
92 S T R U C T U R E S  OF P Y R I M I D I N E S  AND P U R I N E S .  V 

rather than  for the stretching of a bond. The directions 
of maximum thermal vibration of the chlorine atom and 
the water molecule can also be understood when one 
considers their environment, the direction in both cases 
being tha t  in which they make no bonds (Fig. 7). 

Finally, we may  comment on the very close agree- 
ment obtained between calculated and observed struc- 
ture factors. Over the range sin 0/A < 0.5, two sets of 
independent measurements on two crystal specimens 
were made, and the value of Z I F  1 - E  2 [+ Z ] F  11 w a s  

0.026. Over the same range Z[ F o - F ¢ ] +  Z] Fo 1=0"046. 
This is simply another indication of the fact tha t  the 
actual electron distribution differs very little from tha t  
in a set of 'Har t ree '  atoms, so tha t  the corresponding 
atomic scattering factors, including tha t  of hydrogen, 
are nearly correct. Nevertheless, it is surprising to find 
that the average atomic scattering factor of an isolated 
atom is correctly represented by the values given by 
James & Brindley, to within 4 ~ over this range, as 
these results suggest. However, it must be remembered 
tha t  any error in f0, which corresponded to a general 
spreading out of the calculated electron distribution 
such as results from a neglect of the exchange principle 
(Hartree & Hartree, 1936), would be at  least partially 
compensated by our method of estimating the tem- 
perature-factor parameter. 

I should like to conclude by thanking Prof. Sir 
Lawrence Bragg and Dr W. H. Taylor for their con- 
tinued support and encouragement. I am indebted to 
Dr M. V. Wilkes for permission to use the Hollerith 
tabulator on which much of the computing work was 
done, and to Mrs Gill for her assistance with the latter. 
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The Structures of Pyrimidines and Purines. IV. The Crystal Structure of  Guanine 
Hydrochloride and its Relation to that of  Adenine Hydrochloride 
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The crystal structure of guanine hydrochloride monohydrate has been established by X-ray analysis, 
employing two-dimensional Fourier methods. The cell dimensions and space group are different from 
those of adenine hydrochloride hemihydrate, but, in spite of this, the two structures are strikingly 
snnilar. From the disposition of intermolecular hydrogen bonds an attempt is made to deduce the 
positions of the hydrogen atoms covalently bo~md to nitrogen atoms of the purine molecules. 

1. Introduction a programme of investigation of a group of compara- 
An X-ray s tudy of the hydrogen chloride salts of the tively simple molecules which are constituents of nucleic 
purines adenine and guanine was undertaken as part  of acids. In this particular case the main object of the 

* Now at the Department of Chemical Crystallography, research has been to establish, if possible, which tauto- 
University Museum, Oxford, England. meric forms of adenine and guanine exist in the solid 
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state. The nature of this problem may be illustrated 
by reference to the much simpler compound 2-hydroxy 
pyrimidine, whose formula can be written in the fol- 
lowing alternative ways: 

(I) (II) 
The evidence regarding the molecular structures of 

such prototropic pyrimidines has been reviewed by 
Kenner & Todd (unpublished), and, even when allow- 
ance is mude for the different methods of investigation 
used, much of it appears to be conflicting. The com- 
plexity of the problem in the case of amino- or hydroxy- 
substituted purines is shown by the fact that if we for- 
mulate adenine hydrochloride as (HA)+C1-, there are 
then nine possible tautomers of the adenine cation: 

NH~ NH NH2 
..+ ii . .  

\ ; L  (i! 
NH ~N f/" NH N//" N ~ N  ~/" 

NH I~ 
#N~ /C~N NH2 I~IH2 

II I ( J l  I \ i  

NH NH NH 

NH~,,- \ N  //, ~ ' - / ~ N  H 
\ II I Jl J II II 

Some evidence on the molecular structure of amino 
pyrimidines in the solid state has been obtained by 
Clews & Cochran (1949). The crystal structure of 
adenine hydrochloride has been described in a previous 
communication (Broomhead, 1948). In this paper the 
structure of guanine hydrochloride is described, and 
an attempt is made to deduce the positions of the 
hydrogen atoms in both purine molecules. Photographic 
recording techniques and two-dimensional Fourier 
methods have been used throughout, and the limitations 
introduced by this become apparent in the discussion. 

The experimental technique, and the method of 
determination of the structure, are described in §§2 
and 3. The structure is described in § 4, and the signi- 
ficance of the special features of both adenine and 
guanine structures is discussed in § 5. 

2. Experimental 

Guanine hydrochloride was recrystallized from dilute 
hydrochloric acid and the crystals obtained were of 
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two forms. Needle-like crystals with appro×imately 
square cross-sections were found to be monoclinie, with 
space group P21/a and cell dimensions a=14.6v ±0.1, 
b=13-39 ± 0-1, c--4.84±0.05A., /?=93030'±30 '. The 
only well-developed faces were (110}. The density, 
found by flotation, was 1.562 g.cm. -a, and, assuming 
four molecules in the unit cell, the molecular weight 
was found to be 223. According to Beilsteins Handbuch 
(1929), the hydrogen chloride salt of guanine may 
crystallize as guanine hydrochloride monohydrate, 
guanine hydrochloride dihydrate or guanine dihydro- 
chloride. These compounds have molecular weights of 
205.5, 223.5 and 223 respectively, and the measured 
value is, therefore, consistent with either of the last 
two formulae. Microanalysis showed that the crystals 
were of guanine hydrochloride dihydrate. 

Crystals of the second form were monoclinic, with 
space groups P21/a , and cell dimensions (obtained using 
a Geiger-counter spectrometer) were 

a-- 19.29~ ± 0.02, b = 9.941 ± 0.01, 

c=4.494±0.005A., /?=107o54'22 ' 

(wave-length of Cu Ka radiation taken as 1.5418 A.). 
The density was 1.662g.em. -8 and the experimental 
molecular weight of 205.2 suggested the formula 
guanine hydrochloride monohydrate. 

a-, b- and c-axis zero-layer-line Weissenberg photo- 
graphs of both compounds were taken using CuKa 
radiation. Intensities were estimated visually. No 
correction for absorption was made, but the com- 
paratively regular shape of the crystals used made the 
absorption factor approximately a function of sin~ 
only. The corrections for polarization and Lorentz 
factors were made in the usual way. 

3. Determinat ion o f  the structure 

The structure of guanine hydrochloride dihydrate has 
not yet been determined successfully, and the work 
described below refers to the monohydrate. The methods 
adopted for the determination of this structure were 
similar to those used for adenine hydrochloride (Broom- 
head, I948). In the case under consideration, however, 
it was realized that greater difficulty might be experi- 
enced in finding the position of the chlorine atom from 
Patterson projections, and, in addition, that the in- 
creased number of light atoms would cause the first 
approximation to the electron density, calculated from 
observed coefficients with phases fixed by the chlorine 
atom alone, to be Jess accurate than in the former case. 
Whether it would be sufficiently accurate to show the 
position of the guanine molecule could not be decided 
in advance. 

c-axis projection 

The Patterson projection along the c axis suggested 
two possible positions of the chlorine atom. Two Fourier 
summations were computed from observed coefficients 
with phases determined by the appropriate chlorine 
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structure factor, but  neither showed a clearly defined 
position for the guanine molecule. The correct position 
of the lat ter  was eventually found by trial and error, 
and the successful solution involved placing the chlorine 
at  (0.116, 0.042) (co-ordinates expressed as fractions of 
the appropriate cell edges), and the guanine molecule 
with its length along the a axis and in such a position 
tha t  no atoms approached too closely to a centre of 
symmetry  or to a chlorine atom. In this position (Fig. 1) 
all atoms of the molecule fell on or near regions of 
positive electron density on the distribution calculated 
from coefficients whose signs were given by the above 
chlorine position. 

½b, 
/ (  

: L , : " .2 --., A 

'-- "-'/\x--, ~--¢I}",. i i 'I "-'/ "-" 
. - . . ' N \ / ~ "  - ¢ ~ p , . . .  ,, 

i 
. . . .  , . .  , _ _ .  , .. ', \ ~Y~,L;;/ ,. 

! ........ P~- , ! A la sintl~-~l-O 0 

Fig. 1. First electron-density projection along the c axis. 
T h e  final position of the guaume molecule is shown. 

½b, 

! ........ 0 , ! A. 

@ 

@ 
½a sin B 

Fig. 2. Final electron-density projection along the c axis. 
Contour interval 2 e.A. -2 for carbon, nitrogen and oxygen 
atoms; 4 e.A. -~ for chlorine atom. 

perpendicular to the c axis, coincided with the map of 
electron density in this plane. Absolute z co-ordinates 
were determined by fixing the position of N 3. I f  it is 
assumed tha t  this atom is separated from an equivalent 
atom across a centre of symmetry  by a distance of 
about 3.1 A., then the required separation in the c-axis 
direction can be calculated. Since, however, i t  is not  
known which of the two centres of symmetry  will lin~ 
these atoms, two possible z co-ordinates differing by  
0.5 A. are obtained. These two positions for N a and the 
two possible directions of tilt  of the molecule gave four 
sets of co-ordinates for atoms in the molecule. From a 
consideration of a possible hydrogen-bond system in the 
structure three of these were eliminated. Structure- 
amplitude calculations based on the remaining set of 

s ! 
. . . . °  f 

. _ 1  P}~JtlI~'" 

! ........ o , ! A .  

Fig. 3. Electron density projected on (010). A~ms 
c a n  be identified with the help of Fig. 4. 

N~o , N~ ('~O 

H2C) 0 C8 

. . . . . . .  J , 2 ~  
!.. 0 !A. 

Fig. 4. Structure of guanine hydrochloride 
monohydrate projected on (010). 

Parameter  refinement was continued by the method 
of successive approximations and the progress of refine- 
ment  was illustrated by the decrease in the value of 
Z I Fobs . -  ~'calc. ] + Z ] Fobs. ] from 0"58 to 0"17 between 
first and final approximations. The final electron- 
density projection is shown in Fig. 2. Atomic para- 
meters taken from this projection were corrected for 
Fourier series termination by the 'back correction' 
method due to Booth (1946). 

b.axis projection 
The z co-ordinates of the chlorine atom and water 

molecule were found from a Patterson projection along 
the b axis, and approximate relative z co-ordinates of 
the atoms in the guanine molecule from a model of the 
molecule tilted until its image, projected on to a plane 

co-ordinates gave signs which were at tached to the 
observed coefficients, and Fourier summation was 
computed. Refinement of the electron-density pro- 
jection so obtained was carried out in the usual way and 
the final projection is shown in Fig. 3. During the 
refinement process the factor 2] [ Fob a -- Fcalc" ] + I Fobs. I 
decreased from 0.44 to 0.24. 

The molecule is planar within the limits of experi- 
mental error, apart  from Nz0 which appears to depart  
from the molecular plane by as much as 0-11A. (A 
similar departure of the amino group from the plane of 
the molecule was found in the crystal structure of 
4-amino-2,6-dichloropyrimidine by Clews & Cochran 
(1949). Since only two of the eleven crystallographically 
independent atoms were well resolved in the b-axis 
electron-density projection (see Fig. 4), the molecule 
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w a s  a s s u m e d  t o  b e  p l a n a r  ( a p a r t  f r o m  N10 ) w h e n  b o n d  

l e n g t h s  w e r e  c a l c u l a t e d .  

F i n a l  a t o m i c  c o - o r d i n a t e s  a r e  g i v e n  in  T a b l e  1, a n d  

t h e  o b s e r v e d  a n d  c a l c u l a t e d  v a l u e s  o f  t h e  F ( h k 0 ) ' s  a n d  

F(hO1)'s in T a b l e  2. 

T a b l e  1. Atomic co-ordinates 

Co-ordinates expressed as fractions of the corresponding 
unit-cell dimensions; centre of symmet ry  as origin. 

a=19 .30 ,  b=9.941,  c = 4 . 4 9 4 A . ,  f l=  107 ° 54'. 

Atom x y z 

~'1 0"073 0.272 0"530 
N3 -- 0"023 0"128 0"287 
N~ - -  0"090 0"357 0"740 
N 9 --0-131 0"188 0.440 
1~TlO 0-083 0-106 0-193 
Cz 0.045 0"168 0.350 
C 4 -- 0.062 0.201 0.440 
C s -- 0.035 0.305 0.627 
Ca 0"037 0"353 0"690 
C s -- 0.148 0.280 0.617 
O 0"072 0"443 0.842 
HzO 0.205 0.370 0-467 
C1 0.229 0.054 0"940 

4 .  D e s c r i p t i o n  o f  t h e  s t r u c t u r e  

T h e  p o s i t i o n s  o f  t h e  a t o m s  a r e  s h o w n  in  F ig s .  4 a n d  5. 

T h e  m o l e c u l e  (Fig .  6) is p l a n a r  w i t h i n  t h e  l i m i t s  o f  

e x p e r i m e n t a l  e r ro r ,  a p a r t  f r o m  N10 w h i c h  a p p e a r s  t o  

b e  d i s p l a c e d  b y  0.11 A.  f r o m  t h e  p l a n e  c o n t a i n i n g  t h e  

o t h e r  a t o m s .  T h e  s t a n d a r d  d e v i a t i o n  o f  a m e a s u r e d  b o n d  

l e n g t h  h a s  b e e n  e s t i m a t e d  t o  b e  a b o u t  0 .04  A. I t  f o l l o w s  

t h a t  n o  u s e f u l  c o m p a r i s o n  o f  b o n d  l e n g t h s  in  t h e  t w o  

s t r u c t u r e s  a d e n i n e  a n d  g u a n i n e  can  b e  m a d e ,  s ince  a 

d i f f e r e n c e  o f  e v e n  0-1 A. c o u l d  b e  a s c r i b e d  t o  e x p e r i -  

m e n t a l  e ror .  T h e  b o n d  C 6 - 0  in  g u a n i n e ,  o f  l e n g t h  1.20 A. ,  

a p p e a r s  t o  h a v e  p r e d o m i n a n t l y  d o u b l e - b o n d  c h a r a c t e r .  

O n  t h e  o t h e r  h a n d ,  a n  e r r o r  o f  0 . 0 5 A .  in  t h i s  v a l u e  

w o u l d  m a k e  i t  c o m p a r a b l e  w i t h  C - O  d i s t a n c e s  f o u n d ,  

fo r  e x a m p l e ,  in  t h e  m o l e c u l e s  o f  d i k e t o p i p e r a z i n e  

( H u g h e s ,  1940) a n d  g l y c i n e  ( A l b r e c h t  & C o r e y ,  1939).  

T h e  g u a n i n e  m o l e c u l e  is t i l t e d  in  t h e  u n i t  cell  so  t h a t  

Ce-C~ a n d  Ca-l~ 1 m a k e  a n g l e s  o f  40  ° a n d  9 ° r e s p e c t i v e l y  

w i t h  t h e i r  p r o j e c t i o n s  o n  t h e  p l a n e  p e r p e n d i c u l a r  t o  t h e  

c axis .  T h e  c e n t r e  o f  s y m m e t r y  a t  1 1 (¢, 2 ,0)  is less  t h a n  

0 .03  A. f r o m  t h e  p l a n e  o f  t h e  m o l e c u l e ,  a n d  m o l e c u l e s  

T a b l e  2. Comparison of observed and calculated structure factors 

h]~l Fob.. Fcalc" 
000 - -  106 
200 12 16 
400 7 9 
600 19 -- 22 
800 8 -- 8 

10,0,0 6 -- 6 
12,0,0 5 - -  3 
14,0,0 9 8 
16,0,0 10 -- 8 
18,0,0 5 - -  4 
20,0,0 10 -- 10 
22,0,0 6 5 

110 0 -- 1 
210 4 3 
310 2 -- 1 
410 0 -- 1 
510 7 7 
610 13 --14 
710 1 0 
810 14 12 
910 9 10 

10,1,0 4 5 
I I , I , 0  9 - -  I0 
12,1,0 3 3 
13,1,0 7 7 
14,1,0 0 0 
15,1,0 7 -- 9 
16,1,0 3 2 
17,1,0 8 8 
18,1,0 0 0 
19,1,0 6 -- 5 
20,1,0 0 0 

21,1,0 0 3 
22,1,0 4 3 

020 10 -- 9 
120 2 -- 3 
220 18 -- 18 
320 3 4 
420 12 12 
520 2 - -  3 
6 2 0  9 - -  7 
720 11 12 
820 4 3 

hkl Fob.. F.~c. 

920 2 2 
10,2,0 5 4 
11,2,0 5 6 
12,2,0 6 5 
13,2,0 7 - -  6 
14,2,0 0 1 
15,2,0 3 - -  2 
16,2,0 3 -- 2 
17,2,0 9 9 
18,2,0 6 6 
19,2,0 0 2 
20,2,0 7 -- 6 
21,2,0 8 8 
22,2,0 3 4 
23,2,0 7 -- 8 

130 1 -- 3 
230 14 -- 13 
330 7 -- 6 
430 6 4 
530 9 8 
630 9 -- 9 
730 8 -- 8 
830 8 9 
930 9 7 

10,3,0 6 -- 6 
1 1 , 3 , 0  0 - -  2 
12,3,0 12 12 
13,3,0 4 3 
14,3,0 3 -- 3 
15,3,0 9 -- 8 
1 6 , 3 , 0  3 3 
17,3,0 4 -- 4 
18,3,0 4 - -  2 
19,3,0 0 1 
20,3,0 4 4 
21,3,0 0 3 
22,3,0 0 -- 1 

040 l l  -- 11 
140 11 -- 11 
240 6 -- 6 
340 9 11 
440 3 -- 4 
540 4 -- 5 

hkl Fobs. F~lc. 
640 2 -- 1 
740 9 9 
840 2 3 
940 2 - -  3 

10,4,0 8 -- 7 
1 1 , 4 , 0  0 0 
12,4,0 4 3 
13,4,0 5 4 
14,4,0 5 5 
15,4,0 0 -- 1 
16,4,0 7 6 
1%4,0 0 1 
18,4,0 6 5 
1 9 , 4 , 0  1 0  - -  9 
20,4,0 0 0 
21,4,0 6 6 

150 4 -- 3 
250 7 -- 7 
350 4 - -  4 
450 5 -- 5 
550 0 0 
650 3 -- 3 
750 2 -- 1 
850 11 12 
950 0 1 

10,5,0 2 -- 2 
1 1 , 5 , 0  3 - -  2 
12,5,0 8 8 
13,5,0 3 -- 5 
14,5,0 13 -- 12 
15,5,0 6 6 
16,5,0 0 2 
17,5,0 6 5 
18,5,0 13 -- 12 
19,5,0 4 5 
20,5,0 0 3 

060 3 -- 1 
160 7 -- 8 
260 6 6 
360 16 18 
460 0 -- 1 
560 4 -- 5 
660 5 6 
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h ~  

760 
860 
96O 

10,6,0 
11,6,0 
12,6,0 
13,6,0 
14,6,0 
15,6,0 
16,6,0 
17,6,0 
18,6,0 
19,6,0 
20,6,0 
21,6,0 

170 
27O 
370 
470 
57O 
670 
770 
870 
970 

10,7,0 
11,7,0 
12,7,0 
13,7,0 
14,7,0 
15,7,0 
16,7,0 
17,7,0 
18,7,0 
19,7,0 

08O 
180 
28O 
380 
480 
580 
680 
780 
88O 
98O 

10,8,0 
11,8,0 
12,8,0 
13,8,0 
14.8,0 
15,8,0 
16,8,0 
17,8,0 
18,8,0 

190 
290 
390 
490 
590 
690 
790 
890 
990 

10,9,0 
11,9,0 
12,9,0 
13,9,0 
14,9,0 
15,9,0 
16,9,0 

Fobs. 
6 
3 

13 
3 

10 
I0 

0 
8 
4 
0 

11 
0 
0 
6 
0 

2 
2 
4 
2 
4 
7 
8 
0 
8 
6 
3 
5 
0 
5 
4 
8 
5 
0 
0 

6 
3 
4 
0 
3 
5 
5 
4 
0 
0 
8 
4 
4 
0 
0 
0 
0 
0 
7 

0 
3 
7 
0 
6 
5 
0 
3 
5 
5 

I0  
5 
7 
8 
3 
0 

-~calc. 
- -  5 

0 
- -13  
- -  1 

- -10  
- -  8 

- -  1 

- -  7 

- -  3 

- -  i 

10 
- -  2 

0 
5 
3 

2 
3 
6 
3 

- -  4 

- -  6 

8 
0 

- -10  
- -  6 

4 
4 

- -  2 

- -  6 

5 
8 

- -  4 

- -  1 

0 

- -  7 

- -  3 

5 
2 

- -  3 

- -  5 

6 
4 

- -  3 

3 
9 
2 
3 
1 

- -  2 

2 
- -  2 

2 
- 7 

1 
- -  4 

7 
1 

- -  6 

- -  4 

3 
- 3 

- 6 

- -  3 

11 
3 

- 5 

6 
5 
1 

T a b l e  2.  (cont . )  

hkl -~o~ l~ ~c+ 
0,10,0 6 -- 7 
1,10,0 0 2 
2,10,0 5 6 
3,10,0 0 -- 3 
4,10,0 6 -- 8 
5,10,0 8 8 
6,10,0 6 6 
7,10,0 7 4 
8,10,0 0 I 
9,10,0 0 1 

10,10,0 0 0 
11,10,0 5 4 
12,10,0 0 1 
13,10,0 0 0 
14,10,0 0 0 

1,11,0 7 6 
2,11,0 5 4 
3,11,0 4 -- 2 
4,11,0 4 3 
5,11,0 8 -- 8 
6,11,0 8 7 
7,11,0 0 -- 1 
8,11,0 5 4 
9,11,0 6 -- 7 

10,11,0 6 6 
11,11,0 5 5 
12,11,0 4 -- 6 

0,12,0 10 -- 10 
1,12,0 4 5 
2,12,0 0 3 
3,12,0 6 -- 8 
4,12,0 4 -- 4 
5,12,0 5 -- 3 
6,12,0 3 3 
7,12,0 6 -- 7 
8,12,0 0 -- 1 

001 15 -- 16 
201 16 -- 17 
401 8 8 
601 4 -- 2 
801 9 I0 

lO,O,1 9 9 
12,0,1 4 2 
14,0,1 0 -- 1 
16,0,I 6 -- 5 
18,0,1 17 15 
20,0,1 0 -- 5 

301 12 - 16 
~01 13 12 
~O1 19 - 18 
801 4 5 

1--0,0,1 6 - 6 
-1--~,0,1 15 13 
i~,0,1 0 - 1 
1-6,0,1 0 -- 4 
T~,O,1 0 - 1 
]~-~,0,1 16 - 12 
~3,0,1 10 6 
~2-4,0,I 5 -- 5 

002 5 4 
202 12 -- 15 
402 0 2 
602 5 6 
802 0 -- 3 

10,0,2 3 3 
12,0,2 8 -- 10 
14,0,2 14 13 

hkl 

16,0.2 
18,0,2 

302 
~02 
i~02 
~02 

1~,0,2 
1--'2,0,2 
1-X.O,2 
i--6,0,2 
1--g,0,2 

,0,2 
Y~,0,2 

,0,2 

OO3 
203 
403 
603 
8O3 

10,0,3 
12,0,3 
14,0,3 
16,0,3 

303 
~03 
B03 
~03 

1-ff,0,3 
I-'2,0,3 
IX,O,3 
]-6,0,3 
T-g,O,3 
~-6,0,3 
2--'2,0,3 

,0.3 

004 
204 
404 
6O4 
8O4 

10,0,4 
12,0,4 

304 
~04 
B04 
~04 

Y6,0,4 
,0,4 

1~,0,4 
1--6,0,4 
T~,O,4 

,0,4 

005 
205 
405 

305 
$05 
~05 
gO5 

10,0,5 
,0,5 

I~.0,5 
]-6,0,5 
i~.0.5 

-Fobs. 
0 
6 

19 
9 

13 
6 
7 
2 
6 

10 
10 

0 
0 
0 

0 
5 
8 
5 
4 
4 

13 
7 
7 

6 
7 
5 

19 
9 
6 

16 
0 
6 
6 

12 
11 

0 
9 
4 
0 
5 

10 
0 

0 
11 

9 
4 
5 
6 

11 
5 
0 
4 

0 
0 
4 

0 
0 
4 
4 

13 
6 
4 
9 
7 

Fcal~ 
- -  3 

6 

--21 
9 

- -  9 

8 
- -  7 

1 
1 

10 
9 
2 

- -  1 

- -  5 

2 
10 

6 
6 

- - 9  
- -  6 

- -15  
- -  2 

- -  8 

- -  7 

3 
3 

25 
- -  6 

6 
- -16  
- -  5 

- -  9 

1 
9 

- -  5 

0 
1 

- -  5 

1 
- -  8 

16 
3 

- -  3 

5 
--11 

2 
- -  1 

7 
- -10  

4 
- -  1 

5 

- -  3 

4 
- -  9 

1 
- -  6 

- -  5 

0 
- -13  

9 
0 

13 
- - 8  



J U N E  M. B R O O M H E A D  97 

related by it are coplanar within the limits of experi- 
mental error. On the other hand, the centre of sym- 
metry at (¼, 0, 0) is 0.2 A. below the line of intersection 
of the molecular plane with (010). The planes of mole- 
cules related by this centre of symmetry are, therefore, 
not coincident and bonds between these molecules do not 
lie exactly in the plane of either. This may account for 

what shorter than those previously reported in the 
literature (e.g. Albrecht & Corey, 1939), although Dyer 
(1951) reports one of length 2.55 A. in the crystal struc- 
ture of cysteylglyeine. I t  seems probable that  resonance 
structures in which the oxygen atom and N~ are oppo- 
sitely charged make a large contribution to the structure 
of the guanine molecule. 

, . , *  i ' 

..... o . .  

lo 1 " " " "  513  - 2  ' ,  . . . . . .  . 

i , : , , , o  c, ' '  ' ', "" I,, ~.:' . ' - > ' - - ~  ~ : _ _ .  ..,,,_.z, ' .~ -,_ • • 
: ~ 7~,,3.36 .~,:..  ,,~, ',,,7 ,~  ,, 
' 3 2 6 . 4  H,O %b~& R" ',~,o '~" , ' . 

3"86 ~ -  ,~. ,'~ ',"7 ' . . . . .  

' , , - - ,  ',V: v . . - : : O t  
,, ,,.' ', ,,. 0.38 "1 c, I~.-E3 ', 1o)""  "',,.1 

- - ' "  .' ;~ .; ~-~f:. ,. - k  " - r ' ,  ",k 
>asin~ 1 . . . .  0 1 . 2t ?A. 

Fig. 5. Structure of guanine hydrochloride monohydrate  projected on to a plane perpendicular to c; distances of atoms 
above plane of projection indicated. Hydrogen bonds and short van der Wa~ls contacts shown by broken lines. 

o 

1.20 

136°t"~'~116 ° 

Fig. 6. Bond lengths and bond angles m the guanine molecule. 

the displacement of N10 from the plane of the molecule, 
for this is in such a direction that  a stronger hydrogen 
bond is formed between N10 and N a of the adjacent 
molecule. Thus sheets of molecules are not continuous 
as in adenine hydrochloride but have discontinuities of 
magnitude 0.4A. along the c-axis direction at each 
symmetry centre (¼, 0, 0). Alternate sheets of molecules 
are, as in adenine hydrochloride, linked through bonds 
to the chlorine atoms and water molecules. 

Molecules related by the centre of symmetry at 
(¼, ½, 0) are linked by hydrogen bonds of length 2.62 A. 
between the oxygen atom of one molecule and N~ of 
the other. The separation between 0 and N~ atoms of 
molecules in adjacent layers is 3.39A. The hydrogen 
bond O - H - - N  (or O- -N-H)  of length 2.62 A. is some- 

AC4 

Molecules related by the centre of symmetry at 
(~, 0, 0) are linked by hydrogen bonds of length 3.08 A. 
between l~ a of one molecule and N1o of the other. The 
separation between N a atoms of these molecules is 
3.93 A. :N a atoms of molecules related by the centre of 
symmetry at (~, ½, 0) are separated by a distance of 
3.15 A. The perpendicular distance between molecules 
in adjacent layers is 3.36 A. 

N1 is linked to a water molecule by a hydrogen bond 
of length 2.82A. and N 9 makes two relatively short 
contacts of length 3.20 and 3.27 A. with a chlorine atom 
and a water molecule respectively. The bonds between 
N 1 and H20, N~ and C1 make small angles with the plane 
of the guanine molecule. The water molecule makes 
additional bonds of length 3.16 and 3.12 A. with chlorine 
atoms in the same unit cell and in the adjacent unit cell 
below. The separation between the water molecule and 
the oxygen atom of a guanine molecule in the cell below 
is 3.26A. Three of the contacts of the chlorine atom 
have been mentioned; a fourth of length 3.38A. links 
it to N10 giving the chlorine atom the usual co-ordination 
number of four. 

Comparison with the structure of adenine hydrochloride 

Adenine hydrochloride and guanine hydrochloride 
crystallize in unit cells of different dimensions and 
have different space groups, but in spite of this the 
structures are strikingly similar. This similarity is 

7 
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shown in a convincing manner by Figs. 7 and 8 which 
are sections of the .structures in the plane of one of the 
layers of molecules. (Fig. 8 is somewhat idealized since 
all the molecules of one layer in guanine hydrochloride 
are not exactly coplanar.) The position of the hydrogen 
atom covalently bound to C 8 (and also to C9 in the case 
of adenine) has been calculated on the assumptions that 
Cs-H lies in the plane of the molecule in a direction 

type under discussion, however, the positions of 
hydrogen atoms can sometimes be deduced from the 
disposition of intermolecular hydrogen bonds. This has 
been done successfully in the case of glycine (Albrecht 
& Corey, 1939) and melamine (Hughes, 1941). Similar 
arguments are used here in an attempt to determine the 
positions of hydrogen atoms in the adenine and guanine 
molecules. 

O H 

H20 .... " " - ~  " " ~  _ 

"i',... ? /  i" " / /  " '  
N 7  ' / o . . . . . . . . . . .  

N9 II NN1/'X..Z.8] k,_~ 4 
H20 , . -"  

/ "'., .,"co' 
: "',. H.," . ~  ^N,,' ,~;' 

: : ( ~  i ' ~ I  . ~ . "  : / .......... -~ ~ ~. .... 
0::." ,.-@ ..... 

Nlo N L ~ C ~ H  

1 0 1A. 
I . . . .  I I 

Fig. 7. A section of the structure of adenine hydrochloride 
hemihydrate  in the plane of one of the layers. 

C 
H20 

@ .. 

)Nlo 

;-" . ;:: ,,,,,,,H 

/ / N 9  t ........... 
N1 H20 

? C )  

d I ,_ )N: -TOH ] .... 0 ]A. 

Fig. 8. A section of the structure of guanine hydroehlorido 
monohydrate  in the plane of one of the layers. 

which is symmetrical with respect to the other covalent 
bonds of C 8 and is of length 1.08 A. Perhaps the most 
striking feature shown in these figures is the replace- 
ment of the hydrogen atom attached to C, in the adenine 
molecule by the amino group in the guanine molecule 
without altering the underlying structure in any way. 
In  adenine hydrochloride this hydrogen atom is separ- 
ated from N a of a neighbouring molecule and from a 
chlorine atom by distances of 2.76 and 2.71 A. respec- 
tively. The hydrogen atom covalently bound to C 8 is 
separated from the cMorine atom by distances of 2.67 
and 2-71A. in the adenine and guanine structures 
respectively. These van der Waals separations are 
similar to, but slightly shorter than, those found in 
the structure of 4-amino-2,6-dichloropyrimidine. 

5. Discussion 

The electron-density projections obtained are not 
sufficiently accurate to give directly any information 
concerning hydrogen positions. In compounds of the 

Positions of hydrogen atoms in the adenine molecule 

In the crystal structure of adenine hydrochloride we 
may assume the chlorine atom to be present as an anion 
C1- and the adenine molecule as a cation (HA) +. The 
water molecule is probably uncharged, although an 
approximately tetrahedral distribution of two regions 
of positive and two regions of negative charge is to be 
expected. The positive regions will then be directed 
towards two chlorine atoms and the negative regions 
towards the N 1 atoms of two adenine molecules. 

In order to determine the tautomeric form of the 
adenine ion, we require to know the positions of four 
hydrogen atoms attached by covalent bonds to nitrogen 
atoms of this ion. Possible tautomers, in which the 
valency of each atom is completely satisfied, are shown 
in § 1. I f  it is assumed that  hydrogen atoms attached to 
ring nitrogens lie in the plane of the molecule and in 
directions that  make approximately equal angles with 
the two adjacent covalent bonds, and that  hydrogen 
atoms attached to N10 lie in the plane of the molecule 
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and make angles of about 120 ° with the covalent bond 
Ce-Ni0, then it is possible to eliminate several of the 
possible tautomers. 

(i) I f  a hydrogen atom is covalently bound to N 8 
and the bond lies in the direction indicated above, the 
distances separating it from the hydrogen atom co- 
valently bound to C9 of a neighbouring molecule and 
from the equivalent hydrogen atom across the centre 
of symmetry are 1.7 and 2.0A. respectively. These 
distances are both less than the required van der Waals 
separation of 2.4 A. Furthermore, a hydrogen atom in 
this position would not be taking part in hydrogen-bond 
formation. If, however, the hydrogen atom is directed 
along the line joining N a and N~ and it is assumed that 
hydrogen atoms obey the laws of crystal symmetry, 
then two hydrogen atoms directed towards each other 
would approach to within a distance of 1 A. These facts 
suggest that  N 3 does not form a covalent bond with 
a hydrogen atom. 

(ii) The intermolecular bonds ]inldng Ni0 to C1, Ni0 
to N~ of a neighbouring molecule, N o to C1 and N1 to 
H20 are presumably hydrogen bonds and are approxi- 
mately the directions already indicated for covalent 
bonds involving hydrogen atoms. These are, therefore, 
the lines along which the four hydrogen atoms must 
occur, but the positions of the latter are not uniquely 
determined. Since, however, two hydrogen atoms 
cannot be directed towards each other along the same 
hydrogen bond, it is possible to eliminate all tautomers 
in which the position adjacent to N~ and the two 
positions adjacent to Ni0 are occupied simultaneously. 
We are then left with the possibilities (I) and (II) but 
to decide conclusively between them is not possible 
with the data at present available. 

NH2 + NH 

~,N~ J ( N H  NH + II //, ~ / ~ N H  
\ II I \ II I 

(I) (II) 

According to Hunter (1945) differentiation between 
the two forms is meaningless. N 7 and Ni0 of adjacent 
molecules are linked to each other in the crystal struc- 
ture by a hydrogen bond and the two tautomers are 
derived one from the other merely by proton inter- 
change between these two atoms and a redistribution 
of the bonding electrons. Whether a proton can oscillate 
between one minimum of potential energy and another 
about 1 A. away is not known in the present case. If, 
in the solid state, where N 7 and Ni0 of an adjacent 
molecule are separated by 3 A., this proton interchange 
is continually taking place then Hunter 's interpretation 
is no doubt correct. Oscillation of the proton between 
these two positions, however, would not stabilize the 
system to any appreciable extent on account of the 
comparatively low frequency of the nuclear motion. 

Positions of the hydrogen atoms in the guanine molecule 

The guanine molecule is assumed to be present in the 
crystal structure of guanine hydrochloride as the cation 
(HG) +. I f  the five hydrogen atoms are distributed 
among the seven available positions in such a way that  
the valencies of all atoms are satisfied, fourteen tauto- 
mers are obtained. The restricting condition that  one 
proton must, but two cannot, occur along a hydrogen 
bond, eliminates ten of these characterized by one or 
more of the follo~4ng: 

(i) no hydrogen atom covalently bound to N~ or O, 
(ii) hydrogen atoms covalently bound to N~ and 0 

simultaneously, 
(Hi) two hydrogen atoms covalently bound to Ni0 

and one to N a. 
The four remaining possibilities are: 

o OH 

\11 (.. ( I  k.. 
(I) (II) 

014 0 

~N~%N'/"~N H: NH N//" N !"1, 
(HI) (IV) 

Neighbouring molecules in the crystal structure are 
linked by hydrogen bonds between 0 and N:, N 3 and Ni0. 
(I) would be changed into (II), and (III) into (IV), by 
proton interchange along the hydrogen bond O-H--N~, 
and (II) would be changed into (III), and (I) into (IV), 
by proton interchange along the hydrogen bond 
N3-H--N10. According to Hunter (1945), therefore, 
these four tautomers are indistinguishable. I t  has been 
stated previously that  the hydrogen bond O-H--N~ is 
shorter than those usually found in organic structures, 
and under normal conditions of thermal vibration it 
is conceivable that  proton interchange might occur 
relatively easily along this bond. Such suggestions are 
speculative and more definite conclusions from this 
type of investigation await the application of more 
accurate techniques. 
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The structure of crystalline p-aminophenol has been determined by the X-ray method. The dimensions 
of the orthorhombie unit cell, which contains four molecules of C6H 4 . (OH).l gila, are 

a-12.90_+_0.03, b-8.19+_0.03, c--5.25+_0.03A., 

and the space group is P21nb, [a] being the polar axis. The calculated specific gravity is 1-305, while that 
observed by flotation is 1.295. X-ray intensities were obtained from Weissenberg moving-film photo- 
graphs for all layers of the three principal axes, and the approximate structure was derived by analogy 
from that of aniline hydroch]oride. The atomic co-ordinates were refined by means of successive two- 
and three-dimensional Fourier syntheses using finally 605 experimental structure amplitudes as 
coefficients of the series. The bond lengths within the benzene ring are normal but the C-N bond is 
shorter (1.39 A.) than that given by the sum of the covalent radii. Molecules of p-aminophenol are 
linked together by three hydrogen bonds of length 2.83, 3.13 and 3.18 A. 

Introduction 
During a survey of the unit-cell dimensions of organic 
crystals, it was observed that  those of one form of 
~0-aminophenol (Caspari, 1927 b) bore some resemblance 
to those of aniline hydrochloride (Brown, 1949). As 
the atomic configuration of the greater part of the two 
molecules is the same, it was suggested that  the crystal 
structures might be similar. The structure determina- 
tion of aniline hydrochloride was carried only as far as 
two-dimensional projections because the unsuitable 
nature of the crystals gave reason to doubt the reli- 
ability of the X-ray intensities, and the bond lengths 
obtained might suffer in accuracy. I t  was considered 
therefore that  a full three-dimensional determination of 
the structure of p-aminophenol would give necessary 
data on this class of compound, in particular, the lengths 
of C-O and C-N bonds attached to a benzene ring, and 
would provide further information concerning the 
lengths of N-H-O hydrogen bonds. 

Experimental 
The crystals used in this investigation were grown from 
aqueous solution containing a small quantity of a 
surface-active agent. They were generally lath-shaped, 
elongated along [c], and tabular on (010). The axial 
ratios given by Winchell (1943) reporting the work 
of Bolland (1910) are 0.785:1:0.721, and are only 

partially correct, seeing that  they are not consistent 
with our values (1.575 : 1 : 0.641). No cleavage or defects 
were observed and growth of suitable specimens was 
relatively simple. The crystals were the so-called stable 
a-modification of Caspari (1927b); it has later been 
learned (Powell & Holmes, 1950) that  the unstable 
/?-modification reported by Caspari is actually a con- 
densation compound ofp-aminophenol with acetone. 

The dimensions of the unit cell were obtained by 
measurement of the layer lines of single-crystal rotation 
photographs: 

[a]=12.90_+0.03, [b]=8.19+_0.03, [c]=5.25+0-03A. 

For four molecules per unit cell, the specific gravity 
required is 1.305, while that  observed by flotation is 
1.295. Observed extinctions were {h0l} for (h-kl) odd 
and (h/c0) for k odd, whence the space group may be 
either Pmnb or P21nb. The impossibility of fitting the 
p-aminophenol molecule in the mirror plane in Pmnb 
confirms the correct space group as P21nb--C~,. 

X-ray intensity data were obtained from Weissenberg 
moving-film photographs about [a] (zero and five layers), 
[b] (zero and three layers), and [c] (zero and two layers). 
As the temperature coefficient of the structure ampli- 
tudes was obviously moderately high, i.e. the in- 
tensities of the reflexions fell off to zero before 0 - 9 0  °, 
it was considered that  all the experimental intensities 


