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Abstract

This thesis describes the synthesis and complexation characteristics of a series of

pendant arm polyaza macrocycles, designed to test the practicality of attaching amino acids

to tri and tetra amino cyclic aliphatic amines and their adaptation as fluorescent sensors for

metal ions. The ligands designed were based on 1,4,7-triaazacyclononane (tacn) and

1,4,7,10-tetrazacyclododecane (cyclen) with chiral amino acid pendant arms. The

fluorescent sensors were based on the Fluorophore-Spacer-Receptor model and consisted

of a 9-substituted anthracene fluorophore, an ethylamine spacer and a cyclen receptor, in

which a variety of pendant arms varying in substitution pattem, were attached.

The acid dissociation constants and metal complex ion stability constants for all

ligands were determined in a methanol/water (80:20; v/v) solvent system (1:0.1 mol dm-3

(NEt4ClO4)) by potentiometric titration. The complexation behaviour of the ligands in this

study was found to be very similar to that of other pendant arm ligands based on N-

substituted tacn and cyclen macrocycles. The anthracene substituted ligands were found to

exhibit a high affinity towards the metal ions, making them potential metal ion fluorescent

sensors. The use of chiral amino acid pendant arms allows for the formation of two

possible diastereomers for each metal complex, however, NMR spectral studies suggested

that only one diastereomer exists.

The photophysical nature of the anthracene substituted ligands was also

investigated by UV-visible absorption spectroscopy and fluorescence spectroscopy.

Spectrofluorimetric titration of the anthracene substituted ligands indicated that

protonation of the ethylamine nitrogen adjacent to the anthracene occurred at a pKu of

around 4.5. Minimal changes to the UV-visible absorption spectra were observed. The

three anthracene substituted ligands investigated exhibited very different fluorescence

behaviour on metal ion complexation.
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Chapter I I

Chapter 1. Introduction

1.1 Introduction

The field of macrocyclic complex chemistry has undergone a rapid expansion over

recent years, especially in the area of bioinorganic chemistry. Macrocyclic systems with

the ability to complex metal ions have been synthesised to act as luminescent sensors,l-s

MRI relaxation agents6-e and chiral receptor systems.lO-la Many trace metal ions such as

Na*, K*, Ct*, Fe2n, Co2*, Cu2* and ZrJ* are essential to living cells and although they

constitute only about 3Yo of the human body weight they are vital to many processes. The

transport of energy and metabolites relies on the chemistry of Na*, K* and Ca2* and their

involvement in the ion pump mechanism.ls Transition metal ions such as Zr]* and Co2*

are found in a variety of metalloenzymes where they coordinate with amino acids and

enhance catalysis reactions atactive sites.l6 The electronic nature of Fe2* and Cu2* allows

for their involvement in the transport of electrons through porphyrin-type groups.l7 Due to

the importance of metal ions in biological systems, the development of metal binding

chelates is important not only to gain an understanding of the role they play in these

systems, but also in the development of receptors and sensors. There is a plethora of

molecules, which have been shown to coordinate metal ions in a range of environments.

These include those based on coronands, cryptands and polyazamacrocycles.

1.2 Chiral receptors

Many biological processes rely on the selectivity endowed by chiral centres for

their unique properties. There are numerous examples in which only one enantiomer is

active; for example phenylalanine, when acting as a receptor, is only active in its L form,

and not in its D form.l8 Similar selectivity is observed in many synthetic drugs, and in

some cases the opposite enantiomer of the active drug can in fact have detrimental effects.

Recently, there has been significant interest shown in the development of chiral

coordination complexes. This has arisen from the role that chiral metal complex ions play

in asymmetric synthesis, as well, as in the advances into both the fields of bioinorganic

chemistry and metallosupramolecular chemittry. tn-"
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Chiral coordination species can generally be divided into two classes: (1) metal

complex ions, in which chirality only appears on metal ion coordination, and (2) metal

complex ions in which the ligand possesses one or more chiral centres.22 There are

numerous examples of both types of chiral complexes.

1.2.1 Examples of chiral receptors

A simple ligand designed as a chiral receptor is I,4,7,I0-tetrakis(2-hydroxyetþl)-

1,4,7,L}-tetraazacyclododecane (1), based on the polyaza macrocycle 1,4,7,I0-

fefiaazacyclododecane (cyclen). Ligand (1) was found to complex a variety of alkali metal

ions, including Li* (logK/dm3 mol-r : 8.07) and Na* (logK/dm3 mol-l : 6.66), in

acetonitrile."'24 The stability of the complex was found to be highly solvent dependent.

The free ligand is achiral; however, on metal ion coordination ligand (1) was found to

adopt a chiral conformation, producing two enantiomers (Figure 1.1). The enantiomers

are formed by ring inversion around the amine nitrogens involving the release and

recapture of the metal ion, leading to the exchange of the macrocyclic ring carbons

between environments a and b. Overall, ligand (1) was found to form eight-coordinate A

and A complexes around the metal ion.2s In the A enantiomer the pendant arms twist in a

clockwise direction, while in the A. enantiomer the pendant arms twist in an anti-clockwise

direction.

2

+

+M',k

-M',k

a

b

H b

a

N N

Â Enantiomer /1 \ A Enantiomer

tM(l)r. (1) o t'uiiro,r,,.

Figure 1.1. Schematic representation of the two possible enantiomers of A and 
^ 

[M(1)]+,

where a and b represent the macrocyclic ring carbons.

Lincoln et al also carried out further work in the area of chiral receptors based on

polyaza macrocycles with pre-existing chirality. The metal ion receptor I,4,7,10-

tetrakis((^!-2-hydroxyetþlpropyl)-1,4,7,I}-tetraazacyclododecane (2) was developed

using cyclen with (,$-2-hydroxypropyl pendant arms. The receptor was found to
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coordinate Li* (logK/dm3 mol-r 3.24) and Na* (logK/dm3 mol-l 3.76) in

dimetþlformamide.26 The incorporation of chiral pendant arms is known to result in the

formation of diastereomers and induces homochirality in the system (Figure 1.2). It was

observed that there is a thermodynamic preference for one of the diastereomers and its

complexes of ligand (2). Ab initio geometry optimisation in the gas phase of the free

ligand (2) showed that the A diastereomer has the lowest energy conformation. However,

it was found that the geometry of ligand (2) changed on coordination of an alkali metal ion;

the Â diastereomer of ligand (2) was then found to have the lowest energy state. This was

consistent with X-ray crystallography structure determination.2T The steric effects of the

pendant arm and the nature of the metal ion are believed to be the cause of the

differentiation.

J

H + "l+
+

Hb b!on ttl OH HO\a
T a

H H

v;,oH ,/
H

Me

H Me H

^ 
tM(2)l+

^ 
[M(2)]+ A [M(2)]+

Figure 1.2. Schematic representation of the two possible diastereomers of .4.[M(2)]*, and

the undetected A tM(2)]. , where a and b indicate the macrocyclic ring carbons which

exchange their environments in A[M(2)]*.

There are numerous other ligands that exhibit this induced chirality in their

secondary structure on incorporation of chiral pendant arrns; cyclodextrins (CD) are one

such example. Cyclodextrins are cyclic oligomers made up of repeating glucose units

comprising of a hydrophobic cavity. Tabushi reported the first example of a chiral

receptor involving a functionalised CD (6A-amino-68-carboxy-P-CD) (3).28 the receptor

was designed as a tryptophan selector through charge interactions between the zwitterionic

amino acid and the functional groups of the CD. Unfortunately, the effect of the

interaction with the amino acid was very similar for both enantiomers; the observed

thermodynamic enantioselectivity was very small (AAG:0.7 kJ mol-1¡.28

t/'

Me
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o(3) otrï n

o
N

co2H

(3)

OH where n :2

B-Cyclodextrin, p-(CD)

The incorporation of metal ions into functionalised CDs has improved the

enantiomeric selectivity of some receptors.2e One example is the Cu2* complex of 6A-

deoxy-64-histamine-p-CD (4), which can be used to resolve racemic mixtures of amino

acids in ligand exchange (HPLC).30-32 A good chromatographic separation factor and

thermodynamic enantioselectivity carl be achieved for tryptophan (o¡¡¡ : 1.23 and AAG:

2.0 kJ mol-l, respectively). The metal complex ion exhibited very interesting enthalpy and

entropy characteristics for amino acid coordination. It was found that the complexes of the

D-enantiomers were significantly more stable than the L-enantiomers for amino acids

containing aromatic residues3l The D-enantiomer was found to assume a preferred cls-

geometry allowing for an interaction between the aromatic group and the hydrophobic

cavity of the CD (Figure 1.3). The overall result is that in HPLC the D-enantiomers are

eluted first.33

TN

D-Trypophan

(4) @)-D-tryp

Figure L.3. Schematic representation of the tertiary complexes of the CD (4) and its

diastereomeric complex with D-tryptophan

H

('
H
N

d"-HCü-

(
T

NH NH
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Calixarenes have also been used in the development of chiral receptors. The chiral

calixarene (5) was developed from a bridged calix[4]arene, with Cz symmetry,

incorporating substituents on its hydroxy moieties. The ability of the calixarene (5) to act

as a chiral receptor was evaluated by investigating its interactions with chiral amines, it

was shown to form a strong 1:1 complex with the chiral R-(+)-o-phenylethylammonium

picrate.3a Okada and co-workers investigated a wide variety of similar calixarenes,

differing in substitution patterns. They found that receptors of a similar structure to

calixarene (5) prefened to form host-guest complexes with guests of opposite chirality.34

(cH2ocH3)3

(s)

5

1.2.2 Designing chiral receptors

There are many ways in which a chiral receptor can be altered to improve

selectivity towards target compounds, be they cations, anions or molecular analytes. The

addition of pendant arms, with different properties, is one change that allows for the

preparation of a large range of possible receptor systems with a variety of targets. Pendant

arms incorporating aromatic residues have the ability to create substantial hydrophobic

cavities.2s The presence of such a cavity in ligands containing aromatic residues may lead

to the formation of a wide range of chiral receptors with the ability to complex, and target,

a variety of biologically important analytes.35 Vy'h"n targeting guest molecules containing

aromatic residues, aromatic pendant arms may also help to stabilise host-guest

complexation through n-x interactions. These interactions may play a significant role in

chiral discrimination in some inclusion complexes.36 Another important type of pendant

arm that would be advantageous in the design of chiral receptors is one that aids water

solubility. The problem associated with many receptors synthesised to date is low water

solubility, which is a hindrance to their application in biological systems. This can

sometimes also be overcome by the incorporation of metal ions, which aid water solubility.

The introduction of different pendant arms into a receptor molecule may allow for the fine-
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tuning of complex properties by enhancing the selectivity of the ligand for a given guest

molecule.3T

The use of the hydrophobic cavity in CDs sometimes has a large affect on the

separation of amino acid enantiomers; therefore altering the size of the CD may also affect

its molecular recognition properties. The same principle can be applied to all macrocycles;

the size, and hence binding properties, of all polyaza macrocycles, cryptands and crown

ethers can be altered to target different analytes.

1.2.3 Determination of chirality

For a ligand to be used in molecular recognition and host-guest complex studies, its

structure and conformation must be known. A wide range of analytical tools may be used,

including NMR spectroscopy, chiral HPLC, X-ray crystallography, gas phase

optimisations and circular dichroism experiments.

Chiral HPLC allows for the separation of enantiomers, which can lead to the

subsequent determination of the specific rotation [oo] for individual enantiomers.

Separation is achieved through the use of a chiral stationary phase; most phases have

specific structural requirements limiting the range of detectable compounds.3s'3e Using

solid-state structures to determine the diastereomeric preference for the receptor also has

numerous benef,rts since only small quantities of material are generally required and

structures can be obtained with a high degree of accuracy. Studies involving circular

dichroism provide information about the effect that metal ion coordination has on a

ligand's secondary structure. Circular dichroism is based on the difference between the

absorption of a right circularly polarized beam, compared with its left counterpart. The

optical rotation of any ligand can be affected by pH, temperature and time.aO

Gas phase optimisations by means of computational chemistry can provide an

invaluable supplement to experimental chemistry through simulations of chemical

structures. It allows for the prediction of the minimum energy conformations of

macrocyclic ligands alone and as metal complex ions. NMR spectroscopy studies are an

effective and simple device, used widely in the determination of diastereomeric

conformation. NMR spectroscopy cannot differentiate between enantiomers without prior

transformation into diastereomers. This is achieved by the use of chiral reagents; either a

6
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chiral solvent which induces a chemical shift difference between enantiomers, or a shift

reagent such as an optically active lanthanide. The formation of metal complex ions for

NMR spectroscopy studies is also used. Enantiomerization of the free ligand is often too

fast for observation on the NMR time scale. Complexation of a ligand with a metal ion is

known to slow the exchange process between conformations. This can be detected within

the NMR time scale as indicated for .4.[M(2)]* (Figure 1.2).

1.3 Detection of metal ions by fluorescence

There are many different analytical methods used for the detection of metal ions in

solution, such as atomic absorption spectroscopy,al ion selective electrodesa2 and

fluorescence spectroscopy.43 The detection of metal ions through fluorescence is a

relatively cheap, convenient and sensitive technique with many desirable properties.aa'as

The results can be obtained in real time, as solutions, or at interfaces, and at low

concentrations. The concentrations at which measurements can be recorded are similar to

that of UV-visible absorption spectroscopy. Sensors designed for detection by UV-visible

absorption spectroscopy however, are not ideal for biological applications, as exposure to

UV-radiation often leads to cell and tissue damage. The fluorescent signal is easily altered

by increases or decreases at a single wavelength, intensity-ratio measurements

(ratiometry), or changes to fluorescent life times.a6 Through the use of fluorescence

imaging spectroscopy, signal measurements can also be localised.aT Many of the other

analytical techniques, which exist for the detection of metal ions in solution, do not allow

for such types of measurements. These techniques often require pre-treatment of the

sample by separation or concentration, and most significantly, are often very expensive.

1.3.1 Design of fluorescent metal ion sensors

Luminescence sensors, including fluorescence, phosphorescence and metal

luminescence, use light signals to transmit information about recognition events in

chemistry and biology. A sensor is defined as a two-component system, in which an

intended substrate receptor is connected to a subunit, capable of signalling the occurrence

of the receptor-substrate interaction.as The ease with which the signalling event can be

monitored determines the method of detection. The development of fluorescent sensors is

of significance due to the ease with which fluorescence can be monitored.aa'as

7
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Most fluorescent sensors are based on a design that incorporates a receptor and a

fluorophore connected by a spacer unit.ae Such sensors rely on the reversible binding of

analytes such as protons, metal ions or anions which can act as both ON and OFF signals.

The receptor must therefore be able to specifically bind the guest of interest out of a

mixture of possible analyes. The selectivity depends on the nature of the coordinating

analyte (ionic radius, charge, coordination number, hardness, etc), the solvent, pH and

ionic strength.to The signal, which results from the receptor-substrate interaction, must be

significantly different from the emission of the fluorophore prior to guest molecule

complexation. The final component in the design of a fluorescent sensor is the spacer unit.

There are no restrictions on the spatial relationship between the fluorophore and the

receptor unit.sl

The usefulness of a fluorescent sensot is dependent on the efhciency with which

the recognition event is transmitted to the fluorophore component. There exist a number of

mechanisms by which the emission of the fluorophore can be altered. These include the

incorporation of such processes as proton, energy or electron-transfer, or the inclusion of

heavy metal ions. Changes to electron density and to the stability of the non-emissive næ*

excited state also affect fluorescence emission.s2 In the design of a fluorescent sensor, the

stability constant of the complex determines the concentration range at which detection is

possible. In general, a higher stability constant for a complex allows a lower detection

limit, a highly desirable property in a sensor.

Many of the fluorescent sensors designed to date have focused on the recognition

of group I and II cations, and are becoming more readily available commercially.s3'sa One

problem associated with fluorescent sensors is water solubility, which is often related to

the hydrophobic nature of the fluorophore group. There is a great interest in the

development of fluorophore sensors, which are water soluble, exhibit greater

diversification in both the receptor and fluorophore unit, and which target specific analytes,

including metal ions.

8
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1.4 Photoinduced electron transfer (PET) based

fluorescent sensors

There are many ways in which the recognition event, controlled by the receptor,

can be expressed by the fluorophore. Photoinduced electron transfer (PET) is one such

method. A PET type sensor is founded on the Fluorophore-Spacer-Receptor model, which

allows for the transfer of electrons from the receptor to the fluorophore (or vice versa)

(Figure 1.4).tt

LUMO LUMO

U".rrrl

hv

HOMO

Excited
fluorophore

weakly
fluorescent

HOMO

Excited
fluorophore

f "oro

hv'

HOMO
Energy +

Free Bound
receptorreceptor

e- (PET)

Soacer

hv

M
Spacer

// hv'\\

strongly
fluorescent

Figure 1.4. Schematic representation of a photoinduced electron transfer (PET) process in

a Fluorophore-Spacer-Receptor signalling system.

When a fluorophore group undergoes excitation, an electron in the highest occupied

molecular orbital (HOMO) is promoted to the lowest unoccupied molecular orbital

(LUMO). This then allows for PET from the HOMO of the receptor (donor) to that of the

fluorophore (acceptor), which then quenches the fluorescence of the fluorophore unit. This

process only occurs when the receptor is in the unbound form.

The coordination of the receptor to an analyte, either a metal ion or a proton, raises

the redox potential of the donor. This causes the relevant HOMO of the donor to have a

lower energy than that of the acceptor. The PET process is thus hindered, and the

fluorescence of the fluorophore is accordingly restored.sO In general, it can be taken that

the fluorescence of a ligand, in which a PET based signalling pathway is present, will be

Receptor M+Receptor
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enhanced by metal ion complexation or protonation. Many of the PET type fluorophores

developed to date, utilise macrocyclic amines, either aliphatic or aromatic, as their

nucleophilic nature aids complexation. Receptors based on all-oxygen type molecules,

even though they too can exhibit strong complexation and a degree of discrimination

between cations, are not ideal fluorescent sensors.56'57

There are many advantages to be gained from incorporating a PET based signalling

pathway into a sensor. One is the large change in fluorescence intensity usually observed

upon metal ion complexation. The term OFF/ON or ON/OFF in relation to fluorescent

sensors is generally employed to describe the change in emission intensity.ss An ON/OFF

switch is one in which the intensity of the fluorescence signal decreases on coordination of

a guest molecule. The guest triggers PET either to or away from the fluorophore,

depending on its redox potential, which results in fluorescence quenching. An advantage

of an OFF/ON switch is that the large enhancement of fluorescence on complexation

causes the appearance of a signal from a dark background, lowering the detection limit.se

There are many different examples of PET sensors available, which vary in both

receptor and fluorophore. Most have been designed to act as metal ion sensors. However,

there are a limited few that do respond to other analytes. The following is a brief

description of a few examples of PET type sensors.

1.4.1 Crown containing PET sensors

One of the first PET sensors was based onthe azacÍown ether (6), amonoaza-l8-

crown-6 with a simple aryl fluorophore, anthracene, and amethylene ,pacer.t6 Anthracene

is a well-known fluorophore, the properties of which have been extensively studied,

making it a good basis for PET sensors. Monoazacrowns are known to selectively

complex a variety of metal ions; thus making them suitable receptors for sensors

incorporating a PET pathway. The intensity of the fluorescence emission of sensor (6)

increases on coordination with Na* and K*. The quantum yield (@) increased from 0.003

to 0.14 on the binding of K* in methanol.s6 This is an example of an OFF/ON PET type

sensor, in which metal ion complexation restores the fluorescence of the fluorophore.



Chapter I l1

6)

(
o (7)

(8) (e)

n: l-5

N

)

)
N

o)

o

Another example of an early PET type fluorophore was one developed by Czarnik

and co-workers, in which a polyaza macrocycle, namely cyclen, was appended to

anthracene by a methylene spacer unit, to give ligand (7) where n : 3.60 The sensor was

designed to recognis e Zn2* and Cd2*. The anthrylaza macrocyclic ligand (7), exhibited a

large change in the intensity of its fluorescence emission on binding of a transition metal

ion. A 14-fold enhancement for Zn2* and a 9-fold enhancement for Cd2* were observed in

buffered pH 10.0 aqueous solution. The observed fluorescence for ligand (7) was shown to

have a high dependence on pH. The free ligand exhibited a maximum fluorescence at pH

2-3; af higher pH values the fluorescence decreased. Protonation of the amine group,

involved in the PET process, hindered the transfer of electrons and resulted in restoration

of the ligands fluorescence.60

Czarnlk and co-workers also investigated the effect of changing the substitution on

the anthracene fluorophore from the 9-position to the 2-position in the anthryl cryptand

ligand 1S;.61 It was shown that fluorescence quenching by the amine at the anthracene 2-

position was not as efficient as at the 9-position. An increase of only 3.5-fold in the

fluorescence intensity was observed for ligand (8), whereas a 2O-fold enhancement had

been observed for ligand (7) on amine protonation.6l

Anthracene is not the only fluorophore to have been exploited in the development

of novel PET sensors. Another common example is phenylimidazoantfuaquinone. Sensor

(9) contains both, a phenylimidazoanthraquinone fluorophore, and amoîoaza-l5-crown-5
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group as the receptor. Sensor (9) was found to form a stable Ca2* complex in acetonitrile

(K:3.24 x 106 dm3 mol-l;.62 However, complexation of the PET type sensor (9) with Ca2*

did not have a large effect on the sensor's fluorescence emission. A low quantum yield

was observed.62

In the search for novel sensors and signalling systems, metal ion based

fluorophores have also been successfully employed. The Re(I) complex (10) selectively

binds Pb* over Hg2n and Ba2* in methanolic environments.63 Formation of the complex,

(10)-Pb leads to a 3-fold increase in emission intensity, coupled with a 20 nm

bathochromic shift to the emission spectrum.63 In the absence of heavy metal ions, ligand

(10) exhibits some background luminescence. On coordination of a heavy metal ion, a

binding-induced inversion of the lowest and second lowest energy electronic excited states

occurs, which results in the observed luminescence enhancement.64

o')
+

(10)

N
o

o

1.4.2 Cryptand-based PET sensors

Cryptands generally offer better selectivity towards alkali cations than other

commonly used macrocyclic structures. The anthracenyl cryptand derivative (11) was

designed to bind K+ with a high degree of selectivity. A 7.5-fold increase in the

fluorescence quantum yield, with little change to the UV-visible absorption spectra, was

observed on complexation.65 For sensors designed to incorporate PET, the lack of change

in the UV-visible absorption spectrum on metal ion complexation is of little consequence,

as fluorescence quenching only affects the excited state.s8 Sensor (1L) was also capable of

undergoing intensity-ratio measurements due to the formation of exciplex species.



Chapter I 13

ì

J
)
o

)

(N

)

3

N

(1 1) (12)

The incorporation of a coumarin fluorophore into a cryptand sensor has led to

successful PET type sensors, as exemplified by the trifluromethylcoumarin ligand (12).

Ligand (12) can selectively bind Na* over K*. Unfortunately, ligand (12) is very sensitive

to protonation of its nitrogen atoms, and requires strict pH control for its use. Full

protonation of ligand (12) results in a highly luminescent state (4. : 0.60). Mono-

deprotonation of the species leads to a lO-fold reduction of the quantum yield. Upon

complete deprotonation, a fuither but smaller reduction to the observed quantum yield

results.66 This result indicates that the presence, and hence participation of a single amine

nitrogen, in a PET mechanism, is sufficient to quench the fluorescence of ligand (12).

1.4.3 Simple PET sensors

All of the previously discussed PET sensors are quite complicated. This need not

apply for those incorporating podand-like fluorophores. Podand-based PET sensors can be

very simple molecules; for example ligand (13) is an effrcient transition metal ion sensor.67

NHz

HzN
o

(13) (14)

'When designing efficient fluorescent sensors, the manner in which the metal ion

complexation signal is transmitted is very important. It is vital that the metal ion-

fluorophore communication be less than the metal ion-receptor interaction. This is

achieved by the use of an electron deficient fluorophore, which minimises the redox

interaction between the fluorophore and the metal ion.67 Using fluorophores of this nature

can minimise the quenching properties of some metal ions. It also enhances the PET
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quenching in the unbound state. This concept has been incorporated into numerous

sensors; ligand (13) is an example. Its fluorescence was found to undergo enhancement on

coordination with Cu2*141-fold¡, a transition metal ion normally associated with

fluorescence quenching.6T

The pyrene based sensor, 1-aminomethylpyrene (14), is another good example of a

simple photophysical device. Sensor (1a) is capable of monitoring CO2 levels by

reversible covalent binding. Coordination of a COz molecule with the amine nitrogen in

the sensor results in the formation of a carbamic acid. On formation of the carbamic acid

the fluorescence emission of sensor (1a) is resolved, because the lone pair of the nitrogen

is no longer able to participate in the PET mechanism.6s The pyrene unit has several

features, which make it ideal as a fluorescent sensor. It exhibits fluorescence emission

with a high quantum yield, a long excited state lifetime, and it has the added possibility of

forming dimers and exciple"er.6e

1.4.4 Other examples of PET sensors

A sensor based on PET does not necessarily require the incorporation of an amine

nitrogen to fluorophore transfer of electrons. There are a wide variety of sensors, which

exploit alternate pathways for PET. An example of one such sensor is ligand (15),

incorporating the open-chain counterpart of dioxocyclam as the receptor.T0 Dioxocyclam

is a powerful ligand capable of binding divalent metal ions of the late 3d series.7l

HzN NHz

t4

HNNH F F
F-d-N -b-FN oo oN

N

(1s) (16) (17)
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The fluorescence emission of sensor (15) was observed to undergo quenching on

complexation with Cu2* or Ni2* in an acetonitrile/water (4:1) solution. The complexation

mechanism involved the deprotonation of the two amide groups by the metal ion. This

resulted in the PET mechanism occurring from the metal centred state.52 It was shown

through studies in frozen glass solution that the quenching did not occur by a Dexter type

energy-transfer mechanism (simultaneous double electron exchange)7t because the

fluorescence emission was not restored upon cooling of a solution of ligand (15) with Cu2*

to 77 K.T0Investigation into a similar compound, in which the amide groups were replaced

by amines, found quenching occurred exclusively through an energy transfer mechanism.T0

In the case of the dioxyclam ligand (15), the amide groups have the affect of altering the

oxidation potentials, allowing for the creation of the Cu3* state and PET from the metal to

the fluorophore.To

PET can take place in two directions, from donor to excited state fluorophore

(reductive PET), or from an excited state fluorophore to a receptor (oxidative PET). The

former is the mechanism generally employed in PET type sensors. An example of a sensor

capable of oxidative PET is the boradiazaindacene ligand (16)." A large stability constant

is found for the complexation of ligand (16) with Zr?* çt<: 1.1 x 107 cm3 mol-r),

accompanied by a significant quenching of the fluorescence emission in acteonitrile.T2 The

quenching is caused by the favourable energetics of the electron transfer to the LUMO of

the bipyridyl-metal complex because metal ion complexation lowers both the HOMO and

LUMO energy levels of ligand (16)."

It has also been shown that PET can be controlled by alterations to the proximity of

the donor to the acceptor. Shinakai and co-workers successfully designed one such sensor,

ligand (17), using a calixarene scaffold, with nitrobeîzene as the electron acceptor and

pyrene as the electron donor.73 Complexation of ligand (17) with Na* 1K : 2.0 x 104 dm3

mol-l¡ resulted in a 6-fold increase to the fluorescence emission; however, a low quantum

yield was still observed(4:0.016). In the free ligand (17), quenching of the pyrene's

native fluorescence was observed due to PET from the excited state of the donor to the

nitrobenzene acceptor. The complexation of the Na* ion into the calixarene placed a

conformational restriction on the arms. This resulted in the separation of the nitrobenzene

group from the electronically excited pyrene as well as restoration of the pyrene's

fluorescence emission.T3
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1.4.5 Dual PET input sensors

The incorporation of two PET active receptors offers a new range of luminescent

devices with the ability to recognise more than one anion. This has led to switching

phenomena more reminiscent of information technol ogy.T4

(18)

An example of one such sensor is the anthracenyl benzo-l5-crown-ether derivative

(18), which exhibits the Receptorr-Spacerl-Fluorophore-Spacer2-Receptor2 design.Ts The

amine group in the free ligand efficiently quenches the fluorescence emission of the

anthracene at high pH. Protonation of the amine group stops the PET process. The

protonated aminometþl moiety then behaves as an electron-withdrawing group, away

from the anthracene fluorophore. This permits rapid PET from the benzocrown ether

moiety to the fluorophore.tt The quenching of the anthracene's fluorescence is still

observed. It is not until the second PET pathway is interrupted that the fluorescence of the

fluorophore is restored. This is achieved through the selective coordination of Na*. A

resultant 92-fold enhancement to the fluorescence intensity of the free ligand (18) was

observed on complexation.Ts A problem associated with many sensors incorporating dual

PET responses is that the second ionic input cannot be recognised by the system without

prior entry by the first input. Sensor (18) does not require such a pathway because the

recognition of either ionic input is independent of the other.

Another example of a dual PET sensor is ligand (19), which has the ability to target

zwitterionic species through both cation and anion recognition.T6 The sensor was designed

to target y-aminobutyric acid (GABA), which is an important neurotransmitter in the

brain.77'78 Ligand (19) incorporates a crown ether receptor for the ammonium terminal of

GABA and a guanidinium unit for the carboxylate end. Ammonium ion binding and
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carboxylate ion binding restrict the PET process from the azacÍown to the anthracene, and

from the guanidinium to the anthracene, respectively. Fluorescence is restored when both

receptors are involved in GABA recognition. The guanidinium moiety is very sensitive to

protonation; therefore the binding studies were carried out at pH 9.5 to minimise the

interference by protons, whilst maintaining the zwitterion form.76

(1e)
HN

NHz

1.4.6 PET sensors for anions and molecular analytes

HzN

o
HN

Saxitoxin (20)

PET type sensors are not limited to the detection of metal ions. The recognition of

anions and molecular analytes by fluorescent sensors through PET is of interest both

biologically and industrially.te'8O Sensor (19) is an example of a dual PET sensor designed

to recognise biological anal¡es (see section 1.4.5). It was observed to selectively bind

GABA in preference to similar neurotransmitters like guanidine, by the use of an anion and

a cation receptor.sl Another sensor, the courmaryl-aza-crownderivative (20), incorporating

only a single PET sensor, was designed by Leblanc and co-workers to recognise

saxitoxin.s2 Saxitoxin is a dangerous marine toxin produced by dinoflagellates and some

blue green algae species.s3'84 It can cause respiratory paralysis when eaten and this is

generally referred to as paralytic shellfish poisoning (PSP).as Sensor (20) is based on a

coumarin fluorophore attached to an aza crown receptor, and is found to bind saxitoxin (K

: 1.35 x 10s dm3 mol-l) in water.82 This sensor is an example of an OFF/ON device, in

o

l-"1
Y

trÑÅ NH

OH

o

\ N
H
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which fluorescence is switched on as the aza crowî ether becomes involved in saxitoxin

recognition.

N
H

(21)

There exist only limited examples of PET type anion fluorescent sensors.st The

methyl isothiocyanate substituted aminometþlanthracene ligand (21) is one such sensor,

designed to bind acetate (K:2.24 x 103 dm3 mol-r) in dimethyl sulphoxide solution.só Th"

binding of the acetate allows for PET to occur from the thiourea-acetate complex to the

excited state of the fluorophore, resulting in quenching of the anthracene's fluorescer,....*t

Anions, as targets, present a problem since they exist in a variety of structures and

conformations, and are highly pH sensitive and hygroscopic.

1.5 Photoinduced charge transfer (PCT) based

fluorescent sensors

There are many ways, apart from PET, in which the fluorescence of a sensor can be

modulated. A different method is that of photoinduced charge transfer (PCT). A PCT

sensor involves a fluorophore directly attached to a receptor molecule with no spacer unit.

Without the spacer moiety, the fluorophore and receptor share the same 7r-system and

therefore are in direct electronic conjugation. There are two types of PCT sensors

frequently employed; those in which the cation interacts with either an electron donating

group, or an electron withdrawing group.

Upon excitation with light, a system in which a metal ion interacts with an electron-

donating group undergoes intramolecular charge transfer from the donor (the electron

donating group, often an amine) to the acceptor (electron withdrawing group). The

resultant change in dipole moment causes the emission band to shift to a lower wavelength

relative to the absorption band. This is often referred to as a Stokes shift, and is dependent

on the environment in which the fluorophore exists (Figure 1.5).

3
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Figure 1.5. Schematic representation of the spectral changes in a photoinduced charge

transfer process upon metal ion complexation within (a) a Donor(D)-Acceptor(A)

fluorescent sensor, in which the metal ion interacts with an electron donating group or (b)

an Acceptor(A)-Donor(D) fluorescent sensor, in which the metal ion interacts with an

electron withdrawing group.

The complexation of a metal ion by a donor or an acceptor group affects the

intramolecular charge transfer process, PCT, and thus alters the photophysical properties of

the fluorophore.88-eO The electron donating character of the donor group is reduced on

interaction with a metal ion.50'el This results in a reduction to conjugation, resulting in

hypsochromic shifts in the absorption spectra and a decrease in molar absorption

coefficients. Hypsochromic shifts are observed when the centres of the emission, or

absorption bands, are shifted to shorter wavelength. This is sometimes referred to as a blue

shift. Conversely when a metal ion interacts with an acceptor group, the absorption spectra

undergo bathochromic shifts, and an increase to molar absorption coefficients are

observed. Bathochromic shifts are observed when the centres of the emission or

absorption bands are shifted to longer wavelength. This is commonly referred to as a red

shift.sO The fluorescence emission spectra undergo a similar shift in the same direction as

the absorption spectra.so'e 
I

Charge dipole interactions can also be used to describe the photophysical changes

that occur upon cation binding. In the case where the dipole moment in the excited state is

larger than in the ground state, metal ion interactions strongly destabilise the former over

the latter. Hypsochromic shifts to the absorption and emission spectra are thus observed.

The converse will occur when a metal ion interacts with an acceptor group because the

Bathochromic
shift

D A D A
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excited state will be stabilised by the coordination, and bathochromic shifts to both

absorption and emission spectra are observed.50

In PCT type sensors, smaller wavelength shifts are often observed in the

fluorescence spectra than in the absorption spectra. The charge transfer from the nitrogen

atom results in a decrease to its electron density and positive polarisation. The nitrogen

atom then, in effect, becomes a non-coordinating atom. Excitation causes the

destabilisation of the donor-metal interaction, with the overall effect that, in the excited

state, the metal ion moves away from the donor nitrogen group.et The fluorescence spectra

are thus only slightly affected, because a large proportion of the fluorescence is emitted

from species in which the interaction between the metal ion and the fluorophore is weak, or

does not exist.sO Due to the limited changes that occur to fluorescence intensity emissions,

PCT sensors are generally used as wavelength-ratiometric sensors.

1.5.L Examples of PCT Sensors

An example of a PCT sensor in which the bound cation interacts with a donor

group is ligand (22), which has an azacrowÍr functionality containing a nitrogen group as

the cation receptor, conjugated to the electron withdrawing group.

N
I

/'NN

N

(22) (23)

Complexation of sensor (22) with alkali and alkaline earth metal ions in

acetronitrile results in fluorescence quenching, with hypsochromic shifts to both the

emission and absorption spectra observed. The extent to which fluorescence quenching is

observed is dependent on the metal ion. In the absence of a metal ion the ligand is

fluorescent (Ø : 0.73). In the presence of Li* (K : 3.16 x 102 dm3 mol-r) a slight

quenching is observed (ø:0.57), while in the presence of C** (K:5.25 x 103 dm3

mol-r¡ a significant decrease to fluorescence intensity is observed (@, : 0.27).e3 The metal
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ion has the ability to hinder the charge transfer; halting the usual fluorescence decay

pathway and thus resulting in quantum yield decreases. This is most evident with Ca2*,

which has a much larger ionic radius than Li+, and so has a larger effect on the charge

transfer process. Calcium(Il) complexation results in a large hypsochromic shift to the

absorption spectrum, and adecrease in molar absorptivity.e3

A more complex example of a PCT sensor can be found in ligand (23),

incorporating two donor groups, a dimetþlamino moiety as well as the nitrogen atom in

the azacrown. This is a Donorl-Acceptor-Donor2 (Dl-Al-D2) type sensor. Upon metal ion

complexation, the fluorescence emission of ligand (23) undergoes a bathochromic shift

with an increase in emission intensity. Calcium(Il) complexation (K:3.31 x 104 dm3 mol-
1) results in a 32-fold increase to the emission intensity.ea The interesting phenomenon

exhibited by this type of sensor is the conversion from the Dr-A-Dz system in the free

ligand, to a Dr-A-42 systèm on metal ion complexation. Complexation converts the Dz

group into an acceptor group 42, which extends the emissive n-system and allows PCT to

occur from the dimethylamino moiety.

There are numerous examples in which a cation interacts with a donor group, but

only a limited number of systems in which interactions between a cation and an electron-

withdrawing group generate a PCT mechanism. One such example is ligand (24), inwhich

a diaza-I&-crown ether links two courmarin groups.

CF

N

(24)

It is well known that a cation can interact with the carbonyl group of a courmarin,

increasing the stability of the complex.es-e8 Complexation of ligand (24) with Ct* çt< 
: e .l

x 107 dm3 mol-l) in acetonitrile causes a bathochromic shift to both the absorption and

emission spectra, as a direct result of the increase to the courmarin's electronwithdrawing

nature.e6 The dipole moment of the aminocourmarin ligand (24) is larger in the excited

state than in the ground state. This is due to the PCT occurring between the nitrogen atom

and the carbonyl gro.tp.to The free ligand exhibits self-quenching and a low quantum yield.

This is due to the flexibility of the azacÍown, which allows the two fluorophores to exist in

j

N

N



Chapter I 22

close proximity to one another. In complexes with metal ions such as K* and Ba*, the

process of self-quenching is hindered, because the courmarin groups exist on opposite

sides with respect to the metal ion. This is true only for metal ions which exhibit a good fit
for the crown receptor.e6

1.6 Excimer based fluorescent sensors

An excimer is an excited dimer, and is the result of two excited molecules (of the

same identity) existing in close proximity to one another during the lifetimes of the excited

states. It should be noted that an exciplex is an excited complex, which is formed when a

molecule, in its ground state, interacts with another of a different chemical identity.

Excimer formation is characterised by dual fluorescence, with an observed monomer band

and a structureless broad band at longer wavelength.ee'I00 The structureless band arises

because the ground state is dissociative (i.e. it does not exist), resulting from repulsion of

the ground state molecules.Tl

The distinct advantage in designing fluorescent sensors capable of excimer

formation is that they allow for ratiometric detection. Ratiometric measurements involve

the ratio of two fluorescence peaks instead of the absolute intensity of one peak.lOl

Ratiometry allows for the determination of cation concentrations independently of various

parameters such as sensor concentration, incident-light intensity, sample thickness and

photobleaching. I 02' I 03

There are several fluorophores that can form excimers; anthracene and pyrene are

common examples. The bis-(9,l0-anthracenediyl)coronand (25) exhibits a fluorescence

spectrum with both a monomer and excimer band.lOa Gradual titration of Na* with ligand

(25) in methanol results in an increase to the intensity of the excimer band, and

consequently a decrease to the monomer band. Complexation of the metal ion brings both

anthracene functionalities closer together, favouring excimer formation. A l:2 complex

with Na* was observed to form by a cooperative effect (Figure 1.6).tot V/hen the larger

metal ion K* was investigated for excimer formation, only a 1:1 complex was observed to

form, the larger ionic radius of K* not allowing the metal ion to fit within the coronand

cavities.so
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Figure 1.6. Schematic representation of the encapsulation of two molecules of Na+, in

ligand (25), an excimer based fluorescent sensor.

The types of sensors described so far are by no means the full extent to which the

design of fluorescent sensors can be altered. Conformational geometric rearrangement on

metal ion complexation can be used as a signal,l06-ton o., conversely, a simple geometric

restriction of rotation in extended n-systems has also been shown to efficiently modulate

signalling pathways.ltO The." exist fluorescent sensors based on peptides which exhibit

high selectivity for metal ions in water,l03 as well as those that utilise æ,æ-stacking to

monitor fluorescence.ttl Th- fluorophore group of a fluorescent sensor does not even

necessarily need to be covalently linked to the receptor. This technique is used in antibody

immunoassays and involves the displacement of a fluorescent receptor group by an

anal¡e, altering the photophysical properties of the fluorophore.I12,I13

oo
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1.7 Suitability of polya,z^ macrocycles as metal ion
receptors

Since their first synthesis, polyaza macrocycles have played important roles in the

area of metal ion complexation. They have the ability to complex metal ions with a much

higher thermodynamic and kinetic stability than their non-cyclic counterparts.tla'llt The

enhanced stability of the cyclized macrocyclic complexes in comparison with that of their

open chain analogues is referred to as the "macrocycle effect".ll6 There are two

components to this effect; enthalpy and entropy.llT The complexation of the macrocycle is

favoured entropically due to its pre-ordered and more rigid structure, as it already exists in

a favoured geometric arrangement for metal ion complexation.lls'lle This is in contrast to

the open chain form, which must undergo significant rearrangement, and becomes more

ordered on complexation, thus decreasing the entropy of the system. The geometric

structure of cyclized macrocycle also plays an important part in the decrease to the

measured enthalpy. The open chain form must expend more energy to orientate itself

around the metal ion, than the ring, which is already in a favoured form for metal ion

coordination. Thus the open chain form has a higher observed enthalpy.

It is important, when designing macrocycles as metal ion chelates, that the

complexing properties are understood. The strain energy of a complex directly affects its

stability. The strain energy is calculated as the sum of the bond length, bond angle and

torsional distortions of the molecule as well as all the non-bonded interactionr.tto It is said

that a ligand is sterically effrcient when, on complexation with a metal ion, it has a low

steric strain. Therefore, when a ligand is sterically efficient for a specific metal ion, it is

said to have an increased selectivity for that metal ion. An important concept in ligand

design is that increasing chelate ring size leads to a greater complex destabilisation for

larger metal ions compared with smaller metal ions.l20'121 The rationale behind this is

related to coordination numbers, and ligand-metal-ligand bond angles in larger metal ions.

The attachment of pendant atms has led to a large and diverse group of macrocyclic

ligands with many varied applications. The range of donor atoms incorporated into pendant

arms used in the investigation of polyaza macrocycles is quite broad; they include alcohol

(26¡tzz'rzt phosphate (27)," ester (28),2s amine (2g),t'o carboxylatel25 and sulfurl26

derivatives. Hancock et alhave shown that the addition of pendant arms containing neutral

donor atoms increases the selectivity of a ligand for large metal ions over that of small

metal ions.l20 It has been shown that pendant arms containing carbonyl oxygens, when
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compared with alcoholic oxygen groups, increase stability to a greater extent. This is

thought to be due to the difference in strain energy between the two groups; the attached

hydrogen atom sterically hinders the alcoholic oxygen as opposed to the carbonyl

oxygen.t2T

(Ho)z
(HO)z-.

(27)

o\ (oH)z

P/
(oH)z

N
(26)

\_-/

o
o

(28)

An important facet of pendant affn macrocycles is their ability to aid metal ion

complexation. An example of this type is 1,4,7-ftiazacyclononane-{N,N-triacetate (30).

Ligand (30), has the ability to bind metal ions through both nitrogen and oxygen donor

atoms. The metal ion complexes the ligand in a bifacial arrangement, giving the ligand a

"sandwich" type effect, with the amine nitrogens on one side of the metal ion, and the

donor oxygen atoms on the other. This coordination can be seen to form a "cage-like"

geometry around the metal ion (Figure 1.7).

N
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(a) (b)

Figure 1.7. Molecular models of a metal ion complex of ligand (30); (a) stereoview and

(b) perpendicular view to C3 axis.

1.8 Work described in this thesis

This study is based on a series of pendant arm substituted polyaza macrocycles,

I,4,7-triazacyclononane (tacn) and 1,4,7,I}-tetraazacyclododecane (cyclen), designed as

either metal ion receptors or PET type fluorescent sensors.

The initial target ligands were designed as chiral receptors, capable of selectively

complexing a variety of transition metal ions with high stability. Previous research in this

field by Farilie et al has shown that it is feasible to functionalise tacn with three amino

acids, as in ligand (31).128 This involved the synthesis of an N-functionalised macrocycle

with L-phenylalanine, and the investigation of its metal complex ions in the solid-state.

o
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The solid-state structure of the metal complex ion of ligand (31) revealed the first

coordination sphere to have distorted octahedral geometry. The metal ion was shown to

coordinate to the three amine nitrogen atoms as well as the three amide oxygen atoms. It is

known that this type of metal complex ion results in diastereomeric six coordinate Â and A

complexes, which often exhibit a preference for one of the diastereomeric forms. The

induced chirality of these molecules is important in chiral recognition studies, such as

those involving molecular recognition of host guest complexes.

The supramolecular chiral receptors discussed in this study are based on polyaza

macrocycles appended with amino acid arms (Figure 1.8). Amino acids play avital role in

many processes. The incorporation of these into the macrocycle may lead to improved

metal ion coordination and aid water solubility. Using amino acids with aromatic residues

will provide a site for small molecule reception. This, coupled with the macrocyclic base

for metal ion coordination, may allow for the generation of complexes with possible

applications as metal ion receptors in biological fields. An acetyl linker, used to attach the

amino acid pendant arms to the macrocycle, may improve the metal ion complexing ability

of the system. Two types of amino acids were chosen for study, L-phenylalanine and L-

tryptophan; both contain an aromatic moiety. Details of the synthesis of these ligands are

presented in Chapter 2. The incorporation of chiral amino acids into macrocyclic ligands

is important because these types of compounds are the building blocks of biological

moleculesl2e and because they may influence the stereoselective binding of the receptor.

Important information into the use of ligands as chiral receptors will be gained through the

determination of protonation constants, and stability constants, from potentiometric

titrations. NMR spectral analysis will also be carried out in an effort to gain insight into

the induced chirality of the synthesised receptors.

Rl
H
N

H o oH
R NH

R2 R2
(32) R3

R2: OH or OMe
R3

Rt
R3: CI

H
N

Figure 1.8. Proposed synthetic structures for chiral molecular receptors

or
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Polyaza macrocycles will also be modified to act as fluorescent sensors, based on

the mechanism of photoinduced electron transfer (PEÐ.130 Polyazamacrocycles provide a

unique opportunity to gain a better understanding into the mechanism of PET. They are

active over a wide pH range, and many coordinate metal ions in both acidic and basic

media. This is important because the ON/OFF or OFF/ON signal, so vital in the PET

process, can be affected by protonation of the electron donor atom.

Anthracene has been shown to be a valuable fluorescent sensor; it can be mono-ae

or di-substituted,l3l and shows good photochemical stability.l32 The use and benefits of
anthracene in similar types of molecules has been extensively studied.ss'133'134 Previous

work has shown that when an anthracenyl residue is attached, via an amido bond, to a

metal ion receptor, the PET process can be controlled at physiological pH 7-8, and, most

importantly, it is selective for metal ions of importance.l

With the aim of harnessing the metal ion complexing properties of polyaza

macrocycles, the incorporation of an anthracene group, through a spacer unit, should act as

a highly selective fluorescent probe (Figure 1.9). Previous studies have shown that the

cyclen molecule provides a suitable base for metal ion complexation.l3s This, coupled with

an anthracene unit linked directly to the ring,l36 or through an ethylamine spacer,s has

produced several selective fluorescent probes. The problem associated with many

fluorophore systems is their lack of water solubility, due to the highly conjugated

chromophore. The addition of hydroxyethyl arms to these systems should provide for a

highly water-soluble derivative, which is also metal ion selective in its PET mechanism.

The incorporation of chiral amino acid arms into this system may also provide a wealth of

information. The introduction of chirality into the binding site may result in the sensor

being capable of enantioselective recognition of chiral organic molecules.l3T Not only

would the molecule have the important fluorescent moiety as well as the metal ion

receptor, but it may also be able to target other molecules through its amino acid residues.

This ability could prove to be of promise in the design of anti-cancer targets, metal ion

sensing and drug discovery. All PET type systems will undergo both potentiometric

titration and photophysical studies in order to gain insight into their behaviour in solution

as well as their relevant sensing mechanisms.
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Figure 1.9. Proposed synthetic targets for the anthracene substituted ligands incorporating

a PET pathway.

The aim of the study is to gain an increased understanding into the design of metal

ion receptors, and fluorescent sensors incorporating PET, through the use of polyaza

macrocycles with a variety of attached pendant arms.
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Chapter 2. Synthesis

2.1 Synthesis of lr4r7 triazacyclononane (tacn)

The size of the macrocyclic ring has been shown to confer selectivity for both metal

ions and other analytes. Therefore, in an effort to develop chiral receptors capable of

targeting a variety of species, two different sized macrocyclic rings have been incorporated

into the receptor design; 1,4,7 -triazacyclononane (tacn) and I,4,7 ,10-

fetaazacyclododecane (cyclen). Recent developments in macrocyclic synthesis have

meant that cyclen is both readily available and cheap to purchase. A high yielding

preparative method by Richman and Atkinsl has allowed a facile synthesis of tacn.

However, the process remains lengthy and involves numerous steps, Scheme 1.
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The initial steps toward the synthesis of tacn involved the functionalisation of two

linear starting materials; the tosylated derivatives of ethylene glycol and

diethylenetriamine. The di-tosylated ethane species (34) was prepared by the addition of

two equivalents of p-toluenesulfonyl chloride to ethylene glycol, in the presence of

triethylamine, to yield white crystals in 90% yield. The functionalisation of

diethylenetriamine was performed under similar reaction conditions, to yield the tri-

tosylated diethylenetriamine (35) in 89% yield. tH and t3C NMR spectra of both

compounds showed characteristic aromatic resonances consistent with the presence of the

incorporated tosyl groups. The sharp melting point observed for each compound

corresponded to literature values.2'3
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Prior to cyclisation of the two linear starting materials, the tri-tosylated diethylene

triamine was converted to a sodium salt in order to facilitate the condensation reaction.

Compound (35) was dissolved in ethanol, 2.8 equivalents of sodium metal were added

slowly, and the reaction mixture was left overnight. This resulted in the formation of a

white precipitate, which was dried under high vacuum to yield the tri-tosylated sodium salt

(36) as a powder in 93o/o yield. Due to the insolubility of the sodium salt (36) in common

deuterated solvents, a melting point analysis was the only viable option to confirm the

identity of the product. The melting point of the sodium salt (36) (293-294'C) was

consistent'with literature values.2

The cyclisation of the di-tosylated ethane derivative (34), with the di-sodium salt of

diethylenetriamine (36), was achieved by the drop-wise addition of compound (36) into a

solution of (3a) in dry DMF. The reaction mixture was left to stir overnight. The DMF

was subsequently removed by means of high vacuum distillation. Recrystallisation from

acetone/water yielded the tri-tosylated macrocycle (37) as a white crystalline product in

600/o yield. Compound (37) was characterised by means of rH and t'C NMR

spectroscopy. A lH NMR single methylene resonance atõ 3.42 ppm, and a single l3C

NMR resonance at õ 51.9 ppm, confirmed the symmetrical nature of the ring. The

characteristic tosyl group tH Ntr¿R resonances were also identifiable. Electrospray mass

spectrometry (LCQ) detected a molecular ion at m/z 592.

The next step in the synthetic pathway was the removal of the N{osyl groups

attached to each of the three amine groups in the macrocyclic ring. This was achieved by

heating the tri-tosylated macrocycle (37) in concentrated sulfuric acid for 3 days under

nitrogen at 1 10'C. This gave a grey precipitate of the sulfonic acid salt of tacn. The salt is

unstable. To improve stability, it was converted to the stable tri-hyrdrobromide tacn salt

(38), by the drop-wise addition of 48Yo hydrobromic acid, to a solution of the sulfonic acid

salt in hot water.3 This yielded the tri-hydrobromide tacn salt (38) as a pale grey solid. The

final step was the liberation of the free amine (39), which was achieved by adjusting the

pH of an aqueous solution of the tri-hydrobromide salt (38) with aqueous sodium

hydroxide to pH 9, upon which the solution turned brown.a Water was removed by means

of azeotropic distillation with a Dean-Stark apparatus, to afford tacn (39) as a white

amorphous solid in 80% yield. A single t'C NMR resonance and a melting point over the

range of 43-44"C was measured, consistent with literature values for tacn.l
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2.2 Synthesis of the chiral amino acid pendant arm

ligands

A series of N-functionalised polyaza macrocycles, incorporating chiral amino acid

pendant arms, have been developed with the potential to act as chiral receptors, utilising

the tacn and cyclen rings as backbones. Two different amino acids were incorporated to

observe the influence each had on metal ion complexation, L-phenylalanine and L-

tryptophan. Both amino acids have aromatic residues, which may possibly act as receptors

for small molecules. It has been shown that in similar molecules, the inclusion of a

carbonyl group p to the macrocyclic ring amine, aids metal ion complexation.s Thus both

amino acids have been similarly functionalised. The initial amino acid chosen for

investigation was the L-phenylalanine residue.
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2.2.1 Tacn series, L-phenylalanine

The synthetic pathway involves the acylation of a protected amino acid with

bromoacetyl bromide, followed by alkylation to the macrocycle, Scheme 2.6

o
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tacn (39)
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OMe NH OH
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Scheme 2

The hrst step in the synthetic pathway involved the protection of the carboxylic

acid group of L-phenylalanine, ensuring that further reactions occurred at the amine

nitrogen. The conversion of the acid group to the methyl ester was achieved by acid

catalysed esterihcation. This yielded the L-phenylalanine methyl ester hydrochloride salt

(a0) in quantitative yield. The disappearance in the tH NMR spectrum of a broad singlet at

ô 4.33 ppm and the appearance of a sharp singlet at ô 3.68 ppm, were used to monitor the

reaction. All other physical and spectral data was consistent with literature values.T'8

Once protected, the N-terminus of the L-phenylalanine methyl ester (40) was

acylated by a reaction involving bromoacetyl bromide under anhydrous conditions. The

amino acid derivative (40) was dissolved in a solution of dry THF and triethylamine,

which was cooled to 0"C. A solution of bromoacetyl bromide in dry THF was then added,

drop-wise by a syringe, over a period of 20 minutes. Following this addition, the reaction

mixture was left to warm to room temperature over a period of t hour. After an acidic

o o

o o
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workup the resultant brown oil was dried under high vacuum to yield the product (41) as a

crystalline solid in 65Yo yield. The product (41) was used without further purification in

the following reactions. lH and t'C NMR spectroscopy and mass spectrometry conhrmed

the identity of product (41). The presence of the two carbonyl groups in the amino acid

derivative was seen in the t3C NMR spectrum, with two resonances appearing above ô 160

ppm; one at ô 165.0 ppm for the acetyl carbonyl and one at ô 171 .2 ppm for the methyl

ester. The molecular ion at m/z 300 was also consistent with literature values.6 It was

found that an improved yield resulted if the reaction temperature was kept below 10oC at

all times during the addition of bromoacetyl bromide. The major by-product, formed in the

reaction of the amino acid derivative (40) with bromoacetyl bromide, was a dimer of the L-

phenylalanine methyl ester (43). lH and t'C NMR spectroscopy and mass spectrometry

confirmed the formation. The by-product (43) was found to form only above the 10"C

threshold see Scheme 3.

o
Br OMe Product

(41)

OMe

o

By-product

(43)

NH

OMe

o

NH

NHz

(40)
o

NH

o

o
MeO

Scheme 3

The next step in the synthetic pathway was the alkylation of the macrocycle by the

bromoacetylated amino acid (a1). The reaction was carried out under nitrogen at OoC in a

solution of dry DMF, {N-diisopropylethylamine and 3.5 equivalents of the amino acid

derivative (41). Solid tacn was then added, and the reaction mixture left to stir overnight.

An extensive workup and purification procedure followed, to yield the N-functionalised

macrocycle (31) as a white flufû solid in 65 % yield. The methylene signals in the

macrocyclic ring were clearly observable in both the tH NMR spectrum, as an AA'BB'

multiplet at õ 2.45 ppm, as well as in the t3C NMR spectrum as a broad singlet at ô 56.5

ppm, in a solution of CDCI:.
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The macrocycle (31) was observed to decompose into a yellow sticky gum over a

period of time. Analysis of the resulting product revealed that fragmentation of the

macrocycle had occurred, by means of hydrolysis at the amide group in the pendant arm, to

give the methyl ester of L-phenylalanine (40). Confirmation of this was gained by NMR

spectroscopy. The instability of the compound was overcome by storage under vacuum

over the drying agent, P+Oro.

Ligand (31) was found to be soluble only in partially aqueous solvents systems,

consequently leading to the final product in this pathway, Iigand (42). Ligand (31) was

dissolved in a solution of THF and 0.1 mol dm-3 aqueous tetraethylammonium hydroxide

(NEt4OH). The reaction mixture was left to stir at room temperature under nitrogen for 4

days, after which the solvent was removed under reduced pressure, and excess NEt¿OH

removed by trituration with acetone. Ligand (42) was isolated as a tetraethylammonium

(NEt+) salt, C¡qH+sOqNo.3NEt4, in 80% yield. The tH NMR spectrum confirmed the

hydrolysis of the ester group by the disappearance of the signal at õ 3.12 ppm, and this was

corroborated by the t'C NMR spectrum, by the loss of the signal at ô 52.3 ppm. The

number of NEt++ ions, incorporated per molecule of ligand (42), was confirmed by lH

NMR integration and electrospray mass spectrometry GCQ). The ligand was found to be

very hygroscopic, rapidly forming an oil on exposure to air. Isolation of ligand (42) as a

zinc triflate salt (44) allowed for identification by microanalysis. Ligand (42) was found to

be water soluble at neutral p}J7.
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2.2.2 Cyclen series, L-phenylalanine

The next ligands to be synthesised were the tetraaza macrocycles, utilising cyclen.

The same amino acid, L-phenylalanine, was incorporated as the pendant arm. Both the

ester and the acid derivatives were synthesised, to allow for a direct comparison of the

physical and spectral characteristics of the receptors based on the two macrocycles, tacn

and cyclen. The synthetic pathway for this series was analogous to that of the tacn based

ligands (31) and (42), Scheme 4.

(41)
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o
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o

ï
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Scheme 4

N-Bromoacetyl-L-phenylalanine methyl ester (41) in the appropriate molar ratio,

was dissolved in dry DMF and {l/-diisopropylethylamine under nitrogen, and cooled to

0"C. Solid cyclen was then added, and the reaction mixture left to stir overnight. This was

followed by the same puriltcation technique used in the synthesis of ligand (31), to

produce a white solid, ligand (a5) in 50% yield. Ligand (45) was characterised by rH

NMR spectroscopy and microanalysis. A lH NMR resonance at ô 3.68 ppm with an

integration of l2H, due to the hydrogens in the methyl ester group, confirmed the addition

of all four pendant arms to the fetraaza macrocycle. An AA'BB' multiplet tH NMR

resonance at õ 2.36-2.57 ppm, from the macrocyclic ring, was also observed in the

spectrum. The cyclen based ligand (45) was found to have very similar physical

characteristics to that of the tacn based ligand (31). Both ligands (31) and (45) are unstable

to prolonged exposure to air and are soluble only in partially aqueous solvent systems.
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The final step in the synthetic pathway was the hydrolysis of the methyl ester group

to produce its water soluble derivative, ligand (46). The cyclen ester, ligand (45), was

dissolved in a solution of THF and 0.1 mol dm-3 aqueous NEt+OH and left to stir under

nitrogen for 4 days. Purif,rcation in an analogous manner to that of ligand (42), resulted in

the formation of the NEta+ salt of ligand (46), CszHo¿NsOrz.4NEt+, in 80% yield. The lH

NMR spectrum confirmed complete removal of the four methyl ester groups, by the

disappearance of the resonance at õ 3.68 ppm. tH NMR integration also confirmed the

number of incorporated NEt++ ions. The cyclen acid (46) exhibited analogous properties to

the tacn acid (42); both are water soluble at neutral pH 7 and are very hygroscopic. The

hygroscopic nature of ligand (46) did not allow for its elemental conf,rrmation by

microanalysis; verification was achieved by the formation of its zinc triflate salt (47).
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2.2.3 Tacn and cyclen series, L-tryptophan

The synthesis of the L{ryptophan based ligands followed an equivalent route to

that of the L-phenylalanine amino acid derivatives, Scheme 5.
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The amino acid, L-tryptophan, was initially protected by acid catalysed

esterif,rcation and the resultant HCI salt (48) was obtained in quantitative yield. Melting

point and tH NMR analysis were consistent with literature values.n The salt (48) was

reacted with bromoacetyl bromide and triethylamine in dry THF, to yield the

bromoacetylated L-tryptophan methyl ester (49) in 75Yo yield. Confirmation of the

acetylation was achieved by t'C NMR spectroscopy and mass spectrometry. The

appearance of two carbonyl resonances above õ 160 ppm, one at E 165.2 and the other at ô

171.6 ppm, in the t'C NMR spectrum, as well as the molecular ion at m/z 338 were
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consistent with the formation of compound (49). The bromoaceylated amino acid (49) was

used without further purification in the following reactions.

Functionalisation of the macrocyclic ring was achieved under a nitrogen

atmosphere, in the presence of the bromoaceylated amino acid (49), N,N-

diisopropylethylamine, and dry DMF. Tacn was added as a solid after the reagents were

cooled to OoC. The work-up and purification of the product was analogous to those of the

previous esters, ligands (31) and (45), to afford ligand (50) as a white flufû solid in 52%

yield. The protons in the macrocyclic ring were observed as an AA'BB' multiplet at ô

2.45 ppm in the tH NMR spectrum. The macrocyclic ring carbons appeared as a single

resonance at ô 56.5 ppm in the l3C NMR spectrum in CDCI:. A fast rate of decomposition

was observed for this ligand; storage under vacuum over a suitable drying agent (P+Oro)

did not negate the problem. It was found that formation of a metal complex ion increased

the stability of ligand (50). Microanalysis of the zinc triflate salt (52) was obtained in

order to confirm the elemental composition of ligand (50). The instability of ligand (50) is

believed to be due to the bulky nature of the aromatic groups present in the tryptophan

amino acid pendant arms.

Concurrently to the synthesis of the tacn tryptophan ligand (50), the cyclen-based

derivative ligand (51) was also investigated. The reaction was analogous to that of the tacn

macrocycle ligand (50), differing only in the molar equivalents of the pendant arm used.

Upon purification of the reaction it was found that the tetra-substituted ligand (51) was not

formed. Electrospray mass spectrometry (LCQ) conf,rrmed the presence of three molecular

ions, m/z 947, 734 and 477, arising from the tri-, di- and mono-substituted macrocyclic

rings, respectively (Figure 2.1). Separation of the three isomers was not possible by either

column chromatography or recrystallisation. Varying the reaction time or the molar

equivalents of the bromoaceylated amino acid (49), did not alter the outcome of the

reaction. The steric bulkiness of the tryptophan derivative is thought to inhibit the addition

of the fourth pendant arm to the ring.

2



Chapter 2 48

oRRR

HNHNHN

Di

o
o<- <-o

NHN
NH

NN OMe

( )R) (

o
Mono- Tri-

Figure 2.1. Diagrammatic representation of the three possible isomers formed in the

synthesis of the tetraazatryptophan derivative ligand (51).

The methyl ester ligand of the tacn tryptophan series ligand (50) was highly

unstable thus making it difhcult to utilise as a starting material for future preparations. The

failure to produce the tetra-substituted amine ligand (51), or isolate the isomers formed,

added to the unsuitability of the tryptophan series. Continued investigation into the

tryptophan ligand series was therefore deemed to be inappropriate.

2.3 Synthesis of the anthracene substituted fluorescent

sensors

The development of new fluorescent ligands for sensing metal ions, incorporating

photoinduced electron transfer (PET), is of great interest, due to the ease with which

fluorescence can be monitored. Previous work by Kimura et al has shown that the use of a

cyclen based anthracene fluorophore, with an ethylamine linker, can improve fluorescence

selectivity toward M2* ions.lO Based upon this type of fluorescent probe, two series of

ligands were designed utilising the Fluorophore-Spacer-Receptor model.

N
H

o _R
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2.3.1 Chiral amino acid anthracene substituted ligands

The synthetic pathway for the chiral amino acid anthracene substituted ligands,

involved the initial functionalisation of anthracene. The fluorophore arm then underwent

nucleophilic substitution onto the macrocyclic ring, which was then reacted further with

the bromoacetylated amino acid derivative (41) seen previously (see section 2.2.1). Due to

the stability problems encountered with the L{ryptophan macrocycle, the amino acid L-

phenylalanine was chosen as the primary focus of the investigation.
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Substitution of anthracene was carried out by the drop-wise addition of freshly

distilled phosphorus oxychloride to a solution of anthracene, dry DMF, and o-

dichlorobenzerLe. The reaction mixture was then left to stir at 90'C for one hour.
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Recrystallisation from acetic acid produced 9-anthraldehyde (53) as a yellow crystalline

solid in 73o/" yie\d. NMR spectroscopy and mass spectrometry of the product (53) was

consistent with literature values. I I

9-Anthraldehyde (53) was then reacted with a solution of 2-bromoethylamine in

dichloromethane, at room temperature, for one hour. The 2-bromoethlyamine was

purchased, as a hydrobromide salt, thus extraction with sodium hydroxide into a

dichloromethane solution, prior to its use in the reaction, was required. Due to the

volatility and toxicity of the neat amine, it was obtained as a solution in dichloromethane.12

The resultant bromoethylimine anthracene (54) was recrystallised from ether/hexane to

yield the product as a yellow crystalline solid in 660/o yield. The melting point of the solid

(84-87'C), rH and t'C NMR spectra were consistent with the formation of product (54).

Compound (54) was then heated under reflux in hot toluene with 4 equivalents of

cyclen to ensure only mono substitution occurred. After cooling, the reaction mixture was

filtered and extracted with sodium hydroxide in order to remove the excess cyclen as an

ammonium salt. This yielded the imine derivative (55) in 85Yo yield, which was used

without further purification. Reduction of the imine bond, by NaBHa in ethanol, produced

the cyclen amino anthracene derivative (56). Purification of ligand (56) was achieved by

means of column chromatography to yield a yellow solid in 73Y" yield. Mono-substitution

\¡r'as confirmed by means of electrospray mass spectrometry (LCQ) and tH NMR

spectroscopy. lo

The final step in the synthesis of the anthracene substituted ligand (57) was the

attachment of the amino acid pendant arms. The N-bromoacetyl-L-phenylalanine methyl

ester (41) was reacted with the cyclen derivative (56), N,N-diisopropylethylamine, and

DMF. Removal of the solvent, under high vacuum, yielded a dark brown oil, which was

purified by means of a basic UG alumina column. Three products were obtained with Rr

values of 0.15, 0.10 and 0.05, which suggested the possible formation of three different

products (Figure 2.2).
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Figure 2.2. Diagrammatic representation of the possible products formed during the

synthesis of the ligand (57).

Analysis of the high R¡ fraction, by electrospray mass spectrometry (LCQ), showed

a molecular ion at m/z 1282. Analysis of the other two fractions showed molecular ions for

both at m/z 1063. The highest weight molecular ion was consistent with tetra-substitution;

three substituents on the macrocyclic ring and one on the ethylamine nitrogen adjacent to

the anthracene, ligand (58). The molecular ion at m/z 1063 was consistent with a tri-

substituted arrangement; the two different Rr values obtained indicates the formation of

isomers. There are three possible conformations for the tri-substituted ligand; (a) ligand

(57) in which substitution occurred only on the macrocyclic ring; or (b) in either ligand

(59) and (60), in which substitution occurred once on the ethylamine nitrogen adjacent to

the anthracene, and twice on the ring structure, either cis or trans fo each other. It could

not be determined whether one, or both, of the ligands (59) and (60) were formed in the

reaction. Physical and spectral analysis of the fraction was inconclusive. It was predicted

that both the ligands (59) and (60) would have very similar chemical and physical

properties.

o
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The orientation of the substituted ligands was confirmed by NMR spectroscopy.

The l3C NMR spectra showed the most observable differences between the three fractions.

The same chiral amino acid pendant arm had been used previously in the synthesis of

ligand (45). The l3C NMR spectrum of this ligand had shown 10 resonances, 6 sp2 and 4

sp3, drre to the phenylalanine pendant arms. All four pendant arms of ligand (45) had been

shown to exist in the same magnetic environment on the NMR time scale. The l3C NMR

spectrum for the tri-substituted ligand (57) showed the same number of 13C NMR

resonances, due to the amino acid pendant arms, as did the spectrum of ligand (45). This

indicates that the three amino acid pendant arms in ligand (57) also all existed in the same

magnetic environment on the NMR time scale. The l3C NMR spectrum, obtained for the

tetra-substituted ligand (58), showed twice as many signals for the amino acid pendant

aÍns as did the spectra of ligands (a5) and (57). This indicates that the pendant arm

attached at the ethylamine nitrogen adjacent to the anthracene substituent, does not exist in

the same magnetic environment as the pendant arms attached directly to the macrocyclic

ring. The l3C NMR spectrum of the fraction of unknown composition, containing ligands

(59) and (60), exhibited three times as many t'C NMR signals as did the spectra of ligands

(45) and (57). The three sets ofresonances arise from each ofthe three pendant arrns, one

at the amine adjacent to the anthracene, and the other two on the macrocyclic ring, either

c¡s or trans to each other. An interesting feature of the t'C NMR spectrum of the mixture

of ligands (59) and (60) was that the number of signals indicates that the two pendant arms

on the macrocyclic ring did not exist in the same magnetic environment. This would

probably occur in either the c¡s or trans isomers, since the geometric conformational strain

placed on the orientation of the arms would be much reduced, when compared with ligands

(57) or (58). This allows the pendant arms to exist in different environments relative to

each other. No other signals in the l3C NMR spectrum for the ligand composition of (59)

and (60) appeared to be duplicated. Unfortunately, this is not absolute proof that only one

isomer existed in this sample because both isomers would be expected to have very similar

spectral properties. Time constraints did not permit further investigations into the

separation and characterisation of the two isomers. See Chapter 5 for the individual

resonance assignments.

The lH NMR spectrum was not as conclusive for identification as the l3C NMR

spectrum, due to the large overlap of signals. The integration of the resonances assigned to

the protons from the phenyl rings and anthracene, however, were well separated and did

support the formation of the tri- and tetra-substituted products. For the tri-substituted
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ligands (57), (59), and (60), a ratio of 3:1 phenyl ring to anthracene protons was observed.

For the tetra-substituted ligand (58), a 4:l ratio of phenyl ring to anthracene protons was

observed. Microanalysis of ligands (57) and (58) supported the proposed composition of

the products formed.

The difference in the yields obtained for the three isomers was quite dramatic. The

yield for ligand (58) was 58%. For the combination of ligands (59) and (60) a 20 % yield

was obtained. Ligand (57) was obtained only with a 2.4%o yield. The reaction was

repeated with only three equivalents of the amino acid derivative (41) in an effort to avoid

formation of the tetra-substituted ligand (58). Upon purification of the reaction mixture,

two types of tri-substituted ligands were again observed. No significant change to the

yield of the tri-substituted ligand (57) resulted; it was obtained in 2.6 %o yield, whilst the

mixture of the tri-substituted ligands (59) and (60) occuned in 60 Yo yield. This indicates

that substitution at the ethylamine nitrogen adjacent to the anthracene substituent is more

facile than substitution on the amines in the macrocyclic ring. There was no further

attempt to improve the yield using different synthetic methods, since sufficient quantities

were produced for the required physical measurements.

The two ligands (57) and (58) and the mixture of ligands (59) and (60), obtained

from the reaction of the amino acid derivative (41) with the macrocycle (56), were soluble

only in partially aqueous solutions. This was attributed to the high degree of conjugation

in the both the anthracene substituent and phenyl rings. The ligands were, however, very

stable to air and light.
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N
H

2.3.2 Anthracene substituted fluorescent sensors with

hydroxyethyl pendant arms

In an effort to improve the water solubility of the anthracene substituted fluorescent

sensors, the pendant arrns were changed to incorporate hydroxyethyl moieties. The same

cyclen amino anthracene precursor (56) was used as for the ligands (57), (58), (59) and

(60) (discussed previously), to allow comparisons of physical properties. However, the

precursor was reacted with ethylene oxide in ethanol. The reaction of the substituted

macrocycle (56) with ethylene oxide was predicted to form a composite of isomers.

Scheme 7 shows the possible isomers that may result from the reaction.

(61) (62) 30 %

(s6)

(63) (64)

Scheme 7

The use of ethylene oxide in the reaction was rather difficult due to its low boiling

point (10'C); all glassware involved in the handling of the reagent was chilled to OoC.

Two reactions rwere set up simultaneously involving varying quantities of ethylene oxide;

one with four molar equivalents, and one with three molar equivalents. It was envisaged

that incorporation of a pendant arm with less steric bulk would allow for the formation of

only the ligands (61) and (62), dependent upon the number of equivalents of ethylene

oxide used. The etþlene oxide was added to each reaction and the mixture left to rest in

the dark for four days, followed by removal of any unreacted ethylene oxide and solvent,

under reduced pressure. The products from both reactions were isolated as oils,

(
OH

EtOH

H

(
OH
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Electrospray mass spectrometry GCQ) of the crude product obtained from the reaction of

the anthracene substituted macrocycle (56), with four equivalents of ethylene oxide,

showed the presence of numerous species. The oil was purified by means of a basic UG

alumina column to give the tetra-substituted ligand (62) in 30% yield. Unfortunately the

other products formed in this reaction, such as the tri-substituted ligands (61), (63) and

(64), could not be isolated due to similarities in polarity. Ligand (62) was found to be

highly light sensitive; decomposition occurred very quickly upon exposure to light, and

this was accelerated after purification. The yield obtained was low, primarily due to the

instability of ligand (62). Conhrmation of the identity of the product was obtained by

means of NMR spectroscopy, mass spectrometry, and microanalysis. The l3C NMR

spectrum showed 13 sp3 resonance signals, consistent with the tetra-substituted ligand(62).

Eight of the t'C NMR resonances were assigned to the hydroxyethyl arms, three to the

fluorophore spacer, and two to the macrocyclic ring. This indicates that the carbons in

each of the hydroxyethyl pendant arms were magnetically inequivalent, in contrast to the

amino acid pendant arms of ligand (58). This was attributed to the lack of chirality and

steric bulkiness of the smaller hydroxyethyl arms in ligand (62). A molecular ion at m/z

604 (M + Na*) was observed, which was consistent with the formation of the tetra-

substituted product (62).

A variety of molecular ions was observed in the electrospray (LCQ) mass spectrum

of the product, obtained from the reaction of only three molar equivalents of etþlene

oxide with the macrocycle (56). Unfortunately, the products from this reaction had very

similar physical properties and could not be isolated or further characterised. Time

constraints meant that further investigation into the synthesis and characterisation of these

isomers was not feasible. Therefore only one product was isolated from the reaction of

ethylene oxide with the anthracene substituted macrocycle (56); the water soluble

anthracene substituted ligand (62). The instability of ligand (62) to light when compared

with the amino acid anthracene substituted ligands (57), (58), (59) and (60), which exhibit

high stability to light, is attributed to the change in pendant arm. The amino acid

anthracene substituted ligands (57), (58), (59) and (60) all contain phenyl rings, where

ligand (62) does not. Charge transfer between the phenyl rings and the anthracene

fluorophore may act to stabilise the ligands by reducing the amount of energy in the

system. In the case of ligand (62) this results in fragmentation.
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2.4 Conformational analysis of ligands by NMR

spectroscopy

Elucidation of the diastereomeric conformation of the ligands was carried out by

NMR spectroscopy. Investigation of the complexes by NMR spectroscopy was viable for

only three of the ligands synthesised, ligands (31), (afl and (50). The anthracene

substituted ligands (57), (58) and (62) were not investigated due to the complexity of their

spectra, which did not allow for conclusive assignment of peak resonances; whilst the

complexes of the chiral receptor ligands (42) and (46) were insufficiently soluble for NMR

studies.

Only two metal ions (Zn2* and Cd2*) were investigated. The ligands were also

expected to bind Cu2*, but the resultant complexes cannot be investigated, as Cu2* is

paramagnetic. The main focus of this study was on the affect that the metal ion had on the

magnetic environment of the carbons and protons in the macrocyclic ring. The two

possible diastereomers of ligand (31), /-(S,S,,5) and ,l-(ES,Ð, are depicted in Figure 2.3,

in the diagram the protons in the macrocyclic ring are assigned as Hu, H¡, H" and H¿ or Hu',

Hb', H"' and H¿', respectively.

Rl NH
'rlHe Hi

Hg
Hh

o
Hr

o
N. Hf

Hb, Rl -NH

/-(s,s,Ð-tM(31)12* ,4-(S,S,Ð-tM(31)12+

Figure 2.3. Two possible diastereomers of the triaza system ligand (31), /-(,S,^S,,5) and r4-

(s,s,Ð.

Hg

M(II) = absent or
Zn(rI)
cd(II)

o

ttl
Hd Hh

. Hc',rtH^,

Hb
OMe

Rl
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The tacn macrocyclic ring methylene protons, Hu-H¿ and Hu'-H¿', would be

expected to be magnetically inequivalent in both possible diastereomers, due to the

orientation of the chelate rings; thus for each diastereomer they should generate an

AA'BB' quartet in a lH NMR spectrum. The two quartets for each diastereomer would be

expected to have different chemical shifts since the protons for each isomer, A and 4., are

in different magnetic environments. This would also be expected for the H"-Hi and H.'-H¡'

protons in the pendant arms for each diastereomer although due to the distance from the

coordinating metal ion this may be somewhat diminished. The two diastereomeric

complexes should also exhibit two sets of 13C NMR resonances, because the macrocyclic

ring carbons are also magnetically inequivalent. The information gained from both the lH

and r3C NMR should provide details about the stereochemistry of the uncomplexed ligands

as well as upon metal ion coordination. It should be noted that the solvent in which these

experiments were carried out, is different from that used in the characterisation of the

ligands, from CDCI¡ to CD:OD for ligands (31) and (50), and from CDCI¡ to CD¡CN for

ligand (45).

The first ligand investigated was the L-phenylalanine tacn derivative, ligand (31).

The lH NMR resonances for the macrocyclic ring methylene protons of ligand (31), in its

uncomplexed state, are equivalent on a time average and gave rise to a single 12H AA'BB'

multiplet at E 2.45 ppm. The tacn macrocyclic ring carbons in the ttc NMR spectrum

existed as a broad signal at õ 58.1 ppm; only five sp3 signals were observed. This indicates

that the ligand is in a fast time averaged exchange, which causes the two macrocyclic ring

carbons to appear as if in the same environment. The fast exchange could be between the

two possible diastereomers or through the inversion around the amine nitrogens in a single

diastereomer. On coordination with a metal ion, vast changes to the NMR spectra were

observed. The macrocyclic ring methylene protons in the Zn(31)2+ complex are

inequivalent, and the Hu, Hb, H., and H¿ protons are unique and gave rise to four sharp

signals of 3H at ö 1.8I,2.45,2.61 and 2.85 ppm, respectively. These are part of a well-

resolved ABCD multiplet, as would be expected for a single diastereomer. Metal ion

coordination also had a profound effect on the l3C NMR spectrum; six sp3 signals were

visible. The macrocyclic ring carbons in the Zn(31)2* complex were unique and gave rise

to two separate signals at õ 50.4 and 53.5 ppm, instead of the broad signal at ô 58.1 ppm.

This pattern indicates that the complex existed as a single diastereomer. The coordination

of ligand (31) with Cd2* resulted in a similar splitting pattern in the NMR spectra as was

observed for the Zn(31)2* complex. The macrocyclic metþlene ring protons Hu, H6, H"
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and H¿ were also unique in the Cd(31)2* complex. Two of the proton signals overlapped to

give a broad signal of 6H at ô 2.30 ppm; while the other two remaining proton resonances

existed as 3H signals at õ 2.69 and 2.82 ppm. The macrocyclic ring carbons for the

Cd(31)2* complex are inequivalent and gave rise to two resonances at ô 53.0 and 53.8 ppm.

The signals attributed to the protons on the pendant aÍns, H., Hr, Hg, Hn and H¡,

also gave rise to different signals on metal ion compelxation. In the uncomplexed ligand

(31) the proton signals for the pendant arms appeared as time averaged signals in the lH

NMR spectrum. For example, in the uncomplexed ligand (31), the metþlene protons

adjacent to the phenyl ring H, and H¡, are equivalent and gave rise to one signal at ô 3.18

ppm with an integration of 6H. On coordination of ligand (31) with ZtJ*, the methylene

protons become inequivalent and gave rise to two separate signals at õ 2.85 and 3.33 ppm,

each with a relative integration of 3H. A similar pattern of signal splitting was observed

for the Cd2* complex. If the metal complex ion existed in slow exchange around the

nitrogen of a single diastereomer, the protons in the pendant arms would be expected to be

inequivalent. No duplication in the t3C NMR spectrum for the carbons in the pendant arms

was observed in the spectra of either the Zn(31)2* or the Cd(31)2* complex. This indicates

that each metal complex ion existed as a single diastereomer in solution, thus confirming

the solid-state structure. X-Ray crystallography of the Cu2* complex with ligand (31) had

shown the ligand to adopt a single preferred geometry, /-(ES,Ð.6 The formation of a

single diastereomeric species on complexation with Zn2* canbe seen in Figure 2.4.
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(a)

Hu-H¿

H" H" Hu H¿
(b)

Hu

2.9 2.7 2.5 2.3 2.1 1.9 ppm

Figure 2.4. The lH NMR (600 MHz) spectra of the macrocyclic ring resonances of ligand

(31), (a) alone, and (b) in the presence of Znz* in CD¡OD solution. The protons are

labelled as in Figure 2.3; Hu-Ha represent the macrocyclic ring methylene protons and H.

represents a pendant arm proton.

The NMR spectra for the uncomplexed L-tryptophan tacn ligand (50) were very

similar to those obtained for the L-phenylalanine tacn ligand (31). The tH NMR spectrum

of the macrocyclic ring methylene protons of the uncomplexed ligand (50) showed a single

12H AA'BB'multiplet resonance at ö 1.89 ppm. This indicates that these protons are

equivalent on a time average. The macrocyclic ring carbons were also equivalent in the

uncomplexed ligand (50) and gave rise to a single resonance at õ 57.6 ppm in the r3C NMR

spectrum; only five rp' t'C NMR resonances were observed. No duplication was observed

to arise from the other atoms present in the pendant arms. On metal ion complexation, a

noticeable change occurred in the lH NMR spectrum. The macrocyclic ring methylene

protons in both the Zn(50)2t and Cd(50)2* complexes are inequivalent. The ring protons,

Hu, Hb, H. and H¿ in the Zr?* complex of ligand (50) gave rise to two sharp 3H signals at õ

1.00 and 1.10 and a single 6H multiplet at ô 2.23 ppm. In the Cd2* complex of ligand (50),

the macrocyclic ring metþlene protons gave rise to four 3H multiplets at ô 1.20,1.61,2.12

and 2.40 ppm. The well-formed ABCD multiplets that were observed for both metal

complex ions in solution for ligand (50) support the formation of only a single

diastereomer. Six ,p' resonances were observed for both the metal complex ions in the l3C

NMR spectra; the macrocyclic ring carbons were inequivalent and gave rise to two signals,

at õ 51.9 and 52.4 ppm in the Zn2* complex, and at ô 52.5 and 53.9 ppm in the Cd2*

complex. Again, as per the L-phenylalanine derivative ligand (31), the protons in the

pendant arms of ligand (50) were also inequivalent on metal ion complexation.. No
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duplication of the carbon signals in the t3C NMR spectrum were observed due to the

carbons in the pendant anns, which indicates that the complex existed as a single

diastereomer.

(a)
Hu-H¿

(b)

Hu, H¿ ,F H" Hu

*

2.2 2.0 1.8 1.6 1.4 1.2 1.0 ppm

Figure 2.5. The tH NMR (600 MHz) spectra of the macrocyclic ring resonances of ligand

(50), (a) alone, and (b) in the presence of Zn2* in CD:OD solution. The protons are

labelled as in Figure 2.3; Hu-H¿ represent the macrocyclic ring methylene protons. The

asterisk indicates the solvent proton impurity resonances, which appear at differing ô due

to the different dielectric constants of the solutions.

For the only cyclen system investigated, the L-phenylalanine cyclen derivative

ligand (45), a similar splitting of proton and carbon resonances for the uncomplexed ligand

were observed, as for that of ligands (31) and (50). The macrocyclic ring methylene

proton resonances in the tH NMR spectrum of the uncomplexed ligand (45), gave rise to

two 8H multiplets, which are part of a single 16H AA'BB' multiplet over the range õ 2.39

- 2.48 ppm. This indicates that they are equivalent on a time average. In the 13C NMR

spectrum, only hve sp3 t'C NMR resonances were observed; the macrocyclic ring carbons

are equivalent and gave rise to a single resonance at ô 54.3 ppm. On complexation with

the metal ions, Zr?* and Cd2*, both the rH and t'C NMR spectra of ligand (45) underwent

changes. For the ZrJ* complex of ligand (45), the macrocyclic ring methylene protons are

inequivalent and in the lH NMR spectrum gave rise to four 4H multiplets at õ 2.03,2.35,

2.54 and,2.73 ppm. In the t3C NMR spectrum, only six sp3 resonances were observed; the

two macrocyclic ring carbons gave rise to two signals at ô 50.1 and 51.6 pp-. The Cd2*

complex of ligand (45) also underwent a similar transformation; the macycrocyclic

methylene ring protons are inequivalent and the Hu-H¿ protons are unique and produce a
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single well resolved ABCD multiplet as would exist for a single diastereomer. The l3C

NMR spectrum of the Cd2* complex of ligand (45) showed two signals; at õ 47.5 and 51.1

ppm arising from the macrocyclic ring carbons. The protons in the pendant arms for both

the Zn(45)2* and the Cd(45)2* complexes are inequivalent and gave rise to separate rH

NMR resonances, but did not give rise to duplicate 13C NMR resonances. This had been

similarily observed with the various metal complex ions of ligands (31) and (50). This

indicates that these types of chiral amino acid based ligands form only single diastereomers

on metal ion complexation.

Hu-H¿

(a)

*

(b) H6 H" H6 H. {< Hu

2.8 2.6 2.4 2.2 ppm

Figure 2.6. The lH NMR (600 MHz) spectra of the macrocyclic ring resonances of ligand

(45), (a) alone, and (b) in the presence of Zn2* in CD:CN solution. The protons are

labelled as per Figure 2.3; Hu-H¿ represent the macrocyclic ring metþlene protons, H.

represents the pendant arm proton. The asterisk indicates the solvent proton impurity

resonances, which appear at differing ô due to the different dielectric constants of the

solutions.

For detailed assignment of the peaks in the spectra, see Appendix 4.1. All the

analysed spectra were second order; hence J hertz coupling constants could not be

elucidated. From the analysis of the NMR spectra of the ligands (31), (45) and (50), the

stereochemistry can be rationalised for these systems. The lack of duplication in the l3C

NMR spectra as well as the separation of the macrocyclic metþlene ring protons from

AA'BB' multiplets into unique well-resolved ABCD multiplets on metal ion coordination,

would indicate that all three ligands exist as single diastereomers. This is consistent with

the X-ray crystal structure obtained for [(31)Cu]'*.u A. mentioned previously, work on
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similar triazacyclononane and tetraazacyclododecane complexes with alkali metals, has

shown that these types of macrocycles exist preferentially as single diastereomers.13

2.5 Discussion

The two types of target ligands, the chiral amino acid based ligands and the

anthracene substituted ligands, have been successfully prepared and isolated by various

synthetic procedures. The synthesis of the chiral amino acid based ligands was achieved

through the alkylation of, either tacn, or cyclen with an amino acid derivative L-

phenylalanine, or L-tryptophan, to give a diverse range of ligands. The ester derivatives

synthesised, ligands (31), (45) and (50), were found to be unstable to prolonged exposure

to air; this was most noticeable in the L-tryptophan derivative (50). Conversion of the two

methyl ester L-phenylalanine ligands (31) and (45) to their carboxylic acid derivatives,

gave the two water soluble ligands (42) and (46), respectively. The L-tryptophan

derivative, ligand (50), was not converted to its corresponding acid, due to its poor stability

on exposure to air. This is believed to be due to the steric bulk of the L-tryptophan amino

acid derivative. The steric bulk of the L-tryptophan amino acid was also found to affect

the synthesis of the cyclen derivative, ligand (51).

Analysis of the NMR spectra of the metal complex ions of ligands (31), (45) and

(50), was used to probe the stereochemistry of the ligands. The rH NMR spectra of the

macrocyclic methylene ring protons were observed to alter from AA'BB' multiplets, into

unique, well-resolved ABCD multiplets on metal ion coordination. No duplication in the

ttc NMR spectra of the three ligands was observed. This indicates that all three ligands,

(31), (45) and (50), exist as single diastereomers. This is supported by X-ray

crystallography of the Cu2n complex of ligand (31). Each diastereomer constitutes a part

turn of either a triple helix for the tacn based ligands, or a quadruple helix for the cyclen

based ligands. It is predicted that the attachment of peptide pendant arms to the

macrocycles, instead of the single amino acid derivatives used in this investigation, may

facilitate the study of multiple metal complexing by peptide helices.

The synthesis of the anthracene substituted ligands resulted in a variety of

substituted ligands, with substitution appearing to occur most readily at the ethylamine

nitrogen adjacent to the anthracene substituent. The incorporation of the chiral amino acid

pendant arms into the anthracene substituted ligand, resulted in the formation of four
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possible products. Only two could be isolated; the tri-substituted ligand (57) and the tetra-

substituted ligand (58). Isolation of the other two ligands, (59) and (60), was not possible

due to similarities in physical properties. NMR analysis of ligands (57), (58), (59) and

(60), showed that when three pendant arms were present on the macrocyclic ring, they

existed in the same magnetic environment. In contrast, when only two pendant arrns were

present, as in the case of ligands (59) and (60), they did not exist in the same magnetic

environment. The pendant arms of the anthracene substituted ligand (62) each existed in

their own magnetic environment, with the signals arising from all four pendant arms

visible in the t3C NMR spectrum. Comparison of the different pendant arms on the

anthracene substituted ligands, showed that the larger pendant arms tend to exist

preferentially in specific geometric conformations.
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3.1

Chapter 3. Potentiometric Titrations

Protonation constants

An area of major interest in polyaza macrocyclic ligands is their acid-base

properties and metal ion binding affrnities. This study is designed to produce selective

metal ion receptors and to provide information about the thermodynamic characteristics of

the receptors.

In aqueous solutions, macrocyclic ligands exist in an equilibrium mixture of their

free and protonated forms due to their polybasic nature. The protonation constants of the

protonated ligands (31), (42), (45), (46), (50), (57), (58) and (62), were determined in a

methanol/water solvent system (80:20; v/v), with constant ionic strength, I: 0.1 mol dm-3

(NEt4ClO4), by potentiometric titration (see section 6.3). The solvent system was chosen

to ensure complete dissolution of the ligands whilst maintaining an adequate percentage of

water to allow the pH electrode to function correctly. All solutions were acidified, to

ensure complete protonation of all basic nitrogen donor atoms; gradual deprotonation was

achieved by titration against NEt+OH. The stepwise acid base equations for a tri-basic

system can be expressed as follows,

Kut (3.1)
+

ILH] H++ L K¡:

lLHzf2n -- 
É1- 

"* 
* [LH]* 1r

lL}fz''l
ILH ]IH'I

Kuz

Ku3:

(3.2)

ILH:13* --5- H* + lLlzl'*
¡u*1¡tur2*1

[LH:3*]

(3.3)

In these equations K¡, Ka and K* are the stepwise equilibrium constants (or acid

dissociation constants) and L is the ligand under study. The negative logarithm of the

equilibrium constant, Ku, caî be used to obtain the pK" of each nitrogen donor atom, as

expressed below in Equations 3.4 - 3.6. The pK" of an acid corresponds to the stepwise

protonation constant ofits conjugate base.
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pKat: -logKur

pKa2: -logK¿

pKuz: -logKu3

(3.4)

(3.s)

(3.6)

All the ligands synthesised previously, as described in Chapter 2, were subject to

potentiometric titrations to determine the pKu values associated with their donor atoms. In

most cases, not all pKu values were measurable, as some were below the detection limit for

the method used. Since pKu<2 cannof be accurately measured using glass electrodes.

The partially aqueous solvent system, methanol/water (80:20; vlv), had a measured

pH of 4.98, thus direct comparison between macrocycles of similar structures in aqueous

solution cannot be made. The low pH was a reflection of the method used to calibrate the

electrode and this, in turn, is reflected in the determined pK" values.
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3.L.1 Protonation constants for the amino acid pendant
arm ligands (31), (42), (45), (46) and (50)

The pK" values determined for ligands (31), (42), (45), (46) and (50), appear below

in Table 3.1; the conditions for these titrations are listed below the table.

Table 3.1. pKu values of the protonated amino acid pendant arm ligands (31), (42),

(45), (46) and (50), obtained at 298.2 (t 0.2) K with 1 : 0.1 mol dm-3 Q.tEtaClOa) in

methanol/water (80 :20 ; v lv).

ØÐb (4s)' (4Od

(pÇ values in descending order from pK"1)

(50)'pKrof
protonated site

(31)"

PKat

PKuz

PKut

PKa+

PK.s

PKae

PKut

PK"s

8.69 + 0.04

3.59 + 0.07

low

9.06 + 0.02

6.13 + 0.04

4.93 + 0.05

4.52 + 0.06

low

low

8.50 + 0.02

5.62 + 0.04

3.77 + 0.08

low

9.89 + 0.03

7.06 + 0.06

5.53 + 0.06

5.46 + 0.09

4.44 + 0.06

4.26 + 0.09

low

low

8.79 + 0.02

3.67 + 0.03

low

" [31] :9.3 x l0-a mol dm-', tHl :3.s x l0-'mol dm', ¡NEtooHl:0.109 mol dm-'. 'Vzl:8.9 x lO-a mol

dm¡, ¡H*1 :6.0 x l0-3 mol dm-3, ¡NEtooHl :0.104 mol dm-3. " [45] : 8.8 x 10-a mol dm-3, ¡rf1 : +.2 x toj
mol dm-3, [NEt4oH] : 0.103 mol dm-3. u 

[¿o] : l.l x l0-3 mol dm-3, [H.l:9.2 x l0-3 mol dm-3, ¡EtooHl :

0.109 mol dm-3. " [50] : 7.3 x 10-a mol dm-3, ¡H*1 : 3.1 x l0-3 mol dm-3, ¡NEt*OHl :0.114 mol dm-3

RI
RI

NH NH
R2R2

N

R3
R3

N RR

R

(31) and (45): R2: OMe, R3:
(42) and(46): R2: OH, R3 :

(50): R2 = OMe, R3

N
H

o

Figure 3.1 Structures of the chiral receptor ligands (31), (42), (45), (46) and (50).
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o o'' 
uotu-0"'Ír*uuJ"uadded 13r,T", 

I

Figure 3.2. Typical titration curve of the protonated ligand (46) against NEt+OH at

298.2 (l 0.2) K. [46]1o1u1: 1.1 x 10-3 mol dm-3, ¡H*1, otat:9.2 x 10-3 mol dm-3, [NEtaOH] :

0.109 mol dm-3,1:0.10 mol dm-3 (NEt+ClO+).

The pK" values given in Table 3.1 decrease from pKur to their lowest measureable

pKu value. In systems of multiple pKus, it is generally observed and understood that the

value of each sequential pK" will decrease for two reasons; increasing charge and a

statistical effect. Protonation of one nitrogen group results in a ligand having a l* charge,

which coincides with a large pKu value. The addition of a second proton causes repulsion

between the two protons, which lowers the value for the second protonation constant, pK¿.

With ligands having more than two protonation sites, a larger electrostatic repulsion

between the additional charges can be observed when protonation is increased, thus

causing a large decrease to the pKu value.l

The second reason for the decrease is a statistical effect. For a tri-basic ligand,

such as ligand (31), there are three sites at which a proton can coordinate. The initial

addition of a proton will leave only two remaining sites to which a proton can coordinate.

Consequently, the probability with which the next proton will coordinate is decreased,

resulting in a decrease in the pKu value.

Acidity can also be affected by hydrogen bond formation between protonated

amino groups and non-protonated amino groups. A proton involved in a hydrogen bond is

more difhcult to abstract, thus contributing to the difference in measurable pKu values.

Solvation of the ligand can have a large effect on the ability of the ligand to form hydrogen

4

2
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bonds; a decrease in solvation can lead to weak coordination of the donor atom to the

bound proton, and hence lower pKu values may be observed.

For the three methyl esters studied, ligands (31), (45) and (50), protonation

occurred on the nitrogens of the macrocyclic amine. In the case of the triamine ligands

(31) and (50), only two pKu values were measured. The third protonation occurred at very

acidic pH, so measurement was not possible by this method; pKu<2 cannot be accurately

measured using glass electrodes. The tetraamine ligand (45) has four possible protonation

sites. Three pKu values were measured, the fourth protonation being below the measurable

range.

The pK" values for all ligands studied increased on increasing ring size and steric

bulk. The change in ring size between the tacn and the cyclen ring allows for a decrease in

electrostatic repulsion between the positive charges, resulting in a noticeable decrease in

acidity. Higher pKu values were measured for the tryptophan triamine ligand (50), when

compared with the phenylalanine triamine ligand (31). This was attributed to the

tryptophan bulk and the increased hydrophobicity of the system.

From potentiometric studies on other acid based macrocyclic ligands, and the

observed trends in their pKu values,2-s the protonation sites for ligands (42) and (46) can be

assigned. For ligand (42), the first protonation, assigned pKal, occurred af one of the ring

amines, the acidity of which is decreased by the negative charge on the neighbouring

ionised carboxylate group. The second and third protonation, assigned pK¿ and pK6,

respectively, also occurred on the macrocyclic ring. The fourth protonation, assigned pKua,

was the protonation of a carboxylic acid group. For the two pKu values, pK¿ and pKua,

protonation occurred simultaneously, therefore complete elucidation of the protonation

sites is not possible. Protonation of the other possible sites, the two remaining carboxylic

acid groups, occurred at a pH too low for measurement using a glass electrode. For the

cyclen carboxylic acid ligand (46), the values of pKul-+ arise from the protonation of the

macrocyclic amine groups and pKu5-6 are due to the protonation of two carboxylic acid

groups. For ligand (46), the protonation sites assigned to pK¿ and pKua, are identical

within experimental error and so the pKu values cannot be distinguished. The simultaneous

protonation of the two sites, pK6 and pKu4, suggests that the two sites at which protonation

occur are separated by distance, and probably occur at a position trans to each other across

the ring. The protonation sites assigned to pKus and pKu6, are also identical within
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experimental error for ligand (46) and therefore cannot be distinguished. The two

protonations, pKus and pKu6, probably occur at a distance from each other. The higher pÇ

values obtained for ligand (46), compared with ligand (42), are due to the larger ring size,

which decreases the electrostatic repulsion and facilitates protonation.

3.1.2 Protonation constants for the anthracene substituted

ligands (57), (58) and (62)

The pK" values determined for the anthracene substituted ligands (57), (58) and

(62), are listed in the following table, Table 3.2.

Table 3.2. pKu values of the protonated anthracene substituted ligands (57), (58) and (62),

obtained at 298.2 (t 0.2) K with 1 : 0.1 mol dm-3 (NEt4ClO4) in methanol/water (80:20;

v/v).

(s7)" (ss)b 62)"
(pKu values in descending order from pKul)

pK"of

protonated site

PK¡

PKuz

PKut

PKuq

PKus

9.84 + 0.05

7.73 + 0.09

5.88 + 0.12

452 + 0.09

low

10.13 + 0.04

9.24 + 0.05

6.56 + 0.06

4.90 + 0.06

4.51 + 0.08

9.99 + 0.02

7.53 + 0.04

6.67 + 0.05

4.83 + 0.06

3.45 + 0.09

"[57]:3.3 x lO-amoldm-3, tH.l:4.6 x l0-3 mol dm-3, ¡NEt4oHl:0.lll moldm-'. b[5s] - 5.3 x lO-amol

dm-3,¡H*1 -5.3x10-3moldm-3,¡NEtoOHl:0.ll1moldm-3. "1621:4.0x10-amoldm-3,¡H*1:5.5x10-3

mol dm-3, [NEt4oH] :0.102mo1dm-3.

o
R6

(

R6

:RAo

OMe
Ri /l

N
N
H

( )
(57): R5 : F1

(58): R5 : Ra
R4

Figure 3.3 Structures of the anthracene substituted ligands (57), (58) and (62)
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Figure 3.4. Typical titration curve of the protonated ligand (62) against NEt+OH at

298.2 (t 0.2) K. [62]1o61 
: 4.0 x 10-a mol dm-3, ¡H*1,otal: 5.5 x 10-3 mol dm-3, [NEt4OH] :

0.l02mol dm-3,1:0.10 mol dm-3 (NEt4ClO4).

The trend observed in the pKu values for the the anthracene substituted ligands (57),

(58) and (62), was similar to that found for ligands (31), (42), (45), (46) and (50). The pK"

values decreased on increasing protonation, due to increasing charge and a statistical effect

as discussed previously. Anthracene groups are known to affect pKu values; their large

steric bulk and hydrophobicity decreases the solvation of the amine group, and the electron

withdrawing effect of the anthracene combines to decrease acidity.6 In the case of ligands

(58) and (62), in which pendant arm substitution occurs on the ethylamine nitrogen

adjacent to the anthracene substituent, five pKu values were measured for each of the

ligands. Four of the pK. values were attributed to the protonation of the macrocyclic ring

amines, with the remaining pÇ value attributed to the protonation of the ethylamine

nitrogen adjacent to the anthracene substituent. For ligand (57), four pKu values were

determined.

A trend can be observed when comparing the measured pK" values for ligands (57)

and (58). The pK. values for ligand (57) are less than the measured pK" values for ligand

(58); this is attributed to the ethylamine nitrogen adjacent to the anthracene substituent

being substituted in ligand (58) and not in ligand (57). This may be associated with the

substitution either decreasing the electron withdrawing effect of the anthracene, increasing

the hydrophobicity of the system, or a combination of these effects.

8

6

4

2

pH
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The trend observed ir ptr" values for ligands (58) and (62), was similar to that

found for ligands (57) and (58). The measured pK" values for ligand (62) were less than

those measured for ligand (58). This was attributed to pendant arm substitution; the amino

acid based pendant arms in ligand (58) are much larger than the hydroxyetþl pendant

arms of ligand (62). The larger pendant arms of ligand (58) may be associated with

decreasing the electron withdrawing effect of the anthracene or increasing the

hydrophobicity of the system. A difference between the ligands (58) and (62), was

noticed at two protonation sites, pK¿ and pKus. The measured pKu values for ligand (62)

exhibited a significant increase in acidity compared with the pKu values for ligand (58).

Unfortunately, a detailed interpretation is not feasible due to the similarities between

protonation sites for ligand (62).

Synthesis of the amino acid anthracene substituted ligands also resulted in the

formation of two other possible isomers. These are the tri-substituted ligands (59) and

(60), in which pendant arm substitution occurred once at the ethylamine nitrogen adjacent

to the anthracene substituent, and twice on the macrocyclic ring either cls or trans to each

other. As mentioned in Chapter 2, it was not known whether synthesis had resulted in

formation of one or both isomers. If only one of the two possible isomers was present in

the fraction, potentiometric titration of the fraction should result in four to five measurable

pKu values, as was seen for the analogous anthracene substituted ligands (57) and (58).

From the curve, obtained from the data set, acquired from the titration of the acidified

fraction with base, eight inflection points were observed. This confirms the presence of

both isomers. In what percentage each was present was unknown and therefore pKu values

and metal complex ion stability constants could not be determined.
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3.2 Determination of metal complex ion stability

constants by potentiometric titrations

There are numerous methods that can be employed for the determination of metal

complex ion stability constants. One method is that of potentiometric titrations. V/hen a

ligand complexes a metal ion in solution, an equilibrium is established between the ligand

(L), the solvated metal ion (Mn*) and the metal complex ion (MLn*), as can be seen below

in Equation 3.7, where Krepresents the stability constant for metal ion complexation.

M"'+L
K [MLn*]

}y'l'*L (3.7)

In solution, the metal ion competes with the protons in the acidic media for ligand

co-ordination sites, altering the pH of the solution. Therefore, a change in the titration

curve on addition of a metal ion to the solution indicates the formation of a metal complex

ion; the larger the change, the higher the metal complex ion stability constant.

Determination of metal complex ion stability constants was achieved by adding a small

aliquot (normally 1 equivalent of metal ion) to the acidic titration solution prior to titration

with the relevant base. The calculation of the metal complex ion stability constants was

achieved by means of the computer program SUPERQUAD.T The program allows for the

fitting of a function or model to a data set. SUPERQUAD uses a non-linear least squares

method to minimise the differences between the experimental data and the theoretical

values calculated for the proposed model.

The factors that affect metal complex ion stability include, the relative sizes of the

metal ion and the ligand cavity,s the solvation energy of the metal ion, the structure and

flexibility of the macrocycle, and the number of donor atoms in the macrocycle. The

coordination of the metal ion by the ligand involves the substitution of solvent molecules

from the first coordination sphere of the metal ion. Consequently, the nature of the solvent

affects the stability of the metal complex ion. The ligands in this work are based on two

types of macrocycles, tacn and cyclen, with a variety of pendant arms; each ligand contains

donor groups affording different metal complex ions. These ligands generally exist in a bi-

facial arrangement in which all pendant arms delineate one face, above or below the plane
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of the face, delineated by the macrocycle. The flexibility of the arms facilitates metal ion

coordination.

In general terms, the formation of the metal complex ion by the pendant arm

ligands (31), (42), (45), (46), (50), (57), (58) and (62), involves complexation by the amine

nitrogens. Their disposition is substantially controlled by the macrocyclic ring size, as

well as by the donor atoms of the pendant arms whose chelate ring size is determined by

the number of ring atoms between them and the macrocyclic nitrogen atoms.e'tO Upon

complexation of the metal ion, the pendant arm ligand effectively forms a cavity, at the

centre of which the metal ion is sited. In a given solvent, the overall stability of the

complex is thus affected by the number of coordination sites occupied by the donor atoms

of the pendant arm macrocycle, and by the 'fit' of the metal ion to the cavity formed by the

coordinated pendant arrn macrocycle.

The metal complex ion stability constants were determined in a methanollwater

solvent system (80:20; v/v), with constant ionic strength I :0.1 mol dm-3 çNEtaClOa), by

potentiometric titration (see section 6.3). A large range of metal ions Zn2*, Cd2*, Cri*,

Ni2*, Co2*, Ct* and Na* were initially chosen for stability constant determination.

However, only Zrf* , Cd2* and Cu2* were found to alter the pH of the solutions to such an

extent that stability constants could be determined. Equilibrium values (1O of less than K

200 dm3 mol-I, or logK .2,t'cannot be measured using a glass electrode.
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3.3 Stability constants for the metal complex ions of

ligands (31), (42), (45) and (50)

Of the metal ions investigated, neither Na* nor Ca2* showed any significant

complexation. This is attributed to their hard acid behaviour in aqueous solution.

Sodium(I) and Ci* tend to form weaker ionic bonds with donor atoms compared with the

metal ions Zr|*, Cd2* and Cu2*. The later metal ions are borderline hard acids and tend to

form stronger covalent bonds with nitrogen donor atoms, resulting in higher metal complex

ion stability constants. The Co2* and Ni2* complexes investigated both formed a precipitate

at around pH 4, resulting in an insufficient number of data points for accurate measurement

of metal complex ion stability constants. The stability constants for Zr]*, Cd2* and Cu2*

are given in Tables 3.3 and 3.4. The complexes of ligand (46) were insufficiently soluble

to be studied under these conditions (see section 6.3).

Table 3.3. The complexation constants expressed as logK values for the metal complex

ions of Zn2*, Cd2* and Cu2* with ligands (31), (42), (45) and (50), at 298.2 (+ 0.2) with 1:
0.1 mol dm-3 çNEtaClO4) in methanol/water (80:20; v/v), (see Table 3.4 for conditions)

Znz*Equilibrium Quotient M2*

logK

M2+: Cd2*

logK

M2*: Cu2*

logK

M(31)'zTlttvt'zl¡qst¡1

tM(H(3 1))31/¡v2*1 ¡H(3 lfl

tM (4 2 ) 
- 

I / tM'* ll(tz)t' l
tM (H( 4 2 ) ) I t ¡xrt2* 1¡ttçtz¡2 

- 

1

tM(H2(42)*1 / ¡vr2l ¡u z(2)-l
tM(H3 (42)'*1 /¡l,tt*1 ¡H {aÐl
lli1l(4Ð24'ltlu(42)-llØÐ3-l

M(4Ð'zTltvr'z.1¡1191

tM(H(4s))3*1/¡na2*1 ¡n(4s)T

3.23 + 0.05 b

rl.4r + 0.02" 9.16 + 0.07'

6.16 + 0.04'

rI.7r + 0.02"

9.00 + 0.09 u

10.68 + 0.07 b

6.60 + 0.05 b

5.15 + 0.04 b

6.49 + 0.08 u

4.54 + 0.06 u

4.gg + 0.0g b

4.64 + 0.07 b

3.gg + 0.05 b

3.55 + 0.05 b

10.01 + 0.05 u

12.55 + 0.04 b

7.66 + 0.03 b

5.54 + 0.02b

M(so)2Tltv2.lt(so)l 10.19 + 0.05 d 8.54 + 0.09 d rc.77 + 0.10 d
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Table 3.4. The protonation constants expressed as pKu values for the metal complex ions

of Zn2* , Cd2* and Cu2* with ligands (31), (42) and (45) at 298.2 (! 0.2) with 1 : 0.1 mol

dm-3 ¡NEtaClO4) in methanol/water (80:20; v/v).

M2*: Cd2*

PKu

M Cu2
2+zi*2+

PKu

M +
Equilibrium Quotient

PKu

tM(3 1)'z.1 tHl4u1Hls r¡31
tM(31)OH.l tHl¡tI\/It31)'*l

tM(42)l tH.ll ¡v6r1lz¡1
tM((42)H)l tHl / tM(H z@2)* )l
tM(H2(42))l tuT ¡ tvrt ruØÐ)2\l
tM(42)oH'z1 ¡ull¡vrllz;1

M(4Ð'z.1 Hl 4tr,rlHqls¡;3 |
tM(4s)oH.l tHT / tM( 4s)'* I

4.gg + 0.05 b

4.68 + 0.04 b

8.91 + 0.06 b

6.74 + 0.06 u

8.71 + 0.07 b

5.48 + 0.05 b

4.49 + 0.03 b

5.50 + 0.04'

5.83 + 0.05 u

4.r7 + 0.03 b

4.01 + 0.07 b

5.78 + 0.06'

tMoHTtH*l/[rur'*] 4.87 + 0.04" >7" 5.14 + 0.04'
u[31],o,ur:9.1 x10-amoldm-3,fzn2*lroou[Cd'*],o,u¡or[Cu2+]rotur :7.0x10-a-l.5xl0-3moldm-3,tÈT*"
:3.1 x l0-3 mol dm-3, ¡EtaOHl :0.104 mol dm-3. o 

[42],o,u,:8.9 x l0-a mol dm-3,lzn2*f,o1"1, [Cd2*] ¡o¡u1 or

[cu'*] ,o,ur: 7.0 x l0-4 - 1.5 x l0-3 mol dm-3, ¡H*1 ,otur: 6.0 x l0-3 mol dm¡, ¡NEtnoHl : 0.104 mol dm-3. "

[45] mt,r 
:1.27 xl0-3moldrf3,fznz*|otul,[Cd2*] ,o,u¡or[Cu2*] totur:7.0x10-a-1.9x10-3 moldm-3,[H*],o,ur

: 4.3 x l0-3 mol dmr, ¡NEtooH] : 0.103 mol dm-3. d 
[50] ,o,ol 

: 7.3 x lO-a mol dm-3, [zn2*1,o,"¡, [Cd2*] ¡o¡u¡ or

[cu'*] ,o,ul: 8.0 x l0-4 - 1.04 x l0-3 mol dm-3, ¡H*1 total:3.1 x 10-3 mol dm¡, ¡NEtooH]:0.103 mol dm-3. "

[M'*],o,u, 7.0 x lo-a mol

dm-3, ¡H*1,o,u¡ 
:4.3 x l0-3 mol dm-3, [NEtooH] :0.103 mol dm-3.

Each of the three metal ions studied formed a metal hydroxide specie, due to their

borderline hard acid behaviour.l2'I3 The pH range of the titrations was limited due to the

formation of these hydroxide species. For each metal ion a pKu value for the coordinated

water was determined.
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A characteristic titration profile for ligand (31) with each of the metal ions is shown

in Figure 3.5. The data collection was restricted to pH < 6 due to metal hydroxide

precipitation.

pH

t2

l0

8

6

4

2

0 0.1 0.2 0.3 0.4 0.5
Volume ofNEtqOH added ("rn-')

Figure 3.5, Typical titration curves of the protonated ligand (31), in the absence and

presence of Zn(ClO4>, Cd(ClOa)2 and Cu(ClOa)2 against NEt+OH at 298.2 (t 0.2) K.

[(31)],o,ur :9.1 x 10-a mol dm-3,¡Zn2*],o,ur, [Cd2*]161¿1 and [Cu'*],o,u, :7.0 x lO-a mol dm-3,

[H*],o,ur:3.1 x 10-3 mol dm-3, ¡NEt+oHl :0.104 mol dm-3,1:0.10 mol dm-3 OIEt4clo4).

An overall trend for the metal complex ion stability constants Cu2*>Zn2*>Cd2* was

observed for ligands (31), (42), (a5) and (50). This is predicted by the lrving-Williams

series,l4 and is also consistent with the Jahn-Teller effect enhancing the stability of Cu2*

over Zt]*.rt The Cd2* complexes exhibit the lowest stability, which is attributed to the

lower surface charge density of the large ion. For the tacn series, ligand (31) (Figure 3.5)

and ligand (50) (Figure 3.6), the size of Cd2* plays a role in the decreased stability that the

ligand exhibits towards the metal ion. The cavity size of the tacn macrocycle is more

closely matched to that of Zr]* and Cu2n, which have ionic radii of 0.73 and, 0.74 
^respectively.16 Cadmium(Il) has a larger ionic radius of 0.96 ,{,16 which causes more steric

strain within the ligand and decreases the stability of the complex.

H3(31)3*

tcd(3lfT

o lZn(31)2*l

[Cu(31)2*]/ r
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pH

t2

l0

8

6

4

2
0 0.1 0.2 0.3

Volume ofNEt¿OH added (.--t)
0.4

Figure 3.6. Typical titration curve of the protonated ligand (50), in the absence and

presence of Zn(ClO4)2, Cd(ClOa)2 and Cu(ClO+)z against NEt+OH at 298.2 (l 0.2) K.

[(S0)]totur 
:7.3 x 10-a mol dm-3,¡Zn2*],otur, [Cd2*]totar or [Cr'*],o,u, :8.0 x 10-a mol dm-3,

[H*],o,ur: 3.1 x 10-3 mol dm-3, ¡NEtaoHl :0.103 mol dm-3,1:0.10 mol dm-3 (NEt4clo4).

The tryptophan ligand, ligand (50), exhibited a trend towards more stable

complexes when compared with its phenylalanine analogue, ligand (31). This is due to the

change in steric bulk of the pendant arms. The larger aromatic structure of ligand (50)

apparently interferes with the competitive complexing ability of water for the metal ion.

The large bulk of ligand (50) may sterically hinder the ability of water to approach the

complex, the increased hydrophobicity of ligand (50) may alter the hydration of the

complex and affect its stability, or both effects may act in concert. Zinc(ll) and Cu2* form

metal complex ions of similar stability with ligand (50): IogK (Zn2*) 10.19 and (Cu2*)

10.77. A lower metal complex ion stability constant was measured for Cd2* and was

attributed to the relative sizes of the macrocyclic cavity and the metal ion, which

mismatched and destabilised the metal complex ion.

The metal complex ions of the cyclen based derivative ligand (a$ @igure 3.7)

exhibited a higher stability when compared with their tacn analogues ligands (31) and (50).

For Cu2* and Zn2*, which preferentially exist as 6-coordinate ions, the larger cyclen ring of

ligand (45) may present a higher degree of flexibility. The configuration of the donor

atoms and pendant arms may be altered to aid in metal ion complexation, with the structure

favouring the stronger amine bonding of the four macrocyclic ring nitrogen atoms over the

four weaker coordinating amide oxygen atoms. 'Work on similar macrocyclic ligands

tH3(s0f.l

NH tcd(sof.l

/
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indicates that the structure might be such that coordination to the metal ion is through the

four amine nitrogen atoms as well as two of the amide oxygen atoms.l7 The cavity size of

the cyclen based ligand (45) was expected to be better suited to the larger ionic radius of

Cd2* than that of Zr]* or Cu2* and thus exhibit stronger metal ion coordination. This was

not observed and was attributed to the larger Cd2* placing more steric strain on ligand (45),

which decreases the stability of the metal complex ion.

t2

10

8

pH

6

o o'1 
u"r3;?."rNoËlon"hXor",,fi 

0'6

Figure 3.7. Typical titration curve of the protonated ligand (45), in the absence and

presence of Zn(ClO4)2, Cd(ClOa)2 and Cu(ClO¿)z against NEt+OH at 298.2 (t 0.2) K.

[(45)],"*r :1.27 x 10-3 mol dm-3, fZ**lroru,, [Cd'*],o,u' or [Cu2n]1otat:7.0 x 10-a mol dm-3,

[H*],o,ur :4.3 x 10-3 mol dm-3, ¡NEt+oH] :0.103 mol dm-3,1:0.10 mol dm-3 (NEt4clo4).

The larger size of Cd2* is also associated with the formation of the Cd(LH)3*

complexes that were obtained for ligands (31) and (a5). The weak coordination of LH* by

Cd2* does not affect the pK" value of ligand (31) (see Tables 3.1 and 3.4) to the same

extent as that observed with Zn2* and Cu2* (Zx(LlH)3+ and Cu(LH)3* are too acidic to be

present in detectable quantities.) The M(LH)3* for Cd2* is a less stable complex for ligands

(31) and (45) than that of the ML2* complex. This is attributed to the charge repulsion that

may occur between LH* and Cd2*. A decrease in ligand denticity from 6 to 5 may also be

a contributing factor.

Similar metal complex ion stability constants were observed for the coordination of

ligand (42) with Cd2* for the two metal complex ions ML- and M(LH) (Figure 3.8). The

di-protonated, M(LH2)+ and tri-protonated M(LH3)2* metal complex ions were also

detected for ligand (42) with Cd2+. The similar stabilities of ML- and M(LH) can be

4

2

tcd(4sfT

lzn(t5)2*l

\
Icu(45)2*]
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ascribed to charge repulsion. The ML- complex has a negative charge, decreasing stability,

whilst the M(LH) complex is neutral thus increasing the stability of the metal complex ion.

The complexes, M(LH2)* and M(LH3)2+ show a decreasing stability towards formation as

the charge on the complex increases, coinciding with increasing electrostatic repulsion.

t2

10

8

pH
6

4

0 0'1 
T"tt"-.0;?Ne,loa'"ol;tor",rl'f 

0'7

Figure 3.8. Typical titration curves of the protonated ligand (42), in the absence and

presence of Zn(ClO4)2, Cd(ClOa)2 and Cu(ClOa)2 against NEt+OH at 298.2 (t 0.2) K.

[(42)].,"r:8.9 x 10-a mol dm-3, lZ**lroru,, [Cd'*],o,u, or [Cu2*]1otat:7.0 x 10-a mol dm-3,

[H*],o,ur:6.0 x 10-3 mol dmr, ¡NEI+OH] :0.104 mol dm-3,1:0.10 mol dm-3 (NEt4ClO4).

When a metal ion competes with protons for ligand coordination sites, the pH of

the solution is altered, therefore a protonated amine, which is coordinated by a metal ion,

will not have the same pKu value as the protonated amine in the free state. V/hen

comparing the pK6 andpKua values of the free ligand (42) with the pK. values obtained for

the Zt]* complex ions, Zn(LH) and Zn(LH2)*, a close similarity was observed. This was

also apparent for the pKua value of the free ligand (42) and the pK" value of the Cd2*

complex ion, Cd(LH3)2+. These similarities suggest that the metal ion either does not

coordinate through the atoms associated with these pKu values, or that only weak

coordination is occurring. Ligand (42) has nine donor atoms, whilst Z** and Cd2*

preferentially form six and eight coordinate complexes respectively, reducing the

probability that either metal ion coordinates through all available donor atoms. A

similarity was also observed between the pK¿ value of the free ligand (45) and the pÇ

value of Cd(LH)3*. Ligand (45) has eight donor atoms and although Cd2* can exist in an

2

VnØz)-l

lcd(42I1

lH6(42)37

OH

o

Icu(a2)-]

1
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eight-coordination sphere, the resultant complex may be highly strained and hence

energetically disfavoured in comparison with a complex of lower coordination number.

Formation of the metal hydroxide complex MLOH+ was detected for ligands (31)

and (45) with Cu2*. The metal hydroxide complexes were formed from the coordination

of water to the ML complex to give the conjugate acid ML(OH2). The measured pK" value

for the CuLOH* complex of ligand (31), pK" 5.83, was closely related to the measured pKu

of aquated Cú*, pKu 5.17 (Table 3.4). The coordination of the water occurs through the

displacement of one of the relatively weak donor amide oxygen atoms in the first

coordination sphere of the six-coordinate Cu2*. A similar rationale applies for the metal

hydroxide complex detected for ligand (45).

The coordination of ligand (42) with Cu2* was also found to form a l:2 metal

complex ion, ML2a-. The exact coordination of ligand (42) with Cu2* could not be

determined, but it is likely that the two ligands coordinate Cu2* through each of their three

amine donor nitrogen atoms, forming a six-coordinate metal complex ion (Figure 3.9).

Such a structure requires that the amide donor oxygen atoms are not involved in

complexation, reflecting the relative donor weakness of amide groups compared with the

donor strength of amine groups. (The bis-coordination of tacn, the precursor to ligand (42)

is well known.l8; The de electronic configuration of Cu2*, and the effect this has on the

stereochemical nature of the metal ion, may be the reason that the 1:2 metal complex ion

\À/as seen only for Cu2* and not for drl Z#*, which has more flexible stereochemical

requirements.

N

Figure 3.9. Diagrammatic representation of the coordination of Cu2* by the macrocyclic

ligand (42).

4

F-..

R

RR
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3.4 Speciation

The pK" values of a ligand, in conjunction with metal complex ion stability

constants, can be used to calculate the concentration of all species present in solution at

any pH. The concentration of the species is expressed as a percentage relative to the total

amount of ligand present in solution. The speciation diagrams for the various Zn2*

complexes formed at different pHs for each of the ligands (31), (42), (45) and (50), are

shown in Figures 3.10 - 3.13 (refer to Appendix 4.2 for speciation with Cd2* and Cu2*

(Figures ,4'.1- 4.8)).

The speciation diagram for ligand (31) (Figure 3.10) shows that the concentration

of the Znl,2* species increases with pH until pH 4.5, where a maximum percentage of

formation is observed. From the measured pK" value of the ZnOH+ species, 4.87, it can be

assumed that when the pH > pKuznog* the later hydroxide species would be present. A

precipitate was observed to appear above this pH, coinciding with the formation of the

Zn(OHù species.

100

ZnL2*
LH

ar
LHz"'

where L: ligand (31)

2.s 3 3.s 4 4.s 5 5.s 6

pH

Figure 3.10. Speciation variation of ligand (31), showing the species present in a

methanol/water (80:20; v/v) solution at various pH in which [31],o,ur 
: 9.1 x 10-a mol dm-3,

lZi*lroru,: 7.0 x 10-a mol dm-3, 1: 0.10 mol dm-3 (NEt+ClO¿) at 298.2 K. Speciation is

shown relative to the total concentration of ligand (31).

The speciation diagram for the coordination of ligand (42) with ZÍ]* is

complicated, due to the number of species present in solution (Figure 3.11). The ligand

initially coordinates Zt]* as a di-protonated species Zn(LH2)*, which is sequentially

80

€60
(Ë

c)(l)
O. /l^(t .tv

o\
20

0
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deprotonated to yield the mono-protonated species Zn(L}J), followed by the unprotonated

species ZnL-. The stable ZnL- species is observed to form predominantly at pH > 5;100 Yo

formation is not observed due to the high stability of the other metal complex ion species

present over this pH range. On formation of the metal hydroxide species ZnL(OH)*, the

quantity of the ZnL' species present is observed to decrease. (This is expected, since water

coordinated to the ZnL- species would be deprotonated at this high pH.)

100

80

Ë60
(-)
oa(t) 40.o
^\

20

ZnL-
Zu(L}])
Zu(LH2)*
ZnL(OH)*
LlH2-

LHz-
LH¡
LH+

where L: ligand (42)

0

34s678
pH

Figure 3.11. Speciation variation of ligand (42), showing the species present in a

methanol/water (80:20; v/v) solution at various pH in which lÍ2frorut: 8.9 x 10-a mol dm-3,

lZi*lroru,:7.0 x 10-a mol dm-3, 1:0.10 mol dm-3 (NEt4CtO4) at298.2 K. Speciation is

shown relative to the total concentration of ligand (42).

The speciation diagram for the coordination of ligand (45) with Zn2* shows the

formation of the major species ZnL2* above pH 3.5 (Figure 3.12). This reflects the high

metal complex ion stability constant measured for ligand (45) with ZtJ*. A similar

speciation diagram was seen for ligand (50) on coordination with Zn2*, with the ZnLz*

species forming almost exclusively above pH 4 (Figure 3.13). This was expected as high

metal complex ion stability constants were obtained for ligand (50).
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Figure 3.12. Speciation variation of ligand (45), showing the species present in a

methanol/water (80:20; v/v) solution at various pH in which [45],o,ur 
: 1.2 x 10-3 mol dm-3,

lZ**lrorur:7.0 x 10-a mol dm-3, 1:0.10 mol dm-3 (NIEt4Clo4) at298.2 K. Speciation is

shown relative to the total concentration of ligand (45).
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Figure 3.13. Speciation variation of ligand (50), showing the species present in a

methanol/water (80:20; v/v) solution at various pH in which [50],o,ul 
:7.3 x 10-a mol dm-3,

lzi*frorut:8.0 x 10-a mol dm-3, 1:0.10 mol dm-3 (NEt+Clo¿)at298.2 K. Speciationis

shown relative to the total concentration of ligand (50).
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3.5 Stability constants for the metal complex ions of

ligands (57) and (58)

The metal complex ion stability constants for ligands (57) and (58), were

determined in a methanol/water solvent system (80:20; v/v), with constant ionic strength 1

: 0.1 mol dm-3 (NEI¿C1O4), by potentiometric titration (see section 6.3). A range of metal

ions was initially chosen for metal complex ion stability constant determination (ZtÌ*,

Cdz*, Cút, C** and Na*). Similarly to ligands (31), (42), (45) and (50), no significant

complexation was detected for Na* or Ct* with ligands (57) or (58). This was attributed

to their hard acid behaviour in aqueous solution.

Precipitation of the metal complex ions formed by ligand (62) occuned at a low pH

(below pH < 4), thus an insufficient number of data points could be obtained. Similarly,

ligand (65), with a shorter spacer group, was reported to form precipitates below pH 4.tn

(6s)
H

Ligands (57) and (58), also formed a precipitate at low pH on coordination with

Zn2* and so an insufficient number of data points were obtained to determine logK values

using a glass electrode. Refer to Chapter 4 for the metal complex ion stability constants

for ligand (62) with Zr]*, C&* and Cu2*, and for the metal complex ion stability constants

of ligands (57) and (58) with Zn2+.
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Table 3.5. The complexation constants expressed as logK values for the metal complex

ions of Cd2* and Cu2* with ligands (57) and (58), at 298.2 (t 0.2) withl:0.1 mol dm-3

(Ì.{Et+ClO¿) in methanol/water (80:20; v/v). (See Table 3.6 for conditions).

Equilibrium Quotient M2*: Cd2*

logK logK

Cu2*M2*

M(s7)2.1/tv2l¡1sz¡1

tM(H(sÐ)3*1 / ¡1,12*1 ¡H(s7f l
lM(H2(57))4*1 / ¡Mt*1 ¡U(57)'.1

lM(ss)2.1 /[n¿2.] t(ss)l

tM(H(ss))3*1 r ¡v2l ¡H(ssrl
tM(H2(5S))a*1 / ¡rr,r2*1 ¡Ur(58)'*l

lL46 + 0.09u

8.80 + 0.09u

5.80 + 0.07 u

14.6r + 0.07 b

t2.lt + 0.06 b

7.23 + 0.04 b

14.00 + 0.06 u

9.23 + 0.06 u

5.01 + 0.06 u

19.42 + 0.05 b

12.36 + 0.04 b

5.40 + 0.06 b

Table 3.6. The protonation constants expressed as pKu values for the metal complex

ions of Cdz* and Cu2* with ligands (57) and (58), at 298.2 (t 0.2) withl:0.1 mol dm-3

(NIEt4CIO4) in methanol/water (80:20, v/v).

Equilibrium Quotient M2*: Cd2*

PKu

Cu2*M2*

PKu

M(sÐ'z.1 Hl ¡[vGr(sz)3.]

[MH(s Ð3*] IHT / tM(H r(s7))o* I

M(ss)21 tH.l / tM(H(ss))',l
[MH(5S)3.] tH+l/M@r(58))onl

tMoHTtH*l/[rurt*]

7.56 + 0.09u

5.10 + 0.094

6.49 + 0.07b

4.20 + 0.05 b

>7"

8.40 + 0.09u

5.52 + 0.05u

6.45 + 0.03 b

4.04 + 0.07 b

5.14 + 0.04'
"[57] :3.3 x lO-a mol dm-3, [cd'*],o.", or [cu'*],o¡u¡ :3.0 x l0-o - 1.0 x l0-'mol dm-', [H*],o,u, 

: 4.6 x l0-3 mol

dm-3,[NEtooH]:0.lllmoldm¡.b¡581 :5.3x10-amoldm-t,¡cdt*1,o,ul or[cu2+],otur:4.0x10-a-l.0xl0-a

mol dm-3, [H*],o,u':5.3 x l0-3 mol dmi, ¡NEtooH] :0.lll mol dm-3. "[cu'*],o,u':7.0 x 10-a mol dm-3,

[H*],oor :4.3 x l0-3 mol dm-3, ¡NEtooHl :0.103 mol dm-3.

For the two anthracene substituted ligands, (57) and (58), subjected to metal

complex ion stability constant determination, large logK values were obtained, indicating

that both ligand (57) and (58) formed stable metal complex ions. A stability variation of

Cu2* > Cd2* was observed for both ligands, (57) and (5S). The observed stability variation

is predicted by the Irving-Williams series.14 The titration profiles for both ligands, (57) and

(58), are shown in Figures 3.14 and 3.15.
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Figure 3.14. Typical titration curyes of the protonated ligand (57), in the absence and

presence of Cd(ClO a)2 and Cu(ClOa)2 against NEt+OH at 298.2 (t 0.2) K. [57]1o1u1 
: 3.3 x

10-a mol dm¡, ¡Cd2*]totur: 1.0 x 10-3 mol dm-3, [Cu'*],o,u,: 1.0 x 10-3 mol d--' , [H*],o,ur:

4.6 x 10-3 mol dm-3, [NEt4oH] : 0.1 I 1 mol dm-3, ¡: 0.10 mol dm-3 6Etaclo4).

2

2

0 0.1 0.2 0.3 0.4 0.5
Volume ofNEt¿OH added ("--')

0.6

Figure 3.15. Typical titration curves of the protonated ligand (58), in the absence and

presence of Cd(ClO a)2 and Cu(ClOa)2 against NEt+OH at 298.2 (t 0.2) K. [58],"o' : 5.3 x

10-a mol dm-3, ¡Cd2*l,o,ur: 1.0 x 10-3 mol dm-3, [Ct'*].o,: 1.0 x 10-3 mol d--t , ¡H*1.",':5.3

x 10-3 mol dm-3, [NEt4OH] : 0.111 mol dm-3, I:0.10 mol dm-3 (NEt¿ClO4).
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Higher metal complex ion stability constants were calculated for ligand (58) than

for ligand (57). This is attributed to the ethylamine nitrogen adjacent to the anthracene

substituent being substituted in ligand (58) but not in ligand (57). The extra pendant arm

substituted in ligand (58) increases the number of donor atoms, decreases the electron

withdrawing effect of the anthracene, and increases the hydrophobicity of the system. One

or more of these effects may account for the increase in metal complex ion stability.

For the anthracene substituted ligands (57) and (58), both Cd2* and Cu2* were found

to form mono-protonated and di-protonated metal complex ions, M(LH)3* and M(LH2)a*,

respectively. The pKu2 and pK¿ values obtained for the free ligand (57) were similar to the

pKus of the protonated Cd2* metal complex ions, Cd(LH)3* and Cd(LH2)4*. Similarly, the

protonation assigned pK¿ for ligand (57) was comparable to the pKu value of the

protonated Cu2* metal complex ion Cu(LH2)a*. A close similarity was also observed

between the pK¿, pKua and pKu5 values of the free ligand (58) and the pK" values of both

the protonated Cd2* and Cu2* complex ions, M(LH)3* and M(LH2)a* (where pKaa andpK¡5

are indistinguishable, as discussed in section 3.1.2) (see Tables 3.2 and 3.6 for ligands (57)

and (5S)). These similarities suggest that not all amine groups are involved in metal ion

coordination or are only weakly coordinated to the metal ion. Copper(Il) tends to form

only six coordinate complexes while both ligands (57) and (58) have eight and nine donor

atoms respectively, increasing the probability that not all amine groups are involved in

metal ion coordination. The same rationale applies for ligand (58) with Cd2n. The usual

coordination number of Cd2* does, however, correspond with the number of donor atoms

present in ligand (57); but the resultant complex may be highly strained, and hence

energetically disfavoured by comparison with a complex of lower coordination number.

The stability constants calculated for the metal complex ions of ligand (57) were

higher than the calculated stability constants for ligands (31), (42), (45) and (50) (see

section 3.2.1). In the case of ligands (31) and (50) this is attributed to ligand (57)

possessing eight donor atoms, while ligands (31) and (50) have only six. The large number

of donor atoms in ligand (57), coupled with the larger ring size, has probably created a

more flexible coordination environment. The same rationale cannot be applied to ligands

(42) and (45) however, as ligands (42) and (45) have eight and nine donor atoms

respectively. The increased stability of the metal complex ions of ligand (57) over those of

ligands (42) and (45), is attributed to the change in donor atoms present in ligand (57),

which has an additional amine group. Hence, the higher metal complex ion stability
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constants of ligand (57) reflect the increased strength of a coordinating amine nitrogen

group compared with the relative weakness of a coordinating amide oxygen group. The

higher metal complex ion stability constants may also be associated with the increased

hydrophobicity of the system, due to the incorporation of the anthracene group. A similar

rationale can also be applied to the difference between the metal complex ion stability

constants of ligand (58) with those of ligands (31), (42), (45) and (50). Ligand (58) has a

larger number of stronger coordinating atoms than ligands (31), (42), (45) and (50), with

frve amine donor nitrogen atoms, and four amide donor oxygen atoms. The

hydrophobicity of the system in ligand (58) is also increased, due to the incorporation of

the anthracene group. A combination of these factors is probably reflected in the difference

between the stability constants of the metal complex ions formed by ligand (58) and those

formed by ligands (31), (42), (a$ and (50).

3.6 Speciation

The concentration of all species present in solution at any pH may be visualised by

means of species distribution diagrams as mentioned previously (see section 3.3). The

speciation diagram Figure 3.16 illustrates the effect varying pH has on the species present

in solution for ligand (57) with Cu2*. Copper(Il) initially coordinates ligand (57) as the di-

protonated species Cu(LH2)a* up to pH 4, when sequential deprotonation of the metal

complex ion occurs. All the detectable species for ligand (57) are seen in a large

percentage relative to the total ligand concentration. This is a reflection of the large

stability constants determined for the metal complex ions of ligand (57). A similar

speciation diagram can be seen for ligand (5S) with Cu2* 1Figure3.l7), as was seen for

ligand (57), with initial complexation of Cu2* forming a di-protonated species Cu(LH2)a*.

Deprotonation of the Cu(LH2)a* species results in the formation of the mono-protonated

complex Cu(LH)3* and the unprotonated complex CuL2*. The later species forms in

predominance above pH 6.5 (refer to Appendix .4..2 for speciation with Cd2* Figures 4.9

and 4.10).
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Figure 3.16. Speciation variation of ligand (57) showing the species present in a

methanol/water (80:20; v/v) solution at various pH in which [57],o,ur 
: 3.3 x 10-a mol dm-3,

[Cu2*],o,ur 
: 1.0 x 10-3 mol dm-3, 1: 0.10 mol dm-3 (NIEt4Clo4) at 298.2 K. Speciation is

shown relative to the total concentration of ligand (57).
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Figure 3.17. Speciation variation of ligand (58) showing the species present in a

methanol/water (80:20; v/v) solution at various pH in which [58]totur: 5.3 x 10-a mol dm-3,

[Cu2*]totur 
: 1.0 x 10-3 mol dm-3, 1: 0.10 mol dm-3 (NEt+Clo¿) at 298.2 K. Speciation is

shown relative to the total concentration of ligand (58).
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3.7 Discussion

All of the ligands synthesised in Chapter 2 were studied extensively using

potentiometric titrations to determine their pKu values and metal complex ion stability

constants. All titrations were carried out in a partially aqueous solvent system,

methanol/water (80:20 ; vlv), at constant ionic strength 1: 0.10 mol dm-3 (NEt4ClO4).

It was found that increasing the steric bulk of the arms from phenylalanine to

tryptophan yielded a ligand with higher pKu values. Increasing the size of the ring from the

6-membered tacn to the 8-membered cyclen ring also had the effect of increasing the

measured pKu values. This was attributed to the greater charge separation achievable with

the larger macrocyclic ring. It was also found that the pKus, attributed to the carboxylic

acids were the most acidic in the two ligands (a2) and (46). The pK" values for the

anthracene substituted ligands (57), (58) and (62) showed the effect that the addition of an

anthracene group had on the system. The pÇ values measured for ligand (57) were more

acidic than for ligand (58); a similar trend was also observed between ligand (62) and

ligand (58). The pK" values measured for ligand (62) were more acidic than those for

ligand (58). For the anthracene substituted ligands, these trends were attributed to the

increased hydrophobicity of the system in ligand (58).

A trend in the metal complex ion stability constants Cu2*> ZrJ*> Cd2* was

observed, as predicted by the Irving V/illiams series. All three metal ions formed

hydroxide species due to the deprotonation of coordinated water.

Higher metal complex ion stability constants were measured for the anthracene

substituted ligands (57) and (58), than for those of ligands (31), (42), (45) and (50). This

was attributed to both, the addition of the anthracene substituted arm with the extra amine

donor nitrogen atom for coordination, as well as the increased hydrophobicity of the

systems, which was associated with the anthracene substituent. The macrocyclic ring size

was also found to affect the stability of the metal complex ions; higher stability constants

were measured for the cyclen based ligands than for the tacn based ligands.

In some cases, similarities were observable between the pÇ values of the free

ligands and the pKu values of the protonated metal complex ions. This was most apparent
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for the ligands with larger chelate rings and indicates that the metal ion may not be

coordinated through all of the available donor atoms.

Three of the ligands that underwent potentiometric titration, ligands (57), (58) and

(62) are designed as fluorescent sensors. To ascertain the usefulness of these ligands as

fluorescent sensors their photophysical properties were investigated as described in

Chapter 4.
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4.1

Chapter 4 UV-visible Absorption and

Fluorescence Studies

Introduction

There are many different types of electromagnetic radiation, from radio waves to

gamma rays. The photon, which can be described as a small packet of energy, is an

important part in the understanding of electromagnetic radiation or light. V/hen the

electronic energy of an atom is altered, it either absorbs or emits a photon. The energy of a

photon is proportional to its frequency or wavelength as defined in Equation 4.1.

E: hv : hcl)" (4.1)

where /¿ is Planck's constant (6.626 x 10-34 J s)

v is the frequency of the radiation (s-r)

c is the velocity of light in a vacuum (3 x 108 m s-r)

I is the wavelength of the radiation (m)

'When an electron absorbs a photon, it leaves a lower energy orbital to enter a

higher energy orbital, and the atom or molecule thereby assumes an excited state. The

various frequencies of light absorbed by atoms and molecules give rise to their absorption

spectra and, more generally, absorption spectroscopy. When the electron in the excited

state loses energy and returns to its ground state, a photon is emitted. This results in the

emission spectra of atoms or molecules, a process that can generally be described as

emission spectroscopy.

A useful technique, which harnesses the absorption of light, is ultraviolet-visible

(UV-visible) spectroscopy. This technique produces a spectrum, which is the graphical

representation of the intensity of light absorbed in producing electronic transitions in a

molecule, as a function of the wavelength of light. The energy required to excite electrons

between energy levels is characteristic of particular types of molecules. The relationship

between the absorption spectra of molecules and their structure has been extensively

studied.l-3 The degree of absorption of a molecule is based on the Beer-Lambert law,



Chapter 4 95

which dehnes the relationship between the absorbing substance and the incident, and

transmitted radiation intensities. The Beer-Lambert equation is given in Equation 4.2.3

A: Iog(IolI) : eCl (4.2)

where ,4 is the absorbance of the sample

1o is the light intensity incident on the sample

I is the light intensity transmitted by the sample

e is the molar extinction coefficient of the molecule (dm3 mol-l cm-l)

C is the concentration of absorbing molecules in solution (mol dm-3)

I is the path length of light through the solution (cm)

Lambert's law states that the proportion of light absorbed by a transparent medium

is independent of the intensity of the incident light, and that each successive layer of the

medium absorbs an equal fraction of the incident light. Beer's Law is related to the

concentration of the absorbing substance, and states that the amount of light absorbed is

proportional to the number of absorbing molecules through which the light passes; that is,

the absorption of a solution is directly proportional to its concentration.2

A spectrophotometer is used to measure absorbance as a quantity, which is

expressed as the molar extinction coefficient or molar absorptivity of the molecule. The

term molar absorptivity is used when the concentration is expressed as moles per litre and

the path length is in centimetres. Molar absorptivity is an important concept, as it is

independent of the concentration or sample size, and is related only to the absorption

frequency. These laws can be applied only when the light source is monochromatic.

Emission spectroscopy is important in the study of photophysical effects; these

types of experiments involve fluorescence or phosphorescence. The process of emission is

slower than that of absorption and can take several pathways, such as vibrational

relaxation, internal conversion, or intersystem crossittg.o't These electronic transitions are

depicted in the energy level diagram, Figure 4.1, where So is the ground state.
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Figure 4.1. Schematic energy level diagram of the absorption and emission of energy

from a molecule, indicating possible electronic transitions. S represents a singlet state, T

represents a triplet state, V represents the various vibrational sublevels, and the wavy lines

represent non-radiative energy transitions.

Vibrational relaxation occurs by the transfer of photons through collisions with

other molecules in a stepwise fashion, which results in the electrons occupying the lowest

vibrational level in the electronically excited state. The energy level diagram (Figure 4.1)

illustrates the various vibrational energy levels associated with each excited state, Vo - Vn

(where n: 1,2...). The different vibrational energy levels in each state cannot be viewed

individually for liquids at room temperature; but as a whole they contribute to the broad

nature of the bands in both absorption and emission spectra.

Internal conversion occurs from the lowest vibrational level (V6) in an excited state,

52, to a lower electronic energy level, Sr. There are three different ways that this can be

achieved. Firstly, if there is an overlap of vibrational levels between the upper electronic

state (S2) and the lower electronic state (S1), then transient thermal equilibrium allows for

the crossover between states. This is then followed by vibrational relaxation within the

electronic energy level, until the next lowest vibrational level in that state is reached.

Secondly, where the two electronic energy states do not overlap but the gap is small, a

process called tunnelling can result, allowing for the decrease in energy. Thirdly, if the

gap between the electronic energy states is large, radiative transmission then occurs

Vn
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between the two states, upper and lower. The difference in energy is released as a photon,

the frequency of which is proportional to the change in energy levels (u : AE/h). This

process is commonly referred to as fluorescence. Fluorescence is normally seen only

between the energy levels Sl to So. The above processes for relaxation are in effect only

for singlet states or for those states in which all the electrons are spin paired.

In molecules that have one set of electrons unpaired, a triplet state results and

intersystem crossing can occur. This can be rationalised by Hund's rule, which postulates

that the triplet state will be at a lower energy than that of its corresponding singlet state,

due to its unpaired electron. This allows for intersystem crossing between the two spin

systems, singlet and triplet, Sl to Tr. The conversion from the triplet state, T1, to the

lowest energy level, So, is referred to as phosphorescence. Phosphorescence has a lower

probability of occurring than fluorescence because the change in spin state is classically

forbidden. The spin-forbidden nature is reflected in the long radiative lifetime of

phosphorescent transitions and occurs mostly in molecules with restricted vibrational

freedom, such as aromatic groups.

Two types of spectra can be obtained when measuring fluorescence; emission and

excitation. Emission spectra are obtained when the emission intensity is measured as a

function of wavelength at a fixed excitation wavelength. This differs from excitation

spectra, which are obtained by measuring the emission intensity at a fixed wavelength as

the excitation wavelength is altered. In this work emission spectra only were measured.

Much interest has been expressed in the development of aminomethyl anthracene

derivatives as fluorescent sensor systems for pH and metal ion detectiott.6 Th"y are often

used for PET (photoinduced electron transfer) based detection, in which the lone pair of

electrons from the amine nitrogen quenches the fluorescence of the anthracene substituent

by electron transfer. The transfer of electrons by PET can be hindered by metal ion

complexation or protonation of the amine group, which interrupts the PET mechanism and

results in the restoration of fluorescer,.ce.6-t0 The focus of this study is to investigate how

both protonation and metal ion complexation affect the UV-visible absorption and

fluorescence properties ofligands (57), (58) and (62). These ligands have been devised as

anthracene substituted sensoÍs, designed to respond to the effects of protonation and metal

ion complexation through PET. The ligands incorporate an anthracene substituent as a
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fluorophore, and an ethylamine nitrogen adjacent to the anthracene substituent, which

should act as the primary electron donor for PET.

OMe

o :RI

:R3Rl N
H

)
R3

R1 N
I

2

Figure 4.2 Structures of the anthracene substituted ligands (57), (58) and (62)

4.2 Photophysical pH titrations

All photophysical measurements were determined in a methanol/water solvent

system (80:20; viv) with constant ionic strength 1: 0.1 mol dm-3 çl.lEtaclo4). Methanol is

a solvent of high transmittance (> 210.5 nm for a 1 cm path length),ll which is highly

miscible with water. The choice of solvent was governed by the solubility of ligands (57),

(58) and (62) and allows for direct comparison with the data obtained from potentiometric

titrations. The concentrations used for photophysical measurements however, differ from

those used in the potentiometric titrations (see Chapter 3). Concentrations of the order of

10-s and 10-6 mol dm-3 are compatible with UV-visible absorption and fluorescence

measurements; the same solutions were used in both UV-visible absorption and

fl uorescence measurements.

(57): R2: H

(58): R2: Rr

(62)

R
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4.2.1 UV-visible absorption pH titrations for ligands (57)'

(s8) and (62)

To observe the influence of pH on the UV-visible absorption of ligands (57), (58)

atd (62), a dilute solution of the protonated ligand in a methanol/water solvent system

(80:20; v/v), with constant ionic strength I:0.1 mol dm-3 (NEtaClOa), was titrated against

a solution of tetraetþlammonium hydroxide (NEt4OH). The UV-visible absorption

measurements were over the range of 300-450 nm.

9-substituted anthracene derivatives have been shown to yield characteristic four

absorption band spectra;12 he.rc" similar absorption spectra were expected for the ligands

in this study. The absorption spectra obtained from the titration of the protonated ligand

(57) (Figure 4.3) show that the ligand underwent a change in absorption on titration with

base; at higher pH the molar absorptivity of the ligand was increased. Three absorption

bands were observed at 389, 368, and325 nm for the protonated ligand (57).

The absorption spectra of ligand (57) show alarge absorption band around 325 wn,

consistent with a charge transfer, which may occur between the phenyl rings of the pendant

arms and the anthracene substituent. The choice of solvent may have facilitated this, as

charge transfer states are often seen in polar solvents.13 The changes in absorption patterns

for the individual spectra in the montage were in accordance with the mono to tetra

protonated species present and hence also with the pK" values obtained from the

potentiometric titrations (see section 3.1.2). On increasing pH, the two absorption bands at

389 and 368 nm underwent a hypsochromic shift (the absorption bands at 389 and 368 nm

are associated with the electrons in the anthracene substituent). The band at 325 nrrt

(associated with charge transfer between the phenyl rings and the anthracene substituent),

however, underwent a slight bathochromic shift. A bathochromic shift indicates an

increase in electron delocalisation, whilst a hypsochromic shift indicates a decrease in

electron delocalisation. The absorption band shift suggests that as the pH of the solutions

is increased, there is an increase in the charge transfer between the phenyl rings and the

anthracene substituent. This increase coincides with a decrease in the electron

delocalisation within the anthracene substituent.
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UV-visible absorption spectra for the titration of the protonated ligand (57)

[3.3 x 10-s mol dm-3] againstNEt+OH inmethanollwater (80:20; v/v) (1:0.1 mol dm-3,

NEt4ClO4) at298.2K. [H*],o,ur 
: 4.6 x 10-a mol dm-3, ¡NEt¿OHltot4 : [0, 1.7 x l0-4,2.6 x

l0'4,3.6x 10-a, 3.7 xr}-a,3.8 x 10-a,3.9 x 10-a,4.0 x 10-a, 4.2x10-a,4.4x10'a,4.5 x 10-4,

4.7 x 10-a mol dm-31 in ascending order of molar absorptivity and the corresponding pH

values; 3.3, 3.4, 3.9, 4.2, 4.7, 5.1, 5.7, 6.4, 7 .3, 8.2, 9. 1, 1 0. 1'

The absorption spectra obtained from the titration of the protonated ligand (58)

with NEt¿OH are shown in Figure 4.4. Four absorption bands were observed at 387, 368,

346 and 331 nm for the protonated ligand (58). A significant difference in absorption

patterns occurs between the absorption spectra of ligand (57) (Figure 4.3), and ligand (58)

Figure 4.4). The difference in ratio of the molar absorptivity between the band at 331 nm

(associated with charge transfer between the phenyl rings and the anthracene substituent)

with the bands at 387,368, and 346 nm (associated with the electrons in the anthracene

substituent) is much smaller for ligand (58) than for ligand (57). This indicates that the

extent to which charge transfer occurs in ligand (58) is decreased when compared with

ligand (57). This is attributed to the ethylamine nitrogen adjacent to the anthracene

substituent being substituted in ligand (5S) but not in ligand (57). The steric bulk of the

additional pendant ann may hinder the charge transfer between the phenyl rings and the

anthracene substituent.

loHl
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Figure 4.4. UV-visible absorption spectra for the titration of the protonated ligand (58)

[8.6 x 10-s mol dm-3] against NEt+OH in methanol/water (80:20; v/v) (1: 0.1 mol dm-3,

NEt+ClO¿) at 298.2 K. [H*],o,ur 
: 1.1 x 10-3 mol dm-3, ¡NEtaOH]totur 

: 
10, 4.3 x I0-4, 5.2 x

l0'4,6] x 10-a, 7.0 x l0-4,7.g x 10-a, 8.8 x r0-4,9.7 x 10-a, 1.1 x 10-3 mol dm-31 in

ascending order of molar absorptivity and the corresponding pH values; 3.2,3.5, 4.2, 4.9,

6.1, 7.3, 8.1, 9.1, 10.5.

A slight hypsochromic shift on titration with NEt¿OH was observed for the

absorption spectra of ligand (58). This indicates that on deprotonation there is a decrease

in electron delocalisation wiíhin this ligand. The change in the absorption pattern for the

solutions, at which the individual spectra in the montage were measured, was in agreement

with the mono to penta protonated species present, and hence also with the pK" values

obtained from the potentiometric titrations (see section 3.1.2). The largest change in molar

absorptivity occurs above pH 4.2. By comparing the change in molar absorptivity in

Figure 4.4 with the speciation plot and the various protonated species in Figure 4.5, the

change in molar absorptivity above pH 4.2 is observed to coincide with the first

deprotonations of ligand (58), (LH¿a*, pKua 4.90 and LH5s*, pKu5 4.5I).
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Figure 4.5 Speciation variation of ligand (5S) showing the species present in

methanol/water (80:20; v/v) at various pH (solid lines, -) in which [58],o,ur 
: 8.6 x 10-s

mol dm-3; where L : ligand (58) and speciation is shown relative to the total concentration

of ligand (58).

The absorption spectra for the titration of the protonated hydroxyetþl pendant arm

ligand (62) with NEt+OH are shown in Figure 4.6. The absorption spectrum of the

protonated ligand (62) atpH 2.8 displayed four bands at 388, 369,351.5 and 337 nm. The

absorption spectra for ligand (62) lacks the charge transfer band at around 330 nm, which

was observed in the spectra of ligands (57) and (58). This is as a consequence of the

absence of phenyl rings in the pendant arms of ligand (62), which minimises the

opportunity for charge transfer. The absence of the charge transfer band allows the

influence of pH on all four absorption bands of ligand (62) to be observed more clearly.

The changes in absorption patterns, for the individual spectra in the montage, were in

accordance with the variety of protonated species present, and hence also with the pK^

values obtained from the potentiometric titrations (see section 3.1.2). Above pH 3.4 the

absorption spectra underwent a significant change. This coincides with the second

deprotonation of ligand (62) (LlF'+a*,pK. a.S3) (Figure 4.7).

LHs
LHq
LHs
LHz
LH
L



Chapter 4 103

O
,_
o

H

Ë

>\
I

O.
¡-r
o
at)p

¡<
CÉ

o
=À

t4

t2

10

8

6

4

2

0

pH
2.8 -3.4
4.5
6.5-10.5

320 330 340 350 360 370

Wavelength (nm)

380 390 400

Figure 4.6. UV-visible absorption spectra for the titration of the protonated ligand (62)

ll.2 x 10-a mol dm-31 against NEt¿OH in methanol/water (80:20; vlv) (I: 0.1 mol dm-3,

NEt+Clo+) at298.2K. [H*],o,ur: 1.8 x 10-3 mol dm-3, ¡NEt¿OHltotur 
:10,2.4 x 10-4,9.6 x

l0-4, 1.3 x 10-3, 1.4 x 10-3, 1.6 x 10-3, 1.7 x 10-3, 1.8 x 10-3, 1.9 x 10-3] in ascending order of

molar absorptivity and the corresponding pH values; 2.8,3.1,3.4, 4.5, 6.5,7.4,9.I, 10.1,

10.5.

1

3 4 5 6 7 8 9 10 11

pH

Figure 4.7 Speciation variation of ligand (62) showing the species present in

methanol/water (80:20 ; vlv) at various pH (solid lines, -) in which [62]totur 
: 1.2 x l}-a

mol dm-3; where L : ligand (62) and speciation is shown relative to the total concentration

of ligand (62).
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Table 4.1 The UV-visible absorption maximum wavelength and molar absorptivity (e)

values for ligands (57), (5S) and (62) at indicated pH in methanol/water (80:20; vlv), (I:
0.1 mol dm-3, NEtaClo4) at298.2K

Ligand Maximum wavelength (nm) (e (1 0-a mol d-"))

104

(s7) at pH 3.3

(57) atpH 10.1

(58) at p}]3.2

(58) at pH 10.5

(62) at pH 2.8

(62) at pH 10.5

38e (0.57) 368 (0.e) 32s (4.6)

388 (0.7e) 36s (r.2) 326 (s.s)

387 (5.3) 368 (6.3) 346 (6.s) 33t (7 .6)

386 (6.6) 366 (7.s) 346 (s.8) 331 (e.0)

388 (8.4) 36e (10.0) 3sl.s (7.4)337 (4.0)

38s.s (1 1.8) 36s.s (r2.6) 348 (8.2) 332 (4.r)

4.2.2 Fluorescence pH titrations for ligands (57)' (58) and

(62)

To observe the influence of pH on the fluorescence of ligands (57), (58) and (62), a

dilute solution of the protonated ligand in a methanol/water solvent system (80:20; v/v),

with constant ionic strength 1: 0.1 mol dm-3 çl.lEtaClO¿), was titrated against a solution of

NEt+OH. The fluorescence measurements were over the range of 377-550 nm.

There are two options for determining the wavelength for excitatiory (a) at the

wavelength where the species of interest has the maximum molar absorbance, and (b)

when the species present exhibit an isosbestic point, or identical molar absorbances. Due

to the varied types of absorption spectra observed, the excitation wavelength was chosen

from the second longest wavelength band at 368 nm.

The fluorescence spectra obtained for ligand (57) are shown in Figure 4.8, and are

characteristic of a 9-substituted anthracene derivative.2'r2 Three emission maxima bands

and a small shoulder were observed; the spectra underwent a small hypsochromic shift on

titration of the protonated ligand (57) with NEt¿OH
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Figure 4.8. Fluorescence spectra for the titration of the protonated ligand (57) [3.3 x 10-

s mol dm-31 against NEt+OH in methanol/water (80:20; vlv) (I: 0.1 mol dm-3, NEt¿ClO4)

ar298.2 K when excited at368 nm. [Hn]61ut: 4.6 x 10-a mol dm-3, [NEt+OH]to1¿1 
: [0, 1.7 x

r0'4,2.6x10-a,3.6x10-a,3.Jxl}-a,3.8x10-a,3.9x10-a,4.0x10-a,4.2x10-a,4.4x10-4,

4.5 x l0-4,4.7 x 10-a mol dm-3] in descending order of fluorescence intensity and the

corresponding pH values; 3.3,3.4,3.9,4.2,4.7,5.1, 5.7,6'4,7.3,8'2,9.1, 10.1.

In a PET type system, when the amine group involved in the transfer of electrons is

protonated, the lone pair is not available to quench the fluorescence of the fluorophore.

Only when the amine is deprotonated does the lone pair of electrons become available and

fluorescence is quenched.6-10 From Figure 4.8 it can be observed that the highest

fluorescence intensity corresponds with the fully protonated ligand (57). This indicates

that the PET process is completely inhibited by protonation. The fluorescence of the

anthracene substituent is then slowly quenched on titration with NEI+OH, as ligand (57) is

sequentially deprotonated. The change in fluorescence of ligand (57) as a function of pH is

depicted in Figure 4.9.

loHl
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Figure 4.9 Left vertical axis; speciation variation of ligand (57) showing the species

present in methanollwater (80:20; vlv) at various pH (solid lines, -) in which [57]totur 
:

3.3 x 10-s mol dm-3; Right vertical axis; dependence of the fluorescence intensity (h%))

of the solution as a function of pH (black triangles, A); where L : ligand (57) and

speciation is shown relative to the total concentration of ligand (57).

For ligand (57) the change in the intensity of the fluorescence is dominated by the

relative proportions of [LHa]a* and [LH¡]3*, with a minor part played by LH2, LH and L.

Ligand (57) remained fluorescent even when fully deprotonated; this indicates that the

fluorescence of the ligand is not fully quenched through PET.

There was a similar trend in the fluorescence spectra for the protonated ligand (58)

on titration with NEt+OH (Figure 4.10), as that observed for ligand (57). Fluorescence

quenching occurred for ligand (58) on increasing pH. The fluorescence spectra obtained

show three emission maxima bands and a small shoulder, which underwent small

hypsochromic shifts on titration of the protonated ligand (58) with NEt¿OH.

LH+
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Figure 4.10. Fluorescence spectra for the titration of the protonated ligand (58) [8.6 x

10-5 mol dm-31 against NEt+OH in methanol/water (80:20; vlv) (I : 0.1 mol dm-3,

NEt+ClO¿) at 298.2 K when excited at 368 nm. [H*],o,ur : 1.1 x 10-3 mol dm-3,

[NEt4oH]total:[0,4.3x10-a,5.2x10-a,6.1 x10-a,7.0x10-a,7.9xI}'a,8.8x10-4,9.7x

10-4, 1.1 x 10-3 mol dm-3] in descending order of fluorescence intensity and the

corresponding pH values; 3.2, 3.5, 4.2, 4.9, 6.1, 7 .3, 8. l, 9. 1, 1 0.5.

The change to the intensity of the fluorescence for ligand (58) is dominated by the

relative proportions of [LH5]s* and [LHa]a*', with a minor part played by LH3, LHz,LH and

L. The change in fluorescence as a function of pH is depicted in Figure 4.11. The

deprotonated ligand (58) remained fluorescent, which indicates that the fluorescence of the

ligand was not fully quenched by PET; ligand (57) exhibited a similar behaviour. A small

amount of quenching was observed under strongly acidic conditions for ligand (58). This

type of quenching has been reported previously in other anthracene conjugated

macrocycles. This has been attributed to both, protonation of the anthracene substituent, as

well as an acid- catalysed photochemically induced decompo sition. I a' I 5

loHl
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Figure 4.Ll Left vertical axis; speciation variation of ligand (58) showing the species

present in methanollwater (80:20; vlv) at various pH (solid lines, -) in which [58]¡61¿¡ 
: 8.6

x 10-s mol dm-3; Right vertical axis; dependence of the fluorescence intensity (1p (%)) of

the solution as a function of pH (black triangles, A); where L : ligand (58) and speciation

is shown relative to the total concentration of ligand (58).

The fluorescence intensity of the solutions decreased markedly with the first

deprotonation of LHao* (pKuo 4.52) for ligand (57), consistent with the deprotonation being

that of the -NH2*- amine adjacent to the anthracene substituent. For ligand (58) the first

two deprotonations are characterised by similar pKus (pKu¿ 4.90 and pKu5 4.51), and

therefore it is not obvious which deprotonation is having the greater effect on fluorescence.

However, it is probable that deprotonation of the -*FINR'- group adjacent to the anthracene

substituent, will have the greatest effect, and that this is characterised by the first or second

PKu'
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The fluorescence spectra obtained from the titration of the protonated ligand (62)

with NEt¿OH were also characteristic of an anthracene substituted ligand involving a PET

mechanism; fluorescence quenching was observed on ligand deprotonation (Figure 4.12).

3s0

15

100

0

380 400 420 440 460 480 500 s20 540

Wavelength (run)

Figure 4.12. Fluorescence spectra for the titration of the protonated ligand (62) ll.2 x

10-a mol dm-31 against NEt+OH in methanol/water (80:20; vlv) (I : 0.1 mol dm-3,

NEt+ClO+) at 298.2 K when excited at 368 nm. [H*]totur : 1.8 x 10-3 mol dm-3,

[NEt4oH]t"td: [0,2.4xI}-a,9.6x10-a,1.3 x 10-3, 1.4x 10-3, 1.6x 10-3, 1.7x 10-3, 1.8x

l0-3, Lg x 10-3 mol dm-3] in descending order of fluorescence intensity and the

corresponding pH values; 2.8, 3.1, 3.4, 4.5, 6.5, 7 .4, 9.I, 1 0' 1, 1 0.5.

The intensity of the fluorescence for ligand (62) is dominated by the relative

proportions of [LH5]s* and [LHo]a*, with a minor part played by LH3, LH2,LH and L. No

change in fluorescence intensity for ligand (62) was observed above pH 10.5. The change

in fluorescence as a function of pH is depicted in Figure 4.13. The fluorescence spectra of

ligand (62) were observed to undergo a slight hypsochromic shift on increasing pH. The

fluorescence intensity of the solutions decreased markedly with the second deprotonation

of LH¿a* (pK^a 4.83) for ligand (62), and was consistent with the deprotonation being that

of the -*FINR'- amine adjacent to the anthracene substituent.
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Figure 4.13 Left vertical axis; speciation variation of ligand (62) showing the species

present in methanoVwater (80:20; vlv) at various pH (solid lines, -) in which f62lto¡ut: 1.2

x 10-a mol dm-3; Right vertical axis; dependence of the fluorescence intensity (1r(%)) of

the solution as a function of pH (black triangles, A); where L: ligand (62) and speciation

is shown relative to the total concentration of ligand (62).

Table 4.2. Fluorescence values for emission maxima wavelength and the quantum

yields for ligands (57), (58) and (62), at indicated pH in methanol/water (80:20, vlv), (I :

0.1 mol dm-3, NEt+Clo4) at298.2K

Emission Maxima (nm) (Quantum Yields)

8

1O^\
l¡

o€d
Ooq
(t)

40

20

0

LHs
LH+
LH¡
L}lz
LH
L

Ligand (57) at pH 3.3

Ligand (57) at pH 10.1

Ligand (58) at pH3.2

Ligand (58) at pH 10.5

Ligand (62) at pH 2.8

Ligand (62) atpH 10.5

396.5,418.5, 440, 414 (@F 0.53)

391.5, 414.5, 437 .5,471 (@F 0.08)

400.5, 417,440.5,469 (ØF 0.76)

398, 414.5, 438, 468 (øF 0.07)

402.5, 418, 440.5, 480 (@F 0.23)

397,412, 437,478 (øF 0.01)
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4.3 Metal ion complexation studies

V/hen designing fluorescent sensors as metal ion receptors, investigation into the

influence that metal ion complexation has on fluorescence is vital for sensor evaluation. In

this study a variety of metal ions were investigated for their influence on both the UV-

visible absorption as well as the fluorescence properties of ligands (57), (58) and (62).

Due to the borderline hard acid behaviour of many of the metal ions to be evaluated

for complexation, and the possible subsequent formation of metal hydroxy species,l6 the

measurements were carried out in buffered solutions to help maintain a constant pH. There

are numerous factors, which must be considered when choosing a buffer for metal ion

complexation studies. Firstly, the buffer must not show any significant complexation with

the metal ions of interest. Secondly, it is important that both the ligand and the chosen

metal ions are soluble at the buffered pH. Thirdly, due to the marìner in which PET works,

it is advantageous for the pH of the solution to be above the pKu of the protonated primary

electron donor atom involved in PET; in the case of the ligands studied, this is the

ethylamine nitrogen adjacent to the anthracene substituent. This ensures that any observed

change to absorption or fluorescence is caused by metal ion complexation, and not by

protonation of the primary electron donor. Fourthly, it is desirable that there be only one

absorbing or emitting species present in the solution. This is generally the metal complex

ion, LM.

The buffer systems for these studies were chosen in accordance with the above

specifications. The speciation plots derived from the potentiometric titration of ligands

(57) (Figures 3.1.6 and 4.9), (58) (Figures 3.17 and 4.10) and (62) (Figure 4.7), were

used to determine the pH at which the metal complex ion LM was predominant, and the

ethylamine nitrogen adjacent to the anthracene substituent was deprotonated.

Unfortunately, in the case of ligands (57) and (58), the formation of the metal complex ion

LM as the major species, coincided with precipitation in the potentiometric titrations. For

ligand (57) the formation of the metal complex ion LM as the major species with Cu2n and

Cd2*, occurs at pH 6.9 and,7.6, respectively. For ligand (5S) the formation of the metal

complex ion LM as the major species with Cu2* and Cd2*, occurs at pH 6.4 and 8.0,

respectively. To ensure complete dissolution of ligands (57) and (58) whilst minimising

the influence from the protonated ethylamine nitrogen adjacent to the anthracene

substituent, (the primary electron donor involved in the PET process) the pH of the
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buffered solutions was maintained at pH 5.6 by the buffer 4-morpholineethanèsulfonic acid

(MES). For both ligands (57) and (58), the major species present at this pH was the mono-

protonated metal complex ion, M(LH)3*.

Potentiometric titration of ligand (62) with metal ions was not possible due to the

formation of precipitates at pH 4. Potentiometric titrations are carried out at much higher

concentrations than photophysical measurements; thus problems normally associated with

precipitate formation are often insignificant in photophysical measurements. Precipitation,

however, was still observed for ligand (62) on addition of metal ions above pH 5. Below

pH 5, precipitation was not observed; hence the pH of the buffered solutions was

maintained at pH 4by an acetic acidlacetate buffer. The pH at which measurements were

feasible for ligand (62) coincided with the pK" value assigned to the protonated ethylamine

nitrogen adjacent to the anthracene substituent (LH+a*, pKua 4.83). Therefore for these

solutions, the partially protonated amine would be expected to affect fluorescence spectra.

The alternative to buffering the solutions at this pH was to hlter the solutions containing

the precipitate, prior to measurement. This, however, is undesirable because the

concentrations of the species present in solution then become unknown.

4.3.1 UV-visible absorption properties in the presence of

metal ions for ligands (57) and (58)

For ligands (57) and (58), the buffer system MES was chosen to maintain the pH of

the solutions in the solvent system. The UV-visible measurements were carried out in a

methanol/water solvent system (80:20; v/v), with constant ionic strength I:0.1 mol dm-3

(\lEt4ClO4), at pH 5.6 (MES buffer). The measurements ,were over the range of 300-450

nm.

Four metal ions (Zr?*, Cd2*, Cú* and Ca2*) were investigated for their effect on the

UV-visible absorption of ligands (57) and (58). The absorption spectra obtained for

ligands (57) and (58) were characteristic of 9-substituted anthracene derivatives; the

spectra obtained displayed four absorption bands and a small shoulder.l2 The absorption

spectrum for ligand (57) alone shows four absorption bands at387,368,349,333 nm and a

small shoulder at 319 nm (Figure 4.14). The absorption spectra observed for the buffered

ligand (57) are different from those observed for the solutions in section 4.2,1. This
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indicates that the MES buffer, has an effect on the absorption of the ligand. This is

attributed to the pH at which measurements were feasible, namely pH 5.6. At this pH,

ligand (57) exists in a charged state, allowing for ion pairing interactions with the buffer,

4-morpholineethanesulfonic acid. This affects the absorbance of the ligand. Fortunately,

the fluorescence spectra of ligand (57) were unaffected by the buffer; no change to the

fluorescence spectra was observed between the buffered and unbuffered solutions.

The addition of Cu2* to solutions containing ligand (57) had an effect on the

absorption spectra; the absorption bands underwent hypsochromic shifts to 386, 367,348,

332 and 319 nm (Appendix, Figure 4.11). The absorption spectra obtained for Cu2*

complexation with ligand (57) show a large increase in molar absorptivity below 348 nm.

The large increase is due to the nature of Cu2*, which is capable of charge transfer

processes, thus causing a ligand to metal electron transfer. In transitions like this the

electrons move large distances, often resulting in large dipole moments, which give rise to

intense absorption bands.3 The shift in wavelength is due to the change in electron

delocalisation on Cu2* complexation, because the excited state becomes metal ion

centred.rT The formation of Cd2* and Zrln complexes with ligand (57) had only a small

effect on the absorption spectrum of the ligand (Appendix, Figures A.l2 and 4.13). A

slight increase in molar absorptivity accompanied by a small hypsochromic shift in the

absorption maxima bands was observed. The influence of the complexation of ligand (57)

by Ci* was negligible. The resultant spectra for ligand (57) alone, and in the presence of

Zr]*, Cd2* and Cu2* are shown in Figure 4.14.
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Figure 4.14. UV-visible absorption spectra of ligand (57) alone [4.1 x 10-s mol d..r-'],

and in the presence of Cu2* [8.3 x 10-5 mol d--'], Zn2* ¡8.3 x 10-s mol dm-31, or Cd2* [8.3 x

10-5 mol dm-31 atpH 5.6 (MES buffer) inmethanol/water(80:20; vlv)(I:0.1 mol dm-3,

NEt4(ClO4)z) at298.2 K, where L: ligand (57).

The UV-visible absorption spectrum of ligand (58) in an MES buffered solution

displayed four absorption bands at 387,368,349,333 nm and a shoulder at 319 rmt

(Figure 4.15). Similarly to ligand (57), the spectra obtained for the free ligand (58) in

buffered solutions are different from those obtained in unbuffered solutions (see section

4.2.1). This indicates that the MES buffer, also has an effect on the absorption of ligand

(58). The change in absorption spectra between the buffered and unbuffered solutions is

attributed to the pH at which measurements were feasible. At pH 5.6, ligand (58) exists in

a charged state, which allows for ion pairing interactions with the buffer (MES), and

consequently affects the absorption of the ligand. No changes to the fluorescence spectra

of ligand (58) were observed between the buffered and unbuffered solutions. This

indicates that the buffer has no influence on the fluorescence of ligand (58).

Upon addition of Cu2* to solutions of ligand (58), significant changes to the

absorption spectra were observed (Appendix, Figure 4.14). The absorption bands

underwent hypsochromic shifts to 386, 366,348 and 331 nm and the shoulder to 316 nm.

A decrease in molar absorptivity for the absorption bands above 348 nm was observed.

For the absorption bands at shorter wavelengths, molar absorptivity was increased. The

change in absorption pattern on complexation of Cu2* by ligand (58) can be attributed to a

2

L
CuL2*
ZnL"'
CdL2*

1
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charge transfer transition from the ligand to the metal ion and the resultant dipole

moments.lT

Zinc(Il) and Cd2* did not have a significant influence on the absorption spectrum of

ligand (58). Only a small increase in molar absorptivity occurred on metal ion

complexation (Appendix, Figures 4.15 and 4.16). This indicates that Zn2* and. Cd2* have

only a limited effect on the manner by which ligand (58) absorbs light. No spectral change

was observed on titration of ligand (58) with Ca2+.
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Figure 4.15. UV-visible absorption spectra of ligand (58) alone 14.7 x lO-s mol d--'1,

and in the presence of Cu2* [9.4 x 10-5 mol d--'], z** ¡0.+ x 10-5 mol dm-31, or Cd2* 19.4 x

10-s mol dm-31 at pH 5.6 (MES buffer) in methanollwater (80:20; v/v) (1:0.1 mol dm-3,

NEt4ClO4) at298.2 K, where L: ligand (58).

4.3.2 UV-visible absorption properties in the presence of

metal ions for ligan d (62)

For ligand (62), the buffer system of acetic acidlacetate was chosen to maintain the

pH at 4.0 in the solvent system. The UV-visible measurements were carried out in a

methanol/water solvent system (80:20; v/v), with constant ionic strength I:0.1 mol dm-3

(NEt¿ClO+). The measurements were over the range of 300-450 nm. Four metal ions

(Zt]*, C&*, Crt2* and Ca2*) were investigated for their influence on the UV-visible

absorption properties of ligand (62). Ligand (62) alone was found to have four absorption

4s0
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bands at 3 86, 368, 349,334 nm and a shoulder at 319 nm. The influence on the absorption

spectra of ligand (62) upon addition of either Cd2* or Ca2* was negligible. However a

slight increase in molar absorptivity on addition of Zr]* was observed (Appendix, Figure

4.17). The absorption spectra of ligand (62) underwent the largest change on addition of

Cu2* (Appendix, Figure 4.18); alarge increase in molar absorptivity occurred around 331

nm. This increase coincides with the area attributed to charge transfer between the ligand

and the metal ion. The resultant absorption spectra for ligand (62) alone, and with ZrJ*,

and Cu2* are shown in Figure 4.16. The absorption bands for ligand (62) underwent

hypsochromic shifts on formation of metal complex ions with Znz* andCú*.
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Figure 4.16. UV-visible absorption spectra of ligand (62) alone [5.5 x 10-5 mol d--'],

andinthepresenceof Cu2* [1.11x 10-amold--t], orZn2* [1.11x 10-amoldm-31 atpH4.0

(acetate buffer) in methanollwater (80:20; vlv) (I: 0.1 mol dm-3, NEt+ClO4) at298.2K,

where L: ligand (62).

The wavelengths of the absorption bands for all three ligands, (57), (58) and (62),

underwent hypsochromic shifts on metal ion complexation. Shifts of this nature have been

associated with the participation of nitrogen lone pairs in metal ion coordination.ls The

UV-visible absorption spectra of ligands (57), (58) and (62), on addition of the various

metal ions resulted in little or no spectral change. The ligands are designed as PET based

fluorescent sensors so that these results are not unexpected or undesirable; fluorescence

quenching only affects the excited state. The UV-visible maximum wavelength and molar

absorptivity (e) values are given in Table 4.3.
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Table 4.3 The UV-visible absorption maximum wavelength and molar absorptivity (e)

values for ligands, (57), (58) and (62) alone, and in the presence of Cu2*, Zn2t, Cd2* and

Ca2* in methanol/water (80/20;vlv), (1: 0.1 mol dm-3, NEt¿ClO+) at298.2K

Maximum wavelength (turrxe (10-a mol dm))

Ligand (57)

Cu(57)2*

Zn(57)2*

cd(5Ð2*

Ca(57)2*

Ligand (58)

Cu(58)2*

Zn(Sï)zn

cd(58)2+

Ca(58)2*

Ligand (62)

Cu(62)2*

Zn(62)2*

cd(62)2*

Ca(62)2*

387 (3.ss) 368 (4.01) 34e (3.01) 333 (2.27) 3re (r.72)

386 (3.e0) 366 (4.4e) 348 (3.88) 331 (3.s7) 315 (3.55)

387 (3 .7 s) 367 (4 .r8) 34e (3 .16) 332 (2.31 ) 3 1 e (r .7 4)

387 (3.8e) 367 (4.32)34e (3.32)332 (2.4s) 31e (1.87)

387 (7.se) 368 (8.18) 34e (s.6e) 333 (3.s1) 31e (2.r7)

386 (s.e2) 366 (6.7r)348 (s.44)33t (4.70) 316 (3.ss)

387 (7.83) 368 (8.40) 34e (s.e0) 333 (3.7e) 3re (2.43)

387 (7.6s) 368 (8.24) 34e (s.70) 333 (3.62) 3re (2.24)

386 (6.4r) 368 (7.21) 34e (s.07) 333 (2.68) 3re (r.12)

38s (6.82) 366 (8.10) 348 (6.02) 33r (3.e4) 3r7 (3.0e)

38s (7.0e) 367 (7.82)34e (s.32)332(2.7s) 31e (1.13)

a

a

a

a

uAbsorbance unchanged in the presence of metal ion.
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4.4 Determination of metal complex ion stability

constants by fluorescence spectroscopy

The ligands in this study, (57), (58) and (62), have been designed as fluorescent

sensors which respond to PET. As mentioned previously, the PET process is hindered by

protonation of the electron donor or by metal ion complexation; interruptions to the PET

pathway restore fluorescence. To evaluate the ability of these ligands to act as sensors,

studies into the influence that metal ions have on the PET process for each ligand are

paramount. The determination of stability constants is often used to gain a better

understanding of the factors controlling metal ion complexation. A variety of techniques

can be used in the determination of metal complex ion stability constants. Potentiometric

titrations have already been used in this study (see Chapter 3). There are, however, some

limitations involved with potentiometric titrations. Firstly, large concentrations are

required which can lead to problems with precipitates. Secondly, the technique is best

suited to higher stability constants (K > 100 dm3 mol-l), which can lead to sensitivity

issues. Potentiometric titrations are not the only method available for the determination of

metal complex ion stability constants. NMR spectroscopy,te-2t UV-visible absorption

spectroscopi22-2s and fluorescence spectroscopy can all be utilised.26'27 The determination

of metal complex ion stability constants by NMR spectroscopy was not a viable option for

this study, due to the complicated 13C and rH NMR spectra obtained for ligands (57), (5S)

and (62). In contrast to potentiometric titrations, fluorescence and UV-visible absorption

measurements require only relatively small concentrations and they are both sensitive to

small changes, especially in the case of fluorescence measurements. The ligands in this

study, (57), (58) and (62), have been designed as fluorescent sensors so that larger changes

would be expected for the fluorescence spectra when compared with the UV-visible

absorption spectra. Therefore metal complex ion stability constants were determined with

fluorescence spectroscopy.

The complexation of a ligand with a metal ion can be expressed as the equilibrium

seen in Equation 4.3. Equation4.4 represents the complexation of a second metal ion.
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Mn++L ___éL- 
[ML]n*

Mn* + [ML]n+
___ Kr- 

[MzL]2n*

(4.3)

where Kr and K2 represent the stepwise stability constants, as seen in Equations 4.5 and

4.6.

(4.4)

(4.s)

(4.6)

(4.8)

K
IMLn*]

[M "*] Þl

IMrL'"*]
K2:

[Mn*][MLn*]

An overall stability constant, þ, can also be derived which is the product of the

stepwise formation constants of Kr and K2,4s appears in Equations 4.7 and 4.8.

2Mn+ + L
p,

_____ ,_:_ 
[MzL]2n*

(4.7)

p,
[MrL'n*]

[tut"*]'[r]

: Kt.Kz

A mole ratio method was used in the determination of metal complex ion stability

constants by fluorescence spectroscopy. This involved varying the metal ion concentration

relative to a constant ligand concentrati on.'6'T Measurements at different metal ion

concentration were performed incrementally until no further spectral change was observed,

since this \À/as assumed to coincide with completion of ligand metal ion complexation. The

data obtained was fitted with a non-linear least-squares regression programme,

DATAFIT/SPECFIT2e'30 which was run through MATLAB (see section 6.6). Different

stoichiometries can be tested by this method, as exemplifred by the complexation of the

metal complex ions to form 1:1 (ML) or 2:I (MzL) complexes. The programme also takes

into account the ability of the theoretical data to fit well with the experimental data, in the

form of the sum of the squared standard deviation (SSD). This is determined along with

the metal complex ion stability constants for each complexation model. SPECFIT cannot
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accurately fit data when K> I07 dm3 mol-I, because, at equilibrium, the ratio of the product

metal complex ion concentration to those of it precursors, becomes very large. Therefore

the minor error in the stability of the former constitutes a very large error in the latter, and

so the overall error in the determined K becomes extremely large.

4.4.1 Fluorescence properties of ligands (57), (58) and (62)

in the presence of metal ions

The influences of metal ion complexation on the fluorescence of ligands (57), (58)

and (62), in the appropriate buffer system, are discussed in this section. The measurements

for ligands (57) and (58) were determined in a methanol/water solvent system (80:20; v/v),

with constant ionic strength 1: 0.1 mol dm-3 (NEt+ClO+), at pH 5.6 (MES buffer). For

ligand (62) measurements were determined in a methanollwater solvent system (80:20;

v/v), with constant ionic strength 1:0.1 mol dm-3 çNEtaClOa), at pH 4.0 (acetate buffer).

The fluorescence measurements for all ligands were over the range of 377-550 nm.

4.4.2 Metal ion complexation by ligand (57)

As stated previously, typical fluorescence spectra for 9-substituted anthracene

derivatives consist of three bands and a shoulder.2'l2 The fluorescence spectra for ligand

(57) displayed this pattern, with emission maxima bands at 393, 4I4 and 438.5 nm and a

small shoulder at 465.5 nm. Ligand (57) alone was fluorescent (@ :0.32,1..*r¡1u1¡on 368

nm). The same range of metal ions (Zn2t , Cd2*, Cu2* and Ca2*) were investigated for their

influence on the ligand's fluorescence as were used for the UV-visible absorption

measurements (see section 4.3.1). Complexation of ligand (57) by Ca2* was found not to

alter the fluorescence spectra significantly.

The spectrofluorimetric titration of ligand (57) with Cu2* (ranging from 8.3 x 10-6

to 8.3 x lO-a mol dm-3) resulted in ligand fluorescence quenching (ø:0.05) (Figure

4.17). This was expected, because Cu2* is normally associated with fluorescence

quenching. Such behaviour is typical of de Cu2+, and is due to the charge transfer

transitions between the ligand and Cu2*.31 This is consistent with the charge transfer band

obtained in the absorption spectra for ligand (57) with Cu2* lFigure 4,14). On addition of

Cu2* to ligand (57), a slight hypsochromic shift was observed, with the three emission
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maxima bands shifted to 392, 413, 438 nm and the shoulder to 467 nn. In cases where

high metal complex ion stability constants are obtained, the ligand is generally fully

complexed after the addition of one equivalent of metal ion, with no further spectral

changes observed. Fluorescence quenching for the Cu2* complex of ligand (57) occuned

only until one equivalent of metal ion was added. Continued titration with Cu2* beyond

this did not result in further changes to ligand fluorescence. This result suggests that ligand

(57) forms very stable complexes with Cu2*, with a 1:1 complexation model most suitable.

The fluorescence of ligand (57) diminished linearly with concentration of added

Cu2* to the point where a 1:1 ratio was reached, and thereafter no significant changes were

observed. This is consistent with the stability constant being greater than K: 107 dm3 mol-

l, and with the value of K: 1014 dm3 mol-l determined potentiometrically (see section 3.4).

It confirms the formation of a dominant 1:1 metal complex ion. The fluorescence variation

at 415 nm is shown in Figure 4.18.
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Figure4.17. Fluorescence spectra of ligand (57) alone [4.1 x 10-s mol d--'], and inthe

presence of increasing concentrations of Cu2* [8.3 x 10-6, 1.6 x 10-s,2.5 x 10-s,3.3 x l0-5,

4.1 x 10-s, 4.9 x l0-5, 5.8 x 10-s, 6.7 x l}-s,7.4 x l}-s,8.3 x 10-s mol dm-3] at pH 5.6 (MES

buffer) in methanol/water (80:20; vlv) (I : 0.1 mol dm-3, NEt+ClO+) at 298.2 K when

excited at 368 nm. The fluorescence of the ligand alone is the highest intensity curve.

Fluorescence decreases with increase in [Cu2*].
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Figure 4.18. Fluorescence variation of tigand (57) t4.1 x 10's mol dm-rl at 415 nm in the

presence of increasing concentrations of Cu2* franging from 8.3 x 10-6 to 8.3 x 10-5 mol

dm-31 at pH 5.6 (MES buffer) in methanol/water (80:20; vlv) (I: 0.1 mol dm-3, NEtaClO4)

at 298.2 K when excited at 368 nm, and when fitted for a 1:1 complexation model. The

circles represent the experimentally obtained data points, and the solid lines indicate the

stoichiometric change in fluorescence.

The fluorescence spectrum of ligand (57) was only slightly perturbed on addition of

either Zn2* or Cd2* lAppendix, Figure 4.19 and 4.20). Complexation of either Zr]* or

Cd2* by ligand (57) resulted in a slight increase in fluorescence intensity. The increase in

fluorescence intensity is consistent with the PET mechanism being hindered by metal ion

complexation. The emission maxima underwent hypsochromic shifts to 392,413.5,437.5

and 465.5 nm on Zr?* complexation; and to 392.5,413,437.5 and 465.5 nm on Cd2*

complexation. The hypsochromic shift indicates a decrease in electron delocalisation

within the system which can be attributed to (a) metal ion complexation hindering the PET

process, or (b) the participation of the nitrogen lone pairs in metal ion coordination. A

combination of these affects can also influence the emission maxima shift. For PET to be

hindered, Zn2* and Cd2* complexation probably occurs through the ethylamine nitrogen

adjacent to the anthracene substituent. Quantum yields measured for Zn2* and Cd2*

complexation were @F:0.33 and Ø:0.34, respectively.

No change to the fluorescence spectra for either Znz* or Cd2* was observed beyond

addition of more than one equivalent of metal ion. This indicates that a 1:1 complexation

model would probably be the most suitable for these complexes. Owing to the fact that the

fluorescence change was small, metal complex ion stability constants could not be

accurately determined. The stability constants and quantum yields for metal ion

complexation by ligand (57) appear in Table 4.4.
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"Iable 4.4. Stability constants (fitted to a 1:1 complexation model) and quantum yields

for metal ion complexation of ligand (57) in methanol/water (80:20; vlv) at pH 5.6 (MES

buffer), (1: 0.1 mol dm-3, NEt+ClO¿) at298.2K

K1 (dm3 mol-r) SSD (Þp

Ligand (57)

Zn"'

cd2*

^2+UU > 107

0.32

0.33

0.34

0.0s

4.4.3 Metal ion complexation by ligand (58)

Ligand (58) alone was fluorescent (@. : 0.19, Iexcitation 368 nm), with emission

maxima at 395 .5 , 415 .5, 440.5 nm and a small shoulder at 468 nm. Cadmium(Il) and C**

did not alter the ligand's fluorescence signihcantly. The fluorescence of ligand (58) was

completely extinguished in the presence of Cu2* (Figure 4.19 and, Figure 4.20). The

results obtained from the potentiometric titration of ligand (58) with Cu2* had indicated

that the resultant complexes were very stable; only the }y'.L2*, M(LH)3* and M(LH2)a*

complexes were detected (logK : 19.42,1ogK: 12.36 and logK: 5.40, respectively). The

M(LH)3* complexwas predominant at the pH at which fluorescence measurements were

made (pH 5.6 MES buffer) (see Figure 3.17). It was expected, due to the high metal

complex ion stability constant, which was determined from the potentiometric titrations for

the M(LH)3* complex, that the ligand would be fully complexed after the addition of one

equivalent of Cu2*. This was not observed for the spectrofluorimetric titration of ligand

(58) with Cu2*. Fluorescence quenching was still observed on continued titration of Cu2*

with ligand (58) past one equivalent. The quenching continued until 3.5 equivalents of

Cu2* had been added, and this coincided with the fluorescence of the ligand being

extinguished. The data obtained from the spectrofluorimetric titration of Cu2* with ligand

(58) could not be fitted to any of the available models, and is not in agreement with the

values determined from potentiometric titration. The data could not be fitted accurately to

the following complexation models; 1:1 (ML), 2:l (M2L), I:2 (ML2),3:1 (M3L) or a2'.1

(MzL) in one step. The discrepancy cannot be explained through human error, since the

results obtained in both the fluorimetric and potentiometric titrations were repeatable.

Unfortunately the reason behind the unusual response of ligand (58) to Cu2* complexation
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could not be determined. This may be aÍr aÍea, which warrants further investigation in

future studies.
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Figure4.19. Fluorescencespectraof ligand(58)alone 14.7x 10-smold--'],andinthe

presence of increasing concentrations of Cu2* 19.4x 10-6, 1.9 x 10-s,2.8 x 10-s,3.7 x 10-s,

4.7x10-s,5.6x10-s,6.6x10-s,7.5x10-5,8.5x10-s,9.4x10-5, 1.0x10-4, 1.1 x10-4, 1.2x

10-4, 1.3 x 10-a, 1.4 x l0'4,1.5 x 10-a, 1.6 x lO-a mol dm-31 at pH 5.6 (MES buffer) in

methanol/water (80:20 ; vlv) (1 : 0.1 mol dm-3, NEt4ClO4) at 298.2 K when excited at 368

nm. The fluorescence of the ligand alone is the highest intensity curve. Fluorescence

decreases with increase in [Cu2*].
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Figure 4.20. Fluorescence variation of ligand (5S) t4.7 x 10-s mol dm-31 at 415 nm in the

presence of increasing concentrations of Cu2* franging from 9.4 x 10-s to 1.6 x 10-a mol

dm-31 at pH 5.6 (MES buffer) in methanollwater (80:20; vlv) (I: 0.1 mol dm-3, NEtaClO4)

at298.2 K when excited at 368 nm. The circles represent the experimentally obtained data

points.

The spectral data obtained for the spectrofluorimetric titration of ligand (58) with

Zn2* (ranging from 9.4 x 10-s to 9.4 x 10-a mol dm-3) are shown in Figure 4.21. Titration

with ZrJ* had a quenching effect on the fluorescence intensity of ligand (58) with a

quantum yield of ØF:0.14 measured for the metal complex ion. It had been originally

postulated that, on addition of Zt?t to a solution of ligand (58), the intensity of the

fluorescence of the ligand would be increased, in accordance with metal ion complexation

hindering PET. This however was not observed. Previous reports of fluorescence

quenching by Zrf* have been attributed to a charge transfer between aromatic g.orrps.3'-30

For ligand (58), charge transfer may occur between the phenyl rings present in the pendant

arms and the anthracene substituent. Metal ion complexation may cause the phenyl rings

to be brought closer to the anthracene substituent, facilitating charge transfer and

subsequent fluorescence quenchin 9.35'37
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Figure4.21. Fluorescence spectra of ligand (58) alone [41 x l0-s mol d--'], and inthe

presence of increasing concentrations of Zr]* [9.4x 10-6, 1.9 x 10-s,2.8 x 10-s,3.7 x 10-s,

4.7 x r}-s,5.6 x 10-s, 6.6 x 10-s, 7.5 x l0-s, 8.5 x 10-s, 9.4 x 10-s mol dm-31 at pH 5.6 (MES

buffer) in methanol/water (80:20; vlv) (I : 0.1 mol dm-3, NEtaClO4) at 298.2 K when

excited at 368 nm. The fluorescence of the ligand alone is the highest intensity curve.

Fluorescence decreases with increase in lZ#*1.

As discussed earlier, and in contrast to the observations for ligand (58), a small

fluorescence increase was observed for ligand (57) upon complexationby Zn2*. This was

attributed to Zr]* complexation of the etþlamine nitrogen adjacent to the anthracene

substituent decreasing PET, thereby hindering fluorescence quenching to a small extent.

The contrasting decrease in fluorescence of ligand (58) upon complexation by ZtJ*, is

consistent with the steric hindrance induced by the amino acid substituent virtually

precluding its involvement in ZrÌ* complexation (and thereby decreasing PET), as well as

an additional mechanism operating for fluorescence quenching.

The ligand (5S) complex formed is predominantly lZnLHl3*, in which the

protonation site is most probably the ethylamine nitrogen adjacent to the anthracene

substituent. This is despite its substantially linear fluorescence by comparison with LHs5*,

in which complete PET cancellation is expected. It is possible that hydrogen bonding

between the proton of lZnLHl3* and the adjacent amide oxygen may lessen the PET

cancellation effect to a greater extent than is the case in LH55* (Figure 4.10 and Table

4.2). This leaves the fluorescence quenching of complexed LH* in IZnLH]3* to be
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explained. The most obvious effect of Z#* complexation on ligand (5S) is that the three

amide oxygens of the amino acid residues, attached to the macrocyclic ring carbons, exert

a constraint on the motion of the three associated phenyl groups, compared with the

situations in the free ligand. This, in turn, affects their interactions with the anthracene

substituent on charge transfer between these four entities. It also affects the fourth amino

acid residue attached to the ethylamine nitrogen adjacent to the anthracene substituent. If
this results in fluorescence quenching, the extent of this quenching will be proportionate to

the fraction of ligand (58) complexed, and thus provides a plausible explanation for the

observed decrease in fluorescence.

The fluorescence variation of ligand (5S) with Zr]* fitted,only a 1:1 complexation

model. This resulted in the determination of K1 : 2.0 + 0.2 x 106 dm3 mol-l over the

wavelength range 377 - 550 nm; a fit of the fluorescence data a1415 nm is shown in

Figure 4.22. The SSD for this fit was 2.4 x 103. The relatively large error value obtained

for K1 can be ascribed to the stability constant approaching the upper limit for this method;

K: 107 dm3 mol-r is the upper limit. Potentiometric titration of ligand (58) with Zt]* was

not possible due to the early formation of precipitate. This precipitation was avoided by

the reduction in concentration for the fluorescence measurements. It was expected,

however, that Zr]* would exhibit a high metal complex ion stability constant, similar to

those calculated for Cd2* and Cu2*, following the Irving-Williams series. In cases where a

high metal complex ion stability constant is obtained, the ligand is generally almost fully

complexed after the addition of one equivalent of metal ion. The fluorescence of ligand

(58) decreased steeply until the first equivalent of Zn2* had, been added, upon which a

fluorescence minimum was observed. No shift to either a shorter or longer wavelength

occurred on metal ion complexation. The stability constants, and quantum yields, for the

metal complex ions with ligand (58) can be found in Table 4.5.
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Figure 4.22. Fluorescence variation of ligand (5S) t4.7 x 10-s mol dm-31 at 4I5 nm in the

presence of increasing concentrations of Zr]* franging from 9.4 x l0-s to 9.4 x 10-a mol

dm-31 at pH 5.6 (MES buffer) in methanol/water (80:20; vlv) (I: 0.1 mol dm-3, NEtaClO4)

at298.2 K when excited at 368 nm, when fitted for a 1:1 complexation model. The circles

represent the experimentally obtained data points, and the solid line indicates the

stoichiometric change in fluorescence.

Table 4.5. Stability constants (frtted to a 1:1 complexation model) and quantum yields

for the metal ion complexation of ligand (58) in methanol/water (80:20; vlv) at pH 5.6

(MES buffer), (1:0.1 mol dm-3, NEt+ClO+) at298.2K

K1 (dm3 mol-r) SSD Ør

0 0.2 0.4 1

Ligand (58)
1a

Zrf '

^2+LU

2.04 x 106 + 2.04 x 10s 2.42 x 103

0.19

0.t4

0
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4.4.4 Metal ion complexation by ligand (62)

The fluorescence of ligand (62) on titration with metal ions, Zr?*, Cd2*, Cu2* and

Ca2*, was measured in a solution of methanol/water (80:20; vlv), atconstant ionic strength

1 : 0.1 mol dm-3 (NEt4ClO4), at pH 4.0 (acetate buffer). The consequence of the pH

chosen for fluorescence measurements is that a number of fluorescent species may be

present in solution. This will have a significant influence on the measured fluorescence.

The species present at the buffered pH (pH 4.0 acetate buffer) prior to metal ion addition

include the protonated species LH55*, LlH+o* and LH33* (see Figure 4.7). Potentiometric

titration of ligand (62) with metal ions was not possible due to the formation of

precipitates, as discussed in Chapter 3. Therefore the complexes formed on metal ion

complexation are unknown for ligand (62) but may include the unprotonated metal

complex ion LM2* and the protonated metal complex ion, M(LH)3*.

Ligand (62) was fluorescent (4:0.14, 1..*"¡1u1ion 368 nm) with emission maxima at

397.5, 4I7.5, 440 nn and a shoulder at 469 nm. The fluorescence spectra of ligand (62)

were not significantly altered in the presence of Ca2*. Titration of ligand (62) with

increasing concentrations of Cu2* (ranging from 5.45 x 10-6 mol dm-3 to 1.11x 10-a mol

d--') resulted in the expected fluorescence quenching (Figure 4.23), with a small

bathochromic shift of the emission maxima to 398, 418,44I.5 and 470 nn observed. The

quenching of the ligand's fluorescence with Cu2* is attributable to charge transfer

transitions, and is in agreement with the charge transfer band observed in the absorption

spectra of ligand (62) with Cu2* lFigure 4.16)

Fluorescence quenching of ligand (62) decreases steeply on addition of one

equivalent of Cu2*, at which a fluorescence minimum was observed. The fluorescence

variation of ligand (62) htted only a 1:1 complexation model. A metal complex ion

stability constant of Kr : 1.8 + 0.2 x 106 dm3 mol-l with an SSD of 3.18 x 103 was found on

lrtting a 1:l complexation model over the wavelength range 377 - 550 nm. A fit of the

fluorescence data at 4I8 nm is shown in Figure 4.24. The data did not f,rt for a2:l metal

complex ion.
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Figure4.23. Fluorescence spectra of ligand (62) alone [5.5 x l0-s mol dtr-t], in the

presence of increasing concentrations of Cu2* ¡5.45 x 10-6, 1.1 x 10-5, 1.6 x 10-s, 2.2x10-s,

2.7 xr}-s,3.8 x 10-s, 4.9x10-s,6.0x 10-s,7.0x l0-5,8.1 x 10-s, 9.2xr}'s,1.0x 10-s, 1.11

x 10-a mol dm-31 at pH 4.0 (acetate buffer) in methanollwater (80:20; vlv) (I: 0.1 mol dm-
3, NEtoClO) at298.2 K when excited at 368nm. The fluorescence of the ligand alone is

the highest intensity curve. Fluorescence decreases with increase in [Cu2*].
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ßigure 4.24. Fluorescence variation of ligand (62) t5.5 x 10-s mol dm-31 at 4I8 nm in the

presence of increasing concentrations of Cu2* franging from 5.45 x 10-6 mol dm-3 to 1.1 1 x

10-a mol dm-31 at pH 4.0 (acetate buffer) in methanol/water (80:20; vlv) (I: 0.1 mol dm-3,

NEt4ClO4) at298.2 K when excited at 368nm, when fitted for a 1:1 complexation model.

The circles represent the experimentally obtained data points, and the solid line indicates

the stoichiometric change in fluorescence.
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Titration of ligand (62) with increasing concentrations of Zn2* (ranging from 5.45 x

10-6 mol dm-3 to 1.11 x 10-a mol dm-3) resulted in a small decrease to ligand fluorescence

intensity (Figure 4.25). A quantum yield of øF : 0.13 was measured. This can be

attributed to the pH, and hence species present, at which fluorescence measurements were

feasible, pH 4.0 (acetate buffer). From the speciation plots obtained from the

potentiometric titration of the protonated ligand (62) with base (Figure 4.7), the LH5s*,

LH+a* and the LH¡3* species are observed to be present at this pH. This results in the

primary electron donor being protonated (the etþlamine nitrogen adjacent to the

anthracene substituent (LlH+a*, pK" a.83)). The PET mechanism is affected only by either

protonation or metal ion complexation of the primary electron donor. It is well known that

the protonation of an amine is far more eff,rcient at interrupting the transfer of electrons by

PET than by metal ion complexation,T due to the formation of a covalent bond which alters

the oxidation potential of the amine.38 Thir suggests that when Zn2* complexation

displaces the proton, from the etþlamine nitrogen adjacent to the anthracene substituent,

there is less hindrance to the transfer of electrons from the lone pair thus enhancing the

PET process; hence the observed fluorescence quenching.'n'oo
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Figure 4.25. Fluorescence spectra of ligand (62) alone [5.5 x 10-5 mol d--'], and in the

presence of increasing concentrations of Zn2* [5.45 x 10-6, 1.1 x 10-s, 1.6 x 10-s, 2.2x10-s,

2.7 xr}-s,3.8 x 10-5,4.9 x l0-s,6.0 x 10-s,7.0 x 10-5, 8.1 x l0-s, 9.2x10-s,1.0 x l0r, 1.11

x 10-a mol dm-31 at pH 4.0 (acetate buffer) in methanol/water (80:20; vlv) (I: 0.1 mol dm-
3, NEt+ClO +) at 298.2 K when excited at 368nm. The fluorescence of the ligand alone is

the highest intensity curve. Fluorescence decreases with increase in¡Zi*1.
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No change in fluorescence intensity was observed after the addition of one

equivalent of Zn2* to ligand (62). The spectral data for Zrf* complexation fitted only a 1 :1

complexation model (Figure 4.26). A stability constant of K1 : 9.0 + 0.2 x 10s dm3 mol-l

was obtained, with a SSD of 3.08 x 103 over the wavelength range 371 - 550 nm. The

relatively large error value for the metal complex ion stability constant can be attributed to

the small intensity range over which spectral change occurred. A slight bathochromic shift

was observed with the emission maxima bands shifted to 397 .5, 4I8, 441 and 470 nm for

ZrÌ* complexation by ligand (62).

0.2 0.4 0.6 0.8
lo-4 fzn2*l (mol dm-3)

Figure 4.26. Fluorescence variation of ligand (62) t5.5 x 10-5 mol dm-31 at 418 nm in the

presence of increasing concentrations of Zn2* [ranging from 5.45 x 10-6 mol dm-3 to 1 .1 1 x

10-a mol dm-31 at pH 4.0 (acetate buffer) in methanollwater (80:20; vlv) (I: 0.1 mol dm-3,

NEt4ClO4) at298.2 K when excited at 368nm, when fitted for a 1:1 complexation model.

The circles represent the experimentally obtained data points, and the solid line indicates

the stoichiometric change in fluorescence.

Similarly to Zt]* complexation by ligand (62), spectrofluorimetric titration of

ligand (62) with Cd2* (ranging from 5.45 x 10-6 mol dm-3 to 1.11 x 10-a mol dm-3) resulted

in a decrease in ligand fluorescence intensity (Figure 4.27). The rationale applied for the

influence of Zn2* on the fluorescence intensity of ligand (62) can be applied to Cd2*

complexation. The displacement of the proton, at the ethylamine nitrogen adjacent to the

anthracene substituent by Cd2*, causes an increase in PET; this results in the observed

fluorescence quenching. A slight bathochromic shift was observed on metal ion

complexation; the emission maxima were shifted to 398.5, 418,440.5 and the shoulder to

470 nm. A quantum yield of 4 : 0.13 was obtained. The data obtained from Cd2*

complexation by ligand (62) fitted only a I :1 complexation model to yield a Kt: 4.3 + 0.3

x 10s and a SSD of 2.35 x 103 over the wavelength range 377 - 550 nm (Figure 4,28).
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The relatively large error value obtained may be attributed to the small effect the metal ion

complexation has on the fluorescence of ligand (62).
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ßigure4.27. Fluorescence spectra of ligand (62) alone [5.5 x 10-s mol d--'], and inthe

presence of increasing concentrations of Cdz* ¡5.45 x 10-6, 1.1 x 10-5, 1.6 x 10-5, 2.2x10-s,

2.7 xl}-s,3.8 x 10-5,4.9 x l0-s,6.0 x 10-s,7.0 x 10-5, 8.1 x 10-5, 9.2x10-s,1.0 x 10-s, 1.11

x 10-a mol dm-31 at pH 4.0 (acetate buffer) in methanol/water (80:20; vlv) (I: 0.1 mol dm-
3, NEtoClO I at 298.2 K when excited at 368nm. The fluorescence of the ligand alone is

the highest intensity curve. Fluorescence decreases with increase in [Cd2*].

The bathochromic shifts observed for the coordination of ligand (62) with Cu2*,

Znz* and Cd2* are indicative of an increase in electron delocalisation for the excited state of

ligand (62). For Zn2* and Cd2* complexation, the wavelength shift may be due to the

increase in electron transfer through the PET mechanism. For Cu2n complexation the

wavelength shift can be attributed to the resultant charge transfer from ligand to metal ion.

Metal ion coordination may also cause ligand (62) to adopt a more rigid structure, which

would favour the increase in electron delocalisation within the excited state. A

combination of these factors may also contribute to the observed wavelength shift for each

of the metal complex ions formed with ligand (62). An overall trend for the metal complex

ion stability constants was observed for ligand (62); Cu2*>Zt]*>Cd2*. This is predicted by

the lrving-V/illiams series.4r It is also consistent with the Jahn-Teller effect, enhancing the

stability of Cu2* over Zn2*.0' The stability constants and quantum yields for the metal

complex ions with ligand (62) appear in Table 4.6.
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Figure 4.28. Fluorescence variation of ligand (62) t5.5 x 10-s mol dm-31 at 4I8 nm in the

presence of increasing concentrations of Cd2* franging from 5.45 x 10-6 mol dm-3 to 1.11 x

10-a mol dm-31 at pH 4.0 (acetate buffer) in methanol/water (80:20; vlv) (I:0.1 mol dm-3,

NEt4ClO4) at298.2 K when excited at 368nm, when fitted for a 1:1 complexation model.

The circles represent the experimentally obtained data points, and the solid line indicates

the stoichiometric change in fluorescence.

Table 4.6. Stability constants (fitted to a 1:1 complexation model) and quantum yields

for the metal ion complexation of ligand (62) in methanol/water (80:20; vlv) at pH 5.6

(MES buffer), (1:0.1 mol dm-3, NEt4ClO4) at298.2K

K1 (dm3 mol-r) SSD (Þp

Ligand (62) 0.14

0.13

0.13

0.07

Zn2*

cd2*

Cu2*

9.0x 10s +2.3x104

4.3x105+3.3x10a

1.8x106+2.0x10s

3.0 x 103

2.3 xl03

3.2 x 103
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4.5 Discussion

The three ligands (57), (58) and (62), studied for their UV-visible absorption and

fluorescence properties, were quite varied in behaviour. All three ligands, (57), (58) and

(62), exhibited some background fluorescence, which was attributed to the partially

protonated species present at the pH at which measurements were made, as was discussed

earlier. Due to the solubility of the ligands and the formation of precipitates, the pH at

which measurements were feasible was not ideal for the monitoring of UV-visible

absorption or fluorescence. The high background fluorescence is readily noted in the large

quantum yields obtained for the ligands alone; 4 67):0.32 at pH 5.6, 4 (58) : 0.19 at

pH 5.6, q 6Ð: 0.14 at pH 4.0.

The consequence of a change in pendant arm functionality, and substitution pattern

was readily apparent in the absorption spectra of ligands (57), (58) and (62). The

incorporation of pendant arms containing aromatic substituents resulted in charge transfer,

which occurred between the phenyl rings and the anthracene substituent for ligands (57)

and (58). The change in substitution pattern of the pendant arms was seen to have a

significant effect on electron mobility between the two types of aromatic groups. Pendant

arm substitution at the etþlamine nitrogen adjacent to the anthracene substituent in ligand

(58), decreased the extent to which charge transfer occurred. The addition of a buffer to

solutions of the partially charged ligands, (57) and (58), was observed to influence ligand

absorption pattern by stabilising the charge transfer between aromatic groups; the

fluorescence spectra of the ligand were unaffected.

The influence of pH on the fluorescence of the protonated ligands (57), (58) and

(62) exemplified the PET mechanism. Protonation of the electron donors coincided with a

restoration of ligand fluorescence. Fluorescence pH titrations allowed the assignment of

pKu values associated with the protonation of the primary electron donor (the ethylamine

nitrogen adjacent to the anthracene substituent) for ligand (57) pK^a 4.52, for ligand (58)

pKua 4.90 or pKus 4.5I, and for ligand (62) pK^4.83.

The complexation of Zn2*, Cu2*, Cd2* and, C** with the three ligands (57), (5S) and

(62) did not have a large effect on their respective absorption spectra. The ligands were

designed to respond to PET; therefore the small size of the observed spectral change in the
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absorption spectra on metal ion complexation is neither unexpected nor necessarily

undesirable, because fluorescence quenching only affects the excited state.

Pendant arm substitution pattern was observed to affect the manner in which metal

ion complexation influenced fluorescence. The fluorescence of ligand (57) was enhanced

on complexation with either Zn2* or Cd2*, consistent with the operation of a PET

mechanism for fluorescence quenching. The fluorescence of ligand (58), with the same

type of pendant ann as ligand (57), but different substitution pattern, was observed to

decrease on complexation with Zr|*; Cd2* complexation did not alter the fluorescence

spectra signihcantly. Fluorescence quenching of ligand (58) on complexati on with Zn2*

was attributed to a charge transfer between the phenyl rings in the pendant arms and the

anthracene substituent. The difference in fluorescence response between the two ligands,

(57) and (58), is attributable to the etþlamine nitrogen adjacent to the anthracene, being

substituted in ligand (58) but not in ligand (57).

The change in fluorescence on either Zrf* or Cd2* complexation by ligand (62)

highlights the lower efficiency that metal ion complexation has on hindering the PET

process in comparison with that of protonation. Metal ion complexation displaces the

proton from the ethylamine nitrogen adjacent to the anthracene substituent. This results in

less hindrance to the transfer of electrons from the amine nitrogens lone pair, thus

enhancing the PET process. The fluorescence of ligand (62) was influenced by the

presence of the protonated ethylamine nitrogen adjacent to the anthracene substituent.

Not all metal ions resulted in spectral changes. This lack of fluorescence variation

does not necessarily signifr that complexation does not occur, but only that if metal ion

complexation does occur, there is no alteration to ligand fluorescence. The lack of spectral

response can be ascribed to two reasons. Firstly metal ion coordination may not occur

through all available donor atoms; and secondly to the pH at which measurements were

feasible. At pH 5.6 for ligands (57) and (58), and pH 4.0 for ligand (62), the

monoprotonated or diprotonated metal complex ion species may also be present. These

species may not be signihcantly different spectroscopically from the free ligand.
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Chapter 5. Conclusions

This study describes the investigation into a series of pendant arm substituted

macrocycles. They are designed to act as either chiral receptors through the use of chiral

amino acid pendant aÍns, or as fluorescent metal ion sensors, incorporating a photoinduced

electron transfer (PET) pathway. Two types of polyaza macrocycles, tacn and cyclen,

were used in the course of the investigation.

Synthesis of the two types of target ligands, amino acid pendant arm and the

anthracene substituted fluorescent sensors, yielded a variety of products. For the chiral

amino acid based ligands, the size of the pendant arm incorporated was found to affect

both the extent to which substitution occurred as well as the stability of the ligand. The

macrocyclic ligands incorporating L-phenylalanine pendant arms were found to be more

stable than those incorporating the larger L-tryptophan pendant arms. Synthesis of the

anthracene substituted sensors yielded a variety of ligands with varying substitution

pattems. Pendant arm substitution occurred more readily at the etþlamine nitrogen

adjacent to the anthracene substituent.

NMR spectroscopy was used to probe the stereochemistry of the chiarl amino acid

based ligands (31), (45) and (50). The ligands were found to exist in a preferred

diastereomeric conformation on metal ion coordination. Each diastereomer forms a part

turn in a triple or quadruple helix, depending on the parent macrocycle. The extension of

the pendant arrns, from single amino acids to peptides, may allow the study of peptide

helices, and the formation of multiple metal complex ions.

The protonation constants and metal complex ion stability constants, for all of the

ligands synthesised, were determined in a solution of methanol/water (80:20; v/v) by

potentiometric titration. The values obtained for the amino acid pendant arm ligands

followed similar patterns to other pendant arrn substituted polyaza macrocycles.

Increasing the macrocyclic ring size, or the steric bulk of the pendant arms, was found to

yield ligands with higher protonation constants. The protonation constants obtained for the

anthracene substituted ligands showed the effects that, (a) varying the pendant arm

functionality and substitution pattern, and (b) the incorporation of the hydrophobic

anthracene moiety, had on amine basicity. Larger metal complex ion stability constants
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were observed for the anthracene substituted ligands over the amino acid pendnat arm

ligands. These were attributed to the change in coordination number and donor atom type,

which led to the formation of preferential stereochemical environments around the metal

ions, for the anthracene substituted ligands.

The UV-visible absorption and fluorescence behaviour of the anthracene

substituted ligands (57), (58) and (62), was evaluated through protonation and metal ion

complexation studies. The change in pendant arm functionality and substitution pattem

had a significant effect on the photophysical properties of the ligands. Charge transfer

bands were observed in the absorption spectra for the chiral amino acid pendant arm

anthracene substituted ligands (57) and (58). These were attributed to the transfer of

electrons between the phenyl rings and the anthracene substituent. Substitution at the

etþlamine nitrogen adjacent to the anthracene substituent, was seen to affect the transfer

of electrons between the aromatic groups. For all three ligands, (57), (58) and (62),

changes in absorbance were in agreement with the protonated species present, and hence

pKu values. Investigation into the protonation behaviour of the three ligands (57), (58) and

(62), in relation to their fluorescence, showed that full protonation restored ligand

fluorescence. Changes in fluorescence on titration of the protonated ligands with base,

facilitated the determination of the pKu value for the protonated etþlamine nitrogen

adjacent to the anthracene substituent, (the primary electron donor) in each ligand. These

were coincident with those determined by potentiometric titration. Such pKu determination

by fluorescence change, for the protonated macrocyclic ring nitrogens, was not possible

due to their greater distance from the anthracene fluorophore.

For all three anthracene substituted ligands, (57), (5S) and (62), only limited

changes to the UV-visible absorption spectra were observed on metal ion complexation, in

accordance with excited state quenching, the mechanism by which PET occurs. The three

ligands (57), (58) and (62), exhibited very different fluorescence behaviour on metal ion

complexation. All three ligands (57), (58) and (62), complexed the metal ions investigated

with a high degree of stability, a desirable property of a fluorescent metal ion sensor. For

most of the complexes formed, changes in fluorescence were observed only for the

addition of the first equivalent of metal ion; this coupled with the metal complex ion

stability constants determined, indicated preferential formation of 1:1 metal complex ions.

The fluorescence of ligand (57) was enhanced on addition of either one equivalent of Zr]*,

or Cd2*, indicating that metal ion coordination hindered the PET process. The fluorescence
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of ligand (58), however, was quenched on titration withZnz*, indicating that the effect of

the coordination of Zr]* on the PET process was dominant in determining the overall

fluorescence. The complexation of Zn2n, in the case of ligand (58), brought the phenyl

rings and anthracene substituent closer. This facilitated charge transfer, which resulted in

fluorescence quenching. Fluorescence quenching was also observed for ligand (62) with

ZtJ* and, Cd2*. Displacement of the proton by the metal ion enhanced the transfer of

electrons from the lone pair of the nitrogen. Metal ions do not hinder the PET process to

the same extent as protons. Titration of all three ligands with Cu2* resulted in

fluorescence quenching.

All ligands synthesised in this study showed a high degree of affinity towards

transition metal ions over group I or II metal ions, with stability trends consistent with the

Irving Williams series. The generation of water soluble ligands was successful, for both

the chiral amino acid receptor ligands and the anthracene substituted fluorescent sensors.

The carboxylic acid derivatives of L-phenylalanine, both the tacn ligand (42) and the

cyclen ligand (46), were soluble at neutral pH 7. The anthracene substituent ligand (62)

with hydroxyethyl pendant arms was also soluble at neutral pH 7. However, the metal

complex ions of both ligand (46) and ligand (62) were found to be insoluble in aqueous

and partially aqueous solvent systems.

A good basis for future investigations would be provided by the enhanced stability

of both anthracene substituted ligands (57) and (58), with chiral amino acid pendant arms,

to air and light accompanied by the high metal complex ion stability constants determined,

with respect to the other ligands investigated. Future studies should focus on the design of
these ligands and the role that different functional groups play in altering specihcity and

selectivity towards metal ions through responses in fluorescence.

The incorporation of an additional amine group (through the addition of the spacer

arm in the anthracene substituted ligands) significantly increased the specificity towards

metal ions; this however, did not induce large fluorescence enhancements. Future

investigations should focus on determining the metal ion coordination sites in these

ligands, as this may play a role in the observed fluorescence response. The information

obtained from that study could be used to design highly specihc fluorescent sensors, which

respond to metal ion coordination with significant alterations in fluorescence signals,

which is a desirable property when designing fluorescent sensors. Increasing the water
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solubility of the metal complex ions is also desirable. This may be achieved through the

incorporation of hydrophilic pendant arms of a similar structure to phenylalanine and

tryptophan, such as L-tyrosine. The incorporation of carboxylic acid based aÍns, with the

carbonyl groups B to the macrocyclic amines, into the anthracene substituted ligands, may

also provide for highly stable and selective fluorescent probes for aqueous solutions.
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6.1

Chapter 6. Experimental

General synthetic methods

tH NMR spectra were recorded at 200 }y'rEz on a Varian Gemini spectrometer

(50.2S MHz for t3C¡ with a dual 5mm 13C/1H probe, 300 MHz Varian Gemini NMR

spectrometer (75.5 MHz for t3C; or at 600 MHz on a Varian Nova NMR spectrometer

(150.8 MHz for 13C). All spectra \À/ere recorded as dilute solutions in CDCI3 with

tetramethylsilane as an internal standard for non aqueous solvents, and in D20 against the

HOD resonance (õ 4.72 ppm), at25oC, unless otherwise stated. Chemical shifts are quoted

on the ô-scale in parts per million (ppm), followed by multiplicity, coupling constant(s)

and assignment. All multiplicities for proton NMR are abbreviated: s, singlet; d, doublet; t,

triplet; q, quartet; m, multiplet and br, broad.

Melting points were determined on a Kofler hot-stage micro-melting point

apparatus equipped with a Reichart microscope, and are uncorrected. Infrared spectra were

recorded on a ATI Matson Genesis FTIR spectrometer as nujol mulls between sodium

chloride plates. Combustion analyses were carried out by the Microanalytical Division of

the Chemistry Department, University of Otago, New Zealand. Mass Spectra were

recorded as electron impact (EI) mass spectra on a VG ZAB 2HF mass spectrometer.

Electrospray ionisation mass spectra were recorded in positive ion mode on a Finnigan

MAT ion trap LC-Q octapole mass spectrometer (LCQ).

Thin layer chromatography (tlc) was carried out with Merck Silica gel (Kieselgel)

60F25a on aluminium backed plates, or on Merck Aluminium oxide 150Fzs+ neutral (type

T) plates. The plates were visualised by 253 nm ultraviolet light, or by staining with

iodine. Flash chromatography was carried out with either generic basic UG alumina or

with Merck Silica gel 60 þarticle size 0.040-0.063 nm). Squat column chromatography

was performed with Merck Kieslgel 60 PF25a. Solvents were purified and dried using

standard laboratory procedures.t All organic extracts were dried over anhydrous sodium

sulfate.
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6.2 General physical methods

Deionised water that had been purified with the MilliQ-Reagent system to produce

water with a specific resistance of >15 Mf) cm-l, boiled for 30 min to remove COz, and

cooled under a drying tube filled with soda lime, was used in the preparation of all aqueous

solutions. All volumetric glassware was "A-grade".

Methanol (AR, B.D.H) was dried by distillation under nitrogen. The metal salts

NaCIO+ (B.D.H), Ca(ClO¿)z (Aldrich), Zn(ClOa)2 (Aldrich), Cu(ClO+)z (Aldrich),

Ni(ClO4)2 (Aldrich), Co(ClO+)z (Aldrich), and Cd(ClO¿)z (Aldrich) were purchased and

dried under high vacuum over PaO16. Caution: Anhydrous perchlorqte salts can be

explosive and should be handled with care. All metal salts were standardized in triplicate

by means of cation exchange chromatography. A Dowex AG 50W-X2 cation exchange

column (2x20 cm) in its Hn 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. Bromotþmol Blue (3 drops) was added to the eluant and the solution

titrated against 0.1 mol dm-3 NaOH (previously standardized by titration against potassium

hydrogen phthalate).

Tetraetþlammonium perchlorate (l.trEt4clO4) was prepared by addition of excess

HCIO+ (1.0 mol dm-3, 1.7 dm3) (Ajax) to NEtaBr (300 g, 1.4 mol) (Aldrich) in HzO. The

resulting NEt+ClO¿ was recrystallised from HzO until free of bromide and acid. The white

crystalline NEt+ClO+ was then dried under high vacuum over PaO16.

The two buffer solutions utilised in this study, MES ([2-(N-morpholino)-ethane-

sulfonic acidl sodium salt, pKu 6.15) and acetic acid/ sodium acetate (pKu 4.52) were

prepared as described in the literature,2 by means of a pH-electrode calibrated in a

methanol/water (80:20; vlv) solvent system. The pH of the solution was adjusted by the

addition of HCIO¿ until the desired pH 5.6 (MES) or pH 4.0 (acetate) was obtained. The

ionic strength was maintained at I: 0.1 mol dm-3 with NEt+ClO¿.

The ligands used were prepared as described in Chapter 2, they were dried over

P+Olo containing indicator (Sicapent) under vacuum for a minimum of 6 hr prior to use.
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6.3 Partially aqueous potentiometric titrations in

methanol/water solvent system

Potentiometric titrations were carried out by means of a Metrohm E665 Dosimat

Autoburette which was equipped with a 5 cm3 burette interfaced to a Laser XT/3-8086 PC.

Changes in hydrogen ion concentration were monitored by means of an Orion Ross

Sureflow 8l-72 BN combination electrode connected to an Orion 720 Digital Voltmeter.

The titrations were carried out at 298.2 + 0.1 K in a water-jacketed vessel. High purity

nitrogen was bubbled through a solution of 0.1 mol dm-3 NEt+ClO¿ and then through the

cell. Methanol, Milli-Q water and NEt¿ClOa were prepared as described in section 6.2.

All solutions were prepared as a methanol/water (80:20; v/v) solvent system, with constant

ionic strengthl:0.1 mol dm-3 çl.lEtaclo4).

The glass electrode was calibrated daily by titrating 0.1 mol dm-3 NEI+OH with 10

cm3 of a solution of 0.1 mol dm-3 NEt¿ClO+ and 0.0038 mol dm-3 HCIO4. The resulting

data was fitted to the Nernst equation to determine Eo and pK*, Equation 6.1.

RTE: Eo ln[H+]
F

where E: observed potential (V)

.Es : standard electrode potential (V)

l?: gas constant (S.314 J mol-l K-r¡

Z: temperature (K)

F:Faraday's constant (9.6487 x 104 Coulombs mol-l)

At298.2 K, with E in millivolts and converting to logarithm base 10:

(Eo - E)

(6.1)

(6.2)

59.15

where E: observed potential (mV)

pH: -log[H*]

and

pH:
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(8"- ÐpK*: + pOH
59.1 5

(6.3)

The program MacCalib3 was used to calculate the endpoint of the titration (and

hence the exact concentration of H* used) and the calibration parameters E¡ and pK*.

Diffusion correction terms used for aqueous methanol were E6:3.15 and pK*: 1.311.

Three titrations were performed for each system. The protonation constants were

determined by the titration of a 0.1 mol dm-3 NEt+OH with a 10 cm3 solution of a ligand

and HCIO¿. The NEt¿OH was previously standardised against potassium hydrogen

phthalate. The concentration of the ligand of interest and HCIO+ in solution varied for

each ligand, the following concentrations were used fligand, (HCIO4)]; [(31), 9.3 x 10-a

mol dm-3 (3.8 x l0-3 mol dmr)1, lØ2),8.9 x 10-a mol dm-3 (6.0 x 10-3 mol d-t)1, [(45), 8.s

x 10-a mol dm-3, (4.2 x 10-3 mol d-t)1, [(46), 1.1 x 10-3 mol dm-3, (9.2 x 10-3 mol d--')],

[(50), 7.3 xl}-a mol dm-3, (3.1 x 10-3 mol d-")], [(57),3.3 x 10-a mol dm-3, (4.6x 10-3 mol

dttt")1, [(58), 5.3 x 10-a mol dm-3, (5.3 x 10-3 mol ¿*')] and l(62),4.0 x 10-4 mol dm-3,

(5.3 x 10-3 mol d--')1.

The determination of metal complex ion stability constants for each ligand was

carried out by the addition of a metal salt solution (varying concentration) to the acidified

titration solution, [Ligand, M2* range, HCIO+]; t(31)l 9.1 x 10-a mol dm-3, [Mt*] 7.0 x 10-a

- 1.5 x l0-3 mol dm-3, ¡Hclo¿l 3.1 x 10-3 mol dm-3, IØ2)l8.9 x 10-a mol dm-3, ¡M2*17.0 x

10-4 - 1.5 x 10-3 mol dm-3, [HClo4] 6.0 x 10-3 mol dm-3, t(45)l r.27 x l0-3 mol dmr, ¡M2*1

7.0 x 10-a - 1.9 x 10-3 mol dmr, ¡Hclo¡l 4.3 x 10-3 mol dm-3, t(50)l 7.3 x r}-a mol dm-3,

[Mt*] 8.0 x 10-a - 1.04 x l0-3 mol dm-3, [HClo4] 3.1 x 10-3 mol dm-3, t(57)l 3.3 x lO-a mol

dm-3, ¡M2*l 3.0 x 10-4 - 1.0 x 10-3 mol dm-3, [HClo4] 4.6 x l0'3 mol dm-3, t(ss)l 5.3 x 10-a

mol dm-3, [M'*] 4.0 x lO-a - 1.0 x 10-3 mol dm¡, ¡Hclo+l 5.3 x 10-3 mol dm-3. where M2*

: Zn(ClOa)2, Cd(ClOq)z or Cu(ClOa)2 for ligands (31), (42), (45) and (50) and for ligands

(57) and (58) M2*: Cd(ClOa)2 or Cu(ClOa)2.

By means of the Dosimat Autoburette, either constant volume aliquots of the titrant

were delivered, or variable successive additions of titrant were added during the titrations,

during which the emf decreased by 4 mV. For all titrations, a maximum delay of 300

seconds between each titrant addition was sufficient for equilibrium to be established.
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The stability constants for each metal complex ion were determined by means of

the Fortran progranìme SUPERQUAD.4 The final constants represent an average from at

least two calculated titrations where the y2 of each run was less than 12.6 at the 95o/o

confidence level.

6.4 Ultraviolet-visible spectroscopy

UV-visible absorbance spectra were recorded by means of a Varian CARY 300 Bio

spectrophotometer equipped with matched 1.0 cm path length quartz cells over the

wavelength range 300-450 nm at 0.083 nm intervals, with a scan rate of 49.8 nm min-l.

The blank used contained all species present in the solutions of interest except for the

ligand and metal salt, where applicable. Baseline correction measurements were used for

all spectra. All solutions were equilibrated af 298.2 + 0.2 K in a thermostatted block

throughout the measurements. The concentration of ligand solutions used varied

depending on the solubility of the ligand. The concentrations of the ligands for metal

binding studies were [(57)] 4.1 x 10-5 mol dm-3, t(sS)l 4.7 x l0'5 mol dm-3 and [(62)] 5.5 x

10-5 mol dm-3. For the pH titrations the concentrations of the ligands were [(57)] 3.3 x 10-5

mol dm-3, t(sS)l 8.6 x 10-s mol dm-3 and [(62)] 1.2 x I}-a mol dm-3; these solutions were

obtained by direct dilution from those used in the potentiometric titrations. All solutions

were prepared freshly prior to measurement.

6.5 Fluorescence spectroscopy

Fluorescence measurements were made with a Perkin-Elmer LS-508

spectrofluorimeter equipped with a 1.0 cm path length quartz cell. Data was obtained

between 377 and 550 nm with excitation and emission slit widths of 10 nm and 5 nm

respectively, by means of a 1 o/o transmittance emission filter. Two scans at 0.5 nm

intervals, with a scan rate of 200 nm min-I, were recorded and averaged. Baseline

correction measurements were used for all spectra; a solution containing the solvent,

supporting electrolyte and buffer (where applicable) was used. All solutions were

equilibrated at 298.2 + 0.2 K in a thermostatted block throughout the measurements. The

concentrations of the ligands investigated were the same as that used for the UV-visible

absorbance measurements, (see section 6.4). The excitation wavelength for each system

studied was selected from within the second longest wavelength absorbance band.
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6.6 Stabitity constants from fluorescence

The metal complex ion stability constants of ligands (57), (58) and (62), were also

determined with fluorescence measurements, where the concentrations of metal ions used

varied from 0.1 - 4.0 molar equivalents of the ligand depending on the fluorescence

observed. The observed fluorescence of a single (metal)o(ligand) complex is given by

Equation 6.4,

F: e¿fligand] + e¡7fmetal ion] -r e¡a.¿f(metal)o(ligand)l (6.4)

where F : total fluorescence

a¡, a¡a aîd EM.L : molar fluorescence of the ligand, metal ion and (metal

ion)o(ligand) complex

[igand], [metal] and [(metal ion)o(ligand)] : the equilibrium ligand, metal ion and

(metal ion)o(ligand) complex concentrations.

A simultaneous fit over a range of recorded spectral data in Equation 6.4, using a

non-linear least squares regression routine, based on Method 5 of Pitha and Jones,s by

means of the MATLAB programme DATAFIT/SPECFIT6 was used to determine the metal

complex ion stability constants. SPECFIT is designed to calculate stability constants, and

their standard deviations from fluorescence spectra, followed by the emission spectra of

each species. The experimental datawas not weighted.
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6.7 Quantum yields

The use of the optically dilute methodT was employed for the determination of the

quantum yields (@.). Equation 6.5 relates the quantum yield of an unknown to that of a

reference standard.

(n)'
(6.s)

where x refers to the unknown

r refers to the reference

Øis the quantum yield

I is the absorbance of the solution at the excitation wavelength

f is the integrated area under the emission spectrum

n is the index of refraction of the solvent

The reference standard used was quinine sulphate (@, : 0.542 in 0.1 mol dm-3

sulphuric acid).8'e Due to the close proximity of the refractive indices of methanol and

water, the refractive index was omitted from calculations. Anal¡ical reagent grade

anhydrous quinine sulphate in sulphuric acid (Convol, BDH) at 0.1 mol dm-3 was used to

prepare the standard solutions.

UV-visible absorbance spectra and fluorescence emission spectra of the standard

(quinine sulphate) (5.0 x 10-6 mol d*t) were recorded as described in sections 6.4 and 6.5.

The excitation wavelength for quinine sulphate was matched to that used for the unknown,

in each case, to ensure that the intensity of the exciting light was identical. The

concentrations for the fluorescence measurements corresponded to absorbances of < 0.03

at the excitation wavelength. Thus corrections for self-absorption, of incident and emitted

light on the emission intensities, were not required. Computerised integration was used to

calculate the area under each curve, between 377 and 550 nm. Errors in quantum yield

values obtained are approximately l0 %.

@)'Ø-: Ø, I I"
AX F,
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6.8 Synthesis

1,2-DiQt-toluensulfonyloxy)ethane, TsOCH2CH2OTs, (34).to

Triethylamine (98.7 cm3, 708 mmol) was added dropwise to a stirred solution of

ethylene glycol (17.9 cmt,322 mmol) in dichloromethane (130 cm3) at OoC. A solution of

p-toluenesulfonyl chloride (128.9 g, 676 mmol) in dichloromethane (390 cm3) was then

added to the reaction mixture in a dropwise manner to maintain the lower temperature.

The reaction mixture was then stirred for 2 hrs at room temperature, the solid triethylamine

hydrochloride salt was then filtered off and the filtrate was concentrated under reduced

pressure to yield a white precipitous slurry. This was washed with ether (500 cm3) and the

remaining solid collected by vacuum filtration. Recrystallisation with ethanol afforded the

compound as white crystals (109 g, 90 Vo), mp 123-125'C (Lit10 I23-125"C); ôH(300 }/.Hz,

CDCI3) 2.46 (6H, s, 2 x ArCH3), 4.I9 (4}J, s, 2 x CH2O), 7.34 (4H, AA' portion of

AA'XX', ArH), 7.75 (4H, XX'portion of AA'XX', ArH); õc (75.5 MHz) 22.3 (2 x

CH3Ar), 67.3 (2 x CH2O), 128.6 (4 x AICH), 130.6 (4 x ArCH), 132.4 (2 x ArC), 145.2 (2

x ArC); m/z (EI) 370 (M*, 32yo),301 (9), 277 (2),196 (10), 153 (63), 136 (20).

1,4,7-Trisþt-toluensulfonyl)diethylenetriamine, TsN(CHzCHzNHTs)2, (35).rt

Triethylamine (152 g, 1.51 mol) was added dropwise to a stirred solution of

diethylenetriamine (50 g, 485 mmol) in dichloromethane (500 cm3) at 0oC. A solution of

p-toluensulfonyl chloride (276 g,1.45 mol) in dichloromethane (300 cm3) was then added

to the stirred reaction mixture in a dropwise manner to maintain the lower temperature.

After the addition the reaction mixture was allowed to warm to room temperature where it

was left to stir overnight. The resulting white precipitate was filtered off and retained, the

filtrate was concentrated under reduced pressure to afford a white solid. Both solids where

combined and recrystallised from methanol to afford the title compound as white crystals

(243 g,89 yo), mp 174-176"C (Litrr mp fi3-175'C); õu (200 MHz, CDCI3) 2.40 (9H, s,3

x ArCH3), 3.14 (8H, m, CHzN and CHzNH) 5.21(2H, bs, NH), 7.23 (2H, AA' portion of

AA'XX', ArH), 7.28 (4H, BB' portion of BB'YY' , 2 x ArH), 7.60 (2H, XX' portion of

AA'XX', ArH), 7.75 (4H, YY'portion of BB'YY', ArH); õc (50.28 MHz) 22.2 (3 x

ArCH3), 42.6 (2 x CHNH), 51.2 (2 x TsNCH2), 127 .8 (4 x ArCH), 127 .9 (2 x ArCH),

130.5 (4 x ArCH), 130.7 (2 x ArCH), 134.9, 136.9, 143.7, 144.2 (6 x ArC); mlz (EI) 566
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[(M + H)*, 70 o/o),550 (2), 500 (l), 458 (t),4t2 (25), 381 (18), 369 (2), 308 (10), 290 (10),

228 (60),198 (12), 1s4 (88).

1,4r7-TrisQt-toluenesulfonyl)diethylenetriamine-1,7-disodium salt, (36).r0

I,4,7,-TrisQt-toluenesulfonyl)diethylenetriamine (35) (40.95 g,72.3 mmol) was

dissolved in a stirred solution of absolute ethanol (500 cm3) at 0oC. Sodium metal (4.65 g,

202 mmol) was then added slowly to the reaction mixture under nitrogen to ensure the

maintenance of the low temperature. The reaction was then left to stir overnight. The

resulting precipitate was collected by vacuum filtration and washed with ethanol (100

c-3¡. The solid was then dried under high vacuum to yield a white solid (41 g,93 %o), mp

293-294"C (Litro mp 294-295"C).

l 14 r7 -T ris Qt- to lu e n e s u tfo nyl) - 1, 4 r7 -tr iazacycl o n o n a n e, (37 ).t''"

1,2-DiQt-toluenesulfonyloxy)ethane (3a) (19 g, 51.4 mmol) in DMF (100 cm3) was

added dropwise to a solution of 1,4,7-trisQt-toluenesulfonyl)dietþlenetraimine-I,7-

disodium salt (36) (30 g, 51.4 mmol) in DMF (200 cm3) at 65 oC. The reaction was then

left to stir at 110'C for 12 hours under nitrogen. The solvent was then removed under

reduced pressure to yield a thick slurry that was suspended with rapid stirring in ice cold

water (100 cm3), this was left to stir for 30 minutes. The resulting white precipitate was

then filtered off and washed successively with water, ethanol and ether. The solid was

then dried and recrystallised from acetone/water to yield a white crystalline solid (18 g, 60

%). õH (200 MHz, CDCI3) 2.43 (9H, s, 3 x ArCH3), 3.42 (12H, s,6 x CH2N), 7.30 (6H,

AA' portion of AA'XX', ArH), 7.68 (6H, XX' portion of AA'XX', ArH); ôc (50.28 MHz)

21.5 (3 x ArCH3), 51.9 (3 x N(CHz)zN ring), 127.5 (6 x ArCH), 129.9 (6 x ArCH), 134.7

(3 x ArC), 143.9 (3 x ArC); m/z (EI) 592 [(M + H)*, 4 yo], 566 (2), 484 (14), 438 (13),436

(30),381 (4),281 (10).

1 r4,7 -T riazacyclononane Trihydrobromide, (38). t3

1,4,7 -Tris(1t-toluenesulfonyl)-1,4,7 -triazacyclononane (37) (12 g, 20.2 mol) was

dissolved in conc. sulphuric acid (80 
"m3; 

and heated at 110 oC for 3 days under nitrogen.

The reaction was then cooled to room temperature and added dropwise to a solution of

ethanol (100 cm3) and ether (35 cm3) at 0oC. The resulting grey precipitate was collected
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and then dissolved in a solution of hot water (10 cm3). Hydrobromic acid (6 cm3) was

added dropwise to yield a white solid. The mixture was cooled to 0"C and precipitate

collected under a constant stream of nitrogen to yield a pale grey solid (6.05 g, 80 %), mp

269-276C (Litrt't: mp 277-278'C); ôs (200 MHz, D2O) 4.1 (12H, s, 3 x N(CH2)2N ring);

õc (50.28 MHz) 44.2 (3 x N(CH2)2N ring); m/z (EI) 130 [(M + H)*, rc}yo), ll4 (6), 102

(10),94 (20),86 (r0),76 (19),63 (12).

1,4 17 -T riazacyclononane, (39).11

1,4,7-Triazacyclononane trihydrobromide (38) (6.05 g, 16.2 mmol) was dissolved

in a solution of sodium hydroxide (2.07 g,51 mmol) to give a clear brown solution.

Benzene (100 cm3) was added and the reaction fitted with a dean stark apparatus and left to

reflux at 100oC for 2 days to remove water. The reaction was then filtered to remove the

precipitate, which was then washed with warm benzene. The filtrate was concentrated

under reduced pressure to yield a white oil, which on standing at 0'C formed a white

amorphous solid (1 .66 g,80o/o), mp 43-44"C (Littt mp 42-46C); õs (200 MHz, CDCI3)

1.94 (3H, bs, 3 x NH),2.74 (12H, s, 3 x N(CHz)zN ring); ôc (50.28 MHz) 47.5 (3 x

N(CH2)2N ring); m/z (EI) 129 (M*,160/0),114 (20),88 (65), 56 (78).

L-phenylalanine methyl ester, (40).tn

L-phenylalanine (1 g, 6.05 mmol) was refluxed in a solution of 1.8 mol dm-3

hydrochloric acid dissolved in methanol (I3.4 cm3,l2.l mmol) for 4 hrs. The reaction was

then concentrated under reduced pressure to yield a white solid in quantitative yield,

m.p.158-160'C, (Litr4 158-162"C). ôH (300 MHz, CDCI3), 3.42 (2H, d, ATCH2CH), 3.68

(3H, s, OCH3),4.38 (1H, m, aCH), 7.27-7.30 (5H, m, ArH); ôc (75.5 MHz) 34.02

(ArCH2), 51.99 (OCH3), 53.35 (aCH), 127.00, 128.04, 128.91, 134.20 (C:C), 168.79

(c:o); m/z (Er) 1s0 [(M + H)*, 4%)],163 (1), 147 (l),131 (1), 103 (15), 88 (95).
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N-bromoacetyl-L-phenylalanine methyl ester, (41).t'

L-phenylalanine methyl ester (40) (10 g,46.5 mmol) was dissolved in a solution of

dry THF (50 cm3) and triethylamine (13 cm3, 93 mmol) under nitrogen, the mixture was

then cooled to OoC. A solution of bromoacetyl bromide (4.0 c 3,46.0 mmol) in dry THF

(50 cm3) was then added dropwise to the reaction mixture at 0oC, the temperature was not

allowed to rise above 10'C. The reaction was left to warrn to room temperature over a t hr

period. The reaction was quenched with a dropwise addition of water (20 cm3) then

extracted with etþl acetate (40 cm3) and the organic layer washed with 1 mol dm-3

hydrochloric acid (20 cm3) and saturated solution of sodium bicarbonate (20 cm3). The

organic layer was then dried and the solvent removed under reduced pressure to give a

crystalline solid (9.0 g, 65 Yo) of N-bromoacetyl-L-phenylalanine metþl ester which was

used without further purification, mp 55-57oC, ôH (300 MHz),3.14 (2H,m, AnCH2),3.73

(3H, s, OCH3), 3.84 (2H, s, BrCH2), 4.85 (1H, m, a-CH), 6.86 (1H, bs, NH), 7.1-7.3 (5H,

m ArH); ôc (75.5 MHz) 28.54 (AICH2), 37.6 (OCH3), 52.3 (aCH), 53.6 (BrCH2), 127.2,

128.6, 129.2, 135.2 (C:C), 165.0, 171.2 (C:O); m/z (EI) 300 (M*, l0 o/o), 178 (5), 162

(60), 131 (20),91 (9s).

À[-bromoacetyl-L-phenylalanine methyl ester-dimer, (43).

ðH (300 MHz), 3.14-3.6 (6H, m, CHz), 3.68 (3H, s, OCH3), 3.74 (3H, s, OCH3),

4.71 (lH, m, a-CH), 4.75 (lH, m, u-CH), 7.04-7.34 (10H, m ArH); ôc (75.5 MHz)28.7,

29.8 (ArCHz), 37.8, 38.1 (OCH3), 52.4, 52.9 (uCH), 53.2 (NCHz), 127.4, 127.8, 128.7,

128.9, 129.3,130.1, 13 5.7, I 3 6.0 (C:C), 166.2, 17 2.4 (C:O); m/z (LCQ) 43 7 (MK*, l0 yo),

398 (30), 367 (28),339.

l14r7-tr¡sl(2'S)-acetamido-2'-(methyl-3'-phenylpropionate)l-l14r7-triazacyclononane,

(31).t'

N-bromoacetyl-L-phenylalanine methyl ester (41) (470 mg, 1.56 mmol) was

dissolved in a solution of diisopropylethylamine (0.49 cm3,2.82 mmol) and dry DMF (2

cm3) under nitrogen and cooled to 0oC. Solid 1,4,7-triazacylcononane (62 mg,0.487

mmol) was then added and the reaction left to stir overnight under nitrogen. The reaction

was diluted in water and extracted with dichloromethane. The solvent was removed under
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reduced pressure and the resulting oil washed with water. Purification by means of column

chromatography fbasic UG alumina, dichloromethane / methanol 1010.4 (v/v) R¡ 0.25]

yielded a yellow oil. The oil was re-dissolved in dichloromethane and diethyl ether was

then added forming a milky solution which was filtered off and concentrated under

reduced pressure to yield a white flufff solid (250 mg, 65 o/o), mp 43oC, õH (600 MHz,

CDCI3) 2.45 (12H, AA'BB',3 xN(CH2)2Nring),3.09 (6H, s, CH2C:O),3.16 (6H, m,

ArCH2),3.72(9H, s, OCH3),4.87 (3H, m, crCH),7.06-7.25 (15H, m, ArH); õc (150.8

MHz) 37.5 (ArCH2),52.3 (OCH3), 52.6 (uCH), 56.5 (N(CH2>)N ring), 62.5 (CH2C:O),

127.1 (ArH), 128.6 (ArH), 129.2 (ArH), 136.0 (ArH), 170.8 (C:ONH), 172.0 (C:OCH);

m/z (LCQ) 786 (M* 8%).

Tris(Tetraethylammonium)1.,4,7-lrl's[(2'S)-acetamido -2'-(1'-carboxyl-3'-

phenylpropane)l -1,4 r7 -triazacyclononane, (NEt4)3.(42).

An aqueous solution of 0.1 mol dm-3 tetraethylammoniumhydroxide (20 cm3) was

added dropwise to a solution of ligand (31) (400 mg, 0.53 mmol) in a solvent mixture of

THF / water (10 cm3 1:l (v/v)) and stirred under nitrogen at room temperature for 4 days.

The solvent was then removed to yield an oil, subsequent washings with acetone and ether

removed excess hydroxide to yield a white crystalline product (369 g,80 %), õH (600 }i4Hz,

D2O) 1 .21 (36H, t, (CH3CHz)+N), 2.40-2.70 (12H, AA'BB', 3 x N(CH2)2N ring), 2.96 (6H,

s, CH2C:O),3.14 (6H, m, ArCH2), 3.I7 (24H, q, (CH3CHz)¿N),4.50 (3H, m, oCH),7.56-

7.97 (15H, m, ArH); ôç (150.8 MHz) 6.4 ((CH3CH2)4N), 37.2 (ArCH2), 51.8

((CH3CH2)aN), 55.2 (crCH), 55.5 (N(CH2)2)N ring), 61.2 (CH2C:O), 127.2 (ArH), 129.0

(ArH), 129.4 (ArH), 137.2 (ArH), 173.5 (C:ONH), 178.0 (C:OCH); m/z (LCQ)

co:HrosoqNg II32 (65 %).

l1417-tr¡sI(2'S)-acetamido-2'-(1'-carboxyl-3'-phenylpropane)l-1,4,7-

triazacyclononane-zinc(Il)tetraethylammoniumtrifl ate'4CH¡OH,

lZn(H2(42)l NEt4'2 (CF3 S O3)'4CH3 OH, (44).

A solution of Zn(CF3SO3)2 (16 mg,4.4 x 10-s mol) in methanol (1 cm3) was added

to a solution of ligand (42) (50 mg,4.4 x 10-s mol) in methanol (2 cm3). A layer of ether (l

cm3; *as then added and the solution was left overnight. The resulting precipitate was

then collected by filtration under reduced pressure and dried over PaO16 under reduced
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pressure to yield a yellow solid (55 mg, 84 o/o). (Found: C, 45.83; H, 6.54; N, 7.17.

CaeH65N7O15F6S2Zn.(CH3OH)4 requires C,46.65; H, 6.14;N, 7. 19 %)

1,4,7,,10-tetrakisl(2'S)-acetamido-2'-(methyl-3'-phenylpropionate)l-1,4,7,10-

tetraacycldodecane, (45).

N-Bromoacetyl-L-phenylalaninemethylester (41) (500 ng 1.66 mmol) was

dissolved in diisopropylethylamine (0.46 c 3, 26.5 mmol) and DMF (5 cm3) under

nitrogen. The solution was cooled to 0o and solid 1,4,7,I}-tetraazacyclododecane (57 mg,

0.32 mmol) added. The reaction was left to stir ovemight at room temperature and was

then diluted with water (20 cm3) and extracted with dichloromethane. The solvent was

removed under reduced pressure and the resulting oil washed with water. Purification by

means of column chromatography [basic UG alumina, dichloromethane / methanol 1010.4

(v/v) R¡ 0.251 yielded a yellow oil. The oil was re-dissolved in dichloromethane and

diethyl ether was then added forming a milky solution which was filtered off and

concentrated under reduced pressure to yield a white flnfû solid (250 mg, 50 %), ôH (600

MHz, CDCI3) 2.36-2.57 (16H, m, AA'BB',4 x N(CH2)2N ring), 3.01 (8H, s, CH2C:O),

3.09 (8H, m, AICH2),3.68 (I2H, s, OCH3), 4.87 (4H, m, oCH), 7.08-7.24 (20H, m, ArH);

õc (150.8 MHz) 37.5 (ArCH2), 52.2 (OCH3), 53.1 (uCH), 56.3 (N(CH2)2)N ring), 62.3

(CH2C:O),127.0 (ArH), 128.4 (ArH),129.0 (ArH), 136.0 (ArH), 170.7 (C:ONH), 172.0

(C:OCH); m/z (LCQ) 1071.6 (M + Na)(qS %); (Found: C, 62.95; H, 6.95; N, 10.51.

CsoHzzNsO n.HzO requires C, 63.01 ;H, 6.99; N, 10.50%)

Tetrakis(tetraethylammonium)l14r7,l0-tetrakisl(2'S)-acetamido-2'-(1'-carboxy-3'-

phenylpropane)l -1,4,7,I0-tetraazacyclododecane, (NEt4)4.(46).

An aqueous solution of 0.1 mol dm-3 tetraetþlammoniumhydroxide (42 cm3) was

added dropwise to a solution of ligand (45) (600 mg,0.57 mmol) in a solvent mixture of

THF/water (20 cm3 1:1 (v/v)) and stirred under nitrogen at room temperature for 4 days.

The solvent was then removed under reduced pressure to yield an oil, subsequent washings

with acetone and ether removed excess hydroxide to yield a white crystalline product (410

mg,80Yo), ôH (600 MHz, D2O) 1 .21 (48H, t, (CH3CHz)+N), 2.10-2.40 (16H, AA'BB', 4 x

N(CH2)2N ring), 2.86-3.14 (16H, m, CH2C:O and ArCH2), 3.19 (32H, q, (CH3CHz)+N),

4.50 (4H, m, aCH), 7.09-7.48 (20H, m, ArH); ôc (150.8 MHz) 8.45 ((CH3CH2)4N),37.2

(ArCH2), 53.9 ((CH3CH2)4N), 55.2 (uCH), 55.5 O{(CH2)2)N ring), 61.2 (CH2C:O),127.2
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(ArH), 129.0 (ArH), 129.4 (ArH), 137.2 (ArH), 173.5 (C:ONH), 178.0 (C:OCH); m/z

(LCQ) CszHoqNsO n, 993.5 (98 %).

Bis(tetraethylammonium)1,4,7,[$-tetrakß[(2'S)-acetamido-2'-(1'-carboxy-3 -

phenylpropane)l-1,4 17 r10-tetraazacyclododecanezinc(Il)ditriflate'6CH¡OH,

(NEt¿)z [Zn(Hr(46)ì (CF¡SO¡)z'6CH3OH, (47).

A solution of Zn(CF3SO¡)z (11 *g, 3 x 10-s mol) in methanol (1 cm3) was added to

a solution of ligand (46) (50 mg,3 x l0-s mol) in methanol (2 cm3). A layer of ether (1

"-'1 
*ur then added and the solution was left overnight. The resulting precipitate was then

collected by means of vacuum filtration and dried to yield a yellow solid (51 mg, 85 %).

(Found: C, 50.45:; H, 7 .45; N, 7.60. CzoHroNroOrsFeSzZn.(CH3OH)6 requires C, 50.50; H,

7.04;N, 7.76%).

L-tryptophan methyl ester hydrochloride, (48).tu

L-tryptophan (5 g, 24.5 mmol) was refluxed in a solution of 1.8 mol dm-3

hydrochloric acid dissolved in methanol(37 cm3,49 mmol) for 3 hrs. The reaction was

then concentrated under reduced pressure to yield a white solid in quantitative yield,

m.p.2r7-2r8'C, (Litr6 2r8-220'C). ôH (200 MHz, DMSO), 3.57 (2H, d, ATCH2CH), 3.85

(3H, s, OCH¡), 4.49 (IH, m, aCH), 7.2I-7.73 (5H, m, ArH), 8.97 (2H, s, NH), 11.33 (1H,

s, NH); ôc (50.28 MHz) 26.4 (ArCHz),52.6 (OCH3) 52.9 (uCH), 106.6, 111.9, 118.3,

118.9, 121.5, 125.3, 127.2,136.5 (ArH), 170 (C:OCH); m/z (EI) 218 [(M + H)*, 20%)],

1s8 (6), 130 (95).

N-bromoacetyl-L-Tryptophan methyl ester, (49).

L-tryptophan metþl ester hydrochloride (48) (9 g,35.4 mmol) was dissolved in a

solution of dry THF (100 cm3) and triethylamine (18.7 c 3, 134.5 mmol) under nitrogen

and cooled to 0oC. A solution of bromoacetyl bromide (3.99 cm3, 46 mmol) in dry THF

(50 cm3) was then added dropwise to the reaction mixture at OoC. The reaction was

allowed to warm to room temperature over a t hr period and was then quenched with a

dropwise addition of water (20 cm3). The solution was extracted with ethyl acetate (40

cm3) and the organic layer washed with 1 mol dm-3 hydrochloric acid (20 c-3; followed by

a saturated solution of sodium bicarbonate (20 cm3). The organic layer was then dried and
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solvent removed under reduced pressure to give a crystalline solid (9.9 g, 75 %) of N-

bromoacetyl-L-phenylalanine metþl ester which was used without further purification, mp

56-63"C, õH (200 MHz), 3.33 (2H, d, ArCH2), 3.68 (3H, s, OCH3), 3.82 (2H, s, BrCH2),

4.87 (lH, m, o-CH), 7.00-7.55 (5H, m ArH) 8.34 (1H, bs, NH); õc (50.28 MHz)27.0

(AICH2), 28.6 (OCH3),52.4 (aCH), 53.4 (BrCH2), 109.3, lIl.2, 118.3, 118.4, 119.6,

122.2, 127.3,136.0, (ArH), 165.2, 171.6 (C:O); m/z (EI) 338 (M*), 258 (20),201 (19),

r70 (9),130 (98).

1,4,7 -trisl(2'S)-acetamido-2'-(methyl-3'-(1^ÉI-3-indolyl)propionate)f-L,4,7-

triazacyclonane, (50).

N-bromoacetyl-L-tryptophan methyl ester (49) (3.43 m9,9.0 mmol) was dissolved

in a solution of diisopropylethylamine (2.72 cm3, 15.6 mmol) and dry DMF (6 cm3) under

nitrogen and cooled to 0oC. Solid 1,4,7-triaazacyclononane (358 mg, 2.7 mmol) was then

added and the solution was left to stir overnight under nitrogen. The solution was diluted

in water and extracted with dichloromethane. The solvent was removed under reduced

pressure and the resulting oil washed with water. Purification by means of column

chromatography fbasic UG alumina, dichloromethane / methanol 1010.4 (v/v) Ri 0.25]

yielded a white fluffu solid (1 .19 g, 52 yo), ôH (600 MHz, CDCI3) 2.45 (12H, AA'BB', 3 x

N(CH2)2N ring), 3.09 (6H, s, CHzC:O), 3.16 (6H, m, ArCHz), 3.72 (9H, s, OCHr), 4.87

(3H, m, aCH),7.06-7.25 (15H, m, ArH); ôc (150.8 MHz) 37.5 (ArCH2),52.3 (OCH3),

52.6 (uCH), 56.5 (N(CH2)2)N ring), 62.5 (CH2C:O), 109.5,lll.4, 118.4, 119.5, 122.1,

123.0,127.7,136.0 (ArH), 170.S (C:ONH), 172.0 (C:OCH); m/z (LCQ) 904 (M* 95%).

1,4,7-trísl(2'S)-acetamido-2'-(methyl-3'-(1,ÉI-3-indotyt)propionate)l-1,4,7-

triazacyclonane zinc ditriflate.CH3OH, [Zn(50)]'(CF3SO3)2'CH¡OH, (52).

A solution of Zn(CF3SO3)2 (5.8 mg, 0.0016 mmol) in methanol (1 cm3) was added

to a solution of ligand (50) (20 mg,0.0022 mmol) in methanol (2 cm3). A layer of ether (1

c-'; wa. then added and the resulting solution was left overnight. The resulting

precipitate was then collected by means of vacuum filtration and dried to yield a yellow

solid (12 mg,60 %). (Found: C,47.27;H,4.57; N,9.58. CsoH5TNeOl5F6SzZn.CHtOH

requires C,47.18;H,4.74; N, 9.71 %).



Chapter 6 159

1,4,7,,10-tetrøkisl(2'S)-acetamido-2'-(methyl-3'-(1,ÉI-3-indolyl)propionate)l'1,4,7,10-

tetraacyclododecane, (5 1).

N-bromoacetyl-L-tryptophan methyl ester (49) (2.7 9,8.0 mmol) was dissolved in a

solution of diisopropylethylamine (2.63 cm3, 14.4 mmol) and dry DMF (5 cm3) under

nitrogen and cooled to OoC. Solid 1,4,7,L}-tetraazacycdodecane (522 mg, 3.0 mmol) was

then added and the reaction left to stir ovemight under nitrogen. The reaction was diluted

in water and extracted with dichloromethane. The solvent was removed in vacuo and the

resulting oil washed with water. Purification by means of column chromatography fbasic

UG alumina, dichloromethane / methanol 1010.4 (v/v) R¡ 0.251 did not result in the desired

product. Three inseparable isomers, the tri-, di- and mono- substituted ligands were

obtained, m/z (LCQ) 947 (M* 62Vo),734 (M* 98 %) and 477 (M+ 99 %) respectively.

9-Anthraldehyde, (53).tt

Anthracene (17.8 g, 0.1 mol), DMF (20 cm3, 0.26 mol) and o-dichlorobenzene (20

c-3; *"re placed in a two neck round bottom flask fitted with a reflux condenser, pressure

equalizing dropping funnel and a calcium chloride guard tube. Freshly distilled

phosphorous oxychloride (16 
"m3, 

0.175 mol) was then added dropwise, after addition the

reaction was heated at 95"C for an hour. The resulting solution was cooled and neutralised

with a solution of sodium acetate trihyrdrate (100 g in 175 cm3). On standing a yellow

precipitate formed, this was collected and washed with conc. sulfuric acid (100 cm3) and

water (1 -'). The remaining solid was then recrystallised with acetic acid to yield a

yellow solid (15.04 g,73 %) mp 103-104'C [Lit17 104-105'C]; ôH (300 }/rlFrz, CDCI3) 7.53

(2H, q, AnthII), 7.66 (2H, q, AnthH), 8.06 (2H, d, AnthH), 8.72 (lH, s, AnthH), 9.02 (2H,

d, AnthH), 11.55 (1H, s, C:OH); ôc (75.5 MHz) 123.5,124.5,125.7,129.1,129.2,131.1,

132.1,135.2 (Anth), 192.9 (C:O); m/z (ED 206 (M* 80 yo),205 (30),177 (57).

2-Bromoethyl-9-methylimino anthracene, (54).18

2-Bromoethylamine hydrobromide (5.96 9,0.029 mol) was dissolved in a solution

of 1 mol dmr NaOH (30 cm3) and extracted with CHzClz (5 x 30 cm3). The organic

extracts were combined and concentrated under reduced pressure to approximately 30 cm3,

this then was added dropwise to a solution of 9-anthraldehyde (53) (5 g, 0.024 mol) in

CHzClz (30 cm3). The reaction was left to stir at room temperature for an hour then dried
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over sodium sulphate, filtered and concentrated under reduced pressure and recrystallised

from ether/hexane to yield a yellow solid (5 g, 66 Yo) mp 84-87oC; õu (300 MHz, CDCI3)

3.92 (2H, t, CHzN) 4.39 (2H, t, CH2Br), 7.47 (4H, m, AnthH), 8.01 (2H, m, AnthH), 8.58

(3H, m, AnthH), 9.47 (lH, s, N:CH); ôc (75.5 MHz) 33.0 (CH2),63.9 (CHz), 122.7,

123.6,124.8,125.3,126.8,128.8, 130.0, 131.1 (Anth), 131.2 (C:N); m/z (EI) 312 (M*, 98

Yo),218 (87), 204 (70),177 (40).

N-(2-(9-anthracenylmethyl)iminoethyl)-1,4 ,7,h}-tetraazcyclodecane, (55).1e

1,4,7,I}-tetraazacyclododecane (2.85 g, 16 mmol) was dissolved in hot toluene (10

cm3) and 2-bromoetþl-9-methylimino anthracene (54) (l g, 3 mmol) added as a solid.

The solution was heated at reflux for 3 hrs after which the reaction was cooled and filtered

to remove excess ammonium salt, the hltrate was then washed with 0.1 mol dm-3 NaOH

(100 cm3). The organic layer dried and concentrated in vacuo to yield a yellow solid (4.38

g, 85 Yo); õH (300 MHz, CDCI3) 2.50 (4H, m, N(CH2)2N ring), 2.67 (14H, m, N(CHz)zN

ring and CIJù 3.07 (2H, m, 6Hz), 7 .48 (4H, m, AnthH), 8.00 (2H, m, AnthH), 8.63 (3H,

m, AnthH),9.54 (lH, s, N:CH). This was used unpurified in the next step.

N-(2-(9-anthracenylmethyl)aminoethyl)-1,4 ,7 r1}-tetraazcyclodecane, (56).le

Crude (55) (2.25 g, 5.7 mmol) was dissolved in ethanol (20 cm3) and NaBHa (240

mg, 6.3 mmol) added portion-wise, the reaction was left to stir overnight at room

temperature. The reaction was then diluted with water (20 cm3) and extracted with

CHzClz, the organic layer dried and concentrated under reduced pressure to yield a brown

oil. Purification by means of column chromatography [basic UG alumina, dichloromethane

/ methanol 1010.2 (v/v) Rr 0.21 yielded a yellow solid. (1 .6 g,73 %); ôs (300 MHz, CDC13)

2.24 (4H, m, N(CH2)2N ring), 2.40 (12H, m, N(CH2)2N ring), 2.55 (2H, m, CH2), 2.92

(2H,m, çHz), 4.62 (2H, m, CH2), 7.40 (4H, m, AnthH),7.85 (2H,m, AnthH), 8.29 (3H,

m, AnthH); ôc (75.5 MHz) 44.9, 45.6, (N(CH2)2N ring), 45.7 (CH2), 46.6 (l'{(CHz)zN

ring),48.0 (CH2),52.0 (1.{(CH2)2N ring), 54.8 (CH2),122.8, 123.4, 124.9, 125.0, 126.9,

128.7,130.1, 131.0 (Anth), ;m/z (LCQ) 468 (M*+Na* +K+ 95%).
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Synthesis of the anthracene substituted ligands (57), (58), (59) and (60).

To a solution of N-bromoacetyl-L-phenylalanine metþl ester (41) (1 g, 3 mmol)

and diisopropylethylamine (0.86 cm3, 5 mmol) in DMF (3 cm3) a solution of ligand (56)

(338 mg, 8 x 10-a mol) in DMF (2 cm3) was added. The reaction was stirred under an

atmosphere of nitrogen overnight. The reaction was subsequently diluted in water and

extracted with dichloromethane. The solvent was removed under reduced pressure and the

resulting oil washed with water. Purification by means of column chromatography [basic

UG alumina, dichloromethane / methanol 1010.2 (v/v) R.r 0.15, 0.10 and 0.051 yielded three

compounds as yellow oils. Each was redissolved in dichloromethane and a small quantity

of diethylether added, they were then dried under high vacuum. The yields obtained for

the (57), (58) and the composite of (59) and (60) are 2.4 yo, 58 %o and 20 Yo respectively.

1,4,7-tr¡sI(2'S)-acetamido-2'-(methyl-3'-phenylpropionate)l-10-(2-N-(9-

anthrylmethylamino)ethyl-l,4,7 rl0-tetraacycldodecane, (57).

ôs (600 }r4}jz, CDCI3) 2.28-2.43 (20H, m, 4 x N(CHz)zN ring and 2 x CH2),2.75-

3.19 (12H, m, CH2),3.68 (9H, m, OCH3),4.69 (2H, s, CH2Anth), 4.75-4.82 (3H, m,

aCH), 7.04-7.26 (15H, m, ArH) 7.34-8.40 (9H, m, AnthH); ôc (150.8 }L4Iìz) 29.9

(AnthCHz),37.9 (ArCH2), 51.5 (AnthCH2) 52.4 (OCH3), 52.9 (uCH), 53.8 (N(CH2)2)N

ring), 57.8 (AnthCHz) 59.5 (CH2C:O),124.5,125.3,126.7 (AnthH), 127.1 (ArH),128.4

(AnthH), 128.6 129.2 (ArH), 129.7, 131.5, 131.7 (AnthH), 136.4 (ArH), 171.2

(C:ONH2) , 172.0 (C:OCH); m/z (LCQ) 1063 (M* 95yo), (Found: C, 64.69; H, 6.83; N,

9.55. Ce rH7aNsOe.4H2O requires C,64.52;H,7.28; N, 9.87 %).

1,4,7-tr¡sf(2'S)-acetamido-2'-(methyl-3'-phenylpropionate)l-10-(2-N-(9-

anthrylmethyl)-N-[(2'S)-acetamido-2'-(methyl-3'-phenylpropionate)]-1,4,7,10-

tetraacycldodecane, (58).

ôH (600 }r4}lz, CDCI3) 2.02-2.58 (20H, m,4 x N(CHz)zN ring2 x CH2), 2.71-3.26

(16H, m, CH2), 3.57-3.74 (12H, m, OCH3), 4.56-4.62 (2H, d, CH2Anth), 4.71-4.83 (4H, m,

crCH) 6.94-7.28 (20H, m, ArH) 7.43-8.47 (9H, m, AnthH); ôc (150.8 MHz) 29.9

(AnthCHz),37.7,38.3 (ArCHr), 51.5 (AnthCH2) 52.4,52.5 (OCH3), 52.9.53.0 (crCH),

53.6,54.1 (N(CH2)2)N ring), 57.8 (AnthCH2) 59.1, 59.7 (CH2C:O), 124.5, 125.3, 126.7

(AnthH), 127.0, 127.3 (ArH), 128.4 (AnthH), 128.5, 128.8, 129.0, 129.4 (ArH) 129.7,
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131.5, 131.7 (AnthH), 136.1, 136.5 (ArH), 171.2, 171.3 (C:ONHz), 172.0, 172.4

(C:OCH); m/z (LCQ) 1282 (M* 95yo), (Found: C, 66.04; H, 6.83; N, 9.02.

Cz¡HgTNqO n.2HzO requires C, 66.48; H, 6.9 6; N, 9. 5 6 %).

1,4-dil(2'S)-acetamido-2'-(methyl-3'-phenylpropionate)l-10-(2-N-(9-anthrylmethyl)-

N-[(2'S)-acetamido-2'-(methyl-3'-phenylpropionate)]-1,4,7,10-tetraacycldodecane,

(se).

Or

1,7-dil(2'S)-acetamido-2'-(methyl-3'-phenylpropionate)l-10-(2-N-(9-anthrylmethyl)-

N-[(2'S)-acetamido-2'-(methyl-3'-phenylpropionate)]-l1417 rl0-tetraacycldodecane,

(60).

ôH (600 MHz, CDCI3) 2.22-2.73 (20H, m, 4 x N(CH2)2N ring and 2 x CH2),2.78-

3.23 (12H, m, CH2), 3.51-3.14 (9H, m, OCH3), 4.51-4.70 (2H, d, CH2Anth), 4.82-4.84

(3H, m, UCH),6.51 (1H, d, NH), 6.88-7.27 (15H, m, ArH) 7.39-8.48 (9H, m, AnthH); ôs

(150.8 MHz) 29.9 (AnthCHz),38.1,38.2,38.7 (ArCH2),51.5 (AnthCH2) 52.8,52.9,53.0

(OCH3), 53.3,53.4,53.5 (øCH),53.9,54.0,54.3,54.6 (N(CH2)2)N ring), 55.5 (AnthCH2)

59.7,59.8,60.0 (CH2C:O), the assignment of the aromatic region was difficult due to

overlay, 171.5,171.6,l7L7 (C:ONH2),172.74,172.79,172.8 (C:OCH); m/z (LCQ) 1063

(M* 99 %)

1,4,7-trís!2-hydroxyethyll-10-(2-N-(9-anthrylmethyl)-N-(2-hydroxyethyl)amino-

ethyl)-tr4r7,10-tetraacyclododecaner(62).

Ethylene oxide (0.229 cm3, 4.59 mmol) at OoC was added to a solution of ligand

(56) (453 mg, 1.12 mmol) in ethanol (20 cm3). The reaction was then left in the dark for 4

days. The solvent was removed under reduced pressure. Purification by means of column

chromatography [basic UG alumina, dichloromethane / methanol 1010.2 (v/v) R¡ 0.15]

yielded the product (62) (200 mg, 30 % yield). ôH (600 I|l4}{z, CDCI3) 2.22-2.53 (20H, m, 4

x N(CH2)2N ring and2 x CH2), 2.72 (3H, t, CH2), 2.82 (3H,t, CH2),2.93 (2H, t, CH2),

3.47 (3H, t, CH2), 3.55 (3H, t, CH2), 3.61 (2H, t, CH2), 4.63 (2H, d, CH2), 1.42-7 .56 (4H,

m, AnthH),7.97 (2H, d, AnthH), 8.38 (3H, m, AnthH); õc (150.8 MHz) 51.1,51.5,51.6,

52.0, 52.6, 52.8, 54.2, 57.0, 57.4, 59.3, 59.6,60.2,66.4 (CHz), I25.3, I25.5,126.6,128.4,
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129.7,130.2, 131.9, 132.0 (AnrhH); m/z (LCQ) 604 (M.-f Na+ 99 %) 582 (M+ 35yo),

(Found: C,67 .55 H, 8.90; N, 1 1.53. C¡gHsrNsO¿ requires C, 68.1 1; H, 8.84; N, 12.04 %).
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Appendix A

4.1 NMR spectral data

Ligand (31)

ôH (600 MHz, CD3OD) 2.45 (lHu, Hb, H., H6l, 12H, AA'BB', 3 x N(CH2)2N ring), 3.05

([Hr, H.], 6H, s, CH2C:O), 3.18 ([Hs, H¡], 6H, m, ArCH2),3.71 (9H, s, OCH3), 4.74 (lHi],

3H, m, aCH), 7.06-7.25 (15H, m, ArH); ôc (150.8 MHz) 38.6 (ArCHz),53.3 (OCH3), 55.0

(aCH), 58.1 (N(CH2)2)N ring),63.0 (CH2C:O),128.3 (ArH), 130.8 (ArH), 133.0 (ArH),

1 38.4 (ArH), 173.8 (C:ONH2), 17 4.4 (C:OCH¡).

IZnQL\12*

ôH (600 MHz, CD3OD) 1.81 ([H"], 3H, m, N(CH2)2N ring), 2.45 (lH"l,3H, m, N(CHz)zN

ring), 2.61 ([H¡], 3H, m, N(CH2)2N ring), 2.85 ([Hs], 3H, m, ArCH2),2.89 ([H6], 3H, m,

N(CH2)2N ring), 3.16 ([Hr], 3H, d, J : 16.5 Hz, CH2C:O), 3.33 ([Hn], 3H, m, ArCH2),

3.55 ([H'], 3H, d, J : 16.5 Hz, CH2C:O), 3.83 (9H, s, OCH3), 4.98 ([HJ, 3H, m, aCH),

7.17-7.29 (15H, m, ArH); ðc (150.8 MHz) 39.4 (ArCHz),50.4 (N(CH2)2)N ring), 53.5

(N(CH2)2)N ring), 53.7 (OCH3),56.7 (crCH), 59.5 (CH2C:O), 128.6 (ArH), 130.1 (ArH),

131.2 (ArH), 138.5 (ArH), 172.2 (C:OCH¡), 174.7 (C:ONHz).

lcd(31)12.

ôH (600 MHz, CD3OD) 2.30 ([Hu, H.], 6H, m, N(CH2)2N ring), 2.69 ([Hd], 3H, m,

N(CH2)2N ring), 2.82 (lHbl,3H, m, N(CH2)2N ring), 2.95 (lHel,3H, m, AnCIJ), 3.22

([Hr'], 3H, m, ArCH2), 3.43 ([H., H¡], 6H, bs, CHzC:O),3.71 (9H, s, OCH3), 4.89 ([Hi],

3H, m, crCH), 7.17-7.28 (15H, m, ArH); ôc (150.8 MHz) 38.9 (ArCH2),53.0 (N(CH)2)N

ring), 53.5 (OCH¡), 53.8 G\I(CH2)2)N ring), 56.3 (aCH),61.6 (CH2C:O),128.6 (ArH),

130.0 (ArH), 130.9 (ArH), 138.3 (ArH),172.8 (C:OCH3),173.9 (C:ONH2).

Ligand (45)

õH (600 lli4}Jz, CD3CN) 239 (lHu, H,l, 8H, AA'BB',4 xN(CH2)2N ring),2.48 ([H6, H¿],

8H, AA'BB',4 x N(CH2)2N ring), 2.88 ([H., H¡], 8H, m, CHzC:O),3.02 ([He], 4H, m,

ArCH2),3.10 ([Hh], 4}{,m, AICH2),3.61 (12H, s, OCH3),4.62(lHil,4H,m,ocCIJ),7.14-

7.43 (20H. m, ArH); ôç (150.8 MHz) 37.9 (AnCH2),52.7 (OCH3),53.6 (aCH),54.3
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(N(CH2))N ring), 59.5 (CH2C:O), 127.6 (ArH), 129.3 (ArH), 130.4 (ArH), 138.0 (ArH),

171 .8 (C:ONH), 173.l (C:OCH3).

lZn(45)12*
õH (600 }l{}Jz, CD3CN) 2.03 ([H"], 4}{,m, N(CH2)2N ring), 2.35 ([H'], 4H,m, N(CH2)2N

ring), 2.54 (lHbl, 4H, m, N(CH2)2N ring), 2.73 ([Hd],4}J, m, N(CH2)2N ring), 2.82 ([H.],

4IJ, m, CH2C:O), 2.88 ([Hr], 4H, m, CH2C:O), 2.92 ([Hs],4H, m, ArCH2), 3.14 ([Hh],

4H, m, ArCHz), 3.65 (I2H, s, OCH3), 4.64 ([Hi], 4H, m, crCH), 7.I8-7.40 (20H, m, ArH);

ðc (150.8 MHz) 38.3 (ArCH2), 50.1 (N(CH2))N ring), 51.6 O{(CHz)z)N ring), 53.1

(OCH3), 55.2 (aCH),56.4 (CH2C:O), 128.0 (ArH), 129.6 (ArH), 130.4 (ArH), 137.7

(ArH), 171.8 (C:OCH¡), 172.0 (C:ONH2).

[cd(4Ð12*
ôH (600 MHz, CD3CN) 1.28 ([H.], 4H,m,N(CHz)zN ring), 1.96 ([H.],4H, m, N(CHz)zN

ring), 2.03 ([H.], 4}l, m, CH2C:O) 2.12 (lHbl, 4H, m, N(CH2)2N ring), 2.49 (lHrl, 4H, m,

CH2C:O), 2.65 ([Hd], 4H,m, N(CHz)zN ring), 2.88 ([Hs], 4H,m, AICH2), 3.27 (lH¡1,4H,

m, AICH2), 3.84 (12H, s, OCH3), 4.76 (lHil, 4}l, m, crCH), 7.21-7 .40 (20H, m, ArH); ôç

(150.8 MHz) 38.3 (tuCHz),47.5 G\I(CH2)2)N ring), 51.1 G\r(CH2)2)N ring),53.3 (OCH3),

54.6 (crCH), 55.4 (CH2C:O), 128.0 (ArH), 129.7 (ArH), 130.6 (ArH), 138.2 (ArH),171.6

(c:ocH3), 172.t (c:oNH2).

Ligand (50)

ôH (600 MHz, CD¡OD) 1.89 ([Hu, H6], 6H, d, N(CH2)2N ring), 2.02 (1H", H¿1, 6H, d,

N(CH2)2N ring), 2.77 (1H", H¡1, 6H, s, CH2C:O), 3.33 ([He, H¡'], 6H, m, ArCHz), 3.70

(9H, s, OCH3), 4.76 (lH¡1,3H, m, aCH), 6.93 (6H, t, ArH), 7.03 (3H, t, ArH), 7.26 (3H, d,

ArH), 7.39 (3H, d, ArH); ôc (150.8 MHz) 28.3 (ArCH2), 53.4 (OCH3), 54.6 (uCH), 57.6

(N(CH2))N ring), 63.6 (CH2C:O), 110.6 (ArH), 112.8 (ArH), 119.5 (ArH), 120.4 (ArH),

123.0 (ArH), 125.4 (ArH), 129.5 (ArH), 138.5 (ArH), 174.2 (C:ONHz), 114.4 (C:OCH).

[Zn(50)]2*
õH (600 }i4Hz, CD3OD) 1.00 ([H"], 3H, m, N(CHz)zN ring), 1.10 ([H.], 3H, m, N(CH2)2N

ring), 2.23 (lHb, H¿1, 6H, m, N(CH2)2N ring), 2.91 ([Hs], 3H, m, ArCHz), 3.33 ([H., H¡],

6H, s, CH2C:O), 3.44 ([Hh], 3H, m, ArCH2), 3.93 (9H, s, OCH3), 5.09 ([Hi], 3H, m,

crcH), 6.99 (3H, t, AfH), 7.05 (3H, s, ArH), 7.I7 (3H, t, ArH), 7.34 (3H, d, ArH), 7.49

(3H, d, tuIÐ; õc (150.8 MHz) 29.4 (ArCH2), 50.3 (OCH3), 51.9 Or(CH2)2)N ring),52.4
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OI(CH2Þ)N ring), 53.8 (CH2C:O), 55.0 (aCH), 111.0 (ArH), 113.3 (ArH), 119.5 (ArH),

120.5 (ArH), 123.0 (ArH), 125.4 (ArH), 128.6 (ArH), 138.2 (ArH), 172.6 (C:OCH¡),

174.4 (C:ONH2).

lcd(s0)12*

õH (600 }rlHz, CD3OD) 1.20 ([H.],3H, m,N(CH2)2Nring), 1.61 ([H.],3H, m,N(CH2)2N

ring), 2.12 (lHbl,3H, m, N(CH2)2N ring), 2.31 ([H.], 3H, m, CH2C:O), 2.40 ([Hd], 3H, m,

N(CH2)2N ring), 2.95 ([Hr], 3H, m, CH2C:O), 3.01 ([Hs], 3H, m, ArCH2), 3.37 ([H¡], 3H,

m, ArCH2),3.77 (9H, s, OCH3),5.05 ([Hi],3H, m, üCH),6.93 (3H, t, ArH),7.06 (3H, s,

ArH), 7.09 (3H, t, ArH),7.32 (3H, d, ArH),7.49 (3H, d, ArH); ôc (150.8 MHz)29.5

(ArCH2), 52.5 (N(CH2)2)N ring), 53.6 (OCH3), 53.9 (N(CH2)2)N ring), 55.0 (aCH), 62.0

(CH2C:O), 111.0 (ArH), 113.2 (ArH), 119.8 (ArH), 120.5 (ArH), 123.0 (ArH), 125.8

(ArH), 128.8 (ArH), 138.8 (ArH), 173.1 (C:OCH¡), 173.5 (C:ONHz).



Appendix A 167

^.2
Speciation

100

0

100

0

2.s 3 3.5 4 4.s 5 5.5 6

cd(31)2*
cd(31)Ð3*
LH

1a
LHz"'

where L: ligand (31)

Cu(31)2*
Cu(31)OH*
LH*

aa
LHz"'

where L: ligand (31)

80

o'€ 60
O
O

E40
o\

20

pH

Figure 4.1. Speciation variation of ligand (31) showing the species present in

methanol/water (80:20); v/v) at various pH in which [31],o,ur 
: g.l x 10-a mol dm-3,

[Cdt*],o,u, :7.0 x 10-a mol dm-3, 1:0.10 mol dm-3 (NEt+clo¿) at298.2 K. speciation

shown relative to the total concentration of ligand (31).
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Figure 4.2. Speciation variation of ligand (31) showing the species present in

methanol/water (80:20); v/v) at various pH in which [31],o,ur 
: g.I x 10-a mol dm-3,

[cr'*],o,u, :7.0 x 10-a mol dm-3, 1:0.10 mol dm-3 (NEt4clo4) at298.2 K. speciation

shown relative to the total concentration of ligand (31).
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LH2'
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LH¡
LH+

where L: ligand (42)

34s678
pH

Figure 4.3. Speciation variation of ligand (42) showing the species present in

methanol/water (80:20); v/v) at various pH in which lÍ2frorut: 8.9 x 10-a mol dm-3,

[Cd'*],o,u, :7.0 x 10-a mol dm-3, 1:0.10 mol dm-3 (NEt4ClO4) at298.2 K. Speciation

shown relative to the total concentration of ligand (42).
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Figure 4.4. Speciation variation of ligand (42) showing the species present in

methanol/water (80:20); v/v) at various pH in which fÍ2]rorut: 8.9 x 10-a mol dm-3,

[cr'*],o,u, : 7.0 x 10-a mol dm-3, 1 : 0.10 mol dm-3 (NEt¿clo¿) at 298.2 K. Speciation

shown relative to the total concentration of ligand (42).
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100
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LH¡

where L: ligand (45)

345618
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Figure 4.5. Speciation variation of ligand (45) showing the species present in

methanol/water (80:20); v/v) at various pH in which [45],o,ur : L2 x l0-3 mol dm-3,

[cd'*],o,u, :7.0 x 10-a mol dm-3, 1:0.10 mol dm-3 (NEt4clo4) at298.2 K. Speciation

shown relative to the total concentration of ligand (45).
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34s678
pH

Figure 4.6. Speciation variation of ligand (45) showing the species present in

methanol/water (80:20); v/v) at various pH in which [45],o,ul : 1.2 x 10-3 mol dm-3,

[cr'*],o,u, :7.0 x 10-a mol dm-3, 1:0.10 mol dm-3 (NEt+clo+) at298.2 K. Speciation

shown relative to the total concentration of ligand (45).
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cd(50)2*
LH2-
LHz-

where L: ligand (50)

Cu(50)2*
LlH2-
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where L: ligand (50)

20
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Figure 4.7. Speciation variation of ligand (50) showing the species present in

methanol/water (80:20); v/v) at various pH in which [50],o,ul :7.3 x 10-a mol dm-3,

[cdt*],o,u, : 8.0 x 10-a mol dm-3, I : 0.10 mol dm-3 ¡NEtaclo4) at 298.2 K. Speciation

shown relative to the total concentration of ligand (50).
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Figure 4.8. Speciation variation of ligand (50) showing the species present in

methanol/water (80:20); vlv) at various pH in which [50],o,ur :7.3 x 10-a mol dm-3,

[Cu2*]totur:8.0 x 10-a mol dm-3, 1:0.10 mol dm-3 (NEt4Clo4) at298.2 K. Speciation

shown relative to the total concentration of ligand (50).
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Figure 4.9. Speciation variation of ligand (57) showing the species present in

methanol/water (80:20); v/v) at various pH in which [57],o,ur : 3.3 x 10-a mol dm-3,

[Cd2*],o,ur 
: 1.0 x 10-3 mol dm-3, I:0.10 mol dm-3 çNEtaClo4) at298.2 K. Speciation

shown relative to the total concentration of ligand (57).
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where L: ligand (58)
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Figure 4.10. Speciation variation of ligand (58) showing the species present in

methanol/water (80:20); v/v) at various pH in which [S8],otul : 5.3 x 10-a mol dm-3,

[Cd2*],o,ur 
: 1.0 x 10-3 mol dm-3, 1:0.10 mol dm-3 (NEt4Clo4) at298.2 K. Speciation

shown relative to the total concentration of ligand (58).
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,4..3 UV-visible absorption spectra
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Figure 4.11. UV-visible absorption spectra of ligand (57) alone [4.1 x 10-5 mol dm-3] and

in the presence of Cu2* [8.3 x 10-6, 1.6 x 10-s, 2.5 xr}-s,3.3 x 10-s,4.1 x 10-5,4.9 x 10-5,

5.8 x l}-s, 6.7 x 10-s, 7.4 x 10ó, 8.3 x 10-s mol dm-31 at pH 5.6 (MES buffer) in

methanol/water (80:20;vlv) (1:0.1 mol dm-3, NEt4ClO4) at298.2K. The absorption of

the ligand alone is the lowest intensity absorption curve. Molar absorptivity increases with
f^ 2+1lncrease m LUU l.
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Figure A.12. UV-visible absorption spectra of ligand (57) alone [4.] x 10-s mol dm-3] and

in the presence of zrl* [8.3 x 10-6, 1.6 x 10-5, 2.5 x 10-s, 3.3 x 10-5, 4.1 x 10-s, 4.9 x l}-s,

5.8 x l}'s,6.7 x 10-s, 7.4 x 10-s, 8.3 x 10-s mol dm-31 at pH 5.6 (MES buffer) in

methanol/water (80:20;vlv) (1:0.1 mol dm-3, NEt¿ClO4) at298.2K. The absorption of

the ligand alone is the lowest intensity absorption curve. Molar absorptivity increases with
f- 2+1rncrease tn lLn j.
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Figure 4.13. UV-visible absorption spectra of ligand (57) alone [4.1 x 10-s mol dm-3] and

in the presence of cd2+ [8.3 x 10-6, 1.6 x 10-s, 2.5 x r}-s,3.3 x 10-s, 4.1 x 10-s,4.9 x 10-s,

5.8 x r}-s, 6.7 x 10-s, 7.4 x 10-s, 8.3 x 10-s mol dm-31 at pH 5.6 (MES buffer) in

methanol/water (80:20; vlv) (1 : 0.1 mol dm-3, NEt4ClO4) at 298.2 K. The absorption of

the ligand alone is the lowest intensity absorption curve. Molar absorptivity increases with

increase in [Cd2*].

300 320 340 360 380 400

Wavelength (run)

Figure A.14. UV-visible absorption spectra of ligand (58) alone (4.7 x 10-s mol dm-3) and

in the presence of cu2* 19.4 x 10-6, 1.9 x 10-s,2.8 x 10-s, 3.7 x 10-5, 4.7 x l}-s,5.6 x 10-5,

6.6 x l}-s,7.5 x 10-s, 8.5 x l}-s,9.4 x 10-5 mol dm-31 at pH 5.6 (MES buffer) in

methanol/water (80:20;vlv) (1:0.1 mol dm-3, NEt4ClO4) at298.2K. Molar absorptivity

decreases with increase in [Cu2*1 above 348 nm, and increases with increase in [Cu2*]

below 348 nm.
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Figure 4.L5. UV-visible absorption spectra of ligand (58) alone (4.7 x 10-5 mol dm-3) and

inthepresence of zn2* 19.4x 10-6, 1.9x 10-s,2.8 x 10-5,3.7x 10-s, 4.7 xl0-5,5.6x 10-s,

6.6 x 10-s, 7.5 x 10-s, 8.5 x l}-s,9.4 x 10-5 mol dm-31 at pH 5.6 (MES buffer) in

methanol/water (80:20 ; vlv) (1 : 0.1 mol dm-3, NEt+ClO+) at 298.2 K. The absorption of

the ligand alone is the lowest intensity absorption curve. Molar absorptivity increases with
f- 2+1

lncrease rn LLn l.
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Figure 4.16. UV-visible absorption spectra of ligand (58) alone (4.7 x 10-5 mol dm-3; and

inthe presence of cd2* 19.4x 10-6, 1.9 x 10-5,2.8 x 10-s,3.7 x 10-s, 4.7 xl}-s,5.6 x 10-s,

6.6 x l}-s,7.5 x 10-s, 8.5 x l}-s,9.4 x 10-5 mol dm-31 at pH 5.6 (MES buffer) in

methanol/water (80:20; v/v) (1: 0.1 mol dm-3, NEt+CtO¿) at 298.2 K. The absorption of

the ligand alone is the lowest intensity absorption curve. Molar absorptivity increases with

increase in [Cd2*].
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Figure A.17. UV-visible absorption spectra of ligand (62) alone (5.5 x 10-s mol dm-3) and

inthepresence of Zr]* [5.45 x 10-6, 1.1 x 10-s, 1.6x 10-s,2.2x10-s,2.7 xl}-s,3.8x 10-s,

4.9 x 10-5,6.0 x 10-s,7.0 x 10-s,8.1 x 10-s, 9.2xr}-s,1.0 x 10-s, 1.11 x 10-a mol dm-31 at

pH 4.0 (acetate buffer) in methanol/water (80:20; vlv) (I:0.1 mol dm-3, NEt¿ClOa) at

298.2 K. The absorption of the ligand alone is the lowest intensity absorption curve.

Molar absorptivity increases with increase in [Zn2*].
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Figure 4.18. UV-visible absorption spectra of ligand (62) alone (5.5 x 10-s mol dm-3) and

inthepresence of cu2* [5.45 x 10-6, 1.1 x 10-5, 1.6x 10-s,2.2x10-s,2.7 xl}-s,3.8 x l0-5,

4.9 x 10-5,6.0 x 10-s,7.0 x 10-s, 8.1 x 10-s, 9.2x10-s,1.0 x 10-s, 1.11 x 10-a mol dm-31 at

pH 4.0 (acetate buffer) in methanol/water (80:20; vlv) (I: 0.1 mol dm-3, NEt+CtOa) at

298.2 K. The absorption of the ligand alone is the lowest intensity absorption curve.

Molar absorptivity increases with increase in [Cu2*].
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,A..3 Fluorescencespectra

0

380 400 420 440 460 480 500 s20 540

Wavelength (nm)

Figure 4.19 Fluorescence spectra of ligand (57) alone [4.1 x 10-s mol dm-3] and in the

presence of increasing concentrations of Z** [8.3 x 10-6, 1.6 x 10-s,2.5 x 10-s,3.3 x l0-5,

4.1 x 10-5, 4.9 x 10-5, 5.8 x 10-s, 6.7 x 10'5,7.4 x l}-s,8.3 x lO-s mol dm-3] at pH 5.6 (MES

buffer) in methanol/water (80:20; vlv) (I: 0.1 mol dm-3, NEt4ClO4) at 298.2 K when

excited at 368 nm. The fluorescence of the ligand alone is the highest intensity curve.

Fluorescence increases with increase in lZr?*1.
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Figure 4.20 Fluorescence spectra of ligand (57) alone [4.] x 10-5 mol dm-31 and in the

presence of increasing concentrations of Cd2* [8.3 x 10-6, 1.6 x 10-5,2.5 x 10-s,3.3 x 10-5,

4.1 x 10-5, 4.9 x l}-s,5.8 x 10-5, 6.7 x l}-s,7.4 x l}-s,8.3 x 10-s mol dm-3] at pH 5.6 (MES

buffer) in methanol/water (80:20; vlv) (I: 0.1 mol dm-3, NEt+ClO+) at 298.2 K when

excited at 368 nm. The fluorescence of the ligand alone is the highest intensity curve.

Fluorescence increases with increase in [Cd2*].
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4.5 Publications arising from this thesis

"Aminoacid N-substituted I,4,7-triazacyclonoane and 1,4,7,l}-tetraazacyclododecane

Zt*, Cd2* and Cu2* complexes. A preparative and potentiometric titration and NMR

spectroscopic study." Sally E. Plush, Stephen F. Lincoln and Kevin P. Wainwright, Dalton

Tr ans ac tions, 2004, I 410 -l 417 .



Amino acid l/-substituted l 14 17 -triazacyclonon ane and

lr4r7 rl}-tetraazacyclododeca ne Zn2*, Cd2* and Cu2* complexes.

A preparative, potentiometric titration and NMR spectroscopic

study t
Sally E. Plush," Stephen F. Lincoln *' and Kevin P. Wainwright ó

" Dipartmenî of Chemistry, The University of Adelaide, Adelaide, SA 5005, Australia.
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The pK"s and Zn2* , Cd2* and Cu2* complexation constants (1{) for I ,4,7-tris[(2"S)-acetamido-2"-(methyl-3"-
phenylpropionate)]- I ,4,7-triazacyclononan e,l, | ,4,1 -tris[(2"S)-acetamtdo-2" -(1" -carboxy-3"-phenylpropane)]-

1,4,7-triazacyclononane, H.r2, 1,4,7-tris[(2"S)-acetami¿o-2"-(meth]l-3"-(1¡1-3-indolyl)propionate)l-l ,4,7-triaza-

cyclononane,3,a¡¡dl,4,l ,10-tetrakis[(2"S)-acetamido-2"-(methyl-3"-phenylpropionate)]-1,4,7,10-teftaazacyclo-
dodecane,4,l,4,7,10-Ietrakis(2"S)-acetamido-2'L(1"-carboxy-3"-Phenylpropane)l-1,4,7,10-tetraazacyclododecane,
Ho5, in 20 : 80 v/v water-methanol solution are reported. The pK"s wìthin the potentiometric detection range for

H,ti. = 8.69 and 3.59, for ]H623* =9'06, 6'13, 4'93 and 4'52,H33* = 8'79 and 3'6J 'H444'= 
8 50' 5'62 and3'77 and

lorH*50* =9.89,j.06,5.fi,,.46,4.44and4.26wherceachtertiaryaminenitrogenisprotonated.Thecomplexesof
t: ¡Znlt¡r* ( 9.00), [Cd(l)]r. (6.49), tCd(H1)13. (4.54) and [Cu(l)]" (10.01) are characterized by the log(Ildm3 mol ')
values shown in parentheser. Anaíogout complexes are formed by 3 and 4:lZn(3)l2t (10.19), [Cd(3)]'?t (8'54),

[cu(3)],r (t0.11),[zn(4)12. (ll.4l) [cd(4)]'t (9.16), tcd(H4)13. (6.16) and [Cu(4)]'?* (11.71). The tricarboxylic acid

Hr2 generates a greater variety of complexes as exemplified by:lZn(2)-l(I0.68) lzn(Hz)l(6.60)lzn(Ht2)+l(5.15)'

tc?rzll (4.ee), tcd(H2)l(4.64),[Cd(Fi,2)'(3.9e), tcd(H32)]'?+ (3.ss), tcu(2)l (12.55) tcu(H2)l(7.66)' [Cu(H,2)].

iS.iìl ä"à tCul'z)l'ì (¡.i:). ffre complãxes of Ho5 were insufficiently soluble to study in this way, The lH and 13C

ÑUi ,p""ì.u ãf the tigands are consistent with formation of a predominantZn2' and Cd2* A or A diastereomer.

The preparations of the new pendant arm macrocycles Hr2, 3, 4 and Ho5 are reported.

Introduction

The complexation of metal ions by macrocyclic polyaza

pendant arm ligandsr'2 facilitates a wide range of chemistry
including that oiluminescent sensors,3 MRI relaxation agentsa

and chiral receptor systems.s'6 Frequently, the pendant arms

have terminated in either alcohol, amine, amide, carboxylate
or phosphate coordinating groups which, together with the

tertiary amines in the macrocyclic ring, constitute the poly-

dentate ligand donor set. It is usually observed that metal

complexation of such ligands based on pendant arm sub-

stitution on all ring nitrogens of 1,4,7-triazacyclononane,

1,4,7 ,L}-tetraazacyclododecane and 1,4,7, I 0,1 3-pent^aza-
e causes the three, four or five pendant arms,

dopt orientations which give two enantiomeric
the arms are achiral and one of the possible

diastereomeric complexes to predominate when the arms

incorporate f
attaching am c

platforms to r
metal ion co f
the metal complex formed.

The complex, 1,4,'7-tr Yl-3"-Phen-
ylpropionate)l-1,4,7 -tna [Cu(l)]'zt,
has been shown to lorm in the solid

state where the coplanar trio of amine nitrogens are rotated

clockwise relative to the coplanar trio of amide oxygens when

I Electronic supplementary ìnfolmation (ESI) available: Titration curve

ior Hr33* alone-and in thè presence ol Zn2*, Cd2* and Cu2*. Fig. 52:

Distribution variation ol3 and derived species with pH in the presence

oî Zn2*. See http://www.rsc.org/suppdatal dtlb4lb4017 63cl

viewed from the latter plane down the C, axis as shown for its
Zn2* analogue in Scheme l.E In this study, the new ligands

1,4,7-tris[(2"S )-acetamido-2"-( 1 "-carboxy-]"-phenyl propane)l-

1,4,7 -triazacyclononane, H12, 1,4,7-tris[(2"S)-acetamido-2"-
(methyl-3"-( 1 11-3-indolyl)propi onate)l- 1,4,7-triazacyclonon ane,

3, 1,4,1,10-tetrakis[(2"S)-acetamido-2"-(methyl-3"-phenylprop-
ionate)l- 1,4,7, 7}-tetraazacyclododecane, 4 and 1,4,1,lO-tetra-

ki s[(2"S )-acet¿¡¡id6-]"-( | 
/'-carboxy-3"-phenylpropane)]- 1,4,-

7,10-retraazacyclododecane, Ho5, have been prepared (Scheme

2). These ligands are oftwo types, those which contain an ester

lunction (1,3 and 4) and those in which the ester function has

been hydrolysed (H,2 and Ho5). Their protonation and metal

ion complexing characteristics in 20 : 80 v/v water-methanol
solution have been determined (the complexes of Ho5 were

be studied in this way). The method of
to that described for I in the literature.s

e, 6, was substituted at each nitrogen

with either N-bromoacetyl-(S)-phenylalanine methyl ester

or N-bromoacetyl-(S)-tryptophan methyl ester in dry dimethyl-
formamide under basic conditions to give 1 and 3, respectively,

and Hr2 was obtained by hydrolysing I with NEtnOH in
aqueous tetrahydrofuran (Scheme 2). Similar methods

were used to prepare 4 and Hn5 from 1,4,7,10-tettaaza-

cyclododecane, 7.

Zinc(r) and Cd2* were chosen for the complexation studies as

both are in the same group, have dro electronic configurations
and thereby have no electronically directed preferred stereo-

chemistry, with the consequence that differences in their com-

plexation are likely to be dominantly because of their differing
ionic radii, rn,.e Their diamagnetism permits high resolution

NMR studies. Copper'(n) was chosen to provide a comparison
for Zn2* with an adjacent first row transition metal ion.

o This journal is @ The Royal Soc¡ety of Chemistry 2004
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1o give H.2 and H45
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l-(S,S,S)-[zn(1)]'z.

Scheme I Illustration ofthe rotation ofthe triaza plane relative to the

trioxa plane, which is exaggerated lor clarity.

Hsl 3*

Results and discussion

Ligand pK"s

The pK"s of the protonated ligands were determined in 20 : 80

v/v water-methanol solution by adding approximately three to

seven equivalents of HCIO4 to solutions of 1, Hr2 and 3 and

ûve equivalents to solutions of 4 and Ho5, to protonate the

macrocyclic ring tertiary amines, followed by titration with
NEI4OH to obtain a potentiometric titration curve from which

the pK"s were calculated (The titration curves for 1, H,2, 4 and

3 are shown in Figs. 1-3 and Sl (ESIT), respectively.) The two
pK"s determined for Hrl3*and Hr33* are assigned to the

protonated macrocyclic amines of I and 3 and it is assumed

120
pH

100

oo 01 02 03 04 05 0ô 07
Volume of NEt4OH titrant / cm3

Hf n

NH

l Rorc

l: 1R=Me; n=1;2R=
H.2: 1R=H; n=1;2R=
4: 1R=Me; n=2;2R=
H*5: 1R=H; n=2; '?R=

3: 1R=Me; n=1;2R=

Scheme 2
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o u

dm r. For the three metal ions the titration curves are shown up to the

pH just below that at which precipitation ol the metal complex or
Lydroxide occurred. Titrant [NEtnOH] = 0.104 mol dm r.

that the third pK" is too small to be determined potentio-

metrically (Table 1). The three pK"s determined for Ho4 are

assigned to three protonated macrocyclic amines of 4 and it is
assumed that the fourth pK" is too small to be determined. The

three larger pK"s of Hu23* are assigned to the three protonated

macrocyclic amines, the smallest pK" is assigned to a carboxylic
acid and it is assumed that the pK"s of the other two carboxylic
acids are too small to be determined. Similarly, the four larger

pK"s of Hr5a* are assigned to the four protonated macrocyclic
amines, the two smaller pKus are assigned to carboxylic acids

and it is assumed that the pK"s of the other carboxylic acids are

too small to be determined. The pH variations observed in the

I 1411



Table I pK,s of the protonated forms ol ligands 1, H,2, 3, 4 and Ha5

ar298.2 K and r= 0.10 mol dm I (NEt4Clon) in 20 : 80 v/v water-
methanol solution

were limited by the precipitation of the metal complexes or
hydroxides at high pH as indicated in Figs 1-3 and Sl (ESII).
The derived complexation Ks and pK.s for the protonated
ligand complexes and coordinated water appear in Table 2.

Speciation plots for the [Zn(l)]'!+, lzn(2)) , lZn(4)12* and

lZn(3)12* systems appear in Figs. 4-6 and 52 (ESI t), respectively.

Similar speciation plots for the Cu2* and Cd2t systems may be

generated from the data in Tables I and 2.

20 30 4.0 50 pH 60

Fig. 4 Distribution variation of 1 containing species with pH , al298.2
K, for a solution ìn which [1]ø"r = 9.10 x 10 a mol dm r, [Zn2*],"*r =
7.96 x 10 a mol dm 3, 1= 0.10 mol dm r (NEt4Clo4) and for which
100% = [l]rcør

2.0 30 40 50 60 70pH Bo

Fig. 5 Distribution variation of H,2 and derived species with pH, at
298.2 K, lor a solution in which [Hr2l.o, = 8.90 x 10 a mol dm r,

fzn2')r"r,r= 7.00 x l0 a mol dm 3, 1= 0.i0 mol dm 3 (NBt4clon) and f'or

which 100% = [2]rcør.

Equilibrium quotient pK"

tlllHl/[H1.]'
lHlllH*l/[H,1'?*]
1H212'l[H*y[H313']
[23 ][H*ylH2'? ]ó
lHz'1 llf]..lll}l,2l
lHr2-llH-l/[H32]

8.69 + 0.04
3.59 + 0.07
Low
9.06 + 0 02
6.13 + 0.04
4.93 + 0.05
4.52 + 0.06
Low
Low
8.79 + 0.02
3.67 + 0.03
Low
8.50 I 0.02
5.62 + 0 04
3.77 r 0.08
'low

9.89 + 0.03
7 06 + 0.06
5.53 + 0.06
5.46 + 0.09
4.44 + 0 06
4.26+ 0.09
Low
Low

lH32llHl/[H42']
IH42*][H*ylHs2'?*]
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lH3tllH.y[Hr3'?l
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[Hr4,*][H']/[H343*]
lHr43*llHl/[H444']
[54 ][H.]/[H53 ]"
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lHrs' llH.l/[H3s ]

lH3s llH'ylH4sl
lH45llHl/[Hs5']
lHs5TlH'14H65'?.1
lH65"lIH*ylH753*]
[H75]*llH'l/[Hs54t]

Titration ,"o¡ = 9.30 x 10 a mol dm I 3.80 x
10 I mol = 8.90 x l0 a mol dm r, 6.00 x
10 r mol = 7.30 x l0 a mol dm -r, 3.10 x
l0 r mol = 8.80 x 10 a mol dm r, 4.20 x
103mol .1¡x10rmoldmr,[HC x10]
mol dm 3.pK* = 14.08.
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cdz+
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Volume ol NEtaOH titrant / cm3

Fig. 3 Titration curve for Ho4a*, formed in a solution, where [4].r, =
1.2'7 x l0 I mol dm 3, and [HClOo],u = 5.30 x 10 r mol dm 3 at298'2
K and 1 = 0.10 mol dm -3 (NEt4ClO). Titration curves are also shown
for the same solution, except that it was also 7.99 x 10 a mol dm I in
either [Zn2*],",",, [Cd''],o,", or [Cu2*],oo', up to the pH just below that at

which precipitation of the metal complex or hydroxide occurred
Titrant [NEtnOH] = 0.103 mol dm I.

course of the titrations are not directly comparable to analo-
gous variations in aqueous solution as the measured pH = 4.98

of the 20 : 80 v/v water-methanol, 1= 0.10 mol dm-r (NEto-
ClOo), mixture reflects the method of electrode calibration.
Thus, the ligand pK"s determined here in 20 : 80 v/v water-
methanol solution cannot be directly compared with those in
aqueous solution as is also the case for pK"s for the coordinated
water in [Cu(l)OHr]'?* and the aquated Cu2* ion.

Metal complex formation and speciation

The stoichiometry of the complexes formed and their complex-
ation constants, K were determined from titrations identical to
those employed in the pr(" determinations except that the metal
ion of interest was also present in the titration solution. This
resulted in titration curves different from those of the proton-
ated ligand alone due to the metal ion competing with the
proton for ligand donor group lone electron pairs. In all cases

the pH ranges over which these titrations could be carried out

20

20 30 4.O 50 6.0 70pH 8.0

Fig. 6 Distribution variation of 4 containing species with p}ì,aT298.2
K, for a solution in which [4],.,,"¡ = 1.27 x 10. 3 mol dm r, 

¡Zn2*1,o,^,= 7.66
x 10 a mol dm r, 1- 0.10 mol dm I (NEt4Clo) and for which
100% = [4],"or.

The srabiliry variation [cu(l)]'?* > lzn(l)12* > [cd(l)]'zt is

consistent with the Jahn-Teller effect enhancing the stability
of [Cu(l)]'?* over that of [Zn(l)]'?* within the lrving-\Milliams
series,l0 and [Cd(l)]'* being the least stable complex due to the

lower surface charge density ol the large Cd2* ion (six-

coordinate ru= 0.73,0.74 and 0.95 Ä, respectively.e) The same

explanation applies to the analogous complexes of 3 and 4. The
greater stability of [M(4)]'?* by comparison with that of
[M(l)]t* may arise from a greater flexibility in either donor
atom selection or stereochemistry presented by 4 for Cu2* and

Zn2* whose coordination numbers do not usually exceed six

whereas the larger Cd2* probably becomes eight-coordinate as

has been shown for Cd2* complexes of similar pendant arm
macrocyclic ligands by X-ray crystallography.6 The increase in
stability of [M(3)]'?+ over that of [M(l)]'?+ reflects a change in

s
.qooo
U)

2

lZn(1\12+12*

H1+

H+2* lzn(2ll'

lzn(2)oHl2-Hz2'
tzn(H22)l+

He43*

lzn(4\2+

H4+Hz42*

4
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Table2 Complexationconstants, log(.Ãldm3molr),andpK,sforthecomplexesofZn2*,Cd2*andCu2*withl,Ht2,3and4at2982Kand1=0.10
mol dm 3 (NEt4ClO4)

Equilibrium quotient
Mzt = Zn2*
log(1ldm3 mol r)

M2 I - Cd2+
log(K/dm3 mol r)

M2' = Cu2*
log(K/dm3 mol ')

lM(1F'ylM'?.lul
lM(Hl)3.1/[M'?-][H1 ',]

tM(2) y[M"]t23 l
lM(H2)l/[M"][H2'? ]
lM(H,2)l/[M'?-][Hr2 ]

lM(Hr2)'?' l/lM'z*][H32]
lM(2),4 l/[M(2) ][23 ]

tM(3y.ytM"l[3]

M(4rlllM'?'][4]
lM(H4)31/[M'z-]tH4l

10.68 + 0.07b
6.60 + 0.05á
5.15 + 0.04¿

4 99 + 0.08å
4.64 + 0.0'.1b

3.99 + 0.05ò
3.55 + 0.05å

12.55 + 0.04ó
7.66 + 0.03ô
5.54 + 0.02b

9.00 + 0.09'

10.19 + 0.05'

11.41 10.02'l

6.49 + 0.08"
4.54 + 0.06',

8.54 + 0.09'

9 .16 + 0.07 '.t

6.16 + 0.04

10.0i + 0.05'

3.23 + 0.05å

10.77 + 0.10'

11.71 + 0.02i

pK, pK^ pK^

lM(1)"llH*y[M(Hl)3*]
tM(l)oHltH.l/[M(1Ft]

tM(2) llH.l/[M(H2)] 8.71 + 0.07ó
5.48 + 0.05'
4.49 + 0.03ô

5.83 + 0.054"

4.t7 + 0.03b
4.01 t 0.02å

4.98 + 0.05'¡
4.68 + 0.04b

8.91 + 0.04'''.

6'.|4 + 0.06"

lM(H2)llH'ylM(H,2)tl
[M(H,2)t][H*ylM(H32r' ]

lM(2)OH'z llH.ytM(2) l

[M(4F.]tH'ylM(H4)3-l 5.50 + 0.04/

in(¿joiìtúi't4rr,rt¿frl 5.78 + 0.06¿'"

lMoH*llH*l/lM'?*] 4.87 + 0.04', >7"'t 5.14 + 0.04"

concentration varied in the lange shown. The other total concentrations were

'ltot"r =7.00x 10 4 1.50x 10 rmoldm r,[Hclo4]t"t"r =3.10x 10 rmol dm I

ooi lo o-t.sox 10 rmol dm r,[Hclo4]t"t"r=6.00x 10 rmol dm 3.'[3],","r 
=

.64 x 10 rmoldm t,¡HCIon],..,13.16 x 10 rmoldm'.0[4],o,"'= 1.27 x r0 r

I mol dm r, 
[HClO4],"t"r = 5.30 x l0 r mol d* t.'pK" of coordinated water.

/Precipitation ol hydroxide prevented accurate determination pK* - 14.08.

ligand structure at some distance from the three amine

nitrogens and three amide oxygens which are the most probable
donor set, judging from the X-ray crystal structure of
[Cu(l)]'?t.8 A possible explanation is that the substantial
increase in ligand bulk on going from I to 3 decreases the

competitive complexing ability of water for M2* either as a
consequence of increased steric hindrance to the approach of
water to the complex or a change in water structure around the

complex through an increase in hydrophobicity or both. The

formation of [Cd(Hl)]3' and [Cd(H4)]3*, but not [Cd(H3)]3+
and none of the analogous Cu2t and Zn2+ complexes, may

be attributable to the larger size of Cd2* whereby the weaker

coordination of Hlt by Cd'z* lowers the pK" of the protonated
ligand from (8.69 to 6.74; Tables I and 2) to a lesser extent

than do Zn2* and Cu2* so that [Zn(H1)]3* and [Cu(Hl)]3* are

too acidic to be present in detectable quantities. The decreased

stability of [Cd(H1)]3* by comparison with [Cd(l)]'z* probably
arises from a combination of charge repulsion between Hl*
and Cd2t and the decrease in ligand denticity from six to flve.

A similar rationale applies to [Cd(H4)]3*.
Copper(u) forms two complexes not detectably formed by

Zn2* and Cd2n (Table 2). The first is [Cu(1)OH]* which forms
from the conjugate acid [Cu(l)OHr]2* where the coordinated
water has apK^= 5.83 which compares with a pK" = 5.14 for the

aquated Cu2* ion under the conditions ofthis study. It appears

that one of the relatively weak donor amide oxygen atoms may

be displaced by water in the flrst coordination sphere of
six-coordinate Cu2t. The second complex is [Cu(2)r]a- which
may involve each of the three amine nitrogens of both 23-

coordinating six-coordinate Cu2* and thereby minimizing
charge repulsion between the two 23 . Such a structure requires

that the three amide oxygen donor groups of each sexadentate

2' are not involved in the coordination scheme and reflects the

relative donor weakness of amide groups compared with the

donor strength of the amine groups. (The bis coordination of ó,

the precursor to 23 , is well known.rr) The occurrence of these

complexes for Cu2* only may reflect its de electronic configur-
ation and the stereochemical preferences that it engenders,

whereas d10 Zn2+ has more flexible stereochemical requirements.

Metal complex NMR spectra and solution structure

Two possible diastereomers of lZn(l)\", A-(S,S,S) and A-
(S,.S,.S) are shown schematically in Scheme I where Zn2' is

shown at the centre ofan octahedron delineated by three amine
nitrogens and three amide oxygens. A right hand rotation ofthe
three chelate rings defines one diastereomer as A and a left hand
rotation defines the other diastereomer as ,4,, as was found in
the [Cu(l)]'?* crystal structure.s The adjacent macrocyclic ring
methylene protons, Ha-Hd, are inequivalent because of the A
orientation of the chelate rings in Â-(S,S,S)-[Zn(1)]'* and

should generate a lH NMR ABCD multiplet. A similar
inequivalence exists for the adjacent methylene group protons,

Ha'-Hd'of A-(.S,S,S)-lZn(l)12+ which should also generate an

ABCD multiplet with a chemical shift different from that of the

A isomer as a consequence of the different magnetic environ-
ments of the protons in the two diastereomers. The He-Hi and

He'-Hi' sets of proton resonances of the pendant arms in the

two diastereomers should similarly be distinguished from each

other although being more distant from the coordinating atom

set this may not be so apparent in the lH chemical shift differ-
ences. Similar inequivalences prevail in the diastereomeric
complexes of Hr2-23 , 3 and 4 and collectively provide an

opportunity to probe the stereochemistry of their complexes.

The Å and A diastereomeric complexes should each exhibit two
13C resonances arising from their inequivalent adjacent methyl-
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ene macrocyclic ring carbons to afford a further indication of
their stereochemistry.

ln the Zn2* and Cd2* complexes, [M(1)]'*, [M(3)]'?* in
CD3OD and [M(4)]'?* in CD,CN single sets of lH and 13C

resonances are observed in contrast to the duplicate resonance
sets expected for the coexistence of both the Â and Â
diastereomers in slow exchange on the NMR timescale. (The
resonances, their chemical shifts and their assignments are
listed in the last section of the Experimental section). The
complexes of H,2 and Ho5 were insufficiently soluble for NMR
study.) This is exemplified by 3, the flexible nature of which
renders the three macrocylic pairs of methylene groups equiv-
alent on a time average such that they are characterized by an
AA'BB' multiplet. In contrast the adjacent methylene groups
of [Zn(3)]'?* are inequivalent and the Ha-Hd protons are
unique and produce a single well resolved ABCD multiplet as

expected for a single diastereomer (Fig. 7). Thus, only a sìngle
dias tereomer exi sts for each complex . 1,4,7 -Triazacyclon on ane
and 1,4,1 ,t}-tetraazcyclododecane pendant arm systems in
which only one diastereomeric alkali metal complex exists and
exchange between equivalent forms of a single diastereomer
occurs have been reported.r2

a)

b)

Experimental

General

Water was purified with a Waters Milli-Q system to give a
specific resistance of >15 MQ cm and was then boiled for
30 min to remove CO, and allowed to cool in flasks fitted
with soda lime tubes. AR methanol was redistilled. A 20 : 80
v/v water methanol mixture was used as the solvent in all
titrations. Titration solutions were saturated with nitrogen by
passing a fine stream of bubbles (previously passed through
aqueous 0.10 mol dm 3 NaOH followed by 0.10 mol dm 3

NEt4ClO4) through them for at least 15 min before the com-
mencement of the titration. During the titrations a flne stream
of nitrogen bubbles was passed through the titration solution
which was magnetically stirred and held at 298.2 ! 0.1 K in a
water-jacketed 20 cm3 titration vessel that was closed to the
atmosphere except for a small vent for the nitrogen stream. The
titrations were carried out using a Metrohm Dosimat E665
titrimator, an Orion SA 720 potentiometer and an Orion 8172
Ross Sureflow combination pH electrode. Values of E and pK*
were determined by titration of a solution that was 1.00 x l0-4
mol dm-r in HCIO. and 1= 0.10 mol dm-r (NEt4ClOo) against
0.104 mol dm 3 NEt4OH. In the pK" determinations 0.104
mol dm 3 NEt4OH was titrated against solutions that were
7.30 x 10-4-1.10 x l0-3 mol dm-3 in either l,H],3 or 4,
3.10-9.20 x 10-3 mol dm-r in HCIO4 and 1= 0.10 mol dm-3
(NEt4ClO4). Titrations to determine the complexation con-
stants, K, for The Zn2*, Cu2* and Cd2* complexes were carried
out at the same concentrations of ligand and HCIO' in the
presence of the metal perchlorates at 7.00-8.00 x lO-a mol
dm 3. (The individual concentrations applying to each titration
are given in Tables I and 2.) At least three runs were carried out
for each system and at least two of these runs were averaged;
the criterion for selection for this averaging being that 12 for
each run was < 12.6 at the 95Vo conf,dence level. Values for
each pK" and K were determined using the program SUPER-
QUAD 

t4 (CAUTION: Anhydrous perchlorates are potentially
explosive and should be handled with caution.)

'H (199.953 MHz), lH (300.145 MHz) and '3c (75.5 MHz)
NMR spectra were run on Varian Gemini 200 and 300 NMR
spectrometers. tH (599.957 MHz) and lrc (150.8 MHz) NMR
spectra were run on an Inova 600 spectrometer. Solutions of
either 1, (NEt4)32,3,4 or (NEto).S alone or in the presence of
equimolar Zn2* or Cd2* were prepared to give concentrations
of 0.013-0,015 mol dm 3 in each constituent in either 0.10 mol
dm r ND3iNDoClbufferatpD 10 or 10 3mol dm 3NaOD and
0.1 mol dm-r in NaClOo (pD < 11) in DrO. Chemical shifts were
determined against external trimethylsilylpropiosulfonic acid
in non-aqueous solvents and against the HOD resonance
(assigned õ = 4.12 ppm) in DrO. ESI mass spectrometric studies
were made in positive ion mode with a Finnigan MAT ion trap
LCQ mass spectrometer fitted with an electrospray ionization
source. Samples were dissolved in water for injection. Elemental
analyses were performed by the Microanalytical Service of the
Chemistry Department, University of Otago, Dunedin, New
Zealand.

Syntheses and characterizations

All reagents used were obtained from Aldrich and were not
further purified before use. All solvents used in syntheses were
redistilled and dried by standard methods.ls 1,4,7-'frisQt-
toluenesulfonyl)diethylenetriamine,r6 1,4,7-trisþ-toluenesulf-
onyl )diethylen etri amine- 1, 7-dis odi um sa|t,1 7 1,2- di(p-toluen e-
sulfonyl oxy)ethane, 18 1,4,7 -tis(p -toluenes ulfonyl) - 1,4,1 -triaza-
cyclononane,rT'18 1,4,7 -trtazacy clononane trihydrobromide,re
1,4,7 -triazacy cl onon an e, 

17 N-bromoacetyl -(S )-phenyl alanine
methyl este¡E 1,4,7 -trisf(2" S )-acetamido-2"-(methyl-3 "-phenyl-
propionate)l-1,4,7-triazacyclononane, 1,8 {1,4,7-tris[(2"S)-
acetamido-2"-(methyl- 3 "-phenylpropi onat e)]- 1,4,7 -tiazacy clo -

Hb,Hd Hc Ha

22 20 18 16 14 ttoorntO

Fig. 7 The rH NMR (600 MHz) macrocyclic ring resonances of (a) 3
and (b) of lZn3l2'in CD3OD solution. The proton labelling is as in
Scheme 1 and * indicates the solvent proton impurìty resonances which
appear aT differing á due to the different dielectric constants ol the
solutions.

Conclusion
The complexation behaviour of ligands l, H32¿3-, 3 and 4
is similar to that of other pendant arm ligands based on
N-substitution of 1,4,1 -triazacyclononane and 1,4,1,71-tetra-
azacyclododecane. The variation in stability of the metal com-
plexes can be rationalized in terms of differing stereochemical
influences of the de and d10 electronic configurations of
Cu2*and Zn2*, respectively, the size differences of Zn2* and
Cd2t, the differing denticities of the ligands and the differences
in bulk of the extremities of the amino acid residues. The chiral
centre in each pendant arm makes it possible to form two
diastereomers of each metal complex, but the NMR data
suggest that only one diastereomer exists. Each diastereomer
constitutes a part turn of either a triple or quadruple helix and
it is envisaged that the attachment of peptide pendant arms
to the macrocycle instead of single amino acid residues may
make it possible to study multiple metal complexing by more
extended amino acid helices in future studies.

The present study of multiple amino acid coordination may
also be significant in the context of tumour specific radio-
nuclide delivery. For example, the integrin cr"pr, which is known
to be expressed in elevated levels within the cell membrane of
several types of tumour cells, will bind to proteins carrying the
arginine-glycine-asparagine (RGD) sequence.t3 Accordingly,
macrocycles conjugated to a peptide containing the RGD
sequence have the potential to carry radionuclides to the site of
tumour with some degree of selectivity. The attachment of
amino acids to pendant arm macrocycles, as is described here,
paves the way for future work in which peptide attachment is
undertaken,

rl



nonanelzinc(rr) triflates and S-tryptophan methyl ester
hydrochloride20 were prepared by methods similar to those
described in the literature. Good elemental analyses, spectro-
scopic and mp characterizations were obtained.

Tris(tetraethylammonium 1,4,7-tris[(2"S)-acetamido-2"-(1"-
carboxy-3"-phenylpropane)l-1,4,7 -triazacyclononane (NEt4)j2).
An aqueous solution of 0.1 M tetraethylammonium hydroxide
(20 cm3) was added dropwise to a solution of I (400 mg,
0.53 x 10-r mol) in a solvent mixture of water-tetrahydrofuran
(10 cm3, 1 : I v/v) and stirred under nitrogen at room temper-
ature for 4 days. The solvent was then removed to yield an oil,
subsequent washings with acetone and ether removed excess

hydroxide to yield a hygroscopic white crystals in 80% yield,
äH (600 MHz, DrO) 1.21 (36H, t, (Cø3CH,)4N), 2.40-2.70
(12H, AA'BB', 3 x N(CH2)rN ring), 2,96 (6H, s, CHrC=O),
3.14 (6H, m, ArCHr),3.17 (24H, q, (CH,Cr1r)oN),4.50 (3H, m,
aCH), 7.56-7.97 (lsH, m, ArH); ôc (150.8 MHz) 6.4
((CH3CH,)4N), 37.2 (ArCHr), 51.8 (CH3CHr).N), 55.2
(ttCH), 55.5 (N(CH,),)N ring), 61.2 (CF{rC;O),127.2 (ArH),
I 29.0 (ArH), r29.4 (ÃrH), r37 .2 (ArH), 1 73. 5 (C:ONH), I 78.0
(C:OCH); mlz (LCQ) I 132 (NEt4)32+ ,20%). The hygroscopic
nature of (NEt4)32 rendered elemental analysis difficult and
accordingly its Zn(n) complex was prepared and gave good
elemental analyses as described below.

Tetraethylammonium {1,4,7-tris[(2"^S) acetamido-2"-(1"-carb-
oxy-3"-phenylpropane)l-1,4,7-triazacyclononanelzinc(rr) tri-
flate.4MeOH, NEta[Zn(H:2)](CF3SO3)r.4MeOH. A solution
of Zn(CF,SO), (16 mg, 4.4 x l0-5 mol) in methanol (1 cm3)
was added to a solution of NEto2 (50 mg, 4.4 x l0 s mol) in
methanol (2 cm3). A layer of ether (1 cm3) was then added and
the solution was then left overnight. The resulting precipitate
was then collected by filtration under reduced pressure and
dried over P,O,o under reduced pressure to yield a yellow
solid (55 mg84%) (Found: C, 45.83; H,6.54; N, 7.17.
C4eH6TN'OrsFoSrZn(MeOH)4 (NEt4Zn.Hr2.4MeOH) requires
C, 46.65; H, 6.14; N, 7. I 9%)

N-Bromoacetyl-(S)-tryptophan methyl ester. (S)-Tryptophan
methyl ester hydrochloride (9 g, 35.4 mmol) was dissolved in a
solution of dry tetrahydrofuran (100 cm3) and triethylamine
(18.7 cm3, 134.5 mmol) under nitrogen and cooled to 0'C.
Bromoacetyl bromide (3.99 cm3, 46 mmol) in dry tetrahydro-
furan (50 cm3) was then added dropwise to the solution at 0 "C.
The reaction was allowed to warm to room temperature over
I h and was then quenched with a dropwise addition of water
(20 cm3). The solution was extracted with ethyl acetate (40 cm3)
and the organic layer washed with I mol dm-r hydrochloric acid
(20 cm3) followed by saturated aqueous sodium bicarbonate
(20 cm3). The organic layer was dried over NarSOo and the
solvent was removed under reduced pressure to give N-bromo-
acetyl-(S)-phenylalanine methyl ester as a crystalline solid
(9.9 g, l5%) which was used without further purification, mp
56-63'C, á*, (200 MHz, CDCI,),3.33 (2H, d, J = 5.6, AICH..),
3.68 (3H, s, OCH,), 3.82 (2H, s, BrCHr), 4.81 (lH, m, o-CH),
1 .00-7 .55 (5H, m ArH) 8.34 (1H, br s, NH); ô" (75 MHz) 27.0
(ArCH,), 28.6 (OCH3), 52.4 (oCH), 53.4 (BrCHr), 109.3, tll.2,
118.3, 118.4, 119.6, 122.2, r27.3, 136,0, (C:C), t65.2, 111.6
(C-o); mlz (EI) 338 (M*), 2sB (20),201 (19), 170 (9), 130 (98%).

1,4,7-Tris[(2"S )-acetamido-2"-(methyl-3"-(1 II-3-indolyl)pro-
pionate)l-1,4,7-triazacyclononane (3). N-Bromoacetyl-(S)-tryp-
tophan methyl ester (3.43 mg, 9.0 mmol) was dissolved in a
solution of diisopropylethylamine (2.72 cm3, 15.6 mmol) and
dry DMF (6 cm3) under nitrogen and cooled to 0 "C. Solid
1,4,7-triazacyclononane (358 mg, 2.7 mmol) was then added
and the solution was left to stir overnight under nitrogen. The
solution was then diluted with water (20 cm3) and extracted
with dichloromethane. The dichloromethane was then removed

from the extract under reduced pressure and the resulting
oil was washed with wate¡ dissolved in dichloromethane-
methanol 10 : 0.4 (v/v) and run down a basic alumina column
(2.5 x 25 cm). Evaporation of the solvent from the eluent
yielded a white fluffy solid (l . 19 g, 50%), ðs (600 MHz, CDCI3)
2.45 (12H, AA'BB', 3 x N(CHz)zN ring), 3.09 (6H, s, CHr-
C:O), 3.16 (6H, m, ArCHr),3,12 (9H, s, OCHr), 4.87 (3H, m,
oCH), 7.06 7.25 (15H,m, ArH); ô. (150.8 MHz) 37.5 (ArCHr),
52.3 (OCH3), 52.6 (oCH), 56.5 (N(CHr)r)N ring), 62,5 (CH2-
C:o), 109.5 (ArH), 111.4 (ArH), 118.4 (ArH), 119.5 (ArH),
t22.1 (ArH), 123.0 (ArH), 127.7 (ArH),136.0 (ArH), 170.8
(C=ONH), 112.0 (C=OCH); mlz (LCQ) 904 (3*, 95%). over a
period of several weeks 3 underwent a slow hydrolysis of its
amide functional groups. Accordingly, its ZnQt) complex, which
stabilizes 3 towards hydrolysis, was prepared and gave good
elemental analyses as described below.

11,4,7 -T risl(2" S )-ace tamid o-!"-(methyl-3"-(1 ñf-3-indolyl)pro-
pionate)l-1,4,7-triazacyclononanelzinc(It) ditriflate-methanol,
lZn(3)l(CF,SO3)2.CH.OH. A solution of Zn(CF,SO,) (5.8
mg, 1.6 x 10 s mol) in methanol (l cm3) was added to a solution
of 3 (20 mg,2.2 x l0 s mol) in methanol (2 cm3). Diethyl ether
(l cm3) was then added and the resulting solution was left
overnight. The resulting precipitate was then collected and
dried to yield a yellow solid (12 mg, 60%) (Found: C,47 .27; H,
4.57; N, 9.58. C50Hs?O,rNrFuSrZn.CHrOH requires C, 47.18;
H,4.74: N,9.71%).

1,4,7,10 -T eÍ akis[(2"S )-ace torn¡¿o-!"-(methyl-3"-phenyl-
propionate)l1,4,1,lD-tetraazacyclododecane (4). ly'-Bromo-
acetyl-(S)-phenylalaninemethylester (500 mg, 1.66 mmol) was
dissolved in diisopropylethylamine (0.46 cm3, 26.5 mmol) and
dried dimethylformamide (5 cm3) under nitrogen. The solution
was cooled to 0 "C and 1,4,7,l}-tetraazacyclododecane (57 mg,
0.32 mmol) added. The reaction was left to stir overnight at
room temperature and was then diluted with water (20 cm3) and
extracted with dichloromethane. The solvent was removed
under reduced pressure and the resulting oil was washed with
water, dissolved in dichloromethane-methanol 10 : 0.4 (v/v)
and run down a basic alumina column (2.5 x 25 cm). The
solvent was removed under reduced pressure to give a yellow
oil. The oil was dissolved in dichloromethane. Diethyl ether was
then added and a milky solution formed which was concen-
trated under reduced pressure to yield a white fluffy solid which
was filtered otr(250 mg, 50%), ðH (600 MHz, CDCI,) 2.36-2.51
(16H, m, AA'BB',4 x N(CHr)rN ring),3.01 (8H, s, CH'C=O),
3.09 (8H, m, ArCHr),3.68 (12H, s, OCH,), 4.87 (4H, m, oCH),
7.08 7.24 (20H, m, ArH); ô. (150.8 MHz) 37.5 (AICH,), 52.2
(OCH3), 53.1 (oCH), s6.3 (N(CHr)r)N ring), 62.3 (CH2C=O),
127.0 (ArH), 128.4 (ArH), 129.0 (ArH), 136.0 (ArH), 170.7
(C:ONH), t72.0 (CtoCH); nlz (LCQ) 1071.6 (Na.4, 95%)
(Found: C,62.95; H, 6.95; N, 10.51. Cs6H72NsOr2'HrO requires
C, 63.01; H,6.99; N, 10.50'2")

Tetrakis(tetraethylammonium) 1,4,7,10-tetrakis[(2"S)-aceta-
mido-2"-(1 "-carboxy-3"-phenylpropane)l-1, 4,7,L0-tetr aazacyclo-
dodecane (NEt4)45). An aqueous solution of 0. I mol dm-r
NEt4OH (42 cm3) was added dropwise to a solution of 4 (600
mg,5.7 x 10 a mol) dissolved in water-tetrahydrofuran (20 cm3,
I : 1, v/v) and stirred under nitrogen at room temperature for
4 days. The solvent was then removed under reduced pressure
to yield an oil, which alter washing with acetone and ether to
remove excess hydroxide gave a hygroscopic white crystalline
product (410 mg, 80%), ðH (600 MHz, D2O) 1.21 (48H, t,
(c¡13cHr)4N),2.10-2.40 (16H, AA',BB,, 4 x N(CH')'N ring),
2.86-3.14 (12H, m, CHrC-O and ArCl/r), 3.19 (32H, q,
(CH3C¡1r)4N), 4.50 (4H, m, oCH), 7.09-7.48 (20H, m, ArH);
ôc (150 MHz) 8.45 (CH3CHr)4N), 37.2 (ArCH), 53.9
(CH3CHr)4N), 55.2 (oCH), s5.5 (N(CH,),)N ing), 61.2
(CH,C:O), t27.2 (ÃrH), 129.0 (ArH), t29.4 (ArH), t37.2
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(ArH), 173.5 (C:ONH), 178.0 (C:OCH); mlz (LCQ) 993.5
(H45, 98%). The hygroscopic nature of (NEto).S rendered
elemental analysis difficult and accordingly its Zn(lr) complex
was prepared and gave good elemental analyses as described
below.

Bis(tetraethylammonium) 11,4,7,1Ù-tetrakis[(2"^l)-acetamido-
!"-(1 "-carboxy-J'/-phenylprop ane\l-l,4,7,10-tetraazacyclo-
dodecanelzinc(tt) ditriflate-methanol (116), (NEto)lZn-
(Hr5)l(CF3SOr)r.6MeOH. A solution of Zn(CF,SO,), (ll mg,
3.0 x 10 s mol) in methanol (l cm3) was added to a solution of
(NEt4)45 (50 mg, 3.0 x 10 s mol) in methanol (2 cm3). Diethyl
ether (1 cm3) was added and the solution was then left over-
night. The resulting yellow precipitate was then collected and
dried over PoO,o under reduced pressure (51 mg, 85%) (Found:
C, 50.45; H, 7.45: N, 7.60. C7.Hl'2OrsNr'FuSrZn.6MeOH
requires C, 50.50: H,7.04; N, 7.76.)

tH (600 MHz) andt3C (150.8 MHz) NMR spectra in CDroD
and CD.CN.1. ôH (600 MHz, CD,OD)2.a5 [Ha, Hb, Hc, Hd],
12H, AA'BB', 3 x N(CH,),N ring), 3.05 ([Hf, He], 6H, s,

CH,C:O),3.18 ([Hg, Hh],6H, m, ArCl1r), 3.71(9H, s, OCH,),
4.74 (IHil,3H, m, oCH), 7.06-7.25 (lsH, m, ArH); ôc (150.8
MHz) 38.6 (ArCH,), 53.3 (OCH3), 55.0 (oCH), 58.1
(N(CHr)r)N ring), 63.0 (CH,C=O), 128.3(ArH), 130.8 (ArH),
133.0 (ArH), 138.4 (ArH), 173.8 (C=ONH),174.4 (C=OCH),

[Zn(l)f'. ¿H (600 MHz, CD,OD) 1.S1 ([Ha], 3H, m,
N(CHr)rN ring),2.45 ([Hc],3H, m, N(CHr),N ring),2.61 ([Hb],
3H, m, N(CH,),N ring),2.85 ([Hg], 3H, m, AICH,),2.89 ([Hd],
3H, m, N(CHr)rN ring), 3.16 (tHfl, 3H, d, J = 16.5 Hz, CHr-
C:o), 3.33 ([Hh], 3H, m, ArCH,),3.ss ([He], 3H, d, "r= l6.s
Hz, CH'C:O), 3.83 (9H, s, OCH,),4.98 ([Hi], 3H, m, oCH),
1.17-7.29 (15H, m, ArH); ä. (150.8 MHz) 39.4 (ArCH,), 50.4
(N(CHr)r)N ring), 53.5 (N(CH,)r)N ring), 53.7 (OCH3), 56.7
(oCH), 59.5 (CH,C:O), 128.6 (ArH), 130.1 (ArH), 131.2
(ArH), 138.5 (ArH), 172.2 (C:0CH),174.7 (C:ONH).

ICd(t)]'zt. ðH (600 MHz, CD,OD) 2.30 ([Ha, Hc], 6H, m,
N(CHr),N ring), 2.69 ([Hd], 3H, m, N(CHr)rN ring), 2.82
([Hb], 3H, m, N(CHr)rN ring),2.95 ([He], 3H, m, AICH,),3.22
([Hh], 3H, m, ArCfl,),3.43 ([He, Hf],6H, br s, CH,C:O), 3.71
(9H, s, OCH3),4.89 ([Hi],3H, m, aCH),7.17-7.28 (15H, m,
ArH);ô. (150.8 MHz) 38.9 (ArCHr), 53.0 (N(CH)r)N ring),
53.5 (OCH3), 53.8 (N(CHr)r)N ring), 56.3 (oCH), 6t.6 (CHr-
C:o), 128.6 (ArH), 130.0 (ArH), 130.9 (ArH), 138.3 (ArH),
172.8 (C:OCH), t73.9 (C=ONH).

-t. ð'' (600 MHz, CD,OD) 1.89 ([Ha, Hb], 6H, d, N(CHr)rN
ring),2.02 ([Hc, Hd], 6H, d, N(CH,)rN ring), 2.17 ([He, Hf),
6H, s, CH'C=O), 3.33 ([Hg, Hh], 6H, m, ÃrCHr),3.70 (9H, s,

OCH3),4.76 ([Hi], 3H, m, oCH),6.93 (6H, m, ArH), 7.03 (3H,
t, ArH), 7.26 (3H, d, ArH), 1.39 (3H, d, ArH);á. (150.8 MHz)
28.3 (ArCH,), 53.4 (oCH3), 54.6 (oCH), 57.6 (N(CH,),)N
ring), 63.6 (CH,C:O), 110.6 (ArH), I12.8 (ArH), 119.5 (ArH),
120.4 (ArH), 123.0 (ArH), 125,4 (ArH), 129.5 (ArH), 138.5
(ArH), I 74.2 (C-ONH), 174.4 (C:OCH).

[Zn(3)f*. ôH (600 MHz, CD,OD) 1.00 ([Ha], 3H, m,
N(CHr)rN ring), 1.10 ([Hc],3H, m, N(CHr)rN ring),2.23 ([Hb,
Hdj, 6H, m, N(CH,),N ring), 2.91 ([Hg] 3H, m, ArCHr),3.33
([He, HfJ,6H, s, CHrC=O),3.44 ([Hh],3H, m, ArCllr),3.93
(9H, s, oCH), s.09 ([Hi],3H, m, oCH), 6.99 (3H, t, ArH),7.05
(3H, s, ArH), 7.t7 (3H, t, ArH), L34 (3H, d, ArH), 7.49 (3H, d,
ArH); ô. (150.8 MHz) 29.4 (AICH.,), 50.3 (OCH3), 51.9
(N(CH,),)N ring),52.4 (N(CH,),)N ring), 53.8 (CHrC:O), 55.0
(nCH), 111.0 (ArH), 113.3 (ArH), 119.5 (ArH), 120.5 (ArH),
123.0 (ArH), 125.4 (ArH), 128.6 (ArH), t38.2 (ArH), 172.6
(c:ocH), 174.4 (GONH).

[Cd(3)]'z*. äH (600 MHz, CD,OD) 1.20 ([Ha], 3H, m,
N(CHr)rN ring), L61 ([Hc], 3H, m, N(CHr)rN ring), 2.12 ([Hb],
3H, m, N(CHr)rN ring), 2.31 ([He], 3H, m, CH,C=O), 2.40
([Hd], 3H, m, N(CH)rN ring),2.95 ([Hq, 3H, m, CHrC:O),
3.01 (Hgl, 3H, m, ArCHr),3.37 ([Hh], 3H, m, AICH"), 3.77

(9H, s, oCH,), 5.05 ([Hi], 3H, m, oCH), 6.93 (3H, t, ArH), 7.06
(3H, s, ArH), 7.09 (3H, t, ArH), 1 .32 (3H, d, ArH), 7 .49 (3H, d,
ArH); ä. (150.8 MHz) 29.5 (ArCHr), 52.5 (N(CH,)r)N ring),
53.6 (OCH3), 53.9 (N(CHr),)N ring), 55.0 (oCH), 62.0 (CHr-
C:o), 111.0 (ArH), 113.2 (ArH), 119.8 (ArH), 120.5 (ArH),
123.3 (ArH), 125.8 (ArH), 128.8 (ArH), 138.4 (ArH), 173.1
(c:ocH), 173.5 (c:oNH).

4. ðH 600 MHz, CD,CN) 2.39 ([Ha, Hc], 8H, AA'BB', 4 x
N(CHr)rN ting),2.48 ([Hb, Hd], 8H, AA'BB', 4 x N(CHr)rN
ring), 2.88 ([He, Hf], 8H, m, CHrC:O), 3.02 (Hgl, 4H, m,
ArCHr),3.10 ([Hh],4H, m, ArCHr),3.61(12H, s, OCH,),4.62
(tHil, 4H, m, oCH), 7.14J.43 (20H, m, ArH); ô. (150.8 MHz)
37.9 (ArCH,), s2.7 (oCH3), 53.6 (aCH), s4.3 (N(CH,),)N
ring), 59.5 (CH,C=O), 127.6 (ArH),129.3 (ArH), 130.4 (ArH),
138.0 (ArH), 171.8 (C:ONH), 113.1 (C=OCH).

[Zn(4)f*. äH (600 MHz, CD,CN) 2.03 ([Ha], 4H, m,
N(CH,),N ring),2.35 ([Hc], aH, m, N(CHr)rN ring),2.54 ([Hb],
4IJ, m, N(CHr)rN rins),2.73 ([Hd], 4H, m, N(CHr)rN ring),
2.82 ([He],4H, m, CHrC=O),2.88 ([Hf],4H, m, CH2C=O),2.92
([Hg], aH, m, ÃrCHr),3.14 (Hhl,4H, m, ArCHr),3.65 (12H, s,

oCH3), 4.64 (lHil,4H, m, oCH), 7.18-7.40 (20H, m, ArH);
ôc (1s0.8 MHz) 38.3 (ArCH,), 50.1 (N(CHr)r)N ring), 51.6
(N(CH,),)N ring), 53.1 (oCH3), 55.2 (oCH), 56.4 (CH,C:O),
128.0 (ArH), 129.6 (ArH), 130.4 (ArH), 137.7 (ArH), 171.8
(c:ocH), 172.0 (c=oNH).

[Cd(4)f+. ðH (600 MHz, CD,CN) 1.28 ([Ha], 4H, m,
N(CHr)rN ring), 1.96 ([Hc], aH, m, N(CH,),N ring),2.03 ([He],
4H, m, CHrC:O) 2.12 (ltìbl,4H, m, N(CHr),N ring), 2.49
([Hf], 4H, m, CH,C:O), 2.65 ([Hd], 4H, m, N(CH,),N ring),
2.88 ([Hg], 4H, m, ÃrCH2),3.27 (lHhl,4H, m, ArCHr),3.84
(12H, s, OCH3), 4.76 ([Htl,4H, m, aCH),7.21-7.40 (20H, m,
ArH); ð. (150.8 MHz) 38.3 (ArCH), 47.s (N(CH,),)N ring),
51.1 (N(CH,),)N ring), 53.3 (OCH3), 54.6 (oCH), 55.4 (CH2-
C:o), 128.0 (ArH), t29.7 (ArH), 130.6 (ArH), 138.2 (ArH),
17 1.6 (C:OCH), n 2.1 (C:ONH).
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