Acta Cryst. (1964). 17, 407

The Crystal Structure of Perdeuterated Violuric Acid Monohydrate:
The X-ray Diffraction Analysis

By B. M. CRAVEN AND Y. MASCARENHAS*
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(Received 24 April 1963)

Perdeuterated violuric acid monohydrate (C,D;N,04.D,0) is orthorhombic, space group Cme2,
with cell parameters @ =6-217, b=14-373, ¢=7-516 A and with four molecules in the unit cell.
The space group requires all atoms to lie in the planes x =0, } (parallel to a crystal cleavage plane)
in a very compact hydrogen-bonded layer structure. The X-ray structure analysis has been carried
out with 397 three-dimensional counter intensity data (Cu K« radiation) with both Fourier and
least-squares refinement of atomic positional and anisotropic thermal parameters. Bond lengths
and angles have been determined with e.s.d.’s of 0:008 A and 0.6° respectively. The packing about
the water molecules results in six coplanar interatomic approaches between oxygen atoms at
distances compatible with hydrogen bonding, although only three hydrogen atoms can participate
in these interactions. The unusually large B,,; thermal parameters observed for some atoms can
reasonably be interpreted in terms of random positional disordering of molecules to equal extents
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on each side of the crystallographic mirror planes at z =0, §.

Introduction

Violuric acid monohydrate or 5-hydroxyiminobarbi-
turic acid (Fig. 1) is one of a series of simple deriva-
tives of barbituric acid the crystal structures of which
are being studied in order to determine the tautomeric
form of the molecule, details of the molecular structure
and the nature of the hydrogen bonding.
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Fig. 1. Violuric acid monohydrate.

A preliminary investigation showed a similarity
between the crystal structures of violuric acid mono-
hydrate and barbituric acid dihydrate. In the crystal
structure of barbituric acid dihydrate (Jeffrey, Ghose
& Warwicker, 1961), all atoms were found to lie in
mirror planes separated by 312 A, giving a very
compact layer structure (D,=1-56 g.cm-3) in which
the atoms or substituent atoms at every pyrimidine
ring position except C(5) take part in hydrogen
bonding. An unusual feature of this structure is that
each water molecule takes part in three hydrogen

* Present address: Escola de Engenharia de Sdo Carlos,
Universidade de S&o Paolo, Brazil.

bonds required to be coplanar within the experimenta
limitations of the analysis.

It was readily shown that violuric acid monohydrate
(C4H3sN304. H20) also forms a layer structure with a
space group which requires all atoms to lie in mirror
planes separated by 3-11 A and with a crystal density
(1-72 g.cm~3) even higher than that of barbituric acid
dihydrate, although there is a lower ratio (5:8) of
hydrogen atoms to electronegative atoms capable of
participating in hydrogen bonds than in barbituric
acid dihydrate (6:7).

This structure was expected to have a greater
number of close intermolecular approaches than there
are hydrogen atoms available for hydrogen bonding.

Experimental

Crystals of violuric acid monohydrate grown by slow
evaporation of the aqueous solution are pale orange
orthorhombic bipyramids with {111} the predominant
form. There is perfect cleavage parallel to (100),
although otherwise the crystals are hard and brittle.
Often the crystals are twinned on the cleavage plane.
On standing in air, the crystals slowly lose water of
crystallization as in the case of barbituric acid dihy-
drate. Deuterated crystals grown from 98% D:0O
were given a coating film of collodion in order to
prevent decomposition and isotope exchange.

The lattice parameters for perhydrogenated and
perdeuterated violuric acid monohydrate were ob-
tained by a least-squares fit based on single-crystal
measurements of lattice spacings made with a G.E.
XRD 3 diffractometer with Cu K« and Fe K« radia-
tion (Table 1). Crystal densities were measured by
flotation in a mixture of bromoform and chloroform.

The X-ray intensity data (Cu K« radiation) for the
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Table 1. The crystal data for violuric acid monohydrate

Hydrogenated
(C,H;N;0,.H,0)

Deuterated
(C,D3N;0,.D,0)

Orthorhombie

a = 6-224+0-002 A 6-217+0-002 A

b =14-359+0-002 14-373 + 0-002

¢ = 7-308+0-002 7-516 + 0-001

U = 671-0+0-3 A3 671-6+0-2 A3
Dy = 1-726 g.cm™3 1-782 g.cm™3
D, = 1.733 1-781

Z =4

Systematically absent spectra:

hkl when h+k odd
ROl when [ odd

perhydrogenated material were recorded on Weissen-
berg equi-inclination photographs by multiple-film
techniques. The intensities of the X-ray spectra were
estimated by visual comparison with a standard scale.
Of the 425 non-symmetry-related hkl reflexions, which
were recorded, 62 were too weak to estimate.

The X-ray intensity data for the perdeuterated
material were recorded on a G.E. XRD 5 diffracto-
meter with single-crystal orienter and scintillation
counter, Cu Kx radiation being used. The diffracto-
meter was operated in the 6/2§ scanning mode.
A background count of 100 seconds duration was
taken on both the high and low angle side of each
reflexion, followed by a scan through the reflexion
at a rate of 0-2° in 26 per min with cumulative count.
The intensity of the reflexion 0,12,0 was measured
repeatedly in order to monitor the direct X-ray beam
intensity. The pyramidal crystal chosen for all
measurements had a crystal volume of 1-2 x 10-% cm?
and was formed by cleaving a bipyramid. Of 412
non-symmetry-related intensities which were exam-
ined, only 10 were too weak to estimate. The intensity
data were corrected for X-ray absorption by a program
for the IBM 1620 computer (Craven, unpublished)
based on the program by Wehe, Busing & Levy (1962)
for the IBM 7090 computer. The absorption factors,
as applied to the integrated intensities, ranged between
1-43 and 2-50 and were considered to be accurate
to about 19,. By comparing observed intensities of
certain symmetry-related reflexions and from the
reproducibility of the observed intensity for a given
reflexion, the standard deviation in an integrated
intensity was estimated to be

o(l)= o(N)+0-041
where o(V) was the e.s.d. due to the counting statistics
alone.
The structure determination

The approximate structure parameters were first
determined for the perhydrogenated violuric acid
monohydrate from the photographic intensity data.
Then an analysis of the structure of perdeuterated
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violuric acid monohydrate by neutron diffraction
methods made it advisable to complete the X-ray
analysis by refinement of the structure parameters of
the deuterated erystals, using the more accurate X-ray
intensity data obtained on the counter diffractometer.

The inttial structure determination

The presence of the cleavage plane suggested a layer
structure with sheets of atoms parallel to (100).
This was readily confirmed by examining the diffrac-
tion pattern, which was found to be characteristic
of a structure with all atoms in planes parallel to (100)
with a separation of a/2. Thus the intensities of
corresponding reflexions in the even layers 0k, 2kI, 4k,
etc. appear to be the same, apart from a general
decrease in intensity with increasing scattering angle,
and similarly for the odd layers, 1kl, 3%l etc.

As might be expected in this type of structure,
the diffraction pattern at room temperature is notable
for strong diffuse scattering. For example, normal to a,
there are intense halos about the strong 700 Bragg
reflexions. This diffuse scattering may arise from
thermal lattice waves in a layer structure in which
atomic vibrations are predominantly parallel to a.
Alternatively, a major contribution to the diffuse
scattering may arise from the disordering of the
structure by small displacements or distortions of the
molecules from coplanarity so that only short range
order is retained. The intensities of reflexions Akl and
hkl were examined carefully and were found to show
no differences to indicate that the apparent mirror
planes normal to a were only pseudosymmetrical.

Of the space groups consistent with the systemati-
cally absent spectra, the space group Cmcm is not
possible since it does not possess a fourfold position
of suitable point symmetry to accommodate the
violuric acid molecules. The space groups Cmc2; and
C2c¢m both have only one fourfold position of suitable
point symmetry (m), but C2cm requires the atoms
to lie in mirror planes normal to a and this is in-
compatible with the structural evidence given above.
The space group is thus Cmc2; with all atoms in the
mirror planes at x=0, 3.

The extreme compactness of the layer structure and
the stereochemical requirements of hydrogen bonding
severely limit the number of reasonable trial
structures. A satisfactory trial structure was readily
chosen which also agreed with the observed line
(0, v, 3) of the Patterson function and this structure
was shown to be essentially correct by a reiterative
Fourier refinement, using the programs of Shiono
(1957) for the IBM 650 computer. Since the structure
does not have a resolved projection, three-dimensional
methods were used from the beginning, but with only
the reflexions 0kl and 1k[ at first, in order to minimize
the computation time. The atomic scattering factors
of Berghuis, Haanappel, Potters, Loopstra, MacGil-
lavry & Veenendaal (1955) were used throughout in
this analysis.
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With the complete data, the refinement of the
structure parameters, including anisotropic thermal
parameters, was concluded by least-squares methods
with a Hughes weighting scheme, the IBM 704 com-
puter being used with the program of Busing & Levy
(1959). The effect of hydrogen atom scattering was
ignored. Although the final R index was 0-10
(weighted R index 0-13) with no serious discrepancies
between observed and calculated structure ampli-
tudes, and although all parameter changes had become
small in terms of their e.s.d.’s, there were some
features of the resulting structure which seemed
chemically unreasonable. In particular, the bond
lengths N(1)-C(2) and N(3)~C(2), which might be
expected to be almost equal were found to be 1-42
and 134 A, a difference which is very significant in
terms of its e.s.d. of 0-024 A.* Although there seemed
no reason to doubt that the structure determined
was essentially the solution to the phase problem,
it was believed that atom C(2) particularly was

* This e.s.d. was calculated with allowance for the effect
of the ecommon atom C(2) and the correlation between z
parameters resulting from the polar direction ¢ (Templeton,
1960).
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displaced from its true position as a result of a
cumulative effect of errors in the intensity data,
for example, those errors which might be related to
the inferior quality of the crystal used in recording
the data for the layers =0, 1, 2 efc. and the neglect
of absorption corrections. Some support for this
belief was obtained from the subsequent refinement
in which the more accurate data for the perdeuterated
violuric acid monohydrate were used, since this
gave a set of structure parameters which were chemi-
cally reasonable. However, a comparison of the two
sets of observed structure amplitudes revealed no
discrepancies attributable to systematic errors which
might explain the differences in the corresponding
derived structure parameters.t

The refinement of the structure of perdeuterated violuric
acid monohydrate
Because a knowledge of the precise hydrogen atom
positions about the water oxygen atom would be of

1 Tables of the observed and calculated structure factors
and the structure pararmeters for the refinement based on
photographic intensity data are available from the authors
on request.
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Fig. 2. The interatomic distances and angles. These are not corrected for the effects of molecular oscillations.
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Table 2. The observed and calculated structure factors

In successive columns are listed £, I, 100/F,|, 100|F,], 1004, and 100B,

Reflections omitted from the least squares refinement are indicated (*)
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792~
619-
333+
83+

874-
532+
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456+
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Table 3. The atomic parameters with their e.s.d.’s

a(y) o(z) o(Uy) a(Uyy) a(Uy,) G(Usg,)
Atom y x 10% z x 10t Uy, x10% Uy, x 108 Usg x 103 Uy x 103
C(2) 0-4282 4 0 — 0-044 2 0-018 2 0-021 2 —0-001 2
C(4) 0-2847 4 0-1774 12 0-055 4 0-021 3 0-027 3 —0-001 2
C(5) 0-2302 3 0-0121 14 0-045 2 0-019 2 0-018 2 0-005 2
C(6) 0-2803 4 —0-1639 10 0-049 4 0-022 3 0-016 3 —0-002 2
N(1) 0:3755 3 —0-1506 14 0-063 3 0-017 3 0-018 3 0-002 2
N(3) 0-3801 4 0-1588 12 0-053 3 0-020 3 0-017 2 0-003 2
N(5) 0-1422 4 0-0333 13 0-058 2 0-026 2 0-045 5 0-001 2
0(2) 0-5133 2 0-0008 12 0-064 2 0-018 2 0-024 2 0-001 2
O(4) 0:2508 3 0-3251 11 0-145 5 0-024 2 0-016 2 0-003 2
0(5) 0-0890 3 —01112 12 0-092 3 0-021 2 0-025 2 —0-002 2
0O(6) 0-2432 3 —0-3034 13 0-138 5 0-025 2 0-014 2 —0-007 2
O(w) 0-0805 3 0-4945 12 0-089 12 0-013 2 0-037 2 —0-005 2
D(1) 0-407 —0-276 0-063 0-013
D(3) 0-420 0-266 0-053 0-034
D(5) 0-020 —0-077 0:058 0-032
D(wl) 0-137 0-402 0-089 0-051
D(w2) 0-111 0-617 0-089 0-042

Note: (i) Coordinates y and z are fractional. Mean square atomic displacements Uy are in A? and are referred to the crystallo-

graphic axes.
(ii) Cell origin defined by setting z(C(2))=0.

(iii) All atoms listed are in the plane z=0. Also, U,;y=U;3=0.
(iv) Hydrogen atom ¥, 2, and U,, parameters assumed from neutron diffraction study. It is also assumed that for hydrogen

atoms U,y = Ujyz and Uy =0.

great. interest, it was decided to determine these
positions by means of a neutron diffraction study of
the deuterated material. Since the neutron intensity
data were collected only for the zone 0kl and thus
would not allow an independent complete structure
determination, it was decided to assume carbon,
nitrogen and oxygen parameters from the X-ray
analysis. Thus it became necessary to determine the
structure of the deuterated material using counter
intensity data and including absorption corrections
for improved accuracy in the results.

The values of structure parameters which were
obtained in the previous X-ray analyses were initial
values in the refinement of the structure parameters
of perdeuterated violuric acid monohydrate based on
the X-ray counter data. Three cycles of full-matrix
least-squares refinement using the Busing & Levy
program (1959) for the IBM 704 computer were
sufficient to produce negligible parameter changes.
In this refinement, the function minimized was

B =2w(|Fo|—|Fe|)?

in which the weights were based on the e.s.d.’s in
the integrated intensities as described above. Atom
C(2) was assigned z=0 in order to define the cell
origin.

The deuterium atoms were assumed to have the
positional and isotropic thermal parameters as deter-
mined from an initial refinement using the neutron
data. In the final least-squares cycle, deuterium atoms
were assumed to have the same By parameters as
the oxygen or nitrogen atoms to which they are
bonded. Six intense reflexions were considered to be
seriously affected by extinction and were given zero
weight in the least-squares refinement. These are

marked by (*) in the table of observed and calculated
structure factors (Table 2). The final R index (ex-
cluding the six reflexions indicated) was 0-059
with a weighted B index 0-095. The final structure
parameters are listed in Table 3 with their standard
deviations as estimated from the least-squares inverse
matrix. The interatomic distances and angles shown
in Fig. 2 are based on these parameters. The e.s.d.
in a bond length is 0006 A when normal to ¢ or
0-008 A when approximately at an angle of 60° to c.
The e.s.d. in a bond angle is 0-6°. A final three-
dimensional difference Fourier map showed a max-
imum electron density of 0-2 e.A-3 which is not
significant in terms of the e.s.d. of 0-14 e.A-3
(Cruickshank & Rollett, 1953).

Discussion of the thermal vibrations and
the coplanarity of the molecular sheets

The space group Cmc2; adopted in this analysis
requires all atoms to lie in the mirror planes =0, }
so that the violuric acid molecule and the hydrogen
bonds about a water molecule are coplanar. However,
the observed Uy parameters for O(4), O(6), O(5) and
O(w) are large, corresponding to thermal motion with
r.m.s. amplitudes 0-38, 0-37,0-30 and 0-30 A respec-
tively, so that it is also possible to consider the
structure in terms of a disordering of each atom over
two symmetry-related positions, slightly displaced
from the mirror plane. This description might be
favoured since a displacement of the water oxygen
atom and its donor or acceptor neighbours by about
0-45 A in opposite senses gives rise to hydrogen
bonding in a nonplanar configuration at approximately
tetrahedral angles, as is commonly observed in
crystal structures of hydrates. Also, there is evidence
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from the observed bond lengths and bond angles,
that the violuric acid molecule is subjected to strain
arising from non-bonding intramolecular interactions,
and this could be relieved by some distortion of the
molecule from coplanarity.

In examining the alternatives of an ordered or
disordered structure, a row of oxygen atoms with
periodicity 6:217 A was assumed to be irradiated by
Cu Kx X-radiation. The atoms were given the form
factor of Berghuis et al. (1955) and allowed to vibrate
along the line of centers with an r.m.s. amplitude of
0-38 A, corresponding to the observed Ui, parameter
for O(4). A similar row was set up but with each atom
divided into half atoms slightly displaced along the
line of centres. By trial and error, it was found, for
example, that if the half atoms were displaced by
0-4 A and allowed to vibrate with r.m.s. amplitude
of 0-22 A, then the calculated electron density for
these hypothetical structures could be matched with
a maximum discrepancy of only 0-077 e.A-3.

It was concluded that the experimental intensity
data could not allow a distinction between an ordered
structure with considerable anisotropic thermal motion
and a disordered nonplanar structure. At lower
temperatures, with reduction in the atomic thermal
vibrations, such a distinetion might become possible,
and in fact, the diffraction effects from a single crystal
at 90 °K under a liquid nitrogen drip do provide
some evidence for an ordered structure with a greater
degree of coplanarity. Thus Laue photographs showed
a great reduction in the diffuse X-ray scattering on
cooling to 90 °K, particularly in the intense halo
surrounding the Bragg reflexion 200. Also, counter
diffractometer measurements showed that on cooling

(65— 0(2)

@ Of(w)

Scale for Uz and U3
PP B

40 20 0 20 40

Ui expressed in units AX10°

Fig. 3. The orientations and lengths of principal axes for each
atomic thermal vibration ellipsoid. The parameters given
are U,, U, lying in the plane (100) and U, perpendicular
to this plane.
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from 300 °K to 90 °K, the interlayer spacing decreased
from 3:109+0-001 A to 3-009+0-001 A and the
integrated intensity of the Bragg reflexion 600
(after corrections for angle factors) increased by a
factor of 2-8.

From the values of the thermal parameters Us
and Us (Fig. 3), it is not possible to describe the mo-
lecular motion in terms of the rigid body approxima-
tion. Thus the outermost atoms of the violuric acid
molecule appear to be undergoing rotational oscilla-
tions about a molecular axis parallel to a, but this
is not the case for the atoms of the ring.

This makes it difficult to determine reliable correc-
tions for the shortening in observed bond lengths due
to molecular rotational oscillations (Cruickshank,
1956). However, corrections have been applied to
the positions of the extra-annular atoms and one half
the appropriate bond lengthening has been added to
the e.s.d. in each affected bond length (Table 4).
Such corrections were not applied to intermolecular
distances so that the values of these distances must
be regarded as lower limits.

Table 4. Bond lengths corrected for molecular oscillations

d Ad d a(d)
(before (estimated  (after (after
correc- correc- correc- correc-
Bond tion) tion) tion) tion)
N(1)-C(2) 1-361A 0A 1-.361 A 0008 A
C(2)-N(3) 1-378 0 1-378 0-008
N(3)-C(4) 1-377 ] 1-377 0-006
C(4)-C(5) 1-467 0 1-467 0-008
C(5)-C(86) 1-505 0 1-505 0-008
C(6)-N(1) 1:371 0 1-371 0-006
C(2)-0(2) 1-223 0-007 1-230 0-009
C(4)-0(4) 1-211 0-020 1-23 0-02
C(6)-0(6) 1-175 0-020 1-20 0-02
C(5)-N(5) 1-274 0-007 1-284 0-009
N(5)-0(5) 1-327 0-008 1-335 0-012

Discussion of the structure
The violuric acid molecule

In aqueous solution, the molecule of violuric acid
possesses three mobile hydrogen atoms, as is shown
by the ease with which they may be exchanged for
deuterium atoms. Although there was no attempt to
locate the hydrogen atoms in the X-ray analysis,
the C-O bond lengths which were determined
(120, 123, 1:23 A) confirm the results of the neutron
analysis (Craven & Takei, 1964) in showing that in
the crystals of the monohydrate, the molecule exists in
the triketo form (5-isonitrosopyrimidine-2,4,6-trione).
The triketo form (pyrimidine-2,4,6-trione) is also
adopted in the crystals of barbituric acid (Bolton,
1963) and barbituric acid dihydrate (Jefirey, Ghose
& Warwicker, 1961).

The observed point symmetry of the pyrimidine-
trione ring is nearly 2mm but with small distortions,
which are considered to arise from the effects of the
5-hydroxyimino substituent and the intermolecular
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hydrogen bonding. Thus there are significant dif-
ferences between the ring bond angles at C(4) and C(6)
(116-4°, 114-4°) and N(1) and N(3) (128-0°, 125-9°).
However, the ring bond angles including those at
C(2) and C(5) (116-1°, 119-2°) have approximately the
values predicted by Pauling & Corey (1956).

The C-N bond lengths are consistent with a point
symmetry of 2mm for the ring since there are no
significant differences between the lengths C(4)-N(3)
and C(6)-N(1) (1-377 and 1-371 A) and between the
lengths C(2)-N(3) and C(2)-N(1) (1-378 and 1-361 A).
Furthermore, as in the case of barbituric acid dihy-
drate, there are no significant differences between
these pairs of bond lengths, so that all four bond
lengths may be said to have approximately the sane
double bond character. This result might be expected
from an inspection of the valence bond contributors
to the structure of the vicluric acid molecule.

The difference of 0-038 A between the bond lengths
C(4)-C(5) and C(5)-C(6) is significant in terms of its
e.s.d. of 0:014 A. The C(4)-C(5) bond length (1-467 A)
agrees closely with the central C-C bond length in
acrolein (1-472 A, Costain & Cherniak, 1961) and may
be described as a bond between two trigonally
hybridized carbon atoms of covalent radius 0-74 A
(Lide, 1962) with a slight shortening due to double
bond character. The greater length of the C(5)-C(6)
bond (1-505 A) is attributed to the intramolecular
non-bonding repulsions involving the hydroxyimino
group which are more effective towards the C(6)-0(6)
carbonyl than the C(4)-O(4) carbonyl.* The effect of
such repulsions is also seen in the opening of the angles
C(5)C(6)0(6) (124:5°), C(6)C(5)N(5) (125-7°) and
C(5)C(4)0(4) (124-1°).

In the crystal structure of the red form of
5-methoxy-2-nitrosophenol, Bartindale, Crowder &
Morley (1959) have shown that the molecule exists as
the o-quinone monoxime, so that the carbonyl group
and the hydroxyimino group including the hydrogen
atom, are analogous to the C(4)-O(4) carbonyl group
and the hydroxyimino group of the violuric acid
molecule. Thus, there is a striking similarity in the
N(5) - - - O(4) distance in perdeuterated violuric acid
monohydrate (2:69 A) and the corresponding distance
in the o-quinone monoxime (2-70+0-02 A). In per-
deuterated violuric acid monohydrate, the N(5)---O(6)
distance is much greater (2-92 X) than the N(5)---0O(4)
distance and this is further evidence of the non-
bonding repulsive effects, particularly between O(5)
of the hydroxyimino group and the C(6)-0(6) carbonyl
group.

It is noted that the observed N(5):---0(4) and
O(5) - - - O(6) distances (2:69 A and 2-64 A) are inter-
mediate between the values obtained from the sums
of the ‘hard sphere’ radii (2-27 A and 2-26 A) proposed

* The structure analysis based on the neutron diffraction
data (Craven & Takei, 1964) shows that there is no intra-
molecular hydrogen bond O(5)-D(5) - - - O(6).
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by Bartell (1960) for non-bonding intramolecular
interactions, and the sums of the van der Waals radii
(29 A and 2-8 A) given by Pauling (1960).

The bond lengths C(5)-N(5) and N(5)-0(5) and
the bond angle C(5)N(5)0(5) observed in violuric acid
monohydrate (1-284 A with e.s.d. 0-009 A, 1-335 A
with e.s.d. 0012 A, 117-9° with e.s.d. 0-6°) agree
reasonably well with the corresponding values for
5-methoxy-o-benzoquinone monoxime (1-22 A,1-36 A,
117° Bartindale ef al., 1959) as determined by crystal
structure analysis in projection. Hamilton (1961) has
tabulated and discussed the results of eight other
structure analyses of oximes by various workers,
and again these results are reasonably compatible
with the present results.

In perdeuterated violuric acid monohydrate the
C(4)-0(4) and C(6)-O(6) bond lengths are 1-23 A,
1-20 A, but with an e.s.d. of 002 A the difference
is not significant. Together with the C(2)-0(2) length
(1-231 A with e.s.d. 0-009 A), these are typical of
carbonyl bond lengths as tabulated by Spencer (1959)
for pyrimidines and related compounds.

The opening of the angle N(1)C(2)O(2) to 124-0°
would not be expected for an isolated violuric acid
molecule, but in the crystal structure this can probably
be attributed to the intermolecular hydrogen bonding
requirements, since without such distortion, the
N() - - - O(2) hydrogen bonding distance would be
about 3-17 A, corresponding to an exceptionally weak
interaction.

The molecular packing and the hydrogen bonding

The violuric acid molecules pack in sheets (Fig. 4)
which correspond to the crystallographic mirror planes
=0, } so that the greatest length of the molecule

(O nitrogen
O carbon
O deuterium

Fig. 4. The molecular packing.
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(N(5):+-C(5)-+-C(2)---O(2)) is almost parallel to b.
Within a sheet, the molecules are associated by means
of two separate hydrogen bonding systems and these
zigzag along alternate twofold screw axes parallel to ¢
and in the planes =0, }. The first of these systems
links both the imine groups to the carbonyl oxygen
atom O(2) of neighbouring molecules. Although both
the N - - - O(2) distances are long (2:989 A, 3-065 A),
corresponding to quite weak interactions, they are of
conventional type. The second hydrogen bonding
system is complex and involves the remaining carbonyl
oxygen atoms O(4) and O(6), the hydroxyimino atoms
0O(5) and D(5) and the water molecule. Each water
molecule is associated with three violuric acid mole-
cules in the same sheet, giving rise to six approaches
among four oxygen atoms which are compatible with
hydrogen bonding interactions (2-560, 2-643, 2-756,
2786, 2-791 and 2963 A) but with only three deu-
terium atoms available for hydrogen bonds. The
detailed discussion of the hydrogen bonding in this
structure is given in the following paper which
describes the results of the neutron diffraction analysis
(Craven & Takei, 1964),

The intersheet distance, which was directly deter-
mined as one half the @ translation (3-109+0-001 A
at 300 °K, 3-009+0-001 A at 90 °K) is less than the
intersheet distance in graphite (3-40 A), in uracil
(334 A; Parry, 1954) and in barbituric acid dihydrate
(320 A). In the crystal structure of perdeuterated
violuric acid monohydrate, adjacent sheets of mole-
cules stack with a relative translation of 5/2 so that
the pyrimidine ring carbon atoms C(2), C(4) and C(6)

a6 almost directly opposite the oxygen atoms O(w),
O(6) and O(4) respectively, in neighbouring sheets.
The intermolecular distances C(2)--O(w), C(4)+++O(6)
and C(6) - - - O(4) are 3-113, 3-137, and 3-151 A. It is
considered that the weak polar interactions between
oppositely oriented carbonyl groups in neighbouring
sheets contribute to the compactness of this crystal
structure. Somewhat similar intermolecular inter-
actions between carbonyl groups have been reported
in chloranil (Chu, Jeffrey & Sakurai, 1962) and para-
banic acid (Davies & Blum, 1955), although in these
structures the intermolecular C- -+ O distances are
considerably shorter (2:85 A and 2-77 A respectively)
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than in violuric acid monohydrate, and also the
molecular packing is quite different, being of the
‘herring bone’ type, with each short C~O - - - C inter-
molecular approach approximately colinear with the
carbonyl bond, rather than perpendicular to it as in
violuric acid mononydrate.

This work was supported by a grant (NB-2763)
from the U.S. Public Health Service, National Insti-
tutes of Health.
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