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The crystal and molecular structure of dicinnamyl disulphide has been determined from X-ray data by 
Patterson techniques. The structure has been refined by block-diagonal least-squares and difference 
Fourier syntheses on three-dimensional data. The unit cell is orthorhombic, space group Fdd2, with 
a= 17.42, b= 34.18, c= 5.42 A, and contains eight molecules. The final R value based on 660 observed 
reflexions is 9.5 %. A twofold axis of symmetry passes through the mid point of the S-S bond. The 
central part of the molecule C-S-S-C adopts a skewed non-planar configuration similar to hydrogen 
peroxide and a number of other disulphides. The S-S bond of 2.01/~ is short and possesses 25 % double 
bond character. The dihedral angle of 66.4 ° differs from the usual angle of about 90 °, and the S-C bond 
length of 1.88 A is very significantly long. It is suggested that a bifurcated intramolecular hydrogen bond 
is formed by a methylene hydrogen atom attached to C(3) with both sulphur atoms, with a similar 
hydrogen bond arrangement from C(Y). This could account for the convoluted nature of the molecule 
and the unusual dihedral angle and bond lengths. 

Introduction 

The crystal structure of dicinnamyl disulphide 
C 6 H  5 . CH : CH. C H  2 . S. S. CHz. CH : CH. C 6 H  s w a s  un- 
dertaken as part of a series of structural studies on disul- 
phides to see the effect of the conjugated double bond 
or steric factors on the lengths of the S-S and C-S 
bonds. A preliminary two-dimensional structure had 
previously been published (Smith & Whyman, 1964), 
and we are grateful to Mr G. W. Smith (BP Research 
Centre, Sunbury on Thames) for providing a sample 
and for unpublished information. 

Experimental 

Crystals were in the form of thin colourless needles 
elongated along e. Most of the needles were found to be 
aggregates of many thinner crystals joined face to face, 
but eventually a single crystal 0.3 x 0.1 x 0.1 mm was 
obtained, and this gave straight extinction, Equi-in- 
clination Weissenberg data were collected photograph- 
ically and measured visually for the layers hkO to 
hk4. Lorentz and polarizarion corrections were applied 
but no corrections were made for absorption or ex- 
tinction. 

Crystal data 
( C 9 H 9 5 ) 2  , M=298"46 
Orthorhombic a = 17.42, b = 34.18, c = 5.42 A, 
all + 0.02 A 
U=3227.2 A 3, F000=1264, 2(Cu Kc0=1-5418 A , / z =  
27.7 cm-1  Z =  8, 
De= 1.228 g.cm -3, Dm = 1"23 g.cm -3 (by flotation in 
aqueous potassium iodide) 
Reflexions present only when 
hkhh+k,  k+l, (h+l)=2n; 

A C 27B - 3 

Okh k + l= 4n (k, l = 2n); 
hOl:h+l=4n, (h,l=2n); 
hkO: (h, k = 2n); h00: (h = 4n); 
0k0: (k = 4n); 00l: (l=4n). 
These absences uniquely determine the space group as 
Fdd2. 

Structure analysis 

A Patterson summation sharpened to point sulphur 
atoms at rest was performed on the hkO data, and gave 
a trial structure similar to the two-dimensional struc- 
ture previously published (Smith & Whyman, 1964). 
Structure factor and preliminary least-squares refine- 
ment with unit weights rapidly reduced R to 18-1% 
using atomic scattering factors due to Hanson, Herman, 
Lea & Skillman (1964) with both real and imaginary 
corrections for anomalous dispersion (Dauben & Tem- 
pleton, 1955) applied to the sulphur atoms. 

Using three-dimensional data, Patterson, sharpened 
Patterson and heavy atom Fourier (based on sulphur 
atoms) summations were performed to resolve am- 
biguities in the three-dimensional structure. The z/c 
coordinate for the heaviest atom (sulphur) was fixed 
to define the origin, and this model gave a value of 
R = 28.1%. A full-matrix least-squares program which 
would handle this space group was not available so 
refinement was carried out by block-diagonal least- 
squares and difference Fourier techniques using the 
X-ray 63 system due to Professor J. M. Stewart (Univ- 
ersity of Maryland) as adapted for the SRC Chilton 
Atlas computer by Dr J. C. Baldwin. When R had 
decreased to 11.1%, possible hydrogen atom peaks 
were apparent on difference Fourier synthesis. Posi- 
tions of hydrogen atoms were calculated at a distance 
of 1.075 A from the carbon atoms to which they are 
attached, and these were included in fixed positions 
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with a temperature factor o f  B =  9.0 A 2 in subsequent  
calculations. The weighting scheme used was a Cruicks- 
hank type 

1 
W =  

A + BIFol + ICFZol 

Table  1. Final positional parameters and e.s.d.'s 

x/a y/b z/c 
S 0.0174 (3) 0.0280 (1) 0.0000 
C(1) 0.0797 (11) 0-0312 (5) -0.2827 (57) 
C(2) 0.1421 (13) -0 .0003  (6) -0.2475 (66) 
C(3) 0.1458 (12) -0 .0230 (5) -0 .0486 (59) 
C(4) 0.2003 (8) -0,0589 (4) -0.0285 (43) 
C(5) 0.2584 (8) -0 .0640 (4) -0 .2017 (45) 
C(6) 0.3058 (11) - 0 . 0 9 6 5  (6) -0.1893 (61) 
C(7) 0.2998 (12) -0 .1226 (7) 0.0052 (62) 
C(8) 0.2469 (10) -0.1158 (5) 0.1914 (52) 
C(9) 0.1980 (11) -0 .0842 (5) 0.1723 (52) 

with values of A=0.9174,  B = - 0 . 0 1 4 1  and C =  
0.0139. 

The final R value was 9.5 %. Results are listed in 
Tables 1-8. 

Table  3. Final temperature factor parameters 

B l l  B22 B33 B12 B13 B23 

S 5 . 3 7  5 . 3 7  7 " 0 8  - 0 . 2 5  - 0 . 0 1  0 " 1 8  

The fozm of the anisotropic temperature factor used is 

TF = exp [ - ¼(hZa*ZB] ] + kZb*2B~2 + 12c*ZB33 + 2hka*b* B]2 
+ 2hla*c*B13 + 2klb*c*B23)] 

B (isotropic) 
C(1) 7"27 C(6) 7.89 
C(2) 8.48 C(7) 8:50 
C(3) 7.98 C(8) 7-37 
C(4) 6.15 C(9) 6.34 
C(5) 6.33 

Table  2. Calculated hydrogen positions 

Bonded to x/a 
H(1) C(1) 0.0465 
H(11) C(1) 0"1052 
H(2) C(2) 0"1844 
H(3) C(3) 0-1094 
H(5) C(5) 0.2665 
H(6) C(6) 0.3476 • 
It(7) C(7) 0.3360 
H(8) C(8) 0"2441 
H(9) C(9) 0.1570 

y/b z/c 
0 . 0 2 5 4  - 0 . 4 4 5 9  
0.0598 --0.2969 

--0.0041 -0.3899 
-0-0162 0.1058 
--0.0426 --0.3451 
--0"1015 -0.3318 
-0.1481 0"0118 
--0.1348 0-3488 
--0-0789 0.3168 

c(i') c(2' 
~ C ( 1 )  C(5') C(6') 

S(1) 

z c(9') c(8') 

Fig. 1. A view of the molecule. 
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Table  4. Observed and calculated structure amplitudes 
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28.5 2,.7 d~ 3.9 , 9.2 63 
27.1  25 .0  S 3 1 • . 0  • 3 . 6  16 d ~? . •  34 .5  
23 .0  35 ,0  7 21 3 ~.1 2 .9  6 14 6 19n  23 .=  

3~ .1  • 2 . 3  3 ZO.9 • • . 6  S e 14 4 22 .~  10 .6  
8 . 9  6 .4  6 8 . 6  l Z . 1  1o •4 6 21 ,2  17.6  
9 . 0  9 .6  6 .9  7 .1  12 •4" 4 10.4 13 .3  

• •4 7 . 2  7 . ?  
210 2 .4  1•  33 3 4 .2  5 .0  16 2 • . 3  17 .6  

39 .6  37 .7  3 35 3 7 ,9  8 . •  2 26 4 6 . 4  6 .6  

51 .6  49 .6  , 3 • . 0  9 . ?  6 16 4 9 .69 .9  
21 .1  •Z .3  9 38 " • . l  3 .Z  9 16 4 26 .7  16 .7  
2~ oo . . . . . . . . . . . . . . . . . . . . . . . . .  

4 . 7  7 37 3 5 . 3  5 . 7  12 16 • 9 .9  10 .5  
7~0 9 . 4  • 0 34 .9  37.7  2 •e  25 .6  42 7 
6 .6  6 .e  S o 6 25 .6  ~ . 4  • •8  5 . 7  3~3 

33 .6  36 ,6  12 0 4 . 8  S.2  6 18 26o5 19 .3  
14,2 1 • . 2  16 0 • 1 .3  • . 6  8 29 4 1 .9  2,0 
24 .0  27.~ ~ 2 • 3 o . ?  39,5 1o •8  4 9 . 2  6 . 0  

7 .1  8.4  2 ~ 35 .7  32.1  12 IS  4 6 .2  4 . 7  
8 . 6  8 .7  2 • 32 .6  29 .9  0 2O 4 2 8 . 8  30 .2  

. . . . . . .  :1 .... .... 12o!  . . . . . . .  2 .9  2 .3  1o •o ,6  Z0 .8  20 "  25 .1  23 .9  
44 .7  39 .7  12 2 4 116  9°4  6 2O 8 .8  9 °0  

3 35 .3  34.,~ 16 2 4 .3  6 .2  2 22 4 ~. 0 23 .<  

. . . . . . . .  o:'i . . . . . . . . .  ; . . . . .  

3 14 .8  11 .0  4 27 .2  24 .6  8 22 • 4 . 6  6 .2  
3 8 .7  6 4 ~ 4 2•,S 23 , •  ZO 6 9 . 4  9 , 9  
3 2 .7  2T1 z 4 18 .9  14 9 12 4 ? .9  6 .7  

23 .1  30 .9  12 5 .5  613 o 4 2 • . 6  • 3 . 7  

. . . . .  o :  ,: . . . . . . . . . . . . . . .  
6 .6  6 4 26 .2  27 .4  24 12 .6  • 2 . 8  
7 .7  910 37 .9  39 .8  2 . 4  2°6  
3 .4  3 .2  S 6 30 .2  . ~1 .6  10 2 •  8 .S  9 .3  
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Number of 
Fobs reflexions R 
0--5 55 13.2% 
5-10 149 10.3 

10-15 95 8-7 
1 5 - 2 0  76 10.2 
20-25 69 12.9 
25-30 47 12.9 
30-35 26 10.0 
35-40 29 9.2 
40-45 14 10.4 
45-50 18 8.3 
50-55 12 4.2 
55-6O 6 4.8 
60-65 6 8-7 
65-70 7 9.9 
70-75 9 7-9 
75-80 5 6.5 
80-85 5 9" 1 
85-90 4 6" 1 
90-95 3 8.7 

> 95 25 7"5 

Table  5. Agreement analysis 

Number of 
sin 0 reflexions R 

0.0-0.1 0 - 
0 . 1 - 0 . 2  5 11.0 % 
0.2-0.3 12 4.4 
0-3-0.4 35 7.4 
0-4-0.5 53 6.6 
0.5-0.6 86 10-7 
0.6-0.7 120 11.5 
0.7-0.8 130 11-8 
0.8--0.9 124 10.0 
0.9-1.0 95 8.0 

Number of 
Zone reflexions R 
hkO 127 9-1% 
hkl 157 7"9 
hk2 150 9.5 
hk3 127 10.8 
hk4 89 10.2 

Table  6. Bond lengths (A) and their 
estimated standard deviations 

Bond Distance 
S--- -S '  2-008 (7) 
S----C(1) 1.88 (3) 
C(1)-C(2) 1.54 (3) 
C(2)-C(3) 1.33 (4) 
C(3)-C(4) 1.55 (2) 
C(4)-C(5) 1.39 (3) 
C(5)-C(6) 1.39 (2) 
C(6)-C(7) 1.39 (4) 
C(7)-C(8) 1"39 (4) 
C(8)-C(9) 1-38 (3) 
C(9)-C(4) 1.39 (3) 

D i s c u s s i o n  

A view of  the molecule  is shown  in Fig. 1. The  two 
halves  o f  the molecule  are re la ted by a twofo ld  axis 
o f  symmet ry .  

The  z/e coord ina te  for  S(1) was fixed to define the 
or igin  a n d  consequen t ly  has  no  error.  Strict ly the 
s t anda rd  devia t ions  of  the o ther  a toms  shou ld  be in- 
creased accordingly ,  bu t  the X- ray  63 p rog rams  do no t  
do this. To  ob ta in  a bet ter  es t imate  o f  the errors  in 
b o n d  lengths  a n d  angles  involv ing  S(1) an  es t imated  
s t anda rd  dev ia t ion  of  0.0012 was assumed  for  the z/e 
coord ina te .  The  s t a n d a r d  devia t ions  of  the S-S  b o n d  
a n d  the angle  C(1)-S(1)-S(1 ') were ca lcula ted  differently 
f r o m  the others  to a l low for  the twofo ld  axis (Cruick-  
s h a n k  & Robe r t son ,  1953). 

The  S-S  b o n d  length  o f  2.01 A is cons ide rab ly  
shor te r  t h a n  the Pau l ing  (1960) single bond  value  o f  
2'08 A, and  us ing  Pau l ing ' s  re la t ionsh ip  the bond  may  
be ascr ibed 25 % doub le -bond  character .  The  observed 
b o n d  l eng th  is s l ight ly shor te r  t han  the value of  2.02 A 
in d ibenzyl  d i su lph ide  (Lee & Bryant ,  1969a), 2.03 A 
in dJphenyl  d i su lphide  (Lee & Bryant ,  1969b) and  
cons ide rab ly  shor te r  t han  the value o f  2.06 A in 2,2'- 
d i a m i n o d i p h e n y l  d i su lphide  (Lee & Bryant ,  1970). 

Tab le  7. Bond angles (°) and their estimated 
standard deviations 

Bond Angle 
S" S----C(1) 103.3 (0.8) 
S C(1)-C(2) 105.4 (1.6) 
C(1)-C(2)-C(3) 122.8 (2-3) 
C(2)-C(3)-C(4) 123.2 (2.2) 
C(3)-C(4)-C(5) 119.6 (1.7) 
C(3)-C(4)-C(9) 121-8 (1.7) 
C(5)-C(4)-C(9) 118.2 (1.7) 
C(4)-C(5)-C(6) 120.0 (1.8) 
C(5)-C(6)-C(7) 120.6 (2-2) 
C(6)-C(7)-C(8) 119.6 (2.3) 
C(7)-C(8)-C(9) 119.3 (2.1) 
C(8)-C(9)-C(4) 121.8 (2.0) 

Tab le  8. Intramolecular 

S ( 1 ) .  • C(2)  
S(1). • C(3) 
S(1). • C(3') 
S(1). • C(2') 
S ( l ) . . c ( 1 ' )  
S (1 ) . .H(1 )  
S ( 1 ) . . H ( I  1) 
S (1 ) . .H(3 )  
S(1). • H(3') 
C(1). -C(3) 
c(2)- • c(4) 
c ( 2 ) . . c ( 5 )  
c ( 3 ) . . c ( 5 )  
C(3). • C(9) 
C(4). • C(6) 
C(4). • C(7) 
C(4). • C(8) 
C(5) . .C(7)  
C(5). • C(8) 
C(5)- • C(9) 
C(6)" • C(8) 
C(6)- "C(9) 
C(7). • C(9) 
C(1)" • C(1') 

2.73/~ 
2.85 
2.86 
3.23 
3.05 
2.47 
2.47 
2.28 
2.32 
2.53 
2.54 
2.98 
2.55 
2.58 
2.41 
2.79 
2.42 
2.41 
2.78 
2.39 
2.40 
2.75 
2.39 
3.50 

close approaches 

C(1). • H(2) 
C(I)- • H(3) 
C(2). • H(1) 
C(2)" • H(11) 
C(2). • H(3) 
C(2). • H(5) 
C(3). • H(2) 
C(3). "H(5) 
C(3). • H(9) 
C(4)- • H(2) 
C(4). • H(3) 
C(4)" • H(5) 
C(4)" • H(9) 
C(5). • H(2) 
C(5). • H(6) 
C(6). • H(5) 
C(6)" • H(7) 
C(7)" • H(6) 
C(7). • H(8) 
C(8 ) . .H(7 )  
C(8). • H(9) 
C(9). • H(3) 
C(9)-..  H(8) 

2.26 /~ 
2.71 
2.17 
2.17 
2.07 
2.66 
2.07 
2.73 
2.76 
2.73 
2.27 
2.14 
2.13 
2-62 
2-14 
2.14 
2.14 
2.13 
2.14 
2.14 
2.12 
2.81 
2-14 

A C 27B - 3* 
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The central part of the molecule C-S-S-C adopts a 
skewed non-planar configuration similar to H202 (Abra- 
hams, Collins & Lipscomb, 1951) and a number of 
other disulphides. The dihedral angle between the 
planes through C(1), S(1), S(I') and C(I'), S(1'), S(1) 
is 66.4 °, and differs from the values of 96.2 ° in diphenyl 
disulphide, 92.1 ° in dibenzyl disulphide and 90.5 ° in 
2,2'-diamino diphenyl disulphide. Hordvik (1966) sug- 
gests that a dihedral angle of 90 ° gives the optimum 7r 
overlap of orbitals. Contrary to this explanation di- 
cinnamyl disulphide has the shortest S-S bond length 
and the greatest deviation of dihedral angle from 90 °. 

The observed S-C(1) distance of 1.88 • is very sig- 
nificantly long compared with the average distance of 
1"81s /~ found in 11 compounds by Cox & Jeffrey 
(1951), 1.81 and 1.79 A in diphenyl disulphide, 1.84 
and 1.85 A in dibenzyl disulphide and 1.77 and 1.75 A 
in 2,2'-diaminodiphenyl disulphide. 

The bond angle S(1)-C(1)-C(2) of 105.4 ° is slightly 
distorted from the normal tetrahedral value, and the 
angles C(1)-C(2)-C(3) and C(2)-C(3)-C(4) of 122.8 
and 123.2 ° from the expected plane trigonal arrange- 
ment. The lengths C(1)-C(2) and C(3)-C(4) of 1.54 and 
1.55/~ are normal for an aliphatic single bond and the 
distance C(2)-C(3) of 1.33/~ is close to the usual double- 
bond value of 1.34/~. The distances and angles in the 
benzene rings are all normal. The equations to the 
planes through the two benzene rings calculated by the 
method of Schomaker, Waser, Marsh & Bergman 
(1959) are 

11.37X+ 18.99 Y+ 2.79Z = 1.12 
and 

11.37X+ 18.99Y-2 .79Z= 1.12 

where X, Y and Z refer to the real unit cell axes. 
The deviations of the atoms from the plane are C(4) = 

0.043 A, C(5)=-0 .039  A, C(6) =0.005 A, C(7) = 0.026 
/~, C(8 )=-0 .022  A, C(9 )=-0 .012  A, and the angle 
between these two planes is 62.0 ° . 

• There are no intermolecular approaches less than the 
sum of the van der Waals radii, but there are a number 
of close approaches within one molecule and these are 
listed in Table 8. A number of these involve unavoidable 
C . . . C  contacts, for example across a benzene ring. 
Though the S(1).. .C(2) distance is very short, it is 

not involved in hydrogen bonding. The four contacts 
S(1)...C(3), S(1). . .C(3') ,  S(I ' ) . . .C(3)  and S(I ' )-- .  

C(3 ' )  of 2-85-2.86/k are also particularly short. The 
S(1).. .H(3) and S(I ' ) . . .H(3)  distances of 2.28 and 
2.32/~ respectively are extremely short. The combined 
evidence suggests the possibility that H(3) is hydrogen 
bonded to both S(1) and S(I'), and similarly H(3') is 
hydrogen bonded to S(1) and S(I'). The angles 
C(3)-H(3).. .S(1) and C(3)-H(3). . .S(l ' )are 109 and 
111 o respectively. Hydrogen bonds are strongest if the 
angle at hydrogen is 180 °. It would be expected that a 
bifurcated hydrogen bond between three heavier atoms 
would be strongest with an angle of 120 ° at hydrogen. 
The postulated bifurcated hydrogen bonds could 
account for the convoluted nature of the molecule and 
the reduced dihedral angle. 
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