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Donohue, 1962), but is substantially longer than in P2, 
1.89 A (Douglas & Rao, 1958). The P - P  linkage 
appears therefore to be essentially a single bond. In this 
case the MoP2H z group would be expected to be non- 
coplanar like the phosphines above and to have angles 
at P markedly less than the tetrahedral value. Of  the 
possible non-coplanar forms of the phosphine ligand, 
the cis form is consistent with the fact that the M o - P  2 
plane does not bisect the angle formed by the normals 
to the mean planes of the r/-cyclopentadienyl rings, as 
both H atoms on the same side repulse some C atoms 
of the corresponding cyclopentadienyl ring, thereby 
increasing the angle. 

Thermal ellipsoids are represented, in projection 
down b, in Fig. 3. The large difference between the two 
P thermal ellipsoids might have the following ex- 
planation. From the estimated H atom positions of the 
r/-CsH 5 group, Fig. 2, it appears that the surroundings 
of the P atoms are quite different, and distances from 
P(2) to H(I)  and H(2), 3.35 and 3.00 A, are longer 
than those from P(1) to H(1) and H(2), 3.00 and 2.45 
A. The vibration of P ( l )  is, therefore, restricted while 
P(2) is free to move. 
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Stacking Patterns of Thiopyrimidines: 
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BY LAWRENCE J. DELUCAS, RICHARD A. HEARN AND CHARLES E. BUGG 

Institute of  Dental Research, University o f  Alabama in Birmingham, University Station, Birmingham, 
Alabama 35294, USA 

(Received 16 September 1976; accepted 31 December 1976) 

C4H6N3S.C6H2N3OT, monoclinic, P2Jc, a = 12.430 (1), b = 15.594 (1), c = 7.239 (3) A, fl = 99.81 (3) °, 
z = 4, D x = 1.713, D m = 1.71 g c m  -3. The structure was solved by use of 2305 symmetry-independent 
reflections measured on a diffractometer, and was refined by least squares to R = 0.091. The crystal structure 
consists of ribbons of stacked thiocytosine cations hydrogen-bonded to the picrate anions and to neighboring 
thiocytosine moieties. No stacking interactions were observed between thiocytosine cations and picrate 
anions. 

Introduction 

The ability of thiopyrimidine residues to stabilize the 
secondary structure of polynucleotides has been attrib- 
uted to enhanced base-stacking interactions induced 
by the sulfur substituents (Faerber, Scheit & Sommer, 
1972; Scheit & Gaertner, 1969; Bahr, Faerber & 

Scheit, 1973). Recent reviews have suggested that the 
bases in crystal structures of thiopyrimidines generally 
exhibit characteristic stacking patterns that involve 
intimate contacts between the sulfur substituent of one 
base and the ring systems of neighboring bases 
(Saenger, 1973; Saenger & Suck, 1973). We deter- 
mined the crystal structure of 2-thiocytosine picrate to 
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obtain additional information about the base-stacking 
patterns of thiopyrimidines. 

Rectangular plates were grown by evaporating an 
aqueous solution that contained an approximately equi- 
molar mixture of 2-thiocytosine and picric acid. The 
space group is P2t/c ,  as indicated by the systematic 
absence of the reflections 0k0 when k is odd and hOl 
when l is odd. Cell constants were obtained by a least- 
squares analysis of 20 values for 12 high-angle 
reflections (Cu Kct,, 2 = 1.54051 A) measured on the 
diffractometer. The density was measured by flotation 
in a tetrabromoethane-carbon tetrachloride mixture. 

A crystal fragment with approximate dimensions 0.2 
x 0.1 x 0.05 mm was mounted on a Picker FACS-1 
diffractometer with its c axis slightly inclined to the 09 
axis of the goniostat. Three-dimensional intensity data 
for the 2305 symmetry-independent reflections with 20 
< 128 ° were obtained with the diffractometer (Ni- 
filtered Cu radiation, a scintillation counter, and a 0-20 
scan mode). The scanning speed was 1 ° min -~ and a 
20 s background measurement was performed at each 
terminus of the scans. Three strong reflections (102, 
200, 020), which were monitored periodically, exhibited 
no significant variation of intensity during data collec- 
tion. Those reflections with scan counts below back- 
ground level (negative intensities) were assigned inten- 
sities of 0.0 and were retained in all subsequent 
calculations; this procedure introduces a bias in the 
refinement on F z, but probably has negligible effects 
on the final parameters. Intensities were assigned 
variances, a2(I), according to counting statistics plus 
the additional term (0.03S) z, S being the scan count. 
The intensities and their variances were corrected for 
Lorentz and polarization effects, and absorption 
corrections were applied with the program O R A B S  
(Wehe, Busing & Levy, 1962). The data were scaled by 
a Wilson (1942) plot. 

We arrived at a suitable trial structure by the heavy- 
atom method. H atoms were located in difference 
Fourier maps during the later stages of refinement. A 
modified version of the full-matrix least-squares pro- 
gram O R F L S  (Busing, Martin & Levy, 1962; Busing, 
1971) was used to refine coordinates for all atoms, 
anisotropic temperature factors for the nonhydro- 
gen atoms, isotropic temperature factors for the H 
atoms, and Zachariasen's (1963) isotropic extinction 
parameter g [as formulated by Coppens & Hamilton 
(1970)1. The quantity minimized was E w(F2o-  F,Z./k2) 2, 
where k is a scale factor and the weight w is 1/aZ(F2,). 
Scattering factors for the non-hydrogen atoms were 
from International  Tables f o r  X-ray Crystallography 
(1962), and anomalous-dispersion correction factors 
for these atoms were from Cromer & Liberman (1970). 
Scattering factors for the H atoms were from Stewart, 
Davidson & Simpson (1965). Because of the limited 
core-storage capacity of the computer it was imprac- 
tical to refine all parameters simultaneously; conse- 

quently, the atoms were divided into two overlapping 
blocks which were refined in alternate cycles. During 
the last cycles of refinement no parameter shifted more 
than one-quarter of its standard deviation. Considering 
all reflections, the R, index (ZllF,,I - IF,.I]/E IF,,I)is 
0-091, R 2 (Y IF,~ - F,?I/Y. F,~) is 0.063, wR {[E wlF,~ - 
IF,.IZI2/(EwF,4)] '/z} is 0.091, and the goodness-of-fit 
{[Y w(F,~ - F,?)/(m - s)] in, where m is the number of 
reflections and s the number of parameters refined} is 
1.10. Considering only the 1785 reflections for which 
I > a( l ) ,  R~ = 0.062, R 2 = 0.059, wR = 0.087 and 
goodness-of-fit = 1.21.* A final three-dimensional 
difference Fourier map showed no fluctuations exceed- 
ing 0.3 e A -3 

Results and discussion 

Tables 1 and 2 list the parameters and their estimated 
standard deviations for the nonhydrogen and hydrogen 
atoms respectively. Estimated errors in positional 
parameters are about 0.001 A for S, 0.004 A for C, N 
and O, and 0.04 A for H. Fig. 1 shows bond lengths, 
bond angles and thermal elllpsoids. The thiocytosine 

* Lists of structure factors and anisotropic thermal parameters 
have been deposited with the British Library Lending Division as 
Supplementary Publication No. SUP 32535 (16 pp.). Copies may 
be obtained through The Executive Secretary, International Union 
of Crystallography, 13 White Friars, Chester CH 1 1NZ, England. 

Table 1. Positional parameters  and their est imated 
s tandard deviations 

Values for the S atoms have been multiplied by 105, and all other 
values by 104. The final value of the isotropic extinction parameter 
isg = 0-018 (3). 

C6 
C5 
N1 
N4 
Cl 
C2 
C3 
C4 
C6 
C5 
Ol 
N1 
02 
03 
N2 
04 
05 
N3 
06 
07 

X Y Z 

S 9031 
C2 9796 
N3 9403 
C4 9997 

11426 
11047 
10815 
9544 
6718 
6389 
5378 
4614 
4848 
5860 
7621 
7147 
6924 
8000 
3557 
2900 
3388 
6080 
6898 
5407 

8(6) 57798(5) 
(2) 4941(2) 
(2) 4117(1) 
(2) 3395(2) 
(2) 4292(2) 
(3) 3497(2) 
(2) 4988(2) 
(2) 2652(2) 
(2) 2966(2) 
(2) 2083(2) 
(2) 1846(2) 
(2) 2469(2) 
(2) 3332(2) 
(2) 3550(2) 
(2) 3206(1) 
(2) 1387(2) 
(2) 676(1) 
(2) 1523(1) 
(2) 2218(2) 
(2) 2780(2) 
(2) 1454(2) 
(2) 4476(2) 
(2) 4763(1) 
(2) 4903(1) 

29324 (12) 
2594 (4) 
2687(3) 
2476(5) 
1915(4) 
2045(5) 
2208(4) 
2687(4) 
3944 (4) 
4169(4) 
4514(4) 
4684 (4) 
4486(5) 
4171(4) 
3592(3) 
4051(4) 
4562(4) 
3486(4) 
5100(4) 
5308(4) 
5294 (4) 
4032(4) 
4980(4) 
3011(4) 
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Table 2. Hydrogen-atom parameters 

Values have been multiplied by 103. The U values (U = B/817) 
correspond to isotropic temperature factors and are in units of A 2. 

X Y Z U 

HNI iii (3) 551 (2) 213 (4) 61 (ii) 
HN3 872 (2) 405 (2) 303 (4) 39 (9) 
HN4 986 (3) 219 (2) 249 (5) 54 (Ii) 
HN4 ' 879 (3) 266 (2) 313 (4) 69 (Ii) 
He5 1145 (2) 302 (2) 175 (4) 52 (i0) 
HC6 1216 (2) 441 (i) 163 (3) 24 (7) 
HC3' 520 (2) 128 (2) 471 (4) 34 (8) 
HC5' 432 (2) 374 (2) 461 (4) 50 (10) 

cation is nearly planar: S, N(4) and C(2) deviate by 
0.01, 0.06 and 0.01 A, respectively, from a least- 
squares plane through the six atoms of the pyrimidine 
ring. The central benzene ring of the picrate anion is 
planar, but N(I ' ) ,  N(2 ')  and N(3')  deviate from this 
plane by 0.03, 0.04, and 0.04 A respectively. The 
N(I ' ) ,  N(2')  and N(3 ' )  nitro groups are twisted out of  
the benzene plane by 12, 2 and 51 o respectively. 

N2' "~ 

0 9 3 y  K 

1,3,! o2' C/~,d.2,T ~c2' 
Nf ~ 

03' ~ 01' 

: ~  04' 
..;T 1-224 

1450 I 041 HN4 0 9! 

• 1'359 ' 3681 

,25o ,2,,~y2,6 ,65~. 
06' 

,He5 

C5 

C 6 ~  094 
1362 

. ~ ( . ~ 9 o  
a'~ 344 ~s HNI 
;2 

)s 

,,,~ , . 8 ,  

f 
119 4 ~197 

(a) (b) 

Fig. 1. Bond distances (A) and angles (o) for (a) the picrate anion 
and (b) the 2-thiocytosine cation. Non-hydrogen atoms are 
represented by thermal ellipsoids scaled to include 50°/) 
probability. Hydrogen atoms are represented by spheres of 0.1 ./~ 
radius. Estimated standard deviations in bond lengths and angles 
are 0.006 A and 0.4 ° respectively. This drawing and Fig. 2 were 
prepared with the program ORTEP (Johnson, 1965). 

Fig. 2 shows the crystal-packing and hydrogen- 
bonding schemes, and Table 3 lists the lengths and 
angles for the postulated hydrogen bonds. The thio- 
cytosine cations form ribbons running parallel to b. 
Within these ribbons, adjacent thiocytosine moieties are 
joined by N ( 4 ) - H ( N 4 ) . . . S  hydrogen bonds with 
N . . . S  distances of 3.483 A. The ribbons of thio- 
cytosine bases are hydrogen bonded to picrate anions, 
which are clustered in stacked columns which run in the 
c direction. The thiocytosine-picrate hydrogen-bonding 
scheme involves a bifurcated hydrogen bond between a 
H atom from the amino group of thiocytosine and two 
O atoms of a picrate anion. N(1) and N(3) both donate 
hydrogen bonds to picrate anions. In addition H(C6), 
the H atom from C (6) of the pyrimidine ring, forms two 
close contacts which may be considered hydrogen 
bonds. 

The ribbons of thiocytosine cations are stacked in 
the c direction. The stacking pattern for the pair of 
thiocytosine cations with the closest contacts is shown 
in Fig. 3, and the cytosine-picrate hydrogen-bonding 
scheme is depicted in Fig. 4. The bases are stacked 
across inversion centers, with a separation of about 3.4 
A between thiocytosine planes. The stacking pattern 
involves no direct overlap of pyrimidine rings, but the S 
substituents are positioned in contact with atoms of 
neighboring pyrimidine rings. The S substituent forms 
three contacts that are about equal to van der Waals 
distances (Pauling, 1960). This type of stacking 
pattern, wherein S substituents are in intimate contact 

Table 3. Hydrogen-bond distances and angles 

D H A D...A H...A 

C(6) H(C6) 0(5') ~' 3. 107/k 2.4/k 
C(6) H(C6) 0(2') ~ii 3.278 2.5 
N(4) H(N4) S ~ 3.483 2.6 
N(4) H(N4') O(1') i 2.724 1.8 
N(4) H (N4') 0(3') ~ 2. 738 2.1 
N(3) H(N3) O(1') ~ 2.801 2.0 
N(I) H(NI) 0(3')' 2.899 2.0 

Symmetry code 
(i) x,y,z 
(ii) 2 - -  x ,  3'-- ~, ½ - z 

(iii) 2 - x ,  ½ + y ,  ½ -  z 

/ DHA 

132 ° 
135 
176 
151 
121 
145 
165 

(iv) 1 + x , ~ - y , z  
(v) 1 - x , ~ + y , k - z  

¢1 

( a, 

Fig. 2. Stereo drawing of the crystal packing and the hydrogen-bonding scheme. Hydrogen bonds are represented by thinner lines. 
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with atoms of the ring systems from adjacent bases, has 
now been observed in several crystal structures of thio- 
pyrimidines (Saenger, 1973; Saenger & Suck, 1973) 
and thiopurines (Bugg & Thewalt, 1975; Bugg 
& Sternglanz, 1974). However, this type of stack- 
ing interaction is somewhat unusual; protonated 
pyrimidines are almost never found to stack either in 
crystal structures or in aqueous solution (Bugg, 
Thomas, Sundaralingam & Rao, 1971). 

The thiocytosine picrate salt was of interest since we 
felt that the crystal structure might involve charge- 
transfer interactions between the thiocytosine and 
picrate moieties. We had no spectroscopic data to 
indicate that a charge-transfer complex was formed, 
but we suspected this possibility on the basis of data 
suggesting that thiopyrimidines (Fulton & Lyons, 
1968) and other organic sulfur compounds (Bent, 
1968; Hassel, 1970; Prout & Wright, 1968) are capable 

~ N  
[ / S'50 S s.57' 

Fig. 3. Base stacking pattern for the pair of thiocytosine cations 
with the closest stacking contacts. A second stacking pattern, 
which displays no close contacts, would be obtained by shifting 
the lower base up through the c translation. The view is 
perpendicular to the pyrimidine ring. 

( 

Fig. 4. Cytosine-picrate hydrogen-bonding scheme. 

of acting as electron donors, whereas picric acid is a 
good electron acceptor (Gartland, Freeman & Bugg, 
1974, and references therein). Our expectation that the 
structure might display r~-n complexes in stacks of 
alternating thiocytosine and picrate ions (as found in 
many crystal structures of aromatic donor-acceptor  
complexes) was not realized; instead, both the thio- 
cytosine residues and picrate ions are self-stacked. 

We thank Miss Catherine Sims and Miss Mary Ann 
Comer for assistance with the preparation of this 
manuscript. This work was supported by NIH grants 
CA-12159, CA-13148 and DE-02670. 
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