

correlated with the known solid state structure, which al1ows

a predíction of the structure in solution.

Quite apart from its own intrinsic interest, a knowledge

of the inclusive or exclusive nature of cryptates Ín solution

can be irnportant in nechanistic interpretatiorr2l of the

kinetic parameters characterising y+ exchange between the

fu11j'solvated and the cryptate environment. As part of a

wider structural and kinetic investigation of cryptates this

study examines the structural effects of repl-acing an oxygen

in one of the rings of CLLI by a carbon to give C21C5 (shown

schenatically below) on the Na* crypËates in the solid state

by X-ray diffraction, and on both Na* and Li+ cryptates in

solution by 13C NMR spectroscopy.

0

c211 C21C5
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4.3 RESULTS AND DTSCUSSION

(i) Synthesis of Cryptand C21C5

The synthetic method for the preparation of cryptands was

reported by Lehn22 ^nd involved the condensation of diamines

with díacid chlorides under conditions of high dilution Ín

moderate yield, followed by diborane reduction of the result-

ant diamide. This general method appeared to be convenient for

our purposes of preparing C21C5, particularly as the immediate

ronotyclic diamine precursor (1,4,10-trioxa-7,13-diazacyclo-

pentadecane) had become commercially avail-ab1e (Merck, Krypto-

fix 2I).

The synthetic method used here is depicted in Schene 4.L

and is essentially that of Lehn with some minor nodificatÍons.

cfl'?HN NH

\'.oJ
High dilutioa.

67ñ+
cl

oo

Kryptofix 2l

Scheøe 4.1.

the bridge

Synthetic route for C21C5.

in the cryptand structure

cztc;
I.BF3Etzp/
BH3ÐMS/THF

2. dil.Hct

3-Dowex -OH

czrc,

The asÈerisk indicaËes

containing the dianide

carbonyl groups. 22
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The high dilution condensation reaction was carried out r+ith

the use of motor driven syringes to al1ow very even addition

rates of the two reactant solutions, which appeared to result

in much improved yields of the dianide, typically up to 85

percent. In this wây, the total volume of solvent required for

the reactanÈ solutions could also be reduced.

Reduction of the dianide rdas achieved with the more

convenient borane-dimethylsulphide reagent introduced by

Brown.23 The preparation and properties of C2LC5 had not

previously been reported in the literature, al-though it had

been prop o"ud,24 as an ef f icient ion carrier f or Li*, and rates

of transport of Li+ and Na* by C21C5 through a chloroform

membrane had been pub1ished.25

(i) X-ray Crystallography

The crystal- sLrucLures of INa.C2LI.NCS] and

INa.C21C5.NCS] r{¡ere deternined as described in the

experimental section at the end of this chapter. The bond

lengths and bond angl-es f or INa.C211.NCS ] are given in Tables

4.2 and 4.3 in r+hich the primed atons represent the ninor

contributors to the disordered cryptand. The differences

beLween the conformations of the primed and unprimed cryptand

are insignificant and the structure of the l-atter and major

contributor is shown together with the atom numbering systen

in Figure 4.3. Thus INa.C2IL.NCS] is seen to exÍst as an

exclusive cryptate with Na* residing 0.14 R outside the plane

defined by 0(1), O(2), and 0(3) where the equatÍon for the

plane is : - O.27O5x + 0.8136y + O.51462 = 0.6059. The

INa.C21C5.NCS] cryptate also exists as the exclusive conplex
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c15

c10

c1

c12

Perspectìve view

the INa.C211.NCS]
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c1

and stereosc opic view

s fruc Ëure.

c7

c8

o1

c

c6

Na

c14

c13

( toP ),

cr ystaT

c3

c2

o4

FÍgure 4.3.

(botton) of

c4 N1 S
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Tab1e 4.2

Bond LengËhs (Â) for [t¡a.CZtI.NcS]

Na(
Na(
Na
Na
Na
Na
Na
S(

o(l)
o( 2)
o( 3)
o( 4)
N( 1)
N( 2)
N(3)
c( 1)
c( 8)
c(7)
C(I1)
c( 12)
c( r3)
c( t4)
c( 3)
c( 4)
c( 1)
c(2)
c(e)
c( 10)
c(5)
c( 6)
c( 1s)
c( 3)
c(s)
c( 7)
c(e)
c(r1)
c(r3)
c( rs)
o(t')
o(2')
o(3')

c( 6)
c(8)
c( r0)
c( l2)
c( 14)
Na(1)
Na( 1)
Na(1)
Na( 1)
Na( r)
Na( 1)
o(2')
o(3')
o(4')
N(2')
o(3)
N(3')
N(3')
c( 4)
c(8)
c( r0)
c( 12)
c( 14)
o(r')
o(l')
o(2')
o(3')
o(4' )
N(2')
N(2')
N(3')
c(2')
c(6')

l)
I)
1)
l)
1)
r)
l)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

(
(
(
(
(
I
I
I
2
2
3
3

4
4
I
2
2
2
3
3
3
2
4

2.289
2.324
2.433
2.662
2.409
2.478
2.492

4
3
9

)
I
3
7

(l
(t
(1
(g
(l
(t
(t

)
)
)

)
)
)

o(
o(
0(
o(
o(
o(
o(
o(
N(
N(
N(
N(
N(
N(
N(
c(
c(

1.616(28)
r.38s( l8)
r.374(s9)
r.402(s6)
1.370( 38)
r.36s( 70)
r.29e(42)
r.447 (62)
r.408(31)
l. r43( 28)
r.so4(4r)
r.s09(6I)
1.474( 38)
r.542(54)
I .306(s3)
1.441(83)
r.617(70)
t. sss( 49)
r.70r(74)
r.464(24)
1.ss7(49)
1.481 ( 63)
r.341(62)
2.290(21)
2.348(1e)
2.3t6(23)
2.s94(r9)
2.45O(22)
2.422(26)
l.3ss( 46)
r.3te(s8)
r.469(49)
r.455(27)
r.817 ( 69 )
I .496( 3e )
t.506(72)
r.448(62)
1.430(3e)
r.493(73)
1.46e( 81 )
1.672(86)
r.264( 30)
1.443(43)
1.399(4r)
I .204(40)
r.439(36)
1. s24( 33)
r.47 6(4r)
1.461(32)
t.ss7 (42)
t.782(37 )

o(4')
N(2')
N(3')
c( 10)
c(r2>
c(4)
c( 8)
N(3')
c( 6)
c( 14)
c(5')
c(8')
c(10')
c( r2' )
c(14')
c(7')
c(8')
c(12')
c(r4')
c(3')
c(2')
c( 10, )
c(5')
c(3')
c(7'>
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7 (24)
4(11)
2(s)
7 (6)
e(4)
8(6)
3(4)
4(s)
s( 11)
2(4)
7(s)
1(4)
e(34)
s(35)
0(2s)
8(3s)
s(27)
4(32)
4(3r)
8( 33)
1(38)
e(32)
4(26)
o(36)
2(35)
s(44)
6(4e)
8(4e)
s( se)
2(43)

Table 4.3

Valence Angles (") for Itla.cZtf.NCS]

178.
r 60.
r45.
140.
94.
72.
84.
75.
94.
92.
92.

168.
I I3.
109.
I10.
I TO.
trz.
rt2.
I r3.
r09.
102.
r08.
I 12.
107.
I r3.
r07.
r23.
TLz.
r27.
LL2.
1O2.6(4s)
Lzt.
I18.
106.
r03.
I10.
105.
I18.
Il3.
I15.
111.
I I5.
102.
r 17.
TLz.

oo

TT2.
I15.
I14.
r22.
r 14.
ll7.
r07.
10I.
r04.

-S(I)
-Na( I )
-o(1)
-o(1)
-0(1)
-0(2)
-o(2)
-0(3)
-o( 1)
-o(2)
-o( 3)
-o(4)

-c(r)
-N( l)
-Na( I)
-Na( I )
-Na( 1)
-Na( r )
-Na( 1)
-Na( r)
-Na( r)
-Na( 1)
-Na( 1)
-Na( I )
-o( 2)
-c( I 1)
-c( r0)

)-c( 10)
-N(2)
-N(2)
-N( 2)
-c(2)
-c( 3)
-o(4)

-c( r 1)
-o(2)
-c( I 1)
-0( 2' )
-c(2)
-c(e)
-c(2)
-N( 2)
-c(2)
-c(3)
-o(4)
-0(4')
-N(3)
-c(s)
-c(s)
-c(6)
-N( 3)
-o(3)
-N(3')
-c( 13)
-o( 3)
-0(2)
-0( 3' )
-N(3)
-0( r)
-c(7 )
-o(r)
-N( 2' )

)-c( r0)
-c(8)
-c( 8)
-c( 10' )
-N( 2' )
-c(2')
-c( 4)
-c(4)
-c(5')

)-c( 14)
-c( 12)

N( l)
c(t)
o(2)
o( 3)
0(4)
o( 3)
o( 4)
o(4)
N( 1)
N( 1)
N( I)
N( r)
c( 12)
c( 10)
N( 2)
c( 10,
c( r0)
c( r0)
c( e)
c(3)
o(4)
c(4)
c(5)
c(5' )
c(4)
c( 1s)
c(6)
c( rs)
c( r4)
c( 15)
c( 14'
c( 14)
c( 12)
c( 13)
c(L2l
c(7)
c( 6)
c(8)
c( e)
c(8' )

o(4s)
6(48)
t(33)
6(44)
o(42)
8(38)
6(r7)
l(r3)
8( 1e)
3(2s)
6(24)
1( 21)
8(24)
3(24)
1(23)
r(r7)
s(23)
8( 21)
7(33)
7(3r)
8(2e)
4(22)
8(2r)
e(26>

4)
4)
s)
3)
3)
3)
rs)
r4)
l4)
3)
r3)
r2)
L2)
6)
7)
r)
8)
8)
10r
2r)
2')
2r)
2')
3')
4')
5')
3')
14'
3')
l2l
6')
7r)
t')

-c(
-c(
-c(
-N(
-N(
-N(
-c(
-c(
-c(
-o(
-c(
-c(
-c(
-c(
-c(
-o(
-c(
-c(
-c(

-N
-N
-c
-c
-o
-c

N

-c
-o
-(.
-C
-c
-o

)

)

N(2')
c(10t
c(2')
c(2')
c(3')
o(4' )
c(3')
N(3' )
c(6')
o(3')
c( 14,
o(2')
c(7')

)-c( tz)
-N(3')

)-N (
(
(
(
(
(
(
(
(
(
(
(
(
(

)

-c( 6' )
-c(7')

o( r')
c(8')
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as shor^rn in Figure 4.4 which also shows the atom nurnbering

system used for the bond lengths given in Table 4.4 and the

bond angles in Table 4.5. In this cryptate Na* is 0.37 n

outside the plane defined by 0(1),0(2), and O(3) ( where the

equation f or the plane is : -0.O725x + O.2O22y + O.97672 =

3.3146 ) a substantially greater distance than that observed

in INa.CzLl.NCS].

In both cryptates the large size of Na* relative to that

of the crypÈand cavity evidently dictates the formation of

exclusive cryptates in contrast to Iti.C211 ]I which is an

incl-usive cryptatel9. Conplexation on the face of the fifteen

membered ring of both cryptands bríngs Na* into close

proxinity to three oxygens and two nitrogens. This together

with the larger size of the cusp forned by this ring (and

hence its greaÈer abílity to accomodate Na* ) by comparison

with that of the twelve membered ríng is probably the major

determinant of stereochemistry in both exclusive cryptaÈes.

The closer proximity of Na+ to the O(1), O(2),0(3) plane

in INa.C211.NCS] ptobably reflects the interaction of Na* with

0(4) whích is absent in INa.C21C5.NCS]. In both cryptates N(1)

of NCS- is within bonding distance of Na* and thus in

INa.C2IL.NCS] sodium is seven coordinate (bondíng inter-

actions wÍth 0(1), O(2),0(3),0(4), N(1), N(2), and N(3) )

whilst in INa.CzIC5.NCS] "odium is six coordinate (bonding

interactions with 0(1),0(2),0(3), N(1), N(2), and N(3) )..4s

a consequence of the Na(1)-0(4) bonding interaction a major

stereochemÍca1 difference arises in the conformations of the

C(2)-C(6) and C(2)-C(s) bridges of INa.C21C5.NCS] and

I Na. C2l1-.NCS ] respectively (Fieures 4.3 and 4.2). 0ther

stereochemical differences are the larger Na(1)-N(1) distance
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c9 I

N3

c16

o1

c c7

c6
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c3

Na
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f5
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Figure 4.4. Perspective yiey (top) and sÈereoscopic vìew

(botton) of the INa.C2lC5.NCS] crystal structure.

o2

c1
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Table 4.4

Bond lengths (Â) for [Na.C2lCr.NCS]

o(t) ---Na(
o(2) ---Na(
0(3) ---Na(
N( 1) --Na(N(2) ---Na(
N(3) --Na(c(r) ---s(l
c(8) ---o(1
c(9) ---0(1
c(r2)---o(2
c( 13)---o(2
c( r4)---o(3
c( ls)---o(3
c(1) ---N(l
c(2) ---N(2
c( lo)---N(2
c(rr)---N(2
c(6) ---N(3
c(7) ---N(3
c( r6)---N(3
c(3) ---c(2
c(4) ---c(3
c(s) ---c(4
c(6) ---c(s
c(8) ---c(7
c( 10)---c( e
c( r2)---c( I
c( l4)---c( r
c( r6)---c( r

2.297 (2)
2.340(3)
2.356(2>
2.358(4)
2.759(4)
2.57 6(3)
1.609(5)
1.4 r6( 4)
r.429(4>.
I.38 I (4)
t.427 (4)
r.416(4)
t.421(4)
1.167(5)
r.47 r(4)
1.478(4)
t.46s(4)
L.475(4)
t.466(4>
I.478(4)
1.522(5)
1.522(s)
1.s04(s)
1.523( 5 )
1.509(4)
t.502( 5 )
1.490(5)
1.492(5>
1.502(5)

1)
1)
r)
r)
l)
1)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
1)
3)
s)
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(3)
(3)

r36.7(1)
141.4( 1)

7 2.2(r)

Table 4.5

Bond Ang1es (') for [Na.C2lCr.NCS]

r79.5
164.3

94.
103.
r02.
115.
116.
114.
110.
r11.
Llz.
111.
IT2.
1ll.
113.
r r4.
r 14.
l14.
r 14.
113.
ro7.
LO7.

l) -s( 1)
1) -Na(1)
(l)-o(r)
(1)-o(1)
( I )-o( 2)
(l)-o(1)
( 1 )-o( 2)
(l)-o(3)
1) -c(8)
2) -c(r2)
3) -c(r4)
2) -c(2)
2) -c(2)
3) -c(6)
2) -c(10)
3) -c(6)
3) -c(7)
2) -N(2)
3) -c(2)
4) -c(3)
s) -c(4)
6) -N(3)
7) -N(3)
8) -o(r)

-c(
-N(
-Na
-Na
-Na
-Na
-Na
-Na
-o(

)-o(
)-o(
)-N(
)-N(
_N(

)-N(
)-N(
)-N(
_c(
_c(
_c(
_c(
_c(
_c(
_c(

N( r)
c( 1)
o( 2)
o(3)
o( 3)
N(t)
N( r)
N( 1)
c( e)
c( r3
c( rs
c( r0
c(rl
c(7 )
c(r1
c( 16
c( 16
c(3)
c(4)
c(s)
c( 6)
c(s)
c( B)
c(7)

7(r)
6( 1)
3( 1)
3( 2)
4( 3)
e(3)
4(3)
1(3)
8(3)
4( 3)
0( 3)
s( 3)
e( 3)
r(3)
3( 3)
3( 3)
0(3)
2(3)
e(3)
e(3)

l 13.4 ( 3)
I ls.0( 3)
1 I 1.2( 3)
I 13.4( 3)
r08.1(3)
107.3( 3)
1 I 1.6( 3)

c(lo)-c(e) -o( r)
c(e) -c(ro)-N(2)
c(12)-c(rr)-N(2)
c( 1 1)-c( L2)-o(2)
c( 14)-c( r3)-o(2)
c( 13)-c( r4)-o(3)
c( t6)-c( 1s)-o(3)
c( ls)-c( r6)-N(3)
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Na(1) 0(3)and the srnaller

angles observed

N(1) Na(1) - 0(2) and N(1)

for INa.C211.NCS].

(iii) Cryptate Structure in Solution 13c l{un spectroscopy

rn a 13c NMR study2l of IK.C22L]+ and INa.C22r]+ Popov

and coworkers found that the chemical shifts of the cryptates

varied markedly from those of the cryptand. The resonances of

INa.C22L]+ which is an inclusive cryptate in the solid state,

were all shifted upfield relative to those of the free ligand

in deuterÍo-chloroform solution. (In this thesis, the terms
tupfieldt and tdownfieldr refer to shifts to lower frequency

and higher frequency respectivelV.) [K.C22I]+ is an

exclusive compl-ex in the solid state and its 13C 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

downfiel-d, separated fron the other carbon adjacent to

nitrogen by about 4.4 ppn. These chenical shift changes v¡ere

attributed to differences in torsion angles of various bonds

in the two different cryptate conformations.

0n the basis of the optimisation of fit between the

a1ka1i meLal ion and the cryptand cavity, ILi.C211 ]+ and

INa.C211 ]+ resemble INa.C22I]+ and IK.C221 ]+ respectively, and

are incl-usive and excl-usive cryptates in the solid state as

discussed earlier. The 13C NMR specÈrum of INa.C211]+ and that

of its Li+ analogue shown in Figure 4.5 differ markedly and

are very similar to the spectra of IK.C22l]+ and INa.C22l]+.
This suggests INa.C211]+ exísts predominantly in the exclusive

forn and ILi.C217]+ in the inclusive form in deuterio-
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chl-oroform. The assignrnents of the resonances arising fron

carbons 3,10, and 11 (where the numbering is the same as that

used in the crystal structures discussed above) in C211 are

sel-f evident and those from carbons 11 and I2 are made by

comparison to those reported for C22I.2I The shifts of all of

the ILi.CzLI]* ,esonances are upfield of those of INa.C211 ]+

and the separaLions of the resonances in the two spectra

differ substantÍa11y and qualitatively in a similar manner to

those observed for INa.C22I]+ and IK.C22L]+.

The 13C NMR spectra of C21C5 and its Na* and Li+

cryptates are shown in Figure 4.6. The associated chemical-

shifts, and those of CZll and its Na* and Lí+ cryptaLes, are

given in Tabl e 4.6.

The resonances arising from CzIC5 are in three distÍnct

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

assignnenLs of C(9), C(12), and C(13) are made by comparison

to those made for CZLI ( as are those for the Naf and Li+

cryptate t )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 síni1ar decoupling of C(9) and C(12)

should distinguish the resonances of C(10) uld C(11) from that

of C(2). In practice, overlap of the proton coupled resonances

of C(2), C(10), and C(11) rendered disLinguishing between C(2)

and C(11) a l-ittle uncertain for C21C5 and ILí.C21C5]* but in

the case of INa.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 4.6.13C-tl¡¡).lvMR spectra (20.1 l'lHz) of C27C5,

lLi.C2IC 5J+ und INa.C21C S]* ìn CDC73 soJuti on at 305.2 K. The

Low field trìp7et arises fron CDC73. The Íesonance numbering

corresponds to that shown in the stylised C21C5 sÊructure and

is identícaL to that shown in Figure 4.4.
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Table

and their

C NMR chernical

Li*, and Na+

shiftsa for

cryptates

c211, C2LC5

at 305.2 K.

134.6

Carbon cztl ILL.c21f]+ [Na.C2I1]+ Carbon Cz1cS ILi.C21C5]+ [¡ta.czlC5J+

t2
11
3,8

70.752
70. 053
70.266

68.7t7
66. 986
65.954

69.O2t
67.624
69.324

13
I2
9

7L.298
70.053
70.539

27 .693
20.89r

68 :393
66.683
65.377

22.409
21.893

67.897
67.594
68.596

58. 180
58.180
52.229

2s.841
21.013

10 57.512 5L.864 58.362

2,9 55 . 690 50. 6 19 54. 901

11
2
10

s6.54r
56.146
54.354

51.986
51.864
sL.287

3
4

a) Chenical shifts are referenced to

CDC13 ( 77.25 ppn). The numbering system

structures shown in Figures 4.3 and 4.4

the centre peak of

1S that used in

The cryptand

the

and

cryptate concentrations were 0.21 no1 dn- 3

the resonance corresponding to C(10) in the spectra of C2LL

and its Na* and Li+ cryptates (C(2)) has been unambiguousl-y

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) wÍ11 change in the

very similar CZLC5 and íts crypÈates. The spectra in Figure

4.6 and Table 4.6 demonstrate that the changes in the chenical

shifts of. C21C5 caused by conplexation of Nu* und Li+ differ

significantly as observed for CzLl and fo11ow sÍni1ar

paÈterns.

Thus it is generall-y observed that conplexation of. C222

by K+, N.*, Ern a Li+ 26; of C22L by K+, N.*, and Li+ 27'26' and

of C211 by Na* and Li+ 26 produces an upfield shift of the

cryptand 13C resonances with the exception of the C(11)

resonance of I Na.C2 I 1 ]+ and the equivalent resonance in

I K.C221 ]+. This distinguishes these two exclusive crypÈates
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This difference

( and c(2) )
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cryptates which exist in the inclusive form.

in shift direction is also seen for the C(11)

resonances of lLi.c2lcsl+ and INa.C21Cs]+

consistent with their existence as inclusive and exclusive

cryptates respectively. The chenical shifts of C(3) and C(4)

of INa.C21C5]+ and ILi.C21C5J+ differ substantially, with

those of the l-atter differing most from those of C21C5. This

is consistent with C(3) and C(4) in the inclusive Li+ cryptate

being in close proximity to Li+ and consequently experiencing

a najor change in environment, r¿hi1st in the exclusive Na*

cryptaÈe C(3) and C(4) are more distant from Na* (Figur e 4.4)

and their environnent is more sinilar to that in C2LC5.

0ne caveat to the above discussion, particularly with

respect to the Li+ cryptates, Ís that the 13C ttUn measurements

were carried out in deuterio-chloroform solution only and

generalising to other solvents nay not be val-id. It is

conceivable that in a strongly coordinating solvenL the

exclusive forn of the Li+ cryptates may exist to some extent,

particularly in the case of ILi.C21C5J+. However, the 7Li

chemÍca1 shift of ILi.C2IL]+ in a range of solvents2T Ì{ras

found to be i-nsensitive to the naLure of the sol-vent as

expected for an ínclusive cryptate. The observations that the

23N" chemical shÍf t of INa.C211]+ and INa.C21C5i+ do vary r+ith

solvent (Tab1e 4.7) is consistent with contact occurring

between the complexed Na* and solvent as anticipated for

exclusive cryptates. (Under the experÍnental conditÍons of

thís study, the chemical shifts of INa.C2II]+ differ fron

those reported e1""*h"r"28 but the trends are sinilar.)



Table 4.7. 23

Solvent

Na Chenical Shifts for

Cr yp tan d

INa.C211]+ and

Chemical Shift

N"+(so1v.)

7B

INa.C21Cs ]+

(pp')

N"+( crypt. )

Hzo

DMF

DMSO

DMF

MeCN

Pyri d ine

PCd

Acetone

Me0H

cztra

C2LL

czt7

c21C5

c21C5

c21C5

c21C5

c2 1C5

c2 1C5

- 1.01

-4.r2

-o.24

0.0

2.37

4.92

-4.57

-2.22

1.68

b

r2.o6

10.82

t0.52

9.1 8c

11.83

L2.7 9

L2.I4

1 0.60

12.57

a) Chemical shifts referenced to 3.0 nol dm-3 aqueous NaCl

solution at 298 K and are corrected for bulk diarnagnetic

susceptibi1iti"".29 b) Chenical shifts referenced to 0.1 mol
edn-J NaCIO¿ in DMF at 261.5 K since in some solvents Na* was

undergoing rapid exchange at roon temperaLure. c) Value

obtained by extrapolation from lower temperature spectra.

(d) Propylene Carbonate.

In conclusíon, it appears that the cryptate conformat,íon

formed in the solid state is also predoninant in solution. The

relationship between cavity size and metal ion diameter is

inportant in determining whether the cryptate exists Ín the

exclusive or inclusive form. Repl-acement of an oxygen binding

site in C211 by a CH2 Broup resulted in a sodium cryptate in

the solid state with the sodium ion residing at an increased

distance from the centre of the cavity relative to the C27I
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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 contÍnuing, includÍng the

deternÍnation of the crystal structure of ILi.C2IC5]NCS and

CP-MAS 13C solid state NMR studies. The CP-MAS 13C NMR

spectrum of INa.C211.NCS] showed two broad resonances, corres-

ponding to the carbons adjacent to oxygen and those adjacent

to nitrogen, but the individual resonances coul-d not be

resolved. This \{as presumably due to the di-sordered nature of

the cryptate in the sol-íd state as determined by X-ray

diffraction studies.
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4.4 EXPBRIMENTAL

(i) Material s. NaSCN, LiSCN, and NaCl-04 rrrere dried at 80

90oC under high vacuum for 48 hours and were stored over PZOS

under vacuum. CDCl3 "nd all other solvents were purified and

dried where necessary by literature methods30 and were stored

over Linde 4A molecular sieves. Cryptand C2lI (Merck) was

distilled, dried under high vacuum for 24 hours and stored

under dry nitrogen.

(ii) PreDaration of C2LC.

- 

-t(a) c21cÏ

( 1 6, 20-Dioxo-4, 7, 13-Trioxa-1, 1O-diazabicyclo [ 8. 5 . 5 ] eicosane )

The method described is a nodification ofthe general

nethod of Lehrr.22

A solution of 1,4, 10- trioxa- 7,!3-diazacyclopentadecane

(Kryptofix 2L, Merck) (2.0 g, 9.2 mmol) at d triethylamine

(2.5 g, 25.O mmol) in dry benzene (100 n1), and a solution of

glutaric acid dichloride (1.41 8,8.34 mmol) in dry benzene

(100 m1) were added simultaneously to dry benzene (1200 n1)

over 8 hours at room tenperature (22oC) 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 fflash'si1i."31 (Merck, 230 400

mesh, 47" meLhanol / dichloromethane, Rf = 0.30 ), removal of

the solvent and drying under high vacuum afforded the cryptand

diamide C21C; as a white solÍd ( 2.2 g, 84 7.), m.p. 115

1 1 7oC; Vr.* 1 630, 1 130 .r-1; 1H NMR (CDC13): ô 1.8 5.2, a

complex spectrum with large peaks at 3.55 and 3.60:. n/e 314

(M+), 296, 271, 246, 239, 2g (100) ).
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(b) c2lcs

(4,7, 13-TrÍoxa-1, IO-diazabicyclo [ 8.5.5 ] eicosane)

The diamide C21CI (1.3 g, 4.L mmol) was dissotved in dry

tetrahydrofuran (30 m1) and treated with boron trifluoride

etherate (1.0 m1, 8.2 mmol) at 5OoC under dry nitrogen. The

reaction mixture uras heated to ref lux and borane-

dímethylsulphide compl-ex (Fluka, IO7" dínethylsulphide, I.2 m1,

10.9 nmol) "as slowly added wíth a syringe. Heating \,¡as

continued for 3 hours and ether and dimethylsul-phide distí11-

ed off as they formed. After coolíng, the solvent was

removed under vacuum and the white residue was treated with

6M hydrochloric acid (25 m1). The resultant solution was

heated at reflux for I2 hours and t.hen evaporated to dryness.

The crude cryptand was obtained from the hydrochloride salt

after ion exchanging an aqueous solution on Dowex 1X8 (0H-

f orm, 50 100 rnesh), concentratíon of the basic e1-uent,

extraction with chloroform (4 x 50 n1), and evaporation of the

combined extracts. Fractional distillation of the residue

yielded 4,7, 7 3-trÌoxa- 7, 70-diazabicycTo[ 8.5.5 ]eicosane (1.1 B,

92 7.) as a colourless oi1-, b.p. c.a. 110oC / O.OZS mm

(Sublirnation block). Calculated for C15H3gN203: C, 62.90; H,

10.56; N, 9.78; Found: C, 62.93; H, 10.55; N, 9.887.. Accurare

mass: Found 286.22448; Required n/e 286.225628; m/e 286

(M+,100), 269, 255; Vra* 1460 (r), 1350 (n), tI25 (s), 1070

(m); 1H NMR (CDC13): ô 1.35 (6H, n, alipharic -CH2- ), 2.50

(12H, m, -NCH2- ), 3.40 (12H, rn, -0CH2- ).
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(iii) X-rav Diffraction

Crystals of INa.C211.NCS] and INa.C21C5.NCS] were prepared by

dÍssolving equimolar amounts of NaSCN and the cryptand in dry

nethanol and evaporating to dryness. The white solids were

dj-ssolved in dry acetone and the solutions were then equili-

brated with dry hexane in a desiccator whereuPon u¡hite

crystals s1owly forned.

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

Crystal Data. CtSHZeNgNa04S' M

a

z

r4.686(3), b 15.699(4), c

= 369.45, space group Pbca,

16.5 22(5) ß,; U = 3809.2 83,

-3, F(ooo) = 1584, À(Mo-Ko) =Dc 1.288 g cm

0.7 LO7 u (Mo-Ko) 9.17 cm-

Data Co11 ection. A crystal of dimensions 0.15 x 0.16 x 0.65 nm

r¡ras mounted on a glass fibre and coated with cyano-acrylate

super glue. (The crystal density was measured by floatation in

a mixture of CC14 and petroleum spirit ( lOO I2O oC).)

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 performed on an Enraf-Noníus CÄD

4 four-circle dÍffractometer employing graphite nonochromated

Mo-Ka râdiation. Intensity data hlere collected in the range

1.3 < e <

optimised by profil-e analysis of a typÍca1 reflection. The t¡

scan angles and horizontal apertures enpl-oyed were (1.85 +

0.35tan0)o and (2.4O + 0.5tan0) 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

8,
1

Do

8,

r.28,
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application of Lorentz and polarization corrections were

performed using progran SUSCAD32. Of the 2,g44 reflections

collected L,417 with I > 2.5o(I) were considered observed and

used in the calculations.

Structure Solution and Refinenent The structure was solved

by direct nethods using the routines for non-centrosymmetric

solution of program SHELX32. The solution ïras confirmed as

being correct by analysis of the Patterson map. The

thiocyanate ion, the sodium ion and tr+o oxygen atoms r{ere

located in the E-map. Least-squares refinenent, and calculation

of a series of difference maps resulted in the locati-on of a

set of aËoms with the expected connectivities. However at this

stage the discrepancy index R* had onl-y converged to 0.19,

some atoms had unacceptably large thermal parameters, and a

number of peaks (about 2eg,-3 in height ) r"nained in the

difference maps. Therefore a model with the cryptate

dísordered was developed. In this model there are contributors

to all oxygen and nitrogen sites but five carbon sites overlap

which explains rrhy initial-1y not all atoms had 1-arge thermal

parameters. A group nultiplÍcity parameter, defining the

disorder, refined to 0.60(1) and in the final refinement all

atoms had reasonable thermal parameters. The shift associated

wÍth the disorder is sma11 with all oxygen and nitrogen atoms

lying about 1 R fron their images, and presumably arises as a

consequence of the approxinately spherical- form of the

cryptand.0nly those atoms present at fu11 occupancy hrere

refined anisotropically. Hydrogen atoms for both contributors

were included at sites calculated assuming tetrahedral

geometry about carbon ( C-H, 0.97 Â ). Fu11 matrix least-
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The largest peak in a

height. Final position parameters are listed
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squares refinement converged ( all shifts ( 0.1o ) with

+* andw= s.33 I (o2(Fo) + o.oo04 4F02)

final difference map was 0.3 "8-3 in
in Tab 1e 4.8.

(b) X-Ray Crystallography of INa.C2fC5.NCS ].

Crvst a1 Data. Ct6H¡ONSNa03S, M = 367.48, space

ß

group P2!/ n,

= 95.27(2)o,a = 9.947(2), b = 15.681(4), c = 72.460(3) Ao;

u = 193 5.4 f 3, z = 4, Do = r.25, Dc = 1.26r g .r-3, F(ooo)

= 792, À(Mo-Ko) = O.7107 8, u(Mo-Kc) = 1.69 cm-1

Data Coll-ection A crystal of dinensions 0.08 x 0.16 x 0.28 mm

was mounted on a glass fibre and coated with cyano-acrylate

super glue. The lattice parameters and the crystal density

ü¡ere determined as described above for INa.C2II.NCS].
Intensíty data vrere collected in the range 1.3 < e < 23o using

a t¡ -n/3 0 scan, where n(=1) r+as optimised by profile a'nalysis

of a typical reflection. The or scan angl-es and horizontal

apertures employed v/ere (1.85 + O.35tan0)o and (2.4O +

0.5tan0) mm respectively. Three standard reflections,

monitored after every 58 min. of data collection, Índicated

that by completion of the data collection no decomposition had

occurred. Data reduction and applicatÍon of Lorentz and

polari-zation corrections were performed using program

SUSC A,D32. Absorption corrections u¡ere applied wÍt,h progran

ABSoRB32. Maxi-mum and ninimum transmission factors were

estimated to be 0.98 and 0.95 respectively. 0f the 3,388

ref lections collected 2,259 with r ) 2.5o(r) were considered

observed and used in the calculations.
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Table 4.8

FinaL Positional Parameters (x t03) for IUa.CZtf.NCS]

Y zX

Na( l)
s(l)
o( l)
o( 2)
o( 3)
o(4)
N( 1)
N( 2)
N( 3)
c(l)
c(2)
c( 3)
c( 4)
c(s)
c( 6)
c(7)
c( 8)
c( e)
c( r0)
c( l1)
c( 12)
c( r3)
c( l4)
c( r5)
o( l')
o(2')
o(3')
o(4')

6035(2)
7 463(2)
7 19e( 8)
4s60( e )
s49B( r3)
s2r7 (7 )
6682(7)
s337( 10)
7026(14)
7010( 7 )
s047(lr)
ssss( 20)
s601(8)
66s8( r3)
7826(26)
78e8( 14)
6eer(e)
6r l8( rs)
4s67 (B)
4012(14)
4rs1(9)
48e8( 28)
622r(tO)
6843(23)
7 483(14)
46er( l3)
4847 (28)
5902(26)
6040(29)
6528(2e)
s77e(2s)
s23L(20)
62s6(20)
7s3o(2e)
7e48(28)
7622(37)
s4se(22)
3e62(2s)
sr24(24)

eze(2)
-1287 (2)
loso( 8)

440(7 )
lss3( I I )
236e(6)
-28s(7)
844(e)

2r37( 10)
-6e2(6)
1682( r0)
245s(28)
30r4( 7)
2973(12)
r82l(ls)
1606( 13)
872( B)
433( 14)
2s6(7)
s22(rL)
7 13( 8)
927 (28)

u00( 1r)
2rs7 (29)
1286(12)
258( r0)

1243( 1s)
2446(12)
e4e( rs)

2064( ls)
180s ( 29 )
2370(20)
2934(28)
reo4(27)
t882(27)
1364(23)
208( 20)
5Le(21)

1480( 38)

2263(2)
400( 2 )

3177 (e)
20s5( 8)
1003( 12)
2706(6)
rs83( 7 )
3626(7)
r837( 12)
r08e(7)
3e8s( to)
3s23(27)
2222(B)
2203(14)
2Q07( rs)
3014(26)
3e77 (8)
407 5(12)
3s07 (8)
247 s(12)
r3s6(e)

7eo( 28)
s7 3(7)
e80( 20)

2648( 1 r )
269s(13)
r3e1(r5)
287 6(L3)
37 46(13)
r37 r(2e)
4 I r0( 20)
3so3( 27 )
rs7 2(29>
1330( 28)
2343(29)
3st0(22>
393e(2e)
2209(22)

7 44(24)

N( 2')
N(3')
c( 2')
c(3' )
c( 5')
c(6')
c(7')
c(8')
c(10,)
c(r2')
c(r4')

Prímes denote the mlnor contributors to the dísordered llgand
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Structure Solution and Refinenent. The sodium, oxygen,

nitrogen, âf,d most of the carbon aton locatÍons rrere

determined using the direct method routine of the SHELX

program. The remainíng carbon atoms were located in the

Fourier difference maps of successive fu11 matrix least-

squares refínements using the SHELX program. All hydrogen

aLoms !i¡ere íncluded at calculated positions (C-H, 0.97 R )

assuming tetrahedral geometry about the carbon atons and theÍr

thermal parameters !¡ere refined as a common group factor. In

the final ful-1 matrix Least-squares calculations only the non-

hydrogen atoms \¡rere modelled anisotropically. The refinement

converged with R* = 0.039 and R** = 0.045. The weighting

scheme ernployed converged at r{¡ = 2.gO/(o2Fo + O.OO02FooFo).

The largest peak remaining in the final difference rnap ïras

associated with the O (2) aton and was less than 0.6 p-3 in

height. The final least squares positional parameters are

given in Table 4.9.

All the calculations pertaining to INa.C2II.NCS] and

I Na.C2LC5.NCS ] were performed using the scattering for the

respective neutral atoms as tabulated in the fnternational

Tables for X-ray Crystallography33. The hydrogen aton

parameLers and the structure factor amplitudes are presented

in Appendix 2.

(iv) NMR Spectroscopy. l3 C NMR spectra rrere recorded on a

Bruker I^lP-80 NMR spectrometer operating at 20.1 MHz. The broad

band and selectively proton decouplea 13C spectra r{ere run in

anhydrous CDC13 solutions ca. 0.2 mo1 dm-3 in cryptand or
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Table 4.9

Flnal Posltional Parameters for [tta.C2fCr.NCS]

x zv

Na(l)
s( 1)
o( 1)
o(2)
o( 3)
N( 1)

7 6782(rr)
7 6287 (rO)

8397 (2)
8s6s( 3)
s869 ( 2)
7s ls( 4)
eB84( 2)
5B2r(2)
7 s57 (3>

1000e( 3 )
Be33( 4)
7 4e7(3>
706e(4)
sTsl( 3)
6034( 3)
7401(3)
e708( 3)

r0506 ( 3 )
1047r(3)

e4B7 (4)
7s 1s( 4)
626r(4)
47 43(3)
4637 (3)

1725s(7)
3864( 6 )
4re( r)

3106( I )
26e3(t>
Lze8(2)
r871(2)
10s0( 2)
er4(2)

lsss( 2)
2372(2)
2r78(2)
1268(2)
r02e(2)
205(2)

-t67 (2)
30r(2)

r101(2)
265r(2)
3347 (2)
370r(2)
3ss4(2)
2434(2)
148r(2)

4497 4(LO)
82r r8( 8 )
3e44(2)
4667 (2)
4202(2)
6295(3)
3320(2)
3189(2)
7 100( 3)
2ls3( 3)
14e4( 3)
17 47 (3>
1s4s( 3)
2002( 3)
367e(3)
3s2r(3)
3586( 3)
383e( 3)
38rr(3)
3e60(3)
4823(4>
4oe4( 4 )
34e3(3)
357e(3)

N( 2)
N( 3)
c( 1)
c(2)
c( 3)
c(4)
c(s)
c(6)
c(7)
c( 8)
c( e)
c( ro)
c( 11)
c( 12)
c(13)
c( 14)
c( rs)
c( 16)

Na and S coordinates x 105, for the other atoms x 104.
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cryptate at 305.2 K in a standard nicroprobe using a deuterium

lock. An average of 30,000 transients were accumulated into a

16,384 poÍnt data base.

23N. NMR spectra 'vere measured on a Bruker cxp300 NMR

spectrometer operating at v9.39 lrIJz. An average of 6000

transients rrere accunulated into a 2048 point data base using

typicall-y, a 2ooo Hz spectral wirlth. The sanple tenperature
vras controlled wiÈh a Bruker B-VT 1000 varíab1e temperature
unit to within 10.3 K.
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CHAPTER 5 CRYPTATE STABILITT

5.1 INTRODUCTION

The cryptands were designed by Lehn with a view to

producing ligands for metal ions which would exhibit consider-

able selectÍvity and high stability in compl-ex formation,l

properties important for their suitability as synÈhetic ion

carriers or model antibiotics. A comprehensive appreciation

of the mechanism of cryptate formation and dissocÍation

requires a knowledge of cryptate thermodynamic behaviour.

Factors affecting cryptate stability have been the subject of

many studies and are generally well understood. lJhile a

comprehensive review is noL attempted here, sone of the major

influences on cryptate stability are mentioned. More detailed

discussion may be f ound in a number of publÍshed

reviews. 1, 16, 18, 30, 35

Varying the tttopologytt of the cryptand cavity by alterÍng

the length of the nitrogen nitrogen bridges vüas 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 approxÍmately matched with the metal ion

diameter. This is demonstrated in Table 5.1 for the overall

equÍlibrium exemplified in Scheme 5.1 for C211 in which K" =

kflkd.

kf

M++ \-

kd

c2tr I M.C211 ]+ Schene 5.1



Table 1.

Size

Cr yp tand

Variation of Stability Constant, KS, with Cavíty

and Metal Ion Dianeter, d, in Aqueous Sol-utíon.34

Cavíty Síze

(diarneter)

I
Li+

d (fi) 1.s6

1og K

Na*

2.2 4

90

¡+ Cs*

2.88 3.3

C2LL

c22r

c222

c322

1.6

2.2

2.8

5.3

2.5

<2

<2

3.2

s.4

3.9

1.6

<2

3.9

s.4

2.2

<2

<2

<2

2.03.6

As well as cavity size, the number of coordinating heteroaton

binding sites in the cryptand affects the cryptate stability.

For example, replacement of one or more oxygen atoms with CHZ

groups significantly reduces the stability constant and this

has been shown for C22Cg34 rhere the values for its Na* and K*

complexes are 104- 105 times snall-er than those of C222.

Studies of the variation with so1v"nt35 showed a large effect

on stability, with the selectivity properties maintaining

similar trends in different solvents and indicated that solv-

ation of both the metal ion and the cryptand v/ere Ímportant.

The structural properties of the sodium cryptates of C?LI

and C21C5 vrere 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

stabil-ity of INa.C21C5]+ ís presented here.

(i) Stability Constant Determination

CrypÈate

predominantly

stability constants have been measured

potentiometricby th'o classical methods,
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títration with ion specific electrodes35-37 and pH-metric

Litratior",34 and also by analysis of NMR chemical

shifts.38,39 The method of choice is usually determÍned by the

magnítude of stability constants to be measured and solvent

considerations. pH-netric titrations are suited to measure-

ments of high stability constants (1og Ks ¿ 2) in protic

solvents and a1ka1i-cation potentiometric titrations and NMR

meÈhods are suitable for neasurements in most sol-venLs where

1 < 1og Ks < 6. Due to the lower sensitivity of NMR measure-

ments this Lechnique Íras considered to be too expensive in

cryptand and as the stabil-ity h'as to be studied Ín a range of

solvents, it appeared that the potentiometric method would be

most convenient for our purposes. A variation of the techni-que

had been developed by Schneider and conrorket"36 allowing the

indirect measurement of alkali metal cryptate stability

constants greater than 106.

Direct potentiomeLric measurement of metal ion concentr-

ation may be made with cation selective glass electrodes. The

eLectrode potential is given by

E + klog [M+] (s.1)

where the coefficient k is determined by calibration measure-

ments of solutions containing known metal ion concentration

and may vary betr+een 45 and 65 (where the emf is in nV).

Having determined k, the concentration of free netal 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

Er-o
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range 10 to 108. The reported35 stability constants for

INa.C211 ]+ are less

h'ere expected to be

and C22Cg cryptates

than 109 and the values for INa.C21C5J+

702 fO4 fess by comparison to rhe C222

mentioned earlier. Therefore, it Í¡as

envisaged that the INa.CzLC5]+ stability constants coul-d be

measured 1n a variety of solvents enploying this nethod.
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5.2 RESULTS AND DISCUSSIOI{

Early attempts to obtain the result of Schneider et.a1.35

for the stabilíty constant of INa.C211]+ in DMF using a sodium

ion glass el-ectrode r{ere hampered by apparently capricious

behavíour of the electrode in this sol-vent. Consequently, it

was decided to employ the indirect method36 of determining the

stability constant for the fornatj.on of the Ag+ cryptate (KAg)

by direct titration using a Ag/Ag+ electrode, then rnonitoring

the conpetitive equilibrium established between the Ag+

cryptate in the presence of Na* in solution as shown below.

e

+ Na* (s.2)
K

INa.Ctyp]+ +

where

Ag+

Ke
IAg.Cryp+] [Na+]

I Na. Cryp+] [ tg+ ]
(s.3)

fron which K is obtained sinces

K Ag ( s.4)

Thus a solution of standard Ag+ is titrated with a solution of

INa.Cryp]+ and as the initial concentrations of these species

are known, âDd the equílibrium concentration of Ag+ is deter-

mined from the potential of the Ag/.{g+ electrode, the value of

Ke may be evaluated from the .stoichíometry of the equilibrium.

The total meLal ion concentration is always in excess of that

of the total- cryptand concentration, under which conditions,

the concentration of uncomplexed cryptand is assuned to be

neg1igib1e.37 Th. results are summ arized, in Table 5.2 and

KS Ke
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values fo r C}rl cryptates in sone so1v"nts35 are included for

comparison. Figure 5.1 shows a typicat titration curve, for

IAg.C21C5]+ Ín methanol (MeOH).

0

r+F-rh-xì+_
t-x-*-

-X-{¿
¡-)Ç-

E

u-
E
lrj

(U

t-,

-100

-200

-300

-400
5210 3

V ot.

l+

odded (mt)

Figure

AgNO 3

5.1. Curve obtained for the titration of 10-3 no7 dn-3

in MeOH.with 10-2 no| dn-3 c2lC 5

Surprisingly, CzlC5 is only sparingly soluble in water

and its Nat cryptate u¡as virtually insoluble. The stabÍ1íty

constants for IAg.c21c5]+ could not be measured accurately in

pyridine or propylene carbonate (PC). Only a sma1l potential

change v¡as observed during the direct titration of Ag+ with

c2rc5 in pyridine indicating the formation of a relatively

weak compl-ex (1og Kn, < 2), presumably a result of the strong

solvational inLeractions forrned between Ag+ and pyridine.
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Solutions of AgC104 in PC Lurned brown, even after repeated

redistillatíon of the PC. The INa.C21C5l+ stability constants

in pyridine and PC were subsequently measured by direct

potentiometric titration nonitored with a sodium glass

el-ectrode whÍch performed consistently in these solvents. (The

previous problems associated with this electrode r{¡ere event-

ua1ly attributed to impurities in the sample of background

electrolyte (tetrabutylammonium perchlorate) being used and

were overcome by the use of tetraethylammonium perchlorate in

subsequent titratíons.)

Table 5.2

Cr yp tate MeOH DMF

S olvent

MeCN PC Acetone Pyridine

stability constants

Various Solvents

(1og K=)" of Cryptates in

at 298 K.

lÃs.c21C5 J+

lNa.C2lC5l+

lAg.C211l+

INa.C211]+

7.62

3.7 6

10.6

6.1

5.19

2.87

8.6

5.2

4. s5

5.08

7.7

>9

8.5 8

3.9I 3.7 25.L2

L4.4

8.7

a) Accuracy: 10.1 (10.2 for IAg.C21C5J+ in Me0H)

Two points

these results.

given by

should be noted before further discussion

The thermodynamic stabilÍty constant Ktf,

rc I M.cryp+ ]

of

is

K (s.s)rh f lCrypl fu+ [M+]c

wher. fC, f. and fM+ are the activity coefficients of the

cryptate r cryptand and metal ion respectively. Since these

quantities are generally unknown in the solvents sÈudied, the

stability constants reported here are concentration stability
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constant" K", such

K

tha t

f .f ¡1+

Table 5

lower

3 for

I M.Cryp+ ]
KS ( s.6)

lCrypl IM+]

A1so, the sÈability constants represent, the overall equilib-

rium shown in Schene 5.1 and include contributions frorn

cryptand conformational changes and solvational equilibria.

The INa.C21C5 ]+ stabÍ1-Íty constant, shows a sirnilar

variatÍon (ca. 2.3 orders of nagnitude ) with solvent to that

of INa.C21 1 ]+. The Ag+ cryptates exhibir a larger solvenr

variation in stability (ca. 4 orders of nagnitude for

I Ag.C21C5 ]+) which is consistent with Lhe known larger

varÍations of free energy of solvent tran"fur40 conpared with

al-ka1i meLal- cations. The Ag* cryptaÈes are more stable than

the Na* cryptates in all solvents except acetonítrile (MeCN)

and probably pyridine, due to the stronger ion solvent

interactions of Ag+ in the latter solvent".40

The trends in the stability constants are as predicted

from ion solvent interaction consideratÍons. In solvents

where alka1Í metal ion solvent i-nteractions 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 1or,¡er

as is the case in DMF. If the stability of INa.CzIC5]+.ould
be measured in v¡ater, it would be expected to be lower than in

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

It is seen from

solvents is rnarkedly

.2 that K" for INa.C2lC5J+ in all
t.han f or INa.C211]+, generalty by

the Na* cryptates and slightlyfacrors of I02 to 1O
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larger differences for the Ag+ cryptates. This significant

reduction in stability of the cryptates of C2lC5 relative to

those of C2II must be a consequence of the removal of one

oxygen bÍndíng site and indicaLes the importance of this Na*

O bonding interaction, even in the exclusive INa.C211]+

compl-ex where the Na* O(4) (Figure 4.3) is significanrly

longer than the other Na* 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 rnetharro1.34 In this case a Iarger

effect would be expected since two oxygen binding sítes are

replaced by CHZ groups and the cryptates are inclusive where

the Na* O bonding distances are shorter and interacLions

stronger.

Lehn34 ascribed the very high stability of cryptates

partly to the macrobicyclic topology of the cryptands or the
tt.typtaterr effect. For example, it was noted that the form-

ation of bicyclic topology in the ligand C222, caused an

increase of 105 in its ¡+ complex stability in methanol

compared Èo 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- suiued to forrning conplexes with spherical cations.

The thermodynamic origin of this effect appears to be entirely

enthalpic Ín nature.34b However, such an effect is not

observed in the case of the Na* and ¡+ complexes of C22Cg

whose log Ks values are 3.5 and 5.2 respectiuely.34 The

formation of the macrobicyclic cavity does not significantly

increase the complex stability in Èhese examples as 1og Ks
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in methanol for the Na* and K* conplexes of the mono-

cyclic ligand 122-Mel (forrned by nethylation of both

nitrogens in the monocyclic analogue of C222,

HN(CH2CH20CHZCHzOCH2CH2)2NH (122-Hl)), are 3.7 and 5.3

respectiv"ly.34

In the light of these observations it would be of

interest to compare data for sinilar conplexes of [2l-Me] with

the C2LC5 cryptaËe stabilities obtained in this work.

Unfortunately, such studies have on1-y been carried out Ín

water and chloroform solv"nt"4l in the case of the alkaIi

metal ions. Hol¡ever, log K" for the complex forned by [21-H]

with Ag+ in methanol- ís 7.6142 which is identical within

experimental- error to the value obtained in this work for

IAg.C27C5]+. 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 IAg.C21C5]+ r+here the added bridge introduces no increase

in the number of binding heteroatoms, but the results for the

inclusive C22Cg cryptates mentioned above are surprising,

parLicularly considering the rnagnitude of the cryptate effect

observed for C222 and other cryptands. ÏJhen making such direct

comparisons of the cryptands and monocyclic analogues, it

should be remembered that there are 1ike1y to be sígnificant

differences in conformational and solvational properties of

the ligands which may influence the stability of their

complexes.
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CHAPTER 6. KINBTIC AND MECHANI STI C ÂSPBCTS OF TUE

CRYPTÀTES OF C211 AI{I)

6.1 II{TRODUCTION

The cryptands have attracted much attentíon as a result

of their ability to form highry stable conplexes with metal

ions and to show high selectivity toward the metal cations in

cryptate fornation. Many of the proposed applications of these

synthetíc ligands, such as phase transfer catalysis, aníon

activation, extracti-on and isotope separation, are based on

these thernodynamic properties. However, equilibriun studies

generally only give information about, the relative energetics

of the reactant and the product states in the systen. The

kinetic propertÍes of complexation also contain valuable

information, for both mechanistic and practical consider-

atÍons. 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 nay be obtained

from dynamic studies of cryptates. Kinetic factors are of

obvious importance to the applicatj-on of cryptates as metal

ion carriers. Cryptands forming highlf stable conplexes 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 a1ka1i metal cryptaLes have consequently been the

subject of a nurnber of kinetic studies,43-51 .rongst which

alkali metal ion NMR was shor+n to be a particularly useful

technique. Various broad trends have been discerned from these



100

studies. The dissociatÍon rates, kd, decrease as cryptate

stability increases. The most stabLe cryptates have dissoc-

iation rates which are several orders of nagnitude slower than

the naturally occurring antibiotic complexes. The variations

of stability in a given solvent are refl-ected in the

dissociation rates, with the rates of formation, kf, varying

over a relatively srna1l range (106 109 no1-1 dr3 "-1),
al-most independent of stabilíty in some cases.

However, it is apparent that the cryptands formed by CzlL

do not fit the broad kinetic pattern of those forned by the

Iarger cryptands,46 probably as a consequence of its smaller

size and lower flexibility. Thus kd for ILi.C211]+ (which has

been well characterisud43 and for which nost of the surpris-

ingly few activation parameters for cryptate systems are

available) is substantially 1-ess than expected from a simple

comparison of the k¿ values for the C22l and C222 cryptates.

To a l-esser extent this is also the case for the less studied

INa.C211]+ which is the subject of the first part of this

variable tenperature NMR investigation.

The objective of this work was to investigate the factors

determining the labil-ity of cryptates formed by CzLl and the

structurally modified cryptate, INa.C21C5J+, thereby obtaining

a better understanding of the mechanisn of cryptate dissoc-

iation and formaÈion.

(i) Experinental Methods

(a) 23N" NHR Spectroscopy

Multinuclear NMR has become a very powerful- technique in

the study of ion mol-ecu1e interactions in solution, parLic-

u1arly in studies of a1ka1i metal cryptates.52 23N. NMR
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investigating the exchange kinetics of sodium

cryptate".44,53'54 23N" has a natural abundance of IOOZ and an

intrinsic NMR sensitivity of one tenth of the proton53, or

more than 5OO tÍmes nore sensitive than 13C, which has allowed

its extensive use in studies of interactions with organic

molecules and in direct investigations of biologíca1 systems.

The 23Nu nucleus is quadrupolar with a spin number of

3/2. However, in the exLreme narrowing conditions of rapid

reorientational motion, the 23N. relaxation is characterised

by a single exponential rate and gives rise to true Lorenztian

lineshapes. The usual chemical shift range for 23Nr cations is

about 40 ppm which is relatively small- for a heavy nucleus.

The chemÍca1 shift is strongly solvent dependent and shows a

linear correlation with the solvent Gutmann donor nurb"r.55

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

substantial-1y less than the chenical shift separation, then

individual resonances are observed for the th¡o sites. These

characteristics make sodium cryptate kinetics quite anenable

to investigation by variable temperature 23Nu 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

Lincotrr.56 The Bloch equatÍons which descrÍbe the transverse

conponents of magne|-ízation in the rotating frame require

modification under conditions of chemical exchange.5T '5 B In

the case of two site exchange, a useful model describing the
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magnetization h¡as proposed by Nakaga".59 and further modified

by Siddall et.a1.60 The algorithn applies only to cases where

the system may be decomposed into a series of isol-ated

coalescing doubl-ets and Ís shown below.

The transverse magnetic moment component due to

coalescing doublet i, is given by

Mvi

Mv

K=
T-U

îa

rA

rB

ç_

o

L-

U.
J

¡n
i=1

Ct { ( 1+ar¡p¡+argpg)K + a(f+ps-1)L)/ (r2+L2)l (1)

and the total transverse magnetic moment at frequency v is

t her e fore

Mvi's:- (2)

(3)

(4)

(s)

(6)

(7)

(8)

(e)

( 10)

the absence of

j such that

where n is the number of coalescing

Si is an interdoublet scaling

dou b1e ts

factor

(r¡p¡+rsng) a(r¡rs-f(f-1))
f( 1+ar¡+arg) (ar¡+pg)

-vH1Mo / (2t¡ lvO-v3l )

= r/2n Tzelv¡-vsl = üûA / (2lvo-vsl)

= t/2r Tzslv¡-vsl = toB / (2lvo-vsl)

1v-v¡) / (vs-v¡) = (va-v) / (v¡-v3)

2nr lv¡-vs I

PATB = PBTA

is the chemical shift of site j in

exchan ge

is the relati.ve population of site

¡pj=

is the width at I/Z neight of site j

of exchange

and

where

P¡

tj in the absence
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TZj is the 12 of site j in the absence of exchange

T is the exchange l-ifetime

and . j is the spin lif et.ime in site i.

Since the value of -vHlMo / Zr¡ in (5) is a constant for a

particular experiment, Mv is proportional to the experimental

value (Iy) of the absorption intensity at any frequency v. A

theoretical spectrum proportional to the experinental spectrun

may be calculated for a particular T va1ue.

Spectra for a varie'ty of T val-ues must be generated and

cornpared to the experimental one. This method of analysis is

readily adapted for use on a miniconputer, and such a progran,

LINSHP,61 *.s written for the BNC-I2 computer of the HX-908

spectrometer and provided a convenient visual display of the

fir.

As described above, the lineshape analysis nethod

requires a knowledge of the chemical shifts, line widths and

populaEions of the site resonances in the absence of exchange.

If Èhese parameters are temperature dependent and vary Lhrough

the region of coalescence where they cannot be measured

directly, the variation must be established in conditions of

no exchange and extrapol-ated into the exchange region. Altern-

atively, as in the case of ligand - metal ion exchange where

the cornplex stability is sufficiently high, the tenperature

variation of the chemical shifts and 1Ínevidths may be deter-

mined from samples containing free metal ion or complexed

metal ion only.
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6.2 RBSULTS AND DISCUSSIOI{

(i) General Mechanistic AsPects

Cryptate formatÍon is the result of a complicated

sequence of events involving solvational, conformaÈionaI and

coordination changes in the metal ion and cryptand in

solution. However, a simplified mechanistic scheme nay be

constructed whích encompasses nany of these processes. In the

case of sodiun cryptates, the Na* ion is bonded to two

nitrogen atoms and a number of oxygen atoms. These bonds must

be formed sequentially, dcconpanied by other conplexation

processes. The overall sequence involves the progressive

desolvation of Na* ( solvated), confornational, and probably

solvational changes in the crypLand, leading to the fornation

of the sodiun cryptate Ín which, for C211 and C21C5, the Na*

ion is probably sti1l partially solvated due to the exclusive

structure of these cryptates. Thís process has become known as

the Eigen-Iüinkler mechanisn9 on the basis of mechanisms

proposed for the Ínteractions of a1kali metal ions with

antibiotics. The mechanism nay be schematically represented

for INa.C211]+ as shown below in Scheme 6.1 (the discussion

applies equally wel-1 to INa.C2tCr l+):

Schene 6.1. kl

Na* + C}IL Na*.. .cztr
k -1

k 2

Na*. czrt
k 2

k3

k-3
I Na . C211 ]+
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kl characterises the diffusion controlled formation of the

encounter complex or collision complex ín which both Na* and

C27l retain theír complete solvational she1l or sphere

(p.obab1y associated with van der trIaa1s interactions to some

extent). kZ characterises the first Na*-C}IL bond formation

which involves solvational and probably¡ conformational

changes. All subsequent steps are incorporated in the final

equilÍbrium and are represented by k3. It should be remembered

Lhat this truncated scheme ís almost certainly over

sinplified.

The identification of the rate determining step for t.he

formation of INa.C211 ]+ is not siruple as desolvation of Na*

and C?LI, and confornational changes in C21I will contribut,e

to the energetics of each step. As the solvating strength of

the solvenL changes or the cryptand structure is changed (e.g.

from C2II to C21C5), the rate determining step in the sequence

of events leading to INa.Cryp]+ nay change to an earlier or

later step. Similarly, whilst the sol-vent may be the dominant

contributor to the transition state energetics in one case,

the cryptand nay dominaLe 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 fornation of INa.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, wher" kf / k¿ = K".

Therefore, kf and kd are closely related to the rate determín-

ing steps for the formation and dissociation reactions, which

as previously noted, may change with solvent.
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(ii) Dynanics of G211 cryptates

At 298.2 K exchange of Na* between INa.C211]+ and rhe

solvated state is slow on the NMR tine scale in the solvents

investigated (HZO, DMSO, DMF, MeCN, pyridine, HMPA, acetone,

propylene carbonate (PC) and.MeOH). The 23N. 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 coal-escence of the reson-

ances of the solvated and cryptate Na* sinilar to that shown

in Figure 6.1 is only observed for the rdater and DMS0 systems.

At the slower time scale available at 23.81 MHz this coalesc-

ence is also observed for the DMF systen (Figure 6.1)but in

the other solvents the exchange process is stÍ11 too slow at

thÍs frequency to produce simil-ar coalescences in the access-

ible temperature ranges. Subsequent discussion is accordÍng1y

restricted to water, DMS0 and DMF solutions such that direct

comparisons may be made with ILi.C211]+ under similar

conditions. The mean 1if etÍmes of INa.C211]+, Tc, r{¡ere derived

u'sing the complete lineshape analysis discussed Ín the

previous section and typical best fit lineshapes are shown in

Figure 6.1. The relationship between k6, the dissociation rate

constant and Tc is given by equation (6.1) in which T" is the

mean lifetime of solvated N"*, X. an¿ Xs are the appropriate

mole fractions.

7/rc = Xs/(r"X.) = kd

= (kbT/h) exp(-^Ht/RT +ASt/n) (6.1)

wher" kb is Boltzmannts constant

h is Planckrs constant

and R is the gas constant.
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Figure 6.1. TypicaT exchange nodif ied 23.81 MHz23Nu IVMR

spectra of a DMF solutìon of NaCLO4 (0.100 no7 Ar-3) and C211

(0.067 no7 ¿r-3). ExperinentaT tenperatures are shown to the

Teft of the figure. Best fit lineshapes and derived T. vaTues

appear to the right of the figure.



Kinetic data may be fitted to the Eyring relationship

exponential form or in the more convenÍent linear form

In (Trc) = (^H+/R) / t + (ln(h/kb) - ASt / R)

108

in this

below

(6.2)

The non-linear least squares progran DATAFIT mentioned in

section 2.2 was used to calculate the activation enthal-pies

and entropies using the above relationship. Eyring plots of

T.. against L/T are shown in Figure 6.2 and the derived kd,
t.t

^Hr 
and ASr values appear in Table 6.1 as do the compositions

of the solutions studied. trrlithin experimental error integra-

tion of the I Na.C2 I 1 ]+ and Na* (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, respectiu"ly.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 Xc and Xs rnay be

varied. Thus Xc and Xs hrere varied from 0.30-0.63 and 0.70-

0.37 respectivel-y in water; 0.33-O.67 and 0.67-0.33 in DMS0;

and 0.495-0.665 and 0.505-0.335 in DMF. It is seen from Figure

6.2 and Table 6.1 that k¿ is invariant under these conditions

which suggests that the rate determining step for exchange is

the dissociation of INa.C211]+ as has also been reported to be

the case for INa.C22Zf .44 Protonation of both crypËates and

cryptands can occur in water62 and, accordingly in addition to

the three solutions of INa.C211]+ studied in water at pH 10.5

another solution vras 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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Table 6.1 Solution composition and kinetic parameters for Na* exchange on [Na.C21-1J* in various solvents.a

i)
ii)
iii)

i) -iii)

iv)

v)

vi)

vii)

v) -vii)

viii)

ix)

viii) -ix)

"zo

"zo
H o

combined

,ZO (pH 11.8)

DMSO

DMSO

DMSO

combined

DI"lF

D¡4F

combined

(pH l-0. 5)

(pH 10. 5)

(pH 10. 5)

+
INa ( solvated) l

-2mol dm

0.052

0.037

0.070

0.049

0.051

0.033

o.067

0. o52

0.033

Solvent lNa.C211l +

-1mol dm "

0.048

0 .063

0.030

0 .051

0.049

o.067

0. o33

o.048

o.067

(33 s K)

-1
s

1054 .8+8 . 2

1061 .8r7. 1

1044. 4!4.8

1053.6!4.r

1058 .319. 5

837 .4!6.2

a27.9!9.O

840.318. 2

832. 715.0

550 . 2r3 .0

558.3t5.0

554 .8r3 . 2

I

AnT

kJ ¡nol

¿

^st
-1 -1JK*mol*

13 . 511 .3

12.6r1.1

11 . 7r0 .9

12.6!0 .7

12.9!L.6

16 .4r1 .4

22.1!2.5

14 .0r1 .8

l7 .4!L.2

57 .7!L.3

54 .9r1.8

55.9r1 . 2

ku

-1

2

67. 510. 5

67 .2!O.4

66 .9r0 .3

67 .2!O.3

67.3!0. 1

69 .1!0.5

71 . 1rO .9

68 .310. 7

69.5!O.4

84.2!O.4

83 .1r0. 7

83.510-5

ts
o

a) Kinetic parameters \^rere determined from DATAFIT analysis. Errors quoted represent one standard deviation.
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reported here pertains to the unprotonated form of INa.C211]+.

Comparisons betr.¡een the kinetic paraneters characterising

INa.C211]+ nay be nade from the data collected in Table 6.2.

The positive ASt values characterising INa.C2IL]+ contrast

with the negative val-ues characterising ILi.C211]+ and are the

sole source of the greater INa.C211]+ kd values in DMSO and

DMF solvents. In v¡at,er the greater kd value characterising

INa.C2ll]+ arises from both a smaller AHf and more positive

AS+ value than are observed for ILÍ.C211]+. These differences

in the actÍvation parameters characterising the Li* and Na+

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 Lo

exist in the exclusive and inclusive forms as is discussed

be1ow. The modest dependence of kd characterÍsing both

INa.C211]+ and ILi.C211]+ on the nature of the solvent

indicates some involvement of solvent in the Lransition state,

but the dependence of kf (=Kk6, Table 6.2) on the nature of

the solvent is greater. This suggests that the transitíon

state for a1ka1i rnetal ion exchange resembles IM.C211]+ nore

c1-oseIy than solvated M* and C271, and that in the formation

reaction M+ becomes substantially desolvated. A1so, any C211,

solvational changes are close to completion when the

transition sLaLe is attained. These observatÍons are contrary

to those made for the larger and nore flexible cryptands and

reflect the greater rigidity of the C27I structure by

comparison to its larger homo1ogu.".46 Oi-scussion 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 Li* and Na* exchange on cryptate in various solvents

+
M crjrptand solvent 1o-3kf egs.2K)a

d m3 
"-1mot-l

1. 55

L6.L

L27

75.4

L450

7920

3600

7200

18000

18000

1400

2000

k
d

(298.2K)

s-1

0.004910.002

o.o23 2r0.0054

0.013 10.0033

47 .6!0.5

34.O!O.7

L2.r!O.2

L4.5

0. 7s

o.25

2000

L47 .6!2.6

7.5

I

ÂHT

kJ mol-1

86.6!4.6

64 .8!2.5

64.4!2.5

67 .2!O.3

69 . 5r0 .4

83 . 510.5

As

-1

+

JK mol -1

1 . 7t13 .0

-57 .7!5.8

-63.2!5.8

72.6!0.7

t7.4!L.2

55.8!L.2

Ref.

Li+

Li+

Li+
+

Na

+
Na

+
Na

+
Na

+
Na

+
Na

K+

+
Na

6+

a)

c 211

c2L7

c27r

C2II

C2IL

c27I

c22L

c22L

c22L

c227

c222

c222

nzo

Dllso

D¡4F

DI4SO

DMF

DMSO

DMF

'zo

'zo

b

b

b

c

c

c

d

d

d

d

e

d

"ro

^zo

67 .AtO.8 22.2t3 .3

o
2

k, = kuK using values from ref. 35. b) Ref. 43 Ref. 46 quotes kd = 0-o25, o-o2t2 and 0.0145 s-1

fot H2o, DMSo and DMF respectively. These values were determined usiirg a stopped-flow technique and the

origin of the discrepancy between the H2O values is not obvious. Ho\n/ever, this discrepancy does not affect

the arguments presentecl. c) This study. For H2o and DMSO refs. 62 and 46 respectívely quote kd(298.2K)

= LAO and ca 5 s-1, determined by temperature-jumo spectrophotometric and stopped-flow spectrophotometric P
H
t\)

methods.
d) Ref. 46

The origins of these discrepancies are not apparent but they do not affect the arguments presented'
e) Ref. 44.
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As cryptates exist Ín exclusive'and inclusive forms in

solution, â Dinimum of two steps, âs shown in Scheme 6.2, must

be considered in discussion of dissociation and formation

proce s ses .

+
^

Inc lusiveczt I Exc lus ive

1 lM.c2rr ll* / [M+] tc211l

Scheue 6.2

ThÍs scheme is over simplified as it does not specifically

include solvational and conformational changes, and the

diffusion controlled formation of the encounter cornplex

generally considered to precede netal complex formation

reactions is not shown. Nevertheless, Scheme 6.2 provides a

convenient basis for ensuing mechanistÍc discussion, and

clearly raises the possibility that the rate determining step

for dissociation of IM.C211]+ nay involve either the exclusive

or the inclusive cryptate as .the nature of M+ is varied (or

the nature of the cryptate is varied). The previously

discussed data indicate that INa.C211]+ exists predominantly

in the exclusive form in solution such that k2 << k_2. Under

these circumstances it is probable that k_1 characterises the

raËe deternining step for dissociation of INa.C211]+, and as

shown be1ow, kd=k_I/(k2/k-2 + 1) =k-1 and sinilarly,

kf = K.ka = kl.

lM.c2r1lIr, / LM+ltc211l krkz / u_rk_z (6.3)K

kI /u

k2 / k_Z

( 6.4)

and u't.c2r1lIr, / lt't c211lËx (6.s)
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Now if k_1 characteríses the rate determining step, then

k d k_r { Í,r4.czr11å* / (tM.c211låx + lM.c2rrlå*))

--k_ 
1{t/(1+([M.c211 ]Ïn / l.þt.cztrlt*>ll

and substituting from (6.5) gives

k_1 / Gzlk_z + 1) ( 6.6)

(It should be noted that if significant amounts of INa.C211]+

exist in the incl-usj-ve form and k-1 > k-2 the 23N. resonance

of this species would appear superinposed on the coalescÍng

resonances of Na* and INa.C211 ]+.)

In contrast, ILi-.C21 1]+ exists predominantly in the

inclusive form such that k2 >>

metric study of the formation of ILi.C211]+ in water detected

two kinetÍc processes consistent with the fast formation of

the exclusive form followed by the slower fornation of the

inclusive forr.45 It was not possible to separate individual

rate constants from these data and the kd values deLermined by

7ti NMR43 (Tab1-e 6.2) cannot be unarnbiguously identified with

k-l or k_Z in Schene 6.2.,Intuitive1y it seens plausÍbl-e

that as a consequence of the smaller ionic radius of Li+

compared to that of N"*, the rate deternining sLep in the

dissocÍation of the Li+ cryptate involves Ínclusive ILi.C211]+

such that kd = k-2. (An al-ternative possibÍ1ity that k-1

characterises the rate deternini-ng step results in

kd = lç- tk-Z/kZ.) l{hen 1og kd is p1-otted against 1og K the

ILi.c211]+ kd values are f ounrl to be 103 104 smaller than

expected by comparison to similar data for the dissociation of

Na* and K+ from larger cryptates and this has been
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attributed46 1".gely to the lower f,lexibility of C2LL In DMF,

DMS0 and water, kd for INa.C211]+ is found to be 10 402

snaller than anticipated from a sirnilar comparison. These

observations are consistent with the earlier deduction (based

on the solvent dependence of kf being greater than of k¿) that

both Li+ and Na* in the transition state are substantially

desolvated. Thus it appears that the relative rigidíty of C2LI

restricts the sequential- displ-acemenË or acquisition of

solvent mol-ecules in the metal ion solvation sheath by

comparison to more flexibl-e complexones, and as a consequence

kf and kd characterising ILi.C211]* .rrd INa.C2l1 ]+ ure quite

smal1.

The discussion is no!¡ extended to include the data

pertaining to Lhe other Nat and K+ cryptates in Table 6.2. A,

comparison of the kf and kd values determi-ned in water for

INa.C22L]+ and IK.C22l)+ (which 13C NMR studies indicate exist

predominantl-y in the inclusive and exclusive forms respect-

ively in solutior,2l) shows that the kf and kd values charact-

erising INa.C22l]+ are substantially less than those for

IK.C22I]+.It is expected that for IK.C22L]* UU = tç-l and for

INa.C22I]+ kd = k-2 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 solvaÈed and complexed environ-

ments.

The kd and kf values characterisÍng IK.C222f+, which is

expected to exist predominantly in the inclusive form, qre

decreased relative to those for IK.C22l]+ consistent with the

above observations. However, such comParisons between

cryptates formed with differenL cryptands must be made wiLh
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caution as the flexibility of the cryptand increases with

size. Thus it is seen that in contrast to INa.C27L]+ and

ILi.C2lI]+ the kd values obtained for INa.C22L]+ are more

dependent on the nature of the solvent (Tab1e 6.2) than are

the kf values consistent with the transition state for Na*

exchange resenbling the sol-vated Na* and the cfyptand more

than the cryptate, âs compared with the C2LI cryptates where

the reverse situation prevails. It is therefore like1y that

the variation of the kd and kf values in water for INa.C211]+,

INa.C22L]+ and INa.C222]+ not only reflects the change from

the exclusive to the inclusive species on going frorn the first

to the second cryptand, but also the increasing flexibility of

the cryptand with s i-ze and the non-optimal fit of Na* into Lhe

large cavÍty of C222. This discussion is based on data

obtaÍned in a limited range of solvents but it is nevertheless

apparent that the predominance of the factors deternining the

lability of the cryptates varies as the structural propertÍes

of the metal ion and the cryptand are varied. Extension of

the discussion pertaining to the relative solvent dependence

of kf and kd Ëo a broader solvent range is present.ed in

section 6.2 (iv).
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(iii) KÍnetics of INa.C21C5l+

The previous sectÍon dealt with the effect on general

cryptate dynamj-cs 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 se.ction, the effect of changing the structural binding

features of the cryptand are examined by a comparison of the

kinetic parameters of INa.C211]+ and INa.C21C5l+.

In the solid state structure of INa.C21C5l+, the sodium

ion \.\'as found to be bound less closely to the crypLand cavity

than in the CZIL analogue since there is no binding inter-

action with the all carbon bridge. In the structure of

INa.C211]+ the sodium ion is in binding contact wiLh the

oxygen of the bridge on the opposite side of the cryptandr âs

indicated by the conformation of the bridge where the oxygen

is dÍrected towards the cavity and sodium ion. These differ-

ences in structures are manifest in the solution stabilities

of the two cryptates with t.he C21C5 cryptate being substant-

ia1ly less stable than the CZLI cryptate since the solvent may

compete more effectivel-y in the coordinatíon of Na* in the

former cryptate. In line with the behaviour of cryptates in

general, such a reduction in conplex stability should result

in increased rates of dissocÍation for INa.C21C5l+.

The variable temperature 23N. NMR studies of INa.C21C5J+

reveal-ed that the rate of exchange of Nr* "as íncreased in all

solvents. The coalescence tenperatures were substantÍa11y

reduced relative to those found for INa.C2L7] f such that the

coalescence of Lhe two resonances was observed within the

accessible temperature ranges for a wider range of solvents;

DMF, Me0H, propylene carbonate (PC), acetone, pyridine at
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79.39 llP.z and MeCN at 23.81 MHz. The exchange rate was f ast on

the NMR time scale in DMSO at its melting temperature and as

mentioned previously, the cryptand and its Na* cryptate are

insoluble in water. The mean lifetimes of INa.C21C5 J+, Tc,

were derived from complete lineshape analysis as descríbed in

section 6.1 and typical best fÍt l-íneshapes and the experi-

mentaL 23Nu NMR spectra for INa.C2LC5]+ in MeOH and MeCN are

shown in Figures 6.3 and 6.4 respectÍve1y. Eyring p1-ots of T-.

against I /T are shown in Figures 6.5 and 6.6 and the solution

compositions, derived k¿ and actívation pararneters are given

in Table 6.3. Again it can be seen from Table 6.3 and Figures

6.5 and 6.6 that kd is independent of the ratio of

Nu+(sol-vated) to INa.Czl}S]+ indicating that the rate deter-

mining step for exchange is the dissociatiorl. of the cryptate.

A summary of the kinetic parameters for INa.C21C5 1+ is

presented in Table 6.4 and kd values for INa.C211]+ ín conmon

sol-vents are included for comparison. Clearly the kd val-ues

for INa.C21C5J+ show a strong solvent dependence and with the

exceptíon of the nÍtrogen donor solvents, pyridine and MeCN,

the kd val-ues rise steeply with increasing Gutmann donor

nunber (DN), although 1og k¿ is not 1Ínearly dependent on DN

as found for IK.C222]+.46 (The Gutmann donor nurb"r63

represents a quantítative neasure of the electron donating

abilÍty of a solvenL, and is given þy the heat of formation of

the complex between SbC15 and the solvent in L,2-dichloro-

ethane.) The kf values also show sone solvent variation, but

by a factor of only 43 over the range of solvents as conpared

to a factor of greater than 1500 for the kd values. This

suggests that in the case of INa.C21C5]+, the transition state
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ix)
x)

ix) -x)

xi)
xii)
xi) -xii)

PC

PC

combíned

DMF

DMF

combined

19.410.8

19.110.6

19 .410.5

288191343

2887rt337

288l.8!242

70.2!O.7

70.7!O.7

70. 310.5

40.L!O.2

40.o!o.2

40. 010. I

L5.2!2 -O

16.7lL.9
15.3tl. 4

-25 .010 . I
-25.4!O.7

-25. 310.5

0 .051

0.033

0.053

0.035

0.050

0 .068

0.053

0.071

a) rinetic parameters deternrined from DATAI'IT analysis. Errors guoted represent one stândard deviation'
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Table Kinetic Parameters Summary for Na* exchange on Cryptate in Various Solvents6.4

Solvent

MeCN

PC

Acetone

MeOH

DMF

P1'ridine

DMFC

¡leoHd

PCd

Cryptand

C2IC5

c2LC5

c21C5

c21C5

C2LC5

C2IC5

C2LL

c2l_I

C2LL

lo-3 k-b
¿n.'3r-ri o¡-1

ka (298K )

-lÞ

t

^HTkJ moI-I

L

Àst
-1 -fJKrmol'

-13. 812.1

15.311.4

-6 .IlI.2

-31. 9+0. 4

-25. 3r0.5

3.310. 5

55. 811.2

DNA

I4.I

15.1

17-0

19 .0

26 -6

33.r

r0195.2

2557 4.L

8398.2

10370.0

21363 .1

490.7

L920

3100

2l_000

84 . 8+I.6

19 . 4+0.5

879 .4!6 .4

1802.114. I

28818 +242

93 .510.5

L2.L!O.2

2.5

0.036

57 .9!O.7

70.3t0. 5

54 .4+O .4

44.9!O .L

40.0+0. r

62.gt].2

83 .510 .5

a) Gutmann donor number; b) kf = kaKs values from section 5.2¡ c) From Table 6-2; d) Values taken from Ref. 46

H
NJs.
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for conplex formation strongly resembles Na*(solvated) and

cryqtand rather than the cryptate. The greater solvent

dependence of kd values in this range of solvents is contrary

to the situation found for the ILi.C211 ]+ and INa.C211 ]+

cryptates in the solvents discussed in section 6.2 (ii).

It is also noted frorn Table 6.4 that th" kd values for

INa.C21C5J+ are 2 to 3 orders of magnitude larger than those

for t.he C2LL cryptate in the same solvent. This increase is

much larger than the increase in kf values, for example, in

DMF the k¿ value differs by a factor of over 2000, whereas the

kf value varies by a factor of approximately 2O. Thus the

overall reduction in stability of the C21C5 cryptaLes relative

to the C?II cryptates is reflected almost completely in the

dissociation rates. Indeed, a plot of log Ks vs 1og kd is

approximately l-inea¡ and the values f or INa.C21C5 J+ are

coj-ncident with the plot obtained for the C222 and C22I

cryptates of various metal ions in various so1v"nts.46

INa.C21C5]+ exists as an exclusive cryptate as shown

previously and so the mechanistic arguments presented for

INa.C211]+ in terms of the equilibrium shown in Scheme 6.2 are

also appropriate for thÍs cryptate. Thus k_1 Ís substantiall-y

increased and kt slightly increased relative to INa.C21 1 ]+,

destablizi-ng the excl-usive cryptate. The loss of an oxygen

binding site has led to a reduction in the lifetime of the

sodium residÍng on the face of the crypÈand containÍng three

oxygen binding sites. There is no evidence Lhat the sodium ion

binds to either face containing the all carbon brÍdge.

It is of interest to extend these sLudies to other alkali

metal catíons and preliminary 116.64 MHz 7Li NMR investig-
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ations of the kinetics of ILi.CzLC5]+ have been carried out.

As in the case of ILi.C211]+ 43, the rate of Li+ exchange is

slow on the NMR time scale at 298 K in the solvenLs studied

(DMF, DMS0, acetone, MeOH and PC).0f these solvents, only in

DMF and DMS0 was coalescence obtained within the accessibl-e

temperature ranges and to date, the data obtained for DMF only

has been subjected to complete lineshape analysis.65 tfr" kd

value obtained in DMF hlas 145 s-1 at 29B K, substantially

lower than for INa.C21C5J+ (28818 s-1, Table 6.4). Thís

difference refl-ects the change in cryptate structure from

exclusive INa.C21C51+ to the presunably inclusive ILi.C21C5J+.

(Although the latter cryptate hlas shown to be inclusÍve by 13C

NMR in CDC13 in section 4.3, it is possible that in the more

strongly solvating DMF, the exclusive form rray exist in

significant amounts.) The variation of a factor of 200 between

these Lwo cryptates compares to a difference in k¿ of a factor

of 92O for the two C?IL cryptates (Table 6.2). This snaller

difference in the C21C5 cryptate dissociation rates may

indicate the presence of a significant amount of exclusive Lit

cryptate. Hohlever, a more detailed investigation of Lhe

kinetics of I Li.C21C5 ]+ in a wider range of solvenLs is

required before any such mechanistic conclusions can be nade.

The kd value for ILí.C21C5J+ is much hÍgher than that for

ILi.CZII]+ (0.013 "-1, Table 6.2), again a consequence of the

loss of an oxygen binding site. The variatíon (4 orders of

magnitude) is larger than for the tr¡o Na* cryptates (just over

3 orders of nagnitude, Table 6.4), which again reflects the

difference between the inclusive crypËates vrhere the inter-

action between Li+ 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

ILi.C21C5l+ and kinetic data in other solvents, a detailed

nechanistic discussion is not possíble. Deternination of this

information is part of continuíng work in the study of

cryptates in this 1-aboratory.

(iv) General Mechanistic Conclusions

In summarizing the preceding kinetic and nechanistic

discussion, two inportant features of cryptate formation
I

emerge. Firstly, the possibility that the cryptate nay exist

predominantly in either of the two structural conformations,

inclusÍve or exclusive, depending upon the rel-ative sizes of

the metal ion and the cryptand cavity. In the cases of

ILi.C211]+ and the Na* cryptates of C2LI and C2IC5, the

inclusive and exclusíve forms respectively dominate

conpletely, there being no kinetic or spectroscopÍc evidence

for the presence of the ot.her form in either case. However'

the importance of consideration of such factors in analysing

kinetic and thernodynanic data is strongly emphasised by the

exarnple of ICs.C222]+. 133Cs chemical shift studie"38'66'67

revealed a tenperature 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 Cs*

ion with solvent as expected for an exclusive cryptate.

However, on decreasing the tenperature to -lOOo C, the

chemical shifts in a range of solvents converge to a value

which is independent of solvent, indicative of the predomÍn-



T28

ance of the inclusive form. This is clearly good evidence for

the fornatíon of a rel-atively stable, exclusive internediate

in the formation of ICs.C222]+ and, in conjunction with the

observations nade for the C2LI and similar cryptates,

íllustrates the effects of cryptand síze and flexÍbility on

the energetics of cryptate formation.

The other Ímportant conclusions to be drawn fron Lhese

kinetic st,udies pertain to the mechanistic aspects of cryptate

formation and dissociation revealed by the solvent dependence

of these processes. In previous r{ork46 ínterpretation of the

variation of kd and kf with solvent, was generalised over a

range of solvent, types and conclusions made concerning the

structure of the transition state of formation. However, as

mentÍoned in section 6.2 (ii), the results obtained for

INa.C211]+ in the solvents studied in this work are apparently

at variance with these conclusions. A more detailed analysis

of the availabl-e data, in terms of the donor strength of the

solvents and its effect on the energetics of the transitíon

state gives further insight into the mechanisn of cryptate

dynamics and incorporates these findings.

As described at the beginnÍng of this chapter,

application of the Eigen-hlinkler mechanism to cryptate form-

ation would lead to the expectatíon that the structure of the

transition state of the rate determining step should be

dependent upon solvent coordination strength. Eyring, Petrucci

and co\¡¡orkers have Ínterpreted kinetic data obtained from

ultrasonic absorption studies in terms of ËhÍs nechanism for

the complexatíon of Ba2t, Li*, N"* and K+ by [18]-crown-6 and

analogous crown ethet".68-71 In Scheme 6.1, the kz step

invol-ves partial conformational change j-n the croh'n ether and
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partial desolvation of M*, and the k3 steP involves further

desolvation and encapsulation of the cation. The rate deter-

niníng factor for the k3 steP varied tlepending upon the

solvent. In wat,er the desolvation process was found to be

important, ï¡hereas in methanol the crown ether conforrnational

change hras the rate determining factor. This variation with

solvent is also observed in the fornation of the cryptates

studied Ín this work.

As previously noted, kd for INa.c211]+ shows a signif-

icantly smal-1er solvent dependence than k¡ in DMF, DMS0 and

v¡ater, all strongly coordinating solvents (Tab1-e 6.4). This

also applies to ILi.C211]+. Thís suggests that in t.he rate

determining step for the formation reaction the transition

state more closely resenbles the product cryptate than the

reactants, irnplying that Na* has alnost reached its final

(partially) desolvated state. Conversely, for INa.C21 1 ]+ in

fnethanol and PC (Tab1e 6.4), kd exhibits the greater solvent

dependence and the transition state for the rate determíning

step i-s probably more similar to solvated Na* and cryptand.

Thus as the solvent varies from water to PC, the transition

state for formation becomes more like the reactants and kt

increases while kd decreases. General-1y, kf increases as the

solvenL donor strength decreases and k¿ decreases with the

same solvent variation.

Hence, in simplistic terms, the stonger the solvation of

N.*, the greater is the barrier to formation of INa.C211]+ and

greater is the ability of the sLrong donor solvent Lo compete

for bindÍng sites on Na* in the cryPtate. Consequently, the

magnitude of kd will be greater in these sol-vents. It appears

that in weak donor solvents the formation of Na* cryptand



130

bonds makes a relativeLy larger contribution to the transition

sËate energetics than in the presence of strong donor

solvents, and the rate determining step for cryptate formation

involves the first Na* cryptand bond (or a step close

thereafter). In strong donor solvents the rate determiníng

step appears to occur somewhat later in the inclusion process'

possibl-y invol-vÍng removal of final solvent molecules.

That the position of the transition state may vary along

the reactíon coordinate with solvent thereby changing the rate

determining step, is evídenced by the mechanism of exchange

of Ca2+, Sr2*, Ba2* and Pb2+ between dÍfferent cryptands in a

range of so1v"ntt.72 In strongly solvating water, DMF and

DMSO, the rate det.ermining 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 Ímportant in the rate determining

step.

The preceding argunents also apply to INa.C21C51+ where

most sol-vents studied \¡Iere weakly coordinating. Fron Table 6.4

it can be seen that kd varíes with solvent to a greater extent

than k¡ amongst the weak donor so1-vents, as would be predicted

fron the above discussion. As such, the transition state

presumably resembles the reactants in the fornation reaction,

which suggests that the rate determining step for dissociation

of the cryptate occurs late in the cryptand Na* bond

breaking process. Relative to CzlI, the total bonding strength

of C2IC5 is reduced by the loss of an oxygen bindÍng site and

this shoul-d result ín a significant decrease in the rate of

dissociation as ís observed. If the rate determining factor

for cryptate formation involves the formation of the first
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cryptand - Na+ bond as mentioned above, the influence of the

oxygen binding site on Èhe opposite face of the cryptand would

be expected to be less and this ís reflected in the smaller

difference ín kf between INa.C211]+ and INa.C21C5J+.

In summ ãt!, the kínetÍc parameters for Na* exchange on

INa.C211 ]+ and INa.C21C5]+ have been determined by dynamic

23N" NMR spectroscopy in a range of solvents. The results have

been interpreted ín terms of stepwise fornation of the

cryptate and discussion has been extended to include other

cryptates. The nechanistic discussion has incorporated the

effects of metal ion size, âûd cryptand cavity si-ze,

flexibility and binding sites on cryptate formation and

dissociatíon.
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6.3 EXPERIHEìTTAL

(i) Haterial s. Cryptand CzLl (Merck) was redistilled, then

dried under high vacuum for 24 hours before use and stored

under nitrogen. Sodiun, lithium and silver perch1orate salts

were dried under high vacuum for 24 hours. All solvents were

purified and dríed using 1íterature methods30 and were stored

over Linde 4A nolecular sieves under nitrogen. Tetraethyl-

ammonium perchlorate (TEAP) 
"as 

prepared by ion exchange of

tetraethyl-amnonium chloride (BDH) on Anberlite IRA-400 resin

(0H- form) to give an aqueous solution of the hydroxide which

was acidified with perchloric acid resulting in the precipít-

ation of TEAP. The crude material was twice recrystallízed,

from water (no precipitate was observed on the atlditÍon of

AgNO3 to an aqueous solution) and dried under high vacuum at

600 C f or 24 hours.

(ii) stability Coustant Measurements. The stability constants

of Ag+ cryptates were measured by direct potentiometríc

titration. Ce11 potentials were measured using an 0rion

Research 7014 digital ionalyser and were accurate to lO.2 mV.

Typicall-y, 10-3 mo1 dn-3 AgN03 solution (25 m1) h'as titrated

with LO-z mo1 drn-3 C2IC5 solution (approximately 5 n1) and

the Àg+ concentration I{as monitored wíth a si1.r"t wire

electrode. For all titrations, Ëhe reference electrode was a

Ag wire in 1O-2 no1 dn-3 AgN03 solurion (AgCIO4 in the cases

of acetone and PC) and all solutions r"Iere O.05 nol dn-3 in

TEAP to keep the Ag+ activity coefficient constant. The sarnple

ce11 was separated fron the reference cel1 by a salt bridge

containing the TEAP background electrolyte solution. The

titrations vrere carried out with stirring and a slow stream of
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nitrogen passing through the sanple solution contained in a

Princeton AppLied Research polarographic cell- with a water

jacket for thermostatting at 298K. The electrode response Í¡as

calibrated in each solvent by measuring the potential of

solutions containing known Ag+ concentration, usually by

adding 10-2 nol- dm-3 AgNO3 solution to the TEAP solution (25

m1). Plots of potential vs.1og IAg+] were linear with slopes

varying from 55 to 65 (enf in mV). Readings ÌÍere taken after 5

10 mÍnutes equÍlibration tine when no further change in emf

was observed.

The indírect determinatíon of Na* cryptate stability

constants l{as carried out by titration of 10-3 nol- dn-3 ÂgNO3

(25 m1) wirh a solution lO-2 no1 dm-3 in both cryptand and

NaC104, monitorÍng the IAg+] with a Ag wire electrode. The

stabilÍty constants vrere cal-culated as described in section

5.2.

The direct. potentÍometric titrations of NaC104 solutions

with cryptand were carried in out a simÍlar manner to the Ag+

Ëitrations described above using a Radiorneter G502Na sodium

g1-ass elecLrode which \¡as also calibrated in sol-utions of

known Na* concentration. Typically, ten points on the

titration curve after equivalence point, where the error in K"

is lowest, I,ìIere used in the calculations and the results

averaged to give the quoted K".r.1rr".64

(iii) NMR Spectroscopv. 23Na NMR spectra ri¡ere recorded on a

Bruker CXP-300 NMR spectrometer operating at 79.39 MHz or on a

modified Bruker HX-pOE NMR spectrometer at 23.81 MHz. 7ti NMR

spectra were also run on the CXP-300 spectrometer operating at

I16.64 MHz. An average of 6000 transients Ìrere accumulated

into a 2048 point data base using a 2000 Hz spectral width.
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The sample temperature was controlled to within t 0.3 K with a

Bruker B-VT 1000 variable temperature unit which was

calibrated usÍng a copper-constantan thermocouple and checked

periodically using the temperature dependence of the 1H

resonances of methanol and ethylene g1yco1.73 Data obtained on

the CXP-300 was transferred from the Aspect 2000 conputer to

the Nicolet BNC-12 computer of the HX-908 using the Bruker

program, SPECNET, for lineshape analysis.

Solutions of the sodium cryptates were prepared under dty

nitrogen, degassed and sealed under vacuum in 5 nm o.d. NMR

tubes according to the compositions Ín Tables 6.1 and 6.3.

All operations v¡ere performed in a dry box under nitrogen Lo

exclude moisture.

Refer to section 3.1 for general- experinental detaÍ1s and

to section 4.4 for details of the preparation of C21C5.
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APPENDIX t 19f' Chenical Shifts of Fluorocinnarnates in the

Presence of Varying IcCD]

(Chemical shifts are referenced to CFqCoo- (27. w/v in D2
are corrected for bulk susceptibilitl variations (see g.

0) and
3))

o-FLUOR0CINNAMATE

I c-cD ]

mo 1 drn-3

shift

ppm

. 0010

. oo30

.0050

.oo8l

. 0102

.0152

.o204

. o250

.o301

.0352

.0401

. 0503

.0600

.0701

.0802

.0902

.1000

.1201

-42.342
-4 I .555
-4t . t2t
-40.570
-40.264
-39.72r
-39.317
-38.964
-38.679
-38.435
-38.240
-37 .7 27
-37.4t9
-37.090
-36.858
-36.641
-36.401
-36.001

p-FLU0R0CINNAMATE

[a-CD] shift
_q

mo l- dm ppn

.0005

.oo10

.0020

.0030

.0038

.0060

.0080

. 0100

.0153

.0202

.0252

.0302

.0399

.0503

.0602

. oBo2

.0902

.1000

.1150

.1304

-36.686
-35.634
-36.582
-35.565
-36.547
-36.621
-36.7 26
-35.831
-37.173
-37.483
-37 .77 |
-38.014
-38.405
-38.765
-38.994
-39.328
-39.453
-39.537
-39.696
-39.814
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O-FLUOROCINNAMATE

[c-CD] shift
-cmol dm ppn

. oo04

. o010

.0020

.0030

.0039

.0059

.008 I

. 0102

. 0153

.o202

.0249

.030 1

.o402

. 0501

.0601

.0800

.090 I

. LOz4

.1148

.1304

-4t.394
-41.349
-4t.276
-4t.zto
-41,.t71
-41.088
-4 1 .038
-4L.Ot7
-41 .03 I
-41.O95
-41.181
-4t.269
-41.460
-41.606
-4t.725
-41.910
-41.989
-42.062
-42.r37
-42. L9l

¡n-FLU0R0CINNAMATE

I o-CD] shift
_q,nol dm PPm

.0005

. 0010

.0020

.0031

. oo40

. oo50

.0080

. 0101

.o152

.0201

.0249

.o301

.040 1

. o503

.0601

. 0800

.0900

.1001

.1151

.1300

-38 .27 |
-38.248
-38.209
-38.151
-38 . r27
-38.062
-37.985
-37 .948
-37.833
-37 -7 29
-37.648
-37.584
-37.466
-37.382
-37.314
-37.225
-37.193
-37. 159
-37 . r24
-37 .124



I a-cD ]

mol dn- 3

o' p-DIFLU0R0CINNAIIATE

o-FLU0RINE

shift
' 

Ppn
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p-FLUORïNE

shif t

Ppm

. 0005

. 0010

. o020

. oo31

.0038

.0060

.0080

. 0100

.0152

.0202

.o252

.0301

.0401

.0502

. o603

.0800

.090 1

.1003

. 1152

.1298

-37.095
-37.06 I
-37.013
-36.952
-36.924
-36.841
-36.792
-36.753
-36.745
-36.759
-36.754
-36.780
-36.852
-36.908
-36.967
-37 .O37
-37.078
-37. 106
-37.136
-37. 1 50

-33- 142
-33.148
-33.178
-33.218
-33.258
-33.382
-33.518
-33.599
-34. t62
-34.546
-34.817
-35. O39
-35.393
-35.634
-35.794
-35.975
-36.067
-36.129
-35. 193
-35.218

I a-cD ]

mol dm- 3

c, p-DIFLU0R0CINNAMATE

O_FLUORINE

shift

Ppn

p-FLUORINE

shift

pprr

.0002

.0005

.0010

.0020

.0030

. o040

.0060

.o100

.o150

.o182

.0203

.0223

.o27 2

. 0319

. o395

.0453

.0540

.0757

.081 I

.0950

.1100

. tz49

- 44.O41
- 43 .926
-43.7r2
- 43. 308
- 42 .968
-42-619
-4t.982
-40.932
-39.954
-39.395
-39.086
-38.878
-38.351
-37 .897
-37 .202
-36.931
-36.439
-35.535
-35.473
-34.897
-34.560
-34.871

-36 .77 4
-36.756
-36.705
-36.608
-36.577
-36.548
-36.57 r
-36.599
-36.951
-37. 158
-37.270
-37.430
-37.660
-37 .897
-38.203
-38. 455
-38.739
-39.289
-39.400
-39.739
-39.962
-39.886
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a-FLU0RGp-TRI FLU0R0METHYLCI NNAM ATE

a-FLU0RINE p-TRIFLU0R0METHYL

I o-CD ] shift shift
mo1 dt-3 ppm ppm

. ooo2

. 0005

.001 I

.0020

.003 I

.0039

. o050

. ooB0

.olo1

. o151

.0200

.0300

.04s I

.0602

. o79B

. 100

. 130

-39.856
-39.755
-39.598
-39.326

-28.856
-28.427
-28.144
-28.014
-27.915
-27 .861
-27 .86L
-27.860
-27 .860
-27 .859

t3.l3t
13. 155
13. 29 t
1 3.597
t 4.8t7
I 5. 200
I 5. 437
L5 .7 42
15.831
15.925
15 .95 t
15.981
I 5.987
15.987
r 5.988
1 5. 988
15.989

p_TRI FLUOROMETHYLC I NNAMATE

[c-CD] shíft
_?mol dm " ppn

.0002

.0005

.o011

.0020

. oo30

. o040

.o051

.0060

. oo80

. 0102

.o149

.o204

. o302

.o401

.050 1

. o650

. oB00

. 1001

.1304

13.193
13.242
I 3. 298
t3.472
I 4.998
15.320
t5 .479
1 5.590
15.735
15.813
15.877
1 5 .903
15. 91 1

15.906
1 5. 900
15.892
15.884
15.866
15. I42
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ø-TRI FLUOROMETHYLCINN AMATE

I c-CD ] shift

mol dm-3 ppn

. o010

.o051

.010I

. o151

. 0200

.0302

.0400

. 050t

.0650

.0801

.1003

.1298

13. 186
I 3. 415
13.572
I 3.667
13.741
13.833
1 3.883
13.925
13.961
1 3.980
I 3.983
I 3.998
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APPBNDIX 2. Supplenentary Crystallographic Data

Supplernentary Data. Final Hydrogen Positíonaf (><t03)

and Themal ("t02) Parameters for [Na.C2lt.NCS]

UIIzvxAtom

r3( 2)
13( 2)
13( 2)
r3( 2)
t3( 2)
r3( 2)
l3( 2)
r3( 2)
13(2)
13(2)
l3( 2)
l3( 2)
r3( 2)
13( 2)
13( 2)
l3( 2)
13( 2)
13( 2)
r3( 2)
13(2)
l3( 2)
l3( 2)
r3( 2)
13(2)
13( 2)
r3( 2)
r3( 2)
l3( 2)
rl(2)
t1(2)
r1(2)
11(2)
11(2)
11(2)
r1(2)
n(2)
r1(2)
l1(2)
l1(2)
ll(2)
rt(2)
l1(2)
r1(2)
11(2)
r1(2)
rl(2)

3e5( r )
4s4( l)
3s2(2)
37 5(2)
r67( l)
242(r)
27s(r)
l8e( I )
t6e( r )
r8e( I )
333( 2)
3 ts( 2)
42e(r)
4re(r)
387( l)
46s( I )
366( I )
377 (r)
283( 1)
298( r )
rll( 1)
146( I )
2e(2)
6e(2)
44(1)

8( t)
7 4(2)
86( 2)

421(2)
462(2)
37 L(2)
33s( 2)
172(2)
r0e( 2)
t08( 2)
r01(2)
263(2)
237 (2)
364(2)
366(2)
377 (2)
4s2(2)
244(2)
220(2)

34(2)
66(2)

173( r )
174( r)
23e(2)
301( 2)
2e3( r)
3s6( I )
30r( r)
34s( r )
r31( r)
226(r)
2r2(r)
r37( r)
r3e( r)
4e( l)

-13( I )
42(r)
54( l)

-2e(r)
17( 1)

108( r)
2s( r)

rre(1)
109( 2)
43(2)

rrs(r)
20r(r)
1e9( 2)
27 5(2)
210(2)
17 2(2)
2e3(2)
208(2)
32s(2)
3r8(2)
136(2)
235(2)
241(2)
t77 (2)
res( 2)
r23(2)
-2e(2)

re( 2)
r03( 2)

6(2)
t07(3)
202(3)

H( l)
II( 2)
II( 3)
rr( 4)
H( s)
IT( 6)
H(7)
H( 8)
II(9)
H( IO)
H(II)
H( 12)
rr( r3)
ri( l4)
H( ls)
rr( 16)
H( t7)
rr( 18)
rr( r9)
H( 20)
rr(2r)
H(22>
n( 23)
H(24)
H(2s)
H( 26)
H(27)
H( 28)
H( l')
rr( 2' )
rr( 3' )
H( 4')
rr( 7' )
H(8')
H( 9.' )
H( 1o')
H(ll')
H(12')
H( 13' )
H(14')
H(17')
rr(t8')
H( 2l' )
H(22')
rr(25')
H( 26')

43e( r )
523( r)
621(2)
s40(2)
s40( 1 )
s3e( 1)
688( I )
68e( l)
7e6(2)
827 (2)
780( I )
B4e( l)
6e8( I )
7 46(r)
620( r )
s96( 1)
400( r )
460( 1)
348( I )
3e1(r)
381( 1)
37s( 1)
460(2)
s27 (2)
64e( r)
6ro( l)
7 42(2)
67 2(2)
63s( 2)
s46(2)
s08( 2)
467 (2)
680( 2)
600( 2)
7 64(2>
7 8r(2)
782(2)
860( 2)
7 4e(3)
825( 3)
s7 8(2)
537 (2)
36e(2)
3sl(2)
4eL(2)
481(2)



147

Supplementary Data. Final llydrogen Posítional (x104) ana

Thernal (*tO3) Parameters for [Na.C2lC5.NCS]

AÈom zvx uI1

H( r)
n( 2)

H( 14)
H( 1s)
H( 16)
H(17)
rr( r8)
H( le)
rr( 20)
rr(2r)
H(22)
H( 23)
H(24>
rr( 25 )
rr( 26)
H(zt)
H( 28)
rr( 29)
H( 30)

10886( 3)
ee48( 3)
91r0(4)
e001(4)
6888( 3)
7 42r(3>
6e60( 4)
777 e(4)
sso 1( 3)
s060( 3)
se50( 3)
s346( 3)
7 484(3)
7 sr4(3)

r0 rs2( 3)
e360( 3)

1 r3e9( 3)
t0s83( 3)
rOe08( 3)
r r 140( 3)
eoos( 4)
se7 2(4)
72er(4>
784s(4>
6432(4)
ss50( 4)
3e2s(3)
4885( 3)
3830( 3)
4s73( 3)

208s(2)
1268(2)
2e72(2)
22s3(2)
2s42(2)
2307 (2)
LL7 3(2)
e00( 2)
456(2)

1427 (2)
2s2(2)

-r78(2)
-2s6(2>
-707 (2)
-1Bo( 2 )

lee( 2)
1030( 2)
r 186( 2)
2504(2)
2864(2)
3481(2)
3848( 2)
3657 (2)
4270(2)
367 r(2)
3926(2)
2702(2)
zse3Q)
Lze2(2)
1329(2)

202e(3)
le08( 3)
r634( 3)

7 37 (3)
1300( 3)
2s0t(3)

77 3(3)
1870( 3)
1765( 3)
17 2L(3)
4446(3)
33s6( 3)
2760(3>
389e ( 3)
3e56( 3)
281s(3)
3se8( 3)
46r4(3)
4s rs( 3)
33s8( 3)
326e(3)
424r(3)
ss62(4>
46e4(4)
33s4( 4)
4300( 4)
36e6(3)
2760(3)
3148( 3)
4327 ß>

68(2)
68(2>
68(2)
68( 2)
68( 2)
68(2)
68(2)
68(2)
68(2)
68( 2)
68(2>
68( 2)
68( 2)
68(2)
68(2)
68(2)
68(2)
68( 2)
68(2)
68( 2)
68(2)
68( 2)
68(2)
68(2)
68( 2)
68( 2)
68( 2)
68(2)
68( 2)
68( 2)

r1( 3

H(4
H(s
H(6
H(7

H(I
H(I
H(r
H(1

II( 8
H(g

)
)
)
)
)
)
)
0)
1)
2)
3)



Supplementary Data. Flnal positlonal (x 104) and Thermal (x 103) Parameters for [Na.C211.NCS]
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