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PREFACE

Amino acids are amongst the most important basic
components of organic life. Proteins, which have so
many different roles in maintaining metabolism and genetic
reproduction either alone or as enzymes, are built from
amino acids. At this time, when the structure of proteins
and enzymes is receiving such widespread attention,; the
structures of the individual amino acids are also seen to
be of importance, not only because they are important compounds
in themselves, but also because their structures can be
useful in protein structure'anal&sis indicating typical
conformation and bonding arrangements. Further, the metal
coordination compounds of the amino acids have many interesting,
yet of'ten unexplained propertieé, and'they can of'ten serve

as models for the active centrés of enzymes.
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PART 1

THE CRYSTAL STRUCTURE DETERMINATION OF

BIS=L-HISTIDINATO~COBALT(ITE) MONOHYDRATE



i

PART I
- SECTION - I

IINTRODUCTION

Amino acids are able to form complexes with tranoition
metals instead of simple salts sinoe they have the ability
to form chelate rings, preferably five-membered for
greatest stability. There are three coordinating atoms
oommonly.found inlamino acid coordination: the amino
nitrogen. an oxygeﬁ of‘tho oarooxyl group; and sulphur
in sulphur-containing amino acids. Fuftﬁer, there are
other poésible coordinating'points, such és the imidaéole ring
nitrogens‘in histidine. The most stable coﬁplexes afe
formed b& a»amino ocids; less‘staﬁle complexes being foéméd
by B-amino aCIdS, and only normal salts being dbtalned from

Y-, §-, and e - amino acids (1),

Histidine

 Histidine (CsH3N,CHeCH(NH, )JCOOH), a-amino-S-imidazole-
propionic acid (Fig.l), is a commonly occurring, natural
a—amino acid, and was first isolated by Kossel (2) and
Hedin(s) in 1896. The most dlstinguishing feature of
histidine is an imidazolé ring which, as mentioned above,

allows it two further possible coordination sites, making
flve/ ' ’



HISTIDINE CgliaNzCHzCHINHZ)CUOH_ |
FIG I |
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/five in all. With the one exception of cysteine

(SH.CHa CH(NHz )COOH) histidine forms the moét stable
complexeé of all natural amino acids with transition
metals.' The crystal structure of histidine hydroéhloride
monohydrate has been determined (4) and refined (5).

This thesls is concerned with the structure of a complex
formed between histidine end divalent cobalt, and a

brief review of the stereochemistry. of complexes of

divalent cobalt is givenvbelow.

Ihe Stereochemistry of Divalent Cobalt Complexes

Cobalt is a transition metal of atomic number 27,
and can lose the two 4s electrons to give divalent
cobalt Co?*, with 34”7 configuration. Cobalt(II) can
show séveral coordination numbers, including four, five,
six and eight, and for each coordination number, spin-free
and spin~paired complexes are possible, because of the
incomplete & éhell. Only a little structural work has
been carried out on divalent cobalt complexes, but
examples of each coordination number have been examined
by X-ray methods and various stereochemical arrangements

have been found to exist.
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One would expect spin«free complexes of Co(IIl) with
coordinétion number four to have sp® hybridisation, giving
tetrahedral coordination, and this is indeed found with
the more easily polarisedlligands such as the halides,
other ligands such as water giving coordinastion number six.
The three unpaired electrons of Co?* give a calculaﬁed
magnetic moment of 3°88 B.M., and this:can be used as a
distinguishing criterion for these tetrghédral complexes,
although, because ofspin;orbital coupling, the magnetic
moment can be és-high as 4°9B.M., as in the Co(I4 )2 ione.
This value is taken as the upper limit since the IT ion
has the weeakest ligand field. An example of a tetrahedrsl
Co(II) complex is cobalt dipivaloylmethane (6),

e
Co(I1)[ (CHs )3C~C=C=C~C(CHs )32
which has three unpaired electrons and an approximately

tetrahedral structure.

Spin-paired four-coordinate complexes of Co(II) have .
a magnetic moment of about 2B.M. and are'square~plaaar.:
There is no evidence for spin-paired tetrahedral complexes
in the first transition series, The square-planar
arrangement seems to occur only when the Co(II) ion is

forced/
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./forced into this position by. the nature 'of the ligend and
examples are. the cobaltous phthalocyanine and porphyrin
complexess Nickel phthalocyanine has been determined by
X-ray methods (7) and the cobaltous complex shown to be.
isomorphous. (Fig IIa) |

Five.coordinatién of cobalt(II) is also possible, in
- the spin-paired configuration (dsp® hybridisation) :and
either a trigonal-bipyramidal.or square~pyramidal arrangement
'might be expected, However the structure of Co(II) bis:
~-(2-dimethylaminocethyl )methylamine dichloride (Fig.IIb)
recently investigated (8) cannot be described easily in-
terms of either of thesé geometries,'even allowing for

distortion,

P In the six—cobrdinate complexes of cdbalt(II) sp3a2
".and'daspa hybridisétiqns are possible for the spin-free
and spin-paired configurations réspectibely. The latter
is unstable as it involves.the promotion of a ad electron
to the 44 shell and the existence of complexes of this

nature is uncertain.

The spin-free six-coordinate complexes are the most
common and the most studied. Octahedral coordination is

expected/



= 1
o
/N——(‘o—‘\

)

COBALT PHTHALOCYANINE

(3)

ColdenMelCl,
CHyp - CH, chains represented by broken lines

(b)
FIG 1



COBALT ACETYLACETONATE [a)
0-C-C- (-0 rings indicated by curved lines

b}

COBALT DICHLORIDE DIHYDRATE o-COBALT DIPYRIDINE DICHLORIDE
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/éxpected from the sp®d? hybridisation and is in@eed found.,
Although the octahedral ligand fie;d, according to liggnd
field theory, splits the orbitals into an antisymmetrical
low energy group pf 3d§ orbitals and two dy orbitals of
higher energy, thus: | |

e P [

WW
de dy :
only small deviations from octahedral symmetry are expected

as the de¢ orbitals are directed between the octshedral bonds

and not along them,

Cobalt dichloride dihydrate (9,10)(Fig.IIEb) is one
example of this type of compound, consisting of polymeric
chaing of CoClz held together in a,hear square-~planar arrange-
ment, with £he-two,water~molecules.completing_the octahedron.,.
There are, however, some inequalities in the bond lengths
between the cobalt and chlorine atoms and slight distortions
from the square~planar arrangement of these atoms, This
compound can be compared with violet a-cobalt(II) dipyridine
dichloride (ll)(Fig.;IIc), which also has polymeric chains,
in which each metal ion is surrounded by four chlorine atoms
and two nitrogen atoms. The chlorines are eqﬁidiétant from
pairs of metal atoms, the angles are near right angles. It
would seem that the difference between the violet end blue

forms/
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/forms of this COmplex”is;not one of cis-trans isomerism,

for the blue form can be compared with blue cobalt diep=-toluidine

”.dichlorlde (12), which has a structure compased of discrete

tetrahedral molecules. - Cobaltous: diammines occur regularly
::in two isomorphous forms and it is probable that the two

- structural types hold throughout the series‘ pink/bctahedral.
blue/tetrahedral; |

;AngtherucompleX»whigh has béeﬁ structurally»inveétigaﬁed (13)
"'48 cobaltous chloraluminate 00(41014)2=which;is.alb;ﬁeg} |
octahedral complex. The éobalt has ocfahedral,cqmpleking

‘in the form of CoCls, but ic distorted. . It is one of the
exceptions to the rule that octzhedral ccmpiexes of divaient
cobalt are pinkj but this is explafined by thé'symmétry'of

the structure being sufficiently low to rembve'degeﬁéracies

of the excited energy levels of C o2t, thus allowing large
shifts in sbsorption bands to occur,

‘Other complexes studied are cobalt sulphate hexahydrate (14),
which consists of discrete sulphate tetrahedra_and,Co(Héo)e++
octahedra; cobalt titanate CoTiO; (15) which has both
titanium and cobalt octahedrally coordinateds. cobait acetate
’tetrahydrate Co(CH@COO)e.éHéO (16), in which the cobalt atonm
is surrounded octahedrally by four water molecules and two
oxygen atoms from different acetatg groups;,and cobalt molyb&ate
NaCoz .34 (M00s )3 which contains both Co?” and Co®* inm.

octahedral dispositions. (17)



z

Cobalt(II) bisacetylacetone dihydrate Co(CsHypO2 )2 +2H2 0
(Fig.111d) has a coordination polyhedron of oxygens around
cobalt in the form of a tetragonslly distorted octahedron (18),
the cobalteoxygen bond lengths being 2°05 - 2°064, end the
" cobalt-water bond lengths 2'233. The formation of a
weagker longer bond with a water molecule may be interpreted
in terms of the lower electronegatiwity of its oxygen atom,
or in terms of ligand field theory. Bullem (18) has
- suggested that the asymmetry of the de¢ subéhell nay not
bé-enough to account for this deviation and that there is
agymmetry of the dy subshell through mixing in of the
configuration de¢?dy® '

DTV T

~— — —
: de . dy

since this would be consistent with tpe large spin-orbital
coupling in this and other cobalt(II) complexes. A comparsble
complex is that of the tetrameric, anhydrous crystalline
cobaltgil) acetylacetonate (19)(Fig.IIIa), in which each

cobalt atom has octahedrél coordinapion through a systen

of oiygen bridging.

Recently, single crystal work pas,been‘performed on
cobalt(I1) heganmine dichloride Co(NHs)e¢012 (20) to obtain
an accurate determination of the cobalt(II)fnitrogen bond
length. This complex crystallises in the cubic space
group Fm3m and must therefore have pure‘octahedral symmetry.
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Pinglly, before movinglon to consider the complex between
‘divalent éobalt and histidine, mention must be made of one
complex which shows coordination number eight, The crystal
structure deﬁermination of [ As(CgHs )a]a[ Co(NOs )¢l (Fig.I1Xe)
by Cotton and Bergman'(zl) showed that each nitrate ion was
bidentate and the cobalt(IIl) eight-coordinate in a dodeca-
hedral complex. The cobalt~oxygen bonds of'the[Co(N03)4]24
fon can be divided into two sets, one bond of each N0z~

being in the range 2°02 - 2°038, the other between 2*41

and 27694, this latter being short enough to give definite
bonding. If a mean position for each of these bonding
oxygens is calculated it is discovered that the coordination .
is‘very nearly tetﬁahedral in accordance with the implicetions

of the magnetic and spectroscopic results.

A table of relevant bond lengths, determined in scme

of the above structurai-analyses is given in Table I,



TABLE I

Compound Co-nZ
Cobalt-bis(2-dimethyl~ ‘11
aminoethyl )methylamine 2°156
dichloride 2°30

Cobalt dichloride dihydrate
Cobalt dipyridine dichloride

Cobalt di~p~toluidine
dichloride

Cobalt sulphate hexahydrate

Cobalt titanate

Cobalt acetate tetrahydrate

Cobalt molybdate

Cobalt bisacetylacetonéd
dihydrate

Cobzalt hexammine dichloride
As(CgHs )4 2 Co(NO3 )s

Cobalt histidine monohydrate

2*14
1°92

2°11

2°19

2°19
2°11
2°17

é

2°04 (Ha0) -

2°11
2°06
2°14
2°13
2°12
2°11

2°08
2°16

2°12
2°11
2°06

2°03
2°03
2°07
2°17
2°01
2°06
2°16

2° 05
2°06
2°23

2°02
2°41

2°12
2°12

Co ~ O K

(H20)

(o)

Ref.

(8)

(10)
(11)
(12)

(14)

(15)

(16)

(17)

(18)
(20)
(21)

This
Thegis
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The Cobalt(II) - Histidine Complex

Cobalt(II) forms a complex with histidine, in aqueous

solution, which can be written as:

CO(II)[CsHbNéCHaGH(NHS)coo-]a

Ih fuiﬁré féfeféhcesﬂto thisicogpleanﬂd cobrespondihg
complexes of histidine with other divalent transition

metals, the formula within the square brackets which is
histidine less one hydrogen ion, will be-re;erred to as
'*hist'} vhere appropreate, to distinguish it from uncomp-
lexed histidine and from the histidyl residue found in
proteins. Thus the above complex will be written as ,
Co(II)(hist)2, and, if necessary, the optical isomeric form

of the histidine residues will be signified by the appropriate

prefix such as L or DL.

The cobalt complex with histidine is unususl in that
it combines reversibly with oxygen (22;23,2@). Though, in
fact the eomﬁlex bis;salicylal&ehyde éth&lenediimine cobalt(II)
was the first example (25,26) of a cobaltous chelate which
sbsorbed molecular oxygen, bis-histidino cobalt(II) was the
first éxample of a synthetic cobalt chélate which could act
as a reversible oxygen carrier in aqueous solution. The

chelates of Mn2?%, Fea+ N12* ana cu?* with histidine do not

have/
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/have this property (27). The ferrous ion is immediately
and irreversibly oxidised to the ferric state, whereas Ni?¥

and Cu®* ere stable in the presence of histidine and oxygen.

By virtue of this unususl property of bis-histidino
cobalt(II), there has been much interest in its structure,
since one~¢an draw en. analogy between this complex and the :
naturally occurring oxygen carriers the haemoglobins and
the heemocyanins, It has, in fact, been shown (28) that
sperm whale.metmygglobin, a haem protein which occurs aé
an intercellular pigment and whose function is oxygen
storageg haa the iron atom of the iron(II) protoporphyrin
group (heem) coordinated to the imidazole nitrogen of an
higtidyl reéidue,’ In addition, although the structural
analysis of haemoglobin has only been done in pgrt (29),
it has been shown that both horse and human haemoglobin
contain histidine linked to haem as in sperm whale myoglobin
end that the structures are quite comparable (30).

_QBiSﬂhiétidine}cobalt(II) absorbs oxygen reversibly in
thé”;é£?070f one mole of p;ygen to two. moles of cobalt,
Hearon (27) proposed possiple structures for both the
unoxygenated and the oxygenated complexes., it is the
structure;of the former which has been derived in this

thesis. Hearon obtained a value for the magnetic moment

of/
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a)  HEARON'S PROPOSED TETRAHEDRAL STRUCTURE

N | sl

(b]  HEARON'S PROPOSED OCTAHEORAL STRUCTURE

FIG IV
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/of the complex in aqueous solution of 4°4B.M. corresponding
to three unpaired electrons. He suggested a tetrahedrsl
structure (Fig.IVa) for the complex, stabilised by various
resonant forms, including double-bond formation between the
cobalt atom and the imidazole nitrogens, but also gave an

alternative octahedral structure. (Fig.IVb)

Earnshaw and Larkworthy (3l1), however, by the more
rigorous exclusion of oxygen, obtained a value of 56°13B.M.
for the magnetic moment sgreeing well with the value obtained
by Michaelis (24) of 4°97B.M., this corresponding to the
value expected from an octehedral spine-free cobalt(II)
complex. They also noted (31)ithat the pink solution
obtained was characteristic 6f octahedral cobalt comphexes,
‘although a few exceptions have been found, e.g. cobaltous
chloraluminate (13). Investigation of the infrayréd spectrum
showed‘vibrétion of ionized and probably coordinated carboxyl
grdups at 1,687cm™ Y, and the visible absorption spectrum.
obtained was very similar to that of other octshedral
cobalt(II) complexes. This work indicated that the complex
was in fact octshedral and was thus in agreement with the
work of Leberman and Rebin (32),who deduced by potentiometric
titration that all the three available donor groups of the

histidine molecules were coordinated to the cobalt ion..

o



The. complex appears to have been first crystallised

by Minoshima (33), who obtained. long, brown crystals in vacuo,
though one would have expected them to be pink, . Minoshima, :
however, obtained a meximum visible absorption peak at 480mu,
comparing with. Earnshaw and Larkworthy's wvalue of 486mp (31).
Later the complex was crystallised by Jaselskis (34), who
studied the oxidation of the complex by polarography, and
more recently by Sano and Tanabe (35), who.obtained a pale
pink crystalline powder, and recorded the infra-red»spectrumz

and X-ray diffraction powder pattern of the complex.

McDonald and Phillips (36) have conducted a nuclear.
magnetic'resonance study on the complexes of histidine.
with divalent cobalte. By first of all recording and
interpreting the proton resonance spectra of histidine and -
cobalt(Il) separately in agueous solution, and comparing
these spectra with a series of spectra of histidine in the
presence of cobalt(II) at varying pH and verious concene-
trations, they were able ta distinguish fourvdifferent
complexeé:' a weak 1:1 histidine=Co(II') complex at pH&f:
and below (Fig.Va); strong 1:1 and 2:1 complexes between
pH4 and pH10 (Figs.Vb and Ve¢); and & tetrahedral 2:1 complex:
at,pH values greater than 11 . - By blocking various coord-
inating points of the histidine molecule they obtained
complexes of Co(II) with the following compoundss
L-3-methylhistidine, L-l-methylhistidine, histamine,
histidine methyl ester and N-acetylhistidine. Interpretation

of/
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/of the N.M.R., spectra of these compounds taken in conjunc~
tion with the previous N.M.R. spectra led them to deduce
certain schematic structures for the four complexes formed,
Figure V shows the deuterated forms of these structures,

They also found, by comparison of the cantact shifts»obse:ved
when Co(II) was complexed with L-histidine and with rgeemic
‘DL-histidine that the complex of Co(II) with racemic histidine
was more stable then the complex with optically-active
higtidine in either the L or.D form, and, as might be expected,
there was no difference in stability'betﬁeeh the DD~ and LL-

forns of the complexe.

“McDonald and Phillipe were thus able to confirm the
octahedral structure of the 1:2 Co(II)-histidine complex.
This thesis will give the finsl proof of the octahedral
structure and show the true confirmration of the molecule
of bis~Le~histidino cobalt(II) monohydrate, in the crystalline

state,



14

Structuval Studies on Transition Metal - Histidine

Complexes

The series of complexes of histidine with Zn(II), Ni(II)
Ca(II) and Co(II) has recently been the subject of intensive
study by X-ray diffraction (37,38,39,40),

The first two structures determined wére those of ginc(II)—
DL-(hist), pentshydrate (37) and zinc(II)-L-(hist)s dihydrate
(38).  Cadmium(II)-DL-(hist): pentzhydrate, cadmium(II)-
L-(hist), dihydrate, nickel(II)-L-(hist), monohydrate and -
nickel(1I)-DL-(hist), monohydrate were prepared by the
‘author (page 16 ) and preliminary work initiated. A more
complete study of the twb cadmium complexes has been carried
out by Candlin (39). The structural work on nickel(II)-DL-
(hist )2 monohydrate has been completed by Fraser (39,40),
Fickel(II)-L-(hist), monohydrate i3 isomorphous with the
cobalt~L-histidine complex which is the subject of this
thesis,.

When the X-ray investigation of bishistidino-cobalt
nonohydrate was begun, the only previous X-rsy work done
on histidine complexes was that concerned with the zinc
complexes (37,38). These were both found to have distorted
tetrahedral/



/tetrahedral coordination, with coordination by the amino
and imidazole nitrogens and weak associgtion of an oxygen

of each carboxyl group,

A fuller discussion of the structures of the complexes
so far investigated will be given in a Eomparative study
with the structure of bishistidino-cobalt(II) monohydrate
in section VIII.




SECTION 1I

'The Preparation of Complexes of Histidine with Divelent

Trans;tion Petal lons

»'A series of preparations'was cafried out involving
‘optically active L-histidine and ihe divalent transition
metal ions Cu®*, Ni2¥, ca?* and Co2*; a corresponding
series of preparations, using racemic DL-histidine in place

of L-histidine was also performed,

Pure histidine of both forms was obtained from L-histidine
monohydrochlorideAand bL—histidine‘monohydrochloride respect-
ively, the hydrochloride selts being supplied by B.D.H.

In both cases the free base was obtained by neutralisation
with a strong solution of sodium hydroxide to pH 8, followed
by precipitation of the histidine with ethanol. The histidine
was filtered, washed with a 1:1 water/ethanol mixture and

then ﬁure ethanol. Finally the histidine was recrystallised
by dissolving in the minimum of hot water, adding ethanol
until the solution was turbid and cooling slowly. FPiltration
and washing were cerried out as before and the histidine

dried over calcium chloride in vacuo.



Cedmium, copper and nickel complexes

The preparation and crystallisation procedure for the
cadmium, coppef’and nickel complexes was as follows and was
the same for both L and DL-histidine. Histidine (4m.moles)
was dissolved in 20mls.-distii1ed water and warmed to about
'~ 60°C. The appropriate metal carbonate (2m.moles) was then
added with evolution of carbon dioxide. When this had ceased,
the warm solution was filtered into a porcelain evaporating
'_basin, removing any excess metal carbonate, The solution

was set aside and sllowed to evaporate at room temperature;

Both forms of the nickel complex crystallised after a
few hours giving blue crystals. The cadmium complexes
crystallised after standing for about three days giving
colourless crystalse. Cdpper, however, did not give cryst-
alline complexes, but instead, a blue glass was formed in
each case on evaporation to dryness, Further preparations
of the copper complexes were tried using 1:1 ratios of Cu(II)
end histidine; but nothing other than a green glass was
obtained in any experiment, agaih on evaporation to dryness.
The general equation for the reaction of histidine with Nl(II)o

Cd(II), and also Co(lII) carbonates iss

MCOs + 2C3Hs3NaCHaCH(NHz JCOOH — M[CyHsNN2 CHz CH(NHz )CO0]2
+COg +H20

where ¥ = ©Ni(I1), Cd(II) or Co(II).



. Cobalt complexes

The fact that cobalt-histidine complexes absorb oxygen
in solution necessitated the exclusion of air from prepare=
ations and crystsasllisations. At first preparations were
attempted folloving the above procedure for the other complexes,
by reacting cobaltous carbonate with histidine in a glove-box
under an atmosphere of nitrogen previously washed in alkaline
pyrogellol, After reaction and filtration,vclear pink
solutions were obtained, but as the solutions had to be
left to crystallise for some days it was found that trace
quantities of oxygen were being absorbed and no crystals
were obtained. The next spproach, which WaS-SHCéGSBfUl,
was to react cobaltous carbonate (0°238g.) with histidine
(0°620g,) in about 20mls. of boiling water in air, no oxygen
being absorbed,  For this a 100ml. conical flask was
used. After twice decanting the boilingisdlﬁtion and
concentrating to half volume by boiling,. :approximately
50mls, of boiling’ethanol were added to the sbldfion, whi.ch
was once more concentrated by boiling. When about 26mls,
-of the solution remained, the flask was sesled and allowed
to cool slowly overnight in a hot water bath, Crystals
appeared during 0001ing, and, after the solution had stood
for a day, the flask was transferred to a glove-box contain-
ing a nitrogen atmosphere. The flask was then opeﬁed and

the/



/the pink crystalline complex was quickly filtered off and
washed with a small quantity of boiled out 1:1 water/ethanol
mixture and then a little boiled out ethanol. Finelly,

the crystals were dried over calcium chloride in vacuo for

several houws.

Both 1:2 complexes of divalent cobalt with histidine
were obtained in this manner as pink crystals, those obtained
from DL-histidine being much larger than those obtained
from L-histidine, The crystals, when dry, appeared to
be stable to oxygen, and infrared spectra of both complexes
in Nujol mull were recorded, no precautions being taken to
exclude oxygen from the specimens. The spectrum of the
L-histidine complex corresponded téfthe infrared spectruﬁ
of unoxygenated bishistidino cobalt(II) obtained by Sano
and Tanabe (35), where tﬁe form of histidine was unspecified.
An infrared spectrum of the L-histidine complex taken twelve
months later proved to be idehtical in every respect to the

original, confirming that no oxygen had been absorbed.




SECTION iIT

Preliminary Work in The Determination of The Structure
of Bis L-histidino Cobalt(II) Monohydrate

The crystals of the complex, prepared several times,
were rathér small, pink needles, showing extinction of
bolariséd light parallel to the needle axis: ~ One of the-
largeét'single crystals (Fig.Via) was mounted on a glass
fibre along thé needle axis, ‘

" Preliminary oséillation and Weissenberg photographs
were taken of this crystael using a Philips PW1l0l10 generator
_with séaled vacuum X-ray tube and a Unicam non-integrating,
-equi~inclination,Weissehberg camera. ?he radiation used
was copper Ka, the working voltasze being 40Kv and tube .
cﬁrrent 20mA. After the crystal had been set accuratehy
about the needle gxis, an omcillation photograph. was taken
and from the layer lines a reciprocalhspacing a®= 0-185
- was derived. The photograph showed a mirror plane perp-'
endicular to b such that I(hkl)}x=¥I(hkl). Zero-layer and
first-layer photographs-about'this axis showed further that
I(hkl)"§ I(hk1l). Prom this evidence it was deduced that
the cell was monoclinic. On plotting the reciprocal lattice
of the hOl and hll reflections it was observed that there

was face-centring present.
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Approximate cell dimensions wére then calculated by
means of Weissenberg and Bernal charts. Values for af_
and c* were obtained from the zero—layér Weissenberg
photograph and b*'from the oscillation photogrgph about
the b axis. A value for B* was obtained from the zero=-
layer photograph, by measuring the separation of,thevaxigl
lines and calibrating this distance by measuring the separ-
ation between equivalent reflections 180° apart. The

approximate dimensions found thus were:

" ' o
= 0082 a = 29°6 A
»® =  0°-186 b = 83 A
" - giving Py
c® = oeosp c = G37A
g* = 90° B = 90°
a = y .= 90°

The cell volume was therefore found to be 156543

The systematic absences were noted and the conditions

| limiting possible reflections determined., These were:

hkl reflections h+k & 2n
hOl Mg (n = 2n)
0k0 o (x = 2n)

Thus three possible space groups were indkcated: C2, Cm
or C2/m. This ambiguity was easlly resolved by the nature

of/
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/of the complex. For either of the space groups Cm or
C2/m to be possible, the mirror image of bis L-histidino
cobalt(II) would have had to be present. The mirror image,
hovever, is bis D-histidino cobalt(II). As no D-histidine
was present in the preparation of the complex and ho procedure
followed in preparatton whereby racemisation could have
taken place it was concluded that the gpace group was in
fact C2.

Space group €2 has-fdur~equivalent positions
(2,5,25 X,y423 V221 /247,25 V/24%,1/247,3) and
requires therefore a minimum of four moiequles per unit
cell, unless special positions are occupied, The density
of the complex was determined to be 1'655g/b§ by flotation
in a mixture of carbon tetrachloride and iodomethane.
Assuming therefore-that there were four isostructural units
in the unit cell, the molecular weight of each was calcﬁl-
ated as: 390°0. Now the molecular weight of bis~histidino
cobalt(II) was calculated as 367°3. It was concluded
therefore, that each molecule of‘the complex included one
molecule of water of crystallisation giving a molecular
weight of 385°3. This was confirmed by weighing a quantity
of ‘the complex end then heating to constant weight at 120°C.
The loss in weight found corresponded to a loss of one
‘molecule of water per cobalt ion, confirming that the complex

was a monohydrate.



23
Accurate Cell Dimensions

Accurate cell dimensions were obtained by taking zero-
layer Weissenberg photographs about the b axis and the ¢
axis, At either end of each film a powder photograph of
c0pper wire wee superimnosed. A powder diffractometer trace
of the copper wire was recorded on a Philipe PW71051 diffract=
ometer to check the purity of the wire, and the d-spacings
Were found to correspond to those calculated from a cell
edge of 8'615A (41). By measuring the distances between
equivalent c0pper lines on the top and bottom of the films
. using a travelling microscope and then calculating 6 values
for each line, assuming a cell edge of 3‘615K an accurate

calibration of each film was obtained.

The copper powder lines recorded vere: 111, 200, 220,
311, 222, 4oo(a,,c.2), 531(&,,%), 420(a1,ae). On plottmg
4 versus 6, _where 4 was the separation of equivalent lines
‘on the film a straight line graph waeaobtained in each case.
Thus the films showed uniform shrinkage and it was decided
to 1nterpolate e values for high-angle reflections from the'
crystal againet the copper line w1th the nearest € value.
The separations of high angle reflectlons on the a, b and
¢ axes were then measured wlth a travelling microscope, ©

values deduced by interpolation and their approprlate redip-

rocal dimensions calculated frcm

» 28iné
a n
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From the h0l Weissenberg B* was calculated accurately
using'fhe new values of a* and c¢® converted to copper Ka,
radiation. The & values of various reflections which were

Ahigh order with respect to both h and 1 were calculated as

above and the monoclinic formula

(2sin8)® -~ (ha")? - (1c*)?
ohla*c®

cosp®* =

was used to calculate B*:

The cell dimensions thus obtained at room temperature,

which was approximately 20°C were as follows:

a = 20°44 1z 0°0213
b = 6°3a7 + 0°0084
Cb = 8°324 & 0°005A
B =« 90°' =+ 35°

a = Y =  90°

The accurate cell volume was thus calculated as 155523
giving a value of 1°646g/cc for the density, which compares
reasonably well with the measured density of 1°655g/cc.
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Linear Abscrption Coefficient

The linear absorption coefficient p was calculated

for copper Ka radiation using:

B = GIpup

where G- = density of the crystal, p = fraction by weight of
element, uy = mass-absorption coefficient for wavelength

under consideration. The value obtained was 89°lem™!

Chemical Analxsis_

A commercial analysis of the L~histidine complex
was obtained and the results for qobait, carbon, nitrogen

and hydrogen were as follows.

Calculated Observed

Cobalt 15°30% / 18°57%
~ Carbon 37°40% C 38°2%
. Nitrogen  21°82% 20°3%

Hydrogen = 4°67% ‘ 4°7%




Study of The Structure in Iwo-dimensional Projection

Date Collect;on and Intensity Measurement

For prdjection work it was decided that Zero=layer
photographs about the b and ¢ axes of the crystal would
be most informative. The crystal used in the preliminary
work (Pig.VIa) was selected for the b-axis zero-layer
photographs,and another crystal (Fig.VIb) which did not
..8how the characteristic needle shape but was more suitable
then a needle was chosen for the c-axis zero=-layer

photographs.,

For each layer a multiple pack of five Ilford Industrial
G films was given a 48 hour‘expoéure Withvnickel-filtered
CuKa rediation at 40Kv and 20mA. A calibrated intensity
strip was then prepared using the needle crystal oscillating
about the b axis to obtain a series of oscillation photo-
graphs of known ratio recorded along a film. This strip
was then used to estimate visually, by comparison, the
intensities for the hOl and hkO layers. In cases where
high-order reflections were split into their a, and a.
components the intensit& of the a4 reflection was estimated
and then increased by 50% to allow for the ap reflection.
For the ¢ axis intensities both the hk0O and hkO intensities

were/
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/were measured and then averaged to eliminate anomalous

dispersion effects (see page40).,”

Each set of films was sqa;ed.internally by .calculating
thé’réiio of.céhmoﬁ.reflections in adjacent pairs of films,
reflections being chosen for comparison vhich did not have
intensities near the upper or lower limits of the intensity
§trip on eithgr film._. Graphs of these-gggggs were plotted
for each adjacent pair of films and the scaling factor
.detérmihed by drawing the best‘strgight line through the
points, The two sets of films were then scaled to the
éame relative value by comparison of the h00 reflections

which were common to each film,

The intensities were then corrected for the Lorentz
and polarisation factors by the chart method of Cochran(4 2).
No'absofptiqn correction was made at thié stage; for, although
. the linear absorption coeffic;ent of the compiex was high,
it had not been decided whether or not final refinement would

be made using two-~dimensional or three-dimensional data.



An absolute scale factor for the corrected intensities
was then obtained by Wilsons's statistical method (43).
By plotting 1n(|§;gg|2/:3 fzj) calculated for several zones
" of sin®6, against sin®®, for both the hOl reflections and
the hkO reflections separately, it was possible to determine
: balues for the absolute scale factor end the overall temp;‘

erature factor from the relationship:

m(lmsla/igfﬁ) 2 1nk - 2B Siilzg

where £y 1s the atomic scattering factor for atom type J.
This is the equation of a straight line with intercept 1nk
and gradient (-2B/A%). K relates the observed, corrected

intensities to the absolute ihtqnsities thus:

IFobslz = K|Fgpgl?

Hence 1/K was the scale factor to be applied to the corrected
intensities to place them on an absolute scale. The following

results were obtained:

hOl reflctns. hkO reflctns.
1/K . 4945 366
B 2°9 1*9

As the plot for the hOl reflections gave a much closer
apbroximation to a straight line than the hkO reflections it

was/



/was decided to take the values of 1/K and B as 49 and 3
repectively. Thus the corrected intensities vwhich are

better described now as the squared structure amplitudes
were obtained on an absolute scale and were then used for

the projection work to be described in the next sections.




SECTION V

The Patterson Projection

The first step in the determination of the structure
was the computation of a P(x,z) Patterson projection and
a sharpened P%(x,z) projection b& means of Beevers-Lipson
strips, the summation Bormula being:

FEEIF (L) 2 cos2a(ny + 1W)

2;
Ag00” ‘
+ |[P(01)|? cos2w(nhy - 1w)]

P(x,2) = P(UW) =

The sqguared strﬁcture amplitudes were sharpened by
dﬁaWing a curve of 1/F2for ranges of sinee:égainét 25in®
and then multiplying each F2 value by the value of 1/F? |
read off the curve at the-appbopriate value of 2sin®.

Space group C2 has a vector set corresponding to C2/m (44)
and thus the plané group for the P(x,3) projection is P2,
with ¢! = c, a' = a/2, and the projections were therefore
calculated over the asymmetric unit (‘/¢a‘x c) at intervals
of1l20ths and 30ths respectively.. These projections are
shown in Figs VII and VIII,
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The largest single ﬁeotor peak expected on the Patterson
projection is that from the cobalt—cobalt vector at (2x,2z)
where x and z are the coordinates of the cobalt atom. Ae
well as the peak at (2x,22) the cobalt-cobalt vector gives
the eymmetrically related peak at (~2x. «22z) in the P(x,z)
progection, corresponding to (? /é«zx, -2z ) for the non—primitive
celI. Th1s gives two possible solutions of the cobalt position,
there being no means of distlnguishing the peaks. In the
1centrosymmetric projection the two solutions correspond
nerely to a change of origin bup this is not true for the
noﬁ-centrosymmetric (001) projeotion. The cobalt-<cobalt
vector peak was not well resolved on the unsharpened projection,
but the sharpened proaection showed it very clearly at
(28/120, 14/20)¢ From the peak at (28/120, 14/30) the
cobalt posttion was calculated as (14/120, 7/30), the symm<
vetrically related vector peak being (32/120, 16/30) giving
an alternative position of (16/120, 8/30), The former

position wgs used in the first two electron density syntheses.

Pattepson Supergositiog

At fhis poinf a'gfaphical.euperposition of the sharpened

. Patterson projection (Fig.IX) was made—by superposing the
origin of the projectlon to the cobalt-cobalt vector peak
and.thus~determ1n1ng vector peak coincidences, This indicated
that the light atoms of tye coordinated ligands 1ay¢ for

the most part parallel to the a axis and at epproximafexy

the same z value as the cobalt atom,
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Iwo~dimensional Electron Density Projections

Structure factors for the hOl reflections were calculated
for the cobalt atom at (14/120, 7/30) and the observed
structure amplitudes phased accordingly, the structure

factor formula being:

™
Fro1 = ?E?ﬁ(h01)°°32”(hxj + lzj)
These phased structure amplitudes were then used in the
(010) electron density synthesis, using Beevers-Lipson
strips and a Hagg-Laurent electro-mechanical analogue
machine (45) the synthesis being?
% B [P(hOL )cos2a(nX + 12) =+
c ® 9 -
F(hOl )cos2m(~hX + 12)]

p(xz)

The asymmetric unit (Y/za x c¢) was calculated in 120ths
and 30ths respectivel&. The origin in the y direction was'
set on the cobalt atom and structure factors and thence the
(001) projection phased on the cobalt atom was computed on
the Manchester Atlas computer by means of a fourier program
(7/5) written by M.M. Hérding, The formulze involved in

these calculations are as follows.
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- h+k
A s J(l:‘ko)lj.-cos 2ﬂ—z—coszwhxc082nky

B = j(hk0)4cos 2w-zrcoszwhxein2wky

IF(hkO)' = (A (nmo) . * B® (ko)) tan “hk « Bpie/Ank
L (XY) = % { % [F(n0)] cos2mhX - + iu IB?(%;:)I cos| 20kY - a(0k)]
c .

Se Kadmw
» 22*2‘IF(hk)IcosQthcos[BﬂkY - a(hk)]}

This projection was calculated over the'assymetric‘unit
(Y/aa x %/2b) in 120ths and 60ths respectively. Since the
observed structure ampiitudes were phased on the cobalt -
atom alone at y = 0, a false mirror plane parallel to g
and cutting b at '/, was obtained, this giving an ambiguous
mirror image for every fbﬁrier peak. (Fig.XI)

On exa@ﬁnation pf'the (00;)_electrop density projeciion
it was'discoyéred'thaﬁ ﬁhe'éobalt peak occurred at (16/120, 0)
and it was deduced that the original choice of position for
this atom had been incofrect and that the true positioﬁ
was (16/120,y,8/30)., The (010) projection (Fig.X) was
recontoured with change of origin to give the projection
corresponding to theinew posiﬁion and comparable with the

(qﬁm)'projection. (Fig.X11).
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The two projections phased on cobalt alone were drawn
on a scale of 2cm =<1K; A model of the assumed structure
of the complex on the same scale was built, fixing the
imidazole nitrogen of each histidine residue on opposite
sides of the central cobalt atom at distances corresponding
- to 23; the carboxyl and amino groups were not bonded to the
cobalt atom but allowed freedom of movements By superimposing
shadows of the model in two beams of parallel light at 90°
on to the contoured projections a solution cof the structure

was determined,

The Trial Structure

It was apparent, particulerly from the (010) projection
that the major concentration of atoms lay parallel to the
a axis at roughly the same y and z values as those of the
cobalt atom, this being substantiated in part by the N
Patterson superposition, The most plausible explanation
was tﬁat the histidine imidazole rings lay along this liné.
Also it was noted from the (010) projection thaﬁ{if these
pegks were assigned to the imidazole rings then thgvplane
- of the ring on the left of the cobalt atom, as seen by the
(v, wid o smallor x comvlal
observer,( was. approximately in the plane of g and b, whereas

the plane of the othér imidazole ring was more nearly in

the plane of g and ¢c. This idea seemed to be substantiated

by/



/by the appearance of the peaks on the (001) projection
and parallel light projections of the model showed that
this was allowable,

The real difficulty was to solve the ambiguous (001)
projection. This turnéd out to be possible by considering
the peak at (10/120, +5/30) (marked in red on Fig.XI).
Assuming the imidazole rings to be positioned as indicated
above, the only atom, other than a.water of crystallisation
oxygen which could be superimposed on this peak was one
carboxyl oxygen of the left~hand histidine residue. Even
assuming this to be true did not immediately resolve the
ambiguity of the (001) projection, as one could twist tﬁe
histidine residue through 180° about the imidazole nitrogen =
cobalt bond and still achieve the same effect. When, hQWevér,
the possibility of coordination of the amino and carboxyl
groups to the cobalt atom was considered it was dlscovered
that only one particular orientation of the ring would
allow this coordination and that the alternative orientation
at 180°, although satisfying the electron density syntheses

could not do so.

Having fixed the position of one histidine residue,’
it was relatively simple to obtain a reasonable arrangement
for the other. Assuming that both residues coordinated to
the/
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/the cobalt atom in the same manner,. then the amino and

carboxyl groups of the second histidine residue had to be
coordinated on the opposite side of the cobalt atom from
those groups of the first residue, and thus ihe ambiguous

(001) projection was resolved.

In this manner a trial structure was obtained and
approximate coordinates for all the atoms, other than the
water oxygen were calculated, The projections were now
- recomputed on the Manchester Atlas, this time phasing on
all atoms apart from the water oxygen. (Figs. XIII end XIV).
The program used incorporates a dévice whereby structure
factors can be omitted from the electron density synthesis
"1f the value of a calculated structure factor is below a
certain fraction of the observed structure amplitude., This
fraction can be set at any desired vglue and here it was

set at one third,

The (010) and (00l) projections gave residual factors
of 0°43 and 0°37, the residusl factor R being:

LIFol
For a centrosymmetric projection a residual of less than

05 1is a good indication that a trial stfucture is a
reasongble approximation to the true structure, the

corresponding residual for a non-=centrosymmetric structure

being/
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/being 0°4 (46). The presence of a heavy atom can give a
false indication of the correctness, of a structure from
this viewpoint, but it was nevertheless concluded that the
right approach had been made and a difference electron density
synthesis for each projectbon was calculated. These indic-
ated that the structure was basically right but that minor
shifts of the atoms were necessary. After making the
indicated shifts, the projections and their corresponding
difference syntheses were recalculated and the positions

of the atoms corrected once.more. In cases where the atoms
overlapped, their positions were corrected by examination

of the difference Fouriers; where the, atoms were well
resolved, Booth's extrapolation technique (47) was used

to locate the centres of the Pourier peaks and thesawére”r

then used as the new atomic positfons.

In this way a series of Ffourier syntheses, together
with their corresponding»difference syntheses, were calculated
for each projection, the atomic positions being refined in
each case, as well as'the femperature and scale factors..-
A peak indicating the water of crystallisation was well
resolved on the third set of electron density syntheses,
and the water oxygen was inserted in the following structure

factor calculations.



The final residual factors for the (010) and (001)
projections were 0°21 and 0°17 respectively. An outline
of the progress of the refinement of the projections is

shown in the table of residuals given below.

Projection: (010) (o01)
Synthesis No. R% : ' R%
1 | 43°1 an3
2 36°8 347
3 27°9 29°2
4 242 20°2
6 20°7 - 17°1
Conclusion

It was concluded from the good refinement of the
structure; as indicated by the decreasing residuals, that
it was in fact correct. However, beéause of the overlap
of many of the pegks in the projections,- it was decided
that to obtain an accurate structure, three-dimensional

refinement would be advisable; if not indeed essential.




SECTION VI

Refinement with Three-dimensional Intensity Data.'

Introduqtion

’Some three-dimensional data had been collected at this
stagé-using copper radiation. After consideration, howéver.
it was decided not tofprocegd with the collection of any
more copper data but'io collect data using molybdenum
radiation. There wereé two factors influencing this
decision: the high 11near absorption coefficient of the
domplex in copper Ka radiation and the anomalous dispersion

'effect obtained from cobalt in copper radiation.

The linear absoiption‘éoefficient of the complex in
coppéf Kd radiation iS»BQﬂqu‘f;vwhereas the coefficient
- for molybdenum Ko radiation, cé1¢uiéted'in the same manner,
is only 12°Ocm™", Any absorption cdﬁrection would have
been mede difficult owing to the irregular shape of the
crystals, but absorption errors could be reduced consider~
ably by using molybdenum radiation. If the crystals had
been somewhat larger than they were it might have been
possible to grind them into spheres or cylinders, but large
crystals could not be obtained,
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Cobalt has an absorptlon edge at 1° 6081A, very near
to the wavelength of copper Ka at 1° 5414A. | Friedel's
Law(48) states that all crystals diffract X-rays as though
there were a centre of symmetry present such that
|P(nx1) = IF(HET)I This law breaks down, howevev,
when an atom in the crystal has an absorption edge at a‘
slightly longer wavelength than the incident x~rad1ation,
so that |P(akl)|no longer equals IF(hki ). This is the
situation we have with cobalt in copper K rediation. It
can be seen fhat the number of reflections that must be
measured is aufomatically doubléd when Friédel‘s,LaW breaks
down, if the work is to be accuraﬁe, and although onebican
determine absolute confiéuration by means of the enomalous
dispersion effect; the absolute configuration of L—histidine
is already known. It wes not considered, therefore, that
anything could be gained by measﬁring éoppervradiation data.
Further the high background, on the copper films due to
cobalt fluorescence in copper radiation'made'accurafe

intensity measurement difficult.

There are, however, disadvantages infusing molybdegum
radiation. The first is that the absorption of hard taaiaiions
by the crystals of silver halide in photographic fizm
decreases considerably with shorter wévelength, necéssitating
much longer exposure times to obtain films comparable with

their/



/their copper radiation counterparts, A second feature
is thet the atomic scattering factor curves fall off much
‘more rapidly with siné for molybdenum radiation, so that,
although one might expect to obtain'ailarger sphere of
reflections, this, for a small crystal at any rate, is not
obtained: In Pact, because the copper limit occurs on
molybdenum films in the region where the Lorentz—pélar;sation
correction factor is about equal tg_pne, the observed
 intensities near the copper limit are not enhanced as they
are in copper radiation, with the result that the fall off
. in intensity is even steeper than might ?e expectéd.'

It was; nevertheless, decided that these disa&véntages
were outweighed by the considerations in favour of using
.molybdenum radiation and the three-dimensional data was
accordingly recorded with this radiation, the wavelength
being taken as 0*71148. |
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’ ﬁété'ééilection and Intensity Measufament,
- The three-dimensional data was collected by the
' Weissenberg method, photographs being taken abony the b -
and g,axes.of ﬁhe_crystals used in the collection of the
*  two-dimensional data, |

For this work a Unican non-infegraping, eqnivinclipation
Weissenberg camera was used in conjunction with a Philips
PW1009 generator and a fine~focug}molybdenum X~-ray tube,
working voltage 35Kv, tuba'eurreﬁt 20mA. The multiple
film technique was used.in the following manner., For
each layer recorded, é'papk of three Industrial G films
and one Industrial viilm was made up, the G films being
néarest the crystal, Of this set the second G film served
‘merely ag an absorbing screenito cui down the intensity on
‘the third G film and was discarded, after exposure., As
Industrial B film has an exposure time approximately three
times as long as Industrial G film, no form of absorbing
screen was necessary between this and the third G f£ilm,
This pack of films was given a 72 hour exposure and_then
another pack consisting of one Industrial G and one Industrial
B film was given an exposure of 2 hours 40 minu@eéfto complete
the set of five films necessary to obtain all tﬁé measurable

intensities on the same scale.
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Seven layers from (hkO to (hk6) along the ¢ axis and
the zero and first layers of the b axis were recorded in
this manner, These photographs were measured by visual
estimation against a callbrated inténsity strip. Each
set of films‘was:calibrated internally by calculating the
average film ratio of each adjacent pair of films as in
section IV. The intensities were then corrected for the
Lorentz-polarisation factor by computer, Finally, the
corrected intensities were scaled to the ¢ axis zero=layer
intensities by applying the aépropriate scale factors
calculated from the ratios of reflections common to both
the ¢ axis and b axis films‘A No correction for: absorption
was made, absorption errors having been minimised by using

molybdenum radiation.

Equi~inclination photographs show extension and conw
traction of reflections for all equi~inclination angles
other than zero. All reflections were measured in the
extended rather than the contracted form tb avoid having
a mixture of the two types of spotse The effect is most
éerious for high equi-inclination angles and low 6 values,
Since molybdenum radiation was being used , no very high
equi~inclination angles were required, but a few low order
reflections did show marked extension. It waévpossible,
however to measure these on the b axis films where they
were not subject to th.is effect, and no correction was

therefore necessary.
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In this way a total of 876 structure amplitudes were
obtained for the refinement, and the number of unobserved
reflections within the approximate sphere of reflection

obtained was 'estimated to be 472.

Three-dimensional Electron Density Synthesis

The 876 structure amplitudes;thusvdetermined were
used in the computation of a three-dimensional electron
density synthesis phasing on the atomic positions found in

the two-dimensional work. Ihe formulae are:d

Structure factors:

A = 4% fj(hklycos?Zﬂhizcoszw(hx + 1z)cos2nky

B = 4% fj(hkl)coszzagigcoszw(hx 4+ 1z )sin2zky

Fnm )= V(& + B?)

. = B

ven oy ® R

p(xyz) = %- E%E{IF(hkl)lcoszw(hx +1Z )cos[2nkY - a(hkl)]

ce° e’ - - '
+ IP(hk1)l cos2r(-hX + 12)cos[2nky - a(hkl)ﬁ

A residual of 22°0% was obtained and the majority of
the atoms were well resolved, ohly Cqa and,N{s being rather
poorly resolved from each other. Thé centres of the peaks
"~ were found by Booth's method(47) and it was decided to proceed
'with the refinement by the method of least squares.



Information regarding the formfactors used will be
found in Appendix I, but two features will be pointed out
here.,

(1) In this and all subsequent calculations the
formfactors used for the cobalt ion were corrected for
enomalous dispersion.

(2) The two coordinating oxygens O, and 044 were

treated as 07.

Least Sguares Refinement

Method‘

The least squares method is used for crystal structure
refinement in order to obtain the best atomic parameters
possible from the available data. The parameters which
can be varied to achieve this are the ﬁositional and thermal
parameters of the atoms and the scale factor between the
observed and calculated structure factors. These param-
eters can be varied to give different caléulated.structure
factors, which are absolute; it is the observed structure
factors which are subject to error and these, once measured,
should not be altered excépt»as regards their overall scale
factor (obvious mistakes excepted). Least squares refinement
can only be employed when the differences between the exper-

imental and calculated structure factors are small and

evenly/
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/evenly distributed in either direction., 1In other words
a good approximation to the correct structure is necessary

before least squares can be used.

To obtain the most probably correct set ofv parameters
by least squares, the sum of the sguares of the deviations
between the observed and calculated structure factors is
minimised, the observations being weighted according to

their probable accuracy. Thus the term minimised is

1 = , - | 2
.R. ;§1W(IF°I : IFcl )

wvhere ¥w is the weight applied to each reflection., One
cannot alter F, as this is fixed and one must accordingly
minimise R' by altering F,. For R?! to be a minimum we

must have (49)

O~

Ri
Py

= 0 ( i 31,...-..!1)

on

‘ 2w (Fo - Fe) $Pi

i.e. ZwA-ﬂgﬁl = 0
) 5pi

where A = Fo - Fe,. Hughes (50) showed that with
reasonably good trial parsmeters approximste equations can

be set up in the form

n
?[b X4 8xi Fo Fe = A



In this expression' X4 _....‘ Xjeees X are the variable
perametere which are to, be refined, and there is one such
equation for each F’ term. Writing p for X t0o include’ all
- variable parameters obtained in a threeadielensional struct<

ural analysis, this equation can be expanded te the form.

@b 0+ @Ryim o o @Bsn » GFY) m wbes 0

thére being a corree:ponding expansien for each tex}m. The
least squares solution of these equations. is _t_he :s.oltit‘ion
of the normal equations (6). Normalisation with respect
te eny one unknown is carried out by multiplying each
eciuatien of the original set by the coefficient of the
unknown and summing the new set. Thus for n variables

we obtain a new set of ec;uatiohs:

SFi S§Fi éFi oo JFi JFi - SHi
E(z== )25p1+ (== )(g;;)épgfv 2(33‘—)(3-5;)591,1 = Z(spj)A
z:(‘Fi)(‘P1>sp~,+ s Sves oo 2GR GE0)dn, = T
(S Fiy(6FL (8Fiy (SFi ceo r(8Fiy2 = (SFi
‘.(-3—5-)( ¥4+ E(;pn)(rp—z-)spai- 2(3—5;) ép_ 2(;5;)A

These equations, normally including the weight w, must be

so:Lved for the new values of the parameters, and, since

.....

the ref‘inement process must be carried out by cyclic

approximation,



A block-diagonal least squares program SFLS DIAMAND/.
HARDING was available, Least squeres refinement can be
simplified by the diagonal approximation. This assumes
that the off-diagonal terms, which are sums of products,
these having an equal probsbility of being positive or
negative, are gehefally small, whereas the disgonal terms
are'the sums of sqﬁareé and tﬁus are large positivé-terms.
The diagonal terms therefore outweigh the off-diagonal
terms and refinement can be made by means of the diagonal
terms alone. The block diagonal program sbove uses not
just the diasgonal terms, which is a severe approximation,
| but carries out the refinement by computing small matrix
blocks =long the diagonzl. These are the 3x3 matrix for
eachAatomic position, the 6x6 matrix for each atomic vibration,
and the 2x2,matrix for the scale factor and overall isotropic
temperaturevfactor. Only one.-weight routine was available
for weighting the structure factors. This consisted of a
set limit, all structume faétofé'smaller than this 1limit
being given unit weight such that «w =1, Structure’

factors:of higher value wére weighted 80 that

g = 1imit/Fo

For cobalt histidine structure factors the limit was
set at 200. This is not a very good acheme, sipce very
low F values which have a high percentage error are not

weighted accordingly, but it was the only scheme available,



The Refinement

There are two values which show the progress o least
squares refinement: the residual R and the value R' = fwp?
which is the value being minimised, and thus the most
informative. The progress of the refinement is shown in

the following table,

Round R% Ywa?x10™  Anisotropic  Hydrogens

Atonms
17°83 1238 -

1 isess 706 Cobalt only -

2 16°86 910 - -

S 16°46 1021 - -

4 ia°12 694 All atoms -

S 13°95 665 C°ba%f only -

6 14°22 679 N -

7 1389 640 -

8 12493 554 ALl ?f°ms -

° 12408 544 . -

10 12*86 522 N -
n 12486 525 N -
12 12+ 64 511 -
13 12+51 505 - N
14 12458 502 -
;5 1256 497 e Included
16 12446 " h

For the first .34 cycles of refinement all of the atoms
excepting cobalt were put.in with isotropic temperature
factors. The prograﬁ;was—alpered so that whatewer y shift
was computed for the cobalt atom this was neglected and
the cobalt atom reset.to.zero for the next cycle.



After the fourth cycle all of the atoms were allowed
anisotropic vibration, but although there was a large drop
inZwa®?, anomalous effects such as negative temperature.
factors were obtained. A possible explanation is that
some fairly large positional shifts were still required and,
as the temperature factor and positional refinements were
carried out independently (as outlined above), this could
have led to discrepancies in the calculated anisotropic
vibrations. The atoms other than cobalt were therefore
allowed only isotropic vibrations for the next three cycles.
The independént refinement of temperature factors and
positional parameters is a disadvantage of this particular
"block diagonal least squares progrem. For the final
cyclea (8 - i6) all atoms were once again allowed aniso-
tropic vibration. Hydrogen posiiions were calculated and
included in the structure factpr calculations in the last
two cycles, ﬁut were not included in the refinement. It
wbuld probably have been wiser totinclude the hydrogen atoms
in the structure factor calculations before allowing
anisotropic vibrations to their bonded atoms, as the values
of the vibrations were probably influenced by their absence.-
This is also a possible explanation for the very large
anisqtropi¢.vibrations found for one or two of the light

atoms.



On the whole convergence was very slow and it'Was
decided after cycle sixteen that nothing further could be
gained by pfoceeding with the refinement. The positions
of .the atoms no longer showed any shifts greater than 0°003A,
although in the fourteenth cycle shifts of up to O‘Ozﬁ.wére
still bveing made., The least squares refinement was therefore
concluded ‘at this poiﬁt,giving the structure a final residusal
of 12°5%. |

Final Three-dimensional Electron Density Syntheses

Two three-dimensional difference Fouriers were computed
with the parameters obtained féom‘tﬂé lasﬁ cycle of least
squares, one including the hydrogen atoms, ﬁhe pther omitiing
them., AThe residual of the latter was 12°8%. The only
feature of any note on the difference maps was a pogitive
region of electron density around the cobalt atomlof up to
two electrbns per cubic angstrom. This. was not isotropic
~but mainly in the:yeZ'plané, possibly indicating that the
anisotropic thermal parametérsffor cobalt weré not as good
as.they might be, and it may be that the atomic scattering
curve used for the cobalt ion could have been improved upon.
The maps were 6£herwise rather featureless and it was not
possible to pick out the hydrogen atoms with any degree of
certainfy, but this was hafdly unexpected in the presence

of cobalt.,




Unobserved Reflections

The unobserved reflections, other ihan éystemétic
absences, were each given an,intenéity vaiue equél tq ﬁalf ’
the minimum observable and these weré'correéted for the
' Lorentz and polarisation factors andlfut on the same scale
as the observed intensities. They weré’then inc;udéd‘in'
a final structure faétor calculation giving an inéiease in
‘the residual to 20°3%. On inspection it was seen that
6nly a smali'érdportion of the reflections had qalculated
structure factors greater than the minimum observable,

- although se&eral were slightly greater than twice the

minimum observable.

A table of the unobserved'refleétions with assigned
values and calculated structure factors is given in
Appendix No. III. The observed and calculated structure

factors are given in Appendix No. II.

4

Scale Factor

The final scale factor K, where KFo = Fc was 31°377.
) : 10



SECTION VII
Results

Atomic Paresmeters and Temperature Factors

The following parameters were 6btained for ecbalt{IH)

: wtH )
bis-(L-histidino ) monohydrate from the final least squares
refinement cycle. The atomic positions are given in

- fractional coordinates.

Atom - X y z o (x)x10° o (v )x10* o(2z)x10*
Co 0°13276 0°0000 0° 2705 11l 8 5
Cl 0°16227 0*3258 0° 3164 63 22 33
c2 0*17169 0°2501 0°* 56333 b6 22 26
C3 022359 01937 0° 5329 60 25 30
C4 023596 0°1024 0°*3429 63 26 29
C5 G*22660 -0°0521 0° 0764 72 28 7
Cé6 0°*27710 0°1024 02371 64 27 35
Cll 0°1CH77 =0°2428 =0*0205 556 20 25
Cl2 0°09366 ~0°*3152 0°1964 b2 24 30
Cl3 0°04276 =0°2738 0° 2626 61 23 25
Cla 0°02037 =0°1104 0°25690 59 28 28
Cl5 003754 01643 0* 26562 79 44 40
Clé ~0°01265 ~0°0350 0* 2407 58 38 24
Nl 0°13950 01176 0°5768 58 28 22
N2 0°20650 0°0186 0° 2314 42 20 23
N3 - 027130 0°00569 0°0671 41 27 22
N1l 0°12547 =0°2448 0°*3524 52 19 7
N1l2 0° 05240 0°0260 0°2687 . 51 21 20
N13 «=0* 00760 0°1299 0° 2468 47 24 25
02 0°17948 0°4623 0°*2868 47 16 22
0l2 0* 09334 -0°3228 =-0°1743 48 18 21
0l 0°13554 0°2508 0°*2102 42 21 22
011 0°12766 =~0°1120 =0°0288 39 19 19
03(H0) 0°07997 0°3451 =0°1610 43 18 22



The anisotropic thermal parameters for each atom are

24

given below the temperature factor of each atom;being given
by‘exp"(haﬂu + kK%B2a + 1%Bs3 + klBaz + 1hf34 + hkByz)

Atom

Co
C1
c2
C3
C4
Ch
c6
cii
cl2
cl3

.cl4a
cl5
clé
Nl
N2
N3
N1l
Nl2
N13
02
012
0l

011
03(H20)

B14x10% Bo2x10® B33x10° Bg;#los

49
75
wr
61
81
137
79
68
22
o7
65
82
76
123
49
45
83
114
43
124
111
46
6l
66

983
2956
597
1169
1324
1954
1511

282

1040

887
1738
3714
3649

- 1434

680
1321
456

1362

1449
1007
1168
2014
1628
1158

2037
3577
1640
2223
1815

903
3598
1429

2993

865
1650
3664

513
4979
3259
2984
3656
1341
2301
3279
2809
3244
1641
3105

=370
856
‘825
11980

1714

542
3596
1854

20566

«659
1652
3269

-544

~845

-2447

-2393

2226

1902
215
1994
432
-2069
«606
206

Bs 4%x10°

-31
472
65
~31
~294
16
154
182
803
253
-161
~445

150

-175
-268
. B4
-197
~190
=71
=Tl
~324

~326

68
~118

B42x10°

13
-31
62
-269
-414

-672

-252

49
234
46
198

- 110
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Listed in the following table are the Bj j derived from
the Bij values as suggested by Cruickshank (52) and analagous
to the isotropic temperaturé factor. The values given are
the Bij for each atom and also B the mean value of Byg¢, Bau
and Bsse. The Bij values were calculated from By, = 4B1z/h*b*,
etc.

Atom  Bgq Baz Bss Bas Bsq By2 B

Co 1°70 2*72 3*28 ~0°78 =023 0°13 2°57
Cl 2°60 0°82 5°76 1°*B81 3°53 -0°30 3°06
- c2 2°67 1°63 2°64 1°*74 0°49 0°6l 2°32
C3 177 321 3°68 4°18 -0°23 .2°'54 2'85
C4 - 2°8Bl 367 292 3°62 -=2°20 -4°06 3°13
Co 4°*75 5°42 1°45 115 0°12 0°00 3°87
- C6 . 2°74  4°1¢ 5°80 7°60 1°15 -6°59 4°24.

Cll  2°36 0°78 2°30 3°92 1°36 -0°05 1°81
Cl2 ~ 0°76 2°88 4782 4°35 3°76 .3°02 2°82
Cl3  &'°36 2°46° 1°39 -1°39 1°89 .0°09 2°40

Cl4 225 4°82 2°65 3°49 -1°20 -1°40 3°24
C15 ' 2'84 10°29 5°90 6°89 -3°33 -1°39 6°34 -
Cl6 263 10°11 0°83 115 1°12 -0°31 4°52

N1 4°26 3°97 1*58 ~1*'79 <1°31 0°23 327
N2 170 1+61 5425 <517 =2°00 515 2°+85
- N3 156 3°'66 4°81 <506 0°25 3°41 3° 34

N11 2°88 1°26 5°89 4°70 -1°47 -0°89 3°34
'N12  B°95  B3*77 2°16 4°02 -1°42 -2°47 3°29
'N13  1'49 4°02 3°71  0°45 <0°53 0°37.  3°07

o2 - 4°30 279 528 0*41 -0°53 048 4°12
012 385 3°24 3*72 «0°91 =1°67 2°29 3°60
0l 159 5°58 5°23 ~4°37 -2°44 045 4°13

Ol1 2°11 4°51 2°64 <1°27 043 1°94 3°09
03 2:29 321 500 0°*44 -0°88 1¢08 3°60



Finally the calculated hydrogen positions are given
below, together with the assigned temperature. factor,
this being the isotropic temperature factor'offthe atom to’
which the hydrogen is bonded. These B vglues were determined

after the fourteenth cycle of least squares refinement.

Lo B *

Atom on Atom X y 2 B

H1 C2  0°1662 0°331 0°670 2°46
HZ N1 0°1117 0°113 0°660 3°36
H3 ~ N1 0°1525 0°030 0°677 3°36
Ha C3 0°2336 0°125 0°672 2°91
H5 03 0°2452 0°290 0°586 2°91
H6 C6  0°2101 -0°139 -0°035 389
HY N3  0°2037 -0°029 -0°042 3°Bl
H8 C6 0°3075 0°166 0°291 4°38
Ho 03 0°0986 0°317 =-0°036 361
H10 03 00850 0°468 -0°167 361,
H11 | C12 0'09756 -0°443 0°200 2°81,
H12 © N1l 01646 -0°304 0°386 3°33
H13 N1l 041067 -0°283 0°470 333
H14 C13 0°0866 -0°320 04425 243,
H15 Cl13 0°0173 -0°332 0°162 2°43
H16 C15 0°0556 0°285 0°279 8°06
H17  N13 -0°0328 0°210 0°234 2°04
H18 © Cl6 -0°0456 -0°100 0°226 4°20

* Accuracy of_the hydrogen temperature,factors to three

significant figures is not claimed. These are the calculated
values for the light atoms.
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Bond lengths and Angles

For speed and>accuracy the bond lengths and angles
were calculated by computer using a program of O, S, Mills.
Standard deviations of the bond lengths were calculated by,
hand from the positional variances obtained from the least
‘squares program and then checked by a program vwritten by

the author. Covariances were ignored snd the formula used

was: (63)
(1) = [2 (x4 )+o?(Xa)]cos o+ [of"‘(m )wg (ya)ICOS’B +

[,2(z,)+éi(za)]°08 LA (1) = bond length

cosa S . X3 - X4 etce.
: L 1
Bend Bond o €+8.4, Difference between
Length A *  ~ ' equivalent bonds.,
.Co - N1 2°186 . 0°016
Co - N11 2114 ° os017 - - O ‘.’7«2
Co - N2 2°121 o 0 013 . 00020
Co - N12 2°171 '0 016 .
Co + 011 2‘122 S '0'014 : C -
Cl -~ C2 1°545 0°028 '0°001
Cll=- Ci2 1644 T .0°026 o i
Cl - 02 -1°257 . .0°023 . "0°019
- . Cll- 012 1238 .0°022 . o

. C1l - 01 1°206 = 0°024 I "0°060
Cll- 011 -1°266 , . 0°024 - L
C2 - C3 1598 10024 ' 0°004 -
Cli2- C13 1694 ~ 0°024 ' TR
C2 - N1 1480 . 0°025 ' 0°003
Cl2- N1l 1483 0°024 ) RS
C3 = C4 1471 . 0°027 " 0*055 °
Cl3~- Cl14 1+°416 . 0°030 ’
C4 - C6 - 1385 o*027 - .. ... “oc007

. Cl4~ Cl6 1392 .. 0°030 T
C4 - N2 1319 , 0°024 " 0*122
Cl4a- N12 1°441 0°027
C5 = W2 1°290 0°024 : " 0°029
Cl5-N12 1319 0°038

L p15- N13 1°365 . 0°028 : ,
. C6 - N3 1°356 0°028 0°025

Cl6- N13 - 1°381 0°038



The bond angles obtained were as follows:

U N R R N A D R D B BN R A |

N1l2- Co
N1l2~ Co
N12~ Co
N1l2-= Co
Ml - Co
Nll- Co
011« Co
0l - Co

2 = Co

Bond
Co

Co

LO

130°6 -

113°7
115°2
110°9
106°9
1132
1129
125°4
127°9
i08°4
106°0
1068
107°8
110%4

Lo
- 88°8
101°3
82°7
90°0
92¢9
89°8
86°5
88°2
1029
779
105°9
7345

Bond.

011--('C11
Cl2 - Cl1

c12
€11
C11
N1l

- Cc12

Nl2
Cl3
N12
Cl4
Cl16
N13
C156

I B I B B X N N B |

C11
c12
Cc12
c12
C13
Ci4
Cl4
C14
C16
N13
C15
N12

{ I N N N N R B N B B B N O |

012
011
012
0ol2
Cl3
Cl3
Cl4
Ci3
Clé
Clé
N13
Cl5
N12
Cl4

/°
125°6
119°4
J15°1
107°2
111°6
109°4
117°7
1256°*9
133°0
101°2
110°5
1084
107°0
1128



Hydrogen Bonds

A total of eight hydrogen bonds were found and are
listed below.

[~]

o , - A

Nl —— H***°*°011 (%, ¥y, 2 + 1) : 3°17
Nl —— H*****03 (X, ¥» 2.4 1) : 3°07
N1l H*****08 (%, y = 1, z) : 2°94
N1l— H****°012 (%, y, 2.+ 1) 3°22
NG == H****202 (V/a= x,V/24y=1, =z) 2°70
N13—— H****°03 (=X, ¥s =2) 2°84
Ol***** H=~= 03 (%, ¥, 2) 2°97

012°°°** *H—— 03 (X y = 1, z) 2°79

The upper 1limit for hydrogen bonds of the tyﬁe Of—— H ***** 0
has been suggested as'3°24 (64). The aVeraée magnitude

of hydrogen bonds of tﬁe type N=—— H**°*** O for amides and
amines are 2°93A (e.s.d. 0°10A) and (3°04A (e.s.d 0.13A)
respectively. Thus all the hydrogen bonds fabulated'above
are within the limits of hydrogen bonding and cen be

assumed to be true hydrogen bonds.

'Molecular Geometry

A molecular geometry program was available by means
of which best planes, projections along bonds and dihedral
angles could be calculated. The following projections were
calculated/



/calculated using this program; their results will be

used in the discussion (Seéction VIII).

The best planes of (1) €3, C4, C5, C6, N2, N3.
(2) cis, ci4, C15, Cl6, N12, N13.
(3) Co, 01, 011, N1, N1l,
(4¢) o1, 011, N1, M11,
(6) m, ci, c2, 01, 02.
(6) m1, ci11, cig, 011, oiZ2.

Eight dihedral amgles were also calculated znd these
are listed below, the dihedral angle being the angle
between the plane of the first three atoms and the planiés
of the last three,

Dihédral angle /°

oL c1 ¢z €8 <113°9
011 C11 C12 C13 -98°8
clL Cc2 C3 ca 47°9
Cl11 Cl2 C13 Cla ) 53°0
C2 C3 C&4 N2 2648
Cl2 C13 Cl4 N1g - 215
Co N1 C2 C3 813

Co W11 Cl12 C13 81°0
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SECTION VIII

Discussion of Results

Description of the Structure

The complex is octahedral with coordination from the
amino group, the carboxyl group snd the imidazole nitrogen
of each histidine residue, with the coordinating amino
nitrogens and also the coordinating oxygens in adjacent
positions (Fig.Xxv).

There are however some deviations from strict octahedral
symmetry . The sngles 011-Co~0l and N1~Co-N1ll are 106° and
103° whilst the N1-Co-0l and N11-Co~-011 angles are only
74° and 78° as shown in Fig.XX1I(a). This deviation arises
from the formation éf a five-membered ring by the ocoordination
of" the amino and carboxyl groups of a histidine molecule
to the central atom, whereas the other coordihation rings
formed are six-membered. The atoms N2, Co and N12 do not
lie on a straight line but give an angle about the cobalt
atom of 168°1° (Fig.XVI). - The explanation for this probably
lies in the different environments of the two histidine .
residues and their different hydrogen'bonding arrangements

(see also page 70).



The two coordingting histidine residues are not identical
in éoﬁformation, The main difference lies in a rotation
about the Cl-C2 and Cl1l-Ci2 bonds as shown by the angle
betveen the planes of 01, Cl, C2 and Cl1, C2, C3 and the
corresponding angle of the other histidine residue which
are 11%°9° and 98°8° respectively, differiné by 15°,

This cen probably be explained in terms of the differing o

hydrogen bonding arrangements (see page 71).

Bond Lengths

The mean cobalt-nitrogen bond length obtained is
2'173, there being no sig@ificant difference between the
cobalt - imidazble—nitrpg?n bond 1¢ngths and the cobalt =
amino-nitrogen bond lengths, although the Co-N11 bond does
seem somewhat shorter than the others. This value of
2°17 compares quite favou?ably with the Co-N bond lengths
ranging from 1°92 to 2‘30z as shown in Table I,

The mean cobalt-oxygen bond length is 2°12A which is
also in good agreement with other determinations which
Arange from 2°01 tp 2‘183, neglecting carbon to water-oxygen
bonds. (Table I)
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In the structure single carbén—cérbon bonds have a
mean of 1’533 the carbon = carboxyl-oxygen bond lengths
have a mean of 1° 24K and the carbon - amino-nitrogen
bonds have a mean of 1‘48X. These values can be cbmpared

with calculated bond lengths from covalent radii (55) as

follows:
Bond Calculated - Found
c-C ‘154 153
C-N 1°47 1448
C~-0(carboxyl) 1°29 124

A1) these values are quite comparable. It must be noted
at this point that there is no significant difference
between the bonds of the type C = O1~ and C - 02, end it
is probably correct to assume that the negative charge ié‘
not concentrated on the coordinating oxygenbbut rather
spread over both oxygens of the carboxyl group. It
would therefore probably have been more accurate if the
scattering factors for the carboxylic oxygens had béen
averaged to O'?/é for each oxygen, the method adopted by
Herding and Cole (37)4and Fraser (40).

The Imidazole Rings

The bond lengths obtained for the imidazole rings can
be best compared with those obtained for imidazole itself

whose/



/whose structure at -150°C was recently determined (56).

Note that the nomenclature is differentq

Imidazole Bonds A cpdgs: to Mean of Co(hist)s A

-

N1-C2 1°35 ' N3-C5 ‘ 138
C2-N3 1°33 > CB-N2 1430
N3-C4 1438 * N2=C4 1438
C4-C5 1°36 * C4-B6 1439
C5-N1 1°37 N C6-N3 1437
Imidazole Bond Angles °© Co(hist ). Mean Angles °
N1-C2-N3 111 ” N3-C5-N2 107
C2-N3-C4 105 * C5-N2-C4 112
N3=C4-C5 110 * N2-C4-C6 105
C4-C5-N1 106 > C4-C6-N3 108

C5-N1-C2 107 * C6-N3<CB 107

As can be seen there are no significant differenceé between
the bond lengths although the bond engies involving N2 are
éomewhat different, possibly due to the coordination of N2
to cobalt. |



The,ﬁietidine Residues

It is also worthwhile to compare the vond lengths
found for the two histidine residues with those found in
the structure determination of L-histidine hydrochloride (5).

Bond Histidine HE1 A  Mesn Co(hist)s &
C1-C2 - 1°83% - 1°54
c2-C3 163 1°60
C3-C4 1°51 144
C4-C6 136 139
C6-N3 1°36 137
N3=C5 1°31 . .1+38
C5-N2 1°32 1°30
N2-C4 1°39 138
C1-01 1°2¢ 124
C1-02 127 . 1°25

C2-N1 1°50 148

There are no really significant differences here but the
position of C3 in the complex seems to be somewhat diffeﬁent
giving a short C3-C4 bond and an inecreased C2-C3 bond.
Reference to the table of bond lengths (page 57) will shew
that this is true for both histidine residues, although there

is no reasonable explanation for this.

On comparison of the bond lengths of the two histidine
residues of the complex itself (page 57), it is found that
the agreement is good with one seeming exception. The bond
length of C4-N2 is 1°3198%, the bond length of Cl4-N12 is/
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/is 1‘4413, giving a difference of 0'1223. However, on
aversging the two a mean of 1‘383 is obtained, which compares
very well with the value of this bond in imidazole and in
histidine hydrochloride. Also the bonds differ from their
mean by less than three times the standard deviation. It

is concluded therefore that this difference is not significant
but within the range of experimental error. It is also
worth noting at this.poiht that the e.s.d.'s of the bond
lengths are probably underestimations because the inter-atomic
interactions in the full matrix are ignored in the block-
diagonal approximation.(49 )

Anigotropic Vibrations

A study of the table of Bs4, B2z, and B3z reveals that
some of the atoms show very marked differences in vibration.
In particular the atoms Cl5 and Cl6é show an extremely large
vioration in the y direction which is difficult to explain.
One would expect N13 to show a vibration of approximately
the same magnitude if this were a rigid body vibration of
the ring but this is not found. On éxamination of the
positional variances it was found that ¢?(y) for these
two atoms was greater by a factor of two than those of the
other atoms. Thus it is probable that the best y barameters
of/



/of ‘these atoms had not been obtained and the small shifts
recoﬁded in the final cycle gave a false indication of
their accuracy . Some of the variation in anisotfppic
viﬁration can be presumed to have arisen through aldowing
the light atoms anisotropic vibration beforelincluding tﬁe
hydrogen atoms in the structure factor calculations.,

Other sources from which differences in vibration can arise
are errors in the observed data due to ébsorption, extinction

and the fact that it was not completely isotropic.

Hydrogen Bonding and Molecular Packing

The structure is held together by a complex system of
hydrogen bonds as Yisted on page 59, and by Van der Waals?
forces. Projections of the cell showing the hydrogen
bonding system are given in Figs.XVII and XVIII although4
hydrogen bonds which cannot be shown clearly on one of the
projections are shown only on the other. The closest and

therefore most effective van der Waals! contacts are listed

below.
C12 - 02 (x, y-1,2) 3*18R
Cl4 - C16 (-x, y, -2) 3°27
Cl4 - Cl16 (-%, y, 1-z) 327
Cl5 - N13 (=x, ¥, -z) 3°38
C15 = N13 (=%, ¥, 1-2) 3°23
€16 - C16 (-x, y, =2) 3°14
C16 - C16 (-x, y, 1=-z) 338
'N13 - N13 (-x%, ¥y, =z) . 3°17

N13 - N13 (=%, ¥, 1-2) 3°.24



THE COMPLEX PROJECTED ON THE BEST PLANE OF E3,CL,C5:CB,N2&N3

FIG XV



THE COMPLEX PROJECTED ALONG THE BEST PLANE OF N1,N7T,01 & O

FIG XV
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As can be seen from the table the major.paft played
by the van der Waala' contacts in holding the structure
together is concerned with one of the hiatidine residues
only, the contacts being principally between the imidazole
rings giving the layer arrangement of the rings as seen

in the (610) projection of the cell (Fig.XVII). . ..

Comparison with Other Histidine Complexes

Table II shows a comparison of the structural work
completed on the various histidine complexes which have
been the subject of X-ray enalysis (37,38,39,40). These
are the Zn(II), Ni(II), Cd(II) and Co(II) complexes with
L and DL-histidine, making eight in all. The zinc L-histidine
complex is isomorphous with the cadmium L-complex, as is
the cobalt L-histidine complex with the corresponding nickel
complex, The zinc and caﬁmium DL-complexes are pseﬁdo,
isomorphous, but thevcobaii and nickel DL-complexes are

not related in this msnner.

The two zinc complexes are approximately tetrahedral
with loose coordination by the carboxyl groups at.2ﬂ913
in the DL-complex and 2794 in the Lecomplex (Fig.XIX).
An interesting point as regards the DL-complex is that
.each/



TABLE II

Structures of Divalent lletal Histidine Complexes

Complex
Zn(DL-hist ),

Zn(L-hist )a
Cad(DL~hist ),

Cd(L-hist )

Ni(DL~hist ),

Ni(L-hist)a

Co(DL-hist ),
Co(L-hist ).

Coordination

Distorted tetrahedral, Coordination by amino-
end imidazole nitrogens at 2°02A; weak assoc~
iation of ocone oxygen of each histidine at 2°91A4.

Simidar to DL-complex with weak. association of
one oxygen of each histidine at 2°79A. Relation
of one histidine to another differs from that :
in DL~complex. Nitrogens at 2°05A.

Space group determination shows some disorder
making complete determination of crystal’ structure
difficult, but some electron density syntheses
have shown Cd environment similar to that in
corresponding zinc complex.,

Nearer to more regular six-coordination than
corresponding zinc complex. It -has four nitrogens
at 2°2A, two oxygens at 2534,

Very nearly regular octshedral.. Each molecule
contains two L-~histidine residues or two D-
residues but not one of each,as.does zinc
DL-complex, Two imidazole nitrogens are trans.
Ni-N and Ni-O bond lengths close to 2°1A.

Structure not refinedy isomorphous with
Co(L-hist), complex and thus structure very
similar. :

Structure not yet.determined.

Very nearly regular octahedral., . Structure very
similar to that of Ni(DL-hist), but arrangement

in crystal lattice quite different. Co~N bonds

between 2°1 and 2°24; Co~0 bonds close to 2°1A.
Imidazole nitrogens trans, T




/each zinc ion has either two L-histidine or two DL-histidine
residues coordinated but not one- of each. Compared‘gb'the
L-complex however the DL-complex has one histidine residue
twisted throigh 180°. Thus although the crystals contain

the same molecule there are differences in stereochemistry
and in coordination bond lengths caused by environmental
conditions, a-feature~Which also explains differences

between the cobalt and nickel L-complexes. -

The cadmium and zinc L-complexes are comparable but
the cadmium complex is. nearer to regular 6-coordination
than the zinc, the coordinating oxygens having moved
‘closer to the metsl cation (2‘553) and the’ nitrogens
further away to 2°2A compared with 2°05A in the zinc
complex. This difference is achieved mainly by rotation
around the C3-C4 bond and it.is rotation about this bond
which accounts for the main differences in the conformation
of complexed histidine groups in relstion to the conformation
of histidine in histidine hydrochloride. A complete
structural study of the cadmium DL-complex has not been
possible due to the discorder present in the crystal, but
. it has been shown that the cadmium ion has a similar’

environment to that of zinc.



_—

Nickel (DL-hist). whose structural study is complete
is more nearly octahedral then the cadmiumvcomplexes and
the cobalt complex is more similar to this structure than
those of the zinc and cadmium complexes., Although the |
position of the molecules in the nickel and cobalt complekes'
is crystallographically quite different, the actual molecﬁiée
are very nearly the same as regards-qonformatién. 'Nickel-
(DL-hist), like zinc (DL-hist), has either two L-histidine
or two D-histidine residues linked to each cation and not
one of each type. Thus the structure of the cobalt complex

is quite comparable to the nickel complexs,

There are, however, some differences. The N2-Ni-N12
angle in the nickél complex is 177°, deviating by only 3°
from the octahedral 180°, The cobalt complex on the other
hand has a corresponding angle of 168°, This difference
is probably due to the packing and hydrogen bonding systems
of the molecules. As explained above the hydrogen bonding
system and the van der Waals’ contacts in the cobalt complex
are different for the two histidine residues, whereas in
the nickel oomplex the nickel atoms lie on special pog%tions
and the crystal gymmetry is such that the histidine re;iduee
must have identical hydrogen bonds. If one considers merely
the imidazole rings it is found that in the cobalt complex
the hydrogen bonds act such that they tend to cause a

deviation/
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/deviation of the N2-Co-N12 bond from 180° (Fig.XX). In

the nickel complex, however the hydrogasn bonds must acg
equally in opposite directions.and should give no deviation.
The following table gives a comparison of the hydrogen
bonds in the two complexes, those in the nickel complex
occﬁrring in symmetrical pairs, those of the cobalt complex

being unsymmetrical.

Hydrogen Bonds

Co Complex - N Complex
N1 - 011 Nl & 02
N1l - 012 Nll° - 012
N1~ =~ 03 N1 & « 03
N11® - 02 N1l = O3
N3 - 02 N3 - 02
N13 = 03 13 - 012
01 - 03 01 - 03
012 - 03 011 -~ 03

Pigure XXI(a) shows one histidine residue of tne cobalt
complex superimposed upon & histidine residue of'the nickel
complex both being projected on the best plane of 018,‘014,’
C15, C16, N12 and N13; the projections of the two nickel
histidine residues are of course identical. It is seen
that the projections are almost identical, but Figure XXI(Db)
shows that the other histidine residue of the cobalt complex -

does not compare nearly as well when it is superimposed on

a/



/a histidine residue of the nickel complex. The projection
in this case is on the best plane of C3, C4, C5, C6, N2 and
N3, There is some difference in conformation of the two
side chains, which once again is probably due to hydrogen

bonding and packing considerations.

Figuré XXII chows the relationship between the coord-
ination of the amino and carboxyl groups to the metal cations.
_In this they are quite similar for, in both cases, the amino
nitrogen and carboxyl oxygen are not far enough apart to
give the expected octahedral angle of 90°, In the cobalt
complex there are further irregularites in this coordination,
once more assignable to the uneven hydrogen bonding system
pulling the coordinating atoms out of alignment. The
deviations of the cations and coordinating atoms from their
mean planes are also shown and although these deviations
are larger for the cobalt complex than the nickel, they are

not of great significance.

Finally, Figure XXIII shows the projections down the‘
N1-C2 and N11-C12 bonds, which should be compared with Figs.
2 and 3 of Donohue and Caron (5) and Fig., 6(1).of Fraser (40).
As in the nickel complex, the cobalt cation de&iat&s from
the staggered position, the two values in this case being
approximately 15° and 25° for the two residues.  Like the

case/



/case of the nickel complex this can be explained by the
strong‘coordinétion of the carboxyl oxygens and amino
nitrogens giving fewer dégreeszéf freedom to the histidine
residues than in the zinc complexes for rotation about the

N1-C2 bond,

In a8ll other respects the structureé are similar apart
from sméll differences in bond lengths and angles., The
dihedral angle between the plane of C2, C3 and C4 and the
plane of the imidazole ring is 26°8° md for the Cl2, C13
and Cl4 plane and the corresponding ring the angle is 21°5°.
These are very similar to Fraéer’s value of 23°0° for the
nickel complex, showing once agsin the rotation about C3-C4
in comparison to the zinc complexes with a corresponding
dihedral angle of about 40° and histidine hydrochloride
with a dihedral sngle of 121°, |
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SECTION IX

Conclusion

The structure of cobalt(II) bis-L-histidino monohydrate
is octshedral confirming the N,M.R, evidence of McDonald |
end Phillips (36). = It is comparable to nickel(II) bis~
DL-histidino monchydrate but deviates from this structure
in' certain minor ways due to the different environmental
conditions. Coordination of the histidine residues is
‘attained in the same manner &s in;pther hisﬁidihé complexes
by rotation about the C3-C4 bond giving the'main difference
in conformation from that of histidine in histidine hydro-
chlorides, The bond lengths and angles obtainéd for the
imidazole rings agree we;l with thoese defermined for imidazole.
although there does seem to be some difference in the bond
angles around the imidazole nitrogen which'ig coordinated
to cobalt in the complex. It has also been found that ‘the
bond lengths of the histidine residues are gquite comparable
to those in histidine hydrochloride,

Nickel(II) bis Lehistidine monohydrate is isomorphous
with the cobalt complex and has the same structure. (For
a summary of the data determined for the nickel L-histidine
complex see Table III). This leaves several interesting

but/



/but unanswered questions. The principal of these are,
why are the cobalt and nickel DL=-complexes not isomorphous
also as one mizht expeet, and how will the structure of
cobalt DL-histidine differ from that of nickel DL-histidine
and compare with that of cobalt L;histidine?‘ The structure
of cobalt DL-=histidine is now being studied by R¢'Candlin
and the answers to these quesiions should be shortly forthe-
cominge. '

One question which remains unanswered and which this
thesis has not dealt with is, how does the cobalt histidihe
complex absorb oxygen? This.wili not be answered until
the oxygenated complex is crystallised in a suitable form
and subjected‘to X-ray analysis. However, it is hoped
that this thesis will be of help in answering this problem,
by showing the form of the complex before oxygenation,. 1
thus allowing the mechanism of oxygenation to be determined

once the structire of the oxygenated complex is known,




TABLE _ III

Bis-L-histidinato-nickel (I1) monohydrate:  Data

Isomorphous with bis-L-histidinato-cobalt(II) monohydrate

Space group: c2

No., of molecules per unit cell: 4
a . % 20¢a2 §

b = 832 R

c = 6433 R}

B = 90°

o = Yy = 90°

Ve = 1549 22

Dc = 1*65 g/cc

Dm = 1°66 g/ec  (flotation)




PART II

THE CRYSTAL STRUCTURE DETERMINATION OF

L-CYSTEINE



PART II

-SECTION Y

Intfoduction

L-cysteine (SH.CHo .CH(NHa )COOH, 2-amino-3-mercapto. propanoic
acid )(Fig.XXIV) is, like histidine, a naturally occurriﬁg a-amino
acid which forms very strong coordination complexes with trans-
ition metals, The cobalt(II) complex of cysteine, like that
of histidine, is rapidly oxidised by molecular oxygen but differs
in that this oxidation is irreversible. Cysteine itself is
slowly oxidised by molecular oxygen to cystine by the formation '
of a disulphide bridge.. This part of the thesis deais with

the structural anslysis of pure L-cysteine.

Moat of the natural amino‘acids have been subjected t§
X-ray exaﬁination, but since no work had.apparently been carried
out on pure cysteine it was decided that a structural analysis
would be worthwhile. 1In the words of S.C. Nyburg (57), " Crystal
structure analysis of the proteins themselves constitutes a
formidable analytical task because of thelr veﬁw large molecular
wéights. Knowledge of the stereochemistry of the structural
unlts from which they are made up is of great potential value,?
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Although cysteine itself had not been structurally analysed
. when this work was commenced, the structures of several related

compounds had been determined, These include. the following:

(a). Cysteinyiglycine sodium iodide (58) (Pig.XXVI)

(b) Glutathione (Y—L-glutamyl-L—cysteinyiglycine) (69) (Fig.Xxv)

(¢) (+)-S-methyl-I-cysteine sulphoxide (60) (Fig.XXV)

(@) L-cysteine ethyl ester hydrochloride =urea (1:1) (61)(Fig.XXV)

(e) L-cystine (Fig.Xxvi) (62), L-cystine dihydrochloride (83),
L-cystine dihydrobromide (64) and some related compounds

containing cystine.

In addition, whilst the structural analysis of L-cysteine was
in progress the structure determination of L-cysteine hydrochloride

(65) was published.

The best comparison that can be made between the cysteine
residues in these molecules is a comparison of the relevant bond
lengths and angles as givén in Tables IV and V. There is not
a great deal of difference in the bond lengths and angles overall.,
One deviation, however, is that the sulphur - Cl bond in cysteinyl-
glycine sodium iodide does not follow the general pattern but
is slmost 0°24 shorter than the mean of the other velues deter-
mined for this bond. However, there is ﬂo obvious reason why
this should be so, and, as this structure determination was of
limited accuracy the difference will be presumed t0 be insignif-

icant.
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The eonformation of fhe cysteine residue in all bf these‘
compounds is very similsr. The peptide.group ,C - C’g
coplanar or almost so in each compound as is generally found
in a-amino acids. This, accordingly, leaves only rotation of
'the sulphur atom about Cl~02 to glve differences in etructural
conformation. The normal position of the sulphur - Cs - C2
plane is one approximately bisecting the angle N - 02 - Cl as

indlcated oy Oughton and Harrison (66).




TABLE IV

Cysteine-containing compounds
Bond - Lengths %

Compound 8-C3 C3-C2 C2-N €2~C1 Cl-01 Cl1-02 Ref.
S-methyl =L~ | S

cysteine~ 1°83 1°49 1°62 ' 1*57 1°24 1°22 (60)
sulphoxide :

Glutathione 1*78 1°55 146 1°51 1°24 — 1))
CySteinyl— . s . ' * x> _ __ '
glycine Nal 1°64 1°51 1°42 1°54 121 - (58)

L-cysteine HC1 1°80 1°53 1°49 1°54 1432 1°26 (65)
L-~cystine 182 1*51 1°51 1°54 128 1°24 (62)
L-cystine 2HBr 1°86. 1°51 1°49 1°51 127 1422 (64)

L-cystine 2HEL 1°87 1°56  1°48 1°47 1°30 1°24 (63)




TABLE _V

Cysteine-containing compounds

Bond Angles®

Compound S~C3-C2 C3-C2=Cl C3-C2-N N-C2-Cl C2~Cl=01 C2-Cl-02 01=-Cl-0Z

S-methyl-

L~cysteine- 115 110 109 111 115. . 1156 131
sulphoxide

Glutathione 117 109 109 115 119 — —
Cysteinyl=-

glycine Nal 1256 111 lo8 110 . 109 - -
L-cysteine N ,

HC1 - 116 112 112 105 111 126 123
Lecystine 116 114 112 109 118 115 127
L-cystine S

2HBr 112 114 115 108 114 122 124
L-cystine

2HC1 113 112 111 111 118 123 119




Préliminggg,?ork'

.

ngstallisation and Analysis

Crystals of Lecysteine were obtained by dissolving crystals
of L-cysteine hydrochloride supplied by B.D.H. in the minimum
of hot water (¢,80°C) and adding drops of 5M caustic soda solution
until pHB was resched.. The solution was allowed to cool and
crystallise, The crystals of the free base were recrystgllised_~
from hot water, washed with a 1:1 ethanol/water mixture ahd,ﬁried
overléalcium chloride in vaeuo. .- A commercial analysis.of tie
crystals for sulphur, carbon, nitrogen and hydrogen gave the

following results. ' ‘ et

Calculated?  Observed%

Sulphur . . 2646 23°65
 Carbon . B29°73 . 30°52
Nitrogen 11°56 1046

Hydrogen 5°83 5°86

Sgace Group and Cell Dimensions

The crystals were transparent needles, showing extinction
of polarised light parallel to the needle axis. A good single
crystal was mounted along the needle axis and a preliminary

oscillation/



/oscillation photograph recorded, For this and all following
photographs a non-integrating Weissenberg equi-inclination
camera wss used in conjunction with a sealed vacuum X-rsy tube
and a Philips PW1009 generator. The radiation used was nickel
filtered copper Ka, the working voltage of the tube being 35Kv,
tube current 20mA.

The first oscillation photograph of the crystal about the
needle axis, after the crystal had been accurately set showed
a mirror plane perpendicular to b such that I(hkl) = I(hﬁl).
A zero-layer Weissenberg photograph showed further that I(hOl)
wasanot‘equivalent to I(ﬁOl) and it was deduced that the cell
was monoclinic. A.firstblayef Weissenberg photograph showed
no evidence of systematic absences., Two axes were chosen such
that B = 109° end the following cell dimensions were calculated
from the oscillation and zero-layer Weissenberg phctograsphs by
the chart method.

»

a® = 0°142
b® = 0206
c* = ocfam1
g* = 79°

It was deduced that the space group must be P2 or P24,
A zero-lgyer Weissenberg photograph of another crystal about
the g axis showed that for the (OkQ reflections (k = 2n) was a

condition/



/econdition for reflection. It was therefore concluded that
the space group of L-cysteine is P24, Accurate cell dimensions
were measured by calibration against copper wire (see pagerza)

and the following values for the cell dimensions obtained.

11°512 + 0°018%

a -

b = 5°240 + 0°005%
c = 9°517 + 0°¢01&
B = 109° 8*

a = Yy & 90°

Ve = abessinB = 542448

The density of thelcrysta;s‘were measured by flotation
in a mixture of carbon tetrachloride anq iodomethene and the
value obtained was 1°483g/cc. Spece group P2, has two equi-
valent positions (X,y,zi =-X,y+'/.s-2)s Assuming that there
were two isostructural units per cell gave a calculated density
of 0°7417g/ccs 1t was conéluded therefore that there'are two
isostructural units per asymmetric unit giving a calculated
density of 1°483g/cc. Thus L~cysteine has four molecules per

unit cell and no water of crystallisation.

Linear Absorption Coefficientf

!

The lénear absorption coefficient of cysteine in copper

Ko radiation is 61l°lem™?.




Data Collection and Intenszgx Measurenent

Three-dimensional datg was collected using the ﬁeissenberg
equi-~-inclination technique. Data from the D axis Was collected
from (hOl) to (h41) the maximum obtainable from the camera.-
Layers about the a axis were collected from (Okl) to (6x1).

The crystal used for the a axis data Was of approximately the

same dimensions as the first crystal but it was cut in halfi
across the needle in order to make;absorption effects ss isotropic
a8 possible., The layers (7kl) to (9k1l) were also photogréphed
but it was discovered that the reflections on these photographs
were beginning to blur indicating probably thst oxi&atioh to
cystine was occurring. Intensities were fherefore'only measured

to (6kl) where the reflections were still clear and sharp.

The multiple £ilm technique with Ihdustfial G film was used
(page 26), snd the intensities measured by visual estimation
against a calibrated intensity strip. Each zet of films was
scaled internally by calculating average film ratios (page 27).
The intensities were then corrected for the Lorentz and polaris- |
ation factors by computer nrogram and then a spot-shape correction
was applled using the chart method of Phillips (67). No

absorption/



/absorption corrections were made, Finally each layer was
scaled to the (h01) reflections by applying the appropriate
scale factors calculated from the ratios of reflections common

to both the g axis and b axis films.

In this manner a total of 1239 intensities were measufed,
there being a total of 84 unobserved refiections‘within the |
layers recorded, These 1239 squared structure amplitudes wéfe

used in the ﬁetermination,of the structure.

A Wilson plot of the (hOl) reflections was calculated to
determine the absolute scale factor and overali tempersture

factor (page 28). These were 0°487 and 3°1 respectivelys
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SECTION IV

The Three-dimensional Patterson Synthesis and Harker Section

The measured structure amplitudes were used in the éomp&$ation

of a sharpened three-dimensional P(UVW) synthesis.

P(UVW) = %cgiz“é{lsp(hm JBcos2r(hu+1W) + |5 (Rx1 )lzcoszw(hu.-lw)} cos2wkV

Sharpening of the synthesis was carried out by making
IF(hk1)l :
8.,/ - .
[Pr(ma)| = £y (sulphur )e=~381n"8/A

to sharpen the synthesis in favour of the sulphur atoms (68).

This synthesis was computed in sections perpendicular to W,

Space group P2, has a Harker section (69) at y = '/o, The
equivalent positions of' space group P24 being (x,y,z) and
(-x, y+'/2,-2) means that every atom must have a vector peak
at (2x,'/2,22) and thus every atom g;ves a vector peak on the
section y = Y/, which is the Harker section. The two largest
peaks on the Harker section (Fig.XXVII) were at (24°8/30,'/a,
26/120) end (5°8/30,"/2,28/120) with peak heights about250e? /53
It was assumed that these peaks were the Harker peaks of the
two sulphur atoms in the assymetric unit. There are also the

two/



/two equivalent vector peaks at (~24°8/30,1/2,-26/120) and
(-5’8/30,‘/5,-28/129) and one can also include the equivalent
peeks in the adjacent vector cells as péssiﬁilities since an
.atom at (29/30, y, 29/30) for instance will give a Harker peak
at (58/30,1/2,68/30)s It was hoped to resolve this ambiguity
however, by means of the cross vectors in the three-dimensional
Patterson. Two atoms at (X4e¥4,2¢) and (Xzs¥222) t‘aken wi.th
marwmw@wwatFmﬂhwn%JaM(q“thp%)

give the following series of vector peaks.

(2x4, ‘/2; 224 ) \
(2%es '/o» 222) )
(xt'fXa s Ja=Yas 31'_"'22) §

(Xé°xya J2=V4» Zéfzt)

Harker vectors-

Difference bectors

(X4+%2, Yi=yz='/a, Z4+22) ]
' . 4 J Sum vectors
(X44%ay Y2-yi=1/2, 2i+22)

. [

Thus oné must look for two pairs of cross vector34w1th a
difference of '/,y: The solution obteined was the simple one
with the‘(x,z) coordinates of the sulphur atoms being (12°4/30,
13/120), (2°9/30,14/120) as indicated by cross vectors at
(9°6/80,1/120) and (15°3/30,27/120) of about 190e2/8%. Taking
the y~coordinate of the first sulphur atom to be zeroé the y-coord-
inate of fhe second sulphur atom was deduced to be (2/15) to |
satisfy/ |



/satisfy the cross vectors., There is of course an alternative
solution taking the y-coordinates as (0) and (-2/15) since the
the vector set of space group P2; has symmetry P2/m. The
ambiguous solutions correspond to the molecuiar cohfiguratiens
L—qysteine and D-cysteine, but it was not of course possiblelfo
tell which solution corresponded to which configuration a@ ihis

stage.

It transpired later that this solution of the sulﬁhpr
positions was incorrect, but a survey of the work completed
using this solution is necessary to show how the true solution

of the structure emerged as doubts grew about the original,
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The Three-dimensional Electron Density Synthesis and Other Methods

Structure factors were calculated from the sulphur atoms
positioned at (12°4/30, 0, 13/120) and (2°9/30, 2/15, 14/120)
and ' a three-dimensional electron density series phase® accordingly

was computed, the formulae for space group P24 being:

A = 2cos2m (hx+lz+k/4 )cos2r (ky-k/4)
: 2cos2r(hx+lz+k/4)sin2r (ky-k/4)
Pl = V(&2 + B?)

oe)
1"

P (xyz) $>{§§ ﬂF%gii)lcoszv(hx+1z)cos(2ukY ;vm(hki)]
| + F(?kl N cos2w(~hX+1Z )cos [2nkY - o (hkl )]}

- IZH{IF(hkl)| sin27(hX+1Z)sin [27kY - a(nkl))
.+ |P(hk1)l sin2nx(-hX+12)sin{2nkY - a(ﬁkl)]Y}

The'peaks corresponding to the sulphur atoms wére well
resolved at 31 electrons/ﬁ? there was one other peak at just
under 4 e/X3at (17/80,'/5,54/120) and six others poorly resolved
of sbout 2 e/, The residusl was 55%.

Although it was not possible to fit the cysteine molecules
to these pesks, a second set of structure factors and an electron
density synthesis were computed with atoms in tentative positions

indicated/



/indicated by the peaks., A total of ten atoms of the fourteen
possible were included, these being the two sulphur atoms and
atoms’correspénd@ng to two carboxyl groups and two nitrogen
atoms, A corresponding difference synthesis was‘also computed;
the residual was 45%. Aithéugh the atoms included in the
structure factor calculations were well resolved in_theleléctron _
density synthesis, not much sense could be made of the'synthesis.
regarding the stru&ture of 6ysteine and the différence fourier
merely indicated that one carbon of a carboxyl group was

definetdy wrong, but was otherwisecnot particularly informative.

In order to try and interpret these syntheses a graphicél
three~dimensional Paﬂterson superposition on the sulphur
positions was made., This gave clear indication of some ¥ector
peak coincidences which corresponded with some of the pasfulated
atomié'positiOns from the sulphur-phased synthésiS-and also to
some new peaks which appeared on the secoﬁd synthesis and
difference synthesis. ;Et was.possible from these positions
t0 postulate g trial structure which, although fitting the
indicated atomic positions, was rather unsatisfactory:as regards
the éonformation of the molecules: To fit the trial structure }
meant breeking the planarity of the peptide groups severely,
end adopting a conformatién of the sulphur atom quite diffefent
from any found in the compounds referred to in the introductioﬁ.
A further three—dimensicnél’electron density series was nevef;'
theless calculated, putting all of the atoms into the strﬁcture
factor/



/gactor calculation. 'This hed a residual of 42% which might
have indicated that the trial structure was reasonable but
required fairly large atomic shifts, Examination of the large’
1ow;angie structure factore, however, showed several very
eevefe discrepeoeiea\which'oould'not be accounted for by mere”
ehifis of the atoms. The residﬁal of the centrosymmetrie
(hOl) reflectione was 56% indicating very poor agreement and '
that something wae,radmcally wrong with the trial structure.

Since this work secemed to be making no progress, and it
was not'obvious hoﬁ it could be‘COrreCted, it was laid aside

and e study of the centrosymmetric (010) projection was made.

The (010) Projection

The solution of this projection was approached in two
weys, by trial and error and by direct methods, neither of
which proved to be entirely sucéessful. These will be dealt

with in turﬁ,

‘a) eTrialrandvErfor
| The (Oio)velectron density projection was calculated
phasing the structure amplitudes on the sulphur positions.
This projection (Fig XXVIII) showed several features with |
(x,z) coordinates common to those obtained from the first

three/
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/three~-dimensional electron density synthesis., ' The electron
. dengity formula is:

F}(xz) = ,%;:2{?(h1)c032w(hx+1z) + F(ﬁl)coé&v(—hx412)} o
A series of projections and their corresponding difference

syntheses were calculated phasing on several trial structures

until every reaéonable structure had been tried but nothing

which could be called successful was obtained, Although the

residual for one attempt was 41%, severe discrepéncies in the

high velue low-angle reflections still remained, and although

an attempt was made to obtain an indication of what was wrong'

by examining structure factor graphs fof'these reflectioné no

solution was found; One fact however did emerge which was

eventually to providé the'kéy to the solution of the stpucture;

- One atom in particular, designated as an oxygen atom at (27°5/30,

1/3) was well resolved on each projection and corresbonded to

a peak at (27°5/30; 9/15, 42/120) on the three=dimensional

syntheses. It was ﬁherefore decided tp compute structure

factors and énothef.threeedimensional synthésis phasing on

the now refined positions o?hthe sulphur atoms and this one '

Yoxygen! atom. Before deééribing this work, however, brief

mention will bd made of the direct method approach which was

tried in parallel with the study of the (010) projection by

trial and error.



(b)__ Direct Hethods

Direct methods involve determining the phases of structure
factors;froﬁ méthematical‘relationships between their amplitudes,
For space group P2, these methods are only applicable to the
centrosymmetric (010) projection in which the phases are either ..
positive or negative (0 or # radians) since the relationships.

used are effective only for these two phases.

Te make use of sign relationships one normally uses unitary
structure factors, instead of the simple structure factors., The
unitary structure factor for each reflection is the ratio of the
observed amplitude to the-maximum poséible.amplitude. The
observed structure amplitudes for the (010)'projection were

converted to unitary structure factors fronm

Upy = Fni/ ifjexp-3sin®e/a

szt

where Upy is the unitary structure factor for reflection (h0l).

Reflection (400) hed the highest unitary structure factor
this being 0°63. The method used in the depermination of the
phases is best described &s Woolfson's Hit-or-liss Method (70).
Three of the largest independent reflections, namely (400)(004)
and (302) had remained unchanged in phase fhroﬁghout all of the

various/



/various structure.factor calculations and these were all

o radians giving eéch feflectibn negative sign. By using

the triple produci sign relationship s(h)xs(h?)xs(h+ht )1
where =z means ‘'probably equals' and s(h) represents the

gign of a structure factor 6f index (h), it was possible to
determine probable signs of 58 reflections with unitary structure

factors greater than 0°25. For example:

8(400) x s(004) x s(4a04) =X 1

giving s(404) = (+). ©No attempt was made to assess the
probability of the relationships holding, Figure XXIX shows
the electron density projection obtained from the structure
factors phased in this way., It bears many similarities to
the projection pliased on the sulphur positiéns, but did not
help in the solution of the structure. This, however, waé"
not entirely unexpected as an electron density synthesis derived
from only 58 out of a total of 238 non-zero (hOl) reflections
couldrnot be relied on to give a clear picture of the electron
density distfibution, even although they were amongst the
strongest reflections and even assuming that all of the phases

were correct.

In fact 74% of the 58 signs so determined were correct.
An attempt was made to extend the triple product relatiopship
to reflections with unitary structure factors between 0°15 and

0°25 but the telationship failed and the work was not extended.
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The Solution of The Structure . !

- It was decided to compute structure factors and a three-
aimehsional electron density synthesis phasing on the two .
sulphur atoms and the atom.at (27°5/30, 9/15, 42/120) (page 90).
‘The residual obtained was 45% and the synthesis showed numerous
peaks:between three‘and four electrone-per‘cubic Angstrom. A
further synthesisawas computed phasing on a total of nine atoms
placed tentatively in the positions of the highest peaks in the
first synthesis. This hed a residual of 40% and a difference
synthesis was also computed. It now became apparent that if
the sulphur atom at (12'4/30, 0, 13/120) was not in fact a
sulphur but the oxygen of a carboxyl group in accordance with
the peaks which were resolved on this synthesis, then one
cysteine molecule of which the other sulphur was part would
fit the electron distribution very well. The atom at (27°5/30,
9/16, 42/120) which had been thought to be an oxygen atom had
a peak height of 14electrons/A?and a positive difference peak
of 2 electrons/ﬁ? compared with the other suspected oxygen atoms
which had peak heights of 10 electrons/Ai I+ was found that
if this atom was regarded as the other sulphur atom then the
other cysteine molecule could be fitted quite well. .



The only tentative atom used in the electron density

' synthesis bhesing which did not fit with this structure had

a hegative difference peak of 2 electrons/ﬁ? and this . atom .
was presumed to be éuite wrong. - The only reason for doubting |
this new inferpretation was that both of the original sulphur -
atoms had the same peak height énd appeared equally good on .
thé Fourier map and the difference,map. - It was, however, ,
decided to try this new interpretation and structure factors
and an electron density synthesis were computed, There was .
en immediate drop in the residusl to 34% and the large discrep-
ancies in the low angle reflections disappegred, . It was apparent .
that the solution of the structure had been obtained,. A
cbrrespondihg difference synthesis indicated shifts of some of
the atoms but had no large features suggesting that the trial
structure was wrong in any other waya: It'wés therefore
décided tb proceed with refinement.,- The composite electron

density synthesis is shown in Figure'XXX,




Contours at 1 e./AS
starting at 1. except
sulphurs contoured

at Se./R starting
~at zero |

| X

COMPOSITE ELECTRON DENSITY

FIG XXX

N
]




SECTION VII

Refinement of the structure of L-cysteine was carried out
by the block-diagonal least squares method (Part I, SectionVI).
No attempt was made to fix the y~origin and it was sllowed -
simply to float; the final y-coordinates are therefore purely
relative with arbitrary origin, The progress of the refinement
is shown in the following table.

After cycle R6  IZwA®x10™*  Scale factor Anisotropic H atoms

No. Atons

Input: 35°3 160 487 ——— ———
.1 278 117 5°79

.2 25°0 . 89 5°43 T T

3 ‘24'1 - 580 5°07 -—— ——
4 287 - 79 5°02 —— ———
5 14°6 28 4°81 A1l 6
6 15°0 27 4°66 . 1 41
7 15*8 30 4°64 11 14
8 14°8 26 4°64 11 11
9 15%4 - 4°60 11 11

The refinement was halted at this point as convergence seemed

to be practically complete.
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In parallel with this refinement, cycles 5 to 9 were
calculated with only the sulphur atoms anisotropic after some
adjustments'were made to rationalise the temperature factors

obtained from cycle 4., This showed& the following progress,

After cycle R% ZwhA% 104 Scale - -Anisotropic Hydrogen

No. ' factor Atoms  Atoms
Input - 27°0 98 - 5°02 JRpp— S
5 17°1 44 627 . 28 6
6 16°6 34 a*77 .. 28 6
7 18°5 42 . 4°70 28 "6 -
8 17°1 36 a2 28 6 -
9 16°9 -~ 4°68 |

The results from bo@h‘of these refinement procedures are

given in the'fdliowing section.

Hydrogen atoms

Only six of the fourteen hydrogens of the two molecules
were included in the structure factor calculations, there being |
too much uncertainty in the positions of the nitrogen and sulphur
hydrogens to allow the postulation of probable positions. The
Positions of the six hydrogen atoms inclgdedqare given below,

the temperature factor of each was takén arbitrarily as 3.



Hydrogen on Atom X Yy 3z
'HL = €2 0°383 ' 0°833 0°370
H2 . C3 .. 0°163 0°787 -0°270 - -
H3 C3  0°173 0°080 0°345
H'  c2! 0°677  0°773 0°125
H2! cat 0°867 0°987 0°325
H3'* . C3' . . 0°8B77 0°987 0°185

A list of the final observed and calculated structure
factors from the positions obtained from the final cycle of
least squares refinement in which all atoms were anisotropic

is given in Appendix IV,



Pogsitional and Thermal Parametérs-i froin I“irstj Refinement

The final atomie positions in fractional coordinates
obtained from the refinement in which all of the atozr;s were
allowed anisotropic vibration are listed below together with

their estimated standard deviations.

Atom x g (x)x10* y o(y)x10* z ¢o(z)x10*
S 0°0974 4 0°1805 12 0-1242 5
st 0°9199 2  0°6150 5 0°3232 3
C3  0°1946 6 0°0156 14 0°2871 7
C3' 0°8353 5 0°9130C 15 0*2760 6
ce 0°*3179 5 0°9928 11 0°2863 5
c2!  0°6980 4 0°8809 11 0°2154 4
cl1 0° 3460 4 0°8784 9 0°1548 4
Ci' 0°6448 4 0°7912 11 0°3292 5
N 0°* 3996 4  0°2439 10 0°3319 5
N? 0°6396 4 0°1352 9 0°1554 4
01  0°3976 3 0°0085 8 0°0871 3
01! 0°6240 3 0°9522 8 0%4133 3
02 0°3047 4 06560 9 0°1234 4
02! 0°6264 4 0°5502 8 0°3454 4



Atom
S
S'
C3

cat

c2
ce!
cl
c1t
N.

SNy
01
01!
02
02!

The anisotropic B4j values are as follows:

Bis

0°00490
0°00703

. 0*01657
T 0°00269

0°01144
0° 00902
0°01147
0°00364

© 0*00787
- 0*00907

0°00910
0¢01136
0401185

0401266

B22
0°04895
0°04472
0°* 04377

0°03189 -

0°01356
0°04092
0° 00944
0°01641
0°01858

- 0°02109

0° 03322
0°01837
0°01774
0°00892

Converted to.Bij values

Aton

S
S1
C3
cest
c2
c2!
Cl

c1t

N
O
01
01!
o2
021

Byg.-

2032
.82
783
1°27
. 54l
. 4°26
5042
172

372
4°29
4° 30
537
5°60

5°93

Baz
5387
4.*9]1
4.* 81

3°60

1°49
- 4°49
1°04
1°80

2°04

2+32
3°6b
2°02
1°956
0°98

Bas
0°01755
0°02781
001715

- 0°00923
0° 00644
0° 00339
0° 00316
0° 00370
000290
0° 00275
0° 00580
0° 00550
0°00541
0°00821

Bas

=0° 00774
0°02592
=0°03202

~0°*00549

-0° 00616
-0° 00504
-0°00866
0° 00503
~0°01543
0401388
0°00085
0°01094
~0°01034
-0° 00224

these are

Boa

éfes
8799

$j55

2°08
1410
1°02
1+20
0°94
0°+89
1°71
178
1°75
266

298" -

-1°46
4°89
-7 36
-1°03
-1°16
«0* Q25
~1°63
~ 0°95
~2°91
2462
0°16
2°06
-1°95
-0°42

B

-0° 00569

0°01436
0° 02964

000312

0°01613
0°00953
000661
000002

0*00548

0°*00468

0°01091

001224

0°01088"

0°01642

. Bay

-
5761

" 11450

1eez
631
3473
 2°58
" 001
2°14
1°83
4°27
479
4°23
6°03

B'i 2
0°00115
0°01228

~0°03272

- =0°00612

~0* 00684
=0°00642
-0* 00499
-0°00318
=0+ 00666
-0° 00227
0°00310
0401093
~0*00335
~-0*00708

B¢2

0°26

2°80
-7°46
-1*39
-1°56
-1°46
~1°14
“0°72
~1°29
-0°52

0°71

249
-0°76
-1+61
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Bond Lengths and Angles

Tbe 66nd lengths and angles calculated from these preceding
parameters sre given below; the e.s.d.'s,being calculated -from
the position variances obtained from the final least sdpéres”‘

cycle,‘wefe 0.013°for all bonds and 0°5° for the bond gngleé.

o . . . o
A A
S° « €3 1°807 '8 - C3' 1817
C3 - €2 ' 1°427 'c3' - Cc2' 1°504
cg - Cl1 ' 1°610 c2t - C1'  1°485
c2 - N 1°593 2t - W 1°517
Cl - ©01 1°226 ClY -« 01' 1°239
Cl - 02 1°254 ‘ Clt - 02' 1°299
’ e .. , e
'S - €3 .- C2 111°9 st - ©€3% - cCc2' 114°1
Cd = C2 - C1 120°9 . C3' - Cc2Y - C1' 112°9
Cd - €2 - N 115°4 ca' - C2' - N' 109°1
N - €2 - Cl 106°8° Nt - c2' - cC1' 108°3
cg - € - 01 119°1 ce' - c©1' - 01! 118°‘0
c2 =~ Cl1 =- 02 114°0 . C2' = C1%-+ 02' 121°1

01 ~ Cl - 02 126°8 01' - C1% - 02' 120°8

1o

On Enspec{ioh of thé-bond lenéihs and.élso the temperaturé,fgctors
of the atoms it was discovered that these ﬁeré not altogether
satisfactory. 1In particular atom C3 bonded to S has rathner

high vibrational paremeters and the bond_length C3 - C2 is much
shorter.than expected,. Both- of the sulphur atoms have fairly
large temperature factors and the positional accuracy of thefl

first/



()}
/first sulphur is only half that of the second. - It was
" decided that, on account of these discrepancies the positional

parameters were not the best obtainasble and that it would be .

worth looking at the results of the eecond refinement in which .

only the sulphur atoms were allowed anisotropic vibration.: -
These resuits turned:out to be extremely satisfactory giving .
good bond lengths and rational,temperatu:e factors, The -
parameters from this refinement are listed below and should Se

taken as the finai bﬁes,

5

Positional and Thermal Parameters from Second Refinement

~ Atom X o(x)x10™ ¥ o(y)x10™* z o (z)x10™®

S 0°0946% 4  0°1768 16 ~ 0°1173 6
st - 0°9202 2 0°6135 6 ' 0°3234' 3
C3 ~ 0°1953 6  0°0102 16  0°2874%, 7
ca' 08343 5  0°0060 13 ° 0°2749 6
C2 '“40+3262 6  0°9942 13 ' 0°2926 - 6
ce' © .0°6963 . b 0°8774 13 - 0°2131° -6
ClL - :0°3447 5 0°8832 11 ' 0°1558' . 5
C1' . 0°6491 .5  0°7903 13 03200 6
N .0°3950 .4  0°28470 10  0°3291 6
Nt . 0°6439 .4  0°1322 11 - 0°1552 5
01 . 0°3986 .4  ©0°0096 10  0°0857 4
02 - 0°8033 4  0°6552 11 j 0°1207 &
01t . 06245 . 4 09530 9  0°4132 4

4 0°5469 10  0+d13 5

-~ 02' . 0°6286

~

B

2°57
2°78
1°29

"1*569
171
203
- 1°53
" 165
162
" 281
" 2410
- 3*28
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The vibrational parameters for the sulphur atoms are given

below,.

s o°
st o

S
Si

Bi1
00669

00839
By

3°16
397

06
0°

Baz
05125

08143

Boo
. 5*63
5°65

Bzs

Bas

0°01731 -0°00896 0°00775 -0°00060
0°02686 0°02688

Bas
. 5*60
8+68

Bas

~1°68

5°07

B34 Bsa
0°01801 0101356
Bs 4 Be2
13°03  -0°14
7004 1 3°09

Bond Lengths and Angles from Second Refinement

5 = C3
Cd - C2
c2 - (1
cC2 - N

ClL - 01
Cl - 02

&
1°795
1°493

1504 -
1524 -

1241
1289

S‘
ca?t
c2t

ce*

c1t

ca*

c21
cit
N‘l

. 01?

021

]
1°800
1°510
1°5615
1°494

- 1°226
- 1°298

The estimated stendard deviations of these bond lengths

were calculated from the position varisnces and were all

found to be slightly leés than or equal to 0‘013, including

the sulphur-carbon bonds. This value is brobably an under- -

estimation,



The bond angles are:
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éo
115°1
11449
113°7
1088
119°8
11640
12442

I S A A O

U B O B

e

115°8
112°7

. 107°6

108°8
117°3
1166
1256



Discussion of Résulté

-‘The final bond lengths and angles obtained agree éell
with the résulté from the similar strﬁctures as listed in
Tables IV and V, and there is good agreement for these
parameters between the two independent'holecules in

crystalline cysteine itself.

The major difference Setween the molecules of Le~cysteine
and the cysteine residues in other compounds lies in the
conformation of the sulphur atom which can vary by rotation
- about the C3 =« C2 bond. This is shown by the angle between
- the planes of § = C3 - C2 and C2~ C3 « N This angle was
calculated for the majority of the compounds listed in
Section I and was found to vary between 55° and 75°., The
angles obtained for the two molecules of cysteine were 72°
and 190°, respectively, and thus it would seem that the
position of the sulphur atom in felation to the rest of the
mdlecule and favoured in similar compounds only occurs in
one of the two ix;dependgnt molecules of L-cysteine. The
preference the sulphur atom has for this position must therefore
be overruled by packing considerations snd it would seem that
it is only because the favoured position has-also'been the
best position from packing considerations in other coﬁpounds

that alternative conformations have not been found previously.



The projections of the molecules on the best planes _
through (C2, C1,01,02) snd (C2',C1%',01',02') are shown in
Pigure XXXIII. The (C2,C1,01,02) groups are quite coplanar
with the amino nitrogens lying a little way out of the planes
at distances of 0°35 and O° 854 respectively.

There is:h6 really.significant difference between the
carbon = oxygen‘bond lengths, which are of the same values
as found fdr'other a-amino acids, showing that the amino
acid is in the zmitterion form, this being assumed before
refinement wés commenced., | Better agreement would.poésibly
have been obtained if thé amino nitrogen had been given a

form factor equivalent 4o N*, but this was not done,

Hydrogen anding and MQlecular‘Packing

The crystal structure is held together by a sysﬁem'of
hydrogen bonding between the amino (NHg*) groups and carb=
oxylic groups, and by van der Wsals forces between the sulphur
atoms, Projections of the cell showing the hydrogen_bonding
system‘are given in Figures XXXI and XXXII. Eéch amino
group has four oxygen atoms at distances between 2‘7 and

3'lﬁ-in essociation, These give rise to two'normal

hydrogen/
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/hydrogen bonds from one amino group together with a bifurcated
“hydrogen bond to the two carboxyl oxygens of one cysteine

' molecule, The amino éroup of the other cysteine molecule
appears to make three normal hydrogen bonds which give a
good tetrahedral arrangement, and it is possible that the
fourth oxygen at the slightly longer distance is held by
electrostatic attraction. Thé bifurcated hydrogen bond

hae been observed in several compounds including a-glycine
(71,72) and B-glycine (73) in which the amino éitrogens‘form
two normal hydrogen bonds and one bifurcated hydrogen bond,
The hydrogen bonds found in L-cysteine are listed below.

N - 02 (x, ¥» 2) 287 -

N - 01 (1-x, y='/a, 1<z) 2°76

N - 01%(x, 1l-y, z) 2°93 :
N - 02'(x, y, 2) 3°08 or clictratite
NY - 02Y(x, ¥, 2) 2°84

NY - 0l (x, y, z) 2°76

Nt - 01 (l=x, y+'/2, =2z) 2°94

} Bifurcated
Nt - 02 (1-x, y='/s, =3z ) 2°89 } '

It cah also be seen from this table that every ox&gen

atom maekes two close contacts with the amino nitrogens.
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The three-dimensional structure, however, could not
be held together by this hydrogen bonding system alone.
The crystal structure is also held together by the sulphur
atoms meking van der Waals contacts with each other. The

nearest approach distances of the sulphur atoms are listed

below.
X
S - S (=z, y='/2, =2) 3°76 -
S - S8 (-=x, y+'/a2, =2) 3°76
S - s' (x-1, ¥y, 3) 3°89
st - st (-x, y=1/2, ~z) 4°18
st - 8 (ex, y+'/a2, =z) - 4°18
S - s' (x-1, y-1, 2) Y L

S - SY (1-x, y='/a, =2z) 427

The van der Waals radius of sulphur as. reported by Pauling
(55) is 1°858, giving an expected ven der Waals contact distance
of 3° 7A, although 1n ‘hexagonal L-cystine (62) a sulphur -
sulphur contact distance of 3° 47A has been found. However,
a8 the sulphur atom in cysteine is in the form of an SH group.
it is reasonable to assume that the contact distancesvshould

be longer than those for sulphur alone.

The adjacent positions of the sulphur atoms explain the
ease in oxidation of cysteine to cystine in‘the,solid, cryst-
alline staﬁe'by the formation of a disulphide bridge.. If the
sulphur atoms were not adjacent but remote from each other it is

hard/
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/hard to see how cystine could be formed without the crystal
~-latticé being first broken ‘down by some externaﬁ influence.
In fact the reverse would seem to be true:- the formation

of cystine through combination of adjacent.sulphur atoms

leads to the breakdown of the crystal lattice, this'being '
observed in the latfer stages of data collection. The -
large femperature factors of the sulphur atoms could also
indicate that there is some slight disorder in‘their positions
possibly dus to‘movément néaref to éach othef'as a pfeitminary

to oxidation.
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SECTION - XI

Conclusion

- The L-cysteine molecule adopts two different conformations
in the crystalline state, arising from rotation of the sulphur
atom abou£ the C3 « C2 bond,  The structure is held together
by a system of hydrogen bonding and contacts between the
mercapto groups, which are adjacent, this presumably giving
ease of oxidation to cystine in the crystalline state.

The solution of the structure would have been much simpler
if the correct sulphur positions had been obtained in the first
instance., The ambiguity arose through the sulphur S' and the
oxygen Ol having overlapping Harker vectors; Cross~#ectors
for the final sulphur positions should eppear on the 3D-Patterson
synthesis at (0°4/30,2/80,53/120), (0°4/30,28/30,53/120) and
(26/30,17/30,26/120), (25/30,13/30,26/120). On re~examining
the Patterson these were found with values of 200622%™® and
190e22™ respectively; the latter peak, however, overlapped
the edge of the Harker vector of S' making the correct

solution less obvious than the original.
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There are still a few features concerning the structure
which require some explanation. The anisotropic temperature
factors of the sulphur atoms are high and the position of the
sulphur atom (S) did not refine well, as indicated by the
positional estimated standard deviations. It is possible
.that there is some type of disorder in the position of this
atom. This would certainly seem feasible since the ven der
Waals contacts between the sulphur atoms are fairly long and
could almost certainly allow fractional movement.. Refinement
of the structure by the full matrix least squares method &ould
be interesting, since this should give a clearer picture of
any irregularities in the structure of L-cysteine..
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for Bis-L-histidinato-cobalt(II) monohydrate
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Cobalt-histidine:‘ Unobserved Reflections
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APPENDIX IV

Observed And Calculated Structure Factors

For L-cysteine -
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' The Structures of Bishistidino-nickel(I1), -cobalt(11), and -cadmium(Ir) .

By K. A. Fraser, H. A. LoNG, ROSEMARY CANDLIN, and MaRrjoriE M. HARDING
(Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh, 9)

Tue above complexes were prepared from the
metal carbonates and either r- or pr-histidine
(C3H N, CH,-CH(NH,)-COOH), and crystallised
from aqueous solutions.

The racemic nickel compound, Ni(CgHgN,0,),,
H,0, is orthorhombic, Aba2, with a = 1518,
b=13-05 c =772 A, Z = 4. Its structure was
solved with three-dimensional X-ray intensity
data (Cu—K, radiation), and after least-squares
refinement of the parameters, the agreement
factor, R, is 0-075. There are equal numbers of
molecules of bis-L-histidinonickel and bis-D-histi-
dinonickel. The nickel atoms lie on two-fold axes
and are octahedrally co-ordinated by two nitrogens
and an oxygen of each histidine group. The bond
angles around the nickel atom are all within 10°
of the ideal values of 90° and 180°.

Bis-L-histidinocobalt(11r), Co(C¢HgN,0,),,H,0, is
monoclinic, C,, with a = 2944, b = 832,
c= 6354, B =90°, Z = 4. Its structure was
solved from electron density projections and the
parameters are being refined using three-dimen-
sional X-ray intensity data (Mo-—K, radiation).
At present R = 0-14. The configuration of the
molecule (which does not lie on a crystallographic
two-fold axis) is similar to that in the nickel
complex above. The average distances are
Co-N(1) 2:14, Co-N(2) 2-17, Co-O(1) 2-13 A. The
conformations of the two histidine groups are
slightly different (by up to 10° in dihedral angles)
from each other and from that in the nickel
complex.

The cell dimensions and (010) electron density
projection of bis-L-histidinonickel show that its
crystal structure is very like that of bis-L-histidino-
cobalt. Racemic bis-histidinocobalt crystallises
in space group P2,/c, different from both the

- above structures; it is being studied further.

Bis-L-histidinocadmium is tetragonal, P4,2,2,
with @ = 7-39, ¢ = 30-5 A, and a structure similar
to that of the corresponding zinc compound.? The
(100) electron density projection gave approximate
values for all the atomic positional parameters.
The metal atoms are on two-fold axes. In the

zinc compound the co-ordination group is essen-
tially tetrahedral [to N(1) and N(2) of each histi-
dine] and the carboxyl oxygen atom, O(l) is
loosely associated. In the cadmium compound
the histidine groups have tilted to allow these
six atoms-to be at more nearly equal distances
from the metal atom.

Cd-N(1) 2-26, Ca-N(2) 2-25, Cd-O(1) 2-49 A,
, (e.s.d. ~0:05 A)

Zn-N(1) 2:05, Zn-N(2) 2-04, Zn-O(1) 2-79 A,
‘ (e.s.d. < 0-02 A)

In no case is the metal atom quite in the plane
of the imidazole group co-ordinated to it; the
displacements from the imidazole plane range from
013 A in the nickel compound to 1-1 A in the
cadmium compound.

(Received, June 22nd, 1965; Com. 386.)

1 R. H. Kretsinger, F. A. Cotton, and R. F. Bryan, Acta Cryst., 1963, 16, 651.



