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The synthesis of several novel macrocyclic ligand:, containing both oxygen and 

nitrogen donors, and containing in some eases also pendent donor groups bearing 

one or more oxygen donors is described The formation constants of these ligands 

with a variety of metal ions are reported. Analysis of the formation constants 

sho^s that the presence of the neutral oxygen donor in ligands leads to stronger 

complexation of large metal ions relative to small metal ions, irrespective of 

whether the oxygen donor is part of the macrocyclic ring or not. However, addition 

of oxygen donors into the macrocyclic ring has a large effect on metal ion size 

selectivity. This is of interest in the design of chelating chemotherapeutic agents 

for the selective removal of toxic heavy metal ions such as Pb3*, Cd3*, and Hg3* 

from the body. The control of selectivity for the large Pb3* ;on relative to the small 

Zn2* ion is examined. It is shown that the extra pair of oxygen donors in 

BHEE-18-ane N3O 4 leads to an enhanced Pb2 */Zn3* selectivity, as compared with 

the ligand BIIE-18-ane N 2O 4 The ligand BHEE-18-ane N 2O 4 w r . found to have 

an acceptable Pb34/Z n 3* selectivity of 7.2 log units. However, its affinity for Pb3* 

was rather too low to be used as a therapeutic agent for the treatment of Pb3* 

intoxication.

The crystal structure of three complexes of the above ligands are reported, 

[K(BHE-18-aneN20 4)]Cl (I), [K(BHEE-18-aneN20 4)]I (II), and [Ba(BHEE-18- 

aneN20 4 )]l2 (III). Compound I is sterically less crowded than compound II, and 

adopts the usual cis arrangement of the pendent donor groups, with all donor 

atoms involved in coordination. In contrast to compo he complex II appears

to be sterically more crowded, with the pendent donor groups occupying the trans 

orientation, with at least two 0 .' the oxygen donors on the pendent groups being left 

uncoordinated. On the other hand, the Ba2* complex adopts tLe &S arrangement of



the pendent donor groups, with all donoi atoms participating in cov..dination. The 

interaction of the extra oxygens on the [Ba(BHEE-18-ane.\’ 2 0 4 )]2.\ explained why 

Ba2* produced an increase in complex stability as compared with the 

DHI’ - 1 8 -ane.\ ;0 4  complex

The addition of extra bridging groups between nitrogen donors of macrocyclic 

ligands to give a nine-membered-ring-like structure, is expected to lead to more 

rigid macrocyclic ligands which should display genuine "hole-size—selectivity". As 

a starting point, the synthesis of a few open-chain analogues of these bridged 

ligands is described. The formation constants of t. ?se ligands with a variety of 

metal ions is reported. The results reinforce the ligand design principle observed 

previously, that five-membered chelate rings favour the complexation of large 

metal ions whereas six-memb^red chelate rings favour the complexation of small 

metal ions. This behaviour may not hold for the relatively inflexible macrocyclic 

bridged ligands.
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CHAPTER 1 

INTRODUCT ION 

1 1 UKHKKAL INTRODUCTION

The discovery of the template reactions by Curtis (1) and the crown ethers by 

Pederson (2) became the starting point for the synthesis of a large number of 

macrocycles.

Previously most research on synthetic macrocylic ligands was focussed on 

complexes of porphyrins, cornns and phthalocyanins because of their relation to 

the naturally occurring macrocylic complexes such as heme, cytochromes and 

chlorophyll (3b) (Fig 1.1.1). The coordination chemistry of these naturally 

occurring macrocycles was poorly understood and synthetic macrocycles became an 

important tool in understanding the function of the metal ion in such systems.

a b

Fig. I l l  Struct! res of (a) chlorophyll a n i (b) nonactin
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Complexes of tetraazamacrocycles have been extensively studied due to the 

occurrence of these systems in biological structures such as heme and vitamin B 12 

(3a) and the importance of the oxygen donor macrocycles in the coordination 

chemistry of alkali- and alkaline earth-metal ions exhibit potential significance in 

biological systems particularly with respect to ion t ansport and antibiotics (3a)

To date, a large number and variety of macocycles have appeared in the literature 

(4,25) and the possible application in both analytical and medical fields is well 

documented (5,6) Nevertheless, these macrocycles have certain limitations and the 

improvement of the metal ion selectivity of these ligands is still required. There is 

thus a need for the synthesis of ligands which have specific binding properties. To 

achieve this, various ligand design features need to be considered, such as factors 

which affect the stability of metal complexes and geometric preferences imposed by 

the ligand and metal ion. A good design should produce a ligand that can be easily 

synthesized incurring as little cost as possible.

Our main interest is in the development of macrocyclic ligands as therapeutic 

agents for the treatment of metal intoxication Particularly important is the metal 

ion lead, which has become a major environmental pollutant and whose toxicity 

represents one of the most serious problems.

While other sources of lead include paints, putty, soil, dust and plumbing, 

practically all the lead found in the environment (200 000 tons per annum) (7,8) 

comes from exhaust fumes. Consequently, almost everyone living in industrialized 

areas is at a risk of being subjected to high levels of lead contamination

The toxic effects of lead are widespread but the most sensitive area is the 

hematopoietic system where it causes a dec.eas’ in the survival of red blood cells
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and inhibits heme synthesis. Other effects which include sterility, abortion and 

stillbirths have ."'Iso been reported (9). Another serious effect of lead toxicity is that 

it causes damage to the central nervous system of growing children, thus causing 

damage to brain function ?nd development ( 1 0 ).

The current antidote used for lead poisoning is EDTA (11) (Fig. 1 12) but this has 

major limitations. Being an open chain ligand, EDTA is able to accommodate a 

variety of metal ions. It complexes strongly with metal ions such as zinc(II) and 

calcium(II). These metal ions are essential for normal physiological processes that 

occur in the body. By employing EDTA, large amounts of zinc and calcium are 

removed from the body during treatment. To overcome the depletion of calcium 

and zinc the drug is administered as a calcium complex and the patient is 

periodically supplemented with zinc.

0 0

) ~ \  /  \  / "  

iH N N

\

OH

q"/ OH HO

Fig. 1.12 Structure of ethylenediair inelciraacetic acid (EDTA)

An improvement over EDTA, as suggested by Lehn (12) would be cryptand-2,2,2 

(Fig 113)  since u is a more lead-selective ligand, with a lead over zinc selec* vity 

of 9 log units compared to the 144 log units of EDTA The major setback with
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cryptand—2 ,2 ,2  is t , oru.ilex f r mat ion occurs very slowly and it is also 

expensive, d feature w hu. makes the use of EDTA more advantageous.

n

v N

U

0  '

o 
—

0  ^

n
U

0

N

Fig 1 1.3 Structure of crypi.and-2,2,2.

In this work the aim is to design and synthesize macrocyclic ligands which will 

show an enhanced lead over zinc selectivity. An important feature to consider when 

designing such ligands is that the toxic metals such as lead, cadmium and mercury 

form irge metal ions whereas the biologically essential metal ions such as zinc, 

copper ijid iron form small metal ions. By exploiting this m 'ta l ion size difference, 

ligands wruch are selective for large metal ions can be designed and so alter ligand 

selectivity for large over small metal ions

In /rdcr to establish certain ligand design features it is necessary to examine the 

fa< :ors which control the stability of metal complexes,

1.2 : U K  T Y I 'K S  O K  !>• >N O K  A I O M .S

The choice of donor atom has been discussed on the basis of Pearson's (13) concept 

of "hard" and "soft" acids and b;ses (HSAB) Hard metal ions such as the alkali- 

and alkaline earth-metal ions prefer hard donor atoms such as 0 . S and F'



whereas the soft metal ions such as Cu\ Hg2‘ and Ag' prefer the soft donor atoms 

such as I ‘ and CS '. The major setback of this classification is that some of the 

transition metal ions, namely, C u2*, Zn2*, Co2', Ni2' and Pb2* are borderline cases, 

in that these cannot be classified as either hard or soft metal ions. Therefore, the 

choice of donor atoms for these metal ions cannot be easily predicted. However, the 

HSAB classification does provide a useful starting point for the selection of donor 

atoms

The discussion will be limited to saturated nitrogen and neutral oxygen donor 

atoms, since this work relates to mixed nitrogen and oxygen donor macrocycles.

1 2  1 Relative Strength of the Donor Atoms

Gas phase studies by Taft et al. (14) indicate that the strength of the oxygen donor 

increases in the gas phase in the order

H j0 < R 0 H < R 20  

and that of the nitrogen donor in the gas phase increases in the order

1 2 2 3

where R = methyl group

As hydrogens are replaced by methyl groups the intrinsic basicity increases, so 

ROH and R 20  are more basic than H20 , and R 3N, RjNH more basic than NHj. 

Since it is the basicity that governs the strength of the donor atoms, the 

implication is that ROH, R 20  are stronger donors than H20  and R 3N, R:NH 

stronger donors than NH3.

Rrauman et al. (15,16) have reported that the basicities of amines in the gas phase 

would increase with increase in N-methylation and found that with an increase in 

c*~C methylation the order was

C H jN H 2< RC H 2N H 2< R iC  HN H 2< R jC N H 2
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where R = methyl group By exte. ding the gas phase basicity studies to other 

amines, Brauman and Blair (17) found the relative basicities to be

E tjN > E tjN H > E tN H j> N H j 

The increase in basicity of the amines was attributed to polanzability and 

inductive effects.

The polarizabiliy effect is explained in terms of the delocalization of charges on the 

molecular ion formed ii the gas phase, The more charge that is delocalized over the 

molecular ion, the more it is stabilized Larger molecules can delocalize charges 

more effectively tnan smaller molecules, because they consist of more atoms and 

tx. ids Thus, larger molecules will have greater proton affinities. Hence, as more 

methyl groups are substituted on the nitrogen, the basicity of the amine increases.

The inductive effect is explained in terms of the electron-donating ability of the 

methyl groups The methyl groups being electron donating cause the nitrogen 

donor to become more electron rich, thus increasing its affinity for the proton and 

hence the basicity of the amine

W ith an increase in the basicity of the donor atom, an increase in complex stability 

is expected As a result, ligands with tertiary amines should form more stable 

complexes than those formed with secondary amines which in turn should form 

more stable complexes than complexes formed with primary amines. This increase 

in complex stability is not observed, as the data in Table 1 suggests The nitrogen 

donors of the ligand TM-12-aneN< are .ill tertiary but the metal complexes formed 

by this ligand are destabilized relative to 12-aneN4 which has secondary nitrogen 

donors. Similar behaviour is observed with the pair >f ligands EN and TMEN The 

stability of the metal complexes is thought to be governed by the delicate balance 

between steric and inductive effects (18). The destabilization
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produced by th1' above ligands is thus attributed to the large steric strain produced 

by the methyl substituents. A more serious effect of methyl substitution on 

complex stability is observed in TM —14-aneN4. For Cu<!I) the log K| value drops 

from 27.2 with 14-aneN* to a value of 18 2 with TM-14—aneN< and for N’i(II) the 

decrease is from 22.2 with 14-aneN4 to 8 6 for TM-H-aneN*. Thus, the greater 

basicity of the nitrogen donors in TM-14-aneN< does not necessarily lead to an 

increase in complex stability. The decrease in stability is because the methyl 

substituents produce a dramatic increase in steric strain (Fig 1.2.2). Molecular 

mechanics caJculations (83) show that the total strain energy, EU, increase from

11 3 kcal mol 1 in [Ni(14-aneN4)]J* to 35 kcal mol' 1 in [Ni(TM-14-aneN4)]J*.

Form ation  C on stan ts (L o g  K Q  of Com plexes W ith  
Som e Am ine s

Ligand C u2' N i3* ZnJ* Cd2* Pb2'

ENa 10.71 5.87 5.62 5.04

TMENa 7.38 3 62 3 87

1 2 -aneN<b 23 29 16 4 16.2 14 3 15 9

TM-12-aneN«c 18.37 14.04 13.06 13 91

14-aneN4b 27.2 2 2 .2 15 5 11.23 10.83

TM-14-aneN<(1 18.3 8 .6 10.4 9.0

a Ref 20 b Ref 102 c Ref 21 d Ref 101

Structures of the above ligpnds are given in Fig 1.2.1.

The log K) values for TMEN are repoited at ionic strength of 0.5



nh2 nh2

EN

H-

N N

H 3C'

-CH,

‘CH:

TMEN

H3C ^  / ------\  / C H 3

.N  N _

N N

h 3 c ^  \---- /  ^ C H 3

!2-aneN4

TM-12-aneN4

,H

‘H H,C

• CH:

‘CH:

14-aneN4 TM-14-aneN4

Addition of methy] groups to the macrocycle turns

secondary ni'rogens into tertiary nitrogens.

The result:destabi 1i 2 at ion of complex stability.

Fig. 1.2.1 Structures of the ligands given in Table 1 .
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s t e n c  

repulsion

TM--14-aneN4

(3°nitrogens)

14-aneN4 

(2°nitrogens)

Fig 1.2.2 Consequence of turning secondary nitrogens to tertiary 
nitrogens by replacing hydrogens on the donor atoms with methyl groups.

The drop in complex stability is accompanied by a drop in ligand field strength 

from a value of Dq„y = 2043cm'1 in [Ni(14-aneN’4)]J* to 1782cm'1 in 

[Ni( TM-14-aneN|)]** (19). This decrease in ligand field indicates a decrease in the 

overlap in the M-N bond and is observed when M-L bonds are stretched in 

response to steric strain. Molecular mechanics calculations (83) predict the M-N 

bond lengths to be 1.91 A in [Ni( 14-aneN4)]2* and I.98A in [Ni(TM-14-aneN4)]J*. 

The calculations agree well with the observed M-N bond lengths found in the 

crystal structure of [Ni(TM-14-aneN4)]J* (26). Th stretching of the Ni-N bonds 

in [N>(TM-14-aneN4))J‘ is due to Van de Waals ropulsion between the N-rnethyl 

groups.

The addition of alcoholic (ROH ) or ethereal (R 20 ) oxygen atoms to primary 

amines should enhance the stability of metal complexes. A large amount of data
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suggest (32, 38, 60-62, 64) that when neutral oxygen donors arc added to either a 

primary or a secondary amine the complexation of large metal ions is favoured over 

the small metal ions, an important feature to consider ^vhen designing ligands for 

the improvement of metal-ion size—selectivity This feature forms a major theme 

of this work and is discussed further in section 16.

The macrocyclic effect was first demonstrated by Cabbiness and Margenum (40) 

who observed that macrocyclic ligands formed more stable complexes with metal 

ions than open chain ligands of similar structure (Fig 1.3.1). The increase in 

stability of the macrocyclic complex was in the order of 104. Subsequently, the 

enhanced stability of other macrocyclic complexes have been well establ^hed.

Open-Chain
Macrocycle

Log K,: Pb2+ 7 .8 10.8

Log K,: Cu2+ 23 .2 26 .5

Increase in complex stability in

the order of 104

Fig 1 3 1 The effect on complex stability in going from an open-chain 
ligand to a macrocyclic ligand
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The macrocyclic effect is the change in Gibbs free energy (41) for the reaction

M L " ’ 1 + Lm ----- MLm*' + L

noncyclic macrocyclic macrocyclic noncyclic

Since both enthalpy and entropy terms contribute to the Gibbs free energy, it was 

necessary to study these components separately The first attempts to separate 

these components led to opposing conclusions.

Hinz and Nlargerum (42) suggested that ligand solvation enthalpy was laigely 

responsible for the macrocyclic effect. When comparing the formation constants of 

Ni(cyclam)2* and Ni(2,3,2-tet)2*, the authors found a difference of 6 .8  log units in 

going from the linear amine to the cyclic amine. The greater stability of the cyclic 

complex was due to a favourable enthalpy change (-14 kcal.mol'1). It was proposed 

(42) that since the cyclic ligand was more compact than the noncyclic ligand, it 

would be less solvated since it would not ~ie able to accommodate as many 

H-bonded water molecules with the nitrogen donors and consequently would have 

a more negative enthalpy change (P"ig 1 3.2).

./H

/  /
H H

I I

’ 0 V  » H

i n

0 / N N

u1 1 Solvent

 
i i molecules

H H

Ng sterically hindered from

solvating N-donors\  \

Solvent molecule H-bonded 

to nitrogen

Open-chain ligand Macrocycle

(2.3,2 tet) (14-aneN4)

Fig. 1.3.2 The open-chain ligand is able to accommodate more solvent 
molecules than the corresponding macrocyclic ligand
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The open chain ligand would have a higher configurational entropy than the 

corresponding cyclic ligand so that on complex formation there would be a greater 

loss In configurational entropy for the open-chain ligand compared to the 

macrocyclic ligand. Hinz and Margerum (42) concluded that while the 

configurational entropy contributes to the enhancement of complex stability it is 

outweighed by the ligand desolvation enthalpy in hydrogen bonding solvents

However, Paoletti et al (43) and Kodama and Kimura (44) proposed that the 

macrocyclic effect resulted from favourable entropy factors. Paoletti et al. (43) 

reported enthalpies of complexes of both C uJ* and Zn2* with the macrocyclic 

ligands 12-aneN<, M-aneN* and i5-ane .\4 The conclusion was that there will 

always be a favourable entropy contribution to the macrocyclic effect. This arises 

because macrocycles are "preorientated", as suggested by Fabbnzzi et al. (41). 

Before coordination the macrocyclic ligand has donor groups in approximately the 

correct positions and therefore on complex formation does not lead to unfavourable 

strain energies In contrast, its open chain analogues have in solution a lower strain 

energy when in the uncoordinated form than when coordinated ( ,' 1). This implies 

that the macrocycle would not lose configuration entropy to the same extent as the 

open-chain ligand on complex formation (43). The magnitude of the macrocyclic 

enthalpy present was dependent on how best the metal-ion size matched the size of 

the aperture in the macrocyclic ligand (43).

Kodama and Kimura (45) have reported thermodynamic studies of complex 

formation of various metal ions with tri- and penta-amines and found that ligand 

cyclization had little effect on the change in enthalpy and more serious effect on 

the change in entropy on compiex formation with these macrocycles There was 

some correlation between the macrocyclic effect and the ratio of the size of the 

metal ion to the size of the macrocyclic cavity
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McDougail et al (46) examined the crystal structure of the frotonated cyclam and 

found it to be of an almost identical conformation to the structure of the N iJ* 

complex. Since the macrocycle was already in the fonformation required for 

complex formation the increase in the strain energy on complex formation should 

be small. This was in contrast to open-chain polyamincs where there a laige 

increase in strain energy upon complex formation. The authors suggested that the 

macrocyclic effect could be partly due to the ligand being "prestrained". To 

investigate this further Hancock et aJ (47) carried out molecular mechanics 

calculations on the N iJ* complexes of polyamines. The main contributions to the 

macrocyclic enthalpy were 1 ) more secondary nitrogen-donors unaccompanied by 

the usual increase in strain energy normally associated with changing a primary to 

a secondary nitrogen and 2 ) the high value of strain enei,jy for the free ligand is 

caused by dipole-dipole repulsion in the gas phase, which may be somewhat 

modified by steric hinderance to solvation in aqueous solution.

The presence of the macrocyclic effect in cyclic polyethers was first demonstrated 

by Frensdorff (48) who noted that there was an increase of 1 0 J- 1 0 4 orders of 

magnitude between the stabilities of complexes formed with l 8 -crown- 6  and its 

open chain analogue, pentaglyme (Fig i 3.3)

The thermodynamic data of complex formation by these ligands revealed no 

reproducible trends in changes m the enthalpy or entropy among the cations 

studied which could explain the macrocyclic effect (49).

The populate of Hinz and Margerum (42) that the difference in solvation between 

cyclic and open chain ligands is re sD o n s ib le  for the macrocyclic effect, suggests 

that the stabilities of complexes of 18~crown-6 and pentaglyme determined in 

solvents of different solvating strength and dielectric constant should









































33

The ligand PD forms a six-membered chelate ring and has minimum strain energy 

at small M-L bond lengths and large L-M-L angles, so that a higher affinity of 

this ligand with small metal ions is expected These calculations provide a 

reasonably good explanation for the metal-ion stability pattern observed in ligands 

which form five- and six -membered chelate rings

The chelate ring size can be further rationalized in terms of the cyclohexane ring 

where the lowest strain is observed for the chair conformation whi^h has all bond 

angles equal to 109.5° (Fig 1.5.7). In order for the six-membered chelate ring to 

achieve this conformation, the metal ion has to be of a size similar to the carbon 

atom and have N-M-N angles of 109 5° The result is that large metal ions cause a 

deviation f.-om the ideal tetrahedral angle of 109.5° since the angle around the 

nitrogen is increased. This introduces strain due to angle bending To minimize this 

strain six-membered chelate rir.gs would prefei smaller metal ions (36).

bonds

109.5

0

1 0 9 ° 2 8

cyclohexane Small metal ion

M
Large metal ion

long bonds

large

angle ( 

Fig. 1.5.7 The «>:; membered chelate ring
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The ideal bite size (N-N distances across the chelate ring) for Cvc- and 

six-membered chelate rings is the distance between carbon atoms 1 and 4 and 

carbon atoms 1 and 5 respectively (Fig. 1.5.8). The bite^ize of fivt mbered 

chelate rings is larger than that of six-membered chelate rings; thus six-mem - red 

chelate rings would be less str?ined when a small metal iun it> involved.
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Fig. 1.5.8 The five- and six-membered chelate bite size.

Hancock et al (37) reported that the metal-ion size-selectivity pattern in 

tetraazamacrocycles levels off after two five-membered chelate rings have been 

converted to six-membered chelate rings whereas for the open chain tetraamines 

the reverse size-selectivity was observed lifter one such change For EDTA 

complexes, this size selectivity pattern was observed even after four acetate groups 

have been converted to propnonates. The reverse in selectivity patterns was 

attributed to storic crowding which produces an increased destauilization for 

smal'er metal ions (38).

By increasing the cheb '" ring size to seven- and eight-membered chelate rings in 

tetraazamacrocycles, Hancock and N^wenya (39) observed a uniform drop in 

complex stability for all the metal ions. Sin 'lar behaviour was found with the






