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Crystals of complexes of both skatole and indole with s-trinitrobenzene are monoclinic, P2a/a, 
with Z = 4. Unit-cell constants at  - 140 °C are, for the skatole complex: 

a=16.76,  b=6.61, c = 1 3 . 4 5 A ;  fl=95.6 °, 

and for the indole complex: 
a=15.87,  b=6.58,  c=13.47 A; fl=94.8 °. 

The crystal structure of the skatole complex was determined by inspection of certain sections of 
the three-dimensional :Patterson synthesis, and refined with the aid of three-dimensional :Fourier 
and differential syntheses. The crystal structure of the indole complex was solved by analogy with 
that  of the skatole complex, but  was found to be disordered, with the indole molecule capable of 
assuming two alternative orientations. I t  was refined with the aid of three-dimensional :Fourier 
syntheses and bounded projections. 

Both skatole and indole molecules are planar, to the accuracy of the analyses, but  the s-trinitro- 
benzene molecule is not. The NO2 groups are twisted out of the plane of the benzene nucleus by 
amounts which vary, and which are probably governed by molecular packing. 

The constituent molecules overlap each other with an average interplanar spacing of 3.30 A. 
The relative orientations in all cases suggest a decisive attraction between a non-substituted (2, 4, 6) 
carbon position of the s-trinitrobenzene molecule, and the nitrogen atom of the skatole or indole 
molecule. 

Introduction 

The crysta l  s t ruc ture  analyses of the 1:1 complexes 
of these molecules (Fig. 1) were under t aken  in order 
to discover any  salient features  which might  aid in 
the  unders tanding of the ia termolecular  binding forces. 
A secondary object (realized only in par t )  was to 
establish with reasonable accuracy the s tereochemistry  
of the const i tuent  molecules. 
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Fig. 1. (a) s-Trinitrobenzene. (b) Skatole. (c) Indole. 

Experimental 
Weissenberg and  precession photographs  were used 
to establ ish t h a t  both mater ia ls  crystall ize in the  
monoclinic system, wi th  space group P21/a (C~h). 
Photographs  t aken  a t  room tempera tu re  suggested 
t h a t  there was intense the rmal  mot ion in the  spec- 
imens;  moreover,  the indole complex was found to 
decompose in the  X - r a y  beam. All essential  measure- 

merits for the  analyses  were therefore obta ined from 
photographs  t a k e n  a t  about  - 1 4 0  °C. Crysta l  d a t a  
for both mater ia ls  a t  room t empera tu re  and  a t  
- 1 4 0  °C are summar ized  in Table 1. The unit-cell 
constants  were obtained f rom precession photographs.  

Both  complexes crystall ize as needles, wi th  the  
long axes paral lel  to b. In t ens i ty  da t a  were therefore 
collected on y-axis Weissenberg photographs.  Copper 
rad ia t ion  was used throughout ,  and values of k 
ranged from zero to six. The equi-inclination set t ing 
was used for upper  levels, and  the  correlation of the  
d a t a  was accomplished by  means of a double-sl i t  
technique.  The Nonius in tegra t ing  Weissenberg gonio- 
meter  was used, and  errors due to dis tor t ion of spots 
on upper-level  photographs  were minimized by  the  
use of some integrat ion in the  horizontal  direction. 
A few reflexions on or near  the  y* axis were not  
accessible, bu t  some of these were obta ined on preces- 
sion photographs.  Some of the  very  intense reflexions 
were also measured  on the  G . E .  X R D 5  spectro- 
goniometer  and  goniostat ,  together  wi th  enough 
modera te ly  intense reflexions for correlation. Copper 
radia t ion  and  a scintil lation counter  were used, in the  
'moving crysta l -moving counter '  technique described 
by  Furnas  (1953). 

In  spite of fa i r ly  rap id  decomposition, a set of 
in tens i ty  da t a  was obtained for the  indole complex 
a t  room tempera ture ,  several  specimens being de- 
s t royed in the  process. Full  da t a  for both complexes 
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Estimated 
Quantity error 

a 0.04 i 
b 0-02 
c 0.04 
fl 0.2 ° 
V 12 A s 

Formula weight 

Dm 0"02 g.em -a 
(measured density) 

Dx 0.01 g.cm -a 
(calculated density) 

Z 

# (Cu Ks) 

Colour 

Table 1. Crystal data 

Skatole, Indole, 
s-trinitrobenzene s-trinitrobenzene 

20 °C -- 140 °C 20 °C -- 140 °C 

16-91 A 16.76 A 15-96 A 15-87 A 
6"75 6"61 6-77 6-58 

13"50 13"45 13.57 13.47 
95.8 ° 95.6 ° 94.5 ° 94.8 ° 

1533 A a 1482 A a 1462 A a 1402 A a 

344.28 330.25 

1.49 g.cm -a - -  1.52 g.cm -a 

1.49 g.cm -3 1.54 g.cm -a 1.50 g.cm -a 1.56 g.cm -3 

4 4 

- -  1 2 " 0  c m  - 1  - -  1 2 . 4  c m  - 1  

Orange -red Yellow - orange 

were also collected a t  about  - 1 4 0  °C. The cooling 
technique for precession photographs and for goniostat  
procedures was essentially t h a t  described by Burbank  
& Bensey (1952), in which the specimen is main ta ined  
in a s t ream of cold gaseous ni trogen which is itself 
surrounded by  an  envelope of warm,  d ry  air. For  
Weissenberg photographs the warm-ai r  envelope was 
not  used, but  the  layer-line screen was heated,  and 
par t ia l ly  sealed. In  order to prevent  dislodgement by  
the  flow of nitrogen, the  specimens were enclosed in 
thin-walled Lindemann-glass  tubes. The working 
t empera tu re  was measured by subst i tu t ing a thermo- 
couple for the specimen. 

Spot intensities were measured visually by com- 
parison with a s t anda rd  wedge. The greates t  dimen- 
sion, normal  to b, of any  specimen did not  exceed 
0.2 m m ;  absorpt ion corrections were therefore deemed 
to be unnecessary,  and were not  applied. 

For  the  skatole complex, 2939 reflexions were 
accessible, and  of these, 1428 were observed. For  the 
indole complex, 2760 reflexions were accessible; 
1261 were observed at  - 1 4 0  °C, and 588 a t  room 
temperature. 

S t r u c t u r e  d e t e r m i n a t i o n  

The analysis  of the skatole complex was a t t empted  
first.  Consideration of the very  intense 040 reflexion 
and of the distribution of H~rker peaks ~long the 
line ½, V, 0 of the Pa t t e r son  synthesis suggested t ha t  
both molecules must  lie in or close to the planes 
y= (2n+  1)/8. I t  was therefore expected t h a t  the most  
useful information in the Pa t t e r son  synthesis would 
appear  in the planes V---0, ¼, and ½, and these planes 
were computed.  F rom the one a t  V = 0 the orientat ion 
of the  benzene nucleus of the s-tr initrobenzene 
molecule was deduced, and  it was inferred t h a t  the 
or ientat ion of the benzene nucleus of the skatole 
molecule mus t  be almost  the same. Benzene-benzene 
vectors (some of which were, of course, Ha rke r  peaks) 

were identified in all three sections. Possible s t ructures  
were reduced to a small number ,  only one of which 
satisfied packing requirements .  This one proved to 
be correct, and  was refined by three-dimensional  
Fourier  and differential  syntheses.  In  the  final stages, 
finite summat ion  corrections were es t imated  by 
comparison of Fo and Fc syntheses.  

I t  was apparen t  from the syntheses tha t ,  while 
most  of the carbon and  ni t rogen a toms in the  s t ruc ture  
were reasonably  spherical, the oxygen a toms were 
significantly ellipsoidal, indicating considerable anisot- 
ropy of thermal  motion. This anisot ropy was believed 
likely to interfere wi th  the es t imat ion of finite summa-  
t ion corrections, and it was therefore s imulated in 
s t ructure-fac tor  calculations by  subst i tu t ing for each 
oxygen a tom two or more fract ional  atoms,  su i tably  
disposed (Kar tha  & Ahmed,  1960). I n  the final 
calculation, contributions of the hydrogen atoms were 
included also. Most of these a toms were merely  
assumed to be in reasonable positions, but  those of 
the methyl  group of the skatole molecule were located 
(not very  accurately)  from a Fourier  synthesis.  
The scat ter ing-factor  curves used throughout  were 
those of F reeman  (1959). The coordinates and  tem- 
pera ture  factors used in the  calculation are given in 
Table 2. The quant i t ies  AB1 and ABe do not  appear  
explicitly in the calculation, however;  they  merely  
indicate the magni tude  of the anisot ropy represented 
by the corresponding distr ibut ions of fract ional  atoms.  
For  all pract ical  purposes, AB1 and ABe represent  the  
components of anisotropic motion normal  to, and in, 
the molecular plane. The A B1 components,  which are 
the larger in each case, are consistent with l ibrat ions 
of the  NO2 groups about  the ad jacent  C-N bonds. 
However,  the oxygen positions have not  been corrected 
for libration. The final atomic positions, derived from 
a fur ther  differential  synthesis,  are given in Table 3. 
The largest  coordinate shift indicated a t  this stage was 
0.009 A, or less t han  two subsequent ly  es t imated  
s t anda rd  deviations. Peak  heights and curvatures  are 
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T a b l e  2. Details of f inal structure-factor calculation for skatole ~ s-trinitrobenzene 

s-Trini trobenzene 

A t o m  x y z B / IB 1 z~B 2 
C(1) 0.1226 0.1050 0.1742 2-60 - -  - -  
C(2) 0" 1848 0" 1095 0"2492 2"56 - -  - -  
C(3) 0"1654 0.1161 0"3463 2"70 - -  - -  
C(4) 0.0868 0" 1167 0" 3705 2" 78 - -  - -  
C(5) 0"0275 0" 1121 0"2920 2"75 - -  - -  
C(6) 0-0420 0" 1083 0" 1924 2.54 - -  - -  

N(7) 0.1422 0.1015 0"0693 2.78 - -  - -  
N(8) 0.2291 0" 1255 0-4285 3.06 - -  - -  
N(9) -- 0"0578 0" 1114 0-3155 2.95 - -  - -  

0.0919 0.0819 0"0048 / 
O(10) 0-0815 0"1133 0"0028 

0-0822 0-0809 0.0024 2-53 0"98 0"56 
0"0912 0" 1143 0"0052 

0.2161 0.1175 0.0590 / 
O(11) 0.2077 0.0763 0.0528 

0.2077 0" 1175 0.0528 2.61 1.58 0.53 
0-2161 0.0763 0.0590 

0.3032 0.0787 0.4056 / 
O(12) 0.2920 0" 1011 0.4120 

0.2959 0.0709 0.4105 3"45 0.97 0"50 
0.2993 0.1089 0.4071 

0.2077 0.2112 0-5136 / 
O(13) 0.2185 0.1372 0.5088 

0.2185 0.2112 0.5088 2.60 5-10 0.89 
0.2077 0.1372 0.5136 

--0-0621 0.0962 0.4102 / 
O(14) 0.0775 0.1156 0.3976 

0.0652 0-1261 0"4080 3.20 1.30 0.92 
o o 

_ _ 

Skatole 

C(16} 0.2050 0.5971 0.1652 2.78 
C(17) 0.1967 0.6013 0.2669 2-66 
C(18) 0.1176 0" 6086 0.2922 2.50 
C(19) 0.0521 0.6124 0.2199 2.82 
C(20) 0-0600 0.6108 0.1194 3.08 
C(21) 0.1372 0.6032 0.0933 2.96 
C(22) 0.0061 0.6214 0.3723 2.70 
C(23) -- 0.0208 0.6188 0.2754 2.96 
C(24) -- 0.1057 0.6275 0.2294 3.33 

N(25) 0-0903 0.6132 0.3853 2.86 

H(16) 0.2654 0-5918 0.1433 3.20 
H(17) 0.2481 0.5997 0.3222 3.20 
H(20) 0.0090 0.6143 0.0646 3.20 
H(21) 0.1456 0-6016 0-0147 3.20 
H(22) -- 0.0343 0.6270 0.4290 3.20 
H(24a) -- 0.1300 0.6400 0.3034 3.20 
H(24b) --0-1133 0.7667 0.1794 3.20 
H(24c) --0-1167 0.4933 0.1883 3.20 
H(25) 0.1282 0.6114 0.4554 3.20 

m 

D 

m 

m 

g i v e n  i n  T a b l e  4 ;  r e a s o n a b l e  a g r e e m e n t  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  q u a n t i t i e s  s e e m s  t o  j u s t i f y  
t h e  t r e a t m e n t  of  t h e  a n i s o t r o p y  of  t h e r m a l  m o t i o n .  

T h e  P a t t e r s o n  s y n t h e s i s  fo r  t h e  i n d o l e  c o m p l e x  w a s  
g e n e r a l l y  s i m i l a r  t o  t h a t  of  t h e  s k a t o l e  c o m p l e x ,  
b u t  i t s  f e a t u r e s  w e r e  l ess  w e l l  r e s o l v e d ,  a n d  s e e m e d  

A C 1 7 ~  3 7  

t o  i n d i c a t e  t w o  p o s s i b l e  o r i e n t a t i o n s  of  t h e  i n d o l e  
m o l e c u l e .  N e i t h e r  o r i e n t a t i o n  c o u l d  be  r u l e d  o u t  b y  
p a c k i n g  c o n s i d e r a t i o n s ;  b o t h  w e r e  t h e r e f o r e  a s s u m e d  
fo r  t r i a l  s t r u c t u r e s ,  b u t  n e i t h e r  w a s  c o n s i s t e n t  w i t h  
t h e  o b s e r v e d  i n t e n s i t y  d a t a .  B o t h  o r i e n t a t i o n s  w e r e  
t h e n  c o m b i n e d ,  as  i n  a d i s o r d e r  s t r u c t u r e .  P r o s p e c t s  
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Table  3. Final  atomic positions for skatole- 
s-trinitrobenzene 

(x, y, z; ½+x, ½-y, z) 

s-Trinitrobenzene 

Atom x y z 
C(1) 0-1227 0.1046 0.1743 
0(2) 0.1848 0.1091 0.2493 
C(3) 0.1653 0-1164 0.3462 
C(4) 0.0868 0.1162 0.3706 
C(5) 0.0275 0.1118 0.2919 
C(6) 0-0420 0.1073 0.1925 

N(7) 0-1422 0.1007 0.0693 
N(8) 0.2290 0.1267 0.4284 
N(9) --0-0578 0.1101 0-3154 

O(10) 0.0867 0.0976 0.0039 
0(11) 0.2119 0.0963 0.0560 
O(12) 0.2976 0-0907 0.4088 
O(13) 0.2131 0.1730 0.5110 
0(14) --0-0699 0.1048 0.4037 
0(15) -- 0.1096 0.1224 0.2464 

Skatole 

c(16) 0.2049 0.5966 0.1652 
c(17) 0.1966 0.6008 0.2667 
c(18) 0.1176 0.6083 0.2921 
c(19) 0.0520 0.6114 0.2199 
c(20) 0-0600 0.6098 0.1194 
c(21) 0.1371 0.6022 0.0932 
c(22) 0.0062 0.6206 0.3724 
c(23) - 0.0208 0.6174 0.2754 
c(24) -0.1057 0.6264 0.2293 

N(25) 0.0902 0.6130 0-3852 

for  r e f i n e m e n t  seemed poor,  however ,  a n d  a more  
d i r ec t  a p p r o a c h  was  a t t e m p t e d .  

The  n e a r - e q u a l i t y  of t he  un i t -ce l l  cons t an t s  of t he  
two  complexes  sugges ts  a s t r u c t u r a l  s imi la r i ty .  I n  
order  to  conf i rm th i s  s imi l a r i t y ,  some mixed  c rys ta l s  
were  grown.  A p p r o x i m a t e l y  equa l  q u a n t i t i e s  of b o t h  
m a t e r i a l s  were d issolved in  me thano l ,  wh ich  was  t h e n  
a l lowed to  evapora te .  The  r e su l t i ng  c rys ta l s  were  
found  to be i n t e r m e d i a t e  in  colour, s tench ,  a n d  un i t -  
cell  cons t an t s  to  those  of t he  c o n s t i t u e n t  complexes.  
I t  was there fore  a s s u m e d  t h a t  t he  r e l a t ive  phases  
of mos t  of t he  re f lex ions  would  be t he  same for b o t h  
complexes,  a n d  a t h r ee -d imens iona l  F o u r i e r  s y n t h e s i s  
was  computed ,  w i t h  t h e  s t r u c t u r e  a m p l i t u d e s  of t he  
indole  complex  a n d  the  r e l a t ive  phases  of t he  ska to le  
complex.  The  essen t ia l  f ea tu res  of t he  s y n t h e s i s  are  
shown  in  Fig.  2. (The m a p  shown  is no t ,  however ,  
a sec t ion  of t h e  or ig ina l  syn thes i s ;  i t  is a b o u n d e d  

pro jec t ion ,  c o m p u t e d  a t  a l a te  s tage  in  t he  r e f inement .  
I t  shows the  s ca t t e r ing  m a t t e r  con ta ined  be tween  
the  p lanes  y = 0 a n d  y = ¼, excep t  t h a t  in  t he  ne ighbour -  
hood  of one o x y g e n  a tom,  i n d i c a t e d  in  Fig.  2(a) b y  
a smal l  ar row,  t he  bound ing  p lanes  were t a k e n  as 
y = -  ~ a n d  y = ¼ ,  in  order  to avo id  t r u n c a t i n g  th i s  
a tom.)  I t  is obvious  t h a t  t he  indole  pos i t ion  is indeed  
disordered.  The  two or ien ta t ions  of the  molecule  do 
no t  seem to be e q u a l l y  probable ,  however ,  and  re la t ive  
we igh t s  of 0"63 a n d  0.37 were u l t i m a t e l y  ass igned 
to  t hem.  

F 

( 

) ..... !) 

/ 
c 

(a) 

o Carbon 
® Nitrogen 
• Oxygen 

(b) 

Fig. 2. (a) Bounded projection for indole - -  s-trinitrobenzene 
complex. Bounding planes are y=O and y=¼, except that  
in the neighbourhood of the atom indicated by the small 
arrow, the bounding planes are y=--¼ and y=¼. Solid 
contours are drawn at intervals of 1 e.A -s, the lowest being 
at 1 e.A -2. Broken contours at ½ and -~ e.A -2 have been 
added where necessary to emphasize certain details. 
(b) Interpretation of (a). The libration of the s-trinitro- 
benzene molecule is indicated by the doubling of the atoms, 
and the assumed centre of libration is shown as a small 
cross. The indole molecule with the solid outline is assumed 
to have weight 0.63; that with the broken outline, 0.37. 
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T a b l e  4 .  P e a k ,  h e i g h t s  a n d  c u r v a t u r e s  f o r  s k a t o l e  - -  8 - t r i n i t r o b e n z e n e  

V a l u e s  i n  i t a l i c s  a r e  f r o m  F c  d i f f e r e n t i a l  s y n t h e s i s  

@xx @yy @zz @xy 5 o z @xz 
A t o m  ( e . A  -3) ( e . A  -5) ( e . A  -5) ( e . A  -5) ( e . A - )  (e~J~ -5) ( e . A  -5) 

C(1) 9-4 - -  76 .9  - -  83-3 - -  84 .8  - -  0 .3 - -  1.7 5.9 
9 . 2  - - 7 7 " 5  - - 8 1 . 6  - - 8 0 . 7  0 . 3  - - 1 . 7  5"3  

C(2) 9.5 - -  82 .5  - -  82 .6  - -  90 .7  4-3 1.5 6.3 
9 . 2  - - 8 1 " 7  - - 7 9 . 3  - - 8 3 " 8  4 . 6  0"2  6"8  

C(3) 9 .2  - -  73.1 - -  77 .2  - -  88 .8  0.3 - -  2.1 7.5 
9 . 2  - - 7 7 " 0  - - 7 5 . 3  - - 8 2 . 9  1 . 6  - - 2 . 8  8"9  

C(4) 9-1 - -  73-7 - -  78 .2  - -  89 .7  - -  2 .3 3-0 11.3 
9.1 --  78.9 --  77.6 - - 8 3 . 3  - - 1 . 8  2.1 9"9 

C(5) 9.5 - -  82.5 - -  82.7 - -  88.5 1-5 - -  0.4 9.6 

9.3 - -82"1 - - 8 0 . 7  - - 8 4 . 2  1.5 - -0"9  7.3 

C(6) 9.8 - -  92 .2  - -  84 .4  - -  95 .2  0.7 2.2 11.3 
9 . 5  - - 9 2 . 3  - - 8 2 . 0  - - 8 8 . 6  1 . 5  2 . 3  1 1 . 6  

N ( 7 )  11.2 - -  99 .7  - -  88 .9  - -  106-0 0.8 4 .8  4 .9  
1 1 . 1  - - 9 8 . 0  - - 8 6 . 2  - - 9 8 . 1  0 . 8  4 . 6  4 . g  

N ( 8 )  9.7 - -  75 .6  - -  69 .8  - -  93 .9  - -  0-9 0.2 5.3 
1 0 . 1  - -  8 1 . d  - -  7 2 . 6  - -  8 7 . 2  0 . 9  - -  1 . 5  6 . 8  

L 

N ( 9 )  10.1 - -  86 .5  - -  77 .6  - -  92.1 - -  2 .0  0.1 11.2 
1 0 " 3  - -  8 5 " 7  - -  77"4  - -  8 9 " 6  - -  l ' g  - -  0"2  6 . 6  

O(10)  12.1 - -  94 .5  - -  83 .5  - -  118 .8  4 .6  2-2 3.3 
1 2 . 1  - -  9 6 . 3  - -  8 3 " 9  - -  1 1 0 . 0  4 . 8  1 . 6  2 . 7  

O(11)  11.6 - -  101.5  - -  73 .2  - -  109.3  - -  1.3 0-1 17-4 
1 1 . 7  - -  1 0 2 . 0  - -  7 5 " 5  - -  1 0 5 . 2  - -  1"4  - -  0"6  1 3 . 6  

O(12)  10.2 - -  80 .4  - -  56" 1 - -  89 .9  - -  2.1 1.4 0 .8  
1 0 " 5  - - 8 2 . 9  - - 6 1 . d  - - 8 5 . 9  0"3  0"8  3 . 7  

O(13)  9-0 - -  56-2 - -  41-4  - -  87-2 1-9 - -  4-8 - -  0-9 
9.2 --  63.2 - -  39.4 --  81.1 2.0 - -  4 . I  2.8 

0 ( 1 4 )  10.9 - -  86.6 - -  75.3 - -  101.5 4.0 4.3 24.6 

I I . I  - -  88"5 --  76.9 --  97.g 2.5 2.8 18.9  

0 (15) 11.5 - -  96-9 - -  82.9 - -  95.5 0.4 - -  5. I 11.0 

11.5  --  95.1 - -  85.4 - -  94.3 0.8 - -  4.2 8"8 

C(16)  8.8 - -  79.7 - -  70.7 - -  77 .4  - -  2 .6 0 .5  l 1.1 
8 . 8  - -  8 0 . 4  - -  70"2  - -  76"1  - -  3 . 4  2"5  9 . 3  

C(17)  9-3 - -  85.1 - -  82-1 - -  77 .8  0 .5  3.7 6.3 
9 . 2  - - 8 3 " 5  - - 8 1 . 5  - - 7 7 " 2  0"9  5"0  7 . 8  

C(18)  9-7 - - 8 1 . 7  - - 8 4 . 0  - - 9 6 . 3  - - 0 . 1  - - 2 . 2  6 .0  
9 . 5  - -  8 2 . 0  - -  8 0 . 4  - -  8 5 . 6  - -  0 . 6  - -  1 . 8  5 . 0  

C(19)  9" 1 - -  70-4 - -  82 .4  - -  83 .0  - -  0 .4  3.7 3 .4  
9 . 1  - - 7 2 . 4  - - 8 0 . 0  - - 7 9 . 9  0 . 1  3 . 1  4 . 6  

C(20) 8.2 - -  74 .2  - -  69 .0  - -  79 .2  0 .8  - -  2 .7 3.2 
8 . 6  - - 7 6 . 7  - - 6 8 . 3  - - 7 7 . 1  1 . 0  - - 2 . 8  5 . 4  

C(21) 8 .4  - -  69.1 - -  71.3 - -  75 .3  - -  1.7 2-0 5.7 
8.5 - - 7 0 . 3  - - 7 1 . 3  - - 7 4 . 8  - - 0 . 9  1.3 3"8 

C(22)  8.6 - -  68 .2  - -  67 .2  - -  83 .6  - -  1.0 2 .0  9.2 
8 . 5  - - 7 2 . 4  - - 6 5 " 2  - - 7 6 " 7  - - 0 . 3  2"5  6 . 8  

C(23) 7.9 - -  58 .6  - -  60 .8  - -  74 .4  - -  0"3 - -  0 .7 13.4 
8 . 1  - -  6 3 " 6  - -  6 0 " 5  - -  7 0 " 5  - -  0 . 2  - -  0 . 4  1 2 . 0  

C(24)  7.5 - -  68 .2  - -  56-9 - -  69 .0  - -  0 .4  - -  2.7 8.3 
8 . 0  - -  7 0 . 4  - -  6 2 . 1  - -  6 8 . 0  - -  0"5  - -  2 . 3  7 . 5  

N ( 2 5 )  10.6 - -  82 .8  - -  88 .8  - -  103.5  3.1 1-3 13.7 
1 0 . 7  - -  8 7 . 3  - -  8 8 " 0  - -  9 5 . 6  2 . 8  2 . 1  1 3 . 8  

A n o t h e r  u n u s u a l  f e a t u r e  o f  t h e  m a p  i s  t h e  e l o n g a t i o n  

o f  t h e  p e r i p h e r a l  a t o m s  o f  t h e  s - t r i n i t r o b e n z e n e  

m o l e c u l e ,  s u g g e s t i n g  t h a t  t h i s  m o l e c u l e  i s  u n d e r g o i n g  

a s t r o n g  l i b r a t i o n  i n  i t s  o w n  p l a n e ,  a b o u t  t h e  p o i n t  

i n d i c a t e d .  I t  s e e m e d  p r u d e n t  t o  c o n s i d e r ,  h o w e v e r ,  

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

a d i s o r d e r  p h e n o m e n o n ;  t h e  m o l e c u l e  m i g h t  a d o p t  

o n e  o f  t w o  n e a r l y  i d e n t i c a l  o r i e n t a t i o n s ,  d e p e n d i n g  
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T a b l e  5. Final atomic positions, including details of final structure-factor calculation, 
for indole ~ s-trinitrobenzene 

Coordinates in braces are those of the fractional atoms used in calculations 

s-Trinitrobenzene 

Atom 

C(1) 

c(2) 

c(3) 

c(4) 

c(5) 

C(6) 

N(7) 

N(8) 

N(9) 

0(10) 

0(11) 

0(12) 

x y z 

0.1266 0.1083 0.1725 
0-1200 0"1083 0"1750 
0"I333 0"1083 0"1700 

0-1891 0.1100 0.2500 
0.1883 0.1100 0-2475 
0.1900 0.1100 0.2525 

0-1638 0.1067 0.3450 
0.1600 0.1067 0.3442 
0.1675 0.1067 0.3458 

0.0808 0-1117 0.3662 
0.0750 0.1117 0-3600 
0.0867 0-1117 0-3725 

0.0242 0"1100 0.2858 
0.0217 0.1100 0-2733 
0.0267 0.1100 0.2983 

0"0434 0.1133 0-1887 
0-0467 0.1133 0.1783 
0.0400 0.1133 0.1992 

0.1521 0.1033 0.0683 
0.1417 0-1033 0.0683 
0-1625 0.1033 0.0683 

0.2308 0.1033 0.4275 
0.2233 0.1033 0.4283 
0.2383 0-1033 0.4267 

--0-0688 0.1142 0.3084 
- -  0.0650 0.1083 0.3250 

0.0725 0.1200 0-2917 

0.0975 0.1058 0.0034 
0.0833 0.1083 0.0067 
0.1117 0.1033 0"0000 

0.2242 0.0967 0.0583 
0"2150 0"0967 0"0533 
0.2333 0.0967 0.0633 

0.3012 0.0633 0.4112 
0.3058 0.0433 0.4042 
0-3058 0.0833 0.4042 
0.2967 0-0433 0.4183 
0.2967 0.0833 0.4183 

B AB 1 AB~ 
2.10 - -  0.92 

} 
2.10 - -  0.12 

} 
2.10 ~ 0.31 

} 
2.10 - -  1-29 

} 
2.10 - -  2.~0 

} 
2.10 - -  2.00 

} 
2.30 - -  2-10 

2.30 - -  1.29 

} 
2-30 0.23 4-24 

} 
2.50 0.15 4.64 

} 
2-50 ~ 2.26 

} 
2.50 1.49 1.50 

O(13) 0"2134 0.1492 0"5104 
0.2250 0.1283 0.5092 
0.2250 0.1700 0.5092 
0.2017 0.1283 0.5117 
0.2017 0.1700 0.5117 

2.50 1"61 3-01 

0(14) --0"0812 0"1108 0"4058 
--0-0733 0"1150 0"4167 
--0"0892 0"1067 0"3950 

2"50 0"20 6"42 

0(15) --0"1184 0"1300 0"2408 
--0"1167 0"1233 0"2600 
--0"1200 0"1367 0"2217 

H(2) 0"2550 0" 1100 0"2333 
H(4) 0"0650 0-1151 0"4467 
H(6) -- 0'0100 0" 1159 0" 1250 

2"50 0"25 5"97 

2"50 
2"50 
2"50 

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

m o l e c u l e .  O n e  m i g h t  t h e n  e x p e c t  t h e s e  t w o  o r i e n t a -  

t i o n s  a l so  t o  h a v e  u n e q u a l  p r o b a b i l i t i e s  of  o c c u r r e n c e .  

H o w e v e r ,  n o  r e a s o n a b l e  p a c k i n g  c o n s i d e r a t i o n  c o u l d  

b e  f o u n d  t o  a c c o u n t  fo r  s u c h  i n t e r d e p e n d e n c e  of  t h e  

o r i e n t a t i o n s  of  t h e  t w o  m o l e c u l e s .  F i n a l l y ,  t h r e e  s e t s  

of  s t r u c t u r e  f a c t o r s  fo r  t h e  hO1 z o n e  w e r e  c o m p u t e d ,  

fo r  s t r u c t u r e s  in  w h i c h  t h e  t w o  a p p r o p r i a t e  o r i e n t a -  
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Table 5 (cont.) 
Indole  a (weight 0.63) 

A t o m  x y z 

C(16) -- 0-0117 0.6200 0.3633 
C(17) 0-0767 0.6167 0.3725 
C(18) 0.1150 0.6083 0.2833 
C(19) 0.0692 0-6133 0.1900 
C(20) -- 0.0183 0.6150 0.1817 
C(21 ) -- 0.0583 0.6150 0.2683 
C(22) 0.2100 0.6067 0.1667 
C(23) 0.1317 0.6067 0.1183 

N(24) 0.1983 0.6100 0.2667 

H(16) --0.0483 0.6229 0.4317 
tt(17) 0.1167 0.6150 0.4483 
H(20) --0.0550 0.6143 0.1083 
H(21) --0.1267 0.6176 0.2650 
H(22) 0-2650 0.6047 0.1300 
H(23) 0.1183 0.6057 0.0383 
H(24) 0.2467 0.6096 0.3200 

Indole  b (weight 0.37) 

C(25) 0.2041 0.6067 0.1600 
C(26) 0.1933 0.6100 0.2583 
C(27) 0.1100 0.6100 0.2867 
C(28) 0.0433 0.6133 0.2183 
C(29) 0.0483 0.6133 0-1183 
C(30) 0.1317 0.6083 0.0933 
C(31) -- 0.0067 0.6200 0.3667 
C(32) - 0.0358 0.6167 0.2767 

N(33) 0.0817 0.6133 0.3817 

I-I(25) 0.2650 0.6047 0.1300 
H(26) 0-2467 0.6096 0.3200 
H(29) --0.0067 0.6146 0.0600 
H(30) 0.1383 0.6076 0.0067 
H(31) --0.0483 0.6229 0.4317 
H(32) -- 0.1000 0.6187 0.2433 
H(33) 0.1167 0.6150 0.4483 

B 

2"10 
2"10 
2"10 
2-10 
2"10 
2"10 
2"10 
2"10 

2"10 

2"50 
2"50 
2"50 
2"50 
2"50 
2-50 
2"50 

2"10 
2.10 
2"10 
2-10 
2"10 
2-10 
2"10 
2"10 

2"10 

2"50 
2"50 
2"50 
2"50 
2"50 
2"50 
2"50 

zJB i 

- - - -  

- - _  

h 

m 

m 

m 

AB~ 

b 

E 

m 

tions of the s-trinitrobenzene molecule were assigned 
weights: 0.63 to 0.37; 0.37 to 0.63; 0.50 to 0.50. 
The agreement residual for the first set was 0.23, 
for the second, 0.23, and for the third, 0.19. I t  was 
therefore concluded that  the phenomenon was a 
result of thermal libration, or that  it could at least 
be treated as such. 

The structure was refined somewhat with the aid 
of three-dimensional Fourier syntheses and bounded 
projections. The final atomic positions, and the details 
of the last structure-factor calculation are given in 
Table 5. The libration of the s-trinitrobenzene molecule 
has been represented by separating the atoms into 
pairs, as indicated in :Fig. 2(b). In addition, some of 
the oxygen atoms appeared to vibrate anisotropically 
with respect to the molecular axes, in the manner 
observed for the skatole complex. :For two of these 
atoms, therefore, it has been necessary to effect a 
further separation, as shown in the table. The quan- 
tities AB1 and ABe. indicate the magnitudes of the 
anisotropic components normal to, and in, the molec- 
ular plane, but do not appear explicitly in the calcula- 
tions. The r.m.s, amplitude of libration represented 
by AB2 is about 4 °. 

The indole configuration shown in Fig. 2(b), with 

the nitrogen atoms occupying positions A and B, 
was chosen because it seemed to give the best inter- 
pretation of the observed electron-density distribu- 
tion. However, the molecules would fill the space 
just as well if they were so oriented that  the nitrogen 
atoms lay in the regions C and D, and this configura- 
tion would display a similar electron-density distribu- 
tion. Indeed, all four positions could be occupied by 
nitrogen atoms, corresponding to a fourfold disorder 
of the indole position. Quantitative confirmation of 
the assumed configuration was therefore sought by 
making careful electron counts, on both Fo and Fc 
syntheses, of the regions A, B, C and D. The results 
are summarized in Table 6. Actual counts fall short 
of the nominal values because it was necessary to 
limit the region of counting somewhat, in order 

Table 6. Comparison of electron counts from 
Fo and Fc syntheses 

Fo/2'c 
Nomina l  2'0 /% count  

Region  count  count  count  rat io 

A 6.63 e 4.97 e 4.97 e 1-00 
B 6.37 4.69 4-59 1.02 
C 6.00 4.44 4.46 1"00 
D 6.00 4.64 4.73 0"98 
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Table 7. Agreement summary 
AS' = IS'o]- [S'd 
S'T --'-- e s t ima ted  m i n i m u m  observable  s t ruc tu re  ampl i t ude  for ref lexion considered 

N u m b e r  of reflexions 

Skatole  - -  s - t r in i t robenzene 
^ 

Category  Observed  Unobserved"  

1. ([ZIP] ~ FT or [/iF] _~ 0.2 Fo) 1347 1324 

2. (FT< IZIF[ ~ 2 F T or 0.2 Fo< [AIF[ _~ 0.4 S'o) 73 183 
3. ( 2 F T < [ Z I F [  ~ 3F~ ,  or 0.dFo<[AF[  ~ 0"6Fo)  6 4 

4. (3 F T < I A F I  ~ 4 F r )  2 - -  

Indole  - -  s - t r in i t robenzene  

Obse rved  U n o b s e r v e d  

1047 1229 

188 261 
23 9 

3 

to exclude contributions from neighbouring atoms. 
Observed and calculated values agree well, and it is 
clear that  the transfer of any part of the nitrogen 
atoms to alternative positions would worsen the 
agreement. 

I t  had originally been observed for the indole 
complex that  the intensity data collected at room 
temperature differed from those collected at - 1 4 0  °G 
in a manner suggestive of more than a mere increase 
in isotropic thermal motion. In the hope of discovering 
any temperature-dependent structural changes, there- 
fore, a three-dimensional Fourier synthesis was com- 
puted with the room-temperature structure amplitudes 
and the low-temperature phases. The only new feature 
revealed was a considerable increase in the apparent 
libration of the s-trinitrobenzene molecule. The 
libration was so great that  few of the atoms of this 
molecule were resolved. The effect of temperature on 
the phenomenon seems conclusive evidence that  it is 
a true thermal libration, l~efinement of the room- 
temperature structure was considered unnecessary, 
and was not attempted. 

A s s e s s m e n t  of results  

The proposed structures for both complexes are 
stereochemically plausible, and the Fourier syntheses 
are reasonable. For the skatole complex, the agree- 
ment between observed and calculated peak heights 
and curvatures is fairly good. The decisive proof of 
the correctness of both structures, however, is the 
reasonable agreement between observed and calculated 
structure amplitudes. A summary of the agreement 
is given in Table 7. For the skatole complex, 
Fc(000)=712, and the agreement reBidual B = 
X[[Fol- ]Fc[]/X]Fo] = 0.13 for observed reflexions only. 
For the indole complex, Fc(000)=680 and R=0.19;  
the comparatively high value for this agreement 
residual results from incomplete refinement due to 
disorder, and from the difficulty of adequately 
representing the extraordinary thermal motion of the 
s-trinitrobenzene molecule. Lists of Fo and Fc for 
both structures are available from the author, on 
request. 

For the skatole complex the mean standard devia- 
tions of coordinates, estimated by Cruickshank's 

method (Lipson & Cochran, 1953) are, for carbon, 
0.005 •, and for nitrogen and oxygen atoms, 0.004 ~. 
Individual values vary somewhat, particularly for the 
anisotropically vibrating oxygen atoms. I t  is unlikely 
that  the analysis is as accurate as these figures would 
suggest, however. Because of the low yield of observed 
reflexions (less than half of those accessible), the 
finite summation correction is as great as 0.05 /~, 
or 10 standard deviations, in an extreme case. Errors 
in the estimated corrections may well be appreciable, 
particularly for the oxygen atoms. I t  does not seem 
profitable to consider the standard deviations for the 
incompletely refined indole complex. 

Discuss ion 

The skatole molecule may be considered planar, 
as no atom lies more than about twice its estimated 
standard deviation of coordinates from the molecular 
plane 0.5706x + 6.6052y- 0.1582z = 4.0420. Moreover, 
application of the Z 9 test (International Tables for 
X-ray Crystallography, 1959) shows that  deviations 
from planarity are not significant (Z2--10.4, n=7, 
P > 5 %). The s-trinitrobenzene molecule in the skatole 
complex is obviously not planar, as some of the 
oxygen atoms lie well out of the plane of the benzene 
nucleus. Neither are the carbon and nitrogen atoms 
of the molecule coplanar; three of these atoms lie 
more than three times their estimated standard 
deviation from the mean plane, and the Z 2 test 
indicates a highly significant departure from planarity 
(Z2=43.6, n=6, P < 0.1%). Only the benzene nucleus 
proves to be planar; no atom lies more than 1.4 times 
it~ e~timated ~tandard deviation from the mean plane 
0-0055x + 6.6072y- 0.3909z = 0-6275, and for this plane 
X2=5.85, n=3 ,  P > 5 % .  Both this and the skatole 
plane are nearly normal to b, and the average inter- 
planar distance, in the region of molecular overlap, 
is 3"30 A. 

The non-planarity of the s-trinitrobenzene molecule 
results from the behaviour of the NO2 groups. One 
group is inclined to the plane of the benzene nucleus 
by 14 °, another by 4 °, and the third is virtually co- 
planar with the benzene nucleus. Non-planarity thus 
appears to be a property not of the molecule but of 
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(2) o10.~ ~.~oll (-1) 
N7(1) 

¢~ C17 7 
,~" ~ ,~.~ N2S 

- 1 " 6  ~ ~ ",,z. L. C18 "(~ ~ - -  ,~ • ~_.?-" C I".¢L,.Y~ --I o.[ X 
• "~ ~J C22 C6 C2 "-I "-I ,~/ 

I ~ C21..4~ ~ ' ~  C19 1..^~C2/3,<.,~ 

• 9 C5 7 ,q C3 7 C20 ..~ 

N9 (-2) N8 (4) C24 

014 (-9) O13 (32) 

1180i124 ° 123~J~20 ° 

125o1117 ~ 120°/123 ° 

~ ' ~ '  1 ~  ° 

Fig. 3. B o n d  lengths  and  angles in the  skatole - -  s- t r ini t robenzene complex.  The quant i t ies  in parentheses  are the  
dis tances of the  a toms  of the  NO~ groups (in A x 100) f rom the  mean  plane of the  benzene nucleus.  

the manner of packing, ttowever, it  would seem tha t  
the molecule offers little resistance to distorting forces. 

The remarks concerning the planar i ty  of the 
molecules apply in general to the indole complex also, 
although the analysis is somewhat less accurate. The 
equations of the indole molecules, and of the benzene 
nucleus of the s-trinitrobenzene molecule are 

and 
0.230x + 6-580y-  0.122z = 4.141 

0.139x + 6-580y + 0.030z = 0.746 

respectively. The average interplanar spacing in the 
region of overlap is 3.29 /~. This distance, and the 
corresponding one for the skatole complex, are con- 
siderably less than  the van der Waals separation for 
aromatic molecules (3.40 A), and indicate the opera- 
tion of other intermolecular binding forces. 

Shortest intermolecular distances in the skatole 
complex (other than those between overlapping 
molecules) are 2.97 J~ for O-O, 3.20 J~ for N-O, 
3.25 ~ for C-O, and 3.69 /~ for C-C. Corresponding 
distances in the indole complex are 2.84 J~ for 0-O,  
3-22 A for N-O, 3.20 J~ for C-O, and 3-73/~ for C-C. 
None of these distances is less than the expected 
van der Waals separation for the atoms involved. 

Bond lengths and angles for the two molecules of 
the skatole complex are given in Fig. 3. The standard 
deviation of bond lengths, estimated by Cruickshank's 

method, is 0.007 A. Values obtained by  direct com- 
parison of chemically equivalent bonds, however, 
are 0-008/~ for C-C, and 0-011 J~ for N-O. The la t ter  
values probably afford a more realistic appraisal of 
the accuracy of the analysis. The state of refinement 
of the structure of the indole complex is such tha t  
a discussion of bond lengths would be inappropriate. 

The overlapping of the constituent molecules in 
the three structures considered (one for the skatole, 
and two for the indole, complex) is shown in Fig. 4. 
I t  can be seen tha t  in each case a non-substi tuted 
(2,4,6) carbon position of the s-trinitrobenzene 
molecule is almost completely overlapped by the 
nitrogen atom of the skatole or indole molecule. The 
remaining non-substituted carbon positions are over- 
lapped by carbon atoms, but  no subst i tuted (1,3,5) 
carbon position is so overlapped. I t  seems significant 
tha t  this should be so for all three structures. I t  might 
be argued tha t  the configuration for the skatole 
complex is fortuitous, resulting from packing con- 
siderations, but  this could hardly be so for the indole 
complex as well. I t  is concluded tha t  the nitrogen 
atoms of the indole and skatole molecules, and the 
carbon atoms at  the non-substi tuted positions of the 
s-trinitrobenzene molecule, play a decisive role in the 
intermolecular binding. 

I t  is easy to see why the indole position is disordered. 
Molecules with different orientations fill the available 
space equally well, and are practically equivalent in 
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Q 

(a) 
Q 
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Q 

l 
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(~) Carbon 
~ Nitrogen 
~ Oxygen 

A} 

Fig. 4. Projections along b of the asymmetric units of the 
several structures, showing overlap. (a) Skatole - -  s-trini- 
trobenzene. (b) and (c) The two contributing structures of 
indole - -  s-trinitrobenzene. 

the way in which they overlap the s-trinitrobenzene 
molecule. I t  is less easy to see why the two orientations 
do not have equal probabilities of occurrence, but a 
tentative answer is suggested by a study of the 
indole-indole intermolecular distances. The shortest 
distances occur between pairs of molecules lying on 
opposite sides of (average) centres of symmetry. 
Each molecule can have the orientation a or b 
(Table 5), and a pair of neighbouring molecules can 
have the configurations a-a, a-b, b-a, or b--b. The 
shortest intermolecular distances (considering only 
carbon and nitrogen atoms) for these configurations 
are: for a-a, 4.00 ~ ;  for a-b (and b-a), 3.94 /~; for 

b-b, 3'73 A. While the last distance is not unduly 
short, it is much shorter than the others; moreover 
it requires a hydrogen-hydrogen distance of 2-2 A. 
I t  seems possible that, with alternatives available, 
the configuration b-b is forbidden. This restriction 
would lead to the relative probabilities of occurrence 
of a and b of 2 or 1, or 0.67 to 0-33, which is close to 
the observed ratio of 0.63 to 0.37. 

Crystalline material for the investigation was 
supplied by Dr A. H. Reddoch, of the Division of 
Pure Chemistry. Most of the computations were 
carried out by Dr F. 1~. Ahmed of this laboratory, 
on IBM 650 and 1620 computers. Their assistance, 
and the continued encouragement of Dr W . H .  
Barnes, are gratefully acknowledged. 
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