ABSTRACT

The crystal structure of 6-amino penicillenic acid

N S) (I) and cephalosporin Cc

(C8:H12y 29 03»
(Cyyo H17, Og N3, S CHBCOZH)’ (II) have been

determined by X-ray crystallogranhic analysis.
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6-aminopenicillanic acid crystallises in flat

orthorhombic plates,

Crystal data.

(o) 0]
a=6.2,%.02A, b=14.83% .04 &, c = 10.49 * .03A

space group P272,2y 4 = k.

Using copper K, radiation layers okl - Lkl and
hkO to hk8 were recorded on equi-inclination Wissenberg
photographs. A total of 988 reflections were measured
visually out of a possible 1170 in the copper sphere.

A Patterson function was calculated using data sharpéned

by the finction lzexp.(B Sin29), where f was the
f .

scattering factor for carbon; from this a superposition
function was calculated. It was possible to obtain
all atomic positions from this. These were refined
using anistropic and isotropic least squares procedures,
the final positions have calculated deviations of about
,olﬁ, The final agreement factor was 11.6% using
isotropic znd 9.72Fnistropic temperature factors,

The structure is similar to that reported
by Crowfoot, Bunn, Rogers-Low and Turner— Jones
for potassium benzyl penicillin except that in the

thiazolidine ring the atom out of the plane of the



other four is the nitrogen instead of the carbon to

which the carboxyl group is attached, as in the other
penicillins. The bond between the sulphur and the
gem-dimethyl group is longer in all the penicillins
than the generally accepted value for a C -, S single
bond (1.86 R compared with 1,81 - 1.82 X). The
length of the C - N bond in the{3-lactam group falls
between that of a C - N single bond and that of an
ordinary C - N peptide bond; +this is probably caused
by the lack of resonance in the fused /3-lactam ring.

Cephalosporin Cc grystalises in flat orthorhombic
needles (a = 5.04 ¢t .0 X, b = 7.00 £ .02 K,

c = 54,6 £ .2 X)’ space group P2y272, 1557 Reflections

out of a possible 2580 in the copper sphere were

measured visually on equi-inclination ﬁ;ssenberg films
(layers okl - 3kl and hol - h51). The structure was
determined and refined in a similar fashion to
6-aminopenicillanic acid, though because of the larger
size of the molecule three rounds of Fourier refinement
were needed before it was possible to use the least

square procedure. The final agreement after eight rounds

of least squares refinement was 10.6%, with calculated
(o

standard deviations of about .01 A.
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The structure was identical to that proposed by

Abraham and Newton. The bond distances were all
within the expected range of values. The «-amino
group of the side chain together with the acetic acid
of crystallisation formed a hydrogen bond system
around the screw axis parallel to b. There was no
significant difference between the lengths bonds of
the ﬁ -lactam group in cephalosporin Cc and in

6-aminopenicillanic acid.
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CHAPTER I |

INTRODUCT ION

This thesis is concerned with the crystal structure
of two of the penicillin family of antibiotics,
6-amino-penicillanic acid (referred to as 6—APA), and
cephalosporin Cc, the xllactone of the antibiotic
cephalosporin C (referred to as ceph. Cc and ceph. C
respectively; see end paper for numbered diagrams).

The original penicillins were introduced into medicine
as a result of much war-time work in Great Britain and
the U.S.A. Later, bacterial strains emerged that were
capable of destroying penicillin by means of an enzyme,
penicillinase. These have since increased in number,
especially in hospitals, posing a very serious medical
problem, This has been attacked by measures to control
the spread of resistant strains, and by searching for
new antibiotics and penicillins that are resistant to
penicillinase.

The early workers had found that the nature of lthe
side chain R of the penicillin molecule (I) could be
varied to some extent by putting appropriate side chain

precursors into the fermentation medium. The resulting



penicillins differed both in chemical and antibiotic

properties.

S CH
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Nevertheless the range of side chains that could
be introduced in this way was limited. Batchelor,
Doyle, Naylor and Rollinsoﬁ7found that if they left
out the side chain precursor entirely they could obtain
‘the penicillin nucleus, 6-aminopenicillanic acid with a
free amino group at N1l4, instead of the peptide linkage
R-CO-NH-. A great many side chains can be added to the
nucleus by condensation with the appropriate acid
chloride. This facility for making a large number
of different penicillins has led to the discovery of
several medically useful modifications with increased
acid stability or resistance to penicillinase. It
has also enabled a systematic study to be made of the

chemical and biological effects of different side chains.



Another series of antibiotics, some of whose

members show resistance to penicillinase, are the

cephalosporins. Their activity was first discovered
by G. Brotzu who isolated the fungus from a sewage
outfall in Sardinia, and noted its antibiotic activity.

These results were published in an obscure journal (21),

but it was not till they were brought to the attention
of Sir Howard Florey that any further development took
place. The problem was then taken up by E.P. Abraham
and G.G.F. Newton and their co-workers.

They isolated from the culture a group of active
steroids, the cephalosporin P family (23) and cephalosporin
N (9) which proved to be D-(4-amino-L4-carboxybutyl) penicil-
lin. (II)

¥
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They found that this was contaminated with a

related but acid-stable product cephalosporin C, The



elucidation of its structure proved mucL more ciificu.t,

than that of cephalosporin N, but it was eveniual.y

shown by chemical and X-ray studies (Abraham and NEwioh

(7) Crowfoot-Hodgkin and Maslen (36))to.have the structure,
( III)
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(111)

Only cephalosporin C showed any real .promis€e &as

a practical antibiotic. Cephalosporin P was not
very active in vivo, and resistant strains developed
very easily, Cephalosporin N was more successiul,
but did not show sufficient advantages over the peni-
cillins already available.

The antibiotic activity of cephalosporin C was
similar in its mode of action, which involved the
lysis of growing cell walls, to that of the ordinary
penicillins. It is, however, only about 1% as
active as{penicillin against many bacteria, but as its

rate of hydrolysis by penicillinase is in the order of



10~% of that of benzyl penicillin, it looks very
- promising as a practical antibiotic.

As it acts as a competitive inhibitor of the
zction of penicillinase from Bacillus cereus, (thougn
not of that from Staphyloccus aureus), it would act
synergistically with penicillin.

In the penicillins the side chain has & very

reat effect on the biological activity of the anci-

on

biotic. In order to try to increase the effectiveness
of the cephalosporins Loder, Newton and Abraham (53
produced 7-amino-cephalosporanic acid (IV) by mild acic

hydrolysis
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of the parent cephalosporin C. They were able to

produce a number of different derivatives of 7-amlio-

cephalosporanic acid; the phenylacetyl derivative hed

U\’



an activity of the same order of magnitude as benzyl-
penicillin against Staph. aureus, without any loss of
resistance to penicillinase., Their process only
produced the cephalosporin nucleus in very low yield,
so that the practical usefulness of the resulting
antibiotics was very limited. Since then, Morin,
Jackson, Flynn and Roeske (49) have found a method of
producing 7-aminocephalosporanic acid at up to 70%
yield, by the action of nitrosyl chloride on cephalos-
porin C in formic acid. This promises to be a method

for lproducing a wide range of useful antibiotics.

Crystallographic Studies

The work on Na, K, and Rb benzyl penicillin by
Crowfoot, Bunn, Rogers-Low anc Turner-Jones (26), was
a major advance in the use of X-ray crystallographic
techniques. It was also responsible for the general
acceptance of the,B-lactam structure for penicillin,
However, as at the time all calculations had to be done
either by hand or on punched-card machinery, it was
not possible to carry the refinement of the structures

very far. The accuracy of the structureswas also

limited through lack of data, for the original crystals



were poor and gave very few reflections with spacings
of d<1°2% . This last defect was overcome by Pitt
(55), who was able to collect data for the whole of the
copper sphere; however the degree to which he could
refine the structure was also limited through lack of
computing facilities.

It is difficult to estimate the size of the errors
in Pitt's published co-ordinates as these are taken
from the final Fourier map, and the co-ordinates used
to calculate the phases had been adjusted to give
reasonable molecular dimensions, The published co-
ordinates are, therefore, biased towards the theoretical
structure so that the differences between theoretical and
observed bond lengths are bound to be less than the true
errors in the analysis; substantially less, as the struc-
ture is non-centrosymmetric, In this case the mean shift,
in the refinement described by Pitt was 0-04% , and the
mean agreement between final bond distances and theoretical
ones 0°024 , so it is unlikely that any difference less

than about 0-04& is significant.
The chemistry of the penicillins has proved unusual,

particularly in relation to the/3-lactam ring system,

The lack of stability of this has been attributed by



Woodward (69) to the limited resonance that is

possible in the fused B-lactam ring in comparison with
the ordinary peptide linkages, because of the non-
planarity of the former system. In order to try and
elucidate this, and to obtain a better physical des-
cription of the whole penicillin molecule, than had been
possible in the earlier investigations which had been
limited in their accuracy by lack of computing facilities,
it was decided at Oxford to undertake investigations
into a number of different penicillins. These were;
phenoxymethylpenicillin by Abrahamseon, Hodgkin and
Maslen (10); p-bromophenoxymethylpenicillin by
K. Watson (personal communication) and J. Rollett and
A. Vaciago's further refinement of Pitt!s (5§9%) data.
for ~potassium benzylpenicillin,

It was felt that 6-aminopenicillanic acid would be
a useful member of this group as, being smaller, the
errors should be less; and, since it does not contain
the side chain, it provides a means of finding out if
this has any noticeable effect on the molecular structure.
6-APA is in fact one of the most accurate of these

determinations, with a calculated standard deviation for



the bond distances of about 0-01f , the true rtandard
deviation is somewhat larger, about 0.02-0.03% - (R 3}

p-Bromophenoxy-methylpenicillin has slightly higher
calculated standard deviations, and the errors in the
other two penicillins are about twice that in 6-APA,

The structure of cephalosporin C was determined
by Crowfoot-Hodgkin and Maslen (36). The crystals
were very small ard only gawve reflections with spacing
greater than 1-04% . The structure was crystallo-
graphically very difficult, as there were two molecules
to the asymmetric unit, and these deviate only slightly
from positions related by a displacement of c¢/2.
Because of 'this difficulty and the limited nature of.the
data, very little attempt was mide to refine the structure
beyond the rather unsatisfzctory stste published, with
a R value of 0:26 and bond distances difering from
accepted values by an average of 0-07 £, It was
expected that cephalosporin Cc, (V), the X—lactone
of cephalosporin C (1lI), would be more suitakle for
refinement because it was much simpler crystallogra-
phically with only one molecule per asymmetric unit, and

also because it gave reflections out to the limit of the



copper sphere. The second part of this thesis _s
concerned witih the solution and refinement oI the

structure of cephalosporin Cc.
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Cephalosporin Cc, (V)

The final positions determined for this structure
have proved quite accurate, the calculated standard
deviation is about 0:01% , with a true standard
deviation of about twice this. The structure deter-
mination has fully confirmed the chemical formu.a

proposed by Abraham and Newton (7).



CHAPTER 2

CHEMISTRY of PENICILLIN
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The medical potential of penieillin became clear
following its isolation in crude form by various
workers at Oxford. They had used the original mould
discovered by Fleming (32), and by 1942 they were able
to obtain samples of the barium salt up to 80% pure.
At first all the work was done at Oxford, but it was Soon
taken up by other groups in Britain and America.
Because of the military importance of penicillin the
publication of work was restricted, and results were
communicated to other groups either through the
Committee for Penicillin studies in Great Britain or
the Committee on Medical Research in the U.S.A. After
the war all the work that had been carried out was
published together in the "Chemistry of Penicillin" (24).
The determination of the chemical structure of the
penicillins proved extremely difficult. At that time
there were no model compounds containing a fused
P-lactam ring and it was not realised how different this
would be from other lactams and peptides. Woodward
later suggested (62) that this was probably due to the

absence of resonance stabilisation in the'B-lactam ring

(P9 .



-
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Dezradative work was started at Oxford as soon ac
possible on the minute guantities of pattially purilled
penicillin that were available. The first fragments

to be characterised were penicillamine, (I,

SH Cils
AN
CO,H

I

which was obtained on hydrolysis with hot dilute
mineral acid (5), and the penilloaldehydes. The
exact formulae for aldehydes varied, depending on the
culture producing the penicillin, They all, however,
had the following general formula

R*CC"NH"CHpCHO
where R was UHB'GH2CH=CH-CH2- in the Oxford material,
CH3+CHp-CHp+CHy+CHp- in that from Imperial College,
London, and ° the benzyl group in the American
material. It was this variability which showed that

penicillin was not a single chemical substance, but



a group of related compounds.
Another early degradation product to be isolated

was penillic acid (2), (18), now known to be (II).

S CH
coza.TH-———Té/ \\Ti: 3

N N —CH
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On adding mercuric chloride to the penillic acid, cog
was liberated, to give penillamine. This had g Iree
SH zroup and three ionizable centres. It gave
penicillaminic acid (the sulphonic acid of penicillamine).
From these and other facts the formula of penillamine

was deduced to be (III), (6)

SH CHy
\‘C
CH::CQ\ 1\
N=C CO,H



(s

From the mode of formation of penillamine from
penillic acid, and the knowledge that the latter
contained no free thiol group, Abraham, Chain, Baker
and Robinson (3) proposed (II) for the structure of t:c
penillic acid. When penicillin was kept at pH 10
for 15 minutes it was transformed into peﬁicilloic
acid, containing one basic and two acidic groups.

This contained no free SH group or o-amino acic.

On treatment with mercuric chloride it gave penicil-
lamine, gnd liberated one molecule of CO2 per moiecule
of penicillin. Abraham, Baker, Chain and Robinson

(6) put forward the following formula to represent

penicilloic acid (IV).

S cH
/ 3

AN
[ | Som,
CO,H NH——CH

The same authors later discovered that penicillin

was inactivated to penicilloic acid by a bacterial enzyme,



penicillinase.

By the end of 1943, there was sufficient evidence
to justify putting forward possible structioral formulae
for the penicillins. Both the Oxford group (3) &nc
the American groups (7.4) independently suggested thc

thiazolidine-oxazolone, (V),

S cH

/ 3
N ¢t N7
AN

[ S B
R—C C. NH—~CH

o N Nco, 5

\'
and, as a possible though less likely calternative, the
B -lactam formula, (VI ). At the same time 3ently,
Catch, Cook, Elvidge, Hall and Heilbron (18) provosed
the tricyeclic formula, (VII). This had to be altered,
as it was possible to isolate the methyl ester of peni-
cillamine from penicillin in which the free cartoxyl
group had been esterified (72). (This showec that the
carboxyl group of penicillamine was free in penicillin).
The tricylic formula was therefore revised to (VIII).

S H
/D\ /C 3
R.CO.NHe CH=—CH C\\
\' | l CHj
C N CH
Oé? \\COZH
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S CHjy |7

(VII)

&
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The salient features of penicillin chemistry
which had to be accounted for were;
1) The absence of any basic group in the penicillin.
This was most easily explained on the basis of the
B -lactam formula. In the oxazolone formula (V), the
nitrogen of the thiazolidine ring might reasonably be ex-
pected to be inv@lved in electron donation towards the csr-

voxyl group pf the oxzazolone, and so lose some of its basic



I8

properties. There was no very plausible explanation
for the non-basicity of the tricyclic formula,
2) The isomerisation of penicillin to penillic acid.

3) Ccnversion of penicillin to penicilloic-acid under

mild conditions.

L) The formation of desthiopenicillin (IX)

—

H CHo
\./”
R. CO. NH. CH—CHZ )
AN
' CHs
C N CH
Y
o7 Nco,H

IX

when penicillin is boiled with Raney nickel (47).
This strongly supported the/s-lactam formula, though the
@-lactam ring in desthiopenicillin is much more stable
than in penicillin itself,

There was no general acceptance of any of the
possible formulae till the B-lactam structure was
proved to be correct by the X-ray work of Crowfoot,

Bunn, Rogers-Low and Turner-Jones (206). At the same
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time there was a growing body of other evidence in
favour of the(s-lactam ring formulation. Nooaward
(68,69) and Abraham ,Baker and Chain (4) supported the

@-lactam formula on chemical grounds.

Penicillin Synthesis.

There were numerous attempts to synthesise &ll
three postulated structures. Thus in the "Chemistry
of Penicillin" (24,p. 861) there is a list of "about
150 different attempts at ring closure from benzylpeni-
cilloic acid and its derivatives (IV). None of these
was successful, though some produced slight traces of
antibiotic activity. Other synthetic routes were also
tried, and benzyl penicillin was eventually synfhesised
in yields of about 0°:1% by the condensation of penicil-
lamine hydrochloride and 2-benzyl-L-methoxymethylene-5

(4)oxazolone. (X)

CgHge CHy—— C == N —— C ===CHO. Cll,
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This was carried out in pyridine containing triethyla-
mine and produced an inactive intermediate which was
then isolated and heated in pyridine and hydrogen
chloride. That one of the products was indeed benzyl-
penicillin was proved by radioactive tracer techniques
and also by comparing the biological action of the crude
product with that of benzylpenicillin on a number of
different bacteria. However, this synthesis was of
no practical use as the yield could not be improved,
nor was it possible to elucidate the course of the
reaction.

The first rational synthesis of penicillin was
achieved by Sheehan and his co-workers (61). This
depended on finding a ring-closing agent for the
penicilloates (IV) that would not destroy any penicillin
formed, and would also suppress the alternative
azlactionization;using N ,N'-dicyclohexylcarbodiimide in
dioxane-water solution they obtained penicillin in
10% yields.

Later they described a different route involving
the synthesis of 6-amino-penicillanic acid (62,63).

They formed the trityl "desacylpenicilloates® (XI),.



S CH
. ) /N "
(C4Hs) CosH.CH——CH G
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| e
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On treating this with N,N'-diisopropylcarbodiimide,
in cold dioxane-water solution, ring closure occurred

giving the benzyl 6-tritylaminopenicillanate. (XIZ).

S cH
N /N /7
(CgHg)y CosiHo CH——CH c\
] e
C N CH
V4 N\ |
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The ester was saponified to the 6-tritylamino-

penicillanic acid. Detritylation was then carried

out using 2 equivalents of N hydrochloric acid in
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isopropyl alcohol, to give 6-aminopenicillanic acid.

This synthesis gave a racemic mixture; so to obtain

the _natural D penicillin, Sheehan ran a parallel series
of reactions starting from the D- desacylpenicilloates
(xI" ), obtained by degrading natural penicillin.

The final synthetic 6-amino penicillanic acid was

shown to be in every way identical to the natural product.
Finally the 6-aminopenicillanic acid could be converted
to any desired penicillin by reacting it with the éppro-

priate acid chloride.

Natural 6-aminopenicillanic acid

Sometime before the synthesis of 6-APA by Sheehan
(p.20) there were reports by Murao and Sakaguchi (1950,60)
and Murao (1955,50) that if benzylpenicillin was added
to a submerged fermentation of Penicillium chrysogonum
Q 176, hydrolysis of the penicillin to 6-APA and phenyl
acetic acid took place. However, this result has not
been confirmed by other workers (16).

Kato (40) was the first to suggest that 6-APA is
formed if no suitable side-chain precursor be added to

the fermentation mixture. Later, during some work on
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p-aminobenzyl penicillin, Batchelor, Doyle, Nayler and
Rolinson (17) found discrepancies between biological
and chemical assays for penicillin in the control
fepmentations to which no side chain precursor had been
supplied. The a®says agreed when: p-aminophenylacetic
acid was added as a precursor. They showed that the
descrepancy was due to 6-APA whiéh was detected by the
chemical but not by the biological assay. They proved
that 6-APA was present by reaction with phenylacetyl-
chloride to give benzylpenicillin, The full investiga-
tioh of the fermentation, purification and properties
of 6-APA is described in a series of papers «n the
Proc. Roy. Soc. (1961) from which the following account
is derived. (13, i, 15, 12, 25 =nd 28).

They obtained the highest yield of 6-APA by
fermenting Penicillium chrysogonum Wig5l. 20 with a
maximum aeration rate at the beginning of the fermen-
tation, and reducing this to 60% of the maximum after
64 hours. The 6-APA could not be extracted from the
fermentation liquor by organic solvents, so use was
made of this to remove the penicillins by solvent
extraction after t he culture filtrate had been reduced

under vacuum to one tenth of its original volume. After
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ad justing the pH of the residual liquor to 3°0, the
resultant precipitate was removed, and the clarified
solution extracted with n-butyl acetate. 3 wols. of
acetone were then added, many of the impurities form#ng
a semi-solid precipitate. The supernatent solution was
removed and concentrated to one twentieth of the original
volume of the culture filtrate. The resulting

solution which had a concentration of about 175 mg./ml.
was then fractionated on a Bowex-l1l resin conditioned
with hydrochloric acid. By concentrating the result-
ant solution under vacuum and then adjusting the pH

to the isoelectric point of 4-:3, crystalline 6.-PA of
95% purity was obtained. 6-APA was recrystallised by
dissolving it in water to givwe a concentration of

100 mg/ml. and adding 10% hydrochloric acid slowly with

stirring till the pH was 4°3. The crystalline 6-APA
was washed with cold water and cold acetone and then

dried.

The crystals used in this X-ray analysis were
prepared in the above way, though the crystallisation
was slowed down as much as possitle in order to produce

the larger single crystals.



CHAPTER 3

SOLUTION AND REFINEMENT OF

6-AMINOPENICILLANIC ACID

s
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6-Aminopenicillanic acid crystallised in flat

orthorhombic plates elongated along a, which gave

parallel extinction.

?
C

[o]

Pig. 31
Typical dimensions of the larger crystals were:

08 mm. parallel to a

0«02 1m. " " Db
04 mm. " "oc
Crystal Data
Formula: 08 H12 N2 O5 S

Molecular weight 216°2



a= 6-24 2 .02 &
b=14-83 - .04 &

¢c =10-49 - -03 A&

V= 9705 g°

Dobs 1-482 % -003 gn/cm’
Dealc)1-48L * -008 gm/cm’
4 = 4

Fooo = 456 electrons

M = 25-6 cm-l

Systematic absences:
h k 1, none.
h oo, h # 2n . only
ok o, k # 2n only
ool, 1 #2n only

so the space group must be P 212121

2%
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CELL DIMENSIONS

6-APA gave strong reflections right out to the limit
of the copper sphere. The high-angle reflections
were used to measure the cell dimensions using the

Straumanis method of loading the film.

In this method the 0=0° position is found by

measuring symmetrically related low-cngle spots,

and finding the position half-way between them .

The Q=9OO position is located in a similar way.

The diameter of the film is found directly from

the difference between these two positions, so that
éhrinkage is automatically allowed for. For high-
angle reflections any uncertainty in the exact value
for the diameter of the films becomes much less im-
portant, as the value actually measured is (9o°-e).
Also any inaccuracy of measurement becomes less
important as at high angles ¢in © changes much more

slowly with ©.
In order to allow for systematic errors which
normally include eccentricity of the specimen,

absorPtion, and the film not forming an exact circle,
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the value of d is plotted against some function of 6,

and extrapolated to © = 90° (51).

Collection of Intensity Data

Most of the crystals were extremely thin, so the

thickest were chosen for X-ray analysis. Even so,
considerable spot-shape trouble was likely to be
encountered. This problem would be worst when photo-
graphing the subsidiary axis, since this involved rota-
tion about the medium length axis, as opposed to the

main axis where rotation would be around the needle

direction.

Absorption

The linear absorption coefficient for 6-APA is
2546 cm‘l, so that percentage absorptions along the

three axes are as follows:-

a=87% b=0% c¢ =63%
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However, as the plate is in general about O°2mm,

thick, the path length along a for an angle of 59

would be *02 mm., with an abserption of 40% ,

for 10° of 27%,
for 20° of 15%.

Thus except for a few reflections, for which
either the incident or the reflected beams are along the
crystal axis, absorption is not important. It was felt
that any absorption corrections would not be worth the
effort involved; most of the reflections having a
large absorption, also have a very small area on the
film. For these reflections any spot-shape correction
would decrease the intensity, whereas any absorption
correction would increase it. So the result of omitting
both corrections is to leave an error usually less than
that due to either spot shape or absorption alone.

The intensities of the reflections were measured

using the multiple-film equi-inclination wWeissenberg
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technique, with three films in a pack. The following

layers were collected:-
main axis, Okl - 4Lkl; subsidiary axis, hko - hk8;
a total of 988 independent reflecticns were measured
out of a possible 1170 in the copper sphere.

For each layer a long exposure of about 4 - 6 days
was taken, together with a short exposure of about 12
hours. Two intensity strips were prepared for each
axis, one for the lower layers and one for the higher
ones, The intensities were measured visually, and film-
to-film ratios calculated from reflections measured on
two films. On scaling up reflections common to more
than one film, greatest weight was given to measurements
made nearest the middle of the intensity scale.

Lorentz, polarisation, and inclination corrections
were calculated on the Mercury computer, using a pro-

gramme written by Dr. C. K. Prout. This applied'the



32

function,

Lp"l = siqie - sin*e - (iz/ﬁ)

"1 - 2 (sin®6 - sin“e)

which allows for all the above corrections at the same

time.

Layer scaling

As a result of differing exposure times, and also
of using different intensity scales for the various
layers, each layer was on a different and unknown scale.

In order to correlate these, the ratios between reflec-
tions common to two different layers were used,

If the errors have a normal distribution the best
estimate of the scale factors is obtained using a least-
squares procedure. In this the sum R =Zw;A’}is minimised,
where‘éﬁgis the error in any particular equation and Wi

is the weight attached to it.

Dr. John Rollett has written a programme for solving
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these equations given all the values of the typefw I,

and {w Iza, where Iaz is the sum of the intensities (or
some function of the intensities) on layer a that are
¢ommon to layers a and z. As there will be the same
number of unknowns as equations in the least square
procedure he has added the additional condition that the
sum of the square of the scales should be a constant (59).

The simplest way of determining the observational
equations consists of taking all the reflections common
to layers a and b, forming .2. Iap, and 2, Iya. This
is equivalent to putting w for each individual reflec-
tion equal to I.

This gives the greatest weight to the most intense
reflections which are those most liable to suffer from
extinction and absorption effects. Also they are on the
bottom film, so that any error in film-to-film ratio will
have a large effect on them,

Therefore if least-squares techniques are used,
where each reflection is given its own weight, the

scale factors should preferably be determined by giving

the greatest weight to the films having the largest number
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of reflection on them.
Thus a more satisfactory scheme is to give each

reflection equal weight. In order to do this it is
necessary to calculate the ratios between the intensities
observed on the two different axes for each common re-
flection .

In this case it was decided to write a programme to
do this (Appendix), and to print out the results in a
form suitable for input into Dr. Rollett's "scale two-
axis data" programme. This latter was modified so that
any individual reflection can easily be removed from the
equations if Jdesired.

The programme also forms the common I, subject
to limitations of maximum and minimum I and § : and
prints these in suitable form for "scale two-axis data".

Each reflection was then multiplied by the
appropriate layer scale factor. When a reflection
occurred on two different layers the mean of the scaled
intensities was taken. This was done using a programme
written by Dr. T. F. Lai.

Some time later Dr. C. K. Prout wrote an experimental

programme to carry out all these operations from the
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observed intensities to the final set of cerrelated and

sorted F's in one operation. This programme also
contained a facility for applying individual weights
to each reflection. As there is no convenient method
for determining the real errors in visually measured data,
the scheme used was one that was considered reasonable,
giving the highest weights to those reflections observed
in the middle range of the intensity strip on the most
densely populated film, and giving lowest weights to the
two extreme=ends of the final intensity range. The
faintest spots could not be measured accurately, and the
most intense were liable to extinction errors, and were
also liable to be affected by any cumulative errors in
film-to-film ratios. The scsale factors obtained in this
way were used in the last three isotropic rounds of least-
squares refinement in which individual weights were given
to each reflection.
During the refinement it was also decided to use

scale factors derived from the calculated structure
factors. For this purpose a programme was written to
carry out an agreement analysis layer by layer using the

uncorrelated F2 from each axis (Appendix ) .
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Table 3.1 shows the different scale factors obtained
by the various methods. In general the different
methods agreed to within 10% of each other, apart from

the layers HK7 andHK8, which have comparatively few

common reflections.



Layer scales derived by the different scaling methods

Table 3.1

Yetlhiod of sceling

this set,
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Layer a b C d e f
OKL 1.78 2.51 2.52 2.39 2,45 (g)
JT KL  1.32 1.19 1.64 1.70 1.63 1.83

2 KL 0,63 0.61 0,69 0.71 0.73 0.73

3 KL 0.4 0.36 O.41 O.44 0.47 O.48
LKL 0.53 0.49 0.58 0.61 0.65 0.63
HKO 0.53 0.37 0.53 0.62 0.62 0.59
HK1 0.89 0.79 1.05 1.06 1.08 0.99
HK2 0.30 0.28 0.31 0.33 0.36 0.26
HK 3 0.57 0.38 0.71 0.81 0.78 0.73
HKJ4L 0.48 O.43 0.54 0,50 0.5, 0.49
HKS5 0.5 O 47 0.49 0.52 0.59 0,51
HK®6 0.38 0.31 O.34 0.35 0.38 0.40
HK?7 0.90 1.05 1.11 1.10 1.15 1.43
HKS®8 1.04 1.07 1.22 1.19 1.81

a) derived from F2 using the'scale two axis data!

programme .
b) derived from individual ratios using the 'scale two
axis data' programme.

c) as b, but bad reflections removed.

d) from ALS 7 using 'agreement analysis on original data'.
e) as d but using ILS 4.

f) scales derived from DR o6 (p.34)

g) A remeasured set of intensities for OKL were used for
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Structure Determination

The absolute scale and the temperature factor were
determined from two-dimensional Wilson plots of the

HKO and OKL =zones.

Patterson sythesis

In order to increase the resolution obtainable from
the Patterson synthesis it was decided to sharpen the data.
The danger of doing this to excess is that the Fourier
series is no longer convergent, and so it is possible
to get spurious effects from the diffraction ripnles
introduced.

S. Abrahamsson (10, 36) has done some experimental
work on this with the closely related crystal structures
of cephalosporin C and Penicillin V. He found that using
a shsrpening function of the form

2 2

Fm =,§2

exp.(K Sin? 8) 3.1
where T is a scattering factor either for one of the
constituent atoms, or for a weighted mean, no serious
diffraction effects occurred with K = 2B/ N°, i.e.
sharpening to point atoms at rest. He then calculated a

series of synthesés with increasing values of K, Even

when the outer terms were increased to 50 times their
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value when K = 2B/)\2 the Patterson synthesis still
retained the same basic features. The heavy atom
peaks showed up nmore clearly, and no£ till very heavy
sharpening was used did diffraction ripples become a
serious problem.

The form factor for sulphur drops off more slowly
with increasing © than that of the light atoms, so by
giving greater weight to the outer terms the S-S vectors
would be enhanced in relation to lightuétom - light atom
vectors, and S-light atom vectors, making them much easier
to pick out.

A Patterson series was calculated using terms
modified by the expression 3.1, with K = 3, and the
f = f carbon, which corresponds to sharpening to point
atoms at rest,.

The vectors between atoms in the space-group
P 21 21 21 form the group P mmm,so the Patterson synthesis

was calculated from O - # in x,y, @nd z.

Vectors between symmetry-related atoms will be:-
1

3 + 2X 2y 3
2 2+ 2y 2z
2X 1 3 + 2z



4!
5SS VECTOR

> Y/2 \

@ Sulphur to light atom vectors in the section.

Figure 3.2 6-APA. Harker section at x = 3.
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These fall on the three sections at

x =%, (fig. 32), vy =3, z = 3.

The S - S peaks were easily picked out, they
correspond to a sulphur position at x = 045,
y = .0396, 2z = 0 cell translations. As the peaks at
X = 3. y = 3 are on special positions these have
double the weight of the other single S - S vector,

Knowing the position of the heavy atom it was
nossible to construct a superposition function on the
symmetry-related sulphur peaks (Lipson and Cochran
(73) Chap. 6, Buerger (22)). If the origin of the
Patterson is placed successively on the S - S vectors
which correspond to the view of the other three symmetry
related S peaks from the first one, then a sulphur-light

atom peak related to sulohur 1, will superimpose on the

corresponding S, - light atom peak, and similzrly on 83

2
and S, (Fig. 3.3). If the Pattersons are oriented as
indicated in the diagram then the peaks will corresnond
in position to the real space diagram. If they sre all
kept in the same orientation the positions will h=ve

opposite signs. The reason for thigéan be seen

from the diagram, The superpositions =zt 1 =#nd 3 =re
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Vector space

® heavy atom, heavy-heavy atom vector.
O light atom, heavy-light atom vector.

Figure 3.3
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reversed in the y direction; at positions 0 and 2 the
diagram is symmetrical with respect to y, so that the
coincidences will occur with an opposite y co-ordinate
from that which would occur if the indicated rotations
had been made. Similar arguments apply in the other
two directions, As there is no crystallographic way
of telling the absolute configuration of the molecule
apart from anomalous dispersion it is of no crystal-
lographic importance which convention is finally
adapted. The configuration given here is the correct
absolute configuration (10). If PosPu- * - - -padre
the values of the constituent Patterson densities at
any point where they all superimpose, then various
functions can be formed. These are usually the product
function Fo e p, - 'f’n’ the sum function ZFO‘LPl*FZ"'” ..Fn
and the minimum function which is the minimum value of
any of P,) Prv - Par This latter can be drawn very
easily by hand as it simply involves contouring in all
those areas which are surrounded by the same number of

contours from each superposition. This is most easily
done by forming the superposition O - 1 in one colour,

then the superposition between this and 2 in another and
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O Positions of atoms in the sections.

Figo 3014-.

6-aminopenicillanic acid sections from thec

minumum function between.x = O znd x = .,

The mirror related molecules are shown dotted.
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SO on. The mimumum function is then surrounded by
contours of all possible colours.

A minimum function was plotted in the way described;
however, the 2z co-ordinate of the sulphur atom was
effectively zero. This meant that the result of the
superposition map was to give two images of the molecule
one on top of the other related by a false mirror
plane at z = 0. At the same time a minimum function
was calculated on the Mercury comgputer using a
program written by Dr. S. Abrahamsson. (Fig. 3°4)

| A later analysis of the superposition peak
heights when the structure had been solved gave the

following results (Table 3°2)

Taple 3.2

Analysis of peak heights in the minimum function

Value of Patterson True peaks, Spurious Diffraction
function ripple
(arbitrary scale)

2200 3 - 1
150-200 7 - 2
100-150 L 1y L

From this minimum function the positions of the

various atoms were found. As the general form of the
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penicillin nucleus had already been determined, use
was made of this knowledge in breaking down the false
mirror symmetry. First of all the two atoms next to
the sulphur were found, and from these the general
orientation of the thiazolidine ring was fixed. It
was then a simple matter to find the remaining atoms
of the ring. The positions of all .the other atoms were
determined roughly in the same way.

They were all then recalculated from the original
Patterson peaks. where there was no overlap between
ad jacent peaks this gave four independent estimates of
each co-ordinate of any one atom. However, there waé
usually a certain amount of overlap, so that often only
two accurate co-ordinates could be obtained from one
peak. This meant that as a rule two or three estimates
were made of any one co-ordinate. Compared with the
final positions these co-ordinates showed the

following differences:-

co-ordinate: - X y z
average deviation:- 0-098 0-054 0.C<%
maximug deviation:- 0-3% 0.124 0.-3%

atom for which max.

deviation occurred: - C
11 5 Nyy



4.8

The Patterson peak due to N,, had its centre on

14
the mirror plane at z = 0, The peak was, however,

elongated in the 2z direction, indicating that it was in
fact due to the superposition of two peaks with small
and opposite z co-ordinates. Thus though it was pos-
sible to tell that Nlu had a small z co-crdinate, it
was not possible to apply a sign to it, or to measure
it properly. Rather than guess its co-ordinate on
chemical grounds it was decided to leave it at zero,
even though this would inevitably involve some error.
The above discussion shows that in this case, had
there not been a false mirror plane, an automatic re-
finement process which merely picked the highest peaks

would have solved this structure.

Fourier refinement

The resulting structure was chemically reasonable,
and there were no short non-bonded contacts apart from
the N - H.....0O distances in the hydrogen bond system.
This system was associated with the two-fold screw axis
parallel to a(p. 86.). The bond distances were com-
pared with those to be expected from general experience

(Sutton, 65), and with those found by Pitt (55) for
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potassium benzyl penicillin.

The average deviation from the expected value was
128 . Taere will of course, be some uncertainty in
the choice of "standard" distance. However, this will
usually be much smaller than the errors in the proposed
structure in the early stages of the refinement. These
differences were considered acceptable at this stage.

A set of three-dimensional structure factors were
calculated using the positions obtained from the
Patterson. These gave a residual or R factor of 25%,
the formfactors used were those given by Vaciago (66)
for sulphur, by Freeman (33) for oxygen and nitrogen, by
Berghius et al. (19 ) for carbon, and McWeeny (46) for

hydrogen. Two Fourier synthises were then calculated

( F@obs.,(%»diff.), one using the observed terms and the
other the difference between the observed and calculated
terms.

When the calculated structure factor was less thszn
a quarter of the observed value, the term was excluded

from the summation, as the phase was unlikely to be correct.

In the resulting observed Fourier map all the atoms
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that had been put in came up at reasonable heights of
between 9 and 15 € /8 3 for C N,and O. In the
difference Fourier there were several peaks of about

1 3/8“3. Any atom that had been left out would

be expected to give a peak of about half its final value.
if the rest of the structure were correct. (Luzzati
(44), Hodgkin and Trueblood (37). So these small

peaks could not correspond to possible atomic sites, but
were most probably due to random errors in the phases.

The position of the centre of the peaks on the ob-
served Fourier synthesis were found using a programme
written by Dr. Sparks. This derives the best fit of a
Gaussian ellipsoid to the 19 points surrounding the peak,
The centre of the ellipsoid is then taken as the centre
of the peak.

Later on these results were used to find out what
value of n (n - shift,rule Schoemaker et al. (64))
would have given the best convergence. The average
value of the best n - shift for each of the 14 atoms
came to 2-1,in reasonable agreement with theory.

The overall temperature factor was adjusted by means

of a plot of 1n ( zjhobs.,///zlecalCl )I//sinze for
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a number of ranges of Sinze, in a similar fashion to a
Wilson plot.
Least-squares technique

The least squares programme used in the refinement
of both the structures described in this thesis was
one written by Dr., J. S. Rollett (48) for MERCURY (ALS).
This uses the block diagonal least squares approximation
to the normal matrix. Down the main diagonal alternate
3 x 3 blocks for position parameters and 6 x 6 for thermal
vibration parameters are calculated, together with a
2 x 2 matrix for overall scale and temperature factors.
In this system the interactions between different
atoms are ignored, as are the interactions between

position and temperature factors for any one atom. The
temperature factor applied is

2 2 2

+ B,.1

33 + B,okl + B, hl + B

23 13 12hk)

Later an isotropic version of this programme (ILS)
became available in which the temperature factor was

represented by the single varizble B in the expression
.~B Sine/\!
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Ideally each reflection should be given a weight
inversely propeortional to its standard deviation.
With visually estimated data there is no convenient
means of measuring this for any individual reflection.
So it is common to assume that the errors are some
function of either Fo or ©, and to calculate a weight
for each reflection according to some simple scheme.

As in the case of individual reflections the weight

should be inversely proportional to the s tandard
deviation, for any group of reflections. The true
standard deviations are unknown; however, if the

value of the difference between observed and calculated
structure factors is taken aséﬁ, and the average

value of the standard deviation for any range of

— AV
Fobs, is @ , then ?‘OCZ(;_.)E

This value of 0 will allow for any errors in

Fcalc. as well as Ffobs.

John Rollett's programme has three different

weighting schemes available.

JO =
R Vi if |F0]<F"
F"/ Fo]  if "FO azF*
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2) 1 if IF <?"

F7 'Fol if F | >F™
3) .

/ 1+ A lFil - b)/ %}

where a, b and F* are pre-set parameters.

As the only programme available for agreement

analysis totalled only IZSJ, not zf§ H ;E:,ACS'

was taken instead of (24&2)%, and the weighting scheme
chosen so that as far as possible bu'lktfor any range of

F is constant. The weighting scheme initially

obs.
chosen was 2 with a value of X of 22 electrons on
the absolute scale,

At a later stage in the refinement a convenient

method of applying individual weights became available

(p.34). These individual weights were used in the

last three cycles of least squares refinement.

Standard Deviations

The standard deviations were calculated from

the variances of the normal equations obtained from

the least squares programme. If it is assumed that
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the values of /D are a measure of g”, then

2 =
di Viidw A\° (Cruickshank(27)
(m-n)

where Vii is the variance of parameter i, ’m the number
of observations and a the number of parameters

refined. This is only true if «w has been chosen

w &

so that for any systematic group of Fobs.’
is constant,

As only the terms in the diagonal blocks are
taken into account in calculating the standard devia-
tion, the value derived must be = lower than the
true value, the magnitude of the difference depending
on the size of the off diagonal terms that have
been ignored and of any systematic errors that are
present. The figures quoted in this thesis have been
calculated using the block diagonal approximation.
Though the relationship of these figures to the true

standard deviations is unknown, it is unlikely that

the true positional standard deviations are more

thas:twice the calculated figures, even allowing for
possible systematic errors. The true standard

deviations of the thermal parameters are likely to
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be much larger than the calculated ones, as spot shape,
absorPtion, and extinction errors are all compensated
for.by false thermal parameters, so that the calculated

. s | . sps
standard deviations are of no real significance.

Least-squares refinement

A total of 16 rounds of least squares refinement

were carried out on 6-APA. (table 3-3) These were
divided into 9 anisotropic rounds and 7 isotropic
rounds, ihdividual weights being used for the last
three rounds. Hydrogen positions were introduced at

the end of the fourth anisotropic round (ALS4).



Table 3.3 Progress of Refinement

(Y4

Shifte {2)
Stage. Fourier R Value LV Mex
. %
Positions from Patterson Fhobsfndiff 25
Positions from 19 pt. R2.2
Routine
lst (Anisotropic) least
sguares reflnement
weight 2,F* = 22e 15.6 29 .21
ALS 2 11.6 011 .0z3
ALS 3 Co aire 11,5  .005L .025
S L,{hydrogen atoms - 10.6  .0031 .009
added ‘affer this)
ALS 5 10,4 .0061 .020
ALS 6 10.0 0024 .015
aLl3 7 P7 asre. 9.8 .002 .009
2nd set of phased on
cgrrelated heavy atoms
F* used onlz.
Sig“94.75
ALS G .001 .0043
Positions from 11.5
ALS 9§ with isotropic
temperature factors
ILlS 1 11.6 005 015
ILS 2 11.1 .0015 , 006
ILS 3 weight 3, 11.1 0045 .C17

=10, b = 4
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Taple 3.3 con-inuved.

Snilh
Stage rourier R Va;ue AV,
%
ZLS 4 11,9 .00z .CC7
ILS 5 (ndividual weights 11.8 Nolek! cz5
I1s 6 11.8 0027 0L
ILS 7 inal 11.7 0015 .0C

obs anc
diff.
Fouriers.
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Using the positions derived from the first Fourier
maps (F§obs andfkndiff, " ) four consecutive cycles
of anisotropic least squares refinement were carried
out, during which the R value fell from 15:6% to
10 6% (hydrogen atoms were introduced in the last
of these rounds). The temperature factors were all
reasonable, Varying between equivalent isotropic
temperature factors of around 24 2 for the »ing atoms
and u» to 4 2 A : for some of the side grou»ns. There
were no very hizh or low values indicating either a
wrongly placed atom, or a wrongly assigned atom type.

111 the bond lencths were within 058 of the
expected values; the following bonds had the grestest

diviation from these values (table 3°4)

Tatle 34
Bond Length (K; Expected Value(& )
S1 - C5 1-87 1. 81
Cc..-0 1725 1.26 1.23
11- 713 ;)a or b
Cll' O12 1.29 1.26 136
02 - 09 1.57 1.54

a) if carboxyl group is ionized
b) of carboxyl group is Unionized



59

At this stage it was considered worth while to

introduce all the hydrogen atoms, although it was not
possible to find well defined positive peaks in all the
positions. (The location of the hydrogen =toms is
described more fully on page é€4).

A further three cycles of least square:s refinement
were carried out (rounds ALS 5,6,7) with the hydrogen
atoms included in the structures factor calculation,
but not in the least squares refinement,during which
the R value fell to 10%. The temperature factor of the
hydrogen atoms was fixed at hﬁ 2, the value of the
largest temperature factor in the rest of the molecule;
the exact value is not significant as at Sin 6 =-+5
the difference between the structure fzctor contribution
of a hydrogen atom with a B of LA  and one of 54 2 is
0-006 electrons and at Sin © =1, 0.001 electrons.

The averzge shift was now 0.0024A , compared with
O°OOB§ in round ALSL. However, the maximum shift
was still 0093 ; of the same order of magnitude as the
standard deviation. There was no very significant shifts
in bond 1ength, the largest was an decrease of -O2Kin

C. -C from 1'5063 to l'h&ﬁﬁ . Since the shifts

2 10
were still the same size ss the standard deviations

it was considered worth while to continue refinement.
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As the agreement in structure factors was now good,
it was decided to redetermine the layer scales by
comparison with the calculated structure factors. This
was done using the method described on page 34 . This
second set of intensities was used in round ALS 8
onwards, A difference Fourier was calculated using
these intensities in which only those terms for which
Sin26'<-75 were included; it was hoped that this would
increase the resolution of the hydrogen atoms. (p. 64 )

Using the second set of correlated F? two rounds
of least squares refinement were carried out (ALS 8 and 9)
By this time the maximum shift had fallen to a third of
the standard deviation, so that the anisotropic refine-
ment was finished at this point. The final positions
and temperature factors are given in tables 3.5 and 3.6
on page 67, and the magnitudes and directions of the

vibrational ellipsoid in table 3.7.

Isotropic Refinement

By this stage an isotropic least squares programme

was available, As experience of other workers at

Oxford ( Armstrong and Prout, 12 ) had been that this
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produced slightly better bond lengths and angles, it

was decided to carry out a numbher of rounds of isotropic
least squares. This procedure is probably safer if
there is only a small amount of anisotropy, as in the
anisotropic case many systematic errors such as

absorption and spot shape errors can be compensated

for by erroneous anisotropic temperature factors.
Two rounds of leasi squares were carried out with
the original weighting scheme; for rountis ALS'3and 4

the scheme was changed to 3 with a = lOe-b= Le as this

gave more nearly constant values of Ld[}? (p.52),

The initial value of the temperature factor for each
atom was obtained by averaging the equivalent isotropic
temperature factors in the three axial directions. The
R value rose from 9.7% to 11.5% on applying isotropic
temperature factors gnd fell to 11.1% at the end of

ILS 4,
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Individual weights

As mentioned on page 34 , Dr. C. K. Prout has
written a programme to perform the whole scaling and
sorting process in one operation; it also incorporates
a facility for giving each reflection an individual
weight. In order to see if this procedure made any
significant difference, at set of F2 were prepared using
individually weighted data. Three rounds of least squares
were carried out using this data (ILS 5,6,7). The
final positions are shown in tables 3.5 and 3.6 on
page 69 . Table 3.8 shows the differences between the
positions from ALS 9, ILS4, and ILS7 together with the
average standard deviations,

The differences are consistent with the standard
deviations, and it cannot be said that any of these three
sets of positions are significantly different. The
change of weighting scheme in ALS 5-06 seems to have h=ad

more effect than the change from anisotronic to isotropic
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temperature factors. The small change in R value

between the anisotropic and isotropic refinements, shows
that for most a2toms there is not sufficient improvement

in agreemert to wzrrant the five additional parameters
per atom reguired for anisotropic refinement. This
may not be th: case for the methyl and carbexyl side
groups where the anisotropic temperature factors vary
in a chemically sensible fashion, the direction of the
rinimum of the vibration ellipsoid being &along the
bond direction.

The bond distances and angles derived from the various
different refineﬁent procedures are not sufficiently
different for zny one set to be picked out as being
retter than the others, especially as there is no group
like a benzene ring whose bond distances and angles are
well known, that can be used as a check on accuracy.
The differen¢es in the standard deviation between the

different series of refinements were less than 10%
The results from the DR 06 data using individual

weights have been taken as the final set of positions

as it was felt that this weighting scheme is better

than the others, and the additional parameters required
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for anisotropic refinement were not justified by the

improvement in agreement.

Determination of Hydrogen Positions

As was mentioned on page :59 the positions of the
hydrogen atoms was introduced at the end of AL3 4.
These positions were derived from a difference Fourier
f%y The three tertiary hydrogen atoms could be placed
fairly accurately f rom chemical knowledge; the
corresponding peaks in the difference Fourier were easily
picked out. The two methyl groups were more difficult
to 'place as their peaks were not as well defined as the
other hydrogen atoms. In particular there was only a
very small peik in a position corresponding to one of

the hydrogens attached to ClO' The difficulty in

picking up these hydrogen atoms may be partly due to
the higher thermal motion of the side goup atoms to which
they are attached, and partly to the possibility of a
large rotational vibration.

Later another difference map was calculated using
the positions from ALS 6; for which Sin29‘<.75. As

the limiteld Fourier excludes all those terms for which
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the hydrogen contritution is negligible, the hydrogen
pealss should show up :on this slightly more clearly than
on the full Fourier.

The hydrozen position which had not appeared in F@’
did not appear either in this Fourier map as a peak. S0
the electron density around the circumference of the
circle,which would be described by the hydrogen atoms
attached to Cqg retating around the bond C2 - Clo,was
plotted out.

H™ Electron density
JP/ ' plotted out around
Y | the circumference
C c/- | | of this circle.
A !
\ /
109-5° -

This should go through three peaks, each separated by
1200, if the hydrogen atoms do in fact give peaks

on the Fourier. Figure 3.5 shows that for ClO

there can be no doubt of the correct orientation of the

methyl group and that in fact all three hydrogen atoms
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Fig. 3.5 Graph of electron density around ClO

Fig., 3.6 Graph of electron density around Nlh
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do show up and that the absence of a positive peak for
one of them is due to the lower background at this point.
As would be expected both methyl groups are in the stag-
gered configuration.

' As one of the peaks that had been assumed to be

part of a N:H3+ group (Nlh),had fallen in height, the
same procedure was adopted as for Clo; the results

for this are shown in fig. 3.§. This shows that there
is a peak in the correct position, however as there

are a number of spurious peaks at about this height it
cannot be taken as conclusive proof of the presence of
hydrogen atoms.

Table 3.9 gives the electron density at the positions
finally chosen for the hydrogens. As these were

largely fixed by geometric considerations these positions
do not in general coincide with the peak maximum; this

is usually displaced by up to 0.32 from the'quoted
positions., As the general background level is about

the same order of magnitude as the hydrogen peak

heights this is not very surprising. The hydrogen

atoms are numbered by multiplying the number of the

atom to which they are bonded by ten, and if there is
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more than one hydrogen bonded to one atom then they

are distinguished by adding 0, 1, or 2. For example,

one of the hydrogens in the methyl group of C9 would

be H91'
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Table 3.5 6-APA Final "o-ordinates from AL3S 9 and ILS 7

x/a

ATOM

Sl
G2
C3
N4
C5
Cé
C7
08
Cc9
Cl1l0
Cll
012
Ol3
N1,

ALS

1.0420
0.8373
0.8556
0.9553
1.1263
1.0676
0.8714
0.7019
0.6140
0.8750
0.9942
0.8920
1.1900
1.0250

TLS

1.0412
0.8371
0.8564
0.9561
L.1241
1.0675
0.8732
0.7007
0.6141
0.8779
0.9935
0.8919
1.1896
1.0273

y/b

ALS

0.0L14
0.0974
0.0517
-0.0350
-0.0413
-0.1418
-0.1176
-0.1557

0.0765
0.1972
0.1065
0.1548
0.1017

"O . 176’4’

71 ILS

0.0414 -0.
.1016
2353
.2133
1179
.1006
.1829
. 2096

0.0975
0.0515

-0.0351
-0.0406
-0.1419
-0.1195
-0.1553
0.0757
0.1973
0.1073

0.1547
0.1020

O O O O OO0

0

3/c

ALS

0011

0.0448
0.1019
0.3271
0.4080
0.3169

ILS

"'O oOOll“

0.1005

10,2354

0.2135
0.1183
0.1017
0.1831
0.2082
0.0437
0.1022
0.3266
0.4078
0.3173

-0.1763 =0.0275 -0.0280



69a

Table 3.5 6-APA Final Co-ordinates: from ALS 9 =znd ILS 7

x/a/> y/b 3/c
H30 0.7020 0.0430 0.2735
H50 1.1731 -.1844 0.1506
H60 1.2832 -.0313 0.1536
H90 0.4955 0.1046 -0.1025
H91 0.6048 0.1013 -.0488
H92 0.5936 0.0058 0.0404
H100 1.0275 0.2114 0.1397
H101 0.8649 0.2229 0.0088
H102 0.7608 0.2286 0.1613
H140 1.0400 -.2430 0.0500
H141 1.1500 0.1750 0.0930
H142 0.,8800 -.1520 -.0600
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Table 3.6 6 APA Temperature Factors
Anisotropic
-5
exp- 10 2 2 2
(Bllh” + 822k + 8331 + Bszl + BlBkl + Bthk)
. . 2 2
Isotropic exp-(B Sin“0 )
Atom Bll B22 833 823 813 812 Isotropic
S1 1631 259 556 131 326 -19 2.66
G2 1379 294 384 118 -658 =143 2.56
C3 1217 141 518 -255 -385 =149 1.74
N4 2025 147 600 =137 .95 76 2.4l
C5 1513 217 656 =337 130 225 2.46
C6 2064 207 599 --40 72 392 2.46
C7 24,31 252 380 65 039 102 2.95
08 2064, 207 599 -40 72 392 3.92
'C9 1892 412 395 -252 -657 235 3.04
Cl0 2886 187 880 129 204 43 3.36
Cll 2713 211 488 75 =344 =215 2.17
012 2002 198 607 -277 --11 -69 2.66
013 1166 394 821 -3L6 -4LL =57 3.30
N14 1585 242 290 20 97 37 2.38
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Root mean square displacement in the three

Table 3.7.
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Table 3.7 continued

0.40
0.18
0.90

-0.77
0.60
0.22

-0.50
-O 078
0.38

0.234
0.188
0.122

C9

0.36
0092
-0.18

0.02
0.18
0.98

O 093
-0.36
0.04

0.24
0.2
0.1

Cl0

0.47
0.86
-0,.18

NO Oy
QOO

-0.81
0.50
0.29

0.198
00155
0.146
0.202

Cll

-0.47
-0.20
-0.86

0.49
-0.86
-0.06

0.198
0.124
04243
0.185
0.139

012

"O 066
0.71
-0026

-0,13
"OoLFS
-0.88

013

0.11
-0.04
0099

0,20
-0.98
-0.06

0.97
0.20
-0.10

0.178
0.164
0.126

N1
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Table 3.8 Difference between the co-ordinates

of ALS 9, ILS 4, and ILS 7.

o 0 o)
Atom Average Ax (A x 10?) Ay (A x 103) AY (A x 103)
R x10% 9-4 .9-7 4=7 9-4 9-7 9-7 9-4 9-7 9-7

Sl 3 -1 -5 -4 2 0 -2 -1 -3 -2

C2 10 -9 -2 7 6 1 =5 27 =11 -4

C3 8 1 5 L 2. =2 =4 -17 0 =17
NL 8 0 15 15 1 1 -7 -5 2

C5 10 4 -1y, -18 6 11 5 -4 L 8

C6 10 -3 0 3 =3 -2 1 3 12 9

c7 - 10 8 11 3 -1 27 26 -1 2 3

08 9 3 7 =10 6 L -6 -15 -9

CS 11 1 0 2 =11 «12 10 -12 -22
Cl0 12 10 18 & 9 2 -8 6 2 -1

Cll 99 11 -4 =15 -8 12 19 -8 -5 -4

012 7 8 -1 -9 -3 -1 2 5 -1 -6

013 8 -3 -2 1 0 L ly 1 5 L

N1l4 8 0 15 15 1 1 1 -7 -5 2

Averages

excluding S1
9 L|'06 6.1 7014' 307 6.1 70]. 506 600 7.1
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o
Table 3.9 Hydrogen peak heights (electrons (A3)

Atom (03 Pé Fl'” P? diff ?7 obs.

(130) (152)
H30 55 40 .50 .40 1.2
H50 35 35 .50 .10 9
H60 .3 .20 «35 .10 1.0
H90 e 35 .25 25 -.20 -7
H91 .40 .30 .30 .00 .9
H92 .35 . 30 40 .10 1.1
H100 45 .40 45 +.20 1.3
H101 45 .30 . 30 -.30 .7
H102 .20 .20 .10 .10 .9
H14O .30 .35 .40 .10 1.1
H1,1 «35 .40 35 .10 1.1
H1,42 .30 .20 .35 .10 .9

Notes:
FB difference Fourier; full data heavy atom

phases only.

Pé and 'Ol'“ As above but only terms for which
Sin%e ¢ .75. included.
f% diff,€b obs ; Full data; contributions from

hydrogen included in structure factor calculation.



Agreement analysis from the structure factors output

Table 3.10

15

of ILS 7
Range of
Fops,lelectrons)  3|F 0| Sfcale.| SFaire.| R (8
0 - 5 296 320 67 23
5 - 10 2855 2617 505 17
10 - 15 2736 2566 344 13
15 - 20 2185 2101 193 9
20 - 25 1410 1414 85 6
25 - 30 1298 1301 86 7
30 - 35 766 774 34 b
35 - 4O 519 578 69 13
LO - 45 419 L17 25 6
L5 - 50 334 356 27 8

50 - 100 664 763 115 17

100 - 150 125 106 18 15
. R
Range of sin™O.

0 - 0.1 1783 1953 250 14
0.1 - 0.2 1805 1845 123 7
0.2 - 0.3 1699 1685 131 8
O.4 - 0.5 1673 1600 171 10
0.5 - 0.6 1352 1222 1G5 14
0.6 - 0.7 1242 1163 184 14
0.8 - 0.9 820 796 142 17
0.9 - 1.0 559 574 109 20

Totals 13618 13425 1580 11.6



CHAPTER L

6-aminonenicillanic acid;
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RESULTS AND CONCLUSIONS: 6-AMINO-PENICILLANIC ACID

Fig. 4.1 shows sections of the final 3-D Fourier
using positions derived from ILS 7, and fig. 4.2
the surroundings of the molecule projected on to the
b ¢ plane. Figs. 4.3 and 4.4 show the corresponding
interatomic distances and angles. These are also
shown in tables 4.l and 4.2 together with those from
ALS 9 and ILS 4, with their standard deviations. As a
number of comparisons are made with the other penicillin
structures their interatomic distances and angles are

also given in tables 4.3 and L.4.



Figure L,1.

6-aminopenicillanic acid; sections from the final

observed Fourigr contours at 1 and then every
O .
2 electrons /A , except for the sulphur atom where
o3
they are every 4 electrons /A ,



Figure 4.2. G-amincpenicillanic acid projected

on to 100 .
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Table 4.l Interatomic Distances and their Standard

S1
Sl
C2
C2
C2
C3
C3
Cl
Cl
Nk
Ni
C5
Cé
C6
C7

Bond

- C5
- C3
- C9
- C10

- Cll
1- 012
1- 013

- C6
- C7
- N14
- 08

Deviations:

ALS
1.866
1.826
1.562
1.547
1.498
1447
1.528
1.280
1.228
1.466
1.370
1.545
1.540
1.463
1.230

ALS

ILS
1.869
1.822
1.556
1.534
1.505
1,442
1.540
1.288
1.212
1.471
1.372
1.555
1.530
1.470
1.232

ILS 4 and ILS 7.
o)
L (A) ILS
(.012) 1.859
(.012) 1.822
(.016) 1.575
(.018) 1.547:
(.017) 1.502
(.014) 1oL45
(.015) 1.527
(.014) 1.273
( 014) 1.230
(.015) 1.450
(.,015) 1.392
(.016) 1.554
(.017) 1.520
(.015)  1.474
(.016) 1.228

O
7 (4)
(.010)
(.010)
(.OlL)

(.015)

(.014)
(,011)

.012)
.011)
.012)
.013)
.013)
(.013)
(.O15)
(.012)
(.014)
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Table L.2 Interatomic Angles and their Standard deviations

ALS 9, ILS 4 and ILS 7

Bond ALS 9 1LS & 1o 7
2 - 81 -c5  95.85( .5)  96.2°( .5)  95.6(.5)
S1 -C2 -C3 105.9 ( .7) 105.2 ( .7) 105.7 (..6)
S1 -C2 -C9 107.7 ( .8) 108.2 ( .8) 107.5 ( .7)
S1 - C2 - C10 109.5 ( .8) 109.3 ( .2) 109.4 ( .7)
C3 -C2 -C9 108.9 ( .9) 108.6 ( .9) 108.9 ( .8)
C3 - C2 - C10 114.5 (1.0) 11l4.1 (1.0) 113.8 ( .9)
Cg - C2 - C10 109.9 (1.0) 111.0 (1.0) 111.2 ( .&8)
C2 - C3 - N4 105.9 ( .9) 107.0 ( .8) 106.0 ( .7)
C2 - ¢3 - C11 112.0 ( .8) 112.6 ( .8) 111.8 ( .7)
NL - ¢3 - ¢11 109.2 ( .8) 108.3 ( .8) 109.8 ( .7)
'C3 - Cll- 012 115.6 (1. 0) 115.5 (1.0) 116.1 ( .8)
€3 - ¢11- 013 118.57(1.0) 118.9 (1.0) 118.2 ( .8)
012-.€31- 013" 125.9 (1.1) 125.6 (1.1) 125.7 ( .9)
C3 - N4 -C5 118.6 ( .8) 118.0 ( .9) 118.0 ( .7)
C3 - N, -C7 131.9 (1.0) 132.1 (1. o) 132.5 ( .8)
C5 - N4 - C7 93.6 ( .9) 93.4 ( .9) 93.5 ( .7)
S1 - ¢5 - N4 102.4 ( .7) 102.3 (ﬂ 7)  103.4 ( .6)
S1 -C5 - Cé6 119.9 ( .8) 120.0 ( .8) 120.2 ( .7)
Ny - C5 - L6 88.2 ( .8) 87.8 ( .8) 88.1 ( .7)
C5 -C6 - C7  84.2 ( ) g4.3 ( .8)  84L.6 ( .7)
C5 - L6 - N14 116.9 (l 0) 117.2 (1.0) 11i8.4 ( .8)
c7 - C6 - N14 119.3 ( .9) 118.7 ( .9) 117.3 ( .8)
N4 - C7 - C6 92.0 ( .9) 92.5 ( .9) 91.7 ( .8)
Ny, - C7 - OF 133.3 (1.2) 132.9 (1.1) 131.7 (1.0)
C6 - C7 - 08 134.7 (1.0) 134.6 (1.1) 136.4 (1.0)
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Table 4.3 Penicillin Bond Lengths (A)

23

Bond 6 APA K Benz Pen V P. Bromo Ceph
(a) Pen.(b) Free Acid Pen V Cec (e)
(c) Free Acid
(d)
S1 - G2 1.86 1.82 1.87 1.86 1.80
S1 - C5 1.82 1.85 1.82 1.80 1.80
C2 - C3 1.57 1.61 1.57 1.53
C2 - C9 1.55 1.55 1.51 1,52
c2 - Cl10 1.50 1.52 1.58 1.52
C3 - N4 Lokl 1.48 1.46 1147 (1.42)
C3 - Cll 1.53 1.51 1.54 1.51
Cll- 012 1.27 1.25 1,35 1.35
Cll- 013 1,23 1.24 1.21 1.21
N4 - C5 1.45 1.45 1.52 1.47 1.48
Ny - C7 1.39  1.37 1.46 1.36 1.38
C5 - C6 1.55 1.56 1.58 1.55 1.54
cCé6 - C7 1.52 1.50 1.55 1.56 1.53
Cé - N1 1.47 1.48 1.44 1.42 1.44
C7 - 08 1.23 1.24 1.21 1.21 1.21
Notes. a) 6-APA final isotropic positions

b) J. S. Rollet and A. Vaciago's refinement

of potassium benzyl penicillin (Pen g,)

(personal communication)

c);ihenoxymethyl penicillin (Pen V) Abrahamsson,
Crowfoot Hodgkin and Maslen (10)

d) K. Watson ( personal communication)

e),Final positions



Table 4.4 PENICILLIN BOND ANGLES

34

Bond 6 APA K Benz Pen V P. Bromo Ceph Cc
Pen Free Acid Pen V
Free Acid

C2 -S1 -C5 96°  97° 96° 96° 97°
S1 - C2 -C3 106 107 105 107
351 - C2 - C9 108 112 109 110
S1 - C2 - C10 109 110 108 108
C3 - C2 -C9 109 108 110 110
C3 - C2 - Cl10 114 110 113 114
C9 - C2 - C10 111 111 112 107
C2 -C3 - N4, 106 102 104 104
ce - C3 -Cl1 112 115 113 110
N, - C3 - Cl1l 110 112 114 111
C3 - Cl1- 012 116 120.6 115 124
C3 - Cl1- 013 118 115.4 122 110
012- C1l1l- 013 126 124 122 125
C3 - N4, -CS5 118 121 120 119 (119)
C3 - N, - C7 132 127 129 123 131
C5 - N4y - C7 93 94 88 94 94
S1 - C5 - Ny 103 102 103 106 (112)
S1 - C5 - C6 120 121 122 121 (115)
N4y - C5 - C6 88 88 92 89 87
C5 -C6 - L7 85 8L 83 84 86
C5 - C6 - N14 118 115 115 114 121
C7 - L6 - N1, 117 116 115 116 116
N4 - C7 - C6 92 94 96 93 90
N4 - C7 - 08 132 131 128 133 132
C6 -C7 - 08 136 135 136 134 137
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General arrangement

The molecules are grouped around the hydrogen
bond system associated with the screw axes parallel
to a. Each molecule is hydrogen bonded at one end
to this system through its free amino group, and at
the w®©ther end by its carboxylic acid group. The
configuration of the two ring systems is in general
similar to that reported by Crowfoot, Bunn, Roger-Low
and Turner-Jones., (26), and Pitt (55) for potassium
benzyl penicillin and by Abrahamsson, Crowfoot-Hodgkin
and Maslen (10) for phenoxymethyl penicillin; 1i.e.
Nlh and the thiazolidine rings are on the same side of
the roughly planar B -lactam ring. The carboxyl group
is oriented at right angles to the plane of the five
membered thiazolidine ring toi which it is attached,
and is trans to the S-lactam group.

In all the penicillin structures the thiazolidine
ring has four atoms in a plane with one atom out of the
plane. 6-APA differs from the others in that the out-

of-plane atom is N)+ instead of CB'
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The hydrogen bond system

Fig. 4.5 shows this projected on the plane of the
symmetry related carboxyl groups. The hydrogen bonds
form a spiral flattened in the plane of the figure,
joining atoms 0y, and Nla on alternaté molecules,
so that O12 has two hydrogen bonds attached to it.

The third hydrogen bond on Ny, is directed towards 013.

The angles around Nj, are shown in table 4.5 and fig. 4.5.

Table 4.5 Hydrogen bond distances and angular deviations

(.46 N

O O
Ce = Ny, +-ee Opp 111 8 2.72
(B = Ny, ene O, 82 L0 2.64
C
6 - Nyj +eee Oy3 107 24 2.85
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The three nitrogen atoms that are hydrogen bonded

to each carboxyl group are within 0.75 X of the

plane of this group, so that the hydrogen bond system

is close to the plane of the carboxyl group. Consider-
ing the wide angular divergence of hydrogen bonds from
their ideal directions that is found; (Pimmental and

McClellan (54) quote hydrogen bond angles ranging from
90° to 164° ) the packing of 6 APA results in a

structure which is fairly close to ideal.

It is not clear from the bond lengths C
11 - 035

(1,272) and Cll - O13 (1.232) whether the carboxyl
group is ionized or not, though the bond lengths found
here are nearer those accepted for an ionized carboxyi
group (1.262) than those for a COOH group (1.23 and ! .
1.368). Also it was possible to find peaks in appro-
priate positions for NH% hydrogens (p. 67), but not in
the position necessary if there is a hydrogen attached
to 075 All these results point strongly to crystal-
line 6-APA being in the form of a zwitterion, though
there remains a small possibility of the structure being
unionized. In solution the carboxyl group has a pK of

2.3 and the amino group of 5.1 (13), and so it must



be unionised in neutral solution. These different
results cannot really be compared as the environment
in the solution is quite different from thst in the
crystal, where each amino group is surrounded by

three carboxyl groups which are within 3 X.

In his paper on Amino Acids and Peptides (35)
Hahn uses Pauling's relation between bond length and
bond order (53) to determine the bond order of reson-
ant systems. He assumed that the total double-bond
character of the two resonating bonds was lOO%, and
found that, by choosing reasonable values for the end
points of his curve connecting double-bond character
and bond length he could fit the experimental values
fairly closely to his curve. He also found that
using this definition of bond-order there was a linear
relation between bond-order and the angle from a pure
single bond to the resonant bond.

This gives a useful measure of the bond order,
as well as providing a check on the accuracy of the
determination. This method can be applied to carboxyl
groups, carboxyl ions, and peptide linkages provided
the appropriate ©nd points are chosen. 1In Fig. 4.6

the results for 6-APA and ceph Cc are plotted in the
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Figure 4.6. Bond crder plot for ¢ = N (1.2334)
to C = N (1.4754) and C = 0 (1,2054) to C - 0 (1.205).
Pairs of resonanting bonds placed so that there is a
total of 100% dduble bond character and the distance
from the curve is the same for both bonds. Vertical
lines give the calculated standard deviations.
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Table 4.6 Bond orders derived from the bond order

eraph (figure 4L.6) and from interatomic

angles
Bond Bord character derived Bond order derived
from bond lengths flrom bond angles
£ —
(M) o] QO <«
4 ) ~ o
o 802 vﬁ %g o T o
& — @ 1) 0 — O —
0 © O e $ T &) + &)
~ g 0 < © O ¢ o O © o
L O > 4 — — — > @© ~— @©
= €, &) = 0 5 < -
o T (] C O T 3 «© QT 0 T
o G w o — 0 C 0 < — O
o e Q- © O o © O O ® O
=N 0 o 0.0 w2 o .0 o L
6-APA
N4-C7 17.5 1.390 1.383
C7-08 82.5 1.288 1.220
o o
Cll-612 37 1.273 1.285 L3 116.1 116.3
Cl1-013 63 1.230 1.241 57 118.2 118.4
ceph Cc
N5-C8 14 1.386 1.395 28 123.8 120.9
C8-09 86 1.209 1.217 72 116.8 113.9
N18-C19 36 1.332 1.325 52 117.5 117.7
C19-020 64 1.246 1.240 1,8 116.9 117.1
C25-027 L8 1.265 1.262 52 117s5 117.7
C26-028 52 1.257 1.258 L8 116.9 117.1
Average
molecule
B -lactam
N-C 16 1.386 1.388
C=0 8L 1.217 1.219
side chain
peptide
N-C 32 1.342 1.336
C-0 68 1.241 1.235
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way described. Table 4.6 gives the values of the bond

orders found in this way.

The values for the carboxyl group found by the
bond-distance and bond-angle treatment agree, although
the bond-distance results could be interpreted on the
baslis of the carboxyl group being unionized, it would
mean that there was an unusually large degree of
resonance,

The only non-hydrogen-bond contact of less than

O
3.25 A is one of 3.03 & between Cg and O This

12°
is not shown in fig. 4.5 but it lies directly behind
the hydrogen bond between 0;, and Nlh’ to which Cg is
bonded. It is not surprising that the shortest non-

hydrogen-bond contact should be associated with the

hydrogen-bond system, where the attractive inter-

molecular forces are strongest,

The Thiazolodine Ring

Figure 4.7 shows a projection of the melecule on
to the best plane through Sl’ C2, CB’ and CS’ As
mentioned on page 85 it is Nh which is out of

plane rather than UB as in the other four penicillins,



Figure 4.7. 6-aminopenicillanic acid projected on

to the best plane through Sl 22 03 C5'

Deviations from the plane in A units,

73
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Crowfoot— Hadgkin, Bunn, Rogers-Low and Turner-Jones
(26) suggested that this is probably due to the inter-
acticns between s ubstituent groups and non-bonded

electrons on the thiazolidine ring. Another possible

cause may be the tendency for the group
Q‘ T{
Cy—Ny

\

0 Cy

N

to be as near as possible planar, as resonance would
then be possible as in the ordinary amide linkage.

That this has taken pléce to some extent is shown

by the sums of angles around N, (343°) and around

CS (3110). Fig. 4.8 shows a projection of part of

the molecule along the bond Nh - CS' From the
accompanying table (A7) it can be seen that the

dihedral angle «' in the B -lactam ring is a function

of the dihedral angle fB in the thiazolidine ring. As
the changes in o are much smaller than the corresponding
changes in f& , it would seem that the dihedral angle in
the Fi-lactam ring is a result of the different con-

figurations of the sulphur containing ring, the group



Figure 4.8 Projection of 6-aminopenicillanic

acid ring system along the bond NL

-Cs.

Table 4.7 Dihedral angles of the penicillins
along the bond Ch C5.

Peniecillin

p-Bromo pen.V,.
Pen.V,

Pen.G.

6-APA 1
Ceph. Cc. 1

\»H\]\)P‘O%

/30
9
22
22
32
40O

A
132°
144
139
142
142

For references see table 4.3 page

127°
128
123
120
115

oAf
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Sl - 05 - 06 tending to swivel as a unit around the

bond Nh - C5 relative to CB- Nh - C7.

O 4 .
The angle Cy - Cs, - Cyp (114.17 2 1.0), is some

;3° larger than the equilibrium value. That this
effect is real is shown not only by the standard deviat-
ions but also be the corresponding angles for Pen V,
P, Bromo Pen V, and Pen G. which are 113°, 114.5°, 109.7°
The value for Pen G. is undoubtedly in error in view of
the very long distance: of 1.61 X found for the bond
Co = CB' The close contacts of C10 are shown in
Fig. 4.7. The increase in the angle C3 - C, - C, g,
may well be due to repulsion between C10 and the 7r-
electrons on Cll' Although C10 is nearer to Sl
(2.762) than to Cq4 (2.838), the non-bonded electrons
on S, are pointing away from C,,, whereas the TJelectrons
on Cy, are between it and ClO'

A remarkable feature of all the penicillins is the
length of the C - S bonds, the weightel average values

- C

(o]
of these are 1.86 A for S, - U, and 1.82 & for §; - Cg

(excluding Ceph Cc) The calculated standard deviations

0 0
for these bonds are 0.012 A for 6 APA, 0.013 A for

0 0
p-bromo-pen V, 0.016 & for pen V free acid, and .020A
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for Pen G. If these figures were correct the standard

deviation of the mean would be .007 X. However, the
true standard deviations are bound to be larger than
this, also there is no means of knowing what differences
of chemital environment there are between the different
molecules. In view of this a reasonable estimate of the
true standard deviation. of the mean would be about

.02 X. None of the bonds are significantly different
from this, The value given for a single C - S5 bond

by Sutton in Interatomic Distances (65) is 1.81 X.

Thus if the bond S, - C, is in fact 1.86 X then this is
noticeably longer than the accepted value; there does
not seem to be any obvious reason for this difference,
certainly there is no distortion of the bond angles of
Coe The absence of any lengthening of the C - S bonds
in Ceph Cc suggests that the lengthening observed in

the penicillins may be erroneous. The accuracy of the
present penicillin structures is such that the evidence
is highly suggestive of a length of between 1.84 - 1.87 X
for the bond Sl - 02, but is not sufficiently high to

prove this conclusively.



The only other bonds in the thiazolidine ring

which differ from their expected values are 02 - ClO

(o} 0o
( 1,50 A) and ¢, - 03 (1.57 A), these differences
are not sufficient to be significant in terms of the

real standard deviations.

fs-lactam ring

A projection of the molecule on to the plane of
the ﬁ -lactam ring is shown in figure 4.9 The ring
is not quite planar, the carbonyl group N4’06’07’ and 08
being véry closely planar (the maximum déviation from
the least squares plane through the carbonyl group is
0.02 Z), with C5 0.14 X out of the plane (on the same
side as Sl)° This can alternati¥ely be regarded as
a bending of the ring along the line Nh - Cé. | This
bending is ﬁfobably'taused by the twisting of the
molecule around the bond Nh - C5 as a result of the
different configurations of the thiazolidine (or in
the case of Ceph Cc the dihydrothiazime ) ring (p 74)
(Fig. 4.8). As any repulsion involving the non-bonded

electrons on Nh would tend to bend the ring in the

opposite direction from that observed, it seems likely
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N
07 --08\ )

-32

(©)

Figure 4.9.
6-aminopenicillanic acid projected on to

the best plane through Nh C5 Cg C7.
0

Deviations from the plane in A units,



to00

that thic bending is indeed caused by the configuration
of the larger ring.

The angles around Nh are somewhat lerger than
those around C5' This must be due to resonance in the
ﬁ-lacta_m amide group. Woodward (69) has discussed the
chemical consequences of incomplete resonance because
of the mon-planarity of the amide system ir the fused
B -lactam ring system. The bqnd distance N, - Cw,
(1.39 X) lies half-way between the limits of a single
C - N bond and the value for a C - N bond involved in
a peptide link of 1.33 X given by Hahn (35) and
confirmed by a number of more recent determinations
(1.29 X in N - methyl acetamide (41), 1.32 R In
B_glycylgly'_cine (71), 1,325 in Diketopiperazine ( 30)
and 1.33 A in N - acetylglycine (28)) The length of
the carbonyl bond C7 - O8 at 1.22 X is much less sensitive
to resonance, as it only varies between 1.,2C for a pure
double bond to 1.22 in a peptide link, the value for
6-APA, is within the expected range, =2s is also the
average value for the penicillins (1.22 g).

As can be seen from figure 4.6 and table 4.6 the
B -lactam amide linkages and the side chain peptide

linkages fall into two quite separste groups. The

exact value of the amount of double bond resonznce in
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the two systems is not certain, but there can be no
doubt that there is greater resonance in the ordinary

peptide linkage than in the penicillin ﬁ-lactam linkage.
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6-APA observed structure factors

scale
100 = 1 electron

order
1 kh

¥ line convention

each x is followed by the values of l~ﬁwui,k
for the following group of reflections

Note:

AObs and BObs are printed rather than F

this was more convenient for computing.

obs as

Columns

h Aobs Bobs Acalc Bcalc
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Chapter 5

Chemistry of cephalosporin C

and cephalosporin Cc,
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CILTTTR V

Cephslosmorin C¢ Chemistryv.

Abraham and Wewton ( 7 ) have described the derra-

dative chemistry of Cephalosporin C. The followin

ey

account is derived from their vpaper.

Cephalosporin C (C h2’08‘ S) showe an infrared
absorption bond at 5.6%ﬁﬁ this compares very closely
with the corresponding bond in benzyl penicillin at
5.7§uwhich is very characteristic of the Iused Fg-lactam
system.

The followiny degradation productis could be obtained.

Vigorous hydrogenolysis followed by nydrolysis gave
L-alanine, valine, glyvcine and D—<xaminoaiipic'apid.

Bydrogenation with Raney nickel at room tenperature
followed by hydirolysls gave valine, alanine, glycine

and the diaminodicarboxylic acid ( 1 )

HBN\\
) ’//CH{.CHZ.CH,_.CHI.C.O.NH.(EH.CHz.NH2

0,C GO, H

(1)
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» - ( - Rl
4 small quantity of G-amlno-écarboxy vaieryl cliycine

(1)

+
HyN

CH. Cd,CH,4CH,. CO NH.CH,.CO, H
-/ |

(1I)

was formed on acld hydrolysis followed by oxideation of
the neutral product with silver oxice.

On keerning cephalosporin C in neutral agueous solution
at 370, it was possible to isoclste 2- (D-L-amino-L=-carboxy-

butyl ) thiszole-L-carboxylic acid.

.,4 v
HyN s
| CH.CH,.CH, Gl C ”
0,C N——C.C0,8

(11I)
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1n many ol these reactions cephwulosnorin C resemwled
cephalosporin ( |V) whose siructure nhad alireuldy veen
deterained by mewton and abraham (§2 ). I. its vio-

logical action cephalosporin C resembles that ol the

penicillins 1in a numoer of ways.

o+
Ho N S, CH
Z \ § » r / \ / 3
/CHoCHzoleoCHzoCOoi\HoCH—CH C\
"0,C | l | l CH,
C N cHd
Y
o7 o, H

(IV)

.Hoﬁever it dailfifered in & numoer of impértanf ways. 1t
did not give any penicillamine (D-ﬁnmrcaptovaline) on
hydrolysis. The valine ovbtained after treutment with

Raney nickel was racemic, wnereasD -valine was ootained

from cephalosporin ..
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+Toml tils evidence Abraiam and ..e7t0n SULLESLEL
that the cephalosporin C had the partial structure ( V),
wulch was identical with the corresponding portlon o.
cephualosporin N, Lut that the remuinder of the inolecule

was somewuat dlilferent.

Ho N
2 /S\

0,C l l

S

-

\N/"*

0

(V)

A nunber of other properties ol cepaalosporin O
were ilmportant in deciding on the structure of the rest
of the molecule.

Cephalosporin C is = aivasic acid, and has an adsorp-
tion maximum at <00 m/;in the ultraviolet. Dhuclear
magnétic resonance showed that there was no gem-ciuvet iyl

group as in the venicillins, though chemical analysis
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ToOUD. Olle oie o1

(] o

indicated ugproximutely one methyl

acetic acld was liberated by the zction of sulphuric zucid,

wiich could ve assigued to a Chig

accord with the inirared spectrui. Yreaiment of cephu-

0. 0o Srouping in

losporin C (or Jc) with xuney niciel rFollowed by nydrolysis
pvroduced the enolic form ( YI) o;f"B— metuyl-o-oxo-Y-outy-

rolactone.

Cl’ls CHz

\C./ \

I
Ho/c\ /

Q

O—

(VI)

if cephalossporin C was kept in N/1O HCl at room temperu-—
ture a neutral antiviotic cephalosporin coc, was obdtained;
(as the crystallography of this is the subject of this
thesis its production and chemistiry are éealt with more
fully on p.129). 1If cephalosporin Cc was treated with
Raney nickel‘the lactone (V]| of «BdﬁhydPO-X; Nyaroxy-

valine was produced.
4



CHy = CH,
\/\ 127

(VII)

The iormation of UL-valine and o .0X0150valeric wcid

(CHS)z.CH.QO.C BH' on hydrozenolysis sugoested trut they

must have come Irom the skeletons (VX)) or X)
C ol C C
\ﬁ/ \c/
C N C 0
N/ \co co
(IX) (X)

Abraham and newton had proposed ( X)) as the struciture

of cephalosporin U, some time oveiore all the degradative

reactions had been wor.ed out. This accounted ror all

the reactions mentioned here as well as others mentioned
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in their paper.

+
Ha N
* GH. ol NE O\
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(XI)

‘"he double oond acsorption at Eéogyuwas somewnat
longer than the value in simple model.compounds (Zzgggu Js
out this may be due to the unusual properties oi tihe

@ - lactam ring in the penicillins. The position of the
douole bona was determined by ozonolysis; also no oﬁher
bossible structure provided redasonapnle explanstions Ior

the known facts. The x-ray analysis of cephalosporin o

by Hodgkin and iuslen (36 ) which was carried out wt the
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cane time confirmed tl.cse conclusions (P 9 ).

Prenarscion of ceohcﬁgcoorlr Cc.
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lactone Cejsh Ce. This was scparated by CLIrOMaToOEranny ,
and the solution concentrated under vacuun. This
crystilliced on the addition of acetic acid.
Cephelosporin Cc showed about a ctenth of the anti-
bioZic activicy of ceniy C. Tne ultraviolet absorptionl
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CHAPTER 6

Solution and refinement of the

structure of cephalosporin Cec.
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Crystallisation

The crystals supplied by Drs. Newton and Abraham
were far too small for X-ray crystallographic investi-
gation, so that it was necessary to grow larger crystals.

The original crystals had been obtained by acidify-
ing with acetic acid a neutral aqueous solution of
cephalosporin Cc. This method was not considered
suitable for producing larger crystals as cephalosporin
Cc is not stable in neutral solution (half life about
1 day}. Instead it was decided to try to crystallise
the Ceph Cé from an acidified aqueous solution, using
a mixture of akohol and acetic acid. First a method
similar to that used by E. N. Maslen (36, 45) for
ceph € was tried.

A small amount of an almost saturated solution of
ceph Cc in water was put in the bottom of a number of
small test tubes. To each of these was added an in-
creasing guantity of precipitant. It was hoped that
at the lowest concentration of precipitant there would
be no crystallisation, and at the highest crystallisa-
tion would be rapid, but that somewhere in between

would be the optimum concentration. In fact the best
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crystals were obtained from the most concentrated
solutions, but these were still too small for the
collection of intensity data. After a number of =.
attempts this approach was given up.
The next method tried was to crystallise the

ceph Cc by diffusion, As only a small amount of
ceph Ccwas available it was decided to do this in thin
Walled capillary tubes of about lmm. diameter. The
solution of ceph Cc was introduced into one end of the
horizontal tube, and a solution of alcohol and glacial
acetic acid in the other end. The two ends were then
sealed and the tube tipped up so as to allow the alcohol-

acetic acid mixture to flow slowly down into the
solution of Ceph Cc. After a number of trials, the
best concentration that was found feor the alcohol-
acetic acid mixture was 90% methanol, 10% glacial acetic
acid v.v. This method was rather erratic in its results
but it did succeed about once in every five attempts.
On these occasions the best crystals formed laths with

the f0llowing dimensions:-

along a 1.0 mm,

along b 0.07mm.
along ¢ 0.03mm.

The crystals showed parallel extinction.
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Crystal Data

Formula Clh H17 O, N3 S ’CHB CC%H
Molecular weight = 415.43
Lawe symmetry mmm.

a = 5.04 * 9.02 R

b = 7.005 ¥ 0.02 R
c =54,6 = 0.2 "

vV = 1931 R
Dcale = 1.428 gm/cm"3

4 = 4

Fooo = 872 electrons

/,L =19 cm-'l

Systematic absences

h k1l none

h oo h # 2n only
oko k # 2n only
ool 1 # 2n only

So the space group can only be P212121
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CELL ODIMENSIONS

°Preliminary measurements were obtained from
oscillation photographs. Because of the very long
axis it was not possible to use the Straumanis tec¢hnique
with oscillation photographs because of the difficulty
of indexing reflections.

Measurements were then made of the outer reflections

on ordinary Weissenburg intensity photographs. The

reflections used had values of © between 60o and 750.

Collection of Intensity Data

For the same reasons that applied in the case of
6-APA (p. 29) no correction was applied for absorption.
All the reflections were recorded by multiple-film
equi-inclination Weissenburg technigue using filtered
Cu ke radiation. As the crystals were small, exposures
of about 10 daysfor each layer were necessary. Layers
okl - 3kl on the main exis and hol - h51 on the subsid-
iary axis were measured. Two intensity strips were

used for each axis, one for the inner and one for the

outer layers. On the main axis spot-shape variations

due to the shape of the crystal were not troublesomes



135

Each spot was measured at least once on the contracted

side of the film and once on the expanded side, though
more usually three or four independent measurements
were made, The width of the spot was estimated visually
by comparing its width with that of the spots on the
intensity strip; a corresponding correction was made
to the intensity. It was found that this gave quite
consistent results with both contracted and expanded
spots, even on the subsidiary axis.
The reflections extended right out to the limit

of the copper sphere. However, because of the long

(54.64 %) ¢ axis it was often impossible to index
reflections on festoons with values of h higher than 5
or k higher than 6, thus in effect limiting the data to
values of Sin © less than 0,8 in a and b, but not in c.

A total of 1071 reflections were observed on the

main axis, out of a ppssible 1900 on those layers
measured, and on the subsidiary axis 1381 out of a
possible 2081. All told 1520 reflections were measured
out of a possible 2580 in the copper sphere. About 500
of these reflections that were not measured were those

that were impossible to index, or did not occur on the
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layers photographed; the remaining 500 were distributed
at random throughout reciprocal space.
The different layers were scaled together using

the methods described for 6-APA (p. 32). An average

2 : .
temperature factor of 2.7 X was obtained from HOL and

OKL Wilson plots. This also provided an approximate

value of the absolute scale.

Two-Dimensional Work

As there were two short (5.04 R and 7.005 X) axes
it was decided to try and obtain some information from
two-dimensional work. It was hoped that at least the

positions of the heavy atoms might be found.

A Patterson series was calculated for each of the
two projections using as terms F2 sharpened by the
function (1//?2) exp (K Sin® ). In this case, K
was taken as .2 and T was the weighted mean of the

scattering factor curves used throughout the calculations.

(p. 49).
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Atoms in general position for P212121

X y Z
3-x -y 3+2
3+X z-y -2

-X 3+y 1-32

give Harker vectors at
3+2x 2y

3

Nl

+2y 22

1
2
2X 3 142z

Attempts were made to find the S-S vectors in

the two dimensional Pattersons; even after further
sharpening it was not possible to find a sufficiently
consistent set of peaks, and the attempt was given up.
Later three-dimensional work showed that all the
largest peaks were due to multiple superpositions of
S to light-atom vectors.

Three-Dimensional Work

The F2 were sharpened by the same function as
was used for the two-dimensional Patterson (page 136),
but using a value of 2.3 for K. This corresponded
to the average value of B from the Wilson plots. The
modification function was chosen for the reasons
discussed in the section on 6-APA (Page 37 ).

2 )
These modified F~ were used as terms in a Patterson
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series.

The three unique S-S peaks lie in the Harker

z = 3, (figs. 6.1, 6.2 and 6.3)

b SN

sections at x = %, y =
with co-ordinates having the relationships given on
page 7. From these Harker peaks it should be possible
to determine the positions of the Sulphur atom. The
choice of the correct S-S peaks is made easier by the
fact that they must form a set consistent with these
relationships. g Many of the stronger peaks
in the Harker section cannot represent a S-3 peak, as
there is no corresponding peak in any of the other
sections,

The true peaks were identified as they were the
only reasonably consistent set of peaks. On no
Harker sections was the S-S vector the strongest peak,
though on the section at y = 3 it was the strongest
peak in a general position. In order to try to confirm
the choice of S-S peaks the Harker sections at x = 3
and y = 3 were recalculated using a value of K = 5.5
in the sharpening function, and later at the request of

1

Sixten Abrahamsson the Harker section at x = 5 was

calculated with K « 9.5,in which only the outermost
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terms were of any importance. (A1l references to

height of the Patterson function refer to these

summations which are on an arbitrary scale). Contrary
to Abrahamsson*s experience with Ceph C. this did not
significantly enhance the relative height of the S-S
peaks, ‘Pthough later in the refinement the reason for
this became clearer. The components of the temperature
factor in the x and y planes, for the atoms in the

X -amino acid group were about a quarter of those for

the S atom. Thus for reflections with large values

of h or k the contribution from each of C24, N25, C26,
027 and 028 were about the same as the contribution from
Sq- These atoms would, therefore, be expected to give
much stronger S-light atom vectors than the rest of the
molecule, and to even give observable Harker peaks.

The average value of the peaks corresponding to vectors
between S and these atoms is 100 on an arbitrary scale,

compared with an average value of 65 for the rest of the

molecule and a height of 250 for the S-S peaks. The
Harker peaks of this group of atoms all accurred in
positivé areas even though Fooo was omitted.

Only the two Harker sections at x = 3 and y = 3
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could be used for determining the S position; the

1

section at z = 5 is too small and too crowded. The
S atom co-ordinates derived from the Patterson are given
below and compared with the positions ultimately

determined.,

Position of S Position of S Difference
calculated from from final
Patterson refinement
o)
x (A) 0.36 0.47 0.11
o)
y (A) 0.380 0.398 0.018
o)

z (A) L .67 L .685 0.015

As the x and y co-ordinates could only be measured once,
while the 2z co-ordinate could be measured twice, it was

to be expected that the maximum error in z would be less
.then for the other two directions.

As in 6-amino-penicillanic acid (p. 42) the next
stage of the refinement was the drawing of a superposition
map from the Patterson. In order to obtain the function

the whole Patterson was shifted without any rotation

so as to superimpose the origin on one of the three

related Harker-peaks. The contours of the shifted

Patterson were then copied on to the original Patterson
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in coloured ink. This was repeated for the two other
related peaks. Thus the final function was made up
from four different coloured Pattersons.

The sum and minimum functions could then be easily
estimated visually, the sum function at any point being
obtained from the sum of the contours surrounding it,
and the minimum function by finding the maximum contour
surrounding the point that was present in all four colours.

The error incdtermining the x co-ordinate of the
sulphur meant that the superpositions were based on
Harker peaks at sections 2/16 and 10/16 instead of the
true values of 3/16 ard 11/16.

It was reasonable to assume that the relationships
of the six- and four-numbered rings, and the first
four atoms of the side chain would have a strong
resemblance to the structure of ceph. C which had been
solved by Hodgkin and Maslen (#§). The Ffive-membered
ring had to be coplanar with the adjoining atoms of the
six-membered ring if the proposed chemical structure
was correct., In ceph C the short axis (5.0 Z) was
fixed by the hydrogen bond between adjacent peptide link-

o
ages &0 the o amino adipic acid side chain, In view
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of the similar cell dimensions it was likely that the
peptide linkage would have a similar orientation to
that in ceph C. (This was in fact the case).

Thus we began with a fairly good idea of the
likely form of the ring section of the molecule. With
this knowledge it was possible to decide on reasonable
positions for the six-membered ring and for the peptide
group. The probable distance of the oxygen of the
amide carbonyl group from the sulphur atom was known

from ceph C. There was only one strong peak at this

distance, this had another strong peak next to it in the
right position for the adjoining carbon atom. Both these
peaks were strong as many of the contributary Patterson
peaks occurred on special positions. The position

found for the carbonyl group was consistent with the
position of the six-membered ring. It was not possible
to follow the ol-amino adipic acid side chain beyond the
carbonyl group. There were a number of heavy peaks

with z co-ordinates of 4+, these were thought to be

part of the ©&k-amino acid grouping, as they were about

the right distance from the ring system, and hydrogen

bond formation would be expected around the screw axes,
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The carboxyl group was in effect a mass of undefined
electron density, and in particular the peak correspond-

ing to CZA was not at all clear. So it wss not
possible to assign definite co-ordinates to any of the
atoms of this group.

Table 6.1 gives an analysis of the errors in
the positions during the early stages of the analysis,

Only one false peak was picked at this stage, and the
errors in the other peaks were surprisingly small,

It is interesting to compare the early stages
of this work with the similar ones in the solution of
ceph C by Hodgkin and Maslen (36). This crystallises
in space—group C2, a = 38.88,‘b = 4,99, ¢ = 25,65 X,
,ﬁ = 115025', with two molecules per asymmetric unit,
These are approximately related to each other by a
displacement of c/2. Some of the early work was on the
mean molecule in which it was assumed that the relation-
ship was exact. The 3-S peak was one of the six
heaviest peaks in the Harker section used to solve the

structure; the sharpening function used was sinhee‘(gsln'e)

In a later calculation using data sharpened

to point atoms at rest the 5-5 vector was the highest



Table 6.1 Fourier Refinement Scheme

Stage

From super-
osition

?input 1st

2.D trial

Input 1lst
3.D trial

Input 2nd
2.D trial

Input 2nd
3.D trial

Input 3rd
3.D trial

Atoms included

3, C, C,C, N

1 72 7374 75

Co C Nig Cpg
050 928

(1 erroneous)

51 G4 €19 €20

All except

06 and 09

5y C4 €, Oy
Nig 19 O20

C22 C23 N2s

C26 027 O28

€30 €31 O3

933

All except
017

Average Maximum
difference difference
fromoALS 3 fromOALS 3

- (4) (A)
0.14 0.29
(excluding erroneous

atom)
0.09 0.23
0.13 0.40
0-07 0036

(excluding 0.17)

0.05 0.23



Table 6.1 continued

From 3rd
3.D trial
= input
ILS.1

All

0,04

| 4-6

0.20
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peak in the Harker section, The implication diagram
plotted from the original Patterson showed better
resolution than the corresponding stage for ceph Cec.

This is partly du& to the high temperature factor on the
sulphur atom in ceph Cc, relative to the rest of the
molecule. (p. 140),. But it is probably also due to

the differénces in the spate groups of the two structures.
In C2 the Harker vectors have twice the weight of the nbn-
Harker vectors, whereas in P212121 they have L times
the weight. However, in C2 there are two unique
heavy-light atom vectors for each atom in a volume of 3
that of the true asymmetric unit, and in P212121 there
are 4 unique heavy-light atom vectors in the same
volume, the frequency of doubled peaks in the orthor-
hombic space group is much greater, so that though the
S-S peak will be higher in relation to a true single
peak there is liable to be a larger number of double
and triple peaks in the orthorhombic case, so that the
S-3 peak will not in fact stand out any clearer and the
superposition diagrams are more likely to be confused.
Thus if it is assumed that a peak is double if there is

o
another one within 2 A of it, and that only the mean
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molecule for ceph C need be considered, there is the
following probability distribution for the number of

0
other peaks within 2 A .

Probability that there will be the stated number

0
of peaks within 2 A of a given peak:

No. of peaks 0 1 2 3
ceph C .67 .22 075 .02
ceph Cc .38 23 .15 .09

These calculations are of course very approximate
as the distribution of vector peaks is unlikely to
be entirely random.

The same general relations can be looked at in
another way. In ceph C there is sufficient information
available to determine the x and y co-ordinates of each
atom, but only [y In ceph Cc it is possible in
principle to find the positions of all the atoms, so
that from the same amount of initial data one is trying

to determine more information in the orthorhombic case.

Selection of Atoms

A cautious policy was followed in selecting atomic
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positions for inclusion in the full three-dimensional
calculations. Only those atoms which could be clearly
seen as part of a chemical group and whose position could
be measured from = well defined peak were used. A larger
number of atoms were included in the two-dimensional
calculations which provided a convenient check on the
proposed structure.

The reason for this approach is that in a non-
centrosymmetric structure a wrongly placed atom is likely
to give a quite strong peak in an observed Fourier. An
example of this occurred in the 2nd trial structure; 037
was accidentally given the wrong x co-ordinate, the
A

resulting peak had a height of 8e , which was higher

than one other correctly placed oxygen atom, whereas the

o)
peak in the true position had a height of only 1.4 e A3.
Thus had the error not been obvious it might had remained

undetected for some time. A similar incident occurred in

the investigation of the structure of the vitamin 312

hexacarboxylic acid by Crowfoot-Hodgkin et al ( 37 ).

Projections

The positions determined from the Patterson were used

to calculate projections down [0} and [lOO] . (figs. 6.4



> C /4

,‘f Atoms included in structure factor calculaztions.

Figures 6.4 and 6.5. Cephalosporin Cc
(020) 2nd (100) projections from the f{irst

trial structure. Contours at intervzls
03
of 2 electrons / A, zero znd negative

/
'

contours dotted.



151

and 6.5). In these the area of the Fourier :sround the
six-membered ring was consistent with the expected shape

of the ceph Cc molecule. However, it was no more possible
to follow o - aminoadipic acid side chain than it had been
in the superposition map,even at its carboxylic acid end.

Only the_ four atoms Sqs 019, and O20 were in-

Ch’
serted in the first three-dimensional calculations, Their
co-ordinates were obtained‘from the Patterson and from
the projections. The resulting structure factors gave an
R value of 63%. The agreement even for large reflections
was not very good, though as only 20% of the total scatter-
ing matter had been included this was not very surprising.
Of the centro-symmetric reflections about 80% had the
same signs as in the final set of structure factors.

A three-dimensional Fourier (/Da , fig. 6.6) was
then calculated;where the calculated structure factor was
small the term was excluded from the summation.

The 2nd trial structure was derived with the help of
a model, atomic positions were chosen which were as far as

possible consistent with the electron density of the

Fourier map, and gave reasonableibond distances
and angles. The general shape of most of the molecule

could be followed quite easily, even where individual atoms
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were not properly resolved. However, the four-membered
fa-lactam ring could only be placed from chemical know-
ledge, as this area contained many false peaks at about
1.2 electrons / 83 compared with a height of 0.6
electrons / 23 at the true positionszof 07.

The )X -lactone ring was also poorly defined,
x - co-ordinate of 0y being particularly bad.

Table 6.1 p. /45 shows the atoms which were inserted
in the 2nd three-dimensionsl set of calculations,

017 was inserted with the wrong x co-ordinate at a
distance of 2.3 X from its true position (see page /49
of this thesis). Apart from this the Fourier was very
much clearer than the previous one; all the atoms were
resolved and their positions could be quite accurately
determined. The lowest of the true peaks had 2 height of
1.7 e X3. All the false peaks had heights lower than
this. As the peaks were distinct, R. A. Sparks's 19-
point programme was used to calculate the centres of all
the peaks (p. 50). If the atom had been included in
the structure factor calculations the new position was
obtained by applying an n - shift with n = 1.8 (64) to

it. If the atom had not been included, the position
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for the next round was simply the centre of the observed

peak. The average errors in the resulting positions are
shown in Table 6.1. An Agreement Analysis using Dr, Lai's
programme, showed that there was no significant error in the
overall value of B as deduced from the Wilson plots..

The bond distances at this stage were reasonable with

an average deviation from the expected values of O.lg and

a maximum deviation of 0.23.

The next stage in the refinement was the use of the new
parameters to calculate a difference map. As the false posi-
tion of 017 in the previous round gave the same general peak
height as the true peaks (p.l49) it was hoped that any gross
errors would show up better in a difference map than in an
observed map. 017 was left out of the calculation as the
peak at the position it was thought to occupy only came to
1.4 e/z in the previous round. In this round there was a
peak of height 3.1 e/iBabout 0.22 away from the position
originally chosen for 017 from the first three-dimensional
Fourier,

This provided a measure of the expected peak height of
any atom which had been missed in the structure-factor cal-

0
culations. The only peaks higher than 1.2 e/A3 were

those associated with atoms which needed shifting. From
this it was clear that apart from 0Oy, there were no atoms

remaining in the structure that had not been included.
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in the calculations, The possibility of some sort of

disorder could not be ruled out at this stage, even though
no evidence of it could be found.

The difference map was also used to work out shifts
in the atomic co-ordinates. <This was done using the

formula

0
Ak=(dkn e bl (73)

where k is the co-=ordinate of atom n,

3
dk/ n
is the slope of the difference map parallel to k, at the
cenlre of the atom, ‘Q)n is the peak height on the cor-
responding observed Four: er map, and p is the constant

in the formula

¥ya

iy

which gives the electron density p of an atomic peak as

exp(— pr).....h.Z

a function of the distance r from the centre (20).

As the Ak given by equation 4.l is the difference between

the peaks in the observed and calculated Fouriers the values
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given must be multiplied by the appropriate '"n" ('"n"-shift
rule. )

In order to use equation 4,1 the correct values of

@ and p must be known. Only the difference map had

been calculated for this round, the values of p andf%
were therefore obtained from the peaks in the previous
Fourier(f%) As at that stage only 18 out of 27 atoms
had been included in the calculations, the peaks were not
as sharp es they would be in the third trial structure in
which all the atomic positions had been included. Because
of this the value of p derived from the second trial
structure must be lower by an unknown amount than the true
value. So it was considered to be safer not to risk over-
shifting, and so a n-shift of n=l was applied.

No attempt was made to refine the individual temperature
factors at this stage, as the results were liatle to be
misleading.

To check the progress of the refinement the bond
distances and angles were calculated for the new positions.
The average deviations of the bonds from estimates of their
accepted values was 0.06 2. There were 5 bonds with

deviations greater than 0.1 X, the largest being 0.15 X.
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Table 6.2 Progress of Refinement o

: Shifts (A)
Stage Fourier R(%) Av. Max.
12 Positions from [10(;), [010} projections 65
superposition
(2-D)
1st 3-D (4 atoms) ‘Da 63
2nd 3-D (17 atoms) Pb Ll
3rd 3-D (27 atoms) PC 28
ositions from
gc. Input ILS 1. 23 034 .135
ILS 2. 18.5 .,016 .,075
ILS 3 Th d4 PR 16.2 ..015 .068
ILS 4 Py aire 16.0 .007 .038
ILS*5 | 15.6  .0035 .012
ALS 1 12.5 .0043 .021
ALS 2 11.0 .0058 .023
ALS 3

Pa3. obs. PA3 diff 10.6  .0033 .013
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The third three-dimensional Fourier provided a check that

all possible atoms had been included in the structure,

Least squares refinement

As the largest indicated shift had been 0.1l R
it was unlikely that there were any errors greater than
about 0.2 - 0.3 X in the atomic co-ordinates. The bond
distance calculation confimed this; the largest deviation
of a bond from its expected value being 0.15 R. |

As this accuracy is sufficient to enable the least-
sqyéres refinement procedure to be used successfully, it
was decided to use this for the next stages. As the
isotropic least-squares programme cannot absorb positional
and other errors in the anisotropic thermal vibrations,
(p. 60) it was decided to start with this. The weighting
scheme was initially chosen to be scheme 1 with a value
of F* of 17.5 electrons (p 52). Later on as the
agreement on the smaller struclure factors improved the
scheme was changed for the third round to scheme 3 with

a =>b="7,5e. In the lst round the average positional

shift was 0.035 & and the maximum shift 0.14 &. These

shifts were reasohable at this stage in the refinement.
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The largest shifts were on atoms which had been difficult
to define closely in the previous.observed and difference
Fourier maps. The distance and angle analysis showed
that the bond distances were nearly all improved.

o)
The maximum deviation from the expected value was 0.1 A

o)
and the average 0.04 A compared with 0.15 and 0.06 for ‘i«
the structure derived from the difference Fourier.

The temperature factors at this stage varied between

2

, o)
5.8 2 for Oll of the Y-lactone ring, and 1.1 A20n N25

in the {-amino acid group. The low stemperature factors
associated with this latter group were attributed to the
effect of the hydrogen-bond system in which this group
was involved., At the ¥ -lactone end of the molecule

there were no hydrogen bonds to prewent vibration, so

that a somewhat higher temperature factor was reasonable.
The isotropic refinement was continued for 5 rounds

till the positional shifts were negligible. At the end

of round two, by assuming tetrahedral configuration

of the carbon atoms and a C-H bond length of 1.05 2

it was possible to place all the hydrogen atoms apart

from those attached to N25 and the acetic acid. It

was possible to identify the hydrogens around N25 in
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F}Ih and those of the acetic acid in F)AB(diff)' These
hydrogen atoms were finally placed by takin: into account
the peaks on the differencemap and the expected molecular
geometry. Table 0.3 gives the peak heights of the
hydrogens in FﬁBobs and f)ABdiff. The hydrogens were
placed at this early stare as previous experience with
penicillanic acid had indicated that their presence made
a difference in the final positions of the carbon atoms
of up to 0.02 R. (p. §9). By the fifth round the value

of the average shift had fallen to a tenth of its value
in the first round. The interatomic distances at the
end of the 5th round were all within 0.0k Z of the
accepted valués in 3Sutton (6%) so that by this stage any
change in these differences was unlikely to be important
as the local chemical environment of any band is liable
to change its length by a similar order of magnitude.

The temperature factors at the end of round six
still had the same range of values as in the first
isétropic round. If the high temperature factors were
on isolated atoms these would have suggested a wrong

structure, but as they increased fairly regularly from

2
about 3.5 22 in the ﬂ -lactam ring.to 6.8 R° on the



Table 643 1€

{

Hydrogen p2ak heights in the final Fouriers iotoms

included in the structure factor calculased)

Atom Peak height on Fourier

(electrons).

difference observed
H20 -0.1 0.8
H21 0.2 0.5
R60 0.0 0,8
H70 0.2 0.9
H1C0 0.1 Q.7
H101 0.1 0.6
H180 -0.1 0.9
H200 0.0 0.8
H201 0.0 0.7
1220 0.1 1.0
H221 0.0 0.7
H222 0.0 1.0
H230 0.2 0.6
H240 0.2 1.2
H250 0.0 0.8
H251 0.0 0.8
H252 0.0 0.9

atoms excluded from structure factor calculation.

H300 0.5 0.5
H301 0.5 0.6
H303 0.4 0.4

H330 0.3 0.7
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oxygen atom 0,, of the X-lactone rings, it was certain

that this was a real physical effect.

The structure factors calculated during round five
were used to calculate a difference Fourier. This
showed very clearly that at the ring end of the molecule
there were very strong anisotropic thermal vibrations in
the x y plane, which would account for the R value not
falling below 0.16. The o{-amino acid end of the adipic
side chain showed no signs of anisotropic vibration.
There were no peaks greater than 0.6 e 23 that were not
attributable to thermal vibrations.

As this difference map had shown the reality of the
anisotropic vibrations, and the isotropic refinement
had ceased to produce significant shifts, a further 3
rounds of anisotropic refinement were carried out, In
the first two reunds the shifts were large with values
up to 0.02 X, and only in round three as the anisotropic
temperature factors began to take effect did the shifts
settle down, and droo in magnitude, The refinement was
finished at this stage as any further shifts were unlikely
to be significant. The final difference Fourier cal-

culated had no peaks or dips of magnitude greater than



| 63
03

0.5 e/A . The final observed Fourier is shown in

figure 6.7.

Tables 6.4 and 6.6 give the final positions and
vibrations found for cephaloporin Cc. These correspond
to the wrong absolute configuration which is also that
in all the illustrations.

Table 6.6 gives the magnitudes and directions of
the vibrational ellipsoids, and table 6.7 shows the
agreement analysis for the final round of observed

structure faetors
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Cla

Figure 6.7

Cephalosporin Cc. sections from the final three

dimensional Fourier.contours st intervsls of
03
2 electrons /A
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Table 6.4 Cephalosporin Cc, final positions
Atom x/a y/b 3/c
Sl 1.0945 1.0568 0.08569
C2 1.0282 1.1254 0.054L49
C3 0.,8998 0.9715 0.04000
CL 0.9234 0.7864 0.04493
N5 1.0773 0.7065 0.06413
Cé 1.2504 0.8320 0.07892
Cc7 1.2258 0.6818 0.09927
Cc8 1.0024 0.5958 0.08397
09 0.8249 0.4817 0.08678
Clo 0.7348 0.9886 0.01780
0l1l 0.6361 0.7994 0.01284
Cls: 0.7614 0.6751 0.02803
017 0.721%2 0.5085 0.02627
N18 1.1556 0.7359 0.12390
Cl9 1.3335 0.7486 0.14185
020 1.5737 0.7347 0.13688
CRl 1.2297 0.7894 0.16683
C22 1.4094 0.7016 0.18707
C23 1.2769 0.6979 0.21194
C2L 1.1892 0.8902 0.22291
N25 1.4180 1.0240 0.22542
C26 1.0677 0.8510 0.24804
027 1.2239 0.8393 0.26610
028 0.8236 0.8149 0.24863
C30 0.8937 0.2631 0.14768
C3l 0.8058 0.2420 0.17366
032 0.6159 0.1510 0.17971
033 0.9555 0.3292 0.18948



Table 6.4 continued

Atom

H20

H21

H60

H70

H100
H101
H180
H200
H201
H220
H221
H230
H231
H2L0
H250
H251
H252
H300
H301
H302
H330

1,203
0.900

1.453
1.394
0.861
0.575
0.965
1.201
1.037
1.582
1.466
1.405
1.117
1.032
1.500
1.530
1.325
0.755
0.963
1.088
0.889

v/b

1.165
1.247
0.853
0.605
1.032
1.088
0.742
0.935
0.721
0.787
0.564
0.630
0.605
0.917
1.033
0.930
1.125
0.354
0.154
0.334
0.308

0.0458
0.0544
0.0718
0.1000
0.0027
0.0210
0.1285
0.1696
0.1680
0.1883
0.1823
0.224L
0.2114
0.2118
0.2082
0.2390
0.2375
0.1373
0,1418
0.1460
0.2012

[66
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Table 6.5 Cephalosporin Cc temperature factors

2

2

2

exp- lO-S(Bllh + Book" + 8331 + B23kl + B13hl + Blzhk)
Atom 511 Ba B33 By By 3 By
Sl 6969 2929 30 -73 82 L1/,
C2 7044 3343 29 -9 2L 1550
C3 6213 2579 28 -11 119 2289
Ch 6203 3091 19 -73 -22 272
N5 4491 2682 18 -2 -17 139
c6 331 2983 22 -167 35 753
c7 LL39 3556 17 -108 -21 1167
c8 LL38 2036 29 -140 33 1535
09 5875 2879 30 -120 -18  -856
C10 7277 4138 L6 118  -117 2703
01l 6620 5370 33 61  -175 913
Cl5 7344 4139 2L -78  -168 604
017 8630 4290 10 -53 =323 -687
N18 3098 2122 18 -11 21 2155
C19 2519 2361 17 -35 -33 686
020 2735 3427 25 =94 160 756
c21 2741 1651 16 -6 22 -555
C22 3517 1622 16 -32 10 1009
C23 2831 669 23 -26 L -560
C2L 1727 556 16 -17 =74 -722
N25 2057 1112 15 -27 -35 -154
C26 2657 910 12 =54, 36 -649
027 2102 1829 15 35 60 60
028 1670 1281 26 63 39 =46
C30 8033 2450 21 -2, 206 1425
C31 4319 866 21, 10 128 783
032 5943 2951 30 -10 68  -4727
033 4561 2399 32 -128 174  -2567



Table 6.6
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@ = e et L e

Root mean square vibrations in the three

principal directions of the wibrational ellipsoid.

o]

Atom (U; A X y 2
o1 0.301 -0.98 -0.160 -0.10
0.273 -0.12 0.954 0.26
0.208 0.13 -0.249 -0.95
C2 0.318 0.79 0.604 0.01
0.269 -0.60 0.795 -0,05
0.209 0.04 -0.039 -0.99
C3 0.308 0.82 0.547 0.1l
00229 "Ool«l’5 00781 -OOL"2
O 0196 O ) 32 "O 0299 "'O 089
Ch 0.286 -0082 "0'551 0.09
04,275 -0.55 0.821 -0.10
0.168 -0.02 -0.143 -0.98
N5 00259 O.ll} 0098h —O.lO
0.240 -0,98 0.146 0,01
0.163 -0.03 -0.101 ~0.99
C6 0.284 0.14 0.937 -0.31
O 9208 "O 091+ O 0011-3 "'O ® 3]-
0,162 0,27 =0 344 -0.89
C7 00305 0028 009LP7 -0015
0.232 -0.95 0.276 -0,05
00156 Oooo -00162 -0998



Table 6.6 continued

Atom
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X y A
C8 0026L+ 0‘67 00679 "'0029
00229 "O 063 0. 33& -0069
00170 0037 -09651+ -0065
09 O 0287 "O 070 O e680 "'O 019
0.263 -0.69 -0,626 O0.34
0,202 -0.11 ~0.380 -0,91
Cl10 0.351 0.62 O. 0.0
O 0291 0062 "’O .Zzg "O .6Z
0.239 0.46 =0 442 0.76
0l1 0,367 O0.15 0.987 0.04
0.297 0.93 -0,128 0,32
,0.213 0.31 -0.092 0.94
Cl5 0,328 0.50 0.8L4 -0.17
003014‘ -Oo8l+ 60527 0.10
0,183 -0.18 -0.092 ~-0.97
017  0.347 -0.90 0.279 0.31
0,326 0.21 0,952 -0.21
0.22L -0.35 -0.124 -0.92
N18 0.258 0.58 0,810 0,00
00169 "-O .14,7 OoBL}l "'O 081
00157 0065 "00475 “0.58
C19 00214‘6 0326 00957 -Ooll
0.190 0.95 -0.277 -0,12
O Y 160 ""O Y ].l«l- -0 0071& "'O 098
020 0.297 0.09 0,982 -0.15
00219 "O 069 ""O QOLP8 "“O 071
0.153 0,71 -0,178 -0.67
C21 O ® 209 "'o ® 50 O 0860 "‘O 006
00180 "0085 "00508 "‘0012
0,154 -0.13 ~0,008 0.99



Table 6.6 continued

Atom

70

X y /
00185 -0059 00751+ -0026
00152 0012 -0.21&2 "0096
C23 0.194 -0.93 0.250 -0,26
0.186 -0.28 ~-0.,051 0.95
0.123 0.22 0.966 0.12
C2L 0.170 -0.71 0.231 0.66
Oo]-Ll»7 "00}4'7 00528 ""0070
0.096 0.51 0.816 0.26
N25 00169 -0019 00921 "0033
0.166 ~0.88 -0,019 0.46
0.143 -0.42 -0.386 -0.81
026 001914' -0087 Oo)+l8 "0023
0,151 -0.47 -0,672 0.56
0.122 0.08 0.609 0.78
027 0.214 0.06 0.985 0.15
0.171 0.86 -0.,133 0.49
0,142 -0.50 =0,105 0.85
028 0.205 0.01 0.497 0.86
0.175 -0.46 0.773 -0.43
0.137 -0.88 -0,392 0.24
C30 0,330 0.95 0,243 0.17
002h2 -0020 00957 -0019
0.170 0.21 -0.153 -0.96
C3l 0.246 0.91 0.198 0.35
0.179 0.37 -0,086 -0.92
0.140 -0.15 0.976 -0.15
032 0031}2 -0072 00690 -0005
0.215 0.08 0.173 0.98
0.179 -0.68 -0.701 0.18
0,202 -0.,27 0.276 0.92
0.190 0.71 0.700 ~-0.00
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Agreement analysis on the output

from the final round of structure factors.

s
N T

F

ob

Range of
S (electrons)

SFobs.! TFcaic] ZlFaieelR

10
15
20
25
30
35
L0
L5
50
100
150

5
10

15
20
25
30
35
L0
L5
50
100
150
200

506
3571
4028
3308
2613
<233
1576
1196
1053

988
3398
729

313

533
3514

3926

3242
2589
2207
1529
1187
1010
-993
3381
7709

R79

135
555
394

335
216
175
174
77
77
93
389
39
36

27

.16

.10
.10
.08
08
11
.06
.07
.09
11
.05
11



172

Table 6.7 continued.

Range of
Sin%e SFobs.| ZfFcarc.) ZFaiee.} B
0 -0.1 1909 1908 612 0.12
0.1 - 0.2 1556 1408 426 0.09
0.2 - 0.3 L082 3974 371 0.09
0.3 - 0.4 3066 294,2 278 0.09
0.4 - 0.5 3064 3048 250 0.08
0.5 - 0.6 2106 2110 232 0.11
0.6 - 0.7 1519 1485 198 0.13
0.7 - 0.8 1106 1100 130 0.12
0.8 = 0.9 719 721 109 0.15
0.9 - 1.0 390 105 92 0.24
TOTALS

25521 25105 2701 0.106
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CHAPTER 7

Cephalosporin Cey

Results and Conclusions,
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_ whkiPrALOLPORIN Ce.

The final bond distances and angles from ALS 3
are shown in figs 7.1 and 7.2. :igs 7.3 and 7.4 show
a general view of the moiecular structure projected

on the (010, and (100) wlanes.

eneral ~rra.ze ent.

Tne polar «-amiio acid roupin: forms a hydrozen-
bond system around the screw axes at Z = 1 and 2. The
dihydrothiazine and#ﬁ—lactam ring systems at the other
end oi the molecule form a roughly planar group which
is inclinea at an anzle of avout 3.° 4o the ¢ axis and
carallel to the b axis. The two neizhoouring ¥-lactone
groups are displacea o the screw axis parallel to a
tnat lies between them, allowing the closest possiole
approach (fig 7.%). &sn unusual feature of the crystals
is the acetic acid of crystallisation, which seems to
ve essential as it was not possiole to remove it Dy
drying under vacuum at 100 ¢ (7 ;. That the acetic
acid was very difficult to remove is hardly surprising

considerinz the important part it plays in the hydrozen



/. 'S,
»C /“Ca2 C ™

Nas Caj3 Ca N® S
M ne "3 2 "7 123 | 97
\Cz/ \Cn/ \c./ a2 ——'&/ \nacz

Ho 4|oa 124 9| 9 e 786 877 1i2
w7z 1 ue 137 190 94! 50 124 I
Cae O20 Cs Ns Caled
O,/'nas \ o 09/l32 131 \cczc//m\
20 O27 3\2 124 C416 00Co
124 \ 108 !
122 C3y Cao 132 -7 108
-0
Ha / 120
/ On/
Oaa

Figure 7.1 and 7.2

Schematic diagram of cephalosporin Cc¢ showing
o

interatomic distances (A):and angles (degrees) .
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Table 7.1 Interatomic distances snd their standard
deviations
‘Bond Distance (X) Standard deviations
S1-C2 1,802 0.011
S51-C2 1.798 0.012
C2-C3 1.486 0.019
C3-C4 1,329 0.019
C3-Cl0 1,476 0.019
CL=-N5 1.419 0.014
C4t-Cl5 1.459 0.018
N5-C6 1.479 0.014
N5-C8 1.385 0.013
c6-C7 1.535 0.015
c7-C8 1.527 0.015
C7-N18 1.442 0.010
C8-09 1.209 0.015
Cl10-011 1.441 0.023
011-Cl5 1.358 0.018
C15-017 1.188 0.021
N18-C19 1.332 0.011
019-020 1.245 0.011
€19-C21 1.489 0.010
C21-C22 1.556 0.011
C22-C23 1.514 0.010
C23-C24 1.539 0.011
C24-N25 1.493 0.010
C24-C26 1.528 0.009
C26-027 1.265 0,008
C26-028 1.257 0.009
C30-C31 1.494 0.012
C31-032 1.197 0.013
C31-033 1.300 0.011
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Table 7,2 Interatomic Angles and their Standard

Deviations

Bond Angles . .Standard
Deviations

C2-51-C6 96.9° 0.5°
S1-C2~C3 113,0 0.9
C2-C3-Ch 124.0 1.1
C2-C3-C10 128.6 1.3
C4-C3-C10 107.2 1.2
C3-ChL=N5 125.6 1.1
C3-C4-Cl5 110.0 1.1
N5-CL-C15 124.3
CL4-N5-C6 119.5 0.9
Ci-N5-C8 130.5 1.0
C6-N5-C x 93.7 0.7
S1-C6-N5 111.9 0.7
S1-C6-C7 114.5 0.7
N5-C6-C7 86.6 0.8
C6-C7-C8 86.1 0.7
C6-C7-N18 121.0 1.1
C8-C7-N18 115.6 0.8
N5-C8-C7 90.3 0.8
N5-C8-09 132.1 0.9
C7-C8-09 137.5 0.9
C3-C10-011 105.9 1.3
C10-011~C15 108.2 1.1
C4-C15-011 107.7 1.3
C4=C15-017 132.1 1.3
011-C15-017 120.0 1.2
C7-N18-C19 122.6 0.8
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Table 7.2 continued

Bond Distance (2) Standard
Deviations
N18-C19-C20 11943 0.7
N18-C19-C21 116.7 0.7
020-C19-C21 123.8 0.7
C19-C21-C22 111.7 0.7
C21-C22-C23 112.7 0.7
C22-C23-C24 117.4 0.7
CR23+C24-C25 111.2 0.6
C23-C24-C26 107.9 0.6
N25-C2L4-C26 109.8 0.5
C2L-C26-C27 11745 0.6
C24<C26-C28 116.8 0.5
027-C26-028 125.2 0.6
030-C31-032 123.5 0.9
030-C31-033 1143 0.9
032-C31-033 122.0 0.7
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Figur‘e 7.3 B

Projection of cephalosporin Ce on to the [100] plune.



¢
Figure 7.4

Projection of cephalosporin Cc on to the [Old] p.ane.
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bond system @63’). "ue reason for its inclusio: in the
crystals 1s not so oovious, but it is possivle to propose
a qualit.tive erplarnation for this., The highly polar

Zzwitterion _roup in the L-amino adipic acid side chain

is bound to crystallise in close pro-icity to the same
sroup in other molecules. However tuis end ol the mole-
cule is very much thii.er than the more bulxy rin; system,
so that any regular packing becomes very unlikely. Adding
an acetic acid molecule to the crystal, will equalise the
size of the two ends of the molecule and so make the
pacikin: easier. In cephalosporin C the sodium ion 1ills
up the necessary spacc to even out the size of the mole-

cule.

ohort Contacts.

Taple 7.3 shows all the intermolecular distances
o) o _ .
under S.2oa. ‘Lhose involvea in hydrogen bondini are

underlined.
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Table T3

The term s/X. y. z. reiers to the relation oL the
2nd atom to its unique position. S. gives the symmetry
relation and x, y, 2 specify the number of C€ll transla=
tions in any given direction. ‘he sy.unetry relations are.

1/ = X y Z

</ = F - x -y z + 2

s/ = = + X = -y A

4/ = - z2+y % -z

Vector symme try distance (»°)

Cg = O 1/0 1 3,22
0,,- 0qq 3/0 10 2.97
011= 0y 5/% 10 2.97
0;1- Cyp 3/T 10 2.91
15~ Ogg 1/7 0 O 3,03
dgg= Oy 4/3 0 0O 259
Nog- Ogg 1/1 0 0 2.82
ligg= 028 4/2 0 0 2.76
Nop= Og 1/11 0 2.84
Ogn= Ogg 1/1 00 5.18
Ugn= Vza 4/2 0 0 2.59
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The distances vetween thge two Xllactone groups on
neighbouring molecules areat the lower limit Tor
ordinary van der Waals contacts, there is however no
possibility of hydro.en bonding in this part of the

molecule.

ihe Hydrogen Bond System.

The molecule is held together by a hydrogen bond

system that forms a continuous spiral around the screw

a.es at Z= 7 and 3. This is shown looxin; down the

axis in figure 7.6 and across it in irigures 7.5 and 7.7.
The angles between the hydrogen bonded atoms are shown
in table 7.4

It is interesting that 027(4/005) which is

immediately opposite U along the line »f the bond

25

. . o . .
024- N25 is only 2.89A away from Ngg €ven though because

of its position it cannot oe hydrogen bonded
‘ 120 . o . .
( Ouq= Nog o0 O, = 107 ). This would suggest that in
this case the ionic forces between oppositely charged
atoms are the same order of magnitude as the purely

covalent f orces.
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One oxy.en (052) oi the acetic acid is hydrogen bonded

to N25, the hydroen being attached to the nitrogen,
hyd rog en boroed

and the other oxy.en (055) is atteeked to O,, on

27
another molecule., 1Ii. this case the hydrozen must

be attacheu to the acetic acia group. In agreement
with this the bond G, - O,, is short ( 1.208 ) and
Cgq= Ugg 1s long ( 1.308 ). The only other hydrogen
bond in the crystal is one between N18 and O20

in the peptide linkage. This is snown in 1ig 7.11.
The hydrosen bond is directed along the direction

of the bond “19 020 and passes directly through the

hydrogen attached to N18.
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Figures 7.5, 7.6 and 7.7

Projections of the hydrogen bond system

down[100} [01d), 01). Distances in & units,
angles in degrees.
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Table 7.4. Hydrogen bond distances and angles

H @
2
_ ~
é& - 7
Vv, T
.7
C y’e ]
Bond A ,3 D(a)
C24 - N25 ..... 028 (1) 106° 18° 2.82
C2L4 = N25 vueuw 028 (&) 99 7 R.77
C24 - N25 .....032 113 15 2.83
C31 - 033 ..... 027 116 10 2.59
C2l = N25 vnn.. 027% 167 2.89

X Non hydrogen bond
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The Dihydrithiszine ring (fig. 7.9)

Five of the atoms of the rinz form a »lane, with
the sulphur lying 0.87 & celow it. This conclusively
proves that the doutle cond in the ring system (;.128)
is cetveen 33 and 34, no other josition is oossicle.
Thus as CZ’ c

that would result if the ring were entirely placar uust

2 C4 and N5 are planar, tine angular stroin

be taken up by pushing 3, and or C6 out of the plane.
This can happen either with the Sl on the same side of
the plane of the double cond as the ‘ﬁ—lactr‘»l‘m (below) or
above it on the opposite side. In toth Ceph. C =2nd
Ceph. Cc the S atom is in the former sosition. =«
possible reason for this may be found from experiments
with flexible models. If the £ is below the plane of the
rir.g, then the three ring systeums 2re more extended than
in the opposite configursation, thus the distance frou

02 to Nl’ is 4}3, R =5 meosured from the wodel (actual
distance 43%4.3) in the former c2ce, and 3;/a 8 +ith

S, above the »lane of the ring. The exsct conforustion
adapted cannot be critical ss in cepalosporin C, Sl

and C6 are ooth out of the plane of the ring, whereas in
cephalosporin Cconly Sl is noticeably out of the plane.
Y-Lactone-ring

Figure 7.9 shows the projection of this ring on to
the best least-squares plane tnrough C2, CZ’ 04, N5, ClO

0 > 0.-. The czlculated stand=rd deviations in
11’ 715 "17

this part of the ring °re between 0.01 and 0.02 & &
that it is unlikely that the largest deviations from the
plane ‘are erroneous. These are probably caused by

van der Waals forces;, there are a number of short contacts
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Fig. 7.8 cephalosporin Cc. Projection of

part of the molecule on to the best plane through

Cp' 03, CA and N5' Deviations from the plane in

X units.



Fig. 7.9 Cephalosporin Cc. Projection of part
of the molecule on to the best plane through Sl’ 02,
C3» Nh’ ClO’ Oll’ 015, and 017. Deviations from the

6] .
plane in A units.



between the tvo ¥-l=ctone sroups in neizncouring uwole-
cules (tsble 7-30.182),in pirticular there is a contsct
of 2.97% R betveen-cls °nd 0y4 which would twist the
¥-lactone ring in the way found.

In agreement with other ¥-lactone structures
(24, 3¢, 40, 57) the tond 81115 (1-3€+.028) which is
next to the C=0 group is significantly snorter than
the bond ClO—O11 (1.44% .023) which is identic=1 to
the normally sccepted length (1.442) for this bond.

411 the bonds surrounding the double tond 03-04
are somewhat shorter thai the =ccepted vilue of
1.52-1.548 for a C-2 single bond, concistent wvith the
shortening of bonds iuvolving sp® hyoridization when
.compared vith those involving sp® (29) nycricization.

Theﬁ@ -Lactam group

The projection of the region of the uolecule
sround the p-lactam ring onto the best pluie through
the 4 members of this ring is shown in figure 7.10.
The ecuivalent projection for 6-:-4 is superiuposed
on this. The correspondence of the two four-membered
rings is too close for any differences to.*e shown on
the drawing. For the five bonds of the P—lactam ring,
the maxiau. «ifference is .03 and tne aversge 0.015%2.
The corresponding figures for the angles excluding
those to S1 and 04 are 1.5% and 2.6°. The largest
differences are the angles between'muag-lactam ring
and N18' (See tables 4.3 and 4.4 p. §3).

These figures show that any differences between
the B-lactam rings in the tuwo molecules are less than
the errors in the analysis. The only siguificant

differences are the angles between Uwap—lactam ring

193
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-O8

—

O— cepH Cc
+-- 6 APA

Fig. 7.10 Projection of part of the molecule
of cephalosporin Cc on to the best plane through N5,
Cg C7 and Cg- The lactam ring of 6-APA is
shown superimposed on this. Deviations from the plane

0
in A units.



Fig, 7.11 Cephalosporin Cc projection of the
peptide units of two neighbouring molecules on to the
best nlane through them both. Deviations from the
plane in X units.
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Figure 7.12 Average value of peptide bonds

quoted by Hahn (35).

-2 3
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and the dihydrothiazine and tniazolidine rings, the
rirg angles teing uwcre acute in tne latter case.

As the structure of the B-lsctsr ring in 6-4APA has
ilresdy been discussed on page 9% it will not bte dealt
with further here.

The peptide linkace

Figure 7.11 svows this projected on to the best
oleane through tvo neighbouring grouss. «s ca2n be seen
the whole system including the hydrogen bond is very
nearly pl=nar. The average values of bond lencths and
angles found by Hahn are shown in figure 7.12: The
bord lensths of ceph. Cc are in very close agreenent
with these, however the angle N18-314'020 is very uwuch
smaller than the avsraze. This difference is sufficien-
tly large to be significaniimay vell te cue to the

hydrogen bond between ng and 020.

The £ =21ir.0 adipic acia side chzin

411 the bornces 2re staggered, as would te expected.
The tornd 019—321 is shortened to 1.49%, this may te
compared with 5 sinall shortening to 1-5252 found by
Hahn for the average of this bond. The two hydrogens on
021 are directed away froa the carbonyl group. The rest
of the C~C tonds =re alternately long and short thcugh
the differences 2re never 5s .ucn ias two staundard
deviatiore from the expected v2lues, so it is very
doubtful if this pattern ic significant.

The bond anzlecs at 021 (1120) and 022 (1150) are

close to the average values found by VWright and Marsh
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for L-lysine hydrochlorice. (70) The angle at 323 is
however noticeably larger (117.50), tnis feature vas
also fourd by Leung and Marsh (42) in leucyl prolyl
glycine, and by .right and Marsh in L-lysine hydro-
chloride. They suggestes that this may be due to
interaction cetween the Y-carbon and the groups hydrogen
bonded to the {-"mino zroun. In ceph. Zc the nearest
atoms to the'{—carbon (C55) are the orygen 05, of the
acetic acid (3.742) anc V. in the si.e molecule.
(3.008, 0?2-H250=2.63ﬁ) “one of these cont=cts appesr
to be sufficiently short to account for the increased
angle, as there are contscts of the same order of
magnitude elsewhere in the side chain.

The dihedral onzles of tne sice conaxir. are as follows:

D
. C_— -
A B
N N ~ ~
b0 %10 c21 22 2¢f
“1¢ “21 Y22 23 ‘120
‘21 J22 23 Y24 2O
S22 “23 o4 “2€ L
“23 Y24 Y26 Y27 95

At the two encs of the chain where it meets a planar
group the tetrahedr=l carbon 2dopts a configuration with
orne bond at right angles to the planar group. Zlsewhere
the configuration is close to that for a staggered
chain.
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The NH; group is 0.822 out of the olane of the
carboxyl group. This is ionized, and as c'n ce seen
from figure 4.6, the bond distvonces and angles are in
very close agreement with those found by Hsnn for a
COE group.

Acetic acid |

This is unionized, witn the hydro.en atticned to
033. The cond lengths 2re in reasonable sgreement with
those found ty Jones and Teupleton for acetic acid (39).
Though the c-c cond is tnree calculated staudard
devictions frowm tne accepted value, yet, in terms of the

realistic standard deviations, this difference is
probibly within the expected range.
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Cephalosporin Cc observed structure factors

scale

100 = 1 electron

order
k 1 nh

¥.11ine convention

each % is followed by the values of k and 1
for the following group of reflections

columns
h Aobs Bobs Acalc Bcalc
Note:
Aobs ~and Bobs are printed instead of Fobs as

this was more convenient for computing,
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Cephalosporin Cc. unobserved reflections

Fo = % minimum observed intensity.
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read and copy title till %

print lagoul titles

y

—> vead W K’

read U, F2, change ovder of indices to order in SFLS tape .

bring down from drum List of addresses for blocks of FZ
search this for value of h and k for reflection

bring cdown Fr from drum.

Form <ldw Fol, <&l jj:Fz, and equivalenls for F

. . -2
add into aPProPrv.ate. range of stn 8 and totals for lqso.r

N
end of td..Pe,

Pu.n.ck t'ot'al.s) go to ?osit'wn. for reacl'u\a next F? tape.
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