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Fig. 2. A view of the packing of the molecules in the unit cell. 

1 . 4 1 5 ( 7 ) / k ;  1 .375(5 ) ,  1.381 ( 5 ) A ;  and 117 .7 (4 ) ,  
117.9 (4) ° respectively]. 

The crystal  s tructure is stabilized by two hydrogen 
bonds (Table 3) which form a linear O - H . . . O -  
H . . . O - - H  chain running parallel to the crystal-  
lographic a axis. A view of the packing of  the molecules 
is shown in Fig. 2. 

The work presented here was supported by a grant  
f rom N I H ,  C A  23704. 
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Abst rac t .  C14H10N4S2, M r = 2 9 8 " 4 0 ,  or thorhombic ,  
Pcc2, a = 9 .964  (3), b = 9 .967 (3), c -- 12.890 (3) A, 
V =  1280.26/~3,  Z = 4, D x = 1.548, D m = 
1.540 Mg m -3, ~,(Cu Ka) = 1 .5418/~ ,  ~t = 3.56 mm -t ,  

0108-2701/89/030460-03503.00 

F(000)  = 632, T = 293 K, R = 0 .053,  wR = 0 .046 for 
1089 observed reflections. The S - S  bond length is 
2 .077 (3)/~,, longer than those in most  disulfides which 
is indicative of  the title compound ' s  instability in 
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solution. The two benzimidazole groups are planar with 
maximum deviations 0.012 (6) and 0.008 (4)A. The 
interplanar angle is 27.5°. Hydrogen bonds between N 
atoms regulate the crystal packing. 

Table 1. Fractional atomic coordinates and equivalent 
isotropic thermal parameters (A 2 × 103) for  the non-H 

Introduction. Bis(2-benzimidazolyl) disulfide (L--L)  is 
the first-step oxidation product of 2-benzimidazole- s(1) 
thione (L). Treatment of L with mild oxidizing agents s(2) 
such as hydrogen peroxide and tellurium(IV) in N(I) N(2) 
methanolic solution (Rout, Seshasayee, Aravamudan & c(1) 
Sowrirajan, 1984) precipitated L--L  as a polycrystal- c(2) 
line material. The compound is indefinitely stable in the c(3) C(4) 
solid state and decomposes only above 473 K. Unlike c(5) 
most other disulfides, this compound is unstable in c(6) 

c(7) 
acidic methanolic media. Though documented by c(8) 
Hofmann (1953), no reason was given for this unusual N(3) 

N(4) instability. Therefore, a crystal-structure study was c(9) 
attempted after preparing the single crystal with great c(10) 
difficulty, as described in the following with a probable C(l 1) 

C(12) 
reason for the instability. C(13) 

C(14) 
Experimental. Recrystallization from powdery L - L  
was not successful in obtaining single crystals. L - L  has 
an interesting solubility and stability behaviour. It is 
insoluble in most solvents, e.g. dilute mineral acids and 
methanol, but readily dissolves in a mixture of the two. 
On gradual evaporation of methanol L--L  is not 
recovered but only its decomposition products, namely 
L, benzimidazole and SO 2 are obtained. Single crystals 
of L--L  could, however, be obtained in very low yield 
(<1%) by the slow aerial oxidation of 0.2 M 
methanolic solution of L kept in a 1 L flask for four 
months. Single crystals in a better yield but of poorer 
quality were obtained by aerial oxidation of 0.2 M 
methanolic solution of L catalysed by the addition of 
0.005 M Cu E+ and 0.5 M NH 3. 

Pale-yellow needle-shaped crystals, crystal size 
0.1 x 0.1 x 0.4 mm; density measured by flotation; 
data collection by Enraf-Nonius CAD-4 diffractom- 
eter, graphite-monochromated Cu Ka radiation; lattice 
parameters from least-squares analysis of 25 high-angle 
reflections (60 < 20 < 90°); o9--20 scan, 20ma x = 140 °, 
index range 0 < h < 1 2 ,  0 < k < 1 2 ,  0 < l <  15; stan- 
dard reflections 151 and 331 monitored every hour 
showed no significant variation; 1440 reflections 
measured, 1089 with I > 3tr(I); Lorentz and polariza- 
tion corrections applied, no absorption correction. 
Structure solution using direct methods [SHELX86 
(Sheldrick, 1986)]; anisotropic temperature factors for 
non-H atoms, H atoms from difference Fourier map 
were refined with isotropic temperature factors, struc- 
ture refined using full-matrix least squares on F 
[SHELX76 (Sheldrick, 1976)]; final R = 0 . 0 5 3 ,  wR 
= 0 . 0 4 6  for 1089 observed reflections, weighting 
scheme used w = 1.00/[a2(Fo) + 0.0472 I Fol 2], (shift/ 
e.s.d.)max=0.031 for all non-H atoms, reflection/ 
parameter ratio 6.05, max. height in final difference 

atoms with e.s.d.'s in paren theses 
3 

U~q = } ~ Utr 
l=l 

x y z Ueq 
0.7392 (1) 1.2079 (1) 0.0035 37 (1) 
0.7078 (1) 1.2389 (1) -0.1540 (2) 37 (1) 
0.6353 (3) 0-9588 (4) 0.0436 (4) 32 (2) 
0.8583 (3) 0.9593 (4) 0.0176 (3) 30 (2) 
0.7456 (3) 1.0322 (5) 0.0192 (4) 30 (3) 
0.8194 (5) 0.8317 (5) 0.0412 (4) 29 (2) 
0.8936 (5) 0.7142 (5) 0.0495 (5) 35 (3) 
0.8230 (6) 0.5971 (6) 0.0740 (5) 40 (3) 
0.6864 (6) 0.5972 (5) 0.0912 (5) 41 (3) 
0.6103 (5) 0.7149 (5) 0.0833 (5) 37 (3) 
0.6804 (5) 0.8318 (6) 0.0570 (4) 30 (2) 
0.5325 (6) 1.2446 (4) -0.1704 (4) 29 (3) 
0.4608 (4) 1.3590 (3) -0.1678 (3) 31 (2) 
0.4604 (4) 1.1353 (3) -0.1936 (4) 33 (2) 
0.3316 (5) 1.3195 (5) -0.1909 (4) 29 (2) 
0.2127 (5) 1.3936 (5) -0.1996 (5) 38 (3) 
0.0977 (5) 1.3227 (6) --0.2253 (5) 39 (3) 
0.0986 (5) 1.1859 (6) -0.2420 (5) 40 (3) 
0.2137 (5) 1.1116 (5) -0.2342 (5) 36 (3) 
0.3315 (6) 1.1807 (5) -0.2079 (4) 30 (2) 

Fourier map ( 1 e A -3. Atomic scattering factors from 
Cromer & Mann (1968) for non-H atoms and Stewart, 
Davidson & Simpson (1965) for H; anomalous-disper- 
sion-correction factors from Cromer & Liberman 
(1970). 

Discussion. The refined atomic parameters for non-H 
atoms are listed in Table 1. The bond lengths and bond 
angles involving non-H atoms are given in Table 2.* 
Figs. 1 and 2 show the ORTEP plot (Johnson, 1976) of 
this molecule and packing of the molecules in the unit 
cell, respectively. The S(1)-S(2) bond length is 
2.077 (3)A, which is longer than those reported for 
other disulfides, namely bis[morpholino(thiocar- 
bonyl)]disulfane, 2.009 (5)A (Rout, Seshasayee & 
Aravamudan, 1982), 3,3'-dithiodipropionic acid, 
2.033 (1)A (Appa Rao, Seshasayee, Aravamudan, 
Nageswara Rao & Venkatasubramanian, 1982) and 
3,3'-dihydroxydi-2-pyridyl disulfide, 2.018 (7) A 
(Higashi, Lundeen & Self, 1978). These compounds, 
unlike the title compound, are stable in solution also. 
Thus the longer S - S  bond length is one of the 
contributing factors towards the instability of the title 
compound in solution. 

The two benzimidazole (mbi) groups are planar with 
maximum deviations 0.012 (6) and 0.008 (4)A. The 
interplanar angle is 27.5 °. S - C  bond lengths are 

* Lists of structure factors, H-atom parameters, bond lengths and 
bond angles involving H atoms and anisotropic thermal parameters 
of non-H atoms have been deposited with the British Library 
Document Supply Centre as Supplementary Publication No. SUP 
51431 (9 pp.). Copies may be obtained through The Executive 
Secretary, International Union of Crystallography, 5 Abbey 
Square, Chester CH 1 2HU, England. 
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Table 2. Bond lengths (A) and bond angles (0) 
involving non-H atoms with e.s.d.'s in parentheses 

S(1)-S(2) 2.077 (3) S(1)-C(I) 1.764 (5) 
C(1)-N(1) 1.358 (5) C(1)-N(2) 1.338 (5) 
N(I)--C(7) 1.355 (7) N(2)-C(2) 1.363 (6) 
C(2)-C(3) 1.390 (7) C(3)--C(4) 1.399 (8) 
C(4)-C(5) 1.379 (9) C(5)--C(6) 1.401 (7) 
C(6)--C(7) 1.400 (8) C(7)--C(2) 1.400 (7) 
S(2)--C(8) 1.761 (6) C(8)-N(3) 1.345 (6) 
C(8)-N(4) 1.339 (6) N(3)-C(9) 1.379 (6) 
N(4)-C(14) 1.374 (7) C(9)-C(10) 1.400 (7) 
C(10)-C(11) 1.387 (7) C(11)-C(12) 1.380 (9) 
C(12)-C(13) 1.369 (7) C(13)-C(14) 1.402 (8) 
C(14)-C(9) 1.401 (7) 

S(2)-S(1)-C(1) 105.4 (2) S(I)-S(2)-C(8) 105.8 (3) 
S(1)-C(1)-N(1) 122.2 (4) S(1)-C(])-N(2) 124.6 (4) 
N(1)-C(1)--N(2) 113.0 (4) C(1)-N(1)--C(7) ]05-3 (4) 
C(1)-N(2)--C(2) ]05.3 (3) N(2)-C(2)--C(3) ]30.7 (4) 
N(2)-C(2)--C(7) 108.3 (4) C(7)-C(2)-C(3) 121.0 (4) 
C(2)--C(3)-C(4) 116-9 (4) C(3)-C(4)-C(5) 122.1 (5) 
C(4)-C(5)-C(6) 121.6 (5) C(5)-C(6)-C(7) 116.4 (4) 
C(6)-C(7)-C(2) 121.9 (4) N(I)--C(7)--C(2) 108.1 (4) 
N(1)--C(7)--C(6) 130.0 (4) S(2)--C(8)-N(3) 123.4 (4) 
S(2)-C(8)-N(4) 122.2 (4) N(a)-c(8)-N(4) 114.2 (4) 
C(8)-N(3)--C(9) 104.4 (4) C(8)-N(4)--C(14) I05.3 (4) 
N(3)--C(9)--C(10) 131.0 (4) N(3)-C(9)--C(14) 108.4 (4) 
C(14)-C(9)--C(I0) 120-5 (4) C(9)-C(IO)-C(11) 116.7 (4) 
C(10)--C(ll)--C(12) 122.3 (5) C(11)-C(12)--C(13) 121.9 (5) 
C(12)-C(13)-C(14) 116.9 (4) C(13)-C(14)--C(9) 121.6 (4) 
N(4)-C(14)--C(9) 107.7 (4) N(4)-C(14)-C(13) 130.8 (4) 

C ( ~ 1  ) 
C(13)~j~_~ /7~C(10)  

c( 1 ~ L ~ ( 9  ) 

c ( 6 )  N 1 4 ) ~ ~ 3 1  
N(1) ~ ;(8) 

c( 

Fig. 1. OR TEP plot of t e  molecule. 

y b 

Fig. 2. Molecular packing in the unit cell. 

normal. The C(1)-N(1), C(1)-N(2),  C(8)--N(3) and 
C(8)-N(4) bond lengths with an average of 
1.345 (6) A show partial double-bond character. This is 
in keeping with resonance in the benzimidazole group. 
Bond parameters involving C atoms are normal. 

The average N--H and C - H  bond lengths are 0.81 
and 0 .95(6)A respectively. Though according to 
stoichiometry, each one of the two benzimidazole rings 
should have one deprotonated nitrogen and one NH 
nitrogen, due to extensive delocalization in the N - C - N  
bond, the two N atoms become equivalent and 
interestingly this is reflected in the positions occupied 
by the H atoms in the structure. Hydrogen peaks 
appear around both the N atoms in each ring with short 
H--.H distances between equivalent positions related 
by the symmetry operation (-x,  -y ,  2): H(1)... 
n ( l ' ) - -  1.272, H(2) . . .H(2 ' ) - -  1.519, H(7) . . .H(7 ' ) - -  
1.157 and H(8) . . .H(8 ' ) - -1 .271 A. Hence these hy- 
drogen positions were given a fixed occupancy factor of 
0-50. All these H atoms take part in hydrogen bonds 
between the N atoms in neighbouring mbi's, with 
(N--.N)a, -- 2.871 (4) A and the angle (N--H-.-N)a , 
= 167.3 (3) °. Crystal packing is due to these three- 
dimensional hydrogen-bonding networks. 

The C - S - S - C  dihedral angle is 90.6 (2) ° and is 
comparable to those reported for other disulfides 
(78-101°). An empirical relationship between the S - S  
bond length and X - C - S - S  torsion angle has been 
reported (Higashi et al., 1978) where X is C or N in 
these symmetric disulfides with S atoms bonded to sp 2 
C atoms. When the X - C - S - S  angle is within about 
90 + 20 °, the average S - S  bond length is 2.08 A. In 
the present compound this relationship is also held, 
since the N - C - S - S  torsion angles are -93 .1 (4 ) ,  
93-0 (4), 92.3 (4) and -92-3 (4) °. 
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