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se font vis-a-vis, d’autre part les distances d’une
molécule aux trois molécules qui ’encadrent dans la
chaine lui faisant face dans la couche voisine sont
toutes supérieures & 4 A (C,—C1=4,03, 4,58 et 4,85 A;

14,85
|

14,55
6 I

Fig. 8. Dispositions relatives des molécules des couches y =1}
(traits fins) et y =4 (traits épais).

Apres I'opération des axes binaires hélicoidaux, les ions
N+ et Cl~ viennent se superposer les uns aux autres. Les
molécules de pipéridine d’une couche correspondent alors
aux intervalles laissés libres entre les molécules de I’autre.
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Ce-C2=4,28 et 4,55 A). Cependant il s’établit une
liaison de van der Waals (Ce~C2=3,90 A) avec une
quatriéme molécule de cette couche située au méme
niveau dans la chaine suivante le long de I'axe a.

La disposition est donc telle qu'une molécule de
pipéridine vient se loger dans une cavité située entre
quatre molécules et au fond de laquelle se trouve un
atome de chlore.

Comme on le voit encore dans la Fig. 8, on peut
également considérer que les chaines forment des cou-
ches perpendiculaires & I’axe @ en se juxtaposant dans
le plan x=0. Dans ce cas la disposition des molécules
de pipéridine est analogue: elles font saillie de part et
d’autre de ces couches et chacune vient se loger dans
une cavité de la couche suivante comprise entre quatre
molécules et au fond de laquelle se trouve un atome de
chlore. Ces saillies et ces cavités sont plus marquées
que les précédentes ce qui explique que le cristal
s’allonge davantage dans la direction de l'axe a que
dans celle de 1’axe b.
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The Crystal and Molecular Structure of Pyrimidine

By P. J. WHEATLEY
Monsanto Research S.A., Binzstrasse 39, Zurich 3/45, Switzerland

(Received 25 May 1959)

The crystal structure of pyrimidine has been determined by a three-dimensional least-squares anal-
ysis. The crystals are orthorhombic, Pra2,, with four molecules in the unit cell. No molecular sym-
metry is required, and there seems to be a slight but significant departure from the expected mm
symmetry. The bond lengths obtained from the X-ray analysis have been corrected for the effects
of thermal motion which is very important in these simple cyclic molecules. The final R factor is

8-7%.

Experimental

Pyrimidine (I) melts at 21 °C. and, like the other
azines, volatilizes

I ey

very readily. The crystals used to obtain the X-ray
diffraction intensities were grown from the melt in
thin-walled Lindemann-glass capillaries of 0-25 mm.
internal diameter. The exposures were taken at —2 °C.
in a cold-room. Cu K« radiation and the multiple-film
technique were used to take Weissenberg photographs
round [100] and [101]. Three layer lines were recorded
round [100] and seven round [101]. The relative in-
tensities of the reflexions were estimated visually by
comparison with a standard scale obtained from the
same crystals, and the different sets of photographs
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Table 1. Observed and calculated structure factors
Values are 100 times absolute scale.
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were placed on the same relative scale by correlation
through common reflexions. A total of 374 independent
reflexions was observed. The systematic absences of
ROl with k odd and Okl with £+ odd are consistent
with two possible space groups, Pra2; and Pnam.
The length of ¢ was found from rotation photographs,
and the lengths of ¢ and b were determined by the
Straumanis method. The results were:

a=11-698 + 0-003, b=9-493 + 0-003, c=3-806 + 0-005 A.

It will be observed that these values are very close to
the values 2¢; a; b (11-822; 9-318; 3-815 A) found in
the isomeric pyrazine (Wheatley, 1957). The cell con-
stants of pyrimidine give a calculated density of
1-259 g.cm.~3 on the assumption that there are four
molecules in the unit cell. This calculated density is
close to the values found for the other azines.

The X-ray structure analysis

The similarity in the cell dimensions of pyrimidine
and pyrazine suggests similar crystal structures. It is
improbable that the planes of the pyrimidine mole-
cules can be perpendicular to the shortest axis, and
it is unlikely, therefore, that Pram is the correct space
group. Consequently the alternative, non-centrosym-
metric space group Pra2; was selected, and this
choice was justified by the results of the analysis.
The positions of the molecules were obtained by
packing considerations and by trial-and-error calcula-
tions of the Ak0 reflexions. An ~k0 Fourier synthesis
permitted allocation of the peaks to carbon and nitro-
gen atoms because of the different peak heights.
The 2z coordinates of the atoms were obtained from the
known « and y coordinates and from a knowledge of
standard bond lengths. Since these trial coordinates
gave satisfactory agreement between the observed
and calculated hk0 and 20! structure factors, immediate
refinement was carried out in three dimensions by
least-squares methods on the Pegasus computer at the
University of Leeds. The programmes were devised by
Dr D. W. J. Cruickshank and Miss D. E. Pilling. The
weighting scheme of Hughes (1941) was employed.
Seven refinement cycles were performed. After the
fifth cycle the reflexions 210, 020, 201, and 011 were
omitted, as they seemed to be badly affected by
extinction, and hydrogen atoms were introduced. The
coordinates obtained from the fifth cycle showed that
the molecule was planar, but was not a regular hex-
agon. However, the principal diagonals of the hexagon
intersected at a point and it was assumed that the
hydrogen atoms lay on the extensions of these diag-
onals at a distance of 1-03 A from the carbon atoms.
Thermal parameters were assumed for the hydrogen
atoms, and neither the thermal nor the positional
parameters of the hydrogen atoms were refined in the
last two cycles. The scattering factors employed were
those of Berghuis et al. (1955). The final R factor,
omitting unobserved reflexions and the four reflexions

affected by extinction, was 8-79%. A list of F,, F, 4.,
and B; is given in Table 1.

The final atomic coordinates are shown in Table 2,
and the final thermal parameters in Table 3. The
thermal parameters are defined by the expression

Fig. 1. Molecular dimensions before correction for
the effect of thermal motion has been made.

2 § O gh, ;

Fig. 2. Pyrimidine: Projections of the structure (a) on (001),
(b) on (010), (c) on (100). In each diagram a right-handed
set of axes has been chosen, so that the positive direction
of the axis normal to the plane of the paper is upwards in
(b) and downwards in (a) and (c¢). If « is the coordinate,
in a direction normal to the plane of the paper, of an atom,
the full circles lie at +w, the empty circles at 3 —wu, the
horizontally cross-hatched circles at —u, and the vertically
cross-hatched circles at §+ .
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fi=fo [exp — (Bu1h2+2B2hk+ 2Bishl
+ Baok? 4 2 Beskl + B3sl?] .

The molecular dimensions, before application of any
correction for thermal motion (Cruickshank, 1956),
are shown in Fig. 1. Projections of the structure down

Table 2. Final atomic coordinates in A

Atom x y z
N, 1-4946 3:7650 0-1104
N, 0-1431 1-8245 0-0598
C, 0-3725 3-0979 0-2818
C, 2-5174 3-0442 —0-3461
C, 2-4129 1-6862 —0:6099
C, 1-1959 1-1234 —0-3930
H, —0-422 3-662 0-610
H, 3-420 3-492 —0-498
H, 3-220 1-144 —0-936
H, 1-060 0-114 —0-592

Table 3. Final thermal parameters in A2

Atom By, By By By, By By
N, 4-043 2929 6-269 —0-174 —0-375 —0-502
N, 3600 3545 6-688 —0-521 —0494 —0-245
C, 3-948 3:679 5-740 0450 —0-806 —0-273
C, 3-845 3-940 6-372 —0-521 —0-573 —0-170
C, 3-545 3-664 5-077 0427 —0-892 —0-454
Cy 4-256 2:937 5-953 0-241 —0-853 —0-482
H 4-3 4-0 7-0 0 —06 —0-2

the three principal axes, and also the shortest inter-
molecular contacts, are shown in Fig. 2. As in pyrazine,
the short contacts are between hydrogen and hydrogen
atoms, and between hydrogen and nitrogen atoms.
The standard deviations of the z, y, and z coordinates
average 0-004, 0-005, and 0-008 A respectively. The
standard deviations of the bond lengths are 0-007 A
and of the angles 0-5°.

Discussion of the results

The similarity in the structure of pyrazine and pyri-
midine is reflected in the similarity of the intermolec-
ular contacts and of the thermal motions in the two
crystals. The thermal parameters show that there is
considerable motion round the axis normal to the
molecular plane, and even more motion normal to the
plane of the molecule. The mean temperature factor
for pyrimidine is a little higher than that of pyrazine,
no doubt because the analysis of pyrimidine was car-
ried out a little nearer to the melting point. By analogy
with pyrazine, it is to be expected that the bond
lengths are about 0-020 A shorter, as a result of the
thermal motion, than they should be. The best esti-

Table 4. Best estimates of the bond lengths after
correction for thermal motion

Bond Length
C\N, 1.34 A
C,N, 1-33
C,N, 1-35
C,N, 1-36
C,Cy 1-41
C,C, 1-38

mates of the bond lengths are given in Table 4. The
figures in this table have a standard deviation of
0-007 A, and an uncertainty of +0-015 A due to the
thermal motion. The values of the angles will be
virtually unaffected by the thermal motion. The
molecule appears to depart from the expected mm
symmetry, but only in the lengths of the two chem-
ically similar bonds C2Cz and C3Cs. The angles at the
nitrogen atoms are less than 120° by about 5°, in
agreement with values found previously in similar
heterocyclic systems. The angles at the carbon atoms
are all greater than 120°—that at C; considerably so—
with the exception of that at Cs, which is only 116-3°,
This low value is unexpected.

The analysis of pyrimidine again emphasizes how
imperative it is to eliminate as far as possible the
effects of thermal motion by working at low tem-
peratures, if accurate bond lengths are required from
X-ray structure determinations.

1t had been hoped to complete this study of the
known azines by the elucidation of the crystal struc-
ture of pyridazine, a sample of which has kindly been
furnished by Dr K. Eichenberger of Ciba Ltd. This
will not now be possible.

Most of this work was carried out at the University
of Leeds. Prof. E.G.Cox, F.R.S., made available
facilities provided by grants from the Royal Society
and Messrs. I. C.I. Ltd. Prof. A. Albert of the Au-
stralian National University supplied the sample of
pyrimidine. Miss Aafje Vos obtained the trial structure.
Dr D. W. J. Cruickshank and Miss D. E. Pilling car-
ried out the three-dimensional refinement. I am grate-
ful to all these people for their help.
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