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The Crystal Structure of Anhydrous Barbituric Acid

By WiLLiam BorToN
The Crystallography Laboratory, The University of Pittsburgh, Pittsburgh 13, Pa., U.S. A.

(Recetved 30 April 1962)

The crystal structure of anhydrous barbituric acid has been determined by a three dimensional
Fourier transform method and refined by least squares with anisotropic temperature parameters.
The molecules are joined in a hydrogen bonded system which involves all electronegative atoms
except a carbonyl oxygen. This atom is involved in a close intermolecular approach, with a ring
carbon atom, of 2:90 A, in a similar orientation to the close approaches in parabanic acid (Davies
& Blum, 1955) and chloranil (Chu, Jeffrey & Sakurai, 1962).

Bond lengths and angles are the same as those in barbituric acid dihydrate (Jeffrey, Ghose &
Warwicker, 1961) within the limits of the analyses. The molecule in anhydrous barbituric acid is
significantly distorted from planarity however, and this can be attributed to crystal field forces.

Introduction

Although the literature on barbituric acid and its
derivatives is very extensive, there are no data relat-
ing specifically to an anhydrous form. The dihydrate,
which is obtained by crystallization from aqueous solu-
tion, was reported by Baeyer in 1863, and its crystal
structure was determined by Jeffrey, Ghose & War-
wicker (1961). In the dihydrate, the molecules are in
the tri-keto form, I, and the six protons in the asym-
metric unit are involved in an intermolecular hydro-
gen-bond arrangement which includes all the amino
groups and the oxygen atoms. In the anhydrous
crystal there are three carboxyl oxygens and two
amino nitrogens with protons available for only two
hydrogen bonds. Therefore an intermolecular bonding
system which includes all the carbonyl and amino
groups is not possible and, in this sense, the anhydrous
structure is proton deficient for hydrogen-bonding
relative to the hydrate. Three possibilities can be
envisaged. One, that the molecules adopt the mono-
or di-enolic form, IT or III, thereby increasing the
number of protons available for hydrogen-bonding;
second, that a single proton is associated with more
than one carbonyl and one amino interaction, i.e. in

a bifurcated bond; and third, that only two hydrogen

bonds are in fact formed.
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In uracil, IV, where there is a similar situation,
Parry (1954) found that one carbonyl oxygen forms
two hydrogen bonds and the other none, with normal
van der Waals separations of about 3-2 A, In para-
banic acid, V, on the other hand, where there are also
more intermolecular contacts between carbonyl and
amino groups than protons available, Davies & Blum
(1955) observed some short intermolecular separa-
tions, comparable in length with hydrogen-bond
distances.

The purpose of this investigation was to determine
the tautomeric form of the barbituric acid molecules
in the anhydrous crystals and the nature of their
intermolecular association.
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Experimental

Barbituric acid crystallizes easily from aqueous solu-
tions as the dihydrate and the anhydrous compound
is obtained as a powder by drying this at 100 °C. It
is only slightly soluble in alcohol and acetone and is
insoluble in many non-polar liquids. Small single
crystals were obtained from a solution of dry ethanol
saturated at the boiling point by standing at 0 °C.
for several days. These were short monoeclinic prisms
slightly elongated about the ¢ axis with the forms
{100}, {010} and {001}. In contrast to the dihydrate,
the crystals are stable in air. No cleavage was ob-
served.

The unit-cell dimensions, measured with a G.E.
single crystal orienter, are

a=6-817+0-005, b=14-310 +0-005 ,
c=6-248+0-005 &; f=118°34"+6".

From the systematic extinctions, 0k0 absent with k
odd, 20! absent with I odd, the space group is P2/c.
With Z=4, D,=1-574 g.cm.-3, and D,, =1-560 g.cm. 3,

The intensities were recorded on multiple-film
Weissenberg photographs with Cu K« radiation. Zero
to three layers about a, zero to four about b and zero
to five about ¢ were observed. The intensities were
correlated by means of the double-slit technique
(Stadler, 1950), and reduced to the observed ampli-
tudes by the graphical method (Cochran, 1948). A
total of 770 reflexions out of the possible 1210 were
observed. No corrections were applied for absorption.
The intensities were put on an absolute scale by Wil-
son’s statistical method (Wilson, 1942) and the scale
factor so obtained agreed with the final scale factor
within two per cent.

The structure determination

The structure was solved by the three-dimensional
molecular transform method. The Fourier transform
of a projected molecule was calculated by assuming
a regular hexagonal arrangement of stationary point
atoms of equal scattering power. The molecular
structure factor expression is:

A+iB=cos 4J +4 cos J cos E+2 cos 2J (cos 2E+1)
+14(2 sin 2J cos 2E —sin 4J) ,

where J and E are reciprocal space vectors of magni-
tude 2-2 and 1-2 reciprocal space units, corresponding
to the real space vectors j and e (Fig. 1) of length
3.1-4 A and )/3.14 A, respectively. The components
A and B were calculated separately with Beevers—
Lipson strips, for J in thirtieths and E in fifteenths.

The modulus }/(42+ B2), which was used in subse-
quent transform fitting procedures is shown on Fig.
1. It bears a strong resemblance to the benzene Fou-
vier transform having a peak at the origin and a
hexagonal array of surrounding peaks. The main
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Fig. 1. The modulus }/(42+ B?) of the Fourier transform of an
idealized barbituric acid molecule.

features of the three-dimensional transform of a single
molecule are correspondingly a set of six cylinders
arranged hexagonally round a similar eylinder passing
through the origin (Kenyon & Taylor, 1953).

HK1

Fig. 2. Part of the weighted reciprocal lattice of barbituric
acid. Dotted circles show the positions of the transform
origin peaks.

The examination of sections of the three-dimen-
sional weighted reciprocal lattice, shown in Fig. 2,
led to the identification of the transform origin peak
on the HK1, HK2 and HK3 sections (Stadler, 1960),
despite the coarseness of the reciprocal lattice net.
This gave the orientation of the axis of the transform
of a single molecule in reciprocal space and conse-
quently the orientation of the molecular plane in real
space. This was such that in the most clearly resolved
projection, on (001), a molecule was foreshortened by
tilting out of the plane by 62°. The plane transform
of such a projected molecule is a section through the
cylindrical three-dimensional transform and was
easily derived by extending the plane transform shown
in Fig. 1 about a direction parallel to the direction of
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Fig. 3. Transform fit on the HK1 weighted reciprocal lattice section of barbituric acid. Only the strongest peaks of the
transform are shown. The resulting orientations for a projected molecule are shown alongside.

maximum foreshortening of a projected molecule by
a factor 1/cos 62°.

Fitting this plane transform to the HK1, HK2 and
HK3 weighted reciprocal lattice sections gave three
possible orientations for a molecule in the (001) pro-
jection, because of the six-fold symmetry of the trans-
form due to the assumption of identical atoms. The
transform fit on HK1 with the resulting molecular
orientations is shown in Fig. 3.

The (X, Y) coordinates of the molecular centre were
found by the method of Taylor & Morley (1959). The
quantity X||Fo|—|F¢|| was evaluated throughout the
unit cell for several reflexions, where Fg is the value
of a structure factor calculated in terms of the central
coordinates of one molecule and the value of the
Fourier transform for that reflexion (see the appen-
dix). Fig. 4 represents the results of this calculation
for six 200 and six 0%0 reflexions and from this it
can be seen that best agreement between |F,| and
|F¢| occurs when the molecule is centred at X.=0-340,
Y.=0-115. With a single molecule of the asymmetric
unit on this position it was possible to identify one
of the ring atoms as nitrogen by assuming carbonyl-
imino hydrogen bonding across a centre of symmetry.

Structure factors calculated for this trial arrange-
ment gave an agreement index of 48% and small
movements of the whole molecule reduced this to
339, for all the AkO reflexions.

The remaining parameter, the Z coordinate of the
centre of the molecule, was found by packing the
molecules into a hydrogen-bonded arrangement, giv-
ing a trial structure with an agreement index of 34%
for all Okl reflexions.

As none of the projections were well-resolved the

Z|IRJ-161]

W

Xc X‘yz

o

Z|IR-161]

0 Y. v-Y,

Fig. 4. X||Fo| — |F¢l| evaluated for six 200 and six 0k0 reflec-
tions. The minima occur at X, and Y, the coordinates of
the centre of a molecule in the (001) projection.

refinement of the structure was carried out on the
three-dimensional data. The first structure factor
calculation, which included unobserved reflexions,
gave an R value of 33% and in two cycles of refine-
ment by differential synthesis, using an IBM 650
program of Shiono (1959), this was reduced to 189%,.
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Least-squares refinement was carried out using a
full matrix program for the IBM 704 by Busing &
Levy (1959). The Hughes (1941) weighting scheme
was used and the unobserved reflexions were omitted.
Two isotropic and two anisotropic cycles were com-
puted. The second anisotropic calculation included the
hydrogen atoms at positions determined from a dif-
ference synthesis the coordinates of which were not
refined.

Table 2. Fractional atomic coordinates and atomic
anisotropic thermal parameters

Atom x Y z
c, —0-5242 0-0744 —0-2965
C, —0-1318 0-1116 —0-0845
C, —0-1341 0-1468 —0-3102
C, —0-3594 0-1602 — 05163
N, —0-5330 0-1182 —0-4950
N, —0-3214 0-0735 —0-0969
0, —0-6871 0-0383 —0-2951
0, 0-0357 0-1135 0-1090
0, —0-3885 0-2007 —0-6953
H, —0-663 0-138 —0-600
H, —0-330 0-025 —0-007
H,/ —0-077 0-090 —0-367
H, —0-043 0-206 —0-267
B B B B B B
Aaom (A A5 & @& @ &
C, 217 290 142 011 068 007
C, 223 361 210 016 055 000
C, 2.00 422 250 007 112 024
C, 270 270 228 —020 112 —0-06
N, 225 290 140 —002 081 024
N, 200 375 197 —021 019 012
0, 221 400 240 —008 081 060
0, 200 040 263 000 —047 046
0, 402 462 271 —053 148 083

A final structure factor calculation gave an agree-
ment index of 10-29, for the observed reflexions only
and 10-49, when unobserved reflexions were included
at half the observable minimum. The results from this
are shown in Table 1. The final atomic coordinates
and anisotropic thermal parameters are given in
Table 2. The mean estimated standard deviations
were o(x)=0004 A, o(y)=0-004 A, and o(2)=0-005 A,
for the positional parameters of the C, N and O
atoms. For the thermal parameters the mean standard
deviations were ¢(B11)=0-16, ¢(Baz)=020, o(Bas)=
0-20, 0(B12)=0-12, o(B13)=0-13 and o(Bes)=0-13 A2

The hydrogen atom positions

At the completion of the first anisotropic refinement
cycle, the bond lengths indicated clearly that the
molecule was in the tri-keto form I. There were how-
ever, three intermolecular distances less than 3-0 A
which might be associated with hydrogen-bonding and
it was desirable to locate the hydrogen atoms directly
if the data permitted. The three-dimensional difference
Fourier computed at this stage of the analysis where
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R=0-109, is shown as a composite projection in Fig. 5.
The four largest peaks corresponded to the hydrogen
atoms, at positions in agreement with the tri-keto
tautomeric formula.

asing }

H3

~

Ha

0 v

Fig. 5. The composite projection of the three-dimensional
difference Fourier showing hydrogen atoms. Contours are
at 0-2 e.A with the zero contour omitted.

The hydrogen atom parameters given in Table 2
were deduced from this difference synthesis. The
mean standard deviations of the coordinates are
a(r)=0-06 A.

Discussion of the structure

The bond lengths and bond angles in the barbituric
acid molecule are given in Table 3. They correspond
to the tri-keto tautomer, I, with resonance contribu-
tions from valence-bond forms of the type VI and VII.

H H H H
Y e
PN
0=6 t-=o0 0=¢ t-o-
| l+ | -
HN N-H HN N-H
o ~c”
l I
00— O
VI VII

These values are compared with those found in the
dihydrate structure in Fig. 6. The differences are not
significant. In the two structures, the observed C-N
bond lengths vary from 1-35 to 1-39 with a mean value
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Barbituric acid dihydrate

Anhydrous barbituric acid

0-1%0

Fig. 6. (@) The dimensions of a barbituric acid molecule in
the anhydrous compound and the dihydrate. (b) Displace-
ments from the mean molecular plane in the anhydrous
crystal.

Table 3. Molecular dimensions and planarity

Bond Length o(4B) Angles 6(4BC)
CC, 14904 00074 C-Cs—C;  114:0°  0-4°
CeC, 1471  0-007 Co—Ce-N, 1161 04
C-N, 1371 0006 Ce-N,-C, 1281 04
Ce-N,  1:390  0-006 N,-C,-N, 1151 04
N;-C,  1-349  0-006 Cy-Ni-C, 1248 04
N,-C, 1:365  0-006 N;iC,C, 1198 05
Cy-0, 1229 0006 N;-C,-0O, 1181 05
C,~0, 1202  0-006 N,—Ce-Og 1223 0-5
Ce-0, 1189  0-006 N,-C,-0, 122:6 04

N;-C,-0, 1214 04
C-Hy 103 C4~C=0, 1214 05
C,-H, 101 C-Ce-0g 1215 05
N,-H, 092
N,-H, 086

Equation to the plane:

(1) —0-3974X 4+ 0-8674Y +0-4529Z —1-50563 =0
(2) —0-3953X +0-8702Y + 0-4455Z —1-5180=0

Deviations from Deviations from

plane (1) Adjo plane (2) Adlo
C, 00004 0-0 —0-005 A 11
C, 0002 0-4 —0-006 11
C,  0-198* 39-6 —0-190 380
C, 0003 0-6 0-008 1-6
N, 0005 1-5 0-011 1-0
N;  0-004 1-0 —0-004 1-0
0, 0004 1-2 —0-013 3-8
0, 0115* 28-1 0-107 26-3
0;  0-072% 18-0 0-092 225

* Omitted from L.S. calculation.
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of 1-37 A. This corresponds to 23% double-bond
character using Pauling’s (1960) equation with a
C-N single bond =1.43 A and a C=N+ double bond
=1-26 A. The C-C bond lengths are between 1-47
and 1-50 A, with a mean of 1-491 A, for the sp3-sp?
bonds which must be close to pure single bond in
character. One of the C~O bonds is noticeably shorter
than the others and since this is the only carbonyl
group which is not involved in a hydrogen bond this
may be a significant observation. However, in general,
any differences in the electronic structure of the mole-
cules, as a consequence of their different crystal en-
vironments in the anhydrous and hydrated forms, are
so small that they cannot be detected from these
bond length measurements, with maximum standard
deviations of 0-01 A.

Table 4. The intermolecular distances less than 40 A

I =9,z (VII) =z—1,y,2
(I1) =z, %,z (VIII) z,y,z—1
(1) @, 3—y, b+2 (IX) 1+a,y, 14z
(V) 1l4+=z,y,2 (X) z—1,y,2—1

(VI) z, Yy, 1+2

Distances (4)

C, (IT) -C, (X) 3-45 C, (II1)-O, (VIII) 3-87
C, (IT) —C; (X) 3-52 C, (III)-0, (I) 3-08
¢, (I) -0, (VI) 3-86 C, (I) -0, (V) 3-38
¢, (II) -0 (X) 3-98 c, (1) -0, (X) 3-42
C, (II1)-0, (I) 3-33 C, (I1) -0, (I) 3-89
C, (II) -0, (VIT)  3-64 C, (ITI)-0, (VIII) 3-73
C, (II) -0, (X) 3-83 0, (II1)-0; (I) 3-43
C, (I) -0, (X) 3-53 0, (IT) -0, (X) 3-46
C, (II) =N, (VII)  3-76 0, {I) -0, (VI) 3-85
C, (II) -N, (X) 3-15 0, (I) -0, (IX) 373
c, (I1) —C; (I) 3.57 0, (TI1)-0, (T) 371
¢, (IIN)-Cg (I) 3-73 0, (I) -Nj (VI) 3.30
¢, (IIT)-C, (I) 3-86 0, (IIT)-N, (I) 3.28
C, (I) -0g (VI) 3-83 0, (TI1)-X, (I) 3-07
C, (IIT)-0, (I) 3-10 0, (I1) -0, (VIT) 351
c, (I) -0, (V) 3-98 0, (I) -0, (VIT) 396
C, (I) -0, (VII)  3-82 0, (I) -0, (X) 3-45
¢, (II) -0, () 3-30 0, (IT) -0, (VII) 379
c, (IT) -N, (I) 3-81 0, (II) -N, (X) 3-30
¢, (I) -N, (IX) 3-98 0, (II) -0, (I) 3-46
C, (IIT)-04 (I) 2-90 0, (IT) =X, (I) 3-33
C, (II) -0, (X) 3-15 N, (II) -N, (VII)  3-83
C, (I) -0, (X) 3-70 N, (IT) -N, (X) 3-55
C, (I) -N, (VIII) 396 N, (II) -N, (X) 3-42

0, (II) -N, (VII)  2:90
0, (II) -H, (VII) 202
0, () -N; (IX) 280
0, (I) -H, IX) 202

There is a significant deviation from planarity in
the molecule in the anhydrous crystal, as shown in
Table 3 and Fig. 6(b). This is such as to increase the
(s - - - Og intermolecular distance to 3-08 A, from a
value of about 2-8 A if these atoms were in the plane
of the ring. There are no apparent intermolecular
interactions associated with the displacement of Os.
However, the displacements of Cs, Og and O4 taken
together give the methylene half of the ring a boat-
shaped configuration which is more compatible with
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a tetrahedral angle and the sp® bonding orbitals of
the methylene carbon atom.

Y

~

O

@ Nitrogen
O Carbon (@

O Oxygen

. l 1
csmﬁ{—:l;— . /_4(—%

£z

]

(b)

Fig. 7. The structure of anhydrous barbituric acid. (@) Pro-
jected on (001); hydrogen bonds are shown as broken lines.
(b) Projected on (100); broken lines show the close C: - O
approaches.

The intermolecular separations less than 4.0 A are
shown in Table 4 and Fig. 7. There are three distances
less than 3-0 A. Two of these, Os- -+ Nz at 2:90 A
and Og---N; at 2-80 A, correspond to hydrogen

THE CRYSTAL STRUCTURE OF ANHYDROUS BARBITURIC ACID

bonds, since the hydrogen atoms lie approximately
on the line of centers of the heavier atoms. Although
these distances differ by 0-1 A, it is interesting to
note that the oxygen to hydrogen distances are
equal at 2-02 A. These bonds link the molecules in
infinite ribbons, two molecules wide, parallel to the a
axis. The perpendicular distance between parallel rib-
bons is 3-03 A, and the closest approach between
any pair of atoms in them is 3-15 A.

The third carbony! oxygen, Os, is not involved in
hydrogen-bonding although it approaches close, at
2.90 A, to the same carbonyl carbon atom of an adja-
cent molecule. This structure provides an unusual
example of two equal intermolecular separations, one
of which is clearly a hydrogen bond while the other is
not. The methylene carbon atom Cs is only 3-08 A
away from O in an adjacent molecule but there is
no C-H - - - O type interaction as the closest hydrogen
approach to Og is 2-62 A. Short intermolecular dis-
tances involving the oxygen of a nitro group and
methylene carbon atoms, of 3-01 A and 3:12 A have
also been observed in cyclotetramethylene tetranitra-
mine by Eiland & Pepinsky (1955). They concluded,
also that the methylene hydrogen atoms were most
probably not directly involved in the close approaches,
being at 2-41 A from the oxygen atom.

In this structure, in parabanic acid (Davies & Blum,
1955) and in chloranil (Chu, Jeffrey & Sakurai, 1962),
the non-hydrogen bonding intermolecular distances
less than 3-0 A all involve carbonyl atoms only, and
there is a marked similarity in the orientation of these
groups. In all three structures the direction of the
interaction is such that the ¢ bond direction of the
carbonyl group is approximately collinear with the
polar axis of the bond at the carbon atom, (cf. Fig.
7(b) in this paper with Fig.5 in Chu, Jeffrey &
Sakurai, 1962).

While it has not been observed as a general rule that
carbonyl groups are involved in intermolecular separa-
tions less than the sum of the usual van der Waals
radii, ¢f. benzoquinone (Trotter, 1960), succinimide
(Mason, 1956), there are now these cases where it
does occur. Presumably this is connected with the
strong dipolar nature of the C=0 group, which per-
mits a close approach between molecules, provided
this is compatible with other aspects of the inter-
molecular packing or of the hydrogen bonding.

APPENDIX

In order to use the Taylor & Morley (1959) method
of molecule location it was necessary to derive a
structure factor expression in terms of the coordinates
of the centre of the molecule and the value of the
Fourier transform at the reciprocal lattice point. For
the plane group pg this was done in the following way.

A molecule whose atoms are at (%, y») With respect
to the molecular centre (X, Y) will contribute to an
(hk0O) structure factor:
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= 3 frn exp 20i(A(X 4+ n) + k(Y +yn))
= [X fa exp 27i(han +kyn)] exp 27i(hX +kY)
= (Gyexp 2mi(hX +£kY).

The contribution of a space group related molecule
centered at (XY) is:

=G¥ exp 27i(h X +1Y),

where G¥ is the complex conjugate of G, the value
of the Fourier transform of a single molecule at the
reciprocal lattice point (hk0).

The total contribution of these two molecules to
F(RhkO) is:

=Goexp 2mi(h X +kY )+ GF exp 2ni(h X +kY)

= (4 +iB)[cos 2n(hX +kY)+¢ sin 2a(h X +£Y)]
+(A4—iB)[cos 2a(hX +kY)—isin 2a(hX +kY)]
=24 cos 2a(hX +kY)—2B sin 2a(h X +kY) (1)

where A and B are the real and complex parts of Go.
In a similar way, the contributions of space group

related molecules centred at (X, 1 —Y), (X, }+ 7Y) is:

Gi[cos 2 (R X + k(3 — X))+ sin 2n(hX + k(3 — Y))]
+G¥[cos 2a(hX + k(3 + Y))+i sin 2n(AX + k(3 + Y))]

where (2)
Gi=A41+1B1= X fn exp 27i(hxn—ky») .

The real and complex parts of Gi at (hk0) are the
real and complex parts of the transform at the lattice
point (Ak0). The values of 4, B, A1 and B; could
therefore be obtained by placing the calculated plane
transform of a single molecule over the (%k0) reci-
procal lattice net in the best transform fit orientation,
and reading off the values of its real and complex
parts at (hk0) and (hKO).
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For an (200) structure factor the sum of (1) and (2)
simplified to:

Fe(h00)=2(4 + A1) cos 2nhX —2(B+ By) sin 2rhX
and for an (0k0) reflexion

F(0k0)=2(A + A1) cos 20k Y —2(B— By) sin 2nkY .
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