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ABSTRACT

PART 1 - Antihistaminie Dhugs

The crystal structures of the three antihistaminic drugs df-Brom-
pheniramine maleate, (+)-Chlorpheniramine maleate and Triprolidine
hydrochloride monohydrate were investigated. Al| three compounds
adopted a conformation with an open side which would permit both a =
electron overlap linkage and a hydrogen bond to the histamine Hl recep-
tor from the one face of the molecule. Correlations between the con-
formations of four antihistaminic drugs have allowed the formulation of
an hypothesis for the binding of both histamine and antihistamines to
the receptor site,

PART 2 - An Oxindofe Alhaloid

The crystal structure of an oxindole atkaloid extracted from
Eleagnus Commutata was undertaken to complete the structural character-
ization of the molecule. The material was found to be racemic and the
crystal structure showed that the phenolic hydroxyl group was bonded to
C(6) rather than to C(5) as previously suggested. The systematic name
for the compound is 6-hydroxy-2'-(methylpropyl)-3,3'-spirotetrahydro-
pyrrolidino-oxindole,

PART 3 - Mafeic Acid and Maleate Anions

New data were collected for maleic acid and the structure refined.
The internal hydrogen bond is acentric and the intermolecular hydrogen
bond is not bifurcated, Disodium maleate was prepared and its struc-
ture solved. A comparison of nine avallable structures did not explain

why some maleate mono-anions had symmetric intramolecular hydrogen bonds
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ii.
whereas others were asymmetric. Based on the average molecular geo-
metries of similar species predominating electronic distributions for
the free acid, mono-anion and di-anion are given,

PART 4 - Proghamming

Six FORTRAN programs useful in X-ray crystallography were written,
Brief descriptions and program listings are provided for each of ALPHA,
CROMERCURVE, DATAMEND, FRAME, PARALISTER and PRECLP.  Subroutine SIM
was added to program NRC-8 and this is listed and described. Program

NRC-10 was extensively re-organized to allow recycling without user

intervention, and an extensive error analysis and agreement summary sub-

routine added. A listing of ANAL is provided.
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PART 1

Antihistaminie Drugs

1.1 INTRODUCTION

Ever since its introduction by Langley in 1878(]), the conéept
of a receptor site has been useful in the study of interactions of
drugs with biological systems. The functional nature of generalized
receptor sites has been enunciated by Erlich(z) whose paraphrased
statement reads ''....that they were small, structurally discrete
areas from which a biological response emanated following interaction
with a complementary foreign molecule“(3). Various kinetic formu-
lations based on either "occupancy' or "rate" models have been used
with some success to describe some aspects of the drug/receptor inter-
action, but recently theories related more to the actual molecular
events of these interactions have been proposed. A Ymacromolecular
perturbation theory" has been developed by Nachmansohn(h), which
although similar to, was developed independently of, koshland's
"induced fit theory"(S), primarily with respect to the muscarinic
cholinergic receptor and the acetylcholinesterase sites. A "dynamic
receptor hypothesis' which owes much to classical enzymology was used
in rationalizing studies of the adrenergic system(s) in terms of enzyme
activities. Work in this latter area especialiy has been greatly

facilitated by the isolation and characterization of very highly puri-

. fied receptor sites {enzymes) but unfortunately this is not true for

most other systems of pharmacological interest.

If it can be shown that the agonist (response inducer) and the



2.
antagonist (response repressor) bind with and compete for the same site,
then despite the above difficulties, those attribute§ of the receptor
site which serve to define its activity and specificity can, in
principle, be deduced and meaningfully mapped in space by a suitable
Investigation of both agonists and antagonists.

It is be]ieved(7) that histamine (I) and many of the various anti-
histaminic drugs do compete for the same site and much work based on

the above principle has been performed on this system.

N‘L/C Js2\

\ C—C—C—N,

/

6
HN/\_ , N ‘
CHy—CHy —NH, -——m —CHy—CH, —NH,
NA

(I) The atomic nomenclature for histamine and two
tautomers of the mono-cation. The imidazole ring

is aromatic and it is believed that the prig?ry amine
function is protonated at physiological pH( .

CEP““N

Large stores of histamine are to be found in the bodies of all
mammals so far investigated. Normally this histamine is kept in an
inactive form, either by being bound to the heparin of mast cells or
in combination with ATP and ADP in blood platelets(a). The release
of histamine from these storage locations may occur when the cells

encounter:

(a) Physical maltreatment such as burning or mechanical damage;
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(b} Chemical agents of a basic nature that will displace the histamine
from its heparin complex. Another type of chemical agent, and one

whose mode of action is not understood, is typified by the compound

known as "'48/80" (11);

CHCH, NHCH

a mixture of

CHZ—— n= 2,3,1’

OCH,

(11)  Compound 48/80.
or
{c) The complex series of events that result from antigen/antibody
interactions in allergically sensitised individuals. This condition
is the most common and the most severe, but despite the large research
effort which has been expended in trying to discern the mechanism of
the histamine release this area remains little understood.

The physiological responses which arise from increased histamine
levels are usually categorized according to their response to chemo-
therapy and, by inference, according to the nature of the receptor site.

Type | responses include:

(i) Smooth muscle contraction, especially that of the gut,

bronchial tree and uterus. This leads to, for example, restricted



breathing.

(i1)  Relaxation of arteriole smooth muscle with their consequent
dilation and a fall in blood pressure.

{(iii) Increased capillary wall permeability which permits escape
of plasma constituents into the tissue spaces.

(iv)  Increased secretion by the mucous glands of the respiratory
passages and by the tear glands.

It is this set of responses which is antagonized by antihistaminic

®)

drugs Because of their common chemotherapeutic denominator these -
are said to result from interactions of histamine with the Hl receptor
site.

Manifestations of histamine binding to the H2 receptor include(s):

(i) Increased production of hydrochloric acid by acid secreting
glands in the stomach.

(ii) Stimulation of the heart rate.

(iii) Inhibition of uterine contractions in the rat.

Until very recently there were no known specific antagonists for
these H2 responses but eight years of research involving the synthesis
and pharmacological testing of more than 700 compounds has resulted in

(6)

the demonstration that Burimamide (I11) does possess this activity

HE ===C —(CHy )-NH-C -NH-CH,
; \l |
~ S

CH/

(111) Burimamide



The remainder of this discussion is concerned solely with the
pharmacology of the Hl receptor, and no further reference is made to
the histamine H2 receptor interaction.

A great many chemical and/or structural analogues of histamine
have been tested for their ability to elicit the allergic (HI)

(10,”). It has been found that almost any modification to

responses
the histamine molecule results in an, often precipitous, decrease in
activity.

When the alkylamine side chain of histamine is reduced by one
methylene carbon a compound of only feeble activity is obtained. How-
ever, it is necessary to insert two more carbon atoms into the chain
before all activity is lost. Monomethylation of the side-chain nitro-
gen, or of the ring carbon adjacent to the ring/side-chain junction
[C62] yields compounds of moderate activity. Methylation at all other
positions produces weak histamine agonists with equipotent molar
ratios in the range 50 - 100. Substitution of the imidazole system
by other small aromatic rings of similar basicity, e.g., triazole,
pyrazole, thiazole, pyridine, pyridazine and pyrimidine, gave compounds
of the same weak activity as those mentioned above.

It seems, therefore, that the requirements of the Hl site are
optimally satisfied only by the histamine molecule and that very little
structural variation is permitted if full potency Is to be retained.

A logical extension of the above work, and one that has been pursued
by several methods, is the study of the molecular conformations of the
histamine species. It was hoped that these studies would permit the

preferred molecular geometry to be defined and so allow some reasonable



speculation on the topology of the receptor site.
The basic centre of the ethylamine function has a pKa of 9.7 and
so is largely protonated at physiological pH; the imidazole ring with
its pKa of 5.9 pH units is uncharged within this context. The fact
that the histamine mono-cation has both a donor and acceptor of hydrogen
bonding.power led Niemann and Hays(lz) to suggest that an intramolecular
hydrogen bond could be formed with one of the aryl nitrogen atoms
acting as an acceptor, and.that this (the implied folded conformation)
may be important in terms of the agonist binding to the receptor site.
This suggestion of an internal hydrogen bond has receivéd some support
from an analysis of infra-red studies on histamine and some of its
derivatives(l3), although spectrophotometric titration studies provided
evidence that this bond was not formed(lh)'
A theoretical calculation based on an Extended Hickel Theory (EHT),
performed by Kier(l5) and designed to determine the total energy of the

species as a function of the torsion angles around the € and

ring Calkyl

the C bonds, predicted that the conformer with the torsion

atkyl Calkyl

o (-] . .
angles C C CYNG] and NG CY equal to 60° and 180° respectively is

B B
slightly preferred (energy difference = 1.6 kcal/mole) over that which
has these angles equal to 60° and -60° respectively.

The nomenclature and sign convention for these torsion angles is
as follows: |f A=B-C-D is a set of atoms connected as shown, then the
torsion angle»about the bond B-C is defined as the dihedral angle
between the planes defined by the atomic positions ABC and BCD. A

positive angle is one which requires a clockwise rotation of atom A to

achieve superposition of the AB and CD bond vectors when viewed in the



direction B » C.
These two conformers correspond to the trans and gauche forms with

respect to the ca-c bond and this information in conjunction with the

B
known constrained geometry of Triprolidine (IV) led Kier to postulate
that these two conformations might be responsible for interactions at

the Hl and H2 sites respectively.

Q:: /CHZ—,N
o
\ /"

(Iv) Triprolidine

Only the trans 2-py/CH2-N isomer of Triprolidine is an effective hista-

(16)

mine antagonist and evidence exists for the pyridyl ring being co-

planar with the ethylenic bond(]7).

Kier reasoned that since both the alkylamine and the pyridy}
functions are common in antihistamines (see later) and since these two
groups had their counterparts in the histamine molecule, the internitro-
gen separation was an important parameter in describing the 'binding

conformations' of these species. The distance from Na to Né, for the

trans conformer was measured by Kier to be 4.553 and for the gauche form
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as 3.605. This latter distance is too long for any significant hydrogen
bond formation, and since the geometry is unfavourable anyway, it is not
now believed that an intramolecular hydrogen bond is formed.

By building a model of the Triprolidine molecule and arranging it
to mimic the proposed trans conformation of histamine, Kier was able to
measure the nitrogen/nitrogen distance in this species as 4.808. The
difference between this and the b.SSR quoted above is probably not great
enough to preclude sfmllar binding of the two molecules to the same site.

Nuclear magnetic resonance studies of the histamine mono-cation in
020('8) support the EHT calculations in that Casy, ison and Ham find
approximately equal proportions at the trans and the two gauche conform=
ers in their solutions.

Further evidence for a fully extended conformation of the di-cation
in the solid state(l9) has been published but little weight can be given
to this latter study for two reasons:

(i) The di-cation is not expected to predominate in situations
where the pH is above 5.90 and so will be an unimportant species physio-
logically.

(i The main feature of the above crystal structure seems to be
a ring of water and phosphate moieties which surround and are hydrogen
bonded to the di-ion in five places. It is therefore probable that
this arrangement is sufficiently strong to force the adoption of an
unfavourable conformation. |

The mono-ion has been re-investigated by quantum mechanical methods,

(20) using the "Perturbative Configuration

42

this time by French workers

Interaction using Localized Orbitals" (PCILO) metho which, according



to these researchers, should yield more reliable results than are
obtainable from EHT.  Pullman and co-workers find two enantiomorphous
conformational energy minima corresponding to torsion angles of 0° and
45° for CaCBCYNG] and NaCaCBCY respectively.

Despite the effort which has gone into studies designed to discern
the most probable binding conformation of histamine, Iitfle by way of
concrete results can be said to have ensued. The most important
aspect of this work is the knowledge that the physiologically active
mono-cation has considerable flexibility and so little can be hoped for
by way of receptor site mapping from studies on this molecule.

On the other hand, there are many compounds, of varying degrees of
structural rigidity, which are effective histamine antagonists, and so
by drawing as many correlations as are possible from pharmacological
and physico/chemical studies of these species, it should be possible to
make some progress towards defining the receptor site.

The most generalised formulation for histamine antagonists which

has appeared in print to date is given below(Zz):

F?1 R,
v/ \X——R3—N<
\Rz R

(V) A generalised antihistamine

In this symbolism R] and R2 are aromatic or heteroaromatic rings

one of which may be separated from X by a methylene group; X is a
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€0 (ether), N or CH linkage; R3 is‘most often an ethylene group or
a two-carbon fragment of a nitrogen heterocycle; Rh and R5 are sub-
stituents of small size, usually methyl carbons but a small saturated
ring may occupy both these positions. The R] and R2 aryl groups may
be ortho linked by Y which in turn may be a one or two atom Iinkage of
quite variable character. |

Even these generalities do not cover the gamut of compounds known
as histamine antagonists. Because of this, and also because of the
very large number of currently available drugs, no attempt will be made
to review all of the available material. Mention will be made of
selected compounds where appropriate, but the interested reader should
refer to citations (8) and (22) for more exhaustive discussians.

In the case where the X-R3-N feature does not involve a cyclic
system, the introduction of a double bond into the alkylamine chain
proQides a simple way of imposing some structural rigidity without
(23,24,25)

grossly changing the system's character. Casy and co-workers

have studied a series of isomeric diarylaminopropenes and diaryiamino-

butenes corresponding to the structural types (V1) and (VII) respect-

ively.

Ar R
) —— C N
'/;:--(:Pi- }12--

[

Ar R

(V1) A 3-amino-1,l-diaryl-prop-1-ene derivative
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Ar R

/

C==CH—CHz—N
o, \ ,
A I'—C 2 R

(V1) A k-amino-1,2-diaryl-but-2-ene derivative

These workers find that the greatest antihistaﬁinic potency is
obtained from the Ar = Ar' = Ph series when the alkylamine function
is substituted trans to the aromatic grouping bonded directly to the
ethylenic system, and they further find that greater activity is obtained
when this trans aryl group is a 2-pyridyl moiety. Triprolidine and
Pyrrobutamine (VII1) are both in clinical use and they both have a trans

Ar/CHZ-N configuration at the ethylenic centre(]6’23).

"CH\Z /CHZ—NO

c=—C

"

(Vi11) Pyrrobutamine (Pyronil)

Evidence cited above(]7) has been presented to show that the pyridyl

ring of Triprolidine is coplanar with the double bond.  Unpublished evi-
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(23)

dence from proton magnetic resonance (pmr) spectroscopy also pur-
ports to show that the 2-pheny! group of Pyrrobutahine is approximately
| coplanar with the ethylenic linkage. If this proposed coplanarity of
7 molecular orbital systems is strongly preferred, then it should |
pgrsist in the solid state and X-ray crystallography should reveal its
presence. Triprolidine hydrochloride monohydrate was chosen for study
for three reasons:

(i)  Only one of the geminal aromatic rings can be coplanar with
the ethylene system, and it seemed important either to verify the results
of Adamson et al.(17) o; to demonstrate that some arrangement permitting
partial overlap cf both extended 7 systems with the double bond exists.

(ii)  The compound was easily avallable in a good crystalline habit.

(iii) The hydrochloride derivative is clinically administered as
an antihistamine.

The Phenframines (1X) provide a conformationally mobile but simply
~ related variant of the l,l-diaryi-prop-l-ene system, and some useful in=

formation should be obtainable from structural studies on these compounds.

X
CH3
CHs—N (1X)
/N
* CH3 a X=H Pheniramine ‘
(;H—-CH2 b X =C& Chlorpheniramine ‘
¢ X = Br Brompheniramine
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In this series the optically active carbon, C1 of the alkylamine chain,

is more crowded than is the corresponding atom in Triprolidine and this

fact may well impose some conformational restraints not implied by the

fewer number of substituents of the ethylene bond. It has been said
that in both systems the two aryl functions maintain a dihedral angle

(24)

of approximately 90° , and the extent to which this is true can most
accurately be determined by X-ray crystallographic studies.

The question of site specificity with respect to optic hand of
either the agonist or antagonist has not arisen up to this point because
of the lack of optical activity in the compounds under discussion.

The Pheniramines, however, are optically active and have been resolved

(26).

into pure isomers Pharmacological testing of these enantiomers

indicates that the (+) rotamer is twelve times more effective in com-

bating the effects of histamine than is its antipode(27). Specificity
with respect to absolute configuration has also been demonstrated for

the L(S) and D(R) forms of 3-ethylamino-1-phenylpyrolidine (X).

' CHZCHZNHZ CHZCHZNHZ
é (N ]
L(S) D(R)

(X) Enantiomorphic 3-ethylamino-1-phenylpyrolidine structures
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These two compounds were shown to have pA2 activity indices of 5.92

(28)

and 4.92 logarithmic units respectively when tested for their
antihistaminic efficacy on the isolated guinea pig ileum. The
absolute configuration cryptics R and S are used here and subsequently
in the sense of their definition by Cahn, Ingold and Prelog(ZS).

The pA2 parameter is a common pharmacological quantity and is
defined by the relation: pA2 gef -loglo[A], where [A] is the ant-
agonist concentration (moles/litre) which necessitates a doubling of
the agonist concentration to maintain a constant effect. By analogy
with this the quantities PAh’ pAIO’ etc. may be defined.

_Antihistamines in clinical use typically have pAz indices in the

range 8 - 10(30)

and so these two compounds are much less active.
However, the above demonstration does reinforce the observations made
on the antipodal Chlorpheniramines.

(31)

Barlow proposed that the more active (+) isomer of Chlorphen-
iramine should have the R configuration, However, Barlow's reasoning
was criticised by Hite and Shafi'ee(Bz) on the grounds of arbitrariness
and these latter workers went on to show, by chemical means, that

(33).

(+)-Pheniramine has the S absolute configuration No fault could

be found with either the logic or the procedures of the above determin-
ation, but it was felt that the absolute configuration of the reference
compound had not been determined in a completely unambiguous way. For
the sake of convenience and self-sufficiency, the complete argument is

summarized below.

Pure (+)-Pheniramine (X!a) was catalytically hydrogenated and a

mixture of two diasterioisomeric secondary amines produced. A mixture
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of solid amides was prepared from the above product by reaction Qith
benzoy! chloride in basic solution. Hofman elimination conditions
(pyrolysis of the quaternary nitrogen hydroxide) were applied and the

diasterioisomers (X1) obtained.

3 ¢
N—
C\\N COOH
00H
(@ "erythro” (b} "threo”

(X1) Two isomers of 2-pheny1-2-[2- (-benzoy1)piperidyl]acetic acid

Fractional crystallization methods were used to separate these two
isomers. The isomers were debenzoylated and one of these products shown
(method not stated) to be identical to that compound which had previously
been designated “erythro“(3h). The "erythro" and "‘threo' labels here
are used for convenience; the assignment is based on the stereochemical
relationships of the two methine hydrogens and of the phenyl and methyl-
ene substituents of the asymmetric centres.

The method used by Weisz and Dud55(3b) to deterﬁine the stereo-
chemistry is as follows: |

The compound methyl-a- (2-piperidy1)phenylacetate (X11) was prepared

(35)

as a mixture of two racemates according to the method of Panizzon



HN

HC——COOCH,

(X11) Methyl-a- (2-piperidyl)phenylacetate

Separation of the isomers was achieved by saponification of the
ester followed by reliance on the different pK's of the groups to effect

(36)

preferential solvent extraction This procedure was developed by

Rometsch who designated the two racemic mixtures "a" and "b"'. Reduction
of the acids with LiALHu followed by reaction with S0C%, resulted in

formation of the alkyl halide{s) (XII1).

HN

HE—CH, —Cl

(X111) 2-phenyl-2-(2-piperidy})ethylchloride
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The crucial step in the work of Weisz and Dudas was to then boil
these two mixtures in xylene, |t was found that the chloride derived
from Rometsch's "b" racemate was converted to 7-pheny1-1-azabicyclo-
[4-2-0]octane (XIV), whereas that prepared from the “a' racemate

remained unchanged.

(x1v) 7-phenyl-I-azablcyclo[h-z-0]octane

Weisz and Dudas argued on the basis of an assumed cis 6/4 ring
fusion and from a consideration of non-bonded repulsive interactions
that only the "erythro" configuration of the starting material was
capable of yielding a stable bicyclic system. The "'b" isomers can

then be representéd by the structural formulae (xv).

N=(CH,)3
H o
——CH,
N
COOH "
COOH

(XV) "erythro" 2-phenyl-2-(2-piperidyl)acetic acid
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Unfortunately, this latter argument is seriously weakened by the
knowledge that trans 6/4 ring fusion is permitted(37) and also by a
detailed examination of the, supposedly forbidden, cis fused molecule
derived from the "threo" form. This scrutiny indicates that any slight
repulsive jnteractions can easily be removed by small deformations of
the species.

The proof of the structure is therefore inconclusive and to resolve
this problem we have undertaken an absolute configuration study of
(+)-Chlorpheniramine maleate.

The three drugs, di-Brompheniramine maleate, {(+)-Chlorpheni ramine
maleate and Triprolidine hydrochloride monohydrate, form the subject of
this investigation into the structural features necessary for anti-

histaminic action.
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1.2 d2-BROMPHEN IRAMINE MALEATE

Exgerimental

A sample of this racemate was supplied by Drs. R.R. lIson and A.F.
Casy of the Faculty of Pharmacy at this University. Crystals,
suitable for single crystal X-ray diffraction work, were easily grown
by vapour diffusion of diethylether into an ethanolic solution of the
salt. Preliminary oscillation and Weissenberg photography of a crystal
exhibiting 2/m symmetry and of maximum dimensions 0.20 x 0.18 x 0.20 mm
revealed the diffraction symmetry and systematic absences expected for
space group P2]/c.

The crystal lattice parameters, originally obtained from films,
were refined by a least-squares process(38) during the alignment of the
crystal on the Picker FACS-1 diffractometer; these parameters and
other constants are contained in Table 1.

A total of 3374 different reciprocal lattice points within the
sphere limited by 20 = 129° were examined using Ni filtered Cu k
radiation and the diffractometer in the coupled 6/26 scan mode. The
20 scan speéd was 1°/min. over a basic peak width of 1.8°, this width
being increased as a function of e(hz) to cope with the dispersion of
the Cu Ku doublet.

| Data reduction included corrections for Lorentz and polarization
effects(hs) and calculation of observational weights éccording to the
expression vw = 2 Fo/[T + (kl)2 + B]J‘f (44) where T is the total reak
count, | is the net peak count, B is the peak background and k is a
small constant (0.04 in this case) Included to allow for minor experi-

mental errors. A total of 3164 unique and space group permissible



TABLE 1

A summary of data for d2-Brompheniramine maleate.

empirical formula CZOHZBBrN204
molecular weight 435.32 Daltons
melting point (lit.)(sg) 132-4°C

space group P2,/c

a 9.863(10)A

b 10.836(7)

c 21.494(10)A
cos B -0.4356(9)

B 115.83(5)°

v 2067.6783

z ]

Peale 1.42 gm/cm3
Pops ! €Hs) 0/CH B 1.43(1) gn/en®
u(u k) 32.6 cn”!

20 range explored 4°-129°

no. unique reflections 3164

no. observed reflections

2266 (71.6% of total)

no. variable parameters 336
ratio observations/parameters 6.7
ffnai unweighted R(ho) 4,55%
final weighted &1 6.37%
mean sigma in C-C bond distance 0.006%
mean sigma in C=C-C angle 0.4°
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reflections of which 2266 satisfied the observed/unobserved criterion
that the net counts should not be less than the smaller of 75 counts
or 10% of the total background for that reflection were obtained. The
scattering factors used were derived from the published analytical
coefficients of Cromer: and Mann(uS) except for the hydrogen curve
which was that of Mason and Robertson(ha). The data were corrected
for the effects of absorption according to the method of Busing and
Levy(h7) during the latter stages of the structure refinement.

A Patterson map computed with coefficients modified to approximate
those expected from ''point atoms at rest"(hs) unambiyuous ly showed the
positions of the expected three bromine-bromine vectors, and from a
heavy atom phased Fourier synthesis suitable locations corresponding to
the remainder of the pheniramine moiety were found. The atoms of the
maleate ion were located in a subsequent electron difference synthesis.
The positional parameters 5o defined along with individual atom iso-
tropic temperature factors were subjected to three cycles of unit-
weighted full-matrix least-squares refinement, using the locally modi-
fied version of 0RFLS(h9). During this process which reduced the
conventional residual, R(ho),from 18.0 to 7.7%, a correction term corres=
ponding to the real part of the anomalous scattering by bromine (&f' =
-0.529) was applied and all atoms of the pyridyl ring were treated as
carbon atoms. A difference map computed at this stage made it possible
to distinguish the nitrogen atom from the carbons of the pyridyl ring
and showed sensible locations for the hydrogen atoms (the position of

the second base dissociable proton of the maleate was deliberately by~

passed here since it was desired to have as few errors as possible in

)
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the Fc's when this atom was being searched for).
Least-squares refinement was continued with observational weights,
making the block-diagonal approximation, and with correction for the
imaginary part of the anomalous scattering by the bromine (ar" =

1.305) (50).

The hydrogen atom parameters were permitted to vary but
were constrained to isotropic thermal motion, the remaining atoms being
allowed to assume their anisotropic form. A final difference map
revealed the remaining hydrogen of the maleate with a peak height of
0.3 e/lo\3 and regions of electron density in the range %0.3 e/f\3 very
close to the bromine.  The background level of this map was 0.1 e/ﬂB.
That the electron density near the bromine was due to the inability of
the assumed temperature factor model to adequately describe the thermal
motion of this atom and not to absorption effects was shown by the fact
that after the data were corrected for absorption and the structure re-
refined, no change resulted in either the R factor or the parameters

(1) 4 (ko)

and the “ripple" remained. The final weighted and unweighte

R factors are 6.37 and 4.55% respectively.

Results and Discussion

The atomic parameters used to describe the final model are contained
in Tables 2, 3 and 4. Table 5 is a listing of the observed structure
amplitudes and the calculated structure factors based on the final model.
Figure 1 presents the numbering scheme adopted here, while Figure 2
displays the bond distances and interbond angles of this complex. The
comparable molecular parameters for the hydrogen atoms are collected

into Table 6.



TABLE 2

The final set of positional parameters for the non-hydrogen atoms
of one di-Brompheniramine maleate "molecule". Estimated standard
deviations in the last figure quoted are in parentheses.

Atom x/a y/b z/c
Br -0.03052(8) -0.15502(5) 0.04388(3)
c(1) -0.0557(5) -0.0621 (4) 0.1129(2)
c(2) 0.0355(5) 0.0389 () 0.1413(2)
¢(3) 0.0200(6) 0.1031 (4) 0.1936(2)
c(4) -0.0827(5) 0.0674(4) 0.2185(2)
c(s) -0.1747(5) ~0.0334(4) 0.1884(2)
c(6) -0.1622(5) -0.0975 (4) 0.1351(2)
¢@ -0.0869(5) - 0.1333(4) 0.2801(2)
¢(1') -0.0176(5) 0.0509 (k) 0.3432(2)
- e(2") 0.1382(5) . 0.0533 (k) 0.3835(3)
c(3') 0.2033(6) -0.0188(4) 0.4408(2)
c(4) 0.1114(6) -0.0925(5) 0.4579(3)
c(s') -0.0412(6) © o -0.0904(6) 0.4148(3)
N(6') -0.1098(4) -0.0214(4) 0.3585(2).
c(8) -0.2470(5) 0.1803 () 0.2670(2)
c(9) -0.2972(5) 0.2833(4) 0.2148(2)
N(1) -0.4419(6) 0.3450(1) 0.2078(1)
Ca ~0.4752(6) 0.4593(4) . 0,1657(2)
Cb -0.5759(5) 0.2606 (4) 0.1807(2)
cm(1) ~0.4748(5) 0.2559(4) 0.4929(2)
cm(2) -0.3948(6) 0.3726(k) 0.4910(2)
tm(3) -0.3730(6) 0.4245(4) 0.4403(2)
Cm(4) -0.4173(5) 0.3819(4) 0.3682(2)
o(1) -0.4976(5) 0.2354(4) 0.5429(2)
0(2) -0.5161(4) 0.1800(3) 0.4416(2)
0(3) -0.4758(4) 0.2764(3) 0.3496(2)

0(4) -0.3951(4) 0.4537(3) 0.3293(2)
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TABLE 3

The thermal motion parameters for the atoms of Table 2.

Atom U, * u v U ] U

I 22 33 23 13 12

Br  0.1231(5) 0.0722(k) 0.0686(4) -0.0055(3) 0.0491(3) 0.0193(4)
c(1) 0.069(3) 0.046(2) 0.053(2) 0.010(2) 0.029(2) 0.020(2)
C(2) 0.072(4) 0.060(3) 0.070(3) -0.003(3) 0.045(3) -0.007(3)
C(3) 0.073(3) 0.051(3) 0.068(3) -0.005(2) 0.037(3) -0.009(3)
c(4) 0.043(3) 0.040(2) 0.049(2)  0.002(2) 0.019(2) 0.002(2)
c(5) 0.046(3) 0.049(3) 0.062(3)  0.002(2) 0.026(2) 0.001(2)
c(6) 0.056(3) 0.039(2) 0 059(3) -0.004(2) 0.016(2) -0.001(2)
C(7) 0.051(3) 0.042(2) 0.055(2) -0.002(2) 0.023(2) -0.002(2)
c(1') 0.048(3) 0.041(2) 0.044(2) -0.003(2) 0.014(2) 0.001(2)
c(2') 0.050(3) 0.050(3) 0.080(3)  0.005(2) 0.029(3) 0.001(2)
c(3') 0.050(3) 0.067(3) 0.079(3)  0.010(3) 0.011(3). 0.009(2)
C(4') o0.073(4) 0.082(4) 0.056(3)  0.022(3) 0.007(3) 0.011(3)
c(5') 0.068(4) 0.101(5) 0.078(4)  0.036(k) 0.022(3) -0.014(3)
N(6') 0.052(3) 0.078(3) 0.058(2)  0.023(2) 0.010(2) -0.008(2)
c(8) 0.061(3) 0.043(2) 0.052(2)  0.007(2) 0.030(2) 0.013(2)
c(9) 0.056(3) 0.047(2) 0.051(2)  0.002(2) 0.027(2) 0.008(2)
Ca 0.094(4) 0.047(3) 0.068(3)  0.014(2) 0.042(3) 0.019(3)
Cb  .0.062(3) 0.056(3) ~ 0.064(3) -0.002(2) 0.028(3) 0.006(2)
N(1)  0.060(2) 0.038(2) 0.043(2)  0.006(2) 0.026(2) 0.012(2)
0(1) 0.126(3) 0.105(3) 0.065(2)  0.013(2) 0.056(2) -0.016(3)
0(2) 0.078(2) 0.054(2) 0.059(2) -0.001(1) 0.027(2) -0.016(2)
0(3) 0.109(3) 0.054(2) 0.052(2) -0.015(1) 0.043(2) -0.018(2)
o(4) 0.106(3) 0.057(2) 0.061(2)  0.033(2) 0.051(2) -0.002(2)
cm(1) 0.050(3) 0.063(3) 0.052(2)  0.009(2) 0.020(2) 0.006(2)
cm{2) 0.074(3)  0.063(3) 0.050(3) =-0.011(2) 0.029(3) -0.010(3)
Cm(3) 0.083(4) 0.052(3) 0.055(3) -0.018(2) 0.036(3) -0.021(3)
cm(4) 0.064(3) 0.049(3) 0.054(3)  0.001(2) 0.033(2) 0.007(2)

*
These U., values are coefficients in the expression

% * % %
exP['Zﬂz(a*ZU”hz #b 2U22k2 e 2u3322 + 22Dk +
% 5 %
2a ¢ U'3h2 + 2b"¢c U23k2)]



The positional and thermal parameters for the
hydrogen atoms of di-Brompheniramine maleate.

TABLE 4

Atom x/a y/b z/c Uiso(f\z)
H(2) 0.113(5) 0.054 (k) 0.128(2) 0.08(1)
H(3)  0.067(6) 0.171(5) 0.220(3) 0.08(2)
H(5) -0.243(4) -0.058 (4) 0.202(2) 0.07(1)
H(6) =0.209(4) -0.161(4) 0.114(2) 0.06(1)
H(7) -0.012(5) 0.210(4) 0.286(2) 0.07(1)
(") 0.190(5) 0.109(5) 0.372(2) 0.09(2)
HGY) 0.296(5) -0.020 (4) 0.471(2) 10.03(1)
H(4') 0.161(5) -0.134(5) 0.502(3) 0.08(2)
H(5') -0.105(5) -0.122(4) 0.431(2) 0.11(1)
H(81) =0.243(4) 0.210(3) 0.311(2) 0.05(1)
H(82) =0.329(5) 0.109(4) 0.247(2) 0.09(1)
H(91) =0.210(4) 0.347(3) 0.229(2) 0.06(1)
H(92) -0.311(4) 0.258(3) 0.173(2) 0.06(1)
Hm -0.438(6) 0.370(5) 0.250(3) 0.10(2)
Ha(l) -0.496(5) 0.441(4) 0.123(2) 0.11(1)
Ha(2) -0.579(5) 0.500 (4) 0.162(2) 0.07(1)
Ha(3) -0.389(5) 0.505 (4) 0.187(2) 0.08(1)
Hb(1) -0.648(5) 0.310(5) 0.187(2) 0.09(2)
Hb (2) -0.557(5) 0.185(4) 0.205(2) 0.06(1)
Hb (3) -0.603(5) 0.233(4) 0.137(2) 0.08(1)
Hm (1) -0.485(5) 0.226(5) 0.405(2) 0.10(1)
Hm(2) -0.354(5) 0.117(5) 0.533(2) 0.09(1)
Hm(3) - 0.317(5) 0.502 (4) 0.450(2) 0.05(1)
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TABLE 5

The observed structure amplitudes and the calculated
structure factors for d2-Brompheniramine maleate.
Excluded reflections are marked with an asterisk and
the amplitudes have been multiplied by 10.0.
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FIGURE ]

The atomic numbering scheme used in this analysis.
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FIGURE 2

Bond distances and interbond angles for the non-hydrogen
atoms of di-Brompheniramine maleate. The e.s.d's in
these distances and angles average 0.00BK and 0,44
respectively.
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TABLE 6 .

Bond distances and interbond angles involving the
hydrogen atoms of d&-Brompheniramine maleate.

c(2)-H(2)
C(3)-H(3)
¢(5)-H(5)
¢(6)-H(6)
C(7)-H(7)
c(2')-H(2")
C(3')-H(3")
Clb)-H(k')
¢(5')-H(5')
c(8)-H(81)
¢(8)-H(82)

(a) Distances

0.96 (4)A
1.00(6)
0.95(5)
0.87(4)
1.11(5)
0.97(6)
0.89(5)
0.96(5)

10.76(5)

0.98 (4)
1.01(5)

(b) Angles

(i) The p-bromophenyl system

c(1)-C(2)-H(2)
c(3)-c(2)-H(2)
c(2)-c(3)-H(3)
C(4)-C(3)-H(3)
¢ (4)-C(5)-H(5)
¢(6)-C(5)-H(5)
c(1)-c(6)-H(6)
c(5)-C(6)-H(6)

120(3)°
122(3)
117(3)
121(3)
125(3)
115(3)
120(3)
120(3)

€(9)-H(91)
C(9)-H(92)
Ca-Ha(l)
Ca-Ha(2)
ta-Ha(3)
Ch-Hb (1)
Cb-Hb(2)
Cb=Hb(3)
cm(2)-Hm(2)
cm(3)-Hm(3)

3.

0.97(4)A
0.91(k)
0.93(6)
1.14(5)
1.01(5)
1.03(6)
0.91(4)
0.94(k)
1.00(5)
0.96(4)

(ii) The pyridyl system

c(1')-c(2')-H(2")
c(3')-c(2')-H(2")
c(4')-C(3')-H(3")
c(3')-C(4")-H(k')
C(5")-C(4")-H(4")
c(4')-c(5')-H(5")
N(6')-C(5')-H(5")
c(2')-C(3')-H(3")

Continued

122(3)°
117(3)
121(3)
125(3)
117(3)
124(5)
109(5)
121(3)

-----



Table 6 (Continued)

C{4)-Cc(7)-H(7)

c(1t)-c(7)-h(7)
C(8)-C(7)-H(7)

C(7)-c(8)-H(81)
C(7)-c(8)-H(82)
C(9)-C(8)-H(81)
C(9)-c(8)-H(82)

H(81)-C(8)-H(82)

C(8)-c(9)-H(91)
C(8)-c(9)-H(92)
N(1)=C(9)-H(91)
N(1)-C(9)-H(92)

H(91)-C (9)-H(92)

N{1)=Ca-Ha(1)

(iti) The aliphatic portion
104(3)° N(1)~Ca-Ha(2)
107(2) N(1)-Ca-Ha(3)
110(2) Ha(1)-Ca-Ha(2)
105(2) Ha(1)-Ca=Ha(3)
107(3) Ha (2)-Ca=Ha(3)
111(2) N(1)=Cb=Hb(1)
110(3) N(1)~Cb-Hb(2)
113(4) N(1)-Cb=Hb(3)
112(2) Hb (1)~Cb=Hb (2)
114(3) Hb (1)-Cb-Hb (3)
108(2) Hb (2)-Cb-Hb (3)
106(3) C(9)-N(1)=Hm
104 (4) Ca-N(1)-Hm
110(4) Cb=N(1)=Hm
(iv) The maleate ion
cm(1)-0(2)-Hm(1) 109(3)°
Cm(4)-0(3)-Hm(1) 110(2)
cm(4)=0 (4)=Hm 107(2)
Cm(1)=Cm(2)=Hm (2) 106(3)
Cm(3)-Cm(2)~Hm(2) 122(3)
Cm(2)-Cm(3)-Hm(3) 120(2)
Cm (4)=Cm(3)-Hm(3)

110(2)

32,

n@3)°
106 (3)
109 (4)
97(5)
123(4)
109(3)
112(3)
113(3)
110(4)
108 (4)
105 (4)
104 (4)
108 (4)
109 (4)
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If X denotes a carbon, oxygen or nitrogen atom, then the standard
deviations in Br=X, X-X and X-H distances average 0.005, 0.006 and
0.0GK respectively. Bond angles of the types Br-X-X, X-X-X, H-X-X
and X-H-X have average standard errors of 0.4, 0.4, 3.0 and 2.0°
respectively, These error estimates were derived from the appropriate
atomic positional e.s.d's using the independent atom method of Ahmed
et al.(sl). The sigmas in the atomic parameters were derived from the
elements of the atomic matrices after inversion, according to standard
methods(sz), by the block-diagonal least-squares refinement program(53).
Because of the neglect of Inter-atomic correlations, this procedure
usually leads to an underestimate of the atom parameter standard devi-
ations which may be corrected for if convergence has been achieved using
the relaxation factor method of Hodgson and Rollet(sh). This method
was not employed in its published form because of the apparent inability
of the least-squares process to recover from the use of relaxation
factors greater than unity. Other workers have accommodated this
difficulty by simply multiplying the least-squares estimates of the
standard deviations by some constant - usually in the range 2-3. The
arbitrariness of this procedure makes it unattractive, and accordingly
the least-squares estimates are used unmodi fied here, but with the full
realization that an overly precise description may be implied by this
usage.

The details of this structure may conveniently be considered in
three parts. At this point, the discussion will concentrate mainly on
a description of the protonated Brompheniramine moiety. An interpreta-

tion of this structure in terms of antihistaminic potency will be



34,
integrated into a section at the end of this portion of the thesis, and
the maleate ion will be fully discussed in another part of this work.

The observed C(1)-Br bond distance for this structure is 1.897(6)5

whereas the estimate of the bromine-aromatic carbon bond length obtained

vby Sutton, on the basis of spectroscopic work most of which was performed

before 1950, is l.85(l)ﬂ(55). There is a serious discrepancy between
these values, and to obtain a better estimate of the Br-Caromatic

distance, those bond lengths of Table 7 were gathered from the litera=
ture. Entries in this representative tabulation were averaged accord-

(55),

ing to the formula given below

> = z(zi/ciz)/):l/oi2

(55),

and the associated error estimate derived from

Oeg> = (21/0‘2)-%

The.improved expectation value obtained from this analysis is I.895K and
the statistical standard deviation is 0.0015A.

Agreement between this latter value and the observed magnitude of
this quantity in Brompheniramine is good and lends some credence to both
this experimental value and the e.s.d. in the observed bond length.

Other distances within the cation fall close to expected values;
the six C = C bonds of the phenyl ring average 1.3868, a value which
is near the 1.394A expected for such systems(SS). The € (2)-C(3) sep-
aration is 0.0|7R shorter than this average but the discrepancy is less
than 3 X 0.006& and so no statistical significance can be attached to it.

Despite the unaccounted for errors in the standard deviations, the
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6o (0.042R) shortening of the ¢(2')~c(3') bond in the 2-pyridy! function
is probably significant. Non-equality of the nominally equivalent
C seee N bonds within this ring is also apparent, the C(1')-N(6")
distance being longer than that for c(5')-N(6") by 0.026A.

inspection of the internal bond angles of the 2-pyridyl ring also
reveals some departures from the geometry one might expect on the basis
of an assumed ‘'nearly symmetric'' system. A regular hexagonal form for
this ring may be discounted because it is known that C === N bonds are
shorter than similar linkages between carbon atoms(SS), but if it is
assumed that only small electronic disturbances are associated with the
presence of a -CHPhCHZ- substituent, then there seems jittle reason for
angles C(1')-N(6')-C(5') and N(6')-C(5')-C(4') differing by 4.2° and
5.8° respectively from 120°, whereas the other ring angles only deviate
by a maximun of 2.2° from this value.

The 2-pyridyl moiety forms part of all three of the antihistamine
structures determined here and certain consistencies may be noted if
these three features are studied. However, in order to set a firmer
base for these comparisons, another literature search was performed.
With reference to the key figure(XV|) the data of Table 8 may be inter-

preted in terms of the following generalities.

(XVi) Key figure for Table 8
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(i)  There is no inherent tendency for one C =22« N bond to be

longer than the other.

(i1) The internal ring angle at the nitrogen atom is about 3°

less than 120°.

(iii) Angles g and u, which are the internal ring angles at those

atoms flanking the nitrogen atom, are usually greater than the

trigonal value by about 3°,

The last entry in Table 8 summarises the results obtained spectro-
scopically for pyridine and demonstrates that the bond angle distortions
noted above are an intrinsic property of this heterocycle. The spectro-
scopic workers assumed that the molecule had a 2-fold axis of symmetry
in interpreting their results.

The two aryl systems are individually planar with maximum exoplanar
displacements of 0.012A and 0.0108 for the phenyl and pyridyl rings
respectively. With fespect to an orthogonal axial system measured in
angstroms and with x, v, 2 parallel to the crystallographic a, b and c*
axes, these two planes may be described by the direction cosine
equations -0.4273x + 0.6013y - 0.6751z + 1.1812 = 0, and -0.3878x +
0.7369y + 0.5538z - 5.3962 = 0 respectively.

The goodness of fit of the atomic positions to a plane is often
inferred from the x2 parameter(63). This quantity is defined by
x2 = E(pizlc(i.)). The summation being taken over all atoms used to
define the plan;, P; is the deviation of atom i from the plane and U(Pi)
is the e.s.d. in that distance. Small xz values indicate good planarity
of the group. The benzyl and pyridyl rings have XZ values of 25.6 and

5.6 respectively and they maintain an interplanar dihedral angle of
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103.6° between them., The dihedral angle between the aryl planes
describes their mutual disposition but gives no indication of their
orientation with respect to the rest of the molecule. Torsion aﬁgles
about the C(4)-C(7) and C(1')-C(7) bonds are important in describing
the geometry and so are quoted here. The torsion angles C(6)~C (4)-
C(7)-C(8) and N(6')-C(11)-C(7)-C (8) are ~55.1° and 33.3° respectively.
Figure 3, which is a stereoscopic pair of the complex, displays the

conformation,

BROMPHENIRAMINE MALEATE - BROMPHENIRAMINE MALEATE

FIGURE 3

A stereoscopic pair of the d&-Brompheni ramine
maleate complex showing the R absolute config-
uration. This and the other stereoscopic
drawings gn this thesis are computer produced
diagrams( h).

The three bond angles at C(7) not presented in Figure 2 are‘those

involving H(7).  When C(4), C(1') and C(8) are the second bonded atoms
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the bond angles are 104°26', 106°31' and 109°31" respectively (stan-
dard error in each case being 2°18').  Deviations from ideality here
are small but may be attributed to non-collinear bisectors of the
angles C(4)-C(7)-C(1') and C(8)-C(7)-H(7).

Because of thé greater basicity of the dimethylpropylamine group=
ing over the pyridyl function, it Is not surprising that the maleate
jon is hydrogen-bonded to this former structural unit. “The N(1)-0(4)
distance s 2.718R, the separation of’o(h).and Hm is I.SMR, and the
boﬁﬁ angles at Hm and O(4) are 163°54! and 107°12' respectively. |
These barameters describe a N-H:-+.0 bond which, although slightly
shorter than those tabulated by Donohue(65), only extends this range
(2.73 - 3.073) by 0.018 and so nothing special can be inferred from
these dimensions.

The alkylamine chain is fully extended and directed away from the
diaryl system. Repulsive interactions are minimised by this arrange-
ment which implies a trans conformation about the C(8)-C(9) bond; the
torsion angle C(7)-C(8)-C(9)-N(1) Is -171°39'.  Because of the appar-
ent importance of the conformation about this bond a view of the
molecular complex projected down the ¢ (9)-C(8) bond is included in
Figure &,

Another conformational feature of interest is depicted in the
molecular packing diagram, Figure 5. AThe molecule in the bottom left
corner of this diagram most.clearIY shows that the alkylamine chain is
not symmetrically disposed with respect to the two aromatic rings. The
nature of this asymmetry is such as to partially occlude the p-bromo=

phenyl moiety and expose the pyridyl ring to functional groups which
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-.-g O-¢ ©O-N 0-0 o-H

FIGURE &4

A drawing of the d'z-Brompheniramlne,maleate complex
as viewed down the C(9)-C(8) bond direction.



FIGURE 5

A packing diagram of several molecules
viewed parallel to a. The conformation
is most clearly shown by the molecule in
the bottom left corner.
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approach this open face" of the cation in directions permitfing
hydrogen:bonding to the dimethylamino group. It may be thought that
repulsive interactions might be responsible for the molecular dis-
symmetry, but neither an extensive search through lists of computed
interatomic distances ﬁor a close examination of a spaee filling CPK
molecular model has revealed any such interactions. The unsymmet=
rical nature of this conformation may most easily be described by
quoting the distances from the alkylamine nitrogen to the centroids
of the aromatic rings. These parameters are 6.212R and 5.568&
respectively for the pyridyl and benzene rings.

Despite the presence of two basic functions and a diprotic acid
molecule, the only intermolecular interaction of a polar nature is the
hydrogen bond previously mentioned. The aromatic base and the second
maleic carboxyl group do not participate in any specific bonding
interactions, although they and the other parts of this structure
participate in many Van der.waals type attractive forces(66).

In this space group the eigﬁt centres of symmetry per.unit cell
fall into two non-equivalent classes. One Van der Waals contact
worthy of mention is that between bromine atoms related by centres of
symmefry equivalent to that of the origin. The separation of these
two atoms is 4.025, a value which is in agreement with the 3,904
expected on the basis of Pauling's Van der Waals radius for bromine(67).
Another intgrmolecular contact across a centre of symmetry.involves an
edge of the pyridyl rings and may be seen at the right-hand side of‘

Figure' 5. The closest carbon-carbon contact here is 3,6808 and

although the pyridyl rings are parallel no stacking interactions occur,
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and so this is another normal dispersion type interaction which contri-

butes to the stability of the crystalline solid.

kkok ok kK
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1.3 (+)-CHLORPHEN | RAMINE MALEATE

' Experimental

A powdered sample (5 gm) of this compound was supplied from batch
number 1171-29-1 by Dr. J.G. Topliss of the Schefing Corporation.

This isomer is reported to have an optical rotation of [d]§6 = +43.5°
for a 1% solution in dimethy1formamide (DMF)(GB). An optical rotatioﬁ
of 41.0 £ 0.8° was obtained independently after evaluation of experi-
mental readings on a 0.25% solution in DMF using a Cary model 60 |
recording spectropolarimeter.

some difficulty was experienced in growing crystals suitable for
data collection because of the very high solubility of (+)-Chiorphen-
iramine maleate in simple alcohols and because of the readiness with
which this compound supersaturates in anisole, pyridiﬁe, dimethyl-
sulphoxide (DMS0)}, chloroform, sec. propanol, tert. amylalcohol and
water. Well shaped needles were obtained by slowly cooling a hot
solution of the molecular complex in ethylacetate. One of these
crystals was cut under the microscope with a scalpel and a columnar
fragment measuring 0.25 x 0.30 x 0.60 mm mounted along its length in the
usual way.

Preliminary oscillation and Weissenberg photographs revealed 2/m
diffraction symmetry and the fact that the direction of elongation of
the crystals was not the monoclinic unique axis. The space group of
these crystals was uniquely determined as le by noting that the odd
orders of the 0kO reciprocal lattice row had zero intensity, and that
the compound possessed optical activity.

The crystal was transferred to the diffractometer and aligned using
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customary techniques. The refined unit cell constants and some other
physical parameters are contained in Table 9.

Because of the geometry of the diffractometer and the manner of
the crystal mounting, it was necessary to collect the data from two
regions of reciprocal space. These two regions were both within the
spherical shell defined by A.0° $ 20 ¢ 128°, The first part of the
set encompassed all those reflections for which -6 ¢ h<3and-23¢
ks 0and 0g2sg10; the remainder of the set collected was from the
H, ﬁ, i octant forlwhich h ¢ ~3. These data were combined and the
indices transformed to yield hk? and hkt reflections (see later).

The data reduction procedure employed corrections for the minor
intensity falloff in the three monitor reflections which occurred during
the data colléction, as well as the Lorentz and polarization corrections
appropriate for the moving crystal/moving counter technique with normal
beam equatorial geometry(AB). Also at this time observational weights
were calculated according to the procedure.outlined above (page 19).
of thell78h independent ‘and space group permissible reflections
collected, 1679 were found to have net intensities greater tHan 3°net'
The remaining 105 data points were assigned a threshold intensity and
coded as unobserved; they were excluded from all subsequent calcu-
lations.

A Patterson map was computed using F02 modified by the 1/Lp curve
as coefficients in the synthesis. Déspite this.sharpening procedure,
the vector map obtained showed poor resolution.  An unsharpened
Patterson map was computed for comparison and two well shaped peaks were

shown to have been enhanced by the sharpening. A symmetry minimum
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(+)-Chlorpheniramine maleate physical data.

molecular formula
molecular weight
crystalline habit

space group

=< o |o (-2 -}

Pealc (2 formula units/cell)
Pobs (density gradient column)
(126 13 omF (ie.) 68

[q]%6 1% DMF {obsd.)

w(cu k)

‘érystal size

20 range explored

no. unique reflections

no. observed reflections

no. variable parameters

ratio observations/parameters
final unweighted R

final weighted R

mean sigma in C-C bond

mean sigma in C-C-C angle

Cpotpy04*
390.87

needles along a
P2,

5.7669 (4)A
20.3382(16)4
9.1347 (8)A
103.73(2)°
1040. 758

1.248 gm/cc
1.248 gm/cc
+43.5°

+41 20.8°

18.5 cm-r

0.25 x 0.30 x 0,60 mm
4°-128°

1784

1679 (94.1% of total)
308

5.45

5.02%

6.64%

0.005A

0.4°
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(69)

superposition map calculated on the basis of these two positions
revealed the chlorobenzene fragment and the maleate ion. Successive
structure factor computations and electron density syntheses revealed
the remainder of the structure. The relationship of the final model
as input to the least-squa}es refinement to the u-&fw harker section
is depicted in Figure 6. The model was refined by the difference
Fourier method and through two cycles of unit-weighted block-diagonal

(53) (40)

least~squares te yield a conventional R factor of 25%.
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FIGURE 6

The u-%.w section of the three dimensional Patterson synthesis
and the relationship of the initial model to this section.
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Throughout the refinement the y coordinate for the chlorine atom was
fixed at 0.50. The scattering factors used were derived from the
analytical coefficients of Cromer and Mann(45) except for the hydrogen
curve which was that of Stewart, Davidson and Simpson(70). The Af*
correction terms for the non-hydrogen atoms were applied here and sub-
sequently. These quantities for Cu Ka radiation are: C& = 0.375,
0 = 0.055, N = 0,036, € = 0.021 electrons°*), The 47" terms for
chlorine and oxygen, 0.685 and 0.034 electrons respectively(so), were
applied later. Convergence of the isotropic model was achieved at
R = 17.8% after two further cycles of block-diagonal least-squares
refinement. The temperature factors were then allowed to assume their
anisotropic form and the refinement continued through four further
cycles. The residual at this stage had been reduced to 10.4% and a
difference map calculated on the basis of these new parameters revealed
chemically sensible locations for all of the hydrogen atoms excépt the
second base dissociable proton of the maleate fon. It was also possible
at this time to deduce which of the atoms of the pyridyl ring was the
nitrogen - all atoms of this moiety had hitherto been treated as carbons.

The hydrogen atoms were included, with their temperature parameters
fixed at the final isotropic value assumed by the atoms to which they
were bonded, and six more least-squares cycles performed. The relia-
bility index was thereby decreased to 6.8% but a difference map computed
at this stage did not allow reliable positioning of the remaining
hydrogen atom.

In an attempt to remove residual errors in the model and to deter-

mine the absolute configuration of the (+)-Chlorpheniramine molecule,

)
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several adjustments were made:

(i)  The reflection data were transformed back to the hkt and
hke quadrants originally collected. The k% reflections which had
h ¢ =3 were denoted by hks. The validity of this procedure lies in
the Laue group symmetry of these crystals of 2(7]) and in the fact
that the two forms of the reflection do not differ significantly in
transmission factor.

(ii) The molecule was inverted by reflection through the plane
y = ¥. Only three of the parameters used to describe each atom need
be modified by this procedure. They are: y'=1.0 -y, Biz = -812,
and B&B = -823(72). The original molecule had the R configuration
at the methine optic centre and the inverted molecule is denoted §
according to the convention of Cahn, Ingold and Prelog(zg).

(i1i) The Af'' terms for the chlorine and oxygen atoms were included
in the calculations and parallel least-squares refinement performed.

(iv)  Five reflections of high intensity and small scattering
angle and for which Fo was significantly less than Fc were excluded
from the refinement.

After each model had been refined through seven cycles using

observational weights the following information was obtained:

Model

ARAL w{mﬁ.f

t|F | IwF 2
o

[¢]

R 5.57% 7.34%
s 5.76% 8.21%
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During this refinement 308 parameters were varied using 1674 indep-
endent observations. The R factor ratlos(73) Rei and Rp are 1.119 and
1.034 for the weighted and unweighted reliability indices respectively.

(73) shows that these ratios are

Interpolation on the tables of Hamilton
significant at the 99.5% confidence level and that the true absolute
configuration is R.  This finding is at variance with that previously
reported on the basis of chemical arguments(Bz). No fault could be
found with these chemical arguments but it was felt that original
assignment on which they rested was not firmly based, and so it was
decided to carry out more experimental work in the hope of clarifying
the situation.

The original crystal used for the data collection was remounted on
the diffractometer as it had been previously. Those reflections which
satisfied the three criteria:

(i) the reflection should not belong to any special reciprocal

lattice zone, i.e., h # 0, k # 0 and # # 0. Only the hO% zone is

centrosymmetric here and cannot give useful information with regard
to absolute configuration. Reflections from the Ok% and hk0 zones
were excluded purely for convenience;

(ii} the observed intensity should be great enough to permit

statistically reliable measurement but not sufficiently large to

necessitate concern over such effects as absorption, extinction and
counter paralysis, i.e., 10.0 ¢ F0 < 10,0 electrons; and

(iii) the contribution of the chlorine atom to the overall

structure factor should be large enough for the Af'hl term to be

observable, i.e., FC(CE) 2 0.25 Fc(all),
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were recollected as were their Friedel pairs. The 106 hke/hke pairs
obtained on this basis were processed in the normal way. The gonio-
stat settings for the two members of a pair differed only in ¢ and since
the greatest and least correction factors for the various orientations
available by ¢ rotation are 1.59 and 1.46 respectively, absorption

corrections were not applied. Two cylinders of diameters 0.30 and

0.25 mm respectively were assumed in determining these figures by inter-

polation in a table of correction factors for abso}‘ption in a cylind-
rical specime_n(w'). "This procedure would overestimate the difference
between the correction factors.

structure factors were calculated for these data using the '"R"
and "'§" parameter sets as they stood before the above parallel refine-
ment was performed.  When the af" terms for the chlorine and the
oxygen atoms were included in the calculations, the ugh get of parameters
was clearly identified as being correct. The agreement summary for

these calculations is:

" Model R R"
R 6.74% 9.13%
S 5.87% 8.05% '

A tabulation of the observed and calculated structure amp!i tudes
for the correct parameter set is given in Table 10 and shows that in all
but three cases the observed and calculated |F(k)|-|F (k)| differences
agree with regard to sign.

Having thus established the correct chirality, it became possible

to concentrate on only one parameter set. The intraion hydrogen-bonded

—d



TABLE 10

Observed and calculated structure factor amplitudes
for the hka/hke Friedel pairs used to determine the
absolute configuration of (+)-Chlorpheniramine maleate.
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hydrogen atom was found to occur, in its expected position and at a peak
height of 0.25 e/ﬂs, in a difference electron density map computed on
the basis of the correct set of parameters at the termination of the
parallel refinement. The next four least-squares cycles employed the
contributions from all atoms, but the Biso terms for the hydrogen atoms
were invariant as was the‘y coordinate of the chlorine atoh. Retlaxa-

(54) of 0.7 were applied to the indicated parameter shifts

tion factors
for each of these cycles. Although the third. and fourth cycles
resulted in only small reductions in ZwAz, the lack of convergence was
indicated by the magnitude of the shifts, which varied between 1% and
75% of the associated estimated standard deviation, and by the almost
perfect oscillation of the shifts, Convergence was forced by damping
out these oscillations with two further cycles using relaxation factors
of 0.5 and 0.4 for the first and second of these respéctively. The
final_weighted and unweighted R factors over the 1674 included data
were 6,64% and 5.02% respectively,

A listing of the'observed and calculated structure amplitudes based
on the final model is presented in Table 11.  The positional and
thermal parameters used to describe the final model are given in Tables

12, 13 and 14,

Results and Discussion )

Those atomic parameters listed above were used with the independent
atom method of Ahmed et al.(sl) ir the derivation of molecular bond

distances and angles. The distances and angles involving non-hydrogen

atoms are shown in Figure 7 which also presents the numbering scheme and



TABLE 11

The observed and calculated structure factor amplitudes,
x 10, and the phase angles for (+)-Chlorpheniramine maleate.
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Atomic positional parameters (x qu) for the

TABLE 12

58.

non-hydrogen atoms of (+)-Chlorpheniramine maleate.

Atom x/a y/b z/c

cs 855(3) 5000 (0) 2772(2)
c(1) 2561(9) 5639(3) 3765(5)
c(2) 4515(9) 5867(3) 3269 (4)
c(3) 5829(7) 6374 (2) 4031 (k)
(k) 5286(6) 6672(2) 5278(3)
c(5) 3301(6) 6427 (2) 5735(4)
c(6) 1991(7) 5908 (3) 4985 (5)
c(7) 6818(5) 7220(2) 6120(4)
c(8) 7665 (5) 7053(2) 7808(3)
c(9) 9432(6) 7549 (2) 8661 (4)
N(1) 10838 (4) 7284 (1) 10133(3)
c(10) 9339(6) 7063(2) 11156 (4)
c(1) 12632(6) 7772(2) 10887 (5)
cq) 5559 (6) 7878(2) 5858 (4)
c(2') 6025(10) 8315(2) 4798 (5)
c(3") 4802(15), 8901(3) 4565 (6)
c(4') 3N 9044 (3) 5376 (7)
c(5') 2843(1) 8591 (3) 6436 (10)
N(6') 4003 (8) 8022(2) 6669 (6)
(1) 13788 (4) 6330(1) 9640 (3)
0(2) 10807 (4) 5632(1) 8940 (4)
0(3) 10289 (4) Lk (1) 8735(5)
0(4) 12565 (6) 3591 (1) 8769 (6)
tm(1) 13011 (5) 5770(1) 9293(3)
tm(2) " 14808(5) 5247(1) 9294 (4)
Cm(3) 14525 (5) 4599(2) 9148(5)
Cm(4) 12348 (6) 4180(2) 8866 (5)
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TABLE 14

Atomic parameters (x |03) for the hydrogen

atoms of (+)-Chlorpheniramine maleate.

Atom x/a y/b z/c iso
H(1) 1127(5) 706(2) 1000(3) 43
H(2) 469(8) 559(2) 263(5) 82
H(3) _700(7) 652(2) 370(4) 73
H(5) 309(6) 657(2) 659 () 60
H(6) 90(7) 581(2) 532(4) 74
H(7) 821(6) 728(2) 558 (4) 58
H(81) 643 (5) 700(2) - 823(3) 48
H(82) 794(5) 668(1) 795(3) 48
H(91) 1053(6) 762(2) 790(3) 56
H(92) 864(6) 795(2) 890(3) 56
(1Y) 1338(6) 792(2) 1001 (4) 6k
H(112) 1334(7) 766 (2) 1180 (4) 64
H(113) 1174 (6) 819(2) 1115(k) 64
H(101) 840 (6). 667(2) 1062(4) 59
H(102) 866 (6) 741 (2) 1167 (k) 59
H(103) 1042 (6) 698(2) 1197 (4) 59
H(2') 692(7) 812(2) 413 (k) 75
H(3') 532(6) 926 (2) 387 (4) 64
(k') -248(6) 948 (2) 528(4) 64
H(5') 146 (6) 873(2) 712(4) 64
Hm (1) 1034(6) 486 (2) 857(3) 57
Hin (2) 1640 (6) 538(2) 966 (3) 54
Hm (3) 1582(7) 429 (2) 916(4) 7h



FIGURE 7

Bond distances and angles for the non-hydrogen atoms
of (+)-Chlorpheniramine maleate.
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the atomic coding used in this work. Comparable molecular parameters
for the hydrogen atoms are to be found in Table 15. Using X to denote
a carbon, nitrogen or oxygen atom, then the e.s.d's in the distances
£4-X, X=X and H-X average 0.005, 0.005 and 0.03& respectively. Error
estimates for the angles Ci-X-X, X-X-X, X=-X-H, H-X-H and X-H-X average
0.3, 0.4, 3.0, 3.0 and 3.7° respectively.

In keeping with the procedure adopted for d2-~Brompheni ramine maleate,
only the structure of the protonated (+)-Chlorpheniramine entity will be
discussed in this section.

Other authors have shown that the chlorine-aromatic carbon bond
distance has a preferred magni tude of 1.737(16)3 in cases where the
halogen atom is univalent(75’76’77). The value of 1.748(5)A obtained
for the present compound is insignificantly different from this expected
value and supports the conclusions in the above citations that Sutton's
1.70(1)A is an underestimate.

The phenyl ring of this compound is planar, xz = 8.8, with no member
of this grouping displaced more than 0.01R from the plane with equétion
-0.4624x + 0,6535y - 0.5992z - 5.1817 = 0.  The ring, however, does
exhibit several distortions from ideality; of the six intra-ring
C s:s+ C bonds, three are within 0.0058 of l.39h3 and a fourth is within
3g of this accepted value(SS). However, the €(1)-C(6) and c(2)-c(3)
bonds are both abnormally short, being 1.350(5) and 1.369(5)A respec-
tively. An inspection of the thermal vibration ellipsoids of the atoms
¢(2), ¢(3) and C(6) reveals that the principal axes of vibration are not
perpendicular to the plane of the benzene ring (see Figure 8) as would

be expected for this rigid body. In situations whére the major compon-



TABLE 15

Distances and angles involving the hydrogen atoms
of (+)-Chlorpheniramine maleate.

c(2)-H(2)
¢(3)-H(3)
c(5)-H(5)
¢(6)-H(6)
c(2')-u(2")
C(3')-H(3")
C(4')-H(4")
c(5')-H(5')
c(7)-H(7)
C(8)-H(8')
c(8)-H(82)
c(9)-H(91)

(i)

c(1)-c(2)-H(2)
C(3)-C(2)-H(2)
c(2)-c(3)-H(3)
C(4)-C(3)-H(3)
C(4)-C (5)-H(5)
c(6)-C(5)-H(5)
C(5)-C(6)-H(6)
c(1)-C(6)-H(6)

(a) Distances®

0.834

- 0,86

0.87
0.79
0.98
1.06
0.97
1.16

.05

0.90
0.78
1.06

(b) Angles* '

The p-chlorophenyl system

104°
136
118
119
17
122
114
126

c(9)-H(92)

N(1)-H(D)
c(10)-H(101)
c(10)-H(102)
c(10)-H(103)
c(n)-H(11)
c(12)-H(112)
c(12)-H(113)
tm(2)-Hm(2)
tn(3)=Hn(3)
0(3)-Hm

63.

0.994
0.55
1.02
0.98
0.87
1.04
0.86
1.05
0.94
0.97
0.87

(ii) The pyridyl system

c(1')-c(2')-
c(3')-c(2")-
c(2')-c(3')-
c(4')-c(3')-
c(3')-c4')-
c(5')-c(&')-
c(4')-c(5')-
N(6')-C(5')-

H(2')
H2')
H(3')
H(3')
H{4")
H(4')
H(5")
H(5")

Continued

11k
126
19
121
18
124
116
121



Table 15 (Continued)

C(4)-C(7)-h(7)
c(1)-c(7)-H(7)
C(8)-C(7)-H(7)
c(7)-c(8)-H(8})
¢(7)-C(8)-H(82)
€(9)-c(8)-H(81)
€(9)-c(8)-H(82)
H(81)-C(8)-H(82)
c(8)-C(9)-H(91)
c(8)-c(9)-H(92)
N(1)-C(9)-H(91)
N(1)-C(9)-H(92)
H(91)-C(9)-H(92)
c(9)-N(1)-H(1)

(iii) The aliphatic portion

106° ¢ (10)-N(1)-H(1)

103 c(11)=N(1)=H{1)

N4 "~ ON(1)=c(10)-H(101)
n2 N(1)-C(10)-H(102)
n3 N(1)-C(10)-H(103)
114 H(101)-C(10)-H(102)
18 H(101)-C{10)-H(103)
85 H(102)-C (10)-H(103)
100 : N(1)=C(11)-H(111)
112 N(1)=C(11)=H(112)
m N(1)=C(11)-H(113)
106 HO)=C(11)-H(112)
115 H(111)=C(11)-H(113)
106 H(112)-C(11)-H(113)

(iv) The maleate ion

0(2)=Hm=0(3) 159°
tm(1)-Cm(2)-Hm(2) - 115
tm(3)-Cm(2)~Hm (2) 14
tm{2)=Cm(3)=Hm(3) 124
cm(h)-Cn(3)~Hn (3) 104

* Standard deviations average
0.0BK for these distances and
3.0° for the angles.

64,

104°

m
105
116
101
124
17

9
102
113
109

129

105
150
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ent of the atomic vibration is not aligned with the direction of least
constraint (usually perpendicular to the bond directions), it is probable
that the atom is not being described in a meaningful way. Such poor
descriptions can arise from the refinement of a structure using data
containing uncorrected errors such as those of extinction and/or
absorption(78). As mentioned above on page 50, serious errors arising
from secondary extinction effects were largely eliminated by excluding
five reflections of high intensity and small scattering angle from the
final stages of the refinement.

Méking the reasonable approximation that the crystalline specimen
used was a cylinder with mean radius 0.14 mm, the value of ur is seen
to be 0.26. For this crystalline shape and value of ur the absorption
correction factor which must be applied is essentially invariant with
scattering angle, being 1.55 and 1.52 at 6 = 0° and 60° respectively(7h).
This calculation is only valid, however, if the cylindrical axis remains
perpendicular to the scattering vector, a situation which is achieved
only in zero layer rotation or Weissenberg photography and on the
diffractometer at x = 0°.  Since x varied over a large range during the
data collection, and because the length of the cylindrical crystal was
approximately twice its diameter, the implication is that the effects of
absorption may be a significant contributor to inaccuracies in the final
model.

Another, little recognised, area where an inaccurate description of
a structure may arise is in the refinement process. Srinivasan has
shown that very large correlations are to be expected when non-centro-

symmetric structures containing centrosymmetric atomic groupings are



66.

(79) and that the neglect of these

refined using least-squares techniques
terms in a block-diagonal situation is not warranted. An example where
refinement of the same structure using both full-matrix and block-

diagonal procedures led to differences of up to 0.0973 in atomic position

(80)

has been provided by Parthasarathy, Sime and Speakman , thus illustra~
ting that the block-diagonal approximation can lead to serious discrep-
ancies between the "true'' structure and the final model.

In the present case, there are two important centrosymmetric group-
ings, viz. the phenyl and pyridyl rings, both of which surround the real-
space 2] screw axis at ¥-y.3 (refer to Figure 6). In light of the above
comments, it may be expected that the existence of these features would
present some problems in the refinement and perhaps lead to a final model
which, in so far as the phenyl and pyridyl rings are concerned, may not
be correct. Rae and Maslen have shown that neither full-matrix least-
squares nor Fourier refinement procedures can be expected to alleviate

(81)

these problems and so we must accept the present structure with its
limitations on the accuracy of the two rings.

The fact that the deviations from ideality are not gross may be
taken as evidence that neither one of these groupings dominates the
scattering to an extent that would make the above effect important enough
to force complete failure of the block-dlagonal least-squares refinement.
It may be, however, that at least part of the reason for the initial
failure of the absolute configuration assignment may be ascribed to this

cause, and so this example could possibly serve as another ''cautionary

tale" of block-diagonal refinement in acentric space groups.
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The good planarity of the pyridyl ring is indicated by the xz
value of 11.3 and by the fact that the maximum exoplanar displacement
of a ring atom is 0.01R from the plane with equation -0.5736x -
0.4311y - 0.6955z + 11.6439 = 0.

One view of thé molecule which indicafes that the benzyl and
pyridyl rings adopt a similar conformation to those in d2-Bromphenira-
mine is given fn the stereoscopic Figure 8.  The dihedral angle
between these two planes is 113.6° and the torsion angles C(6)-C(4)-
¢(7)-C(8) and N(6')-C(1')-C(7)-C(8) are 53.7° and -43.4° respectively.
It will be noticed that although these angles are similar in magnitude
to those of the previous structure.they are opposite in sign.  This
is because the two molecules under consideration have opposite absolute

configurations.

FIGURE 8

A stereo pair of the (+)-Chlorpheniramine maleate complex.
The correct § absolute configuration is shown. The two
upper carbon atoms of the benzene ring are ¢(2) and C(3).
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The bond distances and interbond angles for the alkylamine chain
of (+)-Chlorpheniramine maleate are not significantly different from
those obtained for de-Brompheniramine maleate. In both cases the
C-C-C angles at C(8) and C(9) are significantly greater than the tetra-
hedral value of 109.5°, and the C(8)-C(9) bonds are shorter than the
I.SQK expected here.  One obvious explanation for these results would
be in terms of partial double bond character for the C(8)-C(9) bond.
However, because all of C(7), C(8), ¢(9) and N(1) have four substit-
uents, it is difficult to justify the invocation of this explanation.
The opening of the bond angles at ¢(8) and C(9) would tend to increase
the C(7)-N(1) separation, whereas the bond shortening would decrease
this distance. Because of these facts, and also because the fully
extended alkylamine chains are not subjected to any apparent end=on
forces, these observations must have their genesis in some electronic
effect which is not understood at this time.

The alk?lamine chain is again oriented unsymmetricaliy with
respect to the two aromatic rings (refer to Figure 8).  In this case,
however, it is the 2-pyridyl ring which is partially obstructed by the
dissymmetry and the p-chlorophenyl ring is exposed, In the previous
structure, nitrogen atom N(1) was found to be 6.212% from the centroid
of the exposed pyridyl ring and 5.5688 from the centroid of the phenyl
system. In the present case, the alkylamine basic centre isA6.15hR
from the centroid of the exposed ring (p-chlorophenyl) and 5.#023 from
the occlﬁded 2-pyridyl molety. The similarity of these numbers is

striking, and if the identity of the aryl systems is ignored, Figures
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L and 9 reveal that di-Brompheniramine maleate and (+)-Chlorphenira-
mine maleate adopt very similar solid state conformations; this

point will be discussed further in a later section.

FIGURE 9

A drawing of the (+)-Chlorpheniramine maleate structure
viewed down the C(9)-C(8) bond direction. The atomic
coding is consistent with that of Figure 4 (page 41).

It may be thought that the presence of the aromatic rings around
a 2] screw axis would imply that w electron overlap between symmetry

related molecules might be a significant binding force which stabil-
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ises the solid state structure, That the plane of the phenyl ring
of one molecule is approximately parallel to the plane 6f the pyridy!
ring of a symmetry related molecule is evident from a study of the

stereoscoplic packing diagram presented as Figure 10. The closest

FIGURE 10
A stereoscopic packing diagram of several

(+)-Chlorpheniramine maleate molecules
viewed parallel to a*.

approach of non-hydrogen atoms is 4.010A between c(1) of the p-
chloropheny! ring and c(4') of the pyridyl ring in another molecule.
The chlorine atom Is separated by H.lSOR from the centroid of the
aromatic base's T electron system. These distances are both signi-

ficantly greater than the appropriate Van der Waals radius sums, and



.

so no specific interactions can be said to occur.
The maleate mono-anion is involved in two interactions which
contribute to the stability of the solid. The first of these is
o the hydrogen bond between N(1)
T and 0(1). The distance N(1)-
R 0(1) is 2.689(3)&, angle N(1)-
H(1)+--+0(1) is 164(4)°, and the
bond angle at the acceptor atom
is 117.0(8)°. The second bonding
force is between oxygen 0(4) and
the "umbrella' of CH2 and CH3
groups bonded to N(1) which sits
over this oxygen. The carbon-
oxygen distances involved are 3.55,
3.30 and 3.51& respectively for
¢(s), (10) and €(11). The chain
of polar and Van der Waals type
bonding forces which runs up the b

axis is illustrated in Figure 11.

FIGURE 11

The chain of polar and non-polar bonding
interactions involving the maleate ion.

%k k k k%

The (+)-Chlorpheniramine maleate sample used in this work was
kindly supplied by Dr. J.G. Topliss of the Schering Corporation, Bloom-

field, New Jersey, U.S.A.
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1.4 TRIPROLIDINE HYDROCHLORIDE MONGHYDRATE

Experimental

A crystalline sample of this compound was supplied by Dr. A.F.
Casy of the Faculty of Pharmacy at this University., The specimen
originated from Burroughs Wellcome and Company (Canada) Ltd., and was
from the batch with analysis number 31104, Recrystallization was
achieved by cooling a warm solution of the compound in anisole. The
space group and initial measurements of the lattice parameters were
determined photographically and the crystal then aligned on the dif-
fractometer in the manner appropriate for a monoclinic lattice mounted
down a non-unique axis. The refined cell parameters and some other
physical data are given in Table 16,

During the preliminary photography it was observed that the tend-
ency of these crystals to become rose-coloured on standing in air was
greatly enhanced by X-irradiation. To minimise the effects of any
attendant decomposition due to the X-rays, the total exposure time was
kept as short as possfble by:

(i)  Choosing the fastest 6/26 scan speed avallable, i.e.,

2°/min in 29.

(i1) Decreasing the basic scan width to barely accommodate the

reflections.  This width was 1.3° in 20 and was modified as a

function of 8 to cope with the dispersion of the Cu Ku doublet(hz).
(iti) The fixgd position background counts on either side of the
reflection were taken for 4 seconds each.

(iv) Firstly measuring those reflections with 26 £ 100° and then
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Some physical constants and other quantities
relating to Triprolidine hydrochloride mono~

hydrate.

formula

molecular weight

M.P. (Thomas Hoover, uncorrected)

M.P, (Iit.)(az)

space group

~a

z

Pobs (Di oxane/Bromobenzene)
Pealc

u {Cu Ku)

crystal size

26 range explored

no. unique reflections

no. observed reflections

no. variable parameters

ratio observations/parameters

final unweighted R
final weighted R
mean sigma in C-C bond

mean sigma in C-C-C angle

C)gHagtiNy0
332,88 Daltons
112-115°C
116-118°¢C
PZ‘/c
14.777(2)A
9.5785(8)A
13.099(1)&
-0.0082(2)
90.48(2)°
1854, 0283

b

1.202(4) gm/cm3
1.192 gm/cm3
16,68 cn !

0.20 x 0.25 x 0.30 mm

ho-129°

3123

2516 (80% of total)
282

8.92

5.06%

7.69%

0.003R

0.2°
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examining the region of reciprocal space with 100 ¢ 26 < 129°,

As well as these stratagems, the amount of radiation falling on
the crystal was diminished by uslng'an incident beam graphite mono-
chromator.

Despite the colouration of the crystal, which became progressively
More severe as the intensity collection proceeded, the monitor refle;-
tions had shown only insigificant intensity changes at the end of the
low 6 data set and were still 98% of their original value at the end of
the entire data collection. Of the 1911 reflections measured in the
first part, 1716 (893) satisfied the observed/unobserved criteria that
the net counts should not be less than the smaller of 95 counts or 60%
of the tctal background for that reflection. These selection para-
Meters correspond to a limiting fractional error in the net intensity
of approximately 0.33. In a similar manner 2516 (80%) of the 3123
reciprocal lattice points comprising the full set were considered
observed,

The Lorentz and polarization corrections as appropriate to the
normal-beam-equatorial geometry of the FACS-1 system with partially
polarized incident X-radiation were applied(k3). During this data
reduction process, minor intensity variations in the data were accommo-
dated by applying a reflection number dependent scale factor. This
scale factor was derived from the periodic measurements of three moni-
tor reflections according to the procedure of Ahmed et al.(83).
Observational weights were calculated acéording to the procedure given
above (page 19) and stored with each reflection.

Structure solution was achieved without difficulty by means of the
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(84)

Patterson synthesls, and a program written to apply the symmetry
minimum technique of Simpson et a].(69). Refinement of the initial
model by difference Fourier and least-squares methods resulted in
weighted (observational weights) and unweighted R factors of 7.38% and
b.67% respectively for the obsérved reflections of the low 6 data set.
These discrepancy indices have the values 7.69% and 5.06% for the 2516
observed data of the complete set. During the least-squares part of
this refinement the temperature parameters for the hydrogen atoms were
held constant at the final isotropic value of the heavy atom to which
they were bonded. Scattering factor tables for the non-hydrogen atoms
were derived from the analytical coefficients of Cromer and Mann(bS),
and were corrected for the effects of anomalous dispersion by the terms
Af'o = 0.055, Af'N = 0.036, Af‘c = 0,021, Af'cz = 0.375 and Af'%n =
0.685(50). The hydrogen atom curve used was that of Stewart, Davidson
and Simpson(7°).

Experience with other compounds, in both centric and non-centric
space groups, had shown that the Indiscriminate use of the relaxation
factor series of Hodgson and Rollet(5h) can lead to divergence of the
refinement when used with the single-atom-block block-diagonal proced-
ure. In particular, and independent of the stage of the refinement,
the use of relaxation factors greater than unity is correlated with
large Increases in 2wA2. Continued use of the method does not, in
this author's experience, result in a lowering of zwA2 sufficient to
overcome the increase previously induced. To obviate this difficulty,
relaxation factors greater than unity were replaced by 0.7, and to

remove terminal oscillations in the model the final four cycles were
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calculated using shift multipliers of 0.5, 0.6, 0.8 and 0.5 respectively.
The set of atomic parameters and their e.s.d's obtained from the

final least-squares cycle using the complete data set are contained in
Tables 17, 18 and 19. The observed structure amplitudes and the struc-

ture factors calculated from the final model are listed in Table 20.

Results and Discussion

. The positional parameters for the atoms of this structure were used
to calculate the interatomic bond distances and interbond angles. These
molecular parameters for the non-hydrogen atoms are displayed, together
with the numbering scheme and the atomic coding, in Figure 12,  Distances
and angles involving the hydrogen atoms are to be found in Table 2I.

Using X as before to denote a C, N or 0 atom, the e.s.d's in the distances
C2-X, X-X and H-X average 0.003, 0.003 and 0.03& respectively. The
angles X-X-X, H-X-X, C&-H-X and H-X-H have average error estimates of
0.2, 1.6, 2.3 and 2.5° respectively. The same method as was used -prev=
jously (page 33) was adopted for the calculation of the e.s.d's.

Bond distances within the benzene ring average 1.384 and the four
C s2e: C bonds of the pyridyl ring average 1.378%, the associate error
estimates being 0.011R in each case. For deriving these e.s.d's the
formula given below for the error estimate jn a simple average was used
because it was felt that this method yieided realistic estimates of these

e.s.d's:

The values of 0.0012 and 0.00153 for the error estimate in these averages,



Positional parameters (x 10") for the non-hydrogen
atoms of Triprolidine hydrochloride monohydrate.

TABLE 17

7.

©oc(1s)

Atom x/a y/b z/c
¢ (1) 8588(1) 921(1) =702(1)
0(1) 9295(2) -1451(3) -910(2)
“N(10) 8699(1) 2169(2) 1476 (2)
c(7) 6549 (2) 559(3) 2359(2)
c(8) 7222(2) 1069(3) 1799(2)
c(9) 8186(2) 1201(3) 2140(2)
c(h) 8350(2) 3630(3) 1447(3)
c(12) 9128(3) L6 (b) 1181 (4)
c(13) 9953(2) 3675 (k) 1315(3)
c(14) 9682(2) 2287(3) 1749(2)
c(1') 5623(2) 480(3) 1923(2)
N(2') 5397(1) 1443 (2) 1217(2)
c(3") 4581(2) 1343(3) 794(2)
c(4') 3957(2) 344(3) 1014(2)
c(s') 4190(2) -641(3) 1742(3)
c(6') 5024(2) -572(3) 2201(2)
c(1) 6703(2) 7(3) 3412(2)
c(2) 7330(2) -1030(3) 3610(2)
c(3) 7438(2) ~1580(3) 4580(2)
C(4) 6930(2) -1119(3) 5382(2)
c(s) 6305(2) -48(3) 5198(2)
c(6) 6197(2) 480(3) 4233(2)
7016(2) -1778(4) 6415(3)



TABLE 18

Thermal parameters {x io“) describing the
atomic vibration of the atoms in Table 17.

*

U

78.

Atom Uy, 22 Uss Uiy Ups Uis
ca(1)  351(3)  619(h)  241(2) 6(2)  -Lh(2) -21(2)
o(1) 446 (9) k77(9)  527(10) -63(7) 45(8) 55(7)
N(10)  188(5).  2u7(6) 187(5)  -6(4) 16 (4) 9(4)
C(7)  196(6)  178(6) 19k(7)  22(5)  -1(5) 1(5)
C(8  206(7)  256(7)  192(7) 0(6)  35(6) 0(5)
C(O)  207(7)  313(8) 212(8) -27(6)  53(6) 10(6)
C()  258(8)  275(8)  377000)  15(7)  Wi(7) -27(7)
c12)  332(11)  338(12) 932(24) -67(9)  2W4(13)  -36(13)
cO3)  236(8) 377(11)  501(13)  -~86(8) 54(10) 0(8)
c(14)  183(7)  310(9) 268(8)  -8(6) 0(7) -7(6)
cat) 190(6)  18i(6) 192(7)  23()  -13(5) 17(5)
N@')  215(6)  248(6)  227(6)  29(5)  14(s) -10(5)
C(3')  236(7)  2858) 2n(8)  56(6)  25(7) ~25(6)
CO) 21900 33600) 29309)  3906)  -n()  -2206)
C(s')  227(8)  266(8)  344(10) -35(6)  -64(7) 38(7)
c(6'y 215(7) 2h0(7)  247(8) -9(6) 6(6) 15(6)
C)  178(6)  197(6)  194(7)  -10(5) 7(5) 5(5)
c(2) 204(7)  213(7)  223(7) 2(5) -4 (6) 16(6)
C3) 22607 27(n)  237(7) -36)  37(6) -38(6)
C(H)  266(8)  246(8) 192(7) -67(6)  33(6) -16(6)
C(5)  2b4(7)  279(8)  207(7) -38(6)  -12(6) 35(6)
c6) - 212(7) 234(7)  232(7)  24(e) 8(6) 16(6)
c(15)  363(10)  393(10) 278(9) -92(8)  73(8) -45(8)

" These coefficients are defined on page 24,



Positional and isotropic vibration parameters (x 103) for
the hydrogen atoms of Triprolidine hydrochloride monohydrate.

TABLE 19

9.

Atom x/a y/b z/c Ui o
H(10) 868(2) 185(3) 91(2) 48
H(8) 706(2) 144 (2) 109(2) 46
H(3') 448 (2) 198(3) 33(2) 64
H(4') 334(2) 34(3) 66 (2) 64
H(5') 377(2) -137(3) 189(2) 59
H(6') 521(2) -123(3) 266 (2) 57
H(2) 767(2) -133(3) 315(2) 61
H(3) 787(2) -234(3) 463(2) 61
H(5) 587(2) 30(3) 568(2) 66
H(6) 580 (2) 108(2) 416(2) 42
H(91) 848(2) 31(3) 205(2) 66
H(92) 819(2) 163(3) 278(2) 49
H(111) 818(2) 382(3) 218(2) 84
H(112) 787(2) 367(3) 99 (2) 67
H(121) 908(2) 536(3) 128(2) 9
H(122) 905(2) 478(4) 61(3) 102
H(131) 1043(2) 363 (4) 81(3) 14
H(132) 1043 (2) 402(3) 167(2) 81
H(141) 974 (2) 229(3) 246 (2) 72
H{(142) 997(2) 146 (3) 149(2) 66
H(151) 714(2) -110(3) 688(2) 80
H(152) 754(2) ~186(3) 656 (2) 62
H(153) 650(2) -218(3) 662(2) 90
WH(1) 903(2) -95(3) 38(2) 75
WH (2) -129(4) 80(3) 106

-1(2)



TABLE 20

The observed structure amplitudes and calculated structure factors
based on the final model for Triprolidine hydrochloride monohydrate.
Excluded reflections are marked with an asterisk. These amplitudes
have been scaled by a factor of 10.0.
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" FIGURE 12

Bond distances and angles for the non-hydrogen
atoms of Triprolidine hydrochloride monohydrate.
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TABLE 21

A listing of the bond distances and angles invoivlng the
hydrogen atoms of Triprolldine hydrochloride monohydrate.

0(1)-wi(1)
0(2)-wH(2)
C(2)-H(2)
C(3)-H(3)
C(5)-H(5)
C(6)-H(6)
C(3')-H(3")
C(4)-H(H')
C(5')-H(5")
c(6')-H(6')
c(15)-H(151)
c(15)-H(152)
¢ (15)-H(153)

0.894
1.04
0.84

0,95

0.95
0.86
0.84
0.98
0.96
0.88
0.91
0.82
0.92

(i) The p-tolyl system

c(1)-c(2)-H(2)
C(3)-C(2)-h(2)
Cc(2)-c(3)-H(3)
C(4)-c(3)-H(3)
C(4)-c(5)-H(5)
C(6)-C(5)-H(5)
C(5)-c(6)=-H(6)
c(1)-c(6)-H(6)

c(4)-c(15)-H(151)
C(4)-c(15)-H(152)
C(4)-c(15)-H(153)

119.6°
119.4
112.6
125.7
125.4
113.5
121.7
116.6
108.4
111.5
114.8

H(151)=C(15)-H(152) 76.8
H(153)-C (15)-H(152) 129.9
H(151)-C(15)=H(153) 105.2

*
(a) Distances

(b) Angles*

C(8)-H(8)
C(9)=H(91)
(

C(9)-H(92) °

N(10)-H(10)

c(1r)=n(111)
c(11)-n(112)
c(12)-H(121)
c(12)-H{122)

c(13)-H(131) -

c(13)-H(132)
C(14)-H(141)
c(14)-H(142)

84,

1.00A
0.99
0.95
0.82
0.96
0.93
0.91
0.70
0.97
0.93
0.86
0.94

(i1) The pyridyl system

N(2')-C(3')-H(3')
c(4*)-c(3')-H(3")
C(3')-C(k*)-H{A')
c(5')-C(k')-H(4")
C(4')-c(5')-H(5")
c(6')-c(5')-H(5")
c(5')-c(6')-H(6")
C(1')=c(6*)-H(6")

Cont inued

125.1°
113.9
122.5
120.1
118.5
122.3
120.6
19.5
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Table 21 (Continued)

(i) The aliphatic portion

C(7)-C(8)-H(8) nz.2° c(13)-c(12)-H(121) 124.3°
C(9)-c(8)-H(8) 17.5 c(1)-c(12)-H(122) nm.y
Cc(8)-c(9)-H(91) 108.8 ¢(13)=c(12)~H(122) 17.7
N(10)-C(9)-H(91) 104.1 H(121)-C(12)=H(122) 67.4
C(8)-c(9)-H(92) 107.3 - ¢(12)-c(13)-H(131) 117.8
N(10)-C(9)-H(92) 105.2 c(14)-c (13)-H(131) 114.6
C(9)-N(10)-H(10) 105.5 c(12)-c(13)-H(131) 117.8
c(11)-N(10)-H(10)  108.5 c(14)-c(13)-H(132) Nk
C(14)-N(10)-H(10) 109.6 H(131)=C(13)-H(132) 78.8
N(10)-C(11)-H(111)  104.6 N(10)=C(14)=H(141) 107.8
c(12)-cQn)-w(1n1)  109.6 c(13)-c(14)-H{(141) 2.2
N(10)-C(11)=-H(112)  108.5 N(10)-C (14)-H(142) 106.1
c(12)-c(11)-H(112)  112.5 ¢ (13)-C (14)-H(142) 116.6
HID)=C(11)-H(112)  116.4 H(141)-C(14)~-H(142) 109.3

c(11)-c(12)-H(121) 17.8

{iv) The water molecule

WH(1)-0(1)-WH(2)  105°

* Estimated standard deviations average 0.038
for the distances and, except for H-X-H, 1.6°
for the angles. For H=X-H the error estimates
average 2.5°,
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(55)

obtained from the formula of Sutton are almost certainly spuriously
low. Using these former standard deviations, it may be seen that no
statistical significance can be attached to the apparent shortening of
these C s2:: C bonds. Bond angles and distances for the 2-pyridyl
ring are contained in Table 8 (entry #3) and may be seen to conform

to the generaIISatiops derived from this tabulation.

The phenyl and pyridyl rings are individually planar with xz
values of 41.8 and 3.9 respectively, The maximum deviation of a def-
ining atom from the phenyl plane, equation -0.6958x - 0.6892y -
0.2024z + 7.7804 = 0, is 0.008R. In the case of the pyridyl ring, the
maximum displacement is 0.003R and the plane is defined by the equation
0.3797x - 0.5862y = 0.7157z - 1.0727 = 0.  These two planes have an
interplanar dihedral angle of 106.5°. Despite the similarity of this
quantity with the interaryl dihedral angles in the previous two struc-
tures (103.6° and l]3,6° for di-Brompheniramine maleate and (+)-Chlor-
pheniramine maleate respectively), Figure 13, which is a projection of
the structure down the €(9)-C(8) bond direction, shows that only the
pyridyl ring in the present compound is similarly arranged with respect
to the alkylamine chain. Torsion angles about the ring to double bond
linkages are given by N(2')-C(1')-C(7)-C(8) = 29.7° and C(2)-C(1)-C(7)-
C(8) = 55.3. In this case it will be noticed that these angles both
have the same sign and the "butterfly wing" arrangement of aromatic
rings observed for the Pheniramines is not evident here.. This point
will be discussed later.

The presence of a double bond between C(7) and C(8) forces coplan-

arity of the atoms C(1), C(1'), ¢(7), C(8), C(9) and H(8). A least-
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FIGURE 13

A view of the Triprolidine hydrochloride structure.
viewed in the C(9)-C(8) bond direction.

squares plane defined by the positions of these six atoms was determined
to have equation 0,1913x - 0.9107y - 0.3661z - 0.2405 = 0, x2 = 54,5,
and maximum displacement of a defining atom of 0.036R for H(8).

0f the two aromatic systems, the pyridyl ring is more nearly co-
planar with the ethylenic system than 1s the p-tolyl function, the di-
hedral angles between the appropriate planes being 29.7° and 55.3°
respectively. This finding is in agreement with the substance of those
results obtained by Adamson et al.(l7) and may have been predicted on
steric grounds. The serious overcrowding involved in the close
_approaches of hydrogen atoms is»evident when attempt is made to build a
coplanar cis Ph/CH2 ethylene system from CPK space fi]ling models. The
lack of an ortho hydrogen substituent on the 2-pyridyl moiety and the

fact that the cis substituent to the aromatic base is hydrogen permits
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this greater approach to coplénarity of the pyridyl and ethylenic systems.
The fact that the coplanarity s not perfect is probably a result of
steric interference between H(8) and the unshared electron. pair on the
heterocyclic nitrogen; evidence for this comment being derived from

the 2.47(3)R distance between the pyridyl nitrogen and H(8), and the

fact that the closest approach expected on a Van der Waals radii basis

is 2.7&(67). It is possible that intermolecular base stacking inter-
actions (see page 92) may be partially responsible for this 29,7° devi-
atlon from coplanarity, but it is felt that the above-mentioned effect

is probably more important in this regard.

The two bond lengths C(7)-C(1) (1.496(3)A) and C(7)-C(1*) (1.482
(1.482(3)R) differ by 0.014R, the distance from the ethylenic system to
the more nearly coplanar pyridy! ring being the shorter of the two.

That the 29.7° torsion .angle about the C(8)=C(7)=C(1*)-N(2') bond pre-
cludes extensive 7 electron overlap between these two systems Is
indicated by this small difference and the fact that the 1.334(3)4
bonding disfance between C(7) and C(8), is just that expected for an
isolated C=C bond ),

That significant shortening of the bond joining an aromatic system
to a coplanar exocyclic double bond is expected may be Inferred from
the crystal structure analysis of the compound illustrated below(ss).
The dihedral angle between ring A and that of the methylene-oxo-
azetidinium system is 6° and the linkage between these two units is

l.bsa'long. Comparable figures for ring B ére 89.5° and 1.514 respec-

tively.
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.___N+

Br

e

0

(xvil) a-l-(p-bromophenyl)pheﬁylmethylene-
3~oxo0-1,2-diazetidinium inner salt

As with the previous two antihistaminic drugs studied here, the
cénformation about the C(8)-C(9) bond Is trans. In the present case
thé N(10)-C(9)-C(8)-C(7) torsion angle is 162.5° (refer to Figure 13).

The tetrahydropyrrolidlno structural feature as a whole is not
planar, although the four carbon atoms do define a good plane with a xz
value of 32.5 and equation -0.0575x - 0.3633y - 0.9299z + 3.7422 = 0.
The largest displacement of a defining atom is 0.02& from this plane,
but nitrogen N(10) is 0.455R out of the plane. Although there are
serious difficulties to be faced in defining a simple and widely appli-
cable terminology for use in describing the conformation of cyclic sys™
tems, in this case it seems reasonable to adopt the “E" (envelope)(es)
designatioh for this ring. An alternative description, although one

~ that tends to obscure the essence of the conformation, may be given in
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terms of the torsion angles about the five bonds of this system. These
torsion angles are: N(10)-C(11)-C (12)-C(13) = 16.1°, c(11)-C(12)-C{13)-
c(14) = 2.5°, ¢(12)-c(13)-c(14)-N(10) = -20.1°, c(13)-c (14)-N(10)-
¢(11) = 30.0°, and C(34)-N(10)-C(11)-C(12) = -28.6°.

The centres of symmetry are again in this structure the loci of
important intermolecular bonding interactions. Figure 14vportrays the

immediate environment of those centres equivalent to that at the origin.

104(3)  3184(3)

+0-02(2) \ \

+0-14(2)

3267(3)

178(2) 8.8903)

CX0-cl=98-2303

FIGURE 14

A drawing showing the immediate environment of
one class of inversion centres in the crystals
of Triprolidine hydrochloride monohydrate.
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The water molecule is involved in two hydrogen bonds with chloride ions
and each chloride fon is hydrogen bonded to two waters as well as the
protonated nitrogen atom of the tetrahydropyrrole ring. This cluster
of polar bonding forces is instrumental in linking together the various
molecules of this structure, and may be seen in the stereoscopic Figure
15. The Nt— HeevveC2” bond is 3.094(3)& In length and has an angular
deviation from linearity of 1°4' at the hydrogen atom. 'The distances

and angles describing the o-—-H-----cz' bonds are given in Figure 15.

FIGURE 15

A stereoscopic pair packing diagram for

Triprolidine hydrochloride monohydrate.
The completely filled valence electron shell of a chloride ion has three
mutually orthogonal p orbitals and it may be expected that these three

hydrogen bonds would have interbond angles near 90° at the chloride ion.



92.
The angles N(10)-C2-0(1), N(10)-C2-0(1)*, and 0{1)-c2-0(1)* (where 0(1)'
is the symmetry equivalent atom to 0(1)) are 70°78', 88°42' and 81°78'
(87) and

respectively. A chloride ion has an effective radius of 1.818

x(67).

the Van der Waals radius of a hydrogen atom is 1.2 On the basis
of these figures the expected non-bonded separation of these atoms is
-3,08.  The actual distances are 2.27(3)R, 2.40(3)A and 2.14(3)R for
Ci-H(10), CA-WH(2) and CL-WH(1)' respectively, the 70°47' angle at the
chloride ion being that between the two longer Cf.e---H distances.
Inspection of Figure 15 does not reveal any dominant steric repulsion
which would force the above 20° departure from orthogonality.

The arrangement of pyridyl rings around the centres of symmetry
equivalent to that at the centre of the cell represents another inter-
molecular bonding interaction which contributes to the stability of
the crystals. The stacking of these aromatic systems is clearly seen
near the viewer and slightly above the centre of Figure 15.  These
planes are parallel and are separated by 3.466(3)R, the displacement
of their centroids is 4 004(3)R and closest approach of non-hydrogen
atoms is the 3.533(3)R between C(3') and its inverted equivalent.

These two interactions are the most easily characterised and prob-
ably the most important in stabilising the crystalline state, but as
well as these there are numerous Van der Waals attractions which are

instrumental in accomplishing this.

*kk k k%

The gift of the sample of Triprolidine hydrochloride monohydrate

from Dr. A.F. Casy is gratefully acknowledged.
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1.5 CONCLUSIONS

The work presented in sections 1.2, 1.3 and 1.k, together with that
of Clark and Palenik on Histadyl(ee), comprise the only four studies of
antihistaminic drugs which have been pursued by the X-ray crystallo-
graphic method. Although this is meagre evidence on which to build a
theory, there aré certain similarities among these structures which
permit some tentative generalisations on antihistaminiﬁ activity to be
made. The structures of some stereochemically constrained antihista-
mines may be used as corroborative evidence and, where possible, these
will be introduced.

For the convenience.of the reader, the diagrams which show the
molecular conformation viewed in the ¢(9)-C(8) bond direction of the
three structures determined here, given above as Figures 4, 9 and 13,
are reproduced again below as Figure 16. Accompanying these diagrams
are similar views of the two crystallpgraphically independent molecules
of Histadyl.

The most immediately obvious similarity between these five species
is their common trans arrangement of non-hydrogen substituents about the
bond equivalent to Ca-CB in histamine (1). The proposal that this con-
formation was a necessary prerequisite for antihistaminic activity was
noted above (pagé 7. Evidence given for the proposal at that time
was from the EHT work of Kier(‘S) which purported to show that the trans
Ca-CB conformer of the histamine mono-cation was energetically preferred
over tne gauche form. The apparent ability of Triprolidine to mimic
the assumed form of histamine was cited as supporting evidence. Reason-

ing on the basis of the trans conformation found for the histamine di-



FIGURE 16

A composite diagram showing five antihistamine molecules
viewed in the C(9)-C(8) (ca-c ) bond direction. The
structures labelled a, b and E are Brompheniramine mal-
eate, Chlorpheniramine maleate and Triprolidine hydro-
chloride monohydrate, respectively. The two independent

molecules of Histadyl are denoted d and e.
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cation(lg) and from the published structure for dL-Brompheniramine
maleate(89), as wéll as from their own work on Histadyl, Clark and Palenik
have indicated their belief that the trans conformation is necessary.

Ham(go), however, has pointed out that this reasoning depends on the

" assumptions that, (a) the receptors for histamine and an antihistamine are

identical, and (b) the receptor-bound conformation of the drug is the same
as that in solution or in the solid state. This first point seems-parti;
cularly important if it is interpreted to mean that not only do histamine
and antihistamines compete for the same site, but also that they bind with
this site in a similar manner. Because of their agonist/antagonist pro-
perties, it is unlikely that this is strictly true, but the possibility
that similar binding does occur and thaﬁ some part of the antihistamine
blocks the onset of allergic symptoms cannot be discounted.

Ham.went on to show, by pmr studies on four antihistamines with con=
formationally mobile -CHZ-CHZ- alkyl chains, that in three cases approxi-
mately equal proportions of the trans and gauche forms: existed in solu-
tion, and that in the fourth case fhe predominating confdrmation was
gauche. The implication of this work in relation to the crystallo™
graphic studies is that antihistaminic drugs need not have a strong pre-
ference for the trans conformation but that they should be capable of
assuming this form.

If it is accepted that binding to the receptor takes place through
the amino group and the aryl.function(s),vthen the distance between this
former feature and the aromatic rings. should have some measuré of con-
stancy in this class of molecules. An example of a potent antihistaminic

where these moieties are constrained to be more widely separated than is
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possible for a flexible molecule in a folded conformation is provided by ‘

Cyproheptadine(zz) (XVI11).  In this compound the nitrogen atom is

(XVI11) Cyproheptadine

(measured on # framework molecular model) ca. 6,38 froﬁ the cengrolds of
the benzenoid rings. Because this distance can only be approached by
molecules like the Pheniramines in fully extended form, it is assumed
that a trans ca-cs conformation is necessary for binding to the Hl site.
The existence of varlous active drugs which conform to the general-
ised antihistamine formulation given above (page 9), but which do not
Possess an aromatic base as part of their structure, led Casy and Parul-
kar(23) to suggest that "the distance between the side chain nitrogen and
the centrevof the aromatic ring attached to C-1 more truly represents

the critical parameter for activity in these compounds". This comment

was directed at those who had been assuming that the alkyl N-pyridyl N
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separation was the important parameter.

The essential difference between the d%-Brompheniramine and the
(+)-Chlorpheniramine structures is the torsion angle about the C(7)-C(8)
bond. In the former, the -CHéN+HMe2 (R) group bonded to C(8) is gauche
with respect to the phenyl substituent of C(7), and trans with respect
to the pyridyl ring. In (+)-Chlorpheniramine, the molecule assumes the
trans/gauche Phe/Py conformation with respect to the R group.. Newman
projections with the correct S absolute configuration and illustrating

these two arrangements are given below,

Phe Py Phe Py

(a) gauche/trans : Phe/Py (b} trans/gauche : Phe/Py

(IX) Newman projections down C(8)-C(7)
for the Pheniramines

Because of the steric hindrance Involved in a gauche/gauche : Phe/Py
- conformation for the alkylamine feature, it is proposed that either of

the two arrangements observed above is permitted, but that gauche/gauche
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is not.

These two staggered conformations are probably energetically
favoured over the eclipsed conformer which has C-H bonds overlying the
C-Ar linkages, but examination of a space fi11ing molecular model indi-
cates that steric interference is small.  There would only be a small
energy difference between this possible symmetric arrangement of the
alkylamine chain and the gem diaryl system and the asymmetric disposition
of these features as observed here, with the latter conformations rep-
resenting the overall minima.

Having thus established that the precise nature of the aryl system
inferacting wlth‘the receptor is not critically important, althodgh there

(2“), and that the

does seem to be a slight preference for a pyridyl ring
observed dissymmetry of the Pheniramines probably represents thelr most
stable form, attention can now be turned to the generalities which can be
drawn from these structures.

In each of thé three crystal structures determingd here, the molecule
has an open side. In the di-Brompheniramine and Triprolidine cases, this
side is formed by the pyridyl ring(s) and the alkylamine chains. The
exposed face of the (+)-Chlorpheniramine molecule is formed by the satu=
rated chain and the p-chlorophenyl feature, but as was noted above, the
form with the pyridyl ring exposed is energetically very similar.

The distance from the saturated nitrogen atom to the centroid of the
exposed ring is very similar in all three cases. These distances are:
6.2128 for da-Brompheniramine, 6.154A for (+)-Chlorpheniramine, and 6.013A
for Triprolidine. The measurement of ~6.3R for Cyproheptadine (XV111)

correlates nicely with these determinations and lends some support to the
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argument of Casy and Parulkar(23).

Although the existence of an open side is not so obvious in either
of the two conformations presented for the Histadyl molecule, it is
present in both, Clark and Palenik have demonstrated that the exocyclic
nitrogen'atoms both have a planar arrangement of the three atoms to which
they are bonded. It was also shown that the dihedral angle between the
mean plane of the four atoms just mentioned and that of the pyridyl ring
was small in both cases; resonance stabilization of this structure was
indicated by the shortening of the C-N (exocyclic) bond.

The presence of this rigid structural feature and the above implica-
tion that an extended alkyl chain is necessary for receptor binding means
that sites which require both a hydrogen bond donor and an aromatic
electron system on the same side of the molecule cannot effectively util-
ize the pyridyl ring in binding a Histadyl molecule., Interestingly, I
however, the required arrangement is presented by the thenyl ring and the
saturated nitrogen function in the (observed) case that the two methyl
groups are directed away from the former moiety. Thevseparation of the
quaternary nitrogen atom from the centroid of the thenyl rings ié 6.47R
and 5.93& for the two independent molecules of that crystallographic
analysis.

From the apparent constancy of this parameter, and from the similar
arrangement of functional groups that these molecules could present to a
receptor site, it is inferred that the Hl site is such as to bind a
substance having a positively charged hydrogen Bonding donor separated
by 6.0 - 6.2& from the centre of a 7 electron cloud with the approximate

dimensions of a benzene ring.
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Calculating from the published structural parameters for the fully

(19)

extended form of histamine , it is possible to determine that the
primary nitrogen and the centroid of the imidazole ring are separated

by 4.948. The magnitude of the difference between these two distances
(ca. 1.2R) probably means that the binding of histamine and antihista-
mines to the Hl receptor site is not identical,

Another remarkable point of similarity in the five established struc-
tures is that in each case the non-hydrogen substituents of the tertiary
nitrogen atom are directed away from the exposed aromatic ring. Choosing
the nitrogen substituent nearest the viewer as a reference atom here, the
torsion angles cref.-N-c(g)-c(s) for the five molecules of Figure 16 are
172.4, 177.1, 177.2, 158.6 and 184.4° respectively for parts a, b, c, d

and e. A Newman projection down the N-C(9) bond illustrating this common

conformation is given below. The fact that four different molecules in

H bond acceptor
1
[ ]

'
H

H (8)

C ref, C

(XX) The observed conformation about the N-C bond

alkyl chain
in antihistaminic drugs
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five different solid state environments adopt conformations which are so
similar in all respects must be regarded as strong evidence that the
observed structures typify the most probable conformation of an active
drug.

Turning now to the function of a third binding interaction, a few
points can be made. That there are three'pdints of attachment of an
antihistaminic molecule to the receptor site is to be inferred by the
site specificity with respect to the absolute configuration of the
antagonist (see page 13). Since the Hl site is capable of distinguishing
an R arrangement of phenyl, pyridyl and alkylamine substituents of c{7
from the enantiomorphous $ configuration, it must interact with all three
of these substituents. Clark and Palenik have stated that '‘the bulky
groups found in most antihistamines are therefore selected to prevent the
response triggered by the imidazole ring". That the selection is not
based simply on size may be inferred from the total lack of active drugs

which have large, but inert, groups in place of, for example, the p-tolyl

“function of Triprolidine. A diaryl system seems necessary here and it

is. probable that the third interaction involves m electrons in some way.
Reasonable congtancy is observed in the distances between the side

chain nitrogen atoms and the centroids of the p-bromophenyl, 2=-pyridyl,
p-tolyl, and 2-pyridyl rings of d2-Brompheniramine, (+)=Chlorpheniramine,
Triprolidine and Histadyl. These distances are 5.57, 5.40, 5.56, 5.54
and 5.#93 respectively for the above substances.

- The possibility that these last quoted distances represent that para-
meter of the antagonist which mimics.the agonist cannot be discounted

entirely on the evidence available, but the ca. 6.33 found for this quan-
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tity in Cyprohepfadine (XV111), which is .incapable of assuming a shorter
distance, and like distances in other inflexible molecules would argue
against this postulate.

Implicit in most of the above has been the assumption that the
receptor site is a stereochemically rigid entity. It has long been
recognized that the original characterization of a receptor site (page 1)
needed modification to include the concept- of flexibility, and it seems
that the available facts ;egarding antihistaminic receptors can most
easily be accommodated by a model with this atéribute.

Based on the hypothesis by Rocha e Silva(gz) that the protonated
-NH; group of the histamine side chain is anchored to NEI of a histidyl
group in the receptor, and that a second binding interaction is via N5]
of the histamine and the carbony! group of an adjacent peptide linkage,
Nauta, Rekker and Harms have proposed a very detailed mode] for the
histamine receptor(93). This model is not reproduced here but it can
be easily described. The receptor site is visualised as an alpha hel-
ical polypeptide chain having (in part) the amino acid sequence, ...phe-
his-gly-gly-ser... . The agonist molecule is thought to bind to this
receptor via two hydrogen bonds which involve Na and Nsl of the drug
with the imidazole and hydroxyl features of the a~helical chain.

in the proposal of Nauta et al., the antihistamine b-methy 1diphen-
hydramine (XX1) was assumed bound at three points. These three points
involve: (i) a hydrogen bond between Ng; of the histidine and the
alkylamine nitrogen atom of the drug, (1) another hydrogen bond between
the}serine hydroxyl and the ether oxygen, and (iii) a v overlap

attraction between the benzenoid section of the phenylalanine residue
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(CHy), NICHy},0C

(xx1) b4-methyldiphenhydramine

and one of the like features on the antihistamine.
There are several aspects of this proposal which make it unattrac-
tiVe as a general model for the Hl receptor:
(i)  The presence of one of the aryl groups is ignored; as
noted above, the presence of two aromatic rings seems mandatory
“in antihistamines, and it must be presumed that these are both
utilized in some fashion.
(ii) One of the binding interactions is postulated to take place
through a feature which is not present in many active drugs, i.e.,
the ether ox&gen. The presence of a nitrogen atom, which could
act as a hydrogen bond accehtor, in place of the ether oxygen of
Diphenhydramine in some antagonists detracfs only slightly from this
objection since some of the mosf potent antihistamines do not have

this functional group, viz. the Pheniramines.
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(i1i) The model is essentially a static acceptor of an antihista-
minic molecule, no functional characteristics are implied, and it
is difficult to see how the proposal can explain the dramatically
different physiological responses induced by agonists and antag-
onists.

This writer feels that until a recepfor site has actually been iso-
lated and charécterized, itis unreaéonable to propose a very specific
model of the kind outlined above. More general descriptions may, how-
ever, be proposed, and that given below represents an attempt to synthe-

size an Hl receptor site from the available facts.

FIGURE 17

A sketch of the proposed model for the Hl receptor
showing a (+)-Chlorpheniramine molecule bound to
the site.
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Figure 17 presenté one of many possible protein surfacés with the
required specificity and size pafameters for the binding of antihista-
minic molecuies. Feature A of this model is chosen to be an jonized
carboxyl group since this function would form a strong hydrogen bond
with a protonated amino moiety.. Ring B is drawn as a benzenoid system
attached to the protein (possibilities include phe, tyr, trp). It is
difficult t6 obtain a good estimate of the distance between these fea~
tures, but the 5.25& separation of the hydrogen bond accepting chloride
ion and the 7 electron system to which the 2-pyridy} group in Triproli-
dine is attracted is probably a reasonable measure of the distance
between these similar functions of the HI site. Point of attachmenf c
in Figure 17 is again envisaged as a benzene ring which, in this case,
can interact with the second T electron system of the antagonist.
Hydrogen bond donor D of this mode] is presumed latent when an antihista-
mine is bound, its function being to form a linkage to the agonist mole=
cule,

The proposed model has the diaryl portion of the drug in-a hydro-
phobic region formed by the receptor, and the protonated amino function
is exposed to the solvent. The reasons for postulating this arrange~
ment rather than any other are three:

(i) No effective drug has a.large substituent bonded to the
aromatic ring(s) on the sides remote from the alkylamine chain. This
is taken to imply that the receptor cannot accommodate too great a bulk
and is therefore a pocket on the surface of some protein (cf. the tosyl
hole in a-chymotrypsin(gh)).

(ii) Although they are unusual, several antihistamines have more
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bulky groups replacing the methyl substituents of the saturated nitrogen
atom‘(e.g., piperidine, diethyl), It is felt that these could best be
accommodated by allowing this extra bulk to protrude outside the immed-
iate site.

(iii) The greatest amount of stabilization energy arising from

(95)

hydrophobic bonding interactions can be achieved when the non-polar
parts of the molecule are removed from the, supposed aqueous, environment.
When a molecule of histamine is bound to the site it is thought that

a major conformational change of the site occurs. The proposed binding

of a histamine molecule is illustrated below.

FIGURE 18

The binding of a histamine molecule to the proposed site.
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It is envisaged that the change is such as to reduce the volume of
the cavity by a folding inward of the receptor protein. By this means,
the previously free hydrogen bonding donor (D) could be brought into a
position where it could link with the imidazole group of histamine.

A strong hydrogen bond between an imidazole group and an acidic
donor in a hydrophobic environment has been implicated in the mechanism
of action of serine proteases(96), and it is felt that the agonist's
binding may well havé some of the characteristics proposed for the active
site of chymotrypsin or elastase(97). It is even possible that the
histamine, when bound.to the receptor, becomes part of a catalytic site!

The ary) ring labelled C in Figure 17 comes down and sandwiches the
imidazole ring between itself and ring B which in turn has changed posi-
tion to accommodate the smaller distance from the basic centre to the
aromatic group in this specles. The existence of binding group D and
its hydrogen bonding to the histamine imidazole ring is postulated to
account for the fact that methylation of either aromatic nitrogen atom
produces an agonist of greatly reduced potency(gs).

Refinement of this model would probably involve the addition of
subsidiary point(s) of attachment, e.g., one involving a hydrogen bonding
donor which could interact with either Nsl of the imidazole ring or fea
tures similar to the ether oxygen of Diphenhydramine (xx1).  Concrete
proposals along these or other lines should, however, await the accumu™
lation of more data.

One attractive feature of the present model is that it does involve
different conformations for the receptor when either an agonist or an

antagonist is bound. In this way, it s poéslble to understand the
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differing physiological effects of the two classes of compound. It
must be stressed that this proposal Is not intended to be definitive
but rather it is hoped that these ideas will stimulate further work and

thought on this problem,
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A PART 2
An Oxindole Alkatoid

2.1 INTRODUCTION

A previously unknown .alkaloid of molecular formula CISH20N202 was
isolated from the dried root bark of Eleagnus Conmutata (WOlf Willow or
Silverberry) by Drs. Locock and Slywka of the Faculty of Pharmacy at
this University during their work on the phytochemistry of this species.

Extensive work on the chemical and physical characterization of the
compound implied that it was a phenolic derivative of an oxindole skele-
ton with a spiro linked secondary alkylamine moiety bearing a methyi-
(99) 4

propyl side chain. The molecular structure proposed by Slywka

given below.

(XX11) The proposed structure for the alkaloid

The major point of uncertainty with this structure was the location
of the phenolic hydroxyl, although the bonding pattern of the spiran

ring and its associated alkyl chain was not firmly settled at the time

- the crystallographic study was initiated.

In cases such as this, X-ray crystallography can very often settle

-
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such questions of ‘structure unambiguously, and as a side benefit provide
conformational detéils which may nét be available by other means.

Because of this, and because of our willingness to embark upon a
problem which would extend our familiarity with the 'direct" methods
of structure solution, we agreed to Dr. Locock's request that we attempt

to resolve the remaining difficulties.
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2,2 THE STRUCTURE ANALYSIS

Exgerimental

Columnar crystals, with either a triangular or rhombic cross section,
were grown from hot ethanol by Dr. G.W.A. Slywka and supplied in a form
suitable for diffraction studies. Preliminary rotation and Weissenbefg
photographs of a rhombic specimen measuring 0.20 x 0.13 x 0.30 mm and
rotated about the needle axis revealed 2/m diffraction symmetry and the
systematic zonal absences hot, & = 2n+1; OkO, k = 2n+l.  The space
group was thus uniquely determined as P2‘/c and the c axis shown to be
the direction of elongation of the crystals. The lattice constants
and some other physical quantities appear below as Table 22.  The unit
cell parameters, originally obtained from films, were refined as part of
the alignment process(38) on a Picker FACS-1 diffractometer.

Reflection intensities were collected using Ni filtered Cu K radi-
ation with the diffractometer in the coupled /20 scan mode. The 2397
reflections obtained were subjected to the usual examination for signi-
ficance (see page 19). Lorentz and polarization correction terms were
applied and observational weights calculated. Twenty percent (482
reflections) of the 2397 data points examined within the sphere limited
by 26 < 130° had net counts less than 3°net and so were assigned a
threshold intensity and coded Munobserved!. These were omitted from
all further calculations except the scaling and generation of the nor=
malised structure factors (E's). Milson's method(loo) was used to place
the data on an approximate absolute scale; the experimental intensity
distribution plot and the linear least-squares regression line derived

from this are displayed in Figure 19.
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Some physical constants and other data

for oxindole alkaloid crystals.

formula

molecular weight

space group

a

b

c

B

)

LI (chlorobenzene/chloroform)
Pealc (4 formula units/cell)
2

u (Cu k)

u.p, 99)

26 range explored

no. unique reflections

no. observed reflections

no. variable parameters
ratio observations/parameters
final unweighted R

final weighted R

mean sigma C=C bohd

mean sigma C-C-C angle

€15a0N0%
260. 34 Daltons
P2]/c
13,1949 (10)A
9.4525(6)4
12.1186 (6)R
109°47(1)"
122,383
1.220(2) gn/en®
1.216 gm/cm3

4

6.61 c:m-'I

250-252°C

4°-128°

2397

1915 (79.9% of total)
252 |

7.6

4.30%

6.25%

0.003A

0.2°
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05
(sIN‘6)

FIGURE 19

The intensity distribution (Wilson plot) for the oxindole alkajoid.

Normalised structure factors were calculated according to the expres-

sion given below(IOI).

where:
]EEI is the amplitude of the normalized structure factor appropriate

to the reciprocal lattice point defined by the vector h;
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IFE‘ is the observed structure factor magnitude on the arbitrary
scale;

s = sin 8/};

K(s) is the value of the normalization curve, at the appropriate
value of s, which puts the Fﬁz on an absolute scale for point atoms at
rest;

p is a small integer, which varies according to reflection class,

and is designed to place all of the data on the same statistical foot-
ing(IOI);

N
I fi%s) is the value of the scattering power curve at the sin 8/A
1

i=
value of ‘FEI;

N is the total number of atoms in one unit cell.

It was found that the distribution statistics of the derived E's closely

followed those expected for a centrosymmetric structure(loz):
Experimental Theoretical
<|e|> 0.831 - 0.798
<|e|® 0.999 1.000
<Je* - 1.0 0.913 _ 0.968
Fraction with |E| > 3.0 0.36% 0.3%
Fraction with |E| > 2.0 3.39% 5.0%
Fraction with |E| > 1.0 - 31.87% 32.0%

Three hundred and forty-three reflections were found with |E|'s
greater than 1.5. These were sorted in order of decreasing magnitude

and written to a permanent storage device (magnetic tape). Reflections
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which satisfied the relation h = h' + h' were then searched for and |
stored in groups according to the index triple ﬁ, and In descending
order of |EE|°

Theoretical considerations dictate that arbitrary phases may be
assigned to three reflections which satisfy various parity criteria(lo3).
In this case these reflections were selected automatically from the first
15 in the above list which did not have eee parity. Selection was made
p}imarily by the number ofbsigma-two interactions found for the index
triples and then according to the parity rule that the determinant of the
indices, reduced modulo 2, should be non-zero. In this manner the 15th,
Lth and 8th reciprocal lattice vectors were assigned phase angles of zero
degrees, i.e., E(1,2,10) = +2.192, E(0,8,3) = +3.480 and E(3,3,11) =
+3.158.

These preliminary calculations then allowed the iterative applica-
tion of Sayre's equation(‘OH) according to the symbolic addition proced-
ure of Karle and Karle(los) with the technique of Hall and Ahmed(IOI) to
define and evaluate the symbols. By this means all but four of the 221

reflections with |Eﬁ| > 1.7 were reliably phased. A Fourier synthesis

using these phased E's as coefficients revealed chemically sensible

~ maxima corresponding to all of the non-hydrogen atoms comprising the

molecule, except for the two methyl carbons.

Refinement of the model by conventional difference Fourier and
least-squares techniques using the scattering factors of Cromer and
Mann(hS) in conjunction with the local version of the Busing, Martin and
Levy program(hg), ORFLS, led in a straightforward manner to the location

of the hydrogen atoms. Inclusion of these positions with the scattering
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(46)

factor curve of Mason and Robertson and continued least-squares
refinement, with the block-diagonal approximation, and observationally
weighted structure factors resulted in final weighted and unweighted
reliability indices of 6.25% and 4.30% respectively. Contributions

to these indices were accepted from all but 3 of the 1915 observed data.
The three reflections excluded are marked with an asterisk in the struc-
ture factor listing (Table 23) and are all of very high intensity and
small Bragg angle. Tables 24 and 25 contain the positional and thermal

parameters for the non-hydrogen atoms; the similar quantities used to

describe the hydrogens are given in Table 26.

Results and Discussion

The atomic numbering scheme adopted in this analysis is given in
Figure 20, Bond distances involving the non-hydrogen atoms are also
displayed in this figure, while Figure 21 presents the interbond angles.
The set of molecular parameters involving the hydrogen atoms is given
in Table 25. Figure 22, which is a diagram of one molecule viewed par-
allel to the c axis, shows that the compound is a 6-hydroxy derivative
of an oxindole nucleus with a spiro linked secondary alkylamine moiety
attached to C(3). The existence of a methylpropyl side chain bonded to

(99)

C(4') is confirmed and the previous structural studies shown to be

essentially correct. The fact that the phenolic hydroxyl function is a

substituent of C(6) rather than C(5) is at variance with the previous

(99)

tentative assignment of this group to C(5).

The problem of deciding on a C(5) or C(6) placement of a hydroxy!

(106)_

function on an indole nucleus has been encountered before In the



TABLE 23

The set of observed structure amplitudes and calculated
structure factors (x 10) based on the final model for

the oxindole alkaloid. Excluded reflections are coded
with an asterisk.
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TABLE 24

The positional parameters for the non-hydrogen atoms
of one molecule of 6=hydroxy=-2'=-(2-methylpropyl)-3,3'-~
spirotetrahydropyrrol idino-oxindole.

have been multiplied by 107,

The quantities

Atom x/a y/b z/c

N(1) 2090(1) -65(2) K44(1)
c(2) 1774(2). 1313(2) 3974(2)
c(3) 1593(2) 1705(2) 2700(2)
C(4) 1576(2) -112(2) 1053 (2)
c(s) 1775(2) -1507(2) 826 (2)
c(6) 2135(2) -2482(2) 1738(2)
c(7) 2277(2) ~2092(2) 2889 (2)
c(@8) 2052(2) -702(2) 3083(2)
c) 1717(1) 292(2) 2186(2)
0(2) 1671(1) 2100(2) ky24(1)
0(6) 2356(1) -3821(1) 1469(1)
c(s) 2438(2) 2826(2) 2462(2)
N(5') 1999(1) 4193(2) 2847(2)
c6') 811(2) 4063(2) 2341 (2)
(') 5286 (2) 2503(2) 2134(2)
c(@8') 3583(2) 2577(2) 34k (2)
c(9") 4430 (2) 3539(3) 3244 (2)
c(10) 4591 (3) 3284 (5) 2087(3)
c(in) 5494 (2) -3360(4) h249(3)

119.



Atom

The parameters describing the anisotropic vibration
of the atoms contained in Table 24.

TABLE 25

have been multiplied by 101,

U *

U

U

U

The quantities

U

120.

u

1 22 33 12 23 13

N() o 322(5) 152(3)  159(3) 10(3) 4(3) 89(3)
c(2)  269(5) 162(k)  201(4) -9(4)  -20(3) 93(4)
C(3)  214(5)  1h7(h)  187(h) 5(3) -3(3) 65 (4)
W) 238(5)  a7i(h) 165 2(h)  20(3) 53(4)
¢(5) 267(s) 184(4) . 152(4) -12(h) -11(3) 69 ()
c(6)  226(5) 135()  193(4)  -10(3)  -15(3) 80 ()
(7)) 232(5) 142(4)  176(4) -3(3) 13(3) 68 (4)
c(8) 207 (4) 148(4) - 158(4) -11(3) -5(3) 59(3)
c(9)  199(4) 143(h)  174(4) ~4(3) 2(3) 54(3)
0(2)  467(5)  191(3)  230(4) 26(3)  -35(3) 163 (4)
06)  395(5)  1h0(3)  220(3) 8(3)  -20(2) 147(3)
C(h)  219(5) 141 (4)  196(4) 3(3) 3(3) 63 (k)
NGS')  282(5)  1he(4)  266(k) 11(3) 5(3) 103 (k)
c6')  241(6) 184(5)  435(8) 37(4) 50(5) 107(5)
¢(7') 220(5)  185(5)  293(6) 24 (4) 8(4) 66 (4)
c(8')  228(5)  228(5)  260(6) 3(4) 12(4) 53(4)
C(9')  234(6)  316(7)  345(7)  -24(5) -9(6) 86(5)
c(10)  394(9)  737016)  hos(10) -112(10)  -18(10)  200(8)
c(11)  266(7) 592(12)  467(1) -72(9) b2(7)

-46(8)

* .
These coefficlents are defined on page 24.
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TABLE 26

Positional and thermal parameters (x 103) for the hydrogen atoms of
6-hydroxy-2'~ (2=methylpropyl }-3,3"-spl rotetrahydropyrrol idino-oxindole.

Atom x/a y/b z/c Uiso
H(1) 224(2) -53(2) 488(2) 65(5)
H(4) 136(2) 59(2) 43(2) 76(6)
H(5) 168(1) -185(2) 4(1) 53(5)
H(6) 230(2) -453(3) 202(2) 97(8)
H(7) 257(1) -281(2) 356(1) 60(5)
5 H{4') 238(1) 290(2) 179(1) 56(5)
f H(5') 224(2) 429(3) 373(2) 108(8)
i Hi61') 53(2) 458(3) 168(2) 95(8)
- H(62') 45(2) 449 (3) 290(2) 105(9)
H(71') 30(2) 233(2) 131(2) 77(6)
H(72') -1(2) 225(3) 244(2) 80(7)
H(81') 357(2) 268(2) 430(2) 73(6)
H(82') 386(2) 155(3) 335(2) 81(7)
H(9') n72) 455(3) 325(2) 90(8)
H(101) 518(3) 397 (4) 201 (3) 137(13)
H(102) 476 (2) 211(3) 214(2) 121(10)
H(103) 387(3) 337(4) 140(3) 149(11)
H(111) 532(3) 356(3) 503(3) 146(10)
H(112) 568(3) 213(3) 419(3) 132(9)

H(113) 606(3) 4ok (3) n2(3) 151(12)



FIGURE 20

The numbering scheme and the bond distances involving
the non=hydrogen atoms of the oxindole alkaloid. The
bond distances have average standard errors of 0.003A.
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FIGURE 21

The interBond angles calculated on the basis of those
parameters contained in Table 24.  The average
standard deviation of these quantities is 0.2°,
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: cl@)-c(3-c(7)=121°
Cle)-C(3)-cé)=114.0°



Bond distances and angles for the hydrogen atoms of the

oxindole alkaloid.

N(1)-H(1)
C(4)-H(k4)
c(5)-H(5)
0(6)-H(6)
¢(7)-H(7)
C(4')-H(h")
N(5')-H(5")
c(6')-H(61")
c(6')-H(62')
c(7')-H(71")

H(1)=N(1)-C(2)
H(1)-N(1)-C(8)
H(4)~C (4)-C (5)
H(k)-C (4)-C(9)
H(5)=C(5)-C (k)
H(5)~C(5)-C(6)
H(6)-0(6)-C(6)
H(7)-C(7)-C(6)
H(7)-C(7)-C(8)

H(4*)-C(4')-C(3)

H(4')-C(4')-N(5")
H(4')-C(4*)-C(8')
H(5')-N(5')-C(4")

0.96(2)R

0.98(2)
0.98(2)
0.97(3)
1.03(2)
1.00(2)
1.02(2)
0.91(2)
1.04(3)
0.96(2)

123(1)°
126(1)
121(1)
120(1)
123(1)
n7a)
14(2)
120(1)
123(1)
107(1)
102(1)
112(1)

105(1)

TABLE 27

Average standard errors are 0.02
and 1.0° for the distances and angles respectively.

(a) Distances

(b) Angles

c(7")-H(72")
c(8')-H(B1')
c(8')-H(82')
c(9')-H@")

¢ (10)-H(101)
¢(10)-H(102)
¢ (10)-H(103)
c(n)=n(11)
c(11)-H(112)
c(1)-n(13)

H(5")-N(5')-C(6')

H(61')-C(6')-N(5")
H(61')-c(6")-C(7")
H(61')-C(6')-H(62')
H(62')-C(6')-N(5")
H(62*)-C(6')-C(7")
H(714)-c(7')-c(3)

H(71')=C(7')-C(6")
H(71Y)-c(7')-H(72")
H(72')-c(7')-€(3)

H(72')-c(7')-C(6')
H(81')-C (8")-C(4")
H(81')-C(8')-C(9")

124,

0.94(2)A
1.04(2)
1.05(2)
1.02(3)
1.04 (k)
1.13(3)
1.03 (k)
1.07(4)
1.20(4)
1.03(3)

nmae
113(2)
12(2)
103(2)
111(2)

110(2)

107(1)
108(1) -
111(2)
114(2)
11(2)
106(1)
mqQ)

-----



Table 27 (Continued)

H(81')-C(8')-H(82')
H(82')-c(8')-~C (4*)
H(82')-c(8')-C(9")
H(9')-C(9')-C(8")
H(9')-C(9')-c(10)
H(9')-C(9')-c(11)
H(101)=c(10)-C(9')
H(101)-C(10)=0{102) °
H(101)~C(10)=H(103)

(b) Angles (Contd.)

109(2)°
nz2(1)
103(1)
107(1)
108(1)

~109(1)

109(2)
19(3)

- 113(3)

H(102)-c (10)-C(9")
H(102)~C(10)-H(103)
H(103)-c(10)-C(9")
HUTTTY=E (11)-C(9')

~ HO)=c(n)-w(112)

H(11)-C(11)-H(113)
H(112)-c(11)-c(9")
H(112)-c(11)-H(113)
H(13)-c(11)-c(9*')

125.

T 101(2)°

103(3)
111(2)
106(2)

"110(2)

114(3)
102(2)

- 115(2)

109(2)



One mole
viewed P

FIGURE 22

cule of the oxindole alkaloid
arallel to the ¢ axis.
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127.
case of Shepherdine (XX!II), which was isolated from Shepherdia
canadensis, a C(5) hydroxy] was postulated on the basis of similarities
in the ir and pmr spectra of the unknown with those obtained from synthe-
tic samples, ‘and by analogy with other known compounds extracted from

the same or similar sources, Proof of Browne's postulated structure

HO

=z

CHg

(XX111)  Shepherdine

was obtained by her showing that the unknown material was identical to

that compound she was able to synthesize from 5-hydroxytryptamine (XXIV),

HO

(XX1V)  5-hydroxytryptamine
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Slywka's assignment of the phenolic hydroxyl group to C(?) was based
largely upon pmr evidence = probably because of a paucity of closely
related compounds for comparison by other methods. The difficulty with
using this technfque is that the compounds to be distinguished were both
1,2,h tri-substituted benzenoid systems and these would be expected to
give closely similar spectra. Solubility difficulties with the unknown
alkaloid dictated that the pmr spectra be run in deuterated DMéO. Di-
methylsulphoxide is a hydrﬁgen bonding solvent and as well as this com~
plicating factor, the presence of large extramolecular dipoles, some
of which may be preferentially oriented with respect to the molecule,
could impose unknown magnetic shielding effects on the system. Because
of these factors the pmr spectrum of the present compound could be expected
to present some difficulties in interpretation.

Both the proposed and found molecular structures for this alkaloid
possess two asymmetric carbon atoms, [c(3) and C(4*)]. Since the majority
of potentially optically active compounds derived from biological sources
are in fact synthesized as pure isomers, Slywka would not have been sur-
prised with his determination of +174.8° for the optical rotation of this
compound measured on a 0.1%2 ethanolic solution at 25°c(99). The fact
that the crystals supplied by Slywka were found to crystallize in a centro-
symmetric space group, PZI/c, unequivocally demonstrates, however, that
the material is a racemate. This finding when taken in conjunction with
the very low likelihood that the recrystallization, done by Slywka from
hot ethanol, would involve racemisation of a previously pure optical iso-
mer and the existence of various precedents(99’106’107’]08) for alkaloids

being isolated in racemic form indicates that the composition of the mat-

-J
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erial studied polarimetrically was not the same as that of thé crystals
used in this work. A similar situation was found for Elaeocarpfne

(XXV) (108)

in that repeatedly recrystallized material was found to
exhibit an optical rotation of +0.1°, whereas the crystals were racemic.
In this latter case the optical rotation of the pure (+) isomer is known
to be +206° and so the postulate that the biosynthetic pathway for Elaeo-

carpine slightly favours the (+) rotamer‘appears reasonable. In the

(XXV) Elaeocarpine

present case, however, the apparently large rotation (+174.8°) found

for the natural product Implies that the dextro rotatory isomer is
strongly preferred over its antipode. Since all crystals examined
belonged to space group P2|/c, it seems reasonable to suggest that only

a small fraction of the material was recovered from the recrystallization
experiments, and to further suggest that the crystallizatioﬁ mother-
liquor probably contained the (+) isomer in a reasonably pure state.

Whatever the explanation for this seeming contradiction, it is probable
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that ‘the true optical rotation for the pure dextro isomer of this com-
pound is not 174.8°,

When this structure is studied in detail, very few significant
deviations from ideal molecular geometry are to be found. The benzen- _
oid section of the oxindole system is planar with maximum exoplanar
displacement of 0.01% from the plane with equation -0,9603x - 0.242ky -
0.1378z + 1.7190 = 0 (x2 = 69.9). The phenoxy oxygen atom displacement
is only -0.043(2)& from this plane, but the phenolic hydrogen is dis-
placed +0.33(3)R, thus permitting the 0~H bond vector to point towards
atom N(5') of another molecule (see Figure 23).  The O-He«.-N bond is
2.659(2)8 1ong and the relevant interbond angles are C(6)-0(6)-H(6) =
14(2)°, 0(6)-H(6)+--N(5') = 171(2)°, H(6)-+--N(5")-C(4") = 110.4(0.9)°,
H(6)++-N(5')=C(6') = 103.9(0.9)°, and H(6)-..-N(5')-H(5') = 120(2)°.

The distances involving the hydrogen atoms of this intermolecular 1inkage

are 0(6)-H(6) = 0.97(3)&, and H(6)..--N(5') = 1.70(3)A.

FIGURE 23

A packing diagram of several molecules of the alkaloid showing
the sheet structure and the intermolecular hydrogen bonding.
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The weighted average of the bond lengths within the benzenoid ring is
1.3883 with an associated e.s.d. of 0.0068.  The 0.006A discrepancy
between this average bond length and the 1.39#& found in highly accurate
work(SS) is not significant and indicates that the effects of rigid body
Iibration(]09) on this molecule in the solid state are small.

The five-membered ring of the oxindole nucleus is not planar; the
spiro atom, C(3), deviates by -0.114(2)R from the best four-atom least-
squares plane which is defined by the atoms c(2), (1), ¢(8) and C(9).
This plane has equation -0.9465x - 0.2723y = 0.1731z + 1.7989 = 0 o=
18.2) and is nearly parallel to the plane of the benzenoid ring (dihedral
angle = 2.8°). None of the four atoms which define the oxindole plane is
displaced more than 0.005& from it. The =C-NH-CO-C- grouping of this
ring resembles a cis peptide bond and therefore may exhibit some of the
features of this structural unit. All of the above six atoms are within
0.0k of the five-atom least-squares plane, defined by the non-hydrogen
members of this group, with equation -0.9371x - 0.2572y - 0.2358z +
2.052% = 0 (42 = 1113.5).  The amide bond, N(1)-C(2), distance of
1.362(3)R is significantly shorter than the 1.475(5)3(55) found in simple
tervalent nitrogen compounds. The carbonyl carbon-oxygen distance,
corrected according to the riding motion model(llo), is 1.248(3)A and
this is significantly longer than the comparable bond distances expecfed
in simple aldehydes and ketones which are encompassed by l.ZIS(S)K(SS).
Bond angle distortions imposed upon this system by virtue of its cyclic
nature probably preciude the most favourable overlap of hybridized atomic
orbitals, and so the shortening of the 0C-N bond hefe is not as extreme

as in normal peptide bonds where this linkage is found to be 1.3258
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long(]]]). Nitrogen atom, N(1), is engaged in forming the second inter-
molecular hydrogen bond of this structure to oxygen 0(6) (refer to Figure
23). This bond deviates from linearity by 12(2)° at the hydrogen atom
.and has a donor..«sacceptor distance of 2.916(2)A.  When compared wi th
the tabulated values of anohue(65), or those of Hamilton and lbers(llz),
it may be seen that this bond fypifies a normal N-He.+:0 linkage.

The 1.505(3)K‘bonding distance between atoms C(3) and C(9) appears
abnormally short for a C-C single bond length.  However, a comparison
with documented values(SS) shows that this value is exactly that expected
for tetracoordinated carbon bonded to a benzenoid system. This observa=-
tion reinforces the widely accepted principie that whenever bond length
comparisons are to be made the hybridization states of the bonded atoms
must be taken into account, and that comparisons made only on the basis
of bond multiplicities are invalid.

The best four-atom plane of the saturated spiran ring is defined by
the positions of the atoms N(5'), C(6'), C(7*) and C(3), and has equation
0.4359x - 0,0076y - 0.9000z + 2.3292 = 0.  The distances of the five
ring atoms from this plane are: -0.020, 0.527, 0.017, -0.055 and 0.0434
respectively for C(3), C(4'), N(5'), c(6') and C(7'). These distances
and the x2 value of 1007.8 imply that this plane has notional existence
only and therefore should not be interpreted as an important structural
feature. A more precise description of this ring's conformation may be
given in terms of the relevant torsion angles. Using the definition of
torsion angle given on page 6 of this thesis, these angles are: c(7")-
C(3)-C(4')-N(5") = -36.2°, C(3)-C(4")-N(5')-C(6') = + 32.3, C(4')-N(5")-
C(6")-C(7') = -15.5°, N(5')-C(6")-C(7*)-C(3) = -7.7°, and C(6')-C(7")-
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C(3)-C(4') = +26.1°.  An alternative description of this five-membered
ring, and one that has been proposed for furanose ring forms(86), is in
terms of atomic displacements from the plane through those three atoms
which are common to both the best and the second best four-atom least-
squares plane. In this case these atoms are N(5'), C(6'> and €(7') and
the plane has equation 0.3842x + 0.0724y - 0.9204z + 2.1370 = 0 and the
displacements of C(3) and C(4') are -0.197R and +0.376R respectively.
These two atoms are on opposite sides of the reference plane and so the
ring has the twist (T) conformation.

The molecular packing is shown in the stereoscopic Figure 23 which
is a projection onto (100). This diagram shows that the molecules form
infinite layers with the hydrogen bond network shown being the principal
intralayer bonding interaction. Interlayer bonding is the result of
non-specific, non-directional Van der Waals dispersion forces between
the methylpropyl side chains of different molecules,

A literature search for crystal structures of molecules sufficiently
similar to the present one to permit fruitful cqmparisons to be made
revealed only two compounds.

Isatin(IIB) (XXV1) has the basic oxindole skeleton but the presence

of the extra carbonyl group would impose electronic and structural con-

(XXv1) Isatin
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straints on the skeleton which are not implled by the spiran ring of the

present compound.
Sewarine(llh) (XXV11) has a phenolic indole system with an sp2

hybridized carbon at the 2 position, but in this case the extended system

HO

| C02Me \\

(XXV11) Sewarine

of fused rings makes detailed comparisons difficult. The Sewarine struc-
ture was solved by the heavy atom method (methiodide derivative of the
parent alkaloid) using diffractometer data, and fefined to an R factor

of 11.0%. The estimated standard deviations for the Sewarine structure

-are 0.018 in bond length and 1.0° for the interbond angles. Within the

precision of this latter determination, only insfgificant differences
between it and the comparable features of the present structure are evi-
dent. Despite the claim that "the rather precise data obtained for the
Sewarine molecqle may serve as references for structure comparisons...."
modern crystallograﬁhy, especially that based on diffractometer data, is
usually capable of higher precision than was obtained by these workers,

and more accurate structural parameters are necessary before detailed
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comparisons can be made.

* k k % k%

Thanks are expressed to Drs. Locock and Slywka for the sample of
the alkaloid which can now be given the systematic name 6-hydroxy-2'-

(2-methylpropyl)-3,3'-spirotetrahydropyrrol idino-oxindole.
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PART 3
Mafeic Acid and Maleate Anions

3.1 INTRODUCTION

The relative ease with which the first base-dissociable proton
‘of maleic acid (XXVIII) is removed (pKa' = 1.83)(115), and the much
greater than usual difficulty experienced In titrating the second
acidic function (pKa2 ='6.07)(]|5) implies that nei ther of these two

carboxy! groups is normal in its properties.
H H
/

Yo=(
\

C===
COOH COOH
(XXVI1t) Maleic acid

This information was used in conjunction with results from infra-
red spectroscopy to support the proposal of Cardwell, Dunitz and
Orgel(lle) that the second base-dissociable proton of maleic acid resi-
ded between the two carboxyl groups. A previous paper by Shahat(]]7),
reporting the crystal structure of maleic acid, had shown that the two
acidic functions were not equivalent with respect to carbon-oxygen
bonding pattern, and so if the internal hydrogen bond suggestion is

accepted then the implication is that this hydrogen is bonded more

closely to one oxygen atom than it is to the other. The first crys-
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tallographic investigation of a maleic acid system to directly verify the
above postulate by locating the hydrogen atoms is that of bieyclo[2-2-2]-

octa-2,5-diene-2, 3-dicarboxylic acid‘!'8) (xxIx).

COOH

CQOH

(XXI1X) Bicyclo[2:2:2]octa-2,5-diene-2,3-dicarboxylic acid

There are two molecules per crystallographic asymmetric unit in
this structure, and both were observed to have an asymmetric intra-
molecular hydrogen bond, Donor oxygen to acceptor oxygen distances
were calculated (by this author) to be 2.47 and 2,518 for the two mole-
cules which have 0-H distances of 0.78 and 1.03R respectively. The
remaining hydroxyl group of the tricyclic molecule was utilized in
linking the molecules together in an infinite helical chain. This dis-
position of hydrogen bonding power is essentially the same as that pro-
posed by Shahat(|]7), but with one major difference. in Shahat's final
model, the hydrogen bearing oxygen atom not implicated in the intramole-
cular hydrogen bond was found 2.75& and 2.98& from two possible hydrogen

bond accepting oxygen atoms. Shahat interpreted these findings as evi-
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dence for the existence of a bifurcated hydrogen bond which linked his
ribbons of maleic acid molecules into a two dimensional mesh.  Dono-
hue (65) recalculated the above contact distances from the published
positional parameters and found that the 2.98K previously mentioned was
in reality 2.92&. This minor revision did not in itself invalidate
Shahat's postulate, but Donohue's more reasonable proposed placemént of

the hydrogen atom in question along an interoxygen line implied that the

bifurcated hydrogen bond was non-existent. To date, no more accurate.

. study of maleic acid (hereinafter referred to as HzMaz) has appeared,

and because of the importance of having accurate structural parameters
for this parent substance, it was made the subject of a refinement
study.

Our interest in the structural chemistry of the maleic acid/maleate
mono-anion/maleate di-anion system was first stimulated by our findings
that the maleate counterions to the d%-Brompheniramine and (+)-Chlor-

pheniramine species both possessed short but definitely asymmetric hydro=~

'gen bonds. That a symmetric position for the hydrogen atom under dis-

cussion was expected was inferred from previous crystallographic and
theoretical studies on the maleate mono-anion. The first relevant
crystal structure published‘was that of Darlow and Cochran(]la) on
potassium hydrogen maleate (hereinafter called KHMat). The results of
these workers were less clear cut than was hoped because in their stu-
dies the maleate mono-anion, (HMaz-), was found to reside across a crys-
tallographic mi rror plane perpendicular to the C==C bond. Although

circumstances such as this would normally require that the intra-ion

linked hydrogen atom occupy a position on the mirror plane, the existence
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of two half-hydrogens on elther side of the mirror is a possibility.
Because of this émbiguity, Darlow and Cochran were unable to state
whether their hydrogen bond was symmetric or not. They were, however,
able to give evidence for a central hydrogen position by providing dia-
grams of a well shaped electron density maximum located at the position
where an ordered hydrogen atom woul& be expected to reside. The oxy-
gen-oxygen separation for the two participants in this bond was given as
(120)

2.437(8)A in an interpretive paper by Darlow An apparent space

group ambiguity between Pbcm and Pbc2I does not seem to have been ade-
quately resolved in this stud#; no analysis of the intensity data or
other statistical tests were reported. In view of the molecular con*
straints imposed by these authors' cholce of Pbcm, reasonable uncertain-
ty regarding this structure exists, even though a final R value of 4.9%
was achieved, There seems to be a valid reason for redetermination of
this structure gnd refinement in the acentric space group.

More conclusive evidence for a central position of the hydrogen
atom in question waslprovided by a neutron diffraction study of potass-
ium hydrogen chloromaleate(IZI) (referred to here as KHCAMa%).  These
workers introduced a chlorine atom into the organic ion to avold any
methodological bias of the type experienced by the previous workers.
This stratagem was successful in that Ellison and Levy were able to
demonstrate a central hydrogen atom position between two oxygen atoms
separated by 2.403A.

Theoretical studies stimulated by the publication of an empirical
curve which indicated that "for the particular case of 0=H«+++0, the O-H

distance increases as the 0....0 distance decreases”(lzz) have consoli=
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dated tHe belief that the HMa% ion is one of the few species that has
a truly symmetric hydrogen bond. A molecular orbital study of Murthy,
Bhat and Rao(123) on this species, with the oxygen-oxygen separation con-
strained to be Z.hﬂ, has resulted in their proposal of a symmefric
single minimum potential energy function for this system. Kollman and
A]Ien(lzk) have approached the hydrogen bonding energetics problem from
a more general standpoint - their ab inltfo calculations on the H502+
species being relevant here. The results of these workers indicate that
at 0-.++0 separations of‘2.h87ﬂ and 2.302R the same minimum energy was
obtained, the difference between the two situations being that in the
former case a double welled function resulted, whereas in the latter a
single minimum was obtained. At the intermediate separation of 2.381&,
a lower energy well with a broad profile resulted from their calculations.
In fact, these computations simply say, in sophisticated terms, what Coul-

(122). It would be exceedingly dan-

son had suggested ten years earlier
gerous, of course, to carry these latter results over to the maleic acid
system d}rectly, but the principle of a central positioning of the hydro-
gen atom in short hydrogen bonds seems well founded.

The problem remains to determine what factor or factors lead to oxy-
gen-oxygen separations of 2.4038 and 2.437% (and symmetric hydrogen bonds)
in two HMat structures, but result in 0«...0 distances of 24178 (d2-
Brompheniramine maleate) and 2.44kR [ (+)=Chlorpheniramine maleate] in two
others which have asymmetrically positioned hydrogen atoms. The symme-
tric nature of the bond is presumed to be the result of a decrease in the

0....0 distance rather than a cause of it.

In order to more fully characterise this system, and hopefully to



answer some of the outstanding questions,

ium maleate was also undertaken.

4.

the crystal structure of disod-
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3.2 MALEIC ACID

Experimental
The same difficulties encountered‘by previous workers(ll7"25’126)
in obtaining a single crystal of maleic acid were experienced here.
Severaj different solvents were used in an attempt to overcome the
twinning.problem, but to no avail. Only by cooling a warm solution of
the acid in acetone were crystals of usab}e size obtained, and'all of
these were twinned by reflection across (100). In some instances,
however, one member of the twin protruded past the other and by taking
advantage of the extremely facile cleavage paraliel to (001), a suitable
single crystal could be obtained. The specimen (0.9 x 0.7 x 0.3 mm)
acquired in this manner was mounted so as to rotate about the monoclinic
unique axis and then encapsulated in Canada balsam to avoid atmospheric
effects.

Diffraction data at room temperature were collected out to a mini=
mum d spacing of 0.584R (26 max = 75°) on a Picker FACS-1 diffractometer
using graphite monochromatise& Mo K radiation (A = 0.70926R). Refined
cell parameters and some other quantities relating to this analysis are
contained in Table 28.  With the exception of the b repeat distance,
the unit cell obtained here is insignificantly different from that re-
ported by Shahat(ll7); |

The usual 8/26 scan mode was used over a basic width of 1.8 in 26
at a scan speed of 2°/min, A total of 25344unique and space group per-
mitted reflections were collected and of these 727 (28.7%) were excluded

from subsequent structure factor and electron density computations on

the basis that their net intensities were not greater than 3°net' Sev-
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The unit cell constants and some other quantities relating
to the crystal structure analysis of maleic acid.

molecular formula
molecular weight
space group -

a

mn

Pobs

Pealc
u (Mo Ka)

20 range explored

no. unique reflections

no. observed reflectldns

no. variable parameters

ratio observations/parameters
final unweighted R

final weighted R

mean sigma in ¢-C bond distance
mean sigma'in ¢-C-C angle

standard deviation of difference
electron density map

ChHhoh
116.07 Dal tons

P2]/c

7.473(DA

10.098(2)A
7.6270)
-0.5545(1)
123.59(2)°
178.921%°

4

1.590 gm/cm3
1.610 gm/cm3
1.6 cm-]
bo-75°

2534

1807 (71.3% of total)
89

20.3

5.04%

7.31%

0.002k

0.1°

0.032 /83
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enty-two reflections were considered to be suffering from the effects of
counter paralysis and so were remeasured with a diffracted beam atten-
uator in position. By multiplying the recoliected intensities and the
experimentally determined attenuator factor together, it was possible to
overcome this problem.

Because the crystal had been thickly coated with Canada balsam prior

to the data collection, it was realized that if absorption corrections

were to be applied then this would have to be. done empirically rather

than analytically. Accordingly, an absorption profile of the crystal
was prepared by éxamining the net intensities of three ¢ independent

reflections as a function of ¢.  Only minor variation with scattering
angle was found for these plots, and the average curve used to correct

the intensities is given below as Figure 24.  This semi-empirical

101
19 0‘9'
Imax
0485
071
Touo 7;\00 $oo1
90 180 270 360
PHI
FIGURE 24

A plot of relative intensity versus ¢ for the maleic acid
crystal.  The ¢ value at which reflections from the
principal axial rows were measured are marked.
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absorption correction procedure is that of North, Phillips and
Mathews(127).

Data reduction procedures included: (i) the calculation of obser-
vational welghts according to the formula given above (page 19), (ii)
interpolation of form factor curves derived from the coefficients of
Cromer and Mann(hS) for carbon and oxygen, and that of Stewart, Davidson
and Simpson(70) for hydrogen, and (i11) application of the appropriate
Lorentz and polarization corrections(hB). The scattering factor tables
for carbon and oxygen were corrected for the real part of the anomalous
scattering effect by application of the terms Af'c = 0,005 electrons
and Af'o = 0,015 electrons(so).

An approximate overall scale factor was derived by assuming that
Ulg.q.p ¥ 0.9 and equating If s where s is the sin 8/A value for 0-0-2,
to k|Fo|0-0-2//|UIO-0-2’ The 0.066 scale factor so derived differs
by 41% from the value of 0.0389 In use at the end of the refinement.

Individual atom isotropic temperature factors of 3.5&2 were assigned
to carbon and oxygen atoms with the coordinates of Shahat and least-
squares refinement initiated. Three unit-weighted block-diagonal
cycles(53), with relaxation factors of 0.8, 0.9 and 0.7 respectively,
followed by one unit-weighted full-matrlx(hg) Jeast-squares calculation
resulted in convergence of the isotropic model at R = 24,8%. Two sub-
sequent cycles with the reflection data weighted as before, but allowing
the atoms anisotropic motion, reduced this residual to 8.7%. A differ-
ence electron density synthesis computed at this stage clearly revealed

the hydrogen atoms as electron density maxima with peak heights ranging

from 0.45 to 0.67 e/ﬂ3. These atoms were assigned the final isotropic
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temperature factors of the atoms to which they were bonded and included
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with fixed parameters in the next two refinement cycles which employed
observational weights. Six reflections of exceptionally high intensity,
and with small scattering angle, were considered to be effected by
extinction and so were excluded from the next two, and subsequent,
cycles. Two further cycles permitting the parameters of the hydrogen
atoms to vary resu]ted in finai convergence with the discrepancy indices
R and R' having thé values 5.04% and 7.31% respectively,

There are indications that this data set is of rather higher
precision ‘than would be implied by the above values, and it is hoped, at
some future date, to further refine the present model using more sophis-

(128,129).

ticated techniques The very low internal discrepancy index

of 1.44% calculated from R=12

1Pl Fio! //lehkol for the 122 hk0/hko
pairs indicates that random errors of measurement are not major contri-
butors to the final relatively high R factors. Systematic errors inher-
ent in the individual spherical atom approach to structural analyses of
molecular crystals are highlighted by Figure 25 which clearly indicates
the unaccounted for electron density in the carbon-carbon bonds. This
diagram and the more complete stereoscopic view given as Figure 26 have
contour increments of 0.05 e/f\3 with base levels of 0.05 e//'i3 and 0,1 e/f\3
respectively. The standard error in this residual electron density map

was calculated from the approximate formula of Cruickshank(l3o) (given

below) to be 0.032 e/A°.
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FIGURE 25

The molecular plane section of the final difference map.

Reflections with sin 8/A greater than 0.9

ged

were exclu

.05 e/R

Contours start at 0
and are in increments of this same amount.

from this calculation.




RTINS TR

148,

FIGURE 26

A stereoscopic pair of the final difference map.

Red contours are negative and. the atomgc positions
are shown, The base ievel is 0.1 e/R3 and the
increments are 0.05 e/A3.  Reflegtions with sin 6/A
greater than 0.9 were excluded from the calculation

of this map.
The set of observed structure amplitudes and the final calculated
structure factors is presented as Table 29. The positional and thermal

parameters used to describe the final model are given in Tables 30 and 31.

Results and Discussion

Figure 27 contains the bond distances and interbond angles for one

maleic acid molecule as well as the numbering scheme used here. Esti-

‘mated standard deviations in these parameters were derived by the indep-

endent atom method(sl) from the error estimates in the positional para-
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FIGURE 26

A stereoscopic pair of the final difference map.

Red contours are negative and. the atomic positions
are shown. The base ievel is 0.1 /A% and the
increments are 0,05 e/ 3, Reflections with sin 8/A
greater than 0.9 were excluded from the calculation
of this map.

The set of observed structure amplitudes and the final calculated
structure factors is presented as Table 29. The positional and thermal

parameters used to describe the final model are given in Tables 30 and 31.

Results and Discussion

Figure 27 contains the bond distances and interbond angles for one
maleic acid molecule as well as the numbering scheme used here. Esti-
mated standard deviations in these parameters were derived by the indep-

endent atom method(sl) from the error estimates in the positional para-



TABLE 29

A listing of the observed structure amplitudes and the

final calculated. structure fact

* are marked with an asterisk.
multiplied by 10.-

ors.

These amplitudes have been

Excluded reflections
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TABLE 30

Positional parameters for the atoms of one maleic acid molecule.

Atom - xfa y/b : z/c

c(1) 0.9702(1) 0.3502(1) ~ 0.2500(2)

c(2) 0.8087(2) 0.4346(1) ~0.2492(2)

¢(3) 0.6366(2) 0.3969(1) 0.2482(2)

c(4) ©0.5930(2) 0.2634(1) 0.2493(2)

o(1) 0.9664(1) 0.2292(1) 0.2441(2)

0(2) 1.1199(1) 0.4191(1) 0.2551(2)

0(3) 0.3915(2) = . 0.2534(1) 0.2510(2)

L ] -0(4) 0.6510(1) 0.1558(1) o 0.2518(2)
I <1 . Wy 1.2193 (24) 0.3568(18) 0.2516(17)
. H(2) 0.8375(26) 0.5322(22) 0.2602(17)

H(3) 0.5351(22) 0.4729(18) 0.2349(16)

H(4) 0.7627(27) 0.1765(21) 0.2397(21)
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FIGURE 27

A diagram showing the numbering: scheme, the bond distances
and the interbond angles for malefc acid. Distances X-X
and X=H have e.s.d's of 0.002 and 0.028 respectively.
Angles X-X-X, X=X-H and X-H-X have e.s.d's of 0.1, 1.0 and

1.7°

meters. These']atter error estimates were derived from the elements

of the lnverSefmatrix by the least-squares ‘refinement program. ‘ The
fact. that the fuii'matrlx of normal equatiéns was used for reflhemént
heansithat the atomic position estlmétéd standard deviations more closely
approach.realfty than was the ﬁase for the structures refined by block=
dlaéonal least?squares. The neglect of cross correlations in deriving
thé'e.s.d's in the molecular parameters,xhcwéﬁér, means, that these quan-
tities are proBably still under#sfimated aﬁd that they should be .inter-
preted with caution. For this reasbn.'bnly the average e.s.d's a?e' |
given. Using X to denote a carbon or oxygen atom, then the distances

" X-X and X-H have average e.s.d's of 0.002R and 0,028 respectively. The

angles‘x-x-x, X=-X-H and X?H-X have associated error estimates of 0.1°,

e e s m e . B e . . L R
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L 0 and 1.7° respectlvely.

It wlll be néticed from Figure 27 that the results of Shahat are ‘

substantlated. |n this analysls the two carboxyl groups are not

; equlvalent wlth respect to carbon-oxygen bondlng pattern, and hydrogen d“

_atom H(h) is sltuated asymmetrlcally between oxygen atoms: O(I) and -

0(4) That Donohue s postulate is also verlfled may be ascertalned by o

'studylng the molecule packlng dlagram, Figure 28 The hydrogen atom
utlllsed ln the lntermolecular hydrogen bond s along the llne between
: 0(2) and 0(3) of molecules related by unlt translatlon along a. This -
hydrogen bond has- an O"--O separatlon of 2.643(2)R and an lnterbond
1angle at the hydrogen ‘atom .of |78(2)°  This length falls neatly '
. between the 2. 56 and 2. 693 values tabulated by Donohue for hydrogen :

bonds between an acldlc OH as donor and an acidic 0 as acceptor.

FIGURE 28

“The molecular packlng viewed parallel to the c* direction.
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A useful survey by Dunlt; and Strlckler(13l) contains the observed

'geometrles of'l7 carboxyl groups In aliphatic acids. In all of these
: examples one C-O bond is approxlmately 1. 23A in length and the other is

‘about e 313 long, the exact -averages being 1. 2293 and 1. 3093 respect-

lvely. In ‘the present molecule, the: two shorter carbon-oxygen bonds

are inslgnlficantly different from each other and average l.220&. The
;two longer bonds here are again statlstlcally ldentical and thelr average
is.l.302ﬂ The linkages from the ethylenlc centre to the two carboxyl

) groups‘are'l b75& and 1. h88§ respectively for. the donor groups n the

' . inter- and lntramolecular hydrogen bonds. ‘ The 0. OIBK (ca. 60) dlffer-

ence is. hlghly slgnificant but bearing in mlnd the fact that these two

Aquantitles only differ by 30 from their. mean and that the o's may well
~be In error by a factor of two, no meaningful comments relating to this
_difference can be made. This same conclusion was reached by Hecht-
' ffischer et al.(lya) who gave ‘their average for this distance as 1. hSK
':3 “ln both of the two independent molecules of prevlous study, and in this_

j-work however, the' C(sp )- c(spz) bond to the carboxyl -group’ bearing the‘_"

intramolecularly hydrogen bonded hydrogen atom ls longer (by 0 0|6

'Tf“o 007" and 0 OIBR) than; the other comparable linkage. - This small differr,
ence may be Indicetive of some sllghtly preferred directlon for u elec-
‘ tron delocalization to occur, but any such speculatlons should be

_ supported by evidence derived from an lnspectlon of the c—o bond

lengths. . Conslstent evldence for this hypothesls is not provided from

"these structures, thus, from the standpolnt of the carbon atoms of the
JC--C bond the two carboxyl groups must be regarded as belng equiva-

lent.




found 1.778 apart on the avérage
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That little, if any, v electron delocalization from the ethylenic
bond occurs may be inferred from the fact that the 1.337(2)R found here
and the 1.349(4)R and 1.344(4)R determined prevlously(lla) are not sig-
nificantly different from the spectroscoplc value of‘l.335(5)3(55) in
simplé compounds,

From the forégolng, it may be deduced that the bond diéténces of
these strained species are not significantly different from those of
simllaf molecules without any strain. Suitable compounds for comparison

)

are fumaric acid (trans maleic acid)('32’]33 and acrylic acid (ethylene

carboxylic acld)('3h).

Some of the interbbnd angles, however, are quite different from
expected values. The two C-C~OH angles are 112.3° and 121.4° at C(1)
and C(4) respectively. Although slightly smaller than the 115° averaée

(13]), the

for angles of this type tabulated by Dunitz and Strickler
angle C(2)-C(1)-0(2) is not greatly distorted. Angle C(3)-C(4)-0(4),

on the other hand, is opened by 6.,4° from the expected value. The most
important difference between these angles is that the former is outside

the strained ring, whereas the latter is subjected to the ring opening

'forcevimp¢sed by the close contact (1.595R) of H(4) and 0(1). A normal

'hqn-bdhded:contact distance between. hydrogen and oxygen atoms is ca.

26467

and In hydrogen bonds of the more usual type these species are

(65).

Very similar comments can be
made with respect to the two C-C=<0 angles. These are observed to have
values of 119.8 and 125.1° respectively for the outer and inner angles
of the ring. Dunitz and Strickler's values for this angle range from

119° to 126° with an average of 122,7°. The fact that the greatest
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deviation from this average value is 2,6°, whereas a distortion of 6.4°
was noted above for the C-C-OH angle, probably reflects the greater
rigidity of the double bond. The third angle at the carboxylic carbon
Is that between the oxygen atoms and these have the values 122.6° and
118.9° for the carboxyl groups attached to C(2) and c(3), The expec-
tation value for this angié is 122,3% and it can be seen from Figure 27
that the only one of thesé two angles which deviates significantly from
this value is that invoiving the more easily deformable C-0 single bond
of the internal hydrogeﬁ bond. Severe opening of the iInternal C-C-C.
angles at C(2) and C(3) from the nominal value of 120° to ca. 130° is
evident ffom Figure 27, but it must be pointed out that not all of this
opening can be attributed to strain inherent in the cis dicarboxylic
acid. Darlow(lzo) has estimated bond angles of the type C-C-COOH in
unstrained molecules to be 121.5°., Values of 112.5, 124.0, 122.8 and
125.4° have been found for fumaric acid('32’133) and the value for
' 0o (138)

acrylic acid is 12 That there is some steric interference

effect responsible for this, even in fumaric acid for example, Is

'fnferred_from the oxygen-hydrogen contact distance of 2.4k which is some

O,ZR less than the sum of their Van der Waals radii.

The non-hydrogen atoms of this molecule do not define a good plane.
The-Sest plane defined by this group as a whole has X2‘= 2538.1 and exo-
planar deviations of up to 0.038. .The geometry of the maleic acid
molecule is best described with respect to three planar segments made up
from the carbon spine and those of the two carboxy! groups. Table 32
summarizes the results of several least-squares planes calculations.

Only planes i, Hil and IV are Qood enough fo be of importance here, and




“TABLE

32

A results summary-foruthe least-squares
planes calculations of maleic acld.

- {a) Disténces from-the'planes QR x 104)’

158,

VI

¥ lnrerpfanar angles are measured in degrees.

- 1.‘,\\ ,, B e ar R UL Y

aton L o1l Ll W
c1) 13 7% 4l =132 -139% - 17k
c(2) . 106 -19% e o139 77 - bl
c(3) sk 19F -248 =16k 239 (102%”
c(h) . 23 . -9* =776 Y L 153% - 76%.
o(1) - 332% 438. 16% 361 - 167* 204
o(2) ~ -275% -307 12¢ - =539 =521  -564
. 0(3) -91% . -155  -1129 -21% 151 43
-0 (k) -190% =97 -1089 -14%  ~1ho% -132%
W) -8 -3t 207 . -269  .-hob -390
H(2) - -549 -759 . - -h02 =938 -581 -757
S H(3) 1033 805 667 767 1194 990
“H(k) 593 - .:696 -103 723 562 585
' * Atoms used to define the plane. _ '
(b). E uatfons 6fvthe form 1x + my + nz =
-and_x4 values for theg!ane’s o
" Plane - s m ; n_ P XZ
. -0:0001 " 0.0046 -1,0000  =1.5723 2538.1
T 00034 . ~ -0,0046 . .-1.0000 -1.5830 7.4
Cmr o 0.0079 . 0.0257 - -0.9995 -1.3802 23.8
N -0,0018~ " - .=0.0097 ©  -1.0000 -1.6191 34.9
A ~0.0094  0.0057 - - -0.9993. -1.6110 841.3
Wk -0,0064 .. -0.0002 -1.0000°  ~-1.6097 1003.1
(c) Dihedral anglés~between the glanész
Plane | W TR [ oy )
b0 D926 0.7~ 0.939 0.700 0.0
SRIE 0 2,322 0.0 1.017 0.400
(i o 2.267 2,017 2.017
v 0 0.959 0.0
V. 0 0.500
Vi 0
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“from these it can be seen that the two carboxyl groups are Ihdivldually

planar and that the carbon spine of malelc acid also conforms to a

plane. The two carboxyls, however, are not coplanar with thls latter

eurface.= In the case of the acld grouping bonded to C(2), the two.

‘oxygen. atoms are on opposlte sldes of the _plane of the carbon atoms,

and thie torsfon angle about the 0(2)~C(1)-C(2)-C(3) bond Is 1.93°

«_'The.two ongen atome of the other carboxyl group are both dlsplaced

by small amounts towardslthe same side of the molecule s spine, the

15|mllar torsion angle in this case belng -0.42°, These flndlngs differ

from those of Hechtflscher et al. where thelr molecules were both

'observed toﬁhave much larger torslon angles. In thelr study the two

a torslon angles equlvalent ‘to o(h)-c(h)-c(s)-c(z) of the present study

had values of 5.06" and 17.7°, whereas thelr angles equlvalent to 0(1)~

lc(l) 0(2)-0(3) were 4.02° and 19 5° respectlvely. The two larger '
'.values were both from the same molecule and these, authors attributed
;this large difference between the two molecules to different hydrogen

: bondlng geometrles of the two lndependent molecules.‘

That the thermal vlbratlon elllpsolds have their major axes . per-

' pendlcular to the molecular plane is evident from Flgure 29.. The sur-

FIGURE 29

An ORTEP(Gh) drawing of one molecule. '
Ellipsoid surfaces enclose 25% probability.
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faces drawn enclose 25% probablllty that the centrold of the electron

dlstrlbutlon Is within the surface. ~The thermal motion elllpsolds Were

'analyzed( 4) wlth reference to an axlal system coincident wlth that used

for the calculatlon of the least-squares planes, i.e., a,b,c* -The :

' ,:varlous planes of the molecule were found to be very nearly parallel to

’(001). Table 32(b), and lnspectlon of the dlrectlon cosines for the

major axes of the elllpsolds under dlscusslon, Table 33, reveals that,
the greatest devlatlon of a major axlal dlrectlon from the normal to the’

molecular plane ls 3. 9° The very slmllar slzes and shapes of these

.‘representatlonal surfaces could well. mean that the atoms of one molecule
are undergolng some vlbratory translatlon motlon in concert, the pre-
: domlnatlng dlrectlon of this motion belng perpendlcular to the molecular

Pplane, Further evidence for this assertlon Is taken from the compara-

tlvelY large halos of diffuse scatterlng;whlch_surround the 002 reflec-

tlons - partlcularly the Vvery strong 0 0 2;. This set of planes, inci-

dentally, scatters X- radlatlon so efflclently that Dame Kathleen. Lons-

dale had cause to remark that lts lntenslty was Yvery large lndeed“(IZS).~

That the rlbbons of hydrogen bonded maleic acid molecules pack ,
together edge-to-edge and that these sheets stack together to form a

layer structure is’ lndlcated by Flgure 28 _ Betwaen the edges of the

'rlbbons the attractlve forces are of the normal Van der waals type and

. need no speclal mentlon, but see later. The 3, lhhﬂ (twlce the dlstance

of plane I from the orlgln) separation of the layers, hoWever, lmplles

' an lnteractlon of rather greater interest. The llterature pertaining .

to stacking lnteractlons Is, so far as the writer has been able to deter=-

mine, concerned solely with aromatlc molecules. The present substance

Is not aromatic and, as waslnoted above, does not even exhibit signifi-

S—
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TABLE 33
The root.-méan;square displacements and dir,ection‘cbs(r_ie‘s
of the principal axes of the ellipsolds used to describe
the thermal motion of the malelc acid_atoms.
‘Atom | . E_ S i ] | ko
o) T o.1566 - -0.5833°  -0.8109 ' -0.0476
. © o 0.1630 - -0.8091 ~  0.5852. -0.0544
SRR 0.2h2k 0.0720 . 0.0068 ~0.9974
| » c(2) 0.1452 ! 0.1182 -0.9930 <0,0015"
o 04733 -0.998 -0.1178 . -0.0668
S o.aas3k .o 0.0862 . 0.0094 - -0.9978
cB) - . o.u8  -0.5179 . 0.8sko © -0.0298
. oayi3. o odsw0 - 0.5187 -~ 0.0401
_ 0.2476  =0,0497 0.0047 . . 0.9988
W) - oasp | -0.9085 - 0.ME3 -0.0351
. oAk o =0.h165 -0.9091 ~0.0027
P - C 0,24 . 0.0330 - =0.0122 ~=0.9994
. oQ1) - 0.1528 -0.3936 0.9193 0.0006
U eamy o 0.918k 0.3932 © . 0.0438
_ , 0.3129. . -0.0399 . -o.018 0.9990
Co@) - oassz . 0.8256 05614 0.056
- S 0.1833- +~0,5614 08274 L -0.0173
5 0.3127 . ~-0.058 -0:0177° . 0.998%2
003) 0557 - -0.998  0.003 -0.0180
P 0,198  -0.0036 -0.9999 -0.0071°
0,320 ~o.0180 - 0.0000 -0.999%8
Cow). oasst o o-oasee o -oofes . 0.0uB
' ©0:1708 - -0.9886 0.1503 -0.0001
o 10,3005 -0.0030 . -0.0205 -0.9998
W@y o2l 0 0.0 0.0,
CHR) o.2i26 . Lo 00 0.0
H(3) o.2ish 1o 0.0 0.0
Ww o oese 10 0.0 0.0
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cant delocalization of the n.electrona. _JHOWeyer..the molecule.ls bas-
ically planar and does have'three centres of w electron denslty, which
facts may permlt cautious lnterpretatlon in terms of the prlnclples dev-
" eloped from other systems. . Bugg et al.(IBS) have documented over 70
. base stacklng lnteractlons in nucleic acld constltuents and from their
'examlnatlon of these data determined that, (1) “the solld-state stacklng'
japparently ‘cannot be ratlonallzed on the basls of permanent molecular '

1 dlpole-dlpole lnteractlons" and (ll) '....purlne and pyrlmldlne stacklng
occurs wlth minimal ring overlap and lnvolves lnteractlon between a polar
: region of one base and the polarlzable rlng system of the other“ . This
latter polnt partlcularly is closely related to an earlier observation
that there seemed to be a speclflc interaction between carbonyl groups or

(3)

- other polarlzed multlple bonds and aromatlc systems Prout and
‘_Wallwork also suggested that there was often a competltlon between the
'*tendency of - molecules to maxlmlze their m=1 overlap and the lnteractlon

7.' of polarlzed charge clouds wlth delocallzed systems. g

In the malelc acld structure there are no speclflc lnteractlons

'1between elther non-polar ComeuiC bonds or. between a carbonyl functlon -and

ithe ethylenlc centre._ Flgure 28 shows that the -CH--CH- part of the

; molecule 1s excluded from the overlap region and that the lntra-rlng area

benueen the carboxyl groups has a carboxy! group [C(b) 0(3), O(h)] on
-one_ slde and a carbonyl group [C(l)--o(l)] on the other. These facts
lndlcate that. polar forces lnvolvlng the carbon~oxygen. bonds are the most
lmportant ln stablllzlng thls crystal structure. Speclflc contrlbutlons
'to the bindlng energy are dlfflcult to discern, but that between the
approxlmately antlparallel c(4)-0(4) and c(l)-o(l) bond dlrectlons ln

adjacent sheets may be cited as an example, as may that between the c(4)-




s tate(]37) (XXX)

0(“) and C(k) -0(3) bonds. »

Within each- stack of ribbons the donor -+ acceptor directions for the’

hydrogen bonds are all approxlmately parallel rather than antlparallel ‘

and, wlth respect to the flrst, thls common dlrectlon ls reversed in
‘ movlng along b to the next stack. : Thls would lmply an attractlve force

' between the stacks and a repulslve force wlthln them. Thls would explaln“

the fact that 1t |s extremely easy to cleave the crystals S0 as to expose

‘& fresh (001) face or shear them perpendlcular to c* " Imperfect cleavage *

Is observed parallel to (010) and this must be taken as evldence that di-

. polar forces are strengthenlng the Van ‘der Waals attractlon between the

' stacks.

In. closlng thls sectlon, several polnts may. be made wlth respect to

‘v'v‘the final dlfference map. Apart from the expected finding that there ls
K bulld-up of electron density wlthln the bonds and. reglons of -negative:
, denslty near the atoms but on the opposlte sides, from the bonds, Flgures
- 25 and 26 show two. lnterestlng features. The: flrst of these 1s that in ,f
»all cases where slgnlflcant maxlma exlst these are Inside the cyollc

A ,structure, ln just the posltlons where sp hybrldlzed orbltals would be

expected to overlap.' The angles between these maxlma and the atomlc »

‘ posltlons were measured on: a large scale verslon of thls map to be close
L to 120° Thls sltuatlon has been observed before, but not wlth such

.clarlty, for the naleate mono-anlon portlon of dlpotasslum cis aconl-_ :

HOOCCHZ\ H-
| Neae”
éoon \coon

(XXX)- Cis aconitic-acid
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'An accurate structural.study of a'cyclopropane derivative has -
provlded an'analogous'result(lsa) The lnterbond angles In this Iatter
study- were 60°, but the angles between the electron denslty maxima,
L " ;measured from the publlshed flgure, are 109°, The term "banana bonds"
- has’ been colned for this straln effect and lt ls temptlng to apply the o
. '. } deslgnatlon “lnverted banana bonds" to the present case. |
The second polnt of lnterest concerns the levels of electron denslty
‘ ln the varlous bonds. The three carbon-cerbon bonds have by far the T
'.greatest charge bulld-up wlth electron densltles of greater than
.0.25 e/ﬂ  Because the central bond ls of order 2 and the others of
slngle order, one mlght expect a: greater electron denslty here. ) The
'vfact that this Is not 50 slmply lndlcetes that the = bond ‘does not have
A v 'Aslgnlfloant electron- denslty in. the molecular plane. The two Comem0
o bonds both have electron density maxima greater than those of the two
;C-O bonds, and all four bonds seem to’ have. much Iower residual electron
denslty than is observed In the carbon-carbon bonds . Thls observatlon
. has - been made before(]39) but not dlscussed further at that tlme. A
n'slmple explanatlon of thls effect could be- that the very high electro-
.‘;negatlvlty of. oxygen, 3 5 on Paullng s’ scale( 7). means that the elec-
itronlc envlronment of the oxygen atoms ls contracted and so this specles
hmore closely approaches a spherlcal atom than does a carbon atom. The
‘ obServatlon that the electron denslty maxlma in the C-0 bonds of the
xpresent structure and In that of Hanson, Sleker and Jensen(]39)
‘shlfted towards _the: oxygen atom Iends Soie support to thls suggestlon.
Malelc acld has the vlrtue of crystalllzlng in a centrosymmetric

spaceegroup, and so phase angle errors are likely to be small In this or

e C RS




* . would seem to be a good candldate ‘for a neutron dlffraction study.
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subsequent more accurate work. Despite the twinning problem, crystals

of the order of one milllmeter should be obtainable and so this compodnd

A

‘compar!son of - the results which would be obtalned from such work and

those obtainable from Tow temperature X-ray diffractlon, together with

" those of the present room temperature study, may - well prove to be of

~ exceptional Interest.

[O R —— .
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3.3 DISODIUM MALEATE
o Exper mental
Disodium maleate was prepared by'adding'an'exceSS of‘NaOH pellets
| to a concentrated solution of maleic acld In water. _On cooling and
standing, the syrupy solution solidified into a mass- of -very tiny needles.
A sample from this preparation was dissolved in DMSO with the addition
of the minimum amount of water necessary i Acetone was then vapour
lidlffused into- the test tube containing the material and a great many - very
'smail crystals again resulted. ' Allowlng firstly the acetone and then '
:some of the water to evaporate by opening the vessel to the atmosphere,
resulted in platy crystals of good quality. o
| An lrregulariy shaped specimen of maxlmum dlmenslons 0.5 x 0. 6 x -
'0 08 mm Was. mounted so as to rotate about an. axis contained within the
' plate. Preliminary osciilation, weissenberg and precession photography
_revealed 2/m diffraction symmetry and the systematlc absences _hke,
Che = 2n+l, hoz h= 2n+l, 1= 2l 00, k= 2n+l These absences
. impiy either Cc or CZ/c as the space group for this materlal This
: ambigulty was resolved (see later) -in favour of the centrosymmetric space
) group. The crystal was allgned on the diffractometer and the refined
unit cell constants and orientatlon parameters ‘obtained In the usual way.
Table 34 contalns the unit cell parameters and other data pertaining to
"thls analysis._i Graphite monochromatised Mo K radiation (X = 0. 7‘0693)
‘was uséd for: the data collection which utiiized a 0/20 scan procedure
over a basic peak wldth of i 6° in 26 and flxed posltlon lO second back-
.,.ground counts on each slde of the peak Because It was desired to -

spend as little tlme as posslble in fruitiess ‘irradiation of the crystai,




. TABLE 34

A data summary for the structural analysls of disodlum maleate monohydrate.-

formula

" molecular wefght -

erYstal‘slze

: 'epaee greup e

. a

Peale

ebs

'u(MoK)
" 2e range explored

N no. unique reflectlons o

no. observed reflections

- .no. Variable parameters

‘ vvratio observat!ons/parameters

‘final unweighted R
final-uelghted R. -
mean 51gma,ihvcec bond

.'ueeh.sigma'ln,C-C-c angle -

standard devfatjenvin dffference map

1,85(2) gn/en

67,

ch Ou *H,0¢ Na

180,07 Daltons -
'05xosxooam -

c2/c

20,979 (WA

10.004(3)A

6.369(1)A
=0.1763(2)

100.15(1)°
1371568

8

1.7uu'gm/cm3
S

2.‘86,em-l

3.5°-80°

hs7

2871 (69.1% of total)
e .
24.8

3.30%

bem

0.0018 ”

0.08°

-~ 0.084 e/R

[PESIINE— N
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the Bz/b rejection routlne of the Plcker sof tware was modified (MNGJ) '
to exclude all of the systematlc extlnctlons for space group CZ/c.

" Data for this compound were agaln collected in-two spherlcal annuli.
‘The low © data betwéen 29 = 3 5° and 60° were collected first and this -
was followed by examlnatlon of those reclprocal lattice polnts with

| scatterlng angle between 60° and 80° 0nly lnslglflcant lntenslty '
changes had occurred in the monltor reflectlons at the end of this data
»collectlon, but because lllS7 data polnts had already been examined for -
thls lS atom structure,. and because the majorlty of reflectlons in the
outer shell were found to have low Intensities, the data collectlon was

' termlnated at this point. The same. statlstlcal tests as had been
femployed prevlously (page 7#) were used to test the net counts of each

' reflectlon for slgnlflcance. In this way, 287 reflectlons were consi-
dered observed, the remalnder being approprlately coded and excluded

. from all subsequent calculatlons except the generatlon of the normallsed

E structure factors. Data reductlon lncluded Lorentz and polarlzatlon(h3)
correctlons and the calculatlon of. observatlonal welghts according to

"the formula on page 19, .

b‘.‘:' A three dlmenslonal Patterson map, sharpened by the I/Lp function '

B for a zero Ievel of reclprocal space, was computed and interpretatlon of
. thls map attempted by the symmetry mlnimum method(69)

”Awas assumed for thls work on the basls of the correspondence between the
8-fold multlpllclty for thls group ‘and  the fact that the structure con-
talns 8 molecules per unlt cell,’ After several trlal superposltlons had

falled to reveal the’ structure, the fallaclous nature of the above assum-

ptlon was reallzed and work aimed at solvlng the structure by direct

Space group CZ/ct
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methods was initiated.
An approxlmate overall scale factor and average thermal vibration

- parameter were derived according to the procedure outlined -above for

" the. oxindole alkaloid (page lll) and these quantlties used in the.deriv--

'-atlon of the set of normalized structure factors. The dlstribution

'statistics derived from these E's were compared with those expected

(102)

from both‘centrosymmetrlc and non-centrosymmetric structures’ ' and .

~ found to gorrespond_moreﬂclosely to the former case. These statistics

and the values- for comparison are‘llstedibelow:

Observed - Centric Acentric

1 R - (Theor.) (Theor.)

<fg> - - 0.815 " 0.798 0.886
el 0.9%8 | “,i,.'o'oo 1,000 |

_ <|E"'|2; S0 - © o oge2 0968 0.73

- -Fr.act"lon‘-,"\}lith IE| >~3.o" o 03t -07'3,95," C0.0%
'v‘rrAcii'éh'_wl.fh E[>2.0 b6 5.0% : ' .l.832'~
:‘f‘rréétion,wriﬁ Itl'>'1;o‘ ““‘«Vso.ez‘ o -32;02-‘ 36.8%

Because of . the c centerlng ymmetry operation ln this space group,
half of the nomlnally dlstincy/iintres of symmetry become identical with
the other half This reduces - the number of general reflections which may
he assigned arbitrary phases From three. for P cells to ‘two. Preliminary
hand phasing indicated that If the structure: Invariant ¢8'0~0 (|E|:=

3, 340) could beaassighed its correct phase; then asslgnment of origin
‘specifying phases to the E's 5 9 (|E| = 3, 289) and 24 3 (|E| = 2,807)
would probably allow the successfui application of the symbolic addltion ‘

procedure(losl.




170,

A sigma=one (Z]) relation allowed 9g.0.¢ to be assigned the value m.
This ZI relation was derived by inspection from the general method given

By.Main(]ho).
(141),

Starting from the general relation of Hauptman and

Karle
s {E, o a0} 3s{[E,,[|% - 1} !
2he 2K+ 28 hks

where s'means sign of and * Is interpreted as probably equals, and apply-

Ing the approximate relatlon(IOS):

hoken = ¢h-h'.k-k'-z-£' Pl [2]
to thé h0% zone, we cén'write:
$2h+0-2¢ %-k.z * hket (3]
Now, for parity group 1 (h+k = 2n, &= 2n) of space group C2/c,
k‘hek.L) = F(h-ﬁiz) ¢ F(ﬁ.k.g) and F(E.k.g) = F(h-k-i) [4]
md%fmﬂwgmwz(Mkam,z=mﬂ)memhums
F(h};.i) = -F(h.i-z) ¢ F(E.k.z) and F(ﬁ.k.g) = -F(h-koi) [5]

hota {142),

“From these the general relation
cos (¢ &.,) = (-1)* °°5(¢h-k-2) (6]
may be verified. From equation [6] it can be seen that

Moen ™ fhuep * 40 7]

wofag
LT NG
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but since ¢H-k-z = -¢h-k-z for centrosymmetric structures, equation 7

may be written

ke = “Oheket T (8]
‘Returning to equation (3] and substituting, we get
L ' [9]

$2h.0-20 "

_Ndw, since no assumptions have been made regarding the value of &, the
indications obtained from equation [9] may be summed and inserted into

equation [1], yielding

s {Ep.0.00) 7 {fi -1 "lEh.k.sz - 1) lol

and the -appropriate probability formula is

= .‘- .l_ '03 - 4 2 -
b=gtgtanh {2' 37 gl £ 0D (Bl ‘)}
. oy A L, ,

' *+ {020
[1 1]
In this last equation,vo3,and o, are defined by the relation
“n =£| 4 o

where fi is the scattering factor for atom { at sin 8/A =0, and N-is the

number of atoms in one unit cell. For disodium maleate the quantity

03.02-3/2 has the value 0.1111.
" Using equation [10], the reflections 8:0-0, 10:0:2 and 26.0.2 were

found to have I totals of -6.51, =15.99! and -14,772 respectively. The
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probabiiity that this procedure assignedfthe correct phase in each case

is 91.8%, 98.3% and 97 2%,
The five E' S, 58 00 - 3 3“0, 5 9.1 = +3,289, EER “‘3 = 2,807,

EIO 0.2 ‘= =2.302 and Ez6 0. 2 = 3.186 were used as a starting set in the

‘synbolic ‘addition procedure prograns of Ahmed and Ha11 101 At 189
(101)

. o reflections with |E]>2. 0 were correctly phaséd by progran SAPhA
»and these large E's were then used to determine the phases of those
normalized structure factors with magnitudes greater than 1.578. A
Fourier synthesis using the 488 coefflcients 50 defined cleariy revealed,
: asvthe 1 iargest peaks In the’ map all non-hydrogen atoms of the struc-
' ture. - 2 ‘ .
L A structure factor calculation based on the coordinates from the map
- in conjunction with scattering factor tabies derived. from the coefficients'
_ of Cromer and Mann. and assignlng to each atom the overail temperature
factor of the structure, returned an R factor of 2i 2%. Two cycles of
fuil—matrlx and unit-welghted least-squares refinement of this. Isotropic
model resulted in convergence at R = 10, 883. One cycie of full-matrix
':refinement with observationaily weighted structure factors, and allowing
1'the atomic temperature factors to -assume their anisotropio form, reduced
the conventionai residuai to b, 58%. Before least-squares refinement
was continued the model was’ changed in two respects' ,
' ~“ﬁ(i) Two small difference maps were computed around the regions
'»where the hydrogen atoms were expected to occur. Four chemicaliy
| " sensibie maxima of heights greater than 1. 0 e/x3 were found and
,»these were inciuded with the scattering factor curve of Stewart,

(70)

Davidson and Simpson
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(ii) The oxygen atoms of the maleéte di-anion were assigned an
average (0 + o")/z scattering factor curve. The two curves which
were averaged were those derived, as before, from the analytical
coefficients of Cromer and Mann.

_ The hydrogen atoms were assigned the final isotropic temperature factor
of the atom to which they were bonded and their parameters were allowed
to vary during the next refinement cycle. The most dramatic parameter.
éhange (apart from that resultihg from a punching error).in this cycle
was in the scale factor. This quantity was observed to increase by |
1.36% (130). That the scale factor was previously underestimated is evi-
dent from the physically unfeal situation observed in the difference mabv
whe}e the hydrogen atoms were found to have peak heights of greater than
1 e/ﬂ3. Five reflections of high intensity and small scattering angle
for.which Fo < Fc were removed from the data Qet, and least-squares
refinement continued. Two further cycles on the above model resul ted
in final convergence. The decrgase‘In ZwA2 for this final cycle was
0.13%. The weighted and unweighted R factors from the final structure
fact§r Ealculation over the included data are 4.82% and 3.30% respec”
‘tively. A listing of the observed structure amplitudes and calculated
structure factors is presented'as Table 35.

The conformation of the disodium maleate di-anion found in this

analysis is depicted in Figure 30 along with the numbering scheme adopted

here. This diagram and the atomic parameters of Tables 36 and 37 cons-
titute one facet of the description of the final model. In these tables
and elsewhere 0(5) is the water oxygen atom and its hydrogen atoms are

designated OH(1) and OH(2).

J .




' IABLE 3%

A listing: of ‘the obséfyed s{:ructure ampli tudes a‘n_&
final structure factors (absolute scale x 10) for

- disodium maleate monohydrate. Excluded reflections
are marked with an asterisk.

S
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TABLE 36

Positional parameters for one unique portion
of the disodium maleate monohydrate structure.

Atom . . x/a ' 7/ T 711

. CMa(n) 0.0685(2) - -0.08777(W) . -0.05251(6).
Na(2) 0.19473(2) . 0.24508(4) -0.23141(6)
o(1) 0.04766(3) 0.12301(7) - 0.07167(11)
0(2) 0.08617(3) 0.19681(8) -0.21138(11)
0@3) 0.197003) - 0.31393(7)  0.12467(10)
o). 0.20858(s) 0.53586(8)  0.15176(14)
() 0.06585(3) 0.21468(8) -0.04052(12)
c2) 0.05716(4) ~  -0.35364(9) 0.03766(15)
, . SR 1 ) I N [ 1 1C) 0. 4hks5(8) 0.11248(15)
-~ o) 0.7352(8).  0.42990(8) 0.13125(12)
| g o) 017796 (3) ©0.13178(8) 0.43795(12)
0H(1) 0.2079(9)  ~ 0.0800(19) . 0.k287(29)
OH(2) . 0.1776(9) 0.1856(21) 0.3370(31)
SRR 0.000s(7) 0.3765(14) - 0.0346(23)
CHGY  0.0868(). . 0.5355(16) 0.1625(22)

" This is the oxygen atom of the water molécule; the two
hydrogen ‘atoms bonded to it are designated OH(1) and OH(2),
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FIGURE 30

A computer produced diagram of one maleate di-anion
showing_ the conformation assumed by the species and
the numbering scheme’ of this analysis. The thermal
ellipsoids are scaled to inciude 1.5% probability.

‘Results and'Discussion

Bond distances and angles for this structure were derived as before

'from the atomlc positional parameters, thelr estimated standard devia-

tions average 0. OOIK and 0.02R for X-X and X-H respectively, and 0.1°
and 1.0° for the angles X X-X and X-X H. The bond distances and angles
within one maleate .di-anion are glven ‘in Figure 31, The distances in

the water of crystallizatlon are 0(5)-0H(l) = 0, 77(2)& and 0(5)-0H(2) =

. 0. 86(2)& respectlvely, and the angle batween these bonds is 100(2)°.

That the removal of the protons from the two carboxyl groups has

resulted in some electronlc reorganization within these groups s evident
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FIGURE 31

Bond distances and interbond angles for the maleate

di-anjon. Distances X-X and X~H have e.s.d's of

0.001R and 0.02% respectively. Error estimates

for the ‘angles X-X=X and X-X=H are 0.1° and 1.0°.
from a cdmparlson of the carbon-oxygen bond lengths of the specleé
presently-undef discusston with fhose obtained previously. The maleic
acid moleéules were found to exhibit two C==0 bonds of iength 1.2204
and two C=0 s;ngl_é bonds 1.302R long.  Neither of these dimensions is
exemplified hefe, but rather all four bonds are of intermediate length.
This phenomenon of electronic redistribution upon fonization of a car-
boxy! group is well known and understood in terms of gqual bond orders
for the two carbon-qugen Tinkages. In the present structure differ-
ences of 12 and 14 times the nominal 0.0018 e.s.d. in these bond distances

are apparent, and a difference of 300 is observed between the means of the

(-0 distances within each carboxyl group. Even allowing that the e.s.d's
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are underestlmhted'by 2/3 of their true value, these first dlfferenées
are still slgnlflcant.and some explanatlbn.hust be sought for them.

Figure 30 shows that wﬁeb the molecule Is viewed parallel to the
plane of the carboﬁ atoms and from the side whlch beqrs‘the hydrogen.
atoms, I.e., Imagining the view from the top rlghf-hana corner of the
diagram, the carboxyl groﬁp o(1),.c(1), 0(2) is twisted with respect to
the spine, and 0(2) is closer to the mOIQCulér centre'thap is 0([){ .
This diagram §ISo shows that ‘the other CarbOXylfg(oup Is‘approxlmately
coplénar with the carbon‘spiﬁe‘and that, from this aspect, 0(4) Is |

'nearer‘theLvlewer,thah is 0(3). - With this information In hand, a care~

ful ekamfnatlon of the molecular packing diagram, Figure 32, reveals

several. pertinent points:

_ Y ’/‘ 3 '.'.,-"
T

S

FIGURE 32

A stereoscopic pair diagram showing-the'crystal‘
structure of disodium maleate monohydrate.
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(1)  ‘Oxygen atom 0(1) Is coordinated to three sodium fons and
has approximate tetrahedral geometry.
(Il)> Oxygen atom 0(2) Is coordlnated to two sodium fons and has
"approxlmate trigonal geometry. ‘
'(lll) Oxygen 0(3) is coordinated to two sodfum fons and a water
molecule and- has approximate tetrahedral geometry.
~(iv)  Oxygen O(k) is coordinated to one sodium ion "and a vater
molecule'and has approxlmate'trlgonal geometry.
For easy reference these facte are summarized in sketch form in Figure 33.
Informatlon derived from this analysis proves more confusing than enlight-

ening. It would be expected that the sp hybridized 0(2) and o(h) atoms

should exhlblt the shorter of the two’ c-o bond lengths within their

respective carboxyl groups That this expectatlon s borne out only in

‘one case is not understood at . this tlme.

) 'There are two major dlfferences'between the two carboxyl groups.

he atoms 0(3) and 0(4) are both acceptor atoms In hydrogen bonds to the

"water molecule. These bonds surround the 2l screw axes parallel to

(010) and llnk the di-anions in lnflnlte helical chains parallel to the

unlque b axls. Thls hydrogen bondlng scheme has been included 1In the

. lower rlght-hand group of molecules in Flgure 32, . The fact that these

oxygen atoms accept some electron density. from the water molecules would

. increase thelr. bondlng potentlal and shorten their linkages to C(h)

The two hydrogen bonds are 2. 785& and 2. 846R 1tong and have devlatlons
from llnearlty of 20° and 12° respectlvely at the hydrogen atoms; they

are therefore typlcal Iinkages of this type.

The second difference between the two carboxyl groups s that the

T
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Cl Ci
1.281| 1'293|
0) 02
V | w 2""% \uxz
2,46 '
N Na Na Na Na
Cé Cé
|1.264 |1.250
03 04
Na Na OH, a OH;
03
|z.aus
H0
04 Na Na
FIGURE 33

A diagrammatic representation of the environments of the five
oxygen atoms of the disodium maleate monohydrate structure.
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one exhibiting the shorter C-0 bonds {s much more nearly coplanar with

the ethylenic system than is the other (see Table 38).  Although this

may be an Important conslderatlon, the marglnal difference in C- €00

distance (0.00Sﬁ) would imply that Iittle resonance occurs over the two
T systems. - The further fact that these two lengths are both slightiy

greater‘than the comparable bonds in maleic acid (l.bazx average), where

.resonance ‘was not considered Important,'elso argues against significant

m orbital interaction.

Deviations of the other molecular parameters from ideal values can,
in part, be attrlbuted to the mutual repulSton of the negatively charged
centres and their attractlon for the posltive sodfum fons. The two
0-C-0 angles are both slgnlflcantly greater than 120° as are the angles

at €(2). and €(3). The fact that the larger distortions are associated

'with that end of the molecule to which 0(1) and 0(2) are attached prob-

vably‘refiects the observatlon that these two oxygen atoms are involved

in a total of five bonds to Na {ons, whereas 0(3) and 0(4) only parti-
clpate in three -such llnkages.

Both Independent sodium fons of this structure are five coordlnate

- and reslde in square pyramidal vacaneies formed by oxygen .atoms.

Figure 34 ‘presents the details of the coordination around Na(1) (part A)
and;Na(Z) (part B). Coordination numbers ranging from b to 9 have been
obsérved for either oxygen or fluorlne bonding to Na , but of the 38
cltatlons by Shannon and Prewitt, only 7 were to compounds exhlbltlngv
coordlnation number 5,. hexa-coordlnatlon was represented by 15 entrles,
and hepta~coordination was found for 7 compounds. "According to the

results of their survey, Shannon and Prewitt conclude that the effective
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_ TABLE 38 '

A ,resh‘lt'svsumar'y. for the Jeast-squares planes for the maleate di-anfon.

_(a) Distances from the planes (ﬂ X lﬁ

Atom N "o 11

e B Y
T B+ 3306,
o3 ook 983 s
cw . ome -22563 Ik
o(1) ST =10389 S ek =639
o) - 9988 73 B T
o3 150 27087 S
oW 3346 28340 5
BT DR N 2833
R TC M L 38 Y}

* Ator'ns‘usbe‘_d to. define the plane.

- (b)) T rms .in - the equation lk;’-l'-..m‘ +nz - p'=0 and

X2 values for thg_ planes

ST “0.8510 . '0.0400 - -0.5236 ~ -0.9748 118484
Sl 0.8 0070k 0 -0.9%9 .08 389

" {(¢) ‘Dihedral angles between the Iane‘s.v

Cplane 1 o
L
T TR A
1 - 0
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FIGURE 34

A sketch showing the distances and_angles of the coordination
pattern for the sodium ions. = Part A refers to Na(l) .and the
environment of Na(2) Is depicted In part B.. Nominal e.s.d's
for these parameters . are 0.0008A and 0.03°. ‘

lonlc radlus for penta-coordlnated Na is 1. OOA. Using the refereuce

value of l ok for 0 (hexa-coordlnated), the equillbrium Na=0 dlstances -

 may be expected to be about 2. koﬁ in Iength The average of the ten
'fNa-O dlstances ln this structure is 2,402R but there 1s a spread of

to Oﬂﬂ about thls mean value. _No simple»rationale has been dlscerned

. for this,spread or for any one devjaflon from the expectation value.

‘ ‘;That‘;he‘iopic packiﬁg3wlthin'th[afﬁryatal structure is complex is
‘readfly appree[ated from;a sfudy.of'Flgufe‘BZ. This packing dfaeram‘_'
Iefa View3of'the'stfueture‘along.a direeglen slightly displaced from~;he

b axls. - Using stereoseob]e vlewlng,glasSes, the sodium Ions»(dark balls)
may be ‘seen eo'hang‘ln space Inside the square.pyramidal uolumes which

their ligands define. One .important bondlng Interactlon which contri=-

P
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butes to the binding energy of this structure is the hydrogen bond chéin
running nearly parallel to the viewer's line of sight near the bottom
right~hand corner. Another, and probably more important, fnteractlon
is that between the various pyramids. Two members of a chain of alter=
nately "up" aﬁd "down" pyramids of Na(1) coordination polyhedra sharing
their 0(2)-0(5) edges may be seen near the middle of the diagram and
running from centre- left to top right. That these pyramids are exten-
sively distorted is evident from this diagram which also indicates one

reason for the distortion. The face formed by the atoms o(1), o(5),

- 0(1)" [where 0(1)' is a symmetry equivalent to 0(1)] of the left-most

end of the chain just mentioned is seen to have 0(2) overlying fts
centroid. This forces 0(1) away from its (as#umed) preferred position
overlying the Na(1) ion and the centroid of the base, and accounts for
the 115.2° and 118.2° angles for 0(1)'-Na(1)-Q(l) and 0(5)-Na(1)-0(1)
respectively. Other edge~to-edge contacts of the pyramids may be seen;
two members of another alternating up--down=-up chain, this time invol-
ving the coordination polyhedra of Na(2), may be seen funnlng through
the structure from thexbottom left corner to about 1/3 of the way up
the right-hand side. The distortions of this pyramid are also fairly
easily explained if it is noted that one edge of this polyhedra is
formed by 0(2) and 0(3) from the same maleate di-anion. The fact that
these two atoms are part of the same covalent structure imposes its
constr&ints and a distorted pyramid results, No faﬁe sharing of these
Ipolyhedra exists but three pyramids do share a common vertex. Oxygen
atom 0{1) Jjust slightly below the centre of symmetry in the middle of

the structure is part of pyramids sharing their 0(1)-0(1') edge, and
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situated one above the other (above and below here mean ln the plane

of the paper), as well as being at one vertex of an. Incomplete pyramld

‘ to the left.

A flnal point of- Interest with respect to this packing dlagram is

that the maleate dl-anlons are held together in-an edge~to-edge manner

by sodium jon and water- molecule bridges. The water molecules and

- sodium lons occupy the spaces betWeen the dlscontlnuous sheets formed

. by this arrangement.
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3.4 CONCLUSIONS
The structural Information which Is avallable for a total of nine
maleic acid/maleate anionic species is summarized in Table 39, and the

key to which these entries refer is given below in sketch (XXXI).

P
]
A
d h_—~0k
r v H
c ‘ i
02-—H-we=---03

@ »

(XXX1) A key figure for use with reference to Table 39

The distances reported for KHCiMai were corrected for the effectg
of therﬁal vibration according to thé riding motion approxlmation(llo).
No other entrie§ in Table 39 were corrected for these éffects.

The first three compounds in the tabulation refer to the fully pro-
tonated form of maleic acid. Remarkable constancy of the various bond
distances and interbond angles for this species is evident from these
entries, and indicates that the molecular environment is not, with one
exception, an important factor in determining its geometry. The largest

variation within the three maleic acid systems is in the torsion angle

about the C-COOH bonds. The smallest value given fs 0.0° for the car-




A summary of the geometry of maleic acid/maleate

TABLE 39

(a) Distances

——————
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anfon structures.

Compound a b c d e f 9 h A oy *) Ref.
Mzﬂll 2.504 0.91 1.304 1.218  1.k88  1.337 1.475  1.300 1.222 0,002 This work’
trieycllc alkene acld 2,472 0.78 1,297 1.225 1,492 1,349 1,465 1.300 §.221 0.00% ns

2,512 1.03 1.305 1,219 1.503 1,34 1,487 1.310 1.225
B.romphenlrlmlne wats 2,47 1.08 1.292 1,209 1.497 '|.329 1,481 1,230 1,265 0.006 This work
thlorpheniramine Wat~  2.444 0.87 1.280 1,209 1.489 1,331 1,486 1,236 1.266 0.006 This work .
KhHat 2.437 V.22 1,284 1.235 1498 1,348 1.498 1.235  1.284 0,004 120
KHCAMat 2,511 1,207 1.28% 1.230 ) 52k 1,349 1512 244 1,288 0,002 121
cls aconitate 2,425 113 1291 1.235 1,485 1345 1519 1230 1,287 0.002 137
Nazn.al 3.150 - 1.293 1.280  1.506 1,336 1,435 1.250 1.264 0,000 This work
mean Hzﬂll 2,496 0.91 1.302 1.222 149 1,343 1,482 1,303 1,223
mean Wt 2,527 1.0 1.286 1.223 1,499  1.340  1.h9% 1,23 1.278
(b) Angles

Compound [ q r [ t u v W [ g of®) . Ref,
Hzﬂal 119.8 121,46 18,9 1316 128,2 125.1 122.6 112.3 0,0 2.3 0.1 This work
tricyclic alkene acid 1n6.8 1214 1214 1314 1272.3 124,9 1197 1137 5.1 4.0 0.2 s

119.0 120.6 122.3 130.5 127.3 126.2 1204 M13.5 17.7 195

Brompheniramine wMat”  118.6  119.3 122.1 1310 130.2  119.9 123.2 116.9 8.4 6.7 0.4 Thiswork
Chlorpheniramine WHat~ 118.8  120.3 120.9 1315 129.8 |2Q.0 123.4 16,7 1.5 7.4 0.2 This work
KHHat 117.0 120.3 122.7 130.4 130.4 120.3 122.7 7.0 0.0 0.0 0.2 120
KHCEMat 118.0 118.6 123.3 130.6 129.5 120,3 122.7 117.0 8.5 9.0 0.} 121
cis aconitate 7.1 120.9 122.0 132.9 126,9 119.6 121.7 18.7 12.5 7.1 0.2 137
HazNal 113.2  120.6 126.1 125.5 126.5 18,6 125.2 116.2 66,3 -16.9 0.} This work
mean 'uznu 119.2 1200 1209 1312 127.6 1247 1209 113.2
mean Hat” N7.9 19.9 122.2 1313 129.4 120,0 1227 7.2
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boxyl group bearing the'Intramoléqularly hydrogen. bonded ‘hydrogen atoﬁ
In maleic acid; and the lafgest (19.5°) is for the intramolecular hydro-
gen bond accepting carboxyl group 'in one of the two independent moleﬁules

in Hechtfischer‘and co-workers' tricyclic alkene diacid. Other entries

" In the table imply that non-zero values of the same sign are to. be

expected for the two torsion angles and that the above two values are
unusually small and large respectively. That these torsion anglés_are

highly variable quéntltles Is. apparent from an examination of the table.

The amounts by which the carboxyl groups are twisted out of the pléng of .

the carbon spine does not seem to be'corrglated with the oxygen-oxygen
separation across the intraﬁolecular ﬁydrogen‘bond.' The suggestibn of
Hechtfischer and co-authors that the large difference in this parameter
between thelr two molecules wa§ the result of different inter-.rather
thanvihtrgmofecular f@fces seems atfractlye, sinc§ it is difficult to.

explain the wide variation of these angles on intramolecular grounds.

.Table 32 Indicates that the two oxygen atoms_involved in the intramole-

cular hydrogen bond [0(1) and 0(k) In the number ing system there] of

- the maleic acid molecule are not -on the same side of the carbon spine.
. Th(s is an unexpected'result if'one'aCCepts the above generality that

" aand B should have the same sign. Intermolecular attractive forces

arising In part from the interaction of the C(4)-0(4) single bond with

' o;her C-0 bonds in another layer wefe_postulated above, and It is

thought that these Interactions:are probably strong enough to pull 0.(k)

down slightly below thé molecular plane, so that its equilibrium posi-

tion is on the same side of this plane as Is 0(3). Thus, apart from

the doubtful case .of pota;slum hydrogen maleate, it Is seen that the
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maleic acid and the maleate mono-anion both have some of their molecular
strain relleved by rotations of the carboxyl groups‘about their C-C
bonds. It is difficult to.understand why these deformations are such
as to place the two oxygen atoms of the intramolecular hydrogen bond on
the same side of the plane of the carbon atoms, but the general nature

of . this effect cannot be denied.

"The tentative generality suggested above = that the two ¢-c00 link=

ages of these species were not the same = seems at first sight, to be
borne out.here. With the only exceptlons cis aconitate and KHMaz
distance e is greater t_l1an its. counte_rpart g, The last two entries in
the summary table are the‘average values for the unionized and singly
jonized forms of maleic acid. = The HMat entry indicates that for this
species distances e and g are equivalent, The differences ln these

quantities for maleic acid have already been dlscussed (page 155) where.

it was concluded that supporting evidence for the existence of a pre-

'ferredbdlrection for electronic resonance to occur was not available

from other bond lengths wlthin the molecule.

A more conSistent‘dlfference between molecular parameters which
would be expected to be‘equlualent is tnat involvingvangles.s and t.
Table 39(b),shows that in all nine structures angle s is greater than
angle t. This observation is again dlfflcult to explain, partitularly
in view of the fact that in maleic acld the smaller angle -(t) is at’one
of the two carbon atoms between two cls 7 electron clouds and would. on

a charge repulsion basis, be expected to be larger than s where the two

. douple.bonds are trans with respect to bond e. It is worth pointing

out in this context that angle s Is invariant In all three species,

whereas t increases by ca. 2° when the "exocyclic! proton is removed,
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and'then decreases by43° at the second fonization step. ~ This decrease
is possibly due to the fact that bond | changes charscter considerably
when‘the intermolecular hydrogen bonding hydrogen atom is removed.

In the average-HzMaZAstructure, i is I.223R>ln length and tYpiffes a

normal .carboxylic C===0 bond; h’is I.BOSK In length and Is'therefore :

a normal C-0 bond of the type found in carboxylic acids. Uponﬁioni-.
zation It appears that {and h exchange roles - the higher bond: order
being now associated with h. This would mean that, with respect to
¢-0 bond order, atoms 0(2) and 0(3) become more similar and would there~
fore exert more nearly-equal attractions for the hydrogen atom. This

would result ina movIng lnwards of both 0(3) and C(4) with the concom-

itant decrease in angle t and a movement of the proton towards the :

centre of the 0-0. bond. ~ The subsequent»increase in angle t when the

second base dlssociable proton is removed .is thought to be the result

- of lonic repulsive forces betWeen the two carboxylate anions, Corro-

botative evidence'tor;these assertlons s provided by an examination of

‘the 0(2)-0(3) separation as:a function of net charge on the species.

Dlstanoe a is seen to deorease at the first fonization (and b increases)

but then increase to 3. ISIR when the second proton is removed. Distance

2-

d changes from T, 222 in H Mal and HMag~ to 1.281 In Ma2 , and as well as

.this change atom o(1) shlfts Its position relative. to the rest of the

ion, so that angle_p‘decreases by ea. 6° and angle r increases by a_llke_

‘ amount; Slncerc.and d are of'simllap magnftude'ln the Maz?' fon, it

would be expected that aigles p and q would also be similar. The fact

‘that,they differ by 7° was attributed in the disodium maleate results-

and discussion section to their different ionic environments, and this
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"explanation" Is adhered to here. o : N

Throughout all of these changes in the geometry and charge on the
sYstem, several quantities remain constant. The length of the t==C
.bond (f) is one such parameter which shows ittle variation. Another
vfixed geometrical parameter seems to be angle s whlch has values 131. 2° ,
131.3° and 129.5° respectively for Hy Hal, HMa%™ and Ma!.2 . Angle g,
which Is the ¢-c=0 angle to the sIngle bonded oxygen atom of the hydro-
gen donor carboxyl group in the intramolecular hydrogen bond, also
remains constant as the protons are removed.

Unfbrtunately it cannot be sald that the results herein discussed
have explained'the prob]em of the symnetrlc/asymmetric hydrogen bond.
Apart from the facts ptesented in Table 39, the main result of this work
is given oelow in sketch form whereln attempt Is made to depict the most

probable electronic conftguratlons for the H MaE HMal and Maz2 specles

(XXXII) Probable valence electron distributions
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Future crystallographic work in this system would be valuable
particularly for the HMa%~ and Malz- species. It is suggested that
an investigation of the effect of the cation on the structure by study-
ing the LizMaE and/or the Kzﬂaz structures could well determine whether
the conformation of the anion adopted here is an intrinsic property of

the species or is forced upon it by various packing forces. A set of

" satisfying theoretical calculations for this system which made no assum-

ptions regarding the symmetry of the species would also be helpful ‘in

. understanding this system,

An interesting offshoot of this work is in the relatlonship it has

to the work of Glusker et al. on the substrates of the enzyme aconi-

(137,143)

tase This protein is a metallo (Fe2+) enzyme active in the

tri=carboxylic acid cycle in the inter-conversions of citrate, iso-

citrate (XXXI11), and cis aconitate (XXX)(]bu).
o OH
HOOC"CHZ’?'CHZ-COOH HOOC—CHZ-? H-CH-COOH
~ COOH COOH

(XXXI11) Two substrates of the enzyme aconitase

In Glusker's proposal(IAS) for the mechanism of aconitase activity,
the citrate or isocitrate species are bound to the ferrous ion through a
central and a terminal carboxylate ion. The coordinate linkages to the
enzyme are assumed to be via an axial and an equatorial position at the
metal ion. With these two linkages to the protein and a third via the

remaining terminal carboxyl function, it is presumed that the iron atom
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rotates on its axis by about 90°. This process would first expose one
surface of the bound substrate to tHe enzyme and then tHe other.
Detailed arguments relating to the known stereospecificity of the sub-

strate(s) and prbduct(s) follow, but for the purposes of this commént

it is sufficient to note that the proposed mechanism depends upon the
Mazz- portion of the enzyme boundblntermediate (cis aconitate) being
able to accommodate the suggested conformational change. The present
study has shown that the maleate di-anion can adopt a non-planar con-
formation and so supports Glusker's contention.  One minor point
remains to be clarified: In Glusker's original drawings one carboxyl
group was always approximately coplanar with the ethylenic bond,

whéreas in her most recent:ﬁaper(|h3) seemingly equal torsion angles

(o and B of sketch XXXI) are p}oposed. Because of the resﬁlt found
here where approximate coplanarity of one carboxy! group is retained and

the other is rotated through a large angle, it is felt that the earlier

- drawings probably more c1ose}y represent the truth.
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PART 4
Computer Proghams Used

4.1 INTRODUCTION

The set of crystallographic programs of F.R. Ahmed et al. (51) of
the National Research Council of Canada, Ottawa, were used thrpugﬁout
the course of this work. This set provided an excellent nucleus for
the solution, refinement and analysis of crystal structures, but where
appropriate the FORTRAN coding of other people was used as well. Ref-
erences to such other programs as ORFLS, ORTEP, and SUPER (P.D. Cradwick)
are incorporated into the body of this thesis.

Several FORTRAN programs, useful in X-ray crystallography, and in
general use in this laboratory, were written by the author and are
described below. As well as these new programs, significant modifi-
cations to two of the N.R.C, programs were done by the author and these

are also described below.




199.

h,2 ALPHA

The utility of this program lies in its ability to translate the
set of numbers which comprise a Fourier map (electron density, vector
synthesis or difference map) into an equivalent set of single characters.
By a suitable choice of map grid it is possible to obtain printed
sections which are true to scale, of sufficiently fine resolution, and
of manageable size,

Both the set of alphanumeric characters to be used for the com-
pressed map and the range to which these correspond are set by the user,
Also, under the control of the user are the FORMAT specifications which

control the printed output.

A complete listing of the FORTRAN coding of this program is given

below.
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4.3 CROMERCURVE

The most recently published sets of atomic scattering factors have
been made available in the form of a tabulation of analytical coeffi-
cients from which the curves may be derived. The evaluation of these
curvés from the coefficients is the primary purpose of this program,
although several ancillary functions may be invoked as well.

The scattering power curve [an(s)zl may be calculated for the
hser's unit cell contents as may the quantities Oy» Oy 03, Oy
03.02-3/2. Corrections to the curves for anomalous dispersion may be
applied and the Af' and Af'' terms may be made linear functions of
sin 8/,

Provision has been made for punching the curves in forms suitable

to be read by any or all of the programs NRC2, ORFLS and SFLSS5.

A listing of the program is reproduced below.

WERENS I L
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h.h DATAMEND

The second stage in the data reduction process involves a format
change frdm a direct image of the FACS-1 paper tape output to a suitable
input form for pfogram NRC2A. - DATAMEND was written to accomplish this
format change for the several dlfferént'types of input data available.
As well as this function, several useful facilities were built into the

program. These include: the assignment of standard numbers, the gen-

_eration of statistical percentage errors In the net counts, examination

of fhe net:baékground‘rétio, tabulations of the numbers of reflections
within certain ranges of the net counté and in ranges of percentage
error. As well as these an in-sequence tabulation of the various
measurements of the monitor reflections is produced.

The FORTRAN coding which accomplishes this is 1isted below.

e

4

A
3
B

l"?";),*i WS
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4,5 FRAME

The continuous paper tape data-stream output by the FACS-1 diffrac-
tometer must be modified in two ways before it is in useable form:

(i) The records corresponding to the data for one reflection
must be "framed" and written to an interim storage device as one logical
record.

(ii) The modified ASCII code eight channel, odd parity character
representation of the data must be translated into its equivalent EBCDIC
coding.  An ASSEMBLER subroutine written by Mr. Ken May of Computing
Services at this University accomplishes this.

The 80 byte magnetic tape records read by this program are written
without being prefaced by any control words. Because of this fact, and
the expectation by the FORTRAN Input/Output Control System (Fi0Cs) that
these words be present, it became necessary to use a modified version of
F10CS which did not examine the first two words of‘each record. The
modified version of FI10CS was supplied by Mr. D. Webster of Computing
Services.

A listing of the FORTRAN mainline and the ASSEMBLER translation

subroutine is given below.
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4.6 PARALISTER

The generation of the requisite atomic parameter tables for the
publicatfon of a structure was, prior to the introduction of this program,
a tedious process fraught with the possibility of clerical error. PARA-
LISTER will accept a card or binary file of the atomic parameters and
will produce the various tables required. Options permit the user to
‘choose between decimal or integerised parameters, inclusion or exclusion
of e.s.d's, separate or integrated listings for the isotropic and aniso-
tropic atoms, "B" or '"U" thermal motion parameters, and the number of
atoms to be listed per page in the case of very large tables.

Following this is a listing of the program and a sample of its

output.
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4
ATOMIC PAPAMETERS FOR THE HYDROGEN ATOMS (X10°)

ATOM
nen)
H(8)
nes'y
Heu')
H(5')
nee')
H(2)
H(3)
H(s)
H(6)
11(91)
H(92)
H(111)
H(112)
H(121)
H(122)
H(131)
11(132)
H(141)
H(142)
H(151)
H(152)
H(153)
WH(1)
WH(2)

X/A
8679(15)
7061(15)

4475(17)

3343(17)
3772(17)
5207(16)
7669(17)
7869(16)
5865(17)
5799(14)
8482(17)
8186(15)
3132(19)
7874(18)
9075(20)
9051(22)

Y/B
1845(25)
1444(23)
1975(27)

337(27)
-1365(25)
-1233(25)
-1327(26)

-2336(27)

300(27)
1082(23)

306(26)
1632(25)
3819(30)
3669(28)
5363(33)
1783(36)

10633¢24)  3629(38)

10426(19)
9741(18)
9966(17)
7140(19)
7544 (1R)
6500(20)
9028(19)

~14(23)

4021(30)
2286(28)
1462(28)
-1007(28)
-1865(27)
=2182(31)
-947(28)
~1294(35)

z/C
910(18)
1089(17)
334(20)

. 664(19)

1388(20)
2655(20)

3147(20)

4632(20)
5682(20)
4159(17)
2048(21)
2778(18)
2175(24)

994(20)
1278(22)

609(26)

211(27)
1667(23)
2457(23)
1486(20)
6881(23)
6560(20)
£620(24)

380(23)

797(26)

so
476
456
638
£38
593
566
613
613
655

. 423

664

486

838
674
905
1021
1143
807
717
664
203
521
895
750
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4.7 PRECLP

The Lorentz and polarization correction terms which should be

'applied.routinely to all sets of diffraction intensities differ accord-

ing to the manner of the data collection.

In ;he case of photographic data obtained with the Buerger

_precession instrument, the combined correction term is dependent upon

all three of the cylindrical reciprocal §paceAcoordinatés and must_ be
evaluated according to a complicatéd'expression. "The FORTRAN algorithm
given below Wlll-compute"and-apply these correction terms for data
originating from a crygtal of any class and mounted In any rational

manner.,




[T
€ YO CALCULATE ANO APRLY LOAENTZ AND POLARITATION CORRKCTIONS TO
: PAGCEINION PILN OATA POR TME GENEAAL TRICLINIC CASE S Jo WILLIANS

il !
CONMON {3350 GL303)s AL2ed)e $(9,3)
ORP

agh Ohl'hLﬂ

INTREN Wi
MEAD(: $00:ND0100) TITLE
0 mm 044}
2 8 MBIl
F0L POMATIOPIR I Fbob)
ey

:tt TO CALCULATE RECIPROCA. LATTICE PARAMKTARS
.

oW TLTLR(20) SAPINTIS) o [LWTIE) s JLAYLB) INON(E)

ALPHASALIYAY
SATABETASRAD
SANNARGANMAORAD

e J-LOB (A
XAy

“ 7ERINEAL
XMAYY)

" Z0BINIAL
XA

o ¥

4 H

STAR/RAD
BESTARRBRSTAR/AAD
GASTARSEASTAR/NAD

KoGASTAR
PHAMAD
BETASSETASALD
CAMARGANMAIRAD
MaBTAN

SESTARSBRSTAARAD
SASTIRSQASTARMAAD
Cosnee
€ 10 CALCLLATE CYLINOMICAL COOROINATES
o0e0e

ORNONUDRT{S)

AT DNSQAT(DENON/ANIND
OSTANWAVE/D
ANSFLOATEN}
TRTARANSDATAR
UsusRAD

lﬂ"l 91010l od s 20TAISCALE

.lb 'DH‘" LANSLE OF PRECE

3
llnlw‘h Qs=1) 0C T0 99

40 .‘I'Mll“lﬂll-u'll
Qs=1) 40 T l!

BBINT

ill' ll‘l. AXLE PARMLL
PROCAL) AKIS INDI

£
/4 RETA (Rilels) '0. VMII IIC"BN l"'|°l'0' SCALEaIrS

LoNARe S, TLYTO) 9 JLAYE 69

212,

31 IP{HH.EQ:99) 60 TO 3
MePLOAT ()
KOPLOAT (KK}
LFLOAT{LL)
gl

o.s.luo.-!.l:.n 60 10 13

" llll&l
IFIREQ:0+) €D YO 90

G0 70 14
90 TAUSGASTAR
60 70 14
STARY

x}
IF(KROe0s) 8O YO 9L

I HUI M.l'll

10 ll-u-u STAN)

IF(L+EQe0s) GO 70 91
Z(2e0L0CETARRRT }}

90 YO 3%
11 X1s80AT¢

IFLLeH0+00) GC TO $2

60 10 14
92 TAVSMISTAR
G0 TD 14

12 XInSOAT

)
1P{H.EQ40+) 60 TO 02

40 Yo 18
13 XIaSOAY

xH
IF{He€Qs0:) GO TO 90

14 CONTINUE

AREARSLE)
1FLARGOT¢140000) 6C TO 08
ETAsARCOS(R)
DELTA=DELTAIRAD
TAUSTAUSDELTA

ALCULATION OF CORBECTICK PACTOR

{SINITAU=KTA) Joop)
{SIN{TAUIETAY } oo}

38

36 CORINTSOBEINTOLRCOM

38 TAWTA, 20D

QAMAT{*CAEAL CELL PARAMETERS IN ANGSTROMS AND DEGREEE ARE?//¢ Auwd
1 e0AL 4 2270 B

ARRH//

UNITS ANG D

1 IW'
WITRE? 901
" 'Mllﬂll‘r'“u"

AL

”r 'ﬂ.l"‘ LI I 0030 INTY COR'*D INTY /AP  Z2ETA X1
x TAY*

2670 84FTa3}

OINHRK oLt ¢ NAXe LAPTNT (M) ¢ ILUTCMI o JLAY LMD INONIN] s HE 14 8)
PSeda [Re T4 140D

X L IAP NAX CORINY OTHER DATA REOUCTION PIE
IETA M TAUY)
Lol

NT (N Do SLUTER. s JLAYIND « ENONE M) o

INTRITIITE] 3

ENECK TNORX ING*

END

PUNCTION DET(A}

Dlﬂl‘llﬂ“ AL3:3)
hll!ull.l(’tlh!lldl

Le2d (YT

V-Al'
Ao bIPALIINI0ALLeIIOLALRe 1 ICALT I RI=ATI0 LIOAL RR))
RETURN




213.
5.8 NRC-8

The general Fourier synthesis program of the N.R.C. system was
modified in two respects to increase its versatility.

The first simple modification permits the user to exclude
reflections with small scattering angle from Patterson map calculations.
This facility is used to give more prominent vector peaks for the heavier
atoms of a structure.

In the initial stages of a structure solution, many of the phase
angles may‘be in considerable error. To avoid the spurious'peaks and -
general unreliability in Maps calculated using coefficients with
incorrect phasebéngles, a subroutine was written which computes and
applies welghting factors appropriate to the phase angle reliability

(lh6).

of each reflection The FORTRAN coding of subroutine SIM is

reproduced below.
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4.9 NRC-10

Apart from the compiler limitations which forced the splitting of
this program into three subroutines, by Dr. D. Hall in 1968 (then
Professor of Chemistry at this University), further extensive reorgani-
zation was undertaken with several objectlveg in mind.

(1) To make the program capable of recycling without user inter-
vention. The removal of all except ;he final tape rewinds and the
introduction of a work disc used in direct access mode were instrumental
in accﬁmplishing this. |

(ii) Because of fhe high speed and reliability of the IBM-360/67
it was felt that»the intermediate dump and restart facility was unnec-'
essary; it was accordingly removed aﬁd to further economise the gener-
ation of the results tape was made an optional facility.

(ii1) The card input of the control parameters was slmplified and
the program's interpretation of these control parameters was printed o@t;

As well as the modlficatlons implic'lt In the above concepts, several
other iﬁp;ovements were‘madef These include:

More effjcientApaging of the printed output.

Provision for using indl&idual atom matrix multipliers.

A facility to permit 1isting of the matrices for inspection.'

The addition of a userlprogrammable "weight" subroutine.

Optional and in-sequence card output of the thermal parameter e.s.d's.

Inclusion of an in-program tape mount facility.

in addition to all of the aBove, én extensive error analysis and
agreement summary subroutine was added. This summary is provided in

ranges of sin? 8, h, k, %, and IFOI. An analysis of the agreement in
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terms of an Fthresh curve is also provided. A listing of subroutine

" ANAL is given below.
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