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The Structure of the Pyrimidines and Purines. 
VIII. The Crystal Structure of Alloxan, C4H4N2Os 
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The crystal structure of alloxan, C4H4N2Os, has been determined by a direct sign determination method 
and refined by difference-Fourier and least-squares methods with anisotropic temperature parameters. 
The unit cell is triclinic, space group P i, with a= 5.770, b= 6.812, c= 8-206/~, e= 74 ° 24', B= 81° 52', 
y= 66 ° 29'. The four hydrogen atoms in the structure were located directly from the difference density 
projections. The molecule is in the 2,4,6-triketo-5,5-dihydroxypyrimidine configuration and not the 
2,4,5,6-tetraketo form with a water molecule. The molecules are joined by a hydrogen-bonded system 
involving all the electronegative atoms. Bond lengths and angles of alloxan are nearly the same as those 
in barbituric acid dihydrate and anhydrous alloxan, with the exception of bonds C(5)-C(4) and 
C(5)-C(6). These latter bonds have a mean value of 1.539 /~, which is significantly larger than any 
pyrimidine C-C distance reported in the literature. The molecule of alloxan is significantly distorted 
from planarity and this may be attributed to intermolecular approach distances which are significantly 
shorter than the normal van der Waals contacts and to the comparatively high crystal density (1.88 
g.cm-3). 

Introduction 

Alloxan, C4H4N2Os, was the first member of the pyr- 
imidine series to be identified (Brugnatelli, 1818). It 
was assigned the configurational formula (I) by W6hler 
& Liebig (1838) and formula (II) by Baeyer (1863). 
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Both formulae appear in text-books of chemistry 
(Katritzky & Lagowski, 1960; Acheson, 1960). In ad- 
dition, tautomerism may occur in the pyrimidine ring 
through the migration of the hydrogen atoms. Also 
crystalline hydroxypyrimidines form hydrogen bonds 
involving the nitrogen and oxygen atoms. An accurate 
X-ray analysis of alloxan, undertaken with the aim of 
locating the hydrogen atoms directly, will elucidate its 
structural formula and provide information on the 
nature of hydrogen bonds. The ability of alloxan to 
cause diabetes (Dunn, Sheehen & McLetchie, 1943) 
has resulted in its being extensively studied. 

* Present address: Physics Department, University of 
Malaya, Kuala Lumpur, Malaysia. 

Experimental 

Alloxan was dissolved in warm water and recrystallized 
by gradual cooling. Colourless crystals were obtained 
which were almost equidimensional polyhedra. Those 
used for counter diffractometer work varied from 0.1 
to 0.4 mm in cross-section. 

Unit-cell dimensions, initially obtained from rot- 
ation and Weissenberg photographs (Chatar Singh, 
1960), were redetermined using the counter diffrac- 
tometer and the 0-method of Weisz, Cochran & Cole 
(1948). 

a = 5.770 + 0.006 A c~ = 74 ° 24' + 4' 

b=6.812+0.007 fl=81 52 +5 

c = 8.206 + 0.008 ~ = 66 29 + 4 

Volume of the unit ce11=281.5 A3; F(000)= 164;/z= 
18.2 cm -1 for Cu Kc~ and 2.16 cm -I for Mo K~. The 
density, measured was 1.877 g.cm -3 and calculated for 
Z = 2  was 1.880 g.cm -3. Application of Wilson's (1949) 
ratio test to the a-, b- and c-axis data indicated centro- 
symmetry. Thus the crystal belongs to space group P i. 

Intensity data 
Intensity data were collected in three stages. In the 

preliminary analysis only the Okl, hOl and hkO layer 
lines were recorded. 

After solving the structure, all hkl reflexions in the 
copper sphere were recorded by the equi-inclination 
method and the multiple-film technique. Photographs 
were taken up to the fourth and fifth layers along the 
a and b axis respectively. The data were placed on the 
same relative scale by a cross-correlation procedure 
(Chatar Singh, 1961). In all 1183 independent reflexions 
were obtained, ten of which were not measurable. 
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To permit direct location of the hydrogen atoms, the 
data for the Okl and hkO layers were collected with a 
scintillation-counter diffractometer (Calder, 1960). The 
stationary-counter and moving-crystal technique with 
pulse-height discrimination and Mo Kc~ radiation were 
used. The crystal and counter were set manually. To 
detect and minimize errors, equivalent reflexions on 
either side of the primary beam were measured and 
further measurements only made if the agreement with- 
in each set of four reflexions was better than 2~o. The 
integrated intensity of the reflexion peak, minus the 
mean value of the two integrated background meas- 
urements made on either side of the peak, was taken as 
a measure of the integrated intensity of the reflexion. 
Throughout the measurements a standard reflexion 
was integrated periodically. 

For each crystal, the strong and weak reflexions 
were measured separately and the measurements re- 
peated four to five times for internal consistency. The 
weak reflexions were placed on the same scale as the 
strong ones using the standard reflexion. For each pro- 
jection, measurements were made on four or five dif- 
ferent crystals of varying sizes to check on possible 
systematic error and extinction effects. Extinction ef- 
fects were reduced to a minimum by using a very small 
crystal (0.1 mm cross-section) to measure the strong 
reflexions. Loss counts corrections were applied to re- 
flexions exceeding 6000 counts per minute. The resolv- 
ing time of the measuring instruments was five micro- 
seconds. The intensities were corrected for absorption 
by Busing & Levy's (1957) method and finally reduced 
to relative observed structure amplitudes. An estimate 
of the accuracy of the counter data was obtained by 
calculating the residual factor of the several sets of in- 
tensity values from the two layers. This factor never 
exceeded 2"2~o. Hence the probable random error in 
the observed structure amplitudes is not more than 2 ~o. 
A total of 306 Okl and 185 hkO reflexions were measur- 
ed. The twelve common 0k0 reflexions gave an agree- 
ment index of 1.3 ~o. 

Structure determination 

The structure of alloxan was solved in the b-axis pro- 
jection by direct sign determination methods. The pro- 
gram written by Dr W. Cochran based on Sayre's rel- 
ationship, Y(h, h') = S(h) S(h') S(h + h') ~ + 1, gener- 
ates a number of sign sets using large unitary structure 
factors. The quantity G(h), proportional to the unitary 
Structure factor of the squared electron density distrib- 
ution, was calculated from the expression G(h)=S,  
U(h') U(h+h') .  G(h) was used in the expression h 

T = Z' I I U ( h ) l  - ~la(h)ll 
h IU(h)l 

to evaluate T for each sign set (Cochran, Srinivasan & 
Tollin, 1963). For the correct sign set T should be a 
minimum. Using 28 unitary structure factors, 23 sign 
sets were produced, one of which gave T=0.38 (others 

ranged from 0.46 to 0.58). This set was chosen to eval- 
uate the electron density map (see Fig. 2 of Cochran 
et al., 1963) from which the structure was recognized. 
The first set of structure factors gave an R index of 
21 ~o. To obtain the y coordinates, the sharpened Pat- 
terson map of the a-axis projection was used to locate 
the centre of the pyrimidine ring; a model of the mol- 
ecule was then oriented to fit the preliminary x and z 
coordinates. 

The refinement 

As the main aim of  this investigation was the direct 
location of the hydrogen atoms, the counter data were 
utilized. The refinement was conducted in two stages; 
in the first stage, only reflexions with (sin 0/2)> 0.36 
were used. This approach helps to minimize errors due 
to the unknown hydrogens and extinction, if present. 

The reliability index for the high-angle terms of the 
Okl data, using isotropic temperature factors, was 
22.1 ~o. The difference synthesis [Fig. l(a)] indicated 
marked anisotropic thermal vibrations of a number of 
atoms. Accordingly, anisotropic temperature factors 
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Fig. 1. Di f ference syntheses on (100): (a) o f  h igh-angle reflex- 
ions, (sin 8/2)_>0.36, showing  marked  an iso t rop ic  thermal  
v ib ra t ions ;  (b) o f  low-angle  reflexions, (sin 0 /2 )<0 .36 ,  w i th  
the con t r i bu t i on  of  the hydrogen atoms excluded. Con tou rs  
in (a) are at equal bu t  a rb i t ra ry  levels and in (b) are at 
0.1 e..~-2 intervals. Zero levels are dot ted and negative levels 
dashed. 



C H A T A R  SINGH 761 

were introduced. In the last three refinement cycles, 
seventeen very weak reflexions with ]fol/lfcl >3 were 
excluded from the computation. At R=4'7~o, the 
remaining features of the difference synthesis could 
not be related to incorrect refinement of the atomic 
positions or thermal parameters. A difference synthesis 
calculated with the low-angle reflexions [Fig. l(b)], but 
omitting the contribution of the four hydrogen atoms, 
revealed the hydrogen atom positions. Their coordin- 
ates were obtained from the maxima in this map. With 
the hydrogen atom contribution included, the struc- 
ture factors gave an agreement index of 3.9~o for all 
reflexions. 

The c-axis counter data were refined independently 
by the same procedure. When the R index for the high- 
angle terms dropped to 4 .5~,  a difference synthesis of 
all terms, excluding the hydrogen contribution, clearly 
revealed the hydrogen atom positions. Their inclusion 
in the structure factor calculations gave an R value of 
4"0~o. The final atomic coordinates (Table 1) were 
taken to be the mean of the values determined from 
the two independently refined projections. The maximum 
difference in the common y coordinates was 0.004 A 
giving a r.m.s, value of 0.002 A. The final structure 
factors (2-D) are listed in Table 2. 

Least-squares refinement 
The hydrogen atoms having been located, an aniso- 

tropic least-squares refinement of the three-dimen- 
sional data was attempted. The refinement was carried 
out on the Manchester University Mercury Computer. 
The program (Mills & Rollett, 1961) used a weighting 
factor of the form 

1 
W =  

(1 + [No[Z~8 [fminl2) " 

Though the contribution of the hydrogen atoms was 
included in the structure factor calculations, their pos- 
itional and thermal parameters were not refined. In 
four cycles, R decreased from 14"7Yo to 10.2Yo. At this 

stage fifteen very strong reflexions, with calculated 
structure factors about 27~o larger than the observed, 
were omitted and the refinement continued on the 
Massachusetts Institute of Technology IBM 7094 Com- 
puter with Busing, Martin & Levy's (1962) program. 
All reflexions were given unit weight. The temperature 
factors of the hydrogen atoms were made equal to 
those of the atoms to which they are directly bonded 
and their positional parameters refined together with 
those of the 'heavy atoms'. After three cycles R de- 
creased to 7-7~o, which on the inclusion of the fifteen 
omitted reflexions becomes 8"7~o. The final atomic co- 
ordinates are listed in Table 1 and the thermal param- 
eters in Table 3. The final structure factors (3-D) are 
available from the author. 

The differences in the atomic coordinates derived 
from the three-dimensional photographic and two- 
dimensional counter data give an indication of the ac- 
curacy of the final parameters since the data were col- 
lected and refined by different techniques. The root 
mean square values of standard deviations from the 
two sets of data are 0.0049, 0.0047 and 0.0049 A for 
carbon, nitrogen and oxygen atoms, respectively. Twen- 
ty-three parameters differed by less than 1 standard dev- 
iation, nine between 1 and 2 standard deviations, and 
one greater than 2 but less than 2½ standard deviations. 
The latter was of an atom only partially resolved in 
projection. Since there are no apparent systematic 
trends in these differences, it is concluded that there is 
no significant difference between the results derived 
from three-dimensional photographic data and two-dim- 
ensional counter data from well-resolved projections. 

The standard deviations of the coordinates from 3-D 
data, assumed to be isotropic, are a(Ax~)=O.0034, 
0.0030, 0.0027 and 0.05 A for carbon, nitrogen, oxygen 
and hydrogen atoms, respectively. 

Extinction 
The R index of the high-angle Okl reflexions, meas- 

ured from films, did not decrease below 12.3Yo. The 

Atom Counter 
C(2) - 0.2371 
C(4) 0.1380 
C(5) 0.1926 
C(6) -0.0267 

N(1) -0.2129 
N(3) -0"0562 

0(2) -0-4128 
0(4) 0.2700 
0(5) 0.2528 
0(6) --0"0297 
0(7) 0"3930 

H(1) -0.3203 
H(3) -0-0703 
H(5) 0.3906 
H(7) 0"4531 

x/a 
^ 

Table 1. Atomic coordinates for alloxan 
y/b z/e 

3-D Counter 3-D Counter 3-D 

0-2369 0.4453 0.4447 0.1784 0.1783 
0.1393 0.2671 0-2660 0.3482 0.3472 
0.1932 0.0464 0.0469 0.3015 0.3016 
0.0283 0.0438 0.0436 0-2204 0.2196 

0.2120 0.2452 0.2452 0.1544 0.1555 
0.0559 0.4465 0.4468 0.2695 0-2689 

0.4128 0.6135 0.6129 0.1193 0.1199 
0.2700 0.2805 0.2802 0.4425 0.4425 
0.2528 -0-1271 -0.1271 0.4435 0.4434 
0.0296 -0.1242 -0.1247 0.1977 0.1985 
0.3923 0.0317 0.0317 0-1827 0.1818 

0.3430 0.2734 0.2500 0.0859 0.0959 
0.0722 0.5687 0-5926 0-2891 0.2768 
0.4016 -0.1750 -0.1609 0.4891 0.4752 
0.4646 -0.0859 -0.1155 0.1594 0.1741 
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T a b l e  2.  Observed and calculated structure factors ( x 8 0 ) f r o m  counter-data 
A minus sign before an 'observed'  f igure indicates tha t  the reflexion was omit ted  f rom the difference synthesis 
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difference synthesis indicated that  the positional and 
isotropic thermal  parameters  were correctly refined. 
Using low-order terms, a difference synthesis was com- 
puted which revealed that  most  of  the atoms were 
situated in regions of  negative electron density. This 
was tentatively ascribed to extinction, since the calc- 

o.3,&- 

0.2 

o.1 t 
0.0 

0"1 

o.2~ 

C(5) 

_ _ ~ _ n  _P~ n__e. 
0( 6 y  C(4, N('I ,  C(2)-~~0(2) 

0(4) 

Fig. 2. Puckering of the alloxan molecule. 
X 

o(a) 

ulated structure factors of  the five strongest reflexions 
were 28 70 larger than the observed values, as shown in 
the following table:  

SFo sFo 
Okl Fc (film) (counter) 

002 1532 1135 1564 
003 1584 1233 1594 
011 1131 890 1070 
021 972 864 962 
022 1826 1365 1822 

Replacing these with counter  da ta  values gave a differ- 
ence synthesis which showed no minima around the 
atoms. The reliability index for the low-angle terms 
improved f rom 17.270 to 7.4%. This emphasizes the 
importance  of  refining high-order reflexions in deter- 
mining the atomic positions, thermal  and scale param-  
eters. I f  all reflexions had been refined simultaneously, 
the extinction effect would have been masked by er- 
roneous temperature  and scale factors. 

v~ c(2) .t',,y/ 
I . ~  ~ I .... % I (N(3) !0 N(1) ~I~ ~ V 

r-.~. C(4) C(6) ,,~,'~ 

0(4? . -.fa x ~ ~ ~ o -  %(6) 

o ,0I l°o,, 
H(511 I I-1(7) 

Fig. 3. Bond lengths and angles of alloxan. 

D i s c u s s i o n  o f  the  s t ruc ture  

Planarity of the molecule 
The least-squares plane through the six pyrimidine 

ring atoms revealed that  the deviations were highly 
significant; A/a ranged f rom 1.7 to 30. The molecule 
is therefore not  p lanar ;  which is to be expected of  a 
gem-dihydroxypyrimidine. The puckering of  the pyr- 
imidine ring is illustrated (Fig. 2) by calculating the 
deviations f rom the mean plane through atoms N(1), 
N(3), C(4) and C(6). The mean plane through atoms 
O(2), C(2), C(5), 0 (5)  and 0(7)  makes  an angle of  86½ ° 
with that  through the pyrimidine ring. 

Molecular vibration analysis 
Using the anisotropic thermal  parameters  (Table 3) 

and the molecular axes as in Fig. 3, the observed U~j 
values were obtained (Table 4); they are similar to 
those of  pyrazine (Wheatley, 1957). The symmetric  
tensors T and o~ (Table 5), in terms of  which the rigid- 
body vibrations of  the molecule are expressed, were 
used to calculate Uw The good agreement  between the 
two sets of  Uu's gives a measure of  the rigid-body as- 

Table 3. Anisotropic thermal parameters of alloxan from three-dimensional data analysis 
b~j are coefficients in the expression exp { -  (bl lh 2 + b22k 2 q- b33/2-b 2blzhk-b 2bt3hl+ 2b23kl)} 

Atom bl 1 b22 b33 b12 b13 b23 
C(2) 0"0199 0.0086 0"0090 - 0"0034 - 0"0033 - 0"0025 
C(4) 0"0177 0.0106 0"0094 - 0.0046 - 0.0036 - 0.0022 
C(5) 0.0156 0.0084 0.0076 - 0.0029 - 0"0028 - 0"0008 
C(6) 0"0171 0"0086 0"0089 - 0.0034 - 0.0027 - 0.0021 

N(1) 0.0198 0.0071 0"0116 - 0.0015 -0.0061 - 0.0028 
N(3) 0"0199 0.0079 0-0116 - 0"0027 - 0-0064 - 0.0021 

0(2) 0"0256 0.0084 0"0145 0"0009 - 0"0100 - 0.0028 
0(4) 0'0231 0"0173 0"0157 - 0"0034 - 0"0089 - 0.0073 
0(5) 0.0197 0.0101 0"0105 - 0.0045 - 0"0051 0.0030 
0(6) 0.0273 0.0085 0'0166 - 0.0063 - 0.0056 - 0.0041 
0(7) 0.0201 0.0119 0"0118 - 0'0070 0"0012 - 0.0034 
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sumpt ion .  The  roo t  mean  square  t r ans la t ion  oscillat- 
ions a long  the molecular  axes OX, OY and  OZ are 
0.14, 0.12 and  0.16 A, respectively.  The co r respond ing  
r.m.s, angu la r  osci l lat ions are 3.3 °, 2.6 °, and  2.5 °. Wi th-  
in exper imenta l  error,  the pr incipal  axes of  T coincide 
wi th  the molecu la r  axes. The  largest  t r ans la t iona l  vib- 
ra t ions  are a long  the long axis of  the molecule,  OX, 
and  a long  the p lane  normal ,  OZ. The T and  to tensors  
are s imilar  to those  of  an th racene  (Cru ickshank ,  1957). 

Molecular dimensions 
The in t r amolecu la r  bond  lengths  and  angles (Fig. 3) 

are listed in Table  6 ( together  wi th  their  s t andard  dev- 
iat ions).  The  bond  lengths  have been corrected for an- 
gu lar  osci l la t ions of  the molecule,  using the radia l  er ror  
re la t ionship  of  C r u i c k s h a n k  (1956a), with the Gauss i an  
peak-wid th  pa ramete r  q2 equal  to 0.12 /~2. The  cor- 
rect ion increased the C - N  and C - C  bonds  by 0.0025 
A and  C - O  bonds  by 0.0017 A, leaving the angles vir- 

Ull 

Atom obs. calc. 

C(2) 2.19 2.09 
C(4) 2.38 2.39 
C(5) 1.91 2.10 
C(6) 2.09 2.40 

N(1) 2.01 2.34 
N(3) 2-15 2.34 

0(2) 2-29 2"09 
0(4) 3"41 3"12 
0(5) 2"42 2"16 
0(6) 2"98 3"14 
0(7) 2-94 2"62 

Table  4. Observed and calculated Uij (10 -2 A 2) 
U22 U33 U12 

obs. calc. obs. calc. obs. calc. 

1.46 1.68 2.86 2.85 0.62 0.63 
1"31 1"43 2-76 3" 11 0.23 0"46 
1.73 1.63 2.31 2-91 0.26 0.63 
1"40 1"43 2.67 3"09 0"45 0"79 

UI3 
^ 

obs. calc. obs. 

0.17 0.01 -0-04 
0.26 0-34 0.36 
0.03 0.08 0-22 
0.24 0.35 0.18 

0.45 0.28 - 0.05 
0.33 0.28 0.23 

0.41 0.05 - 0-50 
1.22 1.09 - 0.23 

- 0 . 4 4  -0.33 
0.71 1.15 0-72 
0.55 0.62 0.76 

1"83 1"42 3'63 3"01 0"96 0"48 
1.82 1"43 3"51 2.99 0-76 0"78 

3.31 2.52 4"85 3.89 1.36 0"62 
1"51 1.69 4.86 4"68 0.53 0.03 
3"33 3"35 2.88 3-87 0.04 0"66 
1.22 1.64 4-71 4.63 1.30 1.19 
0"93 1.63 3"10 3"14 0"41 0"65 

r.m.s. (AUij)=0.0038 A2, a(Ui~)=0.0042 A2. 

U23 
A.. 

calc. 

0.25 
0-07 
0.26 
0-43 

0-09 
0-42 

0.26 
-0 .44 

1-14 0.28 
0-88 
0.29 

Table  5. Values of Tij (10 -2 A 2) and co~ (deg. 2) and their standard deviations ( 09 000)(11 8 669) 
T~j= 1.34 0"25 ; toil= 6.97 --0-01 

2"43 6"10 

( 0 " 1 4 0 " 1 3 0 . 1 4 ) ( 1 - 4 6  1"20 1 " 1 7 )  
a(Tij)= 0"16 0.17 ; a(to~j)= 1"32 1.22 

0.23 1"13 

Table  6. Intramolecular bond lengths and angles 
Length, l 

Bond Length, l (corrected) a(/) 

C(2)-N(1) 1.370 A 1.372 _+ 0.005 A 
C(2)-N(3) 1"372 1-374 +_ 0"005 
C(4)-N(3) 1"368 1"370 + 0"005 
C(6)-N(1) 1"376 1 "379 + 0"005 
C(5)-C(4) 1-537 1.539 _ 0.005 
C(5)-C(6) 1"537 1 "539 + 0"005 
C(2)-O(2) 1"219 1"221 +_ 0"005 
C(4)-O(4) 1.206 1.208 + 0.005 
C(6)-O(6) 1-208 1.209 + 0.005 
C(5)-O(5) 1-387 1.389 + 0.005 
C(5)-O(7) 1.392 1-394 + 0.005 
N(1)-H(1) 0.94 - -  +0.05 
N(3)-H(3) 0"98 - -  + 0"05 
O(5)-H(5) 0"86 - -  + 0"05 
O(7)-H(7) 0-94 - -  + 0-05 

Angle 

C(6)-N(1)-C(2) 126.7 + 0.3 ° 
C(6)-N(1)-H(1) 118-5+3.2 
C(2)-N(1)-H(1) 114-6 _+ 3.2 
N(1)-C(2)-N(3) 117.2+0-3 
N(1)-C(2)-O(2) 121.1 __ 0.3 
N(3)-C(2)-O(2) 121 "7 _ 0-3 
C(2)-N(3)-C(4) 125-9 + 0.3 
C(2)-N(3)-H(3) 115-4 + 3-2 
C(4)-N(3)-H(3) 118.7 + 3.2 
N(3)-C(4)-C(5) 117-2 + 0.3 
N(3)-C(4)-O(4) 121.3 + 0.3 
C(5)-C(4)-O(4) 121.5 + 0.3 
C(5)-C(6)-N(1) 116.3 + 0.3 
C(5)-C(6)-O(6) 121.8 + 0-3 
N(1)-C(6)-O(6) 121.6 + 0.3 
C(4)-C(5)-C(6) 113.9 + 0.3 
C(4)-C(5)-O(5) 111.3 + 0.3 
C(4)-C(5)-O(7) 103-1 + 0.3 
C(6)-C(5)-O(5) 107-2 + 0-3 
C(6)-C(5)-O(7) 108.2 + 0.3 
O(5)-C(5)-O(7) 113.2 __ 0.3 
C(5)-O(5)-H(5) 111.4 _ 3.2 
C(5)-O(7)-H(7) 106.4 __ 3.2 
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tually unaltered. Their magnitudes are similar to those 
in anthracene (Cruickshank, 1956b). 

The mean value of the four C-N bonds (1.374/k) is 
not significantly different from the individual C-N dis- 
tances. This is also true of the three C = O  bonds (1.213 
A), the four N - H  and O-H bonds (0.93 A), the two 
C-C bonds (1.539 A), and the two C-(OH) bonds 
(1.392 A). The C = O  value of 1.213 A does not differ 
significantly from previous double-bond values (1.20 
A, Vaughan & Donohue, 1952; 1.205/~, Hahn, 1957; 
1.215 A, Pauling, 1960). The C-C mean value of 1.539 
A does not differ from the standard single-bond value 
of 1.544 /k from diamond (Lonsdale, 1947). The 
C-(OH) mean value is equal to a pure single-bond 
distance (Hahn, 1957). The C - N  value of 1.374 A dif- 
fers significantly from the single and double-bond values 
of 1"475 and 1.265/~ (Hahn, 1957) respectively. Hence, 
the bond lengths of alloxan show decisively that the 
molecule is in the 2,4,6-triketo configuration with a 
gem-dihydroxy group at C(5). The location of the four 
hydrogen atoms, together with the consistent hydrogen- 
bonded system, confirms the tautomeric form given in 
formula (II). Thus the controversy about the structural 

0 0 

H v~3 ~ z~.se - H 

~" C C " 2 C C 

~H/ \H H / \H +2(H20) 
(a) (b) 

0 

"~11259 ~71,~, 
0 ~''" '%'~ ~ " ~  ~ "13 ,f 

(OH) (OH) 
(c) 

0 

0 ~/" '~o,-~ 8 / ~ ,  " ~ 0  
g 

0 
(a) 

H 

~1~122.7 
H 

(e) 

(NH 2) 

Cl.,,,.~ "~s"-~ el  

H 
(f) 

Fig. 4. Some related pyrimidines. (a) Anhydrous barbituric acid. 
(b) Barbituric acid dihydrate. (c) Alloxan. (d) Anhydrous 
alloxan. (e) Pyrimidine (Wheatley, 1960). (f)2-Amino-4,6- 
dichloropyrimidine (Clews & Cochran, 1948). 

configuration is resolved. The correct description of 
alloxan is 2,4,6-triketo-5,5-dihydroxypyrimidine. The 
valence angles at the nitrogen atoms are significantly 
larger than those at the carbon atoms. The angle 
C(4)-C(5)-C(6) is the smallest in the ring, as expected 
of sp 3 hybridization. 

Comparison of the C-C bond-lengths of alloxan 
with corresponding bonds in other pyrimidines (Fig. 
4) shows that their mean value of 1.539 A is the largest 
reported. It may be possible to explain why these bonds 
are greater than those in anhydrous barbituric acid 
(Bolton, 1963), barbituric acid dihydrate (Jeffery, 
Ghose & Warwicker, 1961) and anhydrous alloxan 
(Bolton, 1964) in terms of the electromeric effect. The 
drift of electrons out of the pyrimidine ring towards 
the substituents at C(5) increases with increasing elec- 
tronegativity of the series 2 ( O H ) > O > 2 H .  This res- 
ults in a differential decrease in the n character of the 
C(5)-C(4) and C(5)-C(6) bonds, with consequent vari- 
ation in their lengths; those associated with the most 
electronegative group, 2(OH), being the longest. The 
C = O  and C-N distances of 1.213 and 1.374 A are 
not significantly different from those in other pyrim- 
idines. The gem-dihydroxy C-(OH) bond length of 
1-392_+ 0.005 A is not significantly different from the 
vic-dihydroxy C-(OH) values of 1.35 and 1.43 +0.03 
A in dialuric acid monohydrate (Alexander & Pitman, 
1956). The N - H  and O-H distances are shorter than 
the accepted values (N-H = 1.04 A and O-H = 1.03 A, 
Pimentel & McClellan, 1960) but agree with results ob- 
tained from X-ray analyses. 

It is, interesting to note that the valence angle at 
nitrogen atoms with an extra-annular hydrogen atom 
[Fig. 4(a), (b), (c), (d)] is significantly larger than that 
of nitrogen atoms without an attachment [Fig. 4(e) and 
(f)]. In the former case the angle is greater than 120 ° 
while in the latter it is less than 120 ° . This observation 
makes it possible to decide whether or not a nitrogen 
atom in a heterocyclic ring has an extra-annular hyd- 
rogen attached to it (Chatar Singh, 1965). 

Hydrogen-bonding system 

The N - H  directions associated with the hydrogen 
atoms, H(1) and H(3) are symmetrically disposed with 
respect to adjacent covalent bonds (Table 6). The 
N ( 1 ) - H ( 1 ) . . .  O(2')(V) distance of 3.044+0.005 A 
(Fig. 5) corresponds to a rather weak bond. The aver- 
age value for such a bond is 2.82 + 0-07 A (Fuller, 1959). 
This relative lengthening may be attributed to its sig- 
nificant deviation from linearity (angle N(1)-H(1)-O(2') 
--151.7 °) and to the formation of two hydrogen bonds 
by the same carbonyl oxygen O(2'); namely 
N ( 1 ) - H ( 1 ) . . .  O(2') and O(7 ) -H(7 ) . . .  0(2'). The lat- 
ter situation occurs in urea (Vaughan & Donohue, 
1952). The N(3)-H(3) . . .  0(6) (Ia) distance of 2.881/~ 
corresponds to a normal bond. The O(5)-H(5) • • • 0(4) 
(IVa) and O ( 7 ) - H ( 7 ) . . .  0(2) (IIb) distances of 2.731 
and 2.778 A respectively correspond to typical hyd- 
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rogen bonds (2.74 + 0.03 A; Fuller, 1959). Thus all the 
four hydrogen atoms participate in the formation of 
hydrogen bonds. 

The N(3)-H(3) • • • 0(6) hydrogen bonds link molec- 
ule I with Ia, Ib, etc. ; II with IIa, IIb, etc., forming 
endless chains in the xy plane extending along the b 
axis. The symmetry-related bonds link molecule III 
with IIIa, etc., IV with IVa, etc., to form another layer 
of parallel chains separated by ½c. The O(7)-H(7) • • • 
0(2) (IIb) hydrogen bond links adjacent chains in the 
xy plane, while the O ( 5 ) - H ( 5 ) . . .  0(4) (IVa) bond 
links two such layers of chains separated by ½c. The 
N ( 1 ) - H ( 1 ) . . .  O(2')(V) bond links molecule I to mol- 
ecule V, belonging to a layer with negative z (Fig. 5, 
lower-half), thereby forming a three-dimensional hyd- 
rogen-bonded network. 
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Intermolecular contacts 

Apart from the hydrogen bonds, a number of inter- 
molecular distances of less than 3.2 It (Table 7) occur 
between the gem-dihydroxy oxygen atoms, 0(5) and 
O(7), of molecule I and several atoms of neighbouring 
molecules. The three intermolecular C .  • • O distances 
between molecules I and IIIa (Fig. 5) of 2.950, 3.044 
and 2.982 A, though short, are not significantly differ- 
ent from the sum of the van der Waals radii of carbon 
and oxygen (3.1 A; Pauling, 1960). These contacts do 
not involve the C =  O group oxygen as in anhydrous 
barbituric acid (Bolton, 1963) and chloranil (Chu, Jef- 
frey & Sakurai, 1962) but the C-OH group oxygen 
which is already hydrogen bonded. The O . . .  O dis- 
tances of 2.905 and 2.988 A between oxygen atoms of 
two molecules are also equivalent to the sum of their 
van der Waals radii. These and other short van der 
Waals contacts of Table 7, together with the forces as- 
sociated with the formation of hydrogen bonds, may 
be responsible for the puckering of the alloxan molec- 
ule. 

Table 7. Intermolecular distances 

O(6)(I) 
O(5)(I) 
O(5)(1) 
O(5)ft) 
O(5)(1) 
o ( s ) ( I )  
O(5)(I) 
O(7)(I) 
O(7)(1) 
O(7)(1) 
O(7)(I) 

The numbering 

less than 3.2 A. 

a(t) = + 0.005 A 
o(4)(IIIa) = 3.172 
C(4)(IIIa) = 2.950* 
C(5)(IIIa) = 3.044' 
C(6)(IIIa) = 2.982* 
N(1)(IIIa) = 3.169 
N(3)(IIIa) = 3.171 
O(5)(IIIa) = 2.905* 
Y(1)(II) =3.117 
O(6)(11) = 3.081 
O(2)(VI) = 2-988* 
O(7)(VII) = 3.138 

of the molecules is as in Fig. 5. 

The author is grateful to Professor Sir Nevill Mott, 
F.R.S. and Dr W. H. Taylor for the provision of 
research facilities and for interest and encouragement; 
to Professor W. Cochran, F.R.S: and Dr W. H. Taylor, 
my supervisors, for interest, advice and helpful crit- 

4 I "" :" ' 
:: 0 7 

HO ..L...... o L  ,,//,t,,, 
. . , .  , L..i / 
l , .  s ~I ~ l ,' N,~::-2 -I, E, - . . .~ . .  ~>,E ):~ , ' - - . ._ . -4, , ' /  Iv / 

I- ' ~ , ; ; ~ ,0  2 'f :. " - . ,  ,,' 

% , ,......-'-. , " ' . . . . /  ,~ /,' 

o ', m, , , ' , " / " ' '  
p.  

o l 
O~ \o, / /  % J 

o, H, , ,q ,  ~, ,q , ,  H #'~ ' ~ ' "  
l . , /  / • 7 ; i ;  "~ 

o / l " ' 1  / l  ..... 
I d  , , J / ,  , / . i__ , , , 

,,, \ - 7  ~ . .~ ,  ~ ,  / ~, 
.' I-I\.O ~" "" ,  . . . . .  "o Oi I-I.1~ 2 ,  0 t ( " ~ , l - I . ~  ~o~ ~ / 

/ , :  ,'/ I , ,  

0 / r / . . .  0 I I 0 • ~ 0 

Fig.5. Hydrogen-bonding in alloxan projected on (001) and 
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I (x, y, z) Ia (x, 1 + y, z) 
II ( l+x ,y , z )  IIa ( l + x , l + y , z )  
III (--x, l--y, l--z) IIIa (--x, --y, l--z) 
IV ( l - x ,  l - y ,  l - z )  IVa ( I -x ,  -y ,  l - z )  
V ( - l - x ,  l - y ,  -z )  VI ( -x ,  l - y ,  -z )  

Ib (x, - l + y ,  z) 
IIb ( l+x,  - l + y ,  z) 
VII ( l - x ,  -y ,  -z)  
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The Structure of the Pyrimidines and Purines. 
IX. The Crystal Structure of Alloxantin Dihydrate 

BY CHATAR SINGH* 

Crystallographic Laboratory, Cavendish Laboratory, Cambridge, England 

(Received 4 November 1964 and ~n revised form 15 March 1965) 

The crystal structure of alloxantin dihydrate, CsH6OsN4.2H20,  has been determined by a direct sign 
determination method and refined by difference-Fourier methods. The unit cell is triclinic, space group 
PI ,  with a=6.703, b=6"879, c=7.311 A, ~=67 ° 5', ,8=83 ° 51', y=71 ° 0'. The crystal density is 1.83 
g.cm-3. The hydrogen atoms in the structure were located directly from the difference-density projec- 
tions. The molecule is in the triketopinacol configuration with two molecules of water. Molecules are 
linked together by a hydrogen-bonded network involving all the electronegative atoms and the water 
molecules. Bond lengths and angles are not significantly different from those of alloxan. Alloxantin 
has a number of features in common with alloxan. Its molecule is significantly distorted from planarity 
and a number of intermolecular approach distances are shorter than the normal van der Waals contacts. 

Introduction 

Alloxantin dihydrate, CsH6OsN4 • 2H20, was first prep- 
ared by W6hler & Liebig (1838). Slimmer & Stieglitz 
(1904) assigned to it the hemiacetal formula (I), while 
Piloty & Finckh (1904) suggested formula (II). Retin- 
ger (1917) introduced the pinacol formula (III) and 
Moubasher & Othman (1950) the formula (IV). In 
addition, tautomerism may occur in the pyrimidine 
rings through the migration of the hydrogen atoms. 

* Present address: Physics Department, University of 
Malaya, Kuala Lumpur, Malaysia. 

An X-ray analysis of alloxantin, undertaken with the 
aim of locating the hydrogen atoms directly, will eluc- 
idate its structural configuration. In its physiological 
action alloxantin resembles alloxan (Chatar Singh, 
1965a). 

o o 
H / ~ H 
N--C OH C- -N 

/ \ /  / \ 
(I) O=C C-- O--C C=O + 2H20 

\ / / \  / 
N q C  H C q N  
n '~ j" H 

0 0 


