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The Crystal Structure of Calcium Barbital Trihydrate

By B.BERKING
Department of Crystallography, University of Pittsburgh, Pittsburgh, Pa. 15213, U.S.A.

(Received 3 March 1971)

The crystal structure of calcium 5,5-diethylbarbiturate (calcium barbital) trihydrate, Ca(CsN2O3Hi)),.
3H;0, has been determined from 8237 X-ray diffraction data measured on an automatic diffractometer
using Cu Ka radiation. Crystal data are: space group PT, a=16-999 (4), b=9-122 (2), c=16-780 (4) A,
a=77-29 (1), B=89-36 (1), y=74'86 (1)°, Z=4, D.=1-250 g.cm3. Final R is 0-046. The structure
shows some pseudosymmetrical features; 49 % of the scattering density lies in a sheet close to y=14.
Deprotonation of the four crystallographically independent pyrimidine rings causes changes in bond
lengths and internal bond angles. The greater part of the formal negative charge seems to be equally
distributed between the two oxygen atoms adjacent to the deprotonated nitrogen atom. There are con-
formational differences in the barbiturate rings: one is flat and three are puckered with the quaternary
carbon, C(5), out of plane. Deprotonated nitrogen atoms are involved either in hydrogen bonds or in
coordination with the calcium ions. Centrosymmetrically related barbital ions form doubly hydrogen-
bonded (NH- - -O=C) dimers which are isolated with respect to having no hydrogen bonds with other
barbital ions. Dimers are linked by hydrogen bonds via water molecules and calcium ions to form
ribbons along b and sheets perpendicular to b*. The two calcium ions are sevenfold coordinated by six
oxygen and one nitrogen atom at the corners of irregular pentagonal bipyramids. These coordination
polyhedra are not interconnected, but they interact with the anions in the ribbons and sheets establishing

a three-dimensional packing.

Introduction

This work is part of a program to study the tautomeric
form, stereochemistry, and intermolecular interactions
in barbituric acids and their salts. So far, a series of
some 40 crystal structures involving barbiturates has
been determined in which the main interest is the phar-
-macological activity that some barbiturates possess in
vivo: they block the excitation of membrane nerves.
There is controversy about whether the free acids
(Blaustein, 1968) or the anionic forms (Sharpless, 1968)
of barbiturates are more potent, and whether barbi-
turates interfere with the binding of calcium to phos-
pholipids (Kripp, Bianchi & Soarez-Kirtz, 1969).
Thus, the interactions of barbiturate molecules and
anions with calcium cations and water molecules are
of great interest. The crystal structure of calcium 5,5-
diethylbarbiturate (calcium barbital) trihydrate,
Ca.(CgN,0;H,,),.3H,0, wasdetermined to gain infor-
mation about these interactions in the crystalline state.

In all salts of barbital, proton lossis necessarily from
an imine nitrogen atom. In sodium barbital (Berking
& Craven, 1971), the nondeprotonated nitrogen atom
is involved in an NH- - - O=C hydrogen bond through
which infinite chains of barbital anions are formed,
whereas the deprotonated nitrogen atom is involved
neither in hydrogen bonding nor in coordination poly-
hedra. In calcium barbital trihydrate, the water mol-
ecules and the coordination need of the calcium cations
would be expected to break the predominating NH- - -
O=C hydrogen-bonding scheme found in sodium barbi-
tal and many other barbiturates.

Experimental and crystallographic data

Calcium barbital was prepared from an aqueous so-
lution of sodium barbital and calcium chloride. A mix-
ture of crystals was obtained in which some crystals
were single crystals of barbital 11 (Craven, Vizzini &
Rodrigues, 1969), identified by Weissenberg photo-
graphs, and transparent single crystals of calcium bar-
bital trihydrate.

The crystal data of calcium barbital trihydrate are:
Space group P1 (proved by the final crystal structure)
M.W. 460-6.

a =16999 (4), 5=9-122(2), ¢=16-780 (4) A.
a =7729 (1), PB=89-36(1), y=74-86 (1)
V =2447-6 A3, Z=4.

D,=1-250 g.cm™3,

With space group PT and Z=4, the asymmetric unit
contains two calcium cations, four barbital anions, and
six water molecules. Weissenberg photographs showed
a high degree of pseudosymmetry; intensities I(hk/)
were similar to /(hkl) and reflections #00 were strong
for h=2n, 00/ strong for /=2n, hkO strong for h=2n,
revealing pseudosystematic variations. There was no
indication that the crystal structure belongs to a higher
symmetry system.

Lattice parameters and X-ray intensities were meas-
ured on a Picker FACS I automatic diffractometer
using Ni-filtered Cu K« radiation and 6-26 scanning
mode. A crystal of dimensions 0-3 x 0:3 x 0-3 mm was
mounted with b along the diffractometer ¢ axis. Inten-
sities for 8237 independent reflections were measured
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Table 1. |F,| and F, multiplied by 10

*; reflections affected by extinction and not included in the final refinement are indicated

Unobserved reflections are indicated by
by +.
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Table 1 (cont.)
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Table 1 (cont.)
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Table 1 (cont.)
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up to 260=130° Of these, 1434 reflections were con-
sidered to be ‘unobserved’ because their net intensities
did not exceed twice the standard deviation of the
counting statistics. Absorption corrections were not
applied.

Structure determination and refinement

Calcium atoms were located from the (E2— 1) Patterson
function. Structure-factor calculations for this partial
structure (R=0-69), using 230 reflections with |E|>2-2,
gave the first set of phases. A tangent refinement, in-
cluding these 230 phases and an additional 233 reflec-
tions with |E| > 19, converged easily with
R 2NEI-IE]

2IE
total of 463 phased reflections yielded 26 more atoms
(R=0-56). All 60 nonhydrogen atoms were located
after several steps of conventional structure-factor and
electron-density calculations (R=0-34). The structure
was refined using the block-diagonal and the full-
matrix least-squares programs of the X-ray 63 system
(Stewart & High, 1963) and also the program versions
of Shiono (1966). X-ray atomic scattering factors were
taken from International Tables for X-ray Crystallo-
graphy (1962) for heavy atoms and from Stewart, Da-
vidson & Simpson (1965) for hydrogen atoms. The
calcium ion was treated as an atom with Z =20 without

=0-138. An E map based on this

anomalous dispersion corrections. The function mini-
mized was >wAF? using the weighting scheme 1/w=
0’ (F)=1-5+0-008 F?. All mentioned R values are de-
fined as R=ZIAFmeas”ZIFmeas|~

The block-diagonal least-squares refinement, using
isotropic thermal parameters, converged after four
cycles with R=0-24. However, with full-matrix meth-
ods, one cycle of refining three blocks of 20 atoms each
(atoms related by pseudosymmetry were within the
same block) reduced R to 0-17. Using anisotropic ther-
mal parameters, seven cycles of block-diagonal refine-
ment reduced R to 0-105, and one more cycle of full-
matrix refinement with three 20-atom blocks gave R=
0-068. At this stage, most hydrogen atoms could be
located from a difference map, but five that are located
close to the plane y=3 (where 49 % of the scattering
density is positioned) and the positions of which should
be predictable, did not appear. However, all missing
hydrogen atoms were found after nine reflections were
removed from the data set. These reflections showed
difference between observed and calculated structure
amplitudes that might be due to extinction effects.

To justify this procedure, the influence of the ex-
tinction-affected reflections on the significance of the
difference Fourier peaks was calculated for one case.
If only the three reflections (010, 020 and 030) are
removed, the electron density near the plane y=4% in-
creases about 0-1 e.A-3, Thiscorresponds to an increase
of 20 to 25% in peak height for the hydrogen atoms.
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A final two-cycle block-diagonal refinement, using ani-
sotropic thermal parameters for heavy atoms and iso-
tropic ones for hydrogen atoms, reduced R to 0-046
(0-057) for the observed (all) reflections and R,, to 0-069
(0-069) with [>w(4F)*/(m—n)]}'’?=0-25. Observed and
calculated structure amplitudes are given in Table 1.
Final atomic positional and thermal parameters are
given in Table 2. In Fig. 1, the thermal parameters are
represented as 50% probability ellipsoids (ORTEP,
Johnson, 1965).
The best least-squares fit of atomic anisotropic thermal
parameters, U, to a rigid-body motion (Schomaker
& Trueblood, 1968) was calculated both for each of
the four individual independent barbital anions, and
for each of the four independent dimers formed through
double hydrogen-bonding between two centrosymmet-
rically related anions. Hydrocarbon-chain atoms C(7),
C(8), C(9), C(10) were omitted from the calculations.
As might be expected, the better rigid-body fit is for
the individual barbital anions, e.g., in anion 1 the root-
mean-square of AU,; = [>{U,(meas) — U,;(calc)}?/
(n—s)]*2,is 0-0025 A2 compared with 0-0042 A? for the
dimer. However, the rigid-body model for the dimers
seems to be satisfactory. Therefore, the dimers can
with some respect, be considered as structural units.
The pseudosymmetry in the reciprocal lattice can be
explained by the transformation £ —x, —y, ++2z being
nearly obeyed in the direct lattice. This transformation
relates the two calcium ions to each other, the barbital
anions 4 to 1 and 3 to 2, and the water molecules
W(l) to W(2), W(3) to W(4) and W(5) to W(6). Sep-
arations of up to 1:6 A are found between ideally
coincident positions. However, the pseudosymmetry
element P2, cannot be implied because a differs too
much from 90° to allow a pseudomonoclinic structure.

Discussion

Geometry of barbital anions

As in the barbital molecule (Craven et al., 1969) and
the barbital ion of the sodium salt (Berking & Craven,
1971), the conformation of all four barbital ions is
such that the rings are nearly planar, and the ethyl
groups together with C(5) form hydrocarbon chains

c) gt
s&"é/i\ﬂ
| R

C(S)L‘i\\i\——c

THE CRYSTAL STRUCTURE OF CALCIUM BARBITAL TRIHYDRATE

that are nearly in the all trans configuration. Axes of
the chains are perpendicular (90-7, 89-1, 91-6, 90-0°,
respectively) to the ring planes. Deviations from this
idealized geometry are given in Table 3 as atomic dis-
placements from the best least-squares planes and
torsion angles about covalent bonds. There are two
different conformations in the four barbiturate rings:
the ring of anion 2 is essentially flat and the other three
puckered, with the tetrahedrally surrounded atom C(5)
out of plane (Fig. 2). The puckering is possibly due to
a need to relieve the angular strain induced by the ring
closure. Variations within the four barbital rings cannot
be explained by the nature of the C(5) substituents
(which in other barbiturates play a role; Craven, 1970),
because here all substituents are identical. Therefore,
intermolecular interactions may be important in con-
trolling the mode of puckering.

Table 3. Least-squares planes, torsion angles, and
dihedral angles

Key to planes in:
1: planes through the six pyrimidine ring atoms.
2: planes through N(1), C(2), N(3), C(4), C(6).
3: planes through the atoms of the chains C(7), C(8), C(5),
C(9), C(10).
4: plane through atoms of coordination-pentagon of atom
Ca(l).
5: plane through atoms of coordination-pentagon of atom
Ca(2).
As the structure is centrosymmetric, the sign may be changed
for each barbital ion in (b) and (¢).
(@) Equations of the planes:
Anions Planes

1 1: 0:159x~0-122y40-971z= —0-049
2: 0-208x—0-128y+0-959z= 0-043
3: 0-134x+0-980y+0-104z= 1-577
2 1: —0-147x+0-965y —0-209z= 5-359
2: —0-145x+0-964y —0-213z= 5-356
3: 0-946x+0-193y+0-200z= 10-714
3 1: —0-218x+0-972y—0-017z= 6-012
2: —0-228x+0-968y —0:061z= 5-711
3: 0-949x+0-177y—0-318z= 0-321
4 1: —0-169x—0-102y +0-991z=6-312
2: —0-138x—0'105y+0-993z= 6:520
3: 0-076x+0-983y+0-130z= 4-131
4: —0:179x+0-973y —0-122z= 5-440
5: —0:191x4+0-969y —0-134z= 4-978

Fig. 1. The 50 % probability ellipsoidal representation of atomic thermal parameters of the four crystallographically independent
barbital ions and nomenclature within the ions. Directions of the four projections are defined by corresponding intramolecular

vectors.
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Bond lengths and angles for the four barbital anions
of calcium barbital are listed in Table 4 and, if relevant,
are compared with those of the barbital anion of so-
dium barbital (where the deprotonated nitrogen atom
has no intermolecular interactions) and with those of
the barbital molecule. Within the pyrimidine rings not
all corresponding values agree within 3. With one
exception [C(4)-C(5)], the values within anion | are
close to those of anion 4 and the values of anion 2 are
close to those of anion 3. This is possibly explained by
the kind of intermolecular interactions of the ring atom
N(3); in anions 1 and 4 it accepts a hydrogen bond, in
anions 2 and 3 it coordinates a calcium ion. However,
the values show common tendencies; thus, for further
discussion average values may be used. They show the
same characteristic features for deprotonation (Singh,
1965) that have been found in sodium barbital; the
internal ring angle at N(3), which is the deprotonation
site, closes from 126-4° in the barbital molecule to
120-1° in the barbital ion (119-2 in sodium barbital,
0=0-3°), whereas the adjacent internal ring angles at
C(2) and C(4) open by approximately 5°, more than
compensating for the decrease at N(3). The two C-N
bonds at the deprotonated nitrogen atoms are almost
equal in length and are significantly shorter (here 1-:333
and 1-339 A, in sodium barbital 1-343 and 1-339 A,
o=0-002 A) than the corresponding bonds in barbital
(1-36 and 1-38 A, 6=0-004 A). The C-N bond lengths
at the nondeprotonated nitrogen atom N(1) differ sig-
nificantly (here: 1:392 vs 1-:347 A; in sodium barbital
1-395 vs 1-348 A), whereas in barbital (1-368 and 1-375
A) they are, of course, comparable with those of N(3).

Three more crystal structures involving barbital ions
have been determined, all showing the same effects of
deprotonation: barbitalguanidine dihydrate (McClure
& Craven, 1971) in which the deprotonated nitrogen
atom accepts two hydrogen bonds, and the bis-barbital-
bis-imidazole complexes of cobalt(Il) and zinc(II)
(Wang & Craven, 1971) in which N(3) coordinates the
metal ions.

In discussing the C-O bond lengths, one has to be
aware of the effect of hydrogen bonding on bond
lengths, which may result in an increase of the order of
0-01 A (Craven, 1970). Table 5 lists the intermolecular
and ionic interactions involving barbital oxygen atoms.
Owing to pseudosymmetry, the oxygen atoms of anions
1 and 4 are involved in corresponding interactions, as
are atoms of anions 2 and 3. Within both groups the
three C-O bond lengths agree within 20 (6=0-004 A);
however, significant differences exist between both
groups. For example, C(2)-O(2) bond lengths are
1:228 and 1-235 A in the first group in which the O(2)
atoms each accept two hydrogen bonds, and 1-248 and
1251 A in the second group where the O(2) atoms each
accept one hydrogen bond and coordinate one calcium
cation.

Except in C(12)-0(12) (1-228 A), the C(2)-O(2) and
C(4)-0(4) bonds (average 1-245 A), which are adjacent
to the deprotonated nitrogen atoms, are significantly

THE CRYSTAL STRUCTURE OF CALCIUM BARBITAL TRIHYDRATE

longer than the remote C(6)-O(6) bond (average 1-223
A). Also, they are longer than the corresponding C(2)-
0O(2) and C(4)-O(4) bonds in barbital, whose average
is 1-211 A. The same effect of increase in C-O bonds
(1-238 and 1-245 vs. 1-216 A with e.s.d.’s of 0-002 A)
has been found in the crystal structure of sodium bar-
bital. The decrease of the N(3)-C bonds, the increase
of the two C-O bonds, and the symmetry around the
atoms N(3) indicate that the greatest part of the formal
negative charge on the barbital ionsis equally distrib-
uted between the O(2) and O(4) oxygen atoms.

The C-C bonds and angles at C(5) and in the ethyl
groups are within expected ranges, except for two
bonds: C(29)-C(210) and C(49)-C(410) with values
of 1-48 and 147 A respectively and with e.s.d.’s of

0.1A

01A

Na -
BARBITAL

Fig. 2. Conformations of the trioxopyrimidine rings of the four
symmetrically independent ions in calcium barbital tri-
hydrate and the ring in sodium barbital. Dotted lines are
the traces of the best least-squares planes through the six
ring atoms. Scale in the vertical direction is about six times
that in the horizontal. Ion 4 is drawn as enantiomorph of
ions 1 and 3, but, because of the center of symmetry,ions 1,
3, and 4 do not differ significantly.
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0-01 A. A correction for the high degree of anisotropic
thermal motion increases the values, but the discussed
rigid-body model does not seem appropriate for atoms
of the ethyl groups. All bond distances and angles in-
volving hydrogen atoms are in expected ranges: average
values are 090 A for 4 N-H distances, 0-99 A for 40
C-H distances and 0-80 A for 12 C-O distances.

Ionic interactions of calcium ions

Both calcium ions are sevenfold coordinated in the
same way: by three barbital oxygen atoms, three water

oxygen atoms, and one deprotonated barbital nitrogen
atom. The coordination can be pictured as being dis-
torted pentagonal bipyramids around the calcium ions.
Interesting distances and angles are shown in Figs. 3
and 4, and the least-squares planes for the pentagons
and corresponding displacements are listed in Table
3(a). The polyhedra are not connected to each other.
The sevenfold coordination of calcium atoms by pen-
tagonal bipyramids has been found in the crystal struc-
tures of 1,3-diphosphorylimidazole (Beard & Lenhert,
1968) and calcium 1-naphthyl phosphate trihydrate (Li

Table 4. Interatomic distances and angles

Standard deviations are estimated as follows:

0:004-0-005 A: C-N, C-0, C-C bonds within the rings, Ca-0, and Ca-N distance
0010: C-C bonds in aliphatic chains

0-08: O-H, N-H, C-H bonds

06°: angles between heavy atoms in and at the rings

1-0: C-C-C angles in the chain

5-7: angles with hydrogen atoms

In atom names with two indices, the first denotes the barbital ion ,the second denotes the atom within the ion.

(a) Bond lengths within barbital anions

Anions Average Na-barbital Barbital

1 2 3 4 of four * Moleculet
C(6)-N(1) 1-340 A 1-355 A 1:352 A 1-343 A 1-347 A 1-348 A 1-375 A
N(1)-C(2) 1-407 1-381 1-376 1-405 1-392 1-396 1:368
C(2)-N(@3) 1-345 1-323 1-326 1-340 1-333 1-343 1-380
N(@3)-C4) 1-333 1-343 1-349 1-332 1-339 1-339 1-364
C4)—-C(5) 1-542 1-520 1-:512 1-517 1-522 1-527 1-518
C(5)-C(6) 1-506 1-510 1-517 1-495 1-507 1-520 1-521
C(2)-0(2) 1:228 1-248 1-251 1-235 - 1-238 1-209
C4)-04) 1:247 1-240 1-238 1-254 - 1-245 1-214
C(6)-0(6) 1-229 1-219 1-222 1-223 - 1-216 1-208
C(5)-C(7) 1-543 1-557 1-539 1-568 1-552 1-538 1-545
C(5)-C(9) 1-548 1-548 1-541 1-546 1-546 1-549 1-548
C(7)—C(8) 1-531 1-507 1-512 1-512 1-516 1-504 1-505
C(9)—-C(10) 1-515 1-478 1-525 1-469 1-497 1-512 1-503
N(1)-H(1) 0-89 0-89 0-91 0-90 0:90 0-93 0-90
(b) Bond angles within barbital anions:
C(6)-N(1)-C(2) 124-6° 123-8° 124-1° 124-1° 124-2° 125-5° 126:7°
N(1)-C(2)-N(3) 120-6 1224 122-6 121-2 121+7 1213 1160
C(2)-N(3)-C4) 120-4 1206 1197 119:6 120-1 119-2 1264
N(3)-C(4)-C(5) 122-8 1223 122:3 1237 122-8 123-8 1183
C(4)-C(5)-C(6) 1119 113-1 112-8 1127 112-6 112-4 1141
C(5)-C(6)-N(1) 118-0 117-8 1169 1180 1177 1167 1180
N(1)-C(2)-0(2) 1166 1181 119-0 1160 - 117-4 122-4
N@3)-C(2)-0(2) 1227 1195 1184 122-8 - 121-3 121-6
N(3)-C(4)-0(4) 120-9 119-7 119-3 120-5 - 1189 1199
C(5)-C(4)-014) 1163 1179 1184 115-8 - 117-2 1217
C(5)—C(6)-0O(6) 121-1 122-5 122-1 121-5 - 122-2 122-7
N(1)-C(6)-0(6) 120-8 1197 121-0 120-5 - 121-1 1200
C(4)-C(5)-C(7) 108-3 108-5 111-0 109-3 1092 109-3 -
C(4)—-C(5)-C(9) 1099 108-9 108-4 108-6 109-0 108-5 108-1
C(6)-C(5)-C(T) 107-5 108-6 109-0 108-5 108-4 108-2 108-8
C(6)—C(5)-C(9) 109-3 108-3 107-3 106-3 107-8 108-1 -
C(T)—-C(5)-C(9) 110-0 109-5 108-2 111-5 109-8 110-3 109-4
C(5)—-C(7)-C(8) 114-8 1142 115-1 1132 114-3 113-3 115-3
C(5)-C(9)-C(10) 1147 114-2 115-0 1149 1147 1147 114-8
C(6)-N(1)-H(1) 122 118 122 121 121 119 119
C(2)-N(1)-H(1) 114 119 114 115 116 115 114

% Berking & Craven (1971).
+ Average values of three molecules: barbital I (Craven et al., 1969) and the 2:1 complex of barbital and caffeine (Craven &
Gartland, 1970).
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& Caughlan, 1965). However, in both structures, all
seven coordinating atoms are oxygen atoms; calcium
and the other alkaline-earth metal ions are known for
their coordination by oxygen atoms instead of coor-
dination by nitrogen atoms. Here, in both polyhedra,
the distances from the calcium ions to the two barbital-
oxygen atoms forming the apices of the bipyramids are
shortest (average 2-31 A); the distances to the three
water oxygen atoms within the pentagon planes are
next shortest (average 2-:37 A). Distances to the two
barbital atoms O(32) and N(33) in the case of ion Ca(l),
and to O(22) and N(23) in the case of Ca(2), both atoms
of the same barbital anion respectively, range from
2:52 to 2:60 A, forming angles O(2)-Ca-N(3) of only
51° (instead of 72° for an ideal pentagon). Reduction
of this angle from the ideal value may be due to the
intramolecular O(2)-N(3) distances, which are too
short to allow more regular pentagons. The coordina-
tion can also be described by fairly regular octahedra
in which one corner is replaced by an intramolecular
O-C-N group. Thus, the Ca-N interaction might not
be due to the actual coordination need of the Ca?*
ion itself, but to intramolecular groupings. Only a few
structures are reported to have Ca ions coordinated by
nitrogen atoms: in the hexahydrated calcium salt of
hexacyanoisobutylene (sixfold coordination; Bekoe,
Gantzel & Trueblood, 1967) where the Ca—N distance

THE CRYSTAL STRUCTURE OF CALCIUM BARBITAL TRIHYDRATE

Table 5. Intermolecular interactions involving barbital-
oxygen atoms, deprotonated barbital-nitrogen
atoms, and water molecules

Barbital oxygen Accepts H- Coordinates
atom bond from cation
0(12) N(11), 0(2)

0(14) Ca(2)
0(16) Ca(2)
0(22) N@21) Ca(2)
0(24) o4, O(5)

0(26) 0(3), O(6)

0(32) N@D Ca(l)
034) 0(3), O(6)

0(36) 0@4), 0(5)

0(42) N(@41), O(1)

0(44) Ca(l)

Barbital nitrogen

atom
0(46) Ca(l)
N(13) 02)
N(23) Ca(2)
N(@33) Ca(l)
N(43) o(1)

Water oxygen Donates H- Coordinates
atom bond to cation
o) N(43), 0(42) Ca(l)
0(2) N(13), 0(12) Ca(2)
0@3) 0(26), 0O(34) Ca(2)
0O(4) 0(24), O(36) Ca(1)
o(5) 0(24), 0(36) Ca(2)
O(6) 0(26), 0(34) Ca(1)

Fig. 3. Distances and angles describing the coordination of the calcium ions by distorted pentagonal bipyramids and the hydrogen
bonding in which barbital ions 2 and 3 are involved to form an infinite two-dimensional sheet perpendicular to b*.
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is very long (2:79 A); in calcium dipicolinate (eightfold
coordination; Strahs & Dickerson, 1968) where the
situation is similar to that in this work, i.e., the nitrogen
atom and other coordinating oxygen atoms are near
neighbors within one anion.

Hydrogen-bonding scheme

Distances and angles describing the hydrogen-bond-
ing scheme are shown in Figs. 3 and 4. All four bar-
bital anions form double-linked N(1)-H- - - O(2)=C(2)
hydrogen-bonded dimers with anions related by a
center of symmetry. For convenience, the dimer formed
from two anions 1 is called dimer 1, etc. The pyrimi-
dine rings within dimers 2 and 3 are oriented nearly
parallel to the ac plane, while those of dimers 1 and 4
are almost perpendicular to this plane. All four inde-
pendent dimers are isolated with respect to having no
hydrogen bonds to other barbital anions, whereas in
most other crystal structures of barbiturates, the bar-
biturate molecules or ions have extended hydrogen-
bond interactions with one another. Two different
double-linked kinds of barbiturate dimers (and a hybrid)
are possible:

(0] O
(0]
O ,
SO0 )\0 %
NH N NH |
)\ }-IN HN N
o N O', le) \\O/\'/
(0] (o]
@ (IT)

So far, one structure has been reported to form hydro-
gen-bonding scheme (II): 1-methyl-5-phenyl-5-ethyl-
barbituric acid (Bideau, Morly & Housty, 1969). No
other structure except the one reported here (calcium
barbital trihydrate), is known to form isolated dimers
with hydrogen-bonding scheme (I).

All other hydrogen bonding makes use of the water
molecules and is of the type C=0...H-O-H...0=C
or N-.-H-O-H--.-0=C. Because of the structural
pseudosymmetry, the ways in which the dimers are
connected are corresponding for dimers 1 and 4 (Fig.
4) and for dimers 2 and 3 (Fig. 3) respectively. Dimers
1 form two-dimensional ribbons along b at z=0-0.
The linkage is accomplished by two independent

O

Fig. 4. Projection along ¢, describing the geometry in the ribbons which are formed from dimers 1 and 4, respectively. Short
Ca-O distances (2-30-2-32 A) point to the apices of the pentagonal bipyramids, whose bases are shown in Fig. 3.
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hydrogen bonds via water molecule 2: N(13)---HO
(21)-0(2)-HO(22)- - - O(12'). Similarly, dimers 4 form
two-dimensional ribbons at z=0-5 which are separate
from, and parallel to, those of dimers 1. Linkage is
by two independent hydrogen bonds via water mo-
lecule 1: N(43)- - -HO(12)-O(1)-HO(11)- - -O(42’). In
both dimers the deprotonated nitrogen atom plays
the role of an acceptor. Ribbons are stabilized by co-
ordination bonds between calcium ions and apices of
the bipyramids.

The pyrimidine rings of dimers 2 and 3 together
with the two Ca ions and the six water molecules form
a layer close to the plane y=4. Fig. 5 shows the way
in which an infinite two-dimensional sheet is formed.
This sheet consists of an assembly of loops, having a
gap to host the calcium ions and to let the ribbons for-
med by barbital dimers 1 and 4 pass through. The loops
contain both dimers 2 and 3, linked by water molecules
W@3), W(4), W(5) and W(6). The ornly interactions
between the ribbons and the nearly perpendicular
sheets are by calcium ions. Four out of seven coordi-
nation bonds point to atoms belonging to the loops;
the remaining three bonds point to atoms belonging to
the ribbons (two barbital oxygen atoms at the apices
and one oxygen atom of the isolated water molecules
in Fig. 5).

THE CRYSTAL STRUCTURE OF CALCIUM BARBITAL TRIHYDRATE

Crystal packing with such weak three-dimensional
interactions allows a high degree of anisotropic thermal
motion. The principal axes of the probability ellipsoids
(Fig. 6) have main components perpendicular to the
sheet at y=1 for dimers 2 and 3, which are part of the
sheet, and perpendicular to the ribbons at z=0 and z=1%
for dimers 1 and 4 which form the ribbons.

Each of the four oxygen atoms of water molecules
W(@3), W4), W(5), and W(6) is involved in five dis-
tances to nonhydrogen atoms which are less than 3:15
A. For example, in the case of water molecule W 3)
coordination bond O(3)-Ca(2) is 2-38 A, pentagon
vector O(3)-0O(2) is 3:11 A, hydrogen bond O(3)-0(34)
is 2:75 A, and the two distances O(3)-0(22') and O(3)-
0(26) are 2:91 and 2:98 A long respectively. If the
exact position of the hydrogen atom was not known,
the latter two distances would wrongly suggest bifur-
cated hydrogen bonding. However, the corresponding
hydrogen—acceptor distances would be 2:60 vs. 2:20 A,
and the angles: donor-hydrogen atom-acceptor, would
be 101° vs. 160°. This indicates that the hydrogen bond
is unambiguously between O(3) and O(26), even if a
small interaction along the shorter distance might take
place. Moreover, there might be a repulsive interaction
between the calcium ion and the hydrogen atom by
which hydrogen bonding to O(26) is favored.

Fig. S. Projection along b. All included atoms except ethyl groups are located in a sheet close to y=14. The two ribbons of hydro-
gen-bonded dimers 1 and dimers 4, which are omitted in this drawing, intersect the sheet in the gaps which contain calcium ions
and isolated water molecules. These water molecules are part of the ribbons.
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Packing of alkyl groups

The diethyl groups of anions 1 and 4 are oriented
nearly parallel to each other, as are those of anions 2
and 3. This allows a regular way of packing: the groups
of anions 2 lie in infinite channels parallel to the b axis
and those of anions 3 are arranged in a similar way.
Alternating groups from anions 1 and 4 are located in
infinite channels parallel to the ¢ axis (Fig. 6). Gaps
between the diethyl groups within the channels (deter-
mined by closest intermolecular H-H distances) range
from 2-56 to 3:26 A.

Atoms of the diethyl groups have only few close in-
termolecular interactions: four H-H distances are
smaller than 2-5 A and six more are smaller than 2:75
A. Atom H(471) has no intermolecular distance smaller
than 4-0 A. The lack of close van der Waals contacts
(d=2-4 A for an H-H approach; Pauling, 1960) ex-
plains the high thermal motion of the ethyl groups, and
indicates that efficient alkyl-group packing is not as
important for the crystal packing as it is in some other
barbiturates (Gartland & Craven, 1971). The crystal
packing is dominated by one- and two-dimensional hy-
drogen bonding and three-dimensional coordination
interactions of the calcium ions.

Fig. 6. Projection along b, containing only the barbital ions.
Each ion forms a dimer with a centrosymmetrically related
ion. Thermal-motion ellipsoids have main components per-
pendicular to pyrimidine ring planes.
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