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Abstract

In the first part of this work the complexation of a raîge of monovalent and divalent metal

ions by the bibracchial lariat ethers 1,7-bis((R)-(+)-2-hydroxy-2-phenylethyl)-4,10,13-trioxa-

1,7-diazacyclopentadecane ((R)-(+)-BPHE-C21) and 1,10-bis((R)-(+)-2-hydroxy-2-phenyl-

ethyl)- ,7 ,13, I 6-tetraoxa- t , 1 O-diazacyclopentadecane (R)-(+)-BPHE-C22) has been

investigated. This involved ab initio molecular modeling, X-ray crystallographic studies,

potentiometric stability constant determinations and NMR structural studies.

The stability constants of the Ag* and alkali metal ion complexes of (R)-(+)-BPHE-C21

and (R)-(+)-BPHE-C22 were determined in non-aqueous solvents by potentiometric titration

employing a Ag* ion selective electrode. The protonation constants of (R)-(+)-BPHE-C21 and

(R)-(+)-BPHE-C22 and the stability constants of the alkaline earth metal complexes of these

ligands were determined in partially aqueous solution using a pH titration method. A

comparison of the results obtained for the alkaline earth metal ions with those for the alkali

metal ions allows an assessment of the influence of the nature of the metal ion on the

selectivity of (R)-(+)-BPHE-C21 and (R)-(+)-BPHE-C22 in their complexation of metal ions.

Hartree-Fock geometry optimization calculations of the alkaline earth metal complexes of

(R)-(+)-BPHE-C2L and (R)-(+)-BPHE-C22 were performed. These calculations provide an

insight into the structural aspects of the alkaline earth metal complexes of (R)-(+)-BPHE-C21

and (R)-(+)-BPHE-C22 tn the gas phase. The solid state structure of [Mg.(R)-(+)-BPHE-

C22]2* is compared to that of the gas phase geometry optimized structure. The solution

conformation of the alkaline earth metal complexes of (R)-(+)-BPHE-C21 and (R)-(+)-BPHE-

C22 was studied using t'C l.tMR in methanol solution. The results of these structural studies

are discussed in terms of metal ion size, ligand topology and the solid state structures of

related complexes.

The conformation of tcd.(R)-(+)-BPHE-C21l2n was investigated in the gas phase, solution

and the solid state using geometry optimization calculations, NMR spectrometry and X-ray

crystallography, respectively. The results of these studies are compared to those obtained for

the alkaline earth metal complexes of (R)-(+)-BPHE-C21.

The second part of this study is concemed with the complexation of metal ions and the

anionic azo dye Brilliant Yellow by the diazacrown linked cyclodextrin dimers N,M-bis((2-1v-

(64-deoxy-B-cylodextrin-6\l)-amino)ethylamidocarboxymethyl)4 ,13-diaza-1,7,10-trioxa-

cyclopentadecane ((FCDen)zC 2I) and N,M-bis((S-l/-(64-deoxy-B-cylodextrin-64-yl)amino)-

octylamidocarboxy-methyl)4, 13-diaza-L,7, 10-trioxacyclopentadecane ((BCDon)2C21). This
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was achieved by potentiometric stability constant determinations, spectrophotometric stability

constant determinations, 2D-NMR structural studies and molecular modeling.

The protonation constants of (pCDen)2C2Land (BCDon)zC2I and the stability constants of

the Na*, alkaline earth and transition metal complexes of these ligands were determined in

aqueous solution by potentiometric titration. The results are considered in terms of the current

knowledge of the selective complexation of metal ions by the parent diazacrown and amide

arm bibracchial lariat ethers.

The setf inclusion of [Na.(pCDon)zC2l]* in aqueous solution was investigated by 2D-

ROESY experiments. The results for [Na.(BCDon)2C21]* are compared with those obtained

for the 1:2 complex formed between [Na.(pCDon)2C21]* and adamantane-l-carboxylate

complex.

The stability constants of the Brilliant Yellow complexes of [Na.(pCDen)zC2l]* and

[Na.(pCDon)2C21]* in aqueous solution were determined by spectrophotometric titration.

These results are compared with those for native BCD to determine the extent of cooperation

between the molecular recognition sites of [Na.(BCDen)2C21]* and [Na.(BCDon)2C21]+ in

binding Brilliant Yellow.

The structure of the complexes of Brilliant Yellow with [Na.(pCDen)zC2l]* and

fNa.(BCDon)zC2llt in aqueous solution was investigated via 2D-ROESY experiments. Semi-

empirical and force field molecular modeling was used to complement these experiments.
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Abbreviations

The following abbreviations have been used in this thesis

2D

Å

cr,CD

APT

PCD

calc

ô

DN

dn

E

Eo

F

YCD

HF

I
k

K"

K
K*

L

ln

log

MeOH

MHz

Mn*

NEt4ClO4

NEt4OH

NMR

NOE

obs

two dimensional

Angstrom (10-to m)

alpha cyclodextrin

attached proton test

beta cyclodextrin

calculated

chemicalshift

Guttman donor number

n-deuterated

electrode potential (volts)

standard electrode potential (volts)

Faraday's constant (9.6487 x 10a C mol-l)

gamma cyclodextrin

Hartree-Fock

ionic strength

rate constant

equilibrium constant

stab ility (equilibrium) constant

self ionisation constant for water

unspecifred ligand

natural logarithm (base e)

decadic logarithm (base 10)

methanol

megahertz1l06 s-t)

unspecified metal ion

tetraethyl ammonium perchlorate

tetraethyl ammonium hydroxide

nuclear magnetic resonance

nuclear Overhauser effect

observed
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PK*
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ppm

R

r
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-logrolOH-l

parts per million

ideal gas constant (8.314 J Krmol-l)

ionic radius

rotating frame nuclear Overhauser

spectroscopy

temperature (K)

effect

T



Chapter I

Chapter 1: Introduction

1.1 Metal ion Complexes of Crowns, Cryptands and Lariat Ethers

Until the 1960's, complexation of alkali and alkaline earth metal cations was problematic.

Although Ca2* binders such as ethylenediaminetetraacetic acid were well known neutral

compounds that bind these metals were not.r Charles J. Pedersen was the first to realise the

complexing ability of macrocyclic polyethers with alkali and alkaline earth metal cations.2-5

Whilst investigating the catalytic effects of bi and multidentate phenolic ligands on the

catalytic properties of the vanadyl group, VO, he inadvertently synthesiséd2,3,1I,L2-dlbenzo-

I,4,7,10,13,16-hexaoxacyclooctadeca-2,11-diene, more commonly known as dibenzo-l8-

crown-6. Upon reacting partially protected catechol (contaminated with about l0%

unprotected catechol) with bis(2-chloroethyl)ether in the presence of sodium hydroxide in n-

butanol, Pedersen obtained the desired quinquedentate ligand bis[2-(o-

hydroxyphenoxy)ethyllether as well as a small quantity of white, silþ, fibrous crystals

(Figure 1.1). The mysterious byproduct, which proved to be dibenzo-l8-crown-6, had the

unusual property of not being very soluble in methanol but becoming freely soluble upon the

addition of any soluble sodium salt.

+
H

H CI

n-BUOH NaOH

+

H
(a) (b)

Figure l.l Formation of a) bts[2-(o-hydroxyphenoxy)ethylJether and b) the crown ether

dibenzo-18-crown-6
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In 1967 Pedersen published the synthesis and cation complexing properties of thirty three

cyclic polyethers.2'3 This class of compounds were trivially named crown ethers3 because of

the appearance of their molecular models and their ability to crown and uncrown cations.

Crown ethers are identifred by (i) the number and kind of substituents on the ring, (ii) the total

number of atoms in the ring, (iii) the class name, crown and (iv) the number of oxygen atoms

in the polyether ring. Some simple crown ethers and their trivial nomenclature are illustrated

in Figure 1.2.

n:1
n:2
n:3
n:4

12-crown-4

15-crown-5

18-crown-6

2l-crown-7
etc

Figure 1.2 General structure and trivial nomenclature of some simple crown ethers.

In 1964 it was discovered that the antibiotic valinomycin selectively induces the uptake of

f* in mitochondria.6 Further research revealed that other naturally occurring macrocyclic

antibiotics such as enniatins A and B, monactin and nonactin (Figure 1.3) selectively complex

alkali metal cations and transport these ions across membranes. Such molecules are known as

ionophores.T

Valinomycin is a 36 membered cyclic depsipeptide, that is, a macrocyclic peptide that

alternates amino and hydroxy amino acids. The molecule contains six amide and six ester

carbonyl groups and a hydrophobic surface composed of nine isopropyl and three methyl

groups. The 36 member ring, if planar, is too large to accommodate the K* ion. Instead, the

molecule folds to form a three dimensional cavity that is the appropriate size for K*. In so

doing the backbone assume a 'tennis ball seam' like geometry. Coordination is by the six

inwardly directed ester carbonyl oxygen donor atoms. All the lipophilic side chains point

towards the exterior of the complex which solubilizes it in the membrane and allows for its

transport through the membrane. Six intra-annular hydrogen bonds between the amide C=O

and NH groups stabilise the ring conformation and result in limited flexibility.8 Thus the size

of the intramolecular cavity cannot readily contract and this results in the observed selectivity

of valinomycin for complexation of K* over Na*.e

2

n
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(a)

(b)

(c)

(d)

3

R: CH3: Enniatn B

R:C2H5: Enniatin A

R: CH3: Nonactin

R: C2H5: Monactin

ao
@N
Oc

Figure 1.3 The structures of the antibiotics a) valinomycin, b) enniatins A and B, c) monactin

and nonactin, and d) the crystal structure of the I{-valinomycin complex.

-1



Chapter I

As a result of his interest in the behaviour of the macrocyclic antibiotics, and coincident

with the discovery of the crown ethers, Lehn envisaged a ligand that would combine the

complexing ability of the antibiotics with the chemical stabitity of the crown ethers. The

principle of the design of such a ligand was to encapsulate the metal ion within a rigid three

dimensional spherical cavity.r0 Lehn synthesised a series of diazapolyoxamacrobicyclic

polyether ligands which he named cryptands (from the Greek KpDTIros: hidden and Latin

crypta: cavity, cave) and their metal complexes cryptates.tt The presence of the third

polyether chain substantially decreases the flexibility by comparison with the crown ethers.

One of the first cryptands synthesised was 4,7,13,16,21,24-hexaoxa-1,10-

diazabicyclo[8.8.8]hexacosane, or C222, its trivial name indicating that there are two oxygen

atoms on each of the three polyether chains.r2 The most striking feature of the cryptands is

their selective complexation of the alkali and alkaline earth metal ions which is dependant on

the relative sizes of the metal ion and intramolecular cryptand cavity.l3'lo The general

structural formula and abbreviated names of some typical cryptands are illustrated in Figure

r.4.

Figure 1.4 Structuralformula and trivial nomenclature of some typical cryptands.

Since Lehn and Pedersen's pioneering work, numerous varieties of crown ethers and

cryptands have been prepared where nitrogen and sulfur have been substituted for oxygen and

where the size of and number of donor atoms contained within the ring have been varied,

resulting in modification of metal ion specificity and complex stability.r5'r6

4

c

a b c cryptand

cl1
c2l
c22
c222
c322
c332
c333

1

I
1

000
100
110
111
211
222
222

etc
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The paradox of membrane transport is that the carrier should optimally have different

properties in each of the three chemically different regions (source phase, lipid membrane

interior and the receiving phase) encountered by the ionophore. At the membrane surface,

coordination should be fast and strong. Inside the hydrophobic membrane the cation should be

strongly bound. Lastly, once on the other side of the membrane the ion should be weakly

bound and released quickly. Gokel realised that the cryptands had three dimensional cavities

and the required binding strength but lacked lability, whereas the crowns lacked both the

ability to envelope cations and binding strength to function as effective ionophores. In an

effort to study and mimic valinomycin Gokel synthesised a series of pendant arm crown

ethers which he named lariat ethers with the'lariat' label coming from the ligands ability to

lasso a metal ion.l8-22 Two families of lariat ethers were prepared by Gokel, the carbon-pivot

lariat ethers and the nitrogen-pivot lariat ethers. The carbon-pivot lariat ethers have the

pendant arm attached to a carbon atom of the polyether ring, whereas the nitrogen-pivot lariat

ethers have the pendant arm attached to the nitrogen atom of an azacrown ring. Two pendant

arm systems are known as bibracchial lariat ethers, likewise three armed systems are called

tribracchial lariat ethers. Since nitrogen atoms have the ability to undergo facile inversion, a

property not shared by carbon, the nitrogen-pivot lariat ethers tend to form less stable more

dynamic complexes than those of the carbon-pivot lariat ethers. Examples of carbon-pivot,

nitrogen-pivot and bibracchial lariat ethers are shown in Figure 1.5.

R

-R

(a) (b) (c)

Figure 1.5 General structures of a) cabon-pivot lariat ethers, b) nitrogen-pivot lariat ethers

and c) bibracchial lariat ethers.

The intriguing ion coordination and transport properties of lariat ethers have attracted

considerable attention in recent years."-T

5

-RR
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The structures of synthetic macrocyclic ligands and their complexes has been the subject of

many investigationr.'n-'* The structural features of such ligands determine the stability and

selectivity of their complexes with metal ions, crystallographic and modelling studies have

revealed the structural factors underlying these cation complexation characteristics. These

factors include ligand cavity size, donor type and metal ion radii. When considering the

structures of bibracchial lariat ether complexes several factors need to be considered. Firstly,

are both the sidearms and macrocycle involved in the coordination of the metal ion?

Secondly, how many of the arms are involved in the complexation process? Thirdly, if both

arms are involved do they coordinate the metal ion from opposite or the same sides of the

macrocycle? Finally, is the metal ion contained within the macrocycle? Several crystal

structures of bibracchiallariatether complexes have been determined.2e-34 They illustrate the

cooperative participation of the macrocycle and sidearms in the coordination of metal ions.

Solid state structures are not unequivocal evidence for solution state structures, however, they

provide an invaluable insight into the interactions between metal ion and ligand.

One of the major aims of this study is to improve and extend the current understanding of

the kinetic, equilibrium and structural aspects of metal ion complexation of bibracchial lariat

ethers. Work described in this thesis investigates the complexation characteristics of the

bibracchial lariat ethers 1,7-bis((R)-(+)-2-hydroxy-2-phenylethyl)-4,10,13-trioxa- 1,7-

diazacyclopentadecane, (R)-(+)-BPHE-C2 1 , and I , 10-bis((R)-(+)-2-hydroxy-2-phenylethyl)-

4,'7,I3,16-tetraoxa-I,10-diazacyclo-octadecane, (R)-(+)-BPHE-C22, with alkali and alkaline

earth metal ions. Both (R)-(+)-BPHE-C21 and (R)-(+)-BPHE-C22 possess two pendant arms,

each containing a hydroxyl oxygen donor atom with which they can facilitate the coordination

of metal ions. The structures of these ligands along with those used for discussion and

comparison purposes are shown in Figure 1.6.

6
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c22 c222 c22l c.22C8 BHE.C22

BHDME.C22 BME-C22 BHEE-C22
BIJP-C22 BHCH-C22

BHP-C2l BMP-C21

BMNM-C22 BHPE-CZ2 BHPE-C2I

C2I c22Cs BHE-C21 BME-C21

Figure 1.6 Structures and trivial nomenclature of various diazacrowns, cryptands and

bibracchial lariat ethers used or discussed in this study.

7
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1.2 Complexation of Molecular Species by Macrocyclic Hosts

A macrocycle may act as a "host" by complexing with a "guest" molecule, without any

covalent bonds being formed, to produce what is known as a "host-guest" or "inclusion"

complex. If the host is able to distinguish guests on the basis of their shape, size, charge,

chirality or some other property then it is said to express molecular recognition.3s Macrocyclic

hosts have been investigated for their potential use in a vast number of applications, which

include, sensor technologies,4o-45 controlled release of drugs,a6-a8, separation technologies,ae-s1

transport systems52 and as enzyme mimics.53'54

Pedersen immediately rccognized the ability of crown ethers to complex ammonium ions.r

Complexation results from the formation of hydrogen bonds between the donors of the ring

and the ammonium ion (Figure 1.7).

a"ì
H

-R

Figure 1.7 Schematic illustrating the complexation of primary alþl ammonium ion by 18-

crown-6.

Since Pedersen's initial observations there have been a large number of studies

investigating the complexation of ammonium ions by crowns, cryptands and lariat ethers.55

Considerable effort has been put into the development of hosts capable of enantiomeric

recognition of chiral alkyl ammonium ions.56 Molecular species other than ammonium ions

are also observed to form hydrogen bond stabilized complexes with crowns. Extremely stable

complexes are formed by tetra-carboxylate-27-crown-9 with the guanidinium cation (K :

9000 mol dm-3) and the imidizolium cation (K: 350 dm3 mol-r) in aqueous solution (Figure

1.8).tt There are numerous other examples of hydrogen bond stabilized complexes of crown

ethers and their derivative cryptands and lariat ethers with cations and neutral molecules.16

N
I
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" I COz COz "tCOz

(a) (b)

Figure 1.8 Schematic illustrating the complexation of a) guanidinium and b) imidazolium by

t e tra- carb oxy lat e - 2 7 -c r own- 9.

In their protonated forms polyaza crowns and cryptands may act as hosts for a variety of

molecular anions. The protonated form of the cryptand C222 is observed to form a stable

complex with the azide anion(Figure 1.9).t*

Figure 1.9 Schematic illustrating the complexation of azide anion by the cryptand C222.

Protonated polyaza macrocycles form stable complexes with anionic guests containing

carboxylate and phosphate functional groups.tn-ut The strong complexation of adenosine

mono-, di- and triphosphates (ATPa-, ADP3- and AMP2-, respectively) by polyaza crowns is

particularly significant considering the role of these guests in bioenergetics. The protonated

24 member ployaza macrocycle illustrated in Figure 1.10 forms extremely stable complexes

in aqueous solution with ATPa-, ADP3- and AMP2- characterized by log(K I dm3 mol-r; :

11.00,8.30 and 6.95, respectively. Furthermore, the presence of an equimolar amount of the

macrocycle results in the rate of hydrolysis of ATPa- at pH 8.5 being accelerated by a factor of

- 103 .62

9

o;.C

NF+trN
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Figure l.l0 Potyaza macrocyclic hostfor ATP4-, ADP-and AMP2-

There are many other inorganic, organic and biological hosts. Some examples are

spherands, cyclophanes, carcorands, calixarenes, cyclodextrins, and enzymes. Host molecules

can be tailored to a particular guest and functional groups introduced to manipulate selectivity

of binding and stability of the complexes formed'

Individual host units may be combined to form what Lehn describes as "polytopic

coreceptors".3e These host molecules may cooperate for the simultaneous complexation of

several substrates or alternatively a single multiply bound polyfunctional species. The

simplest class of these systems are ditopic hosts which contain two binding units.

When the two binding sub-units are located at the poles of a ditopic host molecules bearing

appropriate functional groups at a distance comparable with the separation of the binding

units will be preferentially complexed. This is an example of linear recognition. Several

ditopic hosts that comprise two diazacrown units join by a rigid linker between the nitrogen

atoms of the ring have been synthesized (Figure 1.11).63-6e These hosts form inclusion

complexes with terminal diammonium cations, 
*H¡N-(CHz),-NH¡*. Changing the length of

the linker between the diazacrown units modifies the selectivity of the host in favor of the

guest of complimentary length. Competitive binding experiments with the C22 based host

illustrated in Figure 1. 10(b) have shown that the relative selectivity towards

*H¡N-(CHz),-NH¡*, where fl:8, 7,6,5 and4, is I : 6 : ll :32: 8, respectively. The X-ray

structure of the most stable of these complexes indicates an almost ideal fit of the guest to the

host's cavity.6e

+

+
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(a) (b) (c)

Figure l.ll Examples of C22 based ditopic hostsfor diammonium cations.

Polytopic hosts may also be formed by combining hosts of different classes. Ditopic hosts

have been formed by the coupling of polyazacrown ethers with various cyclophanes. The

diazacrown ethers C2l, C22 and C23 have been attached to p-tert-butyl-calixarene via amide

linkages between the nitrogen donors of the ring and 1,3- positions on the lower rim of the

calixarene to give calixcryptands.T0 Triaza crown ethers have been capped by the saucer

shaped rigid cyclophane cyclotriveratrylene (CTV) to produce speleands (Figure l"12).71 In

these molecules the crown acts as a polar binding unit while the cyclophane provides a

hydrophobic cavity and gives rigidity and shape to the system. The cavity height may be

adjusted by varying the length of the bridges between the two sub-units.

(a) (b)

Figure l.l2 Examples of triazacrown based speleands.

The speleand illustrated in Figure Ll2(a) forms a stable complex with CH¡NH:* in CHzClz

solution. Two forms of the complex are observed the endo in which the methyl group of
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CH¡NH¡+ is directed to the interior of the host cavity and the exo in which the methyl group is

directed away from the cavity. The endo form of the complex is stabilized by interactions of

the methyl group with the CTV capping unit and consequently is present at approximately

twice the concentration as the endo formof the complex.Tl

In work described in this thesis the formation of host-guest complexes by polytopic hosts

containing diazacrown ether and cyclodextrin binding units was investigated. The

cyclodextrins are a series of naturally occurring cyclic oligomers composed of o-(1 -' 4)-

linked D-glucopyranose units. The most common cyclodextrins are composed of 6, 7 or 8

glucose units corresponding to o{,-, B-, and y-cyclodextrin, respectively, (Figure 1.13).

H o(l

o(3) o(2)
OH

65 t) I
primary hydroxy

o( groups
o HO

OH
OH

HO oHo OH

HO nOH
hydroxy

groups
oCD
BCD
./CD

Figure l.l3 Schematic representations of the cyclodextrins. Each atom of a single glucose

residue is numbered as for glucose itself. In this thesis a truncated cone is used to represent a

natural or modified cyclodextrin. Wen a substituent is dra'wn at the narrow end of the cone,

it indicates that it has replaced a C6 lrydroxyl group, whereas a substituent drawn at the

wider end of the cone indicates that it replaces either a C2 or a C3 lrydroxyl group.

X-ray crystallographic studies reveal the cyclodextrins have a slightly conical structure

with a narrow opening at the primary O(6)H end and a wide opening at the secondary O(2)H

and (O)3H end.72 Each glucopyranose unit is held in a 
aCr chair conformation. This structure

is stabilized by intramolecular hydrogen bonds. The interior of a cyclodextrin is hydrophobic,

being lined with O(4) glucosidic linkages and the H3 and H5 protons, while the exterior is

hydrophilic due to the presence of the hydroxyl groups. Most of the current interest in

n:1
î:2
n:3
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cyclodextrins arises from their ability to include a wide range of guest species within their

annuli to form host-guest complexes.T3-7*

Other binding units may be appended to the cyclodextrins by substitution of one or more

the hydroxyl groups to give a class of polytopic hosts generally referred to as modified

cyclodextrins. The following nomenclature system has become widely accepted for the

naming of modified cyclodextrins and is used throughout this thesis. The cyclodextrin is

named G-, g-, y-, etc., depending on the number of glucose units that make up the annulus as

for natural cyclodextrins. Each atom of a glucose unit is labelled as for glucose itself. For a

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

remaining residues are labelled B, C, D...etc, moving around the ring in a clockwise direction

when viewing the cyclodextrin from the primary face (Figure 1.14).

H

6

R
,rtlO

R

R

4- - -lll"
I
I
I
I
I
I
I
I
I
I

J

J

H
6

(a) (b) (c)

Figure l.l4 Schemntic represenations of a modified BCD formed via substitution o/ a single

primary hydroxyl group showing a) the atom labelling of an individual glucose residue, b) a

view of the modifed cyclodextrin from above the primary face showing the labelling of the

glucose residues and c) the truncated cone representation of the cyclodextrin.

Wilner and Goren first reported the synthesis of a host formed by the capping of BCD at

the primary face with the diazacrown ether C22. This host showed enhanced binding of alkali

metalp-nitrophenolates compared to their association with the separate host components. The

stability constants in methanol of Li*, Na* and K* p-nitrophenolate with this host were found

to be increased by 6.4-,70- and 12.5-fold, respectively, relative to the non-functionalised

cyclodextrin. The enhanced stability of the complexes was attributed to favorable electrostatic

interactions between the crown complexed alkali metal ion and the phenolate anion included

within the cyclodextrin annulus (Figure 1.15)'7e
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N o

Figure l.l5 Schematic illustrating the complexation of p-nitrophenolate by alkali metal

complexes of C22 capped BCD (PCD-C22).

Similarly, Fujli et a/ synthesized crown capped cyclodextrins in which the crown was

attached to the cyclodextrin through a flexible thioether linker and investigated their ability to

complex sodium p-nitrophenolate in dimethylsulfoxide, enhanced binding was found with

respect to the native cyclodextrin (Figure 1.16).80

( o

\
N

ozN

(*
o
\ñ

o

N
)S S

o

(a) (b)

Figure l.16 Crown ether capped PD's incorporatingflexible thioether linkages.

The individual components of a polytopic host may cooperate to bind a single guest. The

crown capped modified cyclodextrin pCD-C22 forms complexes in aqueous solution with

tryptophan, 1-(1-naphthyl)ethyl-ammonium, and tyrosine that are 9-, 8.3- and 7-fold more

stable than their analogous BCD complexes, respectively. The enhanced stability of the

þCD-C22 complexes results from the cooperative binding of the aromatic group within the

pCD annulus and the ammonium head group to the crown ether moiety.sr

The luminescence of the trivalent lanthanide complex of diazacrown capped cyclodextrins

has been investigated extensively by Nocera and coworkers.t2-84 In acetonitrile solution the

addition of benzene has little effect on the emission intensity of lBu.C22l'* on excitation at

the benzen e 254 nm absorption frequency, however [Eu.BCD-C22)3* shows a substantial

increase in emission intensity under the same conditions.s2 This is attributed to absorption-

energy transfer-emission (AETE) occurring when benzene complexes within the BCD annulus
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of [Eu.BCD -C22]3*. The absence of AETE for [Eu.C2213* is attributed to its inability to bind

benzene so that energy transfer from benzene may only occur through a bimolecular route

which is ineffrcient because of the short excited state lifetime of benzene. In aqueous solution,

picolinic and benzoic acid enhances the emission intensity of [Eu.BCD-C22]3* much more

strongly than does benzene.s3 This is probably because picolinate and benzoate both complex

inside the pCD annulus and simultaneously coordinate to Eu3* and thereby decrease the

distance between the aromatic energy donor and Eu3* to enhance the effrciency of AETE.

One of the major aims of this study is to increase the understanding of the factors affecting

the formation of complexes by polytopic hosts containing diazacrown ether and cyclodextrin

functional units. This is achieved through a study of the structural and equilibrium properties

of the diazacrown linked cyclodextrin dimers ,MM-bis((2-N-(64-deoxy-B-cylodextrin-6Ayl)-

amino)ethylamidocarboxymethyl) 4,13-diaza-1,7,10-trioxacyclo-pentadecane ((0CDen)2C21)

and ¡4M-bis((S-N-(64-deoxy-B-cylodextrin-64-yl)amino) octylamidocarboxy-methyl)4,13-

diaza-|,7 ,LQ-trioxacyclopentadecane ((BCDon)2C21) (Figure 1.17) and their complexes.

Figure l.l7 Schematic representation of (BCDen)zC2l (n : 2) and (BCDon)2C2L (n: 8)

(The tethers of the linked cyclodextrin dimers are exaggerated in size by comparison with the

BCD annuli.)

These hosts possess two cyclodextrin units in which molecular species may be complexed

in close proximity to a metal ion complexing diazacrown ether. Both the complexation of

molecular species and metal ions is considered in this work.
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Chapter 2z Equilibrium Studies of Bibracchial Lariat

Ether Metal Complexes

2.1lntroduction

When a ligand complexes with a metal cation in a solvent an equilibrium is established

between the solvated metal cation (M"), the ligand (L) and the complex (ML"*). This

equilibrium maybe represented by the following general equation (Equation 2.1).

MN*+L lMLln* 2.1

Where K", the concentration stability constant is dehned as (Equation2.2):

K= 'r)

The stability constant of a complex may also be expressed in terms of the complexation rate

constant, k", and the decomplexation rate constant, fr¿ (Equation 2.3):

2.3

Several mechanisms have been proposed for the exchange of a metal ion between the

solvated and complexed state.t The monomolecular dissociative mechanism is the most

commonly observed exchange mechanism for the alkali metal complexes of crowns,

cryptands and bibracchial lariat ethers.2 In this mechanism the metal ion is completely

decomplexed from the ligand before another metal ion complexes the ligand. The rate law for

this mechanism is independent of solvated metal ion concentration but dependent on complex

concentration (Equatio n 2.4).

rate of exchange: kdlM.L]"* 2.4
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The stability constant of a complex formed between a cation and a ligand is one of the

most important parameters for interpreting the thermodynamic properties of such constructs.

The ability of macrocyclic polyethers and their derivative cryptands and lariat ethers to form

very stable and selective complexes with a wide range of cations, including alkali and

alkaline-earth metal cations, has given rise to extensive binding studies to ascertain the origin

of the selectivity. 
r-rtl

The factors affecting the magnitude of the stability constant include the relative sizes of

the metal ion and ligand cavity, the number and type of donor atoms, the nature of the solvent

and the structure and flexibility of the ligand.r-2r

By lengthening the nitrogen to nitrogen bridges of a cryptand or diazacrown ether, it is

possible to gradually increase the intramolecular cavity size (Table 2.1) and alter the cation

selectivity (Table 2.2). Aprime requisite for the formation of a stable complex is a good fit of

the metal cation to the intramolecular ligand cavity, the preferred metal cation being that

whose ionic radii most closely fits the ligands cavity.

This general rule is demonstrated well by the metal complexes of the cryptand C22l

(Figure 2.1). The cryptand C22l has a cavity radius of about l.l N2 and forms its most

stable complex (in aqueous solution) with Na* (log(K / dm3 mol-r) :5.4) which has a six

coordinate radius of 1.02 A,.23 X-ray crystallographic studies reveal that the Na* cation lies

completely within the C22l cavity, in contrast, the larger K* ion (r : 1 46 Å) is too big to be

accommodated within the C22I intramolecular cavity and forms a weaker complex (log(K" /

dm3 mol-r¡ : 3.95) in aqueous solution in which the metal resides on the face of the 18

membered NzO+ ring.za Li* with a radius of only 0.76 Ã (the six coordinate radius is quoted

as there is no seven coordinate Li* radius reported in the literature) is much too small to

establish optimal bonding distances with the donor atoms and hence forms a weak complex

(log(K / dm3 mol-r):2.50 ) in aqueous solution.
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Figure 2.1 Complexation of alkali metal ions in aqueous solution by C22l (seven

coordinate radii used for all metal ions except Li' for which only the six coordinate radius

is available).

The magnitude of the stability constant is dependent upon the number of binding sites the

ligand possesses. The ligands C22, C222 and C22Cs each have an intramolecular cavity of

approximately 1.4 Ä and consequently all exhibit selectivity towards K*. The replacement of

two neighboring oxygen donors of C222 by methylene, -CH2-, groups to give the cryptand

C22Cs results in a decrease in the stability constant for the formation of the K* complex in

methanol by a factor of approximately 105.4 The diazacrown ether C22, although possessing

the same number of donor atoms, forms less stable complexes than that of the cryptand

C22CB. This may be attributed to the greater structural flexibility of the crown compared to

the cryptand, furthermore the monocyclic structure of the crown allows for only partial

encapsulation of the metal ion and hence is less effective at competing with the solvent for

cations.

0.9
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Table 2.1 Approximate cavity radii and number of binding sites of selected ligands and ionic

radii of alkali, alkaline earth and Ag(I) metal cations for various coordination numbers.

Cavity No. of

Ligand Radius binding

(,{)' sites

Ionic radii (

Cation for coordination number

6 7 8 9 10 11

cl11
CzII

c2lc5"

c22l

c22C5"

c222

c22C8"

c322

c332

c333

C2Td

c22d

0.5 5

0.8 6

0.8 5

1.1 7

1.1 6

t.4 8

t.4 6

1.8 9

2.1 10

2.4 11

0.9 5

1.4 6

Li*
Na

K

Rb

Cs*

Mg"'

ctn
Sr"'

Ba''

Ag*

0.t6

t.02

1.38

t.52

r.67

0.72

1.00

1.18

1.35

1.1s

r.l2

1.46

1.56

1.06

r.2t

1.38

r.22

0.92

1.18

1.51

1.61

t.74

0.89

r.t2

r.26

t.42

r.28

1.26

1.31

1.47

t.24

1.55 1.59

t.63 t.66

1.78 1.81

t.69

1.8s

1.3 1 1.36

t.36

L52 1.57

oReferences 3,22; Reference 23;"The cavity radii of the aliphatic bridge cryptands are based

on their isostructural cryptands; 
dReference 

6
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Table 2.2 Apparent stability constants for selected cryptands and diazacrown ethers with

alkali metal cations in methanol and water.

c2tr 0.8 MeOH 8.04

Cavity

Ligand Radius Sovent

(Ä)"

Hzo

c22C5 1.1 MeOH

HzO

c22cs 1.4 MeOH 2

Hzo

c222 1.4 MeOH 2.6

log(K / dm3 mol-r)

Na* K* Rb* cs*Li*

7.90"

53d

5.5-

6.64"

6.rcd

2.90d

3.20'

3.76s

9

9.7r"

5.40d

s.4l

7

2.36'

23d

<2.0't

2.50"

r.gd

<2.0d

6

7.35"

2.55't

5

2.5'

<2.0"

<2.0't

4.33

<2.0d

4

3.95'

4.4d

<2.0d

Hzo

c2tc5 0.8 MeOH 3

c22t 1.1 MeOH 5.3

4.69'

2.50d

2.3

<2.0"

< 2.u

2.46"

<2.0't

8.54

9.4"

3.95"

5

2.o}h z.sgh 3.4( 3.28h 33lh

3.5 5 3.4 2

<2.a <2.a <2.a <2.u

8.98

g.r"

6.1 6.6

< 1.5 <1

10.41

Hzo

c332 2.1 MeOH

Hzo

Czl 0.9' MeOH

C22 1.4" MeOH

3.90d 5.40d 435't

3.2

<2.0d <z.o't <2.0d < o.7d <2.0't

1.07' I 2.04n 1.2

1.50/ 1.g/ < 1.0"

o Reference 3,22; Reference 24;' Reference 6; Reference 3, " Reference 4; Reference 26;

s Reference 11; ¿ Reference2T;'Reference 28;/ Reference2g;o Reference 30, / Reference 31;

' Reference 32. This value was determined in 95o/o methanol I 5%o water; ' Reference 33.
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The formation of a complex between a metal cation and a ligand involves the substitution

of solvent molecules from the first coordination sphere of the metal cation. Ligands must

therefore compete with solvent molecules for the cations in solution. Consequently the nature

of the solvent will affect the stability of a metal ion complex. All the complexes shown in

Table 2.2 exhlbit greater stability constants in methanol than in water. This is a direct result

of water being a more effective electron donor than methanol, that is, water competes more

effectively for the metal cations than methanol. A widely used parameter that expresses the

donor strength of a solvent is the Gutmann donor number, D*.'o It is defrned as the

magnitude of the enthalpy of complex formation, in kcal mol-t, between a donor solvent and

the acceptor antimony(V) chloride, SbCl5, in the inert medium 1,2-dichloroethane (Equation

2.5), hence, complex stability tends to decrease with increasing D*. In protic solvents it has

been suggested that values obtained where the solvent is the bulk rather than that obtained

with dilute solutions of the solvent in l,2-dichloroethane are more appropriate due to the

hydrogen bonding nature of these solvents.35'36

clcH2cH
Solvent.SbCl5 2.5Solvent + Sbcls

Macrocyclic ligands such as crown ethers produce much more stable complexes than their

open chain counterparts, this is called the macrocyclic effect.33 The stability of the K*

complex of 18-crown-6 in methanol is greater by a factor of 104 than the K* complex of its

non-cyclic polyether analogue pentaglyme, CH3(OCH2CH2)5OCH:. An even greater increase

is observed for bicyclic cryptands over their mono-cyclic, isostructural lariat ether complexes,

this is known as the cryptand effect. The stability of [K.C222]* is higher by a factor 105 1in

95:5 methanol:water) than the stability of the K* complex of the bibracchial lariat ether which

results when one of the C2z2polyether bridges is cleaved (Figure 2.2).t
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FI3

FI3

26

2.2

Macrocyclic Effect

Cryptate Effect

6.1

9.754.8

Figure 2.2 The I( stability constants, log(K, / dm3 molt), of several ligands illustrating the

macrocyclic (in methanol) and cryptate (in 95:5 methanol:water) ffict.

The selective complexation properties of bibracchial lariat ethers have been well

investigate 6.t2'r5,20,3t,3t As a consequence of their structure the complexation characteristics

of bibracchial lariat ethers lie at the borderline between crown ethers and cryptands. The

stability constants of bibracchial lariat ether complexes are dependent upon most factors that

affect crown ether complex and cryptand stability constants. Unlike the cryptands bibracchial

lariat ethers do not have preformed rigid cavities and similar to the crowns have substantial

conformational freedom. However, the concept that the complex of highest stability is

achieved when the metal ion size best matches the macrocycle hole size is not always

applicable to bibracchial lariat ether complexes. If the structure is anti, that is the pendant

arms coordinate the metal ion from opposite sides of the macrocycle then cation binding

selectivity maybe expected to be dependant on the crown ether hole size. Whereas, if the

structure is syn, that is both pendant arms coordinate the metal ion from the same side of the
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macrocycle then the cation size-macrocycle hole size concept will no longer apply as the

metal ion is not contained within the crown ether cavity. In the syn binding mode the ionic

radii of the metal ion which forms the thermodynamically most stable complex reflects the

size of the three dimensional cavity which forms with the least strain.

In this study the formation of metal complexes by the bibracchial lariat ethers (R)-(+)-

BpHE-C2l and (R)-(+)-BPHE-C22 was examined. Stability constants of the alkali and

alkaline earth metal ions in several solvents were determined. By comparison to related

molecules attempts were made to rationalize the observed selectivity patterns.

2.2 Stability Constant Determination Techniques

Several methods have been employed for the determination of the stability constants of

macrocyclic ligand complexes. These include calorimetry,3*'3e nuclear magnetic resonance,"

potentiometric titratioî,4'22'27'40'4r cyclic voltammetryaz and electrospray ionisation mass

spectrometry.a3 The technique employed depends upon the system being studied, the

availability of equipment and expertise. Two potentiometric titration techniques were used in

this study, one employing a Ag* ion selective electrode the other a pH electrode. These

methods are described in the following two sections in detail.

2.3 Stability Constant Determination in Non-Aqueous Solution

The stability constants of IM.(R)-(+)-BPHE-Czll* and [M.(R)-(+)-BPHE-C22]*, K,'

where M : Ag*, Li*, Na*, K*, Rb* and Cs* in {N-dimethylformamide were determined by

potentiometric titration using a Ag* ion selective electrode. The stability constants of the

complexes of Ag*, Li+ and Na* with (R)-(+)-BPHE-C2¡ and (R)-(+)-BPHE-C22 were

similarly determined in methanol.

For an ion selective electrode, the electrode potential is directly proportional to the

logarithm of the free, solvated metal ion concentration as described by the abbreviated

Nearnst equation (Equation 2.6).

E = Eo + Cln[M* ] 2.6
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The Parameters Ë's and C for an ion selective electrode maybe determined by titration of a

known concentration of metal ion solution into a known volume of background electrolyte

and measuring the electrode response. The result of such a calibration for the Ag* ion

selective electrode employed in this work is shown below (Figure 2.3).

-20

-25

-30

-35

-40

-45

-50

-55

-60

E : 107 .14 + 22.1971n[Ag+]

-6.8

ln[Ag*]

-6.6 -6.4 -6.2-7.4 -7.2

L+

-7

Figure 2.3 Calibration of the Ag* ion selective electrode with a 5 x l0-2 solution of ASClO,t

at 298.2 K and I : 0.05 mol dm-3 (NEt4CtOì in methanol. The straight line is the best fit of

the data to Equation 2.6. The values of E6 and C shown on the graph are þpical for this

system.

The Ag* complex stability constants (Equation 2.7) were determined via direct titration.

This involved titrating a solution of the metal ion with a solution of the ligand and measuring

the free metal ion concentration with the calibrated Ag* ion selective electrode (Figure 2.4).

Ag lAgLl* 2.7

where

K 2.8
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Volume ( .rn')

Figure 2.4 Ptot of experimental (o) and calculated (solid curve) EMF (mV) versus titre

(cm3) for the titration of (R)-(+)-BPHE-C2l with Ag* in methanol at 298.2 K and I : 0.05

mol dm-3 NEt4CtO4.

The stability constants, K, for the Li*, Na+, K*, Rb* and Cs* complexes were determined

by a competitive titration method which involved measuring the stability constant of the

silver complex in the presence of a competing metal ion (Equation2.9). A solution of Ag* is

titrated with a solution of [ML+] and the competition between Ag* and M* for the ligand is

monitored (Figure 2. 5).

E

Thus, if the stability constant of the silver complex, K(Ag), is known then the stability

complex of the metal complex, K.(M), can be determined from;

[AgL.][M.]

IML]* +
I

Ag

K
lAe.llMf l

lAgll* + M. 2.9

2.r0

K,(M-)
K.

2.tl
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Volume (.tn')

Figure 2.5 PIot of experimentat (o) and calculated (solid curve) EMF (mV) versus titre

(cm3) for the titration of [Li.(R)-(+)-BPHE-C21J. with Agr in MeOH at 298.2 K and I :

0.05 mot dm4 NEtrClOr.

The FORTRAN-77 program VISP44 was used to extract the stability constants from the

experimental data. The calculations, which eventually derive the stability constants from the

experimental data, are described below.

If [Ag*], and [L], are the total or initial concentrations of metal ion and ligand,

respectively, and [Ag*] and [L] represent the solvated metal ion and ligand, respectively, then

for the case of a direct titration K. is given by.

2.4 2.6 2.8

K, _ [Ag*], -[Ag.]
lAe.lll-l

2.12

2.13

substituting into 2.8

Þl = [L]r -[Ag.], +[Ag.] 2.14
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expanding:

reafTanglng:

solving for [Ag*] gives

K

31

K[Ag. ]'z + (K.[L], - K.[Ag* ], + l)[Ag. ] - [Ag. ], = 0

2.15

2.16

2.17

2.18
Ag(t +

l El, t+ K,'(Þ1, [Ag*], +2K"([L], +[Ag.]))+1
lAs*l: 2K

Using Equation 2.18 VISP varies K. over a range with set increments until the sum of

residuals is minimised, giving a best fit value for K..

In the case of a competitive titration the equilibrium is described by Equation 2'9. If

[Ag*],, [M*]. and [L], are used for the total or initial concentration of silver, metal ion and

ligand, respectively and [Ag*], [M*] and [L] is used to represent the solvated Ag*, M* and

ligand in solution, then K. as defined in Equation2.9 is given by.

K"
[Ag* - [Ag. ] 2.19

2.20

2.21

lAg.l

and

where

[M* ] = [M* ]. - [ML. ], + [Ag. ], - [Ag. ]

ML- l = [ML- ], - [Ag*], +[Ag.]

substituting equation s 2.20 and 2.21 into 2.1 9 gives



Chapter 2

expanding:

lAg.l

32

-[Ag.] [M*], -[ML- ], + [Ag* ], - [Ag. ]
K" X ', ))

lAg.l [ML- ], - [Ag.], + [Ag.]

lAg*1,([M.], -ML- l , + [Ag* ], - 2lÃg.l) + [Ag. ](-[M* ], +[ML- ], -[Ag.])
K" 2.23

2.24

lAg.l

which upon rearranging becomes

(K.-1)[Ag.]'z+(K"[ML*], -K"[Ag*], +2l1g* l, +[M.], -[ML- ],)[Ag-]

+ ([ML. ], - [M. ], - [Ag* ], )[Ag. ], = 0

solving for [Ag*] gives:

lAg.l = (K" -2)l1tg.l, + (1- K")ML- l, - [M.], * ß

where s: K"'([Mr], -[Ag*], +K"([M*],(2[Ag.], +[ML- ],)

+2[ML- ],([Ag.], -[ML- ],) +([ML- ], -[M*],)'

Using Equation 2.25 VISP varies K" over a range with set increments until the sum of

residuals is minimised, giving a best frt value for K", which then using Equation 2.11 may be

used to derive the stability constant K(M)

2.4 Stabitity Constant Determination in Partially Aqueous

Solution

The stabiliry constants of [M.(R)-(+)-BPHE -C2l]2* and [M.(R)-(+)-BPHE -C22]2* where

M: Mg'*, Ct*, Sr2* and Bt* in 75125 methanol/water (v/v) were determined by

potentiometric titration employin g a pH electrode. In these titrations a pH electrode was used

to determine the concentration of H* in solution rather than an ion selective electrode to

determine free metal ion concentration. This technique is best suited to higher stability

constants ie. logK. > 2.4 The bibracchial lariat ethers examined in this study are dibasic due

2.25

2.26
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to their two pivotal nitrogen atoms. The pH of a solution of these ligands can be altered by

the complexation of a metal ion. Thus, by a comparison and analysis of the pH titration

curves of a ligand in the presence and absence of a metal ion, the stability constant for the

complex may be determined. The protonation constants, K1 and K2, for the stepwise

protonation reactions :

H

H'

Kr

IHr-]

HL

aL
HzL''

+ ,, ,,1

2.28

2.29

L +

K2

where the stepwise protonation constants are defined as

LH+

Kl
lH.lll-l

lHrL- l
Kz

lH.lll-l

were determined from a titration of a solution of the protonated ligand with NEt+OH and

analysis of the acquired data with the FORTRAN program SUPERQUAD.45 The

complexation of a divalent metal ion with a bibracchial lariat ether is described by the

following reaction.

L
ar

+
AL

ML' 2.31

where the stability constant is defined as

2.30

K,= 2.32

After determination of the stepwise protonation constants the stability constants were

determined by titration of a solution of the ligand in the presence of the appropriate metal ion

and analysis of the acquired data using againthe program SUPERQUAD.

K,
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2.5 Complexation of Alkali and Ag(I) Metal lons by

(R)- (+)-BPHE- C 2t and (rt) - (+)-B,PIJE.-C2?

The apparent stability constants, K, of IM.(R)-(+)-BPHE-C211* and tM (R)-(+)-BPHE-

C22l+ where M : Li*, Na*, K*, Rb*, Cs* and Ag* were determined in ly',N-

dimethylformamide at 298.2 K, these results along with those of some related ligands are

presented in Table 2.3.

Table 2.3 Apparent stability constants for the complexation of monovalent metal ions by

several macrocyclic and macrobicyclic ligands at 298.2 K and 1 : 0.05 (NEtaClOa) in

N, N-dimethylformamide.

log(K / dm' mol-')

Complex K* Rb* cs* Ag*Li* Na*

IM.BPHE-C2ll*' 2.38+0.02 3.56+0.02 3.08 + 0.01 2 .49 + 0.03 < 1.5 8.36 + 0.06

lM.c21l*å

[M.BHE-C21]+"

IM.BME-C2tl*o

ll/l.c22ll*"

IM.BPHE-C22f*"

ll/l.c22l*

[M.BHE-C22]*á

IM.BME-C221+'

ll/l.c222l'"

ll/r.c22C5l+

ÍM.C22C8l*t

2.36

2.23

3.58

< 1.5

-ú
2.29

r.93

2.2!

1.90

2.1

3.93 3.08 2.50 2.rl 9.34

3.s0 3.31 2.84 2.3r 8.37

7.93 6.66 5.35 3.61 12.41

3.32+0.04 3.63 +0.05 2.61+0.04 1.95+ 0.06 7.66+0.04

<2c <2c 0.61f 9.9!

3.6s 4.66 3.s6 3.36 9.t3

3.31 3.82 3.08 2.38 8.28

6.17 7.98 6.78 2.16 10.07

3.66k 3.Sy 3.8/ 2.9u 9.4u

2.3 2.6 2.2 2.0 7.7

uThis work, errors represent one standard deviation; 'Reference 46, oReference 14;

"Reference 50; &.eference 8; sReference 47; hReference 48, 'Reference 49; /Reference20;

rReference 27 ; 
tkeference 28; iReference 29.

The order in which the stability constants of the alkali metal complexes of

tM.(R)-(+)-BpHE-C2ll* and tM.(R)-(+) -BPHE-C221* vary with M* in 
^1N-

dimethylformamide is Li* < Na* > K* > Rb* > Cs* and Li* < Na* < K* > Rb* > Cs*,

respectively. This is consistent with the bibracchial lariat ethers (R)-(+)-BPHE-C21 and



Chapter 2 35

(R)-(+)-BPHE-C22 forming cavities of approximately 1.1 Ä and 1.4 Ä, respeetively, with the

least strain.

The parent diazacrown ethers C2l and C22, from which the bibracchial lariat ethers (R)-

(+)-BpHE-C2l and (R)-(+)-BPHE-C22 are derived, exhibit alkali metal ion complex stability

constants much lower than their IM.(R)-(+)-BPHE-C211* and IM.(R)-(+)-BPHE-C221*

analogues. This indicates participation of the pendant arms in the coordination of the metal

ion. Similar enhancement of stability is observed for the related bibracchial lariat ethers

BHE-C2l, BME-C2l, BHE-C22 and BME-C22'

The bibracchial lariat ethers (R)-(+)-BPHE-C2L and (R)-(+)-BPHE-C22 contain the same

number of donors as the cyptands C22l and C222, respectively. The selectivity patterns of

(R)-(+)-BPHE-C21 and (R)-(+)-BPHE-C22 in {N-dimethylformamide are identical to that

observed for the cryptands containing the same number of donors. The magnitudes of the

stability constants of the cryptates are larger than those of the analogous bibracchial lariat

ether complexes, this is an example of the crypate effect. This enhanced bindingcan in part

be attributed to the greater flexibility of the bibracchial lariat ethers. In the complexes of (R)-

(+)-BPHE-C2l and (R)-(+)-BPHE-C22 the solvent is able to compete more effectively for the

metal ion than with the rigid cryptands. The enhanced stability of the cryptates may also be

due to the greater Lewis basicity of the cryptand ether oxygens as compared with the

hydroxyl oxygens of (R)-(+)-BPHE-C21 and (R)-(+)-BPHE-C22. The higher basicity of the

ether oxygens results from the positive inductive effect of the ethylene bridge which increases

their electron density making them better donors.

The X-ray structures of [M.BHE -C22]+ and [M.BME-C22]*, where M : Na* and K*, have

been determined. In both [Na.BHE-C22)* and [K.BHE-C22]* the syn confrguration is

adopted in which the pendant arms coordinate the metal ion from the same side of the

macrocycle in a pseudo cryptate like arrangement5t'52 reminiscent of the solid state structure

of [Na.C2221*.53 ft seems reasonable that the related complexes of (R)-(+¡-BPHE-C22 may

adopt similar structures.

The aliphatic bridge cryptands C22C5 and C22Cs possess similar cavity sizes to that of

C22l and C222, respectively. However, C22C5 and C22Cs have one and two oxygen donor

atoms less than their related similar sized traditional cryptands, respectively. On account of

their reduced number of donor atoms the aliphatic bridged cryptands C22C5 and C22Cs form

less stable alkali metal complexes Íhan C22l and C222. Although (R)-(+)-BPHE-C21

contains one more oxygen donor than the aliphatic bridged cryptand C22Cs with the

exception of tl-i.(R)-(+)-BPHE-C211* its alkali metal complexes are less stable than those of
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C22C5 in {N-dimethylformamide. The enhanced stability of the Na*, K*, Rb* and Cs*

complexes of C22Cs with respect to those of (R)-(+)-BPHE-C21 may be due to greater ability

of the macrobicyclic ligand to encapsulate the metal ion reducing interaction with the solvent

and increasing the stability of the complexes. The relatively rigid structure of C22C5 results

in it being less able to effectively complex the smaller Li* ion than the more flexible

monocyclic bibracchial lariat ether (R)-(+)-BPHE-C2l.The bibracchial lariat ether (R)-(+)-

BPHE-C22 has two more oxygen donors than that of C22Cs and with the exception of

tcs.(R)-(+)-BPHE-C221* forms more stable alkali metal complexes. It would seem that the

reduction in the number of donor atoms outweighs any enhancement in complex stability

arising from the macrobicyclic structure of C22Cs.

The alkali metal complexes of (R)-(+¡-BPHE-C21 have similar stability constants to those

of BHE-C2l with the exception of INa.(R)-(+)-BPHE-C211* (log(K. I dm3 mol-r) : 3.56)

which is significantly less stable than [Na.BHE-C2l]+ (log(K / dm3 mol-r) :3.93) in N,N-

dimethylformamide. This implies the presence of the phenyl groups on the pendant arms

results in the donors of (R)-(+)-BPHE-C21 adopting a less satisfactory configuration for

complexing Na* than is achieved by the donors of BHE-C2l. Comparing the stability

constants of [M.(R)-(+)-BPHE-C2\+ and [M.BME-C2LI* in {l/-dimethylformamide it can

be seen that when M : Li* and Na* (R)-(+)-BPHE-C2I forms the more stable complexes,

most likely due to the greater steric bulkiness of the terminal methoxy groups of BME-C2l

compared to the hydroxy groups of (R)-(+)-BPHE-C21, however, when M : K*, Rb* and Cs*

BME-C2l forms the more stable complexes. For these larger metal ions the greater basicity

of the methoxyethyl pendant arms appears to dominate over their steric bulkiness resulting in

greater stability constants for BME-C2l compared to (R)-(+)-BPHE-C21.

The bibracchial lariat ether (R)-(+)-BPHE-C22 forms less stable alkali metal complexes

than BHE-C22 and BMIE-C22 in N,N-dimethylformamide. These lower stability constants

indicate that for C22based bibracchial lariat ethers bearing hydroxyl ethyl arms the presence

of phenyl groups at the position adjacent the hydroxy oxygen donors results in a greater

reduction in the ability of the ligand to complex alkali metal ions than methyl groups placed

directly on the donors of the arms themselves.

The stability constants, K., of IM.(R)-(+)-BPHE-C2Il* and [M.(R)-(+)-BPHE-C22]+,

where M: Li*, Na* and Ag*, were also determined in methanol. These results along with

those of some related ligands are presented in Table 2.4. Determination of the stability

constants for the K*, Rb* and Cs* complexes of (R)-(+)-BPHE-C21 and (R)-(+)-BPHF-C22

in methanol was not possible due to the poor solubility of these complexes in methanol.
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The stability constants in methanol of the alkali metal complexes of the ligands shown in

Table 2.4 are greater than those observed in N,N-dimethylformamide. This is consistent with

the smaller D¡ value for methanol (19.034 or 23.5,35 the second value having been determined

were methanol was the bulk solvent) compared to that of N,N-dimethylformamide (Dr.¡ :
26.6).34 Both (R)-(+)-BPHE-C2| and (R)-(+)-BPHE-C22 favor Na* over the smaller Li*, in

methanol, the same metal ion selectivity pattern as observed for the related cryptands and

lariat ethers bearing the same number of donors. The complexes formed by (R)-(+)-BPHE-

C2l and (R)-(+)-BPHE-C22 are of lower stability than those formed by their hydroxy and

methoxy ethyl analogues in methanol. This is in contrast to the results obtained in N,N-

dimethylformamaide where the stability constants of fNa.(R)-(+¡-BPHE-C211* and

[Na.(R).BPHE-C22]+ are within error of those obtained for [Na.BME-C2ll* and [Na.BME-

C22l* respectively, and the stability constant of [Li.(R)-(+)-BPHE-C22]* is greater than that

of [Li.BME-C22]*. The Na* and Li* complexes of (R)-(+;-BPHE-C21 and (R)-(+)-BPHE-

C22 are more stable than those of the corresponding complexes of the parent diazacrown

ethers C2l and C22, respectively, in methanol. This is consistent with the pendant arms

participating in binding of these alkali metal ions in methanol.

Table 2.4 Apparent stability constants for the complexation of monovalent metal ions by

several ligands at298.2 K and 1: 0.05 (NEt4ClO4) in methanol.

log(K" i dm'mol-')

Complex Li* Na* Ag*

tM. (R)-(+)-BPHE-C2 I l+"

IM.BHE-C211*å

IM.BME-C211+"

lM.c22tf't

IM.C2tl*"

t M. (R) - (+) -BPHE -C221+'

[M.BHE-C22]*å

IM.BME-C221+/

lM.c222l*d

ll/l.c22l*c

2.62 + 0.01

2.85

3.01

s.38

2.07 +0.03

2.08

2.47

2.60

1.07

4.00 + 0.05

4.7r

4.89

9.65

< 1.5

3.83 + 0.05

4.87

4.57

7.98

1.00

8.57+ 0.10

9.36

9.86

t4.64

7.63

8.19 + 0.05

10.86

9.39

t2.20

9.99

'This work; 'Reference 47; "Reference 13; oReference 23 "Reference 54; /Reference l8;

sReference 47.
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parameters for the monomolecular Li* and Na* exchange for several bibracchial lariat

ethers and related cryptands have been determined in methanol (Table 2.5)'

Table 2.5 Kinetic parameters for Li* and Na* exchange of several ligands in methanol

Complex tou k.(298.2K) kdQ98.2 K)

(dm3mol-1s-r) (r-t)

lLi.BHE-C211*"

ll-i.BME-C211*å

lLi.c22rl*"

fNa.BHE-C221+'

[Na.BME-C 22]*o

fNa.C222l+"

43

20.2

t92

3058

903

2700

6070

t970

78.4

4 130

2430

2.87

oReference 14;'Reference 50, "Reference 47; dReference 20

Comparison of the rate constants for metal ion exchange between the bibracchiat lariat

ethers and their related cryptands containing the same number of donor atoms reveals that the

enhanced stability constants of the cryptands is principally due to the greater decomplexation

rate constants (fr¿) of the bibracchial lariat ethers. The exchange of Li+ and Na* on (R)-(+)-

BpHE-C21 and (R)-(+)-BPHE-C22 in methanol was investigated via variable temperatweTLi

and 23Na NMR. A quantitative study of the exchange kinetics of [M.(R)-(+)-BPHE-C2L]*

and [M.(R)-(+)-BPHE -C22]*, where M : Li* and Na*, was precluded by these systems being

in the extreme fast exchange limit of the NMR time scale over the solvent liquid temperature

rango.

The stability constants of the Ag+ complexes of each of the ligands discussed are

considerably higher than their alkali metal ion analogues in both methanol and N,N-

dimethylformamide. This result is attributable to the tendency of the soft acid Ag* to strongly

bind nitrogen donor atoms.55'56

The Ag* complex of (R)-(+¡-BPHE-C21 is more stable than that of its parent crown ether

C2l with Ag* in methanol. This is a general result observed for bibracchial lariat ethers

containing the C2l macrocycle and is consistent with the pendant arms participating in the

coordination of Ag* in these complexes. No comparison of the relative stability constants in

N,N-dimethylformamide is possible as data for the stability of [Ag.C21]* in this solvent is

unavailable.
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The stability constants of tAg.(R)-(+)-BPHE-C221* in methanol and N,N-

dimethylformamide are smaller than those of the parent diazacrown C22. This suggests that

the pendant arms in these ligands do not facilitate coordination of Ag* and/or do not allow

the diazacrown ether ring to adopt a conformation optimal for coordination of Ag*. Similarly

the related bibracchial lariat ethers BHE-C22 and BME-C22 also form weaker complexes

than C22 (with the exception of BHE-C22 in methanol) with Ag* in both methanol and N,N-

dimethylformamide.

2.6 P r oto na rio n of (À)- (+)-BPHE -Czl a nd (ft ) - (+)-BPHE -C22

The bibracchial lariat ethers (R)-(+)-BPHE-C21 and (R)-(+)-BPHF-C22 are dibasic

species due to their two tertiary nitrogen atoms. The protonation constants of the bibracchial

lariar ethers (R)-(+)-BPHE-C21 and (R)-(+)-BPHE-C22 as defined in Equations 2.27-2.28

were determined in 75125 methanol/water (v/v). These results are presented in Table 2.6.

Table 2.6 Protonation constants of (R)-(+)-BPHE-C21 and (R)-(+)-BPHE-C22 at 298.2 K

and I :0. 10 (NEt4ClO4) in 7 5125 methanol/water (v/v).

Ligand log(K1 I dmt mol-'¡n log(K2l dm'mol- t)o

(R)-(+)-BPHE-C21

(R)-(+)-BPHE-CZ2

7 89 + 0.02

8.03 t 0.04

6.51r 0.01

6.10 + 0.04

o Errors represent one standard deviation.

Three conformations are possible for the lone pairs of the nitrogen atoms of the bibracchial

l¿¡at ethers, endo-endo, endo-exo and exo-exo (Figure 2.7). When the ligands are

monoprotonated it is anticipated that the ligand will adopt the endo-endo conformation in

which both nitrogen atoms arc able to interact with the proton residing within the

intramolecular ligand cavity. This suggestion is supported by the crystal structure of mono-

protonated C22C5, where the lone pair of electrons on both nitrogens is directed towards the

centre of the cryptand cavity.z7
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endo-endo qco-exo endo-exo

Figure 2.7 The crown ether C2l is used to demonstrate the three configurationswhichthe

nitrogen lone pairs may adoPt.

The addition of a second positive charge causes repulsion between the two protonic

charges and results in K2 <K1. [n addition there is a statistical effect, with only one site being

available for the addition of the second proton. Electrostatic repulsion between the protonated

nitrogens in the endo-endo configuration would probably lead to the endo-exo andlor exo-exo

configuration being dominant for diprotonated (R)-(+)-BPHE-C2I and (R)-(+)-BPHE-C22.

Both (R)-(+)-BPHE-C2L and (R)-(+)-BPHF.-C22 have similar protonation constants. The

same observation can be made on the basicity of the related bibracchial lariat ethers BHE-

C2l,BHE-C22, BHP-C21, BlHP-Czz, BME-C21, and BME-C2L in aqueous solution (Table

2.7).

Table 2.7 Protonation constants of various bibracchial lariat ethers in water

Ligand log(K1 / dm' mol-') log(K2l dm'mol- ,)

BHE-C}TO

BHP-C21"

BME-C21á

BHE-C22b

BHP.C22d

Bl/.F,-C22b

8.79

8.30

8.64

8.60

8.40

8.42

7.57

7.62

7.t6

7.20

7.16

7.07

" Errors represent one standard deviation; 'Reference 57; "Reference 58; nReference 59

This indicates that the size of the parent macrocycle and the number of oxygen donors

does not greatly influence the basicity of their tettiary amine nitrogen atoms'
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2.7 Complexation of Alkaline Earth Metal Ions by

(rR)- (+)-BPHE- C 2r and (rR) - (+)-B,PIJF, C22

The stability constants of [M.(R)-(+)-BPHE -C2ll* and [M.(R)-(+)-BPHE -C22]2* where

M : Mg2*, Ct*, Sr2* and Ba2* were determined in 75125 methanol/water (v/v). These results

are presented in Table 2.8.

Table 2.8 Stability constants for the complexation of alkaline earth metal ions by

(R)-(+)-BPHE-C2| and (R)-(+)-BPHE-C22 at 298 K and I : 0.10 (NIEt4ClOa) in 75125

methanol/water (v/v).

M'* ionic radiuso

(,4)

log(K / dm3 mol-')'

tM. (R)-(+)-BPHE-C2 1 )l'- tM (R)-(+; -BPHE -C22)l'"

Mg'- 0.72(6)

0.8e(8)

caz* 1.00(6)

1.06(7)

1.12(8)

Sr2* 1. 1s(6)

r.2t(7)

1.26(8)

Baz* 1.35(6)

1.38(7)

r.42(8)

<2

6.09 r 0.04

5.92 r 0.03

5.75 r 0 .01

<2

6.10 r 0.04

6.56 + 0.05

7.68 r0.02

"Value in brackets refers to the coordination number of the metal ion; 'Errors represent one

standard deviation.

The stability constants of the alkaline earth complexes of (R)-(+)-BPHE-C2I and (R)-(+)-

F]PHE-C22 vary with M2* in the sequence Mg2* < Ct* ) Sr2* > B** and Mg2* < C** < Sr2*

< Bt*, respectively. This suggests that (R)-(+)-BPHE-C21 and (R)-(+)-BPHE-C22 form

cavities of radius 1.1Ä, and 1.4Ä, respectively, with the least strain.

The complexation of alkaline earth metal ions by bibracchial lariat ethers has been

extensively studied in aqueous solution (Table 2.9). For purposes of comparison with related

systems it would have been desirable to have determined the stability constants of the
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alkaline earth metal complexes of (R)-(+)-BPHE-C21 and (R)-(+)-BPHE-C22 in aqueous

solution. Unfortunately this was not possible due to insufficient solubility of (R)-(+¡-BPHE-

C2l and (R)-(+)-BPHE-C22 in water. Although it is not possible to compare the magnitude

of stability constants determined in different solvents it is still useful to compare selectivity

patterns.

Table 2.9 Stability constants for the complexation of alkaline earth metal ions by several

macrocyclic ligands at298.2Kand I:0.10 (NIEt4CIO4) in water.

log(K. / dm'mol-')o

Complex Mg' Cat* Sr'* Ba"'

IM.BME-Cztl'tu

IM.BHE-Cztl'*u

[M.BHP-C2tl'*"

IM.BME-C22f'*u

IM.BHE-C22f'*u

IM.BHP-C221'*o

[M.BHEE- C22]2*"

l}/l.c22l2*l

<2

-1

<2

<2

1.3

2.8

4.86

3.86

2.04

4.08

3.59

<2

1.8

3.62

4.r5

3.46

3.64

4.29

4.05

3.27

r.74

3.45

3.99

3.r9

4.36

s.33

4.65

4.91

2.8

oErrors represent one standard deviation; 'Reference 57; "Reference 58; nReference 59;

uReference 60; &.eference 6 I

A comparison of the alkaline earth stability constants of the bibracchial lariat ethers (R)-

(+)-BpHE-C2t and (R)-(+)-BPHE-C22 with those of BHE-C21 and BHE-C22, respectively

reveals identical selectivity patterns. Similar comparisons of the stability constants of the

alkaline earth metal complexes of BHP-C2I and BHP-C22 with BHE-C2L and BHE-CZ2,

respectively, reveals they exhibit the same selectivity patterns. However, the alkaline earth

metal complexes of BHP-C21 and BHP-C2} are of lower stability than their respective BHE-

C2l and BHE-C2} analogues.

This indicates that placement of bulky substituents at the carbons adjacent the hydroxyl

oxygens of BHE-C2l and BHE-Czz does not significantly affect metal ion selectivity. In

contrast, replacement of the hydroxyl protons of BHE-C21 with methyl groups, to give BME-

C21 results in sufficient steric crowding that BME-C2l is not able to from a cavity of

optimal size for complexing Ct* andis selective for Sr2*.
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The C22 based bibracchial lariat ethers in Table 2.9 form complexes much more stable

than their parent diazacrown ether, C22, consistent with participation of the pendant arms in

the complexation of the alkaline earth metal ions. On the basis of these observations it seems

likely that the pendant arms of (R)-(+)-BPHE-C2I and (R)-(+)-BPHE-C22 are playing a role

in the complexation of the alkaline metal ions.

The stability constants of the bibracchial lariat ether complexes formed by (R)-(+)-BPHE-

C2l and (R)-(+)-BPHE-C22 with the alkaline earth metal ions largely reflect the influence of

the same structural factors observed for their alkali metal analogues. The most stable

complexes of (R)-(+¡-BPHE-C21 are formed with Ca2* (7-coordinate radii : 1.06 Ä) and Na*

(7-coordinate radii : I.l2 Å; wtrite (R)-(+)-BPHE-C22 forms it most stable complexes with

Ba2* (8-coordinate radii : 1.42 
^) 

and K* (8-coordinate radii : 1.51 Ä) consistent with

ligand cavity size being the dominant factor in determining complex stability.

2.8 Conclusion

The bibracchial lariat ethers (R)-(+)-BPHE-C2L and (R)-(+)-BPHE-C22 exhibit similar

selectivity in binding alkali metal ions in both methanol and {N-dimethylformamide as the

cryptands C22I andC222, respectively. This is consistent with (R)-(+)-BPHE-C21 and (R)-

(+)-BpHE- C22 forming cavities of about 1.1 A. and 1.4 Å, respectively, with the least strain.

The alkali metal complexes of bibracchial lariat ethers (R)-(+)-BPHE-C2| and (R)-(+¡-

BqHE-C22 exhibit greater stability than their parent crown ethers C2l and C22, respectively,

in both methanol and Ml/-dimethylformamide. This increased stability is consistent with the

pendant arms participating in the coordination of the metal ions.

Comparison of the protonation constants of (R)-(+)-BPHE-C21 and (R)-(+)-BPHE-C22 in

7 5125 methanol/water (v/v) indicates that the size and number of oxygen donors of the parent

macrocycle has only a small influence on the basicity of the tertiary nitrogen atoms.

The bibracchial lariat ethers (R)-(+)-BPHE-C21 and (R)-(+)-BPHE-C22 form their most

stable alkaline earth metal complexes with Caz* (7-coordinate radii : 1.06 Ä) and Ba2* 18-

coordinate radii : 1.42 
^), 

respectively, in 75125 methanol/water (v/v). This suggests that

(R)-(+)-BPHE-C2l and (R)-(+)-BPHE-C22 form cavities of about 1.1 ,4. and 1.4 Ä with the

least strain, respectively. This is consistent with the cavity size estimated from the stability

constants of (R)-(+¡-BPHE-C21 and (R)-(+)-BPHE-C22 with the alkali metal ions in N,1/-

dimethylformamide.
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Chapter 3: Structural Studies of Bibracchial Lariat Ether

Atkaline Earth Metal ComPlexes

3.1 Introduction

For a bibracchial lariat ether metal complex four distinct coordination modes are possible.

The number of pendant arms coordinating the metal ion and their orientation differentiates

these coordination modes. It is possible that both, one or neither of the arms coordinate the

metal ion. In the case where both pendant arms coordinate the metal ion two scenarios are

possible. The pendant arms may either coordinate the metal ion from the same side of the

macrocycle, the syn conformation, or alternatively coordinate the metal ion from opposite

sides of the macrocycle,the anti conformation (Figure 3.1).

D

syn anti

D

D

D

Figure 3.1 Possible coordination modes in bibracchial lariat ether complexes, where D

indicates a donor group and the arrows coordination of the metal ion represented by a

sphere.

D
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A systematic search of the Cambridge Crystallographic Data Centre failed to find any X-

ray structures of complexes of C2l or C22 (the structures and trivial nomenclature and of the

various ligands discussed in this chapter are illustrated on page 7) based bibrachial lariat

ethers bearing coordinating pendant arms in which less than two pendant arms were

coordinated to the metal ion.

This indicates that where the opportunity for metal ion coordination by the side arms exists

it is in general realized, at least in the solid state. Solution coordination studies,l-5 theoretical

calculationsT,s and 
t'C NMR relaxation time studiesu have also demonstrated that the sidearms

and macrocycle cooperate in metal ion coordination, and complement X-ray structural studies.

Several X-ray structures have been reported for the complexes of C22 based bibracchial

lariat ethers bearing arms containing neutral oxygen donors.e-16 The observed structure of

[M.BHE-C22f*, where M*: Na* or K*, was the syn conformation in which the arms

coordinate the metal ion from the same side of the macrocycle (Figure 3.z¡.elo

(a) (b)

(c) (d)

Figure 3.2 a) X-ray structure of [Na.BHE-C22J* b) skeletal dratuing of [Na.BHE-C22J*

c) X-ray structure of [K.BHE-C22J| d) skeletat drawing of [K.BHE-C22J*. Oxygen atoms

are indicated by red spheres, nitrogen atoms blue spheres, carbon atoms orange spheres

and the metal ions purple spheres. This atom colouring scheme is used throughout this

chapter.

I

È
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The macrocycle donor atoms arranged themselves in a twist-boat conformation in the Na*

complex, with sidearm oxygen donors occupying "flagpole" positions. In the K* complex, the

macrocycle donor atoms arÍange themselves in an almost perfect boat configuration with very

little twist. As with the Na* complex, the sidearm donor atoms occupied "flagpole" positions.

The observed structure of [M.BME-C22f*,where M*: Na* or K*, was syn when the metal

ion was Na*, whereas when the metal ion was K* the reported structure was anti (Figure

3.3).tt

(a)

(c)

(b)

(d)

Figure 3.3 a) X-ray structure of [Na.BME-C22J* b) skeletat drawing of [Na.BME-C22J*

c) x-ray structure of [K.BME-C22J* d) skeletat drawing of [K.BME-C22]*.
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The structure of [Na.BME-C22]* was very similar to that of [Na.BHE-C22]*, the

macrocycle donor atoms adopted a twist boat conformation with the sidearm oxygen donors

occupying "flagpole" positions. The differing K* complex had the macrocycle donor atoms

arranged in a chair conformation and the sidearm oxygen donor atoms located above and

below the plane of the macrocycle.

From the skeletal drawings shown in Figure 3.2 and Figure 3.3 it can be seen that in the

syn structures the alkali metal ion is not contained within the C22 macrocycle, however, it is

in anti [K.BME-C 22]* . the syn structures bear a remarkable similarity to that of the Na* and

K* complexes of the cryptandC222.t7)* The possibility of forming complexes with the syn

conformation in which the metal does not reside within the macrocyclic ring suggests the

concept that the most stable bibracchial lariat complexes form with metal ions that have an

ionic radius close to the macrocyclic hole size may not always be appropriate'

The observed macrocycle conformation for K* complexes of 18-member crowns is the

chair or D¡¿ conformation in which the K* ion is centrally located in the macrocycle donor

atom plane.t'While in the Na* complexes of 18-member crowns the twist boat configuration

is adopted by the macrocycle, this conformation better encapsulates the smaller Na* ion.ll It

was anticipated by Arnold et al that all K* complexes of bibracchial lariat ethers containing

The C22 diazacrown would adopt the anti conformation in which the donor atoms of the

macrocycle ananged themselves in the chair configuration.rl The Na* complexes of C22

containing bibrachial lariat ethers were anticipated to adopt the syn conformation with the

macrocycle donors arranged in a twist boat conformation about the metal ion.

The unexpected syn structure observed for [K.BHE-C22]* may in part be attributed to the

greater polarity of the hydroxyl sidearms of BHE-C22 than the ether sidearms of BME-C22.

The sidearm donors of BHE-C22 can get closer to the metal ion when the macrocycle is in the

boat conformation than when it is in the chair, the small steric bulk of the terminal protons of

the hydroxyl arms allow this conformation to be adopted. In [K.BME-C2}]+ where all the

oxygen donors are ethereal the K+ - O distances are all quite similar, this is best achieved with

the chair conformation of the macrocycle. Furthermore, steric interaction between the bulky

terminal methyl groups of the pendant arms of [K.BME-C22]* is minimized in the anti

conformation.

More recent crystal structures appear to contradict the conclusions drawn from these early

structural observations. The K* complex of BHD}y'.E-C22 was found to adopt the syn

arrangement with the donor atoms of the ring arranged in a boat conformation with very little

twist, similar to [K.BHE -C22]*.ru Unexpected structures were found for the Na* and K*

complexes of BMNM-C22. The Na+ complex was in the anti arrangement with the donor
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atoms of the macrocycle in the chair conformation similar to that of [K.BME -C22]*, whereas,

the K* complex was in the syn arrangement with the macrocycle donor atoms in a twist boat

conformation.to The differing conformations observed for [K.BME-C22]* and [K.BMNM-

C22l* indicates that it is sterically possible for C22 based bibracchial lariat ethers bearing

arms terminating in methoxy groups to form complexes with K* in either the syn or anti

conformation.

Comparison of the solid state structures of the complexes of BHEE-C22 with the similarly

sized metal ions K* and Ba2* allows for examination of the effect of charge on complex

conformation.5,ls The K* complex of BHEE-C22 is in the anti conformation with an oxygen

donor on one or both arms left uncoordinated.5 In contrast [Ba.BHEE -C22)2t was found to

adopt the syn conformation, the Ba2* ion being eleven coordinate with a water molecule

accounting for the extra coordination site.l5 It was suggested that the anti atrangement was

adopted in [K.BHEE-C22]+ for steric and donor atom repulsion reasons. The higher charge on

Ba2* leads to a greater attraction for the electron donating oxygen atoms and helps counter the

mutual electrostatic repulsion between the sidearm oxygen donor atoms. From the above

structures it can be seen that charge of the metal ion plays a signifrcant role in determining

complex conformation. The Sr2* complex of BHCH-C22 was found to be in the syn

conformation, the metal ion being nine coordinate with a water molecule accounting for the

extra coordination site, in a fashion similar to that observed for [Ba.BHEE-C22]2*.t2

Crystallographic studies of bibracchial lariat ethers containing the 15-member C2l diaza-

crown have been less extensive than for those of C22 based bibracchial lariat ethers. The

structure of the Na* complex of BMP-C2l is the only crystallographically characterized

complex of aC2l based bibracchial lariat ether bearing neutral oxygen donor sidearms.2r In

this complex the arms coordinate the Na* from opposite sides of the macrocycle in the anti

conformation. The metal ion resides centrally in the macrocyclic ring. The donor atoms of the

ring are arranged such that two oxygen and one nitrogen donor are directed towards one side

of the ring and the remaining donors the opposite side (Figure 3.4).
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(a) (b)

Figure 3.4 a) X-ray structure oÍ [Na.BMP-C21J* b) sketetal drawing of [Na.BMP-C2|J.

The solid state structures of K* and Cd2*complexes with C2l have been determined.22'z3

Each complex has a unique affangement of donor atoms. The K* ion with a six coordinate

ionic radius of 1.38 Ä24 is too large to be contained within the macrocyclic ring of C2l which

has an approximate hole size of 0.9 .ff5 and forms an exclusive complex in which the metal

ion lies outside the intramolecular cavity of the ligand. In [K.C2l]* the K* ion is located 1.41

Ä above the plane of the five donor atoms. The average K - O bond length is 2.81 Ä while the

average K - N bond length is 2.93 Ä., reflecting the preference of the hard acid K* for oxygen

donors over softer nitrogen donors.26'27 In the structure of [Cd.C21]2* the donor atoms of the

ring are arranged in a 'four up one down' geometry in which one nitrogen and the three

oxygen donors are directed to one side of the ring and the remaining nitrogen to the other.

This is reminiscent of the 'sunrise' geometry observed in the X-ray structures of Na*, Sr2* and

Ba2* complexes of 15-crown-5.26 The average Cd - O bond length is 2.59 Å' while the average

Cd - N bond length is2j5 Å, the dif[erence in mean bond length arising as a consequence of

the preferential coordination of the softer nitrogen donors by Cdz*.26'2t The X-ray structures of

the K* and Cd2* complexes of C2l are illustrated in Figure 3.5.
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(b)

(d)(c)

Figure 3.5 a) Top and b) side views of the X-ray structure of [KC2]J+ c) top and d) side

views of the X-ray structure of tCd.C2lf .

In the work described in this chapter the structure of the alkaline earth metal complexes of

(R)-(+)-BpHE-C21 and (R)-(+)-BPHE-C22 were investigated. Experimentally, the structures

of the complexes were investigated in solution using NMR spectroscopy and where possible

in the solid state by X-ray crystallography. To complement these experimental studies the

conformation of the complexes in the gas phase was explored using gas phase ab initio

molecular orbital calculations. Throughout this chapter comparisons are made between the

results obtained in the solvated, solid and gaseous states and, where appropriate, with the

work of others.
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3.2 Model Chemistries

The coordination chemistry of macrocyclic ligands has been investigated extensively using

various molecular mechanics and quantum mechanical model chemistries.2e-38

Molecular mechanics calculations involve the calculation of the total strain energy of a

molecule as a sum of through-bond, Ea, and through-space terms, En¿ (Equation 3.1).

Through-bond terms consist of two-body interactions (bonding energy ,E¿), three body

interactions (valence angle energy E6) and four-body interactions (torsional angle energY Eç),

additional cross terms maybe necessary if these terms are strongly coupled (Equation 3.2).

The through-space terms consist of van der Waals interactions (8,ù, electrostatic interactions

(E) andhydrogen bonding interactions (Enù, as well as other possible interactions (Equation

3.3).

utotol = ){E"a +E¿)
molecule

where typically:

Eo: Eo+ Ee+ Ea

E,d : E,b+ E" + Ehband:

3.1

3.2

3.3

Functions for the various potential energy terms are derived from classical mechanics and

the associated parameters for each atom type present derived empirically from experimental

observation or quantum mechanical calculations. The group of potential energy functions and

the terms that parametertze them are collectively known as a force field.

Molecular mechanics calculations have been used extensively in describing the interaction

of alkali and alkaline earth metal ions with lariat ethers. These types of calculations have been

used in the rational design of Li* ionophores," to cornplement t'C NMR relaxation time

studiesa0 and to assist in the interpretation of metal ion complexation induced t3C chemical

shift changes.ut The differing X-ray structures observed for the K* and Ba2* complexes of

BHEE-C22 described in the proceeding section were successfully predicted using a molecular

mechanics model.15

The attractiveness of molecular mechanics methods is that they are computationally

inexpensive, however, as force fields are entirely empirically derived they may produce poor

results when dealing with systems not directly related to those from which the force field was

parameterized.
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Electronic structure methods such as ab initio, semi-empirical and density functional

models use the laws of quantum mechanics rather than classical physics as the basis of their

computations.ut quantum mechanics states that the energy and other related properties of a

molecule may be obtained by solving the Schrödinger equation (Equation 3.4).

HY=EY 3.4

However, for any but the smallest systems exact solutions to the Schrödinger equation are

not computationally practical. Quantum mechanical chemical models are charactetized by

their various mathematical approximations to the solution of the Shrödinger equation. There

are two major classes of electronic structure methods, semi-empirical and ab initio methods.

Semi-empirical methods such as, AMl,a3 IVINDO44 and PM3,a5'ou use parameters derived from

experiment al data to simpliff the computation. They solve an approximate form of the

SchrOdinger equation that depends on having appropriate parameters for the system under

investigation. Ab initio methods, unlike either molecular mechanics or semi-empirical

methods use no empirical or experimentally derived parameters in their computations. Instead

their computations are based solely on the laws of quantum mechanics, the first principles

referred to in the name ab initio. Semi-empirical calculations are relatively inexpensive and

provide reasonable, fairly accurate qualitative descriptions of molecular systems where good

parameter sets exist. In contrast ab initio computations provide high quality quantitative

predictions for a broad range of systems'

There have been numerous semi-empirical and ab initio studies of alkali and alkaline earth

metal ion coordination by crowns4T-50 and cryptands,st however, the application of these

methods to lariat ether complexes has been less extensive. Semi-empirical and ab initio

calculations have been successfully used to assist in the understanding of experimentally

determined cation recognition and extraction profiles of various lariat ethers and the structures

of their complexes.s

Recently a third class of quantum mechanical methods, density functional methods, (DFT

methods) has come into widespread use. These DFT methods are similar to ab initio methods

in many ways and require about the same computational resources as Hartree-Fock

calculations, the least expensive ab initiomethod. Tsukabe et al have made extensive use of

DFT calculations in the rational design of lariat ether based ionophores'7
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3.3 Selection of Model

In selecting a model for investigating the structure of the alkaline earth metal complexes of

(R)-(+)-BPHE-C2l and (R)-(+)-BPHE-C22 a minimalist approach was taken. That is, the

model that was the least computationally expensive which produced reasonable results was

chosen. Semi empirical and molecular mechanics methods were considered and rejected due

to the lack of parameters for the higher molecular weight metal atoms and the inability of

these methods to predict chemically sensible structures. Hartree-Fock theory is the least

computationally expensive ab initio method. The main limitation of Hartree-Fock theory is

that it does not take into account electron correlation, the energy contributions arising from

electrons interacting with one another.52 Hartree-Fock calculations consider electron-electron

interactions in an average sense, each electron sees and reacts to an average electron density.

Taking electron correlation effects into account is important for accurate prediction of the

energetics of reactions and bond dissociation but is not imperative in geometry optimization

studies.53

A basis set provides a mathematical description of the orbitals within a system. As

complexes incorporating post third row atoms were studied the choice of basis set was quite

limited. The CEP-31G basis set54-56 includes the elements from hydrogen to radon, for lithium

to radon the core electrons are treated in an approximate way, via effective core potentials

(ECPs).

It was decided to examine the use of Hartree-Fock theory as a model of bibracchial lariat

ether complexes. Hartree-Fock theory generally provides reasonably accurate predictions of

the structures of stable molecules, which is the main focus of this study. In order to evaluate

the ability of the HF/CEP-3lG model to predict the conformations of bibracchial lariat ether

complexes the structures of the Na+ and K* complexes of BME-C22 wete optimized in the

syn and anti conformations (Figure 3.6) and their total energies computed using this model.

The K* complexes of BME-C22 had previously been examined by Hancock et alr6 using

molecular mechanics calculations employing the AMBER5T force field. In order to obtain

sensible structures it was necessary to adjust the parameters of the force field empirically. The

total strain energy of the experimentally observed anti conformation of [K.BME-C22]* (9.21

kcal mol-r) was calculated to be approximately 56 Yo greater than that calculated for the non-

observed syn conformation (5.87 kcal mol-r). These results indicate the AMBER force field is

a poor model for this system.
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(b)

(c) (d)

Figure 3.6 a) HF/CEP-3IG optimized geometry of a) [Na.BME-C22J. b) skeletaldrawing of

[Na.BME-C22]. ,) optimized geometry of [K.BME-C22J! d) skeletal drawing of [K.BME'

c22Ï.
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The HF/CEP-3IG model predicts that the syn conformer of [Na.BME-C22]* is

energetically favored, while for [K.BME-C2})+ the anti is slightly more favorable, in

agreement with the X-ray structures for these complexes (Table 3.1). However, these

predictions should be treated cautiously as the conformers are extremely close in energy. The

prediction that the syn and anti conformers of [Na.BME-C22]* and [K.BME-C22]* are close

in energy seems reasonable considering the observation of arull [Na.BMNM-C22]* and syn

IK.BMNM-C22]* in the solid state.

Table 3.1 Total energies of the HF/CEP-31G geometry optimized structures of [Na.BME-

C22l* and [K. B ME-C22]* .

Energy (kJ mol-')

M* Eont¡ Ery, Eort¡ - Eryn

Na*

K*

-656141.093

-656059.560

-65615 5.85 1

-656055.033

t4.758

-4.527

The arrangement of donor atoms about the metal centre in the geometry optimized

structures of [K.BME -C22]+ and [Na.BME-C22]* are in agreement with the observed X-ray

structures shown in Figure 3.3. The calculated bond lengths are significantly longer than those

observed in the solid state. This may in part be attributed to crystal packing forces that are not

present in the gas phase (Table 3.2).

Table 3.2 Mean observed" and HF/CEP-3IG calculated bond lengths and angles for

[Na.BME-C 22]* and [K. BME-C22]*.

Complex M-O.i"e (A) M-O",. (Ä) M-N (Ä) M-N-M (')

[Na.BME-C22]*,

obs

calc

IK.BME-C221+,

obs

calc

2.577

2.601

2.825

2.879

2.551

2.613

2.861

2.939

2.758

3.084

2.940

3.1 18

r74.842

t77.0t7

t79.981

r79.999

o Reference 11

These results verify that the Hartree-Fock level of theory combined with the CEP-3lG

basis set is a useful model for predicting the conformation of bibracchial lariat ether

complexes.
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3.4 Geometry Optimization Calculations of the Alkaline Earth

Complexes of (rR)-(+)-BPHE-C2 1

Geometry optimizations find the lowest energy molecular structure in close proximity to

that of the specified starting structure. Geometry optimization calculations employing the

HF/CEP-3lG model discussed in Section 3.3 were performed for the Mgt*, Ca2*, Sr2* and

Ba2* complexes of (R)-(+)-BPHE-C21. Bibracchial lariat ether complexes are very flexible

molecules and it is not possible to search all the stationary points of the potential energy

surface, thus it is necessary to choose starting structures with care. In this study the choice of

starting positions was based upon the structures of related complexes which had been

characterized unambiguously through X-ray crystallography. As complexes of bibracchial

lariat ethers bearing cation coordinating sidearms where single or non-participation of the

sidearms occurs have not been observed experimentally complexes with these modes of

coordination were not modeled.

The starting points for the complexes of (R)-(+¡-BPHE-C21 in the anti conformation were

based upon the X-ray structure of [Na.BMP-C21]* described in Section 3.1. As there appear

to be no published X-ray structures of C2l based bibracchial lariat ether complexes inthe syn

conformation the starting geometry for the conformation of the ring for complexes of this type

were based upon the X-ray structure of [K.C21]*. This macrocycle conformation was chosen

as it had the substituents on the nitrogen donors orientated in the same direction. This

arrangement of the nitrogen donors is necessary for a C2l based bibracchial lariat ether

complex in the syn conformation. The conformation of the ring and the position of the metal

ion were fixed and the arms attached and placed into approximate position using the MM258

force freld. This model was then used as the starting point for complexes of (R)-(+;-BPHE-

C2l with the syn conformation in the ab initio calculations.

The total energies of the geometry optimized structures of the alkaline earth complexes of

(R)-(+)-BPHE-C2I in the syn and anti conformations are presented in Table 3.3. As the ionic

radius of the metal ion increases the degree to which the syn conformation is favored over the

anti increases significantly this is illustrated graphically in Figure 3.7. The C21 macrocycle

forms a cavity of radius about 0.9 ,4. with the least strain.5e The HF/CEP-31G model predicts

that Mg2* (6-coordinate radii :0.72,Å,¡to forms a complex with (R)-(+)-BPHE-C21 in which

the arms coordinate the metal from opposite sides of the macrocycle (the anti conformation)

with the metal ion residing centrally within the macrocyclic cavity (Figure 3.8). The syn and
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anti conformers of [Ca.(R)-(+)-BPHE -C2l]t are very close in energy with the anti

conformation being favored slightly over that of the syr (Figure 3.9).

Table 3.3 Total energies of the HF/CEP-3IG optimized structures of the alkaline earth

complexes of (R)-(+)-BPHE-C2 I .

M,*
fA

lontc raolus Energy (kJ mol-')

(Å) Eanu Eryn Eant¡ - Esyn ¡

Mg'-

ct*
Sr''

Ba"'

0.72(6) -683990.881 -6889s4.284

0 8e(8)

1.06(7) -688703.284 -688701.013

r.2r(7) -688s08.75 3 -688s42.2ts

1.38(7) -688247.434 -688349.280

-36.s97

-2.271

33.462

101.846

"Reference 24.Yalur- in brackets refers to the coordination number of the metal ion

Both Sr2* (7-coordinate radii : I.2l Ä.) and Ba2* (7-coordinate radii: 1.3S Ä) are too large

to be contained within the C2I macrocyclic ring and the complexes of these metal ions with

(R)-(+)-BPHE-C2| are calculated to adoptthe syn conformation (Figures 3.10-3.11). These

results are consistent with ionic radius of the metal ion being the principal factor in

determining whether the syn or anti complex conformation is adopted.

a

Ba'
r.4

1.3

t.2

0.7

anti

ci*

S12*

syn

l1

1

08

0.9

U)

G'

C) Mg"

-40 -20 0 20 40 60 80 100 r20

Eort¡ - Ery, (kJ mol-1;

Figure 3.7 Dffirence in energ¿ of syn and anti conformers of the alkaline earth metal

complexes of (R)-(+)-BPHE-C21 (7- coordinate radii usedfor Ca2*, Sr2* and Ba2*. The 7-

coordinate radius oÍ Mgtr is unqvailable and was estimated as the average of the 6- and 8-

coordinate radii, as is experimentallyfound to be the average of the casefor Cot*).
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(b)

(d)(c)

Figure 3.8 a) Side and b) top views of the optimized geometry of syn [Mg (R)-(+)-BPHE-

C2lJ2* Q side and d) top views of the optimized geometry of anti tMg (R)-(+)-BPHE-C21J2..
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(a)
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(b)

(c)

Figure 3.9 a) Side and b) top views of the optimized geometry oî sW [Ca (R)-(+1-BPHE-

C2I J2t Q side and d) top views of the optimized geometry of anti tca (R)-(+)-BPHE-C21J2. .

(d)
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(a)
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(b)

(c)

Figure 3.10 a) Side and b) top views of the optimized structure of syn [Sr (R)-(+¡-BPHE-

C2tJ2. c) side and d) top views of the optimized structure of anti tsr (R)-(+1-BPHE-C2lJ2*

(d)
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Í

(a) (b)

(d)(c)

Figure 3.ll a) Side and b) top views of the optimized structure of syn [Ba.(R)-(+¡-BPHE-

C2IJ2r c) side and d) top views of the optimized structure of anti tBa (R)-(+)-BPHE-C2112. '
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The mean metal to donor bond lengths of the geometry optimized structures of the alkaline

earth metal complexes of (R)-(+)-BPHE-C2L are presented in Table 3.4. The sidearm

hydroxyl donor atoms are more polar than the ethereal oxygen donors of the ring resulting in

slightly shorter M - O bond lengths for the donors of the arms than those of the ring. The

large M - N distances reflect the poor coordination of the hard alkaline earth metal ions by the

softer nitrogen donor atoms of the ring.26'27 These same structural trends are observed in the

X-ray structures of the Na* and K* complexes of the related ligand BHE-C22.e)0

Table 3.4 Mean HF/CEP-3lG calculated bond lengths for the alkaline earth metal complexes

of (R)-(+;-BPHE-C21.

M,- M-O.i"e (,{) M-Ou,," (A) M-N (A)

Mg'-

Sr''

2.23

2.27

2.50

2.68

2.06

2.27

2.48

2.67

2.39

2.51

2.72

2.94

Ca"'

Ba"'

In each of the geometry optimized structures the metal ion lies within a three dimensional

cavity formed by the ligand. In Chapter 2 the radius of the cavity formed by the ligand with

the least strain was estimated from the effective ionic radius of the alkaline earth metal ion

which formed the most stable complex. An alternative estimate of the ligand cavity radius is

the mean cavity radius, or R value, as defined by Mathieu et a1.60 The R value may be

calculated by averaging for a complex's donor atoms the difference between the metal -
donor atom distance and the donor atoms covalent radius. For each alkaline earth complex of

(R)-(+)-BPHE-C2I the R value of the lowest energy conformer was calculated from the

optimized structure. These R values along with the effective ionic radii of the alkaline earth

metal ions calculated by Shannon are tabulated in Table 3.5. The R values imply, on the basis

of Shannon's effective ionic radii, a coordination number smaller than is actually the case.

The observed difference is in part due to Shannon's computations being based on oxides and

fluorides. The bibracchial lariat ether (R)-(+)-BPHE-C21 with its neutral oxygen donors

would differ because for a given distance more of these donor atoms are required to neutralize

the charge on the metal ion.
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Table 3.5 HF/CEP-3lG calculated mean cavity radius of the alkaline earth complexes of (R)-

(+)-BPHE-C21.

M,- Ionic radius'(,{) R value (A)

Mg"

ct*

S12*

Ba"'

0.72(6)

0.8e(8)

1.00(6)

1 06(7)

1.18(6)

r 2r(7)

1 3s(6)

1.38(7)

0.80

0.91

1.13

t.32

o Reference 24. Yalue in brackets refers to the coordination number of the metal ion.

Gandour et al observed similar results in the solid state to those obtained in the gas phase

studies described in this work. An analysis of the X-ray structures of the 8-coordinate Na* and

K* complexes of BME-C22 and BHE-C22 fot;l';rd that for these complexes the R value

coincided consistently with the 7-coordinate radii calculated by Shannon for the metal ion.ra

Skeletal diagrams of the lowest energy conformers of [M.(R)-(+)-BPHE-C2L|2*, where M

:ll1lg'*,Ca2*, Sr2* andBaz*,are presented in Figure3.l2.

(a) (b)

(d)(c)

Figure 3.12 Skeletal drotuings of the optimized structures of a) [Mg (R)-(+)-BPHE-C2]J2. b)

tca (R)-(+¡-Bp HE-C 2 I J'* r) tsr (R) -(+) -BP HE-C2 t J2* and d) tBa. (R)-(+) BP HE-C2 I J2. .
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The skeletal diagrams indicate that the donor atoms of the macrocycle in the alkaline earth

complexes of (R)-(+)-BPHE-C21 are arrangod in a much more planar fashion with respect to

one another than is observed in the X-ray structures of C22 based bibracchial lariat ethers

discussed in Section 3.1. This suggests that the C2l macrocycle is more rigid than the 18-

member diazacrownC22.

The increase in R value and change from anti to syn conformation with increasing metal

ion radii clearly indicates that the metal ion organizes the ligand in the alkaline earth

complexes of (R)-(+¡-BPHE-C21. In the complexes of this ligand the carbon framework

primarily maintains the connectivity among the donors rather than defining the absolute

conformation of the complexes. This is in contrast to the related cryptands where the

displacement of donor atoms about the metal ion is essentially frxed. The calculations are

consistent with the ionic radius of the metal ion determining whether the syn or anti

conformation is adopted.

3.5 X-ray Crystal Structure of [Mg.(À)-(+)-BPIJiF. C22fn

Crystals of [(Mg.(R)-(+)-BPHE-C22)(ClOa)2].MeOH were grown by slow evaporation of a

methanolic solution 0.05 mol dm-3 in (R)-(+)-BPHE-C22 and 0.1 mol dm-3 in MgCIO+.

Interatomic distances and angles involving the non-hydrogen atoms are given in Appendix (i).

An Ortep6t diagram drawn at 50o/o probability thermal ellipsoids indicating the numbering

scheme and a skeletal diagram showing the displacement of donors about the metal centre are

shown in Figure 3.13.

In this structure the arms coordinate the metal ion from the same side of the macrocyclic

ring in the syn conformation. The donor atoms of the ring are arranged in a twist boat

conformation. The arms occupy "flagpole" positions with the phenyl rings occupying the least

hindered axial positions. The average distance between the oxygen donors of the ring and the

metal centre is 223 Å. the more polar hydroxyl donors of the arms have a slightly shorter

average metal to oxygen bond lengthof 2.19.4.. The hard Mg2* ion coordinates more weakly

to the softer nitrogen donors than to the hard oxygen donors with an average metal nitrogen

bond length of 2.41 
^. 

These same structural trends have been observed in the X-ray

structures of the Na* and K* complexes of BHE'C22.eJ}

The metal ion is contained within a cryptate like three dimensional cavity, the R value of

which is 0.86 Å. ttris R value is slightly smaller than the 8 coordinate ionic radius of 0.89 Ä

predicted for Mg2* by Shannon's calculations. This lower than anticipated R value is
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consistent with previously determined X-ray structures of alkali metal complexes of C22

based bibracchial lariat ethers. 
ra

c26 llÌ

c25 cl9

cr24 c20

ct6
c23 ct5

c27

c22 )

c2l o6 cr3

CI

C6
t2

C2

clt

02
C9

ct0

(a) (b)

Figure 3.13 a) Ortep diagram of the X-ray crystal structure of IMS ß)-(+)-BPHE-C22J2*

and b) skeletal diagram indicating the arrangement of donor atoms about the metal centre.

O4C5

c28
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3.6 Geometry Optimization Calculations of the Alkaline Earth

Complexes of (rR)-(+)-BPHE-C22

Geometry optimization calculations employing the HF/CEP-3IG methodology were

performed for the syn and anti conformers of the Mg'*, Ca2*, Sr2* and Ba2* complexes of (R)-

(+)-BpHE- C22. The starting points for geometry optimization calculations for the complexes

of (R)-(+;-BqHE-C22 in the anti conformation were based upon the X-ray structure of

[K.BME-C22]* descnbed in Section 3.1. The X-ray structure of [Mg.(R)-(+)-BPHE-C22]2*

was used as the basis of the starting points for the calculations of the complexes in the syn

conformation.

The total energies of the geometry optimized structures are presented in Table 3.6. The

C22 macrocycle forms a cavity of approximately 1.4 
^ 

with the least strain,25 this is

approximately equal to the 8 coordinate radius of Ba2* (r : 1 42Ã) This is reflected in the

calculations which predict that the syn and anti conformations of [Ba.(R)-(+)-BPHE-C22f2*

lie very close in energy with the anti conformer being favored slightly (Figure 3.14).

In contrast the complexes of the smaller metal ions, Mg2*, Ct* and Sr2*, with (n¡-1+¡-

BqHE-C22 are predicted to favor the syn conformation in which the metal ion is not actually

contained within the macrocyclic ring. Instead it is encapsulated within a three dimensional

cryptate like cavity formed by the arms and the macrocycle (Figures 3 ' 15-3.17).

When the metal is much smaller than the cavity of the C22 macrocycle, as in the case of

tMg.(R)-(+)-BpHE-C22f2* and tCa.(R)-(+)-BPHE-C2212*, the calculations predict the ligand

is unable to effectively coordinate the metal ion in the anti conformation. It is predicted that if

this conformation were adopted in these complexes then the metal ion would be displaced to

one side of the macrocylic ring with two of the oxygen donors of the ring being > 3 Å from

the metal ion. In the geometry optimized structures of these complexes in the syn

conformation all the donors are within bonding distance of the metal ion, this is reflected in

the lower energy of the syn conformers. The calculation that the lowest energy geometry of

IMg.(R)-(+)-BPHE-C2212* is the syn conformer is in agreement with the observed X-ray

structure of this comPlex.
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a

I
\.

(b)

(d)(c)

Figure 3.14 a) Side and b) top views of the optimized structure of syn [Mg (R)-(+)-BPHE-

C22J2* Q side and d) top views of the optimized structure of anti tMg (R)-(+)-BPHE-C22J2..

a- -t

a I
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(a)

7l

(b)

(d)(c)

Figure 3.15 a) Side and b) top views of the optimized structure of syn [Ca (R)-(+¡-BPHE-

C2212* Q side and d) top views of the optimized structure of anti tca (R)-(+)-BPHE-C22J2'.



Chapter 3

(a)
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(b)

-

(c)

Figure 3.16 a) Side and b) top views of the optimized structure of syn [Sr (R)-(+)-BPHE-

C22J2* Q side and d) top views of the optimized structure of anti tsr (R)-(+)-BPHE-C22J2. '

(d)
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(a) (b)

t3

(c)

Figure 3.17 a) Side and b) top views of the optimized structure of syn [Ba.(R)-(+)-BPHE-

C22J2* Q side and d) top views of the optimized structure of anti tBa (R)-(+)-BPHE-C22(. '

(d)



Chapter 3

Table 3.6 Total energies of the HF/CEP-31G optimized structures of the alkaline earth

complexes of (R)-(+;-BPHE-C22.

M,- ionic radiuso Energy (kJ mol-')

(,{) Eant¡ Errn Eant¡ - Eryn

74

Mg'*

c**
S12*

B,t*

0 8e(8) -764822.223 -764878.023 55.800

81.525

38.800

-8.168

1.12(3) -764s75.242 -7646s6.768

1.26(3) -764470.232 -764509.032

r.42(S) -764328.332 -764320.t69

' Reference 24. Yalue in brackets refers to the coordination number of the metal ion.

The mean metal - donor bond lengths of the optimized structures of the lowest energy

conformers of the alkaline earth complexes of (R)-(+)-BPHE-C22 are presented in Table 3.7.

The calculated bond lengths between the donors of the ring and the Mg2* ion in tMg.(R)-(+)-

BpHE-C22f2* are slightly longer than those observed in the X-ray structure, while the

calculated bond lengths between the donors of the arms and the metal are slightly shorter than

those observed in the X-ray structure. The same trends in the metal - donor bond lengths of

the optimized structures of the alkaline earth metal complexes of (R)-(+;-BPHE-C21 are

observed in the corresponding calculations for the complexes of (R)-(+)-BPHE-C22. That is,

the slightly more polar hydroxyl oxygen atoms tend to form shorter metal to oxygen bonds

than the ethereal ring oxygen donor atoms and the softer nitrogen donor atoms form the

longest metal to donor bonds with the hard alkaline earth metal ions.

Table 3.7 Mean HF/CEP-3lG calculated bond lengths for the alkaline earth metal complexes

of (R)-(+;-BPHE-C22.

M,* M-O,¡", (Ä,) M-O"r," (Ä) M-N (4.)

Mg'-,

Ca"'

Sr"'

Ba''

obs

calc

2.23

2.3r

2.38

2.5t

2.80

2.t9

2.15

2.35

2.51

2.70

2.41

2.59

2.69

2.75

3.03
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In each of the optimized structures of the alkaline earth complexes of (R)-(+)-BPHE-C22

the metal ion is completely encapsulated within a cavity formed by the ligand. The

approximate radius of this cavity as estimated by the R value for the lowest energy conformer

of each of the alkaline earth metal complexes of (R)-(+;-BPHE-C22 is given in Table 3.8.

Table 3.8 HF/CEP-3lG calculated mean cavity radius of the alkaline earth complexes of (R)-

(+)-BPHE-C22.

M,- Ionic radius'(A) R value (A)

Mg'-

c**

S12*

Ba"'

0 72(6)

o 8e(8)

1.06(7)

1.12(8)

r.2r(7)

1.26(8)

1.38(7)

r.42(8)

0.91

t.02

1.t5

t.4l

o Value in brackets refers to the coordination number of the metal ion

The calculated R value of [Mg.(R)-(+)-BPHE -C22]2* is larger than what may be expected

on the basis of the observed coordination number. This indicates the inability of the ligand to

form a cavity of appropriate size for the effective complexation of Mg'*. This is consistent

with the low stability constant observed for [Mg.(R)-(+)-BPHE -C22]2* (see Section 2.6). The

smaller R value observed in the solid state for [Mg.(R)-(+)-BPHE -C22]2* may result from

crystal packing forces not present in the gas phase. The calculated R values for the complexes

of Ca2*, Sr2* and Ba2* with (R)-(+)-BPHE-C22 are less than those that may be expected on the

basis of the observed coordination number (although only marginally in the case of [Ba.(R)-

(+)-BpHE-C22\2\, consistent with observations made on the X-ray structures of the Na* and

K* complexes of the related bibracchial lariat ethersBHE-C22 and BME-C22.ra

Skeletal diagrams of the lowest energy conformers of IM.(R)-(+)-BPHE-C221'*, where M

: Mg'*, Ca2*, Sr2* andBt*,are presented in Figure 3.18. The lowest energy conformations of

the complexes of Mgt*, Caz* and Sr2* with (R)-(+)-BPHE-C22 have the donors of the ring

arranged in a twist boat configuration and the donor atoms of the anns occupying the

"flagpole" positions. As the ionic radii of the metal increases the metal ion moves closer

towards the line joining the nitrogen donors and the arms are pushed further away from the

macrocyclic ring. In the optimized structure of anti [Ba.(R)-(+)-BPHE-C22]2* the donors of
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the ring are arÍaîged in a chair conformation with the Ba2* ion located centrally in the

macrocycle.

76

(a)

(c)

(b)

(d)

Figure 3.18 Skeletal drawing of HF/CEP-3 tG optimized geometry of a) [Mg (R)-(+)-BPHE-

C22J2* U [Ca (R)-(+)-BPHE-C22J2* d [Sr (R)-(+)-BPHE-C22J2* d) sketetal drawing of

tBa (R) - (+) B P HE-C 2 2J2* .

The donor atoms of the arms occupy positions on opposite sides of the macrocyclic ring.

These arrangements of donor atoms are typical for complexes of C22based bibracchial lariat

ethers. In the optimized structures of the complexes of (R)-(+¡-BPHE-C21 in both the syn and

anti conformers the rigid nature of the macrocycle results in the donor atoms of the ring lying

essentially in a plane. In contrast, the skeletal diagrams of the alkaline earth complexes of (R)-

(+)-BpHE- C22 in the syn and anti conformers indicates a much greater degree of flexibility.

For the alkaline earth metal complexes of (R)-(+;-BPHE-C21 it was calculated that

increasing metal ion radius resulted in a steadily increasing preference for the syn

conformation over that of the anti. The opposite trend was observed for the alkaline earth
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complexes of (R)-(+)-BPHE-C22. with the smaller metal ions, Mg2*, ct* and Sr2*, being

predicted to adopt the syn conformation. The calculations predict that by (R)-(+)-BPHE-C22

adopting the syn conformation in the complexes of Mg2* and Ca2* the donors of the

macrocycle will all interact with the metal. Whereas, in the anti conformation the calculations

predict that in the case of the Ct* andMg2* complexes only two of the four oxygen donors of

the ring coordinate the metal.

3.7 Solution Conformation of the Alkaline Earth Complexes of

(A)-(+)-BPHE-C21

The calculated structures of the alkaline earth metal complexes of (R)-(+)-BPHE-C21 and

(R)-(+)-BPHE-C22 described in Section 3.4 and Section 3.6 predict that the arms should

arrange themselves such that the phenyl groups occupy the axial position over the more

sterically crowded equatorial position upon coordination of a metal ion (Figure 3.19). This is

consistent with the X-ray structure of [Mg.(R)-(+)-BPHE -C22f2* and studies of other

complexes of macrocyclic ligands bearing ethyl hydroxyl pendant arms with bulky

substituents on the carbon adjacent the hydroxyl oxygen.6r'6t

OH OH
H

v,N v-'/ -/

(a)

Figure 3.L9 Diagrammatic representation of the a) axial and b) equatorial positions possible

for the phenyl group of the coordinated arms in the complexes of (R)-(+¡-BPHE-C21 and (R)-

(+)-BPHE-C22.

If the syz conformation is adopted in a complex of (R)-(+;-BPHE-C21 then the presence of

the chiral centres and the steric requirements of the phenyl rings results in each arm residing

in a unique environment. Whereas, if the anti conformation is adopted then the arms reside in

identical environments to related one another via a Cz axis which passes through the ethylene

(b)
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bridge linking the two adjacent ether oxygens and the oxygen of the opposite ether chain

(Figure 3.20).

The symmetry of a molecule can often be deduced by examination of the NMR spectrum,

however, it is necessary to be aware that dynamic processes in which nuclei exchange rapidly

between non-equivalent environments may result in averaging of the spectrum.

H o
+ Mn*

N

H

(a) (b)

Figure 3.20 Diagrammatic representation of the conformation of a) anti and b) sy, tM (R)-

(+)-B7HE-C2ll'*, the Cz axis of anti [M.(R)-(+)-BPHE-C2]J'* is represented by a dotted

line.

The r3C NMR spectra of (R)-(+)-BPHE-C21 in d+-MeOD is shown in Figure 3.21. Four

resonances are observed in the aromatic region and seven in the aliphatic region, consistent

with each arm residing, on average, in identical environments.

Solutions of [M.(R)-(+)-BPHE-C21f2*, where M: Ct*, Sr2* and Ba2*, were prepared by

adding 2 equivalents of the metal perchlorate to a 0.05 mol dm-3 solution of (R)-(+¡-BPHE-

c2l in d+-MeoD. A solution 0.05 mol dm-3 in (R)-(+)-BPHE-C2| and 0.5 mol dm-3 in

Mg(ClO+)z in d+-MeOD was also prepared.
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Figure 3.21 75.47 MHz 13C NMR spectrum of 0.05 mol dm-3 (R)-(+)-BPHE-C2l in d¿-MeOD

at 298.2 K and its assignment.

Methanol is a less effective electron donor than water, consequently, the stability constants

of the alkaline earth metal complexes of (R)-(+)-BPHE-C2I in methanol will be greater than

those determined in 75125 methanol/water (as described in Chapter 2). Hence, under these

conditions in the samples containing C**,5f2* and Ba2*the ligand will be present almost

exclusively as the complex. The stability constant of [Mg.(R)-(+)-BPHE -C2l]2* was too low

to be determined in 75125 methanol/water. Due to the absence of stability constant data no

estimate of the relative amounts of the free ligand and complex was possible for the solution

containing Mg'*.

The r3C NMR spectra of each solution were recorded. The aromatic and aliphatic regions

of these spectra are presented in Figure3.22 and Figure 3.23, respectively. The chemical shift

values associated with each spectrum are given in Appendix (ii). In the aromatic region of the

ttc NMR spectra of the Ca2*, Sr2* and Ba2* complexes of (R)-(+)-BPHE-C2L eight

resonances are observed in agreement with each arm residing in a unique environment. The

aromatic region of the t'C NMR spectrum of the sample containing Mg2* has an almost

identical paffern of resonances to that observed in the spectrum of the free ligand. However,

the resonance due to the ipso carbons, d, are shifted down fteld by 0.66ppm.

134
ppm
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(a)

(b)

(c)

142 5

(d)

145

80

t43 142.5 142

142.4 t4t 9 141 4

142 14l5

t44.5

ppm

t44

130 129.5 129 128 5 128 127 5 127

130 129.5 129 128.5 128 127.5 127

130 129 5 129 128 5 128 127 5 127

130 129 5 129 128 5 128 127 5 127

ppm

Figure 3.22 Aromatic region of the 75.47 MHz t3C NMR spectra of d¡MeOD solutions 0.05

mol dm-s in (R)-(+)-BPHE-C2\ and a) 0.1 mol dma in Ba(CtOa)2, b) 0.1 mol dm-3 in

Sr(CtO+)2, c) 0.1 mol dm-3 in Ca(ClOa)z and d) 0.5 mol dm-3 in Mg(CtOt)z at 298.2 K.
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(a)

(b)

(c)

(d)

8l

2 coincident signals

2 coincident signals

3 coincident signals

3 coincident signals

65 ppm 60 55

Figure 3.23 Aliphatic region of the 75.47 MHztrC NMR spectra of da-MeOD solutions 0.05

mol dm'3 in (R)-(+)-BPHE-C2I and a) 0.1 mol dn{3 in Ba(CIO¿)2, b) 0.1 ntol dn[3 itt

Sr(ClO¿)2, c) 0.1 mol dtn-ì in Ca(ClOt)2 and d) 0.5 nnl dtn'3 in Mg(CIO)2 at 298.2 K.

75 70



Chapter j 82

In the ideal case fourteen resonances would be observed in the aliphatic region of the r3C

NMR spectra of a complex of (R)-(+)-BPHE-C2I in the syn conformation and seven for a

complex in the anti conformation. In the t'C NMR spectra of [M.(R)-(+)-BPHE-C2LL2*,

where M : Ct*, Sr2* and Ba2*, more than seven resonances are observed in this region.

However, less than fourteen resonances are observed due to coincidental signals (as

indicated). These results are consistent with the syn conformation being adopted by the Ca2*,

Sr2* and Baz* complexes of (R)-(+)-BPHE-C2L in methanol solution. In the aliphatic region

of the t'C NMR spectrum of the sample containing Mg2* seven resonances are observed. This

spectrum may represent an average spectrum of [Mg.(R)-BPHE-C21]* in fast exchange with

free (R)-(+)-BPHE-C21. Alternatively, if the ligand is present solely as [Mg.(R)-(+)-BPHE-

C2l\2* in this solution then the t'C NMR suggests the anti conformation is adopted by the

complex.

The gas phase modeling studies of the alkaline earth complexes of (R)-(+)-BPHE-C2L

described in Section 3.5 correlate well with what is observed experimentally in methanol

solution. The calculations predict that both tsr.(R)-(+)-BPHE-C211* and tBa'(R)-(+)-BPHE-

CzIf* will favor the syn conformation over the anti in the gas phase and this is the observed

conformation in methanol solution. The borderline case [Ca.(R)-(+)-BPHE-C2Il2*, for which

the anti conformation of ICa.(R)-(+)-BPHE-C2112* was calculated to be favored by 2.3 kJ

mol-r in the gas phase, was observed to adoptthe syn conformation in methanol solution. The

determination of the solution conformation of tMg.(R)-(+)-BPHE-C2112* is complicated by

the absence of stability constant data for this complex.

3.8 Solution Conformation of the Alkaline Earth Complexes of

(rt)-(+)-B,PH.E C22

The r3C NMR spectrum of (R)-(+)-BPHE-C22 in d+-MeOD is and its assignment is shown

in Figure 3.24. The four resonances observed in the aromatic region and two of those in the

aliphatic region result from the carbon atoms of the arms. This is consistent with each arm

residing, on average, in equivalent magnetic environments. Three resonances are observed

which maybe assigned to the carbon atoms of the macrocycle'

Complexation of a metal ion by (R)-(+)-BPHE-C22 in either the syn or the anti

conformation results in structures in which the arms reside in identical environments related

to one another via a Cz axis.
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Figure 3.24 75.47 MHz13C NMR spectra of 0.05mol dm-3 (R)-(+)-BPHE-C22 in d¿-MeOD at

298.2 K and its assignment.

In anti IM.(R)-(+)-BPHE-C22I'* this Cz axis passes through the ethylene bridges linking

adjacent oxygen donors of the ring, while in syn [M.(R)-(+)-BPHE-C22I.+ the Cz axis passes

through the metal centre perpendicular to the plane of the macrocycle (Figure 3.25).In the

absence of exchange it would be expected that in the ttc NMR spectrum of such complexes

six resonances due to the carbon atoms of the ring and a further six due to those of the arms

would be observed.

H

I
oHO

N

.ñ\Mnt

HO OH

N N

(a) (b)

Figure 3.25 Diagrammatic representation of a) anti and b) syn |M.(R)-(+)-BPHE-C221"*, the

Cz axis of anti IM.(R)-(+)-BPHE-C221"+ is represented by a dotted line and rhat of syn

tM.(R)-(+)-BPHE-C221'* by a curved arrow.

H
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Solutions of IM.(R)-(+)-BPHE-C221'*, where M = Ca2*, Sr2* and Ba2*, were prepared by

adding 2 equivalents of the metal perchlorate to a 0.05 mol dm-3 solution of (R)-(+)-BPHE-

C22 ind¿-MeOD. The determined stability constants of the Ca2+, Sr2* and Ba2* complexes of

(R)-(+)-BPHE-C22 in 15125 methanol/water are consistent with the ligand being present

almost solely as the complexes under these conditions. A solution 0.05 mol dm-3 in (R)-(+)-

Bq¡5¡E-C¿2 and 0.5 mol dm-3 in Mg(ClO +)z in d+-MeOD was also prepared. The stability

constant of IMg.(R)-(+)-BPHE-C2212* was to low too be determined in 15/25 methanol/water.

Due to the absence of stability constant data no estimate of the relative amounts of the free

ligand and complex was possible for the solution containing Mg'*. The 13C NMR spectra of

each solution were recorded. The aromatic regions of these spectra are shown in Figure 3.26

and the aliphatic regions in Figure 3.21. The chemical shift values associated with each

spectrum are given in Appendix (ii).

In the t'C NMR spectra of IM.(R)-(+)-BPHE-C22)'*, where M = Ca2*, Sr2* and Ba2*, two

resonances are observed in the aliphatic region and four in the aromatic region (with the

exception of [Sr.(R)-(+)-BPHE-C22]2* íîwhich the resonances of fhe meta, c, and para , a,

carbons are coincident) which may be assigned to the carbon atoms of the pendant arms. This

is consistent with the arms residing in equivalent environments in these complexes.

In the t3C NMR spectra of [Ca.(R)-(+)-BPHE-C22]2* and [Sr.(R)-(+)-BPHE-C22f2* six

resonances are observed in the aliphatic region which may be assigned to the ring. In the l3C

NMR spectrum of [Ba.(R)-(+)-BPHE-C22]2* four resonances are observed in the aliphatic

region which may be assigned to the ring as a consequence of the resonances of some carbons

being coincident. The equivalence of the arms and the loss of symmetry of the ring upon

coordination of Ca2*, Sr2* and Ba2* arc consistent with both arms coordinating these metal

ions in either the syn or anti conformation. It is not possible to distinguish if fhe syn and anti

conformation is adopted in these complexes on the basis of their NMR spectra as is the case

for the complexes of (R)-(+)-BPHE-C21. It is of interest to note that in the r3C NMR spectra

of [Ca.(R)-(+)-BPHE-C22]2* and [Sr.(R)-(+)-BPHE-C22]2* distinct resonances are observed

for each unique carbon atom of the macrocyclic ring and both these complexes are predicted

by the ab initio calculations to favor the syn conformation in the gas phase. Whereas, in the

13C NMR spectrum of [Ba.(R)-(+)-BPHE-C22]2* several of the resonances due to the carbon

atoms of the ring are coincident and this complex is predicted to favor the anti conformation

by the ab initio calculations.

The 13C NMR spectrum of the sample containing (R)-(+)-BPHE-C22 and Mg(ClO+)z is

very similar to that of (R)-(+)-BP}{E-C22 alone. There are slight shifts in the position of the

resonances relative to the sample containing only (R)-(+)-BPHE-C22 but the number of
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resonances is unchanged. This spectrum suggests that Mg2+ forms a very weak complex with

(R)-(+)-BPHE-C22 in methanol. The observed t3C NMR spectrum of this solution most likely

represents the average spectrum of (R)-(+)-BPHE-C22 in extreme fast exchange with a small

amount tMg. (R)-(+ ) -BPHE -C2212* .

2 coincident signals

(a)

(b)

(c)

(d)

t45 140 135
ppm

130

Figure 3.26 Aromatic region of the 75.47 MHzt3C NMR spectru of da-MeOD soltttions 0.05

mol clm'3 in (R)-(+)-BPHE-C22 ancl a) 0.1 mol dni3 in Ba(CIOì2, b) 0.1 mol clnt'3 in

Sr(CIO,ì2, c) 0.1 mol dm-3 in Ca(ClO,t)z and d) 0.5 mol cln{3 in MsGIOìz at 298.2 K.
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Figure 3.27 Aliphatic region of the 75.47 MHz13C NMR spectra of d¡MeOD solutions 0.05

ntol dtn-3 in (R)-(+)-BPHE-C22 and a) 0.1 ntol dn{3 in Ba(CIO.)2, b) 0.1 nnl dn[3 in

Sr(ClO,ì2, c) 0.1 mol dnfs in Ca(CIO¿)z and d) 0.5 mol dnis in Mg(CIO¿)z at 298.2 K.

Resonances due to the carbon ato,ns of the arms are indicated with asterisks.

65
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3.9 X-ray Crystal Structure of [Cd.(R)-(+)-BP}Jiß-C2lf*

Crystals of I(Cd.(R)-(+)-BPHE-C2lXClO+)zl.(HzO)z were grown by slow evaporation of a

methanolic solution I(Cd.(R)-(+)-BPHE-C2lXClOÐrl. An Ortep6' diagram drawn at 50%o

probability thermal ellipsoids indicating the numbering scheme and a skeletal diagram

showing the displacement of donors about the metal centre are shown in Figure 3.28.

Interatomic distances and angles involving the non-hydrogen atoms are given in Appendix

(ii i).

c24

c23

c22

c2l

cl9 a
o5

C8
N2

o3
C9

C5

02 ol cl0

C3 NI C2 CI

cll o4

ct2

c13
ct4

c18 cl5

ct7
cl6

(a) (b)

Figure 3.28 a) Ortep diagram of the X-ray crystal structure of [Cd (R)-(+)-BPHE-C21]2.

and b) skeletal diagram indicating the aruangement of donor atoms about the metal centre.

c2s

c26

c20

C4

)cd
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In this structure the arms coordinate the Cd2* ion (7-coordinate radius:1.03 Ä.; from

opposite sides of the macrocyclic ring in the anti confotmation.

The metal ion is located centrally within the macrocyclic ring. The average distance

between the oxygen donors of the ring and the metal centre is 2.33 Å. the hydroxyl donors of

the arms have an average Cd - O bond length of 2.34 Å. ttre average Cd - N bond length is

2B 
^. 

This is in contrast to the X-ray structure of [Cd.C21]* where the metal ion lies above

the plane of the macrocycle and the M - N bond lengths are significantly shorter than the Cd

- O bond lengths.23

The mean cavity radius is calculated to be 0.90 Å, this R value is slightly smaller than the

7-coordinate ionic radius of 1.03 Ä predicted for Cd2* by Shannon's calculations consistent

with previously determined X-ray structures of alkali metal complexes of C22 based

bibracchial lariat ethers.

3.10 Geometry Optimization Calculations of [Cd.(À)-(+)-BPHB-

c2rf*

Geometry optimization calculations employing the HF/CEP-3IG methodology were

performed for the syn and anti conformers of ICd.(R)-(+)-BPHE-C2112* (Figure 3.29). The

starting point for the geometry optimization calculation of tcd.(R)-(+)-BPHE-C2lf* in the

syn conformation was based upon the X-ray structure of [Cd.C2l]2* described in Section 3.1.

The X-ray structure of ICd.(R)-(+)-BPHE -C2ll2* was used as the starting point for the

geometry optimization calculation of the complex in the anti confotmation.

The total energies of the geometry optimized structures of the syn and anti conformers of

ICd.(R)-(+¡-BPHE-C2112* were calculated to be -1 122472.110 kJ mol-r and -1122476.436 kJ

mol-l, respectively. The syn and anti conformers of tcd.(R)-(+;-BPHE-C2ll2* are predicted to

be very close in energy with the anti conformation calculated to be favored by only 4.326kJ

mol-r over the syn. The prediction that the syn and anti conformers of the complex of (R)-(+)-

BpHE-C21 with Cd2* (seven coordinate radius of : 103 Ä) are close in energy is consistent

with the modeling studies presented in Section 3.6that predict for alkaline earth metal ions

with ionic radii of about 1.06 ,4. the difference in energy between the syn and anti conformers

of their complexes with (R)-(+)-BPHE-C21 is negligible.

The mean metal - donor bond lengths of the optimized structures of the syn and anti

conformers of [Cd.(R)-(+)-BPHE-C2lf2* are presented in Table 3'9.
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(a)

90

(b)

(d)(c)

Figure 3.29 a) Side and b) top views of the optimized geometry of syn tcd (R)-(+1-BPHE-

C2ll2* Q side and d) top views of the optimized geometry of anti tcd (R)-(+1-BPHE-C2112..

Table 3.9 Mean HF/CEP-31G calculated bond lengths of [Cd.(R)-(+)-BPFIE-C2l]2* '

a"\
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Conformer cd-o""e (A) cd-o""" (A) cd-N (A)

anti,

obs

calc

2.33

2.34

2.62

2.34

2.36

2.3s

2.33

2.46

2.69syn

The calculated bond lengths between the oxygen donor atoms and the Cd2* ion in anti

tcd.(R)-(+)-BPHE-C2ll2* are almost identical to those observed in the X-ray structure, while

the calculated bond lengths between the nitrogen donor atoms and the metal ion are

considerably longer than those observed in the X-ray structure. The geometry optimization

calculation of syn tcd.(R)-BpHE-C2llz+ predicts the slightly more polar hydroxyl oxygen

donor atoms form shorter metal to oxygen bonds than the ring oxygen donor atoms in

agreement with the geometry optimization calculations performed on the alkaline earth metal

complexes of (R)-(+)-BPHE-C21. In the X-ray structure of [cd.c2112* the Cd - N bond

lengths are observed to be significantly shorter than the Cd - O bond lengths,23 while in the

X-ray structure of anü ICd.(R)-(+)-BPHE-C2112* all metal - donor bond lengths are

approximately equal. In the optimized structures of both syn and anti ICÍ.(R)-(+)-BPHE-

C2lf2* the nitrogen donor atoms are calculated to form the longest Cd - donor bonds. The

unexpectedly long Cd - N bond lengths predicted by the geometry optimization calculations

possibly represents a limitation of the HF/CEP-3 1G model'

3. 1 1 Solution Conforma tion of [Cd. (À)-(+)-BPS¡¡'C2L(+

The r3C NMR spectrum of a solution of [Cd.(R)-(+)-BPHE -C2l]2* in d+-MeOD is shown

in Figure 3.30. Addition of excess cd(clo+)z to this solution resulted in little change in iß r3c

NMR spectrum consistent with (R)-(+)-BPHE-C21 being present almost exclusively as

tCd.(R)-(+)-BpHE-C2112* under the conditions which the spectra presented here were

obtained. The chemical shift values associated with the spectrum are given in Appendix (ii).

In the aromatic region of the ttc NMR of [cd.(R)-(+)-BPHE-c2lf2* three resonances due

to the ipso carbon atoms and eight resonances due to the ortho, meta and para carbon atoms

of the phenyl rings are observed. The observation of resonances due to three kinds of ipso

carbon atoms is consistent with both syn and anti ICd.(R)-BPHE-C2|)2* being present in
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Figure 3.30 a) Atiphatic and b) aromatic region of the 150.7 MHz 13C NMR spectrum of

tcd.(R)-(+¡-BPHE-C2lJ2* in drMeOD at 298.2 K.

methanol solution. In the aliphatic region of the t'C NMR spectrum of [Cd.(R)-(+)-BPHE-

C2lf* twenty resonances are observed. Ideally, if both the syn and anti conformers of

tCd.(R)-BpHE-C2ll2* are present in solution twenty one resonances would be observed in the

aliphatic region and of the t'C NMR spectrum. The r3C NMR spectrum of [Cd.(R)-(+)-BPHE-

C2lf2* in methanol was also recorded at328.2 K under these conditions twenty one discrete

resonances are observed in the aliphatic region of the spectrum (Figure 3'31)'

t39 t34
ppm

74 69 64 59 54
ppm

Figure 3.31 Atiphatic region of the 150.7 MHzl3C NMR spectrum of [cd(R)-(+)-BPHE-

C2tl2t in drMeOD at 328.2 K.
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An ApT (attached proton test) spectrum of tcd (R)-(+)-BPHE-C2112* was recorded to

identiff the methine carbon atoms of the pendant arms (Figure3.32).In this spectrum the

resonances due to carbon atoms bearing one or three protons result in downward directed

peaks, while those resonances due to carbon atoms bearing none, two protons result in upward

directed peaks.

74 69 59 54
ppm

Figure 3.32 Atiphatic region of the 150.7 MHz APT spectrum oÍ [Cd.(R)-(+)-BPHE-C2]J2'

in d,rMeOD at 298.2 K.

In the aliphatic region of the APT spectrum of ICd.(R)-(+)-BPHE-C211* three downward

directed peaks are observed. Two of these peaks are attributable to syn [Cd.(R)-(+)-BPHE-

C2lf2* and the remaining peak to anti ICil'(R)-(+)-BPHE'C2l]12* '

Insufficient spectrometer time was available to record the r3C NMR spectrum of [Cd.(R)-

(+)-BPHE- C2ll2* under conditions which would allow for the accurate integration of the

resonances and hence, determination of the ratio of the syn and anti confotmers of [Cd (R)-

BpHE-C2l]2* present in solution. Calculation of the ratio of the syn and anti conformers of

tcd.(R)-(+)-BpHE-C211'* by integration of the 600 MHz tH NMR spectrum was not possible

due to insufficient resolution of the spectrum. However, the intensities of the resonances due

to the ipso andmethine carbon atoms suggests syn [Cd.(R)-(+)-BPHE-C2ll2* is present at a

higher concentration than anti 1Cil.(R)-(+)-BPHE -C2lf2* in methanol solution.

The observation that syn and anti conformers of [Cd.(R)-(+)-BPHE'C2II2* coexist in

methanol solution is consistent with the modeling studies which predict that the two

conformers are close in energY.

64
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3.12 Conclusion

The Hartree-Fock level of theory combined with the CEP-3lG basis set was found to

provide a reasonably accurate model of bibracchial lariat ether complexes.

Increasing the metal ion radius is predicted by the HF/CEP-3IG model to result in a

greater preference for the syn conformation in the alkaline earth metal complexes of (R)-(+)-

BpHE-C21. The opposite trend is calculated for the alkaline earth metal complexes of (R)-

(+)-BpHE-C22. The complexes of Sr2* and Ba2* with (R)-(+)-BPHE-C22 are predicted to

favor the syn conformation, whilst, the complexes of the smaller metal ions Mg2* and Caz*

with (R)-(+)-BPHE-C22 are predicted to favor the anti conformation.

In the geometry optimized structures of the alkaline earth metal complexes of both (R)-(+)-

BpHE-C2l and (R)-(+)-BPHE-C22 the shortest metal to donor bonds are formed by the

hydroxyl oxygen donors of the arms. Slightly longer metal to donor bonds are predicted to be

formed by the ethereal oxygen donors of the ring, the longest metal to donor bonds are formed

by the tertiary nitrogen donors. These variations in bond length result from differences in the

polarity and hard/soft nature of the donors. The mean cavity radii, or R value, of the alkaline

earth metal complexes of (R)-(+)-BPHE-C2l and (R)-(+)-BPHE-C22 as estimated from the

geometry optimized structures are generally smaller than what is anticipated from the

effective ionic radii of the alkaline earth metal tons.

In the solid state tMg.(R)-(+)-BPHE-C22l2o was found to adopt the syn conformation in

agreement with the ab initio calculations. The same variation in metal to donor bond lengths

for [Mg.(R)-(+)-BPHE -C22f2* is observed in the solid state as in the gas phase geometry

optimized structure, although the bond lengths are shorter in the solid state.

In methanol solution the r3C NMR spectra of IM.(R)-(+)-BPHE-C2lf'*, where M: Ca2*,

Sr2* and Bt*, are consistent with the syn conformation being adopted by these complexes.

The t'C NMR spectra of the analogous complexes of (R)-(+;-BPHE-C22 confrrm the

participation of the pendant arms in the coordination of these metal ions in methanol solution.

The interpretation of the t'C NMR spectra of [Mg.(R)-(+)-BPHE -C2lf2* and [Mg.(R)-(+)-

BPHE-C2212* was complicated by the low stability of these complexes.

In the solid state ICd.(R)-(+)-BPHE-C2112* was found to adopt the syn conformation in

which the metal ion is located centrally within macrocycle and the arms coordinate the metal

ion from opposite sides of the ring, all the metal to donor bond lengths were found to be

approximately the same. This is in contrast to the X-ray structure of [Cd.C21]2* in which the

metal lies above the plane of the macrocycle and the Cd - N bond lengths are significantly
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shorter than the Cd - O bond lengths.tt Geometry optimization calculations employing the

HF/CEp-3lG model predict that the syn and anti conformers of tcd (R)-(+)-BPHE-C2112* are

close in energy. In methanol solution both the syn and anti conforrners of [Cd'(R)-BPHE-

C2ll2+ are present . The syn conformer of ICd.(R)-(+)-BPHE -C2l)2* is present at a greater

concentration than the anti conformer in methanol solution.



Chapter j

References

11

T2

13

T4

15

16.

t7

96

1

2

3

4

5

H. Tsukaub e, Coord. Chem. Rev-, 148, 1996, I

S F. Lincoln, Coord. Chem. Rev., 166,1997,255.

S. F. Lincoln, J. Lucas, T. Rodopoulos, Inorg. Chim. Acta,237r1995,147.

J. Lucas, S. F. Lincoln,Inorg. Chimica. Acta,2l9,1994,217 '

R. D. Hancock, R. Bhavan, P. W. Wade, J. C. A. Boeyens and S. Hobson, Inorg.

Chem.,28, 1989, 187 .

L. Echegoyen, A. Kaifer, H. D. Durst, R. A. Schultz,D. M. Dishong, D. M. Goli

and G. W. Gokel, J. Am. Chem. Soc., 106, 1984, 5100.

H. Tsukube, T. Inoue and K. Hori, J. Org. Chem., 59, 1994,8047 '

H. Tsukube, K. Hori and T. Inoue, Tetrahedron Lett.,34,1993,6749'

F. R. Fron czek, Y. J. Gatto, R. A. Schultz, S. J. Jungk, W. J. Colucci, R. D.

Gandour and G. W. Gokel, J. Am. Chem' Soc., 105, 1983,6717 '

F. R. Fronczek, V. J. Gatto, C. Minganti, R A. Schultz, B. D. White, K. A.

Arnold, D. Mazzocchi, S. R. Miller and G. w. Gokel., J. Am. Chem. soc., 108,

1986,4078.

K. A. Arnold, L. Echegoyen, F. R. Fronczek, R. D. Gandour, v. J. Gatto, B. D.

White and G. W. Gokel, J. Am. Chem. Soc., 109, 1987,3716.

A. .S. De Sousa, R. D. Hancock, J. H. Reibenspies, -/. Chem. Soc', Dalton Trans.,

1997,939.

R. D. Hancock, R. Bhavan, P. w. wade, J. c. A. Boeyens and S. M. Dobson,

Inorg. Chem., 28, 1989, 187 -

R. D. Gandour, F. R. Fronczek,Y. J. Gatto, C. Minganti, R. A. Schultz, B. D.

White, K. A. Amold, D.Mazzocchi, S. R. Miller and G. W. Gokel, J. Am. Chem.

Soc., 108, 1986,4078.

R. Bhavan, R. D. Hancock, P. w. wade, J. c. A. Boyens and S. M. Dobson,

Inorg. Chim. Acta, l1l, 1990, 235.

K. V. Damu, R. D. Hancock, P. w. wade, J. c. A. Boeyens, D. G. Billing and S.

M. Dobson, J. Chem. Soc., Dalton Trans.,199I,293.

D. Moras, B. Metz, R. Weiss, Acta Crystallogr., Sect B: Struct. Crystallogr'

Cryst. Chem. 829, 1973, 396.

D. Moras, B. Metz, R. Weiss, Acta Crystallogr.' Sect B: Struct- Crystallogr'

Cryst. Chem. 829, 1973, 383

6

7

8

9

10

18.



Chapter 3 97

G. W. Gokel, Crown Ethers and Cryptands, The Royal Society of Chemistry,

Cambridge,I99l.

D. Wang, Y. Ge, H. Hu, K. Yu andZ.Zhou,J. chem. soc., chem. commun.,685,

t99r.

A. Prasanna de Silva, H. a N. Gunaratne, T. Gunnlaugsson and M.

Nieuwenhuizen, J. Chem. Soc., Chem. Commun., 1967,1996'

A. Abou-Hamdan, S. F. Lincoln. M. R. Snow and E. R. T. Tiekink, Aust. J-

Chem.,41, 1988, 1363.

L. Kh. Minacheva, M. L. Tul',chinskii, s. v. Bocharov, v. G. sakharova, A. Yu.

Tsivadze and M. A. Porai-Koshits, Koordin' Khim., 15,1989,1629'

R. D. Shannon, Acta Crystallogr., Sect. A: Cryst. Phys. Dffr., Theor. Gen.

Crystallog., A32, 197 6, 7 51.

H. -J. Bushmann, Inorg. Chim. Acta, 125,1986, 31.

R. G. Pearson,J. Am. Chem. Soc.,85, 1963,3533-

R. G. Pearson, Coord. Chem. Rev., 100, 1990,403.

P. C. Junk and J. W. Steed, J. Chem. Soc., Dalton Trans., 1999,407 '

M. S. Islam, R. A. Pethick, D. Pugh and M. J. Wilson, J. Chem. Soc. Faraday

Trans., 94, 1998,39.

H. Tsukube, T. Inoue and K. Hori, J. Org. Chem., 59,1994,8047 '

H. Tsukube, K. Hori and T. Inoue, Tetrahedron Lett.,34,1993,6749'

J. H. Burns and R. A. Sachleben,Inorg' Chem.,29,1990,788'

M. Hariharasarma, C. L. Watkins and G. M Gray, Organometallics,l9,2000,

t232.

c. Liou, J. Isbell, H. -F. wu, J. S. Brodbelt, R. A. Bartsch, J. c. Lee and J. L.

Hallman, J. Mass Spectrom., 30, 1995, 572.

D. Adotoledo, v. Aviyente, J. M. Martin and L.. Lifshitz,J. Phys. chem., 102,

1998, 6357.

D. Odom, c. J. Gramer, V. G. Young, S. A. Hilderbrand and s. E, Sherman,

Inorg. Chim. Acta., 297, 2000, 404.

C. Smith, K. S. Wallwork, J. M. Weeks, M. A. Buntine, S. F. Lincoln, M. R.

Taylor and K. P. Wainwright,Inorg. Chem.,38,1999,4986'

S. L. Whitbread, P. Valente, M. A. Buntine, P. Clements, S. F. Lincoln and K' P'

Wainright, J. Am. Chem. Soc.,l20,1998,2862.

H. Tsukube, Coord. Chem. Rev., L48, 1996, l.

19.

20.

2l

22

23

24

25.

26.

27.

28.

29.

30.

31.

32.

JJ,

35

37

38

34.

36.

39



Chapter 3 98

L. Echegoyen, D. Parra, L. Bartolotti, c. Hanlon and G. w. Gokel, J. coord.

Chem.,18, 1988, 85.

H. Tsukube, H. Adachi and S. Morosawa, J. Chem. Soc., Perkin Trans. 1,1989,

89.

G. H. Grant and W. G. Richards, Computational Chemistry, 1995, Oxford

University Press, Oxford.

M. J. S. Dewar, E.G.Zoebisch andE. F. Healy,J. Am. Chem. Soc., 107, 1985,

3902.

M. J. S. Dewar and W. Thiel, J. Am' Chem. ]oc.99,1977,4899'

J. J. P. Stewart, J. Comput. Chem.,10,1989,209.

J. J. P. Stewart, J. Comput. Chem.,l0,1989,221'

S. Pingale, R. Shridhar, S. Bartolotti and J. Libero, J. Phys. Chem' A, 102,1998,

9987.

D. Feller, M. A. Thompson and R. A. Kendall, J. Phys. chem. A, 101,1997,7292.

M. J. Wilson, R. A. Pethrick, D. Pugh, and M. S. Islam, J. chem. soc., Faraday

Trans., 93, 1997 ,2097 .

Hay, Benjamin P.; Rustad, Jim R., Hostetler, charles J. J. Am. Chem. Soc., 115,

1993,11158.

N. C. Pyper; C. G. Pike, P. P. Edwards, -/. Am. Chem. Soc., ll5' 1993,1468'

W. J. Hehre, L. Radom, P. R. Schleyer and J. A. Pople, Ab Initio Molecular

Orbital Theory,1986, John Wiley, New York.

J. B. Foresman and A. Frisch, Exploring Chemistry with Electronic Structure

Methods 2'd edition, 1993, Gaussian Inc., Pittsburgh.

W. J. Stevens, H. Basch and M. Krauss, J' Chem. Phys' 81,1984,6026'

w. J. Stevens, H. Basch, M. Krauss and P. Jaisien, can. J. chem.,70,1992,612.

T. R. Cundari and W. J. Stevens, J. Chem. Phys.,98,1993,5555.

G. Wipff P. weiner and P. A. Kollman, J. Am. Chem. soc. 104, 1982,3249.

N. L. Allinger,J. Amer. Chem. Soc-,99,1977,8127-

H. -J. Bushmann,Inorg. Chim. Acta,125,1986, 31.

F. Mathieu, B. Metz, D. Moras and R. weiss, J. Am. Chem. soc., 100, 1978,4412.

C. K. Johnson, Ortep, Report No. ORNL-3794, Oak Ridge National Laboratory,

Oak Ridge, TN, 1965.

S. L. Whitbread, P. Valente, M. A. Buntine, P. Clements, S. F' Lincoln and K' P.

Wainwright, J. Am. Chem. Soc.,120, 1998,2862.

40

43

4l

42.

44.

45.

46.

47.

48

49

50

51.

52.

53

54.

55.

56.

57.

58.

59.

60

6l

62



Chapter 3

63

99

c. Smith, K. S. wallwork, J. M. Weeks, M. A. Buntine, S. F. Lincoln, M. R-

Taylor and K. P. Wainright,Inorg. Chem.,38, 1999, 4986'



Chapter 4 99

chapte r 4z Structure and stabitity oI Diazacrown Linked

Cyclodextrin Dimer ComPlexes

4.1 Introduction

The ability of cyclodextrins to form stable inclusion complexes with a variety of neutral

and ionic molecules which fit, at least partially into their cavities is well established'r'2

Inorganic anions,',4 various cations,) noble gases,u aliphatic moleculesT'8 and

buckminsterfullerenee'to are all known to form inclusion complexes, however the strongest

complexes are usually formed with guests possessing some aromatic character. Hydrophobic

guests are usually bound more strongly than hydrophilic guests. Highly hydrophilic molecules

bind weakly or not at all.2 Most pCD complexes of organic guests have stability constants in

the range 102 to 104 dm3 mol-I, characteristic of weak intermolecular interactions.lt'I8'le'to Due

to the size compatibility of the BCD cavity with a wide variety of guest molecules and also for

economic reasons, BCD is the cyclodextrin most frequently employed in pharmaceutical and

analytical applications, in spite of it being the least soluble cyclodextrin in water.2r

A variety of interactions have been proposed to provide the driving force for the formation

of cyclodextrin inclusion complexes, and they may be summarized as follows:22

(i) Hydrophobic interactions, which comprise the following elemental interactions:

(a) London dispersion forces,re which require close contact between the cyclodextrin

and guest.

(b) Entropy gain due to destruction of the water assembly surrounding the guest

molecule.

(c) Entropy loss due to restricted translational freedom of the guest in the cyclodextrin

cavity.

(ii) Expulsion of "high energy" waters from the cavity of the empty cyclodextrin upon

inclusion of the guest.

(iii) Conformational change in the cyclodextrin upon guest inclusion.

(iv) Hydrogen bonding interactions between the cyclodextrin and guest.

(v) polarle and ionic interactions,23'24 including dipole-dipole, dipole-induced dipole and

charge-charge interactions.

It appears that the overall driving force that brings a guest molecule into the cavity of a

cyclodextrin and drives water molecules out, is a complex composite of a number of forces.
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Although the presence of these forces is generally agreed upon, debate has surrounded the

relative importance of each with respect to the other'

In general the binding of guests by cyclodextrins is largely driven by enthalpy, with a

positive or negative entropy contribution.r4'r5 The linear relationship between enthalpy and

entropy changes in the formation of cyclodextrin inclusion complexes of related guests is

known as an enthalpy-entropy compensation effect.16 The slope and intercept of the /S versus

AH plot are characteristic of the guest topology and the complex stoichiometry, and can be

used as quantitative measures of the conformational change and the extent of desolvation

caused upon complex formation, respectively.la The free energy change upon complexation

may be minimized by either increased solvation, which lowers enthalpy at the price of

entropy, or diminished solvation, with its entropic advantages arising from the release of

solvating water molecules.15 A positive entropy change is produced when the entropy gain

from desolvation of the guest outweighs the entropy loss from molecular association'

Geometric factors are decisive in determining the stability of cyclodextrin inclusion

complexes. The size, shape and rigidity of the guest are major factors in determining the

degree to which guest molecules can penetrate into the cyclodextrin cavity.ll There is

evidence for guest motion within cyclodextrin inclusion complexes although this motion is

slow by comparison with that of the free guest.r2'r3

The fact that some guests (usually longer molecules) tend to form (cyclodextrin)2.(guest)

complexes7,rs,25,26 led to the preparation of what are commonly referred to as linked

cyclodextrin dimers. Two hydrophobic cyclodextrin cavities are joined by one or more

linkers, which are attached to the annuli by substitution of the cyclodextrin hydroxyl groups'

Hence, linked cyclodextrin dimers maybe considered ditopic hosts possessing two

hydrophobic molecular recognition sites. Typically (cyclodextrin)2.(guest) complexes form in

the presence of a large excess of cyclodextrin. Whereas, double capping of a guest by a linked

cyclodextrin dimer will occur at low concentrations of the cyclodextrin dimer due to the close

proximity of the second cyclodextrin annulus.2T

The frrst linked cyclodextrin dimer, reported in 1972, consisted of two ctCDs covalently

linked together between their secondary rims by a terephthalate diester.zs Subsequently,

various disulfide,l5'20'30 dithiol,t5'20'3t diether,32 diamine,33 diester,2T'3a diamide35'36 and

imidazole3a,,t linked cyclodextrin dimers have been synthesized and their binding properties

studied. Cyclodextrins have also been linked by porphyrins3s and the polyaza macrocycle

cyclen.3e Generally the two annuli are linked by covalent bonds, however two BCDs modified

by substitution of a secondary hydroxyt with 1,2-diaminoethane have been linked together by

coordination to a single Cu2* ion.aO
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Potentially, linked cyclodextrin dimers have improved binding capabilities

cyclodextrin monomers for guests due to their two hydrophobic binding s

statistical factors, in the absence of any collaboration between the individual

units the stability constant for a linked cyclodextrin dimer complex should be double that of

the native cyclodextrin. If the two cyclodextrin annuli cooperate in guest binding, the stability

constants will be significantly greater than this. Enzymes and antibodies typically bind several

guest segments, and linked cyclodextrin dimers have similar potential.ar

Linked cyclodextrin dimers may exhibit simultaneous multifunctional binding when the

dimers geometry complements the shape and functionality of the guest.aT The cooperative

action of two covalently linked annuli provides powerful binding of guests that exploit the

extended binding site. Guests that have two hydrophobic ends can form complexes of very

high stability with linked cyclodextrin dimers. It has been found that stability constants of

more than 10rr dm3 mol-r can be achieved using an appropriately designed linked cyclodextrin

dimer and guest.8,'u This is of the order of the stability of antigen-antibody complexes.

However, guests whose geometries do not permit good binding into both cavities form

complexes with much lower stability constants.3a The binding of a guest by a linked

cyclodextrin dimer host most likely occurs through induced fit, in which the host closes

around the guest shielding it form the aqueous environment. It is unlikely that the guest

simply threads its way into an already closed host structure. In many cases the enzyme-

substrate binding process involves induced fit, in which the enzyme folds around the substrate

to lock it firmly into position and excludes water from the reaction zone'

The enhanced stability of an inclusion complex formed by the binding a single guest by a

linked cyclodextrin dimer relative to the analogous complex formed by two independent

cyclodextrins may be likened to the chelate effect observed for metal complexes.a2 The

chelate effect is classically explained in terms of favorable entropy of binding, as translational

entropy does not have to be paid for twice when two ligands are joined to each other.a3 In

contrast the cooperative binding effect of at least some linked cyclodextrin dimers shows an

unfavorable entropy that outweighs the enthalpic effect of binding by two monomeric

cyclodextrins.tt This probably means that there are compensating solvation effects whose

enthalpy/entropy consequences dominate the thermodynamics.

The tether linking the cyclodextrin annuli may provide an additional recognition site.aa The

dimer formed by linking two BCD units through their secondary faces with a 3,5-

di(thiomethyl)pyridine linker exhibits an enhanced ability, relative to the 1,3-

di(thiomethyl)benzene linked dimer, to encapsulate a range of metal complexes of
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macrocyclic ligands in aqueous solution.aa This enhanced stability arises due to coordination

of the macrocycle bound metal ion by the pyridine nitrogen atom of the linker.

An important feature of linked cyclodextrin dimers inclusion complexes is that a doubly

bound guest is aligned along the linker. Hence, certain linker groups are potential catalysts for

reactions of guests that can be held across the catalytic site. Some linker groups are capable of

binding metal ions, which may in turn be involved in binding of the guest and catalysis of

reactions of the guest. The metal complexes of the cyclodextrin dimer formed by linking two

BCD units via their primary faces with a 5,5'-dithiol-2,2'-dipyridyl linker are able to catalyse

the hydrolysis of ester guests that bind into both cavities so as to place the ester group next to

the metal ion. Catalytic hydrolysis occurs with good turnover and large rate accelerations'a5'46

The effects of the metal centre and the two linked cyclodextrin cavities on the rate of

hydrolysis of the p-nitrophenyl ester of 3-indolepropionic acid are demonstrated by the 30-

fold rate acceleration detected in the presence of BCD, with or without Cu2*, by comparison

with the rate in the absence of a catalyst, while the linked cyclodextrin dimer exhibits a rate

enhancement of g0-fold in the absence of Cu2*, and over 104-fold in its presence. The

additional cyclodextrin cavity more than doubles the rate but the extent to which the metal ion

enhances the rate is far greater.

In this chapter the formation of complexes between the diazacrown linked pCD dimers

(pCDen)2C2l and (BCDon)zC2l (the structure of these linked cyclodextrin dimers is

illustrated schematically on page 15) with both molecular anions and metal ions is

investigated. The first part of this chapter is concerned with the coordination of metal ions by

(pcDen)2c21 and (ÞcDon)2c21. Most studies of metal coordinating cyclodextrin dimers

have focussed on the effect the presence of the metal ion on either the inclusion or reactivity

of the guest bound within the cyclodextrin annuli rather than the intrinsic process of metal ion

coordination itself. Stability constant determinations for a wide range of metal ions were

determined for both dimers using the potentiometric titration method described in Section 2.3'

Such information is important for interpreting and predicting the interactions of the metal

complexes of these linked cyclodextrin dimers with guests included within their annuli.

Secondly, the binding of the anionic azo dye brilliant yellow (Figure a.1) by the Na*

complexes of the linked cyclodextrin dimers (ÞCDen)zC2I and(pCDon)2C21 is investigated'
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So¡-

H

Brilliant Yellow

So¡
Tropaeolin 00 Tropaeolin 000 No. 2

H

H,C

Methyl Orange

Figure 4.1 Structure and trivial names of various azo dyes used or discussed in this work'

As a result of inclusion complex formation, the characteristic properties of a guest are

modified.2 In general any property, such as, solubility, pKuvalues, electrochemical or spectral

properties of the guest that undergoes a sufficiently large change on complexation may be

monitored to obtain information about the inclusion process. In the work presente{ in this

chapter the binding of brilliant yellow was investigated by monitoring the changes in its

visible absorbance spectrum upon addition of (BCDen)2C2Land (BCDon)2C21'

Attempts were made throughout the study to establish relationships between the solution

structure of the complexes formed and their thermodynamic stability. This was largely

achieved through the use of 2D-NMR techniques and simple molecular models.

o3
\\
N

H

So¡
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4.2 Protonation of (PCD en)zczl and (PCDon)2C2l

Both (BCDen)zC2l and (pCDon)zC2l are tetra-basic species due to their two secondary

and two tertiary nitrogen atoms. The protonation constants, K1, Kz, Kt and Ko,, in aqueous

solution for the stepwise protonation reactions:

Kr
4.1L HL

LH

LÍr2

LH3r*

+

+

+

+

H

H

H

H

HzL''

HrLt*

HoLo*

4.2

K4

4.3

4.4

were determined for each ligand from titrations of solutions of the protonated cyclodextrin

dimer with NEt+OH. These results are presented in Table 4.1.

Table 4.1 Protonation constants (log(K I dm3 mol-t;¡ of (BCDen)zC2t and (pCDon)zC2l

in aqueous solution at298.2 K and 1:0.1 mol dm-3 QllEt+ClO+)

Ligand log K1 log K2 log tr, log K+

(BCDen)2C21"

(BCDon)2C21'

7.63 + 0.01

8.67 + 0.02

6.84 r0.02

8.1 1 r 0.02

5.51 + 0.04

6.06 + 0.02

4.98 + 0.03

5.14 + 0.05

oErrors represent one standard deviation

The four protonation constants of (BCDon)zC2t are markedly higher than those for

(pCDen)2C21. The increase in the magnitude of the protonation constants coincides with the

increased hydrophobicity as the aliphatic chain lengthens from two methylene groups to eight

methylene groups and indicates a decrease in the ability of surrounding water to accept a

proton from the protonated amine as overall hydration decreases. The same effect is observed

for simple aliphatic amines.as The protonation constants of each ligand appear to fall into two

ranges, one of which most likely describes the protonation of the diazacrown nitrogen atoms

and the other the protonation of the nitrogen atoms adjacent to the cyclodextrins, however, on

the basis of this titration data alone it is not possible to assign each protonation constant to a

specific nitrogen atom.
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Speciation plots describing the protonation of (pcDen)2c2l and (ÞcDon)2c21 afe

illustrated in Figures 4.2 and 4.3, respectively'
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Figure 4.2 percentage of species present in a 0.001 mol dm-3 aqueous solution of

(BCDen)2C21 plotted relative to total (BCDen)2C21. The curves represent:

(a) (BCDen)zC2lH,ta*, (b) (BCDen)zC2lHs3*, (c) (þCDen)zC2lHz2*, (d) (NDen)zC2tIl and

(e) (NDen)zC2l.
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Figure 4.3 Percentage of species present in a 0.001 mol dm-3 aqueous solution of

(NDon)zC2l plotted relative to total (BCDon)2C21. The curves represent:

(a) (BCDon)zC2IHta*, (b) (NDon)zC2lnf*, þ) (KDon)2C21H22*, (d) (BcDon)zC2lll

and (e) (NDon)zC2I

Examination of these plots reveals that above pH 10 both ligands are present in their

deprotonated forms at greatet thang5o/o of the total ligand concentration'
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parker et alhave determined protonation constants for the amide functionalised C21 based

bibracchial lariat ether 1,7-bis(methylcarbamoylmethyl)-4,10,13-trioxa-L,7 -diazacyclo-

pentadecane, BCMM-C2 I (Figur e 4.4) -ae

H

CH3

Figure 4.4 Structure of the amide armed bibracchial lariat ether BCMM-C2l

The protonation constants of BCMM-C2l and some other C21 based bibracchial lariat

ethers are presented in Table 4.2.The amide armed bibracchial lariat ether BCMM-C21 has

protonation constants considerably lower than those of bibracchial lariat ethers BME-C21,

BHp-C2t and BHE-C2l (the structure of these bibracchial lariat ethers are illustrated

schematically on pageT). The lower protonation constants of BCMM-C2l relative to C21 and

related bibracchial lariat ethers has been attributed to the modest electron withdrawing effect

of the B-carbonyl groups of the arms reducing the basicity of the tertiary amine nitrogen

atoms.

Table 4.2 protonation constants of various bibracchial lariat ethers and the diazacrown ether

C2l in water.

Ligand log(Kr / dm' mol-') log(Kzl dm'mol- ,)

3

BHE-C21"

BHP-C21å

BME.C21'

BCMM.C21"

C2I'I

8.79

8.30

8.64

6.48

8.76

7.57

7.62

7.t6

5.43

8.04

oReference 50;'Reference 5l; "Reference 49, 52

Comparison of the protonation constants of BCMM-C2l with those determined for

(ÞCDen)zC2l and (BCDon)2C2I suggests that the two lower protonation constants of

(pCDen)2C21 and (pCDon)2C2| are most likely associated with the tertiary amine nitrogen

atoms of the diazacrown ring.
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4.3 Metal Ion Complexation by (pCDen)2C2I and (BCDon)2C2l

The C2l macrocycle present in (pCDen)zC2I and (pCDon)2C2Lprovides the potential for

these linked cyclodextrin dimers to selectively bind alarge range of metal ions. The apparent

stability constants, K, for the formation of metal ion complexes with Na*, Mg2* , Ct*, Sfz*,

B**, Coz*, Ni,*, Cu2* and Znz* by (BCDen)2C2L and (ÞCDon)2C21 were determined in

aqueous solution at29g.2 K and 1: 0.01 (NEtClO+) using the potentiometric titration method

described in Section 2.3. These metal ions span a range of ionic radii and have a wide

variation of hard/soft characteristics resulting in considerable variation in K. For both

(ÞCDen)zC2l and(pCDon)2C2| eachof the metal ions examined was found to be involved in

three equilibria with the ligands as described by Equations 4.5-4.7.

L+ [M.L]n*

[M.LH]n+

IM.LH2]n+

LH* +

LHr'* +

4.5

4.6

4.7

K"

K,

K"

M**

M**

M**

The apparent stability constants for the complexes of the alkaline earth metal ions and Na*

with (BCDen)zC2l and (pCDon)2C2| are presented in Table 4.3 along with those of the

analogous complexes of the related bibracchial lariat ethers BHE-C21 and BCMM-C2l for

comparative purposes.

The stability constants of the alkaline earth metal complexes of (BCDen)zC2l and

(ÞcDon)zc 2l vary with M2* in the sequence Mg'* . c** > Sr2* > Ba2*. The same stability

sequence is observed for the corresponding complexes of the bibracchial lariat ether BHE-

C2f0 indicting similar factors characterize alkaline earth metal complexation by all three

ligands in aqueous solution. The Ca2* ion (six coordinate ionic radius : 1.00 Å¡53 has the

closest fit to the C2l intramolecular cavity (cavity radius of - 0.9 Ä)54 whereas the other

alkaline earth metals are either too large or too small to be optimally coordinated by the C2l

diazacrown. The observation that (BCDen)zC2l and (BCDoI)2C2I form their most stable

alkaline earth metal complexes with Ca2* in aqueous solution is consistent with the size of the

C2l macrocycle being a dominant factor in determining the stability of the metal ion

complexes of these diazacrown linked cyclodextrin dimers'
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Table 4.2 Apparent stability constants for the complexation of alkaline earth and alkali metal

ions by (ÞCDen)2C21, (BCDon)2C2|and related ligands at298.2 K and 1:0.1 mol dm-3

Q'{Et+ClO+) in water.

log (K / dm' mol- t)"

Complex Mg't Ca'- Sr'- B,at- Na*

[M.(BCDen)zczr Hrln*

b

b

-1

2.53 + 0.03

2.95 + 0.03

-.,þL-

4.59 + 0.02

5.35 + 0.03

4.49 !0.04

4.89 r 0.04

5.15 r 0.03

4.93

4.86

4.37 !0.05

5.05 + 0.02

4.06 + 0.05

4.45 t0.04

5.07 r 0.04

4.t5

3.81 + 0.01

4.47 + 0.01

4.10 + 0.04

4.54 + 0.03

4.82 + 0.03

3.99

2.30 t 0.05

b

b

2.89 !0.04

2.99 + 0.05

3.26 + 0.05

2.55

b 3.45 t 0.07 3.57 t0.04 3.04 t 0.04

[M.(pCDen)2C21H]'+

[M.(BCDen)zC2ll"*

[M.(BCDon)zC2IHzf"*

[M.(pCDon)2C21H]"*

[M.(pCDon)2C2ll"*

IM.BCMM -C2lf"*'

[M.BHE-C2ll"to

"Errors represent one standard deviation;'No complex detected; "Reference 49;

dReference 50

The linked cyclodextrin dimers (FCDen)zC2I and (BCDon)2C2l form more stable alkaline

earth metal complexes than the bibracchial lariat ethers BHE-C21 and BCMM-C21. This

enhancement in stability may in part be attributed to the greater hydrophobicity of the

sidearms of (BCDen)zCz|and (pcDon)zc2l which results in these ligands being able to more

effectively compete with the surrounding solvent for metal ions.

The diazacrown linked cyclodextrin dimers (FCDen)zC2l and (ÞCDon)zC2l from stable

complexes with Na* in aqueous solution. The stability constant of [Na.(BCDen)2C21]* is

slightly less than that of INa.BCMM-Czlf*, this reduction in stability is consistent with the

steric bulk of the pendant arms of (BCDen)zC2l resulting in a less optimal conformation of

the ligand for coordination of Na* than is possible in [Na.BCMM-C21]*. The stability

constant of [Na.(BCDon)zC2l]*is approximately an order of magnitude greater than that of

[Na.(BCDen)2CZl]+. This enhancement in stability most likely arises due to the greater

hydrophobicity of the pendant arms of (ÞCDon)zC2l thanthose of (gCDen)2C21.

The apparent stability constants for the complexes of some ftrst-row transition metal ions

with (BCDen)zC2l and (pCDon)2C2L are presented in Table 4.4 along with those for the

analogous complexes of the bibracchial lariat ether BHE -C2f0 and the diazacrown ether

C2fz for comparative purPoses.
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Table 4.4 Apparent stability constants for the complexation of transition metal ions by

gcDen)2c2l, (pcDon)zC2l and related ligands at298.2 K and 1: 0.1 mol dm-3 (l'{Et¿clo+)

in water

log (K / dm' mol- ')o

Complex Co'* Ni'* Ctf* Znt*

[M.(BCDen)2C2lH2fat 6.08 t 0.06 4 39 + 0.04 7 .52 + 0.05

[M.(BCDen)zC2lH]3*

[M.(pCDen)zC2l]z*

[M.(BCDon)2C2lH2]a*

[M.(BCDon)2C21H]3"

[M.(BCDon)2C2ll2*

[M.BHE-Czll'*u

l}/r.c2rl2*"

7.14 !0.02

8.07 + 0.04

7.38 + 0.02

7.74 !0.03

8.33 r 0.02

6.62

5.22

5.35 + 0.01

5.62 t0.03

4.62 ! 0.03

4.80 + 0.05

5.02 + 0.01

4.73

4.05

8.47 + 0.03

10.65 + 0.02

8.22!0.04

9.55 + 0.07

10.83 + 0.02

8.11

8.15

6.52 + 0.01

7.56 + 0.03

8.55 + 0.05

7.30 + 0.01

7.73 + 0.03

8.89 + 0.04

6.18

s.34

oErrors represent one standard deviation; 'Relerence 50; "Reference 52.

The variation in stability constants for [M.(p cDen)2c21]2* and [M.(BCDon)zC2ll2*, where

M2+ : Co2*, Ni2* , Cu'* and Znz*, is Co2* > Ni2* < Cu2* > Znz*. For simple ligands, the

stability of complexes formed with the first-row transition metal ions follows the lrving-

Williams series, Coz* < Ni2* < Cu2* > Znz*,which arises as a consequence of ligand dipole-

metal ion electrostatic effects and crystal field effects.tt'tu The stability constants of transition

metal complexes of (BCDen)2CZl and (pCDon)zC2l follow the lrving-Williams series except

for Ni2*. This exception reflects the small size of Ni2* (six coordinate ionic radius : 0.69 Ä )53

which would result in its complexes with (ÞCDen)zC2l and (BCDon)2C2Lbeing considerably

strained. A similar inversion in the order of stability is observed in the Ni2* complexes of the

related ligands BHE-C2l and C2lae'52. The Cu2* complexes of both (BCDII)2C2L and

(ÞCDon)zC 2I arethe most stable transition metal complexes perhaps because Cu2* sometimes

exhibits soft acid characteristics and is capable of strong interaction with nitrogen5T whereas

the other transition metal ions are borderline between hard and soft acids'58'5e

The higher stability constants of the alkaline earth and transition metal complexes of

(BCDen)2C21 and (pCDon)2C2I than those observed for the analogous complexes of the

bibracchial lariat ether BHE -C2l and the parent diazacrown c2I may in part result from

coordination of the amide carbonyl oxygen atoms of (BCDen)2C2L and (BCDon)2C21. The

are several examples of bibracchial lariat ether complexes in which the arms coordinate the

metal ion through amide carbonyl oxygen donors. The coordination of the amide carbonyl
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oxygen donors in [Ca.BCMM-C2|]2* and [Na.BCMM-C21]+ has been confirmed in methanol

solution by trc NMR and in thin films using IR spectroscopy.4e In the X-ray crystal structures

of the Na* and K* complexes of the peptide functionali zed C22 based bibracchial lariat ether

1,10-bis(O-methylglycylglycyl)- 4,7 ,13,16-tetraoxa-1,1}-diaza-cyclopentadecane (Figure 4.5)

the amide carbonyl oxygen donors are observed to participate in the coordination of the metal

ions.6o

Figure 4.5 Structure of the peptide armed bibracchial lariat ether 1,L}-bis(O'

me t hy I gly cy I gty cy t) - 4, 7, I 3, I 6 - t e t r a oxa - I, I 0 - di az a- cy c I op e nt ad e c ane.

participation of the secondary amine nitrogen donor atoms of (BCDen)zCzI and

(BCDon)2C21 in metal ion coordination seems unlikely considering the steric crowding about

these donor atoms and their remoteness from the diazacrown.

For both (pCDen)zC2l and (BCDon)2C2l protonated complexes of the stoichiometry

[M.LH]"* and [M.LHz]n* are formed. In these protonated complexes it is almost certain that

the protons reside on the secondary nitrogens adjacent the cyclodextrins rather than on the

tertiary amine nitrogens of the c2l ting. That is, for (BCDen)2C2L and (BCDon)2C2L the

tertiary amine nitrogens of the diazacrown are less basic than the secondary amine nitrogens

adjacent the cyclodextrins.

The stability constants of the protonated complexes of (BCDon)zC2l (with exception of

tNi.(BCDon)zC2|l2) are consistently greater than those of (ÊCDen)2C21. Furthermore, the

reduction in complex stability upon addition of a proton is less in each case for the complexes

of (BCDon)zC2l than for those of (ÞCDen)2C21. The enhanced stability of the protonated

complexes of (BCDon)zC2l in comparison to those of (ÊCDen)zC2l results from the greater

distance between the sites of protonation (the nitrogen atoms adjacent the cyclodextrins ) and
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the metal ion in the complexes of (ÞCDon)2C21, this results in less electrostatic repulsion than

that experienced in the equivalent complexes of (pCDen)zC2L

4.4 Self Inclusion of [Na.(BCDon)2C21]*

There are a number of reports of linked cyclodextrin dimers in which the linker includes

within the annulus of one of the cyclodextrins.6l-6s Such "self inclusion" occurs when the

linkage between the cyclodextrin moieties is of sufficient length, flexibility and

hydrophobicity that it becomes more thermodynamically favorable to be included within a

cyclodextrin annulus than solvated. Yamamura et al have investigated this phenomena within

a series of pCD dimers whose cyclodextrins were linked via their primary faces with sulfur

containing linkers of varying lengths (Figure 4.6).ut It was found that in da-DMSO both

thiodiethanamide and the thiodipropanamide linked dimers gave a very simple proton NMR

spectra. Two kinds of anomeric Hl resonances were observed in each case (when discussing

the proton resonances of cyclodextrins the numbering scheme described on Page 13 is used),

which resembled the typical pattern of a mono substituted cyclodextrin derivative, suggesting

that these dimers are almost C2-slmmetric in dø-DMSO. In DzO the thiodiethanamide linked

dimer gave an almost identical spectrum to that observed in dø-DMSO, consistent with this

dimer adopting a similar conformation in both solvents. In contrast, the dimer with the longer

thiodipropanamide linker showed a very different proton NMR spectrum in DzO than in de'

DMSO.

CH

n:1or2

Figure 4.G Schematic representation of thiodiethanamide (" : I) and thiodipropanamide

(n : 2) linked cyclodextrin dimers.
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Analysis, on the basis of symmetry, of the proton NMR spectrum in DzO of the

thiodipropanamide linked dimer indicates the presence of a self-included conformation in

which the alkyl chain resides inside the annulus of one of the cyclodextrins. The observation

of the self-included conformation in DzO but not in dó-DMSO suggests that hydrophobic

interactions are the principal driving force for this self-inclusion. The absence of selÈ

inclusion in the thiodiethanamide linked dimer is consistent with the short length of this linker

prohibiting self-inclusion.

Recently, 2D-ROESY (rotating frame nuclear Overhauser effect spectroscopy) has been

shown to be a powerful tool for examining the solution structure of host-guest complexes of

cyclodextrinr.ut-ut When a guest or part of a guest includes within the annulus of a

cyclodextrin the attached protons may have through-space (nuclear Overhausser effect, NOE)

interactions with the protons H3 and H5 of the cyclodextrin host which are located within the

annulus. In a 2D-ROESY experiment these interactions produce cross-peaks between the

resonances of the interacting protons. The cyclodextrin H3 protons lie at the secondary face of

the cyclodextrin, whereas, the H5 protons lie midway between the secondary and primary

faces. Hence, some indication of the orientation and/or depth of inclusion of a guest within the

annulus of a cyclodextrin host can be gained from the relative intensities of the cross peaks of

the resonances due to the annular protons H3 and H5 with those due to the protons of the

guest.

Venema et afa'6s have made extensive use of a variety of 2D-NMR techniques to study the

conformation and self-inclusion of homo- and heterocyclodextrin dimers containing two

cyclodextrin moieties that are linked through their secondary faces by diamide linkers of

varying lengths (Figure 4.7). For the dimers containing the octamethylene linker the anomeric

region of the proton NMR spectrum in aqueous solution revealed more resonances than

expected for a symmetrical chemical structure, this effect was less noticeable in dr-DMSO' It

was postulated that the higher than expected number of resonances was due to inclusion of the

linker within one of the two cyclodextrin annuli. Detailed ROESY experiments confirmed this

to be correct. In the case of the homocyclodextrin dimer containing the octamethylene linker

the ROESy spectrum revealed through-space interactions between the protons of the linker

and some of the H3 protons of one of the BCD units which are located within the cyclodextrin

annulus. Two forms of intramolecular complexes of the analogous hetereocyclodextrin dimer

were observed, for approximately two thirds of the time the linker is included within the BCD

annulus and the remaining time is included in the annulus of the smaller aCD. No evidence of

self-inclusion was observed for the dimers containing the shorter more rigid butane-l,4-

diamide linkage.
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(a)

(b)

.8-,.",,-8-*"

n:2 or 8

n:2 or 8

Figure 4.7 Schematic representation of various diamide linked a) homocyclodextrin dimers

and b) hetereocyclodextrin dimers.

For the two cyclodextrin dimers being investigated in this study it was most likely that the

linker of (FCDon)zC2lwould undergo self-inclusion. The likelihood of self-inclusion in this

dimer led to it being chosen for a 2D-NMR study of its solution structure. The protons of the

linker are numbered as indicated in Figure 4.8.

on

1357

H2 4 6 I

3

45
2

Figure 4.8 Schematic representation illustrating the atom labelling scheme of the

(NDon)zC2l linker

The 600 MHz ROESY spectrum of a DzO solution 0.06 mol dm-3 in (BCDon)zC2l and

0.1 mol dm-3 in NaOH, giving a final gH>- 12, was recorded using standard Varian software

with a mixing time of 0.3 seconds (Figure 4.9). Under these conditions > 98 o/o of the ligand is
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H3, H5, H6,H2,H4

onH2 - onHT
HI H4A, onH8, H6A, onHl

Í2
Ipp

2

3

3

4

1.5

2

4

5.0

5-0 4.5 4-0 3-5 3-0
F1 [pPmJ

z 5 2.0 1.5 1.0

Figure 4.9 Contour plot of ROESY experiment performed on a sample contqining 0.06 mol

dm-3 ¡pCnon)zC2l and 0.1 mol dm-s NaOH (DzO, pH > 12, 298 K, 600 MHz, 0.3 s mixing

time).
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present as its completely deprotonated Na* complex, [Na.(BCDon)2C21]*. It should be noted

that substitution of one glucopyranose unit at C6 of BCD renders all seven such units unique,

this accounts for the multiple rH resonances for the BCD units of the linked cyclodextrin

dimers (FCDen)zC2l and (BCDon)2C21, this is discussed in more detail on page 13. It was

not possible to assign the annular protons H3 and H5 to specific resonances in the region õ 3.4

- 3.9 but, generally the resonances due to those of protons H3 are found downfield from those

of H5 (with the exception of those of H5A). Cross-peaks between the resonances due to the

protons onH2 - onHT and those due to the annular protons H3 and H5, indicate inclusion of

the linker. The spectrum appears to be much more complicated than would be expected if

[Na.(ÞCDon)zC2lf* possessed C2 s]mmetry. This is particularly noticeable in the region

õ2.2- 3.3 where the protons H4A, H6A, H6A', onHS and onHl resonate- This lack of

symmetry suggests a mode of self-inclusion in which part of the linker resides within the

annulus of one cyclodextrin (Scheme 4.1). This mode of self-inclusion has been observed

several times in linked cyclodextrin dimers.6l-6s

H

H H

Scheme 4.1 Schematic representation of the proposed mode of self-inclusion by

[Na.(NDon)zC2lJ* in aqueous solution at pH 2 l2'

H



Chapter 4 I 16

Adamantane-l-carboxylate forms an extremely stable complex with BCD (K: 1'8 x 104

dm3mol-r at pH g.s).uu The 600 MHz 2D-ROESY spectrum of a solution of

fNa.(BCDon)2C21\* in DzO at pH > 12 to which two equivalents of adamantane-l-

carboxylate were added (Figure 4.10) shows that the adamantyl protons have strong NOE

interactions with the annular protons H3 and H5. NOE interactions between the protons of the

linker and the annular protons were not observed. This is consistent with inclusion of

adamantane-l-carboxylate resulting in the linker being pushed entirely out of the annulus of

the cyclodextrin. The rH NMR spectrum of the solution of [Na.(BCDon)2C21]* to which

adamantane-l-carboxylate had been added is consistent with a structure possessing C2

symmetry, the resonances due to the H4A, H6A, H6A', onHS and onHl protons are clearly

identifiable and there is an overall simplification of the spectrum compared to that of

[N a. (B CDo n) zC2 ll* alone'

The protons AdH3 and AdH2 appear to show stronger interactions with the cyclodextrin

H3 protons than with the H5 protons suggesting that the adamantyl moieties are orientated

such that the carboxyl groups are directed towards the secondary face of the cyclodextrins

(Scheme 4.2).

H

H

H

H

H2
H2

H3
H4

Ad

o o H

Scheme 4.2 Schematic representation of the inclusion of adamantane-l-carboxylate by

[Na.(BCDon)2C2lJ* in aqueous solution at pH 2 ]2. Also indicated is the atom labelling

s c he me of adamantane - I - c ar b oxy late.
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AdH2

ffz,H4 H6A AdH4 AdH4'

HI

5.0 4.s 4.0 3.5

onHl, onHl'
onH8, H4A AdH3

H6A

3.0 z

F1 (pP¡n)

5 2.0 1.5 1-0

H3, H5, H6

I

F2
t t9[

3.0

5

2

z

3

4

4

Figure 4.10 Contour plot of ROESY experiment pedormed on a sample containing 0.06 mol

dm-3 ¡BCnofl2C2I, 0.12 adamontane-l-carboxylate and 0.1 mol dm-s NaOH (DzO, pH 2 12,

298 K, 600 MHz, 0.3 s mixing time).
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This orientation of the adamantyl groups is in agreement with force field molecular

modeling studies and ROESy experiments performed on the complex formed between

adamantane- I -carboxylate and PCD.ut

4.5 Complexation of Brilliant Yellow by BCD

Brilliant yellow is a well known acid-base indicator due to its characteristic colour change

from yellow to red in the pH range 6.4 to 8.4 (Figure 4. 1 1). This colour change results from

deprotonation of the terminal hydroxyl gtoups'u*

o3
2

yellow red

Figure 4.Ll Acid-base equilibria of brilliant yellow

The ultraviolet visible spectrum of Brilliant Yellow was found to be invariant above pH

10, which indicates no change in the protonic equilibria occurs at pH greater than or equal to

10. The studies involving brilliant yellow presented in this work were performed at pH 10.

Thus, in the work presented here brilliant yellow is present entirely in its tetraanionic form,

By4-, in which the hydroxyl, azo and sulfonate groups are completely deprotonated.

The strong absorption of azo dyes in the visible region of the electromagnetic spectrum

results from n -> n* and n -) n* electronic transitions associated with the azo group.un The

visible absorption spectrum of BYa- at high pH is characterized by a r,naximum centered at

490 nm and a slight shoulder at 410 nm (Figure 4.12). There appears to be no complete

assignment of the transitions giving rise to the BYa- absorbance bands in the literature. Azo

dyes similar in structure to BYa- have been found to aggregate in aqueous solution, with a

resultant decrease in adsorption and a departure from Beer's Law.70 However, at dye

concentrations near that used in this study (1.0 x 10-s mol dm-3) absorbance was found to vary

linearly with BY4- concentration.

ol
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Figure 4.12 Absorbance spectrum of Bf (1.0 x l0-5 mol dm3) in aqueous solution at pH

10.0 (NazBtO), 298.2 K and I :0.1 mol dm3 gaCtOl.

In principle the azo and alkene groups of BYa- are capable of photo-induced cis-trans

isomerism, this leads to the possibility of several geometrical isomers. Those isomers in

which one or more of these groups is in the cls configuration are restricted to non-planar

geometries, because of steric crowding, while the almost linear all trans isomer can exist in a

planar geometry. However, cis-trans isomerism in aqueous media is improbable, and the all

tr ans isomer predominates. 
68

The aromatic groups present in BYa- impart upon it an affinity for complexation by

cyclodextrins. The complexation of BYa- by pCD has previously been studied by Schneider er

afT who determined, by spectrophotometric titration, a stability constant, K., for the

formation of the l:l complex (Equation 4.8) of 2100 dm3 mol-t in pH 10 aqueous carbonate

buffer.

430 480

wavelength (nm)

s30

By' 5 [pcD By]4-

s80

4.8
BCD +

As this is the only study of Bya- binding by BCD it was decided to repeat this stability

constant determination under the specific experimental conditions used in the cyclodextrin

dimer study. The absorbance of BY4-, at pH : 10 and I : 0'1 mol dm-3 QtlaclOa), upon

addition of BCD decreases in the range 530-460 nm and at wavelengths < 450 nm, all
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solutions were found to absorb similarly around 450 nm, however there is not an isosbestic

point in this region (Figure 4.13).The observed shift in the spectrum of BYa- upon addition of

pCD possibly arises as result of a decrease in dye-solvent interactions. The data illustrated in

Figure 4.13 was fitted using anon-linear least squares fitting routine to the algorithm arising

from Equation 4.8 at I nm intervals over the wavelength range 450-510 nm to give a value for

K of 2200 + 50 dm3 mol-r, which is in good agreement to that determined previously.a0

Attempts to fit the data to models containing complex species other than the l:1 complex,

[pCD.BY]4, were unsuccessful'
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Figure 4.13 Absorption spectrum of Bl- (1.0 x ITs mol dm3) alone and in the presence of

increasing concentrations of pCD (rangingfrom 1.0 x l0-2 to 1.0 x I0'6 mol dm-3) in aqueous

solution at pH 10.0 (NazB,tOz), 2gg.2 K and I : 0.1mol dm-3 (Naclo+). The arrows show the

direction of change upon increasing BCD concentration'

The stability constant determined for the formation [PCD.BY]4- is of similar magnitude to

that determined for the 1:1 complexes of structurally relate d azo dyes, such as, methyl orange

(K : 2160 dm3mol-t),tt tropaeolin 000 No. 2 (K":710 dm3mol't¡z2 and tropaeolin 00 (K :

6200 dm3mol-t)ut with PCD.
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4.6 Complexation of Brilliant Yellow by [Na.(BCDen)2C21]* and

[Na.(BCDon)2C21]*

The variation in Bya- absorbance with the addition of the diazacrown linked cyclodextrin

dimers (ÊcDen)zc2l and(ÊcDon)zc2l atpH 10 and I:0.1 mol dm¡ çNaclo+) is illustrated

in Figure 4.14. Under the experimental conditions the linked cyclodextrin dimers were present

at > 95 %o as their completely deprotonated sodium complexes, [Na.(BCDen)2C2ll* and

[Na.(BCDo n)2C21]+. The change in the BYa- absorbance spectrum upon addition of the linked

cyclodextrin dimer hosts [Na.(BCDen)2C21]* and [Na.(BCDon)zC2I]* are signif,rcantly more

pronounced than those observed upon addition of BCD. Isosbestic points in the absorbance

spectrum of Bya- upon addition of [Na.(pCDen)2C2ll+ and fNa.(pCDon)2C21]* are observed

at49B nm and 507 nm, repsectively. An isosbestic point suggests the predominance of two

absorbing species since the probability of three species absorbing equally at the same

wavelength is low. A red shift of the absorbance maximum of the BYa- absorbance spectrum

is observed upon addition of fNa.(BCDen)2C2ll* or [Na.(ÞCDon)2C21]*. A red shift is

normally indicative of attractive van der Waals interactions or an increased planarity of the

chromophore, and is often observed upon inclusion of a guest within a cyclodextrin cavtty.2'21

The absorbance spectrum of the protonated form of brilliant yellow is blue shifted relative to

that of Byo-. Thus, the observed changes in the absorbance spectrum of BYa- upon addition of

[Na.(ÞCDen)zC21l* and [Na.(BCDon)2C21]* do not result from changes in the protonic

equlibrium.

In each case the spectral variation was fitted using a non-linear least squares routine to the

algorithm arising from Equation 4.9, where (PCDX)2C21 denotes the linked cyclodextrin

dimeric host.

[Na.(pCDX)2C2l.BY]3-0\a.(ÞCDX)zC2\+ BY4-+ 4.9

Attempts to fit the data to models containing complex species other than l:1 complexes

were unsuccessful. The fits of this data at one wavelength (530 nm) are shown in Figure 4. 15.

The values obtained for K., by simultaneously fitting over the wavelength range 400 - 550 nm

at I nm intervals are listed in Table 4'5.
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Figure 4.14 Absorption spectrum of Bl' Q.0 x I0-s mol dm'3) alone and in the presence of a)

increasing concentrations of [Na (NDen)zC2\J* and b) increasing concentrations of

[Na.(þCDon)zC2lJ* in aqueous solution at pH 10.0 (NazBQ), 298.2 K and I : 0'l mol dm-3

(NaClO). The cyclodextrin dimer concentration rangesfrom 1.0 x l13 to 1.0 x lÜ6 mol dm4.

The arrows show the direction of change upon increasing host concentration'
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Table 4.5 Stability constants of [PCD.BY]4-, [Na.(þCDen)2C21'BY]'- and

[Na.(BCDo n)2C2LBY]'- in aqueous solution at pH 10.0 (NazB +Ot),298.2 K and 1: 0'1 mol

dm¡ çNaclo+).

Complex K (dm'mol- ')o

lpcD B

[Na.(BCDen)2C2L BY]'-

[Na.(BCDon)zC2L BY]'-

(2.20+0.05)xl

(4.63+0.09)x10)

(3.38+0.05)x104

nErrors represent the non-we ighted standard deviation

If each BCD annulus of [Na.(FCDen)2C21]* and [Na.(BCDon)2C2ll+ behaves as a separate

entity in complexing Bya-, the cyclodextrin dimer complex stability constants are expected to

be double that of [pCD.By]4- on statistical grounds. However, the stability constants of

[Na.(BCDe n)2C2L BYl'- and [Na.(BCDon)2C21 BY]'- are 210- and l5-fold greater than that

of [BCD.By]a-, respectively, indicating that cooperative binding by the linked cyclodextrin

dimers is occurring. The enhanced thermodynamic stability of [Na.(BCDen)zC2LBY]3- and

[Na.(pCDon)2C21.8Y]3- compared to [PCD.BY]4- may in part arise due to attractive

electrostatic interactions between complexed Na* and the negatively charged sulfonate groups

of BYa-.

The most stable Bya- complex is formed with [Na.(BCDen)zc2l1*. This is consistent with

the most favorable alignment of the interacting groups of the host and guest occurring with a

linker between the BCD units the length of that found in [Na.(BCDen)2c21]*. The distance

between the secondary faces of the BCD units of [Na.(BCDen)2C21]* is predicted by aMM273

force field geometry optimization calculation to be 24.3 Å. A semi-empirical 4M174

geometry optimization of BY4- predicts BY4- has a length of 24'8 Å' Thus'

[Na.(pCDen)zC2l]* appears to have an almost ideal disposition of the cyclodextrin units for

interaction with the aromatic portions of BYa-. It should be noted that if Na* is coordinated by

both the carboxyl groups and the donors of the macrocycle of (BCDen)zC2l then

[Na.(BCDe n)2C2ll+ is quite a rigid complex. The lower stability constant of

[Na.(pcDo n)zc2L By]r- indicates that the length of the linker in this dimer is less favorable

for effective binding of Bya-. The RoESY spectrum of fNa.(BCDon)2c211+ indicates that

before Bya- can be bound by [Na.(pCDon)2C21]* it is necessary to displace the linker from

one of the cyclodextrin cavities, this process is thermodynamically unfavorable and is in part

responsible for the lower stability constant of [Na.(pCDon)zC21.BY]3- compared to that of

[Na. (BCDe n)zC2L B Y]'-.
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There appears to be no examples describing the complexation of BYa- by covalently linked

cyclodextrin dimers in the literature with which direct comparisons to the investigations

reported here can be made. However, Schneider et afj in an extension of their work described

in Section 4.5, reported the complexation of eY4- by the cyclodextrin dimer formed upon the

addition of Cu2* to 6^-(2-aminoethylamino)-64-deoxy-BCD (BCDen). In this dimer the

cyclodextrin units are linked via coordination bonds to a single Cu2* ion rather than covalent

bonds (Scheme 4.3).

2+

-L

-

.L

LU

+ ^)
Hil.t H2

Scheme 4.3 Schematic representation of the Cu2n induced dimerization of @Den.

lt was found that in the absence of Cu2* pCDen was slightly less effective (K : 1800

dm3 mol-r for the formation of [BY.BCDen]a- at pH 10) than pCD at complexing BY4-' In the

presence of Cu2*, the stability constant of [Cu.(BCDen)2.BYl2- was found to be 3.6-fold

greater than that of [pcD.By]4 (K : 7600 dm3 mol-r for the formation of

[Cu.(pCDen)z.By]2- at pH l0). The diazacrown linked cyclodextrin dimers

[Na.(BCD.n)2C21)* and [Na.(pCDon)2C21]* are 60.9- and 4.4-fold more effective hosts for

BYa- than [Cu. (BCDe n)r)'*, respectively.

4.7 Solution conformation of [Na.(BCDen)2c21.8Y13- and

tNa. ( B C D on) 2C21. BYI 3-

The linked cyclodextrin dimers [Na.(BCDen)2C21]+ and [Na.(BCDon)2C21]* have the

potential to function as triple recognition hosts. In complexes of these hosts a guest maybe

recognized by the mutually independent elements of hydrophobic interactions with the annuli

of the two cyclodextrins and coulombic interaction with the diazacrown coordinated Na* ion'

The cooperative interaction of the molecular recognition elements of these linked cyclodextrin
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dimers is dependent on them being appropriately positioned with respect to the

complementary functional groups of the guest.

The terminal aryloxide and the centrally located sulfonate groups of BYa- are hydrophilic

and may be well solvated by water and have little affrnity for inclusion within the BCD annuli

of [Na.(BCDen)zC2l]* and [Na.(pCDon)zC2l]*.In contrast, the region between the aryloxide

and sulfonate functional groups is largely aromatic in character and consequently

hydrophobic. These hydrophobic sections of BYa- are the least effectively solvated by water

and have the greatest affinity for inclusion within the BCD annuli of fNa.(BCDen)zC21l* and

[Na.(pCDon)zC2ll*.

A systematic search of the Cambridge Crystallographic Data Centre found that the X-tay

structure of Bya- (or any closely related compound) has not been determined. In order to

estimate the dimensions of Bya- a semi-empirical geometry optimization of the all trans

isomer using the AMlTa parameterizattonwas performed. This calculation predicts BY4- to be

almost perfectly linear and planar. The distance between the aryloxide oxygen atoms is

calculated to be 24.g3 Ä,. ttre distance between the carbon atom bearing the aryloxide oxygen

atom and the centroid of the neighboring aromatic ring is measured from this model to be

7 .g2 

^and 
is a good estimate of the length of the hydrophobic sections of BYa-, this distance

is comparable to the distance between the secondary and primary faces of PCD (- 8 Ä';'75 The

distance between the centroids of the two sulfonate bearing aromatic rings predicted by the

AM1 model is 6.53 ,A.lFigure 4.16).

6.s3 Ä

7.92 
^

By

Figure 4.16 Schematic illustrating the distances between various regions of Bf as measured

from the AMI geometry optimized structure. The atom numbering of Bl used is also

indicated.

The solution conformation [Na.(BCDen)2C2LBY]3- and fNa.(BCDon)zC2tBYl3- was

investigated using 2D-ROESY NMR. The atom numbering scheme used when discussing the

resonances of the [Na.(BCDen)2C2ll* linker protons is as shown in Figure 4.17- The atom

5

o3
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numbering schemes used when discussing the resonances of the cyclodextrin, BYa- and the

[Na.(pcDon)2c2ll+ linker protons are those described previously.

en c2l

3

45
2

Figure 4.11 Schemqtic illustrating the atom labelling scheme of the (BCDen)2C21 linker

The 600 MHz 2D-ROESY spectrum of a solution containing a 1:1 mixture of BYa and

[Na.(BCD. n)2C21)+ in DzO at pH > 12 is shown in Figure 4.18. It was not possible to assign

the annular protons H3 and H5 to specific resonances in the region ô 3.4 - 4.0 but, generally,

those resonances of the H3 protons are found downfreld from those of the H5 protons (with

the exception of those due to H5A). The assignment is further complicated as some of the

protons of the diazacrown ring resonate in the region ô 3.4 - 4.0 as well'

Strong cross peaks are observed between the resonances of the ByHl protons and those of

the annularprotons H3 and H5. The strongestNoE interactions of the ByHl protons inthe

region ô 3.4 - 4.0 are with the protons that resonate the furthest downfield. This suggests the

ByHl protons have a greater interaction with the H3 protons than the H5 protons and are

positioned within the cyclodextrin annuli closer to the secondary face than the primary face'

It is not possible to assign unambiguously the resonances of the ByH2 and ByH6 protons.

Strong cross peaks are observed throughout the region where the cyclodextrin annular protons

H3 and H5 resonate with the resonances of the ByH2 and/or ByH6 protons. It should be noted

that the dimensions of Bya- prevent there being simultaneous NOE interactions between the

ByHl and ByH6 protons with the annular protons H3 and H5 of the same cyclodextrin.

The resonances of the ByH3 and ByH4 protons are almost coincident, cross peaks are

observed between the resonances of one or both sets of these protons throughout the region

where the annular protons H3 and H5 resonate. These cross peaks are of weaker intensity than

the cross peaks observed between the resonances of the ByH2 and/or ByH6 protons and those

of the annular protons H3 and H5. The different intensity of these sets of cross peaks may

arise due to there being a total of six protons of the type ByH2 and ByH6 compared to a total

of four protons of the type ByH3 and ByH4. Alternatively, the difference in cross peak
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intensity may reflect the ByH3 andlor ByH4 protons have a weaker interaction of with the

annular protons than the ByIJ'2 and/or ByH6 protons'

There are no NOE interactions between the resonances of the ByH5 protons and those of

the annular protons H3 and H5.

The 600 MHz 2D-ROESY spectrum of a solution containing a 1:1 mixture of BYa and

[Na.(BCDo n)2C2ll* in DzO at pH > 12 is shown in Figure 4.19. There are no observable NOE

interactions between the resonances due to the onH2-onH7 protons and the annular protons

H3 and H5 consistent with BYa- having displaced the self-included linker from within the

cyclodextrin annulus.

The pattern of NOE interactions observed between the protons of BYa- and the annular

protons H3 and H5 of [Na.(BCDon)2C21]* is almost identical to that observed for

[Na.(pCDen)2C2LBY]'-. Strong cross peaks are observed throughout the region where the

cyclodextrin annular protons H3 and H5 resonate with the resonances of the ByHl protons,

predominately with the protons that resonate the furthest downfreld in this region.

Strong cross peaks are observed throughout the region where the cyclodextrin annular

protons H3 and H5 resonate with the resonances due to ByH2 and/or ByH6. Weaker cross

peaks are observed between the resonances due to the protons ByH3 and/or ByH4 with those

of the annular protons H3 and H5. No NOE interactions are observed between the resonances

due to the protons ByH5 and those of the annular protons H3 and H5.

The similarities in the 2D-ROESY spectra of [Na.(FCD9n)zC2L BY]'- and

[Na.(BCDon)2C2LBy]'- is in agreement with a similar disposition of the cyclodextrin units

about By4- in both complexes. The pattern of NoE interactions observed in the ROESY

spectra of [Na.(BCDen)zC21.By]'- and [Na.(BCDon)zC21.BY]'- between the resonances due

to BCD annular protons and those due to the protons of BYa- is consistent with the pCD

annuli being positioned over the ByHl-3 protons (and possibly, although, unlikely ByH4) of

By4- in both complexes. This arrangement of the cyclodextrins maximizes their interactions

with the hydrophobic regions of BYa-. Consideration of the relative sizes of BCD and BYa-

indicates that it is not possible for the ByHl - 3 protons to be included by the cyclodextrins of

[Na.(BCDen)2C21)+ and [Na.(ÞCDon)2C21]* as well as the sulfonate and aryloxide groups.

The absence of NOE interactions between the protons ByH5 and the annular protons H3 and

H5 indicates the hydrophilic sulfonate groups do not reside within the BCD annuli. The

ROESy spectra represent a time averaged view of the solution structures of
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[Na.(BCDen)zC21.By]3- and [Na.(pCDon)2C21.BY]3- and it cannot be eliminated that some

of the time one or both of the aryloxide groups are not included within the BCD annuli. This is

particularly probable in the case of [Na.(pcDon)zc2l.BY]'- where the longer linker may

force the pCD units further apart. The observation of NoE interactions between the

resonances due to protons ByH3 (and possibly ByH4) with the annular protons H3 and H5 but

not between ByH5 and the annular protons indicates the Cz axes of the cyclodextrins in

fNa.(BCDe n)2C2L Byl'- and [Na.(p CDon)zC2LBY]'- are not aligned parallel to the long axis

of BYa-.

Geometry optimization calculations of [Na'(BCDen)2C21'BY]3- and

[Na.(BCDo n)zC2LBy]'- were performed using the MM273 force field. Diagrams of the

optimized structures are illustrated in Figure 4'20'

(a)

(b)

Figure 4.20 a) Side and end views of the optimized structure of [Na.(BCDen)2C2l.BY]3- and

b) side and endviews of the optimized structure of [Na(NDon)2C21-BY]3' All atoms are

drøun as spheres at their van der Waals radii.76'77 Oxygen atoms are dravvn as red spheres,

nitrogen atoms blue spheres, carbon atoms orange spheres, sulfur atoms yellow spheres and

sodium ions purPle sPheres-
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The results from these modeling studies should be treated cautiously as they were

performed in the absence of solvent and hydrophobic interactions are known to be one of the

principal driving forces for the formation of cyclodextrin inclusion complexes. However, the

calculations clearly demonstrate the solution structures of [Na.(BCDen)zC2LBY]3- and

[Na.(BCDo n)2c2LBy],- proposed on the basis of their ROESY spectra are sterically possible.

4.8 Conclusion

The diazacrown linked cyclodextrins (BCDen)2C21 and (BCDon)2c2L from very stable

complexes with the alkaline earth and transition metals. The high stability constants most

likely arise as a consequence of either the hydrophobicity of the pendant arrns or coordination

of the carbonyl oxygen atoms or both. The stability constants of the alkaline earth metal

complexes of (BCDen)2czl and (BCDon)zC2l follow the same trend as the bibracchial lariat

ether BHE -C21, the stability constants of the transition metal complexes of the linked

cyclodextrin dimers and those of the parent diazacrown ether show the same sequence,

similarly, indicating largely the same factors influence complex stability in these three

ligands.

In aqueous solution the linking group of [Na.(pcDon)2c21]* is partially included within

the annulus of one of the cyclodextrin moieties. When two equivalents of adamantane-l-

carboxylate are added to this solution the linking group is displaced from the annulus and a

symmetrical 1:2 host-guest complex is formed'

The stability constants of [Na.(BCDen)2C2LBY]'- and [Na.(BCDon)2C21.8Y]'- are 210'

and 15-fold greater than that of [BCD.BY]a-, respectively. This is consistent with strong

cooperation between the molecular recognition sites of [Na.(BCDen)2C2ll* and

[Na.(BCDon)2C2lf* in binding BY4-. The complex fNa.(pCDen)2C21.8Y]'- has greater

thermodynamic stability than [Na.(BCDon)zc21.By]3- due to a more optimal length of the

linker in fNa.(pcDen)zc21l* for binding BYU-'

In both [Na.(pCDen)2C2LBY]'- and [Na.(BCDon)2C21.8Y]'- the cyclodextrin annuli

position themselves so as to have the greatest interaction with hydrophobic regions of BYa-

while allowing the maximum solvation of the hydrophilic sulfonate and aryloxide groups. At

no time are the central sulfonate groups included within the cyclodextrin annuli. This allows,

potentially, for their interaction with the centrally coordinated Na* ion'
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Chapter 5: ExPerimental

5.1 General

Elemental analyses were carried out by the Microanalytical Service of the Chemistry

Department, University of Otago, Dunedin, New Zealand'

unless otherwise stated 
rH and t'C NMR were recorded at 300.145 MHz and 75.4}dH2,

respectively, on a varian Gemini 2000 system. All r3c chemical shifts are referenced to

cDCl¡, where the central resonance of the carbon atom is assigned a chemical shift of

77.0 ppm unless otherwise stated.

Deionised water that had been purified with a MilliQ-Reagent system to produce water

with a specific resistance of > l5 Mo cm-r, boiled to remove coz and cooled under a drying

tube filled with sodalime was used in the preparation of all aqueous solutions. chemicals used

were of analyical gradewhere obtainable and all volumetric glassware was "A-grade"'

5.2 Experimental for ChaPter 2

5.2.1 Preparation of 1,7-bis((R)-(+)-2-hydroxy-2-phenylethyl)-4'10'13-

trioxa-1,7-diazacyclopentadecane (R)-(+)-BPHE-C2 1)

(R)-(+)-Styrene oxide (1.39 g, 11.54 mmol) was added dropwise to a stirred solution of

4, 1 0, I 3 -trio xa-l ,7 -diazacyclopentadecane (l .12 g,5 . I 3 mmol) in dry N, N-dimethylformamide

(10 cm3) and the solution heated at 100'C for 24 hours under a nitrogen atmosphere. Removal

ofsolvent and excess (R)-(+)-styrene oxide under reduced pressure afforded the crude product

as an orange oil. This oil was dissolved in methanol (10 cm3) and the resulting solution passed

through a column of BioRad AG50w-x2 cationexchange resin (2 x 20 cm) in the NH+* form.

The column was washed with 2:1 methanol:water (250 cm3) and the amine eluted with 2:1

methanol:NH31"4 (200 cm'¡ taking 10 cm3 fractions. The coloured fractions were discarded

and the remaining fractions combined and evaporated to dryness to give the desired product

as a colourless oil (1.97 g,84%). (Found C,66'76, H, 8.18; N, 5'84' Calculated for (R)-(+)-

BPHE-C21.(0.5 H2O) (CszHzN+O,,) C, 66.78; H,8.41; N,5'99%') õc(CDCl3) 55'6 (CHz-

ÇHz-N), 56.0 (CH2-Ç.Hz-N), 65.4 (CH-qHz-N), 69.4 (Ar-CH-CHz),70'0 (cHz-cHz-o)' 70'6
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(cHz-cHz- o), 70.7 (CHz-CHz- O), 126.0 (cH-cH-cH), 127 .2 (CH-CH-CH)' 128.2 (CH-CH-

CH), 142.5 (CH-C-CH) PPm.

5.2.2 Preparation of 1,10-bis((R)-(+)-2-hydroxy-2-phenylethyl)-4,7,13'16-

tetraoxa-1,1 0-diazacyclopentadecane (R)-(+)-BPHE-C22)

(R)-(+)-Styrene oxide (0.71 g, 5.94 mmol) was added dropwise to a stined solution of

4,7,13,16-tetraoxa-1,1 }-diazacyclopentadecane (0'60 g, 2'28 mmol) in dry N'N-

dimethylformamide (10 cm3) and the solution heated at 100'C for24 hours under anitrogen

atmosphere. Removal of solvent and excess (R)-(+)-styrene oxide under reduced pressure

afforded the crude product as an orange oil. This oil was dissolved in methanol (10 cm3) and

the resulting solution passed through a column of BioRad AG50W-X2 cation exchange resin

(2 x 20 cm) in the NH+* form. The column was washed with 2.1 methanol:water (250 cm3)

and the amine eluted with 2:l methanol:NH31uo¡ (550 cm3) taking 10 cm3 fractions' The

coloured fractions were discarded and the remaining fractions combined and evaporated to

dryness to give the desired product as a colourless oil (0'72 g, 63%)' (Found C' 66'45; H'

g.57, N, 5.32. Calculated for (R)-(+)-BPHE-C22 (CzsH+NzOo) C, 66.91;H,8.42: N, 5'57%')

$6(cDCl:) 55.1 (CHz-ÇHz-N), 64.2 (CH-ÇHz-N)' 69.7 (CHz-ÇHz-O), 70.4 (cHz-ÇHz-O),

70.7 (Af-qH-cHz), 125.g (cH-c-c), 127.2 (CH-EH-CH), 128-2 (CH-gH-cH), 142'4 (CH-C-

CH) ppm.

5.2.3 Potentiometric Titrations in Non-Aqueous solution

Methanol (AR, B.D.H) was dried and purifred using literature methods.r N,N-

dimethylformamide (AR, B.D.H) was dried with MgSoa, filtered and purified by distillation

from anhydrous cuSo+. The metal salts Licloa (Fluka), Naclo+ (Fluka) and AgNO3

(Matthey-Garrett) were purchased and dried under high vacuum over PzOs' Anhydrous

KCF¡SO¡, RbCF¡SO¡ and CsCF¡SO¡ were prepared using previously described methods2 and

dried under high vacuum over PzOs.

All MCIO+ and MCF¡SO¡ salts were standardized in triplicate using cation exchange

chromatography. A Dowex AG 50w-x 2 cation exchange column (2 x 20 cm) in its H+ form

was loaded with 1.0 cm3 of a 0.1 mol dm-3 aqueous solution of the metal salt to be

standardized and the column eluted with water until the eluant was neutral. Bromothymol
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Blue (2 drops) was added to the eluant and the solution titrated against 0.1 mol dm¡ NaOH

(previously standardized by titration against potassium hydrogen phthalate)'

Tetraethylammonium perchlorate (NEt+ClO+) was prepared by addition of an excess

HCIO+ (1.0 mol dm-3, 1.7 dm-3) (Ajax) to NEt+Br (3009, 1.4 mol) (Aldrich) in HzO' The

resulting NEt+ClO+ was recrystallised from Hzo until free of bromide and acid' The white

crystalline NEt+OH was then dried under high vacuum over PzOs.

potentiometric titrations were performed manually using 2 vessels, each with a capacity in

excess of 40 cm3, connected by a salt bridge containing 0.05 mol dm-3 NEt+Cloa electrolyte

solution. The reference cell contained a reference solution of 20 cm3 of 0.01 mol dm-3 AgNo¡

in the appropriate solvent and a silver wire reference electrode. A silver wire electrode was

also used to monitor the Ag+ concentration of the sample vessel. All solutions were 0.05 mol

dm-3 in NEt¿ClO+. The vessels were kept at a constant temperature of 298.2 + 0.1 K by an

outer jacket through which was circulated water from a thermostatted bath' High purity

nitrogen was bubbled through a solution of 0.05 mol dm-3 NEt+clo+ (to saturate the nitrogen)

and then through the cell. The potential readings during the course of the titration were

monitored by an Orion Research T20Digital voltmeter'

The electrode response to Ag* concentration was determined by titrating a solution of

AgNO: (0.01 mol dm-3¡ into a20 cm3 of 0.05 mol dm-3 NEt+ClO+ in the appropriate solvent

and measuring the corresponding potential. The electrode response is pseudo-Nernstian, and

is given by Equation 5.1.

E = Eo+ Cln[M*] 5.1

The const ants Eo (the standard electrode potential) and C (a constant typiffing the

equilibrium studied) were determined from a linear plot of the potential, ð (mv) against

logarithm of the Ag* concentration, ln[Ag+]. The values for Eo and c are solvent dependent,

but generally C was found to lie in the range lg-28 mV, consistent with values quoted in the

literature.3

The stability constants for [Ag.L]*, where ¡: (R)-(+)-BPHE-C21 and (R)-(+)-BPHE-C22,

were determined in duplicate by the direct titration of 0.01 mol dm-3 ligand (5 cm3¡ into 0.001

mol dm-3 AgNO: (20 cm3) in the appropriate solvent. Stability constants of [M.L]* were then

determined in duplicate by the competitive titration of a solution (5 cm3) containing ligand

(0.01 mol d*-') and MC1O4, where M: Li* or Na*, or MCF¡SO3' where M: K*' Rb* or Cs*,

(0.05 mol drn-r) into 20 cm'AgNo¡ (0.001 mol dm-3) in the appropriate solvent. The stability

constants for [M.L]* were then determined from the data using the program VISP'4



Chapter 5
140

5.2.4 
7Li and "Na NMR SPectroscoPY

The 23Na NMR spectra were recorded on a varian Gemini 2000 spectrometer operating at

a frequency of 79.39 MHz. Typicallyl000-10000 transients were collected in an 8192 point

data base over an average spectral width of 10000 Hz, prior to Fourier transformation. The 7Li

Spectra were recorded on a varian Gemini 2000 spectrometer at a frequency of 116'64 MHz'

Typically 500-1000 transients were collected in an 8192 point data base over a spectral width

of 10000 Hz, prior to Fourier transformation'

The variable temperature unit was calibrated using the temperature dependence of the rH

chemical shifts of neat methanol.5-7 The samples were equilibrated for 20 minutes at each

temperature before acquisition.

S.2.SPotentiometric Titrations in Partially Aqueous Solution

Methanol and NEt+ClO+ \ryere prepared as described in Section 5.2.3. The metal salts

ca(clo+)z (Aldrich), Sr(clo+)z (Aldrich) and Ba(cloa)2 (Aldrich) were purchased and dried

under high vacuum over PzOs. Mg(Clo+)z was prepared by the addition of concentrated

HCIO+ to MgCO3. Excess carbonate was filtered off, and the solution concentrated to give a

white crystalline solid that was twice recrystallized from HzO then dried under high vacuum

over PzOs.

potentiometric titrations were carried out using a Metrohm E665 Dosimat Autoburette that

was equipped with a 5 cm3 burette interfaced to a Laser XT/3-8086 PC. Changes in hydrogen

ion concentration were monitored using an Orion Ross Sureflow 81-72 BN combination

electrode connected to an orion 720 Digital voltmeter. The titrations were carried out at

2gg.2+ 0.1 K in a water jacketed vessel. High purity nitrogen was bubbled through a solution

of 0.1 mol dm-3 NEt+clo+ (to saturate the nitrogen with solvent) and then through the cell.

The electrode was calibrated daily by titrating 0.1 mol dm-3 NEI+OH with 10 cm3 of a

solution 0.1 mol dm-3 Npt+clo+ and 0.004 mol dm-3 HClo+. The resulting data was fitted to

the Nearnst equation to determine Eo and PK, (Equation 5.2).
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where E : observed Potential (V)

E'o: standard electrode potential (V)

R : gas constant (S.314 J mol-r K-l¡

?": temperature (K)

F:Faraday's constant (9.6487 x 10a Coulombs mol-l;

At 298.2 K, with E in millivolts and converting to logarithm base 10, Equation 5'2

becomes

Chapter 5

where

and

RTlnlH*1E: Eo+--l---- 5.2

5.3

5.4

pH

E' : observed Potential (mV)

pH: -log[H+]

Eo-E
59.1 5

E^-E
PK*:Ëß+PoH

The program MacCalibs was used to calculate the endpoint of the titration (and hence the

exact concentration of H* used) and the calibration parameters Eo and pK*'

The protonation constants K¡ and Kz of (R)-(+)-BPHE-C21 and (R)-(+)-BPHE-C22 were

determined in triplicate by the titration of 0.1 mol dm-3 NEt+OH with 10 cm3 of a solution of

0.001 mol dm-3 ligand and 0.004 mol dm-3 HClo+. Both the ligand and HClo+ solutions were

0.1 mol dm-3 in NEt+clo+. Complex stability constants were determined in triplicate by

titration of a solution of 0.1 mol dm-3 NEt+oH with l0 cm3 of a solution 0.001 mol dm-3

ligand, 0.004 mol dm-3 HCIO+ and 0.0015 mol dm-3 M(C1O+)2, where M: Mg2*, Ca2*, Sr2*

and Ba2*. The addition of titrant was computer controlled so that either constant volume

aliquots could be delivered, or successive additions of titrant were added to cause a decrease

in potential of approximately 4 mv. For all titrations, a maximum delay of 300 seconds



Chapter 5 r42

between each titrant addition was suffrcient for equilibrium to be established' The ligand

protonation constants and the stability constants of the metal complexes were determined

from the data using the program SUPERQUAD'e

5.3 Experimental for ChaPter 3

5.3.1 Preparation of [cd-(l,7-bis((R)-(+)-2-hydroxy-2-phenylethyt)-4,10'13-

trioxa- 1, 7 -diazacyclopentadecane)l (ClOn)t

cd(clo+)z.6HzO (0.09g, 0.28 mmol) was added to a solution of 1,7-bis((R)-(+)-2-hydroxy-

2-phenylethyl)-4,10,13-trioxa-L,7-diazacyclopentadecane (0.13g, 0'29 mmol) in methanol (10

cm3) and the resulting solution heated under reflux for 40 minutes. Upon cooling of this

solution the crude complex precipitated. The crude product was collected by vacuum

filtration, washed with cold ethanol (10 cm3) and then cold diethyl ether (10 cm3) giving the

desired complex as a white solid (0. 14 g,65Vo). (Found C,39'41;H,5'28;N' 3'71' Calculated

for tcd.(R)-(+)-BPHE-C21XCIO+)2.(HzO) (CzoH+oNzOr+CdClz) C,39'63;H,5'12;N' 3'56%')

5.3.2 Molecular Modeling

Molecular orbital calculations wefe carrted out using the GAMESS-US (Version 6)10

program. The cEp-3lG basis set was used for all Hartree-Fock calculations.tt-tt The

calculations were performed at The South Australian Computational chemistry Facility on a

commodity pC Beowulf cluster. Molecular Mechanics calculations were performed using the

Spartan (version 5.1) suite of programsra employing the MM25 force field on a Silicon

Graphics Indigo 2 workstation.

5.3.3 l\MR SPectroscopy

The origins of the ligands and metal salts were as described in Section 5.2.5. The r3C NMR

spectra of the samples containing alkaline earth metal ions were recorded using the conditions

described in Section 5.1. Samples were 0.05 mol dm3 in ligand and 0.1 mol dm-3 in M(clo+)z'

when M : Ca2*, Sr'* and Ba2*. For those samples containing Mg(ClO+)z the metal salt
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concentrations was 0.5 mol dm-3. All solutions were prepared in d+-MeoD (99+ atom yozH,

Aldrich).

The NMR spectra of tCd.(R)-(+)-BpHE -c2172* were recorded on a varian Inova 600

spectrometer operating at 599.975 :MHz (rH) and 150'7 MHz 1t3C; in d+-MeOD' All r3C

chemical shifts are referenced to d¿-MeOD, where the central resonance of the carbon atom is

assigned a chemical shift of 49.03 ppm. All rH spectra chemical shifts are referenced to d¿-

M.OD where the central resonance of the protons is assigned a chemical shift of 3.30 ppm"

5.4 Experimental for ChaPter 4

5.4.1 Aqueous Titrations

N,N'-bis((2-N(64-deoxy-p-cyclodextrin-64-yl)amino)ethylamidocarboxymethyl)\,7 
-diaza-

4,10,13-trioxacyclopentadecane ((ÞCDen)2C21) and 1/,N'-bis((8-N(64-deoxy-p-cyclodextrin-

6A-yl)amino)octylamidocarboxymethyl)1,7-diaza-4,10,13-trioxacyclopentadecane

((BCDon)2c21) were gifts of Dr. Bruce May (Department of chemistry, university of

Adelaide). Their purity was > 95 % as shown by TLC, rH and t'C NMR spectroscopy and

microanalysis. The cyclodextrins were dried under high vacuum over PzOs immediately prior

to use. The origin of the alkaline earth metal perchlorates is as described in Section 5.2'5

Transition metal perchlorate salts were purchased (Fluka) and dried under high vacuum over

pzOs. The transition metal perchlorates were standardized using cation exchange

chromatography as described in Section 5'2'5'

The apparatus described in Section 5.2.5 was used for potentiometric titration for the

determination of the protonation constants (BCDen)2C2| and (BCDen)zC2l and the stability

constants of their complexes. The protonation constants, Kl, Kz, Ks and Kt, of the cyclodextrin

dimers were determined in triplicate by the titration of 0.1 mol dm-3 NEt+OH with 2 cm3 of a

solution of 0.001 mol dm-3 ligand and 0.005 mol dm-3 HClo+. Both the ligand and HClo+

solutions were 0.I mol dm-3 in NEt+clo+. complex stability constants were determined in

triplicate by titration of a solution of 0.1 mol dm-3 NEt+oH with 2 cm'3 of a solution 0.001

mol dm-3 ligand, 0.005 mol dm-3 HCIO+ and 0.0015 mol dm-3 M(CIO+)2, where M: Mg2*'

Ct*, SÍ2*, Bt*, Co2*, Nit*, Cu2* and Znz* . The data were analyzed as described in Section

5.2.5.
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5.4.2 2D-ROESY SPectroscopy

All 2D-ROESY NMR spectra were recorded on a varian Inova 600 spectrometer operating

at 599.957 MHz. using a standard sequence with a mixing time of 0'3 seconds' under these

conditions cross peaks courd be observed due to TocSy interactions as well as those due to

nuclear overhauser relaxation effects. All solutions were recorded in Dzo that was 0'1 mol

dm-3 in NaoH. For the self-inclusion studies the concentration of cyclodextrin was 0.06 mol

dm-3 and the concentration adamantane-l-carboxylate (when present) 0.12 mol dm-3' The

spectra of the Brilliant yellow inclusion complexes were recorded on samples 0.005 mol dm-3

in both host and guest. Signals were referenced to aqueous trimethylsilylpropiosulfonic acid

as an external standard.

5.3.3 Spectrophotometric Titrations

Brilliant Yellow (-70 yo, Aldrich) was purchased as its di-sodium and was recrystallised

from methanol. The recrystallised Brilliant Yellow was dried under high vacuum over PzOs

and stored shielded from light in a vacuum desiccator'

Sodium borate buffer (pH 10.0) was prepared from NazB+oz (B.D.H) and HCI (Ajax) as

described in the literature.15 The ionic strength of the buffer was adjusted to 1: 0-1 mol dm-3

with NaCIO+. All Brilliant Yellow solutions were prepared in pH 10'0 sodium borate buffer in

which the concentration of Brilliantyellow was fixed at 1.0 x 10-5 mol dm-3. The p-cD

concentration was varied in the range in the range l'0 x 10-6 - 1'0 x 10-2 mol dm-3' The

cyclodextrin dimer concentrations were varied over the range 1.0 x 10-6 - 1 x 10-3 mol dm-3'

Absorbance spectra were recorded on a cary 300 Bio double beam spectrophotometer in

l cm matched quartz cuvettes thermostatted at 298.2 + 0.1 K against reference solutions

containing all components of the solution of interest except Brilliant Yellow and the

cyclodextrin. Measurements were made at 0.083 nm intervals at a scan rate of 49.8 nm min-l'

The observed absorbance of a single (host).(guest) complex is given by Equation 5'5,

where A represents the total absorbance, €H, tG and eH 6 fepresent the molar absorbances of

the host, guest and (host).(guest) complex, and [host], [guest] and [(host)'(guest)] represent

the equilibrium host, guest and (host).(guest) concentrations, respectively'

A : en[host] + eo [guest]+ e,, o [(host).(guest)] 5.5
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When an additional (host).(guest)z or (host)2.(guest) complex is present, the observed

abosrbance is given by Equation 5.6 or Equation 5.7, respectively.

A : e r, [host] + e o [guest] * € n o [(host). (guest)] + e n,o,, [(host)' (guest), ] 5.6

A : e n[host] + eo [guest] + e" * [(host).(guest)] r €.'), o [(host)r.(guest)] 5.7

Stability constants were determined from a simultaneous fit of the spectral data over a range

of wavelengths to these equations using the MATLABT6 non-linear least squares regression

routine DATAFIT1T which is based on Method 5 0f Pitha and Jones.rs
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Appendix (i)

Intramolecular distances and bond angles involving the non-hydrogen

aroms in the X-ray structure of [(Mg.(R)-(+)-BPHE C22)(ClO¿)zl'MeOH

Intramolecular Distances Involving the Nonhydrogen Atoms

atom atom distance

cl(l) o(s) r.4r7(4)

cr(r) o(e) r.43s(4)

c1(1) o(r0) r.44s(4)

cr(l) o(11) r.43r(4)

cl(2) o(12') r523(e)

ct(2) o(r2) 1.34(1)

cl(2) o(13') 1.416(8)

cr(2) o(13) 1.s12(e)

cl(2) o(14') 1.s0(1)

cr(2) o(14) 1.37(l)

cl(2) o(1s') 1.38(1)

cr(2) o(ls) 1 47(1)

Mg o(1) 2.333(4)

Mg o(2) 2.213(4)

Mg o(3) 2.33e(4)

Mg o(4) 2.187(4)

Mg o(s) 2.22s(4)

Mg 0(6) 2.148(4)

atom atom

o(4) c(10)

o(4) c(l1)

o(s) c(14)

0(6) c(22)

o(7) c(ze)

o(12') O(12)

o(12') O(ls)

o(r2) o(14)

o(13') O(13)

o(14') O(14)

o(1s') o(1s)

N(1) c(6)

N(1) c(7)

N(1) c(zt)

N(2) c(1)

N(2) c(r2)

N(2) c(13)

c(1) c(2)

distance (.Ä,)

r.442(7)

1.4s 1(7)

r.420(6)

t.428(6)

r.423(7)

r.ze(t)

1.68(l)

l.s l(1)

0 88(l)

0.e6(1)

0.e7(2)

t.46r(7)

1.48s(7)

r.448(7)

r.4s4(7)

1.507(7)

1.478(6)

|.s23(7)
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Mg N(1) 2.40e(4)

Mg N(2) 2.408(4)

o(1) c(2) 1.43s(6)

o(1) c(3) r.4r7(6)

o(2) C(4) 1.41s(6)

o(2) c(s) 1.448(6)

o(3) c(8) r.42s(6)

o(3) c(e) 1.438(7)

c(ls) c(20) 1.38e(7)

c(l6) c(17) 1.384(8)

c(17) c(l8) 1.383(8)

c(l8) c(le) 1.378(8)

c(le) c(20) 1 383(8)

c(zr) c(22) r.s23(7)

c(22) c(23) r.s32(1)

c(23) c(24) 1.362(8)

c(23) c(28) 1 3ee(8)

c(24) c(2s) 1 38e(8)

c(2s) c(26) t 362(e)

c(26) c(21) 1.366(e)

c(27) c(2s) 1.407(8)

c(3) c(4)

c(s) c(6)

c(7) c(8)

c(e) c(10)

c(l1) c(r2)

c(13) c(14)

c(14) c(ls)

c(ls) c(16)

1.4e8(7)

r.4er(7)

1. s33(8)

1. s0 l (8)

1 s28(8)

r.5r4(7)

r.s2e(7)

|.367(7)
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Intramolecular Bond Angles Involving the Nonhydrogen atoms

atom atom atom angle atom atom atom angle (")

o(s) cl(l) o(e) 10e s(3) o(13) cl(2) o(ls') 113.6(6)

o(s) cl(l) o(10) 110.3(2) o(13) cl(2) o(1s) 13s 3(6)

o(s) cl(1) o(11) 108.e(2) o(14')cl(2) o(14) 38'8(s)

o(e) cl(l) o(10) 10e.4(3) O(14') Cl(2) O(1s') 86.0(6)

o(e) cl(l) o(11) 110.1(3) o(14')cl(2) o(1s) 104 1(6)

o(10) c1(1) O(11) 108.s(2) O(14) Cl(2) O(1s',) rr7'e(7)

o(12') ct(2) o(t2) s3 1(6) o(14) cl(2) o(ls) 114.1(6)

o(12')Cl(2) O(13') 11s.3(s) o(1s')cl(2) o(1s) 3e'7(7)

o(12') Cl(2) o(13) 101.7(s) o(1) Mg o(2) 6e'2(r)

o(12') Cl(2) o(14') 140.2(s) o(1) Mg o(3) r37 '4(r)

o(12') cl(2) o(14) 106.6(s) o(1) Mg o(4) 80 8(1)

o(12') cl(2) o(ls) 104.8(6) o(l) Mg o(s) 13e'0(l)

o(12') cl(2) o(1s) 6s 2(s) o(1) Mg 0(6) 7s'1(l)

o(12) Cl(2) o(13') 116.6(6) o(1) Mg N(1) t26'6(2)

o(12) cl(2) o(13) s2.6(6) o(1) Mg N(2) 6e'1(1)

o(12) cl(2) o(14') 10s.s(6) o(2) Mg o(3) 7e'4(r)

o(12) cl(2) o(14) 6s.0(6) o(2) Mg o(4) 87 0(1)

o(12) Cl(2) o(1s') rs6.2(7) o(2) Mg o(s) 1s1'8(1)

o(12) cl(2) o(1s) 116s(6) o(2) Mg 0(6) e7'8(1)

o(13') cl(2) o(13) 34.e(s) o(2) Mg N(l) 7450)

o(13') Cl(2) o(14') 104.3(s) o(2) Mg N(2) 13s'7(l)

o(13') cl(2) o(14) l2s.e(s) o(3) Mg o(4) 6e'2(I)

o(13') Cl(2) o(1s') 7s.e(6) o(3) Mg o(s) 76'3(r)
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o(13') Cl(2) o(1s) 108.0(s) o(3) Mg 0(6) 13e'0(1)

o(13) cl(2) o(14') lOs 8(s) o(3) Mg N(1) 67 '3(r)

o(13) cl(2) o(14) 1106(s) o(3) Mg N(2) 12s0(1)

o(4) Mg o(s) s7.6(r) o(12) o(12')o(1s) 106'3(8)

o(4) Mg 0(6) 1s1.e(2) ct(2) o(rz) o(12') 70e(7)

o(4) Mg N(1) 13s.0(2) ct(2) o(r2) o(14) s7'3(s)

o(4) Mg N(2) 72.3(t) o(12')o(12) o(14) 111'8(e)

o(s) Mg 0(6) sr.2(I) Cl(2) o(13') o(13) 78's(8)

o(s) Mg N(1) s3.0(1) cl(2) o(13) o(13') 66'6(8)

o(5) Mg N(2) 71.s(1) c1(2) o(14') o(14) 63'8(8)

0(6) Mg N(1) 72.4(r) cl(2) o(14) o(12) s4'8(s)

0(6) Mg N(2) ss.s(l) Cl(2) o(14) o(14') 77's(8)

N(l) Mg N(2) 14s.s(2) o(12) o(14) o(14') 131(1)

Mg o(1) C(2) 121.1(3) Cl(2) o(1s') o(1s) 7s(1)

Mg o(1) c(3) 11s.3(3) cl(2) o(ls) o(12) s75(s)

c(2) o(1) c(3) rr2.7(4) cl(2) o(ls) o(ls) 6s 1(e)

Mg o(2) C(4) 11e.3(3) o(12')o(1s) o(1s') 118(1)

Mg o(2) c(s) 11s.e(3) Mg N(1) c(6) 108's(3)

c(4) o(2) c(s) 114.0(4) Mg N(1) c(7) 110'1(3)

Mg o(3) c(8) 126.0(3) Mg N(1) c(2r) 10s's(3)

Mg o(3) c(e) 120.2(3) c(6) N(1) c(7) rrt'4(4)

c(s) o(3) c(e) 113.3(4) c(6) N(1) c(21) tr3'4(4)

Mg o(4) c(10) rt47(3) c(7) N(1) c(2r) 107'8(4)

Mg o(4) c(l 1) I I 1'2(3) Mg N(2) c(1) l1 1 7(3)

c(10) o(4) c(l1) rr2.s(4) Mg N(2) c(r2) loe 0(3)

Mg o(s) C(14) r22.t(3) Mg N(2) C(l3) l0s'e(3)
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Mg 0(6) c(22) 123.3(3) c(1) N(2) c(12) 10e 8(4)

cl(2) o(12') o(12) s6 0(6) c(1) N(2) c(l3) l0e'3(4)

cl(2) o(12') o(1s) s4.3(s) c(12) N(2) c(13) rrt'2(4)

N(2) c(1) c(2) 110 3(4) 0(6) c(22) c(23) 113'3(4)

o(1) c(2) c(1) 10s.e(4) c(zr) c(22) c(23) 1107(4)

o(1) c(3) c(4) 10s.7(4) c(22) c(23) c(24) 1187(s)

o(2) c(4) c(3) 106.s(4) c(22) c(23) c(28) 121 1(s)

o(2) c(s) c(6) 110.0(4) c(24) c(23) c(28) 120'1(s)

N(1) c(6) c(s) rr4.6(4) c(23) c(24) c(2s) 120'1(s)

N(1) c(7) c(8) rr2.2(4) c(24) c(2s) c(26) r20'7(s)

o(3) c(s) c(7) 104.6(4) c(zs) c(26) c(27) r20'2(s)

o(3) c(e) c(10) 104.3(4) c(26) c(27) c(28) 120'2(s)

o(4) c(10) c(e) rrr.2(4) c(23) c(2s) c(27) 118'8(s)

o(4) c(l1) c(l2) r04.1(4)

N(2) c(r2) c(l1) rr22(4)

N(2) c(l3) c(14) 111.0(4)

o(s) c(14) c(13) r07.4(4)

o(s) c(14) c(ls) rr3.7(4)

c(13) c(14) c(ts) 110.0(4)

c(14) c(ls) c(16) 123.4(s)

c(14) c(ls) c(20) rr7 7(4)

c(16) c(ls) c(20) 118 e(s)

c(ls) c(16) c(17) 120.e(s)

c(16) c(l7) c(ls) 1le 7(s)

c(17) c(ls) c(le) 120.2(s)
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c(l8) c(le) c(20) 11e.3(s)

c(ls) c(20) c(le) 121.0(5)

N(1) c(zr) c(22) rt2.2(4)

0(6) c(22) c(21) 106.3(4)
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ttc chemical shifts of (R)-(+)-BPHE-C21 and (R)-(+)-BPHE-C22 in the

presence of metal ions

Table I Comparison of ther3C chemical shifts at298.2 K of 0.05 mol dm-3 (R)-(+)-BPHE-

C2l inthe absence and presence of alkaline earth metal ions in d+-MeOD'

M,- ô'(ppm)

r43 .77 , 129 .25 , 128.37 , r27 .19 , 72.41 , 7 r .46, 7 0 .1 5 , 7 0.30, 65 .84, 56 .82, 5 6. 53

tilg'*u 144.42, r2g.rg, 128.17, 127 .16, 7 1.9 5, 7 1 .37, 7 0.60, 7 0.11, 66.08, 56.7 6, 56'47

Ca2*" 142.02, 14L97 , 129.82, 129.60, 129.54, 129.34, 127 .43, 127 .26,74.14,73.28,

7 1.14, 7 1.03, 70.50, 70.08, 7 0.04, 66.45, 65.87, 58.8 1, 58.25, 54.27, 53.98

Sr2*" l4L.5g, 14I.71, I29.70, 129.63, I29.56, 129.30, 127 .72, I27 .29,73.46,72.24,

7 I .27 , 7 0 .49 , 7 0 .40, 69 .7 5 , 69 .67 , 68.49, 66.7 5 , 64 .07 , 57 .66, 54.21

Ba2*" 142.76,142.47,129.59,129.31,129.24,127.52,127.46,73.28,72.71,71.18,70.59,

7 0.3 r, 69.7 3, 69 .15, 66.35, 65. I 8, 56.23, 5 5.26, 54.28

central resonance of the carbon
ion concentration 0.5 mol dm-3;

Table 2 Comparison of the r3C chemical shifts at 2g8.2 K of 0.05 mol dm-3 (R)-(+)-BPHE-

C22 inthe absence and presence of alkaline earth metal ions in d+-MeOD'

M,* õ'(ppm)

144.03, r29.25, 128.40, 127 .23,72.60,71.69,70.9r, 65-17 ,

r43 .89, r29 .23, 1 28.3 8, 127 .19, 7 2.43, 7 | .61, 7 0.67, 64.97, 5 6.07

141.50, 129.79,129.71,127.39,73.78,70.91,70.78,69.80,69.72,66.36,58.18,

53.26

56.13

}y''g'*u

ct*"

sr2*" 141.46, 129.78, 127.65, 72.90, 7 1.L7, 71.03,69.01, 62.57, 56.90, 53.80

B**" 142.35, 129.69, 129.45, 127 .6672.51,71.57 , 69.65, 69.53, 63.90, 55.12

" t'C chemical shifts are referenced to d+-MeOD, where the where the central resonance of the

ppm; åTotal metal ion concentration 0.5 molcarbon atom is assigned a chemical shift of 49.03

dm-3; "Total metal ion concentration 0.1 mol dm-3
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Table 3 Comparison of the r3C chemical shifts of (R)-(+)-BPHE-C2L in the absence and

presence of cadmium in d¿-MeOD.

M,- ô'(ppm)

o
143.77 , 129.25, 128.37 , 127 .19,72.4 I,7l 46, 7 0.7 5, 7 0.30, 65.84, 56.82, 56.53

142.77,142.526,141.925,130.620,130.500, 130.449,130.230,129.986,128.139,

127.8g5,127.717,73.319,72.252,71.910,70.897,70.759,69.495,69.036,68.697,

67.623,67.466,66.618,66.370,65.740,61.497,60.801,59.621,58.980,55.710,

55.287

142.278,141.732,130.674,130.525,130.459,130.292,130.168, 128.099,127.895,

127.808. 73.417,72.267,71.826,71.294,70.711,70.231,69.801, 69.269,68.672,

68.504,67.685,67.277,66.610,66.261,64.640,61.588,60.845,59.705,58.944,

58.270,56.070,55.356

cd2*b

cd2*"

nt'C chemical shifts are referenced to d+-MeOD, where the central resonance of the carbon

K;"at328.2K.atom is assigned a chemical shift of 49.03 ppm; bat298.2
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Intramolecular distances and bond angles involving the non-hydrogen

atoms in the X-ray structure of [(Gd.(R)-(+)-BPHE-C21XCIO4)21.2H2O

Intramolecular Distances Involving the Nonhydrogen Atoms

atom atom distance atom atom distance (Ä.)

cd o(l) 2.333(3) N(1) c(l 1) 1.48s(s)

N(2) c(6) t 477(s)

N(2) c(7) 1.483(s)

N(2) c(le) r 4e7(s)

c(1) c(2) l.sos(6)

c(3) c(4) 1.s07(6)

c(s) c(6) 1 s21(6)

c(7) c(8) t.473(6)

c(e) c(10) 14es(8)

c(l1) c(r2) 1.s13(s)

c(r2) c(13) l.sle(s)

c(13) c(14) 1.401(s)

c(l3) c(l8) 1 383(s)

c(14) c(ls) 1 383(6)

c(1s) c(l6) 1.368(7)

c(l6) c(l7) 1.386(6)

c(I7) c(l8) 1 383(6)

cd o(2) 2.3t8(2)

cd o(3) 2.330(3)

cd o(4) 2.327(3)

cd o(s) 2.363(3)

cd N(1) 2.330(3)

cd N(2) 2.326(3)

cl(l) 0(6) r.436(3)

cl(l) o(7) t.424(4)

cl(l) o(8) r.432(3)

cr(l) o(e) 1.440(3)

cl(2) o(10) 1.346(5)

cl(2) o(11) r 378(4)

ct(2) o(r2) 1 3e3(4)

cr(2) o(r3) r.3e2(6)

o(1) c(1) r.442(s)

o(1) c(10) 1 41s(6)
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o(2) c(4) r.412(6) c(le) c(20) 1.s17(s)

o(2) c(s) r.421(s) c(20) c(21) 1.s07(s)

o(3) c(8) r.427(s) c(2r) c(22) 1.38e(s)

o(3) c(e) r.43e(6) c(zt) c(26) t.3e2(s)

o(4) c(tz) r.420(4) c(22) c(23) 1 388(7)

o(s) c(20) t.43s(4) c(23) c(24) 1 371(6)

N(1) c(2) 1.4se(s) c(24) c(2s) 1373(6)

N(1) c(3) 1 4s3(s) c(zs) c(26) 1.382(6)

Intramolecular Bond Angles Involving the Nonhydrogen Atoms

156

atom

o(1)

o(1)

o(1)

o(1)

o(1)

o(t)

o(2)

o(2)

o(2)

o(2)

o(2)

o(3)

o(3)

o(3)

atom atom angle

cd o(2) 14s.0(1)

cd o(3) 71.78(e)

cd o(4) e2.33(e)

cd o(s) 84.06(e)

cd N(1) 7s.e(1)

cd N(2) 13e 0(l)

cd o(3) 143 0(1)

cd o(4) e0.3(1)

cd o(s) e3.8(1)

cd N(1) 7t.4(r)

cd N(2) 72.3(r)

cd o(4) 82.24(e)

cd o(s) e4.71(e)

cd N(1) 138.4(1)

atom atom atom angle (")

o(8) cl(l) o(e) 108 0(2)

o(10) cl(2) o(11) 10e 8(3)

o(10) ct(2) o(r2) r07 7(3)

o(10) cl(2) o(13) 108.e(4)

o(11) cr(2) o(r2) l11 e(3)

o(11) cl(2) o(13) 1074(3)

o(12) cl(2) o(13) 111.1(3)

cd o(1) c(1) 111s(2)

cd o(1) c(10) 111.s(3)

c(1) o(l) c(10) 1143(3)

cd o(2) c(4) t20 6(3)

cd o(2) c(5) lle 4(3)

c(4) o(2) c(s) 11e.6(3)

cd o(3) c(8) 111.1(2)
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o(3) cd N(2) 7s.s(1)

o(4) cd o(s) 17s.88(e)

o(4) cd N(1) 73.s4(e)

o(4) cd N(2) t07 2(r)

o(s) cd N(1) 107 38(e)

o(s) cd N(2)

cd o(3) c(e) 111 0(2)

c(8) o(3) c(e) 113.7(3)

cd o(4) c(tz) 1123(2)

cd o(s) c(20) 10e s(2)

cd N(l) c(2) t05.4(2)

cd N(1) c(3) r07.2(2)

cd N(1) c(1 1) 1 I 1.1(2)

c(2) N(1) c(3) 10e e(3)

c(2) N(1) c(l1) 1103(3)

c(3) N(l) c(l1) 112.6(3)

cd N(2) c(6) 108.1(2)

cd N(2) c(7) t}s.7(2)

N(2) c(le) c(20) 116 1(3)

o(s) c(20) c(le) 10s.e(3)

o(s) c(20) c(21) rt2.4(3)

c(le) c(20) c(2r) 108 e(3)

c(20) c(2r) c(22) r22 s(3)

c(20) c(zt) c(26) rre.2(3)

c(22) c(2r) c(26) 118.0(3)

c(zt) c(22) c(23) 120.8(3)

c(22) c(23) c(24) 11e.e(3)

c(23) c(24) c(2s) r20 4(4)

c(24) c(2s) c(26) rre.e(4)

c(2r) c(26) c(zs) r2r.0(4)

ts7

74.s(r)

N(1)

o(6)

o(6)

o(6)

o(7)

o(7)

Cd

c(6)

c(6)

c(7)

o(1)

N(1)

N(1)

o(2)

o(2)

N(2)

N(2)

o(3)

o(3)

o(l)

cd N(2) r43.7(r)

cl(l) o(7) 1 10.1(2)

cl(l) o(8) r}e.4(2)

cr(l) o(e) rr0.2(2)

cl(l) o(8) 10e.7(2)

cl(l) o(e) r}e.4(2)

N(2) c(le) toe.4(2)

N(2) C(7) 111 1(3)

N(2) c(le) 112.0(3)

N(2) c(1e) 110.3(3)

c(1) c(2) 10e s(3)

c(2) c(1) 111.7(3)

c(3) c(4) 114.1(3)

c(4) c(3) 106.6(3)

c(s) c(6) 106 3(3)

c(6) c(s) 113.5(3)

c(7) c(8) 113.0(3)

c(8) c(7) 10e 3(3)

c(e) c(10) r07 2(4)

c(10) c(e) t07.2(4)



Appendix (iii)

N(1) c(l1) c(r2)

o(4) c(t2) c(11)

o(4) c(tz) c(13)

c(l1) c(12) c(l3)

c(tz) c(13) c(14)

c(rz) c(13) c(18)

c(14) c(13) c(l8)

c(l3) c(14) c(ls)

c(14) c(ls) c(l6)

c(ls) c(16) c(17)

c(16) c(17) c(18)

c(13) c(l8) c(17)

114.8(3)

107.3(3)

r 12.0(3)

10e.6(3)

121.0(3)

11e.8(3)

11e.1(3)

r20.2(4)

t20.7(4)

11e.1(4)

r2r.2(4)

tte.7(4)
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