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Abstract: A systematic study has been conducted on barbiturate complexes of all five alkali metals
Li—Cs prepared from the metal carbonates or hydroxide in aqueous solution without other potential
ligands present, varying the stoichiometric ratio of metal ion to barbituric acid (BAH). Eight
polymeric compounds (two each for Na, K, and Rb and one each for Li and Cs) have been
characterised by single-crystal X-ray diffraction. All contain some combination of barbiturate anion
BA- (necessarily in a 1:1 ratio with the metal cation M), barbituric acid, and water. All organic
species and water molecules are coordinated to the metal centres via oxygen atoms as either
terminal or bridging ligands. Coordination numbers range from 4 (for the Li complex) to 8 (for the
Cs complex). Extensive hydrogen bonding plays a significant role in all the crystal structures, almost
all of which include pairs of N-H...O hydrogen bonds linking BA- and/or BAH components into
ribbons extending in one dimension. Factors influencing the structure adopted by each compound
include cation size and reaction stoichiometry as well as hydrogen bonding.

Keywords: crystal structure; alkali metals; barbituric acid; coordination; stoichiometry; bridging
ligands; hydrogen bonding

1. Introduction

The molecule barbituric acid (CsHsN20s, Scheme 1, henceforth BAH with singly deprotonated
anion BA-) is the parent molecule of the class of drug compounds more generally known as
'barbiturates'. It has no pharmacological activity but its 5,5-disubstituted derivatives do, particularly
those with hydrocarbon substituents such as ethyl, butyl, phenyl or cyclohexenyl groups. They have
been extensively characterised by X-ray crystallography for many years and exhibit several
interesting crystallographic properties, polymorphism and phase transitions being two of the major
phenomena observed. Even if the search is restricted to unsolvated and simple solvates of derivatives
with two identical 5-substituents, the Cambridge Structural Database (version 5.45, November 2023)
[1] contains 11 structures including polymorphs [2-12]. The inclusion of cocrystals and of derivatives
with two different substituents raises the number above 220. BAH is currently used in contemporary
research as a model system for developing theoretical polymorph prediction techniques, something
of major importance to the pharmaceutical industry [13-16].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Scheme 1. (a) barbituric acid, BAH; (b) and (c) two resonance forms of the barbiturate anion BA~.

The crystal structure of unsolvated barbituric acid was first determined in 1963 [17]; the study
established that the six-membered ring is not perfectly planar, with the CH2 group displaced
significantly from the mean plane of the other atoms, and this was attributed to crystal packing forces,
particularly avoiding a short intermolecular C...O contact. A more recent redetermination of the
structure confirmed this observation [15], and the report included a second polymorph containing
two molecules in the asymmetric unit, one similarly slightly folded and the other essentially planar.
A disordered high-temperature form (>233°C) has been studied by powder diffraction [18].

The dihydrate of barbituric acid has been extensively studied. Room-temperature X-ray and
neutron diffraction data indicate that planarity of the six-membered ring is required by all its atoms
lying on a crystallographic mirror plane in space group Pnma [19-21]. We have found, through a
series of 14 measurements of X-ray diffraction data over the temperature range 100270 K, that the
structure undergoes a phase transition on cooling at around 216-217 K to become monoclinic and
twinned, with removal of the crystallographic mirror plane (and other symmetry elements) and a
significant out-of-plane displacement of the CH: group and the two water molecules [22]. A more
recent spectroscopic and theoretical study has suggested a subtle situation in which the room-
temperature structure may be a thermally disordered state only approximating to the apparent
higher orthorhombic symmetry and that there is no true phase transition [23]. The structure of this
relatively simple molecule is thus more complex than first thought.

The limited flexibility of the barbituric acid molecule and its well-defined pattern of potential
hydrogen bond donors and acceptors make it and its derivatives suitable candidates for crystal
engineering applications. The extensive range of known cocrystal structures mentioned above
together with those of other barbiturates includes, in particular, systematic studies of barbiturates
with melamine derivatives [24-27].

Deprotonation of barbituric acid occurs at the CH2 group, as the resulting negative charge can
be delocalised over the two adjacent carbonyl groups (Scheme 1). BA- is found as an uncoordinated
discrete anion in over 40 reported crystal structures with organic, inorganic, and metal-centred
cations; a full list of CSD REFCODES is given in the Supporting Information. Hydrogen bonding
plays an important role in these structures. BA- is coordinated as a ligand to a transition or group 12
metal in only eight known crystal structures, some of which have been determined more than once
[28-36]; there are no reported cases of coordination of BA- to lanthanide, actinide, or p-block metals.
Coordination is through oxygen in each case except for one copper complex, in which it is through
nitrogen [29]. Published structures of BA- complexes with alkaline earth (group 2) metals are
restricted to only one of Ca [37] and one of Ba [38].

The number of previously published structures of complexes of BA- with alkali metals (group
1) is also small. A set of one sodium and two potassium barbiturates, each also containing barbituric
acid BAH in the crystal structure, has been reported, with crystal structures determined from room-
temperature X-ray diffraction data [39]. A lithium complex has been structurally characterised from
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a twinned crystal at low temperature [40], while a rubidium barbiturate complex investigated at room
temperature also contains BAH [41]. We have carried out a systematic investigation of alkali metal
barbiturate complexes for all five metals Li-Cs, prepared using only the metal carbonates or
hydroxides and barbituric acid in boiling aqueous solution (except in one case), and varying the
stoichiometry of the reagents to explore the possibility of obtaining different products. We report
here a series of eight products (two each for Na, K, and Rb; one each for Li and Cs), all of which
contain alkali metal ions coordinated by BA- ligands. Four of them also contain BAH; five contain
water, coordinated to the metal in every case, while three are anhydrous. All eight have been
characterised by single-crystal X-ray diffraction from data measured at 150 or 120 K and with
consistent structure refinement strategies. Four of the structures are essentially the same as those
reported previously, but almost all represent an improvement in precision. Conclusions are drawn
regarding the influence of cation size and reaction stoichiometry on the structures of the products.

2. Materials and Methods

All reagents were reagent-grade commercial products from Aldrich (Gillingham, UK) and
Avocado (Altrincham, UK) and were used as received. Laboratory-grade distilled water was the only
solvent for reactions. Elemental analyses were carried out by the Newcastle University Advanced
Chemical and Materials Analysis unit. Access to suitable X-ray powder diffraction facilities was not
available at the time of the experiments to confirm phase purity.

Synthesis of [Li(BA)(H20)2]- (1): 0.264 g (2 mmol) of barbituric acid was dissolved in 15 cm?3
distilled water. 0.074 g (1 mmol) of solid Li2COs was added to the solution, which was heated to
boiling. When everything had dissolved and the effervescence had ceased, the solution was set aside
to cool. Slow solvent evaporation over a period of approximately two weeks resulted in large
colourless lath-shaped crystals of 1 (0.066 g, 28.8%). Found C, 27.91; H, 3.97; N, 15.85%. C+sH7LiN20s
requires C, 28.25; H, 4.15; N, 16.47%.

Synthesis of [Na(BA)(H20)]~ (2): 0.254 g (2 mmol) of barbituric acid was dissolved in 15 cm?
distilled water. 0.105 g (1 mmol) of solid Na2COs was added to the solution, which was heated to
boiling. When everything had dissolved and the effervescence had ceased, the solution was set aside
to cool undisturbed. After one month colourless plate crystals of 2 were obtained (0.117 g, 69.6%). A
reliable elemental analysis for the crystallographically characterised product could not be obtained
due to loss of water when the crystals were stored in air. The results obtained correspond to the
anhydrous barbiturate salt. Found C, 32.07; H, 2.01; N, 17.99%. CsH3sN2NaOs requires C, 32.01; H, 2.01;
N, 18.67%.

Synthesis of [Na(BA)(BAH)(H20):]-- (3): 0.260 g (2 mmol) of barbituric acid and 0.110 g (1 mmol)
of solid Na2COs were dissolved in 30 cm? of distilled water. The mixture was boiled and stirred for
10 minutes and, while hot, was filtered into a hot conical flask. A solution of 0.129 g (1 mmol) of FeCl»
in 3 cm? of distilled water was introduced carefully down the side of the conical flask to allow slow
diffusion of the two solutions and the flask was cooled slowly to room temperature. Crystals in two
different habits were obtained after two days, small colourless blocks and very small brown needles.
Owing to their small size, satisfactory crystallographic analysis of the colourless blocks was possible
only with synchrotron radiation and showed them to be crystals of 3. Mechanical separation of the
crystal mixture for elemental analysis of the components was not possible and the brown needles
were too small for single-crystal X-ray diffraction.

Synthesis of [K2(BA)2(BAH)(H20)s3]. (4): 0.260 g (2 mmol) of barbituric acid was dissolved in 15
cm? distilled water. 0.142 g (1 mmol) of solid K2COs was added to the solution, which was heated to
boiling. When everything had dissolved and the effervescence had ceased, the solution was set aside
to cool. After three days at room temperature large colourless lath-shaped crystals of 4 were obtained
(0.130 g, 25.5%). The elemental analysis results obtained correspond to a formula with loss of one
water molecule after storage in air. Found C, 29.05; H, 2.75; N, 17.11%. C12H1sK2NeO11 requires C,
29.03; H, 2.84; N, 16.93%.

Synthesis of [K(BA)].. (5): 0.126 g (1 mmol) of barbituric acid was dissolved in 15 cm? distilled
water. 0.135 g (1 mmol) of solid K2COs was added to the solution, which was heated to boiling. When
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everything had dissolved and the effervescence had ceased, the solution was set aside to cool. Small
clusters of colourless crystals of 5 grew in the sealed vial after one month (0.096 g, 57.8%). Found C,
28.86; H, 1.82; N, 16.54%. CsH3sKN20s requires C, 28.91; H, 1.82; N, 16.86%.

Synthesis of [Rb(BA)]- (6): 0.131 g (1 mmol) of barbituric acid was dissolved in 20 cm? distilled
water. 0.232 g (1 mmol) of Rb2COs was dissolved in 10 cm? cold distilled water and added to the
barbiturate solution. After boiling until approximately 20 cm?® remained, the solution was set aside to
cool undisturbed. Clusters of small colourless crystals of 6 grew over a period of one week (0.103 g,
48.5%). Found C, 22.67; H, 1.57; N, 13.11%. CsHsN20sRb requires C, 22.60; H, 1.42; N, 13.18%.

Synthesis of [Rb(BA)(BAH)(H20)]- (7): 0.257 g (2 mmol) of barbituric acid was dissolved in 20
cm? distilled water. 0.232 g (1 mmol) of Rb2COswas dissolved in 10 cm? cold distilled water and added
to the barbiturate solution. After boiling until approximately 20 cm?® remained, the solution was set
aside to cool undisturbed. Slow evaporation of the solvent over two weeks resulted in clusters of
small colourless crystals of 7 (0.158 g, 46.13%). Found C, 26.59; H, 2.54; N, 15.73%. CsHoN+O7Rb
requires C, 26.79; H, 2.53; N, 15.62%.

Synthesis of [Cs(BA)(BAH)(H20)]- (8): 0.132 g (1 mmol) of barbituric acid was dissolved in 20
cm?® distilled water. 0.089 g (0.5 mmol) of Cs(OH)-H20 was dissolved in 10 cm? cold distilled water
and added to the barbiturate solution. After boiling until approximately 20 cm® remained, the
solution was set aside to cool undisturbed. Slow evaporation of the solvent over four days resulted
in clusters of small colourless crystals of 8 (0.103 g, 50.8%). Found C, 23.52; H, 2.21; N, 13.35%.
CsHoCsNsOr requires C, 23.66; H, 2.23; N, 13.80%.

X-ray crystallography: crystallographic experimental parameters for all eight compounds are
summarised in Tables 1 and 2. Data for compounds 2 and 4 were collected on a SMART 1K
diffractometer (Bruker, Madison, USA) using graphite-monochromated Mo-Ka radiation (A =0.71073
A) at 150 K. Those for compound 3 were measured on an APEX2 diffractometer (Bruker, Madison,
USA) using synchrotron radiation (A= 0.6814 A) at 120 K. Otherwise data were collected on a
KappaCCD diffractometer (Nonius, Delft, The Netherlands) using graphite-monochromated Mo-
Ko radiation at 150 K. Hydrogen atoms were refined freely with the following exceptions: for the H
atoms of disordered water molecules in 4 the isotropic displacement parameters were constrained to
1.2 times the equivalent isotropic parameters of the corresponding oxygen atoms, and the same
constraint was applied to all H atoms of 6 and 8; distance restraints were applied to the C-bonded H
atoms of 6 and 8 [C—-H = 0.95(1) A] and to the N- and O-bonded H atoms of 8 [N-H = 0.88(1) A, O-H
=0.84(1) A]. The crystals of 5 and 8 were found to be pseudo-merohedrally twinned. In the structure
of 4 one K* cation and one water molecule are disordered over two sites each, with refined occupancy
factors 0.682:0.318(11); otherwise the structures are fully ordered.

Software used: data collection with SMART [42], APEX2 [43] and COLLECT [44]; cell
determination with SAINT [45] and DIRAX [46]; data reduction with SAINT and EvalCCD [47];
absorption correction by symmetry-equivalent and repeated reflections using SADABS [48]; structure
solution by direct methods using SIR2002 [49] and SHELXTL [50]; refinement by full-matrix least-
squares on all unique F? values using SHELXL-2019/2 [51]; twinning analysis using ROTAX [52] and
ROTWIN [53]. Structure figures were produced using SHELXTL and Mercury 2023.3.1 [54]. The
structures have been deposited at the Cambridge Crystallographic Centre (CCDC), with deposition
numbers given in Tables 1 and 2; the data may be obtained at https://www.ccdc.cam.ac.uk/structures/
free of charge (accessed on 5 March 2024).

Table 1. Crystallographic data for compounds 1-4.

Compound 1 2 3 4
CCDC number 2331100 2331101 2331107 2331102
Empirical formula CsHrLiN20s CsH5N2NaOs CsHiiNsNaOs  Ci2H16K2NeO12
Formula weight 170.1 168.1 314.2 514.5
Crystal system Monoclinic Monoclinic Triclinic Monoclinic
Space group P2i/c C2/c P1 12/m

a(A) 6.4386 (9) 14.8743 (19) 6.3449 (8) 10.9002 (12)

doi:10.20944/preprints202403.0395.v1
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b (A) 16.7477 (14) 11.8222 (15) 9.9773 (13) 16.1404 (18)
c(A) 7.176 (2) 7.4134 (10) 10.3371 (14) 10.9952 (12)
a(®) 90 90 69.909 (2) 90
b (°) 108.314 (15) 98.598 (2) 80.092 (2) 96.6571 (19)
g (°) 90 90 80.687 (2) 90
Volume (A% 734.6 (2) 1289.0 (3) 601.66 (14) 1921.4 (4)
Z 4 8 2 4
Deaic (g cm™3) 1.538 1.732 1.734 1.779
Absorption coefficient 0.138 0.207 0.167 0.574
(mm)
Crystal dimensions (mm) 0.40 x 0.15 % 0.05 0.35 % 0.20 x 0.05 0.02 x 0.01 x 0.01 0.20 x 0.10 x 0.05
q range for data 4.4-275 2.8-28.8 3.1-285 2.3-284
Transmission 0.854-0.993 0.719-0.990 0.698-0.970
Reflections measured 12169 5650 6484 8601
Independent reflections 1687 1586 3442 2394
Rint 0.0300 0.0459 0.0234 0.0329
Data/restraints/ parameters ~ 1687/0/138 1586/0/123 3442/0/234 2394/0/199
Goodness of fit on F? 1.074 1.101 1.040 1.052
Ri (on F, F2>2s) 0.0339 0.0544 0.0481 0.0357
wR: (on F? all data)® 0.0905 0.1340 0.1345 0.1021
Largest difference peakand o o¢ 450 0.47, -0.43 0.4, -0.34 0.52, -0.55
hole (e A=)
“Ri= X1 Fol = IFel I/SIFel, PwRa = [Saw(Fe? - F)/Lao(Fo2)a] V>
Table 2. Crystallographic data for compounds 5-8.
Compound 5 6 7 8
CCDC number 2331103 2331104 2331105 2331106
Empirical formula CsHsKN20:s CsHsN203Rb CsHoN1O7Rb CsHoCsN4O7
Formula weight 166.2 212.6 358.7 406.1
Crystal system Triclinic Monoclinic Monoclinic Monoclinic
Space group P1 P2i/n P2i/c P2i/c
a(A) 3.8320 (10) 10.993 (2) 9.873 (2) 10.142 (7)
b (A) 8.2922 (11) 3.7839 (8) 19.743 (4) 19.84 (2)
c(A) 9.7371 (14) 14.475 (3) 6.3690 (13) 6.406 (11)
a(°) 71.724 (11) 90 90 90
b (°) 89.912 (17) 97.08 (3) 108.07 (3) 108.07 (11)
g (°) 80.152 (15) 90 90 90
Volume (A3%) 289.02 (10) 597.5 (2) 1180.2 (5) 1225 (3)
Z 2 4 4 4
Decatc (g cm™3) 1.910 2.363 2.018 2.201
Absorption coefficient 0.854 8.224 4238 3.063
(mm)
Crystal dimensions (mm) 0.21 x0.16 x 0.10 0.25x0.16 x0.05 0.10 x0.10x 0.10 0.10 x 0.08 x 0.01
q range for data 3.9-27.5 4.4-275 4.7—25.0 4.5-27.5
Transmission 0.718-0.920 0.444-0.663 0.350-0.700 0.742-0.970
Reflections measured 5808 11444 14051 25238
Independent reflections 5808 1356 2692 2793
Rint 0.0420 0.0567 0.0618 0.0758
Data/restraints/ 5808/0/108  1356/1/100 2692/0/218 2803/9/209
parameters
Goodness of fit on F? 1.082 1.254 1.048 1.052
Ri (on F, F2>2s) 0.0393 0.0547 0.0354 0.0358
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6
wR2 (on F?, all data)® 0.0927 0.1126 0.0717 0.0704
Largest difference peak
and hole (e A~) 0.44, -0.42 1.80,-1.29 0.55, -0.68 0.81, -0.86

“Ri =21 Fol = IFel I/Z1Fel, bwRa = [Sw(Fo? - F/Zaw(Fo)a]

3. Results and Discussion

Reaction of barbituric acid with alkali metal carbonates and hydroxides in boiling aqueous
solution, with some variation in reaction stoichiometry, has led in each case to products containing
only the alkali metal cation, barbiturate anion, and in some cases barbituric acid and/or water. Charge
balance requires a 1:1 ratio of M* to BA~. None of the structures has uncoordinated species, and all
coordination to the metal centres is through oxygen atoms. Some ligands are terminal, while others
bridge two or more metal centres. A consistent pattern of atom numbering has been used for
barbiturate and barbituric acid species in the series of structures.

3.1. Compound 1, [Li(BA)(H20):]

Compound 1 crystallised from a 2:1 mixture of barbituric acid and Li2COs, which corresponds
to a 1:1 stoichiometric reaction ratio of BAH to Li*. In experiments to vary the reaction stoichiometry,
the same product was obtained with half the quantity of BAH (1:2). The same compound was
reported from a 1:1.6 ratio of BAH to Li* (as the hydroxide) [40], so it appears to be the favoured
product regardless of stoichiometry.

The coordination of Li is slightly distorted tetrahedral, with O-Li-O angles ranging from
101.39(12) to 118.87(13)°; details are given in Table 3 and the asymmetric unit, augmented to include
the full coordination, is shown in Figure 1. Two water molecules serve as terminal ligands, while two
symmetry-equivalent BA- anions act as bridges between pairs of cations, the “urea-like’ carbonyl
group between the two N-H groups remaining uncoordinated. Bridging by the BA-ligands generates
chains in the [201] direction (not [101] as implicitly stated previously [40]).

Figure 1. The asymmetric unit of compound 1 augmented to show the complete coordination of the
cation and anion. Displacement ellipsoids, here and in later Figures, are drawn at the 50% probability
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level. Atom colour codes for all structural figures displaying ellipsoids: purple, metal; grey, C; red, O;
blue, N; pale green, H.

Table 3. Coordination bond lengths (A) and angles (°) for compound 1.

Li-O1 1.927 (3) Li-O3a 1.915 (3)

Li-O4 1.950 (3) Li-O5 1.959 (3)
01-Li-O3a 106.34 (12) 01-Li-O4 101.39 (12)
01-Li-O5 111.47 (12) 03a-Li-O4 118.87 (13)
O3a-Li-O5 110.73 (12) 04-Li-O5 107.65 (12)

Symmetry operations for equivalent atoms. a: x—1, —y+'5, z—Y5.

The BA- anion is planar with a root-mean-square (rms) deviation of <0.01 A and has geometry
typical of this species in previously reported structures, with a short C2-O2 bond of 1.2489(17) A and
longer C1-O1 [1.2689(17) A] and C3-O3 [1.2630(17) A] bonds resulting from conjugation to support
the charge of the anion.

Both N-H and all water O-H bonds serve as hydrogen bond donors; acceptors are all three O
atoms of the anion and both water molecule O atoms (Table 2 of reference [40] erroneously lists no
hydrogen bonding to one of the coordinated BA- O atoms). Hydrogen bond geometry is given in
Table 4. The hydrogen bonding generates a complex three-dimensional network. Essentially parallel
anions related by glide planes are stacked in the c-axis direction with an interplanar separation of
3.477 A, indicating a degree of n- ring stacking. The stacking and hydrogen bonding can be seen in

Figure 2.
Table 4. Hydrogen bonding (A and °) for compound 1.

D-H...A D-H H...A D...A DHA
N1-HIN...O3a 0.868 (19) 2.012 (19) 2.8364 (16) 158 (2)
N2-H2N...O4c 0.87 (2) 2.06 (2) 2.9195 (16) 174 (2)
O4-H4A...02d 0.84 (2) 1.89 (3) 2.7282 (16) 172 (2)
0O4-H4B...O5e 0.87 (3) 1.84 (3) 2.7061 (16) 173 (2)
O5-H5A...01f 0.89 (3) 1.78 (3) 2.6621 (15) 175 (2)
O5-H5B...02g 0.87 (3) 1.87 (3) 2.7285 (15) 171 (2)

Symmetry operations for equivalent atoms. a: x—1, —=y+2, z—V2; c: —x+1, y—V5, —z+3/2; d: X, —y+V%, z+V5; e: =X, —y+1,
—z+1; f: —=x+1, =y+1, —z+1; g: x, —y+Y5, z—VA.
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Figure 2. The crystal structure of compound 1 viewed along the ¢ axis, showing hydrogen bonds
(dashed green lines) and the ring stacking of coordinated anions. Atom colours are as in Figures
showing ellipsoids except for H (white).

3.2. Compound 2, [Na(BA)(H20)] ~

In a synthetic procedure identical to that used for compound 1 but with sodium carbonate
instead of lithium carbonate, and with the same variation of stoichiometry in different experiments
(both 1:1 and 1:2 for for BAH:Na), compound 2 was obtained, having only one water molecule rather
than two in the empirical formula. The simple formula belies a rather more complex crystal structure.
The asymmetric unit contains one planar BA- anion and one water molecule, but the required charge-
balancing sodium ion consists instead of two Na* ions, each lying on a crystallographic special
position so that they effectively contribute half each to the asymmetric unit. One cation (Na2) lies on
an inversion centre with a somewhat distorted octahedral geometry (cis-O-Na-O angles deviate up
to almost 12° from the ideal 90°), while the other (Nal) lies on a twofold rotation axis and has a highly
distorted six-coordinate geometry far removed from ideal octahedral. Each cation is coordinated by
four different anions and two water molecules. The coordination geometry is given in Table 5 and
the asymmetric unit, augmented to include the full coordination of both cations, is shown in Figure
3.

Table 5. Coordination bond lengths (A) and angles (°) for compound 2.

Nal-O1 2.304 (2) Nal-O2b 2.995 (2)
Nal-O4 2.2445 (19) Na2-02 2.4262 (18)
Na2-O2e 2.4935 (18) Na2-O4g 2.3462 (19)

O1-Nal-Ola 128.18 (12) 01-Nal-O2b 147.08 (8)
01-Nal-02c 84.73 (6) 01-Nal-O4 96.51 (7)
O1-Nal-O4a 98.95 (7) 02b-Nal-O2c 62.41 (8)
02b-Nal-O4 74.32 (7) 02c-Nal-O4 75.16 (7)
04-Nal-O4a 144.16 (12) 02-Na2-02d 180

02-Na2-02e 101.81 (7) 02d-Na2-02e 78.19 (7)

02e-Na2-02f 180 02-Na2-O4g 95.13 (6)

02-Na2-O4h 84.87 (6) 02e-Na2-O4g 84.31 (6)

02e-Na2-O4h 95.69 (6) O4g-Na2-O4h 180

Symmetry operations for equivalent atoms. a: —x+1 ,y, —z+V2; b: x+14, y+V4, z; c: —=x+V5, y+V4, —z+V2; d: —x, —y+1,
—z+1; er x, —y+1 ,z+Y5; £ =X, y, —z+V5; g —x+V4, —y+3/2, —z+1; h: x=Y2, y—Y%, z.

03 9
%& ?Nz 02 s
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Figure 3. The asymmetric unit of compound 2 augmented to show the complete coordination of the
cations and anion.

The BA- anion coordinates through two of its three O atoms, but in this structure the
uncoordinated O atom is one of those adjacent to the C-H group (O3) and the urea-like carbonyl
group O2 is coordinated to sodium; indeed, this atom is triply-bridging (us) to two symmetry-
equivalent Nal and one Na2 cations, while O1 coordinates only one cation, Nal. The water molecule
(O4) forms a p2 double bridge between Nal and a symmetry-equivalent of Na2. The O2 and O4
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bridges link sodium cations together into columns running along the c axis, and these columns are
connected to each other by the anions, all of which are essentially parallel, as shown in Figure 4.

—

...........

Figure 4. The crystal structure of compound 2 viewed along the b axis (left) and along the c axis (right),
showing the columns of O-bridged Na* cations (running horizontal in the b-axis view and into the
page in the c-axis view) linked by parallel anions. Hydrogen bonds are shown as green dashed lines.

This three-dimensional coordination network is further supported by n-n ring stacking of the
anions in an arrangement very similar to that in compound 1 (interplanar separation 3.509 A) and by
hydrogen bonds involving both N-H and both water O-H bonds as donors and anion O1 and O3 as
acceptors, as detailed in Table 6. The N-H...O hydrogen bonding generates ribbons of anions parallel
to the b axis; such ribbons are typical of barbituric acid and related compounds such as cyanuric acid

[39,55].
Table 6. Hydrogen bonding (A and °) for compound 2.

D-H...A D-H H...A D...A DHA
N1-HI1N...O3c¢ 0.81 (3) 1.97 (3) 2.778 (3) 175 (3)
N2-H2N...01i 0.80 (4) 2.01 (4) 2.813 (3) 177 (3)
O4-H4A...O3j 0.91 (5) 1.87 (5) 2.778 (3) 173 (4)
0O4-H4B...03e 0.85 (4) 1.86 (4) 2.712 (3) 175 (3)

Symmetry operations for equivalent atoms. c: —x+V5, y+V5, —z+V4; e: X, —y+1, z+V5; i: —x+V4, y—V4, —z+V5; j: —x+1, =y +1,
—z+1.

3.3. Compound 3, [Na(BA)(BAH)(H20):2]

Compound 3 was obtained unexpectedly as one product in an attempt to prepare an iron
complex of barbituric acid. The BAH:Na stoichiometry of the reagents was the same as in the
synthesis of compound 2 (1:1) , but the solution was more dilute and an aqueous solution of FeCl:
was added as a separate layer to give slow liquid diffusion. Iron is not incorporated into the product.
The same compound has been reported as a product of a synthetic procedure apparently identical to
our preparation of compound 2, as well as from a sequence of kneading/grinding with BAH, Na2CO:s
and water as starting materials in a range of stoichiometries [39]; the crystal structure was determined
from room-temperature X-ray diffraction data, with a result of rather lower precision than the one
we describe here.

The asymmetric unit contains one sodium cation, one BA- anion, one BAH molecule, and two
molecules of water. Sodium has a distorted octahedral geometry, coordinated by the urea-like
carbonyl O atom of BA-, the urea-like and one other carbonyl O atom of two symmetry-related BAH
molecules, and three water molecules, two of them symmetry-equivalent. The anion acts as a terminal
ligand, while BAH forms a bridge between pairs of cations. The water molecule O10 is terminal, while
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the pair of O9 water molecules bridge two cations to give a centrosymmetric, and hence planar, four-
membered Na:z0: ring. The combined effects of these bridging and terminal ligands generates a
polymeric chain in the [110] direction. The coordination geometry is given in Table 7, and a portion
of the chain structure is shown in Figure 5.

Table 7. Coordination bond lengths (A) and angles (°) for compound 3.

Na-O2 2.2777 (15) Na-O06 2.2964 (15)
Na-O7a 2.6117 (16) Na-09 2.4400 (16)
Na-O9b 2.3892 (17) Na-010 2.4286 (17)

02-Na-06 158.54 (6) 02-Na-O7a 79.03 (5)

02-Na-09 95.22 (6) 02-Na-09% 103.36 (6)
02-Na-010 88.59 (5) 06-Na-O7a 79.54 (5)

06-Na-09 88.50 (6) 06-Na-09b 98.09 (6)
06-Na-010 88.91 (6) 07a-Na-09b 177.37 (6)
07a-Na-09 96.99 (5) 07a-Na-010 86.28 (5)
09-Na-O9% 81.75 (6) 09-Na-010 175.39 (6)
09b-Na-010 94.84 (6)

Symmetry operations for equivalent atoms. a: —x+1, -y, —z+1; b: —x, —y+1, —z+1.

Figure 5. A section of the polymeric chain structure of compound 3. Non-H atoms of the asymmetric
unit are labelled.

The BA- anion is planar, while the CH2 group of BAH is displaced out of the mean plane of the
other atoms of this ring. The crystal structure does not feature any ring stacking. All N-H and O-H
bonds serve as hydrogen bond donors, and the acceptors are all carbonyl O atoms except the urea-
like carbonyl of BAH; no water O atoms accept hydrogen bonds. The hydrogen bonding links the
coordination polymer chains to form sheets parallel to the bc plane (011), with no hydrogen bonding
between sheets except a rather weak and non-linear O-H...O hydrogen bond between water O9 and
the urea-like carbonyl O2. The N-H...O hydrogen bonds connect alternating BA- anions and BAH
molecules to form the familiar ribbons. Details of the hydrogen bonding geometry are given in Table
8, and a section of one hydrogen-bonded sheet is shown in Figure 6; here the coordination polymer
chains run diagonally from bottom left to top right, while the hydrogen-bonded BA/BAH ribbons
run vertically, four overlapping pairs of them being visible in this Figure.

doi:10.20944/preprints202403.0395.v1
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Table 8. Hydrogen bonding (A and °) for compound 3.

D-H...A D-H H..A D..A DHA
NI1-HIN...O7c 0.92 (3) 1.93 (3) 2.844 (2) 175 (2)
N2-H2N...05d 0.86 (2) 2,01 (2) 2.869 (2) 172 (2)
N5-H5N...03e 0.94 (3) 1.83 (3) 2.760 (2) 170 (2)
N6-H6N...O1f 0.87 (2) 1.93 (2) 2.805 (2) 178 (2)
09-H9A...02g 0.82 (3) 231 (3) 2.971 (2) 139 (3)
09-H9B...03e 0.86 (3) 1.91 (3) 2.7552 (19) 166 (3)

O10-H10A...O1f 0.83 (3) 1.91 (3) 2.734 (2) 171 3)
010-H10B...05d 0.89 (3) 2.08 (3) 2.950 (2) 166 (3)

Symmetry operations for equivalent atoms. c: x, y+1, z; d: X, y, z+1; e: x, y, z-1; f: X, y—1, z; g: —=x+1, —y+1, —z+1.

Figure 6. One layer of the crystal structure of compound 3 viewed along the a axis, showing the
hydrogen bonding (dashed green lines) connecting coordination polymer chains.

3.4. Compound 4, [K2(BA)2(BAH)(H20)3]

The previously published research on alkali metal barbiturate salts and cocrystals [39] described
three potassium compounds, of which two contained also barbituric acid and were characterised by
single-crystal X-ray diffraction. They were obtained as two of three successive different crops of
crystals resulting from a 1:1 stoichiometric ratio of K(BA) (prepared from the carbonate by grinding
the carbonate and BAH in the presence of water) and BAH in aqueous solution, the first crop being a
hydrate of BAH. The first of these two potassium compounds was [K(BA)(BAH)(H20):]«, a formula
analogous to that of the corresponding sodium compound (3) and with some similar structural
features but a different overall crystal structure in detail; this compound has not been found in our
investigations. The second potassium compound is the same as our compound 4, prepared from a
1:1 stoichiometry for BAH:K in aqueous solution, and this has a lower content of both BAH and water
(stoichiometry 1:1:0.5:1.5 instead of 1:1:1:2 for KiBA=BAH:H:0) than in compound 3. We have
determined the crystal structure from low-temperature data and find that the asymmetric unit
contains two potassium ions lying on a crystallographic mirror plane, one BA- anion in a general
position, one BAH molecule on a twofold rotation axis, and three water molecules with
crystallographic mirror symmetry, corresponding to half of the chemical formula given in the section
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heading above. One of the two cations and one water molecule (coordinated to it) are disordered over
two closely separated alternative positions with relative occupancy 0.6818:0.3182(11), approximately
2:1. All the H atoms in this structure were refined freely apart from those belonging to the disordered
water molecule, for which appropriate geometrical and displacement parameter constraints were
applied. This disorder was not noted in the previously reported structure [39], which was derived
from room-temperature data, but inspection of the CSD-deposited results shows that it was an
unresolved feature indicated by elongated displacement ellipsoids. Resolution of the disorder from
low-temperature data permits a higher precision in the structural results. The discussion here is
restricted to the major component of the disorder. It should be noted that we have chosen the
unconventional space group setting [2/m in preference to the standard C2/m, as this gives a
monoclinic B angle much closer to 90° for convenience in calculations and graphical displays. Once
again the anion is planar, and in this structure the BAH molecule is also approximately planar as a
consequence of lying on a twofold rotation axis.

The coordination geometry is given in Table 9. Figure 7 shows the asymmetric unit extensively
augmented to include the full coordination of both potassium ions; minor disorder components are
not shown. The two cations have different coordination arrangements: K1 is seven-coordinate with
an irregular geometry, while K2 is eight-coordinate with an approximate square-antiprismatic
geometry, the four symmetry-equivalents of O2 forming one square face and the other four
coordinated atoms the other parallel square face rotated by 45°. K1 is coordinated by two BA- anions,
two BAH molecules, and three water molecules. K2 is coordinated by four BA- anions, two BAH
molecules, and two water molecules. The BA- anion uses only one O atom for coordination; this is
the urea-like carbonyl and it bridges three cations. By contrast, BAH bridges two cations through its
urea-like carbonyl O atom, and coordinates to just one cation through each of the other two, which
are equivalent by symmetry. Water is both terminal and bridging in this structure.

Table 9. Coordination bond lengths (A) and angles (°) for compound 4.

K1-02 2.7214 (16) K1-O2a 2.7214 (16)
K1-O6b 2.7939 (19) K1-O6c 2.7939 (19)
K1-09 3.002 (5) K1-010d 3.021 (6)
K1-O11 2.790 (5) K2-02 2.9438 (15)
K2-02d 2.9367 (13) K2-02f 2.9367 (13)
K2-O2a 2.9438 (15) K2-05 2.7188 (14)
K2-O5a 2.7189 (14) K2-09 2.689 (2)
K2-010 2.677 (3)
02-K1-02a 81.13 (7) 02a-K1-06b 90.69 (5)
02-K1-06b 157.58 (18) 02a-K1-O6¢ 157.58 (18)
02-K1-O6c¢ 90.69 (5) 02-K1-09 77.84 (8)
02a-K1-09 77.84 (8) 02a-K1-010d 67.94 (8)
02-K1-010d 67.94 (8) 02-K1-011 123.37 (9)
02a-K1-011 123.37 (9) 06b-K1-O6¢ 89.09 (8)
06b-K1-09 120.97 (11) 06c-K1-09 120.97 (11)
06b-K1-010d 89.64 (12) 06c-K1-010d 89.64 (12)
06b-K1-O11 78.50 (12) 06c-K1-011 78.50 (12)
09-K1-010d 134.28 (8) 09-K1-011 62.47 (11)
010d-K1-011 163.24 (12) 02d-K2-02f 74.11 (5)
02d-K2-02a 65.18 (5) 02f-K2-02a 107.74 (4)
02-K2-02d 107.74 (4) 02-K2-02f 65.18 (5)
02-K2-O2a 73.90 (5) 02-K2-05 80.04 (4)
02d-K2-05 145.40 (4) 02d-K2-O5a 79.45 (4)
02f-K2-05 79.45 (4) 02-K2-O5a 145.40 (4)
02a-K2-05 146.18 (4) 02a-K2-O5a 80.04 (4)

02-K2-O5a 146.18 (4) 02-K2-09 79.38 (5)
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02d-K2-09 139.18 (3) 02{-K2-09 139.18 (3)
02a-K2-09 79.38 (5) 02-K2-010 133.33 (5)
02d-K2-010 69.79 (7) 02{-K2-010 69.79 (7)
02a-K2-010 133.33 (5) 05-K2-O5a 113.21 (6)

05-K2-09 74.89 (4) 05a-K2-09 74.89 (4)
05-K2-010 80.43 (5) 05a-K2-010 80.43 (5)
09-K2-010 134.15 (9)

Symmetry operations for equivalent atoms. x, —y+1, z; b: x-Y4, y—Y5, z—V5; ¢: =x+3/2, —=y+3/2, —z+Y2; d: —x+1, =y+1,

—z+1; f: —=x+1, y, —z+1.

Figure 7. The asymmetric unit of compound 4, augmented to show the complete coordination of both
potassium cations. Minor disorder components are not shown. Non-H atoms of the asymmetric unit
are labelled.

Columns of triply bridged potassium ions running parallel to the c axis are connected together
by the BAH molecules, which are stacked with BA- anions in the ¢ axis direction, with a repeat
sequence BAH... BA~... BA-... and interplanar separations of 3.404, 2.370, and 3.404 A. All the N-H
and water O-H bonds serve as hydrogen bond donors, the acceptors being the uncoordinated O
atoms of the anion and the singly-coordinated O atoms of BAH. The N-H...O hydrogen bonds
generate the familiar ribbons connecting anions and BAH molecules. These, together with the
columns of cations, can be seen in Figure 8, and the hydrogen bonding geometry is given in Table 10.

Table 10. Hydrogen bonding (A and °) for compound 4.

D-H...A D-H H..A D..A DHA
N1-HIN...O5f 0.88 (2) 1.95 (2) 2.831 (2) 180 (3)
N2-H2N...03c 0.90 (2) 1.88 (2) 2.778 (2) 176 (2)
N5-H5N...O1f 0.92 (2) 1.87 (2) 2.7843 (19) 179 (2)
09-HY90...03c 0.84(2) 1.90(2) 2.7126(17) 163(2)

010-H100...01i 0.79 (3) 2.10 (3) 2.8695 (19) 164 (3)

011-H110..01j 0.96 (4) 221 (4) 3.133 (3) 161 (3)
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Symmetry operations for equivalent atoms. ¢: —x+3/2, —y+3/2, —z+V5; f: —=x+1, y, —z+1; i: X+V2, =y+3/2, z+V5; j: X+,
—y+3/2, z—Y.

Figure 8. A section of the crystal packing of compound 4, showing hydrogen bonds (dashed green
lines) and columns of cations linked by the organic ligands.

3.5. Compound 5, [K(BA)]-

Changing the reaction stoichiometry to 2K:1BAH gives a different product with a much simpler
empirical formula, a small unit cell, and an asymmetric unit containing only one cation and one anion,
with no BAH and no water molecules. Although a compound with the same formula was previously
obtained by grinding potassium carbonate and BAH in the presence of water [39], its crystal structure
was not determined. It was reported as having only one half of the cation-anion pair in the
asymmetric unit on the basis of the observed 'H, 1*C, and >N solid-state NMR spectra, so it does not
seem to be the same material as our compound 5, unless the NMR signals are fortuitously coincident
peaks, an unlikely occurrence for the structure reported here.

Potassium has a distorted octahedral six-coordinate geometry. All three carbonyl O atoms of the
anion are involved in coordination: the urea-like carbonyl group bridges three cations, one of the
others bridges two cations, and the third coordinates only one cation. The coordination geometry is
given in Table 11 and is shown in Figure 9. The structure has a three-dimensional coordination

network.
Table 11. Coordination bond lengths (A) and angles (°) for compound 5.

K-01 2.640 (2) K-02a 2.758 (2)

K-O2b 2.787 (2) K-O2c 2.804 (2)

K-03d 2.673 (2) K-O3e 2.751 (2)
01-K-O2a 91.29 (7) 01-K-O2b 80.62 (7)
0O1-K-O2c 161.76 (8) 0O1-K-03d 114.86 (7)
O1-K-O3e 102.76 (7) 02a-K-O2b 87.42 (7)
02a-K-0O2c 79.31 (7) 0O2b-K-O2c 83.34 (7)
02a-K-03d 90.35 (7) 02a-K-O3e 164.38 (7)
O2b-K-03d 164.42 (6) O2b-K-O3e 88.17 (7)
02c-K-03d 81.09 (7) 02c-K-O3e 85.30 (7)
03d-K-O3e 89.88 (7)

Symmetry operations for equivalent atoms. a: —=x+1, —y+2, —z+1; b: —=x+2, —y+2, —z+1; c: x, y, z-1; d: —x+1, —y+1,

—z+1; e: —x+2, —y+1, —z+1; f: x, y, z+1.
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Figure 9. The asymmetric unit of compound 5, augmented to show the complete coordination of both
the cation and the anion. Non-H atoms of the asymmetric unit are labelled.

The planar BA- anions are n- stacked in the a-axis direction with an interplanar separation of
3.450 A. There are only two crystallographically independent hydrogen bonds, the two N-H groups
serving as donors to Ol and O3 and the urea-like O2 remaining uninvolved in hydrogen bonding.
The hydrogen bonding, once again forming ribbons, is shown in Figure 10, with geometrical details
in Table 12.

Figure 10. Hydrogen bonding (dashed green lines) in the structure of compound 5, viewed down the

a axis.
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Table 12. Hydrogen bonding (A and °) for compound 5.

D-H...A D-H H..A D..A DHA
NI-HIN...Olb 0.87 (4) 1.95 (4) 2.817 (4) 178 (4)
N2-H2N...O3g 0.87 (3) 1.96 (4) 2.827 (3) 176 (3)

Symmetry operations for equivalent atoms. b: —x+2, —=y+2, —z+1; g: —x+1, —y+1, —z+2.

3.6. Compound 6, [Rb(BA)] -

Compound 6 was prepared in essentially the same way as its potassium analogue compound 5,
with a 2:1 stoichiometry of metal ion to BAH. Its empirical formula is the same with Rb replacing K,
but the crystal structure, while displaying some of the same features, has some important differences;
this can be largely ascribed to the larger ionic radius of Rb*, which results in a higher coordination
number of 7 instead of 6. The coordination geometry is irregular; details are given in Table 13. The
augmented asymmetric unit is shown in Figure 11.

Table 13. Coordination bond lengths (A) and angles (°) for compound 6.

Rb-O1 2.871 (5) Rb-Ola 2.862 (5)
Rb-O2b 2.890 (5) Rb-O2¢ 2.939 (4)
Rb-02d 3.168 (5) Rb-O3e 2.811 (5)
Rb-O3f 3.102 (5)
O1-Rb-Ola 82.60 (12) Ola-Rb-O2b 153.76 (12)
O1-Rb-02b 97.62 (14) Ola-Rb-02c 75.75 (12)
O1-Rb-02c 81.63 (13) Ola-Rb-02d 91.81 (14)
O1-Rb-02d 155.65 (12) Ola-Rb-O3e 83.76 (14)
O1-Rb-O3e 132.22 (13) Ola-Rb-O3f 134.82 (13)
O1-Rb-03f 78.60 (13) 02b-Rb-O2¢ 78.31 (12)
02b-Rb-02d 77.16 (11) 02c-Rb-02d 74.03 (13)
O2b-Rb-O3e 113.64 (14) 02c-Rb-O3e 137.71 (14)
O2b-Rb-O3f 70.05 (13) 02c-Rb-03f 139.70 (14)
02d-Rb-O3e 70.03 (13) 02d-Rb-O3f 120.31 (12)
03e-Rb-O3f 79.40 (11)

Symmetry operations for equivalent atoms. a: X, y—1, z; b: x=V5, —=y+3/2, z-V5; ¢: —=x+1, —y+1, —z+1; d: x=V2, —y+',
z—Yo; €1 —x+3/2, y—Va, —z+Va; f: —x+3/2, y+V4, —z+Y5.
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Figure 11. The asymmetric unit of compound 6, augmented to show the complete coordination of
both the cation and the anion. Non-H atoms of the asymmetric unit are labelled.

As in compound 5, the urea-like carbonyl O atom bridges three cations, but here both the other
two O atoms of the anion bond to two cations each, giving seven O-Rb bonds to match the
coordination number of Rb. The cations and bridging O atoms generate tunnels with a parallelogram
cross-section running along the b axis and these tunnels are connected by the planar anions, which
are - stacked in the same direction with an interplanar separation of 3.437 A, very similar to that in
compound 5. N-H...O hydrogen bonds, in which the acceptors are the doubly-bridging O atoms,
generate ribbons of the anions; geometrical details are given in Table 14. These features of the crystal
packing can be seen in Figure 12. The similarity to compound 5 in Figure 10 is striking.

Table 14. Hydrogen bonding (A and °) for compound 6.

D-H...A D-H H..A D..A DHA
N1-HIN...Olj 0.86 (8) 1.94 (8) 2.791 (7) 167 (7)
N2-H2N...03k 0.82 (8) 2.01 (8) 2.824 (8) 171 (8)

Symmetry operations for equivalent atoms. j: —x+1, —y+2, —z+1; k: —x+2, —y+1, —z+1.

Figure 12. Hydrogen bonding (dashed green lines) in the structure of compound 6, viewed down the
b axis.

3.7. Compounds 7 and 8, [M(BA)(BAH)(H:0)]~with M = Rb, Cs

We describe these two compounds together, giving geometrical details for compound 8, as they
are isostructural. The rubidium complex 7 was obtained from a 1:1 stoichiometry of the cation and
BAH, in contrast to the 2:1 ratio leading to compound 6. A range of different reagent stoichiometries
for caesium (as its hydrated hydroxide rather than the carbonate) led only to compound 8.
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A brief description of the structure of compound 7 has been published earlier [41], but the
account of the synthesis from rubidium carbonate and BAH does not specify the quantities used. In
that experiment a mixture of restraints and constraints was applied to H atoms and the diffraction
data were collected at room temperature, whereas we have used low-temperature data from a
considerably smaller crystal and have refined all H atoms freely. Unlike the structures of compounds
1, 3, and 4, our results here for 7 are not of higher precision.

The asymmetric unit contains one cation, one anion, one BAH molecule, and one molecule of
water. The coordination geometry for Cs is given in Table 15. The eight-coordinate arrangement has
an irregular form that can be described as distorted pentagonal-bipyramidal with O2a and O2c in
axial sites, an equatorial belt containing O1, O2b, O6e, and 09, and the fifth equatorial atom replaced
by O5 and O5d displaced on opposite sides of the equatorial belt. Cs—O bond lengths cover the range
3.057(4)-3.348(8) A. In compound 7 the range of Rb—O bond lengths is even greater, 2.963(2)-3.444(2),
the longest being to O2c in an axial site. Three of the eight coordination sites are occupied by
symmetry-equivalents of O2, the urea-like carbonyl O atom of the BA- anion, one by O1 of the anion,
one by 06, the urea-like carbonyl O atom of BAH, two by symmetry-equivalents of O5 of BAH, and
one by water serving as a terminal ligand. Thus O1 coordinates a single cation, O2 bridges three, O5
bridges two, and O6 coordinates a single cation. O3 in the anion and O7 in BAH are not involved in
coordination.

Table 15. Coordination bond lengths (A) and angles (°) for compound 8.

Cs-01 3.057 (4) Cs-O2a 3.207 (7)
Cs-02b 3.332 (5) Cs-02c 3.348 (8)
Cs-05 3.134 (5) Cs-05d 3.131 (5)
Cs-Obe 3.150 (4) Cs-09 3.067 (5)
01-Cs-O2a 80.05 (13) 01-Cs-02b 134.78 (10)
01-Cs-02¢ 75.51 (13) 01-Cs-05 132.40 (12)
01-Cs-05d 153.50 (11) 01-Cs-O6e 65.49 (10)
01-Cs-09 84.85 (14) 02a-Cs-O2b 99.52 (12)
02a-Cs-02¢ 155.52 (12) 02b-Cs-02c 96.71 (12)
02a-Cs-05d 77.70 (14) 02a-Cs-05 138.48 (12)
02b-Cs-05d 63.86 (11) 02b-Cs-05 75.83 (10)
02c-Cs-05d 126.22 (12) 02c-Cs-05 63.63 (13)
02a-Cs-O6e 85.78 (16) 02b-Cs-Obe 69.37 (8)
02c-Cs-O6e 82.94 (16) 02a-Cs-09 78.33 (13)
02b-Cs-09 139.85 (11) 02c-Cs-09 100.58 (14)
05-Cs-05d 63.06 (11) 05d-Cs-O6e 126.37 (12)
05-Cs-O6e 127.82 (13) 05-Cs-09 79.94 (12)
05d-Cs-09 76.73 (15) O6e-Cs-09 148.43 (11)

Symmetry operations for equivalent atoms. a: —x, —y+1, —z+1; b: =, y+¥5, —z+V5; c: =x, —y+1, —z; d: x, —y+3/2, z+%;
e:x-1,y, z

doi:10.20944/preprints202403.0395.v1
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Figure 13. The asymmetric unit of compound 8, augmented to show the complete coordination of
both the cation and the anion. Non-H atoms of the asymmetric unit are labelled.

The crystal packing of compound 8 is rather complex. Views down the intermediate ¢ and short
a axis are presented in Figures 14 and 15. From these it can be seen that oxygen-bridged Cs* cations
lie in columns parallel to the c axis and these columns are connected by the bridging BA- and BAH
ligands. The anions are planar, but the BAH molecules are twisted somewhat out of plane. There are
no ring stacking interactions in the structure, the separations between pairs of six-membered rings
being all above 4 A. Hydrogen-bonded ribbons of alternating BA- and BAH run parallel to the b axis
and overlap each other when viewed down the c axis, so they are less clearly visible than in other
structures of this series. These N-H...O hydrogen bonds involve all four N-H bonds as donors, the
acceptors being O1 and O3 of the anion, O6 and O7 of BAH, but not O2 or O5, which bridge cations.
The two water O-H bonds serve as donors to O3 and O7, each of which thus accept two hydrogen
bonds. Hydrogen bonding geometry is given in Table 16.
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Figure 14. A portion of the crystal packing of compound 8 viewed down the ¢ axis, with hydrogen
bonds shown as green dashed lines.
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Figure 15. A portion of the crystal packing of compound 8 viewed down the a axis. Hydrogen bonding
is not shown.

Table 16. Hydrogen bonding (A and °) for compound 8.

D-H...A D-H H..A D..A DHA
N1-HIN...O7e 0.876 (10) 2.16 (2) 3.023 (6) 167 (7)
N2-H2N...06i 0.875 (10) 1.993 (16) 2.858 (6) 170 (6)
N5-H5N...03] 0.877 (10) 1.934 (16) 2.801 (6) 170 (6)
N6-H6N...O1h 0.876 (10) 1.825 (12) 2.699 (6) 175 (5)
09-H9A...03k 0.838 (10) 1.924 (18) 2.752 (6) 169 (7)
09-H9B...07k 0.840 (10) 2.20 (4) 2.923 (6) 144 (6)

Symmetry operations for equivalent atoms. e: x-1, y, z; h: x+1, y, z; i: —x+1, y=Y2, —z+V%; j: —=x+1, y+V2, —z+V4; k:
—x+1, —y+1, —z+1.

3.8. Stoichiometry of Reactions and Products

Table 17 shows the stoichiometry of the reagents used and the stoichiometry found in the eight
crystallographically characterised products in this investigation, together with the coordination
number of the cations and the identity of the ligands contributing to the coordination in each case. A
1:1 ratio of cations and anions is required in all the products by charge balance; variation is found in
the proportion of additional uncharged BAH and water in the structures.

Table 17. Reaction and product stoichiometries and coordination numbers N for compounds 1-8.

Compound M Synthesis Structure Coordination
M:BAH M:BA-:BAH:H:0 N =BA-+BAH + H20

1 Li 1:1 1:1:0:2 4=2+0+2
2 Na 1:1 1:1:0:1 6=4+0+20
3 Na 1:1¢ 1:1:1:2 6=1+2+3
7=2+2+3

4 K 1:1 2:2:1:3 8=d+2 40
5 K 2:1 1:1:0:0 6=6+0+0
6 Rb 2:1 1:1:0:0 7=7+0+0
7 Rb 1:1 1:1:1:1 8=4+3+1
8 Cs 1:2 1:1:1:1 8=4+3+1

@ Plus equimolar FeClo. * Two crystallographically independent cations with similar coordination. ¢ Two
crystallographically independent cations with different coordination.
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At the two extreme ends of the series of alkali metals, only one product was obtained regardless
of the stoichiometry of reagents. In the case of Li the incorporation of other species in addition to the
cation and charge-balancing anion is limited by the small cation size and its consequent low
coordination number, a tetrahedral geometry being common for Li*. Two coordination sites are
occupied by bridging anions, and the coordination is completed by water molecules in preference to
the bulkier BAH molecules. Cs* has the largest ionic radius in the series and can readily accommodate
a coordination number of eight, with BAH and water supplementing the four coordination sites
occupied by multiply bridging anions.

For each of Na, K, and Rb, two different products have been obtained. In the case of sodium,
these resulted from the same 1:1 ratio of Na* to BAH and it is not clear what effect, if any, the FeCl2
has on the formation of compound 3, a material previously obtained by other researchers as one of
several products of a single experiment with a 1:1 stoichiometry of reagents [39]. Both 2 and 3
necessarily contain one anion for each cation, but 2 additionally has one molecule of water, while 3
has one BAH and two water molecules. In both structures sodium is six-coordinate, but in 2 the
coordination sites are occupied by four anions (which are multiply bridging) and two p. water
molecules, while in 3 they are occupied by only one anion, which is a terminal rather than a bridging
ligand, together with two bridging BAH molecules and three water molecules as both terminal and
bridging ligands.

For each of K and Rb, two different reagent stoichiometries lead to two different products and
there is a correlation between the ratio of reagents and the amount of BAH incorporated in the
product. For both metals, a 1:1 ratio of M* to BAH in the synthesis gives a structure including BAH
and water, with a total of two neutral molecules per cation—anion pair, while a 2:1 excess of cation
over BAH gives a simple M(BA) salt formula with no other chemical species present in the structure.
Coordination numbers range from 6 to 8 for these cations intermediate in size between Na* and Cs*.
Compounds 4 (K) and 7 (Rb) feature coordination of the cations by two or four anions, two or three
BAH molecules, and 1-3 water molecules. The anions and BAH molecules all function as bridging
ligands, but with varying numbers of O atoms engaging in coordination, while water is terminal in 7
but both bridging and terminal in 4. Regarding the different coordination numbers in these
structures, it should be noted that one of the two crystallographically independent cations in
compound 4 has five short (2.72-2.80 A) and two long (3.00-3.03 A) K-O bonds and the other has
four short (2.67-2.72 A) and four long (2.93-2.95 A) K-O bonds, while the cation in compound 7 has
six Rb—O bond lengths in the range 2.86-3.07 A together with one of almost 3.28 A and a particularly
long one of 3.44 A, which is longer than any of the eight Cs—O bond lengths in compound 8. The high
coordination in these two structures thus appears to be somewhat crowded. In compounds 5 and 6
the absence of any BAH or water molecules necessarily means the coordination numbers of 6 and 7,
respectively, are satisfied entirely by multiply bridging anions. They have no notably long K-O or
Rb-O bonds, the ranges being 2.64-2.81 and 2.81-3.17 A, respectively.

3.9. Geometry of the Organic Ligands

All eight structures contain one BA- anion in the asymmetric unit, in a general position with no
imposed crystallographic symmetry. In every case the anion is essentially planar, with root-mean-
square deviations of the constituent atoms from the mean plane all under 0.04 A. Four of the
structures contain BAH molecules. In compound 4 this lies on a crystallographic twofold rotation
axis, which precludes displacement of the CHz group out of the mean plane of the approximately
planar ring. In compounds 3, 7, and 8, the BAH molecule, in a general position with no imposed
symmetry, has the CHz group slightly displaced out of the mean plane of the other ring atoms.

The carbonyl groups of the anions and BAH molecules are involved to varying degrees in the
coordination of cations in these structures, with the number of M-O bonds for individual carbonyl
groups ranging from zero to three. It is of interest to compare the C-O bond lengths for different
numbers of M-O bonds, between BA- and BAH, and within individual ligands. Each organic species
has three carbonyl groups, one of which is ‘“urea-like’, lying between two N-H groups, and this is
consistently labelled as C2-0O2 in anions and C6-0O6 in BAH molecules in all the structures; the other
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two are C1-O1 and C3-03 in anions, and C5-O5 and C7-07 in BAH molecules (C5-0O5 and C7-0O7
are symmetry-equivalent in compound 4). The C-O bond lengths for all eight structures are collected
in Table 18. For simplicity, standard uncertainties for the bond lengths are not shown; they lie in the
range 0.0017-0.008 A and full details are in the CIF files deposited at the CCDC. In the BAH molecules
all C-O bond lengths are essentially the same, with a total range of only 0.018 A; there is no significant
difference between the urea-like carbonyl and the others, and coordination to the cations has no
discernible effect. Deprotonation to give the BA- anion slightly lengthens the urea-like carbonyl bond
length and leads to a significant increase in the length of the other C-O bonds, as these are conjugated
with the notional negative charge on the C-H group, as shown in Scheme 1. As for the BAH molecule,
coordination to the cations has no consistent impact on the carbonyl bond lengths.

Table 18. C-O bond lengths of BA~ anions and BAH molecules (A) alongside the number of M-O
bonds for each carbonyl group.

Compound C1-01 C2-02 C3-03 C5-05 C6-06 C7-07
1 1.269, 1 1.249,0 1.263, 1
2 1.258,1 1.247,3 1.277,3
3 1.276, 0 1.234,1 1.263, 0 1.221,0 1.217,1 1.224,1
4 1.267,0 1.235,3 1.262,0 1.222,1 1.214,2 1.222,1
5 1.265, 1 1.252,3 1.274, 2
6 1.279, 2 1.245,3 1.267,2
7 1.265,1 1.237,3 1.279,0 1.226, 2 1.226,1 1.231, 0
8 1.261,1 1.237,3 1.270, 0 1.213,2 1.228,1 1.225,0

4. Conclusions

A number of trends can be seen and general comments made from this systematic survey of
barbiturate complexes of the full set of alkali metals Li to Cs. Although the eight structures described
here have their own individual particularities, some features appear consistently. One of these is the
presence of hydrogen-bonded ribbons of BA- anions, also involving BAH molecules where these are
present in the structure, based on pairs of N-H...O hydrogen bonds in an R%(8) motif [56] linking
adjacent rings. These are found in all the structures except that of compound 1, which is the only one
in which there are more water molecules than BA/BAH. There are subtle differences in the form and
composition of the ribbons. In compounds 3, 7, and 8 anions and BAH molecules alternate along the
ribbons, while in compound 4 the sequence is BAH...BA-...BA-...BAH...BA-...BA-... in accord
with the stoichiometry of the structure. While the ribbons have the same overall shape in compounds
2-6, shown at the top of Figure 16, a different shape is found in compounds 7 and 8, shown at the
bottom of Figure 16, whereby a urea-like carbonyl group (of BAH) is one of the acceptors, a feature
not found in any of the other ribbons. In every structure all the potential hydrogen bond donors are
realised, while some acceptors remain unsatisfied except in compound 1. Organic N-H groups and
water O-H bonds form hydrogen bonds exclusively with carbonyl O atoms except in compound 1,
where water accepts both N-H...O and O-H...O hydrogen bonds. In terms of hydrogen bonding
patterns, then, compound 1 differs substantially from the other compounds in the series.

doi:10.20944/preprints202403.0395.v1
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Figure 16. Hydrogen-bonded ribbons of organic ligands in compound 2 (top) and in compound 8
(bottom).

Two main factors can be identified as contributing significantly to the stoichiometry and
structure of the compounds reported here. The first is the ionic radius of the cation, increasing down
the group from Li to Cs; it clearly influences the coordination number, how many organic and aqua
ligands can be accommodated around the metal centre. The second is the reaction stoichiometry, the
relative numbers of organic and water molecules available to serve as ligands. The small size of the
lithium cation and its typical tetrahedral coordination effectively rules out the incorporation of BAH
molecules, even with a stoichiometric excess of this reagent. At the other end of the series, the
preference for a high coordination of the large caesium cation makes the presence of BAH in the
structure likely. For potassium and rubidium different reaction stoichiometries lead to different
products, BAH being included in the structure for a 1:1 ratio but not when the metal is in 2:1 excess.
The outcome of the syntheses proving most difficult to predict or rationalise is the amount of water
found in the products, its absence or low proportion in some of the structures being compensated in
coordination terms by enhanced bridging across two or three metal centres by the ligands present.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Table S1: CSD REFCODES for structures containing BA- as an uncoordinated
discrete anion.
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