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Summary

Single crystal X-ray structure determinations are reported for
eleven compounds all of which are either biologically active or
potentially biologically important. The compounds fall into two
distinct classes:-—

1. Substituted diaminopyrimides
2. Substituted diaminopyrimidinones

The first class of compounds were all selected on the basis of
their common diaminopyrimide nucleus which has been demonstrated
to be a vital requirement for antifolate activity. They may all
be described as non-classical or small molecule lipophilic
dihydrofolate reductase (DHFR) inhibitors, as opposed to the
classical folate analogues, having the ability to cross the
blood-brain barrier; enter cells via a rapid passive diffusion
process, achieve high intracellular concentrations, thus making
them an excellent choice in the search for chemotherapeutic
agents with enhanced antitumour activity. The higher resolution
acheived in small molecule crystallography enables the study of
known enzyme substrate interactions in the solid state, providing
geometrical and distance data not available from any other
analytical techniques to date; supporting and enhancing data
obtained in the lower resolution studies of protein
crystallography. Tbe biological importance of these compounds is
discussed and an attempt is made to relate/ predict their
pharmacological activity to observed structural features in the
crystalline environment. Special attention is focussed on
hydrogen bonding, conformational flexibility and hydrophobicity
of substituents; each of which appear to make contributions Cto
tight binding in the enzyme active site. Chapter 9 describes the
use of data from the literature and the solid state modelling of
an observed enzyme-substrate interaction in an attempt to define
it more accurately in terms of its geometric flexibility.

Of the second class, gne compound (ABPP) is reported; studied in
two different crystal forms. In demonstrating both antiviral and
high interferon inducing activity it is possible that this
compound could be useful against cancer and also viral
infections.

KEY WORDS: DHFR  ANTIFOLATE CHEMOTHERAPY PYRIMIDINE
PYRIMIDINONE
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CHAPTER 1
l.1 Introduction

'Things whose textures have such mutual correspondence
that cavities fit protuberances - the cavities of the
first fit the protuberances of the second and vice
versa form the closest possible unions.

Titus Lucretius Carus 94-95 B.C.

The work of W.L. Bragg et al in developing the technique of
X-ray crystallography has provided perhaps the most powerful
analytical technique available to the physical sciences to date.
The suggestion (1) was that crystalline solids were constituted
by a three-dimensional array of atoms characterised by a
regularly repeating subunit throughout the crystal., Diffraction
theory applied to this model predicted that diffraction would be
observed with X-rays whose wavelength (=13) was of the same
order of magnitude as the spacing (d) (2) between the scattaring
objects (atoms) in the array. Confirmation came when Friedricn
and Knipping (3) obtained the first X-ray photograph showing
diffraction by a single crystal. There then followed development

of the now famous 'Bragg relationship'.

nA= 2dSin®
where X = incident wavelength
d = interplanar spacing

@
I

angle of scattered beam.
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A simple and elegant description of the phenomenon where the
atoms of the crystal are considered as reflecting planes rather
than point scatterers. Bragg went on to determine the internal
arrangement, or structure, of the sodium chloride crystal (4).
The success of this experiment fully established the technique
and the possibilities of investigating structure at this level
became obvious. The technique was, and still is in many cases,
by no means trivial and prior to the advent of powerful computers
required many months (sometimes years) of work to 'solve' a
structure from its X-ray diffraction pattern.

Today advances in facilty of data collection and computing
power have meant that single crystal X-ray crystallography is
used almost routinely as a method of determining the three-
dimensional structure and molecular dimensions of organic
molecules. Using a modern four-circle diffracotmeter with
automated data collection routines a dataset on a small organic
molecule containing ~ 50 atoms in the asymmetric unit can be
collected in around 3 days. Subsequent data reduction and the
application of Direct Methods programs anq least-squares
refinement (see Appendix II) can result in a fully refined high
resolution structure solution in a matter of weeks. (For a
fuller description of the technique see Appendix I1).

The observation that structure and function are intimately
related and nowhere more so than in biologically functional
molecules has led to much use of the technique on examining the
structure of these and related compounds. Recent directions in
this area of research have led to structure determination being

divided into two broad catagories, both so-called small molecule
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crystallography and protein crystallography (this work concerns
itself with the former). Protein crystallography concerns itself
with medium to large'structures e.g. carbohydrates, polypeptides,
proteins or nucleic acids. The size and number of variables
inherent in these structﬁres together with problems of resolution
and R factor (see Appendix II) has hindered progress in this
area. Fortunately many biochemical reactions involve the
interaction of a small molecule, or substrate, with an "active
site' formed by a large molecule (this is especially true in the
case of enzymes). By structural studies on the substrate
molecule much information can be deduced concerning the active
site of the large molecule for which no structure, or only a low
resolution structure is available.

It is the purpose of this work to carry out structural
studies on small molecule compounds with suggested inhibitory
activity towards the enzyme dihydrofolate reductase (DHFR) to
provide information which will assist in the design of improved

(tightly bound and species specific) inhibitor molecules.

1.2 Chemngherapy

The history of cancer chemotherapy is firmly rooted in the
past énd there is evidence of the use of gold, silver and mercury
preparations in the treatment of neoplastic disease from as early
as the l4th century A.D. (5). The first non-mystical clinical
use of chemotherapy appears as work by Lissauer (1865) (5) using
Karsenite (Fowler's solution) in the treatment of leukeamia.
Adair and Bagg (1931) (5) used sulphur mustard applied.to

squamous carcinoma and also by direct injection into solid human
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tumours. There followed the use of another alkylating agent,
nitrogen mustard, (Gilman et al, 1942) (5) in clinical trials on
patients with lymphosarcoma. The subsequent publicatioh of this
work in 1946 (6) heralded the beginning of modern chemotherapy,
although therapy limiting effects such as bone marrow toxicity
and development of drug resistance were observed. Even today one
of the most commonly used chemotherapeutic agents methotrexate
(MTX) (Fig. 1) (7) has a list of undesirable effects, which
include: nausea, vomiting, ulceration and haemorrhage of mouth
and bowel, kidney damage, bone marrow depression, fall in white
blood cell and platelet counts and hair loss.

The notion, propounded by Woods (1940), of an
'antimetabolite' structually resembling the natural metabolite
necessary for cellular function and interfering with its normal
utilisation led to the idea of applying this principle to folate
metabolism. In 1948 Sidney Farber et al (8) reported the use of
aminopterin (Fig. 1) (9) a known antagonist of folic acid (10) in
inhibiting the growth of Streptococcus Faecalis R. He arrived at
this idea from his interpretation of counterproductive attempts
to alleviate the symptoms of leukemia, observing an acceleration
phenomenon in the leukemic process; as seen in the marrow and
viscera of children with acute leukemia treated with injections
of folic acid conjugates. Experience gained on observations of
folic aciddeficiency suggested that folic acid antagonists and
inhibitors might be of value in the treatment of patients with
acute leukemia. Farber initially used pteroyl aspartic acid
(Fig. 1) and post mortem examinations of patients treated for a

period of 6 days revealed a markedly hypoplastic bone marrow,
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Figure 1.1 Folic acid and analogue inhibitors

N';I ]/C HZNH—@CONHE HCOOH

CHZCOOH

I Pteroyl Aspartic Acid

/lt:[: ::I/\\‘ ——<i:::>>-—CNHCHc00H
HN

(EH2J2COOH

1T foliec acid R = OH R' = H (as 4(3H)-one tautomer)
IIL aminopterin R = NHp R' = H

[V methotrexate R = NH2 R' = CH3
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with a few immature cells, a change of this magnitude in such a
short time period being hitherto unknown. Subsequent reseach
using more powerful inhibitors including aminopterin showed
temporary remissions in leukemic children although toxic side
effects lowered the success rate coansiderably.

Other classes of antimetabolite have been studied, notably
antiparines and antipyrimidines. Hitchings, (11) work on purine
antagonists gave rise to 8-azaguanine and 2,6-diaminopurine, but
these compounds proved not to be clinically useful. Elion et al
(1952) (12) demonstrated the efficacy of 6-mercaptopurine (6-MP)
against human leukemia and this compound along with recent active
analogues 6-thioguanine and azathioprine are still used in the
clinic today. Heidelberger (1960) (13), working on
antipyrimidines, noted that tumours used more uracil than orotic

acid (vice-versa for many normal tissues).

Fig. 1.2 (J (j

Pf// hJ/”I F‘

l .|
07N 0N
H H

wyaci\L 0 &LA&cf'ouurq_LL\

Therefore an antimetabolite resembling uracil may be
preferentially incorporated by tumours (Fig. 1.2). Based on the
conjecture that acetic acid is non-toxic but its fluorinated
analogue is commonly used as rat poison it was thought that a

fluorinated analogue might be active. This gave rise ro the



24

discovery of 5-fluorouracil which is a mainstay of anti-leukemic

therapy today.

1.3 The Biological Importance of Folic Acid

Folic acid-vitamin Be - (Fig. l.l1) is an essential
requirement in the biochemistry of mammals and micro-organisms,
its requirement in the human diet being in the order of 50 ug/day
for adults., Symptoms of deficiency are anaemia with megalo
blastic changes in the bone marrow. Certain micro-organisms,
e.g. bacterial cells have the ability to synthesise folic acid
from its basic subunits; a glutamoylpteridine and p-aminobenzoic
acid PABA), and certain plasmodia and pathogenic bacteria
synthesise folate-containing cofactors de novo (14) from the
folic acid constituents. This metabolic difference between
bacterial and mammalian cells may be exploited as the inhibition
of folate metabolism will halt all growth in normal cells and
abolish proliferation of abnormal cells such as are encountered
in neoplastic diseases (cancers). In brief it presents an
excellent target for cancer chemotherapy.

The importance of the role of folic acid is embodied in
conversion of its reduced form FAH, (5,6,7,8 tetrahydrofolic
acid) to a number of one-carbon unit carrying co—factors which
are then involved in amino acid interconversions (Fig. 1.2) and
purine and pyrimidine synthesis (Fig. l.3), the purine and
pyrimidine bases being essential precursors for DNA biosynthesis.

Initially, folic acid is reduced in the cell enzymatically to

FAH, (5,6,7,8 tetrahydrofolic acid) via 7,8 dihydrofolic acid



Figure 1.3 The Reduction of Folic Acid

N\j/LHzNH—@—CONHjHCOOH
N/
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DHFR
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j;:H NH—@—CONHCHCOOH
CH?CH COOH

(FAH4)
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by the enzyme dihydrofolate reductase (DHFR) (Fig. 1l.1) (15), the
reaction being driven by the conversion of NADPH to NADPT (16).
FAH, then picks up a one-carbon group which may be a formyl,
methyl or hydroxymethyl and is converted into the one-carbon unit
carrying cofactors mentioned earlier. The one-carbon unit can
then be transferred to other compounds which are utilised in
various essential pathways, e.g. a one-carbon unit is transferred
into C(2) and C(8) positions of the purine bases, the C(5) of
deoxyuridylic acid (Fig. l.3) and the methyl group of thymine.

In the cycle shown in Fig. 1.3 deoxyuridylic acid (dUMP) is
converted to deoxythymidylic acid (dTMP) by the enzyme
thymidylate synthetase (TS). During this cycle the continuous
regeneration of FAHa by DHFR is required, and so—called
'"thymineless' death of cells has been reported where DHFR has
been irreversibly inhibited. Similarly the intercoaversioan of
glycine and serine is folate dependent (17).

It is clear that the pivotal role played by DHFR in the
provision of reduced folate for interconversion of one-carbon
units, principally the de novo biosynthesis of nucleic acids (10)
makes it an excellent candidate for chemotherapy where control of
rapidly dividing cells is important. It has been shown (Jukes
and Broquist) (18) that indirect inhibition of the enzyme
thymidylate synthetase, by depleting FAHQ-coenzymes is a
primary mechanism by which antifolate drugs antagonise DNA

synthesis.

l.4 The inhibition of Dihydrofolate Reductase
Although much effort had been directed towards antifolates

it was not until a decade after the original concept that the
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Figure 1.4 The conversion of dUMP to dTMP

NADPH >+

B

FAH,—¢ —>— dTMP

DHFR TS

—
>

NADP -4 >FAH, —>—! &4 UMP

HCHO

Figure 1.5 The conversion of glycine to L-serine

5,10-methylene-FAH, + Gly + Hzo:t.—'_"“_L—serine + FAH,

SHMT

SHMT = serine - hydroxymethyl transferase

BLakely, 1954 (10).
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target enzyme, DHFR, was identified (l19). Once this fact was
established it was possible to consider the mechanism of
substrate binding at the active site of the enzyme and from a
knowledge of this, attempt to tune the pharmacological properties
of drug molecules to enhance binding and species specificity and

minimise toxicity.

l.4.1 Dihydrofolate Reductase binding

Early theories sought to explain the enhanced binding of
aminopterin in terms of the difference in hydrogen bonding
potential between the 4-hydroxy and the 4-amino group.
Zakrzewski (20) observed that the energy involved in promoting
folic acid from the stable keto form [4-one, protonated at N(3)]
to the 4-hydroxy form could explain some, but not all, of the
difference in binding constants between folic acid and
aminopterin. In his hydrogen bonding scheme N(1) acted as a site
of hydrogen bond acceptance, although there was no thermodynamic
evidence indicating the direction of the hydrogen bonding. LCAO
molecular orbital calculations (21) have shown that the less
direct effect of replacing 4-0H by &—NHZ is to shift the sit=a
of greatest basicity from N(8) to N(1). All crystallographic
studies of DHFR inhibitors in protonated form have shown the site
of protonation as N(1) [or its equivalent, N(3), in the case of
s-triazine systems]. In summary, explanations of enhanced
affinity of the folate inhibitors have focussed upon the modified
pattern of hydrogen bond donors and acceptors (22) or the change
in electron density in the heterocycle leading to increased
basicity (23).

Information on the importance of hydrogen bonding power and
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basicity to DHFR inhibitors binding is available from crystal
structure determinations by Matthews et al (24,25) of DHFR-

methotrexate complexes one with DHFR from E. coli, the other

from Lactobacillus casei which also included NADPH cofactor.
Both.show a number of important interactions among which is
considerable hydrogen bonding between enzyme and inhibitor.
Table 1.1 summarises the interactions between the drug MTX, and
residues found in and around the active site for the E. coli
structure.,.

In both structures the enzymes supply a carboxylate anion
near the protonated N(1), demonstrating the importance of
protonation at N(l) and thus basicity, a proton acceptor for the
2-amino group and another proton acceptor near the 4-substituent.
In addition the E. coli but not the L. casei appears to furnish a
proton donor in the vicinity of the 4-substituent. If the 4-
amino group is capable of rehybridisation it is possible for it
to act as both proton donor and acceptor thus forming two
hydrogen bonds to the E. coli enzyme compared with just one for
the carbonyl oxygen of the substrate (26). Acting purely as a
proton donor it can form one hydrogen bond to the L. casei DHFR
as compared with none for the -carbonyl oxygen of the substrate.
It has been suggested that the pteridine ring of bound folates
may be turned over from its orientation observed in bound MTX
(25); if so a ring nitrogen capable of accepting but not donating
a proton could approach the carbonyl position, and the above
reasoning would still hold (26).

A study of the known Asp-27 carboxylate anion to the
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Table 1.1

INTERACTIONS INVOLVED IN BINDING MTX TO DHFR*

(1) Primary Hydrophobic Pocket

(a) Van der Waals contacts between the pteridine ring and
the side chains of Ile-5, Ala-7, Leu-28, Phe-31 and
Ile-94.

(b) TX - TUlinteraction between the fragment N(1)-C(2)-
N(2)Hy-N(3) of the pteridine ring and the Ala-6 to
Ala-7 peptide bond (separation distance = 3.51).

(¢) Hydrogen—bond donation from N(2) to the side-chain
hydroxyl of Threonine - 113.

(d) Hydrogen — bond donation from N(4) to the carboxyl
oxygen of Ile-5.

(e) Hydrogen-bond donation from N(1) to the carboxyl group

of Asp-27.

(2) Secondary Hydrophobic Pocket

(a) Van der Waals contact between the aromatic ring of the
p—aminobenzoyl moiety and the side chains of Leu-28
Ile-50, Leu-54 and Ile-94.

(b) Van der Waals contact between the B-carbon of Sar-49
and the methyl group at N(10)

(g) Hydrogen-bond acceptance bych-carboxyl group from Arg-

57.

*Matthews et al, 1977 (24).
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protonated HN(l) - C(2)-NH, fragment of a number of 2,4-diamino

pyrimidine compounds is reported in Chapter 9.

1.4.2 Hydrogen bonding of crystalline antifolate compounds

Hydrogen bonding studies of the pyrimidines and related
compounds show that base—paired dimerisation about a centre or
pseudo centre of symmetry in the crystal lattice using NH2 as a
proton donor, and a ring nitrogen as an acceptor is an almost
universal phenomenon. Unsolvated neutral molecules (27) form two
such base pairs each utilising only one of the amine hydrogens.
However, when oxygen functions are available from solvent
molecules in the lattice (28) N-H...0 bonds are formed usually at
the expense of one base pair.

In general hydrogen bonds formed by the 2 and 4 amino groups
show that in the free base both tend to make the same type of
interaction (base pair dimerisation); however when N(l) is
protonated, the 2-amino group tends to use both protons to
hfdrogen bond to solvent oxygens or counter ions whilst the 4-
amino group maintains a preference to form the base pair with one
proton and form a hydrogen bond with a solvent oxygen or counter
ion with the other (29). This effect is well exemplified by the
2,4-diaminopyrimidine structures, having the requisite moieties,

in this work which are discussed later.

1.5 The rationale for non—-classical inhibitors
Hitchings et al (30) reported that the cytotoxicity of a
series of 2,4-diamino pyrimidines was mediated through inhibition

of folate metabolism and in 1954 metoprine (DDMP) (II) (31)
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entered the clinic as a candidate antitumour agent; unfortunately
the severe toxicity associated with this agent precluded any
further evaluation. Diaminopyrimidines were subsequently found
to inhibit DHFR and extensive QSAR (quantitative structure
activity relationship) studies have resulted in the development
of analogues with inherent species salectivity as antibacterial

and antimalarial agents (32,33,34).

Figure 1.6
R
NH, 1

N~

R
[ Z
HZN//lQ:N R3

(1) pyrimethamine R, = CL R, = H Ry = Et
(I1) metoprine Ry =CL Ry =CL Ry = Me
(II1) etoprine R1 ' Gl IRy = Gl Ry = Et

The use of pyrimethamine (1) in 1971 to produce a temporary
remission in a patient with meningeal Lleukemia (35) stimulated a
renewed interest in these agents. Hill et al (36) re—examined
metoprine, a potent inhibitor of methotrexate resistant tumours
and recognised the importance of concomitant folinic acid
administration in alleviating toxicity (37). Problems of side-
effects in metroprine and its closely related homologue etoprine
(DDEP) (III), derived from action unrelated to the inhibition of
folate metabolism has let to a renewed interest in the

development of less toxic successors.
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From the great amount of work carried out on antifolate
compounds, two distinct divisions are clear:
(1) The folate analogues, or so—called classical inhibitors
(2) Small molecule, lipophilic, or non-classical inhibitors
-This thesis is concerned with the latter of the two‘classes
and a discussion of the characteristics of each class is
appropriate here to demonstrate the rationale behind the pursuit

of imporved antifolates of the second class.

1.5.1 Folate analogues or classical inhibitors

Methotrexate may be considered as the prototype classical
antifolate. It is a potent 'pseudoirrevesible' inhibitor of DHFR
from all biological sources and this has been attributed to its
close structural resemblance to the natural substrate (38). As
previously discussed the isosteric replacementlof 4-hydroxy by an
amino group on the pteridine ring increases basicity thus
facilitating protonation and subsequent ionic interaction with a
carboxylate residue on the enzyme (39,40). It has been argued
that the predominant tautomer formed with a diaminopteridine
would result in hydrogen bond formation; in fact crystallographic
evidence reveals that a combination of both factors contribute to
the stoichiometric binding of methotrexate to DHFR (41,42,43).

The polar nature of folate analogues (methotrexate log P=2.6
octanol/water) occurs as a consequence of the glutamate side-
chain (44) and precludes any significant diffusion through cell
membranes at normal concentrations. Some evidence has been
obtained to suggest a limited diffusion process at extracellular

drug concentrations achieved with high dose methotrexate regimes,
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(45). Chemical modification of the glutamate residue has been
investigated independently in an attempt to facilitate the
diffusion process (46,47) and seve;al lipophilic methotrexate
esters have been synthesised and evaluated (48,49). Importantly,
the hydrophilic character of methotrexate also renders the drug
inaccessible to fatty tissues, including the brain and
cerebrospinal fluid; such compartmentations may provide a
pharmacological sanctuary in which malignant cells are spared
cytotoxic drug concentrations (50).

Apart from the requirement for a specific biological
transport process to gain access to cells, methotrexate also
suffers from two major forms of resistance (Table 1.2);
intrinsic resistance, where little or no response is observed
from the beginning of therapy and acquired resistance, where an
initially sensitive tumour reproliferates and is refractory to
subsequent regimes with the same drug (51,52,53). The possible
factors for each type of resistance are summarised in Table 1.2
and it becomes clear from this that the discovery of an effective
anti-tumour drug based on DHFR inhibition is by no means a

trivial exercise.

1.5.2 Non-classical, lipophilic or small-molecule inhibitors

As a class, these molecules are characterised by the absence
of a glutamate residue and consequéntly are ianvariably lipophilic
in nature. Renewed interest in metroprine for the treatment of
methotrexate resistant tumours has led to the synthesis and
clinical assessment of numerous small-molecule DHFR inhibitors.

These include diaminopryimidines (54,54) dihydrotriazines (40),
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Table 1.2 Mechanisms of resistance to methotrexate

Intrinsic : Acquired

Kinetic cells in G0 or Reduced capacity for MTX

plateau phase transport

Low capacity for MTX-poly Overproduction of DHFR (gene

glutamate formation amplification)

Poor tramnsport of MTX Reduced affinity of DHFR for
MTX

High DHFR levels Reduced capacity for
polyglutamylation

Inadequate NADPH levels to

facilitate MTX binding

High intracellular folate levels Opening of nucleoside salvage

pathways

Rapid synthesis of DHFR

Utilisation of salvage pathways
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quinazolines (56,57) and pyridopyrimidines. This work focuses on

structural aspects of diaminopyrimidines LT .

: NH,

N s

///L\\ I R = small alkyl
o §
HoN-"SN-R

The diaminopyrimidine nucleus

Favourable binding to the enzyme results from the
introduction of a lipophilic group at position 5 of the
pyrimidine ring. Ho et al (58) observed a correlation between
the affinity of a series of 5 alkyldiamino pyrimidines for DHFR
and their hydrophobicity, concluding that a bulky rigid group at
this position confers maximal activity. A measure of
Llipophilicity (octanol/water partition coefficient) correlated
well with cellular uptake and cytotoxicity (59). This is
explained in terms of occupation of a hydrophobic pocket at the
enzyme active site by the lipophilic 5-substituent (60,61).

Lipophilic diaminopyrimidides enter cells via a rapid
passive diffusion process (62) and intracellular concentrations
30-100 fold that in the extracellular medium have been reported
(59), thus overcoming resistance problems associated with active
transport. The absence of a glutamate residue in metoprine
precludes intracellular depletion, by metabolism to poly-y-

glutamyl derivatives, thus obviating resistance mediated through
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a mutant folyl polyglutamyl transferase (63). Unlike
methotrexate lipophilic agents may be absorbed percutaneously
(64) thus substantiating the possibility of their uée in treating
topical neoplasias, e.g. psoriasis, where the use of methotraxate
has led to hepatotoxicity (65).

The advantages of small-molecule inhibitors over classical
substrate analogues are clear. Resistance to folate analogues
will always emerge and be subject to carrier mechanisms
responsible for transport into malignant cells. This is
demonstrably so as analogues inherently more potent than
methotrexate have been synthesised and evaluated with few
advantages over the parent compound emerging. Given the
advantages of lipophilic inhibitors and the demonstrated
therapeutic potential of metoprine, unfortunately overshadowed by
toxicity, the study of small mélecule DHFR inhibitors is well

justified.

1.6 Rational drug design

The essence of chemotherapy is the differential effect
whereby the drug is more deterimental to the target organism/
tumour cell than to the host. Selective toxicity is therefore
the key to the design of successful chemotherapeutic agents.
Traditional methods for the discovery of chemotherapeutic agents
can best be summed up in the phrase 'enlightened empiricism'
(66). Success depends upon the availability of new compounds,
efficient biological screening facilities, appropriate feed-back
from clinicians to chemists, and hence to chemical modifications
of the candidate drug. Surprisingly, the majority of the

chemotherapeutic agents which are available today have arisen
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from this approach. The vast allocation of resources, men and
materials involved in this particular strategy has given rise to
much thought in an effort to rationalise the process.,

In the clinical candidate discovery process one can
distinguish two important steps:-

(1) The characterisation of a novel biologically active
chemical class

(ii) The optimisation of these original compounds in ternms
of activity, specificity, bioavailability and toxicity.

The first step remains a difficult problem and most rscent
work has been directed towards rational design of original
putatively active structures based on an understanding of the
principles underlying molecular recognition. Optimisation has
been approached by QSAR studies. Hansch et al (67) characterised
the observed activity of enzyme inhibitors in terms of a number
of independent variables with empirically determined values for
each functional group. The technique has been applied to the
inhibition of DHFR by substituted pyrimidines (68). Prior to
this Baker (69) had examined a variety of non-classical
inhibitors for differences in activity depending on the source of
the enzyme. A systematic survey of these results has elucidated
some of the chemical and geometric requirements for inhibitory
activity (70) (Fig. 1.6) upon which a rational design approa;h
can be attempted. Crystallographic studies make a real
contribution to this effort in providing data on:

(1) Protonation site

(2) Hydrogen bonding pattern

(3) Spatial distribution of the hydrophobic and polar
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Figure 1.7
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Figure 1.8 Important bond distances [K] for a number of

derivatives of the antimalarial drug pyrimethamine.
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Key to Figure 1.8

(1)

(11)
(111)
(IV)
V)
(V1)
(VII)

(VIII)

(1IX)

Pyrimethamine (71) (2 independent molecules per
asymmetric unit)

Pyrimethamine hydrochloride (71)

Pyrimethamine hydrobromide (72)

NPP Hydrochloride (73)

m—aminopyrimethamine (74)

m-nitropyrimethamine (74)

DDMP Ethanesulphonate salt (75)

Average values for the pyrimidin ring unprotonated
(Schwalbe and Cody) (29)

Average values for the pyrimidine ring protonated at

N(1) (Schwalbe and Cody) (29)
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components of the molecule in order to elucidate the shape of the
active site and discover possible secondary sites of bonding,
with particular interest in species differences.

(4) The observation of subtle changes in the geometry of
the molecule due to chemical modifications and from this an
evaluation of flexibility of the molecule around energy minima
with respect to entry and subsequent bindingz at the active site.

Although today the emphasis is on molecular modelling
studies using interactive, high resolution graphics devices and
coordinates derived from protein crystallographic studies; small
molecule crystallography is still a most powerful analytical
technique. High resolution studies of small molecules are
required to provide fine detail, especially in the active sits of
an enzyme, where protein crystallography, due to unresolved
experimental considerations, can not. Although progress is being
made in protein crystallography e.g. use of synchronotron
radiation, area detectors, and coantinuing work on structure
determination, the problems are great, even low resolution
structures taking years to obtain and interpretation of function
sometimes vague due to lack of resolution. In the foreseeable
future small molecule crystallography will continue in its role

of the premier structural analytical technique.

1.7 Current structural knowledge about phenylpyrimidine-based
antifolates and objectives of the research described in this
thesis

Because of the clinical importance of the antibacterial drug

trimethoprim (VIII and IX, R = H, R' = CHyCgHp(OCH3)3)
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and the antimalarial drug pyrimethamine (I-III) a sizeable number
of crystal structure determinations have been carried out on 2,4-
diaminopyrimidine derivatives, and the geometry of this ring
system has been reviewed by Schwalbe and Cody (29). Some of the
most relevant structures are presented in Fig. 1.8. The studies
of protonated DHFR inhibitors directly provide structural
information about the form in which the inhibitor binds to the
enzyme. However, many crystal structures of uanprotonated DHFR
inhibitors have been determined, either because this is the form
in which the drugs are stored and administered or because of
better availability of good—-quality crystals. Comparison of data
for unprotonated (VIII1) and protonated (IX) diaminopyrimidines
reveals several differences in bond distances. For the reasons
discussed in Appendix section I.2 the increase in C(2)-N(l) and
C(6)-N(1) bond distances upon protonation of this nitrogen atom
is expected. The more electron-deficient character of the
protonated ring elicits more electron donation by the amino
groups via shorter exocyclic C-N bonds.

While much structural information is available for
pyrimethamine-type antifolates, much more is needed. Interaction
of the protonated drug with carboxylate anion on DHFR is thought
to be an important factor in enzyme-inhibitor binding. A study
of model carboxylate salts of pyrimethamine by Hill (78) showed a
consistent pattern of hydrogen bonding, albeit with its utility
for model-building compromised by problems with the crystal-
lographic refinement that still needed resolution. Alteration of
the relevant COO™ group of E. coli DHFR to CONH, by site-

directed mutagenesis led to a surprisingly small 27-fold increase
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in the dissociation constant of MTX(79 ). This finding suggested
the need for a model study of an antifolte drug complexed with an
amide, in order to see if particularly favourable hydrogen-—
bonding interactions that compensate for the loss of the ion pair
are possible in this case.

Steric hindrance that prevents coplanarity of the two rings
of pyrimethamine ought to produce resolvable isomers. If one
isomer can be isolated and its configuration determined
crystallographically, it should become a useful probe of binding
interactions. The hydrogen—-bonded pyrimethamine molecule is
inflexible except for twisting of the bond between rings and
repositioning of the ethyl group. Although pyrimethamine can
mimic the interactions of MTX with the primary hydrophobic pocket
of DHFR outlined in Table l.l, further binding interactions are
unlikely. Replaceﬁent of the 4-chloro substituent on the benzene
ring of pyrimethamine with a benzylamino or dibenzylamino group
provides more conformational flexibility and creates the
opportunity for an aromatic ring to reach either the secondary
hydrophobic pocket or the cofactor binding site. Studies of the
conformational preferences of such molecules therefore are
important inputs for further design of such drugs.

Finally it is important to bear in mind that antifolate
activity may be achievable by inhibiting folte-dependent enzymes
other than DHFR. Therefore it may well have merit to study
similar molecules that are unlikely to inhibit DHFR but may still

have biological activity.
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CHAPTER 2

The Crystal Structure of 4[4-(2,4-diamino-6-ethyl pyrimidine-5-
yl) phenyl]-1,l-dimethylpiperazinium iodide monohydrate (Primium

Iodide).

2.1 Experimental

A crystalline sample of the compound was obtained (76) and
from it a suitable crystal was selected. The quality of the
specimen crystal was confirmed by examinining its birefringent
properties with a polarising microscope. The single cyrstal was
then mounted onto a glass filament using an epoxy adhesive, the
filament having been secured to a goniometer head stud by the hot

wax method.

2.2 Crystal Data

CygloyNgI. Hy0, M = 470.375, F(000) = 480, Triclinic
a = 9.977(3), b = 10.380(5), ¢ = 11.798(3) &,x=74.06(3), A =
62.30(4), ¥ = 76.89(6)° V = 1033, &3 (by least squares
refinement on diffractometer angles for 25 atuomatically centred
reflections, k\ = 0.71069 &), space group P1, Z,= 2, Dx = 1.518
gt::::."3 (method of flotation in solvent mixture). Off white
needles from which a cube was taken. Crystal dimensions

0.20mm on a side , M (Mo-Ke) = 15.55 cmﬂl.

2.3 Data Collection and Processing
CAD4 diffractometer, W/26 mode with W scan width - 1.0 +

0.35 tan®, W scan speed 0.9-3.3 degmm™l  graphite

monochromated Mo—Kot radiation 4194 reflections measured
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(2.040 £ 29° th,sk,+1), 3968 unique (merging R= 0.0299, no
correction for absorption), giving 2969 with I>30(I1) number of
refining paraméters; 351, Linear and approximatebisotropic
crystal decay ca. 1% (for 3 standard reflections checked every

7200s X-ray exposure time), corrected during processing.

2.4 Structure Determination and Refinement
Data reduction was followed by direct methods phase

determination (SHELX76) and electron density synthesis. All
hydrogen atoms were located by difference Fourier analysis during
least squares refinement of non-hydrogen atoms. Full matrix least
squares refinement of all positional and thermal parameters, with
all non-hydrogen atoms anisotropic, using the weighting scheme W
=$M/kf2 (Fo) + O.OOOSFZ] with d(Fo) from counting statistics

gave satisfactory agreement analyses. Final R and R, values

are 0.0376 and 0.0451 (Af) in the final refinement cycle

max
was 0.024 this for x/a of atom Hll. Of the peaks 0.5&3'3, the
four largest peaks are all about 1A from Il and may be ascribed
to lone pair anisotropy around the anion; the fifth peak is 28
from I1. After this density there was no feature in the map »0.5
ef-3.

Programs, computers used and sources of atomic scattering

factor data are given in Appendix II.
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Table 2.1 Positional parameters (fractional coordinates
* 10**4, hydrogens * 10**3) with estimated
standard deviations in parentheses.

ATOM x/a y/b z/c

I(1) 33165 (4) 20770(4) =35991(3)

N (1) 1622 (4) 1712 (3) 3286 (3)

olf o 3022 (4) 1108 (4) 2662 (4)

N (21) 3963 (5) 0891 (4) 3250 (4)

N (3) 3596 (4) 0769 (3) 1496 (3)

C(4) 2687 (4) 1099 (4) 0880 (4)

N (41) 3269 (5) 0781 (4) -0306 (4)

C(5) 1198 (4) 1762 (4) 1428 (4)

c(6) 0725 (4) 2012 (4) 2654 (4)

C(61) -0878 (5) 2603 (5) 3413 (4)

c(62) -1842 (6) 1505(7) 4417 (6)

CLLr) 0217 (4) 2181 (4) 0706 (4)

c(2’) 0467 (5) 3303 (6) -0253 (5)

C(3’) -0492(6) 3823 (6) -0870(5)

C(4’) -1745 (4) 3214 (4) -0530 (4)

C(5") -1981 (6) 2044 (5) 0422 (6)

c(6’) -1008 (6) 1536 (5) 1016 (6)

N(1") -2820(4) 3799 (4) -1049(3)

c(2") «3513(6) 2854 (5) -1284(6)

Ct3™) -4858(6) 3562 (6) -1560(6)

N(4") -4452 (4) 4751 (3) -2685(3)

C(4"1) -3418(7) 4284 (7) -3947 (5)

c(4"2) -5871 (6) 5484 (6) -2790(6)

c(5") -3730(6) 5657 (5) -2410(6)

c(e") -2377(6) 4934 (5) -2144(5)

0(1) 0023(7) 2628 (10) 5813 (8)

H(1) 462 (6) 034 (6) 305 (5)

H(2) 342 (6) 095 (5) 416 (6)

H(3) 278 (5) 101 (5) -074(5)

H(4) 403 (6) 050 (5) -062(5)

H(5) -128(5) 319 (5) 277 (5)

H(6) -090 (4) 331 (4) 386 (4)

H(7) -193(8) 088 (8) 403 (7)

H(8) -297(9) 182 (7) 493 (7)

H(9) -148(8) 095 (7) 518 (7)

H(10) 130(6) 3T2(5) -048(5)

H(11) -029(6) 457 (5) -147(5)

H(12) =291 (5) 351(5) 077 (4)

H(13) <116 (5) 079(5) 153 (4)

H(14) -267(6) 246 (5) =205 (5)

H(15) ~381 () 221 (7) =055 (7)

H(16) -533(6) 300 (5) -176 (5)

H(17) =555 (7) 387 (6) -085 (6)

H(18) =335(7) 503(7) -448 (6)

H(19) -403(8) 379(7) -404(7)

H(20) -246 (6) 374 (5) -389(5)

H(21) -562 (6) 616 (6) -343(6)

H(22) -638 (6) 485 (5) -288(5)

H(23) -646(7) 576 (6) -196(6)

H(24) -342(6) 639 (6) ~317(6)

H(25) -453 (6) 606 (6) -165(6)
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Table 2.1 contd.

H(26) ~-146(6) 462 (5) -294 (5)
H(27) =215(9) 555 (6) «180(5)
H(28) 05 (1) 24 (1) 51 (1)
H(29) 040 (9) 249 (9) 614 (8)

T * 10**5
II * 10%*2



Table 2.2
ATOM 1l
TU{T) .0440 (2)
N(1l) .029(2)
cl2) .025(2)
N(21) .033(2)
N(3) .025(2)
C(4) .028 (2)
N(41) .029(2)
C(5) .026(2)
C(6) .025(2)
C(61) .028(2)
Cc(62) .033(3)
(ol L) .028(2)
E(25) .031(2)
cC(37) .040(3)
c(ar) .028(2)
C(5L) .064 (3)
C{6") .070 (4)
N(1") .038(2)
c2m) .047(3)
Cita™ .039(3)
N(4") 032142)
C4aT1l) . . 052(3)
c{qn"2) .042(3)
5™ .059(3)
c(6) .049(3)
0(1l) .078 (4)
U ISO
HL) 05 (2)
H(2) .05 (1)
H(3) .03 (1)
H(4) .04 (1)
H(5) .04 (1)
H(6) .014(9)
H(7) 1 0(3)
H(8) L1 0(2)
H(9) .09 (2)
H(10) .05 (1)
H(11) L85 04)
H(12) .04 (1)
H(13) .04 (1)
H(14) .04 (1)
H(15) .08 (2)
H(16) « 05 (1)
H(17) .06 (2)
H(18) .07(2)
H(19) .08 (2)
H(20) .05(1)
H(21) .06 (2)
H(22) .04(1)
H(23) .06 (2)

u22

.0560 (2)
.034 (2)
S027(2)
.045 (2)
.030(2)
.024 (2)
.047 (2)
031 £2)
«031(2)
.041 (3)
.063(4)
.034(2)
.077 (4)
.069 (4)
.031(2)
035 (3)
.028(3)
.033(2)
.035(2)
.050(3)
.033(2)
.068 (4)
.054 (3)
.028(2)
.036(3)
a1

50

U33

.0449(2) -.
028 (2) =
.029 (2)
.039(2)
.028(2)
.030(2)
.033(2)
.031(2)
.030(2)
.038(2)
.066 (4)
.032(2)
.058 (3)
J0355(3)
+L037'(2)
.078 (4)
.073(4)
.041 (2)
.057(3)
.054 (3)
.037(2)
.043(3)
- 081 (3)
.063(3)
.060 (3)
.138(6)

U23

WI3L (L=,
.010(2)
.006(2)
.014 (2)
.008 (1)
.005 (2)
.018(2)
.008(2)
.006(2)
.015(2)
.024(3)
0211 (2)
sQ120(3)
.028(3)
.010(2)
.007 (3)
.007 (3)
.003(2)
.002(2)
.003(3)
cOLZ{2)
.023(3)
. QLA 3)
.001(2)
.001(2)
.146(7)

Anisotropic temperature factors,

and isotropic
temperature factors where shown; with standard
~ deviations in parentheses.

Ul3

0243 (1)

03T (L)
.009(2)
.020(2)
« 010 (1)
.012(2)
.015(2)
.011(2)
.012(2)
+ 012 (2)
.001(3)
.014 (2)
.022(2)
.028(2)
.017(2)
<052 {3)
051 (3)
.023(2)
.033(3)
.027 (3)
.019(2)
.023(3)
.029(3)
.043(3)
.038(3)
.080 (4)

Ulz2

.0043 (1)
.004 (1)
.002(2)
.010(2)
.003 (1)
.002 (2)
.010 (2)
.001(2)
.003(2)
.012(2)
.006 (3)
.005(2)
.020 (3)
.023(3)
.004 (2)
.016(2)
.012(2)
.002(2)
.010(2)
.013(2)
.005 (2)
.011(3)
.006 (3)
.004 (2)

-.009(2)

.095 (5)
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Figure 2.1 Primium Iodide. Molecular plot and number scheme
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Unit cell packing diagram

Primium Iodide.

Figure 2.2
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Table 2.6 Hydrogen bond contact distances

Hydrogen Bond Donor-Acceptor Distance (&)
O(13 = B(O1)s —= N(1l)y 2.964
N(4l) - H(4)y —== N(3)yy 3.036
0(1) - H(02); -—- I(l)11g 3007
RC2L) = BL1 )y ==~ {11y 3.685
NQ41l) = H(3)y =~ I(l)y 3.727

The subscripts I, II and III refer to the equivalent positions X,

VAR e G L (e L S e 8 A

2.5 Results and Discussion

The crystal structure of 4[4-(2,4-diamino-6-ethylpyrimidine-
5-yl) phenyl]-1,l-dimethylpiperazinium iodide. H,0 (primium
iodide), as determined crystallographically, is depicted in
Figure 2.1 together with the numbering scheme used; positional
parameters for all atoms are given in Table 2.1, with anisotropic
thermal parameters for non-hydrogens and isotropic tempterature
factors for hydrogens in Table 2.2,

The site of methylation is confirmed with the methyl
disubstituted quaternary ammonium nitrogen of the cation at
N(4"). Bond distances [&] and interatomic angles [°] are given
in Tables 2.3 and 2.4. A comparison of bond lengths for the
pyrimidine moiety and its exocyclic amino groups with average
values for the unprotonated pyrimidine ring (29) (Figure 1.7 wviii)

shows close agreement with only C(2) — N(3) differing by more
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than 0.0l A from mean values.

The classic base pair dimerisation is observed in this case
with hydrogen bonding in the crystal (table 2.6) between the 4-
amino group and N(3) of centrosymmetrically related molecules.
Hydrogen bonds ére observed involving both hydrogen atoms of the
water 0(l) - H(Ol) ——— N(1) [2.964A] and O(l) - H(02) --- 1
(3.557 &], the latter being considerably longer than the normal
hydrogen bond length of approximately 3 %; however Jellinek (77)
reports a length of 3.57 % for 0-H --- I in the structure of
muscarine iodide. The remaining amino hydrogen atoms participate
in N = H -——— I hydrogen bonds which, as expected from the larger
radiusland lower electronegativity of nitrogen, are 0.1 - 0.2 :\
longer than the 0 -— H === I hydrogen bond.

The torsion angle around the bridge bond between pyrimidine
and phenyl rings is -75.0°, which is not unusual for compounds of
this type (see Figure 7.1). It is likely that the deviation from
coplanarity results from a minimisations of Van der Waals
interaction with the 6-ethyl side chain, which itself is rotated

-78.2° away from the plane of the pyrimidine ring.
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CHAPTER 3

The Crystal Structures of two solvates of the Putative Apti-
tumour Drug 2-amino-5-bromo-6-phenyl=4-=(1/3 H)-pyrimidinone

(ABPP)

3.1 Introduction

The title compound has demonstrated antiviral activity (80).
Unusually for such a small molecule it is a highly active
interferon inducing agent (8l), and this property could make it
useful against cancer as well as viral infections. In principle
it is capable of existing either as the 3H tautomer or as the

1H.

0
H\N/H Re N/H R

| s /lL |
H . e
‘\N N R6 SN N R6

| 1

H - H

The former resembles guanine and could form a base-pair with
cytosine, whilst the latter resembles cytosine and could pair up
with guanine. It is possible that a polymer of suitable
derivatives of this basic structural unit might interact with
an oncogene sequence and block its replication. Before rational
design studies can be carried out on such molecules it is
necessary to ascertain the preferred tautomeric form and modes of
intermolecular association.

Ab initio calculations with extended basis sets show that
the 3H tautomer of 4-pyrimidinone is considerably more stable

that any other (82). It is not surprising that the 3H carbonyl
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oxygen atom bears a partial negative charge, and the hydrogen
atom attached to N(3) or N(l1) of the ring is positive. These
unlike charges are nearer to each other in the 3H than in the 1H
tautomer. The situation ought to be similar in dilute solution
in a nonpolar solvent. However, in a polar solvent or in the
solid state it is possible that dipole interactions could make
the lH tautomer more stable. In crystalline 6-methylisocytosine
(Rg = H, Rg = CH3) only the IH tautomer is present (83).

ABPP itself is reported to crystallize from acetic acid as the 1H
tautomer with half of the molecules protonated (84). For the
present study crystals of ABPP were grown from N-methylformamide
and dimethylformamide in order to provide more biologically

relevant conditions of neutrality and moderately high polarity.

3.2 The Crystal Structure of 2-amino-5-bromo-6-phenyl-4-(1/3H)-

pyrimidinone. N-methylformamide solvate (ABPP.NMF).

3.2.1 Experimental

A crystalline sample of the compounda (76) was obtained and
from it a suitable crystal was sélected. The quality of the
specimen crystal was confirmed by examining its birefringent
properties with a polarising microscope. The single crystal was
then mounted onto a glass filament using an epoxy adhesiva; the
filament having been secured to a goniometer head stud by the hot

wax method.
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3.2.2 Crystal Data

CoHgN30Br .CoHgN30Br. CoH5NO, M = 296.64
F(000) = 592. Triclinic a = 9.147(3), b = 9.971(5), ¢ =
14.590(4) &, 0% = ?0.00(3),18 = 71.14(3), ¥ = 75.31(3)°, V = 1168
a3 (by least-squares rafinement on diffractometer angles for 25
automatically centred refiections,%\= 0.71069 &), space group PT,
Z =2, Dx = 1,68 gcm_3, Dm = 1.71 gcm'3 (method of flot—-ation
in solvent mixture). White plates. Crystal dimensions, 0.075 x

0.05 x 0.35 mm, p (Mo-Ke) = 34,15 cm™l.

3.2.3 Data Collection and Processing
CAD4 diffractometer, w/260 made with w scan width = 1.35 +

0.35 tanf® , w scan speed 0.7 = 2.5 deg min~}

, graphice
monochromated Mo-Ko 4378 reflections measured (2°£© & 25° + h +
k + 1), 4095 unique (merging R = 0.0270, no correction for
absorption), giving 1951 with I > 3o (I), number of parameters
refined 310, Linear and approximately isotropic crystal decay

ca. 4% (for 3 reference reflections checked every 7200s x-ray

exposure time), corrected during processing.

3.2.4 Structure Determination and Refinement

Data reduction followed by direct methods (SHELX76) and
electron density synthesis. All hydrogen atoms were located by
difference Fourier analysis during isotropic least squares
refinement of non-hydrogen atoms. Due to the poor quality of the
data and the presence of bromine in the strucﬁure it was found to

be necessary to constrain all hydrogen atoms during full matrix
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lLeast squares refinement with all non—hydrogen atoms anisotropic.
Using the AFIX option in SHELX76 all hydrogens were refined with
fixed geometry and common temperature factor; ‘except pyrimidinone
ring and amino hydrogens which were refined under a common
temperature factor only. The weighting scheme W = 1.4992/
[dZ(FD) + 0.001 Foz], with G'(Fo) from counting

statistics, gave satisfactory agreement analyses. Final R and
R, values are 0.0659 and 0.0746 after 15 cycles of least

squares refinement. Examination of a final electron density
synthesis showed no feature greater than ~2/3 eX3. At

convergence (8/9) max = 0.001 [C(4A)x/A].
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Table 3.1 Positional parameters (fractional coordinates
* 10**3 or 10**4) with estimated standard
deviations in parentheses.

ATOM x/a y/b z/c

N (1A) 673 (1) 1054 (1) [E25 (1)

C(2A) 713 (1) 1004 (1) 646 (1)

N (21A) 616 (1) 024 (1) 591 (1)

N (3A) 859 (1) 935 (1) 616 (1)

C (4a) 976 (2) 908 (1) 665 (1)

O (41A) 108 (1) 845 (1) 629 (1)

C (53) 925 (1) 965 (1) 750 (1)

BR(1A) 0818 (2) 9370 (2) 8170 (1)

C (6A) T777(1) 031(1) 778 (1)

c(1'n) TI74L) 1079(2) 871 (1)

Cc(2'Aa) 634 (2) 219 (2) 862 (1)

C(3'A) 568 (2) 268 (2) 949 (1)

C(4'Rn) 584 (2) 178 (2) 042 (1)

C(5’A) 661 (2) 037 (2) 050 (1)

C(6’A) T28 {2) 987 (2) 965 (1)

N(1B) 1103 (1) 622 (1) ST3tl)

C(2B) 1066 (1) 690 (1) 447 (1)

N(21B) 1173(1) 669 (1) 494 (1)

N (3B) 928 (1) e 473 (1)

C (4B) 816 (1) 783 (1) 426 (1)

0(41B) 686 (1) 863 (1) 448 (1)

C(5B) 845 (2) T13{1) 348 (1)

BR(1B) 6821 (2) 1203(2) 2995 (1)

C(6B) 994 (1) 633 (1) 322 (1)

C(1’B) 054 (2) 567 (2) 239(1)

clz2'Bm) 1140(2) 427 (2) 255 (1)

C(3'B) 1200 (2) 371(2) 172 (1)

C(4’B) 1171 (2) 453 (2) 078 (1)

C(5EB) 1088 (2) 3BT (2) 065 (1)

C(6’B) 1029 (2) 644 (2) 145 (1)

N(1C) 1384 (2) 667 (1) 678 (1)

¢{11C) 1360 (3) 590 (2) 786 (2)

c(2C) 1495 (2) 626 (2) 605 (1)

0(21C) 1603 (1) 521.(1) 620 (1)

H(1Aa) 628 956 560 *

H(2A) 515 1009 633 x

H(3a) 863 874 576 *

H(4A) 620 (2) 289 (2) 789 (1)

H(53) 507 (2) 377 (2) 942 (1)

H(6A) 537 (2) 237 (2) 108 (1)

H(72) 667 (2) 964 (2) 123 (1)

H(8A) 788 (2) 877 (2) 972 (1)

H(1B) 1208 531 375 *

H(2B) 278 644 480 *

H(3B) 175 679 541 *

H(4B) 1160 (2) 365(2) 328 (1)

H(5B) 1270 (2) 265 (2) 180 (1)

H(6B) 1216 (2) 406 (2) 016 (1)

H(7B) 1069 (2) 649 (2) -008 (1)

H(8B) 960 (2) 750 (2) 135(1)

H(1C) 1491 (2) 684 (2) 528i(L)

H(2C) 1308 (2) "768 (1) 657 (1)
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H(3C) 1263 (3) 650 (2) 828 (2)
H (4C) 1464 (3) 577 (2) 811 (2)
H (5C) 1334 (3) 484 (2) 798 (2)

* Hydrogen atoms unrefined
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Table 3.2 Anisotropic temperature factors, and isotropic
temperature factors where shown; with standard
deviations in parentheses.

ATOM Uil u22 U33 U23 Ul3 Ul2

cC(2’B) .040(8) .030(0) .038(9) =.020(6) .002(7) .008 (7)

N (1A) D33 (6)  i03347) O3GLTY ~+020(5) =.010(S5) .001 (5)
C(23) D254(7).  .031(8) .039(8) ~.020(7) =.005(6) .006(6)
N(21a) .030(6) .069(9) .061(8) -.051(7) -.018(6) .012(6)
MI(3R) '.038(6) .030(6) .040(7) =.028(6) -.022(5) .009(5)
c(4a) .035(8); .636(8) .027(8) =.010(7) =.011(6) -.008(7)
O0(414) .023(5) .039(6) .057(6) =-.028(5) =.015(5) .016(4)
C (5A) .031(7) .030(8) .031(8) =.007(6) ~-.024(6) .003(6)
BR(IA) .044(1) .041(1) .0853(1) -.019(1) ~-.029(1) . .006(1)
C(6A) SH2T7UT) 035(8) .026(7) =.015(6) -.001(8) =.009(6)
C1ta). .027(7) = .034(8) . .O5(1) =.023(8) =.012(7) .001 (6)
C(2'A) .037(9) .04(1) .06(1) =-.023(9) -.017(8) -.006(8)
C{3'A) .07(1) .07 (1) 07¢1) =.06(1) D2 (1) " +=.001{1)

c(4’'a) .07(1) 214 Z) .04(1) -.05(1) 00 {3L) , =.01({1l)

C(5’A) .040(9) .11(2) D4(1) =.03(1) =.011(8) =-.01(1)

C(6’a) .047(%9) .05(1) .040(9) =-.015(8) -.012(8) -.002(8)
N (1B) .028(6) .032(6) .022(6) -.011(5) ~-.004(5)  .004(5)
c(2B) .041(8) .017(7) .035(8B) ~.008(6) =-.020(7) .001(6)
N(21B) .026(6) .057(9) .055(8) ~.032(7) =-.022(6) .014 (6)
N(3B) .029(6) .023(6) - .029(6) =.013(5) ~.012(3) .011 (5)
C{4B) .025(7) .037(8) .040(8) —-.020(7) ~-.013(6) .004(6)
O(41B). .024(5) .053(6) .D51(6) -=.034(5) =,012(4) .010(S5)
C (5B) A37(8)  .032(8) .045(8B) -.021(7) -.024(7) .007(6)
BR{1IB) .035(1) .063(1) .063(1) =-.040(1) =.020¢1) .005(1)
C (6B) L029(7) " .020(7) -.03B(8) =.001(6) ~.015(6) =.005(6)
C(17’8) .042(8) .041(9) .029(8) =.020(7) -.013(7) .001(7)
C(3'8) .046(9%) .028(9) .07(1) =-.014(8) =-.013(9) .Q03(7)
C(4’B) .047(9) .06(1) .04(1) =-.036(9) .005(8) -.018(9)
C(5’B) .06(1) .06(1) .032(8) -.028(8) -.014(7) .014(8)
C(6’B) .052(9) .036(9) .048(9) -.020(8) -.018(8) =-.001(7)
N(1C) .063(9) .036(8) .10(1) ~.036(8) -.046(9) .029(7)
C{LIC) .17 (2) «10{2) +09(2) =08 () “+=.05(2) .08(2)

C{2C) . .03549) 0T {1) SOT(EY =302(1l) ~=.012(9) - S015(Y)
0(21C) .044(6) .057(7) .087(9) -.042(7) -.031(8) .025(6)

U ISO

H(1lA) .03(1)
H(23) .03(1)
H(33) +0341)
H(4A) .09(1)
H(5A) «BSI(L)
H (6A) .09(1)
H(7A) «+09(1)
H(8A) .09(1)
H(1B) .03(1)
H(2B) .03(1)
H(3B) 203 (1)
H (4B) + 09 C1L)
H (5B) .09(1)
H(6B) .09 (1)
H(7B) .09 (1)




Table 3.2 contd.

H(8B)
H(1C)
H(2C)
H(3C)
H (4C)
H (5C)

U ISO

.09 (1)
.3(1)
.3(1)
.22 (8)
.22 (8)
.22(8)
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Table 3.6 Hydrogen bond contact distances

Hydrogen Bond Donor—-Acceptor Distance (3)
N(1B)-H(1B)...0(21C)1g 2.731
N(1C)-H(2C)1...0(41A)1 2.839
N(21A)-H(1A)7...0(41B) 2.866
N(21A)-H(2A)1...0(41B) 117 2.871
N(21B)-H(3B)1...0(41A) 2.897
N(21B8)-H(2B){...0(21C)¢q 2.921
N(3A)-H(3A)1...N(3B) 2.901

The subscripts I, II and III refer to the equivalent positions X,

Y, Z; 3-X, 1-Y, 1-Z; 1-X, 2-Y, 1-Z.
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Figure 3.1 ABPP.NMF Molecular plot and numbering scheme
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Figure 3.2 ABPP.NMF Unit cell packing diagram
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3.3 The Crystal Structure of 2-amino-5-bromo-6-phenyl-4-(1H)-

pyrimidinone .dimethyl formamide solvate (ABPP.DMF)

3.3.1 Experimental

A crystalline sample of the compound was obtained (76) and
from it a suitable crystal was selected. The quality of the
specimen crystal was confirmed by examining its birefringent
properties with a polarising microscope. The single crystal was
then monted onto a glass filament using epoxy adhesive; the
filament having been secured to a goniometer head stud by the hot

wax method.

3.3.2 Crystal Data

CoHgN40Br.C4H,NO, M = 340.174, F(000)=692.
Orthorhombic a = 32.715(6), b = 6.663(2), ¢ = 6.774(3) &, Vv =
1477 &3 (by least squares refinement on diffractometer angles
for 25 automatically centred reflections, k.= 0.71069 &), space
group Pnn2, Z = 4, Dx = 1.53 gcm_3, Dm = 1.527 gcm_3 (method
of fLoatatiop in solvent mixture). White opalescent trapezoids.

Crystal dimensions 0.6 x 0.4 x 0.2 mm, s (Mo—Kad) = 27.09 em L.

3.3.3 Data Collection and Processing

CAD4 diffractometer, w/28 mode with w scan width = 1.0 +
0.35 tan® , w scan speed 0.3 - 3.3 deg min‘l, graphite
monochromated Mo-Ke radiation; 3754 reflections measured (250 >
27% + n & k # 1), 1732 unigue (merging R = 0.0667, no correction
for absorption) giving 1353 with I > 3 « (1), number of

parameters rafined 150. Linear and approximately isotropic
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crystal decay ca. 2.4% (for 3 reference reflections checked every

7200 s x-ray exposure time) corrected during processing.

3.3.4 Structure Determination and Refinement.

Data reduction was followed by direct meth&ds phase
determination and electron density synthesis (MULTAN80) revealed
all non—hydrogen atoms. Difference Fourier analysis during
isotropic least squares refinement of non-hydrogen atoms did not
clearly reveal hydrogen atoms, therefore it was decided to
calculate all hydrogens using AFIX options in SHELX76 then to
refine them in fixed geometries and under a common temperature
factor. The 2-amino hydrogens were loéated and these were
refined normally. Due to the lack of data >3¢ from the small
sample crystal, the phenyl ring substituent was refined as a
rigid group with a common isotropic temperature factor for both
hydrogen and non-hydrogen atoms. The Z/C parameter for Br(51)
was fixed as the origin. The weighting scheme
W= ?.5983Af2(F0), with o' (F,) from counting statistics,
gave reasonable agreement analyses. The final R and R, values
are 0.0815 and 0.0986. Full matrix least squares refinement with
all unrestrained non-hydrogen atoms anisotropic gave reasonable
convergence after 20 cycles of refinement using a damping factor
of 10. Final electron density synthesis showed two peaks ~1
23—3 these being associated with N(1) and N(3) ring protonation
which is unclear, after which there was no feature >2/3 e 83,
At convergence (A/) max = 0.0141 [G@Zﬂ U23]. Atom C5 became
non—-positive definite and on examination this proved to be due to

its U22 value; all U22's were significantly low in value. It is
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/.

s observation is due to absorpti

intensity of certain classes of reflections.

A, IR T
AT IR T
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Table 3.7 Positional parameters (fractional coordinates
* 10**4, or 10**3) with estimated standard
deviations in parentheses.

ATOM x/a y/b z/c
N(1l) 0993 (2) 69409 (9) 640 (3)
C(2) 0605 (3) 621 (1) 635 (5)
N(21) 0301 (3) 7edl (1) 618 (5)
N (3) 0526 (2) 4252 (9) 631 (4)
C(4) 0828 (3) 291 (1) 631 (4)
0 (41) 0756 (2) 1079 (9) 638 (3)
C(5) 1243 (3) 366 (1) 636 (4)
C(6) 1326 (3) 567 (1) 635 (5)
BR(51) 16741 (3) 1810 (1) 62599 I
C (14 1732 (2) 656 (1) 628 (2)
Ci{Zl) 1886 (2) e B I 0 444 (2)
C(37) 2278 (2) 793 (1) 428 (2)
c(47) 2515/(2) 820 (1) 597 (2)
C(%) 2360 (2) 766 (1) 782 (2)
c(6’) 1969 (2) 684 (1) 797 (2)
C(18) 107 {1) 378 (5) 130 (6)
0 (18) 117565 529 (3) 132 (4)
N(1S) 0837 (5) 233 (2) 143 (5)
C(21S) 094 (1) 036 (5) 135(6)
Cc(228) 0427 (8) 273 (6) 141 (8)
H(1) 035 (3) 82 (1) 64 (2) % ¢
H(2) =001 (3) 70 (1) S71(1) Lx
H(4) 1703 (2) 689 (1) 313(2)
H(5) 2397 (2) 835 (1) 286 (2)
H(6) 2817 (2) 884 (1) 586 (2)
H(7) 2544 (2) 787 (1) 913 (2)
H(8) 1850 (2) 642 (1) 940 (2)
H(9) 134 (1) 303 (5) 080 (6)
H(10) 126 (1) 004 (5) 128 (6)
H(11) 079 (1) -021(5) 005 (6)
H(12) 081 (1) -034 (5) 265 (6)
H(13) 0366 (8) 433 (6) 147 (8)
H(14) 0301 (8) 202 (6) 271 (B)
H(15) 0287 (8) 211 (6) 011 (8)

I Bromine x/a * 10**5, z/c fixed during refinement.
II Hydrogens freely refining, no constraints.

All other hydrogens refining in rigid groups using
AFIX option in SHELX.
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Anisotropic temperature factors,

temperature factors where shown;
deviations in parentheses.

Table 3.8
ATOM Ull
N(1) .024(3)
C{2) .029(4)
N(21) .025 (4)
N (3) .026 (4)
C(4) L0338 (5)
0(41) .038 (4)
(4 (i .030 (4)
C(6) .040 (5)
BR(51) .040(5)
C{18) 36 (2]
0(18) s231(d5)
N(18)y .12(1)
C(218) .46(2)
C(228) .14(2)
U ISO
Sl .039 (1)
2% .039(1)
3 %) .039(1)
C{47) - . 039(1)
@4 i) .039/(1)
cer) .039(1)
H(1) .00(2)
H(2) =002}
H(4) s ()
H(5) suSil)
H(6) OS5
H(7) .05(1)
H(8) .05 (1)
H(9) o L a7y
H(10) .27(2)
2L <2 7(2)
H(12) < 2762)
H(13) .27(2)
H(14) J27(2)
H(15) 27 (2)

u22

.009 (3)
.015 (4)
.009 (4)
.009 (3)
.011 (4)
.010(3)
.010 (4)
.011 (4)
.011 (4)
.26(2)

L18/1)

.073(8)
.1742)

.50 (2)

U033

.053 (6)
.054 (7)
.13 (1)
.052 (6)
.041 (7)
.069 (6)
.064 (8)
.049(7)
.149 (2)
.026 (9)
.10 (1)
.08 (1)
.08 (1)
.07 (1)

U23

.003(9)
.01 (1)
.00 (1)
.00 (1)
.01 (1)
.007 (9)
.034 (9)
.00 (1)
.005 (2)
.05 (2)
.02 (1)
.02 (1)
.03(2)
.04 (2)

and isotropic
with standard

Ul3

.006(9)
.00(1)
.03 (1)
.00 (1)
.B2(1)
.00 (1)
.01 (1)
L031(1)
.012(2)
.05 (2)

- 04 (2)

-031{1)
.06(2)
.02(2)

| SN0 T IS S [ |

Ul

.003(3)
.002 (3)
.002 (3)
.006 (3)
.003(3)
.008 (2)
.001 (3)
.002 (4)
.002 (4)

-.22 (1)

.10 (1)

=037 18)

.07(2)
.03(2)
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Table 3.12 Hydrogen bond contact distances

Hydrogen Bond Donor-Acceptor Distance (&)
N(21)-H(1)7...0(41) 2,811
N(].)"‘H prediCCEqu N .O(QI)II 2.859

The subscripts I, II and III refer to the equivalent positions X,

A S I o A G B SN S
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Figure 3.3 ABPP.DMF Molecular plot and numbering scheme
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Figure 3.4 ABPP.DMF Unit cell packing diagram
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3.4 Results and Discussion

The structure of ABPB.NMF provides much evidence for the
existence of alternating lH and 3H protonated forms. The
hydrogen atoms in question were located in a difference electron
density map. In molecule A the hydrogen atom uses up some of the
valencey of N(3), and therefore on average the ring bouads to
N(3) are longer than those to N(l1) (Table 3.3); the reverse being
the case in molecule B. Valance shell electron pair repulsion
effects makes the internal ring angle smaller at an unprotonated
nitrogen atom [N(lA) and N(3B)] compared with a protonated
nitrogen atom where the relevant electrons are involved in
bonding (Table 3.4). The pattern of tautomerism is consistent
with the hydrogen bonding scheme (Taple 3.6) showing triple base-
pairing between lH and 3H tautomers with the solvate mplecule,
NMF, bridging between base pairs, providing and extended hydrogen
bonding pattern throughout the crystal.

Although hydrogen atoms are much less well observed in the
structure of ABPP.DMF there is some evidence that suggests a 1H
tautomer. The final difference map shows reasonable peaks near
both N(1) and N(3), ring bond angles at N(1) and N(3) are
essentially the same; but ring bonds to N(1) are significantly
longer than those to N(3) (Table 3.9). The limited hydrogen
bonding scheme (Table 3.12)provides the most conclusive proof of
the tautomer. The vector from C(4) to 0(41) lies close to the =b
direction since the x and z values for the two atoms are nearly
the same. Thus 0(41) of the molecule translated by +b is able to
accept hydrogen bonds from N(l1) via the hydrogen atom it must

bear, and from N(2) via H(l). The other H atom on the amino
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group, H(2), takes part in a hydrogen bond to N(3) of a nearby

molecule, Unlike NMF the DMF molecule does not appear to make

hydrogen bonds and this appears to be reflected in the quality of

the structure obtained.
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CHAPTER 4

The Crystal Structures of two Azido-Substituted Antifolate Drugs:
2, 4-diamino-5 (4-chloro-3-azido) phenyl-6-ethyl pyrimidine
ethanesulphonate salt (MZPES) and its 6-methyl analogue

(MeMZPES).

4.1 Introduction

Lipophilic 2,4-diaminopyrimidines which inhibit the enzyme
dihydrofolate reductase (DHFR) have found a limited clinical role
in the treatment of methotrexate-resistant malignancies where
resistance is mediated by modification of the active process
which transports the polar drug into cells. Thus the lipophilic
agents pyrimethamine, metoprin[2,4—diamino—5—(3,4—
dichlorophenyl)=-6-methyl pyrimidiné]and etoprin achieve ingress
to cells by passive diffusion and can accumulate in Llipid
compartments of the body, such as the brain. However, many have
long biological half-lives, e.g. a plasma t ¥ of 216 h (85) for
metoprin, resulting in slow clearance of any toxic affects
which develop. The title compounds incorporate the lipophilic
aromatic azido group which can be biotransformed metabolically to
the corresponding polar aromatic amino group with the expectation
of a relatively short biological half-life (t}). Thus these
compounds should provide the desirable pharmacokinetic properties
of lipophilic compounds whilst the biotransformability of the
azide to the more polar amine may result in good cellular drug

retention and also aid elimination.
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4.2 The Crystal Structure of 2,4-diamino-5-(3-azido)-4-

chlorophenyl)=6-ethylpyrimidine ethanesulphonate salt, (MZPES).

4.,2.1 Experimental

A crystalline sample oé the compound was obtained (76) and
from it a suitable crystal was selected, the quality being
estimated by its optical birefringent properties with a
polarising microscope. The single crystal was thea mounted onto
a glass filament using epoxy adhesive, and the filament secured

to a goniometer head stud by the hot wax method.

4.,2.2 Crystal Dat;
Cyp Hyy N; CL.Cy Hg SO03, M = 399.861, F(000) =

1664. Monoclinic a = 9.233(3), b = 26.157(9), ¢ = 18.872(5) 3,
ﬂ3= 125,.5105)2 Vi =13710 13 (by least squares refinement on

diffractometer angles for 25 automatically centred reflections,
)\= 0.71069 &), space groups P 2;/c, Z =8, Dx = 1,432 gcm-3,

Dm = l.44 ge::n:l'-3 (method of floatation in solvent mixture).

White semi-opaque plates. Crystal dimensions, 0.6 x 0.4 x 0.1 mm

(plane of plate 001), a (Mo-Ex) = 2.99 cm-l.

4,2.3 Data Collection and Processing

CAD4 diffractometer, w/20 maede with w scan width = 1.00 +
0.35 tan®, w scan speed 0.9 - 5.0 deg min "1, graphite
monochromated Mo-Koa radiation; 4868 reflections measured (2.0 > 8
£22.0° + h+ k + 1), 4454 unique (merging R = 0.0261, no
corréction for absorption) giving 3220 with I » 3 & (I), number

of parameters refined 237. Linear and approximatéjisotropic
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crystal decay ca. 10% (for 3 reference reflections, checked every

7200 s x-ray exposure time), corrected during processing.

4,2.4 Structure Determination and Refinement

The data were refined directly on coordinates obtained from
a previous determination (78). Full matrix least squares
refinement with all non-hydrogen atoms anisotropic did not give a
converged structure. Difference Fourier analysis during
isotropic refinement of non—hydrogen atoms located most of the
hydrogen atom positions, which were included in anisotropic
refinement of non-hydrogen atoms but not refined. The 3-azido
group of the second molecule did not refine with acceptable bond
lengths, C(3P')-N(1lP')-N(2P')-N(3P'), so these were restrained,
to the geometry found in the structure determinations of 6-methyl
MZP (86), using the DFIX command, and refined isotropically. The
weighting scheme W = 5.3954/[62 (Eg)» with((Fo) from
counting statistics gave satisfactory agreement analyses.
Convergence was achieved after 20 cycles of least squarses
refinement using a damping factor of 10, (A/0) max in the final
refinement cycle was 0.197 [N(3P') Ull]. Final R and R, values
are 0.0972 and 0.1175. A final electron density synthesis showed
features ~1 e E_B attributable to missing hydrogen atoﬁs,

after which there was no feature > 1/3 e R-3,
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Table 4.1 Positional parameters (fractional coordinates
* 10**4, x/a * 10**3) with estimated standard
deviations in parentheses. Hydrogen positions

unrefined.

ATOM x/a y/b z/c
N(1) 355.(1) 3762 (3) 6460 (5)
c(2) 221 (1) 4067 (4) 6298 (7)
N(21) 184 (1) 4061 (4) 6867 (6)
N(3) 134 (1) 4367 (3) 5631 (5)
C(4) 176(1) 4356 (4) 5059 (7)
N(41) 080 (1) 4644 (4) 4351 (6)
c(5) 326 (1) 4060 (4) 5221 (7)
Cc(6) 411 (1) 3763 (4) 5931 (7)
c{61) 568 (2) 3427 {5) 6188 (7)
c(62) 514 (2) 2913 (6) 585 (1)
C(1lp) 385 (1) 4110 (4) 4628 (6)
C(2P) 290 (1) 39009 (4) 3804 (7)
C(3P) S50 (1) 3973 (4) 3279 (6)
C (4P) 510 (2) 4214 (5) 3614 (8)
C(5P) 605 (2) 4399 (5) 4418 (9)
C(6P) 546 (2) 4352 (4) 4938 (8)
CL(1) 587 (5) 4297 (2) 2985 (3)
N (1P) 266 (1) 3786 (4) 2430 (6)
N(2P) 135(2) 3515 (5) 2158(7)
N (3P) 015(2) 3259 (6) 1825 (9)
ol ) 5760 (4) 1692 (1) 3714.(2)
0(1) TE14(1) 1365 (3) 4351 (5)
0(2) 584 (1) 1754 (3) 2989 (5)
0(3) 403 (1) 1522 (3) 3464 (5)
C(1E) 619 (2) 2300 (5) 4201 (8)
C(2E) 489 (2) 2685 (5) 366 (1)
N(1’) 518 (1) 4504 (3) 0918 (5)
Ci24) 411 (1) 4903 (4) 0764 (6)
N(21’) 476 (1) 5365 (3) 0926 (5)
N(3’) 240 (1) 4831 (3) 0440 (5)
Ci(4') L7001 4362 (4) 0254 (6)
N(417) 007 (1) 4285(3) -0031(5)
CiS%) 282 (1) 3918 (4) 0347 (6)
ey 458 (1) 4016 (4) 0715 (6)
c(el’) 591 (1) 3615 (4) 0927 (8)
C(p2") 686 (2) 3452 (5) 1891 (8)
(o4 2 § =8 203 1) 3397 (4) 0060 (7)
C(2P’) 138 (1) 3224(5) '-0748(7)
C{3P" ) 063(2) 2741 (5) -0989 (7)
C(4P’) 052 (2) 2444 (4) -044 (1)
C(5P”) 114 (2) 2572 (5) 0401 (9)
C(6P') 190(1) 3068 (5) 0607 (7)
CL(1") -0432 (5) 1846 (1) -0817(3)
N(1Pp’) 007 (2) 2548 (5) -1806 (8)
N(2P') 005 (2) 2823 (6) -2349(9)
N(3p’) -000 (3) 3005 (8) -291 (1)
S(1’) 0279 (4) 0103 (1) 2854 (2)
Q(1%) 1132 (9) =-0395 (3) SO LC5)
027 ) -068 (1) 0218 (3) 1931 (4)
Q37 1503 (9) 0508 (3) 3376 (5)
C(1E’) -134 (1) 0046 (4) 3081 (6)

C(2E') -259 (2) 0517 (5) 2762 (8)
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Table 4.1 contd.

ATOM x/a y/b z/c
H(1) 4243 3605 6948
H(2) 0961 4294 6828
H(3) 2306 3928 7376
H(4) 1004 4749 3978
H(5) 0146 4876 4382
H(6) 6327 3312 6825
H(11) 1628 3748 3580
H(12) 7226 4493 4519
H431.3) 6218 4530 5526
H(14) 5955 2281 4667
H(16) 5494 2978 4032
H{1"%) 6472 4581 1166
H(2") 4073 5684 0773
H(3") 6052 5403 1134
H(4") -0450 3942 - 0202
H(5”) -0660 4620 - 0001
H(6") 5261 3360 0396
H(7") 6708 3592 0730
H(9") 5865 3408 2003
H(10") 7849 3240 1964
H(11’) 1885 3358 - 1056
H(137) 2168 3164 1167

H(14") -1016 0068 3639



Table 4.2 Anisotropic temperature factors,

ATOM

N(1)

c(2)

N(21)
N(3)

C(4)

N(41)
c(5)

C(6)

C(61)
C(62)
C(1P)
C(2P)
C(3P)
C(4P)
C(5P)
C(6P)
CL (1)
N(1P)
N (2P)
N (3P)
S(1)

0(1)

0(2)

0(3)

C(1E)
C(2E)
N(17)
c(27)
N(217)
N(37)
c(4r)
N(417)
c(5")
C(6")
C(61’)
c(627)
C(1P’)
C(2P’)
C(3P’)
C(4P’)
C(5P’)
C(6P”)
CL(17)

N(1P’)
N (2P’)
N(3P’)

S(17)
0(1")

Ull

.042 (5)
.041(7)
.062 (6)
.043(5)
.036 (6)
.057 (6)
.032(6)
.036 (6)
.055(7)
.072(9)
.045 (7)
.044 (7)
.055 (7)
.060 (8)
.058 (8)
.055 (8)
.101 (3)
.065 (7)
.059 (8)
.074 (9)
.044 (2)
.051 (5)
.099 (7)
.043 (5)
.082(9)
J12(1)
.030 (5)
.038(7)
.030 (5)
.028 (5)
.038(7)
.030 (5)
.038 (6)
.039(7)
.047 (7)
.055 (8)
.028 (6)
.043(7)
.052 (7)
.059 (8)
.048 (8)
.050(7)
.079(3)

U ISO

.135(5)
.150 (6)
.227(9)

.034 (2)
.039(5)

U22

.070 (6)
.053(7)
.094 (8)
.055 (6)
.048(7)
.068 (6)
.057(7)
.049(7)
.071(8)
.067(9)
.050(7)
.063(8)
.058 (8)
.079(9)
.078(9)
.061 (8)
.151 (4)
.104(9)
.15 (1)
.23 (1)
.051 (2)
.074 (6)
.107(7)
.086(6)
.055 (8)
.038(9)
.041 (6)
.041 (7)
.046 (6)
.038(5)
.049(7)
.042 (6)
.043(6)
.054(7)
.059(8)
.11 (1)
.045(7)
.073(8)
.078(9)
.033(7)
.10 (1)
.068 (8)
.060 (2)

.066(2)
.072(6)
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U33

.041 (5)
.041 (7)
.055 (6)
.047 (6)
.044 (6)
.060 (6)
.049(7)
.044 (6)
.049(7)
.20 (1)

.034 (6)
.058 (7)
.047(7)
.054 (7)
.095(9)
.068 (8)
.106 (3)
.066(7)
.065 (8)
.13(1)

.056 (2)
.105(7)
.069 (6)
.079 (6)
.099(9)
.22 (1)

.049 (5)
.040 (6)
.070 (6)
.045 (5)
.034 (6)
.063(6)
.035 (6)
.042 (6)
.081(8)
.082 (8)
.057(7)
.046(7)
.051 (7)
2131(2)

.087(9)
.052(7)
.140 (3)

LU8102)
.088 (6)

U23

.013(5)
.012(6)
.028 (5)
.002 (5)
.003(5)
.013(5)
.008 (6)
.006 (6)
.017 (6)
.053(9)
.002 (5)
.001 (6)
.009 (6)
.013(6)
.009(7)
.009 (6)
.002 (3)
.022 (6)
.022(7)
.06 (1)

.008 (2)
.008 (5)
.028 (5)
.017(5)
.017(7)
.003(9)
.0