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Summary

T h i s  t h e s i s  i s  d i v i d e d  i n t o  two p a r t s ,  one t h e o r e t i ­

c a l  ( P a r t  I )  an d  t h e  o t h e r  e x p e r i m e n t a l  ( P a r t  I I ) .  The 

f i r s t  p a r t  d e a l s  w i t h  t h e  t h e o r y  o f  X - r a y  d i f f r a c t i o n  and  

w i t h  v a r i o u s  m e th o d s  f o r  d e t e r m i n a t i o n  an d  r e f i n e m e n t  o f  

s t r u c t u r e s .  Some o f  t h e s e  m e th o d s  h a v e  b e e n  a p p l i e d  i n  

t h e  s t u d y  o f  f o u r  o r g a n i c  com pounds .  T h i s  i s  d e s c r i b e d  

i n  t h e  e x p e r i m e n t a l  s e c t i o n .

The s t u d y  o f  s u l t o n e  B,  C i 5H i i*0 3S ,  was u n d e r t a k e n  i n  

o r d e r  t o  d e t e r m i n e  t h e  p a r t i a l l y  unknown c o n f i g u r a t i o n  and  

t o  o b t a i n  a c c u r a t e  m o l e c u l a r  d i m e n s i o n s .  The s t r u c t u r e  

was f o u n d  t o  b e

CH

SO

w h e re  t h e  h e t e r o c y c l i c  r i n g  i s  i n  a  d i s t o r t e d  h a l f - c h a i r  

c o n f o r m a t i o n  w i t h  t h e  p h e n y l  g r o u p  a x i a l  an d  o i s  t o  t h e  

m e t h y l  g r o u p ,  w h ic h  i s  q u a s i - e q u a t o r i a l .  Some b o n d  l e n g t h s  

a r e :  S - 0  ( p e r i p h e r a l )  1 . 4 3 1  ± 0 . 0 0 3 ,  S-O(C) 1 . 5 9 5  ± 0 . 0 0 4 ,
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S-C 1 . 7 9 7  ± 0 . 0 0 5  an d  Cs p 2 - 0  1 . 4 2 6  ± 0 . 0 0 5  A.

T h r e e  d e r i v a t i v e s ,  one  o f  a  d i t e r p e n e  an d  two o f  d i ­

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

s t r u c t u r e s  a n d / o r  s t e r e o c h e m i s t r y .  The d e t e r m i n a t i o n s  

w e re  a l l  s u f f i c i e n t l y  a c c u r a t e  t o  a l l o w  f a i r l y  d e t a i l e d  

d i s c u s s i o n s  o f  bond  l e n g t h s  an d  a n g l e s .  S t e r i c  s t r a i n ,  

w h ic h  c a u s e s  c o n f o r m a t i o n a l  d i s t o r t i o n s ,  h a s  b e e n  o b s e r v e d  

i n  a l l  t h r e e  s t r u c t u r e s .  The b o n d  a n g l e s  a r e  i n f l u e n c e d  

a p p r e c i a b l y  by t h i s  e f f e c t  w h i l e  o n l y  a  few b o n d  l e n g t h s  

a r e  a f f e c t e d  by i t .

T a x a d i e n e t e t r a o l , C 2 0 H 3 2 C U ,  a  new d i t e r p e n e ,  was 

i s o l a t e d  f r o m  yew h e a r t w o o d  ( Taxus  b a o c a t a  L . )  by D r .  

H a l s a l l ' s  g r o u p .  The c r y s t a l  s t r u c t u r e  a n d  a b s o l u t e  c o n ­

f i g u r a t i o n  o f  t h e  p - b r o m o b e n z o a t e  o f  a  d i h y d r o - a n h y d r o -  

a c e t o n i d e  d e r i v a t i v e  o f  t a x a d i e n e t e t r a o l ,  C3oH3 9 0 i»Br, was 

f o u n d  t o  b e

0  0



i i i

D u r i n g  t h e  f o r m a t i o n  o f  t h i s  d e r i v a t i v e  an u n e x p e c t e d  r e ­

a r r a n g e m e n t  o f  t h e  t a x a n e  s k e l e t o n  t o o k  p l a c e .  The d e r i v a ­

t i v e  c o n t a i n s  a f i v e - ,  a s i x -  an d  a  s e v e n - m e m b e r e d  c a r b o n  

r i n g  i n  c o n t r a s t  t o  t h e  tw o  s i x -  and  one e i g h t - m e m b e r e d  

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

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

r i n g  w h ic h  o c c u r s  i n  a t w i s t e d  b o a t  c o n f o r m a t i o n .  The 

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

i n  t h e  h a l f - c h a i r  fo rm  a r e ,  r e s p e c t i v e l y ,  o i s -  an d  t r a n s ­

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

L a b d a n o l i c  an d  e p e r u i c  a c i d s  h a v e  t h e  same c o n f i g u r a ­

t i o n  a t  C ( 1 3 ) ,  b e i n g  o t h e r w i s e  a n t i p o d a l .  The common 

c o n f i g u r a t i o n  a t  C(13)  was u n d e f i n e d .  The c r y s t a l  s t r u c ­

t u r e  o f  t h e  p - b r o m o p h e n a c y l  e s t e r  o f  l a b d a n o l i c  a c i d ,

C2 eHi* iOi»Br, was f o u n d  t o  be



The c o n f i g u r a t i o n  a t  C( 1 3 )  was t h u s  e s t a b l i s h e d  t o  be  (S) 

( P r e l o g ’ s n o t a t i o n ) .  The two s i x - m e m b e r e d  r i n g s  i n  t h e  

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

t o  e a c h  o t h e r .

The a n a l y s i s  o f  t h e  c r y s t a l  s t r u c t u r e  an d  a b s o l u t e  

c o n f i g u r a t i o n  o f  a  p - b r o m o b e n z o a t e  d e r i v a t i v e  o f  t h e  

d i t e r p e n o i d  £ - c a e s a l p i n ,  C2 7H3 3C>6B r ,  g a v e  t h e  f o l l o w i n g  

r e s u l t

OH

OH

The t h r e e  s i x - m e m b e r e d  r i n g s  a r e  f u s e d  t o  f o r m  a  t r a n s -  

a n t i - t r a n s  s y s t e m .  R in g s  A and  B o c c u r  i n  t h e  c h a i r  fo rm  

w h i l e  t h e  u n s a t u r a t e d  r i n g  C a d o p t s  a  d i s t o r t e d  h a l f ­

c h a i r  c o n f o r m a t i o n .  An i n t r a m o l e c u l a r  h y d r o g e n  b o n d
o

( 2 . 6 4 9  A) b e t w e e n  t h e  two 1 , 3 - d i a x i a l  h y d r o x y l  g r o u p s  was 

f o u n d .
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1. I n t r o d u c t i o n

The c r y s t a l  l a t t i c e s ,  symmetry  e l e m e n t s ,  and  t h e  

c l a s s i f i c a t i o n  o f  c r y s t a l s  i n  s p a c e  g r o u p s  w e re  d e v e l o p e d  

on t h e o r e t i c a l  g r o u n d s  l o n g  b e f o r e  any  e x p e r i m e n t a l  d a t a  

on t h e  s u b j e c t  w ere  a v a i l a b l e .  B e f o r e  t h e  t u r n  o f  t h e  

t w e n t i e t h  c e n t u r y  i t  was a l s o  known t h a t  X - r a y s  a r e  p r o ­

d u c e d  when h i g h - e n e r g y  e l e c t r o n s  c o l l i d e  w i t h  m a t t e r .

T h e i r  w a v e l e n g t h s  w e re  a s su m e d  t o  be  o f  t h e  same o r d e r  o f  

m a g n i t u d e  a s  t h e  d i m e n s i o n s  o f  c h e m i c a l  m o l e c u l e s .  T h i s  

l e d  von Laue  i n  1912 t o  t h e  d i s c o v e r y  t h a t  X - r a y s  a r e  

d i f f r a c t e d  by  c r y s t a l s .  T h i s  a c h i e v e m e n t  was t h e  s t a r t i n g  

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

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

X - r a y  d i f f r a c t i o n  m e th o d s  was d e v e l o p e d .  The r e s u l t s  

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

m a t i o n  a b o u t  t h e  t h r e e - d i m e n s i o n a l  a r r a n g e m e n t  o f  a tom s  

a s  w e l l  a s  i n t e r a t o m i c  d i s t a n c e s  an d  a n g l e s ,  h a v e  c o n ­

t r i b u t e d  a  g r e a t  d e a l  t o  t h e  d e v e l o p m e n t  and  u n d e r s t a n d i n g  

o f  c h e m i s t r y .

I n  t h e  e a r l y  d a y s  t h e  p r o g r e s s  was m a i n l y  i n  t h e  

f i e l d  o f  i o n i c  c r y s t a l s .  W i th  t h e  d e v e l o p m e n t  o f  new 

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

f r a c t e d  w a v e s ,  more a n d  more c o m p l i c a t e d  s t r u c t u r e s  a r e
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b e i n g  s o l v e d .  The c a l c u l a t i o n s  n e c e s s a r y  f o r  t h e  d e t e r ­

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

The c o m p u t a t i o n a l  d i f f i c u l t i e s  h a v e  b e e n  g r e a t l y  r e d u c e d  

by t h e  i n t r o d u c t i o n  o f  e l e c t r o n i c  c o m p u t e r s  w h ic h  made 

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

p r o t e i n s ,  a  p r e v i o u s l y  u n i m a g i n a b l e  t a s k .

2.  D i f f r a c t i o n  by a  l a t t i c e

C o n s i d e r  a  l a t t i c e  w i t h  an  e l e c t r o n  a t  e a c h  l a t t i c e

p o i n t  and  a beam o f  m o n o c h r o m a t i c  X - r a y s  o f  w a v e l e n g t h  X

t o  be  i n c i d e n t  on t h i s  l a t t i c e  i n  a  d i r e c t i o n  d e f i n e d  by

t h e  u n i t  v e c t o r  s w i t h  a m a g n i t u d e  1/X ( F i g .  1 ) .  The—o
s c a t t e r e d  wave i s  d e f i n e d  by  t h e  u n i t  v e c t o r  s_ an d  u n d e r  

t h e  a s s u m p t i o n  t h a t  o n l y  c o h e r e n t  s c a t t e r i n g  o c c u r s ,  s_ 

h a s  t h e  same m a g n i t u d e  a s  s ^ .  The p a t h  d i f f e r e n c e  b e t w e e n  

tw o s c a t t e r e d  w a v e s ,  one  a t  t h e  o r i g i n  0 an d  t h e  o t h e r  a t  

a  p o i n t  A i s

OB-AC = X (r*s_ -  r * s ^ )  = Xr«S (1 )

w h e re  S = s - s  i s  t h e  s c a t t e r i n g  v e c t o r .  The e l e c t r o n s— — —o

a t  0 an d  A a r e  s e p a r a t e d  by r  = u a  + vb + wc_ w h e re  a ,  b_, 

an d  £  a r e  t h e  l a t t i c e  c o n s t a n t s  an d  u ,  v ,  an d  w a r e  

i n t e g e r s .  The s c a t t e r i n g  f r o m  0 a n d  A w i l l  b e  i n  p h a s e  

when t h e  p a t h  d i f f e r e n c e  i s  e q u a l  t o  a  w h o le  nu m b er  o f
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w a v e s .  I f  n i s  an i n t e g e r  t h i s  c o n d i t i o n  can  be  w r i t t e n  a s

Ar • S = A ( u a  + vb_ + w£) *S = nA (2 )

F o r  t h i s  t o  be  v a l i d  f o r  a l l  v a l u e s  o f  u ,  v ,  an d  w we h a v e  

t o  h a v e

a-S_ = h

b - S  = k (3 )

c -S  = JI

w h e re  h ,  k ,  I  a r e  i n t e g e r s .  T h e s e  a r e  t h e  Laue  e q u a t i o n s  

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

I t  was n o t  p o s s i b l e  t o  u s e  L a u e ’ s e q u a t i o n s  f o r  t h e  

d e t e r m i n a t i o n  o f  c r y s t a l  s t r u c t u r e s  u n t i l  W. L. B ra g g  

( 1 9 1 3 )  i n t e r p r e t e d  th em  i n  p h y s i c a l  t e r m s .  By r e w r i t i n g  

( 3 )  t o

a /h *  S = b / k - S  = c / £ * S  = 1
- - - - - -  ( 4 )

o r  ( a / h  -  b / k ) * S  = 0 ;  ( a / h  -  c/£,)  «S. = 0 ,  e t c .

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

M i l l e r  i n d i c e s  hki , .  By d e f i n i t i o n  a / h ,  b / k ,  and  c / l  a r e  

t h e  i n t e r c e p t s  w h ic h  t h i s  p l a n e  makes on t h e  c r y s t a l  a x e s .

The s p a c i n g  d o f  t h e  hkJl p l a n e s  i s  t h e  p r o j e c t i o n  o f  

e i t h e r  a / h ,  b / k ,  o r  c / l  on t h e  v e c t o r  S:
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A ssum ing  t h a t  t h e  a n g l e  b e t w e e n  t h e  i n c i d e n t  an d  d i f f r a c t e d  

beams i s  20 ( F i g .  2) and  i n s e r t i n g  a / h * S  = 1 ( e q .  ( 4 ) ) ,  

e q u a t i o n  ( 5 )  c an  be  r e w r i t t e n  a s

j  -  X 
a “ 2 s i n 0

( 5 a )
o r  X = 2 d s i n 0

T h i s  i s  B r a g g ’ s l a w .  The c o n d i t i o n  f o r  c o n s t r u c t i v e  i n t e r ­

f e r e n c e  f r o m  a  p l a n e  w i t h  M i l l e r  i n d i c e s  hkJl i s ,  a c c o r d i n g  

t o  B r a g g ’ s l a w ,  a n a l o g o u s  t o  t h e  r e f l e x i o n  o f  l i g h t  f rom  

a  m i r r o r .

As s e e n  a b o v e ,  t h e  d i f f r a c t i o n  v e c t o r  S i s  n o r m a l  t o  

t h e  c r y s t a l  p l a n e  hkJl and  i t s  l e n g t h  i s  1 / d  a c c o r d i n g  t o  

( 5 )  a n d  ( 5 a ) .

I n  m os t  a s p e c t s  o f  X - r a y  d i f f r a c t i o n  t h e  r e c i p r o c a l  

l a t t i c e  i s  o f  g r e a t  i m p o r t a n c e .  I t  c a n  b e  d e f i n e d  by t h e  

n o n - c o p l a n a r  a x e s  a  , b , and  c_ by t h e  c o n d i t i o n s  t h a t

a * a  = 1 (6 )

it it
an d  b • a  = £ •  a  = 0  (7 )

# it
S i m i l a r  c o n d i t i o n s  a p p l y  t o  b and  c . The l e n g t h  o f  a 

r e c i p r o c a l  a x i s  i s ,  a c c o r d i n g  t o  ( 6 ) ,  i n v e r s e l y  p r o p o r ­

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

From L a u e ' s  e q u a t i o n s  and  t h e  c o n d i t i o n s  ( 6 )  a n d  ( 7 )  t h e



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

be  w r i t t e n  a s :•

# # #
S = h a  + kb_ + Zc_

Each  r e c i p r o c a l  l a t t i c e  p o i n t  i s  u n i q u e l y  d e f i n e d  by t h e  

t h r e e  n u m b ers  h ,  k ,  and  JL. The r e c i p r o c a l  a x e s  can  be  

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

A c c o r d i n g  t o  (7 )  a  m us t  b e  p e r p e n d i c u l a r  t o  b_ an d  c_, 

h e n c e

#
a = K b_ x c 

S i n c e  a * a  = 1 e q u a t i o n  (9 )  c a n  b e  w r i t t e n :

a* (b x c)  K = 1

ir 1  _  1
o r  K ‘ a* (b_ x c )  V

w h e re  V i s  t h e  volume o f  t h e  u n i t  c e l l .  By i n s e r t i n g  ( 1 0 )  

i n  (9 )  t h e  r e c i p r o c a l  a x e s  a r e  t h u s
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3. .The s t r u c t u r e  f a c t o r

So f a r  we h a v e  c o n s i d e r e d  t h e  s c a t t e r i n g  f ro m  a l a t ­

t i c e  w i t h  one e l e c t r o n  a t  e a c h  l a t t i c e  p o i n t .  I n  r e a l i t y  

t h e  l a t t i c e  c o n s i s t s  o f  a to m s  an d  t h e  e l e c t r o n s  a r e  d i s ­

t r i b u t e d  a r o u n d  t h e  a t o m i c  n u c l e i .  I f  Pn ( r )  i s  t h e  e l e c t r o n
t  hd e n s i t y  a t  r  o f  t h e  n a t o m ,  t h e  s c a t t e r i n g  by t h e  e n t i r e  

a to m  can  be  w r i t t e n  a s

+ 00

= f  pn^  exp dV (12)
* 0 0

w h e re  27Tr*S i s  t h e  p h a s e  o f  a  beam s c a t t e r e d  a t  an  a n g l e  

0 f r o m  an  e l e c t r o n  a t  r ,  r e l a t i v e  t o  an  o r i g i n  c h o s e n  a t  

t h e  c e n t r e  o f  t h e  a to m .  The i n t e g r a l  i s  o v e r  a l l  t h e  

e l e c t r o n s ;  i . e .  o v e r  t h e  v o lu m e ,  V, o f  t h e  a to m .  The 

q u a n t i t y  f n (S )  i s  c a l l e d  t h e  a t o m i c  s c a t t e r i n g  f a c t o r  an d  

i s ,  a c c o r d i n g  t o  ( 1 2 ) ,  t h e  F o u r i e r  t r a n s f o r m  o f  t h e  a t o m i c  

e l e c t r o n  d e n s i t y .  I f  t h e  a tom  i s  c e n t r o s y m m e t r i c  an d  t h e  

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

f n (S )  i s  a  r e a l  f u n c t i o n .  I n  t h i s  c a s e  Pn ( r )  i s  s p h e r i ­

c a l l y  s y m m e t r i c  an d  t h u s  a  f u n c t i o n  o f  | r |  o n l y ,  an d  f^CS)  

a  f u n c t i o n  o f  |s| = 2  s i n 0 / A  o n l y .  The a t o m i c  s c a t t e r i n g  

f a c t o r  i s  t h e  s c a t t e r i n g  p o w e r  o f  a  h y p o t h e t i c a l  p a r t i c l e  

a t  t h e  a t o m i c  c e n t r e  whose  s c a t t e r i n g  p o w e r  i s  e q u i v a l e n t  

t o  t h a t  o f  t h e  c o l l e c t i o n  o f  e l e c t r o n s  a s s o c i a t e d  w i t h  t h e
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a to m .

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

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

t h e  s c a t t e r e d  w a v e l e t s  f rom  e a c h  e l e c t r o n  i n c r e a s e s  w i t h

i n c r e a s i n g  s c a t t e r i n g  a n g l e ,  0.  T h e r e f o r e  t h e  s c a t t e r i n g

p o w e r  d e c r e a s e s  w i t h  i n c r e a s i n g  v a l u e s  o f  0. A p p r o x i m a t e

v a l u e s  o f  t h e  s c a t t e r i n g  f a c t o r s  o f  a tom s  f o r  X - r a y s  can

be  o b t a i n e d  by t h e o r e t i c a l  c a l c u l a t i o n s  b a s e d  on q u a n tu m

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

s y m m e t r i c a l  a tom s  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 a b l e s  f o r

X-Ray C r y s t a l l o g r a p h y ,  V o l .  I l l  ( 1 9 6 2 ) .

A u n i t  c e l l  u s u a l l y  c o n t a i n s  more t h a n  one  a to m .  I f

i t  c o n t a i n s  N a tom s  and  r  i s  t h e  v e c t o r  f ro m  t h e  o r i g i nn

o f  t h e  u n i t  c e l l  t o  t h e  n a t o m ,  t h e  s c a t t e r i n g  p o w e r  o f  

t h e  u n i t  c e l l  c an  b e  w r i t t e n  a s

N
G ( S )  = E e x p  d 3 )

n = l

A n a lo g o u s  t o  ( 1 )  t h e  p a t h  d i f f e r e n c e  o f  a  r a y  s c a t t e r e d  by
x  j_

t h e  n a to m  r e l a t i v e  t o  s c a t t e r i n g  by an  a tom  a t  t h e  

o r i g i n  i s  A r ^ S .  T h i s  p a t h  d i f f e r e n c e  c o r r e s p o n d s  t o  a  

p h a s e  d i f f e r e n c e  o f  2771^ *S. G(S)  i s  a  c o n t i n u o u s  f u n c t i o n  

o f  0 a n d  r e f e r s  t o  t h e  d i f f r a c t i o n  w i t h  s c a t t e r i n g  v e c t o r  S.

I f  t h e  n t h  a tom  h a s  t h e  f r a c t i o n a l  c o o r d i n a t e s  xn , y n ,
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an d  zn w i t h  r e s p e c t  t o  t h e  c r y s t a l  a x e s ,  t h e  v e c t o r  can  

be  e x p r e s s e d  a s

^  = ( x n a + y nb + z n c)  (1 4 )

S u b s t i t u t i o n  o f  ( 1 4 )  i n  ( 1 3 )  y i e l d s  

N
G(S) = Z f n (S )  exp  2iri  (x  a*S + y nb«S + z c»S)  (1 5 )

n = l  n n

I n  a  c r y s t a l  t h e r e  a r e  many u n i t  c e l l s .  C o n s t r u c t i v e  i n ­

t e r f e r e n c e  o f  t h e  s c a t t e r e d  waves  f r o m  t h e  u n i t  c e l l s

o c c u r s  o n l y  when t h e  Laue c o n d i t i o n s  a r e  o b e y e d ,  i . e .  when 

a*S = h ;  b_*S_ = k ;  and  c_*S = I .  E q u a t i o n  ( 1 5 )  c an  t h u s  be  

w r i t t e n  a s

N
G(S^) = F(hkJl )  = Z f  (hkA) exp  27ri (h x  + ky + i z  ) ( 1 6 )

n = l  n n n n

I n  t h e  c a s e  o f  s c a t t e r i n g  f ro m  a c r y s t a l  G ( S ) i s  r e p l a c e d  

by F(hkJl )  w h ic h  i s  c a l l e d  t h e  s t r u c t u r e  f a c t o r .  E q u a t i o n  

( 1 6 ) i s  t h e  e x p r e s s i o n  f o r  t h e  c o m p l e t e  wave s c a t t e r e d  by 

a  u n i t  c e l l  i n  a  c r y s t a l ;  b u t  s i n c e  a l l  u n i t  c e l l s  a r e  

s c a t t e r i n g  i n  p h a s e  i t  a l s o  d e s c r i b e s  t h e  c o m p l e t e  wave 

s c a t t e r e d  by t h e  w h o le  c r y s t a l .

The s t r u c t u r e  f a c t o r  i s  a  f u n c t i o n  o f  h ,  k ,  and  I .

I n  r e c i p r o c a l  s p a c e  t h e r e  i s  c a n c e l l a t i o n  o f  t h e  s c a t t e r i n g  

due  t o  d e s t r u c t i v e  i n t e r f e r e n c e  among u n i t  c e l l s ,  e x c e p t
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a t  t h e  r e c i p r o c a l  l a t t i c e  p o i n t s  hk£ w h e r e ,  i n  g e n e r a l ,  

s c a t t e r i n g  o f  w aves  w i t h  n o n - z e r o  a m p l i t u d e s  o c c u r s .  

F(hk&) i s  d e f i n e d  a t  t h e s e  p o i n t s  o n l y .

A c c o r d i n g  t o  ( 1 6 )  t h e  s t r u c t u r e  f a c t o r  i s  com p lex

an d  t h u s  d e s c r i b e s  b o t h  t h e  a b s o l u t e  v a l u e  and  t h e  p h a s e  

o f  t h e  s c a t t e r e d  w av e .  I t  c an  b e  w r i t t e n  a s :

F(hkJl )  = A + iB

a n d  i t s  c o n j u g a t e

F*(hkH)  = F ( h k l )  = A -  iB

( a s s u m i n g  t h a t  F r i e d e l f s l a w ,  w h ic h  s t a t e s  t h a t  |F ( h k & ) |

| F ( h k I ) | ,  h o l d s )  w h e re  

N
A = I  f n (h k £ )  co s  2tt ( h x n + k y n + l z n )

n = l

N
B = I  f n (hkJl)  s i n  2 tt ( h x n + k y n + Jtzn )

n = l

The m o d u lu s  o f  F(hkJl )  i s  c a l l e d  t h e  s t r u c t u r e  a m p l i t u d e  

a n d  can  b e  e x p r e s s e d  by

|F (hk£)  | = (A2 + B2)3*

eind i t s  phase  a ( h k t )  by

( 1 7 )

( 18 )

(1 9 )

( 2 0 )

( 2 1 )

t a n  o ( h k t )  = B/A ( 2 2 )
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I n  a  c e n t r o s y m m e t r i c  s p a c e  g r o u p  w i t h  t h e  c e n t r e  o f  

sym m etry  a t  t h e  o r i g i n ,  we h a v e  an  a tom  a t  ( “ xn > _ z n^

f o r  e v e r y  a tom  a t  ( * n > y n > z n )* A c c o r d i n g l y  B = 0 ( f r o m  

( 2 0 ) )  and  t h e  p h a s e  i s  e i t h e r  0° o r  1 8 0 ° .  The s t r u c t u r e  

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

I f  t h e  p o s i t i o n s  o f  t h e  a to m s  i n  t h e  u n i t  c e l l  a r e  

known,  t h e  s t r u c t u r e  f a c t o r s  c an  be  c a l c u l a t e d  d i r e c t l y  

by t h e  ab o v e  e q u a t i o n s .

4 .  T h e r m a l  v i b r a t i o n

So f a r  we h a v e  a ssu m ed  t h a t  t h e  a tom s  s c a t t e r i n g  

X - r a y s  a r e  s t a t i o n a r y .  I n  f a c t ,  h o w e v e r ,  t h e  a to m s  a r e  

o s c i l l a t i n g  and  i n  a  g i v e n  c r y s t a l  t h e i r  o s c i l l a t i o n  i n ­

c r e a s e s  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  T h i s  e f f e c t  r e d u c e s  

t h e  s c a t t e r i n g  f a c t o r  o f  an  a tom  by an  amount  w h ic h  

i n c r e a s e s  w i t h  i n c r e a s i n g  v a l u e s  o f  s i n 0 / X .  The s c a t t e r i n g  

f a c t o r  o f  an  a tom  i n  t h e r m a l  m o t i o n  i s  t h e  s c a t t e r i n g  f a c ­

t o r  o f  t h e  a to m  a t  r e s t  m u l t i p l i e d  by t h e  F o u r i e r  t r a n s f o r m  

o f  t h e  s m e a r i n g  f u n c t i o n ,  t ( x ) .  The s m e a r i n g  f u n c t i o n  i s  

t h e  p r o b a b i l i t y  f o r  t h e  c e n t r e  o f  an  a tom  t o  be  d i s p l a c e d  

by x r e l a t i v e  t o  t h e  c e n t r e  o f  t h e  e l e c t r o n  d e n s i t y .  B lo c h  

( 1 9 3 2 )  showed t h a t  t h i s  f u n c t i o n  i s  G a u s s i a n  f o r  an  a tom  

v i b r a t i n g  i n  an  i s o t r o p i c  h a r m o n i c  p o t e n t i a l  f i e l d  a t  a 

c e r t a i n  t e m p e r a t u r e .  The t r a n s f o r m  o f  t ( x . )  i s
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q ( S )  = exp  ( - 2 t t 2US 2) = exp  ( — 8 tt2U s i n 20 /X 2) (2 3 )

w h e re  U = u 2 i s  t h e  m e a n - s q u a r e  a m p l i t u d e  o f  v i b r a t i o n .

The 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  i s  o f t e n  e x p r e s s e d  by t h e  

D e b y e - W a l l e r  f a c t o r ,  B = 8 tt2U.

U s u a l l y  a tom s v i b r a t e  a n i s o t r o p i c a l l y  and  t h e  m o t i o n  

can  t h e n  b e  d e s c r i b e d  by a  s y m m e t r i c a l  t e n s o r  U w i t h  s i x  

i n d e p e n d e n t  c o m p o n e n t s .  I n  t h i s  c a s e  t h e  m e a n - s q u a r e  

a m p l i t u d e  o f  v i b r a t i o n  i n  t h e  d i r e c t i o n  o f  a  u n i t  v e c t o r  

I  = ( & i ,  i z i  £ 3) can  be  e x p r e s s e d  by

_  3 3
u 2 = Z Z U . . I .  i .  ( 2 4 )

i - 1  j = l  1 J J

U a n d  _£ a r e  r e f e r r e d  t o  t h e  r e c i p r o c a l  a x e s .  The t r a n s ­

fo r m  o f  t h e  s m e a r i n g  f u n c t i o n  f o r  a n i s o t r o p i c  v i b r a t i o n  a t

a  r e c i p r o c a l  l a t t i c e  p o i n t  w i t h  t h e  d i f f r a c t i o n  v e c t o r
# # #

S = h a  + kb_ + Zc_ i s

q ( S )  -  q (hkJ l )  = exp  { - 2 n 2 ( U n h 2a  2 + U22k 2b 2 + U33£ 2c * 2

(2 5 )
+ 2U23k£b c + 2U3 1 Ahc a + 2Ui 2 h k a  b )}

When t h e r m a l  m o t i o n  i s  c o n s i d e r e d  t h e  e q u a t i o n  f o r  t h e  

s t r u c t u r e  f a c t o r  ( 1 6 ) c an  be  w r i t t e n  a s  

N
F(hkJt )  = Z f n (hk&) qn (h k £ )  exp  2iri ( h x n + k y n + &zn ) (2 6 )

n - 1
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5• D e r i v a t i o n  o f  s t r u c t u r e  a m p l i t u d e s  f r o m  I n t e n s i t i e s

The a b s o l u t e  v a l u e  o f  t h e  s t r u c t u r e  f a c t o r  |F ( h k & ) |  

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

i n t e n s i t y  i s  o b s e r v e d .

C o n s i d e r  a  v e r y  s m a l l  c r y s t a l  b e i n g  r o t a t e d  i n  s u c h  

a way t h a t  a  s e t  o f  hk£ p l a n e s  p a s s e s  on ce  t h r o u g h  t h e  

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

beam c a n  t h e n  be  e x p r e s s e d  by t h e  f o r m u l a

an d  i s  a  c o n s t a n t  f o r  t h e  e x p e r i m e n t .  The s y m b o ls  i n  

(2 8 )  a r e  d e f i n e d  a s  f o l l o w s :

I  -  t h e  i n t e n s i t y  o f  t h e  i n c i d e n t  beam 

X = t h e  w a v e l e n g t h  o f  t h e  r a d i a t i o n  

N = t h e  num ber  o f  u n i t  c e l l s  p e r  u n i t  vo lume

dV = t h e  volume o f  t h e  c r y s t a l

a) = t h e  a n g u l a r  v e l o c i t y  o f  t h e  c r y s t a l  

e = t h e  c h a r g e  o f  an  e l e c t r o n

m = t h e  mass  o f  an  e l e c t r o n

c = t h e  v e l o c i t y  o f  l i g h t

S i n c e  t h e  i n c i d e n t  X - r a y  beam i s  n o t  p l a n e  p o l a r i s e d ,

E(hkJl) = K*L(hkJ.) *p(hk£) • |F(hkJ.) | 2 (2 7 )

w h e re ( 2 8 )
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i t  h a s  t o  be  c o r r e c t e d  by t h e  p o l a r i s a t i o n  f a c t o r ,  p ( h k £ )  = 

h (1 + c o s 22 0 ) .  The p o l a r i s a t i o n  f a c t o r  i s  a  f u n c t i o n  o f  

o n l y  t h e  s c a t t e r i n g  a n g l e  20 and  i s  t h u s  i n d e p e n d e n t  o f  

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

h t o  1.

L ( h k £ )  i s  c a l l e d  t h e  L o r e n t z  f a c t o r  and  t a k e s  i n t o  

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

t h e  s p h e r e  o f  r e f l e x i o n  a t  d i f f e r e n t  s p e e d s .  The L o r e n t z  

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

F o r  e q u i - i n c l i n a t i o n  W e i s s e n b e r g  g e o m e t r y  i t  h a s  t h e  fo rm

L(hkZ)  = [ s i n 0 ( c o s 2y -  c o s 20 ) _3§] • l / s i n 2 0  (2 9 )

The e x p r e s s i o n  i n  t h e  s q u a r e  b r a c k e t s  i s  t h e  i n v e r s e  o f  t h e  

r o t a t i o n  f a c t o r  w h ic h  was e v a l u a t e d  by T u n e l l  ( 1 9 3 9 ) *  The 

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

t h e  u p p e r  l a y e r s  r e l a t i v e  t o  t h e  z e r o  l a y e r .  The a n g l e  y 

i s  t h e  e q u i - i n c l i n a t i o n  a n g l e .

The e n e r g i e s  o f  t h e  r e f l e c t e d  beams can  be  m e a s u r e d  

by t h e  b l a c k e n i n g  on p h o t o g r a p h i c  f i l m s  o r ,  more d i r e c t l y ,  

by q u a n tu m  c o u n t e r s .  E q u a t i o n  (2 7 )  i s  v a l i d  o n l y  f o r  

i n t e g r a t e d  r e f l e x i o n s  and  p r e f e r a b l y  t h e s e  s h o u l d  b e  

m e a s u r e d  i n s t e a d  o f  p e a k  v a l u e s .

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

more  d i f f i c u l t  t o  c o r r e c t  f o r  t h a n  t h e  a b o v e - m e n t i o n e d
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g e o m e t r i c a l  f a c t o r s .  They a r e  n e g l i g i b l e  f o r  a m i c r o s c o p i c  

c r y s t a l  o n l y .  They w ere  n o t  a c c o u n t e d  f o r  i n  e q u a t i o n  (2 7 )  

s i n c e  t h e  c r y s t a l  c o n s i d e r e d  h a d  a v e r y  s m a l l  v o l u m e ,  dV.

A b s o r p t i o n ,  t h e  m os t  i m p o r t a n t  o f  t h e  p h y s i c a l  f a c t o r s ,  

o c c u r s  b e c a u s e  p a r t  o f  t h e  X - r a y  beam i s  a b s o r b e d  by t h e  

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

c an  be  e x p r e s s e d  by

I  = I Q e x P C—u t ) (3 0 )

w h e re  I  i s  t h e  i n t e n s i t y  o f  t h e  o r i g i n a l  beam an d  I  i t s  

i n t e n s i t y  a f t e r  i t  h a s  p a s s e d  t h r o u g h  a  t h i c k n e s s  t  o f  t h e  

c r y s t a l .  The 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  y i s  a  f u n c t i o n  

o f  t h e  m a t e r i a l  o f  t h e  c r y s t a l  an d  o f  t h e  w a v e l e n g t h  o f  

X - r a y s  e m p lo y e d .  F o r  s p h e r i c a l  and  c y l i n d r i c a l  s p e c i m e n s  

r e l i a b l e  a b s o r p t i o n  c o r r e c t i o n s  c an  be  a p p l i e d  w i t h o u t  t o o  

much t r o u b l e .  H ow ever ,  f o r  i r r e g u l a r l y  s h a p e d  c r y s t a l s  i t  

i s  a  c o m p l i c a t e d  t a s k .

A n o t h e r  p h y s i c a l  phenom enon w h ic h  r e s u l t s  i n  a t t e n u a ­

t i o n  o f  t h e  i n c i d e n t  b eam ,  when t h e  c r y s t a l  i s  i n  d i f f r a c t ­

i n g  p o s i t i o n ,  i s  c a l l e d  e x t i n c t i o n .  I t  was d e a l t  w i t h  by 

D arw in  ( 1 9 2 2 ) ,  who d i v i d e d  i t  i n t o  p r i m a r y  an d  s e c o n d a r y  

e x t i n c t i o n .  X - r a y s  w h ic h  h a v e  a l r e a d y  b e e n  r e f l e c t e d  by a 

s e t  o f  B r a g g  p l a n e s  a r e  a t  t h e  c o r r e c t  a n g l e  f o r  b e i n g  

r e f l e c t e d  a g a i n  by o t h e r  p l a n e s  o f  t h e  same s t a c k .  Such
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d o u b l y - r e f l e c t e d  r a y s  a r e  p a r a l l e l  t o  t h e  i n c i d e n t  beam. 

H ow ever ,  t h e y  a r e  e x a c t l y  o u t  o f  p h a s e  and  h e n c e  w eaken  i t .  

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

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

m os t  c r y s t a l s  a r e  m o s a i c  t h e  e f f e c t  i s  u s u a l l y  s m a l l .  The 

c o r r e c t i o n ,  w h ic h  i s  d i f f i c u l t  t o  m ake ,  i s  l a r g e s t  f o r  lo w -  

o r d e r  r e f l e x i o n s  w i t h  l a r g e  v a l u e s  o f  t h e  s t r u c t u r e  f a c t o r .  

P r i m a r y  e x t i n c t i o n  c a n  s o m e t im e s  be  a v o i d e d  by d i p p i n g  t h e  

c r y s t a l  i n t o  l i q u i d  a i r  an d  h e n c e  m a k in g  i t  m o s a i c .

R e f l e x i o n  f ro m  a  B ra g g  p l a n e  r e d u c e s  t h e  i n t e n s i t y  o f  

t h e  i n c i d e n t  beam.  The i n t e n s i t y  r e c e i v e d  by  a  l o w e r  p l a n e  

i s  t h e r e f o r e  e q u a l  t o  t h e  i n t e n s i t y  o f  t h e  o r i g i n a l  beam 

l e s s  t h e  r e d u c t i o n  due t o  r e f l e x i o n  by t h e  p l a n e s  p r e c e d i n g  

i t .  T h i s  w e a k e n i n g  o f  t h e  i n t e n s i t y  i s  c a l l e d  s e c o n d a r y  

e x t i n c t i o n .  I t  i s  a l s o  r e l a t e d  t o  t h e  m o s a i c i t y  o f  t h e  

c r y s t a l  a n d  b e h a v e s  s i m i l a r l y  t o  o r d i n a r y  a b s o r p t i o n .  I t  

c an  be  a l l o w e d  f o r  by i n c r e a s i n g  t h e  v a l u e  o f  t h e  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 .

The i n t e n s i t i e s  o f  t h e  r e f l e x i o n s  a r e  u s u a l l y  m e a s u r e d  

on an a r b i t r a r y  s c a l e .  A f t e r  t h e s e  i n t e n s i t i e s  h a v e  b e e n  

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 ,  a b s o r p t i o n ,  and  

e x t i n c t i o n  f a c t o r s  t h e  o b s e r v e d  s t r u c t u r e  f a c t o r s ,  on an  

a r b i t r a r y  s c a l e ,  c an  be  d e d u c e d  f r o m  ( 2 7 ) .  T h e s e  o b s e r v e d  

s t r u c t u r e  f a c t o r s  c an  b e  p u t  on an  a b s o l u t e  s c a l e  by
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e x p e r i m e n t a l  c o m p a r i s o n  w i t h  a  s t a n d a r d  ( R o b e r t s o n ,  193*0 •

An a l t e r n a t i v e  m e th o d  i s  t h a t  o f  W i l s o n  ( 1 9 ^ 2 ) .  The c u r v e

o b t a i n e d  by p l o t t i n g  t h e  l o g a r i t h m  o f  |P  | 2/ Z f  2 a s  a
n

f u n c t i o n  o f  s i n 20 i s  a  s t r a i g h t  l i n e .  The a b s o l u t e  s c a l e  

can  be  o b t a i n e d  f rom  t h e  i n t e r c e p t  o f  t h e  l i n e  w i t h  t h e  

o r d i n a t e  a x i s  and  an o v e r a l l  i s o t r o p i c  t e m p e r a t u r e  p a r a ­

m e t e r  f rom  t h e  s l o p e .  At a  l a t e r  s t a g e  o f  t h e  s t r u c t u r e  

a n a l y s i s  t h e  a b s o l u t e  s c a l e  c an  be  o b t a i n e d  by c o m p a r i s o n  

o f  o b s e r v e d  s t r u c t u r e  f a c t o r s  w i t h  t h o s e  c a l c u l a t e d  f ro m  

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

c an  b e  r e f i n e d  by l e a s t - s q u a r e s  m e t h o d s .

6 .  The e l e c t r o n  d e n s i t y

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

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

( x y z )  can  be  e x p r e s s e d  by 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 .  I f  h 1 , k f , an d  V  a r e  i n t e g e r s  and  x ,  y ,  an d  z 

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

+ 00

p ( x y z )  - 1 1  Z A C h 'k 1#,1) exp  {-2tt1 ( h ’ x + k ' y  + J l ' z ) }  (3 1 )
h ’k 1 V

_oo

The s t r u c t u r e  f a c t o r  i s  t h e  F o u r i e r  t r a n s f o r m  o f  t h e  e l e c ­

t r o n  d e n s i t y  and  can  b e  e x p r e s s e d  by 

i i i
F(hkJl)  * f f f  V p ( x y z )  exp  {2iri  ( h x  + ky + £ z ) }  dx d y d z  (3 2 )

ooo
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w here  pVdxdydz i s  t h e  amount  o f  s c a t t e r i n g  m a t t e r  i n  t h e  

volume e l e m e n t  V dxdydz .  V i s  t h e  volume o f  t h e  u n i t  c e l l .

I n  o r d e r  t o  d e t e r m i n e  t h e  F o u r i e r  c o e f f i c i e n t  A ( h f k ' J l f ) 

t h e  e x p r e s s i o n  o f  t h e  e l e c t r o n  d e n s i t y  ( 3 1 )  c a n  be  i n s e r t e d  

i n  ( 3 2 ) :

i l l  +°°
F ( h k Z )  = f f f l l  E A ( h ' k ' J l ’ ) exp  { 2 7 r i [ ( h - h '  )x  + ( k - k f )y 

0 0 ° h 1 k 1 i '
(3 3 )

+ ( Z - Z ’ ) z ] }Vdxdydz

The e x p o n e n t i a l  f u n c t i o n  i n  ( 3 3 )  i s  p e r i o d i c a l  a n d  i t s  

i n t e g r a l  w i l l  t h e r e f o r e  h a v e  a  v a l u e  o n l y  when h = h ' ,  

k = k* , an d  Z = Z ’ . The e x p r e s s i o n  t h e n  becom es

i i i
F(hkJl)  = / / / A ( h k J t )  Vdxdydz = A(hkJl) V (3 4 )

0 0 0

F ( h k J t ) /V  I s  h e n c e  t h e  F o u r i e r  c o e f f i c i e n t  o f  t h e  e l e c t r o n  

d e n s i t y  w h ic h  can  now b e  e x p r e s s e d  by

1 +0°p ( x y z )  = Z E Z F ( h k Z )  exp  ( h x  + ky + Zz ) }  (3 5 )
v h k Z

— 00

O b s e r v e d  s t r u c t u r e  a m p l i t u d e s ,  l ^ 0 l> can  o b t a i n e d  f ro m  

t h e  o b s e r v e d  i n t e n s i t i e s  ( e q u a t i o n  ( 2 7 ) ) .  H o w ev e r ,  s i n c e  

s t r u c t u r e  f a c t o r s  a r e  com p lex  q u a n t i t i e s  t h e  e l e c t r o n  

d e n s i t y . e x p r e s s e d  by  ( 3 5 )  c a n n o t  b e  e v a l u a t e d  w i t h o u t  t h e  

knowledge o f  t h e i r  p h a s e s .  In  o r d e r  t o  s o lv e  a c r y s t a l
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s t r u c t u r e  i t  i s  t h u s  e s s e n t i a l  t o  know t h e  p h a s e s  o f  t h e  

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

c r y s t a l l o g r a p h y .

7.  M ethods  o f  p h a s e  d e t e r m i n a t i o n

( a )  P a t t e r s o n * s  v e c t o r  s y n t h e s i s

The f o l l o w i n g  f u n c t i o n ,  a  c o n v o l u t i o n  o f  t h e  e l e c t r o n  

d e n s i t y  p w i t h  i t s e l f ,  was d e f i n e d  by P a t t e r s o n  (1 9 3 ^  and  

1935)  :
11 i

P(uvw) = V / / / p ( x y z ) p ( x + u ,  y + v ,  z+w) d xdydz  ( 3 6 )
ooo

w h e re  V i s  t h e  volume o f  t h e  u n i t  c e l l  and  u ,  v ,  an d  w 

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

t r o n  d e n s i t i e s  i n  (3 6 )  h a s  a v a l u e  o n l y  when t h e  v e c t o r  

w i t h  t h e  co m p o n en t s  u ,  v ,  and  w c o n n e c t s  t h e  e l e c t r o n  

d e n s i t y  o f  one a tom w i t h  t h a t  o f  a n o t h e r .  A c c o r d i n g l y  

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

The e l e c t r o n  d e n s i t y  i n  (3 6 )  c an  b e  s u b s t i t u t e d  by t h e  

e x p r e s s i o n  (3 5 )  an d  we g e t :

1 1 1  + 0 0

P(uvw)  = ±  f f f  E E E Z E E  F(hkJl )  exp  { -27 r i (hx+ ky+ J lz ) } F ( h ' k '  V  )
V ooo h k I  h ' k 1 Jl'

—oo

• e x p { - 2 T r i ( h , x + k l y+£,, z )  } e x p { - 2 T r i ( h * u + k f v+#,*w)]dxdydz (37] 

By a p p l y i n g  t h e  same r e a s o n i n g  a s  f o r  e q u a t i o n  ( 3 3 )  t h e
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i n t e g r a l  i s  z e r o  u n l e s s  h = - h ' ,  k = - k ' , and  Z = - Z ’ .

S i n c e  F(hkJl)  and  F (h ic l )  a r e  com plex  c o n j u g a t e s ,  i . e .

F ( h k & ) • F ( h k l )  = | F ( h k & ) | 2 = | F ( h k I ) | 2 , t h e  P a t t e r s o n  

f u n c t i o n ,  o r  v e c t o r  d i s t r i b u t i o n ,  t h u s  t a k e s  t h e  fo rm

+ 00
P(uvw) -  yr Z Z Z |F ( h k J l ) | 2 exp  27ri (h u  + k v  + Zw) 

h k  Z 
—00

The su m m a t io n  i n  ( 3 8 )  can  be  g r o u p e d  i n  p a i r s  o f  hkJi and  

h k l  a n d  t h e  P a t t e r s o n  f u n c t i o n  can  be  w r i t t e n  a s

+ 0°
P(uvw) = rjr Z Z Z |F (hkJ l )  | 2 cos  2tt (h u  + k v  + Zw)

V h k Z
—  00

The v e c t o r  d i s t r i b u t i o n  o f  a  s t r u c t u r e  i s  t h u s  r e a l  and  

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

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

s t r u c t u r e s  f ro m  t h e  k n o w le d g e  o f  o b s e r v e d  i n t e n s i t i e s  o n l y  

F o r  a  s t r u c t u r e  c o n t a i n i n g  N a to m s  t h e  P a t t e r s o n  f u n c t i o n  

i s  com posed  o f  N ( N - l )  i n t e r a t o m i c  v e c t o r s .  V ery  s i m p l e  

s t r u c t u r e s  c a n  b e  s o l v e d  d i r e c t l y  f ro m  t h e  P a t t e r s o n  f u n c ­

t i o n .  T h i s  becom es  t o o  d i f f i c u l t ,  h o w e v e r ,  when t h e  

s t r u c t u r e  i s  more c o m p l i c a t e d .

The r e l a t i v e l y  b r o a d  p e a k s  o f  t h e  P a t t e r s o n  s y n t h e s i s  

can  be  made s h a r p e r  an d  more p r o n o u n c e d  by a p p l y i n g  a 

s h a r p e n i n g  o r  m o d i f y i n g  f u n c t i o n ,  M (S ) ,  t o  t h e  o b s e r v e d  

s t r u c t u r e  f a c t o r s .  The i n t e r p r e t a t i o n  o f  t h e  P a t t e r s o n

(3 8 )

(3 9 )
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f u n c t i o n  can  t h u s  be  f a c i l i t a t e d .  S i n c e  S = 2 s i n 0 / A ,  M(S) 

i s  a  f u n c t i o n  o f  s i n 0 / A .  The s h a r p e n e d  s t r u c t u r e  f a c t o r s  

c an  be  e x p r e s s e d  by [F^l  = M ( S ) • |F | .  A commonly u s e d
A A

m o d i f y i n g  f u n c t i o n  i s  M(S) = l / f ( S )  w h e re  f ( S )  i s  t h e  

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

s c a t t e r i n g  p o w e r .  The s h a r p e n e d  s t r u c t u r e  f a c t o r s  t h e n  

c o r r e s p o n d  t o  s c a t t e r i n g  f ro m  p o i n t  a t o m s .  F o r  s h a r p e n i n g  

w i t h  r e s p e c t  t o  a  p a r t i c u l a r  t y p e  o f  a t o m ,  j , t h e  ab o v e  

f u n c t i o n  t a k e s  t h e  fo r m  M(S) = Z j / f j ( S ) ,  w h e re  Zj i s  t h e  

num ber  o f  e l e c t r o n s  f o r  t h a t  a tom  and  f*j CS) i s  i t s  s c a t ­

t e r i n g  f a c t o r .  S i n c e  e v e r y  a tom  h a s  a  t h e r m a l  m o t i o n  a 

s h a r p e n i n g  f u n c t i o n  c o r r e s p o n d i n g  t o  a  p o i n t  a to m  a t  r e s t  

w o u ld  be  M(S) = ( Z ^ / f ^ C S ) )  exp  (B s i n 2 0 /X 2) ,  w h e re  B i s  

t h e  D e b y e - W a l l e r  t e m p e r a t u r e  f a c t o r .  The t e r m i n a t i o n  o f  

t h e  s e r i e s  a t  a  f i n i t e  num ber  o f  t e r m s  w i l l  p r o d u c e  f a l s e  

d e t a i l  i n  t h e  b a c k g r o u n d  o f  a  P a t t e r s o n  s y n t h e s i s  b a s e d  

on s h a r p e n e d  s t r u c t u r e  f a c t o r s  i f  t h e  l a t t e r  do n o t  d e c l i n e  

w i t h  s i n 0 / A .  T h i s  e f f e c t  i s  g r e a t e r  f o r  s h a r p e n i n g  c o r ­

r e s p o n d i n g  t o  p o i n t  a to m  a t  r e s t  t h a n  t o  p o i n t  a to m  o n l y .

H a r k e r  (1 9 3 6 )  p o i n t e d  o u t  t h a t  u s e f u l  i n f o r m a t i o n  

can  be  o b t a i n e d  f r o m  c e r t a i n  p l a n e s  o r  l i n e s  o f  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  by m a k in g  u s e  o f  t h e  s p a c e -  

g r o u p  sym m etry  e l e m e n t s .  I f  a  t w o - f o l d  s c r e w  a x i s  p a r a l l e l  

t o  t h e  b - a x i s  i s  c o n s i d e r e d ,  f o r  i n s t a n c e ,  t h e n  t h e r e  i s
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a p e a k  o f  w e i g h t  Z . 2 i n  t h e  P a t t e r s o n  f u n c t i o n  P(uvw) a t
J

( 2X j ,  h 3 c o r r e s p o n d i n g  t o  a  v e c t o r  b e t w e e n  t h e  sym­

m e t r y  r e l a t e d  a tom s  a t  ( x ^ ,  y ̂  ,  z ̂  ) an d  y^ + h ,  z j ) .

The s e c t i o n  t h r o u g h  t h e  P a t t e r s o n  f u n c t i o n  a t  v = h  i s  

t h e n  c a l l e d  a  H a r k e r  s e c t i o n .

( b ) The h e a v y - a t o m  m e thod

I f  a  s t r u c t u r e  c o n t a i n s  a h e a v y  a tom  ( o r  a  s m a l l  

n um ber  o f  t h e m ) , t h e  h e a v y  a tom  c a n  be  u s e d  t o  d e t e r m i n e  

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

h e a v y - a t o m  m e th o d  i s  t h e  m os t  w i d e l y  u s e d  one  f o r  s o l v i n g  

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

U s u a l l y  t h e  p o s i t i o n  o f  t h e  h e a v y  a tom  can  be  e a s i l y  

l o c a t e d  f r o m  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  o r  

f r o m  a  H a r k e r  s e c t i o n .  The p h a s e s  b a s e d  on t h e  h e a v y  a tom 

a l o n e  c an  be c a l c u l a t e d  f ro m  i t s  p o s i t i o n .  They a r e  an 

a p p r o x i m a t i o n  t o  t h e  p h a s e s  o f  t h e  s t r u c t u r e  a m p l i t u d e s  

a nd  a r e  i n  m os t  c a s e s  s u f f i c i e n t l y  a c c u r a t e  f o r  a  s u b s e ­

q u e n t  d e t e r m i n a t i o n  o f  t h e  s t r u c t u r e .

The h e a v y - a t o m  m e th o d  i s  m os t  s u c c e s s f u l  when t h e

r a t i o  r  = ( Z f „ 2/ l f T 2 ) »  1 ,  w h e re  H r e f e r s  t o  t h e  h e a v y  
H H L L

a tom s  an d  L t o  t h e  l i g h t  o n e s .  When r  = 1 a n d  t h e  s t r u c ­

t u r e  i s  n o n - c e n t r o s y m m e t r i c , a b o u t  40# o f  t h e  r e f l e x i o n s  

w i l l  h a v e  e r r o r s  s m a l l e r  t h a n  2 0° i n  t h e i r  p h a s e s  and  80#
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w i l l  h a v e  e r r o r s  s m a l l e r  t h a n  60° (S im ,  1 9 6 1 ) .  I f  r  > 1 

t h e  p h a s e s  can  be  d e t e r m i n e d  w i t h  g r e a t e r  a c c u r a c y ,  b u t  i t  

may n o t  be  p o s s i b l e  t o  l o c a t e  t h e  l i g h t e r  a t o m s ,  o r  a t  

b e s t ,  t h e i r  p o s i t i o n a l  c o o r d i n a t e s  w i l l  h a v e  low a c c u r a c y .

The f i r s t  d i r e c t  a p p l i c a t i o n  o f  t h e  h e a v y - a t o m  m e th o d  was 

t o  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  by R o b e r t s o n  

and  Woodward ( 1 9 4 0 ) .

( c) The i s o m o r p h o u s - r e p l a c e m e n t  m e th o d

The i s o m o r p h o u s - r e p l a c e m e n t  m e thod  i s  more p o w e r f u l  

t h a n  t h e  h e a v y - a t o m  m e th o d  and  h a s  p r o v e d  u s e f u l  f o r  

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

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

The f i r s t  s u c c e s s f u l  u s e  o f  t h i s  m e th o d  was i n  t h e  d e t e r ­

m i n a t i o n  o f  t h e  p h t h a l o c y a n i n e  s t r u c t u r e s  ( R o b e r t s o n ,

1935 an d  1 9 3 6 ;  an d  R o b e r t s o n  and  Woodward, 1 9 3 7 ) .

The f u n d a m e n t a l  e q u a t i o n  o f  t h e  i s o m o r p h o u s - r e p l a c e ­

ment  m e th o d  i n  v e c t o r  fo rm  i s

P 2 = F i  + £12 (4 0 )

w h e re  F i  an d  F 2 a r e  t h e  s t r u c t u r e  f a c t o r s  o f  two i s o m o r -  

p h o u s  compounds an d  f i 2 i s  t h e  c a l c u l a t e d  s t r u c t u r e  f a c t o r  

o f  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  m a t t e r  b e t w e e n  s t r u c t u r e  

2 and  s t r u c t u r e  1.  The v e c t o r  f i 2 i s  c o m p l e t e l y  known



24

w h i l e  o n l y  t h e  m a g n i t u d e s  o f  F i  and  F 2 a r e  a v a i l a b l e .  I n  

t h e  n o n - c e n t r o s y m m e t r i c  c a s e  t h e s e  two m a g n i t u d e s  c a n  be  

u s e d  a s  r a d i i  o f  two c i r c l e s  whose  c e n t r e s  a r e  c o n n e c t e d  

by t h e  f i 2 v e c t o r .  The two i n t e r s e c t i o n s  o f  t h e s e  c i r c l e s ,

A an d  B, g i v e  t h e  two p o s s i b l e  s o l u t i o n s  f o r  t h e  p h a s e  o f  

| F i |  ( B o k h o v e n ,  S c h o o n e ,  and  B i j v o e t ,  1 9 5 1 ) .  F i g u r e  3 

i l l u s t r a t e s  t h e  two s o l u t i o n s .  Each  o f  th em  i s  e q u a l l y  

p r o b a b l e ,  an d  Blow and  C r i c k  (1 9 5 9 )  showed t h a t  t h e  b e s t  

r e s u l t  i s  o b t a i n e d  i f  t h e  m i d - p o i n t  o f  t h e  two  i s  u s e d .

T h i s  i s  e q u i v a l e n t  t o  a p p l y i n g  t h e  p h a s e  o f  f i 2 t o  t h e  

s t r u c t u r e  a m p l i t u d e  | F i |  when | F 2 | < | F i |  + | f i 2 | and  t h a t  

o f  - f i 2 when | F i |  < | F 2 | + | f i 2 | .

The a m b i g u i t y  c an  b e  ove rcom e  by u s i n g  a n o t h e r  i s o -  

m orphous  d e r i v a t i v e  w i t h  a  s t r u c t u r e  a m p l i t u d e  | F 3 1. I t  

i s  a s s u m e d  t h a t  i n  t h i s  d e r i v a t i v e  an  a tom  i n  a  d i f f e r e n t  

p o s i t i o n  was r e p l a c e d .  F o r  t h e  t h i r d  d e r i v a t i v e  t h e  v e c t o r  

e q u a t i o n  a n a l o g o u s  t o  (4 0 )  i s

F 3 = Fi + f i 3 (4 1 )

The d o u b l e  i s o m o r p h o u s - r e p l a c e m e n t  m e th o d  was f i r s t  s u g ­

g e s t e d  by  Bokhoven  e t  a l  ( 1 9 5 1 )  and  f u r t h e r  d e v e l o p e d  by 

H a r k e r  ( 1 9 5 6 ) ,  who p r o p o s e d  i t s  a p p l i c a t i o n  t o  p r o t e i n  

s t r u c t u r e s .  I f  t h e r e  a r e  no  e r r o r s  i n  t h e  s t r u c t u r e  am­

p l i t u d e s ,  t h e  t h r e e  c i r c l e s  r e p r e s e n t i n g  t h e  t h r e e



Fig. 3

Fig. 4
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s t r u c t u r e  a m p l i t u d e s  w i l l  i n t e r s e c t  i n  one p o i n t ,  A, t o  

g i v e  a u n i q u e  s o l u t i o n  t o  t h e  p h a s e  o f  | F i |  ( F i g u r e  4 ) .  I n  

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

t u r e  a m p l i t u d e s  a r e  c o n s i d e r a b l e  an d  i t  i s  t h e r e f o r e  

e s s e n t i a l  t o  u s e  more t h a n  t h r e e  i s o m o r p h o u s  compounds i n  

o r d e r  t o  g e t  r e l i a b l e  e s t i m a t e s  o f  t h e  p h a s e s .

A f t e r  a  s t r u c t u r e  h a s  b e e n  s o l v e d ,  t h e  r e f i n e m e n t  c an  

be  c a r r i e d  o u t  on t h a t  i s o m o r p h o u s  d e r i v a t i v e  w h ic h  h a s  

t h e  l i g h t e s t  a t o m s .  I n  t h i s  way a h i g h e r  a c c u r a c y  can  be  

o b t a i n e d  t h a n  by t h e  h e a v y - a t o m  m e th o d .

( d) D i r e c t  m e th o d s

The t e r m  " d i r e c t  m e th o d s "  u s u a l l y  means m e th o d s  w h ic h  

i n v o l v e  c e r t a i n  m a t h e m a t i c a l  r e l a t i o n s h i p s  b e t w e e n  s t r u c ­

t u r e  f a c t o r s  f o r  o b t a i n i n g  t h e i r  p h a s e s . By t h e  u s e  o f  

t h e s e  m e th o d s  t h e r e  i s  no r e q u i r e m e n t  f o r  a h e a v y  a to m  t o  

be  p r e s e n t  and  t h e y  h a v e  l e d  t o  g r e a t  p r o g r e s s  i n  s o l v i n g  

l i g h t - a t o m  s t r u c t u r e s .  They w ere  f i r s t  i n t r o d u c e d  by 

H a r k e r  and  K a s p e r  ( 1 9 4 8 )  i n  t h e  fo rm  o f  i n e q u a l i t y  r e l a ­

t i o n s h i p s  b e t w e e n  s t r u c t u r e  f a c t o r s .  An i m p o r t a n t  c o n t r i ­

b u t i o n  t o  t h e  d e v e l o p m e n t  o f  d i r e c t  m e th o d s  was t h e  

e q u a l i t y  r e l a t i o n  b e t w e e n  s t r u c t u r e  f a c t o r s  d e r i v e d  by 

S a y r e  ( 1 9 5 2 ) .  T h i s  was f u r t h e r  e l a b o r a t e d  by C o c h r a n  

( 1 9 5 2 )  an d  Z a c h a r i a s e n  ( 1 9 5 2 )  t h r o u g h  t h e  i n t r o d u c t i o n  o f
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a p r o b a b i l i t y  r e l a t i o n s h i p .  K a r l e  and  Hauptman ( 1 9 5 3 )  

d e s c r i b e d  o t h e r  p r o b a b i l i t y  r e l a t i o n s h i p s .  T h e s e  m e th o d s  

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

An e x a m p le  o f  a  d i r e c t  m e th o d  a p p l i e d  t o  a  n o n - c e n t r o s y m -  

m e t r i c  one i s ,  f o r  i n s t a n c e ,  t h e  s t r u c t u r e  d e t e r m i n a t i o n  

o f  t h e  a l k a l o i d  p a n a m i n ,  C20H33N 3, ( K a r l e  an d  K a r l e ,  196 6 a )  

by t h e  s y m b o l i c  a d d i t i o n  p r o c e d u r e  ( K a r l e  a n d  K a r l e ,  1966b ) .

8 . M ethods  o f  r e f i n e m e n t

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

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

m e t e r s  i n  o r d e r  t o  v e r i f y  t h a t  t h e  s t r u c t u r e  i s  c o r r e c t  

an d  t o  o b t a i n  more a c c u r a t e  p a r a m e t e r s .  One way o f  

e x p r e s s i n g  t h e  r e l i a b i l i t y  o f  a  s t r u c t u r e  d e t e r m i n a t i o n  

i s  by t h e  r e s i d u a l  o r  R - f a c t o r  w h ic h  i s  d e f i n e d  a s

R -  S | |F  | -  |F  | | /  E |F  | ( 4 2 )
hkft 0 c hkft °

w he re  |F  | i s  t h e  o b s e r v e d  s t r u c t u r e  a m p l i t u d e  and  |F  | o c
i s  t h e  one  c a l c u l a t e d  f o r  t h e  m o d e l .  The su m m a t io n s  a r e  

o v e r  a l l  t h e  r e f l e x i o n s  u s e d  i n  t h e  r e f i n e m e n t .  C o r r e c t  

s t r u c t u r e s  u s u a l l y  h a v e  an  R - f a c t o r  l e s s  t h a n  25$ .

( a )  S u c c e s s i v e  F o u r i e r  s y n t h e s e s

T h i s  m e th o d  i s  u s u a l l y  a p p l i e d  i n  t h e  e a r l y  s t a g e  o f
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r e f i n e m e n t  when p e r h a p s  o n l y  p a r t  o f  t h e  s t r u c t u r e  i s  

known.  When a t o m i c  p o s i t i o n s  a r e  b e i n g  i m p r o v e d  o r  new 

a tom s  a r e  b e i n g  l o c a t e d  f ro m  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  p h a s e s  c a l c u l a t e d  f rom  t h e  new m o d e l  w i l l  come 

c l o s e r  t o  t h e  c o r r e c t  v a l u e s .  By u s i n g  t h e s e  p h a s e s  i n  a 

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  c a l c u l a t i o n  new a d j u s t m e n t s  i n  

t h e  p a r a m e t e r s  become p o s s i b l e .  B e f o r e  a l l  t h e  a tom s  h a v e  

b e e n  l o c a t e d  i t  i s  u s e f u l  t o  a p p l y  w e i g h t i n g  f u n c t i o n s  t o  

t h e  F o u r i e r  t e r m s  and  t h u s  im p r o v e  t h e  e l e c t r o n  d e n s i t y  

map ( W o o l f s o n ,  1 9 5 6 ;  and  S im ,  1 9 6 1 ) .

F o r  a  n o n - c e n t r o s y m m e t r i c  s t r u c t u r e  i t  c an  b e  shown 

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

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

o n e ,  y i e l d s  an e l e c t r o n - d e n s i t y  map c o r r e s p o n d i n g  a p p r o x i ­

m a t e l y  t o  t h e  a v e r a g e  o f  t h e  tw o  s t r u c t u r e s .  C o n v e r g e n c e  

i s  t h e r e f o r e  a c h i e v e d  more r a p i d l y  i f  a  s h i f t  t w i c e  t h e  

o b s e r v e d  one i s  a p p l i e d .  The F o u r i e r  r e f i n e m e n t  t e r m i n a t e s  

when no  new a d j u s t m e n t s  i n  t h e  p a r a m e t e r s  c a n  b e  made.

S i n c e  an i n f i n i t e  num ber  o f  t e r m s  a r e  n o t  u s e d  i n  t h e  

e l e c t r o n - d e n s i t y  F o u r i e r  s e r i e s ,  t h e  l a t t e r  c o n t a i n s  e r r o r s  

due t o  t e r m i n a t i o n  o f  s e r i e s .  C o r r e c t i o n s  o f  a t o m i c  p a r a ­

m e t e r s  d e r i v e d  f ro m  an  F Q s y n t h e s i s  c a n  be  made by t h e  

m e th o d  o f  B o o th  ( 1 9 4 6 ,  1 9 4 7 ) .  I n  a  F o u r i e r  s y n t h e s i s  

b a s e d  on c a l c u l a t e d  s t r u c t u r e  f a c t o r s ,  t h e  F s y n t h e s i s ,
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t h e  same e r r o r s  w i l l  be  p r o d u c e d .  C o n s e q u e n t l y  t h e  a t o m i c  

p o s i t i o n s  r e s u l t i n g  f ro m  an F c s y n t h e s i s  w i l l  n o t  be  t h e  

same a s  t h o s e  u s e d  f o r  i t s  c a l c u l a t i o n .  T h e s e  s h i f t s ,  

w i t h  o p p o s i t e  s i g n ,  c a n  b e  a p p l i e d  t o  t h e  p a r a m e t e r s  d e ­

r i v e d  f ro m  t h e  F Q s y n t h e s i s .  The c o r r e c t i o n s  f o r  t e r m i n a ­

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

r e f i n e d  by t h e  m e th o d  o f  l e a s t  s q u a r e s .

( b ) The 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 d i f f e r e n c e  b e t w e e n  t h e  e l e c t r o n  d e n s i t y  b a s e d  on 

o b s e r v e d  s t r u c t u r e  f a c t o r s  an d  one b a s e d  on c a l c u l a t e d  

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

f o r  i t  i s

I t  i s  a  F o u r i e r  s e r i e s  w i t h  (F  -  F ) a s  c o e f f i c i e n t s  andvJ V

was s u g g e s t e d  by B o o th  ( 1 9 4 8 a )  a s  a  m e th o d  o f  r e f i n e m e n t .  

C o c h r a n  ( 1 9 5 1 )  showed t h a t  t h e  f u n c t i o n

D Pn ” Pn = V  z exp  { - 2iri (h x  + ky + Z z ) }  ( 4 3 )
°  0 v hk Z  0 c

( 4 4 )

h a s  a  minimum w i t h  r e s p e c t  t o  t h e  c o o r d i n a t e s  x ̂  , y ^ , z^
r_

o f  t h e  j  a tom  when t h e  d i f f e r e n c e  map h a s  z e r o  s l o p e  a t

t h e  c e n t r e  o f  t h i s  a t o m ,  i . e .  when

3xj  3yj  3z j

3D = 3D = 3D = (^5)
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The d i f f e r e n c e  map f o r  a c o m p l e t e l y  r e f i n e d  s t r u c t u r e  i s  

t h u s  e s s e n t i a l l y  f l a t  w i t h  o n l y  random  f l u c t u a t i o n s  due 

t o  e x p e r i m e n t a l  e r r o r s .

An e r r o r  i n  t h e  p o s i t i o n  o f  an a tom  r e s u l t s  i n  a 

g r a d i e n t  i n  t h e  d i f f e r e n c e  map a t  t h e  l o c a t i o n  o f  t h i s
o

a to m .  The c o r r e c t i o n  f o r  t h i s  e r r o r ,  i n  A, i s

8 r j  = w 1 '  mJ
9Dw h e re  i s  t h e  g r a d i e n t  a t  t h e  a tom  j  i n  t h e  g r a d i e n t ' s

s t e e p e s t  d i r e c t i o n  r ,  (p  ) .  i s  t h e  maximum e l e c t r o n  d e n -
o J

s i t y  o f  t h e  a to m  and  p i s  t h e  c u r v a t u r e  o f  t h e  p e a k .

The d i f f e r e n c e  map w i l l  a l s o  i n d i c a t e  e r r o r s  i n  t e m ­

p e r a t u r e  p a r a m e t e r s .  I f  an  a tom  v i b r a t e s  i s o t r o p i c a l l y , 

a  s i n g l e  p e a k  i n  t h e  d i f f e r e n c e  map a t  t h e  p o s i t i o n  o f  

t h i s  a to m  i n d i c a t e s  t h a t  t h e  t e m p e r a t u r e  f a c t o r  a p p l i e d  i n  

t h e  c a l c u l a t i o n  o f  F ' s  was t o o  l a r g e .  I f  an  a tom  i s
w

a s su m e d  t o  v i b r a t e  i s o t r o p i c a l l y ,  w h i l e  i n  f a c t  i t  v i b r a t e s  

a n i s o t r o p i c a l l y , t h i s  r e s u l t s  i n  c h a r a c t e r i s t i c  p e a k s  and  

v a l l e y s  i n  t h e  d i f f e r e n c e  map and  a p p r o p r i a t e  c o r r e c t i o n s  

can  be  a p p l i e d  ( C r u i c k s h a n k ,  19 56 a ) .

I n  p r e s e n t - d a y  c r y s t a l l o g r a p h y  t h e  d i f f e r e n c e  s y n t h e s i s  

i s  u s e d  m a i n l y  f o r  t h e  l o c a t i o n  o f  h y d r o g e n  a to m s  an d  a s  a 

c h e c k  o f  t h e  r e s u l t s  a f t e r  t h e  l e a s t - s q u a r e s  r e f i n e m e n t .



31

( c) L e a s t - s q u a r e s  r e f i n e m e n t

A c r y s t a l  s t r u c t u r e  c a n  be  r e f i n e d  by t h e  m e th o d  o f  

l e a s t  s q u a r e s  when a  f u n c t i o n  o f  t h e  d i f f e r e n c e  b e t w e e n  

t h e  o b s e r v e d  and  c a l c u l a t e d  s t r u c t u r e  f a c t o r s  i s  m i n i m i s e d  

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

m os t  commonly u s e d  i s

M = I  w c I F  I — IF I ) 2 (H7)
hk£  0 c

The su m m a t io n  i s  o v e r  a l l  s t r u c t u r e  a m p l i t u d e s  f ro m  i n d e ­

p e n d e n t  o b s e r v a t i o n s  and  w i s  t h e  w e i g h t  o f  e a c h  t e r m .

The v a l u e  o f  w w h ic h  w i l l  g i v e  t h e  l o w e s t  s t a n d a r d  d e v i a t i o n s  

f o r  t h e  p a r a m e t e r s  r e f i n e d  i s  w(hkJl) = ^ / a 2 (hk&)» w h e re  

a 2 (h k £ )  i s  t h e  e s t i m a t e d  v a r i a n c e  o f  | P Q( hkA) | due  t o  r a n ­

dom e x p e r i m e n t a l  e r r o r s .  G e n e r a l l y  i t  i s  more p r a c t i c a b l e  

t o  u s e  w e i g h t s  w h ic h  r e f l e c t  t r e n d s  i n  t h e  |A|  = | f  | -  

|F  | . F o r  p h o t o g r a p h i c  d a t a  a  w e i g h t i n g  scheme o f  t h e  

fo rm  w = ( p i  + |F  | + p 2 | F q | 2 + P s I F q I 3 ) " 1 ( C r u i c k s h a n k , 

P i l l i n g ,  B u j o s a ,  L o v e l l ,  and  T r u t e r ,  1961)  h a s  o f t e n  b e e n  

u s e f u l .  I f  t h e  " b e s t "  w e i g h t i n g  scheme h a s  b e e n  u s e d ,  t h e  

a v e r a g e s  o f  wA2 s h o u l d  be  c l o s e  t o  c o n s t a n t  when t h e y  a r e  

a n a l y s e d  a s  a  f u n c t i o n  o f  i n c r e a s i n g  |F  | o r  o f  i n c r e a s i n g  

s i n 0 / A  v a l u e s .  /

C o m p a r i s o n  o f  e q u a t i o n s  ( 4 7 )  and  ( 4 4 )  shows t h a t  r e ­

f i n e m e n t  by  d i f f e r e n c e  s y n t h e s i s  i s  r e l a t e d  t o  t h e  one  by
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l e a s t  s q u a r e s  i n  w h ic h  t h e  w e i g h t s  w e re  c h o s e n  t o  be  1 / f j .

I n  o r d e r  t o  d e t e r m i n e  t h e  p a r a m e t e r s  p i ,  p 2 , Pn

w h ic h  a r e  b e i n g  r e f i n e d  and  w h ic h  w i l l  m i n i m i s e  M t h e  

c o n d i t i o n

3M/3p = 0 ( j = l ,  2 ,  . . .  n )  (1(8)
J

must  h o l d .  By a p p l y i n g  t h i s  c o n d i t i o n  t o  ( 4 7 )  one  o b t a i n s  

9 |F |
Z wA - r - r ~  = o ( j  = l ,  2 ,  . . .  n )  ( 4 9 )

h k i  3pj

w h e re  A = If  I -  |F  I. I f  t h e  v a l u e s  o f  p .  a r e  c l o s e  t o' o c 1 j

t h e i r  t r u e  v a l u e s ,  A may be  e x p a n d e d  a s  a  f u n c t i o n  o f  t h e  

p a r a m e t e r s  by a  T a y l o r  s e r i e s  o f  t h e  f i r s t  o r d e r

n 9 |F |
A(p + e )  = A ( p ) -  Z e .  - j - S -  ( 5 0 )

-  1=1 1 pi

w h e re  p an d  £  s t a n d  f o r  a  w h o le  s e t  o f  p a r a m e t e r s  and  

c h a n g e s  and  i s  a  s m a l l  ch an g e  i n  a  p a r a m e t e r  p ^  By

s u b s t i t u t i n g  A f r o m  (5 0 )  i n  (4 9 )  one g e t s

n 3 | F  | 3 |F  | 3 1F |
Z ( Z ------= 1 ( J = ;L> 2 > • • •  " )  ( 5 i )

1 = 1 hkJ. 3pl  3pj  1 h k d  3pj

T h e s e  n e q u a t i o n s  a r e  c a l l e d  t h e  n o r m a l  e q u a t i o n s  an d  can

a l s o  be  e x p r e s s e d  i n  m a t r i x  fo r m  a s

i  a i j  2 ,  . . .  n )  (5 2 )
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9 |F  I 3 |F  I
w h e re  a , ,  = E w---------- --------------------------------------------------------------( 5 3 )

1J hkfc p i  3pj

9 | F |
a n d  b .  = E wA - v - - - -  ( 5 ^ )

J hkH 3pj

The n o r m a l  e q u a t i o n s  h a v e  t o  be  s o l v e d  i n  o r d e r  t o  d e t e r ­

mine  t h e  n unknowns and  t h u s  r e f i n e  a  s t r u c t u r e .  The n 

s o l u t i o n s  a r e

n
= E ( a “ l ) ±j  b ± ( J * l ,  2 , . . .  n )  (5 5 )

w h e re  a ” 1 i s  t h e  i n v e r s e  m a t r i x  o f  a .

B e f o r e  t h e  n o r m a l  e q u a t i o n s  a r e  s o l v e d ,  9 | F  | / 9 p .  h a s
c J

t o  be  e v a l u a t e d  f o r  e a c h  o f  t h e  p a r a m e t e r s  r e f i n e d .  I f  a 

i s  t h e  p h a s e  o f  t h e  c a l c u l a t e d  s t r u c t u r e  f a c t o r ,  | P c | c an  be  

w r i t t e n  a s

|F  I = A co s  a  + B s i n  a  ( 5 6 )1 c '

w h e re  A = E E A = E A (5 7 )r s  rr  s r

an d  B = E E B -  E B ( 5 8 )r s  _ r  r  s r

A i s  t h e  c o n t r i b u t i o n  f r o m  one a tom  s r e l a t e d  t o  a to m  r  r s
by sym m etry  an d  A^ i s  t h e  c o n t r i b u t i o n  f r o m  a to m  r  an d  i t s  

sym m etry  e q u i v a l e n t s .  Br g  an d  B^ a r e  d e f i n e d  s i m i l a r l y .



34

I f  p .  i s  a  p a r a m e t e r  o f  a tom  r  an d  i t s  e q u i v a l e n t s ,  i t  c an
J

be  shown t h a t

3 |P  | 9A 9BC 3? V—5------- = -5—  cos  a + —  s i n  a
3p j  3p j

I f  a n i s o t r o p i c  v i b r a t i o n  i s  c o n s i d e r e d  an d  an  o v e r a l l  

s c a l e  f a c t o r  G i s  a p p l i e d  t o  |P Q| , we can  w r i t e

Arg  = G f r g  exp { - 2 tt2 ( U n , r s h 2a * 2 + U2 2 , r s k 2b * 2 + . . . ) }

• 0 0 s 2 ir (h x r s  + k y r s  + £zr s )

and

Br s  = G f r s  exp  { - 2 t t2 ( U n , r s h 2a * 2 + U2 2 , r s k 2b * 2 + . . . ) }

• s i n  2 7F ( h x r s  + k y r g  + *zr g )

By s u b s t i t u t i n g  (6 0 )  and  (6 1 )  i n  ( 5 9 )  3 | P c l / 9 P j  c an  t h u s  

be  e v a l u a t e d  f o r  a l l  t h e  p^ p a r a m e t e r s .

The s c a l e  f a c t o r  G i s  t h e  o n l y  p a r a m e t e r  w h ic h  i s  a 

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

a s s u m p t i o n  t h a t  t h e  s e c o n d  and  h i g h e r  o r d e r  t e r m s  o f  t h e  

T a y l o r  s e r i e s  a r e  so  s m a l l  t h a t  t h e y  can  be  i g n o r e d  i n  

e q u a t i o n  ( 5 0 ) l e a d s  t o  s o l u t i o n s  o f  t h e  n o r m a l  e q u a t i o n s  

w h ic h  do n o t  g i v e  t h e  t r u e  minimum o f  M. S e v e r a l  s u c c e s ­

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

(59)

( 6 0 )

( 61 )
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The s c a l e  f a c t o r  G d e r i v e d  f ro m  a l e a s t - s q u a r e s  c y c l e  

a p p l i e s  t o  |F  I. H ow ever ,  i t  i s  t h e  If  I 1s w h ic h  we w an ti c 1 3 ' o '

t o  p u t  on an  a b s o l u t e  s c a l e .  T h i s  i s  done  a f t e r  e a c h  c y c l e  

o f  r e f i n e m e n t  by a p p l y i n g  t h e  s c a l e  f a c t o r  K = V g t o  th e m .

When l a y e r - s c a l e  f a c t o r s  a r e  r e f i n e d ,  e a c h  | F q | may 

be  o b s e r v e d  on one o r  more " l a y e r  l i n e s " .  The d a t a  h a v e

t o  be  a r r a n g e d  i n  b a t c h e s ,  i ,  an d  a l l  t h e  r e f l e x i o n s  i n

e a c h  b a t c h  w i l l . h a v e  t h e  same s c a l e  f a c t o r ,  G^. The G^ 

l a y e r - s c a l e  f a c t o r  a l s o  a p p l i e s  t o  |F  | an d  a f t e r  e a c h
w

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

a p p l i e d  t o  | F 0 lj_ •

The num ber  o f  i n d e p e n d e n t  e l e m e n t s  i n  t h e  m a t r i x  a 

o f  e q u a t i o n  ( 5 2 ) i s  n ( n + l ) / 2  w h e re  n i s  t h e  num ber  o f  

p a r a m e t e r s  r e f i n e d .  Due t o  l i m i t a t i o n s  i n  s t o r a g e  c a p a c i t y  

o f  e l e c t r o n i c  c o m p u t e r s ,  t h e  f u l l - m a t r i x  l e a s t  s q u a r e s  can  

o n l y  be  u s e d  f o r  s m a l l  m o l e c u l e s .  F o r  medium an d  l a r g e  

m o l e c u l e s  a p p r o x i m a t i o n s  h a v e  t o  b e  a p p l i e d  w h e re  many o f  

t h e  o f f - d i a g o n a l  e l e m e n t s  a ^  ( i  ¥ j ) i n  t h e  m a t r i x  a a r e  

n e g l e c t e d .

The b l o c k - d i a g o n a l  a p p r o x i m a t i o n  o f  t h e  l e a s t - s q u a r e s  

programme w r i t t e n  by C r u i c k s h a n k  and  S m i th  f o r  t h e  G lasgow  

KDF 9 c o m p u t e r  u s e s  a  c h a i n  o f  9 x 9 m a t r i c e s  f o r  t h e  

r e f i n e m e n t  o f  f r a c t i o n a l  c o o r d i n a t e s  and  t h e  a n i s o t r o p i c  

t e m p e r a t u r e  p a r a m e t e r s  o f  e a c h  a to m  a s  w e l l  a s  a  ( n + 1 ) x ( n + 1 )
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m a t r i x  f o r  t h e  n l a y e r - s c a l e  f a c t o r s  and  o v e r a l l  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  r e f i n e m e n t .  F o r  i s o t r o p i c  v i b r a t i o n  a 

4 x 4 m a t r i x  i s  c a l c u l a t e d  f o r  e a c h  a to m .

C o n v e r g e n c e  i s  r e a c h e d  more s l o w l y  when t h e  b l o c k -  

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

a c c e l e r a t e d  i f  t h e  s h i f t s  o b t a i n e d  f ro m  t h e  l e a s t - s q u a r e s  

e q u a t i o n s  a r e  r e d u c e d  by a  p a r t i a l  s h i f t ,  o r  " f u d g e ” f a c ­

t o r .  A v a l u e  o f  0 . 8  f o r  t h e  p a r t i a l - s h i f t  f a c t o r  h a s  

f r e q u e n t l y  b e e n  u s e d .

The c o u r s e  o f  t h e  r e f i n e m e n t  c a n  b e  f o l l o w e d  by

i n s p e c t i n g  t h e  c h an g e  o f  M -  £ wA2 , o r  b e t t e r  by t h e
hkJl

c h an g e  o f  R ’ = E wA2/  E w F 2 .
hk£  hk&

9 .  A c c u ra c y  and  a n a l y s i s  o f  r e s u l t s

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  o f  t h e  p a r a m e t e r s  r e ­

f i n e d  by l e a s t  s q u a r e s  can  e a s i l y  be  e v a l u a t e d  i n  t h e  

c o u r s e  o f  t h e  r e f i n e m e n t .  F o r  f u l l - m a t r i x  l e a s t  s q u a r e s  

u s i n g  r e l a t i v e  w e i g h t s  w h ic h  r e f l e c t  t h e  t r e n d  i n  | A F | ,  

t h e  e s t i m a t e d  v a r i a n c e  o f  a  p a r a m e t e r  i s

a 2 ( p . )  = ( a T 1) , .  ( E wA2 ) / ( m - n )  ( 6 2 )
1 11 hkfl,

w h e re  ( a " 1) ^  i s  an e l e m e n t  o f  t h e  m a t r i x  i n v e r s e  t o  a ,

m i s  t h e  num ber  o f  o b s e r v a t i o n s ,  and  n i s  t h e  num ber  o f
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p a r a m e t e r s  r e f i n e d .  I n  t h e  b l o c k - d i a g o n a l  r e f i n e m e n t  t h e  

i n v e r s e  o f  t h e  b l o c k  m a t r i c e s  i s  u s e d  i n  ( 6 2 ) .  The c o -  

v a r i a n c e  o f  t h e  p a r a m e t e r s  p^ and  p^ c a n  b e  e s t i m a t e d  f ro m

cov  ( p . p . )  = ( a " 1) , ^  E wA2 ) / ( m - n )

J J h k * ( 6 3 )
= a ( P l ) o ( P j )

w h e re  r ^ j  i s  t h e  c o r r e l a t i o n  c o e f f i c i e n t  o f  t h e  p a r a m e t e r s .

The s t a n d a r d  d e v i a t i o n  o f  a b o n d  l e n g t h  & i2 , when 

t h e r e  i s  no  c o r r e l a t i o n  b e t w e e n  t h e  c o o r d i n a t e s  o f  t h e  two 

a t o m s ,  i s

a (  2 ) = ( a 2 ( x i )  + a 2( x 2 ) ) i§ (6 4 )

w h e re  a ( x i )  an d  a ( x 2 ) a r e  t h e  s t a n d a r d  d e v i a t i o n s  o f  t h e  

a t o m i c  c o o r d i n a t e s  i n  t h e  d i r e c t i o n  o f  t h e  b o n d .  A p p l y i n g  

t h e  same c o n d i t i o n  a s  f o r  e q u a t i o n  ( 6 4 ) ,  t h e  s t a n d a r d  

d e v i a t i o n  i n  t h e  a n g l e  3 b e t w e e n  t h e  b o n d s  I 1 2  and  £,23 i s

a ( 3 )  =
/ a 2( x i ) £13 2 a 2( x 3) \ *

---------  +   a 2( x 2) +-----------
& 1 2 2 &122&232 &232

(65)

w h ere  a ( x i )  an d  a ( x 3 ) a r e  t h e  c o o r d i n a t e  s t a n d a r d  d e v i a ­

t i o n s  o f  a to m s  1 and  3 i n  t h e  d i r e c t i o n s  a t  r i g h t  a n g l e s  

t o  £12 a n d  £ 2 3 , r e s p e c t i v e l y ,  and  a ( x 2 ) i s  t h e  c o o r d i n a t e  

s t a n d a r d  d e v i a t i o n  o f  a to m  2 i n  t h e  d i r e c t i o n  o f  t h e  c e n t r e
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o f  t h e  c i r c l e  p a s s i n g  t h r o u g h  t h e  t h r e e  a tom s  ( D a r l o w ,

I 9 6 0 )  .

B e f o r e  d r a w i n g  c o n c l u s i o n s  f ro m  a c o m p a r i s o n  o f  a 

b o n d  l e n g t h  o r  b o n d  a n g l e  w i t h  a t h e o r e t i c a l  v a l u e  o r  f ro m  

c o m p a r i s o n  o f  two d i f f e r e n t  e x p e r i m e n t a l  d e t e r m i n a t i o n s ,  

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

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

( C r u i c k s h a n k  and  R o b e r t s o n ,  1953)*  I f  &Q, w i t h  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 q ,  i s  t h e  e x p e r i m e n t a l  e s t i m a t e  o f  an 

unknown q u a n t i t y  whose  t r u e  v a l u e  i s  XQ, t h e n

i s  a  v a l u e  o f  a random v a r i a b l e  t  h a v i n g  t h e  S t u d e n t ’ s 

p r o b a b i l i t y  d i s t r i b u t i o n  w i t h  v d e g r e e s  o f  f r e e d o m  (v  i s  

t h e  d i f f e r e n c e  b e t w e e n  t h e  num ber  o f  i n d e p e n d e n t l y  o b s e r v e d  

r e f l e x i o n s  and  t h e  i n d e p e n d e n t  p a r a m e t e r s  d e r i v e d  f r o m  t h e  

d a t a ) .  I n  a  t h r e e - d i m e n s i o n a l  a n a l y s i s  v i s  u s u a l l y  so  

l a r g e  t h a t  i t  c an  b e  s e t  a t  °°. F i s h e r  an d  Y a t e s  ( 1 9 5 3 )  

l i s t  t h e  p r o b a b i l i t i e s  P t h a t  | t |  > | t Q | f o r  v a r i o u s  v a l u e s

( 6 6 )

t o 2 . 0

P = 1 f t 2 . 6o
P = 0.1% t o 3 . 3
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R e s u l t s  a r e  r e f e r r e d  t o  a s  b e i n g  s i g n i f i c a n t  a t  a 5%, 1%,  

o r  0 . 1# l e v e l .

I f  a  l e a s t - s q u a r e s  p l a n e  t h r o u g h  a s e t  o f  n p o i n t s  i s  

c o n s i d e r e d  and  d^ i s  t h e  d e v i a t i o n  o f  t h e  i  p o i n t  f rom  

t h a t  p l a n e  and  a^ t h e  a v e r a g e  p o s i t i o n a l  s t a n d a r d  ^ d e v i a t i o n  

o f  a  p o i n t ,  t h e n  t h e  f u n c t i o n

X2 = Z ( d . 2/ a . 2 ) (6 7 )
i = l  ■

h a s  a x 2 p r o b a b i l i t y  d i s t r i b u t i o n  w i t h  ( n - 3 ) d e g r e e s  o f  

f r e e d o m .  The p r o b a b i l i t y  t h a t  t h e  d e v i a t i o n s  f rom  t h e  

p l a n e  a r e  due t o  random e x p e r i m e n t a l  e r r o r s  c an  be  f o u n d  

by a p p l y i n g  t h e  x 2 s i g n i f i c a n c e  t e s t  u s i n g  f o r  i n s t a n c e  

t h e  t a b l e s  o f  F i s h e r  and Y a t e s  ( 1 9 5 3 ) -

10 . Anomalous  d i s p e r s i o n

I f  a  s c a t t e r i n g  a tom  h a s  am a b s o r p t i o n  ed g e  c l o s e  t o  

t h e  r a d i a t i o n  w a v e l e n g t h  an d  on t h e  l o n g  s i d e  o f  i t ,  t h e  

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

The a t o m i c  s c a t t e r i n g  f a c t o r  c an  i n  t h i s  c a s e  be  w r i t t e n  

a s

f  = f  + A f '  + i A f  " ( 6 8 )o

t M
w here  Af an d  Af a r e ,  r e s p e c t i v e l y ,  t h e  r e a l  an d  i m a g i n a r y  

c o r r e c t i o n s  f o r  a n o m a lo u s  s c a t t e r i n g .  I n  n o n - c e n t r o s y m m e t r i c
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s p a c e  g r o u p s  F r i e d e l ’ s l a w ,  |F(hkfc) | = | F ( h k I )  | , i s  t h e r e ­

f o r e  no l o n g e r  v a l i d .  ( I n  c e n t r o s y m m e t r i c  s p a c e  g r o u p s  i t  

i s  a l w a y s  v a l i d  b e c a u s e  o f  s y m m e t r y . )  I f  A and  B a r e

d e f i n e d  by e q u a t i o n s  (1 9 )  and  (2 0 )  and  f  = ( f  ) + Af i sn n
t h e  r e a l  p a r t  o f  t h e  a t o m i c  s c a t t e r i n g  f a c t o r ,  t h e n

F(hkA) = (A + iAA) + i  (B + iAB)

= (A -  AB) + i  (B + AA)

an d  F (h ic l )  = (A + AB) + i  ( -B  + AA)

N ft
w h e re  AA = I  Afn cos  2t t  ( h x n + k y n + Zzn )

n = l

N
an d  AB = I  Afn s i n  2ir ( h x n + kyn + Jlz^)

n = l

From e q u a t i o n s  ( 6 9 )  an d  (7 0 )  i t  f o l l o w s  t h a t  |F (hkJ l )  | I  

| F ( h O )  | o r  |F (hkJl )  | 2 ^  | F ( h k I ) | 2 . Anomalous s c a t t e r i n g  

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

h k l  p a i r s  o f  r e f l e x i o n s .  B i j v o e t  (1 9 4 9 )  p o i n t e d  o u t  t h a t  

t h e s e  d i f f e r e n c e s  can  be  u s e d  t o  d e t e r m i n e  t h e  a b s o l u t e  

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

i s o m e r s .  The e f f e c t  o f  a n o m a lo u s  s c a t t e r i n g  i s  much 

s m a l l e r  when t h e  w a v e l e n g t h  o f  t h e  i n c i d e n t  beam i s  q u i t e  

f a r  away f r o m  t h e  a b s o r p t i o n  ed g e  o f  t h e  s c a t t e r i n g  a t o m ,  

b u t  i t  may s t i l l  be  a p p r e c i a b l e ,  a s  i n  t h e  c a s e  o f  b r o m i n e

( 6 9 )

( 7 0 )

(7 1 )

( 7 2 )



41

w i t h  CuKa r a d i a t i o n .

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

i s  e s s e n t i a l  t o  h o l d  s t r i c t l y  t o  one c o o r d i n a t e  s y s t e m ,  

e . g .  a  r i g h t - h a n d e d  o n e ,  and  t o  i n d e x  t h e  r e f l e x i o n s  a c ­

c o r d i n g l y  (P e e rd e m a n  an d  B i j v o e t ,  1 9 5 6 ) .

As p o i n t e d  o u t  by U e k i ,  Z a l k i n ,  and  T e m p l e t o n  ( 1 9 6 6 ) 

a nd  d e a l t  w i t h  i n  more d e t a i l  by  C r u i c k s h a n k  an d  McDonald 

( 1 9 6 7 ) ,  an e r r o r  i s  i n t r o d u c e d  i n  a p a r t i c u l a r  c o o r d i n a t e  

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

g r o u p  i f  c o r r e c t i o n  f o r  Af i s  n e g l e c t e d .  I n  s p a c e  g r o u p  

P 2 i ,  f o r  i n s t a n c e ,  t h i s  w i l l  h a p p e n  i f  r e f l e x i o n s  a r e  

m e a s u r e d  o n l y  f rom  o n e - h a l f  o f  t h e  a c c e s s i b l e  volume o f  

r e c i p r o c a l  s p a c e  ( e . g .  w i t h  k o n l y  p o s i t i v e ) .  I n  t h i s  

s p a c e  g r o u p ,  i f  a  b r o m i n e  a tom  i s  t h e  a n o m a lo u s  s c a t t e r e r ,  

i t s  y c o o r d i n a t e  w i l l  h a v e  a " p o l a r  d i s p e r s i o n "  e r r o r .

As p r e v i o u s l y  m e n t i o n e d ,  t h e  s i n g l e  i s o m o r p h o u s - r e ­

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

l e a d s  t o  an  a m b i g u i t y  i n  t h e  d e t e r m i n a t i o n  o f  p h a s e  a n g l e s .

The a m b i g u i t y  c an  be  r e s o l v e d  i f  t h e  r e p l a c e a b l e  a tom  i n  

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

( B i j v o e t ,  1 9 5 4 ) .  The c o m b i n a t i o n  o f  i s o m o r p h o u s  r e p l a c e ­

ment an d  a n o m a l o u s  s c a t t e r i n g  h a s  b e e n  p a r t i c u l a r l y  u s e f u l  

i n  p r o t e i n  s t r u c t u r e  d e t e r m i n a t i o n s  ( K a r t h a  an d  P a r t h a s a r a t h y , 

1 9 6 5 ;  an d  M a t t h e w s ,  1 9 6 6 ) .



11.  R i g i d - b o d y  t h e r m a l  v i b r a t i o n

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

can  be  d e s c r i b e d  i n  t e r m s  o f  r i g i d - b o d y  v i b r a t i o n .  I n

t h e s e  m o l e c u l e s  t h e  i n t e r n a l  v i b r a t i o n s  ( s t r e t c h i n g  and

b e n d i n g  o f  b o n d s )  a r e  much s m a l l e r  t h a n  t h e i r  r i g i d - b o d y

v i b r a t i o n .  The m e a n - s q u a r e  d i s p l a c e m e n t  r e s u l t i n g  f rom

a n i s o t r o p i c  r i g i d - b o d y  v i b r a t i o n  o f  a m o l e c u l e  can  be

e x p r e s s e d ,  a s  an a p p r o x i m a t i o n ,  i n  t e r m s  o f  two  s y m m e t r i c

t e n s o r s ,  T an d  w, e a c h  w i t h  s i x  i n d e p e n d e n t  c o m p o n e n t s

( C r u i c k s h a n k ,  1 9 5 6 b ) .  The t e n s o r  T g i v e s  t h e  t r a n s l a t i o n a l
o 2

v i b r a t i o n s  o f  t h e  mass  c e n t r e  i n  A and  t h e  t e n s o r  w g i v e s

t h e  a n g u l a r  o s c i l l a t i o n s  ( o r  l i b r a t i o n s )  a b o u t  t h e  mass

c e n t r e  i n  ( r a d i a n s ) 2 . The m e a n - s q u a r e  a m p l i t u d e  f o r
— t/h

r i g i d - b o d y  v i b r a t i o n ,  u 2 , o f  t h e  r  a to m  i n  t h e  m o l e c u l e  

i n  t h e  d i r e c t i o n  £■ can  be  e x p r e s s e d  as

  3 3 3 3
u 2 = E E U ^ , £ , £ .  = E E T, A.

i = l  J«1 1 J i = l  J - l  1 J
(7 3 )

3 3
+ E E to. . ( I  x X ) ,  ( I  x X ) .

i = l  j = l  r  i  i j

I t  i s  a s su m e d  h e r e  t h a t  t h e  a t o m i c  c o o r d i n a t e s  =

(X ^,  Y , Z^) and  t h e  v i b r a t i o n  t e n s o r s  Ur  a r e  r e f e r r e d  t o  

o r t h o g o n a l  a x e s  w i t h  o r i g i n  a t  t h e  c e n t r e  o f  m a s s .  I f
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t h e r e  a r e  N a tom s  i n  t h e  m o l e c u l e  t h e r e  a r e  N Ur - t e n s o r s ,  

i . e .  N e q u a t i o n s  l i k e  (7 3 )*  I n  t h e  g e n e r a l  c a s e  s i x  l i n e a r  

o b s e r v a t i o n a l  e q u a t i o n s  a r e  o b t a i n e d  f o r  e a c h  a tom  by 

e q u a t i n g  c o e f f i c i e n t s  o f  i n  ( 7 3 ) .  The t y p i c a l  e q u a ­

t i o n s  a r e

U1 1 — T i l  + Z 2(a)22 + Y 2 60 3 3 — 2YZ602 3 

U i 2 ” T i 2 — XY6O33 — Z 2 6012 + XZ6O2 3 + YZ6O13
(7*0

The 12 i n d e p e n d e n t  e l e m e n t s  o f  T and  w can  be  d e t e r m i n e d  

by l e a s t - s q u a r e s  p r o c e d u r e s  by m i n i m i s i n g  t h e  f u n c t i o n

" "  Jl A (Ui J . ° b S - Ui J , c a I o ) 2 (75)

w h ere  w i s  t h e  w e i g h t ,  u f .  , i s  c a l c u l a t e d  f rom  ( 7A ) ,1j , c a i c
and  t h e  o b s e r v e d  r e f e r s  t o  t h e  same o r t h o g o n a l  a x e s  a s

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

r e f e r r e d  t o  r e c i p r o c a l  a x e s  and  g i v e n  by ( 2 5 ) ,  c a n  be  

t r a n s f o r m e d  f i r s t  t o  t h e  s t a n d a r d  o r t h o g o n a l  a x e s ,  i f  

n e c e s s a r y ,  and  t h e n  t o  t h e  o r t h o g o n a l  i n e r t i a l  a x e s ,  a s  

d e s c r i b e d  by C r u i c k s h a n k  e t  a l  ( 1 9 6 1 ) .

The e f f e c t  o f  a  l i b r a t i o n a l  m o t i o n  o f  a  m o l e c u l e  i s  

t o  make a l l  a to m s  a p p e a r  c l o s e r  t o  t h e  a x i s  a b o u t  w h ic h  

l i b r a t i o n  o c c u r s .  T h i s  e f f e c t  c an  be  c o r r e c t e d  i f  t h e  

t h e r m a l  m o t i o n  o f  a  m o l e c u l e  h a s  b e e n  s u c c e s s f u l l y  i n t e r p r e t e d
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i n  t e r m s  o f  t h e  T and  w t e n s o r s .  A c c o r d i n g  t o  C r u i c k s h a n k  

( 1 96 1 a)  t h e  c o r r e c t i o n s  f o r  l i b r a t i o n a l  m o t i o n  t o  t h e  co ­

o r d i n a t e s  X, Y, an d  Z a r e

Ax = % (X (B 22 + B 33) -  YB12 -  ZB! 3)

Ay = \  (Y (B 33 + B 11) -  ZB23 -  XB12 ) ( 7 6 )

Az = h  ( Z ( B 11. + B2 2 ) -  XB13 -  YB2 3 )

w h e re  B = A 1 and  A i s  a t h i r d - o r d e r  s y m m e t r i c  m a t r i x  whose  

t y p i c a l  e l e m e n t s  a r e

A n  = ( Y 2 + Z2 ) / q 2 + (o i l

( 7 7 )
A , 2 = -  X Y / q 2 + 0)72

The s h a p e  o f  t h e  a t o m i c  e l e c t r o n - d e n s i t y  p e a k  i s  a s su m ed  

t o  b e  G a u s s i a n  b e f o r e  r o t a t i o n a l  o s c i l l a t i o n  i s  c o n s i d e r e d  

an d  q 2 i s  t h e  b r e a d t h  p a r a m e t e r  f o r  t h e  p e a k .
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The C r y s t a l  S t r u c t u r e  o f  2 - ( o - H y d r o x y p h e n y l ) - l - p h e n y l -  

p r o p a n e s u l p h o n i c  A c id  S u l t o n e  ( S u l t o n e  B ) .

1 .  I n t r o d u c t i o n

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

c a l l e d  s u l t o n e s .  Most o f  them  h a v e  f i v e -  o r  s i x - m e m b e r e d  

r i n g s  ( I ,  I I )  and  t h e  r i n g s  can  be  e i t h e r  s a t u r a t e d  o r

u n s a t u r a t e d .  S u l t o n e s  a r e  v e r y  r e a c t i v e  a l k y l a t i n g  r e ­

a g e n t s  and  t h e y  a r e  u s e f u l  f o r  m a k in g  o r g a n i c  s u b s t a n c e s  

w a t e r - s o l u b l e  by a d d i n g  t h e  S07 g r o u p  ( H e l b e r g e r ,  M an eck e ,  

and  H e y d e n ,  1 9 4 9 ) .  T h i s  f i n d s  p r a c t i c a l  a p p l i c a t i o n  i n  

t h e  s y n t h e s e s  o f  d e t e r g e n t s ,  d y e s t u f f s ,  e t c .  S t r u c t u r a l  

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

o c c a s i o n a l l y  d i f f i c u l t  and  O h l i n e ,  A l l r e d ,  and  B o r d w e l l  

(1 9 6 4 )  h a v e  u s e d  p r o t o n  m a g n e t i c  r e s o n a n c e  s p e c t r o s c o p y

f o r  s u c h  i n v e s t i g a t i o n s .  H ow ever ,  no  X - r a y  i n v e s t i g a t i o n
/

o f  a  s u l t o n e  h a d  b e e n  c a r r i e d  o u t  a t  t h e  t i m e  when t h i s  

work was s t a r t e d .

0

I



The s y n t h e s i s  o f  2 - ( o - h y d r o x y p h e n y l ) - l - p h e n y l p r o p a n e -  

s u l p h o n i c  a c i d  s u l t o n e  ( I I I )  by Timoney and  c o - w o r k e r s  

( 1 9 6 6 ) y i e l d e d  e q u a l  am oun ts  o f  two i s o m e r s ;  one w i t h  

m .p .  1 0 6 - lO $ ° C  ( s u l t o n e  B) an d  t h e  o t h e r  w i t h  m .p .  1 5 8 - l 6 0 ° C  

( s u l t o n e  C) .  (Some e a r l i e r  work  on t h e s e  s u l t o n e s  i s  d e ­

s c r i b e d  by P h i l b i n ,  S t u a r t ,  T im o n ey ,  and  W h e e l e r  ( 1 9 5 6 ) ) .

SO

JH

The f o r m e r  i s  c o n v e r t e d  e n t i r e l y  t o  s u l t o n e  C when i t  i s  

h e a t e d  u n d e r  r e f l u x  w i t h  10# so d iu m  h y d r o x i d e .  Timoney 

s u g g e s t e d  t h a t  i n  one o f  t h e  i s o m e r s  t h e  m e t h y l  g r o u p  i s  

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

a r e  t r a n s  t o  e a c h  o t h e r .  I t  was n o t  p o s s i b l e  t o  d i s t i n ­

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

m o n o c l i n i c  w h i l e  t h o s e  o f  s u l t o n e  C a r e  t r i c l i n i c ,  and  

t h e  f o r m e r  w e re  c h o s e n  f o r  t h e  c r y s t a l  s t r u c t u r e  a n a l y s i s  

i n  o r d e r  t o  d e t e r m i n e  t h e  c o n f i g u r a t i o n  and  a c c u r a t e  

d i m e n s i o n s  o f  t h e  m o l e c u l e .

2 .  C r y s t a l  d a t a  

2 - ( o - H y d r o x y p h e n y l ) - l - p h e n y l p r o p a n e s u l p h o n i c  a c i d  s u l t o n e
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( s u l t o n e  B ) ,  Ci s H i i»0 3S ,  F.W. * 2 7 4 . 3 ,  m .p .  = 1 0 6 -1 0 8 ° C .  

M o n o c l i n i c , a  = 1 1 . 1 8  ± 0 . 0 1 ,  b = 1 0 .7 0  ± 0 . 0 1 ,  c -  

1 4 .4 2  ± 0 . 0 1  A, 0 = 1 2 9 . 6  ± 0 . 2 ° .  V = 1 3 2 9 .0  A3. Dm = 

1 .3 7 4  g . c m . “ 3 (by  f l o t a t i o n  i n  a  m i x t u r e  o f  o - b r o m o t o l u e n e  

(D = 1 . 4 2  g . c m ." " 3 ) and  e t h y l b e n z o a t e  (D ■ 1 . 0 4  g . c m . ”" 3 ) ) ,

Z = 4 ,  Dx = 1 . 3 7 1  g . c m . - 3 . F ( 0 0 0 )  = 576 .  S p a c e  g r o u p  

P 2 i / c  (No. 14) f ro m  s y s t e m a t i c  a b s e n c e s .  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  y = 2 1 . 1  c m . " 1 f o r  Cu Ka r a d i a t i o n  

(X = 1 . 5 4 1 8  A).

3.  C r y s t a l l o g r a p h l c  m e a s u r e m e n t s

The c r y s t a l s  o f  s u l t o n e  B a r e  c o l o u r l e s s  an d  s t a b l e  

i n  t h e  a i r  a s  w e l l  a s  i n  t h e  X - r a y  beam. They a r e  e l o n ­

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

O s c i l l a t i o n  and  W e i s s e n b e r g  p h o t o g r a p h s  w e re  t a k e n
o

w i t h  Cu Ka (A = 1 . 5 4 1 8  A) r a d i a t i o n  f r o m  c r y s t a l s  m o u n te d  

a l o n g  t h e  c -  an d  b - a x e s .  The u n i t - c e l l  p a r a m e t e r s  w e re  

m e a s u r e d  f r o m  o s c i l l a t i o n  and  z e r o - l a y e r  W e i s s e n b e r g  

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

d i m e n s i o n s  a r e  t h e  r o o t - m e a n - s q u a r e  d e v i a t i o n s  o b t a i n e d  

f rom  t h e  i n d i v i d u a l  m e a s u r e m e n t s . The s p a c e  g r o u p  was 

d e t e r m i n e d  u n i q u e l y  f rom  s y s t e m a t i c  a b s e n c e s  (OkO a b s e n t  

i f  k i s  o d d ,  hOJl a b s e n t  i f  % i s  o d d ) .

The t h r e e - d i m e n s i o n a l  i n t e n s i t y  d a t a  w e re  o b t a i n e d
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f rom a n o n - i n t e g r a t i n g  e q u i - i n c l i n a t i o n  W e i s s e n b e r g  c a m e ra  

u s i n g  t h e  m u l t i p l e - f i l m  t e c h n i q u e  ( R o b e r t s o n ,  1 9 4 3 ) .  The 

c r y s t a l  u s e d  was c u t  t o  a  s i z e  o f  0 . 2 5  x 0 . 3 5  x 0 . 6 0  mm.

I t  was m o u n te d  a l o n g  t h e  l o n g e s t  d i r e c t i o n  w h ic h  c o r r e s ­

p onded  t o  t h e  b - a x i s .  The r e c i p r o c a l  l a t t i c e  n e t s  hOJl -  

h9& w ere  t h u s  o b t a i n e d .  The i n t e n s i t i e s  o f  t h e  r e f l e x i o n s  

were  m e a s u r e d  v i s u a l l y  by c o m p a r i s o n  w i t h  a  c a l i b r a t e d  

i n t e n s i t y  s t r i p  and  2 , 0 6 3  r e f l e x i o n s  (72/S o f  t h e  2 , 8 7 2  

r e f l e x i o n s  a c c e s s i b l e  w i t h i n  t h e  c o p p e r  s p h e r e )  w e re  ob ­

s e r v e d .  The r e f l e x i o n s  w i t h  i n t e n s i t i e s  t o o  low t o  be  

m e a s u r e d  w e re  n o t  i n c l u d e d  i n  any o f  t h e  c a l c u l a t i o n s .

The i n t e n s i t i e s  w e re  c o r r e c t e d  f o r  a b s o r p t i o n ,  

a s s u m in g  a  c y l i n d r i c a l  s p e c i m e n  w i t h  a  d i a m e t e r  o f  0 . 3  mm 

(yR = 0 . 3 1 7 )  an d  f o r  L o r e n t z  and  p o l a r i s a t i o n  f a c t o r s .  

I n i t i a l l y  t h e  d a t a  w e re  p u t  on a  common s c a l e  by e n s u r i n g

t h a t  E k | F  | s  E |F  | f o r  e a c h  l a y e r .  The l a y e r  s c a l e  
hkA 0 hkJl c 

f a c t o r s  w e re  l a t e r  r e f i n e d  by l e a s t - s q u a r e s  m e t h o d s .

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

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

s t r u c t u r e  e v e n  t h o u g h  t h e  r a t i o  E fR2/ E f L 2 h a s  t h e  low v a l u e
H L

o f  O. 34  a t  s in G /A  = 0 .  D u r i n g  t h e  s t r u c t u r e  d e t e r m i n a t i o n  

and  t h e  F o u r i e r  r e f i n e m e n t  o n l y  d a t a  f ro m  s e v e n  l a y e r s  

(1586 r e f l e x i o n s )  w e re  u s e d .  The 477 r e f l e x i o n s  f ro m  t h e
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l a s t  t h r e e  l a y e r s  w e r e  a d d e d  a t  t h e  b e g i n n i n g  o f  t h e  l e a s t -  

s q u a r e s  r e f i n e m e n t .

F o r  s p a c e  g r o u p  P 2^/c ,  t h e  s y m m e t ry  o f  t h e  P a t t e r s o n  

v e c t o r  d i s t r i b u t i o n  i s  P 2 /m .  The  f o u r  e q u i v a l e n t  p o s i ­

t i o n s  i n  P 2 ^ / c  a r e  ( x , y , z ) ,  ( x , y , z ) ,  ( x , ^ + y , ^ - z ) ,  a n d  

( x , ^ - y , ^ + z )  a n d  h e n c e  s y m m e t r y - r e l a t e d  a t o m s  w i l l  y i e l d  

v e c t o r  p e a k s  a t  ( 2 x , ^ , 2 z - ^ ) ,  ( 0 , 2 y - ^ , % ) ,  a n d  ( 2 x , 2 y , 2 z )  

i n  t h e  P a t t e r s o n  map.  The  f i r s t  tw o  w i l l  h a v e  d o u b l e  w e i g h t  

b u t  t h e  l a s t  w i l l  b e  s i n g l e - w e i g h t e d .  A 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  s y n t h e s i s  was  c o m p u t e d  w i t h  t h e  d a t a  s h a r p e n e d  

t o  p o i n t  a to m  a t  r e s t  w i t h  r e s p e c t  t o  t h e  s u l p h u r  a t o m .  A

B = 4 . 0  was u s e d  i n  t h e  s h a r p e n i n g  f u n c t i o n ,  M =
2
Y  e x p (B  s i n 2 0 / X 2 ) .  F i g u r e  1 . 1  shows  t h e  H a r k e r  s e c t i o n  

a t  v = \  a n d  a  s e c t i o n  a t  w = The  l a t t e r  c o n t a i n s  t h e

H a r k e r  l i n e  a t  u = 0 ,  w = 3g. The  h i g h e s t  p e a k  i n  t h e  

H a r k e r  s e c t i o n  a n d  on t h e  H a r k e r  l i n e  i s  m a r k e d  w i t h  a  

c r o s s .  The  tw o  p e a k s  h a v e  a p p r o x i m a t e l y  e q u a l  h e i g h t s  

and w e r e  a s s u m e d  t o  a r i s e  f r o m  t h e  s u l p h u r - s u l p h u r  v e c t o r  

p e a k s  ( 2 x ,3 s ,2 z -3 s )  a n d  ( 0 , 2 y - ^ , 3 g ) .  The f r a c t i o n a l  c o o r ­

d i n a t e s  o f  t h e  s u l p h u r  a to m  w e r e  d e d u c e d  f r o m  t h e s e  tw o  

p eak s  by  B o o t h f s ( 1948b) m e t h o d  o f  i n t e r p o l a t i o n :  x =

0 . 4 9 8 8 ,  y = 0 . 2 9 6 2 ,  a n d  z = 0 . 4 0 4 9 .  C o r r e s p o n d i n g  t o  t h e s e  

c o o r d i n a t e s  a  p e a k  a t  ( 2 x , 2 y , 2 z )  i n  t h e  P a t t e r s o n  map was  

o b s e r v e d .  I t  h a d  t h e  c o r r e c t  p e a k  h e i g h t  f o r  b e i n g  t h e
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Figure 1 .1

S ection s through the three-d im ensional Patterson  

sy n th es is  (based on sharpened data to  point atom 

at r e s t  fo r  the sulphur atom) at v * h and at 

w -  Contours are at arb itrary  in te r v a ls .



"C7"
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t h i r d  s u l p h u r - s u l p h u r  v e c t o r ,  n a m e l y  c l o s e  t o  h a l f  o f  t h a t  

f o r  t h e  tw o  o t h e r  p e a k s .  No a t t e m p t  was made t o  d e d u c e  

t h e  p o s i t i o n  o f  any  o t h e r  a t o m  f r o m  t h e  P a t t e r s o n  s y n t h e s i s .

A 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  w i t h  t h e  s u l p h u r  a to m  

i n  t h e  a b o v e - m e n t i o n e d  p o s i t i o n  r e s u l t e d  i n  a n  R - f a c t o r  

o f  6 6 $ .  From  t h e  f i r s t  e l e c t r o n - d e n s i t y  m ap ,  b a s e d  on 

o b s e r v e d  s t r u c t u r e  a m p l i t u d e s  a n d  c a l c u l a t e d  p h a s e s  f r o m  

t h e  s u l p h u r  p o s i t i o n ,  t h e  t h r e e  o x y g e n  a t o m s  a s  w e l l  a s  

e i g h t  c a r b o n  a to m s  w e r e  l o c a t e d .  I n c l u s i o n  o f  t h e s e  a t o m s  

i n  t h e  f o l l o w i n g  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  l o w e r e d  R t o  

49$. From t h e  s u b s e q u e n t  F o u r i e r  s u m m a t i o n  t h e  r e m a i n i n g  

s e v e n  c a r b o n  a t o m s  w e r e  f o u n d  a n d  w i t h  a l l  t h e  a to m s  i n ­

c l u d e d  t h e  R - f a c t o r  f e l l  t o  30/S. I m p r o v e d  c o o r d i n a t e s  

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

R t o  2 5 . 5 $ .  I n  t h 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  a n  o v e r ­

a l l  i s o t r o p i c  t e m p e r a t u r e  p a r a m e t e r  o f  B = 4 . 0  was  u s e d  

and t h e  v a l u e s  f o r  t h e  a t o m i c  s c a t t e r i n g  f a c t o r s  w e r e  t a k e n  

f rom I n t e r n a t i o n a l  T a b l e s  f o r  X-Ray C r y s t a l l o g r a p h y  ( 1 9 6 2 ) .

5 .  S t r u c t u r e  r e f i n e m e n t

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

and t h e  i n d i v i d u a l  l a y e r - s c a l e  f a c t o r s  w e r e  r e f i n e d  by  

l e a s t - s q u a r e s  m e t h o d s  m i n i m i s i n g  t h e  f u n c t i o n  

h t  w^ l F ol  “  I F J ) 2 - T he  w e i g h t i n g  sch e m e  e m p l o y e d  wasHK X



55

o f  t h e  f o r m  re c o m m e n d e d  by  C r u i c k s h a n k  e t  a t  ( 1 9 6 1 )  f o r  

p h o t o g r a p h i c  d a t a

w = 1 / ( 2 . H + JFo I + 0 . 0 1 7 | F o I 2 + 0 - 0 0 0 3 8  IP I 3 )

I n  an  e a r l y  s t a g e  o f  t h e  r e f i n e m e n t  t h e  |F  | 3 t e r m  was 

o m i t t e d .

F o u r  c y c l e s  o f  f u l l - m a t r i x  i s o t r o p i c  r e f i n e m e n t  l e d  

t o  c o n v e r g e n c e ,  t h e  v a l u e  o f  R b e i n g  2 1 . 3 %• A n i s o t r o p i c  

t e m p e r a t u r e  p a r a m e t e r s  w e r e  t h e n  i n t r o d u c e d  a n d  a f t e r  

t h r e e  c y c l e s  o f  b l o c k - d i a g o n a l  r e f i n e m e n t ,  t h e  R - f a c t o r  

was r e d u c e d  t o  1 1 , 8 %.  At t h i s  p o i n t  c o r r e c t i o n s  f o r  

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

i m a g i n a r y  p a r t s  o f  t h e s e  c o r r e c t i o n s  a r e :  A f 1 = 0 . 3 >

A f ' = 0 . 6  f o r  s u l p h u r  a n d  A f ’ = 0 . 0 ,  A f ” = 0 . 1  f o r  o x y g e n .  

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

1 1 . 7 $ .  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  c o m p u t e d  a t  t h i s  

p o i n t  o f  t h e  r e f i n e m e n t ,  r e v e a l e d  a l l  t h e  h y d r o g e n  a t o m s  

w i t h  p e a k  h e i g h t s  r a n g i n g  f r o m  0 . 3 0  t o  0 . 7 5  eA- 3 . F i g u r e  

1*2 shows t h e  h y d r o g e n  p e a k s  i n  t h e  c o m p o s i t e  t h r e e -  

d i m e n s i o n a l  F o u r i e r  map v i e w e d  down t h e  b - a x i s .  The 

h y d ro g e n  a to m s  a r e  n u m b e r e d  a c c o r d i n g  t o  t h e  c a r b o n  a t o m s  

t o  w h ic h  t h e y  a r e  b o n d e d .  A f u r t h e r  s i x  c y c l e s  o f  b l o c k -  

d i a g o n a l  l e a s t - s q u a r e s  r e f i n e m e n t  i n  w h i c h  t h e  n o n ­

h y d r o g e n  a to m s  w e r e  r e f i n e d  a n i s o t r o p i c a l l y  a n d  t h e
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Figure 1 .2

Composite three-d im ensional d ifferen ce  Fourier

sy n th es is  viewed down the b -a x is  showing the

hydrogen atoms. The contours are drawn at in -
O- •te r v a ls  o f  0 .1  eA . The f i r s t  contour i s  at 

0 .2  eA” * except around H(2) ,  H(5) ,  and H(5)i  

where i t  i s  at 0 .3  eA f .
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h y d r o g e n  a t o m s  i s o t r o p i c a l l y  w e r e  c a r r i e d  o u t .  A to m ic  

s c a t t e r i n g  f a c t o r s  f o r  b o n d e d  h y d r o g e n  ( S t e w a r t ,  D a v i d s o n ,  

and  S i m p s o n ,  1 9 6 5 )  w e r e  u s e d .  A s h i f t  f a c t o r  o f  0 . 8  was 

a p p l i e d  t h r o u g h o u t  t h e  b l o c k - d i a g o n a l  r e f i n e m e n t .  I n  t h e  

l a s t  c y c l e  n o  s h i f t s  w e r e  l a r g e r  t h a n  0 . 5 o f o r  t h e  h y d r o g e n  

atoms a n d  0 . 1 a  f o r  t h e  o t h e r  a to m s  a n d  t h e  f i n a l  v a l u e  o f  

R was 9 • 8/S.

L i n g a f e l t e r  a n d  Donohue  ( 1 9 6 6 )  sh o w e d  t h a t  i f  d a t a  

a r e  c o l l e c t e d  a l o n g  o n l y  one  a x i s ,  t h i s  l e a d s  t o  d e g e n e r a c y  

b e t w e e n  t h e  i n d i v i d u a l  l a y e r - s c a l e  f a c t o r s  a n d  t h e  a n i s o ­

t r o p i c  t e m p e r a t u r e  p a r a m e t e r s  i n  f u l l - m a t r i x  l e a s t - s q u a r e s  

r e f i n e m e n t .  H o w e v e r ,  t h i s  was  a v o i d e d  s i n c e  t h e  b l o c k -  

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

f i n e m e n t  .

At t h e  e n d  o f  t h e  r e f i n e m e n t  t h e  a g r e e m e n t  a n a l y s i s  

o f  a v e r a g e d  wA2 a s  a  f u n c t i o n  o f  |F  I a n d  o f  s i n 0 / A  w a s :

1 o 1 

0- 9

9-  18 

18- 36 

36- 72 

72-14/1

<wA2>

0 . 0 9 8

0 . 1 3 1

0 . 1 5 0

0 . 1 6 2

0 . 1 4 9

No. o f  
r e f l e x i o n s

1162

519

285

76

21

o

s i n 0 / A

0 . 0 - 0 . 2  

0 . 2 - 0 . 4  

0 . 4 - 0 . 6  

0 . 6 - 0 . 8

<wA2>

0 . 1 3 2

0 . 1 3 7

0 . 1 1 0

0 . 0 9 1

No. o f  
r e f l e x i o n s

87

581

1150

245

As can be seen there i s  l i t t l e  v a r ia tio n  in  <wA2> in  both
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c a s e s .  The t y p e  o f  w e i g h t i n g  sch e m e  a n d  i t s  p a r a m e t e r s  

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

The  p r o g r e s s  o f  t h e  l e a s t - s q u a r e s  r e f i n e m e n t  was

(R = Z I 
hkJl

A | /  E 
h k £ | p 0 i j R* -  E wA2/  E w F 

hkH h k *  0
2 ) :

C yc le  No. R R ’ P a r a m e t e r s  r e f i n e d T ype  o f  
r e f i n e m e n t

1 0 . 2 5 2 0 . 1 2 3 x . y . z .  Ul s o  f o r

2 0 . 2 1 7 0 . 0 7 9 7 S ,  Oj C + l a y e r -
►

s c a l e  f a c t o r s

, f u l l  >
3 0 . 2 1 3 0 . 0 7 6 2 m a t r i x

4 0 . 2 1 3 0 . 0 7 5 9 -

5 0 . 1 3 0 0 . 0 3 2 0 1 x , y , z ,  U.J. ( i  >j =

6 0 . 1 1 9 0 . 0 2 7 6 ' 1 , 2 , 3 )  f o r  S ,  0 ,  C

7 0 . 1 1 8 0 . 0  26 3 J + l a y e r - s c a l e  f a c t o r s b l o c k

8* 0 . 1 1 7 0 . 0 2 6 8 a s  a b o v e  ( S ,  0 c o r ­

r e c t e d  f o r  A f ’Af")> '

d i a g o n a l

9 0 . 1 0 4 0 . 0 2 2 5 ' ►

10 0 . 1 0 2 0 . 0 2 0 9

11 0 . 0 9 9 0 . 0 1 9 5 a s  ab 0ve
>

12 0 . 0 9 8 0 . 0 1 9 1 + x , y , z ,  Ul s 0  f o r  H

13 0 . 0 9 8 0 . 0 1 9 0

14 0 . 0 9 8 0 .0 1 8 9 ^ J
/

15 0 . 0 9 8  0 . 0 1 8 8

^ A d j u s t m e n t s  i n  t h e  p a r a m e t e r s  o f  t h e  
w e i g h t i n g  s c h e m e  w e r e  m a d e .

( s t r u c t u r e  
f a c t o r s  o n l y )
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T a b l e s  1 . 1 ,  1 . 2 ,  a n d  1 . 3  l i s t ,  r e s p e c t i v e l y ,  t h e  

c o o r d i n a t e s  f o r  n o n - h y d r o g e n  a t o m s ,  t h e i r  a n i s o t r o p i c  

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

p a r a m e t e r s  f o r  h y d r o g e n  a t o m s ,  t o g e t h e r  w i t h  e . s . d . ' s  d e ­

r i v e d  f r o m  t h e  i n v e r s e  o f  t h e  l e a s t - s q u a r e s  m a t r i x .  The 

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

i n  T a b l e  1 . 4 .  O r t h o g o n a l  c o o r d i n a t e s  i n  A n g s t r o m ,  r e f e r r e d  
*

t o  t h e  a x e s  a  , b ,  a n d  c ,  f o r  n o n - h y d r o g e n  a t o m s  a n d  f o r  

h y d r o g e n  a t o m s  a r e  l i s t e d  i n  T a b l e s  1 . 5  a n d  1 . 6 .
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TABLE 1,1 

FRACTIONAL COORDINATES AND E . S . D . s

x / a

0 .5 0 0 4  + 1

0 .6 2 8 9  + 4

0 .5 1 8 7  ± 5

0 .3 6 7 3  + 4

0 .3 0 8 9  + 4

0 .2 5 4 6  + 5

0 .1 8 5 8  + 5

0 .1 7 7 6  + 5

0 .2 3 4 8  + 5

0 .3 0 3 6  + 4

0 .3 7 2 2  + 5

0 .4 0 6 9  + 4

0 .2 7 4 3  + 4

0 .1 2 8 4  + 5*—
0 .0 0 7 3  + 5

0 .0291  ± 5

0 .1 7 5 4  + 6

° .2 9 5 9  ± 5

0 .2 7 8 0  + 7

y A

0 .2 9 1 8  + 1

0 .3501 ± 4

0 .2 3 9 0  + 4

0 .3 9 3 3  + 3

0 .4 5 2 4  + 5

0 .5 7 1 5  + 5

0.6339 ± 5

0 .5 7 6 8  + 5

0 .4 5 7 8  + 5

0 .3 8 9 7  ± 4

0 .2 6 1 3  + 5

0 .1 8 7 9  + 5

0 .1 1 9 8  + 4

0 .1 7 2 6  + 5

0 .1 0 5 0  + 6

- 0 .0 1 5 3  + 5

- 0 .0 6 9 2  + 5

- 0 .0 0 1 8  + 5MM

0 .1 8 1 3  +
/

5

0 .4 0 3 5  + 

0 .4 2 2 4  + 

0 . 5 0 3 0  + 

0 . 3 5 1 2  + 

0 .2411  + 

0 .2 2 7 6  + 

O .H 9 9  + 

0 .0 3 0 8  + 

0 .0 4 6 7  + 

0 .1 5 3 0  + 

0 .1 6 9 8  + 

0 .2 7 7 5  ±  

0 .2 5 7 9  ±  

0 .1 9 5 4  +

0 .1 7 3 7  ±

0 .2 1 2 6  + 

0 .2 7 6 7  + 

0 .2981  + 

0 .0 5 6 8  +
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TABLE 1 .2
o2

ANISOTROPIC TEMPERATURE PARAMETERS AND E . S . D . s  (A )

ATOM u
11

u
22

u
33

2U
23

2U
31

2U
12

S ( 1) 0.0291
5

0 .0 4 9 7
8

0 .0 3 7 2
5

-0 .0 0 0 1
9

0 .0 0 8 5
8

0 .0 0 8 2
9

0 (1 ) 0 .0 3 1 6
15

0.0531
25

0 .0 7 9 9
26

-0 .0 1 9 3
41

0 .0 3 1 2
34

-0 .0 1 6 0
32

0 (2 ) 0 .0 6 0 8
23

0 .0 8 1 2
31

0 .0 3 7 2
17

0 .0 1 2 5
37

0 .0 2 1 9
33

0 .0 2 3 2
44

0 (3 ) 0 .0 4 3 0
15

0 .0 5 4 6
23

0 .0 3 8 0
15

0 .0 0 5 4
28

0 .0 3 9 9
27

0 .0 2 1 6
29

C (l) 0 .0 2 6 9
16

0 .0 4 8 5
31

0.0351
19

O.OO32
36

0 .0 2 6 0
30

-0 .0 0 0 1
34

C(2 ) 0 .0 3 9 0
21

0 .0 4 7 4
32

0 .0 4 6 8
23

-0 .0 0 2 1
42

0 .0 4 3 3
39

0 .0 1 1 8
40

c ( 3 ) 0 .0 3 8 6
22

0 .0 4 7 3
34

0 .0 6 3 8
29

0 .0 1 0 3
49

0 .0 4 9 4
44

0 .0 0 6 9
43

C(4 ) 0 .0 4 4 4
22

0 .0 5 3 8
34

0 .0 4 9 5
25

0 .0 2 0 7
46 '

0 .0 4 4 9
41

0 .0 0 1 4
45

c ( 5 ) 0 .0 4 1 7
20

0 .0 5 1 5
32

0 .0 4 1 0
21

0 .0 0 0 5
42

0 .0 4 5 0
37

-0 .0 0 8 2
42

c (6 ) 0 .0 2 6 7
16

0 .0 4 7 3
30

O.O39O
19

-0 .0 0 3 4
37

0 .0 3 3 9
31

- 0 .0 0 6 5
34

0 (7 ) 0 .0 3 2 8
20

0 .0 4 9 5
31

0 .0 5 0 4
24

-0 .0 0 3 8
42

0 .0 5 0 2
39

0 .0 0 2 8
37

0(8) 0 .0 2 3 0
16

0 .0 4 0 3
29

0 .0 3 9 6
20

-0 .0 1 1 3
36

0 .0 2 0 3
31

.0 .0 0 2 5
32

0 (9 ) 0 .0251
16

0 .0 3 8 7
28

0 .0 3 4 3
18

' O.OO58 
34

0 .0 2 0 2
30

0 .0041
32



c (1 0 ) 0 .0 2 8 7
19

0 .0 4 1 8
33

0.0691
30

0 .0 3 9 0
48

0.0381
41

0 .0 1 6 9
38

0(11) 0 .0 2 7 9
19

0.0701
42

0 .0 6 7 3
31

0 .0 2 8 0
56

0 .0 3 4 9
41

0 .0 0 2 2
44

0(12) 0 .0 4 4 7
24

0 .0 6 1 0
37

0 .0 5 0 8
26

- 0 .0 1 4 3
47

0 .0 5 1 2
43

-0 .0 3 5 5
46

C (13) 0 .0 6 5 5
30

0 .0 4 3 5
39

0 .0 6 5 8
30

0 .0 0 9 4
91

0 .0 8 4 3
93

0 .0 0 0 8
90

0 ( 14) 0 .0431
22

0 .0 4 2 7
33

0 .0 5 2 8
25

0.0121
43

0 .0 5 1 6
41

0 .0 1 5 7
40

C (19) 0 .0781
36

0 .0 5 3 4
37

0 .0 5 7 9
29

-0 .0 1 7 6
93

O.O869
98

0 .0 0 1 8
98
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TABLE 1 . 5

HYDRQGEN-ATOM FRACTIONAL COORDINATES, 
ISOTROPIC TEMPERATURE PARAMETERS AND E . S . D . s

ATOM x/&. y / u

H 2) 0 .2 5 4 + 6 0 .5 9 7

H 3 ) 0 .151 + 7 0 .7 2 4

H 4 ) 0 .1 2 7 + 9 0 .6 0 7

H 5 ) 0 .2 3 9 + 6 0 .4 3 2

H 7 ) o . 46o + 7 0 .2 7 5

H 8) 0 .4 9 0 + 5 0 .1 2 6

H 10) 0 .1 1 5 + 6 0 .2 5 5

H 11) - 0 .0 9 3 + 6 0 .1 5 2

H 12) - 0 .0 6 9 + 8 - 0 .0 5 6

H 13) 0 .2 0 6 + 9 - 0 .1 3 7

H 14) 0 .4 0 8 + 7 - 0 .0 2 7

H 15) 0 .3 3 2 + 6 0 .1 0 6
1

H 15) Q 0 .1 6 3 + 7 0 .1 7 9

H 15) 0 .2 8 6 + 6 0 .201
3

o2
z / c  U (A )

+ 5 0 .2 8 6 + 5 0 .0 5 9 6 + 147

+ 5 0 .1 1 3 + 5 0 .0 7 3 7 + 169

+ 7 - 0 .0 5 0 + 7 0 .1 0 6 3 + 230

+ 5 - 0 .0 0 9 + 4 0 .0 5 1 4 + 135

+ 5 0 .1 7 6 + 6 0 .0 7 4 3 4* 174

+ 5 0 .2 9 9 + 4 0 .0 4 9 9 + 132

+ 5 0 .1 8 2 + 4 0 .0 4 5 3 + 126

+ 5 0 .1 2 5 + 5 0 .0 6 2 7 + 155

+ 6 0 .1 9 0 + 7 0 .1 0 1 2 + 208

+ 8 0 .3 1 7 + 7 0 .1 2 1 2 + 250

+ 6 0 .3 5 0 + 6 O.O79O + 187

+ 5 O.O79 + 5 0 .0 6 0 2 + 152

+ 6 0 .0 1 8 + 5 0 .0 8 5 0 + 184

+1 5 - 0 .0 0 2 + 5 0 .0 6 3 7 + 161

/
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TABLE 1 , 5  
o

ORTHOGONAL COORDINATES IN ANGSTR0M AND E . S . D . s

ATOM X' Y z f
S 1) 4.3106 + 9 3 .1 2 1 8 + 13 2.2523 4" 12
G 1) 3 .4 1 7 7 + 31 3 .7^61 + 41 1.6086 + 45

□ 2) 4.4681 + 40 2 .5 5 7 0 + 46 3 .5 5 7 5 4* 41

Q3 ) 3 .1 6 3 9 + 31 4 .2 0 8 3 + 35 2 .4 4 7 2 4“ 31

C 1) 2.6611 + 37 4 .8 4 0 9 + 49 1 .2757 + 40

c 2) 2 .1 9 3 5 + 42 6.1133 + 51 1.4667 + 47

c 3 ) 1 .6004 4* 45 6.7829 + 56 0.4052 4* 55

c 4 ) 1.5296 + 47 6.1721 + 57 -0.8220 4~ 50

c 5 ) 2.0228 + 44 4.8988 + 52 -1.0006 4“ 44

c 6) 2.6131 + 36 4.1701 + 47 0 .0 4 2 9 + 40

c 7 ) 3.2062 + 40 2 .7 9 5 7 + 51 -0 .2 0 4 6 + 44

c 3) 3 .5 0 4 8 + 36 2.0102 ± 48 1.1024 + 44

c 9 ) 2.3627 + 35 1.2813 + 46 1.7641 + 40

c 10) 1 .1063 4* 41 1.8464 + 54 1.9024 + 59

c 11) 0.0629 + 44 1.1237 + 61 2 .4 5 3 3 + 62
c 12) 0.2303 + 47 -0 .1 6 3 7 + 59 2 .8 5 8 5 4* 48

c 13) 1.3110 4* 56 -0.7408 4" 57 2 .7 4 0 0 + 53

c 14) 2 .3 4 9 3 + 46 -0.0194 4- 50 2 .1 8 9 9 + 49

c 15) 2 .3 9 4 6 + 63 1 .9402 4" 58 -1.1621 + 54
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TABLE 1 . 6
o

ORTHOGONAL COORDINATES IN ANGSTR0M 
AND E . S . D . s  OF HYDROGEN ATOMS

X • Y z ’
2 . 1 9 + 5 6 .3 9 + 3 2.31 +
1 .30 + 6 7 .7 3 + 6 0.56 +
1 .09 + 7 6.50 + 7 -1.62 +
2.06 5 4 .6 2 + 3 - 1 .8 4 +
3 .9 7 + 6 2 .9 3 + 6 -0.74 +
4 .2 2 + 5 1 .33 + 5 0.82 +
O.99 + 5 2 .7 3 + 3 1.81 ±

-0 .8 0 ■ + 5 1 .63 + 6 2 . 4 6 +
-0 . 5 9 + 7 -0.60 + 7 3 .2 3 +

1 .7 8 + 8 - 1 .47 + 8 3.11 4*
3.51 + 6 -0.29 + 6 2 . 1 4 +
2.86 + 5 1 .13 + 3 -1.23 +
1.41 + 6 • 1.91 + 6 -0.91 +
2 . 4 6 + 5 2.16 + 5 -2.07 +
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6 .  R i g i d - b o d y  t h e r m a l  v i b r a t i o n

The t h e r m a l  v i b r a t i o n s  w e r e  a n a l y s e d  i n  t e r m s  o f

r i g i d - b o d y  v i b r a t i o n  ( C r u i c k s h a n k , 1 9 5 6 b )  a n d  l i b r a t i o n

c o r r e c t i o n s  w e r e  a p p l i e d  t o  t h e  p o s i t i o n a l  p a r a m e t e r s

( C r u i c k s h a n k ,  1 9 6 1 a ) .  M o l e c u l a r  d i m e n s i o n s  d e d u c e d  f r o m

t h e s e  c o o r d i n a t e s  a r e  l a b e l l e d  " c o r r e c t e d ” . The h y d r o g e n

atoms w e r e  e x c l u d e d  f r o m  t h e s e  c a l c u l a t i o n s .

The v i b r a t i o n  t e n s o r  T a n d  l i b r a t i o n  t e n s o r  m w e r e
3 3 N

d e t e r m i n e d  b y  m i n i m i s i n g  M = Z £ E w . . ( U . . ,
i = l  j = l  r = l  ^  1 J >o b s

U y  c a i c ) 2 t h e  l e a s t - s q u a r e s  m e t h o d .  T he  w e i g h t s ,

w j j  = 1 / a 2 o b s ^ *  w e r e  a p p l i e d  t o  e a c h  t e r m .  The m a i n

r e s u l t s  o f  t h i s  a n a l y s i s  a r e  g i v e n  i n  T a b l e  1 . 7 .  The

m o l e c u l a r  v i b r a t i o n  i s  a p p r o x i m a t e l y  t h a t  o f  a  r i g i d  b o d y  

even t h o u g h  some o f  t h e  c a l c u l a t e d  U j j ’ s d i f f e r  s i g n i ­

f i c a n t l y  f r o m  t h e  o b s e r v e d  o n e s .  T h i s  i n d i c a t e s  t h a t  a  

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

a " s c r e w "  ( o r  " h e l i c a l " )  m o t i o n  h a d  b e e n  t a k e n  i n t o  a c c o u n t  

in  a d d i t i o n  t o  t h e  v i b r a t i o n  a n d  l i b r a t i o n  m o t i o n s .  S c h o -  

maker a n d  T r u e b l o o d  ( 1 9 6 8 )  s u g g e s t e d  t h i s  t r e a t m e n t  f o r  

n o n - c e n t r o s y m m e t r i c  m o l e c u l e s .  The  d i f f e r e n c e s  b e t w e e n

^ i j  obs  ^ i j  c a l c  a r e  ^ a r Se r  ^ o r  some °i* a boms i n  

th e  a r o m a t i c  r i n g  C t h a n  f o r  m o s t 7o f  t h e  o t h e r  a t o m s .  T h i s  

i n d i c a t e s  t h a t  a d d i t i o n a l  m o t i o n  o c c u r s  i n  t h i s  r i n g .  The
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c o o r d i n a t e s  o f  some o f  t h e s e  a to m s  may t h e r e f o r e  c o n t a i n  

a s y s t e m a t i c  e r r o r  s i n c e  t h e y  h a v e  n o t  b e e n  c o r r e c t e d  f o r  

t h i s  a d d i t i o n a l  o s c i l l a t i o n .

B o t h  v i b r a t i o n  a n d  l i b r a t i o n  a r e  a n i s o t r o p i c ,  t h e  

l a t t e r  m ore  m a r k e d l y  s o .  The  a x i s  o f  maximum l i b r a t i o n  

i s  a p p r o x i m a t e l y  p a r a l l e l  t o  t h e  i n e r t i a l  X - a x i s  ( t h e  a x i s  

o f  minimum i n e r t i a ) .  F i g u r e  1 . 3  shows  t h e  s u l t o n e  B m o l e ­

c u l e  r e l a t i v e  t o  t h e  i n e r t i a l  X a n d  Y a x e s  v i e w e d  down t h e  

i n e r t i a l  Z - a x i s .

The maximum l i b r a t i o n  o f  t h e  m o l e c u l e  i s  a p p r o x i m a t e l y  

5° a n d  t h e  e f f e c t  o f  t h e  l i b r a t i o n a l  c o r r e c t i o n  was t h e r e ­

f o r e  s m a l l .  Most  o f  t h e  b o n d  l e n g t h s  i n c r e a s e d  b y  a b o u t  
°0 .0 0 3  A -  t h e  l a r g e s t  i n c r e a s e  was i n  t h e  S - C ( 8 )  b o n d

O
( 0 .0 0 6  A ) .  The  maximum c h a n g e  i n  any  o f  t h e  a n g l e s  was 

0 . 2 ° .  C o r r e c t e d  a n d  u n c o r r e c t e d  b o n d  l e n g t h s  a n d  a n g l e s  

w i t h  t h e i r  e . s . d . Ts a r e  g i v e n  i n  T a b l e s  1 . 8  a n d  1 . 9 *  

r e s p e c t i v e l y .  N o n - b o n d e d  d i s t a n c e s  ( c o r r e c t e d )  a r e  shown 

in  T a b l e  1 . 1 0 .
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TABLE 1 . 7

MOLECULAR VIBRATION ANALYSIS.

( a . ) P r i n c i p a l  v a l u e s  o f  v i b r a t i o n  t e n s o r s  
a n d  t h e i r  d i r e c t i o n  c o s i n e s  r e f e r r e d

t o o r t h o g o n a l a x e s .

ATOM
o2 

U(A ) D1 D2 D3

S(1) 0.0809
0.0221
0.0493

-0 .3 4 4 0
0.9381
0 .0 4 1 4

-0 .1 4 8 0
-0.0977

0.9841

0.9272
0 .3 3 2 4
0.1724

0(1) 0 .1 2 3 5
0 .0 2 8 4
0.0555

-O.0571
0.9428

-0 .3 2 8 4

-0.0770
0 .3 2 3 70.9430

0.9954
0.0792
0.0541

0(2) 0.0319
0.1106
0.0803

0.7952
-0.6054
0.0346

-0.1696
-0.2767-0.9459

0.5822
0 .7 4 6 3-0.3227

0 (3 ) 0.0671
0.0342
0.0470

-0.5154
0 .8 5 3 3-O.0793

-0.6763-0 .34 8 2
0.6491

0.52630.3882
0.7565

0(1) 0.02540.0517
0.0472

0.9780
-0.1661
-0 .1 2 6 4

-0.0170
0.5405

-0 .8 4 1 2

0.2080
0 .8 2 4 8
0.5258

C(2 ) 0 .0 6 3 40.0359
0.0461

-0.25270.8980
0.3602

-0.4320
-0 .4 3 7 9

0 .7 8 8 4

0.86570.0436
0.4986

0 (3 ) 0 .0 8 1 30.0374
0.0481

0.0120
0.9410
0.3381

0.1132
-0 .3 3 7 3

0 .9 3 4 6

0 .9 9 3 50.0270
-0.1106

C(4 ) 0.0750
0.0396
0.0491

-0.1972
0 .7 7 6 3
0 .5 9 8 7

0.5031
-0 .4 4 4 0

0 .7 4 1 4

0 .8 4 1 4
0 .4 4 7 4

-0.3031
0(5 ) 0.0570

0.0386
0 .0 4 6 8

- 0 .3 9 3 50.9046
0 .1 6 3 9

0.6950
0.1761
0.6971

0.6017
0.3882

-0.6980
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c(6) 0.0262
. 0 .0 4 8 2

0.0472
0.0000

-0.1199
0.0938

0.0000
0 .77 5 7-0.6125

0.0000 
0.6196
0 .7 8 4 9

c(7 ) 0.0312
0.0363
0 .0 4 8 2

-0.9591
0.1786
0.2194

0.1236
-0.4329
0.8929

0.2545
0 .8 8 3 5
0 .3 9 3 2

C(8) 0 .0 6 4 50.0221
0.0373

-0 .1 4 1 6
0.9886

-0.0508
-0.33010.0013
0.9440

0 .9 3 3 30.1505
0.3261

C(9 ) 0.0553
0.02280.0390

-0.2386
0.9556
0.1730

0.0907
-0.1554

0 .9 8 3 7

0.96690.2504
-0.0496

C(10) 0.1010
0.02370.0410

0 .0 4 8 2
0 .84 7 2
0.5292

0.3016
-0.5174
0.8008

0.9522
0.1210

-0.2805
C(11) 0.1038

0.0279
0.0613

0.0015
0.9994
0.0352

0 .4 5 5 7-0.0320
0.8896

0.8901
0.0147

-0 .4 5 5 5

C( 12) 0.0333
0.0754
0.0582

0 .8 4 2 6-0.4920
0 .2 1 8 9

0 .5 3 8 5
0.7629

-0 .3 5 7 9

0.0091
0.4194
0.9077

C(13) 0.0421
0.0669
0.0652

0.0112
0.4049

-0.9143
-0.9702
0.2258
0 .0 8 8 1

0.2421
0.8861
0 .3 9 5 3

C(14) 0.0348
0 .0 6 3 30.0507

0 .6 9 7 7-0.0957
-0.7099

-0.7109
0.0291

-0.7027
0 .0 8 7 9
0.9950

-0.0477
C(15) 0.0426

0 .0 8 2 0
0 .0 6 4 6

0.1351
-0 .8 9 3 9

0 .4 2 7 4

' 0.7347-0.1990
-0 .6 4 8 5

0 .6 6 4 8
0 .4 0 1 7
0 .6 2 9 9
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( b )  C e n t r e  o f  m a s s ,  r e f e r r e d  t o  o r t h o g o n a l  a x e s .

X' Y zf
2 .6 9 8 3  3.0181 1.4383

( c )  P r i n c i p a l  m om en ts  o f  i n e r t i a ,  I ,  a n d  d i r e c t i o n  c o s i n e s  

D1,D2 ,D3 , o f  i n e r t i a l  a x e s  r e f e r r e d  t o  o r t h o g o n a l  a x e s .

2 -4 0
I (gom X10 )

1343

2963
2449

D1 D2 D3

-0.1347 -0.9120 0.3874
-0 .4 4 4 3  0.4031 0.7991
-0 .8 8 5 7  -0 .0 6 4 5  -0 .4 5 9 7

( d )  T a n d  a) a n d  t h e i r  e . s . d . s ,  r e f e r r e d  t o  i n e r t i a l  a x e s .

o2 
T(A )

o2  
«( '  )

O.O505
15

2 3 . 4
3 .1

0085 -0.0003"
28 23

0466 -0.0078
35 27

0.023716_

-2 . 3 -1.2
1.6 1.6
6.0 0.4
1.0/ 1 .4

2 . 3
1 .5
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( e )  The  p r i n c i p a l  v a l u e s  f o r  T a n d  a n d  t h e i r

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

o2
T(A ) D1 D2 D3

0.0211 - 1 .286 0 .1 4 0 - 1.047

O.O58O 0 .3 3 0 0 .4 0 2 -0.670
0 .0 4 1 6 0.050 -O.9O5 -0 .4 5 6

o2
“ ( ) D1 D2 D3

2 3 .8 - 0 .0 3 0 0 .951 - 0 .2 8 8

2 .3 1 .106 0 .1 4 2 1 .209

5 .7 - 0 .6 7 9 0 .2 7 3 0 .3 7 5
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( f )  U o b s  -  U c a l c ,  w i t h  r e s p e c t  t o  i n e r t i a l  a x e s

ATOM u
11

u
22

u
33

2U
23

2U 2U 
31 12

S (1 ) 0 .0 0 1 9 0 .0 0 0 4 0 .0 0 0 0 0.0001 0 .0 0 1 6  0 .0 0 7 9

0 (1 ) 0 .0 0 3 9 0 .0 0 1 7 0 .0 1 4 2 -0 .0 0 6 2 -0 .0 3 2 7  0 .0 2 0 9

0 ( 2 ) 0 .0 2 5 6 0 .0 0 7 0 0 .0 0 6 7 0 .0 006 0 .0 2 1 6  0 .0 0 1 8

0 ( 3 ) 0 .0081 - 0 .0 0 4 8 0 .0 0 5 8 0 .0 0 0 4 0 .0 1 8 5  -0 .0 0 5 1

0 (1 ) -0 .0 0 3 5 0 .0 0 1 0 - 0 .0 0 2 9 0 .0 0 1 6 -0 .0 0 0 5  -0 .0 2 0 3

0 (2 ) 0 .0 0 3 2 -0 .0 0 1 9 - 0 .0 0 7 5 0 .0 0 6 6 - 0 .0 0 1 0  -0 .0 0 2 7

0 (3 ) - 0 .0 0 3 5 o.Ov>48 -0 .0 0 4 0 -0 .0 0 5 9 -0 .0 1 9 0  -0 .0 0 5 4

c ( 4 ) - 0 .0 0 9 6 -0 .0 0 2 8 - 0 .0 0 3 7 -0 .0 0 5 9 - 0 .0 1 4 8  -0..0240

0 ( 5 ) - 0 .0 0 8 I - 0 .0 1 0 6 -0 .0 0 5 7 -0 .0 0 6 9 -O .O I99 - 0 .0241

0(6) - 0 .0 0 5 8 - 0 .0 0 5 6 - 0 .0 0 1 5 - o . o o 46 - 0 .0141  - 0 .0 2 1 3

0 ( 7 ) - 0 .0 0 0 6 - 0 .0 0 5 3 -0 .0 0 2 6 - 0 .0 1 2 2 -0 .0 1 2 0  -0 .0 1 3 8

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

0 ( 9 ) -0 .0 1 0 2 0 .0 0 1 8 -0 .0 0 3 9 -0 .0 0 0 6 0 .0 0 3 0  -0 .0 0 7 3

0 (10 ) - 0 .0 1 4 9 0 .0 2 0 4 0 .0 1 4 2 -0 .0 3 4 5 0 .0 1 3 5  -0 .0 0 2 0

0 (1 1 ) 0 .0031 0 .0 0 5 9 - 0 .0 0 6 5 0 .0 0 0 7 0 .0 1 6 8  -0 .0 2 6 1

0 (12.) -0 .0 0 3 1 -0 .0 1 2 3 - 0 .0 1 7 4 0 .0 5 3 8 - 0 .0 0 1 6  - 0 .0 3 4 9

0 ( 13) - 0 .0 0 8 2 0 .0 0 0 8 0 .0 1 1 7 0 .0 2 2 2 0 .0 1 3 4  - 0 .0 0 8 7

0 ( 14) - 0 .0 0 3 7 0 .0 0 2 1 0 .0 0 5 7 - 0 .0 0 1 6 0 .0 0 8 6  -0 ,0 0 1 7

0 ( 15) 0 .0 0 4 4 - 0 .0 0 4 7 0 .0 0 2 4 - 0 .0 0 6 8 - 0 .0 0 7 8  0 .0 0 1 6
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Figure 1 .3

A view o f the su ltone B m olecule r e la t iv e  to  

the in e r t ia l  X and Y axes*



Q
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TABLE 1 . 8  

BOND LENGTHS

Bond U n c o r r e c t e d
l e n g t h

C o r r e c t e d
l e n g t h

E. s . d

s ( i ) - o d ) 1 . 4 2 5  A 1 . 4 2 8  A 0 . 0 0 4
S ( l ) - 0 ( 2 ) 1 . 4 3 1 1 . 4 3 4 0 . 0 0 4
S ( l ) - 0 ( 3 ) 1 . 5 9 2 1 . 5 9 5 0 . 0 0 4
S ( l ) - C ( 8 ) 1 . 7 9 1 1 . 7 9 7 0 . 0 0 5

0 ( 3 ) - C ( l ) 1 . 4 2 3 1 . 4 2 6 0 . 0 0 5

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

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

C ( X ) - C ( 2 ) 1 . 3 7 1 1 . 3 7 3 0 . 0 0 7
C( 2 ) - C ( 3) 1 . 3 8 7 1 . 3 9 0 0 . 0 0 7
C ( 3 ) - C ( 4 ) 1 . 3 7 3 1 . 3 7 7 0 . 0 0 8
C ( 4 ) - C ( 5 ) 1 . 3 7 7 1 . 3 7 9 0 . 0 0 8
C ( 5 ) - C ( 6 ) 1 . 4 0 4 1 .  406 0 . 0 0 6
C ( 6 ) - C ( l ) 1 . 4 0 4  . 1 .  409 0 . 0 0 6

C ( 9 ) - C ( 1 0 ) 1 . 3 8 5 1 . 3 8 9 0 . 0 0 6
C ( 1 0 ) - C ( l l ) 1 . 3 8 4 1 .  386 0 . 0 0 7
c d i ) - c d 2 ) 1 . 3 6 3 1 . 3 6 3 0 . 0 0 8
C ( 1 2 ) - c ( 1 3 ) 1 . 3 9 2 1 . 3 9 5 0 . 0 0 7
C d 3 ) - C d 4 ) 1 . 3 7 9 1 . 3 8 2 0 . 0 0 7
C( l l t ) -C( 9) 1 . 3 8 1 1 . 3 8 2 0 . 0 0 7

>o
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Bond

C ( 2 ) - H ( 2 )
C( 3 ) —H ( 3) 
C ( 4 ) - H ( 4 )

C( 5) - H( 5)

C ( 1 0 ) - H ( 1 0 )

C ( l l ) - H ( l l )

C ( 1 2 ) - H ( 1 2 )

C( 13) - H( 13)
C ( l 4 ) - H ( l 4 )

C(7 ) —H( 7)  

C(8 ) - H ( 8 )

C( 1 5 ) - H( 15)  a 

C( 1 5 ) - H( 1 5 ) 2 
C ( 1 5 ) - H( 1 5 ) i

U n c o r r e c t e d
l e n g t h

0 . 8 9  A 
1 . 0 2  

0 . 9 7  
0 . 8 8

0 . 9 0
1 . 0 0
1 . 0 2
0 . 8 6

1 . 0 0

0 . 9 ^
1 . 0 1

0 . 9 3
1 . 0 2

0 . 9 ^

E . s . d .

0 . 0 5  
0 . 0 6  

0 . 0 7  

0 . 0 5

0 . 0 5  

0 . 0 5  

0 . 0 7  
0 . 0 8  
0 . 0 6

0 . 0 6  

0 . 0 5

0 . 0 5  
0 . 0 6  
0 . 0 6

>
o
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TABLE 1 .9

BOND ANGLES

A ng le U n c o r r e c t e d
a n g l e

C o r r e c t e d
a n g l e

E. s . d,

0 (1 - S 1
0 ( 1 -S 1
0(2 -S 1
0(1 -S 1
0(2 -S 1
0(3 -S 1

S(1 - 0 3

0(3 -C 1
0(3 -C 1
C( 2 -C 1
C(1 -C 2
C( 2 -C 3
C(3 -C 4
C( 4 -C 5
C(1 -C 6
C(1 - c 6
0(5 - c 6

C(6 - c 7
0(6 - c 7
C( 8 - c 7
S(1 - c 8
S(1 - c 8
0(7 - c 8

C( 8 - c 9
C( 8 - c 9

- 0 ( 2 ) 
- 0 ( 3 )  
- 0 ( 3 )  
- C (  8) 
- C (  8) 
-C (  8)

- C ( l )

-C(2)  
- C ( 6 )  
-C (  6) 
- C ( 3 )  
-C (  4)
-  C ( 5 )  
-C(6)  
- C ( 5 )  
- C ( 7 )  
- C ( 7 )

- C ( 8 )
- C ( 1 5 )
- C ( 1 5 )
- C ( 7 )
- C ( 9 )
—C (9)

C( 9 ) - C ( 1 0 ) - C ( l l )  
C ( 1 0 ) - C ( 1 1 ) - C ( 1 2 ) 
C ( l l ) - C (  1 2 ) - C ( 1 3 )  
C 1 2 ) - C ( 1 3 ) - C ( 1 4 )  
c( 9 ) - C ( 1 1 | ) - c ( 1 3 )

1 2 0 . 0 ° 1 1 9 . 9 ° 0 . 2 °
1 0 8 . 4 1 0 8 . 6 0 . 2
1 0 3 . 7 1 0 3 . 6 0 . 2
1 0 9 . 4 1 0 9 . 3 0 . 2
1 1 3 . 0 1 1 3 . 1 0 . 2
1 0 0 . 3 1 0 0 . 2 0 . 2

1 1 7 . 2 1 1 7 . 1 0 . 3

1 1 4 . 8 1 1 4 . 7 0 . 4
1 2 1 . 5 1 2 1 . 6 0 . 4
1 2 3 . 7 1 2 3 - 7 0 . 4
1 1 9 . 1 1 1 9 . 0 0 . 4
1 1 9 . 5 1 1 9 . 6 0 . 5
1 2 0 . 6 1 2 0 . 6 0 . 5
1 2 2 . 3 1 2 2 . 2 0 . 4
1 1 4 . 7 1 1 4 . 8 0 . 4
1 2 4 .  3 1 2 4 . 3 0 . 4
1 2 0 . 9 1 2 0 . 8 0 . 4

1 1 3 . 3 1 1 3 . 2 0 . 4
1 1 3 - 9 1 1 3 . 8 0 . 4
1 1 0 . 4 1 1 0 . 5 0 . 4
1 0 8 . 2 1 0 8 . 4 0 . 3
1 1 1 . 1 1 1 1 . 0 0 . 3
1 1 7 . 9 1 1 7 . 8 0 . 3

1 2 2 . 3 1 2 2 . 4 0 . 4
1 1 9 . 2 1 1 9 . 1 0 . 4
1 1 8 . 4 1 1 8 . 4  ' 0 . 4
1 2 0 . 7 1 2 0 . 8 0 . 5
1 2 0 . 5 1 2 0 . 5 0 . 5
1 1 9 . 4 1 1 9 - 4 0 . 5
1 2 0 . 0 1 2 0 . 1 0 . 5
1 2 0 . 9 1 2 0 . 8 0 . 4
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A n g le U n c o r r e c t e d
a n g l e

E. s . d.

2 ) - C ( 2 ) - C ( 1)
2 ) - C ( 2 ) - C ( 3)
3 ) - C ( 3 ) - C ( 4 )
3 ) - C ( 3 ) - C ( 2)
4 ) _ C ( 4 ) - C ( 5 )  
i | ) - C ( 4 ) - C ( 3 )
5 ) - C ( 5 ) - C ( 1*) 
5) —C ( 5 )  —C( 6)

1 0 ) - C ( 1 0
1 0 ) - C ( 1 0
1 1 ) - C ( 1 1
1 1 ) - C ( 1 1
1 2 ) - C ( 12
1 2 ) - C ( 1 2
1 3 ) - C ( 13
1 3 ) - C ( 1 3
1 4 ) - C ( l 4  
1 4 ) - C ( l 4

— C ( 9 )
- C ( l l )
- C ( 12)
- C ( 1 0 )
- C ( l l )
- C ( 13)
- 0 ( 1 4 )
- C ( 12)
- C ( 9 )
- C ( 1 3 )

7 ) - C ( 7 ) - C ( 1 5 )
7 ) - C ( 7 ) - C ( 6 )
7) —C( 7) —C( 8)
8) —C( 8) —C( 9)  
8 ) - C ( 8 ) - C ( 7 )  
8 ) - C ( 8 ) - S ( l )

1 5 ) s - C ( 1 5 )  
1 5 ) 3 - 0 ( 1 5 )  
1 5 ) 2 - C ( 15) 
1 5 ) j - C ( 15)  
1 5 ) 2 - C ( 1 5 )  
1 5 ) i - C ( 1 5 )

■H (15)2
■H (15) i
•H( 15 )  1
•0(7)
■0(7)
•0(7)

1 15°
125
123
118
112
128
115 
122

121
117
127
113
113 
127 112 
127 
112 
127

99
105
114 
110 
103
106

109
95

119
116 
112 
105

on 
m 

m 
m

-=
r

m
 

ro 
onononnn^r-=3- 

inin^r-^r 
-=3- -=3- .=3- 00 

on 
m 

L
n

m
m

m
m

m
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TABLE 1 . 1 0  

NON-BONDED DISTANCES (CORRECTED)

( a )  Some i n t r a m o l e c u l a r  d i s t a n c e s

H e t e r o c y c l i c r i n g M e t h y l g r o u p

0 ( 2 ) . . . 0 ( 3 ) 2 . 3 8 3  A 0 ( 1 5 ) . . . 0 ( 9 ) 3 . 0 0 6
0 ( 1 ) . . . 0 ( 3 ) 2 .  456 0 ( 1 5 ) . . . 0 ( 5 ) 2 . 9 8 9
0 ( 1 ) . . . 0 ( 2 ) 2 . 4 7 7 0 ( 1 5 ) . . . H ( 5 ) 2 . 7 9
0 ( 1 ) . . . C ( 8) 2 . 6 3 9 H ( 1 5 ) 3 . • -H (5 ) 2 . 5 1
0 ( 2 ) . . . 0 ( 8 ) 2 . 7 0 2
0 ( 1 ) . . . 0 ( 1 ) 2 . 9 9 3 P h e n y l g r o u p
0 ( 1 ) . . . c ( 7 ) 3 . 0 2 4
0 ( 2 ) . . . 0 ( 9 ) 3 . 0 5 6 0 ( 1 0 ) . . . 0 ( 1 ) 3 . 4 3 7
0 ( 3 ) . . . 0 ( 1 0 ) 3 . 1 8 8 0 ( 1 0 ) . . . 0 ( 6 ) 3 - 3 4 2
S ( l ) . . . 0 ( 1 0 ) 3 . 4 7 9 H( 1 0 ) . . . 0 ( 1 ) 2 . 7 4
S ( l ) . . . 0 ( 1 4 ) 3 . 6 0 9 H( 1 0 ) . . . 0 ( 6 ) 2 . 8 0

H ( 1 4 ) . . . H ( 8 ) 2 . 2 3

o
(b) Intermolecular d is tances  (<3-5 A) o f  non-hydrogen 

atoms

0 ( 1 ) . . . C ( 3 ) X 3.407 A
0 ( 1 ) . . . 0 ( 4 ) ^ .  3 . 4 3 6

0 ( 2 ) . . . C(13)XI 3-348
0 ( 2 ) . .  .C ( l4 ) I3. 3.368
0 (2 ) .  . .C(15)IIi: 3.347
0 ( 1 ) . . . C ( 1 1 ) IV 3.406

The subscripts  re fe r  to  the fo l low ing  equivalent
p o s i t i o n s :

I (1 -x ,  y-%, h-z)

II (1 -x ,  - y ,  1-z)  7

III  (x ,  h -y , k+z)

IV (1+x),  %-y, 1+z)

>
0
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7.  D e s c r i p t i o n  a n d  d i s c u s s i o n  o f  t h e  s t r u c t u r e

o
T h i s  c r y s t a l  s t r u c t u r e  d e t e r m i n a t i o n  ( B j a m e r  a n d  

F e r g u s o n ,  1 9 6 7 )  sh o w s  t h a t  i n  s u l t o n e  B t h e  m e t h y l  a n d  t h e  

p h e n y l  g r o u p s  a r e  o i e  t o  e a c h  o t h e r .  The h e t e r o c y c l i c  

r i n g  i s  f o u n d  t o  b e  i n  a  d i s t o r t e d  h a l f - c h a i r  c o n f o r m a ­

t i o n  w i t h  t h e  p h e n y l  r i n g  a x i a l  a n d  t h e  m e t h y l  g r o u p  

q u a s i - e q u a t o r i a l  ( B a r t o n  a n d  C o o k s o n ,  1 9 5 6 ) .  The  o x y g e n  

0 ( 1 )  i s  a x i a l  a n d  0 ( 2 )  i s  e q u a t o r i a l .  A v i e w  o f  t h e  

m o l e c u l e  i n  t h e  [ 0 0 1 ]  d i r e c t i o n  a n d  t h e  n u m b e r i n g  s ch em e  

a r e  g i v e n  i n  F i g u r e  1 . 4 .

The  a t o m s  o f  a r o m a t i c  r i n g  A ( C ( l ) . . . . C ( 6 ) )  a r e  

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

0 .0 0 6  A. (T he  l e a s t - s q u a r e s  p l a n e s  a n d  d i s p l a c e m e n t s  o f  

a toms f r o m  t h e m  a r e  l i s t e d  i n  T a b l e  1 . 1 1 ) .  The h y d r o g e n  

a toms H ( 2 ) ,  H ( 3 ) ,  H ( 4 ) ,  a n d  H (5 )  w e r e  n o t  i n c l u d e d  i n  

t h e  c a l c u l a t i o n  o f  t h e  p l a n e  o f  r i n g  A. H o w e v e r ,  n o n e  

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

T h e r e  i s  a  g r e a t  d e a l  o f  s t r a i n  p r e s e n t  i n  r i n g  B 

which may b e  c a u s e d  b y  t h e  c o n s i d e r a b l e  v a r i a t i o n  i n  b o n d  

l e n g t h s  w i t h i n  t h i s  r i n g .  The  a to m s  0 ( 3 )  a n d  C ( 7 )  w h i c h  

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



1 re  1. 4

A v i e w  o f  t h o  s u i t one 3  m o l e c u l e ,  0 2  

o n  ( 0 0 1 )  , v/1 1 • 1 t ; h 0  n u m v• e  r  i  n ̂  s c h e m e .

o l e  c t e 0
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TABLE 1 . 1 1  

LEAST-SQUARES PLANES 

P l a n e  1 P l a n e  2 P l a n e  3
A r o m a t i c  r i n g  A R i n g  B A r o m a t i c r i n g  C

Atom A Atom A Atom A

C( l ) - 0 . 0 0 7  A C ( l ) 0 . 0 2 7
o
A C C 9 ) - 0 . 0 0 3

C( 2) 0 . 0 1 0 C C 6 ) - 0 . 0 2 6 c ( 1 0 ) 0 . 0 0 0
C(3) - 0 . 0 0 7 C( 7) 0 . 0 1 2 C ( l l ) 0 . 0 0 5
C ( H )
C(5)
C(6 )

0 . 0 0 0
0 . 0 0 3
0 . 0 0 1

0 ( 3 ) - 0 . 0 1 3 C(1 2 )
C(13)
C(1K)

- 0 . 0 0 7
0 . 0 0 5
0 . 0 0 0

r . m . s . d .  = 0 . 0 0 6 r . m . s . d . = 0 . 0 2 1 r . m . s . d . -  0 . 0 0 4
x 2 5 . 7 2 x 2 = 6 1 . 8 4 x 2 = 3 . 5 7

0 ( 3 ) * - 0 . 0 8 5 C( 8 )« - 0 . 2 9 9 C( 8 )« - 0 . 0 8 1
C(7)* 0 . 0 7 0 s ( D * 0 . 6 2 8 H( 8 )* - 0 . 3 8 3

H( 2) * - 0 . 0 9 7 C(9)  * - 1 . 7 5 0 H( 10) * 0 . 1 8 2
H( 3) * 0 . 0 5 5 C( 15) » - 0 . 8 5 9 H ( l l ) * - 0 . 0 3 2
H( 4) * - 0 . 0 6 6 0 ( 1 )* 2 . 0 0 1 H( 12 ) * - 0 . 0 2 2
H(5)* 0 . 1 4 1 0 ( 2 )* 0 . 2 7 7 H( 13) *  

H ( l 4 ) *
0 . 1 6 6  
0 . 1 0 7

*These a t o m s  w e r e  n o t  
p l a n e .

u s e d  t o c a l c u l a t e s t h e  l e a s t - s q u a r e s

P la n e E q u a t i o n s f o r  t h e l e a s t - s q u a r e s  p l a n e s

1 0 . 8 9 2  X1 + 0 . 3 7 9  Y -  0 . 2 4 6 Z' = 3 - 9 0 3  A

2 0 . 8 9 5  X' + 0 . 3 9 5  Y -  0 . 2 0 6 Z' = 4 . 0 0 7

3 0 . 2 4 7  X1 + 0 . 3 3 2  Y + 0 . 9 1 1 Z' = 2 . 6 1 5

(X' t  Y, an d Z f a r e  o r t h o g o n a l c o o r d i n a t e s
0

( i n  A) r e f e r r e d

t o  t h e  a x e s a * ,  b ,  a n d c ,  I . e . X1 / -  X s i n 3 a n d  Z '  = Z + X c o s 3 !
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r i n g  A a r e  s i g n i f i c a n t l y  d i s p l a c e d  f r o m  i t ,  e a c h  i n  o p p o ­

s i t e  d i r e c t i o n .  H ence  t h e  a t o m s  C ( l ) ,  C ( 6 ) ,  C ( 7 ) s a n d  0 ( 3 )  

o f  r i n g  B a r e  n o t  c o p l a n a r  ( x 2 f o r  t h e  f o u r  a to m s  o f  t h e  

l e a s t - s q u a r e s  p l a n e  h a s  t h e  h i g h  v a l u e  o f  6 1 . 8 ) ;  t h e  " b e s t 11 

p l a n e  m akes  a  d i h e d r a l  a n g l e  o f  7«9°  w i t h  t h e  a r o m a t i c  

p l a n e .  The d i s t o r t i o n  o f  t h e  h a l f - c h a i r  i n  r i n g  B i s  

f u r t h e r  e x p r e s s e d  by  t h e  u n e q u a l  d i s p l a c e m e n t s  o f  C( 8 )  a n d  

S ( l )  f r o m  t h e  " b e s t "  p l a n e ,  v i z .  - 0 . 2 9 9  a n d  + 0 . 6 2 8  A, r e ­

s p e c t i v e l y .  F o r  c o m p a r i s o n  i t  c a n  b e  m e n t i o n e d  t h a t  i n  a  

r e g u l a r  h a l f - c h a i r  c o n f o r m a t i o n  o f  c y c l o h e x e n e ,  f o u r  a to m s
. o

a r e  i n  one  p l a n e  a n d  t h e  o t h e r  tw o  d i s p l a c e d  b y  ± 0 . 4 3  A

(C o re y  a n d  S n e e n ,  1 9 5 5 ) .

The a to m s  ( C ( 9 ) . . . . C ( l 4 ) )  o f  p h e n y l  r i n g  C a r e  c o -
o

p l a n a r  a n d  t h e i r  r . m . s .  d i s t a n c e  f r o m  t h e  p l a n e  i s  0 . 0 0 4  A. 

The d i h e d r a l  a n g l e  b e t w e e n  t h e  tw o  a r o m a t i c  p l a n e s  i s  8 3 ° ,  

and t h e  o r i e n t a t i o n  o f  t h e  r i n g - C  p l a n e  i s  s u c h  t h a t  i t  

i n t e r s e c t s  t h e  C ( l ) - C ( 6 )  b o n d  a p p r o x i m a t e l y  a t  i t s  m id ­

p o i n t .  The  h y d r o g e n  a to m s  a r e  c o p l a n a r  w i t h  t h e  p h e n y l  

r i n g  e x c e p t  H ( 1 0 )  w h i c h  d e v i a t e s  by 0 . 1 8 2  A ( i . e .  3*6cr) 

from i t .  As w i l l  b e  s e e n  f r o m  t h e  f o l l o w i n g  d i s c u s s i o n  no  

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

atom C (8 )  i s  d i s p l a c e d  f r o m  t h i s  p l a n e  by 0 . 0 8 1  A, a  h i g h l y  

s i g n i f i c a n t  d e v i a t i o n  ( 1 9 a ) *  T h i s  d e v i a t i o n  may b e  c a u s e d  

by r e p u l s i v e  f o r c e s  b e t w e e n  t h e  m e t h y l  a n d  t h e  p h e n y l  g r o u p s .
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The s t r a i n  i s  d i m i n i s h e d  by  b e n d i n g  t h e  p h e n y l  r i n g  away 

f r o m  t h e  m e t h y l  g r o u p .

The h y d r o g e n  a to m s  o f  t h e  m e t h y l  g r o u p  a r e  n o t  com­

p l e t e l y  s t a g g e r e d  w i t h  r e s p e c t  t o  t h e  s u b s t i t u e n t s  a t  C( 7 ) •  

T h i s  c a n  b e  s e e n  by  l o o k i n g  down t h e  C(7)-C(15) b o n d  

( F i g u r e  1.5)  a n d  i t  i s  p r o b a b l y  due  t o  r e p u l s i o n  b e t w e e n  

H(5) a n d  H(15)s.

The a r o m a t i c  C-C b o n d  l e n g t h s  v a r y  f r o m  1 . 3 6 3  ± 0 . 0 0 8  A 

t o  1.1J09 ± 0 . 0 0 6  A w i t h  a n  a v e r a g e  o f  1 . 3 8 6  ± 0 . 0 0 3  A. The  

s h o r t e s t  o f  t h e m ,  C ( l l ) - C ( 1 2 ) ,  i s  3-9<* s h o r t e r  t h a n  t h e  

n o r m a l  v a l u e  1 . 3 9 ^  ± 0 . 0 0 5  A ( S u t t o n ,  1 9 6 5 ) .  Of  t h e  tw o

C 3-C: 3 bonds, C ( 7 ) - C ( 8 )  and C(7)-C(15),  the formersp  sp
o

(1.557 ± 0.006 A) i s  3-30 longer than the accepted value
o

1*537 ± 0.005 A (Sutton, 1965). The e . s . d . fs were derived  

from least-squares  refinement in which the block-diagonal  

approximation was used and in the ca lcu la t ions  of  bond 

lengths corre la t ions  between atoms were not taken in to  

account. I t  i s  therefore  probable that the e . s . d . ' s  are 

underestimated and i t  seems reasonable to  increase t h e ir  

values by 50%. In view of t h i s  the deviat ions in the two 

bond lengths mentioned above should not be considered s i g ­

n if icant  at a 0 .1 % s ig n i f i c a n c e  l e v e l .  Both Csp 2-CSp 3 

bonds, C(8)-C(9) and C(6) -C(7) ,  agree with the value 

1*505 ± 0.005 A given by Sutton ( 1 9 6 5 ) .



P i  va ra  1 .5  

a o , r  t . . e  C(  7 )  * C ( I d ) j o n d  s . i O ' d n v  t ;,. j  

o r i e n t a t i o n  o f  t h s  r y c . r o g e n  a t o m s  o f  t . : 0

v i e t  a y  1 g r o u p .
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o
The C-H b o n d  l e n g t h s  v a r y  f r o m  0 . 8 6  t o  1 . 0 2  A w i t h  a

o o
mean v a l u e  o f  0 . 9 7  ± 0 . 0 3  A f o r  C 3-H a n d  0 . 9 5  ± 0 . 0 2  Asp
f o r  Cs p 2-H .  From a  s u r v e y  o f  C-H b o n d  l e n g t h s  f r o m  s e v e r a l  

a c c u r a t e  s t r u c t u r e  d e t e r m i n a t i o n s  by  X - r a y  m e t h o d s  ( S t e w a r t ,
o

D a v id s o n ,  a n d  S i m p s o n ,  1 9 6 5 )  t h e  mean v a l u e s  o f  1 . 0 4 2  A f o r

C 3-H b o n d s  ( f r o m  69 b o n d  l e n g t h s )  a n d  o f  0 . 9 8 8  A f o rsp

C 2-H b o n d s  ( f r o m  46 b o n d  l e n g t h s )  w e r e  d e r i v e d .  Thesp

r e s u l t s  f r o m  s u l t o n e  B a g r e e  w i t h  t h e s e  mean v a l u e s .  One 

s h o u l d ,  h o w e v e r ,  b e a r  i n  m in d  t h a t  t h e  C-H b o n d  l e n g t h s  

d e r i v e d  f r o m  X - r a y  a n a l y s e s  a r e  s h o r t e r  t h a n  t h o s e  o b t a i n e d  

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

b e c a u s e  t h e  p o s i t i o n  o f  a n  a to m  d e t e r m i n e d  by  X - r a y  a n a l y s i s  

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

In  L - a s c o r b i c  a c i d  ( H v o s l e f ,  1 9 6 8 )  t h e  C-H b o n d s  w e r e  f o u n d
o

t o  be  0 . 0 9  A s h o r t e r  f r o m  X - r a y  d i f f r a c t i o n  t h a n  f r o m  n e u ­

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

The c o r r e c t e d  b o n d  l e n g t h s  a n d  a n g l e s  o f  s u l t o n e  B 

a r e  shown i n  F i g u r e  1 . 6 .  A r e c e n t  s t r u c t u r e  a n a l y s i s  o f  

o - h y d r o x y p h e n y l e t h a n e s u l p h o n i c  a c i d  s u l t o n e  ( I V )  ( F l e i s c h e r ,  

K a i s e r ,  L a n g f o r d ,  H a w k i n s o n ,  S t o n e ,  a n d  D e w a r ,  1 9 6 7 )  p r o ­

v i d e s  an  i n t e r e s t i n g  c o m p a r i s o n  o f  i t s  m o l e c u l a r  d i m e n ­

s i o n s  ( F i g u r e  1 . 7 ) w i t h  t h o s e  o f  s u l t o n e  B. U n f o r t u n a t e l y ,  

t h e  s t r u c t u r e  o f  IV  was  d e t e r m i n e d  w i t h  v e r y  l i m i t e d  d a t a  

( f e w e r  t h a n  20Jf o f  t h e  r e f l e x i o n s  a c c e s s i b l e  w i t h i n  t h e  Cu



a ) T h  e  

5̂ ) rPT1 01

0>]

T i - u r s  1 . 6  

b o n d  l e n - o f .  i s  ( c o r r e c t e d )  I n  ? o I t  o n e  B .  

b o n d  o n ^ l o r .  ( c o r r e c t e d )  i n  s u l t o n e  3 .
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3 on-.l l e n g t h s  a n d  a n g l e s  o  o • - 3 y 3 r o x ; o h • i y  1 e t h a n e  

a u l a  I i o n i c  a c i d  o u l t o a - a  ( I V ) .
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r.444
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0 ( 1)



99

SO

s p h e r e  w e r e  u s e d )  a n d  t h e  p r e c i s i o n  c l a i m e d  by  t h e  a u t h o r s

( e . s . d . ' s  o f  0 . 0 0 9  -  0 . 0 1 5  A i n  S - 0  a n d  S-C b o n d s ,  0 . 0 1 9  -
o

0 . 0 2 2  A i n  C-0  a n d  C-C b o n d s ,  a n d  a p p r o x .  1°  i n  b o n d  

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

m in ed  t h e  s t r u c t u r e  o f  o - h y d r o x y - a - t o l u e n e s u l p h o n i c  a c i d  

s u l t o n e  ( V ) .  The C ( l ) - 0 ( 3 )  b o n d  l e n g t h s  i n  t h e  t h r e e  

s u l t o n e s  a r e  e q u a l  w i t h i n  e x p e r i m e n t a l  e r r o r s .  They  a r e  

c o n s i d e r a b l y  l o n g e r  t h a n  t h e  CSp 2- 0  b o n d s  o f  1 . 3 6 2  ± 0 . 0 0 1  

i n  f u r a n  ( B a k ,  C h r i s t e n s e n ,  D i x o n ,  H a n s e n - N y g a a r d ,  A n d e r s o n ,  

and  S c h o t t l a n d e r , 1 9 6 2 )  a n d  1 . 3 6 8  ± 0 . 0 0 8  A i n  2 , 4 , 6 -

t r i n i t r o p h e n e t o l e  ( G r a m a c c i o l i , D e s t r o ,  a n d  S i m o n e t t a ,

1968) i n  w h i c h  t h e r e  i s  no  c o n t r i b u t i o n  f r o m  r e s o n a n c e  a n d  

h e n c e  no  d o u b l e  b o n d  c h a r a c t e r .  The  C ( l ) - 0 ( 3 )  b o n d  i n

s u l t o n e  B i s  i n  f a c t  v e r y  c l o s e  t o  t h e  C 3 -0  b o n d  l e n g t hsp

( 1 . 4 2 6  ± 0 . 0 0 5  A) g i v e n  by  S u t t o n  ( 1 9 6 5 ) *

The  b o n d  l e n g t h s  a n d  v a l e n c y  a n g l e s  a s s o c i a t e d  w i t h  

t h e  s u l p h u r  a t o m  i n  V a n d  i n  some r e l a t e d  m o l e c u l e s  a r e  

l i s t e d  i n  T a b l e  1 . 1 2  f o r  c o m p a r i s o n  w i t h  s u l t o n e  B.

>
o
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TABLE 1 .1 2

SOME BOND LENGTHS AND VALENCY ANGLES IN SULTONE B COMPARED 

WITH VALUES IN RELATED COMPOUNDS

F e a t u r e  i n  s u l t o n e  B C om pared  w i t h i n R e f .

0 ( l )=S=O (2) 1 1 9.9 1 0 .2° OIICOIIO

119 . 3±0 . 9° 
1 2 0 . 4 + 0 . 4  
1 1 8 . 9 ± 1 . 0 
1 2 6 . 1 + 0 . 7

(CH3SO2)aCH 
( p - C l . C e H O  2SO2 
V
S 3O 9

0 ( 3 ) - S = O ( l )
0 (3) -S=O(2)

108.6+0.2 
103.6±0.2

o-s=o#
o-s=ot
o-s=o

1 1 0 . 6 + 0 . 5  
1 0 3 . 7 ± 0 .5  
1 0 6 . 0 , 1 0 8 . 5 ,  
1 0 1 . 5  ( ± 0 . 4 )  
1 0 7 . 7 , 1 0 6 . 8  
( ± 1 . 0 )

s 30 9
S 3 0 9
k s o ^ . c 2h 5

V

C (8 ) - S = 0 ( l )  

C( 8) —S=0 ( 2 )

1 0 9 . 3 ± 0 . 2

113.110.2
c-s=o 1 0 7 , 1 0 6 , 1 0 7 ,  

111 ( ± 1 )  
1 0 7 . 3 , 1 0 8 . 0  
( ± 0 . 3 )  
1 1 0 . 2 , 1 1 4 . 2
( ± 1 . 0 )

(CH3SO2)3ch 

( p - C 1 . C 6H O  2SO2 
V
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The S = 0 ( 1 )  a n d  S « 0 ( 2 )  b o n d  l e n g t h s  a r e  e q u a l  w i t h i n  e x p e r i -
. o

m e n t a l  e r r o r  a n d  t h e i r  mean v a l u e  i s  1 . 4 3 1  ± 0 . 0 0 3  A.

The S - 0 ( 3 )  b o n d  i s  s h o r t e r  t h a n  t h e  f o r m a l  S - 0  s i n g l e  b o n d
o

( 1 . 6 9  A) a n d  f r o m  t h e  l i n e a r  r e l a t i o n s h i p  b e t w e e n  b o n d  

l e n g t h  a n d  Tr-bond o r d e r  ( C r u i c k s h a n k ,  1 9 6 1 b )  i t  h a s  a  tt-  

b o n d  o r d e r  o f  a b o u t  0 . 2 5  ( t h e  same a s  i n  p o t a s s i u m  e t h y l  

s u l p h a t e ) .  V a r i o u s  v a l u e s  c a n  b e  f o u n d  i n  t h e  l i t e r a t u r e  

f o r  t h e  S-C b o n d  l e n g t h  i n  m o l e c u l e s  i n  w h i c h  t h e  s u l p h u r  

a to m  i s  b o n d e d  t o  f o u r  o t h e r  a t o m s .  As c a n  b e  s e e n  f r o m  

T a b l e  1 . 1 2  t h e y  r a n g e  f r o m  1 . 7 3  ± 0 . 0 2  t o  1 . 8 3  ± 0 . 0 1  A. 

S i n c e  t h e s e  v a l u e s  w e r e  d e t e r m i n e d  w i t h  a  p r e c i s i o n  l o w e r  

t h a n  t h a t  o f  t h e  S - C ( 8 )  b o n d  i n  s u l t o n e  B a n d  one  o f  t h e  

b o n d s  may b e  o f  a  d i f f e r e n t  t y p e ,  a  d i r e c t  c o m p a r i s o n  i s  

t h e r e f o r e  d i f f i c u l t .  H o w e v e r ,  i t  s ee m s  r e a s o n a b l e  t o
o

a ssum e  t h a t  t h e  v a l u e  1 . 7 9 7  ± 0 . 0 0 5  A i s  n o r m a l  f o r  t h i s  

t y p e  o f  b o n d .

The  a to m s  a r o u n d  t h e  s u l p h u r  a t o m  a r e  a r r a n g e d  i n  a  

d i s t o r t e d  t e t r a h e d r o n  w i t h  a n g l e s  r a n g i n g  f r o m  100 t o  1 2 0 ° .  

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

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

a n g l e s  a g r e e  w i t h  e a c h  o t h e r .  T h i s  i n c l u d e s  a  s i g n i f i c a n t  

d i f f e r e n c e  b e t w e e n  t h e  a n g l e s  0 (  3 ) -S=s0 ( l )  ( a x i a l )  a n d  

0 ( 3 ) - S * 0 ( 2 )  ( e q u a t o r i a l ) .  I n  b o t h  s t r u c t u r e s  t h e  o x y g e n  

0 ( 2 )  s ee m s  t o  b e  b e n t  t o w a r d s  t h e  r i n g  o x y g e n  0 ( 3 ) .  Con­
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s e q u e n t l y  t h e  a n g l e  C ( 8 ) - S = 0 ( 2 )  ( e q u a t o r i a l )  i s  l a r g e r  

t h a n  C ( 8 ) - S = 0 ( l )  ( a x i a l )  e v e n  t h o u g h  n o t  s i g n i f i c a n t l y  s o  

i n  t h e  c a s e  o f  s u l t o n e  IV .  As a  r e s u l t  o f  t h i s  b e n d i n g  i n
o

s u l t o n e  B t h e  n o n - b o n d e d  d i s t a n c e  0 ( 2 ) . . . 0 ( 3 )  ( 2 . 3 8 3  A) i s  

s h o r t e r  t h a n  0 ( 1 ) . . . 0 ( 3 )  ( 2 . 4 5 6  A ) ,  t h e  l a t t e r  b e i n g  c l o s e  

t o  t h e  0 ( 1 ) . . . 0 ( 2 )  d i s t a n c e  ( 2 . 4 7 7  A ) .  T h e s e  n o n - b o n d e d  

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

i n  S 3O9 , v i z .  0 ( e q u a t o r i a l ) . . . 0  ( r i n g )  o f  2 . 3 9  A,

0 ( a x i a l ) . . . 0 ( r i n g )  o f  2 . 4 6  A, a n d  0 ( a x i a l ) . . . 0 ( e q u a ­

t o r i a l )  o f  2 . 4 9  A (M cD ona ld  a n d  C r u i c k s h a n k ,  1 9 6 7 ) .  I n  

t h e  same com pound  t h e  0 - S = 0  ( a x i a l )  a n d  0 - S = 0  ( e q u a t o r i a l )  

a n g l e s  a r e  a l s o  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  e a c h  o t h e r  

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

s u l t o n e  B ( T a b l e  1 . 1 2 ) .

I n  t h e  h e t e r o c y c l i c  r i n g  t h e r e  a r e  s e v e r a l  s i g n i f i c a n t  

d e v i a t i o n s  i n  a n g l e s  f r o m  n o r m a l  v a l u e s ,  v i z .  a t  C ( l ) ,

0 ( 6 ) ,  a n d  C ( 7 ) .  T h e s e  d e v i a t i o n s  a p p e a r  t o  b e  d u e  t o  

t h e  s t r a i n  a s s o c i a t e d  w i t h  t h e  s i x - m e m b e r e d  r i n g  s y s t e m  o f  

a s u l t o n e .  T h i s  a s s u m p t i o n  i s  s u p p o r t e d  by  t h e  s i m i l a r i t y  

o f  t h e s e  a b n o r m a l  s i n g l e s  t o  t h o s e  f o u n d  i n  s u l t o n e  IV .

As m e n t i o n e d  e a r l i e r ,  t h e r e  i s  some r e p u l s i o n  b e t w e e n

t h e  m e t h y l  g r o u p  C ( 1 5 )  a n d  t h e  p h e n y l  r i n g  C. T h i s  i s
/

indicated by the abnormally large angle C(7)-C(8)-C(9)  

which dev ia tes  by 26a from the te trahedra l  value.



The C-C-H a n g l e s  v a r y  f r o m  112 t o  1 28°  w i t h  a  mean 

v a l u e  o f  120°  i n  t h e  a r o m a t i c  p a r t  a n d  f r o m  95 t o  1 1 9 °  

w i t h  an  a v e r a g e  o f  1 0 8 °  f o r  t h e  t e t r a h e d r a l l y  a r r a n g e d  

h y d r o g e n  a t o m s . None o f  t h e s e  a n g l e s  d e v i a t e s  s i g n i f i ­

c a n t l y  f r o m  n o r m a l  v a l u e s .

8 .  I n t e r m o l e c u l a r  d i s t a n c e s

o
The t w e l v e  c o n t a c t s  s h o r t e r  t h a n  3 . 5  A w h i c h  e a c h  

m o l e c u l e  m akes  w i t h  s e v e n  n e i g h b o u r i n g  o n e s  ( F i g u r e  1 . 8 )  

a r e  l i s t e d  i n  T a b l e  1 . 1 0 , b ) ;  t h e r e  a r e  f i f t y  c o n t a c t s
. o

s h o r t e r  t h a n  4 . 0  A w i t h  f o u r t e e n  n e i g h b o u r i n g  m o l e c u l e s .  

T h r e e  o f  t h e  o x y g e n - c a r b o n  c o n t a c t s ,  0 ( 2 ) . . . C ( 1 5 ) ,

0 ( 2 ) . .  . C ( 1 3 ) , a n d  0 ( 2 ) . . . C ( l 4 )  ( 3 - 3 ^ 7 ,  3 . 3 ^ 8 ,  a n d  3 - 3 6 8  A ) ,  

a r e  som ew ha t  s h o r t e r  t h a n  t h e  o x y g e n - c a r b o n  v a n  d e r  W a a l s
o

d i s t a n c e  ( 3 . 4  A ) .  B e c a u s e  o f  t h e  n a t u r e  o f  t h e s e  c a r b o n  

a toms n o  h y d r o g e n  b o n d s  a r e  p o s s i b l e  a n d  i t  i s  u n l i k e l y  

t h a t  t h e s e  d i s c r e p a n c i e s  a r e  m e a n i n g f u l .
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Figure 1.8  

A packing diagram projected  on (010).  

t a c t s  shorter than 3.5 A are marked.

Con-
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The C r y s t a l  S t r u c t u r e  o f  t h e  p - B r o m o b e n z o a t e  o f  a  D i h y d r o -  

a n h y d r o - a c e t o n i d e  D e r i v a t i v e  o f  T a x a - 4 ( l 6 ) ,  l l - d i e n e - 5 a ,

9 a ,  1 0 3 ,  1 3 a - t e t r a o l

1.  I n t r o d u c t i o n

The yew ,  T a x u s  b a a o a t a  L . , i s  one  o f  t h e  m a j o r  p o i s o n ­

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

due t o  a  m i x t u r e  o f  a l k a l o i d s  ( t a x i n e s ) .  The m a j o r  t a x i n e s ,  

e x t r a c t e d  f r o m  yew l e a v e s ,  w e r e  shown t o  be  e s t e r s  o f  3 -  

d i m e t h y l a m i n o - 3 - p h e n y l p r o p i o n i c  a c i d  ( B a x t e r ,  L y t h g o e ,  

S c a l e s ,  S c r o w s t o n ,  a n d  T r i p p e t t ,  1 9 6 2 ) .  E l i m i n a t i o n  o f  

d i m e t h y l a m i n e  y i e l d e d  a  m i x t u r e  o f  0 - c i n n a m o y l e s t e r s , t h e  

h y d r o x y l i e  p o r t i o n s  o f  w h i c h  w e r e  named t a x i c i n s .  C h e m i c a l  

and s p e c t r a l  s t u d i e s  o f  0 - c i n n a m o y l t a x i c i n - I  a n d  - I I  a n d  a 

t r i a c e t a t e  o f  t h e  l a t t e r  w e r e  c a r r i e d  o u t  ( L a n g l e y ,  L y t h g o e ,  

S c a l e s ,  S c r o w s t o n ,  T r i p p e t t ,  a n d  W ray ,  1 9 6 2 ;  E y r e ,  H a r r i s o n ,  

S c r o w s t o n ,  a n d  L y t h g o e ,  1 9 6 3 ;  a n d  D u k e s ,  E y r e ,  H a r r i s o n ,  

and L y t h g o e ,  1 9 6 5 )  a n d  i t  was shown t h a t  t a x i c i n - I  ( s t r u c ­

t u r e  I )  a n d  - I I  ( s t r u c t u r e  I I )  a r e  s t e r e o c h e m i c a l l y  a s  w e l l  

as s t r u c t u r a l l y  a n a l o g o u s .  Dukes  e t  a l  ( 1 9 6 5 )  a l s o  r e p o r t e d  

t h a t  t h e  s t r u c t u r e  o f  4 , l 6 - d i h y d r o t a x i c i n - I  i s  I I I .  I n d e ­

p e n d e n t l y  o f  t h i s  w o rk  an  X - r a y  a n a l y s i s  o f  a  c o n s t i t u e n t  

t h e  l e a v e s  o f  J a p a n e s e  y e w ,  T a x u s  o u s p i t a t a , S i e b .  e t  

Z u c c . ,  T a x a a e a e , 0 - c i n n a m o y l t a x i c i n - I I  t r i a c e t a t e  ( t a x i n i n e )
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showed t h e  s t r u c t u r e  t o  b e  IV ( S h i r o ,  S a t o ,  Koyama, M a k i , 

N a k a n i s h l ,  an d  U y e o ,  1 9 6 6 )  i n  a g r e e m e n t  w i t h  t h e  r e s u l t s  

o f  Dukes  e t  a t  ( 1 9 6 5 ) .  T h e s e  s u b s t a n c e s  b e l o n g  t o  a  new 

t y p e  o f  d i t e r p e n o i d  a n d  t h e  name " t a x a n e "  h a s  b e e n  p r o ­

p o s e d  f o r  t h e i r  s k e l e t o n  (V) ( L y t h g o e ,  N a k a n i s h i ,  an d  

U y e o , 1 9 6 4 ) .

The c o n s t i t u e n t s  o f  yew h e a r t w o o d  ( T a x u s  b a o o a t a  L . )  

h av e  b e e n  e x a m i n e d  by D r .  T.  G. H a l s a l l  an d  h i s  c o w o r k e r s  

i n  O x f o r d  a n d  among s e v e r a l  com pounds  i s o l a t e d  was a  new 

d i t e r p e n e ,  t a x a d i e n e t e t r a o l  C20H 32O4 ( C h a n ,  H a l s a l l ,  

H o r n b y ,  O x f o r d ,  S a b e l ,  B j a m e r ,  F e r g u s o n ,  a n d  R o b e r t s o n ,

1 9 6 6 ) .  I n  o r d e r  t o  e s t a b l i s h  t h e  s t r u c t u r e  o f  t h i s  com­

p o u n d  a d e r i v a t i v e  s u i t a b l e  f o r  an  X - r a y  a n a l y s i s  was 

p r e p a r e d .  The t e t r a o l  was f i r s t  h y d r o g e n a t e d  a n d  t h e n  

t r e a t e d  w i t h  a c e t o n e  a n d  a  few d r o p s  o f  p e r c h l o r i c  a c i d .  

T h i s  d i h y d r o - a n h y d r o - a c e t o n i d e  was c h a r a c t e r i s e d  a s  a 

p - b r o m o b e n z o a t e , m . p .  l 4 3 - l 4 5 ° C .  The l a t t e r  d e r i v a t i v e  

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

I t s  s t r u c t u r e  a n d  a b s o l u t e  c o n f i g u r a t i o n  w e r e  f o u n d  t o  b e  

as shown i n  VI ( B j a m e r ,  F e r g u s o n ,  a n d  R o b e r t s o n ,  1 9 6 7 ) .  

The d i h y d r o - a n h y d r o - a c e t o n i d e  t h u s  h a s  t h e  s t r u c t u r e  V I I .  

The f o r m a t i o n  o f  t h e  a c e t o n i d e  was  known t o  h a v e  b e e n  

a c c o m p a n i e d  b y  a  r e a r r a n g e m e n t  o f  t h e  s k e l e t o n .  H o w e v e r ,  

t h e  r e s u l t  o f  t h i s  r e a r r a n g e m e n t  c o u l d  n o t  b e  e l u c i d a t e d .
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S t r u c t u r e  V I I  w a s  u n e x p e c t e d  s i n c e  t h e  i n f r a r e d  s p e c t r u m  

d i d  n o t  s h o w  a  b a n d  i n d i c a t i v e  o f  a  = C H 2 g r o u p .  T h e  r e ­

a r r a n g e m e n t  a n d  i t s  m e c h a n i s m  w e r e  e x p l a i n e d  o n  t h e  b a s i s  

o f  t h i s  X - r a y  a n a l y s i s  o f  s t r u c t u r e  V I .  T h e  t a x a n e  s t r u c ­

t u r e  V I I I  w a s  a s s i g n e d  t o  t h e  o r i g i n a l  t e t r a o l .

2 .  C r y s t a l  d a t a

p - B r o m o b e n z o a t e  o f  a  d i h y d r o - a n h y d r o - a c e t o n i d e  d e r i v a ­

t i v e  o f  t a x a - 4 ( l 6 ) ,  l l - d i e n e - 5 a ,  9 a ,  1 0 $ ,  1 3 a - t e t r a o l ,

C 3 o H 3 9 0 i * B r ,  F . W .  = 5 4 3 * 5 ,  m . p .  = l 4 3 - l 4 5 ° C .  O r t h o r h o m b i c , 

a  = 1 7 . 4 8  ± 0 . 0 3 ,  b  *  2 0 . 6 2  ± 0 . 0 4 ,  c  = 7 - 7 6  ±  0 . 0 2  A .

V = 2 7 9 7  ± 9 A 3 . = 1 . 2 8  g . c m . ” 3 ( b y  f l o t a t i o n  i n

a q u e o u s  p o t a s s i u m  i o d i d e ) ,  Z = 4 ,  Dx  = 1 . 2 9  g . c m . ” 3 .

F ( 0 0 0 )  = 1 1 4 4 .  S p a c e  g r o u p  P 2 i 2 i 2 i  ( N o .  1 9 )  f r o m  s y s t e ­

m a t i c  a b s e n c e s .  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  y  = 2 4 . 4  c m .  

f o r  C u  K a  r a d i a t i o n  (X = 1 . 5 4 1 8  A ) .

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

T h e  t a x a d i e n e t e t r a o l  d e r i v a t i v e  c r y s t a l l i s e s  i n  t h e  

s h a p e  o f  c o l o u r l e s s  s q u a r e  p r i s m s  w i t h  ( 0 1 0 )  a n d  ( 1 0 0 )  a s  

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

t i o n  p a r a l l e l  t o  t h e  l o n g e s t  d i r e c t i o n ,  [ 0 0 1 ] ,  w h e n  

e x a m i n e d  u n d e r  a  p o l a r i s i n g  m i c r o s c o p e .  T h e y  a r e  s t a b l e  

i n  t h e  a i r  a s  w e l l  a s  i n  t h e  X - r a y  b e a m .
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O s c i l l a t i o n ,  W e i s s e n b e r g ,  a n d  p r e c e s s i o n  p h o t o g r a p h s
o

w e r e  t a k e n  w i t h  Cu  K a  (A = 1 . 5 4 1 8  A)  r a d i a t i o n  f r o m  a  

c r y s t a l  m o u n t e d  a l o n g  t h e  [ 0 0 1 ]  d i r e c t i o n .  T h e  u n i t - c e l l  

p a r a m e t e r s  w e r e  d e r i v e d  f r o m  t h e  p r e c e s s i o n  p h o t o g r a p h s  

b y  t a k i n g  w e i g h t e d  a v e r a g e s  f r o m  t h e  i n d i v i d u a l  m e a s u r e ­

m e n t s .  C o r r e c t i o n  f o r  f i l m  s h r i n k a g e  w a s  a p p l i e d  a n d  a n

—  3
a c c u r a c y  o f  2 x 1 0  i n  t h e  c e l l  p a r a m e t e r s  w a s  a s s u m e d  

( P a t t e r s o n  a n d  L o v e ,  I 9 6 0 ) .  T h e  s p a c e  g r o u p  w a s  d e t e r ­

m i n e d  f r o m  t h e  s y s t e m a t i c  a b s e n c e s  ( h O O  a b s e n t  i f  h  i s  

o d d ,  OkO a b s e n t  i f  k  i s  o d d ,  a n d  0 0 £  a b s e n t  i f  £ i s  o d d ) .  

T h r e e - d i m e n s i o n a l  i n t e n s i t y  d a t a  w e r e  o b t a i n e d  u s i n g  a  

n o n - i n t e g r a t i n g  e q u i - i n c l i n a t i o n  W e i s s e n b e r g  c a m e r a  w i t h  

t h e  m u l t i p l e - f i l m  t e c h n i q u e  ( R o b e r t s o n ,  1 9 4 3 )  a n d  t h e  

l a y e r s  h 0 £  t h r o u g h  h 6 £  w e r e  r e c o r d e d .  T h e  i n t e n s i t i e s  

w e r e  m e a s u r e d  v i s u a l l y  w i t h  a  c a l i b r a t e d  i n t e n s i t y  s t r i p .  

B o t h  h k £  a n d  h k £  r e f l e x i o n s  w e r e  m e a s u r e d  i n  o r d e r  t o  

d e t e r m i n e  t h e  a b s o l u t e  c o n f i g u r a t i o n .  O u t  o f  a  p o s s i b l e  

3 1 9 5  r e f l e x i o n s  w i t h i n  t h e  C u  s p h e r e  1 5 7 8  h k £  r e f l e x i o n s  

w e r e  o b s e r v e d  a s  w e l l  a s  1 1 4 5  h k £  r e f l e x i o n s .  T h e  s i z e  

o f  t h e  c r y s t a l  w a s  0 . 1 5  x 0 . 1 5  x 0 . 5 0  mm.  a n d  n o  a b s o r p ­

t i o n  c o r r e c t i o n  w a s  m a d e  s i n c e  y R  h a s  t h e  l o w  v a l u e  o f  

0 . 1 8 .  The i n t e n s i t i e s  w e r e  c o r r e c t e d  f o r  L o r e n t z  an d  

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

d e t e r m i n a t i o n  t h e  s t r u c t u r e  f a c t o r s  w e r e  p u t  on an
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a p p r o x i m a t e l y  a b s o l u t e  s c a l e  b y  m a k i n g  k  E | F  | = E | F  |
h k J l  0  h k Z  c 

f o r  e a c h  l a y e r .  U n o b s e r v e d  r e f l e x i o n s  w e r e  n o t  i n c l u d e d  i n

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

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

T h e  s t r u c t u r e  w a s  s o l v e d  b y  t h e  h e a v y - a t o m  m e t h o d

( E f * / E  f T2 = 0 . 8 9  a t  s i n 0  = 0 ) .  T h e  1 5 7 8  h k i  r e f l e x i o n s  
H H L L

w e r e  u s e d  i n  t h e  s t r u c t u r e  d e t e r m i n a t i o n  a n d  t h e  1 1 4 5  h k &  

r e f l e x i o n s  w e r e  a d d e d  i n  t h e  a n i s o t r o p i c  l e a s t - s q u a r e s  

r e  f i n e m e n t .

T h e  s y m m e t r y  o f  t h e  P a t t e r s o n  v e c t o r  d i s t r i b u t i o n  i s  

Pmmm.  I n  s p a c e  g r o u p  P 2 i 2 i 2 i  t h e  f o u r  e q u i v a l e n t  p o s i ­

t i o n s  a r e  ( x , y , z ) ,  ( ^ - x , y , V z ) ,  (^s+x , 3 g - y  , z ) , a n d  

( x , ^ + y , ^ - z ) .  T h e  P a t t e r s o n  m a p  w i l l  t h u s  c o n t a i n  v e c t o r  

p e a k s  a t  ( ^ }^ + 2 y , 2 z ) s ( 2 x , ^ , % + 2 z ) ,  a n d  ( J g + 2 x , 2 y , ^ )  f r o m  

s y m m e t r y - r e l a t e d  a t o m s ,  e a c h  w i t h  d o u b l e  w e i g h t .  T h e  

d a t a  w e r e  s h a r p e n e d  t o  p o i n t  a t o m  w i t h  r e s p e c t  t o  b r o m i n e  

a n d  t h e  t h r e e  H a r k e r  s e c t i o n s  a t  u  = v  = a n d  w = h  

w e r e  c o m p u t e d .  T h e y  a r e  s h o w n  i n  F i g u r e  2 . 1  a n d  t h e  

t h r e e  p e a k s  i n t e r p r e t e d  a s  b e i n g  B r - B r  v e c t o r  p e a k s  a r e  

m a r k e d  w i t h  a  c r o s s .  T h e  c o o r d i n a t e s  o f  t h e  b r o m i n e  a t o m ,  

d e r i v e d  f r o m  t h e s e  p e a k s  b y  B o o t h ’ s  ( 1 9 4 8 b )  i n t e r p o l a t i o n  

m e t h o d ,  w e r e  x = 0 . 6 7 0 0 ,  y  = 0 . 4 1 6 4 ,  z = 0 .  W i t h  z = 0 

t h e  b r o m i n e  p e a k s  i n  t h e  H a r k e r  s e c t i o n s  u = \  a n d  v  = \
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Figure 2 .1  

The three Harker se c tio n s  at u « v * 

and w » h. Contours are drawn at arb itrary  

in te r v a ls .



b*
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2
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h a v e  f o u r - f o l d  w e i g h t  I n s t e a d  o f  t w o - f o l d .  T h i s  a g r e e d  

w i t h  t h e  o b s e r v e d  p e a k  h e i g h t s .

A 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  w i t h  t h e  b r o m i n e  a to m  

I n  t h e  a b o v e  p o s i t i o n  g a v e  an  R - f a c t o r  o f  6 3/S. W i th  z B r  = 0 

t h e  f i r s t  e l e c t r o n - d e n s i t y  map b a s e d  on b r o m i n e  p h a s e  a n g l e s  

an d  o b s e r v e d  a m p l i t u d e s  c o n t a i n e d  p s e u d o - m i r r o r  p l a n e s  a t  

z = 0 ,  h i  e t c .  I t  was p o s s i b l e  t o  d i s c e r n  m o s t  o f  t h e  

a tom s  f r o m  t h i s  m ap ,  b u t  t h e  a m b i g u i t y  c a u s e d  by  t h e  p s e u d o  

sy m m etry  p r e v e n t e d  i n c l u s i o n  o f  many o f  t h e m  a t  t h i s  s t a g e .  

H o w e v e r ,  t h e  p h e n y l  r i n g  was c l e a r l y  o f f  t h e  p s e u d o - m i r r o r  

p l a n e  a n d  was  i n c l u d e d  i n  t h e  s e c o n 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 ,  w h i c h  r e d u c e d  R t o  56/S. I n  t h e  f o l l o w i n g  F o u r i e r  

map t h e r e  was  n o  l o n g e r  c o m p l e t e  p s e u d o  sy m m e t ry  a n d  t h e  

o r i e n t a t i o n  o f  a  s i x - m e m b e r e d  r i n g  was  f o u n d .  T h i s  r i n g  

was i n c l u d e d  a s  w e l l  a s  an  o x y g e n  o f  t h e  p - b r o m o b e n z o a t e  

g ro u p  i n  t h e  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 ,  w h i c h  

l o w e r e d  R t o  50/S. T h r e e  f u r t h e r  r o u n d s  o f  s t r u c t u r e - f a c t o r  

and  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 s  a l l o w e d  t h e  r e m a i n i n g  

a toms t o  b e  i n c l u d e d .  At t h i s  p o i n t  R was 33% • ( C a r b o n  

atom C ( 1 8 )  was t h e  l a s t  a t o m  t o  b e  i n c l u d e d  s i n c e  i t  was  

r e l a t e d  t o  c a r b o n  a t o m  C ( 1 2 )  b y  a  p s e u d o - m i r r o r  p l a n e . )

In  t h e s 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  an  o v e r a l l  i s o t r o p i c  

t e m p e r a t u r e  p a r a m e t e r  o f  U^s o  = 0 . 0 5  A2 was  u s e d .
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5 .  S t r u c t u r e  r e f i n e m e n t

P o s i t i o n a l  a n d  t h e r m a l - v i b r a t i o n  p a r a m e t e r s  a s  w e l l

a s  l a y e r - s c a l e  f a c t o r s  w e r e  r e f i n e d  by  l e a s t - s q u a r e s

m e th o d s  u s i n g  t h e  b l o c k - d i a g o n a l  a p p r o x i m a t i o n .  The

f u n c t i o n  m i n i m i s e d  was R = E w ( | F  | -  |F  | ) 2 .
h k £  °  c

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

o f  l e a s t  s q u a r e s ,  R b e i n g  1 5 . 5 # -  R e f i n e m e n t  was t h e n  c o n ­

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

1145 hic£ r e f l e x i o n s  w e r e  a d d e d  a t  t h i s  s t a g e  a n d  c o r r e c ­

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

p e r s i o n  o f  b r o m i n e  a n d  o x y g e n  w e r e  a p p l i e d .  At f i r s t ,  

l a y e r - s c a l e  f a c t o r s  w e r e  r e f i n e d ,  b u t  t h e y  w e r e  o b s e r v e d  

t o  o s c i l l a t e  t o g e t h e r  w i t h  t h e  U ^ f s .  T h e r e f o r e  t h e  d a t a  

were  p u t  on a  common a b s o l u t e  s c a l e  u s i n g  t h e  l a y e r - s c a l e  

f a c t o r s  o b t a i n e d  a t  t h e  e n d  o f  t h e  i s o t r o p i c  r e f i n e m e n t .

The a n i s o t r o p i c  r e f i n e m e n t  was c o n t i n u e d  w i t h  one  o v e r a l l  

s c a l e  f a c t o r  a n d  i t  r e a c h e d  c o n v e r g e n c e  a t  R » 1 1 . 7 # .  At 

t h i s  p o i n t  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  was c o m p u t e d  

and 21 o f  t h e  39 h y d r o g e n  a to m s  w e r e  l o c a t e d  on p e a k s  w i t h  

h e i g h t s  o f  a b o u t  0 . 3 0  eA*"3 ; t h e  r e m a i n i n g  18 w e r e  i n  d i f ­

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

from g e o m e t r i c a l  c o n s i d e r a t i o n s .  7 The  h y d r o g e n  a t o m s  w e r e  

i n c l u d e d  b u t  t h e i r  p a r a m e t e r s  w e r e  n o t  r e f i n e d  i n  t h e
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s u b s e q u e n t  l e a s t - s q u a r e s  c y c l e s .  T h e i r  a s s u m e d  t e m p e r a ­

t u r e  f a c t o r s  w e r e  t h o s e  o f  t h e  a p p r o p r i a t e  c a r b o n  a to m s

a t  t h e  c o n c l u s i o n  o f  t h e  I s o t r o p i c  r e f i n e m e n t .  The  a v e r a g e  

v a l u e  o f  t h e  p a r a m e t e r  s h i f t s  i n  t h e  l a s t  c y c l e  was 0 . 2 a

a n d  t h e  l a r g e s t s h i f t  was  0 . 7cr. At t h e e n d  o f  t h e  r e f i n e -

ment R was 1 0 . 5 # a n d  R* was 0 . 0 2 1 5 . / summary o f  t h e

l e a s t - s q u a r e s  r e f i n e m e n t  i s shown b e l o w .  (R = S | A j / S | F o | ;

R f = I wA2/ £ wF 0 2 )

C y c l e No. R R f
No. o f  

r e f l e x i o n s P a r a m e t e r s  r e f i n e d

1 0 . 2 8 0 1578 x>y>z> Ul g o  f o r
2 0 . 2 0 3 tt B r ,  0 ,  C +

3 0 . 1 7 4 if » l a y e r - s c a l e
4 0 . 1 6 0 i t f a c t o r s

5 0 . 1 5 5 i t

6 0 . 1 5 8 0 . 0 3 4 8 2723 x , y , z ,  U± , ( i , J  =

7* 0 . 1 2 4 0 . 0 2 9 2 i t ► 1 , 2 , 3 )  f o r  B r ,  0 ,  C +
8 0 . 1 1 7 0 . 0 2 5 0 ii > l a y e r - s c a l e  f a c t o r s

9 0 . 1 2 1 0 . 0 2 4 6 i i x , y , z ,  u  ( i , j  =

10* 0 . 1 1 6 0 . 0 2 8 1 i i 1 , 2 , 3 )  f o r  B r ,  0 ,  C +
11 0 . 1 1 7 0 . 0 2 7 5 it on e  o v e r a l l  s c a l e  f a c t o r
12 0 . 1 1 3 0 . 0 2 6 7 t i

13 0 . 1 1 1 0 . 0 2 4 0 i t a s  a b o v e ;  h y d r o g e n
14 0 . 1 0 7 0 . 0 2 2 6 i t a t o m s  i n c l u d e d  b u t

15 0 . 1 0 6 0 . 0 2 1 9 i i n o t  r e f i n e d
16 0 . 1 0 5 0 . 0 2 1 5 i t

17 0 . 1 0 5 0 . 0 2 1 5 »» / ( s t r u c t u r e  f a c t o r s  
o n l y )

*A d j u s t m e n t s  I n t h e  p a r a m e t e r s  o f  t h e w e i g h t i n g  sch e m e
were  m a d e .
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The s h i f t  f a c t o r  u s e d  i n  e a c h  c y c l e  was 0 . 8  a n d  t h e  

w e i g h t i n g  sch e m e  w a s :  w = ( p i  + | F q | + p 2 | F q | 2 + p 3 | | 3) — 1.

The v a l u e s  o f  t h e  p a r a m e t e r s  p i ,  P 2 , a n d  p 3 w e r e  a d j u s t e d  

d u r i n g  t h e  r e f i n e m e n t  i n  o r d e r  t o  m i n i m i s e  t h e  v a r i a t i o n  o f  

wA2 a s  a  f u n c t i o n  o f  | F Q | . I n i t i a l l y  t h e  p 3 t e r m  was s e t  

a t  z e r o .  The  f i n a l  v a l u e s ,  p i  = 5 . 0 ,  p 2 = 0 . 1 ,  p 3 = 0 . 0 0 0 2 ,  

g a v e  t h e  f o l l o w i n g  a n a l y s i s  o f  a v e r a g e d  wA2 a s  a  f u n c t i o n

o f  | F 0 I a n d  o f  s i n 0/A a t  t h e  e n d  o f  t h e r e f i n e m e n t :

| f  11 O 1 <wA2>
No. o f  

r e f l e x i o n s s i n 0/A
N o . o f  

<wA2> r e f l e x i o

0-  18 0 . 0 8 8 2019 0 . 0- 0 . 2 0 . 1 0 5 179

18-  36 0 . 0 8 0 407 0 . 2- 0 . 4 0 . 0 8 7 124 7

3 6 -  71 0 . 0 9 1 219 0 . 4 - 0 . 6 0 . 0 8 6 1280

7 1 - 1 4 3 0 . 1 1 0 69 0 . 6 - 0 . 8 0 . 0 8 0 16

1 4 3 - 2 8 5 0 . 1 2 7 8

As c a n  b e  s e e n  t h e r e i s  l i t t l e v a r i a t i o n i n  <wA2>.

At t h e  c o n c l u s i o n  o f  t h e  r e f i n e m e n t  a  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  map was  c a l c u l a t e d .  The  c o m p o s i t e  map a n d  

i t s  i n t e r p r e t a t i o n  t o g e t h e r  w i t h  t h e  n u m b e r i n g  sch e m e  o f  

n o n - h y d r o g e n  a t o m s  a r e  shown i n  F i g u r e  2 . 2 .  The  h y d r o g e n  

a toms a r e  n u m b e r e d  a c c o r d i n g  t o  t h e  c a r b o n  a t o m s  t o  w h i c h  

t h e y  a r e  b o n d e d .

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

and o x y g e n ,  a n d  t h e  a t o m i c  s c a t t e r i n g  f a c t o r s  w e r e  t a k e n
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Figure 2 .2

Composite three-d im ensional e lec tro n -d en sity  

map, viewed along the c -a x is ,  and i t s  in te r ­

p reta tio n  with the numbering scheme. The

contours s ta r t  at 1 eA * and are drawn at
• -  *in te r v a ls  o f  1 eA * except around the bromine 

atom where the in te r v a ls  are 3 eX” 1.
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f ro m  I n t e r n a t i o n a l  T a b l e s  f o r  X-Ray C r y s t a l l o g r a p h y  ( 1 9 6 2 )  

e x c e p t  t h e  s c a t t e r i n g  f a c t o r s  f o r  b o n d e d  h y d r o g e n  a to m s  

w h ic h  w e r e  t h o s e  o f  S t e w a r t ,  D a v i d s o n ,  a n d  S i m p s o n  ( 1 9 6 5 ) *  

The f i n a l  f r a c t i o n a l  c o o r d i n a t e s  f o r  n o n - h y d r o g e n  

a t o m s ,  t h e i r  a n i s o t r o p i c  t e m p e r a t u r e  p a r a m e t e r s ,  a n d  f r a c ­

t i o n a l  c o o r d i n a t e s  f o r  h y d r o g e n  a to m s  w i t h  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  a r e  l i s t e d  i n  T a b l e s  2 . 1 ,  2 . 2 ,  a n d  2 . 3 *  

r e s p e c t i v e l y .  T h e i r  e . s . d . ' s  w e r e  d e r i v e d  f r o m  t h e  i n v e r s e  

o f  t h e  l e a s t - s q u a r e s  m a t r i x .  The  v a l u e s  o f  t h e  o b s e r v e d  

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  a r e  g i v e n  i n  T a b l e  2 , k .
o

Atomic  c o o r d i n a t e s ,  i n  A, a r e  shown i n  T a b l e  2 . 5 *  a n d  t h e  

p r i n c i p a l  v a l u e s  o f  t h e  v i b r a t i o n  t e n s o r s  w i t h  t h e i r  d i r e c ­

t i o n  c o s i n e s  i n  T a b l e  2 . 6 .  T a b l e s  2 . 7  a n d  2 . 8  l i s t  m o l e ­

c u l a r  d i m e n s i o n s  w i t h  e . s . d . ! s a n d  n o n - b o n d e d  d i s t a n c e s ,  

r e s p e c t i v e l y .
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TABLE 2 .1

FRACTIONAL COORDINATES AND E . S . D . s

ATOM x / a y / b z / c

C(1) 0 .4 6 4 3 + 6 0 .2 3 2 7 + 6 0 .8 7 6 9  + 15

C(2) 0.4011 + 5 0 .2 7 5 3 + 5 0 .9 5 3 6  + 13

C(3) 0 .3 6 0 9 + 5 0 .3174 + 5 0 .8 2 0 3  + 13

C(4) 0 .3 5 6 3 + 6 0 .3 8 9 8 + 6 0 .8 7 0 8  + 16

C(5) 0 .3 2 6 2 + 5 0 .4 2 7 2 + 5 0 .7 2 6 7  + 14

C(6) 0 .2 5 4 3 + 5 0 .3 9 8 2 + 5 0 .6 2 9 7  ± 15

C(7) 0 .2 5 8 5 + 5 0 .3 2 8 5 + 5 0 .6 0 2 7  + 14

C(8) 0.2831 + 5 0.2891 + 5 0 .7 56 4  + 13

C(9) 0 .2 9 6 8 + 5 0.2201 + 5 0 .7 1 4 2  + 13

C( 10) 0 .3 7 3 7 + 5 0.2041 + 5 0 .6 1 3 2  + 14

c( 11) 0 .4 4 9 9 + 5 0 .1 9 3 0 + 4 0 .7 1 7 3  ± 16

C(12) 0 .5 1 4 7 + 5 0 .2 0 8 3 + 6 0 .5 9 3 8  + 19

c( 13) 0 .5 5 6 7 + 6 0 .2 5 6 8 + 7 0 .6 4 6 9  + 20

C(i4) 0 .5 3 2 6 + 7 0 .2 8 2 8 + 7 0 .8 2 4 6  + 17

c( 15) 0.4591 + 6 0 .1 1 9 9 + 5 0 .7 6 3 5  ± 19

C(16) 0.3101 + 8 0 .4 0 7 3 + 6 1 .0297  + 14

C{ 17) 0 .5 2 3 7 + 8 0 .0 8 5 9 + 7 0 .7 3 5 7  + 24

C(18) 0 .5 1 6 7 + 7 0 .1 9 5 5 + 8 0 .3 9 8 9  + 20

C (19) 0 .3 9 5 7 + 9 0 .0 8 8 8 7 • 0 .8 6 3 3  ± 22

C(20) 0 .2141 + 5 0 .2 8 8 7 + 6 0 .8 8 8 7  + 15
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C(21) 0 .2 7 4 9  + 6

C(22) 0 .2 7 6 9  + 5

C(23) 0 .2 4 5 6  + 7

C(24) 0 .3 9 2 4  + 5

C(25) 0 . 4 6 2 6  + 6

C(26) 0 .4 8 6 5  + 7

C(27) 0 .5 4 5 7  + 7

C(28) 0 .5 8 4 3  + 6

C(29) 0 .5 6 4 8  + 8

C(30) 0 .5 0 2 4  + 6

0(1) 0 .3 5 1 5  ± 4

0(2) 0 .3 8 8 6  + 4

0(3) 0 .2 4 2 3  + 3

0(4) 0 .3 5 5 2  + 3

B r ( l ) 0 .6 6 8 0  + 1

1853 + 7 0 .2 9 3 2 + 15

1539 + 5 0 .4 7 6 7 + 14

0843 + 6 0 .4 7 6 3 + 18

4698 + 6 0 .4 7 1 0 + 16

4551 + 5 0 .3 5 5 3 + 15

5039 + 6 0 .2 3 0 7 + 22

-P=
-

VO C c + 6 0 .1 3 1 7 + 16

4336 + 5 0 .1 3 5 5 + 15

3853 + 6 0 .2 4 5 7 + 23

3961 + 5 0 .3 6 4 9 + 14

516^ + 4 0 .4 6 0 8 + 12

4219 + 3 0 .5 8 8 6 + 11

1925 + 3 0 . 6 o 41 + 10

1467 + 3 0.5231 + 10

4176 + 1 - 0 .0 0 5 5 Hh 2

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0
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TABLE 2 . 2
o2

ANISOTROPIC TEMPERATURE PARAMETERS AND E . S . D . s  (A )

ATOM u
11

u
22

u
33

2U
23

2U
31

2U
12

C(1) 0.0871
62

0.1431
92

0 .0 8 0 5
74

0.0164
136

- 0 .0 0 5 2
118

0 .0 3 0 0
124

C(2) 0 .0 7 3 7
50

0 .0 9 5 2
60

0 .0 8 6 3
76

-O.OO69
107

- 0 .0 3 3 6
92

0 .0 1 5 3
88

c(3) 0 .0 6 5 8
46

0.0991
64

0 .0 7 9 0
67

0 .0 0 7 6
102

- 0 .0 0 8 8
88

O.OI67
86

C(4) 0 .0 7 3 7
54

0 .1 1 5 7  
76

0 .1 0 7 2
88

-0 .0021
128

- 0 .0 1 2 7
113

- 0 .0 1 9 8
100

C(5) 0 .0 7 1 4
51

0 .0 9 1 9
60

0 .1 0 6 5
77

0.0101
114

0 .0 2 4 0
106

0 .0 3 3 2
97

c(6) 0 .0 5 8 4
43

0 .1 1 4 9  
73

0 .0 9 3 3
79

0 .0 25 8
115

0 .0 0 5 4
95

0 .0 1 1 7
89

c ( 7 ) 0 .0 6 9 4
48

0 .0 9 1 3
59

0 .0 8 2 7
65

0 .0 1 6 5
100

- 0 .02 5 5
97

0.0191
84

c(8) 0 .0 5 5 7
39

0 .0 9 2 7
58

0 .0 8 1 5
69

0 .0 2 3 9
100

- 0.0021
8 0 .

0 .0 0 2 7
80

C(9) 0 .0 6 6 0
46

0 .0 9 7 5
62

0 .0 7 4 3
66

0 .0 0 5 6
101

0 .0 1 2 3
86

- 0 .0 1 6 7
84

C(10) 0.0711
46

0 .0 76 4
52

0.0931
68

- 0 . 0 0 2 2
99

- 0 .0 3 0 0
96

- 0 . 0 0 7 6
80

c(n) 0 .0 5 8 5
42

0 .0 7 9 0
54

0 .1 1 8 2  
81

-0 .0291
104

- 0 . 0 4 1 9
94

0 .0 3 0 6
77

C(12) 0 .0 5 2 4
43

0 .1 3 0 8
84

0 .1 4 1 8
100

o .o o 4 6
154

- 0 .0 2 0 4
107

0 .0 1 1 7
100

C(13) 0.0601
48

0 .1 6 3 0
110

0.1391
114

- 0 .0 0 6 7
173

0 .0 0 4 0
125

0 .0 0 5 8
115



125

C(14) c • c C
D

cr
\ro

OJ 
-p- 0 . 1 6 5 9

108
0 .1 1 9 5  

105
0 .0 1 2 2

179
- 0 .0 6 9 6

136
- 0 .0 4 5 3

143

C(15) 0 .0 9 0 7
68

0 .1 0 3 0
74

0.1311
98

0 .0194
140

- 0 . 0 5 7 7
144

0 .0 3 4 9
112

C (16) 0 .1 1 8 0
79

0 .1 4 6 3
95

0 .0 6 3 7
74

- 0 .0 5 0 0
131

- 0 .0 1 3 3  
118

0 .0 1 4 8
134

C(17) 0 .1 2 2 3
97

0.1431
104

0 .1 6 2 0
131

- 0 .0 1 6 7
207

- 0.0651
196

0 .1 0 2 2
169

C (l8 ) 0 .0 8 9 7
70

0.1941
140

0 .1 1 9 9  
103

- 0 .1 0 6 6
200

0 .0 7 6 6
144

-0 .06 7 1
165

C(19) 0 .1 4 5 8
112

0 .1 1 7 5
88

0 .1 4 0 0
126

0 .1 0 2 6
178

- 0 .0 1 4 8
188

0 .0 2 8 7
160

C(20) 0 .0 7 4 4
53

0 .1 3 2 9
82

0 .0 8 0 9
73

0 .0 4 5 9
126

0 .0 2 8 6
101

0 .0 0 5 7
112

C(21) 0 .0 82 4
60

0 .1 6 1 9
102

0 .0 6 8 4
72

0 .0 2 5 7
130

0 .00 1 0
100

- 0 .0 0 2 9
130

C(22) 0 .0 7 1 3
48

0 .1 1 7 6
70

0.0781
70

- 0 . 0 1 7 9
115

-0 .0351
100

- 0 .0 2 3 9
95

C(23) ' 0 .1 1 0 7
78

0 .1 0 3 3
71

0 .1 2 5 9
106

- 0 . 0 0 4 7
155

- 0 .0 5 4 8
154

- 0 .0 0 5 6
112

C(24) 0 .0 7 4 7
54

0 .1 3 6 9
85

0 .0 9 7 4
88

0.0291
150

- 0 .0 2 1 7
113

- 0 .0 0 1 8
109

C(25) 0 .0 7 4 6
52

0 .1 0 4 5
71

0 .1 0 5 9
85

0 .0 00 5
122

- 0 .0 0 7 5
113

0 .0 0 0 7
98

C(2 6) 0 .1 0 2 5
79

0 .1 1 1 0
85

0 .1 6 1 2
121

0 .0 5 7 9
167

0 .0 1 6 5
162

0 .0 4 9 6
128

C(27) 0 .1 1 2 9
83

0 .1 4 2 0
101

0 .0 9 0 7
84

0 .0 4 5 9
148

0 .0 2 5 4
148

0.0011  
145

C(28) 0 .0 9 9 6
66

0 .0 9 7 5
67

0 .0 9 2 4
81

- 0 .0 1 5 9
118

0 .0 61 4
121

- 0 .0 0 8 3
108

C(29) 0 .1 0 5 7
79

0 .0 9 7 3
72

0 .1 5 7 3
119

- 0 .0 1 5 7
155

0 .0 2 1 2
171

0 .0 2 6 6
123
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c(30) 0 ,1051
70

O.O876
58

0 .0 8 1 7
74

0 .0 0 4 3
104

0 .0 3 0 9
118

0 .0 1 1 4
102

0(1) 0 .1101
52

0 .1 1 0 7
50

0 .1 3 4 9
69

0 .0 4 5 8
98

0 .0 3 9 5
98

0 .0 8 1 9
85

0(2) 0 .0 7 4 5
36

0 .0 8 3 5
38

0 .1 2 4 7
55

0 .02 6 2
76

0 .0 3 1 5
72

0 .0 2 2 7
61

0(3) 0 .0 5 9 6
29

0 .1 0 0 6
43

0 .1 0 0 3
49

-0 .0 1 8 9
74

0 .0 22 2
. 64

0 .0 02 8
58

0(4) 0 .0691
32

0 .1 0 0 8
42

0.1041
51

- 0 .0 0 1 4
80

0 .0 1 1 6
72

0 .0 1 9 7
59

Br(1) 0 .1 2 2 2
10

0 .1 3 7 5
10

0 .1 3 3 9
12

- 0 .0 2 1 3
20

0 .0 8 7 2
21

- 0 .0 2 1 6
16
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TABLE 2 . 3

HYDROGEN- ATOM FRACTIONAL COORDINATES 
AND ISOTROPIC TEMPERATURE PARAMETERS

o2
ATOM x / a y / b z /o U (

H( 1) 0 .4 7 4 0 .1 9 9 0 .9 7 6 0 .1 1 7

H(2)

H(2)

0 .3 5 9 0 .2 4 3 1 .001 o .o 8 4

0 .4 2 4 0 .3 0 6 1.044 0 .0 8 4
2

H (3) 0 .3 9 9 0 .3 1 2 0 .7 1 2 0.071

H(4) 0 .4 1 3 0 .4 0 9 0 .8 8 4 0 .0 9 7

H(5) 0 .3 1 6 0 .4 7 7 0 .7 3 4 0 .0 8 0

H(6)

H(6)

0 .2 1 4 0 .4 0 6 0 .7 1 9 0 .0 7 7

0 .2 4 9 0 .4 3 0 0 .5 1 3 0 .0 7 7
2

H(7)

H(7)

0.211 0 .3 1 3 0 .5 6 5 0 .0 8 2

0 .3 0 4 0 .3 2 2 0 .5 1 2 0 .0 8 2  •
2

H(9) O.292 0 .2 0 4 0 .8 4 8 0 .0 7 5

H( 10) 0 .3 8 4 0 .2 5 0 0 .5 6 6 0 .0 7 9

H(13) 0 .6 0 2 0 .2 8 2 0 .5 7 3 0 .0 9 5

H(l4)

H(14)1
2

0 .5 1 4 0 .3 3 3 0 .8 2 4 0 .1 1 2

0 .5 7 5 0 .2 8 8 0.891 0 .1 1 2

H(16) 

H( 16)

0 .3 0 7 0 .4 6 9 1.033 0 .1 1 7

0 .2 4 3 o .4 o 6 1.023 0 .1 1 7
2

H(16)
, 3

0 .3 2 5 0 .3 8 5 1 .1 4 9
/ •

0 .1 1 7

H(17)

H(17)
2

0 .5 1 8 0.031 0 .7 4 7 0 .1 2 7

0 .5 7 8 0 .1 1 3 0 .7 2 4 0 .1 2 7
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H 18)
1

18)
2

0 .4 7 4 0 .1 6 0 0 .4 1 2 0 .1 0 9

H 0 .5 0 9 0 .2 3 2 0 .3 0 8 0 .1 0 9

H 18)
3

0 .5 6 8 0 .1 8 2 0 .3 3 5 0 .1 0 9

H 19)
1

19) o

0 .3 3 6 0 .0 8 8 0 .8 3 0 0 .1 1 7

H 0 .4 0 9 0 .0 4 2 0 .8 8 7 0 .1 1 7

H
CL

19)
3

0 .3 8 9 0 .1 2 2 0 .9 8 3 0 .1 1 7

H 20)
1

20)
2

0 .2 2 7 0 .2 6 0 0.991 0 .0 9 3

H 0 .1 9 6 0 .3 3 4 0 .9 4 8 0 .0 9 3

H 20)
3

0 .1 6 0 0 .2 6 7 0.881 0 .0 9 3

H 21)
1

21)
2

0 .3 1 4 0 .1 7 5 0 .1 8 8 0 .1 0 8

H 0 .2 2 3 0 .2 0 5 0 .3 2 9 0 .1 0 8

H 21)
3

0 .3 2 6 0 .2 1 5 0 .2 9 4 0 .1 0 8

H 2 3 )
1

23)
2

0 .2 6 6 0 .0 4 8 0 .4 1 7 0.101

H 0 .2 4 3 0 .0 7 5 O.618 0.101

H 2 3 )
3

0 .2 0 2 0.061 0 . 4 o4 0.101

H 26) 0.451 0 .5 4 6 0 .2 1 6 0 .1 1 3

H 2 7 ) O.566 0 .5 2 8 0 .0 4 6 0 .1 0 4

H 2 9) 0 .5 7 8 0 .3 2 4 0 .2 4 5 0 .0 9 8

H 30 ) 0 .4 8 4 0.361 0.451 0 .0 9 2
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TABLE 2 .5  
o

COORDINATES IN ANGSTR0 M AND E . S . D . s

X Y Z

8 .1 1 7 + 1 1 4 .7 9 9 + 13 6 .8 0 5 +

7 .0 1 2 + 9 5 .6 7 6 + 10 7 .4 0 0 +

6 .3 0 9 + 9 6 .5 4 6 + 10 6 .3 6 6 +

6 .2 2 9 + 10 8 .0 3 8 + 12 6 .7 5 8 +

CV1oin + 9 8 .8 0 8 + 10 5 .6 4 0 +

4 .4 4 6 4* 9 8 .2 1 0 + 10 4 .8 8 6 +

4 .5 1 8 + 9 6 .7 7 4 + 10 4 .6 7 7 +

4 .9 4 9 + 8 5.961 + 9 5 .8 7 0 +

5 .1 8 9 + 8 4 .5 3 9 + 10 5 .5 4 2 +

6.531 + 8 4 .2 0 8 + 9 4 .7 5 8 +

7 .8 6 4 + 8 3 .9 7 9 + 9 5 .5 6 6 +

8 .9 9 7 9 4 .2 9 5 + 13 4 .6 0 8 +

9-731 + 10 5 .2 9 5 + 14 5 .0 2 0 +

9 -30 9 + 12 5 .8 3 2 + 15 6 .3 9 9 +

8 .0 2 5 + 11 2 .4 7 3 + 11 5 .9 2 5 +

5 .4 2 0 + 13 8 .3 9 8 + 13 7.991 +

9 .1 5 4 + 15 1 .772 + 15 5 .7 0 9 +

9 .0 3 2 + 12 4 .0 3 2 + 16 3 .0 9 5 +

6 .9 1 6 + 16 1 .831 /+ 14 6 .6 9 9 +

3 . 7^2 + 9 5 .9 5 3 + 12 6 .8 9 6 +
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C(21) 4 .8 0 5 + 1 1 3.821 + 14 2 .2 7 5 + 12

C(22) 4 .8 4 0 4* 9 3 .17 4 + 11 3 .6 9 9 + 11

C(23) 4 .2 9 3 + 12 1.738 + 12 3 .6 9 6 + 14

C(24) 6 .8 5 8 + 9 9 .6 8 8 + 12 3 .6 5 5 + 12

C(25) 8 .0 8 7 + 10 9 .3 8 4 + 1 1 2 .7 5 8 + 12

C(2 6 ) 8 .5 0 5 + 12 10.390 + 12 1 .790 + 17

C(27) 9 .5 3 9 + 13 10.103 + 13 1 .022 + 12

C(28) 10.214 + 11 8 .9 4 0 + 10 1 .052 + 12

C(29) 9 .8 7 2 + 13 7 .9 4 5 + 12 1 .906 + 18

C(30) 8 .781 + 11 8 .1 6 7 + 10 2 .8 3 2 + 11

0(1) 6 .1 4 4 + 8 10 .649 + 8 3 .5 7 6 + 9

0(2 ) 6 .7 9 3 + 6 8 .7 0 0 + 7 4 .5 6 8 + 8

0(3 ) 4 .2 3 5 + 6 3 .9 7 0 + 6 4 .6 8 8 + 8

0(4 ) 6 .2 0 9 + 6 3 .0 2 5 + 6 4 .0 5 9 + 8

B r ( l ) 1 1 .6 7 6 + 1 8 .6 1 2 + 1 - 0 . 0 4 2 + 2
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TABLE 2 . 6

PRINCIPAL VALUES OP VIBRATION TENSORS 
AND THEIR DIRECTION COSINES REFERRED 

TO CRYSTAL AXES

ATOM
o2 

U(A ) D1 D2 D3

C( l ) 0 .1 4 7 7
0 .0 7 6 7
0 .0 8 6 4

0 .2 3 4 6
0 .52 1 4
0 .8 2 0 4

0 .9 6 6 0
- 0 .2 1 9 5
- 0 . 1 3 6 7

0 .1 0 8 9
0 .8 2 4 6

- 0 . 5 5 5 2

C(2) 0 .0 6 1 5
0.1041
0 .0 8 9 6

0 .8 2 9 3
-0 .4 87 1

0 .2 7 3 8

- 0 . 1 3 2 6
- 0 . 6 4 7 5
-0 .7 5 0 4

0 .5 4 2 9
0 .5 8 6 0

- 0 .6 0 1 6

c(3) 0 .1 0 1 4
0 .0 6 2 2
0 .0 8 0 3

0 .2 1 2 2
0 .9 2 4 4
0.3171

0 .9 6 9 5
- 0 .2 3 9 9

0 .0 5 0 5

0 .1 2 2 7
0 .2 9 6 7

- 0 .9 4 7 0

C(4) 0 .0 7 0 4
0 .1 1 7 9
0 .1 0 8 3

0 . 9616 
- 0 .2 2 3 3  
- 0 . 1 5 9 5

0 .2 1 4 0
0.9741

- 0 .0 7 3 8

0 .1 7 1 9
0 .0 3 6 8
0 .9 8 4 4

C(5) 0 .0 6 0 7  
0 .1 1 5 2  
0 .0 9 3 9

- 0 .8 8 0 2
0 .3 9 1 0
0 .2 6 8 9

0 .4 3 8 2
0 .4 5 2 3
0 .7 7 6 8

0.1821
0 .8 0 1 6

- 0 .5 6 9 4

C( 6) 0 .1 2 1 6
0 .0 5 7 7
0 .0 8 7 3

0 .1 0 1 4
- 0 .9 9 4 8
- 0 . 0 0 1 0

0 .9 0 1 4
0 .0 9 2 3

- 0 . 4 2 3 0

0 .4 2 0 9
0 .0 4 2 0
0 .9 0 6 2

C(7) 0.0571
0 .0 9 6 5
0 .0 8 9 8

0 .7 9 1 7  
0 .1 1 2 2  

- 0 . 6 0 0 5

- 0 . 3 4 3 2
0 .8 9 4 9

- 0 . 2 8 5 3

0 .5 0 5 4
0 .4 3 1 9
0 .7 4 7 0

0(8) 0 .1 0 0 3
0 .0 5 5 6
0 .0 7 4 0

0 .0 1 2 9
0.9961
0 .0 8 7 4

0 .8 4 4 3
- 0 . 0 5 7 7

0 .5 3 2 8

0 .5 3 5 8
0 .0 6 6 9

- 0 . 8 4 1 7

0(9) 0 .0 9 9 6
0 .0 6 0 7
0 .0 7 7 5

- 0 . 2 3 1 8
- 0 . 8 6 8 3

0 .4 3 8 5

0 .9 7 1 4
- 0 . 2 3 0 3

0 .0 5 7 5

0.0511
0 .4 3 9 3
0 .8 9 6 9

0(10) 0 .1 0 0 7
0 .0 6 2 4
0 .0 7 7 5

- 0 .4 5 4 7
0 .8 6 1 7

- 0 . 2 2 5 4

0 .0 3 0 8
0.2681
0 .9 6 2 9

0.8901
0 .4 3 0 9

- 0 .1 4 8 4
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C( l l ) 0 .1 3 1 5
o .o 4 8 o
0 .0 7 6 2

- 0 . 3 2 4 5
0 .9 1 2 8
0 .2 4 7 9

- 0 .3 3 9 3
- 0 .3 5 7 0

0 .8 7 0 3

0 .8 8 2 9
0 .1 9 8 3
0 .4 2 5 6

C(12) 0 .0 5 0 8
0 .1 4 3 2
0 .1 3 1 0

0 .9 9 0 7
-0 .1 0 21
- 0 . 0 8 9 8

- 0 .0 7 5 7
0 .1 3 5 0

- 0 .9 8 8 0

0 .1 1 2 9  
0 .9 8 5 6  
0 .1 2 6 0

C(13) 0 .0 6 0 0
0 .1 6 3 5
0 .1 3 8 7

- 0 . 9 9 9 2
- 0 .0 2 5 2

0.0301

0 .0 2 9 0
- 0 . 9 9 0 7

0 .1 3 3 0

0 .0 2 6 5
0 .1 3 3 8
0 .9 9 0 7

C(l4) 0 .0 5 9 0
0 .1 7 6 2
0 .1 3 2 7

0 .8 6 3 2
- 0 .3 2 7 0
- 0 . 3 8 4 8

0 .1554
0 .8 9 7 0

- 0 . 4 1 3 7

0 .4 8 0 4
0 .2 9 7 3
0.8251

C(15) 0 .0 6 5 2
0.1461
0 .1 1 3 5

O.7831
- 0 . 4 5 8 0
- 0 .4 2 0 6

- 0 .4 6 6 5
0 .0 1 4 6

-0 .8 8 4 4

0 .4 1 1 2  
0 .8 8 8 8  

- 0 . 2 0 2 3

C(16) 0 .0 5 6 4
0 .1 5 5 4
0 .1 1 6 2

0 .0 7 2 5
- 0 .2 3 3 0

0 .9 6 9 8

0 .2 6 1 7
- 0 .9 3 3 8
- 0 .2 4 3 9

0 .9 6 2 4
0 .2 7 1 4

- 0 .0 0 6 7

C(17) 0 .0 7 5 6
0 .2 0 3 8
0 .1 4 8 0

0 .7 8 7 9
- 0 . 5 8 7 4
- 0 .1 8 5 0

- 0 .5 6 6 3
- 0 .5 7 2 9
- 0 . 5 9 2 5

0 .2 4 2 0
0 .5 7 1 6

- 0 . 7 8 4 0

C(18) 0 .2 3 7 4
0 .0 6 3 6
0 .1 0 2 7

0.3101
- 0 .8 1 4 4
- 0 .4 9 0 4

- 0 . 8 2 3 8
0 .0 2 7 3

- 0 .5 6 6 3

0 .4 7 4 6
0 .5 7 9 6

- 0 .6 6 2 4

C(19) 0 .0 7 2 8
0 .1 8 1 6
0 .1 4 8 9

0 .2 1 2 0
0 .0 9 6 2

- 0 . 9 7 2 5

- 0 .7 65 4
0.6351

-0 .1041

0 .6 0 7 6
0 .76 6 4
0 .2 0 8 3

C(20) 0 .1 4 2 5
0 .0 6 0 6
0 .0 8 5 2

0 .1 1 6 4  
- 0 . 6 8 4 7  

0 .7 1 9 4

0 .9 2 1 5
- 0 .1 9 5 7
- 0 .3 3 5 4

0 .3 7 0 4
0 .7 0 2 0
0 .6 0 8 2

C (21) 0 .1 6 3 7
0 .0 6 6 6
0 .0 8 2 4

- 0 .0 1 6 9
- 0 . 0 4 3 7

0 .9 9 8 9

0 .9 9 0 9
- 0 . 1 3 4 2

0 .0 1 0 8

0 .1 3 3 6
0 .9 9 0 0
0 .0 4 5 6

C(22) 0 .0 5 3 4  
0.1211  
0 .0 9 2 6

0 .7 5 4 0
0 .1 8 9 6
0 .6 2 8 9

0 .2 2 6 2
- 0 .9 7 3 8

0 .02 2 4

0 .6 1 6 7
0 .1 2 5 4

-0 .7 7 71
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C(23) 0 .1 4 6 7
0 .0 8 8 9
0 .1 0 4 2

- 0.6051
0 .7 7 1 0

- 0 .1 9 8 6

-0 .0041
0 .24 6 4
0 .9 6 9 2

0 .7 9 6 2
0 .5 8 7 2

- 0 .1 4 5 9

C(24) 0 .1 4 2 0
0 .0 7 0 0
0 .0 9 7 0

- 0 .0 6 4 9
0 .9 1 2 8
0.4031

0 .9 4 3 8
- 0 .0 7 5 0

0 .3 2 1 8

o .3 2 4 o
0 .4 0 1 4

- 0 .8 5 6 7

C(25) 0 .0 7 4 2
0 .1 0 6 4
0 .1 0 4 5

0 .9 9 3 0
- 0 . 1 1 5 3
- 0 .0 2 5 2

-0 .0 1 2 4  
0 .1 1 0 6  

- 0 .9 9 3 8

0 .1 1 7 4  
0 .9 8 7 2  
0 .1 0 8 4

C(26) 0 .1 7 8 8  
0 .0 7 9 3  
0 .1 1 6 5

0 .2 4 0 3
0 .6 8 8 4
0 .6 8 4 4

0 .4 5 4 0
- 0 .7 0 2 8

0 .5 4 7 6

O.8580
0.1791

- 0 .4 8 1 4

C(27) 0 .0 7 8 0  
0 .1 5 1 5  
0.1161

- 0 . 3 1 9 8
0 .1 3 6 5

- 0 . 9 3 7 6

- 0 .3 17 4
0 .9 1 7 0
0 .2 4 1 8

0 .8 9 2 8
0 .3 7 4 9

- 0 .2 4 9 9

C(28) 0.1291
0 .0 6 4 8
0 .0 9 5 6

0 .7 1 3 4
- 0 .6 5 1 2
- 0 .2 5 8 9

- 0 .2 5 7 3  
0 .1 0 0 2  

- 0 .9611

0 .6 5 1 8
0 .7 5 2 3

- 0.0961

C(29) 0 .1 5 9 8
0 .0 8 5 3
0.1151

0 .1 7 0 8
- 0 .6 0 0 2
- 0 .7 8 1 4

- 0 . 0 8 6 9
0 .7 8 0 8

- 0 . 6 1 8 7

0 .9 8 1 5
0 .1 7 3 6
0 .0 8 1 2

C(30) 0 .1 1 4 2  
0 .0 7 4 0
0 .0 8 6 2

0 .8 7 4 5
- 0 .4 5 1 4

0 .1 7 7 5

0 .2 2 2 5
0 .0 4 8 3

- 0 . 9 7 3 7

0 .4 3 0 9
0 .8 9 1 0
0 .1 4 2 7

0(1) 0 .1 7 4 4
0 .0 6 9 4
0 . 1 1 1 9

0 .5 5 1 0
0 .6 9 9 0
0 .4 5 5 8

0 .5 7 2 4
-0 .7141

0.4031

0 .6 0 7 2
0 .0 3 8 9

- 0 .7 9 3 6

0(2) 0 .1 3 4 2
0 .0 6 6 0
0 .0 8 2 5

0 .2 9 6 3
- 0 . 8 7 2 8
- 0 . 3 8 7 8

0 .3 0 0 6
0 .4 7 0 6

- 0 .8 2 9 6

0 .9 0 6 5
0 .1 2 9 3
0 .4 0 1 8

0(3) 0 .0 5 6 4
0 .1 1 0 9  
0 .0 9 3 2

- 0 .9 6 1 2
0 .1 4 1 8
0 .2 3 6 7

0 .0 8 6 5
- 0 .6 5 9 5

0 .7 4 6 7

0 .2 6 2 0
0 .7 3 8 2
0 .6 2 1 7

0(4) 0 .0 6 5 4  
0 .1 0 5 4  
O'. 1032

- 0 .9 5 2 0
0 .2 4 8 7
0 .1 7 8 3

0 .2 6 8 0
0 .3 9 6 4
0.8781

0 .1 4 7 6
0 .8 8 3 8

- 0 .4 4 4 0

Br(1) o .o 8 4 o
0 . 1 7 7 7
0 .1 3 1 8

- 0 .7 5 5 0
0 .6 1 9 4
0 .2 1 5 3

- 0 .0 2 1 9
- 0 .3 5 2 0

0 .9 3 5 7

0 .6 5 5 4
0 .7 0 1 7
0 .2 7 9 4
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TABLE 2 .7  

MOLECULAR DIMENSIONS

( a )  Bond l e n g t h s  a n d  e . s . d . ’ s

C ( l )  - C ( 2) 1 . 5 3 1 + O
15 A C ( 1 2 ) - C ( 13 ) 1 . 3 0 7 + „ o

18 A
C(2) - c ( 3 ) 1 . 5 2 3 + 14 C ( 1 5 ) - C ( 1 7 ) 1 . 3 4 6 + 19
C (3) - C ( 4) 1 . 5 4 5 + 15
C(3 )  - C ( 8) 1 . 5 6 1 + 12 C ( 2 4 ) - C ( 25) 1 . 5 5 2 + 15
C(4) —C( 5 ) 1 .  456 + 16
C(5)  —C( 6 ) 1 . 5 8 2 + 14 C ( 2 5 ) - C ( 26) 1 . 4 5 7 + 18
C(6 )  - C ( 7) 1 . 4 5 3 + 14 C ( 2 6 ) - C ( 27) 1 . 3 2 0 + 19
C (7) - C ( 8 ) 1 . 5 0 7 + 14 C ( 2 7 ) - C ( 2 8 ) 1 . 3 4 5 + 17
C ( 8) - C ( 9) 1 . 4 7 9 + 14 C( 2 8 ) —C( 2 9 ) 1 . 3 5 6 + 18
C(9) - C ( 1 0 ) 1 . 5 9 0 + 13 C( 2 9 ) - C ( 30) 1 . 4 4 8 + 19
c d o ) - c ( n ) 1 . 5 7 5 + 13 C ( 3 0 ) - C ( 25) 1 . 4 0 3 + 15
c ( n ) - c d ) 1 . 5 0 7 + 17
C ( l )  - C ( l 4 ) 1 . 6 2 9 + 18 0 ( 1 )  —C( 2 4 ) 1 . 2 0 0 + 14
C(4) - C ( l 6 ) 1 . 5 1 8 + 17
C(8)  - C ( 20) 1 . 5 8 4 + 14 0 ( 2 )  - C ( 24) 1 . 3 4 7 + 15
C ( 2 1 ) - C ( 22) 1 . 5 6 5 + 16
C ( 2 2 ) - C ( 23) 1 . 5 3 7 + 16 0 ( 2 )  - C ( 5 ) 1 . 5 3 3 + 13

0 ( 3 )  - C ( 9 ) 1 . 4 0 1 + 12
C ( l l ) - C ( 1 2 ) 1 . 5 1 7 + 15 0 ( 3 )  - C ( 2 2 ) 1 . 4 0 6 + 12
C ( 1 2 ) - C ( l 8 ) 1 . 5 3 5 + 22 0 ( 4 )  - C ( 1 0 ) 1 . 4 1 2 + 12
C ( 1 3 ) - C ( l 4 ) 1 . 5 3 8 + 20 0 ( 4 )  - C ( 22) 1 . 4 2 3 + 11
C ( 1 5 ) - C ( l l ) 1 . 5 5 7 + 15
C(15)-C(19) 1.497 + 20 B r - C ( 2 8 ) 1 . 8 5 5 + 11



138

(b )  Bond a n g l e s  a n d  e . s . d . ' s

c 2) -C 1 ) -C 1 1 ) 1 2 0 . 7 + 0 . 9
c 2 ) -C 1 ) - c 14) 1 0 5 . 2 + 1 .0
c 11) -C 1 ) - c 14) 1 0 5 .2 + 0 . 9
c 1) -C 2 ) - c 3) 113- 3 + 0 . 9
c 2) -C 3) - c 4) 1 1 3 .8 + 0 . 9
c 2) -C 3) - c 8 ) 1 1 3 .8 + 0 .8
c 4) -C 3) - c 8 ) 1 1 3 . 4 + 0 .8
c 3) -C 4) - c 5) 1 0 9 .6 + 1 .0
c 3) -C 4) -c 1 6 ) 1 1 7 .6 + 1 .0
c 5) -C 4) -c 1 6 ) 1 0 7 .8 + 0 . 9
c 4) -C 5) -c 6 ) 1 1 7 .0 + 0 . 9
c 4) -C 5) - 0 2 ) 1 0 4 . 0 + 0 .8
c 6 ) -C 5) - 0 2 ) 1 0 1 . 9 + 0 .8
c 5) -C 6 ) -c 7) 1 1 3 . 7 + 0 .8
c 6 ) -C 7) - c 8 ) 1 1 5 . 7 + 0 . 9
c 3) -C 8 ) -c 7) 1 0 7 . 4 + 0 .8
c 3) -C 8 ) -c 9) 1 0 6 .8 + 0 . 7
c 3) -C 8 ) - c 2 0 ) 1 1 7 . 4 + 0 .8
c 7) -C 8 ) -c 9) 1 1 2 . 9 + 0 .8
c 7) -C 8 ) -c 2 0 ) 1 0 7 . 4 + 0 . 7
c 9) -C 8 ) -c 2 0 ) 1 0 5 .2 + 0 .8
c 8 ) -C 9) -c 1 0 ) 1 1 6 . 5 + 0 .8
c 8 ) -C 9) -0 3) 1 1 4 . 6 + 0 . 7
c 10) -C 9) -0 3) 10 0 . 9 + 0 . 7c 9) -C 1 0 ) -c 1 1 ) 1 1 9 . 5 + 0 . 9
c 9) -C 1 0 ) - 0 4) 1 0 3 . 1 + 0 . 7
c 11) -C 1 0 ) -0 4) 1 0 9 .0 + 0 , 7
c 1 ) - c 1 1 ) -c 1 0 ) 1 1 9 .0 + 0 .8
c 1) -C 1 1 )-c 1 2 ) 1 0 6 . 3 + 0 . 9c 1) -C 1 1 ) - c 15) 1 0 8 .6 + 1 .0
c 10)-C 1 1 ) -c 1 2 ) 1 0 6 .1 + 0 . 9c 10) -C 1 1 )-c 15) 1 1 0 . 3 + 0 .8
c 12)-C 1 1 ) -c 15) 1 0 5 .6 + 0 . 9

C 1 ) - c l 4 ) - C ( 13) 101.  7 + 1 . 0 °
c 21) -C 2 2 ) - C ( 2 3 ) 1 1 2 .1 + 0 . 9
c 21)  -C 2 2 ) - 0 ( 3) 113 • ^ + 0 . 9
c 21) -C 2 2 ) - 0 ( 4 ) 1 0 7 . 1 + 0 .8
c 23 )-C 2 2 ) - 0  C 3) 1 1 2 .2 + 0 .8
c 23) -C 2 2 ) - 0 ( 4) 1 0 4 . 2 + 0 .8
0 3) -C 2 2 ) - 0 ( 4 ) 1 0 7 .2 + 0 .8

c 11) -C 1 2 ) - C ( 13) 1 1 2 . 3 + 1 .2
c 11) -C 1 2 ) - C ( 18) 1 2 7 .2 + 1 .0
c 13) -C 1 2 ) - C ( 18) 1 1 5 . 4 + 1 .2
c 12) -C 1 3 ) - C ( 1 4 ) 1 1 3 . 3 + 1 .2
c 11) -C 1 5 ) - C ( 1 9 ) 1 1 7 .2 + 1 .0
c 11) -C 1 5 ) - C ( 17) 1 2 3 .6 + 1 .1
c 19) -C 1 5 ) - C ( 17) 1 1 8 . 7 + 1 .2

c 25 ) -C 2 4 ) ~ 0 ( 1) 1 2 6 .2 + 1 .1
c 25 )-C 2 4 ) - 0 ( 2 ) 1 0 6 . 7 + 0 . 9
0 1) -C 2 4 ) - 0 ( 2 ) 1 2 7 . 1 + 1 .0

c 24) -C 2 5 ) - C ( 2 6 ) 1 1 8 . 4 + 1 .0
c 24) -C 2 5 ) - C ( 30) 1 2 2 .1 + 1 .0
c 26) -C 2 5 ) - C ( 30) 119- 5 + 1 .0
c 25 )-C 2 6 ) - C ( 2 7 ) 1 1 7 . 5 + 1 .1
c 26)  -C 2 7 ) - C ( 2 8 ) 1 2 4 . 6 + 1 .2
c 27) - C 28) — C(29) 1 2 1 . 5 + 1 .2
c 27) -C 2 8 ) - B r 1 2 2 . 4 + 0 . 9
c 29 ) -C 2 8 ) - B r 1 1 6 .1 + 0 . 9
c 28) -C 2 9 ) - C ( 3 0 ) 1 1 8 . 7 + 1 .0
c 25) -C 3 0 ) - C ( 2 9 ) 1 1 8 .2 + 1 .0

c 5 ) - 0 2) - C ( 24) 1 1 7 .2 + 0 . 7
c 9 ) - 0 3 ) - C ( 22) 1 1 1 . 5 + 0 . 7
c 1 0 ) - 0 4) - C ( 22) 1 0 4 . 9 + 0 . 7
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TABLE 2 . 8

NON-BONDED DISTANCES

( a )  Some i n t r a m o l e c u l a r  d i s t a n c e s

C ( 4 )  . . . C ( 8)  2 . 6 0  A
C ( l 6 ) . . . C ( 2 0 )  3 . 1 6

C ( l 6 ) . . . C( 5 )  2.110

C ( 1 6 ) . . . C ( 3) 2 . 6 2

C ( 2 0 ) . . . C ( 9 )  2.1(3

C ( 2 0 ) . . . C ( 7 )  2.1(9

C ( 2 0 ) . . . C ( 3)  2 . 6 9
C ( 1 5 ) . . . 0 ( 4 )  2 . 6 6

C ( 1 7 ) . . . C ( 1 2 )  2 . 7 6

C ( 1 7 ) . . . C ( l )  3 - 3 8

C ( l 8 ) . . . 0 ( i() 3 . 1 5

C ( l 8 ) . . . C ( 1 5 )  3 - 3 8

C ( l 8 ) . . . C ( 1 7 )  3 . 4 6
C ( 1 9 ) . . . 0 ( 4 )  2 . 9 8

C ( 1 9 ) . . . C ( 10 )  3 - 0 9

C ( 1 9 ) . . . C ( 1 )  3 . 2 0

C ( 1 9 ) . • . C C 9 )  3 - 4 1
C ( 1 9 ) • • • C ( 2 2 )  3 - 8 9

C ( 1 9 ) . • . C ( 2 3 )  3 - 9 9
0 ( 1 )  . . . C ( 26)  2 . 9 7

0 ( 2 )  . . . C ( 3 0 )  2 . 6 9
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( b )  I n t e r m o l e c u l a r  d i s t a n c e s  <4 .0A

E q u i v a l e n t
p o s i t i o n *  C e l l  o f

Atom A Atom B o f  Atom B Atom B D i s t a n c e

0 ( 1 ) . . . C ( l 6 ) I I ( o 0 , - 1 ) 3 .2 8 A
0 ( 1 ) . . . C ( 1 7 ) IV ( o 0 3 1) 3 . 5 2
0 ( 1 ) . . . 0 ( 6 ) I I ( o 0 3 - 1 ) 3 . 6 2
0 ( 1 ) . . . 0 ( 5 ) I I ( o 0 * -1 ) 3 . 7 8
0 ( 2 ) . . . C ( 17 ) IV ( o 0 3 1) 3 . 9 6
0 ( 3 ) . . . C ( 2 9 ) I I I ( - 1 0 3 1) 3 . 6 8
0 ( 3 ) . . . 0 ( 1 3 ) I I I ( - 1 0 3 1) 3 . 9 3
0 ( 4 ) . . . 0 ( 2 7 ) IV ( o - 1 > o) 3 . 8 6
Br . . . 0 ( 2 1 ) I I I ( o 0 > 0) 3 . 6 0
Br . . . 0 ( 2 3 ) IV ( o 0 3 0) 3 . 7 6
Br . . . 0 ( 1 4 ) I ( 0 0 3 - 1 ) 3 . 8 8
Br . . . 0 ( 2 3 ) I I I ( o 0 3 0 ) 3 - 9 0
C( 24) . . . 0 ( 1 7 ) IV ( o 0 3 1) 3 . 6 1
C( 24) . . . 0 ( 1 6 ) I ( o 0 3 - 1 ) 3 . 9 3
C (25) . . . 0 ( 1 6 ) I ( o 0 3 - 1 ) 3 . 8 0
C ( 2 6 ) . . . 0 ( 1 6 ) I ( o 0 3 - 1 ) 3 . 9 9
C( 27) . . . 0 ( 1 7 ) IV ( o 0 3 0 ) 3 . 6 8
C (29) . . . 0 ( 2 3 ) I I I ( o 0 3 1 ) 3 . 8 8
C (29) . . . 0 ( 1 4 ) I ( o 0 3 - 1 ) 3 . 9 3
C (2) . . . 0 ( 2 1 ) I ( o 0 3 1) 3 . 9 1
C( 20) . . . 0 ( 2 1 ) I ( o 0 3 1) 3 . 9 4

*The e q u i v a l e n t p o s i t i o n s  a r e : I ( X ,  y 3  z )

I I ( * 5 - x , l - y 3 * 5 + 2 )

I I I (3s+x,3$-y 3 - Z )

IV ( l - x ^ + y  ,*g-z)

Atom A i s  i n  e q u i v a l e n t  p o s i t i o n  I  i n  t h e  c e l l  ( 0 , 0 , 0 )
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6 .  A b s o l u t e  c o n f i g u r a t i o n  

I f  t h e r e  a r e  a to m s  p r e s e n t  w h i c h  g i v e  r i s e  t o  anom a­

l o u s  s c a t t e r i n g  o f  t h e  X - r a y s ,  F r i e d e l ’ s l a w  n o  l o n g e r  

h o l d s  a n d  f o r  t h e  s p a c e  g r o u p  P 2 i 2 i 2 x we h a v e :  ^ k J l  =

I hk£  = Xh k l  = Xh k l  * Xh k l  = I h k £  = Th k l  = I h k l *  I n  t h i s  

s t r u c t u r e  b r o m i n e  i s  t h e  a n o m a l o u s  s c a t t e r e r .  The r e ­

f l e x i o n s  w e r e  i n d e x e d  w i t h  r e s p e c t  t o  a  r i g h t - h a n d e d  s e t  

o f  a x e s  ( P e e r d e m a n  a n d  B i j v o e t ,  1 9 5 6 )  a n d ,  a s  p r e v i o u s l y  

m e n t i o n e d ,  a l l  t h e  r e c o r d e d  i n t e n s i t i e s  o f  t h e  B i j v o e t  

p a i r s  hkfl, a n d  hk& w e r e  e s t i m a t e d ,  m a k i n g  i t  p o s s i b l e  t o  

d e t e r m i n e  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 i j v o e t ,  1 9 5 5 ) .  The  

r e f l e x i o n s  w h i c h  h a v e  a  d i f f e r e n c e  o f  a b o u t  10% o r  more  i n  

t h e  c a l c u l a t e d  s t r u c t u r e  f a c t o r s  o f  t h e  B i j v o e t  p a i r s  a r e  

m ark ed  w i t h  a  c r o s s  i n  T a b l e  2 . 4 .  T h e r e  a r e  41 s u c h  p a i r s  

o f  r e f l e x i o n s  a n d  f o r  35 o f  t h e m  t h e  o b s e r v e d  s t r u c t u r e  

f a c t o r s  show d i f f e r e n c e s  w i t h  t h e  same s i g n  a s  t h e  c a l ­

c u l a t e d  o n e s ,  tw o  h a v e  a  s m a l l  d i f f e r e n c e  w i t h  o p p o s i t e  s i g n  

and f o u r  n o  a p p r e c i a b l e  d i f f e r e n c e .  T h i s  shows  c l e a r l y  t h a t  

t h e  m o l e c u l e  c h o s e n  i s  i n  f a c t  t h e  one  w i t h  t h e  c o r r e c t  

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

l u t e  c o n f i g u r a t i o n  i s  s e e n  i n  s t r u c t u r e  VI a n d  F i g u r e  2 . 2 .  

( A l l  f i g u r e s  a r e  d ra w n  w i t h  r e s p e c t  t o  a  r i g h t - h a n d e d  c o ­

o r d i n a t e  s y s t e m . )  As c a n  b e  s e e n  f r o m  VI t h e  a b s o l u t e  

c o n f i g u r a t i o n  i s  i n  a g r e e m e n t  w i t h  t h a t  d e t e r m i n e d  f o r  

t a x i c i n - I  a n d  - I I  ( s t r u c t u r e s  I ,  I I )  (D u k e s  e t  a t ,  1 9 6 5 ) .
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7• D e s c r i p t i o n  a n d  d i s c u s s i o n  o f  t h e  s t r u c t u r e

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

b r o m o b e n z o a t e  o f  t h e  d i h y d r o - a n h y d r o - a c e t o n i d e  d e r i v a t i v e  

o f  t a x a d i e n e t e t r a o l  shows  t h a t  t h e  r e a r r a n g e d  t e t r a o l  p a r t  

o f  t h e  d e r i v a t i v e  i s  t r i c y c l i c  w i t h  a  c y c l o h e x a n e ,  a  

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

bo n d  l e n g t h s  a n d  a n g l e s  i s  shown i n  F i g u r e  2 . 3 .  The  l e a s t -  

s q u a r e s  p l a n e s  a r e  l i s t e d  i n  T a b l e  2 . 9 .

The  c y c l o h e x a n e  r i n g ,  t r a n s - f u s e d  w i t h  t h e  c y c l o ­

h e p t a n e  r i n g ,  i s  i n  a  s l i g h t l y  d i s t o r t e d  c h a i r  c o n f o r m a ­

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

a tom s  f r o m  t h e  " b e s t ” p l a n e  t h r o u g h  t h e  s i x  c a r b o n  a to m s  

o f  t h e  r i n g .  The  mean v a l u e  o f  t h e  d i s p l a c e m e n t s  i s  0 . 2 0  

(On t h e  b a s i s  o f  c a l c u l a t i o n s  e a c h  r i n g  a t o m  i n  a  c y c l o ­

h e x a n e  c h a i r ,  w i t h  a l l  a n g l e s  t e t r a h e d r a l ,  i s  d i s p l a c e d
o

f rom  t h e  mean p l a n e  by  ± 0 . 2 6  A . )  Thus  t h e  g e n e r a l  e f f e c t  

i s  a  f l a t t e n i n g  o f  t h e  r i n g  a n d  i n  p a r t i c u l a r  a t  C( 5 )  a n d  

C(6) w h i c h  a r e  d i s p l a c e d  b y  o n l y  ± 0 . 1 4  A. The  p -  

b r o m o b e n z o a t e  g r o u p  a s  w e l l  a s  t h e  tw o  m e t h y l . c a r b o n  a to m s  

( C (16) a n d  C ( 2 0 ) )  a r e  i n  a x i a l  p o s i t i o n s .  The  l a t t e r  tw o  

a toms a r e  b e n t  away f r o m  e a c h  o t h e r  s o  t h a t  r e p u l s i v e  

f o r c e s  a r e  d i m i n i s h e d .  T h i s  c a n  b e  s e e n  by  c o m p a r i n g  t h e  

n o n - b o n d e d  d i s t a n c e s  C ( 4 ) . . . C ( 8 )  ( 2 . 6 0  A) w i t h  t h e  much

>
o
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TABLE 2 . 9  

LEAST-SQUARES PLANES

P l a n e  1 
C y c l o h e x a n e  

R in g

P l a n e  2 
C y c l o h e p t a n e  

R i n g

P l a n e  3 
C y c l o p e n t e n e  

R i n g

P l a n e  4 
A c e t o n i d e  

R i n g

At om A( A) At om A( A) Atom A( A) At om A( A)

C(8 ) 0 . 2 6 5 0 ( 1 ) - 0 . 0 6 9 C ( l l ) - 0 . 0 0 9 C(9) 0 . 0 0 0
C( 3) - 0 . 2 7 1 C(2) 0 . 0 6 3 C( 12) 0 . 0 1 8 0 ( 3 ) 0 . 0 0 0
0( 11) 0 . 2 1 1 C( 8 ) - 0 . 0 3 1 0 ( 1 3 ) - 0 . 0 1 8 C( 22) 0 . 0 0 0
C (5) - 0 . 1 4 1 c ( 1 0 ) 0 . 0 1 8 0 ( 1 4 ) 0 . 0 0 9 0 ( 4 ) * 0 . 2 4 8
C(6 ) 0 . 1 3 9 c ( l l ) 0 . 0 2 0 C ( l ) * 0 . 1 6 8 0 ( 1 0 ) * - 0 . 2 9 3
C (7) - 0 . 2 0 3 C( 3) * - 0 . 8 0 4 c ( 1 8 )* - 0 . 4 8 1
C (2) * - 0 . 1 1 1 C( 9 ) * 0 . 7 5 5
C( 9 ) * - 0 . 2 7 6
c ( i 6 ) * 1 . 6 8 7
C(20) * 1 . 8 3 4 A2 0 . 0 4 5 A2 0 . 0 1 4
0(2)* - 1 . 6 7 3 x 2 9 2 . 7 x 2 5 - 5

P l a n e 5 P l a n e 6 P l a n e 7
I s o p r o p y l i d e n e P h e n y l E s t e r

Group G roup Group

Atom A(A) Atom A (A) Atom A(A)

C(l l ) 0 . 0 1 3 C( 24) - 0 . 0 1 1 C( 24) - 0 . 0 1 4
0(15) - 0 . 0 4 1 C(25) 0 . 0 1 5 c(  2 5 ) 0 . 0 0 4
0(19) 0 . 0 1 3 C ( 2 6 ) - 0 . 0 0 1 0 ( 1 ) 0 . 0 0 6
0(17) 0 . 0 1 5 C(27) 0 . 0 0 1 0 ( 2 ) 0 . 0 0 4

C ( 2 8 ) - 0 . 0 1 4 C (5 )  * 0 . 0 7 5
C( 29) - 0 . 0 2 4
C( 30) 0 . 0 2 2
B r 0 . 0 1 2
0 ( 1 ) * - 0 . 1 3 4 -
0 ( 2 ) * 0 . 1 9 1
C( 5 ) * 0 . 2 9 4

A*„ 2 0 . 0 2 4 A7 0 . 0 1 5 A7 0 . 0 0 8
X 1 4 . 9 X 2 ( w i t h o u t  B r ) x 2 2 . 6

= 1 0 . 4

*These a to m s  w e r e  n o t  u s e d  t o  c a l c u l a t e  t h e  l e a s t - s q u a r e s  p l a n e .
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P l a n e  E q u a t i o n s  f o r  t h e  l e a s t - s q u a r e s  p l a n e s

1 - 0 . 6 9 6 X + 0 . 0 9 9 Y + 0 . 7 H z = 1 . 0 5 4

2 - 0 . 4 3 5 X - 0 . 7 4 3 Y + 0 . 5 0 9 z - 3 . 5 6 4

3 0 . 5 9 5 X - 0 . 6 6 0 Y + 0 . 4 5 8 z = 4 . 6 1 0

4 - 0 . 0 6 3 X - 0 . 7 9 6 Y + 0 . 6 0 2 z = - 0 . 6 0 8

5 0 . 3 9 5 X + 0 . 2 8 6 Y + 0 . 8 7 3 z = 9 . 0 9 1

6 0 . 6 1 7 X + 0 . 3 8 7 Y + 0 . 6 8 5 z = 1 0 . 5 0 0

7 0 . 5 9 4 X + 0 . 5 1 4 Y + 0 . 6 1 9 z = 1 1 . 3 2 7

o
(X, Y, a n d  Z a r e  c o o r d i n a t e s  ( i n  A ))

>o
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l o n g e r  one  C ( l 6 ) . . . C (2 0 )  ( 3 * 1 6  A ) .  I n  an  i d e a l  c y c l o -
o

h e x a n e  c h a i r  t h e s e  d i s t a n c e s  w o u l d  h a v e  b e e n  2 . 5 2  A. (The  

v a n  d e r  W aa ls  d i s t a n c e  b e t w e e n  tw o  m e t h y l  g r o u p s  i s  g i v e n
o

by P a u l i n g  ( I 9 6 0 )  a s  4 . 0  A . )  S i m i l a r  d i s t o r t i o n s  a r e  

n o r m a l  i n  com pounds  w i t h  1 , 3  d i a x i a l  m e t h y l  g r o u p s  ( S i m ,  

1 9 6 7 )  a n d  t h e  n o n - b o n d e d  d i s t a n c e s  b e t w e e n  t h e m  a r e  com­

p a r a b l e  w i t h  t h e  v a l u e  o b s e r v e d  h e r e .

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

m a t i o n  ( F r i e b o l i n ,  M ec k e ,  K a b u s s ,  a n d  L u t t r i n g h a u s , 1 9 6 4 ) .  

The a to m s  C (3 )  a n d  C (9 )  a r e  d i s p l a c e d  by  - 0 . 8 0  a n d  + 0 . 7 6  

r e s p e c t i v e l y ,  f r o m  t h e  " b e s t "  p l a n e  t h r o u g h  t h e  a to m s  C ( l ) ,  

C ( 2 ) ,  C ( 8 ) ,  C ( 1 0 ) ,  a n d  C ( l l ) .  T h i s  c o n f o r m a t i o n  h a s  b e e n  

f o u n d  p r e v i o u s l y  i n  u n s a t u r a t e d  s e v e n - m e m b e r e d  r i n g s  

( F r i e b o l i n  e t  a l , 1 9 6 4 ) .  H o w e v e r ,  i t  i s  b e l i e v e d  t h a t  

t h i s  i s  t h e  f i r s t  t i m e  t h a t  i t  h a s  b e e n  o b s e r v e d  i n  a 

s a t u r a t e d  s e v e n - m e m b e r e d  r i n g .  An e x a m i n a t i o n  o f  a  m o d e l  

r e v e a l s  t h a t  t h i s  c o n f o r m a t i o n  i s  t h e  o n l y  one  p o s s i b l e  

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

The c y c l o p e n t e n e  r i n g  i s  e n v e l o p e - s h a p e d  a n d  o i s -  

f u s e d  t o  t h e  c y c l o h e p t a n e  r i n g .  The a to m s  C ( l l ) ,  C ( 1 2 ) ,  

C ( 1 3 ) ,  a n d  C ( l 4 )  a r e  c o p l a n a r  a n d  t h e i r  r . m . s .  d i s t a n c e
o

f rom  a  l e a s t - s q u a r e s  p l a n e  i s  0 . 0 1 4  A. The f i f t h  a t o m ,  

C ( l ) ,  l i e s  0 . 1 7  A a b o v e  t h i s  p l a n e .  The  d i s p l a c e m e n t  o f  

t h e  f i f t h  a t o m  i n  a n  e n v e l o p e - s h a p e d  f i v e - m e m b e r e d  r i n g

>
0



149

i n  w h i c h  a l l  a n g l e s  a r e  1 0 7 - 5 °  was c a l c u l a t e d  t o  b e  0 . 2 3  A 

( S i m ,  1 9 6 5 ) .  The a v e r a g e  o f  t h e  a n g l e s  i n  t h i s  c y c l o p e n -  

t e n e  r i n g  a m o u n t s  t o  1 0 7 - 8 ° .  I n  s p i t e  o f  t h e  d o u b l e  b o n d  

b e t w e e n  C (1 2 )  a n d  C ( 1 3 ) ,  C ( l 8 )  i s  d i s p l a c e d  f r o m  t h e
o

c y c l o p e n t e n e  p l a n e  b y  0 . 4 8  A. T h i s  e f f e c t  m u s t  b e  due  t o  

t h e  n o n - b o n d e d  i n t e r a c t i o n  b e t w e e n  C ( l 8 )  a n d  C ( 1 7 ) .  The 

p l a n e  o f  t h e  c y c l o p e n t e n e  r i n g  m akes  a  d i h e d r a l  a n g l e  o f  

62° w i t h  t h e  c y c l o h e p t a n e  p l a n e .

The  c o n f o r m a t i o n  o f  t h e  f i v e - m e m b e r e d  r i n g  o f  t h e  

a c e t o n i d e  g r o u p  i s  h a l f  c h a i r  s i n c e  0 ( 4 )  a n d  C (1 0 )  a r e
o

d i s p l a c e d ,  r e s p e c t i v e l y ,  by  + 0 . 2 5  a n d  - 0 . 2 9  A f r o m  t h e  

p l a n e  t h r o u g h  t h e  a t o m s  0 ( 9 ) ,  0 ( 3 ) ,  a n d  0 ( 2 2 ) .  I n  o r d e r  

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

s y s t e m  i n  b i s - l : 3 - d i o x a - 2 - c y c l o p e n t y l  ( F u r b e r g  a n d  H a s s e l ,  

1950)  a  p l a n e  was  c a l c u l a t e d  t h r o u g h  0 ( 3 ) ,  0 ( 4 ) ,  a n d  C ( 2 2 ) .  

I t  was  f o u n d  t h a t  C (9 )  a n d  0 ( 1 0 )  l i e  0 . 2 4  a n d  0 . 6 8  A, 

r e s p e c t i v e l y ,  b e l o w  t h i s  p l a n e .  The c o r r e s p o n d i n g  a to m s  

i n  t h e  s t r u c t u r e  o f  P u r b e r g  a n d  H a s s e l  a r e  d i s p l a c e d  by

0 . 2 5  a n d  0 . 6 0  A.

The a to m s  o f  t h e  p - b r o m o b e n z o a t e  g r o u p  a r e  n o t  a l l  

i n  one  p l a n e .  The  p l a n e  t h r o u g h  t h e  a r o m a t i c  r i n g ,  t h e  

b r o m i n e  a t o m  a n d  c a r b o n  a to m  C (2 4 )  ( a l l  t h e s e  a t o m s  

e x c e p t  b r o m i n e  a r e  c o p l a n a r )  i s  r o t a t e d  a b o u t  t h e  0 ( 2 4 ) -  

C (2 5 ) b o n d  a n d  m akes  a n  a n g l e  o f  8° w i t h  t h e  p l a n e  t h r o u g h
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t h e  t h r e e  a to m s  o f  t h e  e s t e r  g r o u p  ( 0 ( 1 ) ,  0 ( 2 4 ) ,  a n d  0 ( 2 ) )  

a n d  a to m  C ( 2 5 ) .  T h e s e  f o u r  a to m s  a r e  c o p l a n a r  a n d  C (5 )
o

i s  d i s p l a c e d  by 0 . 0 7 5  A f r o m  t h e i r  p l a n e .  I n  p o t a s s i u m  

h y d r o g e n  d i - p - c h l o r o b e n z o a t e  ( M i l l s  a n d  S p e a k m a n ,  1 9 6 3 )  

t h e  c a r b o x y l  g r o u p  i s  r o t a t e d  by  9° f r o m  t h e  a r o m a t i c  

p l a n e ,  a  v a l u e  v e r y  c l o s e  t o  t h e  one  o b s e r v e d  h e r e .  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  a n d  S im ,  1 9 6 1 )  t h e  r o t a t i o n ,  

w h ic h  was a t t r i b u t e d  t o  i n t r a m o l e c u l a r  o v e r c r o w d i n g ,  i s  

l a r g e r  ( 1 3 . 7 ° ) .  M a t h i e s o n  ( 1 9 6 5 )  made a  s u r v e y  o f  t h e  

p r e f e r r e d  o r i e n t a t i o n  o f  e s t e r  g r o u p s .  On t h e  b a s i s  o f  a  

few s t r u c t u r e s  w i t h  an  e s t e r  g r o u p  i n  t h e  a x i a l  p o s i t i o n  

o f  a  s i x - m e m b e r e d  r i n g  i n  t h e  c h a i r  c o n f o r m a t i o n ,  he  i n f e r s  

t h a t  t h e  p r e f e r r e d  o r i e n t a t i o n  i s  t h a t  i n  w h i c h  t h e  h y d r o ­

gen  a t o m  o f  t h e  r i n g  c a r b o n  a to m  ( h e r e  C ( 5 ) )  i s  c o p l a n a r  

w i t h  t h e  e s t e r  g r o u p .  The  p r e f e r e n c e  f o r  t h i s  was a s c r i b e d  

t o  an  i n t e r a c t i o n  b e t w e e n  t h i s  h y d r o g e n  a to m  a n d  t h e  d o u b l e ­

b o n d e d  o x y g e n  a t o m  ( h e r e  0 ( 1 ) )  o f  t h e  e s t e r  g r o u p .  The  

e s t e r  g r o u p  i n  t h i s  s t r u c t u r e  i s  r o t a t e d  a b o u t  t h e  C ( 5 ) ~

0 ( 2 )  b o n d  by  26°  f r o m  t h e  p o s i t i o n  p r e d i c t e d  by  M a t h i e s o n .

As a  r e s u l t  o f  t h i s  r o t a t i o n  t h e  o x y g e n  a to m  0 ( 1 )  comes  

c l o s e r  t o  t h e  m e t h y l  g r o u p  ( C ( l 6 ) )  o f  a  n e i g h b o u r i n g  m o l e ­

c u l e  ( t h e  n o n - b o n d e d  i n t e r m o l e c u l a r  d i s t a n c e  0 ( l ) . . . C ( l 6 )

r °( 3 . 2 8  A) i s  s h o r t e r  t h a n  t h e  o x y g e n - m e t h y l  v a n  d e r  W a a l s  

d i s t a n c e  o f  3 . 1* A ( P a u l i n g ,  I 9 6 0 ) ) .  T h i s  s e e m i n g l y  u n -
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f a v o u r a b l e  p o s i t i o n  o f  t h e  e s t e r  g r o u p  i s  i n  f a c t  p r e ­

f e r r e d  t o  t h a t  p r e d i c t e d  by  M a t h i e s o n .

The c Sp 3 ~ c Sp3 d i s t a n c e s  r a n g e  f r o m  1 . 4 5  t o  1 . 6 3  A
o

w i t h  a  mean v a l u e  o f  1 . 5 4  A, a n d  t h e  a r o m a t i c  C-C d i s t a n c e s
i / -  °  °r a n g e  f r o m  1 . 3 2  t o  1 . 4 6  A w i t h  an  a v e r a g e  o f  1 . 3 9  A.

S e v e r a l  o f  t h e s e  b o n d  l e n g t h s  d i f f e r  f r o m  a c c e p t e d  v a l u e s  

a t  a  0 . 1 #  s i g n i f i c a n c e  l e v e l .  S i n c e  t h e r e  a r e  no  o b v i o u s  

e x p l a n a t i o n s  f o r  t h e s e  d e v i a t i o n s  i t  i s  l i k e l y  t h a t  t h e  

c a l c u l a t e d  e . s . d . ' s  a r e  u n d e r e s t i m a t e d .  The m a in  r e a s o n s  

f o r  t h i s  a r e  p r o b a b l y  t h e  b l o c k - d i a g o n a l  a p p r o x i m a t i o n  i n  

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

d a t a .  A d o u b l i n g  o f  t h e  e . s . d . ’ s may t h e r e f o r e  b e  r e a s o n ­

a b l e  a n d  i s  a s s u m e d  i n  t h e  f o l l o w i n g  d i s c u s s i o n .

The C ( 2 4 ) - C ( 2 5 )  b o n d  l e n g t h  ( 1 . 5 5 2  A) a g r e e s  w i t h  t h e  

v a l u e  f o u n d  i n  o - c h l o r o b e n z o i c  a c i d  ( 1 . 5 2 1  ± 0 . 0 0 9  A) 

( F e r g u s o n  a n d  S im ,  1 9 6 1 )  b u t  i s  on t h e  l o n g  s i d e  o f  t h e  

v a l u e  i n  b e n z o i c  a c i d  ( 1 . 4 8  ± 0 . 0 1 6  A) ( S i m ,  R o b e r t s o n ,  

and  G o o d w in ,  1 9 5 5 )>  e v e n  t h o u g h  n o t  s i g n i f i c a n t l y  s o .

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

t h e  C ( 2 4 ) - C ( 2 5 )  i s  e x p e c t e d  t o  h a v e  l e s s  d o u b l e - b o n d  

c h a r a c t e r  t h a n  t h e  c o r r e s p o n d i n g  b o n d  i n  b e n z o i c  a c i d .

The C-0  s i n g l e  b o n d ,  0 ( 2 ) - C ( 5 ) ,  i s  much l o n g e r  ( 1 . 5 3 3  A) 

t h a n  t h e  a v e r a g e  o f  t h e  f o u r  C-0 b o n d s  i n  t h e  a c e t o n i d e  r i n g  

( 1 . 4 1 1  A ) .  H o w e v e r ,  a s  w i l l  b e  shown i n  C h a p t e r  I V ,  i t  i s
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i n  a g r e e m e n t  w i t h  v a l u e s  f o u n d  i n  v a r i o u s  o t h e r  e s t e r s .

A l l  o t h e r  b o n d  l e n g t h s  a r e  n o r m a l .

As p r e v i o u s l y  m e n t i o n e d ,  t h e  c y c l o h e x a n e  r i n g  i s  

som ew ha t  f l a t t e n e d  a n d  two o f  i t s  a n g l e s  a r e  s i g n i f i c a n t l y  

l a r g e r  t h a n  t h e  t e t r a h e d r a l  v a l u e .  From a  s u r v e y  o f  

s e v e r a l  s t e r o i d  s t r u c t u r e s  G e i s e ,  A l t o n a ,  a n d  Romers  ( 1 9 6 7 )  

o b s e r v e d  t h a t  t h e  v a l e n c y  a n g l e s  a t  s e c o n d a r y  a n d  t e r t i a r y  

c a r b o n  a to m s  a r e  l a r g e r  t h a n  t e t r a h e d r a l .  T h e s e  o b s e r v a ­

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

( B u c o u r t  a n d  H e i n a u t ,  1 9 6 5 )  w h i c h  g a v e  t h e  v a l u e s  o f  1 1 1 . 1 °  

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

109*5 -  1 1 1 . 0 °  i n  s u b s t i t u t e d  c y c l o h e x a n e s . G e i s e  e t  a l  

( 1 9 6 7 )  a l s o  o b s e r v e d  t h a t  v a l e n c y  a n g l e s  a t  q u a t e r n a r y  c a r ­

b o n  a to m s  a r e  s m a l l e r  t h a n  t e t r a h e d r a l .  I n  v i e w  o f  t h i s ,  

o n l y  t h e  a n g l e  C ( 4 ) - C ( 5 ) - C ( 6)  ( 1 1 7 . 0 ° )  d e v i a t e s  s i g n i f i ­

c a n t l y .  T h i s  a n g l e  a n d  t h e  so m ew h a t  l a r g e  a n g l e  

C( 6 ) —C( 7 ) —C( 8 )  ( 1 1 5 . 7 ° )  a r e  a d j a c e n t  t o  t h e  a to m s  C ( 4 )  

a n d  C( 8 )  t o  w h i c h  t h e  tw o  m e t h y l  c a r b o n  a t o m s  ( C ( l 6 )  a n d  

C ( 2 0 ) )  a r e  b o n d e d .  T h e s e  d e v i a t i o n s  a r e  t h e r e f o r e  a s s o c i a ­

t e d  w i t h  t h e  p r e v i o u s l y  m e n t i o n e d  b e n d i n g  o f  t h e  tw o  d i a x i a l  

m e t h y l  g r o u p s  away f r o m  e a c h  o t h e r .  Due t o  t h e  same b e n d ­

i n g  t h e  a n g l e s  C ( 3 ) - C ( 4 ) - C ( l 6 )  ( 1 1 7 . 6 ° )  a n d  C ( 3 ) - C ( 8 ) - C ( 20) 

( 1 1 7 . 4 ° )  h a v e  i n c r e a s e d  v a l u e s .  B o t h  t h e  e x o c y c l i c  a n g l e s  

around  C(5 ) a r e  s i g n i f i c a n t l y  s m a l l e r  t h a n  t h e  n o rm al  v a l u e .
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The a n g l e s  i n  t h e  s e v e n - m e m b e r e d  r i n g  a t  t h e  j u n c t i o n s  

w i t h  t h e  tw o  a d j a c e n t  f i v e - m e m b e r e d  r i n g s  a r e  s i g n i f i c a n t l y  

l a r g e r  t h a n  t e t r a h e d r a l .  I n  o r d e r  t o  f o r m  a  c - t s - j u n c t i o n  

w i t h  t h e  c y c l o p e n t e n e  r i n g  a  r o t a t i o n  a b o u t  t h e  C ( l ) - C ( l l )  

b o n d  h a s  t o  t a k e  p l a c e  an d  h e n c e  t h e  a n g l e s  a t  t h e s e  tw o  

a to m s  a r e  e n l a r g e d .  The t r a n s - j u n c t i o n  w i t h  t h e  a c e t o n i d e  

r i n g  c a u s e s  l e s s  s t r a i n  a n d  t h i s  i s  m a n i f e s t e d  by  t h e  

s m a l l e r  i n c r e a s e  i n  t h e  C ( 8 ) - C ( 9 ) - C ( 1 0 )  a n g l e .  A r e p u l ­

s i o n  b e t w e e n  h y d r o g e n  a to m s  H ( 3 )  a n d  H ( 1 0 )  may a l s o  c o n ­

t r i b u t e  t o  t h e  f l a t t e n i n g  o f  t h e  c y c l o h e p t a n e  r i n g .

I n  t h e  f i v e - m e m b e r e d  r i n g s  t h e  mean v a l u e  o f  t h e  

v a l e n c y  a n g l e s  a t  t h e  s i n g l e - b o n d e d  a to m s  i s  1 0 5 . 1 ° .  The 

u s u a l  mean v a l u e  i n  s a t u r a t e d  f i v e - m e m b e r e d  r i n g s  i s  105°  

( S i m ,  1 9 6 5 ) .  As e x p e c t e d ,  t h e  tw o  v a l e n c y  a n g l e s  a t  t h e  

d o u b l e - b o n d e d  a t o m s  C (1 2 )  a n d  C( 1 3 )  i n  t h e  c y c l o p e n t e n e  

r i n g  a r e  b o t h  s m a l l e r  t h a n  1 2 0 ° .  The a n g l e  C ( 1 1 ) - C ( 1 2 ) - C ( 18)  

( 1 2 7 . 2 ° )  i s  s i g n i f i c a n t l y  l a r g e r  t h a n  1 2 0 ° .  T h i s  i s  du e  t o  

t h e  p r e v i o u s l y  m e n t i o n e d  r e p u l s i o n  b e t w e e n  C ( l 8 )  a n d  C ( 1 7 ) .

The b o n d  a n g l e s  a t  C ( 2 4 )  a g r e e  w e l l  w i t h  t h e  c o r r e s ­

p o n d i n g  a n g l e s  i n  u n - i o n i s e d  c a r b o x y l  g r o u p s  ( H a h n ,  1 9 5 7 ) ;  

t h e  a n g l e  C ( 2 5 ) - C ( 2 4 ) - 0 ( 2 )  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  

and  t h e  tw o  a n g l e s  C ( 2 5 ) - C ( 2 4 ) - 0 ( 1 )  a n d  0 ( 2 ) - C ( 2 4 ) - 0 ( l )  

a r e  c l o s e  t o  1 2 5 ° .
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8. M o l e c u l a r  p a c k i n g

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

shown i n  F i g u r e  2 . 4 .  Of t h e  i n t e r m o l e c u l a r  c o n t a c t s  l e s s
o

t h a n  4 . 0  A ( T a b l e  2 . 8 )  t h e  f o l l o w i n g  a r e  s h o r t e r  t h a n  t h e
o

van  d e r  W aa ls  d i s t a n c e s  g i v e n  by P a u l i n g  ( 1 9 6 0 )  ( 3 .  40 A

f o r  0 . . • c met h y i  a n d  3 - 9 5  A f o r  B r * * *Cm e t h y l ^ :

( 3 . 2 8  A ) ,  B r . . . C ( 21)  ( 3 - 6 0  A ) ,  a n d  B r . . . C ( 2 3 )  ( 3 - 7 6  A ) .  

S i n c e  n o n e  o f  t h e s e  c o n t a c t s  c a n  b e  h y d r o g e n  b o n d s  i t  i s  

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

d i s t a n c e s  a r e  m a r k e d  w i t h  b r o k e n  l i n e s  on t h e  p a c k i n g  d i a ­

g ram .  The  tw o  b r o k e n  l i n e s  f r o m  a t o m s  0 ( 1 )  a n d  C ( l 6 )  i n  

e q u i v a l e n t  p o s i t i o n  I  go  t o  t h e  a to m s  C ( l 6 )  a n d  0 ( 1 )  o f  

two d i f f e r e n t  m o l e c u l e s  i n  e q u i v a l e n t  p o s i t i o n  I I ,  t h e  

f o r m e r  i n  c e l l  ( 0 , 0 , - l )  a n d  t h e  l a t t e r  i n  c e l l  ( 0 , 0 , 0 ) .
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C r y s t a l  S t r u c t u r e  A n a l y s i s  o f  p - B r o m o p h e n a c y 1 L a b d a n o l a t e

I . I n t r o d u c t i o n

Gum l a b d a n u m  i s  u s e d  a s  a  f i x a t i v e  i n  p e r f u m e r y  a n d  

i s  o b t a i n e d  f r o m  C i s t u s  l a d a n i f e r u s  L. ( " r o c k - r o s e n ) by 

b o i l i n g  t h e  wood o f  t h e  b r a m b l e  i n  w a t e r .  L a b d a n o l i c  a c i d ,  

C2oH360 3 , was f i r s t  i s o l a t e d  by  C o c k e r  a n d  H a l s a l l  ( 1 9 5 6 a )  

f r o m  S p a n i s h  gum l a b d a n u m .  The  s t r u c t u r e  ( I )  o f  t h i s  new 

b i c y c l i c  d i t e r p e n e  h y d r o x y - a c i d  was d e s c r i b e d  i n  a  s u b s e ­

q u e n t  p u b l i c a t i o n  ( C o c k e r  a n d  H a l s a l l ,  19 56 b ) ,  b u t  t h e  

c o n f i g u r a t i o n  a t  C ( 1 3 )  r e m a i n e d  u n d e t e r m i n e d .

OH

I

Bory a n d  L e d e r e r  ( 1 9 5 7 )  a s s i g n e d  t h e  ( R ) - c o n f i g u r a t i o n  

( n o t a t i o n  o f  C a h n ,  I n g o l d ,  a n d  P r e l o g ,  1 9 56)  t o  C ( 1 3 )  i n  

l a b d a n o l i c  a c i d .  T h i s  a s s i g n m e n t  was b a s e d  on t h e  a s s u m p ­

t i o n  t h a t  i n  a  d i a s t e r e o m e r i c  p a i r  o f  3 - m e t h y l  c a r b o x y l i c
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a c i d s ,  t h e  more  l a e v o r o t a t o r y  s t e r e o i s o m e r  h a s  t h e  ( R ) -  

c o n f i g u r a t i o n  a t  t h e  3 - c a r b o n  a t o m .  T h i s  was r e - i n v e s t i ­

g a t e d  by B i g l e y ,  R o g e r s ,  a n d  B a r l t r o p  ( 1 9 6 0 )  i n  v i e w  o f  

t h e s e  a u t h o r s ’ d i s c o v e r y  t h a t  a n  a s s i g n m e n t  o f  t h e  c o n ­

f i g u r a t i o n  b a s e d  on m o l e c u l a r  r o t a t i o n s  may b e  e r r o n e o u s  

i f  h y d r o g e n  b o n d i n g  o c c u r s .  H o w e v e r ,  t h e y  i n t e r p r e t e d  t h e  

i n f r a r e d  s p e c t r a  o f  m e t h y l  l a b d a n o l a t e  a n d  m e t h y l  1 3 -  

e p i l a b d a n o l a t e  a s  s h o w i n g  no  e v i d e n c e  o f  i n t r a m o l e c u l a r  

h y d r o g e n  b o n d i n g ,  a n d  t h e y  t h e r e f o r e  a s s u m e d  t h a t  B o ry  an d  

L e d e r e r ' s  ( 1 9 5 7 )  a s s i g n m e n t  h a d  b e e n  c o r r e c t .  Prom i n f r a ­

r e d  s t u d i e s  o f  s e v e r a l  com pounds  o f  t h e  l a b d a n e  t y p e  

( B a k e r ,  E g l i n t o n ,  G o n z a l e s ,  H a m i l t o n ,  a n d  R a p h a e l ,  1 9 6 2 )  

i t  was shown t h a t  i n t r a m o l e c u l a r  h y d r o g e n  b o n d i n g  d o e s  i n  

f a c t  o c c u r .  G raham  a n d  O v e r t o n  ( 1 9 6 4 )  s h o w e d  t h a t  e p e r u i c  

a n d  l a b d a n o l i c  a c i d s  p o s s e s s  t h e  same c o n f i g u r a t i o n  a t  

0 ( 1 3 ) ,  b e i n g  o t h e r w i s e  a n t i p o d a l .  On t h e  b a s i s  o f  c h e m i c a l  

d e g r a d a t i o n  O v e r t o n  a n d  R e n f r e w  ( 1 9 6 7 )  c o n c l u d e d  t h a t  t h e  

c o n f i g u r a t i o n  a t  0 ( 1 3 )  i n  t h e s e  a c i d s  i s  (S )  b u t  by  m i s t a k e  

c a l l e d  i t  ( R ) .  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  i n  o r d e r  

t o  e s t a b l i s h  u n a m b i g u o u s l y  t h e  s t e r e o c h e m i s t r y  a t  0 ( 1 3 )  i n  

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

c u l a r  c o n f i g u r a t i o n .
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2.  C r y s t a l  d a t a

p - B r o m o p h e n a c y l  l a b d a n o l a t e ,  C zsH m C U B r ,  F.W. = 5 2 1 . 4 ,  

m .p .  1 2 4 - 1 2 5 ° C .  M o n o c l i n i c ,  a  = 1 1 . 5 5  ± 0 . 0 1 ,  b = 6 . 0 5  ± 0 

c = 1 9 . 9 0  ± 0 . 0 2  A; 3 = 9 9 - 0  ± 0 . 2 ° .  V = 1373  A3 . Dm = 

1 . 2 8  g . c m .  3 (b y  f l o t a t i o n  i n  a q u e o u s  p o t a s s i u m  i o d i d e ) ,

Z = 2 ,  Dx = 1 . 2 6  g . c m .  3 . P ( 0 0 0 )  = 5 5 2 .  S p a c e  g r o u p  P2 i

(No. 4 ) .  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  p = 2 4 . 9  c m . -1  f o r  

Cu Ka r a d i a t i o n  (X = 1 . 5 4 1 8  A ) .

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

p - B r o m o p h e n a c y l  l a b d a n o l a t e  c r y s t a l l i s e s  a s  c o l o u r l e s s  

l o n g  w e l l - f o r m e d  n e e d l e s  w i t h  t h e  u n i q u e  b - a x i s  p a r a l l e l  t o  

t h e  n e e d l e  a x i s .  The c r y s t a l s  a r e  s t a b l e  i n  t h e  a i r .

O s c i l l a t i o n ,  W e i s s e n b e r g ,  a n d  p r e c e s s i o n  p h o t o g r a p h s  

w e re  t a k e n  w i t h  a  c r y s t a l  m o u n t e d  a l o n g  t h e  n e e d l e  a x i s  

u s i n g  Cu Ka r a d i a t i o n .  The u n i t - c e l l  p a r a m e t e r s  w e r e  o b ­

t a i n e d  f r o m  o s c i l l a t i o n ,  z e r o - l a y e r  W e i s s e n b e r g  a n d  p r e ­

c e s s i o n  p h o t o g r a p h s  by t a k i n g  w e i g h t e d  a v e r a g e s .  The  

s t a n d a r d  d e v i a t i o n s  g i v e n  f o r  t h e  c e l l  d i m e n s i o n s  a r e  t h e  

r o o t - m e a n - s q u a r e  d e v i a t i o n s  o b t a i n e d  f r o m  t h e  i n d i v i d u a l  

m e a s u r e m e n t s .  The  s p a c e  g r o u p  ( P 2 i )  was d e t e r m i n e d  f r o m  

t h e  s y s t e m a t i c  a b s e n c e s  (OkO a b s e n t  i f  k i s  o d d )  a n d  f r o m  

t h e  k n o w l e d g e  t h a t  t h e  m o l e c u l e  i s  o p t i c a l l y  a c t i v e  

( [oi]^ = - 1 0 ° ) .  N o n - i n t e g r a t e d  t h r e e - d i m e n s i o n a l  i n t e n s i t y
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d a t a  w e r e  c o l l e c t e d  w i t h  an e q u i - i n c l i n a t i o n  W e i s s e n b e r g  

c a m e r a  u s i n g  t h e  m u l t i p l e - f i l m  t e c h n i q u e .  L a y e r s  h0& 

t h r o u g h  h5& w e r e  o b t a i n e d .  The c r y s t a l s  d e t e r i o r a t e  a f t e r  

7 -9  d a y s  o f  e x p o s u r e  i n  t h e  X - r a y  beam .  T h i s  p r o b l e m  was 

o v e rc o m e  by  u s i n g  a  l o n g  n e e d l e  ( 0 . 1 3  x 0 . 1 3  x 3«50 mm.) 

w i t h  o n l y  p a r t  o f  i t  e x p o s e d  a t  a  t i m e .  The c r y s t a l  was  

moved i n  a  d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  X - r a y  beam a s  i t  

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

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

The  p h o t o g r a p h s  w e r e  i n d e x e d  w i t h  r e s p e c t  t o  a  r i g h t -  

h a n d e d  s e t  o f  a x e s  ( P e e r d e m a n  a n d  B i j v o e t ,  1 9 5 6 ) .  Of t h e  

3137 r e f l e x i o n s  a c c e s s i b l e  w i t h i n  t h e  Cu s p h e r e  1672 ( 5 3 $ )  

w e re  m e a s u r e d  v i s u a l l y  w i t h  a  c a l i b r a t e d  i n t e n s i t y  s t r i p .  

R e f l e x i o n s  w h i c h  w e r e  t o o  w eak  t o  b e  m e a s u r e d  w e r e  n o t  i n ­

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

f o r  L o r e n t z  a n d  p o l a r i s a t i o n  f a c t o r s .  No a b s o r p t i o n  c o r ­

r e c t i o n  was c o n s i d e r e d  n e c e s s a r y  s i n c e  yR h a s  t h e  low v a l u e  

o f  0 . 1 6 .  I n  t h e  i n i t i a l  s t a g e s  o f  t h e  s t r u c t u r e  d e t e r m i n a ­

t i o n  t h e  d a t a  w e r e  p u t  on an  a p p r o x i m a t e  a b s o l u t e  s c a l e  by

m ak in g  k  I  |P  | = E |F  | f o r  e a c h  l a y e r .  The l a y e r - s c a l e  
h k £  0 h k £  c 

f a c t o r s  w e r e  l a t e r  r e f i n e d  by l e a s t - s q u a r e s  m e t h o d s .

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

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



±0 £

( E f u 2/ £ f T 2 = 0 . 9 4  a t  s i n 0  = 0 ) ,  f i r s t  i n  t h e  hCU p r o j e c -  
H L L

t i o n  a n d  t h e n  i n  t h r e e  d i m e n s i o n s .

( a )  A n a l y s i s  i n  t h e  h0& p r o j e c t i o n

The p l a n e  g r o u p  o f  t h i s  p r o j e c t i o n  i s  p2 w i t h  t h e  tw o  

e q u i v a l e n t  p o s i t i o n s  ( x , z )  a n d  ( x , z ) .  The P a t t e r s o n  m ap ,  

w hose  s y m m e t ry  i s  a l s o  p 2 ,  w i l l  t h u s  c o n t a i n  a  v e c t o r  p e a k  

a t  ( 2 x , 2 z )  w i t h  s i n g l e  w e i g h t .  A P a t t e r s o n  s y n t h e s i s  com­

p u t e d  w i t h  u n s h a r p e n e d  d a t a  c o n t a i n e d  f i v e  p e a k s  w i t h  

a b o u t  e q u a l  h e i g h t s  a n d  i t  was n o t  c l e a r  w h i c h  o f  t h e s e  

r e p r e s e n t e d  t h e  B r - B r  v e c t o r .  A n o t h e r  P a t t e r s o n  s y n t h e s i s  

was t h e n  c o m p u t e d ,  u s i n g  d a t a  s h a r p e n e d  t o  p o i n t  a to m  w i t h  

r e s p e c t  t o  b r o m i n e .  T h i s  map i s  shown i n  F i g u r e  3 - 1 -  The 

l o w e s t  o f  t h e  f i v e  p e a k s  b ecam e  t h e  h i g h e s t  one  a n d  i t  i s  

m a r k e d  "A" i n  t h e  map.  I t  was i n t e r p r e t e d  a s  b e i n g  t h e  

B r - B r  v e c t o r  p e a k  a n d  g a v e  t h e  c o o r d i n a t e s  f o r  b r o m i n e  a s  

x = 0 . 2 1 8 ,  z ■ 0 . 1 8 4  (b y  B o o t h ' s  ( 1 9 4 8 b )  i n t e r p o l a t i o n  

m e t h o d ) . A 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  w i t h  B r  i n  t h i s  

p o s i t i o n  g a v e  an  R - f a c t o r  o f  60%.  An 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  c a l c u l a t e d  w i t h  t h e  o b s e r v e d  a m p l i t u d e s  a n d  B r  

p h a s e  a n g l e s  r e v e a l e d  t h e  e n t i r e  s t r u c t u r e .  When a l l  t h e  

a to m s  w e r e  i n c l u d e d  i n  a  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 

r e d u c e d  t o  4 1 $ .  The  x a n d  z c o o r d i n a t e s  f o r  a l l  t h e  a to m s  

w e re  t h e n  r e f i n e d  w i t h  a  m i n i m u m - r e s i d u a l  p ro g ram m e
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F igu re  3 .1

Sharpened P a tte rs o n  map In  th e  hOi p ro je c t io n . 

Contours a re  drawn a t  a r b i t r a r y  I n te r v a ls .



-rr=*?

o

Q..CQ
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( B h u i y a  a n d  S t a n l e y ,  1 9 6 3 )  a n d  I n  f i v e  c y c l e s  R was l o w e r e d  

t o  2 3 $ .

( b ) T h r e e - d i m e n s i o n a l  a n a l y s i s

I n  s p a c e  g r o u p  P 2 i  t h e  o r i g i n  I n  t h e  y - d i r e c t i o n  i s  

n o t  f i x e d .  T h i s  c o o r d i n a t e  o f  t h e  b r o m i n e  a to m  was p u t  a t  

y = \  a n d  a  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  w i t h  t h i s  a to m  

o n l y  g a v e  an  R - f a c t o r  o f  49 %• The  s u b s e q u e n t  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  map c o n t a i n e d  p s e u d o - m i r r o r  

p l a n e s  p a r a l l e l  t o  ( 0 1 0 )  a t  y = 3 / ^ >  e t c .  S i n c e  t h e

b - a x i s  i s  s h o r t ,  t h e  p s e u d o - m i r r o r  p l a n e s  a r e  c l o s e  t o  

e a c h  o t h e r ,  a n d  o n l y  a  few  p e a k s  w e r e  r e s o l v e d  f r o m  t h e i r  

m i r r o r  i m a g e s .  I t  was  t h e r e f o r e  d i f f i c u l t  t o  d e t e r m i n e  

t h e  y - c o o r d i n a t e s  o f  t h e  a t o m s  e v e n  t h o u g h  t h e  s t r u c t u r e  

h a d  b e e n  s o l v e d  i n  p r o j e c t i o n .  Two c a r b o n  a to m s  ( C ( 6 )  a n d  

C ( 7 ) )  f r o m  t h e  d e c a l i n  s y s t e m  w h i c h  d e v i a t e d  m o s t  f r o m  

y = h  w e r e  s e l e c t e d  f i r s t .  The  r e s t  o f  t h e  a to m s  w e r e  r e ­

s o l v e d  g r a d u a l l y  i n  s i x  f u r t h e r  r o u n d s  o f  s t r u c t u r e - f a c t o r s  

a n d  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 s .  At t h i s  s t a g e  R ,was 

27%.  T h r o u g h o u t  t h e  s t r u c t u r e  d e t e r m i n a t i o n  a n  o v e r a l l
o

U. _ = 0 . 0 5  A was a s s u m e d .I s o

5• S t r u c t u r e  r e f i n e m e n t

P o s i t i o n a l  a n d  t h e r m a l - v i b r a t i o n  p a r a m e t e r s  a s  w e l l  

a s  l a y e r - s c a l e  f a c t o r s  w e r e  r e f i n e d  u s i n g  t h e  b l o c k -
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d i a g o n a l  a p p r o x i m a t i o n  o f  t h e  l e a s t - s q u a r e s  m e t h o d .  The 

y c o o r d i n a t e  o f  t h e  b r o m i n e  a t o m  was h e l d  c o n s t a n t  a t  \  

t h r o u g h o u t  t h e  r e f i n e m e n t .  The  f u n c t i o n  m i n i m i s e d  was

M = Z w ( | F  | -  | F  | ) 2 .
h k  I  °  c

S i x  c y c l e s  o f  i s o t r o p i c  r e f i n e m e n t  l o w e r e d  R t o  

2 0 , ^%, The  d a t a  w e r e  t h e n  p u t  on a  common a b s o l u t e  s c a l e  

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

l o w i n g  a n i s o t r o p i c  r e f i n e m e n t  o n l y  one  o v e r a l l  s c a l e  

f a c t o r  was r e f i n e d .  I n  t h e  p o l a r  s p a c e  g r o u p  P 2 i  a n  e r r o r  

i n  t h e  y c o o r d i n a t e  o f  t h e  b r o m i n e  w o u l d  b e  i n t r o d u c e d  

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

( U e k i  e t  a t , 1 9 6 6 ;  C r u i c k s h a n k  a n d  M c D o n a ld ,  1 9 6 7 ) .  The 

a b s o l u t e  c o n f i g u r a t i o n  o f  l a b d a n o l i c  a c i d  was known ( f r o m  

a  s y n t h e s i s  s t a r t i n g  o u t  w i t h  s c l a r e o l  o f  e s t a b l i s h e d  

c o n f i g u r a t i o n  ( B o r y  a n d  L e d e r e r ,  1 9 5 7 ) )  a n d  i t  i s  t h e  one  

u s e d  h e r e .  C o r r e c t i o n s  f o r  a n o m a l o u s  d i s p e r s i o n  by  b r o ­

m in e  w e r e  a p p l i e d  d u r i n g  t h e  a n i s o t r o p i c  r e f i n e m e n t .  

C o n v e r g e n c e  was r e a c h e d  a f t e r  e i g h t  c y c l e s  a n d  t h e  f i n a l  

R was 1 1 . ty%. T h r o u g h o u t  t h e  r e f i n e m e n t  a  s h i f t  f a c t o r  o f  

0 . 8  was  u s e d .  A f t e r  t h e  l a s t  c y c l e  no  s h i f t s  w e r e  l a r g e r  

t h a n  0 . 1 a  i n  t h e  c o o r d i n a t e s  a n d  0 . 2 a  i n  t h e  t h e r m a l  

p a r a m e t e r s .

A summary  o f  t h e  l e a s t - s q u a r e s  r e f i n e m e n t  i s  o u t l i n e d



b e l o w  (R = z | A | / £ | F 0 | ; R =  E w A 2/ E w F o 2 ) :

C y c l e  No. R R f P a r a m e t e r s  r e f i n e d

1 0 . 2 7 2

2 0 . 2 2 7 x , y , z ,  Ul s o  f o r  B r ,

3 0 . 2 1 3 0 ,  C + l a y e r - s c a l e

4 0 . 2 0 5 f a c t o r s

5 0 . 2 0 4

6 0 . 2 0 4 -

7 0 . 2 0 4 0 . 0 9 2 0

8 0 . 1 5 1 0 . 0 5 1 3

9 0 . 1 3 5 0 . 0 3 2 0 x , y , z ,  u ±j  ( i , j  = 1 , 2 , 3 )

10 0 . 1 2 5 0 . 0 2 8 3 f o r  B r ,  0 ,  Cr

11* 0 . 1 2 3 0 . 0 2 8 6 + one  o v e r a l l  s c a l e

12 0 . 1 1 6 0 . 0 2 4 9 f a c t o r

13 0 . 1 1 5 0 . 0 2 4 3

14 0 . 1 1 5 0 . 0 2 4 2

15 0 . 1 1 4 0 . 0 2 4 1 ( s t r u c t u r e  f a c t o r s  o n l y )

* A d j u s t m e n t s  i n  t h e  p a r a m e t e r s  o f  t h e  w e i g h t i n g  s ch em e  

w e r e  m a d e .

D u r i n g  t h e  i s o t r o p i c  r e f i n e m e n t  t h e  t e r m s  w e r e  a s ­

s i g n e d  u n i t  w e i g h t s ,  b u t  d u r i n g  t h e  a n i s o t r o p i c  r e f i n e m e n t  

t h e  f o l l o w i n g  w e i g h t i n g  s c h e m e  was u s e d :  w ■ ( p i  + | F q | +
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p 2 | F q | 2 + p 3 | F o | 3 ) - 1 . The  p - p a r a m e t e r s  w e r e  a d j u s t e d

d u r i n g  t h e  r e f i n e m e n t  i n  o r d e r  t o  m i n i m i s e  t h e  v a r i a t i o n

o f  wA2 a s  a  f u n c t i o n  o f  |P  I .  At t h e  e n d  o f  t h e  r e f i n e -1 o 1

m e n t  t h e  f i n a l  v a l u e s  ( p i  = 4 . 0 ,  p 2 = 0 . 0 5 ,  P 3 = 0 . 0 0 0 5 )  

g a v e  t h e  f o l l o w i n g  a n a l y s i s  o f  a v e r a g e d  wA2 a s  a  f u n c t i o n

o o a n d  o f s i n 0 / A :

| f  |1 o 1 < w A 2 >
No. o f  

r e f l e x i o n s s i n 0 / A <wA 2>
No. o f  

r e f l e x i o n s

0 -  7 0 . 0 7 5 592

O
J

oio
•

o

0 . 3 4 1 114

7 -  15 0 . 1 2 8 570 0 . 2 - 0 . 4 0 . 1 3 5 666

1 5 -  29 0 . 1 8 8 347 0 . 4 - 0 . 6 0 . 0 8 9 831

2 9 -  59 0 . 1 8 1 139 0 . 6 - 0 . 8 0 . 1 2 9 61

5 9 - 1 1 7 0 . 1 1 9 24

T h e r e  i s  g r e a t e r  v a r i a t i o n  i n  <wA2> a s  a  f u n c t i o n  o f  

s i n 0 / A  t h a n  o f  | P Q | , p r e s u m a b l y  b e c a u s e  t h e  h y d r o g e n  a to m s  

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

u s e  a  w e i g h t i n g  sch e m e  w h i c h  i s  a l s o  a  f u n c t i o n  o f  s i n 0 / A .

At t h e  e n d  o f  t h e  r e f i n e m e n t  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  was c a l c u l a t e d .  Some d i f f u s e  m axima o c c u r r e d  

i n  p o s i t i o n s  s t e r e o c h e m i c a l l y  a c c e p t a b l e  f o r  h y d r o g e n  a to m s  

b u t  i t  was  n o t  p o s s i b l e  t o  d e t e r m i n e  t h e i r  c o o r d i n a t e s .

The c o m p o s i t e  f i n a l  t h r e e - d i m e n s i o n a l  F o u r i e r  map a n d  i t s  

i n t e r p r e t a t i o n  c a n  b e  s e e n  i n  F i g u r e  3 * 2 .  The  n u m b e r i n g  

schem e  i s  a l s o  shown i n  t h i s  d i a g r a m .
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F igure  3.2

Composite th re e -d im e n s io n a l e le c t ro n -d e n s i ty  

map, viewed a long  th e  b - a x is ,  and i t s  i n t e r ­

p r e ta t io n  w ith  th e  numbering scheme. The 

co n to u rs  s t a r t  at 1 «A v and a re  drawn a t  

I n te r v a ls  o f  1 eA~* exoept around bromine where 

th e  in te r v a l s  a re  5 eA“ *.
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A to m ic  s c a t t e r i n g  f a c t o r s  a n d  t h e  r e a l  a n d  I m a g i n a r y  

p a r t s  o f  a n o m a l o u s - d i s p e r s i o n  c o r r e c t i o n s  f o r  b r o m i n e  

w e r e  t a k e n  f r o m  I n t e r n a t i o n a l  T a b l e s  f o r  X-Ray C r y s t a l l o ­

g r a p h y  ( 1 9 6 2 ) .

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

l i s t e d  i n  T a b l e s  3*1 a n d  3 . 2 .  The e . s . d . ’ s w e r e  d e r i v e d  

f r o m  t h e  i n v e r s e  o f  t h e  l e a s t - s q u a r e s  m a t r i x .  T a b l e  3 . 3  

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

O r t h o g o n a l  c o o r d i n a t e s  ( i n  A) a r e  g i v e n  i n  T a b l e  3 . 4  a n d  

p r i n c i p a l  v a l u e s  o f  v i b r a t i o n  t e n s o r s  i n  T a b l e  3 . 5 .  M o le ­

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

c a n  b e  s e e n  i n  T a b l e s  3 . 6  a n d  3 . 7 ,  r e s p e c t i v e l y .
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TABLE 3 .1

FRACTIONAL COORDINATES AND E.S.D.s

ATOM x/a y/b z/ 0
Dr(1) 0.2116 + 2 0.2500 + 0 0 .1 8 4 3  + 1
0(1) 1.2969 + 11 0.3726 + 21 0.6726 + 5

0(2) 0.8295 + 9 0.2174 + 22 0.4405 + 5

o(3 ) 0.7617 + 9 0.4743 + 18 0 .5 0 5 5  + 5

0 (4 ) 0.5859 + 11 0.1923 + 24 0 .4 9 2 4  + 7

C(1) 1.0488 + 10 0 .2 4 6 7 + 27 0 .8 5 1 7  + 6
C(2 ) 1.0354 4- 13 0 .2 3 9 4 + 31 0.9288 + 7

c(3 ) 1.1531 + 16 0.1681 + 25 0 .9 7 1 5  + 7

C(4 ) 1.2616 + 12 0 .2 9 5 9 4* 22 0.9612 + 6
0 (5 ) 1.2660 + 11 0 .3 1 3 6 + 18 0 .8 8 2 3  + 6
G (6) 1 .3734 + 11 0 .43 6 2 + 27 0 .8 6 6 4  + 7

c(7 ) 1.3861 4* 13 0 .3 8 9 4 + 29 0.7886 + 7

C(8) 1.2807 + 12 0 .4 6 2 4 + 21 0.7400 + 7

0 (9 ) 1.1698 + 12 0 .3 4 95 + 21 0.7604 + 6
C(10) 1.1511 + 11 0 .3 9 3 6 ± 20 0 .8 3 6 8  + 6
C(11) 1.0569 4* 13 0.3860 + 25 0.7045 + 7

C(12) 1.0101 + 13 0.1687 + 23 0 .6 7 4 2  + 7

c (13 ) 0.9022 + 12 0 .1 8 7 6 4" 26 0 .6 1 5 9  ± 7

C( 14) 0.9411 12 0.3083 4" 27 0.5516 + 7

0 (15) 0 .8 4 4 3 + 13 0.3170 + 30 0.4929 + 7



173

C (16) + 1iT
\

C
O•

o 16
c(i7 ) 1.2761 + 15

C(18) 1.2661 + 16
c(19) U3737 ± 16
C(2 0 ) 1 .1206  + 14

C(2 1 ) 0 .6 6 7 9  ± 14

C(22) 0 .5 7 9 3  + 12
C(2 3 ) 0 .4 8 9 2  + 11
C(2 4 ) 0 .4 1 9 3  ± 15

C(2 5 ) 0 .3 3 9 3  ± 16
C(2 6 ) 0 .3 2 3 5  + 11
C(2 7 ) 0.3891  ± 13

C(2 8 ) 0 .4 6 9 9  + 13

0374 + 28 0 .6 9 5 9 + 8
7104 + 33 0 .7 3 3 3 + 8
6182 + 27 0.9986 + 8
1694 26 0.9967 + 8
6376 + 22 0 .8 4 6 0 + 7

6113 + 30 0 .4 5 1 4 + 7

3318 + 26 0 .4 4 6 0 + 7

3167 + 27 0.3831 + 7

1213 + 33 0.3688 + 8
1043 + 30 0.3128 + 8
2879 + 37 0 .2 6 4 9 + 6
4663 + 36 0.2769 + 8
4891 + 31 0 .3 34 7 + 8

- 0

0

0

0

0

0

0

0

0

0

0

0

0



TABLE 3 . 2
o2

ANISOTROPIC TEMPERATURE PARAMETERS AND E.S.D.s (A )

ATOM u u u 2U 2U 2U
11 22 33 23 31 12

Br(1) 0.1071 0.1667 0.0871 0 .0 2 1 3 -O.O555 -O.O988
15 28 12 34 22 37

0(1) 0.1101 0.0601 O.O597 0.0002 0 .0 3 9 7 -0.0015
91 78 59 107 122 134

0(2) 0.0790 0.0662 0 .0 6 1 4 -0 .0 3 4 4 -0 .0 22 7 0.0353
66 77 53 113 94 124

o(3 ) 0.0773 0.0415 0.0628 -0.0321 -O.OO94 0 .0 1 4 6
68 66 56 97 97 105

0 (4 ) 0 .0 8 8 7 0.0704 0.1040 0.0623 -0.0191 -0.0269
78 90 85 148 133 139

C(1) 0.0423 0.0472 0.0617 -0.0285 0.0103 -0.0060
63 91 69 148 105 132

C(2 ) 0.0681 0.0504 0 .0 6 5 3 -0.0069 0.0200 -0 .0 2 4 2
83 93 77 157 128 155

c(3 ) 0.0995 0 .0 3 4 4 0.0572 0.0031 0.0292 -O.OO53
116 94 78 130 157 161

C(4 ) 0.0745 0.0136 0.0611 0.0020 -0 .0 2 2 4 -0.0078
81 73 71 122 120 128

C(5) • 0.0567 0.0040 0.0549 -0.0072 0 .0 0 2 9 0.0026
68 66 62 98 105 105

C(6) 0 .0 4 2 8 0.0559 0.0641 -0.0030 -O.OI77 -0.0035
71 103 82 142 122 129

c(7) O.O532 0.0628 0 .0 6 13 0.0040 0.0210 -0.0251
80 106 81 146 133 146

C(8) 0.0593 0.0122 0 .0 6 9 4 -0.0002 0 .0 2 8 7 0.0036
78 75 80 117 127 117
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c(9)

c (1 0 )

C(11)

C(12)

C(13)

C(14)

C(15)

C(16)

C(17)

C(1 8)

C(19)

C(20) 

C(2 1 ) 

C(2 2 ) 

C(2 3 ) 

C(2 4 )

0 ,0 5 9 2
75

0 .0 1 9 0
76

O.O55O
69

0 .0 4 6 8
66

0 .0 1 5 9
68

O.O507
64

0 .0 6 3 3
84

0 .0 3 3 2
81

0 .0 5 7 6
73

0 .0 7 2 8
87

0.0291
84

0 .0 5 4 2
70

0.0591
78

0 .0 4 5 3
97

0.0551
70

0 .0 5 6 3
76

0 .0 4 8 5
95

0 .0 5 8 5
72

0 .0 6 5 6
85

0 .0 6 1 4
106

0.0551
73

O.098I
117

0 .0 4 0 3
103

0 .0 7 1 0
90

0.0891
110

O.0573
117

0 .0 7 2 4
92

0 .1 0 2 7
124

0 .0 2 3 8
85

0 .0 6 5 3
84

0.1071
128

0 .0 3 1 8
100

0 .0 7 0 3
93

0 .0 8 8 7
100

0 .0 1 1 9
73

0.0561
72

0 .0 6 7 7
92

0 .0 5 6 8
103

0 .0 5 8 7
78

0 .0 4 9 6
70

0 .0 4 7 9
95

0 .0 6 4 6
78

0 .0 5 0 3
71

0 .0 5 1 0
99

0 .0 5 9 7
73

0 .0 7 2 7
104

0 .0 7 2 9
122

0 .0 6 7 4
92

0 .0 0 5 3
109

- 0 .0 1 4 2
114

0 .0 0 7 2
113

-0 .0 0 1 3
104

-0 .0 0 9 7
104

0.0031
101

0 .0 0 0 7
123

-0 .0 0 6 2
129

0 .0 1 1 4
128

0 .0 0 2 0
116

- 0 .0 0 2 4
127

-0 .0 0 6 0
133

-0 .0 1 1 8
129

-0 .0 1 5 5
119

-0 .0 1 5 8
134

- 0 .0 0 2 4
133

0 .0 0 3 5
117

-0 .0 0 7 6
141

0 .0 0 4 6
143

0 .0 1 4 2
129

- 0 .0 0 5 3
159

-0 .0 0 2 2
151

-0 .0 0 9 1
166

-O .0749
183

- 0 .0 1 1 9
170

0 .0 4 7 8
165

-0 .0 4 0 7
189

-0 .0 2 5 1
132

-0 .0 0 9 9
161

- 0 .0 1 7 0
161

0 .0 3 0 8
145

- 0 .0 1 1 9
173

0 .0 3 0 0
171

-0 .0 1 4 0
110

-0 .0 0 0 6
137

0 .0 1 4 9
135

-0 .0 0 7 1
149

- 0 .0 0 8 8
134

- 0 .0041
160

0 .0 1 7 9
137

0 .0 0 0 2
120

0 .0 1 2 5
130

0 .0 0 5 9
134

0 .0 2 2 3
115

0 .0251
137

- 0 .0 0 1 5
175

0 .0 2 4 6
159

-0 .0 0 6 9
179



176

0 (2 5 )  0 .0691 0 .0 5 8 6  0 .0 7 0 5  -0 .0 2 6 1  0 .0 2 8 7  -0 .0 0 9 3
95 104 90 163 148 164

0 (2 6 )  0 .0 4 5 5  0 .1 1 6 9  0 .0431 - 0 .0 2 4 4  - 0 .0 5 1 9  - 0 .0 0 3 3
68 156 60 177 106 181

C (27) 0 .0 4 9 5  0 .0 8 6 9  0 .0 7 3 0  0 .0 3 1 7  - 0 .0 2 5 4  - 0 .0 2 58
81 138 92 184 136 166

C (28) 0 .0 6 0 9  O.0579 0 .0 7 2 7  0 .0 1 7 8  0 .0 1 2 7  - 0 .0 0 7 3
89 105 92 158 147 164
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OBSERVED /

T A R L C _  3 . 3 

: iD  C A L C U L A T E D  P T R U C T J K E  p  A C T O R S



H K L tt'ol l?<4 H K L IFd h ; l N M

0 0 2 2 3 .7 2 4 .7 9 0 4 8 .5 9 .0 0 9 3 1 .5 2 9 .2
0 3 3 8 .6 4 7 .5 9 0  6 1 4 .9 1 6 .0 0 10 4 1 .4 4 8 .2

0 0 i 3 9 .* 3 5 .1 9 0  11 7 .4 9 .8 0 11 4 .4 3 .1
0 0 5 2 2 .5 2 0 .1 9 0 12 8 .4 8 .4 0 12 3 5 .3 3 4 .6
0 0 6 8 2 .9 7 7 .3 9 0 14 1 o .9 10.1 0 13 5 .9 7 .1
U 0 7 2 1 .6 1 9 .7 10 0 1 12.1 1 2 .3 0 14 9 .6 10.1
0 0 8 1 3 .3 1 4 .7 10 0 2 1 9 .7 18 .0 0 15 1 o .9 12 .2

0 9 2 2 .6 2 4 .4 10 0  5 7 .8 8 .1 0 16 6 .2 8 .1
0 0 10 6 .5 7 .9 10 0  13 5 .8 6 .3 0 f7 11 .5 11 .4
0 0 11 2 0 .8 2 0 .3 11 0  3 8 .4 6 .2 0 18 5 .2 5 .2
0 12 12 .6 15 .5 11 0  9 7 .6 9 .1 0 20 5 .0 4 .2
0 0 13 14 .5 1 3 .5 11 0  12 6 .1 6 .7 0 23 1 0 .7 7 .6
0 0 14 12.1 1 2 .5 1 0  -1 15.1 2 8 .0 0 24 2 .9
0 0 16 19.5 2 3 .0 1 0  -2 16.1 7 .1 2 0 1 8 .6 1 0 .9
0 0 17 10.1 1 2 .5 1 0 -3 6 7 .7 7 0 .0 3 0 4 5 .8 4 3 .7
0 0 18 9 .3 1 o .4 1 0 -4 6 9 .6 6 0 .7 4 0 6 .0 4 .2
0 0 19 9 .5 9 .0 1 0  -5 3 5 .3 3 7 .0 5 0 1 4 .6 13 .5
0 e 22 6 .6 4 .9 1 0 -6 5 0 .2 5 1 .8 6 0 4 0 .5 3 5 .2
1 0 0 1 7 .8 1 0 .9 1 0  -7 2 6 .0 2 3 .9 7 0 13.1 12 .8
2 0 0 8 9 .6 9 3 .0 1 0  -8 3 1 .0 2 5 .7 8 0 14.1 14.1
3 8 .4 n . 7 1 0  -9 6 9 .0 6 6 .6 9 0 5 .0 4 .7
4 0 0 1 1 .5 6 .4 1 o - l o 6 5 .4 52 .1 10 0 1 2 .4 1 4 .0
5 0 0 4 1 .8 3 4 .2 1 0-11 1 4 .4 12 .4 11 0 1 0 .5 9 .6
7 0 0 6 .3 5 .1 1 0 - 1 2 2 1 .6 2 3 .2 1 1 5 6 .1 5 6 .9
9 0 0 1 1 .6 1 0 .5 1 0 - 1 3 1 6 .9 18 .6 1 2 5 6 .4
1 0 1 3 9 .8 3 0 .6 1 0-1 4 1 2 .8 1 5 .9 1 3 3 8 .9 3 6 .2
1 0 2 1 3 .6 4 .4 1 0 -15 1 7 .2 18 .2 1 4 3 8 .6 3 6 .6
1 0 3 3 .8 2 .5 1 0 - I 6 9 .8 8 .0 1 5 3 3 .5 3 4 .7
1 0 4 1 9 .7 2 1 .6 1 o -17 1 2 .7 1 1 .9 1 6 4 7 .9 4 6 .6
1 0 5 4 4 .3 6 2 .0 1 0 - 1 9 7 .8 6 .9 1 7 1 2 .3 1 3 .5
1 0 6 4 5 .2 48 .1 2 0  -1 5 3 .9 4 6 .8 1 8 3 4 .2 3 4 .2
1 0 8 4 3 .9 3 6 .6 2 0  - 2 2 0 .9 2 8 .9 1 9 1 9 .2 2 2 .3
1 0 9 32*2 3 4 .6 2 0  -3 7 4 .3 7 6 .0 1 10 2 4 .1 2 1 .1
1 0 10 4 7 .9 4 5 .0 2 0 -4 1 0 5 .6 114 .2 1 11 2 1 .4 1 9 .7
1 0 11 1 5 .3 2 0 .4 2 0  -5 3 0 .2 2 7 .9 1 12 1 3 .7 1 3 .3
1 0 12 1 0 .3 1 0 .3 2 0  -6 11.1 9 .8 1 13 1 1 .0 1 2 .6
1 0 13 7 .4 7 .6 2 0  -7 4 .5 2 .2 f 14 3 2 .4 3 4 .7
1 0 14 8 .4 9 .0 2 0  -8 1 8 .4 1 4 .6 1 15 1 0 .6 1 1 .8
1 0 17 7 .8 7 .6 2 0 -9 5 .4 6 . 7 1 17 13 .2 14 .3
1 0 18 1 3 .6 1 1 .7 2 0 -10 1 3 .9 1 4 .4 1 18 5 .2 4 .8
1 0 20 7 .4 5 .6 2 0-12 7 .4 8 .3 1 19 7 .5 6 .2
1 0 21 7 .0 6 .2 2 0 - 1 3 3 0 .4 3 2 .9 1 20 5 .4 5 .4
1 u 23 8 .9 8 . 0 2 0 - 1 5 I 0 . 3 1 3 .0 1 22 4 .3 3 .8
1 0 24 6 .7 5 .2 2 0 - I 8 6 .6 8 .1 2 1 3 8 .4 3 0 .7
2 0 1 4 2 .0 39 .1 2 0-22 8 . 0 6 .1 2 2 44 .1 < 3 .0
2 0 2 2 8 .2 2 2 .1 2 0 - 2 5 4 .6 1 .9 2 3 7 .6 10 .3
2 0 3 2 3 .6 3 4 .0 3 0 -1 8 . 0 6 .8 2 4 5 4 .3 5 1 .3
2 0 4 3 .8 3 .8 3 0 -2 1 0 6 .2 8 5 .7 2 5 1 7 .8 2 4 .5
2 0 5 3 1 .6 2 9 .2 3 0  -3 6 7 .6 7 1 .9 2 6 12.1 13 .2
2 0 6 5 0 .8 4 8 .4 3 0  -4 8 3 .4 8 1 .3 2 7 52 .1 4 9 .9
2 0 7 11 .8 1 5 .3 3 0  - 5 47 .2 4 5 .6 2 8 2 8 .8 33 .2
2 0 8 2 4 .9 3 3 .3 3 0  -6 2 1 .2 2 1 .0 2 9 15 .2 17 .7
2 0 9 2 6 .6 3 2 .0 3 0  -7 2 6 .0 2 4 .7 2 10 2 7 .6 3 4 .5
2 0 10 14 .3 1 4 .5 3 0  -8 5 .0 4 .7 2 11 9 .2 » f .7
2 11 39.1 3 7 .3 3 0  - 9 5 6 .9 5 1 .5 2 12 * •2 12.5
2 12 2 3 .5 2 4 .0 3 o - lo 6 .2 4 .7 2 13 2 5 .8 2 6 .7
2 0 13 2 6 .7 2 8 .4 3 0-11 7 .1 7 .6 2 14 8 .5 10.1
2 0 14 2 8 .5 3 1 .9 3 0 - 1 3 7 .4 6 .6 2 15 8 .4 I 0 .5
2 0 15 13.1 14.1 3 o - H 9 .2 7 .9 2 16 5 .2 5 .9
2 0 16 19.5 2 0 .7 3 0 - 1 5 1 1 .4 1 0 .2 2 ' I 4 .4 3 .8
2 0 17 8 .6 8 .8 3 0 - 1 7 1 2 .0 12 .5 2 18 1 1 .5 13 .2
2 0 18 8 .6 6 .7 3 0-1 9 1 1 .6 " • I 2 19 8 .4 6 .4
2 0 19 9 .0 5 .0 4 0  -1 3 5 .3 3 0 .8 2 20 4 .4 3 .4
2 22 8.1 6 .1 4 0 -2 38 .1 40 .0 2 23 8 .6 7 .2
2 0 23 7 .2 4 .6 4 0  -3 1 6 .6 2 1 .6 3 1 5 0 .5 4 6 .7

0 1 3 9 .2 2 9 .7 4 0  -4 19 .3 1 0 .7 3 2 1 0 .4 15 .3
3 0 2 68.1 6 o .3 4 0  -5 4 4 .7 3 6 .6 3 3 4 3 .3 3 7 .6
3 a 3 4 1 .5 46.1 4 0 -6 4 .9 3 4 4 5 .6 4 1 .8

0 4 42.1 4 3 .0 4 0  -7 39 .1 36 .4 3 5 7 .0 5 .7
0 5 8 0 .1 8 2 .6 4 0  -8 2 3 .9 2 0 .2 3 6 2 1 .4 2 8 .9
0 6 17 .7 15 .0 4 0  - 9 13 .8 1 3 .8 3 7 2 4 .6 2 5 .7
0 7 7 9 .1 7 0 .3 4 o - lo 2 5 .2 3 8 2 7 .6 31 .6

3 0 10 2 2 .6 2 9 .6 4 0-11 6 .9 6 .8 3 9 2 8 .1 34 .3
0 13 1 6 .3 1 7 .0 4 o-1 3 2 2 .5 2 1 .0 3 11 2 0 .6 2 4 .8
0 15 1 5 .6 17 .3 4 0 - 1 5 1 0 .5 1 0 .4 3 12 8 .3 9 .5

3 0 16 1 1 .9 1 1 .0 4 0 - 2 1 9 .3 6 .9 3 13 1 7 .2 17 .7
3 0 18 8 .4 7 .8 5 0  -1 1 1 .7 12.1 3 14 2 3 .3 2 7 .0
3 0 19 7 .4 8 .6 5 0  -3 4 5 .8 4 1 .5 3 15 1 1 .0 13 .4

0 23 5 .7 4 .6 5 0 -4 2 9 .2 2 9 .2 3 16 12.1 I 3 .74 0 6 3 .9 6 4 .8 5 0  -5 1 4 .0 11 .7 3 *1 7 .5 8 .4
4 0 3 7*3 8 . 7 5 0  -6 3 8 .3 3 6 .4 3 18 5*74 0 5 5 4 .7 4 3 .4 5 0  -7 6 .6 5 .6 3 20 9 .8 8 .0
4 0 6 4 3 .3 3 9 .7 5 0  -A 34 .1 34 .6 22 4 .4 4 .3
4 0 8 1 2 .3 10 .8 5 o - lo 1 1 .8 1 1 .6 1 14 .5
4 0 9 31.1

* 1 :2
5 0-11 9 .3 7 .6 4 2 4 6 .4 46 .9

0 10 7 .8 5 0 -12 6 .9 7 .6 4 3 1 9 .4 14 ,6
4 0 11 1 4 .2 1 4 .7 5 0 - 1 3 7 . 8 7 .8 4 4 2 4 .0 2 0 .0
4 0 12 1 9 .3 19*2 5 0-1 4 1 4 .0 14 .7 4 5 7 5 .2 7 3 .5
4 0 13 8 .9 6 .7 5 0 - 1 5 5 .9 6 .7 4 6 2 0 .3 17 .0
4 0 14 2 6 .0 2 7 .8 5 0 - 1 7 6 .2 6 .0 4 7 1 4 .5  . 1 6 .4
4 0 16 9 .3 7 .6 6 0  -1 2 1 .7 17 .8 4 8 1 6 .5 2 1 .74 0 17 10.1 1 0 .5 6 0 -2 8 .3 6 .7 4 9 5 .6 5 .4
4 0 18 7 .5 7 .9 6 0 -4 2 4 .9 2 6 .7 4 10 2 7 .2 2 6 .4
4 0 20 6 .5 6 .6 6 0 -7 31 .1 2 7 .0 4 11 1 4 .4 15 .5

0 22 6 .4 6 .8 6 0  -8 7 .4 6 .8 4 12 1 4 .0 15 .6
0 5 .0 4 .2 6 0 -1 0 1 9 .9 1 8 .3 4 13 1 1 .7 12 .3

5 0 2 9 .7 1 1 .0 6 0-11 9 .1 9 .6 4 14 1 5 .0 1 8 .0
5 0 3 6 9 .9 6 1 .5 6 0 -12 2 7 .2 2 6 .0 4 15 6 .3 6 .2

0 4 6 7 .7 5 6 .0 6 0 - 1 3 1 7 .5 18 .5 4 16 5 .7 5 .8
0 5 2 9 .4 3 1 .4 6 0 -14 1 0 .7 11 .8 4 18 10 .2 11.1
0 6 1 5 .0 1 5 .4 6 0 - 1 5 9 .2 8 .6 4 19 4 .3 6 .3

5 0 7 3 8 .6 3 6 .6 7 0  -1 6 .6 7 .1 4 21 6 .2
0 8 ’ 7 * 1 1 5 .8 7 0 -2 24 .1 2 2 .3 5 1 3 7 .0 3 2 .3
0 9 8 .0 9 .6 7 0  - 3 1 3 .8 1 1 .6 5 2 io .e 9 .7

5 0 10 18.8 1 9 .6 7 0  -4 6 .9 7 .5 5 3 1 5 .4 f I * 50 11 17 .9 1 8 .3 7 0  - 5 2 3 .2 2 0 .5 5 4 6 3 .0 56.1
0 13 15.9 17.1 7 0  -6 6 .5 6 .3 5 5 9 .5 lo . o

5 0 14 7 .8 7 .7 7 0  -8 1 4 .5 1 3 .7 5 6 1 6 .6 2 1 .9
0 16 15.3 14.1 7 0-12 1 1 .6 1 2 .6 5 7 2 2 .7 2 6 .5

5 0 19 14 .6 12 .2 7 0-14 6 .6 5 8 10.2 15 .2
6 0 3 3 .6 2 6 .6 8 0 -1 2 3 .4 2 4 .3 5 9 2 1 .6 2 6 .2
6 0 2 3 5 .6 3 0 .5 8 0  - 3 9 .7 8 .2 5 10 9 .2 1 1 .3
6 0 3 3 9 .5 2 8 .0 6 0  -7 1 6 .1 1 5 .9 5 11 6 .5 £•26 0 4 2 3 .5 2 0 .5 8 0  -A 1 2 .6 1 2 .6 5 12 1 5 .5 16 .8
6 0 6 13 .7 1 5 .3 8 o - lo 10 .6 1 0 .5 . 5 14 6 .3 5 .7
6 0 7 2 0 .9 2 2 .5 8 0 - 1 3 11.1 9 .7 5 15 11.5 16 .7
6 0 A 1 4 .4 1 6 .2 8 0-1 5 1 0 .2 7 .5 5 17 6 .5 I * 66 0 9 2 5 .0 2 1 .0 9 0 -1 12 .9 1 1 .3 6 1 2 4 .5 2 4 .3
6 0 12 14.1 1 5 .2 9 0 -2 19 .9 16 .6 6 2 32 .1 30 .7
6 0 15 1 6 .4 1 5 .0 9 0  -5 8 .2 8 .6 6 3 1 6 .2 1 7 .4
7 0 1 1 3 .0 12 .4 9 0  -6 14 .9 16 .2 6 4 2 .0
7 0 2 9 .6 H.O 9 o - l o 9 .2 8 .5 6 5 2 4 .8 2 5 .0
7 0 3 2 5 .7 2 4 .3 10 0 -1 8 .5 8 .7 6 6 1 4 .9 16 .2
7 0 5 1 2 .0 13.1 10 0  -3 7 . 8 6 .1 6 7 1 2 .5 1 1 .6
7 0 6 1 6 .6 I 6 . 5 10 0  - 5 8 .5 7 .7 6 8 13.7 13 .8
7 0 8 18.7 18.1 10 0  - 7 8 .6 9 .2 6 9 1 3 .0 1 3 .0
7 0 1o 1 4 .9 16 .9 10 0-11 7 . 8 7 . 6 6 10 13.1 12 .8
7 0 11 1 9 .2 1 8 .6 10 0-1 4 8 .1 6 .3 6 11 2 0 .8 2 1 .0
7 0 14 I 0 .7 1 3 .5 11 0 -1 8 .2 8 .0 6 12 8 .4 9 .6
7 0 16 1 3 .6 I 0 .8 11 0  -3 8 .6 7 .0 6 13 1 0 .7 9 .5
T 0 19 9 .4 8 .6 12 0  -2 9 .6 7 .9 6 16 1 0 .4 10 .7
8 0 1 5 1 .3 4 4 .4 12 0  -3 6 .8 2 .3 6 4 .8 4 .9
8 0 2 17.3 16.1 13 0  - 5 7 .7 3 . 2 6 18 8 .8 8 .1
8 g 4 1 5 .3 1 4 .6 0 1 2 4 0 .7 3 8 .4 6 19 6 .0 5 .2
8 0 6 9 .9 1 0 .8 0 1 3 4 0 .7 3 9 .2 7 1 2 3 .2 2 1 .2
8 0 7 17 .5 16.1 0 1 4 7 1 .9 8 3 .8 7 2 3 1 .7 2 9 .1
8 0 8 14 .6 1 6 .3 0 1 5 1 7 .0 1 7 .0 7 3 12 .6 12 .2
8 0 12 7*7 6 .6 0 1 6 2 1 .7 lA .1 7 5 11.1 1 2 .4
8 0 13 8 .5 1 0 .4 0 1 7 1 8 .4 2 1 .0 7 6 14.7 16 .3
9 0 2 11 .5 1 1 .2 0 1 8 1 0 .5 9 .0 7 7 19 .0 1 9 .5

H K L 1*4 M H K L W w H K L M |Fe|

7 1 9 8 . 3 7 .6 5 1 -1 5 1 0 .6 9 . 0 2 2 17 7 .0 7 . 0
7 1 10 9 .2 1 0 .0 5 1 - 1 6 T*6 7 . 5 2 2 19 3 .2 2 .1
7 1 11 5 . 0 * .* 5 1 -2 0 4 .5 k .o 2 2 2 0 8 . 0 7 .1
7 1 12 5 .8 5 .6 5 1 -2 1 4 . 4 3 .3 2 2 22 3 .4 3 .3
7 1 13 7 . 4 9 .7 6 1 -1 1 6 .2 • 7 . 6 3 2 3 2 .8 3 1 .5
7 1 14 4 .8 5 .5 6 1 - 2 1 4 .6 • * . 2 3 2 2 1 4 .6 2 2 .0
7 1 15 1 8 .5 1 3 .8 6 1 - 3 3 7 .4 3 9 .1 3 2 3 9 .8 • 1 .7
7 1 *1 7 .1 6 . * 6 1 6 .1 5 .6 3 2 4 3 0 .7 2 8 .0
7 1 16 7 . 2 5 .5 6 1 *5 1 2 .4 I I . * 3 2 5 3 6 .8 3 3 .3
7 1 19 3 .8 8 . 8 6 1 - 6 2 5 .8 2 3 .9 3 2 6 4 .9 * .1
8 1 1 4 . 0 3 .8 6 1 - 7 5 .2 6 .3 3 2 7 1 6 .5 • 9 . 7
8 1 2 1 6 .4 1 6 .* 6 1 - 8 1 7 .3 • 3 . * 3 2 8 1 9 .5 • 8 . *
8 1 3 1 8 .6 1 9 .8 6 1 -9 1 5 .2 •  3 . * 3 2 9 1 4 .0 • * . 6
8 1 4 1 8 .4 1 8 .8 6 1 - 1 0 9 . 4 1 0 .0 3 2 10 2 7 .3 2 * .7
6 1 5 7 . 3 8 . 6 6 1 -1 1 5 .6 5 .1 3 2 11 2 2 .8 23 . *
8 1 6 1 2 .7 1 8 .6 6 1 -1 2 1 7 .9 • 6 . 3 3 2 12 1 8 .9 2 0 .*
8 1 8 1 3 .1 1 3 .9 6 1 -1 3 6 . 5 6 .1 3 2 13 1 9 .5 • 8 . 7
8 1 9 7 . 0 7 . 7 6 1 -1 4 I 0 .7 • 0 .6 3 2 14 7 . 6 8 . *
8 1 10 6 . 7 6 .9 6 1 -1 5 6 .2 6 .8 3 2 15 4 .4 * .3
8 1 11 1 5 .4 1**7 6 1 -2 2 3 . 7 2 . 6 3 2 16 1 1 .0 1 0 .2
8 1 12 1 2 .3 1 1 .* 7 1 -1 1 8 .9 1 6 .3 3 2 17 3 .9 ? * 2
8 1 13 1 0 .2 8 . 3 7 1 - 2 5 .6 * . * 3 2 18 7 . 9 6 .1
8 1 14 1 0 .5 9 . 9 7 1 - 3

. 2 : 3
7 * 9 3 2 19 7 . 6 6 .2

8 1 16 9 . 5 8 . * 7 1 - 5 • 8 . 3 3 2 21 4 .3 * .3
8 1 17  

1 1
4 . 4 8 . 9 7 1 - 6 1 9 .0 2 1 .7 4 2 3 2 .0 3 1 .1

9 1 6 ,6 1 6 .6 7
1 3 .

• 7 .5 • 5 .3 4 2 2 2 5 .3 • 9 .1
9 1 2 2 8 .3 8 6 .7 7 5 .5 3 .7 4 2 3 3 1 .9 2 7 .6
9 1 4 1 2*2 1 * .* 7 1 -9 2 * .0 2 1 .8 4 2 4 3 8 .1 3 3 .5
9 1 5 9 . 0 8 .3 7 1 -1 0 6 .3 6 .1 4 2 5 2 1 *? 2 2 .9
9
9
9

1 6

:  1
4 .4

1 2 .6
8 .1

5 .8

T o

7
7
7

1 -1 1
1 -1 2
1 -1 3

6 .2
• 5 . 3
• 9 . 5

5 . 6
1 * .o
• 7 .2

4
4
4

2
2
2

6

I
2 1 .4
2 3 .2
2 1 .1

1 8 .*
2 2 .3
2 0 .3

9 1 10 6 . 0 6 .8 7 1 -1 4 6 .8 5 . * 4 2 9 2 8 .5 2 7 .8
9 1 13 9 .3 7 . 9 7 1 -1 5 8 . 3 6 .8 4 2 10 14«o • 3 .7
9 1 15 5 . 9 5 .0 7 1 -2 3 6 . * 3 .6 4 2 11 1 3 .1 • * . 0
9 1 16 4 . 0 3 .1 A1 - 1 •  3 . 6 • 3 . 5 4 2 12 7 .1 7 . 9

l o 1 1 9 . 9 9 . 6 8 1 - 2 • 2 .7 1 1 .2 4 2 13 5 . 2 5 .5
1o 1 2 6 . 9 6 . 4 8 1 - 3 •  5 . 0 • 5 . 9 4 2 14 1 6 .9 • 6 . 3
l o 1 4 7 . 9 6 .8 8 1 - 4 • * . 2 • 1 .5 4 2 16 4 .7 5 .9

1 7 5 * 1 5 .9 8 1 -5 6 .2 * .9 4 2 17 1 1 .4
1 :110 1 8 4 .2 4 .1 8 1 - 7 • 0 .2 8 . 6 4 2 19 5 .0

l o 1 9 5 .S 5 .8 8 1 - 8 5 . * * .6 4 2 20 5 .4 5 .7
l o 1 10 4 .9 4 .9 8 1 -1 1 * .6 * .9 5 2 1 5 .4 1 3 .8
10 1 11 7 . 9 I * 1 8 1 -1 2 5 .7 5 .0 5 2 1 o .6 1 0 .3
11 1 1 7 . 9 A .5 8 1 -1 3 8 .* 6 .* 5 2 3 2 1 .1 2 0 .1
11 1 3 1 0 .0 5 .7 8 1 - 1 4 * • 9 * .0 5 2 4 2 1 .9 2 1 .8
11 1 5 7 . 7 6 .9 8 1 -1 6 7 . 5 6 .1 5 2 5 2 0 .8 1 8 .0
11 1 8 9 .2 6 . 6 e 1 -2 2 6 .8 * .0 5 2 6 1 3 .0 1 2 .5
11 1 10 7 .1 5 .7 9 1 -1 1 7 .2 1 6 .0 5 2 7 9 . 2 9 . 9
11 1 13 5 .9 5 .3 9 1 - ? 8 . 9 ' 7 . 8 5 2 8 2 7 .8 2 8 .7
12 1 3 3 .9 3 .3 9 1 - 4 7 - 7 6 .0 5 2 9 1 7 .7 1 6 .1
12 1 6 6 .0 5 .2 9 1 - 6 * .7 3 .5 5 2 lo 8 . 9 9 .5
12 1 7 5 .1 4 . 9 9 1 - 7 6 .* 6 .6 5 2 11 1 2 .9 1 1 .9
12 1 9 7 .2 6 .8 9 1 - 8 * .8 * .2 5 2 12 7 . 5 7 .1
13 1 3 4.3 4 .0 9 1 - 1 0 7 . 0 7 . * 5 2 13 l o . o 9 .5
13 1 4 5 .4 5 .6 9 1 -1 1 3 .1 3 .6 5 2 14 I 0 .5 9 . 3
13 1 7 4 .0 2 . 9 9 1 -1 2 6 .3 5 .2 5 2 15 5 .2 4 .9

1 - 3 1 9 .8 2 0 .1 9 1-13 5 .1 5 2 16 1 3 .5 1 1 .6
1 - 4 2 1 .3 2 0 .3 9 1 - 1 6 * .1 3 .* 5 2 18 6 .1 5 .4
1 - 5 6 6 .1 6 0 .5 10 1 -1 8 .8 9 .0 5 2 19 6 .9 6 . 2
1 - 6 4 7 .4 4 6 .3 10 1 - 2 •  3 . 5 • 2 .8 5 2 20 3 .6 3 .0
1 - 7 3 2 .4 3 2 .9 10 1 - 4 6 . * 5 .8 6 2 1 6 .8 1 5 .9
1 - 8 2 8 .0 2 6 .2 10 1 - 5 *.* 3 .7 6 2 2 1 4 .2 1 3 .8
1 - 9 9 .7 7 . 2 10 1 - 7 5 .0 * .3 6 2 3 1 8 .8 1 6 .0

1 1 - 1 0 1 1 .8 1 2 .8 10 1 -A •  0 .7 1 1 .2 6 2 4 3 1 .2 3 1 .5
1 -1 1 1 2 .2 1 4 .4 10 1 -1 0 6 .2 *.9 6 2 5 1 1 .9 1 2 .9
1 -1 2 1 4 .5 1 2 .9 10 1 -1 1 5 .* 5 .3 6 2 6 1 0 .2 1 2 .5
1 -1 3 1 7 .2 1 7 .0 11 1 -3 6 .1 6 2 7 2 6 .0 2 5 .0
1 - 1 4 1 4 .0 1 3 .1 11 1 - 6 * .8 * .5 6 2 3 1 5 .8 1 7 .2

1 1 -1 5 1 0 .  5 1 1 .4 11 13 9 .2 7 . 2 6 2 9 1 5 .9 1 7 .2
1 1 -1 6 1 0 .4 1 2 .5 11 * .7 i . 5 6 2 l o 6 .2 6 .1

1 - 1 7 9 . 0 9 . 6 11 1 - 9 * .7 * .0 6 2 11 6 .5 7 . 3
1 - lA

1 :1
9 .7 11 1 -1 1 6 .0 5 .0 6 2 12 6 .7 7 .2

1 - 1 9 3 .9 11 1 -1 7 * .5 3 .0 6 2 13 5 .9 7 .1
1 - 2 0 7 . 2 5 .9 12 1 - 2 • 0 .3 7 * 5 6 2 14 1 1 .3 1 1 .0

1 1 -2 1 7 . 0 5 .8 12 1 - 3 6 .4 *.9 6 2 15 1 2 .0 9 .9
2 1 - 2 2 6 .0 2 1 .3 12 1 - 5 5 .8 * .9 6 2 16 7 .4 6 .2
2 1 - 3 5 6 .2 6 0 .5 2 1 3 0 .1 m 6 2 17 6.6 6 .0
2 1 - 4 4 8 .8 5 3 .4 0 2 2 3 2 .* 6 2 ie 7 .8 5 .7
? 1 -5 3 9 .7 3 4 .4 0 8 1 5 5 .* 49*9 6 2 19 3 .9 3 .8
2 1 - 6 8 .9 l o . o 0 2 4 9 .2 9 .1 6 2 20 3 .1 i . o
2 1 -7 2 5 .2 2 4 .5 0 2 5 3 * .5 3 2 .4 7 2 1 1 .5 1 0 .1
2 1 - 8 1 1 .6 1 1 .9 0 2 6 2 5 .5 2 0 * 0 7 2 2 1 3 .7 1 4 .4
2 1 - 9 4 6 .6 5 0 .6 0 2 7 9 . 0 7 . 3 7 2 3 1 4 .5 1 6 .9
2 1 - 1 0 2 5 .7 2 5 .1 0 2  8 3 » .8 2 9 .0 7 2 4 1 2 .1 1 1 .7
2 1 -1 1 1 7 .8 1 8 .9 0 2 9 •  5 . 7 17 .0 7 2 5 2 8 .6 3 o .5
2 1 -1 2 2 5 .3 2 2 .5 0 2  11 P I .  * 2 0 .3 7 6 9 .0 8 .3
2 1-13 5 .3 5 . 9 0 2  92 * .5 3 .9 7 2 6 .1 8 .0
2 1 - 1 4 1 2 .0 1 2 .4 0 2 n • 2 .8 1 2 .6 7 2 6 . 5 7 .2
2 1 - 1 5 9 .9 9 .6 0 2 14 • t . e 1 2 .9 7 2 11 2 0 .0 1 9 .1
2 1 - 1 7 1 5 .8 1 5 .6 0 2 15 5 .» 5 .1 7 2 12 1 1 .6 1 o .6
? 1 - 1 9 0 .3 8 .1 ?  16 1 2 .* 12*2 7 2 14 1 2 .1 1 0 .2
2 1 -2 0 5 .6 5 .2 0 2  19 7.7 6.7 7 2 15 7 . 5 5 .8
3 1 -1 5 3 .5 5 1 .6 0 2 20 * .4 4 .0 7 2 16 5 .2 4 .;
3 1 - 2 3 4 .4 2 4 .1 0 2  2 4 2 .7 4 .0 7 2 17 • 4 .7 . 2 . 5
3 1 - 3 8 9 .6 6 1 .9 1 2 0 5 3 .0 4 1 .3 7 2 1c 3 .7 3 .9
3 1 - 4 3 6 .6 3 5 .8 2 2  0 2 2 .1 19.2 3 2 1 6 .8 1 9 .3
3 1 - 5 5 1 .4 4 7 .6 3 2  0 3 9 .3 2 6 .0 8 2 2 1 1 .6 1 2 .7
3 f  - 6 2 6 .6 2 7 .3 4 2  0 •  9 . 6 1 3 .2 8 2 3 1 4 .6 1 6 .2
3 1 -7 4 9 .5 4 3 .8 5 2  0 2 3 .8 2 3 .6 8 2 4 1 6 .2 1 9 .9
3 1 -A 1 3 .7 1 3 .0 6 2  0 6 .6 5 .4 8 2 6 5 .2 6 .1
3 1 - 9 3 0 .4 3 3 .3 7 2  0

n i l
7 . 4 8 2 7 4 .9 6 .1

3 1 - 1 0 2 4 .7 2 3 .0 A 2  0 1 2 .3 8 2 7 . 7 8 . 6
3 1 -1 1

2:1
9 .8 9 2  0 •  3 . * 1 5 .8 8 2 lo 6 .9 3 .2

3 1 -1 2 4 . 6 10 2  0 *.(> 3 . 6 g 2 11 8 .9 3 .5
3 1 - 1 3 1 2 .4 1 2 .0 1 2  1 2 6 .0 2 7 .0 2 12 6.6 6 .3
3 1 - 1 4 1 6 .1 1 4 .5 1 2 2 3 9 .* 3 9 .7 3 2 13 4 .5 4 .9
3 1 -1 5 7 .» 6 .3 1 2 3 2 5 .5 2 4 .6 8 2 14 6 .1 6 .4
3 1 -1 6 6 .5 5 .2 1 2  4 * * .2 4 1 .9 8 2 15 ? .4 7 .9
3 1 - 1 9 1 1 .7 1 0 .7 1 2  5 3 7 .1 3 2 .3 8 2 16 5 .3 4 .1

1 - 2 0 5 .5 5 .2 1 2  6 2 0 .1 1 3 .3 2 17 3 .6 4 .2
1 -1 4 1 .9 3 6 .0 1 2  7 • 6 .7 1 5 .5 9 2 1 2 .9 1 3 .8

4 1 - 2 2 4 .6 2 0 .3 1 2  8 2 0 .5 1 9 .9 9 2 2 1 8 .6 2 1 .4
4

\ d
4 3 .7 4 0 .9 1 2  9 2 8 .2 2 6 .3 9 2 5 4 .8 6 .«

4 4 o .1 3 9 .2 1 2 10 2 0 .0 2 2 .3 9 2 6 7 . 5 8 . 4
4

i : i
4 8 .5 4 6 .1 1 2  11 i ' 6 5 .8 9 2 7 5 .6 5 .6

4 3 6 .9 3 8 .0 1 2 12 1 8 .9 1 6 .4 9 2 8 3 . 3 3 .8
4 1 - 7 1 6 .5 1 4 .7 1 8 5 .9 4 .8 9 2 9 ' 9.9 9 . 9
4 1 - 8 2 3 .7 2 3 .0 1 2  14 7 . 0 6 .3 9 2 lo 3 .7 3 .9
4 1 *9 1 7 .9 1 8 .6 1 2 15 2 1 .5 2 1 .2 9 2 11 8 .0 7 .6
4 1 - 1 0 9 . 2 9 .4 1 2 17 2*5 1 1 .4 9 2 12 7 . 4 6 .7
4 1 -1 1 2 8 .7 3 0 .1 1 2  IP 8 .1 7 . 3 9 2 14 7 .9 7 . 4
4 1 -1 2 1 1 .0 1 0 .4 1 2  21 b ' 10 2 1 5 .9 7 .8
4 1 - 1 4 1 2 .1 1 0 .7 1 2 23 *•3 4 .2 10 2 2 6 .7 7.7
4 1 - 1 5 4 . 6 5 .7 2 2  1 * 2 .4 3 8 .8 10 2 5 8 . 2 6 .2
4 1 - 1 7 8 . 8 7 .6 2 2  2 3 1 .7 4 o .5 lo 2 6 4 .6 4.4
4 1 - 2 0 5 . 0 4 .1 2 2  3 3 8 .9 3 6 .4 l o 2 7 7 . 5 6 .1
4 1 - 2 4 4 .8 3 . 3 2 2  4 • 6 .5 1 3 .5 10 2 8 6 . 6 I* 6

1 -1 7 .1 9 .1 2 2  5 2 9 .7 2 1 .5 lo 2 10 8 . 3 8 . 5
5 1 - 2 9 . 9 9 .0 2 2 6 2 9 .1 2 4 .4 l o 2 11 4 .8 *•2
5 1 - 3 6 0 .5 4 8 .1 2 8 7 • 9 .1 13*2 l o 2 12 5 .7
5 1 -5 1 4 .1 1 2 .6 2 2 A

•1 :?
3 1 .1 10 2 13 3 .2 4 .1

5 1 -6 1 3 .0 1 4 .5 2 2  9 1 7 .9 11 2 5 .7 6 .0
5 1 -7 33*7 3 2 .9 2 2  10 21.7 1 6 .8 11 2 4 6 .8 6 .1
5 1 -A 1 3 .4 1 2 .8 2 2 11 2 5 .8 2 6 .2 11 2 6 6 .6 6 .5
5 1 - 9 1 9 .1 16* 9 2 2  12 • 2 .8 1 2 .5 11 2 7 5 .6 5 .4
5 1 - 1 0 1 2 .8 1 1 .4 2 2  13 2 0 .3 2 2 .3 11 2 l o H 2 .8
5 1 -1 1 9 ' * 1 0 .0 2 2  14 • 9 . 3 1 8 .4 11 2 11 4 .5 4 .9
5 1 -1 2 1 8 .7 1 7 .0 2 2  15 6 .9 I* 3 12 2 3 3 .7 4 .6
5 1 - 1 3 7 . 6 6 .9 2 2  16 7 . 6 8 .1 12 2 4 3 .9 3 .9



H K L

12 2 5
12 2  6
12 2  7
12 2  8
12 2 9

1 2  -1
1 2  - 2
1
1 i l l
1 2 -5
1 2  -6
1 8 “I
1 2  4
I 2 -9
1 2 -1 0
1 2 .1 1
1 2*12
1 2-13
1 2-14
1 2-15
1 2-16
1 2 -1 7
1 2-16
1 2-19
1 2-24
2 2 -1
2 2 -2
2 2 -3
2 2 -4
2 2 -5
2 2 - 6
2 8 - I
2 2 *8
2 2 *9
2 2 -1 0
2 2 -11
2 2 -1 2
2 2-13
2 2-14
2 2-15
2 2-16
2 2 -1 7
2 2-18
2 2-19
2 2 -2 0
2 2 -2 1
2 2-23
2 2-24
3 2  -1
3 2  - 2
3 2 -?3 2 -4
3 2 -5
3 2  - 6
3 2 - I3 2  - 8
3 2 -9
3 2 -1 0
3 2 -11
3 2 -1 2
3 2-13
3 2-14
3 2-15
3 2-16
3 2 - 1?
3 2 -1 9
3 2 -2 2
3 2-23
4 2 -1
4 2 -2
4 2 -3
4 2 -4
4 2 -5
4 2 - 6
4 2 -7
4 2 -8
4 2 -9
4 2 -1 0
4 2 -1 1
4 2 -1 2
4 2 -1 3
4 2-14
4 2-15
4 2 -1 7
4 2-16
4 2 - 2 0
4 2 -2 1
5 2  -1
5 2  - 2
5 8 -35 2 -4
5 2 -5
5 2  - 6
5 2 -7
5 2  - 6
5 2 -9
5 2 -1 1
5 2 -1 2
5 2-13
5 2-14
5 2-15
5 2-17
5 2-18
6 2 -1
6 2 - 2
6 8  -3
6 2 -4
6 2 -5
6 2  - 6
6 2 -7
6 2  -8
6 2  -9
6 2 - 1 0
6 2 -1 1
6 2 -1 2
6 2-13
6 2-15
6 2-18
7 2  -1
7 2  -2
7 2 -3
7 2 -4
7 2 -5
7 2  - 6
7 2 - 8
7 2 - 9
7 2 - 1 0
7 2 -1 1

2 -1 2
7 2-14
7 2-15
7 2-16
7 2-17
Z 2 -2 1  

2 -1
d 2  - 2
8 2  -1

2 -4
8 2 - 6
8 2 -7

|P o | |P o | H K L

2*6 M 8 2  -8
3 .7 4 , 6 8 2  - 9
3 .1 4 .5 8 2 -1 0
3 .3 4 .0 8 2 -12
2 .6 2 .6 8 2 - 1 3

5 3 .1 5 0 .0 8 2 - 1 6
1 7 .* 1 6 .7 8 2-21
3 5 .4 3 6 .1 9 2 -2

k l
5 0 .0
8 8 .9

9
9

2  - 3  
2  - 4

8 8 .3 8 6 .8 9 2  - 5
1 7 .9 8 0 . 9 9 2  - 7
8 3 .6 2 8 .8 9 2 -1 0

6 . 7 1 8 .1 9 2-11
3 8 .3 3 5 .3 9 2 - 1 3

6 .7 6 .9 10 2 -1
1 9 .7 1 9 .3 t o 2  - 3

8 .3 6 .6 10 2  - 5
3 .1 3 .1 10 2 - 6
7 . 6 9 . 0 10 2  - 9
7 . 6 7 . 9 10 2 -1 0
8 .6 9 . 6 10 2 -1 2
T * 1 7 . 0 10 2 - 1 4
6 .2 6 .8 10 2 - 1 5
6 .1 11 2 -1

3 6 .8 8 6 .8 11 2 -2
5 6 .8 6 6 .9 11 2  "28 1 .6 8 0 .7 11 2 - 4

8 . 5 7 . 8 11 2 - 1 5
3 6 .6 3 7 .9 12 2 -1
1 0 .9 I 0 .9 12 2  -2
3 7 .9 3 6 .8 12 2  - 3
8 8 .7 8 9 .7 12 2  - 7
1 1 .9 1 2 .0 12 2  -8
8 8 .1 2 1 ,8 13 2  - 4
1 8 .0 1 6 .1 0 3 1
1 3 .0 1 6 .1 0 3  2
8 5 .1 8 6 .0 0 3 3
1 1.6 1 3 .0 0 3 4

6 . 9 7 . 2 0 3  6
6 .6 6 .8 0 3  7
7 . 6 7 . 0 0 3  9
6 .3 6 .0 0 3 t o
6 .9 6 .8 0 3 11
6 .1 6 .6 0 3  12
6 .8 6 .6 0 3 1?6 .1 3 *2 0 3 14
3 .3 3 . 6 0 3 15

8 0 .0 8 8 .1 0 3 16
8 0 .0 1 9 .3 0 3  17
6 5 - 6 6 6 .7 0 3  19
1 8 .5 10 .8 0 3  20
1 6 .0 1 6 .2 1 3  o
1 6 .7 8 0 .3 2 3 o
8 6 .6 8 6 .6 3 3  o

6 .6 7 * ° 4 3  o
1 8 .1 1 8 .8 5 3 o
8 .6 9 . 3 6 3 o
7 . 8 7 . 6 8 3 o
8 .1 10.1 9 3 o
7 . 7 6 .6 10 3 o
7 .1 8 .8 11 3 o
5 .7 6 .7 1 3 1
9 .3 10 .8 1 3 2
6 .0 6 .9 1 3 3
5 .3 5 . 6 1 3  4
3 .9 8 . 5 1 3 5
3 .7 8 . 3 1 3 6

1 3 .9 1 8 .8 1 3 8
8 6 .8 7 3 .6 f 3 9
8 6 .1 1 9 .6 1 3  10
3 0 .7 2 B .3 1 3  11
3 8 .8 3 9 .6 1 3 12
8 5 .1 8 8 .7 1 3 13
1 1 .7 1 1 .3 t 3 14
8 3 .8 8 8 .0 1 3 16
1 1 .5 1 0 .9 1 3  17

6 .3 8 .7 1 3 21
1 1 .6 1 1 .0 2 3 1

8 .8 1 0 .8 2 3 2
? - 3 6 . 7 2 3 3
6 .8 6 .6 2 3  4
5 .1 5* 7 2 3 5
6 .0 3 - 6 2 3 6
5 .0 6 .9 2 3 I6 .0 6 .3 2 3 8
6 .6 3 . 8 2 3  l o
8 .8 3 . 6 2 3  11

1 8 .3 1 7 .0 2 3 12
3 9 .3 3 6 .0 2 3 13
l o . S 8 .6 2 3 14
1 5 .7 1 9 .8 2 3  15
3 0 .7 2 9 .5 2 3 16

6 .0 3 .6 2 3 17
1 9 .3 8 1 .0 2 3 18

6 .8 5 .0 2 3  19
1 0 .8 1 8 .7 2 3  21
1 6 .8 8 1 .1 3 3 1

3 .8 3 .7 3 3 2
3 .6 6 .8 3 3 }3 .0 3 3 4
6 .8 5 .1 3 3  5
3 .3 3 .7 3 3 6

10 .7 1 8 ,8 3 3 I
1 6 .5 1 5 .8 3 3 8

9 .6 7 . 0 3 3 9
3 .8 7 . 9 3 3  l o

1 6 .6 1 7 .1 3 3 11
8 .7 7 . 3 3 3 13

1 3 .8 1 5 .0 3 3  15
7 . 0 7 . 6 3 3 *11 6 .9 1 8 .0 3 3  18
6 .1 ? ' 3 3 3  19
6 .8 6 .1 3 3 s o

1 5 .6 1 7 .7 4 3 1
7 .1 7 . 8 4 3 2
7 .3 8 . 5 4 3 ?
3 .8 3 . 3 4 3  4

1 8 .8 1 8 .8 4 3 5
1 6 .0 1 6 .7 4 3 6

5 .8 5 .6 4 3  3
3 .6 9 .5 4 3 9

1 3 .1 1 6 .1 4 3  l o
8 .8 1 0 .0 4 3 11
8 .8
7 . 8 § : §

4
4

3 12 
3 13

6 .3 7 . 6 4 3 14
5 .0 5 . 0 4 3  15

1 8 .1 J 4 .0 4 3 17
6 .0 b .o 4 3 1?6 .1 6 .3 4 3  lo
6 .6 5 .8 4 3  19
6 .6 4 .9 4 3  20
6 .3 3 .2 5 3 1

1 6 .0 1 4 .3 5 3  2
6 .5 6 .0 5 3 3
6 .8 4 . 9 5 3  4
5 .6 7 . 4 5 3  5
6 .9 7 . 4 5 3  6
6 .0 7 . 5 5 3 7

|P o | |F 0 |

9*1

S
4 .0
3 .2  
2 . 8

1 2 .9
4 .7

I:f
i i
U
3 . 9

4 . 0
5 .7

11
5 . 0

I : ?
* .3
3 . 3
3 . 0

1:1
3 .5
2 . 9
2 .6

3 4 .2
1 2 .2
3 8 .5

S:S
1 9 .9
1 1 .7
1 2 .3
7 .7

1 5 .1
6 .7  
6 .2
5 .6
6.0
7 . 6

2:1
2 0 .2  
26.0 
W .9

2 ? : ?
16 .8
1 1 .5

5 .6
7 . 9
5 .8

3 3 .2  
2 2 .8
6 6 .7  
22 .0
3 1 .6
17.8 
1 6 .8
1 8 .5

6 . 6
13.6 
1 0 .1

5 . 6

'fcS
7 . 6
2 . 9  

4 2 * 4
4 2 .4  
2 3 .0  
2 4 * 3  
1 1 .8  
18*8  
2 6 * 2

* . 9
1 8 .3  
12.1

,1:2
7 . 3

1 3 .9
6 .7

w
3 .7,2:2

2 2 .3
1 6 .5
1 8 .9
1 2 .3
2 2 .5

’2:f
1 7 .8
1 3 .3
1 3 .5
1 2 .6

9 .7  
5 .9
3 . 2

1 0 .0
9 . 5

1 4 .9  
1 6 .2  
1 2 .6  
1 1 .7

*1:1
2 3 .6

8 . 3
13.6

6.1
3 .7

1 9 .2

S3
3 4 .0
2 0 .3  
1 6 .2
20.0

11.1
7 .1
7 .2
7 .0

1:5
2 .6

15 .8
5 .7

5:5
6 .2
5 .5  
5 .3
6 .0
5 .2
3 .7  
6.1
6 .3

1:1

g
5 .6
5 .6
6 .5
2 .8

5:5
a
3 .7  
3 .0

3 8 .2  
1 1 .0
2 7 .2
3 0 .1

8:2
1 0 .2
1 1 .3

6 .9
6 .6
5 .6  
6.2
8 .5
3 .9
3 .9  

18 .0  
20.1
3 3 .9

5 .7  
2 1 .8
16 .3
13.1

5 .5
7 .6
3 .7

27.0
1 5 .0  
62.8 
16 .0
2 8 .5
17 .5
13 .8
1 7 .2

6 .8
1 3 .9  

8 .6
5 .8

13 .5
6 .8
6 .7
3 .8

2 9 .6
3 2 .8
1 7 .5
1 9 .6
7 .8

1 2 .8
2 3 .9

2 .9
1 7 .9
1 2 .5  
8 .6

13.1 
e . o

’5:1
5:2
3 .7
3 .1

1 1 .7
16 .6
13 .9
13 .2  
11 .6
19 .2  
16.1

6 .6
16 .9
12 .7  
12 .0
13.8
8 .8
6 .2  
2 .8  
3 .6
3 .5
8 .6

10 .0
13 .6
15 .7
11 .3,1:3
al:?

7 .3
12 .9
10.5
5 .8

1:1
6 .0
3 .2
3 .2
1 .3

19 .0
27.6
1 6 .9
2 9 .5  
18 .2
17 .5
18.6

3 9  
3 l o  
3 11
3  12  
3  13  
3  15  3 ’I 
3  18

5 I 
I I 
I 1
I I
3  11
3  12 3

•3  I*
3  163 ’I
3 18  
3 2

I I
I I 
I I
3 l o  
3  11 
3  12 
3  16
3  15  
3 16 
3  17 
3  1

3 16 
3 15  
3 1

3 12 
3 3 
3  6 
3 5 
3  8 
3 9  
3 2  
3  3  
3  -1  
3 - 2  
3 - 3  
3 -6

I :I
13 
3-10 
3 -1 1  
3 - 1 2  
3 - 1 3  
3 - 1 6  
3 - 1 5  
3 - 1 6  
3 - 1 7  
3 - 1 8  
3 - 1 9  
3 -2 1  
3 - 2 2  
3  -1  
3  - 2
3 - ?  3 -6  
3 - 5  
3  -6  
3 - 7  
3 - 9  
3-10  
3 -1 1  
3 - 1 2  
3 - 1 3  
3 - 1 5  
3 - 1 6

3:8
3 - 1 9  
3 -2 1  
3-22 
3 - I
3  - 2

3:3 
3 3

3 - 1 23*’33 - 1 6
3 -1 6
3 - 1 7
3 - 1 9
3 - 2 2
3 - 2 3

3 3 
3 33 *S
3 -6  
3  - 7

|F o | |F c | H X I |F o | I N H

9 . 5 9 . 9 4 3  -8 8 . 9 8 .6 2
1 8 .5 1 7 .8 4 3  - 9 4 .1 3
2 2 .8 8 1 .9 4 3- 1o 4 . 2 ^•8 3
1 6 .4 1 6 .4 4 3 -1 1 8 .2 8 .6 3

6 . 4 6 . 7 4 3 - 1 4 1 0 .7 1 3 .0 3
5 .7 5 . 8 4 3 - 1 6 8 . 3 6 .1 3
8 . 7 6 . 7 4 3 - H 3 .9 3 .8 3
4 - 3 3 . * 4 3 - 1 9 5 . 7 1 . 5 3
3 .6 3 .8 5 3 - 1 3 . 8 1 .8 3
6 .6 5 . * 5 3  - 2 9 .1 1 3 .0 3

1 3 .4 1 1 .3 5 13 1 6 .7 1 6 .5 3
5 . 6 5 1 4 .8 1 3 .6 3

1 5 .1 5 3  - 5 1 3 .3 1 4 .6 3
1 1 .4 1 8 .5 5 3 -6 1 8 .1 1 8 .8 3

9 . 8 1 0 .8 5 13 , 9 . 7 2 3 .7 4
7 . 4 7 . 0 5 1 8 .5 18 .8 4
6 . 3 7 . 0 5 3 - 9 8 .1 8 .2 4
7 * 3 7 . 3 5 3 - l o 5 .0 5 .3 4

1 5 .6 1 3 .0 5 3 -1 1 1 1 .4 1 1 .5 4
6 .2 5 . 3 5 3 - 1 8 5 .1 5 .1 4
7 . 5 6 .8 5 3 - 1 3 ? - 3 1 0 .2 4
5* 7 * .5 5 3 - 1 4 4 .0 4 .3 4
3 .8 5 3 - 1 6 4 .3 4 . 9 4
4 .5 <3 5 3 - 8 0 3 .0 8 .3 4

1 6 .7 1 8 .3 6 3 -1 1o .6 l o . o 4
5 . 0 4 . 8 6 3  -8 9 . 4 9 .7 4
7 . 5 8 .0 6 3  - 3 1 4 .8 1 6 .5 5

1 8 .9 1 7 .0 6 3 - 4 4 . 4 3 .8 5
1 4 .7 1 5 .8 6 3 - 5 8 -7 10 .2 5
1 4 .9 1 6 .0 6 3  -6 6 .8 8 .6 5

6 . 4 8 .8 6 3  - 7 1 8 .3 1 1 .7 5
7 . 4 4 . 9 6 3  -8 9 . 0 l o . o 5

1 2 .3 1 0 .6 6 3 - 9 1 8 .7 1 5 .0 5
7 . 4 7 . 5 6 3 -1 0 6 . 7 6 .2 5
5 .9 5 .5 6 3 -1 1 1 0 .5 1 2 .8 5
9 . 6 8 .6 6 3 - 1 8 6 . 7 7 . 8 5
6 .6 4 .8 6 3 - 1 3 5 . 3 5 . 4 6
4 .6 5 .6 6 3 - 1 4 8 . 3 9 . 5 6
3 .9 3 .8 6 3 - 1 9 3 .5 3 . 4 6

2 0 .0 8 1 .8 7 3 -1 1 2 .6 1 1 .9 £
12.1 1 8 .1 7 3 -8 5 .1 4 . 9 6

4 . 0 4 .8 7 3 *3 3 . 5 3 . 0 6
9 . 0 1 0 .4 7 3  - 4 8 . 4 10.1 6
5 .2 5 .3 7 3 -6 4 . 0 3 . 6 6
4 .0 3 .7 7 3  -8 5 . 0 5 .1 £
9 . 6 7 . 7 7 3 - 9 9 . 0 10.8 t

1 5 .0 1 1 .5 7 3 - 1 0 6 . 4 6 .2 6
11.1 8 .0 7 3 - 1 1 1 4 .2 1 5 .9

9 .2 7 . 9 7 3 - 1 8 4 .8 4 .2
4 .0 3 .8 7 3 - 1 3 4 . 3 4 . 4

b ° 4 .6 7 3 - 1 5 3 .9 4 .1
4 .2 3 *2 7 3 - 1 7 3 .3 2 . 9
3 .8 3 . 8 8 3  -1 9 .8 9 . 6
9 * 5 1 1 .0 8 3  -8 6 .8 6 . 9
6 . 4 6 .1 8 3 *? 7 . 4 8 . 9
8 .8 7 . 8 8 3  - 4 5 . 7 5 .1
3 . 4 4 .8 8 3 - 5 6 .6 6 .0
5 . 9 5 .6 8 3 - 6 4 .7 5 .8
5 .3 5 .8 8 3-1 0 4 .0 2 . 9 7
3 .9 3 .8 8 3 -1 1 4 . 6 6 .1 8
7 . 9 7 . 8 6 3 -1 8 4 .9 4 .4 8
3 .9 8 . 7 9 3 - 1 3 6 .6 7 .2 6

? • ’ 8 3 - 1 4 4 .1 4 .0 8
6 .8 4 .8 8 3 - 1 6 3 . 6 3 .7 8

e6 : ?
9 3 -1 4 .0 4 .2 8
9 3  -8 ? • * 5 .7 9

6 . 3 5 .0 9 3  - 4 4 .2 5 .3 9
5 .2 4 . 4 9 3  - 5 6 .1 5 - 2 9
3 .2 3 .3 9 3  -6 4 .0 6 .1 10
4 .8 4 .5 9 3 - 7 4 .3 6 .7 10
4 .0 3 .4 9 3 -8 4 .0 4 .1 10
4 .8 5 .3 9 3 - 1 0 6 .3 5 .9 10
3 .3 3 .3 9 3 - 1 8 5 .3 4 . 9 10
2 .6 3 .8 9 3 - 1 4 3 .9 3 .1
2 .1 3 .8 0 3 -1 6 .7 6 .2

2 6 .3 3 1 .3 0 3 -8 8 . 9 9 .7
1 5 .7 1 3 .0 0 3 - ? 4 .0 5 .7
1 9 .6 8 0 .3 0 3 - 4 7 . 7 7 . 5
2 9 .6 8 3 .8 0 3 - 1 5 7 .1 6 . 3
1 7 .4 1 8 .4 1 3  - 3 3 .4 3 .3
2 0 .3 8 0 .7 1 3 - 5 7 . 3 6 .1
2 8 .7 8 7 .6 1 3 -8 M 4 .3
1 1 .5 1 0 .6 1 3 - 1 0 3 .8
1 3 .4 • * • 3 f 3 -1 1 * • 3 6 .1
1 5 .0 1 4 .8 1 3 - 1 5 3 .6 3 .1
7 . 6 7 . 4 2 3 -8 8 .8 2 .8

1 2 .2 1 3 .7 0 4  1 2 . 9 3 .5
7 .3 7 - 7 4 z 1 8 .6 n.o
5 .6 6 .4 0 4  3 1 4 .2 1 4 .1

1 2 .3 10 .8 0 4  4 1 3 .0 9 . 6 2
7 . 0 6.e 4  5 5 .5 5 .8 2
5 .5 6 .4 0 4  6 9 .8 8 . 7 2
5 .9 4 .9 0 i i 5 .1 4 .3 2
4 . 9 4 .1 0 6 .2 5 .3 2
2 . 9 8 .6 0 4  9 1 8 .1 1 2 .7 2

4 6 .3 4 8 .4 4  11 9 .7 1 0 .4 ?
1 6 .7 1 6 .8 4 12 8 .5 9 .7 2
2 1 .1 1 7 .7 4  13 1 8 .5 1 1 .6 2
2 3 .2 8 5 .3 0 4 14 4 .0 4 .1 2
1 5 .4 1 7 .5 4 15 7 . 0 7 .8 2
1 5 .0 , 6 . 9 0 4  16 5 .1 5 .3 2
1 0 .3 1 3 .6 4 19 3 *5 f t

2
4 .9 5 .8 4 0 6 .5 2

1 4 .5 1 6 .8 2 4  o 1 6 .3 2
1 6 .4 16.1 3 4 0 7 .  4 S . 7 2

6 .1 7 .8 4 4 0 3 4 .0 8 4 ,7 2
7 . 6 9 .3 5 4  0 9 .8 7 . 0 3
S.O 7 . 3 6 4 0 5 .7 5 .8 3
5 .9 6 . 7 7 4  0 8 . 5 3 .1 3
6 . 3 6 .3 4 0 7 .1 7 . 6 3
3 . 6 3 .8 1 4  1 1 5 .7 16,2 3
3 .7 3 -3 4  2 4 .9 4 .2 3
8 .2 5 .8 4  ? 4 .1 3 .6 3
3 .4 8 . 7 4  4 2 0 .0 1 6 .5 3

1 6 ,4 1 3 .8 4  5 2 3 .6 2 0 .3 3
1 9 .7 1 8 .8 4  6 ’ I * * 1 3 .9 3
1 9 .5 8 0 .6 4  I 1 8 .8 1 6 .5 3
1 9 .9 1 3 .1 4  8 5 .1 5 .3 3
2 3 .7 8 8 .5 4  9 6 .3 6 .9 3
1 0 .4 10.8 4 l o 5 .5 6 .6 3
2 3 .0 8 8 .4 4 11 6 .2 7 .9 4

7 . 0 6 .3 4  13 6 .9 7 . 7 4
1 3 .6 1 8 .7 4  14 §.8 5 .0 4
1 6 .9 8 1 .1 4 16 6 .3 4
1 8 .8 1 9 .1 4  18 4 .3 4
11.1 1 1 .9 2 4 1 1 4 .8 1 1 .9 4

9 . 0 • 9 .7 2 4  2 1 1 .0 I*9 4
6 .0 7 .1 2 4 3 2 0 .0 l 4 *Z

4
9 . 0 8 . 7 2 4  4 8 .1 7.5* 4
4 .3 3 .4 2 4  6 6.6 t ,1 4
7 .2 6 .1 2 4 7 1 2 .6 1 3 .0 4
4 .9 4 .1 2 4 6 8.0 6 .1 4
2 .2 1 .7 2 4  9 6 .4 5*7 4

1 4 .0 1 8 .1 2 4  10 6 .1 6 ,6 5

1 1 :1
8 8 .5 2 4  11 1 4 .2 1 4 .7 5
8 3 .3 2 4 12 8 . 9 8 . 9 5

3 >? w
1 2 ,5
8 ,2

2 4  13 7 .3 6.8 5
5 .*

1 8 .1
8 . 7

2 4 14 6 .3 5 . 0

K L | P o | |P e | H K. L I N | F c |

4  15 4 .1 3 .7 5 4  . 5 t o . 6 9 .9
4 1 10 .6 9 . 7 5 4  -6 6 .3 7 . 2
4  2 I2 .7 9 . 0 5 4  -7 1 2 .2 12*2
4  3 1 0 .7 8 . 7 5 4  -6 1 6 .8 1 6 .3
4 4 5 .6 5 . 4 5 4  - 9 1 6 .3 1 5 .6
4  5 1 3 ,6 " • I 5 4 - 1 0 9 . 0 9 . 9
4  I 8 . 7 7 .6 5 4 - 1 2 7 .1 6 .3
4  8 8 .1 7 . 9 5 4 - 1 5 5 .5 5 . 4
4  9 9 . 9 I 0 .7 6 4  -1 * .0 5*7
4  10 2 0 .9 1 8 .2 6 4  - 2 7 . 7 7 . 4
4  11 4 .4 4 .5 6 4  - 3 9 .3 9 . 0
4  13 7 . 7 8 .1 6 4  - 4 1 3 .9 1 2 .1
4  15 6 . 7 6 . 7 6 4  - 5 1 0 .3 1 0 .1
4  16 4 .3 4 . 6 6 4  " I 5 . 7 5 .7
4  1 2 8 .5 2 3 .6 6 4  - 8 5 .5 5 .5
4  2 8 5 .5 1 6 .8 6 4  - 9 1 3 -7 1 4 .5
4  3 i 5 . e 1 4 .5 6 4 - 1 0 1 2 .7 1 3 .3
4  4 1 5 .9 6 4 -1 1 1 1 .3 1 1 .5
4  5 7 .9 8 . 0 6 4 - 1 6 6 . 3 4 .5
4  6 1 7 .5 I8 .0 7 4  -1 1 0 .2 1 1 .5
4  7 1 1 .6 1 2 .0 7 4  - 4 9 . 2 1 o .6
4  8 1 0 ,2 1 o .4 7 4  - 6 S .5 6 .1
4  9 5 .1 5 .1 7 4  - 8 5* 5 6 . 0
4  10 5 .8 4 .8 7 4 - 1 0 * .7 4 .7
4  12 8 . 4 8 .1 7 4 - 1 3 4 .2 4 .5
4  13 6 .2 6 . 0 7 4 - 1 4 3 .7 4 .1
4  1 1 0 .6 6 . 6 7 4 - 1 5 5 .1 4 .5
4  2 1 1 .8 8 .2 6 4  -1 5 .2 5 * 2
4 3 1 2 .5 5 . 6 8 4  - 3 7 . 2 6 .8
4  4 1 3 .6 6 . 0 8 4 - 4 4 . 4 5 . 4
4  6 1 6 .0 1 3 .6 8 4  - 5 4 . 0 M
4 7 8 . 3 9 . 9 8 4  - 8 4 .4 4 .0
4  l o 4 . 4 3 .7 8 4 - 1 0 6 .8 6 . 8
4  I t 6 . 9 6 .1 8 4 - 1 2 3 *7
4  12 4 . 9 5 . 0 9 4  - 2 6 . 4 6 . 3
4  18 2 . 7 3 . 8 9 4  -4 3 .9 5 .2
4  1 1 3 .1 1 3 .9 9 4  - 7 5 .9 6 . 4
4  2 8 . 8 8 .2 9 4 - 1 0 4 .1 2 - 3
4  3 1 5 .2 1 6 .6 9 4 - 1 4 5 . 7 4 .8
4  4 7 . 9 7 . 9 10 4  - 8 3 . 7 2 . 9
4  5 5 .1 5 .1 l o 4 - 1 3 3 .4 2 . 6
4  6 1 1 .5 1 1 .2 l o 4 - 1 4 3 ‘ 5 2 . 5
4  7 1 2 .8 1 0 .4 11 4  -1 4 . 4 5 .5
4  8 1 1 .9 1 0 .1 0 5 1 I0 .8 1 4 .7
4  9 1 3 .2 1 2 .2 0 5  2 7 . 3 1 0 .6
4  12 1 4 .8 1 4 .0 0 5  3 6 , 0
4 15 5 .2 5 .8 0 5 4 3 .8 3 . 4
4  2 6 . 9 9 * 5 0 5  5 9 . 3 1 2 .2
4  3 1 5 .0 1 6 .4 0 5 6 6 . 3 8 . 0
4  6 1 2 .4 1 2 .3 0 5  7 5 .2 6 .3
4  7 4 . 9 6 .5 0 5  9 6 .2 8 .7
4  8 3 * 9 4 .5 0 5 10 7 . 3 9 . 0
4  9 4 .2 2 * 1 2 5  0 6 .0 7 .1
4  10 4 .6 3 5  0 17.0 1 2 -4
4  11 4 .1 4 .6 4 5 0 5 .2 3 . 2
4  12 7 .1 8 . 0 5 5  0 7 .1 5 . 4
4 n 3 .8 2 . 7 6 5  0 7 - 3
4  14 4 .2 5 .7 1 5 1 « . l 5 .4
4  15 3 .3 4 .5 1 5  2 1 5 .5 1 6 .9
4  2 4 .2 6 .3 1 5 3 9 . 9 1 0 .2
4  3 9 .1 8 . 7 1 5  4 9 . 0 9 . 6
4  5 6 . 9 6 . 4 1 5  6 6 .8 8 .1
4  7 4 .2 4 .1 1 5 8 1 0 .0 1 2 .5
4  e 3 .7 3*5 1 5 9 1 * 9 8 .3
4 12 4 .0 4 .3 I 5 11 8 .2 7 . 6
4  3 5 .3 5 .4 2 5  1 8 .5 7 . 5
4  7 6 .7 6 .8 2 5  2 5 .3 6 .0
4  11 2 . 9 3*7 2 5  3 I * 8 6 .9
4  1 4 .0 4 .6 2 5 4 M 4 .5
4  2 6 .0 6 .6 2 5 5 10 .8 1 2 .3
4  4 6 .8 8 . 2 2 5 6 7 .0 6 .8
4  5 3 .4 4 .0 2 5  7 5 .6 4 .2
4  6 3 *3 4 .2 2 5 9 9 .2 1 1 .0
4  -1 2 1 .4 1 9 .3 2 5 10 5 .5 6 .0
4  -2 1 4 .0 1 7 .1 3 5 1 1 7 .5 1 6 .3
4 -3 2 3 .8 2 3 .4 3 5  2 8 .2 6 .3
4  - 4 1 9 .8 1 9 .4 3 5  3 8 . 9 7 .3
4  - 5 7 . 6 6 .2 3 5  5 1 0 .7 1 2 .1
4  - 6 2 .8 3 .1 3 5 7 9 .2 1 1 .0
4  - 7 5 .3 5 .6 3 5 9 8 . 7 l o . l
4  - 8 7 .9 9 .5 3 5  10 8 . 0 7 . 3
4*11 6 .3 6 .0 4 5 1 5 .9 4 .3
4*1 2 7 . 7 7 .7 4 5 2 1 0 .9 I 0 .6
4 - 1 3 1 2 .9 1 0 .9 4 5 4 6 .1 5 .9
4 - 1 4 7 .1 6 .8 4 5 5 9 .1 8 . 6
4 - 1 5 4 .0 4 .3 4 5 6 1 1 .4 1 1 .1
4 - 1 6 6 . 9 '7 .0 4 5 7 5 .5 5 .5
4 -1 7 4 .1 4 .1  . 4 5 9 7 .2 6 .9
4 - 2 0 4 .8 4 .2 5 5 1 1 5 .5 1 4 .8
4  -1 1 9 .2 1 8 .5 5 5 2 7 .8 8 .6
4  - 2 5 .1 5 .8 5 5 3 7 . 9 6 .6
4  -3 4 .5 6 .1 5 5 5 6 .0 7 .1
4  -4 2< ).4 1 7 .1 5 5 F 6 .3 7 . 3
4  - 5 1 6 .2 1 7 .2 6 5 1 9 .5 9 .0
4 - 6 1 0 .9 1 0 .6 6 5 4 5 .6 5 .1
4 - 7 1 5 .6 1 7 .2 7 5 10 5 .2 7 . 7
4 - 8 7 .2 7 .9 9 5  3 5 .8 6 .2
4 -9 1 3 .1 1 2 .0 1 5 -1 I - 3

6 .4
4 - 1 0 1 3 .2 1 3 .3 1 5 - 2 8 .5 8 .0
4 -1 1 9 .8 1 0 .9 1 5 - 2 1 4.0 1 6 .3
4 -1 2 9 .2 9 .7 1 5 - 4 5 .5 5 .1
4 - 1 3 8 .3 1 0 .1 1 5 - 5 4 .1 4 *J4 - 1 4 7 .8 6 . 9 1 5 - 6 l o . e 9 .6
4 - 1 6 7 . 9 8 .6 1 5 - 9 7 . 4 9 .1
4 -1 7 5 .8 6 .6 1 5 - l c 6 .4 6 ,5
4 - lQ 3 .3 2 .6 1 5 - U 6 .1 7 . 9
4 -1 1 7 .5 1 0 .7 2 5  -1 9 .5 1 2 .1
4  - 2 3 2 .4 2 1 .9 2 5 - 2 8 .5
4  - 3 1 9 .9 1 4 .1 2 5 - 3 5 .8 4 .9
4 - 4 1 2 .7 9 .1 2 5 -4 1 8 . c 1 6 .1
4 - 5 7 . 7 9 .1 5 - 5 1 1 .7 9 .5
4 - 6 1 6 .8 1 6 .1 2 5  - 6 1 3 .4 1 3 .2
4  - 7 1 6 .2 1 6 .5 2 5 -6 5 .6 5 .6
4  -8 1 8 .1 1 8 .0 2 5 .8 6 .7
4 -9 5 .6 6 .3 3 5 -1 1 3 .7 1 1 .0
4 - 1 o 1 0 .1 8 .8 3 5 -2 1 3 .3 1 2 .1
4 - 1 ! 6 .8 7 . 4 3 5 - 4 1 4 .2 12;U
4 - 1 3 4 .0 3 .b 3 5 -6 1 3 .5 1 1 .7
4 - 1 6 8 .0 8 .7 3 5 -7 1 3 .0 1 4 .3
4 -1 7 5 .8 4 .7 3 5 -6 9 .7 9 . 0
4 -1 1 9 .9 1 4 .4 3 5 -1 1 5 .5 6 .6
4  - 2 2 0 .7 1 4 .5 4 5  -1 1 8 .? 1 6 .5
4  - 3 1 2 .8 8 . 9 4 5 - 2 1 2 .1 9 . 4
4 - 4 1 9 .2 1 7 .2 4 5 - 5 1 2 .2 1 1 .3
4 - 5 2 1 .1 1 8 .3 4 5 -7 6 .2 6 .8
4  - 6 I 0 . 6 1 1 .1 4 5 - 8 1 4 .0 1 4 .2
4 - 7 7 . 2 7 .2 4 5 - 1o 7 .2 8 .5
4  - 8 6 .8 6 .7 5 5 -1 5 .9 6 .7
4 - 9 5 .2 6 .6 G, 8 . 7
4 - l o 7 . 5 4 .6 5 5 - 6 6 ,4
4 -1 1 I * 6 3 .1 5 5 -F 8 . 7 1 0 .5
4 - 1 2 8 . 9 lo,** 6 5 -1 6 . 0 7 . 5
4 - 1 3 4 ,0 3 .9 6 5  - 7 5 .5 5 .2
4  -1 6 .8 4 .9 5  -2 5 .6 6 .6
4  -2 2 7 .3 2 3 .2 5 - 3 6 ,6 6 . 0
4 -3 1 0 .5 1 0 .2 j 5 - 7 5 .8 6 .2
4 - 4 5 .3 6 . 0 5  - 2 5 .4 6 .1
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TABLE 3 . 4
o

ORTHOGONAL COORDINATES IN ANGSTR0M 
AND E .S .D .s

ATOM X' Y z '
Br(1) 2 .4 1 4 + 2 1 .513 + 0 3.291 H*
0 1) 14 .794 + 13 2 .2 5 4 + 13 11 .064 +

0 2 ) 9 .4 6 2 + 11 1.315 ± 13 7.281 +

0 3) 8 .6 8 9 + 10 2 .8 6 9 + 11 8 .7 0 0 H*

0 4) 6 .6 8 4 + 13 1 .163 + 14 8 .7 5 7 4*

c 1) 11 .963 + 12 1.492 H* 16 15 .084 +

c 2 ) 11.811 + 15 1 .449 + 19 16.645 +
c 3) 13 .154 + 18 1.017 + 15

COOJ. +

c *0 14.391 + 14 1.790 + 13 16 .882 +

c 5) 14.442 + 12 1.897 + 11 15.301 H*
c 6 ) 15 .667 + 13 2 .6 3 9 + 17 14 .789 +
c 7) 15.811 Hr 14 2 .3 5 6 + 18 13.215 +
c 8 ) 14 .610 + 14 2 .7 9 7 + 13 12.437 ±

c 9) 13 .344 + 14 2 .1 1 4 + 13 13.045 +

c 10) 13 .130 + 12 2.381 + 12 14.601 +

c 11) 12 .056 H* 15 2 .3 3 5 H* 15 12 .135 +

c 12) 11 .522 H* 15 . 1.021 + 14 11 .615 +

c 13) 10 .292 + 14 1.135 + 16 10 .647 +

c 14) 10 .735 + 13 1 .865 + 16 9 .2 9 4 4*

c 15) 9.631 + 15 1 .918 + 18' 8.300 +

2
0

0

0

3

2
4

4

3

2
5

5

4

3

2

4

4

4

4

4
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C (1 6 ) 9 .7 1 5  ± 19

c (1 7 ) 14 .557  ± 17

0 (1 8 ) 14 .432  + 18

0 (19) 1 5 .670  + 19

C(20) 12 .782  + 16

0 ( 2 1 ) 7 .6 1 9  + 16

C(22) 6 .6 1 3  + 14

0 (2 3 ) 5 .581  + 13

C (24) 4 .7 8 3  + 17

0 (2 5 ) 3 .8 7 0  + 18

C(26) 3 .6 9 0  + 12

0 (2 7 ) 4 .4 3 8  + 15

C(28) 5 .3 6 0  + 15

226 + 17 10 .341 + 16

298 + 20 12 .310 + 16

135 + 16 17 .621 + 15

025 + 16 17 .387 + 16

COinCO + 13 14 .841 + 14

094 18 7 .792 + 15

007 + 16 7 .843 + 14

910 + 16 6 .754 + 13

734 + 20 6 .594 + 16

631 + 18 5 .623 + 17

742 + 23 4 .696 + 13

821 + 22 4 .816 + 17

959 + 19 5 .824 + 16

/

- 0

4

3

1

3

3

2
1

0

0

1

2

2
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TABLE 3 .5

PRINCIPAL VALUES OF VIBRATION TENSORS 
AND THEIR DIRECTION COSINES REFERRED 

TO ORTHOGONAL AXES

ATOM
o2

U(A) D1 D2 D3

B r ( l ) 0 .2091  
0 .0 5 4 2  
0 .1 1 1 4

-0 .5 2 9 5
0 .7 4 4 3
0 .4 0 6 9

0 .7 7 1 2
0 .2 2 2 6
0 .5964

0 .3 5 3 3
0 .6 2 9 6

- 0 .6 9 1 9

0 ( 1) 0 .1 1 0 2
0 .0 5 7 4
0.0601

0 .9 9 8 7
- 0 .0 5 0 9
- 0 .0 0 9 8

-0 .0 1 4 7
- 0 . 0 9 6 7
- 0 .9 9 5 2

0 .0 4 9 7
0 .9 9 4 0

-0 .0 9 7 4

0 ( 2 ) 0 .1 1 3 3  
0 .0 4 6 0
0 .0 5 4 4

- 0 . 6 5 4 8
0 .2 8 6 0

- 0 .6 9 9 6

- 0 . 4 9 1 6
0 .5 4 1 9
0 .6 8 1 7

0 .5 7 4 0
0 .7 9 0 3

- 0 .2 1 4 2

0 (3 ) 0 .0 9 5 4
0 .0 3 2 8
0 .0 5 8 4

- 0 . 7 1 4 8
0 .0 2 8 6

- 0 .6 9 8 7

- 0 . 3 0 0 7
0 .8 8 9 5
0 .3 4 4 0

0 .6 3 1 4
0 .4 5 6 0

- 0 . 6 2 7 3

0 (4 ) 0 .1 4 4 2
O.0516
0 .0 7 5 3

- 0 . 4 4 1 6
- 0.0061

0 .8 9 7 2

0 .4 3 8 0
- 0 . 8 7 4 2

0 .2 0 9 7

0 .7 8 3 0
0 .4 8 5 6
0 .3 8 8 7

C(1) 0 .0 7 0 9
0 .0 3 6 9
0 .0 4 4 4

0.0081
0 .5 2 7 2

- 0 . 8 4 9 7

- 0 . 5 0 8 3
0 .7 3 4 0
0 .4 5 0 5

0.8611  
0 .4 2 8 2  
0 .2 7 3 9

C(2) 0.0441
0 .0 7 4 2
0 .0 6 5 6

0 .4 5 0 9
0 .8 9 1 4
0 .0 4 6 6

0 .8 8 9 0
-0 .4531

0.0661

0 .0 8 0 0  
0 .0 1 1 6

- 0 .9 9 6 7

C(3) 0 .0 9 9 6
0.0341
0 .0 5 6 6

- 0 .9 9 8 8
- 0 .0 3 9 0

0 .0 2 8 8

0 .0 4 1 3
- 0 .9 9 5 5

0 .0 8 5 8

0 .0 2 5 3
0 .0 8 6 9
0 .9 9 5 9

C(4) 0 .0 9 4 9
0 .0 1 3 4
0 .0 4 8 0

-0 .7 5 3 8
- 0 .0 6 2 4

0.6541

0 .0 4 9 3
- 0 . 9 9 8 0
- 0 .0 3 8 4

0 .6 5 5 2
0 .0 0 3 3
0 .7 5 5 4

C(5) 0 .0 0 3 7
0 .0 6 4 7
0 .0 4 9 5

- 0 . 0 1 4 6
- 0 . 6 8 7 9

0 .7 2 5 6

0 .9 9 7 5
- 0 .0 6 0 6
- 0 .0 3 7 4

0 .0 6 9 7
0 .7 2 3 2
0 .6871



C(6 ) 0 .0 7 6 9
0.0353
0.0561

-0.4183 
0 .9 0 2 7  

-0.1004
- 0 .0 1 8 8

0 .1 0 1 9
0.9946

0.9081
0.4180

- 0 .0 2 5 7

C(7) 0 .0^36
0 .0 7 1 8
0 .0 6 1 4

-0.7913
-0.5319
- 0 .3 0 1 6

- 0 .5 6 5 5
0.8242
0.0304

0.2324
0.1946

-0.9530
C (8) 0.0121

0 .0 7 0 4
0 .0 5 7 0

-0.0393
0.4197
0 .9 0 6 8

0.9992
O.OO69
o.o4oo

0 .0 1 0 5
0 .9 0 7 6

-0.4197

C(9) 0 .0 7 6 3
0 .0 1 8 3
0.0437

- 0 .6 9 8 2
0 .1 2 7 6
0.7044

- 0 .0 1 7 5
- 0 .9 8 6 7

0 .1 6 1 4

0.7157
0 .1 0 0 4
0 .6 9 1 2

C(10) 0 .0 6 3 8
0 .0 1 5 8
0.0378

-0.5897
-o.o466
- 0 .8 0 6 3

-0.0343
0.9989

- 0 .0 3 2 6

0 .8 0 6 9
o.oo84

-0.5907
C(11) 0 .0 7 6 2

0 .0 3 2 0
0 .0 5 0 0

-0.7342
0.2093
0.6459

- 0 .1 0 6 0
-0.9750
0.1955

0 .6 7 0 6
0.0751
0 .7 3 8 0

C( 12) 0 .0 8 0 3
0 .0 2 8 9
0 .0 5 0 5

-O.8663
- 0.0611 
0.4957

0.0651
-0.9978
-0.0091

0 .4 9 5 2
0.0244
0.8684

C (13) 0 .0 7 7 2
0.0348
0.0529

- 0 .7 0 4 2
0 .5 6 7 8

-0.4263
0 .0 6 9 9
0 .6 5 2 9
0.7542

0 .7 0 6 6
0.5013

-0.4995
C(l4) 0 .0 6 6 3

o.o46o
0.0534

-0.6o64
0.4952

- 0.6221

0 .1 0 2 6
0.8246
0.5564

0 .7 8 8 5
0 .2 7 3 6

-0.5508

C(15) 0 .0 6 8 3
0.0543
0 .0 6 0 3

-0.8348
0.1998
0.5129

0.4500
-0.2889
0.8450

0.3170
0.9363
0.1513

C(16) 0 .1 2 5 0
0 .0 2 1 5
0 .0 6 8 6

-0.8347
0.4563

-0.3085
0.3911
0.8853
0.2515

0.3878
0.0893

-0.9174

C( 17) 0 .1 0 2 2
0.0472
0 .0 6 5 8

0.8634
-0.4534

0 .2 2 1 2

-0.4098
-0.8861
-0.2167

0.2942
0 .0 9 6 5

-0.9509
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C (18 ) 0 .1 1 3 5
0 .0 1 9 0
0.0651

- 0.8961  
0.1661  

- 0 . 4 1 16

0 .0 2 8 8
0 .94 7 2
0 .3 1 9 5

0 .4 4 2 9
0 .27 4 4

- 0 . 8 5 3 5

C( 19) 0 .0 2 2 8
0.1201
0 .0 7 2 7

0 .2 5 2 3
- 0 .8 9 0 6
-0 .3 7 8 4

- 0 .9 0 9 3
-0 .0 8 4 5
-0 .4 0 7 5

0 .3 3 0 9
0 .4 4 6 9

-0 .8311

C(20) 0 .0 1 0 2
0 .0 9 5 9
0 .0 5 4 4

- 0.0671
- 0 .9 1 2 2

0.4041

0 .9 8 7 2  
- 0 .1 1 9 5  
- 0 . 1 0 5 9

0 .1 4 4 9
0 .3 9 1 8
0 .9 0 8 5

C(21) 0 .0 8 0 9
0 .0 4 8 4
0 .0 5 8 5

- 0 .7 5 3 8
0.5901

- 0 .2 8 9 2

- 0 .0 2 5 0
0 .4 1 4 0
0 .9 0 9 9

0 .6 5 6 6
0.6931

- 0 .2 9 7 3

C (22) 0 .0 3 8 2
0 .0 7 1 7
0 .0 5 5 0

0 .6 2 3 0
- 0 . 2 5 7 6
- 0 .7 3 8 6

- 0 . 6 9 5 9
0 .2 4 8 5

- 0 .6 7 3 7

0 .3 5 7 2
0 .9 3 3 7

- 0 .0 2 4 5

C(23) 0 .0 3 8 0
0 .0 6 4 8
0 .0 5 7 5

- 0 .7 2 1 3
0 .6 3 8 7
0 .2 6 8 0

0 .6 8 7 9
0.6151
0 .3 8 5 2

0 .0 8 1 2
0 .4 6 2 2

- 0 .8 8 3 0

C(24) 0 .0 7 6 3
0 .0 6 6 8
0 .0 6 9 4

0 .6 9 8 7
- 0 .1 9 7 0
- 0 .6 8 7 8

-0 .7 1 0 4
- 0 .0 7 7 6
- 0 .6 9 9 5

0 .08 4 4
0 .9 7 7 3

- 0 .1 9 4 2

C(25) 0 .0 5 0 2
0 .0 8 0 3
0 .0 6 6 6

0 .1 0 8 0
0 .4 4 5 0
0 .8 8 9 0

0 .84 2 8
- 0 . 5 1 5 3

0 .1 5 5 6

0 .5274
0 .7 32 4

- 0 .4 3 0 7

C(2 6 ) 0 .0 1 5 0  
0 .1 1 9 5  
0 .0 8 1 6

0 .7 3 8 5
- 0 .0 7 7 0

0 .6 6 9 8

0 .0 9 1 2
- 0 .9 7 2 9
-0 .2 1 2 4

0.6681
0 .2 1 8 0

-0 .7 1 1 5

C(27) 0 .1 1 0 9
0 .0 3 8 8
0 .0 6 6 9

-0 .3591
0 .9 0 5 6
0 .2 2 5 9

0 .6 7 7 7
0 .0 8 6 6
0 .7 3 0 2

0 .6 4 1 7
0 .4 1 5 3

- 0 .6 4 4 8

C(28) 0 .0 7 9 6
0 .0 5 2 9
0 .0 6 0 3

- 0 . 2 3 4 8
- 0 .2 5 9 9

0 .9 3 6 7

0.4261
- 0 .8 9 3 6
-0 .1411

0 .8 7 3 7
0 .3 6 6 0
0 .3 2 0 5
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TABLE 3 . 6  

MOLECULAR DIMENSIONS

( a )  Bond l e n g t h s  a n d  e . s . d . ' s

c 1) - C ( 2) 1 . 5 6 9 + 19 A C ( 2 2 ) - C( 2 3 ) 1 . 5 0 4 + 19 A
c 1 ) - c ( 1 0 ) 1 . 5 4 5 + 18
c 2 ) —C( 3) 1 . 5 4 8 + 23 C(2 3 ) - C ( 24) 1 . 4 3 0 + 25
c 3) - C( 4 ) 1 . 5 1 4 + 22 c ( 2 3 ) - C ( 2 8 ) 1 . 4 2 0 + 23
c 4) —C( 5) 1 . 5 8 6 + 18 C ( 2 4 ) - C ( 25) 1 . 3 3 7 + 24
c 4) - C ( l 8 ) 1 . 5 3 5 + 21 C( 2 5 ) - C( 2 6 ) 1 . 4 5 8 + 26
c 4) - C( 1 9 ) 1 . 5 7 4 + 23 C( 2 6 ) - C( 2 7 ) 1 . 3 1 9 + 28
c 5) - C ( 6 ) 1 . 5 2 1 + 18 C ( 2 7 ) - C ( 28) 1 . 3 7 3 + 22
c 6 ) —C( 7) 1 . 6 0 6 + 21
c 7) - C ( 8 ) 1 . 498 + 20 C ( 1 5 ) - 0 ( 2 ) 1 . 1 9 6 + 19
c 8 ) —C( 9) 1 . 5 6 2 + 19
c 8 ) - C ( 17) 1 . 5 0 7 + 24 C ( 2 2 ) - 0 ( 4 ) 1 . 2 4 6 + 20
c 9) - C( 1 0 ) 1 . 5 9 3 + 18
c 9) - C ( l l ) 1 . 5 9 3 + 20 C( 1 5 ) —0 ( 3) 1 . 3 9 8 + 19
c 1 0 ) - C ( 20) 1 . 5 3 6 + 18
c 1 1 ) - C ( 12) 1 . 5 1 1 + 21 C ( 2 1 ) - 0 ( 3 ) 1 . 4 2 0 + 19
c 1 2 ) - C ( 13) 1 . 5 6 9 + 20 C( 8 ) - 0 ( 1 ) 1 . 4 8 8 + 17
c 1 3 ) - C ( 1 6 ) 1 . 5 1 0 + 23
c 1 3 ) - C ( l 4 ) 1 . 6 0 0 + 20 B r - C ( 2 6 ) 1 . 9 1 2 + 13

c l 4 ) - C ( 1 5 ) 1 . 4 8 7 + 20
c 2 1 ) - C ( 2 2 ) 1 . 4 8 1 + 23
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( b )  Bond a n g l e s  a n d  e . s . d . ' s

c 2) -C 1 ) - c 1 0 ) 1 1 3 . 6 + 1 . 1° 0 ( 9 )  - C ( l l ) - C ( 1 2 ) 1 1 1 . 2
c 1 ) - c 2) - c 3) 1 0 9 . 5 + 1 . 1 C ( l l ) - C ( 1 2 ) - C ( 1 3 ) 1 1 5 . 2
c 2 ) -C 3) - c 4) 1 1 7 . 2 + 1 . 3 C ( 1 2 ) - C ( 1 3 ) - C ( l 6 ) 1 1 1 . 1
c 3) -C 4) - c 5) 1 0 9 . 0 + 1 . 1 C ( 1 2 ) - C ( 1 3 ) - C ( l 4 ) 1 0 9 . 7
c 3) -C *0 - c 1 8 ) 1 1 0 . 0 + 1 . 2 C ( l 6 ) - C ( 1 3 ) - C ( l 4 ) 1 1 0 . 2
c 3) -C *0 - c 19) 109- 3 ± 1 . 2 C ( 1 3 ) - C ( l 4 ) - C ( 1 5 ) 1 1 2 . 1
c 5) -C *0 -c 1 8 ) 1 1 4 . 9 ± 1 . 1 0 ( 3 )  - C ( 2 1 ) - C ( 22) 1 1 1 . 9
c 5) -C 4) - c 19) 1 0 9 . 1 ± 1 . 1
c 18) -C 4) - c 19) 1 0 4 . 5 ± 1 . 2 C ( l 5 ) - 0 ( 3) - C ( 21) 1 1 5 . 6
c 4) -C 5) - c 6 ) 1 1 3 . 2 ± 1 . 0
c 4) -C 5) -c 1 0 ) 1 1 6 . 2 ± 1 . 0 0 ( 2 ) - C ( 1 5 ) - 0 ( 3 ) 1 1 9 . 4
c 6 ) -C 5) - c 1 0 ) 1 1 2 . 0 ± 1 . 0 0 ( 2 )  - C ( 1 5 ) - C ( l 4 ) 1 3 1 . 1
c 5) -C 6 ) -c 7) 1 0 8 . 4 ± 1 . 1 0 ( 3 )  - C ( 1 5 ) - C ( l 4 ) 1 0 9 . 5
c 6 ) -C 7) - c 8 ) 1 1 2 . 7 ± 1 . 2
0 1) -C 8 ) -c 7) 1 0 5 . 8 ± 1 . 1 0 ( 4 )  - C ( 2 2 ) - C ( 21) 1 1 8 . 9
0 1) -C 8 ) -c 9) 1 0 7 . 5 ± 1 . 1 0 ( 4 )  - C ( 2 2 ) - C ( 23) 1 2 1 . 7
0 1 ) - c 8 ) - c 17) 1 0 6 . 9 ± 1 . 1 C ( 2 1 ) - C ( 2 2 ) - C ( 2 3 ) 1 1 9 . 3
c 7) -C 8 ) - c 9) 1 0 8 . 6 ± 1 . 1
c 7) -C 8 ) -C 17) 1 1 1 . 4 ± 1 . 3 C ( 2 2 ) - C ( 2 3 ) - C ( 2 4 ) 1 2 1 . 1
c 9)  -C 8 ) - c 17) 1 1 6 . 1 ± 1 . 2 C ( 2 2 ) - C ( 2 3 ) - C ( 2 8 ) 1 2 2 . 2
c 8 ) -C 9) -c 1 0 ) 1 1 4 . 5 ± 1 . 1 C ( 2 4 ) - C ( 2 3 ) - C ( 2 8 ) 1 1 6 . 6
c 8 ) -C 9) -c 1 1 ) 1 1 1 . 9 ± 1 . 1 C ( 2 3 ) - C ( 2 4 ) - C ( 2 5 ) 1 2 1 . 7
c 10) -C 9) - c 1 1 ) 11 5 - 3 ± 1 . 1 C ( 2 4 ) - C ( 2 5 ) - C ( 2 6 ) 1 1 9 . 2
c 1 ) - c 1 0 ) -c 5) 1 0 8 . 4 ± 1 . 0 B r  - C ( 2 6 ) - C ( 2 5 ) 1 1 7 . 3
c 1 ) - c 1 0 ) -c 9) 1 0 8 . 1 ± 1 . 0 B r  - C ( 2 6 ) - C ( 2 7 ) 1 2 2 . 9
c 1) -C 1 0 ) -c 2 0 ) 1 0 9 . 5 ± 1 . 1 C ( 2 5 ) - C ( 2 6 ) - C ( 2 7 ) 1 1 9 . 7
c 5) -C 1 0 ) -c 9) 1 05- 9 ± 1 . 0 C ( 2 6 ) - C ( 2 7 ) - C ( 2 8 ) 1 2 2 . 0
c 5)  -C 1 0 ) -c 2 0 ) 1 1 4 . 7 ± 1 . 0 C ( 2 3 ) - C ( 2 8 ) - C ( 2 7 ) 1 2 0 . 7
c 9)  -C 10) -c 20) 1 1 0 . 1 ± 1 . 0

i+ 
i+ 

i+ 
i+ 

i+ 
i+ 

i+ 
i+ 

i+ 
i+ 

i+ 
i+ 

i+ 
i+ 

i+ 
i+ 

i+ 
i+ 

i+ 
i+ 

i+ 
i+ 

i+ 
i+
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TABLE 3 . 7  

NON-BONDED DISTANCES 

( a )  Some i n t r a m o l e c u l a r  d i s t a n c e s

0 ( 4 ) .  . 0 ( 1 0 ) 2 .
.  O

67 A
0 ( 8 )  . , . . 0 ( 1 0 ) 2 . 65
C ( 2 0 ) . . . . 0 ( 1 7 ) 3 . 12

C ( 2 0 ) . , . . 0 ( 1 8 ) 3 . 31
C ( 2 0 ) .  .. . 0 ( 1 ) 2 . 52

C ( 2 0 ) .  ..  . 0 ( 9 ) 2 . 57

•

OC
M

O

. . 0 ( 5 ) 2 . 61

C ( l 8 ) . , . . 0 ( 3 ) 2. 50

C ( l 8 ) . ,. . C ( 5 ) 2. 63

0 ( 1 7 ) . . . 0 ( 7 ) 2. 48

0 ( 1 7 ) . . . 0 ( 9 ) 2 . 60

C ( l 8 ) . . . . 0 ( 1 9 ) 2 . 46

C ( l 6 ) . , . . 0 ( 1 5 ) 2 . 96

C ( l 6 ) . . . . 0 ( 2 ) 3 . 44

C ( l 6 ) . - . . 0 ( 3 ) 3 . 65
C ( l 6 ) . , .  . 0 (1) ) 3. 69

C ( 1 4 ) . . . . 0 ( 1 1 ) 3 . 17

C ( l 4 ) . , . . 0 ( 2 ) 3 . 61

C ( 1 5 ) • ■ . . 0 ( 2 2 ) 3 . 05

0 ( 1 5 ) . . . 0 ( 4 ) 3 . 08

0 ( 4 )  . . . 0 ( 3 ) 2. 63

0 ( 4 )  . . . 0 ( 2 ) 3 . 15

0 ( 4 )  . . . 0 ( 2 4 ) 2. 91

C ( 2 1 ) .

00CMo
•• 3. 00
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( b )  I n t e r m o l e c u l a r  d i s t a n c e s  < 4 . 0  A

E q u i v a l e n t
p o s i t i o n *  C e l l  o f

Atom A Atom B o f  Atom B Atom B D i s t a n c e

B r . . .C 20) I I (0 - 1 , 0) 3 . 8 5  A
0 1 ) . . . 0 2) I I (1 o , 0) 3 . 2 5
0 1) . . .C 21) I I (1 - 1 , 0 ) 3 - 3 7
0 1) . . .C 28) I I (1 - 1 , 0 ) 3 - 5 8
0 1) . . .C 24) I I (1 o , 0 ) 3 .8 1
0 1 ) . . .C 23) I I (1 o , 0 ) 3 - 92
0 2 ) . . .C 17) I I (1 - 1 , 0 ) 3 . 4 9
0 2 ) . . .C 14) I I (1 - 1 , 0 ) 3 .6 1
0 2 ) . . .C 1 1 ) I I (1 -1> 0 ) 3 - 91
0 2 ) . . .C 8 ) I I (1 - 1 , o) 3- 94
0 3) . . .C 1 6 ) I (0 1 , 0 ) 3 - 5 3
0 3) . . .C 24) I I (0 o , 0 ) 3 .6 2
0 4) . . . 0 2 2 ) I I (0 - 1 , 0 ) 3 . 2 7
0 4) . . .C 2 1 ) I I (0 - 1 , 0 ) 3 . 4 8
0 4) . . .C 23) I I (0 - 1 , 0 ) 3 . 5 8
0 4) . . . 0 4) I I (0 - 1 , 0 ) 3 .6 6
0 4) . . . 0 4) I I (0 o , 0 ) 3 .6 6
0 4) . . .C 24) I I (0 o , 0 ) 3 .8 0
0 4) . . .C 2 8 ) I I (0 - 1 , o) 3 .8 1
C 1 ) . .  . c 2 0 ) I (0 - 1 , o) 3 . 7 8
C 1 6 ) . .  . c 25) I I (0 - 1 , 0 ) 3 - 76
C 1 6 ) . .  . c 2 6 ) I I (0 - 1 , 0 ) 3 . 8 3
C 1 6 ) . .  . c 24) I I (0 - 1 , 0 ) 3 . 9 0
C 17) . .  . c 2 8 ) I I (1 o , 0 ) 3 .8 1
C 17) . .  . c 23) I I (1 o , 0 ) 3 . 8 9
C 2 1 ) . .  . c 24) I I (0 o , 0 ) 3 - 93
C 25) . .  . c 27) I (0 - 1 , 0 ) 3 - 99

*The e q u i v a l e n t p o s i t i o n s  a r e : I ( X, y , z )

I I ( 1 - Xyh+y  ,1-- z )

Atom A i s  i n  e q u i v a l e n t  p o s i t i o n  I  i n  t h e  c e l l  ( 0 , 0 , 0 ) .

>
o
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6 . D e s c r i p t i o n  a n d  d i s c u s s i o n  o f  t h e  s t r u c t u r e

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

i s  known t h i s  X - r a y  a n a l y s i s  o f  p - b r o m o p h e n a c y 1 l a b d a n o l a t e

( I I )  u n a m b i g u o u s l y  e s t a b l i s h e s  t h a t  t h e  c o n f i g u r a t i o n  a t  

C( 1 3 )  i s  ( S ) .  C o n s e q u e n t l y  i t  i s  a l s o  (S )  i n  l a b d a n o l i c

( I I I )  a n d  e p e r u i c  ( I V )  a c i d s  a n d  n o t  (R) a s  p r e v i o u s l y  r e ­

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

p r o p o s e d  f o r  l a b d a n o l i c  a c i d  by  C o c k e r  a n d  H a l s a l l  ( 1 9 5 6 b ) .

is 19

H ;  R s CO2 * CH2 *CO *C^i^Br 

h t ; r = c o 2 h

1ST

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

F i g u r e  3 * 2 .  The b o n d  l e n g t h s  a n d  a n g l e s  a r e  shown i n  

F i g u r e  3 . 3  a n d  t h e  l e a s t - s q u a r e s  p l a n e s  a r e  l i s t e d  i n



i n n

F i ^ u r o  3 * 3

a )  B o n d  l e n r t h s

b )  B o n d  a n r I o n



« ? '■



117/^123

1 10^131

111® 1 1 0

115 5
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T a b l e  3 * 8 .

The tw o  s i x - m e m b e r e d  r i n g s  i n  t h e  d e c a l i n  s y s t e m ,  

t r a n s - f u s e d  t o  e a c h  o t h e r ,  a d o p t  s l i g h t l y  d i s t o r t e d  c h a i r  

c o n f o r m a t i o n s .  P o u r  c a r b o n  a to m s  o f  r i n g  A ( C ( 2 ) ,  C (3 )>  

C (5)>  a n d  C ( 1 0 ) )  a r e  c o p l a n a r  a n d  c a r b o n  a to m s  C ( l )  a n d
o

C (4)  a r e  d i s p l a c e d  f r o m  t h i s  p l a n e  by  - 0 . 6 6  a n d  + 0 . 6 1  A, 

r e s p e c t i v e l y .  I n  a  c y c l o h e x a n e  c h a i r  w i t h  a l l  a n g l e s  

t e t r a h e d r a l  t h e s e  tw o  a to m s  w o u l d  e a c h  h a v e  b e e n  d i s p l a c e d
o

by 0 . 7 3  A ( c a l c u l a t e d  v a l u e ) .  I n  r i n g  B t h e  a t o m s  C (7 )>

C ( 8 ) ,  C ( 1 0 ) ,  a n d  C (5 )  a r e  c o p l a n a r  a n d  t h e  tw o  a to m s  C( 6 )  

a n d  C( 9 )  a r e  d i s p l a c e d  f r o m  t h i s  p l a n e  by  + 0 . 7 3  a n d
o

- 0 . 6 8  A, r e s p e c t i v e l y .  T h e s e  tw o  c y c l o h e x a n e  p l a n e s  a r e  

n o t  p a r a l l e l  t o  e a c h  o t h e r ,  a s  w o u l d  h a v e  b e e n  e x p e c t e d  

i n  a  r e g u l a r  t r a n s - d e c a l i n  s y s t e m .  The  d i h e d r a l  a n g l e  

b e t w e e n  t h e m  i s  1 0 ° .  The  d i s t o r t i o n s  a r e  due  t o  a  b e n d i n g  

o f  t h e  a x i a l  m e t h y l  c a r b o n  a to m s  ( C ( 1 7 ) »  C ( l 8 ) ,  a n d  C ( 2 0 ) )  

away f r o m  e a c h  o t h e r .  T h i s  d i m i n i s h e s  t h e  1 , 3 - d i a x i a l  

i n t e r a c t i o n s .  The  b e n d i n g  c a n  b e s t  b e  i l l u s t r a t e d  by  a
o

c o m p a r i s o n  o f  t h e  n o n - b o n d e d  d i s t a n c e s  C ( 4 ) . . . C ( 1 0 )  ( 2 . 6 7  A) 

an d  C ( 8 ) . . . C ( 10)  ( 2 . 6 5  A) w i t h  t h e  much l o n g e r  o n e s  

C (1 8 ) . . . C ( 20)  ( 3 . 3 1  A) a n d  C ( 1 7 ) . . . C ( 2 0 )  ( 3 . 1 2  A ) .  They  

a r e  i n  g o o d  a g r e e m e n t  w i t h  t h e  c o r r e s p o n d i n g  d i s t a n c e s  i n  

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

c h a p t e r .
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TABLE 3 . 8  

LEAST-SQUARES PLANES

P l a n e  1 
R i n g  A

Atom A( A)

C (2 ) - 0 . 0 0 5
C( 3) 0 . 0 0 5
C (5 ) - 0 . 0 0 5
c ( 1 0 ) 0 . 0 0 5
c ( D * - 0 . 6 5 9
c ( 4 ) * 0 . 6 0 9

u 0 . 0 0 5
x 2 0 . 5

P l a n e  2 
R i n g  B

At om A(A)

C (7 ) 0 . 0 1 2
C( 8) - 0 . 0 1 1
c ( 1 0 ) 0 . 0 1 1
C (5 ) - 0 . 0 1 1
C ( 6 ) « 0 . 7 3 2
C ( 9 )  * - 0 . 6 7 8

II 0 . 0 1 1

P l a n e  3 
C a r b o n  C h a i n

Atom A(A)

C(9) 0 . 0 1 8
C ( l l ) - 0 . 0 1 6
C ( 1 2 ) - 0 . 0 2 0
C( 13) 0 . 0 1 8
C ( 1 6 ) » - 0 . 1 8 4
C ( 6 ) » 0 . 0 6 6
A7 0 . 0 1 8
x 2 = 6 . 5

P l a n e  4 P l a n e 5 P l a n e  6
E s t e r G roup C a r b o n y l G roup P h e n y l R in g

Atom A( A) Atom A( A) At om A( A)

0 ( 2 ) - 0 . 0 0 5 C( 21) 0 . 0 0 5 C( 22) - 0 . 0 0 8
0 ( 3 ) - 0 . 0 3 4 C( 22) 0 . 0 1 7 C (2 3 ) 0 . 0 0 8
C ( l 4 ) 0 . 0 2 2 C (2 3 ) 0 . 0 0 5 C( 24 ) - 0 . 0 0 2
C (1 5 ) - 0 . 0 1 0 0 ( 4 ) 0 . 0 0 7 C (2 5 ) 0 . 0 0 1
C( 21) 0 . 0 2 8 0 ( 3 ) *  - 0 . 2 8 9 C (2 6 ) 0 . 0 0 3
C ( 22 )  * - 1 . 2 7 1 C (2 7 ) - 0 . 0 1 5
C ( 1 3 ) * - 1 . 3 9 4 C (2 8 ) 0 . 0 1 3

B r* - 0 . 0 5 5
0 ( 4 ) * 0 . 1 6 2
C ( 2 1 ) * - 0 . 3 0 5

A7 0 . 0 2 2 A1 0 . 0 1 0 A7 0 . 0 0 9
x 2 1 6 . 4 x 2 1 . 8 x 2 2 . 4

# T h e s e a t o m s  w e r e n o t  u s e d  t o c a l c u l a t e t h e  l e a s t - s q u a r e s
p l a n e .

/
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P l a n e  E q u a t i o n s  f o r  t h e  l e a s t - s q u a r e s  p l a n e s

1 0 . 0 7 9 X' + 0 . 8 8 9 Y + 1—1 in 
-̂r0

Z' = 9 . 7 4 0

2 0 . 1 6 7 X* + 0 . 9 3 8 Y + 0 . 3 0 5 Z ’ = 8 . 8 5 7

3 0 . 6 0 1 X1 + 0 . 0 7 3 Y - 0 . 7 9 6 Z ’ = - 2 . 2 1 8

4 0 . 5 1 4 X’ + 0 . 6 9 5 Y - 0 . 5 0 2 z* = 2 . 1 3 0

5 -  0 . 6 1 1 X1 + 0 . 5 7 1 Y + 0 . 5 4 9 Z f -  1 . 3 9 2

6 -  0 . 6 9 1 X1 + 0 . 3 9 5 Y + 0 . 6 0 5 Z 1 = 0 . 9 7 6

o
(X 1 , Y, Z '  ( I n  A) a r e  r e f e r r e d  t o  t h e  o r t h o g o n a l  a x e s  a * ,  

b ,  c ,  i . e .  X ' -  X s i n 3  a n d  Z '  « Z + X c o s 3 ) .

>o



The c a r b o n  a to m s  C ( 9 ) ,  C ( l l ) ,  C ( 1 2 ) ,  C ( 1 3 ) ,  a n d  C ( l 6 )  

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

p l a n a r  b u t  C ( l 6 )  i s  d i s p l a c e d  f r o m  t h e  p l a n e  b y  - 0 , 1 8  A.

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

( t h e  d i h e d r a l  a n g l e  b e t w e e n  t h e m  i s  8 6 ° ) .

A l e a s t - s q u a r e s  p l a n e  t h r o u g h  t h e  e s t e r - g r o u p  a to m s  

( 0 ( 2 ) ,  0 ( 3 ) ,  C ( l 4 ) ,  C ( 1 5 ) )  a n d  a to m  C (2 1 )  was  c a l c u l a t e d .  

W i th  a  x 2 v a l u e  o f  1 6 . 4  t h e s e  a to m s  a r e  n o t  s t r i c t l y  c o ­

p l a n a r  a t  a  0 . 1 % s i g n i f i c a n c e  l e v e l .  H o w e v e r ,  i n  v i e w  

o f  t h e  f o l l o w i n g  d i s c u s s i o n  w h e r e  an  i n c r e a s e  i n  t h e  

e . s . d . ’ s o f  50/S i s  a s s u m e d  t h e y  a r e  i n  f a c t  c o p l a n a r .  The 

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

c a r b o n  c h a i n  i s  4 l ° . A Newman p r o j e c t i o n  down t h e  C ( l 4 ) -  

C (1 3 )  b o n d  show s  t h a t  t h e  a r r a n g e m e n t  i s  v e r y  c l o s e  t o  

s t a g g e r e d ,  w i t h  C ( 1 2 )  a n t i  t o  C ( 1 5 )  ( F i g u r e  3 * 4 ) .  The 

r e l e v a n t  d i h e d r a l  a n g l e s  a r e  m a r k e d  i n  t h i s  f i g u r e .

From a  s u r v e y  o f  a  few c r y s t a l  s t r u c t u r e s  M a t h i e s o n  

( 1 9 6 5 )  f o u n d  t h a t  i n  e s t e r s  o f  p r i m a r y  a l c o h o l s  t h e  tw o  

h y d r o g e n  a t o m s  a t t a c h e d  t o  t h e  a l c o h o l  a - c a r b o n  ( h e r e  C ( 2 1 ) )  

w e re  i n  a  s t a g g e r e d  r e l a t i o n  t o  t h e  d o u b l e - b o n d e d  o x y g e n  

o f  t h e  e s t e r  g r o u p  ( h e r e  0 ( 2 ) ) .  He s u g g e s t e d  t h a t  t h i s  

c o n f i g u r a t i o n  w o u l d  b e  e n e r g e t i c a l l y  f a v o u r e d .  I n  f a c t ,  

t h e  a r r a n g e m e n t  f o u n d  i n  t h i s  s t r u c t u r e  ( F i g u r e  3«5) c o r ­

responds to a ro ta t ion  about the C(21)-0(3) bond by 112°
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F igure 3*4

A Newman p ro je c t io n  down th e  C (l4)-C (13) 

bond.

F igure  3*5 

A Newman p ro je c t io n  down th e  C (21)-0 (3) 

bond.



H (13)

H (I4 )

Fig. 3 . 4

H(2I)

l
C(I5)

Fig. 3 .5
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f r o m  t h e  p o s i t i o n  p r e d i c t e d  by M a t h i e s o n .  T h u s  C ( 1 5 )  i s  

a n t i  t o  one  o f  t h e  C (2 1 )  h y d r o g e n  a to m s  i n s t e a d  o f  b e i n g  

a n t i  t o  C ( 2 2 ) .  The e s t e r  p l a n e  makes  a  d i h e d r a l  a n g l e  o f  

79° w i t h  t h e  c a r b o n y l  p l a n e ,  d e f i n e d  by  t h e  a to m s  C ( 2 1 ) ,

C ( 22 )  , C ( 23 )  > a n d  0 ( 4 ) .

The  a t o m s  o f  t h e  a r o m a t i c  r i n g  a n d  a to m  C (2 2 )  a r e  

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

by 0 . 0 5 5  A. The c a r b o n y l  p l a n e  i s  r o t a t e d  a b o u t  t h e  

C ( 2 3 ) - C ( 2 2 )  b o n d  s o  t h a t  t h e  d i h e d r a l  a n g l e  w i t h  t h e  

a r o m a t i c  p l a n e  i s  1 2 ° .  As was n o t e d  i n  t h e  p r e v i o u s  

c h a p t e r ,  s u c h  d i h e d r a l  a n g l e s  a r e  n o t  uncommon.

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

B r - C ( 26)  ( 1 . 9 1 2  A ) ,  C ( 8 ) - 0 ( l )  ( 1 . 4 8 8  A ) ,  a n d  C ( 6 ) - C ( 7 )  

( 1 . 6 0 6  A ) ,  w h i c h  d i f f e r  s i g n i f i c a n t l y  a t  a  0 . 1 #  l e v e l  

f r o m  t h e  v a l u e s  ( 1 . 8 5  ± 0 . 0 1 ,  1 . 4 2 6  ± 0 . 0 0 5 ,  a n d  1 . 5 3 7  ± 

0 . 0 0 5  A) g i v e n  by  S u t t o n  ( 1 9 6 5 ) .  T h e r e  a r e  no  o b v i o u s  

e x p l a n a t i o n s  f o r  t h e s e  d e v i a t i o n s .  S i n c e  t h e  b l o c k -  

d i a g o n a l  a p p r o x i m a t i o n  was  u s e d  i n  t h e  l e a s t - s q u a r e s  r e ­

f i n e m e n t ,  t h e  e . s . d . f s  a r e  l i k e l y  t o  b e  u n d e r e s t i m a t e d .

I t  s e e m s  r e a s o n a b l e  t o  i n c r e a s e  t h e m  by  50# a n d  t h i s  i s  

a s s u m e d  i n  t h e  f o l l o w i n g  d i s c u s s i o n .  I n  v i e w  o f  t h i s ,  

n o n e  o f  t h e  a b o v e - m e n t i o n e d  d e v i a t i o n s  i n  b o n d  l e n g t h s  a r e  

s i g n i f i c a n t .

Some o f  t h e  a n g l e s  i n  t h e  d e c a l i n  s y s t e m  d e v i a t e
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f r o m  n o r m a l  v a l u e s .  I n  a c c o r d a n c e  w i t h  t h e  t h e o r e t i c a l  

c a l c u l a t i o n s  by B u c o u r t  a n d  H e i n a u t  ( 1 9 6 5 ) a n g l e s  a r e  

c o n s i d e r e d  n o r m a l  i n  t h e  r a n g e  o f  1 0 9 . 5  -  1 1 1 . 0 °  d e p e n d ­

i n g  on t h e  d e g r e e  o f  s u b s t i t u t i o n .  A l l  t h e  d e v i a t i o n s  i n  

t h i s  s t r u c t u r e  c a n  b e  a t t r i b u t e d  t o  t h e  p r e v i o u s l y  men­

t i o n e d  b e n d i n g  o f  t h e  1 , 3  d i a x i a l  m e t h y l  g r o u p s  away f r o m  

e a c h  o t h e r ,  s u c h  a s  t h e  l a r g e  v a l u e s  o f  t h e  a n g l e s  

C ( 5 ) - C ( 4 ) - C ( l 8 )  ( 1 1 5 ° ) ,  C ( 9 ) - C ( 8 ) - C ( 1 7 )  ( 1 1 6 ° ) ,  a n d  

C ( 5 ) - C ( 1 0 ) - C ( 20)  ( 1 1 5 ° ) .  T h e r e  i s  a  g e n e r a l  t e n d e n c y  t o  

i n c r e a s e d  v a l e n c y  a n g l e s  a r o u n d  t h e  a to m s  a d j a c e n t  t o  

C ( 4 ) ,  C ( 8 ) ,  a n d  C ( 1 0 ) ,  e v e n  t h o u g h  o n l y  t h e  a n g l e  0 ( ^ 0 -  

C ( 5 ) - C ( 1 0 )  ( 1 1 6 ° )  i s  i n c r e a s e d  s i g n i f i c a n t l y .  T h i s  i s  an  

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

s u b s t i t u t e d  c a r b o n  a to m s  C ( 4 ) ,  C ( 8 ) ,  a n d  C ( 1 0 ) ,  e x c e p t  

t h o s e  m e n t i o n e d  a b o v e ,  a r e  a p p r o x i m a t e l y  t e t r a h e d r a l  o r  

s l i g h t l y  s m a l l e r .  T h i s  a g r e e s  w i t h  t h e  o b s e r v a t i o n s  o f  

G e i s e ,  A l t o n a ,  a n d  Romers  ( 1 9 6 7 ) .

I n  u n - i o n i s e d  c a r b o x y l i c  g r o u p s  tw o  o f  t h e  a n g l e s  

a r e  u s u a l l y  a b o u t  125°  a n d  o n e  a p p r o x i m a t e l y  t e t r a h e d r a l  

( H a h n ,  1 9 5 7 ) .  The  a n g l e s  a r o u n d  C ( 1 5 )  c o n f o r m  a p p r o x i ­

m a t e l y  t o  t h i s  p a t t e r n .  The a n g l e s  a r o u n d  C ( 22)  a r e  

e q u a l  t o  1 20°  w i t h i n  e x p e r i m e n t a l  e r r o r .

I t  h a s  b e e n  r e p o r t e d  ( B a k e r  e t  a t , 1 9 6 2 )  t h a t  i n t r a ­

m o l e c u l a r  h y d r o g e n  b o n d i n g  o c c u r s  i n  com pounds  o f  t h e
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l a b d a n e  t y p e  ( m e t h y l  l a b d a n o l a t e ,  l a b d a n e - 8 c x ,  1 5 - d i o l  

m o n o a c e t a t e ,  a n d  l a b d a n e - 8 a ,  1 5 - d i o l )  i n  v e r y  d i l u t e  so lU '  

t i o n s  i n  c a r b o n  t e t r a c h l o r i d e .  On t h e  b a s i s  o f  i n f r a r e d  

s p e c t r o s c o p y  i t  was s u g g e s t e d  t h a t  t h i s  h y d r o g e n  b o n d i n g  

i n v o l v e s  " c l o s u r e "  o f  a  t e n - m e m b e r e d  r i n g  ( i . e .  0 ( 1 ) - H . . .  

0 ( 2 )  o r  0 ( 1 ) - H . . . 0 ( 3 ) ) •  T h e r e  i s  no  s u c h  i n t r a m o l e c u l a r  

h y d r o g e n  b o n d  i n  t h i s  c r y s t a l  s t r u c t u r e .  The  h y d r o g e n  • 

a to m  o f  t h e  h y d r o x y l  g r o u p  c o u l d  n o t  b e  l o c a t e d  f r o m  a  

d i f f e r e n c e  F o u r i e r  map b u t  i t  i s  p r o b a b l y  i n v o l v e d  i n  an  

e x t r e m e l y  weak  i n t e r m o l e c u l a r  h y d r o g e n  b o n d .  The  a n g l e  

C ( 8 ) - 0 ( l ) j . . . 0 ( 2 ) j j  ( 1 0 6 . 7  ± 0 . 8 ° )  i s  f a v o u r a b l e  f o r  s u c h  

a  b o n d — e v e n  t h o u g h  t h e  d i s t a n c e  0 ( 1 ) j . . . 0 ( 2 ) - ^  i s  r a t h e r  

l o n g  ( 3 . 2 4 6  ± 0 . 0 1 7  A ) .  The v a l u e  o f  t h e  C ( 8 ) - 0 ( 1 ) x . . .  

0 ( 2 ) n  a n g l e  s u g g e s t s  t h a t  t h e  h y d r o x y l  h y d r o g e n  a to m  i s  

l o c a t e d  on t h e  l i n e  c o n n e c t i n g  0 ( 1 ) ^  a n d  0 ( 2 ) ^  s o  t h a t  

t h e  h y d r o g e n  b o n d  i s  l i n e a r .

The  a r r a n g e m e n t  o f  t h e  m o l e c u l e s  v i e w e d  a l o n g  t h e  

b - a x i s  c a n  b e  s e e n  i n  F i g u r e  3 . 6  w h e r e  t h e  s u g g e s t e d  

h y d r o g e n  b o n d  i s  m a r k e d  w i t h  a  b r o k e n  l i n e .  The  b r o k e n  

l i n e s  0 ( l ) j . . . 0 ( 2 ) I I  a n d  0 ( 2 ) j .  . . 0 ( 1 ) ^  f r o m  t h e  m o l e c u l e  

i n  e q u i v a l e n t  p o s i t i o n  I  do  n o t  go  t o  t h e  same m o l e c u l e  

i n  e q u i v a l e n t  p o s i t i o n  I I .  The  f o r m e r  g o e s  t o  t h e  m o l e ­

c u l e  a t  y+% r e l a t i v e  t o  e q u i v a l e n t  p o s i t i o n  I ,  a n d  t h e  

l a t t e r  t o  t h e  m o l e c u l e  a t  y-*s. The  m o l e c u l e s  a r e  t h u s
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a r r a n g e d  a s  s e p a r a t e  r i g h t - h a n d e d  s p i r a l s  a r o u n d  one  o f  

t h e  t w o - f o l d  s c r e w  a x e s  ( a t  x = 0 ,  z = \ )  i n  e a c h  u n i t  

c e l l .  The  f a c t  t h a t  p - b r o m o p h e n a c y 1 l a b d a n o l a t e  c r y s t a l ­

l i s e s  a s  v e r y  l o n g  n e e d l e s  w i t h  t h e  n e e d l e  a x i s  p a r a l l e l  

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

a r r a n g e m e n t .

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

( T a b l e  3 * 7 )  b e s i d e s  t h e  on e  m e n t i o n e d  a b o v e .



CHAPTER IV
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The C r y s t a l  a n d  M o l e c u l a r  S t r u c t u r e  o f  a  p - B r o m o b e n z o a t e

D e r i v a t i v e  o f  e - C a e s a l p i n

1. I n t r o d u c t i o n

C a e s a l p i n i a  b o n d u o e l l a  ( F l e m i n g )  i s  a  w i l d  p l a n t  

a b u n d a n t l y  a v a i l a b l e  i n  E a s t  P a k i s t a n .  The  e n t i r e  p l a n t  

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

t h i s  p l a n t  Q u d r a t - i - K h u d a  a n d  A l i  ( 1 9 6 3 )  i s o l a t e d  t h e  b i t ­

t e r  c o n s t i t u e n t s  a - ,  3 - ,  a n d  y - c a e s a l p i n s  a n d  d e t e r m i n e d  

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

on h y d r o l y s i s  a  c r y s t a l l i n e  b i t t e r  c o m p o u n d ,  l a t e r  c a l l e d  

6 - c a e s a l p i n ,  t o g e t h e r  w i t h  a c e t i c  a n d  m y r i s t i c  a c i d s .

From c h e m i c a l  s t u d i e s  C a n o n i c a ,  Jo m m i ,  M a n i t t o ,  P a g n o n i , 

a n d  P e l i z z o n i  ( 1 9 6 6 )  sh o w e d  t h e  s t r u c t u r e s  o f  a - ,  3 - ,  a n d  

6 - c a e s a l p i n s  t o  b e  I ,  I I ,  a n d  I I I ,  r e s p e c t i v e l y .  The  same 

a u t h o r s  a l s o  r e p o r t e d  t h a t  y - c a e s a l p i n  i s  a  6 - c a e s a l p i n  

e s t e r  o f  a c e t i c  a n d  m y r i s t i c  a c i d s .

A new c r y s t a l l i n e  co m p o u n d ,  e - c a e s a l p i n  C2«fH3 if0 7 , 

was r e c e n t l y  i s o l a t e d  f r o m  t h e  s e e d s  o f  C a e s a l p i n i a  

b o n d u o e l l a . B a s e d  on c h e m i c a l  a n d  s p e c t r o s c o p i c  e v i d e n c e  

t h e  s t r u c t u r e  I V ,  o r  i t s  e n a n t i o m e r ,  was a s s i g n e d  t o  i t  

( B a l m a i n ,  B j a m e r ,  C o n n o l l y ,  a n d  F e r g u s o n ,  1 9 6 7 )*  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  i n  o r d e r  t o  d e t e r m i n e  t h e  

c o m p l e t e  s t r u c t u r e  a n 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  o f
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e - c a e s a l p i n .  I n  o r d e r  t o  o b t a i n  a  d e r i v a t i v e  s u i t a b l e  

f o r  s u c h  an  a n a l y s i s ,  e - c a e s a l p i n  was  t r e a t e d  w i t h  LiAlHi* 

t o  g i v e  t h e  t e t r a o l  (V) w h i c h  was t h e n  e s t e r i f i e d  w i t h  

p - b r o m o b e n z o y l  c h l o r i d e .  The  m o n o - p - b r o m o b e n z o a t e  ( V I ) ,  

i s o l a t e d  by  t h i n - l a y e r  c h r o m a t o g r a p h y ,  was u s e d  i n  t h i s  

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

2 .  C r y s t a l  d a t a

l , 2 - D e s a c e t y l - e - c a e s a l p i n - 2 - p - b r o m o b e n z o a t e , C2 7 H 3 30 e B r , 

•F.W. = 5 3 3 . 2 ,  m . p . -  1 6 9 - 1 7 0 ° C .  M o n o c l i n i c ,  a  = 6 . 5 6 3  ±  

0 . 0 0 2 ,  b = 1 2 . 9 9 9  ± 0 . 0 0 2 ,  c -  1 4 . 8 0 9  ± 0 . 0 0 2  A, 8 =

9 4 . 5 0  ± 0 . 0 3 ° ,  V = 1 2 5 9 . 5  ± 0 . 5  A3 f r o m  Cu K a 1 (X =

1 . 5 4 0 5 1  A) a n d  Cu K a 2 (X = 1 . 5 4 4 3 3  A ) .  Dm = 1 . 4 0 3  g . c m . “ 3 

(b y  f l o t a t i o n  i n  a q u e o u s  p o t a s s i u m  i o d i d e ) ,  Z = 2 ,  D =
A

1 . 4 0 6  g . c m . ” 3 . F ( 0 0 0 )  = 5 5 6 .  S p a c e  g r o u p  P 2 i  (No.  4 ) .

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  y = 2 7 . 8  cm."’ 1 f o r  Cu Ka 

r a d i a t i o n  (X = 1 . 5 4 1 8  A ) .

3 . C r y s t a l l o g r a p h l c  m e a s u r e m e n t s

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

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

w i t h  ( 0 0 1 )  a s  t h e  p r e d o m i n a n t  f a c e  a n d  t h e y  c o u l d  n o t  b e  

c u t  w i t h o u t  b e i n g  d e s t r o y e d .  They  a r e  s t a b l e  i n  t h e  a i r .

The  c e l l  d i m e n s i o n s  w e r e  o b t a i n e d  by  a  l e a s t - s q u a r e s  

m e t h o d  p r o p o s e d  by  S peakm an  ( 1 9 6 6 )  f r o m  0k& a n d  hOil
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W e i s s e n b e r g  p h o t o g r a p h s  c a l i b r a t e d  w i t h  A1 p o w d e r  l i n e s .

The s p a c e  g r o u p  was d e t e r m i n e d  f r o m  t h e  a b s e n c e s  (OkO a b ­

s e n t  when k i s  o d d )  a n d  f r o m  k n o w i n g  t h a t  t h e  p a r e n t  e -  

c a e s a l p i n  i s  o p t i c a l l y  a c t i v e  C CotH^ = + 2 ° ) .  N o n - i n t e g r a t e d  

e q u i - i n c l i n a t i o n  W e i s s e n b e r g  d a t a  w e r e  c o l l e c t e d  w i t h  N i -  

f i l t e r e d  Cu Ka r a d i a t i o n ,  u s i n g  t h e  m u l t i p l e - f i l m  t e c h n i q u e .  

The c r y s t a l s  d e t e r i o r a t e d  s o m ew h a t  a f t e r  2 - 3  w e ek s  o f  

e x p o s u r e  i n  t h e  X - r a y  b e am .  Two c r y s t a l s  o f  t h e  same s i z e  

( 0 . 3 5  x 0 . 3 5  x 0 . 1 0  m m . ) ,  m o u n t e d  a l o n g  t h e  c r y s t a l l o g r a p h i c  

a  a n d  b a x e s ,  w e r e  u s e d .  From on e  c r y s t a l  t h e  l a y e r s  OkJl 

t h r o u g h  6k£ w e r e  o b t a i n e d ,  a n d  f r o m  t h e  s e c o n d  one  t h e  

l a y e r s  hOJl a n d  h l J l .  The i n t e n s i t i e s  w e r e  m e a s u r e d  v i s u a l l y  

w i t h  a  c a l i b r a t e d  i n t e n s i t y  s t r i p  a n d  2399 r e f l e x i o n s  w e r e  

o b t a i n e d  f r o m  t h e  a - m o u n t i n g  a n d  460 r e f l e x i o n s  ( 9 1  o f  

w h i c h  h a d  n o t  b e e n  m e a s u r e d  p r e v i o u s l y )  f r o m  t h e  b - m o u n t i n g .  

A n o t h e r  256 r e f l e x i o n s  w h i c h  w e r e  t o o  w eak  t o  b e  m e a s u r e d

w e r e  i n c l u d e d  i n  t h e  d a t a  w i t h  i n t e n s i t i e s  \  I  . . Out  o fm in

t h e  t o t a l  n u m b e r  o f  r e f l e x i o n s  ( 3 1 1 5 )  2728  a r e  i n d e p e n d e n t  

o n e s  a n d  r e p r e s e n t  95# o f  t h e  r e f l e x i o n s  a c c e s s i b l e  w i t h i n  

t h e  Cu s p h e r e .  The  i n t e n s i t i e s  w e r e  c o r r e c t e d  f o r  L o r e n t z  

a n d  p o l a r i s a t i o n  f a c t o r s  b u t  n o  a b s o r p t i o n  c o r r e c t i o n  was 

a p p l i e d .

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

The s t r u c t u r e  was  s o l v e d  b y  t h e  h e a v y - a t o m  m e t h o d ;  t h e
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r a t i o  E f u 2/ E f T 2 = 0 . 8 8  a t  s i n 0  = 0 .  The  t h r e e - d i m e n s i o n a l  
H L

d a t a  w e r e  s h a r p e n e d  t o  p o i n t  a to m  w i t h  r e g a r d  t o  b r o m i n e  

a n d  t h e  H a r k e r  s e c t i o n  a t  v  = % was c a l c u l a t e d  ( F i g u r e  4 . 1 ) .  

The sy m m e t ry  o f  t h e  P a t t e r s o n  v e c t o r  d i s t r i b u t i o n  i s  P2 /m  

a n d  i t  w i l l  c o n t a i n  a  v e c t o r  p e a k  o f  d o u b l e  w e i g h t  a t  

( 2 x , % , 2 z )  f r o m  s y m m e t r y - r e l a t e d  a t o m s .  The h i g h e s t  p e a k  

i n  t h e  H a r k e r  s e c t i o n  was i n t e r p r e t e d  a s  t h e  B r - B r  v e c t o r  

p e a k  a n d  t h e  p o s i t i o n  o f  t h e  b r o m i n e  a to m  was d e t e r m i n e d  t o  

b e  (b y  B o o t h ’ s ( 1 9 4 8 b )  i n t e r p o l a t i o n  m e t h o d ) :  x = 0 . 1 8 6 3 ,  

z = 0 . 0 4 8 2 ;  i t s  y c o o r d i n a t e  was c h o s e n  a s  h .  A 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  w i t h  t h e  b r o m i n e  a to m  i n  t h i s  p o s i t i o n  

g a v e  an  R - f a c t o r  o f  47/6. S i n c e  t h e  s p a c e  g r o u p  i s  p o l a r  

i n  t h e  y d i r e c t i o n  t h e  f i r s t  e l e c t r o n - d e n s i t y  m ap ,  b a s e d  

on o b s e r v e d  s t r u c t u r e  f a c t o r s  a n d  b r o m i n e  p h a s e  a n g l e s ,  

c o n t a i n e d  p s e u d o - m i r r o r  p l a n e s  p a r a l l e l  t o  ( 0 1 0 )  a t  y *

0 ,  1 ,  e t c .  H o w e v e r ,  i t  was  p o s s i b l e  t o  l o c a t e  t h e

b e n z o a t e  g r o u p  a n d  c a r b o n  a t o m  C (2 )  f r o m  i t .  I n  a  s u b s e ­

q 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  b a s e d  on b r o m i n e  a n d  

t h e  a d d i t i o n a l  t e n  a to m s  t h e  R - f a c t o r  was l o w e r e d  t o  41/6. 

F rom  t h e  s e c o n d  F o u r i e r  map t h e  r e m a i n i n g  a to m s  w e r e  

l o c a t e d  a n d  w i t h  a l l  t h e  a to m s  i n c l u d e d  t h e  R - f a c t o r  was 

2 7 .7 /6 .  A l l  t h e  o x y g e n  a to m s  h a d  s o  f a r  b e e n  t r e a t e d  a s  

c a r b o n  a t o m s ,  b u t  i n  t h e  t h i r d  F o u r i e r  map f i v e  o f  t h e  

p e a k s  c o u l d  b e  i d e n t i f i e d  a s  o x y g e n  a to m s  du e  t o  t h e i r
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F igu re  4*1

The H arker s e c t io n  a t  v •  **. Contours are  

drawn a t  a r b i t r a r y  i n t e r v a l s .
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p e a k  h e i g h t s .  D u r i n g  t h 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
o

a n  o v e r a l l  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  U = 0 . 0 5  Az 

was a p p l i e d ,  a n d  t h e  d a t a  w e r e  p u t  on a n  a p p r o x i m a t e  a b ­

s o l u t e  s c a l e  by m a k i n g  k £ |F  | = £ |F  | f o r  e a c h  l a y e r .
h k i  °  h k l  0

5 .  S t r u c t u r e  r e f i n e m e n t

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 ,  a n d  i n d i v i d u a l  l a y e r -  

s c a l e  f a c t o r s  w e r e  r e f i n e d  by  t h e  b l o c k - d i a g o n a l  a p p r o x i ­

m a t i o n  o f  t h e  l e a s t - s q u a r e s  m e t h o d ,  m i n i m i s i n g  t h e  e x p r e s ­

s i o n  £ w ( | F  | -  |F  | ) 2 . The y c o o r d i n a t e  o f  t h e  b r o m i n e  
hkS, °  c

was h e l d  c o n s t a n t  t h r o u g h o u t  t h e  r e f i n e m e n t .

One o x y g e n  a to m  ( 0 ( 5 ) )  was f i r s t  r e f i n e d  a s  a  c a r b o n  

a t o m ,  b u t  a f t e r  t h e  f i r s t  c y c l e  o f  i s o t r o p i c  l e a s t  s q u a r e s  

i t  was  r e c o g n i s e d  a s  an  o x y g e n  a to m  b e c a u s e  o f  a  l a r g e
o

d r o p  ( 0 . 0 1 4  A ) i n  t h e  U. v a l u e .  A f t e r  t e n  c y c l e s  o f  ^ i s o  J
i s o t r o p i c  r e f i n e m e n t  R was  l o w e r e d  t o  1 7 - 8 $ .  D u r i n g  t h e  

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

d a t a  c o l l e c t e d  f r o m  t h e  a - a x i s  m o u n t i n g  h a d  b e e n  i n c l u d e d .  

The  d a t a  f r o m  t h e  b - a x i s  m o u n t i n g  w e r e  a d d e d  a t  t h e  b e g i n n ­

i n g  o f  t h e  a n i s o t r o p i c  r e f i n e m e n t .  The common r e f l e x i o n s  

w e r e  n o t  a v e r a g e d ;  t h e y  w e r e  t r e a t e d  by  t h e  l e a s t - s q u a r e s  

p ro g ram m e  a s  i n d e p e n d e n t  o b s e r v a t i o n s .  E i g h t  c y c l e s  o f  

a n i s o t r o p i c  r e f i n e m e n t  w e r e  c a r r i e d  o u t .  At t h e  e n d  o f  t h e  

refinement the R -factor was 1 2 . 3 #  and R! was 0 . 0 2 5 9 .  A
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s h i f t  f a c t o r  o f  0 . 8  was u s e d  t h r o u g h o u t  t h e  r e f i n e m e n t  e x ­

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

when a  v a l u e  o f  0 . 5  was a p p l i e d .  A f t e r  t h e  l a s t  c y c l e  o f  

r e f i n e m e n t ,  t h e  a v e r a g e ,  p a r a m e t e r  s h i f t  was 0 . 1 a  a n d  t h e  

l a r g e s t  s h i f t  was  0 . 6 7 a .

A summary  o f  t h e  l e a s t - s q u a r e s  r e f i n e m e n t  i s  shown

R'  = E w A 2 / E w F  2 )  :b e l o w  (R = E | A | / Z | F  |

C y c l e  No.

1

2

3
4

5
6 +

7
8

9
10

11
12

13
14*

15
16*

17
18 

19
f E r r o r s  i n

R

0 . 2 7 7

0 . 2 3 3
0 . 2 0 8

0 . 2 0 3
0 . 2 0 1

0 . 2 0 0

0 . 1 9 5

0 . 1 7 9
0 . 1 7 8

0 . 1 7 8

0 . 2 1 1

0 . 1 5 6

0 . 1 2 9
0 . 1 2 4

0 . 1 2 3
0 . 1 2 2

0 . 1 2 3

0 . 1 2 3

0 . 1 2 3

No. o f  
r e f l e x i o n s

2620
n

P a r a m e t e r s  r e f i n e d

x , y . z ,  U.9 * i s o
f o r  B r ,  0 ,  C 
+ l a y e r - s c a l e  

f a c t o r s

0 . 0 7 6 0
0 . 0 4 4 2

0 . 0 2 7 1
0 . 0 2 6 1

0 . 0 2 5 2

0 . 0 2 6 8

0 . 0 2 6 3
0 . 0 2 6 0

0 . 0 2 5 9

3 H 5
it x , y , z ,

( i , j  = 1 , 2 , 3 )  
f o r  B r ,  0 ,  C 

+ l a y e r - s c a l e  

f a c t o r s

( s t r u c t u r e  f a c t o r s  o n l y )

f o r  t h r e e  r e f l e x i o n s  w e r e  c o r r e c t e d .

* A d j u s t m e n t s  i n  t h e  p a r a m e t e r s  o f  t h e  w e i g h t i n g  sch e m e  w e r e  
m a d e .
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The w e i g h t i n g  s ch em e  u s e d  d u r i n g  t h e  r e f i n e m e n t  w a s : 

w = ( p i  + | F q | + p 2 | F q | 2 + p 3 | | 3) *"1 . The  p - p a r a m e t e r s

w e r e  a d j u s t e d  d u r i n g  t h e  r e f i n e m e n t .  At t h e  e n d  o f  t h e  

r e f i n e m e n t  t h e i r  f i n a l  v a l u e s  ( p i  = 1 . 2 0 ,  p 2 = 0 . 0 1 5 9 ,  

p 3 = 0 . 0 0 0 6 3 2 )  g a v e  t h e  f o l l o w i n g  a g r e e m e n t  a n a l y s i s  o f

a v e r a g e d  wA2 a s a  f u n c t i o n  o f |F  1 a n d  1 0 '
o f  s i n 0 / A •

| F | 1 0  1 < w A 2 >
N o . o f  

r e f l e x i o n s s i n 0 / A < w A 2 >
N o . o f  

r e f l e x i o n s

0010

0 . 1 3 9 1811

OJO1OO

0 . 3 0 2 136

8 -  15 0 . 1 3 7 639 0 . 2 - 0 . 4 0 . 2 1 2 773

1 5 -  31 0 . 2 0 8 413 0 . 4 - 0 . 6 0 . 1 3 0 1785

3 1 -  61 0 . 2 3 9 197 0 . 6 - 0 . 8 0 . 1 1 5 420

6 1 - 1 2 2 0 . 2 2 2 49

1 2 2 - 0 . 2 1 9 5

The a n a l y s i s  shows t h a t  t h e  w e i g h t i n g  sch em e  e m p l o y e d  i s  a

r e a s o n a b l e  o n e ,  e v e n  t h o u g h  t h e r e  i s  a  som ew ha t  g r e a t e r

v a r i a t i o n  o f  <wA2> a s  a  f u n c t i o n  o f  s i n 0 / A  t h a n  o f  If  I .1 o '

The  a t o m i c  s c a t t e r i n g  f a c t o r s  u s e d  t h r o u g h o u t  t h e  

a n a l y s i s  w e r e  t a k e n  f r o m  I n t e r n a t i o n a l  T a b l e s  f o r  X-Ray 

C r y s t a l l o g r a p h y  ( 1 9 6 2 ) .

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

l i s t e d  i n  T a b l e s  4 . 1  a n d  4 . 2 .  The  e . s . d . ’ s w e r e  d e r i v e d  

f r o m  t h e  i n v e r s e  o f  t h e  l e a s t - s q u a r e s  m a t r i x .  O b s e r v e d  

a n d  c a l c u l a t e d  s t r u c t u r e  f a c t o r s  a r e  g i v e n  i n  T a b l e  4 . 3 .
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T h e r e  a r e  some d i s c r e p a n c i e s  b e t w e e n  | F q | ' s  d e r i v e d  f r o m  

t h e  a - a x i s  m o u n t i n g  a n d  t h o s e  f r o m  t h e  b - a x i s  m o u n t i n g .  

T h e y  a r e  m o s t  l i k e l y  due  t o  d i f f e r e n c e s  i n  s p o t  s h a p e s  i n  

t h e  tw o  s e t s  o f  d a t a .  I n  o r d e r  t o  e v a l u a t e  t h e  e . s . d . ' s  

o b t a i n e d  f r o m  l e a s t - s q u a r e s  c a l c u l a t i o n s ,  t h e  a p p r o x i m a t e  

f o r m u l a  o f  C r u i c k s h a n k  ( i 9 6 0 ) ( a ( x ) ~ R / s ( N / ^ p ) 55) was u s e d  

t o  c a l c u l a t e  mean c o o r d i n a t e  s t a n d a r d  d e v i a t i o n s .  The 

r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  e . s . d . ' s  

s h o u l d  be  i n c r e a s e d  by  a b o u t  50%. S u c h  an  i n c r e a s e  c a n  

a l s o  b e  j u s t i f i e d  i n  v i e w  o f  t h e  f a c t  t h a t  t h e  b l o c k -  

d i a g o n a l  a p p r o x i m a t i o n  o f  t h e  l e a s t - s q u a r e s  m e t h o d  was 

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

v i b r a t i o n  w e r e  n e g l e c t e d .
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TABLE 4 . 1  

FRACTIONAL COORDINATES AND E . S . D . s

x/a. y/t> z / c

0 .7 2 3 3 + 11 0 .4 7 1 3 + 7 0.3281 +

0 .6 2 4 4 + 13 0 .4 6 5 9 + 8 0 .2 2 9 9 +

0 .7 1 1 2 + 13 0 .3 7 6 0 + 9 0 .17 7 4 +

0 .6 7 5 3 + 13 0 .2 7 1 6 + 9 0 .22 0 4 +

0 .7 6 1 7 + 10 0 .2 7 5 6  + 7 0 .3 2 4 6 +

0 .7 1 6 3 + 14 0 .1 7 5 2 + 8 0 .3 7 4 8 +

0 .8 3 6 4 + 15 0.1741 + 8 0.4671 +

0 .7 9 4 0 + 12 0 .2 6 9 3 + 8 0 .5 2 6 2 +

0 .8 0 0 9 + 12 0 .3 7 3 3 + 7 0 .4 7 3 8 +

O.6 7 8 I + 10 0 .3 6 8 9 + 7 0 .3 7 6 9 +

0 .7 2 0 9 + 17 0 .4 6 2 9 + 9 0 .5 3 0 9 +

0 .7 9 5 9 + 14 0 .4 4 8 5 + 8 0 .6 2 8 7 +

0.8921 + 13 0 .3 6 8 3 + 8 0•6667 +

0 .9 4 5 7 + 12 0.2721 + 7 0 .61 3 4

0 .9 4 1 7 + 15 0 .3 9 5 0 + 10 0 .7 6 0 9 +

0 .8 6 5 6 + 17 0.4871 + 10 0 .7 6 9 7 +

1.1675 + 11 0 .2 6 9 8 + 10 0 .5 9 6 5 +

0 .8 0 3 9 + 22 0 .1 9 2 3 + 11 0 .1 7 0 2 +

0 .4 4 9 9 + 15 0 .2 3 8 7 ,+ 11 0 .2 0 4 4 +

0 .4 4 6 7 + 10 0 .3 6 4 2  + 10 0 .3 8 8 2 +
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C(21) 0 .5 6 6 5 + 13 0 .6414 + 8 0 .1 9 1 0  +

C(22) 0 .6 3 4 3 + 13 0.7281 + 8 0 .1 3 1 9  +

C(23) 0 .7 8 8 5 + 14 0 .7 1 7 8 + 9 0 .0 7 3 8  +

C(24) 0 .8 3 5 7 + 17 0 .7 9 8 0 + 9 0 .0 1 9 2  +

C(25) 0 .7 3 0 4 + 15 0 .8894 + 9 0 .0 2 6 0  +

C(2 6 ) O.5899 + 16 0 .9044 + 10 0 .0 8 4 5  +

C(27) 0 .5 2 8 8 + 17 0 .8 2 0 8 + 9 0 .1 3 6 7  +

0 ( 1) 0 .9 3 9 7 + 8 0 .4 8 5 3 + 5 0 .3 2 9 4  +

0 ( 2 ) 0 .6 8 2 2 + 9 0 .5 5 8 6 + 6 0 .1 8 0 9  +

0 (3 ) 0 .9 8 1 0 + 9 0 .2 8 2 7 + 6 0 .3 2 5 6  +

0 ( 4 ) 0 .9 1 2 5 + 9 0 .1 8 2 3 + 6 0 .6 6 8 2  +

0 ( 5 ) 0 .7 7 1 7 + 11 0 .5 2 5 2 + 6 0 .6 8 8 5  +

0 ( 6 ) 0 .4 3 7 9 + 11 0 .6 4 7 5 + 7 0 .2 3 8 4  +

B r ( l ) 0 .8 1 0 5 + 2 1.0000 + 0 - 0 .0 4 7 8  +

*

5

6

6

6

6

7

8

4

4

4

4

4

5

1
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TABLE 4 . 2
o 2

ANISOTROPIC TEMPERATURE PARAMETERS AND E . S . D . s  ( a )

ATOM u
11

u
22

u
33

2U
23

2U
31

2U
12

C ( 1) o . o 4o4
33

0 .0 3 5 5
37

0 .0 674
39

0 .0 1 6 5
65

0 .0 1 9 0
57

- 0 .0 0 1 4
68

C (2 ) 0 .0 5 0 4
39

0 .0 3 9 9
4 o

0 .0 7 7 3
45

0 .0 1 3 9
77

0.0391
68

0 .0 0 1 0
82

C(3) 0 .0 5 3 3
41

0 .0 5 3 5
51

0 .0 6 9 7
43

0 .0 0 1 9
89

0 .0 2 7 3
69

- 0 .0 0 3 9
96

C(4 ) 0 .0 5 7 2
46

0.0481
48

0 .0 6 9 4
43

0 .0 0 1 7
84

0 .0 1 5 7
71

-0 .0 2 0 2
94

C (5 ) 0 .0 3 6 3
32

0 .0 4 3 3
4o

0 .0 6 1 8
36

0 .0 0 9 0
70

0 .0 2 1 0
56

-0 .0 0 4 3
75

c (6) 0 .0 6 7 9
54

0 .0 4 3 3
46

0 .0 7 2 7
46

-0 .0 0 5 0
86

- 0 .0 0 8 0
79

- 0 .0 1 6 9
95

c ( 7 ) 0 .0 7 0 4
56

0 .0 3 5 0
44

0 .0 8 0 0
49

0 .0 1 9 7
83

0 .0 0 5 0
8 6

0 .0 0 3 3
88

c(8) 0 .0 4 9 2
39

0 .0 4 2 3
41

0 .0 6 7 0
41

0 .0 1 3 4
76

0 .0 0 9 6
64

0 .0 0 1 2
81

c ( 9 ) 0 .0 4 9 6
39

0 .0 3 3 6
38

0 .0 7 0 0
39

0 .0 2 0 6
75

0 .0 0 3 2
62

0 .0 0 7 6
74

C( 10) 0.0361
29

0 .0 3 5 6
35

0 .0 5 8 9
33

0 .0 1 6 2
63

0 .0 1 0 7
50

- 0 .0 0 1 0
66

c ( n ) 0 .0 9 2 1
67

0 .0 3 8 7
42

0 .0 7 0 3
45

0 .0 0 5 0
82

- 0 .0 4 3 7
8 6

0 .0 2 7 2
106

C(12) 0 .0 6 6 9
53

0 .0 4 3 8
46

0 .0 7 0 0
45

0 .0 1 0 1
84

0 .0 0 5 7
76

0 .0 1 2 6
97

C( 13) 0 .0 5 2 5
40

0 .0 5 2 1
50

0 .0 6 0 3
38

7 0 .0 1 7 2  
81

-0 .0 0 0 2  
. 62

- 0 .0 0 3 0
93
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C(14) 0 .0 4 4 5
37

0.0411  
39

0 .0 6 4 8
38

0 .0 2 9 6
74

0 .0 2 6 5
61

0 .0 0 6 2
78

C( 15) 0.0621
48

0 .0 6 4 0
62

0 .0 7 1 7
46

0 .0 1 14  
101

0 .0 1 9 2
74

0 .0 0 3 0  
111

C( 16 ) 0 .0 7 7 8
59

0 .0 5 3 3
58

0 .0 8 0 5
52

0.0011  
105

0 .0 2 2 5
87

- 0 .0 0 4 5
117

C( 17) 0 .0 3 3 9
31

0 .0 7 5 0
65

0 .0664
41

0 .0 1 94
99

0 .0 0 75
58

0 .0 0 9 5
100

C(18) 0 . 1114
88

0 .0 6 0 5
67

0 .0 7 9 8
60

- 0 .01 5 5
115

0 .0 2 7 9
113

0 .0 2 3 2
156

C (19) 0 .0 6 2 7
53

0 .0 7 94
76

0 .0 7 14
49

0 .00 4 4
109

0 .0 0 7 0
80

- 0 .0 7 6 5
125

C(20) 0 .0 3 4 7
30

0 .0 7 2 8
61

0 .0 5 4 8
33

0 .0 2 3 5
87

0 .0 0 3 5
52

- 0 .0 0 7 9
96

C(21) 0 .0 5 3 6
43

0.0441
44

0 .0 6 0 9
40

0 .0 0 1 5
72

- 0 .0 0 7 4
66

0.0071
83

C(22) 0 .0 5 7 5
44

o .o4 o 4
40

0.0641
41

0 .0 0 3 8
75

- 0 .0 0 0 7
67

0 .0 0 8 0
87

C (23) 0.0621
48

0 .0 5 8 5
57

0 .0 6 7 0
45

0 .0 1 4 9
90

0 .0 4 4 5
77

0 .0 1 8 7
108

C(24) 0 .0 8 8 0
63

0 .0 4 9 2
50

0 .0 5 6 6
39

0 .0 0 5 0
80

0 .0 0 5 4
77

0 .0 0 3 2
112

C(25) 0 .0 7 3 3
52

0 .0 5 0 0
50

0 .0 5 7 9
37

0 .0 20 4
85

- 0 .0 1 8 0
70

- 0 .0 1 7 9
102

C(26) 0 .0 6 2 8
50

0 .0 5 6 5
58

0.0921
62

0 .0 0 3 6
110

0 .0 1 1 2
87

0 .0 2 3 3  
111

C(27) 0 .0 7 6 4
63

0 .0 5 1 5
56

0 .0 8 8 7
61

0 .0 1 5 2
105

0 .0 2 5 9
98

0 .0 4 3 9
115

0 ( 1) 0 .0 4 1 6
25

0 .0 3 9 5
32

0 .0 8 7 9
35'

0 .0 2 5 6
63

0 .0 0 8 0
46

- 0 .0 2 3 4
54

0 ( 2 ) 0 .0 5 2 8
28

0 .0 4 5 2
33

0 .0 7 0 2
31

0 .0 2 5 7
58

0 .0 1 2 4
48

o .o o 6 4
61
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0 (3 ) 0 .0 4 3 8
26

0 .0 4 7 6
34

0 .08 4 4
36

0 .0 0 4 8
67

0 .0 2 1 6
49

0.0101
65

0 (4 ) 0 .0 5 7 5
32

0 .0 5 1 7
37

0 .07 2 5
33

0 .0 4 1 8
65

0 .0 2 7 3
52

0 .0 3 1 6
69

0 (5 ) 0 .0 7 2 9
36

0 .0 5 9 3
44

0 .0 6 6 7
30

- 0 .0 0 7 3
68

0 .0 0 4 3
52

0 .0 0 0 4
81

0 ( 6 ) 0 .0 6 8 5
36

0 .0 6 1 5
44

0 .0 7 8 9
36

0 .0 1 6 0
76

0 .0 5 9 2
60

0 .0 1 9 3
82

Br(1) 0 .1 0 0 0
8

0 .0 6 3 3
7

0 .0 8 7 5
6

0 .0 3 6 3
12

0 .0 1 1 6  
11

- 0 .0 2 7 5
14
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6 .  A b s o l u t e  c o n f i g u r a t i o n

The a b s o l u t e  c o n f i g u r a t i o n  was d e t e r m i n e d  by  t h e  

a n o m a l o u s  d i s p e r s i o n  m e th o d  ( B i j v o e t ,  1 9 5 5 )  f r o m  a n  h k l  

p r e c e s s i o n  p h o t o g r a p h ,  t a k e n  w i t h  Mo Ka r a d i a t i o n ,  w h i c h  

was i n d e x e d  w i t h  r e s p e c t  t o  a  r i g h t - h a n d e d  s e t  o f  a x e s  

( P e e r d e m a n  a n d  B i j v o e t ,  1 9 5 6 ) .  W i th  Mo Ka r a d i a t i o n  t h e  

v a l u e  o f  A f M f o r  b r o m i n e  i s  2 . 6  a t  s i n 0  = 0 .  The  i n t e n ­

s i t i e s  o f  17 B i j v o e t  p a i r s  o f  r e f l e x i o n s  w h i c h  a p p e a r e d  

d i f f e r e n t  w e r e  m e a s u r e d  v i s u a l l y  a n d  u s e d  i n  t h i s  d e t e r ­

m i n a t i o n .  The o b s e r v e d  i n t e n s i t i e s ,  c a l c u l a t e d  s t r u c t u r e  

f a c t o r s ,  a n d  t h e  r a t i o s  I Q( h k i l ) / I o ( h k I )  a n d  F c 2 ( h k £ ) /

F 2 ( h k l )  f o r  t h e s e  p a i r s  c a n  b e  s e e n  i n  T a b l e  4 . 4 .  F o r
w

e a c h  p a i r  t h e  r a t i o s  o f  i n t e n s i t i e s  a n d  o f  F 2 a r e  e i t h e rc

b o t h  s m a l l e r  t h a n  1 o r  b o t h  g r e a t e r  t h a n  1 ,  e x c e p t  f o r  

tw o  p a i r s  ( 1 , 1 1 , 1  a n d  2 , 7 , 1 )  w h e r e  t h e  r a t i o s  o f  F 2 a r e
w

a p p r o x i m a t e l y  1 .  T h e r e  i s  t h e r e f o r e  n o  d o u b t  a b o u t  t h e  

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

A l l  t h e  l i s t e d  c o o r d i n a t e s ,  a n i s o t r o p i c  t h e r m a l  p a r a ­

m e t e r s ,  sind t h e  d i a g r a m s  r e f e r  t o  a  m o l e c u l e  w i t h  t h e  c o r ­

r e c t  a b s o l u t e  c o n f i g u r a t i o n  r e l a t i v e  t o  a  r i g h t - h a n d e d  s e t
o

o f  a x e s .  O r t h o g o n a l  c o o r d i n a t e s  ( i n  A) a r e  l i s t e d  i n  

T a b l e  4 . 5  a n d  p r i n c i p a l  v a l u e s  o f  t h e  v i b r a t i o n  t e n s o r s  i n  

T a b l e  4 . 6 .
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TABLE 4 .4

SOME RELATIONSHIPS OF THE BIJVOET PAIRS USED TO DETERMINE

THE ABSOLUTE CONFIGURATION

h k £ I Q(h k £ )* I Q(h k£ )* F (hk£)  c F (hk£)
w

I Q(hk£) Fc 2 (hk

I Q(hk£) F 2 (hk
V

1 5 1 2 . 0 4 . 0 8 . 9 1 4 . 9 0 . 5 0 0 .  36

1 7 1 1 1 . 0 1 3 . 0 2 3 . 0 2 6 . 3 0 . 8 5 0 . 7 6

1 11 1 5 . 5 8 . 0 2 0 . 0 2 0 . 2 0 . 6 9 0 . 9 8

2 2 1 1 1 . 0 7 . 0 2 0 . 8 1 6 . 8 1 . 5 7 1 . 5 3
2 3 1 1 5 . 0 1 3 . 0 2 7 . 6 2 5 . 2 1 . 1 5 1 . 1 7

2 5 1 2 8 . 0 2 4 . 0 3 7 . 7 3 2 . 3 1 . 1 7 1 . 3 6

2 6 1 4 . 0 2 . 5 1 2 . 3 1 1 . 7 1 . 6 0 1 . 1 1

2 6 1 2 2 . 0 1 8 . 0 3 1 . 4 2 7 . 5 1 . 2 2 1 . 3 0

2 7 I 2 . 0 4 . 0 1 2 . 8 1 6 . 2 0 . 5 0 0 . 6 2

2 7 1 5 . 0 6 . 0 1 9 . 9 1 9 . 8 0 . 8 3 1 . 0 1

2 10 1 5 . 0 6 . 0 1 8 . 3 1 9 . 3 0 . 8 3 0 . 9 0

3 1 1 7 . 0 5 . 5 1 7 . 3 1 3 . 1 1 . 2 7 1 . 7 4

3 3 1 5 . 0 7 . 0 1 5 . 1 1 7 . 3 0 . 7 1 0 . 7 6

3 4 1 2 . 0 3 . 0 1 2 . 8 1 4 . 6 0 . 6 7 0 . 7 7

3 10 1 2 . 0 4 . 0 1 5 . 0 1 6 . 1 0 . 5 0 0 . 8 7

4 1 1 1 0 . 0 9 . 0 2 7 . 7 2 5 . 0 1 . 1 1 1 . 2 3

4 5 1 4 . 5 3 . 5 1 7 . 2 1 6 . 0 1 . 2 9 1 . 1 6

*The i n t e n s i t i e s  are on an arbitrary s c a le .
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TABLE 4 . 5  
o

ORTHOGONAL COORDINATES IN ANGSTR0M AND E .S . D . s

ATOM X' Y Z f

C 1) 4 .7 3 2 + 8 6 .1 2 7 + 9 4 .4 8 7 +

c 2 ) 4 .0 8 5 + 9 6 .0 5 7 + 10 3 .0 8 3 +

c 3) 4 .6 5 3 + 8

0000• + 11 2.261 +

c 4) 4 .4 1 9 + 9 3 .5 3 0 + 11 2 .9 1 6 +

c 5) 4 .9 8 3 + 7 3 .5 8 2 + 10 4 .4 1 5 +

c 6 ) 4 .6 8 7 9 2 .2 7 7 + 11 5 .1 8 2 +

c 7) 5 .4 7 2 + 10 2 .2 6 3 + 11 6 .4 8 7 +

c 8 ) 5 .1 9 5 + 8 3.501 + 10 7-3 83 +

c 9) 5 .2 4 0 + 8 4 .8 5 2 + 9 6 .6 0 5 +

c 10) 4 .4 3 6 + 7 4 .7 9 5 + 9 5 .2 3 3 +

c 11) 4 .7 1 7 + 11 6 .0 1 7 + 11 7 .4 9 0 +

c 12) 5 .2 0 8 + 9 5 .8 3 0 + 11 8.901 +

c 13) 5 .8 3 7 + 8 4 .7 8 8 + 11 9 .4 1 3 +

c 14) 6 .1 8 7 + 8 3 .5 3 8 + 9 8 .5 9 7 +

c 15) 6.161 + 10 5 .13 4 + 14

roCO•O +

c 16) 5 .6 6 3 + 11 6 .3 3 2 + 14 10.954 +

c 17) 7 .6 3 9 + 7 3 .5 0 6 + 13 8 .2 3 3 +

c 18) 5 .2 6 0 + 15 2 .4 9 9 + 14 2 .1 0 7 +

c 19) 2 .9 4 4 + 10 3 .1 0 3 + 15 2 .7 9 6 +

c 2 0 ) 2 .9 2 2 + 7 4 .7 3 4 + 12 5 .5 1 9 +

8

9

8

9

7

10

10

8

9

7

10

9

8

8

10

10

8

1 1

9

7
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C (21) 3 .7 0 7  + 8

C(22) 4 .1 5 0  + 9

c (2 3 ) 5 .1 5 9  ± 9

C(24) 5*468 + 11

C(25) 4 .7 7 9  ± 10

C(26) 3 .8 5 9  + 10

C(27) 3 .4 6 0  + 11

0 ( 1) 6 .1 4 8  + 5

0 ( 2 ) 4 .4 6 4  + 6

0 (3 ) 6 . 4 18 + 6

0 (4 ) 5 .9 7 0  + 6

0 (5 ) 5 .0 4 9  + 7

0 ( 6 ) 2 .8 6 5  + 7

Br( 1) 5 .3 0 3  ± 1

338 + 10 2 .5 3 7 + 8

464 + 10 1 .626 + 9

330 + 12 0 .6 8 7 + 8

373 + 11 - 0 . 1 4 6 + 9

561 + 11 0 .0 0 9 + 9

756 + 13 0 .9 4 8 + 11

670 + 12 1.752 + 11

308 + 7 4 .3 9 5 + 6

261 + 7 2 .3 2 7 + 6

674 + 8 4 .3 1 6 + 6

370 + 8 9 .4 2 6 + 6

827 + 8 9 .7 9 9 + 6

416 + 9 3 .3 0 4 + 7

999 + 0 - 1 . 1 2 5 + 1

8

9

9

10

11

1 1

10

6

7

3

2

6

8

12
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TABLE 4 . 6

PRINCIPAL VALUES OF VIBRATION TENSORS 
AND THEIR DIRECTION COSINES REFERRED 

TO ORTHOGONAL AXES

ATOM
o2 

U(A ) D1 D2 D3

C(1) 0 .0 6 9 9
0 .0 3 2 7
0 .0 3 9 9

0 .1 9 9 9
-0 .3 1 3 5

0 .9 2 8 3

0 .2 2 6 9
- 0 .9 0 6 9
-0 .3551

0 .9 5 3 2  
0 .2 8 1 6  

- 0 .1 1 0 2

C(2) 0 .0 8 3 6
0 .0 3 7 7
o .o 4 4 l

0 .4 2 3 8
-0 .3 4 5 4

0 .8 3 7 3

0 .1 4 6 8
- 0 .8 8 6 0
- 0 .4 3 9 8

0 .8 9 3 8
0 .3 0 9 3

- 0 .3 2 4 8

C(3) 0 .0 7 2 9
0 .0 4 7 8
0 .05 4 4

0 .4 3 5 3
-0 .8 3 6 4

0 .3 3 3 0

0 .0 0 7 6
-0 .3 6 6 4
-0 .9 3 0 4

O.9003
0 .4 0 7 5

- 0 .1 5 3 2

C(4) 0 .0 4 1 2
0 .0 6 9 9
0.0631

- 0 .5 4 7 5
0 .3 0 8 0

- 0.7781

- 0 .8 2 8 8
- 0 .0 7 0 9

0.5551

0 .1 1 5 8  
0 .9 4 8 8  
0.2941

C(5) 0 .0 6 3 7
0 .0 3 2 9
0 .0 4 3 7

0 .2 5 0 6
- 0 .8 9 7 0

0 .3 6 4 0

0 .1 9 1 2
- 0 . 3 2 2 7
- 0 .9 2 7 0

0 .9 4 9 0
0 .3 0 2 0
0 .0 9 0 7

C ( 6 ) 0 .0 4 0 0
0 .0 8 1 3
0.0641

0 .3 3 0 3  
- 0 .6 1 1 7

0 .7 1 8 9

0 .9 3 3 3
0 .0 9 8 0

-0 .3 4 5 4

0 . l 4 o 8
0 .7 8 5 0
0 .6 0 3 3

C(7) 0 .0 3 2 9
0.0831
0 .0 7 0 0

0 .0 5 94
- 0 .2 0 5 2
- 0 . 9 7 6 9

- 0 . 9 7 7 2
0 .1 8 7 7

- 0 .0 9 8 9

0 .2 0 3 7
0 .9 6 0 6

- 0 . 1 8 9 3

C(8 ) 0 .0 6 8 7
o .o 4 o 6
0 .0 4 9 2

0 .0 5 4 3
0 .0 4 0 9
0 .9 9 7 7

0 .2 4 5 8
- 0 .9 6 90

0 .0 2 6 3

0 .9 6 7 8
0 .2 4 3 8

- 0 .0 6 2 7

C(9) 0.0731
0.0301
0 .0 5 0 5

- 0 .0 5 5 8
0 .2 1 3 5
0 .0 0 0 0

0 .2 4 0 7
- 0 . 9 4 5 2

0 . 0 0 0 0

0 .9 6 9 0
0.2471
0 . 0 0 0 0

C (10) 0 .0 6 1 4
0 .0 3 2 5
0 .0 3 6 4

0 .0 8 8 8
-0 .3 4 5 0

0 .9 3 4 4

0 .2 9 8 5
- 0 .8 8 5 8
- 0 .3 5 5 4

0 .9 5 0 3
0 .3 1 0 5
0 .0 2 4 3
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C(11) 0 .1 1 5 2  
0.0331  
0 .0 5 7 2

- 0 .8 0 6 2  
0.3411  
0 .4 8 3 5

- 0 .1 3 2 5
- 0 .9 0 0 4

0 .4 1 4 4

0 .5 7 6 7
0 .2 7 0 0
0.7711

C(12) 0 .0 4 1 3
0 .0 7 1 7
0.0681

0 .2 5 0 8
- 0 . 3 7 5 6
- 0 .8 9 2 2

- 0 . 9 5 2 9
0 .0 6 6 6

- 0 .2 9 5 9

0 .1 7 0 5
0 .9 2 4 4

- 0 . 3 4 1 3

C(13) 0 .0 6 7 6
0 .0 4 6 6
0 .0 5 1 4

- 0 .2 7 9 2
0 .1 8 4 6
0 .9 4 2 3

0 .4 9 1 0
-0 .8 1 5 9

0 .3 0 5 3

0 .8 2 5 2
0 .5 4 7 9
0.1371

C( 14) 0.0741
0 .0 3 3 6
0 .0 4 1 3

0 .3 2 4 9
- 0 .1 8 8 2

0 .9 2 6 8

0 .4 o 8 l
- 0 .8 5 6 2
- 0 .3 1 6 9

0 .8 5 3 2
0 .4 8 1 2

-0 .2 0 1 4

C(15) 0 .0 7 5 9
0 .0 5 9 7
0 .0 6 1 6

0 .33 5 5
-0 .7 5 5 3

0 .5 6 2 9

0 .4 3 6 9
- o . 4 o47
-0 .8 0 3 4

0 .8 3 4 6  
0 .5 1 5 5  
0 . 1942

C (1 6 ) 0 .0 5 3 0
o .o 8 4 o
0 .0 7 3 7

- 0 .1 0 0 0
0.6441

- 0 .7 5 8 3

- 0 .9 9 3 9
- 0 .0 2 9 0

0 .1 0 64

0 .0 4 6 5
0 .7 6 4 4
0.6431

C (17) 0 .0 3 3 4
0 .0 8 1 4
0 .0 6 0 5

0 .00 0 0
0 .0 9 6 3

-0 .0 5 9 4

0 .0 0 0 0
0 .8 4 1 7

- 0 .5 2 8 0

0 .0 0 0 0
0 .5 3 1 3
0 .8 4 7 2

C(18) 0 .1 1 4 2  
0 .0 5 4 2  
0 .0 8 2 2

0.9761
- 0 .2 1 7 0
- 0 .0 1 5 5

0 .1 9 5 2
0 .9 0 5 0

-0 .3781

0 .0 9 60
0 .3 6 6 0
0 .9 2 5 6

C(19) 0 .1 1 0 8
0 .0 3 1 8
0 .0 7 1 2

- 0 .6 1 95
-0 .7 7 5 5

0 .1 2 14

0 .7 7 4 8
- 0 .6 2 8 9
- 0 .0 6 3 7

0 .1 2 5 8
0 .0 5 4 6
0 .9 9 0 6

C(20) 0 .0 7 9 3
0 .0 3 4 3
0 .0 4 9 0

- 0 .0 8 8 6
-0 .9 9 4 2

0 .0 6 1 7

0 .8 8 9 6
- 0 .1 0 6 9
-0 .4441

0.4481
0 .0 1 5 5
0 .8 9 3 9

C(21) 0 .0 6 7 0
0 .0 4 24
0 .0 5 0 5

- 0 .5 2 0 5
0 .4 1 2 9
0 .74 7 4

- 0.0631
- 0 .8 9 1 5

0 .4 4 8 6

0 .8 5 1 6
0 .1 8 6 3
0 .4 9 0 0

C(22) 0 .0 3 9 2
0 .0 6 7 3
0 .0 5 6 2

0 .2 3 9 5
- 0 . 4 4 8 8
- 0 .8 61 0

- 0 . 9 6 5 2
-0 .0 1 3 9
- 0 .2 6 1 2

0 .1 0 5 3
0 .8 9 3 5

- 0 . 4 3 6 5
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C (23) 0 .0 85 4
0 .0 4 5 2
0 .0 5 4 2

0 .6 4 6 3
- 0 .7 5 7 3

0.0931

0 .3 8 8 7
0 .2 2 1 7

- 0 .8 9 4 3

0 .6 5 6 7
0 .6 1 4 2
0 .4 3 7 6

C(24) 0 .0 8 8 6
0 .0 4 8 3
0 .0 5 7 3

- 0 .9 9 1 0
0 .0 6 9 7
0 .1 1 4 5

- 0 .0324
- 0 .9 5 3 2

0 .3 0 0 5

0.1301
0.2941
0 .9 4 6 9

C(25) 0 .0 8 7 8
0 .0 4 3 0
0 .0 5 2 7

- 0 .7 6 6 8
0 .0 2 3 6
0 .6414

0 .3394
- 0 .8 3 3 3

0 .4364

0 .5 4 4 8
0 .55 2 4
0 .6 3 0 9

C(26) 0 .0 4 7 6
0 .0 9 2 2
0 .0 7 1 7

0 .6 0 7 6
0 .0 3 7 6

- 0 .7 9 3 3

- 0 . 7 9 4 2
0.0371

- 0 .60 6 5

0 .0 0 6 6
0 .9 9 8 6
0 .05 2 4

C(27) 0 .0 3 8 7
0 .0 9 7 5
0 .0 7 9 4

0 .4 9 7 9
0 .6 2 6 0

- 0 .6 0 0 2

- 0 .8 6 6 6
0 .3 8 5 8

- 0 .3 1 6 5

0 .0 3 3 4
0 .6 7 7 7
0 .7 3 4 6

0 ( 1) 0 .0 9 1 8
0 .0 2 6 9
0 .0 5 0 5

- 0 .0 4 7 4
- 0 .6 1 6 9

0 .7 8 5 6

o .2 6 4 o
- 0 .7 6 6 2
- 0 .5 8 5 8

0 .96 3 4
0 .1 7 9 7
0 .1 9 9 2

0 ( 2 ) 0 .0 7 5 7
0 .0 3 9 5
0 .0 5 2 7

0 .1 36 5
0 .1634
0.9771

0.3911  
-0 .9151  

0 .0984

0.9101
0 .3 6 8 7

- 0 .1 8 8 8

0 (3 ) 0 .0 8 5 0
0 .0 3 9 7
0.0501

0 .1 8 4 9
-0 .8 4 9 8
-0 .4 9 3 6

0 .0 7 7 5
0 .5 1 3 3

- 0 .8 5 4 7

0 .9 7 9 7  
0 .1 1 9 8  
0 .1 6 0 8

0 ( 4 ) 0 .0 9 1 4
0.0351
0 .0 5 3 8

0 .4 4 3 3
0 .4 4 5 3
0 .7 7 7 9

0 .5 3 3 9
- 0 .8 2 8 3

0 .1 6 9 9

0 .7 2 0 0
o .3 4 oo

- 0 .6 0 5 0

0 (5 ) 0 .0 5 7 8
0 .0 7 4 9
0 .0 6 6 8

0 .0 7 95
- 0 .8 7 4 4

0 .4 7 8 7

0 .9 1 8 6
- 0 .1 2 2 3
- 0 . 3 7 5 9

0 .3 8 7 2
0 .4 6 9 5
0 .7 9 3 5

0 ( 6 ) 0 .1 0 0 0
0 .0 4 6 8
0 .0 5 8 4

0 .6 3 8 8
- 0 .7 6 8 7

0 .0 3 2 9

0 .2944
0 .2 0 4 7

- 0 .9 3 3 5

0 .7 1 0 8
0 .6 0 6 0
0 .3 5 7 0

B r ( l ) 0 .0 5 0 2
0 .1 0 8 9
0 .0 9 2 0

- 0 .2 2 2 7
- 0 .7 7 2 3
- 0 .5 9 5 0

- 0 .87 2 2
0 .4 30 5

- 0 .2 3 2 2

0 .4 3 5 5
0 .4 6 7 3

- 0 .7 6 9 4
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7 .  D e s c r i p t i o n  a n d  d i s c u s s i o n  o f  t h e  s t r u c t u r e

T h i s  a n a l y s i s  e s t a b l i s h e s  t h e  s t r u c t u r e  a n d  a b s o l u t e  

c o n f i g u r a t i o n  o f  t h e  p - b r o m o b e n z o a t e  d e r i v a t i v e  o f  e -  

c a e s a l p i n  t o  b e  VI a n d  h e n c e  t h a t  o f  e - c a e s a l p i n  t o  b e  

V I I .  The s t e r e o c h e m i s t r y  a n d  c o n f o r m a t i o n  o f  t h e  s t r u c ­

t u r e  c a n  be  s e e n  c l e a r l y  f r o m  F i g u r e s  4 . 2  a n d  4 . 3 .  The 

t r a n s - f u s e d  r i n g s  A a n d  B b o t h  o c c u r  i n  t h e  c h a i r  c o n f o r ­

m a t i o n  w h i l e  t h e  u n s a t u r a t e d  r i n g  C a d o p t s  a  d i s t o r t e d  

h a l f - c h a i r  f o r m .  R i n g s  B a n d  C a r e  a l s o  t r a n s - f u s e d .

Bond l e n g t h s ,  v a l e n c y  a n g l e s ,  a n d  t h e i r  e . s . d . ' s  a r e  

l i s t e d  i n  T a b l e  4 . 7 ;  t h e  s t r u c t u r e  ( i n c l u d i n g  b o n d  l e n g t h s  

a n d  a n g l e s )  i s  shown i n  F i g u r e  4 . 4 .  The  l e a s t - s q u a r e s  

p l a n e s  a r e  l i s t e d  i n  T a b l e  4 . 8 .  I n  t h i s  d i s c u s s i o n  an  

i n c r e a s e  o f  50# i n  t h e  e . s . d . ' s  l i s t e d  i n  t h e  t a b l e s  w i l l  

b e  a s s u m e d  f o r  r e a s o n s  o u t l i n e d  a b o v e .  D e v i a t i o n s  f r o m  

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

g e n u i n e  a t  a  0 . 1 #  s i g n i f i c a n c e  l e v e l .  T h e r e  a r e  s e v e r a l  

s u c h  d e v i a t i o n s ;  m o s t  o f  t h e m  c a n  b e  a t t r i b u t e d  t o  s t r a i n  

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

The o n l y  f o u r  a to m s  i n  r i n g  A w h i c h  l i e  i n  a  p l a n e  

a r e  C ( 2 ) ,  C ( 3 ) ,  C ( 5 ) ,  a n d  C ( 1 0 ) .  Atoms C ( l )  a n d  C (4 )  a r e
o

d i s p l a c e d  f r o m  t h i s  p l a n e  by  + 0 . 7 2 5  a n d  - 0 . 6 6 8  A, r e s p e c ­

t i v e l y .  I n  a  c y c l o h e x a n e  c h a i r  w i t h  a l l  a n g l e s  t e t r a h e d r a l
o

t h i s  d i s p l a c e m e n t  i s  e q u a l  t o  0 . 7 3  A. S i n c e  c a r b o n  a to m
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TABLE 4 . 7  

MOLECULAR DIMENSIONS

( a )  Bond l e n g t h s  a n d e s . d . 1s

C ( l )  - C ( 2 ) 1 . 5 4 7 + 0
12 A C ( 2 ) - 0 ( 2 ) 1 . 4 7 2 + 0

12 A
C ( 2 ) — C ( 3) 1 . 5 3 9 + 14
C ( 3) - C ( 4 ) 1 . 5 2 5 + 15 C ( 1 3 ) - C ( 15) 1 . 4 5 0 + 13
CC4) - C (  5) 1 . 6 0 3 + 11 C ( 1 2 ) - C ( 13) 1 . 3 2 1 + 14
C (4 )  - C ( l 8 ) 1 . 5 5 8 + 17 c ( 1 5 ) - c ( 1 6 ) 1 . 3 0 8 + 19
C (4 )  - C ( 19) 1 . 5 4 0 + 14 C ( 1 2 ) - 0 ( 5) 1 . 3 5 1 + 13
C (5 )  —C( 6 ) 1 . 5 4 2 + 14 C ( 1 6 ) - 0 ( 5 ) 1 . 3 9 8 + 13
C (5 )  - 0 ( 1 0 ) 1 . 5 6 2 + 12
C( 6 ) - C ( 7) 1 . 5 2 4 + 14 C ( 2 1 ) - 0 ( 2 ) 1 . 3 3 3 + 12
C( 7) —C( 8 ) 1 . 5 5 3 + 14 C ( 2 1 ) - 0 ( 6 ) 1 . 1 4 2 + 11
C ( 8)  —C( 9 ) 1 . 5 6 0 + 13
C ( 8 ) - C ( 14) 1 . 5 6 8 + 11 C ( 2 1 ) - C ( 22) 1 . 5 1 5 + 13
C( 9 )  - C ( 1 0 ) 1 . 5 9 1 + 11
C( 9 )  - C ( l l ) 1 . 5 5 5 + 14 C ( 2 2 ) - C ( 23) 1 . 3 8 5 + 12
C ( 1 0 ) - C ( 20) 1 . 5 4 2 + 10 C ( 2 3 ) - C ( 2 4 ) 1 . 3 7 0 + 15
C ( 1 4 ) - C ( 17) 1 . 4 9 7 + 11 C ( 2 4 ) - C ( 25) 1 . 3 8 2 + 16

C ( 2 5 ) - C ( 2 6 ) 1 . 3 2 9 + 14 .
C ( 1 1 ) - C ( 12) 1 . 5 0 5 + 14 c ( 26 ) - c ( 27 ) 1 . 4 0 9 + 17
C ( 1 3 ) - C ( 1 4 ) 1 . 5 3 4 + 13 C ( 2 7 ) - C ( 22) 1 . 3 9 5 + 15

C ( l )  - 0 ( 1 ) 1 . 4 3 0 + 9 C ( 2 5 ) - B r 1 . 9 0 5 + 10
C (5 )  - 0 ( 3 ) 1 . 4 4 1 + 9
C ( l 4 ) - 0 ( 4 ) 1 . 4 4 8 + 12
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( b )  B o n d  a n g l e s  a n d  e . s . d . ’ s

c 2 ) -C 1 ) - c 1 0 ) 1 0 8 . 5 + 0 . 7 ° c 8 ) -C 1 4 ) - C ( 13) 1 0 6 . 7 + 0 . 7 °
c 2) -C 1 ) - 0 1 ) 1 1 1 .2 + 0 . 6 c 8 ) - c 1 4 ) - C ( 17) 1 1 5 .2 + 0 . 7
c 10) -C 1 ) - 0 1 ) 1 0 9 . 1 + 0 .6 c 8 ) - c 1 4 ) - 0  C 4) 1 0 9 .2 + 0 . 7
c 1) -C 2 ) - c 3) 1 1 1 . 4 + 0 . 7 c 13) - c 1 4 ) - C ( 17) 1 1 1 .6 + 0 .8
c 1) -C 2 ) - 0 2 ) 1 0 8 .8 + 0 . 7 c 13) - c 1 4 ) - 0 ( 4) 1 0 8 . 5 + 0 . 7
c 3) -C 2 ) - 0 2 ) 1 0 4 . 6 + 0 . 7 c 17) - c l 4 ) - 0 ( 4 ) 105- 5 + 0 . 7
c 2) -C 3) '- c 4) 11 2 . 9 + 0 . 7
c 3) -C 4) - c 5) 1 0 8 .6 + 0 .8 c 1 1 ) - c 1 2 ) - C ( 13) 1 2 8 .1 + 0 . 9
c 3) -C 4) - c 1 8 ) 1 0 6 . 4 + 0 .8 c 1 1 ) - c 1 2 ) - 0 ( 5) 1 1 9 . 5 + 0 . 9
c 3) -C 4) - c 19) 1 1 1 .1 + 0 .8 c 1 2 ) - c 1 3 ) - C ( 1 4 ) 1 2 3 . 1 + 0 .8
c 5) -C 4) - c 1 8 ) 1 0 8 . 5 + 0 .8 c 14) - c 1 3 ) - C ( 1 5 ) 1 3 0 . 3 + 0 . 9
c 5) -C 4) - c 19) 1 1 4 . 8 + 0 . 7
c 18)  -C 4) - c 19) 1 0 7 .0 + 0 . 9 c 1 2 ) - 0 5 ) - 0 ( 1 6 ) 1 03- 7 + 0 . 9
c 4) -C 5) - c 6 ) 1 1 1 . 7 + 0 .8 c 1 2 ) - c 1 3 ) - C ( 15) 1 0 6 . 5 + 0 . 9
c 4) -C 5) - c 1 0 ) 1 1 3 . 1 + 0 . 7 c 13) - c 1 5 ) - C ( 16) 1 0 4 . 9 + 0 . 9
c 4) -C 5) - 0 3) 1 0 6 .8 + 0 .6 c 15) - c 1 6 ) - 0 ( 5 ) 1 1 2 .6 + 1 . 0.
c 6 ) -C 5) - c 1 0 ) 1 0 9 .2 + 0 . 6 c 13) - c 1 2 ) - 0 ( 5) 112 .  3 + 0 .8
c 6 ) -C 5) - 0 3) 1 0 6 . 3 + 0 . 7
c 10) - C 5) - 0 3) 1 0 9 .6 + 0 . 7 c 2 ) - 0 2 ) - C ( 21) 1 1 5 .8 + 0 . 7
c 5) -C 6 ) - c 7) 1 0 9 .6 + 0 .8
c 6 ) -C 7) - c 8 ) 1 1 3 . 3 + 0 .8 c 2 2 ) - c 2 1 ) - 0 ( 2 ) 1 0 9 . 9 + 0 . 7
c 7) -C 8 ) - c 9) 1 1 3 . 4 + 0 . 7 c 2 2 ) - c 2 1 ) - 0 ( 6) 1 2 4 . 7 + 1 .0
c 7) -C 8 ) - c 14) 1 1 0 .6 + 0 . 7 0 2 ) - c 2 1 ) - 0 ( 6 ) 1 2 5 . 4 + 1 .0
c 9)  -C 8 ) - c 14) 1 1 0 . 4 + 0 . 7
c 8 ) -C 9) - c 1 0 ) 1 1 2 .6 + 0 . 7 c 2 1 ) - c 2 2 ) - C ( 23) 1 2 3 . 3 + 0 . 9
c 8 ) -C 9) - c 1 1 ) 1 1 0 .8 + 0 . 7 c 2 1 ) - c 2 2 ) - C ( 27) 1 1 6 . 3 ± 0 .8
c 10) - C 9) - c 1 1 ) 1 1 0 . 4 + 0 . 7 c 23) - c 2 2 ) - C ( 2 7 ) 1 2 0 . 3 ± 1 .0
c 1 ) - c 1 0 ) - c 5) 1 1 0 . 3 + 0 . 6 c 2 2 ) - c 2 3 ) - C ( 24) 1 2 0 .2 ± 1 .0
c 1) -C 1 0 ) - c 9) 1 0 6 . 7 + 0 .6 c 23) - c 2 4 ) —C( 25) 118.  3 ± 0 . 9
c 1) -C 1 0 ) - c 2 0 ) 1 0 8 .1 + 0 . 7 c 24) -c 2 5 ) - C ( 2 6) 1 2 3 . 4 ± 1 .0
c 5) -C 1 0 ) - c 9) 1 0 7 .6 + 0 .6 c 24) -c 2 5 ) - B r 1 1 6 . 4 ± 0 . 7
c 5) -C 1 0 ) - c 2 0 ) 1 1 4 . 2 + 0 . 7 c 2 6 ) - c 2 5 ) - B r 1 2 0 .1 ± 0 . 9
c 9)  -C 1 0 ) -c 2 0 ) 1 0 9 . 7 + 0 .6 c 25) -c 2 6 ) - C ( 27) 1 1 9 . 1 ± 1 . 1
c 9)  -C 11) -c 12) 1 0 9 . 3 + 0 . 9 c 22) -c 27)-C(26) 1 1 8 . 3 ± 1 . 0



Figure

a )  B o n d  l e n g t h s

b )  B o n d  a n g l e s
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TABLE 4 . 8  

LEAST-SQUARES PLANES

P l a n e  1 P l a n e  2 P l a n e  3
R i n g A R in g ; b R in g ; c

O o 0
At om A (A) Atom A( A) Atom A ( A)

C ( 2 ) ■0.009 0 ( 1 0 ) - 0 . 0 6 2 C ( l l ) 0 . 0 0 0
C( 3) 0 . 0 0 9 C ( 5 ) 0 . 0 6 5 C( 12) 0 . 0 0 1
C ( 5 ) ■0.009 C( 7) - 0 . 0 6 6 C (1 3 ) - 0 . 0 0 1
c ( 1 0 ) 0 . 0 0 9 C( 8) 0 . 0 6 3 C (1 4 ) 0 . 0 0 0
c ( D * 0 . 7 2 5 0 ( 6 ) * - 0 . 7 1 9 C( 8) * - 0 . 5 8 2
C ( 4 ) » - 0 . 6 6 8 C ( 9 ) * 0 . 6 2 9 C ( 9 ) # 0 . 2 0 5

A7 0 . 0 0 9 A7 0 . 0 6 4 A7 0 . 0 0 1
x 2 4 . 5 4 x 2 = 2 0 4 . 9 x 2 0 . 0 2

P l a n e i 4 P l a n e  5 P l a n e  6
R i n g  D E s t e r G roup A r o m a t i c  R i n g

Atom A (A) Atom A (A) . Atom A( A)

C (1 2 ) 0 . 0 0 7 C( 21) - 0 . 0 0 7 B r - 0 . 0 0 3
C (1 3 ) ■0.008 C( 22) 0 . 0 0 2 C( 21) - 0 . 0 1 5
C ( 1 5 ) 0 . 0 0 7 0 ( 2 ) 0 . 0 0 2 C( 22) 0 . 0 1 0
C ( l 6 ) ■0.004 0 ( 6 ) 0 . 0 0 3 c(  2 3 ) 0 . 0 2 8
0 ( 5 ) ■0.002 C( 2)  * - 0 . 0 9 6 C (2  4) - 0 . 0 1 2
C ( l l ) * 0 . 0 6 9 c (  2 5 ) - 0 . 0 2 5
C (1< 0« 0 . 0 4 3 c(  2 6 ) 0 . 0 3 6

c(  27) - 0 . 0 1 9
0 ( 2 ) * 0 . 0 4 1
0 ( 6 ) * - 0 . 0 5 0
C( 2 )  * - 0 . 0 6 7

A7 0 . 0 0 6 A7 0 . 0 0 4 A7 0 . 0 2 1
x 2 1 . 8 8 x 2 0 . 9 1 x 2 = 4 0 . 5 4

*Atoms n o t  I n c l u d e d  i n  t h e  c a l c u l a t i o n  o f  t h e  p l a n e .
/
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P l a n e  E q u a t i o n s  f o r  t h e  l e a s t - s q u a r e s  p l a n e s

1 0 . 9 2 3 X* + 0 . 3 7 7 Y + 0 . 0 7 9 Z ’ = 6 . 3 0 7

2 0 . 9 3 3 X’ + 0 . 3 5 5 Y - 0 . 0 5 8 Z ' = 5 . 6 0 0

3 0 . 8 7 8 Xf + 0 . 4 0 9 Y - 0 . 2 5 0 Z ’ = 4 . 7 2 4

4 0 . 8 7 0 X' + 0 . 3 9 5 Y - 0 . 2 9 5 Z ? = 4 . 2 0 4

5 0 . 6 4 9 X’ + 0 . 3 1 3 Y + 0 . 6 9 3 z» = 6 . 7 8 1

6 0 . 6 8 1 Xf + 0 . 2 9 6 Y + 0 . 6 7 0 z f = 6 . 7 0 7

o
( X ' ,  Y, Z 1 a r e  o r t h o g o n a l  c o o r d i n a t e s  ( I n  A ) ,  I . e .  X 1 = 

X s i n 3  a n d  Z ! = Z + X c o s 3 ) .

>
0
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C (4 )  i s  b e n t  t o w a r d s  t h e  r i n g - A  p l a n e  by a b o u t  0 , 0 6  A an  

i n c r e a s e  i n  t h e  a d j a c e n t  a n g l e s  f r o m  t h e  t e t r a h e d r a l  v a l u e  

t o  a b o u t  1 1 1 . 5 °  i s  e x p e c t e d  ( S i m ,  1 9 6 5 ) ,  a s s u m i n g  t h a t  

a l l  t h e  b o n d  l e n g t h s  a r e  n o r m a l  a n d  t h a t  t h e  o t h e r  a n g l e s  

a r e  t e t r a h e d r a l .  The a n g l e s  C ( 2 ) - C ( 3 ) - C ( 4 )  a n d  C ( 4 ) - C ( 5 ) -  

C (1 0 )  w e r e  f o u n d  t o  b e  1 1 2 . 9  a n d  1 1 3 . 1 ° ,  r e s p e c t i v e l y .

T h e s e  s l i g h t  d i s t o r t i o n s  i n  r i n g  A a r e  m a i n l y  du e  t o  t h e  

i n t e r a c t i o n  b e t w e e n  t h e  tw o  d i a x i a l  m e t h y l  c a r b o n  a to m s  

C( 1 9 )  a n d  C( 2 0 ) •  I t  c a n  b e  s e e n  t h a t  t h e y  a r e  b e n t  away 

f r o m  e a c h  o t h e r  by  c o m p a r i n g  t h e  C ( 4 ) . . . C ( 1 0 )  n o n - b o n d e d  

d i s t a n c e  ( 2 . 6 4 0  A) w i t h  t h e  much l o n g e r  C ( 1 9 ) • • • C ( 20)
o

d i s t a n c e  ( 3 - 1 7 5  A ) .  The  b e n d i n g  o f  t h e  tw o  d i a x i a l  m e t h y l  

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

v a l u e  i n  t h e  tw o  a n g l e s  C ( 5 ) - C ( 4 ) - C ( 1 9 )  ( 1 1 4 . 8 ° )  a n d  

C ( 5 ) - C ( 1 0 ) - C ( 2 0 )  ( 1 1 4 . 2 ° ) .  The d i s t o r t i o n s  o b s e r v e d  h e r e  

a r e  p r a c t i c a l l y  i d e n t i c a l  w i t h  t h o s e  i n  t h e  tw o  p r e v i o u s l y  

d e s c r i b e d  s t r u c t u r e s .  I n  t h e s e  t h r e e  d i t e r p e n o i d s  one  

a n g l e  a t  e a c h  c a r b o n  a to m  t o  w h i c h  an  a x i a l  m e t h y l  g r o u p  

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

The d e r i v a t i v e s  o f  t a x a d i e n e t e t r a o l  a n d  e - c a e s a l p i n  t h u s  

h a v e  tw o  s u c h  i n c r e a s e d  a n g l e s  s i n c e  t h e y  c o n t a i n  tw o  

d i a x i a l  m e t h y l  g r o u p s ,  w h i l e  p - b r o m o p h e n a c y l  l a b d a n o l a t e  

h a s  t h r e e  i n c r e a s e d  a n g l e s .  The n o n - b o n d e d  1 , 3  C . . . C  

d i s t a n c e s  i n s i d e  t h e  r i n g s  a n d  t h e  n o n - b o n d e d  CH3 . . . C H 3
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d i s t a n c e s  t o g e t h e r  w i t h  t h e  i n c r e a s e d  a n g l e s  a r e  l i s t e d  

b e l o w .  They  a r e  a l s o  c o m p a r e d  w i t h  t h e  c o r r e s p o n d i n g  d i s ­

t a n c e s  i n  o t h e r  com pounds  c o n t a i n i n g  1 , 3  d i a x i a l  m e t h y l  

g r o u p s .  The  p a t t e r n  o f  t h e s e  d i s t a n c e s  i s  t h e  same i n  a l l  

c o m p o u n d s .  The  mean v a l u e  o f  t h e  1 , 3  C . . . C  d i s t a n c e s  i n -
o

s i d e  t h e  r i n g s  i s  2 . 6 4 8  A a n d  t h e  d i s t a n c e s  b e t w e e n  t h e
o

a x i a l  m e t h y l  g r o u p s  a r e  much l a r g e r  (mean  v a l u e  3*196  A ) .

N o n - b o n d e d  1 , 3  N o n - b o n d e d
C . . . C  d i s t .  C H 3 . . . C H 3  I n c r e a s e d  a n g l e  Compoun
i n s i d e  r i n g  d i s t .

C (  4 ) . . . C ( 8 ) 2 .6 0 A  C ( l 6 ) . .
OCMO• VO 
1—1CO C ( 3 ) - C ( 4 )  - C ( 16) 1 1 7 . 6 ° a

C ( 3 ) - C ( 8 )  - 0 ( 2 0 ) 1 1 7 . 4
C(  4 ) . . . C ( 1 0 ) 2 . 6 7 C ( 1 8 ) . . . C ( 20) 3 . 3 1 C ( 5 ) - C ( 4 )  - 0 ( 1 8 ) 1 1 4 . 9
C(  8 ). . . C ( 1 0 ) 2 . 6 5 C ( 1 7 ) . . . C ( 2 0 ) 3 . 1 2 C ( 9 ) - C ( 8 )  - 0 ( 1 7 ) 1 1 6 . 1 b

C ( 5 ) - C ( 1 0 ) - C ( 2 0 ) 1 1 4 . 7
C(4 ) .

0
 

1—10• 2 . 6 4 c( 1 9 ) .  • . C ( 20) 3 . 1 8 C ( 5 ) - C ( 4 )  - 0 ( 1 9 ) 1 1 4 . 8 0
C ( 5 ) - C ( 1 0 ) - C ( 2 0 ) 1 1 4 . 2

C( 4 ) . . . C ( 1 0 ) 2 . 8 2 0 ( 2 4 ) .. . c(2 5 ) 3 . 1 7 C( 3 )  —C( 4 )  - C ( 24) 1 1 5 . 3
C(  8 ). . . C ( 1 0 ) 2 . 5 9 C ( 2 6 ) . . • C ( 2 5 ) 3 . 3 0 C ( 9 ) - C ( 8 )  - 0 ( 2 6 ) 1 1 3 . 8 d

C ( 9 ) - C ( 1 0 ) - C ( 2 5 ) 1 1 5 . 8
C(8) . . . C ( 1 0 ) 2 . 6 1 ••ov1—1O

. 0 ( 3 0 ) 3 . 0 4 C ( 9 ) - C ( 8 )  - 0 ( 3 0 ) 117 e
C(4) . . . C ( 1 0 ) 2 . 7 0 C ( 1 9 ) • • . 0 ( 3 1 ) 3 . 2 9 C ( 5 ) - C ( 1 0 ) - C ( 1 9 ) 1 1 2 . 7 f

2 .6 4 8 A  3 . 196A 1 1 5 . 4 °  mean
v a l u e s

a T a x a d i e n e t e t r a o l  d e r i v a t i v e  

b p - B r o m o p h e n a c y l  l a b d a n o l a t e  

c e - C a e s a l p i n  d e r i v a t i v e
d M e t h y l  m e l a l e u c a t e  i o d o a c e t a t e  ( H a l l  a n d  M a s l e n ,  1 9 6 5 )

e C e d r e l o n e  i o d o a c e t a t e  ( G r a n t ,  H a m i l t o n ,  H am or ,  R o b e r t s o n ,  a n d  
S im ,  1 9 6 3 )

f  3 $ - A c e t o x y - 7 a ,  l l a - d i b r o m o l a n o s t a n e - 8 a ,  9 o t - e p o x i d e  ( F a w c e t t  a n d  
T r o t t e r ,  1 9 6 6 ) .
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T h e  tw o  1 , 3 - d i a x i a l  b o n d s  o f  t h e  h y d r o x y l  g r o u p s  0 ( 1 )  

a n d  0 ( 3 )  a r e  a p p r o x i m a t e l y  p a r a l l e l  t o  e a c h  o t h e r ,  t h e  n o n -  

b o n d e d  d i s t a n c e  C ( 1 ) . . . C ( 5 )  ( 2 . 5 5 8  A) b e i n g  o n l y  s l i g h t l y  

s h o r t e r  t h a n  t h e  0 ( 1 ) . . . 0 ( 3 )  d i s t a n c e  ( 2 . 6 4 9  A ) .  The l a t ­

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

w h i c h  w i l l  b e  d i s c u s s e d  l a t e r .

A l e a s t - s q u a r e s  p l a n e  was c a l c u l a t e d  t h r o u g h  t h e  

r i n g - B  a to m s  C ( 1 0 ) ,  C (5 )>  C ( 7 ) ,  a n d  C ( 8 ) .  As c a n  b e  s e e n  

f r o m  T a b l e  4 . 8 ,  t h e s e  a to m s  a r e  n o t  c o p l a n a r .  The  Mb e s t M 

p l a n e  t h r o u g h  t h e m  m ak es  a  d i h e d r a l  a n g l e  o f  8 . 0 °  w i t h  t h e  

r i n g - A  p l a n e  i n s t e a d  o f  b e i n g  p a r a l l e l  t o  i t .  The  a to m s  

C( 9 )  a n d  C (6 )  a r e  d i s p l a c e d  f r o m  t h i s  p l a n e  by  + 0 . 6 2 9  a n d
o

- 0 . 7 1 9  A, r e s p e c t i v e l y .  The  d i s t o r t i o n  o f  r i n g  B c a n  p r o ­

b a b l y  b e  a t t r i b u t e d  t o  s t r a i n  c a u s e d  by  t h e  j u n c t i o n  t o  

t h e  u n s a t u r a t e d  r i n g  C. The a n g l e  C ( 7 ) - C ( 8 ) - C ( 9 )  ( 1 1 3 * ^ ° )  

i s  s i g n i f i c a n t l y  l a r g e r  t h a n  t e t r a h e d r a l .  I t  i s  a l s o  on 

t h e  l a r g e  s i d e  o f  t h e  v a l u e  1 1 0 . 5 ° ,  o b t a i n e d  f r o m  t h e o r e ­

t i c a l  c a l c u l a t i o n s  ( B u c o u r t  a n d  H e i n a u t ,  1 9 6 5 ) ,  e v e n  t h o u g h  

n o t  s i g n i f i c a n t l y  s o .

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

h a l f - c h a i r  c o n f o r m a t i o n .  Atoms C ( l l ) ,  C ( 1 2 ) ,  C ( 1 3 ) ,  a n d  

C ( l 4 )  a r e  c o p l a n a r  w h i l e  C( 9 )  a n d  C (8 )  a r e  d i s p l a c e d  a b o v e
_  o

a n d  b e l o w  t h i s  p l a n e  by  0 . 2 0 5  a n d  0 . 5 8 2  A, r e s p e c t i v e l y .  

A c c o r d i n g  t o  c a l c u l a t i o n s  by  C o re y  a n d  S n e e n  ( 1 9 5 5 )  t h e s e



248

. o
d i s p l a c e m e n t s  s h o u l d  b e  ± 0 . 4 3  A, a n d  i n  p e n t a c h l o r o c y c l o -  

h e x e n e  ( P a s t e r n a k ,  1 9 5 1 )  t h e  o b s e r v e d  v a l u e s  w e r e  f a i r l y
o

s i m i l a r ,  v i z .  0 . 3 4  a n d  0 . 4 0  A. On t h e  b a s i s  o f  e n e r g y  

c o n s i d e r a t i o n s  B u c o u r t  an d  H e i n a u t  C1 9 6 5 )  c a l c u l a t e d  t h a t  

i n  a  4 , 5 - d i s u b s t i t u t e d  c y c l o h e x e n e  r i n g  t h e  a n g l e s  a t  t h e  

t r i g o n a l  c a r b o n  a to m s  s h o u l d  be  1 2 4 . 0 °  a n d  a t  t h e  o t h e r  

a t o m s  i n  t h e  r i n g  1 1 0 . 5 ° .  The a n g l e  C ( 8 ) - C ( l 4 ) - C ( 1 3 )

( 1 0 6 . 7 ° )  d e v i a t e s  s i g n i f i c a n t l y  f r o m  1 1 0 . 5 °  a n d  t h e  a n g l e  

C ( 1 1 ) - C ( 1 2 ) - C ( 13)  ( 1 2 8 . 1 ° )  i s  l a r g e r  t h a n  1 2 4 . 0 °  e v e n  

t h o u g h  t h e  l a s t  d e v i a t i o n  i s  n o t  s i g n i f i c a n t  a t  a  0 . 1 #  

l e v e l .  A c l o s i n g  o f  t h e  f o r m e r  a n g l e  b r i n g s  C (8 )  f u r t h e r  

away f r o m  t h e  r i n g - C  p l a n e  a n d  an  o p e n i n g  o f  t h e  l a t t e r  

a n g l e  d e c r e a s e s  t h e  d i s t a n c e  o f  C (9 )  t o  t h e  same p l a n e .

T h e s e  d e v i a t i o n s  i n  a n g l e s  a r e  t h e r e f o r e  a  m e a s u r e  o f  t h e  

d i s t o r t i o n  i n  r i n g  C. The  h y d r o x y l  g r o u p  0 ( 4 )  a n d  t h e  

m e t h y l  g r o u p  C (1 7 )  a r e ,  r e s p e c t i v e l y ,  i n  t h e  q u a s i - e q u a t o r i a l  

a n d  q u a s i - a x i a l  p o s i t i o n s .  The  m e t h y l  g r o u p  i s  s l i g h t l y  

b e n t  t o w a r d s  t h e  h y d r o x y l  g r o u p  g i v i n g  r i s e  t o  t h e  s i g n i ­

f i c a n t l y  a b n o r m a l  a n g l e s  C ( 8 ) - C ( l 4 ) - C ( 1 7 )  ( 1 1 5 . 2 ° )  a n d  

C ( 1 7 ) - C ( l 4 ) - 0 ( 4 )  ( 1 0 5 . 5 ° ) .

The f u r a n  r i n g  i s  f l a t  b u t  i t s  p l a n e  i s  s l i g h t l y  t i l t e d  

w i t h  r e s p e c t  t o  t h e  r i n g - C  p l a n e  ( t h e  d i h e d r a l  a n g l e  b e t w e e n  

t h e  tw o  p l a n e s  i s  2 . 7 ° ) .  As c a n  b e  s e e n  f r o m  t h e  c o m p a r i ­

s o n s  l i s t e d  b e l o w ,  a l l  t h e  b o n d  l e n g t h s  a n d  a n g l e s  i n  t h e
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f u r a n  r i n g  a g r e e  w i t h i n  e x p e r i m e n t a l  e r r o r  w i t h  t h e  v a l u e s  

f o u n d  i n  f u r a n  i t s e l f  (B ak  e t  a t ,  1 9 6 2 )  a n d  w i t h  t h e  v a l u e s  

i n  3 , 4 - f u r a n d i c a r b o x y l i c  a c i d  ( W i l l i a m s  a n d  R u n d l e , 1 9 6 4 ) .

F u r a n  r i n g  i n  
e - c a e s a l p i n

3 , 4 - F u r a n d i -  
c a r b o x y l i c  a c i d F u r a n

C ( 1 2 ) - 0 ( 5 ) 1 .3 5 1 A 1 . 3 6 1 + 0 .0 0 3 A 1 . 3 6 2 + 0 .0 0 1 A
C ( l 6 ) - 0 ( 5 ) 1 . 3 9 8

C ( 1 2 ) - C ( 13) 1 . 3 2 1 1 . 3 5 1 + 0 . 0 0 3 1 . 3 6 1 + 0 . 0 0 1
C ( 1 5 ) - C ( 16) 1 .  308

C ( 1 3 ) - C ( 1 5 ) 1.  450 1.  462 + 0 . 0 0 5 1 . 4 3 1 + 0 . 0 0 2

C ( 1 2 ) - 0 ( 5 )  - C ( 1 6 ) 1 0 3 . 7 ° 1 0 7 . 2 + 0 . 3 ° 1 0 6 . 6 + 0 . 1 °

C ( 1 3 ) - C ( 1 2 ) - 0 ( 5 ) 1 1 2 . 3 1 1 0 . 8 + 0 . 2 1 1 0 . 7 + 0 . 1

C ( 1 5 ) - C ( l 6 ) - 0 ( 5 ) 1 1 2 . 6

C ( 1 3 ) - C ( 1 5 ) - C ( l 6 ) 1 0 4 . 9 1 0 5 . 6 + 0 . 2 1 0 6 . 1 + 0 . 1

C ( 1 2 ) - C ( 1 3 ) - C ( 1 5 ) 1 0 6 . 5

C ( 1 2 ) - C ( 1 3 ) - C ( 1 4 ) 1 2 3 . 1 1 2 4 . 0 + 0 . 2

C ( l 4 ) - C ( 1 3 ) - C ( 1 5 ) 1 3 0 . 3 1 3 0 . 3 + 0 . 2

I t  i s  r e m a r k a b l e  t h a t  t h e  t h r e e  a n g l e s  a t  c a r b o n  a to m  C ( 1 3 )  

a g r e e  w i t h i n  0 . 9 °  w i t h  t h e  c o r r e s p o n d i n g  a n g l e s  i n  3 S4 -  

f u r a n d i c a r b o x y l i c  a c i d .

The  e n t i r e  p - b r o m o b e n z o a t e  g r o u p  i s  n o t  p l a n a r ,  b u t  

t h e  a r o m a t i c  r i n g  a n d  t h e  tw o  a to m s  a t t a c h e d  t o  i t ,  b r o m i n e
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a n d  C ( 2 1 ) ,  a r e  i n  one  p l a n e .  Atoms C ( 2 1 ) ,  0 ( 2 ) ,  a n d  0 ( 6 )  

o f  t h e  e s t e r  g r o u p  a n d  a to m  C (2 2 )  a r e  c o p l a n a r ,  b u t  C (2 )
,  o

i s  d i s p l a c e d  f r o m  t h i s  p l a n e  by  0 . 0 9 b  A. The  e s t e r  p l a n e  

i s  r o t a t e d  a b o u t  t h e  C ( 2 1 ) - C ( 2 2 )  b o n d ,  s o  t h a t  t h e  d i ­

h e d r a l  a n g l e  w i t h  t h e  a r o m a t i c  p l a n e  i s  2 . 4 ° .  T h i s  a n g l e  

i s  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 e  c o r r e s p o n d i n g  v a l u e s  

o b s e r v e d  i n  t h e  tw o  p r e v i o u s l y  d e s c r i b e d  s t r u c t u r e s  (8  

a n d  1 2 ° ) .  The e s t e r  g r o u p ,  a t t a c h e d  t o  r i n g  A, i s  i n  t h e  

e q u a t o r i a l  p o s i t i o n .  M a t h i e s o n  ( 1 9 6 5 )  n o t e d  t h a t  i n  

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

i t  was  c o p l a n a r  w i t h  t h e  h y d r o g e n  a to m  a t t a c h e d  t o  t h e  

c a r b o n  a t o m  i n  t h e  r i n g  ( h e r e  C ( 2 ) ) .  I n  t h i s  s t r u c t u r e  

t h e  e s t e r  g r o u p  i s  r o t a t e d  a b o u t  t h e  0 ( 2 ) - C ( 2 )  b o n d  by  

4 3 . 3 °  f r o m  t h e  p o s i t i o n  p r e d i c t e d  by  M a t h i e s o n .  T h i s  

o r i e n t a t i o n  may b e  due  t o  t h e  i n t e r m o l e c u l a r  h y d r o g e n  

b o n d  b e t w e e n  0 ( 6 )  a n d  0 ( 4 )  w h i c h  i s  e n e r g e t i c a l l y  

f a v o u r e d .

I n  t h e  e s t e r  g r o u p  t h e  C ( 2 1 ) - 0 ( 6 )  b o n d  ( 1 . 1 4 2  A) 

i s  much s h o r t e r  t h a n  t h e  v a l u e  g i v e n  by  S u t t o n  ( 1 9 6 5 )  

f o r  c a r b o x y l i c  a c i d s  a n d  e s t e r s .  H o w e v e r ,  S u t t o n * s  v a l u e  

d o e s  n o t  a g r e e  w i t h  t h e  v a l u e s  i n  v a r i o u s  e s t e r s  l i s t e d  

b e l o w .  /
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0
* i /

• C *2\
Compound

1 . 2 0 6  A 1 . 3 3 5  A 1 . 4 9 0  A ) a
1 . 2 2 4  1 . 3 3 6  1 . 4 6 2  )
1 . 1 6 4  1 . 3 4 8  1 . 4 5 5  b
1 . 1 9 0  1 . 3 7 2  c
1 . 2 2 1  1 . 3 3 7  1 . 4 7 2  d
1 . 2 2 3  1 . 3 5 1  1 . 4 5 9  e
1 . 1 9 6  1 . 3 6 0  1 . 4 7 6  f
1 . 1 8 8  1 . 3 4 3  1 . 4 6 3  g
1 . 2 0 0  1 . 3 4 7  1 . 5 3 3  h
1 . 1 9 6  1 . 3 9 8  1 . 4 2 0  i

1 . 2 0 1  1 . 3 5 5  1 . 4 7 0  mean v a l u e

1 . 1 4 2  1 . 3 3 3  1 . 4 7 2  e - c a e s a l p i n

1 . 2 3 3  1 . 3 1 2  S u t t o n  ( 1 9 6 5 )

a  R e s e r p i n e  ( K a r l e  a n d  K a r l e ,  1 9 6 8 )

b L - 5 - M e t h o x y c a r b o n y l - 7 - f o r m y l - l , 2 , 5 , 6 - t e t r a h y d r o - 3 H -  
p y r r o l o  [ 1 , 2 - a ]  a z e p i n e - 3 - o n e  ( K a r l e ,  K a r l e ,  a n d  
E s t l i n ,  1 9 6 7 )

c 2 , 7 - D i a c e t o x y - t r a n s - 1 5 , 1 6 - d i m e t h y 1 - 1 5  >1 6 - d i h y d r o p y r e n e  
( H a n s o n ,  1 9 6 5 )

d E t h y l  c a r b a m a t e  ( B r a c h e r  a n d  S m a l l ,  1 9 6 7 )

e < i £ - A l p h a p r o d i n e  HC& ( K a r t h a ,  Ahmed, a n d  B a r n e s ,  I 9 6 0 )

f  d J l - B e t a p r o d i n e  HC£ (Ahmed a n d  B a r n e s ,  1 9 6 3 )

g d J i - B e t a p r o d i n e  HBr (Ahmed, B a r n e s ,  a n d  M a s i r o n i ,  1 9 6 3 )

h T a x a d i e n e t e t r a o l  d e r i v a t i v e

i  p - B r o m o p h e n a c y l  l a b d a n o l a t e
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The C ( 2 1 ) - 0 ( 6 )  ( 1 . 1 4 2  A) b o n d  l e n g t h  d i f f e r s  s i g n i f i c a n t l y
o

a l s o  f r o m  t h e  mean v a l u e  ( 1 . 2 0 1  A) f o r  t h e  C=0 b o n d  i n  

t h e s e  e s t e r s .  The  a t o m  0 ( 6 )  v i b r a t e s  h i g h l y  a n i s o t r o p i c a l l y . 

The  l a r g e s t  p r i n c i p a l  v a l u e  o f  t h e  v i b r a t i o n  t e n s o r  

( 0 . 1 0 0 0  A2 ) i s  a p p r o x i m a t e l y  n o r m a l  t o  t h e  C ( 2 1 ) - 0 ( 6 )  b o n d ,  

a n d  t h i s  may e x p l a i n  t h e  s h o r t e n e d  b o n d .  The C ( 2 ) - 0 ( 2 )
o

b o n d  l e n g t h  ( 1 . 4 7 2  A) i s  i n  v e r y  go o d  a g r e e m e n t  w i t h  t h e  

a v e r a g e  C-O(C) b o n d  ( 1 . 4 7 0  A) i n  t h e  e s t e r s  l i s t e d  a b o v e ;  

i t  i s  l o n g e r  t h a n  t h e  C-O(H) b o n d s  i n  t h i s  s t r u c t u r e .
o

Two c a r b o n - c a r b o n  s i n g l e  b o n d s ,  C ( 4 ) - C ( 5 )  ( 1 . 6 0 3  A)
o

a n d  C ( 9 ) - C ( 1 0 )  ( 1 . 5 9 1  A ) ,  a r e  l o n g e r  t h a n  t h e  u s u a l  v a l u e  

o f  1 . 5 3 7  ± 0 . 0 0 5  A ( S u t t o n ,  1 9 6 5 ) .  The  f o r m e r  b o n d  i s  

b e t w e e n  tw o  f u l l y  s u b s t i t u t e d  c a r b o n  a to m s  w h i l e  t h e  l a t ­

t e r  j o i n s  a  t e t r a - s u b s t i t u t e d  c a r b o n  a to m  t o  a  t r i - s u b s t i t u t e d  

o n e .  Due t o  s t e r i c  h i n d r a n c e  l e n g t h e n i n g  o f  b o n d s  b e t w e e n  

h i g h l y  s u b s t i t u t e d  c a r b o n  a to m s  h a s  b e e n  o b s e r v e d  i n  v a r i o u s  

s t r u c t u r e s ,  e . g .  1 . 6 6 0  ± 0 . 0 2 2  a n d  1 . 6 4 6  ± 0 . 0 2 5  A i n  m e t h y l  

m e l a l e u c a t e  i o d o a c e t a t e  ( H a l l  a n d  M a s l e n ,  1 9 6 5 ) ,  1 . 6 1 4  ±
o

0 . 0 2 3  A i n  d i m e t h y l a c e t y l e n e  d i c a r b o x y l a t e  i n d e n e  a d d u c t  

( M u i r ,  1 9 6 7 ) ,  a n d  1 . 6 2 7 . ± 0 . 0 2 8  A i n  d a v a l l o l  i o d o a c e t a t e  

(Oh a n d  M a s l e n ,  1 9 6 6 ) .

S i n c e  n o  c o r r e c t i o n  f o r  a n o m a l o u s  d i s p e r s i o n  was made
/

an error in  the y coordinate o f  the bromine atom i s  expected  

(Cruickshank and McDonald, 1967) and may cause the s ig n i f ic a n t
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d e v i a t i o n  i n  t h e  B r - C ( 2 5 )  b o n d  l e n g t h  ( 1 . 9 0 5  A) f r o m  t h e  

r e p o r t e d  v a l u e  I . 8 5  ± 0 . 0 1  A ( S u t t o n ,  1 9 6 5 ) .

8 .  H y d r o g e n  b o n d i n g

The m o l e c u l a r  a r r a n g e m e n t  p a r a l l e l  t o  ( 0 1 0 )  c a n  b e  

s e e n  i n  F i g u r e  4 . 5 ,  w h e r e  t h e  h y d r o g e n  b o n d s  a r e  m a r k e d  

w i t h  b r o k e n  l i n e s .  The  h y d r o g e n  b o n d s  i n v o l v i n g  a t o m s  

0 ( 1 )  a n d  0 ( 4 )  i n  e q u i v a l e n t  p o s i t i o n  I  a r e  b e t w e e n  t h e s e  

a to m s  a n d  t h e  a to m s  0 ( 4 )  a n d  0 ( 1 ) ,  r e s p e c t i v e l y ,  i n  tw o  

d i f f e r e n t  m o l e c u l e s  i n  e q u i v a l e n t  p o s i t i o n  I I I ,  t h e  f o r m e r  

a t  y+%, t h e  l a t t e r  a t  y -% .  S i m i l a r l y ,  0 ( 4 )  a n d  0 ( 6 )  i n  

e q u i v a l e n t  p o s i t i o n  I  a r e ,  r e s p e c t i v e l y ,  c o n n e c t e d  t o  0 ( 6 )  

a n d  0 ( 4 )  i n  e q u i v a l e n t  p o s i t i o n  I I  b e l o n g i n g  t o  t h e  m o l e ­

c u l e s  a t  y-% a n d  y+%, r e s p e c t i v e l y .  A l l  t h e  h y d r o x y l  

g r o u p s  a r e  i n v o l v e d  i n  h y d r o g e n  b o n d i n g ;  one  i n  a n  i n t r a ­

m o l e c u l a r  ( 0 ( 3 ) - H . . . 0 ( 1 ) )  a n d  tw o  i n  i n t e r m o l e c u l a r  

( O ( l ) j - H . . . 0 ( 4 ) ,  0 ( 4 ) j - H . . . 0 ( 6 ) j j ) b o n d s .  E a c h  m o l e ­

c u l e  i s  t h u s  c o n n e c t e d  w i t h  f o u r  n e i g h b o u r i n g  o n e s .  The 

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

s p i r a l s  f o r m e d  by  t h e  m o l e c u l e s  w h i c h  a r e  j o i n e d  by  h y d r o g e n  

b o n d s .  The  m o l e c u l e s  c o n n e c t e d  i n  t h i s  way f o r m  s h e e t s  

p a r a l l e l  t o  ( 0 0 1 ) .  T h i s  a g r e e s  w i t h  t h e  f a c t  t h a t  t h e  

c r y s t a l s  a r e  p l a t e s  w i t h  ( 0 0 1 )  a s  t h e  p r e d o m i n a n t  f a c e .

A l t h o u g h  t h e  h y d r o g e n  p o s i t i o n s  w e r e  n o t  d e t e r m i n e d ,
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F i g u r e  4 . 5

A p a c k i n g  d i a g r a m  v i e w e d  a l o n g  t h e  b - a x i s .



2 a

c
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t h e  d o n o r - a c c e p t o r  s ch e m e  c a n  b e  u n e q u i v o c a l l y  d e d u c e d  

f r o m  t h e  f a c t  t h a t  0 ( 6 )  c a n  o n l y  a c c e p t  a  p r o t o n .  The 

o x y g e n  a to m s  0 ( 1 )  a n d  0 ( 4 )  a c t  b o t h  a s  d o n o r s  a n d  a s  

a c c e p t o r s  w h i l e  0 ( 3 )  a c t s  o n l y  a s  a  d o n o r .  The  h y d r o g e n  

b o n d  l e n g t h s  an d  a n g l e s  w i t h  t h e i r  e . s . d . ' s  a r e  l i s t e d  i n  

T a b l e  4 . 9 .  The  b o n d  l e n g t h s  a r e  a l l  n o r m a l ,  t h e  i n t r a ­

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

s t r i c t i o n s  i m p o s e d  on t h e  a x i a l l y  b o n d e d  h y d r o x y l  g r o u p s  

t h e  C - 0 . . . 0  a n g l e  f o r  t h e  i n t r a m o l e c u l a r  b o n d  i s  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 o s e  f o r  t h e  i n t e r m o l e c u l a r  b o n d s .  

F rom  a  s u r v e y  o f  h y d r o g e n  b o n d s  F u l l e r  ( 1 9 5 9 )  o b s e r v e d  

t h a t  t h e y  c a n  d e v i a t e  by  a s  much a s  20°  f r o m  b e i n g  l i n e a r .  

I n  v i e w  o f  t h i s ,  a l l  t h e  C - 0 . . . 0  a n g l e s  a r e  n o r m a l .
. o

A l l  i n t e r m o l e c u l a r  d i s t a n c e s  < 4 . 0  A w e r e  c a l c u l a t e d .  

E x c e p t  f o r  t h e  h y d r o g e n  b o n d s  m e n t i o n e d  a b o v e  n o n e  o f  

t h e m  i s  s h o r t e r  t h a n  v a n  d e r  W a a l s  d i s t a n c e s .
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