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Abstract: Barbituric acid BAH reacts with potassium, rubidium and caesium iodides in methanol, forming anhydrous BAH-MI. BAH-Csl has a
different 8-fold coordination geometry from corresponding alkali metal bromides, intermediate between triangular dodecahedral and square
antiprismatic. BAH-KI and BAH:Rbl display features that are new for this family, with a high coordination number of 9, and with no involvement
of iodide in either coordination or hydrogen bonding, its environment being six BAH molecules. BAH-NaCl-2H,0, prepared by successive
treatment of BAH in water with sodium hydroxide and dilute hydrochloric acid, is isostructural with other chlorides and bromides, with 7-
coordinate Na* and a network of hydrogen bonding. Two BAH molecules are oxidatively coupled by aqueous potassium permanganate to
generate 5-hydroxyhydurilic acid, isolated as a hydrated potassium salt with K* in an unusually low 5-coordination. The folding of the BAH
molecule in its full range of known crystal structures is analysed; the dihedral folding angle ranges from 0 to approximately 20 °, uncorrelated

with any other particular features of the structures.
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INTRODUCTION

T HERE is much interest in the topic of cocrystals, and a
great deal of debate regarding how broadly they
should be defined and what types of material are thereby
encompassed (as well as whether the word cocrystal
should be hyphenated!). The subject is by no means a
purely semantic and academic one, because these
definitions play a part in legal processes such as the
patenting and licensing of new materials and chemical
formulations, particularly in the pharmaceutical industry. A
recent summary of the situation, with many authors from a
range of institutions across the world, has proposed a
broad definition that would probably be embraced readily
by most scientific researchers in relevant fields: “cocrystals
are solids that are crystalline single phase materials
composed of two or more different molecular and/or ionic
compounds generally in a stoichiometric ratio which are
neither solvates nor simple salts”.[!] Cocrystal formation
alters the physical and chemical properties of the

components. Such modifications are the subject of
research in its own right, and are also deliberate targets in
the development and application of materials in pharma-
ceutical, commercial, industrial and other fields.

In 2010 Braga et al. reported the synthesis and
structures of some complexes formed by a combination of
alkali metal halide salts and the organic molecule barbituric
acid (BAH), some with and others without water
incorporated in the crystal structures;?! these were
designated “ionic cocrystals” and fall within the broad
definition of cocrystals given above. A later publication
described further members of this family of compounds
and the structural transformations involved in their
hydration and dehydration reactions.3! Continuing interest
in this area, with diverse applications including pharma-
ceuticals and nutrition, is illustrated by the recent appear-
ance of a review Highlight covering the specific topic of
organic-inorganic ionic cocrystals.[

Barbituric acid and its derivatives are excellent
candidates for cocrystal studies because of their structural
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simplicity, possibility of substitution at the CH, and NH
groups, and availability of several hydrogen bond donors
and acceptors in such a small molecule. Although barbituric
acid itself has no pharmaceutical applications, its
derivatives with substituents at the saturated C atom are
an extensive family known as barbiturates, with sedative,
anti-depressant, anaesthetic and hypnotic properties.
There are surprisingly few known crystal structures in
which BAH, without substitution or deprotonation at any of
the ring atoms, is one of the components. Apart from the
alkali metal halide ionic cocrystals mentioned above and
two similar calcium halide ionic cocrystals,>¢! a search of
the Cambridge Structural Database (version 5.39 with two
updates, February 2018) finds only 21 structures together
with polymorphs of BAH itselfl’9 and its dihydrate.[10-12]
These include mainly cocrystals with various organic
partners,[13-241 3 few structures containing both BAH and its
anion BA- together with an organic or alkali metal
cation,!25-271 and an ionic cocrystal with the potassium salt
of [Ptzls]z_.[28]

We have undertaken various structural studies of
barbituric acid and related heterocyclic compounds such as
violuric and cyanuric acid. These include a detailed variable-
temperature investigation of an orthorhombic—monoclinic
phase transition for barbituric acid dihydrate with
particular reference to the extent to which the six-
membered ring of the BAH molecule deviates from
planarity,!'2] a feature of interest in polymorph prediction
studies of anhydrous BAH.[8]

Barbituric acid undergoes facile oxidative dimeric
coupling to give 5-hydroxyhydurilic acid under a variety of
conditions, both chemical and electrochemical, including
atmospheric oxidation. We previously reported this as an
unexpected reaction when attempting to prepare alkali
metal complexes of the anion generated by deprotonation
of barbituric acid, leading to two different polymorphs of a
hydrated caesium complex.?) We have explored the
possibility of similar reactions with other barbituric acid
derivatives,39 and include here one product that is
particularly relevant, a hydrated potassium complex of the
5-hydroxyhydurilate anion obtained by oxidation of
barbituric acid with potassium permanganate, together
with findings that extend the previously reported family of
alkali metal halide ionic cocrystals of BAH and reveal some
new structural features.

EXPERIMENTAL SECTION

All reagents were purchased from Aldrich, Lancaster
Synthesis, Avocado, or Strem, and were used without
further purification. The purity of the organic compounds
used was verified by TH NMR spectroscopy. Methanol was
dried over magnesium and stored over 3 A molecular

sieves. Freshly distilled water was used for all aqueous
syntheses.

Elemental analyses were carried out by the
Newcastle University Advanced Chemical and Materials
Analysis service. Single-crystal X-ray diffraction data were
measured on Nonius KappaCCD and Oxford Diffraction
Gemini A Ultra diffractometersB132 at 150 K using MoKa
radiation (A = 0.71073 A). Semi-empirical absorption correc-
tions were based on symmetry-equivalent reflections in the
full datasets.[33 The structures were solved by routine
direct methods, and refined on all unique observed F,2
values, with programs of the SHELX family.[343% Non-H
atoms were refined anisotropically; all H atoms were
refined freely with isotropic displacement parameters
except for the twinned structure of compound 3, for which
appropriate constraints were applied (the positions of the
N-bonded H atoms were refined freely, and for this
structure soft restraints were also applied to the
displacement parameters of C, N, and O atoms). The non-
merohedral twinning of 3 was identified during refinement
as a 180 ° rotation about the crystallographic c axis, and the
overlapping reflections were partitioned between the
corresponding two components with subsequent refine-
ment of the twin fraction to approximately 3:2. Crystal-
lographic data and refinement details are summarised in
Table 1, with full details in the Supplementary Material.

Synthesis of BAH-MI (M = K, Rb, Cs, 1-3): 0.13 g (1
mmol) of BAH was dissolved in 10 mL methanol with gentle
heating. 1 mmol of MI was added, giving a golden-brown
solution. The sample vial was sealed and stored at room
temperature for one week. Large colourless crystals were
formed.

BAH:KI (1): 0.166 g (1 mmol) of K gave 1 (0.094 g, 32%).
Analysis, found: C 26.41, H 2.11, N 15.36%; calc C 26.17, H
2.18, N 15.26%.

BAH-Rbl (2): 0.221 g (1 mmol) of Rbl gave 2 (0.121 g, 35%).
Analysis, found: C 24.17, H 2.10, N 13.82%; calc C 24.16, H
2.03, N 14.01%.

BAH-Csl (3): 0.264 g (1 mmol) of Csl gave 3 (0.121 g, 30%).
Analysis, found: C 13.06, H 0.88, N 7.06%; calc C 13.37, H
1.03, N 7.20%.

Synthesis of BAH-NaCl-2H,0 (4): 0.13 g (1 mmol) of
BAH and 0.40 g (1 mmol) of NaOH were dissolved in 30 mL
water and the volume reduced by approximately half by
heating. Dilute hydrochloric acid (1 mmol) was added. The
sample vial was sealed and stored at room temperature
overnight. Colourless crystals of 4 were formed (0.079 g,
36%). Analysis, found: C 13.29, H 3.58, N 12.48%; calc C
13.37, H3.62, N 12.59%.

Synthesis of K*(hydroxyhydurilate™)-H,0 (5): 0.132 g
(1 mmol) of BAH was dissolved in 20 mL water and heated
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Table 1. Crystal data and summary of refinements

1 2 3 4 5
Empirical formula C12H12IKN6Os C12H12IN6O9Rb C4HaCsIN2O3 C4HsCIN2NaOs CsH7KN4Os
Formula weight 550.28 596.65 387.90 222.56 326.28
Crystal system Trigonal Trigonal Triclinic Orthorhombic Monoclinic
Space group R32 R32 P1 Pnma P21/n
a/A 11.325(2) 11.4284(16) 7.2391(9) 6.8742(2) 6.7981(2)
b/A 11.325(2) 11.4284(16) 7.4791(12) 7.6699(3) 11.9238(5)
c/A 11.979(2) 12.173(2) 9.4067(16) 15.9153(6) 14.4728(6)
al° 90 90 110.572(11) 90 90
B/° 90 90 101.692(10) 90 103.490(4)
v/® 120 120 94.386(11) 90 90
v/ A3 1330.5(5) 1376.9(5) 460.83(13) 839.13(5) 1140.79(8)
z 3 3 2 4 4
Dealc / g cm™ 2.060 2.159 2.796 1.762 1.900
U/ mm 2.105 4.442 7.333 0.499 0.521
Crystal size / mm?3 0.6x0.6x0.4 0.4%x0.2x0.2 0.2 x0.2x0.05 0.35x0.2x0.15 0.3x0.2x0.2
Transmission 0.305-0.435 0.360-0.420 0.252-0.691 0.845-0.930 0.520-0.860
Onmin, Omax / ° 45,275 53,275 4.6,25.0 29,283 29,264
Reflections collected 7079 5517 7688 13516 7239
Independent reflections 685 708 1601 1103 2326
Rint 0.0162 0.0308 0.0560 0.0310 0.0264
Restraints, parameters 0, 56 0,57 117,111 0, 86 0,219
RO > 20) 0.0112 0.0142 0.0614 0.0216 0.0269
Ruw(all data) 0.0305 0.0316 0.1975 0.0566 0.0738
Goodness of fitl) 1.263 1.071 1.131 1.060 1.069
Max peak, hole / e A3 0.17,-0.16 0.18,-0.21 3.05,-2.34 0.38,-0.26 0.34,-0.31
CCDC reference 1839042 1839043 1839044 1839045 1839046

@ R=5|Fol~|Fel 1/2]Fol
© Ry = [EW(F—F P Ew(F )"

© Goodness of fit = [Ew(F,>—F2)2/(N—P)]" for N reflections and P refined parameters.

to boiling. 0.60 g (3.8 mmol) of KMnOQg4 in 30 mL warm water
was added slowly and boiling continued for 10 m. The hot
solution was filtered to remove precipitated MnO,, and the
filtrate was acidified to pH = 6 with dilute hydrochloric acid.
The solution was evaporated to dryness and the product
extracted with 20 mL hot water. The filtered solution was
covered and left undisturbed overnight. Pale yellow
crystals of 5 were formed (0.044 g, 27 %). Analysis, found:
C29.78,H 2.20, N 17.35 % calc. C 29.45, H 2.16, N 17.17 %.

RESULTS AND DISCUSSION

We have synthesised 1:1 ionic cocrystals of barbituric acid
with the three heavier alkali metal iodides Kl, Rbl, and Csl
and with sodium chloride. In a related experiment oxidative
coupling of barbituric acid has generated a hydrated potassium
complex of the hydroxyhydurilic acid anion. The syntheses
are straightforward and require no further comment.

Structures of 1-3
The three alkali metal iodide cocrystals are all anhydrous;
the presence of water was deliberately avoided by carrying
out the syntheses in dry methanol as solvent. Of these
products, the Csl compound has been reported prev-
iously,/? and our own structural result is essentially the
same, although the crystal investigated here proved to be
twinned; it is, therefore, not discussed in detail except for
one aspect. It has a different crystal structure (with the
triclinic space group P1 ) from any of the known anhydrous
MBr bromide cocrystals of barbituric acid (M = Na, K, Rb,
Cs), each of which has a distinct crystal structure in a
monoclinic space group except that BAH:-RbBr s
isostructural with BAH-CsBr.[23] One feature of the BAH-Csl
structure that has not previously been noted is the
geometry of the 8-fold coordination of Cs* by five BAH O
atoms and three I~ anions (each of which is connected to
three cations). A coordination number of 8 is found for the
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series of anhydrous bromide cocrystals with the exception
of BAH-NaBr, where the small Na* cation has a 6-fold
octahedral coordination. The 8-coordinate geometry has
been described in each case as bicapped trigonal
prismatic.[23] To assess the geometry we have used the
approach of Porai-Koshits and Aslanov,3¢! further
developed for other coordination numbers by Muetterties
and Guggenberger,?”l in which dihedral angles between
pairs of polyhedral faces are used to characterise and
distinguish among the recognised regular coordination
polyhedra, particularly the triangular dodecahedron,
bicapped trigonal prism, and square antiprism. The analysis
is simplified by normalising the coordination bond lengths
to be equal while maintaining the experimentally observed
bond angles, so that the relevant polyhedral edges are
more readily identified. In the notation of Porai-Koshits and
Aslanov, the four pertinent dihedral angles & are all 29.5 °
for an ideal triangular dodecahedron; 0, 21.7 and 2 x 48.2 °
for an ideal bicapped trigonal prism; and 2 x 0 and 2 x 52.5 °
for an ideal square antiprism, with all vertices equidistant
from the centre of the polyhedron in each case. As a
representative of the anhydrous bromides and for direct
comparison with the BAH-Csl structure, we find for
BAH-CsBr 6 values of 4.1, 21.8, 45.4 and 53.6 °, which are
indeed close to those for bicapped trigonal prismatic
coordination; similar results are obtained for the other
bromides (K and Rb). The corresponding values for BAH-Csl
are 11.5, 12.4, 41.7 and 49.7 °; this represents a geometry
intermediate between triangular dodecahedral and square
antiprismatic and somewhat closer to the latter, as shown
in Figure 1. It differs significantly from the bicapped trigonal
prismatic geometry observed in the 8-coordinate
anhydrous bromides.

The two new anhydrous iodide cocrystals with Kl and
Rbl (1 and 2, respectively) form an isostructural pair, but
this structure is very different from that of the Csl cocrystal.
Indeed, there are a number of structural features that
strongly distinguish these two compounds from the Csl and
all the bromide compounds. The one common feature of all
seven structures is that every barbituric acid O atom is
involved in direct coordination to alkali metal cations.

The first major difference for the KI and Rbl
compounds is that the halide anion does not coordinate to
any metal ions, nor does it serve as a hydrogen bond
acceptor. These structures are of high crystallographic
symmetry, with the M* cations and |~ anions each lying on
the intersection of a threefold and three twofold rotation
axes at a site with point-group symmetry 32 (Ds); a twofold
rotation axis passes through the barbituric acid molecule.
The iodide anion is surrounded and completely enclosed by
six BAH molecules, which form the faces of an approximate
cube, as shown in Figure 2; the distance between the anion
and each ring centroid is 3.840(2) A in 1 and 3.880(2) A in

Figure 1. The asymmetric unit of 1 together with symmetry-
equivalent cations, anions and BAH molecules sufficient to
complete its environment. Bonds to the labelled atoms of the
asymmetric unit are shown filled, others are open, bonds to
H atoms are single lines. Hydrogen bonding is not shown. The
dashed lines indicate the upper and lower quadrilateral faces
of the square antiprismatic coordination of Cs.

2. The shortest M--| distance is 5.990(1) A in 1 and 6.086(1)
A in 2. This contrasts with the anhydrous bromide and Csl
structures, in which the halide anions bridge two (Na and
K) or three (Rb and Cs) cations.

Figure 2. One iodide anion of 2 with its six surrounding BAH
molecules, the centroids of which are connected to the
anion by dashed lines. The atoms of the asymmetric unit are
labelled; the cation is not shown.
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Figure 3. The nine-coordinate arrangement of BAH molec-
ules around the K* cation of 2. The three triangles indicate
the eclipsed upper and lower prismatic faces and the
staggered equatorial ligands. Atoms of the asymmetric unit
are labelled; the anion is not shown.

Secondly, the metal coordination number of 9 is the
highest in the whole series of anhydrous and hydrated ionic
cocrystals, the range in previously reported structures
being 6—8. Coordination of K* or Rb* is exclusively by BAH O
atoms. Three symmetry-equivalent urea-like carbonyl
atoms O1 form an equilateral triangle in an equatorial
plane, while six symmetry-equivalent carboxamide atoms
02 are arranged in equilateral triangles above and below
the equatorial plane, these two triangles being almost
perfectly eclipsed relative to each other and staggered with
respect to the equatorial triangle, as shown in Figure 3. The
coordination geometry is thus an essentially ideal tricapped
trigonal prism with capping of all three rectangular faces.
The unique K-02 distance of 2.942(2) A is markedly longer
than the unique K-01 distance of 2.753(2) A in 1, and the
shortest O--O distances in the coordination polyhedron are
3.272(2)-3.362(2) A, with 0-K-0 angles of 69.69(5)-71.44(3) °;
corresponding distances for 2 are Rb—02 3.022(2), Rb-01
2.849(3), and O--0 3.405(3)-3.418(3) A with O-Rb-0 angles
of 68.87(6)—71.06(4) °, reflecting the larger ionic radius of Rb*.

Hydrogen bonding in 1 and 2 is restricted to N-H--O
interactions between BAH molecules, with no involvement
of I"anions. Each N—H bond donates a hydrogen bond to an
02 atom; 01 does not function as an acceptor. The
hydrogen atoms connect the BAH molecules to form a
sheet perpendicular to the c axis, as shown in Figure 4.
These sheets are linked by the K-02 bonds above and
below the equatorial plane to give the complete three-
dimensional coordination network structure.

Figure 4. A hydrogen-bonded sheet of BAH molecules in the
structure of 2 (and 3).

Structure of 4

The hydrated cocrystals BAH-MX:2H,0 have previously
been characterised structurally for the bromides NaBr, KBr,
and RbBr, and for the chloride KCl, and some features of the
structure have been briefly described; they are all
isostructural.l:381 Qur work here adds the NaCl compound
to the family, and it is also isostructural. The cation, anion
and BAH molecule all lie on a crystallographic mirror plane.
The alkali metal cation is 7-coordinate, with a mono-capped
trigonal prismatic geometry, one rectangular prism face
being capped by a urea-like BAH O atom. Each triangular
face of the prism is formed by two water O atoms and one
carboxamide BAH O atom, and the two triangular faces are
perfectly eclipsed as they are equivalent by mirror
symmetry, the capping O atom and the cation lying in the
mirror plane. Each water molecule bridges two cations and
donates O—H...Cl hydrogen bonds to two anions. Each anion
serves as an acceptor of four hydrogen bonds from water
molecules and two from BAH N-H groups; the anions do
not participate in coordination of the cations. There are no
N-H--O hydrogen bonds. In sequence along the
crystallographic ¢ axis layers of BAH molecules alternate
with layers containing the cations, anions and water
molecules. Principal features of the structure are illustrated
in Figure 5.

Structure of 5

The asymmetric unit of the crystal structure of 5 contains
one K* cation, one 5-hydroxyhydurilate anion (HH"), and
one water molecule (Figure 6). The formal site of
deprotonation of 5-hydroxyhydurilic acid is the C5’ position
(labelled C8 in Figure 6) to give a trigonal planar centre, as
for barbituric acid itself, but the negative charge is
delocalised over the adjacent carbonyl groups. All three
carbonyl O atoms of this deprotonated ring and the urea-
like carbonyl O atom of the other ring are involved in
coordination of K* cations. Consistent with the stoichio-
metry, the unique cation is coordinated by carbonyl O
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Figure 5. A section of the crystal structure of 4, showing the
labelled atoms of the asymmetric unit together with its
complete environment (coordination and hydrogen
bonding). The crystallographic mirror planes are almost
edge-on in this view and run horizontally across the Figure.
Hydrogen bonds are shown as dashed lines.

&

Figure 6. The labelled asymmetric unit of 5 together with
additional atoms to complete its coordination and
hydrogen-bonding environment.

atoms of four different HH™ anions together with one water
molecule, giving a rather low coordination number of 5.
The coordination geometry is intermediate between
trigonal bipyramidal (t = 1) and square-based pyramidal
(t = 0), with a structural parameter t of 0.56 according to
the formulation of Addison et al.;13% the water molecule lies
in an equatorial/basal position. The coordination network
is three-dimensional and dense, and is further supported
by an extensive three-dimensional arrangement of
hydrogen bonds in which all four N-H groups and both
water O—H bonds serve as donors to O atoms of other HH™

anions; all but one carbonyl O atoms function as acceptors,
the exception being 02. The hydroxy group accepts an
N-H--O hydrogen bond and forms an intramolecular
O-H--0O hydrogen bond with O4 of the same anion. The
water O atom does not function as a hydrogen bond
acceptor. Full details of the hydrogen bonding are provided
in the Supplementary Material. Many of the features of the
metal ion coordination and hydrogen bonding in this
structure are thus similar to those in the barbituric acid
ionic cocrystal family, the major differences being the
relatively low coordination number of K* and the absence
of a halide anion.

The 5-hydroxyhydurilate anion has been reported as
a component in only six crystal structures previously. Two
of these are polymorphs of the hydrated caesium complex
Cs*HH™0.5H,0, both of which are three-dimensional
coordination networks with 9-coordinate Cs*, and contain
water molecules that are hydrogen bonded but not
coordinated.?®! Only one other structure has HH™ as a
coordinated ligand, and this is a discrete mononuclear four-
coordinate copper(ll) complex [(2,2'-bipy)Cu(HH)]-3H,0 in
which the ligand is bidentate and chelating.%] In the other
known crystal structures HH™ is an uncoordinated anion
charge-balanced by either a mononuclear manganese(ll)
complex cation or an organic cation, and the structure also
incorporates water or DMF solvent molecules, with exten-
sive hydrogen bonding.[4142]

Conformation of the Barbituric Acid
Six-membered Ring
The final point of structural interest for these compounds
is the extent to which the barbituric acid six-membered ring
is non-planar, with the CH; group displaced from the mean
plane of the other five conjugated atoms. A convenient
quantitative measure of this non-planarity is the envelope
dihedral angle between the five-atom mean plane and the
three-atom flap consisting of the CH, carbon atom and the
two carbonyl C atoms to which it is bonded, defined such
that a dihedral angle of 0 denotes planarity of the ring. The
first reported crystal structure of anhydrous barbituric
acid” at room temperature has a dihedral angle of 13.8 °,
with 14.1 ° in a later redetermination at 150 K,”) but another
polymorph gives 8.2 °,9 and a further polymorph at 150 K
contains two molecules in the asymmetric unit with the
markedly different values of 1.2 and 22.4 °, representing
one essentially planar and one distinctly folded confor-
mation.[® This particular polymorph was also the subject of
crystal structure prediction, which indicated the same
result. However, close examination of the atomic displace-
ment parameters suggests the possibility that the observed
planar form is a consequence of unresolved disorder for a
folded form in two orientations. The original X-ray(1 and
neutronlll single-crystal diffraction studies of barbituric
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acid dihydrate BAH-2H,0 at room temperature locate all
the ring atoms on a crystallographic mirror plane in the
orthorhombic space group Pnma, so the ring is necessarily
exactly planar. However, a redetermination at 150 K
indicated a twinned structure in the monoclinic space
group P21/n, in which the mirror plane is absent;*2 the unit
cell parameters are similar and the lower-symmetry low-
temperature structure is clearly the consequence of a
phase transition on cooling. We carried out a detailed
examination of this structural change with data collections
at a range of temperatures, and concluded that the ring
becomes non-planar on cooling through the transition
point, with a dihedral angle reaching 8.2 ° at 100 K. The water
molecules in this structure, coplanar with the acid molecule
in the orthorhombic room-temperature form, are displaced
significantly out of this plane in the low-temperature
form.[12

This degree of ring flexibility found in the various
polymorphs of barbituric acid and its dihydrate is exhibited
across the approximately 20 known crystal structures in
which BAH is a component (other than the alkali metal
halide cocrystals discussed in this paper), both coordinated
to metal ions and uncoordinated in various salts and
cocrystals: dihedral angles range from 0.4 to 24.8 °, with a
mean of 6.4 ° and a large majority between 0 and 10 °. For
12 of the 14 anhydrous and hydrated BAH-MX structures
there is a rather narrower range of 9.1-19.9 ° at the upper
end of the total observed range. The outstanding excep-
tions are the high-symmetry Kl and Rbl structures 1 and 2
reported here for the first time, which have dihedral angles
of 0.4(2) and 0.1(3) ° respectively, so the BAH ring is essen-
tially planar in these structures, in marked contrast to the
others in the series. These are very precise structures with
no suggestion of possible disorder, the anisotropy of the
saturated C atoms being no more than that of the carbonyl
O atoms, so this is another unusual feature of the two
iodide complexes within the family of compounds.

The hydurilic acid anion HH™ has two six-membered
rings, one of which electronically resembles the deproton-
ated barbiturate anion BA™ and is essentially planar in all
the crystal structures in which HH™ appears, as a conseq-
uence of delocalisation; the other retains the electronic
structure of BAH itself, with substitution of both H atoms of
the CH; group by hydroxy and by the BA™ring. The envelope
dihedral angle for this ring is 17.6(1) ° in 5 and lies in the
range 6.2-19.6 ° in the other known structures.[29.40-42]

CONCLUSIONS

Barbituric acid, a small molecule with a plethora of
coordination and hydrogen bonding sites, lends itself well
to a range of supramolecular interactions and is a strong
candidate for generating cocrystals. The formation of ionic

cocrystals of barbituric acid with alkali metal halides,
already well established with numerous examples, is here
extended with new family members. Some of these
reinforce previously observed behaviour, but there are also
new structural features, including a high coordination
number of 9 for potassium and rubidium cations and the
failure of iodide to engage in coordination or hydrogen
bond formation in two of the examples. The flexibility of
the barbituric acid molecule in terms of folding of the CH,
group out of the ring plane is found to be small but varied,
and does not seem to be strongly correlated with other
aspects of the crystal structures in which this molecule is
found.
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