
586 T H E  S T R U C T U R E  O F  S O D I U M  D I T H I O N I T E  

C o c r m ~ ,  W. (1951b). Acta Cryst. 4, 408. 
CRAIG, D . P . ,  MACCO~, A., NYrrOLM, R . S . ,  ORGY.L, 

L . E .  & Su~ro~,  L. (1954). J. Chem. Soc. p. 332. 
CR~CmSH~-K, D . W . J .  & ROBERTSON, A . P .  (1953). 

Acta Cryst. 6, 698. 
D~rr,~.y, B . P . ,  GOLDEN, S. & WrLSON, E . B .  (1947). 

Phys. Rev. 72, 871. 
Foss ,  O., Ftr~BE~G, S. & ZACHA_~IASEN, H .  (1954). 

Acta Chem. Scand. 8, 459. 
Foss ,  O. & ZACrrA~SEZ¢, H.  (1954). Acta Chem. Scand. 

8, 473. 
GRISON, E.  (1951). Aeta Cryst. 4, 489. 
~T__EIJI)E, i . B .  VAN DER (1953). Rec. Trav. Chim. Pays- 

Bets, 72, 95. 
ttow~Ia~s, E.  R.,  Pr rmL~s,  D. C. & ROGERS, D. (1950). 

Acta Cryst. 3, 210. 
JEFFREY, G . A .  & STADLE~, H . P .  (1951). J. Chem. Soc. 

p. 1467. 

KLEMM, L. (1937). Z. Anorg. Chem. 231, 136. 
LA~DOLT-BORNSTEr~ (1950). Zahlenwerte und Funk-  

tionen, 6th ed., vol. 1, p. 300. Berl in:  Springer. 
MOFFITT, W. (1950). Proc. Roy. Soc. A, 200,  409. 
NrELSE~¢, A . H .  & WOLTZ, J . P .  1=[. (1952). J.  Chem. 

Phys. 17, 1878. 
PAtrLINQ, L. (1947). J.  Amer. Chem. Soc. 69, 542. 
PAULrNG, L. (1952). J.  Phys. Chem. 56, 361. 
PosT, B., SCH3VA~TZ, R . S .  & FA~-KUCrr~.N, I.  (1952). 

Acta Cryst. 5, 372. 
SIDOW-ICK, N. V. (1950). The Chemical Elements and Their 

Compounds. Oxford: Univers i ty  Press. 
SImoN, A. & K#CH-LER, H. (1949). Z. Anorg. Chem. 260, 

161. 
SORUM, H.  (1953). Acta Chem. Scand. 7, 1. 
TAYLOR, N. W. (1926). J.  Amer. Chem. Soc. 48, 855. 
WALSH, A. D. (1953). J.  Chem. Soc. p. 2266. 
Wrr.SON, A. J .  C. (1942). Nature, Load. 150, 151. 

Acta Cryst. (1956). 9, 586 

The Crystal and Molecular Structure of 4,5-Diamino-2-Chloropyrimidine 

BY (Miss) NO~.L E. Wm.r~. AND C. J. B. CLEWS 

Department of Physics, The University of Western Australia, Nedlands, Western Australia 

(Received 20 February 1956) 

The crystal  and molecular s t ructure  of 4,5-diamino-2-chloropyrimidine has been determined by  two- 
dimensional  Fourier  methods.  The monoclinic uni t  cell has dimensions a = 3-73, b = 12-637, 
c = 12.437 tk, fl ---- 98 ° 6', and  the space group is P2x/c. The crystal  s t ructure has been solved by  the  
'heavy  a tom'  technique,  the posit ion of the chlorine a tom being found from a 'modified'  Pa t t0rson  
projection. A difference synthesis  projected on the (100) plane clearly h~dicates the posit ions of the 
hydrogen atoms, showing t h a t  the  molecule is in the amino form and tha t  the  molecules are held 
together  by  a sys tem of hydrogen atoms between the nitrogen atoms of the amino groups and  the 
ring nitrogens of neighbouring atoms. 

1. Introduct ion 

Certain of the pyrimidines--cytosine, thymine, ura- 
c i l - ,  together with purines and sugars, constitute 
building units of the nucleic acids and nucleoproteins. 
Hence a detailed knowledge of their molecular struc- 
ture and bonding in the crystalline state is of great 
interest and importance, and some years ago one of us 
initiated a programme of research into the crystal 
structures of pyrimidines and purines (Clews & Co- 
chran, 1948, 1949; Broomhead, 1948, 1951; Cochran, 
1951) in connexion with the chemical investigations 
of Todd and his co-workers on the nucleic acids which 
he has summarized in a recent lecture (Todd, 1955). 
The 4,5-diamino pyrimidines are intermediates:in the 
synthesis of another important group of biological 
substances, the pteridines; thus 4,5-diamino-2-chloro- 
pyrimidine condenses with polyglyoxal to form 2- 

chloropteridine (Albert, Brown & Cheeseman, 1951). 
This pyrimidine also presented an opportunity of 
obtaining further data on the formation of hydrogen 
bonds of the type N - H - - .  N, which have been 
discussed in an earlier paper (Clews & Cochran, 1949). 

2. E x p e r i m e n t a l  

A sample of 4,5-diamino-2-chloropyrimidine, kindly 
provided by Prof. A. Albert of the Department of 
Medical Chemistry of the Australian National Univer- 
sity, was crystallized from water in the form of fine 
needles. As attempts to grow larger crystals were un- 
successful, all photographs were taken using one 
crystal with an approximately uniform cross-sectional 
diameter of 0.1 ram. and extension in the direction of 
the a axis of 1 mm. Owing to the crystal dimensions 
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it was convenient to orient it for rotation about the 
a axis only. Oscillation and Weissenberg photographs 
established the space group unequivocally as P21/c 
with 4 molecules in the unit cell. The cell side a was 
measured from layer-line separations on oscillation 
photographs, fl from Weissenberg photographs, and 
b and c by the 0-method (Weisz, Cochran & Cole, 
1948) : 

a=3.73±0-01, b--12.637±0.005, c=12.437±0.005A, 
f l = 9 8  ° 6 '±5 '  (2(CuK~)  = 1-5418A). 

The Okl and lkl intensity data were estimated visually 
from multiple-film Weissenberg photographs, and the 
two sets of data were placed approximately on the 
same relative scale on the basis of a series of oscillation 
photographs. Using Cu K~ radiation, 161 of the pos- 
sible 201 non-equivalent (Okl) reflexions were recorded 
and 307 of the possible 390 (lk/) reflexions. The in- 
tensities were corrected for Lorentz and polarization 
factors, but no correction was applied for absorption 
as this was negligible. The observed structure am- 
plitudes were set on to an absolute scale at a later stage 
by comparison with the calculated values. Temperature 
and scaling factors were determined by plotting 
log (XIFd--XIFo[) against sin 9 0, the summations being 
taken over increments of 0-1 in sin ~ 0. 

3. D e t e r m i n a t i o n  of s t r u c t u r e  

3"1. Determination of the y, z parameters 
Since Z~I/ZZ~= 0.84, where Zcl is the atomic 

number of chlorine and Z L that  of a light atom, it 
seemed probable that  the 'heavy atom' method of 
phase determination would prove successful, and the 
Patterson projection on (100) was computed, using 
relative values of F(Okl)% From this the y and z 
parameters of the chlorine atom were deduced, but 
the y co-ordinate was found to be nearly zero so that  
the chlorine contribution is small for reflexions with 
k+l = 2 n + l .  Thus, in order to determine the signs 

• G 

+! 
(a) 

¢i-2z) (½+-2y.~i). 

½c sinfl " " " - " -  (:i:2¥, 2z) 
(z,) 

Fig. 1. (a) P a t t e r s o n  pro jec t ion  on (100). Contours  d r a w n  a t  
equal  in tervals  on an  a r b i t r a r y  scale. 

(b) Modified P a t t e r s o n  projec t ion  on (100) f rom which  
t e rms  hav ing  sin 0 < 0-5 are  omi t ted .  The  ca lcu la ted  
ch lo r ine - l igh t -a tom vec tors  are  indica ted  by  dots.  

of most (Okl) structure amplitudes it was necessary to 
deduce an approximate structure. 

In addition to the C1-C1 interactions, the Patterson 
projection (Fig. l(a)) shows a number of large unre- 
solved peaks resulting from Cl-light-atom interactions 
together with a background due to light-atom-fight- 
atom vectors. Dr A. McL. Mathieson of the Division 
of Industrial Chemistry, C.S.I.R.O., Melbourne, 
pointed out to us that, while the ratio of the atomic 
scattering factor of chlorine to that  of carbon is equal 
to the ratio of their atomic numbers at sin 0 = 0, 
it increases to about ~ of that  value at larger values 
of sin 0. Thus it seemed likely that  if terms with 
sin 0 < 0.5 were omitted the C1-C1 and Cl-hght-atom 
peaks in the resulting Patterson projection would be 
enhanced. 

This procedure proved highly successful and led to 
a complete trial structure. The modified Patterson is 
shown in Fig. l(b) and on it the calculated chlorine- 
light-atom vector set is marked. I t  has since been 
found that  this method of accentuating heavy-atom- 
heavy-atom and heavy-atom-fight-atom vectors has 
serious limitations as the omission of low-angle terms 
introduces a large diffraction ripple (Mathieson, 
private communication). That it was successful in the 
present case was probably largely fortuitous, owing to 
the favourable spacing of the atomic peaks in the 
particular projection. 

The (Okl) structure factors were calculal ed on the 
basis of the set of atomic y and z co-ordinates deduced 
from the Patterson projections, using atomic scat- 
tering factors for nitrogen and carbon listed by 
McWeeny (1951), while for chlorine an unpublished 
atomic scattering factor curve due to Dr B. Dawson 
of C.S.I.R.O., Melbourne, was used. The percentage 
discrepancy, (IOOZIFo-FcI--ZFo), between observed 
and calculated structure amplitudes was 25-7, and 
after two successive Fourier refinements this was 
reduced to 11-7..The electron-density maxima in the 
Fourier projections were located by the 'semi-analyt- 
ical' method of Burns & Iball (1955). The final elec- 
tron-density projection on (100), after further refine- 
ment discussed in § 3-3 below, is shown in Fig. 2. 
I t  will be noted that  the molecule is well resolved and 
that  the peak heights for carbon and nitrogen atoms 
are significantly different. 

3-2. Determination of x parameters 
As the (010) and (001) projections would be poorly 

resolved, and further the needle-shaped crystals were 
unsuitable for collecting reliable (hO1) and (hkO) in- 
tensity data, it was most convenient to deduce the 
x co-ordinates from the (lk/) generalized projection. 
Since the x parameter of even the C1 atom was un- 
known, and in any case the C1 contribution to at least 
half the (lk/) reflections would be small, it was neces- 
sary first to obtain approximate x co-ordinates from 
the first-layer Patterson synthesis (Zussman, 1953; 
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Dyer,  1951). In  the present case the procedure was 
modified in tha t  two component  maps  of the first- 
layer Pat terson were computed, i.e. 

and 

1 
cP1 = -~ ~ ~ ]F(lkl)12 cos 2re(kv+lw) 

s p  1 = _ I ~ .~ iF(lkl)l  2 sin 2~(kv+lw) .  
k l 

The C1 x -pa rame te r  was deduced by  forming 
t an  2n(2Xcl ) from the peak heights of the CI-C1 inter- 

i 
0 

1 

2 

Fig. 2. Electron-density projection on (100). Contour interval 
1 e.A -~', except in chlorine atom where contours are at 
1, 2, 4,  8, 12,  . . .  e . A  -2 .  

actions in the two component  projections. The light- 
a tom parameters  could not be found with the same 
degree of accuracy owing to the fact tha t  most of the 
Cl- l ight-atom vectors occur as double unresolved 
peaks. However, from the signs of the peaks in the 
two component  maps  the orders of magni tude  of 
2n(xcl-xL) could be deduced and the use of this  
information,  together with a structure model, led to 
an approximate  set of parameters.  

At this  stage the percentage discrepancy for the  
(lk/) s tructure factors was 30.0, but  it was possible to 
allocate signs to 280 of the 307 observed reflexions 
and to compute the components of the generalized 
Fourier  projection from the follo~4ng expressions 
(Fridrichsons & Mathieson, 1955): 

2 k z 
Cl(y, z) = ~ .~ .Z [F(lkl) + F(lkl)] cos 2xeky cos 2~lz , 

0 0 (k+l) = 2n 
2 k z 

Z ~ [F( l k l ) -F( l k l ) ]  sin 2~ky sin 27elz, 
A u o (k+l = 2 n + l )  

2 ~ z 
Sz (y, z) = - -- .~, .~, [F(llc/)-F(1]c/)] cos 27e/cy sin 2glz , 

A 0 0 
(/c + 1 = 2n) 

2 k z 
Z Z [F(1]c/)+ F(1/d)] sin 2~ky cos 2:relz, 

A u u 
(/c+l = 2 n + l ) .  

The x parameters  for all a toms could then be deter- 
mined by the relat ionship 

2 ~ X r  tan_ 1 Sz (Yr, Zr) 
a C 1 (y,, z,) 

Recalculat ion of the (l/c/) s tructure factors with this  
new set of atomic parameters  reduced the percentage 
discrepancy to 13.2. CI(y, z) and S~(y, z) were computed 
twice more as phases could be assigned to more of the  
coefficients, and in the final computat ion the  'un- 
observed'  terms were included with their  calculated 
values to improve peak heights. The final component  
maps  are shown in Fig. 3(a) and (b), and percentage 
discrepancy using the corresponding values of xr is 9-7. 

3"3. Refinement of y, z parameters 
The modulus projection 01(Y, Z), which was used by 

Clews & Cochran (1949) to refine atomic parameters ,  
m a y  be formed from the components C~(y, z) and 
Sl(y, z) referred to in the preceding section, thus  

= + . 

_ _ ~  l c sin~6 

@ 
(a) 

o) 
1 

½L 

(b) 

½csin~ 

@ 
Fig. 3. (a) Cl(Y, z), (b) Sl(y, z). Contour interval 1 e./~ -2. Negative contours broken and zero contour omitted. (c)QI(Y, z), the 

generalized projection obtained by combining Cl(Y , z) and Sl(y, z). Contour intervals as in Fig. 2. 
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The funct ion @1, calculated from the f inal  values of the 
two components  C 1 and  $1, is shown in Fig. 3(c). The 
y and z co-ordinates deduced from this map  agreed 
closely with those previously obtained from the 
Fourier  projection on (100). Proceeding from the mean  
values of these two sets of co-ordinates, fur ther  refine- 
ment  was carried out by  means  of the Fourier  differ- 
e n c e  synthesis  which uses as coefficients values of 
(Fo-Fc). 

The first difference synthesis  showed tha t  there were 
s m a l l  e r r o r s  in  t h e  a t o m  c o - o r d i n a t e s  d u e  t o  ser ies  

t e r m i n a t i o n  e f fec t s ,  a n d  t h e s e  w e r e  cor rec ted ,  so t h a t  

t h e  s lope  of ( Q o - Q c ) w a s  a p p r o x i m a t e l y  ze ro  a t  t h e  
a t o m i c  c e n t r e s .  T h a t  t h e  v a l u e s  of (~o-Q~) a t  a t o m i c  

p o s i t i o n s  d i d  n o t  d i f f e r  a p p r e c i a b l y  f r o m  ze ro  j u s t i f i e d  
t h e  u se  of a n  a v e r a g e  t e m p e r a t u r e  f a c t o r  ( B =  3 .35 /~e )  
fo r  al l  a t o m s .  T h e r e  w a s  e v i d e n c e  fo r  t h e r m a l  an iso-  

t r o p y  o n l y  in  t h e  case  of t h e  c h l o r i n e  a t o m ,  b u t  as  t h e  

e f f e c t  w a s  n o t  l a rge  n o  a t t e m p t  w a s  m a d e  t o  c o r r e c t  
f o r  th is .  

T h e  f i na l  d i f f e r e n c e  s y n t h e s i s  is s h o w n  in  F ig .  4. 
H e r e ,  a p a r t  f r o m  t h e  t w o  p e a k s  a s s o c i a t e d  w i t h  t h e  
c h l o r i n e  a t o m  w h i c h  m a y  be a t t r i b u t e d  t o  t h e r m a l  
a n i s o t r o p y ,  al l  t h e  o t h e r  m a j o r  p e a k s  a r e  c l e a r l y  d u e  

to  t h e  p r e s e n c e  of h y d r o g e n  a t o m s .  C o - o r d i n a t e s  w e r e  
a s s i g n e d  t o  t h e  h y d r o g e n  a t o m  a t t a c h e d  t o  t h e  one  
f r ee  c a r b o n  a t o m  in  t h e  p y r i m i d i n e  r ing ,  a n d  t o  t h e  

f o u r  h y d r o g e n  a t o m s  of t h e  a m i n o  g r o u p s .  W h e n  t h e  

h y d r o g e n  a t o m s  w e r e  t a k e n  i n t o  a c c o u n t  t h e  p e r c e n t -  
age  d i s c r e p a n c y  b e t w e e n  o b s e r v e d  a n d  c a l c u l a t e d  

structure ampl i tudes  was reduced from 9.5 to 7.8. 
The observed and calculated structure ampl i tudes  are 
listed in Table 3. 

,oI , 

"'" " " " ~'" - "" : : "-" s in f l  
, ,  %Ul/,7.." " ' -  ' I ", '--' t,t_.J),"-,,'T-" . . . . .  . I ( 
- v _ s t " , - ,  ::-:2 i 

% ~ lu t'. 

' - - " , : . ,  ~o:" 

Fig. 4. Difference synthesis projection on (100). Contour 
interval 0.2 e.A -9. Negative contours broken and zero 
contour omitted. 

The (lk/) s tructure ampli tudes  have, for reasons of 
space, not been included but  they  show about  the 
s a m e  o r d e r  of a g r e e m e n t .  

Atom 

C1 
C9 
C4 
C5 
C6 
Nx 
Na 
N~ 
N5 

H4 
# 

Ha 
H5 

t 

H5 
H6 

x/a 

0.023 
0.175 
0-210 
0.358 
0-408 
0.319 
0.121 
0-166 
0.462 

T a b l e  1. Atomic  co.ordinates 

y/b z/c 

0"0052 0"1892 
0" 103 0"285 
0"156 0"458 
0"255 0"427 
0"264 0"321 
0"187 0"245 
0"083 0"384 
0"139 0"562 
0"337 0"503 

0"183 0"616 
0"088 0"586 
0"380 0"487 
0"320 0"566 
0"317 0"297 

z' (h) 

--0.246 
0.154 

-- 0.020 
0.587 
0.959 
0.761 

--0.222 
--0.366 

0"842 

y (A) 

0.066 
1.302 
1.971 
3.222 
3.336 
2.363 
1.049 
1-757 
4.259 

2.313 
1.112 
4.802 
4.044 
4.006 

z" (A) 
2.330 
3-509 
5-639 
5-258 
3.952 
3-017 
4.728 
6.920 
6.193 

7.585 
7.215 
5.996 
6.969 
3.657 

Atom 

CI 
Cz 
C4 
C5 
Ce 
N, 
Na 

N4  
N5 

Xobs. 

-- 0.246 
0-154 

-- 0.020 
0.587 
0.959 
0.761 

--0.222 
--0'366 

0.842 

Table 2. Deviations from calculated mean planes 

Plane A Plane B 

Xcalc. A D zeal<:. A D 

--0"095 0"151 0"135 --0"288 0"018 0"016 
0" 170 0"016 0"015 0-107 -- 0"047 -- 0"042 

- -  0"033 -- 0"013 -- 0"012 -- 0"020 0"000 0"000 
0"602 0"015 0"013 0"646 0"059 0"052 
0"956 -- 0"003 -- 0"003 0"970 0"011 0"010 
0"748 -- 0"013 -- 0"011 0"707 --0"054 -- 0"048 

- -  0"224 -- 0"002 -- 0"002 -- 0"264 -- 0"042 -- 0"037 
- -  0.425 -- 0.059 -- 0.'053 -- 0.385 -- 0.019 -- 0.017 

0.837 -- 0.005 -- 0.004 0.939 0.097 0"086 
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3-4. Co-ordinates, molecular dimensions and accuracy 
The final atomic co-ordinates are shown in Table 1, 

where fractional co-ordinates are referred to the 
monoclinic crystal axes, and co-ordinates x', y and z' 
are referred to orthogonal axes a', b and c', such that 
a' is collinear with a and c' normal to a. Thus 

z ' = z s i n f l  and x' = x + z c o s f l .  

No reliable determination of the x co-ordinates of 
hydrogen atoms could be made, so only the y and z 
parameters, deduced from difference syntheses, are 
shown in Table 1. 

The bond lengths and angles calculated on the basis 
of these co-ordinates are shown in Fig. 5. 

CI 

1 "75 

I I 

121~L119"5 ° 124°1 

~,,H~I "o~) 1"4~16~,f1"36 
' "  ~' 122.5~'~21150 ' 

1"42 

NH~ 
Fig. 5. Molecular dimensions of 4,5-diamino-2-chloropyrimidine. 

Table 3. Comparison of observed and calculated 
structure factors 

hk ~ Fo Fo hk ~ Fo I;'o 

OOO - 296.0 0,13,4 6.1 6.9 
020 7.6 -7-5 O,I~,A 2.~+ .2-7 
OtO 15-5 11.4 O,15,4 ~.I 5.5 
06O 37.3 35.9 
080 29.8 29.0 015 58.8 56.9 

O,I0,0 10.8 9.6 025 4.7 -7.1 
0,12,0 27.7 26.0 035 16.2 16.7 
0,14,0 ~.I 5.6 045 2~.O 22.1 
O,16,O 5.8 A-7 055 ~O 32.3 

065 7.8 -8-4 
011 7-7 -8.0 075 19.1 20.1 
O21 h3.1 -~2.1 085 2.8 O.i 
0.51 25.7 27.7 095 9-5 9-4 
OLI i0.3 -12.2 0,10,5 7-i 6.5 
051 43.5 ~2-4 O,11,5 12.2 11-9 
O61 6.5 -6.2 0,12,5 •2-0 -2-5 
071 5-8 5.9 O,15,5 13.9 13-5 
o01 < 1.8 -o.3 o,i~,5 <1.6 o.i 
091 7-7 7.4 0,15 ,5  6.8 5.4 

0,I0,i 5.0 6./* 
O,Ii,i ~,.4 5.7 006 5.0 6.0 
O,12,1 15.8 -15.5 O16 6.6 6-2 
0,13,1 • 2.0 2.7 026 25.1 2~-3 
O,1~,1 2.6 -3~ O~ 12.8 -15-5 
O,15,1 • 1.5 -1.2 Oh/; 22.7 22-5 
0,16,1 4-7 -3.8 056 2.5 -2-5 

066 19.9 19-O 
002 20.6 -18.4 076 5.6 -7-1 
012 57.0 ,140.2 086 12.4 12.4 
022 I+7.7 -~-5 096 • 2.1 1.2 
032 6-7 -8.1 0,10,6 /,..8 5.1 
0~2 58.0 -56.~ 0,11,6 2.1 -5.6 
052 25.0 25.2 0,12,6 6.8 7-9 
062 5.5 -5.1 0,13,6 •1.7 0.7 
072 2~i -22.0 O,1h,6 5.7 5-~ 
082 10.5 -9.1 O,15,6 5.4 - ~ 0  
092 6.2 -7.1 

O,10,2 yl.8 -30.9 O17 1.6 1.5 
0,11,2 11.0 -10.5 0~7 10.3 ~ - 7  
0,12,2 3.4 -5-7 057 29.9 ..,28.8 
0,15,2 • 2.0 ~,*0 047 •1 .8  2.1 
O,14,2 • 1.8 -I.i 057 17.i -16.6 
O,15,2 2.1 .2.2 067 ~2.O 2.9 
O,16,2 6.5 -6-7 077 •2 .1  ~,.2 

087 1~.6 -15.5 
015 55.5 -51.6 097 6.1 -8.5 
025 20.7 22.2 0,10,7 /~2 -/~2 
033 ~.I -~8 O,11,7 5.4 -5.9 
043 17.i -15.8 0,12,7 2.6 .2.0 
053 1.9.7 "-~-7 0,13,7 2,.8 -2.7 
063 • 1.6 -i.I O,i~,7 A-I .2.9 
073 28.6 -27.5 
085 • 1.9 2.4 008 26.5 .26.2 
093 20.3 -20.8 O18 < 1.8 -0.~ 

O,10,5 7.3 7.9 028 15.1 -15.8 
0,11,3 ~-3 -3.6 038 7.5 -6.9 
0,12,3 5-~ 6.4 O~8 28.9 -28°2 
O,13,3 11.5 -IO.A 058 5.7 -5.1 
0,I~,3 i-7 -2.8 068 ~LI.5 -10.5 
O,15,5 7-6 -7-4 078 6.4 8.~. 

088 ~2.1 -30.6 
00~, 32.7 31-0 098 • 2.1 3.2 
O14 8.1 -10-5 0,10,8 2.1 . 2 .6  
O21, 20.~ -20.3 0,11,8 ~.9 -1-7 
O~+ 7.6 -7-9 O,12,8 7-1 -5-9 
0~+ 15-9 -15.3 0,13,8 5-5 -1.8 
O5~ 12.1 12.A 0,14,8 ~.5 -6.2 
06~ 32.8 ~.6 
OTa 12.9 12.8 019 4.4 -5.9 
O84 ~,.2 -~7 029 8-& -10.1 
O9~ ~-I 3.6 059 17.i -iS.~. 

O,IO,A • 2.1 0-5 O~9 10.8 12.2 
0,11 ,4  • 2.2 .0.2 0:~9 2.1 3.5 
O,12,~ <2.1 0-5 069 < 2-1 -0.6 

hkg Po Fa 

O79 8.7 10.1 
089 • 2.1 1,1, 
O99 11.2 -12.5 

0,10,9 4 .7  4.6 
0,11,9 5-2 -5-~ 
0s12,9 ~,~4 1.-8 
0,13,9 • 1.0 -l.& 

O,O,ID 10.6 13.1 
O,I,iO • 2.1 -1-3 
0,2,10 17.8 18.2 
0,5,10 19.8 18.4 
0,~,10 10-9 12.~. 
O,5,10 5-3 -7-0 
0,6,10 2.6 5.8 
0,7,10 • 2.1 2.1 
0,8,10 8-1 8-9 
0,9,10 • 2.1 -2,2 
O,10",10 9.5 8.5 
O,11,10 ~5 }.8 
0,12,10 7-5 7.2 

0,1,11 20.5 20.9 
O,2,11 6.4 -8.8 
0,3 ,11  5.0 5.1 
O. J%ll 5.2 -6.5 
0,5,11 9.0 10-5 
O,6,11 ~-3 ~6 
0,7,11 10.6 12.5 
0,8,11 • 1.9 0 .9 
O,9,11 7.2 6.7 
0,10,11 2.1 -,2.7 
0,11,11 ~-I 3.8 

0,0,12 • 2.1 0 .4  
0,1,12 2.6 -5.1 
0,2,12 8.~. -10.0 
O,J,12 • 2.1 0.5 
o,~ '-I 5.5 
0,5,12 5.4 -5.2 
0,6,12 • 2.0 1.k. 
0,7,12 < 1-8 1-7 
0,8,12 < 1.6 -1 .4  
0,9,12 • 1.4 .2.0 
0,10,12 2.7 -.%0 

o,1,15 ~.s -6.o 
0,2,13 • 1.9 -1-7 
0,5 ,13 I~-7 - IA-7 
0,4,15 • 1-8 .%6 
O,5,13 7.i -7.8 
O,6,13 1.6 -0.8 
O,7,15 7.2 -7.0 
0.8,13 ~9 -~O 
0,9,15 10.4 -9.k 

0,0,I~. ~8 -4~9 
0,1,14 • 1.7 -1-5 
O,2,14 A-1 -I~6 
O,3,14 • 1.6 -0.1 
O,~i~ 6-9 -6.8 
0,5,14 • 1.J~ 0.8 
O,6,14 ~-7 - ~ 4  

O,1,15 5-8 5-8 
0,2,15 • 1.5 1-5 
0,5,15 5.0 5.0 
0, &,,15 • 1.1 0.1 
0,5,15 3-5 4-0 

To test the planarity of the molecule an equation of 
the form x' = A + B y + C z '  can be found which best 
fits the atomic co-ordinates, the coefficients A, B and 
C being calculated by the least-squares method. When 
this was carried out for the ring atoms only, the result- 
ing equation was 

x' = 0.4186+0-4368y-0-2328z'  (Plane A ) .  

Table 2 shows the deviation, A, between the observed 
x' co-ordinates and those calculated from this equation 
and the perpendicular displacements, D, of the atoms 
from the plane. The average deviation d for the ring 
atoms is 0-010 /~, corresponding to an average dis- 
placement of 0.009 A. However, one of the amino 
nitrogen atoms, N 4, is displaced from this plane by 
0.059 A, while the chlorine atom is 0.135 A off this 
plane. These would appear to be significant departures 
from the plane. In the case of N 4 the departure is in 
a direction such that the distance between N4 and the 
ring nitrogen atoms of neighbouring molecules is 
shortened, but in the case of the chlorine atom the 

apparent departure from the plane is unexpected 
(Clews & Cochran, 1949). 

Recalculation of the coefficients A, B and C with 
the inclusion of the chlorine co-ordinates, and giving 
them four times the weight of those of the ring atoms, 
gave a plane with equation 

x' = 0-2232+0-4690y'-0-2070z'  (Plane B ) .  

The deviations in x' coordinates and displacements 
from this plane are also sho~m in Table 2 under the 
heading Plane B. The average displacement of the ring 
atoms has here increased to 0-032 A while, as is to be 
expected from the weighting of observations, the 
departure of the chlorine atom can no longer be 
regarded as significant. Also, the maximum displace- 
ment from the plane now occurs for N5 (D = 0.086 A) 
whereas N 4 does not depart significantly from this 
plane. 

To determine which of the above possibilities was 
correct it was necessary to obtain an estimate of the 
accuracy of the x co-ordinates. Since these parameters 
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are deduced from the peak heights in C1 and S1 from 
the relation given in § 3.2 their accuracy may be 
determined by estimating the standard deviations of 
C 1 and S 1 and calculating the corresponding deviation 
in x,/a for each atom. Values for a(C1) and 0.(S1) were 
obtained by considering the average values of C~ and 
S~ in regions away from atoms, and also by applying 
the expression for standard deviation of electron 
density 

1 
0.(0) = ~ [Z'(Fo-Fc)2]½ 

0"25 ---- {0.2(X1)+0.2(X2) } COS 2 Oi:+{O'2(yl )+0.2(y2) } COS 2 
~- {0.2(Z 1 ) -~- 0.2(Z2) } COS 2 ~. 

Here 0.(xl) , 0.(Yl) are the standard deviations of the 
co-ordinates of the first atom and cos a, cos fl, cos 
are the direction cosines of the line joining the atoms. 

Application of this expression gave 0.(L) = 0.018 /~ 
for the C1-C bond, while the average value of 0.(L) 
for C-N and C-C bonds was 0.028 A with a maximum 
value 0.043 A for the C~C 5 bond. 

to the (lk/) data. The first method gave a(C1)= 
0.34 e.A -2 and a(S1) = 0-26 e.A J ,  while the second 
gave an average value of 0.28 e./~ -2. When the cor- 
responding standard deviations of x co-ordinates were 
calculated, a(x) for chlorine was found to be 0.014/~ 
while for the carbon and nitrogen atoms a(x) ranged 
from 0.05 A to 0.07 A depending on the value of the 
x parameter. While these values should represent a 
lower limit to the accuracy of the x parameters it is 
obvious that, without further refinement, preferably 
by three-dimensional synthesis, any further specula- 
tion as to the planarity of the molecule as a whole 
is unjustified, although it is certain that  the ring is 
itself planar in view of other work. 

The standard deviations of the y and z atomic co- 
ordinates a(y) and 0.(z) were estimated by the method 
of Cruickshank (Cruiekshank, 1949; Ahmed & Cruick- 
shank, 1953) using the following expression: 

1 0.(y)-- ~ ~ (~k2 (AF)2)½/I ~20 

In calculating this expression A F  was given the value 
F o - F c  so that  estimated standard deviations include 
residual finite-series errors in addition to random 
errors. A value was obtained for the curvature by 
assuming that  the electron density near the centre of 
an atom can be expressed as 

0(r) - 0(0) exp [ - p r  ~] , 
so that  

~90/~y9 = -2p0(0 ) . 

The constant p was evaluated from graphical plots of 
log 0 against r ~ for each atom. In this way the fol- 
lowing standard deviations of atomic co-ordinates 
were obtained: 

a(y) = a(z) = 0"002 J~ for chlorine, 
a(y) = a(z) = 0.009/~ for nitrogen, 
a(y) = a(z) = 0.010 J~ for carbon. 

The deviations of bond lengths depend mainly on 
the deviations of the y and z atomic co-ordinates, so 
that  the lower accuracy of the x parameters was not 
so important in this respect. The standard deviation 
of bond length between any two atoms whose positions 
are independently determined is given by 

4. D i s c u s s i o n  

A comparison of the bond lengths and angles within 
the pyrimidine ring with those observed for other 
pyrimidine derivatives (Clews & Cochran, 1948, 1949; 
Pitt, 1948; Furberg, 1950; Parry, 1954) shows that  
in the present case the ring assumes a shape most 
closely resembling that  in 4-amino-2,6-dichloropyrimi- 
dine. From a study of pyrimidine derivatives, Clews & 
Cochran (1949) predicted dimensions for the pyrimi- 
dine ring as shown in (i) below. In (ii) are shown the 
bond lengths calculated by Chalvet & Sandorfy (1949) 
by the molecular orbital method. The results of similar 
calculations, but using different values of the Coulomb 
integrals, are shown in (iii). From the close agreement 
between (ii) and (fii) it is apparent that  the calculated 
values of bond length are relatively insensi ire to the 
absolute values of Coulomb integrals. 

" ( ~1.33 ~ ) l ' 3 1  ~ ) 1 " 3 2  
v 1"38 v 1"37 " ~ /  1"37 
(i) (ii) (iii) 

In the present work on 4,5-diamino-2-chloropyrimi- 
dine the average length of C-N bonds is 1.33 /~, but 
the bonds Na-C 4 and N1-C 6 differ by 0.05 •, which is 
possibly significant. The two C-C bonds are also 
significantly different in length..The longer Ca-C 5 bond 
occurs also in the case of 4-amino-2,6-dichloropyrimi- 
dine and is associated with the substitution of an 
amino-group in the 4-position. 

Chemical evidence indicates that  the substitution 
of an amino- or other electron-releasing group in the 
5-position tends to render a substituent in the 2- 
position more like a group on an ordinary aromatic 
nucleus (Brown, 1953). For example, a chlorine atom 
in the 2-position is then less susceptible to nucleo- 
philie replacement. The C-C1 distance of 1.75 • cor- 
responds closely to the single-bond length of 1.76 /~, 
so that  the conjugation of an unshared electron pair 
on the chlorine with the ring, which would be expected 
for a chlorine substituent on an aromatic nucleus, does 
not appear to occur. In fact, this bond length is almost 
the same as that  found for other chloropyrimidines 
without substituents in the 5-position. This effect and 
the difference in the C-C bonds in the ring might well 
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be the result of some localization of resonance inter- 
actions. 

The extra-annular C-N bond C4-Na is much shorter 
than the single-bond distance of 0.47 /~, while Cs-Na 
approximates more closely to a single bond. I t  is to 
be expected, then, that  the resonance structures con- 
tributing to the molecular structure will be principally 
those proposed for 4-amino-2,6-dichloropyrimidine 
(Clews & Cochran, 1949). The bond lengths calculated 
in this way are shown in parentheses in Fig. 5, where 
it is seen that, except for the bond Na-Ca, which is 
smaller by 0-04 ~, the agreement between observed 
and calculated values is very good. 

The standard deviation of electron density for the 
(100) projection, calculated from the expression 

1 

was found to be 0.18 e.~ -~. Thus the appearance of 
peaks due to hydrogen atoms can be expected in the 
final difference synthesis. That the hydrogen atoms 
could be located has already been mentioned, and 
reference to Fig. 4 shows that  there are two peaks 
associated with each of the extra-ring nitrogen atoms. 
This, together with the fact that  there are no similar 
peaks in the region of the ring nitrogen atoms, con- 
firms that  the molecule occurs in the amino form. 
An amino form was suggested for 4-amino-2,6- 
dichloropyrimidine and was inferred from crystallo- 
graphic evidence in the case of cytidine. The complete 
analysis of adenine hydrochloride (Cochran, 1951) 
showed this molecule also to be in an amino form. 

Fig. 6 shows the structure projected on to (100). 
The four molecules are numbered for reference pur- 

c s in~ 

I "-"X~2 r ~  ,3"11 
I ~,j ~;::r-~," 3 ,A~,j I 

b " 13,~5 L) 3"15 

" I ~  I' : : , "Ns~,3 .52  ~ I - 
I ',.3-11 f 7 3 . 5 1 \ . . J  ~ I 

~ -~ , 

4 4 
Fig. 6. S t ruc ture  of 4 ,5-diamino-2-chloropyrimidine p ro jec ted  

on (100). In t e ra tomic  dis tances  indicated b y  broken  and 
full lines, as explained in text .  Arrow-heads  indicate t h a t  
the  bond  is to an a t o m  in the  uni t  cell above.  

poses. The broken contacts between adjacent mole- 
cules represent the most probable system of hydrogen 
bonds. The distance (N1)l-(N4)4 is 3.16 /~ while (N4)4 
to (N3)3 in the unit cell below is 3-11 /~, corresponding 
to normal N - H . . .  N hydrogen bonds, Furthermore, 
reference to Fig. 4 shows that, at least in projection, 
the hydrogen atoms associated with (N4) 4 are directed 
along the lines joining this atom to (N1)1 and (N3)3. 
Bonds of this type between a 4-amino group and the 
ring nitrogens of adjacent molecules make up a 
helical system of hydrogen bonds throughout the 
crystal structure, with the axis of the helix parallel 
to the a axis. In addition to these, the distance from 
(Ns) 1 to (N1) 4 is 3.15 A, which is of approximately 
the same magnitude as the N-H • • • N bonds already 
referred to, and there is clearly a hydrogen atom lying 
along the line joining (Ns) 1 to (N1) 4. Also the electron 
density is spread out along this line forming a bridge 
between the two atoms, although too much significance 
should not be attached to this as the maximum density 
is not very much greater than the standard deviation 
of electron density. I t  is not clear how the atom (N1) 4 
can be associated with two hydrogen bonds to two 
amino-nitrogens of the same molecule. 

The following contacts 

(Ce) 1 to (Cl)3 in the cell below--3.45 A ,  
(N5)1 to (C1)3 in the cell below--3-51 /~, 
(Ns) 1 to (C1)4 in the cell above--3.52 A 

are of some interest. In the first of these there is a 
hydrogen atom attached to the carbon atom, and if it 
is assumed, as is reasonable, that  the hydrogen atom 
is in the plane of the ring, the C1-H distance is 3-06/~, 
a normal van der Waals contact. In the case of the 
other two contacts, the iN 5 atom has two hydrogen 
atoms attached to it, but, as in the projection neither 
of these lie along the directions (Ns)r(C1)3 or (Ns)r(C1)4, 
it may be inferred that  these represent normal van 
der Waals contacts between chlorine and nitrogen 
atoms. 

To sum up, from the present investigation and from 
previous work on amino-pyrimidines and purines it 
may be concluded, first, that  these compounds occur 
in the amino and not in the imino forms whatever the 
position of the substituent NH 2 group and, secondly, 
that  they are held together in the crystalline state by 
systems of hydrogen bonds between the nitrogen atoms 
of the amin0-gr0ups and the ring nitrogen atoms 0f 
neighbouring molecules. Hydrogen bonds of this type 
have been shown to exist in the present pyrimidine 
and in adenine hydrochloride, and it has been inferred 
from the occurrence of short intermolecular N-N 
contacts that  there are hydrogen bonds in a number 
of other pyrimidines and purines. Hydrogen bonds of 
the types N-H-O,  O-H-O have been deduced for 
other pyrimidines (Pitt, 1948; Parry, 1954), purines 
(Broomhead, 1948, 1951) and nucleosides (Zussman, 
1953 ; Furberg, 1950). 
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That such bonding occurs in a large group of 
related compounds, which are in turn related to the 
nucleic acids and nucleo-proteins, is of considerable 
interest and importance since it is usually assumed 
that  these latter compounds are held together in 
biological systems by hydrogen bonding between the 
neighbouring groups. Indeed, Watson & Crick (1953) 
have suggested that  the macromolecule of deoxyribo- 
nucleic acids consists of a double helix, in which two 
helical chains are coiled round the same axis into the 
pyrimidine and purine bases on the inside of the helix. 
The two helical chains are held together by hydrogen 
bonds between the pyrimidine and purine bases. These 
hydrogen bonds must be of the type found in the 
simpler compounds. 
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Certain features common to structures with one-dimensional position disorder and to related 
ordered layer structures (OD-struetures) are discussed, the corresponding concepts are introduced 
by examples and the corresponding features of Fourier transforms are deduced. OD-structures are 
systematized and a glossary of terms is added. In an Appendix a nomenclature for plane space 
groups in three dimensions, which corresponds to the international nomenclature for three-dimen- 
sional space groups, is suggested. 

I n t r o d u c t i o n  

In the course of investigating the disorder phenomena 
exhibited by fl-wollastonite (Jeffery, 1953) and Mad- 
drell's salt (Dornberger-Schiff, Liebau & Thilo, 1955), 
it became evident that  an adequate description of 
these and kindred structures cannot be expressed 
simply in terms of the current language of 'classical' 
crystallography, which, by its very nature, can be 
applied to fully ordered structures only. I have thus 
been led to attempt a generalization of these classical 
concepts wide enough to cover what I propose to call 
'0D-structures' (order-disorder structures). 

AC9 

This term should--according to my proposal-- 
embrace structures with stacking disorder (l-dimen- 
sionale Lagefehlordnung) if the lack of order in the 
stacking results (as usual) from the fact that  there 
are two or more geometrically--and hence energeti- 
cally--equivalent ways in which neighbouring layers 
may be placed with respect to one another. I t  should 
embrace also such structures which differ from these 
disordered structures only by the regularity of their 
stacking. 

Before an attempt at the development of a general 
theory is made I propose to discuss in the present 


