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SUMMARY

Single-crystal X-ray structure ceterminations are
reportec for the following heterocyclic compounds:

(1) Z,4=dihydro-4-phenylimino~ 1,2,%-benzotriazine (DIPE)
(2) 4,7-dihydro-6,7-diphenyl-7=ethoxy [1,2,4] triazolo
L5,1=c] triazine (DETT) (3) 4,6=diarino-p=-chlorophenyl-
1,2=dihydro=-s=triszine (cycloguanil) hyorochloride (CGT)
(4) 2,4-diaminocuinazoline (DAG) and (5) Z-hydroxy=&t=oxy-
1,2,3=benzotriazine. The refinement of hydrocen atom
parameters for CGT from neutron data was also undertaken.
The medicinal interest in each of the above compounds is
surveyed. CET and DAQ are inhibitors of dihydrofolate
reductase (DHFR). The biochemistry of DHFR inhibition is
reviewed, along with a detailed comparison of geometrical
parameters for DHFR inhibitors which have been investigated
crystallographically. Clinical investigations of the
entimalarial activity of CGT have been reviewed. The
position of protonation in CGT was unambiguously identified
in a neutron Fourier synthesis znc founc to conform to the
pattern observec in all other known DHFR inhibitors. With
the object of investicating poscible cis=trans isomerism,
CNDO/2Z molecular orbital celculations have been carriec cut
tor DIPB and two other crystallographically investigated
4=anilino substituted 1,2,3-benzotriazines. The calculated
energies indicatec that it is steric rather than electronic
considerations which govern the isomeric form adopted.

A survey of the crystallographic software available at
the University of Aston and the University of Manchester
Regional Computer Centres is reported along with the
development of programs for four-circle diffractometer data
reduction, display of unit cell contents for structures of
monoclinic and higher symmetry, molecular geometry
calculations and the contouring and peak seerching of
Fourier syntheses.
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CONVERNTIONS

(1) zefinement

The term ‘*isotropic refinement® of a structure refers
to the refinement of non-hydrogen atoms only with the
refinement of all temperature factors isotropically.

The term *anisotropic refinement' of a structure
refers to the refinement of all atoms, with the temperature
factors for non-hydrogen atoms refinec anisotropically and

hycrogen atom temperature factors refinec isotropically.

(2) Units
For convenience, units have sometimes been omitted

from figures and tables. In this case, the following units

are understood:

Distance Angstrom units
Angle Decrees

Charge Electronic charge
Energy Atomic units

(3) Standard Deviations

Numbers appearing in brackets following the value of
the parameter refer to the standard deviation. The number
of decimal places in the value of the parameter determines
the sense of the standard deviation. Thus 1.328(6) refers

to a standard deviation of 0.006.




Chapter 1: Introduction

(=R

1.1 Crystallography as an Aid to the Study of Materials

— — —

of Pharmacological Interest

X=ray crystellography provides a method of
unambiguously determining the connectivity of organic
molecules, hence of confirming or refuting molecular
formulae proposed on the basis of synthetic pathway,
infrared, ultraviolet and mess spectroscopy, ano nuclear
macnetic resonance. In addition, the isomeric form will be
revealed in & crystallographic investigation —-- an example
being the "Stilbene-cis"™ and "Stilbene-trans" isomeric
forms in the 1,¢,3=-benzotriazines (see Chapter 9) --
information not easily obtainable by other means. The
process of Fourier reconstruction of the molecular image
provides reasonably accurate information about bond
distances, bond angles and torsion ancles. Thus particular
adaptive features of the molecule may be seen.

Apart from the very larce investment in both human and
material resources, X=-ray crystallography suffers from
weaknesses which Limit its effectiveness in the

investigation of small-molecule structures from the point



of view of pharmacolocical interest. the first of these is
that nitrocen atoms may not be unarbicuously
distinguishatle from carbton atoms == an important feature
in the study of heterocyclic systems where the position of
nitrogen atoms is essential to the activity of the
molecule. Here bond lencths may be of consideratle aid in
interpretinag results with the order of atom-atom distances
being Cuu=C>CuxN>Nz=N. This inequality cepends on zn
approximately egual T-bonding contribution in all three
cases. In heterccyclic systems conjugation is unlikely to
be uniform and bond lengths may be taken only as a guide to
the identification of nitrogen positions. During
refinement, insertion of all heterocyclic atoms as carbons
should result in unusually low temperature factors at the
nitrogen positions. Unfortunately this effect is masked by
the variation in thermal oscillation at cdifferent points in
the heterocycle == with bridoehead atoms normally having
the lowest temperature factors. Nevertheless, comparison
of isotropic temperature factors (Uiso) for atoms =&t
similar positions should show differences ot approximately
g.C5 gz between nitrocen and carbon atoms. The combination
of these methods, consideration of synthetic pathway and
conventional spectroscopy usually gives a clear indication
of the positions of the nitrogen atoms. A second weakness
in X=ray structure analysis is the question of hydrogen
positions. Given high-quality intensity data, hydrogen
positions can be expected, in difference Fourier syntheses,

-3 -3
. = - % : o o
to appear with intensities in the rance 0.3 eA to .4 eA
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(Stout anc Jensen, 196¢ - p3t1) but may well be either
above or below these Llimits. Poor cuality data or Llearge
thermal parameters or & combination of the two may make
hyaorogen positions unobservacle altouether. This problem
is particularly important where the position of protonation
is essential to understandinc the biochemical activity of
the molecule. The best solution to this problem =--
provided a satisfactory crystal can be grown and proviced
the beam facilities can be made available -- is the
collection of neutron diffraction intensity data, where =-=
because hydrogen has a scatterinc lenoth approximately one-
half in magnitude to that of carbon -— hydrogen atonic
positions should be easily visible in a Fourier synthesis.
The protonation of heterocyclic nitrooens is of particular
interest pharmacologically and this subject is discussed in
a separate section below. The third weakness of X-ray
structure analysis of compounds of biological importance is
that it relates to the material in the crystalline state.
The conformation ==- or even the isomeric form -- may not be
the one the material may exhibit in its biologically active
state. Some idea of the conformations available may,
however, be obtained by varying the torsion about single
bonds and eliminating those conformations that give
impossible contact distances. Particularly in the case of
the protonated species hydrogen bonding plays an important
role in the biological activity. Hydrogen bonocing between
molecules in the crystalline state may give some clue as to

the arrangement of hydrogen bonds to the molecule when it
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is in its active site. Small molecule crystalloaraphic
investigations thus complement those of the enzyme-
inhibitor complex. Work cone on the enzyme dihyorofolate

reductase anao 1its inhibitors is discussed in Section 1.3.7%.

.2 Protonation of Rina Nitrogens

A guestion of very great interest in heterocyclic
systems is that of the protonation of the ring nitrogens.
For example, the protonation of N(1) of the
2,4—diaminopteridines is an essential element in current
models of the bindino of these compounds to dihydrofolate
reductase (see Sec 1.5.3). ctecause of the difficulty of
imaging hydrogen atoms from X=-ray data ana the scarcity of
neutron facilities, the crystal loocrapher must often rely on
other evidence for the presence or absence of protonation.

In the case of the unprotonated heterocyclic nitrogen
atom, the fully=-occupied sp? hybridised lone-pair orbitel
leaves a sinole ¢p, electron to be contributed to the mn-
system of the heterocycle, whereas the protonated nitrogen
receives one electron from the hydrogen and contributes one
electron to each of the sp? orbitals. The remaining two
electrons occupy 2p, and are non-bonding (see Fig 1.2-1).
The bonds to the protonated nitrogen atoms are, therefore,
formally sinale whereas the unprotonated species forms one
double bond. Allowing for delocalisation, it can therefore
be expected that the bonds to the protonated nitrocen atom
will be longer than the corresponding bonds to the

unprotonated one. Moreover, the lone-pair electrons can be
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expected to be more spread out than the corresponcing
bondinc orbital and repulsion effects cetween the lLone pair
end the heterocylic bonding orbitals can be expected to

reduce the bond angle from 120% (Gillespie,1960). The

p,

crystallographic literature was searched by Chatar Sinah
(1965) for heterocyclic structures containinc protonatec
and unprotonatec nitrocen atoms . Froom his survey, the
range of values 125130 (for C=NH=C) and 116130(10r C=N=C)
Eemergec.

The above valence state electron pair repulsion theory
has been investigated in detail crystallographically for
simple systems. With use of low-temperature X=ray &nd
neutron data on the unprotonated s-triazine and the
protonated cyanuric zcid, X-N syntheses of these structures
have been undertaken (Coppens,1967; Coppens and Vos,1971).
X=N synthesis is & variation of Fourier difference

synthesis of the form (for a centrosymmetric structure)

ple) =72 § ()~ (1§ ovs ox bt

where the terms (F.)_ refer to the X-ray data and the terns

o’

(F.) refer to structure factors calculated using X-ray

€’h

scattering factors and neutron refinement positions. Since
the neutron atomic positions are not influenced by the
electron distribution, X-N synthesis reveals deviations
from sphericacl symmetry of the electron cloud about the
nuclei =-- hence the bonding and lone-pair orbitals. Eoth
the lone-pair orbitals of s=triazine and the bonding

orbitals at the protonation sites of cyanuric acic were




1 T
e s \N/C\N/

N2 N2

A
et \m/ \02 - \N/ ~
: i

|

Ce2) = N1 = iC2)

I cyanuric acid 1I s-triazine

| ] i |
| | I (R 7 |
I i | |
| f I |
I CC1) = N£2) E 1372 o§ 1317 |
I { | I
NEZDY = CL2) f 1369 | === |
I | | |
[ €¢2)Y = nN€1) } 1.569 F === i
| | ! |
fi CO1)s = NKZ2) = £62) f 128.6 | 136.8
| | | |
| [ | |
l [ L |

Table 1.2=2



—

imaged anc the slight additional spreadino of the lLone=pair
orbitals observea. 1In acdition, the expectes differences
in bond distances and btond angles were otserved (see

Table 1.2-2).

.3 Pharmacological Interest in the 1,2,3-%enzotrizzines
I

-

Pharmacological iﬁterest in the 1,2,3-benzotriazines
arose throuagh the belief that the positively=charged #(2)
of the 2-n-alkyl substituted 1,2,3=benzotriazines could
iritate the guaternary nitrocen of acetylcholine.
Subsequent in vitro experiments on frog rectus abdominus
and chicken biventer cervicis muscle showed that the
contractile activity of the 1,2,3~benzotriazine series
persisted even in the presence of lLarge guantities ot
tubocurarine (Cull and Scott,1972). It was therefore
concluded that the compounds were not active at the
acetylcholine receptor site. A similar effect was observed
with the drugs guinine and quinidine (Lammars and
rnitchie,1955). More recent research has suggested that the
compounds may be active at the intracellular calcium
binding sites (Muir and Scott,1977). Concentrations
required to produce the contractile effect are at least an
orger of magnitude greater for the 1,2,3-benzotriazines
than for acetylcholine and the response time is much
longer. There appears to be anteagonism between
acetylcholine anc the L=-benzylamino and 4=phenylamino
series but not the 4=anilino and 4=-p-tolylamino series

(Cull and Scott,1973).




1.4 Pharmacological Interest in the 1,Z,4=Triazolo~=

1,2,4=-Triazines

It is possibtle that the 1,2,6-triazolo-1,2,4~triazines
act as purine analogues and inhibit the replication of PNA.
g=-Fethyl=1,2,4-trijazolo =[5,1=¢cl-1,2,4-triazine or
7-methyl=1,2,4=triazolo=-L5,1-¢cl)=1,2,4= triazine may be the
active metabolite of the anti-leukaemic agent methylolyoxal
bis(guanilhydrazone) (Gray,1%76). This series is,
therefore, worthy of investication as possible anticancer
asents, although the only patent taken out on any member
has been for herbicical activity (Gray,1%76).

Only two members of the series have been investigated
crystallographically: 6,7-diphenyl=1,2,4=triazolo=[5,9~cli~-
1,2,4=triazine (5chwalbe, et al ,1578) anu its 7—-ethoxy
adduct (see Chapter 5). The structural determinations are
of theoretical chemical interest since the 1,2,46-triazolo-
1,2,4=trizzines underco Dimroth rearrangement
(Daunis,et al,1969) and structure analysis confirms that
the arrangement founo in the crystalline state is the one

with the lower CWDO-calculated energy (Guerret,et al,1971).

1.5 2,4=Diamino Compounds as Inhibitors of Dihydrofolate

Reductase

1.5.1 The Eiological Importance of Folic Acid

Folic acid (FA, 1.5.1=-1) is an essential factor in the
human diet, the minimum guantity required being of the

order of 50 pg daily. The first symptoms of ceficiency are
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enaemia with megaloblastic changes in the bone Marrow.
vhen it is ingested, folic acid must first unceroo
reduction to the dihydrofolate (FARZ) anct then the
tetrahydrofolate (FAH,, 1.5.1-II). Eoth these reactions
may be catalysed by the same enzyme (Zakrzewski ana
Nichol,i%671), the reaction being driven by the conversion
of NADPH to NADP® (Futterman,1957):

FA + NADEH + HY  — fpp, + naopt

FAH, + NADPH + g FaH, + NaDPT

FAH, ungergoes further conversion to a number of

4
one—carbon unit carrying cofactors which are then involved
in amino acid interconversions and purine synthesis. (In
the diagram of FA the 4(3H)-one form has been shown, while
in the diagrams of FAH, ana the cofactor 1.5.¥~111 the
4=hydroxy form has been shown; R=remainder of the molecule
as in FA.)
There are important differences between host and

parasite in the above description.

(1) Plasmodia and some pathogenic bacteria synthesise

folate-containing cofactors de novo, i.e. from the

folic acid constituents pteridine, p-aminobenzoic acid

anu glutamic acid (Ferone and Hitchings,196¢6).

(2) The above parasites use preformec folic acid

extremely inefficiently == probably after prior

vegradation of FA into its subunits (Ferone and

Hitchings,1966). They therefore reaquire no active



transport system for FA anu presumably lack one (Saker

(2) There appear to be important host=parasite
differences in the ceometry otf the active site of the
dihydrofolate reductase (DHFR) enzyme (Hitchings and
BurchaltLl,1%55)
The above considerations are important in the cdesign of
antibacterial &na antimalarial agcents. Fig T.5.7=1
illustrates @ stratecy for the inhibition of folate
cofactor synthesis in microorganisms. Host cells are
partially protected acainst DHFR inhibitors by their active
transport system for folic acid (Raker and Ho0,1964). The
sulphonamides are analogues of PABA and inhibit the
synthesis of folic acid from its subunits. Sulphonamices
and DHFR inhibitors act synergistically and are sometimes
given in combination.

The activity of folate cofactors as carriers of ane-
carbon units has been reviewed elsewhere (Rader and
Huennekens,1973). The 5,90-methylene—-FAKH coenzyme
(1.5.1-11I1) appears to play a particularly important role

mediating the interconversion of glycine and serine:

5,10-methylene=FAH, + Gly +H,0 =3 L-serine + FAH,

SHMT

where SHMT=serine hydroxymethyltransferase (Elakley, 1954),
and the incorporation of one carbon atom from formaldehyde
into thmidylate where use of tritiated FAH; has definitely

confirmed the transfer of hydrogen from the folate to the
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thywine methyl group (Pastore and Frieakin,1%62):

dTMP

NADPH FAH,

DHFR TS
NADP FiH g Tt #L-‘—dUMP

HCHO

where TS=thymicylate synthetase. In this cycle the neec

for continuous receneration of FAHy can be seen and the
*thymine-less death' of cells where DHFR has been
irreversibly inhibiteo has been documented. The FAH =
dependent incorporation of C” from formaldehyce into
methionine has also been observed (Nakao and
treenberg,1958). The conversion of FAK, to the one=carbon
carrying cofactors probably occurs non=-enzymically

(Blakley,1560).

T 52 The Classacal Faobibiters

For some time it has been known that the substitution
of an amino group for the 4-(3H)-one group of FA greatly
increases binding to the enzyme DHFR, preventing the
reduction of FAH, to FAH,, thus blocking the incorporation
of one-carbon units into thymine, a requirement for DNA
synthesis. Simple substitution at the 4=-position yields a
compound (aminopterin) which binds to the enzyme more
strongly by a factor of the order of 10° (Werkheiser,1961) .
Methylation of Nyg yields amethopterin (Methotrexate,EP --
MTX). These compounds are potent inhibitors of DHFR,

whatever the source, and attack all rapidly=-dividing cells.
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Methotrexate has been used in the treatment of acute
leukaemia (Li,et al,195%). In combination with other
ggents it mey be useful in the treatment of carcinoma of
the breast, ovary and colon (Goth,1972). Undesirzsble

effects listed by the Eritish Pharmaceutical Codex (1%73)

L

include: nausea, vomiting, ulceration an¢ haemorrhace of
mouth and bowel, kidney damace, bone-marrow cepression,
fall in white btlood cell and platelet counts and hair loss.
The non=-specificity of these compounds ana the failure to
develop others which preferentially inhibit DHFR from
malignant cells represents a2 very great cisappointment in

the advance in cancer chemotherapy 1in this decade.

5.3 The Mechanisms of DHFR Einding

The mechanism of binding of folates to DHFR has heen
the subject of intense research since the mio-sixties.
tarly theories sought to explain the enhanced binging of
aminopterin in terms of the difference in hydrogen=bonding
potential between the 4—~hydroxy and the 4=amino groupe.
Zakrzewski (1963) observed that the enercy involved in
promoting FA from the stable keto form (4-one,protonated at
N(2)) to the &4~-hydroxy form could explain some, but not
all, of the cdifference in binding constants between FA and
aminopterin. In the hydrogen-bonding scheme published (see
Fig T.5.3=-1) N(1) acted as a site of hydrogen bond
acceptance, althouch there was no thermocynamic evioence

indicating the direction of the hydrogen bonding. More



recently the focus has shifted to some 0f the less direct
effects of the replacement of 4=-0H by 4=NHy « Perault anc
Pullman (1961) showec on the hasis of LCAO moleculsar
orbital calculations that the change of substituent shiftea
the site of greatest basicity from N(E&) to N(i). 2Ll
crystallographic studies of DHFR inhibitors (see
Chapter 101) have shown that when the molecule is
protonated, the hydrogen is attached at N(1) (or ite
equivalent, N(2), in the case of s=triazine sysfews). The
effect of the chance of substituent may, therefore, be
indirect: the 4-amino substituted pteridines have W(1) as &
site for hydrogen-bonc donation =- which the folates do
not. Recent ultraviolet spectroscopic evidence (Erickson
and Mathews,1972; Poe,et al,1974) has indicated that the
degree of protonation of methotrexate is enhanced upon
binding to DHFR == strongly supporting the hypothesis that
there is a nearby hydrogen bond acceptor site on the
enzyme. That an equivalent change in the ultraviolet
spectrum is not observed in FA,FAH, or dihydroaminopterin
is further evidence that protonation may be an essential
feature for greatly=-enhanced binding.

Recently Matthews and co-workers have succeeded in
solving the crystal structure of two DHFR=-MTX complexes.
In the first (Matthews,et al,1977) the source of the enzyme
was MTX=-resistant E.coli. The Llist of interactions between
the drug and the amino acid side-groups in the
neighbourhood of the active site is given in Table 71.5.3-2.

Cf particular interest is the existence of a negatively




charged carboxylate group from Asp=-Z7 which 1is in &
position to stabilise the protonation of N(1). Moreover,
the backbone amide of Gly=95 is only 2.2 g from the 4-amino
group ana is positioned in such a way &as to be able to
donate a hydrocen=bond to the 4-keto group. Thus it may be
possible for the 4=-radical of the DHFR substrates to be
either a2 hydrocen bond recipient or a conor.
Crystallographic investigations of known DHFR inhibitors
(see Chapter 10!) have shown that with one exception the
amino nitrogens are sp2 hybridised. The one exception --
2,4,6=-triamino-5-chloroquinazoline (Rogan anc
Williams,1979) =-- may be of very great importance, Here
the amino group attached to C(2) is partially sps
hybridised, probably under the influence of hydrocen-bona
acceptance from the C(6) amino group. Such simultaneous
hydrogen bond donation and acceptance by an amino group has
been reported only once previously (Andreetti,et al,1970),
but does open the possibility that the C(4) amino group on
the inhibjtors may be in a position to use both the
hydrocen—-bond acceptance and donation capacity of the
enzyme (Schwalbe,et al,1979).

In the second crystal structure of DHFR (Matthews, et
al ,1978) the enzyme was obtained from FTX-resistant L.casei
and was in the form of the DHFR-MTX=NADPH complex. The
differences between the two structures will reflect not
only minor differences between the amino acid seaquence of
the enzyme from the two species, but also differences

caused by the NADPH molecule, which i1s attached very near
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to the active site,

Zakrzewski'®s hyorcoen bondinc scheme for
aminopterin (A) and folic acid (C) is shown in Fic 1.5.3-1.
The scheme requires that folic acid (E) be converted to the
t=hydroxy form before bindinc. The illustration is taken
from Zakrzewski®s 1963 paper. The chemical structure of
the coenzyme NADPH is shown in Fig 1.5.3-3. The position
of the MTX molecule is illustrated in relation to the
amino-acid backbune of DHFR in Fig 1.5.3-4. Stereo views
of the E.coli DHFR=MTX complex (Fig 1.5.3=5) and the
L.casei DHFR=MTX-NADPH complex (Fig 1.5.3=6) have been
included.s Fig 1.5.3-4 was taken from the paper of
Matthews,et al(1977) while Fig 1.5.3=5 and Fig 1.5.3=6 were

taken from the paper of Matthews,et al(1978).

15.4 The Non-classical Inhibitors of DHFR

Attention since the mid-sixties has shifted away from
‘classical antifolates® which are minor modifications of
folic acid to ring systems other than pteridine, usually
with aryl substituents.

Other heterocylic ring systems which have been found
to be DHFR inhibitors comprise (a) the 2,4-diamino-
pyridol2,3-d] pyrimidines (Hurlbert,et al,1948;Hurlbert and
Valenti,1968) with the N(5) of pteridine replaced by a
carbon atom, (b) the Z,4-diaminoquinazolines (Ashton,et
al,i1973), (c¢) the 2,4-diaminopyrimidines (Saker,et

al ,1965,1972) == this series includes the antibacterial
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(1)

(2)

INTERACTIONS INVOLVED IN BINDING MTX TC DHFR*

Primary Hydrophobic Pocket

(a)

(b)

(e)

(d)

(e)

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

T - T interaction between the fragment N(1)-C(2)-N(2)Hy~
N(3) of the pteridine ring and the Ala-§ to Ala-7 peptide
bond (separation distance = 3.5a).

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

Hydrogen - bond donation from N(4) to the carboxyl
oxygen of Ile-§S.

Hydrogen-bond donation fromN(1l) to the carboxyl group
of Asp-27.

Secondary Hydrophobic Pockert

(a)

(b)

(c)

Van der Waals contact between the aromatic ring of the

P-aminobenzoyl moiety and the zide chains of Leu-28
Ile-50, Leu-54 and Ile-94,

Van der Waals contact between the B-carbon of Ser-49
and the methyl group at N(1Q).

Hydrogen-bond acceptance by a-carboxyl group from Arg-57.

*Matthews =t al, 1977

Table 1.5.3-2
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Fig 1.5.3-6



-
wn

grug Trimethoprim and the antimalarial Pyrirmethamine-=-- ano
(d) the 4,6-diamino = 1,2-cihydro-s=triazines (Eaker an:
Ho,1966), a series which includes the antimalarial
Cyclooguanil and the experimental anticancer &oent
Triazinate (Skeel,et al ,1%974).

Members of all these series have been investigated
crystallographically. Two examples are reported in
Chapters é and 7 and a survey of the crystallographic

s

studies is given in Chapter 19. The development of the
non=-classical DHFR inhibitors has been motivated by the
possibility of exploiting host-parasite differences with
respect to the enzyme active site and active transport
system (see Sec 1.5.1). B.R.Baker and his colleacues have
examined a vaeriety of non-classical inhibitors for
differences in activity depending on the source of the
enzyme (Baker,1%67). A survey of these results has
elucidated some of the geometrical requirements for
inhibitory activity (Hitchings and Burchall,1%65). These
are illustrated in Fig 1.5.4=2.

Hansch and co-workers have characterised the observed
activity of the enzyme inhibitors in terms of a number of
independent variables (Hansch,et al,1973b) with
empirically-determined values for each functional oroup
(Hansch,et al,1973a). The technigue == calleoc guantitative
structure—activity relationships (QSAR) == has been applied
to the inhibition of DHFR by substituted pyrimidines
(Yoshimoto and Hansch,1976), p-substituted phenyl-

2,2=-dimethyl - 4,6-diamino=s=triazines (Silipo and




Heterocylic Ring Systems of Known DHFR Inhibitars

HZN/J\N o

2,Lt-diaminopteridine

NH,

7 =y

F
Wi .

a) 2,4-diamino=-pyrimido-
(2,3-dlpyridine

NH,

/ Ar

d) 2,4=diaminopyrimidine

NH

e

b) 2,4=diaminoquinazotine

NHyp

1
N4¢¢¢\\\N‘/,Ar

Ry
HN X 4 ",

e) 4,6-ciamino-1,2-dihydro—
s=triazine

Fig 1.5.6=1
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Hansch,1976) and cuinazolines (Fukunaga,et al,17754).

GSAR analyses of &,é=diamino-2,i~cimethyl=f=aryl-
s=triazines has incicatec that there are important
cifferences in the hydrophobic pocket between the namnalian

and bacterial enzymes with the mammalian pocket beinc the

smaller of the two (Hansch,et al,197%).

5.5 Crystallographic Investigation of a Folate Cofactor

A very recent advance in the study of the
stereochemistry of folic acid has been the crystal
structure analysis of two diastereomers of
>,10-methylene-FAH, (Fontecilla-Camps, et al,1979). The
two structures differ only at the asymmetric carbon C(6) on
the pteridine ring, and in the crystalline state the
structures are approximate mirror images of each other,
with the exception of the L-glutamate portion of the
molecule, which exhibits a consideratly different
conformation in the two structures. The cell dimensions of
the two structures are given in Table 9.5.5-1. No
coordinates were published in this preliminary report. The
structure (+)5,1Q—methyLene—FAH4 appears to be the natural
diastereomer. The structure appears to be highly
conjugated with the imidazoline ring formed by the 5-10
bridging, the pteridine rings and the phenyl substituent
all coplanar to within #0.35 g. This is gquite a different
situation to the near-perpendicularity observed for the
crystalline DHFR inhibitors (see Chapter 10) and

Methotrexate in the DHFR=-MTX complex. It must be




Unit Cell Dimensions
of

Two Diastereomers
of

5,10-Methylene—-FAn,

{(+) {=)
Space Group B2, P2,
a 12 .596 12.459
b 14 48T 146 .528
c 6.990 7.006
B 100 .30 96 .06

a) both diastereomers exist in the crystalline fOrm
(5,10-methylene=FAH, )T 2877 2H,0

Table 1.5.5=1
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remembered, however, that because the conversion of FEHy tc

S,'iS--rrPthyLene-FiH4 is non-enzymic these compouncs are not

DHFX substrates.

-6 Fused Six-membered Rinas

The m=bond orders of fused ring systems are not
equally distributed in fused ring systems even in the
absence of nitrocen substitution. In the three possible
resonance structures for naphthealene (see Fig 1.6=1) some
boncs are double in twoc cases whereas others are gouble 1in
only one. Unegual bond lenaths have been observed in the
crystal structure of naphthalene.

Naphthalene crystallises in space group P21fa
(equivalent to PZ,/c) with a=8.235 K, b=6.00C3 E, c=8 ,65¢& 3
and B=:22.9°. The structure was solved originally by
Abrahams,et al (1949) anc later refined by Cruikshank
(1957). The point group symmetry of the molecule in the
crystalline state is ?, a subgroup of mmm expected on the
basis of purely chemical considerations. Differences in
the crystal structure between chemically equivalent bonds
are not significant statistically. The bond lengths shown
in Fig 1.6=-1 are parameters from Cruikshank's refinement
with eaquivalent bonas averaged and correétions applied for
rotational motion of the molecule.

In some cases the characteristic differences in bond
length persist when nitrogen atoms are substituted into the
ring system. Significant ditferences have been found

between the lLengths of bonds C(5)-C(é) and C(7)-C(2) and
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Chapter 2: Implementec {rystallographic Software

Z«1 Introduction

The Meaicinal Chemistry section of the Aston
University Pharmacy Department has access to the following
computers:

(a) CDC 7600 at U.M.R.C.C

(b) ICL 19C4S at Aston

(c) HP200D at Aston
The usual strategy has been to solve the structure and
carry out early isotropic refinement on the 1904S, then
proceed to final anisotropic refinement on the CDC76CO.
The situation, however, is changing rapidly. Initially
(1975) the CDC7630 suffered from difficulties with the Llink
to the local computer with the result of extremely long
turnaround times and frequently lost jobs. 1In addition,
the only supported crystalloorephic package was XRAY72.
The implementation of the SWAN system ureatly improved the
reliablity of the link and cut turnaround times by an order
of magnituce, while at the same time increased

undergraduate use of the 1904S has meant 2 steady increase



|ICL 19045 [cDoCc76002

Wilson Plot | NORMAL [NORMAL
| f
MULTAN [MULTAN [MULTANTE
I |
Centrosymmetric [ w==—= [EEES (SHELX)
Direct Methods | |
| I
Least-sguares |OKFLS LSS CSHELXD
Refinement | XRAYT7 2 [
| f
Least-squares [Gottingen Program|XRAY72
Planes | GECMT7&
| !
Bond Distances, Angles |MOLJOM | XRAY72
and Torsion Angles | GEOMTS |
| [
Unit-cell Contents |CELPIC [PLUTCP
I |
Ball-and-Spoke/ | ==———— [PLUTO
Space-filling Models | i
| |
Thermal Ellipsoid Models| ===-- J]ORTEP
I [
Fourier Synthesis [PHUSIS/FURSUM [XRAY72
| [ FMAP (SHELX)
| |
Fourier Peak Search [PEAKS [XRAY? 2
{ | FMAP (SHELX)
| |
Data Reduction fBAKSUBS [XRAY72
[2HAMDRY [AXIS (SHELX)
| !
Crystallographic | ==——— [RETRIEV
Literature Search | |
} I
Structure Connectivity | ===-= | CONNSER
Search | |
a) The Crystals package was mounted at UMRCC but never used

b)

5]
d)

in this department.

The author tuwice unsuccessfully attempted to implement
PLUTO on the 1904S before it became available at UMRCC .
for four-circle data only.

Birmingham University data reduction program for Stoe
two-circle data =-- supplied by Dre T.A.Hamor of the
Chemistry Department.

Table 2.1-1
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in the times taken for jobs to be run at Aston. At the
time of writing (1979) turnaround on the C2C7&60) is about
equal for medium=-sized jobs (say 61 sec. with 40K core on
the 17048) while for lLarger jobts the turnaround is actually
better. In addition a number of new crystallographic
packages have been mounted on the CDC7600. It is probable
that in the future structures will be solved gb ipnitic at
UsM.RoCoC. Table 2.1-1 shows a survey of crystallocraphic
software now available on the two computers. In 1%76 the
HP2(0MU was installed at Aston University. This computer
with its interactive BASIC programming facility provices a

useful service where immediate answers are required for

comparatively simple problems.

2.2 Normalised Structure Factors

Direct methods programs require that the structure
factors be placed on an absolute scale == i.,e. that the
numerical value of the structure factor be independent of
its position in reciprocal space. The principal method of
achieving this is the Wilson Plot Method (Wilson,1942)
which has been described in textbooks (see, for example,
Woolfson,1970 - p332). Where the Lp-corrected intensities
have been averaged over a particular range in 8 (mean value

<Ie>) then

(I = xze exp(-2B sin’9/)\)

where K is a scele factor and 2@ is the structure factor



for a randomly-distributed set of atoms calculates with the
atomic scattering factors evalusated &t the appropriate
sin 6/A. B is an overall isotropic temperzture factor.

Since

log, "Z—e = log K - 2B sii‘l’B/)\2

a plot of the logarithm of the ratio on the lLeft vs.

sin? 6/)? will have an intercept log K end gracient =2C. It
is essential that the averaging involvec in the calculation
of <IB> be carried out over all points in the reciprocsal
lattice, including those corresponding to systematic
absences. The above procedure enables the scaling of the

observed structure factors:
2
Lo = KlFy, |

e
e ekt
Frct=¥ L
where k=1!f?,and the placement of the structure factors on
an absolute scale:
/
L™
By €2
where ¢ 1is a factor correcting for systematic absences &and
the structure factors have been corrected for thermal

vibration:

[Foi|= |Fhi | exp(-B sin’0/X')




The factor ¢ accounts for the systematic absences for the

particular space group and class of reflexion: e.g. ir

P24/c =2 for reflexions of the h{l and Dki} classes anc
e=1 for all others.

The above features have been incorporate¢ into the
Fortran program NORMAL (Main,1%72). An additional feature
of this program is that the calculation of 2@ can also be
done on the basis of randomly=-oriented molecular fragments.
This procedure eliminates some of the irregqularity
resulting from the non=-rancom nature of the structure.
Calculations on the basis of randomly=-distributed atoms
(Wilson calculation) and on the basis of these atoms being
incorporated into rigid fragments (Debye calculation)
appear on the final output. The quantities k and 3 are
calculated from a least-squares fit to the Debye curve.
NORMAL was implementec on the 19045 at Aston University by
br. C.H.Schwalbe during the period 1972=73. A version has
also recently been made available on the CDC760D.

SHELX (Sheldrick,19768) has its own normalised
structure factor calculation procedure called using the
MERG instruction. The method used is that of Karle,et al

(1958) .

2.3 MULTAN

MULTAN (Main,et al,1971) is a computer proaram for the
largely automatic solution of crystal structures of
moderate complexity. It is applicable to centrosymmetric

and non-centrosymmetric structures; however, since all




(2]

structures described in the present stucy &are
centrosymmetric, discussion here will be limited to phase
determination where the only allowed angles are O ana 150
The program is divided into three sections (1)SIGHAZ,
(2) CONVERGE and (3) FASTAN.
The SIGMAZ2 section records triplets of the type hkl,
h*k*l*' and h=h®

k=k® L-L'. T7The expected phase of the

reflexion EC(hkl) is given by

s{l-:(hkl)} ~ s{E(NKT) } o 5{5("“""‘"‘""’)}

where the notation s{} indicates the sign of the quantity
indicated within the curly brackets. The probability that
the phase assignment is correct depends on the product of
the magnitudes of the three c=-values. The program
calculates from the N, strongest Z-values the indices for
the N, triplets for which the probability of correct phase
assignment is best. The quantities Ny and N, are input by
the user and are subject to dimensioning within the
proaram. The triplets are weighted on the basis of the
product of the E-values for later phase refinement.

In the centrosymmetric space group the phases of
reflexions with all indices even are independent of the
choice of origin. The probable phase of these reflexions

is given by the I; formula of Hauptman and Karle(1553):

s{E(2n2k21)} = s{lE‘hkl)\z—1}
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These reflexions are used in the startinc set for
refinement if the probability exceeus & value PEQZ
specified by the user. The CONVEKCE procecure then
determines the best three reflexions of appropriate parity
group to be usec¢ for oriocin definition. This procecure is
the equivalent of choosing which of the eicht centres of
symmetry within the unit cell is to be the oricin. The
best reflexions are those which enter into a large number
of stronoly=determined 2& relationships. The zlgorithm for
determining these is described in the program
documentation. In addition, the user is allowed to start
the phase refinement with each permuted reflexion set
alternatively positive and negative. Where N is the number
of permuted phases, 2N phase refinements are undertaken.
The value of N is Llimited by practical considerations of
use of computer time. The indices of the reflexions to be
permuted are calculated within the CONVERGE procedure
according to the criteria (1) they should enter into a
large number of stroncly=-determined zarelationships and
(2) they should be as Zz-independent of the origin-
determining reflexions as possible. Since the sians of all
reflexions are allowed to vary in the final staces of phase
refinement, increasing the number of reflexions to be
permuted coes not necessarily lead to an increased number
of independent solutions (see below).

During the CONVERGE procedure the initial unphased set
of strongest £(hkl)'s have been condensed to a small

starting set of reflexions for which the signs have at
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least initially been determineo. The FASTAN procecgure ic
essentially a reversal of this process with the phases of
the starting set being propacated throuoch the unphssec set

by the weighted Zz formula

where

0= 20 0,y Bl [En | S1E siE )

w, = tanh( € |B,)

The vectors of type h refer to the retlexions from the
planes with Miller indices hkl. The summation is taken
over all three indices. Originally only the starting set
are phased and weighted (w, =1 for origin-fixing and
permuted reflexions; w=2(p=1/2) for the 2; reflexions) .
The reflexions are phased in the reverse order to that in
which they were eliminated from the search for strong
z&-cOntributors. Once a first—azpproximation set of phases
has been determined, the procecure can be restarted with
the summations taking place over all E(hkl)*s. The
relexions are allowed to change in sign when the weight-
determination procedure returns a weight w>2(p=1/2). The

process is repeated until it has essentially converged.




The phases of the other starting set reflexions are held
constant until the lLast few cycles. When these are allowec
to chanoe the result sometimes produced is a cuplicetion of
phase sets, often origin=shiftec.

Petails of the computation of the figures of merit are
given in the program documentation and the Literature cited
therein:

ABS FOM: The absolute figure of merit tests the
internal consistency of the sign determinations. With
satisfactory recycling the u%'s increase and these are
compared to those for a random structure. A correct set
of phases will give ABS FOM &a value of about 1.2. A set
of phases with ABS FOM Lless than (.8 is highly unlikely
to be correct.

PSI Z2R0: This figure of merit is defined by Cochran

and Douglas (1954)

qu: Zh: I% En Ep.y I

where the outer summation is over a separately-input set
of very weak reflexions. For these it i1s expected that
the 2; phase indications will be very weak and an
unusually high ¢° is a diagnostic feature of a
pathological phase determination =-- eg. setting all
phases to the same value.

RESID: This 1s the Karle E=factor in the form

- 2:HEobsl'lEcalc U
: Z: lEobs l




(Karle and Karle,1966). The calculated Z=-velues are

computed accorginc to

where k is a scale factor. For a reasonably correct set
of pheses RESID should be less than about 20 per cent.
MULTAN has been implemented on the ICL 1%04S at Aston
University by Dr. C.H.Schwalbe. A revised version of
MULTAN employing magic integers (woolfson,1977) has

become available on the CDC7600 at UMRCC.

2.4 EEES

An alternative centrosymmetric cdirect methods approach
has recently been made available with the implementation of
SHELX on the CDC760U0 at U.M.R.C<.C. Here the approach,
rather than recycling, is to start with a very large number
of permutations of signs (of the order of Ew to 220) and
to eliminate early on during sign expansion those sets
which are giving poor agreement (Sheldrick,197&). The test
applied 1is

1
s
Eﬂ—E‘ﬂz’rz

abs) =
M (abs) - ,
> (ﬂz}e 2 — E(c]z}r’z

Wwhere the guantities on the right-hand side have been
defined elsewhere (Karle and Karle,1966; Germain,et

al,1970). At any stage if M(aps) is less than a threshold
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value (which itself increases curing expansion) then the
expansion is discontinued and the set rejectec as a

possible starting set (see Fig 2.4-1). E=-maps are computec

and figures of merit calculatec¢ for the surviving sets.

.5 Least-Squares Refinement

.5.1 OFIFLS

ORFLS is & general-purpose crystallooraphic least=-
squares program (Busing,et al,1962) widely cited in
published structural papers, particularly in the 1960's.
The program has rigid sin® minimum and maximum anad |Fobs|
minimum cut=-offs under user control. Several different
weighting schemes are allowed. The University of Aston
version, implemented by Dr. C.H.Schwalbe on the 19U4S is
subject to the following limitations: a maximum of 110

parameters to be refined for a maximum of 44 atoms.

Two least-squares routines are available on the SHELX
System. 1In addition to the normal least-scuares refinement
(L.S.) there is an acceleratec refinement C(AFLS) where the
normal matrix is not recomputed and reinverted between
refinement cycles. It is useful where the structure hes
been essentially established (i.e. at the end of isotropic

refinement) and rapid computation of estimates of the final



anisotropic parameters is desired. The version currently
implemented on the CDC7600] at U.M.R.C.C allows for the
refinement of up to 306 parameters sinultaneously with the
option of blocking (instruction BLOC) where more parameters
are to be refined or computation time is to be reduced.
There i1s only one weighting scheme allowed, w=1/[cz(F)+g]F]2]
although the user can impose his own weighting scheme Dy
altering the stancuard deviations. The macro CSWTEX,
written by the author, allows the user to do this easily.
AlLL that need be supplied is a Fortran statement giving the
weight (W) in terms of the structure factor (F) anc
standard deviation (S). The method is described in

Section 3.7. The followinc auditional features are
incorporated into the SHELX least=-squares routines:

() Rigid=body refinement (AFIX). Some groups of
atoms may be refined as a rigid group (for details see
the program documentation). Most hydrogen postions
included in this study have been refined as part of rigid
groups: &s benzene-type CH's, as aliphatic CH,'s, or as
methyl CH;'s == in each case with the hydrogens riding on
the appropriate carbon position. In addition, rings may
be refined as ricid groups, and some phenyl rinas have
been treated in this manner.

(b) Fixing interatomic distances (DFIX). Refinement
may be influenced toward maintaining certain interatomic
distances by the addition of observational ecquations into
the refinement matrix with the DFIX instruction. The

atoms, the interatomic distance and the standard
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3FIXed refinement of the £(4) amino groug in Cycloguanil
Hydrochloride (X-ray data). The fixed distances afe showun
with standard deviations in brackets. The N-H distances
are fized and an H=N—H angle of 3poroximately

128° (2 sin'0.345) is assured ty fixing the H...H distances
to 1.73 (2 % D.%245). Symmetric retfinement about the C-N
bands is assured by fixing the C(4)=-4 aistances to the same
free varijaole. Thus bending in ana out of plane is
allowed.

3HELX: ODefinition ot R-factors:

za

A =

J|Fobs|

It a

Iy = ————

Y w4l Foos|

Zw ﬁz

g = ————

Y w | Fobs]

wnere

A = |[Fobst = |Fecalcil



deviation of the distance must te specifieo. The lower
the standaru deviation the areater the weight the
distance is civen in the refinement. 3Several distances
may te refined together with use of free variables. An
example of such a case (the symmetrical refinement of the

NHy's in Cycloguanil Hydrochloride) is given in

Ll

Fig 2.2.2=-1. The DFIXino procedure has, in some cases,
enabled the satisfactory refinement of hydrogen atoms
where the parameters would otherwise have assumed
unreasonsble values. The process is, in effect, & methoc
of incluocing chemical knowledae in the refinement.

(c) Damping (DAMP). Where correlation presents a
problem during refinement (correlation coefticients
‘r”‘>0.5 are printed in the cutput) the problem may be
partially overcome by damping the oscillations in the
parameter values. The damping factor DAMP 4is optionally
included in the L.S. idnstruction. DAFMP is undefined in
the program documentation but has a value 0 for no
damping, 10 for moderate damping and 100U for extreme
damping.

(d) High-angle cutoff (SMAX). The user may specify
the maximum value of sin® to be used in refinement with
the SMAX parameter to the L.S5. instruction.

(e) Elimination of 'less thans®' and unwanted
reflexions (OMIT). Weak reflexions (F<no(F)) may be
eliminated from refinement with the instruction OMIT n.
Particular reflexions may be eliminated with the

instruction OMIT h k L.



(f) Isotropic extinction. The refinement of an
isotropic extinction factor with the F's aujusteo

zccording to the relation
-4

F*=F(1 = 13 x F2/sin@)

is permitted where x is the parameter to be refined.

2.6 Least=Sauares Planes Calculation

Currently there are several least-squares planes
calculstion programs available to University of Aston

users:

(a) The Gottingen Least—-Squares Planes Program.
3rought by Dr. C.H.Schwalbe from the Max Planck
Institute for Experimental Medicine and implementec on
the 19045 it Ealculates the planes by an iterative
procedure. Deviations of all atoms from the plane and
coordinates of their projection onto the plane are
output.

(b) The XRAY=72 system implementec at U.M.R.C.C.
contains a least-squares program. It also calculates
x2 for the fit of the atoms to the plane to test the
hypothesis of planarity of the atomic positions forming
the plane.

(c) The GEOM program included in the software for
handling the Cambridge database (see Sec 2.8) can be
used for least-squares calculation. In conjunction
with the FRAG instruction least-squares planes through

atoms forming a particular fragment wherever it appears



in the structure -- or set of structures =- may ne

calculated.

Z2eit. ORTER

The thermal ellipsoid drawino program QOPTEP
(Johnson,1965) has been frequently cited in
crystallographic structural reports. The program permits
craphical representation of the anisotropic vivrations of
molecules by plotting ellipsoids corresponding to a defined
probability of enclosure of atomic position. The following
conventions have been followed in producing the ORTEP plots

in this study:

(a) £llipsoids for non-hydrogen atoms have been
drawn at the 50 per cent. probability level with one
octant cut away to display the axes of the ellipsoia
and the magnitude of vibration along each axis.

(b) Hydrogen atomic positions have been represented
by circles of fixed radius.

(c) Bonds between non-hydrogens have been drawn with
multiple Llines, bonds to hydrogen atoms have been drawn

with simple double Llines.

The instructions for a typical ORTEP run (a plot of
CGT viewed perpendicular to the triazine plane) are civen
in Fig 2.7-1. The author's program CSHORT transfers

coordinates and temperature factors from SHELX card=-image



ATTACH(WRTEP, StAPPLAINS AHTEPS,5Ta519,FA243]3)
JRTEP(PL=3000)
DISPASE(TAPELS,PT,5T=CCPNDL)

EXIT,

AAAAS

CYCLAGUANIL HYNRACALARIDE

4,873 13,394 17,140 90,000 115,24

1 1 1y
cL! =), 3INE7 0,92724
0 9,08132 0,12303 0,04833 -0,02578 =7,00603
L1 N,NeBCS U,797491
0 0,03490 0,036861 0,N3265 «0,0CH85 0,00718
c2 0.,22195 0,.,87246
0 0,03411 0,04042 O,04347 =0,0074% 0,00738
%3 n,28217 0,85038
0 -0,04466 0,04011 0,03916 =C,C01185 n,00319
ca 0,24506 0,723198

0 N,03432 0,03986 0,03536 «C,00346 f,420963
NS 0,13441 U,04804

g 0,03818 0,03A%3 0,03196 -0,00857 0,0054C
4] 0,04131 0,08018
0 0,03295 0,03A835 0.03357 -0,C0402 0,01009
c9 n,30386 0,82531
0 0,04153 0,07263 0,07459 -0,0C653 0,02238
cl10 0,159847 1,01440Q

9 0,05442 0,03975 0,0588sp «0,0134d 0,01119
N7 0,33%79 9,7p238

0 0,03082 0,04827 0,03520 =0,11258 0,00809
NB -0,08218 ©,010%52
¢ 0,04962 0,04812 0,03259 =0,01798 0.,00007
cit «0,02763 0,3¢959

0 0,03549 0,03554 0,433R3 «0,00332 0,01099

c12 n,02289% 00,7776
g 0,04601 0,058767 0,04287 0©,0043% 0,01589
cid -0,08444 {,A0844
9 0,06025 0,C7420 O0,0s160 =0,00816 0,02042
Cld «0,202C% 0,88728
0 0,64771 0,06120 0,04180 =0,01432 n,0n4c2
c1s -0,25609 ©,32408
0 0,03974 0,05757 0,06028 ©0,005C) O,Cu42d
cls w0, 10750 Q,%0318
¢ 0,04008 0,04%31 0,04934 0,70487 D,C13HI
N3 0,35893h6 0D,89088
2 0,50000
koY 0.34362 (Q,B5387
¢ 0,30000
32 0,37618 0,721593
g 0,50000
=313 N,474676 U,86981
g 0,350000
AR 1,17833 |{,03608
¢ 0,53Na00
Hioz2 0,29%682 1,68301
g 0.,50000
103 1,07725 1,04617
9 o,50000
Nt g,13n87 0,71562
7 0,50000
=13 -0,025e1 1,77144
g 9,57un0
1S «0,32571 0,954C8
o 0,37000
mla *],2CR00 0,939C8
G 1,%204000
=d1 «0,11088 0,53457
2 0,500C0
a2 =G, 13044 U,831148
¢ 0,3%7000
n7l C,428%2 0,75483
g 4,50000
n72 N,32428 0,562239
1 a,5nc00
201
31 10, 10, 20, 1.0
4Ny 155501 ~3155501
204 355501 aa5501 s9Raal 755501
Ald
2 511
2 1 b T 4 Lol Lo7% s
U T U T TR A T T T 1
| 771
t 17
1 104
18 a1
2 412
2 A AT 4 1.0 L 7% y 18
/ P T R 1 (R« 6 TR (5 o O
i
NAAAS

50,000

N,0930u8
o,nisll
0,422493
0,005853
0.,47198
L, 00690
G.58308
0,00277
N.58945
o,0n207
Ca53710
6,003A%
0,49538
o,00280
C,45117
C,008638
0,4533%9
0.00732
0,67159
a,00598
C,40003
o,0u0721
0,.33232

J2uB22
g,27250
0.,0Na92
n,18587
0,0027%
Celolds
C.01738
0.22008
0,01743
0, IUAE0
0,0U859
0,hudad

N,38671
0,45590
,49725
,38879
t.,50122
n,45487
G,29312
C,13844
0,19921
£4.35360
0.a3033
0,34643
0,720a87

0.,h9248

Fig 2.7-1
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output and puts them in a form suitable for input into

ORTEP (see Sec £.7).

2.5 The Cambridoge Detabase

The Cambridge Database and associated software have
recently been implementec on the CDC7600 at U.M.RoC.C. The
system enables bibliographic references to be cbtained for
searches based on either connectivity of a fragment
contained within the molecule (CONNSER) or character string
contained in the compound name, authors, journal,etc.
(BIESER). Six—-letter codes are retrieved corresponding to
crystal structures meetino the test supplied. Then either
bibliographic references (RETRIEV) or a file containing the
geometrical data for each structure (RDAT) are retrieved.

A number of geometrical calculaetions (GEOM7E) can be
carried out on the data retrieved -— eg. bLond distances,
angles and torsion angles, least-sguares planes, direction
cosine vectors, centroids, etc. Atoms may be referred to
by their order of appearance either in the original data
file or in a chemical fragment defined by the user. Users
may detine their own parameters for the tabulation of
results. The program PLUTO (see Sec Z2.9) can be used to

plot the structures from the Cambridge database.

The author's macro CSCAMEX (see Sec 3.7) can be used

to run any of the above programs, either with coordinates



from the databease or user=-supplied coordinates.

2.9 PLUTO
The molecular plotting program PLUTO has recently been
implemented on the CDC7610 at U.MiR.C.C. The progranm
allows plotting of either unit cell contents or indiviaual
molecules, with options for either projection, perspective
or stereo representation. A number of orientation options
are allowed, the cdefault being an approximately —calculated
minimum—overlap orientation.
The program may be run from the macro CSPLTEX (see

S&C 3.0

2.10 Fourier Synthesis

2.10.1 PHUSIS/FURSUM

The electron density at any point with fractional

coordinates x,y,Z is given by

p(xyz)z—:-FZkzl: F(hkl) cos 27T ( hx+ky+12)

in the case of @ centrosymmetric structure (Woolfson,197( -
p119). The summations in the above expression are taken
from minus infinity to plus infinity. F(hkl) may be eijther

positive or negative and the signs must be estimated either
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(a) by calculating the structure factor from the best=known
atomic positions and applyino the sien of Fcalc(hkl) to
|FobsChkl) ]| ("Fourier synthesis™), or (b) ty applying the
signs from & sicn-expansion process such as MULTAN or EEES
("=Z-map™). During the early stages of structure analysis
errors in the sign are the main cause of inaccuracy in the
Fourier syntheses, although once the structure has been
refined successfully there remain inaccuracies due to

(1) errors in the determination of |Fobs(hkl)|, which ==
apart from random errors (see Sec 2.1) —-- may arise due to
absorption, extinction or double=cdiffraction ("Renninger
effect”), and (2) the triple summation above takes place
over a limited number of measured reflexions, thus data are
confined to a Limited range hmin.shg hmax s€tc. This
cutting off of data ("series termination errors”) leads to
ripples around the maxima in the Fourier synthesis. During
the later staces of structure analysis the correctness of

the structure can be tested by a "Difference Fourier

Synthesis":
LY
Ap(xyz) = thzkzzl aF(hkl)cos 27T (hx+kyt+lz)
where
[AFChkL)| = |FobsChkl)| = [FcalcChkl)]|

and AF(hkl) has the sign of Fcalc(hkl) (woolfson,i1970 =

pp2641,342). 1In addition to the above the unphased
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Patterson synthesis may be of use in deternining heavy-aton

positions for initial phasing:

P(xyz) = leXk:Zl

2
Fobs(hkl) ’ cos 2TT(hX+ ky-a-lz)

ALL four of the above options -- Fourier synthesis,
t-map, difference Fourier map and Fatterson synthesis are
available as options in the PHUSIS/FURSUM programs,
obtained from the Max Planck Institute for Experimental
Medicine in Gottingen, and implemented on the ICL %3438 at
Aston University by Dr. C.H.Schwalbe. OQOutput is in the
form of scaled integers with the maximur value (usually
999) to be supplied by the user. Cutput in the form of
pseudo magnetic tape can be used to cenerate a craph=
plotter contoured map (with use of the prooram KONTUR =--
see Sec 3.4) or as input for a peak-search (program PEAKS
== see Sec 3.3). Running the programs consecutively the

calculations:
Fourier map — Peak search — Bond distances and angles
can be done in a single run ).

«102 FMAP (SHELX)

ALL of the above options are available in the FHAP
program in the SHELX system. Here, there is additionally a
sharpened Patterson function computed on the basis of a

summation of the terms [EC(hkU)[[FC(hkl)|. OQOutput is either




in the form of arrays of integers or of peask positions.

Using the PLAN instruction these peaks can be plotted on

the lineprinter in the form of leeast-squares planes throuch

“molecules” where & "molecule" is defined &s more than two

peak positions connected by "bonds" which are in turn

defined to be interatomic distances b;; such that

o )
where r, =0.65 A or 1.25 A. The larger "“covalent radius™:

given to peaks strong enough to indicate possible heavy

atom positions.

1S
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Chapter 3: Dleveloped Crystallooraphic Software

2.1 bata Reduction

The proagram BAKSU2 was written to reduce raw four-
circle diffractometer data (w-26 scan) on DIPB. The
program subtracts the background, applies Lorentz and
polarisation corrections and calculates structure factors.
Statistics are output for the number of reflexions as a
function of sin® with &average low—-angle and high-ancle
backgrounds for each setting to detect anomalies due to
missetting or beam=stop blocking. The backgrounds relative
to other reflexions in the same range in sin® , the L;:)-1
correction, the corrected peak intensity (I) and its
standard deviation (o(I)) along with the ratio I/0(1) are
output onto the lineprinter, while structure factors (F)
and standard deviations (o(F)) are output into a card-image

file for input into the Wilson Plot program, etc.

(a) Background subtraction -- The method of backaround
subtraction for counter data has been described elsewhere
(Stout and Jensen,1968 = p&56). The method may be extended

to generalised counting times for peak and backarounad as



follows:

- + [

Bl =N =BGl g Vpg )

where Ny=total count, lpk =peak count and Npg @ncd Npa are
the backaround counts each collectec¢ over & period 1/r X
peak count time. The standard deviation due to counting

statistics is calculated by

s 1.9 2 2
O™ °T+ cm-!- O

where U%=NT a nd ﬁ;rVNm « The final standard ceviation of
the intensity must include anm allowance for the variation

in intensity of the main beam with time, thus:

0'12= c:k+ (f“pk)z

where f is a parameter which cepends on the constancy of
the X=ray beam intensity and is dependent on the particular
combination of generatof and mains supply.

Generally, during data collection a small number of
reflexions are measured repeatedly at intervals throughout
data collection. These must be checked during the period
of collection of data for monotonic decrease indicating a
deterioration of the crystal in the X-ray beam, or for
sudden drop=-off, indicating & change in crystal alignment.
Where data collection has proceeded without any overall
trend in the intensities ot the check reflexions, the
spread of measurements may be used to estimate the

parameter f by attributinag that part of the variation in



measurements not accountable for oy countinag statistics tc

variation in intensity of the main beam. If N is the mean

" 2 =
count for n meagsurements and o(N) the variance of the

counts (whose expected variance on the basis of counting

statistics alone is ﬁh ), then

oﬁn]::;§7-+ [fi)z

- T

The procram allows the user the option to supply & value
for f (Stout and Jensen give .01 as a generally=—-acceptable
value for most apparatus) or have the program calculate f
as above.

Peaks which, after background subtraction, have &
negative intensity, are assigned a zero intensity and

structure factor.

(b) Lorentz and polarisation corrections -- Intensities
must also be corrected for factors of the geometry of
crystal movement (Lorentz factor) and polarisation of the
diffracted beam. For the geometry of the w=-280 scan (see
International Tables,Vol 1V,p276) the rotation axis

(p-axis) is perpencicular to the plane of the incident and

diffracted beam. Under these conditions the Lorentz factor

o ———— - —————
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The polarisation factor is incependent of the methoc of

data collection (Stout and Jensen,1%€6s - p1%6), viz.:

1 + cos’20
2

Lorentz-polarisation correction anc structure factor

calculation can proceed according to the equation

-1
Fhk|= (I-P] Ihk|

where I is the background=corrected intensity, anc

hki

combining the above results

2 sin 26
1 + cos’20

(1) =

=1
The factor (Lp) is output for each reflexion. The
structure factors are then on an arbitrary scale anag must be

rescaled during normalisation and refinement.

2.2 Molecular Geometry Calculations

The program MOLJOM was ceveloped to provide
calculations of molecular oceometry during the early stages
of structure analysis to determine the chemical
reasonableness of the coorcinates from Fourier maps anc
refinements. The features include

a) calculation of specified bonc¢ distances
b) calculation of specified bond angles
¢) calculation of specified torsion angles

d) calculation of an approximate plane fitted to
specified atoms



r-
(A%}

The approximation of the plane was obtained bty summing

the vector prooucts at each atom, viz.

n
fzz: bnux§n1wz

i=1
where b;, 1is the vector between the ith anc jth atom in the

plane and numbering is modulo n (i.e. E = lq)e; The

cirection cosines (A ) of the plane simply describe a unit

vector along L, viz.

0

=

=
= £

anc where r are the Cartesian coordinates of the atoms,

=

the parameter ¢ in the plane equation A*P= d is calculatec

by

n

S e

i=1

The program was later modified to include symmetry and
to allow for the calculation of general bond distances

(b;; ) and angles (8jjx) which meet the criterisa

brinS bij < Pmax

and

gmirr'('e i kS emax

where the minima and maxima are parameters supplied by the
user. The program could thus handle input coordinates
which had not been chemically identified, e.g. coordinates

resulting from a peak search of a Fourier map (see



Sec S50,
The method

kept consistent

fractional coorcinates

of specifying
throughout

Cx®,¥",

(x,y,z) by the operations

where ug=x, U,y and uz=z.

FORMAT (10X ,6F10.0,7X,311) the parameters are

[ ] - -

X - 1"(.' u
L ] -

y Rzu
T = n

Z ey r\a U

order Ry ,ty ,R,,t,,R3,1, risisk.

symmetry

this set of procrams,

2% are

Where the

relatec

operatiocns has

Io thie

On 8 card of Fortran

input

last three

columns are zero or blank the values i1=1,j=2,k=3 are

assumed.

space groups

3.3 Peak Search

included

in this

study «

The

been

new

oLd

in the

This system is sufficient for handling any ot the

The program PEAKS was developed to facilitate the

location of peaks

programs.,

in Fourier maps from the PHUSIS/FURSUM

With the facilities of MOLJOM the peak locations

could in turn be used to calculate "bond lengths" and "bond

angles”

in the structure.

The program locates peaks

in the Fourier map output

three-dimensional array form from the PHUSIS/FURSUM

programs.

A peak

is defined b

Y

PCi, i, k)2 max {p(l,m,n}}

in
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where L,m and n are allowed to take on any value in the
range i=-islgi+1, j=-1sm<gj+1, k=1sn<sk+1 and p refers toc the
electron density at the grid point (i,j,k) within the unit
cell. Interpolation is carriec out in the x-g¢irection by
fitting a parabola to the points PCi=1,],k), pli,i,k) anao
P(i+1,3,k) ana determining the position of the maximur,
Similar interpolations are carried out along the y and 2z
EGXES.

Pezks are stored in a one-dimensional array in order
of decreasing intensity. Once the number of peaks
specified by the user has been entered into the array, the
weakest peak is discarded each time & new peak is
encountered. The facility exists for the search for

negative peaks.

2.4 Contoured Fourier Qutput

KONTUR is @ general=-purpose contouring program, but
has been specifically adapted to handlinc output from
PHUSIS/FURSUM. Contouring can be done either on an
absolute scale or on a scale relative to the maximum peak
height. Negative peaks are indicated with dashed lines. A
grid can be superimposed on the plot for the purpose of
measuring fractional coordinates of peak positions etc. In
the current version only rectangular plots may be arawn.
The user scales the vertical and horizontal axes by
specifying the distance in millimetres between grid points.

Although a curve=-smoothing procedure is incorporatecd in the



program, it 15 not recommencded for use on Fourier outputs
pecause (a) it creatly increases the computation time &anc
graphplotter tile size, anc (b) the artifacts of curve-
smoothing may cause curves from adjacent contours to

overlap each other.

2.5 Representation of Unit Cell Contents

The program CELPIC was written to aive a graphical
representation in stick diagram form of the unit=-cell
contents for structures of monoclinic or higher symmetry.
The features included are

(a) bonds either specifically declareu by the user or
calculated on the basis of covalent radii.

(b) plotting of symmetry-related molecules.
Translations may be made relative to a symmetry-related
molecule whose centroid is within the unit cell.
Separate molecules may be identified using gashed or
heavy lines.

(c) automatic calculation and pletting of hydrogen
bonds.

(d) Van der Waals spheres for atoms shown on sections
through the unit cell. (Under the present version
sections must be perpendicular to an axis which coincides
with its reciprocal axis.)

(e) choice of projection without perspective (AXON3)
or perspective (PROJ3 or FROM3) =-- see Gino=F User

Manual (1975). Stereo diagrams can be made from a




suitable combination of twe projections.

3.6 Determination of Crystal Density and Linear Absorption

Coefficient

The proaram ABSCRE was written for the purpose of
carrying out the routine calculation of cell volume,
density as determined from unit cell contents and Linezar
absorption coefficient for X-rays.

Unit cell volumes (V. ) are calculateo as described in
the International Tables,Vol I, p132. The molecular weight

of the molecule is determined by

M::E:lhli

where n; is the number and A; the atomic weight of each
atomic species in the molecule. For calculations of
densities and absorption coefficients the summation must be
over the atoms in one asymmetric unit. The density from
X=-ray data (D,) 1is then determined by

ZMm

Ve

-
o

where m = 1 atomic mass unit (f.660 X 90 g) and Z 1is the
number of times the asymmetric unit is repeated in the unit
cell. The fraction, f;, by mass of each atomic species, is

calculated by




and the mass absorption coefficient (p* ) of the crystal Dby

|ik:::E: f4£k

where p; 1s the mass absorption coefficient for each
atomic species. These coefficients are tabulatec for all
elements up to atemic number &3 for a variety of raciations
in the International Tables,Vot II1I, pp162-165. The lineer

_—— o ——— o ——

absorption coefficient is then calculated by

¥*
p=o,p

Atomic weichts and mass absorption coefficients for Cuka
and MoKa radiation for some commonly-found elements have
been stored within the proaram. It is easily amended to

include other atomic species and other radiations.

3.7 Manchester Programs and Macros

A number of macros were written in orcer to facilitate
the running of the various programs implemented at
U-M.R-C.C. (see Chapter 2).

The system consists of the CDC7600 computer front-
ended by an ICL 19048 computer. Thus the file-handling and
editing facilities of the George 3 operating system are
available to the user. The macros facilitate the file-
handling and supply the reguired CDC instructions for
running the programs on the main computer.

There are a number of different groups within Aston

university sharing a single U.M.R.C.C. wuser number, with



the files pertaining to each aroupr icentifiable Ly 2 two=-
letter prefix. The prefix for the Department of Pharmecy
crystallegraphy Group 18 €Z. The macros are theretore
desiunect to operate on tiles with this prefix, altthouat
emengnent to enatle hancling ot files with other prefixes
shoula ve o comparatively trivial matter. In the
gescription that follows the designation <{Sfn> will reter
to the full file name anc <fn> will refer to the file name

with the CS prefix removed.

¢a) CSPROGEX
This macro facilitates the compiling &nd running of

FORTRAN programs on the CDC760Nli. There are three

compulsory perameters (which must be the first three) ana e

nurber of ontional ones.

Parameter 9: <fn49>: File containing either the FORTRAN
listing or the binary version of the proaram where the
execution of a previously=-compiled program is reauirec.
The first cara in the FOGRTRAN program contains the
input=output instructions: see U.M.R.CaCe JOINT SYSTEM
FANUAL, Sec IlI.1%.

Parameter ?2: <fn2>: Carc-image file containing input d&ate.

Parameter 3: <in3>: Caro-image file for output or output of

the vinary program where cospilaton alone is reguirec.

Optional parameters:

#COMP: The proaram i1s compiled anc & binary version storea
in <t63>.

HEX: The binary version of the procram is executed.



procrar 15 compilec GET=Z2 foar fast executior

he
e
-~

with sloew tompilation.,

LSTCukKF: The program s conpil ed OFT=0 for fast

-
3
L4

compilotion with slow execut ion.

(detault): Proaram compilea (O7°T=1, a compromise

conpilation) and executec

Vb CSHEX

This mecro tacilitates the running of SHELX jobs. The
instructions anc ceta are kept in separate files. The
conventions that are followed in namince the files are &s
fellows:
Instruction File name: CSxxnf where

xx = two-letter code name for identifying the structure.

n any digit

-
"

the: tetter E, & ar H

Lata File Name: C(CSxxDF
This name may be altered in which case the appropriate <fn>
must ve specifiea in the secanc parameter when running

CSHzZX.

The Instruction File must begin with the TITL
instructicn, contain altl the instructions for runninc the
program, and encu with the HKLF instruction. The Data File
must begin with the HKLF instruction, conteéin the intensity
data in the format specified and terminate with the ENC

instruction. The two files are merged into the file CSXXT

and run. The separation of the instruction and data files
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enables tne instructions to bLe chanoea without eciting the

date. The file CSXXT 1s & termporery one and should b
erased after use. The cetault time is G2U0 octal seconecs
and the detault pricrity PZOMC. dhese way tce alteres Ly

adoing eduiticnal parameters atter the firdt two, ec.,

PZOG3, T

G2, HT35E.  For example

"

CSHEX XX1F,,#RP2E00

will run a jou with the instructions containec in the fite
CSXX1F, the data in the file CSXXDF at a priority PzOlUl,

The name ot the CHC job will be CSXX1X.

() CSCAMEX

This macro facilitates the running of proorams
associated with the Cambridae crystallographic data base.
There are two parameters. The first is a single digit to
ijdentify the structure or cuestion. Since several johs may
be run in seguence in followino up @ single gquestion the
same aigit must be usec throuchout, anc it is essential
that during that time no other jobs be run with this macro
and the same ¢igit. The second¢ digit identifies the

program to be run, viz.:

CONS: cenerates REFCODES in response to a connectivity

search.

“ETV: retricves bibliocraphic references corresponcing to
previous ly-cenerated RZFCODES.

51b5: venerates tibliograephic references in response to &

search for character strings in the title, author
names, etc.



“UAT: retrieves the raw ceonmctrical Uatea corresponding to
nrevious |l y—-generated FIFCODES.

Mz caleculates specific oceometrical parameters for
e1ther (i) raw geonmetricel ceta previously
retrieved, or (ai) input atosic coordinates. In
the Latter case the <tn> containing the cocrdinates
must ©e specified as the thirag parameter.

I
Ch

=L0T: plots PLUTO stick diagrans for the structure whose
aneormetrical dats has been previously retrieveg or
for the structure whose coordinates are input, in
which case the appropriate <fn> must appear &s the
third varatieter.

The progcrams nust be run in seguence, possible pathways for

which are showne:

CONS —> RETV —» EIBS

B by

/N

GEOM PLOT

The macro perrits the running in parallel, where there is
logic in doing so, with the combining of nzmes in the
second parameter (the order is unimportant). The

corbinaticons allowed are:

RETV ANC RDAT

PLOT AND GEOHM
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paranmete

jopRs, sh

binliocr

re- the parameters CORS,; BI
t te enterec inte the tile CSCA!

ng the character strinoe °

nc of the

cel data
STt

ould run

.i

c

wn
™

iy
e |
n

are storecd in the fite
n the file CIZELn wher
The followinc seguence

connectivity search,

CSEzKnm and the

e n is the first

e
¥
.
—
~
5
s}
e

Faw

, run in different

retrieve the

ephic references, calculsted tne reguirec

gecretrical parameters and output stick plots:

JOBS
IN C
<gat
END
1111

=ZACXX,CSJ0ET
SCAMDAYA, T/ /11

a here>
CF DATA

C5CANMEX 7,CONS

zd
%k Kk

e

* 1O e

JOE

<dat
END
Ll

2ZACYX,C5J0B2

0E

SCAMEX 7,REZTV AND RDATY
J

*

2ZACXX,CSJOB3
IN CSCAMDATA,T//1/

a here>
OF DATA

CSCAMEX 7,620

zJ
¥k %k

Ca): “GSRET

Th1

CbC7600

X

s mecro facilitates

corputer .

i

AND PLOT

There are two paramet

the running of PLUTO on the

ers. The fTirst
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a single dicit te icentify the jot, the seconc is the nan

(without tne gretix CS) of the file contagininge the atoric

coorcinates or raw ceometrical gatee. The instructions for
the plot are enterec¢ in the file CSPLTDATA, terminated ip
the samne nenner as CSCANMDATA. Thus after the running of

CSJCEZ2 ashove the following job coulc bLe issued:

JOB 2ZACKX,CSJ0B4
Lt CSPLTBATA, LI
<aate here>

ZND CF DATA

Liry

CEPLTEX &,EELV

£

* % &k

Note that the RUAT file is jdentified by the digit in the

second parameter, not the first.

(e) CSHORT

This progcram accepts cooruinates and temperature
factor data fron SHELX refinements and outputs these in &
format suitable for ORTEP. The program may be run with use

of the CSPROGEZX macro:

CSPROGEX HORT,<fn1>,<fn2>

where <fni> is the SHELX coordinates file (normally cf the
form C5XXS5C) and <fn2> is the output filename. The input
file must first be edited with the left=justifiecd character
string "SNP 9" (the digit nust appear in column 5) at the

end of the cata. There is no need to edit out the AFIX or



wn
~

g ey 2t O Cards .,

This program ¢lters the coorainates output fror SHEILX
refinements to ellow verious perameters to be fixec én-
also pernits conversion of temperature factors fror
snisotropic to isotropic form (on the basis of the mean of
the elements of the diagonzl ot the matrix). The input
data is juentical to that for {SHORT above, except that the

gigit following *ZND' determines the type of calculation,

NN e

Teestix coOOrdirnates

Z.o.1tix coo0rcinates and temperature factors

Z...convert anisotropic temperature factors to isoctropic
L...convert tenperature factors and fix coordinates

5...convert ancd tix temperature factors and fix coorcinates

The program may be run with use of the CSPROGEX macro &s

follows:

o
w)
0
A2
o
GY
i

X HFIX,<fn1>,<fn2>

where <fn1> anc <tnZ> contain the input cata and output

respectively.

{g) CSWTEX
This macro facilitates the alteration of standard
deviations in & SHELX data file of the form CSxxDF where xx

is the two=-letter code identifying the structure. The



wn

wn

altereas standare ceviations are entereu into the file
CSwxOFW= The weignt (W) may be specifieoc &s & function of
thie structure factor (F) or stunderc oeviations of tre
structure factor (S) in 2 FORTARAN statement or series ot
stetements. Thne standero ceviation mey ve altered
tdirectly, in which case the value of the variatle IS must
be set to 1 in the statements. There i1s one parameter to
the macro =-— the two—letter structure identitication code.

The tormat ot the job is as follouws:

JOE zeACXX,CSJOBS
INCCERXWT T

<FORTRAN statements here>
RETURN

END

VIR g

CSHTEX XX

£

% %k &k %k
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Chapter 4: 2,4=Dihydro=-3-Isopropyl=4=-Phenylimino=-

1,2,3=Eenzotriazine (DIFE)

4.1 Introduction

The principal medicinal 1interest in the
1,2,3-benzotriazines has been the gquinidine-like effect on
muscular contraction. This has led to speculation that
some members of the series may be therapeutically useful as
anti-arrhythmic agents. The phosphorodithicate derivative
(4 .1-v1) is a powerful idinhibitor of rat
acetylcholinesterase (Rohrbaugh,et al,1976). As far as is
known the title compound (4.1-I) has no biological
activity.

The following 1,2,3=-benzotriazine structures are known
to have been solved crystallographicelly (on the basis of a
connectivity search of the Cambridge database conducted on

the CDC7600 computer at UMRCC on 26.3.79):

4.1-11: 1,2,3-benzotriazine-4 (3H)-one (Hjortas,1973)

4.5-111: 4=oxo=-2-phenyl=1,2,3-benzotriazinium=1-oxide

(Ballard ana Norris,1975)



4L.1=-1V: anhydro-Z-methyl=4=o0o=nitroanilino-

7

1,2,3-benzotriazinium hydroxiae (Schwalbe,1%73)

4L.1-V: Z2=propyl=4=anilino=-1,2,%2=-benzotriazinium 10cide

(Schwalbe,1975)

4.1=-VI: 0,0-dimethyl=S-(4-0oxo0=-1,2,%2-benzotriazin=3-yl)

methyl phosphorocdithioate (Rohrbaugh,et al,1976)

4.1-VI1 2-(Z,4~cibromophenyl)-4=-ox0-1,2,3-benzotriazin-

Z=jum=3=ide (Hamid and hargreaves,1576)

The crystaLLOgréphic stackinaog arrangement in compoundcs
4.1-1 to 4.1-V has been investigated (Schwalbe and
Hunt ,1976). The stacking arrangement ‘symmetries with
distances and anales between adjacent planes are listed in

Table 4.1-1.

4.2 Crystal Data

2,4=Dihydro=-2=isopropyl-4-phenylimino=-1,2,3-benzo-
triazine (CqyHh,) crystallises in space group P24/n with
2=8.529(1) A, b=20.080(3) A,c=8.979(1) A, B=114.05(1) ,
=4, V =1470.1(3) 23. The molecular weight is 264.332 and
the density calculated from unit cell contents 1.194 g cm”,

The absorption coefficients for CuKa radiation are

H'=4 .965 cgs units, H=5.928 cm .
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4.5 Structure Analysis

4L, 2.1 Data Collection

DIPE crystallises in the form of colourless prisms.
one crystal was mounted alona the unique axis on a Stoe
tour—-circle diffractometer in the Chemistry Department of
the Max Planck Institute for Experimental fiedicine 1in
Gottingen, West Germany. The crystal was irradiated with
ni-filtered CuKa raciation (A=1.561E¢ g) and intensities
measured using an w=260 scan of &( steps of Aw=0.01° for
each peak. The total peak count time was 48 seconds with &
6-second background collection on either side of the peak.
bata were collected for 2065 uniocue reflexions
(1940 F>20(F)). The peak intensities were corrected for
tackoround contribution and Lorentz and polarisation
effects and structure factors were calculated with use of
the program BAKSUB (see Sec Z.1). Data were initially
collected in the non-standard space group B24/a. P2¢/n was
chosen as the space cgroup for publication because of the

o
extremely obtuse angle (P=146.9 ) of the corresponding

P24/c unit cell. The transformation

N o 0 Y h
K 8 4 o0 k

converts the indices from BZ,/a to P2¢4/n. Here and in

subsequent discussion the primed quantities refer to the
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latter space group. Fig 4.2.1-1 shows the relation between

the two unit cells, and (in dotted Llines) it is shown theat

1o

glige + ¢' translation = n* glice

) o
The original cell dimensions a=15.023 A, b=20.0z1 &,

o NN -, I { .
c=9.746 A, B=93.25 were transformed into the published
unit cell with use of the following ecuations of

transformation:

(2a*)2=a2 + 2 + 2ac cos B
b* = b
2

2

(2¢*)" =a® + ¢®~ 2ac cosp

cosﬁ'=(a'2 + b'z- a?)/(za'c")

4.3.2 Solution

Normalised structure factors were calculated using a
modified Wilson Plot method (see Sec 2.2). Two rigid
fragments were input: one naphthalene and one benzene
fragment per asymmetric unit with bond lengths fixed at
1.4 K. The curves according to the Wilson calculation and
the Debye calculation are shown in Fio 4.3.2-1 along with
the least=squares fit to the Debye calculation. Values
calculated from the gradient and intercept were

2B=6.7379
k =0.9415
Phase determination was undertaken with use of the

program MULTAN (see Sec 2.3) on the basis of 299 reflexions



ol

0.1 0.2

—— —— Debye

0.3

sin’g

Fig 4.3.2-1



pistribution ot E-values for DIPEBE

Theoretical
Experimental
Centric Acentric

<E® -1> 0.9848 0.9860 0.7360
<E> 0.7593 0.7980 0.8660
%E>0.5 61.6 61.7 77.9
%E>1.0 29.7 31.2 36 .8
%E>Z .0 5.2 4 o6 1.8

Table 4.3.2-2

Figures of Merit for the Starting Set:

7 16 B k%), 1946 T (), "2 F 30L*2)

ABS FOHM 1.2421 (First)
PSI ZERO 1208 (Fourth Highest)
RESID 34 .88 (Least)

COME FOM 2.2991 (First)

Table 4.3.2-3



obeying the condition |[E|> 1.29. 1600 unigue z&
relationships were obtained for which

[EnllE Wl |Enes]>1 - 75
The sign of the reflexion O 18 0 (+) was oeterminec with &
probability of 99 .8 per cent. by the.z1formula. The
CONVERGE procedure produced the following origin=fixing
reflexions: 0 16 1 ()05 15 2 £#). 18 T 6 le)is Ejght
starting sets were obtained tiy permuting the signs of the
reflextons 7 16 4, 19 6 7 and 12 9 3. The set with the
signs respectively +,+ and = produced an £=-map from which
the two principal features of the structure —=— the phenyl
and benzotriazine rings =— could easily be distincuished.
The figures of merit for this starting set are given 1in
Table 4.3.2-3.

When the 17 atomic positions determined from the E-map
were used to phase a Fourier synthesis, the remaining atoms
(the isopropyl group) could all be distinguished, although
with a lower intensity than with the input atomic

positions.

4 .2.3 Refinement

Initial isotropic refinement was undertaken at Aston
using the lLeast-squares program ORFLS (see Sec 2.5.1).
After 3 cycles, with all atoms entered as carbons and
sin 0<0.75, R=0.27,Rg=0.35. Unusually low temperature

factors were noted at the following positions:



1,2,3,4 and 41* =-- with B-values 1.68,1.95,0.%56,1.94 and
(.57 respectively. The lLow temperature factors at the
1,2,3 and 41" positions stronaly support the cesignation of
these atoms &s nitrogens on the basis of organic synthesis.
The low temperature factor at the &4-position is at Lleast
partially attriputable to the stabilising effect of
attachment of the phenylimino moiety.

Subsequent refinement was undertaken at UMRCC
Manchester using the full-matrix least-squares option in
SHELX . During refinement it became apparent that & number
of intense reflexions haao serious discrepancies between the
observed and calculated structure factors with
|[Fobs|<|Fcalc|. An isotropic extinction factor of the form

(Sheldrick,1976)

p 2
1o_xlF| |F|

’- - —_—
kit sin 6

was applied to the observed structure factors. The
parameter x was refined as a free variable to the value
x=0.106. The observational equations were weighted by
1/06%F) with 1940 reflexions of the type |F|>20(F) included
in the refinement. Serious discrepancies were observed for
the lov=angle reflexions 04 0, 11 1, 11 1 and 1 41« - In
each of these cases the observed structure factor was much
less than the calculated magnitude. Because of the
possibility that the beam stop had prevented the detection

of some of the intensity of these reflexions, they were
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eliminated from the refinement ana the calculation of the
structure factors and resicuals.

ALL carbon and nitrogen atoms were refined with
anisotropic temperature factors whilst isotropic
temperature factors were refined for the hydrogen atoms in
fixed positions, riding en the bonded carbon atoms. The
carbon atoms in the phenyl ring were refined as & rigic
hexagon. A total of 193 parameters were refined, and ot
the 37056 correlation coefficients, r;; , L4 had values
|rn|> 0.5. The highest value of ‘r” l was 0.76 with
refinement ot the rigid CH; groups providing the greatest
difficulty. The maximum absolute value of shift/e.s.d.
for the final cycle of refinement was 0.30, but apart from
the methyl group parameters none were greater than (0.09.
The final cycles of refinement were weakly damped
(DAMP=1.0). The final agreement factors were R=0.072,
Fw=0.094 and Rg=0.T10.

The strongest ?eak in the final difference Fourier
synthesis, 0.54 ez , occurs at a possible hydrogen
position in the C(32) methyl group. This peak, along with
the refinement difficulties described above, indicates that
there is considerable disorder in the methyl groups, with
considerable freedom of rotation == even in the crystalline
state -- about the C-C o-bonds. ALl other density in the

0-3
final difference map is within the range ~-(.28ek to

o=3
D0.25eA .



4.4 Discussion

Although, in common with other 1,Z,3-benzotriazine
structures investigated crystallographically, DIP2 exhibits
considerable acelocalisation in the fused ring system, the
NC1)=N(2) bond is extremely short and the H[H(1)-h(2ﬂ
orbital can be consicered to be fully occupied. A similar
effect is found in the %-phosphorodithioate structure of
Rohrbaugh,et al (1976) and may be a consequence of
substitution at the 3=-position. There is, however, some
double-bond character to the N(2)=-N(3) bond in both these
structures. The m-bond orders for the benzotriazine moiety
of DIPB are shown in Fig 4.4=1. These have been calculated
on the basis of the empirical formulae of Roos and Skancke
(1967) and Fischer-Hjalmars and Sundbom (1965). With
estimated standard deviations in the bond Lengths of the
order of 0.004 E, the uncertainties in the calculated mw-
bond orders are about 1.02 (excluding uncertainties in the
approximation method).

On the basis of CNDO/2 calculations (Pople and
Beveridge, 197U == pp 75-80) there is some residual charge
on the atoms of the benzotriazine ring (Fig 4.4-2). The
atom N(41°') is also charged (+0.245 electrons). The net
charges were calculated on the basis of

Ns
!
=OQnpet = qi—“s
i=1
where Ns is the number of atomic orbitals in the valence
shell and Ns' is the total population of the valence shell

for the uncharoec species (5 for nitrcaen, & for carton)

and q; is the population of each ortital.
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p =T=-bond order d = cond (ength

A = 1517 (C=C); 1.458 (C=N); 1.453 (N=N)

Fig 4 .46-1
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Charge distribution about the 1.2 3-benzotriazine

F=g=

ring according to CNDQJ/?2 calculations.

Fig G.4=2
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ALl atoms in the benzotriazine moiety are within
+0.08 E of the least-squares plane through them. With
estimated standard deviations of the atomic positions of
the order of 0.CQ0Z E, the displacement of some atoms fror
the plane is significant. There is a slight inclination
(4.30) between the fused benzene ring and the
9,2,3-triazine ring. A similar inclination was found in
the structure 1,2,3-benzotriazin=-4=-(3H)-one (Hjortas,1973).

The phenyl substituent is in an approximate "Stilbene
trans” conformation (see Sec 9.%) with approximately 1500
torsion about the bonds C(4A)=C(4)=N(L1")=C(1') (see
sec 9.1). although on the basis of bond length (1.274 g)
the bond C(4)=N(4%*) is a pure double bond, there is some
torsion about this bond and, in addition, the atom N(41°%)
deviates by 0.18 g from the benzotriazine plane. These
distortions may be é consequence of steric hindrance from
the phenyl ring (see Chapter 9). The phenyl ring is
inclined to the benzotriazine ring at an angle of FEub
The least-squares planes for this structure are Llisted in
Table 4-6.

The molecules are arranged pairwise in infinite
columns along the direction [101]. The pairs are related
by n-glide symmetry. The effect is shown perpendicular to
the aglide (Fig 4.4-8) and along the direction of the glide
(Fig 4.4=7). The motif is repeated at intervals of 7.9 g
along the [101) direction. This arrangement leaves the
phenyl rings sandwiched nearly perpendicular between two

[(101] translated triazines. In a survey of five related
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1,2,3-benzotriazine structures (Schwalbe and Hunt,1576)
DIPB was the only one found where the benzotriazine moiety
did.not stack. The packing arrancement is inefficient
since the space between the translated fused benzene
fragments is largely unoccupied, although there 1is sone
intrusion by an n-glide-related H(8) between C(5) and C(3)"
and a [100] translated isopropyl oroup between C(7) and
C(7)*. These effects can best be seen in Fig 4.4=-%. The
Van der Waals spheres of the atoms are shown in the form of
a section along the glide plane in Fig 4.4=11. The void
between the benzotriazine rings has dimensions

o o o
approximately 6A X 2A X 2A.

The pairwise column arrangements are separated from
each other by hydrophobic contacts between the isopropyls
and symmetry-related C(6)=-H and C(7)-H groups, the contacts
occuring approximately at the (101) planes. In the [0103]
direction, separation occurs at the (020) planes. No bonds
pass through these planes. The charged nitrogens are kept
distant from each other by the interleaving arrangement of
the benzotriazines, with the N(%) atoms between [10F]

translated C(8) atoms.

Illustrations

——— —— T ———

4.4-3 ORTEP with numbering scheme. Ellipsoids are drawn
at the 50 per cent. probability level.

L .4=4L QRTEP stereo viewed approximately along the plane
of the benzotriazine rings.
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ORTEP stereo viewed perpendicular to the plane of
the benzotriszine rings.

Unit cell contents viewed along [100J. The
symmetry operation required to generate each
molecule is indicated by the type of Line:

X,Y,2Z heavy line
T=x,1=-y,1=-z tight Lline

X, 1 2+y ,3l2=2 dots and dashes
X, 1l2=y,=1712%z dashed line

In diagrams 4.46-7 and &4.4-& the first tuo
operations are shown in light outline and the last
two in heavy outline.

Unit cell contents viewed along [101].

Unit cell contents viewed along [C10].

Stereo view of the unit cell contents viewed
approximately along the a axis.

Stereo view of the unit cell contents viewed along
the n glide

A section throuch the unit cell at y=0.25 showing
the Van der Waals racii of the atoms.



Fig 4.4-3




Fig44-4

Fig 4.4 -5



Fig 44-6






Fig 4.4-8



Fig 4,4-9

Fig 4.4-10
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NCT)
N(2)
N(3)
€C(4)
C(4A)
cC(5)
(D]
c(7)
c(3)
C(3A)
NC4T®)
CE1")
ci2%)
CE3%)
Ce4*)
EL5*)
ECHT)
€C(31)
C(32)
C(33)

EIPBs
X

0-3182¢3)
0.26491(3)
0.24619¢3)
0.2922(3)
0.3840(3)
0.4669(4)
C.5505(5)
0.5507(5)
C.4747 (&)
3.39GC(3)
0.2549(3)
C.2856(2)
C.4071(2)
0.4254(2)
0.3301(¢2)
G.2086(2)
0.1863(2)
0.1564(5)
0.2172(8)
-0.0233(6)

Y

-0.0412(¢1)
-0 .0539¢1)
-0.116%9(1)
=047 10
-0.15%9(1)
=0.2072(2)
=0.1890(2)
-0.1220(2)
-0.0748(2)
-0.0933(1)
=0.230001)
=0.2%9644(1)
=0.3332¢(1>
=0.3991(1)
=0.4263(1)
=0.3874(¢1)
=0 s32495C1)
=0 -121712)
-0.0637(3)
=0.1230€3)

Table 4-1

FRACTIONAL COCRDINATES

z

-0.0932(3)
0.0024(3)
0.0533(3)

=0.0012¢3)

-0.1011¢3)

=0 <1512¢5)

=0.2459(5)
=0.2912(5)

-0.2382(4%)

-0.16356(3)
0.0456(3)
€.0032(21)
0.118%(2)
C.0834(2)

=0.C679(2)

-0.1836(2)

=0 1487022
0.165%9(5)
0.2938(6)
0.C6%94(7)
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DIPS:

HYDROGEN FRACTIONAL COORDINATES
AND ISOTRCPIC TEMPERATURE FACTORS

X Y Z UI1so
H(S) 06667 -0.2587 -0.1163 0.0741
H(6) 0.6149 -0.2260 -0.2845 0.0691
HLT7) 06117 -C.1080 -0.3685 C.0612
H(8) Gab? ¥ =0 0251 =0 2695 0.068%
H(2") 0.4840 -0.3122 0.2360 0.C7C7
H(3*) 0.5235 =04292 Q1731 0.3270
H(4") Q3476 06775 =0.0953 0.0599
H(S') 0.1318 -0.40846 -0.3007 C.080¢8
H(6*) B.0923 =0.2915 =0.2378 0.0911
H(31) 018646 =0.1668 0.2354 013595
H(32) 16146 ~-0.0762 03577 0.1057
H(33) 01715 ~0-0188 @.2258 0.1549
H(3&4) 03619 «0_0559 U.3809 C.6870
H{35) ~0.7000 =0.13686 Q1527 02277
HE3E) <0.08B7 -0.1487 -0.0663 0.1485
HE37) =0.0253 -0.0699 0.0488 0.0607
NOTES: (1) H(5) TO H(31) REFINED RIDING ON

BONDED CARBON ATOMS
H(32) TC H(37) REFINED AS RIGID
METHYL GROUPS .

(3) HYDROGEN ATOMS OF RIGID METHYL

GROUPS ORIGINALLY INPUT IN STAGGERED
POSITIONS.

Table 4-3

(2)



DIPB: BOND DISTANCES

T G S Sl S S 1270035
Nl ) =T 0N K2 ) 1.3554(3)
o Y TR gl R T 07C3)
Lol iR, = 61 8 ) 1.6471¢4)
£ G B = R OEE R 1.388(4)
G AE5. Y = bR ) T390 (5)
B ) = TN ) 1.4C4(4)
eSS e NG 3D 1.360¢€4)
ey G % A R S A 1.395(3)
ERECTRAY = WC G RARD 1.398(4)
iR AY =l L D 1.359(4)
AN G T R s R 1-.274(3)
CCY ) =rtON GG )Y 1.407(2)
ERE R I T 1-395*

Lok Bh) » 0L @) 1-3935*

Gkl -Gn) =) T.395%

G 5 o M R 1-.395*

(g A LS e S 1.395%

S0 62— GFGE (5% Hu395%

CILG A5t NI S0 1.657(4)
ot 3R =€ L5519 1.561(6)
e R RS s ) 1.481(7)

BOND DISTANCES FIXED AS A CONSEGQUENCE OF
RIGID=5ODY REFIMEMENT

Table 4-4



BOND ANGLES

DIPSB

PN N SN PN PN PN PN PN PN PN PN PN A PN N PN N PN ~ o~ o~
AR NN N NN NN O NN Y MY MY Y Y e M M 3
S A A A A A el A A A A e N e e e A s i S e M R K K K s s
M= O NTM~r" 0NV NMOM~O~NOTTODD0O0O00O 000~
L] ] ] ] ] «. 0 L] L] ] | B | LI T | 1] [ B L] L I B TR I T | LI L] L]
D= g MNONYE TR~ O0OOMINDOR~RCOOOOOO0 OO0 -t
NN NN AN NS N NN NN NN OO
T e g N U g e R S g e e S e o A g e

-4 s e <f =T < = a = = & & = & & = MY
WM MM e N0 R0 00 00— (0O N ST N0 1NN N
3 -t

N e e e R e A R R W A e W S e e A W e O e e A el Al e e S e

UZUuLuouZZOoOUOLOwLwOLLLOLOLOLOLUOLOLOLOWLLL WL WL

UINE A N R R A R R RS S e R [ G O R B PR R RS

el el ol o S o o B i B T el N e el sl e B T W T W T T T
o = = «f «f < v & ®» & & »w = B B ™ ™
NMMIMT ST T UNOM D000 0T & ™ MM O MMM

-
Rt R et N R e e et e R A Rl Al e A A e A R A b ) e

T Z2 2 220 0V0VUVULLULULLLLLLZZLUVUVLLVLODLL VLLOL L

I TE B U O R i S T R S e (e L R R

L e W e T o T T T T e T T T T T T T T T o T o T T T T T T T T T T T T

<€ =y L I o~

N NN MM T T NTNON ™ T 0de MM ~ M)
~t -1

M T M et e W wad vad l hd Nd vt N i N Nl S i it S N i it e W e N N s

2222202200000 0VVLLZ22OULE200LLVLLOZ 2O

QF

£

D AS A CONSEQUENC

-
=
c

* BOND ANGLES FIX

FINEMENT

| =4

RIGID-BODY R

Table 4-5



DIFE: LEAST-SQUARES PLANES

(a) Equations of planes in the form AX+BY+(CZ+D=0

]
where X,Y and 2 are the orthogonal coordinates in A

along a,b and cx*:

Plane(1): D.5608%X + D.1279Y + [.B180Z - 1.u819 = 0
Plane(2): 0.5911% + 0.1083Y + £.79937 - 1.2101 = G
Plane(3): G.5396X + 0.1447Y + D.82927 - (0.9122 = O
Plane (4) : 0.8804% + 0.2994Y - [0.3677Z - 0.4561 = O

(b) Deviations in A of atoms from planes:

Plane(1): NC1) -.028, N(2) .038, N(3) .077, C(C4) -.074
CC4AY =041, C€(5) 020, ¢€L6) D45, €C(7) .00V,
£(8) =,006, C(BA) U037, NC4T')* =, 184, CC1%)%x ~,393

Plane(2): N(1) =.029, N(2) =-.002, N(3) .046, C(4) -.054,
CC4A) .025, C(8A) .015

Plane(3): C(4A) -.013,C(5) .008, C(&) .007, C(7) -.016,
c(8) .010, CC8A) .004

Plane(éds  C£C1"),CL2%),EX3*), CA")  €(5%) ang CC6")8 <000,
MELA T e =05 1Y

(c) bihedral angles in degrees between the planes:

CIY= (RY"2.3,0 13- =130 Tufz"LCl) = &&) 1766,
- £2) = £33 8.8, " H2Y = (4 T5.0, £33 = (&Y U1 a7

*Atoms marked with an asterisk not included in the
definition of the plane.

thtoms preceding @ hash-mark have & zero deviation

from the plane as & consequence of rigid-body refinement.

Table 4-6
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Chapter 5: 4,7-Dihydro=6,7=Diphenyl=7=Ethoxy

TT)

(1,2 ,43Triazolol5,1=-cl(1,2,4]%riazine (D

§.1 Introduction

6,7=Diphenyl[1,2,4)triazolol5,1-c]J[1,2,4]triazine
(DTY) ana its 7-ethoxy adduct (DETT) were synthesised as
potential purine antimetabolites (Gray,1976,p1). OTT was
formed from the condensation of 3,4-diamino-5-hydrazino-
1,2,4=triazole dihydrochloride with benzil (B;). Two paths
of cyclisation were proposed (Gray and Stevens,1976) with
possible Dimroth rearrangement between the two isomers (see
Fig 5.1=1). On the basis of Dimroth rearrangements 1in
similar compounds it was believed that [5,7-c] was the more
stable isomer. The 7-position was assigned as the site of
attachment of the ethoxy adduct on the basis of NMRK spectra
(Gray and Stevens,1976). Crystallographic investigation of
the two structures was undertaken to confirm the cyclic
arrangement and the site of attachment of the ethoxy group.
The structure of DTT has been previously reported

(Schwalbe,et al,1978).
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Fig 5.1-1



5.2 Crystal Data

6,7=-Dihyaro=6,7=-diphenyl-7-ethoxyl[1,2,43triazolel5,9-c]
(1,2,4]triazine (CugH N0 ) crystallises in space group

o o o)
P24/¢c with a=11.329(2) A, b=9.333(2) A, ¢=16.094(2) &,
3

.5
o o
B=104.48(C1) , Z=4, V. =1647(1) A

The molecular weight i1s 319.36& and the density
calculated from unit cell contents 1.237 g cm-iThe density
determined by flotation in a solution of bromobenzene anc
m=xylene is 1.28 g cm'{ The absorption coefficients for

S =1
MoKa radiation are HB=0.710 cgs units, HB=0.914 cm .

5.3 Structure Analysis

5.3.1 Data Collection

DETT crystallises in the form of colourless prisms,
One crystal of approximate dimensions O.é6mm X 0.3mm X (1.3mm
was mounted along the unique axis on a Syntex four-circle
diffractometer in the Department of Molecular Sciences at
Warwick University in Coventry. Crystal alignment, data
collection and data reduction were done automatically with
use of the Syntex system. 23%4 unique MoKa diffraction
peaks were recorded of which 2769 satisfied the condition
|F|>20(F). Refinement of the orientation matrix, the axial

lengths and the angle B yielded the above cell dimensions.
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3.2 Solution

Normalised structure factors were calculated accorcing
to the modified Wilson Plot procedure cescribec in
Section 2.2. Three rigid fregments were input: one fused 6
and S-membered ring system, with all atoms entered &s
carbons and all bond distances 1.4 g and two phenyl rinags
per asymmetric unit. The curves according to the wilson
calulation and the Debye calculation are shown in
Fig 5.3.2-1 alonag with the least-sauares fit to the Debye

calculation. Values calculated from the gradient and

intercept were

2B=6.4787

k =0.0548

The E=-value statistics correspond closely to those for a
randomly=-distributed centrosymmetric structure (see
Table 5.3.2=2).

Phase determination was undertaken with use of the
program MULTAN (see Sec 2.3). 295 reflexions for which
|E |>1.70 were input and 1600:22 relationships usea in the
phase refinement. On the basis of a 2, calculation the

following invariant phases were determined:

2 4 8 (+) p

120 & (%) p

n

9.7 per cent.

95.3 per cent.

The CONVERGE procedure produced the following origin-
determining reflexions: 1 & 1 (+), 1 2 4 (+) and

6 7 iﬁ (+). Eight starting sets were obtained by permuting



sin’g

Fig 5.3.2-1



Distribution of E-values for DETT

Theoretical
Experimental
Centric Acentric

<EZ-1> 1.0183 $.9860 0.7360
<E> 0.7767 N.7980 0.8660
ZE>Q.5 58.8 81 .7 77 .9
XE>1 .0 30.2 5 36 .8
%E>2.0 5.0 4.6 Tal

Tablte 5.%3.2=2

Figures of Merit for the Starting Set:

23 % Doy D & £200ed, B 62 C4)

AES FCM T=115%7 (First)
PSI ZERO 2088 (Second Highest)
RESID 29 .54 (Least)

COMB FOM 2.3859 (First)

Table 5.2.2-3
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the signs of the refiexions T 3 5, 2 4 12 and 8 & 2. The
set of signs +, - and + respectively produced an E-map in
which, from the set of 2% peaks with density greater than
half the maximum density, the triazolotriazine rings and 5
out of 6 of the carbons on each phenyl ring coula be
distinguished. The figures of merit for this starting set
are given in Table 5.3.2-3. Isotropic refinement of these

atomic positions followed by a difference Fourier synthesis

yielded the remainder of the structure.

5.3.3 Refinement

Initial isotropic refinement was undertaken at Aston
using the least—-squares program ORFLS (see Sec Z2.5.1).

Some difficulty was encountered in refining all positions
in the phenyl groups. When, however, the phenyl groups
were refined as rigid hexagons on the SHELX system (see
Sec 2.5.2(a)) all non-hydrocen atomic positions refined in
a satisfactory manner.

The phenyl groups with their attached hydrogens were
kept as rigid groups throughout anisotropic refinement.
Additionally, the hydrogen at C(2) was refined riding on
the attached carbon while the CH, group at €C(22) and the
methyl group at C(23) were refined as rigid groups. For
the low=angle reflexion 1 0 0, |Fobs| was less than |Fcalc}|
with poor agreement. This reflexion was therefore
eliminated from the later stages of refinement. During the
final cycles of refinement an isotropic extinction factor

of the type described in Section 2.5.2(f) was applied. The



(0]

parameter x refined to a value 0.00423. The final
refinement involved 217 parameters with 276% reflexions for
which |[F|>20(F) included in the refinement. Of the 46872

correlation coefficients ry; , 17 were of the type

|r >i.5. The rij of greatest magnitude (N.729) was

i |
between the scale factor and the isotropic extinction
factor. ALL density in the final difference Fourier
o=3 o=3

synthesis was in the range =0.25 eA to +0.32 eA . Two of
the three greatest peaks were associated with the methyl
group. The remainder of the seven greatest peaks were
associated with carbons in the phenyl groups. The tftinal
agreement parameters were R=0.060, Rw=0.049, Rg=C.047.

During refinement atoms identified as nitrogens on the
basis of the proposed ring closure scheme (see Fig 5.1-1)
were refined with nitrogen atomic scattering factors. To
test the validity of this scheme, the structure was refined
with isotropic temperature factors (3) with the atomic
species indicated and (b) with all ring nitrogens refined
with carbon atomic scattering factors. The agreement
factors and isotropic temperature factors for the two
refinements are shown in Table 5.3.3-1. ALL indications
from these refinements are that the identification of the
positions of the ring nitrogens is correct. The agreement
factors are worsened by the replacement of nitrogen with
carbon, as would be expected on the basis of a correct
identification of atomic types. With the exception of

N(1), all nitrogen positions which were refined as carbon

atoms have an associated Uiso<J.04 whilst the remaining



(a)
(b)

DETT: Comparison of Isotropic Refinements

(a)

Agreement factors:

Isotropic temperature factors:

NCT)
c(2)
NC3)
C(3A
NCL)
NC5)
C6)
c(7)
N(8)

Normal refinement

Refinement with the nitrogen atoms given

SHE Y
.126
125

.0555
.0550
0474
) -0386
.0464
0424
.0328
-0365
.0385

scattering factors.

Table 5.355=1

(b)

i -
142
-142

0426
0636
0348
L0496
0352
.0325
0410
0431
27T E

carbon



positions refine with Uiso>(l,U4. That the temperature
factor at N(1) is of the same order as that at C(6) and
C(7) in spite of the wrong=-species refinement is hardly
surprising since N(1) is at the edge of the molecule, well
away from the anchoring effect of the substituents.
Moreover, the alternative ring-closure system would have
C(2) jdentified as a nitrogen position, which is unlikely
on the basis of the all-carbon refinement since its

temperature factor is the hiaghest in the ring system.

5.4 Discussion
X-ray structure analysis has confirmed the predicted

cyclic arrangement and the site of attachment of the ethoxy
group. The effects of the acdition of the ethoxy group can
be observed by comparing the structures DTT and DETT. 1In
DETT the carbon C(7) is sp® hybridised: the bond C(7)=C(8)
js a pure single bond, while the remaining bonds to C(7)
have very Llittle double=bond character. This carbon atonm
deviates considerably (0.12 g) from the plane of the
remaining atoms in the triazolotriazine rings, which are
all coplanar to +.03 ﬁ. The same cdegree of planarity is
observed in DTT (Schwalbe,et al,197&8). The arrangement of
the phenyl substituents is very different in the structures
DTYT and DETT. 1In DTT neither of the phenyl substituents is
coplanar with the triazolotriazine ring: they are inclined
in a propeller-blade arrangement which avoids steric

hindrance between the two phenyl groups. The sp?



Interplanar Angles

DTT

(]
TT - C(6)-Ph 56,2
TT = C(7)=Ph 50.8
C(6)=Ph = C(7)-Ph 62,5

TT = Triazolotriazine

Table 5.4-1



hybridisation of C(7) of DETT forces all atoms in the
ethoxy and C(7)-phenyl groups away from the
triazolotriazine plane, leaving space for the C(6)-phenyl
to zdopt a relatively coplanar arrangement.

The bond angle at N(&4) is slightly greater then 12H°
consistent with protonation at that site (see Sec 1.2). In
DTT, where N(4) is unprotonated, the anagle is 117°. There
is also a significant lLengthening of the bonad N(4)=N(5).
Two bonds in the triazolotriazine rings approach couble-
bond character: these are N(5)=C(6) and N(9)=C(2). With
the exception of the bonds at C(7) mentioned above, the
remaining bonds are of intermediate character.
pelocalisation appears to be less complete in this
structure than in DTT. The difference between the lengths
of the two C=-N bonds formed at C(2) -- @ feature consistent
with the molecular formula in Fig S5.1=1 == is observed in
both structures, but is lLess pronounced in DTT than in
DETT . The.near—double bond N(5)=C(6) appears to be a
consequence of the sp? hybridisation of C(7). It is not
found in DTT.

The triazolotriazine rings are loosely stacked in a
herringbone arrangement along the 24 axes. The
C(7)=-phenyls are stacked in pairs across the centres of
symmetry at the Wyckoff d positions (49/2,0/1/2) and
(1/72,1/2,0) while the C(é)=-phenyls are similarly arranged

at the Wyckoff b positions (1/2,0,0) and (G 7 o AV G
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5.4=7

74

ORTEP with numbering scheme. Ellipsoids of non-
hydrogen atoms are drawn at the 50 per cent.
probability level.

ORTEP drawing for DTT.

Stereo ORTEP viewed perpendicular to the triazine
rings.

Stereo ORTEP viewed from near the plane of the
triazolotriazine rings.

Unit cell showing the contents of eight asymmetric
units viewed along [0021]. The pairwise stackino of
the C(7) phenyls can be seen.

Pairwise stacking of the C(é)=-phenyls viewed alono
EROdis



Fig 54-2






Fig 54 -4

Fig 54 -5




Fig 54-6
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€(108)
c031)
c(12?
€3
C(14)
Ci(®)
C(16)
G D
€(18)
€(1%)
c(20)
€C(15)
NCT)
c(2)
C(3A)
N(3)
N(4)
N(5)
C(5)
LT
N(B)
0€21)
c(22)
E125)

34 = e

X

0.4607(¢1)
G502 30D
0.6150(1>
0.56461(1)
0.4345¢1)
0.3918¢1)
0.2161(1)
€.2550(1)
0.3268(1)
0.3578(1)
0.3169(1)
0.2451€¢1)
-0.0233(2)
-0.1000(2)
0.0504(2)
-0.0611(2)
0.1344(2)
0.2436(C1)
0.2709(2)
B 1980 2)
0.0750(1)
0.1712(1)
0.1186(3)
0=1852 650

Y

0.5008(C1)
9=52184(1)
0.4188(1)
0.2964(1)
0.2761(1)
fle3783(1)
-0.0383(1)
-0.1658(1)
-0.1621(1)
-0.0G310¢1)
0.3965C1)
0.092%9(1)
0.1664(2)
0.2281(2)
0.3633(2)
0.3503(2)
0.6641(2)
0ob647(2)
0.3631(2)
0.2305(2)
0.25728(€2)
0.2110¢1)
0.3318(3)
C.2956(4)

Table 5-1

FRACTIONAL COOQORDIMNATES

z

0.3874(1)
0.3672(1)
0.3185(1)
0.2902(1)
0.3104(1)
0.35%0¢1)
0.3503¢1)
C.3932(1)
0.4773¢1)
0.5186(1)
0.4758¢1)
0.3916(1)
G.3478(1)
0.3853(1)
0.4178(2)
0.4296(1)
0.4480(1)
0.4262(1)
0.3802(1)
0.3481(1)
0.3692(1)
0.25%92(1)
0.2071(1)
0.1177(2)
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DETT: HYDROGEN FRACTIONAL COORDINATES
AND ISOTROPIC TEMPERATURE FACTORS

X Y Z UIso

H(1Q) Q4277 05799 @ 0.46251 0.0685
H(11) 0.6256 0.6159 0.2892 0.0821
H(12) 0.7014 0.4345 0.3029 0.0660
H(13) U7 Ye  U2172 0L25:25 0.0990
H(14) 0.3312 0.1812 0.2884 0.0877
H(16) D158 =0.0411 ©0.2857 0.0937
H(17) 0.2310 =0.2673 0.3612 0.1006
H(18) 0.3585 ~-0.2608 0.5105 0.0870
H(1%) 0.6134 -0.0281 C.5837 0.1050
H(20) 0.3409 0.1981 0.5077 0.0778
H(2) =0.1895 0.1842 03812 0.08&55
H(21) 00302 03557 C2177 0.1562
H(Z2) 0.1773 C.4240 0.2240 0.1755
H(31) 00652 0.3850 0.0779 0.1223
H(32) C.0544 D0.1993 C(C.0952 0.2856
H(33) 0.1987 0.2821 0.1145 Q.1769
H(4) 0.1208 (0.5393 0.4879 C.0971

NOTES ¢ (1) H(10) TO H(20) REFINED AS PART

OF RIGID PHENYL GROQOUPS

(2) H(2), H(21) AND H(22) REFINED
RIDING ON ZONDED CARBON ATOMS

(3) DISTANCE N(4)-H(4) DFIXED

(4) C(23), HC2T)Y, H(32) AND H(33)
REFINED AS A RIGID PHENYL
GROUP . :

(5) HYDROGEN ATOMS OF RIGID METHYL
GROUPS ORIGINALLY INPUT IN STAGGERED
POSITIONS.

Table 5-3



DETT BOND-LENGTHS

€€11)» = €(14) 13354
Gere) "= €tulii) 1.395*
€150 = CL12) T-395%
€(16) - CL139 1.395%
ct9y = €110) TeB7 %
G i B el 3395~
cC1T) - €(16) 1395 %
EGT8) = CLYR) Tiwo X
£C12) = £L18) T35 %
CCel) = €193 1.395=%
ELESD) =L 15D 1.395x*
CLI5Yy = €(20) 1.395*
CtZ)y = K1) 1.309(3)
s i S wi 1.559(35)
NUE) = LN3A) TeS2H4E)
NCG) ' = €C(3A) 1-341(3)
N(5)Y = N(&) T-367T(2)
C(6)Y = €C9) 1069323
£ECE) "= NL5) Te28862)
EL7Y =L 4) }=2 a2
CCT Y =Bl 6] 1.540(3)
RLB) o~ NCTD T le)
NCB)Y = C(3A) 1-330402)
NCED =0T 1.469(2)
gezg1) = BL72 1.402(2)
£L22) -~ O%EN) 1.4L2(3)
£(23) = clael 1.645(3)

* FIXED AS A CONSEQUENCE OF RIGID-BODY REFINEMENT

Table 5-4



DETT: BOND ANGLES

EOTY =uel18) =G te) 120 .0=*
GGG ) S () 120 .C*
Ty S=NE )~ CC153 120.0%*
[ % B e e o 46 B FORES R v i ), 120 .Cx
Ei13) = CL14) = €49) 12C .0x
CC18) = (82 = cil6 120 .0x
CE183 = £4%) = L&) I8 210D
CC146) = C(9) = €L6) 1212201
EEITY ~ GL18) = CL13) 120 .0*
CEEeY = CCTE) — BC1E) 120 .0%*
CAT7) = Ce18Y = C619) 120 .0~
c(18) = c(19) - Cc(2D) 120 .0*
CLI19) = €£(20) = CL15) 120.0~*
€16 = C(15) - €20 120 .0
CE16) s U UISR. = L ) 120 .0
i R v O AL S 2 T, 198 01D
CLZ¥ =  N(1) + N(E) 101 .6(2)
NETY = C(2) = "mtS) 116 .4(2)
N(3) = C(3A) = N(&) 128 .8(2)
NES)E = C(3A) = N(3) 7 S WY )
NCL) = CC3A) = N(B) 119 .902)
€€2y =  NCX) — C(3A) 101.3(2)
CEAR) - NCET = NON) 1235022
RS S Y e 0l 120.4(2)
CCR> -  LE6) = NCH) 115.202)
£€3) = Cfo) - A7) 119.241)
NESde = . §C62 = €172 125 .6(2)
CL15) = CX73 = £X6) 315-5C1)
CEIYY = £67) —NCE) 10851
CUIS) e E(7Y = 0L2T) 1079012
Lo G0 o o N(B) 105 4(1)
GG =t Et T — 0 (21) T2 <40T)
NIy =" €Ly = D23 T0F 201D
NETY = NUOBE = LE3A2 109 61
NCEX = N(&)Y = €M) 1255701
CLIRI = RER) = CH7) 126 .3(1)
CQl 3 v= GL2TF —~ L122) TES25%0 2
G U2 W =R LR AP g5 ) 108 .7(1)

* FIXED AS A CONSEGUENCE CF RIGID-BODY REFINEMENT

Table 5-5
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(a) Equations of planes 1n the form AX+BY+CZ+D=C(
[}
where X,Y and Z are the orthogonal coordinates in A

along a,b and c*:

Planell): 0.2637TX = 0.4780Y + 0.23782 = 3.78%96 = U
Plane(2): =-0.9392X = 0.0379Y + 0.34132 - 0.9223 = 0
Plane(3): D.1719% - 0.5399Y + D.82407 - 3.3372 = 0
Plane(4d)z D 1741X = 052086y + G.B35BZ - 3.4895 = 0
Plane(5): D.9336% + 0.3553Y #* (.04632 - 1.7305 = 0
Plane(h)s DO.1787X + 0.5433Y + (0.82037 - 3.2959 = 0

(b) Deviations in A of atoms from planes:

Plane(i): C€(9),C¢(10),CC(11),€(12),C(13) and C(10)# .000,
C(6)%x =039

Plane(2): C€(15),C(18),C(¢17),€€18),€(19) and C(20)# .0CO,
CL7I*x 3¢l

Plane(3): N(1) .00&,C(2) =.001, N(3) =.003, C(3A) .006,
N(8) -.006

Plane(4) C(3R) =-.006,NC&) .D42, N(5) -.016, C(6) -.033,
C(7) 059, B(8) =045

Plane(5): €(7) 006, 0€(21) -.007, C(22) =005,
€(23) .006

Plane(6) N(1) .009,C(2) =-.007, N(3) -.013, C(3A) .004,
NC4) 027, NC(5) =-.019, Cl6) -.002, C(7X* .122,
N(8) .002, C(9)% =-.090

(c) Dihedral angles in degrees between the planes:

£y = K2) B6e8,;  CV) = K3)
£1) = A5) 83.4, (1) = (5)
€23 = (h) 819, L2} = (53 1
£33 = (%) T2, LS ="45)
43 = K5) 821, 6 = k&)

sk, £1) = (&) BaT,
Gels K22 = (XY BIIY,
T«0, (2 - (&) 82.6,
2.6,
1.6,

0o un

£2) = £6) D.5,
(5) = €62 83.3

*Atoms marked with an asterisk not included in the
definition of the plane.

#Atoms preceding & hash-mark have a zero deviation
from the plane as & conseguence of rigid=body refinement.

Table 5-6
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Chapter 6: Cycloguanil Hydrochloride

6.1 Introduction

Cycloguanil (6.1=-1I) has been identified as the active
metabolite of the antimalarial drug Proguanil ,EP (6.1-11)
(Carrington,et &al,1951). 1Its synthesis, along with melting
point and ultraviolet absorption characteristics, has been
described elswhere (Thompson,et al,1963). The properties
of cycloguanil have been investigated on several mammalian
hosts for a variety of plasmodia (see Table 6.1-1). It has
been usea extensively in Guatemala (Clyde,1969). The
characteristics of cycloguanil observed in clinical trials
are similar to those of Proguanil ,EP and Pyrimethamine ,EBF
(6.1-111) offering no protection to strains resistant and
cross-resistant to these drugs (Clyde,1969). Its principal
use clinically appears to be in the treatment of strains
resistant to Chloroquine,8P and —-- when injected
intramuscularly in the pamoate form (6.1-IV) -- to offer
protection for a period of months to uninfected individuals
(Coatney,et al,1964). Cycloguanil pamoate has also been
found useful in the treatment of cutaneous leishmaniasis in

Central America (Pena-Chavarria,et al,1965).
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The chemistry and pharmacology of cycloouanil has been

(RS )

extensively reviewed by Thompson anc Werbel (1572 =--
pp 251 = Z65).
The crystal structures of cycloguanil hydrochlorice

and cycloguanil hydrobromide have been solved and refinec

in projection (Bailey,1954).

6.2 Crystal Data

4,6=Diamino=-1-p=-chlorophenyl=1,2=dihyaro-
2,2-dimethyl=s=triazine hydrochlorice (C“HwNSClz)

crystallises in Space Group P24/c with a=8.87(2) :,

o o ° o3
b=10.39(2) A, c=17.16 A, B=115.2¢1) , V. =1430(10) A, 2=4.
The molecular weight is 288.182 (251.721 for the free base)
and the density calculated from unit cell contents
1332 g cm-{ The crystal density determined by flotation
in a solution of bromobenzene and m-xylene is 1.336 g cm-{
Since both density determinations are accurate to about
+.01 g cm'ﬁ the difference between them is not significant.
The absorption coefficients for MoKa radiation are K =3.334

* -1
C.g.S, units and H=4.463 cm .

6.3 Structure Analysis (X-ray)

6.3.1 X=-ray bData Collection

3659 indepencent reflexions (2040 with |F|>20(F)) were
collected on the Stoe 2-circle diffractometer in the

Department of Chemistry at the University of Birmingham.
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With the crystal mounted about the b-axis data were

collected in layers of k=0 to k=12 using monochromatea MoKa
o

radiation (A=0.7106° A, monochromator 29=1Z°). Peak

intensities were collected by scanning in w over a rance

Aw given by

o sin K
Aw = A B (1
tan O
- - - - - ’ -
where p is the equi-inclination angle and @ 1is half the
angle between the diffracted ray and the direct beam when
projected onto a plane perpendicular to the axis of

rotation and where A and B were set as follows:

levels 0 =2 A=1,20°, B=0.0°

levels 3 = 12 A=0.90 , B=0.5

The maximum 20 was set to 55o up to and including level 3,
then subsequently reduced by one degree per lLevel. Data on
all levels were thus collected at least to the Limit of the
copper sphere. The stepping time was set at i sec. with
w incremented .010 between each step. Background
intensities were collected for 30 sec. on either side of
the stepping range. The zero level check reflexions 0 0 8,

2 0 Z, 3 06 and 1 0 14 were collected after completion of
each level. The reflexion 3 12 ;;, incorrectly transcribed
onto paper tape, was eliminatec from the data set. Data
were reduced with use of a program supplied by

Dr. T.A.Hamor with o(F) values calculated on the basis of a

Poisson counting distribution and a variation in the main



~!
(&%)

beam intensity of & per cent.
bede2 Solution

t-values were calculated according to the modified
Wilson Plot procedure described in Section 2.1 with the 299
reflexions with greatest Z-values used for the purpose of
phase determination with the program MULTAN (Main,et
al,1971). Starting with the origin=-fixing reflexions 138,
4 9 9 and 5 7 3 (alt set to + ) and == by permuting the
reflexions 4 15, 3 9 13 and 4 7 2 -- two equivalent
origin-shifted solutions with AES FOM=1.0431 (First),

PSI ZER0=5210 (Second) and RESID=30.27 (Least) were
obtained. The equivalents were formed as @ result of sign
changes in the starting set uncer tangent formula
refinement. The two sets are related by a reversal of sign
of the parity groups guu and uuu.

The E-map corresponding to these starting sets
revealed the two chlorine atoms in the asymmetric unit. A
Fourier sythesis phased on the chlorine atoms revealea five
of the six carbon atoms in the phenyl ring. No further
chemically-reasonable peaks were found until the sixth
phenyl carbon, N(1) and C(4) had been placed in calculated
positions. A peak, identified as either an the equatorial
methyl carbon or as N(3) suggested that the rings were
nearly perpendicular. The triazine ring was placed in a
calculated position consistent with the above peak
jdentification and both rings refined (sin 8<.25) as rigid

hexagons. The subsequent Fourier synthesis revealed a peak
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Distribution of E-values for CGT

<Ez-1>
<E>
%LE>D.5
ZE>1.0

%£59 .0

Experimental

3.994
0.783
E1al

30.0

Theoretical

Centric

0.9860
0.7980
61.7
k& 2 S

4.6

Table 6.3.2-2

Acentric

0.7360
0.866C
7l =y
36 .8

108
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identified on the basis of the short distance to the ring
as N(8). Ffurther refinement, relaxing the restrictions on
the triazine ring, enabled the positions of the remaining
non—-carbon atoms to be determined.

The solution of the structure was again examined, this
time with use of MULTAN7Z which had become available at
UeMeRaCeCa The structure factors were normalised as before
and the 315 reflexions with [Eh|>1.? were employed in the
phase refinment. The origin—fixing reflexions selected by
the program were 7 C &4 (+#), 5 4 13 (+) and 0O 3 6 (+) and
sixteen phase sets were generated by permuting the signs of
the reflexions 2 2 11, 15 12, 4 1 5 and 5 1 7. 2400

zz relationships where
|Eh|lEkIIEh4J>3.GZ

were used to refine the phases. O0f the sixteen phase sets,
nine were origin=-shifted duplicates. Of the seven
independent phase sets the second showed clearly the best
figures of merit. The figures of merit for this set and
the fifth phase set, which on the basis of both ABS FOM and
RESID was the second best, are shown in Table 6.3.2-5.

The E-map calculated from the second phase set
revealed the entire structure. The two strongest peaks,
with densities greater than twice that of the third
greatest, corresponded to the positions of the chlorine
atoms. Of the next 21 peaks in order of intensity, 16

corresponded to the remaining non-hydrogen atomic positions



CGT: MULTANT7S
Reflexions given with Z-values and rank in magnitude.

Origin-fixing reflexions:
70 4 (#) ([E|=3.66, 5th)
54 13 (+) (|E}=3.64, 6th)

g3 6 (+) ([|E|=2.43,76th)
21 reflexions: none with p>.95

permuted reflexions:
L (|E}=4.21, 1st)
: I (1£]1=3.33,13th)
41 5 (1E[=3.30,14th)

S5 A 7 (1E[=3.19,156th)

Set 2: phases =-,+,+,+ respectively

Set 5: phases +,+,-,+_reSpectively
Mmin Max Set 2 set 5
ASS FOM 0.6994 T=1333 Tt 1 1.0742
PSI ZERO jhﬁb 2100 1884 2100
RESID 25.90 45.06 25.%0 29 .28
coms fFom 0.6217 23299 23299 1.6602

Table 6.3.2-3



while the other five (17th, 19th, 2(Cth, 21st and 2¢<nd in
order of magnitude) were spurious.
The structure was independently solved by

Dr. C.H-Schwalbe using Patterson methods.

6.3.3 Refinement

Refinement of the structure was carried out on the
CDC7600 computer at U.M.R.C.C. with use ot the least-
squares procedure (L.S.) 1in SHELX (see Sec 2.5.2). Final
agreement factors were R=0.057, Rw=0.056 and Rg=C.062 for
3040 independent reflexions for which |F|>20(F). The
observational ecuations were weighted by 1!02(F). The Llow
angle reflexions ; D &, E B2, 1 02 and "2 D 2 with poor
agreement of the form |Fobs|<<|Fcalc| were omitted from the
refinement. Anisotropic temperature factors were refineo
for all non-hydrogen atoms, whilst isotropic temperature
factors were refined for all hydrogen atoms. The carbon
atoms of the phenyl substituent were refined independently
but the bonded hydrogen atoms were AFIXed in positions
consistent with the requirement of sp? hybridisation. The
two methyl groups were refined as rigid bodies. The amino
group hydrogen positions were refined subject to the
following constraints: (a) N-H distances DFIXed at
§.00(2) R, (b) H=H distances DFIXed at 1.73(5) A, and the
C-H contact distances were tied to a single free variable
for each groups with a standard deviation of 0.05 i. The
free variables refined to 1.967 g for the group at C(4) and

(o]
1.998 A for the group at C(6). The N(3)-H(N3) bond length



CGT: Constrazined Distances

Fixed Observed
N(3) = H(N3) 0.95(5)  0.95(2)
NCT) = HZT) 1.008¢2)  0.95(2)
NC7) = H(72) 1.00(2)  0.93(2)
N(B) = H(&1) 1.00(2) 0.98(2)
NCE) = H(82) 1.00€62) . 0.96(2)
H(71) = H(72) 1.73¢5) 1.62°¢
H(B1) - H(&2) 1Z3€5) 1,66
CL) = HCTH" 1.97(5)  1.97
C(4) - H(7TD? 1.97(5) 197
cc6) - Hegn ” 2.00(5) 2.00
cCs) - A2 " 2.00(5) 2.0C

Notes:
a) parameter tied to free variable no. 2
b) parameter tied to free varigble no. 3
¢) standard deviations not calculated for contact
distances

Table 6.3.3-1



&1

O
was DFIXed at 1.95(5) A. The refined values of the
constrained distances are listed in Table 4.3.3-1.
No element of the correlation matrix was greater in

magnitude than 0.52 and all densities in the final

Ll
m
>0

difference Fourier synthesis were within the range =-0.5
o3
to +<0.27 el .

.4 Structure Analysis (Neutron)

6.46.17 Neutron Data Collection

Neutron data were collected at A.E.R.E. Harwell for
one week during the summer of 1977. Because of the time
limitation intensities were measured for only 291
independent reflexions with large calculated neutron
structure factors. A crystal of approximate dimensions
Z2mm x Zmm x 1mm was mounted on a Grubb-Parsons Mk VI
diffractometer in Dido reactor and positioned in a beam of
monochromated neutrons, A= 1.1803 R. Peazks were scanned
@=-28) in 40 steps of 0.02° in winitially (first 99
reflexions) then in 32 steps of C.02° in w when results
showed that the peaks were sufficiently well centred.
Backgrounds on either side were measured in 5 steps of .CZO
in w. The standard reflexion 0 0 & was measured every
10th reflexion initially, then every 20th. The monitor
count was set to 2x105 throughout. Data collection and

reduction were carried out under the Harwell Andromache

system.



6.4b.2 Neutron Refinement

Hydrogen positions and isotropic temperature factors
were refined, with non-hydrogen positions and anisotropic
temperature factors fixed at values determinea from X-ray
refinement. The low angle reflexions 2 2 2 and 2 1 2 were
omitted because of poor agreement with the calculated
structure factors, with |Fobs|<|Fcalc].

Two separate refinements were undertaken (a) with all
hycrogen positions free and (b) with the phenyl hydrogens
AFIXed and methyl hydrogens refinec as a rigid group.
nesults of the two refinements are showfl in Table €é.4.2-1.
Application of Hamilton®s R factor ratio test
(Hamilton,1965) on the Ra®s suggests that the hypothesis
that the constrained refinement is correct can be rejected
(p<.005). With both refinements the temperature factors
are generally reasonable, although one methyl hydrogen
attains the high value of Uiso>0.2. Bond distances and
angles from the free refinement are listed in
Table 6.4.2=2. The hydrogen fractional coordinates and
temperature factors resulting from this refinement are

Listed in Table 6-3.

6.4.3 Discussion of the Neutron Structure

The neutron data show clearly that the structure is
protonated at the same relative position as the other
antifolate drugs. The NH and NH, units are involved with
hydrogen bonding. The hyd}ogen bonding scheme with angles

and distances resulting from the free hydrogen refinement



Free

Meutron Hydrogen Parameter Refinements

AfFiXed

Mp

]

Mp No R
a1 239
37 229

number of parameters

numpber of observations

-0598

0878

Rw g
-34538 -0382
0541 -0452

Table 6.4.2-1

Selected Sond Distances and Angles

NOT)
N(T)
]
clé)

H{71)

N ()
NC3)
c(é)
C(4)

H(31)

= H{N3)
- N(3) = HIND)

= NLAY =OHIEN S

- H(71)

- H(T2)

- N{T) =~ HC7 1)

- N(7Y = H(72)
=LRETY = H(72)

- H(31)

- H(322

= N(8) = HE371)

- N(3) -"H(32)
- N(8) = H(32)

Q
1.03(3) A
113¢2)°

117¢2)°

=]

0.99(3) A

=]

1.26(3)A
114¢2)"
119¢1)°

126¢27

-]

N.97(3)A

-]

1.03¢2) A
115¢2)°

125(2)°

Table §.6.2-2
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are shown in Fig 6.4.3-1. T7The amino groups are essentially
sp?2 hybridised and planar (sum of bond angles at N(7) is
S7=358.c°; at N(&) SB=35?.&°). However the bond angles
deviate as much as 5o (=2g) from the expected 120°,

Another neutron diffraction structure of an antifolate
druo, unprotonated trimethoprim (Koetzle and Williams,1976)
similarly shows sp? hybridisation (§,2347.4°%, §,=358.6°
with the atom numbering alterec to correspond to the
cycloguanil nomenclature), but all bond angles are much
nearer to 1290. It is also possible to have partial spd
hybrigisation as in 2,4,6=triamino=5-chlorocguinazoline
(Rogan and Williams,1979) with S valtues of 3390 and 356°.
Thus it appears that the amino groups can easily undergo
deformation either in=-plane or out-of-plane. Such
flexibility may be of great importance in good hydrogen
bonding to dihydrofolate reductase whose natural substrate

has a carbonyl oxygen in the 6-position and greater bulk in

the side groups.

6.5 Discussion
The sp? hybridisation of C(2) and conseguent deviation
from planarity of the s=triazine ring (see Table 6é-6) does
not appear to be an important factor in DHFR inhibition
since the biological activity of cycloguanil 1s very
simialar to the sp? hybridised pyrimethamine. The
deviation of C(2) from the plane of the remaining five ring

o
atoms is J.486 A. The remaining atoms show significant



(94]
e

deviation from coplanarity (assuminc a standarc deviation
in position of 0.002 K for all atoms,)ﬁ=16'ﬁ: for X2>14
with two degrees of freedom the hypothesis of coplanarity
can be rejected with p<0.00%). The two amino nitrogen
atoms deviate from the plane, one on either sicde. The
deviation of N(&) is (0.228 E. It is interesting that such
large movements appear to little affect the bincing
properties of the molecule. The methyl carbon C(9) is in
an axial position with respect to the ring while C(10) 1is
equatorial. The bonds in the ring are considerably
delocalised with even the bonds to C(2) exhibiting some
weak m-bond character. The phenyl rinc is coplanar to
within +0.001 g, although the bonded chlorine CL(1)
deviates significantly (D.041 i) from the ring plane. The
two planes are inclined at an angle of 1HU.4°.

The molecules are hydrocen-bonded in pairs across
centres of symmetry at the Wyckoff a positions (0,0,0) and
1/2,1/2,1/2). This type of hydrogen bonding is ubiquitous
in the crystal structures of DHFR inhibitors (see
sec 13.3). ALl four amino nitrogens and the proton at N(4)
take part in hydrogen bonding (see Fig 6.4 .3-1).

There is no ring stacking in the structure, although
there is a weak association of phenyl rings related by
24~symmetry. The rings are inclined to each other at an
angle of 490. Viewed down the glide plane, the s-triazine
rings appear superimposed on each other (See Fig 6.0=3),

but there are no close contacts.
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6.5-1 ORTEP with numbering scheme. Thermal ellipsoius for
non-hyoroagen atoms are arawn &t the 50 per cent.
probability level.

6.5-2 View of the unit cell contents alono [010]. The
contents of eight asymmetric units are shown.

6.5=-3 Two c¢c-glide translated molecules viewed along [(i01].
£.5=-4 Base-pairing across a centre of symmetry.

6.5=5 ORTEP stereo viewed perpendicular to the s=-triazine
ring.

£.5=-6 ORTEP stereo viewed from near the plane of the
s=triazine ringa.

6.5-7 Stereo of unit cell contents viewed along [(10].

6.5-8 Stereo of unit cell contents viewed along [100].



Note: Subscripts refer to symmetry operations:
lst digit: Space group symmetry operation in the

order given in the International Tables, Vol I, p929

2nd, 3rd and 4th digits: Unit cell translations along

a, b and ¢ respectively.
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CGT:

H(3)
H(91)
H(92)
H(93)
HC1017)
H(102)
H(103)
H(12)
H(13)
K(15)
H(18)
H(E1)
H{&2)
H(71)
H(72)

NOTE =

HYDROGEN FRACTIONAL COCRDINATES
AND ISOTROPIC TEMPERATURE FACTORS

X

0.3622
0.3416
0.3783
0.4781
0.13837
C.2993
C.0900
C-1333
-0 .02979
=L .3735
=3:2090
-0.0913
=0.1576
0.4331
0.3251%

HYDROGEN

Y Z
0.8996 0.6046
C.8352 0.3949
0.7216 0.4601
C.8488 (C.4944
1.0444 C.3985
1.0844 0.5008
1.06%1 “0.4593
Qo rOsYs Q2767
0.7803 0.1366
0.9904 0.1964
0=9340 0.3529
053532 04351
06297 03423
0.7613  D.7018
0.6126 0.6940

PARAMETERS FREELY

FRCM NEUTRON DATA
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0.1060
J.0747
0.0833
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0 .0345
0.0568
0.0354
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C6T: BOND DISTANCES

c(2) - NET) 1.493(2)
N(3) = G2 1.4646(3)
c(4) =2 NES) S22 )
N(5) = Cl&) 1323022
Ceé) = AT 1.345(2)
c(6) = NE5) 1.3648(2)
cl92 = K 1.528(3)
€103 =  C42) 1512852
N(T7) R 1.326(2)
NCE) = el 1.321€2)
£CT1) =, INLA3 1.6466(C2)
Chlgd = GiiEt 137930
€(132 ~ CL1d) 1.388(3)
C¢14) o= LLET) I=738(2)
G4 = B s) 1.379(4)
€153 =~ £C14) 12373 (&0
CLT6Y = 11D 1.379(4)
CE160 b == G015 1.388(3)
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C6T: BOND ANGLES

c(2) =N OT) s 119.6(1)
c(2) =~ NG1) = SCAT 5D T2 (1)
C(8) = N(1) el g e 1201012
NCT) =G LZD =R s 105.4€1)
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NCT) = CG2) - 5K 7a) 109.6(2)
N(3) - NGKLd = G199 110.4(C2)
NE3) i Eee) = €L10) 108.3(2)
c(9) = L = e 111.8(2)
c(2) = N3 A 8 1192.5(2)
N(3D = Ct4 = _N{S) 122.0(2)
N(3) =l = SN T 117.8¢2)
N(5) = HE) == NV 120.1(2)
c(4) = NC5) = lod 137 =11
NCT) = SNELED - NE5) 123.2¢2)
NCT) = Eite) = SNLBD S )
N(S) = €(62 - N(8) IiT.742)
N(1T) s Citt) = "£Lred 120.1(2)
NCT) =t Y = e E6) b i 2 LA 7
€¢12) = "C€112 - TCAI6) 120.6(2)
ECATY: = ELTZ)y =g S) 120.0(2)
ECT2) =T BLI5) = (£LY6) 118.7(2)
Chttaa=ECiL) =" LAR3) 118.3(2)
LT = “Cf3h) "= L0350 119.8¢%2)
ol e A D ENE N FZ 19 (2>
CLEAYS = "1y = GL16) 119.0€2)
CLAE)Y » =~ CEe3Ex ~ T L(15) 119.8¢€2)
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C6GT: LEAST-SQUARES PLANES

(a) Eguations of planes in the form AX+BY+(CZ+D=(
. o
where X,Y and Z are the orthogonal coordinates in A
along a,b and c*:

Plane(1): =0.8954Xx + 0.3792Y + 0.23362 = 6.95
Plane(2): 0.5764X + 0.8071Y + (0.12787 - 6.05

I n
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(b) Deviations in A of atoms from planes:

Plane(1): N(1) -.036,C(2)* =-_486, N(3) .034, C(4) -.029,
N(5) =-.012, C(6) .047, C(9)x =2.011, €CC10)* .150,
Ce11) > =104, N(7)% =_031, N(B)% _228

Plane€2): 'CC11) .011,C012) =,008,C¢13) -.003,€C14) 009,
CC15) -.006, C(16) =.005, NC1)* 048, CL(1)*x .041

(c) Dihedral angles in decrees between the planes:

K1) - =123 100.4

*Atoms marked with an asterisk not included in the
definition of the plane.

Table 6-6



Chapter 7: Z2,4=Diarminoquinazoline

7.1 Introduction

Some substituted 2,4=diaminoguinazolines have been
found to be potent inhibitors of DHFR from various sources
and have been investigated as possible antimalarial,
antitumour and antileukaemic agents. ¢Z,4-Diamino-
guinazoline (7.1-1) itself is a moderate inhibitor of DHFR
(Ashton,et al,1972) with 50 per cent. 1inhibition (for rat
liver DHFR) at a concentration of 22uM compared to .O7puM
for Pyrimethamine. Inhibitory activity is enhanced by the
presence of an aromatic substituent at the é=-position
(Hynes,et al,1974) and with the addition at the 5-position
of a hydrophobic group (Davoll,et al,1972) or an
electronegative atom (Ashton,et al,1973). Some members of
the disubstituted series (7.9=I11) have shown activity
against P.berghei and P.gallinaceum (Hynes and
Ashton,1975). 2,4=-Diamino=-6-[(3,4-dichlorobenzyl)
nitrosaminol] quinazoline (7.1-111) has been found to be
active against P.berghei and P.cynomolgi including
chloroquine, cycltoguanil, pyrimethamine and DDS resistant

strains (Thompson,et al_, 1970).
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Activity is believed to result from the quinazoline
ring system acting as an analogue for the pteridine moiety
of folic acid. Quinazoline analogues of isofolic acid were
not found to be active against L1210 mouse leukaemia (Hynes
and Garrett,1975) although the series 7.1-IV inhibited DHFR
from rat Lliver and L1210 cells with 50 per cent.
inhibition at concentrations of the order of U.1pM for the

most potent (Richter and McCormack,1974).

7.2 Crystal Data

Z,4=Diaminoquinazoline (C,H N,) crystallises in space
group I&y/a. The conditions limiting possible reflexions
for this space group are: hkl,h+k+l=2n; hk0O,h=2n and k=2n;
00L,l=4n. There are, however, some exceptions for which no
satisfactory explanation has been found. Refinement in
alternative spac