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ART 1

1. INTRODUCTION

Metal ions are common in biological systems and probably
function in many cases by complexing with proteins. The study
of metal protein interactions has greatly expanded in recent
years. The subject was reviewed in 1962 by F.R.N. Gurd [1].

Histidine is a common amino acid in proteins and its
imidazole side group has a very high affinity for metal ions.
It is therefore not surprising that metal ions are often found
to resct with histidine residues in proteins. For example in
sperm whale metmyoglobin, whose atomic structure is almost
completely known [2], a histidyl residue is co-ordinated to the

iron atom of the haem group by means of a nitrogen atom of its

o e

imidazole ring. The binding of Cu and Zn ions to myoglobin
in solution [41], principally involves those imidazole groups
which are buried within the molecule. It is useful to correlate
the ligand properties of these imidazoles with their steric
situation which is known from the X-Ray results.

However to predict the properties of an imidazole group in
a perticular situation is more difficult, and requires an exact
knowledge of the properties of the histidyl residue and the
neighbouring groups. As F.R.N. Gurd has said [1]: "Only by
studying appropriate metal peptides will it be possible to predict
the behaviour of each individual potential metal binding site in

myoglobin".
In/
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In this connection it would be very useful to have precise
data on the behaviour of histidine as a ligand. Its properties
towards metals in solution are already fairly well known, but
these studies do not indicate the exact stereochemistry and
conformation of the histidine. Only X-Ray analysis can show
the detailed geometry of interaction between histidine and metal
atom. This study of nickel histidine is part of a general study
of metal-histidine complexes being done in this laboratory.
Nickel itself is not an important metal biologically. The
interest lies in the comparative study of a series of metal-
histidine complexes which might lead to useful conclusions about
histidine conformation and metal-oxygen or nitrogen bond lengths.

Work completed on metal-histidine complexes.

(i) Crystallography

Both L and DL complexes of Cd(II), Zn(II), Ni(II) and Co(II)
have been investigated at the time of writing; Only the two zinc
complexes have been fully reported [3,4]. All the other complexes
have been studied in this laboratory (see:- Paper presented to
X-Ray Analysis Group Conference, April 1965). All complexes so
far determined have two-fold symmetry, and there are some
interesting differences between some of the L and DL forns.

(ii) Solution studies.

There have been several independent measurements of metal
histidine stability constants [5,6,7] but the most reliable are
probably those of Leberman and Rabin [5]. They used potentio-
metric methods and interpret their results on the basis of two

equilibria:-/
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equilibrias -
- Kq
M + L — ML
e
ML + L —— MLo
Logio K1 Logio K2
cda (II) 5.65 L.1kL
Co (II) 6.92 5¢52
zn (II) 6.63 5.67
Ni (II) 8.69 6.83

Their results for Cu’™ were more complex, the bonding being
stronger. The stability constants are all high showing
histidine to be a powerful ligand. Among amino-acids only
cysteine binds metals more firmly.

Co (II) complexes of histidine have been studied in solution
by McDonald and Phillips using N.M.R. [8]. They found that the
configuration of the complex varied with pH as might be expected.
They could distinguish four complexes, including a tetrahedral
Co(histidine) > complex at high pH.

Other relevant data

The association of various derivatives of histidine and
similar compounds with metals has been investigated [9] in
solution e.g. acetyl L-histidine [9], histidyl histidine [9,7],
histamine [6], B-(L4-imidazolyl) propionic acid [6], anti-
histamine [10] and carnosine [11]. Crystallographic work is in
progress on Cu(II) glycyl L-histidine [15]. Two independent

measurements/
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measurements have been made on imidazole-metal stability constants

[6;12]) It is useful to compare these constants with the

log1oK1 values for histidine.

log1oK1 (histidine) [5] logi1oKk (imidazole) [6]
Ni(II) 8.69 3,01

The higher values for histidine are s measure of the strength of

binding of the amino and perhaps the carboxyl oxygen, as well as

a result of a statistical effect due to chelation. Proof that

metals bind to the "pyridine nitrogen" of imidazole, and the

total heats of formation of the complexes have been given [12].

Also relevant is the very recent determination of the

structure of imidazole by X-rays [13]. The molecule is gquite

planar, the deviations from the least squares plane being not

larger than .00L ﬁ. The hydrogen attached to N4 is hydrogen

bonded to the N3z of a neighbouring molecule.

H H

Ny e sl “\CGALQ/

1369 g 1359 1386
s ¥
(I H | N H—N3 N
Al k P~y
13h9 326 VSl 1319
) i
H H
Imidazole Imidazole in

Histidine HC1l.
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It is interesting to compare this structure with the recent
refinement of the structure of histidine hydrochloride [14].

In histidine HC1l the imidazole ring is protonated at the free
nitrogen position, and so small shifts in electron distribution
and bond lengths in the ring are to be expected. As may be

seen there are some significant differences in bond lengths.

Nickel stereochemistry

Nickel stereochemistry has been reviewed by J.R. Miller in
1962 [16], Nyholm in 1961 [17] and spin-paired complexes of
nickel by Harris and Livingstone in 1962 [18].

Two types of spin-free Ni(II) complex are known - octahedral
and tetrahedral. Examples of octshedral complexes are very
common and well known, but tetrahedral complexes have only become
firmly established in the last decade. In the octahedral case
electronegative ligands are favoured, whereas tetrahedral complexes
mainly occur with halide ions and mixtures of these with triphenyl
phosphines.

Similarly with spin-paired Ni(II) complexes, square planar
was assumed for a long time to be the only possible configuration.
Only recently 5 and 6 co-ordinate spin-paired complexes have been
discovered, with ligands including halide ions,SCN , CN  and
chelates containing arsenic and phosphormus.

However, with electronegative ligands such as oxygen and
nitrogen, most complexes fall into one of the two common groups:-

(i) Octahedral spin-free

(ii) Square planar spin-paired
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Ni-O and Ni-N bond lengths

Table 1 gives data on complexes containing Ni-O and Ni-N
bonds whose structures were determined by X-Rays. The observed
bond lengths are summarised in Table 2. It is useful to compare
these values with the sum of the covalent radii. Pauling [19]
gives 1.394 for the “"octahedral covalent radius" of nickel and
values of .664 and .70& for the covalent radii of oxygen and
nitrogen respectively. This gives 2.05& for the Ni-O bond and
2.093 for the Ni-N bond, agreeing quite well with the data for
octahedral complexes. Tetrahedral and square planar complexes,
however, seem to show a significant shortening of about .28,

This may in part be due to differences in the nature of the

ligand atom (all the square planar complexes containing Ni-N bonds
have a nitrogen of "imino" character, for example. However the
Ni-N(imidazole) distance is normal for the octahedral case).

If there is significance in this shortening iﬁ would cast doubt

on Pauling's conclusion [19] that:- "square dsp? radii of atoms

have the same values as the corresponding octahedral a2 s p3 radii"



TABLE 1

COMPLEX.

Nl(NH*);{qOu]z 6H,0 cnntaining
[Ni(H20)s JMion. R, Octahedral

Tetra kis[aqua)bis(acetatn)Ni
Regular Octahedral

Diaquobis(salicylaldehydatn)Ni
R, Oct. Coplanar-trans
Config. for organic portion

Bis(salicylaldiminatn)Ni
Trans planar,centre at Ni

Bis(salicylaldoximatn)Ni
Trans plsanar, centre at Ni

Bis(N-methylsalicylaldiminatn)-
Ni. Trans planar

BOND TLENGTHS YEAR

Ni-0(Hz0) 2.08L4(.012)
v 2.0L(.012) 1961
Ni-O(HgO] 2.06
Ni-O(carboxyl) 2.12 1653
Ni-O(zldehyde) 2.019
Ni-0(HaQ) 2.0L1 02] 1961
Ni-O(phennlate) 2.023(.02)
Ni-0O(prhennlate ) .8L0(.03)
Ni-N(iminm) 1.840(.03) 1959
Np acecurate bnnd

lengths 1956
Ni-O(phennlate)l.20(.03)
Ni-N(iminn)1.90(.02) 1959

Bis(N- 1smprnpylsallcvlald1n1ﬁﬁtn]- Nl-O[phnnnlate)i 891 ( OOL)

Distnrted tetrahedral

Bis(N-nbutylsalicylaldiminatn)-
Ni. 2 dimensions nnly.

Diaqunbis(acetylacetonatn)Ni

Tetragnnally distnrted nectahedron Ni-0(H,0)

Bis(acetylacetnnatn )Ni
Distnrted nmectahedral. A trimer
Pairs nf Ni bridged by 3 oxygens

Triethylenediamine Nl.pltrate
comtaining [Ni (en)s]* imn.
Distorted nectahedral,

Bls(ethvlenedlamlne]bls(1swth1n—
cyanatn Ni(en), (NCS)y
Ppgular Dctahedral trens

Dinitrobis(NN-dimethylethylene-
diamine)Ni..
Distnrted Octahedral

1.808(.00L)
Ni-N{iminn)1.990(.005)

Ni—N(iminU)l.QEO(.ODQ) 1964
No accurate bond
lengths 1962
Ni-O(carbonyl)2.018(.01)
2.139(.01) 1961,
Ni-O(carbnnyl)2.00(.04)
Ni-O(sharedby nther Ni) 1961
2.12(.0L)
Ni-N(aminn)2.120(.013)
1960
Ni-N(aminn)2.10
Ni-N(NCS) 215 1963
Ni-0(NOg) 2.11(. OOq]
Ni-N(NMeg4) 2.219(.01 1964

Ni-N(aminno) 2. OSO( OOQ)

21,

25I

26

28

29

31

)
N



TARLE 1

TARLE 1. (enntinued)

COMPLEX

Dinitrnobis(ethvlenediamine )N
perchlnrate. [1i(en)a (NOg )a I&%n
Chain structure. R. Octahedral
Ni atoms linked by O nf NOg

Bis(dimethylglynximatn)Ni,
Trans planar,

Bis(methyl ethyl glynximato)Ni
Trans planar,

Bis(glyecinn) Ni dihydrate
Distorted octzhedral.

Ris(B-2lanine)VNi dihvdrate
Very slightly distnrted
nectahedral.

Bis(DL-histidinn) Ni -
monohvdrate.
Regular necteshedral.

Ni trismmine dithinmcyanate
Regular nctahedral.

Bis(thipnsemicarbazidatn)Ni
Trans planar.

Ni etioporphyrin
L=coordinate but nnt planar.

BOND LENGTHS YEAR
Ni-0(¥0z) 2.58(.0L
Ni-N(aminn)2.17(.0L) 1962

L 58 11 2.-_1_3('0)_;}
Ni-N(iminno) 1.87(.02)

FE A 1.00(.01) 1953
Ni-N(iminn) 1.83(.02)

L L 1.88(.02) 1960

No aecurate bond

lengths 19L5

Ni-O(carbnxyl)2.14(.02)
Ni-O(water) 249 .02) 196L
Ni-N(aminno) 2.10(.03)
Ni-O(carbnxyl)2.109(.010
Ni~-N(aminn) 2.102(.01 ] 1965
Ni~N(imidaznle)2.09L(.007)
Ni-N(amino) 2.02L(.016) 1956
Ni~-N(iminn) 21.91 (.01) 1962
Ni-N(iminn) 1.6 (.01) 1963

pt
"

3L

37

This
thesis

38



2:12
2.11

2k

.02
.02

-89
.90
.02

.80

A

TABLE 2

Ni- = O and Ni - N  brnd distances
0 (water) N _(aminn)
(.01) R. Oet. 20 2.02 (.02) R. Oct. 38
{L0%) 12 20 2.10 e 31
. 217 (.0L) ' 33
(.02) . 22 5.45 (.04} 1 32
L 21 2.10 (.01) e This
(.01) D. Oct. 28 . thesis
(.02) ' 37 2.10 (.03) Qect. 37
_ 2.09 (.01) ! 32
0 (carboxyl) 2.12 (.01) 13 30
R. Oct. 21 _ I
(.01) 1 This
: thesis 1.8, (.03) T. Planar 23
(:02) D. Oct. 37 1.90 (.02) 1t 25
1.83 (.02) 1 35
O (ecarbonyl) 1.88 (.02) 1y 35
1.87 (.02) 13 3L
(02" R."Oct. "22 1.90 [ .01) it 3~
(.04) D. Oet. 29 191 J0%) 3 8 39
(.0%) ¥ 28 1.99 (.005)D. Tetr. 26
: 1.95 (.009) e 26
O (phenolste) 1.96 (.01) Von-Planar LO
(.00L) D. Tetr. 26 1 I_(~ther)
(.00L) _ 1t 26 r
[.02) R. @6t 22 2,090 (.01) Imidaznle
(.03) T.Planar 23 R. Oct. This thesis.
(.03) 3 25 2.15 -NCS R. Oct. 31
.22 (.01) -NMe =
0_|{ NO_) -D.Oct. 2 32
(.0L) R. Oct. 33
Cogt ) el 06k, 32

@] !Dther}

2.42 (.04) O shared by
Ni atom. D.Oet.29

other

lotes

Ras0ets
Ds Oet.
D JRLI b

i

Regular Octahedrzl
Distorted Octahedral
Distnrted Tetrahedral

T.Planar= Trans Planar
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2e DETERMINATION OF THE STRUCTURE OF DL BIS-(HISTIDINO)
Ni(IT) MONOHYDRATE.

(a2) Preparation of complexes of Ni(II) with DL Histidine.

Two different crystalline complexes of Ni(II) with DL
histidine were prepared as follows:-

Ni CO3 was gdded to a solution of pure DL histidine. There was
no reaction in the cold, but on boiling there was a vigorous
reaction, evolution of COz and a blue-purple colour appeared.
Slow cooling and evaporation gave a background of small purple
crystals, together with several larger deep blue crystals. Use
of different proportions of NiCO3z: histidine did not alter the
crystals obtained. Better quality crystals of both types were
prepared by recrystallisation from boiling water, with slow
cooling to room temperature and evaporation.

The purple crystals (A) were small with good faces, sharp
reflections and were stable in air at room temperature. (See
Fig 1 and page 9 ). The deep blue crystals (B) were larger
(> «2mm), had a cubic shape, but did not have such good faces, and
decomposed after a short exposure to air. X-Ray powder photo-
graphs were taken of crystals A, B and pure DL histidine. All
three photographs were different from one another.

Crystals B
The density was determined by flotation in a mixture of

carbon tetrachloride and methyl iodide e = 1.667 g.cm"s.

obs

The unit cell volume was measured by taking photographs about

an/
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an axis, parallel to one of the prominent crystal zones, whose
translation was 15.05 (i .1)3. The crystal was mounted in a
sealed“Pantaﬂﬁtube. o symmetry was observed on the
oscillation or zero layer Weissenberg photographs. The cell
volume, V_, was 787 (+ 15)43. V, together withe . gives a
cell molecular weight of 790 (+ 15). This is very close to
the sum (= 788) of the molecular weights of 3 molecules of water
and two molecules of Ni(histidine) 2. The density calculated
from V_ and this cell contents is 1.663 g.cn™>. It should be
noted that the real unit cell volume may be a multiple of Vc
quoted above, since systematic absences may have been present.
Investigation of these crystals was stopped at this point,
since their instability made them unsuitable for accurate work.
It was concluded that there is a 3:2 ratio of water:Ni (histidine)o

in crystals B.

Crystals A
The great stability of these crystals and the beauty of their

crystalline form, made them suitable for a full structural
investigation. The determination of symmetry and space group
showed the problem of structure analysis to be greatly simplified.
The rest of this section therefore describes the full structure
analysis of crystals A, which were proved to be Ni(histidine) 2.

Hz0 or more formally, DL bis-(histidino) Ni(II) monohydrate.

U]

*
uPCl‘nta!( tul]es ate VQT\’ TLIT\ WQU.Ed E]‘QS‘S CQF‘“.Q*\, tUL&S
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(b) Preliminary work on Ni(Histidine)z.Hpo0 (Crystals A).

Small purple crystals A were recrystallised from boiling
water. They were rather irregular in shape (see Fig. 1), but
showed sharp faces and were very stable at room temperature.
They were slightly elongated along the [017] zone axis, and it
was most convenient to photograph them about this axis. This
led to some initial difficulty in recognising their orthrhombic

symmetry, but later on it had advantages in data collection.

Determination of Symmetry and Space Group.

A small crystal was orientated about the [01T] axis and an

oscillation photograph taken and the reciprocal lattice spacing
d? = +2043(Cuka1) parallel to the axis calculated from the layer
line spacings. A zero layer Weissenberg photograph showed two
lines of symmetry at right angles : axes h' and k' with a'”®
= +1013 and b'* = *1160(CuKa 1)« The symmetry of the zero layer
Weissenberg showed that at least one mirror plane was present
passing through the origin of reciprocal space. The 1st, 2nd and
3rd layer equi-inclination photographs showed only one line of
symnetry parallel to k'. The mirror plane was therefore normal
to the h' axis, and the crystal was therefore monoclinic or had
higher symmetry.

Assuming it to be monoclinic, a' was the unique axis and
the films were indexed accordingly. The systematic absences

found did not fit in with any monoclinic space group. The

crystal/
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crystal therefore had higher symmetry.

A plot was made of the reciprocal lattice normal to the
h' axis and only the observed reflections marked on it
(see Fig. 2). At once a face centred pattern emerged. It
was possible to choose a new axis, named k, and an axis 1 at
right angles approximately. The axis h' was renamed h. There
were two possibilities of choosing k and 1 as indicated on
Fig. 2. If the crystal was ortﬁ}hombic the hkO and hOl planes
would be mirror planes. The films were next indexed according
to the two possible orientations of k and 1, and the intensities
of reflections on layers O to 3 related by the mirror planes
compared roughly. One orientation gave good agreementy; the
other no agreement at all. The k and 1 axes were chosen
accordingly as shown in Fig. 2. This in itself was a strong
indication of orthorhombic symmetry. The final proof was in the

observed conditions of reflection:-

hk1l only for k +1 =2n

Okl . only for l=2n, k = 2n
hol only for h =2n, 1 = 2n
hko only for k = 2n

hoo only for h = 2n

oko only for k = 2n

ool only for l=2n

These conditions indicated A face centring, a glide plane normsl
to a, and a glide plane normal to b with translation a/2. The

crystal/
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crystal was therefore orthrhombic with space group no. L1 (Aba2)
or No. 6L,
Henceforth when axes are mentioned they will refer to the

indexing system consistent with space group Aba2.

Accurste Unit Cell Measurement.

A crystal was mounted about the b-axis and a zero layer
Weissenberg photograph teken with Cu Ko radiation. It was
calibrated by means of a fine copper wire which was photographed
at both top and bottom of the Weissenberg film. The copper
lines were indexed and their © values calculated. a = 3.6150&3
for copper (face centred cubic) was used. The distance between
the corresponding lines on either side of the film was measured
with a travelling microscope, and the distance : angle conversion
factor was calculated for each line and plotted against sin®e.,

This was done for both top and bottom of the film and extrapolation

to sin®e = 1 gave the same value for the conversion factor,
namely .05010 cm/degree. This should eliminate errors due to
absorption, eccentricity, divergence of the beam and film
shrinkage.

A value of a was determined by measuring the distances
across the film between corresponding h o o reflections. The
conversion factor was used to calculate a  for each reflection
(o1 and ap spots where possible) and these values were plotted
against sin®e and extrapolated to sin®e = 1. This was done
for 10.0.0, 12.0.0, 14,0.0, and 16.0.0. Lack of any reflections

above/
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above sin?e = .67 limited the accuracy of the result:-
a® = .10151 M.P.E. (Maximum possible error) =
+ .00010 (Cu Ka1).
Unfortunately an accurate value of c* could not be obtained from
the photograph since there were very few ool reflections.

A value of b was obtained from a precession photograph of
the hko plane taken with Mo Ka radiation. The film was
calibrated from the value of a determined previously. Distances
across the film between corresponding spots were measured as
before. In this case the variation of sin © with distance is
linear, and so an averaged sin © : distance conversion factor
was calculated from the hoo reflections : 0U172/cm.s  Values

of sin © for the oko reflections were obtained using this factor,

and values of‘b* calculated.

.05435 M.P.E. = + .00010 (MoKa 1)

+11805 M.P.E.

b* (average)

I+

or b*(average) .00021 (Cu Ka1).

i
4

[}

A value of c* was obtained by measuring the zero layer
Weissenberg of a crystal set up about the [0!T] axis (CuKd
radiation). It was calibrated by measuring the hoo reflections.
A distance : angle conversion factor was obtained in the manner
described for the copper wire lines. Reflections of the type
okk were then measured and their sine@ values calculated using the
conversion factor. Next, using the value'b*>:=.11805, c* values
were calculated for each reflection, plotted against sin®e and

extrapolated to sin®e = 1.

c*/
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It was unfortunate that by this method the values of ¥ and d*
depend on the value of a* which was used for calibration. The
final unit cell dimensions are given in Table 3, and they were

used throughout the rest of the work.

Density
The density of crystals A was determined by flotation in a

mixture of carbon tetrachloride and methyl iodide. Freshly

prepared crystals were used.

P ops = 1-671 (& .0OL) g.cm™2,

Effect of temperature

A small sample (.02 g) of crystals A was heated at 150°C to
constant weight (20 hours). The percentage loss in weight was
1 «13%. No change was observed in the crystals and they still had
good faces and sharp reflections. They appeared to be very

stable at this temperature.

Conclusions from Space group, cell volume and density.

The measured cell volume, Vc was 1528.6 & 3. This together
with the observed density gives a total "cell molecular weight"
of 153845,

Assuming a complex of the type Ni(histidine)z> with
MW = 367.05, the total weight of L molecules of this complex and
L molecules of water would be 1540.3. This agrees well with the
observed/



1’4‘0

observed "cell molecular weight'" of 1538.5. Further work
therefore procedded on the assumption that there are L molecules
of Ni(histidine)z and L of water in the unit cell.

On this basis the density, calculated from the contents of
the cell and the cell volume, ist P ;. = 1.675 g. em™>.  This
value agrees withfsobs within experimental error. The two
possible space groups are:-

(i) Aba2. (No.l41)

This space group has eight equivalent positions, and four
special positions on the two-fold axes. It is non-centrosymmetric.
To fit the cell contents to the space group the four Ni atoms and
the four oxygens of the water molecules would have to lie on the
two-fold axes, while the histidine atoms would be in general
positions. Any Ni(histidine)2 complex would therefore have two-
fold symmetry.

(ii) No. 64

This space group has sixteen general equivalent positions, and
a series of eight-fold and four-fold special positions. Since
there are eight histidine units in the cell, each histidine atom
would have to occupy a special position. This is obviously
impossible.

The space group is therefore Abal.

Linear absorption coefficient

The linear absorption coefficient for Cu Ka radiation was

calculated:
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M = 23,5 om™

P Z:Ff“m was used where:

The formula:

1.673 g em™>

e
]

Mass absorption coefficient [42]

i -
=
I

proportion by weight of element present.

B
1}
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(¢) Data Collection

3-Dimensional data was collected from the crystal shown in
Fige 1. The crystal was mounted with secotine on the end of a
very fine glass fibre on a goniometer head. The camera was a
Unicam equi-inclination Weissenberg camera of diameter 57.3 mm.
A stabilised PhilBips X-Ray set with sealed copper target tube
was used and was normally run at LO KV and 20 m A, with a nickel

filter. The collimator and beam-stop were of brass.

Film Technigue
The multiple film method was employed with a pack of four

Ilford Industrial G films for long exposures of about 50 hours.

It was usually necessary to take another short exposure with a
single film in order to get measurable intensities for the
strongest reflections. Intensities from a pack of films were put
on the scale of the top film by calculation of the inter-film
scale factors. Usually about twenty or more reflections common
to two films were measured on a reliable part of the intensity
scale. The ratio of the intensities were then averaged. Scale
factors for neighbouring G films varied from 2.9 to 3.3. Due to
the dangers of differences in film quality, developing etc., film

factors were calculated independently for each film.

Strategy

The crystal was first accurately adjusted to the [O!7T] zone
axis., The oblique axis was a great advantage for data collecting,

because/
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because it enabled sbout 9L4% of the unique reflections to be
measured from a single crystal setting. This may be seen by
reference to Fig. 2. In the orthorhombic system %th. of the
reciprocal lattice is unique, for example the h k 1 sector for
h,k,120; i.e. the red and green areas for h20 in the figure.
The various layers normal to the [01T] axis are shown as vertical
lines. It was possible to take photographs up to layer 6 which
had an equi-inclination angle Po= ST This covered the
green area of the reciprocal lattice for all values of h.

The red region is related by the hko mirror plane to the blue
area which could be measured on the photographs. The only
reflections remaining unrecorded were those on the seventh and
eighth layers, and these numbered only thirty-three. Therefore
out of a total of over nine hundred unique reflections only thirty-
three could not be recorded. There was also the further
advantage that "automatic inter-layer scaling'" was possible
without the necessity of taking any more photographs.

The reflections occurring on the layers were of the following

types:t:-
Zero layer hk k
1st layer h k k-2
2nd layer h k k=4
n th layer h k k-2n.

Now a reflection of the type hkk on the zero layer could also be
megsured on'layer k as h k k. Reflections on layer 1 of the type
h k k-2 could be measured on layer k-1 as h k 2-k. The general

relationship/
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relationship was that a reflection of the type h k k=2n on
layer n could be measured on layer k-n as h k 2n-k. These
reflections were all related by the hko mirror plane, and a
similar general relationship existed for reflections related
by the hol mirror plane.

The films were first indexed and a trace made of the lines
on each Weilssenberg. This was quite a simple process as the
line of intersection of each layer with the okl mirror plane was
always a line of symmetry on the photographs. Intensities were
then measured, care being taken to include enough reflections
common to other layers to give reasonable inter-layer scaling.
In this way a set of intensities from each layer was measured.
Next a spot shape correction was applied to upper-layer reflections

with 1ow§values.

Spot shape correction
Phillips [L3] gives an expression for the true intensity,

It’ in terms of Ie’ the intensity of an extended spot and Ic’ the
intensity of the corresponding contracted spot on upper-layer

equi-inclination photographs. His formula is:-

2 Te.lc

Te + 1o = Harmonic mean of Ie and Ic.

It =

This applies to visually estimated intensities, only where the
variation in spot area is small.

However badly distorted spots on upper layers with 1owgva1ues
never had to be measured, as may be seen by reference to Fig. 2.

They/
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They were always measured in some other region of reciprocal

space at highergvalues. Phillips formula was therefore taken

to apply with reasonable accuracy to all cases. Ie and Ic values
were estimated for a selection of spots, (usually twenty or more),

. It Ic
: @ The T =
at varlouagvalues on layers 1 to 6 ratio T é(Ie + Ic)

was calculated for each pair of spots and plotted against g .
The curve was used to correct extended spots which were measured
in preference to contracted spots where possible. Sometimes
contracted spots had to be measured, and in these cases the

; It _, It -
correction factor s = 2 To was used.

Absorption correction

At this stage a correction for absorption was considered.
The crystal used (see Fig. 1) was very roughly a cylinder of
diameter .1 mm. With p = 23.5 em™ ' this gives a value uR = .12.
W.L. Bond [4L] gives values of A?, the absorption correction factor,
for cylinders at successive values of © (Bragg angle). At
MR = 12 the maximum variation of A% (between € = 0° and 6 = 90°)
is only about 1%. A larger error is probably caused by changes in
the effective value of;*R due to the irregular shape of the crystal.
But assuming a maximum variation of 10% in MR, the corresponding
variation in A* is only 2%. This means that a maximum variation
of 3% in A* is likely. A similar variation would be expected for
upper layer photographs. 3% Is very much smaller than the
expected random errors in intensity measurements (~10%). No

absorption/
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absorption correction was therefore attempted.

Intensit rocessin

After spot shape correction, the intensities on each layer
were LP corrected using a program (Harding 8/2) written in EMA
for Atlas. Intensities on different layers could now be
compared directly, ana the final problem was to derive reliable
inter-layer scaling factors.

First every possible pair of layers was taken and the
common reflections tabulated. An averaged ratio of intensities
was taken as the scale factor, leaving out reflections thought
to be unreligble for one reason or another. An agreement or
R factor (R = %%%‘ ) was calculated, and the following two tables
show the results:-

Interlayer scale factor

Bl Lo 2 3 L 5 6
O/n . *9%7 . +BLB. 1°8U43 - *838 - "
1/n *937 1°950  +9Lh2  1e41L =
2/n 14882 1+279 1-248 -
3/n *513 - 728 -
L/n <761  +382
5/n * 901

Corresponding R factors (%)/




u:.'n.

21

Corresponding R factors (%)

n = 1 2 5 L 5 6
0 5.4 5.9 23.4 24.4 ~ -
1 1142 93 18T ¥k

2 78, 28l 5.2 -
3 15.1  25.1 -
L 5.8 173
5 22.9

The R factors show a wide variation, some being quite good
(5.2 = 11.2%) others ( » 20%) being rather poor. This was
attributed mostly to differences in spot shape between the two
layers. Also some R, factors were probebly high due to the
small number of common reflections available.

Scale factors were derived for each layer, taking the
factor for layer 1 as 1.000. This could have been tackled by
a formal process of least-squares refinement with a weighting
scheme depending on the R factors. But in view of the large
variation in R factors and reliability of the scale factors, this
did not seem worth while. Instead the most reliable values were
judged, and a rough process of averaging gave the final inter-
layer scale factors:-

Layer Scale factor

1.091
1.000
« 931
1.752
«918
<917
.826

(o a TG ; I =L S s S & )
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Each layer was scaled with these factors, and a list of unique
intensities drawn up. Where an intensity was measured on two
or more different layers, the reliability of each value was
scrutinised and only the most reliable one taken. If the
values were equally reliable, then they were sveraged.

A process of sorting then gave the final list of intensities
which were now proportional to FZ, They were punched out on
tape, reflections too weak to be observed being omitted from the

list.
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TABLE 3
SUMMARY OF DATA FOR NI(HISTIDINE), H,O.

Orthorhombic.
a = 15.18 (¥ .015) fx a®™(Cu Ka,) = .1015 M.P.E. = .10%
b = 13.05 (¥ .023) 4 Y " ) = .1181 M.P.E. = .18%
c = 7.72 (X .019) & (" ) = .1996 M.P.E. = .25%
Ve = 1529 48

Space Group Aba2 (No. L1)
Linear absorption co-efficient, = 23.5 cm™ (Cu Ka)
P obs = 1.671 g.cm™3

f*calc. = 1.673 g. cm™3

Unit cell contents:

L molecules of Ni(histidine), L(C,p Ng 04 H,g Ni)

L molecules of Hy0 L(H50)
Number of unigue observable reflections inside Cu limit = 920 approx
Number of measured reflections = 864
Number of "inaccessible" reflections = 33

Number of reflections too weak to be observed = 23 approx
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(d) The problem of solving the structure
General

In a non-centrosymmetric crystal the heavy-atom method
depends on the phases calculated from the heavy atom, Qs
resembling the true phases a . The distributign of errors in
the phases is a function of r where r = ( —%%%%— )'é [u5].

r depends on the ratio of the sums of the squares of the atomic
numbers of the heavy atoms to those of the light atoms. The
larger the value of r, the smaller the errors in phases. Too
large a value of r, however, often results in the light atoms
being "swamped" by the heavy ones, and their co-ordinstes become
inaccurate. In extreme cases the light atoms may even disappear
completely into the bﬁckground electron density. Too small a
value of r, on the other hand, while it leads to accurate light
atom co-ordinates, may mean some difficulty in solving the
structure, since the errors in the phases will be quite large.
In practice a compromise must be reached, and the most useful
value of r is about 1.0.

Now in Ni(histidine)p.Hz0, ffii = 784, £2 = 1064 and r = -86.
This is therefore a fairly favourable case for application of the
heavy-atom method.

With space group Aba2 and L4 molecules of Ni(histidine)y in
the unit cell, the problem of solving the structure was
relatively simple. The Ni atoms must lie on the two fold axes,
and the molecule of Ni(histidine)p must possess exact two-fold

symmnetry, in the crystalline state at least. Now in Aba2, being

non-/
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non-centrosymmetric, the origin can be placed anywhere on the
two fold axes, and it is most convenient to take it at the Ni atom.

Knowing the exact position of the Ni atom, Fourier methods
were used to find the light atoms. The only difficulty in the
solution of the structure was encountered at this stage, and it
was due to the special position of the Ni atom which gave
pseudosymmetry in the Fourier phased on it. However it was
possible to break this false symmetry and derive the correct
structure. This process and the refinement of the structure
is summarised in Table L.

The single water molecule present in the crystal, must of
course lie on the two-fold axis, there being only four in the
unit cell. Now the distance between neighbouring Ni atoms along
this axis is 7.7 A. Although no 24 parameter could be assigned
to the oxygen at this stage, it was noted that there is enough
room to accommodate the water molecule without the necessity of

its being bound to the Ni as a ligand.

Patterson Synthesis

A 3-dimensional Patterson synthesis was first considered, but
rejected after comparing its properties with those of the Fourier
phased on the Ni at 0,0,0. The Patterson of Aba2 has the symmetry
of space group Ammm{L6], while the Fourier phased on Ni has the
symmetry of Fmmm. Thus the Patterson and Fourier would be
expected to resemble one another quite closely. In the Patterson

there would be an image of the structure in the Ni atom, together

with/
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with a superimposed background of light atom vectors, which
might obscure or distort the Ni-light atom vectors. The
Fourier, on the other hand, should give a better representation
of the structure, although errors due to poor phasing and
series termination effects etc., were to be expected.

ie Caleulation ofﬂ\e election de'ns'ft‘f
1st 3-D Fourier (see Fig. 3) in_ thtee dimemsioms :

This Fourier was phased on the Ni atom at 0,0,0. The

special position of the Ni resulted in false or pseudosymmetry

in the Fourier. An atom at the origin in Aba2 only contributes
to those reflections with h+k = 2n, so no estimate could be made
of the phase angles of terms with h+k = 2n+l. These terms had

to be left out of the summation, or in other words only half the
data could be used. All the remaining terms then satisfied the
conditions for a face centred cell: i.e. that h,k and € should

be either all even or all odd. The Fourier was therefore face-
centred. The effect of this and putting the Ni at the origin,
wes to give three false mirror planes xy,xz and yz passing through
the origin, the symmetry being that of a space group Fmmm. Now
Fmmm has 32 general positions and there are only 8 general
positions in the real unit cell, corresponding to the 8 histidine
residues. Of the 32 positions in the Fourier, only 8 can
therefore be the true positions and the remaining 24 must be
false. The problem was to separate the true from the false peaks.
Considering a single histidine residue, any one of 32 peaks could
initially be taken to correspond to a certain atom of histidine,

but this choice automatically fixed the positions of the rest of
the/
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the atoms. In a sense this initial freedom of choice is
equivalent to an arbitrary decision about the signs of the
orthorhombic axes.

The présence of false mirror planes resulted in some
complications. Peaks near or on the Xy, Xz or yz planes were
distorted by reflection in these planes, a peak exactly on one
of the planes having its electron density doubled. More severe
distortion was present in peaks near one of the axes, a peak
exactly on an axis having its electron density multiplied by L.
The positions of such peaks could not be determined unambiguously.

It was fortunate that in Ni(histidine)y there is a
5-membered imidazole ring which could be easily recognised in
the Fourier. It was this feature that proved to be the key
to the structure.

The Fourier is shown in Fig. 3 for x,o—ﬁ H y,o-l s and

2
z,o-ﬁ. Contours are drawn at intervals of % électron per 33.
The light atom peaks are of about the correct density, although
the peak at o % o (in the expected position of the water molecule)
is rather high at 8.7 €'s 3—3‘* This is probably due to series
termination and diffraction effects, etc., causing a build-up of

% 0. Strong diffraction ripples surround the Ni

errors at o
atom and tend to distort those light atom peaks near to the Ni.
In order to visualise the Fourier clearly, a 3-dimensional model
was made on a cork baseboard using wires and pieces of plastic.

A model of a histidine molecule was made on the same scale, and

attempts/

_ -3
* This should tend e, R , and "nwv.o.F'fef.



27

attempts made to fit the histidine atoms on the Fourier peaks.

It rapidly became obvious that there was only one set of peaks
which would fit a planar imidazole ring. Moreover one peak was
at the correct distance (~ 2.0 &) from the Ni for a nitrogen.

This peak was therefore assigned to Np, and there was a peak in
the correct position for Cz. There were also peaks in reasonable
positions for the carboxyl group, Cz and N1, but at this stage
there were too many ways of assigning these peaks to be sure of
the correct structure. However there could be no doubt that the
imidazole ring and C3z fitted very well on to the peaks. It was
therefore decided to phase a second Fourier on the Ni, the 5 atoms
of the imidazole ring and C3z. First the co-ordinates of the
peaks were measured using Booth's method (L7].

The signs of the co-ordinates of one atom could be assigned
quite arbitrarily, and so the co-ordinates of Cs were taken all
positive. This fixed the signs for all other atoms. Cs seemed
tc lie very close to the x axis and it could not be decided on
which side it lay. Cs was therefore placed on the x-axis hoping
that when the false symmetry was broken, the peak density would
move away from the axis. Similarily Np was near the xy plane,
and so its z/c value was taken to be zero. The co-ordinates

derived are given in Tsgble 5.

Second 3-D Fourier

Structure factors were calculated for Ni, N2, Cs, N3, Cg,
Cy and C3 in the positions found from the 1st 3-D Fourier.

Temperature/
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2

o
Temperature factors were guessed at B = 4.0 A", for all atoms.

The R factor ( 2 Ial/z |Fd) was L2%, and the agreement shown
vetween |Fo| and |F | over sin® © ranges, proved that the
guessed temperature factors could not be far wrong.

The phases angles from this calculation were combined with
the observed F's and a Fourier calculated. A simple weighting
scheme was used which omitted all excessively high F¢ values where
Fo > 5 F %th Of the unit cell was covered (x,y,z : O- %) and
sections were tsken perpendicular to z at intervals of c/2L.
Values were computed at intervals of a/GO along x and b/uo along y.

The Fourier showed very promising features. All the seven
stoms put into the S.F. calculation had good pesks of higher
electron density than the 1st 3-D Fourier, as would be expected.
Moreover the false peaks corresponding to these atoms in the 1st
Fourier had disappeared completely and were replaced by regions
of negative electron density. In the 1st Fourier there was a
false two-fold axis, i-&z This axis passed through the centre of
each section of the 2nd Fourier and the fact that it was no longer
a two-fold axis could be seen at a glance at each section. Pesaks
corresponding to the remaining atoms (Ci1, C2, 01, Oz, N1 and 03)
were all found in reasonable positions, but they all had lower
electron densities. Also each of these atoms not put into the
S.F. calculation, had a false or "ghost" peak of about half the
density relsted by the two-fold axis. There was therefore a

certain amount of "residual pseudosymmetry" left in the Fourier.

The following table lists the peak electron density for each
atom/
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atom in the 2nd 3-D Fourier:-

e B ricis 2
Ni 66.7
Nz 12.9
Nz 12,6
C3 10.4
Cu 1014
Cs 10«7
Ce 8.5

Atoms not put

into S.F. s
01 75
O2 6.1
03 8.6
C1 L.9
Co L.9
N 7.5

The density of atome not put into the S.F.'s was on average about
%rds of the density of atoms put into the S.F.'s. This result
was expected as any atom put into an S.F. calculation for an
acentric structure, will tend to alter the phases in such a way

as to produce a peak at the same position in the Fourier synthesis.
The height of these peaks - well above the atomic number - was
encouraging. Even more encouraging was the fact that peaks of
about the correct relative densities were in reasonable positions
for the rest of the histidine molecule, and their "ghost peaks"

had only half the electron density. There could be little doubt
at/
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at this stage that the trial structure was correct.

The positions of maximum peak density were calculated using
Booth's method [47]. According to Donohue [L48], az "double shift"
rule should be applied in acentric Fourier refinement. This rule
was not used st this stage since the original positions from the
18t 3-D Fourier were much less reliable than those from the 2nd
3-D Fourier. Shifts were noted for Cs which was originally
placed on the x-axis and Nz which was on the xy plane. 03 Also
moved slightly from z = «500 to +*L98. The co-ordinates so

derived were used to calculate the 1st 3-D (Fo - Fo) map.

1st 3-D (Po - F,) map

All atoms in the structure (except hydrogen) were put into
this calculation, and all temperature factors were set at
B = L.0 £, The R ractor was 19.7% - a considerable improvement
from the last S.F. calculation. The (Fo - Fo) synthesis was
computed in the same way as for the 1st 3-D Fourier, and the same
weighting scheme was used.

The difference map showed a very smooth background electron
density of between + <l and - +L € 's 472, There were occasional
peaks and hollows up to a maximum of about + 1€ 3—3 in the
neighbourhood of histidine atoms, but the major features were a
large hollow of -3.7 € 's A at * 54 along x from the Ni, and a
spherical negative peak of -3.2 €'s 12 at 03. In addition there
were prominent ripples surrounding the Ni atom. The strong

negative peak near Ni was taken to indicate a nisotropic vibration

of/
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of the Ni, although the absence of a corresponding high positive
peak was rather puzzling. The negative pesk at 03 was due to
the low B value of 4.0 22 given to 03.
Shifts were calculated in the three axial directions for all

atoms from the formula:- [L4I]

( 3D )
A~x = ~— 3%

. 2 P [Oabs.
gshift in A along x

r
w

where QA x
3D . . R
3= is gradient on (Fo-F,) map (e )

F is a constant ( 3_2)

o _z
° o is the electron density on an Fg synthesis ( € A™”)

The gradients were measured roughly at the position of each atom,

Pops Vs the peak density taken from the 2nd 3-D Fourier and a
value F = 5.0 3"2 was taken for all atoms. The shifts so

calculated varied from zero to a maximum of *OL A (Cs), but on
average were about *015 A. The “"double shift" rule (L8] was
applied, and the co-ordinates so derived are given in Table 5.
The values of ( |Fo| - |Fc| ) at each atom were mostly small

- _3
(< 5¢€'s 3 ), and so the B values were not altered. The value

for 0z was raised to B = 6:0 42 however.
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TABLE 5

Conrdinates after interpretatinn nof 1st 3-D Frurier

Atom x/& v/b z/c
Ni .0000 .0000 .0000
€3 A8L5 =.,1323 =.1250

1. . 2060 - .0250 -.0200
C5 .1803 .12.0 .0833
Cht .2803 .0000 .0000
N2 1356 0275 .0000
N3 2617 R 1 @ ) B 0L25

Coordinates after interpretatinn nf 1st 3-D FO - Fc map

Atom x/a v/b z/c
Ni .0000 .0000 .0000
cl .08L0 -.1828 1068
02 L0914 -.1810 -.0931
03 1869 -.1269 -.128L
ClL, .20L6 -.0322 -.0L 36
ch 1757 4176 .0739
Cé .2801 0186 -.0022
N1 028!, -.1188 -.1738
N2 1356 0311 .003},
N3 2612 .1023 .0553
01 .0259 -.1182 1757
02 .1200 -.2L89 .2087

03 .0000 .0000 4,973
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(e) Refinement of the Structure

The co-ordinates, with shifts applied from the 3 D (F0 - Fc)
map, were now refined by least squares. The program used on
Atlas was SFLS Diamand/Harding (see page 77) which uses a block

tefimement
diagonal approximation. The course of least squaresxis shown in

Table L.

Unfortunately it was not possible to omit the refinement of
the z parameter of Ni, and at the same time refine its temperature
factor as should be done. In fact z parameter shifts were
computed for Ni but not applied. By symmetry the x and y
parameter shifts for Ni and O3 were zero. In structures with
floating origins, such as this one, the off-diagonal elements
between co-ordinates of different atoms may not be negligible,
and a full matrix refinement should be used if possible. However
no full matrix SFLS program was readily available. The slow
convergence of the refinement was probsbly due fo this.

The f-curves uced were as follows:-

01, 02 (carboxyl) T foé' (average of f, and fo_) [50]
03 (water) - £y [50]
Cq- ”

Ni - fij++ Without anomalous [53]

dispersion correction

The weight, w, given to each term was a function of F0 such
that if F_ (absolute scale) € 80 then w = 1, and otherwise

w/
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w = (BO/FO)z. This resulted in the high values of Fo being
given reduced weights, while all the low values had a constant
weight of 1. It was rather an insensitive scheme, not bearing
very much relation to the probable errors in Fo' but it was the
only one available at the time.

Throughout the refinement, co-ordinates and temperature
factors of all atoms other than the hydrogens, were refined. The
output of one round was always input to the next without
application of any '"partial shift factors'.

In Rounds 1 and 2 shifts of about *012 3 were computed (but
not applied) for the Ni z parameter. In a1l subseguent rounds
the shifts were negligible. The water molecule, O3, showed
considerable oscillation in its z parameter and 'B' value, as may
be seen in Table L. This was probably due to Oz not occupying
a fixed position in the crystal, but being statistically distributed
over a small region surrounding its final position. This inter-
pretation was supported by its high temperature factor of 5.3 32,
and the wide positive peak found in the (FO—FC) map, (see page 3b).
All temperature factors were isotropic and no H atoms were included
in Rounds 1 and 2. In Round 1 the average shift was ~ *0204
rising to a maximum of <084 for Cy (except for 03). The 'B' shifts
were large and negative, averaging ~'-1'032. Round 2 showed a
smaller average shift of ~ '017i with a maximum of +OLA for Cz
and the 'B' shifts had fallen to an average of '132.

At this stage it was decided to put those H atoms into the

structure/
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structure, whose positions could be fixed chemically. It was
essential to do this before allowing anisotropic vibrations to
an atom with hydrogen attached, as the vibration ellipsoid might
be artifically elongated in the direction of the H atom.
Positions were calculated for all except the two H atoms on Nj
and the one unique H atom on 03. 'B' values equal to the
isotropic 'B' values of the heavy atom to which the hydrogen was
attached, were given to each H stom. Six such H atoms were
included in Rounds 3 and U4 and the Ni allowed to become an—
isotropic. The average shifts in co-ordinates were less than

o
+008 A and in 'B' values less than *41 A°. The drop in R of

- "86% over Rounds 3 and L was rather low and disappointing,
considering that the effect of the 6 H atoms and the Ni anisotropy
should have made their effects felt on R. However the drop in
S wA?® was 13°7%.

In Rounds 5, 6 and 7 all but N1 and O3 (whose hydrogen atoms
were not included) and the hydrogens were allowed anisotropic
vibrations. As far aé Round 5 the refinement seemed to be
proceeding well, but Round 6 produced a 1°6% rise iniE;Jﬁz and
a *5% rise in R. This was probably the result of two factors:

(i) Lack of full matrix treatment in the refinement of an
acentric structure with atoms in special positions. The off-

diagonal terms which were not taken into aecount may not have been

negligible,

+

(ii) Use of an f-curve for the Nitt ion without allowance for

anomalous/
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anomalous dispersion. The dispersion correction would subtract
approximately 3 electrons from f, and would therefore hsve a
large effect on the anisotropic vibrations of Ni.

The co-ordinate shifts for Rounds 6 and 7 were on aversage
about two-thirds of the shifts of Round 5. The maximum shifts
were *007 A (Cz, Cs, Np) for Round 6 and <010 2 (Cs) for Round 7.
There was quite a significant fall in scale factor, K (applied to

P ), of 1°3% over Rounds 5-7. The average shift : estimated

0)
standard deviation (E.S.D.) ratio was about *2 in both Rounds 6
sand 7 and the maximum shift ratios were:

Round 6 «67(Cu) » *79(Cs) » “55(C=)

Round 7 1°0(01) 1+0(Cs) *75(Cy)

The ratios for Round 7 seem té be slightly greater, but never-
theless the co-ordinate E.S.D. of each atom was reduced to nearly
half its previcus value over the three last rounds, the ratio from
one round to the next being fairly constant for all atoms. The
values relative to those of Round 7 were:-

Round 5 6 7

E.S.Ds ratio 1°+64-2*15 1+15-1°27 100

It is quite clear that parameters in this refinement have not
converged properly to their true values, and further work remains

to be done before the results can be published. A refinement using
a corrected f curve for Ni++, and preferably a full matrix least
squares treatment, would probably give better convergence. - However
considering the average shift: E.S.D. ratio is *2, the light atom
positions/ |
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positions are probably good enough to describe the structure with

reasonable accuracys.

The final co-ordinates, E.S.D.'s and vibrations output by
Round 7 are given in Table 6. A list of observed and calculated
strucfure factors (in the form AO, BO, Ac, BC) is given in
Appendix I. They were calculated with the parameters output by

Round 6 and therefore correspond to R = 12°L4%.

Final 3D(F0~F(£ map.

This was computed with the parameters output by Round 6
(R = 12-4%) omitting the hydrogens. The R factor was 14°*3%, and
this rise of 1°9% may therefore be taken as the contribution of
the 6 hydrogens to R. The hydrogens all had positive electron
densities of about *25E&'s 3"3, but many of the peaks had very
irregular shapes, and the peak maxima were often not in the
expected positions. The major features were near the Ni atom and
at Oz. Oz occurred on a peak of about +1 € 2-3 on the difference
map. This peak was very elongated along y and also slightly
along z, but was very narrow in the x direction. This agrees
quite well with the high vibrations of Oz in the y and z directions
(see Table 6). The positive electron density may have been due
to the omission of the hydrogen attached to 0z, and also perhaps
due to artificislly high vibrations given to O3z because of the
uncertainty in its position.

The features in the difference map around Ni were rather

peculiar, and were probably due to the poor f curve used for Ni,

and/
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and the resulting distortions in the anisotropic temperature
factors. Ni itself occurred at D = 0, but there were well
defined ripples of wavelength 1 .EL along the y direction. Thus
there were peaks of about -1E& 2-3 at *5 and 1°+5 3., and +1¢€ 3_3

at 1°0 & along Y. Along x, the ripples were less well defined
but a positive peask of +1 E z-> occurred at +*5 . Along z there
were no comparable features. The whole pattern rather suggested
strong anisotropic vibration of Ni, but the ripples were very

sharp and narrow.
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Wi (histidine)2.Hg0 Final Cnordinztes and ©.5.D.1's.
st x/a  10°E.S.D. v/b  10°E.S.D, z/c 10°%.S.D.
N3 .00000 - .00000 - .00000 -
1 .079L9 52 ~,18/.36 58 11L81 132
02 JOQREE 55 -.17878 b1, -.081.3 133
c3 .18802 A1 -.13560 g5 -.1191¢& 150
6l, 2028l 51 -.0362, A8 -.0L 256 138
c5 17216 £Q 11409 79 0581 152
06 .2812l 1,8 .01700 73 - .00749 220
NL 029 L2 -.11AL3 55 ~,17885 12,0
N2 .13480 38 033LL L7 0031 L 163
N3 25979 1.9 10811 A3 .05709 120
01 .02566 26 - .12070 5§ A753L G0
02 .11983 39 -.2L81¢ 51 .200%4 95
02  .00000 - .00000 - L7795 260
Hvdrorens
Q
Atom x/z /b z/c 3 (4) Attached to
H .0859 ~-.2,9¢ -.1328 2.6 V73
HL, .2016 -.1326 - .2518 3.31 C32
H5 .2309 -.1897 -.0629 3.31 c2
H6 4407 4835 1159 3.2L C5
H7  .3051 1627 .0977 3.26 N3
Hg 3,75 -.0042 -.023L 3.20 0é
Vibretions Temp, Factnr = exp- 112311'%1{2922-*12?‘ J+‘:n:l_??23+lh; 21 +b_}:’%12J
g Biq Boo Big Bos Baq Bio
00267  .00586  .0142A  .00000  .00000 ~-.00029
00192  .000€0  .02388 ,004,23 .00112 ~-.00147
.00218  .00190  .01929 -.00385  .000Q, -.00Q0.
00216 .007LL  .01579  .00033  .004,31  .0OLL
00121 .00402  .02609 .01031  .0020,  .0O10L
00160 ,00LL5  .02083 .,00152 -.005L9 .00118
-00075  .008L3  .02111  .00785 .00218 ~-.0015L
00079  .003,3  .019L1 -.0020¢8 -.000L7 ~-.00072
00193 ,00792  .02025 .00896 -.00607 ~-.00R05
.0009] 00956  .01099  .00550 =-.00008 -.00013
00226  .00383  .01832 .00639 .00L12 .00178
B (A%} =.2.01
B i(4®%) =-5.25
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(f) Final calculations on the structure.

(i) Bond lengths and angles

Bond lengths and angles were computed using a program written
by 0.S. Mills (see page 78). The E.S.D.'s of bond lengths were
calculated from co-ordinate E.S.D.'s (ignoring covariances) using

Fraser Program 3/2. They are given in Table 7.
(ii) Calculation of best planes and projections

These were computed using a molecular geometry program (see

page 97) which calculated the best planes by minimising the squares
of the deviations from the plane.

Best plane of imidazole ring (Fig. L(i)).

Equation: + *0L455x - 5+073y + 7111z + *1228 = 0

Best plane of carboxyl group, i.e., 01, Oz, C1, Cz (Fig. L(ii)).
Equation: + 11+30x + 8°505y + 1118z + *5355 = 0O

Best plane through N1, N2', O1)N(Fig. 5(i)).
Equation: + 2°06Lx - 8°288y + 5+869z - *003 = 0

The plane Ni', No', No, 01 is related by symmetry.

Best plane through Ni, 01, Ng, 0} (Fig. 5(ii)).

Equation: + 14+6L49x + 3*Li5y = O
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(g) Description and Discussion of Structure.

Nickel co-ordination

The co-ordination is very nearly regular octahedral. Ni
lies almost exactly on all three octahedral planes (see Fig. 5).
01 and N1 show a slight twist from the best plane, the deviations
from the plane being about 3(E.S.D.) snd therefore possibly
significant. N1 lies slightly towards the imidazole ring and
01 away from it. The angles made by bonds to Ni are mostly within
3° - L® of the true octahedral values (see Table 7), but
N 1 §E 01 = 81°, N4 §E N; = 98° and 01 ﬁ& 03.= .99°.

The Ni - N1 (2,102 &) and the Ni - Nz (2.094 &) bond lengths
do not differ significantly, and agree well with the average-
literature value for Ni - N (amino) of 2.104 & (see Table 2).

The value of 2.109 A for Ni - 01 ggrees with the literature trend
which shows Ni - O (carboxyl) bonds (av. 2.13 &) to be slightly
longer than Ni - O (carbonyl) (av. 2.01 3) or-Ni's O (water)

(ave 2.06 i).

Imidazole Ring

The imidazole ring is planar within experimental error, all
the five atoms lying at distances less than 1 E.S.D. from the best
plane (see Fig. L(i)). Cz however lies at *032 & from this plane
which is about 3 E.S.D.'s and therefore possibly significant.

The Ni atom is *123 & from the imidazole plane (cf. a distance of
15 % was found in DL(histidine)s Zn5 H20 [3].) The distances

within/
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within the ring are compared with the average found over the two
zinc complexes [3,4] in Table 7. All are within 2 E.S.D.'s of the
average except Cg-N3z which is 076 A short (Cy~Cs is rather long).
It is also *O45 & shorter than the value in histidine hydro-
chloride [14]. This is certainly significant, and may well be

due to the rather special position of Cg near the plane, x = O.
There is a marked inequality of the angles C3 él Cs and C3 él Ngo
(132° and 12L4° respectively) - very nearly the same as in histidine
hydrochloride [1&], but different from the two zinc complexes where
the angles are nearly equal. This would help to confirm
Kretsinger, Cotton and Bryan's impression that there is considerable

flexibility in this bond angle.

Carboxyl Group

01, C1, Op and Cp are all accurately coplanar (see Fig. L(ii)),
but N1 lies +324 A from this plane. The “peptide group" is
therefore not planar, as has been found also in L Zn(histidine)gp
2Ho0 [L4] and also to a smaller extent in histidine hydrochloride
[14]. The bond lengths are compared in Table 7. Only C1-01
(*035 & long) and C1-O0» (023 & short) are without 1 E.S.D. of the
average values, but C1-01 agrees well with the histidine hydro-
chloride value of 1-+252 3. The angle O1 8? Co is smaller by about
L® and C1 6E N{ larger by about L4® than those of other determinations,

again suggesting some flexibility in bond angles.

Histidine/
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Histidine conformation

The conformation of the individual histidine molecule is
similar to that in the two zinc complexes, except there has been
a slightly greater rotation about C3-Cy from the most favourable
situation in histidine hydrochloride (cf. Fig. 6 (ii)) and Fig. 5
of Harding and Cole [3]. Assuming the "peptide" group to be
roughly planar and the imidazole ring and C3 to be coplanar, the
conformation can be varied by rotation about C2-Cz and/or Cz-Cy.
The dihedral angle between the imidazole ring and the plane of
G2, C3 and Cy is 23*0%, (Cf. 4O° in the zinc complexes and 121°
in histidine hydrochloride). This rotation is necessary to
bring N2 into a position sﬁitable for co-ordination to the metal
atom. (Note that in both cases the imidazole ring does not
quite rotste far enough to bring the metal atom into its own plane).
In the nickel complex the rotation has been larger than in the zinc
complexes, because the Ni atom has moved closer to 01 (the Ni-01
bond being much stronger). In contrast, there seems to have been
very little rotation about the Cp-Cz bond in all determinations,
although there seems to be no obvious reason why such rotation
should not take place. The angle between the plane of the
carboxyl group and the plane of Cp, C3 and Cy 1is 56*1° in the

nickel complex.

N4-Cp Projection

This projection is given in Fig. 6(i) and should be compared

with/
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with Figs. 2 and 3 of Donohue and Caron [14]. In histidine
hydrochloride and the two zinc complexes, the conformation along
the N1-C2 bond is almost exactly staggered. Fig. 6(i) shows
that in projection the Ni atom deviates by 26° from the staggered
position. This must be the result of fewer degrees of freedom
in the nickel complex, where N1, Npo and 01 all bind strongly to
an octahedral Ni atom. In the zinc complexes there is greater
freedom since O1 binds weakly. The energies involved in co-
ordination are, of course, much greater than those of hydrogen
bonding, or of maintaining a staggered conformation. Fig. 6(1i)
shows that Oz takes up a position approximately tetrahedral to
Ni and Cz. The slightly long N{-Hp....0» hydrogen bond (2:99 4)

could be connected with the departure from staggered conformation.

Packing and Hydrogen Bonding

Figs. 7 and 8 illustrate the packing and hydrogen bonding.
The structure is dominated by hydrogen bonds, and Van der Waals™
interactions play only a minor part in holding the crystal
together. Considering a single Ni(histidine)p molecule, it can
be regarded as being surrounded by 1L others as follows:
I. There are I} A face-centred neighbours, (I), related by two-fold
screw axes, at a distance of 7°5 2 (Ni-Ni). Each of these is
bound by one hydrogen bond (2°99 A) from either Ni or Oz of the
molecule under consideration. The nitrogen binds to 02(I) and
the oxygen to N1(I) of the neighbour. As may be seen in the

C-axis projection the carboxyl groups of neighbouring molecules

are/
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are approximately parallel, and they therefore form parallel
"sheets" extending along the c¢ axis directly hydrogen bonded to

each other.

II. L molecules, (II), related by the b glide, are centred 10°0 i
away at the same 'z level'. Each of these is bound by one
hydrogen bond (2°85 3) from Nz to Op (II) or from Op to N3 (II).
These four bonds are roughly in a plane at right angles to each
other, and this tends to prevent any movement in the plane normal

to zZ.

IIT. 4 molecules, (III), related by the a glide, are centred at

845 A away, but are not directly bound by hydrogen bonds. However
their imidazole rings are guite accurately parallel to the
imidazole rings of the molecule under consideration, and the
perpendicular distance between the rings is 3.5 )y (see a-axis
projection). They are therefore in Van der Waals®™ contact and

form "sandwiches" preventing movement along the z direction.

IV. 2 molecules, (IV), are at 7.7 b (cell translation) along z,
above and below. They are not directly bonded but are held in
position by indirect hydrogen bonds to molecules I, Van der Waals"
contact to molecules III, and by hydrogen bonding to the water
molecule, 0z, situated in the empty space between Ni atoms along
the z-axis.

Not counting the hydrogen bonds involving water (03), there

are only two unique hydrogen bonds in the structure, i.e.

N1/
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N1 po H2ooootoo.o..o-oo.02(l) and

N3 - H?oo--ntal-n.--otaOQ(II)

The N1 - 02(I) distance is 2°99 X and N3 - 0o(II) is 2-85 &, both
within the limits for a N(ammonium) - Heeveee.o..0 bond, the
average literature value being 2+88 & [54]. 02(II) lies in the
expected position for a hydrogen bond with Hy of Nz. It is only
<28 & out of the plane of the imidazole ring (see Fig. 8) and

Cs §5 02(II) = 119° and Cs §3 02(II) = 131°. 02(I) is in a
favourable position for bonding to Hz of N1. The Co ﬁ} 02(I)
angle is 109°, exactly right assuming N1 to be tetrahedral.

The situation of the water molecule, O3z, may be studied by
reference to Fig. 5(ii). It fills the gap between molecules along
the z-axis, and lies almost half-way between the Ni atoms. There
are four atoms within hydrogen bonding distance:- N1 and N; at
3+03 & and Oy and 01 at 2.89 R, There are no hydrogens available
on 01 and therefore the 03 hydrogens must be used. The 01 8} ok
angle is 70°, and if both 01 and 0% are bonded at the same time
(i.e. if the space group symmetry is strictly obeyed), the
hydrogens must deviate from the Oz - 01 line by about 17°5°
(assuming H e 105°). Hz on N{ is available for hydrogen
bonding but Co gﬁ 0z = 143° and Ni ﬁ‘ 0z = 99°5° (N¢ cannot, of
course, accept a hydrogen from 03). Hz therefore deviates quite
far from the Ny - O3 line, and this is probably the explanation of
the slightly longer than average bond length of 3-03 A. 0z has

also two contacts of 3°32 2 with Cg of two neighbouring imidazole

groups,/
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groups, and O3 lies almost exactly in the plane of these rings
(see Fig. 8).

There is a certain ddubt about the exact position of 03.
During least squares refinement its z parameter oscillated badly
and its temperature factor of 5+3 12 is much higher than that of
any other atom. Although, according to the space group, it must
lie on the 2-fold axis, there is no reason why this symmetry should
be strictly preserved. It is quite possible to imagine that it is
statistically distributed over a small volume of space and the
orientation of its hydrogens is variable. This is supported by
the evidence of the final (F0 - FC) map (see page 36) which showed
a positive peak of 1 & ﬁ_B elongated along y and z. There was no
elongation along x, and this is very probably the result of its
contacts with Cs which would prevent much movement along x.

A possible explanation of these results is that 03z is not
symmetrically bound to both O1 and Oa, being bound strongly to one
and perhaps only weakly to the other. This would relieve the
large deviation of H from the Oz - 01 line, and also would account
for the uncertainty of the position of 03z along y and z. There is
~no doubt, however, that the water is firmly held in the crystal -
there was no evidence of disintegration at 150°C. The water

performs a "epace filling" rather than a "structure building" role.

Vibrations

There is significantly less vibration along x than along the

other two directions. The isotropic 'B' values derived from B 11

and/
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B 22 and B 33, are for Ni 2°L46, 3°99 and 3+38 & 2 respectively.
The value for the light atoms are very variable and do not seem

to have much physical meaning.
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(h) Conclusions

The crystals of Ni(histidine)».H20 are composed of two kinds
of complex: Ni(D histidine)p and Ni(L histidine), related to each
other by glide planes. Each histidine ligand is tridentate, and
is co-ordinated to the nickel atom by the imidazole nitrogen(Njz)
the "peptide" nitrogen (N4) and a carboxyl oxygen(01). The bonds
to Ni do not differ significantly in length, and agree with those
quoted in literature. The co-ordination of Ni is very nearly
regular octahedral. The two histidine ligands attached to Ni,
are related by a two-fold axis passing through Ni, the two bulky
imidazole rings being trans to one another, with O¢ and 0% cis
and also N1 and N; cis. Comparison with the structures of the two
zine histidine complexes [3,L] and histidine hydrochloride [1L]
shows a significant difference in histidine conformation, brought
about by rotation about the Cz-Cy, bond. Also the conformation
along the N1-C2 bond is not staggered as in other determinations,
and this is probably due to the stronger binding of O1 and the
fewer degrees of freedom in the nickel complex. The "peptide
group" is not planar, the nitrogen deviating by about <3 a from
the plane of the other atoms, as has been found elsewhere [L,1L4].

The crystal, which is very stable, is held together by an
intricate system of hydrogen bonds, with Van der Waals" contact
between parallel imidazole rings. The single water molecule does
not hydrogen-bond in such a way as to help in binding molecules

together, but seems to fill a vacant space in the crystal.
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EART I1

DETERMINATION of the STRUCTURE of BIS(DIMETHYLDITHIOCARBAMATO)
2YRIDINE ZINC,

1.  INTRODUCTION

Bis(dimethyldithiocarbamato) pyridine zinc, (PZDC), belongs
to a group of 5-coordinate complexes of zinc, which have recently
been prepared by Higgins and Saville [55]. Some of these com-
plexes are very active accelerators of vulcanisation of rubber by
sulphur, and investigations of the mechanism of vulcanisation [55]
are being done by the N.R.P.R.A. (Natural Rubber Producers'

Research Association). The effect of amine co-ordination on Zn-S
bonds and the nucleophilic properties of the sulphurs, is important
in connection with the details of acceleration. Certain derivatives
of this class have important biological properties such as promoting
plant growth, and are therefore important in agricultural problems.
There is also theoretical interest in the unusual 5-coordinate state
of zinc, and the nature of the N-C bond in dithiocarbamates.

1:1 Complexes are prepared by adding powdered zinc dialkyl-
dithiocarbamate to a solution of the amine in warm benzene, and
allowing to crystallise on cooling or evaporation. Most complexes
are unstable and lose amine after a short exposure to air. The
equilibrium constants for the dissociation of the 1:1 complexes
have been measured by Saville [56]. Using this data, the relative
affinities of various amines for the zinc can be compared. It is

found that a rough sort of relation exists between amine basicity

and/
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amine affinity for zinc, but the steric effects of the nitrogen
substituents seem to be gquite important. For example, comparison
of the pKp (= =logio KD) values for pyridine and methyl substi-
tuted pyridines, show that methyl groups in the 2 or 6 positions

must be repelled by fields near the zinc or sulphur atoms:

Ky Ref.

pyridine 2+03 56

L-methyl ¢ 216 56
2-methyl " 116 56
2,4,6-trimethyl < -+19 56

In comparison with the relation that exists for other amines
between basicity and affinity for zinc, pyridine has an abnormally

high affinity for zinc.

Zinc Co-ordination

The zZn*+ ion has a completely filled 3d shell, and is therefore
spherically symmetric. Its co-ordination geometry is therefore
dominated by repulsions between bonding electron pairs, rather than
repulsions between d-shell pairs and bonding pairs, as in most other
transition metal complexes. L-Coordinate Zn(II) complexes are
common, and here the ligands take up tetrahedral positions that
minimise repulsions between ligands. Typical examples are zinc
blende, Zn S, and wurtzite, Zn O. For 6-coordination, the octa-
hedral configuration minimises ligand electron pair repulsions, and
all 6-coordinate Zn(II) complexes have this geometry. Some 6-

coordinate Zn(II) complexes are described as having a tetragonal

bipyramidal/
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bipyramidal configuration (e.g. zinc 8-hydroxyquinolate dihydrate
[57]), but this closely resembles the octahedral case and can be
derived from it by extension of the two axial bonds.

Apart from complexes of the type (PZDC) discussed above,
several examples of 5-coordinate Zn(II) are known [59,60,61,62,63]
and the stereochemistry of 5-ccordination has been reviewed by
R.J. Gillespie [58]. The most favoured arrangement of 5 ligands
is the trigonal bipyramid. In a molecule Zn X5 of this symmetry,
the axial electron pairs are subject to three repulsive forces from
equatorial electron pairs at 90°. In contrast, the equatoriasl
pairs have only two repulsions from axial pairs at 90°. In theory,
therefore, the axial bonds should be slightly longere. This has
been observed in zinc terpyridyl dichloride [59].

The other less probable 5-coordinate geometry is that of a
square pyramid, based on an octahedral arrangement of electron
pairs, one of which is a lone pair. Bis-salicylaldehyde ethylene-
di-imine zinc monohydrate [62] has this configuration, and it is
interesting to note that a trigonal bipyramidal arrangement would
not be possible for this tetradentate ligand. The complexes
bis(acetyl acetonato) zinc monohydrate [60,61] and bis(N,N-
diethyldithiocarbamato) -Zn(II) [63], both have configurations
intermediate between trigonal bipyramidal and square pyramidal.
Both complexes have bidentate ligands which probably make the

trigonal bipyramidal form less favourable.

Effect/
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Effect of amine co-ordination on Zn-S bonds

The infra-red investigations of Higgins and Saville [55],
suggest that amine co-ordination to Zn increases the ionic
character of the Zn-S5 bonds, and the sulphur 3p electron

availability according to the scheme:

\r!:/
/ . e |
\/:C\ \Z“ D O
- T
Pt
A B
l s ).
fkf
#S .. :
LTI S
//N-——C\_ 5'. Zn

They attempted to justify this scheme by carrying out an
experiment on the assumption that the increased electron
availability would be accompanied by an increase in the sulphur
nucleophilic properties. Diethyltrisulphide, Etz S3, dispropor-
tionates into EtzSz and higher poly-sulphides under the influence
of a nucleophylic catalyst. Experiments were therefore carried
out using as catalysts piperidine zinc dialkyldithiocarbamates,
as well as piperidine and the parent zinc complexes alone. It

was found that the rate constants are much greater for the amine

complexes,/
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complexes, again suggesting that electron shifts similar to those
outlined above, take place on amine co-ordination.

More direct evidence, however, is needed before this theory
can be fully accepted. An increase in ionic character of the
Zn-S bonds would almost certainly be accompanied by an increase
in their length. Determinations of Zn-S bond length in various

complexes are given below:

Complex Zn-S Bond length Ref.
Zinc blende 235 6l
Zn(II)di-2-mercaptoethylamine 2+37(°05) 65
Zn(II)dichlorobisthiourea 2+35(°01) 66
mono-thiosemicarbazide Zn(II)dichloride 2°29(+01) 67
Bis(N,N-diethyldithiocarbamato) Zn(II) 2°33, 2%35, 2%38, 63

2+hl, 2-82(-00L)

The N-C bond in dithiocarbamates

Considerable theoretical interest is attached to the connection
between the nature of the N-C bond and the biological activity of
dithiocarbamates. Various derivatives of the type RN C S2.CH2.COCH
possess high and specific anti-fungal activity and promote plant
growth. Their activity is maximum for R=CH3z and decreases greatly
when R is a higher alkyl. Kerk et al [68] have proposed that the

activity depends on the occurrence of the structure: -

They/
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They go on to propose that this structure may only be formed if
N is aided by the alkyl groups in its mesomeric electron release
to give a partial N-C double bond, and this effect should be a
maximum for R = CH3, and less for higher alkyls. In this way
they explain the observed fall-off in biological activity.

Later evidence has cast serious doubt on this theory without
giving an alternative explanation of the activity. Chatt et al
[69] in an infra-red spectral study of Cu dialkyldithiocarbamates,
found no difference in the N-C stretching frequencies when R was
varied from methyl to propyl, and they concluded that the N-C bond
order must be approximately constant over the series. Also X-Ray
determinations of the N-C bond length show it to be quite conétant

in a variety of complexes.

Complex N-C bond length (1) Ref.

Ni(II) diethyldithiocarbamate 1233 (°015) 63
Cu(II) " 2 1435 («017) 63
1535 (~047) 63

Zn(II) " " 133 (*019) av. 63
Cu(II) dipropyl § 1233 (*05) 70
1433 (+05) 70

A length of 1°33 % corresponds to a contribution of 8u4% of the

forms: -

R S

\\\\\§:::::C’///// B
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The effect of amine co-ordination to zinc on N-C bond order
in the dithiocarbamate ligands, has been studied by Higgins and

Saville [55]. They noticed significant shifts of N-C stretching

. -1
absorption bands at 1500 cm to lower frequencies on co-ordination,

and reached the conclusion that the N-C bond order is reduced in
the amine complexes. They qualified this by noting that various
unassigned bands in the I.R. spectrum also shifted to lower
frequencies on co-ordination. The electron shift scheme that they
proposed to account for this reduction of N-C bond order, is the
same as that which produces greater ionic character in the Zn-S
bonds (see page 5\). An X-Ray determination of N-C bond length in

an amine complex is obviously required to settle this issue.

Crystallographic work on metal dithiocarbamates

(i) Bis(diethyldithiocarbamato) Zn(II) [63, 71]

Two independent determinations have been done, but that of
Vaciago et al [63] is probably more accurate. The zinc is 5-
coordinate with four short Zn-S bonds and one long Zn-S bond of
282 3. The geometry is intermediate between a tetragonal pyramid
and a trigonal bipyramid, and in the solid state it is a binuclear
complex.

(ii) Bis(diethyldithiocarbamato) Cu(II) [63,71,72]

Three independent determinations have been made. It has the

same structure as the corresponding zinc compound, the crystals

being isomorphous.

(ii1)/
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(iii) Diethyldithiocarbamato Cu(I) [73]

The structure is built up of tetramers consisting of Cuy
tetrahedra surrounded by four diethyldithiocarbamate molecules.
(iv) Bis(diethyldithiocarbamato) Ni(II) [63,74]

Two independent determinations have been made, but the results
of Shugam et al [74] do not agree with those of Vaciago et al [63].
The latter are probably more accurate. The molecule is planar with
Ni lying on a centre of symmetry.

(v) Bis(dipropyldithiocarbamato) Cu(II) [70]

A dimer with 5-coordinate Cu atom. There are four short Cu-S
bonds and one long one, the structure being very similar to (i) and
(ii) above.

(vi) Bis(dimethyldithiocarbamato) nitroso Co(II) [75]

Co has a square pyramidal co-ordination; with the NO molecule
forming an unsymmetrical T -complex with the Co atom.
(vii) Bis(hexamethylenedithiocarbamato) Cu(II) [71]

The Cu atom is lL-coordinate planar, and lies on a centre of
symmetry.

In all these determinations the group

C g

N
v \s

of the dithiocarbamate ligand is planar.

C
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Objectives in the determination of the structure of (PZDC)

(i) To gather precise data about the 5-coordinate state of zinc.
Only four other 5-coordinate zinc structures have been analysed.

(ii) To ascertain the effect of amine co-ordination on the Zn-S
bonds and whether the latter are rendered more ionic according to

the theories of Higgins and Saville [55].

(iii)To study the effect of amine co-ordination on the N-C bond.

This is important in connection with the biological activity of

these compounds [69, 68] and also in connection with the observations
on N-C bond order made by Higgins and Saville [55].

(iv) To study the stereochemistry of the compound, and to see whether
the stability of other amine zinc dithiocarbamate complexes can be

explained in terms of steric repulsion.
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O INVESTIGATION OF BISIDIMETHYLDITHIOCARBAMATO!PYRIDINE ZINC.

(a) Description of crystals

The crystals were prepared by Higgins and Saville [55] by
adding powdered zinc dimethyldithiocarbamate (°*02 moles) to a
solution of pyridine (ca °*03 mole) in 20-40 ml of benzene, and
crystallising by evaporation, cooling or adding light petroleum.

The crystals were large clear plates, with a cleavage parallel to

b, which decomposed slowly when exposed to air, losing pyridine.

The equilibrium constant for this dissociation measured in toluene
solution was 9°*35 x 1072 [56]. As part of theit proof that the
crystals contained a 1:1 complex, Higgins and Saville determined the
amount of zinc present. They observed 17°0% in the crystals, and

the theoretical value for CsHsN. Zn [S2CN(CH3)2]z is 17°0%.

(b) Unit cell and space group

By oscillation and Weissenberg photographs using a 5 cm. radius
camera, the crystals were proved to be monoclinice. A value of D
was found from a crystal set up about the b-axis, and values of a
and ¢ from a zero layer Weissenberg film calibrated by the shadow
of knife edges at accurately known © -values. P was as near to
90° as could be told by inspection of high order reflections.

The results were:-

& = 1293 {4/«03) A
b = 894 (++09) &
5 = 1]-|-°15 (...t '03) E'L
B = 90°
[~}
VC = 1636 AB

The/
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The density was determined by flotation in a KI solution using

crystals fresh from their mother liquor:-
P obs = 17535 (& *001) g.cm™

The M.W. of the 1:1 complex is 38L4*9, and this together with‘Vc
and 0 ;g gives 2 = 3°93.  Assuming Z = L, the calculated density
is 1°563 g.cmn™-. The rather low observed density may have been
due to the partial loss of pyridine, but work proceeded on the
assumption that there are L molecules in the unit cell.

A zero and 1st layer Weissenberg indicated the following
conditions of reflections:-

hk 1lonly for h + k = 2n

holonly for h =2n, 1 = 2n

These conditions fit space groups C 2/c¢ (No. 15) and Ce. Both
space groups have the additional condition that the o k o's are
present only for k = 2n. This was not experimentally checked.

It is possible to fit L4 molecules into the unit cell in both
space groups. In Cc (non-centrosymmetric) all atoms would have to
lie on general (L-fold) positions. In C2/c (centrosymmetric) there
are 8-fold general positions and L-fold special positions on two-fold
axes and centres of symmetry. Since the complex cannot have a
centre of symmetry at Zn, it must lie on the two-fold axis if the
space group is C 2/c; i.e. the two-fold axis must pass through Zn,

N1 and C3 of pyridine.

No choice could be made between the two possible space groups

at this stage.

(e)/
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(¢) Analysis of the b-axis projection

A crystal was rolled on fine emery paper to the shape of a
cylinder parallel to the b-axis and the cleavage. It had
diameter *L45 mm and was 1°7 mm long. It was coated in collodion
to prevent decomposition. A series of zero layer intensity
photographs were taken about the b-axis (5 cm. radius camera) with
Cu Ka radiation. The intensities were measured by visual com-
parison with an intensity strip, and were LP corrected by hand.

An absorption correction was applied, taking m = 676 cn” ' and
using the tables for cylinders given by W.L. Bond [LL]. The data
was rather limited and high orders were very weak. There were

only four reflections measured with sin 6 ) *70.

Unsharpened Patterson
This is shown in Fig. 9. In both C 2/c and Cc the unit cell

translations are halved when projected down the b-axis. The

unique area of the Patterson is therefore %th of the whole projected
cell. It was originally hoped to be able to distinguish C 2/c and
Cc using this Patterson. If the space group is C 2/c then only

two unique Zn-S vectors should occur on the Patterson ; while in

Cc there should formally be four. Of course there might easily be
overlaps, and it might be difficult to distinguish four separate
Zn-S peaks. In fact the Patterson shows only two peaks which could
be Zn-S vectors and there is no visible splitting of either of them.
Both are round and of good shape. This evidence strongly favours

C 2/c (but does not prove it) and further work therefore proceeded

on/
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on this assumption.

Fourier Refinement

Structure factors were calculated with 5 atoms: Zn, N1 and
C3 of pyridine at 0,% 3 St at *032, *431; S, at *165, *259. The
sulphur positions were obtained from the Patterson. The R factor
was 31.8%. The signs were used to phase a Fourier calculated
with the observed F's. The result is shown in Fig. 10. It
strongly resembles the Patterson synthesis, thus supporting its
interpretation. There are peaks in reasonable positions and about
the correct height for the light atoms of the molecule. The
elongation of the ZnN1Cz peak in a direction between S1 and S» was
interpreted as C1 and C2 of pyridine. It is interesting to compare
this fourier (see Fig. 10) with the final structure projected down
its molecular two-fold axis (see Fig. 18). The pesks for some of
the light atoms appear to be slightly off their expected positions,
but no significance should be attached to this.

Three further rounds of Fourier refinement (S.F's followed by
FO-FC maps) were done putting all the light atoms into the calculation.
The agreement between FO and Fc improved considerably (R fell from
31+8% » 26°9% » 22+6% » 20°0%). The difference maps indicated
fairly small shifts in the S parameters, but the C and N shifts were
very large and did not seem to make chemical sense in some cases.

No great reliance was placed on them. The positions of Cs, C7 and
Cg were especially doubtful. This lack of accuracy in light atom
parameters was almost certainly due to the rather limited data

available/
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available which did not go out to the edge of the copper limiting
circle.
The final co-ordinates (giving R = 20°0%) are given in

Table 8, and a list of |Fo| and |Fc’ in Appendix II.

(d) CONCLUSIONS

The doubt about the light atom positions in the Fourier
refinement of the b-axis projection, showed that the data was not
good enough to be able to locate them with sufficient accuracy.

The analysis could have been carried into three dimensions, but
there would still be inaccuracies in the light atom parameters due
to the weakness or absence of the high order reflections. So
attempts were made to recrystallise the complex. It was noticed
at once that on recrystallising from a large excess of benzene,
fine needles were obtained that gave good X-Ray photographs. The
analysis of the b-axis projection was therefore abandoned.

Few conclusions of any interest can be drawn from this analysis
itself. However comparison with the projection down the molecular
two-fold axis of the complex (see Fig. 18) reveals some interesting
points: -

(i) The b-axis Patterson and Fourier (Figs. 9 and 10) show
quite a good agreement with the final structure, as determined in
the crystals with benzene of crystallisation. The heavy atom
positions agree well, but some of the light atom peaks, especially
Cv and Cg, are slightly off their expected positions. But there

can be no doubt that in these crystals the molecular two-fold axis

lies/
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lies parallel or very nearly parallel to the b-axis. There is
only one significant difference - the orientation of the pyridine
ring. Both the Patterson and the Fourier indicate that the
pyridine plane passes between S1 and Sp, an orientation about 90°
from that in the crystals with benzene of crystallisation.

(ii) The final analysis shows that the complex can probably
possess exact two-fold symmetry in solution, although it does not
in the crystals with benzene of crystallisation. It is very
likely therefore that it will crystallise on a crystallographic
two-fold axis whenever possible. This isstrong evidence for C2/c
as opposed to Cc. However it does not constitute proof. There
is still the possibility, however unlikely, that the true space
group is Cc. The two space groups are closely related. Tf:
objects of two-fold symmetry are placed in space group Cc with
their axes parallel to b, the symmetry is transformed to that of
c2/c. It is clear that if the objects are not exactly symmetric,
the symmetry cannot be exactly C 2/c, although it must closely
resemble it. Undoubtedly the symmetry of these crystals is very
near to C 2/c, but this cannot be taken as proof that the complex
possesses an accurate two-fold axis.

There does not seem to be any method capable Of distinguishing
the two space groups in a case like this. The statistical test of
intensities would certainly indicate a centrosymmetric structure.

(iii) Packing.

The structure consists of sheets of molecules perpendicular to

the/
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the c-axis. One sheet is related to the next by the ¢ glide,
but due to lack of knowledge of the y co-ordinates, the inter-
actions of one sheet with the next cannot be described in detail.
However it can be said that their methyl groups are in contact,
and one sheet '"lies" on the methyl groups of its neighbour.

The packing within a sheet is of course face centred. The
distance from C3z of pyridine to Zn along y is L.1 ﬁ, and the
pyridines therefore fit into the "pocket" of sulphur atoms of the
molecule next along the y axis. Each pyridine probably has two
contacts with methyl groups of C face-centred neighbours, one on
either side. There are no pyridine-pyridine contacts as in the
crystals with the benzene of crystallisation. This packing
arrangement is consistent with the orientation of the pyridine

ring.
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Be DETERMINATION OF THE STRUCTURE OF BIS(DIMETHYLDITHIOCARBAMATO)
PYRIDINE ZINC WITH BENZENE OF CRYSTALLISATION

(a) Preparation of crystals

Pyridine zinc dimethyldithiocarbamate crystals prepared by
Higgins and Saville [55], were taken and dissolved in excess of
boiling benzene. They dissolved quite easily but much more readily
when a few drops of pyridine were added. Fine transparent needles
appeared when the solution was cooled, which decomposed in a few
minutes on exposure to air, becoming white and opague. This was
probably caused by the loss of the benzene of crystallisation and
the breaskdown of the lattice. The crystals had a very suitable
shape for photography, the monoclinic b-axis being parallel to the
needle axis. They varied greatly in size and small ones of
suitable cross section could easily be picked out. After a few
trials a method was developed of inserting them into "Pantak" tubes
of diameter <1 mm and sealing the tubes with picien wax. A small
quantity of pyridine was put at one end of the tube away from the
crystals, and in this way crystals could be kept for several weeks
provided the temperature was not too high. The crystals adhered
to the side of the tubes without adhesive, since they were so small.
The "Pantak" tubes had extremely thin walls and photographs of them
alone showed little scattering.

The crystal used for intensity work and determination of
accurate cell dimensions was a needle 1°053 mm long. It had a
very nearly, indeed almost perfect, cylindrical cross-section of

diameter -1LL2 mm. This was the result of equal development of

numerous/
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numerous [010] zone faces.

(b) Space Group

Pkotoaquzhs

Equi~-inclination Weissenbergx taken about the b-axis of layers

O-L, indicated only one condition of reflection:

hie 1 only for 1 = 2n.
This proved the presence of a c glide plane. The symmetry of the
photographs proved the crystals to be monoclinic, and these facts
limited the space group to one of: Pc, P2/c and P21/c. A zero
layer Weissenberg taken about the [101] zone axis, however,
showed another condition:

0 kO only for K = 2n,
This proved the presence of a two—fold screw axis parallel to b,
and thus determined the space group to be P21/c.

Unit cell measurement

* and BK were obtained from a zero

Accurate values of ax, c
layer Weissenberg taken about the b-axis with Cu K a radiation.
The technique used was the same as that described on page 11.
The calibration with copper wire lines on top and bottom of the
film, gave a value of °05008 cm/degree for the conversion factor.
There were rather few reflections of sufficient intensity of the

type h o o and o o 1, but enough were found to give reasonable

straight lines (see Figure 11).

The extrapolated values of aEE and c* were:
a" = 12602 M.P.E. = + *00008

- Cu Ka 1
et = 207950 M.P.E. = + *00008
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An accurate value of Bx was obtained from the 12.0.22 reflection
whose sin © = +9929, and which was therefore particularly sensitive
to changes in BE. The cosine formula was used to derive an
expression for sin® and the experimentally determined values of
a® and c* substituted.

cos B® so obtained was *2632 (+ +0013)

A value of = was measured from a zero layer Weissenberg taken
about the [101] zone axis. One of the copper wire calibration
plots is shown in Fig. 12 as an example. The extrapolation for
b is shown in Fig. 11. There were only two reflections (0.8.0
and 0.10.0) aveilable for accurate measurement, so a photograph was
taken with white radiation and B spots were used as well. Also
the reflections 1.9.1 and 2.10.2 whose sin © values are not

3 ¥ :
and B, were measured and used in the

sensitive functions of ax, o
plot. The extrapolated value was:-

b

7+966 & M.P.E. = + *00L A

i.e. DT

]

*1934 M.P.E. = + *0001 (Cu Ka1)

The final unit cell dimensions which were used throughout the rest

of the work are given in Table 9.

Density

The density was measured by flotation in an agueous solution

of KI, using fresh crystals:

P obs = 1+422 (+ *00L4) g. cm™>

Assuming a cell contents of U4 molecules of the complex (M.W. = 38L4°9)

and/
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and 2 benzenes (M.W. = 78°1), the total "cell molecular weight"
would be 1695-8. Vc, the measured cell volume, is 1961 A3 and
when combined with - gives an observed "cell molecular weight"
of 1679°*5. The density calculated from the assumed cell contents
and V, is 1°L436 g. cm_B. The low value of f)obs was probably due

to loss of benzene, and despite this small disagreement, work

proceeded on the assumption of L molecules of the complex and two
of benzene in the unit cell.

Two conclusions could then be drawn:

(i) The atoms of the complex must all lie on general equi-
valent positions.

(ii) The benzenes must lie on centres of symmetry.

Linear sbsorption co-efficient

The calculated value of’p for Cu Ka radiation (see page 15)
is 57.0 cm_1. More than two-thirds of this is due to the sulphur

atoms.

(¢) Collection of Data

Partial 3-dimensional data was collected from the crystal
described on page bk, set up about the b-axis. The X-Ray tube,
camera and film technique were exactly the same as that described
on page 16. Equi-inclination photographs were taken of layers
O0-L4 using long exposures up to 50 hours and packs of L} Industrial
G films. The fourth layer had an inclination angle of # = 23,0°
and s = +78, so it would have been quite possible to continue

photographs/
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photographs up to layer 6 ( M = 35.8°); but there already was a

very large amount of data on layers 0-l.

The films were indexed quite easily by inspection, and the
intensities measured using an intensity strip specially prepared
from a strong reflection of suitable shape. Intensity measurement
and inter-film scaling was done in exactly the same way as for
Ni(histidine) .

Spot shape correction

(See page 18 for theory). Quite severe distortions of low
g spots were present on layers O-L, becoming worse on higher layers
of course. This was attributed to the great length of the
reflections coming from a crystal 1 mm long. If the extended
intensities only had been measured, they could have been as much
as 50% too low in some cases. Contracted and extended spots were
therefore measured on either side of the film for a large selection
of spots (30-50) on each layer. Ratios of It/Ie were obtained for
each spot and plotted against g . The spread of the points was
not large and fairly good curves could be judged. The curves for
layers 1-L are shown in Fig. 13 along with the spread of points in
a typical case (layer 3). These curves were then used to correct
Ie values, except for the selection of spots whose Ic values had
also been measured. In these cases the mean of Ie and Ic was

taken.

Absorption correction/
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Absorption correction

Since the crystal used was an almost perfect cylinder, an
accurate allowance for absorption could be made. The tables for
cylinders given by W.L. Bond [LL] were used with aR = .LO6 for
the zero layer. The absorption correction factor, AK, showed a
maximum variation of 12% between 0 = 0° and 6 = 90° (see Fig. 13).
This is certainly significant, and proves that it is well worth
applying an absorption correction to the data. The curves for
higher layers were obtained by using MR sec v (v = equi-inclination
angle) instead of MR, and plotting against g instead af @,

The higher layer curves showed very little difference from the zero
layer curve. The curve for each layer was combined directly with
the spot shape curve for that layer (which was also plotted against

é ), and the function replotted against sin© .

L.P. correction

A1l the data was L.P. corrected on Atlas using a program which
was also capable of applying a modification function. Spot shape,
absorption and L.P. correction were therefore all done in a single
round of computation. At this stage each of the layers O-l4 was

still on an arbitrary scale.



TABLE 9
SUMMARY OF DATA FOR

!
BIS(DIMETHYLDITHIOCARBAMATE) PYRIDINE ZINC. 1 BENZENE

Space group: monoclinic P 21/c

8 =  12.670 (+ .008) &

b =  7.966 (+ .00L) &

e = 20134 (+ .020) &

Bla  105:27° (£ .06°)

Ve = 1961 A3,

Unit cell contents @ L molecules of C11 Hi7 Sy N3 Zn

2 molecules of Cs Hs

Density observed = 1.422 g.cm—3
Density calculated = 1.436 g. cm_3

|
Linear absorption coefficient, /x = 57.0 cm

4590 approx.

]

Total unique observable reflections inside Cu limit
Total observed reflections (k = O to L) = 2067
Total unobserved reflections (k = 0 to L)

i.e. too weak to be observed = Lhh.
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(d) Solving the structure

The general strategy was to determine the positions of the
zinc and the L sulphur atoms in three dimensions, using the (010)
and (101) projections. A three dimensional Fourier with observed
F's and heavy atom phases, then showed all the light atoms clearly

in reasonable positions. The structure is a fairly favourable

z

one for application of the heavy atom method. r(= E:Fi ) = 1267
L

Now the percentage of structure factors having the same sign as FH
(the S.F. of the heavy atoms) is a function of r [45]. Forr =
1.67 the percentage is about 88%. With this fairly high percentage
of correctly signed structure factors, it is not surprising that

the Fourier phased on the heavy atoms, showed the light atoms with

quite good resolution.

(i) (010) Projection

The projection down the y-axis (b = 7.966 E) was a very favour-
able one with few overlapping atoms. The only bad overlaps were
Cyo and Sy, Nz and C11. The zinc and sulphur positions were found
initially from a sharpened Patterson and then refined by Fourier
methods.

Patterson Function

Both sharpened and unsharpened Patterson projections were
calculated. The sharpening function was calculated by averaging
F° values over ranges of sin 29 and plotting the mean, < Fe >
against < sin © » , and then choosing a function so as to make this
curve a straight line parallel to the ( sin @ >, axis; i.e.

sharpening/
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sharpening to point atoms. The two Pattersons were very different,
the unsharpened one showing very large smooth peaks and no detail,
while the sharpened one had very sharp narrow peaks many of which
did not appear at all on the unsharpened version. The rather
extreme sharpening function produced a few spurious peaks which
were recognised as such later on. The largest vector pesk, apart
from the origin, present on both versions, was 2.L i from the
origin and was rather distorted. This was very unlikely to be the
Zn-Zn vector because the packing along the b-axis would not allow
it The next largest vector, still about twice the weight of any
other vector, at a distance of 6.8 A from the origin, was therefore
taken to be the Zn-Zn vector. A superposition on this peak then
gave reasonable sulphur positions (almost the correct ones) . At
this stage the ideas gained about the structure from the first
analysis were very helpful. The large distorted peak at 2.4 2

was explained as two superimposed Zn-S vectors. Possible peaks
for the pyridine were noticed but they were not very well defined.
From the positions of the sulphur atom, the pyridine axis had to

lie roughly in the plane of projection.

Structure factors and Fo map

Before structure factors could be calculated, the temperature
factors of the atoms had to be estimated. A Wilson plot (see
o - > 3
Fig. 14) gave an overall value, B = 3.0 %2 which was given to zinc

and the four sulphur atoms in the positions determined from the

Patterson/
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Patterson. The agreement shown between F0 and Fc was fair, high
values of F_ being matched for the most part by high F,.R = 15.9%.
Before computing the F0 Fourier, those large FO values whose
signs were doubtful (i.e. whose Fc values were low) were eliminated
from the list. The Peaks for Zn and S atoms were approximately
the correct height and small shifts of about .1 i were indicated.
Booth's method [L7] was used to find the maxima. Peaks of about
2-3 £'s 3”3*Qere in the expected position of pyridine, indicating
the ring to lie at a small angle to the plane of projection, but
Cz and Cy peaks came up rather far away from their true positions.
C6 and N» had peaks of 2 € 's =3 put C; and Cg did not come up well.
Cgy C11, Nz and Sy were all coalesced into one large distorted peak,
and there was rather a misleading spurious peak about .5 ﬁ from C11.
C1o had a good peak of 2 € 's 3'3. The benzene molecule was guite
well resolved with peaks of 2-3 E€'s 3'3, but as might be expected
there was a spurious peak on the centre of symmetry. Of the light
atoms, the pyridine positions were the most reliable, and Cs and Cg
could be fixed by the positions of the sulphur atoms, and so these
were used to phase a second round of structure factors followed by

a FO—Fc map.

Structure factors and Fo_Fc Map

Structure factors were computed putting Zn, 81_h’ the atoms of
pyridine, Cg and Cg in the positions determined from the F_ map.
All were given B = 3.0 E? R = 36.8%.- The Fo_Fc map was computed
eliminating all large F values whose signs were doubtful. A

shift/
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gshift of .05 i was indicated for Zn, .06 2 for Sp, .OL 3 for Sy,
and smaller shifts for S¢1 and S3. Shifts for the pyridine atoms
varied from Zero (N1) to .25 A (C1). Except for Nz, C1p and C7,
positive peaks corresponding to atoms not put into the S.F.
calculation were rather poor. However taking the evidence of
this difference map and the preceding FO map, reasonable positions

were inferred for all atoms except Ci1.

Structure factors and F_ map (see Fig. 15)

All atoms except C11 were included in this calculation, all
'B' values again being taken at 3.0 EE. R = 22.7%. The Fo map
calculated using all the terms is shown in Fig. 15. All atoms
appear with separate maxima except Cg on the S, peak and C11 on the
Nz peak. The peaks are all about the correct height but some of
the light atom peaks are rather distorted, especially Cs which lies
rather close to the two-fold screw axis. The benzene peaks around
the centre of symmetry indicate the benzenaéing to lie at a small
angle to the plane of projection. The Fourier clearly shows the

large unoccupied region surrounding the benzene.

Conclusions from the (010) analysis

The evidence of the R factor (= 22.7%) and F, map proved
beyond doubt that the zinc and sulphur positions were correct.
Their refined x and z parameters were later used to phase a 3-D
Fo map. Although the x and z parameters of most of the light

atoms were also known at least approximately, they were never used

again/
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again in later refinement. This surplus information was, however,

very helpful in interpreting the 3-D F0 map.

(ii) (101) Projection

With some difficulty a crystal fragment was sealed in a
"Pantax" tube and orientated about the (101] zone axis, giving a
very long projection of about 20.6 i along the long diagonal of the
cell. The dimensions of the projected cell were 7.966 X x 11.85 2.
It is not surprising that little success was achieved with this
projection, and recourse had to be made to a generalised (010)
Patterson projection to settle the y parameters of the heavy atoms.

The crystal had a very irregular shape, but was roughly
spherical with a diameter ranging from .28 to .20 mm. Absorption
was therefore quite large and difficult to estimate, and no great
reliance could be placed in the intensities. None of them were
used in the final refinement, and there were too few (~100) to give
good inter-laying scaling.

A Patterson, sharpened to point atoms,was first computed. The
symmetry of the projection was pgg and so the symmetry of the
Patterson was pmm. From the x and z parameters a Zn-Zn vector had
to lie on a line parallel to y and distant .5 2 from Ve There were
only three possibilities:- (i) on the edge of the origin peak,

(i1) on the edge of a very weak peak at y = .3 and (iii) on a weak
peak at y = +5. None of these was very convincing.

To help with the interpretation of the Patterson a generalised

(010) Patterson projection was computed with k = 1 data. The data

was/
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was unsharpened. It was compared with the (010) unsharpened
Patterson and the relative y parameters of the Zn and sulphur
atoms calculated. Zn, S1 and S, were found to have roughly the
gsame y parameters.

The Zn y parameter indicated the weak peak at y = .3 on the
(101) Patterson projection to be the Zn-Zn vector. A very large
peak at about (.27, %) agreed with this interpretation, the peak
being a Zn-Zn vector between ¢ glide related molecules. Another
very large distorted peak at (%, %) was in the expected position
for the remaining Zn-Zn and Zn-S vectors. A superposition done
on the peak at (.27, %) indicated some reasonable sulphur y
parameters that were in rough agreement with those derived from
the generalised (010) projection. It was difficult to fix the
sulphur y parameters to within .3 1 and S1, Zn and S) overlapped
rather badly.

The y parameters of the zinc and sulphurs were next refined
by two rounds of structure factors followed by FO—FC maps. No
shifts were made in the x and z parameters which were more
accurately determined from the (010) projection. In the first
round the shifts calculated were:-

Zn .OL4 3; S1, S2, 53 about .08 A and Sy <1k A.

The second round shifts were much smaller - about .03 % on average
~ indicating the parameters to have settled down. The (101) data
was not good enough to be able to detect any light atoms on the
difference maps.

The very weak, practically absent, Zn-Zn vector of the

Patterson/
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Patterson was probably due to the rather severe sharpening function

used, and perhaps also absorption in the crystal.

Zinc and Sulphur positions from the (010) snd (101) projections

x/a v/b z/c
Zn « 3195 «6655 «33L2
S1 2147 .6698 «2010
So .2047 L4203 3202
S3 .2778 9347 .36L7
Sy . 3867 .6888 L1678

(iii) 3-D F_ Map phased on zinc and sulphurs

Before structure factors could be calculated, more accurate

temperature factors were obtained for each layer by doing Wilson
{1>
Lfo'>

of .1 in sin® 0 and the values plotted against sin® 6 . Fairly

plots [76]. Logio values were calculated over ranges

good straight lines were obtained (see Fig. 14). The 'B' values

1),

©
3,20 A° (k = 2) and L.4k A° (k = 3). These values are similar to

o o
calculated from the gradients were 3.05 22 (k = 0), 3.76 a2 (k

the final isotropic B values for the heavy atoms.

No suitable program was available to calculate structure factors
for P21/c, so a program was wriﬁten in Atlas Autocode to do this,
and scale the layers separately to Fc, taking the scale factor to

be _% l:::d (Fraser Program 2/5, see page 78). Structure
o

factors were then calculated putting the Zn and four S atoms in the

positions/
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positions given above, giving to each atom the overall B value
determined for each layer. The data input to the computer was
on a scale determined for each layer from the intercept of the
Wilson plots. The scale factors evaluated on scaling to Fc were
2,60, 1.63, 1.72 and 2.10 for layers O to 3 respectively.

The Wilson plots therefore greatly underestimated the true
scale of the data. These scale factors themselves were an under-
estimate since only the heavy atoms were included in FC. The
overall value of R was 39.6% and varied from 35.9% for kX = O data
to 42.1% for k = I data.

The signs of this calculation were used to calculate a 3-D
FO map on Atlas using Harding program 7/2. All large F0 values
whose signs were doubtful were omitted. Sixteen sections were

, and values were computed

Fl=

taken at intervals of ¢/60 from z = 0 =
at intervals of a/60 along z (0 - 1) and b/15 along y (0 - 1). The
line printer output sheets were contoured directly although there
was some distortion.

All atoms, except hydrogens, appeared with fairly reasonable
electron densities in their expected positions. The peak electron
densities ( € '8.1_3) by interpolation were:-

Zn L0.5, S from 21.1 to 22.9, N from 5.2 (N2) to 5.L (1) and
C ranging from 2.5 (Cg) to 4.9 (Cs). The positions of maximum
peak density were determined using Booth's method [47] and a
correction applied to x/a and z/c parameters to allow for the
skewness of the axes. The x/a and z/c parameters of the light

atoms so derived were certainly better than those of the (010)

projection./



78.

projection.

For the heavy atoms, however, it was doubtful which were more
accurate, and so the two sets of values were averaged. The
refined y/b values from the (101) projection were certainly more
accurate than those from the 3-D FO map (the interval of evalua-
tion along y was b/15 = .53 3, giving rather a large interpolation).
Finally revised 'B' values were estimated for each atom taking into
account the peak height and the probability of high or low
vibration at its position in the molecule.

As a check on whether these positions made chemical sense or
not, bond lengths and angles were calculated. All atoms seemed
to be in reasonable positions, although some bond lengths (e.g. in
pyridine and benzene) differed by nearly .2 i from the theoretical
values. However no attempt was made at this stage or at any time
in the refinement, to alter the co-ordinates to make them fit the
expected structure. It is very likely that if a compromise had
been used between the calculated and expected co-ordinates, the
convergence to the final parameters might have been quicker, and

fewer rounds of least squares would have been required.

Structure factors and 3-D FO-FC map.

The co-ordinates and 'B' values of all 22 unique atoms were
used to calculate structure factors using Fraser program 2/5, scaling
each layer separately to Fc' The overall R factor was 19.7%
(omitting unobserved reflections) and the R factors for layers o=-L

were respectively: 15.3, 15.6, 19.4, 23.4, 27.3. These values

reflect/
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reflect the expected rise in R with O (a greater proportion of
high @ spots on upper layers) and also the greater errors in the
intensities due to spot shapes on upper layers. Increases in
scale factor (applied to Fo) for each of the layers O-L were
respectively 1.2%, 1L.7%, 6.L%, 11.0% and 5.6%.

The signs of this calculation (all terms included) were used
to calculate a 3-D Fo_Fc map in exactly the same way as the 3-D
FO mape This showed a background electron density of between
+ 5 E's 3_3, with some larger positive and negative areas near
the heavy atoms. Gradients were measured at each atom along the
three axial directions and shifts computed as given on page 31.
Values of fD were obtained from the F0 map by plotting 1ogfo against
r? ( f = electron density at distance r from atomic centre) in a
number of typicel cases, for Zn p = 6.2 £-2, for S,L.7 to 6.3,
for C, 4.3 to 6.6, for N, 7.4. The shifts were Zn .009 A g
s1 .ou5 &, s» .015 3%, S5 zero, Sy .019 &, and light atoms an
average of .015 A in the xz plane and .03 A in the y direction. The
largest shift was .18 i for Csge. The 'B' values of each atom were
revised by taking the value of A at each atom, and relating this
to a set of theoretical f curves for each atom at different 'B'

values.

The effect of making these shifts was to produce a fall in R

from 19.7% to 17.2%.
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(e) Least squares refinement
The process of seven rounds of least squares refinement which
produced convergence, is summarised in Table 10. The f curves

used were as follows:-

Zn (atom) anomalous dispersion corrected - Dauben [77]

S (atom) " - " - Vaciago [78]
Hoetni and Ibets

N No anomolous dispersion correction =N

g ¥ " " o - Berghuis [52]

H " 1 1 1" . McWeeny [79].

Throughout all rounds, Fo terms too weak to be observed were
omitted. The first three rounds were done on Mercury using a
program written by J.S. Rollett (see page 97). The weighting

scheme (No. 1) used,took w as a function of F_ such that w = IﬁBL/;,
"

1P IFOI £ F*® and otherwise w = 'ﬁfTéo[O F* was taken at

AL F:?'so that very large FO terms had weights approaching .1lL,
and very low Fo terms had correspondingly low weights. The
temperature factors were kept isotropic and no hydrogens were
included. The small drop in R from 17.2% to 17.0% produced by the
first round was caused by the scale factor, k, input to the first

round that was 12.6% too high. This error in kK was mostly caused

P
i i e he F 1list contained a large
by scaling to FC using //fféo, when the A g

number of zeros, but also in part by underestimated temperature
factors. The first round produced a large negative shift in k,
and the second round large positive shifts in B for all atoms

averaging + .8 A2 These corrections were mostly responsible for

the/
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the large drop in R from 17.0% to 12.73% produced by Round 2.

Refinement was stopped temporarily after Round 3 in order to
improve the relative scaling of the layers. At the same time it
was convenient to put the data on magnetic tape. A modified
version of Fraser program 2/5 was written which would transfer
data to magnetic tape, and this was run on Atlas at N.I.R.N.S.,
Harwell. Previously the layers had been scaled to Fc just before
the 3-D FO—FC map . The scale factors relative to those were:
.897, .889, .890, .860, .866 for layers O-L respectively.

The last four rounds were computed with a program, SFLS DIAMAND
/MMH (see page ?7) which was very similar to that of J.S. Rollett.

: BZ .
The weighting scheme (No. 2) was now \f—w— = /|Fol if ]Fol > E

and J;' = 1 otherwise. F* was taken at .28 FO max. Those
hydrogen atoms which were fixed by the carbons (i.e. hydrogens of
pyridine and benzene) were put into the calculation, and the heavy
atoms were allowed to become anisotropic. The effect of putting
in the 8 hydrogens atoms (which produced AR = -2.8% later on), and
the further refinement of parameters in Round 3 produced the com-
paratively small fall of .43% in R. This was probably caused by
the 1% overestimate of k when scaling to F, after Round 3. The
overestimate in turn was probably due to the large effect of

P .
- e~ E:mﬁﬁ; would have

extinction when using k = Ly k =
-~ __-0 S

Produced better results. In Round 5 all atoms except C7, Cg, C10
and C11 of the methyl groups and hydrogens were given anisotropic
vibrations. The methyl carbons were kept isotropic in case their

vibrational/
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vibrational ellipsoids became elongated in the direction of their
hydrogens. The very small drop in R and Zlu;éf produced by
Round 6 indicated convergence. Estimated standard deviations
(E.S.D.'s) of the co-ordinates were obtained in each round from the
diagonal element of the matrix. Due to the block diagonal
approximation ﬁ?@ E.S.D.'s were probably slightly underestimated.
The ratio of 5:3;£i#;§£;£‘produced by Round 7 was about .2 to .3
for most atoms and only in the case of four co-ordinates did it
exceed .5 . The maximum ratio was .63 for Cy. Although the
E.S.D.'s of atoms varied widely the percentage fall in E.S.D. for
all atoms except Zn, was gquite constant from one round to the next.

Taking the E.S.D.'s produced by Round 7 to be unity, E.S.D.'s of

Rounds 5 and 6 were as follows:-

Round 5 Round 6 ' Round 7
Zn 1135 1.01 1.00
all other atoms 1.62 4 U2 1.00

These ratios were remarkably constant for sulphur and the light
atoms and for all three co-ordinates. They show that there was a
quite considerable increase in accuracy of the parameters in the
last round.

5=D FO*FC map ( See mole oFFDcs{Te)

A final difference map was calculated leaving out all the
hydrogen contributions to Fc’ in order to detect the hydrogens of
the methyl groups. Harding program 7/8 which was able to accept
anisotropic temperature factors, was used and the parameters were

the/
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the output of Round 7. The R factor was 10.8%. This rise of
2.8% in R may be taken as a measure of the contribution of the
eight hydrogens to R.

The eight hydrogens whose positions were accurately known,
all appeared on positive areas (see Fig. 16), but in many cases
the peak density was slightly off the expected position, the
worst case being H1z which was .25 3 away from its calculated
position. Hz had a very good roughly spherical peak of P.D.
(peak density) .82 € 's ;—3. H1, Hy, H5, H12 and H13 all had
rather large, somewhat diffuse peaks of P.D. .L t0 .6 &£ 's 4~3.
Hi11 had the poorest peak of P.D. .35 €'s A -. A Dbrief search
was made for the twelve methyl hydrogens and there were rather
large areas of low positive electron density (.2 to .4 E's 3"3)
in the expected regions. The methyl hydrogens are probably subject
to greater vibration that those of pyridine and benzene, and the
methyl carbons had on average larger temperature factors than the
ring carbons. This and the fact that they were left out of least
squares refinement, produced poor resolution on the difference map.
Although no methyl hydrogen positions were determined, they could
probably have been found by projecting the electron density down
the N-CHz bonds and looking for trigonal symmetry. Considering
that 8 hydrogens produced a AR = -2.8%, the inclusion of another
12 hydrogens (equivalent to two carbon atoms in electrons) might
well have produced a much better value of R.

The features on the difference map at Zn, S3 and Sy are shown

in Fig. 16. Similar features occurred at S1 and Sp.



SUMMARY OF SOLUTION AND REFINEMENT OF STRUCTURE.

TABLE

10

(010) projection

Patterson

l

Fourier refinement R = 22.7%

Refined x/a and z/c parameters

for Zn and L sulphurs

101 rojection

Patterson

Generalised (010) Patterson

Fourier refinement

Refined y/b parameters

for Zn and L sulphurs

3-D F_ map phased on Zn and L sulphurs R = 39.6%

3-D (F -F,

l
l

3-D least squares refinement

) map with all atoms included R = 19.7%

5

Round Hydrogens Temperature Weights k Y w A 2%x10” R%
Factors Scale factor
applied to Fo
None All isotropic 1 1.0000 6L5 172
1
None " " 1 .87L0 392 1740
2
None L H 1 .8800 214 12.73
8 H atoms Zn, S1-4 aniso-
tropic
all rest iso-
tropic 2 1.0000 586 12.30
L
" all aniso-
tropic
except C7,Cs,
C105C11
and H atoms 2 9874 LO6 9.97

5/



TABLE 10 (contd.)

Round Hydrogens Temperature Weights Scale ?actor zw&‘?x‘l O"f3 R%

. Factors applied to Fo
5 ! " 2 9900 317 8.6L
6 " " 2 . 9894 312 8. 54
v 1 " 2 « 9894 313 8.55

n 40 oo

Note: Weighting schemes - No. 1 see Page 30

No. 2 see Page 8|



TABLE 11

Ris (dimethyldithin csarbamatz-) pvridine zinc . % benzene

Final ecr-nrdinates and their estimated standard deviatinmns.

x/a 10%°e.5.d. v/v 107e.5.d. z/c  10%e.s.d.

Zn .682L6 8 16932 19 164,81, 3
s1 .78265 13 15230 28 . 29501, 9
S2 .7956€6 13 - .06573 28 17879 8
S3 72354 I 43973 29 1361, 8
Sl 61517 1l .19430 29 .0309 7
N1 .52658 33 .130L0 76 A7 21
N2 .91508 L3 -.11196 92 .3068¢& 28
N3 F6E318 )2 .50863 89 .00179 26
ci Ae5L5S ). & .03815 gg .13302 28
62 .3,905 52 .01393 111 .13783 3l
c3 .3158L 51 .09186 115 .18990 L2
Gl .39283 63 .190L7 12L .23759 L3
C5 L9595 52 .20515 110 .22911 32
cé .83968 12 - .01623 101 .26518 30
c7 GEETL 67 -.25390 136 .28127 1,2
c8 .05613 70 - .07600 138 .38155 1.5
CS .66685 L) .39155 -G7 .05027 28
c10 61066 59 Ry R 120 -.0712L 38
(e 5 8 .7079), 70 67771 133 .01830 1,5
c12 .07521 1, -.11890 117 .03157 36
i3 -.01187 € -.08218 118 .05702 33
Cil -.08763 55 03453 117 .02623 36
H1 4799 -.0226 .0911

H2 .2905 -.,0634 .1009

H3 .2331 .0750 .1960

H, 36L8 2513 .2781

H5 5513 .283), .2661

H12 .1328 -.2178 .0582 -

!

Hi3 .0232 -.Ak 91 .1020



TABLE 12
VIBRATIONS

(i) Anisntropic

. Faetr = - 2: + 1 27 2 11 ; 15
Temp. Factor = exp -( h®By,+ k®B,,+ 1%B .+ k1B, + 1hBy, + hikB, ,)
B . By3 B3 931 32
7Zn 00618 .01161 .00259 .00060 00268 - . 00055
s1 ,00770  .01998  .00235 .00161  .00173 -.00.53
S2 00793 01551 00275 =-,00171 .00398 = 00013
53 01042 .01290 .002¢3 .000A0 .00072 =, 00575
Sl 01010 .01915 .00215 ~-.00165 .00273 -.002,1
Ni 00556 J01LL78 00220 00022 00210 ~.00093
N2 .00807 02112 .003A1 ~-.00071 .00295 -.0070¢
N3 .00861 .02238 00273 .00381 00200 .001..5
cl 00778 .01326 00217 .00078 L0012 -.00281
C2 0075, .02120 .00381 .00503 .00090 -.00546
C3 00753 .01835 00621 .00A01 .00502 .00078
Cl .01062 .02h69 00569 ~.0024L5 .00820 .00297
C5 .00828 .02226 00323 -.00381 00L27 -.0015L
Ch 00572 .01786 .00312 -.0018L .001.26 -.,00090
619] ulolalarst 01650 .0026L .00025 .00330 .00133

C12 .00865 02371 .00351 .00077 .00162 -.00280
C1i3 .009.L3 .0269¢ .00308 .00225 .00303 .00683
Cilk .0091¢6 .02636 .00372 .00023 .00L73 -.00375

(ii) Isotropic

Terp. Factor = exp -( B sin® 6/x2 )
B (22)
C7 6.77
c8 7:3L
C10 5.96
Ci1 7.38
H1. 3.80
H2 5.20
H3 5.80
HJ, 6.70
H5 5.10
H12 5.0
H13 5.00
5.70

H1J,
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TABLE 13

(i) Bond Leneths with e.s.d.'s (&)

Zn =
Zn -
Zn
N =
1
O~
81 -
bR =
6 -
N2 —
N2 =

(ii)

= (o5
b ]
IR UL T [ 1

£
&
!

Sl
52

-

01
2
G2
cé
Céh
12
C7
c8

' P—‘Eéléiéh-"l-"i'-"i‘""mf\)?\}

. 598
330
.079
.320
- 379
-376
.707
<127

332
s(«é
JCH

Ancles (degrees)

Zn

- Zn

Zn
Zn

Zn

It
i}
c1
G2
C3

51

= 52

Cé

~ 106

Cé
N2

= N2

N2

C R

Lt 0N =
Lo\ po =

(9]
uny

«Q
N

&3
s

CL

95.9
1ibad
=43 .4
102.6
ﬂ@Z
‘T')'?

ol L ® 1 i A0
Lo O

e
\O ~34= Go =

b (o o [

s % L B 0 2 Y
2N RO 000
O RN Ae0O

N

e

-._J-_
o

.00L,
.00;
.006
.013
.013
.015
.010
,010
.01l
.017
.017

Zn -
In =

N1 -
CL -
c3 -
S!,_'. o
53 -
c9 -
K3

N3 =

8l -
s3 -

Sy =

SJ’.:. i

Sl

=

C5
C>
Cl

C9

[ I O B |

|

e T e e S S SV

win'z =
MW=

42
.325
JAne
3d7
13
"707
732
312
65
.73
93.9
116.8
2.9
102.1
120.9
122.5
116.3
80.L
88.9
117.3
£23.3
11911
123.9
1105
116.5

.00

012
.015
.019
011
.010
.013
.018
.015



TABLE 1)

Plenerities ¢ nf Groups.

(i) Pyridine

Least squeres plane thrmugh Vi, C1. C2. 03 CL and C5.

Bgns +1.815x -6.,05y +10..5z2 -1.975 =
Deviations from plane (A) A=
w1 -.002 Zn - .099
ci -.005 S1 +1 .55
c2 +.,009 52 -1.78
C3 ~ 006 _
Cl, .000
C5 +.00L%

(ii) Benzene

Least suares plane thrrugh the 6 atrms nf benzene.

Eqn: +5.019x +5.6.8v 49,231z = 0
Deviations from plene (2) :-
c12 +.0026 Ciz2t -.0026
C13 -.0027 ci3? +.0027
Cil. +.0026 95 3 B -.0026

(iii) Dimethyldithincarbamate Groups

81.52.C6,112,C7.C8 licand 53.8,.09.1i3,010,C11 licand
¥9.9L5x% +,.723y -7.657z = 6.238] +11.99x -2.,50y -6.815z = 6.688
Atom Deviatirn (2) Rt?ﬁ Deviatinn (ﬁ)
s1 -.005 sL, +.007

52 +.,005 53 =011

C6 =, 005 cY +.012

N2 +,016 N3 +.011

c7 -.023 cl1 +.022

C8 +.010 10 - .035

Zn - 086 Zn = D37

S32 -1.99 S2 +1.80

Sk “ oS 51 +,32

N1 +1.7], N1 -1.90




TABLE 15

= A o
Intermolecular Contacts belnw 3.90A

Atom 1. - Atom 2 Distance Relatinn nf Atom 2 to Atom 4
- at pnsition given in Table 11.
8 - = 2 3,75 Lis B, T 45, T
91 - C3 .3',..6 B ] 1. i1
92 e 0l 3.80 §1 Tt 1t
85 - o3 3086 E hath
g3 - Cl 3.82 1y 1e Te
g{ L. J? 3.75 (R 11 11
08 - 012 3.86 ' te '
N2 = ) B 3.77 1 -x,v-% %-2
c1 P ng Y277 1 it 1T
02 % C5 378 11 11 11
cg - clL 3.77 & T 0
52 = €13 3.89 1+ =, ¥ %'
| Tt
S2 - Cik 3..83 =3
52 = Ccli 3.74 Z; ¥ vidssa
Sl - 3.68 e S
C9 =1 G0 3.81 Lt T Ml
EEd =304t 3.82 L #%; & §.5; &
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(f) Description and Discussion

Zinc coordination

The coordination of zinc is a rather distorted trigonal
bipyramid. Examination of Figs. 18 and 20 shows that the structure
resembles a trigonal bipyramid gquite closely in some respectse. The
main deviation is the angle the axial bonds make with the equatorial
plane. The equatorial plane passes through Zn, N1, Sp and S3, and
Zn-S1 and Zn-S), are the two axial bonds. The deviations from the
best plane through Zn, N1, Sp and Sz (see Fig. 20) are all less than
2 E.8.D.'s and therefore not significant. The equation of this
plane is:-

+ 118U + T«720y + 98:.%8z = 199
The angles N1 Zn Sz (116°), N1 #n S3 (116°) and Sz 7n S3 (128°)
differ significantly from the theoretical values of 120°, but this
may well be due to interaction between the two bulky sulphur atoms.

S1 and S, deviate by 17° from the true axial positions. This
distortion is, of course, unavoidable due to the nature of the
bidentate ligands and the Zn-S distances. It is noteworthy that
the planes of the dimethyldithiocarbamate groups are approximately
normal to the equatorial plane (see Fig. 20), thus reducing the
distortion as much as possible. The small deviations from the
normal position are in the direction expected if the deviations are
due to the repulsions S1 > S3 and Sz © 84 (S1 7 83 = S fn Sy = 102°).
The bond lengths fit the trigonal bipyramidal model quite well. The
equatorial Zn-S bonds are 2.33 2 while the axial Zn-S bonds are 2.60 R.

According to the theory of 5-coordination (see Introduction) longer

axial/
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axial bonds are to be expected due to electron pair repulsions.
However in this case electron shifts may play an important part
in causing the axial Zn-S bonds to be so long. (See following
discussion).

The only other example of a truly trigonal bipyramidal zinc

complex is terpyridyl zinc dichloride [59].

Zinc-=Sulphur Bonds

The short Zn-S bonds of 2.33 & (Zn-Sp, Zn-S3) are about normal
length (cf. Zn-S distances given in Introduction). The two long
Zn-S bonds of 2.60 & (Zn-Si, Zn-S,) are very much longer, and this
could be due to electron pair repulsions and/or increase in the
ionic character of the Zn-S bond.

In bis(diethyldithiocarbamato) Zn(II) [63], one of the ligands
has Zn-S distances of 2.35 & and 2.L4L &, while the other ligand has
distances of 2.33 A and 2.82 &, This shows that a configuration
with two dithiocarbamate groups coordinated to Zn, and with all
Zn-S distances around 2.33 i is unfavourable. This is probably due
to electron pair repulsions. In (PZDC) the axial sulphur atom S1,
for example, might be repelled by bonding electron pairs associated
with Sy, S3 or Ni. Of these three, the repulsion of the Zn-Sp
electron pair must be the greatest (81 7n Sz = 73°, S1 7 Sz = 102°).
The repulsion of the Zn-S3 bond pair is probably small, since it 1is
known that the two sulphur atoms can approach zinc to 2.35 S with
S 7Zn s angles of 109° in zn S [6L] and 111° in Zn(II) dichloro-
bisthiourea [66].

While/
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While electron pair repulsions probably play an important
part, the substantial lengthening of the axial Zn-S bonds suggests
that electron shifts of some sort take place, resulting in an
increase in the ionic character of the axial bonds. Higgins and
Saville [55] have carried out infra-red studies which have
suggested such a change in Zn-S bonds, and they also obtained
experimental evidence that there is an increase in the sulphur
nucleophylic properties when an amine coordinates (see Introduction).
All this evidence suggests strongly that there is a dominant con-

tribution to the structure of complexes of the type (PZDC) by the

form: - N

S.. : .S
+ Z‘n +/
D S
\\

This conclusion differs from that reached by Higgins and

Saville (see Introduction) who proposed that all four Zn-S bonds
are equally affected, and the N-C bond loses part of its double

bond character on amine coordination.

The Zn-N1 bond

The Zn-N{ bond length is 2.079 & (E.S.D. =+006 &). This is
very similar to the value of 2.06 3 found in Zn(II) di-8-hydroxy-
quinolate dihydrate [57], but different from the values of 2+19,
.11 and 2.37 & found in zinc terpyridyl dichloride [59]. It is
also slightly greater than the average Zn-N distance of 2.00 i

(max./
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(max. limits 1.97 - 2.04) found in complexes with an imidazole

nitrogen.

The N-C bond

The mean N-C bond length in (PZDC) is 1.338 (E.S.D. = .010 k).
This should be compared with the table of N-C bond lengths given in
the Introduction. Comparison shows that the N-C bond length does
not change when the alkyl group is varied from methyl to propyl.
This agrees with the independent evidence of Chatt et al [69] based
on I.R. studies (see Introduction). It is further evidence against
the theory of Kerk et al [68] concerning the biological activity of
complexes of the type (PZDC).

The N-C bond length is virtually identical to that of 1.33 3
(.019), [63], found in the parent zinc complex.

Amine coordination does not therefore affect the N-C bond in
the way expected by Higgins and Saville (see Introduction). Their
evidence depended on shifts in the I.R. absorption bands to lower
frequencies when an amine coordinates. However as well as a shift
in the band assigned to the N-C stretching vibration, there were
several unexplained shifts in other bands on amine coordination.

It seems possible that the shift in the N-C stretching band was
produced by some cause other than reduction in N-C bond order, as
proposed by Higgins and Saville. Their electron shift scheme which
is given on page 5|, must therefore be revised. The observed N-C
bond lengths support the conclusion that the dominant contribution

to the structure of (PZDC) is by the form given on page 36.
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Dimethyldithiocarbamate ligands

The two ligands are planar within experimental error (see
Table 1L4). The mean deviation from the best plane through Si,

Sz, C6, N2, C7, Cg is about 1 E.S.D., the maximum deviation (C7)
being less than 2 E.S.D.'s. Zn, however, lies at .086 3 from this
plane which is certainly significant being about 16 (E.S.D.'s).

The mean deviation from the S3, Sy, Cg9, N3, C10, C11 plane is about
1¢5 E.8.D., with a maximum deviation (Cs) of just over 2 E.S.D.'s.
Zn lies at .037 & from this plane which is significant being about
7 Bi8.D: '8s

This agrees with all other determinations which have all found
the dithiocarbamate groups to be planar. A deviation of about .2 2
of the zinc atom from the planes of the ligands, has been found in
bis(diethyldithiocarbamato) Zn(II) [63]. The deviations in (PZDC)
are smaller but nevertheless constitute a significant departure from
exact 2-fold symmetry in the complex. . The distances from Zn to the
planes of the two ligands are significantly different, and also the
deviations are in opposite directions relative to the approximate
2-fold axis through Zn.

The mean S-C bond length in (PZDC) is 1.718 A which agrees with
the mean value of 1.72 2 found in bis(diethyldithiocarbamato) Zn(II)
[65]. There seems to be a small, though barely significant,
difference in the two types of S-C bond. S1-Cg¢ and Sy~-Cg average
1.707 & while S»-Cg and S3-Co average 1.730 A.  This indicates that

S1 and S, are slightly more strongly bound to Cs and Cg respectively,

than/
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than Sz or 53, which agrees with the fact that S1 and S, are more
loosely bound to Zn.

The angles around Cg and Cg do not differ very significantly
from the expected values of 120°, but those around Nz and N3 do.
The angle made at N by the two methyl groups seems to be slightly
less than the other two angles at N. This was also found in
bis(diethyldithiocarbamato) Zn(II) where the Et N Et angle is 11L°.

The observed N-CHz distances (1.L466, 1.484, 1.L473, 1.465) do
not differ significantly from the average literature value of

(-]
1.4L79 A for a C-N bond with a L-covalent nitrogen [80].

Pyridine ring

The pyridine ring is accurately planar, all deviations from the
best plane being less than % E.S.D. (see Table 14). The deviation
of Zn by nearly .1 ﬁ from this plane is significant and is discussed
later. The bond lengths (see Fig. 17) are all within 1.5 E.S.D.'s
of the literature values [80], except N1-C1 (1.320 ﬁ) and N1-Cs
(1.342 K). The average literature value for the latter two bonds
is 1.37 E. This is probably a significant difference, and may be
connected with changes in the electron distribution due to the
coordination of N¢1 to Zn. The bond angles agree well with the
literature values, and as expected the angles Ni 6} Cz (12L.3°)

and N1'6E cy (122.5°)-(1it. value 124°) - are greater than the

N
CC C angles, (1it. value 118°).

Benzene ring

The benzene ring is very accurately planar the deviations being

only/
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only about t% E.S.D. and therefore quite insignificant. The bond
lengths (1.365, 1.363 and 1.388 &) are all within 2 E.S.D.'s of the
literature value of 1.39 E, and the angles do not differ significantly
from 120°.

It should be noted that pyridine might well replace benzene on
the centres of symmetry in the crystal. Both pyridine and benzene
were present in the solution from which the crystals were obtained,
although only a trace of pyridine was present. It would probably
not be possible to detect the difference between pyridine and benzene

by X-Ray methods, especially if the pyridine is orientated at random.

2-Fold symmetry of complex

There is an approximate 2-fold axis though Zn, N¢1 and C3 of
pyridine. Fig. 19 gives a plot of the mid-points of lines joining
atoms related by this axis. The zinc dimethyldithiocarbamate part
of the molecule gives a fairly good straight line plot, with
deviations all less than .01 3, except for the mid-point of the
S2-S3 line which deviates by about .03 4 from the best line.

The pyridine ring also gives a good straight line plot with
deviations all less than .01 ﬁ, and therefore not significant.

The equations of these lines are as follows: -

(i) Zn dimethyldithiocarbamate X - 3.637y = + .0667
axis X + 10.283z = + 2.378
(ii) Pyridine ring x - 5.468y = - .1865

Both/
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Both lines meet at the point (.580, .1L1, .174) which lies about
o7 A from N1, and exactly mid-way between C3 and the mid-point of
C7-C11. The angle between these lines is L.0° which is certainly
a significant deviation. The direction in which the 2-fold axis
is "bent" is approximately normal to the pyridine ring and towards
53 This results in a slightly shorter contact with Sy than with
81 (C1-Sy = 3.48 &; Cs5-81 = 3.55 1).

The cause of this distortion is the fact that the pyridine
ring has close contacts with neighbouring molecules on one side and
not on the other. Inter-molecular contacts are listed in Table 15.
The pyridine rings of molecules related by the 2-fold screw axes
are roughly normal to one another, and the "edge" of one ring
contacts the "plane" of the next one. The important contacts are
probably those from Cs of the 2-fold screw axis-related molecule
to C1 (3.77 R) and C2 (3.78 K). Several other contacts with
neighbouring sulphur atoms are all on the same side of the ring,
but the closest contact of 3.68 ﬂ from C1 to Sy acts roughly in the
plane of the ring, and so cannot be wholly responsible for the
distortion.

Another significant departure from 2-fold symmetry is the
difference in the position of the Zn atom relative to the two
dithiocarbamate ligands. This has been discussed previously.

It may be connected with the slight deviation of the S2-53 mid-
point from the axis (see Fig. 19), and the distortion of pyridine
from the axial position.

There/
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There seems to be no reason to suppose that the complex
cannot be exactly symmetric in solution or in the other crystalline
form (see Part II.2.). The difference in the orientation of
pyridine (cf. Figs. 10 and 18) in the two crystals, and the dis-
tortion of pyridine from the true axial position, suggests that,
although N1 is strongly bound to Zn, there is a certain amount of
flexibility in the position of the ring. It is very likely that
weak forces, of the order of Van der Waals® forces, acting on the
end of the ring would be sufficient to produce gquite a large
levering effect. It is noticeable that in neither of the two
crystals does the pyridine take up a position so as to minimise its

contacts with S1 and Sy.

Accuracy of the Determination

The final value of R (excluding reflections too weak to be
observed) was 8.5L4%. R for those unobserved weak reflections
listed in Appendix III(b) was 57%, and R for observed and unobserved
reflections was 10.7%. These values could probably have been
improved by taking into account the 12 methyl hydrogens omitted from
the calculations. Also there is some evidence of extinction
affecting the most intense reflections. If those reflections
marked 'E' in Appendix III(a) are omitted, R (observed reflections
only) becomes 8.10%.

The estimated standard deviations obtained from the least
squares matrix (block diagonal approximation), should be fairly good

estimates, since the structure is centrosymmetric, and there are no

atoms/
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atoms on speclal positions. The approximate molecular, but
non-crystallographic, 2-fold axis through the complex, means that
there have been two partly independent measurements of bond
lengths related by the axis. The E.S.D. of the mean bond length

may be calculated by the formula:-

62(M) & 6° (A) . 62 (B)
62 (A) + 62 (B)

where: 62(M) is variance of mean bond length. 62(4), 62(B) are

variances of related bond lengths,

and since 62(A) = 62(B)
6(M) = 6(A
2

Since the complex is slightly distorted, especially about the co-
ordination centre at Zn, it is probably not justifiable to use this

formula for those bonds involving Zn.

Packing

The packing of molecules is illustrated in projection along
the b-axis in Fig. 21. The crystal is held together by Van der
Waals® forces with contacts ranging from about 3.7 & upwards. The

o
minimum intermolecular contact is 3.68 A (C1-Sy). Table 15 lists

all intermolecular contacts below 3.90 .

The main feature of the packing is the large cylindrical space
parallel to b between benzene molecules. The distance between
benzene molecules along y is about & i, and only two contacts with

Cg of neighbouring molecules, seems tO prevent the benzenes from

moving/
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moving up and down these spaces. This easy route of escape for

benzene probably accounts for the instability of the crystals.
As far as the packing of the complexes is concerned, it is

moticeable that there are no important contacts between (PZDC)

molecules across the planes /g3 =0, 1, 2 ..

+ses l1ee. there are no
important contacts over the cell boundaries along the x direction.
The benzenes appear to act as buffers between molecules along this
direction. The packing within a cell is not very compact, and
there are no plane-plane contacts as might be expected. The

pyridines are in contact but their planes are normal to one another.

Vibrations
Table 12 gives the anisotropic vibrations of each atom. There

is no noticeable anisotropy among the heavy atoms. Zn has an

average B = 3.5 i2 while the S atoms average B = L.5 32. There is a
tendency for vibrations to increase towards the "ends" of the
molecule. Thus Ce, Cg average L.0O EQ, No, N3 5.1 E?, and the
methyl carbons 6.9 32. There is a similar increase in vibration
towards Cz of pyridine, but here there is some anisotropy. Cz has
the highest 'B' of 9.8 32 along z, and this fits in with the fact
that it has no contacts along this direction. The benzene ring
vibrations, surprisingly, are less than those of the methyl carbons.

8 along z, the

(4] <] [}
They average 5.5 22 along x, 6.6 A2 along y and 5.2 A
greater vibration along y agreeing with the loose packing along
this direction. Generally the fairly high 'B' values reflect the

weakness of the forces holding the molecules together.
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(g) Conclusions

The complex (PZDC) is a 5-coordinate zinc complex with a
distorted trigonal bipyramidal configuration. The two axial
Zn-S bonds average 2.60 E, with the two equatorial Zn-S bonds,

2.33 b and Zn-N{ 2.08 A. The equatorial bonds are of normal
length, but the two axial bonds are considerably longer than usual.
This is probably due to a combination of electron pair repulsions,
and a weakening of the axial Zn-S bonds due to the coordination of
pyridine. The mean N-C bond length in the dithiocarbamate groups
is 1.338 K, which is very similar to the lengths found in all other
dithiocarbamate complexes, and indicates about 84% double bond
character. This agrees with the experiments of Chatt et al [69]
and is further evidence against the theories of Kerk et al [68].
Both the Zn-S and the N-C bond lengths show that the electron shift
scheme for amine coordination proposed by Higgins and Saville, must
be revised. The coordination of an amine appears to affect only
two of the four Zn-S bonds, and has no effect on the N-C bond.

In agreement with other determinations, the dimethyldithio-
carbamate groups are both planar and the bond lengths and angles are
all normal. Zn, however, lies slightly out of the plane of both
ligands, and its position is different relative to each. The
Me'ﬁ Me angle is slightly less than 120° as has been found also by
Vaciago et al [63]. This is probably due to repulsion of the

methyl groups by the sulphurs.

There is an approximate two-fold axis through Zn, N1 and Csz,

but/
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but the axis of the pyridine ring deviates by L° from the axis of
the rest of the molecule. This is caused by Van der Waal®s
contacts in the crystal. The difference in the deviations of Zn
from the dithiocarbamate planes may be connected with this. It
is very probable that the complex can assume accurate two-fold
symmetry in solution. The orientation of pyridine is obviously
largely dependent on intermolecular forces, since it is different
in the crystals without benzene of crystallisation.

The crystals with benzene of crystallisation, consist of two
types of complex, D and L. The packing is rather irregular, and
there are some large empty spaces especially between benzene

molecules along the y-axis.
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COMPUTING _METHODS

In the course of this work, the following programs were used:-
Structure factor, Fourier and data reduction programs written
by J.S. Rollett for D.E.U.C.E. (Glasgow). Basic machine code.
SFLS program written by J.S. Rollett for use on Mercury
(Harwell). Basic machine code. Very similar to SFLS Diamand/
Harding (see below).
A series of programs written by M.M. Harding for use on Atlas
(Manchester and N.I.R.N.S., Harwell):-

(i) 8/2 Lp correction and modification of data (EMA)

(ii) 3/5 Centrosymmetric fourier projections (EMA)

(iii) Molecular Geometry - calculations of best planes by least
squares and projections of structures (AA)

(iv) 7/7 Combined structure factors and fourier program,
allowing data to be read from magnetic tape. A later
version (7/8) was able to accept anisotropic temperature
factors. (EMA)

SFLS Diamand/Harding - a program written by R. Diamand in EMA,
and modified to accept data from magnetic tape, etc., by
M.M. Harding. It had the following facilities:-
(i) Any space group possible.
(ii) f curves tabulated at 32 values of Sin® O .
(iii) Isotropic, anisotropic or a mixture of both types of
temperature factor acceptable.
(iv) Weighting scheme such that Jw=11if Fo‘é.FE, and

otherwise/
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otherwise Jw = FK/FO. F* given in input data.
(v) The omission of certain atoms (e.g. hydrogens) from
the least squares operation was possible.
(vi) Block diagonal approximation.
(vii) Any number of cycles possible.
(viii) Allowance made for the interaction between scale
factor and the overall temperature factor.
(ix) Coordinate variances, 62(p), output, calculated from
the appropriate diagonal element of the matrix, 854
using:-

R = g . Ll

8 . I~
11 n

Where m = no. of observations

n no. of parameters.

A bond lengths and angles program written by 0.S. Mills for use
on Atlas (AA).

The following two programs were written specially for this work
by the author, for use on Atlas:-

(a) Fraser 2/5 (AA)

A structure factor program, written for space group P21/c, but
easily modifiable to take all centrosymmetric space groups of
higher symmetry. It had the following facilities:-

(i) £ curves could be tabulated at any convenient equal
intervals of Sin S, , the degree of subdivision being
indicated for each f curve as read in.

(ii) Data acceptable in the form F_ or F02. If F02 then a

modification function could be applied which was

tabulated/
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tabulated as a function of Sin .
(iii) Scaling of Fo either by a given scale factor or using
the factor 3 Fec/ } _Fo. Separate scaling of different
batches of data (e.g. Xk =0, 1 ..... etc.) was also
possible.
(iv) All reflections with Sin © )1 printed out.
(v) All reflections with poor agreement between F,and F_
printed out.
(vi) Any number of consecutive jobs possible.
(vii) The output could be transferred directly to magnetic tape

for storage purposes.

(b) Fraser 3/2 (AA)

A program to calculate the E.S.D.'s of bond lengths from the
coordinate variances obtained from SFLS Diamand/Harding. The
formula used ignored covariances of coordinates, but took into
account the E.S.D.'s of cell dimensions. In the general case,
(triclinic system), a bond length is a function of 12 variables,

all of which have an E.S.D. In general:

if Z - f(A,B,oocno) i-eo if z iS a fUIlCtiOIl Of A,B T

fhes | BIE] = /|:6(A)}?‘5—"z-]1 & [G(B) %“%}1 3

The expression for a bond length (s) was treated in this way, and a

value of 6(S) derived. A simple modification and extension would

have allowed the calculation of bond angle E.S.D.'s.
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APPENDIX IT

List nf |Frbs| and |Feale| frr bis(dimethyldithin-
carbamatn) pyridine zine. Scale sbsnolute EPProx.
1 h | Frbs| |Fezlel il h |Pabs| |Feszle]
o 2 206 223 6 0 317 27},
) 156 129 2 ki 22
6 252 2L5 A 1.3 140
8 59 L7 . 6 113 133
10 21 29 8 37 1,2
12 16 1.8 10 1,0 1,2
2 0 207 189 12 23 28
2 59 15 -2 167 192
J; 76 18 -1, 110 107
10 21 26 -8 115 116
12 L6 63 -10 20 23
14 2L 37 -1 2 27 27
=2 2G3 35L ~1L 19 21,
= 132 83 8 0 13 11
-6 13), 123 2 59 o0
-5 136 119 6 70 g3
-10 15 31 12 35 39
-12 AF 70 -2 81, 57
-1, 37 5, my 31 2
L 0 221. 218 -6 26 .
2 21 L,Q -8 102 ° it 4
L 125 85 42 21 21
6 197 223 -1 26 32
8 59 81 10 0 90 117
10 68 88 ) 136 146
12 g5 98 6 117 135
16 13 6 8 22 2k
-2 187 $:31 10 L3 L7
~) 32 101 12 L, 30
~¢ 114, 9l -2 65 82
- f‘ 1 ':;v‘ %3 1 :’ O ’r.-‘.;'v é}i
-1C 37 L2 2 27 )2
' ' ! 2 73
10 15 3
=2 77 89
= 27 3L
il 36 L9
-8 53 7
14 A 15 19
& 15 20
10 19 16
-l 15 8
-8 15 2,
16 | 35 L
=2 36 50,
18 =2 16 28
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