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The Molecular and Crystal Structure of the Potassium Salt of Allantoic Acid
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Potassium allantoinate, C4H/N4O4K, crystallizes with four molecules in a monoclinic unit cell with
a=12:668, b=28-694, ¢=7-101 A, 8=92-39°, space group Cc. The structure has been determined by
the heavy-atom method and refined by full-matrix least-squares computations. The final R value is
4-2%. In the allantoinate ion the carboxyl group and the two urea fractions are perfectly planar. The
negative ions are held together in an intricate network of oxygen-potassium ionic contacts in sixfold
coordination around each potassium ion. In addition there are five N-H- - -O hydrogen bonds from

each molecule.

Introduction

As the final part of a research programme on nitrogen-
containing excretory products in biological systems,
the structure of allantoic acid, dicarbamido-acetic acid,
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has been determined in the form of the potassium salt.
An initial attempt to grow acceptably large crystals of
the acid itself had failed and it was therefore decided
to study potassium allantoinate.

Experimental

Commercially available allantoic acid was treated with
KOH in hot ethanol. By slow cooling of the solution
well shaped monoclinic domes exhibiting ortho pina-
coids were formed. The cell constants were determined
from photographic measurements of 15 high-angle re-
flexions (260 between 110° and 160°) with Cu Ka radia-
tion (Akey =1:54051 A). These data were then used for
a least-squares determination of the cell constants and
their estimated standard deviations. The chosen mono-
clinic cell measured:

a=12-668+0-002 A
b= 8:694 +0-005
c= 7-101 +0-001
£=92-39 +0-01°.

Systematic absences were Akl with A+k=2n+1 and
h0! with /=2n+1, space group Cc or C2/c. Dops=
1-800 g.cm—3 and Deale=1-813 g.cm™3, assuming Z=4.
Thus the centrosymmetric space group C2/c having 8

general positions would have to show a twofold rota-
tional symmetry of the molecule. The space group Cc
was later established by statistical means as mentioned
below.

A 0-35 mm long crystal with a cross section of 0-15
% 0-10 mm was mounted with the rotation axis parallel
to the b axis. Three-dimensional data up to sin /A=
0-704 were collected with a Philips automatic single
crystal diffractometer, PAILRED, using monochromat-
ized Mo Kua radiation. 1000 structure amplitudes were
obtained together with 329 systematic absences. The
latter were used to estimate the statistics of the low
intensity reflexions. The 24 amplitudes below the 70%
confidence limit of the measured systematic absences
were given that limiting value. Lorentz and polariza-
tion factor corrections were applied. No correction was
made for absorption in the initial data treatment, but
since u was 6:3 cm™1, and the crystal had been mounted
normal to its long direction, this correction (Coppens,
Leiserowitz & Rabinovich, 1965) was applied during
the refinement. The data were placed on an absolute
scale, corrected for average thermal motion, and the
E values calculated in order to test the centricity. The
following statistical averages were obtained:

JEI  LIE%) (|E*-11)
Observed 0-870 1-000 0-752
Theoretical for centric 0-798 1-000 0-968
Theoretical for acentric  0-886 1-000 0-736.

This favours the acentric space group Cc.

Structure determination

Initially an attempt was made to solve the A0/ projec-
tion which has the plane group P1 and the ¢ and ¢
axes halved. An interpretation of the Patterson pro-
jection gave an R value of 11%. This solution was,
however, not consistent with the molecular geometry.

Starting with the three-dimensional data it was de-
cided to set the x and z coordinates of the potassium
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Fig.1. Three-dimensional difference-Fourier synthesis seen
along the b axis. The contours are drawn at intervals of
0-1 e.A-3, beginning at 0-2 e.A-3. Final positions of the
hydrogen atoms and the rest of the molecule are superposed.

Fig.2. Thermal ellipsoid representation of an allantoinate ion
and the surrounding potassium ions showing the adopted
labelling of the atoms. The ellipsoids enclose 50% prob-
ability. The hydrogen atoms are indicated by small spheres,
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ion to zero throughout the calculations, while the y
coordinate was easily obtained from a 3-D Patterson
synthesis. Introducing the K+ ion at this position gave
an R index of 42%, and the phases were used to cal-
culate a first 3-D electron density map. From a spher-
ical section with a radius of 284 A around the potas-
sium position it was possible to recognize the car-
boxylic group of the acid ion. Introducing four
atoms and the potassium ion gave another four prob-
able atomic positions and decreased the R value to
33%. The next cycle reduced R to 26% and revealed
the whole molecular configuration.

Refinement of the structure

Two cycles of full-matrix least-squares refinement
brought the R value from 15 to 7-5% using one scale
factor, unit weight, and isotropic temperature factors.
The scattering factors for K+ and neutral O, N, C and
H were taken from International Tables for X-ray
Crystallography (1962). A three-dimensional difference
synthesis was calculated in order to distinguish the
hydrogen atoms. Only 5 out of 7 were found at this
first attempt. The ‘heavy’ atoms were then given aniso-
tropic temperature factors and after two cycles of
refinement the discrepancy index was 5:5%. A second
difference synthesis indicated the positions of all the
hydrogen atoms as shown in Fig.1. The only addi-
tional peak of comparable height was one of 0-6 e.A3
less than 1 A from the potassium position. Introduc-
tion of the hydrogen atoms and refinement of their
positional parameters reduced the R value to 4-7%.
The hydrogen atoms were given the same temperature
factor as that of the covalently bonded ‘heavy’ atom.
At this stage of the refinement the intensities were cor-
rected for absorption as mentioned above. In addition
the last cycles were run with a weighting scheme of
the form w=1/(13+ F,+ F2/50) (Cruickshank, 1965,
p.114). The final R value, excluding the 24 lowest am-
plitudes, was 4-2%. The average and maximum posi-
tional shifts of the non-hydrogen atoms were 9% and
48% respectively of the estimated standard devia-
tions. Observed and calculated structure factors are
listed in Table 1.

Results and discussion

Molecular arrangement

The allantoinate ion is not stretched to its maximum
length but twisted around the tetrahedral bonds from
the central carbon atom C(2). This brings the four
oxygen atoms into ionic contact with five different
potassium ions, thus forming a densely packed system
in three dimensions. This is consistent with the high
density of the compound, 1-8 g.cm~3. These oxygen—
potassium contacts can be seen in Figs.2 and 4, where
the hydrogen bonding system, including ten contacts
between oxygen and nitrogen for each allantoinate ion
is also demonstrated.
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STRUCTURE OF THE POTASSIUM SALT OF ALLANTOIC ACID

The sign * represents a ‘less than’

Table 1. Final observed and calculated structure factors
reflexion. The columns are 4, 10F,, 10F., 104 and 10B.
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Molecular structure

The labelling and the thermal displacement ellip-
soids of the atoms can be seen in Fig.2 and the final
positional and vibrational parameters in Table 2. From
these values the interatomic distances and angles have
been calculated and they are shown in Fig.3, and are
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shown together with their estimated standard devia-
tions in Table 3. These e.s.d.’s seem rather large but
are in accordance with the values calculated in advance
using the formula given by Cruickshank (1965, p.116).
The root-mean-square components of thermal dis-
placement along the three principal axes are tabulated

Table 2. Final fractional atomic positional parameters and anisotropic temperature factor parameters,
all with estimated standard errors

The thermal parameters are in the form: exp (— 1142 — f22k? — B3312 —2P12hk — 2823k — 2f13h1). All values are x 104,

B2 o B33 o B2 o B2 o P13 o
73 3 92 4 —-21 -2 2 -3 2
82 10 123 16 —155 1 7 —12 8
91 10 143 16 8 6 33 8 24 10
62 10 125 17 10 6 10 8 16 9
57 8 124 14 —-115 1 7 -2 8
104 15 114 18 -22 8 22 9 —18 12
50 9 132 17 —-135 30 8 —11 10
51 9 125 18 25 5 8 17 9
93 13 215 28 37 -4 11 75 15
57 10 122 17 35 1 7 14 10
56 10 78 15 13 6 15 7 510
56 11 101 16 -7 6 -2 8 4 9

6 6 7 210

62 11 94 15 8

Table 3. Distances and angles of the allantoinate ion, with estimated standard deviations

xla © ylb @ zlc o fu o
K 0 612 2 0 42 1
O(1) 3435 7 4221 9 2339 13 36 4
0(2) 946 7 2629 10 7580 13 525
0(@3) 1884 10 687 9 6497 14 74 7
04) 54 7 2168 9 3293 11 49 5
N(1) 3099 10 2136 13 485 16 63 7
NQ) 2485 8 2201 9 3475 14 46 5
NQ3) 1177 7 4128 10 4102 13 395
N(4) —372 10 4630 15 2431 20 47 7
(1) 3029 7 2941 10 2100 15 21 4
C(2) 1992 8 3110 11 4906 14 37 5
C(3) 1570 8 2043 11 6471 14 335
C4) 285 7 3560 11 3253 13 325
xla o ylb o zlc o
H(1) 3454 213 2533 280  —382 406
HQ2) 2473 216 1218 286 177 374
H(@3) 1969 169 1358 235 3013 332
H(4) 2527 174 3782 239 5603 297
H(5) 1287 174 5197 259 3847 318
H(6) — 148 220 5546 253 2108 443
H(7) —989 235 4333 251 1951 430
Non-hydrogen intraionic distances
A (o)
C(1)-0(1) 1-236 (12) C(3)-0(2)
C(1)-N(1) 1-349 (15) C(3)-0(3)
C(1)-N(2) 1-377 (14) C(4)-04)
C(2)-N(2) 1-449 (14) C(4)-N(3)
C(2)-N(@3) 1-458 (13) C(4)-N(4)
C(2)-C(3) 1-559 (14)

Angles involving non-hydrogen atoms
Apex © (@

O(1)-C(1)-N(1) 122:9 (1-0)
O(1)-C(1)-N(2) 122-7 (1-0)
N(1)-C(1)-N(2) 114-4 (0-9)
C(1)-N(2)-C(2) 1190 (0-8)
N(2)-C(2)-N(3) 1120 (0-8)
N(2)-C(2)-C(3) 110-2 (0-8)
N(3)-C(2)-C(3) 1125 (0-8)
0(2)-C(3)-0(3) 126:1 (1-1)
0(2)-C(3)-C(2) 1168 (0-9)
0(3)-C(3)-C(2) 117-1 (0-9)
C(2)-N(3)-C(4) 121-1 (0-8)
O(4)-C(4)-N(3) 1226 (09)
O(4)-C(4)-N(4) 122:3 (1-0)
N(3)-C(4)-N(4) 115-1 (0-9)

Distances to hydrogen atoms

A) (@ A) (o
1-246 (14) N(1)-H(1) 085 (28)
1:245 (13) N(1)-H(2) 1-14 (26)
1246 (12) N(2)-H(3) 103 (21)
1-351 (13) C(2)-H(4) 1-01 (21)
1-363 (16) N(3)-H(5) 0-96 (23)

N(4)-H(6) 0-88 (24)
N(4)-H(7) 0-88 (29)

Angles involving hydrogen atoms

Apex ) (o)
C(1)=N(1)-H(1) 117 (18)
C(1)-N(1)-H(2) 117 (14)
H()-N(1)-H(2) 122 (22)
C(1)-N(2)-H(@3) 116 (13)
C(2)-N(2)-H(3) 109 (13)
N(2)-C(2)-H(4) 111 (12)
N(3)-C(2)-H(4) 107 (12)
C(3)-C(2)-H®4) 104 (12)
C(2)-N(3)-H(5) 124 (13)
C(4)-N(3)-H(5) 113 (13)
C(4)-N(4)-H(6) 122 (18)
C(4)-N@-H(T) 119 (15)
H(6)-N(4)-H(7) 117 (24)
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in Table 4 together with the angles between these
principal axes and those of an orthogonal system with
X along the a axis and Y along the b axis.

Table 4. Principal axes (i) of anisotropic tem-
perature factors, referred to orthogonal axes XYZ
X is along the crystallographic a axis and Y along the & axis.

The r.m.s. displacements f; are in A and the direction angles,
V, are in degrees.

i A (0) Vz (o) Vy (o) Vz (0)
K 1 0151 (3 101 (3) 79 (8) 16 (7)
2 0167 (3) 83(6) 166 (7 77 (8)
3 0186 (3) 167 (4) 99 (6) 100 (4)
o) 1 0146(11) 134(11) 48 (9) 73 (15)
2 0177(11) 11417 91 (20) 156 (17)
3 0198 (10) 127 (13) 138 (9) 73 (21)
o2 1 0155(11) 123(12) 72(17) 141 (6)
2 0180(11) 119(13) 151 (14) 91 (15)
3 0235(11)  133(7) 68 (8) 51 (6)
0B3) 1 0145(12) 84 (5) 24(12) 113 (13)
2 0183(12) 101(8) 112(13) 155(13)
3 0247(11) 168 (7) 81 (5) 82 (8)
o4 1 014201 107 (D) 17 (8) 86 (12)
2 0178 (10)  88(18)  85(13) 174 (15)
3 0203(10) 163(7) 107 (7) 94 (19)
N(1) 1 0161(14) 75(200 81(29) 18 (7
2 0179(13)  57(13) 147(12) 90 (33)
30247 (14) 143(8)  122(8) 72 (7)
N 1 0134(13) 77(19) 26(28) 68 (20)
2 0154(13)  50(12) 115(28) 50 (16)
302171 137 (8) 95 (7) 47 (8)
NG3) 1 0133(12) 88(13) 20(10) 110 (11)
2 0176 (12)  22(58) 84(24) 69 (54)
3 0185(13) 112(58)  70(12) 30 (43)
N@ 1 0139(14) 81(11) 35(6) 124(5)
2 0195(13) 11 (11) 100(11) 89 (9)
30266 (15) 85 (9) 57 (5) 34 (5)
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Table 4 (cont.)

i i (o) Vz (0) Vy (0) V: (0)
CcQ) 1 0128 (13) 165 (34) 81(15) 113 (31
2 0145(13)  65(33) 148(26) 72 (17)
3 0181 (13) 89 (12) 69 (15) 21 (15)
C(2) 1 0126 (14) 123 (11) 122 (46) 130 (48)
2 0138(13) 95(31) 137(42) 47 (47)
3 0190 (13) 146 (9) 64 (10) 69 (9)
C@3) 1 0141 (13) 120 (25) 30 (26) 89 (34)
2 0156 (14) 66 (35) 75 (38) 151 (33)
3 0173 (13) 140 (24) 116 (20) 119 (33)
C4) 1 0-142 (13) 130 (20) 139 (30) 100 (49)
2 0153 (13) 99 (40) 70 (44) 158 (35)
3 0172 (13) 139 (19) 5521 71 (29)

The configuration of the ionized carboxylic group
is in agreement with earlier structure determinations
of potassium salts of organic acids (e.g. Larsson &
Nahringbauer, 1968). The perfect symmetry in both
bond lengths and angles of the carboxylic group indi-
cates that it is fully ionized. The only aberrant feature
is the long C(2)-C(3) distance, which however has been
reported for ‘central’ carboxylic groups. (For refer-
ences see Glusker, van der Helm, Love, Dornberg,
Minkin, Johnson & Patterson, 1965). _

Compared with the configuration of triuret (Rin-
gertz, 1966 and Carlstrom & Ringertz, 1965), the two
urea fractions are slightly changed. The differences in
the two C-N bonds in each fraction have been signi-
ficantly equalized probably because of the changed
hybridization state of the central carbon C(2). The
remaining insignificant difference between C(1)-N(1)

Fig.3. Diagrams showing bond lengths and most of the bond angles of the allantoinate ion, including the hydrogen bonds to
neighbouring ions.
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and C(1)-N(2) might be due to the hydrogen bonding
system.

The angular configuration around the central C(2)
atom is normal for an sp?® hybridized carbon atom
bonded to three approximatively equal-weight radicals

Fig.4. A stereographic drawing of the crystal structure pro-
jected along the ¢ axis showing the ionic contacts between
potassium and oxygen and also the hydrogen bonding
system.
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and one hydrogen atom. (See e.g. van der Helm,
Glusker, Johnson, Minkin, Burow & Patterson, 1968.)

The least-squares planes of the structure

Table 5 shows some least-squares planes calculated
through the allantoinate ion including only non-
hydrogen atoms given equal weight. In the carboxylic
group and in the two urea fractions none of the atoms
deviated more than 0-016 A from the corresponding
plane. Thus they are perfectly planar within the ex-
perimental error. The two different urea parts are
twisted in opposite directions with respect to the central
plane (II), by 61° for (III) and by 84° for (IV). The
carboxylic part is twisted 20° with respect to plane (II)
and 14° and 40° to planes (V) and (VI) respectively.

The potassium ion environment

The potassium ion is surrounded by six oxygen atoms
at the vertices of a distorted octahedron. As can be
seen in Fig.4, the K-O distances vary between 2-68
and 2-90 A. The lower limit for this distance for six-
fold coordination, given in International Tables for
X-ray Crystallography (1962), is 2:72 A but Okaya
(1965) states 2:63 A as quite normal under the same
circumstances. The closest potassium—potassium con-
tact is approximately equal to half the ¢ axis or 3-71 A,
which is rather short.

Hydrogen bonding

Five of the six available nitrogen-bonded hydrogen
atoms are involved in hydrogen bonds to oxygen atoms.
This is demonstrated in Figs.3 and 4, and the angles
and distances involved are tabulated in Table 6. Both
of the carboxylic oxygen atoms are bonded to the cor-
responding two nitrogen atoms in the urea fractions
of the neighbouring ions in each direction along the
b axis. In addition the ‘terminal’ O(4) atom is bonded
in the a direction to the ‘terminal’ N(1) atom of
(x—%4;4—y;z—1%). The lengths of the N-H- - - O bonds
are between 2-91 and 3-04 A, indicating fairly weak hy-
drogen bonds.

Table 5. Equations of some least-squares planes in the allantoinate ion
and the distances of the atoms from these planes

Equations are expressed in the form [X+mY+nZ=D where D, X, Y and Z are in A in an orthogonal system with X along the
a axis and Y along the b axis.

Plane Atoms in plane m n D
I C(2), C(3), 0(2), O(3) 0-7468 0-2619 06113 4-6100
11 C(2), C(3), N(2), N(3) 0-6899 0-5700 0-4462 4-4026
111 C(1), N(1), N(2), O(1) 0-8344 —0-4247 0-3513 2-5879
v C(4), N(3), N(4), O(4) 0-5036 —-0-1230 —0-8551 —2:2375
\% C(2), C(3), N(2) 0-8582 0-0700 0-5085 3-9974
VI C(2), C(3), N(3) 0:2166 0:6905 0:6901 4-7844
Atom A() Atom A(1I) Atom A(III) Atom A(1V)
C(2) 0-000 C(2) —0-331 C(1) 0-006 C(4) —0-016
C(3) —0-001 C(@3) 0-103 N(1) —0-002 N(3) 0-005
0(2) 0-000 NQ) 0-113 N(Q2) —0-002 N(4) 0:005
0(3) 0-000 NQ@3) 0-115 o(1) —0-002 0(4) 0:006



1692

STRUCTURE OF THE POTASSIUM SALT OF ALLANTOIC ACID

Table 6. (@) Some distances and angles involved in hydrogen bonds and (b) the shortest potassium—oxygen distances

(@)

Nitrogen Oxygen Hydrogen
N(1) o) (x+%;+—y;z—%) H(1)
N(1) o) ( x; —y;z—%) H(2)
N(2) OB ( x; —y;z—%) H(3)
N(3) o) ( x;1-y;z—%) H(5)
N@4) o) ( x31-y;z-%) H(6)

(]
Oxygen
K ——— 0O)(x—%;%4—y;z—%)
o) x—%;y—% 2
o ( x; yiz—1)
o) ( x; —yiz—¥
odD( x5 y; 2
oW ( x5 —ysz—9

This work was supported by the Swedish Medical
Research Council (Project No.B68-11X-144-04).

References

CARLSTROM, D. & RINGERTZ, H. (1965). Acta Cryst. 18,
307.

CorpENs, P., LEIsErROowITZ, L. & RABINOVICH, D. (1965).
Acta Cryst. 18, 1035,

CRUICKSHANK, D. W. J. (1965). In Computing Methods in
Crystallography. Oxford: Pergamon Press.

Acta Cryst. (1968). B24, 1692

N-O(A) (o) H-0OA) (o / N-H-0(°) (o)
3038 (14) 228 (28) 148 (25)
3-000 14) 2:06 (25) 138 (20)
2:962 (12) 2:08 (21) 142 (16)
3-031 (13) 2:13 (22) 156 (19)
2-909 (15) 2:12 (26) 148 (25)

K-O (A) (0)

2-684 )
2:901 ®)
2-764 ®)
2-806 12)
2-700 ®)
2-707 (8)

GLUSKER, J. P., HELM, D. VAN DER, Love, W. E., DORN-
BERG, M. L., MINKIN, J. A., JounsoN, C. K. & PATTER-
SON, A. L. (1965). Acta Cryst. 19, 561.

HeiMm, D. vaAN DER, GLUSKER, J. P., Jounson, C. K.,
MinKIN, J. A., Burow, N. E. & PATTERSON, A. L.
(1968). Acta Cryst. B24, 578.

International Tables for X-ray Crystallography (1962).
Vol.III. Birmingham: Kynoch Press.

LARSSON, G. & NAHRINGBAUER, I. (1968). Acta Cryst. B24,
666.

OKAYA, Y. (1965). Acta Cryst. 19, 879.

RINGERTZ, H. (1966). Acta Cryst. 20, 932.

A Reinvestigation of 8-Azaguanine Monohydrate
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The crystal structure of 8-azaguanine monohydrate, CsHsNgO2 has been refined by full-matrix least
squares to an R index of 0-053. Standard deviations in the bond lengths involving only nonhydrogen
atoms are in the range 0-0014-0-0018 A and for C-H and N—H bonds about 002 A. The corresponding
standard deviations in angles are 0-1 and 1-0° respectively. The main difference from the previous in-
vestigation involves the water molecule which is found to be disordered. This gives rise to a hydrogen
bonding scheme in which N(8) also participates. The ability of N(8) to form a hydrogen bond may be
responsible for the anticarcinogenic action of 8-azaguanine.

Introduction

An X-ray crystallographic investigation of 8-azagua-
nine monohydrate was undertaken as part of a program
in this laboratory to establish accurate molecular di-
mensions of purine and pyrimidine derivatives. The
structure of this compound has already been reported

* Permanent address: Department of Chemistry, Univer-
sity of Bergen, Bergen, Norway.

(Macintyre, Singh & Werkema, 1965). The structure
did not refine, however, to an R value less than 0-12
for the full set of data, presumably because the crystal
used in that work was very small, 0-34 mm x 0-04 mm
% 0-04 mm. In the present work a considerably larger
crystal with dimensions 0-35 mm x 0-20 mm x 0-15 mm
was used so that precision of the data, at least as far
as counting statistics is concerned, is much improved.
Furthermore, we have observed approximately twice
the number of reflections used in the previous refine-



