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The Crystal and Molecular Structure of the Complexes of 2,4,6-Trinitrophenetole 
with Caesium or Potassium Ethoxide (Meisenheimer Salts) 
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Istituto di Chimica Fisica, Universitd di Milano, Milano, Italy 

(Received 13 November 1967) 

The crystal structures of two so-called Meisenheimer salts, the complexes of 2,4,6-trinitrophenetole 
with caesium or potassium ethoxide, have been determined and refined by three-dimensional least- 
squares methods. The caesium salt is monoclinic, space group P21/c, with a =  15.564, b=  10"54, c= 
19.919/~, #=  110.31 o and eight molecules per unit cell, whereas the potassium salt is triclinic, space 
group PT, with a =  14-744, b=  10.285, c=9"992 A,, ~t= 105-9 °, B= 104.0 °, ~,= 97.2 ° and four molecules 
per unit cell. Although true isomorphism cannot be claimed, there is a definite geometrical analogy 
between the two structures. Intensity data were collected visually from Weissenberg photographs. The 
final R index is 0.102 for the caesium salt and 0"064 for the potassium salt. In the latter, the average 
standard deviations for bond lengths and angles are 0-008/~ and 0.6°; these data are given uncorrected 
for thermal motion. 

In both compounds two equivalent alkoxyl groups are attached to the same carbon atom, which 
attains tetrahedral (sp3) configuration; this is in agreement with theoretical predictions and spectro- 
scopic or kinetic data. The six-membered ring derived from the parent aromatic compound is still 
virtually planar; deformation from a regular hexagon, which is required by the presence of one tetra- 
hedral carbon atom, is evidenced in variations of the C-C bond lengths. For the potassium salt, a case 
of structural disorder is observed relative to one ethoxyl group; both theoretical and experimental 
evidence for this situation are given. 

Introduction 

In recent years, the structures of possible intermediates 
or activated complexes in aromatic  substitution reac- 
tions have been the object of  considerable interest 
(Bunnett,  1959; Ross, 1963; Simonetta & Carrh, 1964; 
Carrg, Ra imondi  & Simonetta,  1966). In a few exam- 
ples of  nucleophilic substitution reactions a stable in- 
termediate has been isolated; the complexes of  alkyl 
picrates with alkali alkoxides ( 'Meisenheimer  salts'), 
which are relatively easy to obtain in good crystals, 
have been well known for a long time (Meisenheimer,  
1902): 
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Among  these compounds,  the complexes of ethyl 
picrate (2,4,6-trinitrophenetole) with alkali  ethoxides 
appeared to be the most  suitable for crystallographic 
use, because of their stability and the absence of  'crys- 
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tallization' alcohol or water. The determination of the 
unit cell showed these structures to be rather complex, 
owing to the presence of two independent molecules in 
the asymmetric unit (Destro, Gramaccioli, Mugnoli & 
Simonetta, 1965). For this reason, a derivative con- 
taining a particularly heavy atom, such as Cs, was con- 
sidered at the beginning; then, after solution of the 
structure, in order to get better experimental evidence 
on the molecular geometry, our attention was turned 
to the corresponding potassium salt, whose unit cell 
had shown definite structural relations to the caesium 
compound. Preliminary announcements of our results 
have already been given (Casalone, Destro, Gramac- 
eioli, Mariani, Mugnoli & Simonetta, 1966; Destro, 
Gramaceioli & Simonetta, 1967). 

Table 1. Unit cell data (at 20 °C) 
Caes ium 'Meisenheimer '  Po tass ium 'Meisenheimer '  
complex CsCIoHI2N308 complex KCIoH12N3Os 

a 15"564 + 0.003 A 14"7443 _+ 0.0008 
b 10.54 + 0.02 /~ 10"2848 + 0"0004 A 
c 19"919+0"001/~  9"9919+0"0004/~  
~t - 105"9010+0"006 ° 
/~ 110 .31°+0 .01  ° 104.05 ° +0.01 ° 
y - 97.15 ° +0 .01  ° 

System Monocl in ic  Triclinic 

Space group P21/c PT 
Z 8 4 
Cell vo lume 3064.4 A3 1383.6 A3 
Dealt 1"890 g.cm -3 1"638 g.cm -3 
Dmeas 1"878 g.cm-3 1"640 g.cm-3 

Experimental 

Crystals of the two complex salts were obtained from 
reaction of 2,4,6-trinitrophenetole with the correspond- 
ing alkali ethoxide and recrystallization of the product 
from ethanol. They are bright red, acicular, elongated 
along b. The unit-ceU dimensions for the two com- 
pounds are given in Table 1.* For the potassium salt, 
these were obtained from a least-squares treatment of 
131 measurements on zero-level Weissenberg photo- 
graphs taken at 20 °C about the three crystallographic 
axes; for the Cs salt, the same treatment was applied 
to 28 reflexions on a zero-level Weissenberg photo- 
graph taken at the same temperature around the b 
axis, with Cu Ka radiation (2 Cu Kal= 1.54051 .A, 
2 Cu Kaz = 1.54433 A). 

In these measurements the film was held in the asym- 
metric position, essentially following the technique of 
Straumanis. Eccentricity coefficients were included as 
parameters in the least-squares calculations and weights 
were assigned as inversely proportional to sin 2 20. The 
value of b was obtained from a least-squares treatment 
of 9 measurements on the zero level of the axis [111]. 
In this case the film was held in the symmetric position, 
the apparent radius of the camera being obtained by 
internal calibration, using the hOh re flexions. 

The densities of the two substances, reported in 
Table 1, were measured by flotation and lead to Z =  8 
for the Cs salt and Z = 4  for the K salt; from these 
experimental data some geometrical analogy between 
the unit cells of the Meisenheimer salts here examined 
is evident, although no true isomorphism can be 
claimed. 

For the caesium salt, all reflexions of the type hOl 
with l odd were absent. Because of the scarcity of data 
taken about axes other than b, at the beginning no 
reliable conclusion could be drawn about the extinc- 

* In  Table  1, the s tandard  deviat ions of  the cell parameters  
were derived f rom the residuals and the diagonal  elements of  
the inverse matr ix  in the least squares ;  their part icularly low 
values do no t  seem to be  very significant, apar t  f rom confirming 
the internal consis tency of  the da ta  here used. 

tions along 0k0; the space group P21/c was therefore 
confirmed only after solution of the structure. 

For the potassium salt, the absence of piezoelec- 
tricity seemed to indicate the space group P1; this 
choice was fully confirmed by solution of the structure. 

Intensity data were collected from multiple-film 
equi-inclination Weissenberg photographs. For the 
caesium salt, the layers 0-4 and 5-7 around b were ob- 
tained from two needle-shaped crystals, almost square 
in section, whose diameters were respectively about 0.1 
and 0.08 mm. The layers 0 and 1 around [111] were 
obtained from an irregularly shaped crystal, whose 
diameter was approximately 0-24 ram. For the potas- 
sium salt, the layers 0 to 8 along a, 0 to 3 along e and 
the 0 layer along b were collected from three different 
needle-shaped crystals, almost square in section, whose 
diameters were about 0.1 ram. Copper Kct radiation 
was always used and the intensities were estimated 
visually and corrected for Lorentz and polarization 
factors. For the potassium salt, no corrections either 
for absorption or extinction were made, whereas for 
the caesium salt absorption was approximatively ac- 
counted for, assuming the prismatic crystals to be 
cylindrical and the irregularly shaped crystal to be 
spherical. 

The processing of the observed data was first earned 
on within the single layers, using a method rather sim- 
ilar to the procedure mentioned by Rae (1965). The 
second stage, which involved the evaluation of relative 
scale factors for all the layers and subsequent averag- 
ings of the observed IF[ z, was performed according to 
the method proposed by Rollett & Sparks, modified 
in order to account for the dependence of weights upon 
the final scale factors (Hamilton, Rollett & Sparks, 
1965; Duchamp, 1964). The assignment of estimated 
standard deviations to the individual observations, 
which is the major difference between Rae's method 
and ours, will be' described elsewhere (Gramaccioli & 
Mariani, 1967). Of 6988 and 6356 independent re- 
flexions within the effective spheres of Cu Ke radiation 
for the caesium and the potassium salts, respectively, 
4005 and 4137 were collected, of which 1456 and 1275 
were too weak to be observed. 
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D e t e r m i n a t i o n  a n d  r e f i n e m e n t  o f  the  s t r u c t u r e s  

For the caesium salt, a sharpened three-dimensional 
Patterson synthesis gave the positions of the heavy 
atoms. A three-dimensional Fourier synthesis revealed 
the positions of all the remaining atoms, except hydro- 
gen. For the potassium salt, in view of the similarity 
between the unit cells of these two compounds, it was 
considered probable that a structural analogy might 
be particularly evident on the (010) projections, be- 
cause of the equal lengths of the b axes and the coin- 
cidence of screw axes with centres of symmetry. 

From the Patterson syntheses calculated on these 
projections, a close similarity between the two sub- 
stances was soon confirmed, provided the a axis of 
the potassium derivative was brought to coincidence 
with the [201] direction in the Cs compound, as shown 
in Fig. 1. On this basis, the coordinates x and z were 
assigned to each atom in the new structure, except hy- 
drogen atoms. With these parameters, a first structure 
factor calculation for the potassium salt in the (010) 
projection gave an R index of 0.41. 

The assignment of the y coordinates was less simple. 
After some unsuccessful attempts, based on geometrical 
considerations, phasing was tried with the help of the 
potassium atoms, whose positions were derived from 
a three-dimensional Patterson synthesis. This synthesis 
served also as a check of the situation as found on the 
(010) projection. Although the corresponding R index 
was about 0.65, structure factors on the (001) and (100) 
projections gave a Fourier synthesis with enough in- 
formation to be interpreted, with the help of the as- 
sumed x and z coordinates. 
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Fig. 1. Geomet r i ca l  re la t ionships  between the uni t  cells of  the 
two c o m p o u n d s .  

Refinement of the two structures was first carried 
on by difference Fourier synthesis, until the R indices 
for the three-dimensional data were equal to 0.15 and 
0.18 for the caesium and the potassium salts respec- 
tively. Further refinement by block-diagonal least 
squares was then tried, minimizing the function 

X w(lFlobs- Iflealc) 2. 

Weights were assigned according to the function 

w =  1/(a + IFIobs + cIFlobs2), 

where a and c were chosen so as to lead to an approx- 
imatel~ constant value of w(lFlobs-[Fleale) z as a func- 
tion of [Flobs. The reflexions too weak to be measured 
('less than') were not included in the least squares. For 
the caesium salt, the reflexions with an observed struc- 
ture factor greater than 120 were also omitted. All 
temperature factors were considered as isotropic and 
hydrogen atoms were omitted from the structure fac- 
tor calculations. Convergence was soon attained at an 
R index of about 0.14 for both structures. 

After this stage of the refinement, however, the 
geometry of one of the ethoxyl groups in the potassium 
salt was rather questionable, the length of the 'paraf- 
finic' C(7')-C(8') bond being only 1.27 A. Introducing 
anisotropic temperature factors did not improve the 
situation. At the position of the atoms C(7') and C(8') 
on a three-dimensional difference Fourier synthesis, a 
large positive region appeared instead of definite peaks. 
In this region, it was impossible to locate the two car- 
bon atoms without arriving at a geometrical situation 
inadmissible for an ethoxyl group. 

A reasonable interpretation of the difference map 
was made on the basis of disorder in the structure, the 
proposed model consisting of a statistical distribution 
of two carbon atoms in two principal positions, in 
equal amounts. This model accounted for the absence 
of definite peaks in the map and permitted a more 
reasonable set of distances and angles in the ethoxyl 
group (C-C bonds about 1.40 A; C-O bonds 1.47 and 
1.43 A; C - O - C  angles 117 ° and 111 ° and O - C - C  
angles 115 ° and 112°). One least-squares refinement 
cycle, starting with these new coordinates, led to only 
small changes in the R index and the molecular geom- 
etry. At this stage, we looked for further evidence and 
a possible theoretical explanation for the partial dis- 
order in the structure, by carrying out systematic cal- 
culations of the repulsion energy between the atoms 
in the ethoxyl group and the adjacent atoms in the 
crystal as a function of the angles of rotation ~0a and 
(P2 around the bonds O(7')-C(7') and C(1')-O(7'). In 
these calculations, the total repulsion energy was ob- 
tained by summing the contributions of all the pairs 
of non-bonded atoms whose distance r was less than 
the 'touching distance' ro, i.e. the sum of their van der 
Waals radii [1.33 A for K +, 1.6 A for C, 1.5 A forN, 
1.4 A for O, and 2.0 A for methylene and methyl 
groups, in essential agreement with Pauling (1960)]. 
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Table  2. Observed and calculated structure factors for the potassium salt 
The co lumns  conta in  values of  h, k, Fobs, Fea]e. Reflexions m a r k e d  with an asterisk were given zero weight  in the leas t -squares  

refinement• 'Less than '  reflexions are indicated with a negative observed  s t ructure  factor• 
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T a b l e  2 (cont.) 
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T h e  r e p u l s i o n  e n e r g y  b e t w e e n  e a c h  pair  o f  a t o m s  was  
e v a l u a t e d  a c c o r d i n g  to  the  e x p r e s s i o n :  

E =  -O'14(r/ro)6+ 3"104 e x p  ( -  13 r/ro) kcal .  m o l e  -I (1). 

Th i s  f o r m u l a  is s imi lar  to  a f u n c t i o n  p r o p o s e d  by  
K i t a i g o r o d s k i i  (1961) ,  in w h i c h  the  c o n s t a n t s  h a v e  b e e n  
m o d i f i e d  o n  the  bas is  o f  p r e v i o u s  e x p e r i e n c e  in anal -  

o g o u s  c a l c u l a t i o n s ,  w h e r e  part icu lar ly  g o o d  resul ts  
were  o b t a i n e d  ( C a s a l o n e ,  M a r i a n i ,  M u g n o l i  & S i m o -  
net ta ,  1967).  T h e  d i f ferent  m o d e l s  at  the  s tart ing  p o i n t  
(~01 = 0 o; (o2 = 0 o) h a d  es sent ia l ly  the  g e o m e t r y  re su l t ing  
f r o m  the  last  cyc le  o f  least  squares ,  w i t h  the  e x c e p t i o n  
that  a t o m s  C(7' )  and  C(8' )  were  p laced  in the  p l a n e  o f  
O(7') ,  C ( l ' )  a n d  O(8' ) ,  w i th  the  O ( 7 ' ) - C ( 7 ' )  b o n d  

A C 2 4 B  - 7 
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T a b l e  3 Observed and calculated structure factors for the caesium salt 
T h e  c o l u m n s  c o n t a i n  v a l u e s  o f  h ,  k ,  F o ~ s ,  Fc, ,ze.  R e f l e x i o n s  m a r k e d  w i t h  a n  a s t e r i s k  w e r e  g i v e n  z e r o  w e i g h t  i n  t h e  l e a s t - s q u a r e s  

r e f i n e m e n t .  'Less than' r e f l e x i o n s  a r e  i n d i c a t e d  w i t h  a n e g a t i v e  observed s t r u c t u r e  f a c t o r .  
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length  equal  to 1.43/~ and  the  C(7 ' ) -C(8 ' )  bond  lengths 
equal  to 1.50, 1.53, 1.54 or  1.55 A,  respectively. The 
C ( 1 ' ) - O ( 7 ' ) - C ( 7 ' )  and  the O(7 ' ) -C(7 ' ) -C (8 ' )  angles 
were assumed  to be equal  to 110 ° or  115°; a different 
series of  calculat ions  was pe r fo rmed  for  every possible 
combina t ion  of  these b o n d  lengths  and  angles.  F o r  
each model ,  {01 a n d  {02 were var ied  in the range  - 9 0  ° 
to + 1 4 0  ° and  - 5 0  ° to + 5 0  ° respectively;  the  scan- 
n ing interval  for  the  ro ta t ions  was 10 °. 

These opera t ions  ended in showing the existence of  
two definite points  of  m i n i m u m  for  repuls ion energy,  
a lmos t  equivalent  (within 0.2 kca l .mole  -x) and  vir tual ly 
independen t  of  the  s tar t ing  model .  The ro ta t ion  angles 
{01 and  {02 were  equal  to - 5 0  ° and  - 1 0  ° in one case 
a n d  + 90 ° and  + 2 0  o in the  other ,  in good  agreement  
with the  exper imenta l  values of  {01 = - 51 o, {02 = - 15 o 

and  {01 = + 110 °, {02 = + 2 0  ° derived f r o m  the difference 
map .  

F o r  the caes ium salt  ( radius of  C s + = 1 . 6 7  A),  a 
similar series of  calculat ions for  the  co r r e spond ing  
ethoxyl  g roup  indica ted  the presence of  two points  o f  
m i n i m u m  for  all the models ,  as in the  case o f  the  
po tass ium salt, bu t  with a grea te r  difference in energy 
(0.5 to 1.0 kcal .mole-1) .  This could explain  the  vir tual  
absence of  d isorder  in the s t ruc ture ;  the m i n i m u m  cor- 
responding  to the  lower  energy was s i tuated a t  {0x = 
- 6 0  o and  {02 = 0 o, in good  agreement  wi th  the  experi-  
men ta l  results.  

A t  this stage,  ref inement  of  bo th  s t ructures  was  con- 
t inued by b lock-d iagona l  least  squares ,  using a pro-  
g r a m  wri t ten  for  the I B M  7040 compu te r  by A lbano ,  
D o m e n i c a n o  & Vaciago  (1966). In  the po t a s s ium salt, 

K(1) 
K(2) 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(10) 
C(1') 
C(2') 
c(3") 
C(4') 
C(5') 
C(6') 
C(7a') 
C(7b') 
C(8a') 
C(8b') 
C(9') 
C(10') 
N(1) 
N(2) 
N(3) 
N(I ')  
N(2') 
N(3') 
0(1) 
0(2) 
0(3) 
0(4) 
0(5) 
o(6) 
0(7) 
0(8) 
O(1") 
0(2") 
o(3') 
o(4') 
o(5') 
o(6') 
O(7') 
o(8') 

Table  4. The heavy-atom parameters and their standard deviations in the potassium salt 

All the values in the table have been multiplied by 104. The temperature factor is in the form 
T~ = exp [ -  (bl lh2 + bz2k2 + b33l 2 + blzhk + blahl+ bz3kl)]. 

x y z bll b12 b13 b22 
7838 (1) 2704 (1) 9108 (1) 44 (1) 28 (1) 50 (1) 70 (1) 
1377 (1) 1653 (1) 1514 (1) 32 (1) 18 (1) 43 (1) 76 (1) 
8609 (4) 2674 (4) 6121 (5) 27 (2) 28 (5) 38 (6) 75 (4) 
8764 (4) 3615 (4) 5230 (5) 31 (3) 30 (6) 29 (7) 65 (4) 
8955 (4) 3222 (5) 3936 (5) 32 (3) 19 (6) 36 (7) 95 (4) 
9061 (4) 1866 (5) 3336 (5) 35 (3) 26 (6) 39 (7) 91 (4) 
8991 (4) 912 (5) 4099 (5) 30 (3) 36 (6) 34 (7) 84 (4) 
8783 (4) 1276 (5) 5374 (5) 38 (3) 38 (6) 49 (7) 71 (4) 
6908 (4) 2113 (7) 5038 (6) 31 (3) 27 (9) 12 (8) 178 (8) 
6058 (6) 1476 (10) 5278 (8) 52 (4) - 6 3  (13) 9 (11) 296 (13) 

10212 (5) 3449 (9) 7759 (7) 32 (3) 17 (11) 26 (9) 260 (11) 
10731 (6) 3713 (11) 9226 (10) 43 (4) 48 (13) - 3 3  (14) 299 (14) 
3660 (4) 2693 (4) 1428 (5) 34 (3) 30 (5) 26 (7) 65 (4) 
4242 (4) 1582 (4) 1466 (5) 41 (3) 26 (6) 43 (7) 54 (3) 
5169 (4) 1689 (5) 1487 (5) 36 (3) 37 (6) 41 (7) 81 (4) 
5686 (4) 2945 (5) 1513 (5) 24 (2) 29 (6) 38 (7) 83 (4) 
5229 (4) 4072 (5) 1490 (5) 42 (3) 24 (6) 57 (7) 69 (4) 
4316 (4) 3970 (4) 1480 (5) 30 (3) 24 (5) 46 (7) 65 (4) 
2901 (10) 2276 (11) -1226 (13) 69 (8) 23 (16) 24 (20) 66 (10) 
3013 (11) 1531 (13) -1166 (13) 107 (9) 189 (15) 44 (20) 157 (13) 
3377 (12) 1361 (18) -1925 (15) 75 (9) 133 (24) 82 (21) 266 (24) 
2626 (17) 2203 (14) -2249 (15) 192 (20) 50 (27) 76 (30) 114 (12) 
3889 (5) 3505 (8) 4013 (7) 46 (4) 21 (10) 34 (10) 182 (9) 
3474 (7) 3133 (12) 5063 (8) 87 (7) - 6 2  (18) 47 (12) 386 (18) 
8676 (4) 5038 (4) 5798 (5) 51 (3) 33 (5) 45 (7) 68 (3) 
9260 (4) 1469 (5) 2013 (5) 36 (3) 17 (7) 34 (6) 146 (5) 
8717 (3) 228 (4) 6090 (5) 37 (2) 34 (5) 46 (7) 95 (4) 
3763 (3) 276 (4) 1483 (5) 51 (3) 28 (5) 72 (7) 70 (3) 
6631 (3) 3059 (5) 1484 (5) 34 (2) 38 (6) 42 (6) 110 (4) 
3911 (4) 5184 (4) 1496 (5) 51 (3) 34 (5) 61 (7) 75 (3) 
8500 (4) 5422 (4) 6950 (5) 103 (3) 72 (6) 104 (8) 92 (4) 
8836 (4) 5837 (4) 5127 (5) 101 (3) 81 (6) 164 (8) 103 (3) 
9352 (3) 2342 (5) 1363 (4) 57 (3) 52 (6) 81 (6) 193 (5) 
9372 (3) 276 (5) 1492 (5) 71 (3) 73 (6) 77 (7) 150 (5) 
8850 (3) --917 (3) 5524 (5) 84 (3) 62 (5) 100 (7) 74 (3) 
8520 (3) 509 (4) 7241 (4) 85 (3) 88 (6) 145 (6) 144 (4) 
7690 (2) 2560 (3) 6316 (3) 25 (1) 23 (4) 28 (4) 105 (3) 
9201 (3) 3234 (3) 7587 (3) 32 (2) 16 (4) 25 (5) 94 (3) 
2900 (3) 76 (4) 1355 (5) 58 (2) 15 (5) 137 (6) 75 (3) 
4215 (3) --629 (3) 1626 (4) 73 (3) 43 (5) 60 (7) 80 (3) 
7018 (3) 2037 (4) 1442 (5) 40 (2) 59 (5) 59 (6) 140 (4) 
7079 (3) 4141 (4) 1452 (5) 39 (2) 5 (5) 73 (6) 126 (4) 
4435 (4) 6263 (4) 1595 (5) 82 (3) 51 (5) 100 (7) 72 (3) 
3066 (3) 5118 (4) 1438 (5) 55 (2) 90 (5) 113 (6) 116 (3) 
2830 (3) 2262 (3) 220 (4) 33 (2) 19 (4) 30 (5) 95 (3) 
3241 (3) 2940 (3) 2585 (3) 33 (2) 18 (4) 44 (5) 87 (3) 

b23 b33 
59 (1) 77 (1) 
71 (2) 107 (1) 
51 (6) 62 (4) 
35 (7) 87 (5) 
67 (7) 65 (4) 
48 (7) 66 (5) 
43 (8) 87 (5) 
66 (7) 94 (5) 
73 (11) 87 (6) 

128 (16) 123 (8) 
95 (14) 104 (7) 

112 (20) 183 (12) 
41 (6) 60 (4) 
47 (6) 83 (5) 
49 (7) 68 (5) 
45 (7) 75 (5) 
36 (7) 79 (5) 
51 (7) 92 (5) 

--47 (20) 90 (13) 
6 (22) 64 (13) 

--48 (35) 80 (16) 
122 (20) 136 (15) 

6 (14) 88 (7) 
128 (18) 100 (8) 
73 (7) 136 (6) 
68 (8) 85 (5) 

125 (6) 137 (5) 
60 (7) 113 (5) 
49 (7) 88 (5) 
68 (6) 105 (5) 
23 (8) 152 (6) 

203 (7) 262 (6) 
146 (6) 101 (4) 

1 (9) 113 (5) 
111 (6) 187 (5) 
208 (6) 168 (4) 

56 (5) 71 (3) 
43 (5) 70 (3) 
67 (7) 212 (6) 

120 (6) 166 (5) 
95 (7) 142 (5) 

109 (7) 180 (6) 
117 (6) 201 (6) 
151 (7) 203 (6) 
27 (6) 78 (4) 
25 (5) 68 (3) 
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anisotropic temperature  factors were assigned to all 
the atoms except hydrogen;  for the caesium salt, an- 
isotropic temperature  factors were assigned only to the 
two heavy metal atoms. Weights were taken as before, 
but with a and c taken as the min imum observed Ifl 
and the reciprocal of  the max imum observed structure 
factor, respectively, in substantial  agreement  with the 
weighting scheme proposed by Cruickshank et al. 
(1961). Hydrogen atoms were not considered in the 
case of the caesium salt; for the potassium compound,  
the hydrogen atoms of the rings and of  the three or- 
dered CH2 groups were introduced in the structure fac- 
tor calculations, with positional coordinates derived 
f rom the presumed geometry of  the molecule ( C - H  
bond leng ths=  1.00 A;  C - C - H  bond angles=109.5  ° 
or  120 °) and temperature  factors B = 4 A 2. Some of the 

strongest reflexions (77 for the K salt and 275 for the 
Cs salt) were not  included in these cycles of  least 
squares, because they were suspected to suffer f rom 
extinction or related factors;  their number  is much 
higher for the caesium compound,  where all observa- 
tions with IF[obs greater than 110 were systematically 
omitted. After  three cycles of least squares (R = 0.075), 
a three-dimensional difference Fourier  synthesis was 
calculated for the potassium salt, in order to locate the 
remaining hydrogen a toms;  except for the 'disordered'  
ethoxyl group,  clear peaks (0.25 eA -3) appeared for all 
of  them, and they were introduced into the next struc- 
ture factor calculations with a thermal factor  B = 4.5 A 2. 
At  the end of the refinement, no shift exceeded one- 
half  of  the s tandard deviation of the corresponding 
parameter ,  except for B11 of Cs(1), where the final shift 

Table 5. Atomic parameters and their standard deviations in the caesium salt 

The anisotropic temperature factor coefficients (only for Cs atoms) have been multiplied by 104; for these, the expression for 
T~ is the same as in Table 4. Standard deviations, as here reported, are on the same scale as the last digit of the corresponding 
parameters. Isotropic temperature factor coefficients are given in A2. 

x y z bll b12 b13 b22 b23 b33 
Cs(1) 0.2200 (1) 0.3453 (2) 0.0652 (1) 66 (1) - 8  (2) 15 (1) 
Cs(2) 0.8582 (l) 0.0998 (2) 0.0105 (1) 50 (1) 2 (2) 13 (1) 
C(1) 0.1377 (14) 0-1108 (25) 0-3660 (ll)  B=5.6 (5) 
C(2) 0-1293 (15) 0.2207 (27) 0.3167 (12) 6.0 (5) 
C(3) 0.1081 (12) 0-2221 (24) 0.2445 (10) 4-5 (4) 
C(4) 0.0940 (12) 0-1042 (22) 0.2135 (9) 4.2 (4) 
C(5) 0.0938 (14) -0.0127 (26) 0-2516 (11) 5-7 (5) 
C(6) 0.1169 (12) -0.0085 (22) 0.3215 (10) 4.5 (4) 
C(7) 0.3013 (13) 0.0961 (25) 0.3951 (11) 5.3 (5) 
C(8) 0.3857 (22) 0.0872 (38) 0.4542 (18) 9.8 (9) 
C(9) -0.0117 (14) 0.1308 (24) 0.3707 (l l) 5-3 (5) 
C(10) -0.0623 (24) 0.1351 (40) 0.4212 (19) 10.3 (10) 
C(I') 0.6188 (12) 0-3560 (22) 0.3873 (10) 4-4 (4) 
C(2') 0.5545 (13) 0.4668 (26) 0.3609 (10) 5.3 (4) 
C(3') 0.4635 (13) 0.4591 (25) 0.3172 (10) 5.0 (4) 
C(4') 0.4244 (12) 0.3402 (22) 0.2956 (9) 4.2 (4) 
C(5') 0.4759 (12) 0.2259 (24) 0.3147 (10) 4-7 (4) 
C(6') 0.5611 (14) 0-2345 (26) 0.3564 (11) 5.7 (5) 
C(7') 0.6809 (21) 0.3784 (33) 0.2902 (16) 8.9 (8) 
C(8') 0.7307 (21) 0.2934 (40) 0.2663 (17) 9.7 (9) 
C(9') 0.5952 (16) 0-3479 (26) 0-5000 (12) 6.3 (5) 
C(10') 0-6508 (24) 0.3509 (36) 0.5789 (18) 9.6 (9) 
N(1) 0"1442 (15) 0"3518 (25) 0-3548 (12) 8"1 (6) 
N(2) 0"0724 (1 l) 0"0965 (20) 0-1365 (9) 5"6 (4) 
N(3) 0.1214 (12) -0.1273 (21) 0-3595 (10) 6.3 (4) 
N(I') 0.5919 (15) 0.5925 (26) 0.3848 (12) 8.2 (6) 
N(2") 0.3318 (12) 0.3343 (19) 0-2442 (9) 5.6 (4) 
N(3') 0.6164 (14) 0.1147 (23) 0.3798 (11) 7-1 (5) 
O(1) 0.1749 (15) 0-3546 (23) 0.4190 (l l) 9.8 (6) 
0(2) 0.1196 (15) 0.4423 (28) 0-3137 (12) 10.8 (6) 
0(3) 0"0694 (ll) 0"1943 (20) 0"1037 (9) 7"5 (4) 
0(4) 0"0599 (12) --0"0102 (20) 0"1086 (9) 8"0 (4) 
0(5) 0-1011 (12) -0"2265 (22) 0-3220 (10) 8"8 (5) 
0(6) 0"1370 (13) -0"1249 (21) 0"4227 (11) 8"6 (5) 
0(7) 0"2272 (8) 0"1041 (15) 0"4197 (7) 4"8 (3) 
0(8) 0"0841 (9) 0"1240 (16) 0"4090 (7) 5"4 (3) 
O(1") 0.6742 (15) 0-5968 (24) 0.4211 (12) 10.0 (6) 
O(2') 0"5439 (15) 0"6804 (26) 0-3585 (12) 10"4 (6) 
O(3') 0"2904 (11) 0"4344 (20) 0"2308 (9) 7-4 (4) 
O(4') 0"2999 (11) 0"2310 (19) 0"2253 (9) 7"2 (4) 
O(5') 0"5698 (13) 0"0193 (23) 0"3552 (10) 9"4 (5) 
0(6') 0"6945 (14) 0"1147 (22) 0"4168 (11) 9-2 (5) 
O(7') 0"6972 (10) 0.3622 (17) 0"3691 (8) 6"2 (3) 
O(8') 0"6566 (9) 0.3513 (15) 0.4625 (7) 5"0 (2) 

100 (2) 6 (1) 27 (0) 
104 (2) - 8  (1) 35 (0) 
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was equal to about  0.7 times the corresponding a. The 
R index* fell to 0.064 for the potassium compound  
and to 0.102 for the caesium salt; the observed and 
calculated structure factors are reported in Tables 2 
and 3. The final parameters  of  the heavier atoms are 
given in Tables 4 and 5 and of the hydrogen atoms in 
Table 6. 

Table 6. Parameters for the hydrogen atoms 
in the potassium salt 

Atom x y z B 
H(1) 0.9016 0.3905 0.3401 4.0 
H(2) 0.9118 - 0.0039 0.3694 4.0 
H(3) 0.7070 0.1450 0.4245 4.0 
H(4) 0.6779 0.2930 0.4708 4.0 
H(5) 0.5900 0.2140 0.6200 4.5 
H(6) 0"5500 0.1100 0.4350 4"5 
H(7) 0"6200 0.0680 0"5750 4"5 
H(8) 1-0408 0"4252 0"7427 4.0 
I-I(9) 1.0368 0"2623 0"7139 4.0 
H(10) 1.0350 0"3230 0.9800 4"5 
H(11) 1.1380 0"3530 0.9308 4"5 
H(12) 1.0700 0-4700 0.9700 4-5 
H(I') 0"5502 0.0886 0.1465 4"0 
H(2") 0"5589 0"4995 0"1523 4.0 

(H(3") to H(7') not located) 
H(8') 0.4500 0.3162 0.4036 4.0 
H(9') 0.4055 0.4536 0.4279 4.0 
H(10') 0.3300 0-2100 0.4730 4-5 
H(11") 0.2850 0.3400 0"5150 4"5 
HOT) 0.3900 0.3600 0.6100 4.5 

Precision of the results 

For  the potass ium salt, the s tandard  deviations in co- 
ordinates, as derived f rom the residuals and the diag- 
onal  elements of  the inverse matr ix  of  the final least- 
squares cycle, correspond to positional uncertainties 
ranging f rom 0.003 to 0.005 A for the oxygen atoms 
and about  0.005 A for the nitrogen and the carbon 
atoms in the rings to about  0.01 A for the terminal 
carbon atoms in the ethoxyl groups, and a max imum 
of 0.015 A for  the disordered ethoxyl group. The cor- 
responding s tandard  deviations in bond distances are 
about  0.007 A for the rings and the nitro groups, about  
0.012 A for C - C  bonds in ethoxyl groups, and up to 
0.020 A for the disordered chain. The s tandard  devia- 
tions in bond angles range f rom 0.4 ° for O - C ( 1 ) - O  
and about  0.5 ° in the rings and the nitro groups up 
to 0.7 ° and 1.1 o for O - C - C  in 'normal '  or disordered 
ethoxyl groups. 

For  the caesium salt, s tandard deviations in the co- 
ordinates of  the lighter atoms are much higher, amount-  
ing to about  0.024 A for the atoms in the rings and the 

* The values of the R index as here reported have been cal- 
culated omitting all the unobserved reflexions and the observed 
reflexions with zero weight (marked with an asterisk in Tables 
2 and 3). In these calculations and in the least squares, atomic 
scattering factors for hydrogen were taken from Forsyth & 
Wells (1959) and for the heavier atoms from Cromer & Waber 
(1965). 

C(8) C(10) oA81 / 

0(5) ~ 0(2) 

O(4) O(3) 
Fig.2. Scheme of a molecule of Meisenheimer complex, 

showing numbering of atoms. 

;J~ ~("~ 119.3~U~121.4, 

~ 1 2 o o  ° 

Fig. 3. Average of 'chemically equivalent' bond lengths and 
angles in the molecules of the potassium salt. 

4-.U, ~ 119 °,.1[,. 126 ° 

4- 

Fig.4. Average of 'chemically equivalent' bond lengths and 
angles in the molecules of the caesium salt. 
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nitro groups and to about  0.040/~ for terminal carbon 
atoms in the ethoxyl groups. The s tandard deviations 
in bond distances range f rom 0.03 A to 0.05 A and in 
bond angles f rom 1.5 ° to about  2.5 ° 

No  discussion about  the precision of  C - H  bonds 
and angles is felt to be appropriate .  

Discussion 

The molecular structure 
The molecules as viewed normal  to the planes of the 

rings are shown in Figs. 3 and 4. Because of the far  

(• C(2") 

C(8a')(~,, ,G(7b') C(6',@ff(I") ~ ' ) Q ~  

Fig.5. Conformation of the ethoxyl groups (one of which is 
disordered) in one molecule of the potassium salt. 

better precision at tained with the potassium salt, a 
detailed discussion for the Cs compound  does not seem 
justified beyond a description of the general shape of  
the molecule;  unless otherwise specified, the numerical 
values here mentioned refer to the average of all the 
equivalent bond lengths and angles in the molecules of 
the K salt, when molecular  symmetry mm2 is assumed. 

An evident feature in all the molecules is the 'paraf-  
finic' character  of  the carbon atom directly bonded to 
the ethoxyl group, which results in longer C - C  bonds 
(1.514 A) than in a phenyl ring and in a corresponding 
tetrahedral  (107.8 °) C - C - C  angle. Another  interesting 
feature is the presence of two short C - C  bonds (1.347/~) 
in each ring. 

All the rings are essentially planar,  with a max imum 
deviation f rom the median plane of  0.026/~ in the case 
of  the K salt (Table 7). The displacements,  a l though 
small, exceed the probable error  and seem to indicate 
some kind of  distortion in the molecules; it is interest- 
ing to notice, however, that  this distortion is not the 
same in the two molecules in the asymmetr ic  unit. 

The C - N O z  groups are all essentially p lanar  and not 
subjected to extensive rotat ion with respect to the plane 

Table 7. Some planes of interest 
The coefficients q~ are the direction cosines relative to the crystallographic axes a, b and e. Atoms omitted from the calculation 
of the least-squares plane are indicated with an asterisk; the remaining atoms were given equal weights. 

(a) Potassium salt, first molecule. 
Phenyl ring 1st nitro group 2nd nitro group 3rd nitro group Ethoxyl group 

A A A A A 
C(1) -0.026 A N(1) -0.020/~ N(2) -0.009/~ N(3) 0.003/~ 0(7) (0-000 h) 
C(2) 0.023 O(1) 0.007 0(3) 0.003 0(5) - 0.001 0(8) (0.000) 
C(3) 0.000 0(2) 0.007 0(4) 0.003 0(6) - 0-001 C(1) (0.000) 
C(4) - 0.020 C(2) 0.006 C(4) 0-003 C(6) - 0.001 C(7)* 0"094 
C(5) 0.014 C(8)* - 0.471 
C(6) 0.010 C(9)* - 0"029 
N(1)* 0.062 C(10)* -0.320 
N(2)* - 0"038 
N(3)* 0.037 

Phenyl ring qx = 0.8631 
1st nitro group 0.8619 
2nd nitro group 0.8654 
3rd nitro group 0.8547 
Ethoxyl group - 0-1316 

(b) Potassium salt, second molecule. 

Phenyl ring 
A 

C(I') -0.012/~ 
C(2') 0.008 
C(3') -0"003 
C(4') 0.002 
C(5') -0.008 
C(6') 0.013 
N(I")* 0.042 
N(2')* - 0.056 
N(3')* 0.037 

Phenyl ring qx = - 0.0217 
4th nitro group -0-1039 
5th nitro group 0.0302 
6th nitro group - 0.0488 
Ethoxyl group - 0.0952 

q2=0.0272 q3=0.1966 D=  12-259A 
-0.0293 0.2277 12.213 Angle with phenylring= 3-4 ° 

0.0237 0.1941 12.251 0.3 
0.0508 0.1990 12.204 1.5 
0.9989 -0.3143 -0.846 89.9 

q2 = -0-0023 
0.0667 

-0.0055 
-0.0422 

0.9995 

4th nitro group 
A 

N(I') 0"000/~ 
O(1') 0"000 
O(2') 0"000 
C(2') 0.000 

5th nitro group 
A 

N(2') 0.011 A 
O(Y) -0.004 
0(4') -0.004 
c(4') -o.oo4 

q3 =0.9270 
0.9227 
0.9132 
0.9450 

-0.2705 

6th nitro group Ethoxyl group 
A A 

N(3') --0"007/~ O(7') (0"000/~) 
O(5') 0.002 O(8') (0.000) 
O(6') 0.002 C(I') (0.000) 
C(6') 0.002 C(7a')* 0.395 

C(8a')* - 0.423 
C(7b')* - 0.403 
C(8b')* 0.635 
C(9')* 0.104 
C(10')* -0.504 

D=1.211 /~ 
0-810 Angle with the phenyl ring= 5"8 ° 
1.620 3-0 
0.912 3.0 
1-868 89.5 
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(c) Caesium salt, 

Phenyl ring 
A 

C(1) 0.01 
C(2) --0.01 
C(3) -0.01 
C(4) 0-03 
C(5) -- 0"03 
C(6) 0.01 
N(1)* - 0.08 
N(2)* 0.05 
N(3)* 0.03 

Phenyl ring 
1st nitro group 
2nd nitro group 
3rd nitro group 
Ethoxyl group 

Table 7 (cont.) 

first molecule. 

1st nitro group 2nd nitro group 3rd nitro group 
A d A 

/~ N(1) 0.01/~ N(2) -0.01 A N(3) 0.03/~ 
O ( 1 )  - -  0"00 0 ( 3 )  0"00 0 ( 5 )  - 0"01 
0(2) -- 0"00 0(4) 0"00 0(6) -- 0"01 
C(2) - 0.00 C(4) 0.00 C(6) - 0.01 

q1=0.9876 q2=-0.0950 q3=--0.2258 D=0.351/~ 
0-9977 0.0541 -0.3856 -0.296 
0.9864 -0.0770 -0.2064 0.479 
0.9856 -0.1057 -0.2185 0.411 
0.0998 0.9945 -0-0643 0.906 

Ethoxyl group 
A 

0(7) (0-00 A) 
O(8) (0.00) 
C(1) (0-013) 
C(7)* 0.06 
C(8)* 0-03 
C(9)* - 0.03 
C(10)* -0.13 

Angle with the phenyl ring= 13 ° 
2 
1 

90 

(d) Caesium salt, second molecule. 

Phenyl ring 
A 

C(1') -0.00 A 
C(2') 0.00 
C(Y) -0.01 
C(4') 0.01 
C(5') -0.01 
C(6') 0"01 
N(I')* 0.04 
N(2')* -0.13 
N(Y)* 0.03 

Phenyl ring 
4th nitro group 
5th nitro group 
6th nitro group 
Ethoxyl group 

4th nitro group 5th nitro group 6th nitro group 
A A A 

N(I') 0.06 A N(2') -0.04 A N(Y) 0.00 A 
O(1') - 0.02 O(3') - 0.02 O(5') - 0.00 
O(2') - 0.02 0(4') - 0.02 O(6') - 0.00 
C(2') - 0-02 C(4') 0.01 C(6') - 0.00 

qt= --0-5822 qz= --0.0625 q3=0.9623 D= 1.584/~ 
--0.6001 --0.0262 0.9581 1.595 
--0.6287 --0.0917 0.9425 1.057 
--0.5852 --0.0450 0.9625 1-611 
--0.0391 0.9985 0.0484 3.743 

Ethoxyl group 
,4 

O(7') (13"00 •) 
0(83 (0"00) 
C(I') (0-00) 
C(7')* 0-10 
C(8')* -0.84 
C(9')* 0.04 
C(10')* 0.11 

Angle with the phenyl ring = 2 ° 

4 
1 

9 0  

of  the ring. In the K salt, the m a x i m u m  displacement 
f rom the median  plane (0.020 A) is observed for N(1) 
and the m a x i m u m  dihedral angle between the median  
plane of a nitro group and the ring, observed for N(I ' )  
and its neighbours,  is slightly below 6 °; in the Cs salt, 
the m a x i m u m  displacement f rom the median plane, 
observed for N(I ' ) ,  is greater (0.06 A) and the maxi- 
m u m  dihedral  angle with the ring amounts  to 13 ° (for 
the first nitro group). 

By contrast, in the parent  aromatic  compound 2,4,6- 
trinitrophenetole,  rotations up to 61.3 ° have been ob- 
served (Gramaccioli ,  Destro & Simonetta, 1967, 1968); 
a probable  reason is the difference in the geometry of 
the ring carbon atom bonded to the ethoxyl groups. 
Whereas in tr initrophenetole the oxygen a tom was 
forced to stay on the plane of the phenyl  ring, between 
two nitro groups, here the tetrahedral  arrangement  of 
bonds around the corresponding carbon atoms keeps 
the oxygen atoms of the ethoxyl groups far away f rom 
the ring and coplanarity of nitro groups with the ring 
can be reached without any serious strain. 

Another  point  of  interest relative to the nitro groups 
is the e v i d e n t  non-equivalence between the groups 
situated opposite to the tetrahedral  carbon atom and 

the others. This reflects in the shortening of  the 
C(4)-N(2) bond (1.390 A) with respect to the other 
two C - N  bonds in the same molecule (1.449/~);  cor- 
responding to this shortening, a lengthening of  the 
N(4)-O bonds is observed (1.246 A against 1.226 A). 
All this is in evident agreement with theoretical con- 
siderations. 

The C(1)-O bonds,  which connect the ring to the 
ethoxyl groups, seem to be regular in length (1.417 A), 
contrarily to the case of 2,4,6-trinitrophenetole, where 
the C(1)-O bond was much  shorter (1.368 A). Another  
interesting feature can be observed in the O-C(1) -O 
angles (Table 11) which are all close to their  average 
value of  101.0 °, even in the caesium salt. These angles 
are definitely smaller than  the assumed value for the 
O - C - O  angle in some ethers, such as 109-5 ° for 
methylal  (Aoki, 1953). The O-C(1) -O plane is normal  
to the plane of the ring within the experimental  error. 

Examining now the ethoxyl groups, the most  salient 
feature is the shortening of the terminal  C - C  bonds by 
an amount  which exceeds the s tandard deviation by 
several times. A possible explanation consists in ex- 
amining the thermal  factors, whose anisotropy is def- 
initely strong; here these distances and angles are 



R. D E S T R O ,  C. M. G R A M A C C I O L I  A N D  M. S I M O N E T T A  1381 

given uncorrected for these effects.* In the case of the 
disordered ethoxyl group, further complication may  
arise f rom the partial  overlapping of the four 'half- 
carbons '  in the structure and least-squares refinement 
for this part of the structure might  not lead to per- 
fectly correct results: from this point  of  view, the 
theoretical results (see below) may be superior. 

Molecular orbital calculations 
Molecular  orbital  calculations for 2,4,6-trinitro- 

phenetole (20 n-electrons) and the complex obtained 
from it by addit ion of ethoxide anion (18 re-electrons) 
were performed for the carbon atoms in the Htickel 
approximat ion by use of the o- technique (Streitwieser, 
1961, p. 115). The variat ion of carbon-carbon  fl 's with 
z~-bond order (viz. bond length) was also included (Ca- 
salone, Mariani ,  Mugnoli  & Simonetta,  1967). The 
necessary parameters for hetero-atoms were taken ac- 
cording to Streitwieser's suggestion (Streitwieser, 1961, 
p. 135). All nitro groups were taken as coplanar  with 
the ring, except the groups in positions 2 and 6 of 
2,4,6-trinitrophenetole, which were presumed to be 
rotated by 30 ° (Gramaccioli ,  Destro & Simonetta,  
1967, 1968); as a consequence, the f lc-~ values were 
assumed to be equal to fl0 c-rr cos Z, where fl0 c-~ is 
the value for parallel n-orbitals and Z is the angle of 
rotat ion of the nitro group. In the case of the Meisenhei- 
mer  complex no inductive effect from the ethoxide 
groups was introduced. 

Final  charge densities and bond orders in the system 
of carbon atoms are shown in Table 8, together with 
the calculated bond lengths (Coulson, 1939). The agree- 
ment  between theoretical and experimental  C - C  bond 
lengths is fair, a l though the calculations refer to an 
isolated molecule or anion. 

These results are in essential agreement with similar 
Hiickel molecular  orbital  calculations found in the 
literature (Caveng, Fischer, Heilbronner,  Miller & Zol- 
linger, 1967): in particular, the decrease in the electron 
charge of the ring after format ion of the Meisenheimer 
complex is confirmed, the use of experimental  geometry 
leading to a still stronger effect (5.64 n-electrons in the 
phenetole against 4.33 in the Meisenheimer complex). 

Molecular packing 
Assuming the set of  van der Waals  radii used in 

repulsion energy calculations (see above) and 1.2 A for 
hydrogen, f rom Table 9 we see that in a very few cases 
two atoms belonging to a different molecule are situated 
at a smaller distance than the sum of  the corresponding 
van der Waals  radii:  moreover, all the reported dis- 
tances are only slightly below this value. 

For  the potassium salt, all the hydrogen atoms were 
considered separately, except in the case of the dis- 

* In general, it is well known that the distances between the 
'atomic positions', as deduced from a crystal structure ana- 
lysis, can be interpreted as real interatomic distances only in 
the limit of negligibly small thermal displacements (Busing & 
Levy, 1964). 

Table 8. Results from molecular orbital calculations 
(a) 2,4,6-trinitrophenetole 

Charge density 
Atoms (electrons) 
C(1) 0"869 
C(2) = C(6) 0.973 
C(3) = C(5) 0.938 
C(4) 0-948 
N(1) = N(3) 1"556 
N(2) 1"547 
O(1) = 0(2) = 0(5) = 0(6) 1"284 
0(3) = 0(4) 1.327 

Bonds Order (rr) Distance (calc). 
C(1)-C(2) = C(1)-C(6) 0.576 1.415 A 
C(2)-C(3) = C(5)-C(6) 0.656 1.400 
C(3)-C(4) = C(4)-C(5) 0"595 1"411 

(b) Meisenheimer complex 
Charge density 

Atoms (electrons) 
C(2) = C(6) 0.835 
C(3) = C(5) 0.916 
C(4) 0.827 
N(1) = N(3) 1.544 
N(2) 1.557 
O(1) = 0(2) = 0(5) = 0(6) 1-508 
0(3) = 0(4) 1.497 

Bonds Order (n) Distance (calc.) 
C(2)-C(3) = C(5)-C(6) 0.727 1.387 ,~ 
C(3)-C(4) = C(4)-C(5) 0.531 1.423 

Table 9. Intermolecular contact distances 
(a) Potassium salt 

C(5)--C(8b') 
C(5")--H(12") 
C(10")-C(8b') 
0(5) --C(8b') 
O(5')--H(5) 
C(7a')-H(11) 
C(8a')-H(3) 
C(8a')-H(I') 
C(8b')-H(2) 
C(8b')-H(11) 
H(12) -H(12) 
H(2')--H(12') 

(b) Caesium salt 

C(8)--C(8) 
C(10)-C(8') 
C(8') -C(10') 

l - x ,  -y ,  - z  3"48 A 
1-x ,  1-y ,  1 - z  2"78 

x, y, z+ 1 3-53 
l - x ,  -y ,  - z  3"26 
l - x ,  1-y ,  1 - z  2.56 
x - l ,  y, z - 1  2-81 
l - x ,  - y ,  - z  3"05 
l - x ,  - y ,  - z  3"07 
l - x ,  - y ,  - z  2.94 
x -  1, y, z -  1 2"92 
2 - x ,  l - y ,  2 - z  2-39 
l - x ,  l - y ,  1 - z  2"30 

l - x ,  - y ,  1 - z  3"85A 
x - 1, y, z 3"97 

x, ½-y, z-½ 3"82 

ordered ethoxyl group, where radii for the whole 
methylene and methyl  groups were assumed;  for the 
caesium salt, owing to the experimental  impossibil i ty 
of  locating most of  the hydrogen atoms, the latter 
criterion was applied to all the ethoxyl groups. The 
molecular  packing of the two substances is represen- 
ted in Figs. 6 and 7. 

The most  significant distances between the cations 
and adjacent atoms are shown in Table 10. It is to be 
noticed that  all these nearest neighbours,  except one 
nitrogen for each Cs ÷ ion, are oxygen a toms;  this is 
to be expected for the minimizat ion  of Coulomb inter- 
action energy (see Table 8). It appears that  there is no 
regular polyhedron surrounding the metal  ions. 
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After  the shifts of  neighbouring atoms due to the 
final cycles of least squares, one might  question whether 
the situation around the disordered ethoxyl group re- 
mains  actually the same as it was found during the 

previous stage of the refinement. In order to check 
this possibility, the interaction energy between 
non-bonded atoms was again evaluated as a function 
of the angles of rotation ~0x and (02, using the final co- 

_2 

} . . . . . . . . . . . . . . . . . . . .  g . 

," - - '  . . . . . . . . . . . . . . . . . .  I . . . . . . . . . . . . . . . .  

Fig. 6. Molecular packing in the potassium salt, seen along b. The black circles indicate the positions of the cations. 

( \ ~ .  ,L 7. • .2  \ ~  ,L ,) • 
/' I Y5 Y5 ;- 

• // • 

Fig. 7. Molecular packing in the caesium salt, seen along b. The black circles indicate the positions of the cations. 
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Table 10. Distances from the cation 

(a) Potassium (below 3.2 A) 

K(1)-O(3) transl, x, y, z+ 1 2.902 A 
-0(6) 2.959 
-0(7) 2.706 
-0(8) 2.883 
-O(1') transl, l - x ,  -y ,  l - z  2.798 
-0(3') transl, x, y, 1 +z 3.068 
-0(4') transl, x, y, 1 +z 2.951 
-0(6') transl, l - x ,  l - y ,  1 - z  2.855 

K(2)-O(I) transl. 1 -x ,  1-y ,  1 - z  2.939 A 
-O(3) transl, x -  1, y, z 3.131 
-0(4) transl, x -  1, y, z 3-107 
-0(4) transl, l - x ,  - y ,  - z  2.959 
-0(6) transl, l - x ,  - y ,  1 - z  2.832 
-O(1') 2.939 
-0(7') 2"848 
-0(8') 2"709 

(b) Caesium (below 3.5 A) 

Cs(1)-N(2') 3.38 A 
-O(1) transl, x, ½-y, z - S  3.46 
-0(3) 3.14 
-0(7) transl, x, S -y ,  z - S  2.99 
-0(8) transl, x, ½-y, z-½ 3.11 
-O(1') transl. 1 - x, y -  ½, ½- z 3.06 
-0(3') 3.23 
-O(4') 3.23 
-0(8') transl, l - x ,  S+y, S - z  3.10 

Cs(2)-N(2) 
-O(1) 
-0(3) 
-0(4) 
-0(4) 
-0(6) 
-O(1 ') 
-O(7') 
-0(8') 

transl. 1 +x, y,  z 3"41 A 
transl. 1 -- x, y -- S, S -  z 3.07 
transl. 1 ,b x, y, z 3.32 
transl. 1 .b x, y, z 3.28 
transl, l - x ,  - y ,  - z  3.20 
transl. 1 -x ,  S-by, S - z  3.18 
transl, x, S -y ,  z-½ 3.48 
transl, x, S -y ,  z - S  3.08 
transl, x, S -y ,  z-½ 2.99 

ordinates for all the atoms, except C(7') and C(8'), 
whose positions were chosen as in the previous calcu- 
lations.* The results obtained clearly show that  no 
substantial  change has occurred, the 'new' points of  
m i n i m u m  being almost  coincident with the 'old '  ones. 
Dur ing these final calculations, the difference in energy 
between the various models was also accounted for by 
adding the energies for C(7')-C(8')  bond stretching and 
bond angle bending [C(1')-O(7')-C(7')  and O(7 ' ) -C(7 ' ) -  
C(8')]. The strains associated with a change of bond 
length r or bond angle 0 f rom their equi l ibr ium values 
were obtained by the expressions: E s = 0 . 5  ks(r-re) 2 
and E~=0.5  kb(0-0e)  2, respectively. The following 
values were assigned to the necessary parameters:  for 
C-C,  k s=5 .10  s dyne.cm -1, re= 1.533 /~ (Gleicher & 
Schleyer, 1967); for C - O - C ,  k~=65.10 -~3 erg.rad -2, 
0 e = l l l ° ;  for O - C - C ,  kb=36"10 -12 erg.rad -2, 0e= 
110 °. Of  these, the 0e values are consistent with figures 
found in the literature (Kimura  & Kubo,  1951; Ki- 
mura,  1950), while the bending force constants have 

* Here, as before, each model was characterized by a cer- 
tain value for the C(7')-C(8') bond length (1.52, 1.53 or 
1.54 A) and by either 110 ° or 115 ° for the angles C(1')-O(7')- 
C(7') and O(7')-C(7')-C(8'): it was therefore assumed that the 
real molecular geometry is not far from a 'regular' situation. 

been evaluated from spectroscopic data (Herzberg, 
1945). 

For  the K salt, the model  corresponding to the ab- 
solute m i n i m u m  points was characterized by the fol- 
lowing parameters:  C(7 ' ) -C(8 ' )=  1.53 A (experimen- 
t a l =  1.47 and 1.38 A), C(1 ' )-O(7 ')-C(7 ')  a n g l e =  115 ° 
(exper imenta l=  113 ° and 120 °) and O(7')-C(7 ')-C(8 ')  
angle = 110 o (experimental = 107 ° and 118 °). The an- 
gular coordinates ~01 and 92 were equal to - 5 0  ° and 
- 1 0  ° in one case (experimental values at the end of 
the r e f i n e m e n t = - 5 1 . 9  ° and -17 .1  ° ) and to + 8 0  ° 
and + 2 0  ° in the other (experimental values = + 112.5 o 
and + 18 o). The difference in energy between the two 
min ima  was as low as 0.18 kcal.mole-1 ; this completely 
explains our observation of approximately equal pop- 
ulation. 

For  the Cs salt, the absolute m i n i m u m  was found 
for the model  with C(7 ' ) -C(8 ' )=  1.53 A (experimen- 
tal = 1.37 A), C(1 ')-O(7')-C(7 ')  = 115 o (experimental = 
115.5 °) and O(7 ' ) -C(7 ' ) -C(8 ' )=110  ° (exper imenta l=  
112°). The corresponding angular  coordinates q~ and 
~pz are respectively - 5 0  ° (experimental = - 4 8 . 9  °) and 
0 ° (experimental = + 4.4 °). As in the previous calcula- 
tions, the virtual absence of disorder was confirmed, 
the energy of the next point of m i n i m u m  being higher 
by about  1 kcal.mole -a. 

Since the experimental  geometry in the disordered 
ethoxyl group is rather unsatisfactory, the reliability of  
the ' theoretical '  results was checked by calculating the 
corresponding structure factors and R index, assuming 
isotropic thermal  factors for the four atoms C(9a'), 
C(10a'), C(9b') and C(10b'). For  each atom, thermal  
factors were obtained by geometrical averaging of the 
three B's  along the principal axes of thermal  vibrat ion 
ellipsoid. As a result, a value of 0.087 was obtained 
for the R index (for all reflexions, except 'less than') ,  
which is to be compared with the R index of 0.073, 
calculated for the experimental  geometry in the same 
conditions. For  the caesium salt, the corresponding 
values of R are 0-108 ( ' theoretical ')  and 0.107 (experi- 
mental).  

For  the potassium compound,  the conformations of 
the methyl  groups, whose positions could be derived 
experimentally,  are respectively staggered for C(10'), 
eclipsed for C(8) and hal f  way between for C(10). In 
order to obtain a possible explanation of this fact, the 
non-bonded interaction energy between the hydrogen 
atoms in the methyl  groups and the surrounding atoms 
has been evaluated as a function of the angle of rota- 
tion around the C - C  bonds to the adjacent methylenes:  
for this purpose the expression (1) was still used. It 
was found that  the m i n i m u m  of repulsion energy oc- 
curs in coincidence with the experimental  si tuation; 
the energy differences between min ima  and max ima  
are however very low (0.15 to 0.20 kcal.mole-i) .  

Since in molecules like ethane and n-butane inter- 
atomic repulsions are not the only factor giving rise 
to torsional energy, but account for approximately 
one third of it (Allinger, Miller, Van Catledge & Hirsch, 
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Table 11. Intramolecular distances and angles 

(Uncorrected for thermal libration) 
(a) Potassium salt 

1st molecule 
C(1)-C(2) 1.516 
C(2)-C(3) 1.354 
C(3)-C(4) 1.404 
C(4)-C(5) 1.406 
C(5)-C(6) 1.347 
C(6)-C(1) 1.512 
C(2)-N(1) 1.452 
C(4)-N(2) 1.387 
C(6)-N(3) 1.454 
N(1)-O(1) 1"212 
N(1)-O(2) 1-229 
N(2)-O(3) 1 '256 
N(2)-O(4) 1 "243 
N(3)-O(5) 1"221 
N(3)-O(6) 1"221 
C(1)-O(7) 1.410 
C(1)-O(8) 1-425 
O(8)-C(9) 1.440 
C(9)-C(10) 1.412 
O(7)-C(7) 1.415 

C(7)-C(8) 1.444 

C(6)-C(1)-C(2) 108.2 ° 
C(1)-C(2)-C(3) 125.1 
C(2)-C(3)-C(4) 120.7 
C(3)-C(4)-C(5) 119.9 
C(4)-C(5)-C(6) 120.3 
C(5)-C(6)-C(1) 125.8 
C(1)-C(2)-N(1) 117.1 
C(3)-C(2)-N(1) 117.8 
C(2)-N(1)-O(1) 119.5 
C(2)-N(1)-O(2) 118.4 
O(1)-N(1)-O(2) 121.9 
C(3)-C(4)-N(2) 120.5 
C(5)-C(4)-N(2) 119.6 
C(4)-N(2)-O(3) 119.1 
C(4)-N(2)-O(4) 120.6 
O(3)-N(2)-O(4) 120.2 
C(5)-C(6)-N(3) 116.9 
C(1)-C(6)-N(3) 117.3 
C(6)-N(3)-O(5) 119.5 
C(6)-N(3)-O(6) 119.1 
O(5)-N(3)-O(6) 121.4 
O(7)-C(1)-C(6) 111.1 
O(8)-C(1)-C(2) 112.0 
O(7)-C(1)-C(2) 112.4 
0(8)-C(1)-C(6) 111"7 
O(7)-C(1)-O(8) 101"4 
C(1)-O(8)-C(9) 115.0 
O(8)-C(9)-C(10) 110.7 
C(1)-O(7)-C(7) 116.5 

O(7)-C(7)-C(8) 111.6 

(b) Caesium salt 
1st molecule 

C(1)-C(2) 1.49 .~ 
C(2)-C(3) 1.36 
C(3)-C(4) 1.37 
C(4)-C(5) 1.45 
C(5)-C(6) 1.31 
C(6)-C(1) 1"51 
C(2)-N(1) 1"55 
C(4)-N(2) 1.45 
C(6)-N(3) 1.45 

2nd molecule 
C(1')--C(2') 1.515/~ 
C(2')--C(3') 1.352 
C(3')--C(4') , 1.406 
C(4')--C(5') 1.414 
C(5')--C(6') 1.335 
C(6')--C(1') 1.512 
C(2')--N(1 ') 1.444 
C(4')--N(2') 1.392 
C(6')--N(3') 1.447 
N(I')--O(I') 1.233 
N(l')--O(2') 1.230 
N(2')--O(3') 1.253 
N(2')--O(4') 1.234 
N(3')--O(5") 1.236 
N(Y)--O(6') 1.226 
C(1')--O(7') 1.416 
C(1')--O(8') 1.417 
O(8')--C(9') 1.425 
C(9')--C(10') 1.447 
0(7')--C(7a') 1.478 
O(7')--C(7b') 1-489 
C( 7 a')-C( 8a') 1"381 
C(7b')-C(8b') 1-477 

C(6')-C(1')--C(2') 107.5 ° 
C(1")-C(2')--C(3') 126.5 
C(2')-C(3')--C(4') 119-4 
C(3')-C(4')--C(5') 119.9 
C(4')-C(5')--C(6') 120.7 
C(5')-C(6")--C(1") 125.9 
C(I')-C(2")--N(I') 117.0 
C(3')-C(2")--N(1') 116"4 
C(2')-N(1')--O(1') 119.6 
C(2')-N(1")--O(2') 120.1 
O(l')-N(l')--O(2') 120.3 
C(3')-C(4")--N(2') 120.2 
C(5')-C(4')--N(2') 119.9 
C(4')-N(2')--O(3') 119-5 
C(4')-N(2')--O(4') 120.6 
O(3')-N(2')--O(4') 119.9 
C(5')-C(6')--N(3') 117.2 
C(1')-C(6')--N(3') 116.9 
C(6')-N(Y)--O(5') 118.8 
C(6')-N(3')--O(6') 119-1 
O(5")-N(Y)--O(6') 122-1 
O(7')-C(1')--C(6') 113.0 
O(8')-C(1')--C(2") 110.9 
O(7')-C(1')--C(2") 112.7 
O(8')-C(1')--C(6') 112-4 
O(7')-C(1')--O(8') 100.4 
C(1')-O(8')--C(9") 116.0 
0(8")-C(9")--C(10") 110.7 
C(1')-O(7')--C(7a') 120.1 
C(1')-O(7')--C(7b') 113.0 
0(7")-C(7a')-C(8a') 118.5 
O(7')-C(7b')-C(Sb') 107.6 

2nd molecule 
C(1')-C(2") 1"51/~ 
C(2')-C(3') 1"38 
C(3')-C(4') 1"39 
C(4')-C(5') 1.42 
C(5")-C(6') 1.30 
C(6")-C(1') 1 "56 
C(2')-N(I') 1-46 
C(4')-N(2') 1 "45 
C(6')-N(3') 1.51 
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Table 11 (cont.) 
1st molecule 2nd molecule 

N(1)-O(1) 1-20 N(I')-O(I') 1.23 
N(l)-0(2) 1.23 N(l')-O(2") 1.19 
N(2)-O(3) 1-21 N(2")-O(3") 1.22 
N(2)-O(4) 1.24 N(2")-O(4') 1-20 
N(3)-O(5) 1 "26 N(3')-O(5') 1-24 
N(3)-O(6) 1-20 N(3')-O(6") 1" 18 
C(1)-O(7) 1.43 C(1')-O(7') 1-39 
C(1)-O(8) 1"39 C(1")-O(8') 1"41 
O(8)-C(9) 1.42 O(8')-C(9') 1.40 
C(9)-C(10) 1.48 C(9')-C(10') 1.51 
O(7)-C(7) 1.40 O(7')-C(7') 1.51 
C(7)-C(8) 1"43 C(7')-C(8') 1-37 

C(6)-C(1)-C(2) 108" C(6')-C(1')-C(2') 106 o 
C(1)-C(2)-C(3) 130 C(1')-C(2')-C(3') 126 
C(2)-C(3)-C(4) 114 C(2')-C(3')-C(4") 119 
C(3)-C(4)-C(5) 124 C(Y)-C(4")-C(5') 122 
C(4)-C(5)-C(6) 119 C(4")-C(5")-C(6") 118 
C(5)-C(6)-C(1 ) 125 C(5')-C(6')-C(1 ') 129 
C(1)-C(2)-N(I) 114 C(I')-C(2')-N(I') 117 
C(3)-C(2)-N(1) 117 C(3')-C(2')-N(1') 118 
C(2)-N(1)-O(1) 119 C(2')-N(1')-O(1') 116 
C(2)-N(I)-O(2) 114 C(2')-N(1')-O(2") 116 
O(1)-N(1)-O(2) 127 O(I')-N(1 ')-O(2') 126 
C(3)-C(4)-N(2) 118 C(3')-C(4')-N(2') 118 
C(5)-C(4)-N(2) 118 C(5')-C(4')-N(2') 119 
C(4)-N(2)-O(3) 118 C(4')-N(2")-O(3') 116 
C(4)-N(2)-O(4) 118 C(4')-N(2')-O(4") 117 
O(3)-N(2)-O(4) 124 O(3')-N(2')-O(4') 126 
C(5)-C(6)-N(3) 118 C(5')-C(6')-N(3') 119 
C(1)-C(6)-N(3) 117 C(1')-C(6")-N(3') 112 
C(6)-N(3)-O(5) 117 C(6')-N(3')-O(5') 111 
C(6)-N(3)-O(6) 119 C(6')-N(3')-O(6") 123 
O(5)-N(3)-O(6) 124 O(5')-N(3')-O(6') 126 
O(7)-C(1)-C(6) 111 O(7')-C(1 ')-C(6') 112 
O(8)-C(1)-C(2) 113 O(8")-C(1')-C(2') 112 
O(7)-C(1)-C(2) 112 O(7')-C(1')-C(2") 114 
O(8)-C(1)-C(6) 113 O(8")-C(1')-C(6') 111 
O(7)-C(1 )-O(8) 100 O(7')-C(1 ')-O(8') 101 
C(1)-O(8)-C(9) 115 C(1')-O(8')-C(9') 117 
O(8)-C(9)-C(10) 110 O(8")-C(9')-C(10') 108 
C(1)-O(7)-C(7) 116 C(1')-O(7')-C(7') 116 
O(7)-C(7)-C(8) 110 O(7')-C(7")-C(8') 112 

1967; Harada & Shimanouchi, 1967), the 'pure' tor- 
sional barrier for situations of this kind can be estim- 
ated at about 2 kcal.mole -I, with the consequence that 
torsional forces should predominate in our case. A 
possible explanation for this discrepancy could con- 
sist in the fact that repulsion energy between non- 
bonded atoms had been underestimated in our calcula- 
tions. As a matter of fact, when the 'harder' Williams 
potential function (Williams, 1966) is used for H - H  
interactions, repulsion energy barriers are found of the 
right order of magnitude (up to 4 kcal.mole -1) and the 
experimental conformation is justified. 

Thermal vibrations 
The lengths and direction cosines of the principal 

axes of thermal vibration are given in Table 12. A 
marked anisotropy is evident for the terminal carbon 
atoms of the ethoxyl groups. Rather less marked, but 
always strong, is the anisotropy of thermal motion of 
all the oxygen atoms in the nitro groups; in this respect, 
their behaviour is clearly different from the oxygen 
atoms in the ethoxyl groups, as expected. 

In general, the directions of maximum motion of 
the highly anisotropic atoms do not show a simple 
relation to the geometry of the molecules, except for 
a few cases, such as for O(1) and 0(4'),  where they form 
angles of 8 ° and 1 o, respectively, with the normal to 
the plane of the corresponding nitro group. 

In the ethoxyl groups, the principal thermal motions 
of the oxygen and the carbon atoms (except the 'dis- 
ordered' C's) form angles ranging from 4 ° to 20 o with 
the normal to the corresponding plane O-C(1)-O or 
O-C(l')-O. 

In conclusion, it seems to us that the structure of 
the intermediates in nucleophilic aromatic substitution 
reactions, as predicted on theoretical grounds (Whe- 
land, 1942) and supported by kinetic results (Fendler, 
1966), together with nuclear magnetic resonance spec- 
troscopy experiments (Servis, 1967), is completely con- 
firmed by X-ray diffraction. 

The authors feel especially indebted to Prof. V. Scat- 
turin, Dr V. Albano and collaborators for a series of pro- 
grams for the IBM 1620 computer here extensively used. 
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Table 12. Magnitudes and direction cosines, relative to 
the crystallographic axes, of  the principal axes of  the 

thermal vibration ellipsoids 

(i) Potanal~ salt 

A ,  am 3 i q~ q~ q~ Atoa 3 i q~ q~ q~ 

x(1) 3.56 0 .850  0 .007  0.232 c(4') 3.20 0 .089  0 .976  -0.29o 

2.59 0.349 -0.890 -0.180 2.58 0.233 -0,0~ 0,855 

2.18 0.395 0.456 -0.956 1.56 0.9fi8 -0.197 -0.430 

K(2) 3,66 0.004 0.127 0.872 0(5*) 3.58 0,736 -0.291 0.478 

2,79 0,528 -0,901 0.228 2.67 0,266 0.924 -0,362 

2.32 0,849 0.414 -0.433 2.00 0,623 -0,249 -O.EO0 

0(i) 2.85 0.211 0.852 0.059 C(6') 3,22 0.262 -0,122 0.848 

2,22 0,604 -0.~3 0.596 2,41 0,151 0.961 -0,292 

1,60 0,769 0.O15 -0,801 2,04 0,953 -0.249 -0.442 

C(2) 3.22 0.321 0,538 -0.944 0(7'&) 6.03 0,841 0.343 -0,618 

2,64 0.574 0.431 0.297 5,00 0,536 -0.671 0.595 

1,99 0.753 -0.724 -0.146 1,42 0.081 -0.657 -0.514 

0(3) 3.62 0,194 -0,946 -0,051 C(7'b) 11,79 0,736 0,580 -0,384 

2,60 0,845 -O,109 0.288 3.19 0.516 -O,624 0.641 

2,80 0.498 0,304 -0,956 1.44 0,437 -0.524 -0,665 

0(4) 3,46 0,009 -0,985 0.182 0(8*a) 12.85 0.245 0.923 -0.476 

2,81 0,848' -0,166 0,297 5,42 0,812 -O,228 0.367 

1,99 0,529 0.049 -0,937 2,00 0,530 -O,311 0.800 

0(5) 3,47 0,295 0,872 -0.604 0(8'b) 15.74 0,999 -0,111 -0.199 

2,91 0.201 0,194 0,762 5,0O 0.052 -0,509 -0,649 

2.02 0,934 -0.450 -0.233 3.27 0.015 0.8~3 -0.734 

0(6) 3,46 0.502 0,265 0,513 0(9') 8.01 0,094 -0.985 0.437 

2.69 0.590 0,468 -0.858 3.64 0,993 -0.019 -0,219 

2,24 0,633 --0,843 0,009 2.81 0.076 -0.174 -0°873 

0(7) 6.90 0.083 -0,993 0.180 0(IOQ 17,20 0.443 -0.941 0,093 

3.41 0,651 0,057 -0,888 5,93 0.879 0,302 -0.125 

2.21 0.755 -0.105 0.424 3,15 0.175 0.151 -0,988 

0(8) 13,24 0,443 -0.932 0,021 ~(1=) 4,53 0.654 -0.159 0.557 

4,39 0,504 0.322 -0.951 2,90 0,755 0,021 -0,813 

3,22 O,741 O.169 0.308 2,57 0,037 -0.987 0.170 

0(9) 10,29 0,161 -0,994 0,170 ~(2') 4.34 0,120 0,969 -0,363 

3,55 0.307 0,107 -0,985 3.07 0,341 -0.053 0.786 

2,5O 0.938 0.0O3 0.035 2,30 0.932 -0.239 -0.501 

0(10) 11,76 0,040 0,986 -0,326 ~(3 i ) 4,20 0,742 -0,007 0,406 

8.43 0.624 -0.111 -0.860 3.08 0.665 -0.052 -0.857 

2,68 0.780 -0.122 0.394 2,67 0,085 -0.999 0,317 

N(1) 4,65 0,265 0,069 -0,978 0(i') 8,19 0.370 -0,303 0,810 

3,96 0,944 0.057 -0.026 3.21 0.701 -0*635 -0.416 

2,28 0,197 -0,996 0,206 2,48 0,609 0,711 -0,412 

N(2) 8,7~ 0.197 -0,991 0.I~O 0(2') 5,87 0.867 -0.076 -0.678 

2.88 O,547 -0,051 0.632 5,61 0,488 0,095 0.624 

2.71 0.814 0,122 -0,760 2,36 0,105 -0,993 . 0,388 

N(3) 4,97 0,1.19 -O,371 -0,770 0(3') 5,39 0,208 0,884 -0,012 

2.89 0.938 0.227 -0.347 4.74 0.036 0.338 -0.978 
2.~4 0.326 -0,900 0,534 2,65 0,979 -0.322 -0,209 

o(i) 8.12 o.91~ 0.022 0.081 o(4 ~ ) 6.I0 0.042 -0.027 0.916 

5,89 0,202 0,623 -0.921 5,13 0,445 -0,943 0,131 

2.63 0,345 -0,782 -0,381 2,43 0,894 0,332 -0,379 

0(2) 9.90 0,473 0,067 0,648 0(5') 7,16 0,488 -0,037 0,677 

5,91 0,880 -0,139 -0,641 5,67 0.867 -0.032 -0.682 

2,64 0,034 -0,988 0.412 2,28 0,104 -0,999 0,251 

0(3) 7,26 0.026 -0,921 -0.072 0(6') 7,25 0,266 0.189 0,~30 

4,55 0,860 -0.279 0,285 4.17 0,531 0.706 -0.677 

2,15 0.509 0.273 -0,956 2.33 0.805 -0.683 -0,097 

0(4) 7,39 0,287 0,881 -0.585 0(7*) 4.00 0.073 -0,965 0,516 

5.53 0,808 -0,192 0.368 2.61 O*90Y 0.057 0.080 

2,47 0,515 -0.432 -0,723 2,52 0,414 -0,257 -0,853 

0(5) 7,02 0.657 0.014 0.499 0(8') 3,71 0.262 -0,945 0,488 

5.46 0,732 0.063 -0.836 2.69 0.682 0,303 0,283 

2,25 0,180 -0,998 0,229 1,80 0,683 -0.122 ..O.826 

0(6) 8.17 0.544 0,321 0,430 

4,b'~ 0.764 -0,688 -0.227 

2.37 0,348 0.650 -0.874 (b) emes%~ ~1~ 

0(7) 3.98 0.054 -0.986 0.150 A~oa 

2.34 0,0O2 0,150 -0.957 
1,94 0.999 -0.071 -0.249 0a(1) 6,47 0,961 -0,190 -0.524 

4.44 0.225 0,960 0,079 
0(8) 3,69 0,181 -0.998 0,247 3,64 0.163 -0,206 0,848 

2.57 0.972 0,058 -0,429 
2.37 0.149 -0,003 0,869 Ca(2) 6.06 0.677 0.243 -0,887 

4.56 0.254 -0,963 -0,171 
0(i') 2.88 0.789 0,499 -0,259 3,87 o,691 0.117 0.429 

2.18 0.613 -0.826 -0,131 

2.00 0.044 -0.264 0.957 

C (2 ' )  3.29 0.826 -0.028 0,291 

2.62 0.538 0.122 -0.945 

1,95 O.168 .*0.992 O.151 

0(3') 3,28 0,517 0.719 -0.063 

2,58 0.~i -0.675 0.544 

2.02 0.629 -0.166 -0.837 
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