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Chapter One

1. Introduction

Crystallography today is one of the most widely used
disciplines across the whole spectrum of natural and applied
science. It is not only confined to its historical origin
of geology but it is an accepted part of chemistry, physics,
metallurgy, materials science, molecular biology and electronic
engineering.

Single crystal X-ray crystallography was pioneered by
W.H.Bragg and W.L.Bragg, whose technique enabled basic information
of the crystals to be obtained from X-ray analysis. The
distances between the various crystal planes and the angles at
which the planes intersect are determined, from which the
arrangement of the particles and the distances between them
can be ascertained. From the X-ray diffraction patterns the
electron density in different parts of a crystal can be deduced.
As X-ray scattering is caused not by atomic or ionic nuclei
but by the electrons round the nuclei, the scattering is greater
where the electron density is larger, i.e. in the immediate
neighbourhood of the nuclei.

From electron density maps of this kind, shapes of molecules
and ions can be found, as well as their structural formulae
and the bond lengths between the nuclei. Bond lengths in turn
give information about the nature of the bond, for example the

amount of ionic character present and whether the bonds are



single or multiple.

X-ray crystallography is not a means to an end by itself,
it must be used in parallel with the more standard and routine
chemical techniques such as infra-red and nuclear magnetic
resonance spectra, as well as using subjective judgement and

experience to interpret its results.



1e1 Selection of a Crystal

Crystals are built up from simple structural units composed
of a few atoms, ions or molecules. The crystal is merely a
repetition of the basic unit, just as the pattern woven into a
piece of cloth consists of the same design repeated over and
over again. For a crystal to be satisfactory for collection of
X-ray diffraction data, two main requirements must be met :-

1. It must possess uniform internal structure
and 2. it must be of proper size and shape.

To fulfil the first requirement, the crystal must be pure
at the molecular, ionic or atomic level. It must be a single
crystal in the usual sense, i.e. not twinned, which is the
existence of two differenct orientations of a lattice in what
is apparently one crystal, nor composed of microscopic
subcrystals. The crystal need not have particularly well-formed
or uniform external faces but should not be physically distorted.

All single crystals are in a sense, imperfect as they are
composed of slightly misaligned, not more than 0.2° to 0.5° for
most crystals,minute crystal blocks. These crystals with a
mosaic structure are desirable as the diffracted intensities
are much greater than from perfect crystals.

Crystals are easily screened by examination between crossed
polaroid sheets, by rotation about an axis normal to the
polarizing material, in which the crystals should appear bright

and extinguish once every 90°.



The preferred crystal size is of 0.1 to 0.3mm because of
the difficulties in aligning the crystal precisely with a
plateau of uniform intensity in the primary X-ray beam. The
size of crystal is also determined by the absorption of X-rays

by the crystal (1).



12 Limitations and scope of X-ray Crystallography

Apart from the obvious difficulty of growing a suitable
crystal which will diffract X-rays to the desired extent, the
collection of X-ray diffraction data has been facilitated in
recent years by the development of computer software and hardware.
Analysis of the data has also been made easier by computer
integration.

For simple crystals, knowledge of the symmetry and unit cell
dimensions enables the exact structure to be determined. Each
measured observed intensity of X-rays must be related to the
distribution of atoms within a known set of planes (hkl).
Theory shows that the measured intensity Iy, after suitable
correction is equal to the square of the structure factor Fy ;-
The significance of Fq is that it can also be calculated once
the positions and scattering power of the atoms within the unit
cell are known. An obvious approach, therefore, would be to
guess the position of all the atoms and then calculate the Fy;,
values. Good agreement between calculation and experimental
data would confirm the correct structure. Unfortunately this
trial and error method is not practical because there are many
possible positions for each atom in the unit cell, even though
some intelligent guesses can be made.

In practice, the reverse procedure is adopted in which the
atomic positions are determined from the measured intensities,

by the use of a mathematical technique, Fourier synthesis, which



maps out the electron density distribution within a unit cell.
The positions of atoms can be determined by noting where the
electron density rises to peak values.

A major obstacle in the use of Fourier synthesis is the
phase problem, in that in order to construct the electron
density map both the phases and magnitudes of Fhk1 must be known.
Experimentally, only the magnitudes of Fley are measured as
intensity I is proportional to Fhﬁl'

In 1955 it was thought that the limit of complexity in
structural determination by X-rays had been reached when Hodgkin
determined the structure of vitamin B,, which consists of 181
atoms. However Perutz in 1953 realised that the isomorphous
replacement technique was equally applicable to protein molecules
which contain thousands or even tens of thousands of atoms. To
determine the structure of such an enormously complex system,
some 500,000 intensities must be accurately measured and perhaps
one million calculations performed. Largely as a result of the
recent rapid development in high speed digital computers and
the improvement in instrumentation for recording and measuring
intensities, the task is not as hopeless as it may seem at first.

Computers have then allowed data to be collected for hours
on end by complete automation, correcting for any absorption of
X-rays by the crystal and for any degeneration of the crystal
while it is subjected to the X-rays or unfavourable atmospheric
conditions.

To overcome this phase problem either direct or indirect



methods may be used. Direct methods are the more objective in
that they depend upon mathematical relationships to determine
the phases of the structure factors. Indirect methods are more
subjective in that they depend upon the interpretation of the
data by the investigator.

DIRECT METHODS

Direct method computer programs require that the structure
factors be placed on an absolute basis. The magnitude of a
structure factor depends not only on the degree to which atoms
scatter co—operatively but also on the scattering angles, since
atoms scatter less strongly at high angles. From a theoretical
point of view there is an advantage in producing a structure
factor which is corrected for fall off in scattering angle such
that the numerical value of the structure factor is independent
of its position in reciprocal space.

The computer programs which have been used in the
structure determinations are :-

1) MULTAN 78 = which is used to calculate normalised
structure factors and carries out direct methods for
the largely automatic solution of crystal structures
with up to about 150 atoms in the asymmetric unit;
it is applicable to both centrosymmetric and non-
centrosymmetric structures (2).

S EEES (SHELX) - an alternative centrosymmetric
direct methods approach. This approach is to start

with a very large number of permutations of signs



(of the order of 210 +o 220 ) and to eliminate early on during
sign expansion those sets which are giving poor agreement. If,
at any stage, the agreement fails to reach a prescribed level
then the expansion is discontinued and the set rejected. For
the surviving sets electron density maps are computed and figures
of merit are calculated (3).

The choice of which direct methods package to use can be
largely determined by whether the structure was centrosymmetric
or not. For centrosymmetric structures SHELX was favoured,
whilst for the non-centrosymmetric structures MULTAN became the
standard choice.

REFINEMENT AND WEIGHTING

A refinement program based on the least squares procedure
calculates structure factors and accummulates least squares
totals which are then solved for the parameter changes. The
parameters which are then refined are :=~
s either the individual atomic isotropic vibration

parameters or the six components of the individual
atomic anisotropic vibration tensors.

( ii) the 1 F 1 scale factor.

calc

(iii) the atomic co—-ordinates.
The parameters are treated as functions of 1 Fealc 1 and the

least squares procedure minimises the funtion :

2

w lFobs e 2 5 Ly

calc

where ' w ' is a weight allocated to each structure factor.

Small variations are made to these parameters to produce



the test agreement between observed and calculated structure
factors. A cyclic process is carried out and after each cycle
an improvecd value for each parameter is obtained. The procedure
is repeated until no further improvement takes place, as shown
by the discrepancy index, R.

The actual weighting system used reflects the reliability
of the particular measurement and the weight parameter is
determined by the reciprocal of the square of the standard
deviation of the measurement.

In the initial stages of refinement a weight of unity may
be used for all reflections, but in later stages a weighting
scheme is introduced which is dependent on F ..

THE ' R ' VALUE - DISCREPANCY INDEX OR RESIDUAL

This is defined as :=-

Zl e Lii= 1Beme 10

Z lFobs 1

's must include temperature factors for the

R

The Fea)c
structure factors to be comparable.

The lower the value of R the greater the confidence that
can be placed in the calculated structure. At present R values
in the range 0.03 to 0.08 i.e. 3% to 8% are being quoted for
the most reliable determined structures.

The R value is by no means a perfect guide to the

correctness of fit of the structure and much subjective judgment
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1e2.1 Scattering factors and Thermal motion

A further limitation of X-ray diffraction is that as the
scattering factors increase steadily with increasing atomic
number Z, it becomes more difficult to distinguish between
atoms of close atomic number and also that the scatter from
the lighter elements is low by comparison. This is particularly
the case for hydrogen and causes difficulty in locating these
atoms in a structure.

The scattering factor falls off with increasing angle of
scatter since the wavelength of the radiation is of comparable
size with the scattering centre.

The normal scattering factor curves are calculated on the
basis of the electron distribution in a stationary atom, but
in fact, the atoms in crystals are always vibrating about their
rest points. The magnitude of the vibration depends on the
temperature, the mass of the atom and the firmness with which
it is held in place by covalent bonds or other forces. In
general though, the higher the temperature the greater the
vibration.

The effect of such thermal motion is to spread the electron
cloud over a larger volume and thus to cause the scattering power
of the real atom to fall off more rapidly than that of the ideal
stationary model. An approximation of the corrected structure
factor for thermal motion can be made mathematically by the use

of the Wilson plot (4).

11



The correction for thermal motion may be applied to
structure factor calculations at several levels of approximation.
The simplest of these is that of over-all isotropic vibrations
which assumes that all the atoms are vibrating with the same
amplitude and that their motions, like their shapes, are
spherically symmetric. This approximation makes for faster
computation as the thermal factor need only be evaluated once
per reflection and the result used to multiply the calculated
structure factor.

This approximation of equal amplitudes is not a very good
one because, for example an atom at the end of a long aliphatic
chain can reasonably be expected to be less firmly braced by its
neighbours than say a quaternary carbon in a rigid ring
structure. The individual isotropic assumption permits the
assignment of temperature factors to each atom but retains the
idea of spherical symmetry and can improve the fit between the
observed and calculated data markedly as the individual
temperature factors have physical significance. This assumption
can then be utilized in the early stages of a structural analysis
to identify significant incorrectly placed atoms by their
abnormally high temperature factors.

This added computation must then be evaluated for each atom
contributing to each reflection and must be used to modify the
scattering factor for that atom.

A different approximation can be made, the individual

anisotropic, in which the assumption of spherical symmetry is

12



abandoned and the single atomic thermal parameter is replaced
by six parameters which describe the size and orientation of
the vibration ellipsoid. Each atom must then be treated

individually, again increasing computation time significantly.

13



1.2.2 Electron and Neutron Diffraction as a complement

to X-ray methods

Initially it was thought that X-rays were the only
radiation which would give the desired diffraction effect.
However, it was found that if electrons and neutrons were
given the required velocity then from the de Broglie theory,
diffraction effects would result at the molecular leve},i.e.
wavelengths in the region of 0.1 to 2.0 R.

Using X-ray radiation it is difficult to detect the
hydrogen atom as it has a relatively low scattering factor,
whereas both electron and neutron diffraction methods are
suitable for positioning the hydrogens in a structure and this
could be done after the heavier atoms have been positioned
using X-ray methods. Practical difficulties involved with
both electron and neutron diffraction however make it very
unlikely that either of them will replace X-ray diffraction as
the most convenient and useful method of structure

determination.

14



i A AR Solid state versus Natural state structure

X-ray crystallography looks at the structure of compounds,
particularly with reference to enzyme substrates and inhibitors,
out of their biological environment. There is then the
question of how similar the structure so determined is to that
in biclogical systems. Are the atoms in the active site of the
crystalline enzyme in the same position as they are in the
biological system? This question is of great importance
pharmaceutically as the development of drugs may rely on
¥-ray determined structures of the enzyme which the drug is
intended to inhibit.

The folding, structural stability and dynamics of globular
proteins are thought extensively controlled by solvent
interactions, stress being generally placed on the poorly
understood so-called "hydrophobic" or "apcolar" interactions.
Similar driving forces are invoked to explain the energetics
of enzyme-substrate binding, the binding of a hormone to its
receptor and protein-protein interactions in general.

Crystalline proteins contain upward of about 25% solvent,
a typical value being 45%, and at the molecular level solvent-
protein interactions would be expected. Thus, provided the
structure of the crystal can be solved by X-ray diffraction
techniques to a sufficiently high resolution, it is possible to
extract significant information concerning the results of

solvent interactions especially at the protein-solvent interface.

15



This information can then be used to test the predictions of
any protein-solvent interaction model (5).

The reduced number of solvent interactions that may occur
in the X-ray structure must then be borne in mind in analysing
the structure. The development of such technigues as interactive
computer graphics has greatly aided the study of drug design.
Such apparatus as the Evans and Sutherland Picture System is
capable of rapid transformation of three dimensional data with
combinations of rotation, translation, scaling and perspective.
This system is extremely efficient for the display and
manipulation of complex biological molecular structures. The
electron density based on the method of isormorphous replacement
or calculated on the basis of the refined atomic positions is
displayed in the form of a "chicken wire" and the model is
manipulated into the density.

The existence of highly refined models of enzymes together
with the ability of manipulation of these molecular structures
offers the attractive possibility of a rational approach tc drug
design. This method has already been used on the detailed
structure of an enzyme and a complex with a substrate analogue to
aid investigation concerning the design of a good inhibitor.
Dihydrofolate reductase inhibitors ( which form the theme of this
thesis) have already been investigated by this technique.

The enzyme active sites can be displayed in various ways :
van der Waals surfaces or accessible surfaces, highlighting

hydrophobic or charged groups or specific residues. Complementary

16



surfaces can be generated; models of putative inhibitors
placed in the active site while the energy, change of surface
accessibility and other parameters are continuously monitored

(6) .

17



1.3 Molecular Geometry Calculations

Conformation is the molecular property which is of most
interest to researchers interested in small biologically active
molecules. As the majority of "interesting" molecules are
conformationally flexible, molecular models can be used to
answer questions about the molecular geometry of a molecule which
may have a whole range of possible conformations because of free
rotation about single bonds. Computer programs are available
which calculate the ab initio molecular wave function and then
optimize the geometry using a gradient of the energy with
respect to the nuclear coordinates. The computer program used
in this thesis was a version of the Gaussian 70 package and
is further detailed in a later chapter.

Some twenty years ago molecular wave functions were
calculated by using semi-empirical methods which were only
approximations to the true value and the advent of computers
aided such calculations.

Since modern quantum theory began nearly 60 years ago the
basic idea of quantum theory has been applied to all kinds of
chemical problems. However the major difficulty is that of
obtaining reasonably good wave functions for any but the
smallest molecules. Crystal data in molecular orbital
calculations must be used with caution as molecules may not
have precisely similar shapes in a crystal and in solution or in

an active environment. Crystal structures of ions may vary

18



depending on the nature of the counter-ions.

Similarly the active conformation of a drug may not be
that stable in the solid or in solution and indeed may not be
stable at all except in the receptor environment. It has also
been proposed that several local minima may exist on the energy
hypersurface besides the one corresponding to the experimental
configuration (7).

In principle the Schrodinger equation does contain all the
answers and in time it will no doubt be possible to run
calculations for huge systems which will include solvent,
receptor, counter-ions and all the particles involved in

biological recognition and activity.

19



131 Charge Distribution and Mulliken Population Analysis

Apart from nuclear conformation, of interest are details
of the electronic charge distributions which can be revealed
by calculation. Such calculations are of particular
pharmaceutical interest; where a pharmacological receptor
experiences the influences of a drug or transmitter molecule,
it must do so by the interaction of electron densities on the
two partners. Charge distribution is unobtainable from
experiment and hence the application of quantum mechanics to
pharmacology is of central importance.

A conveniently programmed method of gaining an idea of
charge distribution in molecules comes from the so called
Mulliken Population Analysis. This produces the number of
electrons associated with a particular atom, even though they
may not spend much time very close to the particular nucleus.
In this way all the electrons in the molecule are assigned to
nuclei. The limitation of this approach is that all the charge
is associated with nuclei i.e. the charge between two nuclei is
divided equally between the two, even if the atoms have very
different electronegativities. The use of the information on the
distribution of electrons derives from the fact that the
chemistry, the affinity, the efficacy and the reactivity of a
molecule are properties of electrons. When molecules encounter
each other it is the electrons which interact and such

calculations of charge distribution on similar molecules indicate
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132 Quantitative Structure-Analysis Relationships

(OSAR)

This mathematical technique uses computerized
statistical studies of the relationship between chemical
structure and biological activity. The QSAR model assumes
that in varying substituents on a parent structure one
changes its hydrophobic, steric and electronic characteristics
and these perturbations which are reflected in the biological
response of a standard system can be more or less accounted
for in the physicochemical properties of the substituents.

The research using QSAR on dihydrofolate reductase
inhibitors which is the subject of this thesis is reviewed in

a later chapter.
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Chapter Two
2.1 The importance of Folic Acid

(Folacin or Pteroyl-Glutamic Acid)

Folic acid is broadly distributed in plants and its
deficiency in mammals results in failure to grow and in various
forms of anaemia. It contains three characteristic building
blocks: (1) a substituted pteridine, (2) p-aminobenzcic acid
and (3) glutamic acid (see Fig. 1).

Pteridine is the bicyclic nitrogenous parent compound of
the pterins which are derivatives of 2-amino-4-hydroxypteridine.
The pterin present in folic acid is 6-methyl pterin. In some
species folic acid is attached by the Z{-carboxyl group of the
glutamic acid to one or more additional glutamic acid residues
joined in peptide linkages involving the X-carboxyl groups of
the glutamic residues. Some organisms require only the
p-aminobenzoic acid portion of folic acid; they can synthesize
folic acid if p-aminobenzoic acid is available (8).

The most conspicuous biochemical symptom of folic acid
deficiency is impaired biosynthesis of purines and the
pyrimidine, thymine. Recent studies have shown a relationship
in mammals between folate deficiency, heme content and microsomal

drug metabolism (9).
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25Zal The Metabolism of Folic Acid, simplified

biological mechanism

For mammals : For some micro-organisms :
Folic Acid p—aminocbenzoic acid
(from diet) +

glutamic acid
+
dihydropteridine
dihydropterocate
synthetase
dihydrofolic acid (DHF)
tetrahydrofolic acid

purine synthesis

DNA
Animal cells are incapable Unicellular organisms are
of synthesizing folate and wholly dependent on the
it must then be obtained synthesis of DHF de novo.

from exogenous sources.
The folic acid is
transferred into the cells
by an active transport
mechanism.
For both animal and micro-organism, although folic acid
is the vitamin, its reduction products are the actual coenzyme

forms.



Ze2eid The metabolism of Folic Acid

The B vitamin, folic acid I is reduced enzymatically in
the cell to tetrahydrofclic acid ( FAH, or 5,6,7,8 tetrahydrolate)
111 (see Fig.2) via 7,8 dihydrofolic acid ( FAHz) II. Any one
of five enzymes can then be used by a cell to catalyze the
attachment of a one carbon fragment at the formaldehyde or
formic acid oxidation level by FAH, on either N5 or Nl0 or
both (see Fig. 3).

The one carbon fragment may be either hydroxymethyl (CH,OH),
formyl (CHO), or methyl (CH3) groups in a large number of
enzymatic reactions in which such groups are transferred from
one metabolite to another or are interconverted (see Fig.4 ).
These complex one-carbon transfer reactions are involved in
the intermediary metabolism of amino acids, purines and
pyrimidines. The former are used in the formation of proteins
and the latter in DNA synthesis.

The function of folic acid is then to insert a single
carbon unit wherever required in the biosynthesis. For example,
a sequence of enzymatic reactions in which the hydroxymethyl
group of the amino acid, serine is enzymatically removed to form
the NS, Nlo methylene derivative of tetrahydrofolate (FAH, ),
which is reduced to the N5 methyl derivative. The latter then
donates its methyl group to homocysteine to yield methionine.
Tetrahydrofolate thus serves as a shuttle to which the one carbon

group is covalently but transiently attached :-

26



FIGURE 2.

STRUCTURE COF TETRAZYDROFOLIC ACID
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The hydrogens X, to H4 (inclusive) are those added to folic acid

to give tetrahydrofolic acid. The N5 and N, nitrogen atoms

10
participate in the transfer of one-carbon groups.
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Figure 4, Biosynthetic Functions of Folic Acid Coenzymes

(10 ).
formate
N]_O formyl-FAH) ———3Purines
—>
I 1
rAH2-—)FAHh NSNJ.O methenyl—FAHh-ﬂPuxlnes

| %

davine NSNlo methylen e—FA:Ih-)’Ihyml dylic

- 1L Acid

I\T5 methyl—FAHh ———> Methionine




Serine + E’AH45==::‘Glycine + NS,Nlornethylene FAH, + H0

NS,Nlomethylene FAH, + NADH + H*;:::?NSmethyl FAH, + NAD "

Nsmethyl FAH, + homocysteine‘;t:fFAH4 + Methionine

Another enzyme vital to the folic acid reduction is
thymidylate synthetase which is uniquely involved in the
internal oxidation reduction of an intermediate which takes
place when deoxyuridylate (dUMP-2'-deoxyuridylate) is

converted to thymidylate (dTMP).

5,10-CH -FAH4 B
2\S<

dUMP dTMP

AH,

1

TS = Thymidylate synthetase

As a result a blockade of dihydrofolic reductase prevents
the coupled thymidylate synthetase from operating, leading to
a cellular deficiency of dTMP. Therefore blockade of either
dihydrofolic reductase or thymidylate synthetase in a cell will
lead to 'thymine-less death', if the cell is unable to use the

alternate pathway via thymidine with thymidine kinase (11).



2e3 Dihydrofolate Reductase (DHFR) - An Introduction

DHFR is classified into structural class No. 4, i.e.
a/-helix and ﬁ-shee.t tend to alternate along the amino acid
chain. The whole of the protein is defined as the structural
domain in relation to the globular protein with 160 - 180
residues (depending on species) in the domain, with one
domain per globular protein. There are two structurally known
enzymes with NADP as cofactor, one of which is dihydrofolate
reductase. In DHFR, NADP is bound to the domain containing a
p -sheet andX-helices (12). The polypeptide backbone is folded
into an eight-stranded f -sheet consisting of seven parallel
strands and ending with a single anti-parallel strand at the
carboxyl end, with approximately 35% of the backbone being in
the B-sheet (13).

The other enzyme, glutathione reductase, binds the NADP
in a domain with a central pleated sheet. This sheet contains
a Rossmann fold which binds the adenosine moiety of NADP in
a position corresponding to the equivalent site in dehydrogenases.

DHFR and TS appear to be ubiquitous having been found in
bacteria, plants, certain phages as well as in animal tissues
and cell lines. It has been found that high levels of these
enzymes are present in cells that are actively dividing. Since
rapid cell proliferation and therefore DNA synthesis is one
characteristic of most malignant tissue, inhibition of the

thymidylate cycle at the level of either DHFR or TS should cause
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the cessation of malignant tissue growth.

To date only a few amino acid sequences of DHFR from both
prokaryotes and eukaryotes have been determined and there are
no crystallographic studies to date on folate or dihydrofoclate
bound to DHFR. However structural studies have been carried
out, to 1.7 R resolution, on the binary complex (inhibitor
only bound to the enzyme) of Methotrexate (MTX)-resistant
E.Coli DHFR with MTX (13), the ternary complex (inhibitor and
coenzyme bound to the enzyme) of MTX-resistant Lactobacillus
casei DHFR with MTX and NADPH (13) and to 2.9 ® resolution on
the avian DHFR ternary complex with phenyltriazine and NADPH(14).
These structures are considered in further detail in Chapter
Four.

These studies have defined the overall shape of the enzyme
molecule, identified regions of secondary structure and binding
areas for inhibitor and cofactor. As there are indications of
differences between the protein conformational structures in
the enzyme-MTX and enzyme-substrate complexes, direct analogy
from the X-ray results to a description of enzyme-substrate
binding is not easy.

It appears that although there are considerable changes in
the primary structure of the enzyme (i.e. amino acid sequence)
between species the tertiary structure and hence function of the
enzyme remains comparatively unchanged. For example, the
packbone of Lactobacillus casei DHFR is structurally similar
to that of E.Coli although there is only an amino acid sequence

homology of approximately 27% (14). There is also considerable
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2:3.1 Bacterial and Animal DHFR - Physical and Chemical

Differences

All mammalian and avian, but only a few bacterial DHFR's
can utilize folic acid as a substrate, as previously stated;
however the pHmaxinmuﬁ”ith folic acid is between 4 - 5.5 and
reduction is near zero at pH 7. The enzymes utilizing folate
as a substrate with dihydrofolate usually show a double
maximum, one at pH 4- 5.5 and the other near pH 7.4; at
pH 7.4 folate is a good inhibitor of DHFR, being complexed
to the enzyme better than the dihydrofolate. Those bacterial
enzymes which cannot utilize folic acid as a substrate have
only one pH . .imym N€ar pH 7.4.

An inhibitor profile for each enzyme from inhibitor
binding analysis could be prepared. It was found that
intergroup differences could be very large. For example 50%
inhibition of mammalian enzymes required concentrations of
one inhibitor, trimethoprim, of the order of 10-4M while
for bacterial enzymes less than lO-BM was required. In contrast
a dihydrotriazine inhibited mammalian enzymes at 10-7 M.
Intragroup differences were found more so among bacterial than
among mammalian enzymes (15).

The majority of the enzymes had molecular weights of the
order of 20,000. Bacterial enzymes have molecular weights

nearer 18,000 whilst mammalian enzymes are about 21,000.
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Chapter Three
3l General Considerations of the Enzyme - Substrate -

Inhibitor Relationship

Enzymes are a billion times more efficient than man-made
catalysts although they operate within the limits of biological
conditions. A fascinating property of enzymes is their
catalytic power. Enzyme - catalyzed reactions proceed at
rates that are from 108 to 1020 times faster than the
corresponding uncatalyzed reaction. Traditionally, enzymes
are compared with man - made catalysts which as a rule
are 108 to 109 times less effective in accelerating a given
reaction than the corresponding enzyme.

Another attribute of an enzyme, which a chemical catalyst
possesses only in rare cases, is specificity of action. Only
one or a few compounds, the substrate(s), are acted upon and
only a single type of reaction takes place. Side - reactions
or by - products do not occur, a reflection of the fact that
uncontrolled pollution cannot be tolerated in a living cell (12).

The characteristic of enzyme catalysis is then that the
enzyme specifically binds its substrates and the reactions take
place in the confines of the enzyme-substrate complex. TO
understand then how an enzyme works, not only must the structure
of the native enzyme be known but also that of the complexes
of enzyme with substrate intermediates and products. Once these

are determined, how the substrate is bound, what catalytic
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groups are close to the substrate and what structural changes
occur in the substrate and enzyme on binding will be known.

In these determinations there is one major difficulty:
enzyme-substrate complexes react to give products in fractions
of a second whilst the acquisition of X-ray data usually

takes several hours. It is therefore necessary to determine
the structures of the complexes of enzymes with the reaction

products, inhibitors or substrate analogues (16).
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B2 Enzyme Inhibition

In simple terms an enzyme E complexes with a substrate S
and converts S to the product P :-
E + Sg=2E -~ - Sg=2E - - P3=2E + P I
An inhibitor of the enzyme I must have an affinity for the
enzyme :-
E + Ig=2E - - 1 II
Since the inhibitor can complex reversibly in this case with
the enzyme to form an E - - I complex, less free enzyme E
is then available for conversion of S to P; hence the
resultant conversion is inhibited to an extent depending
upon the relative concentrations of S and I and their relative
equilibrium constants with E, namely Kg and Kj respectively.
The study of the inhibition of dihydrofolate reductases
involved both reversible and irreversible mechanism, including
for the irreversible type: an inhibitor I bearing a properly

positioned leaving group X which can form a reversible complex

with the enzyme E - - I-X and then react further irreversibly:-
E + I-X®=2E = = [-X—>E = =1 + X III
¢
52

The kinetics of such reactions are described in reference (16).
In contrast to the reversible E - = I complex in II which
can dissociate to free inhibitor and active enzyme E, the

irreversibly inhibited enzyme E - - I in III can vary from
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inoperative to poorly operative. The rate of formation of
such a covalently linked enzyme-inhibitor complex is
dependent upon the concentrations of the E - - I-X complex,
the nucleophilicity of the enzymic group being alkylated, the
relative reactivity of the leaving group X and the ease of
formation of the trasition state E - - I-X is in turn
dependent upcon the concentration of the inhibitor I-X and
upon the reversible dissociation constant of the enzyme-
inhibitor complex.

Irreversible inhibitors then have an extra dimension
of specificity dependent on the equilibrium constant ki
in III that does not exist with reversible inhibitors.
Also, the affinity of the enzyme for the inhibitor is most
usually due to the complexing ability of the enzymic active-
site for a substrate and its mimic, the inhibitor. Such a
neighbouring group reaction within an enzyme-inhibitor complex
to give an irreversibly inhibited enzyme is called active-

site directed irreversible inhibition (17).
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3.3 Considerations of binding between the enzyme

protein and substrate or inhibitor

As an intermediate complex is formed in an irreversible
inhibition reaction, much research has been done on the
binding forces that cause an affinity of the enzyme for the
inhibitor. On the enzyme itself, the binding groups can
only arise from the nature of the twenty different amino
acids which may occur in the enzyme plus any metal ions
associated with the enzyme and cofactor; on the inhibitors
much greater variation may be incorporated into the types
of groups.

There are only four major types of interaction between
enzyme and inhibitor and the strength of the complex is
dependent upon the nature and strength of each bonding :-

de anionic—cationic{electrostafic} interactions

2. hydrogen bonds

3. charge-transfer complexes

4. hydrophobic bonding and the accompanying

van der Waals forces (17).

It is possible therefore for a multi-atom functional group,
such as an amide or a phosphate, to have several modes of
binding simultaneously, for example, with the -CONH group,
the hydrogen can be an acceptor and the oxygen a donor - the
type of bonding responsible for the helical portions of

proteins.
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For the design of active-site-directed irreversible
inhibitors it is then necessary to know which groups on the
substrate or inhibitor complex with the enzyme. Although
the type of bonding present may not be able to be
differentiated, for example, between hydrogen bonding and
charge transfer, X-ray crystallographic studies of
inhibitors complexed with the enzyme will give an indication
of which amino acid on the protein is adjacent to an

inhibitor functional group.

40



3.4 Specificity :- How much difference in protein
structure must there be for an active-site inhibitor
to inhibit the tumorigenic cell and not the original

normal cell?

When a tumorigenic virus invades a normal cell the viral
coding information becomes an integral part of the original
cell. This produces a cancer cell which contains the genetic
information of both the virus and the original cell. In order
for the cell to reproduce more rapidly, DNA must be
synthesized more rapidly which requires more dihydrofolate
reductase and more thymidylate synthetase. As the new
enzymes are coded by the nucleic acid present originally in
the virus, they could presumably be subtly different from the
- original two enzymes.

Active-site directed irreversible inhibitors use the
similarity in the active site, used by reversible inhibitors
but also use the specificity of less functional parts of the
enzyme for irreversible covalent bond formation. The area of
the enzyme outside the active-site is one in which structural
differences of the substrate-identical enzyme in different
tissues are likely to occur, as little structural change can
be tolerated in the active-site before the enzyme ceases

to be functional.
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Chapter Four

4. Inhibitors of Dihydrofolate Reductase

Folate and dihydrofolate have quite complex structures
compared to most monomeric substrates in that they have
eleven different polar groups and two'Tr- electron systems
that can complex with dihydrofolate reductase: it has been
estimated that in the order of three to six of these groups
would be sufficient for binding to give the observed bindiﬁg
constants (18).

The mode of binding of inhibitors to dihydrofolate
reductase is still not completely understood even after much
research. Complications arise when the binding of individual
groups on inhibitors are assigned, as strongly hydrophobic
bonding occurs with the dihydrofolate reductases. As a result
of this extreme hydrophobic bonding, it is likely that an
inhibitor can complex to DHFR in one of several possible
rotomeric conformations, depending upon the one giving maximum
hydrophobic bonding. Hence conclusions on a single type of
inhibitor are not general but relate to the binding of specific
groups on an inhibitor.

Inhibitors of DHFR have commonly been termed "antifolates".
The earliest reported small molecule antifolates were the
2,4 diaminopteridines, by Daniel et al (19,20), which were
synthesized to simulate the pteridine portion of the folate

molecule and the authors concluded that the 2,4 diamino
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derivatives were much more potent inhibitors of lactic acid
bacteria than the chemically more nearly related 2-amino-4-
hydroxypteridines. It was also noted that there were
differences in responses between Lactobacillus casel and
Streptococcus faecalis and it was concluded that these
micro-organisms had multiple systems dealing with folates
which existed in different proportions in the two.

In 1945, Hitchings et al (21) studied 2,4 diamino-5-
methyl pyrimidine and then used the elaboration of the
5-methyl group to develop a family of inhibitors. By 1948,
(22) evidence was gathered that all derivatives of 2,4 diamino
pyrimidines were antagonists of folic acid and in 1951 (23)
a variety of substances were developed primarily toward
antimalarials. This latter study queried the association
between antifolate and antimalarial activity.

Antimalarial activity had been postulated for the
antifolates on the basis of a formal resemblance between
2,4 diamino-5-p-chlorophenoxypyrimidine and the antimalarial
chlorguanide (24), but chlorguanide was the more potent
antimalarial and relatively weak as an antifolate. However
this discrepancy was resolved when the biologically active
chlorguanide metabolite was found (25) to be a dihydrotriazine

derivative with an appropriate degree of antimalarial activity.
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4.1 Known Inhibitors of DHFR

In Table 1. are listed some inhibitors of DHFR that
are close analogs of folic acid except pyrimethamine. Folic
acid is an excellent inhibitor of the vertebrate DHFR, being
complexed two to ten times better than the substrate,
dihydrofolate. Replacement of the 4-hydroxy group of folates
by a 4-amino group as in aminopterin gives a tremendous
enhancement in binding.

Pyrimethamine has a considerably abbreviated structure
compared to the others. Methotrexate and aminopterin bind
10,000 to 50,000 times more tightly to DHFR's than does folate.

The binding of trimethoprim TMP has been found to be
sufficiently different to chicken and E.Coli dihydrofolate
reductases perhaps to explain TMP's much weaker binding to
the chicken enzyme. This has been reported to be due to the
residues on opposite sides of the active site cleft being
1.5 - 2.0 8 further apart in the chicken dihydrofolate
reductase than the structurally equivalent residues in the
E.Coli enzyme and other factors notably :

1. differences in exact positioning of the
2,4 diaminopyrimidine ring,
2. differences in the benzyl group binding sites

as well as other stereochemical factors (26).
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Table 1.
INEIBITORS OF DIHYDROFOLATE REDUCTASE

O @

Name R R R

1 2 3
Folic Acid (0):4 H -IIHCEHCOOH
CH2CH20003
10-Formyl Folic Acid CH E -NHCEHCOOE
-CH CHchZCOOE
Aminopterin HH2 E -!IH(IIHCOOH
8 03205200031
Pyrimethamine NH,
N O Ci
HrZJ l'kl : C.H
) N 25
Amethopterin N’E2 CH3 -HHEFHOOOH
(Methotrexate - MTX) CE,,CH,COOH
Aspartate analog of
Amethopterin HE2 CH3 -NH(IJHC‘-OOH
032000H
Trimethoprim

45



4.2 Structural Studies of Antifolate Drugs

The natural substrates for DHFR contain a 2-amino-4-oXxo
pteridine moiety whereas the most effective inhibitors are
2,4 diamino derivatives of pyrimidine, triazine, pteridine or
guinazoline. The enhanced affinity of these antifolates
can be explained by the modified pattern of hydrogen bond
donors and acceptors or on an increased basicity of the
heterocycle (27,28). By analysing the hydrogen bonding and
molecular packing of these compounds in the crystal lattice,
molecular details can be obtained of the hydrogen bond
strength and directionality of drug binding to the enzyme
active site.

The antifolate diamino groups can act as hydrogen bond
donors, while N1 and N3 can act as hydrogen bond acceptors or
be protonated. This is in contrast to those of the natural
substrates in which only the 2-amino group can be a proton
donor, when N3 has a proton and where the enzymatic protonation
site is N5, although N1 or N8 can be protonated.

Although antifolate drugs differ in their chemical nature
they contain a common structural unit (I) replacing a portion
(II) of the pteridine ring of folates :-
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One factor which would be expected to be inimical to an
inhibitor binding is that of the increased size of C(4}NH2
in the inhibitors relative to C(4)0; however it is thought
that there is a great stereochemical adaptability of the
NH, group which helps structure (I) to fit the enzyme well
(29). The amino group of the inhibitor may act as both a
proton donor and acceptor, to enable it to form two
hydrogen bonds to the E.Coli enzyme, compared with just one
for the éarbonyl oxygen atom of the substrate. Also, the
enzyme itself may be "floppy".

The formally single exocyclic C-NH, bonds in the
2,4 diaminopyrimidine unit are similar in length to the
formally multiple endocyclic C = N, suggesting electron
donation by the amino groups. An almost universal phenomenon
in the antifolates is that of base-paired dimerization about
a centre or pseudo-centre of symmetry involving NH, as a proton
donor and ring N as acceptor. The hydrogen bonding system
involves 2- and 4~ amino groups and pyrimidine nitrogen atoms
1 and 3. The protonation of N1 of the pteridines can be drawn
as three reasonable tautomers, of which (ii) is generally
accepted. However (iii)- like tautomers occur in pyrimidines,

and maybe pteridines too.

OH
N
(1) N;\l/ %
-
HNTSS ¥
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Spectroscopic studies have shown that only one-third
of the difference in binding energy between folate and
methotrexate could be attributed to protonation (30) indicating
that as well as the protonation difference the two substrates
are bound somewhat differently. It has been shown that the
pteridine ring of the substrates is bound upside down compared
with the inhibitor, methotrexate (31).

The mode of binding to the enzyme active-site is still not
completely understood. It had been previously found that
when the pteridine ring was bound in the hydrophobic pocket
on the enzyme the carboxylate side-chain of the aspartate
residue (Asp-27) of DHFR from the MTX-resistant strain of
E.Coli (32) was in close proximity to N1 of methotrexate.
However it is now known that Asp-27 is only conserved in
some enzymes, to date bacterial only, being replaced by

asparagine or glutamic acid depending on the method of aligning
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the sequences in mammals (33), but both of these still
have polar groups in the area.

Further evidence of a protonated N1 atom in methotrexate
when bound to DHFR and that a charge interaction exists
between as aspartate (bacterial) or a glutamate (vertebrate)
in the enzyme and the protonated N1 has been obtained from
X-ray diffraction and 130 nuclear magnetic resonance studies
(32,34). Details of the MTX and DHFR interaction (35) revealed
that since methotrexate binds with pteridine ring in a
flipped orientation as compared with the substrate, dihydrofolate,
an additional hydrogen bond forms at the 4-amino which cannot
form for dihydrofolate, see Fig.5. This indicates that the
charge-interaction is probably not responsible for the entire
104 to 105 higher affinity DHFR as for methotrexate versus
dihydrofolate (36).

Directed mutagenesis of dihydrofolate reductase has been
done which involved residue 27, aspartate replaced by an
asparagine and at residue 95, glycine replaced with alanine
in the mutant E.Coli DHFR (37). It was found that for the
asparagine 27 mutant the enzyme does nct protonate methotrexate
in the binary complex although the binding constant is lowered
by only one hundred fold. Surprisingly, the asparagine 27
enzyme retains one thousandth of the enzymatic activity but
the pH optimum has apparently shifted to pH 3.5 verses pH 7.0
for the wild type DHFR. However, it was found that gly 95

to ala mutation shows no detectable enzymatic activity. The
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Fig. 5

Conformation of MTX (left) and DHF (right) as it would be
after rotation of the 06-09 bond through 1800 with appropriate
adjustments of adjacent bonds/(|5)

()
‘/5\1 "t’
2 o 0
— s L _,-\/\_/ 2)
O i) i L0 G
Sy & 3
— /‘: ; 1 "A_/
[ —_
Y L
@\ﬁ’i:,‘ (x Al
b O “f‘,:;\ B 5
) (i frmgtt = \ 1 ’ i ey
5 FH = &P Gl
\ s =) i o 187
k"g_(r/ -:C,r/j ~ \—.3"5 ‘T'f:/:' ‘ (D
¥ SR | e
\1_ J"\“"L"*’;‘ il .:/./"'\'f./ N~
) el 3 A
Lo e

50



alanine substitution for glycine at this position appears to
have distorted the conserved backbone cis-dipeptide
conformation and presumably has eliminated the enzyme's
ability to activate NADPH by shifting a carbonyl oxygen
(Ile 94) away from the nicotinamide C4 in the active-site.
The enzyme is not grossly unfolded since it still binds to
NADPH and to methotrexate (38).

Much research in this area of mutagenesis is still to
be undertaken, as well as research into the expression and
amplification of engineered dihydrofolate reductase

minigenes (39).
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4.2.3 Dihydrofolate Reductase Binding

The known crystal binary and ternary structures of DHFR
from Escherichia Coli (13,32) and the other from
Lactobacillus Casel complexed with NADPH (13,40) both show
considerable hydrogen bonding between enzyme and inhibitor.
The enzymes supply a carboxylate anion near the protonated
N1, a proton acceptor for the 2-amino group and another proton
acceptor near the 4-substituent. The protonated N1 atom
indicates the importance of protonation at that atom and
basicity.

Hydrogen bonding studies of pyrimidine and related
compounds, show that base-paired dimerization about a centre
or pseudo centre of symmetry in the crystal lattice involving
NH, as a proton donor and a ring nitrogen as an acceptor,
is an almost universal phenomenon. Unsolvated neutral
molecules of trimethoprim for example (41) form two such base
pairs, each utilizing only one of the amine hydrogens. However
when oxygen functions are available from solvents, N-H ... O
hydrogen bonds are formed, usually at the expense of a base
pair (42). 1In most cases, the N(4)-H ... H(3) hydrogen bond
links the base pair dimers, with the other protons hydrogen
bonded to the counter ion or solvent oxygens. In those
structures which have other NH, functions present on the
antifolate, additional hydrogen bonds of the type X-H ... NH,

are formed.
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From the earlier studies (32,40) the E.Coli but not
the L.Casei DHFR appeared to furnish a proton donor in the
vicinity of the 4-substituent. If the 4-amino group is
capable of rehybridisation it would be possible for it to
act as both proton donor and acceptor and form two hydrogen
bonds to the E.Coli enzyme as compared with just one for the
carbonyl oxygen of the substrate (29). If it acted purely
as a proton donor it could form one hydrogen bond to the
L.Casei DHFR as compared with none for the carbonyl oxygen
of the substrate. This reasoning would still hold for the
flipped orientation in bound methotrexate. 1In the latest
studies it is now evident that two hydrogen bonds are formed
by the 4-amino group of methotrexate.

In the other known ternary complex of avian DHFR
containing phenyltriazine and NADPH (14) the triazine ring
of the phenyltriazine inhibitor is in a position analogous:
to that occupied by the pyrimidine portion of methotrexate
when the latter binds to bacterial dihydrofolate reductase.
A hydrogen-bonded charge-charge interaction occurs between
the carboxylate side chain Glu-30 and the inhibitor's N1 and
2-amino group. This interaction closely resembles a similar
one between Asp-27, E.Coli and pteridine ring of methotrexate.
The inhibitor's phenyl ring occupies a space analogous to that
utilized for binding the pyrazine and C9-N10 portion of
methotrexate. NADPH lies in a long shallow groove winding

across one face of the enzyme molecule. As in L.Casei DHFR
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the cofactor is held in an extended conformation by numerou
hydrophobic, hydrogen-bonded, and ionic interactions.

The overall backbone chain folding in the avian DHFR
is very similar to that observed in E.Coli and L.Casei with
about 70% of the additional residues present in the avian
enzyme which occur in three loops far removed from the substrate
and ceofactor binding sites.

The conformation of the inhibitor methotrexate and
its interactions with the enzyme are very similar in the
E.Coli binary and L.Casei ternary complex (32,40). Also
amino acid comparisons among the known dihydrofolate
reductases (14) show that most of the residues involved in
methotrexate binding are highly conserved.

Certain generalizations have been proposed as a result
of studies of the binding of inhibitors to bacterial and
vertebrate DHFR (26). These proposals include that for each
species of DHFR there are two potential binding sites,
the upper and lower clefts for inhibitor side chains.
Effective inhibitors in both classes of DHFR for example

MTX, overlap both sites.
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4.3 Membrane Transport of Antifolates

The glutamate side chain in folate and in MTX is
thought to be involved in the active transport processes
for these analogs. Mammals have two separate transport
systems with varying specificities towards folate compounds.
Some folate antagonists have extracellular and intracellular
target enzymes, which suggest that possible folate-binding
proteins could be used. (Ref. 43 - A general explanation
of the binding interactions of substrates and inhibitors, as
well as catalytic mechanism is given in this reference.)

Much evidence for a critical role of membrane transport
in the cytotoxic action of folate analogs has been provided
by studies with a variety of mammalian cell types. The
question of selectivity of anti-tumour action of this general

category of agents has been studied using tumour models and

erythrocytes (44,45).
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4.4 timalarials

Malaria is caused by an infection with protozoan
parasites which are carried by the anopheles mosguito
(the insect vector). Antimalarial drugs act at various
points in the life cycle of the parasite. The centuries
old treatment with quinine in the form of chinchona bark
has been superseded by less toxic aminoquinoline
derivatives, Fig. 6.

The problem with all these drugs is that they have
many side effects which are sometimes fatally toxic. But
the biggest drawback is that there are very few places left
in the world where the malaria parasites have not developed
resistance to them.

Quinine, chloroquine and pyrimethamine kill parasites
by blocking their ability to synthesize nucleic acids and
primaquine disrupts the energy metabolism of parasite cells.

A new strategy for developing novel antimalarials is
one which mimics the simplest mechanism the body has for

combating infection, the so-called non-specific immunity (46€).
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Fig. 6
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4.4.1 Cycloguanil - common features with other

antifolates

The antimalarial drug 4,6 diamino-l-p-chlorphenyl-
1,2 dihydro 2,2 dimethyl s triazine, (cycloguanil) is
shown in Fig. 7. It is an active metabolite of proguanil
B.P. (47). 1t is believed to act by blocking the
interconversion of dihydrofolate and tetrahydrofolate.

The drug, cycloguanil has been shown to share the
following features with other antifolate agents studied
crystallographically :-

1. protonation at N3
2. a phenyl ring nearly perpendicular to
the heterocycle.

A comparison of cycloguanil and the complex DHFR-MTX
(32) was made (48) and it was concluded that the same :-

+HN===C[NH2)=== ==;C(NH2}
unit is present as in the protonated drugs MTX (32),
pyrimethamine (49) and others. The acidic hydrogen of
protonated cycloguanil participates in N - H--~C1~ hydrogen
bonding. The C - N bonds to the amino groups appear to
match acceptor groups in DHFR. Bond distances indicate
extensive delocalization within the heterocyclic ring which

could be advantageous fofTr—Trinteraction with DHFR (32,49).
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Figure 7.

CYCLOGUANIL
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4.5 Sulphonamides

There is a close structural relationship between
sulphonamides and p-aminobenzoic acid, the latter being
a necessary metabolic factor for dihydrofolic acid synthesis,
which explains the antimetabolic character of sulphonamides.
As shown in Fig. 8 the sulphonamide and carboxyl groups have
similar dimensions and are isosteric. Also both molecules
are relatively planar, where the exception is that the
R group of the sulphonamides is out of the plane. The
sulphonamides in clinical use differ only in the nature of
this R group, which modifies some of the physicochemical
properties but not the fundamental antibacterial effect.
The sulphonamide could then compete as an analog of
p-aminobenzoic acid. It is known that the addition then
of p-aminobenzoic acid, gives a reversal of the sulphonamide

action (50).
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Figure 8.

Sulphonamide 6.9%

R=H sulphanilamide

p-aminobenzoic acid | 6.7% | T
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Chapter Five
Structures of Antifolate Carboxylates

Bied PYRIMETHAMINE ACETATE HYDRATE

Salal Abstract

2,4-diamino-5-(4-chlorophenyl)-6-ethyl pyrimidine
acetate hydrate
Pyrimethamine acetate hydrate {C12H13C1N4.CH3COOH.H20)
crystallises in the monoclinic space group C 2/c with unit

cell dimensions of a = 26.246(5) R; b = 10.254(5) g :

= 14.562(5) 8 ; o

c 90.066(4)° ; B = 120.694(2)° ;
¥ = 89.992(3)°.

The unit cell has a volume of 3370(2) & ° and there
are eight molecules per unit cell. The relative molar mass
is 326.78(4) gmol_l giving a calculated density Dy of
1.288(6) gem -,

K°< radiation of wavelength 0.7106¢9 R, the
linear absorption coefficient’ﬁAis 2.01 cmﬂl, a F(000) of

Using M-

1376.0 and the final value of R was 0.059 using 2294 unique

reflections.
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5 L) Experimental

Crvstal Preparation

The crystals were prepared by Dr. R.Griffin by the
addition of 1.0g of pyrimethamine (Wellcome A.5) to 10ml of
acetic acid glacial. The suspension was then gently boiled
until all the solid had dissolved. The solution was allowed
to stand overnight and crystals collected. The crystals were

recrystallised from ethyl acetate to give the crystallographic

sample.

Data Collection

The data were collected from a spear shaped crystal of
size 0.06mm % 0.18mm x 0.15mm by 0.1llmm thick mounted along
its long axis on an Enraf-Nonius CAD4 diffractometer using
an w=26 scan with graphite monochromated Mo-Kx radiation

(W= 0.71069 R). The scan range in terms of © was (0.96

1 i

+ 0.35 tan €°) at a scan rate of 3 1/3°min * to 0.95 min_
depending upon the individual intensities. Intensity monitor
reflections were measured every two hours and subsequently
fitted to a linear function of intensity against time that
was used to rescale the data.

The monitor reflections used were 8,4,-8 and -8,2,-2
being h,k and 1 respectively and the intensity of these

reflections declined by 18.6% and 26.9% during the data

collection. Orientation controls were used every 160
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reflections on these monitor reflections.

Initially the unit cell dimensions were determined by
least squares analysis from the setting angles of 25 reflections
which were :-

31 3~=7: 33=7: B4d=8_;73=1r0 2 =b

-
|
wul
-+
1
>

-

=0 1 =2 ;- 52 =6 38 22 8 a=4yd 463575153

p Sl N D B e G NS Sl A o R L

~e
|
-J
"..I
I
[ys)
~

=3 31=1 =4 F 3 3 332~ 5.5 375566 ~5

~
[y
W
A

=~

The data were collected using € limits of 2o and 240 for
2 h,k,1 with By = 30 ¢ ko = 11 and 1. = 16 and 2762
reflections collected of which 2294 were unique and 1268
unobserved with an F value of greater than 3CG1F) as the
criterion for recognizing unobserved reflections. The value
of Ry, Was 0.0626. The maximum value of (sin & )/A reached

in intensity measurements was 0.5%947.
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5.1.3 Structure Analysis

The structure was solved by direct methods, SHELX (3),
and F magnitudes were used in the least squares refinement.
The hydrogen atoms identified in the difference Fourier were
refined and by using an option in the program the bonds from
hydrogen atoms to the atoms N2, N4, C3P and C5P were set at
lengths of 1.01 R with maximum deviation of 0.05 R. The
parameters which were refined were scale, co-ordinates,
anisotropic temperature factors for non-hydrogen atoms and
isotropic temperature factors for hydrogen atoms.

The final value of R from the last refinement was 0.0559
and wR = 0.0591. The parameter, w was calculated by :-

1.000/ (Sigma**2 (F) + weight*F*F)
where the weight was initially set to 0.01.

The ratio of maximum least squares shift to error in the
final refinement cycle, (& /7)) .. was 0.699 for hydrogen
atoms (HW1l) and 0.346 for non-hydrogen atoms (03). The
maximum positive and negative electron density in the final
difference Fourier synthesis were [Ae ) max 0.3381 and
(AQ)pin —0-2396 respectively.

The results of the final refinement cycle are to be found
in Tables 5.1 and 5.2 and also results of the co-ordinate data
being processed by GEOM and the computer graphics program
PLUTO (51) to calculate torsion angles and least squares planes

are given in Tables 5.3 to 5.6 (inclusive) and which also used
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to produce the following crystal structure diagrams

The angle calculated by GEOM between the two rings in

pyrimethamine acetate hydrate was found to be 75° 42 .
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PYRIMETHAMINE ACETATE HYDRATE
Fig. 10 Molecular Diagram
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PYRIMETHAMINE ACETATE HEYDRATE
Fig. 11 Space Filling Diagram




PYRIMETHAMINE ACETATE HYDRATE
Fig. 12 Packing Diagram
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Fvrimethamine Acetate

Table

N1

NT

M&

C&l

C&2

CiF

c2P

CaF

CaF

M
Ea
»

I

|
D

=
o

.l

Foszitional

1S )

ila

1225 (2)
1047 (2)
S41(1)
79(2)
115¢2)
&34 (2)
1519(2)
-414(2)
764 (3)
&BS (4)
-Z85(2)
-346B ()
—826 (4)

=1313(3)

-188&(1)

)
|

— Tl
et B = 38 QP

¥

I
I

=Z2B77 {3)

Hydrate

parameters

{(fractional

With estimzated s=tandard deviations

1618(4)

1837 ()

2265(4)

25161(4)

2414 (4)

1966(35)

2891 (4)

17778 7)

452(8)

2842 (5)

S22 167

LTT744(T7)

Z6B2(8)

2485 (B)

2|28 (&)

4145(2)

4822 (&)

S&&1(E)
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co—ordinates

in parentheses

ilc

7457 ()

=321 (4)

BB (42

g18104)

-Z4681i4)

=1788(3)

2038 (5)

21%F6t6)

e e !N

2847 (46)

467 (3)

-2&(5)

-161(4)

£4@(2)

-278& (43

= (T A T



-3@74 (1)
-2497.(1)
-1&45(1)
1454 (23)
1215 t25)
154Z(17)
=4 515
=y 1)

S94(27)

1226(17)

175¢28)

858 (37)

QaBe (22)

~794(23)

—1647(2@)

=Fidtd5)

17S2(23)

-1949 (20)

=21B87 (32)

=207 6 (36)

-178@(24)

Y/b

45991 (4)

4@T4 (4)

2229 (4)

1BE1 (47)

1411 (57}

174684 (47)

2TTRLAET)

2901 (47)

2338 (6@)

1867 (38)

—-249(76)

Z15(&7)

77@(B3)

45946 (47)

9191 (42)

1824 (4E)

1zZB& (48&)

1418¢S7)

28B&1(47)

SPBB(7&)

IT4T(94)

s G B ey o

2289 (52)

RATFSL)

1939 (&5)

1691 (54)

3129(80)

1B1S(Z9)

12B&6(41)

s R dedp

-472(3&)

—2388(45)

=Z@71 (37}

-13083(65)

2762(70)

-189Z2 (44)



Fvrimethamine Aqe;atelﬁydmle

Table S.2
Anicsotropic temperature factors ( non—hydrogen
atoms?
Isotropic temperature factors (hydrogen atoms)

on

n

in parentheses

[ R

With standard deviszt

(oS
[y

Atom 05 Uz UZ3 Uuz= ULE uiz
N1 .B459(20) .B&73(32) .@4B82(23T) .BBBS(21) .B24B(19) .ERZ1 (2B
CZ .BR45&(25) .BSSS(I2) .B424(246)-.0D18(25) .B245(Z2)-.0091 (23)
NZ .B421(19) .B@&19(28) .B423(21)-.08824(19) .@B247(18)-.BB831(18)
C4 .@457(25) .@446(3Q) .B4T7(246)-.0@82(22) .B2ZSB(22)-.0@8Z2(Z1)
CE .BSP4(26) .B4469(T1) .0449(25)-.0040(22) .BIBZ(Z3)-.@@58(22)
Ct .@S5S88(28) .BE29(TS) .B4SB(Z7)-.BR15(25) .@3I24(24)-.0B5S(25)
NZ .R477(¢(21) .@947(I5) .B564(26) .BB1B(25) .BISS(2@) .DOBEBB(Z2)
N4 .BTF&6(21) .@785(34) .Q4R4(23) .BB1T(22) .B229(19)-.8804(21)
Cé1 .@BEBZ(48: .0B8BA(50) .B645(IT) .BR7I(ID) .B499(I2) .BB61(36)
C&2 .1145(48) .@EB9(SS) .1BB&(ST)-.BB2S(43) .BL7B(4T)-.B107(44)
1P .@5&4(26) .BS&Z2(35) .@SQT(26)-.2837(28) .B3ISP(23) .B011(23)
C2F .@F52(32) .BS99(3I9) .@ES7(38)-.81B87(3I3) .0B443(33)-.08088(31)
C3IF .1414(54) .R&SI(45) .1@89(46) .BR4AZ(T7) .@79(4I) .B202(42)
C4F .@935(41) .0924(5@) .@99%9(45) .@8193(I?) .B771(37) .0IBAB(Z8)
CSFr .@475(34) .1095(SS) .2292(42)-.8109(4B8) .@S5 (I3 -.8ES%(33)
C&F .@491(32) .B720(42) .BB11(Z7)-.2228(33) .@517(29)-.0188(31)
CL .1S7&6(17) .1758(22) .1883(20) .B45EB(17) .148%9(17) .8714(13)

CilA .@472(27) .B&74(I7) .BS43(3I2)-.80Q7(28) .@B2ZS%(Z4) .0B27(Z6)
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H4

HS

Hao

H7

H3

HS

H18

HoF

HZF

0

=

H&F

Higl

Ui
. B562 (D)
.BA77(17)

.B4%1 (181

LBE57(17)

Uiso

.2901(118)

s I2EI0LET

. B61&6(127)

. B32S (8

»BB82Z2(118)

.1195(144)

. 0494 (F2)

o et i oy

-1471(145)

- BAZ22015T )

.B8EE(117)

1874 (1321)

. @284 (133)

. B6B6(112)

<1@Z3(131)

L9331 (134)

v 1SS S
=ER2D 7 IES)

. BE45(28)

- B8B845 (2%)

T 8

e

LB874(47) .@31&(41)

» BB (25 cBR27 14220

- B7&EFNE5) BLTI (215

LB I1E25) - B12
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bl /

U1z

LBT1I4 (38

BZ&B (17

Uiz

@148 (I8

- 2BEF (1%}

LBT22(17)-. 8824 (18)

BEBTLIT )~
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Fyrimethamins Acetate Hydrue

= =
Table 5.

-
-

r

Bong distances in Qngstfoms with sstimated

standard deviation in parentheses
Bond Interatomic EBaond Interatomic

Disetance Distance
Ni=C2 1. 353615) N1-C& 1.275(5)
Ni-H1 1.898(E3 C2=N3 L. SS9 (T
C2-N2 1. E2205) NZ-C4 1.24&(5)
C4-C3S 1.427 (&) Ca-nN4a 1. 322¢T)
ES~Ca 1.359(6) C3~=01F 1.489(5)
C5-Eal 1.498(7) NZ2-H2 1.1@7 (58)
NZ-HZ 2.201(Z=4) N4—-H4 @2.2878(31)
NA—HE @2.87&5(35) E61-Co2 1.4732(9)
C&1-H& B.911 (62) C&i=H7 1.142(38)
C&2—HE @.273(78) Ea2—HY D 27T (o)
CE2-H1B 1. 2157 CIP=02F 1.586&(7)
BlF=C6F 1.37ZB(7) e o 1.3841(8)
C2FP-HZ2P 1.825(5@) CIZF-C4F 1.358(9)
ESP=HIF B.26&6(57) C4Fr-—-CSF 1,.325(8)
s g B 1.582070) ESP—HGF 2.284 (3&)
C&FP—H&F @.F25(48) Cip-C2 1.4%981(8)
CiA-0O1 1:; 25%9(9) Cis—0Z 1.234(5)
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Table 5.7 (contd.)
Eond Interatomic Hond Interatomic
Distance Distance
F—HW1 B.970 (68) CI—HW2 @.%7Z(48)
HE=HW1 2.473 HZ-HWZ 2. 500
HW1=HWZ 1.60%9 CL-C4P 1737 (5)

76



Fvrimethamine Q:etate%ﬁ@rue

Table S.4

Atoms

C2-N1-Cé&

C&~N1-H1

N1-C2-NZ

C2-NZ-C4

NI-C4-N4

ES-CS-C6

E&-CO-CiF

N1-C&~C&1

C2-N2-HZ

-~ ~ (e d
HE=NE=—MT

C4—nd-—HES

Ee~Col—LaZ2

Cée-C&1-H7

CezZ-C&1~H7

Ce1-C&

3

i

3

Ce1-Ca&2-H1

t

HE-C&Z-H1@

I

=

=

i

@

tand

ttached

nteratomic

ro o

o
m

[

)

rt

-

vi

1

1]

ons

-

=

in parentheses

with sstimated

itar

on—hydrogen atoms and those hydrogens

to

Eond Angle
St
128.7¢(.4)
1189 (2. 6)
116.9(¢. 4)
117.46(.4)
115.6(.4)
116.7(.4)
122.2¢(.48)
114.9(.4)
112,85, 1)
1226 (4.1
116803 1)
1E1 e, &)
124.6(2.8)
1@@.1{2.1}
13S.1 (5.8
BIZ.7(4,2)

122.1¢6.1)

primary
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amine groups)

Stoms

C2-bi1—Hi1

N1=CZ2-H=

NI-CZ2-NZ

NI-C4-CS

CS-C4-N4

C4-CS-C1F

NI —-Co=E3

CE=C&—C4l

C2-NZ-HI

Ca-Na—H4

Hé—N4a—HS

C6-C&1-Hb

Ce2-Cé&i—Hb

H&E-C&l1~-H7

Col=Ce2-H%

H?-CeZ—-H10

Eond Ancle
(=)

yom. "

B L

2.6)
121.9(.4)
121.1¢.8)
122.9(.4)
121.50.4)
121.0¢. 4)
112.&64.4)
125.4¢(.4)
12T S22, 29
7. 812.35)
119.8(4.@)
118.€(4.3)

106.5(4.3)



Table S.4(contd.)

C1F-CI2F-HIF
C2FP-CIF-C4F
C4F=-CIF-HIF
C4P-CSP-C&F
C&F—CSF—HSF
CiP—E&F—H&F
CZa-Cia-01
01-Ci1A-02
NE-HI—HW!
HW1=-HZ-HW2
S~HW1I-HWZ
OZ-HWZ-H3
HI—HWIZ—HW1

CL~C4P-C5P

1

ond Angie

Wl

fe
L & 5

128.1¢(.6)
118.4(3.7)
120.4(2.7)
116.8(.5)

23.8(. 4

121.5(.6)

Sftoms

Ce—LIFP-CaF

C1F-CZF-CIF

CIF-C2F-HZF

C2F-CIF-HIF

C3F-C4F-CSF

CAR-CSFP-HSF

C1F-C6F-CSF

CSF-CaF-H&F

C2A-C1A-02

Hw 1 —03—HW2

NZ-HI-HW2

OT-HW1-H3

HI~HW1—HW2

OT—HWZ-HW1

CL~-C4P-C3P

Eond Angle
(=)
128.5(.3)
128.7(.8)
117.4(2.7)
118.6(3. 5}
1219, 205
128 61(5. 7)
128.3(. 6)

118 .1.C2.7)

117.2(46)



Fyrimethamine Acetate Hydrate

Table

=
i

o

Torsion Angles(=)

T
rr
8]
3
m

Ca=M1-C2-N

~ Lo |
CE=h1=E2=NZ

H1-N1-C2—-N3

H1-N1-CZ-NZ

CE-NI-C&=-C3

EZ-=Ni-Un=061

Hi—N1-C&~CS

Hi-N1-C&—-C&1

N1-C2-NZ-C4

NZ2=-C2-NZ-C4

N1-CZ-N2-HZ

N1-—C2=-NZ2=H3

NE3—-C2-N2=H2

NE—C2-N2-HZ

C2-NI-C4-N4

NI-C4-CS-Cé

NS=Ca—Co=L1F

N4-C4-C5-Cé

N4-C4-CS-C1LF

NI-Ca—NaA—H4

NZ-C4-N4-—HS
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Table S.3(contd.)

C4-CS-C6—-Cé1

E1P-CT—Co—h1

ElP=Eo=0a=0a1

CA-—Co—CIR=CIF

C4-C5-C1F-C&F

C&-CS-C1F-C2F

Cé6-CS-C1F-C6P

N1-Cé-Cé&l1-Cé&2

Ni-C&-Cé&1-Hé

N1-C&—-C&1-H7

CS-Co6~C61-C&2

EorEs=LEi-H&

CS-C6—C&1=H7

E2=NZ—H>—HW1

C2-N2-HI-HWZ

HZ2-N2-HZ—-HW1

HZ-N2-HZ-HW2

E6—C&1~Ca2~-HE

CA—-CoH1-CE2-HT

C6-C&1-C&2-H1B

H&-C&al~-Ci&2-HB

He—E61-CaR=H7
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Table S.S5({contd.)}

Stoms

H&-Cel-Co2-H1@

H7-Cel1-C&2—H7

H7=-C&1-CaA2—H1G

CS-CiP-C2FP-C3IF

CS-C1F-C2F-HZF

C&eP-C1P-C2FP-C3F

C&P-C1F-C2F-H2F

ES~—CiP-E6P-CoF

CS-C1P-C&F-H&F

C2F-C1F-C&F-CSF

el i e U R il 1 O

C1F-C2P-CIF-C4F

C1F-C2F-CIP-HIF

H2F-C2F-CIF-C4F

H2R=ERP=CoP~M3F

C2P-CIP-CAP-CSF

HZF-CIF-C4F-CSF

CIF-C4F-CSFP-C&F

CZF=-C4P~CSP-HSP

E4FP=CoP~CEF~=C1F

C4F-CSFP-C&F—H&F

SF-CSF-C&F-CLF

2K

HeF=CSP=-C6P~-H6P

HWZ=03—HW1-H3
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-—
]
r

I
r+
0
3
n

HW2=03~HW1~HW2

HW1-0Z—-HW2-H3

HW1-0Z-HWZ-HW1

NZ-HZ-HW1-03

NZ=~HI—HW1-HWZ

HWZ2-HZ-HW1-0Z

HW2-HI-HW1-HWZ

NZ-HZ-HW2-03

NZ2-HIZ-HW2-HW1

HW1-HI-HW2-03

HW1-HIZ—HWZ—HW1

O0Z-HW1-HWZ-03

O03—HW1-HW2-HZ

HI=HW1-HW2-03

HI~HW 1 —HWZ~HZ
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Fyrimethamine Acetate Eydrate

Table 5.&
Calculeation cof B8 Angle between planes
Flane 1: L = IZE81
M= 9373
N = .@8833
D = 2.3910
Deviations: -B8.8458
B.2224
2.812%9
-0.8327
2.0150
2.8231
Flane Z: L= .41Z21
M= =-,4B1Z
e LTS
D ==1,1145
Deviations: 2.80845
-8.8823
-g.8@212
g.08ezz
2.eez
—-0.08RZs6

If £ = fAngle between planes F; and F>
Then C—DE— £ = 1_;_.L_2 e i M;Mz =P N:LNZ

=+ MI® + N,2 =

=

Frovided that La

and Lz® + MI=2 + N2 = 1



Bl PYRIMETHAMINE SALICYLATE ISOPROPANOL SOLVATE

Sedsl Abstract

2,4~diamino~-5- (4-chlorophenyl)-6-ethyl pyrimidine
salicylate isopropanol solvate
Pyrimethamine salicylate isopropanol solvate {C12H13C1N4.
C-HgO5. (CH,) 5CHOH) crystallises in the triclinic space group
P 1 with unit cell cimensions of a = 9.101(2) £ ; b = 9.538(8)%;
c=14.979(2) & ; o= 84.05(7° ; B=74.81(5)°; ¥= 74.45(4)°.
The unit cell has a volume of 1208.2(9) & > and there
are two molecules per unit cell. The relative molar mass is
446.93(5) gmol™* giving a calculated density D, Of 1.229 gem .
Using Mo-ﬁ* radiation of wavelength 0.71069 R, the
linear absorption coefficient/uis 1.52 cm L, F(000) of 472.00
and the final value of R was 0.0931 using 1546 unique

reflections.
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Pigure 13
STRUCTURE OF PYRIMETHANMINE SALICYLLTE ISCFROPANOL SCLVAT

Ci
&
HN ‘ =%
H
o)
¢ (CH),CHOH
H
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5.2.2 Experimental

Crystal Preparation

The crystals were prepared by Dr. R.Griffin by the
following method. A mixture of pyrimethamine (Wellcome A.5)
(2.0g) and salicylic acid (1.2g) was suspended in propan-2-ol
(10ml-isopropancl) and gently boiled. Water was added
dropwise until all the solids had just dissolved whereupon
the solution was cooled rapidly to afford a microcrystalline
crop. Recrystallisation was from propan-2-ol/water in equal

proportions twice to give the requisite crystals.

Data Collection

The data were collected from a spear shaped crystal of
size 0.1lmm x 0.05mm x 0.31mm mounted along its long axis
on an Enraf-Nonius CAD4 Diffractometer using an«-28 scan
with graphite monochromated MO-%% radiation (>\= 0.71069 & )s
the scan range in terms of 8 was (1.00 + 0.35 tan e°) at a

1 t6 0.69°min"! depending upon the

scan rate of 2.5°min
individual intensities. Intensity monitor reflections were
measured every two hours and subsequently fitted to a linear
function of intensity against time that was used to rescale
the data.

The monitor reflections were 4,0,2 and 3,5,0 being

h,k, and 1 respectively and the intensity of these reflections

declined by 24.3% and 26.6% during the data collection.
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Orientation controls were used every 160 reflections on

these monitor reflections.

Initially the unit cell dimensions

least squares analysis from the setting

reflections which were :

5 =& B2 =30

-

6 1 =1 3 4 0 =5 ¢

4 2-4; 40-1

BL2E B e 3 Nl

The data were collected using 6

5 1 =3
4 0 2
SRR =D
62 1

7

30

=3

25

for h, “k, Z1 with hy = 107 Koo =

1776 reflections collected of which 1546 were unique and

-1 ;

0 ;

hada 2
51 %
3 2 =4
5 204

-

r

were determined by

angles of 24

) SRRt
4 0 -4
4 4 0 ;
4 =3 3

limits of 2° and 22.5°

34; and lmax = 16 and

591 unobserved with an F value of greater than 3@(F) as the

criterion for recognizing uncbserved reflections.

The value

of Ry,+ from merging equivalent reflections was 0.0281.

1

the maximum value of (sin © ]/?\ reached in intensity

measurements was 0.5385.
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5u2¢3 Structure Analysis

The structure was solved by direct methods, SHELX (3),
and F magnitudes were used in the least squares refinement.
The hydrogen atoms were identified in the difference Fourier
and refined. The parameters which were refined were scale,
co-ordinates, anisotropic temperature factors for the
chlorine atoms only and isotropic temperature factors for all
other atoms.

The final value of R from the last refinement was 0.0931
and wR = 0.1073. The parameter, w was calculated by :-

1.000/ (Sigma**2(F) + welght*F*F)
where the weight was initially set to 0.001.

The ratio of maximum least squares shift to error in the
final refinement cycle, (A /¥ )., was 3.883 for hydrogen
atoms (H5S) and 0.068 for non-hydrogen atoms (ClI). All
other values of (l&fo-)nax were less than one for hydrogen
atoms except the atom H10 which had a value of 1.038.

These values indicate the uncertainty of the atoms' positions.
The maximum positive and negative electron density in the
final difference Fourier synthesis was (&), 0.2913

and (AQ) i ~0.2404 respectively.

The results of the final refinement cycle are to be found
in Tables 5.7 and 5.8 and also results of the co-ordinate
data being processed by GEOM and the computer graphics program

PLUTO (51) to calculate torsion angles and least squares
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planes are given in Tables 5.9 to 5.12 (inclusive). The
program PLUTO was also used to give the crystal structure
diagrams Figs. 14 - 16.

The angle calculated by GEOM between the pyrimidine
and chlorophenyl rings in pyrimethamine salicylate

L}
isopropancl solvate was found to be 80° 10 -
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PYRIMETHAMINE SALICYLATE ISOPROPANOL SOLVATE
Fig., 14 MNolecular Diagram
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PYRIMETHAMINE SALICYLATE ISOPROPANOCL SOLVATE
Fig. 15 Space Filling Diagram
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PYRIMETHAMINE SALICYLATE ISOPROPANOL SOLVATE

Packing Diagram

16

Fig-




Fyrimethamine Salicylate Isopropancl Solvate
Table 5.7
Fositional parameters(fractional co—ordinates)

18%)

rt

With ==stim

i

ted standard deviatione in

T
]
|
W
s |
rt
=
1]

sS85

Atom X/a Y/b Z/¢c

N1 FBEF (%) 3148(13) 7B74(&)

c2 B353(11) 24S5(19) B&B4(7)

NI F46T(9) 1423(18) 9091(5)

c4 11821 ¢11) 1080(19) B8&23(7)

ES 11642(11) 1738(18) 7812(7)

E& 18664 (11) 2BS2(19) 7442(7)

C&1 11@29(12) 3I736(28) 6&567(8)

C&2 18623(16) 2950(23) 5767 (18)
M2 657986 (?) 2937 (16) B4 (6)

N4 11B72(9) =18(15) 9B53(s)

Bl f 13365 013) 1261 (22) 7384¢(B)

Sk 1428%9(14) 214%(20@) 7437(7)

B BT O S ST 1789 (22) 7882(%)

C4F 1649@(14) SET(24)  £574(9)

ESF 13672(18) -ZBE(25) 6&41410)
C&F 13922017 65(26) H836111)
e 1285845 (4) =297} &@B& (T

e SSea (14 8BB4 (19) ZB&s(B)

czs wB@735(16) 3I719(22) 4@23(9)

CZE &ITB (1) SB6&(26) 453411
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M
s
n

]
Lh
183

[
i
m

E21

C31

Hi

108246

7803 (17)
8293 (15)
7218(15)
4783 (14)
2885 (9)

2G77 (8)

T855(19)
7731 ¢15)
2985 (8)

2754 (20)
T465(22)

2682(Z27)

SEIF (132D

183464 (1780

18893 (128)

11433(128)

12820185

15987 (116) -

1

|

~J

(79)
94

I

{385)

Y/b
P P el s

I412(22)

4471 (21)

4661 (14)

4974 (13)

3675(24)

2145(13)

ITBR (28)

1964 (Z1)

12264339

I64B8(167)

SBYS {157

ISET7(1348)

421 (113)

—Zoot 1 35)

et St

61241720

428@ (2&62)

T487 (189)

2444 (169)

ZBB1 (45&)

Z@IT7¢14%9)

1449 (157

e R ) B

4

]
)

25518}

o

T1&2(1@)

2602 (18)

1643 (5)
2957 (S)
4455(11)
1797 (10)

12812 (5)

10184 ¢12)

18654 (14)

11341 (17)
B121(77)
8724 (73)
9519 (52)
©70% (47)
E&&l (58}
6421 (52)
6268 (113)
S@1@(7&)
SL6E (69)
5653 (255)
7901 (64)
6650 (64)

7294 (447



Table S. /7 tconktdi)

Atom

et

/a

S54B8 (5B)

1221 (4560@)

e SRE= )

223187

1674 (1880

4493(73)

I7&62(83)

2124 (85)

95

Y/ b Z/c

2967 (102) 4822(3&)

TSSR(604) 4T42(I4)

Seoa(126) 607 (52))

4@AZ(14@)1B&5& (55

IB29(217)10780(106)

I291(111)11444(44)

1822(136) 18172 (58)

2386(125)11585¢(51)



Fyr-imethamine Salicylate Isopropanol Solvate
Table S.EB
Isctropic temperature factors
talil =toms other than chlorine)
Ariicsotropic temperature factors

(chlorine atom only)

Atom Uiso

N1 -BTI5L27)
B L BAFT(ET)
NZ . 3482 (282
C4 @497 (ZZ
CS @485 (T2
Cé . B3B8 (Z3)
Csl . 0641 (28D
C&Z L11141(586)
NZ L B5Z4 (31
Na LBSET(ZER)
EiF BE7FET)
il D661 (3
B = . B769(45)
CaF . B78& (42)
coP L 1BT7 (BT
C&F L2552 (53D
E15 L2784 (41)
CES .@B9B(47)
£38  1249(63)
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Table S.8(contd.)

Atom Uiso

cas L1215 (52)
cse .B559(51)
Ces .BE11 (44)
ciC .B731(41)
o1 . @8I (29)
0z .B721 (27)
oTA .D&3IF(79)
0zE . 0835 (64)
0a . @729 (27)
Cil . 1463(73)
Cz1 . 1424 (74)
8y . 2028 (185)
H1 . 1804 (538)
H2 .1135(436)
HT .@573(286&)
Ha .0518(254)
HS . 2906 (350)
H& . 05622 (286)
H7 . 2547 (858)
HE . 1041 (487)
= . 0449 (348)
Hi@ . 2693 (1573)
HEE L1036 (379)
HEE . 0996 (423)
H&F .B417 (257)
H3S .B151 (188)
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Table T.B{(contd.)

Atom Jiso

HSS o bl O T
Hil L BAHIBLZ278)

HZ1 . BERR(299)

N - 2ol LTE2)

H41 LBa2T7 (2480

H51 . BE2E (Z08)

H&l . BE2B (298D

atom Lt i uz2 U335 L23 1313 Uiz

CL B414(17) .1719¢(93) .174B(T7) .B286(46) .BZ32(28) .LCRB4 (D)
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1
g
]
(%)
3
mn

r+

hamine Salicylate Isopropanol Ssolvate

Tazle o9

Eond Distances in Angstrom with estimated

=tandard deviation in parentheses
Eond Interatomic Eond Interatomic

Distance Distance

Ni-=C2 1. 385 015) N1-Cé& 1.3599 (12}
Ni—-H1 3. 621 (155) C2-NZ 1.235(16)
CE2-N2 1.3468(12) NZ-C4 BT SIZ)
I e 1. Sh2 1 7) Ca4—na S41(173
C&5=C6 1. 325 E18) E5=C1F 49F(14)
C&-Cé1 1.4%94(18) Eol-Ca2 64T (25}
C&i-H& 2.7e2(88) C&1-H7 2520215
C&2-HB e 18701217 E£62-HT 7951 (1@1)
C&2-Hi@ B.B87E(444) NZ-HZ2 @78(1z4)
N2=-HZ 2.988(114) N4—H4 B1&6(72)
N4-HZ 2.818(77) EiF=C2F ZP L BT

1.822(124)

1.32BB(Z3)

1.878(138)

1.387¢C17)

1.-2B&6(17)

1.254(28)

@.580(58)

1.41804(21)

.278(14)
93

C2F-CIF

CIF-CAaF

. 4521(18)

288 (282

Sl ]

421 (78)

471(16)

« STEL23)

33

t

(20>

L 283 (282)

1.280(2@)

L 2881130



Table S.ficontd.)

Eond Interatomic
Distance
04-C21 1.495(26)
E13—111 B.835(78)
Cid=HZ I 1.182¢153)
CE2I-HEI 118561129
CL~C4P 1.782(12)

100

Eond

| 1 Bl i

CTI=HZ1

C21-C31

CEI-H&I

Interatomic

Distancse



Fvrimethamine Saslicylate Isopropancl Solvate

Table 5.18

interatomic an

deviations

o

C2=NI=05

EH~N1-H1

N1-C2-N2

C2-N3-C4

NT-C4-N4

C4-CE5-Ce

Ce~-CS-L1IF

Hi=EE=C&l

Ee—C6l1~-Ce2

ComGhl=ri

C&2=E&61=H7

Cée1-Cé&Z-HE

Col-C&e2-Hi@

HE-C&Z-H1E

C2-NZ-HZ

HE—NZ2~H.Z

C4—N&—-HT

les (=)

Ui}

in parentheses

Eond Angle

£=0

128.401.832

92.0(18.7)

1S .43 1)

114,401.03)

MRS G R b

118, 348.9)

SN G Y

113,.301.8)

18&.2(1.4)

136,082

AL eLA. 5

IS S tELE)

=9, 8(26.8)

AR S At

1B7.8(8.2)

SO ST 7

185.1(6.9))

$11S5.8(1.8)

4 oy DR
1Z4.2(1.2)

122.8(6.3)

[
[y
U
i |
[

J

timated =tandard

Atoms Bond Angle
(=}

EZ2-n1—H1 E4.9(11.6&)
N1-CZ2=N3 124.2(68.8)
MES—CE2=N2 128.301.8)
NZI-C&-CS 124 79201 1)
CE-C4-Na 125.6(8.9)
B S BT B 15 Gt s T

Ni=Ch=L3

ES-Co=001

E&-CoHi-Hs

H&=C&1=H7

Cé1-Cez-He

H8-C&Z2~-HT

H?-C&62-H10

C2-NZ-HT

Ca-N4-H4

H4—N4—HS

C5-C1P—C&F

C1F-C2F-CIF

Eap=CoP=HIF

117.4(1.1)

129.88.9)

1@5.4 (5.8}

i@7.8(5.5)

1@6.4(11.4)

F1.8118.8)

S@.S(10.0:

182.2(24. 1)

F7.B8t4.5)

125.8(4.1)

129.6(8.3)

2B &)



Table 5. 18 (contd.)

C15-C&8~03R

CiS—E1E=01

Si=f1iE=02

E2I=G1i-rE]

e 1 o

HZI=C11=HMZ1

04-C2I-C31I

m

‘ond Angle

s

123.8 (1.5

117.8(1.4)

1Z268.8(1.2)
124.2¢€1.4)
117.6(1.@)
124, 3(1.2)
105.1(6.2)
146.2(11.4)
87.8(11.1)

117.7¢2.8)

102

C15-EZ8-CE38

C35-C25-0%4

EZ5-CSS5—HES

SE-C45-CE5&

C1E-C&45-E55

CS5-C&5-0%E

E15=0iEs=02

E21=CiT=H1I

E2T=Ci I=H3]1

H1i=C11i-Ho1

0a-C2I-C11

04-C21-HS1

e ad
i

bt
i}
=1

Cla=e2

C2I-CTI-H&

=1

CL~C4P=C5P

118.3(1.@)
115,501, 1)
120.2(1.4)
73.9(5.2)
116.9(1.2)
118.&6(1.73)
117.711.@)
99.7(7.@)
88.4(%.7)
115.7¢11.7)
125.0(2.2)

167.%9(4.8)

111.0(1.3)



Fyrimethamine Ealicylate Isopropanol Solvate
Table S.11

Tor=zion Angles

~ftoms Angle (=)
Ce—N1-C2-NTZ -4, @
Cé&~N1-C2-N2 | RS
HI=N1-E2-NZ -181.4
H1-N1-C2-NZ 7&. 1
EP=NI=E&=E5 &.&

E2-Ni-C&—-Ch1 =178.7

HI—N1=CL=C5 5.9
Hl-N1=C&=CHt1 -89.4
N1-C2-NZ-C4 2.2
N2-CZ-NZ-C4 o
N1=-C2-N2Z=H2 -&5.8
N1-C2-N2=HZ =97
NS-C2-N2=-H2 178.7
PE-E2—NZ=HT 778
E2-NZ-Ca=C5 B
CE-NZ-Ca-—-n4 -177.4
NZ-C4-C5-Cé& 1.1

NEZ-C4~CE5-C1F —1 79,

2]

N4-C4-C5-Cé -17%.9
N4-C4-CS-C1F -0. =
NT—C4—N4—H4 -13.4
NI-C4-N4—HS 161.2
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abhlse 5.11(contd.)

Atoms Angle (=)
CS-C4-N4-H4 67,5
Co-C4a4-N4a—HT ~1Te=
C4-CoS-Cs—N1 =Gl
£4-E5-C&-C61 -178.8
CiF=E5=E&—NiJ | A S
CiF-s-04-051 1.5

C4-CS-C1F-C2F -102.3

Ca-C5-E1P~C&F gi1.8

C6=ES5=C1P=C2F 7 67 AR

Co6-CS5-L1FP=-CaF — 5.4

MI-CoH=CE1=-Ea2 A

Ni-C&6-C&1-H& 167.3
M1-C&5-C&1=H7 3l.86
£5—Ca-Cél-Cé&2 G4.6
ES=C&=C&41l-hb -18.8

B S I =154.5

Ce-Cal1-C62-HB =177.7

C6—EL61-Ca&2-HY =8&.7

BE=E61-C&62-H1@ 169.8

H5-C&1-C&2-HE —50. 4

H6—E61 -Ca2=HY 253.6

H&-C61-C62-HI1B =77.9

H7-C61-Cal-HEB 42.75
H7-C&1—-C&2~H7 133.4
H7—-E&61—-Ca2-H1i@ 29.9
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Table S: 11 (contd:)

ftoms

CS-C1F-C2F-C3F

C&F-C1F-CZF-CIF
C&F~C1P-C2F—-HIP
CS-C1F-C&F-CSF

CS5-C1F-CaF—HAF

C2F-C1F-C&F-CSF
C2F-C1F-CoF-H&F
C1F-C2F-CIF-C4F
H2F-C2F-CIF-C4F
C2F-CIF-C4FP-CSF
CIF-C4F-CSF-C&F
CIF-C4F-CSF-HSF
Ca4F-CSF-C&F-C1F
C4F-CSF-CoF—H&F
HSF-CS=-C&F-C1F

HEE=ChF-L5F<H5F
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C18~CE25-C35—-HA45

0Z4a-C25-C35-C45

05A~CEE-CIE-HI5

E25-CaE-CA5-CES

HZS=C35-C45-CSE

CEE-C45-CS5-C45

E45-C558-C&eE5-C18

H1I=Ei11=CRT=0F1

HiT=01 IR —HET

HZI-C1I-CZ21-04

Hel=E1 I ERT—E0T

HE2I=C1T-0FI=HTT

HEI=O1TI=C2 =04

H3I-C11-CZ2I-C3I

HE1=01 I-C21—HoT

04-C2I-CII-HEI

11-C21-CTI-H&I

)

'

X

SI-C2I-CTI-Hel

-

106

-159.

3

04

I

)

)
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Fyrimethamine Salicylsate Isopropanol Solvate

b % =
Table 5.

Deviations:
Flans Z:

Deviations:

Angle betw=2en planes

=
Il

o
il

14.211%9

-0.2280

@.88x5

2.2151

-2.8107

—-2.2148

S

1448

= —@.5340

N = 2.8370

)
I

11.3618
2.21°%%
-8.8147
B.8@7%
-@.8245
2.2077
-B8.081346

planes F;, and Fa2

MiM= + NiNz
M1Z =~ N;= = 1
M1Z + N2= = 1
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5.3 PYRIMETHAMINE SALICYLATE

o3l Abstract

2,4-diamino-5- (4-chlorophenyl)-6-ethyl pyrimidine
salicylate
Pyrimethamine salicylate {c12H13C1N4.C?H603) crystallises
in the triclinic space group P 1 with unit cell dimensions
of a =11.723(4) R ; b = 13.186(7) R ; c = 13.899(7) & ;

o= 79.35(5)°

; p= 66.29(4)° ; ¥= 86.34(4)°.

The unit cell has a volume of 1933.1(9) g < and there
are four molecules per unit cell. The relative molar mass is
386.83(9) gmol—l giving a calculated density Dy of l.329gcm-3.

Using M -K, radiation of wavelength 0.71069 R the
linear absorption coefficient mis 1.82 cm T, F(000) of
808.00 and the final value of R was 0.069 using 5373 unique

reflections.
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Figure 17
STRUCTURE OF FYRIMETHAMINE SALICYLATE
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5.3+2 Experimental

Crystal Preparation

The crystals were prepared as for pyrimethamine
salicylate isopropanol solvate but the second recrystallisation
from propan-2-ol/water in equal proportions was not carried

out -

Data Collection

The data were collected from a spear shaped crystal of
size 0.15mm x 0.05mm x 0.40mm mounted along its long axis on
an Enraf-Nonius CAD4 diffractometer using anw=28 scan with
graphite monochromated MO-K“‘radiation (X = 0.71069 R]'

The scan range in terms of © was (1.00 + 0.35 tan 90} at a

1 £6 0.53%min™! Gepending upon the

scan rate of 3 1/3 “min_
individual intensities. Intensity monitor reflections were
measured every two hours and subsequently fitted to a linear
funcion of intensity against time that was used to rescale
the data.

The monitor reflections were -5,0,-4 ; =-2,7,1 ; and
4,9,4 being h,k and 1 respectively and the intensities of
these reflections declined by 5.3% ; 8.2% and 8.1%
respectively during the data collection. Orientation controls
were used every 100 reflections on these monitor reflections.

Initially the unit cell dimensions were determined by

least squares analysis from the setting angles of 25
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reflections which were :=-
=4 6 Ly =l 50 digl =B h il s = 2 md e =T A e
- 3=2 ;=36 212 1 13 -60=4; 5686 =2;
=3 5 1 3y=49 4; ~5,=3 =47 736 =3; =7=1 -4 ;
=2 5 3 3 =6~1 =3 ; =5 =1 =3 ;=4 () =] 7 =50 «4 3
=4 =1 =23 =25 13-4 1 0pp=41<=4;=34==1
The data were collected using 8 limits of 2 ang 230
for h, 2k, 2 lwithh, =12 ; k=14 and 1__ = 15
and 5682 reflections collected of which 5373 were unique
and 2557 unobserved with an F value of greater than 3G (F)
as the criterion for recognizing unobserved reflections.
The value of Rint from merging eguivalent reflections was

0.0237. The maximum value of ( sin 6 )/A reached in

intensity measurements was 0.5498.
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5a3.3 Structure Analysis

The structure was solved by direct methods using both
MULTAN (2) and SHELX (3) and F magnitudes were used in
the least squares refinement. The hydrogen atoms were
identified from the difference Fourier and were refined.

The parameters which were refined were scale, co-ordinates
and anisotropic temperature factors for non-hydrogen atoms.

The final value of R from the last refinement was
0.0690 and wR = 0.0963. The parameter w was calculated by :=-

1.000/ (Sigma**2(F) + weight*F*F)
where the weight was initially set at 0.004272.

The ratio of maximum least squares shift to error in
the final refinement cycle (4 /T)max was 0.123 for atom
Cé6l'. The maximum positive and maximum negative electron
density in the final difference Fourier synthesis was
(A€ ) pax 0-4307 and {AC )min ~0-3697 respectively.

The results of the final refinement cycle are to be
found in Tables 5.13 and 5.14 and also results of the
co-ordinate data being processed by GEOM and the computer
graphics program PLUTO (51) to calculate torsion angles and
least squares given in Tables 5.13 to 5.17 (inclusive).

PLUTO was also used to produce the crystal structure diagrams
Figs. 18 - 20.
The angles calculated by GEOM between the two rings in the

structures of pyrimethamine salicylate were found to be
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PYRIMETHAMINE SALICYLATE
Fig. 18 Molecular Diagram
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PYRIMETHAMINE SALICYLATE
Fig. 20 Packing Diagram
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Fvrimethamine Salicylate

Table .13

Fo=itional parameters (fractional co—-ordinates
184)

With =stimated standard deviations in parentheses

Atom r/a Y/b P =

i 2047 (4) &H2ES(3) 24T
CZ 747G (S &17&(4) ~I&%(4)
NZ &ALT (&) i D =253
ca &@78 (3) S8z4 (4) 87 (4)
ES &&ETT(T) 5111 (4) 1879 (4)
Cé& 7689 (5) ST7Z4(4) 12&9(4)
NZ 78786 (5} &TF12(3) 8547 (X3
e @71 (4) 447@(4) 1281 (3)
Csi 8498(&) S58B4 (4) 1825 (4)
Cez2 F7@5(8) TRAIET T 147@(5)
9 € = &217(3) 4491 (4) 2760 (4)
gt &£885 (&2 I6T7IT04) IRZB (D)
EZF S442(F) RAGIT-R &) 4BT1 (&)
car S d e II@T (&2 47723}
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CZR 126237} 2287 (S -144&(5;
CIR 137781(8) gaBB(7) -—-1B&1(7}
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Table E.14
Anisotropic tempsrature factors
non—hydrogcen atoms)
lsotropic temperaturs fTactors
{hwvarogen atoms)
With standard deviations in parentheses
Stom 555 U2z e =< U1 5 e
B 255 (S8) L25QT(27) LB412(25) —.2801 (21) CRBR2EFAZZ) —, BB7E(EED
2  BS74 (Z9)  BST71(34) L2TFLAT0) . DREB(28) —-.B211 (2% . QRS (280

= BEST (ET .B545(28) . BIBZ (23 LBB24 (2@ -.2149(22) -.02186

ca L BE2T (520 .BS74 (35D LBITTUET) —.DBESA(2T) —.BRYIZ

I
m
|
)
)
(&)
&
0
[

CS < BEETLEE) » @522 (Z8) L BIS6(E7) S2014(27) —. Q2B (2&) —.BR7F (27

C& .BEET (40) L BSBPLEL) LBZ56(28) -.2850(24) -.B2B8B(Z28 . 2864 (2B

NZ .BBSS(Z7) LB745(31) LBZ29 (24 <BTHLIER) S = 1Y S(”4J = A1FZ2(28;
N4 . BEEE (24 . B72R (222 SBEIT CRE) LB1B2(23) -.BR30(24) -.B273(2%9.

C&i . B811 (46) .071B(38) . B50& (Z32) . 02846 (28) -.B3BB(3II) —-.8144 (34

CeZ ..@B&iB (443 L 184Z (20 LEBT7E2 (45D . BRS4 (281 —.B3I5T(IT) .B@214 (4@

CiF .@547(56) . B588(Z4) B342(28) LBRST(24) —.B1B84(28)

|
©
5]
0
s
%)
A

CZF .2941(49) SB5E1 (35 D576 (Z8) .QBES(27) —-.B24% (34} . BB38 (24
E3F L 128 (730 . B722(45) SBATI7 L a%) LBZBT(3%) —.240F(82) -—.BZ87 (a8
Ca4Fr .@R13(3548) -B261 (52D . @47 (Z8) LBI34(37) -.BT11(41) -.B482(45

)
n
L
3
R |
T
)
I
m
b
I3
(-
<
-
e
(@]
i

0
o
I
]
[
—

n

I
~J

-.B174(34) —.@22T (45

C&F . 8441 (4730 L1287 (47 .BAPR(I2) —-.BBZ7(32) -.B152(32) —-.B@Z7 (36
s 1752 (2373 w1 FFILES LREFT 12D PeP7(14) -.08539(14) -.@BFB7(15
CiR J@B&75143) L REEF (22D L DEET LT ) @13(28) -.@1467(34) -.0B6T (31
C2R LBR18(52) . B7&68 (440 E770(4&) ,B@41(138) —.BT22(42) —.8182(39
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PYRIMETHAMINE SALICYLATE
Table 5.15 Bond distances in Angstroms with estimated

standard deviation in parentheses

ROMD LENGTHE

N1 €2 1,304 §9§ co N2 1,325 gé)
o cs 1,422 (9 cé c&1 1,494 (10)
N2 H3 283 15 C&l  Ha .52 (6)
42 HE 1.042 (1) C1F  C&F 1,380 (7)
cas  H2P 1.123 (6) cap Pl 1245 (T7)
CSE MEE .992 (6) CiR  Cia 1.458 (9)
£2%  DIR 1,259 ;81 C4R  HAR 1,007 §10)
C4R  H&R 1,115 (8 Hir  cav 1,338 7%
N1 M1’ .87z (4 cac C5¢ 1,421 (7
gty S 1,250 §Bg ND4 HIZY {124 (5)
N4’  HS’ 1,125 (4 Cens MO/ 917 (14)
Cip’ cs&pr t.919 (13) caer CLL” 1,728 (10)
C&4F’  HEP? L9AE 512) coc 25 1,243 B;
€3S CAS 1,392 (8) CSS  C&S 1,392 (8
C4E  H&E 1.202 {3) - o cap 1.742  (7)
c2 NI 1.342 8 N3 o 1,258 (6
cS CLF 1,472 gsg N2 H2 1,008 §5§
C&1 C&2 1.494 (9 C&al H7 1,525 kT
CiF  C2F 1,372 (9 C2F  CIF 1,390 £9
CAF  CSP 1.354 (11) CcSP  Cé4P 1,392 (8)
CiR  Cé&R 1,110 (8) C2R ' €3R 1,240 123
CAR CSR 1.300 §16) CSR C&4R 1,408 §12
Q2R H2R 1,258 (5 M1Y &Y {380 L6)
N3’  CA’ 1,342 €6 CA’  NA’ 1,33 E?%
M2/ H2 527 (4 M4 H4 1,103 A3
Cs1’ H7’ .820 (7) cipr cars  1.341 (16)
CAP‘ €SP’ 1.386 (29) CSF’ C&P’ 1,292 (14)
cis CiR 1,490 E’{g cog Ic 1,348 %6;
CAS H4S 1.11¢ (6 C58  HS5S 1,142 (6
038 H2S 1,076 (4)
N1 H1 248 (5 bl Cs 123272 (6
cS Cé {.34¢ (8 cA N4 1,239 Eag
N4 HS 1,037 §4§ M4 M4 295  (6)
C&2 H10 1.099 (6) C&2 HE 22 (8)
C3F HIF 235 (10) C3°F CAP 1.2:8¢ (10)
CiR  C2R 1,434 (12 C4F  H&P 1,046 (1)
C3R  H3R 1.140 12; CZR  CMR 1.390 §13)
CiA  O2R 1273 %6) CiA  O1R 1.255 (9)
g3’ N2 1.337 (6) g NS 1.326 27%
C&’ C&1’ 1,503 (9) C5’ C1p” 1,498 (8
Ceis Hs* 1,115 (10 Cald [an? 1.402 (18)
3P  Cape 1,381 263 Cape CIPY 1,419 512)
C18 &S $.281 47 I8  C2% 1.288 (7)
C4S  C58 {39 9; €38  H3S 1,103 (6)
CiE  02% 1.286 (6) CiE  0ig 1.219 (1)
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PYRIMETHAMINE SALICYLATE

deviations in parentheses

Table 5.16
BOMIU ANGLES
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G B o CER
Q1R Cinh
N1’ Laf
N3 A
N1“‘ Loy
Ha N7
C&’ a4
Bk v gE2!
CaEs EfLE
[Tt gaps
L&t cis
C2s Las
CAS Cos
CS5E &5
N1 23
M3 C4
N1 Cé
H2 2
Cé Cél
Csl Caz
He &2
C1F GC2F
C3F C4F
C&F CSF
C2R 55
C2R C3R
CER CAR
ClR Cia
g2 N1’
Ca N3
g4 Gl
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Table 5.16 (contd.)

N1 57 N2 11?.EE53
cs C4 N4 121.3 (4
N1 Cé Céi 115.2 (5)
c4 N4 H4 119.0 (4)
Cs C&1 H7 125.1 (5
C&ét C&2 H? - 1342 (8
cS CiF cae 121.0 (4
C3P  C2F  H2F 127.4 (6
C3IF CAFP  CL1 119.1§6g
C1F C&F CSF 121.3(6
C&R CiR CiA 120.0(7
Co2R C3R HIR 10?.?%7
CAR CSR C&R g0 a1
CiR CiAa  0O2R 118.2(7
c&4 Ni’ MYY 112.0 (4
NI’  C4’  CS 122.4 (3
Co =« ci1pr  123.4(9)
g2’ M2 Th 110.9 (4)
C&’ o7 s LA o s 111.7%10)
Ha Cé1r W7° 91.2 (9)
cip”s E£2p” L3P’ 119.2(11)
CAF’ CSF’ CéP’ 118.3(14)
c2s cis CiE 121.5(4)
C28 C3I5  CA4S 120.1 (5
£ss CAS  HAS 124.5i;3
C18 CsS H&S 118.4

2g 038  H2S 10e.7 (4)
i C4P C3P 118.1 (6)
CL C4P  C5P 119.6 (5)
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PYRIMETHAMINE SALICYLATE

Torsion ingles (°)

Table 5.17
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Table 5.17 (eontd.)

Cs M1 c2 N2 =17%9.7
c2 M1 Cé Cs1l 17847
N2 £2 N3 Ca 217503
M3 Gz M2 H3 1783
N3 €4 o EX P -178.1
M3 C4 N4 HS 17%9.4
4 ES Cé Cél =176.5
Cq CS E1P C&F ~70.4
N1 Cé £51 Hé& S
CS Cs Cél H7 ~135,3
& Csl C&2 HE 80.5
H7 Cs1 Ca2 HY9 12.4
&F R 2F CEF .9
C2F cip C&F €SP )
{2F cap C3F CaF =170.,0
HIZF C3P CAF CSF 151.3
cLa CAF g5k C&F 179.7
H3F SF C&P C1F L7212
Cia CiR C2R C3R 174,68
Cia CiR CéR CSR =173
CéR CiR Cin O1R 8.3
02ZR C2R C3R CAR LA O
H3R C3R CAR CSR =~148.7
CaR CSR C&R CiRr 34
C&" N1~” Eae N3’ + 8
B2 M1 E& 1 S iy
N1’ gar M3’ CA’ 242
N3 (guded B2 HZ ¢ 169 .3
N3/ G £’ c&r S.b
M3 ca4- M4’ H4’ -185.4
ga’ 3’ Lo N1« -2.4
Ca7 Coe GIRTS CaRis "=100%0
N1“‘ L& B&1* L& =92 .8
CS” Cs’ E61 7T e e 6
HZ* Ba&L* hhae CHEBY 174647
el 5 b S A R P =il
|50 s S e S BA R e S AR i ) =11
CARSUESEY o LaRY E1IP” ts (%
CikE C1g 28 €38 1726.2
Cie €18 Cs8 C3 =1756:0
Css E15 CilE 018 =2
038 c28 C3s C4s 178 o1
C28 Cas cas E5S v 2
Cas c4s Css C&S8 + 1
Cic ES8 C&s C1s + 0
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Table 5.17 (contd.)

H1 M1 c2 N3 154 ,4
H1 N1 Cé CS -142.7
N1 c2 N2 H2 156,1
c2 N3 C4 cS v 9
N4 cA CS Cé 179.3
CS C4 N4 H4 177.9
CiF  C5 Cé N1 178.9
4 CS CiF  C2F -68,2
N1 Cé Cé1  H7 44.2
& Cé1 Cs2 M8 -55.5
Hé &1 L CE2 | 4HY -45.,6
H7 C&1 cE2  HIO -85.0
C4F CIF  C2F  H2F $90,.0
C2F C1F  C&F  H&F 173.9
H2F C2F C3P  H3P 33.5
3P €IF CARp CL1 -26.4
CL1 CAP CSP  MHSP 8,0
MSF  CSF Cs&F  HéF -3 .4
Eia © CIR ° £2R  D2R -2.2
CiA C1R C&R  HéR 13,3
CARS CIR - Cla  D2R.  =173.3
03R C2R C3R  H3R -26,9
H3R C2R  C4R  HA4R 28,9
CAR CSR C&R  MéR 17446
L6% o NIT . B2 NP2 179.9
E9¢ N4 BAY CRLZ, =1Y7,
NZ7 rpaen ONEx S pat FE Sgns .8
T A o -39.5
NI par ) UpEes pEpe. otonle
NN et . iage RS ~-14.,7
caA’ €57  e£&° Bl 17244
g4 0854 C1PY Cap’ 772
N1¢ C47 Céi’ Hée' 58,6
b DA 7 A AR ~10,0
C5° - CiF‘ p2P' CIpr 97,8
gape BaPY CAPT LSPY 2
C2F” C3F’ CAP’ CL1‘® =-179.6
CaF’ CSF’ C&P’ H&P’ -184.5
CiE° £l  £28  J02S -2.5
CiE C18 C&8 Has 5,3
&%, CYS . ris n2s 1775
036 . €28 . £3S - H3S -9
C28 €3S ©AS  HAS  -160,3
38 t£4s 5% IS8 -186.6
CAS (€S8 C&S  Hés 178.7
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Table 5.17 (contd.)

H1
H1
M1
g2
N4
Co
cip
Cé
£5
Cé
Hé
C3

|
£

C1P
cap
C3F
Car
CaR
C2R
C2R
C1iR
C2R
C3R
ClR
Hil e
ol Es
4
ca“’
NA~“
CS”
C1F
C&r
N1
Cs”
C&F
C2F

P
C&S
B
c2s
Cig
Cls
HZE
H48
HSE

g

N1
M1
c2
N3
C4
C4
CS

L~
|85

Cé
Cé1
Cél
i
Gik
C2F
C3F
Ca4F
CSF
E1R
CiR
ClR
C2R
C3IR
CAR
Cin
N1
N1‘
C2”
N3 “
0
i i
LS/
Cs”
C&’
Cal
5 4
cip
CAP
C1s
Cilg
ci8
L2585
C28
28
CAas

CSs

| Rt

At

Cé
N2
Cq
Co
N4

£
=

CiF
Cé&l

CLn

LS R = R

£e62
Cap
C&F
C3F
CaF
CaP
C&F
C2R
C&R
ClA
C3R
CAR
CSR
02R
ca”
€6
N2
C4°
cs”
MNA“
C&’
cir
Cé&l
C&2
E2F
C&F
B2
cas
EBS
C1IR
£35S
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Chapter Six
Structure of Substituted Antifolate

6l AZIDOPYRIMETHAMINE ETHANESULPHONATE

Abstract

2,4-diamino-5=- (3-azido~4~-chlorophenyl)-6-ethyl
pyrimidine ethanesulphonate
Azidopyrimethamine ethanesulphonate {C12H12C1N7.EtSO3H)
crystallises in the monoclinic space group P Zl/c with unit
cell dimensions of a = 9.199(5) g ;7 b= 26.176(4) 2 H
c = 18.944(8) & ; o = 90.0(3)%; f = 125.44(3)°%; ¥=90.0(3)°.
The unit cell has a volume of 3716.4(6) % - and there
are eight molecules per unit cell. The relative molar mass
is 399.85(6) gmol-1 giving a calculated density Dy of
1.215(2) gcm'3. The measured density D was 1.252 gem >,
Using Mo—Kquadiation of wavelength 0.71069 R, the
linear absorption coefficient is/w\= 2.98 cm-l, F(000) of
1664.0 and the final value of R was 0.0918 using 5825 unique

reflections.
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Figure 21
STRUCTURE OF AZIDOPYRIMETHAMTINE ETHANESULPHONATE
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6.2 Experimental

Crystal Preparation

The crystals were prepared by Dr. R.Griffin by the
following method. Pyrimethamine (100g) was added in portions
over one hour to a stirred mixture of nitric acid (300ml)
and sulphuric acid (300ml) at a temperature maintained below
SOC. The mixture was stirred for a further twelve hours at
room temperature, poured onto ice and basified with
concentrated aqueous ammonia. The yellow solid was collected
and washed with water.

A suspension of the nitro analogue, so prepared above,
(20g) in ethanol (250ml) was stirred at 600-65°C and Raney
nickel (c.a. 20g) was added. Hydrazine hydrate (75ml) was
added dropwise over two hours as a solution in ethanol (75ml) at
a rate such that the temperature did not exceed 70°C. When
effervescence had subsided the solution was filtered hot
through a Kieselguhr pad and on evaporation of the solvent a
cream solid remained which was triturated with water and
collected. Crystallisation from 50% ethanol afforded pale
yellow needles of the amine monhydrate.

A solution of the amine (8g) in S5M-hydrochloric acid
(150ml) was diazotised at 0°C by the addition of sodium
nitrite (2.1g) as a solution in water (10ml) over thirty
minutes. After stirring for a further thirty minutes,

sodium azide (7.2g) was added in portions over one hour the
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agitation being maintained. The mixture was stirred for a
further one hour, diluted with water (200ml) and basified
with concentrated agueous ammonia, whereupon the product
precipitated and was collected. A sample crystallised from
agueous ethanol as photosensitive microprisms of the azide
monchydrate.

To a stirred suspension of the azide base (6.0g) in
water (60ml) ethanesulphonic acid (2.5g) was added over five
minutes and the mixture was boiled until all solids dissolved.
Following filtration the pale yellow solution was allowed to
cool and the product collected. Slow recrystallisation from
water furnished pale yellow prisms of the azidopyrimethamine
ethanesulphonate.

The density was measured using the flotation method
using cyclohexand and carbon tetrachloride of densities

0.778 gc:m-3 and 1.6gcm_3 respectively.

Data Collection

The data were collected from a spear point shaped crystal
of size 0.11lmm x 0.075mm x 0.41mm mounted along its long
axis on an Enraf-Nonius CAD4 diffractometer using an w-28 scan
with graphite monochromated Mo_xo( radiation [}\ = 0.71069 g) .
The scan range in terms of 6 was (1.00 + 0.35tane”) at a

! t6 0.74%min"t depending upon the

scan rate of 2.5°min
individual intensities. Intensity monitor reflections were

measured every two hours and subsequently fitted to a linear

L35



function of intensity against time that was used to rescale
the data.

The monitor reflections used were 2,11,0 and 0,9,3
being h,k and 1 respectively and the intensity of these
reflections declined by 4.8% and 3.8% respectively during
the data collection. Orientation controls were used every
100 reflections on these monitor reflections.

Initially the unit cell dimensions were determined by
least squares analysis from the setting angles of 25

reflections which were :-

233 2 3 0 2 =8 g B2 ) 9 Ll § O 7 =hi
2310 122 31 0 1122=33 =1 13 =-23-0.12 32
. 8 S 4=110=13=1 ¥ =1 iv=1 “"§=L: 0 & I
G e T R O R e P stV R T S A (-

.

s TR R s T S T S e s TR s U

The data were collected using 6 limits of 2° and 25° for
h,k,= 1 with hy,o = 10 ; k. = 31 and 1. = 22 and 7234
reflections collected of which 5825 were unigque and 4102
unobserved with an F value of greater than 4G1(F) as the
criterion for recognizing unobserved reflecticns. The value
of Rint from merging equivalent reflections was 0.0623. The
maximum value of (sin © ) /) reached in intensity measurements

was 0.5723.
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6.3 Structure Analysis

The structure was solved by direct methods, SHELX (3),
and F magnitudes were used in the least squares refinement.
The hydrogen atoms were identified in the difference Fourier
and were refined by using an option in the SHELX program
called AFIX. The parameters which were refined were scale,
co-ordinates, anisotropic temperature factors for non-hydrogen
atoms and isotropic temperature factors for hydrcgen atoms.

The final value of R from the last refinement was 0.0918
and wR = 0.0853. The parameter, w was calculated by :-

1.000/ (Sigma**2 (F) + weight*F*F)
where the weight was initially set to 0.001.

The ratio of maximum least squares shift to error in the
final refinement cycle, cbﬂyjmax was 1.667 for hydrogen
atoms (H7') on the C5 atom and 0.624 for non-hydrogen atoms
(N3P). The position of the hydrogen atom was in fact
identified in a slightly different position in the final
refinement explaining the high ratio.

The maximum positive and maximum negative electron
density in the final difference Fourier synthesis were
(AL) rax 0-4034 and (BQ) i, —0.4226 respectively.

The results of the final refinement cycle are to be found
in Tables 6.1 and 6.2 and also results of the co-ordinate
data being processed by GEOM and the computer graphics program

PLUTO (51) used to calculate torsion angles and least squares
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planes given in Tables 6.3 to 6.6 (inclusive). PLUTO
was also used to produce the crystal structure diagrams
Figs. 22 - 24.

The angles calculated by GEOM between the two rings
in the two azidopyrimethamine ethanesulphonate molecules

were found to be 70° 8' and 84° 51'.
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AZIDOPYRIMETHAMINE ETHANESULPHONATE
Fig. 22 Molecular Diagram
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AZIDOPYRIMETHAMINE ETHANESULPHONATE
Fig. 24 Packing Diagram
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Table 6.1 (contd.)

Atom

——

s

o3’

|27 TS

bLE S

M2E “

C2E"

SE’

H4E *

n/a
SEBZ&(16)
78 {13)

7488 (22)

6151122)

S4T7S(ZE7)

2668 (27)

4849 (27}

4734{1354)

S724(145)

-932(147)

=GR {15E)

1208 (136)

FB2(18&)

145

. -
_r

1762(5)
1529 (4)
2292(6)
2409 (&)
2247 (&)
2694 (8)
249 (8)
2420 (8)
2720 (8)
4564 (52)
4409 (48)
4787 (49)
4217 (46&)
3298 (50)

2744 (36}

Z7¢c

Eop | om gy a0 A 0

Fodly G g G A

485 (7

4192(11)

4487 (11)

47&B(11)

3658 (14)

481614}

Solé&(ig)

Z@&@(14)

557 (&8)

BR7E(74)

-1@88(7@}

64 (&8)
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Azidopyrimethamine ethanesulphonate

Table &.2
Anisotrcpic temperatures factors
{non—hydrogen atocms}

-
i
X

o

rt

m

rocpic tempersature factors
{hydrogen atoms!
With standard deviations in

carentheses

Atom bl 1 U=28 Uz3a UZ3 Uis uiz

N1l ..B380(B2) .B635(98) .BI72(BE) .BL171(73) .@227¢(72) .@236(72)
CZ .8441(108).08521(114).04B8(110).8129(95) .@29B(946)-.2888(92)
NS BZB81(77) .B&887 (F7) .-S??(B?)—.BE?:(BE) LB258(74) .BEBIR(78)
C4 .B373(103).0397(1@3).0592(112)-.0004(95).0278(25)-.0225(84)
€S .B327(%F7) .BS11(187).B8279(F2) .B167(B4) .BB77(B2) .B158(84)
C& .B@2B5(92) .0484(187).8555(183)-.08213(93) .8254(89)-.B132(E2)
N2 .07B2(1@8).8783(118).08748(107).0402(99) .B444(%@2) .B119(%&)
N4 .B4R2(8%) .B529(95) .B&17(93) .B1456(88) .0@320(78) .B3B2(75)
&1 .@7&6E(124),.8046(11%).87&65(124)-.B138B(9B).@8374(1B4).8111 (185}
&2 .@SE1(14@).1491(193).2871(199)-.@214(176).8T71(142).0020¢142)
CiF .@479(122).0483(186).0858(116)-.2222(%4) .B3I7(102)-.02@21 (9&)
CEF .B&61(115).8350(182).07&6(128) .BBL4(92) .B5ST46(1D4).03SB(BS)
CIF .@756(124).0747(132).0385(1@25).0220(72) .0424(104).0821B(124)

e @536 (1 13) .

]
0

AS6T (121).1308(147).B122(112) . 8767(115).81754(75)

ot
1
r
10

L S i

CSF .11&63(1746).8520(133).8379(123)~-.0182(105)-.0119(125)-.215(11%
CoF .BB&&(144).@518(121).088566(13@).8395(105).0575(118).8294(103)
CL  .1842(44) .14B1(43) .1209(44)-.004B(42) .@Bo4(4R) .BBEES(40)
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Atom L1l yuzz UZE U2Z= s S Lhi2

NIF .1307¢145).0671(114).0511(1@88)-.8113(F2) .B228(184) -.81356(123)

N2F L1303 (162).0887(141).0977(142)-.8718(1156).8599(134) . B348((118)
NI L1134(1484).15455(188).1276(148)~-.8544(148).B&670(122) —-.0@&55(135)
B B371(286) .@743T(34) ..BS7F(T1) -.0@SS(IL) .BIT7Z(25) -.0B881(Z8)

g1 . B3PI 070) .BFZ2FF5) L1872(71) LB124(79) .B311(67) . BZB06 (&8

a2 @A77 (BB . 1349(1@5) .0427(72) -.@120(71) .BI9&(EE) -—.0B143(74)
B LBT74(68) LB717(77) .B746(75) ~-.B322(68) .01R1(&2) -.@8239(66)

D1E . 255(835) LBETI(1146).0725(112)-.BB34(%4) .@29T(8I) -.B132(8%)
c£2 .B541(1721).14B5(169).@46T7(122)-, @221 (121).0281 (183) -.8204(12%)
Ni® .@S82(?5) .B373(28) .B4AT7(92) LBER74(73) @261 (B@) . @247 (79)
C2* .@B3&2(97) .B708(127).2161(B1) -.0P@13(B9) .B15&6(77) LBEFE 181
NZ° .B417(82) .R193(74) .B&21(BS) -.B@T1(&B) .B317(71) LPRAZ(ET)

C4' .B&17(114).B321(9%) .B22B(B3) -.2BIB(7&6) .B24T(B4) B217 (24}

I

CS*° .@444(98) .GZBR(102).245@(%4) -.@1@5(77) .B2BIF(BI) -.8136(83)
Cé6° .@71B(122).8301(1084).@538(1083) .BBIZ(B&) .B4B3I(PS) -.B8B26(97)

NZ° .B385(B4) .@3I45(9%) .B893(185)-.0112(82) .B263(78) . BB21 (732}

Ng* L218&6(73) .@BIS(112).8716(78) B169(BE) .B215(70) L BI22LZI)
C&l’ .DRARS(99) .B34T(%7) .B722(116)-.0048(2&) .B129(F1) . B2ZT7(B87)
Ce2’ .R&2T(119).1@835(181).1248(151) .BIB4(13@).8476(115) LB545(1135)

CiF’ .@288(92) .BI24(11@).1112(14@) .@2TF(1279).044B(98) . B8124(81)

C2F’ .BS5946(184).0479(115).08546(182)-.8194(F4) .B263(78) -B171(F3)

CIP' .B782(131).@518(133).1872(15&) -, B4T46(125).0536(119) ~-. 8197 (189)
C4F° .PI4AS(1i00).@S54(129).0988(145)~-. 8353 (12@) . 8254 (124) —-.B8177(F1)

CSF’ .E5E2(111).047B¢(1202).0325(128) .B@E7(185).@517(184) B21 7095
C&F’ .@2B& (108} .B304(1217).1717¢183) .BRFA(129).@273(113) . B1EB (T3
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Table &.Z2(contd.

Stom il 1
ot EEE&s (480
N1F ZEig {124},

NZF " .B541(115).
NSF LEZ1B (292
g1 @5&1 (Z@)

L LR7RTEE)
02" +1184(1084).
0=z .QZ&64(89)
GLES
C2E " .DFY98(1&64),

Uiso

. 3208 (223)
T LEZT 2T
. 26321 (224)

HP il L —% —

(244)
HE . 2504(258)
HSF .20 (28
HZF . 111E8(284)

H&

s BP27 (92}

g o om0
GAZB(3E) 1456(58)
e — e -
St o AU S BT A S T,

BS&2(72) .1B4Z2(23)
i1BBZ2(1@5) .8&7268(78)

S EENash @

DT (125).8483(118) .8949(131)

BS7E (165 . 18I BE)

148

127
-.817&(36I

)=, 1244 (17343 ,8474 (1

™

. BR7Z (757

. BES6 LT

—. BIG2(TT

LQB2T(183) . B3R5 (107)

LB151 (153) .B338(14%)

ULz

—
-
1]

1—.BF26(145) .B275(128)

. 291 (26)

LB1ET(T78)

.RE26(78)

L B573(58)

U1z

LB142 (38

. 8565 (E1)

. 2182 (53)

.BB156(98)

LB1Z22(14%



Atom Uiso

H7 S A L e
HiE .2488(251)
HZE L 13SR2(286)
HZE .1B832(27%)
H4E .1587(292)
HSE .BSBS5(254)
Hi 2244 (2602
HZ* .BAS59(245)
Ha4 . B6B&(251)
HS L B226 (2460
H&R* .B23B(259)
HSF ' .0e21 (288)
H& L BBZ6 (2867
HE* .BE571 (255}
HZ? ' .B8%46(277)
Hig® .174%(295)
H7 . BB7R (275}
MIE " L1126 (280)
HZE® .0@4%7 (255)
HZE' .BR&20(258)
H4E " . 1628(292)
HSE ' . 1322(2%80)

&E.2fcontd.?
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Azidopyrimethamine ethanssul phonate

Table &.3

EBond distances

standard deviation

Eond

N1-C2
N1-H1
C2-N2
C4-C5
Cs-Cé
Ca-Cet
N2-H3
C&1-CaZ
Ca1-H7
C&Z-HT
CiF-C2F

C2F-CIF

Interatomic

Distance

1.326(25

L w L, NI

1.1860183)

1.352(34)

1.428(27)

1.360(22)

(s

« 387 (23)

2.86%(97)

1.859(27)

1.8792(Z4)

1.88B(Z2)

1.387(26)

1.338(38)

1.4146(28)

1.355(28)

@.824(111)

1.171(29)

{

-t
]

)

I

[
wt

N =Y

1.

]

(24)

~J

I

10

[y

-

¢

1,879 (21>

1.878(253)

Todide 133)

in parentheses

Bond

N1-C&

C2—NT

N2—C4

Ca—N&

BT £

N2-HZ

N4—-HZ

C&1-H&

C&2-HE

C&2-H1B

C1F—CoF

ESP—N1P

CSP-CeF

N1F—NZF

51-01

in Angstroms with estimated

Interatomic

Distance

1.32394(368)

1.47@(35)

1. 2664177}

@.982(144)

1.888(24)

1.881(32)

1.87%(43)

1.419(28)

1.812 01873

1.427(25)

1.488(43)

1.261(38)

1.448(13)

1.456Z41@)



Table &.3(contd.?

Eond Interatomic Eond Interatomic

Distance Distance
Rl 1.4B2(Z24) g S t,. 352021
N1l"—H1 8.77S(12%) 2 =S 1. Z5B 125
s =N 1. 31R(E3) E2 =H1" I 10 £ Y
NT—C4° 1. 257 0i70 4 =5 1.419(24:
C4°'—N4 "’ 1.32@82(23) B =Ta ISP ERT )
Eo =Bl 1.455(211} e B U 1.473(25)
N4 ' —HE "’ @.845(151) ChlS=EgRs & 1 513D
Eal "—H&" 1.878((2) &l =T 1.87%(28)
E&Z2 —HEB" 1.872(28) B 1.872(34)
C&2'=H1IB" 1.B879(24) CIPt=C2P " 1.827(2%9)
Bir=Dab s g FR CET ) B S B SRR L N S e
CIF'-C4F " 1.738(48) EEFI=NiP" 1.BB6(Z7)
E4P =05P0 1 LS8BT SE) CEP -6 1 .429(246)
CaP '=H&FP " B.729(121) NIF'-N2F°  1.7868(4@)
il = g 1.447(11) St = i.442(1g)
51 85" 1.4BB(14) 21 =E1E" 1. 745017}
ElE =E€2E7% 1,440 (24) BiEt=HI1E" " i, Baa {28
CIE—-HZE" " ‘1.088(25) E2E SHIES N UG TS (250
E2E "=h4E" 1. B7%(57) E2E"—HEE 1.879{411
CLi’ = o4p' 1.777(18) N2P' - N3P' 2.094
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Rzidopyrimethamine ethanesulphonate

Table &.4

deviztions

Atoms
C2-N1-E&
Ce—-nNi-H1
N1-CZ2-N2
CE2-NZ-C4
NIZ-Ca—-N4g
C4—E£8-C5
E&-E5-C1F
N1-C&—Col
E2-hN2~H2
H2-N2-H3
Ce=E61~E62
C&6-Co61-H7
C62-Ca1-H7

Cé&l-C&2-HB

E& 1 =Bes2=HiP

HE-C&2-H1E

EE=EIP=ER

C2F-C1F-C&F

angles (=)

in parantheses

Eond Angle
1185601 a4
124.46(6.4)
Ligs ol .o)
IS 7 Ui e
L1581,
11251 (2L 2
12T 70
114.8¢(¢(1.4)
183.5(9.8)
8T . TNET 2
131.81(1s8)
1iBB.7(1.4)
189.8(2.48)
138,50t %)
ig9.8(2.8)
189.4(2.7)
125.1(1:8)

128.7(2.4)

with estimated
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Atoms

C2-N1-Hi

—-C2-N3

I3-C2-N2

C5-C&-Cé1

EZ2—N2—-HE

Ca-Na—HS

Ce-Co1-Hé

C&2-CoH1-HA

He—L&1—-H7

Co1-C&2—HT

HE-C&Z—HT

HP-C&2-HiB

BRsCir—0sF

C1P-C2FP-C3IF

= O] e Lo | e S L § o
o H2F

Sl g

standard

Bond Angle
116.1(&6.4;
124,.8(2.2)
116.2(1.8)

127.7L19)

122.4(1.6)
125.5(2:80)
18&£.8 (8.

184.2(7.1)
187.8(2.2)
1892.2¢1.8)
187.5¢1.9
Tl 12023
1R, 3¢635.4)

1B7.5(2.4)

146.&6(7.8)

i28.5(1.89

[y
{)
]
J



Table 4.4 (contd. )

Cé =N *'—H1 "

NI "=C2"=H2 "

NI -C2 -NZ°

CS'-CiF'-C2F
C2F ' —-C1F ' -C&F

112.6 (8.7}

i SRl eh el

I@e.84¢1, %)

186.4(2.1)

189.4(1.8)

1215 9l 55

11Z.B8(B.)

119.4(1.6)

128 T3 .70

186.5(5. %)

122,701 6)

117 811.5)

121.5(1.5)

TiBoEKio T

125,51, &)

1e68.8(1.8)

[
Y]

Fu201. 67

189.3¢1.4)

107.712.2)

18%.2(1.9;

i@g%.4(1.8)

1Z28.8(1.7)

1233.3¢1.63
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Atoms

C1P-C&F-CSF

N1IF-NZF-NZF

01-81-03

NS =02 ~H1"

I'-C4°
C4'-CS" ~Co
Cé&'-CS'-C1F
Ni"-C&'=-Coi1"’

C4 ' —N4g-

Eond Angle
117.8(1.8)

178.3(35.2)

1i13.8(8.&)
11S.2¢1.3)

1@9.5(1.2)

3208415

iB9.56(2.5;

1@2F.5(2.3)

oB.2(11.9)

118 &1, b

T3.4(6.2)

2w BLD. &)

118.6(1.5)

118.2(1.86)

117.7(1.4)

128.6(1.6)

2 16 el of UYL

152.4(6.5)

189.6(01.4)

11@.4(1.7)

189.&6(2.4)

138601 5)

129.5(1.8)

189.4(2.7)

115.701.8)

114,8¢(2.8@)



Table &.4{con

Atoms

C2F "~CBP"=CAP

C4F"-C3F'=N1F

CaP =Ear =l

CiF ' —C&F " —H&F '
CEP =P =NZP

HI1E

E1E"

HIE

H4E ' —C2E

‘=51 '-02°

=81 '-03°

=88 ~CIE®

‘~C1E ' —-HiE"

4=
L

'~C1E ' -HIE’

TP E*~HZE "

‘—C2E ' —HAE

._HEE

CL - C4P - C3P

CLi= C4P = C5P

~C2E ' -H4E

-~

- )
Bond Qngle

2 -

; L N0

. 2)

4
s

(e

T L)
s 1o sy S
&8.5(13.1
1R8. . BLL.F)
11@.1(@.8)
Bl S UGN )
1846.5(1.8)
107.2(1.9)
187.8(1. %)
IBF. 512}
1295624
@7 5a. 1)
189.5(2.3)
117.1 1.6)

120.9 (1.9)
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Atoms

C2F ' =CIF ' =N1F
CIF ' -C4F ' -CSP
CiP ‘~L&P " ~L5F

C2E‘-C1E ' =HZ2E’

EiE==CZE

CiE’-C2E

HIE '-C2E

N1°

CLI

CL|

‘=51 '=C1E"

‘=81 '=C1E"

'—C1E "—CZ2E°

‘—C1E ' —HZE"

_.H1 '__C: 3

-C4p! - C3p!

- C4P'

R

‘—HSE

St

- C5p*

185.3(8.7)
1@6.8(1.8)
115.8(1.2)
1@7.8(1.5)
10%9.4(2.7)
187.9(1.7)
112.8(2. &)
129.6(2.9)
B2.5(14.5)
119.5 (1.9)

115.5 (1.9)



L

Torsion Angles

]
it
(8]
b=
n

Ce—h1-C2-NZ

C&—N1-C2-NZ

HMIShI L E=NS

H1-N1-CZ-N2

C2=hi-E&=C3

C2-N1-Cs-Ca1

Hi-N1-C&-C5

Hi=Ni-C&a—-E&1

N1-C2-NZ-C4

NZ-CZ-NI-C4

N1I=O2-NE-MHZ

N1-C2-NZ-H3

NI-C2-NZ~HZ

NZ=C2=NZ-HI

EZ-NZ-E4-C5

NI-C4-CS5-C1F
N4-C4-CE-Cé
N4-C4-CS-C1F
NI-C4-N4—HS

CS-C4-N4—HS
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Angle (=)

176.6
165.8

=13.5
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Table &.%tcontd.)

Atoms Angle (=}
C4-C5-Cs—N1 -@.4
E4-E5-Cet=E51 178: %3
ClFE=ES=-E6=N1 175:S

El1P=CE—E&-ES1 et = R

£4-CS-C1F-C2P -73.5

E4~-CE5~E1F-C&F : 5 B,

Ee-Co-CIP-CZF 8 5 B

C&-CS-C1F-C&F —£2.Z
N1-C&—Ca1-Caz 5g. 2
N1-C&-Cé1-Hé -32.0

Ni~C6=E&1~M7 —-14B.&

CS-Ce~L&61-C&2 =89.3

ES~C&-C&1~H& 158.7

Eo=C&=Chl~N7 S2. 1

Ce-Cé&1-Ca&2-HB 179.7

Ce-Col-0a2—H7 9. &
E&—E61-Cal2-HiD —&61.3
Go-Lal—=0&5—HE ol 7 B s
H&—EL I —-Ca2~MT 178. 2
H&e-C61-C&2-H1E 58. 1
H7=C&1=C&2—Hd ST 0
HE-DA1-D&a2-HE s
H7=C&i-Cé2-H1E 178.1
Eo—-LiF-L2P—CaP 1777
Ee—-EiP—E2r—H2F T2
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Table &.5(contd.)

ftoms

CoF-

]

C1P-C2F-CIF-C4F

C1F-C2P-CIP-N1P

HIF-C2F—CIF-C4F

H2F~C2F-CIF-N1F

C2F-CIF-C4F-CSF

NiP=EoP—CaP—ESF

2P-CIF-N1F-N2F

C4F-CIF-N1F-NZF

ESF-—C4Pr-—ChF—E4F

ESP-C4Fr—CSP—H5P

CaF-CoFP-C&P~CiP

HGP=ESP—-CaP=C1P

HiE~CiE=C2E—~HoE

MEE=CIE=CIE -HoE

HEZE=CI1E-—FE2E—H4E

Eg “=N1 "=£2 " —=NZ~

o P LI LI
o N1 B N2

157

Arigle (=)

|
o
~J

2.9
=45 et
i

=&
_570—.
A

D»
~J
N

-174.,3
12.6
~17Z. 3



Table 6.5 (contd.)

~toms Angle (=)
€6 =M1 " ~C2 =M1 " =25 6
o 5 SRS 2 S LM R Bt i F o Gt
HI " =N1 =03 =—Ng -74.6
2 I i L et i 2.0
B =il =l =0 8.7
B2 =N o=t =Ea T 1756.1
H1“=N1"-E& =CF T SRS
=N SRS ST AT 118.35
B2 =Nlt—HI"—C0 0.8
D P s D e (e s 114. 35

N2 =2 =NZ"=C4~ 176.5

H1'-C2'-N3'-C4’ 29.8

NS =2 w1 “=N1 " —%R.56
NE=02 e Cmnl 1 118.%9
g2 =hN& " =Ca"-CS S
C2"=NZ’'~C4&'—N4 179.0
NS =E& =00 =L& 2.4

Ng =E4 =05 "=E4 =175.2
=g "=Eg =1 P 1@.7
NZ*'=C4'=Ng '—HE -8EB.7
CS'—-C4'—-N&'—HT 87.2
Eq"=-Cf - '=N1" ZnE
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Tahle S.otcontd. )

atoms
_—~ -~
L& =03

Ca'-CS
£4°=L5
C&'-CS
Co°-CS

Mg

Eoi=Ea
Ca"=Cohi
T B
B —Cal

BHE& =L&1%
H7 ‘=-Cé&1
H7 "=C&1
H7 "—-C&1
CS'—=C1iF

‘~CiF "

‘—Cé1

L -

s

=R

i

'~C&F

‘—C2F

=L HF -

i -

—H&

-H7

=E&a="

159

Angle (=)

P
-
=

0

~-51.2

29.5

149.¢&

178.6

oB. 4



Table 6.5 (contd. )

Atoms Angle (=)

P =01 =UaE S =H5F 76.0
s A e R s el e o =

C2F ' '~C3IP'-CAP ' ~CSP’ ~3, 5
NiF '=CIP'-CAP'-CS5P*' 175.7
C2F'—C3IP ‘' =N1P ' =N2F’ =7 e
C4F'=C3IF’'=N1F'=N2F° 174.5
O3F "~C4P ‘' —C5FP '~C&P' -2.3
C4FP *—CSP '=C&P '-C1P"’ S.4
CAF ' —C5P ' —CoP * ~H&P ' eag. 2
01 =81“=C1E ' =L2E " 17%7.9
01 “—a1°=CLE *~Hig" 68. &

Gl =Stu=U1r =HZE* ~G7 .2

02°-S1°'-CLlE'-H2E® -178.6
03'-81°-C1E'=-C2E" = =&3.1
03 -81°'-C1E’'-HIE" 177.6&

=51 =C1lE"=HIE" A e

€1°-C1E'-C2E’-HIE’® -172.0
S1'-C1E ' ~-C2E ' —HA4E 68.9
§1'-ClE’'-C2E -HSE -52.8
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Azidopyrimethamine =sthanssulphonate
Table &.6

Calculation of & Angle between planes

Flane 1: L = @.&294
M= @,7374

N = 8.1737

D

1@.9782

Deviations: -0.8297

@.28015

2.8397

-@.858S

@.81E2

2.8209

Flane 2: I —-@.4B&3

M

@.8784

N = —-8.876&8

D = 7.4552

Deviations: e.a8=7

-@.a132

-0.0248

@.8279

-@.24Z7
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Tabhle é&.6(contd.)

Flane 3:

Deviations:

Flane 4:

Deviations:

Let B, be the

and 8= be the

Then Cos By =

L = @.2634

M= —-8.1

Bse

N = 08.938%9

D= -1.2

@.2838

2.B8348

-2.81ZE

-@.825%

2.8222

-@.08228

23

L = 2.8941

M= -B.4
N = -@.1
g= =1.9
-2.8326
-2.2206
-2.0228%

-@. @835

angle between
angle b=tween

L;L: + F‘i;ﬁz =

L:sl_d; + H:r‘-‘l.ﬂ. e

163

825

P65

23

-~

planes 1 and 2,

planes

NiN=

N=Na

-
s

and 4.
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Chapter Seven
Conformational Analysis
ik The Theoretical Calculations of possible drug

conformations and electron distribution

Theoretical calculations should be capable of providing
two information types in addition to experimental studies :-
1. the range of non-equilibrium conformations
which must include the unique conformation
essential for the binding of the drug,

and 2. the electron distribution in that conformation.
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il The Schroedinger Egquation

This was proposed by Erwin Schroedinger in 1926, as
the wave-mechanical theory of the hydrogen atom. Prior to
this Bohr's theory of 1913 was used to explain the observed
spectra of elements by a quantitative treatment based on
Planck's hypothesis. Planck's theory supposed that a solid
contained a very large number of oscillators (atoms or
molecules) having a fundamental frequency of ¥. The energy
of such an oscillator being given by :-

E = nho

where n is a positive integer

h is the Planck constant.
Bohr's theory was unable to account for the emission spectra
of complex atoms as well as for the behaviour of atoms in a
magnetic field, unlike the Schroedinger equation.

In its barest form, the Schroedinger equation is given
by = H'p = E4J
where H is an operator i.e. operates on a mathematical function

qlis an atomic wave function which represents the wave

properties of the particle

E is the energy of the system.
The equation can only be solved exactly for the case of a
simple hydrogen atom system provided that the wave function

obeys a set of reasonable restrictions on its behaviour,
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i.e. 1L ¢Jmust be single-valued at any particular point
2. y must be finite at any point
35 q}nmst be a smooth or continuous function of
its co-ordinates.
In molecular quantum mechanics, as the problems concern
three dimensional molecular systems then the wave function

also varies in these co-ordinates.
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Te2 Atomic Orbitals and Orbital Approximation

The wave functions which satisfy the Schroedinger
equation for the hydrogen atom are sometimes called orbitals.
Thus a hydrogenic atomic orbital is merely a three
dimensional function from which one can calculate the energy
or other properties of the single electron system.

In the study of polyelectron atomic structures
researchers adopt the "orbital approximation" i.e. each
electron is treated separately, each with its own one electron
wave function or orbital. This mathematical approximation
is nothing more than the fundamental basis of the universal
procedure of describing atoms by means of orbital configurations
for example, the atomic electron configuration of carbon is :-

152 232 292

and treats each electron separately. In carbon then :

2 electrons have functions associated with them
which are of the 1ls shape;

2 electrons have functions associated with them
which are of the 2s shape;

2 electrons have functions associated with them
which are of the 2p shape.

An orbital is therefore merely a synonym for a one electron
wave function, each a three dimensional mathematical function
which describes the behaviour of a single electron.

Generally, then for a polyelectronic atom system the total
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wave function for an atom, tl/is a product of one electron

atomic wave functions ( Xi) one for each electron, i.e.
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7.3 Molecular Orbitals

The wave function for a molecule is then not in principle
any different from that of an atom. If\P represents the
molecular wave function, the orbital approximation can be

used as in the atomic case :

) - 00,......0,

where @ is a three dimensional function which determines the
properties of an individual electron in the molecule.

Molecular orbitals can then be calculated, most
frequently using atomic orbitals of the "Slater-type".

The Slater type of atomic orbitals are the set of atomic
orbitals found by fitting analytical exponential functions

to numerical atomic wave functions, Gaussian shape functions,

of three or four in number being then fitted to the exponential.

However, all molecular wave functions are approximate
but some will be more approximate than others, and the
preparation of small Gaussian basis sets for such molecular
calculations is currently being researched (52).

"Ab initio" methods of calculation the orbital wave
functions use the technique introduced by Hartree and Fock.
This is known as the self-consistent field (SCF) method and
reduces the many electron Schroedinger equation. This method
choses an apporximate set of atomic orbitals and from these the
average potential acting on each electron is calculated. These

potentials are then used to calculate new orbitals from which
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better approximations to the average potentials are obtained.
The process is repeated until a set of orbitals reproduces
the potentials which gave these orbitals (53).

When running an ab initio calculation the starting
point is a particular molecular geometry, the nature and
co-ordinates of each atom being defined. However there are
two sources of error in the starting eguation :=-

1. The whole theory based on the Schrcedinger equation
is not realistically correct i.e. the fast moving inner
electrons may move with speeds which are not negligible by
comparison with the velocity of light. As a result
relativistic effects may contribute so the mass involved may
not be constant. This error however can usually be ignored
as it will be a constant as calculations do not involve the
core electrons. The Gaussian 70 package actually includes
the 1s electrons, however they are unlikely to be significantly
affected by changes in molecular geometry;

25 Correlation Energy
Any defect in the wave functions results in the calculated
energy being less in magnitude than the true energy and results
from electron-pair effects.

Molecular orbitals can then lead to an understanding of
the electron organisation within the molecule and attributable
energy values,the eigenvalues, to the molecular orbital.

This energy value is then an approximation to the ionisation
potential of the electron in the closed shell area (Koopmans

Theorem) .
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7.4 The Gaussian 70 Package (54)

To use the package the only input needed is the
specification of the geometry of the molecule, using bond
lengths, bond angles and torsion angles as the main
geometrical information.

The information which the package returns to the user
is as follows :-

1. The total energy of the nnlecﬁle.

The absolute value of this is not directly useful;
however, the comparison of two absolute efjergies, for example
at different bond lengths is directly useful.

2 The energies of the molecular orbitals, which are
expected roughly to correspond to the observable ionisation
energies of the molecule.

3. The forms of the molecular orbitals as linear
combinations of atomic orbitals, which are generally useful
in understanding the electron organisation within the molecule.

4. The Mulliken populations, which give some insight
into the charge distribution within the molecule.

B The electric dipole moment within the molecule,
which can be used in the calculation of electrostatic
interaction energies between two molecules.

The upper limits of the size of the molecule which may
be dealt with are :-

maximum no. of atoms 35 (plus up to 15 dummy

atoms)
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maximum no. of atomic 70 (inner shells must be
orbitals included)
maximum value of atomic 18 (argon)
number
The accuracy of the package has been shown to give a
wave function which corresponds to greater than 98 per cent
of the total energy of the molecule.
The basic Gaussian package has been updated so that
the forces on the nuclei in a molecule can be calculated and
geometry optimisations carried out using the forces to
minimise the total energy of the molecule. This amendment
is based on force calculations on the nuclei made according
to the method of Pulay (55). The resulting forces acting
on the atoms are calculated in cartesian co-ordinates and
allow the molecule, or parts of the molecule, to relax to its
equilibrium geometry, i.e. where the forces vanish (56).
The force calculations on the nuclei (being negative
derivatives of the total energy with respect to the nuclear

co-ordinates) are applied for Hartree Fock wave functions.
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Chapter Eight
Conformational Analysis and Quantitative Structure
Analysis Relationships of Folates and Folate

Analogues

Bl Conformation Analysis

The compounds studied by M.J.Spark, D.A.Winkler &
P.R.Andrews (57) include folic acid, dihydrofolate,
tetrahydrofolate, methotrexate and aminopterin. The analysis
shows that a large number of conformations are energetically
accessible to these molecules and some are common to all.

This work involved the parametrization method of Giglio (58)
on a CYBER 73 computer at the Royal Melbourne Institute of
Technology using the program COMOL (5%9). The program performs
classical conformational calculations by pairwise summation
of the van der Waals interactions between non-bonded atoms
together with electrostatic and torsicnal potentials.

Of particular interest are the conformations adopted
by methotrexate when bound to dihydrofolate reductases from
various sources. These conformations are found to be of
surprisingly high energy relative to the global minimum and
the proposition that the pteridine ring of dihydrofolate may
bind upside down with respect to that of methotrexate was
tested via conformational energy calculations. The
superposition of the low energy conformations of dihydrofolate

on the bound conformations of methotrexate demonstrates that
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a reasonable match may be achieved with the pteridine ring
upside down. Electrostatic potential calculations show that
these conformations fit into the binding cavity of DHFR

in a way that permits non-bonded interactions (57).
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8.2 QSAR of DHFR Inhibitors

These relationships have been used to determine the
basic dissociation constants of representative 5- and 6~
substituted derivatives of 2,4 diaminopyrimidines in order
to analyze electronic and steric effects upon the basicities
of these molecules and possible relationships to enzyme
binding (60). The conclusions of Roth & Strelitz are that
the effect of substituents in either the 5- or 6= position
is primarily inductive in character and that with the
exception of alkyl or 5-amino groups, the consequence of all
5- or 6- substitution is to lower the PK, values of the
pyrimidines. Also that compounds which have useful inhibitory
action against DHFR (61) have pK, values above 6; the most
active compounds have pK, values of 7 or over.

Further research by Fukunaga (62) compares the QSAR
for the quniazolines causing 50% inhibition of pigeon liver
DHFR, with those for triazine and pyrimidine inhibitors. The
three QSAR's suggest new possibilities for the design of

inhibitors of mammalian DHFR.
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Chapter Nine

Molecular Orbital Calculations

The Gaussian 70 package (54) was used to determine the
total energy of the following structures :-
1, Pyrimidine Ring
Co-ordinates taken from the last cycle of refinement
of pyrimethamine acetate hydrate (5.1)
2. Pyrimidine Ring with a Formate Ion
Co-ordinates for the pyrimidine ring as in 1. above.
The position of the formate ion was determined from the position
of the acetate molecule in pyrimethamine acetate hydrate's
last refinement cycle. The position of the formate ion was then
recalculated to shift the formate as a rigid strucutre in three
dimensions by approximately 0.1% along the hydrogen bonds
between the formate and the protonated N1 atom and the NH, group

on the C2 atom, as shown below :=

N
~J
o
H H

Q. 0T
P
C
|
H
P Protonated and Unprotonated 2,4 diaminopyrimidines
4, Protonated and Unprotonated 2-amino-4-oxo-
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pyrimidines
5+ Protonated and Unprotonated 1, 3, 5, Triazines
6. Pyrimidine Ring
Co-ordinates taken from the last cycle of refinement
of pyrimethamine salicylate isopropanol solvate (5.2)
Tos Pyrimidine Ring
Co-ordinates taken from the last cycle of refinement

of azidopyrimethamine ethanesulphonate (6).

Results

The total energy figures are the absolute magnitudes and
are quoted in Atomic Units ( 1 A.U. = 2625 kgmol ). The

results are shown in Table 9.
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Table 9
RESULTS OF MOLECULAR ORBITAL CALCULATIONS
Structure Total Energy
(A.U.)

Pyrimidine Ring

(pyrimethamine acetate hydrate) -368.402
Pyrimidine Ring and Formate Ion

(pyrimethamine acetate hydrate) ~-554,114
Pyrimidine Ring and Formate Ion

(pyrimethamine acetate hydrate)

with hydrogen bond lengths altered by 0.1%

g5 s
X-direction positive -554.114
negative -554.113
Y-direction positive -554.130
negative -554.097
Z-direction positive -554.059
negative -554.125
2,4 diaminopyrimidine (63)
protonated form -368.511
unprotonated form =368.211
2-amino-4-oxo-pyrimidine (64)
protonated form -388.005
unprotonated form -387.546
Triazine
protonated form -385.438
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Table 8 (contd.)

Structure

Triazine
unprotonated form

Pyrimidine Ring
(pyrimethamine salicylate isopropanol
solvate)

Pyrimidine Ring

(azidopyrimethamine ethanesulphonate)

180

Total Energy

(A.U.)

-384.920

-367.810

-368.282



Discussion of Results

The values of the total energy of each of the structures
in themselves are not very meaningful. However when compared
against each other the values can give more information.

For example, the pyrimidine ring values of the determined
crystal structures of pyrimethamine acetate hydrate,
pyrimethamine salicylate isopropanol solvate and
azidopyrimethamine ethanesulphonate give total energies
which vay by only 0.592 A.U.. Also, the values of the
pyrimidine ring and formate ion, even with variation in the
hydrogen bonds, only gives a range of 0.071 A.U..

The more accurate geometry of the pyrimidine ring from
pyrimethamine acetate hydrate giving more stability than the
pyrimidine rings of pyrimethamine salicylate isopropanol solvate
and azidopyrimethamine ethanesulphonate.

Obviously these results are far from conclusive and
further research could be done so as to ascertain whether the
co-ordinates of atoms from the pyrimethamine series of crystal
structures are or are near energy minimal positions. The
hydrogen bonding of the carboxylate group, which exists in
the binding of the pyrimethamine derivative to dihydrofolate
reductase, could be investigated either by greater shift of

the formate ion or by using a different carboxylate molecule.
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Chapter Ten

Discussion and Conclusion of the Determined Crystal

Structures

In Table 10.1 is shown the pyrimidine ring geometry of
the determined antifolate carboxylate and substituted
structures with pyrimethamine hydrochloride given as a
comparison. Pyrimethamine salicylate isopropancl solvate
and azidopyrimethamine ethanesulphonate had determined bond
distances with high standard deviations and so théir bond
distances and angles are reported to a lower degree of
accuracy than the others. For pyrimethamine isopropanol
solvate the data collected as compared to that of the others
was less in number and less accurate as reflected by the
decline in the monitor reflection intensities. This loss
of diffracting power was possibly due to the loss of
isopropanol from the irradiated crystal. For azidopyrimethamine
ethanesulphonate the structure showed for the primed azide
unit either large thermal motion or some undetected disorder,
for which the standard method of full-matrix least-squares
refinement did not yield an acceptable geometry. This spoilt
the agreement between the structural model and the data.

A high degree of consistency can be seen in the pyrimidine
ring geometry if the averages of the two molecules for
pyrimethamine salicylate and azidopyrimethamine ethanesulphonate

are considered. The latter structure would have been expected

182



TABLE 10.1
PYRIMIDINE RING GEOMETRY
Compound 1 2 3 4 5 6 7

Distances (i)

N1-C2 1.369 1.356 1,306 1.339 1.85 155 1,40
C2-N3 1.334 1.339 1.3%344 12527 .35 1.35 1.35
N3-C4 1.344 1.346 13559 1.344 T.57 1.535 1.35
C4-C5 1.431 1.427 1.423 1.422 1.36 1.43 1.41
C5-C6 1.346 1.359 1.350 1051 1.38 1.36 1.39
C6=N1 1,560 1.3715 - 1.375 1,361 1.38 1.39 1.35
C5=C1P 1.486 1.489 1.473 1.499 1.48 1.43 1.46
Interior Angles (°)

C2-N1-Cé 121.9 120.7 123.1 121.4 120 119 121

N3-C2-N1 120.9 121.9 122.1 122.7 124 124 119

C4-N3-C2 118.3 117.6 116.2 117.0 114 113 118

C5-C4-N3 122.2 122.9 123.6 122.4 127 127 122

C6=C5=C4 117.7 116.7 116.1 1104 116 112 117

N1-C6-C5 119.0 119.6 118.9 118.9 119 122 118

Exterior Angles (°)

N2-C2-N1 116.9 116.9 119.5 1179 115 118 119

N2-C2-N3 122.3 121.1 118.4 119.4 121 116 120

N4-C4-N3 115.0 115.6 115.1 116.5 111 115 118

N4-C4-C5 122.8 1215 1213 12%1.:1 122 1] 119

C1P-C5-C4 120.7 121.0 120.2 119.0 122 124 121

C1P-C5-C6 121.6 122.2 123.6 123.6 122 123 120

Compound (1) Pyrimethamine Hydrochloride (65)
(2) Pyrimethamine Acetate Hydrate
(3) Pyrimethamine Salicylate - 4
(4) Pyrimethamine Salicylate - B
(5) Pyrimethamine Salicylate Isopropanocl Solvate
(6) Azidopyrimethamine Ethanesulphonate - A
(1) Azidopyrimethamine Ethanesulphonate - B
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to vary from the others due to the azido group on the
chlorophenyl ring.

In all structures is found a consistent pattern of
intermolecular interactions with the protonated ring N1 atom
and the 2-amino group of the pyrimethamine cation acting as
proton donors to the counter ion (carboxylate or
ethanesulphonate). Adjacent pyrimethamines are linked into
dimers via paired N-H ... N hydrogen bonds using the remaining
proton donor and acceptor site, the N4 amino group and the
ring N3 atom respectively.

Several types of evidence suggest the site of protonation.
To support the conclusion that the N1 atom is protonated in
all structures the difference Fourier maps were reviewed
to ensure all hydrogen atoms had been identified; however,
this proved difficult due to the "bad" data in pyrimethamine
salicylate isopropancl solvate and azidopyrimethamine
ethanesulphonate. The interior angles of C2-N1-C6 are shown
in Table 10.1 for the structures and all lie within the range
119° to 123.10. This interior angle has been shown to
be % ll?o for unprotonated N1 atoms and % 121O for
protonated (66) due to the effects of valence shell electron
pair repulsion. The C2-N1-C6 angle in pyrimethamine
hydrobromide (49) was reported as 121o with a protonated
N1 atom.

Also from Table 10.1 it can be seen that the bond distances

N1-C2 fall in the range 1.306% to 1.400% and C6-N1 in the range
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1.352 to 1.392. These can be compared to those of
pyrimethamine hydrobromide (49) of 1.358 and 1.383 respectively.
In Table 10.2 are reported other geometry features of
the determined structures which show that the distances from
the ring carbon atoms, C2 and C4 to the amino groups,N2 and

N4 respectively are generally short enough to suggest that

the resonance structures of:- +NH,
r
Et Jl\ J\
i4;1f?\\“hJ !1{4 N Et
H H

are important in describing the structure , as well as:-

lﬂiﬁz N
N/jp\ NT R
il
HzNJ\N ks HNN(Z
Ht H+

The first two resonance structures would be less favoured
in the unprotonated molecule.
Further, all bond lengths in the carboxyl group of
the structures are relatively similar :-
Oxygen atom Other oxygen
closest to N1
g R
Pyrimethamine acetate hydrate ClA-02 1.234 ClA-01 1.259
Pyrimethamine salicylate
isopropanol solvate ClC=02 1.258 ClC-01 1.278
Pyrimethamine salicylate Cla-02R !.273 C1A-0O1R 1.255

ClB-025 1.286 CIB-018 1.219
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TABLE 10.2
OTHER GEOMETRY FEATURES COF THE PYRIMIDINE RING
Compound 1 2 3 4 5 6

B1...0 (}) 2.670 2.708 2.668 2.72 2.714 2.74
¥2...0 (8) 2.773 2.860 2.847 2.75 2.98 2.88
¥3...N () 3.054 2.980 2.964 3.06 3.25 3.03

c2-N2 () 1.322 1.325 1.337 1.38 1.35 1.32
C4-N4 () 1.322 1.340 1.331 1.37 1.35 1.30

i e 71 80 8.0 5 M 68
) (©) 88 75 87 79 90 84
Compound (1) Pyrimethamine Acetate Hydrate
(2) Pyrimethamine Salicylate - A
(3) Pyrimethamine Salicylate - B
(4) Pyrimethamine Salicylate Isopropanol Solvate
(5) Azidopyrimethamine Ethanesulphonate - A
(6) Azidopyrimethamine Ethanesulphonate - B
T = C4~Ch=C1P~C2P
$ = N1-C6-C61-C62
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It is known that the carboxyl C-O bonds in a carboxyl group
are of different lengths whilst those of a carboxylate are of
the same length. A C-O bond length is expected to be 1.44%
and that of a C=0 bond is 1.228 (67).

From the above observations it can be concluded that:-

e all samples studied contain salts rather than

complexes of neutral molecules, and

2. the N1 atom in all heterocycles is protonated.

The angle C5-C6-C61 falls within the range 124° to 129o
for the determined structures whereas the angle C6-C5-C1P
is in the range 120° to 124°. This can be explained by the fact
that the ethyl side chain is freer to move than the benzene
ring and so the C61 atom will position itself to avoid as much
steric hindrance as possible with the C2P atom and its
associated hydrogen atom.

The length of the C61-C62 bond in the ethyl side group
in the determined structures varies from 1.4% in the
pyrimethamine salicylate B molecule to 1.6% in the pyrimethamine
salicylate isopropancl solvate molecule. This variation may
demonstrate some distortion of the ethyl side chain pesition to
avoid steric interference in the structures. Also there is
the effect of thermal motion that causes the measured distances,
which are a time-average, to appear somewhat shorter than the
actual values. The particularly short C61'-C62' distance in
pyrimethamine salicylate is associated with unusally large

u;; values of 0.162(8) and 0.201(13) % °.
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From Table 10.2 it can be seen that the hydrogen bond
distances from the pyrimidine ring to the carboxylate ion
in compounds (1) to (4) are consistent. However those of
the substituted antifolate to the ethanesulphonate ion are
comparable for N1 ... O and N2 ... O but as would have been
expected the three oxygens on the sulphur atom have slightly
affected the packing arrangements. The hydrcgen bonds
Nl ... O and N2 ... O on average are shorter for the antifolate
carboxylate structures than for the substituted antifolate
emphasizing the strength of the interaction with the
carboxylate ion. The N3 ... N bond distance for the interaction
that links the bases into a dimer varies little between the
six structures and has an average value of 3.063.

The pyrimidine ring, carbon to nitrogen bonds of C2-N2

and C4-N4 also show good consistency with both having an
average value of 1.34% which might indicate the optimal
geometrical arrangement of these atoms.

The observed rotations about the bonds C5-C1P and
C6—C61, being the torsion angles denoted Yand ¢ are shown
in Table 10.2. These results can be compared to the torsion
angles of the independent molecules of pyrimethamine (65)
which have angles ¥ of 74° and 810; ¢ of 79° and 800.

If the torsion angle ¥V were 0° there would be collision
between the ring and the ethyl side chain whereas if it
were 90° the rings would be perpendicular and there would be

loss of all conjugation between them.



If the torsion angle ¢ were Do there could be scme
interference between the hydrogen atom on N1 and the methyl
group on the end of the ethyl side chain. If it were - 60O
a staggered configuration would result and if it were 180°
the ethyl side chain would be zig-zag in the plane and would
run into the benzene ring.

The observed rotations for ¥ fall in the range 71° to
88° and those for $ in the range 75° to 90° which compare well
with those of pyrimethamine and correspond to expected values.

The chlorine atom in all the determined structures displays
very anisotropic thermal motion because the atom in the
structures is at the end of a "lever arm". The centre of mass
of the pyrimethamine molecule falls approximately half way
along the bond from C5 to C1P due to the high atomic mass of
the chlorine atom. Motion of the chlorine atom along a line
to this centre of mass is restricted, while motion of the
chlorine atom perpendicular to this line is easy and may be
augmented by rotation of the whole molecule.

In Figure 25 is shown the model of the bonding between
an antifolate drug and the carboxylate side chain of
dihydrofolate reductase and the bond distances are noted in
Table 10.3. These bond distances also show consistency
between the determined antifolate carboxylate structures.

The azide group is an interesting substituent for
antifolate drugs because it is both lipophilic and degradable.

It is these properties which may lead to a drug with a
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Figure 25

MODEL OF THE IONIC AND HYDROGEN BONDING LINK BETWEEN THE
ANTIFOLATE DRUG AND A SIDE CHAIN CARBOXYLATE ION OF DEFR,
WHICH IS EELIEVED TO EE OF MAJOR IMPCRTANCE FOR DRUG BINDING

(69)

(1) Pyrimethamine Hydrochloride (653)

(2) Pyrimethamine Acetate Hydrate

(3) Pyrimethamine Salicylate

(4) Pyrimethamine Salicylate Isopropanol Solvate

(1) - (4) R=H
and R' = CL
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TABLE 10.3

DISTANCES ( R ) ZETWEEN ATOMS CONNECTED BY HYDROGEN BONDS
IN THE DETERMINED ANTIFOLATE CARBOXYLATE STRUCTURES
(with reference to Fig. 25)

Compound

A (R)
B ()
x (2)

Compound (1)
(2)
(3)
(4)

2.670 2.708
2,773 2.860
3.054 2,980

Pyrimethamine
Pyrimethamine
Pyrimethamine
Pyrimethamine

3 4
2.668 2.72
2.847 2.75
2.964 3,06

Acetate Hydrate
Salicylate = A
Salicylate = B
Salicylate Isopropanol Solvate
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usefully short biological half life. Azidopyrimethamine
ethanesulphonate inhibits rat liver dihydrofolate reductase
more strongly than pyrimethamine and is presently in

Phase I clinical trial as an antitumour agent (68).

The azidopyrimethamine ethanesulphonate crystals were
highly sensitive to atmospheric conditions and the change
in the crystals was observed by eye after approximately seven
days. The difference in the density of the crystals as
measured (1.252 gom °) and as calculated (1.215 gcrn'31 would
suggest that not all the solvent molecules had been located
in the crystal structure. However rechecking the difference
Fourier map confirmed that all such molecules had been
determined. Thus there are two possible explanations for
the difference :-

3 L there had been scome change in the packing of the
crystals in consequence of atmospheric exposure as
the density was measured some seven days after the
crystals had been made, and

2 the rather crude method used for density
determination had overestimated the density.

While ethanesulphonate salts of antifolate drugs
crystallise well and have been extensively studied, the
carboxylate salts to date have not. From the determined
structures it can be seen that the interaction of the
protonated ring and the carboxylate ion is uniformly strong.

Although it does not impose coplanarity the consistency in
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distance should serve as a useful anchor point for model
building.

Explanations for the enhanced affinity of the 2,4 diamino
derivatives of triazine, pteridine, quinazoline and pyrimidine
have focused on the medified pattern of hydrogen bond donors
and acceptors or on an increased basicity of the heterocycle.
Therefore, an analysis of the hydrogen bonding and molecular
packing of these compounds in their crystal lattice offers
insight into the molecular details of hydrogen bond strength
and directionality of drug binding to the enzyme active site.

The antifolate diamino groups can act as hydrogen bond
donors, while N1 and N3 can act as hydrogen bond acceptors,
or be protonated. These patterns are in contrast to those of
the natural substrates in which only the 2-amino group can
be a proton donor, where N3 has a proton, and where the
enzymatic protonation site is N5, although N1 or N8 can
be protonated.

In the determined crystal structures the N1 atom is
protonated and the hydrogen atoms on N2 are tightly bound.
These results are consistent with those hydrogen bonding
preferences found in the protein crystal structures of

DHFR-drug complexes (14 & 40).
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