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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
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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-
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ment. In the present work, precision of the parameters
is improved by a factor of about 10, and certain struc-
tural details not previously clear are now evident.

Experimental

Crystal data
8-Azaguanine monohydrate, C;H,N¢O.H,0,
M.W. 170-14.
Space group P2,/c.
Dp=1-687+0-008 g.cm—3; Dy=1-691 g.cm~3.
Unit-cell volume: 668-58 A3.
Cell dimensions:

a= 3-5629(5) A
b=11-4404(9) A
c=16-4685(16) A
B=95-13(1)°.

A sample of 8-azaguanine was obtained from Sigma
Chemical Co., St. Louis, Mo. The compound dissolved
readily in hot water, and crystallized on cooling as
extremely long needles with cross section approxim-
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ately 0-05 mm x 0-03 mm. However, thicker needles
with a roughly hexagonal cross section were obtained
by slow evaporation from a water-ethanol mixture
kept in a narrow test tube. The cell parameters were
determined from the 26 settings for 16 reflections on
the diffractometer (Mo Ka radiation, A=0-71069 A)
by a least-squares treatment. The mean deviation from
the computed 28 values, 1/16 2 (200ps — 26.) was 0-003°,

The crystal density was measured by flotation in a
mixture of carbon tetrachloride and 1,1,2,2-tetrabro-
moethane.

The crystal selected for collecting data was mounted
along a*, which is approximately parallel to the needle
axis. Integrated intensities were measured for 2952
unique reflections within a sphere of sin §/1=0-8 using
Mo Ku« radiation. Diffractometer data were collected
as described elsewhere (Sletten, Sletten & Jensen,
1968).

Because of the small linear absorption coefficient of
the crystal, 1-32 cm~!, and the regular cross section of
the needle, no absorption correction was made. The
data were corrected for Lorentz-polarization effects,
and, in addition, a correction for coincidence loss was
applied (Sletten et al., 1968). Of the 2952 reflections

:

2:779 N
174°

3\
‘~N167°1 55;'2{,‘?
{88

\150° 199.-<T
H(104) H(105)_-169

Y
H(102)% 1 g8
H(103)

\ 986

% 160° =0

0(10) <208
Az

iy, v)

6-

H(101)

Fig.1. The arrangement of the molecules in the unit cell viewed along the a axis. The figure in parentheses, assigned to each
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for which data were collected, 946 were less than 2o,
where o.=(Np;+ Npx+ Npy)!/2. These were given the
value 20, and were included in the refinement only if
F, was greater than the F, corresponding to the cutoff
limit. The error assigned to the net intensity of each
reflection is taken as:

or=[02+(0-01¢2)2]1/2,
and the standard deviation in the structure factors as
or=[F?>+o1(Lp)~1]12—F.

Refinement of the structure

In the already published work (Macintyre et al., 1965)
the structure factor calculations were based only on
the nonhydrogen atoms which were refined aniso-
tropically in a block-diagonal least-squares procedure.
The coordinates of the hydrogen atoms were deter-
mined from a difference synthesis.

By comparing our observed structure factors with
those given by Macintyre, a scale factor was found by
using the average ratio of 15 fairly strong reflections
from the two sets of data. A structure factor calculation
in which the hydrogen atoms were included gave an
R(= Z||Fo|—=|Fel|/ Z | Fol) of 0-24 (B values of 3 A2 were
assigned to the hydrogen atoms). In the first full-matrix
least-squares cycle refining the nonhydrogen atoms,
R decreased to 0-091. The function minimized was
Zw(F,—Fp)? with weight w=1/6%. The maximum
shift in coordinates was less than 0-04 A, but the scale
factor decreased by 11%, and the changes in thermal
parameters were quite large. In the next cycle where
hydrogen atoms were also refined R decreased to 0-061.
At this stage all the atoms had reasonable thermal
paraﬁeters, except the water oxygen for which B;; was
13-8 A2,

A subsequent three-dimensional difference map,
based only on contributions from the nonhydrogen
atoms, clearly revealed the hydrogen atoms attached
to the guanine part, the electron densities of the peaks
ranging from 0-66 e.A—3 to 0-83 e.A-3. The hydrogen
atoms on the water molecule, however, could not be
localized unambiguously, whereas in the earlier in-
vestigation two peaks of electron densities 1-0 and
09 e.A-3 appeared in the difference map at proper
distances from the oxygen atom. Instead, several
smaller peaks of the order 0-3 to 04 e.A~3 were ob-
served around the oxygen atom, indicating disordered
hydrogen atoms.

The hydrogen bonding scheme previously proposed
(Macintyre et al., 1965), involving a hydrogen bond
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between two water molecules related by a center of
symmetry, implies disorder in the crystal or pseudo-
symmetry. The short oxygen—oxygen distance of 2:78 A
does, however, indicate the presence of a hydrogen
bond. If the acentric space group P2, is taken instead
of P2,/c, such a hydrogen bond is compatible with an
ordered structure. However, the Weissenberg and pre-
cession photographs gave no indications of the absence
of the c-glide. It seems most reasonable, therefore, to
assume a disordered structure, where the hydrogen
bonds involving the water molecule may differ from
one unit cell to the other. A model with disordered
hydrogen atoms would also allow hydrogen bonds to
form from the water molecule to the two potential
hydrogen acceptors O(6) and N(8) (Fig. 1). The position

o)1)

)
4 Ho2)i)

N@2Xiv)
A4

~ te
. le2e

o,%gg_ozxn
Hi0Qm) P T 2

LT o "

b
(103)Gi)

-

T CIHiosn
? N

z

asing

(a)

o(e)(i)

N
I

iE?'—Q b
-/ 0(102)(i)

NGB iii i

(0

Fig.2. (a) and (b). Two possible arrangements of hydrogen
bonds formed by the water molecule.

Table 1. Results of the least-squares refinement of the fractional hydrogen atoms

H(101)
B (A2 91
Peak height (e.A-3) 0-3
Distance to O(101) (A) 0-97
Distance to 0(102) (A) 1-08

H(102) H03) H(104) H(105)
10-5 44 53 0-2
02 03 03 0-5
0-87 1-03 1-01 1-09
1-14 0-91 0-83 0-78
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of the water oxygen atom will depend on which hydro-
gen bonds actually are formed. In Fig.2(a),(d) are two
possible arrangements of hydrogen bonds with the
oxygen atom displaced in the x direction. Indeed, such
a displacement is consistent with the large By, value
of the water oxygen.

A better model for the least-squares treatment would
be one in which the oxygen atom is assigned to two
sites, each with an occupancy of 0-5 and separated by
0-7 A. The two half oxygen atoms were refined first
isotropically, then anisotropically to R=0-058. A dif-
ference map at this stage showed six peaks of electron
density from 0-2 to 0-4 e.A-3 at bonding distances from

Fig. 3. Three-dimensional electron density difference map pro-
jected along [100]. Contours are at intervals of 0-1 e.A-3
beginning at 0-1 e.A-3. Negative regions are shown by
dashed contours.
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the oxygen sites. Hydrogen atoms, each with a weight
of %, were placed in the six positions and refined iso-
tropically. In the first least-squares cycle, R decreased
to 0-055. For one of the hydrogen atoms, however,
B had increased to 18 A2, and it was removed from
the model. The remaining five hydrogen atoms with a
weight of 0-4 were refined in two subsequent cycles
together with all the other atoms and R decreased to
0-053. The magnitude of the shifts after the last refine-
ment cycle was less than 1/10 of the standard deviation
for the ring atoms and less than half the standard de-
viation for the rest of the atoms. At this stage the two
half oxygen atoms oscillated in successive cycles about
points separated by 0-34 A with B,, values of 10-2 and
9-6 A2 respectively. The results of the refinement of the
five fractional hydrogen atoms are given in Table 1.
Only the three hydrogen atoms, H(101), H(103) and
H(104), are pointing toward potential hydrogen accep-
tors [Fig.2(a),(b)]. From the magnitudes of the O-H
distances and the H-O-H angles, it cannot be decided
unambiguously to which half oxygen the hydrogen
atoms are attached.

In Fig.3 a final difference map shows the hydrogen
atoms attached to the 8-azaguanine molecule. It is
interesting to notice the elongation of electron density
from the hydrogen peaks toward the hydrogen accep-
tor. The pile-up of electron density in the middle of
all the bonds has been observed in several earlier struc-
ture investigations and has been discussed elsewhere
(Sletten et al., 1968).

Molecular dimensions

The bond distances and angles calculated from the
parameters in Table 2 are shown in Fig.4. The esti-

Table 2. Final coordinates and thermal parameters with the corresponding standard deviations in parentheses.
Thermal parameters defined by the expression:.

Ti=exp [—4(Bi11h2a*2+ Bk2b*2 + B33l2¢*2 4+ 2Biyhka*b* + 2 Byshla*c* + 2 Bysklb*c*))

X y z Byjor B By, B3 B> B3 B3
CQ2) 0-71468 (33) 0:31877 (10) 0-13671 (7) 2:44 (5) 2:22 (4) 191 (4) —0-01 (3) 067 (3) 007 (3)
C(4) 0-79541 (30) 0-50817 (10) 0-11140 (6) 1-94 (4) 209 4 1-54(3) 0-06 (3) 038 (3) 017 (3)
C(5) 0-68053 (33) 054490 (10) 0-18526 (6) 2:34 4) 2-14 (4) 1-67 (4) 0-12 (4) 052 (3) —0-02 (3)
C(6) 0:57041 (32) 0-46023 (11) 0-24246 (7) 2:24 (5) 2-43 (5) 1-78 (4) 015 (4) 049 (3) 015 (3)
N(1) 0:59966 (29) 0-34814 (9) 0-21181 (6) 2-:89 4) 2:13 (4) 173 (3) —0:06 (3) 090 (3) 032 (3)
N(2) 0:71997 (38) 0-20644 (10) 0-11835 (8) 5:28 (1) 2:06 (4) 2-81 (5) —0-49 (4) 1-87 (4) —0-01 (4)
N@3) 0-82170 (27) 0-39760 (9) 0-08375 (5) 2:67 (4) 2:01 4) 1-69 (3) —0-05(3) 0:76 (3) 005 (3)
N(7) 0:69257 (32) 0:66375 (9) 0-18877 (6) 3-41 (5) 2:28 (4) 2:27 (4) 021 (4) 1-03 (3) 0-01 (3)
N(8) 0-81011 (33) 0-70210 (9) 0-12097 (6) 3-86 (5) 2:14 (4) 2:50 (4) 0-14 (4) 1112 (4) 007 (3)
N©) 0-87436 (29) 0:60854 (9) 0-07326 (6) 298 (4) 2:08 (4) 1-81 (3) 0-06 (3) 0-86 (3) 019 (3)
O(6) 0:45672 (28) 0:47802 (8) 0:30936 (5) 4-37 (5) 313 (4) 2-02 (3) 0-34 (3) 1'59 3) 014 (3)
0(101) 0-8186 (43) 0-3941 (9) 0-4693 (5) 10-18 (63) 604 (35) 276 (19) 0-31 (31) —0-11 (25) 1-20 (18)
0(102) 0-9103 (44) 0-3941 (7) 0-4670 (6) 9:59 (51) 2:90 (20) 5-45 (29) 2-07 (24) 3-16 (30)—0-27 (16)
H(1) 0-5224 (44) 02922 (15) 0-2411 (10) 3-62 (35)
H(21) 0:6416 (52) 0-1530 (17) 0-1489 (11) 4-84 (42)
H(22) 0-7806 (43) 0-1844 (14) 0-0687 (10) 3-45 (33)
H(9) 0-9659 (42) 0-6173 (14) 0-0246 (10) 3-39 (33)
H(101) 0-7200 (230) 0-4047 (67) 0-4128 (52) 9-1 (22)
H(102) 0-6308 (254) 0-4426 (80) 0-4654 (60) 10-5 (30)
H(103) 0-9887 (182) 0:4640 (45) 0-4879 (31) 4:4 (1-2)
H(104) 0-9710 (169) 0-3560 (50) 0-4277 (38) 5:3(1-3)
H(105) 1-1202 (87) 0-3761 (30) 0-4777 (21) 0-2 (6)



th observed intensity less than 2o, are marked with < signs

. Observed and calculated structure factors multiplied by 10
ions wi

Table 3
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mated standard deviations in bond lengths and angles
involving nonhydrogen atoms are in the range 0-0014—
0-0018 A and 0-09-0-12° respectively. The standard
deviations in bond lengths and angles involving full
hydrogen atoms are 0-02 A and 1-0°, and the corre-
sponding values involving fractional hydrogen atoms
are 0-1 A and 7°.

By comparing the structure of 8-azaguanine with the
structures of other purine derivatives which have been
determined accurately, some conclusions about the
effect of substituents on the purine skeleton can be
drawn. The changes in the geometry from one deriva-
tive to the other are closely related to the positions of
the protons; e.g. in purine (Watson, Sweet & Marsh,
1965) and 6-mercaptopurine monohydrate (Sletten
et al., 1968), where the hydrogen is attached to N(7)
and not to N(9), the imidazole rings have nearly iden-
tical dimensions. It will be noticed that the angle at
N(7) is greater than the corresponding angle at N(9)

Fig.4. Bond distances and angles in the azaguanine molecule.
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while angle C(4)-C(5)-N(7) is smaller than angle
C(5)-C(4)-N(9). In 8-azaguanine where the proton has
shifted to N(9), the relationship between the angles is
reversed. In guanine hydrochloride dihydrate (Iball &
Wilson, 1965) where both N(7) and N(9) carry hydro-
gen atoms, the imidazole ring is nearly symmetrical.
In 8-azaxanthine monohydrate (Nowacki & Biirki,
1955) the angles at N(7) and N(9) do not differ signi-
ficantly, in agreement with the assumption that the
hydrogen is attached to N(8).

For 8-azaguanine Pullman has shown that the lactam
form is more stable than the lactim form, although the
extra stabilization due to resonance energy favors the
latter (Pullman & Pullman, 1963). The shift of the
proton from N(7) to N(9) compared to purine and
6-mercaptopurine is not easily explained, because sev-
eral factors govern this tautomerism. The overall effect
of an electron withdrawing oxygen atom on C(6) and
an electron releasing amino group on C(2) is to leave
N(7) relatively more positive than N(9), and accord-
ingly N(7) is less likely to be protonated. In the crystal-
line state, however, the requirement of a tight hydrogen
bonding scheme is probably the major factor in deter-
mining the position of the proton.

Planarity of the molecule

The least-squares plane calculated for the atoms in the
purine ring, has the equation

0-9116X —0-0502Y 4-0-4080Z =0-2882

in orthogonal Angstrom space (a,b,c*). Of the non-
hydrogen atoms only N(2) and O(6) are displaced
significantly {rom the plane. The two hydrogen atoms
on the amino group are both displaced by 0-087 A to
the same side of the plane as N(2). This deviation is
probably caused by the strong hydrogen bonds in
which they are involved. The hydrogen atoms on N(1)
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and N(9) are also displaced from the plane toward the
atoms to which they are hydrogen bonded.

Packing of the molecules

The 8-azaguanine molecules pack on top of one another
as in crystals of other purine and pyrimidine com-
pounds. This tendency of ‘stacking’, which is also
found for certain purine derivatives in solution (Broom,
Schweizer & Ts’o, 1967), is supposed to be mainly due
to London dispersion forces (Hanlon, 1966). The inter-
planar distance in 8-azaguanine is fairly short (3-25 A)
and Macintyre has interpreted this as due to formation
of a charge-transfer self-complex, responsible for the
anticarcinogenic activity of the compound. However,
in light of the fact that most natural occurring deriva-
tives stack together in a similar way, a more probable
explanation of the anticarcinogenic action of 8-azagua-
nine involves the ability of N(8) to participate in hy-
drogen bonding.

The molecules are held together in a tight network
of hydrogen bonds as shown in Fig. 1. In one configura-
tion the water molecule, O(101) (ii), provides protons
to form hydrogen bonds to O(6) (ii) and to the other
water molecule, O(102) (i), which in turn provides a

proton for a hydrogen bond to N(8) (iii). The other

proton on O(102) does not participate in any hydrogen
bond and seems to alternate betweent the two positions

Acta Cryst. (1968). B24, 1698
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H(102) and H(105) [Fig.2(d)]. It is interesting to note
that the disordered water molecule permits the maxi-
mum number of hydrogen bonds to form.
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Crystal Structure of 2-Mercapto-6-methyl-purine Monohydrate*
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CsH4N4S.H,0 crystallizes in space group P2i/a with a=872, b=27-60, c=4-26 A, B=93-75, Z=4.
The three nearest neighbours of the oxygen atom are N(7), N(9) and S distant 2-81, 281 and 3-26 A
respectively and belonging to three different purine molecules, and the intermolecular distance N(7)- - -S
is 3-37 A. The structure determination is not accurate enough to indicate which of the two atoms N(7)
or N(9) is protonated or to draw definite conclusions regarding the hydrogen bonding system.

The application of a computer program using direct
methods to the solution of the crystal structure of a
purine derivative was briefly reported earlier (Cochran,
Srinivasan & Tollin, 1963). The compound, which had
the chemical formual CgHgN4S, was found to be
2-mercapto-6-methyl purine (I) as revealed by the pro-
jection on which the direct method was applied.

* Contribution No. 256 from the Centre of Advanced
Study in Physics, University of Madras.

+ Present address: Department of Biophysics, Univer-
sity of Chicago, Chicago, Illinois 60637, U.S.A.

Although the projection was well resolved, the posi-
tions of hydrogen atoms were not located and conse-
quently no conclusions could be drawn as to whether



