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i i .

S U M M A R Y

T h is  t h e s i s  i s  c o n c e rn e d  w i t h  x - r a y  s t r u c t u r e  

d e t e r m i n a t i o n s  of  complex o r g a n i c  m o le c u le s .  I n  each  c a se  

t h e  p h a se  p ro b lem  has b een  surm ounted  by a p p l i c a t i o n  of  th e  

h e av y -a to m  method. The v a r i o u s  a n a l y s e s  have  b e en  t a k e n  t o  

d i f f e r e n t  d e g r e e s  o f  c o m p le t e n e s s .

I n  t h e  f i r s t  c h a p t e r  i s  g iv e n  a v e ry  b r i e f  t h e o r e t i c a l  

a c c o u n t  of  t h e  s u b j e c t  p a y in g  p a r t i c u l a r  a t t e n t i o n  t o  t h e  

t e c h n i q u e s  employed i n  th e  c o u r s e  of  t h i s  work.

The a n a l y s i s  o f  g r i s e o f u l v i n ,  i n  th e  fo rm  o f  i t s  

5 - b r o m o - d e r i v a t i v e , was u n d e r t a k e n  i n  o rd e r  t o  d e f i n e  the  

s t e r e o c h e m i s t r y  of  the  m o le c u le  the  s t r u c t u r e  o f  which 

was a l r e a d y  known. D e s p i t e  some d i f f i c u l t i e s  e n c o u n te r e d  due 

t o  t h e  p r e s e n c e  o f  f a l s e  symmetry i n  space  g roup  , t h e  

p ro b lem  has  b e e n  s o lv e d .  L e a s t  s q u a r e s  r e f i n e m e n t  has 

r e d u c e d  th e  d i s c r e p a n c y ,  R, t o  II4. . 0 %m

A s t u d y  of  th e  c o n f o r m a t i o n  of  th e  b i c y c l o  ( 3 , 3 , 1 )  

nonane sy s te m  was u n d e r t a k e n  u s i n g  1 - p - b r o m o b e n z e n e s u lp h o n y l -  

oxy m eth y l -5 -m e t h y l b i c y c l o  ( 3 , 3 , 1 )  n o n a n - 9 - o l .  The r e s u l t s  

show t h a t  t h i s  sy s te m  r a t h e r  s u r p r i s i n g l y  a d o p t s  th e  

t w i n - c h a i r  fo rm .  The c h a i r s  a r e ,  however, r a t h e r  d i s t o r t e d  

by a f l a t t e n i n g  of  the  r i n g s  a t  th e  C(3) and C(7) p o s i t i o n s .  

The s t r u c t u r a l  p a r a m e t e r s  have been  r e f i n e d  t o  a d i s c r e p a n c y ,



R, o f  1 2 .9 $  "by l e a s t  s q u a r e s  methods.

S t r u c t u r a l  s t u d i e s  have been  made on th e  b i t t e r  

p r i n c i p l e ,  s i m a r o l i d e ,  u s i n g  b o th  th e  m - io d o b e n a o a te  and 

l4. - iod o ~ 3 - n i t r o b e n z o a . t e  d e r i v a t i v e s .  When t h i s  work was 

commenced v e ry  l i t t l e  was known a bou t  th e  s t r u c t u r e ,  b u t  th e  

com ple te  c o n s t i t u t i o n  and s t e r e o c h e m i s t r y  of  the  m o lecu le  

have b e e n  o b t a i n e d ,  t h e  a b s o l u t e  c o n f i g u r a t i o n  b e in g  

d e t e r m i n e d  by e x a m in a t io n  of  th e  anomalous d i s p e r s i o n  of  

co p p e r  r a d i a t i o n  by i o d i n e  atoms.  S i m a r o l i d e  has b e en  

fo u n d  t o  be a t r i t e r p e n o i d  compound of  t h e  e u p ho l  t y p e .  

R e f in e m e n t  of  th e  s t r u c t u r e s  has b een  r e t a r d e d  due t o  th e  

d i f f i c u l t y  of  l o c a t i n g  i n c l u d e d  m o le c u le s  o f  s o l v e n t  of 

c r y s t a l l i s a t i o n .  The i n t e r i m  v a lu e s  of the  d i s c r e p a n c i e s  

f o r  t h e  two d e r i v a t i v e s  a r e  2 1 .6 $  and 2 l \ ,1$, r e s p e c t i v e l y .

The f i n a l  c h a p t e r  o f  t h i s  t h e s i s  d e s c r i b e s  a r a t h e r  

u n s a t i s f a c t o r y  s t r u c t u r e  a n a l y s i s  o f  a chromium c a r b o n y l  

a d d u c t  of  a compound p roduced  by t h e  r e a c t i o n  b e tw een  

d i p h e n y l k e t e n  and e t h o x y a c e t y l e n e .  The c r y s t a l l o g r a p h i c  

r e s u l t s  o b t a i n e d  a r e  i n  agreem ent  w i t h  t h o s e  found  by 

c o n v e n t i o n a l  c h e m ic a l  and s p e c t r o s c o p i c  methods,  b u t  i t  has 

n o t  y e t  b e en  p o s s i b l e  t o  r e f i n e  th e  s t r u c t u r a l  p a r a m e t e r s  

t o  y i e l d  a b e t t e r  R - f a c t o r  t h a n  2 9 . 5 $
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1 . ( 1 ) .  I n t r oduct  i  on.

1 9 1 2  i s  p e rh a p s  th e  most i m p o r t a n t  elate i n  th e  h i s t o r y  

o f  t h e  deve lopm ent  of x - r a y  c r y s t a l l o g r a p h y .  P r i o r  t o  t h i s  

i t  had n o t  b een  e s t a b l i s h e d  w h e th e r  x - r a d i a t i o n  was 

c o r p u s c u l a r  or u n d u l a t o r y  i n  n a t u r e .  I n  a d d i t i o n ,  v e ry  

l i t t l e  was known a b o u t  th e  i n t e r n a l  a r ra n g em e n t  of  a tom s,  

i o n s  or m o le c u le s  i n  c r y s t a l l i n e  m a t t e r .  I n  t h a t  y e a r ,  

however ,  Von Laue and h i s  c o -w o rk e rs  p e rfo rm ed  an im p o r t a n t  

e x p e r im e n t  which  has had th e  most f a r - r e a c h i n g  c o n se q u e n c e s .

S in c e  t h e  ro u g h ly  c a l c u l a t e d  i n t e r a t o m i c  d i s t a n c e  i n  
. o.

' c r y s t a l s  ( 1 A) was of  th e  same o r d e r  of m agni tude  as th e  

w a v e l e n g th  o f  x - r a y s  (assum ing  them t o  be a w ave-m ot ion)

Von Laue a rg u e d  t h a t  i t  might  be p o s s i b l e  t o  o b t a i n  an  e f f e c t  

a n a lo g o u s  t o  t h a t  o bse rved  when v i s i b l e  l i g h t  i s  p a s se d  

t h r o u g h  a d i f f r a c t i o n  g r a t i n g .  That  the  x - r a y  beam was 

i n d e e d  d i f f r a c t e d  by the  c r y s t a l  l a t t i c e s  of c opper  s u l p h a t e  

p e n t a h y d r a t e  and z i n c  b le n d e  p ro ved  t h a t  th e  r a d i a t i o n  was 

o f  an  u n d u l a t o r y  c h a r a c t e r  and opened up th e  f i e l d  of x - r a y  

c r y s t a l  s t r u c t u r e  a n a l y s i s .

The a n g l e s  of  d i f f r a c t i o n  o b t a i n e d  f rom  th e  l a t t i c e  

y i e l d  th e  r e q u i r e d  d a t a  c o n c e rn in g  th e  s i z e  and shape  of th e  

u n i t  c e l l .  The d i f f r a c t e d  beams (o r  ’ r e f l e c t i o n s ’ as  th ey  

a r e  c o l l o q u i a l l y  c a l l e d )  may be r e c o r d e d  p h o t o g r a p h i c a l l y  

u s i n g  any of  a v a r i e t y  of x - r a y  g o n io m e te r s .  I t  i s  found  

t h a t  t h e s e  r e f l e c t i o n s  f l u c t u a t e  i n  i n t e n s i t y .  Prom a
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c o n s i d e r a t i o n  of th e  d i s t r i b u t i o n  of  t h e s e  i n t e n s i t i e s  i t  

may be p o s s i b l e  d i r e c t l y  o r ,  more u s u a l l y ,  i n d i r e c t l y  to  

o b t a i n  th e  a to m ic  a r rangem en t  p r e s e n t  i n  t h e  c r y s t a l .

The s t r u c t u r e  a n a l y s i s  of  o r g a n ic  compounds may be 

u n d e r t a k e n  f o r  e i t h e r  or b o th  of two p r i n c i p a l  r e a s o n s :

1. To e l u c i d a t e  th e  m o le c u la r  c o n s t i t u t i o n  of  a compound 

w h ich  i s  e i t h e r  w h o l ly  or p a r t i a l l y  i n s o l u b l e  by the  methods 

a v a i l a b l e  t o  o r g a n i c  c h e m is t s .  As w i l l  be s e e n  l a t e r  i t

i s  p o s s i b l e  t o  e s t a b l i s h  no t  only  th e  s t e r e o c h e m i s t r y  and 

t h e  c o n f o r m a t i o n  which  the  m o le cu le  a d o p t s ,  b u t  a l s o  th e  

a b s o l u t e  c o n f i g u r a t i o n  i n  c e r t a i n  f a v o u r a b l e  c i r c u m s t a n c e s .

2 .  To o b t a i n  f a i r l y  e x a c t  i n t e r a t o m i c  bond l e n g t h s ,  bond 

a n g l e s  and non-bonded d i s t a n c e s .  This  f i e l d  i s  an  e x t r e m e ly  

i m p o r t a n t  one as  th e  r e s u l t s  can  be c o r r e l a t e d  w i t h  

t h e o r e t i c a l  v a l u e s  o b ta in e d  by the  methods of Quantum 

M echan ics .  O bv io us ly  e x p e r i m e n t a l  v a lu e s  a r e  r e q u i r e d  i f  

t h e  t h e o r y  of th e  chem ica l  bond i s  t o  p r o g r e s s .

One of th e  c e n t r a l  d i f f i c u l t i e s  which c o n f r o n t e d  

c r y s t a l l o g r a p h e r s  i n  the  p a s t  was th e  v a s t  amount of  n e c e s s a r y  

c a l c u l a t i o n s  w hich  were b o th  l a b o r i o u s  and t im e-co n su m in g .

I n  f a c t ,  p r i o r  t o  1950, v e ry  few complete  t h r e e - d i m e n s i o n a l  

a n a l y s e s  of  complex o r g a n ic  m o le c u le s  were a t t e m p t e d .

S in c e  t h e n ,  however ,  w i th  th e  a d v en t  of h i g h - s p e e d  e l e c t r o n i c  

d i g i t a l  c o m p u te r s ,  the  p r o c e s s e s  of c a l c u l a t i n g  have been  

enorm ous ly  a c c e l e r a t e d .
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One v e ry  r e a l  problem, ho w ev er , s t i l l  does  e x i s t  i n  the  

f i e l d  of  c r y s t a l  s t r u c t u r e  a n a l y s i s .

Th6 a c t u a l  v a lu e  of t h e  i n t e n s i t y  of  any one r e f l e c t i o n  

( h k l )  depends on a v a r i e t y  of  c r i t e r i a ,  c h i e f  among which  i s  

a t e rm  c a l l e d  th e  s t r u c t u r e  f a c t o r ,  F (h k l ) . .  T h i s ,  i n  t u r n ,  

i s  r e l a t e d  t o  b o th  the  d i r e c t i o n  o f  th e  d i f f r a c t e d  sp e c t ru m  

and th e  d i s t r i b u t i o n  of s c a t t e r i n g  m a t e r i a l  i n  t h e  u n i t  c e l l .  

The s t r u c t u r e  f a c t o r ,  F ( h k l ) ,  g i v e s  a measure of  th e  s c a t t e r i n g  

power of  one u n i t  c e l l  i n  th e  c r y s t a l  i n  t h e  d i r e c t i o n  

d e f i n e d  by ( h k l ) ,  r e l a t i v e  t o  t h a t  which would be o b t a in e d  

f ro m  a s i n g l e  e l e c t r o n  under  th e  same e x p e r i m e n t a l  c o n d i t i o n s .  

I n  g e n e r a l  F ( h k l )  can  be p o r t r a y e d  as  a complex number 

c h a r a c t e r i s e d  by a s t r u c t u r e  am p l i tu d e  (F (h k l ) l  and a phase  

angle ,cA,.  The s t r u c t u r e  a m p l i tu d e  can  r e a d i l y  be o b t a in e d  

f ro m  the  v a lu e  of th e  c o r r e s p o n d i n g  i n t e n s i t y ,  b u t ,  i n  the  

p r o c e s s  of r e c o r d i n g  the  i n t e n s i t y ,  th e  phase  a n g le  i s  

i n e v i t a b l y  l o s t .  This  u n f o r t u n a t e  e x p e r i m e n t a l  f a c t  

c o n s t i t u t e s  the  Phase  Problem.

Bragg (1915) p o i n t e d  out  t h a t ,  s i n c e  a c r y s t a l  was 

t r i p l y  p e r i o d i c ,  th e  e l e c t r o n  d e n s i t y  cou ld  be e v a l u a t e d  by 

means of a t h r e e - d i m e n s i o n a l  F o u r i e r  S e r i e s .  The 

c o e f f i c i e n t s  of t h i s  s e r i e s ,  however,  have to  be the  above-  

m en t io ned  s t r u c t u r e  f a c t o r s  w hich ,  o f  c o u r s e ,  a r e  

i n d e t e r m i n a t e  i n  th e  absence  of  knowledge of the  phase  a n g l e s .



V a r io u s  methods of c i r c u m v e n t in g  t h i s  p ro b le m  have now 

b e e n  e v o lv e d .  P r i n c i p a l  among t h e s e  a r e  t h e  t r i a l  and 

e r r o r  method which i s  a p p l i c a b l e  where t h e  s t r u c t u r e  i s  s im p le  

and of  known c o n s t i t u t i o n ;  th e  isomorphous s u b s t i t u t i o n  

method,  where the? phase  i s  d e te r m in e d  by c o n s i d e r a t i o n  of 

t h e  d i f f e r e n c e  i n  s c a t t e r i n g  p roduced  by an i n t e r c h a n g e a b l e  

p a i r  of atoms i n  isomorphous compounds; c o m b in a t io n  of 

s t r u c t u r e  f a c t o r  s i g n s  i n  c e n t ro sy m m e t r ic  c a s e s  and the  

a p p l i c a t i o n  of  e q u a l i t i e s  and i n e q u a l i t i e s  f o r  l a r g e  

s t r u c t u r e  f a c t o r s .  These m a th e m a t ic a l  methods make use  of 

t h e  p h y s i c a l  c r i t e r i a  t h a t  th e  e l e c t r o n  d e n s i t y  i s  nowhere 

n e g a t i v e  and t h a t  atoms have s p h e r i c a l  e l e c t r o n i c  d i s t r i b u t i o n s .

The t e c h n i q u e  which has  been  employed i n  phase  

d e t e r m i n a t i o n  th r o u g h o u t  th e  work d e s c r i b e d  i n  t h i s  t h e s i s  

i s  th e  heavy atom method i n v o l v i n g  a s im ple  a p p l i c a t i o n  of 

t h e  P a t t e r s o n  f u n c t i o n .  This  w i l l  be d e s c r i b e d  i n  more 

d e t a i l .

1 . ( 2 ) .  The Phase  Problem and th e  Heavy Atom Method.

P a t t e r s o n  (1934, 1935) dev e lo p ed  a new f u n c t i o n  which 

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

c a l c u l a t i o n ,  b u t  which used  the  s q u a re s  of th e  s t r u c t u r e  

a m p l i t u d e s  a s  c o e f f i c i e n t s  i n s t e a d  of the  f i r s t  power te rm s .

T h is  e n a b le d  him to  d i s r e g a r d  p h a s e s .  I t  f o l l o w s  t h a t  i t
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i s  always p o s s ib l e  to  compute the P a tte r so n  f u n c t io n ,  which  

can he ex p ressed  a s : -

In  t h i s  e x p r e s s io n  V i s  the volume of the u n i t  c e l l  and 

^)(x+u, y+v, z+w) r ep re sen ts  the d i s t r i b u t i o n  o f  s c a t t e r in g  

m atter  about the p o in t  (xyz) ex p ressed  in  terms o f  u, v and 

w, and i s  s im i la r  t o p ( x y z )  but s h i f t e d  from (xyz)  by the  

q u a n t i t i e s  u, v and w r e s p e c t i v e l y .  P (u ,v ,w )  w i l l  e v id e n t ly  

be la r g e  when both  the e le c t r o n  d e n s i ty  d i s t r i b u t i o n s  are 

a p p r e c ia b le  and t h i s  i s  the s i t u a t i o n  which w i l l  o b ta in  i f  

an atom i s  s i t u a t e d  at both (xyz) and (x+u, y+v, z+w). 

C o n seq u en tly , every  pa ir  of atoms in  the u n i t  c e l l  w i l l  g ive  

r i s e  t o  a ’peak' in  the P a tte r so n  map and the f u n c t io n  

r e p r e s e n t s  a com plete p ic tu r e  of a l l  in tera to m ic  v e c t o r s .

One d i f f i c u l t y  th a t  i s  im m ediately apparent i s  the 

very  la r g e  number of v e c to r s  which w i l l  r e s u l t  from a l l  but 

the  very s m a l le s t  m olecular s t r u c tu r e s .  A l l  v e c to r s  r a d ia te  

from the o r ig i n  and i t  can e a s i l y  be shown th a t ,  in  the case  

where th e r e  are N atoms in  the u n i t  c e l l ,  th ere  w i l l  be 

N peaks superposed  on the P a tte r so n  o r ig in  and a fu r th e r

f » t

P (u ,v ,w )  = v j  j ip (x y z )o ( x+u, y+v, z+w) dxdydz
o o o

( 1 . 1 )

+CO
•1 H- T-.J -■!!-, ■-

or P (u ,v ,w )  = ^ 2 - Z L l i P( h k lM2cos2Tr(hu+kv+lw)
-cO

(1 . 2 )
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N(N-1 ) , . . . .
2 i n d e p e n d e n t  maxima s c a t t e r e d  t h ro u g h o u t  t h e  u n i t

c e l l .

when d e a l i n g  v / i th  P a t t e r s o n  p r o j e c t i o n s  o v e r l a p  l e a d s  

t o  s e r i o u s  d i f f i c u l t y .  Even t h r e e - d i m e n s i o n a l  s y n t h e s i s  

i s  o f  l i m i t e d  a p p l i c a t i o n  when the  number of  v e c t o r s  i s  

l a r g e ,  a l t h o u g h  H arker  (1936) has  p o i n t e d  ou t  t h a t  sp ace  

g roup  symmetry c o n d i t i o n s  g iv e  r i s e  to  s p e c i f i c  v e c t o r  peaks  

on d e f i n i t e  l i n e  or p l a n e  s e c t i o n s  t h ro u g h  th e  u n i t  c e l l .

C o n s i d e r a t i o n  of  e q u a t i o n  ( 1 . 1 )  shows t h a t  i f  on ly  a 

few v a lu e s  of  b o th  p ( x y z )  a n d p ( x + u ,  y+v, z+w) co u ld  be 

a r r a n g e d  t o  be ve ry  much g r e a t e r  t h a n  a l l  t h e  o t h e r  te rm s i t  

would  be p o s s i b l e  to  o b t a i n  a few v e ry  p rom inen t  p eaks  i n

th e  P a t t e r s o n  d i s t r i b u t i o n .  Now t h i s  i s  e x a c t l y  th e

s i t u a t i o n  which  a r i s e s  i f ,  i n  the  u n i t  c e l l ,  we have a

s m a l l  number of  atoms whose a tom ic  numbers a r e  c o n s i d e r a b l y  

g r e a t e r  t h a n  t h o s e  of  a l l  o t h e r  atoms p r e s e n t .  S in c e  u,  v 

and w a r e  v e ry  s im ply  r e l a t e d  t o  x, y and z ,  i t  i s  p o s s i b l e  

t o  e v a l u a t e  th e  c o o r d i n a t e s  of  th e  ’h e a v i e r ’ a toms.

Prom t h e  c o o r d i n a t e s  of  th e  heavy atoms i t  i s  p o s s i b l e  

t o  e v a l u a t e  phase  a n g le s  f o r  each  r e f l e c t i o n .  These phase  

a n g l e s  (ĉ h ) w i l l  be f a i r l y  c lo s e  a p p ro x im a t io n s  t o  th o se  of 

th e  s u b s t i t u t e d  m olecu le  as a whole (^)  s i n c e  th e  heavy atom 

c o n t r i b u t i o n  t o  t h e  phases  d om ina tes  t h a t  due t o  th e  l i g h t e r

a tom s.
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I t  i s  t h e n  p o s s i b l e  to  compute a n  e l e c t r o n  d e n s i t y

F o u r i e r  summation u s i n g  the  e x p e r i m e n t a l  s t r u c t u r e  a m p l i tu d e s

and thec^H "values. The e x p r e s s i o n  in v o lv e d  i s :  —
+ o o

? ( x y z )  = 5 1  y  y  l^ ^ )l ° os + 2-^~  + m z  - * H ( h k n >V ( a b c )
oC

......................  ( 1 . 3 )

From t h e  r e s u l t i n g  map, which i s  c o n to u r e d  by j o i n i n g  

up p o i n t s  o f  e q u a l  e l e c t r o n  d e n s i t y ,  i t  sho u ld  be p o s s i b l e  t o  

d i s c e r n  a n  a p p ro x im a t io n  t o  the  t r u e  c h em ic a l  s t r u c t u r e .

The c o o r d i n a t e s  of r e c o g n i s a b l e  atoms can  be c a l c u l a t e d  and 

t h e n  u se d  a lo n g  w i t h  t h o s e  o f  the  heavy atom i n  a second 

p h a s i n g  c a l c u l a t i o n .  These new phase  a n g le s  sh o u ld  be a 

c l o s e r  a p p r o x i m a t i o n  to  r e a l i t y  and a f u r t h e r  F o u r i e r  map 

s h o u ld  r e v e a l  a c l e a r e r  p i c t u r e  of  th e  m o le c u l a r  s k e l e t o n .

T h is  i t e r a t i v e  p r o c e s s  i s  c o n t i n u e d  u n t i l  the  s t r u c t u r e  

a n a l y s i s  i s  com ple te .

T h is  i s  th e  s o - c a l l e d  heavy-a tom  method o f  phase  

d e t e r m i n a t i o n  which  was f i r s t  s u c c e s s f u l l y  a p p l i e d  by 

R o b e r t s o n  and Woodward (19^0) i n  t h e i r  s o l u t i o n  of t h e  

s t r u c t u r e  o f  p l a t i n u m  p h t h a l o c y a n i n e .

I t  i s  g e n e r a l l y  p o s s i b l e  t o  i n t r o d u c e  one or  more heavy 

atoms i n t o  an  o r g a n ic  m olecu le  by c o n v e n t i o n a l  c h em ica l  

methods i f  such  an  atom i s  not  a l r e a d y  p r e s e n t  i n  the  

s t r u c t u r e .
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I t  i s  a p p r o p r i a t e  t o  add a s h o r t  n o te  as  t o  th e  r e l a t i v e  

e f f i c a c y  of heavy atoms as phase  d e t e r m i n e r s .  T h ere  a re  

two p a r t i c u l a r  c a se s  to  "be c o n s i d e r e d .

( a ) The Centros .ym m etr ica l  C a se .

I n  t h i s  p a r t i c u l a r  case  th e  c h o ic e  of  phase  a n g le s  i s  

r e s t r i c t e d  t o  0 and TT i n  a n g u la r  m easure .  T h is  i s  

e q u i v a l e n t  t o  s a y i n g  t h a t  the  F o u r i e r  c o e f f i c i e n t s  have . 

e i t h e r  a p o s i t i v e  or  n e g a t iv e  s ig n .

A s u i t a b l e  heavy-a tom  d e r i v a t i v e  i s  one i n  which  th e  

t r u e  s i g n  i s  a l l o t t e d  t o  a l a r g e  p r o p o r t i o n  o f  th e  s t r u c t u r e  

a m p l i t u d e s  f rom  th e  p h a s in g  c a l c u l a t i o n  "based on th e  c o o r d i n a t e s  

o f  th e  heavy a tom  a lo n e .

Sim (1957,  1961) has shown t h a t  a s im ple  e x p r e s s i o n  

c a n  "be u se d  t o  e v a l u a t e  th e  number of  s t r u c t u r e  f a c t o r s ,  F, 

w h ich  have t h e  same s i g n  as t h e  heavy atom s t r u c t u r e  f a c t o r ,

Fh , due a l lo w a n c e  b e in g  made f o r  th e  number and t y p e s  o f  

a tom  p r e s e n t  i n  th e  u n i t  c e l l :

I n  a g e n e r a l  c a se  of a m o lecu le  i n c l u d i n g  one heavy 

a tom  i n  a non—s p e c i a l  p o s i t i o n  i n  a t r i c l i n i c  c e l l  he shows 

t h a t  be tw een  80 and 30% of  the  s i g n s  can be c o r r e c t l y  

d e t e r m i n e d  as r  v a r i e s  from 1 t o  2.

P ( x y z )  = \
v / ).

\ + P £ h k l ) cos27T (hx + M  + l g )  . . .  ( 1 . U)
V ( a Id c )
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Woolfson  (1956) has s u g g e s t e d  t h a t  a w e i g h t i n g  scheme 

he  u s e d  to  m in im ise  e r r o r s  i n  e l e c t r o n - d e n s i t y  c o m p u ta t io n s  

r e s u l t i n g  f rom  the  wrong a p p o r t i o n m e n t  of  some s i g n s  by the  

heavy  atom.

L ip s o n  and Cochran  (1957) have p o i n t e d  ou t  t h a t  i t  i s  

i n a d v i s a b l e  t o  have a s i t u a t i o n  i n  which  i s  v e ry  much 

g r e a t e r  t h a n ) ^ ,  s i n c e  t h e n  th e  heavy  atom would t e n d  t o  

Tswamp’ th e  l i g h t e r  atoms i n  the  r e s u l t a n t  F o u r i e r  map, 

t h e r e b y  r e n d e r i n g  s t r u c t u r e  a n a l y s i s  much more d i f f i c u l t .

They recommend u n i t y  as an  i d e a l  v a lu e  f o r  r .

(b)  The N on -C e n t ro sy m m e tr ic a l  C ase .

I n  t h i s  c i r c u m s ta n c e  the  p h a se  a n g le s  a r e  f r e e  t o  have 

g e n e r a l  v a l u e s .  Thus,  i n s t e a d  of  h a v in g  th e  m a j o r i t y  of  

t h e  p h a se  a n g l e s  c o r r e c t  and a few wrong as i n  s e c t i o n  ( a ) ,  

t h e r e  i s  now a c o n t i n u o u s  d i s t r i b u t i o n  of e r r o r s  some of  which 

may be a lm o s t  n e g l i g i b l e  and o t h e r s  v e ry  l a r g e .

Sim (1957) shows t h a t  t h i s  d i s t r i b u t i o n  i s  a g a i n  a
—  p  ?  —

f u n c t i o n  o f  ( )_ % 'A"Cl ) 2* The e r r o r  i n  Phase  a n g l e d  

c a n  v a ry  be tw een  i  180°.  He u s e s  t h e  same g e n e r a l  c a se  as 

i n  ( a )  and d e m o n s t r a t e s  t h a t  when r  = 1, 38$ o f  t h e  e r r o r s  

l i e  w i t h i n  1 20° o f  0 ^ and t h a t  t h i s  f r a c t i o n  i n c r e a s e s  to 

67$ when r  = 2. The r e s o l u t i o n  o f  unknown l i g h t e r  atoms i s  

l e s s  p r o p i t i o u s  i n  th e  non—c e n t r i c  c a se  and he shows t h a t  a 

w e i g h t i n g  f u n c t i o n  analagous t o  W o o lf so n r s b a sed  on th e  

p r o b a b l e  m agni tude  o f  phase  a n g le  e r r o r s  can  be employed t o  

good e f f e c t .
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S i n c e ,  i n  th e  c e n t r o - s y m m e t r i c a l  c a se  th e  c h o ic e  i s  

m e re ly  "between a p o s i t i v e  and a n e g a t i v e  s i g n  compared, w i t h  

t h e  g r a d u a l  r e d u c t i o n  of the  phase  a n g le  e r r o r  i n  the  non- 

c e n t r i c  c a s e ,  i t  i s  obvious  t h a t  com ple te  p h ase  d e t e r m i n a t i o n  

i s  a much f a s t e r  p r o c e s s  i n  th e  fo rm er  c a t e g o r y .

1 . ( 3 ) .  R e f in e m e n t .

A f t e r  a s t r u c t u r e  i s  c o m p le te ly  d e t e r m i n e d ,  an a t t e m p t  

i s  g e n e r a l l y  made t o  o b t a i n  th e  b e s t  p o s s i b l e  a tom ic  p o s i t i o n s ,  

by a d j u s t i n g  t h e  c o o r d i n a t e s  of  atoms by s m a l l  amounts.

T h is  i s  e q u i v a l e n t  t o  im prov ing  the  phase  a n g l e s  and t h u s  t h e  

a g re em e n t  be tw een  o b se rv ed  and c a l c u l a t e d  s t r u c t u r e  a m p l i t u d e s .  

T h is  p r o c e s s  i s  c a l l e d  r e f i n e m e n t .

I t  i s  c o n v e n ie n t  t o  have some index  by which the  measure  

o f  a g re em e n t  b e tw e e n !  F*0 j and I Fc | c an  be i n d i c a t e d .  The 

e x p r e s s i o n

R = . ------------( 1 . 6 )
^  ( TP I,/_  : *o '

i s  th e  most f r e q u e n t l y  used  e q u a t io n .  R i s  v a r i o u s l y  known 

a s  t h e  r e s i d u a l ,  t h e  r e l i a b i l i t y  i n d e x ,  t h e  ag reem en t  in d ex ,  

o r  -  e x p r e s s e d  a s  a p e r c e n t a g e  -  t h e  d i s c r e p a n c y .  E v i d e n t l y ,  

d u r i n g  th e  p r o c e s s  of  s t r u c t u r e  a n a l y s i s  and r e f i n e m e n t ,  R 

s h o u ld  be a lways d e c r e a s i n g .



-  11 -

There  i s  a g rav e  danger  o f  p l a c i n g  to o  much r e l i a n c e  

on a f a l l i n g  R - v a lu e .  I t  i s  p o s s i b l e ,  e s p e c i a l l y  -"hen a 

p h a s e - d o m i n a t i n g  heavy atom i s  p r e s e n t ,  t h a t  t h e r e  a r e  a 

c o n s i d e r a b l e  number of ve ry  poor ag reem en ts  b e in g  masked, by 

a n  a p p a r e n t l y  s a t i s f a c t o r y  o v e r a l l  d i s c r e p a n c y .  The 

im p o r ta n c e  o f  exam ining  th e  individual agreem en ts  sh o u ld  no t  

be u n d e r e s t i m a t e d  and the  R -va lue  t a k e n  only  as  a rough  b u t  

u s e f u l  gu ide  i n  c o n c lu d in g  w he ther  a d ju s tm e n t s  of  a tom ic  

p a r a m e t e r s  a re  im prov ing  the  s t r u c t u r e .

V a r io u s  methods of  r e f i n e m e n t  a re  a v a i l a b l e  t o  the  

c r y s t a l l o g r a p h e r  and th o s e  used  d u r i n g  th e  c o u r s e  o f  t h i s  

work w i l l  be summarised b r i e f l y ,

i ) F o u r i e r  Method s .

I t  i s  p o s s i b l e  t o  r e f i n e  c r y s t a l  s t r u c t u r e s  by th e  s im ple  

e x p e d i e n t  o f  u s i n g  a F o u r i e r  S e r i e s  i n  an i t e r a t i v e  p r o c e s s  

v i z .  new a tom ic  c o o r d i n a t e s  a re  c a l c u l a t e d  from an e l e c t r o n  

d e n s i t y  d i s t r i b u t i o n ;  t h e s e  a re  u sed  i n  a p h a s i n g  c a l c u l a t i o n  

and t h e n  a f u r t h e r  F o u r i e r  map computed and so  on.

E x a m in a t io n  of  e q u a t io n s  such as ( 1 . 3 )  shovs t h a t  the  

t r u e  e l e c t r o n  d e n s i t y  i s  r e p r e s e n t e d  by an i n f i n i t e  s e r i e s .

I n  p r a c t i c e ,  th e  number of terms which  can  be i n d u c e d  i n  

su ch  a summation i s  s e v e r e l y  l i m i t e d ,  th e  number Deing 

d e t e r m i n e d  by th e  w av e le n g th  of  the  i n c i d e n t  r a d i a t i o n .

T h is  e f f e c t  i s  e s p e c i a l l y  d e l e t e r i o u s  i f  the  F o u r i e r  

c o e f f i c i e n t s  a r e  s t i l l  r e l a t i v e l y  l a r g e  '’/hen th e  awta  a re
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c u t  o f f .  The r e s u l t  o f  t h i s  i s  t h a t  f a l s e  d e t a i l ,  m ea n in g le s s  

n e g a t i v e  e l e c t r o n  d e n s i t y  and d i f f r a c t i o n  ’ r i p p l e s '  

s u r r o u n d i n g  t r u e  pejaks show up on th e  F o u r i e r  map. T h is  

l a s t  phenomenon i s  a p a r t i c u l a r l y  s e r i o u s  one as i t  d i s p l a c e s  

p e a k s  f rom  t h e i r  t r u e  p o s i t i o n s .  T h is  i s  c a l l e d  the  

t e r m i n a t i o n  o f  s e r i e s  e r r o r .

Booth (1946) p roposed  a method of  a v o id i n g  t h i s  

d i f f i c u l t y .  Two P o u r i c r  s e r i e s  u s i n g  the  same ( h k l )  te rm s 

a r e  computed, one u s i n g  observed  s t r u c t u r e  a m p l i tu d e s  (Fq) 

a s  c o e f f i c i e n t s  and the  o t h e r  the  c a l c u l a t e d  s t r u c t u r e  

a m p l i t u d e s  (F0 ). S ince  s e r i e s - t e r m i n a t i o n  e r r o r s  a r e  

a lw ay s  p r e s e n t ,  i t  f o l l o w s  t h a t  the  a tom ic  c o o r d i n a t e s  

c a l c u l a t e d  from th o se  two maps w i l l  d i f f e r  t o  a s l i g h t  e x t e n t . :  

These s m a l l  d e v i a t i o n s ,  ( x 0 -  x c ) e t c .  w i l l  g ive  th e  size- of 

t h e  s h i f t s  t o  he a p p l i e d  t o  the  o r i g i n a l  a tom ic  c o o r d i n a t e s .  

The a c c u r a c y  of  t h i s  method depends on th e  p r e c i s e n e s s  w i t h  

w hich  a to m ic  s c a t t e r i n g  f a c t o r s  a r e  known and on the  f a c t  

t h a t  t h e  p o s t u l a t e d  a tom ic  a r rangem en t  must he s t r i c t l y  

c o r r e c t .

An e q u i v a l e n t  p ro c e d u re  t o  B o o th ’ s method i s  c a l l e d  th e  

d i f f e r e n c e  or (F q — Fq) s y n t h e s i s  which has  h en d iscussed ,  

hy C ochran  0  95^ )• 1-̂ - t h i s  app roach  the  r e s i d u a l s ,

( F 0 -  Fc ) ,  f o r  each term  a re  a p p l i e d  as  F o u r i e r  c o e f f i c i e n t s  

i n  t h e  norm al  manner. If" the  known a tom ic  p o s i t i o n s  a re  

su p e r im p o sed  on the  map t h e n  tne o - i rwet ion  of  s h i t t  i s  t h a t
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o f  th e  s t e e p e s t  c o n to u r  a s c e n t .  The d i f f e r e n c e  . s y n t h e s i s  i s  

a l s o  v a l u a b l e  f o r  the  a l t e r a t i o n  of  t e m p e r a t u r e  p a r a m e t e r s ;  

a n e g a t i v e  v a lu e  of ( j '0 -  p ^ )  a t  an a tom ic  s i t e  i n d i c a t i n g  

t h a t  an  i n c r e a s e  i n  t e m p e r a tu re  f a c t o r  i s  r e q u i r e d  and v ic e  

versa*

The method has a l s o  been  used  i n  o rd e r  to  l o c a t e  e l e c t r o n  

d i s t r i b u t i o n  d i r e c t e d  a lo n g  chem ica l  bonds ( B r i l l ,  1950) and 

t o  e s t a b l i s h  the  l o c a t i o n  of  hydrogen atoms i n  r e l a t i v e l y  

s im p le  m o le c u le s  as d e m o n s t r a te d  i n  th e  a n a l y s i s  of  a n th r a c e n e  

by C r u ic k s h a n k  (1956) .

An ( F 0 -  Fc ) s e r i e s ,  un d e r  the h e ad in g  of  e r r o r  s y n t h e s i s ,  

was employed by Crowfoot  e t  a l .  (1949) i n  t h e i r  a n a l y s i s  of 

sodium b e n z y l p e n i c i l l i n .  They p o i n t  ou t  t h a t  t h i s  form of 

s y n t h e s i s  a v a i l s  i t s e l f  most of the  i n f o r m a t i o n  t h a t  c e r t a i n  

r e f l e c t i o n s  a re  weak or a b s e n t ,  s in c e  t h e n  i t  i s  c l e a r  what 

t h e  s i g n  of  the  d i s c r e p a n c y  between F0 and Fc i s .

An o b v io u s  drawback to  F o u r i e r  methods of  r e f i n e m e n t  

i s  t h a t  a l l  F 0 ’ s a re  no t  m ea su ra b le  w i th  th e  same a c c u r a c y .  

A p a r t  f rom  some which w i l l  be s y s t e m a t i c a l l y  e r r o n e o u s  due 

t o  e x t i n c t i o n  and a b s o r p t i o n  e f f e c t s ,  t h e r e  w i l l  a lways be 

random i n a c c u r a c i e s  i n  the  d a t a .
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*1 ) The D i f f e r e n t i a l  F o u r i e r  S y n t h e s j ^ .

T h is  method was f i r s t  i n t r o d u c e d  "by Booth (1 9 4̂-6 a)  

ana  i n v o l v e s  th e  e v a l u a t i o n  of the  f i r s t  d i f f e r e n t i a l s  of 

e l e c t r o n  d e n s i t y  around p o i n t s  i n  th e  u n i t  c e l l  where atoms 

a r e  known t o  l i e .  At th e  t r u e  p^ak maxima t h e s e  d i f f e r e n t i a l s  

w i l l  he z e r o  and the p rob lem  i s  to  f i n d  th e  s m a l l  d i s p l a c e m e n t s  

o f  t h e  atoms a t  any s t a g e  of. r e f in e m e n t  f rom  t h e s e  maxima.

Three  e q u a t i o n s  a re  d e r i v e d  of the  form
CV 3 >2  ̂ y - „  n2

"C + ^ ■— ■ £  +- f  = o -------  (1.7)r d  r k  d ) , ,  . - s  Z .d  K c>y '& f)  ̂ P) , 

ana  f rom  t h e s e  by s im u l ta n e o u s  s o l u t i o n  can be o b t a i n e d  th e  

Q u a n t i t i e s '  x , £  ,a n d  € z , the  d e v i a t i o n s  of  th e  a tom ic  

c o o r d i n a t e s  f rom t h e i r  t r u e  p o s i t i o n s .

I t  has  been  shown t h a t  th e  c a l c u l a t i o n s  can  be g r e a t l y  

s i m p l i f i e d  i f  t h e  atoms concerned  a re  assumed t o  be 

s p h e r i c a l l y  sy m m et r ica l .  I n  t h i s  c i r c u m s ta n c e  u s i n g  

o r t h o g o n a l  axes  e x p r e s s i o n s  such as £  become z e r o  and
O * 0 - f .

t h e  d e v i a t i o n s  s i m p l i f y  t o  e q u a t io n s  such  as

£  x • • • •  ( 1 . 8 )

The d i f f e r e n t i a l  s y n t h e s i s  method of  r e f i n e m e n t  i s  

s u b j e c t  t o  t h e  same k in d  of  e r r o r s  i n h e r e n t  i n  th e  F 0 s y n t h e s i s ,  

e x c e n t  t h a t  i n  the  fo rm er  case  i t  i s  u n n e c e s s a r y  t o  l o c a t e  

t h e  a to m ic  maxima by i n t e r p o l a t i v e  p r o c e d u r e s .
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i i  i ) The Meth od of  L ea s t  S q u a r e s .

As h'".s been  p o i n t e d  out r e f in e m e n t  c o n s i s t s  of  

a d j u s t i n g  a tom ic  p a ra m e te r s  so as  t o  m in im ise  some f u n c t i o n  

of  th e  o b se rv e d  and c o r r e s p o n d in g  c a l c u l a t e d  s t r u c t u r e  

a m p l i t u d e s .  Hughes (194*1) f i r s t  drew a t t e n t i o n  t o  th e  f a c t  

t h a t  a l e a s t  s q u a re s  p ro c e d u re  can be a p p l i e d  t o  s t r u c t u r e  

r e f i n e m e n t .

The f u n c t i o n  g e n e r a l l y  minimised  i s  

R = £  w ( iF 0! (h k l)  -  |F 0 1 (h lc l) )2

=7- vC? ------------------- ( 1 .9 )

The summation i s  o p e r a t e d  over a l l  i n d e p e n d e n t  te rm s 

and w i s  a w e i g h t i n g  f a c t o r  used s i n c e  th e  I F0 j v a lu e s  of  

a l l  p l a n e s  c a n n o t  be o b t a i n e d  w i th  th e  same a c c u r a c y .

V a r io u s  w e i g h t i n g  sys tem s  have been  d e v e lo p e d ,  a l l  o f  which  

a t t e m p t  t o  make w i n v e r s e l y  p r o p o r t i o n a l  t o  th e  sq u a re  of  

t h e  p r o b a b l e  e r r o r  i n  | F 0 i .

L e t  U>|, U2 , ------------ ? un 130 n Pa ram e‘fcer' s on which

I Fc | i s  d e p e n d e n t .  Those may be c o o r d i n a t e s ,  t h e r m a l  

p a r a m e t e r s  or  o t h e r  f a c t o r s .  Then f o r  e q u a t i o n  ( 1 . 9 )  t o  be 

a  minimum;-

3 ■■■ M 2- = o where j = 1, 2 ,  , n.
a

i . e .  ^ w/,\ _ o   ( 1 . 1 0 ) .
c  o *

For  a s e t  o f  Ui v a l u e s ,  which must a p p ro x im a te  t o  th e  

c o r r e c t  s e t ,  the  normal  e q u a t io n s  f o r  the p a r a U c t^ r  c o r r e c t i o n s ,
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£  -j, are the n sim ultaneous l in e a r  eq u ation s

^ £  ; T  , A A A

• v̂  c ) , i  ' L . . 1 = ' > - - 6  i ~  < - 1 ' )r J O ’<J
( fo r  0 = 1 ,2 ,  ............ n . )

/ -

J ■* ^ c O '<J

H M  ,where . e t c .  are ev a lu a ted  fo r  the t r i a l  s e t  o f  parameters*
J  'The o f f - d ia g o n a l  terms such as /  w  o f  the c o r r e c t io n s

J t-
i n  th e  normal equation s can "be om itted  in  the refinem ent*

The atom ic  and therm al parameters can be tr e a te d  in d ep en d en tly .  

In  the  l e a s t  squares programme w r i t t e n  f o r  DEUCE by 

R o l l e t t  (1961) the normal matrix i s  computed in  three  p a r t s : -

1) a t h r e e -b y - th r e e  m atrix  fo r  the th ree  p o s i t i o n a l  

param eters per atom,

2) a s i x - b y - s i x  m atrix fo r  the s i x  a n i s o t r o p ic  thermal 

v ib r a t io n s  per atom,

3) a tw o-b y-tw o  m atrix in  order to  y i e l d  the o v e r a l l  s c a l e  

fa c to r *

Another param eter, not ad ju sted  by the programme, i s  Q 

which ta k e s  account o f  the  o v e r a l l  i s o t r o p i c  v ib r a t io n  

fa c to r *

Two p r in c ip le  w e ig h t in g  systems are a v a i la b le  in  the  

DEUCE programme*

( 1 ) J E ( . I f  ! P 0 i <  I F * ’ , J y\), = 1 and i f  | P0 I 7  ! F* !

\,"sj = | p v | / / p 0 f .  j F*j i s  a co n sta n t  and can

s a f e l y  be s e t  equal t o  e ig h t  tim es the minimum | E q | value#
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(2 ) J T 7  I f  IF !<; j  p * i  f ^ ~ =  |Pp) and i f
 ̂ ' I > £ j'p* |

l^ol > | 5 ( |  v̂2 = ! F* 1 where  I F * !  has  t h e  sameI p j
s i g n i f i c a n c e  as  i n  (1) 0

C ochran  (19^+8) showed t h a t  th e  F o u r i e r  s e r i e s  method 

i s  c l o s e l y  a n a la g o u s  to  the  l e a s t  s q u a r e s  p r o c e d u r e .  The 

a to m ic  c o o r d i n a t e s  ob ta in : .d  f rom  a F o u r i e r  map a r e  such
I 2_

as  t o  m in im ise  2_ ~7 ^  so  t h a t  the  w e ig h t i n g  f a c t o r  f o r  each
7 'r

o b s e r v a t i o n  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  th e  a p p r o p r i a t e  

a to m ic  s c a t t e r i n g  f a c t o r .  This  o b v io u s ly  p l a c e s  g r e a t  

em p h a s i s  on t h e  c o n t r i b u t i o n s  to  t h e  F0 map f rom  h i g h  o rd e r  

r e f l e c t i o n s .  Cochran  e x p l a i n s  t h a t  t h i s  d i s a d v a n t a g e  can  be 

su rm ou n ted  by employing an a r t i f i c i a l  t e m p e r a t u r e  f a c t o r , o C ,  

w h ich  c o n f e r s  u n i t  w e ig h t  on a l l  o b s e r v a t i o n s .

The o u t s t a n d i n g  b e n e f i t s  of the  l e a s t - s q u a r e s  p ro c e d u re  

a r e  t h e  a b se n c e  of  s e r i e s - t e r m i n a t i o n  e r r o r s  and t h e  f a c i l i t y  

f o r  a s s i g n i n g  d i f f e r e n t  w e ig h ts  t o  i n d i v i d u a l  | F 0 | v a l u e s .

1 .  ( k ) .  Anomalous D i s p e r s i o n  and th e  Dotermi n a t i o n  of  

M o le c u la r  A b so lu te  S t e r e o c h e m i s t r y .

The symmetry of  c e n t r o s y m m e t r i c a l  space g ro u ps  d e t e r m i n e s  

t h a t  th e  r e f l e c t i o n s  from ( h k l )  and (h k l )  a re

i n d i s t i n g u i s h a b l e .  w i th  non— c e n t r o s y m m e t r i c a l  c r y s t a l s  a l s o ,  

th e  i n t e n s i t i e s ,  I ( h k l )  and I ( h k l )  a re  n o rm a l ly  i d e n t i c a l .
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T h is  i s  known as  F r i e d e l ’ s Lav/. Under t h e s e  c i r c u m s ta n c e s  

i t  would o b v io u s l y  he im p o s s ib l e  to  d i s t i n g u i s h  

e n an t io m o rp h o u s  p a i r s  of m o le c u le s .

I n  o r d e r  t o  d e te rm in e  the  a b s o l u t e  s t e r e o c h e m i s t r y  of  

a m o le cu le  e x p e r i m e n t a l  c o n d i t i o n s  i n  ^'hich F r i e d e l ’ s Law 

b r e a k s  down would have t o  be u se d .  T h is  s i t u a t i o n  can  be 

r e a l i s e d  i f  i t  i s  p o s s i b l e  to  o b t a i n  an  anomalous phase  

advance  b e tw ee n  the  i n c i d e n t  and s c a t t e r e d  beam f o r  a t  l e a s t  

one a tom i n  th e  m o lecu le ,  and t h i s  can be a t t a i n e d  i f  t h i s  

a tom has an  a b s o r p t i o n  edge j u s t  on th e  lo n g - w a v e le n g th  s i d e  

o f  t h e  i n c i d e n t  beam.

The r e s u l t  of  t h i s  i s  t h a t  the normal  a to m ic  s c a t t e r i n g  

f a c t o r  has  t o  be c o r r e c t e d  by a r e a l  and an  im a g in a ry  p a r t  ~

f  -  j o  +- & §  +  &  -  j  ' C - ' 12)
These d i s p e r s i o n  c o r r e c t i o n s  were f i r s t  l i s t e d  f o r  t h r e e  

d i f f e r e n t  i n c i d e n t  r a d i a t i o n s  by Lauben and Tem ple ton  (1955) 

and have b e en  e x ten ded  and m o d if ie d  t o  g iv e  the  f a c t o r s  a t  

v a r i o u s  v a l u e s  of s i n  ( I n t e r n a t i o n a l  T a b le s  f o r

C r y s t a l l o g r a p h y ,  Volume I I I ,  1962a) .

I n  th e  s t r u c t u r e  f a c t o r  e x p r e s s i o n  i t  i s  e s s e n t i a l  t h a t  

th e  te rm s  f o r  normal and anomalous s c a t t e r i n g  have t h e  

c o r r e c t  s i g n s  ,?:ri t h  r e s p e c t  t o  one a n o t h e r .  This  means t h a t  

g r e a t  c a r e  has t o  bo t a k e n  i n  i n d e x in g  p h o to g r a p h s  and i n  

a s s i g n i n g  a x i a l  d i r e c t i o n s  as c a r e f u l l y  ex.pla.ined by 

Peerdeman and B i j v o e t  (1956) .
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The method was f i r s t  used  i n  the- a n a l y s i s  o f  the  

c o m i g u r a t i o n  of  the  t a r t r a t e  i o n  i n  sodium r u b id iu m  

t a r t r a t e  by B i j v o e t  end. h i s  c o l l a b o r a t o r s  ( 1 9 5 1 ) .  They 

u se d  z i r c o n i u m  K ^ r a d i a t i o n  (A = 0.786A) which  c a u s e s  a 

p h ase  advance  a t  the  ru b id iu m  ions  w i th  a K a b s o r p t i o n  edge 

of  0. 811+A.

P e t e r s o n  (1955) l a t e r  showed t h a t  anomalous d i s p e r s i o n  

e f f e c t s  c o u ld  be o b ta in e d  when the  a b s o r p t i o n  edge of  t h e  

e le m e n t  was a t  a c o n s i d e r a b l y  g r e a t e r  w a v e le n g th  t h a n  t h a t  

o f  th e  i n c i d e n t  r a d i a t i o n .

1 • ( 5 ) •  A ccuracy  of  X -ray  S t r u c t u r e  A n a l y s i s .

When t h e  f i n a l  a tom ic  c o o r d i n a t e s  of a m o le c u la r  

s t r u c t u r e  have been  a t t a i n e d ,  th e  normal p r o c e d u r e  i s  t o  

c a l c u l a t e  v a r i o u s  m o le c u la r  p a ra m e te r s  such  as  bond l e n g t h s  

and a n g l e s  u s i n g  s t a n d a r d  t r i g o n o m e t r i c  p r o c e d u r e s .  The 

m easu rem en ts  o b t a i n e d  f o r  th e s e  p a r a m e te r s  w i l l  i n e v i t a b l y  

d e v i a t e  f rom  the  a c c e p te d  v a lu e s  such as a r e  l i s t e d  i n  

I n t e r n a t i o n a l  T ab les  f o r  C r y s t a l l o g r a p h y ,  Vol. I l l  (1962b) .

The p ro b le m  i s  t o  d i s c o v e r  w he ther  t h e s e  d i f f e r e n c e s  a r e  s m a l l  

enough t o  have a r i s e n  from e x p e r im e n ta l  e r r o r ,  or w he the r  

t h e y  a re  s i g n i f i c a n t .  T h is  t r e a t m e n t  of n e c e s s i t y  has 

r e c o u r s e  t o  s t a t i s t i c a l  t h e o r y  and a f u l l  a c c o u n t  has been  

g i v e n  by C r u ic k s h a n k  ana R o b e r t s o n  (1953)*
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When t h e  b l o c k  d i a g o n a l  a p p ro x im a t io n  o f  t h e  l e a s t  

s q u a r e s  mothoa has been  employed, the  s t a n d a r d  d e v i a t i o n s  

o f  th e  p a r a m e t e r s  U-j, Ug e t c .  on which I Fc j i s  d ep en d e n t  can  

be foun d  f rom the  e x p r e s s i o n

o r  (  u  ■ ) "  *  — :*=— •£  —  .................  ( 1 . 1 3 )

du'j r)o]
The s t a n d a r d  d e v i a t i o n  of a bond l e n g t h  be tw een  two 

atoms i s  g i v e n  by the  e q u a t i o n

G~ (1 )  = (,t~ (a)  +cr(B) ) ^  (1 k)

where cr~ (A) and <? ( B )a re  th e  s t a n d a r d  d e v i a t i o n s  of the  

p o s i t i o n s  of  atoms A and B.

The s t a n d a r d  d e v i a t i o n  of th e  a n g le  (3 a t  B b e tw een  the
t

bonds AB and BC i s  g iv e n  by

0 - 2 ( h )  = o ~ 2 ( A )  + e ~  (B)  ( _ J  2 c o s  + 1 . ) + g-2 ( c )
(AB)2 ((AB)2 (AB)(BC) (BC)2 ) (BC)2

— --------------------(1 -1 5 )
The s i g n i f i c a n c e  of  the  s t a n d a r d  d e v i a t i o n  i s  t h a t

e r r o r s  o f  a m agni tude  g r e a t e r  t h a n  3 c r  a r e  e x p e c te d  t o  occur  

o n ly  w i t h  a f r e q u e n c y  of 1 i n  1 0 0 0 . 3 or i s  o f t e n  c a l l e d  the

maximum p o s s i b l e  e r r o r  and i f  an o b s e r v a t i o n  i s  o u t w i th  t h i s  

l i m i t  th e  d e v i a t i o n  can  be s a i d  t o  be s i g n i f i c a n t *
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2 • ( O • I n t r o d u c t i o n .

G r i s e o f u l v i n  i s  a n e u t r a l  a n t i f u n g a l  a n t i b i o t i c  which 

has  fou n d  wide a p p l i c a t i o n  i n  th e  t r e a t m e n t  o f  d i s e a s e s  o f  

t h e  s k i n  and h a i r  o f  b o th  men and a n im a l s .

The compound was f i r s t  i s o l a t e d  by R a i s t r i c k  and h i s  

c o l l a b o r a t o r s  ( 1 9 3 9 ) f rom  th e  mycelium of  P e n i c i l l i u m  

g r i s e o f u l v u m  and h a s  s u b s e q u e n t l y  b e en  s y n t h e s i s e d  i n  f o u r  

d i f f e r e n t  ways.  The c o n s t i t u t i o n  o f  the  m o le cu le  was 

e s t a b l i s h e d  by th e  r e s e a r c h  group o f  Grove and MacMillan  

a t  I m p e r i a l  C h em ica l  I n d u s t r i e s ’ A kers  L a b o r a t o r i e s  (1 93 2 ) ,  

u s i n g  c o n v e n t i o n a l  d e g r a d a t i v e  and s p e c t r o s c o p i c  m ethods .  

These  r e s u l t s  l e d  t o  t h e  p r o p o s a l  o f  one or o t h e r  o f  th e  

f o l l o w i n g  c o n f i g u r a t i o n s  f o r  g r i s e o f u l v i n  ( w i t h  t h e  numbering 

s y s te m  i n d i c a t e d  i n  one o f  th em ; .

3
6  II
OMe

OMc

M e C
S 3

O
5

M e O  I Me.

I  I I

Grove and h i s  c o -w o rk e rs  (1952)  e s t a b l i s h e d  th e  a b s o l u t e  

c o n f i g u r a t i o n  o f  p o s i t i o n  6 T by u s i n g  o x i d a t i v e  d e g r a d a t i o n



-  22

w i t h  p e r i o d a t e  and e x t r a c t i n g  ( + ) -  m c t h y l s u c c i n i c  a c i d  which 

has  "been r e l a t e d  t o  D - g l y c e r a l d e h y d e .

The on ly  d i s t i n g u i s h i n g  f e a t u r e  be tw een  I  and I I  i s  

th e  c o n f i g u r a t i o n  a t  th e  s p i r a n  c e n t r e ,  2, v i z .  a r e  Me(lO) 

and t h e  c a r b o n y l  group 0 (3 ) = 0 ( 3 ) c i s  -  or  t r a n s  -  r e l a t e d ,  

r e s p e c t i v e l y ?  MacMillan (1959) a t t e m p te d  t o  answer  t h i s  

p ro b le m  by t r e a t i n g  g r i s e o f u l v i n  'with a l k a l i  and exam in ing  

t h e  e q u i l i b r i u m  m ix tu re  of the  tv/o d i a s t e r e o i s o m e r s ,

( I  and I I ) ,  s i n c e  the  r i n g  d e f i n e d  by 0 ( 3 ) ,  0 ( 9 ) ,  0 ( 8 ) ,

0 ( 1 ) ,  0 ( 2 ) opens and r e c y c l i s e s  i n  the  p r o c e s s  by th e  s c i s s i o n  

o f  bond C (2 )~ C (3 ) .  He found t h a t  he o b t a i n e d  k0% of 

g r i s e o f u l v i n  and 60% of  the ep im er .  C o n s i d e r a t i o n  of  

s t e r i c  e f f e c t s  l e d  t o  th e  c o n c l u s i o n  t h a t  th e  l e s s  f a v o u r e d  

c o n f i g u r a t i o n  would he the  one i n  which the  b u lk y  0 ( 3 ) 

a tom  and Me(lO) group were c i s  t o  one a n o t h e r .  MacMillan 

c o n c lu d e d  t h a t  g r i s e o f u l v i n  must he th e  l e s s  s t e r i c  . l l y  

f a v o u r a b l e  i som er  s in c e  he o b t a i n e d  i t  i n  o n ly  i+0 % y i e l d  

f ro m  t h e  e q u i l i b r i u m  m ix tu r e .  The t o t a l  c o n f i g u r a t i o n  of  

g r i s e o f u l v i n  was th us  shown t o  be as I ,  and e p i - g r i s e o f u l v i n  

as  I I .

While t h i s  r e p r e s e n t s  an a t t r a c t i v e  c h e m ic a l  s o l u t i o n  

t o  th a  p ro b lem ,  i t  has the  i n h e r e n t  ■'w-akness t h a t  tne  r a t i o  

o f  the  op im ers  ob ta in -  d on t r e a t m e n t  w i t h  a l k a l i  i s  r a t h e r  

c l o s e  t o  u n i t y  t o  bo t aken  as v e r y  c o n c l u s i v e .  I t  was t o
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s e t t l e  t h i s  p ro b lem  e m p h a t i c a l l y  t h a t  t h i s  x - r a y  a n a l y s i s  

was u n d e r t a k e n .

The q u e s t i o n  a ro se  as t o  w h e th e r  or n o t  c h l o r i n e  c o u ld  

be u s e d  as  an  e f f e c t i v e  phase  d e t e r m i n i n g  heavy  atom. 

C a l c u l a t i o n  showed t h a t  th e  v a lu e  of  r  ( s e c t i o n  1 . ( 2 ) )  i s

0 .5 3  which  i s  r a t h e r  to o  low and would l e a d  t o  a f a i r l y  

l a r g e  a v e r a g e  phase  a n g le  e r r o r  i n  a n o n - c e n t r o s y m m e t r i c a l  

s p a c e  g ro u p .  I t  was a p p a r e n t  t h a t  a n o th e r  atom o f  h ig h  

a to m ic  number would have t o  be i n c o r p o r a t e d  i n  t h e  s t r u c t u r e  

i f  t h e  heavy  atom method was go in g  to  be p u r s u e d .

A v e r y  s a t i s f a c t o r y  method of  a c c o m p l i s h in g  t h i s  i s  t o  

a t t e m p t  t o  r e c r y s t a l l i s e  th e  m a t e r i a l  from a s o l v e n t  the  

m o le c u le s  o f  ,rrh i c h  c o n t a i n  a heavy atom, i n  th e  hope of  

fo r m in g  s o l v a t e s .  T h is  p ro c e d u re  i s  a good one;  f i r s t l y ,

b e c a u s e  t h e r e  i s  no i n t e r f e r e n c e  w i th  the  c h em ic a l  s t r u c t u r e  

o f  t h e  m o lecu le  u n d e r  c o n s i d e r a t i o n ,  and s e c o n d l y ,  becau se  

t h e  e x p e r i m e n t a l  s k i l l  and t ime r e q u i r e d  a r e  k e p t  a t  a minimum.

G r i s e o f u l v i n  was r e c r y s t a l l i s e d  from th e  s o l v e n t s  

m e th y len e  bromide and methylene  c h l o r i d e .  I n  b o t h  c a s e s  good 

c r y s t a l s  were o b ta in e d  which Were found to  c o n t a i n  e q u im o la r  

p r o p o r t i o n s  o f  g r i s e o f u l v i n  and s o l v e n t .  U n i t  c e l l  a a t a  f o r  

t h e  m e th y lene  bromide s o l v a t e  c r y s t a l s  were d e t e r m i n e d  as 

f o l l o w s : -

a 11.11(1 8.71 A c 11.81&

(i = 1 1 5 V ' .
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The c r y s t a l s  a re  of th e  m o n o c l in ic  sys tem  and the  only  

s y s t e m a t i c  a b se n c e s  occur a lo n g  the  (oko) a x i s  when k i s  odd. 

T h is  i n d i c a t e s  a c h o ic e  of  space  groups P2^ or  P2^/m. The 

l e t t e r  i s  r u l e d  out e l s  the  m olecu le  i s  o p t i c a l l y  a c t i v e  and 

t h u s  c a n n o t  c r y s t a l l i s e  i n  a c e n t ro sy m m e t r ic  sp a c e  group .

When an  a t t e m p t  was made t o  s t a r t  c o l l e c t i n g  u p p e r  l a y e r  

d a t a  i t  was n o t i c e d  t h a t  th e  c r y s t a l  was decom posing  and i t  

was fou n d  t o  he l o s i n g  the  i n c l u d e d  s o l v e n t .  I t  was t h e n  

d i s c o v e r e d  t h a t  the  m ethylene  c h l o r i d e  s o l v a t e  was a l s o  

u n s t a b l e . I n  o r d e r  to  overcome t h i s  p rob lem  a c r y s t a l  

was s e a l e d  i n  a c a p i l l a r y  tube  w i t h  a s m a l l  q u a n t i t y  o f  the  

m othe r  l i q u o u r ,  b u t  i n  t h i s  case  th e  s c a t t e r i n g  f ro m  th e  

s o l v e n t  m o le c u le s  was so i n t e n s e  t h a t  th e  p r o j e c t  had t o  be 

a b andoned .

I t  s h o u ld  be remarked t h a t  Cheung and Sim (1964)  have 

s u c c e s s f u l l y  u s e d  th e  above method i n  t h e i r  a n a l y s i s  o f  

a f l a t o x i n  G>j. Using  the  isomorphous s u b s t i t u t i o n  method 

o f  p h a s c - d e t e r m i n a t i o n ,  t h e y  have been  a b l e  to  s o lv e  th e  

s t r u c t u r e s  of the  c r y s t a l s  c o n t a i n i n g  oromobe-nzene, 

b ro m o th io p h en e  and. benzene.  I t  was not  fo u nd  n e c e s s a r y  t o  

e n c a p s u l a t e  th e  m a t e r i a l .

At t h i s  s t a g e  we were p r o v id e d  w i th  c r y s t a l s  o f  5 -  

b r o m o g r i s e o f u l v i n  by Dr. T. Walker of  Glaxo L a b o r a t o r i e s  

L i m i t e d .  T h is  m o lecu le  c o n t a i n s  two heavy atoms v i z .
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c h l o r i n e  and bromine and the  c o r r e s p o n d in g  v a lu e  of  r  i s  

1 . 2 2 ,  This  i n d i c a t e d  t h a t  t h e r e  would be a f a i r  chance  of 

a low a v e ra g e  phase  ang le  e r r o r  and t h a t  th e  s i t u a t i o n  was 

s u i t a b l e  f o r  a p p l i c a t i o n  of th e  heavy atom method.

2 . ( 2 ) .  E x p e r i m e n t a l .

R o t a t i o n ,  o s c i l l a t i o n ,  W eissenbcrg  and p r e c e s s i o n  

p h o t o g r a p h s  were t a k e n  w i th  copper  -  K ^ ( A  = 1.5418A) and 

molybdenum -  K (A = 0.7107A) r a d i a t i o n s .  R o t a t i o n  and 

p r e c e s s i o n  p h o to g rap h s  were used  f o r  th e  u n i t  c e l l  

p a r a m e t e r s .  A sm a l l  c r y s t a l  c o m p le te ly  b a th e d  i n  a u n i f o r m  

x - r a y  beam was u sed  f o r  the  r e c o r d i n g  of  i n t e n s i t i e s .  No 

a b s o r p t i o n  c o r r e c t i o n s  were a p p l i e d .  The i n t e n s i t i e s  were 

c o l l e c t e d  on z e ro  l a y e r  and c q u i - i n c l i n a t i o n  upp e r  l a y e r  

W e i s s e n b e r g  p h o to g r a p h s  o b t a in e d  by r o t a t i n g  th e  c r y s t a l  

a b o u t  th e  un iq u e  b - a x i s ,  t h e  r e c i p r o c a l  l a t t i c e  n e t s

h o i , ---------- , h51 b e in g  r e g i s t e r e d  i n  t h i s  way. F u r t h e r

i n t e n s i t y  d a t a  were g a t h e r e d  from hko and ok l  p r e c e s s i o n  

p h o t o g r a p h s .  The e s t i m a t i o n  of i n t e n s i t i e s  was p e r fo rm ed  

v i s u a l l y  u s i n g  a c a l i b r a t e d  s tep -w ed g e .  A l l  w e i s s e n b e r g  

d a t a  w ere  c o l l e c t e d  u s i n g  the  m u l t i p l e - f i l m  t e c h n iq u e  o f  

R o b e r t s o n  (1943)? and th e  i n t e n s i t i e s  on s u c c e s s i v e  f i l m s  

o f  u p p e r —l a y e r  s e r i e s  isrGre pu t  on t h e  Scimo s c a l e  by means 

o f  a v a r i a b l e  f i l m  f a c t o r  due t o  Rossmann (1956)..
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P r e c e s s i o n  d a t a  were c o l l e c t e d  by means of  a s e r i e s  of t im ed 

e x p o s u r e s  f o l lo w e d  by s im u l t a n e o u s  d e v e l o p in g .  V a lues  f o r  

t h e  s t r u c t u r e  a m p l i tu d e s  were o b ta in e d  f rom  the  i n t e n s i t y  

d a t a  by means of th e  u s u a l  m o sa ic -b lo c k  c r y s t a l  fo rm u la e  

f i r s t  worked ou t  by Darwin ( 1 9 1 4 ) .

The v a r i o u s  zones of  j F0 ; v a lu e s  7/e re  p l a c e d  on th e  

same r e l a t i v e  s c a l e  by compar ison  of  common r e f l e c t i o n s ,  

a l t h o u g h ,  a t  a l a t e r  s t a g e  i n  th e  a n a l y s i s  t h e y  were 

c o r r e l a t e d  w i t h  th e  | F 0 ( v a lu e s  and th u s  were p u t  on an 

a b s o l u t e  s c a l e .  I n  a l l  115 6  i n d ep e n d en t  s t r u c t u r e  

a m p l i t u d e s  were o b t a i n e d ,  of  which 2 7  were l e s s  t h a n  th e  

l e a s t  o b s e r v a b l e  v a lu e .

The d e n s i t y  o f  th e  c r y s t a l s  was o b t a i n e d  by s t a n d a r d  

p y k n o m e t r i c  methods u s i n g  aqueous p o t a s s i u m  i o d id e  s o l u t i o n s .

2 . ( 3 ) .  C r y s t a l  D a t a .

C iy H ^ B rC lO g  M = 4 3 1 .7

M o n o c l in i c  a = 1 0 . 9 6  t  0.02A

b = 8 .61 t O.OlS

o = 10.27  i  0 .06$

8  = 108°30*
o3

Volume o f  u n i t  c e l l  = 919A 

F o r  Z = 2 ,  D ( c a l c u l a t e d )  = 1 .56  g m . /c c .

D (o bse rv ed )  = 1 . 5 4  g m . /c c .

F(000) = 436
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L i n e a r  a b s o r p t i o n  c o e f f i c i e n t  f o r  x - r a y s  (A = 1 . 51+2A)
-1/ \  = U9-6 cm.

S y s t e m a t i c a l l y  a b s e n t  s p e c t r a ;  (oko) when k x 2n+1 

T h is  i n d i c a t e s  space  group P21 or P21/m.

As th e  m o lecu le  i s  o p t i c a l l y  a c t i v e  i t  c an n o t  p o s s e s s  a 

m i r r o r  p l a n e  or c e n t r e  o f  symmetry, and so  P2^ i s  th e  c o r r e c t  

sp ace  g ro u p ,

2 , ( U ) .  L o c a t i o n  of th e  Heavy Atom P o s i t i o n s ,

F o r  a  c r y s t a l  b e lo n g in g  t o  the  m o n o c l in ic  sys tem  w i t h  

a u n iq u e  b a x i s  th e  P a t t e r s o n  f u n c t i o n  e x p r e s s i o n ,  P(uvw),  

i s  g i v e n  by

-aCi ^  _  q
P(uvw) = z  J - £7 H (  ! P ( h k l )  I cos2 IT (hu+lw) + |P (h k l ) ]

Vc o o  ^
cos2T" (h u - lw ) )  0 0 8 2 ^  kv. 

which  can  be s im ply  red u c ed  t o  tw o -d im e n s io n a l  p r o j e c t i o n  

e x p r e s s i o n s .

The f i r s t  p r o j e c t i o n  t o  be s t u d i e d  was (0 1 0 ) .  The 

symmetry o f  t h i s  map i s  p 2 ,  so  t h a t  i t  i s  on ly  n e c e s s a r y  t o  

compute t h e  f u n c t i o n  over  h a l f  th e  u n i t  c e l l  a r e a .  I n  t h i s  

c a se  i t  was e v a l u a t e d  f rom  u = 0 t o  u = 1 and f rom  w ® 0 t o  

w ss The c o n to u r e d  map i s  shown i n  P ig .  1.

Pour  p ro m in e n t  peaks  sho u ld  ap p ea r  on t h i s  map, s i n c e  

th e  brom ine  and c h l o r i n e  a tom ic  c o o r d i n a t e s  a r e  z 3 i»)>
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' XBr* ZB)2 anti ^XC1 ’ b f ’ ^XC1 ’ r e s p e c t i v e l y .  These
P a t t e r s o n  peak s  a r e : -  ( a ) ( 2 * Bpt S z ^ ) ,  ( h ) ( 2 X c l , 2z0 1 ) ,

( c ) ( x Br + x c l , zBr + zc l ) and ( d ) ( x Br -  x0 1 , z ^  -  z Q1) .

The "bromine-bromine v e c t o r ,  the  h i g h e s t  peak  p r e s e n t ,  

showed up c l e a r l y  and i s  marked A on the  map, b u t  t h i s  was 

the  o n ly  peak  which could  be i d e n t i f i e d  w i t h  any c e r t a i n t y .  

The f r a c t i o n a l  c o o r d i n a t e s  o b ta in e d  f o r  bromine i n  t h i s  

way were

x / a  = 0 .2567  z / c  = 0 .1 05 4

I n  o r d e r  t o  a s c e r t a i n  the  x-  and 2 - c o o r d i n a t e s  of  the  

c h l o r i n e  a tom i t  was d e c i d e d  t o  run  a s e t  o f  h o i  s t r u c t u r e  

f a c t o r s  p h a se d  only  on the. bromine atoms and use  t h e s e  as 

c o e f f i c i e n t s  i n  a tw o -d im e n s io n a l  F o u r i e r  s y n t h e s i s .

The symmetry of  t h i s  p r o j e c t i o n  i s  p2, so t h a t  i t  i s  

a g a i n  o n l y  n e c e s s a r y  t o  e v a l u a t e  th e  e l e c t r o n  d e n s i t y  over  

h a l f  t h e  u n i t  c e l l  a r e a .  The co m p u ta t io n  was pe rfo rm ed  

f rom  x = 0 t o  x = 1 and from z = 0 t o  2 = i .  The r e s u l t i n g  

d i s t r i b u t i o n  i s  sho"rn in  F ig .  2.

The b rom ino  atom showed up i n  the  e x p e c te d  p o s i t i o n ,  B, 

and ,  a l t h o u g h  th e  r e s o l u t i o n  of  the  c h l o r i n e  atom was r a t h e r  

b a d ly  d e f i n e d  due to  c o a l e s c e n c e  w i th  the: bromine atom, i t  

c l e a r l y  had t o  be p l a c e d  a t  K.

The c o o r d i n a t e s  e v a l u a t e d  from t h i s  map a re  

x / a  = 0 . 2 5 4 1  z / c  = 0 . 1 0 3 0  f o r  bromine

and x / a  = 0 .26 8 9  2/ c = 0 .1875 f o r  c n l o r i n e .
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R e v e r t i n g  t o  th e  h o i  P a t t e r s o n  map a g a i n  i t  was found 

p o s s i b l e  t o  a s s i g n  peak (c )  t o  s i t e  C and peak  (d)  was 

d i s c o v e r e d  t o  be merged w i th  the  o r i g i n  v e c t o r  a t  D, V e c to r

however ,  d id  no t  come up as a maximum on t h e  map.

I t s  s i t u a t i o n  i s  i n d i c a t e d  by E.

I n  th e  space  group P2^ the  c h o ic e  of o r i g i n  a lo n g  th e  

sc rew  a x i s  i s  a r b i t r a r y  and i t  i s  c o n v e n ie n t  t o  p l a c e  i t  

midway b e tw ee n  t h e  bromine atom whose c o o r d i n a t e s  a r e  g i v e n  

above and th e  s y m m e t r i c a l l y  r e l a t e d  one. This  means t h a t  

th e  y - f r a c t i o n a l  c o o r d i n a t e  f o r  bromine i s

The (001 ) P a t t e r s o n  p r o j e c t i o n  was computed w i th  a view 

t o  e s t a b l i s h i n g  the  y - c o o r d i n a t e  o f  the  c h l o r i n e  atom.

The symmetry o f  t h i s  map i s  pmm, so t h a t  t h e  c a l c u l a t i o n  

was o n ly  p e r fo rm e d  over one q u a r t e r  of th e  u n i t  c e l l  a r e a ,  

v i z .  f rom  u  -  0 t o  u = £ and from  v = 0 t o  v = ? .  S ince  th e

x - c o o r d i n a t e s  of  th e  two h a lo g e n  atoms had a l r e a d y  been

d e t e r m i n e d ,  i t  was only  n e c e s s a r y  t o  s e a r c h  f o r  peaks  a lo n g  

c e r t a i n  l i n e s  o f  c o n s t a n t  u - v a l u e s .  The map i s  shown i n  

F i g .  3.

The c o o r d i n a t e s  of the  two bromine and two c h l o r i n e  atoms 

r e s p e c t i v e l y  a re

(xBr, yBr), (xBr, i + yBi>)» and (xci> y<3l)» ^Gi> i  + ycl)*
Among th e  e x p e c t e d  v e c t o r s  between t h e s e  atoms a r e

(a)(2xBr, i), (b)(2xc l , i), (c)(x0x -  xBr, i + y01 + yBr) 

(a )(xGl + xBr, yci  -  i -  yBr)*
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Peaks  ( a )  and (b)  show up, as e x p e c te d ,  on t h e  l i n e  a t  

v -  2 9 a l t h o u g h  they  a re  no t  r e s o l v e d .  They a r e  marked F 

and G r e s p e c t i v e l y .

I n  o r d e r  t o  a s c e r t a i n  the  c h l o r i n e  y - c o o r d i n a t e ,  a 

s e a r c h  f o r  maxima need only  be made a lo n g  th e  l i n e s  a t  

u = x q i  -  x Br i . e .  0 .0148  and a t  u  = xc l  + x Br i . e .  0 . 5 2 3 0  

or  0 .4 7 7 0 .  The v e c t o r s  (c )  and (d) a r e  d e n o te d  by H and J  

on F i g .  3 .  Both of  t h e s e  l e a d  t o  v a lu e s  o f  \  f o r  y ^ .

The (100)  P a t t e r s o n  p r o j e c t i o n  was n e x t  c a l c u l a t e d .

The b a s i c  symmetry of  t h i s  map i s  th e  same as  th e  (001)  

p r o j e c t i o n  and the  v e c t o r s  in v o lv e d  i d e n t i c a l  e x c e p t  t h a t  

x and u a r e  i n t e r c h a n g e d  w i th  z and w. The d i s t r i b u t i o n ,  

which  i s  shown i n  P ig .  4 ,  con f i rm s  th e  p r e v i o u s  f i n d i n g s .

I t  had b e e n  found r a t h e r  d i f f i c u l t  t o  e v a l u a t e  a c c u r a t e  

x -  and z - c o o r d i n a t e s  f o r  the  c h l o r i n e  atoms f rom  t h e s e  

p r o j e c t i o n s .  With t h i s  i n  mind i t  was d e c i d e d  t o  compute t h e  

H a rk e r  s e c t i o n  a t  v = i  i n  o rd e r  to  o b t a i n  a b e t t e r  e s t i m a t e  

o f  t h e s e  v a l u e s .  P ig .  5 shows t h i s  v e c t o r  d i s t r i b u t i o n .

The v e c t o r  between c h l o r i n e  ^Cl* zCl)  an(  ̂ l ^ orni ne

( x B r , ■§■ + y Bp> zB r ) i s  s i t u a t v d  a t  u — Xqj + x B^, 

v = y0 1  -  i  -  y Br and w = z Ql  + z Br. S ince  the  y - c o o r d i n a t e s  

f o r  b o t h  h a l o g e n  atoms a r e  th e  same, th e  va lue  of  v s i m p l i f i e s  

t o  i .  T h is  peak  showed up w e l l  i n  the  H ark e r  s e c t i o n  and i s  

marked L. The brom ine-brom ine  v e c t o r  i s  marked M.
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F i g ,  1 5-Bromogr i  s e o f u lv  i  n .

P a t t e r s o n  p r o j e c t i o n  a lo n g  th e  b - a x i s .  C on tou rs  
a t  a r b i t r a r y  i n t e r v a l s .  O r i g i n  peak  c o n to u r s  om it ted ,
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The c o o r d i n a t e s  o b ta in e d  from t h i s  s y n t h e s i s  were 

x / a  ss 0 , 2 5 ^ 6  y / b  = 0 .2500  z / c  = 0 .1030  f o r  bromine

x / a  = O.2 6 9 O y / b  = 0 .2500  z / c  = 0 .1879  f o r  c h l o r i n e

2 . ( 5 ) .  Pseudo~symmetry i n  Space Group, P2-,.

A s s o c i a t e d  w i t h  space  group P2-j i s  a w e l l -know n  p h a s i n g  

a m b i g u i ty .

I n  th e  c a se  of 5 - b r o m o g r i s e o f u l v in  w i t h  two m o le cu le s  

p e r  u n i t  c e l l  i t  i s  obvious  t h a t  the  two heavy bromine atoms 

a r e  l i n k e d  by a c e n t r e  of symmetry, which ,  o f  c o u r s e ,  does

n o t  o p e r a t e  on th e  two m o le cu le s  as  a whole .

Assuming t h a t  th e  bromine atoms a lone  a r e  u sed  i n  the  

f i r s t  s t r u c t u r e  f a c t o r  c a l c u l a t i o n ,  t h e n  th e  r e s u l t a n t  p h a s e s  

w i l l  be e i t h e r  0 o r *7F • T h is  im p l ie s  t h a t  a  f a l s e  c e n t r e  o f  

symmetry w i l l  be f o r c e d  i n t o  the  c a l c u l a t e d  s t r u c t u r e ,  so  t h a t  

i n  th e  s u b s e q u e n t l y  e v a l u a t e d  F o u r i e r  map peaks  w i l l  a p p ea r  

n o t  o n ly  a t  t r u e  atomic p o s i t i o n s ,  b u t  a l s o  a t  e x t r a  p o i n t s  

r e l a t e d  to  t h e  f i r s t  by the  f a l s e  c e n t r e  o f  symmetry. Prom 

t h i s  i t  can  be s e e n  t h a t  th e  i n i t i a l  p h ases  c a n n o t  d e te r m in e  

a u n iq u e  s e t  o f  a tom ic  s i t e s ,  bu t  m ere ly  l i m i t  th e  p o s i t i o n

of  e a c h  a tom  t o  one of  two a l t e r n a t i v e s .

I n  P2i t h e  c o o r d i n a t e s  of one of th e  l i g h t  atoms i n  t h e

a sy m m etr ic  u n i t  can be d e n o te d  ( i )  (xyz)  and ( i i )  (x ,  2 + y> z )*
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The o p e r a t i o n  of  t h e  f a l s e  c e n t r e  o f  symmetry w i l l  g e n e r a t e  

e x t r a  p o s i t i o n s  a t  ( i i i )  (x y z )a n d  ( i v )  (x ,  £  -  y ,  z ) .  

E x a m in a t io n  o f  t h e s e  f o u r  l o c a t i o n s  shows t h a t  ( i )  and ( i v )  

a r e  r e l a t e d  hy a f a l s e  m i r r o r  p l a n e  a t  y = £ and y = f .  

P o s i t i o n s  ( i i )  and ( i i i )  a re  s i m i l a r l y  p s e u d o s y m m e t r i c a l l y  

l i n k e d .  The y - p a r a m e t e r  o f  any a tom i s  t h e n  e i t h e r

Y = £ + y f or  Y = £ -  y* , where y* i s  th e  d i s p l a c e m e n t  

f r o m  th e  f a l s e  m i r r o r  p l a n e  i n  the  y - d i r e c t i o n .

When atoms s i t u a t e d  o f f  the  p l a n e  a t  y = i  have been

c o n c l u s i v e l y  s e l e c t e d  and t h e i r  c o o r d i n a t e s  u sed  i n  a p h a s in g

c a l c u l a t i o n ,  t h e  phase  a n g l e s  a r e  f r e e  t o  assume g e n e r a l

v a l u e s  so  t h a t  th e  c e n t r e  o f  symmetry and hence  th e  m i r r o r
r*

p l a n e  "begin t o  he d e s t o y e d .  Even  a f t e r  com ple te  s t r u c t u r e  

a n a l y s i s ,  however ,  s m a l l  ’ghost*  m i r r o r  image p e ak s  may y e t  

p e r s i s t .  T h is  i s  due t o  t o o  l a r g e  a w e ig h t  s t i l l  "being 

a s s i g n e d  t o  th e  heavy atom c o n t r i b u t i o n s  v i z .  t h e  a tom ic  

p a r a m e t e r s  a r e  s t i l l  to o  c l o s e  t o  th o se  o b t a i n e d  on the  

b a s i s  o f  the  heavy atom p o s i t i o n s  a lo n e .

T h is  s u b j e c t  has  been  d i s c u s s e d  i n  some d e t a i l  by 

C a r l i s l e  and C row foo t  (1945) i n  a p a p e r  d i s c u s s i n g  the  

s t r u c t u r e  a n a l y s i s  o f  c h o l e s t e r y l  i o d i d e .

I n  t h e  c a s e  of  5 - b r o m o g r i s e o f u l v i n  i t  was hoped t o  

a v o i d  t h i s  p ro b le m  because  of the  p r e s e n c e  of a s e co n d  

n o n - s y m m e t r i c a l l y  r e l a t e d  p h a s e - d e t e r m i n i n g  atom -  c h l o r i n e .
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The two c h l o r i n e  atoms a re ,  of  c o u r s e ,  c o n n e c te d  by a c e n t r e  

o f  symmetry, h u t  i t  i s  r a t h e r  u n l i k e l y  t h a t  t h i s  c o i n c i d e s  

w i t h  t h a t  l i n k i n g  th e  b rom ines .  I n  th e  e v e n t  o f  non

c o a l e s c e n c e  o f  t h e s e  two c e n t r e s ,  the  o v e r a l l  symmetry w i l l  

be a n n u l l e d  and no pseudo-sym m etr ic  p rob lem  a r i s e s .

However, as  s e e n  i n  2.(1+), t h e  y - c o o r d i n a t e s  o f  b o th  

h a l o g e n  atoms a r e  a lm o s t  i d e n t i c a l .  This  c o r r e s p o n d s ,  

u n f o r t u n a t e l y ,  t o  t h e  r a t h e r  u n l i k e l y  s i t u a t i o n  m ent ioned  

e a r l i e r  i n  t h i s  s e c t i o n  ’"here  th e  c e n t r e s  o f  symmetry l i n k i n g  

t h e  b ro m in e s  and the  c h l o r i n e s  a re  c o i n c i d e n t .  T h is  b e in g  

t h e  c a s e ,  t h e  p seu d o -sy m m etr ic  p ro b lem  s t i l l  had t o  be f a c e d .

The t h r e e  s i t u a t i o n s  d e s c r i b e d  above a re  i l l u s t r a t e d  

i n  P i g s .  6 ( a ) ,  (b )  and ( c )  r e s p e c t i v e l y .  The s h o r t  t h i c k  

l i n e  r e p r e s e n t s  th e  l i g h t  atom p e r t  of  the  s t r u c t u r e ;  th e  

b r o k e n  l i n e ,  t h e  o p e r a t i o n  o f  th e  f a l s e  c e n t r e  o f  symmetry; 

t h e  d o t t e d  l i n e ,  the  m i r r o r  image 1 g h o s t ! s t r u c t u r e  and 

C and 0 1, c e n t r e s  o f  symmetry.

2• ( 6 ) •  S o l u t i o n  o f  the  S t r u c t u r e .

I f  th e  c o o r d i n a t e s  f o r  bromine and c h l o r i n e  g i v e n  a t  

t h e  end o f  2.(1+) were used  f o r  c a l c u l a t i n g  s t r u c t u r e  f a c t o r s  

which  were t h e n  u sed  as F o u r i e r  c o e f f i c i e n t s  i n  an e l e c t r o n  

d e n s i t y  d i s t r i b u t i o n ,  t h e r e  ";ould be m i r r o r  p l a n e s  t h ro u g h  

t h i s  d i s t r i b u t i o n  a t  y = i  and y = J .  I n  o r d e r  t o  o b v ia t e
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t h i s  t o  a sm a l l  e x t e n t ,  the  y ~ c o o r d i n a t e  f o r  c h l o r i n e  was 

a l t e r e d  t o  0 . 2 I4.OO.

These c o o r d i n a t e s  and an  assumed i s o t r o p i c  t e m p e r a t u r e  

f a c t o r  f o r  b o th  atoms o f = 2 .7 5  (where  the  t e m p e r a t u r e  f a c t o r  

i s .  g i v e n  Tay wore used  i n  t h e  c a l c u l a t i o n  of  a

f i r s t  s e t  o f  s t r u c t u r e  f a c t o r s .  The r e s u l t a n t  d i s c r e p a n c y ,

R, m easu red  over  a l l  r e f l e c t i o n s  was i+2.2%, i t  Y/as d e c i d e d  

t o  r e j e c t  s t r u c t u r e  f a c t o r s  which had an  {F0 ( v a lu e  g r e a t e r  

t h a n  tw i c e  th e  !F c l v a l u e .  This  e n s u r e s  t h a t  on ly  te rm s 

w h ich  have been  a p p r o x i m a t e l y  c o r r e c t l y  p hased  by t h e  bromine 

and c h l o r i n e  c o n t r i b u t i o n s  a re  used  as F o u r i e r  c o e f f i c i e n t s .  

A f t e r  t h i s  e l i m i n a t i o n  p r o c e s s ,  t h e r e  were 1 ,0 3 0  •terms 

r e m a in i n g .

The u n i t  c e l l  was d i v i d e d  i n t o  a  t h r e e - d i m e n s i o n a l  

g r i d  Y/ith i n t e r v a l s  of  a / i |8 ,  b /3 0  and c/l+8. This  

c o r r e s p o n d s  t o  i n t e r s p a c e s  of O.2 3 S, 0.29A, and 0. 2 5 ?. 

r e s p e c t i v e l y  p a r a l l e l  to  t h e  a x i a l  d i r e c t i o n s ,  and e n s u r e s  

t h a t  t h e  r e s o l u t i o n  o f  atoms w i l l  be good and t h a t  i t  w i l l  

be- p o s s i b l e  t o  c a l c u l a t e  a tomic  c o o r d i n a t e s  a c c u r a t e l y  by 

i n t e r p o l a t i v e  p r o c e d u r e s .  As t h e r e  a r e  two e q u i v a l e n t  

p o s i t i o n s ,  i t  was o n ly  n e c e s s a r y  t o  compute th e  e l e c t r o n  

d e n s i t y  over  h a l f  o f  t h e  u n i t  c e l l ,  and t h a t  p o r t i o n  c h o se n  

was a x b /2  x o.
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The e l e c t r o n  d e n s i t y  was e v a l u a t e d  i n  s e c t i o n s  p a r a l l e l  

t o  (010)  f o r  each  g r i d  p o i n t  i n  th e  (xz)  p l a n e  and each  map 

c o n t o u r e d .  These c o n to u r s  were t h e n  mapped ou t  on g l a s s  

s h e e t s  which were s t a c k e d  p e r p e n d i c u l a r l y  to  th e  h - a x i s  i n  

a  f r a m e .  T h is  c o n f e r s  a t h r e e - d i m e n s i o n a l  a f f e c t  t o  the  

d i s t r i b u t i o n  which can  be examined f o r  r e c o g n i s a b l e  s t r u c t u r a l  

f e a t u r e s .

From t h e  f i r s t  F o u r i e r  map i t  was im m e d ia te ly  obvious  

t h a t  n o t  o n ly  d i d  th e  bromine and c h l o r i n e  a toms l i e  on the  

m i r r o r  p l a n e ,  b u t  th e  benzene r i n g  atoms and t h e i r  immediate  

s u b s t i t u e n t s  as  w e l l  as atoms 0 ( 3 ) ,  0 (5 )  and C(2) a l l  had 

y - c o o r d i n a t e s  o f  a p p r o x i m a t e ly  i .  The o t h e r  atoms which  

l a y  o f f  t h i s  p l a n e  were p r e s e n t  w i th  t h e i r  complem entary  

m i r r o r  im ages ,  b u t  no c ho ic e  be tw een  them cou ld  be made a t  

t h i s  s t a g e .

The c o o r d i n a t e s  of  t h e  n ine  b e t t e r - d e f i n e d  atoms 

( i n c l u d i n g  t h o s e  of bromine and c h l o r i n e )  were c a l c u l a t e d  

by a method of  i n t e r p o l a t i o n  i n  the  f i g u r e  f i e l d  due t o  

Booth ( 191*8 ) ,  t h e  f a c t o r s  b e in g  c o n v e n i e n t l y  l i s t e d  i n  

t a b u l a r  form. The e q u a t i o n  of  t h e  mean p l a n e  th r o u g h  t h e s e  

n in e  atoms - B r ,  C l ,  0(1*), 0 ( 2 ) ,  0 ( 3 ) ,  0 ( 5 ) ,  0 ( 2 ) ,  C(l*) and 

C(6) -  was e v a l u a t e d  i n  t h e  form

y = 0.0172Ux + 0.0262625+ 0.2001*1*----------------- ( 2 . 1 ) .
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An a c c u r a t e  s c a l e  d raw ing ,  b a s e d  on s t a n d a r d  v a l e n c y  

bond l e n g t h s  and a n g l e s ,  was now made of  t h e  benzene  and 

f iv e -m em b cre d  r i n g s  p a r t  o f  th e  s t r u c t u r e ,  and t h e  x~ and z -  

e o o r d i n a t e s  o f  a toms 0(3) ,  0(5) ,  0 ( 7 ) ,  0(8) ,  c(9)  and 0(1)  

wore r e a d  o f f .  The y - c o o r d i n a t e s  o f  each  o f  t h e s e  s i x  atoms 

were found  i n  t u r n  by s u b s t i t u t i n g  t h e i r  x -  and z -  v a l u e s  i n  

e q u a t i o n  ( 2 . 1 ) .  Thus the  c o o r d i n a t e s  o f  f i f t e e n  atoms were 

now o b t a i n e d .

The l a r g e s t  d e v i a t i o n  f rom  th e  f a l s e  m i r r o r  p l a n e  by

any o f  t h e s e  atoms i s  on ly  0 . 1 37&* This  means t h a t  t h e

p h a s e s  deduced  f ro m  t h e i r  c o n t r i b u t i o n s  w i l l  s t i l l  be c l o s e

t o  0 o r 7T , so  t h a t  th e  pseudo-sym m etry  w i l l  be l a r g e l y

r e t a i n e d .  I t  was e n c o u r a g in g ,  however,  t o  n o te  t h a t  t h i s

maximum d i s p l a c e m e n t  was o f  th e  c h l o r i n e  atom which  had been
o

p l a c e d  o n ly  0 .0 8 7 A o f f  the  p l a n e .

The second s t r u c t u r e  f a c t o r  c a l c u l a t i o n  was e v a l u a t e d

on t h e  b a s i s  o f  th e  above f i f t e e n  s e t s  o f  a tom ic  c o o r d i n a t e s

u s i n g  the  same u n i f o r m  i s o t r o p i c  t e m p e r a t u r e  f a c t o r ,  

c<= 2 .7 5 .  The o v e r a l l  R -v a lu c  was 35*1% -  a  d rop  o f  6,5%

i . e .  a b o u t  0 . 5 % p e r  e x t r a  atom. Of t h e s e  s t r u c t u r e  f a c t o r s ,  

1062 were i n c l u d e d  i n  th $  n e x t  F o u r i e r  s y n t h e s i s .

From t h i s  map i t  was found p o s s i b l e  to  d e te r m in e  the

c o o r d i n a t e s  o f  sev en  f u r t h e r  atoms.  c(UT), l y i n g  c l o s e  t o  

th e  m i r r o r  p l a n e ,  was r e a d i l y  d e f i n e d .  The cyc lo h ex e n e
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r i n g  l i e s  a p p r o x i m a t e ly  p e r p e n d i c u l a r l y  to  the  r e m a in d e r  of 

t h e  c y c l i c  sy s te m ,  and atoms C ( 2 ) ,  C(U ')  and 0 ( 5 )  a r e  c o p la n a r  

w i t h  th e  benzene  r i n g .  T h is  r e s u l t s  i n  C ( 2 f ) and C ( 6 f ) 

h a v i n g  a p p r o x i m a t e l y  th e  same x -  and z - c o o r d i n e t o s  and 

y - c o o r d i n a t e s  e q u i d i s t a n t l y  p l a c e d  on e i t h e r  s i d e  of  the  

p s e u d o - m i r r o r  p l a n e .  Even a l t h o u g h  t h i s  i s  a rough  

a p p r o x i m a t i o n  (no  a c c o u n t  has be en  t a k e n  of  th e  f a c t  t h a t  

bond C ( 2 f ) -  C ( 3 ' )  i s  k*5% s h o r t e r  t h a n  bond C ( 6 ! ) -  G (5 r ))  

i t  was rec k o n ed  t h a t  atom C ( 2 r ) would c o in c id e  w i t h  th e  

f g h os t*  p eak  f rom  C ( 6 f ) and v i c e  v e r s a .  A s i m i l a r  argument 

h o l d s  f o r  0 ( 3 ’ ) and C ( 5 ’ ) . T h is  w i l l  u n d o u b te d ly  l e a d  t o  

some d e v i a t i o n  f ro m  t h e  t r u e  a tom ic  p o s i t i o n s ,  b u t ,  

n e v e r t h e l e s s ,  t h e  f o u r  d i s t i n c t  maxima were c a l c u l a t e d .

Atom C(10) was no t  a t  a l l  c l e a r l y  r e s o l v e d ,  b u t  C (1 1 ) ,

0 ( 1 2 ) ,  c ( 1 3 )  and 0 ( 6 )  a lo n g  w i th  t h e i r  m i r r o r  images were 

u n m i s t a k a b l y  d e f i n e d .  I n  o r d e r  t o  a s c e r t a i n  i f  any o f  t h e s e  

cou ld  be d i s t i n g u i s h e d  from i t s  * g h o s t * a co m p a r iso n  of  

r e l a t i v e  peak  h e i g h t s  was made.

At om below m i r r o r  p lantO above m i r r o r  p l a n e

C(11 )

C( 1 2 )

0 (1 3 )

0 ( 6 ) 2 .2 8

1.U2

1 . 3 1

1 .3 5

1.U3

1.31

1 . 2 7

2 . 1 7
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From t h e s e  r e s u l t s  i t  was d e c i d e d  t h a t  C(11) and 0 ( 6 )  

co u ld  s a f e l y  he i n s e r t e d  above th e  p l a n e ,  b u t  t h a t  a d e c i s i o n  

a s  t o  C(12) and C(13)  would have t o  bo p o s tp o n e d .

The maxima o f  a l l  tw e n ty - tw o  atoms were now c a l c u l a t e d  

by B o o th ’ s  method and i t  was n o ted  t h a t  the  c h l o r i n e  atom 

was now 0 . 1 12% away from  th e  m i r r o r  p la n e  i n  th e  y - d i r e c t i o n .  

T h i s ,  a lo n g  w i t h  th e  f a c t  t h a t  atoms 0 (11)  and 0 (6 )  have b een  

i n s e r t e d  w e l l  o f f  the  p l a n e ,  sh o u ld  f u r t h e r  red u c e  the  f a l s e  

symmetry i n  t h e  n e x t  F o u r i e r  c a l c u l a t i o n .

The n e x t  p h a s i n g  c a l c u l a t i o n  was c a r r i e d  out  u s i n g  th e  

tw e n ty - tw o  s e t s  o f  a tom ic  c o o r d i n a t e s  and the  same u n i fo rm  

i s o t r o p i c  t e m p e r a t u r e  f a c t o r .  The d i s c r e p a n c y ,  summed over  

a l l  t h e  t e rm s  was 3 0 .2 $  -  a  d e c r e a s e  o f  5 -5^ .  The s t r u c t u r e  

f a c t o r s  o f  1 ,1 0 9  r e f l e c t i o n s  were employed as  c o e f f i c i e n t s  i n  

th e  n e x t  c y c l e  of  F o u r i e r  c a l c u l a t i o n s .

I n  the  t h i r d  e l e c t r o n  d e n s i t y  map th e  pseudo-sym m etry  

was n o t i c e a b l y  red uced  and on the b a s i s  o f  peak  h e i g h t s  i t  

was p o s s i b l e  t o  l o c a t e  atoms C(12)  and C(13) unam biguous ly .  

The o n ly  atom s t i l l  t o  be p l a c e d  was the  a l l - i m p o r t a n t  C (10 ) ,  

t h e  r e l a t i o n s h i p  o f  which t o  bond 0 (3 )  = 0 ( 3 )  was th e  whole 

p o i n t  of  t h i s  a n a l y s i s .  Many of  th e  atoms i n  t h e  s t r u c t u r e  

were now d e v i a t i n g  s i g n i f i c a n t l y  f rom  the  p l a n e  a t  y = i ,  

th e  c h l o r i n e  a tom d i s p l a c e m e n t  b e in g  0 . 1 The x -  and z -  

c o o r d i n a t e s  of  C ( 5 ’ ) were ob se rv ed  t o  have a l t e r e d  q u i t e
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d r a m a t i c a l l y .  T h is  v/as an  e x p e c t e d  a l t e r a t i o n  s in c e  the  

d o u b le  bond C ( 2 ' )  -  C (3 T) has th e  e f f e c t  o f  d i s t o r t i n g  the  

s ix -m em bered  r i n g .

The c o o r d i n a t e s  of  th e  t w e n t y - f o u r  atoms so f a r  l o c a t e d  

were  c a l c u l a t e d  f rom the  f i g u r e  f i e l d  and used  a lo n g  w i t h  

th e  same u n i fo rm o C -v a lu e  i n  th e  c o m p u ta t io n  of a f o u r t h  s e t  

of  s t r u c t u r e  f a c t o r s ,  f o r  which  th e  d i s c r e p a n c y  was 2 6 .3 $  -  

a r e d u c t i o n  of  3 . 9 $ .  1 0 9 7  o f  t h e s e  terms were i n c l u d e d  i n

th e  su b s e q u e n t  F o u r i e r  summation.

The f a l s e  symmetry in  t h i s  map was now very much l e s s  

ev iden t  and the t ru e  s i t e  of C(10) was unambiguously s e t t l e d .  

I t  tu rned  out to be c i s  -  r e l a t e d  to  the carbonyl group, so 

t h a t  the c o n s t i t u t i o n  and s te reochem is t ry  of grist ,  o fu lv in  

are  as p o r t ray ed  in  formula I in  sec t ion  2 , ( 1 ) .

The co o rd in a te s  of a l l  tw en ty -f ive  atoms were c a lc u la te d  

from th i s  map by Booth’ s method and then used along with the 

p r e v i o u s v a l u e  i n  a f i f t h  s e t  of s t r u c t u r e  f a c t o r s .  The 

o v e r a l l  value  fo r  R was 21+. 3$ -  a drop of 2.0>o.

This completed the s t ru c tu re  e lu c id a t io n  and the 

course of the a n a ly s i s  i s  in d ic a ted  in  Table 1.

2 . ( 7 ) •  R e f in e m e n t  o f  th e  S t r u c t u r a l  P a r a m e t e r s .

The c o n t r i b u t i o n s  by hy d rog en  atoms to  t h e  s t r u c t u r e  

f a c t o r s  were- n o t  t a k e n  i n t o  a c c o u n t  a t  any s t a g e  i n  th e  

r e f i n e m e n t .
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1106 of  the  above s t r u c t u r e  f a c t o r s  were used  i n  a c y c l e  

o f  F 0 s y n t h e s i s  r e f i n e m e n t ,  b u t  th e  d ro p  i n  t h e  R - f a c t o r  -  

f ro m  21*. 3$ t o  21*. 0% -  was so i n s i g n i f i c a n t ,  t h a t  i t  was 

d e c i d e d  t h a t  t h i s  method of  r e f in e m e n t  would be u n re w a rd in g .

I t  was r e s o l v e d  t o  a t t e m p t  to  a p p ly  t h e  b a c k - s h i f t  

c o r r e c t i o n  method due to  Booth (19U6) as m en t ioned  i n  s e c t i o n

1 . ( 3 ) .  U s in g  1120 of  th e  l a s t  s e t  o f  s t r u c t u r e  f a c t o r s  

F 0 and F0 maps were computed and s h i f t s  were a p p l i e d  t o  

a to m ic  c o o r d i n a t e s  and a d ju s tm e n t s  made i n  t h e  v a l u e s  o f  

t e m p e r a t u r e  f a c t o r s  f o r  t h e  f i r s t  t im e .  The d i s c r e p a n c y  

d rop p ed  t o  2 2 .5 $  and a l l  t h e  s t r u c t u r e  f a c t o r s  were i n c l u d e d  

i n  a f u r t h e r  round of  F 0 and F0 s y n t h e s e s .

The c o o r d i n a t e s  and new t e m p e r a tu r e  p a ra m e te r s  o b t a i n e d  

f rom  t h e s e  were t h e n  employed i n  a f i r s t  c y c l e  of 

d i f f e r e n t i a l  s y n t h e s i s  r e f i n e m e n t .  The DEUCE programme, 

w r i t t e n  by Dr. J .G .  Sime, a d j u s t s  a to m ic  c o o r d i n a t e s  and 

i s o t r o p i c  t e m p e r a t u r e  f a c t o r s .

The t e m p e r a t u r e  f a c t o r s  used  to  m odify  t h e  s c a t t e r i n g
2 2

f a c t o r s  i n  t h i s  programme a re  of th^  form  e"*®§.s i a  A 

so  t h a t  i t  was n e c e s s a r y ,  f i r s t  o f  a l l ,  t o '  c o n v e r t  f rom  

^ - v a l u e s  t o  B^ v a l u e s .  T h is  i s  v e ry  s im p ly  done by m u l t i p l y i n g  

by 1.61*8 when the  i n c i d e n t  r a d i a t i o n  i s  cop p er  K^.

A f t e r  f o u r  c y c l e s  o f  d i f f e r e n t i a l  s y n t h e s i s  th e  v a lu e  

of  R had dropped  t o  2 0 . 1 $  -  a d e c r e a s e  o f  a p p r o x i m a t e ly  0 . 6 $  

p e r  ro u nd .
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An e x a m in a t io n  v a s  made b e t w e e n j f J F 0 j a n d ^ J  Fc j f o r

e a c h  o f  th e  zones  -  h o i ,  h i l , ---------- , h51 -  f rom  which  d a t a

had b e e n  c o l l c - c t e d .  The s c a l i n g  f a c t o r s  i n c r e a s e d  

r e g u l a r l y  f rom  0 .9137  f o r  h o i  t o  1 .1 5 9 0  f o r  h51.  T h is  

s u g g e s t e d  t h a t  v a l u e s  f o r  I FG| were b e in g  c a l c u l a t e d  t o o  

s m a l l  f o r  th e  lo w er  o r d e r  zones and t o o  l a r g e  f o r  t h e  h i g h e r  

o r d e r  zo nes ,  and i n d i c a t e d  t h a t  th e  atoms v/ere n o t  v i b r a t i n g  

i s o t r o p i c a l l y .  T h is  im p l i e d  t h a t  a n i s o t r o p i c  t e m p e r a t u r e  

f a c t o r s  would have t o  be used  and r e f i n e m e n t  was c o n t i n u e d  

u s i n g  th e  l e a s t  s q u a r e s  programme w r i t t e n  by Dr. J . S .

R o l l e t t  (1 9 6 1 ) .

A f t e r  s e v e r a l  c y c l e s  of  l e a s t  s q u a r e s  u s i n g  h a l f - s h i f t s  

and w e i g h t i n g  s y s te m  w( ( s e e  1 . ( 3 ) . )  w i th  an  ) F * |  v a lu e  of 

31 ,  t h e  d i s c r e p a n c y  had d ro pp ed  t o  16.1*$ and’J* had f a l l e n  

f ro m  21*. 9 t o  1 6 . 5 . No a p p r e c i a b l e  d e c r e a s e  i n  e i t h e r  o f

t h e s e  p a r a m e t e r s  was o b t a in e d  f rom  t h e  nex t  r e f i n e m e n t  

c a l c u l a t i o n ,  and i t  was d e c id e d  t o  a p p ly  w e i g h t i n g  sy s te m  w2 .

A f t e r  two c y c l e s  o f  t h i s  r e f i n e m e n t  i t  was d e c id e d  t h a t  

no f u r t h e r  improvement of  the  a tom ic  p a r a m e t e r s  oou ld  be 

o b t a i n e d  and the  f i n a l  v a l u e  f o r  th e  d i s c r e p a n c y ,  summed 

over  a l l  t h e  ob se rved  te rm s  was 11*.0 -o.

In  a l l  the  s t r u c t u r e  f a c t o r  c a l c u l a t i o n s  the t h e o r e t i c a l  

s c a t t e r i n g  f a c t o r s  used were those of Berghius e t  a l .  (1955)  

f o r  carbon and oxygen, those of Tomiie and Stam (1958) f o r  

ch lo r in e  and the  Thomas-Formi values  (1935) f o r  bromine.
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2 . ( 8 ) ,  R e s u l t s .

The f i n a l  a to m ic  c o o r d i n a t e s  f o r  one m o le cu le  a r e  l i s t e d  

i n  T ab le  2 .  The c o r r e s p o n d i n g  i n t r a m o l e c u l a r  bonded and 

non-bonded  d i s t a n c e s  a r e  g i v e n  i n  Table  3. T ab le  I* shows 

th e  l i s t  o f  i n t e r m o l e c u l a r  d i s t a n c e s  l e s s  t h a n  1+iL The 

f i n a l  v a l e n c y  bond a n g le s  a r e  s e t  out  i n  T ab le  5.

The s t a n d a r d  d e v i a t i o n s  of  a tom ic  c o o r d i n a t e s  were 

c a l c u l a t e d  f rom  the  l e a s t  s q u a r e s  r e s i d u a l s  a s  e x p l a i n e d  i n  

s e c t i o n  1 . ( 5 ) .  and a re  l i s t e d  i n  Table  6. From t h e s e  r e s u l t s  

i t  c a n  be shown t h a t  the  a v e ra g e  e s t i m a t e d  s t a n d a r d  

d e v i a t i o n  ( e . s . d . )  of  th e  bond d i s t a n c e  be tw een  two l i g h t  

atoms ( c a r b o n  o r  oxygen) i s  a b o u t  0 , 0 5 X, w h i l e  t h a t  f o r  a 

v a l e n c y  a n g le  i s  o f  the o r d e r  o f  3 ° .

Tab le  7 shows the  f i n a l  p a r a m e t e r s  which d e f i n e  the  

a n i s o t r o p i c  t h e r m a l  v i b r a t i o n s .  They a re  th e  i n d i v i d u a l  

v a lu e s  of  b ^ j  i n  th e  e q u a t i o n

exp . ( -B s in 2B / ^ 2 ) = 2“ ( l511h2+1b22lc2+l533l2+1:>12hlE+'b23kl+b13h1^

The v a l u e s  o f  | F 0 | ,  |F 0 | and ©A o b ta in e d  f rom  t h e  f i n a l  

l e a s t  s q u a r e s  c y c le  a re  shown f o r  a l l  the  o bse rv ed  r e f l e c t i o n s  

i n  T ab le  8.

U s in g  t h e s e  v a l u e s  f o r  c o e f f i c i e n t s  i n  a F o u r i e r  s e r i e s ,  

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

c a l c u l a t e d .  T h is  d i s t r i b u t i o n  over  one m olecu le  i s  

p o r t r a y e d  i n  F i g .  7 by means of  supe r im po sed  c o n to u r
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s e c t i o n s  drawn p a r a l l e l  t o  (0 10 ) .  The m o le c u la r  a r r a n g e m e n t  

c o r r e s p o n d i n g  t o  t h i s  d iag ra m  i s  shown i n  F ig .  8.

The p a c k in g  o f  th e  m olecu les  i n  th e  c r y s t a l  as  viewed 

down t h e  b - a x i s  i s  i l l u s t r a t e d  i n  F i g .  9*

I n  the  a p p l i c a t i o n  of  the  heavy atom method t o  a non

ce n t r o s y m m c t r i e a l  c r y s t a l  s t r u c t u r e ,  t h e  f i n a l  e l e c t r o n  

d e n s i t y  d i s t r i b u t i o n  i s ,  t o  some e x t e n t ,  d e p en d en t  on the  

c h o ic e  o f  c o o r d i n a t e s  f o r  l i g h t e r  atoms which make s i g n i f i c a n t  

c o n t r i b u t i o n s  to  t h e  s t r u c t u r e  f a c t o r s .  This p o i n t  i s  

s t r e s s e d  by Hodgkin  e t  a l .  (1959) who show, i n  t h e i r  a n a l y s i s  

o f  v i t a m i n  B+2 h e x a c a r b o x y l i c  a c i d ,  t h a t  c a rb o n  atoms 

s l i g h t l y  m is p la c e d ,  even  i n  the p r e s e n c e  o f  a c o b a l t  atom, 

a p p e a r  as  low e l o n g a t e d  peaks  i n  t h e  F o u r i e r  map.

The e l e c t r o n  d e n s i t y  p r o j e c t i o n  down the  u n iq ue  a x i s ,  

however ,  i n  sp ace  group  P2^ i s  c e n t r o s y m m e t r ic  so  t h a t  th e  

a c c u r a c y  w i t h  which t h e  c o o r d i n a t e s  of  th e  l i g h t e r  atoms can  

be a s s i g n e d  i s  n o t  such  an  i m p o r t a n t  c r i t e r i o n  as i n  the  

n o n - c e n t r o s y m m e t r i c a l  c a s e .  I n  t h i s  p r o j e c t i o n  t h e  s i g n s  

o f  t h e  s t r u c t u r e  f a c t o r s  a r e  overw helm ing ly  d e te r m in e d  by 

th e  p r e s e n c e  of  t h e  bromine- and c h l o r i n e  a tom s.  I n  F i g .  10 

the  f i n a l  x -  and z - c o o r d i n a t e s  a r e  shown super im posed  on 

t h e  h o i  e l e c t r o n  d e n s i t y  map which was e v a l u a t e d  u s i n g  

s t r u c t u r e  f a c t o r s  f rom  th e  l a s t  c y c l e  o f  l e a s t  s q u a r e s .



p ig .  7 5 -Bromogriseofulvi_n«

Pinal super im posed  c on tou r  sec t :10$ o n t o u r ^  
d e n s i t y  map drawn p a r a l l e l  t o  ( 0 1 0 ) .  9 / § * \  and
i n t e r v a l  1 e / P  e x c e p t  f o r  c h l o r i n e  (= 2 e / i P )  and
■bromine ( -  3&/A- )•



z

P ig .  8 5 B r o m o g r i s e o f u l v in .

Atomic a r ra n g em e n t  c o r r e s p o n d i n g  t o  Pig# 7.
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The a to m ic  s i t e s  c o i n c i d e ,  t o  a l a r g e  e x t e n t ,  w i th  peak  

maxima. I t  w i l l  be n o t e d  t h a t  t h i s  map i s  q u i t e  s i m i l a r  

t o  P i g ,  2,

2 . ( 9 ) ,  D i s c u s s i o n ,

As a l r e a d y  s t a t e d  th e  c o n s t i t u t i o n  and s t e r e o c h e m i s t r y  

o f  g r i s e o f u l v i n  a r e  as  i n  fo rm u la  I  ( s e e  s e c t i o n  2 . ( 1 ) , )  and 

c o n f i r m  th e  t e n t a t i v e  f i n d i n g s  of  MacMillan ( 1 9 5 9 ) .  S in c e  

t h e  x - r a y  a n a l y s i s  r e s u l t s  have been  p u b l i s h e d ,  A r i s o n  e t  a l .  

0 9 6 3 ) have come t o  t h e  same c o n c l u s i o n  a bou t  the  

s t e r e o c h e m i s t r y  of g r i s e o f u l v i n  f rom  n u c l e a r  m agne t ic  

r e s o n a n c e  s t u d i e s .

The m o le c u l a r  p a r a m e t e r s  l i s t e d  i n  t a b l e s  3, 4  and 5 

a r e  n o t  v e ry  a c c u r a t e .  T h is  i s  due t o  s e v e r a l  r e a s o n s .

The p r e s e n c e  o f  b o th  a bromine and a c h l o r i n e  atom i n  th e  

m o lecu le  means t h a t  a b s o r p t i o n  e f f e c t s  w i l l  be q u i t e  h ig h ,  

t h u s  r e d u c i n g  t h e  a c c u r a c y  of  the  i n t e n s i t y  d a t a .  The 

p r e s e n c e  o f  th e  two heavy a toms a l s o  impedes the  r e f i n e m e n t  

o f  th e  c o o r d i n a t e s  o f  th e  l i g h t e r  a tom s.  T h is  i s  b e c a u se  

th e  l a t t e r  make a r e l a t i v e l y  sm a l l  c o n t r i b u t i o n  t o  e ach  

s t r u c t u r e  f a c t o r .

A l e s s  obv ious  f a c t o r  i n f l u e n c i n g  t h e  r e l a t i v e  

i n a c c u r a c y  o f  th e  bond l e n g t h s  and a n g le s  i s  the  p e r s i s t e n c e  

t o  some e x t e n t  o f  the  psoudo-symmetry  th r o u g h o u t  th e  c o u r s e
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of t h e  a n a l y s i s .  S r i n i v a s a n  (1961) has  p o i n t e d  out  t h a t  

i n  t h e  s i t u a t i o n  of a n o n -c e n t ro sy m m o t r i c  s t r u c t u r e  w i t h  

p h a s e - d o m i n a t i n g  atoms or  g roups  c e n t r o s y m m e t r i c a l l y  r e l a t e d  

i t  i s  f a u l t y  t o  i g n o re  t h e  o f f - d i a g o n a l  te rm s o f  th e  norm al  

e q u a t i o n s  o f  l e a s t  s q u a r e s  r e f i n e m e n t .  He comments t h a t  

t h i s  e r r o r  i s  e q u i v a l e n t  t o  an  a p p l i c a t i o n  o f  l e a s t  s q u a r e s  

p r o c e d u r e  t o  two atoms o v e r l a p p i n g  i n  p r o j e c t i o n .  Hence, 

d u r i n g  t h e  r e f i n e m e n t  o f  p a r a m e t e r s  o f  an  atom, A, i n  a 

n o n -c e n t r© sy m m e tr ic  c r y s t a l  s t r u c t u r e  c o n t a i n i n g  heavy atoms 

l i n k e d  by a c e n t r e  of  symmetry,  th e  i n t e r a c t i o n  of  t h i s  atom 

w i t h  a n o t h e r  atom, B, c a n n o t  bo i g n o r e d  when the  p a i r  o f  

atoms a r e  a c c i d e n t a l l y  r e l a t e d  by the  heavy a to m s 1 c e n t r e  of  

symmetry. T h i s  s i t u a t i o n  S r i n i v a s a n  c a l l s  " i n v e r s e  o v e r l a p " .  

The m a t t e r  h a s  a l s o  b e en  d i s c u s s e d  by Rae and Maslen (1 9 6 3 ) .

An example  of  t h i s  phenomenon i s  t o  be found i n  th e  c a se  

of  b ro m o b ru ce o l  ( D u f f i e l d ,  J e f f e r i e s ,  M aslen  and Rae, 1963) 

w here ,  w i t h  t h e  bromine a tom i n  a s p e c i a l  p o s i t i o n ,  th e  

s t r u c t u r e  was r e f i n e d  by a d i a g o n a l  a p p r o x i m a t i o n  l e a s t  

s q u a r e s  p r o c e d u r e  t o  an  o v e r a l l  d i s c r e p a n c y  of  1 5 . 6 ?o.

D e s p i t e  t h i s ,  s p ^ - c a r b o n - s p ^ - c a r b o n  bond l e n g t h s  as  w id e ly  

d i v e r g e n t  a s  1 . 3 2 & and 1 . 7 6 & were r e p o r t e d .

W ith  t h i s  i n  mind i t  i s  no t  s u r p r i s i n g  t h a t ,  s i n c e  

R o l l e t t 1s b l o c k  d i a g o n a l  a p p r o x im a t io n  l e a s t  sq u a re s  

programme was u se d ,  w i t h  5 - b r o m o g r i s e o f u l v i n ,  some o f  the  

bond l e n g t h s  a r e  q u i t e  s e r i o u s l y  i n  e r r o r .
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The a v e r a g e  l e n g t h  of the  sp^carbon^oxyge-n s i n g l e  bond

i s  1.2+65 i n  c l o s e  ag reem en t  w i th  value-s o f  1 . 2+65 f o r

b r o m o g e i g e r i n  a c e t a t e  (H am il ton ,  McPhail  and Sim, 1 9 6 2 ) ,  
o

1.2+7A f o r  b r o m o c l ih y d r o i s o p h o to - ^ - s a n to n ic  l a c t o n e  a c e t a t e

( A s h e r ,  1963) and 1.2+60A f o r  h y d r o x y - L - p r o l i n e  (Donohue

and T r u e b lo o d ,  1952) .  Using  P a u l i n g ’ s ( i 9 6 0 ) c o v a l e n t

bond r a d i i  and e l e c t r o n e g a t i v i t y  d a t a  t h e  r e f e r e n c e  v a lu e
o

f o r  such  a bond i s  1.2+3A. E x p e r im e n ta l  d i s t a n c e s  c l o s e
o

t o  t h i s  v a l u e  have b e en  found  e . g .  1.2+22+A f o r  L - t h r e o n i n e

(Shoemaker ,  Donohue, Schomaker and Corey ,  1950) .  The

mean s p 2 - c a rb o n ~ o x y g e n  s i n g l e  bond hae a l e n g t h  of  1 .3 7 5

which  i s  i n  a c c o rd  w i t h  th e  r e s u l t s  o f  1 .3 6 5  f o r  s a l i c y l i c

a c i d  (C o c h ra n ,  1953) and 1 .3 6 5  f o r  a t r o v e n e t i n  t r i m e t h y l

e t h e r  f e r r i c h l o r i d e  ( P a u l ,  1962) .  The a v e ra g e  ca rb o n -o x y g o n
o

d o u b le  bond l e n g t h ,  1 .23A, a g r e e s  w i t h  the3 m easurements  o f

1 . 2 2 P. f o r  N - c h lo r o - s u c c in im i& e  (Brown, 1961) and 1.222A f o r

p -b o n z o q u in o n e  ( T r o t t e r ,  1960) .

Th>-.: a v e r a g e  c a r b o n - c a r b o n  bond l e n g t h  i n  th e  benzene

r i n g ,  1 .i+oi^ compares f a v o u r a b l y  w i t h  the  a c c e p t e d  d i s t a n c e

of  1 . 3 9 7 A f o r  b e n zen e .  The a ve rag e  s p ^ - c a r b o n - s p ^ - c a r b o n
0

s i n g l e  bond l e n g t h  o f  1 . 5 4 A i s  i n  good agreem en t  w i t h  t h e

s t a n d a r d  v a lu e  o f  1 .5 4 5 5  f o r  diamond. The mean s p 2 - c a r b o n -
o os p ^ - c a r b o n  bond d i s t a n c e ,  1.47A, i s  c l o s e  t o  the  v a lu e s  o f

1 .4 7 7 5  i n  p -b en z o q u in o n e  ( T r o t t e r ,  i 9 6 0 )  and 1 .4 8 5  f o r
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■benzoic a c i d  (Sim, R o b e r t s o n  and Goodwin, 1 955) .  The 

a v e r a g e  s p 3 - c a r b o n ~ s p 2~ c a rb o n  "bond has  a  l e n g t h  of  1 .49A 

and i s  i n  a c c o rd  w i t h  1.1+9$ f o r  2-hromo-v:( - s a n t o n i n  

(A s h e r ,  1963) and 1 . 50A f o r  h r o m o g e ig e r in  a c e t a t e  (H a m i l to n ,  

McPhai l  and Sim, 1 9 6 2 ).
0

The a r o m a t i c  c a r b o n - c h l o r i n e  bond l e n g t h ,  1.69A i s

s i g n i f i c a n t l y  s h o r t e r  t h a n  t h a t  of 1 -736$  f o r  -  d i c h l o r o -

d i p h e n y l  su lp h o n e  (Sime and Abrahams, i 9 6 0 ) and 1 .7 5 3 $  f o r

2 - c h l o r o - 5 ~ n i t r o b e n s o i c  a c i d  (F e rg u so n  and Sim, 1 9 6 2 ,b ) .
o

A v a lu e  o f  1.711 A, howevsr ,  has  been  q u o ted  f o r  1 :3 . ’5~ 

t r i c h l o r o b e n s e n e  (M i l le d g e  and P a n t ,  1960) .
o

The a ro m a t i c  c a rb o n -b ro m in e  bond has  a l e n g t h  o f  1 .91A
0

which  i s  i n  good ag reem en t  w i t h  the  measurements  o f  1 .885A
o

i n  o -b rom obcnzo ic  a c i d  ( F e rg u so n  and Sim, 1 96 2 ,b )  and I . 8 9 6 A 

i n ^  - 1 : 2 -  2+ s5 -  t c t r a b ro m o b e n z e n e  (G-afner and H e r b s t e i n ,

i 9 6 0 ) .

None o f  th e  i n t e r m o l e c u l a r  c o n t a c t s  (T ab le  i+) a r c  

s i g n i f i c a n t l y  s h o r t e r  t h a n  th e  sum of th e  Van d e r  Waals* 

r a d i i  o f  t h e  atoms i n v o lv e d .

I n  t h e  f ive -m em b ered  r i n g  sys tem  0 ( 1 ) ,  C (2 ) ,  C ( 3 ) ,

C(9)> C(8)  the  a v e r a g e  i n t e r n a l  v a le n c y  bond a n g le  i s  108° .  

F r e q u e n t l y  t h e  a v e ra g e  v a l e n c y  bond a n g le  i n  f ive -m em bered  

r i n g s  i s  l e s s  t h a n  108° .  I n  c l e r o d i n  b ro m o lac to n e  the  

v a lu e  i s  106° ( P a u l ,  Sim, Hamor and R o b e r t s o n ,  1 962) ,  i n
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isoclov<*ne h y d r o c h l o r i d e  i t  i s  105° ( C l u n ie  and R o b e r t s o n ,

1961) which  i s  a l s o  the  measurement f rom  h imbacine  

h ydrobrom ide  ( F r i d r i c h s o n s  and M ath ia so n ,  1962) .  These v a l u e s ,  

a l l  o f  w h ich  a r e  c o n s i d e r a b l y  s m a l l e r  t h a n  t h a t  f o r  5-  

b r o m o g r i s e o f u l v i n ,  i n d i c a t e  t h a t  the  r i n g  sys tem s a r e  non-  

p l a n a r  w i t h  c o n seq u e n t  bond a n g le  d e f o r m a t i o n  as  was 

d e m o n s t r a t e d  i n  t h e  c a s e  of  c y c l o p e n t a n e  ( P i t z c r  and Donath ,  

1 9 59 ) .

I f  th e  f i v e -m e m b t re d  r i n g  i s  f u s e d  t o  a benzene  r i n g  or 

i n c l u d e s  a d o u b le  bond,  i t  would be e x p e c te d  t h a t  th e  

n o n ~ p l a n a r i t y  would n o t  be so  p ronounced  and t h a t  t h e  ave rag e  

v a l e n c y  bond a n g le  would be r a t h e r  c l o s e r  t o  108°  -  t h e  v a lu e  

f o r  a p l a n a r  f iv e -m em bered  r i n g  -  t h a n  the  examples quo ted  

ab o ve .  A p o s s i b l e  v e r i f i c a t i o n  of  t h i s  h y p o t h e s i s  i s  t o  be 

foun d  i n  th e  a n a l y s i s  o f  e c h i t a m in e  bromide (H a m i l to n ,  Hamor, 

R o b e r t s o n  and Sim, 1962) i n  which t h e r e  a r e  two f ive -m em bered  

r i n g s  on ly  one o f  which  i s  f u s e d  t o  a benzene r i n g .  The 

a v e r a g e  bond a n g le  i n  t h i s  r i n g  i s  107^ and i n  t h e  o t h e r  

c a s e  i s  101}.°.

The e f f e c t  o f  the  d o u b le  bond i n  a f i v e  membered r i n g  

can  be i l l u s t r a t e d  f rom  th e  case  o f  b r o m o g e i g e r i n  a c e t a t e  

(H a m i l to n ,  McPhai l  and Sim, 1962) .  I n  th e  r i n g  i n c l u d i n g  

a d ou b le  bond th e  an g le  i s  107°  and i n  t h e  o t h e r  r i n g  w i t h o u t  

a d o u b le  bond i t  i s  105°.
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The a v e ra g e  "bond a n g le  i n  th e  f ive-m einhered  r i n g  f u s e d  

t o  the  b enzene  r i n g  i n  m acusine-A  i o d i d e  (M cPha i l ,

R o b e r t s o n ,  and Sim, 1 9 6 3 ) i s  108°  -  i d e n t i c a l  w i t h  the  v a lu e  

f o r  5 - b r o m o g r i s e o f u l v i n .

The e q u a t i o n  o f  t h e  mean p l a n e  t h r o u g h  th e  tw e lv e  atoms 

of  the  h c x a s u b s t i t u t e d  b enzene  r i n g  was c a l c u l a t e d  u s i n g  

th e  method of  Schomaker e t  a l .  (1 9 5 9 ) .  The e q u a t i o n  o f  the  

p l a n e  i s

0 .0 9 3 6 x -  0 .9950y  -  0 .1 7 0 3 s  + 2 .0375  = 0

T a b le  9 shows t h e  d e v i a t i o n s  of  t h e s e  atoms and a l s o  of  

0 ( 3 ) ,  0 ( 2 ) ,  C(A! ) and 0 (5 )  f rom  the a r o m a t i c  p l a n e .  I f  

t h e s e  v a l u e s  a r e  compared w i t h  the  e , s . d f s .  o f  a tom ic  

c o o r d i n a t e s  l i s t e d  i n  T able  6, v e ry  few o f  th e  d i s p l a c e m e n t s  

can  be t a k e n  a s  s i g n i f i c a n t .  N e v e r t h e l e s s ,  e x a m in a t io n  

o f  t h e  d e v i a t i o n s  o f  th e  s i x  atoms d i r e c t l y  bonded t o  th e  

benzene  r i n g  shows a s u g g e s t i o n  t h a t  a l t e r n a t e  atoms a r e  

above and below t h e  p l a n e  o f  the  r i n g :  b rom ine ,  0 (3 )

and c h l o r i n e  l i e  below the  p l a n e  and 0 (2 )  and 0 (1 )  above i t .  

0 (A ) ,  on t h e  o t h e r  hand, t o  conform t o  t h i s  p a t t e r n  sh o u ld  

l i e  above th e  p l a n e ,  b u t ,  i n  f a c t ,  i s  below i t .  Not much 

s i g n i f i c a n c e  can  be a t t a c h e d  t o  t h i s  p o s t u l a t e ,  b u t  the  

r e s u l t s  a r e  i n  b road  ag reem en t  w i t h  t h o s e  o f  F e rg u so n  and Sim 

(1961 ;  1 9 6 2 , a ,  b) f o r  o r t h o - d i s u b s t i t u t c d  b e n ze n es .
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The d e v i a t i o n  f rom  the  moan p la n e  of  O.I4.1 X f o r  0 (3 )  i s

h i g h l y  s i g n i f i c a n t ,  and i s  p r o b a b ly  a c c o u n te d  f o r  by some
/

s t e r i c  i n t e r a c t i o n  w i th  0 ( 2 ) .  Were i t  n o t  f o r  the  f a c t  

t h a t  0 ( 2 )  was f i r m l y  h e ld  by t h e  r i n g  sy s te m ,  t h i s  

i n t e r a c t i o n  c o u ld  be r e l i e v e d  by r o t a t i o n  of t h e  group 

C (9 ) ,  C(3)* 0 ( 3 ) ,  0 (2 )  abou t  th e  C(3) -  0 ( 9 )  bond. As i t  

i s ,  t h e  s t r a i n  i s  d i m i n i s h e d  by th e  C(3)  -  0 ( 9 )  bond b e n d in g  

o u t  o f  th e  p l a n e .  T h is  s a t i s f a c t o r i l y  a c c o u n t s  f o r  t h e  

f a c t  t h a t  o f  t h e  s i x  d i r e c t  benzene r i n g  s u b s t i t u e n t s ,  C(3) 

i s  d i s p l a c e d  f u r t h e s t  f rom  th e  p l a n e .



TABLE I

5 - B r o m o g r i s e o f u l v in  

Coarse  of the  s t r u c t u r e  A n a l y s i s

O p e r a t i o n

2D P a t t e r s o n  s y n t h e s e s  

H a rk e r  s e c t i o n  a t  w = \

1 s t  2D h o i  F o u r i e r  s y n t h e s i s  

2nd 2D h o i  F o u r i e r  s y n t h e s i s  

1 s t  3L F o u r i e r  s y n t h e s i s  

2nd 3D F o u r i e r  s y n t h e s i s  

3 rd  3D F o u r i e r  s y n t h e s i s  

L th  3D F o u r i e r  s y n t h e s i s  

5 t h  3D F o u r i e r  s y n t h e s i s

Atoms i n c l u d e d  R(%)

Br 53.1

Br + 01 L 6 .2

Br + C l  L2.2

Br+01+8(c)+5(0)  35-7

Br+Cl+1i |(C)+6(0) 3 0 .2

Br+Cl+16(C)+6(0 )  26 .3

Br+Cl+17(0)+6(0)  2 ^ .3



TABLE 2

AtQiiaio C o o r d in a t e s  

( O r i g i n  of  c o o r d i n a t e s  on t n o - f o l d  screw a x i s . )

At om x/o.

0 (2 ) -0 .2 7 9 8

0 ( 3 ) - o .  1 3 6 7

0(1+) 0 .0597

0 (5 ) 0 .0778

0 (6 ) -0.0111+

0 ( 7 ) -0.11+11+

0 ( 2 ' ) - 0 .3 7 0 3

0 ( 3 ’ ) -0.1+283

0(1+’ ) - 0 . 1+312

0 ( 5 ’ ) -0.31+50

0 ( 6 ’ ) -0 .3 2 96

0 ( 8 ) - 0 .1 6 5 7

0 (9 ) -0 .0731

C(10) - 0 .2 2 5 7

0 (1 1 ) -0.1+552

0 (1 2 ) 0 .1780

0 ( 1 3 ) 0.0287

0 (1 ) - 0 .2 8 8 3

0 ( 2 ) 0 .1525

S/Jo z / c

0 .1978 0.21+51

0.2235 O.3 2 9 1

0.2181 0.2251

0.2501+ 0 . 0921+

0. 21+1+1 -0 .0 2 1 3

0.211+0 -0.01+12

0 . 311+0 0 .2523

0.331+6 0.3571

0.2026 0.1+1+02

0 . 0 6 7 2 0.1+380

0 .0577 0 .2932

0.2063 0 .0 9 26

0 .2132 0 .21 9 4

- 0 .0 7 5 8 0.2991

0 . 5 7 2 0 0.1612

0 .0877 0.1+221

0.1170 -0.211+8

0 . 1 8 9 0 0.1028

0 . 2 2 3 2 0.31+58



TABLE 2 (ContcL )

Atom x /  a l L b g /c

0 ( 3 ) -0.0931+ 0 . 21+16 0*1+505

o(U) 0 . 0 0 6 9 0.2596 - 0 . 151+0

0 ( 5 ) - 0 . 1+921 0.1951 0.521+9

0 ( 6 ) -0.31+91 0 . 1+381 0 . 1 8 5 2

Cl - 0 .2 6 6 5 0.2277 - 0 .1 8 8 8

Br 0.251+5 0 . 2 6 U8 0 . 1  01 8



TABLE 5

I n t r a m o l e c u l a r  bonded d i s t a n c es  (A)
C (2)  - 0 (3 ) 1 .55 0 ( b ) -  0 (1 3 ) 1 .43

C(3) - c ( 9 ) 1 .50 0(7) -  Cl 1 . 69

C ( b )  - 0 (9 ) 1 .4 4 0(3 ) -  0 (3) 1 .1 9

C ( b )  - 0(5 ) 1.46 0 (2 ) -  0 ( 2 ' ) 1 .43

0 ( 5 )  - 0 ( 6 ) 1 .26 0 ( 2 ’ ) -  0 ( 3 ’ ) 1 .4 2

0 ( 6 )  - 0 (7 ) 1. i+O 0 ( 3 ’ ) -  C ( V ) 1 .43

0 ( 7 )  - 0 (8 ) 1 .48 O ( b ' ) -  0 ( 5 ' ) 1 .51

c ( 8 )  - 0 ( 9 ) 1 .38 c ( 5 ’ ) -  0 ( 6 ' ) 1 .5 5

0 ( 8 )  - 0 (1) 1 .39 c ( 6 ’ ) -  c ( 2 ) 1 .4 7

0 ( 2 )  - 0 (1 ) 1 .4 4 0 ( 2 ’ ) -  0 (6) 1 .33

C(i+) - 0 (2 ) 1 .33 0(6) 0(11 ) 1 . 60

0 ( 2 )  - 0(12) 1 .3 8 c ( b ' ) -  0 (5 ) 1 .26

0 ( 5 )  - Br 1.91 c ( 5 ’ ) -  0(10) 1 .61

0 ( 6 )  - 0 ( b ) 1.45

Intrnmolecul- . ;r non- "bonded d i s t a n c e s
0

- (A)

0 ( 2 )  . . .  c ( V ) 2 .9 8 0(13) -----  Br 3 .63

0 ( 2 )  . . .  0 (11 ) 3.71 0(13) . . .  01 3 • 46

0(3)  . . .  c ( ^ ’ ) 3 .75 C(10) . . .  0 (3 ) 3 . 2 5

c ( 3 )  . . .  0 (10) 2 . 7 b 0(10) . . .  0 (1) 2 . 9 8

c ( 3 )  • •• 0 (6 ) 2-97 0(11) . . .  0 ( 3 ’ ) ^ .82

C (1 2) . . .  Br 3-95 0(11 ) . . .  0(1) 3 .91

0 ( 1 2 ) . . .  0 (3 ) 3 -35 0(3 ) . . .  0 (6) 3 .65

0 (1 2 ) . . .  0 (3 ) 3.U8



TABLE U 

In tc - rm o lc cu la r  d i s t a n c e s  (<LA)

0 ( 5 )  . . . Clx 3 .20 0(5) . 0 ( l 3 ) j y 3.
0(11 ) . • • O l-l H 3 .38 0 (5 )  . . . 0 ( 5 f ) v 3 .

0 ( 1 1 )  . •• C1I I 3.U3 0(5)  . . . 0 ( 2 ) VI 3.

0 ( 3 )  . . • C (1 3 ) i 3 . k k 0(6)  . . • 0 ( 1 3 ) IV 3.

0 (3 )  . . • 0 ( ' l 2 ) l l l 3 .5 0 0(3)  . . . 0(l+)i 3 .

0(U) . . • 0 (1 0 )  j y 3 .5 0 0(2)  . . . 0 ( 10)111 3 .

C (9)  . . • C ( 1 3 ) i v 3.51 0 (8 )  . . • 0 ( 1 3 ) j y 3.

C ( 3 ' )  . 0 ( 5 ) v 3 . 5 k 0 (3 )  . . . 0 ( 1 3 ) IV 3 .

0 ( 5 )  . . • 0 ( 1 2 ) VI 3.55 0 ( 2 )  . . • c ( 5 ’ ) i n 3 .

0 ( h )  . . • C( 1 3 ) i v 3 .5 6 0 ( 5 ’ ) . . .  C l j 3.

0 ( 1 1 )  . • •  0 ( 5 ) v 3.61 G (2 f ) . . .  B r j v 3 .

c ( h ' )  . . .  G l j 3 .67 0 ( 2 )  . . . 0 ( 1 3 ) i v 3 .

0 ( 3 ’ ) . . .  C ( l 2 ) x n 3 .67 0(3)  . . • 0 ( l 0 ) m 3.

0 ( 3 ' ) - •• B^VI 3 .6 8 0(12)  . . .  c ( 1 0 ) T I I 3 .

0 ( 1 3 )  • . .  C( 10) i v 3 . 69

72

75

15

76

86

88

89

89

90

91

93

9k

95

99

The s u b s c r i p t s  r e f e r  to  the  f o l l o w i n g  p o s i t i o n s :



TABLE 5 

Valency Angles

0 1 G 2 0 (3 ) 108° C 7)C(8)C(9) 126

c 2 C 3 0(9) 102 0 7 ) C ( 8 ) 0 ( 1 ) 123
c 2 C 3 0 ( 3 ) 127 0 1)C(8)C(9) 112

c 9 C 3 0(3 ) 132 C 8 ) 0 ( 1 )C(2) 109

c 3 C 9 0 ( 4 ) 132 0 1 )C (2 )C (6 ’ ) 113

c 3 G 9 0 (8 ) 110 0 1 )C (2 )C ( 2 1) 106

c 8 C 9 0 (4 ) 118 C 3 ) c ( 2 ) c ( 6 ' ) 110

c 9 C b 0 (5 ) 111+ C 3 ) C ( 2 ) C ( 2 ’ ) 118

c 9 C b 0 (2 ) 120 C 2 * ) C ( 2 ) C ( 6 ’ ) 103

G 5 G b 0 (2 ) 125 C 2 ) 0 ( 2 ’ )G(3*) 128

c b 0 2 C(12) 117 G 2 ) 0 ( 2 ’ )0 (6 ) 107

c b G 5 0(6) 122+ C 3 f ) C ( 2 ’ )0 (6 ) 119

c b C 5 Br 1 1 b C 2 ’ )C(3 ?)C(L+f ) 117

c 6 C 5 Br 122 C 3 f )G ( i | ’ )0 (5 ) 125

c 6 0 b 0 (13) 115 C 3 f )G(i+’ )G (3 f ) 118

c 5 C 6 0 (7 ) 127 c 5 ' ) C ( V ) 0 ( 5 ) 116

c 5 C 6 0 (4 ) 125 0 V ) C ( 5 ?) C ( 6 ’ ) 108

G 7 C 0(4) 109 c 5 ’ ) C (6 ’ )G(2) 116

G 6 C c ( 8 ) 110 G 5 f ) C ( 6 ’ )C(10) 107

G 6 C Cl 128 C 2 ) C ( 6 ’ )C(10) 105

C 8 C Cl 120 c 2 ’ ) 0 ( 6 ) C ( 1 1 ) 115



TABLE 6

S t a n d a r d d e v i a t i o n s  of t  he f  i m l  atomi c c o o r d i n a t e s  (

Atom G T “ ( X ) a-<y)
0 ( 2 ) 0 .022 0 .035 0 .025
0 ( 3 ) 0.023 0 . 014-2 0 .026
c(U) 0.021 0 .033 0 . 0 2 7
0 ( 5 ) 0 .020 O.Oi+2 0 .022

0 ( 6 ) 0.021 0.01+8 0.021
0 ( 7 ) 0.021+ 0.035 0 . 0 2 7
0 ( 2 ' ) 0 .0 2 5 0.036 0 .0 3 6
0 ( 3 ' ) 0 .025 0.037 0.031
c(k') 0.023 0.036 0 .0 2 6

0 ( 5 ' ) 0 .0 2 7 0.01+6 0 . 0 3 0
0 ( 6 ’ ) 0 .028 0.01+2 0 .0 2 5
0 ( 8 ) 0 .022 0.01+7 0,021+

0 ( 9 ) 0.021 0 .037 0 .023
0 ( 1 0 ) 0 .033 0. 01+2 0 .033
0(11 ) 0.01+1 0 .0 5 7 0.01+1
0 ( 1 2 ) o. 01+3 0.056 0. 01+8

0 ( 1 3 ) 0 .033 0.01+1 0 .0 3 5
0 ( 1 ) 0.015 0 .027 0 .019
0 ( 2 ) G.015 0 .023 0 .0 1 7
0 (3 ) 0 .018 0 .030 0 .0 1 7

0(U) 0 .016 0.031+ 0.015

0 ( 5 ) 0 .022 0 .028 0 .022

0 ( 6 ) 0 .018 0 .0 2 9 0 .0 2 2

Cl 0 .0 0 6 0 .012 0 .007

Br 0 .006 0 .009 0 .005



TABLE 7

A n is o t r o p i c  t  a mp e r  a t  u r  -e -  f1 a c t  or paramete  r s  (1 -j) .

■bn ^22 b33 423 *>15
C(2) 818 919 1142 -1851 521 450
0 ( 3 ) 873 2290 1531 -1346 -431 724
G( b) 705 399 1796 -254 -244 547
0 ( 5 ) 1134 652 1490 -508 -1 1 6 6 1216
c ( 6 ) 1436 548 1520 324 631 2204

c ( 7 ) 1005 745 1549 -1777 823 368
G(2 ' ) 1179 722 4097 820 2904 2 866

0 ( 3 ' ) 1133 1643 2373 -1088 282 1909

c ( V ) 1205 1598 1728 1361 322 1788

C ( 5 ’ ) 1467 1739 2261 3588 1019 1925

0 ( 6 ' ) 1507 2937 1102 -791 1917 1365

CCS) 684 5057 1062 -1773 382 669

0 ( 9 ) 674 2143 1206 372 1324 804

0 ( 1 0 ) 2242 997 2230 1736 -990 2102

C(11 ) 1916 4230 2371 2172 -486 447

C ( 1 2 ) 2413 3793 3383 2302 -724 1957

0 ( 1 3 ) 2039 1367 2722 -2200 1097 2283
0 (1 ) 483 3980 1706 -599 211 746

0 ( 2 ) 986 411 1905 209 -288 1015

0 ( 3 ) 1537 1820 1321 -928 -7 2 0 974

o(U) 2036 1238 1986 618 748 3044

0 ( 5 ) 1854 2839 2406 -222 460 2493

0 (6 ) 1148 2568 3094 795 -880 2572

Cl 1076 2866 1270 -221 -515 807

Br 967 3148 2052 -6 3 6 267 1489



T able 8 5-Bromogr i  s e o fu lv  in

F in a l observed  and c a lc u la te d  va lu es o f  
th e  s tr u c tu r e  f a c t o r s .



30 >0 297 
47 38 151

34 )0 257

11 335
12 270
13 2*9

24 19 171 
29 27 2 »  
14 15 246 
12 9 1125 6 240
11 12 345
12 12 257
13 19 158 
10 12 226
10 10 179 
23 IB 151 
21 18 51
11 it



TABLE 9

D isp la c e m e n t s  (A) of  atoms from the  mean p la n e  th r o u g h

the  a ro m a t ic  sys tem

G(UL , G ( 5L,, .C(,6) t ...p l7) , ,  C(.8),_C(.9I ,  0 ( 3 ) ,  0 ( 2 ) ,  Bp,

0 ( 4 ) ,  C l ,  f-nd 0 ( 1 ) .

! 0 ( 4 ) 0 .10  

0 ( 5 )  - 0 . 0 7

C(6) - 0 . 0 3

C(7) 0.11

C(8) 0 .0 6

0 (9 )  0 - 01

0 (3 ) - 0.21

0 (2 )  0 .0 8

Br - 0 .0 2

0 (4 ) - 0.06

c i  - 0 . 0 4

0 ( 1 ) 0 - 08

0 ( 3 ) - 0 . 4 0

0 ( 2 )  - 0 . 0 9

0 ( 4 ' )

0 (5 )  - ° * ^ 6



THE CONFORMATION OF THE BICYCLO ( 3 . 3 . 1 ) 

NOKAHE SYSTEM:

X-RAY ANALYSIS OP 1 -p-BaOMOBEHZEHESULPHOTO-  

OXYMBTHYL-5-METKYLBICYGLO ( 3 . 5 . 1 )  HOHAW-9-OL



HO 
HO
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3• ( i ) • I n t r o d u c t i o n .

When m o le c u l a r  models of the  h i c y c l o  ( 3 , 3 , 1 )  nonane 

sy s te m  a r e  c o n s t r u c t e d  i t  i s  obse rved  t h a t  c e r t a i n  s t r o n g  

hydrogen-hydrogc-n  i n t e r a c t i o n s  w i l l  e x i s t  i n  t h e  m olecu le  

no m a t t e r  which  c o n fo rm a t io n  the  two r i n g s  adopt* Examples 

o f  p o s s i b l e  c o n fo r m a t io n s  a re  shown i n  P i g .  11. They a re  

(A) a t w i n - c h a i r ,  (B) a b o a t - c h a i r ,  (c ) a t w i n - b o a t  and 

(D) a t w in  t w i s t - b o a t .

E - l i e l  (1962) s t a t e d  t h a t  t h e r e  would be an i n t o l e r a b l e  

t r a n s a n n u l a r  i n t e r a c t i o n  be tw een  the  a x i a l  h y d ro gen  atoms 

a t  C(3) and. C(7) i f  th e  m o le cu le  adop ted  c o n f o r m a t i o n

(A),  and s u g g e s t e d  t h a t  the  m olecu le  e x i s t e d  i n  c o n f o r m a t io n

(B), even  a l t h o u g h  t h e r e  would a l s o  be some f a i r l y  u n f a v o u r a b l e  

i n t e r a c t i o n s  i n v o lv e d  i n  t h i s  c a se  as w e l l .

The i n f r a - r e f t  s p e c t r a  o f  v a r i o u s  b i c y c l o  ( 3 , 3 , 1 )

nonane d e r i v a t i v e s  were examined i n  o r d e r  t o  i n v e s t i g a t e

th e  c o n f o r m a t i o n  of  the  sys tem  (Brown e t  a l . f I 9 6 I+). Some

t y p i c a l  exam ples  of  t h e s e  compounds a r e  shown i n  P i g .  12.

Of t h e s e  compounds, ( I ) ,  ( I I ) ,  and ( i l l )  were found  t o  e x h i b i t
-1a b s o r p t i o n  bands  n ea r  2 9 9 0  and IZ4.9 O cm- which were 

a t t r i b u t e d  t o  m ethylene  group -  methylene, g roup  i n t e r a c t i o n s .

I f  th e  m olecu le  a d o p te d  the  b o a t - c h a i r  c o n fo r m a t io n ,  as 

s u g g e s t e d  by E l io - l ,  i t  would be p o s s i b l e  to  e x p l a i n  t h e s e  

bands i n  c a s e  ( i )  i n  te rm s  of  0 (3 )  -  0 ( 9 ) or 0 (7 )  -  0 (9 )
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m eth y lene  i n t e r a c t i o n s .  However, t h a t  t h e s e  a ro  no t  the  

c a u s a t i v e  i n t e r a c t i o n s  i s  shown by th e  f a c t  t h a t  t h e  ke tone  

( I I )  a l s o  shows t h e s e  a b s o r p t i o n  peak s .  T h is  l e a d s  t o  th e  

c o n c l u s i o n  t h a t  the  s p e c t r a  can  on ly  be i n t e r p r e t e d  i n  te rm s 

o f  C(3) -  C(7) methylene  i n t e r a c t i o n s  p r e s e n t  when th e  

m o le cu le  a d o p t s  t h e  p resum ably  u n f a v o u r a b le  t w i n - c h a i r  

c o n fo r m a t io n .

T h is  f a c t  i s  f u r t h e r  s u b s t a n t i a t e d  by e x a m in a t io n  of 

t h e  i n f r a - r e d  s p e c t r a  of  compounds i n  which t h i s  0 ( 3 )  -  C(7) 

i n t e r a c t i o n  i s  r e l i e v e d .  Thus, i n t r o d u c t i o n  o f  a doub le  

bond i n t o  the  sy s tem  as i n  (V) or the i n s e r t i o n  of  a 

c a r b o n y l  group a t  C(3) or C(7) as i n  (VI) would be e x p e c te d  

t o  n u l l i f y  t h e s e  a b s o r p t i o n  b a nd s .  E x p e r i m e n t a l l y ,  t h i s  

p ro v ed  t o  be t h e  c a s e .

The b i s d e u t e r o - k e t o n e  (IV) showed a r e d u c t i o n  o f  a
—1f a c t o r  of  one h a l f  i n  the  i n t e n s i t y  of  th e  11+90 cm. band. 

T h is  i s  due t o  the  r e p la c e m e n t  o f  th e  s c i s s o r i n g  band a t  

0 ( 3 )  by a com parab le  CDH band e ls ew h e re  i n  th e  spec t rum .

The 2 9 9 0  cm. band f o r  t h i s  compound th us  a p p e a re d  as  an  

i n d i s t i n c t  s h o u l d e r  on th e  h i g h - f r e q u e n c y  s i d e  o f  th e  main 

C-H s t r e t c h i n g  a b s o r p t i o n .

The f i n a l  p i e c e  of s p e c t r o s c o p i c  ev idence  i s  o b t a i n e d  

f rom  th e  b e a u t i f u l l y  symmetric  s t r u c t u r e ,  adamant ane* shown 

i n  P i g .  12 ( V I I ) .  This  s t r u c t u r e  i s  c o m p le te ly  f r e e  f rom



~ 53 -

s t r a i n ,  th e  u n f a v o u r a b l e  C(3) ~ 0 (7 )  t r a n s a n n u l a r  

i n t e r a c t i o n  h a v in g  "been removed by s u b s t i t u t i o n  of  a b r id g e  

c a r b o n  atom be tw een  th e s e  two atoms. As e x p e c t e d ,  t h e r e  

were no a b s o r p t i o n  bands i n  t h e  ne ighbourhood  of  2 , 9 9 0  and 

1 ,kSO c m . ~ 1 •

These c h a r a c t e r i s t i c  maxima a p p ea r  i n  the  s p e c t r a  b o th  

i n  s o l u t i o n  and i n  th e  s o l i d  s t a t e ,  i n d i c a t i n g  t h a t  the  

m o le cu le  h a s  th e  same c o n f o r m a t i o n a l  s k e l e t o n  i n  b o th  t h e s e  

c i r c u m s t a n c e s .  I t  was t h e r e f o r e  p e r m i s s a b l e  t o  a c c e p t  

r e s u l t s  f rom  x - r a y  a n a l y s i s  f o r  c o n s o l i d a t i o n  o f  the  above 

f i n d i n g s .

I n  o r d e r  to  i n t r o d u c e  a heavy  atom i n t o  the  b i c y c l o  

( 3 , 3 , 1 ) nonane sys tem ,  the  p r im a ry  b ro m o b e n ^ en e -p - su lp h o n a te  

o f  compound ( I I I )  was p r e p a r e d .  This  i s  shown i n  P ig .  12 

( V I I I )  and the s y s t e m a t i c  name f o r  i t  i s  1 -p -b ro m o b cn zen c -  

s u lp h o n y l o x y m e t h y l - 5 - m e t h y l b i c y c l o  ( 3 , 3 , 1 )  n o n a n - 9- o l ,  a l t h o u g h  

i t  w i l l  s u b s e q u e n t l y  be r e f e r r e d  t o  s im p ly  as  BROS.

3 . ( 2 ) .  E x p e r i m e n t a l .

R o t a t i o n ,  o s c i l l a t i o n ,  Wa-issenberg and p r e c e s s i o n
0

p h o to g r a p h s  wore r e c o r d e d  u s i n g  copper  -  K ( X =  1 .5W 8A) and 

molybdenum -  K ( X = 0.7107A) r a d i a t i o n s .  The u n i t  c e l l  

p a r a m e t e r s  were e s t i m a t e d  f rom r o t a t i o n  and p r e c e s s i o n  

p h o to g r a p h s  and ,  i n  the  l a t t e r  c a s e ,  the  u n i t  c e l l  edges
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and a n g l e s  were d e r i v e d  from the  r e c i p r o c a l  c e l l  p a ra m e te r s  

by the  c o n v e r s i o n  fo rm ulae  f o r  t r i c l i n i c  c r y s t a l s  as l i s t e d  

by Buerger  (19^+2). The i n t e n s i t i e s  were r e c o r d e d  u s i n g  

a s m a l l  c r y s t a l  c o m p le te ly  b a th e d  i n  a u n i f o r m  x - r a y  beam 

and no a d j u s t m e n t s  were made t o  acco u n t  f o r  a b s o r p t i o n .

The d a t a  was c o l l e c t e d  on z e r o  l a y e r  and o g u i - i n c l i n a t i o n  

u p p e r  l a y e r  W eissen b e rg  p h o to g ra p h s  o b t a in e d  by r o t a t i n g  

the  c r y s t a l  a b o u t  the  a -  and c t-axss ,  the  r e c i p r o c a l  l a t t i c e  

n e t s  Okl and 1 k l  b e in g  r e g i s t e r e d  i n  th e  fo rm er  case  and

hko, -----------, hk7 i n  the  l a t t e r .  One f u r t h e r  zone,  h o i ,

was r e c o r d e d  by means of  a t im ed  s e r i e s  of  p r e c e s s i o n  

p h o to g r a p h s .  V i s u a l  methods of i n t e n s i t y  e s t i m a t i o n  we re

u se d ,  a l l  W e is sen b e rg  d a t a  h a v in g  b een  r e g i s t e r e d  u s i n g  

R o b e r t s o n ’ s m u l t i p l e  f i l m  t e c h n iq u e  (19^+3) - I n  a l l ,  2176 

i n t e n s i t y  e s t i m a t i o n s  were made, of which 1 6 3 3  were from 

in d e p e n d e n t  r e f l e c t i o n s .

The i n t e n s i t y  v a lu e s  were c o r r e c t e d  f o r  L o r e n t z ,  

p o l a r i s a t i o n  and th e  r o t a t i o n  f a c t o r s  a p p r o p r i a t e  t o  upper  

l a y e r s  and th e  v a l u e s  of th e  s t r u c t u r e  a m p l i tu d e s  o b ta in e d  

by a p p l i c a t i o n  o f  th e  mosaic  c r y s t a l  fo rm u la e .

The v a r i o u s  zones of j P0 i ts  wore a l l  p l a c e d  on an 

approxim ato- ly  a b s o l u t e  s c a l e  by c o r r e l a t i o n  w i t h  th e  v a lu e s  

o f  f F J  o b t a i n e d  f ro m  the  f i r s t  s t r u c t u r e  f a c t o r  r e s u l t s .

The d e n s i t y  o f  th e  c r y s t a l s  was o b ta in e d  by f l o t a t i o n  

methods u s i n g  p o t a s s i u m  i o d id e  s o l u t i o n s .
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3 . ( 3 ) .  C r y s ta l  Data .

° 1 7 H23°J4S Br K = ^ ° 3 . 3
T r i c l i n i o  a = 7.1*0 t  0 . 02A

b = 12.06 ± 0 .02$

o = 11.3U ± 0.05A

o t  = 11 2 °3 0 '

Volume o f  the u n i t  c a l l  A = 109°31 '

= 862&3 y'= 72°Ij.1 *

For z = 2 ,  D ( c a lc u la t e d )  ss 1 .5 5  g . / c c .

D(o b se rv e d )  = 1 .53  g . / c c .

F(000)  = 4 1 6

L i n e a r  a b s o r p t i o n  c o e f f i c i e n t  f o r  x - r a y s  ( A = 1-542&),
—1j t ;  = 48.1 cm.

S in c e  the  c r y s t a l  i s  t r i c l i n i c  t h e r e  a r c  no 

s y s t e m a t i c a l l y  a b s e n t  s p e c t r a .

I t  was d e c id e d  t o  p ro c e e d  w i t h  th e  a n a l y s i s  on the  

a s s u m p t io n  t h a t  th e  space  grocp i s  P1 . I f  t h i s  had been  an 

e r r o n e o u s  choice- i t  would, have shown up i n  s u b s e q u e n t  e l e c t r o n  

d e n s i t y  maps.

3 . ( 4 ) .  L o c a t i o n  of the  Heavy Atom P o s i t i o n s .

The P a t t e r s o n  f u n c t i o n  to  be employed i n  t h e  case  of

a c r y s t a l  b e l o n g i n g  t o  the  t r i c l i n i c  sys tem  i s
re

P(uvw) = £  L L r . ( l * < h k l ) l 2coB2 i r ( h u  + kv + lvO  ( 3 . 1 )
vc o -
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T his  e q u a t i o n  can  he s im ply  reduced  to  t w o - d im e n s io n a l  

e x p r e s s i o n s .

S in c e  t h e r e  a re  two m o le cu le s  p e r  u n i t  c e l l  and two 

heavy atoms i n  each m o lecu le ,  p r i n c i p a l  v e c t o r s  be tw een  

f o u r  s e t s  o f  a tom ic  c o o r d i n a t e s  a r i s e .  The "bromine 

c o o r d i n a t e s  a r e  d e s i g n a t e d  (xg  y B Zg) and (x B yg Zg) and 

t h e  s u l p h u r  c o o r d i n a t e s  by (xg yg zg ) and (xg yg zg ) .

The i n t e r a c t i o n s  be tween  th e s e  g iv e  r i s e  t o  th e

f o l l o w i n g v e c t o r s  -

( i ) 2 x b 2ys 2 z b

(11) 2 x s 2 y a 2 z a

( i l l ) XB + XS yB + y3 Z g  ■+■ Z.

( l v ) XB - yB " ys ZB "* Z;

V e c to r s  ( i )  and ( i i )  a r e  s i n g l e  w e igh t  peaks  and the  

o t h e r  two a r e  d o u b le  w e ig h t .

The Okl p r o j e c t i o n  was the  f i r s t  P a t t e r s o n  map t o  be 

s t u d i e d .  The symmetry of t h i s  p r o j e c t i o n ,  a s  w i t h  t h o s e  

down th e  o t h e r  two a x e s ,  i s  p2.  T h i s  symmetry i n f e r s  t h a t  

t h e  s e r i e s  need on ly  be summed over  h a l f  o f  th e  u n i t  c e l l  

a r e a .  T h is  b e i n g  th e  c a s e ,  th e  f u n c t i o n  was e v a l u a t e d  from 

w = 0 t o  w = 1 and f rom  v * 0 t o  v » i .  The map i s  shown 

i n  P i g .  13.



The "bromine-bromine v e c t o r  showed up c l e a r l y  and. i s  

marked N on the  map. The two b r o m in e - s u lp h u r  v e c t o r s  were

a l s o  r e a d i l y  d i s t i n g u i s h e d  and t h e y  a re  i n d i c a t e d  by P and

Q r e s p e c t i v e l y .  I t  was not  found  p o s s i b l e  a t  t h i s  s t a g e  t o  

i d e n t i f y  p o s i t i v e l y  th e  s u l p h u r - s u l p h u r  peak ,  b u t  

c a l c u l a t i o n  of  t h e  s u lp h u r  c o o r d i n a t e s  showed i t  had to  be 

p l a c e d  a t  R.

Prom t h i s  map the  y -  and ^ - c o o r d i n a t e s  o f  th e  heavy 

atoms were d e d u ced .  No acco u n t  was t a k e n  of  p eak  R i n  th e  

e s t i m a t i o n  of th e  s u l p h u r  p o s i t i o n .  The c o o r d i n a t e s  were -  

y /b R r  = 0.001+0 z/ ° B r  = ° * 2507

y /b g  s  0 .2899  e / c s  = 0.5361

The hko and h o i  P a t t e r s o n  maps were computed, b u t  due to  

s e r i o u s  o v e r l a p p i n g  of v e c t o r s ,  no s o l u t i o n  f o r  th e  

x - c o o r d i n a t e s  o f  the  above two atoms cou ld  be o b t a i n e d .

I t  was t h e n  deemed n e c e s s a r y  t o  c a l c u l a t e  t h e  t h r e e -  

d i m e n s i o n a l  P a t t e r s o n  f u n c t i o n  u s i n g  the  u n s e a l e d  

d a t a .  Prom t h i s  map th e  t h r e e  c o o r d i n a t e s  o f  b o th  atoms 

were unam biguous ly  s e t t l e d .  The s e c t i o n  a t  w = i  t h r o u g h  

the  d i s t r i b u t i o n  on which the b rom ine-b rom ine  peak  

(marked S) r e a c h e d  i t s  maximum i s  shown i n  P ig .  11+ as a 

r e p r e s e n t a t i v e  example of  the  P a t t e r s o n  map.

Normally  more a c c u r a t e  c o o r d i n a t e s  would be e x p e c te d  

f ro m  a t h r e e - d i m e n s i o n a l  t h a n  a tw o -d im e n s io n a l  v e c t o r  map.



X

X

0
r—1
Cd
o
CQ

S-t
2
O

P
d
O

o

«
CQ •

•H rc3
0

03 -P
1 4O

o3 •iH
s

0 0
P
P CO

Fl
bQ d
s 0
O  P

1—1 >-!
03 O

O
d
o

•H "cd
P 0
o ft
0

• n d
O •ri
Sh bO
f t  *H

in
• d O

CQ o
O CQ
p j Sh
PQ 0 •

p
p

K"\ 03 cd
V f t h

P
■ •iH

bC p
• H Sh
f t cd



CO

CQO
f tft

-4-

&C
• H
f t

£o
0 3

0
P
P
0
f t
H
0
0
O

• H
(Q
fi
0
a •

*«r* CQ
d  H

1 0
© >
© ?-)
0 0

P  P
•P c

• H

bO >s

o 0
Sm 0

P  -p
p • H

P
T-lcvi

0
II

P
£ 0

P ra
0 Jm

£
£ o
O  P

• H 0
P O
o  o
0

CQ

f t
I



— 58 ~*

However,  the  f a c t  t h a t  the fo rm er  d i s t r i b u t i o n  ~ras  c a l c u l a t e d  

u s i n g  u n s e a l e d  d a t a  as  c o e f f i c i e n t s  p o s s i b l y  r e d u c e s  any 

such  a d d i t i o n a l  a c c u ra c y .  F i t h  t h i s  i n  mind i t  was d e c id e d  

t o  a c c e p t  the  mean v a lu e  of  the y -  and ^ - c o o r d i n a t e s  

c a l c u l a t e d  by b o t h  methods.

The c o o r d i n a t e s  so a r r i v e d  a t  wore -

x / a Br = 0 .07i i4  y /^B r  ~ O.OOkk z/ ° Br = 0.2551 

x / a g = 0 . 2 8 8 0  y /b ^  = 0 . 2 8 7 5  z / c s  = 0 . 5 3 3 0

3 . ( 5 ) .  S o l u t i o n  o f  the  S t r u c t u r e .

S in c e  th e  bromine and s u lp h u r  atoms a re  known to  be 

p a r a - r e l a t e d  a c r o s s  t h e  benzene r i n g  i t  was p o s s i b l e ,  u s i n g  

s t a n d a r d  v a l u e s  f o r  v a le n c y  bond l e n g t h s  and t r i g o n o m e t r i c  

d i s t a n c e  fo r m u la e ,  t o  c a l c u l a t e  the  c o o r d i n a t e s  o f  the  two 

c a rb o n  atoms d i r e c t l y  bonded t o  the  heavy a tom s.  The

c o o r d i n a t e s  o f  t h e s e  f o u r  atoms were t h u s  u sed  i n  a f i r s t  

p h a s i n g  c a l c u l a t i o n .

I t  was o f  i n t e r e s t  t o  e s t a b l i s h  a p p ro x im a te ly  what 

f r a c t i o n  of th e  s t r u c t u r e  f a c t o r s  would be e x p e c te d  t o  be 

c o r r e c t l y  s i g n - d e t e r m i n e d  by u s i n g  t h i s  group of atoms i n  

the  p h a s i n g  c a l c u l a t i o n .  Sim (1957) has deduced a 

r e l a t i o n s h i p  be tw een  t h i s  f r a c t i o n  ana th e  va lue  of  r ,  whore 

r  i s  t h e  r a t i o  of the root-iru a n - s q u e r e  c o n t r i b u t i o n s  of  the  

l o c a t e d  t o  tht- u n l o c a t c a  atoms f o r  space  groups P1 and
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P1 • The f r a c t i o n  has "been t a b u l a t e d  f o r  a r ang e  o f  v a lu e s  

c f  r .

I n  t h i s  i n s t / a n c e  th e  v a lu e  o f  r  i s  1 .55  which  i n d i c a t e s  

t h a t  o f  t h e  o r d e r  o f  83% of  the  s t r u c t u r e  f a c t o r s  w i l l  have 

b e e n  a l l o t t e d  t h e  c o r r e c t  s ig n .

These  c o o r d i n a t e s  and an assumed u n i fo rm  i s o t r o p i c  

t e m p e r a t u r e  f a c t o r  o f  oC= 3 . 0  were employed i n  th e  f i r s t  

s t r u c t u r e  f a c t o r  c a l c u l a t i o n .  The v a lu e  of  th e  d i s c r e p a n c y ,  

R, summed over  a l l  th e  o bse rved  te rm s was At t h i s

s t a g e  a l l  t h e  t F 0 i v a lu e s  were p u t  on a v e ry  a p p r o x im a te ly  

a b s o l u t e  s c a l e ,  by c o r r e l a t i n g  them w i t h  th e  c o r r e s p o n d i n g  

| F 0 f d a t a .  However, s i n c e  th e  c o o r d i n a t e s  o f  o n ly  f o u r  

atoms had been  i n c l u d e d  i n  the  c a l c u l a t i o n ,  no a t t e m p t  was 

made a t  t h i s  s t a g e  t o  average  ou t  t h e  |F 0 | v a lu e s  o f  

r e f l e c t i o n s  common to  more t h a n  one zone.  The d a t a  c o l l e c t e d  

by r o t a t i o n  a b o u t  t h e  c~ ax is  a p p e a re d  to  be the  b e s t  and 

i n i t i a l l y  th e  s t r u c t u r e  f a c t o r s  f o r  F o u r i e r  c a l c u l a t i o n s  

were  ch o sen  f rom  t h e s e  zones when common r e f l e c t i o n s  e x i s t e d .

Of th e  1653 in d ep e n d en t  s t r u c t u r e  a m p l i tu d e s ,  1521 

( 93%) were deemed t o  have been  s a f e l y  s i g n - d e t e r m i n e d  i n  the  

s t r u c t u r e  f a c t o r  c a l c u l a t i o n .  These were employed as 

F o u r i e r  c o e f f i c i e n t s  i n  a f i r s t  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  

e v a l u a t e d  a t  g r i d - p o i n t s  f rom x = 0 t o  x  = 1, y = 0 t o  y = 1
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and z = 0 t o  z = ■§•, th e  summation b e in g  c a l c u l a t e d  i n  

s e c t i o n s  p a r a l l e l  t o  (001) .

Prom th e  r e s u l t i n g  map a l l  t h e  atoms i n  t h e  s t r u c t u r e  

( e x c e p t i n g  h ydrogen  a toms) v/ere c l e a r l y  r e s o l v e d .  T here  

were  few s p u r i o u s  peaks  i n  the  d i s t r i b u t i o n  and i t  was 

t h o u g h t  t h a t  a l l  o f  t h e s e  cou ld  be d i s c o u n t e d  s i n c e  th e  

m o l e c u l a r  s t r u c t u r e  was a l r e a d y  known. I t  was im m e d ia te ly  

o b v io u s  t h a t  t h e  m o le cu le  d i d ,  i n  f a c t ,  adopt  th e  h o p e f u l l y  

a n t i c i p a t e d  c h a i r  c h a i r  c o n fo r m a t io n  as i n  P ig .  1 1 ( a ) .  

However,  a t  f i r s t  s i g h t ,  i t  app ea re d  t h a t  t h e  two s i x -  

membered c h a i r  r i n g s  o f  th e  b i c y c lo n o n a n o l  were r a t h e r  

d i s t o r t e d ,  b e ca u se  th e  p l a n e  c o n t a i n i n g  atoms 0 ( 2 )  0 ( 3 )

0 (k)  was n o t  p a r a l l e l  t o  t h a t  d e f i n e d  by 0 (6 )  0 ( 7 )  0 ( 8 ) ,  as  

i t  sh o u ld  be i n  an  i d e a l  model. Moreover, t h i s  d i s t o r t i o n  

was a p p a r e n t l y  due r a t h e r  t o  a p u s h i n g - o u t  of  atoms 0 ( 3 )  

and 0 ( 7 )  l e a d i n g  t o  a f l a t t e n i n g  o f  th e  two r i n g s ,  t h a n  t o  

a l a t e r a l  d i s p l a c e m e n t  o f  th e  two t h r e e - a t o m  p l a n e s  d e f i n e d  

above .  The c o n c l u s i o n  as  t o  th e  d i s t o r t i o n  co u ld  o n ly  be 

t a k e n  as  t e n t a t i v e ,  however, a t  t h i s  e a r l y  s t a g e  o f  t h e  

a n a l y s i s .  The c o o r d i n a t e s  o f  a l l  tw e n ty  t h r e e  atoms were 

c a l c u l a t e d  by the  method due t o  Booth (1948)«

The a to m ic  c o o r d i n a t e s  and a u n i f o r m  v a lu e  o foC  = 3 -0  

were  t h e n  u t i l i s e d  i n  t h e  e v a l u a t i o n  o f  a second s e t  o f  

s t r u c t u r e  f a c t o r s .  The d i s c r e p a n c y  c a l c u l a t e d  f rom  a l l
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o b s e r v e d  te rm s  was 2 7 . 2 ^  i . e .  an o v e r a l l  d e c r e a s e  i n  R of  

II4. . 2% or  d . 7 5 ^  p e r  atom. 1 5 7 7  of  t h e s e  r e f l e c t i o n s  were 

r e g a r d e d  as  s a f e l y  s i g n - d e t e r m i n e d  and were u se d  i n  th e  

c o m p u ta t i o n  o f  a new F o u r i e r  s e r i e s .

The atoms i n  t h i s  map were  a l l  c l e a r l y  r e s o l v e d  and th e  

f a c t  t h a t  t h e  c h a i r - r i n g s  were d i s t o r t e d  was con f i rm ed .

Most o f  t h e  s p u r i o u s  e l e c t r o n  d e n s i t y  had d i s a p p e a r e d  h u t  

one l a r g e  p e a k  a p p ea red  w i t h i n  th e  bonded d i s t a n c e  t o  C(9) 

and on t h e  o p p o s i t e  s i d e  of  th e  C(1) C(9) 0 ( 5 )  p l a n e  f rom  

0 ( 1 ) .  T h is  was t h e  f i r s t  i n d i c a t i o n  t h a t  t h e  s t r u c t u r e  

was d i s o r d e r e d .

S in c e  0 ( 9 ) i s  t h e  only  a sym m etr ic  atom i n  th e  m olecu le  

i t  f o l l o w s  t h a t  t h e  ( + ) -  and ( - ) -  m o le cu le s  a r e  s u p e r im p o s a b le  

e x c e p t  f o r  th e  h y d ro x y l  group  a t  t h i s  atom. Two peaks 

a p p e a re d  on e i t h e r  s i d e  of  th e  C ( 1 ) 0 ( 9 ) 0 ( 5 )  p l a n e  and 

o b v io u s ly  b o t h  r e p r e s e n t e d  atoms bonded t o  C(9)« I t  

f o l l o w s  f rom  t h e s e  f a c t s  t h a t  the  (x y z)  and (x  y z) 

e q u i v a l e n t  p o s i t i o n s  a r e  h o t  e ach  u n i q u e l y  o c c u p ie d  by one 

e n a n t io m o rp h io  fo rm  of th e  m o le cu le .  I t  was d e c i d e d  t o  

i n v e s t i g a t e  t h i s  d i s o r d e r  f u r t h e r ,  and i n  p a r t i c u l a r  t o  

a s c e r t a i n  w h e th e r  i t  was c o m p le t e ly  random or  w h e th e r  one 

e q u i v a l e n t  p o s i t i o n  was p r e f e r e n t i a l l y  o c cu p ied  by  one 

e n a n t io m e r .
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Some s tr u c tu r e  fa c to r  c a lc u la t io n s  were t h e n  perform ed  

and from  th e s e  I t  appeared th a t  both  e q u i v a l e n t  p o s it io n s  

were  a s s o c ia t e d  w i t h  approxim ately  50'Jt o f  each  ep inner I . e .  

t e n t a t i v e l y ,  I t  cou ld  he s ta t e d  th a t  the d iso r d e r  occurred  

r a n d  o n ly .  To account f o r  t h i s  e f f e c t  I t  was d ec id ed  to  

I n c l u d e  t h e  c o o r d in a te s  o f  both  th e se  atoms — 0 ( 1 )  

and 0 ( 1 *) -  i n  su bsequent s tr u c tu r e  f a c to r  c a lc u la t io n s  

a s s ig n in g  them t o  a new ch em ica l type o f s c a t t e r in g  fa c to r  

eq u a l t o  h a l f  o f  th a t  o f oxygen.

3 . ( 6 ) .  R e f in e m e n t  o f the atom ic param eters .

U sin g  th e  f.Fc j v a lu es  and a ccep ted  s ig n s  from  th e second  

s e t  o f s tr u c tu r e  f a c t o r s ,  a F ou rier  s e r ie s  was computed.

U sing t h i s  d i s t r i b u t i o n  in  c o n ju n c tio n  w ith  th e  P0 map 

p r e v io u s ly  d is c u s s e d  new c o o rd in a te s  were e v a lu a te d  fo r  a l l  

the atoms u s in g  t h e  hack—s h i f t  c o r r e c t io n  method (Booth 194b) 

and a l t e r a t i o n s  were made i n  th e  t e m p e r a t u r e  f a c t o r  v a l u e s .  

The o v e r a l l  d iscr ep a n c y  f e l l  by to  2lp. 8%.

A fte r  th r e e  fu r th e r  c y c le s  o f t h i s  method o f  refin em en t  

employing  1586, 1810 and 1825 s tr u c tu r e  f a c t o r s  as F ou rier  

c o e f f i c i e n t s ,  r e s p e c t iv e ly ,  th e  R—f a c t o r  had f a l l e n  to  

2 0 . 1%.
A com parison o f the r e l a t iv e  peak h e ig h ts  o f  atoms 

0 ( 1 ) and 0 ( 1 ’ ) on the v a r io u s Fc maps, le d  to  an attem pt t o
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r e f i n e  t h e  s i t e  occupancy of th e s e  two atoms "by a d ju s tm e n t  

of  t h e i r  s c a t t e r i n g  f a c t o r s  w i t h  r e s p e c t  t o  one a n o th e r  

d u r i n g  t h e  c o u r s e  of  th e  " b ack -sh i f t  c o r r e c t i o n  r e f i n e m e n t .  

Atom 0 ( l )  was i n c lu d e d  i n  th e  v a r io u s  c y c l e s  w i t h  a 

s c a t t e r i n g  f a c t o r  equa l  to  0 .6  t im e s ,  0 .55  t im e s  a n d th e n  

a g a i n  0 . 5  t im e s  t h a t  o f  oxygen w i t h  s u i t a b l y  a d j u s t e d  v a lu e s  

f o r  0 ( 1 ’ ) .  From t h i s  i t  appea red  t h a t  th e  "best agreem ent  

c o u ld  "be o b t a i n e d  when the  l a s t  of t h e s e  t h r e e  v a lu e s  f o r  

t h e  s c a t t e r i n g  f a c t o r s  was employed, which c o r r e s p o n d s  t o  

t h e  c a s e  when th e  s i t e s  a re  randomly occup ied .  A f i n a l  

d e c i s i o n  as t o  t h i s  f a c t  was po s tp o n e d  t i l l  t h e  c o m p le t io n  

of  r e f i n e m e n t .

B e fo re  c o n t i n u i n g  re f in e m e n t  by th e  method o f  l e a s t  

s q u a r e s  i t  was n e c e s s a r y  t o  p l a c e  a l l  th e  i F 0 | v a l u e s  on the  

same s c a l e  and t o  a v e rag e  out th e  v a lu e s  f o r  r e f l e c t i o n s  

w hich  were common to  more th a n  one zone. T h is  was pe r fo rm ed ,  

and i n t e n s i t i e s  were r e - e s t i m a t e d  i n  c a se s  where t h e r e  was 

a  s i z e a b l e  d i s c r e p a n c y  between th e  | F 0 I v a lu e s .

The w e i g h t i n g  sy s tem  f i r s t  employed was W-j ( s e e  

s e c t i o n  1 . ( 3 ) - ( i i i ) )  and |F *  j was 10. A f t e r  t h e  f i r s t  

s t r u c t u r e  f a c t o r  c a l c u l a t i o n ,  R was 19»5% ~ ihe  d rop  o f  

0.6% b e in g  a c c o u n te d  f o r  by th e  a v e r a g in g  of th e  I F0 f v a lu e s  

d e s c r i b e d  above,  A f t e r  s i x  c y c l e s  th e  d i s c r e p a n c y  was 

12.9% and th e  n e a r - c o n s t a n c y  of  LwA2 showed t h a t  r e f in e m e n t
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■by t h i s  method was e f f e c t i v e l y  com ple te .  A change was made 

t o  w e i g h t i n g  scheme, Wg, hu t  a f t e r  two c y c l e s ,  t h e  v a l u e  

of  R was s t i l l  1 2 .9 %• This  was the  l i m i t  of r e f i n e m e n t .

The p r o g r e s s  o f  th e  s t r u c t u r e  a n a l y s i s  and r e f in e m e n t  i s  

i n d i c a t e d  i n  T ab le  10.

U s in g  th e  f i n a l  s e t  of l e a s t - s q u a r e s  s t r u c t u r e  f a c t o r s  

a  t h r e e - d i m e n s i o n a l  d i f f e r e n c e  map was computed i n  an  a t t e m p t  

t o  l o c a t e  t h e  p o s i t i o n s  of  hydrogen atoms.  A l though  a 

f a i r  number o f  p o s i t i v e  peaks showed up i n  the  d i s t r i b u t i o n  

i t  was found  im p o s s i b l e  to  a s s i g n  a s e t  of t h e s e  t o  hydrogen  

s i t e s ,

The t h e o r e t i c a l  s c a t t e r i n g  f a c t o r s  f o r  c a rb o n ,  oxygen 

and brom ine  were  t h o s e  used i n  th e  5 - 'b ro m o g r i s e o fu lv in  

a n a l y s i s .  For  s u l p h u r  th o se  o f  James and B r i n d l e y  (1931) 

were employed.

3 . ( 7 ) .  R e s u l t s .

The f i n a l  a tom ic  c o o r d i n a t e s  f o r  one m olecu le  a r e  

l i s t e d  i n  T ab le  11. From t h e s e  c o o r d i n a t e s  were e v a l u a t e d  

t h e  v a l e n c y  bond l e n g t h s ,  and th e  i n t r a m o l e c u l a r  and
o

i n t e r m o l e c u l a r  non-bonded d i s t a n c e s  which a re  l e s s  t h a n  i|A. 

These d a t a  a r e  l i s t e d  i n  Tables  12, 13 and 1h r e s p e c t i v e l y .  

The v a l e n c y  bond a n g le s  were a l s o  d e te rm ined  from the  a tom ic  

c o o r d i n a t e s  and a r e  shown i n  T ab le  15.



The s t a n d a r d  d e v i a t i o n s  of the  c o o r d i n a t e s  were 

o b t a i n e d  f ro m  th e  l e a s t  sq u a re s  r e s i d u a l s  i n  th e  u s u a l  

manner ( s e e  s e c t i o n  1 . ( 5 ) . ) *  They a re  shown i n  Table  16„ 

Prom t h e s e  r e s u l t s  i t  can  be e s t a b l i s h e d  t h a t  th e  f o l l o w i n g  

a r e  th e  e . s . d l s ,  o f  the  i n d i c a t e d  bond l e n g t h s j  —

Bond e. s . d .
1

/Ox(A)

C -  0 0 .03

oio

0 .02

0 1 o 0 .03

Q I & 0 .02

0 -  Br 0 .02

S -  0 0.01

S -  Br < 0.01

The a v e r a g e  e . s . d .  o f  a va lency  a n g le  i s  about  2° .

T a b le  17 shows th e  v a r i o u s  bj_j p a r a m e te r s  n e c e s s a r y  

f o r  t h e  d e f i n i t i o n  of  the  a tomic  a n i s o t r o p i c  v i b r a t i o n s .

The v a l u e s  of iP 0 | and t  j Fc j a re  shown i n  Table  18 

f o r  a l l  r e f l e c t i o n s  whose s t r u c t u r e  a m p l i tu d e s  a re  e q u a l  

to  or  g r e a t e r  t h a n  th e  o b s e r v a t i o n a l  minimum v a lu e .

The f i n a l  s t r u c t u r e  f a c t o r s  were employed as c o e f f i c i e n t s  

i n  t h e  e v a l u a t i o n  of  a l a s t  P0 map. The e l e c t r o n - d e n s i t y  

d i s t r i b u t i o n  ove r  one m olecu le  i s  shown i n  P ig .  15 by means 

of  su p e r im p o s e d  c o n to u r  s e c t i o n s  drawn p a r a l l e l  t o  (001) and 

on which  t h e  a l t e r n a t i v e  0 ( 9 )  -  0 (1)  and 0 (9 )  -  0(1 ) ’b ° n(3-s
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F ig .  16 BROS*

Atomic a rrangem ent  c o r r e s p o n d in g  t o  
F i g .  15*





F ig .  18 BROS.

Atomic arrangement as viewed down the  
h - a x i s .
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a r e  shown "by "broken l i n e s ,  The c o r r e s p o n d in g  a tom ic  

a r r a n g e m e n t  o f  th e  molecule  i s  shown i n  F ig .  16. The 

a to m ic  a r r a n g e m e n t  i n  th e  molecule  as viewed i n  p r o j e c t i o n  

down th e  a -  and b - a x e s  i s  p o r t r a y e d  i n  F i g s .  17 and 18 

r e s p e c t i v e l y .  From t h e s e  t h r e e  l a s t - m e n t i o n e d  d iag ra m s  i t  

i s  i m m e d ia te ly  obvious  t h a t  th e  m olecu le  a d o p ts  t h e  t w i n -  

c h a i r  c o n fo r m a t io n .

, The p a c k i n g  of  th e  m olecu les  was viewed i n  p r o j e c t i o n  

down e a c h  o f  the  t h r e e  a x es .  Of t h e s e ,  t h o s e  p a r a l l e l  t o  

(100) and (010) gave c l e a r  n o n - o v e r l a p p in g  d iagram s and a r e  

d e p i c t e d  i n  F i g s .  19 and 20 r e s p e c t i v e l y .

V a r io u s  mean p l a n e  c a l c u l a t i o n s  were perfo rm ed  u s i n g  

th e  f i n a l  a tomic c o o r d i n a t e s .  These w i l l  be d i s c u s s e d  i n  

s e c t i o n  3 . ( 8 ) .  The a tom ic  d e v i a t i o n s  f rom  t h e s e  p l a n e s  a re  

d e l i n e a t e d  i n  T ab le  19.

3 . ( 8 ) .  D i s c u s s i o n .

The main c r i t e r i o n  which had t o  be e s t a b l i s h e d  i n  t h i s  

a n a l y s i s  was t h e  c o n fo r m a t io n  of t h e  two six-membered r i n g s  

i n  t h e  b i c y c l o  ( 3 , 3 , 1 )  nonane system. The t h r e e - d i m e n s i o n a l  

F o u r i e r  maps and m o le c u la r  a r ran g em en ts  shown i n  F i g s .  16 -  

18 p r o v e  beyond a l l  doub t  t h a t  th e  r i n g s  a r e  b o th  p r e s e n t  i n  

t h e  c h a i r  conform ation , ,  F u r t h e r  e v id e n c e  o f  t h i s  i s  g iv e n  

by th e  mean p l a n e  d e v i a t i o n s  l i s t e d  i n  T ab les  1tya and 1^b.
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I t  i s  s e e n  f rom  th e  t a b u l a t e d  r e s u l t s  t h a t ,  i n  "both r i n g s ,

^ ( 9 )  l i s s  on th e  o p p o s i t e  s i d e  of the  m o le cu la r  p l a n e s  f rom  

t h e  atoms 0 ( 7 )  and 0 ( 3 ) .

I t  i s  o f  i n t e r e s t  t o  note  t h a t ,  by u s i n g  bond moment and 

bond p o l a r i s a b i l i t y  d a t a ,  E c k e r t  and Le Fevre  ( 1 9 6 4 ) have been  

a b l e  t o  show t h a t  i n  s o l u t i o n ,  a t  l e a s t  50$ of  t h e  m o le cu le s  

o f  t h e  a n a l a g o u s  compound p s e u d o - p e l l e t i e r i n e  e x i s t  i n  th e  

t w i n - c h a i r  c o n fo r m a t io n .  This  compound has a c a r b o n y l  

g roup  a t  0 (3 )  and th u s  would be l e s s  s t r a i n e d  t h a n  BROS.

I t  was s t a t e d  e a r l i e r  t h a t  the  c h a i r  c o n fo rm a t io n s  i n  

b o t h  r i n g s  of  BROS d e v i a t e d  markedly  f rom i d e a l i t y .  This  

c an  now be p ro v ed  q u a n t i t a t i v e l y  by th e  f o l l o w in g  f a c t s  -  

( i )  I f  t h e  c h a i r s  were i d e a l  a l l  of  the  v a le n c y  bond 

a n g l e s  a round  th e  b i c y c l i c  sys tem would be t e t r a h e d r a l  w i t h i n  

t h e  l i m i t s  o f  e x p e r i m e n t a l  e r r o r .  The a n g le s  around  atoms 

0 ( 1 ) ,  C(5)  and 0 (9 )  do, i n  f a c t ,  a v e rag e  out  a t  110° ,  b u t  th e  

mean i n t e r n a l  a n g le  a t  0 ( 2 ) ,  0 ( 3 ) ,  C( Ip) ,  0 ( 6 ) ,  0 (7 )  and 

0 ( 8 )  i s  H I 4-0 -  s i g n i f i c a n t l y  g r e a t e r  t h a n  t e t r a h e d r a l .

T h is  i n d i c a t e s  t h a t  t h e r e  must be a f l a t t e n i n g  of  th e  r i n g s  

a t  t h e s e  l a t t e r  a to m ic  p o s i t i o n s .

( i i )  I f  a D r e i d i n g  model of t h e  sys tem  i s  c o n s t r u c t e d ,
o

t h e  d i s t a n c e  a p a r t  o f  0 (3 )  and C(7) i s  found t o  be 2 . 5 2 A.

That  t h e  r i n g s  a r e  c o n s i d e r a b l y  f l a t t e n e d  i s  shown by th e  

f a c t  t h a t ,  i n  a c t u a l i t y ,  t h i s  d i s t a n c e  i s  3.065L
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( i i i )  I f  t h e  t w i n - c h a i r  sys tem  were i d e a l  i t  would 

f o l l o w  t h a t  C(9) would he th e  same d i s t a n c e  above the  

C(1)  0 ( 6 )  C(8) 0 ( 5 ) p l a n e  as  C(7) i s  below i t .  From 

T ab le  18a t h e s e  d i s t a n c e s  a re  found to  be 0 . 7 2 $  and 0.45A 

r e s p e c t i v e l y ,  p r o v i n g  t h a t  0(7)  i s  s i t u a t e d  n e a r e r  to  th e  

mean p l a n e  t h a n  i n  the  i d e a l  model. An i d e n t i c a l  argument 

a p p l i e s  t o  th e  f a c t  t h a t  0 ( 9 ) ,  f rom Table  1§b, i s  s e e n  t o  

l i e  0 . 7 1 $  above th e  0 (1 )  0 (2)  C(l|) 0 (5 )  p lan e  whereas  0 (3 )  

i s  0 . 5 1 $  below i t .

( i v )  I n  th e  i d e a l  b i c y c l o  ( 3 , 3 , 1 )  nonane sy s te m  p la n e  

0 ( 1 1 )  0 ( 1 )  0 ( 9 )  0 ( 5 )  0 (10 )  i s  p a r a l l e l  to  p l a n e s  0 ( 2 )  0 (3 )  

C(U) and 0 (6 )  0 ( 7 )  0 ( 8 ) .  The e q u a t i o n s  of t h e s e  p l a n e s  

were c a l c u l a t e d  and th e  i n t e r p l a n a r  a n g le s  d e r i v e d .  The 

f i v e - a t o m  p l a n e  makes an ang le  o f  163° w i th  p l a n e  0 ( 2 )  0 (3)  

C(l+), and of  162° w i t h  p la n e  0 (6 )  0 ( 7 )  0 ( 8 ) .  T h is  a g a i n  

p o i n t s  t o  t h e  f a c t  t h a t  t h e r e  i s  a f l a t t e n i n g  o f  t h e  r i n g s

a t  0 ( 3 )  and 0 ( 7 ) .

The r i n g s  a r e ,  o f  c o u r s e ,  f l a t t e n e d  t o  th e  same e x t e n t  

a t  0 ( 3 )  and a t  0 ( 7 ) .  Th is  i s  shown by the  f a c t  t h a t  0 (3 )  

i s  d i s p l a c e d  by 1. 5UA from th e  0 (11)  0 (1 )  0 ( 9 ) 0 ( 5 )  0 (10)  

p l a n e ,  v/hereas 0 ( 7 )  i s  s i t u a t e d  th e  i n s i g n i f i c a n t l y  d i f f e r e n t  

d i s t a n c e  o f  1.50A on th e  o th e r  s i d e  of  the  p l a n e .  These 

v a l u e s  a r e  t a k e n  f ro m  Table  1^c. T h is  f a c t  i s  a l s o  p roved

by t h e  n e a r - e q u a l i t y  o f  th e  a n g le s  mentioned i n  ( i v )  above*
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The p o s s i b i l i t y  a l s o  e x i s t s  t h a t  some d i s p l a c e m e n t  from 

i d e a l i t y  m igh t  t a k e  p l a c e  by a sideways movement o f  0 ( 2 )

0 ( 3 )  G(b)  and C(6)  0 ( 7 ) 0 (8 )  i n  o p p o s i t e  d i r e c t i o n s  and 

p a r a l l e l  t o  the  p l a n e  d e s c r i b e d  i n  T ab le  1^|c. I f  t h i s  were 

th e  c a s e  t h e r e  would be a marked d i f f e r e n c e  between the  

C(2) -  C(6)  and the C(li) -  C(8) non-bonded d i s t a n c e s .  T ab le  

13 shows t h a t  b o th  t h e s e  d i s t a n c e s  a re  3 . 6 5 A, so t h a t  t h i s  

ty p e  o f  d e v i a t i o n  i s  no t  a p p r e c i a b l y  in v o lv e d  i n  the  r e l i e f  

o f  s t r a i n .

R e c e n t l y  t h e  r e s u l t s  o f  th e  x - r a y  a n a l y s i s  o f  

3 - a z o b i c y c l o  ( 3 , 3 , 1 )  nonane hydrobromide (D ob le r ,  1 9 6 3 ) have 

become a v a i l a b l e , ,  The c a t i o n  of  t h i s  s t r u c t u r e  c o n s i s t s  

of  t h e  b a s i c  s k e l e t o n  of  th e  b i c y c l o  ( 3 , 3 , 1 )  nonane sys tem  

w i t h  a n i t r o g e n  atom s u b s t i t u t e d  f o r  C(3)-

D o b l e r ' s  measurements  and c o n c l u s i o n s  a g re e  w i t h  th o s e  

d i s c u s s e d  above.  The m olecu le  a d o p ts  a t w i n - c h a i r  

c o n f o r m a t i o n  and th e  c h a i r s  a re  d i s t o r t e d  from i d e a l i t y  by a 

f l a t t e n i n g  of  t h e  r i n g s  a t  0 (7 )  and the  n i t r o g e n  atom.

He found  t h a t  t h e  a v e rag e  va lency  a n g le  a t  0 ( 2 ) ,  0 ( 4 ) ,

0 ( 6 ) ,  0 ( 7 ) ,  0 ( 8 )  and N i s  113° and t h a t  th e  N -  C(7) 

s e p a r a t i o n  i s  3.1 A l e a d i n g  to  a hydrogen-hydrogen  d i s t a n c e  

of  1.8A. There i s  no l a t e r a l  d i s p l a c e m e n t  f rom i d e a l i t y  

o f  N and 0 ( 7 )  p a r a l l e l  t o  the  0 (1 )  C(h) 0 ( 9 ) p l a n e ,  and 

th u s  no s t e r i c  s t r a i n  i s  r e l i e v e d  i n  t h i s  manner.
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R e f e r r i n g  a g a i n  t o  Table  18, i t  was c a l c u l a t e d  t h a t  th e

a n g le  i n  BRCXS be tw een  p l a n e  (a)  and p la n e  (b)  was 113*“4 t h a t

b e tw ee n  p l a n e  ^a) and p l a n e  ( c ) ,  1 2 4 ° and t h a t  be tw een  p l a n e

(t>) and p l a n e  ( c ) ,  a l s o  1 2 4 ° .

The e q u a t i o n  of  the  mean p l a n e  o f  the  benzene r i n g  and

t h e  s u l p h u r  and bromine atoms was c a l c u l a t e d  as w i t h  a l l

p r e v i o u s  p l a n e s  by t h e  method of  Schomaker e t  a l .  (19 5 9 ) ,

The d e v i a t i o n s  f rom  th e  p la n e  a re  l i s t e d  i n  T ab le  18d,  b u t

no no o f  them can  be t a k e n  as s i g n i f i c a n t .

E a r l i e r  i t  was mentioned t h a t  a d e c i s i o n  as t o  s i t e

o ccupancy  o f  atoms 0 ( 1 )  and 0 ( 1 r ) would be made when

r e f i n e m e n t  was com p le ted .  The f i n a l  F0 map gave peak
.o3

h e i g h t s  o f  5 .5 3  and 3 .5 4  e l e c t r o n s  /A  f o r  t h e s e  two a toms,

r e s p e c t i v e l y .  The c o r r e s p o n d in g  f i g u r e s  f rom  an  F0
.o3

s y n t h e s i s  were  5 .2 8  and 3 .4 6  e l e c t r o n s  /A  . These r e s u l t s

i n d i c a t e  t h a t  t h e  d i s o r d e r  i s  ve ry  n e a r l y  random.
^ 0 The a v e ra g e  l e n g t h  of  th e  sp ^ -c a rb o n -o x y g e n  bond i s  1.48A

w hich  i s  i n  ag reem en t  w i t h  th e  v a lu e  o f  1.46$. o b t a i n e d  f o r  

5 - b r o m o g r i s e o f u l v i n ,  d e s c r i b e d  e a r l i e r  i n  t h i s  t h e s i s .

The mean c a r b o n - c a r b o n  d i s t a n c e  i n  th e  benzene r i n g ,  

1 .3 8 $ ,  and th e  sp3- c a r b o n - s p 3- c a r b o n  bond l e n g t h ,  1 .5 4 $ ,  a r e  

b o th  i n  a c c o r d  w i t h  e x p e c te d  v a lu e s .

The a ro m a t i c  c a rb o n —bromine bond l e n g t h  o f  1 • 87$ i s  i n  

f a i r  a g reem en t  w i t h  th e  g e n e r a l l y  a c c e p t e d  v a lu e  o f  a b o u t
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1 . 9 0 $ .  I n t e r n a t i o n a l  T ab les  f o r  C r y s t a l l o g r a p h y  Vol. I l l  

(1962h)  q u o te  t h i s  va lue  as 1 .85 $ ,  b u t  more r e c e n t  p a p e r s  on 

f u l l  t h r o e —ciim ens ion.nl r e f in e m e n t  g ive  v a lu e s  c o n s i d e r a b l y  

i n  e x c e s s  o f  t h i s .  K s r th a  ( 1 9 6 4 ) found a v a lu e  of  1 .9 2 $  

f o r  t h i s  bond l e n g t h  i n  the a n a l y s i s  of  m o r e l l i n  p-bromo- 

b e n z e n e s u l p h o n a te  end Gemrrk.ll and Sim (1 9 6 4 ) have o b ta in e d  a 

d i s t a n c e  o f  1 .9 1 $  i n  the  same e s t e r  o foA -cn ryo p hy l lo n e  

a l c o h o l .  I n  any e v e n t ,  t h i s  bond l e n g t h  i s  a d i f f i c u l t  one 

t o  a s s e s s ,  s i n c e  the- p o s i t i o n  of  C (15) ,  b e in g  bonded to  the  

bromine  a tom, i s  i n a c c u r a t e  due t o  d i f f r a c t i o n  e f f e c t s  o f  the  

l a t t e r  atom.
0

The a r o m a t i c  c a rb o n - s u lp h u r  bond l e n g t h  i s  1 .72A and

a p p e a r s  t o  be c o n s i d e r a b l y  s h o r t e r  t h a n  1. 7 6 5 X found  i n

4 , 4 t ~ d i c h l o r o d i p h e n y l  su lphone  (Simc and Abrahams, 1 9 6 0 ) ,

b u t  c l o s e r  t o  the va lue  of 1. 7l& i n  z in c  p - t o l u e n e  su lp h o n a to

h e x a h y d r a t c  (H a rg re a v e s ,  1957)# The v a lu e s  g i v e n  by
0

K a r th a  (1964)  and Gemmell and Sim (1964) a re  1.76A and 
o

1 .75A r e s p e c t i v e l y .
0

The mean su lp h u r -o x y g e n  double  bond d i s t a n c e  i s  1.44A
0

and t h e  s u lp h u r - o x y g e n  s i n g l e  bond has a l e n g t h  of  1.57A.

T h is  i s  i n  good agrodment w i th  the  p a t t e r n  i n  p o ta s s iu m  

e t h y l  s u l p h a t e  whs re th^se  v a lu e s  a r e  1 .4 6 $  and 1 .6 0 $

r e s p e c t i v e l y .  ( T r u t e r ,  1958).  The t h e o r e t i c a l  s i n g l e  bond
o /-0l e n g t h  i s  1 .69A and t h i s  c o n t r a c t i o n  to  about  1 .6A can  be
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e x p l a i n e d  by p a r t i a l  doub le  bond c h a r a c t e r  o f  a fo r m a l  s i n g l e  

bond be tw een  the  oxygen and s u lp h u r  atoms which have d i f f e r e n t  

e l e c t r o n e g a t i v i t i e s ,  s i n c e  the  su lp h u r  atom can  form -flf- 

bonds u s i n g  i t s  3 d - o r b i t a l s .

C r u ic k s h c n k  (1961) has shown t h a t  the  Tf -  bond o rd e r  of

th e  s u l p h u r  -  s t e r  oxygon bond i n  p o ta s s iu m  e t h y l  su lp h a te
1 oi s  \  which  s h o u la  g ive  a bond l e n g t h  of  abou t  1.59A. In

a d d i t i o n ,  the  o t h e r  t h r e e  su lp h u r -o x y g e n  bond d i s t a n c e s  should

c o n t r a c t  f rom  t h e  doub le -bond  v a lu e  of 1 .49 $  t o  1 .4 6 $  s in c e

t h e  o t h e r  - r r  - b o n d in g  o r b i t a l  of su lp h u r  i s  s h a r e d  w i th  only

t h r e e  o f  the  f o u r  oxygens, g i v in g  th e s e  bonds an o r d e r  o f

% = 0*58. He g iv e s  a u s e f u l  e m p i r i c a l  r u l e  t h a t  tho

a v e r a g e  s u l p h u r - o x y g e n  bond l e n g t h  i n  the  s u l p h a t e  and
o

r e l a t e d  g roups  i s  1.49A, b u t  t h a t  any s u lp h u r -o x y g o n  bonds

w hich  i n v o l v e  a l i n k a g e  of  oxygen t o  a n o th e r  atom may

l e n g t h e n  by amounts up t o  about  0 . 1 5 $ w i th  a c o r r e s p o n d i n g

c o n t r a c t i o n  of  th e  o th e r  s u lp h u r -o x y g e n  bonds so as  to

p r e s e r v e  t h e  a v e r a g e .

I n  th e  case  of  BROS th e  average  bond l e n g t h  i s  1 .4 8 $
0

and i n d i v i d u a l  bonds are  expanded t o  1.57A ana c o n t r a c t e d  

to  1.44A i n  a c c o rd a n c e  w i th  the  above th e o r y .

I t  m ight  be t em p t in g  to  conc lude  t h a t  some s o r t  of  

quinOnoid  e l e c t r o n i c  s t r u c t u r e  was p r e s e n t  i n  the>-t>romo- 

b e n z e n e s u lp h o n y lo x y -  p a r t  of the  m olecu le  s i n c e  the  f o l l o w i n g
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"boncis havo l e n g t h s  somewhat s h o r t e r  t h a n  s tandard ,  va 'lues -  

8 -  C (1 2 ) ,  C(13) -  CC11+), C(16) -  C(17) and 0(15)  -  Br,

perhaps s u g g e s t in g  resonance o f  the form -
? 0  
I 0. 0

8

■>

Br B r ^
The e l e c t r o n e g a t i v i t y  o f  the  s u lp h u r -o x y g a n  doub le  bond

i s  w e l l  known. The l i n e a r i t y  o f  the  N-me th y  1-2 ^ - d i m e t h y l -

s u l p h o n y l  v i  ny 1 i  d i  no ami no a nd N-m<_ t  hy 1- 2 -  mo t  hy 1 s u lpho ny 1-2 -

p h e n y l s u l p h o n y l v i n y l i d i n e a m i n t  m o lecu les  has been  s a i d  t o

be due t o  th e  e l e c t r o n - a t t r a c t i n g  power o f  t h i s  bond a c t i n g

as i n  t h e  fo rm ulae  above,  (w h e a t ley ,  i 9 5 U . , Bullough

and W h ea t ley ,  1957).

I n  p u r s u i n g  t h i s  p o i n t  th e  s a f e s t  bond d i s t a n c e  to

examine i s  t h a t  be tween s u lp h u r  and bromine which has th e

s m a l l e s t  e . s . d .  « 0  .01 A). The c a l c u l a t e d  v a lu e  f o r  t h i s

d i s t a n c e  i s  6.1 |l jl  based  on s t a n d a r d  v a le n c y  bond l e n g t h s .

The e x p e r i m e n t a l  v a lu e  -  6.31& -  i s  s i g n i f i c a n t l y  s h o r t e r

t h a n  t h i s .  I f  such an e f f e c t  does e x i s t ,  i t  i s  u n l i k e l y
0

t h a t  i t  c o u ld  cause  a. c o n t r a c t i o n  of as much as  0 . 1 3A, and 

i t  a p p e a r s  t h a t  t h e  magnitude of  t h i s  must be due to  e r r o r s  

i n h e r e n t  i n  t h e  d a t a .
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The iv is  no s ign  of t h i s  phenomenon in  the re s u l t s  of 

c i t h e r  Kart ha (I96h) or G-emmell and Sim (1 9 6b) mentioned, 

c u r l i e r  i n  t h i s  suc t ion ,  al though i t  '.1 up ears  to  "be p resen t  

to  a much l e s s o r  ex ten t  in  the molecule of k > k ' -d ic h lo r o -  

d ipheny l  sulphone. (dime and Abrahams, i 9 6 0 ).

Thu in tf trmolccular  non-bondod d is tances  l i s t e d  in  

Table 11*. a l l  correspond to normal van der W&als* separa t ions  

w ith  the excep t ion  of those between 0(h) and 0(1* ) j  and 

between 0(3) and 0 (1 ) j  which have values of 2 .81A and 

2 . 8 7 $ r e s p e c t iv e ly ,  and which must rep resen t  hydrogen- 

bonding. This i s  confirmed by the f a c t  th a t  the average 

of the  angles S -  0(3) -  0 (1 ) j ,  C(9)j -  ° ( 1)p -  0 (3 ) ,

S -  0 (14) -  0 ( 1 ' ) !  and 0 (9 )x -  0(1 ’ ) x -  0(U) i s  103° -  f a i r l y

c lo se  to  the t e t r a h e d r a l  angle.  Hargreaves (1957) found

hydrogen bond lengths  in  the range 2.73-X to  2.82A in  zinc 

p - to luene  sulphonatu hoxahydrate. This is  in  sen s ib le  

agreement w ith  the sulphur-oxygen double bond-hydroxyl 

hydrogen bond lengths  quoted above.

The 0(3) -  S -  0(h) bond angle of 11h° i s  s i g n i f i c a n t l y

g r e a t e r  than t e t r a h e d r a l .  This may well  be due to  van dcr 

v-7aals* r e p u ls iv e  fo rces  operat ing  between 0(3) nna 0(h) 

which have a s e p a ra t io n  of only 2.h2$. This conforms to  

a g ene ra l  p a t t e r n  in  sulphonyl and r e la te d  groups, the mean 

0 -  S -  0 angles in  both zinc p-to luene sulphonetc hoxahydrate 

(H argreaves , 1957) and potassium e th y l  sulphate (T ru te r ,  1958) 

being  113°.



TABLE 10 

BROS.

C ourse  of  s t r u c t u r e  a n a l y s i s  and r e f in e m e n t

O p e r a t i o n  

2D P a t t e r s o n  s y n t h e s i s

Atoms i n c lu d e d R(«) \  w/y*

3D II ti - - -

1 s t 3D F o u r i e r  S y n t h e s i s Br+S+2(C) 4 1 .4 -

2 nd 3D ii it Br+S+17(C)+4(0) 27* 2 -

3 rd 3D ti if Br+S+1 7 (C)+3 ( 0 )+2 ( 0 ) 0 . 5 2 4 . 8 -

4 t h  3D it if Br+S+17 ( c ) +3 ( 0 )+0q̂  6+Oq^4 2 3 . 1 -

5 t h 3D ii ii Br+S+17 ( C)+ 3 ( 0 ) +Oo#3 5 +O0 . 4 5 2 0 . 9 -

6 t h 3D ti ii Br+S+17 (C )+3(0)+2(0) 2 0 . 1 -

1 s t L e a s t S q u a re s  Cycle  (w-j) Br+S+17(C)+3(0)+2(0) 19.5 1 2 2 5

2nd II ii ii it 1 8 .4 1186

3 rd II ii ii 11 15.9 906

4 t h II , it it 14.1 730

5 t h tl ii ii it 1 3 .4 662

6 t h If ii ii 11 13.1 635

7 t h tl ii ii ti 1 2 . 9 620

8 th L e a s t S q u a re s  Cycle  (W2 ) 1 3 .0 417

9 th i» 11 11 ti 1 2 . 9 393



TABLE 11 

BROS.

Atomic C o o rd in a te s  

x / a

0.5149 

0 . 7 0 1 1  

0.6584 

0.5351 

0.3523 

0.1974 

0.2590 

0.3631 

0 .4 2 0 6  

0,2597 

0,5763 

0.8198 
1.0083 
1.0827 
0.9715 
0.7836 

"0.7077 

0.2564 
0.5677
0 .6 5 4 9

0.8779 
0.5613 
0 .7268  

1.0781

,y/h

0.4307

0.3530

0.2407

0.1692

0 ,2486

0.3103

0.4079

0.4984

0.3481

0.1645

0.5247

0.7893 
0.7481 
0.8101 
0.9188 

0 . 9 6 5 1  

O. 9 0 2 4

0.4259
O. 2 9 0 4  

0. 6126 
0.6643 
0.7954 
0.7162 

1 .0024

0.2186 

0.1666  

0.0483 

0 . 0 5 7 2

0.1132

0 .015 0

- 0.0068

0.1238

0. 241 8

0.1394

0.3525

0.3964
0.3809
0.3434
0.3141
0.3352
0.3764
0 , 2 9 8 4

0.3390
0.3308
0.5518
0.5111
0 .4600

0,2532



TABLE 12 

BROS.

I n t r a m o l e c u l a r  Bonded c l i s tan c e s  (%)

C(1 ) • « • 0 ( 2 ) 1 . 57 0 ( 9 ) . . .  0 ( 1 ' ) 1 . 49

0 ( 1 ) • • • 0 ( 8 ) 1 . 55 0 ( 1 1 ) . . .  0 (2 ) 1 . 48

0(1  ) • • • 0 ( 9 ) 1.51 0 ( 1 2 ) . . .  s 1 .72

0 ( 1 ) • • • 0 ( 1 1 ) 1 . 5 2 0 ( 1 2 ) . . .  0 (13) 1 . 3 8

0 ( 2 ) • • • 0 ( 3 ) 1 .52 0 ( 1 2 ) . . .  c (17) 1 .43

0 ( 3 ) •  0 c ( 4 ) 1 .48 0 (13)  . . .  0 (14) 1 .30

0(4) • 1 • 0 ( 5 ) 1 .5 8 0(14 )  . . .  0 (15) 1.42

0 ( 5 ) •  * * 0 ( 6 ) 1 . 5 4 O VJ
7

• • • o —X as 1 . 4 0

0 ( 5 ) • • • 0 ( 9 ) 1 .53 0(15)  . . .  Br 1 .8 7

0 ( 5 ) • • • 0 (10 ) 1 . 5 4 0 ( 1 6) . . .  0(17) 1 . 3 4

0 (6 ) •  • « 0 ( 7 ) 1.51 0(2)  . . . S 1 .57

0 ( 7 ) • * • 0 (8 ) 1 .57 0(3)  . . .  3 1 .43

0 ( 9 ) » • • 0 ( 1 ) 1 .47 0(4)  . . .  s 1 .45



TABLE 13

BROS.

I n t r a m o l e c u l a r  non-frondud d i s t c n c c s  (A) (<Ua )

C
C
C
0
c
c
c
c
c
G
C
c
c
c
c
c
c
c
c
c
c
c
G
c
G
C
G
C
G
C
C
C
G
G
C
0
c
c
c
G
C
C
G
G
C

CMO)

c m )

CMO)

C(10)

2 . 6 0
2 .5 8
2 . 9 7
2 .9 7  
2 . 5 1
3 .87  
2 . 14 2 
3.86 
2 . 4 0  
2.1+3 
3 .23  
2 .5 4
3.65
2 .99  
2.61
2 . 5 2
2 . 5 3
2 .95
3 .79
2 .8 7  
3.06 
3M9
2 .5 7  
3.21
3 .87  
2 . 9h  
3 .89  
3 .38  
3 .18
2 . 5 8
3.65
2 .53
2 .53  
3 .85 
2. 92
2 .5 7
2 .9 9  
3 .82  
2 . 2+8 
2.U7
2 . 5 8
2 . 5 0
2 . 50  
2 . 9 1  
3.82

3.88
2.95
3.91
3 .39  
2 . 50  
2 .5 0
2 .83
2 .8 4  
3.81
2 . 5 2
2.U3
3.72
2 .97  
2 .93
3.91
2 . 9 8  
3 .0 6  
2 . 5 6  
2.75
2 .79
2 .7 3
2 .3 9  
2 . 3 2  
2.51 
2 .59  
2 .62
2 .3 7  
2 .78  
2.  hh  
2 . 7 0  
2 . h h  
2 . 86  
2 .7  6 
3 .9 0
2 .3 7  
2 . 6 k
3 .95  
3 .45
3 .7 9  
2.9U 
2 . 7 0  
2 . 1+1 
2 . 1+6 
2 . h i  
2 . 2+2



TABLE 1 k 

BROS.
0 0

I n t e r m o l c c u l a r  d i s t a n c e s  (A) (^ -A )

0 ( 4 ) . . .  0 ( 1 ' ) j 2 . 8 1 0 ( 3 )  . . .  0 ( 3 ) y i 3 . 7 3

0 ( 3 ) . . .  0 ( 1 ) j 2 . 8 7 0 ( 4 )  . . .  0 ( 1 ) X 3 . 7 3

0 ( 1 4 ) . . .  0 ( 4 ) j j 3 . 4 0 0 ( 1 2 )  . . .  Bry 3 . 7 6

0 ( 1 0 ) . . .  B r m 3 . 4 6 0 ( 6 )  . . .  C ( 1 5 ) v u 3 . 7 6

0 ( 1 6 ) . . .  0 ( 4 ) j y 3 . 5 5 0 ( 9 )  . . .  0 ( 4 ) i 3 . 7 7

C (1 7 ) . . .  0 ( 4 ) j y 3 . 5 6 0 ( 1 5 )  . . .  0 ( 1 7 ) y 3 . 7 8

0 ( 1 1 ) . . .  0 ( 1 ) j 3 . 5 9 0 ( 9 )  . . .  0 ( 3)1 3 . 7 8

0 ( 1 0 ) . . .  0 (4 ) ] ; 3 . 6 2 0 ( 4 )  . . .  Bry 3 . 7 9

0 ( 1 0 ) . . .  0 ( 3 ) l 3 . 6 3 0 ( 1 7 )  . . .  Brv 3 . 8 0

0 ( 1 6 ) . . .  c ( i 4 ) v 3 . 6 4 0 ( 6 )  . . .  C ( 1 4 ) y j i 3 . 8 2

0 ( 2 ) . . .  0 ( 3 ) v i 3 . 6 6 0 ( 3 )  . . .  Bry 3 . 8 3

0( 11) . . .  0 ( 1 ' ) j 3 . 6 7 0 ( 7 )  . . .  0 ( 7 ) y m 3 . 8 4

0 ( 1 3 ) . . .  0 ( 1 ) j j 3 . 6 7 0 ( 7 )  . . .  0 ( 2 ) y j j 3 . 8 4

0 ( 1 5 ) . . .  C(1 6 ) y 3 . 6 7 0 ( 1 5 )  • • •  C ( 1 5 ) y 3 . 8 4

s  . . . 0 (1 * ) 1 3 .  68 S . .  - Bry 3 . 9 4

s . . . 0 ( 1 )  J 3 . 7 0 0 ( 8 )  . . .  0 (8 ) , y j j 3 . 9 9

0 ( 1 3 ) . . .  0 ( 1 ' ) v i 3 . 71 0 ( 7 )  • • •  0 ( 1 3 ) vx1 3 . 9 9

0 ( 3 )  .. . .  0 ( 1 ' ) J 3 . 7 2 0 ( 1 3 )  . . .  0 ( 4 ) j x 3 . 9 9

The s u h s o r i p t s  r e f e r  t o  th e  f o l lo w in g  p o s i t i o n s :

I  -1 Xf -1 -  y, 1 -  fc V - x ,  - y ,  1 -  z

I I  x  + 1,  y ,  z VI -x, -1 -  y, 1 -  z

I I I  x -* 1 ,  y -  1, z v i l  - “l -  x ,  -1 -  y>

IV -1 -  x ,  - y ,  1 -  z V I I I  - a  -  X, -1 -  y,

- z

- z



TABLE 15 

BROS. 

Valency Angles

C ( 1 ) C ( 2 ) C ( 3 ) 113

G( 2 ) G( 3 ) C ( I + ) 1 1 6

C ( 3 ) C ( l + ) C ( 5 ) 115

c ( i + ) c  ( 5  )G(  6 ) 112

C ( U ) C ( 5 ) C ( 9 ) 109

c ( i + ) c ( 5 ) c ( i o ) 109

c ( 1 0 ) c ( 5 ) c ( 6 ) 109

G ( 1 0 ) c ( 5 ) c ( 9 ) 1 1 0

C ( 6 ) C ( 5 ) C ( 9 ) 109

c ( 5 ) c ( 6 ) C ( 7 ) 115

C ( 6 ) C ( 7 ) G ( 8 ) 1 14

C ( 7 ) C ( 8 ) C ( 1 ) 112

C ( 8 ) C ( 1 ) C ( 2 ) 113

C ( 8 ) C ( 1 ) C ( 9 ) 1 1 0

0 ( 8 ) C ( 1  ) C ( 1 1 ) 109

C ( 2 ) C ( 1 ) C ( 9 ) 109

C ( 2 ) C ( 1  ) C( 11  ) 1 1 0

C ( 9 ) C ( 1 ) C ( 1 1 ) 106

C ( 1 ) C ( 9 ) C ( 5 ) 111

G ( 1 ) C ( 9 ) 0 ( 1 ) 107

0 ( 1  ) 0 ( 9 ) 0 ( 1  ’ ) 108

C ( 5 ) C ( 9 ) 0 ( 1  ) 111

c ( 5 ) c ( 9 ) o ( 1 ' ) 110

0 ( 1 ) c ( 9 ) 0 ( 1 ' ) 109

C(1 )C(11 ) 0 ( 2 ) 107

C(11 ) 0 ( 2 )  S 1 14
0 ( 2 )  S C(12) 100

0 ( 2 )  3 0 ( 3 ) 110

0 ( 2 )  S 0(1+) 110

0 ( 3 )  S 0 ( 1 2 ) 111

0(1+) S 0 ( 1 2 ) 111

0 ( 3 )  S 0(1+) 114

S 0 ( 1 2 ) 0 ( 1 3 ) 121

S 0 ( 1 2 ) 0 ( 1 7 ) 118

0 ( 1 7 ) 0 ( 1 2 ) 0 ( 1 3 ) 120

0 ( 1 2 ) 0 ( 1 3 ) 0 ( 1 1 + ) 120

C(13)C(11+)C(15) 121

C(11+)C(15)C(16) 120

0(11+)0(15)  Br 120

0 ( 1 6 ) 0 ( 1 5 )  Br 120

0 ( 1 5 ) 0 ( 1 6 ) 0 ( 1 7 ) 119

0 ( 1 6 ) 0 ( 1 7 ) 0 ( 1 2 ) 119



TABLE 16

S ta n d a rd  d e v i a t i o n s  o f  th e

Atom

C(1) 0 .0 1 8

0 ( 2 ) 0 .0 1 9
0 ( 3 ) 0 .023

o(b) 0.021

0(5) 0 .0 1 7

0(6) 0 .0 1 8

0(7) 0 . 021

0(B) 0 .0 1 9

0(9) 0 .0 18

0 (1 0 ) 0 .0 2 0

0(11 ) 0 .022

0 ( 1 2 ) 0 .0 1 7

0 ( 1 3 ) 0 .0 2 0

c ( i i O 0 .0 2 2

0 (1 5 ) 0.021

0 ( 1 6 ) 0.021

0(1 7 ) 0.021

0 (1 )  • 0 .0 2 2

0 ( 1 ’ ) 0 . 0 2 9

0 ( 2 ) 0 .012

0 (3 ) 0 .015

0(b) 0 .015
s 0 .0 0 5

Br 0 .0 0 3

BROS.

f i n a l  a tom ic  c o o r d i n a t e s  ( a)

c d x l < r(? )

0 .017 0 .018

0 .019 0 .020
0 .0 2 0 0 .023

0 .01 7 0 .020

0.016 0 .019

0 .01 8 0 .0 2 0

0 .0 1 7 0.021

0.016 0 .018

0.015 0 .017

0 .017 0.021

0 .017 0.021

0 .015 0 .016

0 .01 7 0.023

0.019 0 .022

0 .017 0.023

0.018 0.019

0 .018 0 .018

0.021 0.022

0.021+ 0.026

0.010 0 .012

0.012 0 .013

0.011+ ' 0 .016

0.001+ 0.005

0.002 0 .00 3



TABLE 17 

BROS*

A n i s o t r o p i c  tom p erc . tu re - fc .c to r  p a ram ete rs  ( lO^bi- j ) .

Atom E ll t>22 *>33 6 2 3 E q * 1 2

0 ( 1 ) 3753 1178 1144 1 CO -^
1 1340 - 2 2 6 8

0 ( 2 ) 31 oi+ 1469 1648 516 1164 -1071

0 (3 ) 5153 1289 2 0 6 2 -307 2796 -1427

c(i+) 3475 1040 1800 1113 1072 533

0( 5 ) 21+90 1156 1540 9 6 2 371 -1088

c ( 6 ) 2685 1571+ 1906 1316 459 -1748

0 (7 ) L961 1 1 1 3 1764 946 437 -1674

C(8) 391+1 1 1 0 3 941 179 1 0 0 9 -1809

C(9) 3362 858 923 356 -73 -1238

C(10) 1+035 917 1893 2 2 3 8 6 0 -1549

C (11 ) 61+90 1039 1659 401 491 -3207

C(12) 311+6 868 1060 745 1637 -530

0 (1 3 ) 3317 1085 2854 1404 456 -1459

C(14) 1+329 1038 2111 7 2 0 2002 157

0 (15) 5108 942 2 2 9 3 1 9 6 268 -3291

0(16) 501+7 1580 1525 1 9 9 6 1590 -987

0 (1 7 ) 4727 1403 1121 1183 1028 -1245

0 ( 1 ) 2633 976 1066 2 2 1 1269 -984

0 ( 1 ' ) 5029 1250 1321 9 2 9 -346 -1224

0 ( 2 ) 5522 1200 1434 373 905 -3745

0(3 ) 5234 1 644 1438 1242 332 - 2 2 2 8

0 ( 1 + ) 4486 1 7 0 2 2451 414 2403 -1283

s 3780 1 049 1031 162 865 - 1 9 1 0

Br 5388 1458 1668 679 1485 -2743



TablelS BROS

P i n a l  observed and 'ca l cu l a t e d  va lues  of  
the  s t r u c t u r e  fa c tor s#





TABLE 19
m w « i  K am i , ,  .

BROS,
. c

i t  i o n s  (A) of  Atoms from mean p l a n e s  

a )  P l a n e  d e f i n e d  L.v C(1

Devi.

t>)

Atom D e v i a t io n Atom D e v i a t i o n

C(1) 0 .00 0(5) 0 .0 0

0 ( 8 ) 0 .00 0(9) - 0 .7 2

0 ( 6 ) 0 .0 0 0 ( 7 ) +0.1*5

Plano d e f i n e d  by C(1 )C(2)C(U)C(5)

Atom D e v i a t i o n Atom D e v i a t io n

0 (1 ) -0 .0 1 0 (5 ) +0.01

0 ( 2 ) +0.01 0 (9 ) +0.71

C(U) -0 .01 0 (3 ) -0 .51

c) P l a n e  d e f i n e d  by 0(11 )C(1 )C(9)C(5)C(10)

Atom D e v i a t i o n Atom D e v i a t io n

C(11) 0 .0 0 0 (2 ) +1.32

0 ( 1 ) 0 .0 0 0 (6 ) - 1 . 2 8

0 ( 9 ) -0 .01 0 (7 ) - 1 . 5 0

0 ( 5 ) 0 .0 0 0 (8 ) - 1 . 2 9

0 (1 0 ) +0.01 0 ( 1 ) -1.21
c(i+) +1.30 0 ( 1 ’ ) +1.21

0 ( 3 ) +1.5U

P la n e rln f inod  bv Cfl 2 )C(1 3)C(1 U)0(1 5)C(1 6)C(1Z)S

Atom D e v i a t i o n Atom D e v i a t io n

C(12) - 0 . 0 6 0 ( 1 6 ) +0.02

0 ( 1 3 ) -0 .0 1 0 ( 1 7 ) 0 .0 0

0(11+) +o. 03 s +•0 , 0 3

0 (1 5 ) 0 .0 0 Br 1 0 • 0 _v



P A R T  IV

THE STRUCTURAL AND STEREOCHEMICAL

DETERMINATION OF SIMAROLIDE



CH, k0*

M e g l M e,

M e

S IM A R O L ID E  M  -  IO D O B E N Z O A T E  

O M e

.M e

M e

in
Q U A S S IN

oc

3T
L IM O N IN

M e

M eM eHO,

H
S IM A R O L ID E

H O '

E U PH O L

■OH

SL
G ED U N IN

F ig .  21



~ 75 -

k m (1 )  • I n t  r o d u c t i  on.

S i m a r o l i d e  i s  a " b i t t e r  p r i n c i p l e  which has been  

i s o l a t e d  f rom  th e  "bark of  a t r e e  of  th e  Simaruba amara f a m i l y  

which  grow i n  B r a z i l  (Po lonsky ,  1959) .  Many compounds 

o b t a i n e d  f ro m  t h i s  f a m i ly  of  t r e * s  have found a p p l i c a t i o n  as  

d r u g s .  They have been  used  as cu res  f o r  d y s c n t r y ,  as  

f e b r i f u g e s  and as  t o n i c s .

P r i o r  t o  t h i s  x - r a y  i n v e s t i g a t i o n  n o t  much was known 

a b o u t  the  s t r u c t u r e  of s i m a r o l i d e .  Po lonsky  (1959) had 

found  t h a t  t h e r e  were no c a rb o n -c a rb o n  doub le  bonds and 

n e i t h e r  m ethoxy l  or  e t h o x y l  groups were p r e s e n t .  She was 

a b l e  t o  p rov e  the  p re sen c e  of the  f o l l o w in g  f u n c t i o n a l  g roups  ■

( a )  a n  a c e t o x y l  group s i n c e  a l k a l i n e  h y d r o l y s i s  f u r n i s h e d  

a c e t i c  a c i d ,

(b )  a h y d r o x y l  group which was i d e n t i f i e d  s p e c t r o s c o p i c a l l y  

and by f o r m a t i o n  of  th e  c o r r e sp o n d in g  a c e t a t e ,

( c )  a  - l a c t o n e  which was shown to  be p r e s e n t  by i n f r a - r e d  

m easurem ents  and by q u a n t i t a t i v e  s a p o n i f i c a t i o n  w i th  p o ta s s i u m  

h y d r o x i d e ,

(d )  'a masked c a r b o n y l  g roup ,  which only d i s p l a y e d  

c h a r a c t e r i s t i c  p r o p e r t i e s  a f t e r  p ro lo n g ed  a l k a l i n e  h y d r o l y s i s *

She a l s o  concluded  t h a t  the  g r o s s  m o le c u la r  fo rm u la  was

( c3 \ 0 ) 9*
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The f i r s t  d e r i v a t i v e  on which work was done was the  

m - io d o b o n z o a to , o b ta in e d  by e s t e r i f y i n g  th e  h y d ro x y l  group 

o f  s i m a r o l i d e .

As w i l l  be e x p la in e d  l a t e r ,  i t  became n e c e s s a r y  t o  

a t t a c k  the  s t r u c t u r a l  problem u s i n g  a n o th e r  heavy a to m  

d e r i v a t i v e ,  and the h - i o d o - 3 - n i t r o b e n z o a t c  was s u p p l i e d  

by Mme. P o lo n sk y  i n  t h i s  c o n n e c t io n .

So as  t o  be s p e c i f i c  i n  i d e n t i f y i n g  atoms i n  the  c o u rse

o f  t h e  a n a l y s i s ,  the  f i n a l  s t r u c t u r e  and a b s o l u t e

s t e r e o c h e m i s t r y  ( I )  and the c o n v e n t io n a l  numbering sys tem  o f

s i m a r o l i d e  m - iodobenzoa te  a r e  shown i n  P ig .  21.

a ) X - r a y  a n a l y s i s  of s im a ro l id e  m -iodobenzoa te .

M2).  E x p e r i m e n t a l .

The u s u a l  p h o to g rap h s  were t a k e n  u s i n g  copper  -  

( ^  ss 1.5h-18A) and molybdenum -  = 0 .7107$)  r a d i a t i o n s .

The u n i t  c e l l  p a ra m e te r s  were e s t a b l i s h e d  f rom  p r e c e s s i o n  

p h o t o g r a p h s .

The i n t e n s i t y  d a t a  were c o l l e c t e d  under  t h e  same 

e x p e r i m e n t a l  c o n d i t i o n s  a s  o b t a in e d  i n  the a n a l y s e s  d e s c r i b e d  

e a r l i e r .  Zero  l a y e r  and e q , u i - i n c l i n a t i o n  u p p e r - l a y e r  

W e is sen b o rg  p h o to g ra p h s  were r e c o rd e d  by r o t a t i n g  the  c r y s t a l  

a b o u t  i t s  u n iq u e  b - a x i s .  I n  t h i s  way r e c i p r o c a l  l a t t i c e  

n e t s  h o i ,  *------ , hl+l were r e g i s t e r e d .
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The i n t e n s i t y  v a lu e s  wore reduced to  | F 0 J! s as  i n  the  

cc.sc o f  5 - b r o m o g r i s e o f u l v i n  ( s e c t i o n  2 . ( 2 ) . )  and t h e n  p la c e d  

on th e  same s c a l e  by comparison  w i th  the  f i r s t  j Fc f v a lu e s .

I n  t o t a l ,  1 2 5 8 , independen t  o b se rv ab le  i n t e n s i t y  

e s t i m a t i o n s  were performed.

The c r y s t a l  d e n s i t y  was found by the  u s u a l  f l o t a t i o n  

t e c h n i q u e  u s i n g  p o ta s s iu m  io d id e  s o l u t i o n s  and m ethylene  

c h l o r i d e  -  c h lo r o f o r m  m ix tu r e s .

U - ( 3 ) .  C r y s t a l  D a ta .

0
-^39" O' ** M ~ 734.6

m o n o c l i n i c  a = 13.81 t  0.08A

b = 6 .57  i  0 .0 2 A 

c = 20 .16  i  0 .0 7 A 

A = 9U°27t
1 03

Volume of the  u n i t  c e l l  = 1,824A 

f o r  z = 2, D (O a lc u la t e d )  = 1 .3 4  g . / c c .

D(Observcd) s  1 .5 0  g . / c c .

P(000) =* 752
o

L i n e a r  a b s o r p t i o n  c o e f f i c i e n t  f o r  x - r a y s  ( X =  1.5M8A)
- 1

s  8 8 .7  cm.

S y s t e m a t i c a l l y  a b s e n t  r e f l e c t i o n s :  (oko) when k = 2n + 1 

As i n  th e  case  o f  5 - t ) ro m o g r i s e o f u lv in  i t  was decideo. 

t o  a s s i g n  th e  c r y s t a l s  t o  space  group P2>j r a t h e r  t h a n  to  

P2-j/m s i n c e  th e  molecule  i s  o p t i c a l l y  a c t i v e .
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The d i s c r e p a n c y  between the v a lu e s  f o r  th e  calculated  

and o b s e r v e d  d e n s i t i e s  w i l l  be: d i s c u s s e d  l a  t o r  *

L o c a t i o n  of the  Heavy Atom P o s i t i o n .

As e x p l a i n e d  in  s e c t i o n  2 . (A ) . ,  the  c h o ic e  of  o r i g i n  

a lo n g  th e  sc rew  a x i s  i n  space  group P2^ i s  a r b i t r a r y  and i t  

i s  c o n v e n i e n t  t o  p la c e  i t  h a l f  way between the  two io d in e  

a tom s.

The P a t t e r s o n  f u n c t i o n  f o r  space group P2-j i s  a l s o  g iv e n  

i n  s e c t i o n  2 .  (1+). end, s i n c e  t h e r e  i s  only one heavy atom i n  

th e  a sy m m e tr ic  u n i t  on t h i s  occas ion ,  t h e r e  i s  only  one peak  

t o  be l o c a t e d  from  th e  v e c t o r  map i n  o rder  to  e v a l u a t e  the  

i o d in e  c o o r d i n a t e s .

The h o i  P a t t e r s o n  p r o j e c t i o n  was computed and the  

e x p e c t e d  pe ak  showed up a t  u = 2 x j ,  w = 2 z j .  The maximum 

i s  marked T i n  the r e p r o d u c t i o n  of th e  map i n  P ig .  22.

The i o d i n e  c o o r d i n a t e s  o b ta in e d  were -  

x / a  =5 0 .3 0 6 7  y / b  = 0 . 2 5 0 0  3 / 0  = 0.1i |23

(5)♦ S o l u t i o n  of  the s t r u c t u r e .

The v a l u e  of  r  ( see  s e c t i o n  1 . ( 2 ) . )  i s  1 .2 2 .  This  

f a c t o r  i n d i c a t e d  t h a t  t h e r e  would bo a good chance of  a 

f a i r l y  low a v e ra g e  phase a n g le  e r r o r  i n  the p h a s in g  

c a l c u l a t i o n  employing  th e  i o d in e  p a ra m e te r s  a lo n e .
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An i s o t r o p i c  t e m p e r a tu re  f a c t o r  o f o C  = 3 . 0  was assumed 

f o r  t h i s  f i r s t  c a l c u l a t i o n  f o r  which the* o v e r a l l  R - f a c t o r  was 

2+1+. 19b. 1139 of those  s t r u c t u r e  f a c t o r s  were r eckoned  to

have phase a n g le s  s u f f i c i e n t l y  c o r r e c t l y  d e te rm in e d  so a s  t o  

e n a b le  them t o  be employed as P o u r io r  c o e f f i c i e n t s *

T h is  map was computed as  a s e r i e s  of  e q u i d i s t a n t  s e c t i o n s  

t h r o u g h  th e  u n i t  c o l l  p a r a l l e l  t o  (010) .

I t  was on ly  n e c e s s a r y  t o  e v a lu a t e  th e  e l e c t r o n  d e n s i t y  

ove r  one q u a r t e r  of  th e  u n i t  c e l l  volume. T h is  i s  duo to  

th e  f a c t  t h a t  t h e r e  a re  two e q u i v a l e n t  p o s i t i o n s  i n  the  u n i t  

c e l l  and ,  i n  a d d i t i o n ,  due t o  the  phase a m b ig u i ty  i n  P2-} ( s e e  

s e c t i o n  2 . ( 5 ) . )  t h e r e  i s  a f a l s e  m i r r o r  p la n e  a t  y a J  and 

y  s  As soon  as atoms o f f  t h i s  p lane  a re  in c lu d e d  i n  the

p h a s i n g  c a l c u l a t i o n ,  however,  i t  i s  n e c e s s a r y  to  compute th e  

F o u r i e r  s e r i e s  over h a l f  o f  the  u n i t  c e l l  volume.

From th e  f i r s t  F o u r i e r  map i t  appea red  p o s s i b l e  t o  

p i c k  o u t  t h e  m -iodobenzoa te  p&rt  of the  s t r u c t u r e .  The 

d i s t r i b u t i o n  was, o f  c o u r s e ,  ve ry  c o m p l ica te d  due t o  th e  

i n t e r f u s i o n  o f  t r u e  m o lecu les  and t h e i r  ’g h o s t 1 m i r r o r  

images and i t  i s  im p o ss ib le  t o  d i s t i n g u i s h  t h e s e .  Tho 

i m p o r t a n t  p o i n t  i s  t o  choose a s e l f - c o n s i s t e n t  s e t  of  

a to m ic  c o o r d i n a t e s  i . e .  e i t h e r  a l l  ’ t r u e ’ atoms or a l l  

’ ghost*  a tom s.  I t  was e a sy  to  o b t a i n  such  a s e t  o f  atoms 

f rom th e  p l a n a r  benzene r i n g  system, b u t  i t  was f e l t
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d a n g e ro u s  t o  l o c a t e  any atoms i n  th e  g e n e r a l  m o le c u la r  

s k e l e t o n  i n  c~.se they  d id  not  be long  t o  the  same s e t  as 

the  b e n ze n e  r i n g  and s u b s t i t u e n t  atoms.  I t  was, 

n e v e r t h e l e s s ,  p o s s i b l e  to p la c e  two f u r t h e r  atoms s i n c e  th ey  

lie- on t h e  p l a n e  a t  y = 4- and are  n o t ,  t h u s ,  accompanied 

by t h e i r  m i r r o r  images. These atoms l a t e r  tu rn ed  out  to 

be C(k)  and C (5 ) .

The second  s t r u c t u r e  f a c t o r  c a l c u l a t i o n  in c lu d e d  the  

c o o r d i n a t e s  andoC -va lues  of 3 . 0  of the  i o d in e  atoms and 10 

o t h e r  atoms which were a l l ,  i n  the  meantime,  t a k e n  t o  bo 

c a r b o n  a tom s.  The o v e r a l l  R - f a c t o r  was lj-0.9':a -  a d ro p  of 

3.2>fc.

T h i s  map was most d i s a p p o i n t i n g  s in c e  the. benzene r i n g  

a d o p te d  an  i r r e g u l a r  shape ,  showing t h a t  atoms had no t  b een  

l o c a t e d  p r o p e r l y .  I t  was dec ided  t o  omit the  benzene r i n g  

atom w h ich  d e v i a t e d  f u r t h e s t  from i t s  i d e a l  p o s i t i o n  and a l s o  

C(k)  and t h e  c a rb o n  atom of  the e s t e r  g ro u p in g  s in c e  b o th  of  

t h e s e  l a t t e r  atoms had peaks  e x te n d in g  r a t h e r  f a r  i n  the  

y - d i r e c t i o n .  However, u s i n g  the c r i t e r i o n  of r e l a t i v e  

p eak  h e i g h t s  o f  t r u e  and ’g h o s t ’ a toms, i t  was p o s s i b l e  t o  

s e t t l e  th e  p o s i t i o n s  of f i v e  more atoms which l a t e r  t u r n e d  

ou t  to  be 0 ( 9 ) ,  0 ( 1 1 ) ,  0 ( 1 2 ) ,  0(13)  and 0(10)  a l t h o u g h ,  a t  

t h i s  s t a g e ,  i t  was im p o s s ib le  to  d i s t i n g u i s h  between 

oxygen and ca rb on  chem ica l  ty p e s .
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The c o o r d i n a t e s  n d o \— va lu e s  of1 3*0 f o r  the  known 

c'.toms were t h e n  used  i n  a t h i r d  s t r u c t u r e  f a c t o r  

c a l c u l a t i o n  f o r  which the- o v e r a l l  R - f a c t o r  v/as i+0.0% — 

a d i s a p p o i n t i n g  d rop  of 0 .9 ^ .

From th e  t h i r d  e l e c t r o n  d e n s i t y  map i t  ‘became obvious  

t h a t  th e  benzene  r i n g  had p r e v i o u s ly  been  q u i t e  

e r r o n e o u s l y  chosen  s in c e  i t s  shape a t  the  proposed  s i t e  

was Worse t h a n  e v e r .  Two of t h e s e  s i x  atoms were t h e n  

f i t t e d  i n t o  a p roposed  c y c l i c  system and i t  was found 

p o s s i b l e  t o  c a l c u l a t e  the c o o r d i n a t e s  o f  21 atoms, i n  a l l .  

These a tom s l a t e r  t r a n s p i r e d  t o  be C (1 ) ,  C (2 ) ,  C (3 ) ,  C(U),

c ( 5 ) ,  0 ( 8 ) ,  c ( 9 ) ,  0 ( 1 0 ) ,  0 ( 1 1 ) ,  0 ( 12 ) ,  c ( 1 3 ) ,  0 ( 1 4 ) ,  c ( 1 9 ) ,  

C ( 2 8 ) , 0 ( 3 1 ) ,  0 ( 2 ) ,  0 ( 5 ) ,  i o d in e ,  0 (6 )  and 0 ( 7 ) .  The l a s t

two were  o r i g i n a l l y  th o u g h t  to  be benzene r i n g  atoms. I n  

a d d i t i o n ,  one p o s i t i o n  was chosen which l a t e r  tu rned  out  

n o t  t o  be an  atomic s i t e  a t  a l l .  No d i s t i n c t i o n  cou ld  y e t  

be made be tw een  oxygen and carbon.  I t  was d ec id ed  to  use  

th e  same un ifo rm oC -va lue  of 3 .0  i n  the  n e x t  p h a s in g  

c a l c u l a t i o n .

The d i s c r e p a n c y  f o r  t h i s  n e x t  round o f  s t r u c t u r e  

f a c t o r s  was 3 6 . 8 $  -  a d e c r e a s e  of 3.2->o. ‘The r e s u l t a n t  

F o u r i e r  map, however, was most d i s c o n c e r t i n g  i n  t h a t  some 

o f  th e  p e ak s  o r i g i n a l l y  c o n s id e re d  to  be th o se  o f  ’ g h o s t  

atoms we r e  l a r g e r  t h a n  those  of supposed t r u e  atoms,
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i n d i c a t i n g  t n a t  c o r r e c t  x—, and z -  bu t  wrong y - c o o r d i n a t e s  

had b ^ c n  a s s i g n e d  t o  some atoms.

The o n ly  s a fe  p ro ce d u re  appeared  to  be to  i n s e r t  the  

atoms and d i r e c t  s u b s t i t u e n t s  of only  one r i n g  i n  th e  nex t  

s t r u c t u r e  f a c t o r  c o m p u ta t io n  and c r i t i c a l l y  examine the  

c o n s e q u e n t  e l e c t r o n  d e n s i t y  map f o r  a s e l f - c o n s i s t e n t  r i n g  

systc-m t a k i n g  due accoun t  of  m o lecu la r  geometry  and 

d i m e n s i o n s .  The atoms so employed were C (8 ) ,  0(9)*  0 ( 1 1 ) ,  

C ( 1 2 ) ,  C ( 1 3 ) ,  C (14) ,  0 (31 )  and 0 ( 5 ) .  I o d in e  and 0 (2 )  fcoth 

l a y  on th e  p l a n e  o f  f a l s e  symmetry and wore a l s o  used  i n  the  

c a l c u l a t i o n .  oC was once more 3 .0 .  This  d i s c r e p a n c y  ro se  

as  e x p e c t e d ,  t h e  v a lu e  b e in g  2+1.21b

U s in g  the  more r e l i a b l e  of th e s e  s t r u c t u r e  f a c t o r s ,  an 

e l e c t r o n - d e n s i t y  map was e v a lu a t e d  and drawn up. There 

was s t i l l  no i n d i c a t i o n  of  th e  benzene r i n g  and the  

p se u d o - sy m m e t r ic  e f f e c t  was ve ry  marked. Because o f  t h i s  

l a t t e r  d i s a d v a n t a g e ,  i t  was dec ided  t o  in t r o d u c e  a t h i r d  

c h e m ic a l  ty p e  i n t o  th e  p h a s in g  c a l c u l a t i o n s .  This  was done 

by u s i n g  t h e  c o o r d i n a t e s  of bo th  atoms and m i r r o r  images 

a s s i g n i n g  to  b o th  s c a t t e r i n g  f a c t o r s  e q u a l  to  h a l f  o f  t h a t  

o f  c a r b o n .  This  p ro ce d u re  has a d u a l  b e n e f i t .  F i r s t l y ,  

i t  d o es  n o t  b i a s  th t  F o u r i e r  d i s t r i b u t i o n  i n  f a v o u r  of  one 

a tom r a t h e r  t h a n  i t s  m i r r o r  image and, s e c o n d ly ,  i t  h e lp s  

t o  c l e a r  up the  s p u r i o u s  e l e c t r o n  d e n s i t y  on the  map*
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The ooorairwt ' . .  s 01 the  t e n  atoms used, i n  the p r e v io u s  

c y c l e  w e re  r e c a l c u l a t e d .  These atoms wore employed w i th  

f u l l - s c a l e  c a rb o n  s c a t t e r i n g  f a c t o r s  as were C(1) ,  C(U)

0 ( 6 ) ,  0 ( 7 ) ,  0 ( 1 9 ) ,  C(20) ,  C(28) and 0(7)  which a l l  l a y  on 

or  v e r y  n e a r  th e  p lan e  a t  y = -$. The c o o r d i n a t e s  o f  the  

f o l l o w i n g  a toms,  (x y z ) , w i th  th o se  of t h e i r  m i r r o r  images, 

(x ,  i ~ y 9 z ) 9 were used  w i t h  h a l f - s c a l e  ca rb o n  s c a t t e r i n g  

f a c t o r s  -  0 ( 5 ) ,  0 ( 1 0 ) ,  C (1 5 ) ,  0 ( 1 6 ) ,  0 ( 2 2 ) ,  0 ( 3 2 ) ,  0(U) 

and 0 ( 6 ) .

r -hen the  s t r u c t u r e  f a c t o r s  were computed, the  R - f a c t o r ,  

summed o v e r  a l l  t e rm s ,  was 3 5 . -  a d e c r e a s e  of 5 . 8 /0. The 

F o u r i e r  map which was th en  computed i n d i c a t e d  f i v e  a d d i t i o n a l  

Qtoms w i t h  t h e i r  ’ ghost* peaks .  They were  C(2) ,  C (3 ) ,

0 ( 1 8 ) ,  0 (3 3 )  and 0 ( 3 ) .  I n  a d d i t i o n ,  0 (1 )  now appeared  ve ry  

d i s t e n d e d  i n  t h e  y - d i r c c t i o n ,  and i t  was d e c id e d  t o  p l a c e  i t  

o f f  t h e  m i r r o r  p l a n e ,  and comprise  i t  w i th  i t s  m i r r o r  image 

i n  the  n e x t  c a l c u l a t i o n .  Exam ina t ion  of  the  h a I f - w e i g h t  

p e a k  h e i g h t s  showed t h a t  of the  e i g h t  atoms so employed i n  

th e  p r e v i o u s  c y c l e ,  only  0 ( 5 ) ,  0(16) and C(22) could  n o t  be 

a t  l e a s t  t e n t a t i v e l y  p l a c e d  on one s id e  or the o th e r  o f  the  

m i r r o r  p l a n e .  To be s a f e ,  however, only  0(32)  and 0(6 )  

were employed as f u l l - w e i g h t  atoms i n  t h e  nex t  s ta g e  o f  t h e  

a n a l y s i s .
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The d i s c r e p a n c y  f o r  the  se v e n th  s t r u c t u r e  f a c t o r  

c a l c u l a t i o n  f e l l  by 1 .9 $  t o  33*5$. S ince  tha  benzene r i n g  

ht*d s t i l l  t o  bo l o c a t e d  i t  was d e c id ed  t o  examine F^ and 

( * o  ^ c ) s y n t h e s e s  p r o j e c t e d  down the  un ique  a x i s  i n  an  

a t t e m p t  t o  o b t a i n  a s o l u t i o n .  I t  was found t h a t  the benz.ene 

r i n g  c o u ld  be f i t t e d  i n t o  the  s t r u c t u r e  on the  o p p o s i t e  s id e  

of t h e  i o d i n e  atom from t h a t  used o r i g i n a l l y .  Four o th e r  

new atoms -  C ( 1 7 ) ,  C( *0) ,  0 ( 1 )  and 0 ( 1 0 )  -  were l o c a t e d  

f rom  th e  p r o j e c t i o n  maps. 0(18) was o m it ted  a t  t h i s  s tage  

s i n c e  i t  a p p e a re d  to  be p o s s i b l y  not  g en u ine .  The (Fn -  Fn )U U
map was a l s o  u sed  t o  i n d i c a t e  c o o r d i n a t e  s h i f t s  and the 

0 (7 v a lu e  f o r  i o d i n e  was i n c r e a s e d  to  3 . 8 .

I n  t h e  su b seq u e n t  s t r u c t u r e  f a c t o r  c a l c u l a t i o n s  0 ( 2 ) ,

0 ( 5 ) and 0 ( 6 ) were i n s e r t e d  as oxygen atoms and i t  was, of  

c o u r s e ,  no l o n g e r  n e c e s s a r y  to  employ h a l f - w e i g h t  atoms 

s i n c e  i t  was d e c id e d  t o  a t t e m p t  r e f in e m e n t  of  a tom ic  p o s i t i o n s  

by tw o - d i m e n s i o n a l  d i f f e r e n c e  maps. A f t e r  f i v e  such c y c le s  

t h e  d i s c r e p a n c y  had f a l l e n  from 3 7 .1 $  to  3 1 . U%»

P r e v i o u s  v a lu e s  of y - c o o r d i n s t e s  were t h e n  u sed  w i th  the  

e x c e p t i o n  o f  those, o f  th e  atoms of the  benzene r i n g  which 

were e v a l u a t e d  from the  t i l t  o f  the r i n g .  The only  a tom 

which  s t i l l  r e q u i r e d  to  be used a lo n g  w i th  i t s  m i r r o r  image, 

was C(2 2 ) .  when t h i s  cyc le  of t h r e e - d im e n s i o n a l  s t r u c t u r e  

f a c t o r s  had b e en  c a l c u l a t e d ,  the  R - f a c t o r  was 28.9i& ~ & 

d e c r e a s e  o f  l+*6 $ from the  sev en th  c y c l e .
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Two f u r t h e r  rounds of  t h r e e - d im e n s i o n a l  F0 and 

(*o ~ Fe )  s y n t h e s e s  f a i l e d  to  r e v e a l  any f u r t h e r  atomic 

p o s i t i o n s .  The s t r u c t u r e ,  indeed ,  appeared  to  he of  

a p o l y m e r i c  n a t u r e  s i n c e  "bands of  e l e c t r o n  d e n s i t y  appeared  

t o  he c o n t i n u i n g  i n d e f i n i t e l y  i n  the  F o u r i e r  map. I t  was, 

o f  c o u r s e ,  knot?n t h a t  th e  compound was d e f i n i t e l y  n o t  a 

m a c r o - m o l e c u l e . The d i f f e r e n c e  maps were used t o  i n d i c a t e  

c o o r d i n a t e  a d j u s t m e n t s  and reduced the o v e r a l l  d i s c r e p a n c y  

t o  26.952.

One o f  the  d i f f i c u l t i e s  o f  s o l v i n g  t h i s  problem was 

t h a t  the  c r y s t a l s  were und o ub ted ly  s o l v a t e d .  Polonsky (1959) 

r e p o r t e d  t h a t  s i m a r o l i d e  r e c r y s t a l l i s e d  from v a r io u s  s o lv e n t s  

a p p e a r e d  to  p a r t i a l l y  melt  about  180°C. and th e n  com ple te ly  

m e l t  a t  a b o u t  260°C. The f i r s t  t r a n s i t i o n  cou ld  be due to  

l o s s  o f  s o l v e n t  m o le c u le s .  T h is  i s  o b v io u s ly  th e  cause of 

t h e  d i s c r e p a n c y  be tw een  measured and c a l c u l a t e d  d e n s i t i e s .

T h is  d i s p a r i t y  c o u ld  acco u n t  f o r  a s o l v e n t  molecule  o f  

m o l e c u l a r  w e ig h t  up t o  110. r'.'ith t h i s  i n  view, a mass 

s p e c t r u m  was ru n ,  b u t  i t  was d i s c o v e r e d  t h a t ,  by t h i s  t im e ,  

a l l  t h e  s o l v e n t  of c r y s t a l l i s a t i o n  had e v ap o ra te d ,  so no 

d e f i n i t e  c o n c l u s i o n  cou ld  be o b ta in e d  about  the n a tu r e  of the  

s o l v e n t  by t h i s  means. From the  c r y s t a l l o g r a p h i c  p o i n t  of 

v iew th e  s o l v e n t  was bard  to d e t e c t  presumably due to  the. 

f a c t  t h a t  the  s i t e  occupancy was no t  100?b and a l s o  the
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t e m p e r a t u r e  f a c t o r s  a s s o c i a t e d  w i th  th e  c o n s t i t u e n t  atoms 

would he  e x p e c t e d  t o  he very  h ig h .

At t h i s  s t a g e  Mme. Polonsky p r o v id e d  c r y s t a l s  o f  

s i m a r o l i d e  4 ~ io d o —3 ~ n i t r o b e n z o a te ,  and so the m— iod o benzoa tc  

work was t e m p o r a r i l y  sh e lv ed .

b ) .  X - r a y  a n a l y s i s  of s im a r o l id e  4 - i o d o - 3 - n i t r o b e n z o a t 6 . 

4 . ( 6 ) .  E x p e r i m e n t a l .

The e x p e r i m e n t a l  c o n d i t i o n s  and methods were the  same 

as  t h o s e  d e s c r i b e d  i n  s e c t i o n  4 . ( 2 ) . ,  excep t  t h a t  th e  d a t a  

were  c o l l e c t e d  by r o t a t i o n  about the  a - a x i s  and,  i n  a l l ,  

t h e  i n t e n s i t i e s  o f  1808 r e f l e c t i o n s  were e s t im a te d  from the

r e c i p r o c a l  l a t t i c e  n e t s  hko, —■— , hk5.

4 . ( 7 ) .  C r y s t a l  B a t a .

c 3 ti# 3 8 ° 1 2 N3: M = 7 7 9 *6
t ' a = 2 0 . 7 3  $  0 .0 6 A

O rthorhom blc  , o
b = 26.72 4 0 .0 7 A

c = 6 .53  ± 0 .022
03

Volume o f  the  u n i t  c e l l  = 3,627A 

f o r  z = 4 ,  D (G a lcu la to d )  = 1 .43  g . / c c .

D(Observed) = 1 .53  g . / c c .

F(000) = 1,592

L i n e a r  a b s o r p t i o n  c o e f f i c i e n t  f o r  x - r a y s  ( /\  = 1 .54182)

i *  = 76.1 cm.~ .
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S y s t o  m a t i c a l l y  a b s e n t  r e f l e c t i o n s !

(hoo) when h = 2n + 1 

(oko) when k = 2n + 1 

T h is  i n d i c a t e s  t h a t  the  space  group must he P2.j 2.j2.

The d i s c r e p a n c y  between c a l c u l a t e d  and observed  d e n s i t y  

v a l u e s  i s  a g a i n  n o t i c e a b l e ,  s u g g e s t i n g  t h a t  t h e s e  c r y s t a l s  

may a l s o  be s o l v a t e d ,  as seems to  be c h a r a c t e r i s t i c  of  

c r y s t a l s  o f  s i m a r o l i d e  and i t s  d e r i v a t i v e s .

4 * ( 8 ) .  L o c a t i o n  o f  t h e  Heavy Atom P o s i t i o n .

The e x p r e s s i o n  f o r  the  P a t t e r s o n  f u n c t i o n  f o r  a c r y s t a l  

b e l o n g i n g  to  th e  o r thorhombic  sys tem  i s  -

oO
P(uvw) ĵT ^ J T j F ( h k l ) j  ^cos2 rr hu.cos2 wkvpos2 rrlw 

Vc o a  o
and t h i s  c a n  s im p ly  be  reduced  t o  tw o-d im ens iona l  e x p r e s s i o n s .

The heavy  atom v e c t o r s  expec ted  i n  space group 

P2^2^2 where z -  k  and t h e r e  i s  one heavy atom pe r  asymmetr ic  

u n i t  a r c  t a b u l a t e d  below.

- 2x ,  2 y ,  0 i f  i - 2 y ,  - 2 2 i ~ 2 x ,  i ,  - 2 z

2x ,  2 y ,  0 - • J + 2 x ,  J ,  - 2 s i + 2 y ,  - 2 z

i “ 2 y ,  - 2 2

r

2+ 2 x ,  2”,  —2 2 - 2x ,  - 2 y ,  0

2' - 2 x j  7?,  - 2  2 i f  2+2 I f  - 2 2 - 2 x ,  2 y ,  0

- ...... ! I



F i g .  25 S im aro lid e  jj.-io d o -5 -n itro b en zo a te .

hko P a t t e r s o n  p r o j e c t i o n .  Contour  s c a l e  a r b i t r a r y .  
O r i g i n  and m ajor  peak  c r i s s - c r o s s e d .



u

o

o

P i g .  2 l ±  S i m a r o l i d e  lj.--iodo-5 '-n i t r o b e n z o a t e .

o k l  P a t t e r s o n  p r o j e c t i o n .  Contour s c a l e  
a r b i t r a r y .  O r i g i n  peak con tou rs  omi
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The tw o -d im e n s io n a l  P a t t e r s o n  f u n c t i o n s ,  P(uv) and 

P(vw) were computed and a re  shown i n  P i g s .  23  and 24

r e s p e c t i v e l y .  Due t o  symmetry c o n s i d e r a t i o n s  i t  was only

n e c e s s a r y  t o  e v a l u a t e  th e  s y n th e se s  over one q u a r t e r  o f  the  

u n i t  c e l l  a r e a .

The o k l  P a t t e r s o n  map (P ig .  24) i s  e x p ec te d  t o  have 

t h r e e  p r e d o m in a n t  v e c t o r s  -  two in  the  s p e c i a l  p o s i t i o n s  

(2y j » 0 )  and ( i ,  2 z j )  and one i n  the g e n e r a l  p o s i t i o n  

( i  + 2 y j ,  2 z j ) .  They were a l l  c l e a r l y  r e s o l v e d  and a r e  

marked U, V and W r e s p e c t i v e l y  on the map.

The p r i n c i p a l  peaks  expec ted  i n  t h e  hko P a t t e r s o n  map 

( P i g .  23)  a r e  ( i ,  i  + 2 y j )  and ( i  + 2 x j ,  ■£) i n  s p e c i a l

p o s i t i o n s  and ( 2 x j ,  2 y j )  i n  a  g e n e r a l  p o s i t i o n .  They wore

n o t  so  w e l l  r e s o l v e d  i n  t h i s  map, hu t  a re  i n d i c a t e d  hy 

A, B an a  G. Only the  x - c o o r d i n a t e  f o r  io d in e  was a c c e p te d  

f ro m  t h i s  d i s t r i b u t i o n .

The i o d i n e  c o o r d i n a t e s  were c a l c u l a t e d  as 

x / a  = 0 .2 3 86  y /b  = 0.1278 z / c  ~ 0.2013

4.  ( 9 ) .  S o l u t i o n  of the  S t r u c t u r e .

These i o d in e  c o o r d i n a t e s  and an  i s o t r o p i c  t e m p e r a tu re  

f a c t o r  o f 0 were used  i n  th e  f i r s t  s t r u e t u r e . - f a c t o r  

c a l c u l a t i o n  f o r  which the  o v e r a l l  R-va lue  was 38.8%.
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U sing  1704 of  these, terms a f i r s t  t h r e e - d i m e n s i o n a l  

F o u r i e r  map was computed i n  s e c t i o n s  p a r a l l e l  to  ( 001) .

A l l  o f  t h e  atoms w i th  the  e x c e p t i o n  o f  0 ( 2 2 ) ,  0 (2 3 ) ,  0 (3 2 ) ,  

0 ( 5 ) ,  0 ( 9 ) ,  0 (11 )  and 0(12) were c l e a r l y  r e s o l v e d  and t h e i r  

c o o r d i n a t e s  c a l c u l a t e d .  The d e r i v a t i v e  p ro v id e d  had 

o r i g i n a l l y  "been d e s i g n a t e d  the  l4--iodo~2 ~ n i t r o b e n 2 o a te  and 

s i n c e  a p e a k  a p p e a re d  as  i f  bonded to  c (3 5 )  i t  was t a k e n  as 

t h e  n i t r o g e n  atom. I t  was d e c id e d  to  p roceed  to  a second 

p h a s i n g  c a l c u l a t i o n  u s in g  a n ^ - v a l u e  of  3 .0  f o r  atoms o th e r  

t h a n  i o d i n e ,  which was kep t  a t  l+.O.

The d i s c r e p a n c y  summed over a l l  terms i n  t h i s  cycle) was

2 6 . 2 % -  a  d ro p  o f  12 .6$ .

1763 o f  t h e  s t r u c t u r e  f a c t o r s  were employed as F o u r i e r  

c o e f f i c i e n t s  i n  th e  second e l e c t r o n  d e n s i t y  c a l c u l a t i o n ,  

and f rom  th e  r e s u l t i n g  map, a l l  atoms e x c e p t 0(11) and 

0 (1 2 )  were d i s t i n c t .  The n i t r o g e n  peak was ve ry  sm all  and 

a n o t h e r  e q u a l l y  s t r o n g  peak showed up as i f  bonded to  0 (3 6 ) .  

T h is  was t h e  f i r s t  i n d i c a t i o n  t h a t  th e  d e r i v a t i v e  might  be the  

U - i o d o - 3 " - n i t r o b e n z o a to .  I t  was though t  wise  to  omit th e  

n i t r o g e n  atom f rom  th e  next  s t r u c t u r e  f a c t o r  c a l c u l a t i o n .

At t h i s  s t a g e  t h e r e  was no s u g g e s t i o n  of a p o s s i b l e  s i t e  

f o r  the  s o l v e n t  molecule  a l th o u g h  t h e r e  was a s i z e a b l e  

r e g i o n  o f  empty space  i n  the  e l e c t r o n - d e n s i t y  d i s t r i b u t i o n .
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The n e x t  round o f  s t r u c t u r e  f a c t o r s  had an o v e r a l l  

d i s c r e p a n c y  o f  22.3;-  -  a d rop  of 3 . 9* and 1 7 3 3  o f  them were 

a d ju d g e d  s u i t a b l e  f o r  i n c l u s i o n  in  a t h i r d  F o u r i e r  

c a l c u l a t i o n .  From t h i s  map i t  became c l e a r  t h a t  the  

n i t r o - g r o u p  was a t t a c h e d  to  0(36)  and was so i n s e r t e d .  A 

p o s s i b l e  s o l v e n t  m olecu le  -  ace tone  -  was d e t e c t e d  i n  the  

u n i t  c e l l  and t h i s  f i n d i n g  was confirmed by measurements on 

t h e  mass s p e c t r o m e t e r .

I t  was d e c id e d  to  compute s t r u c t u r e  f a c t o r s  f o r  the hko 

zone i n c l u d i n g  each  o f  the  s o l v e n t  atoms s i n g l y  and to g e t h e r  

i n  o r d e r  to  deduce  i f  t h e i r  p o s i t i o n s  were r e l i a b l e .  As 

m e n t io n e d  i n  s e c t i o n  ( 5 ) •  th e  d i f f i c u l t y  i n  d e t e c t i n g  a 

n on -hy d ro g en -b o n d e d  m olecule  o f  s o lv e n t  o f  c r y s t a l l i s a t i o n  

i s  a s s o c i a t e d  w i t h  the  p o s s i b l y  incom ple te  s i t e  occupancy and 

th e  h i g h  v a l u e s  o b t a i n i n g  f o r  tem p era tu re  p a ra m e te r s .  None 

o f  t h e s e  c a l c u l a t i o n s  l e d  to  p a r t i c u l a r l y  c o n c lu s iv e  r e s u l t s .  

N e v e r t h e l e s s ,  f o u r  t e n t a t i v e  atomic p o s i t i o n s  were a s s i g n e d .

A f u l l  t h r e e - d i m e n s i o n a l  s t r u c t u r e  f a c t o r  c a l c u l a t i o n  

was p e r f o r m e d  and t h e  o v e r a l l  R - f a c t o r  was, d i s a p p o i n t i n g l y ,  

2 2 . 1+% -  an  i n c r e a s e  o f  0 . 1% from the  p r e v i o u s  c y c le .

U b k  o f  t h e s e  terms were employed i n  the  co m p u ta t io n  of 

a  d i f f e r e n c e  F o u r i e r  s y n t h e s i s .  The u s u a l  c o o rd in a te  s h i f t s  

and t e m p e r a t u r e  f a c t o r  a d ju s tm en ts  were made, bu t  the  v a lue  

o f  R f o r  th e  new s t r u c t u r e  f a c t o r s  dropped to  only ^2.1 fo — a 

d e c r e a s e  o f  0 . 3%.
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1770 of  t h e s e  s t r u c t u r e  f a c t o r s  were t h e n  used  i n  the 

e v a l u a t i o n  of  F0 and F0 maps and t h e  customary  ‘b a c k - s h i f t  

c o r r e c t i o n s  were a p p l i e d .  I t  was n o t i c e d  t h a t  the  s o l v e n t  

m o le c u le  a to m ic  peaks  were very sm a l l  and i n d i s t i n c t .  I t  

was s u s p e c t e d  t h a t  pe rhaps  the  s o l v e n t  molecules  were 

d i s o r d e r e d ,  and,  w i t h  t h i s  i n  mind, i t  was dec ided  to  use  

v e r y  h ig h o ^ - 'v a lu e s  o f  8 . 0  f o r  th e s e  atoms i n  o rd e r  to  sp read  

th e  e l e c t r o n  d e n s i t y  over a l a r g e r  volume. I t  was th ou g h t  

t h a t  t h i s  would p e rh a p s  f a c i l i t a t e  r e f in e m e n t  a f t e r  which more 

a c c u r a t e  s i t e s  f o r  the  s o l v e n t  atoms might he found.

However,  when th e  s t r u c t u r e  f a c t o r s  were computed, i t  

r a s  d i s c o v e r e d  t h a t  t h e  d i s c r e p a n c y  remained a t  22 .1$ .  

R e c a l c u l a t i o n  o f  th e  s t r u c t u r e  f a c t o r s  o m i t t in g  the  s o lv e n t  

m o le c u le  r e d u c e d  th e  R ~ fa c to r  to  21.6%. These a r e  th e  

s t r u c t u r e  f a c t o r s  l i s t e d  i n  Table 30*

I t  was t h e n  d e c i d e d  to  postpone  re f inem en t  o f  t h i s  

s t r u c t u r e  t i l l  b e t t e r  and f a s t e r  computing f a c i l i t i e s  were 

a v a i la b le^  when l e a s t  s q u a r e s  p ro ce d u re  could  be adop ted .

I n  a l l  the  s i m a r o l i d e  s t r u c t u r e - f a c t o r  c a l c u l a t i o n s  the 

t h e o r e t i c a l  s c a t t e r i n g  f a c t o r s  used were th o se  of Berghius  

e t  a l .  ( 1 9 5 3 ) f o r  ca rbon ,  n i t r o g e n  and oxygen and the 

Thomas-Fermi (1935) v a lu e s  f o r  i o d in e .
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U. ( 1 0 ) .  A b s o lu te  c o n f i g u r a t i o n .

I n t e n s i t i e s  on th e  c q u i - i n c l i n a t i o n  u p p e r - l a y e r  

w e i s s e n b e r g  p h o to g rap h s  were examined f o r  evidence o f  anomalous 

d i s p e r s i o n ,  and a b o u t  a do^en p a i r s  of  r e f l e c t i o n s  were 

p i c k e d  o u t  which shou ld  have had e q u a l  i n t e n s i t y  had t h e r e  

b e e n  no anomalous s c a t t e r i n g .

The i n d e x i n g  and cho ice  o f  c o o rd in a te  axes were 

c a r e f u l l y  s e t t l e d  as  e x p la in e d  in  s e c t i o n  1 . ( h ) .

The p a r t i c u l a r  enantiomorph p r e s e n t  was th e n  

d e t e r m i n e d  by compar ing  the  va lu e s  o f  | P ( h k l ) J 2 and 

JF(hfcl)  | c a l c u l a t e d  on the b a s i s  o f  the  anomalous s c a t t e r i n g

o f  th e  i o d i n e  atom w i th  the  v a lu e s  o f  I ( h k l )  and i ( h k l ) .
2

I f  t h e  d i f f e r e n c e s  between the jPJ  v a lu es  a re  i n  the 

same s e n s e  as t h e  d i f f e r e n c e s  between the I  v a lu e s ,  t h e n  

th e  e n an t io m o rp h  u sed  i n  the  c a l c u l a t i o n  i s  t h a t  a c t u a l l y  

p r e s e n t  i n  th e  c r y s t a l .  I f  they  a rc  i n  the o p p o s i t e  s e n se ,

how ever ,  t h e  m i r r o r  image o f  the  form used i n  the  c a l c u l a t i o n

i s  t h e  t r u e  e n an t io m orph .

F o r  i o d in e  th e  d i s p e r s i o n  c o r r e c t i o n s  a r e : -  

- 1 . 1  when sin&/^ = 0

= - 1 . 3  when s inG/x = 0 . 6

7 . 2  when s i n %  = 0

s= 6 . 9  when sin^/x. = O.U

= 6 . 7  when s in $ / ^  = 0 . 6

( I n t e r n a t i o n a l  T a b le s  f o r  C r y s t a l l o g r a p h y ,  Vol. I l l  1962a).
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A t y p i c a l  c a l c u l a t i o n  i s  shown f o r  the  (612) and (61 

r e f l e c t i o n s  ( s i n 0  = 0 .3256)  -  /

r e l .  1 (612)  = 766 r o l .  1(612) sr 3  U8

AT o t a l  * - 2 2 . U8 BT o ta l  « -2 3 .8 5

AIodin.e  = 2 5 , hk  BXodine = "^ 5 .3 9

Fanom. = p o + A*J p o + t

a ) • R e a l  c o r r e c t i o n  t e r m .

A 4 ‘ r> -1 « 1
- T " PI = 4 T  F? = - ° - ° 3 Fx

J °  -----
T h is  a f f e c t s  (612)  and (612) i n  the  same way adding

t o  t h e  s t r u c t u r e  f a c t o r .

= - 0 .0 3 ( 2 5 .  hk ~ i . 4 5 . 39)

= - 0 . 7 6 i  i . i . 3 6

A = -2 2 .4 8  -  0 .7 6  = -2 3 .2 4  

B = +23.85 i  1 .36  = + 22.49

"b) • Im a g in a ry  c o r r e c t i o n  t e rm .

1 -M  ? o = i  = 1 . ( 0 . 17)»?

T his  t e rm  c a u s e s  c o r r e c t i o n  from F r i e d e l ’ s Law

1 Ai. P° = 1. ( 0 .1 7 )  (25-44 + 1 .4 5 .3 9 )

= 4 . 3 2 i  + 7 .72

CO 
I
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F o r  (612) r e f l e c t i o n  -

A = - 2 3 . 2 4  + 7 . 7 2  = - 1 5 . 5 2  ) 9
nn , ) ( t F ( 6 l 2 ) f )  = 571

B = - 2 2 . 4 9  + 4 . 3 2  = 1 8 . 1 7  )

F o r  (612) r e f l e c t i o n  -

A = -23.11* -  7 .72  = -3 0 .9 6  )   9
5 ( |F ( 6 1 2 ) |  r  = 1678

B = 2 2 .^ 9  + k . 3  2 = 26.81 )

The d i f f e r e n c e s  Between the  | f | 2 and th e  I  v a lu e s  a re  

o f  o p p o s i t e  sense  which means t h a t  the  model chosen  i s  th e  

m i r r o r  imago o f  the  a b s o lu te  c o n f i g u r a t i o n .

The o t h e r  r e s u l t s  a re  l i s t e d  Below and i n  e v e ry  case  t h i s  

p a t t e r n  was o b se rv ed  and t h e  a b s o l u t e  s te reo ch em is t ry  was 

t h u s  p ro v ed  to  be as  i n  F ig .  21. ( I ) .

R e f l a o t i e n
hk l h k l

r e l .  I 0 ■T, 2 
iFc i r c l .  I Q

03

Il_____

511 8 0 1 5 7 4 5k5 35k

621 2 0 k&3 99 2 3 2

831 90 620 10 785
1 0 ,3 ,1 70 765 <  1 0 1 1 0 9

2 , 2 1 , 1 80 3 1 0 4 0 5k3
9 2 2 1044 U339 9 2 8 5k85
282 1965 2 7 8 0 7 8 6 609k

623 30 59 70 3

2 , , 2 , 3 630 8 9 6 378 1 5 8 8

71k 411 52k 222 82k

75k 411 87k 27^ 1087

315II
80 1 1 0 129 ■ 7k
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°)* C om p le t i o n  of  s t r u c t u r e  a n a l y s i s  o f  s i m a r o l i d e .

m ~ io d o b c n zo a tc .

U*(11)« S o l u t i o n  o f  the  S t r u c t u r e  ( c o n td .  ).

H aving  so lv e d  the  g ro ss  m o lecu la r  s t r u c t u r e  w i th  th e  

o r t h o r h o m b i c  c r y s t a l s  i t  was dec id ed  to  r e v e r t  t o  a s tu d y  o f  

th e  m - io d o b e n z o a tc .

The r e m a in in g  atoms were i n s e r t e d  and a l s o  two atoms of  

a p o s s i b l e  s o l v e n t  m o lecu le  which appea red  t o  be r a t h e r  l i k e  

a c e to n e  a l t h o u g h ,  as  mentioned e a r l i e r ,  no mass spec t rum  

e v id e n c e  o f  t h i s  was o b ta in e d .  D e n s i ty  c o n s i d e r a t i o n s  

i n d i c a t e d  t h a t  the  s o l v e n t  would have t o  have a m o lecu la r  

w e i g h t  o f  abou t  1 1 0  which could  be accoun ted  f o r  by two 

a c e t o n e  m o le c u le s .

A s e t  o f  s t r u c t u r e  f a c t o r s  was t h e n  computed and th e  

o v e r a l l  d i s c r e p a n c y  dropped by 1 /o to  2 5 . 9%.

1 2 0 6  o f  t h e s e  terms were used  i n  the  e v a l u a t i o n  of  an 

e l e c t r o n  d e n s i t y  map, i n  which th e  two s o l v e n t  m olecule  atoms 

a p p e a r e d  a s  f a i r l y  low peaks ,  i n d i c a t i n g  the r eq u i re m e n t  o f  

a l a r g e r  t e m p e r a t u r e  f a c t o r .  Two o th e r  atoms,  which were 

r a t h e r  p o o r l y  r e s o l v e d ,  were p icked  out  to  g ive  one ace to n e  

m o le c u l e .  The improved c o o r d i n a t e s  of the  o th e r  atoms 

wore c a l c u l a t e d  and theoO~va-l-ue io d in e  i n c r e a s e d  t o  4 -8 .

The d i s c r e p a n c y  f o r  the  f o l l o w i n g  p h a s in g  c a l c u l a t i o n  

was 24«7 p  "■ a d e c r e a s e  o f  1 .2 ^ .  Of th e s e  s t r u c t u r e  f a c t o r s ,
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1201+ were  u t i l i s e d  i n  the  com puta t ion  of Fn and F s y n t h e s e s .  

There  was s t i l l  no i n d i c a t i o n  of  the  p o s i t i o n  o f  a second 

a c e to n e  m o le c u le .  The u s u a l  a d ju s tm e n ts  were made- i n  

c o o r d i n a t e s  and t e m p e ra tu re  f a c t o r s  and the  new p a ra m e te r s  

were  u s e d  i n  a f u r t h e r  s t r u c t u r e  f a c t o r  c a l c u l a t i o n  f o r  which 

th e  R - f a c t o r  was 21+. 1% -  a d e c re a se  of  0 .6 $ .  Those a re  shown 

i n  T a b le  31.

U s in g  1218 o f  t h e s e  terms an F0 map was computed over 

t h e  r e g i o n  where th e  s o l v e n t  molecules  were presumed to  be .  

However, n o t  on ly  was t h e r e  no s i g n  of  a second m o lecu le ,  

b u t  i t  became a m a t t e r  o f  c o n je c t u r e  whe ther  ace tone  was the  

s o l v e n t  i n c l u d e d  a t  a l l .  As i n  the case  o f  the  

o r th o r h o m b ic  form, a s e t  o f  s t r u c t u r e  f a c t o r s  was e v a l u a t e d  

o m i t t i n g  t h e  f o u r  s o lv e n t  molecule  atoms and the  d i s c r e p a n c y  

r o s e  by 0.5% to  2 ^ .6 $ .  This  p roves  t h a t  a t  l e a s t  some of  

th e  a tom s c h o sen  f o r  th e  s o l v e n t  must be genuine .

T h is  i s  a s  f a r  as  t h i s  a n a l y s i s  has reach ed ,  and,  once 

more, l e a s t  s q u a r e s  r e f in e m e n t  w i th  the  f a s t e r  computer i s  

e n v i s a g e d .

The c o u rs e  of th e s e  two a n a ly s e s  i s  shown i n  T ab les  28 

and 2 9 .
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14. ( 12) .  R e s u l t s .

The l a t e s t  a tomic  c o o r d i n a t e s  and te m p e ra tu re  f a c t o r s ,  

f o r  t h e  U“ i o d o - 3 - n i t ro h c n ^ o a te  and the m-iodobenzoate  

o f  s i m a r o l i d c  a r s  a i s t c d  i n  Tables  20 and 26 r e s p e c t i v e l y .

The f o r m e r  s e t  o f  c o o r d i n a t e s  a c t u a l l y  co rre sp o n d  to  the  

m i r r o r  image o f  the  t r u e  s t r u c t u r e .  The c o o r d i n a t e s  o f  

f o u r  atoms o f  t h e  p o s s i b l e  a ce to n e  m olecu les  a re  shown i n  

each  c a s e .

Prom t h e s e  c o o r d i n a t e s  were c a l c u l a t e d  v a r i o u s  m o lecu la r  

p a r a m e t e r s .  T ab le s  21, 22, and 23 give  a l i s t  o f  compara t ive  

and mean f i g u r e s  f o r  bond l e n g t h s ,  bond a n g le s  and some o f  

the  i n t r a m o l e c u l a r  non-bonded d i s t a n c e s .  0 r e f e r s  to  the 

o r th o rh o m b ic  c r y s t a l s  and M t o  the  m onocl in ic  ones.

A measure  o f  the a cc u ra c y  o f  these  p a ra m e te r s  may be 

found  by com par ing  r e s u l t s  f o r  co r re sp o n d in g  bond l e n g th s  and 

a n g l e s  i n  t h e  two independen t  c r y s t a l  s t r u c t u r e s .  The r o o t -  

mean—s q u a r e  d e v i a t i o n  o f  a bond l e n g t h  i s  abou t  0 . 096% and 

o f  a bond a n g l e ,  7 . 1 ° .  S ince  t h e r e  a rc  two independen t  

m easurem ents  o f  each  of  th e  p a ra m e te r s ,  re a so n a b le  v a lu e s  f o r  

th e  e s t i m a t e d  s t a n d a r d  d e v i a t i o n s  of the  averaged  d imensions  

l i s t e d  i n  T a b le s  21-23 can be ob ta in ed  by d i v i s i o n  of  the  

r o o t  -me a n - s  qu a r  e d e v i a t i o n  by s/2. This g iv e s  an u . s . d .  of 

0 .07A f o r  a mean bond lo n g th  and o f  5 f o r  a rrnan bond a n g le .
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The v a r i o u s  i n t e r m o l e c u l a r  non-bonded d i s t a n c e s  l e s s  

t h a n  a r c  shown i n  Tables  2J(. and 27 f o r  the or thorhombic  

and m o n o c l in ic  c r y s t a l  s t r u c t u r e s  r 0 sp0 c t i v c l y .

Some mean p l a n e  c a l c u l a t i o n s  were performed u s i n g  the  

method o f  Schomaker e t  a l .  (1959) .  The- d e v i a t i o n s  o f  the  

atoms f ro m  t h e s e  p l a n e s  a re  shown i n  Table. 25 f o r  s im a ro l id c  

k - i o d  o - 3 - n i t r o b e n z o a t e .

The l a t e s t  v a lu e s  of j F0 | ,  }If10 ( and o ^ f o r  ho th  s t r u c t u r e s  

a r e  l i s t e d  i n  T ab les  30 and 31 r e s p e c t i v e l y .  These t a b l e s  

i n c l u d e  o n ly  ob se rved  te rm s .

U s in g  t h e  l a t e s t  s t r u c t u r e  f a c t o r s  i n  bo th  c a se s  

t h r e e - d i m e n s i o n a l  F o u r i e r  maps were computed.

F o r  t h e  h - i o d o - 3 - n i t r o b e n z o a t e  the  e l e c t r o n  d e n s i t y  

d i s t r i b u t i o n  i s  p o r t r a y e d  i n  F ig .  25 by means of  

su p e r im p o s e d  c o n to u r  s e c t i o n s  drawn p a r a l l e l  to  ( 0 0 1 ) .

The p o s s i b l e  a c e to n e  m olecu le  i s  not  shown. The co r re sp o n d in g  

a to m ic  a r r a n g e m e n t  o f  th e  molecule  i s  shown i n  F ig .  26. The 

p a c k i n g  o f  t h e s e  m o lecu le s  as viewed i n  p r o j e c t i o n  down the  

c -  and b - a x e s  a r c  drawn i n  F ig s .  27 and 28.

The e l e c t r o n - d e n s i t y  d i s t r i b u t i o n  of  th e  m-iodobenzoate  

i s  shown i n  F ig .  2 9  by means of  superimposed contour  s e c t i o n s  

drawn p a r a l l e l  t o  (010-). The c o r r e s p o n d in g  m olecu la r  

a r r a n g e m e n t  and p a c k in g  d iagram  a re  p o r t r a y e d  i n  F ig s .  30 and 

31 r e s p e c t i v e l y .  Again the  s o l v e n t  m olecule  i s  not  shown.



F i g .  2 5  S im a r o l id e  L - io d o - 5- n i t r o h e n z o a t e .

L a t e s t  super imposed contour  s e c t i o n  e l e c t r o n  
d e n s i t y  map drawn p a r a l l e l  to  (001) .  ,4"**?; 9on^?uf  /Q
i n t e r v a l s  a t  l e /A ^  excep t  Lor io d in e  which i s  a t  ij-e/A



X

F ig .  26 S im aro lid e  l+-»iodo-3-nitrobenzoate.

Atomic arrangement corresponding to  F ig . 25



F i g ,  27 S im a r o l id e  U-iodo ^ - n i t r o b e n z o a t e .

P a c k in g  d iagram  as viewed down the  c - a x i s .



z

F i g .  30 S i m a r o l i d e  m-iodo'benzoate.

Atomic a rrangem ent  c o r r e sp o n d in g  t o  F ig .  2 9 .



31 S i m a r o l i d e  m -iodohenzoa te .

P a c k in g  d iag ram  as viewed down th e  h—axis*



F i g .  52 S i m a r o l i d e  U-iodo-5-nitro'benzoate

L a t e s t  F o u r i e r  p r o j e c t i o n  on (001) w i th  
su p e r im p o s e d  m o le c u la r  s k e l e t o n .  A l l  con tour  
i n t e r v a l s  a t  1 e/%? excep t  f o r  io d in e  which i s  a t  5e/X
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As d i s c u s s e d  i n  s e c t i o n  2 . ( 8 ) . ,  the  e l e c t r o n  d e n s i t y  

d i s t r i b u t i o n  i s  much more dependent  on l i g h t  atom p o s i t i o n s  

i n  n o n - c c n t r o s y m m e t r i c a l  s t r u c t u r e s  t h a n  i n  c e n t ro sy m m e tr ic  

cas<as. The p r o j e c t i o n  o f  th e  U - i o d o - 3 - n i t r o b o n z o a t e  down 

th e  c - a x i s  i s  c e n t r i c  and the m o le cu la r  framework i s  shown 

su p e r im p o s e d  on t h i s  map i n  F ig .  32. There  i s  a r e a s o n a b l e  

a g re em en t  be tw een  a tom ic  s i t e s  and p.-ak maxima. The 

p o s i t i o n  o f  the  p o s t u l a t e d  s o l v e n t  m o le c u le ,  the  a tom ic  

c o o r d i n a t e s  o f  which wore no t  u sed  i n  the  c o m p u ta t io n  o f  t h i s  

map, i s  i n  th e  top  l e f t  hand and bo t tom  r i g h t  hand c o r n e r .

s c u s s i o n .

The o v e r a l l  s t r u c t u r e  and abso lu te ,  s t e r e o c h e m i s t r y  of  

s i m a r o l i d e  a re  shown i n  F ig .  21. ( I I ) .

A n o th e r  b i t t e r  p r i n c i p l e  from the  Simaruba amara 

i s  q u a s s i a  ( i l l )  whose s t r u c t u r e  and r e l a t i v e  

s t e r e o c h e m i s t r y  have r e c e n t l y  been  worked ou t  by ch em ic a l  and 

s p e c t r o s c o p i c  methods. ( V a le n ta  e t  a l„ ,  1962) .  I t  i s  

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

same r e l a t i v e  s t e r e o c h e m i s t r y  i s  p r e s e n t  a t  a l l  seven  

common asym m etr ic  c e n t r e s .

Bre.dcnberg ( 1 9 6 U) has s u g g e s t e d  t h a t  a s imple  

b i o g e n o t i c  r e l a t i o n s h i p  e x i s t s  be tw een  compounds o f  th^; 

q u a s s i a  type  and th o se  o f  the  l im o n in  (IV) type  (A r n o t t

c t  a l . ,  1 961  ) •
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S i m a r o l i d e ,  l i k e  l im o n in  and gc-dunin (VI) ( S u t h e r l a n d  

c t  a l . ,  1 9 6 2 ) i s  e v i d e n t l y  a n o th e r  t r i t e r p e n o i d  compound 

o f  t h e  eu p ho l  (V) type  (B a r to n  e t  a l . y 195^) i n  which  the  f o u r  

c a r b o n  atoms a t  t h e  end o f  th e  s id e  c h a i n  have b een  removed 

and C(20) -  0 (2 3 )  have formed a s a t u r a t e d  ^ - l a c t o n e .

S c i s s i o n  of  the  C(16) -  0(10) bond i n  gedun in  and th e  

r c - o y c l i s a t i o n  of  0 (16 )  to  0(1+) would acco u n t  f o r  the  

% -  l a c t o n e  and the. 0 (17 )  c a rb o n y l  group i n  s i m a r o l i d e .

S in c e  th e  two s im a r o l id e  s t r u c t u r e s  have no t  undergone  

th o r o u g h  r e f i n e m e n t  and s t a n d a r d  d e v i a t i o n  v a lu e s  a rc  h igh  

i t  f o l l o w s  t h a t  no t  much s i g n i f i c a n c e  can  be p l a c e d  on 

i n d i v i d u a l  bond l e n g t h s  and a n g le s  and c o n c l u s i o n s  can  o n ly  

bo draw n when i t  i s  p o s s i b l e  to  e v a l u a t e  a t r u l y  

r e p r e s e n t a t i v e  a v e r a g e  v a lu e  f o r  a p a ra m e te r .

The f o l l o w i n g  t a b l e  summarises th e  bond l e n g t h s  which 

a r e  i n  s e n s i b l e  ag reem ent  w i th  th o se  o f  5 ~ b r o m o g r i s e o f u lv in  -  

Bond S im a ro l id e  5 - B r o m o g r i s e o f u lv in
“7 w O O

s p ^ - c a r b o n - s p - ^ - c a r b o n  1. 5W. 1.5UA
r> - 2  O . 0

sp - c a r b o n - s p  - c a r b o n  1 . 5 1 A 1.d9A
o . o

Benzene c a r b o n - c a r b o n  1.37A 1.4.0A
2 0 0

sp - c a r b o n - o x y g c n  doub le  1.23A 1.23A

The carbon-CKygcn s in g le  bonds are  of two sha rp ly

c o n t r a s t e d  t y p e s .  Four o f  th e s e  a re  a d j a c e n t  to  c a r b o n y l

g ro u p s  and have an ave rage  l e n g t h  o f  1.38A. The mean v a l u e
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o
f o r  th e  o t h e r  f o u r  bonds i s  1.48A. This  i s  a s i g n i f i c a n t  

d i f f e r e n c e  and shows t h a t  i n  e s t e r  and l a c t o n e  g r o u p in g s ,  as 

i n  c a r b o x y l i c  a c i d s ,  t h e r e  must be a  c o n s i d e r a b l e  c o n t r i b u t i o n  

f ro m  t h e  c h a rg ed  r e so n an c e  s t r u c t u r e  shown below -

i i
0 4-

c

^ 0

i !
0

S i m i l a r  r e s u l t s  have been  o b t a i n e d  i n  o t h e r  a n a l y s e s .

I n  b ro m o d ih yd ro iso ph o to -D ^ -san to n ic  l a c t o n e  a c e t a t e  (A sher ,  

1963) th e  r e s p e c t i v e  v a lu e s  a r e  1 .35A and 1. and i n  

c < - b r o m o p i c r o to x i n i n  (Craven ,  1 9 6 2 ) t h e y  a r e  1 . 3 7 $ .  and

1 . 4 7 ! .

The average ,  v a lu e  o f  the. a ro m a t i c  c a r b o n - i o d i n e  bond
o 0

distance; ,  i s  2 .03A which i s  i n  agreem ent  w i th  2 .10A f o r  th e

c o r r e s p o n d i n g  bond i n  p i c r y l  i o d i d e  (Huse and P o w e l l ,  I 9 U0 ) .

The mean v a l u e  o f  th e  n i t r o g e n - o x y g e n  bond, i n  the. 

U - i o d o - 3 - n i t r o b e n s o a t e ,  1.26A, i s  i n  a c c o rd  w i th  1 .2 1 $  

f o r  m - d i n i t r o b e n z e n e  ( T r o t t e r ,  1961)*

There  i s  o n ly  one a ro m a t i c  c a r b o n - n i t r o g c n  bond i n  

t h e  s t r u c t u r e  and. t h u s  no t  much r e l i a n c e  can  be p l a c e d  on 

i t s  l e n g t h  o f  I . 5 6 A. I t  i s  c e r t a i n l y  no t  s i g n i f i c a n t l y
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g r e a t e r  t h a n  the  v a lu e  o f  1.U9& quo ted  f o r  n i t r o b e n z e n e  

( T r o t t e r ,  1959)* Zhdanov and Golder  (1955) s u g g e s t e d ,  on 

t h e  "basis o f  c u r r e n t  d a t a ,  t h a t  a l e n g t h e n i n g  o f  th e  oa»hon- 

n i t r o g e n  "bond might  he exp ec ted  when a n i t r o - g r o u p  was 

t w i s t e d  o u t  o f  the  p lan e  of  the  "benzene r i n g .  T h is  e f f e c t

th e y  a t t r i b u t e d  to  a r e d u c t i o n  o f  c o n j u g a t i o n .  Subsequen t

r e s u l t s  have no t  con f i rm ed  t h i s  t h e o r y ,  the  v a l u e s  f o r  

4 - o h l o r o - 3 - n i t r o b c n e o i c  a c i d  (F e rg uso n ,  19^1) and 

n i t r o b e n z e n e ,  f o r  example , b e in g  a lm ost  i d e n t i c a l .

The s t rong ,  s t e r i c  i n t e r a c t i o n  be tw een  a x i a l  1, 3 -m e th y l

g ro u p s  i s  a w e l l -know n  phenomenon. On th e  b a s i s  o f  s t a n d a r d

i d e a l  v a le n c y  bond lengths' '  and a n g le s  such atoms would be
o

e x p e c te d  to  be 2 .3 2 k  a p a r t .  The f a c t  t h a t  the  d i s t a n c e
o o

0 ( 1 9 ) -  C(30) i s  3 . 2UA i n  the  o r tho rho m b ic  and 3*3^A

i n  t h e  m o n o c l in ic  case  shows t h a t  s t r o n g  r e p u l s i v e  f o r c e s

must  be p u sh in g  t h e s e  atoms away from one a n o th e r .  The

r e s p e c t i v e  v a lu e s  of  the  non-bonded d i s t a n c e  C(17) -  C(30)

a r e  3 . 1 3% and 3.1J+X -  a g a i n  s i g n i f i c a n t l y  g r e a t e r  t h a n

2 . 5 2 A.

That  the  ^ - l a c t o n e  i s  n o n - p l a n a r  i s  shown by th e  f a c t  

t h a t  i t s  mean i n t e r n a l  v a len cy  a n g le  i s  106° -  l e s s  t h a n  

t h e  p l a n a r  v a l u e ,  108° .  This  i s  i n  acco rd  w i th  the  

p a t t e r n  d i s c u s s e d  i n  s e c t i o n  2.(9-)* The average  v a le n c y  

a n g l e  i n  th e  benzene  r i n g  i s  th e  e x p e c te d  v a lu e  of  120° .
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Not much s i g n i f i c a n c e  can  "be a t t a c h e d  t o  t h e  s i z e  o f  the

O-N-O v a le n c y  a n g le  o f  which t h e r e  i s  only  one example .

The v a l u e ,  11U°j i s  c o n s i d e r a b l y  lower  t h a n  the- u s u a l  

a n g le  o f  125° as found  i n  m - d in i t r o b e n z e n e  ( T r o t t e r ,  1961) .

The a n g l e s  a round  C (16) ,  C (23) ,  C (31) and C(33) a r e

i n  a c c o r d  w i t h  th e  p a t t e r n  found i n  c a r b o x y l i c  a c i d s .

The a v e r a g e  0-C-C a n g le  i s  112° ,  w hereas  the  m^an of  the  

0-C = 0 and C-C = 0 a n g le s  i s  123°, i . e .  i n  l a c t o n e  and 

e s t e r  g r o u p in g s  the  a n g le  not  i n v o l v i n g  th e  c a r b o n y l  oxygen 

i s  a p p r o x i m a t e l y  t e t r a h e d r a l ,  the  o t h e r  two’ b e in g  

c o n s i d e r a b l y  g r e a t e r .  The e f f e c t  i s  due to  r e p u l s i o n  by 

th e  l o n e  p a i r s  o f  e l e c t r o n s  on th e  c a r b o n y l  oxygen atom. 

F u r t h e r  examples  o f  t h i s  phenomenon a re  a f f o r d e d  by 

b r o m o g e i g e r i n  a c e t a t e  (H am il ton ,  McPhail  and Sim, 1 9 6 2 ) 

where  the  r e s p e c t i v e  a v e rage  v a lu e s  a r c  1 1 3 ° and 1 2 i |° 

and by a n g le s  o f  1 1 3 ° and 1 2 3 ° i n  o - c h l o r o b e n z o i c  a c i d  

( F e r g u s o n  and Sim, 1 9 6 1 ) .

As e x p e c t e d ,  C ( 2 0 ) i s  d i s p l a c e d  s i g n i f i c a n t l y  f rom  the  

p l a n e  o f  th e  o t h e r  f i v e  atoms i n  th e  ) ( - l a c t o n e .  The

d e v i a t i o n  i s  0 .49A (Tabic  2 5 ) .  T h is  p a t t e r n  has be en

o b se rv e d  i n  a c o n s i d e r a b l e  number o f  ^ - l a c t o n e  r i n g s  o f  

which t h a t  i n  h im bac ine  hydrobromide ( F r i d r i c h s o n s  and 

M a th ie so n ,  1 9 6 2 ) i s  a t y p i c a l  example , the  d i s p l a c e m e n t  

b e i n g  0.61 A. I n  c o n fo rm a t io n  w i t h  t h i s  p a t t e r p ,  i t  i s
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fo u n d  t h a t  o n ly  0 ( 8 )  and G( iIp) markedly  d e v i a t e  f ro m  th e  

p l a n e  o f  the  o t h e r  f i v e  atoms o f  th e  S - l a c t o n e  sy s tem .

C(14)  ( 0 .5 1 $ )  i s  d i s p l a c e d  f u r t h e r  f rom  the. p l a n e  t h a n  0 (8 )  

( 0 . 2 7 f t ) .  Thi s X's p resum ably  due to  th e  f a c t  t h a t  th e  l a . to e r  

a tom i s  more f i r m l y  h e ld  by the m o le c u la r  framework,  b e in g  

a t  th e  j u n c t i o n  o f  t h r e e  s ix-membered r i n g s .

None o f  the  atoms o f  th e  a c e to x y  -  or  the  n i t r o - g r o u p s  

a r e  d i s p l a c e d  s i g n i f i c a n t l y  from t h e i r  mean p l a n e s .

The atoms anc! d i r e c t  s u b s t i t u e n t s  o f  the  benzene  r i n g

c an  be t a k e n  as  c o p l a n a r ,  b u t  th e  oxygens o f  the. e s t e r  and

n i t r o - g r o u p s  d e v i a t e  s i g n i f i c a n t l y  f rom the  p l a n e  o f  the
. o

o t h e r  a toms.  The n i t r o g e n - i o d i n e  d i s t a n c e ,  3»47A, i s  

c o n s i d e r a b l y  l e s s  t h a n  the  minimum van d e r  W a a l s f s e p a r a t i o n  

of  3 . 6 5 S. T h is  shows t h a t  t h i s  p a r t  o f  the  m o lecu le  i s  

u n d e r  c o n s i d e r a b l e  s t e r i c  s t r a i n .  The s t r a i n  imposed by th e  

b u lk y  n i t r o - g r o u p  i n  th e  c t t t h o - p o s i t i o n  to  th e  i o d in e  atom 

i s  p a r t i a l l y  r e l i e v e d  by a r o t a t i o n  o f  th e  n i t r o - g r o u p  

w i t h  r e s p e c t  t o  th e  benzene r i n g  a b o u t  the  e x o c y c l i c  

C(36) -  N bond. The a n g le  o f  t i l t  o f  the  n i t r o - g r o u p  t o  

t h e  benzene  r i n g  i s  87°.  This  v a lu e  i s  v e ry  much g r e a t e r  

t h a n  U9° and 1+6° quoted  by F e rg u so n  ( 1 9 6 1 ) f o r  t h e s e  a n g le s  

i n  ix-bromo-and iLj.-chloro-3-’U i t r o b e n z o ic  a c i d s .  Presum ably  

t h e  d i f f e r e n c e  could  be caused by the g r e a t e r  b u lk  of  the  

o r t h o - i o d i n e  a tom or by the  c r y s t a l  f o r c e s  p r e s e n t  i n  the
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s i m a r o l i d e  d e r i v a t i v e .  The s i z e  o f  t h i s  an g le  i n  

U - i o d o - 3 - n i t r o b e n z o i c  a c i d  would be i n t e r e s t i n g .

The e s t e r  group i s  i n c l i n e d  t o  th e  benzene r i n g  p l a n e  a t  

a n  a n g le  o f  a b o u t  11° ,  ’which i s  i n  agreem ent  w i th  the  v a lu e s  

o f  9° an& 7°  f o r  the  above-m ent ioned  s u b s t i t u t e d  b e n z o ic  

a c i d s  (F e rg u so n ,  1961) .  This  t w i s t  of  th e  C(33) -  C(3b)  

e x o c y c l i c  bond, has  been  a t t r i b u t e d  t o  a b u t t r e s s i n g  e f f e c t  

due t o  t h e  b u lk y  n i t r o - g r o u p  and r e l a y e d  by the  hydrogen  

atom a t  0 (35 )  which  i s  d i s p l a c e d  f rom  i t s  i d e a l  p o s i t i o n  i n  

t h e  d i r e c t i o n  o f  0 ( 2 ) .  This  h y drogen  -  0 (2 )  i n t e r a c t i o n  

c a u s e s  t h e  e s t e r  group t o  r o t a t e  out  o f  the  p la n e  o f  the  

benzene  r i n g .  (F e rg u so n  and Sim, 1962a) .

As was o b se rv e d  w i t h  ix -b ro m o -3 -n i t ro b e n z o ic  a c i d  

( F e r g u s o n ,  1961) ,  th e  oxygen atom of t h e  n i t r o - g r o u p  and 

t h a t  o f  t h e  e s t e r  which a p p ro ach  most c l o s e l y  -  0 ( 2 )  and 

0 (1 1 )  -  a re  b o t h  d i s p l a c e d  on th e  same s i d e  o f  t h e  benzene 

r i n g  mean p i a n o .  A d i f fe rence?  e x i s t s ,  however,  i n  t h a t  t h e  

c a r b o n y l  oxygen i s  the  n e a r e r  atom t o  th e  n i t r o - g r o u p  i n  

t h e  s im p le  a c i d  and th e  more d i s t a n t  atom i n  t h e  s i m a r o l i d e  

d e r i v a t i v e .



TABLE 20 

Simar olicLo 4-,-iocio~5~ni tpoLGnzoate 

L a te s t  Atomic Coordinates andcA-values

Atom x / a

0 1 ) . - 0 .1  9 8 /+
G 2) -0 .2 3 3 3
G 3) - 0 .3 0 2 5
C 4) - 0 . 3 0 1 C

C 5) -0 .2 5 5 5

C 6 ) -0 .2 6 1 5

0 7) - 0 . 2 2 2 0

c 8 ) - 0 . 1 5 0 8

c 9) - 0 . 1 4 4 0

c 10) - 0 .1 8 8 8

G 11) - 0 .0 7 5 3

C 12) - 0 .0 3 7 5

C 13) - 0 .0 5 0 7

c 1 4) - 0 . 1 2 3 2

c 15) - 0 .1 6 2 6

G 16) - 0 .2 2 9 5
G 17) - 0 .0 0 0 2

G 18) - 0 .  0242

G 19) -0 .1 5 5 5

G 20) 0 .0646

G 21 ) 0 .0 7 0 3

G 22) 0 .1066

C 23) 0 .1 0 3 9

C 28) - 0 .3 7 0 3

y/L 2 / 0

0 . 1 0 0 7 0 . 2 4 2 2

0 . 0 5 0 9 0 .2757
0.0645 0.3546

0.0977 0.5465

0 . 1 4 5 0 0 . 5 0 6 9

0.1825 0.6391
0 .2300 0.6122

0 .2 1 84 0.5735
0.1781 0 .4019
0.1301 0.4468

0 . 1 7 1 0 0.3819

0 .2174 0 .3198

0.2641 0.4458

0 .2697 0 .4946

0.2781 0 . 3 0 9 8

0 .2796 0,3139

0 .2670 0 . 6 4 0 6

0.3125 0 . 3 2 6 6

0.0969 0 .6128

0 .2480 0.6347

0.1955 0 . 6 8 4 0

0 . 2 7 4 2 0.8033

0.2405 0 .97 0 4

0 .1097 0.6076

o C  ( o . b o  T & & ) .

5 . 85 
3 .09  

3 .1 5

2 .95  

2 . 7 k

2 .9 7  
2 .6 6

2 .9 3
2-95
2 . 9 6  

2 .7 5  

3.1»2 

3 .1 7  

2 . 9 k
2 . 9 8  

2 . 8 0  

3 .0 7  

3.1*9 

3.21+
3 . 1 2

3 .9 6

3 . 8 6  

1+.16 

3.06



TAHLiB 20 (C o n id .)

AtC*!?; ^  ^ y / h

C (3 0 ) -0 .1 2 1 0 0 .2 0 7 0 0 .7 8 8 6
c (31 ) -0 .0 1 5 1 0 .1035 0.2341
0 (32) 0 . 00.33 0,0776 0 .0226

0 (33) —0.1866 -0 .0 0 1 4 0 .0 0 2 7

G(3h) -0 .2 0 9 3 - 0 .0245 -0 .1 9 6 7

0 (35) -O .2713 —0 .0 3 5 0 -0 .2 4 4 5
0(36) -0.2780 - 0,0606 -0 .4 1 7 2

0 (37) —0.2261 - 0 . O836 - 0.5346
0(38) - 0 .1 6 1 4 -0 .0 7 5 5 - 0.4653
0(39) -0 .1 5 5 7 —0.0455 - o . 3107

0(1 ) -0 .1 9 3 5 0.1202 0.0731
0(2) -O .2430 0.0264 0.0821

0(3 ) - 0 . 1411 0.0034 0.1081

0 ( 4 ) - 0 .2 5 7 7 0 .2 9 0 9 0.4437
0 ( 5 ) —0 .0 6 3 6 0 .1358 0 . 2 0 8 7

0 ( 6 ) 0 .0 1 7 3 0 .1 0 1 9 0.3879
0(7) —0.2881 0 .3063 0.1897
0(6) 0.0735 0 .1942 0 .9 1 0 8

0 (g ) 0.1120 0 .2 4 8 7 1.1632
0(10) —0 .0 2 6 4 0.2889 0.7885
0(11) -0 .3 9 2 0 - 0.0379 - 0 .9868

0(12) - 0.3734 -O.O989 —0 .3 6 9 0

If - o . 3500 —0.0673 - 0.4822

X -0 .2 4 0 5 - O . I 2 7 5 - 0.7987

CoordiiK t e s  o f  t h e f o u r  p o s s i b l e a toms of
molecule —



SIMAROLIDE
o

Compa r a t i v e  Bond Lengths (A)

0 I Mean 0 M Mean

c o  . . .  0 (2 ) .53 .38 1.36 C 16) ■ • • 0 (4 ) 1 .28 .41 1 .35
c o  • . .  0 ( 10 ) . 5 4 .56 1.55 c 16) • • • 0 (7 ) 1 . 3 4 .26 1.30
c 1) . . .  0 (1 ) . 2 3 .21 1.22 c 17) • • • 0( 10) 1 .25 .31 1.28
c 2) . .  0 ( 3 ) . 57 .58 1 .58 c 17) ♦ # • 0(20) . 4 4 • 56 1 .5 0

c 2 ) . . .  0 (2 ) . 4 4 .38 1.41 c 20) • • • 0 (21) 1 .45 .45 1 .45
c 3)  . . .  c(u) . 5 4 .80 1.67 c 20) • * • 0 (22) 1.57 .55 1.56

c 4) •• 0 ( 5 ) .60 .50 1.53 c 21) * • • 0 (8) 1 .48 .45 1 .47
c k) . .  0 (28 ) .52 . k l 1.50 c 22) • • • 0(23) 1 .42 .50 1 . 46

c 5)  . . .  0 ( 10 ) • 51 .55 1.53 c 23) • • • 0(8) . 44 .22 1 .33

c 5) . . .  0 ( 6 ) .33 .48 1 . 24-1 c 23) • • • 0 (9) 1 .29 .21 1.25

c 6) . . .  C( 7 ) .52 .59 1.56 c 31) • « • 0 (5) 1 .34 .33 1 .3 4

c 7)  . . .  0 ( 8 ) .53 • 59 1.56 c 31) • • • 0(6) 1.21 .25 1.23

c 7) . . .  0 ( 4 ) • 44 .63 1 .54 c 31) • • • 0 (32) 1.59 .38 1 .49

c 8) . . .  0 ( 9 ) ■ 56 -52 1 . 5 4 c 33) • • • 0 (2 ) 1 .48 .48 1 .48

c 8) . . .  0 (1 4 ) . 57 .54 1 .56 c 33) • • # 0(3) 1.02 .22 1.12

0 8) . . .  0 (30 ) .5.6 .57 1 .57 c 33) • • 11 0(34) 1.52 .43 1.48

c 9) . . .  C(10) .57 .56 1 .57 c 34) • • • 0 (35) 1 .35 .42 1 .39

c 9) , . .  0 ( 11 ) . 4 4 .48 1. 46 c 35) • • 0(36) 1 .33 .35 1 .3 4

c 10) . . .  c(19) . 58 .53 1.56 c 36) • • • 0(37) 1 .46 .3 4 1 .40

c 11 ) . . .  0 (12 ) • 52 . 65 1.59 c 37) • m • 0(38) 1 .33 .43 1 .38

c 11) . . .  0 (5 ) .49 .k9 1.49 c 38) • • • 0 (39) 1.28 .36 1.32

c 12) . . .  0(13) . .52 . 65- 1 .59 c 39) ♦ • • 0(34) 1.45 .36 1.41

c 13) . . .  0 ( 1 4 ) . 5 4 .52 1.53 c 36) • • • I — .95

c 13) . . .  c ( 1 7 ) • 65 .58 1.62 c 37) • • • I 2.11

c 13) . . .  0 (18) . 61 .55 1.58 c 36) • • • N 1.56 —

c 14) . . .  0 ( 15) .47 .53 1.50 N • • • 0(1 0 1 .30

c 15) . . .  c ( 1 6) .39 .43 1 . 41 N • • • 0(12) 1.22



TABLE 22

SIMAROLIDE

Com para t ive  Bong Angles

0 JL Mean

123° 125° 121+
123 137 130
1 1 2 99 1 0 6
1 1 0 103 107
1 06 108 107
1 0 6 96 101
113 121 117
1 1 0 96 103
108 101+ 1 0 6
116 121 1 1 9
1 1 2 121 117
1 1 6 101+ 1 1 0
117 111 17 1+
1 2 0 125 123
1 1 2 1 0 6 1 0 9

98 93 96
117 99 108
1 1 0 1 2 0 115
103 1 0 6 105
1 0 6 96 101
118 1 2 0 119
1 0 9 99 101+
1 1 0 113 112
1 1 2 112 1 1 2
101+ 109 107
119 115 117
1 1 2 1 1 6 111+
101+ 97 101
109 1 0 8 109
111 1 1 6 111+
109 109 109
1 1 2 1 1 0 111
115 1 1 2 111+
108 111 1 1 0
103 98 101
1 1 6 1 1 2 111+
1 1 2 112 1 1 2
1 1 0 1 0 8 109
1 1 0 109 1 1 0

97 95 96
117 109 113
111 122 117
1 1 0 1 2 0 115
113 101+ 109

C(8)C(11+)C(15)

0 7)0(16)0(1+)

0 M Mean

02° 105° 101+°
23 126 125
17 111+ 116
27 1 3 3 130
16 113 115
21+ 121+ 121+
10 1 0 9 110
26 117 122
11+ 116 115
10 111+ 112
03 95 99
01+ 112 108
01+ 101+ 101+
11 111 111
3 0 130 130
18 111 115
23 121+ 121+
11 116 111+
25 119 122
16 109 113
05 108 107
38 131 135
25 128 127
11 115 113
22 117 120
11+ 128 121
26 126 126
13 ~

21 —

11+ 116 115
21+ 107 116
19 123 121
21+ -

22 -

15 122 119
20 123 122
16 119 118
06 109 108
31+ -

07 -

11+ —
— 120

111+



TABLE 23  

SIMAROLIDE

^Qme -QQfflP^Fp-tive i n t r amolecular non—bonded 

Distances ..(A) « k A )

0 M Mean

2 .43 2 .3 9 2 . 4 1
3 .15 3 .1 7 3 .1 6
3 . 0 2 3 .1 7 3 . 1 0
2 .57 2.31 2 .5 4
2 . 1+6 2 .59 2 .5 4
2.61+ 2.5S 2 . 6 1
2 .9 9 2 .9 6 2 . 9 8
2 .23 2 .33 2 .2 8
3.11+ 3 . 1 2 3 .1 3
3 .1 8 3 .32 3 .2 5
2.1+7 2 . 3 8 2 .4 3
3 .26 3 .33 3 .30
2 .38 2.1+4 2.41
2 .58 2 .66 2 .62
2 .68 2 .7 6 2 .72
3.45 3 .40 3 .4 3
2 .99 2 .9 6 2 .98
2 . 9 8 3 .13 3 . 0 6
3-53 3 .77 3.65
3 .07 3.21 3 .1 4
2 .3 9 2 .49 2 .4 4
3 .47 3 .53 3 .5 0
2 .55 2 .4 4 2 . 5 0
2 .4 4 2 .47 2 . 4 6
3-76 3 .79 3-78
2 .4 4 2 . 3 1 2 . 3 8
3-13 3 .1 4 . 3 . 1 4
3 .2 4 3 .3 4 3 .29
3 .66 3.55 3.61
2.1+5 2 .4 7 2 .46
2 .79 2 . 8 5 2 .8 2
2 .49 2 .43 2 . 46
2.71 2 . 6 5 2 .6 8
2 .1 0 2 . 2 3 2 .17
2 . 2 3 2 .2 3 2 .2 3
2 . 2 4 2 .35 2 .3 0
2 .3 4 2 .00 2 .17
2 .12 -
3 .47 -



TABLE 2 h

S im a r o l id e 4 - io d c • -3 -n i t ro b t -n zo a te

I n t o m o l e c u l a r  Non-"bond•G0. d i s t a n c e s  (A) « 4 A )

0 (3 9 ) . . .  0 ( 1 5 ) x 3 .93 0(21 ) • •• 0 ( 4 ) y 3 .93

0 ( 3 2 ) . . .  0 ( 3 ) j 3 .68 0(18) ««. C (28)v 3 .83

0 (9 )  • ••  0 ( 7 ) x i 3 .69 0(20) . . .  0 ( 7 ) v 3 .93

0 ( 1 6 ) . . .  0 ( 1 2 ) x I I 3 .90 0(20) »• » 0 ( 4 ) y 3 .72

0 ( 1 5 ) . . .  0 ( 1 2 J j n 3 .39 0(23) * • • 0(1 6 )y 3 .96

0 ( 1 8 ) . . .  0 ( 1 2 ) x u 3 .19 0(23) 0 ( 7 )y 3.11

C(1i+) . . .  0 ( 1 2 ) m 3.61 0(23) . . .  0 ( 4 ) y 3 .95

0 ( 7 )  . . .  C(36)xxx 3 .97 0 (2 2 ) . . .  0 ( 1 6 )y 3 .7 7

0 ( 7 )  . •• 0 ( 3 7 ) m 3-71 0(2 2 ) . . .  C(7)v 3 .37

0 ( 7 )  • . .  0 ( 3 8 ) i n 3.93 0(22) . • .  o ( 4 ) y 3.31

0 (b) . • •  I I I I 3 .99 0(8 ) . . .  0 ( 7 ) v 3 .3 5

0(21 ) . . .  C (3 8 ) xv 3 .96 0(9 ) . . .  C ( 6 ) y 3 .45

0 (6 )  . . .  0 ( 3 9 ) i v 3 .79 0(9) . . .  C (7 )y 3 .78

0 ( 6 )  . . .  C (3 8 )x y 3.31+ 0 (9 ) . . .  o ( 4 ) y 3 .73

0(21 ) . . .  0 ( 7 ) v 3.45 0(7 ) . . .  I VI 3.11

The s u b s c r ip t s  re fc-r to  
pos:

the  f o l lo w in g  cquiv  
i t i o n s  -

a l e n t

I - x  - y z IV -X , -y# z +

XI ■§• + x , ~ y > -z V A j. v 1 -2  r -ft. f 2 y# 1 -

I II  - + x , 2  — y > *7 VI 1 1** 2 + HZ. y> -1 ~



TABLE 25 

S imaro 1 ido A- i  od o~3 -  ni t r olx.nz oate 

D e v ia t io n s  (A) of atoms from mean plan&s

a) Y - l a c t o n e  -  p lcne  def ined  By C (2 1 )TC(22

Atom D e v ia t io n Atom D e v ia t io n

C(21 ) +0.0A 0 ( 8 ) - 0 . 0 7
C(22) - 0 . 0 k 0 ( 9 ) N i l

0 (2 3 ) +0.07 0(20) -0.U9

b) S - l . ic tone  -  plane d e f in e d  by 0(7 ) ,0 (1 5 ) ,0 (1 .6 1 ,0 !

Atom D e v ia t io n Atom D e v ia t ion

0 ( 7 ) +0 . 0 9 0 ( 7 ) +0. 06

0 ( 1 5 ) -0 .0 2 0 (8 ) - 0 . 2 7
C ( 1 6) -0 .0 1 0 (14) +0 .54

o(k)  - 0 . 1 3

o) Aco toxy  group -  plane, fefinfc.a .by.c(11 ) . , 0 ( 3 0 . 0 ( 3 2 ) . 0(5) . .0 (6 j

Atom D e v ia t io n  Atom D e v ia t io n

- 0 . 0 9

+0 . 0 9

0 ( 5 )
0 ( 6 )

0 ( 1 1 ) +0 . 0 9

C(31) - 0 . 0 9
C(3 2 ) +0 .08

d) Benzene r in g  and s u b s t i t u e n t s  -p lan e  def ined  “byBenzene r in g  and s u b s t i t u e n t s  -p lan e  def ined  b 
C ( 3 3 ) . C ( 5 4 ) . C ( 5 5 ) . C ( 3 6 ) , C (37) .C(38) .0 (39)-»

Atom

0 ( 3 3 )

0 (3 4 )
0 ( 3 5 )
0 (3 6 )

0 (3 7 )
0 ( 3 8 )

0 ( 3 9 )

D e v ia t io n  

- 0.11 
+0.08 

- 0 .0 3  
+0.01  
— 0 * 02 
+ 0.01 
+0 .0 8

At om 

N 
I

0 ( 2 )

0 ( 3 )
0 ( 1 1 )
0 ( 1 2 )

D e v ia t io n

+0.0A
- 0 .0 6

+0.17
- 0 .2 3
+0.96
- 1 . 0 9



TABLE 25 (Contd. 1

e)  Carbon - n i t r o - g r o u p  -  plane def ined  by 
0(3 6 ) ,  N, 0(11 ).,0(12) __________________

fttom D e v ia t io n  Atom D e v ia t io n

0 (36 ) - 0.04  0 (11) - 0.05

K +0.13  0 (12)  - 0 . 0 4

In to rp la n a r  angle  between (d) and (e )  = 87 •



(Ori

Atom

C(1) 
C(2)

0 ( 3 )
o ( 4 )
0 ( 5 )
0 ( 6 )
0 ( 7 )
0 ( 8 )

0 ( 9 )
C(10)
0 ( 1 1 )

0 ( 1 2 )

0 ( 1 3 )

0 ( 1 4 )

0 (1 5 )
0 ( 1 6 )

0 (1 7 )
0 ( 1 8 )

0 ( 1 9 )  

0 ( 2 0 ) 
0 ( 2 1 ) 
0 ( 2 2 ) 

0 ( 2 3 )  
0 ( 2 8 )  

0 ( 3 0 )

a.imarolldo m-iodo'banzoate

ja t e s t  atomio ooordinates
i n  o f  coordinc'.tes on ■

x / a
H M M M I y /b

0 .3 1 1 8 - 0 .3348
0 .2737 - 0 .4 2 6 0

0.3565 - 0 .4911

0 .4119 - 0 .7 0 6 9

0 .4199 - 0 .6 0 8 6

0 .4765 -0 .7 5 8 2
0 .49 8 4 -0 .7 3 95
0 .4 0 1 1 -0 .6 5 4 4
0 .3 4 1 3 - 0 .4928
0 .3 2 7 6 - 0 .5 4 0 8

0 .2497 -0 .4 6 15
0 .2 6 9 2 - 0 .3 7 2 2

0 .3502 -0 .5103

0 .42 7 7 -0 .5936

0 .4995 -0 .4 1 70
0 .5582 - 0 .3 7 1 6
O.2 9 6 8 -0 .6 9 4 4

0 .3763 -0 .3 9 9 0

0 .2 4 7 3 - 0 .6 9 9 8

0 .1 9 1 4 - 0 . 6819

0 .11 6 9 -0 .7 8 8 4

0 .1 8 1 4 - 0 .8 1 4 3

0 .1 4 8 0 - 1 .01  67

0 .4992 -0 .7468

0 .3549 - 0 .8 6 7 6

andoC-valuos 
f o l a  screw a x i s )

.sZs ^  (o-6o76e).
-0 .1 8 66 2 .7 8
- 0 .1 1 5 2 2 . 9 8

- 0 .0 7 5 0 4 .03
- 0 .1 1 2 6 3 .0 0

-0.1791 2 . 7 0

-0.2151 2.91
- 0 .2 9 1 2 2.67
- 0 .3 2 9 1 2 .8 6

fcO.2971 2 .73
- 0 .2 2 2 4 2 . 9 0

- 0 .3 3 9 0 2.75
- 0 .4133 3 .2 4
-O.4 4 9 2 3 .1 2

-0 .3 9 9 0 2 . 9 0

- 0 .3 8 8 2 2 .8 3
- 0 .3 2 8 2 2 .7 8

- 0 .4 8 6 8 2 .8 8

-0 .5 1 30 3.35
-0 .2 1 86 3.09

- 0 .5 2 0 6 3 .1 2

-0.4871 3 .96

- 0 .5843 3 .8 6

-O .5 6 OO 4 .1 6

- 0 .0 6 7 8 3-03

- 0 .3459 3 .03



TABLE 26 (ContcL )

Atom x /a .2Z2
0 (3 1 ) 0 .1 0 1 7 -0.2611 -0.332*3 3.81
0 ( 3 2 ) 0 .0532 - 0 ,1 0 9 2 -0 .3029 3-U9
0 ( 3  3) 0 . 1762* - 0 .1 0 8 5 - 0 .0 9 0 0 k* 00
0(32+) 0 .1 6 6 3 O.O529 -0.02*28 3 .0 7
0 (3 5 ) 0 .2282 0 . 0892* 0 .0 1 6 9

0 ( 3 6 ) 0 .2 2 0 5 0 . 22*02* 0 .0 6 1 1 3 .65
0 ( 3 7 ) 0 .1 6 29 0 . 2*060 0 .0 5 2 2 3 .18

0 (3 6 ) 0 .0 6 9 8 0.3878 -0 .0 1 33 2 .98

0 ( 3 9 ) 0 .0853 0.162+0 - 0 .0 5 2 0 2 .9 6
0 ( 1 ) 0 .31 5 9 -0 .1565 - 0 .2 0 0 5 3 .1 2
0 ( 2 ) 0 .25 8 7 - 0 .2 5 2 2 -0 .0793 3 .07

0 ( 3 ) 0.1162* -0.172*7 - 0 .1 3 1 8 3 . 9 k

0 (10 0 .55 6 3 -0 .5252 -0 .2792 2 .83

0 ( 5 ) 0 .1 9 5 7 - 0 .2 8 2 5 -0 .3 1 5 3 '3 .0 1

0 ( 6 ) 0 .0 5 2 8 -0 .3871 - 0 . 3691+ 3 .52

0 ( 7 ) 0 .6 0 6 5 -0 .2181 - 0 .3 0 8 3 3 .56

0 ( 8 ) 0.102*2 -0.9952* - 0 . 5102* 3 .98

0 ( 9 ) 0 .1205 -1 .1 672+ -0 .5908 U.13

0 (1 0 ) 0 . 32*2*8 -0 .8 63 2 - 0 . 2*92*2 3.57

I 0 .30 6 9 0 .2 5 1 2 0.12*11* 4 .79

C o o r d i n a t e s  o f  the f o u r  p o s s ib l e  
molecule  -

atoms o f s o l v e n t

Atom x / a y/*> z /o

C(i+0) 0 .7692 0 . 22*69 0.752U

0(2*1 ) 0.8572* 0 .2 2 1 2 0 . 8008

0(2*2) 0 .86 6 7 0 .2 5 9 9 0 .8 2 5 0

0(2*3) 0 . 932*8 0 . 02*76 0.7865



TABLE 27

SimarolicLc m-iodo'benzoate
o o

I n t r a m o l e c u l a r  non-Lom ed  d i s t a n c e s  (A) « k k )

0 ( 3 6 )  . . .  0 ( 3 9 ) !  3 . 2 6  c ( 3 )  . . .  C ( 2 8 ) n  3 . 73

c ( 3 8 )  . . .  C ( 3 U ) x  3 .9 k  I . . .  0 ( 7 ) n  3 .U8

0 ( 3 8 )  . . .  0 ( 3 ) !  3 . 9 2  I . . .  0 ( 4) xx  3 . 70

0 ( 3 7 )  . . .  C ( 3 9 ) x  3 , 8 2

The s u b s c r i p t s  r e f e r  to  the f o l lo w in g  equ iva len t
p o s i t i o n s  ~

I —x,  ■§• + y ,  ~z XI + 1, 2 + y 9 ^



TABLE 28

S im aroliqe  m-iodobensoate

2D h o i  

1 s t  3D 

2nd 3D 

3 rd  3D 

4 t h  3D 

5 t h  3D 

6 th  3D 

7 t h  3D 

8 t h  3D

Two ro u n d s  (F 0- F 0 ) s y n t h e s i s  

9 t h  3D F o u r i e r  s y n t h e s i s  

1 0 th  3D ” 11

F0 and F c s y n t h e s i s  

1 1 th  3D F o u r i e r  s y n t h e s i s

I

I+10(C) 1*0.9

I+12(C) 1*0.0

1+20 (C) 3 6 .8

I+9(C) 1*1.2

I+17(C)+16(0)^ 35.1*

I+18{C)+2l*(C)i 3 3 .5

X+3i+(C)+2(c)^+3(0) 2 8 .9
It 2 6 .9

I+36(C)+10(0) 2 5 .9

I+38(C)+10(0) 21*. 7
It 2k.  1

I+3U(C)+10(0) 2k.  6

Cours<S o f  S t u c t u r e  a n o - ly s is .

^ § r a t i o , n  Atoms i n c lu d e d

P a t t e r s o n  s y n t h e s i s  

F o u r i e r  s y n t h e s i s

I I  »»

II It

It II

It If



TABLE 29 

^ i m a r o l i d e  4--iodo»-3-nitro 'b6nzoate 

C ourse  o f  s t r u c t u r e  a n a l y s i s

O p e r a t i o n  

Two 2D P a t t e r s o n  s y n th e s e s  

1 s t  3D F o u r i e r  s y n t h e s i s  

2nd 3D " "

3 r d  3D M ”

4 t h  3D u 11

(F0~FC) s y n t h e s i s  

F0 and Fc s y n t h e s i s  

5 t h  3D F o u r i e r  s y n t h e s i s

Atoms in c lu d e d

I+3l(C)+N+8(0) ■ 

I+34(C)+10(0) 

1+37(0)+N+12(0)

I+34(C)+N+12(0)

38.8

26.2

22.3

2 2 .4  

22 .1  

22 .1  

2 1 . 6



Table 30 S im a ro lide  4~iodo-3~nitrobenzoate

L a t e s t  observed and c a lc u la t e d  values o f  
the s t r u c t u r e  f a c t o r s .



IM IM
71 69 ISO 
50 >9 817'1 S '5
*5 83 93 
19 *8 175 
49 30 160 
45 43 859 
44 31 315 81 86 11 
16 16 150 
0 3 806

85 85 816 
80 16 73 
11 15 187

11 13 156
3 83 1W
69 57 830 
68 39 380 
13 15 06

19 35 82a 
80 24 >02 
13 84 >49
33 49 137 
16 1« 54 
85 86 863 
31 39 86311 J ??0
40 66 879 
85 86 214
7 16 166 

54 62 leJ% ns
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Table 31 S im a ro lide  ra-iodobenzoate

L a t e s t  observed and c a lc u la t e d  va lues  of  
the  s t r u c t u r e  f a c t o r s .
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P A R T  V

THE STRUCTURE OF A COMPOUND FORMED BY 

REACTION OF DIPHENYLKETEN AND

THE

ETHOXYACETYLENE:

X-RAY ANALYSIS OF THE CHROMIUM TRICARBONYL AKDUCT
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5 • ( 1 ) .  I n tr o d u c t io n .

Nieuwenhuis  and Arens (1958) p roposed  t h a t  the  p r o d u c t  

w h ich  th e y  had o b ta in e d  by the  r e a c t i o n  of d i p h e n y l k c t e n  and 

e th o x y  a c e t y l e n e  i n  n i t rom ethano  a t  reduced  t e m p e r a tu re  Y/as 

3 ~ e tho x y - l4 . ,U -d ipheny l -cyc lobu tenone  ( i )  (P ig .  3 3 ) .  This  

p o s t u l a t e  was l a t e r  wi thdrawn w i th  no s u b s t i t u t e  e x p l a n a t i o n  

g i v e n .

The p ro b lem  was taken  up by B ar ton  and h i s  co -w orkers  

(1962)  who r e p e a t e d  th e  r e a c t i o n  and th en  p r e p a r e d  a chromium 

t r i c a r b o n y l  complex of the  p ro d u c t  and handed t h e s e  c r y s t a l s  

over  f o r  x - r a y  a n a l y s i s .

The x - r a y  a n a l y s i s  has proved  t o  be ve ry  slow and s t u b b o r n -  

so  much so  t h a t  th e  chemical  a n a l y s i s  was f i n i s h e d  and 

p u b l i s h e d  e a r l y  i n  1962, whereas the  s t r u c t u r e  o b t a i n e d  by 

d i f f r a c t i o n  methods i s  s t i l l  a t  an e a r l y  s t a g e  of  r e f in e m e n t .

B a r to n  ( 1 9 6 2 ) was a b le  to  show by c o n v e n t io n a l  chem ica l  

and s p e c t r o s c o p i c  methods t h a t  th e  r e a c t i o n  in v o lv e d  the  

r a t h e r  c u r i o u s  rea r ran g e m en ts  shown i n  I I  and I I I  i n  P ig .  33*

I I I  was t h e  f i n a l  p ro d u c t  Nieuwenhuis and Arens had o b ta in e d ,  

and the  chromium c a rb o n y l  compound which was s u p p l i e d  to  us i s  

shown a t  IV*
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5 « ( 2 ) .  E xp er im en ta l.

The u s u a l  x - r a y  pho tographs  were t ak e n  u s i n g  copper  —
^ o2 ^ 0 =  1 .5 M 8 A )  and molybdenum -  = 0.7107A) r a d i a t i o n s .

The u n i t  c e l l  p a ra m e te r s  were measured from p r e c e s s i o n  and

r o t a t i o n  p h o to g r a p h s  as p r e v i o u s l y .  The d a t a  was c o l l e c t e d

as  b e f o r e ,  no a b s o r p t i o n  c o r r e c t i o n s  be in g  made. Due to

s e r i o u s  f l u o r e s c e n t  s c a t t e r i n g  of copper r a d i a t i o n  by chromium

atom s,  a l l  t h e  d a t a  was c o l l e c t e d  u s in g  molybdenum -  K ,

r a d i a t i o n  and t h e  p r e c e s s i o n  camera, The i n t e n s i t i e s  of

zones  O k l ,  , b k l  and h k o ,  , hk5 were e s t im a te d

v i s u a l l y .  The i n d i v i d u a l  s e r i e s  v/ere c o l l e c t e d  by s e t s  of

t im ed  e x p o s u r e s .  I n  a l l ,  U,U76 i n t e n s i t y  e s t i m a t i o n s  were

made o f  w hich  2 ,9 7 0  were from independent  p l a n e s  and 736 were

below th e  minimum o b se rv ab le  va lue .

The i n t e n s i t y  v a lu e s  were reduced  to  s t r u c t u r e  am p l i tu d e s  

u s i n g  t h e  c h a r t s  due to  G-renvil le-W ells  and Abrahams (1952) .

The v a l u e s  o f  ]P0 i were pu t  on an a p p ro x im a te ly  a b s o l u t e  

s c a l e  by c o r r e l a t i o n  w i th  jP c | v a lu e s  a t  v a r io u s  s t a g e s  i n  the  

a n a l y s i s .

P o t a s s i u m  io d id e  s o l u t i o n s  were used  i n  the  measurement 

o f  c r y s t a l  d e n s i t y .
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5 . ( 3 ) .  C r y s t a l  D a ta .

W 5 Cr

T r i c l i n i c

M = Uoo.u

a = 11.71 - 0 . Oi*A

t> = 12 .78  t 0.03A

c = 13-l tf  t 0.06A

<A. = 87'°0*

109°45'

Y  = 1 06°26’

Volume o f  u n i t  c e l l
o3

* 1,820A

z » k ,  D (C a lc u la t e d )  = 1.2+6 g . / c c .

L(Observed)  = 1 . ^  g . / c c .

F(OOO) * 822+

L i n e a r  a b s o r p t i o n  c o e f f i c i e n t  f o r  x - r a y s  ( \ =  0.7107A)
-1= 6 .9  cm, .

S i n c e  th e  c r y s t a l  i s  t r i c l i n i c  th e r e  a re  no s y s t e m a t i c a l l y  

a b s e n t  r e f l e c t i o n s ,  and as i n  the  case  of  BROS ( S e c t i o n  3 . ( 3 ) . ) ,  

t h e  sp a c e  group a s s i g n e d  was P1.

The f a c t  t h a t  t h e r e  a re  only two e q u i v a l e n t  p o s i t i o n s  i n  

PI w h e re a s  t h e r e  a r e  f o u r  molecules  p e r  u n i t  c e l l  shows t h a t  

t h e r e  must  be two m olecu les  i n  the  asymmetr ic  u n i t  i . e .  two 

m o le c u l e s  which a re  c h e m ic a l ly  i d e n t i c a l  bu t  c r y s t a l l o -  

g r . a p h i c a l l y  d i s t i n c t .  This  f e a t u r e  g e n e r a l l y  f a c i l i t a t e s  

a n a l y s i s ,  as d i f f e r e n t  s t r u c t u r a l  f e a t u r e s  of the  s k e l e t o n  

may a p p e a r  on th e  F o u r i e r  map i n  the  two n o n -sy m m et r ic a l ly  

r e l a t e d  m o le cu le s  and t h i s  knowledge e n ab le s  atoms to  be counted
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which  a r e  b a r e l y  r e s o l v e d .  A good example of t h i s

p r o c e d u r e  i s  shown i n  the  a n a l y s i s  of e p i l im o n o l  i o d o a c e t a t e  

( A r n o t t  e t  a l . , 1961) .

5 • ( h )• L o c a t i o n  o f  th e  Heavy Atom P o s i t i o n s .

As t h e r e  a re  two heavy atoms p r e s e n t  i n  the  asymmetric

u n i t  and th e  space  group i s  P1, the  a n a ly s e s  of the  two-

d i m e n s i o n a l  and t h r e e - d i m e n s i o n a l  P a t t e r s o n  f u n c t i o n s  a re  

i d e n t i c a l  w i t h  t h e  case  of  BROS d i s c u s s e d  i n  s e c t i o n  3.(2+). 

T h is  b e i n g  so ,  no f u r t h e r  r e l e v a n t  comment need be made t h a n  

t h a t  i t  was p o s s i b l e  to  l o c a t e  th e  heavy atom p o s i t i o n s  from 

a l l  t h r e e  a x i a l  p r o j e c t i o n s  and t h a t  b e t t e r  c o o r d i n a t e s  were 

t h e n  o b t a i n e d  f rom  the  t h r e e - d im e n s i o n a l  P a t t e r s o n  map.

These c o o r d i n a t e s  were -

Cr. I  x / a  = 0 .8039  y / h  = 0 .2227 z / c  = 0.0881+

CP. I I  x / a  = 0.7592 y / b  = 0.7331 z / c  = 0.1+282

5 . ( 5 ) .  S o l u t i o n  of  the  S t r u c t u r e .

A p p l i c a t i o n  of th e  t e s t  d e v is e d  by Sim (1957) &nd 

d i s c u s s e d  i n  s e c t i o n  3*(5)* showed t h a t  a p p ro x im a te ly  J0% 

o f  th e  s t r u c t u r e  f a c t o r s  would be c o r r e c t l y  s ig n —d e te rm ined  

by t h e  c o n t r i b u t i o n s  of  th e  chromium atoms a lon e .  Normally 

i t  would be p r e f e r a b l e  t o  have a h ig h e r  p e rc en ta g e  t h a n  

t h i s ,  b u t  i t  was d e c id e d  to  p roceed  w i th  the  a n a ly s i s *
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The above c o o r d i n a t e s  and an assumed i s o t r o p i c  tem pera tu re  

f a c t o r  o f = 3 - 0  were used in  the  f i r s t  s t r u c t u r e  f a c t o r  

c a l c u l a t i o n  ana the  o v e r a l l  va lue  of th e  d i s c r e p a n c y ,  R, was 

5 5 . 0%.

I n  c a s e s  where t h e r e  were r e f l e c t i o n s  common t o  two

so n u s ,  the- s t r u c t u r e  f a c t o r s  from the  h k o ,  , hk5

r e c i p r o c a l  l a t t i c e  n e t s  we re  employed as F o u r i e r  

c o e f f i c i e n t s ,  t i l l  such a time as the  mean jFQ| v a lu e s  could  

be c o n f i d e n t l y  a s s i g n e d .

Of t h e  in d ep e n d en t  s t r u c t u r e  f a c t o r  v a lu e s ,  9hh were 

deemed n o t  t o  have been  d e f i n i t e l y  s ig n -d e  t e r  mined, and 

were o m i t t e d  from the  f i r s t  F o u r i e r  summation.

From th e  r e s u l t i n g  map i t  was p o s s i b l e  t o  p i c k  out kk 

o f  t h e  5h atoms i n  the  asymmetric  u n i t .  I t  must be reco rded  

t h a t  th e  s t r u c t u r e  had, by t h i s  t im e ,  been  e l u c i d a t e d  

c h e m i c a l l y ,  bu t  t h i s  knowledge though h e l p f u l  was not used 

i f  an  a tom f a i l e d  t o  ap pea r  i n  an expec ted  s i t e .  The atoms 

which  were  n o t  l o c a t e d  were 0 (1 8 ) ,  C(19)> 0(21) 0 (3 )  and £(5)  

i n  m o le c u le  I  and C(18) ,  C(13)» CJ(11}-), 0(20) and 0 (h )  i n  

m o le c u le  I I .  I n  f u t u r e  d i s c u s s i o n  atoms i n  molecule  I I  w i l l  

be r e f e r r e d  t o  w i t h  a prime -  t h u s ,  0 ( 1 8 ) ’ . The 

c o o r d i n a t e s  o f  the  hh atoms were c a l c u l a t e d  by Booth s 

method ( 1 9 h 8 ) .
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These c o o r d i n a t e  d a t a  and a un iform  i s o t r o p i c  tem p era tu re  

f a c t o r  of  3*0 were i n c lu d e d  i n  the  second s t r u c t u r e  f a c t o r  

c a l c u l a t i o n  when t h e  d i s c r e p a n c y  dropped by 11.2% t o  h3.8%. 

T h is  t ime i t  was only n e c e s s a ry  to  r e j e c t  59̂ 4- terms "before 

p r o c e e d i n g  t o  a second F o u r i e r  c a l c u l a t i o n .

A l l  t h e  remain?ng atoms w i th  the  e x c e p t io n  of  0(18)  and 

0 ( 1 8 ) 1 were c l e a r l y  r e s o lv e d  i n  t h i s  map, and a l l  t h e  atomic 

c o o r d i n a t e s  of th e  known .atoms were e v a lu a t e d  as  b e f o r e .  I t  

was found  n e c e s s a r y  to  a d j u s t  the  c o o r d i n a t e s  o f  0 ( 1 9 ) ,

C ( 1 3 ) f and C (l i j . ) f i n  o rd e r  to  o b t a i n  more r e a l i s t i c  bond 

l e n g t h s .  The chromium peaks in  t h i s  map were th e  only ones 

which  a p p ro a c h e d  t h e i r  t r u e  h e i g h t ,  and thus th e  un i fo rm  

i s o t r o p i c  t e m p e r a t u r e  f a c to r ,O C ,  was r a i s e d  from 3*0 to  3-5 

i n  a l l  c a s e s  e x c e p t  f o r  the  heavy atoms.

The d i s c r e p a n c y ,  sum-mod over a l l  t e rm s,  f o r  th e  

f o l l o w i n g  round  of  s t r u c t u r e  f a c t o r s  was 37*6% -  a drop of 

6.2%. 588 of  t h e s e  r e f l e c t i o n s  had v a lu es  of  fP0j g r e a t e r

t h a n  tw ic e  ! F 0I and were o m it ted  from the nex t  F o u r i e r
•i O  ■

s y n t h e s i s .

The p o s i t i o n s  of C(18) and C ( 1 8 ) ’ were s e t t l e d  from t h i s  

map, and th e  s t r u c t u r e  confirmed B a r to n ’s r e s u l t s .

The new c o o r d i n a t e s  and same a t ' -va lues  were employed i n  

a n o t h e r  p h a s i n g  c a l c u l a t i o n  f o r  which the  o v o r a l l  R - f a c t o r  

was 35-U/o -  a d ro p  of 2,291.
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5 * ( 6 )- R e f in e m e n t  o f  the  S t r u c t u r a l  P a r a m e te r s .

I t  was determined to  employ d i f f e r e n c e  maps f o r  the  

i n i t i a l  s t a g e s  o f  r e f in e m e n t .  Before p ro c e e d in g ,  th e  v a lu e s  

o f !F 0j f o r  r e f l e c t i o n s  common to  two zones w ere ,  pe rhaps  

r a t h e r  p r e m a t u r e l y ,  averaged ou t .  I t  was a l s o  d e c id e d  t o  

omit  n i l  t h e  unobse rved  terms from subsequen t  c a l c u l a t i o n s .

vThen  t h i s  p r o c e s s  was completed a f u r t h e r  c y c le  of 

s t r u c t u r e  f a c t o r s  was computed and R f e l l  t o  32.6%. 269 of

t h e s e  te rm s had t o  be excluded b e fo re  the  c a l c u l a t i o n  of a 

d i f f e r e n c e  map.

A f a i r  number of  p o s i t i o n a l  s h i f t s  and te m p e ra tu re  

f a c t o r  a d j u s t m e n t s  were i n d i c a t e d  by t h i s  map. These were 

a p p l i e d  and th e  d i s c r e p a n c y  over the  r e s u l t a n t  new s t r u c t u r e  

f a c t o r s  was 30.0%. A f u r t h e r  c y c le  of d i f f e r e n c e  s y n t h e s i s  

a g a i n  showed c o n s i d e r a b l e  a l t e r a t i o n s  to  the  s t r u c t u r a l  

p a r a m e t e r s .  T h is  t ime the  R - f a c t o r  of the  su bseq u en t  

s t r u c t u r e  f a c t o r s ,  d i s a p p o i n t i n g l y ,  only dropped by 0.5%

t o  2 9 . 551.

At t h i s  s t a g e ,  f u r t h e r  work on t h i s  p r o j e c t  was 

p o s tp o n e d .  The d i f f i c u l t y  of r e f in e m e n t  and the h igh  

d i s c r e p a n c y  a r e  h a rd  to  e x p la in .  The d i f fe rence-  map showed 

marked s i g n s  of  a n i s o t r o p y  and p e rhaps  the  employment of an 

i s o t r o p i c  s t r u c t u r e  f a c t o r  DEUCE programme r e t a r d e d  

r e f i n e m e n t .  The p o s s i b i l i t y  a l s o  e x i s t s  t h a t  th e  i n t e n s i t y
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d a t a  a r e  n o t  s u f f i c i e n t l y  a c c u ra t e  and t h a t  t h e r e  a r e  

s e r i o u s  e x t i n c t i o n  e f f e c t s  c a u s in g  d i s c r e p a n c i e s  e s p e c i a l l y  

i n  t h e  c a s e  of s t r o n g e r  r e f l e c t i o n s .  The G r e n v i l l e - W e l l s  -  

Abrahams c h a r t s  a r e  p a r t i c u l a r l y  i n s e n s i t i v e  to  changes i n  

v a l u e s  of  S i n  *0 a t  low v a lu e s  of s i n ^ w h e r e  most of  the 

more i n t e n s e  r e f l e c t i o n s  a re  s i t u a t e d  and t h i s  may he an 

a d d i t i o n a l  s o u rc e  of in ac c u ra c y .

I t  was d e c i d e d  not  t o  recommence t h i s  p r o j e c t  t i l l  new 

i n t e n s i t y  d a t a  could  he c o l l e c t e d  from the  au to m a t ic  

d i f f r a c t o m e t e r ,  which ,  a t  the t ime of w r i t i n g ,  was s t i l l  not  

a v a i l a b l e ,  f o r  g e n e r a l  use .

The c o u r s e  of the  s t r u c t u r e  a n a l y s i s  and re f in e m e n t  i s  

l i s t e d  i n  T ahle  32.  .

5 . ( 7 ) .  R e s u l t s .

A l i s t  o f  the  l a t e s t  a tomic c o o r d i n a t e s  a n d f l t -v a lu es  i s  

shown i n  T ab le  33. Prom the c o o r d i n a te  d a t a  were c a l c u l a t e d  

v a le n c y  bond l e n g t h s ,  va lency  bond a n g le s  and i n t r a m o l e c u l a r

non-bonde-d d i s t a n c e s .

T ab le  3k  g iv e s  a l i s t  of comparable  bond l e n g t h s  i n  the

n o n -sym m etr ic  a l l y  r e l a t e d  m olecu les .  The mean v a lu e  f o r  

each  bond i s  a l s o  t a b u l a t e d .  A r e a so n a b le  idea  of the  

a c c u r a c y  o f  t h e s e  p a ra m e te r s  may be o b ta in ed  by f i n d i n g  the  

r o o t - m e a n - s q u a r e  d e v i a t i o n  of the  bond l e n g t h s  i n  the  two
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m o l e c u l e s .  This  v a lu e  i s  about 0 .065$  which, on d i v i s i o n  

"by \i 2 , g i v e s ,  f o r  the  averaged d im en s ion s ,  a s t a n d a r d  

d e v i a t i o n  of  O.OU -  0.05A.

I n t r a m o l e c u l a r  non-bonded d i s t a n c e s  in v o lv in g  th e  two 

chromium atoms a re  g iv e n  i n  Table 35.

The c l o s e s t  app roach  of  the two m olecules  i n  the
o

a sy m m e tr ic  u n i t  i s  3.20A -  the  d i s t a n c e  between 0(5)  and 

0(3)  *.

I n  T ab le  36 i s  shown a comparable l i s t  to  Table  3k

i n v o l v i n g  bond a n g le s  i n s t e a d  of  bond l e n g t h s .  The r o o t -
,o

m e a n - sq u a re  d e v i a t i o n  of  the  bond a n g le s  i s  6 , g i v i n g  an 

e . s . d .  f o r  an ave rag ed  ang le  of about h°.

V a r io u s  mean p l a n e  c a l c u l a t i o n s  were performed i n  the  

u s u a l  manner and d e v i a t i o n s  from th e s e  p la n e s  a re  g iv e n  

i n  T a b le  37.

The l a t e s t  v a lu e s  of  (P0f and + jF<,f a re  l i s t e d  i n  

T a b le  38.  These a re  only f o r  r e f l e c t i o n s  whose 

i n t e n s i t i e s  were e q u a l  t o  or g r e a t e r  t h a n  the  minimum

o b s e r v a b l e  v a lu e .

These  s t r u c t u r e  f a c t o r s  were employed i n  the  e v a l u a t i o n

o f  t h e  f i n a l  F0 map which i s  p o r t r a y e d  i n  P ig .  3k a 

su p e r im p o sed  e l e c t r o n  d e n s i t y  c on to u r  s e c t i o n  map drawn 

p a r a l l e l  t o  (0 0 1 ) .  F ig-  35 shows the  co rre sp o n d in g  

m o l e c u l a r  a r r a n g e m e n t , .



P i g .  Chromium ca rb o n y l  compound.

S uper im posed  con tou r  s e c t i o n  e l e c t r o n  d e n s i t y  
map drawn p a r a l l e l  t o  (001) .  The lowest  con tour  
i s  2e/&5  and a l l  co n to u r  i n t e r v a l s  a re  a t  1e /£3  *
e x c e p t  f o r  t h e  chromium atoms which a re  a t  2 .5 e /X  •



Fig* 35 Chromium c a rb o n y l  compound.

Atomic a r ran g em en t  c o r r e s p o n d in g  to  
F i g .  3U.
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The b e s t  view o f  the  m o lecu la r  p ack in g  was the  

p r o j e c t i o n  down th e  c ~ a x is  and t h i s  i s  reproduced  i n  

P i g .  36.

5 . ( 8 ) .  D i s c u s s i o n .

S i n c e  t h e  s t a n d a r d  d e v i a t i o n s  of bond l e n g th s  and an g le s  

a re  so  l a r g e ,  t h i s  d i s c u s s i o n ,  o f  n e c e s s i t y ,  i s  f a i r l y  

l i m i t e d  s i n c e  no t  much s t r e s s  can be pu t  on sm all  f l u c t u a t i o n s  

o f  a to m ic  p a r a m e t e r s .

The a v e r a g e  v a lu e s  of  the  l e n g th s  of  the s p ^ -c a rb o n -
2 poxygen bond ,  the  sp -ca rb o n -o x y g en  s i n g l e  bond, the  sp -  

c a r b o n - o x y g e n  double  bond and the  c a rb on -ca rb o n  benzene r i n g  

bond a r e  1.1+2$, 1.1-1$, 1 .2 1$  and 1 .36$ .  These do not  d i f f e r  

s i g n i f i c a n t l y  f rom  the  respec t ive-  v a lu e s  of  1.1+6$, 1.37$*

1 . 2 3 5  and 1.1+0$ g i v e n  f o r  5 -b r o m o g r i s e o f u lv in  ( s e c t i o n  2 . ( 9 ) . ) .

A be l  a t  a l .  (1958) i n  t h e i r  d i s c u s s i o n  of c y c l o h e p t a t r i e n e  

m e ta l  t r i c a r b o n y l s ,  su g g e s te d  t h a t  s in c e  the  s i x  o l e f i n i c  

c a r b o n  atoms i n  the  sev en  mombered r i n g  a rc  a lmost  p l a n a r ,  

the  s i x  "m - e l e c t r o n s  might be a b le  to  form a d e l o c a l i s e d  

sy s te m  by b y - p a s s i n g  the lone methylene group t o  form a 

Q uas i—a r o m a t i c  sys tem .  This b e in g  the  case i t  might bo 

e x p e c t e d  t h a t  t h e  bond l e n g th s  around the  r i n g  would not  

show a p ron ou n ced  d ou b le -bond  l e n g t h  -  s in g le -b o n d  l e n g t h
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a l t e r n a t i o n ,  a l t h o u g h  i t  would he u n l i k e l y  t h a t  a l l  t h e  bonds

would be o f  i d e n t i c a l  l e n g t h  as i s  the  case  w i th  benzene.

The a v e r a g e  l e n g t h  of the  fo rm a l  s i n g l e  bonds i n  the

c o n j u g a t e d  p a r t  of the  seven—membered r i n g  i s  1.1+5A whereas

t h a t  f o r  th e  double  bonds i s  1.1+0$. These r e s u l t s  a r e

p o s s i b l y  n o t  s i g n i f i c a n t l y  d i f f e r e n t  from the  s t a n d a r d  
J , o o

v a lu e s  o f  1.1+7A and 1.31-A r e s p e c t i v e l y ,  and do no t  i l l u s t r a t e

th e  above t h e o r y  c o n v in c in g ly .  The phenomenon has been

a l l e g e d l y  o b se rv e d  i n  the  s t r u c t u r e  a n a l y s i s  of

t r i c a r b o n y l c y c l o o c t a - 1 , 3 * 5 - t r i e n y l  chromium where th e se
0 0

a v e r a g e  d i s t a n c e s  a r e  1.1+1 A and 1.1+3A r e s p e c t i v e l y .

(A rm st ron g  and P r o u t ,  1962) showing t h a t  th e re  may be a

g r e a t e r  d e g r e e  of d e l o c a l i s a t i o n  i n  t h i s  c a se .  Dunit'z and

P a u l i n g  (1960) found  t h a t  the  average  s i n g l e  and d oub le  bond

l e n g t h s  i n  the  c o n ju g a t e d  p a r t  of c y c lo h e p t& tr i e n e  molybdenum

t r i c a r b o n y l  were 1.1+3$ and 1.35A r e s p e c t i v e l y .  These f i g u r e s

s u g g e s t  e v en  l e s s  d e l o c a l i s a t i o n .  I n  the  p r e s e n t  ca.se, t h e r e

i s  d o u b t l e s s l y  a l t e r n a t i o n  i n  bond l e n g t h s ,  but  pe rhaps  no t

s u f f i c i e n t  o f  i t  t o  su g g e s t  a complete l a c k  of d e l o c a l i s a t i o n *
o

The a v e r a g e  chromium-carbon bonded d i s t a n c e  i s  1.85A 

which i s  s e n s i b l y  i n  a c c o rd  w i th  1.83A found by Armstrong and 

P r o u t  i n  t h e  d o  t e r m i n a t i o n  mentioned above, bu t  i s  

c o n s i d e r a b l y  low er  t h a n  the  va lue  of  1 . 9 2 A found by e l e c t r o n



d i f f r a c t i o n  methods f o r  chromium h ex acarbony l  (Brockway,

Bwens and L i s t e r ,  1938) .

The mean chromium -  ’ carbonyl* oxygen non-bonded 
o

d i s t a n c e ,  3«05A, i s  i n  good agreement w i th  the  chromium
o

h e x a c a r b o n y l  r e s u l t  of  3.08A.

A rm st ro n g  and P ro u t  (1962) i n  the  above a n a l y s i s  r e p o r t e d  

an  a v e r a g e  value, o f  2 . 2hX f o r  the d i s t a n c e  between the  

chromium atom and th e  u n s a t u r a t e d  carbon  atoms i n  the  r i n g .

The v a l u e  o b t a i n e d  i n  t h i s  chromium c a rb o n y l  compound i s
o o

2.21 A. The chromium -  0(10) d i s t a n c e  i s  2.86A, showing t h a t

t h e  m e th y le n e  group i s  on the. o p p o s i t e  s i d e  of the  r i n g  from

th e  m e t a l .  A rm strong  and P r o u t ’ s mean value i s  e x p e c te d ly  
o

l a r g e r  -  3 .19A. The m e ta l  i s  bonded to  the  c y c l o h e p t a t r i ^ n e  

r i n g  by means o f  th e  o v e r l a p  of  i t s  d - o r b i t a l s  w i th  the  

p a r t i a l l y  d e l o c a l i s e d  i f  - e l e c t r o n  d e n s i t y .

The mean p l a n e  d e v i a t i o n s  a r c  shown i n  Table 37. The 

mean d i s p l a c e m e n t  of  C(10) and 0 ( 1 0 ) ’ from p la n e s  (1) and 

( 3 ) ,  0 .80A ,  i s  h i g h l y  s i g n i f i c a n t  and confi rms the  

c o n f o r m a t i o n  found  i n  c y c l o h e p t a t r i e n e  molybdenum t r i c a r b o n y l  

where t h e  d e v i a t i o n  was 0.67^- (Duni tz  and P a u l in g ,  1960).

None o f  th e  benzene  r i n g  atoms d e v i a t e  s i g n i f i c a n t l y  from 

th e  mean p l a n e s .  Both of the benzene r i n g s  l i e  a t  

e f f e c t i v e l y  t h e  same a n g le  to  the  mean p lane  th rough  s i x  

atoms o f  t h e  c y c l o h e p t a t r i e n e  r i n g ,  and t h i s  d e s p i t e  the
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f a c t  t h a t  t h e r e  i s  p resum ably  the  p o s s i b i l i t y  of  f r e e  

r o t a t i o n  a b o u t  t h e  C(1 0 ) -  0 ( 1 1 ) bond*

The mean Cr -  C -  0 va len cy  bond ang le  i s  171° which i s  

i n  good ag reem en t  w i t h  the  v a lu e  of 1 7 2 ^ of  Armstrong and 

P r o u t  ( 1 9 6 2 ) .  The c o r r e sp o n d in g  v a lu e s  f o r  the  ’ c a r b o n y l ’

C -  Gr -  ’ c a r b o n y l ’ C bond a n g le s  are  91° and 8 8 ° 

r e s p e c t i v e l y .

The a v e r a g e  v a lu e  of an i n t e r n a l  v a len cy  bond a n g le  i n  

the f iv e -m em b ere d  r i n g  i s  108°. This i s  i n  accord  w i th  the  

p a t t e r n  m ent io n ed  i n  s e c t i o n  2 . ( 9 ) .  The cyclopentenone  

r i ng  i n c l u d e s  a d o u b le  bond and i s  fu se d  to  a g u a s i^ a ro m a t ic  

r i n g ,  so t h a t  th e  a v e rag e  bond an g le  should  be about  108°, 

p l a n a r i t y  o f  th e  f  ive-membc.red r i n g  b e in g  a lmost  p r e s e r v e d .

The mean bond a n g le  i n  th e  seven-membered r i n g  i s  123° and 

compares f a v o u r a b l y  w i t h  the  value of  1 2 5 ° f o r  c y c l o h e p t a t r i e n e  

molybdenum t r i c a r b o n y l  (Duni tz  and P a u l in g ,  1960)*

A n o te w o r th y  f e a t u r e  of the  te m p e ra tu re  f a c t o r s  l i s t e d  

i n  T ab le  21 i s  t h e  v e ry  h ig h  v a lues  o f c K f o r  th e  c a rb o n y l  

oxygen a tom s .  T h is  i s  presumably a  r e f l e c t i o n  o f  the  ease  

of  b e n d i n g  o f  th e  m e t a l - c a r b o n y l  sys tem.
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TABLE 52 

Chromium c a rb o n y l  compound

C ourse  of  s t r u c t u r e

O p e r a t i o n

2D P a t t e r s o n  s y n t h e s e s

3D P a t t e r s o n  s y n t h e s i s

1 s t  3D F o u r i e r  s y n t h e s i s

2nd 3D " "

3 rd  3D " "

4 t h  3D " "

Common r e f l e c t i o n s  
a v e ra g e d  and unohs rved  
term s o m i t t e d

1 s t  3D ( F 0- F 0 ) s y n t h e s i s

2nd 3D 11 "

a n a l y s i s  and r e f i n e m e n t .

Atoms in c lu d ed

2Cr 5 5 .0

2Cr+35(C)+7(0) 4 3 .8

2Cr+40(C)+10(0) 3 7 .6

2Cr+42 (C)+10(0) 3 5 .4

2Cr +42(c)+10(0) 32^6

2Cr+42(C)+10(0) 3 0 .0

2Cr +42(0) +10(0) 29-5



TABLE 5^

Chromium QG.r'bonyl compound, 

Atomic C o o r d in a te s  andoC-values

Atom x / a y/fr g/o
o-tfofa 

eA-. Atom x /a g/c Ot.

0( 1) 0 . 6 0 8 8 0 .3 9 4 6 0.11+63 4 . 0 2 c 1 ) ’ 0.5286 0 . 9 0 9 6 0.3651 4 . 0 6

0(2) 0 .6467 0 . 4 6 7 0 0 .0717 3.98 c 2 ) ’ 0.61 57 0.9804 0.4471 3.93
0( 3) 0 .6 6 5 7 0 . 4 1 2 1 0 . 0 0 9 1 3 .8 3 c 3 ) ’ 0.6857 O. 9 2 4 7 0.5193 3.73
0(4) 0 .6 3 9 3 0 .2 9 5 4 0 . 0 1 9 8  3 . 8 3 c u ) ! 0 . 6 5 0 1 0 . 8 1 0 5 0.4994 4.11
0( 5) 0 . 6 3 8 8 0 . 2 2 3 8 - 0 , 0 6 2 0  1+.03 c 5) ’ 0 . 7 0 6 2 0.7419 0.5629 3 .90
0( 6) 0 .6 4 2 7 0 .1 1 2 7 - 0 . 021+6 1+.26 c 6 ) ’ 0.6735 0.6272 0.5333 4 .29
0 (7 ) 0 .6595 0 .0651 0.0716 •4.28 c 7)* 0.6135 0.5743 0.1+269 4 .34
0 ( 6 ) 0 .6771 0 . 1 1 2 5 0.16914- 4 .13 c 8 ) ’ 0.5757 0.6293 0.3314 4 .2 1

0 (9 ) 0 .66 8 9 0 . 2 171+ 0 . 1 7 8 0 4 .25 c 9 1) 0.5700 0.7342 0.3343 4 .64
0 ( 1 0 ) 0 . 5 6 6 2 0 . 2 7 2 0 0.101+3 3.82 0 1 0 ) ’ 0.5307 0.7900 0 . 1+021+ 3.97
C(1 1 ) 0 .4 4 33 0 . 2 1 4 1 0.0732 4 .03 c 1 1 ) ’ 0 . 1+032 0.7272 0.4115 3.91
C(1 2 ) 0 .3 9 6 4 0 .1 6 0 7 0 . 11+95 3 .80 c 1 2 ) ’ O. 2 9 5 3 0.6803 0 .3390  4.05

0(13) 0 . 2 7 0 4 0 . 1 2 2 5 0.12^2 4.15 c 1 3 ) 1 0 . 1 8 6 5 0 . 6 3 0 5 0.3474 4-58

0(14) 0 . 1 8 9 2 0 .1 2 8 0 0 .0286 4.41 c 14) ’ 0.1701 0 . 6 2 4 4 0.4409 4.57

0(15) 0 . 2 3 2 8 0 .1 8 0 0 -0 .0 4 8 2 4.52 c 1 5 ) ’ 0.2753 0.6675 0.5197 4 . 1 2

0(16) 0 .3 6 57 0 .2 2 8 6 -0 .0 2 2 8 4 .20 c 1 6 ) ’ 0.3911 0.7207 0.5141 1+.21

0(17) 0 .7 3 32 0 . 5 6 6 3 - 0 .0 8 7 8 4 .07 c 1 7 ) ’ 0 . 8 0 2  3 1.0816 0.6282 4.16

0(18) 0 .7 5 5 4 0 . 5 9 0 8 -0 .1 9 5 5 3.95 G 1 8 ) ’ 0 .9119 1.1130 0.7357 1+.02

0(19) O. 9 2 7 4 0 . 1 5 9 0 0.1598 4-39 c 1 9 ) ’ 0 . 8 2 0 9 0 . 6 7 0 9 0.3446 4 .44

0(20) 0 . 8 9 3 0 0 .2602 -0 .0 1 2 0 4.52 0 2 0 ) 1 0 . 9 1 49 0.7577 0 . 5 2 2 7 4-33

0(21 ) 0 .87 8 8 0 ..31+95 0.1682 4 .26 c 2 1 ) ’ 0.8145 0.860!+ 0.3680 4.41
0(1) 0.5891 0.1+080 0.2268 4 .36 0 1 ) ’ 0 .4541 0 . 9 2 2 9 0.2821 4.38

0(2) 0 .6935 0.  i+508 - 0 .0 8 4 0 '4 . 0 1 0 2 ) ’ 0.7840 0.9703 0.6095 4-03

0(3) 1 .0 1 89 0 .1 3 5 0 0.20Q8 4.82 0 3 ) f 0 .8584 0.6271 0.2860 4.90

0(4) O. 9 5 1 0 O .2 7 9 I+ - 0 .0 7 0 3 5 .27 0 W ! 1.0263 0.7778 0.5727 4-90

0(5) 0 . 9 4 0 8 O.i+352 0 .2112 5 . 1 U 0 5 ) ’ 0.8339 0.9555 0.3332 4 .94

Ct> 0 .80 1 7 0.2221 0.0892 3.7U C r f 0.7585 0.7310 0.4267 3.99



TABLE M i

Chromium c a rb o n y l  

I n t r a m o l e c u l a r  bonded 

Molecule I

. compound 

d i s t a n c e s  (A) 

Molecule I I Mean

c 1) • . .  0 ( 2 ) 1 .^3 1.38 1.1+1
0 1 ) • . .  0 ( 1 0 ) 1.61 1.59 1 .60
0 1) . . .  0 ( 1 ) 1.21 1 .20 1.21
c 2) . •• c ( 3 ) 1.21+ 1 .36 1 .30
c 3)  . . .  C(U) 1 . 1+1+ 1.1+1 1.1+3
c 3) . . .  0 ( 2 ) 1.1+3 1.38 1.1+1
c 1+) . ••  0 ( 5 ) 1.1+7 1.31+ 1.1+1
c k)  . . .  C(10) 1.1+5 1.52 1.1+9
c 5) . . .  0 ( 6 ) 1.1+9 1.1+5 1.1+7
c 6) . 0 ( 7 ) 1 .38 1.1+5 1.1+2

G 7) . . .  0 ( 8 ) 1.1+0 1.1+5 1.1+3
c 8) . . .  0 ( 9 ) 1 .39 1.36 1 .38

c 9) . . .  C(10) 1. 1+1+ 1.1+5 1.1+5

G 10) . . .  C(11) 1.51+ 1.52 1.53

C 11 ) . . .  0 (1 2 ) 1 .39 1.31 1 .35

c 12) . . .  0 ( 1 3 ) 1.31+ 1.29 1.32

G 13) . . .  C (11+) 1.33 1 .33 1 .33
C 11+) . . .  0 (1 5 ) 1 .37 1.32 1.35

C 13) . . .  C(16) 1.1+3 1 . 3 6 1 . 1+0

G 16) . . .  C(11 ) 1.31+ 1 .43 1 .39
C 17) —  0 ( 2 ) 1.1+2 1.1+1 1.1+2

C 17) . . .  C(18) 1 .56 1 .55 1 .56

C 1 9 ) . . .  Cr 1.81+ 1.82 1.83

C 19) . . .  0 ( 3 ) 1 .17 1 . 21+ 1 . 2 1

G 2 0 ) . .  . Cr 1 .96 1 .80 1 . 8 8

C 2 0 ) . . .  0 ( 1+) 1 . 1 8 1 . 2 1 1 . 2 0

G 21 ) . . .  Cr 1.82 1.81+ 1.83

G 21 ) . . .  0(5) 1.18 1.27 1.23



TABLE 55

ta o B c: i n t r a m o l e c u l a r  non- "bonded d i s t a n c e s fc 4a )

Molcoulo I Molecule I I Mean

Cr  • • • 0 ( 3 ) 3 .22 3.26 3.21+

C r  . . . 0 ( 6 ) 2 . 1 4 2 , 2 0 2 . 1 7

C r  • • • C ( U ) 2 . 2 5 2 . 3 0 2 .28

Or . 0 ( 5 ) 2 ,28 2 .1 4 2.21

O r  . . . 0 ( 7 ) 2 . 1 8 2 . 2 4 2.21

O r  . . . 0 ( 1 0 ) 2 . 8 4 2 .88 2 . 8 6

Or . . . 0 ( 1 ) 3 . 8 4 3.86 3 . 8 5

C r  . . . 0 ( 8 ) 2 . 2 4 2 . 1 6 2 . 2 0

Cr . . . 0 ( 9 ) 2 . 2 5 2 . 1 5 2 . 2 0

Cr . . . 0 ( 3 ) 2 .9 9 3 . 0 6 3 . 0 3

Or . . . 0 ( b ) 3 . 1 4 2.99 3 . 0 7

C r . . . 0 ( 5 ) 2 .99 3.09 3 . 0 4



TABLE 36 

Chromium oarLonyl  compound 

V alency  bond a n e le a

Molecule I Molecule XI Mean

0(1 )C (1 )G (2 ) 1 3^° 133° 13U°
0(1 )C(1 )G(10) 119 121 1 2 0

C(10)C(1 )C (2 ) 107 106 107

C ( 1 )C (2 )C (3 ) 107 1 0 9 108

C(2)C(3)C(l^) 118 116 1 1 7

C ( 2 ) C ( 3 ) 0 ( 2 ) 126 1 2 5 126

0 (U )C (3 )O (2 ) 115 119 117

C( 3  )C (1+)G(1 0 ) 1 0 6 103 105

C(3)C(i+)G(5) 121 12k 123

C(10)C(U)C(5) 131 132 132

C(U )C(5)C(6) 1 1 2 122 117

G(5)C(6)G (7) 135 128 132

C (6 )C (7 )G (8 ) 128 125 127

C ( 7 ) 0 ( 8 ) G ( 9 ) 121 1 2 0 121

C (8 )C (9 )C (1 0 ) 129 131 130

0 ( 9 ) 0 ( 1 0 ) 0 ( 1 1 ) 1 1 6 113 115

C(9)C(10)C(1  ) 117 111 111+

0(9)C(1O)C(U) 103 98 101

C(11 )C(10)C(1 ) 107 1 1 0 109

C(U)0(10)C(1 ) 1 0 0 103 102

C(U)G(1 0 ) 0 ( 1 1 ) 117 1 2 0 119



TABLE 36 ( O o n t d . )

M o I o c u I g  I  Molecule  I I  Mean

0 (1 0 )0 (1 1  )G(12) 1 1 9 ° 131° 125°

0 ( 1 0 ) 0 ( 1 1  ) a ( i  6 ) 119 11.8 119

0(1 6 )0 (1 1  )C(12) 121 111 1 1 6

0 ( 1 1 ) 0 ( 1 2 ) 0 ( 1 3 ) 118 130 124

0 (12)G (13)0 (1U ) 124 121 123

0 ( 1 3)0 (1  4 )0 (1 5 ) 1 2 0 113 117

0 ( 1 4 ) 0 ( 1 5 ) 0 ( 1 6 ) 119 128 1 24

0 ( 1 5 ) 0 ( 1 6 ) 0 ( 1 1 ) 1 1 9 117 118

0 ( 2 )0 ( 1 7 ) 0 ( 1 8 ) 1 0 6 1 0 6 106

Or 0 ( 1 9 ) 0 ( 3 ) 1 7 0 1 6 7 169

Cr 0 ( 2 0 ) 0 ( 4 ) 177 167 1 7 2

Gr 0 ( 2 1 ) 0 ( 5 ) 165 177 171

0 ( 3 ) 0 ( 2 ) 0 ( 1 7 ) 115 119 117

0(19)  Or 0(20) 93 85 89

0 ( 1 9 ) Cr 0 ( 2 1 ) 94 87 91

0 (2 0  Cr 0 (21 ) 9 6 8 8 9 2

\



TABLE 37 

Chromium c a r b o n y l  compound

ome mean p l a n e  d e v i a t i o n s  (A)

1) Plane d e f i n e  t>y C (4 ) . ,C (5 ) ,C (6 ) . , c (7 ) . ,C (8L C (9J

Atom D e v i a t i o n Atom D e v i a t i o n

c(4) - 0 .0 3 0 ( 8 ) +0 . 0 A

0 ( 5 ) +0.05 0 ( 9 ) - 0 . 0 1

C(6) - 0 . 0 3 C(1 0 ) - 0 . 7 5

0 ( 7 ) - 0 . 0 2

2) P lane d e f i n e d  by C (1 0 ) + m olecu le I  b enzene  r i n g

Atom D e v i a t i o n At om D e v i a t i o n

C(10) - 0 . 0 5 c (14) - 0 . 0 1

C ( 1 1 ) +0 . 0 6 0 (15) +0 . 0 1

C(1 2 ) +0 . 01+ 0(16) i o • o Jl

0 ( 1 3 ) - 0 . 0 4

3) P la n e _de.fined by. C ( > l TcL5.)_:i C(6J_L, C ( 7 ) ’ , C ( £ ) ’ ,C (9 )

Atom D e v i a t i o n Atom D e v i a t i o n

C(4) ’ - 0 . 1 1 0 ( 8 ) ' +0.08
0 ( 5 ) ' +0 . 1  U 0 ( 9 ) ’ N i l
0 ( 6 ) ' - 0 , 01+ 0 ( 1 0 ) ' - 0 . 8 5
0 ( 7 ) ’ - 0 . 0 8

4) P lan e  d e f i n e d  to/ C(1 0 ) ’ + m olecu le IX b enzene  r i n g

Atom D e v i a t i o n Atom D e v i a t i o n
C(10) ' - 0 . 0 3 0 ( 1 4 ) ’ - 0 . 0 3
0 ( 1 1 ) ' +0 . 0 2 c ( 1 5 ) ’ +0 . 0 1

C(1 2 ) 1 +0 . 0 1 0 ( 1 6 ) ' +0 . 0 1

0 ( 1 3 ) ' +0 . 0 1

P la n e  (1 ) -  P lane  ( 2 ) a n g le . o 
= 74

P la n e  ( 3 ) -  P lane  (1+) a n g le = 78°



T ab le  38 Chromium carbonyl compound

L a te s t  observed  and ca lcu la ted  values o f  
th e  s tr u c tu r e  fa c to r s#
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