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Abstract
The co-ordination chemistry of macrocyclic ligands, to the heavier, 

environmentally hazardous, metal ions (Hg(II), Cd(II), Pb(II)) and to 
lighter transition metal ions (Ni(II), Co(III), Rh(III), Zn(II)) as 
models, has been studied. The -.acrocycles of major interest are the 
simple 14-membered saturated quadridentate rings (figure) with donor

sets X = S, NH or NMe. A comparison 
f of the structural and kinetic properties
' I of their complexes with the metal ions

between two trans-isomers, trans-I and trans-III. in nitromethane solutioi 
Complexes with mercuryvII) adopt either a bridging bidentate conformation 
when co-ordinating counteranions are present, or a trans-I quadridentate 
square-pyramidal geometry when they are not. No complexes of Cd(II) or 
Pb(II) were isolated.

When X = NH, the nickel(II) complex is square-planar but readily 
solvates in donor solvents to give 60lid octahedral complexes. Cd(II) 
forms a complex which is a mixture of trans-III and folded trans-I 
isomers in solution, while the Hg(II) complex is postulated as being 
square-pyramidal in solution. The crystal structure of the complex with 
Pb(II) shows a distorted cis-octahedral geometry, in agreement with the 
!3C n.m.r., having co-ordinated nitrate ions. The lone pair of the lead 
ion is found to be stereocheraically inactive. "'’J metal-1^- coupling 
constants for all three of the heavy metal complexes have been obtained 
and fcr Pb(II) have very different values lor axial and equatorial 
nitrogens, consistent with the observed axial distortion in the crystal. 
Dynamic phenomena are observed in both the and n.m.r. spectra 
of the Cd(II) and Pb(II) complexes.

When X = NMe, the Zn(II) complexes are found to adopt square- 
pyramidal co-ordination in the crystalline state while in solution, 
folding to a trigonal-bipyramid may occur. Such behaviour is also post
ulated for the complexes with Cd(II) and Hg(II) but Pb(II) is found to 
form a thermodynamically unstable complex and macrocycle exchange may 
be observed in the 13c n.m.r. spectra. Two isomers of the complex with

above has been principally performed 
by 13g} and n.m.r. spectroscopy 
and X-ray single crystal diffraction.

When X = S, the complex with 
nickel(II) displays a dynamic equilibriu

l



nickel(II) are extensively investigated and the acetonitrile exchange 
kinetics of each isomer have been measured and related to their struct 
ures. The trans-I isomer is postulated to form a trigonal-bipyramidal 
complex with acetonitrile and solvent exchange proceeds r^nrougn an ass 
ociative mechanism. The trans-III isomer displays normal octahedral 
exchange kinetics via a dissociative mechanism.
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n.ra.r. nuclear magnetic resonance.
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r. f. radio frequency
NOE nuclear Overhauser enhancement
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INTRODUCTORY CHAPTER
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INTRODUCTION

The work in this thesis primarily concerns an investigation
into the co-ordinative properties of macrocyclic ligands to heavy
metal ions and the later transition metal ions, with a view to
elucidating the structural factors involved in complexation. This
work has been carried out with the long-term ideal of improving current
chemotherapeutic techniques, which involve the use of compounds 

1 2such as B.A.L. and E.D.T.A. for the treatment of heavy metal (e.g.
Pb2 + , Cd2+, Hg2+, MeHg+) poisoning, by gaining a greater understanding
of the inorganic chemistry involved.

There are four major areas to be considered in the treatment of 
heavy metal poisoning, and of relevance to chemotherapeutic drug 
design:

(1) Any drug used must obviously be capable of reaching the site 
to which the offending metal is bound, while not being 
metabolised into some non-potent breakdown product en route.

(2) Once at the required site, the drug must successfully compete 
with thi6 iji vivo binding site for the metal ion, and in so 
doing form a stable complex which may be eventually excreted.

(3) The drug should itself be non-toxic and thi6 includes the 
very important point of specificity. This means that the 
drug should specifically seek out and complex with only the 
foreign toxic metals in the system, whilst leaving the 
essential micro-nutrient and bulk metals, such as Calcium 
Zinc, Iron and Copper, alone. This is a major problem with 
both B.A.L. and E.D.T.A.2*^ which remove not only the heavy 
metals but also certain essential metals to such an extent 
that they must be re-injected after a course of therapy
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using these drugs^.
(if) The final 'drug-metal' complex must be successfully excreted 

without further damage to the body organs, preferably via 
the gut so avoiding possible secondary kidney damage**’

It is clear that functions (1) and (if) are primarily the province 
of biochemistry and biology, where the location of in vivo binding 
sites and the identification of excretion pathways are still being 
elucidated^. It i6 not my concern here, therefore, to consider such 
processes in any depth, being content to be merely aware of 6uch 
factors in relation to the main theme of thi6 work which involves 
functions (2) and (3). From the standpoint of an inorganic chemist 
functions (2) and (3) above are an interesting challenge in the area 
of co-ordination chemistry, since some understanding of the properties 
of model complexes may well be directly relevant to the in vivo 
problem, and may therefore assist in the 'tailoring' of new drugs 
for its treatment.

With an awareness of the exacting limitations on drug design 
imposed above, it is natural to begin with a consideration of the 
fundamental properties of the heavy metals which are the cause of 
the problem, Pb2*,. Cd2+, Hg2*. All are d10 metal ions and so strictly 
speaking are not members of the d-block transition series, although 
despite this their properties may be regarded as a simple extension 
of this series (especially Cd , Hg ). They are all large, diffuse 
ions [ionic radii are 1.21A (Pb2+)6, 0.97A (Cd2*)6, 1.0i»A (Hg2*)7] 
with correspondingly high polarisability. As such they have all of 
the classic requirements for class 'b' or 'soft' character described

Qby Pearson , with a corresponding affinity for 'soft' donor ligands
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such as RS-, R^S, [cn]”, (although Pb2+ is a little anomalous)^, and 
all form kinetically labile complexes with donor ligands l exchange

Q 1 arate constant >  10 ) , even though the complexes may be thermo
dynamically very stable^- .

It is clear that any molecule designed to specifically sequester 
such metals must take advantage of or modify these properties so as 
to produce stable excretable complexes. With regard to (3) above we 
can see that exploitation of the '60ft' character of these metals and 
of their large ionic radii would be an advantage in producing a ligand 
capable of selectively removing these metals whilst leaving the 
'harder', smaller trace-metal ions behind. This may be done in two 
ways, a) by selecting a ligand which contains class 'b' type donor 
atoms and b) by arranging these donor atoms in such a way that their 
spatial arrangement favours co-ordination to a large rather than to 
a small metal ion. Consideration b) leads to the selection of a 
multidentate chelate as a likely candidate for investigation, and 
this view is reinforced by consideration of (2) above. In order to 
produce a stable complex with these metal ions, the ligand must be 
capable of competing with the in vivo binding sites which can have 
stability constants ^ l O 1® (e.g. for MeHg+ binding to a thiol- 
containing enzyme, papain)^2, so it is necessary to create several 
metal to ligand bonds making use of the chelate effect^ to enhance 
stability. If one also considers (1) and (¿*) above it is clearly 
desirable that both the ligand and its complexes should be non- 
metaboilsable.

We would conclude therefore that what is required i6 a stable
multidentate chelate of the correct size and containing carefully 
selected donor atoms. One attractive interpretation of such a



specification is to use a large ring (macrocyclic) molecule incorp
orating several selected donor sites, and in so doing judiciously 
choose an overall ring size compatible with the metals under study. 
Such an idea will be pursued in this thesis, where it is felt that 
a detailed exploration of the co-ordination chemistry of heavy metals 
with such macrocycles may be of relevance to chemotherapeutic drug 
design. The possibility, offered by macrocycles, of tailoring a ring 
to specifically complex with a given metal suggest this to be a 
promising area of research.

With these considerations in mind it seems desirable to review 
the current state of the literature, and select the salient features 
of the chemistry of macrocycles and their metal complexes.

SECTION 1 MACROCYCLES (General)

Naturally-occurring raacrocyclic ligand-metal complexes, especially 
those complexes of the porphyrin, corrin and phthalocyanine ring 
systems1* * ' h a v e  been studied for many years. More recently 
however complexes containing synthetic macrocycles have received a 
great deal of attention1^ and this increased Interest is attributable 
to two related factors. Firstly, advances on the organic synthetic 
front have produced synthetic procedures capable of yielding reason
able quantities of these ligands which in turn has meant that the 
preparation and characterisation of their co-ordination complexes 
have become easier. Secondly, and perhaps more significantly, macro
cycles have engendered increasing interest by virtue of the wide 
range of unusual properties such ligands impart to their complexes
with metal ions. The structural, thermodynamic, kinetic, spectro
scopic and redox parameters of such complexes have all been studied



and in many cases the cyclic nature of the ligand is found to greatly 
modify the chemistry of the metal ion involved. It is as well, there
fore, to outline the basic properties of such ligands,and several 
closely related properties are described below.

SECTION 1.1 CAVITY SIZE RELATED TO CATION RADIUS

A marked correlation exists between the stability constants (K) 
and cation size (ionic radius8) for a given ligand cavity diameter, 
and it is generally true that for a given macrocycle there will exist 
an optimum cationic radius for formation of a stable complex. This 
correlation has been extensively explored for the polyether type of
raacrocycle1^’18,^(Section 2.1) and results are illustrated in Fig.

171.1.1 . Four points are immediately apparent from this figure:
a) Both mono- and divalent cations have a maximum stability for a 
given cation size.
b) The change in log K with cationic radius is smaller with monovalent 
cations.

2+ 2+c) Marked selectivity exists for certain ions, e.g. Ca and Pb
have K values differing by five orders of magnitude.

+ °  2+d) For cations of about the same radius 6uch as K (1.33A) and Ba
• p(1.35A), K Increases by _ca. 10 for the doubly charged ion.

The simplest interpretation of the lower stability with cations 
larger than the optimum is that such cations are too large to fit into 
the ligand cavity, and this conclusion is borne out by X-ray data2®’2*. 
On the other hand, as the cation becomes too small, the hydration
energy becomes predominant and so again reduces the stability of the

17macrocycle complex.. Thermodynamic data , showing the dependence of 
log K onAH* and A S°, illustrates that in going from K+ to Rb* to Cs*



Figure 1.1.1.
r 5.0

4.0

3.0

log K

2 . 0

. 1.0

Stability constante (log K) for the formation of 1:1 complexes with 
dicyclohexyl-18-crown-6 (Fig. 2.1.1. b). Isomer A » o, and isomer 
g = ip — 25°C. Isomers are meso and dl-racemic although which is 
A and which B is unknown. (From ref. 17)

« 
V
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the AH® term is predominantly responsible for the observed trend in 
stability. However, the increase in log K in going from K+ to Ba2+ is 
determined by both^H® and A S° showing entropy and so presumably 
electrostatic contributions to cation solvation to be important factors 
in determining stability.

Although similar correlations between cavity size and cationic 
radius have not been as extensive for other classes of macrocycle, the 
saturated amine ligands (Section 2.2.) have been under increasing 
investigation especially in relation to the so called macrocyclic 
effect (Section 1.3.). With this type of ligand the situation is a 
little more complex since the strong directionality (ie. preference 
for regular geometries such as octahedral or square-planar) of the 
metal ions that they tend to complex, means that the different ring 
sizes may well adopt very different conformations about the metal and
thus a meaningful correlation is difficult to achieve. However, 6uch

22studies have been attempted and Busch et al have performed a number 
of strain-energy calculations^, based on visible spectroscopic Dq 
parameters, for 00(111)^ and Ni(II)2  ̂complexes of 12-16 membered 
tetra-aza macrocycles co-ordinated in a planar fashion (see also Section 
I./*.). The calculation, from these parameters, of anaverage ideal metal
to nitrogen bond length for each macrocycle results in the values

22shown in Table 1.1.1. . As most transition metal-nitrogen linkages
•22fall in the range 1.8-2.ifA it is clear that a correlation of such 

bond lengths with the idealised values given in Table 1.1.1. will 
allow a prediction of the macrocycle which best fits a given metal in 
a planar fashion.

As an example, the copper-nitrogen bond distance in typical



Table 1.1.1

Ideal metal-nitrogen bond lengths and deviations from planarity of 
tetra-amine macrocycles. (Calculated from strain-energy calculations 
for square-planar co-ordination of the ligand)^.

aLigand Ideal M-N length/ A Deviation from 
plane.,

[l2] aneN^ 1.83 +0.41
[13] aneN^ 1.92 +0.12
[14] aneN^ 2.07 0.00
[l5] aneN^ 2.22 .+0.14
[l6] aneN^ 2.38 0.00

Figure 1.1.2.

27Enthalpies of formation for cyclic polyamine ligands .

Lj^-L^ = [l2] , [l3] , [l4] , aneN^. (Ring sizes above)



tetragonal polyamine complexes ranges from 2.03 to 2.10A and we 
would therefore predict, based on Table 1.1.1., that the Cu2 ion 
would be of an ideal size for the ligand [l^JaneN^. A microcalorimetric 
study of the enthalpies of formation of copper(II) complexes with tetra 
-aza ligands [l2], [1 3] » [l*t] > and [15] anaN^2''* has indicated just this 
predicted behaviour, with [14] aneN^ forming a complex with the largest
-AH* value (Fig 1.1.2.). Similar studies with Zn2+ 27,28 and Hg2+ 29,50 
have, however, failed to produce such clear-cut results and this may
well be due to the problem mentioned above, that with these larger 
metals which have no strong preference for planar co-ordination of 
the macrocycle totally different ligand geometries may exist for the 
different cavity sizes. It becomes increasingly clear that factors 
other than cavity/cation size become more important as one progresses 
from the simple ’crown’ ether-alkali to more rigid raacrocycle-transition 
metal complexes, and such factors are discussed below.

SECTION 1.2 DONOR ATOM TYPE AND NUMBER

The stability of macrocyclic complexes is found to markedly 
depend on the nature of the donor atoms situated in the binding site.

QFor the alkali metal cations, which are hard Lewis acids, the value of
the stability constant follows the expected sequence for electrostatic

17interactions, 0>N>S. Data in Table 1.2.1. illustrates the effect on 
log K of sequentially replacing 0 donors by N or S in the 1,10 positions 
of 18-crown-6 (for nomenclature see Fig. 2.1.1.). For the K* ion in 
methanol the successive replacement of 0 donors leads to a 105 decrease 
in the stability constant. For the Ag+ ion,however,which has significant 
soft character, the preferred donor sequence 1b reversed, the stability 
increasing as 0 donors are replaced by N or S. This is attributable to 
to the Increased covalent character of the metal-donor bond for 6uch

»26
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Table 1.2.1»

Stability constants (log. K) for the formation of 1:1 complexes with

the ligands A(CH2CH2och2ch120CH2CH2)2B (see figure 
ligands.)

2.1.1. for similar

A B K+ in Ho0 Ag+ in MeCH“
0 0 6.10 1.60
NH 0 3-90 3.30
NH NH 2.04 7.60
S S 1.15 4.34

r j n  rip? ■-»
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soft cations with soft donors. It follows, therefore, that the 
macrocycles containing soft donor atoms will necessarily tend to form 
complexes with more regular geometries (octahedral, tetrahedral, square 
planar etc.) by virtue of this covalency.The overall mode of macrocycle 
co-ordination in suchcases is therefore likely to be severly restricted 
since, for the first row transition metals at least, six-co-ordination 
tends to be the maximum and therefore inclusion of more than six soft 
donor sites within a single macrocycle, even if co-ordination of such 
were sterically possible, seems unlikely to increase the stability 
of the complex, and by virtue of the considerations in Section 1.1. 
will probably lessen it.

SECTION 1.3 THE MACROCYCLIC EFFECT

As outlined above, macrocyclic ligands produce marked changes in 
the properties of their metal complexes when compared to those of the 
equivalent linear ligands. The origin of the high thermodynamic
stability,as reflected in the stability constants of macrocyclic 
complexes^*"*'31 can several orders of magnitude greater than
the corresponding linear ligand complexes), has been the subject of 
much investigation and controversy.

zpIn 1969^ it was found that the stability constant for the copper 
(II) complex of Me^- N  aneN^, log K = 28, was much higher than that 
found for the similar non-cyclic ligand 2,3,2-tet, log K = 23.9,
Table'1.3*1. This large Increase in stability cannot be attributed 
solely to the usual chelate effect^, in terms of changes in transl
ational entropy, and so was termed the 'macrocyclic effect'. (It is 
to be noted that the stability of the cyclic complex is greatly 
increased despite the more restricted geometry forced upon the metal-
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nitrogen bonds by the macrocycle.)

The macrocyclic effect is a Gibbs energy term, referring to the 
metathetical reaction 1.3»lt and the enhanced stability of the

[ML]n+ + L' [ML']n+ + L (1.3.1.)
non-cyclic cyclic cyclic non-cyclic

macrocyclic complex^ may have its basis in both enthalpy and entropy 
terms. Several attempts have been made to separate the effect into 
contributions from each term and one of the first was conducted on 
the copper(II) Me^-[l^+] aneN^ complex mentioned above. Because of the 
extreme inertness^*4 of the complex, making conventional calorimetry 
impossible, it was not feasible to directly rationalize the 
contributions o f and As* from the Gibbs-Helmholtz equation.
However an approximate value of AH* can be obtained from spectroscopic 
correlations of the position of the visible absorption maxima for 
copper(II) polyamines^^*^ , and for this complex such a process gives a 
AH® of about -126kJ inol-  ̂ which is considerably higher than for 
corresponding linear tetra-amine complexes (Table 1.3*1.).

The value of AS* for the same complex, obtained from the Gibbs- 
Helmholtz equation using the value of AG*^2 and AH® above, i6 about 
113 J mol-1 K~^ which again is appreciably higher than is observed for 
linear tetra-amines (Table 1.3*1.)« From these values it would appear 
that the macrocyclic effect is due in equal parts to both entropy and 
enthalpy effects but, since this early analysis, considerable 
controversy has arisen.

Using the temperature dependence of equilibrium data for the
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Table 1.3.1.

Comparison of thermodynamic parameters for the formation of 1:1 
complexes in aqueous media.

Complex Log K All* kj mol-1 As* J K-1 mol-1 Ref

Ni(2,3,2-tet)2+ 15.3 -70. b 58.0 37
Ni( [14] aneN^)2* 22.2 -130.0 -8.4 37
Ni(5,12-Me2-

[14] aneN^ )2+ 21.9 -117.0 33.6 37

Cu(2,3» 2-tet)2+ 23.9 -116.0 2it.lt 38
Cu(Me6- [lit] aneN^)2+ 28.0 -126.0 113.0 32
Cu([l2]aneN^)2+ 24.8 -77.0 216.0 39
Cu( [l2]aneN^)2+ 24.8 -95.3 152.0 27
Cu( [13]aneN^)2+ 29.1 -122.7 141.0 42
Cu( [l/t] aneN^)2+ 27.2 -127.7 95.0 30
Cu( [l^ aneN^)2+ 2ij.it -111.3 95.0 27



system Ni(II)-[14] aneN^, Hinz and Margerum-^ obtained a value of 
log K = 22.2 with A H # = -130 kJ mol-1 and As* = -8.4 J mol-1 K-1. In 
this case a comparison with values for typical linear tetra-amine 
nickelt.II) complexes (Table 1.3*1*) shows that the enhanced stability 
is due almost entirely to the enthalpic contribution.

Kodama and Kimura , however, reached the opposite conclusion 
for copper(II) co-ordinating with [12] aneN^ that the entropy term was 
solely responsible (Table 1.3*1*)* The method employed by both sets 
of workers for determining AH*, from the temperature dependence of 
equilibrium data, is at best only approximate since small errors in the 
equilibrium constants may result in very large errors in AH* and 
ideally, more direct methods of determining enthalpies are desirable. 
Calorimetric determination of Ah* is one such method but has 
previously appeared impossible for metal-macrocycle complexes since 
both formation and destruction (with H+ or [cn]~) of such complexes 
are extremely slow, too slow for conventional calorimeters.

Very recently however the experimental difficulties have been
overcome using microcalorimetric techniques**0’**'1' at high pH, and more
accurate estimates of the enthalpic contribution to the macrocyclic

27effect have been achieved. Results (Table 1.3*1*) from this work 
on copper(II) complexes with [l2̂ , and [l5]aneN^ seem to vindicate 
the original hypothesis that both enthalpic and entropic terms make 
significant contributions to the overall macrocyclic effect, but 
with the added condition that a favourable enthalpy term i6 critically 
dependent on matching the size of the metal ion to that of the aperture 
in the macrocyclic ligand as discussed in Section 1.1. above.

14

Conclusions drawn from such findings are tentative but the
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favourable nature of both AH® and As® for metal-macrocycle complexes, 
leading to the macrocyclic effect, may be summarised as follows:

a) A favourable AH* is an indication that an arrangement in which 
the chelate rings are fused in a cyclic fashionis favoured 
only when no severe mismatch between metal ion size and hole 
size occurs in the complex.

b) A favourable A h # is also said to reflect the increased relative 
strength of the co-ordinate bonds in macrocycle complexes 
resulting from the increased ligand-field strength of the donors 
when constrained in a ring.

c) A favourable As° is interpreted as follows. When a linear ligand 
co-ordinates to a metal ion it goes from a state in which it has 
many possible configurations (degrees of freedom) to one in 
which its configuration is fixed, with a concomraitant loss of 
entropy. However, with a macrocycle, where the donor atoms are 
already more severely constrained by the cyclic nature of the 
ligand, much less entropy is lost on co-ordination and so 
macrocycles would always be expected to show a favourable 
entropy term for complex formation.

d) Both AH° and As® are favourable if one considers ligand solvation 
effects. Work by Margerum1*̂  on a nickel(II) tetra-thiaether 
macrocycle complex has indicated only a slight raacrocyclic effect 
(ratio of Kcyc^ic/Kiinear = 180+70) in a non-aqueous solvent 
(nitromethane) where ligand solvation is likely to be less 
important. Although the treatment of this system was oversimpl
ified in light of work reported later in this thesis (Chapter
2, Section 2.), the evidence that ligand solvation is 
more important for linear than for cyclic ligands in donor 
solvents leads again to the conclusion that both AH* and AS®
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•>» *



contributions, this time from solvation phenomena, are important 
to the overall effect.

SECTION 1.4 SPKCTROCHEMICAL EFFECTS

Extensive papers by Busch ¿t a^^2,4i**i>5 have recently appearod 
in which the contributions of macrocyclic ring-size effects to the 
spectrochemical properties of transition-metal ions are explored.
Results for both Codll)22’**** and Ni( II )**^***®indicate a pronounced 
variation of the quantity Dqxy, the in-plane ligand-field splitting 
parameter, with various tetra-aza macrocyclic ring sizes (Table 1.4.1.) 
The quantity Dqxy can be derived from Gaussian analysis, and subsequent 
data reduction, of the electronic spectra of the complexes2***2'’. 10Dqxy 
corresponds to the orbital splitting (in the strong ligand-field model**"'' 
between the d orbital, which is usually non-bonding, and the 
d%2 y2 orbital which is strongly ^-antibonding. In the simplest 
cases, Dqxy varies directly with the extent of tf’-bonding in the 
macrocycle plane and therefore gives a measure of the efficacy of the 
macrocycle as a ligand.

Selected results from this work****’**̂  are illustrated in Table 1.4*1 
and it is clear that Dqxy is strongly dependent on ring-size, varying 
in the sequence [13]aneN^> [14]aneN^>[15] aneN^> [l6] aneN^ for both 
Co(III) and Ni(II). It is well known that the chelate**® and 
macrocyclic2^ effects may have an enthalpy contribution, suggesting 
that bonding may change for the same donor atom depending on other 
geometric constraints within the molecule. This assumption is dramatised 
by the data cited in Table 1.4.1. where geometric constraints within 
a constant microsymmetry can change Dqxy over a range of 33% of its 
low value (Ni(II)).
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Table 1 » 4. 1.

Ligand-field splitting parameters (Dqx^) for trans-dichloro tetra- 
amine complexes of Co(III) and Ni(II).

Ligand Da^/Ccm"1 ) Ideal M-N/(A)C
Co(III )S Ni(II )b

[l3] aneN^ 2750 — 1.92

[14] aneN^ 2562 1480 2.07

[l5]aneNi+ 2421 1242 2.22

[l6] aneN^ 2341 1116 2.38
(en)2 2530d — Unconstrained

(Me2en)2 — 1215® Unconstrained

N.B. Typical values of M-N distances in unconstrained systems are,

Co(III) 1.94--2.03A51 and Ni(II) high • 52-spin 2.12A*7 . There is,there fore

a clear correlation between optimum M-N distance and ligand-field

splitting parameters such that [14] aneN^ is best for Co(III) and

[l5]aoeNi( is best for Ni(II).

References:
a) 44 h) 45 c) 22 d) 49 e) 50



These results clearly demonstrate the large effect of ring-size 
on the ligand-field strengths of donor atoms in complexes with 
macrocyclic liganuo. Although a good correlation between the normal 
metal-donor distance and the most favourable hole size (Table 1.1.1.) 
for a given macrocycle facilitates binding with normal ligand-field 
strengths, poor fits between ring and cation size lead to alterations 
in the metal-donor bond. This effect may be very large when the fit 
is poor and so the ligand-field strength may be greatly increased or 
decreased by an inadequate fit between metal and ring.

It is interesting to note that these results irrefutably 
demonstrate that mechanical constraint, of molecular origin, on the 
metal-donor bond can have a profound effect on the strength of that 
interaction. Such results may have important consequences in the 
understanding of natural systems, e.g. tertiary structure of proteins 
around metal binding sites, which may produce similar constraints in 
order to modify the characteristics of a co-ordinated metal ion.

SECTION 1.5 ELECTROCHEMICAL PROPERTIES

The ability of macrocycles to stabilize a range of oxidation states
for a given metal ion has been clearly demonstrated by Olson and
Vasilevskis^ * ^ . In these studies they have prepared and isolated

53 5Ustable oxidation states of +1, +2 and +3 for both nickel^ and copper^ 
complexes of the saturated tetra-amine ligand Me^-[l*t] aneN^, and 
subsequent work by Busch^, on Fe, and Endicott^^, on Fe Co Ni Cu and 
Zn, has proven the generality of these observations.

The redox properties of metal complexes with macrocyclic ligands



are closely related to their spectrochemical properties mentioned in the 
previous section, since both are primarily dependent on ring-size 
effects, and the unusual oxidation states of the metal ions in such 
complexes are stabilised by having constrained raetal-donor distances.
The redox potentials between oxidation states are similarly ring-size 
dependent and the simplest explanation of these properties is that 
the metal ion will tend to adjust its size (ionic radius), by oxidation 
or reduction, so as to compromise between fitting ideally into the 
ring and producing acceptable redox potentials for the resulting 
complex. The recognition of tnis property of macrocyclic ligands has 
lead to an extensive study of the electrochemistry of their metal 
complexes, as it is likely to have a direct bearing on much of their 
reactivity (e.g. ligand substitution, metal alkylation etc.) where 
lower or higher oxidation states of the metal may function as reactive 
intermediates.

rhecorrelation between ring-size and electrochemistry has been 
under increasing investigation; for example electrochemical studies 
show that the Ni(II)/Ni(III) couple shifts towards greater stability 
for the trivalent state as the macrocycle ring-6ize decreases (E^ =
+1.3, +0.9, +0.69 volts for [l6],[l5] and [14] aneN^ respectively), 
similarly the Ni(I)/Ni(II) couple progressively favours the monovalent 
ion as the ring-size increases (E^ = -1.7» -1.57» -1.4 volts for 
[14],[1 5 ] and [l6]aneN^ respectively). These results are consistent 
with the expected changes in metal ion size with oxidation state.

Complexes of silver(I)^ with the macrocycles [l4]aneN^ ,
Me^- [14] anelt̂  and NMe^-[l4]aneN^ , disproportionate to give the 
silver(II) complex of the macrocycle, and metallic silver. The fact
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that the Ag(I)/Ag(II) couple lies well on the side of the divalent 
state is clear indication of the constricting effect of the li*- 
membered ring upon the large Ag+ ion. This results in spontaneous 
oxidation to produce the smaller Ag^+ ion, so as to allow stronger 
co-ordination of the ring by producing a better fit between metal 
and hole-size. Indeed, further oxidation to give Ag^+, diamagnetic d6, 
complexes of the macrocycle is possible (e.g. with cone. HNO^ or 
[n o][c10^]) so demonstrating the same effect, although these complexes 
are strongly oxidising.

Low temperature electrochemical oxidation of a mercury(II) 
complex of [lit] aneN^ produces a short lived species which has been 
identified, by e.s.r. and electronic spectroscopy, as mercury(III)
(t^ of Hg( [li+]aneNi+)^+ = 5 sec at 195K)^9. This unique example of Hg(III1 
again illustrates the strong driving force towards producing a good 
fit between metal and ring, the large Hg(II) d^° ion being oxidised 
to the smaller Hg(III) d9 ion in order to become accommodated within 
the macrocycle.

Such studies have not been restricted to tetra-amine ligands 
and an investigation of the redox properties of copper thiaether 
complexes (e.g. [li+] , [1 5] , [lSjaneS^), with special regard to the blue 
copper proteins, ha6 been carried out to determine the Cu(I)/Cu(II) 
couple in relation to ring-size60. Again, this type of study is 
important in the understanding of biological processes since it 
illustrates how the constraints applied by a macrocycle can influence 
the oxidation state of a metal. This behaviour is mimicked in vivo 
by the binding r;ites of metallo-proteins and enzymes whose functions 
are highly dependent on redox properties.
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The ability of macrocycles to produce and stabilise unusual 
oxidation states has been put to synthetic use by Chan and Poon^ 
who have prepared complexes containing Mn(III), Fe(Iil) and Ni(III) 
with the macrocycle [lhJaneN^ all of which are air-stable solid trans- 
diacido complexes.

SECTION 2. SYNTHETIC MACROCYCLES.

Having now outlined the general properties of metal complexes with 
macrocyclic ligands, it is possible to review, against this background, 
the various classes of synthetic macrocycles which are available, 
synthetic macrocycles may be divided into four broad classes according 
to donor atom type.

SECTION 2.1 POLYETHKRS.

Included in this section are the cyclic polyether 'crown' and 
’cryptate' type ligands (Figures 2.1.1 and 2.1.2 respectively) 
incorporating mainly hard,class A, oxygen donor atoms with a nomenclature 
illustrated in the figures. These ligands are very important in the 
area of non-transition, mainly alkali-metal chemistry, especially in 
relation to their similarity with certain naturally occuring antibiotics 
such as valinomycin and the actins^^. The ion-transport and phase- 
transfer properties of such synthetic macrocycles has correspondingly 
received a great deal of attention since the first publication, by 
Pedersen in 1967^, of synthetic procedures to 50 cyclic polyethers. 
Pedersen exploited the unexpected side reaction below (Scheme 2.1.1.) 
to produce polyethers such as A with the number of ring and donor 
atoms ranging from 9 (3 oxygen) to 30 (10 oxygen).
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Figure 2.1.1.
Representative Crown ethers and their nomenclature.

a )
Dibenzo-lfl-crown-6 
Dibenzo describes the non- 
ethyleneoxy content; 18, the 
total number of atoms in the 

crown ring and 6, the number of heteroatoms in the ring.

b) c c T ‘~ b o Dicyclohexyl-18-crown-6.

c) 15-crown-5.

d) l,10-diaza-18-crown-6.
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Figure 2.1.2.

(1.1.1.) m: n
(2.1.1.) m : i
(2.2.1.) m: ;
(2.2.2.) m: n
etc.

(2o.2o.2s.) X: 0; Y: S.
(2o.2os.2s.) 3X: 0; X,2Y: S
(2o.2o.2n.) X: 0; Y: NCH3
(2.2.Cg) X: 0; Ys CH2.

Representative cryptâtes and their nomenclature.

Systematic naming of bicyclic amines is long and complex and J.M. Lehn
70designates each ligand by a symbol given in brackets . These give

the number and nature of the heteroatoms and other structural variations
of the bridges.
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Scheme 2,1.1.

(c i c h2c h2)2o
0

0

Dibenzo-18-crown-6. A

The discovery that these compounds, insoluble in hydroxylic 
solvents, could be solubilized by the addition of alkali metal ion6 
lead to the realisation that thesemacrocycles were acting as complexing 
agents for such cations and, as such, closely mimicked the properties 
of known antibiotic molecules (e.g. from fungal sources) capable of 
transporting Na+,K+ in vivo. X-ray crystal studies on naturally occuring 
antibiotics^ and synthetic mac^ocyclos^,^ , ̂  of this type confirm the 
basic similarity of both in their mode of co-ordination to alkali 
metal cations. The similarity between the crystal structure, with the 
metal ion situated at the centre of inwardly orientated oxygen donors 
surrounded by a puckered alkane ring, and a royal crown lead to the 
coining of the term 'crown' ethers to describe this class of synthetic 
raacrocycles and the resulting nomenclature is illustrated in figure
2.1.1. The ’crown' ether field has flourished in recent-years with the 
identification of three types of metal:ligand ratios in their complexes 
with cations^’̂ .  The 1:1 (doughnut), 1:2 (sandwich) and 2:3 (club
sandwich) complexes have all been Isolated and the whole area has

67been extensively reviewed .

Movement away from the two-dimensional circular cavities of the
'crowns' and towards the three-dimensional macropolycyclic cryptates68
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(Figure 2.1.2.) has taken place in recent years. These rigid cage, 
usually bicyclic, ligands contain both amine and oxygen donor atoms 
and their nomenclature is illustrated in fig. 2.1.2. These ligands 
form inclusion complexes in which the substrate cation is contained 
inside the, essentially spherical, cavity (or crypt) and this leads 
to their ability to define co-ordination sites of finite diameter

69giving much more specific metal complexation than the crown ethers . 
Cations of diameter larger than the optimum may be excluded from the 
cage while smaller cations 'rattle' around inside the cavity forming 
only weak complexes. Again, the area has very recently been reviewed 
by Lehn70 and this range of ligands is being extended by replacing 
hard oxygen donors by nitrogen and thiaether atoms, so producing ligands 
(e.g. sepulchrates) capable of trapping transition metal ions such as 
Co(III)71. The co-ordination properties of these latter ligands 
should prove to be increasingly important in coming years, especially 
in relation to their selective complexation of toxic heavy metal 
cations70»72'73.

The stuctural co-ordination chemistry of the polyether type of 
macrocycle in general has recently been under investigation by a 
variety of techniques including 13C n.m.r.7** and I.R. spectroscopy73.
The x-ray structure of a strontium complex with an ^ 0 ^  Schiffs-base 
macrocycle containing a furanyl residue (Figure 2.1.3. below) displays

nona-co-ordination of the cation with 
the macrocycle co-ordinated roughly in 
a plane with one water and two 
thiocyanate molecules completing the

f
co-ordination above and below the

76 *plane' . This macrocycle is interesting
as it is one of the few examples of a

J~f
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predominantly polyether ligand prepared by a 'template' synthesis. Here 
the strontium atom organises the reactant molecules prior to their 
cyclisation whilst still co-ordinated, and this type of synthetic 
procedure is becoming increasingly important, especially for the polyaza 
type of raacrocycle (Section 2.2.).

Complexes of dibenzo- and dicyclohexyl-18-crown-6 (a and b figure
2.1.1.) with copper(II) have been prepared and their electronic spectra
studied in order to elucidate the structure and possible biological

77relevance of the binding site (cf. blue copper proteins) . This area 
of complexes other than with the alkali metals or alkaline earths has 
been broadened^ and extrapolated to the lanthanides^ and actinides®^ 
such that the whole field of polyether co-ordination chemistry is 
now expanding very rapidly.

81Crown ethers have found application in organic synthesis where 
their ability to surround a cation, thereby conferring lipophilicity 
and hence solubility in organic media upon that cation, mean that the 
associated anion may also be carried into solution at the same time.
This process renders previously organic insoluble bases, such as KOH, 
soluble in aprotlc media allowing previously impossible synthetic

82procedures to take place by means of this phase-transfer catalysis .
Overall, the polyether area is yet rich in unmined chemistry and this

67is reflected by the great activity in the field .

SECTION 2.2 POLYAZA HACROCYCLES.

Much of the general chemistry of this class of macrocycles, 
especially the saturated quadridentate members, has been used to 
illustrate the properties of macrocycles in Section 1 and this section

« 
-



will therefore be confined to synthetic procedures for, and unusual 
reactivity of , such rings.

Two distinct synthetic methods have been applied to the preparation 
of polyaza macrocycles a) standard organic synthesis and b) metal ion 
•template' reactions.

a) The organic synthetic procedures leading to macrocycles are 
typified by multistep reaction schemes leading to a linear precursor of 
the ring followed by a ring-closure step carried out at high dilution 
in order to avoid polymerisation side reactions. This final step is 
usually very low yielding making the whole synthesis not only tedious 
but frustrating (yields typically <10% overall) and so, much investigatio 
into improving the yields of the ring closure step has taken place.

One of the most deliberate syntheses of simple, saturated polyaza 
macrocycles involves the condensation of tosylated reactants in DMF at 
100®C85. Scheme 2.2.1.

Ts = p-toluene sulphonyl. X = 0 or N-Ts m=n = l-»3
Scheme 2.2.1.

The reaction takes advantage of the increased acidity of primary 
sulphonamide groups to make the nucleophilic sodium salt A. This readily
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displaces the OTs leaving group from B and, if carried out in aprotic 
media (DMF, HMPA, DMSO) , cyclisation in 80% yield occurs to produce 
the tosylated macrocycle Ç. Removal of the tosyl groups in cone. H2S0^ 
gives the protonated amine, and this method has found general appli-

. . 84cation .

More recently, a ring-closure procedure utilising the formation of
amide linkages, with subsequent reduction to give simple saturated amine

8 5 86macrocycles, has been reported ’ , Scheme 2.2.2.

X = NH or 0 R^ = Cl or OEt R2 = any substituent group 
1 = reflux. 2 = B^H^/THF Reflux 24 hrs.

Scheme 2.2.2.

This latter procedure is attractive since it does not require 
the initial tosylation and final detosylation of the amine groups, both 
of which are carried out under harsh conditions. This means that a 
co-ordinating group may be attached to the end of the substituent R2, 
so producing interesting quinquedentate macrocycles with a dangling arm. 
Such macrocycles are likely to be of importance in the chelation therapy 
of methylmercury(II) and the field is only just developing, no metal 
complexes having been reported as yet. Very recently however, unsaturated 
tetra-aza rings with a dangling arm attached to one of the amine nitrogen 
have been reported; these complex with Ni, Cu, and Zn, and interesting
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structural phenomena have been observed87

88b) The second, and increasingly more common00, method of synthesis 
involves the use of template methods, «ere, one of the macrocycle 
precursors is co-ordinated to a central metal atom which holds this 
reactant in a fixed geometry, favourable for eventual ring formation. 
The ringclosing step is carried out whilst the reactants are still co- 
ordinated- the juxtaposition of the reacting groups being held by 
the metal so as to facilitate macrocycle formation and disfavour 
polymerisation.

The most commonly used method of ring-closure in template syntheses 
is Schiffs-base condensation of a diketone with the co-ordinated 
primary amine ends of a linear multidentate ligand. The reaction is 
well illustrated in the synthesis of M  a n e K ^  shown in Scheme 2.2.3« 
where the diketone glyoxal condenses to produce the di-imine A.

cr'-'iNH 1IH_
v f  c

y  nNH NH-

0 *. . -,NH N w} —* C D0 * ^  ^ N H  N ^

k ^
c9 :^•NH HN-^

k J

M = Ni. 1) H2O, cool to 5*C, i+hrs. 2) BH^~, 5°C.

Scheme 2.2.3.

Subsequent reduction with [bh^]~ gives good yields of the nickel complex 
of the saturated ligand. It is clear that this type of synthesis is 
more elegant than conventional organic methods since high-dllutlon is 
not necessary in order to obtain reasonable yields in the final ring- 
closure. The method does, however, have one drawback in that to obtain
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the free macrocycle one must remove the metal Ion template. In this 
instance ni^+ can easily be removed by treatment of the complex with 
excess [c n ]-, but in some cases any attempt to remove the metal results 
in ring opening of the macrocycle, especially where unreduced inline 
linkages still remain (see below).

One of the most elegant examples of the template effect is provided
90by the syntheses of Curtis ert al.' who have used simple diamines and

acetone to produce multi-substituted macrocycles of many sizes by
6imply allowing the metal complexes of the amines to Stand in acetone
for long periods. A typical synthesis of this type is illustrated in

90Scheme 2.2.1t. and the whole area has been reviewed' .

Scheme 2.2. It.

Many examples of macrocycles containing 2,6-pyridine residues
OO QIare now available , and almost all are prepared by template

Schiffs-base condensations of 2,6-diacetyl-pyridine with a co-ordinated 
linear amine. Scheme 2.2.5» (overleaf).

It is often the case with such macrocycles that removal of the 
central metal template ion leads to eventual decomposition of the intine 
linkages, with associated ring-opening in hydroxylic solvents via
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+ 2 H20

Scheme 2.2.3.

92solvent attack at the Imine carbons7 . This makes isolation of the 
free macrocycle and investigation of metal complexes with non-template 
metals very difficult. Macrocycle syntheses in general have been 
extensively reviewed*^.

Many metals have found use in template reactions, although Ni(II)
and Cu(II), because of their strong tendency for planar co-ordination,

gnhave been the most common7 . Other transition metals have become 
increasingly popular especially for the polyaza macrocycles^, and 
more recently non-transition metals such as MgClI)^ and Pb(II)^ have 
found applications in the template synthesis of polyaza/polyether macro- 
cycles, following scheme 2.2.5. above.

Although the structural chemistry of these polyaza macrocycles,
as studied by X-ray techniques, has shown many unusual co-ordination 

96 97geometries7 ’ , the reactivity of such complexes is, perhaps, even more
interesting. For example, Busch at al. have recently reported an 
extraordinary reaction between the iron(II) complexes of 15 and 16 
membered tetra-aza unsaturated macrocycles and the two co-ordinated 
acetonitrile molecules which complete the co-ordination sphere

• II

....  ?
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A , BScheme 2.2,6.

98 99Of the metal Scheme 2.2.6.7 *

The formation of the novel sexadentate ligand in B, by the 
electrophilic attack of the co-ordinated nitrile upon the & carbon of 
the macrocycle, is remarkable in view of the chemical properties of
nitriles. This mode of electrophilic activation of co-ordinated nitriles

98is under considerable investigation . Other examples of the reactivity 
of co-ordinated macrocycles are rare, although one report of electro
philic substitution at a 1/t-membered tetra-aza raacrocycle complexed 
to Ni(II) has appeared. The ring unsaturation is very similar to that 
shown in A scheme 2.2.6. above, and again, electrophilic attack at the 
3 position, this time by diazoniura ions, occurs.100

Recently, interest has begun to focus on the organo-metailic 
chemistry of poly-aza macrocyclic complexes, and several such complexes 
have been studied. Treatment of the nickelvll) complex of a saturated 
tetra-aza ring with dimethyl magnesium results in the formation of a 
5-co-ordinate 'square-pyramidal' complex containing a nickel-methyl 
bond. This rare example of a high-spin nickellll) alkyl complex is 
stable under N2 and in nucleophilic solvents, but decomposes slowly in 
water, evolving methane101'. Endicott has studied the photochemical 
kinetics of cobalt-alkyl bond cleavage in a series of complexes containin 
lq-membered tetra-aza raacrocycles, and correlated the kinetic data to



produce a coherent orbital energy level scheme accommodating the weak

study has obvious relevance to methyl-cobalamin and vitamin B^2 
chemistry where the geometric environment of the metal is similar. A 
metal-metal bond has been inferred from the X-ray structure of a tetra- 
aza raacrocycle simultaneously complexed, in a biden^ate manner, to two 
rhodium dicarbonyl groups and it is possible that such a geometry 
involving 'vacant' co-ordination sites at two, close, fixed rhodium 
atoms may have very interesting catalytic properties'^.

Conventional kinetics for both the macrocycle and associated 
monodentate ligands, which total the co-ordination sphere of the central 
metal ion have been studied for many years. For example, cis-trans 
isomerisation of a quadridentate macrocycle on CoClII)^^ and the 
aquations and anations of unidentate ligands in cis^ ^  and trans^^* 
formsof the same molecule have all been studied with mechanistic inter
pretation of the results in terms of structure (see Chapter 3, section 2 
for a more detailed discussion.)

Polyaza macrocycle6 have been used in two studies of direct
relevance to the theme of this thesis, where the complexing properties

10ftwith heavy metal ions have been explored. Stetter and Frank made 
potentiometric evaluations of the stability constants for the 1:1 
complexes of the ligand La, shown below, with dipositive metal ions 
including those of Zn, Pb, Cd. This potentially octadentate macrocycle

102 . This latter

L : R= CH,C00H, a 2 * X= (CH2)2

X X
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was found to form less stable complexes with these metals than did
E.D.T.A. making it less attractive as a chemotherapeutic chelate. Studies
with the ligands, Lb, Lc above, indicate however that they may act as

109specific sequestring agents for the actinides . Utilising the bio- 
mimetric design principle, 2,3-dihydroxybenzoyl groups were attached 
to the macrocyclic amine nitrogen atoms in order to copy known 
biological binding sites e.g. enterobactin. The resulting ligand, Lc, 
complexes with Pu(XV) with a formation constant >10^ suggesting that 
this class of ligand will be of increasing importance for chelation 
therapy purposes. For this reason it is felt that structural and kinetic 
characterisations of complexes formed with macrocyclic ligands are 
important background parameters to be established.

SECTION 2.3 POLYTHIAETHER MACROCYCLES.

The sulphur containing macrocycles have been little explored when 
compared to the enormous amount of work with poly-ether and aza ligands 
reported in the previous two sections. This is due,in part, to the 
more difficult syntheses involved in making members of this class but 
al60 because the chemistry of their complexes is not as rich.

Polythiaether macrocycles are almost exclusively synthesised by 
means of tedious multi-step procedures culminating in a last-step, low 
yielding, high-dilution ring closure. The low sulphur-active metal ion 
co-ordination renders template effects of little consequence. The 
competition between cyclisation and linear polymerisation is thus 
statistically defined, entropy constraints of cyclisation favoring 
linear polymerisation whereas high-dilution favours cyclisation kinetic- 
ally.
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Such syntheses typically involve the preparation of a linear 
multidentate chelate with terminal thiol groups110, followed by ring 
closure by mercaptide displacement of a halide function.Such a synthesis 
is illustrated in Scheme 2.3.1. below for [l/*] aneS^111.

c
1— 1 r ~ " 1s s NaOEt^ j ^ S High- f s s

SH HS-^ EtOH ~ U s N a  NasJ dilution
Br Br 
1----- '

S-"*

Scheme 2.3.1.

Identical synthetic methods have lead to a large variety of ring 
sizes containing differing numbers of thiaether112’11^, ether11** and 
amine11^ donors. Relatively few macrocycles, containing exclusively 
sulphur donors, having unsaturation in the ring, similar to the 
pyridine containing macrocycles (Section 2.2»), have been synthesised. 
This is mainly because the introduction of unsaturation tends to lower 
the co-ordinative ability of the thiaether since the lone pairs on the 
sulphur atom become involved in TT-bonding within the macrocycle frame
work, and hence do not donate so readily to a metal ion. One 6Uch 
ligand based on a 2,5-thiophene linkage has been synthesised and the 
resultingquadridentate ring co-ordinates to copperCII)11^. Again, a 
similar synthetic procedure to that in scheme 2.3*1. ie used and a 
catalogue of similar synthetic procedures for thiaether macrocycles 
has been produced1^.

The co-ordination chemistry of thiaether donors in general has been



and, a6 expected, proves this.. . , 117,118,119the subject of several reviews *
type of donor to be best for the class b or soft metals. A common
feature of the structural chemistry of such raacrocycle complexes is
the wide range of ligand geometries the macrocycle may adopt, for
example the ligand [l*tj aneS^ (Scheme 2.3.1.) can be mono-12^, bi- ,
tri-122, or quadridentate12^ depending on the central metal and the
presence of other co-ordinating anions. This facet of the chemistry
is investigated in detail in Chapter 2 and is quite unlike that displayed
by the polyaza macrocycles of the proceeding section 2.2.

The polythiaethers have found application as solvent extraction 
reagents for mercury(II) and silver(I) where initial complexation in 
aqueous media is followed by phase transfer to nitrobenzene12^. Such 
behaviour closely mimics that of the polyether macrocycles with alkali 
cations as discussed in section 2.1., and the structural basis for 
this process and other chemical properties are explored in more detail 
in Chapter 2.

SECTION 2.L. POLYPHOSPHORUS MACROCYCLES.

Although chelating ligands containing phosphorus have long been 
known11^ ’12  ̂it is only recently that synthetic raacrocycles containing 
phosphorus donors have been prepared and their co-ordination chemistry 
is 6till very much in its infancy.

The introduction of more than one phosphorus atom into macrocyclic 
ligands is of potential interest in view of the known ability of 
phosphorus to stabilise low oxidation states. Thi6 property, in comb
ination with the special properties of macrocyclic ligands (Section 1.5)»



makes the attempt to synthesise pclyphosphorus raacrocycles an attractive 
one. Nelson et al.126 have investigated the ability of several metal 
ions to promote the template synthesis of N^P2 pentadentate macrocycles 
Scheme 2.4.I.-

Mx+ = Cd2+, m=3 n=2 or m=n=3 
Mx+ = Ag+ , m=3 n=2 or m=n=3

Scheme 2.4.1.

Only silver(I) and cadmium(II) act as suitable template cations 
and both appear to form 5-co-ordinate complexes of unknown structure, 
although analogy with a similar macrocycle indicates pentagonal
planar co-ordination to be likely.

The synthesis of a tetra-ph06phine macrocycle, the first containing 
only phosphorus donors, appeared in 1977 and is outlined in Scheme 
2.^.2. below (ref. 127). The template reaction on nickel(II) produced 
the nickel complex of the macrocycle in 35-40% yield, and isolation of 
the free macrocycle (mac) by treatment with excess [cn] ” yielded an 
air sensitive oil with physical properties consistent with the cyclic 
product. The nickel complexes Ni(mac)X2, where X = Cl~, [sCn ] are
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Scheme 2.4.2.

diamagnetic, 2:1 electrolytes in water suggesting the complexes are 
square-planar without axial ligation. Indeed, it has thus far proved to 
be impossible to induce any monodentate ligands to form tetragonal 
complexes, implying that the axial sites are relatively inaccessible 
for steric or electronic reasons.

At the same time that this first polyphosphine macrocycle was 
being reported, Kyba e_t al. reported the synthesis of several other 
phosphine containing rings . Unlike the reaction in Scheme 2.4.2. 
which used nickel(II) as a template ion, Kyba made use of the high- 
dilution technique to induce ring closure as in Scheme 2.4.3«

Scheme 2.4.3.

This procedure appears to have general application for production 
of a range of donor atoms and ring sizes for these air-sensitive macro



cycles. Preliminary experiments indicate that these latter raacrocycles
will complex with molybdenum or chromium carbonyls and nickel salts

129to form 1:1 complexes. The results of these, and other , investigations 
will be of great interest in relation to the use of macrocycle- 
transition metal complexes as catalysts in organic reactions.



CHAPTER 2

SOME CO-ORDINATION CHEMISTRY OF 1,4,8,11-TETRA 
-THIACYCLOTETRADECANE, [lit] ANE-S^



SECTION I. INTRODUCTION.

The co-ordination chemistry of thiaether donors has been reviewed 
by Livingstone11^ and McAuliffe11^ and attention is being paid 
increasingly to such compounds for several reasons: a) the interaction 
of metal ions with several sulphur centres is important biologically, 
e.g. in the enzyme nitrogenase1^0, in the blue copper proteins (below); 
b) heavy donor atom chelates tend to encourage a wide-range of co-ord
ination geometries, often with unusual low-spin metal ions1^ ;  c) metal 
catalysed S-dealkylation reactions continue to intrigue inorganic 
chemists1^ .

Although the metal complexes of open-chain thiaether chelates 
have been briefly investigated1^ ,  the great majority of the work in this 
area has centred on the macrocyclic tetrathiaether class of ligand.
Most of the chemistry of such raacrocycles will be discussed in the 
following sections, but one early (and continuing) interest concerned 
their copper(II) complexes. A great deal of effort had been expended 
in the search for low molecular weight models for the blue copper 
proteins, such as plastocyanin, ceruloplasmin etc.1^ ,  and it was only 
recently that copper(II) complexes of [12], [1 3 ]» [n+], [l5] and 
[l6]aneS^ were synthesised and shown to be the first to not only 
mimic the spectral characteristics of these proteins, but also to 
exhibit similar redox potentials^0’1^^. These results established two 
previously disputed points:

a) that simple thiaether sulphur atoms bonded to copper(II) are 
capable of producing spectra which mimic those of the 
relatively complex copper proteins, and

b) that distortion from tetragonal symmetry is not a requirement 
for producing these spectral similarities.
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These findings have helped reawaken a more general interest in 
thiaether macrocycles and the structural co-ordination chemistry of 
these ligands with many other metals has now been studied, most of these 
studies have tended to concentrate on |l/+janeS^, as this ring-size has 
been established to be about optimum for the first row transition 
metal ions1^ . It was this ligand that was chosen as a starting point 
for the present work and the reasons for such a choice may be summarised 
as follows:

1) The considerations listed in the introduction to Chapter 1, as 
well as indicating a macrocycle to be a suitable specific ligand for the 
heavy metals, also suggested that the use of soft donor atoms such as 
thiaethers would enhance the selective properties of such ligands 
towards the soft metal ions of interest.

2) Since the metal ions of primary interest in this work are d1*"* 
ions with correspondingly no visible spectroscopy, n.m.r. spectroscopy 
was chosen as the best, routine technique for monitoring tho solution 
structural chemistry of any heavy metal complexes prepared. Previous 
workers*^ have proven the power of n.m.r. as a tool for the 
inorganic chemist, where the spectral simplicity compared to that
of equivalent spectra makes structural assignment and interpretation 
much easier. With this in mind, n.m.r. spectroscopy is clearly a
good choice for the present investigation, and it is desirable, therefor’ 
that the particular macrocycle chosen for the work should be sufficientl.' 
symmetrical to make the n.m.r. spectra of its complexes not only 
simple, but also readily interpretable in terms of structure. As will 
become increasingly clear throughout thi6 thesis, li+-membered saturated 
quadridentate ring systems fit this latter criterion perfectly and 
many structural types may be identified from the spectra of such rings.

3) The synthesis of this particular macrocycle, [lifJaneS^, and the
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Trans-I

Figure 1.1.

Five idealised structures of strain-free octahedral complexes of 
quadridentate 14-membered saturated macrocycles.



structures of several metal complexes are well established in the 
literature and it was hoped that the n.m.r. characterisation of both
the free ligand and its known complexes would provide a platform for 
predicting the structures of any novel heavy metal complexes prepared 
in the course of this work.

The conformations of 14-membered quadridentate raacrocycles in

predicted five possible strain-free structures as illustrated in Figure
1.1. It is clear that trans structures I to IV differ in their relative 
configurations at the co-ordinated sulphur atoms and so may be 
interconverted by appropriate sulphur configurational inversions. The 
fifth structure, cis-V. is related to the trans structures not only 
by sulphur inversions but also by metal-sulphur bond migration 
between adjacent octahedral sites. It was decided to synthesise as many 
of these structural types as were known and to record and interpret 
their **0 n.m.r. spectra in order to provide a framework for the struct
ural characterisation of the heavy metal complexes of direct interest 
to the present work. A literature search revealed that only two of 
the five possible geometries in figure 1.1. had been previously 
established , trans-III and cls-V. and so complexes with these ligand 
conformations were synthesised and the results of the n.m.r. 
investigations are reported below.

"I 7 0octahedral complexes have been analysed by Bosnich e_t al. who have

SECTION 2. COMPLEX WITH NICKEL(II).

The first ever metal complex
nickel(II) to be low-6pin with four thiaether donors. The complex 
[ N i ( [ l q J a n e S ^ ) m a y  be prepared; by mixing hexakis-Cacetic acid)
nickel(Il) fluoroborate with the raacrocycle in dry nitromethanc111,139



The complex forms immediately and crystallines from nitromethane/ether 
as a bright orange-red solid. This rather' unusual synthetic procedure, 
utilising the hexakis-(acetic acid)nickel(II) ion in non-co-ordinating 
nitromethane, is necessitated by the low stability of the complex in 
the presence of donor solvents (1^0, ethanol, DMSO) which react with 
the complex to give free macrocycle and solvated nickel(II) ion.
Magnetism, conductivity and electronic spectroscopy of the complex all
indicate it to contain diamagnetic square-planar nickel(II) with

139non-co-ordinated fluoroborate counterions . The assignment of the 
precise structure from the four possible trans geometries shown in 
figure 1.1. was attempted by comparing the n.m.r. spectrum with that 
of the nickel(II) complex of the analogous tetra-aza macrocycle [l/t]aneN^, 
whose structure had already been crystallographically assigned as 
trans-III. A similar geometry was therefore assigned to the [f<i((lz+]ane

ion sitting in a perfect square plane, the six-membered chelate rings 
adopting the 'up and down' chair conformations of the predicted 
trans-III geometry (fig. 1.1.). A subsequent crystal structure of the

findings with [l/»]aneN^ that the trans-III geometry seems to be the 
most thermodynamically stable trans form of these ligands. With this 
background of apparently well established structural chemistry, the

This interpretation of the solution structure was apparently 
confirmed by an X-ray crystal structure1̂ ,  which showed the nickel

complex showed the exact same ligand
conformation, trans-III. this time with tetragonally co-ordinated 
perchlorate anions11*®. These results therefore tended to confirm the

diamagnetic
reference compound for the present n.m.r. work

ideal trans-III

The variable temperature ^H-decoupled n.m.r. investigation
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of this complex in [2Il]^-nitrome thane is shown in Figure 2.1. The 
predicted spectrum for the centrosymmetric trans-III geometry (fig. 2.2.) 
would display only three resonances with relative peak intensities 
1:2:2 (neglecting or Overhauser effects) corresponding to:

a) the central methylene carbons of the six-membered chelate 
rings (2 carbons),

b) the methylene carbons next to sulphur in the six-raembered 
chelate rings (4 carbons),

c) the methylene carbons next to sulphur in the five-membered 
chelate rings (4 carbons).

However, the low temperature (253K) spectrum reveals the presence 
of two sets of three resonances, A and B (A: 6 = 26.9, 37.6, 38.6 ppm;
B: 6 = 26.3» 35-4, 40.3 ppm. ref. dioxan 67.3 ppm.), each set having 
the expected intensity ratio of 1:2:2. The. relative populations of the 
two species are 50_+5% A and 50+5$ B at 283K. As the temperature is 
raised the two sets of resonances broaden and then merge, until at 
373K (boiling nitroraethane) a single set of three resonances appears 
in the 1:2:2 intensity ratio.

One readily dismissed interpretation of these results is that 
three of the resonances in the low temperature spectra are due to 
uncomplexed ligand [14]aneS^ and that the dynamic process being observed 
is ligand exchange. The 1^C n.m.r. shifts of free ligand in [2h ]^- 
nitromethane/[2H]g-DMSO, 4:1, (£ = 32.1, 31.2, 30.7 ppm. ref. dioxan 
67.3 ppm; intensity ratios 2:1:2) are clearly inconsistent with this 
interpretation. The visible spectrum of the complex displays a single 
strong absorption band at 494 nm., and is typical of square-planar 
nickel(II) complexes1**1, the extinction coefficient (6^^ = 271 dm^ 
mol-1 cm-1) is almost identical to that reported by Busch111



Figure 2.2.

k y

trans-I

The two postulated geometries for the species present in 
nitromethane solutions of [Ni([lU]aneS^)](BF^)j .
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(c „ = 263 dm3 mol- 1 cm-1) also Indicating that no impurity (free494
ligand or other) is present to any significant extent. These observations 
show that, whatever the structures of the two species present in the 

n.m.r. spectra at low temperatures, they both contain nickel(II) 
in a square-planar environment which is electronically very similar.

The n.m.r. spectra show no concentration dependence, spectra at 
0.1 , 0.2 , 0.4, and 0.58 mol dm“^ showing the same relative populations 
of A and B and an identical dynamic profile. This indicates that 
oligomerisation to give,say, dimers is not responsible for one of the 
species in the n.m.r. spectra. Such a phenomenon is known for other 
sulphur chelated square-planar nickel(II) species in non-co-ordinating
solvents. 142

One clue to the assignment of structures for A and B comes from 
this variable concentration study. It was noted that whereas the ratio 
of A:B based on integrals is close to 1:1 at all concentrations, the 
ratio of the heights of the resonances for A:B varies with 
concentration. At low concentration (0.1 mol dra-^) this ratio is almost 
2 : 1 whereas at the higher concentration (0.4 mol dm- )̂ the ratio is 
1:1 in agreement with the integrals. This clearly implies that the 
resonances due to species B are broader at lower concentrations. One 
simple explanation of this apparently complex behaviour is that 
residual water (D^O or I^O) in the nitromethane solvent (which is 
hygroscopic) i6 co-ordinating preferentially to species B. Thi6 would 
be expected to produce a small amount of a high-spin (paramagnetic) 
complex which, in equilibrium with the bulk square-planar diamagnetic 
complex B, would slightly broaden the resonances of this species.
If this is the case, then increasing the concentration of B relative

M
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to the approximately constant aquo complex of B will lessen the averaged 
broadening of the n.m.r. resonances due to this species. Therefore 
such a situation will mimic the observed system where resonances due 
to species B sharpen as the concentration of B rises.

If this interpretation were correct, then one would predict that 
addition of small amounts of water (larger quantities cause complex 
dissociation) would specifically broaden resonances due to species B. 
This prediction is borne out in spectrum (e) of figure 2.1. which 
shows the effect on spectrum (c) of adding one equivalent of water 
(based on concentration of species B).

To summarise therefore, the experimental data above indicates:
a) the presence of two square-planar diamagnetic nickel(II) species 

with very similar nickel ion environments,
b) these two species are in dynamic equilibrium,
c) one of the species is preferentially solvated by donor solvents 

such as H^O.

The most attractive interpretation of these results is based on a 
dynamic equilibrium between two of the four possible trans structures 
shown in figure 1.1. Only structures I, III and IV would give a three 
line n.m.r. spectrum, and simple strain-energy considerations
indicate that the two structures with chair conformations of the 6ix- 
membered chelate rings will be most favoured. These geometries, trans-I 
and trans-III shown in figure 2 .2., are seen to have quite different 
accessibility for further ligation by donor molecules (e.g. I^O). The 
trans-I geometry has one very open, accessible face on the same side 
of the macrocycle plane as the four lone pairs of the sulphur atoms, '>

f a . ■ ,TT~ • "T
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the opposite side of this plane being blocked by the folded alkyl 
backbone of the six-raerabered rings. The trans-III geometry, on the other 
hand, has two equally accessible faces but both are more sterically 
hindered, by the alkyl backbone, than the corresponding face of the 
trans-I structure. It would, therefore, be reasonable to expect the 
trans-I structure to preferentially solvate. This interpretation is 
fully consistent with the structures of nickel complexes of NMe^- 
[1 /4] aneN^ discussed in Chapter 4. It is , therefore, consistent with 
the observed results to assign a trans-I geometry to species B, and 
a trans-III geometry to species A as in figure 2.2.

This assignment requires the interpretation of the dynamic process 
which exchanges structures A and B to be configurational inversion of 
two co-ordinated sulphur atoms of either six-membered chelate ring. A 
complete lineshape analysis^^ of both pairs of exchanging resonances 
in the low field region of the n.m.r. spectrum in the temperature
range 301-320K gives the kinetic data in Table 2.1. (Least-square fit 
of calculated exchange rate constants to the Arrhenius equation).

Table 2.1.
Kinetic Data for Exchange Phenomenon Observed in the 1^C n.m.r. Spectra 

of [Ni([l/f]aneSit)](BFit)2, figure 2 .1.

Resonances Fitted 
(ref. 1 /43)

No. of 
temps.

A H29i/kJ mol_1 ¿S|9a/J K^mol ” 1 k29i/s'

low-field pair. 3 73(4) 22(13) 14.1
high-field pair. 3 63(5) -10(15) 20.0

combination. 6 70(6) 14(19) 16.4



Although this data is very crude it indicates a small entropy of 
activation, which is reasonable for the predicted simple intramolecular

favourably compared with the free energies of activation in the range

linked sulphur atom inversions, the fact that the proposed mechanism

that where nickel(II) is the metal ion involved it is not unreasonable

more substitutionally inert platinum(II) complexes. Two, linked, sulphur 
atom inversions in one six-merabered ring is also reasonable if one 
remembers the pronounced tendency of such chelate rings to adopt the 
chair conformation, ie. the second inversion will have a strong 
thermodynamic driving force in order to achieve this favoured conformation

The elucidation of this scheme for the [Ni[lif]aneS^]2+ system again 
illustrates the power of n.m.r. as a solution structural tool, since 
the presence of the equilibrium between trans geometries I and III was 
not detected by any of the other techniques (''"H n.m.r., electronic 
spectroscopy, X-ray analysis) previously applied to the system. Indeed 
results such as those obtained here suggest that n.m.r. spectra
should be routinely recorded if at all possible. The identification 
of two species in this system also has serious implications for several 
kinetic studies on the macrocyclic effect which have treated the metal-

The observed equilibrium between the two geometries trans-I and III

rearrangement. The approximate value of AG298 = 70+10 kj mol can be

56-63 kJ raol-* found for inversion at a single sulphur atom (platinum(II) 
complexes^*4*4’ Although the present interpretaticr. requires two

is nucleophilic attack of the sulphur lone pair at the metal1 *4*4 means

to expect a va^ue similar to that for the single inversion in the

complexes as a simple one species system*4̂ *

is most probably a consequence of the ionic radius of the nickel(II)



ion. if this ion is slightiy too large to precisely fit inside the 
macrocycle (this seems a reasonable assumption, see section 3) then the 
thermodynamically most stab le geometry of the ligand trans-III. which 
requires the nickel ion to sit perfectly within the macrocycle, may 
well become destabilised with respect to the trans-I geometry. This 
geometry readily allows the nickel ion to move to a position slightly 
above the plane just as has been observed in the analogous complexes 
of nickel(II ) with NMe^-[lh]aneN^ in a trans-I arrangement (Chapter k ). 
This reasoning is strongly supported by the crystal structure of 
[Hg( [l/t]aneSi+)(0H2 )](C10/t)2 reported below (figure where the
large raercury(II) ion will not fit inside the macrocycle and so forces 
a trans-I geometry upon the ligand, thereby allowing its movement out 
of the ligand plane.

The identification of significant amounts Of the trans-I structure 
in this system also goes some way towards explaining the previously 
puzzling behaviour of the complex [Ni([lifJaneS^)]I2 which conductivity 
studies have shown to be a mixture of four, five, and six-co-ordinate 
species111. This behaviour is readily interpreted by assuming trans-I 
(five-co-ordinate) and trans-III (six-co-ordinate or square-planar) 
ligand geometries to be in equilibrium in solution exactly as proposed 
above.

Apart from being the first reported instance of the trans-I 
geometry for complexes of [l/f]aneS^, this system is also the first 
where sulphur inversion kinetics on nlckel(II) ion have been observed. 
From a more immediately practical viewpoint the n.m.r. spectra 
obtained for this system have allowed spectra of.both trans-I and 
trans-III geometries to be successfully characterised.



53

SECTION COMPLEXES OF COBALT(III) AND RHOD!UM( III ).

Apart from the trans-III geometry discussed above (Section 2.), 
the only other quadridentate geometry of [l/*]aneS^ previously observed 
is folded cis-V (figure 1.1.). This geometry has been reported only 
for cis-octahedral complexes of cobalt(III) and rhodiura(III) and work by 
Travis and nusch on these complexes^^ has indicated that the 
l/+-membered ring of [lA]aneS;̂ is marginal in size for encompassing 
the first-row transition metals. Nickel(II) (0.69A) and copper(II)

o(0.72A) have been shown (above) to have tranr; configurations of the 
macrocycle whereas cobalt(III) (0.63^), although smaller, forms folded 
cis complexes with all anions except I- (this gives a trans complex, 
presumably because of the steric requirements of the large iodide ions).
Rhodium(III) (0.68A) also gives predominantly cis complexes except

1A7under extreme preparitive conditions when trans geometries may be 
produced. (Ionic radii^ in parenthesis). It is interesting to note that 
without the restrictions imposed by the cyclic structure of [ u ]  aneS^, 
only trans geometries are obtained for rhodium(III) thiaether complexes 
e.g. trans- RhiDTH^X., + where DTH is 2, 5-dithiahexane'*'it® .

It is clearly desirable to characterise the cis-V geometry by 
n.m.r. since all of the heavy metals of direct interest to this 

thesis have largo ionic radii which would be expected to produce 
folding of the macrocycle to a cis-V conformation. It was therefore 
decided to synthesise several cis cobalt(III) and rhodium(III) complexes 
and to catalogue their n.m.r. spectra.

Consideration of the [lifJaneS^ ligand in a cis-V octahedral complex 
(figure 1.1.) reveals that the macrocycle is folded about the two
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diagonally placed sulphur atoms which occuny the axial octahedral sites.
This is illustrated by the dotted

2

line in figure 3.1. and the presence 
of a C^-axis, perpendicular to this 
fold, passing through the central 
metal atom means that there are five 
pairs of equivalent carbon atoms in 
this geometry. This leads to the 
prediction of five equal intensity 
resonances in the n.m.r. spectrum

of cls-V octahedral complexes.

Four cis-octahedral complexes of the type cis- [M( [l/+] aneS^)X2]n+ 
were prepared as described in the experimental Section 6, foil owing the
procedure of Busch1,+̂ . The diaquo complex was prepared from the chloride
dimer by refluxing with silver nitrate in water and is a previously
unreported species. The n.m.r. spectra of all four complexes in
D^O gave the predicted five line spectrum although limited solubility
meant that certain complexes had to be kept hot in solution for long
periods leading to partial aquation during long accumulations. This
resulted in the appearance of minor species in the spectra of such
complexes as well as the five major resonances expected. The ^H-
decoupled 1^C n.a.r. data is given in Table 3.1. below.

All four spectra are basically unremarkable, the resonance due to 
the central methylenes of the six-membered chelate rings being
considerably to high-field of the remaining four resonances as would 
be predicted on simple electronegativity grounds (carbon atoms next to

1/.Qdonor atoms are more deshielded than those next to other carbons only ) 
Within the remaining group of four resonances, however, it is clear 
that one is considerably more deshieded than the other three which
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Table 3.1

15C n.m.r. Data for c!g-[m ( [14] aneS^)X-,]n'f Species in D20.

M X 11 Shift ppm. (ref dioxanS= 67.26ppm.) Comments

Co Cl 1 39.36 31.60 30.95 29.49 22.97
'

333K

Rh Cl 1 39.83 31.63 3 1 . 10 30.93 24.39 303K
Rh I 1 41.25 33-16 32.19 31.11 23.99 Minor species 

present 
for both at 

333KRh H2° 3 40.23 33.00 32.30 30.25 25-18

Rh Cl 1 142.8Hz 150Hz 150Hz 150Hz 129.4Hz*

• 1Coupling constants. J- , -
iJ>C- H
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Table 3.1

n.m.r. Data for cis-[m ([ll*]aneS^)X2]n+ Species in D20.

M X n Shift ppm.(ref dioxan6= 67.26ppm3 Comments

Co Cl 1 39.36 31.60 30.95 29.1*9 22.97 333K

Rh Cl 1 39.83 31.63 3 1 . 10 30.93 2 k . 89 303K
Rh I 1 i+1.25 33.16 32.19 31.11 23.99 Minor species 

present 
for both at 

333KRh H2° 3 1*0.23 33.00 32.30 30.25 25.18

Rh Cl 1 1/+2.8HZ 150Hz 150Hz 150Hz 129.14Hz*

• 1Coupling constants. J., .
° C -  H
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are very similar. This is a little unexpected since each of the four
resonances is due to a pair of carbon atoms next to a sulphur atom,
two of them being in five-membered chelate rings and two in six-
membered rings. Why only one of these pairs of carbons shifts to low-
field is puzzling, and in an attempt to assign them a fully ^H-coupled
!3C spectrum of the cis-dichloro rhodium complex was run in D^O. This
revealed , . coupling constants as shown in Table 3.1. and,
although the proximity of the three middle resonances meant that only an
average value could be assigned (ca. 150Hz) to them, the interesting
low-field resonance displayed a ^J., value of 142.8Hz. Both shift

° C -  H
and coupling constant data indicate that this latter resonance belongs 
to the carbons in the six-membered chelate ring (comparison with data 
for cycloalkane models indicates six-membered rings are usually to low- 
field with lower values than the five-membered rings^^). If this 
assignment is correct then consideration of molecular models shows 
that the pair of carbons next to the axial sulphur atoms in the six- 
merabered chelate rings lie in a position almost eclipsed by the X group 
of cis-[M([li+]aneS^)X2]n+. This non-bonded interaction may have two 
effects:

a) the physical bulk of ligand X may cause steric crowding of the
149methylene group which will shift it upfield ,

b) the electronegativity of the X moiety may effectively deshield 
the carbon nucleus of electron density, so shifting its 
resonance to lower-field.

unfortunately the present data does not allow a distinction 
between these effects and so assignment of the low-field resonance 
must remain as 'one of the pairs of carbons next to sulphur within 
the six-membered rings'.

Having now characterised the n.m.r. spectra of three possible



geometries for [l/+]aneS^ in octahedral complexes (t ran s-I, trans-III, 
section Z and cis-V) it was possible to begin a systematic study of 
uhis macrocycle *-s complexes with heavy metal ions.

SECTION 4. COMPLEXES WITH HKAvY METAL IONS. Pb(II). Cd(II). Hg(II)
AND Agq).

All of the complexes discussed so far have been with metals of
Oionic radius <0.75A ana all such complexes contain c-ndo-quadridentate 

ligand (ie. all four sulphur atoms co-ordinated to the same metal ion, 
figure 4.a). The reasoning behind why certain metal ions produce 
folding to a cls-V geometry was discussed above simply in terms of 
their ionic radii but this parameter is clearly only one contributor 
to the overall structure. For example, although the rhodium(III) cation 
imposes a folded els geometry upon the ligand^^, the even larger 
rhodium(I) ion forms only trans complexes with planar co-ordination of 
the macrocycle^"'7. A clue to other factors affecting the structure is 
provided by complexes containing the macrocycle in an exo-conformation 
(figure 4.b) where the macrocycle bridges between two metal ions. In 
the molecule (NbCl^^[14]aneS^, the macrocycle adopts a bls-mono-dentate 
exo-conformation bridging two NbCl^ units^^’^®. In this case it seera6 
that availability of co-ordination sites on the central metal is more 
important than cation size, since the vacant octahedral site of the 
NbCl^ units is occupied by a single sulphur atom of the macrocycle. A 
similar interpretation is probably true for the only other reported
exo-conformation of [li*]aneS^ that seen in the [Cu([l4] aneS^)J(ClC^)

122complex . In this, the very strong preference of Cu(I) for tetra
hedral co-ordination forces the ligand to become tridentate to one 
copper atom whilst bridging monodentate to another so producing an 
infinite polymeric structure.
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Figure **.

Diagrammatic representation of the endo- and exo- 
of [Î OaneŜ

conformations

Î
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In order to evaluate the contributions to complex stability and to 
structure with heavy metal ions, syntheses of complexes with Pb(II;, 
Cd(II), Hg(II) and Ag(I) were attempted and results are summarised below.

SECTION h.l. L'-:AD(II) AND CADriUMUI).

The attempted preparation of complexes with lead(II)acetate and
cadmium(IIJnitrate was carried out by mixing the metal salt 1:1 with
[l/tJaneS^ in [2H]^-nitromethane/[^H]^-DMSO, 1:1. The n.m.r. spectra
of the resulting clear solutions showed the same three resonances in
both cases and these could readily be assigned to the resonances of
free ligand in this solvent medium (6= 32.1^, 31-17, 30»68ppm; ref.
dioxan 67.26ppm; intensity ratio 2:1:2). This indicates that neither
lead(II) nor cadmium(II) forms stable complexes with this ligand,
suggesting thiaether donors are not the best donor atoms for such

ometals. This conclusion has been reported previously and the harder 
amine donors are often superior ligands for these metal ions.

No previous complexes with raercury(II) nad been reported beforethe 
start or this work.

As an exploratory investigation of the system, it was decided

SECTION ¿t.2. MERCURY(II) COMPLEX (I3C N.M.R.)

The mercury(II) ion proves to be much more interesting and the
majority of the work on with this ion.

that the use of non-co-ordinating anions and solvent were most likely 
to produce complexation by the ligand since there would then be no 
competition for binding 6uch as that described above for the exo-
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complexes of niobium and copper. Therefore hexakis-(dimethyl sulphoxide) 
mercury(II) perchlorate (a bettei characterised complex than the hexa- 
aquo compound) was mixed with one equivalent of [ l^JaneS^ in [2h ] y  

nitromethane. The 1^C n.m.r. spectrum of this solution contained three 
resonances due to the ligand which were all considerably shifted from 
those of the free ligand in the same solvent, indicating complex form
ation had occurred (Table ¿+.2.1.).

Tne presence of only three resonances in the spectrum was, however, 
a little suprising since this superficially indicated trans co-ordinatior 
of the ligand, whereas the large size of the mercurytll) ion (1.04A ) 
had suggested folding to give a cis-geometry might occur. Upon careful 
consideration, there are three possible interpretations of the observed 
spectrum:

i) [l/*]aneS^ is co-ordinated in a trans-I type geometry (Figure 1.1. 
with the large mercury(II) ion sitting out of the plane of the 
four sulphur atoms (trans-ill geometry is unlikely for the large 
mercury(II) ion).

ii) [lz+}aneS^ is co-ordinated in a cis-V type geometry (Figure 1.1.) 
but is in fast exchange between mercury ions, so producing an 
averaged three line spectrum instead of the five-line spectrum 
expected for cis co-ordination.

iii) The ligand has folded to adopt a symmetric bridging exo-conform 
ation (Figure i*.b.).

Of course all three explanations may have the [l/iJaneS^ in fast 
exchange between equivalent sites (and free ligand) but only interpret
ation (ii) requires this.

A ratio study of the system, involving aetal:ligand ratios of
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2:1, 1:1, 1:2, proved that fact ligand exchange was indeed occurring 
since in all three cases only three lines were present with shifts as 
shown below (Table 4.2.1.).

Table 4.2.1.
n.ra.r. data for ratio study of the mercury(II)- N  aneS^ system.

•metal:ligand 
ratio

n.m.r. shifts 6/ppm. (ref. dioxan 
67.26ppm.) at 303K in nitromethane.

Intensity
ratio.

2:1 36.23, 33.23, 26.37 2:2:1
1:1 36.21, 33.18, 26.26 2:2:1
1:2 33.75, 32.99, 29.13 2:2:1

free ligand 31.14, 32.64, 31.37 2:2:1

* metal supplied as (DMSO)^ salt.

This data clearly indicates tnat the complex is a 1:1 adduct of 
metal to [14] aneS^ with a very high stability constant but a dissociatio 
rate constant too high to allow the observation of free and bound ligand 
in the n.m.r. spectrum. Cooling of the solution containing a 1:2 
metal:ligand ratio produced pronounced broadening of all three 
resonances but no splitting could be detected before the solution froze 
at 235K. A lower limit for the dissociation rate constant of ca, 100 6-  ̂
at 235K may be deduced on the basis of the shift separation of free 
and bound resonances from Table 4.2.1.

The data doesnot, however, allow a distinction between the three 
possible structures above, although it modifies interpretation (iii) 
in that any bridge must now be doubled in order to maintain a 1:1 metal



to ligand ratio.

In order to help elucidate the structure of this compound, and 
to investigate the effect of co-ordinating anions as discussed above, 
the complexes of mercury(II) chloride and iodide with M  aneS^ were 
prepared (Section 6). Unfortunately these complexes were extremely 
insoluble xn almost all solvents except DMSO (in which they dissociated) 
and so n.m.r. characterisation was impossible.

SECTIOK ¿4.3. MERCURY(II), X-RAY CRYSTAL STRUCTURES.

It was felt that a characterisation of the structures of the mercury 
complexes with [lZ(]aneS^ was sufficiently important to warrant an 
X-ray determination of the crystal structures of both the perchlorate 
and chloride complexes. This would not only allow a comparison of the 
effects of co-ordinating anions upon the structure, but also permit a 
comparison with the 1^C n.m.r. results for the perchlorate.

The complexes were prepared as described in section 6 and Hg, C, 
and H analyses indicated them to be [ Hg( Jl/*JaneS^) (OHg) ] (C10^)2> and
(Cl2Hg)2 M  aneS^ , II, showing 1:1 and 2:1 meial to ligand ratios 

respectively. The former confirms the conclusions from the n.m.r. 
work of the previous section. The structure solutions are described 
in section 6, while crystal data are summarised in Table 6.3» and atomic 
co-ordinates, bond lengths and angles are given in Tables 6.¿4, 6.5- and 
6.6. respectively.

The molecular structure of (Cl2Hg)2 M  aneS^ , _II, figure <4.3 .1 . 
may be described in terms of the macrocyclic ligand being simultaneously 
bidentate to two distinct HgCl2 moieties and therefore bridging in a
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symmetrical cxo-dentate manner between them. The co-ordinated chloride 
ions therefore impose a distorted tetrahedral geometry upon the metal 
ion. This geometry is relatively commo n for mercury(II)* although the 
conformation adopted by the ligand is, as yet, unique. This conformation 
displays several interesting features including the preferential forma
tion of five-membered chelate ring6 as opposed to the more flexible 
six-merabered rings. Thus, while constraining the S(l)-Hg-S(2) angle to 
83° and imposing considerable strain as shown by the lengthening of 
the S(2)-Hg bond relative to S(l)-Hg (difference 0.12A), thi6 allows 
the ligand to adopt a more extended conformation enabling a greater 
separation of the bulky HgCl^ groups. It therefore seems likely that 
the structure of the molecule is a result of at least two effects:

(i) a greater bond strength from mercury(II) to chloride ion
than to sulphur in a thlaether. This prevents all four sulphur 
atoms from co-ordinating to the same metal ion, and therefore 
forces tetrahedral geometry upon the mercury;

(il) the large size of the HgCl^ moieties. These force the ligand 
to adopt a strung-out conformation so as to keep there bulky 
groups well separated.

It i6 clear that the co-ordinating anions have a marked effect on 
the conformation that the ligand adopts, and this is emphasised by 
consideration of the structure of [Hg([lh]aneS^)(0H2)](C10^)2, I,
(figure ¿*.3.2.). In this case, the four sulphur atoms occupy co-ordinatio 
sites oh the same mercury atom and impose a tetragonal pyramidal 
environment upon it. The BUlphur atoms S(l), S(2), S(3), S(i») occupy 
the base of the pyramid and lie approximately in a plane (♦0.15A). The 
Hg-O(ll) vector (2.35(*»)A) is nearly perpendicular to this plane at an 
angle of 82°, while the mercury atom i6 0.i+8A above the plane.
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Table 1.3.1.

Dihedral angles in degrees with standard deviations in parentheses.

About Bond I_ II

C(l)-C(2) 6t».(6) 60(1)

C(3)-CU) 80(10) 160(1)

CU)-C(5) 7(U) 151(2)

C(6)-C(7) 95 (3) 60(1)

C(8)-C(9) 50 (2) 160(1)

C(9)-C(10) 88 U ) 151(2)



T a b le  ¿< .5 .1 .

Dihedral angles in degrees with standard deviations in parenth

About Bond I_ II

C(1)-C(2) 6*t. ( 6 ) 60(1)

C(3)-CU) 80(10) 160(1)

CU)-C(5) 6 7(14) 15K2)

C(6)-C(7) 95 (3) 60(1)

C(8)-C(9) 50 (2) 160(1)

C(9)-C(10) 88 (4) 15K2)



The ligand itself is apparently sufficiently flexible to adopt 
either configuration without substantial strain. This is shown by the 
dihedral angles within the macrocycle (Table The values for
C(1 )-C(2) and C(6)-C(7) correspond to those required for chelation with 
a twisted five-membered chelate ring, (ideally 60°), though the large 
value for C(6)-C(7) in 1̂ is slightly unexpected. The remaining values 
are close to the ideal 180° in the extended chain of I_I, and to the 
60° values expected for a six-membered chelate ring in _I, although there 
are some minor deviations. In 1̂ these may be due to the size of Hg, 
preventing the two S-C bonds from being parallel, while in I_I they 
are possibly due to compression caused by packing forces.

Thus, when no competing anion is present it seems that [lit] aneS^ 
can become quadridentate although its constrained'hole-size 1 prevents 
the large mercury(II) ion from sitting completely inside the ring, in 
this case, therefore, metal-ion size is another factor contributing to 
the conformation adopted by the [l/t]aneS^. The fact that the mercury(II) 
ion is forced out of the basal plane probably dictates the remainder of 
the co-ordination geometry in that the ion then ha6 one open face which 
is occupied by a solvent water molecule* The vacant site in the trans 
position to this water molecule is then obstructed by the carbon 
backbone of the macrocycle which prevents co-ordination of a sixth 
ligand.

The crystal-packing diagrams show that the molecules in structure 
II (figure lie in chains with Cl...Cl as the dominant contacts
between molecules in the chain. Between chains, U...H contacts are the 
major packing forces. In structure _I (figure ¿4.3 .1*.) the isolated cationr
are surrounded by perchlorate anions, and the crystal forces must be 
mainly the electrostatic interactions between these.



Figure ‘*.3.3«

Crystal packing diagram for structure IX Tiewed along 
the b axis.

Figure **.3.*».*

Crystal packing diagram for structure I viewed along 

the c axis.



It is interesting to note that the ligand conformation in 1̂ is 
the first found for [l/<]aneS^ in which all four sulphur atoms have their 
lone pairs of electrons on the same side of the plane defined by the 
sulphur atoms, the trans-I geometry (figure 1.1.). This is in contrast 
to Ni(II)12-5 and Cu(II)li+0 crystal structures, which have [lhjaneS^ 
in the common centrosymmetric trans-III geometry (figure 1.1.). This 
can be rationalised since the trans-III geometry with Hg(II) would 
require either short Hg...C contacts and overcrowding of the macrocycle 
or else a movement of the mercury ion into the plane of the four 
sulphur atoms which is disfavoured on grounds of metal ion size. The 
trans-I geometry is, of course, exactly that postulated in section 2 
for [Ni([lh]aneS^)]2+ based on 1^C n.m.r. work, and interestingly the 
species postulated there, as being responsible for the observed broaden
ing of one set of resonances, has a directly analogous structure to 
the [Hg( [lh] aneS/t)(OH2)]2+ ion determined here. The structure is also 
consistent with one of the three interpretations of the n.m.r.
results outlined in the previous section (interpretation (i)) and 
vindicates the findings of that section.

Further evidence for the importance of macrocycle hole-size in 
determining the geometry about a metal ion, and therefore its own 
conformation, is provided by the crystal structure of [Hg([lé]aneS^)] 
(C10^)2 '*'̂2. The 16-membered macrocycle is identical to M  aneS^ except 
that the ring contains two extra methylene groups so expanding the ring 
hole-size considerably. In this case, the mercury ion is found to sit 
in the plane of the macrocycle and has co-ordinated perchlorate groups 
above and below this plane. The expansion of ring-size has therefore 
allowed the mercury ion to adopt a more conventional octahedral 
co-ordination geometry.



Complexes of [l6]aneS^ with copper(II) have been postulated to 
have directly analogous structures to those found in the present study 
It is thought that in the presence of co-ordinating ligands such as 
chloride ion, a bridged binuclear complex (CuCl2 )2[1^]aneS^ is produced 
with a structure almost identical to _II. If [ciO^] or [ are the
counter anions, they do not co-ordinate and a square-planar copper(II) 
complex is formed. It i6 clear that the factors important in determining 
the conformation of a macrocycle, namely metal ion size and the presence 
of co-ordinating anions, are identical for copper(II) complexes of 
[l6]aneS^ as for complexes of mercury(II) with [li*]aneS^.

Whilst the work on mercury(II) complexes of [li*] aneS^ was in progrer 
two brief papers on the extraction of microamounts of mercury(II) using 
this macrocycle were reported’̂**’''''̂*. It was found that [li*]aneS^ would 
succesfully extract mercury(II) ions from chloride or perchlorate media 
into nitrobenzene solution and that both 1:1 and 1:2 metal to ligand 
ratios could be prepared, depending on the counterion. It was postulated 
that the 1:1 species were octahedral1"̂ *, which is incorrect since the 
crystal structure of ^ shows penta-co-ordination of the mercury(II) 
ion, and the assignment of structures based simply on C,H analyses 
and ambiguous I.R. data is,at best,tentative. This work did, however, 
show the perchlorate complex to have a stability constant (log K = 11.11) 
much greater than that of the chloride complex (log K = 2.92), consistent 
with the observed structures described above. Related work on the 
silver(I) perchlorate-[lZ*] aneS^ system1"^ proposed that complexes were 
formed with metal to ligand ratios of 1:1, 2:1 and 1:2 although the 1:2 
complexes could not be isolated. The 1:1 complex was prepared in order 
to compare the n.m.r. of this complex with the corresponding mercury 
(II) complex discussed above.



SECTION 4 . 4 .  COMPLEX WITH S I L V E R ( I ) .

The white complex [Ag([14] aneS^)](CIO^) is only slightly soluble 
in almost all common solvents but 1^C n.m.r. spectra could be obtained 
on the [2h]6-DMSO solutions at 333K. The spectrum displayed only three 
resonances (S = 31.61, 31.49, 28.58ppm, ref. dioxan 67.26ppm; intensity 
ratio 2:2:1) all of which show a shift from free ligand and so indicate 
complex formation as expected. The behaviour of the silver(I)- N  aneS^ 
system, as discussed above, closely mimics that of the mercury(II) 
system and it would seem logical therefore to assign a trans-I geometry 
to this silver(I) complex by analogy with the 1:1 mercury complex.

If this is the case it suggests that the structure of the 1:2 
metal to ligand complexes proposed in the solvent extraction work may 
very well involve co-ordination of two [14]aneS^ ligands in trans-I 
geometries, with the 6ilver(I) ion sitting out of the sulphur atom 
plane of both ligands and sandwiched between them in effective eight 
co-ordination. This interesting structure is a direct analogue of the 
2:1 'sandwich' complexes with the crown ether type macrocycles 
discussed in Chapter 1 and if confirmed would be the first instance of 
6uch a structure with a transition element. The fact that silver(I) 
can adopt this type of structure whereas mercury(II) shows no tendency 
to do so is a reflection of the increased size of the silver(I) ion 
(1.26A^ c f. l.O/tX'7) which allows greater space for co-ordination of a 
second ligand.

SECTION ¿ 5. CONCLUSIONS.

The « c  n.m.r. results for cobalt(III) and rhodium(III) complexes



(section 3.) and especially the results with nickel(II) (section 2.) 
have proven the effectiveness of this technique for monitoring the 
structures of such rigidly endo-quadridentate (figure ¿4.0«) complexes. 
However, when one moves to more labile metals such as those of prime 
interest in this thesis, the identification of structure simply from 
n.m.r. data becomes much more difficult. If the macrocycle is found 
to be in rapid exchange such as with mercury(II) then one must resort 
to more classical structural techniques such as X-ray crystallography 
for the unique assignment of structure. Although automated diffractometer 
have removed one major problem with this latter technique, that of time 
involved in structure solution, there remains the problem of having to 
relate a crystalline phase structure to a solution phase structure 
which may be subtly different (e.g. the [ Ni( [ll*] aneS^)]^ ion, section 2; 
also see Chapter /+.).

Nontheless the work described in this chapter has several relevant 
points to make regarding the chemotherapeutic use of macrocycles in 
general, and tetrathiaether rings in particular:

1) The versatility of structure displayed by the tetrathiaether 
macrocycles, and especially their ability to adopt exo-conform 
ations lfigure if.b.) bridging between metals, means that the hoped 
for specificity of these macrocycles is being lost since such 
rings are not capable making use of their hole-size parameter to 
afford selection between metals of differing ionic radii. '.Vhat
is required, therefore, is a more rigidly endo-quadridentate 
type of ligand which will make use of this important selection 
parameter.

2) The non-complexation of both cadmium(II) and lead(II) and the 
general low stability of the thiaether-metal complexes (log K =
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11.11 for [Hg( [li+]aneS^)]a+ cf^ log K = 18 for typical in vivo 
binding ) indicates that, although thiol donors are strong 
ligands for the heavy metal ions, thiaether6 do not have the 
required co-ordinative ability to compete for these metals 
in vivo or to produce stable excretable complexes. This is well 
illustrated by the structure of (Cl^llg)^[14] aneS^ (figure 4.3*1« ) 
where the thiaether donors fail to compete effectively with the 
co-ordinated chloride ions.

3) The noted lability of the complexes of [l4]aneS^ with heavy metals 
(e.g. mercury(II) and 6ilver(I)) is seen to make interpretation
of the 1'̂ C n.m.r. spectra in terms of structure extremely difficult 
(section 4.2.). If one is not to resort to classical X-ray crystal 
structure determinations with their inherent drawbacks (above), 
then kinetically inert complexes are required for n.m.r. work.

4) One positive aspect of this work is that the trans-I geometry
(figure 1.1.) has been shown to be present in two instances and 
such a geometry is desirable, especially for methylmercury(II). 
This ion has a strong tendency towards linear co-ordination such 
that quadridentate macrocycles which allow co-ordination of a 
6ixth ligand below the plane (in a position trans to the alkyl 
group) are unlikely to remove the metal from a thiol containing 
binding site since the S--donor can still co-ordinate. The trans-I 
geometry, however, effectively blocks this site and is therefore 
likely to be a better geometry for sequestring methylmercury(II) 
in vivo, (cf, crystal structure of [Hg([li*]aneSit)(0H2) ,
figure 4.3.2.)

Conclusions drawn from these points indicate that further work shoul 
proceed, not with thiaether macrocycles, but with macrocycles which are:



a) rigidly endo-quadridentate.
b) capable of forming complexes with lead(II), cadmium(II) and mercury(I; 

which have very high thermodynamic stability constants.
c) kinetically inert, making 1^C n.m.r. a more useful and routine stru

ctural probe.
d) easily synthesised; by template methods perhaps.
e) capable of adopting trans-I geometries if need be.

All of these requirements almost insist that the next class of 
macrocycle for investigation should contain amine donors and the macro
cycles [l/+]aneN^, which fulfills all five criteria, and NMe^-[l/(] aneN^, 
which is especially suitable in terras of criterion (e), will form the 
subject matter of the following two chapters.

SECTION 6. EXPERIMENTAL.

Individual experimental techniques are discussed in detail in 
Chapter 6.

INSTRUMENTATION

Routine 1H n.m.r. spectra were recorded using a Perkin Elmer R12 
spectrometer. ^H, and all variable temperature n.m.r. spectra were
recorded with a Bruker WH90 pulse -fourier transform spectrometer 
equipped with a standard Bruker temperature control unit. Temperatures 
were held constant +0.5°C and, for kinetic data, measured externally 
using a calibrated Comark thermocouple. Complete line-shape analyses, 
of dynamic processes in *^C n.m.r. spectra, were carried out on a 
Burroughs B6700 computer using the program of Moore^^, with l,<t-dioxanc



as a shift and natural line-width reference. Rate data was fitted to the 
Eyring equation using the least-squares program ACTPAR on the 
Burroughs computer. All chemical shifts are quoted in ppm. in the delta 
& scale (TMS = Oppm; 1,4-dioxane = 67.26ppm).

Infra-red spectra were recorded using a Perkin Elmer 1*57 instrument 
on liquid-film or nujol mulled samples. Electronic spectra were recorded 
with a Unicam SP800 or Cary 14 spectrophotometers. Mass spectra were 
recorded with a V.G. Micromass 12 spectrometer. Elemental analyses were 
carried out by C.H.N. Ltd. or Butterworth Microanalytical Consultancy 
(BMAC) Ltd. as stated in text. Metal analyses were carried out with a 
Varian AA6 atomic absorption spectrophotometer.

CHEMICALS AND SOLVENTS

All solvents and chemicals purchased were reagent grade and used 
without purification unless otherwise stated. Deuterated solvents 
(99.9% [2h ]) were used as supplied; spectrograde or A.R. solvents were 
used where possible for visible spectroscopy. Nujol for I.R. mulls was 
dried over sodium wire.

SYNTHESIS OF [14]aneS .̂

The macrocycle [l4]aneS^ was synthesised by the procedure of Travis 
and Busch1**̂  using the reaction scheme illustrated in figure 6.1. 
overleaf (yields based on each step).

Characterisation of compounds in the synthetic pathway:- 
a) l.Il-dioxa-4.8-dlthiaundecane. A: 13C n.m.r. ([2h ]-chloroform,
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Figure 6.1.

yield = 76%
1) EtOH, reflux for /*hrs.
2) a- thiourea, cone. HC1, 12hrs reflux 

b- KOH, H20 reflux for 3hrs.
3) a- metallic Na

b- 1 ,3-dibromopropane added dropwise 
to a 2dm^ ethanolic solution over 
%hrs.

Schematic illustration of the synthesis of N  auieS^ l/*6

Overall yield = 13%
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ref. TMS 6 = Oppm, 303K):-
observed 6 = 60.78, 3*4.73» 30.67, 29*39pPm*
reported155 & = 61.12, 3*4.9 5, 30.83, 29.63ppm. intensity ratio 2:2:2:1.
b) 1. *(. 8.11-tetrathiaundecane. B: 15C n.m.r. (i) ([2h]-chloroform, ref. 
TMS 6= Oppm, 303K):-
observed ( = 35.88, 30.*42, 29.25, 2*4.63pPm*
reported155 6 = 36.02, 30**48, 29.*4*4, 2*4.78ppm. intensity ratio 2:2:1:2.
(ii) (D^O, ref. dioxan 67.26ppm, 313K):- 
observed i  = 35*75, 28.58, 27.61, 2 3.*45ppm.
Infra-red (liquid-film): O (SH) = 25*42; v?(CSC) = 705cm 1.
c) _[lz±]_aneSit: M.Pt. = 119°C,reported1'*6 = 119-120°C. 15C n.m.r. data 
are tabulated below in Table 6.1.

Table 6.1.

15C n.m.r. data for [h ] an eS^

Solvent
deuterated

Reference Temperature 6 Shift/ppra. Intensity
ratio

chloroform TMS 303K 31.78 , 30.*42 , 30.22 2:2:1
DMSO Dioxan 313K 31.06, 29.93 3:2

nitromethane Dioxan 5*4 3K 32.1*4, 31.17, 30.68 2:1:2
chloroform 
(ref 155)

TMS 298K 31.60, 30.20 2:3

It is clear that, contrary to previous reports155, all three resonances 
expected for M  aneS^ are observed in the 15C n.m.r. spectrum in 
chloroform.
Infra-red (nujol mull): V) (CSC) = 683cm”1. Mass spectrum: 268 (M+), 2**0, 
208.



78

An X-ray crystal structure of [14]aneS^1^  shows two crystallo- 
graphically unique molecules in the unit cell both having an exo- 
conformation (figure 4.b.) similar to that found in (NbCl^)2 [H] aneS^ 
and consistent with this ligand's proven ability to act as a bridge 
between metal ions.

[witl^ane.S^JjBF^

The nickel(II) complex wa6 prepared following published methods111.
1 gram of N K B F ^ . ô I ^ O  was dissolved in 5Ccm3 of nitromethane and 2 grap 
of acetic anhydride were added. The green solution was filtered and 
0.8 grams of [UtJaneS^ were stirred in. The solution immediately turned 
deep red and evaporation down to 10cm3 followed by addition of ether 
and cooling to 0°C precipitated bright red crystals of the desired 
complex. Recrystallisation from nitroraethane yielded 0.8 grams (6590.
The crystals were dried in a vacuum dessicator and stored over P20^. 
Solutions for 13C n.m.r. were made up in a dry nitrogen atmosphere with 
[2H]^-nitromethane dried over 3A molecular sieves.

13C n.m.r. data are reported in text. Visible spectroscopic spectra
(Cary I k )  in dry nitromethane show no thermochroism and have ̂ max = k 9 k n r  

(£ =  271 dm3 mol“1 cm“1); reported111 A max = k 9 k n m ( £ =  263 dm5 mol“1 
cm“1). Infra-red (nujol mull): O(Ni-S) = <t32cm-1. (cf. Nickel(II) 
bis-dithiolate ion V)(Ni-S) 333-435cm“1 157)

Rhodium(III) complexes

The complex cis- [Rh( [lit] aneS^ )Cl2] d  was prepared following the 
method of Travis and Buschli+̂ . 1 gram of rhodium(III) chloride was



dissolved in 1.5cm^ of water and added dropwise to 30cm^ of a boiling 
ethanolic solution containing excess [l/tJaneS^. A voluminous khaki 
coloured precipitate formed immediately whilst the solution turned 
yellow. The precipitated dimer cis-[Rh( [l*t] aneS^ )Cl]^01^'*^ was filtered 
and saved whilst the filtrate was evaporated to 5mls and upon addition 
of ether bright yellow crystals separated out. Recrystallisation from 
ethanol/ether and washing with acetone and ether yielded 0.73 grams 
(/+0%, based on Rh(III)).

The cis-diiodo complex was prepared as the iodide salt by exactly 
the same procedure except lithium iodide (large excess) was added to 
tne solutions before mixing^**^. The iodide salt was converted to the 
nitrate, by treatment with one equivalent of silver nitrate, in order 
to increase solubility for n.m.r. The red-brown crystals were 
recrystallised from ethanol to give an overall yield of 26%.

The khaki coloured dimer from the cis-dichloro preparation was 
treated with a large excess of silver nitrate in water. The mixture 
(the dimer is insoluble) was refluxed for 72 hours, after which time 
the aqueous solution was deep orange. Kemoval of the precipitated silver 
chloride and evaporation of the clear solution gave bright orange crystal 
of, presumably, the cis-diaquo complex.

n.m.r. data for the above three complexes in D^O are reported 
in text and visible spectroscopic data are reported below (Table 6.2.)
An infra-red spectrum was recorded only for els- [Rh( [l/+] aneS^JClJci 
(nujol mull) and showed: P (cis-RhCl..) = 301*, 288cra"^.
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Table 6.2»
Electronic spectroscopic data for cis-[Rh( [14] aneS^JX^] Y (SP800).

X Y *Observed
X nax»/nm(^/dm^ mol-1cm-1)

146*Reported
X  f/nm(£/dm^ mol’^cm max*/ •

Comment;-

Cl Cl 348(2,200), 318sh(l,900), 
252(27,000).

350(2,700), 320sh(1,900), 
252(26,950).

I no3 404(2,280), 320sh(6,522), 
271 sh ( 15,866 ), 21*8 ( 18,860 ).

405(2,460), 320(8,550), 
245(22,550).

Impurity
presen t

«2° NO^ 338(---- ), 249(-----) Unknown
cone.

measured in 1^0. 

cis- [co( [l/tJaneS^CUjdO^

This complex was again prepared following published procedures*’̂ .  
0.5 grams of anhydrous cobalt(II) chloride, 2 grams of lithium perchlora1 
and 1.5 grams (50% excess) of [lZt]aneS^ were 6trirred together in 50cm^ 
of dry nitromethane. Aerial oxidation, caused by stirring in an open 
flask overnight, resulted in a deep rod solution which was filtered, 
evaporated down to lOcrâ  and precipitated with ether. The red-violet 
complex crystallised out and was filtered, washed with ether and 
recrystallised from nitromethane/ether. Yield 1.1 grams (52%)*

*■̂ 0 n.m.r. data for a solution is reported in text. Visible 
spectroscopy gave (SP800) : ̂ max« nlD (observed) = 533, 420, 342, 319,
252; (reported*^) = 535, 1*20, 340. Observation of the peak at 533nm 
for a water solution held at 60°C showed a pronounced decay (half-life 
ca. 20 hours) of this absorption due to solvolysis (aquation) to the 
mono or dlaquo complex. This confirmed observations of the *^C n.m.r.
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spectrum which indicated other species to be present in long, high 
temperature accumulations.

[ Hg( f l ^ a n e S ^ U O H O j C C l O ^ g .  ( I )

This new complex was prepared by mixing solutions of hydrated 
mercury(II) perchlorate (excess) with [l/jJaneS^ (0.13*46) in aqueous 
methanol (10cm''). (The hydrated mercury salt was used in preference to 
the hexakis-DMSO complex, wnlch was used for the n.m.r. work, following 
a violent explosion in these laboratories involving this latter 
compound.) The white powder which precipitated immediately was filtered 
and washed with water and chloroform. Recrystallisation was accomplished 
by very slow evaporation of an extremely dilute solution lO.lg in 500cm^) 
of the powder in 80% aqueous methanol. Small, poorly formed fragments 
of crystalline material were obtained and found to be acceptable tor 
crystallographic study.

Analysis (C.H.N.) Calculated for [Hg([ li*] aneS^HO^;] (CIO^ )̂ :
Hg, 29.2; C, 17.p; H, 3.21%; Found: Hg, 28.2; C, 17.8; H, 3.1/|%.
Infra-red (nujoi mull): observedireported*"^*), M (CSC) = 687(690), 668(66«' 
0(010^) = HitO(llitO), 1115(1115), 1075(1085), 622(625); O(H20) = 3M»0, 
16t*0cm- .̂ n.m.r. data are reported in text.

The crystal data are summarised in Table 6.3> Systematic absences, 
hkO for ĥ = 2n+l, Okl for k+1̂  = 2n+l, indicated an orthorhombic space 
group Pn21a or Pnma. The crystal density was measured by flotation in 
a bromoform/chloroform mixture and indicated Z = /* molecules per unit 
cell. The unit cell dimensions and their estimated standard deviations 
were obtained by a least-squares fit to 15 Gtrong reflections with
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Table 6.

Colour
Habit
crystal System 
a/A
b/Â
c/S
¿/°
V/*3
T/°C
Space group 
Equivalent positions

P cm-1

Relative Molecular 
Mass

■ obs',/g cm
-3

pcalc 
Z
N(3tf)

/g cm-3

[1 /4J aneS^.Ü. and [Hg( [lit]aneSu )(OH2)

.1 n

White. YJhite.

Needle Irregular

Orthorhombic Monoclinic

16.383(2) 8.080(2)

13-986(3) 11.389(2)

8.932(2) 10.706(2)

90.0(1 ) 92.15(1)

2075.2(5) 98it.5(3)

18(2) 18(2)

Pn2 xa E2i/ü

x, z; -*» i+i» -z; 1  £» i» S»
i-x, T+-

i*
8U.5 l6it.it

b85.6 810.9

2.2it(5) 2.80(5)

2.195 2.73b

it 2

1695 1675



MoKoc radiation (A= 0.71069A). A small crystal of dimensions 0.05xP.l8x 
0.13mm. bounded by planes (Hiller indices) £l00},{010},[001$ was 
selected and centred on a Syntex P2^ automated diffractometer. Intensity 
data in the range 3°<2e<50° were collected by the 0-26 scan technique 
and three check reflections were monitored after every 100 reflections 
and showed no systematic variation. 1695 observed reflections were 
collected (I>3.0tf(I)) and corrected for absorption (see
chapter 6) with transmission factors in the range 0.60-0.25» A weighting 
analysis on the corrected data indicated unit weights were satisfactory.

(Cl^HsKfl^aneS^. (II)

Solutions of mercury(II) chloride (0.27g) and [l/*]aneS^ (0.13^) 
were mixed in boiling nitromethane (10cm5). The white precipitate was 
collected and washed with chloroform and water to leave a dry white 
powder. Recrystailisation by very slow evaporation of a dilute (O.lg in 
50cm? ) nitromethane solution yielded clear lath crystals for 
crystallography.

After many attempts at obtaining a successful CH analysis from 
BMAC Ltd. the correct analysis was received from CHN Ltd. (identical 
batches of crystals were sent to both companies). Analysis (CHN) 
Calculated for (Cl2Hg)2 [lit] aneS^ : Hg, (*9»3; C, lit.9; H, 2.50%;
Found : Hg, i|0.8; C, 15.2; H, 2.55%. Infra-red (nujol mull): observed 
(reported'*’5^), O(HgCl) = 3**3; O(CSC) = 665(666) ,686(685) era
M.Pt. = 160+1°C.

Crystal data are summarised in Table 6.3« Systematic absences,
OkO for k = 2n+l and £01 for £+1 = 2n+l, were observed indicating the

0



monoclinic space group P2./n, ( a  non-standard setting of P2j/c). Unit 
ceil parameters and crystal density were measured as described for (I) 
above and the latter indicated Z = 2 molecules per unit cell, each 
therefore lying on a special position of symmetry 1. A crystal of 
approximate dimensions 0.05x0.05x0.30mm. bounded by the Miller planes 
{Oll^ and $100} was mounted and aligned on a Syntex P2^ four-circle 
diffractometer. Intensity data in the range 3°<20<55° were collected 
ny the «-20 scan technique and three check reflections were monitored 
tnroughout the data collection as for (I) above. 1675 observed 
(I>3.0tf'(I)) reflections were measured and corrected for absorption giving 
transmission factors in the range 0.500-0.¿*01. Unit weights were again 
found to be adequate.

Structure Solution for (I) and (II) above.

The structures were both solved using the heavy atom method involvi;. 
a three dimensional Patterson synthesis to locate the position of the 
mercury atoms. The remaining atoms were located in subsequent electron 
density maps and all atoms were refined by minimising the function 
3)( |Fj “ |FCI ) . For (II), final refinement with anisotropic temperature 
factors for Hg, Cl and S atoms gave R 0.030. For (I), initial refinement 
in the centric space group Pnma produced a chemically inconsistent 
structure which would not refine below R 0.20. Conversion into the 
non-centric group Pr^a ( a non-standard setting of Pna2^) allowed 
refinement to give a reasonable overall view of the chemical structure 
with R 0.116. Refinement to a higher accuracy proved Impossible; this 
is probably due to:

(i) an irregular crystal, leading to uncertain absorption correction
(ii) disorder of the carbon backbone of the aneS^ ligand as showr

by the high temperature factors associated with certain of the
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backbone atoms. (Although alternative positions of these 
carbons were tried, they provided no improvement).

(iii) disorder of the oxygen atoms of the two perchlorate groups.

It is clear that (I) (figure 4.3.2») is an adequate description 
of the molecular structure of this complex but also that the bond lengthf 
and angles are less reliable than for structure (II).

1 CO
Scattering factors and anomalous dispersion corrections were 

used, and ail computing was carried out with the XRAY76 programs (see 
Chapter 6 )  on a Burroughs B6700 computer, final co-ordinates and temp
erature factors are in Table 6.4. Bond lengths and angles are included 
in Tables 6.5* and 6.6. respectively.

[ A g < M  aneS^)]CIO^

0.207g of A.R. silver perchlorate were mixed with 0.268g of 
[l4]aneS^ in dry nitromethane (25cm^). The complex immediately 
precipitated as a fine white powder, was filtered, washed with water, 
acetone and chloroform and air dried. The complex was insoluble in all 
common solvents except DMSO with which it gave a pale yellow solution 
which was light sensitive.

15C n.m.r. data in [2h ]^-DMS0 are reported in text (section 4.4.). 
Analysis (CHN): calculated for [Ag([14]aneS^)]ciO^, C, 25.2; H, 4.21%; 
Found, C, 24.5; H, 4.07%. Infra-red (nujol mull) : observed(reported1^i*). 
0(010^) = 1 1 1 5 (1 1 1 5 ), 1075(1085), 627(625); O(CSC) = 676(670),691(688)cm
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Tuble 6.4-
Atomic co-ordinates (xlO*1) with standard deviations in parentheses.
l ,  [Hg([li*] aneSii)(0H2 )] (010^)2
«tom X x z_
Hg 1368 (1) 2500 2113 (3)
S(l) 699(23) 1027(30) 890(27)
S( 2) 2356(31) 1169(34) 2530(39)
S(3) 2387(40) 3902(31) 2407(45)
S(4) 421(27) 3597(24) 533(34)
0(11) 568(25) 239K44) 4282(45)
C(l) 1396(56) 70(68) 934(93)
C( 2) 2311(44) 562(58) 915(83)
C(3) 3525(51) 1729(65) 2310(98)
C(4) 3422(38) 2791(47) 1276(72)
C( 5) 3197(69) 3752(84) 1482(123)
C(6) 1615(40) 4886(49) 1147(75)
C(7) 1089(39) 4465*. 50) 10079(72)
C(8) 5098(80) 3428(104) 6316(131)
C(9) 5247(52) 2001(64) 6486(87)
C(10) 797(49) 1220(60) 8910(85)
Cl(l) 2673(10) 2382(20) 6676(17)
0(1) 2430(23) 3134(33) 765K54)
0(2) 1977(17) 1888(30) 6143(43)
0(3) 3104(29) 2771(41) 54 'f 1 (56)
0 (/*) 3178(28) 1733(32) 7470(61)
Cl(2) -53(19) 4955(22) 5229(23)
0(5) 621(31) 4780(50) 4278(59)
0(6) -612(31) 5564(33) 1-481(62)
0(7) -434(34) 4073(26) 5587(54)
0(8) 217(37) 5406(35) 6570(35)

II, (Cl2Hg)2 [l4janeS.
Hg 1618 (1) 191 (1) 1668 (1)
S(l) 3072 (2) -1821 (2) 1541 (2)
S(2) 4307 (3) 748 (2) 3118 (2)
Cl(l) 1147 (3) 1567 (2) -15 (2)
Cl(2) -413 (3) 113 (2) 3270 (2)
C(l) 5188(10) -1509 (7) 2132 (7)
C (2) 5237(11) -711 (7) 3287 (8)
C(3) 5744(10) 1613 (7) 2216 (8)
C(4) 5908(11) 1228 (8) 865 (8)
C(5) 6635(10) 2237 (7) 87 («)

For temperature factors for both X and ¿1 see appendix
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Bond lengths in A with standard deviations in parentheses.
Table 6.5.

Bond I IJ
Hg-Cl(l) — 2.407(3)
Hg-Cl(2) — 2.419(3)
Hg-S(l) 2.58 (4) 2.580(2)
Hg-S(2) 2.51 (5) 2.699(2)
Hg-S(3) 2.60 (5) —

Hg-S(4) 2.71 (4) —
Hg-O(ll) 2.35 (4) —

S(l)-C(l) 1.77(10) 1.838(8)
S(l)-C(10) 1.80 (8) —

S(2)-C(2) 1.68 (8) 1.827(9)
S(2)-C( 3) 2.10(10) 1.827(9)
S(3)-C(5) 1.60(13) —

S(3)-C(6) 2.19 (8)
S(4)-C(7) 1.66 (8) —

S(4)-C(8) 1.58(12) —

C(l)-C(2) 1.67(12) 1.53 (1)
C(3)-C(4) 1.76(11) 1.52 (1)
C(4)-C(5) 1.38(13) 1.55 (1)
C(5)-C(7) 1.42 (9) —

C(8)-C(9) 2.00(17) —

C(9)-C(10) 1.47(12)

Table 6.6.
Bond angles In degrees with standard deviations in parentheses.

Angle I II
C1(D- Hg -Cl(2) — 117.54(9)
C K D -  Hg -S(l) — 126.71(8)
C1(D- Hg -S(2) — 112.19(8)
Cl(2)- Hg -S(l) — 109.11(8)
Cl(2)- Hg -S(2) — 98.88(7)
S(l) - Hg -S(2) 76(1) 83.15(6)
S(l) - Hg -S(3) 157(1) —

S(l) - Hg -S(if) 87(1) —

S(l) - Hg -0(11) 93(1) —



T a b i n  6 . 6 .  ( coni 1 nuoci )

An¡M o l u
S(2) - Hg -S(3) 97(1) -—
5(2) - llg -S(l») 152(1) —

5(2) - Hg -0(11) 101(2) —

S(3) - Hg -S(l») 90(1) —

S(3) - Hg -0(11) 109(2) —

SU )  - Hg -0(11) 101(1) — -
C( 1 ) -S(l)-CdO) 9'»U) 103.2U)
Cd) -S( 1 )-Hg 108(3) 103.3(3)
C(10)-S(1)-Hg 105(3) 110.9(3)
C(2) -S(2)-C(3) 98U) 106.0(1»)
C(2) -S(2)-Hg 103(3) 99.2(3)
C(3) -S(2)-Hg 108(3) 109.8(3)
C(5) -S(3)-C(6) 109(5) —

C(5) -S(3)-Hg 112(5) —

C(6) -S(3)-Hg 92(3) —

C(7) -SU)-C(8) 102(6) —

C(7) -S(l*)-Hg 96(3) —

C(8) -SU)-Hg 13K5) —

S(l) -C(1)-C(2) 106(6) 112.6(6)
C(l) -C(2)-S(2) 10i»(5) 117.8(6)
S(2) -C(3)-CU) 106(5) 115.2(6)
C(3) -CU)-C(5) 11*0(7) 110.2(7)
CU) -c(5)-s(3) 116(8) 112.6(6)
S(3) -C(6)-C(7) 116(5) —

C(6 ) -C(7)-SU) 128(5) —

SU) -C(8)-C(9) 100(7) —

C(8) -C(9)-C(10) Ut3(7) —

C(9) -C(10)-S(l) 107(6) —
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SECTION U_ INTKPDUCT TON

The work of the previous chapter suggested that amine macrocycles 
would be superior to the corresponding thiaether ligands for the 
complexation of the heavy metal ions. Despite their lower specificity 
for soft metals, amines form much more stable complexes with all metal 
ions'*0 and have the additional property that they tend to produce 
exclusively endo-conformations with all their donor atoms co-ordinated 
to the same metal ion. This latter property makes such macrocycles 
ideal for chemotherapeutic work since it means that the hole-size 
parameter can be used to effect separation between metal ions of 
different ionic radius, as was discussed in Chapter 1.

The l/j-membered saturated tetra-aza rings are by far the commonest 
class of amine macocycle and this is closely related to their ease of
synthesis. Since Curtis demonstrated the important metal-ion template

90effect the synthesis of 14-membered ring systems with an enormous 
array of different methyl substituents on their alkyl backbones have 
been reported^» Almost all such syntheses are based on Schiffs-base 
condensations of a ketone or aldehyde with a co-ordinated amine (see 
Chapter 1, section 2.2.), and one of these condensations, of glyoxal 
with the amine 3,2,3-tet co-ordinated to nickel(II), gives, on reduction 
of the imine linkages, the simple unsubstituted macrocycle M  aneN^ 
(section 8.1.).

Complexes of [l/*]aneN^ have been reported with a wide range of 
metal ions (Cr(III)X59,160^ H n { 1 1 1 ) 6 l f Ru(III)l62t

Co(II)l63, Co(III)105’16\  Rh(III)165, Ni(II)166, Nl(III)61, Cu(II)167, 
Ag(II)'’ , Ag(III)-*®, Zn(II)^®, Hg(II)^.-) and, without exception, are
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found to contain an endo-quadridentate conformation of the macrocycle.
The structures of many of these complexes will be discussed below in 
greater detail, but those that have been determined may be summarised 
as belonging to trans-(Cr.Mn.Fe.Ru.Co.Rh.Ni.Cu.Ag) or cis-V (Cr,Co,Fh) 
geometries. Of the four possible trans geometries only trans-III has 
been crystallographically established and it acpears that, as with 
[ l k ]  aneS^ in Chapter 2, this conformation of the ligand is thermodyna
mically the most stable when the metal ion is small enough to be 
encompassed by the ring. The identification of only trans-III and 
cis-V geometries for [l/+] aneN^ complexes is, therefore, exactly the 
situation which prevailed for [li*]aneS^ prior to the work reported in 
Chapter 2. By analogy with that work, therefore, it may be predicted 
that, for metal ions of ionic radius slightly larger than the macrocycle 
cavity, an equilibrium between trans-III and trans-I structures may be 
present. The nitrogen configurational inversions which relate these 
two isomers must proceed either a) by metal-nitrogen bond cleavage or 
else b) by deprotonation of the amine, both followed by umbrella 
inversion. Both mechanisms necessitate bond breaking and, therefore, 
it may also be predicted that the dynamic process relating the trans-I 
and trans-III isomers will have a higher ener^v Drofile for M  aneN^ 
than for M  aneS^ complexes.

The thermodynamic and kinetic properties of tetra-aza macrocyclic 
complexes have also been the subject of considerable investigation-^’ . 
An assortment of polarographic,microcalorimetric and equilibrium data 
have been used to determine the stability constants of M  aneN^ with 
nickel(II) (logK = 22.7 p 7, copper(II) (logK = 27.2)*?°, zinc(IT)
(logK = 15-51^^ and mercury(II) (logK = 23.0)*"^. All indicate very strong 
complexes are formed and it is especially significant that the complex
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with mercury(II) has a stability constant greater than that found for
12many in vivo binding sites , exactly the behaviour required for a 

chelation therapy drug. The rate constants for complex formation with 
[l/+]aneN have also been measured for copper(II) (k298 = ®xl0^ ™ol *
s“1 )171, zinc(II) (k293 = 7.5xlo't dm5 mol" 1 s“1 )28 and nickel(II) (k298 = 
14 dm^ mol-1 s”1)171 and coupled with the thermodynamic data, they 
indicate that all of the complexes are kinetically very inert, making 
them amenable to an n.m.r. determination of their solution structure.

All of the observations above suggest that M  aneN^ is likely to 
be a very interesting ligand in many respects and, since it is the 
exact nitrogen donor analogue of N  aneS^, the observations made in 
Chapter 2 on the tetrathiaether ring should be directly applicable to 
this ligand. The unsubstituted ring system means th&t the 1:̂ C n.m.r. 
spectra are again relatively simple, and directly analogous to those 
obtained for [l/*]aneS^ complexes in Chapter 2, while the kinetic inertnes: 
of the complexes means that ligand lability will not confuse the 1^C n.ra.r 
spectra (cf. Chapter 2, section 4*2.).

With these considerations in mind, it seems a logical progression 
of the work reported in Chapter 2 to investigate the metal complexes of 
[l4^aneN^. Diamagnetic complexes of 'known' geometry were synthesised 
in order to record their 1^C n.m.r. spectra for reference purposes 
exactly as for [l4]aneS^. The complexes with heavy metal ions were then 
prepared and their 1^C n.m.r. spectra interpreted against the back
ground of these reference structures. The advent of practical natural- 
abundance nitrogen- 1 5 n.m.r. spectroscopy also meant that, if the heavy 
metalcomplexes could be made in sufficient quantities and were highly 
soluble, the 1 n.m.r. spectra could be recorded. This would be



expected not only to confirm the n.m.r. results but also, in the
case of Cd, Hg and Pb which have a percentage of isotopes with nuclear 
spin = to provide one-bond metal-nitrogen coupling constants with 
associated information on the actual bonding of the metal ion to the 
macrocyclic donors. The results of these investigations are reported 
below.

SECTION 2 ^  COMPLEX WITH RHCDIUM(III)

As was mentioned above, the cis-V geometry of [lq]aneN; has been 
established only for the inert metal ions Cr( III CoCIII)1^  ancj

-1 CRh(III) . In all three cases it is most likely that this cis-geometry 
is produced more as a result of the chemical inertness of the metal 
ions than by their ionic radius. Margerum e_t al v have postulated that 
complex formation between the macrocycle and a metal ion goes via an 
initial cis arrangement of the ligand followed by rapid isomerisation 
involving nitrogen configurational inversions, to give the thermodyna
mically more stable trans-III geometry. If the metal ion involved is 
substitutlonall'y inert however, the second isomerisation step may 
well be slow and the complex will remain with its initially formed 
cis-geometry. This hypothesis seems to be reasonable and i6 supported 
by the behaviour of cis-Co(III) complexes where it is found that they 
will slowly isomerise to give trans-III complexes104*, indeed trans-III 
complexes of cobalt(III) are quite common4*-*. The mechanism of the cis 
to trans isomerisation is, however, a little confused; Tobe104* originally 
postulated that nitrogen Inversion was followed by rearrangement to the 
trans-geometry. Recently, however, the isolation of cobalt(III) complexes 
with a trans-configuration which appears to have a set of nitrogen 
configurations identical to the cis isomer1^4*’1'’̂  would suggest that 
nitrogen inversion occurs after rearrangement to the trans-geometry. It
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appears that pH is critical to the mechanistic course of the r action, 
high pH favouring the Tobe mechanism (since deprotonation of the amines 
is easier under alkaline conditions) whereas low pH favours rearrangement 
followed by inversion.

Both els and trans-isomers of ail three metal ions are known and
recently the cis-dihalo rhodium(III)complexes have been the subject of

176 177a photochemical study of halide aquation • Crystallographic evidence 
indicates that the cis-isomers do indeed have the cis-V geometry shown 
in Chapter 2, figure 1.1..

The complex [Rh( [lit] aneN^ )Cl2]cl was prepared as a mixture of els 
and trans-isomers and recrystallised to separate out pure cls-isomer 
(section 8.2.). By analogy with the 15C n.m.r. spectra obtained for the 
cls-V complexes of rhodium- [l*t} aneS^ in Chapter 2, a simple five equal- 
intensity resonance spectrum may be predicted. The fully H-decoupled 
spectrum, in at 323K, showed these five resonances ( 6 = 23.68, *»6.95, 
*»8.93, 50.88, 55.10 ppm, ref. dloxan 67.26ppm) and interestingly also 
indicated the same downfield shift of one of the four downfield resonance: 
(cartons adjacent to nitrogen) as was observed for [l^aneS^ complexes 
in Chapter 2. The effect is clearly not as marked with the tetra-aza 
macrocycle but is probably also the result of non-bonded interactions 
between the co-ordinated chloride ion and one of the carbon atoms next 
to nitrogen in a six-membered chelate ring (for discussion see Chapter 2, 
section 3 ).

This spectrum therefore served as a reference for the cls-V geometry 
and the only other geometry definitely established, trans-III. was 
characterised using the nickel(II) complex as a standard. This work is
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now reported below.

SECTION COMPLEXES WITH NICKEL(II)

Trans-geometries have been established for all of the metal ions 
whose complexes with [li+JaneN^ have been structurally investigated (see 
above). Even with the largest ions, silver(II) (r = 0.89A ) 'and cobalt 
(II) (r = the l/*-merabered ring is found to completely
encompass the metal ion in a perfect trans-III geometry, and all crystal 
structures of [lit] aneN^ complexes to date having trans-con figurations 
show trans-III geometries'*’̂ » ^ 7 » 179. Qne of the most recently prepared 
complexes of [li*] aneN^ is that with ruthenium( III ), the trans-dichloro 
complex being prepared by refluxing the pentachloroaquoruthenium(III ) 
cation with [li*JaneN^ for three days*^2. Structural and mechanistic 
studies of the acid and base hydrolysis of this complex have been 
per formed^^’ and results indicate that the raacrocycle exerts a 
nephelauxetic effect on the central metal ion, thereby increasing the 
reactivity relative to uncyclised analogues. Similar behaviour is well 
characterised for trans-cobalt(III ) complexes*®^’

The first complex of [ll+] aneN^ to have its structure determined 
crystallographically was the trans-III dichloronickeMII) complex and 
it was found that all the trans-dihalo complexes dissolved in water or 
methanol to give a solution visible spectrum consistent only with a 
square-planar environment for nickel(II )1^^. Conductivity measurements 
showed the complexes to be fully dissociated 2:1 electrolytes and it 
wa6 generally assumed thereafter that aqueous solutions contained only 
square-planar diamagnetic [Ni( [li*] aneN^)]2+ cations and that the ligand- 
tield strength of [i/*]aneN^ was too great to allow axis, co-ordination
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of solvent 48

Since the template synthesis of [l/+]aneN^ (section 8.3-) yields 
this particular cation as its perchlorate salt , this complex was 
chosen as a reference compound for the trans-III geometry. Dissolution 
of the perchlorate complex in dried [2H]^-nitromethane gives a bright 
orange solution whose n.m.r. spectrum is similar to that reported , 
although all peaks in the present spectrum are much better resolved than 
that reported previously (see section 8.3»)• The n.m.r. spectrum
of the same solution shows only three sharp resonances corresponding 
to the expected trans-III geometry (6 = 50.88, 48.99» 26.63ppm ref. 
dioxan at 67.26ppm; intensity ratio 2:2:1).

When the complex is dissolved in Do0 however, it is immediately 
apparent that the solution is not diamagnetic as had previously been 
assumed. n.ra.r. spectra of aqueous solutions show six broad reson
ances corresponding to the six different types of alkyl protons in 
figure 3.1. The lack of coupling information and the magnitude of the 
shifts (0-50ppm) clearly indicate the presence of significant quantities 
of a paramagnetic nickel(II) species formed by axial solvation of the 
square-planar complex, water interacting with the square-planar species 
to produce paramagnetic shifting and broadening of all resonances. The 
temperature dependence of the resonance shifts is shown in figure 3*2. 
and clearly does not follow the Curie-law behaviour (S^C i) expected 
for pure contact shifting as produced by a magnetically isotropic,

"I Q •
A  or £ ground-state paramagnetic ion such as nickel(II)A . This 
latter anomaly is easily explained if a temperature dependent equilib
rium between the high-spin aquo-complex and the low-6pin square-planar 
complex exists. Thi6 would imply that the percentage of paramagnetic
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species is varying with temperature and such behaviour would be expected 
to produce the observed curvature of the Curie-law plots.
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This data clearly calls into question such work as that of Hinz 
and Margerum^*4 on the formation reaction between Ni(XI) and N  aneN^ 
in aqueous solution, where they openly discuss and effectively dismiss 
the possibility of any high-spin complex being present. Additional 
evidence for the presence of appreciable amounts of a high-spin nickel(II) 
species comes from the visible spectra in various solvents. The rigour- 
ously dried perchlorate complex in dry nitromethane gives a spectrum 
with a single absorption band at ¿tif5am ( £ = 65.6 dm^ mol ^cm ) which 
displays no thermochrolcity. This extinction coefficient is very similar 
to that found for other square-planar nickel(II) tetra-amine6 e.g. 
Ni(2,3,2-tet)2+ £ = 6 7  dm^mol“1cm”1 18 ,̂ and so indicates that the complex 
exists purely in a square-planar geometry in non-co-ordinating solvents, 
in water, however, the visible spectrum displays a band at i+U8nm whose 
extinction coefficient i£ = 1+8.2 dm^mol ^cm  ̂ at 298K) indicates that 
species other than low-spin 6quare-planar nickel(II) are present. 
Furthermore, in strong donor solvents such as in DXSO the band intensity 
decreases more markedly (Afflax V+3nm,£ =  2^.7 dm^mol ^cm  ̂ at 298K) and 
the peak broadens out on the higher wavelength side. All of these obs
ervations are consistent with the conclusions from the n.m.r. aata 
that an equilibrium between a square-planar and a high-spin paramagnetic 
species exists in solution. The absence of visible absorption bands for 
the paramagnetic species means that it cannot be five—co-ordinate and 
must therefore be octahedral (five-co-ordinate £ typically 20-200dm^mol  ̂
cm-1 188 while octahedral £ typically 0-20 dm^mol-1cm_1). The low extinct
ion coefficients of the three octahedral d-d bands for nickel(II) mean 
that they are not observed at the low concentrations of the high-spin 
species which are present under these

! <
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the peak broadens out on the higher wavelength side. All of these obs
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that an equilibrium between a square-planar and a high-spin paramagnetic 
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species which are present under these
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conditions.

Addition of an inert electrolyte to the solutions of the complex
would be expected to reduce the solvent activity and so decrease the

1 A 7amount of octahedral solvento species present . Adding increments of 
dry NaCIO, to the aqueous solution produced a steady increase in the 
absorption band due to the square-planar species (i^nm) until no further 
increase was observed when £= 67.5 drn*̂ mol cm • This demonstates that 
100% conversions to the square-planar species has taken place as expected 
and the maximum value of the extinction coefficient, 67.5 dm^ mol 1 cm *, 
maybe regarded as that of the square-planar species and is in good 
agreement with that derived from the nitromethane solutions.

Variable temperature visible spectra also displayed an increase 
in the square-planar absorption band as the temperature was increased 
(figure 3.3.). This is precisely the behaviour predicted from the 
n.m.r. studies above which show that the percentage of the diamagnetic 
species increases as the temperature is raised. Measurement of the 
extinction coefficient, at 1= 0.1 (NaC10/(), in the temperature range 
280-3/*l|K allows the estimation of A H 0 andAs° for the dia-para magnetic 
equilibrium since the percentage of each may be estimated by a comparison 
of the observed extinction coefficient, £ obs» with that of the pure 
square-planar complex (67.5 dm^ mol 1 cm 1). Keq = 67.5_£obe/£ obs for 
the equilibrium 3*1«

[Ni([u]aneNit)]2+ ♦ 2H20 [Nl( [li|] aneN^)(0H2>2]2 +--- 3.1.

A plot of InK vs 1/T is shown in figure 3.**. and gives values ofeq —
AH° and AS°in Table 3.1. This data does not however allow for any
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possible overlap of the square-planar absorbance band with any of the
bands due to the octahedral species and so small errors in K may beeq
present. As an additional check on the system the equilibrium data was
also established using the percentages of paramagnetic species estimated
from paramagnetic susceptibility measurements (using the Evans method
i.e. from n.m.r. spectra) at I = 0.1 (NaClO^). Assuming an effective
magnetic moment of IAeff,= 3.1 p.M. for an octahedral nickel(II) complex
(yUeff= 3*09 and 3.06 p.M.for octahedral trans-dichloro and dibromo
complexes respectively °) then the Evans method allows the estimation
of K over the temperature range 270-320K. The data is plotted in eq
figure 3.4. and gives values of AH0 and AS° shown in Table 3*1. below. 
(For discussion of the Evans susceptibility method see Chapter 6, section 
2; also see experimental section 8.3«)

Table 3.1.
Thermodynamic data for the diamagnetic to paramagnetic conversion of 
nickel(II) complexes with tetra-amine ligands (at 298K and I = 0.1).

: i )

Lon

Ligand Method used -AH°/kJ mol-1 -AS°/J K-1 mol-1
[li*] aneN^ Vis spectra 24.0(1.5) 91.2(8.0)
[14] aneN^ Evans 24.1(1.8) 96.4(10.0)
[14] aneN^ Vis spectra'*'®'’ 22.7(1.7) 84.0(8.4)
2,3,2-tet Vis spectra'*'®"̂ 14.5(1.7) 37.8(8.4)
3,2,3-tet ... . 185 Vis spectra 18.511.7) 63.0(8.4)

nt

.on:

The data from b*th visible spectroscopy and suscept bility at 
measurements are seen to be in excellent agreement, and since the former um 
technique utilises essentially the percentage diamagnetic whereas the ins
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latter uses only peicentage paramagnetic data, these complementary 
results suggest that the assumptions inherent in each data set are 
valid (i.e. no interference from octahedral species in the visible 
spectra, and the octahedral species has an effective magnetic moment 
very close to 3.1 B.M.) Since the completion of this work, identical 
data has been published based on visible spectroscopy utilising exactly 
the procedure described above1^ .  The thermodynamic data from this 
study are included in Table 3.1. on the previous page,together with 
equivalent data for the open-chain analogues of M  anew^, 2,3,2-tet 
and 3»2,3-tet.

It is clear that both jflH0 and AS° decrease in the order 2,3,2-tet
-1 Q C

3,2,3-tet [14]aneN^ and this series has been explained in two ways 
The enthalpic trend is interpreted in terms of the size of the nickel(II) 
ion; with the flexible open-chain ligands 2,3,2 and 3,2,3-tet the 
conversion from high to low-spin nickel(II) with its associated reduction 
of the optimum M-N bond length (2.07A to 1.91A y ) may easily be 
accommodated by a rearrangement of the donors. With M  aneN^, however, 
the cyclic nature of the ligand severly restricts any such rearrangement 
making the transition to the high-spin, larger ion less enthalpically 
favourable (the macrocycle favouring the smaller low-spin ion). The 
trend in entropy has been interpreted as reflecting the 6teric repulsion: 
between the alkyl backbones of the ligands and the co-ordinated water 
molecules, [14] aneN/( having the greatest preponderance of methylene 
groups has the greatest repulsions etc.

One observation from the parallel work mentioned above1®^ was that 
very weak bands at 330nm and 650nm were present in the visible spectrum 
of the complex In water. These bands, observable in saturated solutions



in i+cra path length cells, readily ascribed to the Tlg3T, JP) and

Tlg(F) 3A bands of an octahedral complex'*'®3, and as such are direct 2 g
proof of its existence. In order to eliminate the one other remaining
possible interpretation of the system -that the octahedral species
is in fact a dihydroxo complex formed in the presence of the basic
amine macrocycle rather than a diaquo complex -a spectrophotometric
pH titration of the system was performed. The titration is shown in
figure 3.5. and displays excellent isosbestic points at 383 and 512nra,
indicating the formationof the dihydroxo species is a simple one step
reaction. The dihydroxy species has peaks at X max=350nm (d= 18.1 dm3

mol"1 cm"1; 3T. (P) «-}A. =532nm ( € =  13.5 dm3 mol-Acm_1; 3T. (F)** lg ¿g ' max J-g
3A ) which are clearly different to those observed in neutral solution-̂O
described above. This confirms that these latter bands are produced 
by the diaquo species.

An estimate of the formation constant of the dihydroxy species may 
be made from the pH titration190 and displays the extraordinarily 
high value for reaction, [n K  [l/+]aneN/t)]2+ [ Nl( [li»] aneN^)(0H)2]
pK = 13.67+ 0.15 (analytical wavelength = /*/48nm, value is average 
of seven determinations at 1= 1.1 (KNO^) at 298.0+ 0.5K). The large 
value reflects the extreme reluctance of the [Ni( [1 /4] aneN^)}^+ cation 
to ligate on axis, probably as a result of the large in-plane ligand- 
field strength of the macrocycle^.

A pale-blue complex may be precipitated from very strong alkaline 
solutions and thi6 previously unreported species appears to be unstable 
in air, reverting to the orange [n K  [lit] aneN^)] 2+ cation in a fe» days« 

The diffuse reflectance spectrum of the solid is reported in Table 3*2. 
and the absorption bands do not correspond either to the diaquo or





dihydroxy solution spectra. Speculation as to the composition of this 
species leads to the suggestion that deprotonation of one or more 
co-ordinated amines of the macrocycle may have occurred. Unfortunately 
no satisfactory CHN analysis could be obtained for this compound, 
probably due to the instability of the complex in air.

One other previously overlooked property of the nickel(II)
macrocycle cation is its ability to axially solvate to produce solvento
adducts which crystallise from solution. Very hot (100°C), saturated
solutions of [Ni([l^] aneN^)](010^)2 in DMSO, DMF and acetonitrile cool
to give mauve, grey-green and green crystals respectively, of the
disolvento complexes. All of these complexes are unstable with respect
to the loss of the solvent molecules returning to the orange square-
planar complex; the DMSO and DMF complexes are stable in dry air and
may be washed with diethyl ether whereas the acetonitrile complex will
lose solvent very rapidly unless stored in an atmosphere of acetonitrile,
and attempts to wash the crystals with any solvent (even nujol) cause
loss of acetonitrile to give the orange square-planar complex. Solutions
of all of these complexes are orange indicating that the axial solvation
of the square-planar cation can only effectively occur when such
interaction is stabilised by crystal forces. Diffuse reflectance spectra
for all three complexes were recorded for freshly prepared samples and
show three absorption bands (the longest wavelength band being due to

191one component of the tetragonally split lowest energy band ) 
corresponding to a distorted trans-octahedral environment for nickel(ll) 
(Table 3.2.). The solid-state spectra of the square-planar complex and 
the complex formed with 1,2-ethylenediaraine (en) are given for corapariso- 
(Note that no tetragonal splitting of the low energy band is observed 
for the en complex, such behaviour is well characterised for six amine
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donors on nickel(II)^^*^^)

The three solvento compounds have absorption maxima which suffer a
bathochromic shift as one proceeds from the weakest donor through to
the strongest X CH,CN<DMF<DKS0. This series is the reverse of that max y

192expected based purely on donor strength and it is significant that 
solvento complexes with water and with pyridine are not isolable, despite 
their comparable donor strengths to nickel(II). This data is probably 
a manifestation of the steric limitations to complex formation imposed 
by the macrocycle alkyl backbone.

Table 5.2.
Diffuse reflectance spectral data of some nickel(II)- M  aneN^ complexes.

*Complex 3T2g-3A2g/nra 3Tlg(F)- 3A2g/nra

[n í (L)](C104 )2 + OH' 585(2) 370(2)
[Ni(L)(DMS0)2 ](C10if)2 650 (5) 520(2) 31*3(2)
[Ni(L)(DMF)2](C10|f)2 630(10) 500(5) 335(2)
[Ni(L)(CH3CN)2](C10it)2 620(10) 1*72(2) 322(2)
[Ni(L)(en)](C104)2 535(2) 31*512)
[n í (l )](ciou)2 453 ( V * - 1*!,)

L = [ll*] aneN^

The acetonitrile and DM£0 complexes were subjected to differential 
scanning calorimetry in order to determine the number of co-ordinated 
solvents and the energy required to drive them from the complex. The 
acetonitrile complex showed a single endotherm at 82* 1°C and a sample 
weight loss corresponding to the removal of almost exactly two
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equivalents of acetoni.rile. The endotherra indicates an energy of 
89+ 5 kJ mol- 1 (/*5 kJ per co-ordinated solvent) for the removal of 
acetonitrile from the complex at 82°C. Continued heating to higher 
temperatures gave further endotherms at 128* 2°C, and 339* 2°C and 
an exotherm at 296* 2°C. The resulting black powder indicated that 
these latter thermal phenomena were due to melting and charring of 
the sample. The DMSO complex showed more unusual thermal behaviour 
with a complex endotherm centred at 13 5* 2°C containing two components, 
a major peak at 126* 2°C followed by a smaller peak at 11*1* 2°C. This 
behaviour is typical of a process where the solvent molecules firstly 
dissociate from the nickel complex (126°C) and are then evaporated 
from the sample at a higher temperature (li»l°C, possibly decomposition 
to DMS). Because of this overlapping of endotherms, estimation of the 
energy required to drive off the solvents from the complex is difficult. 
The sample weight loss again corresponds almost exactly with the loss 
of two molecules of DMSO from the complex and so gives an energy of 
approximately 18* 10 kJ mol-^ (9kJ per co-ordinated solvent) for the 
removal of DMSO from the complex at 126°C. (Details of the experimental 
method and calculations are given in section 8.3* )• This data Is seen 
to confirm the conclusions from the reflectance spectra, above, that
steric factors reverse the expected trend in solvento stabilities based 

192on donicity , DMSO being less strongly co-ordinated than the weaker 
donor, acetonitrile.

The work outlined in this section shows the great depth of 
chemistry still unexplored for a relatively well characterised complex. 
The tacit assumption of many workers, that the cation [Ni[ll«] aneN^] 
exists as purely diamagnetic in co-ordinating solvents has been shown 
to be false and again illustrates the necessity of obtaining n.m.r.



spectra whereever possible. One final experiment with this system 
involved the running of a ^ C  n.m.r. spectrum of the complex in D^O.
The spectrumdisplayed the expected three broadened and paramagnetically 
shifted resonances, their behaviour being exactly the same as observed
in the iH n.m.r. spectra. However, in addition to these resonances,
three other very sharp resonances in the intensity ratio 2 :2 : 1 at
fe = 50.86, ^9.0 1, 2b.66ppm ref. dioxan 67.26ppm were present at low
concentration. The shifts of these three resonances are identical to
those observed for the purely diamagnetic complex in nitromethane
(see above 1. The same three resonances were also present in a [2h]^-DMS0
solution where, this time, the paramagnetically shifted resonances were
well removed from this area of the spectrum. Close examination of tne
equivalent n.m.r. spectra also shows, quite clearly, the presence 
of a diamagnetic species which is not free macrocycle. Variable pH

n.ra.r. spectra show that the diamagnetic species is absent at low 
pH whilst it is favoured by high pH. Interpretation of these three 
resonances has not yet been possible, but may be due to a) a conformations 
change in the ligand or else b) deprotonation of the co-ordinated amine 
groups either of which would then prevent axial solvation of the square- 
planar centrosymmetric complex. Neither interpretation seems wholly
satisfactory to date

The identification and characterisation of tue cls-V and trans-III
geometries (sections 2 and 3 respectively) are now used as the foundation
for a systematic study of the. heavy metal complexes of aneN. below

SECTION COMPLEXES WITH CADMIUM(II)

Previous references to the cadmium complex of aneN, are very
confused. In 1976, Denning et al very briefly reported the preparation



Ho work on the complex was reported and in 1977 when Kodama and Kimura 
attempted to prepare the cadmium complexes of 12-15 merabered rings 
during their polarographic studies on complex formation they categoricall 
stated that no complex between cadmiura(II) nitrate and [1 /4] aneN^ was 
formed.

Having eliminated the possibility of utilising the synthetic 
procedure of Denning ct al as being potentially too dangerous (methanol 
and perchloric acid having already produced one violent explosion in 
these laboratories), it was found that, contrary to the observations 
above, simple 1 : 1  mixing of cadmium nitrate and [ll*] aneN;) in methanol 
with subsequent evaporation of the solvent and washing with chloroform 
gave a white crystalline compound which analysed well for (Cd( [1/4] aneN^)) 
(N0^)2. The complex was found to be extremely soluble in many solvents, 
water, methanol, DMSO and slightly soluble in nitromethane.

The ^H-decoupled, variable temperature n.m.r. spectra of the
complex in D20/[2h]fe-DMSO 1:1 are shown in figure i».l. Conductivity 
studies indicate that the complex is a 2:1 electrolyte in this solvent 
medium (data are summarised in Table 8.<4. for ca. 2x10  ̂mol dm  ̂
solutions) and that dissociation of the nitrate ions is complete in 
solution. The n.m.r. spectra are remarkably complex; at 253K 
(addition of 10% methanol is required to prevent freezing) the spectrum 
is seen to contain eight resonances which may readily be ascribed to 
two distinct species A and B (S^= 52.18, <47.51» 28.98ppm ratio 2:2:1; 
and SB= 50.20, U9.66, <49.05, <4<4.53, 25*5<4Ppm equal intensities; ref. 
dioxan 67.26ppm.) of unequal populations. On elevation of the temp
erature the five-line species B undergoes a dynamic process which

o f  the  p e r c h l o r a t e  s a l t  f r om C d ( O H ) 2 and p e r c h l o r i c  a c i d  i n  m e t ha n o l .
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causes the five resonances to collapse to three at 303K with & g = 50.02, 
z+6.83, 25.54ppm in the intensity ratio 2:2:1 - this dynamic process shall 
be termed Process-II. Continued warming of the now two sets of three 
lines eventually causes exchange between these two species to occur 
at very high temperatures. This results in a spectrum consisting of a 
single set of three resonances at >373K (extra [2Il]^-DMS0 was added) 
with 6= 51.13, 47.11, 26.28ppm. again in the intensity ratio 2:2:1 - 
this will be called Process-I.

The most immediately plausible explanation of these spectra is 
that resonances A result from free M  aneN^ macrocycle which has not 
coraplexed with cadmium, and resonances B result from a cis-V folded 
complex giving five resonances exactly as for the rhodium(III) complex 
discussed in section 2. Process-II is then interpreted as exchange 
between identical cls-V isomers causing equivalences of resonances 
as observed (see section 6 below for detailed discussion), and 
Process-I could then be ascribed to macrocycle ligand exchange.

The latter interpretation of Process-I is effectively excluded 
by the simple expedient of adding excess [i4]aneN^ to the solutions.
This produces three new resonances in the spectra at S= 49.82, 47.76, 
26.42ppm (ratio 2:2:1) which are present over the complete temperature 
range proving that a) neither species A nor B is free ligand and b) 
that neither species is in fast exchange with free ligand,le. both 
are kinetically inert to ligand substitution, in contrast to behaviour 
noted for complexes of [l4]aneS^ (see Chapter 2 section 4.2.) and 
confirming the predictions of section 1. It is clear, therefore, that 
A and B represent two conformations of the [cd( [14] aneN^)](NO^)^ 
complex and that an equilibrium between them exists in solution. This 
equilibrium is sharply solvent dependent as shown in Table 4.1 . perhaps
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indicating some solvent involvement in the equilibrium.

Table ¿+,1,
Ratio of species A:B for [Cd( [1 /4] aneN^)]2 + based on integrals of the 

13C n.m.r. spectra in various solvents.

Solvent Ratio A/B at 303K.
d2o 1.43

[2H]^-methanol 2.63
[^H^-nitrome thane 1.57

[2h ]6-dmso 0.34

If one considers the spectra from 303 - 373K, their appearance and 

the dynamic process displayed are seen to be qualitatively very similar 
to those described for the complex [Ni( [14] smeS^jJiBF^^ in Chapter 2, 
section 2. There, the two species were assigned to have trans-I and 
trans-III geometries and interconversion of these was postulated as 
proceeding via double sulphur configurational inversions. It seems 
reasonable, therefore, to make a similar assignment in this instance 
implying that whereas the nickel(II) ion (r = 0.69A^) is marginal in size 
fop fitting within the ring of [l/|]aneS^, the cadmium(II) ion (r = 0.97A^) 
is sufficiently large to cause a similar equilibrium by being marginal 
in size for fitting within the larger cavity of [l/t]aneN^. This latter 
hypothesis seems reasonable especially in view of the fact that even 
an ion as large as silver(II) (r = 0.89A^) is still capable of being 
accommodated within the 1 4 -membered ring in a perfect trans-III geometry1'v 
Proces6-I is, therefore, postulated to involve two configurational 
inversions of co-ordinated nitrogen atoms in either slx-membered chelate 
ring. A complete line-shape analysis of this dynamic process1**̂ for all



three pairs of exchanging peaks gives activation parameters shown in 
Table 4.2. The activation energy is seen to be almost identical to that

Table 4.2.
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Activation parameters (298K) for the dynamic processes in the 13C n.m.r. 
spectra of [Cd( [l4]aneN4)](N05)2 in D20/[2h ]6~ DMSO (see text).

Process-IIa 
S/ppm of peaks

AH*/kj mol-1 AS*/J K-1 mol-1 !°3 k298/s-1

28.93 25.54 75(12) -18(30) i+6
47.51 4b.83* 112(20)* 85(44)* 0.2*
52.18 50.02 74 (4) -23(11) 50

All data points 78(14) -11(20) 49

Process-Ib
49.05 44.53 8.8(1.3) -169(15) 2.85xl05

a) Least-squares fit for four temperatures in the range 363-383K
b) Least-squares fit for four temperatures in the range 240-263K 
peaks too close for accurate fitting.

found for the [Ni[l4]aneS^J^system (70(10)kJ mol-1) and likewise the 
entropy of activation is virtually zero as before. The data 
tends to confirm the similar interpretations for both systems and the 
energy of the inversion process is seen to De high as predicted in 
section 1 (remembering that .cadnium(II) is a very laDile metal Ion 
compared to nlckel(II)ion, and therefore would be expected to undergo 
much more rapid inversion kinetics for the same douor atom. Nitrogen 
inversions are therefore much more difficult than sulphur Inversions.)

If the above interpretation of Process-II is correct, then Process-1
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must be interpreted as folding of one of the trans species away from 
planarity. Two such foldings will result in the production of a five- 
line spectrum i) folding to a cls-V type geometry (£f. rhodium complex 
section 2) and ii) folding to a trigonal-bipyramidAl type geometry 
previously determined for a copper(II) complex of rac-Me^- M  a n e N ^ 11, 
Both processes will produce what are effectively axial and equatorial 
pairs of nitrogen atoms which will cause splittings of the carbon res
onances next to these donors, exactly as observed.

Distinction between these two processes is difficult but several 
factors point to the second interpretation (folding to give a trigonal- 
bipyramidal geometry) as being more likely. These factors may be 
summarised as:

a) Folding to a cls-V type geometry require^ at least two nitrogen 
configurational inversions for either trans isomer, whichis exactly the 
mechanism required for Process-II discussed above. The fact that the 
activation energy for Process-I (from a complete lineshape analysis Table
4.2.) is only 9kJ mol“1 compared with 78kJ mol-1 for Process-II indicates 
very different mechanisms.

b) The actual splitting pattern is quite different from all of the 
previous patterns obtained for 14-membered rings in cis-V geometries. 
Whereas the previous spectra all show one resonance to low-field of the 
others, the present spectrum shows three resonances to low-field.

c) The very low activation energy of the dynamic process coupled 
with the large negative entropy of activation imply some facile rearr
angement process about the metal ion leading to increased solvation in 
the transition state. Both such phenomena may be reasonably accommodated 
by a simple bond-rotation process such as folding to a trigonal-bipyramid 
(details below)



I f  one  a c c e p t s  t h e s e  p o i n t e r s ,  then dynamic P r o c e s s - I  i s  i n t e r p r e t e d

as folding of one of the trans geometries to a trigonal-bipyramid
Consideration of the two trans geometries rhows that trans-III cannot
possibly fold away from planarity without inverting at least two

A complex with the trans-I geometrynitrogen atom configurations
on the other hand, can easily fold back two of its nitrogen atoms on to
the opposite side of the plane to the four amine protons Indeed
this folding is seen to be favoured, from a consideration of molecular
models, since it minimises any interaction between the amine protons
and the fifth monodentate ligand whilst still allowing both six-merabered
chelate rings to adopt their favoured chair conformations

It is clear, therefore, that, of the two trans species present
trans-I is the one which will readily fold to a trigonal-bipyramid and

A is therefore the trans-III conformer. The folding of a trans-I type
conformation to give a trigonal-bipyramid has a precedent in the copper
(II) complex of a lh-membered ring mentioned above

The wnole system is be6t summarised by reference to figure h.2. 
Beginning with Process-II (exchange process laoelled k? in figure), it
is seen that axiai and equatorial nitrogen atoms of the trigonal
bipyramid may be interconverted by passage through a trans-I 'square
pyramidal' intermediate (solid and open circles represent pairs of
equivalent nitrogen donors). This interconversion, when rapid, will
produce the observed collapse of five resonances down to three. The
activation parameters for the process may be interpreted as indicating
that the bond rotation about the metal is a low-energy process, which
is reasonable, while the large negative entropy indicates significantly





i n c r e a s e d  s o l v a t i o n  o f  th e  t r a n s - I  i n t e r m e d i a t e .  T h i s  may w e l l  be due

to the increased accessibili.ty of the sixth octahedral site In the 
intermediate implying the effective co-ordination of a second solvent 
molecule in the position which was blocked by the macrocycle in the 
trigonal-bipyramid. The second exchange process labelled in figure 
¿1.2 . is seen to involve two nitrogen configurational inversions and 
the high energy of the process (78kJ mol would tend to support this 
hypothesis. The small entropy of activation is also reasonable if one 
assumes that both species are octahedrally solvated, as discussed above 
and that amine inversions are not accompanied by any great solvation 
e f feets.

The above findings from the n.m.r. spectra are very clearly
confirmed by the natural abundance n.m.r. spectra. Because of the 
very high solubility (>1.0 mol dm- )̂ in a 1:1 methanol/[^h],-DMSO 
mixture the nitrogen spectra are readily obtained using 15cm^ of a 
1 molar solution. The variable temperature proton decoupled spectra are 
schematically illustrated in figure ¿».3. and are plotted with positive, 
instead of the true negative, peak intensities (negative intensities 
are a consequence of decoupling of the nucleus which has a 
negative nuclear Overhauser enhancement - Chapter 6) At 233K the 
spectrum contains three main peaks (6 = -3UU.1» -3^8.2, -3**9.0ppm, ref. 
c [̂ h] 6=0ppm. ) in agreement with the predictions based on the
propoced scheme in figure ¿*.2. ie. one peak from the trans-IIl species 
A, 6 =  -3i*8.2ppm (all four nitrogen donors magnetically equivalent), 
and two equal intensity peaks from the trigonal-bipyramidal species B 
(one pair of axial and one pair of equatorial nitrogen atoms). In 
addition to these main peaks, however, six smaller peaks are also 
detected and are produced by the one-bond coupling to the spin J metal 
nuclei 1 1 ^Cd(13%) and 11^Cd(12%) by the nitrogen nucleus. The observatt





of only one pair of couplings to each main peak means that distinction 
between the two spin J metal nuclei has not been achieved and so each 
coupling is an average of couplings to both metal nuclei. (Resolution 
between the two nuclei is only possible under favourable conditions when 
line-widths better than 1Hz can be achieved,ie. no exchange broadening
etc., and in fact has only been achieved in one instance, by other

195workers in these laboratories . In this study of the complex of 
cadmium(II) with C.D.T.A., the coupling constants are found to differ 
by only 2Hz).

Upon raising the temperature to 303K the spectrum changes such that 
only two main lines with associated couplings are now apparent, the 
outer two lines at 233K having collapsed (such behaviour exactly 
mimics the equivalent n.m.r. spectrum). Fast exchange between the 
trigonal-bipyramids produces a spectrum approximating to a mixture of 
trans-I and trans-III complexes, both of which have four equivalent 
nitrogen atoms, and at 373K only one main line and its couplings are 
present indicating fast exchange between the two trans geometries 
lagain exactly as for the spectra).

15Returning to the N n.m.r. spectrum at 233K the values of the 
coupling constants may be established as 1JC(J_15N/Hz (Sppm of central
peak) : 75.0(-3¿t/*.!), 110.0(-3^3.2), 125.*»( -3^9.0). If these values

values 110 and 125Hz are a little unusual. Values of coupling 
constants are directly related to the fractional s character of the
bonding orbital by the equatlon^^:



120

of only one pair of couplings to each main peak means that distinction 
between the two spin i  metal nuclei has not been achieved and so each 
coupling is an average of couplings to both metal nuclei. (Resolution 
between the two nuclei is only possible under favourable conditions when 
line-widths better than 1Hz can be achieved,ie. no exchange broadening
etc., and in fact has only been achieved in one instance, by other

195workers in these laboratories . In this study of the complex of 
cadmium(II) with C.D.T.A., the coupling constants are found to differ 
by only 2Hz).

Upon raising the temperature to 303K the spectrum changes such that 
only two main lines with associated couplings are now apparent, the 
outer two lines at 233K having collapsed (such behaviour exactly 
mimics the equivalent n.m.r. spectrum). Fast exchange between the 
trigonal-bipyramids produces a spectrum approximating to a mixture of 
trans-I and trans-III complexes, both of which have four equivalent 
nitrogen atoms, and at 373K only one main line and its couplings are 
present indicating fast exchange between the two trans geometries 
(again exactly as for the spectra).

Returning to the n.m.r. spectrum at 233K the values of the 
coupling constants may be established as '̂J(.tj_15ji/Hz (¿ppm of central 
peak) s 75.0(-3'+if.l), 110.0( -3^8.2), 125. *♦( -349.0). If these values 
are compared to the only previously measured value (for [cd(E.D.T.A.)] 2~) 
^Jj.(j_15jj = 81Hz^^ and the subsequently measured value (for 
[cd(G.D.T.A)l^ ) ^ J... = 80,82Hz^^^ it seems that the two
values 110 and 125Hz are a little unusual. Values of coupling 
constants are directly related to the fractional s character of the 
bonding orbital by the equation^^:
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l j Cd-15N = « C d - « N - t ^ C d ( 5 s ) ( 0 ) l 2 [ Vi,N (2 e ) (0 )  2 ]<AE>_1

AE is the singlet-triplet excitation energy, the et • s are the s character 
of the hybrids at each atom, and theTCOj's are the electron densities
at the respective nuclei. The values are usually found to be

198independent of AE 7 and the coupling constant is then directly 
proportional to terms involving the s character of the bonding orbitals. 
It is clear that metal-nitrogen one-bond coupling constants are a direct 
reflection of the bonding scheme in the complex

The J data may be satisfactorily interpreted within the scheme
13rdeduced from the n.m.r. results and illustrated in figure l*.2. If

1one considers first the J value of the trans-III species = 110Hz, it 
is likely that co-ordination of the macrocycle to the large cadmiura(II) 
ion in this rigidly planar fashion will constrict the metal-nitrogen 
bond lengths to be somewhat shorter than ideal. This well characterised 
phenomenon**^ would be expected to lead to a corresponding increase in 
the equatorial bond strengths whilst weakening the axial bonds. This 
constrictive strengthening of the metal-nitrogen bond in the macrocycle 
plane may well be the cause of the increased value as compared to 
the comparitively unrestricted E.D.T.A. and C.D.T.A. complexes.

The coupling constants to the other species which is trigonal- 
bipyramidal are quite different for axial and equatorial nitrogens. 
This fact is consistent with the known crystal structures of trigonal- 
bipyramidal complexes'*^’ where almost invariably the equatorial
bond lengths are found to be significantly shorter (£a. 0.1A) than

.10the axial for d metal ions. If this distortion is present in this
system then it is perfectly reasonable to assign the larger value
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125.4Hz, to the equatorial donors and the 75Hz value is then associated
with the axial donor6. This would imply that axial and equatorial donors
have very different b character which is in accord with the d6p^
trigonal-bipyramidal hybridisation scheme which gives live non-equivalent
hybrid orbitals. The assignment of the smaller "''J value to the axial
donors i6 also consistent with this hybridisation scheme since the axial
hybrids are largely d^2 and pz in character whereas the equatorial
are largely s, p and p .x y

The cadmium system is,there fore, seen to be extremely complex and 
yet a cogent interpretation of the species present has been possible 
using a combination of n.m.r. nuclei as structural piobe6. The analysis 
has produced several new results:

a) The existence of the complex has been confirmed (cf. ref. 28) 
and been shown to be non-labile with respect to dissociation 
(witnessed by no exchange between complex species and free 
ligand, and also by appearance of metal-nitrogen couplings over 
the full temperature range.)

b) The structure of species B provides the first indirect evidence 
of both a trans-I set of nitrogen configurations and folding of 
such a geometry to a trigonal-bipyraraid for M  aneN^.

c) The ■'"̂N n.m.r. spectrum at 233K has effectively tripled the 
amount of cadmium-nitrogen coupling data available in the 
literature and has allowed a direct comparison of the bonding
to axial and equatorial donors in a trigonal-bipyramidal complex. 
These latter data may be of considerable theoretical interest.

These results indicate [lZt]aneN^ to be a very suitable macrocycle 
for extensive investigation in relation to chelation therapy since
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a very soluble, stable complex is formed with one of the toxic heavy 
metal ions of interest, cadmium(II). Investigation of the other heavy 
metal ion complexes is now reported.

SECTION COMPLEX WITH MERCURY(II)

too large to sit within the macrocycle cavity and that the complex must,

isolated the perchlorate and fluoroborate salts of the complex and 
subjected them to electrochemical oxidation in an attempt to produce 
the first ever mercury(III) species ^see Chapter 1, section 1.1*.). These 
workers propose that both the mercury(II) and(III) complexes have 
folded macrocycles based on size arguements and the value of ggv from 
the mercury(III) species e.s.r. spectrum. Kodama and Kimura have also
studied the mercury(II) complex in an attempt to measure the complex

29formation rates by polarographic techniques . These workers also argue 
that planar co-ordination is unlikely and that a folded geometry of the 
ring is probable. However, the stability data they obtain for 12-15 
membered ring-sizes indicates that only the l/+-merabered ring displays 
a macrocyclic effect,implying its structure is somewhat different to 
the other, presumably folded cis , complexes studied. Kodama expresses 
this by saying "Some as yet unidentified properties attached to the 
(Hgjli*] aneN^)2+ structure may De responsible for the anomalous 
thermodynamic data."

In order to structurally identify the mercury(II) complex the 
and 15jj n.B.r. spectra of the extremely soluble (>1.5 mol dm perchlora

There are two previous references to the cation 
the literature and both imply that the mercury(II) ion (r = 1.06A ) is

59therefore, have a folded geometry. Denning e_t al have prepared and
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salt were obtained in methanol/DMSO solvent. The complex is a 2:1 
electrolyte in this medium indicating a totally ionised solution,
(data are summarised in Table 8.4. for ca. 2xl0~3 mol dm-3 solutions). 
Variable temperature proton decoupled *3C n.m.r. spectra show only three 
resonances (6 = 53.47, 46.76, 29.37ppm, intensity ratio 2:2:1, ref. 
dioxan 67.26ppm) over the temperature range 233-373K with no significant 
broadening other than that due to viscosity effects. The presence of 
only three lines in this intensity ratio implies one of three interpret
ations:

i) a rigid trans geometry for the complex,
ii) a folding process as for cadmiura(II) but which i6 proceeding 

very rapidly on the n.m.r. timescale and cannot oe frozen out,
iii) the situation is exactly the same as for the (Hg[l4] aneS^)^+ 

complex discussea in Chapter 2 where fast ligand exchange is 
occuring so producing an averaged three line spectrum.

Taking these interpretation^ in reverse order, (iii) necessitates
a kinetically labile complex and this requirement is difficult to

poreconcile with the high stability constant (logK = 23.0) . Prolonged
accumulation of the ^3C n.m.r. spectrum at 300K shows minor couplings 
associated with each of the three main peaks. These couplings, to the 
spin i nucleus 199Hg (16%), by their very presence, prove that the 
macrocycle is not in total fast exchange and that the ^3C spectrum is
indeed the spectrum of the discreet complex. Values of the coupling

2constants are J.QQ , /Hz (6ppm. of central peak): 26.9 (53*47),
V  Hg- 3C

15.6 (46.76) and ''j™ /Hz (6ppm.): 43.5 (29.37). The fact that the
199Hg-13C

magnitude of the •'J coupling is greater than the value is not
unusual and is well characterised for many organomercury compounds201

The underlying theory of two and three bond coupling constants is not
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well established other than for vicinal proton-proton coupling, and may 
quaiitatively be said to include both an s orbital character term^® 
and an angular term (e.g. the Karplus relationship for proton-proton 
couplings). Without knowledge of the sign of the observed coupling 
constants it is not possible to make any direct deductions from their 
values2*"*̂.

Interpretation (ii) above, whilst plausible, does require that the 
dynamic process causing the observation of only three resonances be 
very fast indeed on the n.m.r. timescale. Possible folding mechanisms 
are identical to those discussed for cadmium(II) complexes in section i* 
(ie. to cis-V or to a trigonal-bipyramid). Folding to a cis-V geometry 
is immediately discounted since the energy of this process is very 
high (_c_f • lead(II) in section 6). If the dynamic process is therefore 
folding to a trigonal-bipyramid it is not clear why this process should 
be so much more rapid for mercury(II) than for cadmium(II) (above) 
where the dynamics could be frozen out at 253K. The fact that there 
is no broadening of any of the three resonances down to 233K suggests 
that there is no dynamic process involved and so would tend to dis
count this interpretation.

This leaves the seemingly unlikely explanation of the spectra 
as being due to a trans geometry with the macrocycle co-ordinated in 
a rigidly planar fashion. The arguements quoted above clearly imply 
that the mercury(II) ion is too large to sit in the macrocycle plane 
as would be required in a trans-III geometry and 60 the only plausible 
explanation of all the available data is that the macrocycle has 
adopted a trans-I geometry. With this macrocycle conformation the 
mercury(II) ion can then reside above the plane of the four donors

I»



and so avoids having to fit into the ring. This postulated structure 
is identical to that found for the [Hg[li+] aneS^, (0H2) ] c a t i o n  in 
Chapter 2 and leads to the prediction that the ion may be five-co
ordinate in a square-planar geometry just as for this latter ion. As 
a test of this prediction the complex [Hg( [lit] aneN^Cl^] was prepared 
and confirmed by n.m.r. to have a similar structure to the
perchlorate in showing only three resonances S= 52.67, ^7.71, 29.31ppra» 
(2:2:1), ref. dioxan 67.2bppm in methanol/DMSO. This latter complex 
was found to be a 1:1 electrolyte in DMSO solution (data are summarised 
in Table 8.3. for ca. 2xl0-^ mol dra-^ solutions) which clearly implies 
that one chloride ion remains co-ordinated in a five-co-ordinate complex

The n.m.r. spectra of the percnlorate complex were recorded
and they confirmed that no splitting or broadening due to a folding
process could be detected to 253K* The single resonance at 6= -335*8ppm
ref external &= Oppm. shows mercury couplings, as expected,
with .- = 317.67Hz. (figure 5»1») Since this is the first

yvHg-
and only one bond mercury-nitrogen coupling constant ever observed it is
difficult to make comparisons but if one does compare the reduced
coupling constant20^ (which takes into account differing nuclei) of 
1 22 2KHgN = x 10 N A m ^ with that of simple organo-mercury compound

c = 1.28 x 1022 N A2 m~^ (Me2Hg)201, the correlation is quite good 
indicating that this current value of the coupling constant may be 
regarded as fairly normal. This last point would al60 tend to support 
the postulated structure with the mercury sitting out of the plane of 
the ring and so not experiencing any great constrictive effect upon 
the coupling constant (cf. cadmium trans-III species in section 1»).

The n.m.r. and conductivity data would therefore seem to imply a
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square-pyramidal trans-I geometry for these mercury complexes, exactly
as was found for the [Hg [14] aneS^] cation in Chapter 2. One question
raised by this interpretation of the structure is "why do the macrocycle
donors remain effectively planar in the square-pyramidal mercury complex
while in the analogous cadmium complex the macrocycle folds to a
trigonal-bipyramid?" The distinction between the square-pyramid and the

199trigonal-bipyramid is characterised by a small energy separation , 
and indeed both geometries may exist for the same molecule (see Chapter
4), so it is clear that small effects may tip the balance in the 
direction of either limiting geometry. There are two subtle differences 
between the cadmium(II) and mercury(II) ions which could explain the 
differences in geometry:

1) Mercury(II) and cadmium(II) differ in the ease with which they
form linear complexes. Mercury(II) can more readily undergo

9 1d - s electron promotion giving some 5d 6s character which aan 
Jahn-Teller distort to a linear or square-planar configuration.
It may be this type of mechanism which is responsible for the 
constrained planarity of the macrocycle donors into a square- 
pyramid.

2 ) The other major difference between the cadmium(II) and mercury(Il
*6 *7complexes is the size of the metal ion (0.97A and 1.06A 

respectively) and it is this parameter which may be responsible 
for the differing geometries. If one considers a trigonal- 
bipyramid, it's essential feature is the presence of axial 
and equatorial bonds, the axial bonds having to span the metal 
ion. In the case of a macrocycle spanning these two axial sites, 
the rigid constraints imposed by the cyclic nature of the ligand 
mean there is a finite limit to the distance across which a 
given macrocycle can span. It is possible therefore that the



the cadraiunH.II) ion is just sufficiently small to allow the l/*-membered 
ring to span these axial sites and so take up a folded geometry but 
that the larger mercury(II) ion prevents this- In the latter case, 
therefore, the macrocycie cannot physically fit around the mercury(II) 
ion in a regular trigonal-bipyramid and so the delicate structural 
balance may be tipped in favour of the less sterically constrained 
square-pyramid.

The mercury system is seen to again provide indirect evidence for 
a trans-I macrocycle geometry, this time in a rigid square-pyramidal 
complex and it is hoped that an X-ray crystal structure of the chloride 
complex may be completed in the near future in order to confirm the 
conclusions above. In addition to this structural data,which goes some 
way towards explaining other workers anomalous data , the system has 
also provided the first recorded ^J1QQ coupling constant. This
value may be of intrinsic theoretical interest, as well as providing 
a probe for the bonding in square-pyramidal complexes if it can be 
put into context with other values for known, more orthodox geometries.
In connection with this latter point, work is proceeding towards the 
accumulation of values te.g. for Hg(C.D.T.A.) ) in these
laboratories.

SECTION COMPLEXES WITH LEAD(II)

The current state of the literature for lead(II) complexes of 
[l/t]aneN^ is much less confused than that for cadmium(II) and inercury(II)

pQcomplexes above. Kodama and Kimura ° simply report that no complex was 
formed during their polarographic studies and this they ascribe to a 
severe mismatch between the cation (r = 1.20A^) and macrocycle size.
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Contrary to this report, however, it is found from this work that a 
complex between PblN0^)2 and [14] aneN^ is readily produced in dry 
DMSO. The use of dry DMSO as the preparative solvent was found to be 
essential since the complex does not appear to form in any other 
medium and if any water is present a white precipitate is immediately 
formed which is then insoluble in dry DMSO. This white precipitate is
most likely a hydroxy complex and its presence is probably why previous

29workers failed to identify any complex in water .

The complex itself is extremely soluble in uMSO (>1 mol dm ^), and 
conductivity measurements on a 2xl0~^ mol dm ^ solution show it to be 
a 2:1 electrolyte, the nitrate ions being ionised in solution tdata 
summarised in Table 8.4). The white crystalline compound resulting 
from precipitation of the DMSO solution with dry methanol analyses as 
[Pb( [l/*] aneN/+)](N0^)2, proving that this complex is indeed the first 
of [l4]aneN^ with a non-transition metal. Consideration of the possible 
structure of this complex suggests that the lead(II) ion is too large 
to be accommodated within the plane of the macrocycle and so by 
analogy with the structures found for mercury(II) and cadmium til) 
complexes some form of folding away from planarity or else the adoption 
of a trans-I geometry may be predicted.

The I.R. spectrum of the solid complex inujol mull) shows bands 

which may be assigned to monodentate nitrate groups (see Section 8.6) 

implying these to be co-ordinated in the crystal. The variable 

temperature proton decoupled n.m.r. spectra in [2H]g-uMS0 are 

shown in figure 6.1. The 303K spectrum shows five sharp equal Intensity 

resonances at 6=30.93» 49*24» 48.01, 46.33» 26.11ppm, ref. dioxan 

67.2bppm, while the peak at 49.24ppm also shows minor side bands due
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Figuro 6.1.

V.T. n.m.r. spectra o f [pb([l4]aneN/t)] (N0^)2 in [2h ]6~DMS0.



207 2to coupling to the spin i nucleus Pb (24%) J207pb 13c = 21*^ Hz*
The presence of five lines in the spectrum clearly implies a folded 
geometry for the macrocycle and the coupling on one of the peaks also 
proves that rapid macrocycle exchange is not occurring, elevation of 
the temperature (cooling is impossible due to DMSO freezing) causes 
lirst broadening and then collapse of the four low-field resonances 
into two sharp lines at 433K. Continued heating wa6 not attempted 
since DMSO boils at c a  450K and begins to decompose at lower temperaturei 
The 433K spectrum shows three fairly 6harp resonances at 6=49.06,
48.69, 26.58ppm, ref. dioxan 67.2bppm, in an approximate 2 :2 : 1  

intensity ratio.

The spectrum at 303K closely resembles that of the complex 
cis-[Rh([14] aneN. )C1^]C1 reported in section 2 and this fact, together 
with the high energy of the observed dynamic process (below), strongly 
suggests that the folding of the macrocycle has occurred to give a 
cls-octahedral geometry rather than the trigonal-bipyramidal stereo
chemistry which was postulated for the cadmium(II) folded complex 
(section 4). Complete lineshape analysis of the dynamic process is 
difficult for two reasons, a) the inner two of the four low-field 
resonances collapse together and would be ideal for line fitting except 
that the resonance at 6 =49.24 has associated lead couplings which our 
available curve-fitting routines could not handle; b) likewise the 
outer two lines cannot be simultaneously fitted since our available 
programs cannot handle such a fit when the two inner lines are also 
present. Ideally, what is required is a program capable of analysing 
all four lines and couplings synchronously but in the absence of such 
a routine the spectra were analysed by (i) fitting individually to 
both of the outer two lines in the slow-exchange region 320-350K,



(ii) comparing the two values of the exchange rate with each other for 
consistency and (iii) simulating a complete spectrum using the derived 
value of the exchange rate parameter and comparing this simulation 
with the observed data. This process produced the rate data, of 
reasonable quality, shown in Table 6.1.

Table 6.1.
Activation parameters (298K) for the dynamic process in the n.m.r.

spectra of [Pb([14] aneN^)](N03)2 in [2h ]6-DMSO .

fcppm of fitted peak AH*/kJ mol-1* AS*/J K_1mol-1* k /s'1*298's
50.93 107(17) 95(50) 8.3xl0~2
46.55 115 (5) 111(13) 5.6xl0-2

Least-squares analysis of rate data at four temperatures 320 - 350K.

If the activation parameters of the dynamic process are compared 
with those of the cadmium(II) system where folding to a trigonal- 
bipyramid has fceen deduced, the present process is seen to bear no 
relation to the latter in thermodynamic terms. This lends considerable 
weight to the interpretation of the structure in terms of a cis-Y type 
'octahedral' geometry, (the lone-pair remaining on the lead(II) ion 
being assumed to occupy an essentially spherically symmetrical orbital 
and therefore stereochemically inactive).

The dynamic process is therefore interpreted as being inter- 
conversion of two identical cis-octahedral geometries. This may proceed 
either by four, linked nitrogen inversions or (more likely) by passage 
of the lead(II) ion through the macrocycle ring and out the other side.
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This latter process is illustrated in figure 6.2 and can be seen to 
allow the fold in the macrocycle to switch between the two pairs of 
diagonally placed nitrogen atoms (open and closed circles in figure).
This switching allows what were axial donors to become equatorial and 
vice versa so that at the fast exchanging limit (i*33K) the averaging of 
these conformations will give the macrocycle an apparent square-planar 
geometry with a corresponding three line, 2:2:1, n.m.r. spectrum
as observed. The high positive entropy of the exchange process would 
therefore imply that the trans conformation of the complex in the 
transition state must be relatively less solvated compared to the els 
grounastate. This is very reasonable in terms of the proposed mechanism 
since rearrangement to the trans con formation can only proceed via the 
loss of one of the co-ordinated solvent molecules (figure 6.2).

The very high solubility of the complex in DM30 allowed the 
recording of n.m.r. spectra.Unfortunately technical difficulties 
have thus far prevented the measurement of the high temperature spectra 
but the spectrum at 300K is shown in figure 6.3« The spectrum shows the 
expected two main peaks S=-318.8, -325.5ppm (1:1), ref. c [2h ]^1^N02, 
£>=0ppm. for axial and equatorial pairs of nitrogen atoms for a cis 
complex. The fPb isotope has nuclear spin = J and gives rise to 
^aiY7 i c; couplings to both main peaks. These coupling constants 
are remarkably different for the two types of nitrogen present, being
207.5Hz (6= -318.8ppm) and 19.8Hz (6 = -325.5ppm). Using the theory of
1 197J couplings of Pople and Santry discussed in section 1*, these
values would Indicate that one bond ha6 either ca 10 times the s
character of the other or a vastly different s orbital overlap integral2 ,̂
so implying very different modes of bonding for the axial and equatorial
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sites of this complex.

In order to investigate the origins of this difference in bonding 
and to see if it was reflected in the metal-nitrogen bond lengths the 
X-ray crystal structure of the complex was determined. The crystal 
data are given in section 8.5 while atomic co-ordinates and temperature 
factors, bomd lengths and angles are given in Tables 8.5 and 8.6 
respectively; the structure solution is described in section 8. The 
structure of the complex (figure 6.4) approximates to the predicted 
cis-octahedral geometry with a cls-V set of nitrogen configurations , 
although considerable distortion is present despite the lead atom 
lone-pair seeming to be stereochemically inactive (see below); the two 
nitrate ions are found to be co-ordinated in an essentially monodentate 
manner confirming the interpretation of the I.R. spectrum (section 8.6). 
The crystal packing diagram (figure 6.5) 6hows that the isolated 
molecules of the complex do not interact and that crystal forces between 
the molecules must be mainly H...H contacts. A dihedral angle analysis 
is given in Table 6.2 and indicates the macrocycle to be relatively 
strain-free with angles close to 60° or 180° around all bonds except 
those in the C(8)-C(9)-C(10) six-membered chelate ring, which is somewhat 
strained.

The parameters of prime-interest in this structure were the metal- 

nitrogen bond lengths as it was hoped that these would show a marked 

difference between equatorial and axial donors consistent with the 

n.m.r. coupling constants. The lengths for axial (2.47(2),

2.58(2M) and equatorial (2.43tD»2.47(l)A) donors show slight lengthenin' 

on average of the axial bonds but the difference is minimal and does not 

mirror the clear difference in the n.m.r. spectrum. However, the axial 
N(2)-Pb-N(4) bond angle of 134.7(6)° illustrates an enormous distortion





Figure 6.

( 0 , 0 )

Crystal packing diagram for the complex 
[Pb( [ll*]aneN/+)](NOj)2 viewed along the
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Table 6.2.

***'

Dihedral angles within the macrocycle of [pb([li*]aneNJ
standard deviations in parentheses.

Atom 1 Atom 2 Atom 3 Atom it Angle/'
C (1) C (2) N (2) C (3) 167(3)
C (2) N (2) C (3) C (it) 78(it)
N (2) C (3) C (it) C (5) 56(5)
C (3) C (it) C (5) N (3) 63U)
C (it) C (5) N (3) C (6) 165(2)
C (5) N (3) C (6) C (7) 176(2)
N (3) C (6) C (7) N (it) 6it(3)
C (6) C (?) N (it) C (8) 37(2)
C (7) N (it) C (8) C (9) 86(3)
N (if) C (8) C (9) C(10) 10(1)
C (8) C (9) C(10) N (1) it8(it)
C (9) C(10) N (1) C (1) 6(3)
C(10) N (1) C (1) C (2) 178(2)
N (1) C (1) C (2) N (2) 60(3)

t :



from regular octahedral geometry while the equatorial N( 1 >-Pb-Nt %) 

angle of 63.3(l»)° is almost ideal. This distortion Is undoubtedly a 
consequence of the large Pb(II) ionic radius which prevents the 
macrocycle from spanning the axial octahedral sites effectively.
This then means that wheieas the equatorial nitrogen atoms a. e In a 
favourable orientation for co-ordination and may be expected to form 
relatively normal bonds to load (II), the axial donors are displaced

| Ifrom their most favourable positions for binding to the hybrid d-sp 
octahedral orbitals of the load atom. This would Imply that these 
latter Pb-N bonds must either bo weaker, which is not evident from the 
bond lengths, or involve a substantial rohybrIdination of the lend 
orbitals, which, if this meant considerably less s character or n 
smaller s overlap integral2 *̂* in tho new bonding hybrids, would be 
consistent with the coupling constant data.

It is therefore suggested that if the axial distortion In retained
in solution (bearing in mind the conductivity data which indicates IjMHO
to be co-ordinated in placo of nitrate ion), then the 'j,-_ 1 « values

^'Pb- ?N
can be assigned as 207.5Hz for equatorial nitrogen atoms (normal octuhedt 

hybrid bonds) and 19.6Hz for axial nitrogen atoms ^distorted

octahedral rehybridisation involving less a chuructor In the resulting 

bonds). This interpretation Implicitly nuggontn that tho 207.5Hz 

coupling constant can be regarded as 'normal' for load-nitrogen bonds. 

Only one previous, indirectly obtained (double rononunce) '.J lead- 

nitrogen coupling constant has been reported(for an orgunoammlno complex 

of the lead(IV) ion)2®**. Tho hybrldloution of the lend(IV) ion is likely 

to be different to that of lead(II) (no inert-pair effect) but the 

value obtained of +26lHz does suggest that the 207.5Hz value obtained 

here Is indeed normal. Furthermore the directly measured 1.1
207Pb-l^N
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value in the complex [Pb( C.D.T.A.)]2* (a better comparison as this 
complex contains lead(II)) has been measured and found to be 188.3Hz
again indicating that the value of 207.5Hz for the present complex may

207be regarded as normal. Also, comparing the reduced coupling constants 
for axial 1KpbN = 7.8 x 1020 N A ra-3 and equatorial 1KpbN = 8.2 x 1021
N A m--5 nitrogens with that for the Pb-C bond in Me^Pb, Kpb^ = A.O x 10
N A m-^ shows the equatorial value to be more normal.

The rationalisation of why lead(II) should adopt a els geometry
in preference to the trans-I geometry proposed for the mercury complex 
is difficult but, as with this latter structure, ionic radius is 
probably a decisive factor. It may well be, for example, that in order r 
for the very large lead(II) ion to have normal bond lengths to nitrogen 1 
the macrocycle must fold in the manner described - implying that a 
trans-t geometry is impossible because the lead(II) ion even with this 
raacrocycle conformation is incapaole of sitting at its optimum distance 
above the four nitrogen donors.

The Identification of a cis geometry for this complex is the first 
reported instance of such a geometry with a labile metal ion (only 
previous els geometries were with Cr(III), Co(III), Rh(III) see 
section 2). Thi6,together with the demonstration of the existence of 
the complex and the obtaining of the first directly observed 'Pb-'T.
coupling constants for lead(II) complexes total the findings of this 
section. It may also be pointed out that this reported crystal structure 
is only the second containing more than one lead(II)-nitrogen bond 
(Previous Pb-N = 2.1+l+A

SECTION CONCLUSIONS

The work reported in this chapter hopefully illustrates the



structural diversity, yet the high thermodynamic stability of complexes 
with the macrocycle M  aneN^. Apart from the previously reported 
complexes which all have either regular cis-V or trans-III geometries 
no other geometries had been characterised until this work. However, 
it has now been shown that as one moves to metal ions of ionic radius 
larger than the macrocycle cavity, stable complexes are still formed 
but with more unusual geometries. As one progresses in ionic radius, 
cadmium(II) (r = 0.97A^) is intermediate in size for accommodation
within the ring and hence produces folding to a trigonal-bipyramid;

*7mercury(II) (r = 1.06A' ) is now too large to be spanned by the macro
cycle and so adopts a square-pyramidal trans-I geometry; lead(II)
(r = 1.20A^) is now too large even to adopt a square-pyramidal structure 
and so folds to a cis-V geometry, the first instance of any labile metal 
ion forcing [l/*] aneN^ to a cis geometry.

In addition to this structural characterisation the measurement 

of metal-nitrogen coupling constants has given an insight to the

actual bonding of the macrocycles to the heavy metal ions. Many of the 

"'■J values and the shifts of the peaks are either unique or very rare 

and so all of the n.m.r. data is tabulated in Table 8.2. The rarity 

of the coupling constants for these metals is a reflection of

their high lability in complexes and so serves to illustrate how 

unusually inert the complexes of these metal ion6 with M  aneN^ are. 

Such Inertness coupled with the high thermodynamic stability of these 

complexes indicates that the tetra-amine macrocycles of this type 

have precisely the complexing strength desired in a chemotherapeutic 

chelating agent for the toxic heavy metal ions.

Two apparently contradictory conclusions may be deduced from the



structural work. Firstly it is clear that the i/+-membered ring is not 
really large enough to encompass the metal ion effectively and so any 
hopes of utilising the ring-size parameter for selective chelation 
purposes must rest with a bigger ring-size, 6ay [l6]aneN^, which would 
then be expected to preferentially surround the large toxic ions whilst 
leaving the smaller ions weakly or non-complexed. On the other hand, 
the five-co-ordinated trans-I geometry which has been proposed for the 
mercury(II) complex of [l/+] aneN^ is exactly the type of complex one is 
endeavouring to produce in any chelation therapy of the MeHg+ ion for 
reasons discussed in Chapter 2 section 5, and this geometry may also 
be ideal for the simple metal ions.

Other workers in these laboratories have recently begun an extensive 
study of the metal complexes of [l6] aneN^ and so the remainder of the 
current work will focus on the ligand NMe^-[l/*] aneN^ which i6 well 
known to form five-co-ordinate trans-I type complexes. In addition to 
the structural studies which would be hoped to endorse or parallel the 
work of this chapter, the relatively neglected kinetic properties of 
macrocycle complexes will also be studied.

SECTION 8. EXPERIMENTAL

1M*

For a detailed discussion of individual techniques see Chapter

INSTRUMENTATION

Routine n.m.r. spectra were recorded with a Perkin Elmer R12 

spectrometer, while variable temperature and *^C spectra were

recorded with a Bruker WH90 pulse fourler transform spectrometer. Natural
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abundance 1^N n.m.r. spectra were recorded with a wide-bore (2 5 m m )

Bruker WH180 p.f.t. spectrometer in conjunction with the P.C.M.U. Harwell 
Both f.t. instruments were equipped with standard Bruker temperature 
control units capable of holding selected temperatures steady to *0.5°C. 
The probe temperature was accurately established, for kinetic data, by 
using a calibrated Comark thermocouple. All chemical shifts are quoted 
in ppm on the delta,S( scale referenced to the standards quoted in text.

Exchange parameters for dynamic processes in n.m.r. spectra were 
established by complete lineshape analyses11*̂  of the spectra at several 
temperatures using either a Burroughs B6700 or Nicolet 1080 computer. 
Activation parameters were calculated using this data for a least-square 
fit to the Eyring equation ( ln(k/T) plotted versus 1/T) with the former 
computer, (see Chapter 6 section 3)

Infra-red spectra were recorded with a Perkin Elmer 457 spectrometei 
as nujol mulls. UV/visible spectra were recorded in solution using 
either a Cary 14 or a Unlearn SP800, and as powdered solids using the 
diffuse reflectance technique with the SP890 attachment to the latter 
spectrophotometer. Differential scanning calorimetry was performed 
using a Du Pont 900 Differential Thermal Analyser with the sample 
enclosed in a nitrogen atmosphere. (Courtaulds Ltd., Coventry). The pH 
of solutions during pH titrations was measured using a Radiometer 
PHM64 research pH meter calibrated with standard buffer solutions 
pH 4.00, 7.00 and 9.00. Conductivity measurements were performed with 
a Phillips PR9500 conductivity bridge.

Mass spectra were recorded with a V.Q. Micromass 12 spectrometer 
metal analyses were performed on a Varian AA6 atomic absorption
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spectrometer and elemental analyses were carried out by C.H.N. Ltd. 

CHEMICALS AND SOLVENTS

See Chapter 2 section 6.

SECTION 8.1. SYNTHESIS AND STUDY OF 1.4.8,11-tetraazacyclotetradecane. 
[lit] aneN^

Q Q
The macrocycle [14] aneN^ was prepared following published methods 

and the synthesis is illustrated in the scheme shown overleaf.

The free raacrocycle [14] aneN^, B, may be recrystallised from
chlorobenzene and sublimed to yield a crystalline white solid MPt. = 186
(reported1^  185-186°C). Reported pKa valuesti<? for the protonated base
are 10.76, 10.18, 3.54 and 2.67. The X-ray crystal structure of what
was believed to be a lithium complex*^^ but which turned out to be the
dihydroperchlorate of [14] ®neN^ shows the raacrocycle to be extensively
lntra as well as inter-molecularly hydrogen bonded with the four amine

207nitrogen atoms, in a tetrahedral endo type conformation . Infra-red 
spectral data for [l4]aneN^ tends to confirm this solid state structure
and suggests that the intermolecular H-bonds become dissociated in

20fidilute anhydrous aprotic media .

The « C n.m.r. spectra of the ligand in various solvents are 
reported in Table 8.1. whilst n.m.r. data is in Table 8.2. Mass 
spectrum showed no parent ion peak but peaks at m+/e = 140, 111, and 83«

148

SECTION 8 . 2 . cle-[Rh([ 1 4 ] aneN^) C l . ] c i

165

o

The complex was prepared following published methods 0.5g of



Figure 8.1.
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Schematic illustration of the synthesis of aneN^ 
overall yield = 31%.
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rhodium trichloride and 0.5g of [l^aneN^ were dissolved in 20cm5 of 
methanol and the red solution was refluxed for 5 minutes during which 
time it turned yellow and deposited a yellow precipitate. The precipitate 
was filtered and washed with ethanol and ether then recrystallised 
from water/HCl. The yellow crystalline material was dried under vacuum. 
Yield 0.26g (26%)

Electronic spectrum in H^O (SP800), X may/nm (£/dm5 mol '*'cra *), 
observed: 354 (226), 297 (310); reported165: 354 (223), 299 (308), 207 
(33,900).

13c n.m.r. data in D.,0 is reported in text and tabulated in Table
8.1.

SECTION 8.3. Ni([l4] aneN^ )2*

The perchlorate salt of this cation wa6 prepared following the 

method of Barefield £t al8^ illustrated in the scheme of section 8.1. 

on the previous page, A. The complex was analysed for nickel content; 

calcd: 12.88%. found: 12.86%. The bright orange crystalline solid is 

diamagnetic with a single absorption in its visible spectrum at 453(5)nm 

in the solid state (reported 460-480nm158) and at 445nm (6 = 65.6 dm5 

raol-1cm-1) in dry nitromethane solution.

A saturated solution of the vacuum dried complex in dry [2h ]j - 

nitromethane was dried over JA molecular sieves in a nitrogen dry box 

for 2 months. The.bright orange solution gave a 1H n.m.r. spectrum 

qualitatively similar to,but quantitatively far better resolved than 

that reported previously111. The assignment of the spectrum is based 

on the assignments of the analogous complex (Zn(NMe^-[l4]aneN^))2*
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discussed in Chapter 4 and on the results of homo-decoupling experiments 
Numbering scheme refers to protons as numbered in figure 3.1. Sppm,
(number in figure 3.1.): 1.27q (1 +2), 1.71d (3), 2.?9d (4), 2.78d (5), 
3.15d (6), 3.60broad s (7).

The I.R. spectrum of the vacuum dried solid as a nujol mull in 
Csl windows shows observed (reported®^’ ): O(NH) = 3208 (3220);
\3(C10^) = 1080, 610 cm"\ Also peaks at 532, 500 and 430 cm“*.

The ■'"H and n.m.r. data for the complex in water are reported
in text and the spectral data in nitromethane is included in Table
8 .1.

Solutions for the paramagnetic susceptibility measurements utilising 
the method of Evans were 0.033 mol dm”'' in complex and the ionic 
strength of the solution was made up to I = 0.1 with oven dried (110°C) 
NaClO^. The inert reference material chosen for this study was t-butanol, 
which was present at c a . 0.05 mol dm“^ in the bulk solution and was 
used £a. 0.5 mol dm”^ in the co-axial capillary. (For details of this 
technique see Chapter 6). Shift separations obtained were in the range 
3 - 15Hz and were measured * 0.05Hz, with temperatures held at*0.5°C 
by a Bruker temperature control unit and externally measured with a 
Comark thermocouple. Susceptibilities measured were corrected for 
diamagnetic effects using Pascal constants (see Chapter t  section 2).

Solutions for the parallel thermodynamic study using visible 

spectroscopy were 0.0148 mol dm”^ in complex, again 1 = 0.1 with dry 

NaClO^. Variable temperature spectra were run in the range 280 - 344K 
in the nitrogen flushed thermostated compartment of a Cary 14 spectrometer.

Temperatures were held * 0.05°c during the recording of spectra and were 
measured with an alcohol thermometer to * 0.05°C.
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The pH titration of the complex in aqueous solution was carried 

out on a 0.03^6 mol dm-^ solution of ionic strength I = 1.11 (dry KNO^).

The pH was adjusted with 5 mol dm-^ KOH and measured before and after 

the recording of the spectrum, the value used in the subsequent calculation 

(and shown in figure 3.*♦•) was the average of these two values. The cell 

compartment of the SP800 spectrometer was thermostated at 298.0 * 0.5°C. 
Spectral data are reported in text.

Solvento complexes of [Ni( [li+] aneN^)]2+ may be prepared by saturating 

very hot solutions (100°C) in acetonitrile, DMF and DMSO with the 

perchlorate salt. On cooling, well formed crystalline compounds precip

itate and may be filtered under dry nitrogen. Attempts to wash all 

three compounds with any solvent other than diethyl-ether results in 

the loss of co-ordinated solvent, with the complex reverting to the 

orange square-planar species. With acetonitrile even diethyl-ether will 

cause decomposition and a slow decomposition in dry nujol was observed 

for this latter complex. It is,therefore, apparent that obtaining pure 

dry samples of these complexes for analysis is extremely difficult, 

even pumping under mild vacuum being sufficient to remove co-ordinated 

solvent. This difficulty is reflected in the poor Ni, C, H, and N 

analyses for these three complexes - Table 8.3* overleaf.

Diffuse reflectance spectra of all three compounds were run on fresh 

powdered samples and were consistent with tetragonal trans-octahedral 

co-ordination and are tabulated in text.lTable 3.2.)

Differential scanning calorimetry was performed on fresh, powdered 

samples of the acetonitrile and DMSO solvento complexes under a stream 

of dry nitrogen (2 ft? hi“1 !). The sample was weighed before and after 
heating above the desolvatlon endotherm. For the acetonitrile complex
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Table 8.3.
Elemental analyses for solvento complexes o f [Ni( [l/+] aneN^ )] (CIO^ ) ^ , A.

Complex %Ni
req'd found

%C
req'd found req'd found

%N
req'd found

a (ch3c n )2 10.88 10.57 31.1 30.3 5-56 5.62 15.6 15.0
a (d ms o)2 9.57 8.32 27. 4 27.5 5.87 6.00 9.1 6.6
a (d mf)2 9.73 7.95 31.8 34.5 6.30 6.64 13.9 14.6

a 9.6mg sample lost 1.4mg corresponding to the dissociation of two solven 
molecules while a 9.6mg sample of the DMSO adduct lost 2.4mg again 
corresponding to the loss of two solvents from the complex. Heating 
differential was measured with respect to an empty sample pan and 
experimental conditions were: Heating rate = 20°C per minute and the 
thermal behaviour was plotted on a scale, T, of 20°C per inch and a 
sensitivity AT of O.OOSmv per inch. The area in square inches under 
any given peak in the plot can be related to the enthalpy in calories 
required to bring about the particular process responsible, AH, by 
the empirical equation:

A H m = Area under peak (in2 ) x E x T - x A T x K
---------------------------------------  x 2.51*
Weight of solvent lost x Heating rate

where K = 1.4 (constant) and E = 40 (also constant of recording).

This mass enthalpy A H b  can be converted to molar enthalpy simply 

by multiplying by the molecular weght of the solvent molecule. In the 

present case the molar enthalpy is the energy required to break two 

metal-solvent bonds and so the energy per solvent is half this value.

The I.R. spectra of the acetonitrile and DMSO complexes were

v * ¥ £ < £ » JH LSBL3*SI*
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recorded as nujol mulls, however, even in this medium the acetonitrile 
complex was found to partially decompose during the running of the 
spectrum. The spectra in Csl windows show:
Acetonitrile: o(NH) = 3260 cm-1, \)(C=N) = 2264 cm 1 ( compare with free 

acetonitrile at 2295 cm-1) 0(010^) = 1080, 618 cm"1.
DMSO : U(NH) = 3210 cm"1, O(CIO^) = 1050, 615 cm"1, O(DMSO) = 303

(C-S-C deformations), 336, 385 (C-S-0 antisymmetric and 
symmetric deformations ) ,  668, 700 (C-S stretch), 955 cm"1 
(S-0 stretch of 0 bound DMSO209).

SECTION 8.4. Cd( [14] aneN^ H N O .)-.

This complex may be prepared by mixing 0.6l7g of Cd(N0^)2*4H20 
with 0.4g of [l4]aneN^ in methanol. Evaporation of the methanol solvent 
leaves a fine white powder which may be recrystallised from nitromethane, 
washed with chloroform and ether and vacuum dried. Yield 0.81g (92%). 
Found: Cd, 25.0; C, 27.3; H, 5.52; N, 19.1%. cioH24Nb°6Cd re9uires:

Cd, 25.7; c, 27.5; h , 5.50; N, 19.2%.

Conductivity measurements of a U.002 mol dm"^ solution of the 
complex in dry DMSO at 18.4 * 0.2°C give a molar conductivity for the 
complex, shown in Table 8.4, which is consistent with a 2:1 electrolyte 
(cf. NaClO^ reference).

The I.R. spectrum as a nujol mull in Csl windows 6hows, O(NH) =3275. 
O(N03) = 1480-1240 (Uj.U^), 1020 (U2 ), 808 (Ofa), 742 (1)3 ), 720 ( o ^ )  c m ' 1 

consistent with monodentate nltrato co-ordination^-57j

The^C spectral data is given in text and is tabulated in Table 8.1.
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Natural abundance 1 N̂ n.ra.r. data is recorded in Table 8.2.

SECTION 8.5. [Hg( [14] aneN^ )] 2 * ION.

The perchlorate salt of this complex may be prepared by mixing 
hydrated mercury(II) perchlorate, excess, with 0.5g N  aneN^ in 
methanol (2cm^).A white precipitate crystallises from solution in 
30s and may be filtered and washed with ice-cold methanol, chloroform 
and ether. Recrystallisation from methanol yields 0.9g (60%) of the 
complex.

An identical procedure may be employed for the preparation of the 
chloride complex. 0.28g of A.R. HgCl2 are mixed with 0.2g [l/»]aneN^ 
in methanol (lcm^). Recrystallisation from methanol yields 0.32g 

(67%) of the complex.

Conductivity measurements of a 0.002 mol dm ^ solution of each 

complex in dry DMSO at 18.4 * 0.2°C give molar conductivities as 
shown in Table 8.4. The perchlorate salt i6 a 2:1, whereas the chloride 

is a 1:1 electrolyte. The I.R. spectrum of the chloro complex shows 

\XNH) = 3210, U(HgCl) = 260cm“1 .

The and1^  n.m.r. data for these complexes are discussed in

text and summarised in Tables 8.1. and 8.2. respectively.
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Table 8.4.

Conductivity data for complexes of [l4]aneN/(, L.

Compound 10^. Cone./ 
mol.dmT^

Solvent Molar conductivity 
_ .̂M/ohm~ m.2mol” .

NaClO. 1.688 DMSO 0.573
Cd(L)(N03)2 2.174 DMSO 0.219
Hg(L)(C10Jt)2 2.091 DMSO 0.229
Hg(L)Cl2 2.225 DMSO 0.536
Pb(L)(N03)2 1.953 DMSO 0.238

,.„-x ^  k s ^  .. • .
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SECTION 8.6. [Pb([iu]aneN^)](NO, K

The complex may only be prepared using very dry reagents. 0.662g
of powdered A.R. lead(II) nitrate were dissolved in dry DMSO, (5cm3).
0.4g of [14] aneN^ (which is insoluble in DMSO) was added to this 
solution and the slurry stirred for lhr. After this time, all of the 
macrocycle i6 found to be in solution, solubilised as its lead complex. 
The complex is extremely soluble in DMSO and may only be obtained 
as a solid by pumping down the solution to very high concentration 
followed by the addition of dry A.R. methanol. This addition precipitate 
the complex as a fine white powder. Yield 0.94g (88.5%).
Found: Pb, 39.3; C, 21.8; H, 4.37; N, 15.5%. ci0H24N6°6Pb requires

Pb, 39.0; C, 21.1; H, 4.52; N, 15.8%.

The molar conductivity of a 0.002 mol dm-3 solution in dry DMSO
at 18.4 * 0.2°C is given in Table 8.4. and is consistent with a 2;1
electrolyte. The I.R. spectrum (nujol mull) in Csl windows shows,
0(NH) = 3220, O(N03) = 1360 (0^), 1299 (Oj), 998 (02>, 795 (Og), 720

157(iVyO^) era « (consistent with monodentate nitrato co-ordination ''').
13C and 13N n.m.r. spectra are discussed in text and listed in Tables 
8.1. and 8.2. respectively.

Crystals of the complex suitable for X-ray diffraction were 
prepared by slow cooling of a saturated DMSO/methanol solution (1:1) 
to give small, clear laths of crystalline material.

CRYSTAL DATA.- P b C ^ H ^ N ^ , M = 531.2, monoclinic, a = 10.32b(2), 
b = 1 1 .14 5(3 ), ç = 14.832(4)X, f i = 96.19(2)°, U = 1697.0(7)X3,
T = 18(2)°C, Z = 4, Db  = 2.12(5)« cm-3, Dc = 2.08« cm-3, F(0,0,0) =

1024. Space group P2j/c, ^l(MoKg) = 100.61 cm“1.

t .  I . ■
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DATA COLLECTION.- A crystal of approximate dimensions 0.06 x 0.10 x 0. 25m 
bounded by (21l} (l20] was examined on a Syntex P2^ four-circle
automated diffractometer. The unit cell dimensions and their e.s.d.'s 
were obtained by a least squares fit to 15 strong reflections with 
MoK^ graphite monochroraatised radiation ( X  = 0.70926a ). Systematic 
absences, h,0,^ for ^ = 2n+l and 0,k,0 for k = 2h+l, indicate the space 
group P2^/c. Intensity data in the range 3i20g55° were collected by the 
0-26 scan technique and three check reflections were monitored every 
100 measurements. 1909 reflections with I>3«0<rl were recorded and 
corrected for absorption (see Chapter 6) to give transmission factors 
in the range 0.397 - 0.60/f.

STRUCTURE SOLUTION AND REFINEMENT.- The structure was solved by the 
heavy atom method using a three-dimensional Patterson synthesis to 
locate the position of the lead atom. All remaining non-hydrogenic 
atoms were located in subsequent electron density maps and all atoms 
were refined by minimising the function£ ( |Fq| —|Fc| )2. Refinement by 
the least-squares method with all atoms anisotropic gave an R value 
of 0.0^9. Weighting scheme 8 of the X-ray system was applied to the 
data following a weighting analysis, (see Chapter tf)

Scattering factors and anomalous dispersion factors from reference 

158 were used, and all computing was performed with a Burroughs Bb700 
computer using the XRAY76 programs (Chapter 4) Final atomic co-ordinates 
and temperature factors are.given in Table 8.5. while bond-lengths and 

angles for the complex are listed in Table 8.6a and b respectively. 

Structure factors may be consulted as supplementary data to the app

ropriate publication.
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Atomic

Atom
Pb
N(1 ) 
N(2) 
N(3) 
N(4) C(l)
C (2) 
C(3) 
C(4) 
C(5) 
C(b) 
C(7) 
C(8) 
C(9) C(10)
N(5)
0 ( 1 )
0 ( 2 )
0(3)
N(6)
0(4)
0(5)
0(b)

T a b l e  8 .  \

co-ordinates (xlO^) with standard deviations in
for [pb([l/t]aneNit)](N03)2.

X
22b3( 1) 
2013(14) 
4452(16) 
2822(14) 
163(15) 
3114(42) 
4378(33) 
5432(41) 
5236(35) 
4048(22) 
1655125) 
475(32) 
9187(34) 
9601(33) 
704(35) 
7b39(19) 8649(27) 
6590(32) 
7690(35) 
2938(15) 
3707(21) 
2016(24) 
3080(3 0)

Y
4051( 1) 
3867(11) 
4048(17) 
189b(10) 
2822(18) 
4482(30) 
3901(37) 
3316(43) 
202b(46) 
1578(17) 
1207(14) 
1535(31) 
3367(43) 3470(1x2) 
4370(24) 
2155(15) 1512(21) 
1731(29) 
3173(18) 
1178(13) 841(28) 
1805(21) 
931(26)

parentheses

Z
669( 1) 
2275( 8) 
1532(13) 
809( 9) 
74K12) 
2759(24) 
2506(24) 
115K38) 
1014( 28 ) 
453(13) 
415(15) 
901(23) 
1273(30) 
2258(29) 
2529(20) 
¿♦013(12) 
3998(17) 
3703(24) 
4293(21) 
3510(10) 
4118(14) 
>687(17) 
2708(12)

For Temperature Faetors see appendix
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Table 8.6a.

Bond lengths in A with standard deviations in parentheses for

[Pb([l4] aneN^)](N0^)2>

Bond Length/A Bond o
Length/A

Pb-N(l) 2.432(13) N(4)-C(8) 1.476(46)
Pb-N(2) 2.474(16) N(5)-0(l) 1.268(33)
Pb-N(3) 2.474(11) N(5)-0(2) 1.225(37)
Pb-N(4) 2.577(17) N(5)-0(3) 1.207(28)
Pb-O(l) 2.958(24) N(6)-0(4) 1.195(26)
Pb-0(4) 2.877(22) N(6)-0(5) 1.232(29)
fKl)-C(l) 1.450(40) N(6)-0(6) 1.254(25)
N(l)-C(10) 1.548(39) C(l)-C(2) 1.539(55)
N(2)-C(2) 1.463(41) C(3)-C(4) 1.463(69)
N(2)-C(3) 1.461(52) C(4)-C(5) 1.493(43)
N(3)-C(5) 1.469(27) C(6)-C(7) 1.526(43)
N(3)-C(6) 1.494(26) C(8)-C(9) 1.482(60)
N(4)-C(?) 1.484(59) C(9)-C(10) 1.538(51)

Bond angles in

Table 8.6b.

degrees with standard deviations in parentheses.

Angle 0 Angle 0

N(1)-Pb-N(2) 71.4(6) N(3)-Pb-0(1) 164.1(6)
N(l)-Pb-N(3) 83.3(4) N(3)-Pb-0(4) 88.3(7)
N(l)-Pb-N(4) 74.7(5) N(4)-Pb-0(1) 101.6(7)
N(l)-Pb-0(1) 81.2(6) N(4)-Pb-0(4) 124.5(6)
N(l)-Pb-0(4) 154.9(5) 0(l)-Pb-0(4) 107.2(8)
N(2)-Pb-N(3) 76.3(5) C(1)-N(l)-Pb 107(2)
N(2)-Pb-N(4) 134.7(6) C(10)-N(1)-Pb 113(1)
N(2)-Pb-0(1) 101.8(7) c(i)-Nd)-cdo) 112(2)
N(2)-Pb-0(4) 83.7(6) C(2)-N(2)-Pb 112(2)
N(3)-Pb-N(4) 70.7(5) C(3)-N(2)-Pb 116(2)
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oAnr.le -
C(2)-N(2)-C(3) 116(3)
C(5)-N(3)-Pb 114(1)
C(6)-N(3)-Pb 107(1)
C(5)-N(3)-C(6) 115(1)
C(7)-N(4)-Pb 111(1)
C(8)-N(4)-Pb 115(2)
C(7)-N(4)-C(8) 117(3)
0(l)-N(5)-0(2) 118(2)
0(l)-N(5)-0(3) 122(3)
0(2)-N(5)~0(3) 120(3)
0(4)-N(6)-0(5) 119(2)
0(4)-N(6)-0(6) 121(2)
0(5)-N(6)-0(6) 120(2)

Anr.le -
N(5)-0(1)-Pb 104(2)
N(6)-0(4)-Pb 103(1)
N(1)-C(l)-C(2) 109(3)
C(l)-C(2)-N(2) 109(3)
N(2)-C(3)-C(4) 121(4)
C(3)-C(4)-C(5) 120(3)
C(4)-C(5)-N(3) 114(2)
N(3)-C(6)-C(7) 110(2)
C(6)-C(7)-N(4) 109(2)
N(4)-C(8)-C(9) 115(3)
C(8)-C(9)-C(10) 116(3)
C(9)-C(10)-N(l) 110(2)
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SECTION 1^ INTRODUCTION.

The work discussed so far has indicated that quadridentate 
saturated amine macrocycles form very inert complexes with the toxic 
heavy metal ions. In addition to this important feature, however, the 
heavy metal ion complexes of aneN^ are found to adopt rather 
unusual geometries because of the ionic size restrictions imposed by 
the macrocycle cavity. One of these geometries with a trans-I set 
of nitrogen configurations, has already been pointed out to be potentially 
useful from a chemotherapeutic viewpoint and an extended investigation 
of this stereochemistry would seem desirable, both in its own right 
and as an additional confirmation of the structural assignments in 
Chapter 3.

Such an investigation is made possible by the macrocycle NMe^- N  

anet\» the N-tetrametnylated analogue of [li*]aneN^, which was first 
prepared in 1973 by Barefield and Wagner*^ who methylated [li*] aneN^ 
by standard organic means (section 8.1.) The free ligand has been found 
to complex with several transition metals (Fe(II)2^ ,  Co(II)^^,
Ni( II)2^  »212^ Zn(II)^'*'®) and in all cases forms either

square-planar or (in the presence of other monodentate ligands) five- 

co-ordinate complexes. The formation of five-co-ordinate complexes was 

a strong indication that the macrocycle had adopted a trans-1 

conformation wherein the folding of the alkyl backbone effectively 

blocks the sixth co-ordination site. The first explicit description 

of this trans-I geometry was made by Barefield who prepared complexes 

of nickel(II), copper(II) and zinc(II), proving them to be five-co- 

ordinate with electronic spectral, magnetic and conductivity data^i0.

The trans-I stereochemistry in a square-pyramidal complex was deduced 
for these compounds on the basis of the n.m.r. spectrum of the



zinc(II) chloro complex (section 2) Such a ligand conformation was
apparently confirmed by a crystal structure analysis of the nickel(II)

21 3azido complex wherein the macrocycle has a perfect trans-I geometry 
in the ideally square-pyramidal complex. Although the trans-I macrocycle 
configuration has never been questioned thereafter, Kaden has disputed 
the interpretation of the structure as square-pyramidal, favouring
instead the assignment of a trigonal-bipyramidal geometry based on

212electronic spectroscopic evidence .(see section 2).

The production of the trans-I macrocycle conformation is assumed 
to be the result of kinetic control of the complex formation reaction 
mechanism. This implies that with all classes of quadridentate, 
1/t-merabered macrocycles the initially formed complex has a trans-I 
macrocycle conformation which then undergoes donor atom inversions to 
give the thermodynamically more stable trans-III geometry. In the case 
of the tertiary amine donors of NMe^- N  aneN^ the second inversion 
step is Impossible since the necessary intermediate amido nitrogen 
cannot be formed and so the complex is trapped with its trans-I five- 
co-ordinate structure^^’ .

Evidence that the penta-co-ordinated trans-I geometry is indeed 
the kinetically and not the thermodynamically determined product 
is provided by experiments devised to produce the most thermodynamically 
stable complex. Deprotonation of the co-ordinated amines of the complex 
[Ni( [l/fj aneN^)](010^)2 in DMSO followed by méthylation with methyl 
iodide is expected to produce the thermodynamic product2*^. In this 
case a complex with a trans-III set of nitrogen configurations «as 
produced proving this to be the thermodynamically favoured isomer.

The labilities of the two isomers of the nickel(II) complex are



markedly different, the trans-I complex being destroyed in dilute acid 
in minutes212 whereas the trans-ill complex is very inert to hot cone, 
acids and even to hot aqueous cyanide21 .̂ This difference is ascribed 
to the differing accessibilities of the nickel ion in each complex. In
the trans-I geometry the metal ion sits above the macrocycle plane and

210so is easily stripped from it , the trans-III geometry on the other 
hand has the metal ion rigidly in the macrocycle plane and so much 
less available to competing ligands.

Apart fromthis essentially structural work with NMe^- M  aneN^ 
complexes, Hertli and Kaden have studied the formation and dissociation 
kinetics of the trans-I five-co-ordinate complexes of Ni(II), Cu(II),
Col II ) and Zn(II) and in all cases have found the stability constant 
of the complex formed to be less than that of the equivalent complex

pi f.with a linear tetraamine,trien . The kinetics of the fifth monodentate
ligand for these complexes has been relatively ignored and only one
solvent exchange study, of the cobalt(II) aquo complex, has been 

17reported. The 0 n.m.r. paramagnetic line-broadening data was found 
to indicate a relatively slow water exchange rate for cobalt(II)

217together with a negative entropy of activation . This unusual result 
was not satisfactorily explained and so it is felt that the ligand 
exchange kinetics of such unusual five-co-ordinate complexes is of 
inherent interest as well as being of possible relevance to the present 
underlying theme of heavy metal ion co-ordination, since the kinetics 
may well be markedly influenced by the structural aspects of the 
complex itself.

This brief summary of the co-ordination chemistry of NMe^- M  aneN^
indicates that its ability to, apparently always, form five-co-ordinate 
trans-I type geometries is exactly the behaviour required for the present



study. Together with the groundwork carried out on N  aneN*»’ the 
exploration of its structural co-ordination chemistry would be expected 
to yield information relevant to the current work. In addition, the 
ability of this macrocycle to stabilise unusual co-ordination geometries 
makes it of inherent interest in its own right, and worthy of more 
detailed investigation especially in relation to the trigonal-bipyramid/ 
6quare-pyramid controversy discussed above. The solvent exchange kinetic: 
of the penta-co-ordinate complexes have also proven unusual and so the 
exploration of such properties, apart from being of fundamental interest, 
is also potentially useful for the interpretation of structure.

These considerations have lead to the following investigation of 
the structure and kinetics of metal-NMe, - [l/*] aneN. complexes.

SECTION COMPLEXES WITH ZINC(II).

As was pointed out above (section 1) zinc(II) complexes of 
NMe^-[ll*} aneN^ were first prepared in 1973^^ and thought to be five- 
co-ordinate in both the solid phase and in nitromethane solution. *H 
n.m.r. data for the chloro complex in [̂ II] ̂ -nitromethane indicated that 
all four N-methyl groups of the macrocycle were magnetically equivalent. 
This permitted the assignment of a structure with all four methyl 
groups on the same side of a plane defined by the four nitrogen atoms 
(trans-1. figure 2.1a) and effectively excluded the possibility of any. 
non-planar arrangement of the four nitrogen atoms, as this would 
necessarily cause inequivalence of the N-methyl groups and hence 
splitting of their *H n.m.r. resonance. The structure was assigned as 
square-pyramidal.

Later, however, a trigonal-bipyramidal geometry was postulated2*2
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for the analogous nickel(II) complexes, based on electronic spectra 
of these and related species. Weight was added to this view by the 
known trigonal-bipyramidal X-ray crystal structure of a similar copper(II 
complex with Me^-[it*] aneN^ in the trans-I conformation19**. In an attempt 
to assign unambiguously the stereochemistry of these complexes, an
X-ray structural analysis of [NKNMe^-[li*] aneN^N^] (CIO^ ) was completed

213showing perfect square-pyramidal geometry .

Although this appeared to define the structure of these complexes 
completely there was still a lingering doubt over the electronic spectral 
data, so, in order to completely resolve thi6 situation and to extend 
the present study, a detailed study of the zinc(II) system is now 
reported.

Solution Structure,- A variable temperature 1H n.m.r. study in the 
temperature range 323-223K (freezing point of the[^h]^-nitromethane 
solutions) of the complexes [zn(NMe^-[l/j] aneN^)x}(C10^) where X = Cl, Br, 
I, shows no splitting or broadening of the N-methyl resonance which
remains a sharp singlet. This behaviour is identical to that observed

210previously for the chloro-complex , apparently Indicating the absence 
of any dynamic process involving folding of the macrocycle away from 
planarity; this therefore implies square-pyramidal co-ordination of 
the zinc atom (figure 2.1a). The complex with X= NCS, however, doe6 
show slight broadening and eventually an ill-resolved splitting of 
the 1H n.m.r. N-raethyl resonance at 233K with a separation of m 3Hz .
(at 90MHz.)

A proton-decoupled 1^C n.m.r. study of the same solutions reveals 
the presence of a dynamic process much more clearly as illustrated in
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V.T. n.ra.r. spectra of [Zn(NMe/(-[lit] aneN^)l]
in [2h] -nitromethane.



figure 2.2. At 323K the i ^ C spectra of all of the complexes consist of 
the expected four sharp lines, with an assignment based on integrals 
and proton coupled spectra (see section 3) as shown in figure 2.2.
On cooling to 303K, however, each of the resonances due to carbon atoms 
b, c, and d in the figure begin to broaden, and on further cooling 
eventually split into two sharp lines of equal intensity (population). 
This same behaviour is observed for all of the complexes studied

Cl, Br, I, NCS, CIO.) and in Table 2.1. are listed the J C shifts
of all the resonances for each complex at the low temperature limit

Table 2.1
X^C n.m.r. chemical shifts ( S/ppm relative to internal dioxan 67.26ppm) 
at 233K for the cations [zn(NMe^

figure 2.2.)
(for assignments seeaneN

The observed dynamic process is best understood by considering the 
behaviour of the N-methyl resonance, c , over the temperature range 
studied. At 233K this resonance splits into two peaks of equal intensity 
Indicating that the four methyl groups form two magnetically distinct 
pairs . The integral of each of these two peaks is the same as that 
of resonance a, which is known to arise from two carbon atoms. This,
together with the absence of any indication of a splitting for resonance

Anion X a b c d
CIO, 21./* 63.7, 58.8 46.3 , 42.5 57.3, 56.5
Cl 21.6 6/*.2, 57.7 4 6.5, 44.0 57.7, 55.7
Br 21.6 64.5, 57.7 47.0, 45.2 57.5, 55.6
I 21.5 64.7, 57.2 47.8, 47.2 57.7, 55.4
NCS 21.6 63.4, 58.0 46.2, 42.9 57.7, 55.9
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a, strongly Implies that the macrocycle dynamic behaviour arises from 
an intra- and not an inter-molecular process. There are four possible 
intramolecular structural processes which would cause equal splitting 
of the N-methyl resonance at the limit of slow exchange:
i) If the complex were square-pyramidal in solution with structure shown 

in figure 2.1b then the N-methyl groups would form two distinct 
pairs in the slow exchange limit, and on accelerating the rate of 
exchange of ligand X these pairs would become equivalent. This 
explanation is, however, readily discounted because such a slow 
exchange process is unlikely for zinc(II), and the structure observed 
in the limit of slow exchange would undoubtedly cause splitting 
of resonance a into two peaks of equal area. Also, one can see no 
reason why such a structure should be five-co-ordinate, since ligand 
X must necessarily co-ordinate with equal ease on both sides of the 
raacrocycle plane. Finally structure 2.1b has never been observed
for complexes of NMe^- N  aneN^ prepared in this way, crystal struc-

215tures of the nickel(II) azido ' and zinc(II) chloro (vide infra) 
complexes shoeing structure 2.1a, and there are no low energy 
processes by which 2.1a and 2.1b can interconvert, 

ii) Other explanations of the observed splitting are possible if the 
macrocycle is non-planar. Two such structures are shown in figure 
2.1c and 2.Id; both have the complex effectively trigonal-bipyramidal 
with X equatorial. It is evident that structure 2.1c will give two 
pairs of non-equivalent N-methyl groups as required. However, to 
interconvert these pairs, and hence explain their observed 
equivalence in the 303K 1^C n.m.r. spectra, one must envisage a 
process such as that schematically illustrated in figure 2.3A. This 
macrocycle geometry is seen to be a distorted version of a cis-V 
octahedral structure, the set of nitrogen configurations being the 
same as that observed for the cls-complex JCo( [l/*] aneN^)en] Cl^??



discussed in Chapter 3 section 2. As such this dynamic process is 
identical to that postulated for the lead(II) complex of [l/|]aneN/ 
(Chapter 3 section 6) where the metal ion must pass through the 
macrocycle cavity in the exchange reaction.

However, no cis-type complexes of NMe^- M  aneN(( have yet been 
prepared, probably because of the kinetic control of the complex 
stereochemistry discussed in section 1. This kinetically determined 
set of nitrogen configurations is inconsistent with a cis-macrocycle 
geometry, Also, since the crystals obtained from these solutions 
contain the macrocycle with the trans-I set of nitrogen configurations 
(vide in fra ). it is difficult to see why simple solution in a non- 
co-ordinating solvent should promote such drastic and complete 
conversion to a structure where alternate methyl groups are above 
and below the macrocycle plane (cis-V). Such a conversion would 
require a minimum of two nitrogen inversions for which there.is no 
available low-energy process.
A far more likely trigonal-bipyramidal geometry is illustrated in 
figure 2.Id; whereas structure 2.1c could be regarded as a distorted 
cis-complex. this structure is best thought of as a distorted square- 
pyramid. It is clear that structure 2.Id has a macrocycle conformation 
consistent with the slow-exchange (233K) n.m.r. spectrum (figure 
2.2) the two axial N-methyl groups being magnetically distinct from 
the two equatorial groups. The exchange process required to inter
convert these N-methyl groups and so make them equivalent in the 
fast-exchanging n.m.r. limit is schematically illustrated in figure 
2.3B. The plausibility of this scheme is immediately evident, it 
oeing able to explain the observed facile dynamic process in that
a) no bond cleavage is necessary,
b) relatively small bond rotations about the central metal are needed





c) the proposed transition state is identical to the observed crystal 
structures of this type of complex (vide infra),

iv) A fourth possible interpretation of the n.m.r. data assumes that
the complex has a square-pyramidal structure identical to that found 
in the crystal structure, (figure 2./*). It is clear in figure 2.Z* 
that the conformation of the five-membered chelate rings is such that 
the carbon atoms C(l) and C(7) form a magnetically equivalent pair, 
distinct from the pair C(2) and C(6). This conformational difference 
within the five membered rings may therefore explain the observed, 
low temperature splitting of the resonance d (figure 2.2.)
attributed to them, and therefore lead ,to the associated splitting 
of the other resonances b and c. upon elevation of the temperature 
it is reasonable to expect that conformational 'flipping' in the five 
membered Cnelate rings will be accelerated to the point where it be
comes sufficiently rapid to average the magnetic environments of all 
four carbon atoras, C(l), C(2), C(6), C(7). This will cause the collapsi 
of the resonance d doublet to a singlet and also remove the associated 
splittings of resonances b and £ in the high temperature limit. This 
interpretation is, therefore, consistent with the reported data and 
has the additional attraction, over explanation (iii) above, that 
it requires no modification of the solid-state structure upon solution 
in nitromethane and that similar dynamic phenomena have recently
been observed in very low temperature n.m.r. spectra of chelate 

P I ftcomplexes .

This explanation, however, though plausible has several 
inconsistencies which indicate it to be less likely than explanation
(iii) above. Perhaps the greatest of these concerns other work 
carried out with the square-planar, diamagnetic complex 
[Ni(NMe^-[l/,] aneN^)] (CIO^)^ reported in section 5. This four-co



ordinate nickel(II) complex shows no dynamic behaviour in its 1 
n.m.r. spectra down to 233K but, when the analogous chloro complex 
[NiiNMe^-Jl/*] aneN^ )Cl] (CLC^ ) is examined, the n.m.r. spectrum shows 
the dynami c behaviour to be restored. This strongly indicates that 
the dynamic process depends directly on the presence of a fifth ligand 
in the metal co-ordination sphere. Closer consideration of the 
crystal structure of the complex in fig. 2.¿* also indicates that 
carbon atoms C(9) and C(i*) are inequivalent when the five-membered 
chelate rings have the frozen conformation shown and so the 
resonance a due to these atoms in the n.m.r. spectrum should be 
split in the slow-exchange limit. The absence of splitting or indeed 
of any detectable broadening (witness figure 2.2) of this resonance 
also implies that the dynamic process is not simply a function of the 
macrocyclic framework conformations which are therefore predicted 
to be interconverting in solution too rapidly to be detectable in the 
temperature range employed here.

It is therefore proposed that the solution structures of complexes
of the type [zn(NMe^-[li*] aneN^)x](CIO^) are rapidly interconverting
trigonal bipyramids (figure 2.3B). This berry pseudo-rotation mechanism
is essentially identical to that found for the trigonal-bipvramidal 

219PF^ molecule . The activation parameters of the dynamic process were 
obtained by a full lineshape analysis*^ of the n.m.r. resonances 
b, £ and d (figure 2.2) for the complex where X ± [fJCs] and of resonance 
£ where X = Cl. The analysis, over the temperature range 233-293K, 
gives the results shown in Table 2.2. overleaf.

The two complexes have comparable activation parameters, the small 
differences may be explained in terms of the greater size of the chlorine
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T a b l e  2 . 2 .

Activation parameters at 298K (standard deviations in parentheses) for 
the n.ra.r. exchange process in solutions of [zn(NMe, -[h ] aneN )x] +.

X Resonances
fitted

ÛH*/kJ mol-1 AS*/J K-1mol_1

NCS b ¿*5.7(2.5) -15(10) 3.6
NCS £ i , 9 .5(1.8) -10(10) i*.l
NCS d **6.2(2.6) -H(10) 3.8
Cl £ 59.3(3.2) 15(12) 2.9

atom compared to the thiocyanate N atom (the l.R. spectrum shows the
-1 220 C-S stretching frequency at 80/*cm , indicative of N-bound thiocyanate

as compared to S-bound thiocyanate which has a C-S stretch around 700cm-^)
which will therefore tend to disfavour the exchange transition state
(figure 2.3b) because of greater steric interactions of the chlorine
with the N-methyl groups (see below).

Crystal Structure.- In order to investigate the [zn(NMe^- [1/4] aneN^)x] 
(CIO^) systpm fully, a crystal structure of the complex where X = Cl 
was undertaken for comparison with the proposed solution structure 
(see section 8.2 for crystal data etc.). The complex has an almost 
perfect square-pyramidal geometry (figure 2.1*) with the four nitrogen 
atoms, N(l)-N(i+), of the macrocycle forming the basal plane (* 0.1A) 
above which the zinc atom is centrally displaced by 0.57A. A chlorine 
atom, Cl(l), is apically co-prdlnated to complete the structure at a

P P l •normal Zn-Cl distance of 2.265(^)A. In this structure the macrocycle

has the trans-I set of nitrogen configurations previously observed in
213the nickel(II) azido complex . A comparison of these two structures

Indicates further close similarities. In both, the macrocycle has an 
identical conformation, even to the twisting of the six- and five-

M l i - ♦ J f
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F l e u r e  2 . U,

C(10)

Molecular structure of the [zniNMe^-fl/,]aneN)Cl] +
cation.
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Table 2.3.

Dihedral angles in degrees with standard deviations in parentheses
for [zn(NMe^-[l/,]aneN/t)C]](C10i() .

Atom 1 Atom 2 Atom 3 Atom ¿4 Angle/
C(l) C( 2) N(21 C(3) 167(1)
C (2) N(2) C(3) C(/+) H0(2)
N(2) C(3) CU) C( 5) 58(1)
C(3) C(4) c(5) N(3) 177(2)
C(it) C( 5) N(3) C(6) 107(2)
C(5) N(3) C(fa) C(7) 162(1)
N(3) C(6) C(7) N(4) 85(1)
C(6) C(7) N U ) C(8 j 121(2)
C(7) N(A) C(8) c(9) 60(1)
K(4) C(8) C(9) C(10) 71(2)
C(8) C(9) C(10) N(l) 72(1)
C(9) C(10) m (i ; C(l) 178U)
C(10) N(l) C(l) C(2) 77(1)
N(l) C(l) C(2) N(2) 61(1)
C(ll) N(l) C(10) C(9) 6/t(l)
C(ll) N(l) C(l) C( 2) 166(1)
C(22) N(2) C( 2) C(l) 76(1)
C(22J N(2) C(3) C(lf) 102(1)
C(33) N(3) C(5) c.U) 12(1)
C(33) N(3) C(6) C(7) 83(1)
c (i+lf) N</*) C(7) C(6) 169(1)

C(Mi) N(if) C(8) C(9) 6i*(l)
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membered chelate rings. Also, in both, the metal ion is found to move
out of the macrocyclic plane towards the apical ligand, by 0.57 A for

0zinc compared to 0.33A for nickel. This increase with zinc is consistent
with its larger ionic radius and is reflected in the metal-nitrogen
distances Zn-N 2.20(1)Â, Ni-N ?.10(1)S. Most of the bond angles and
distances within the macrocycle of both complexes have normal values
although small deviations, probably due to strain, are present in the

ofive-mombered chelate rings; for example, C(1)-C(2),1.¿*5A and C(6)-C(7), 
o1.36A are both slightly shorter than expected, as are the corresponding 

distances in the nickel structure. The dihedral angles (Table 2.3.) are 
also indicative of this strain in the five-mombered chelate rings, 
especially that containing C(6)-C(?). The crystal packing diagram 
(figure 2.5) shows that the isolated cations are flanked by non-co- 
ordinated perchlorate anions; the crystal forces between the ions must 
be mainly electrostatic. This solid-phase structure is seen to be 
inconsistent with that proposed in solution.

Comparison and Rationalisation of Structures.- The solution and 
solid phase structures (figures 2.Id and 2.1a respectively) of these 
complexes can be seen to be two modifications of the same basic 
macrocyclic conformation. In both structures the nitrogen atoms have the 
same configuration (trans-I) so that one could reasonably expect inter
conversion between them to be a relatively low-energy process.

Looking first at the solution structure (2.Id) it can be seen that 
co-ordination of the anion X has forced the raacrocycle to fold, pushing 
back two of its nitrogen atoms to form a trigonal-bipyramidal complex.
The structure has the advantage that it lessens any sterlc conflict 
between the anion X and the four N-methyl groups as these two are removed 
out of plane. Molecular models confirm that this arrangement does indeed





reduce steric contact over that of a square-pyramidal geometry. This 
not only explains the solution structure but also the slight dependence 
on X of the A h * values for the exchange process (Table 2.2).

In the crystal structure, it was expected that the same structure 
as that in solution would be present. However, as is often the case, 
simple steric arguements must be tempered with a consideration of the 
effects of crystal packing forces, where the relatively close approach 
of other anions and cations may easily modify a structure (e.g. Ni(CN)^^ 
can be found as both a square-pyramid and a trigonal-bipyramid in the 
same crystal, the geometry depending on the immediate environment of 
the ion222). Also, the absence of any solvent in the crystal means that 
one is comparing an unsolvated ion with the solvated solution form. The 
barrier to interconversiun between the structures 2.Id and 2.1a is low, 
as Indicated byAH*, and the small energy difference between the 
structures has been interchanged such that the square-pyramidal form 
is now the most stable in the crystal. The strain evident in the five- 
membered chelate rings of the crystal structure (Table 2.3), does 
indicate, however, that this geometry is not ideal from the point of view 
of the macrocycle conformation. It is to be noted that the crystal 
structure is, in fact, an almost perfect transition state for the 
observed solution dynamics (figure 2.3B). The trans N-Zn-N angles of 15*»° 
and 1^9° of the square-pyramidal crystal structure are exactly inter
mediate between the required ideal trigonal-bipyramidal angles of 180° 
and 120°.

It is concluded therefore that the solution and crystallographic 
structures of the [zniNMe^-Ju*] aneN^)x](CIO^) system are trigonal- 
bipyramidal (figure 2.Id) and square-pyramidal (figure 2.1a) respectively 
but that conversion between them is a relatively low-energy process as
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confirmed by the estimate of A h* of the interconversion in solution.
In a sense this vindicates the apparently diverse findings of previous 
workers^^’̂ ^2’2^ .  The present results show the importance of ^ C  n.m.r. 
data in studies of this type, the greater chemical shift scale available 
ln1^C compared to 1H n.m.r. studies may, as in this case, reveal 
structural information which may easily be missed in any ''"H n.m.r. 
spectra.

It is reassuring to note that this present zinc study has revealed 
the plausibility of macrocyclic folding whilst in a trans-I configuration, 
exactly as was concluded for the cadmium(II)- M  aneN^ complex in Ch. 3- 
The generality of these results of this section were explored further 
with other metal ions and the results are now discussed below.

SECTION ¿. COMPLEXES WITH CADMIUM(II) AND MERCURY(II).

No previous report of complexes of NMe^- M  aneN^ with ions other 
than of first row transition metals and silver(II) has been published 
(section 1). As part of the present work two new complexes, with 
Cd(II) and Hg(II), have been prepared. The complexes with Cd(N0^)2 and 
HgCl2 may be prepared as described in section 8 and are both white 
crystalline complexes soluble in nitromethane.

Both complexes give ^"H-decoupled variable temperature ^ C  n.m.r. 
spectra which are qualitatively identical to those obtained for the 
five-co-ordinate zinc(II) complexes above. The cadmium complex spectra 
are shown in figure 3.1 and, as with the zinc complexes, the spectra 
show a dynamicsplitting of three of the room temperature resonances 
at low temperatures (233K). Identical behaviour is observed with the 
mercury(II) chloro complex and the shifts of all resonances at the slow-



F i g u r e  3.1

.T. 15C n.ra.r. spectra of Cd(NMe^- N  aneN^ ) 
(N0^)2 in[2h]^-nitromethane.

d
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exchange limit in [2n]^-nitroraethane for both complexes are listed 
in Table 5.1. These values may be compared with those given for the zinc 
complexes in Table 2.1. and the magnitudes of the splittings in each 
case are seen to be comparable.

Tanle 3.1.
n.m.r. shifts (S/ppra ref. dioxan 67.26ppm) at 233K for complexes of 

NMe - M  aneN,, L. (for assignment see fig. 3.1)

Complex a b c d
Cd(L)(N0,)2 22.30 63.08 39.53 /*5.3/* ¿*3.26 57.0/* 56.83
Hg(L)Clp 22.98 65-85 60.26 /*6.18 ¿*3.15 57.57 56.52

The assignment of the resonances given in figure 3.1 is based on
the fully ^H-coupled spectrum of the cadmium complex at 303K. This
spectrum shows resonances a, b, c and d to have . coupling

1:>C- H
constants of 12/*, 132, 137 and 138Hz respectively and with reference to
model cycloalkane compounds allows the assignments shown.

■■■■PR
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The solution structures of these cadmium(II) and mercury(II) 
complexes are interpreted as being identical to those of the zinc(II) 
complexes discussed in section 2, i.e. rapidly interconverting trigonal- 
bipyramids with the fifth co-ordination site being occupied by[N0j 
or solvent for the cadmium complex and a single chloride for the mercury 
complex. A complete lineshape analysis of the cadmium complex 
dynamic process in two different solvents gives the activation 
parameters in Table 3.2. A similar study for the mercury complex has 
not been attempted due to the much poorer solubility and consequently 
poor signal to noise ratio for this compound in nitromethane.



*Activation Parameters at 
the exchange process in

Table 3»2.
298K (standard deviations in parentheses) for 
solutions of [cd(NMe^-[l4]aneN^)NOj]NO^

Solvent 
(Deuterated)

All*/kJ mol-1 As*/J K-1mol-1 k /S_1ex

nitromethane 48.2(2.6) -14(10) 9.1 xlO5
1:1,acetone/ 52.0(3.6) 3(13) 6.8 xlO3

chloroform

•from rate data in the temperature range 243 - 283K.

The activation parameters are seen to be very similar to those 
obtained for the zinclll) complexes in Table 2.2 and this adds support 
to the interpretation of similar structures.

The conclusion of trigonal-bipyramidal stereochemistry for the 
cadmium complex is especially significant since this geometry was 
deduced for one of the species present in the ^3C n.m.r. spectrum of 
[cd( [1 /4] aneN^)] (NO. >2 In Chapter 3» section 4. In that case, however, 
the activation parameters for the dynamic process were A h *= 8.8(1.3)kJ mol, 
As*= -1?0(15)J K^mol-^. The much higher value of AH*for the present 
complex indicates that the folding process is energetically more 
difficult, and this is undoubtedly a manifestation of the steric 
requirements imposed by the N-methyl groups. These groups will disfavour 
the exchange transition state since in it they will be forced to approach 
each other and the fifth ligand more closely, so raising the enthalpic 
barrier to this motion relative to the unmethylated macrocycle complex 
with M  aneN^. Similarly the entropy differences are also a consequence
of the N-methyl groups. When no such groups are present the large, 
negative activation entropy indicates Increased solvation of the square-
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pyramidal transition state (probably in the sixth octahedral site) 
whereas when the N-methyl groups are present their interaction with the 
fifth ligand in the transition state will tend to push the cadmium atom 
further out of plane in an attempt to reduce these steric contacts. If 
this happens then the macrocycle backbone continues to block the sixth 
octahedral site, preventing any increased solvation in the transition 
state and producing a very small entropy change as observed.

it is clear from this work that trigonal-bipyramidal solution 
stereochemistry would appear to be the norm for complexes of 
NMe^-[14] aneN^, however such a geometry is not found for the complexes 
of lead(II).

SECTION COMPLEX WITH LEAD(II).

Just as the cadmium and mercury complexes, above, are new complexes 
of NMe^-[14] aneN^ with a second and third row transition element, the 
complex with lead(II) is the first with a non-transition metal to be report 
ed. xhe white crystalline complex may only be prepared in dry DMSO, 
in exact analogy to the preparation of the complex with [14] aneN^, 
by mixing PbiNO^^ with the macrocycle in equimolar proportions. The 
complex may only be obtained as a solid by pumping down a concentrated 
DMSO solution. The complex is very soluble in [2h] fa-DMS0/[2H]^-methanol, 
4:1, and ^H-decoupled *^C n.m.r. spectra were recorded in this medium.

Such a variable temperature n.m.r. study is shown in figure 4.1.
At 330K the spectrum shows Just four lines as expected for the trans-I 
geometry (6 = 56.99, 55.61, 42.79, 23.60ppm ref dioxan 67.26ppm; 
relative integrals 2:2:2:1.) However upon cooling the solution (the





10?;. methanol being present to allow low temperature accumulations) all 
four resonances begin to broaden and eventually split into an unequal 
doublet at 260K. Such behaviour is in contrast to that observed in all 
previous complexes reported above where equal splitting for only three 
of the resonances occurred. The eight resonances may be divided into 
two sets of four,each with an approximate 2:2:2:1 integral ratio.
These two sets are designated F and B and are labelled as such in 
figure ¿4.1 . (6p = 53»89, 52.70, ¿42.83, 2/4.29ppm; 6g = 59.68, 57.7 k ,  

¿42.7 5, 22^0ppra; ref dioxan 67.26ppra.). Comparison of the shifts of 
species F with those of free macrocycle in the same solvent shows them 
to be identical, and addition of excess NMe^- M  aneN^ to the solution., 
increases the integral of the peaks labelled F. These results prove that 
the resonances labelled F in figure ¿4.1 are from uncomplexed macro
cycle and therefore that the dynamic process being observed must be 
macrocycle exchange.

The presence of free, F, and bound, B, macrocycle in a solution 
of [pbiNHe^-[h ] aneN^)](N0^)? means that the stability constant of the 
complex is very low in this solvent and may be estimated directly 
from the integrals to be 1.31 at 260K. A complete lineshape analysis 
of the macrocycle exchange process yields activation parameters (298K), 
AH*= 38.5(0.7) kJ mol“1, As*= -70(3) J K^mol"1, k0x = 2 ^ 0 s-1(for rate 
data in the temperature range 260-300K). The negative entropy of 
activation is indicative of greater ordering in the transition state 
and since, with this type of complex, the process being observed is 
dissociation rather than formation, this implies that there is Increased 
solvation of the dissociative transition state. This is a reasonable 
conclusion since any unwinding of the macrocycle from the metal ion 
must lead to increased solvation of both the lead(II) ion and the 
partially unwound macrocycle.
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This complex is the only one studied in which the macrocycle exchange 
process is measurably fast, complexes of zinc(II), cadmium(II) and

It is clear that the present lead complex is unusual but its low stability 
and rapid macrocycle exchange may be explained by reference to the

The latter complex was found to be unique as the only instance of 
a cls-V macrocycle geometry for a labile metal ion, and this fact is 
neatly explained in terms of the very large ionic radius of lead(II)

ation of the four nitrogen donors so enforcing cis-stereochemistry 
upon the lZt-membered ring. It is,therefore, understandable that in the

forced to adopt a cis-V geometry. However, as has already been pointed

inconsistent with a cis-V geometry and there is no available route for 
inverting these configurations. The raacrocycle must therefore adopt 
a most unfavourable geometry for this very large ion and, as a consequence 
of this, the complex formed is comparatively very unstable towards 
dissociation.

It is also interesting to note that the resonances B of the 
complexed ligand, figure i*.l, do not split further down to 233K, 
indicating that the complex is not folding to a trigonal-bipyramid as 
is found for all of the other d1C* metal ions above. This retention of 
the square-pyramidal geometry is again presumably due to the steric 
requirements of the large lead(II) ion.

mercury(II) with NMe/(-[l/|] aneN^, and all of the metal ions studied
with showing no macrocycle exchange on the n.m.r. timescale

structure of the lead(II)-[l/t] aneN^ complex (Chapter 3. section 6)

(r = 1.2lX6). This ion is too big to allow any kind of planar co-ordin-

case of the complex NMe^- M aneN^, the same ring size will again be

out, the nitrogen configurations of co-ordinated NMe^-[li*] aneN^ are

This study completes the work with the heavy metal ions and the
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remainder of the results in this chapter will concentrate on the study 
of the trans-I and trans-III isomers of the nickel(II)-NMe^- M  aneN^ 
complex.

SECTION %  STRUCTURAL STUDIES OF THE COMPLEXES '.VITH NTCKEL(II).

The availability of two distinct, non-interconvertible isomers 
of the complex [Ni(NMe^ - [l^] aneN^)] (CIO^ )2 make this compound an ideal 
model for all of the previous work. The two isomers contain trans-I 
and trans-III forms of the macrocycle (figure 5.1.) and, as much of the 
work discussed in this thesis has been related to the structural 
relationships between these two isomers in a dynamic sense, it would 
seem logical to characterise them separately for the same metal ion.
This will help to evaluate exactly how the macrocycle stereochemistry 
is capable of modifying both the structural and kinetic properties of 
a given metal ion. In this section the essentially structural aspects 
of the two isomers will be compared and in the following section 
their kinetic properties will be examined in greater detail. Firstly, 
however, the properties of both complexes are summarised below.

Nickel(II) complexes of NMe^-[1 /4] aneN^ were first prepared 
by Barefid.d et al.210'22^ who established that the square-planar complexe 
could exist as two distinct non-interconvertible isomers. The complex 
prepared by adding hydrated nickel(II) perchlorate to the macrocycle 
has the same trans-I stereochemistry as all of the complexes discussed 
previously in thi6 chapter. This has been pointed out to be a kinetically 
determined structure which has no available route whereby it can 
undergo inversion of two of its nitrogen atoms to produce the thermod
ynamically more favourable trans-III geometry. The trans-III complex 
may only be prepared by direct methylation of the nickel(II) complex
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of the parent macrocycle M  aneN^^. Complexes with the trans-I 
stereochemistry have already been seen to have a very marked propensity 
towards penta-co-ordination and, although crystallographic evidence 
suggests a square-pyramidal geometry for such complexes, n.m.r. data 
indicates trigonal-bipyramidal stereochemistry to be probaDle in solution. 
The trans-III isomer on the other hand would be expected to ligate on 
axis to produce octahedral complexes since both sides of the macrocycle 
plane are equally accessible.

As expected both isomers dissolve in D20 to give solutions which 
are partially paramagnetic, and so the 1^C n.m.r. spectrum of each 
complex was recorded in dry [̂ h]^-nitromethane (trans-I,£= 56.41, 53.61, 
39.7*4, 20.54ppm; trans-III. &= 59.82, 58.26, 45.91, 22.12ppra; ref dioxan 
67.26ppm; intensity ratio 2:2:2:1.) The trans-I isomer appears to show 
no splitting of any of the four resonances on cooling to 240K, while 
the very limited solubility of the trans-III isomer prevents the 
acquisition of n.m.r. spectra below 300K. The 1 ^ C shifts of all 
four resonances of the trans-I isomer are seen to be shifted upfield 
which suggests that the whole macrocycle in this isomer is subject to 
a steric compression shift'*'^. This is not unreasonable in view of the 
fact that the trans-I isomer is not the most thermodynamically stable 
geometry of the ligand and would therefore rearrange to the trans-III 
form, if thi6 were possible, in order to lessen these steric contacts.

Visible spectra of each isomer in dry nitromethane display only 
a single absorption maximum (\,axn«»,( € dm^mol^cm-1) = 519(185) for 
trpn^-I and 492(83) for trans-III). In this non-co-ordinating solvent 
these maxima correspond to the 3A2g-*— * 4 ^  transition of simple square- 
planar nickel(II) species although the tranB-I isomer has a comparatively 
large extinction coefficient. This may well be due to the removal of
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strict square-planar symmetry by movement of the nickel atom out of the
nitrogen donor plane. The greater in-plane ligand-field strength of the
macrocycle in the trans-III isomer is evident from the greater energy
of its ^A„— 1A. transition. Again this difference is probably the result 2g lg
of the movement of the nickel atom out of plane in the trans-I isomer 
where it will not experience the full constricting effect of the 
nitrogen donors. In water,both isomers have visible spectra which appear 
to be mixtures of square-planar and solvated species. Such behaviour 
exactly mirrors that observed for the nickel( II)-[ll*] aneN^ complex 
discussed in Chapter 3» but in these instances the percentage of the 
solvated species is found to be much greater. The trans-I isomer displays 
three bands at X^^^nmCCdm^mol'^cm”* Cary li*)= 654(32),510(70),391(112), 
in the visible region of the spectrum and these may be assigned to the 
square planar species, 510nra, and a five-co-ordinate species, 65it,391nm.
(High extinction coefficients for these latter bands are indicative of

186five-co-ordination ). The trans-III isomer has absorption bands at 
¿*94(27), and 367(10)nm and.these may be assigned to a square-planar and 
an octahedral species respectively.

Adding increments of dry rtaClO^ to these solutions converted their 
spectra to those of the pure square-planar species (see Chapter 3, section 
3 for details) and allowed the extraction of limiting extinction coeffic
ients for these species in water (trans-I. ^ 5  dm^mol-^ca
trans-III. 72 dm^mol_1cm- )̂. Variable temperature visible spectra----------
(SP800) for both isomers are illustrated in figures 5«2 ttrans-I) and 
5.3 (trans-III) and,using the values of extinction coefficients for the 
pure square-planar species derived above, the percentages of square- 
planar diamagnetic and solvated paramagnetic species could oe determined. 
Prom these values the equilibrium constant for the equilibrium:

[N iCNM e^-IliJaneN^* ♦ xH^O [Ni(NMe^- [lit] aneN^ (OH2) J  2 *
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could be established and the temperature variation of In K for botheq
isomers at I = 0.2 is plotted in figure 5.1*. Thermodynamic data,AH 
and As°> derived from these plots are recorded in Table 5«1» This 
data, as with that for [Ni( [l/*] aneN^ )]2+ in Chapter 3, does not allow 
for any significant overlap of the square-planar absorbance band 
with any of the solvate bands which may introduce small errors in the 
value of K .As an additional check on this equilibrium data, therefore,

■I Q Oit was also derived using the Evans method for the determination 
of the percentages of paramagnetic species by n.m.r. This technique 
was described in Chapter 3» section 3 and in the present case solutions
in DpO were of ionic strength 0.2 (NaClO^) and the effective magnetic

210moments of the two isomers were assumed to be 3»3/5-M. for trans-I , 
and 3«3£.M. for trans-III2^ .  Plots of In Keq vs ^/T are given in 
figure 5.4 and are found to be in excellent agreement with the 
equivalent plots from the visible spectroscopic study. Thermodynamic 
parameters derived from all sources are included in Table 5«1 as is 
the data for [Ni( [lit] aneN^)] as a comparison (N.B. 1=0.1 for this 
complex).

The data in Table 5.1 (overleaf) clearly shows that both A H 0 and 

As0 increase in the order trans-III. NMej< trans-III <  trans-I. NMe^, 

and these series may oe explained using a modification of the 

arguments expounded in Chapter 3.

The enthalpic trend is interpreted in terms of the ionic radius

of nickelCII) where the conversion from high to low spin states is

associated with a reduction of the optimum M-N bond length (2.07A— ►
*1891.91A 7). Such a change is easily accommodated by the trans-I structure

where the nlckel(II) ion is not constrained in the plane of the four
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Table 5.1.
Thermodynamic data for the diamagnetic to paramagnetic conversion of 
nickel(II) complexes with tetraaza macrocycles (at 298K and I=0.2(NaC10.)

Macrocycle Isoraor Method Used -An°/kJ mol-^ -As°/J K-1mol-1
[14] aneN^ trans-III Vis. spectra 24.0(1.5) 91(8)
[14] aneN^ trans-III Evans 24.1(1.0) 96(10)

NMe^- J14] aneN¿ trans-III Vis. spectra 43.8(1.6) 146(10)
NMe( - Jl/iJ aneli. trans-III Evans 44.4(2.0) 140(10)
NMe^- |l4j anefî trans-I Vis. spectra 12.2(1.b) 1+1(9)
NMe^- £U|J aneN^ trans-I Evans 10.7(2.0) 36(10)

nitrogen donors. The trans-III geometry, on the other hand, must have 
the nickel ion in the macrocyclic plane and so rearrangement of the 
metal-nitrogen bonds is opposed by the cyclic nature of the ligand.
The tetramethylated ring would be expected to oppose this change more 
markedly then the unsubstituted ring because of the extra enthalpy 
required to rearrange the additional methyl groups.

The trend in the entropy may be explained as reflecting the steric 
repulsions between the alkyl portions of the macrocycle and the co
ordinated water molecule(6). The trans-I isomer has one very open face 
which readily accepts a water molecule, however the trans-III isomers 
have both faces partially sterically blocked by the alkyl backbone of 
the six-membered chelate rings. In addition the methyl groups increase 
this steric crowding further such that the NMe^- macrocycle has the 
greatest steric repulsion and therefore the smallest entropy.

The accuracy of the thermodynamic parameters in Table 5.1. may be





quite nicely demonstrated by consideration of the variable temperature
n.ra.r. spectra of the trans-I isomer. The temperature dependence

of the shifts of the resonances in these spectra are plotted in figure
5.5 and display pronounced curvature, ouch curvature is in contrast to
the straight-line dependence predicted by the Curie law (see Chapter 3»
section 3) and is a consequence of the changing concentration of
paramagnetic species in solution. One would expect that correction of
the shift to that of a 100% paramagnetic solution by taking into
account the equilibrium constant K (assuming fast solvent-exchange)eq
would straighten out the curvature in these plots. Such a correction
has been applied in figure 5.5 and gratifyingly shows straight line
Curie dependence of the corrected shifts, with the additional
confirmation that all such plots pass through the origin as required
by the Curie law. This indicates that the values derived for K byeq
previous methods are consistent.

Spectrophotometrlc pH titrations of both isomers in water were 
carried out (SP800) to compare the values of the formation constants 
of the hydroxy species for each isomer and to correlate these with
th e value for [Ni( [14] aneN. )] obtained in Chapter 3 (pK=13.67+0.15).

The titration for the trans-I isomer is shown in figure 5.6 

(1=1.04 (KNO^), T=298.0±0.5K), and displays excellent isosbestic points 

at 397, 461 and 630nm, indicating that the titration is a simple one 

step process. The green product of the titration has peaks at 

?^B ( €  dm^mol 1cm”'*') = 419(127), 700(57) which indicate that it is the

expected mono-hydroxy five-co-ordinated species (because of high €  values 

Estimation of the pK v a l u e ^ ®  at analytical wavelengths 510nm and 

420nm (16 determinations) produces the value, pK = 10.82 * 0.17.

186
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The equivalent titration for the trans-III isomer is shown in 
figure 5.7 (I=1.06(KN0^), T=298.0±0.5K) with isosbestic points at h'yZ 
and 551nm again indicating a single step titration. The bright, deep 
green product of the reaction with base has peaks at Xnm( €. dm^mol ^cm 
= 398(152), 6z+3(6l) which (surprisingly) suggest that this product is

190a five-co-ordinate monohydroxy species. The pK value may be estimated 
at analytical wavelengths 398, 1*90 and 6^3nm and all (1 5 ) determinations 
give the same value, pK = 11.9^*0.07.

rhe ability of the trans-III isomer to co-ordinate a single ligand 
to become five-co-ordinate in a square-pyramid has been noted previously 
with Cl” and [cn]- but in both cases addition of excess ligand 
produces octahedral species ieventual decomposition with [cn] ). With 
hydroxide ion, however, the five-co-ordinate complex appears to be 
stable in the presence of excess base. Reasons as to why this trans-III 
isomer will form five-co-ordinate species are tentative but it would 
appear to be reasonable to assume that co-ordination of one strong 
ligand to the nickel ion may well pull it out of the plane of the four 
amine donors. Thereafter, co-ordinationof a second ligand in a position 
trans to the first will be more difficult because the nickel ion must 
be pulled back into the macrocycle plane by this ligand which must 
approach through a sterically crowded (by the macrocycle backbone) area.

The pK values of the two isomers reflect their different
accessibilities to the hydroxide ion, and their different in-plane
ligand-field strengths. This latter factor would appear to be most
Important in determining the pK value since if one includes
[Ni( [l/*] aneN^)] 2+ in the series then the pK values lie in the order
trans-T NMe, < trans-III NMe. <  trans-III and the in-plane ligand-field ----- -----
strengths (as reflected in the A max of the square-planar species) of





the complexes lie in precisely the same order. This is reasonable 
since it has been found that for Ni(IX) the larger the in-plane 
ligand-field strength of the macrocycie the weaker the axial field
strength

One question which has not been answered by the data reported 
above is whether the trans-I isomer exists in solution as a square
pyramid as suggested by crystallographic evidence'1'1''' or whether it is 
the same as the trans-I complexes of Znill), Cd(II) and Hg(II) discussed
above, which adopt trigonal-bipyramidal stereochemistry. Previous 
support for the latter conclusion comes from an aqueous e.s.r. study 
of a nlckel(III) complex with an unsaturated 1/f-membered tetraaza 
macrocycle22i|. These workers found evidence for non-planarity of the 
macrocycle in H.,0 following pulse-radiolysis of the nickel(II) complex 
Direct n.m.r. evidence for the folding of the macrocycle to a trigonal
bipyraraid is difficult to obtain because of the inherent paramagnetism
of the five-co-ordinate complexes, but a paramagnetic H n.m.r. study 
of the trans-I [NKNMe^- [l/f] aneN^JCl] CIO^ complex in [2H]^-nitromethane 
was attempted.

Spectra at high temperatures (370 - 3^010 display six of the 
expected seven resonances for the protons of the macrocycle and their 
shifts show perfect Curie law temperature dependence ( SflĈ /T) (see 
figure 5.8, solid lines). However, cooling below 340K causes all but 
two of these resonances to broaden out completely down to 300K whence
at least nine new resonances are detectable within the sweep range

of the spectrometer (¿tOOppm.)• These new resonances, together with the

two maintained from the higher temperatures, are present down to the 

freezing point of the solvent (220K) and all have linear Curie law
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dependence of their shifts (figure 5.8 dashed lines).

The linearity of the plots in figure 5.8 indicates that no spin- 
state equilibrium is present in this system and the apparent splitting 
of four of the high temperature resonances on cooling suggests the 
presence of a dynamic process. The fact that two of the resonances 
are present throughout the temperature range, showing no broadening 
or tendency to split, allows their assignment as the two protons of 
the methylene group in the centre of the three-carbon backbone. Their 
relatively small contact shift is consistent with this interpretation, 
their being furthest from the paramagnetic ion.

It is attractive to interpret these results in terms of a 
trigonal-bipyramidal folding of the macrocycle in this nickel(II) 
complex exactly as was found for the zinc(II), cadraiumlll) and 
mercury(II) complexes discussed previously. However, although such an 
interpretation is consistent with the observed data where all resonances, 
save those from the central methylene of the six-membered chelate 
rings, split, there is an alternative explanation which cannot be 
discounted with the current data. This is that the observed splitting 
is caused by freezing out the rapid conformational changes in the 
five-merabered chelate rings of the square-pyramid isee section 2). 
Although such dynamic behaviour is not normally frozen out until very 
low temperatures, the enormous shift range produced by the paramagnetism 
in thi6 complex may move the observable dynamic process into the 
temperature range covered here. Such behaviour has been noted 
previously for some paramagnetic nickel(II) complexes^“̂

As noted above, conclusive distinction between the two explanations 
is not possiule with the present data. However, the data does require

d e> jraatfk&JLf



that any conformational process of the five-membered chelate rings 
may be synchronous between the rings, maintaining a two-fold symmetry 
relationship through the nickel atom in order that the resonances 
from the central methylene of the six-membered rings are not split.
Such a requirement is inconsistent with the crystal structures of both 
nickel(II) azido21  ̂and zinc(II) chloro (above) square-pyramidal 
complexes which show the two five-membered chelate rings to be 
related by mirror symmetry which would cause splitting of these 
resonances. This conformational interpretation therefore requires 
complete conversion from the crystal structure upon dissolution in 
nitromethane with no possibility of the molecule adopting its 
crystalline structure in solution.

This latter point would tend to favour the trigonal-bipyramidal 
interpretation of the structure of the trans-I isomer in solution 
and further indirect evidence for this conclusion comes from the kinetic 
study reported below. An estimate of the activation parameters for 
the dynamic process in the 1H spectra may crudely be made using the 
resonances to lowest field (250 - ifOOppm.) which are assumed to be 
all the components of the exchanging system, i.e. high temperature 
resonance split to two at low temperature. Measurement of the line- 
widths of the two resonances in the low temperature region (250-270K) 

using the paramagnetic slow-exchange approximation for the rate data 
(see section 6 and Chapter 6) and taking into account the paramagnetic 
shifting with temperature, allows the calculation of approximate 
activation parameters (298K) A h * = lf0(10)kjmol_1 and As* = -20(20)JK-1moI

Even with such crude data the activation parameters are seen to 

be very similar to those derived for both zinc and cadmium complexes



(above), which would tend to support further the tentative conclusion 
that the trans-I five-co-ordinate nickel(II) complexes of this 
macrocycle may indeed fold to a trigonal-bipyramid in solution.

SECTION 6. SOLVENT EXCHANGE KINETICS OF NICKEL(II) COMPLEXES

It is apparent that the two nickel(II) isomers, trans-I and
trans-ill, (figures 6.1c and 6.Id respectively) afford an opportunity
to study the much-neglected area of solvent exchange kinetics of 
macrocyclic complexes. Such kinetic properties, as related to structural
factors, would be expected to be relevant to the overall chemistry of
these complexes and may add to the information available for the
complexes with heavy metal ions discussed throughout this thesis

In their own right, however, the two isomers provide the opportunity
to compare the ligand substitution kinetics of five- and six-co-ordinate
species, a topic which has been the subject of much interest in recent 
years^k*^''7, and to compare the enthalpies of activation with the

magnitude less than that observed for the

an investigation into the rates of acetonitrile exchange with the two 

nickel(II) complexes (figures 6.1a and 6.1b) to examine the effect 

of changing the conformation of the macrocyclic ligand upon the rates 

of acetonitrile exchange.

Acetonitrile was chosen as the solvent for this study because it

it**
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is ideal for n.m.r. line-broadening experiments, and because it was 
found that solutions of the two square-planar isomers,figures 6.1c and 
6.Id, are completely converted to the respective five and six-co- 
ordinate complexes in this solvent alone; UV/visible studies showed the 
absence of any residual four-co-ordinate species in acetonitrile 
whereas in all other donor solvents (see section 5) such as pyridine 
water and DMSO, the square-planar complex was still present. n.m.r.
proved to be the best technique for these studies since the nitrile 
carbon resonance is broadened by the paramagnetic nickel(II) ion much 
more than the and resonances of the acetonitrile methyl group, 
the co-ordinated nitrile group being much closer to the nickel ion and, 
therefore, experiencing a greater contact shift ( 6 of contact shifted 
resonances is proportional to 1/R^ where R is the distance of the proton

p pQfrom the paramagnetic centre °) Linewidths are quite large for the 
nitrile resonance and so the extent of the paramagnetic line-broadening 
may be estimated with considerably greater accuracy.

The visible spectra of isomers 6.1c and 6.Id in acetonitrile are 
reported in Table 6.1. The extinction coefficients of isomer 6.Id are 
typical of the expected octahedral co-ordination of nickel(II) and are, 
therefore, consistent with mlcroanalytical data (section 8) for the solid 
complex. Axial solvation to produce structure 6.1b is the most logical 
interpretation of this data. The trans-I isomer 6.1c has extinction

1 Q £
coefficients consistent with high-spin five-co-ordinate nickel(II) 

although the visible spectrum does not allow distinction between 

square-pyramidal and trlgonal-bipyramidal (6.1e and 6.1a respectively) 

geometries. The n.m.r. evidence for the chloro complex discussed in 

section 5 and identical behaviour for the present acetonitrile complex 

(splitting of resonances at low temperature) would suggest that
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structure 6.1a, a trigonal bipyramid, is more likely.The spectra of 
both isomers indicate no residual square-planar species in acetonitrile, 
implying complete conversion to the high-spin species 6.1a and 6.1b in 
this solvent. This unique ability of acetonitrile to promote complete 
co-ordination is probably a result of its linear, 'rod-like' structure 
which allows it to penetrate to the sterically crowded co-ordination 
sites of the square-planar complex much more effectively than any 
other donor solvent.

Table 6.1.
Visible Spectra of [ni(NMe^-[l4] aneN^)] (CIO^^ complexes in nitroaethane 
and acetonitrile solutions.
Complex Geometry Solvent Colour A/nm(£/dm^mol-^cm-^)
trans-I,6.1a or CH^CN Blue ôbs. 11*80(9) ,981( 5)»790sh( 9), 

610(1*0) ,386(128)
210

ref. 1480(9),981(3),790(7), 
610(34),390(118)

6.le

trans-I,6.1c c h3no2 Purple obs. 519(185) 
210

ref. 519(184)
trans-III,6.1b CHjCN Lilac obs. 950sh(2.7),830(3.8), 

540(5.9),340(14)
trans-111.6.Id c h3no2 Red obs. 492(83)

N.m.r. Line-Broadening Studies. - The solvent n.m.r. line-broadening 

caused by a paramagnetic ion may be expressed as:
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of the solvent and reference resonances in the presence of the 
paramagnetic ion, and PM is the mole ratio of bound to free solvent 
(related to molality). The function (T2ppM)-1 ls dependent on the 
solvent-exchange lifetime (TM), the transverse relaxation time of the 
co-ordinated solvent nucleus lTgM) and the difference in chemical shift 
between the free nucleus and that co-ordinated to the paramagnetic 
centre ( * v -  These quantities are related by a set of well-established 
equations22*̂ which may be simplified in several limiting regions. Of 
these regions, that most useful for the determination of kinetic 
exchange data is where the rate of solvent exchange is not too great, 
(specifically either AUM2 »  V t 2^ , 1/ * ^  or 1/t |m so

that relationship (2) holds:

1/T p /r (2)/l2P rM/xM

Under these conditions, the temperature dependence of the linewidth 
related quantity T2pPM-1 should be that of a reaction rate constant, 
since T. “1 is the solvent first-order exchange rate, ie:

1/r„ » kr. •asV,! ,-4H*/BT C3>
M X

This very brief introduction to the theory of paramagnetic solvent 
exchange is expanded upon in many excellent discussions in the literature 
(refs. 229, 230, 231) and only the results from the technique will be 
discussed in detail.

The results of the linewidth measurements for 6.1a and 6.1b are 

shown in figure 6.2. The quantity log(T2pPM )_1 i 8 plotted versus 

l/(absolute temperature) since this linearises all regions having an 

Arrhenius temperature dependence (equations 2 and 3). The various linear
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232portions of the plot may be qualitatively described as follows :
Region I - this slow-exchange region is that corresponding to the

approximate equation (2) and as such is the region of major 
kinetic importance. The linewidth increases rapidly as the 
temperature is raised because of the increasing exchange 
rate. Just as in the diamagnetic exchange situation the 
linewidth increases to a maximum until coalescence of the 
free and bound acetonitrile resonances occurs.

Region II- once this coalescence has occurred the linewidth begins to 
sharpen as the exchange rate becomes larger.

Clearly region I represents a direct Arrhenius plot of the exchange 
rate data (equation 2) and as such least-squares fitting of this region 
produces the activation parameters shown in Table 6.2. Kor the trans-III 
complex 6.1b, region I covers a sufficiently wide temperature range 
(30°C) to allow a reasonable degree of confidence in the parameters 
obtained, whereas for the trans-I complex, 6.1a, this region is limited 
to a range of only 12° due to the solvent freezing as the temperature 
is reduced. In order to infcrease the range of the Arrhenius plot for 
complex 6.1a the study was extended to include region II, making use 
of an approximate form of the linewidth equation appropriate to this 
region, equation (>4):

/T2PPM = V*S 2M where % ^ o b s . ^ M

It is clear that if the condition iujj holds then the

term in 1/T2M can be neglected and a combination of the shift and line- 

width data allows an estimate of to be made in this temperature 

region . The shift data for the two complexes are plotted in

T
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229-232figure 6.3 and follow precisely the behaviour predicted by theory 
This behaviour may be verbally summarised thus:- at low temperatures 
where the solvent exchange rate is negligible the observed shift of the 
nitrile resonance is essentially that of free acetonitrile. As the 
exchange rate is accelerated the observed shift begins to move more 
towards that of the bound acetonitrile which, although a small proportion 
of the total acetonitrile, may be assumed to be enormously contact 
shifted downfield. At coalescence the observed shift is at the weighted 
average (P„) of the free and bound shifts. This position corresponds to 
the maximum of both plots in figure 6.3 and the temperature of these 
maxima should be, and are, the same as the maxima in the linewidth plots 
of figure 6.2. After coalescence the observed shift remains at the " 
weighted average of free and bound acetonitrile shifts, and, since 
the bound shift follows a Curie law temperature dependence, so does 
the weighted averaged shift.

Using the shift data from figure 6.3 and the approximation of e q . l t  

the temperature range studied for complex 6.1a was extended to 70° and 
the data 6ets for both regions I and II gives values of A h * in good 
agreement (Table 6.2), although As* is found to become more negative 
in data taken from region II. This discrepancy in As* may be due to the 
nature of the approximations inherent in equation (i*) which would be 
expected to lead to larger systematic errors in the absolute values of 
t"1 (oeAS*), but not so large in their relative values (ocA h*). It 
must also be noted that All* values quoted in Table 6.2. contain no 
correction for any contribution of second and further removed spheres 
of the complex ion to the exchange activation energy (sufficiently 
low temperatures to make this correction feasible were prohibited by 
solvent freezing). Thip contribution has been the subject of a certain
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degree of controversy, earlier workers2^  on [tJi(CH^CN)^J2 have suggested 
that the increasing linewidth at very low temperatures, after the inner- 
sphere solvent exchange rate has been frozen out, is due to the very 
rapid exchange of second,, ndn-co-ordinated,solvents in the outer sphere 
of the complex ion with bull; solvent. This ’outer-sphere’contribution 
to the activation energy was found to bo of the order of 6kJ mol  ̂ for 
nickel(II). However, when an internal reference is used for the natural 
linewidth there would seem to be no reason why the reference molecules 
should not enter the 'outer-sphere* as well as solvent, and so experience 
the same broadening, if this is true then this should internally 
compensate for any second co-ordination sphere effect, but leaves the 
problem of determining what is, in fact, causing the observed linewidth

,234 have attempted toincrease at very low temperatures. Richards e_t al 
explain this phenomenon by the extraordinary interpretation (from their 
detailed study of the [Ni(CH^CN)g]2+ system) that the six co-ordinated 
acetonitrile molecules may be divided xnto two distinct groups. Four 
solvents in-plane and the remaining two trans solvents are postulated 
as exchanging with bulk solvents at very different rates, the four 
in-plane being slower and responsible for the previously observed 
linewidth profile whereas the two axial solvents exchange very much 
faster. It is the beginnings of this second kinetic process which was 
interpreted as being responsible for the previously labelled 'outer- 
sphere' effect. It is the author'6 feeling that in the present study 
'outer-sphere' effects of whatever nature are not an important contrib
ution to the activation energy.

It is worthy of mention that the nitrile carbon nucleus was chosen 
for two reasons. Firstly, of the possible choices of nuclei on the 
available spectrometer (*11 or 15C), this nupleus, being closest to the



paramagnetic nickel centre, is most sensitive to the contact broadening 
produced by this ion. Secondly, it is the only nucleus which shows the 
complete linewidth profile expected in such cases (figures 6.2
and 6.3) for the temperature range accessible in this solvent system.
This latter criterion is essential in order to establish the various 
regions to which approximate equations (3) and (¿*) apply . Of 
course one would predict that the nitrogen nucleus of the acetonitrile 
(being even closer to the paramagnetic centre when co-ordinated) would 
show an even more pronounced linewidth profile, and several studies 
have used 1/*N n.m.r. to good effect despite the quadrupolar nature of 
this nucleus2^ .  Ideally, 1'*N n.m.r. would be the perfect nucleus for 
such a study since it has nuclear spin = ^ and therefore sharp n.m.r. 
resonances, but the very low sensitivity and natural abundance of this 
isotope have so far prevented its use.

As a feasibility study into future utilisation of n.m.r. for 
the extraction of kinetic data, the first ever n.m.r. line
broadening study was attempted for the trans-I isomer in acetonitrile 
(using a WH180 at P.C.M.U. Harwell). Although problems of (1) temperature 
control and homogeneity in a 25mm sample, (ii) natural linewidth 
references and (ill) actual linewidth measurements have all yet to be 
completely solved, the preliminary results obtained at six temperatures, 
plotted in figure 6./», are extremely encouraging. These 1^N are seen 
to agree qualitatively with the 1^C data In region I, as would be 
predicted by theory, and thl6 nucleus has the big advantage over 
that the usable temperature range of kinetic data Is extended to 
nearly 45°.

Returning, however, to the n.m.r. data, activation parameters
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Table 6.2.
Hate data at 298.2K for acetonitrile exchange with complexes studied 
(data refer to the exchange of a single solvent molecule).
Complex (see fig.6.1) Temp/K AH*/kJ mol"14S*/JJf_1mol /s

Fitted 
reri on

b.la, [NL(L)(CH3CN)J c' 206-218 23.2*0.8 -35**4 8i)00 i
6.1a, [n 1(L)(CH3CN)] 2+ 2/*0-280 2/f.2*l. 5 -51*8 770 ii
6.1b, [n1(L)(CH3CN)2]2+ 207-239 /tl.0*1.8 +22*8 6200 i

[n k c h 3c n )6]2+ a - 63«h*3.0 +**5**t 10.7 Comp
lete

[Ni(CH3CN)6]2+ b - 6 Q . i i± P . .O + 50*8 2 I

L = NMe^-[l/*] aneN^; a) ref. 23*4; b) ref. 235.

for the solvent exchange on isomers 6.1a and 6.1b are given in Table 6.2. 
These values show 6.1a to have a negative value of As* while for 6.1b 
As* is positive. A negative value of AS* is indicative of a greater 
ordering in the transition state and would therefore imply an 
associative exchange mechanism for 6.1a, while 6.1b shows a positive 
As* consistent with the expected dissociative mechanism for an 
octahedral complex. A consideration of the structural properties of co ilp ItU i 

of’ geometry, 6.1c, and their five-co-ordinate analogues (6.1a and 6.1e) 
shows that there is considerable previous evidence for the folding of 
the raacrocycle away from the planar structure 6.1e towards a trigonal- 
bipyramidal geometry 6.1a as the fifth ligand becomes co-ordinated in 
solution. It has also been found that with a 'rod-like1 donor molecule 
- thiocyanate ion - this folding can be forced to its extreme, allowing 
co-ordination of two thiocyanate ions in cls-[NHNMe^-[lfr] aneN^)(NCS)„]

with structure ^presumably) 6.If21®. This evidence would suggest that 
the Implied associative acetonitrile exchange mechanism for isomer 6.1a
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may well proceed through a transition state with two solvent molecules
co-ordinated in a cis-geometry similar to structure 6.If. It seems,
therefore, that the values of As* are consistent with an associative 

*
mechanism for solvent exchange on 6.1a and a dissociative mechanism
for 6.1b. This proposed associative pathway has been observed recently

22 7for another high-spin five-co-ordinate nlckel(II) complex .

Turning now to the enthalpy data, this shows 6.1a to undergo 
solvent exchange with a markedly lower activation energy than for 6.1b. 
This may be explained, in part, in terms of the crystal field activation 
energies (CFAEs) of the two exchange mechanisms postulated above.
Table 6.3 lists the crystal field stabilisation energies (CFSEs) of 
the starting and assumed transition state geometries for each isomer 
and the corresponing CFAE of the exchange mechanism  ̂’ Jr. These 
clearly indicate that the five-co-ordinate complex 6.1a has a negative 
CFAE for exchange whereas complex 6.1b has a positive value, and 
therefore these calculated values mirror the order of the observed 
activation enthalpies, 6.1a <  6.1b.

Table 6.3.
Crystal field stabilisation energies iCFSEs) and activation energies

OiCFAEs) in Dq units for d high-spin nickel(II) complexes (data from 
refs. 236,237;.
Complex Ground State Geometry 

/CFSE
Transition State

Geometry/CFSB
CFAE

6.1a trigonal bipyramid|l^ octahedral -12 . -5.33
6.1e square pyramidal -9.96 octahedral -12 - 2 . 0 k

6.1b octahedral -12 square pyramidal -9.96 ♦2. O k

6.1b octahedral -12 trigonal bipyramidal-6.67 ♦5.33
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The values ofAH* andAS* for both complexes conspire to produce 
rate constants at 298K which are almost identical, and which are in the 
range expected for acetonitrile exchange on a nickel(II) complex with 
an N, set of donor atoms (ie. accelerated over the hexakis-acetonitrile 
cation exchange rate by at least two orders of magnitude (Table 6.2)^®*'*) 
This latter result for 6.1a ie inconsistent with data derived for the 
analogous cobalt(II) aquo complex mentioned above where the solvent
exchange rate was unusually found to be slower than for the corresponding 

217hexa-aquo complex , although the result is in agreement with that 
found by Lincoln and West for a five-co-ordinate cobalti II) complex.
In this work^*0 a comparison of the two penta-co-ordinate complexes,
[co(tren)(CH^CN)]2+, i ,  and [co(Me^tren)(CHjCN)] 2+, ii, shows a very 
marked difference in the rate of acetonitrile exchange. For i with the 
relatively unhindered ligand tren, the rate is of the expected order ^ , 
(kgx>2 x 10^s-1 at 233K), the acetonitrile being labllised with respect 
to the [co(CH^CN)^]^+ ion. For ¿i, however, the increase of steric 
hindrance in going to hexamethylated tren as the ligand markedly 
reduces the solvent exchange rate (kex <  10 s at 353K)« The explan
ation given for these remarkable results is that the addition of the 
six methyl groups in ii so hinders the remaining co-ordination site 
that solvent-assisted exchange is severely limited. These findings 
would suggest, therefore, that the trans-1 cobalt(II) and niekel(II) 
complexes with NMe^- [lif]aneN^ might differ significantly in their 
ability to allow any bulk solvent involvement in the exchange mechanism, 
and more precisely that the cobalt(II) aquo ion may not as easily 
expand its co-ordination sphere in the exchange transition state 
whereas the nickel(II) acetonitrile complex may, as described above.

One elegant explanation of these results necessitates that the
ncobalt(II) complex contains a low-spin, d cobalt ion. This assumption



has not been confirmed, but has precedent in that the cobalt(II) 
complox of the unmethylated macrocycle [lhJaneN^ is indeed low-spin 
d7 2/+1 gs are raany 0ther five-co-ordinate cobalt(II) tetraaza macro
cycle complexes2**2. If one then considers the d-orbital energy-level 
diagrams for the tv/o possible limiting five-co-ordinate geometries,
trigonal-bipyramidal and square-pyramidal, in figure 6.5^^» for a 

7low-spin d metal ion, it is clear that the trigonal-bipyramidal
geometry has an odd number of electrons (3) in the degenerate d 2 2,x —y
d pair of orbitals. Such a situsAion is a classic case for a Jahn- xy oTeller type distortion of the geometry (cf. octahedral copper(II), d ). 
The Jahn-Teller effect will tend to remove the degeneracy of the 
orbitals containing the odd electron so that the overall energy of 
the system may be lowered. It is to be expected t^at the distortion 
removing the trigonal symmetry will be particularly large as the odd 
electron is in antibonding levels, where the splitting should be 
greater than that of non-bonding levels2**̂ . It is clear from figure 
6.5 that the Jahn-Teller distortion required will produce an orbital 
energy-level diagram identical to that of the square-pyramid, and

7therefore this effect will tend to constrain any low-spin d five- 
co-ordinate cobalt complexes to have square-pyramidal geometry. This 
effect has been well documented previously200 and there are no known

7low-spin d trigonal-bipyramidal structures; even complexes with tripod 
ligands distort towards a square-pyramid2**1*»

n
Applying these considerations to the complexes of cobalttll) (d )

O
and nickel(II) Id ), although both are subject to Jahn-Teller distortions 

towards a square-pyramid, this distortion is far more rigorously 

applied to low-spin cobalt( II )2O0> vspin-orbit coupling often overrides 

the Jahn-Teller effect for nickellll)). In this case, the postulated
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solvent exchange mechanism for such complexes, via a folded cis-complex 
(above), would be expected to proceed more readily for the nickel(II) 
complex, which may already be partially folded, than for the cobalt(II) 
complex which may well have a more rigid square-pyramidal geometry.
Such an interpretation is seen to be in accord with the observed diff
erences in solvent exchange rates.

SECTION 7. CONCLUSIONS.

The most significant conclusion to be drawn from the work described 
in this chapter is that the most common geometry adopted by metal 
complexes of NMe; - [14] aneN^ is five-co-ordinate trigonal-bipyramidal. 
Complexes with zinc(II), cadmium(Il;, mercury(II) and nickel(II) ions 
would all appear to have this geometry, although dynamic Berry-type 
rearrangements are occurring in solution. This conclusion is in contrast 
to the structure deduced from crystallographic evidence which invar
iably indicates square-pyramidal co-ordination. Square-pyramidal 
co-ordination is however postulated for the cobalt(II) aquo complex 
(which, if low-spin, is subject to Jahn-Teller distortion towards this 
geometry) and for the lead(II) complex because of the large metal ion 
radius.

The trans-I conformation, exclusively adopted by the complexes of 
this macrocycle made by simple combination of the free ligand with 
the metal ion, would be predicted to be ideal for the complexation of 
heavy metal ions such as methylmercury(II) and subsequent extraction 
of such ions from in vivo binding sites. However, the work reported 
with the lead(II) complex (section 4 ) also indicates that the trans-I
geometry is not capable of forming the very strong complexes with
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larger metal ions required in order to compete with in vivo binding 
sites. Conclusions from the work as a whole are included in Chapter 5»

SECTION 6. EXPERIMENTAL.

For a detailed discussion of individual techniques employed in 
this and previous chapters see Chapter 6.

INSTRUMENTATION.

See Chapter 3, section 8.

CHEMICALS AND SOLVENTS.

See Chapter 2, section 6.

SECTION 8.1. 1 .4.8«1 1 -tetramethyl-1,4,8.11-tetraazacyclotetradecane, 
NMe^- M  aneN .̂

210The macrocycle was prepared following published procedures 
using the parent, unmethylated macrocycle [14]aneN^ as a starting 
reagent l see Chapter 3» section 8.1). A solution of 2.3g of [l4]aneN^ 
dissolved in 1 2 cm^ of formic acid (100%), 10cm^ of formaldehyde (/*0%) 
and 1.3cm^ of water was refluxed for 28 hours. The solution was 
transferred to a 250cm^ beaker containing 1 5 crâ  of water and cooled 
to 5°C in a ice-bath. A concentrated solution of sodium hydroxide 
(7 .5g in 25cm^ of water) was stirred into the solution which was kept 
in the ice-bath throughout. The solution was extracted with 5 x 25cm^ 
portions of chloroform which were combined and dried over anhydrous 
sodium sulphate. Removal of the chloroform on a rotary evaporator left
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a pale yellow oil which was distilled (120°C, 0.1mm) without water- 
cooled condensing, to give a clear, thick liquid which solidified as 
white needles. Yield 1.8g (60%).

Reported pK values2^' for the protonated macrocycle are 10.10, 
9.35, 3.5, and 2.7. 1H n.ra.r. (CDCl^, 303K ref. TM3) shows observed 
(reported2^ )  6 = 1.64quintet (1.62q), 2.20s (2.16s;, singlet and 
overlapping triplet 2.30 (2.30)ppm. Intra-red (nujol mull) shows no 
NH stretch. The mass spectrum shows a parent molecular ion at 256 
and major peaks at m+/e = 180, 106.

!3C n.m.r. spectra of the macroaycle in a variety of solvents 
are reported in Table 8.1.

Table 8.1»
13,C n.m.r. data for wMe^-[1 4 ] aneN^ in various solvents.
Solvent Temp./K Shift* 8 / ppm. Intensity Ratio
[2h ]6-dmso 500 53.89, 52.81,42.83,24.29 2:2:2:1
[2h ],-nitro- 

 ̂methane
320 54.85,54.00,42.55,23.48 2:2:2;1

•Reference dioxan 6?.26ppm.

SECTION 8.2. COMPLEXES OF ZINC(II).

The complexes [zn(NMe;-[ 1 4 ] aneN^JxJciO^ were prepared by published 

methods which may be generally summarised as follows.

5g (excess) of Zn(ClO^^.GHgO, A.R., was dissolved in 10cm^ of 

water, and mixed with 10cm^ of ethanol containing 2g of NMe^-[l^] aneN^. 
The solution was stirred for an hour, filtered and evaporated to

■Mmaweai
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dryness. The product was washed with chloroform and ice-cold ethanol, 
and dried in vacuo to yield 2.38g (59%) of the complex X = CIO^, (A).
Other complexes with X = Cl, Br, NCS, I were prepared by adding excess 
A.R. Sodium X to a saturated aqueous solution of A. The complexes 
readily precipitated from cold water and could be recrystallised from 
water, washed with ethanol and ether and air-dried. Micro-analysis 
for the complex X = I gave: C, 30.4; H, 5.77; N, 10.26%. Cj^H^N^IZn 
CIO^ requires: C, 30.7; H, 5»85; N, 10.23%. The purity of all other 
complexes was checked by 'LH and 13C n.m.r. spectroscopy. 13C n.m.r. 
data for the complexes are reported in text (Table 2.1). The infra-red 
spectrum of the thiocyanato complex was recorded as a nujol mull and 
showed: D(CS) = 804cm-1 indicative of N-bound thiocyanate220,
\)(C=N), 2365cm-1, 0(010^) = 1085, 620cm-1.

Crystals of the complex [zn(NMe^-[l/|] aneN^) Cl] ( CIO^) suitable for 
X-ray diffraction were prepared by slow evaporation of an acetone solution 
to give clear hexagonal crystals.
Crystal Data.- ZnC1/(H-^N^ClgO^, M = 456.4, monoclinic, a = 8.230(2), 
b = 15.156(3), c = 8.569(2)", p  = 108.64(2)°, U = 1012.9(4)A3, T = 18(2)°C 
Z = 2, Dm = 1.50(5)g cm-3, Dc = 1.496g cm-3, F(0,0,0) =480. Space group 
P2j/m or £2^, the latter confirmed by structural analysis, (MoK^)^
= 15.32cm-1.
Data Collection.- A crystal of approximate dimensions 0.13x0.15x0.25mm 
bounded by ( d o ) (llO) (Oil)(323) ( see Table 8.2) was examined on a 
Syntex P2^ four-circle diffractometer. The unit cell dimensions and 
their e.s.d.’s were obtained by a least-squares fit to 15 strong 
reflections with MoKg graphite monochromatlsed radiation (A  = 0.70926A). 
Systematic absence 0,k,0 for k = 2n+l Indicated space group P2^ or P2^/m, 
and crystal morphology indicated that the acentric group was more likely.
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Intensity data in the range 3<20<55° was recorded by the 6-26 scan 
technique and three check reflections were monitored every 100 measure
ments. a decay of approximately 10% in the intensities of these standards 
during data collection was corrected during data processing. 1923 
reflections with I>3.0dT were recorded and corrected for absorption 
by the method of Alcock (see Chapter 6) to give transmission factors 
*n the range 0.59-0.82.
Structure Solution and Refinement.- The structure was solved by the 
heavy atom method using a three dimensional Patterson synthesis to 
locate the position of the zinc atom. The remaining non-hydrogenic atoms
wore located in subsequent electron density maps and all atoms were

2refined by minimising the function 2( | FqI - |Fc l ) . Refinement by the 
least-squares method with all non-hydrogenic atoms anisotropic gave 
an R value of 0.0**1. Weighting analysis indicated unit weights were

•I CQsatisfactory. Scattering factors and anomalous dispersion factors ? 
were used, and all computing was done with the XRAY76 programs on a 
Burroughs B6700 computer. Final atomic co-ordinates are in Table 8.3» 
structure factors and temperature factors may bn obtained as supplement
ary information from tne appropriate publication. Bond lengths and 
angles are included in Tables 8.*ta and 8./*b respectively.

SECTION 8.3. [cdCNMe^-fu] aneN^)](N0, )...

This complex is readily prepared by mixing 0.6l7g of CdCNO^^.MI^O 
with 0.512g of NMe^-Jl/f] aneN^ in 10cm^ of dry methanol. Stirring and 
heating for 30mins followed by evaporation to dryness gave a hard white 
crystalline solid which may be recrystallised from acetone/methanol.
Yield 0.97g (90%).

Analysis. Calcd. for [cd(NMe^- [l/t] aneN^)](N03)2 : Cd, 22.8; C, 3^.1;
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Table 8.2.

Miller indices and origin-plane distances for the facial planes of
the crystal of [zn(NMe^- [ll|] aneN/()C1 ]( CIO^) used in X-ray analysis.

h k 1 d/cm h k 1 d/cm
0 1 0 0.0078 0 1 -1 0.0326
0 -1 0 0.0059 0 -1 -1 0.0325
1 -1 0 0.017** 0 1 1 0.0097
-1 1 0 0.0170 -3 2 3 0.0126

. 0 -1 1 0.0085 5 2 -3 0.0339

Table 8.5.

Atomic CO'-ordinates (xlO^) with standard deviations in parentheses

Atom X Y Z
Zn 1300 (1) 2500 3681 (1)
Cl(l) -132 (1*) 1685 (2) 5033 (i*)
Cl( 2) 1*222 (1*) 1*753 (2) 707 (i*)
N(l) 3873(11) 2352 (7) 5276(12)
N(2) 2175(12) 1576 (7) 2118(12)
N(3) 9283(13) 2991 (7) 1507(12)
N(lf) 1227(11*) 3836 (6) 1*619(11*)
0(1) 51*25(16) 1*815 (9) 231*1* (11*)
0(2) 7219(16) 252(11) 9382(22)
0(3) 5018(26) -1*1(15) 1*07(18)
00,) 3691* (19) 386i* 18) 1*86(19)
C(l) 1*61*9(19) 1528(10) 1*658(19)
C(2) i*13i*(17) 1559(10) 2873(17)
C(3) 1805(16) 1823 (9) 33K15)
0(1*) -9(18) 201*7(10) 91*52(17)
C(5) 91*98(18) 2965(10) -71(18)
C(6) 9279(20) 1*011* (11) 18 31* (20)
C(7) 9597(21*) 1*200(13) 31*55(21,)
C(8) 2752(17) 1*368 (9) 1*701*(16)
C(9) 1*1*75(16) 3985 (9) 5880(15)C(10) 5051(16) 31i*8 (8) 5213(16)
C(ll) 1*166(18) 2131* (9) 701*0(17)
C(22) 11*73(17) 693(10) 2186(15)
0(33) -23i*i* (li*) 2685 (7) 11*27(13)c 0,0 1005(18) 3838(10) 6285(17)
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Table 8.4a.

Bond lengths In * with standard deviations in parentheses for 
[zn(NMe^-[lit} aneN^)Cl] (CIO^)

Bond Length/A
Zn-Cl(l) 2.265 (4)
Zn-N(l) 2.199 (8)
Zn-N(2) 2.211(11)
Zn-N(3) 2.192 (9)
Zn-N(4) 2.186(10)
N(l)-C(l) 1.53t2)
N(l)-C(10) 1.5K2)
N(l)-C(ll) 1.50(2)
N(2)-C(2) 1.53(2)
N(2)-C(3) 1.5K2)
N (2)-C(22) 1.47(2)

Bond Length/"
N(3)-C(5) 1.42(2)
N(3)-C(6) 1.57(2)
N(3)-C(6) 1.40(2)
N(4)-C(7) 1 .50(2 )
N(4)-C(8) 1.47(2)
N (!♦ )-C(l+l+ ) 1.50(2)
C(l)-C(2) 1.45(2)
C(3)-C(4) 1.48(2)
C(4)-C(5) 1.54(2)
C(6)-C(7) 1.36(3)
C(8)-C(9) 1.57(2)
C(9)-C(10) 1.53(2)

Table 8.4b.

Bond angles in degrees with standard deviations in parentheses.

Angle o

CKl)-Zn-N(l) 102.0(3)
Cl(l)-Zn-N(2) 106.7(3)
Cl(l )-Zn-N(3) 104.1(3)
Cl(l)-Zn-N(4) 103.7(4)
N(l)-Zn-N(2) 81.8(4)
N(l)-Zn-N(3) 153.9(4)
N(l)-Zn-N(4) 90.3(4)
N(2)-Zn-N(3) 90.3(4)
N (2)-Zn-N(4) 150.0(4)
N(3)-Zn-w(4) 84.0(4)
Zn-N(l)-C(l) 105.7(7)

Angle 0

Zn-Nd)-C(lO) 112.3(7)
Zn-N(l)-Cdl) 114.2(8)
C d ) - N ( l ) - C d O ) 111(1)
cd)-Nd)-c(ii) 104(1)
cdo)-Nd)-c(ii) 110(1)
Zn-N(2)-C(2) 104.9(7)
Zn-N(2)-C(3) 117.3(7)
Zn-N(2)-C(22) 110.2(9)
C(2)-N(2)-C(3) 106(1)
C(2)-N(2)-C(22) 110(1)
C(3)-N(2)-C(22) 108(1)
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Ansie 0 Ansie 0

Zn-N(3)-C(5) 120.6(8 ) C ( 8 ) - N U ) - C ( M + ) 108(1)

Zn-N(3)-C(6) 103.1 (7 ) n (1)-C(1)-C(2) 109(1)

Zn-N(3)-C(33) 112.5(8 ) N(2)-C(2)-C(l) 111(1)

C ( 5 ; - N ( 3 ) - C ( b ) 102(1) N ( 2 ) - C ( 3 ) - C U ) 115(1)
c ( 5 ) - N ( 3 ) - c ( 3 3 ) 111(1) c ( 3 ) - c ( 4 ) - c ( 5 ) 112(1)

C(6)-N(3)-C(33J 106(1) C ( i * ) - C ( 5 ) -N ( 3 ) 114(1)

Zn-N(/f)-C(?; 102.7 (9 ) N ( 3 ) - C ( 6 ) - C ( 7 ) 112(1)

Zn-N(¿t)-C(8) 113.7(9 ) C (6 ) - C ( 7 ) - N ( l » ) 116(2)
Zn-N(í*)-C(í)í* ) 112.3 (8 ) N ( / t ) -C (8 ; -C (9 ) 114(1)
C(7 ) -N (¿+) -C(8 ) 113(1) b ( 8 ) - C ( 9 ) - C ( 1 0 ) 1 1 3 (D

C(7)-N(/4)-C(/t4J 106(1) C(9)-C(10)-N(l) 113(1)

* * ~ Tflfc is



SECTION 8. 5. [Pb(NMe; - [lit]aneN^ )] (NO,).,.

0.512g of solid NMe^-[lit] aneN^ are added to a dried DMSO solution 
of A.R. Pb(N0j)2 (0.663g in 5cm3). The solution is stirred for 3Cmins 
and the DMSC is removed by vacuum distillation at room temperature.
The white complex is unstable to solvents in which one or other of the 
components (Pb(N0^)2 and NMe^-[lit] aneN^ ) are soluble, except DMSO into 
which thè’ complex will dissolve with partial dissociation (see section it). 
Metal analyses show; Calcd for [pb(NMe^-[lit] aneN^)] (N0^)2: Pb, 35.3%. 
Found: Pb, 35.8%. ^3C n.m.r. data are reported in text.

SECTION 8.6. COMPLEXES WITH NICKEL(II).

The two Isomers of [Nl(NMe;j-[lit] aneN^ )] ( C10/( )2, trans-I and trans-IIl

Infra-red in Csl windows (nujol mull) shows: 0(110^) = lit80(t)/(),
1571280(0-^, 1020(0-,), 747(0,), 819(V)g) of monodentate nitrate ion ,

p p n  —l i afree nitrate ion 829(02)cm . n.m.r. data are reported in text

SECTION 8.4. [lig(»He - [l/,] aneh^Cl] Cl.

This complex is prepared by mixing methanolic solutions of A.R.
HgCl2 (0.54g in 5cm3) and NMe^-[lit] aneN^ (0.51g in 2cm3). After a brief 
induction period crystals of the complex begin to form and may be 
hastened by the addition of ether. The white powder may be recrystallised 
from nitromethane as clear crystals, yield 0.72g (?0%).

13
Infra-red in Csl windows (nujol mull) shows: 0(HgCl) = 250cm ^. 

u n.m.r. data are reported in text.



Solutions for the parallel paramagnetic susceptiblity study using 
the method of Evans were 0.051 mol dm J  (trans-I) and 0.057 mol dm J  

(trans-HI). and the ionic strength was again adjusted with dry NaClO^. 
The inert reference was t-butanol, which was present at ca. 0.05 mol dm 
in the bulk solutions and was ca. 0.5 mol dm-3 in the coaxial capillary
( for details of the technique see Chapter 6). Shift separations 
obtained were in the ranges 6 - l?Hz (trans-I) and 2 - 24Hz. (trans-III) 
and were measured ±0.01Hz, wi.th temperatures held at *0.5°C by a 
Bruker temperature control unit and measured externally with a Comark 
thermocouple. Susceptibilities derived were all treated to correction 
for the diamagnetic contribution with Pascal's constants (Chapter 6).

pH titrations in aqueous solution v;ere performed on 0.0112 mol dm“3

210 223figure 5.1, wore prepared by standard procedures '
The purity of each isomer was checked by nickel elemental analysis 

Calcd; Ni, 11.42%. Found: trans-I. Ni, 11.43% and trans-III. Ni, 11.20%. 
The visible spectroscopic data for the isomers in nitromethane are rep
orted in Table 6.1 and also indicate the complexes to be pure isomers.
The 13C n.m.r. data for both complexes saturated in [?h] ̂ -nitro.methane 
are reorted in text.

Solutions for the thermodynamic study, by variable temperature 
visible spectroscopy, of the diamagnetic/paramagnetic equilibrium in 
H20were 0.0112 mol dm-3 (trans-I) and 0.0154 mol dm-3 (trans-III) both 
made up to ionic strength 0.2 with oven dried (110°C) A.R. NaClO^.
Variable temperature spectra were run in the range 294-348K in the 
thermostated compartment of a Unicam SP800 spectrophotometer. Temperatures 
were held ± 0.1°C during the recording of spectra and were measured 
witn a mercury thermometer to *0.1°C.
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( trans-I ) and 0.0154 mol dm  ̂( trans-III ) solutions of ionic strengths 
1.04 and 1.06 respectively (dry KNO^). The pH was adjusted with a 5 mol 
dm ^ solution of KOH the remaining procedure being identical to that 
described in Chapter 3 section 8.3.

The acetonitrile complexes of the two isomers were produced by 
simple dissolution of the square-planar complexes in acetonitrile. 
Spectral data for these solvento complexes are reported in Table 6.1. 
and indicate five-co-ordinate (trans-I) and octahedral (trans-Itl) 
geometries for the two complexes. The solvento complexes were charact
erised as crystalline solids (from evaporation of cone, acetonitrile 
solutions) by elemental analyses;
trans-I. Calcd. for [f)i(NMe^-[it] aneN^)(CH^CN )] (CIO^)^; Ni, 10.58;

C, 34.6; H, 6.31; N, 12.6%. Found: Ni, 10.34; C, 33.8; H, 6.0; 
N, 12.2%.

trans-III. Calcd. for [tJi(NMe^-[14] aneN^) (CH^N >2]( C I O ^ :  Ni, 9.85;
c, 36.3; H, 6.38; N, 14.1%. Found: Ni, 9.22; C, 35.8; H, 6.0;
N, 14.1%.

Again the analyses of the solvento complexes are very difficult 
to achieve accurately since the inherent instability of the co-ordinated 
solvents prevents any purification procedures such as vacuum drying of 
the solids .

The infra-red spectra of the two solvento adducts (nujol mull, Csl) 
show: vXC=N) = 2310cm~1( trans-I). 230frcm~1(trans-III ). (çf. free 
acetonitrile \)(CN) = 2295cm"1)

For 1^C n.m.r. solvent exchange kinetics solutions of trans-I 
and trans-III isomers (trans-I. molality = 0.04390, 0.03171raol kg"1,

I



0.C016)0.0018, C.0013; trans-III. molality = 0.0198 mol kg
were made up in freshly distilled (from Cal^) acetonitrile under an 
atmosphere of dry nitrogen. An n.m.r. lock signal of 1056[̂ h] ̂ -nitro- 
methane, and a shift and natural linewidth reference of 1,4-dioxan 
(ca. 5%) were added to the solutions. All n.m.r. spectra were rec
orded with a Bruker WH90 spectrometer at 22.63MHz. The sample temperature 
was measured internally with a calibrated Comark thermocouple and held 
constant *0.5°C using a standard Bruker temperature control unit. Line- 
width measurements (±0.5Hz) were carried out using an iterative line-

adapted for use with the on-line Nicolet 1080 
computer, and fell in the r a n g e  5-140Hz. Uood siguax to noise ratios 
(J100:l)'f*r the broadened lines were obtained in 200-500 sweeps of

fitting procedure

ZtOOOHz

A comparison of the measured dioxan reference linewidth in the 
presence and absence of the paramagnetic nickel(II) complexes showed 
no detectable broadening of this reference occurred in the paramagnetic 
samples. This allowed direct internal measurement of the natural line- 
width in all samples. All shift data were recorded referenced to dioxan 
and normalised to the shift of acetonitrile in a solution containing
all components save the paramagnetic ion

N n.m.r. study was carried out on a solution ofThe exploratory
0.000212) made up as described above without

dioxan, in 25cm-̂  of solution. Spectra were recorded (undecoupled) with 
a Bruker WH180 spectrometer. The sample temperature wa6 held constant 
±1°C using a Bruker temperature control unit, but was measured internally. 
Linewidth measurements (*2Hz) were carried out by hand from plotted
spectra and were in the range 25-50Hz for the temperature range observed
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• x to noise ratios 050:1) were obtaine d in 200-500 .cans
G°°d t r  No internal reference, either linewidth
with a 25mm sa"Ple dljme for thls width (estimated
Ot Shift, was present and no correc

___ c. l.



CHAPTER ^

CONCLUSIONS
AND

EXTENSIONS



The r e s u l t s  o f  t h e  work r e p o r t e d  i n  t h i s  t h e s i s  h a ve  l e d  t o  the

following overall conclusions and suggestions for possible future
extensions of this work

1) Macrocyclic tetraaza ligands would appear to form very stable 
complexes with the toxic heavy metal ions, when the donors are secondary 
amines, since these allow the macrocycle to adopt its most thermo
dynamically stable structure (unlike tertiary amines). The 1/*- 
membered ring-size is found, however, to be too small to encompass
these large metal ions, and therefore the hole-size parameter of this
macrocycle is not being effectively employed in selection between
metal ions, in order to improve this selection property the hole-size
of the macrocycle should be increased to, say, a 16-membered ring,
thereby allowing effective thermodynamically favoirable planar
co-ordination of the larger metal ions

2) i;?N n.m.r. spectroscopy has been shown to be a valuable tool in the 
elucidation of both the structural (Chapter 3) and kinetic (Chapter l*)

properties of the metal complexes of amine macrocycles. A detailed
investigation of metal-nitrogen coupling constants in structurally 
well-established complexes would prove valuable for the interpretation 
of those obtained for the complexes studied here. In addition, n.m.r
spectroscopy has been shown to be a viable technique for the extraction
of kinetic data for metal complexes by paramagnetic line-broadening,
and this new aspect of its applications could be effectively explored
in future work

3) The paramagnetic exchange study in Chapter 1*, section 6 has shown
interesting differences not only between nickel(II) complexes of 
NMe, M  aneN, with trans-I and trans-III geometries, but also between
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The results of the work reported in this thesis have led to the 
following overall conclusions and suggestions for possible future 
extensions of this work:

1) Macrocyclic tetraaza ligands would appear to form very stable 
complexes with the toxic heavy metal ions, when the donors are secondary 
amines, since these allow the macrocycle to adopt its most thermo
dynamically stable structure (unlike tertiary amines). The 11*- 
membered ring-size is found, however, to be too small to encompass 
these large metal ions, and therefore the hole-size parameter of this 
macrocycle is not being effectively employed in selection between 
metal ions, in order to improve this selection property the hole-size
of the macrocycle should be increased to, say, a 16-membered ring, 
thereby allowing effective thermodynamically favounble planar 
co-ordination of the larger metal ions.

2) n.m.r. spectroscopy has been shown to be a valuable tool in the 
elucidation of both the structural (Chapter 3) and kinetic (Chapter l\ )  

properties of the metal complexes of amine macrocycles. A detailed 
investigation of metal-nitrogen coupling constants in structurally 
well-established complexes would prove valuable for the interpretation
of those obtained for the complexes studied here. In addition, n.m.r.

spectroscopy has been shown to be a viable technique for the extraction 

of kinetic data for metal complexes by paramagnetic line-broadening, 

and this new aspect of its applications could be effectively explored 

in future work.

3) The paramagnetic- exchange study in Chapter /», section 6 has shown

interesting differences not only between nlckel(II) complexes of 
NMe, - [1 /4] aneH, with trans-I and trans-III geometries, but also between
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the trans-I geometries of nlckel(II) and cobalt(II). Further work to 
either confirm or modify the conclusions of that section regarding 
the occurrence of low-spin cobalt(Il) is essential, and together with 
susceptibility measurements to establish spin-state, a study of the 
acetonitrile exchange rate for trans-I cobalt(II) would provide a 
very useful comparison. Such work is now under way by other workers 
in these laboratories.

Zf) It is very desirable to utilise all of the data obtained in para
magnetic exchange studies, such as that in Chapter 4, figure 6.2. This 
may be done by fitting all of the data points in such a figure to the 
complete theoretical equations of Swift and Connick * rather 
than to the approximate equations used in Chapter Z*, section 6. Such 
a process requires a suitable computer program not yet available at 
Warwick University, but the data from Chapter z*, section 6 is in the 
process of being analysed by such a program in conjunction with 
Professor A.E. Merbach at the University of Lausanne. It is hoped that 
this program may be implemented at Warwick in the near future, but as 
yet no results for the data from Chapter Z*, section 6 are available.

5) The solvent exchange work of Chapter Zj, section 6 has prompted
interest in the whole area of five-co-ordinate complexes formation and

ligand exchange, and it would be interesting to study both solvent and
anion exchange in such complexes by paramagnetic n.m.r. and their

formation reactions from square-planar complexes by spectrophotometric

techniques. Solvent exchange by n.m.r. has already been discussed, but
19extensions of the work may be to attempt paramagnetic F n.m.r. 

fluoride anion exchange on the fluoro complex in order to compare the 

exchange mechanism with regard to the associative/dissociatlve question.
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Spectrophotometric studies on the formation of the acetonitrile 
complexes and also the actdo complexes require very rapid kinetic 
techniques not available at Warwick, but in conjunction with Doctor
J.J. McGarvey, Queen's University, Belfast, such investigations are 
now under way using laser-photodissociation techniques.

6) Tetrathiaether macrocycles were shown in Chapter 2 to form 
relatively unstable complexes with labile metal ions such that their 
increased selectivity towards the soft metal ions is offset by these 
low stability constants. In devising a chemotherapeutic macrocycle 
it would therefore be desirable to combine the selectivity of a 
16-membered tetrathiaether raacrocycle with the high stability and 
rigid endo-stereochemistry conferred by amine macrocycles. Such a 
situation may possibly be achieved by a 'compromise' macrocycle 
containing a mixture of thiaether and amine donors.

7) The trans-I stereochemistry adopted by the tertiary amine macro
cycle NMe^-[lit] aneN^ discussed in the previous chapter is found to 
have a desirable complexing property in relation to heavy metal ions, 
such as methylmercury(II) (above). The ability of this geometry to 
enforce penta-co-ordination upon the metal ion should be explored 
further, especially with methylmercury(II), since such a geometry, 
which prevents residual (octahedral) binding of the ion to the in vivo 
binding site (thiol) may possibly be pharmaceutically important in
the chelation therapy treatment of heavy metal poisoning.

8) In relation to the previous point, one interesting extension to 
the present work would involve the study of macrocycles with a 
•dangling-arm' having a terminal functional group. Such macrocycles
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o *7were briefly discussed in Chapter 1 ' and Kaden has recently devised 
synthetic routes to l**-membered saturated tetraaza macrocycles of 
tnis type8**. These macrocycles have the advantage over trans-I forms 
of quadridentate macrocycles that whereas both effectively occupy 
five co-ordination sites on the metal ion the 'capped' macrocycles 
would be expected to form much more stable complexes since the metal 
ion may sit in the macrocycle plane, which in turn may adopt a more 
thermodynamically stable trans-III geometry.

9) The availability, at Warwick, of facilities for the application 
of the rapid stopped-flow kinetic technique to 1H n.m.r. spectroscopy 
may be used to study macrocycle complex formation with the aluminium 
ion. Previous studies by Moore et al in these laboratories on the 
formation reactions of amine chelates with the hexakis-(DMSO) 
aluminium(III) ionhave proven the value of the technique in elucidating 
the mechanistic course of the complexation reaction. If this work 
were to be extended to the macrocycle tetraamine field it would be 
expected to elucidate the somewhat hazy area of macrocycle complexation, 
a field which has been the subject of considerable effort and spec- 
ulation^0,^8^,^^^,^^^’ '̂''it,̂ '1'8,^it̂ . Preliminary studies of the reaction 
with aluminiumllll ) during the course of this work indicate that the 
proposed study is feasible, and this whole aspect of the steric and 
geometric factors involved in complex formation is likely to be of 
relevance to the theme of this thesis.

In conclusion, the results of the work discussed in this thesis 
indicate that macrocycle amine ligands are a possible chemical answer 
to the problem of heavy metal ion toxicology, which deserve further 
investigation and refinement to produce a biologically viable chemo-



therapeutic chelate. '.Vork in relation to their toxicology and chemical 
specificity is needed before any conclusions in the biological area 
may be reached. Chemically, the high stability constants of their 
complexes, their rigidly endo-conformations with the related possibility 
of tailoring hole-size to ion-size, and the kinetic inertness of their 
complexes, make such macrocycles attractive for further consideration 
in this respect.

2U1



CHAPTER 6

EXPERIMENTAL TECHNIQUES.



SUCTION U  FOURIER TRANSFORM N.M.R. SPECTROSCOPY - BASIC CONCEPTS.

In pulsed n.m.r. experiments, the resonance condition is achieved 
by a broadband excitation of the nuclear spin system with radio 
frequency pulses. Following switch off of the excitation pulse, one 
observes in the time domain, a nuclear induction signal representing all 
the frequencies present within the excited spectrum.(e.g. several 
narrow lines, a few broad lines or a single extremely broad line). A 
90° pulse rotates the net macroscopic magnetisation away from the 
Zeeman field direction (z axis) through 90° into the observation plane 
(xy plane). A 180° pulse inverts the direction of the magnetisation 
vector. The decaying spin system gives rise to an exponential signal 
(free induction decay, f.i.d.) which may be Fourier transformed to conver 
the time domain information to the conventional frequency domain of 
normal n.m.r. spectra.

This pulsed or free precession approach was pioneered theoretically
pi /by Torrey , and is inherently more efficient than field or frequency 

sweep experiments (with regard to information content) as all the nuclei 
are simultaneously and not sequentially observed. The efficiency and 
rapidity with which data may be accumulated make this technique ideal
for signal averaging experiments which are essential for nuclei of low

15 15sensitivity or low natural abundance e.g. ■ 'C , N.

Some properties of F.T. n.m.r. signals include:
1) Llneshape.- The shape of the f.i.d. in the time domain is Just the 

fourier transform of the n.m.r. line in the frequency domain. It 
follows that an exponentially decaying f.i.d. will generate a 
Lorentzlan n.m.r. line in the frequency domain.

2U 2



2) Spin-lattice relaxation, T^.- Following r.f. excitation, the nuclear
spin system returns to thermal equilibrium with its surroundings, 
symbolically known as the'lattice', by means of a relaxation 
mechanism designated T^. In general this relaxation process arises 
through an exchange of energy between the spin system and the lattice 
by means of fluctuating magnetic fields at a nuclear site. These re
laxation interactions (e.g. magnetic dipolar, electric quadrupolar, 
spin rotation, scalar couplings etc. ) are characterised by a 
«olecular correlation time, which may be related to , and as a
practical consideration may limit the pulsing rate in order to 
prevent spin saturation effects due to incomplete relaxation between 
pulses.

3) Spin-spin relaxation. T.,.- Following partial or complete rotation 
of the magnetisation vector into a plane perpendicular to the field 
direction, the transverse component will decay in time to zero 
through a relaxation process arising from couplings between the 
nuclear spins. This process is known as spin-spin relaxation and
is characterised by a relaxation time T2 (T2 <  T^). ^2 *s ProPorti°na  ̂
to the reciprocal value of the linewidth at half maximum intensity 
Avij.* for a Lorentzian line, T2 = 1/nAU^. In Chapter U , section 6, it 
is which has been established in order to evaluate paramagnetic 
exchange rates and it is generally true that T2 is directly related 
to the rate of any dynamic exchange process such as those discussed 
throughout this thesis. In section 3 below, line-fitting procedures 
for establishing T2,and thence the exchange rate,are discussed.

<t) Nuclear Overhauser Effect,- NOE.- The relaxation mechanism 
involves an exchange of energy between a nuclear spin system and 
the degrees of freedom of motion of the whole system (lattice) 
which given rise to the relaxation field. Energy transfer is slow



and the relaxation times of the spin \ nuclei are usually long. If, 
however, one group of nuclei is saturated, using a double irradiation 
transmitter, the nuclear populations are grossly perturbed. The 
relaxation field then attempts to return the populations to equilibriur 
and in so doing absorbs much more energy than is normal from the 
irradiated nuclei. If other nuclei lie close in space to these 
irradiated nuclei then there is a chance that they will individually 
absorb some of this energy and undergo nuclear transitions which 
will alter the populations of their spin states also. A change in 
their resonance intensity is observed and the phenomenon is known 
as the Overhauser effect. It occurs in all double resonance 
experiments and is especially important for spectra obtained under 
*H-decoupled conditions where the protons in the molecule are strongly 
irradiated to remove their coupling so as to simplify the spectra and 
intensify the resonances. For nuclei the Overhauser effect can 
lead to an additional increase in intensity of about 3» carbons not 
carrying hydrogen are not affected (to a first approximation) and 
give rise to weaker lines. The intensity data, useful for counting 
carbons, are then no longer reliable in such spectra.

Practical considerations in the accumulation of F.T. n.m.r. spectra 
may be summarised in terms of the nuclei studied in this work: 
a) ^H.- For routine diamagnetic samples, spectra were studied on 0.5cm^ 

of solution in 0.5cm diameter spinning sample tubes at 90MHz. Samples 
were generally at least 0>05 mol dra-^ in a deuterated field-lock 
solvent and spectra were generally observed (for a sweep width of 
1200Hz. ) in 10-100 scans. A 90° pulse was usually applied to give an 
8k data point f.i.d. except where saturation effects were evident 
when the pulse angle was reduced. All accumulation control, fourier

2 k k



t r a n s f o r m a t i o n s  and su bseq ue nt  d a t a  h a n d l i n g  was p e r f o r m e d  w i th

a dedicated Nicolet 1080 computer equipped with the DISKFT program
Peak positions were referenced to anwritten by D.A. Couch

internal standard and listed using a cursor peak-picking routine
incorporated in the DISKFT program (accuracy dependent on scanned 
sweep width and therefore Hz/cursor point in transformed spectrum)

With paramagnetic nickel(II) samples the proton sweep width
capability of the spectrometer in the direct recording mode is
limited to ca. 15,000Hz.(170ppm) and so in order to record spectra 
having peaks in the range 100-400ppm (see Chapter k section 5) it was
necessary to set a pulse offset frequency of 0Hz. and effectively
record everything backwards, or rolled around, from there. With this
technique, spectra, effectively reversed, could be obtained in the
0-/tC0ppm range although the phasing routines could not produce a
perfectly flat baseline in such cases

C.- Spectra were recorded at 22.63MHz. on c a . 1.5cnr of sample in
a 10mm n.m.r. tube equipped with a teflon plug to prevent vortexing
in the spinning solution. Samples were generally of concentration

in deuterated field-lock solvents
usually being as concentrated as possible in order to minimise
accumulation time. Acceptable spectra (signal:noise>10:1) were
obtained in 200-80,000 scans depending on concentration and 
decoupling mode. Spectra were almost always run with full '*'H-noise
decoupling by saturating the frequency of the sample protons (3**00Hz)
so as to remove their couplings to the nuclei. The positive
NOE ((!*) above) for the C nucleus leads to a maximum enhancement
in the signal height of ca. 2.9 due to this AH-decoupllng. Minimum 
sweep widths to include all resonances in the spectrum were generally
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applied (typically 1500Hz. for the macrocycles employed here) so 
as to provide optimum resolution and accurate peak-shift information. 
A 90° pulse was applied wherever possible to the minimum number 
of data points which bounded the observable f.i.d. (typically 4k 
data points for 1500Hz. sweep width) DISKFT routines^'^ were again 
applied to data accumulation and handling.

1 5c) H.- Spectra were recorded in conjunction with the P.C.M.U. Harwell 
at 18.24MHz, on approximately 15cm^ of sample in a 25mm (wide-bore) 
tube in the pole-gap of a superconducting magnet. The tube was 
fitted with a teflon or ceramic plug against vortexing and samples
were at least 0.9 mol dm ^ in 10% of a deuterated field-lock solvent. 
1 5N, although a spin J nucleus with correspondingly sharp n.m.r. 
resonances, is 3 times less abundant than 1-̂C and is 10 times less 
sensitive for n.m.r. purposes. These properties make observation
of this nucleus very difficult, hence the need for large, very
concentrated samples and a supercon. magnet. In addition has a
negative JIOE (max.-4 ) which means that ^H-decoupled spectra generally
have negative peak intensities for nitrogen alums which carry protons
Unfortunately it may happen that if the NOE is o a . -1 then a 'null'
peak may result ie. no signal due to its cancellation by the NOE.
Typical values of T^ are in the range 10-10^ seconds which mean

1 5that saturation of the N resonances may occur unless a relaxing 
agent or long delays between pulses are used - this is especially 
true of nitrogen atoms which have no directly bound protons. Spectra 
in this thesis have only been obtained for secondary amines which * 
carry a proton (complexes of (l4]aneN^) or for the nitrile resonance 
of acetonitrile in the presence of paramagnetic nickel(II) which 
acts as a relaxing agent (Chapter 4 section 6).



Acceptable spectra were obtained in 1000-20,000 scan3 (longer 
accumulation necessary to observe couplings) using a 90° pulse on 
8k data points with a minimum sweep width (typically 1200Hz). Standard 
Bruker FTNMR data handling routines were applied on a Nicolet 1180
computer

Many theoretical and practical discussions of the above phenomena 
and techniques have been produced and further details may be obtained
from these sources'

SECTION 2. SUSCEPTIBILITY MEASUREMENTS BY THE EVANS N.M.R. METHOD

Two n.m.r. related experimental techniques have been extensively
employed during this work and will be discussed in this and the following

1 Aftsection. The first is that due to Evans who developed a technique for
determining the paramagnetic susceptibility of substances in solution 
by n.m.r» spectroscopy. For aD inert substance (reference) in solution, 
the shifts caused by paramagnetic ions are given by a theoretical exp-

ÛH/H = (2ir/3)AlC
where &K is the change in volume susceptibility between the dia

magnetic and paramagnetic solutions

For the aqueous solutions of nickel complexes discussed in this 
thesis about of t-butanol was used as the internal reference, and 
a coaxial capillary (Wilmad) containing 30% t-butanol was also placed 
in the 3mm n.m.r. tube. The tube was spun in the spectrometer and the
sample was found to give rise to two resonances from the t-hutanol
methyl protons - one from the bulk paramagnetic solution and one from 
the capillary. The shift difference between these two resonances is



clearly related to the change in the volume susceptibility induced by
the paramagnetic ion (above) and the corrected molar susceptibility of

1 8the dissolved substance,X', is given by the expression :

molecular weight of the complex
mass of complex in lcnr of solution.
mass susceptibility of the solvent (-0.72x10“^ for dil
t-butanol
density of the solvent
density of the solution.
diamagnetic correction for the complex using Pascal's 
constants249 (DC = 2 7 k . 7 x 10“6 for [Ni(NMe^- [li*] aneN^ 
( C I O ^  and 227.3 x 10_fe for [Ni( [l/*] aneN^)] (CIO^ >2 
and were applied assuming no temperature independent
paramagnetism. )

term (d -d ) is often neglected without seriousdensity
calculated from the equation may be related 

to the magnetic moment of the paramagnetic ion yWeff by the equation:
and values oerror

Bohr Magnetons

where T is the absolute temperature of the measurement. Clearly by 
assuming a value o f i t  is possible to work backwards through 
equations (2) and (1) to obtain a value of ̂ fcaic* From this value and 
that observed the percentage of paramagnetic ion in the solution may
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be calculated ( = A t  . / A t , ) which in turn may be used to evaluate obs calc
the diamagnetic:paramagnetic equilibrium constant as in text.

SECTION N.M.R. LINESHAPE FITTING AND EXCHANGE.

Considering the simple situation of two n.m.r. resonances undergoing 
site exchange, the lineshapes of the two resonances are described by

250the equations of Gutowsky and Holm . These equations relate the line- 
shape to the exchange rate and by suitable fitting of these equations 
to an observed exchange process the exchange rate constant may be
extracted. Previous methods of analysing data in this way are summarised

251in a recent review and involve spectral simulation with the minimum 
least-squares criterion often being invoked as the test of the quality 
of the fit. However, the approach applied to such data analyses in this 
thesis is that due to Mooreli+̂  where up to seven parameters may be 
adjusted simultaneously using the method of non-linear least-squares, 
the data being handled on either a Burroughs B6700 or a Nicolet 1C80 
computer.

A typical analysis is described in terms of the input requirements 
of the curve-fitting procedure:
1) A value of ( =1/71/10^) is required by the equations and can be 

readily obtained by fitting n.m.r. data from a reference line in the 
spectrum which is not subject to exchange broadening. A resonance
due to a species in a similar chemical environment to those undergoing 
exchange is usually chosen (e.g. l,z*-dioxan). This value of the 
natural llnewidth is then flxeu and applied to the exchange data.

2 ) Other requirements include:
a- the frequency separation of the two exchanging resonances, 
b- the centre frequency of the exchange data,



V

. ii. . -M.U Ommm
u i

2 5 0

c- the population of each of the two exchanging sites, 
d- an initial estimate of T  (see below.)

The program will then iteratively match the observed data to that 
calculated from the equations of uutowsky and Holm by varying up to 
seven parameters (a, b, c, d, normalisation constant, baseline correction, 
and natural linewidth) until convergence (as shown by a least-squares 
refinement parameter1**̂ ) is achieved.

The calculated value of the relaxation time,X , is then related to
the rate constants k. and k„ for exchange from 6ite A to site B and A o

site B to site A respectively by the equations:

X = l/(kft + kg) where k^P^ = kgPg

P^,Pg = populations of each site, P^ = 1 - Pg.

This procedure has been applied to all instances reported in this 
thesis for diamagnetic two site exchange. In the case of the paramagnetic 
solvent exchange discussed in Chapter it section 6, the program was 
simply used as an iterative means of accurately measuring the observed 
linewidth which was then used to plot figure 6.2. (Ch. it).

Rate data derived from whatever n.m.r. source was fitted to the 
Eyring equation using the program ACTPAR due to Moore. The program 
calculates the Arrhenius factors, Eft (activation energy) and A (frequency 
factor) from the relation k = Aexp(-Ea/RT) by a linear least-6quares best 
fit to a plot of Ink versus 1/T. Values of AH* and As* from the transitioi 
stute theory Eyring equation:

t
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k = ( KT/h).exp(AS*/R). exp(AH*/RT)

were derived at 298K by means of the relations:
AH* = E - RT.a
AS* = R(InA - ln(KT/h) - 1)

These equations apply for both uni- and bimolecular reactions
252in solution .

SECTION l u  X-RAY CRYSTALLOGRAPHIC TECHNIQUES.

The general mathematical background to the theory of X-ray
253crystallography has been well documented and so will not be covered 

in any detail.

A. Practical Considerations.
Crystals for analysis were mounted on fine quartz fibres using 

'Araldite' epoxy resin and subsequently mounted and aligned with the 
X-ray beam on a goniometer head attached to a Syntex P2^ four-circle 
automated diffractometer. Preliminary rotation photographs were used 
to identify the lattice and unit cell parameters (below) for subsequent 
refinement. Rotation photographs about each of the three cell axes 
were taken in order to verify their assignment, symmetry and length. 
Given these unit cell parameters the Syntex proceeds to calculate the 
position, and collect the intensity data of each reflection. This raw 
data was treated as described in text and below.

B. The Unit Cell and Lattice.
Each molecule in a crystal is associated with a regular three 

dimensional point array, the lattice. This may be generated by the



periodic repetition of three non-coplanar vectors, a, b, and c with 
interaxial angles «, and These define the unit cell. An infinite 
number of sets of parallel planes, containing atoms, may be chosen from 
the lattice and specified by vectors (h,k,1,) normal to them. An X-ray 
beam incident on a set of planes at the Bragg angle 8
(n X  = 2d.sin© , n = Integer, X= wavelength of the X-rays, d = spacing 
between like planes - Braggs law) will suffer diffraction and behave 
as if reflected - hence the common name 'reflections'.

C. The Structure Factor.
X-rays are scattered by the bound electrons, and the electron 

density />(x,y,z) in the unit cell is a smooth periodic function over 
the whole lattice. Such functions may in general be expanded in terms 
of a Fourier series and the expansion of the electron density function 
is:

/>(x,y,z) = 1/V.fff ̂  F(hkl). exp[-2Hi(hx + ky * lz)] -----(1)
where F(hkl) is the coefficient to be determined, and h,k and 1 are 
integers over which the series is summed. F(hkl) is known as the 
'Structure Factor', and is a sum of the contributions of all atoms to
reflection (hkl). It may be shown that:

F(hkl) = £» fj.exp[2iri(hx + ky + lz)] ---------------- (2)
where there are j atoms in the unit cell with phases 0 given by:

= 2w(hx + ky + lz) -------------------------- (3)
f is called the 'Atomic Scattering Factor' or 'Form Factor' and its 
value depends upon the type of atom and the Bragg angle 6. A scale 
is used such that f equals the number of electrons in the atom when 
0 =0 .

D. The Temperature Factor.
Values of f must be corrected to allow for atomic vibration which
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has the effect of'smearing' the electron density out over a greater 
volume in the unit cell. For a simple spherical or isotropic vibration:

f' = f.exp[-Bj(Sine/A)2 ] --------------------- (4)
more accurately a triaxial ellipsoidal anisotropic vibration may be 
assumed:

f' = f.exp[-i(h2B11(a*)2 + k2B22(b*)2 + l2B33(c*)2 +
2hkB12a*b* + 2hlB13a*c* + 2klB23b*c*)] ---------(5)

the values of B in both cases define the extent of atomic motion 
allowed in the crystal. (* designates the reciprocal cell quantity).

E. Relation of F(hkl) to Observable Intensity.
The measured intensity of radiation reflected from plane (hkl) 

is proportional to |F(hkl)| 2. The magnitude of F(hkl), but not its 
phase, may therefore be determined experimentally. It is not possible 
however, to compute the electron density distribution using equation (1) 
and so solve the structure directly without the phase. There are various

icj,methods'- of overcoming this so called 'phase problem'. Only the
255 256heavy atom method ’ will be considered due to its applicability 

to the compounds in the present 6tudy.

F. The Heavy Atom Method and Patterson Function.
A.L. Patterson2'^’2^  showed that a Fourier synthesis A(uvw) 

given by:
A(uvw) = 1/V.£ f ̂ [|F(hkl)| 2exp(2iti(hu + kv + lw)] --- (6)

is a map of all interatomic vectors in the unit cell. Unlike /5>(x,y,z) 
this may be synthesised directly from the observed |F(hkl)|2 values 
since no phase information is required. The peak heights in the map 
are proportional to the atomic numbers of the atoms. If a unit cell 
contains N atoms there are N(N-l) non-origin vectors resulting in a 
very crowded and frequently intractable map. A molecule containing



only a few heavy atoms will, however, give a map dominated by heavy 
vectors2^. In favourable cases these vectors may lead directly to 
the co-ordinates of the heavy atoms. The contribution of the fj phases 
for the heavy atoms may dominate F(hkl) and in this case an electron 
density synthesis using calculated values of F(hkl) based only on the 
heavy atoms should show the position of lighter atoms. The process 
may be iterated and if successful should converge rapidly to the final 
structure.

G, Least-Squares Refinement.
The refinement of a structure requires variation in the atomic 

parameters to be made such that a best fit is obtained between computed 
and observed structure factors. Legendre's method of minimising the 
sum of the squares of the errors is used to accomplish this. Both the 
theory and application of this method are well described in standard
texts'258

Progress in structure refinement is frequently measured by the 
value of 'The Residual, R', defined by:

R = 2||FoI - |Fcl| /Z|F0I ----------------- (7)
259Wilson has shown that an entirely wrong arrangement of atoms for 

a centric crystal has R- 0.828, correct structures have R 0.25 and 
well refined structures have R - 0.05.

H. Data Processing Corrections.
The raw diffractometer data must be corrected for effects which 

alter the observed value of F(hkl) from that calculated by first 
principles2"̂ .
a) Background: (Syntex P2^ manual)

The Syntex diffractometer measures a ninety-six step profile of
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each reflection with background counts on either side of the peak 
maximum. The corrected intensity is caiculated by the diffractometer 
using the relations:

I = (total scan count - sum of background counts) x scan rate 
background to scan ratio

e.s.d = I(total scan count - sum of background counts) 5
b) Coincidence correction: (Syntex P2^ manual)

The detector and associatedcircuitry lose counts at high count 
rates due to an inability to respond to a second pulse before the first 
pulse is processed. The true intensity may be approximated to the 
observed intensity by the Schiff formula,

It = Io.exp(It.T)
where T is the dead time for an isolated event, and is an instrumental

255

constant. The Syntex P2^ approximates this expression by a parabola, 
It = Io + tit2

which fits well up to 50,000 counts per second,
c) Polarisation:

The theory of polarisation effects is treated in standard texts 
The correction takes the form,

|F(hkl)| OC (I(hkl )/p)
where p is the polarisation factor and is a simple function of 26.

d) The Lorentz Factor:
The time for a given reciprocal lattice point to travel tnrough 

its diffraction position during data collection is not constant and is 
a function of data collection geometry. Since measured intensity is a
function of scan rate a correction specific to the parallel geometry

25'4used in this determination is applied . The simple Lorentz factor, L, 
is given by L = l/sin26.



e) Absorption:
An X-ray beam travelling through a crystal is attenuated according

to a normal exponential law,
I = IQ exp(- p t )  --------------C8)

where I is the incident intensity, I the intensity after distance X  o
and yW is the linear absorption coefficient of the crystal. yU depends upon 
the number and type of atoms in the given unit cell and is very 
dependent upon the wavelength of the X-radiation2^0. Exact application 
of equation (8) requires a full knowledge of the crystal dimensions 
referenced to the same co-ordinate set used for data collection. A 
measuring procedure and an associated analytical absorption correction

pC. 1program, ABSCOR, due to Alcock were used. The program functions
by dividing the crystal into Howell's polyhedra so that rays are 
entering or leaving via one face only. For each of the polyhedra, the
contribution to the total diffracted intensity is calculated (AT).

262 263The transmission is then given by Â ,/V (V = crystal volume) ’

26aRaw diffractometer data was treated by the program SYNDAT which 
applies Lorentz and Polarisation corrections (above) and reduces the 
observed intensities to unphased structne factors F(hkl). This data 
was reduced to binary data files acceptable to the XRAY76 system 
using the program DATRDN2*^, which makes use of symmetry, unit cell 
constants and individual scattering factors. Subsequent data manipulations 
and structure solution as described above were accomplished using the 
XRAY76 programs2^  implemented on a Burroughs B6700 computer.
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