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ABSTRACT 

Effecti v e n e s s i n b i o l o g i c a l chemical environments v i r t u a l l y 

defines the term 'drug' when applied t o any attempt to modify t h a t 

environment by the i n t r o d u c t i o n of an i n f l u e n c e i n terms of a s p e c i f i c 

compound or group of compounds. I n t e r e s t i n the c o n f i g u r a t i o n of the 

molecules involved i n such m o d i f i c a t i o n s led to the X-ray s t r u c t u r e 

determinations, discussed i n the t h e s i s , of the f o l l o w i n g three compounds; 

( i ) 7-chloro-2-methyl-5-phenyl-3-propyl[2,3-b]-imidazolyl q u i n o l i n e . 

(1) 

Derived from the psychoactive drug L i b r i u m , i t was thought to 

conform to the s t r u c t u r e , 

(CH2)2CH3 (2) 

X l l 



c o n t a i n i n g the h i g h l y strained 4-membered monocyclic azete system (Shenoy, 

a t h e s i s submitted f o r the degree of Doctor of Philosophy, U n i v e r s i t y of 

London, 1975), and suggested as one of the f i r s t examples of possi b l e 

stable 4-membered azacyclobutadiene r i n g s . 

( i i ) The methyl ester of 5,5-dimethyl-2-(2-phenoxymethyl-5-oxo-l,3-

o x a z o l i n - 4 - y l i d e n e ) - l , 3 - t h i a z o l i d i n e - 4 - c a r b o x y l i c a c i d . 

O^p/ "̂  ^ ^CH3 (3) 

0 - ^ ^ 2 - C - N \ /CH3 

\ H N - Q H 
0 COOCH 3 

C17H18N2O5S was f i r s t reported by Brandt, Bassignani and Re, 

(1976, Tetrahedron L e t t e r s No. AA, pp 3979-3982), to have c o n f i g u r a t i o n ( A ) , 

II I I I^CH 
0 QH 2 

0 COOCHo 

X l l l 



i . e . t h a t of a novel class of D L - 5 , 6 - d i d e h y d r o p e n i c i l l i n s . I t s reported 

weak a n t i b a c t e r i a l a c t i v i t y , thought to be associated w i t h the unsaturated 

nature of the p e n i c i l l i n nucleus promoted i t s X-ray s t r u c t u r e a n a l y s i s . 

Subsequently, Bachi and Vaya, (1977, Tetrahedron L e t t e r s No. 25, 

pp 2209-2212), suggested the c o n f i g u r a t i o n (3) which has been confirmed 

by the s t r u c t u r e determination. 

A comparison of the proposed d e r i v a t i o n s of (3) and (4) i s made, 

and the conformation of the unconstrained t h i a z o l i d i n e r i n g i s discussed 

i n comparison w i t h the c o n s t r a i n i n g e f f e c t of adjacent B lactams i n the 

n u c l e i of known p e n i c i l l i n s t r u c t u r e s , 

( i i i ) The phenyl ester of c a r b e n i c i l l i n ( c a r f e c i l l i n ) . 

I " 1 1 1 ^ C H ^ 
C 0 C - N QH 3 

0 ^ \ ° C O O ' N a - " 

(5) 

The c r y s t a l s t r u c t u r e i s used to f a c i l i t a t e a comparison of 

the c o n f i g u r a t i o n s of both the p e n i c i l l i n nucleus and the side-chain 

s u b s t i t u e n t s of C(17) w i t h other p e n i c i l l i n d e r i v a t i v e s of known c r y s t a l 

s t r u c t u r e . 

The conformation i n aqueous s o l u t i o n about C(17) i s r e f l e c t e d 

i n the m o d i f i c a t i o n of n.m.r. signal s from the S lactam protons f o r the 

methyl and e t h y l esters of c a r b e n i c i l l i n between the two epimers. A 

X I V 



s i m i l a r e f f e c t i s noted f o r t h e two d i a s t e r e o i s o m e r s o f a m i n o - h y d r o x y b e n z y l 

p e n i c i l l i n , amino-phenylacetamido p e n i c i l l a n i c a c i d and a t y r o s y l p e n i c i l l i n . 

To e v a l u a t e a c o r r e l a t i o n between the a b s o l u t e c o n f i g u r a t i o n 

and n.m.r. s t u d i e s , c i r c u l a r d i c h r o i s m s p e c t r a from p e n i c i l l i n compounds 

have been c h a r a c t e r i s e d and t h e m u t a r o t a t i o n e x h i b i t e d by t h e e s t e r s o f 

c a r b e n i c i l l i n used t o d e s c r i b e c o n f i g u r a t i o n a l e q u i l i b r i a about C ( I 7 ) i n 

terms o f t h e i r c h a r a c t e r i s t i c n.m.r. s p e c t r a . 
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CHAPTER 1 

The D e t e n n i n a t i o n o f S t r u c t u r e by t h e S c a t t e r i n g 

o f X-Rays fr o m a S i n g l e C r y s t a l 

lyTRODUCTION 

The b i o a c t i v i t y o f o r g a n i c compounds may depend upon numerous 

f a c t o r s such as t h e r e a c t i v i t y and r e l a t i v e o r i e n t a t i o n o f c o n s t i t u e n t 

f u n c t i o n a l g r o u p s . O v e r a l l m o l e c u l a r s i z e and shape o f t e n r e s u l t s i n 

p r e f e r e n t i a l r e c e p t o r s i t e o c c u p a t i o n i n c e r t a i n 'lock-and-key' mechanisms 

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

w i t h r e l a t i v e o r i e n t a t i o n s w h i c h m i n i m i s e the p o t e n t i a l energy 

a s s o c i a t e d w i t h b o t h i n t e r - m o l e c u l a r and i n t e r - a t o m i c i n t e r a c t i o n s . 

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

w i t h t h e c r y s t a l l i n e s t a t e , and a s t u d y o f s t r u c t u r e s w i t h i n a group 

o f s i m i l a r compounds, p r o v i d e s the p o s s i b i l i t y o f d i s t i n g u i s h i n g t h e s e 

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

a c t i v i t y . 

Assignment o f m o l e c u l a r s t r u c t u r e can be a c h i e v e d w i t h o u t t h e 

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

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

means whereby t h e most p r o b a b l e s t r u c t u r e may be d e r i v e d . C o n s t i t u e n t 

atoms a r e a n a l y s e d by mass spec c r o m e t r y , and m o l e c u l a r w e i g h t 

a n a l y s i s r e s u l t s i n d e t e r m i n a t i o n o f t h e number o f each e l e m e n t a l atoms 

i n the m o l e c u l e . N u c l e a r m a g n e t i c resonance methods, p r o v i d e a 

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

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

t o be a c h i e v e d . F u r t h e r a n a l y s i s by o p t i c a l methods can be made t o 

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

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



methods i s o f t e n n o t u nique and o n l y l i m i t e d i n f o r m a t i o n r e g a r d i n g 

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

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

t h i s c h a p t e r , bear a p a r t i c u l a r emphasis upon t h o s e used i n the 

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

c h a p t e r s , and a r e p r o g r e s s i v e l y d eveloped f r o m t h e more g e n e r a l 

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

s o l u t i o n t o t h e s c a t t e r i n g p r o c e s s . The v a r i o u s a n a l y s e s of X-ray 

d i f f r a c t i o n d a t a c e n t r e upon t h e d e t e r m i n a t i o n o f d i f f r a c t e d i n t e n s i t y , 

and a s s o c i a t e d phase a n g l e , and t h e F o u r i e r s y n t h e s i s o f the model 

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

T h i s t h e s i s d e s c r i b e s t h e use o f t h e methods o f X-ray 

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

c r y s t a l l i n e s t a t e , w h i c h were c o n s i d e r e d o f i n t e r e s t e i t h e r by v i r t u e 

o f t h e i r proposed n o v e l s t r u c t u r e s or t o f u r t h e r t h e 

c o mparison o f known groups o f b i o l o g i c a l l y a c t i v e compounds. 

The n o v e l p h a r m a c o l o g i c a l l y a c t i v e a z e t e , I , i s o f i n t e r e s t 

because i t i s d e r i v e d f r o m t h e p s y c h o a c t i v e d r u g L i b r i u m , and c o n t a i n s 

t h e h i g h l y s t r a i n e d a z e t e system. Only a few a z e t e compounds have been 

r e p o r t e d , and t h e s t a b i l i t y o f m o n o c y c l i c a z e t e s i s v e r y low. 

CH 

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 d e h y d r o p e n i c i l l i n , I I , was 

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



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

C hapters 2 and 3 d e s c r i b e t h e e v e n t u a l r e a s s i g n m e n t o f s t r u c t u r e 

t o b o t h compounds I and I I . 

The e s t e r s o f c a r b e n i c i l l i n a r e shovm t o undergo change o f 

t h e s i d e - c h a i n s u b s t i t u e n t s i n s o l u t i o n , ( r e f Ch. 5 ) ; i n v e s t i g a t i o n o f 

the n a t u r e o f t h e p r o c e s s s i n v o l v e d was f a c i l i t a t e d by t h e X-ray s t r u c t u r a l 

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

C h a p t e r 4 . 

0 „ . c - n - c ' h ' " ^ n i 
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The c o n f i g u r a t i o n and c o n f o r m a t i o n o f the s i d e - c h a i n s u b s t i t u e n t s 

i n some p e n i c i l l i n d e r i v a t i v e s o f known s t r u c t u r e i s d i s c u s s e d i n Chapter 

5 and compared w i t h t h a t o f t h r e e e s t e r s o f c a r b e n i c i l l i n , i n c l u d i n g I I I , 

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

resonance s p e c t r a and c i r c u l a r d i c h r o i s m measurements. 



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

The laws o f d i f f r a c t i o n a l o n e can p r o v i d e t he b a s i s f o r c r y s t a l 

s t r u c t u r e a n a l y s i s ; however, such laws r e s u l t f r o m t h e o b s e r v a t i o n s 

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

whereas t h e t e c h n i q u e s o f a n a l y s i s stem f r o m t h e c o m b i n a t i o n o f f u n d a m e n t a l 

a s p e c t s o f m a t t e r , r e l a t i n g more t o the s c a t t e r i n g p r o c e s s i t s e l f . 

D i f f r a c t i o n can t h e r e f o r e be c o n s i d e r e d t o emerge as a d i r e c t r e s u l t 

o f c o n s t r a i n t s a p p l i e d t o the s c a t t e r i n g p r o c e s s by the s p a t i a l 

geometry w i t h i n t h e c r y s t a l . Thus, a complete d e s c r i p t i o n o f t h e b a s i c 

s c a t t e r i n g p r o c e s s , and i t s p a r t i c u l a r s o l u t i o n under c e r t a i n 

c o n s t r a i n i n g c o n d i t i o n s f o r X-ray d i f f r a c t i o n , such as e l a s t i c 

wave/matter i n t e r a c t i o n s and subsequent i n t e r f e r e n c e phenomena, i s used 

t o f o r m a b a s i s f o r t h e development o f t h e m a t h e m a t i c a l models used 

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

The f i e l d o f X-ray c r y s t a l l o g r a p h y i s w e l l served by many 

s t a n d a r d t e x t s ; p a r t i c u l a r use has been made o f t h e works o f M. J. Buerger^, 
2 3 4 E. W. N u f f i e l d , M.F. C.Ladd and R.A.Palmer , M.M-Woolfson , G. H. S t o u t and 

L-H.Jensen^, and 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 ^ . 

1.2 The s c a t t e r i n g o f a wave p a c k e t 

The w a v e - p a r t i c l e d e s c r i p t i o n o f m a t t e r , d e v e l o p e d 

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

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

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

a s s o c i a t e d w i t h t h e atom and i t s c o n s t i t u e n t s . 

The c r y s t a l l i n e s t a t e p r o v i d e s a u n i q u e i n t e r a c t i o n w i t h i n c i d e n t 

r a d i a t i o n w h i c h i s d e s c r i b e d by t h e m o d i f i c a t i o n o f a wave p a c k e t under 
7 8 

t h e i n f l u e n c e o f a p o t e n t i a l ' . 

M o t i o n under t h e i n f l u e n c e o f a p o t e n t i a l V, w h i c h i s a p p r e c i a b l y 



d i f f e r e n t f r o m zero o n l y w i t h i n a sphere s u r r o u n d i n g t h e o r i g i n o f 

r a d i u s 'a*, may be d e s c r i b e d by t h e S c h r 8 d i n g e r e q u a t i o n 

+ r V2 + V .i» = Etj; . . . Eqn 1 .1 

where \l) d e s c r i b e s a wave p a c k e t , E t h e energy e i g e n v a l u e a s s o c i a t e d w i t h 

i t and y t h e reduced mass. 

S i m p l i f i c a t i o n o f Eqn. 1.1 i s a c h i e v e d u s i n g t h e s u b s t i t u t i o n s 

k^= 2wE and U = 2pV t o become 
^2 1^ 2 

( 72 + k2 ) il) . . . Eqn 1.2 

C o n s i d e r i n g U^l> as a temporary inhomogeneity , Eqn. 1.2 

can be s o l v e d by the s u p e r p o s i t i o n o f a p a r t i c u l a r s o l u t i o n and complementary 

f u n c t i o n . F o r m a l l y , a p a r t i c u l a r s o l u t i o n can be c o n s t r u c t e d i n terms 

o f t h e Green's f u n c t i o n G ( r , r ' ) w h i c h i s a s o l u t i o n o f the e q u a t i o n 

(V2 + k2) G ( r , r») = -ATT 5 ( r - r ^ .. Eqn 1.3 

where t h e D i r a c d e l t a f u n c t i o n has t h e p r o p e r t y 

^{r - r * ) d ^ r ' = 1 ... Eqn 1.4 

p r o v i d e d t h e r e g i o n o f i n t e g r a t i o n i n c l u d e s r ' = r . 

Hence, by Eqn. 1.4 

U ( r ' ) ( r ' ) 6 ( r - r ' ) d ^ r * 

= U(r)4' ( r ) 

and p r o v i d e s t h e i n h o m o g e n e i t y Ut|) as r e q u i r e d 

Thus, t h e e x p r e s s i o n 

- 1 G ( r , r ' ) U ( r ' ) (r») d ^ r ' 
4TT . 

s o l v e s Eqn. 1.2 a d e q u a t e l y . 

Eqn 1.5 

. . Eqn 1.6 



The complementary f u n c t i o n i s found as an a r b i t r a r y s o l u t i o n 

of the homogeneous equation 

(V2 + k2) ti; = 0 ... Eqn 1.7 

which i s the S c h r 8 d i n g e r equation f o r a fr e e p a r t i c l e (no s c a t t e r i n g ) 

and has the s o l u t i o n corresponding t o a plane wave. Choosing 

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

j k.r 

( 2 1 1 ) 3 / ^ ATI 

G(r, r ' ) U(r')ii-, ( r ' ) d^r' 

... Eqn 1.8 

as a p a r t i c u l a r set of s o l u t i o n s of the SchrOdinger equation. 

The magnitude of the wave vector k has a d e f i n i t e value, 

f i x e d by the energy eigenvalue, but i t s d i r e c t i o n i s determined 

p h y s i c a l l y by the d i r e c t i o n of incidence. A complete knowledge of k, 

however, does not completely defi n e l i ' j ^ ( r ) i n Eqn. 1.8, f o r there 

remains an i n f i n i t e choice of Green's f u n c t i o n G(r, r ' ) . To 

determine s u i t a b l e Green's f u n c t i o n s , the s o l u t i o n t o Eqn. 1.3 must 

be found. 

(v2 + k^) G(r) = - ATI 6 ( r ) 

describes a s i m p l i f i e d expression of Eqn. 1.3 

De f i n i n g 6 ( r ) by 

Eqn 1.9 

& ( r ) 1 f e j ^ ' I d3k' 
( 2 7 T ) 

Eqn 1.10 

suggests the a p p l i c a t i o n of the Fourier transform d e s c r i p t i o n of G ( r ) , 

w e l l known i n d i f f r a c t i o n processes, g i v i n g 

G(r) = g(k') eJ^'* ! d^k' 
V 

S u b s t i t u t i o n i n Eqn 1.9 gives 

(V2 + k2) g(k') ê b*- I d^k 
2TT 

... Eqn 1.11 

. j ^ ' - ! d3k' 

... Eqn 1.12 



and hence, 

g(k») (-k»2 + k2 ) e-̂ V* I d\' 

- 1 e j ^ ' - ! d3k» 

w h i c h i n t u r n g i v e s 

g ( k ' ) = 1 _ 
2^2 t2 

Eqn 1.13 

Eqn 1.14 

f u r n i s h i n g t he F o u r i e r r e p r e s e n t a t i o n i n r e c i p r o c a l k-space, ( r e f ^ 1 . 5 ) , 

G ( r ) = 1 
271' k'2 - k2 

d^k . . . Eqn 1.15 

E v a l u a t i o n o f t h i s i n t e g r a l over a l l space i s c o n v e n i e n t l y 

c a r r i e d o u t by e x p r e s s i n g i n terms o f p o l a r c o - o r d i n a t e s , 

l e t t i n g t h e c o l a t i t u d e 6 c o i n c i d e w i t h t he a n g l e between t h e 

v e c t o r s k' and r . Thus, Eqn. 1.15 becomes 
+00 27T7T 

G ( r ) = 1 
27r-

r2 ^ j k ' r cos e ^̂ ,2 d* dk» 

- o o 0 0 

w h i c h may more c o n v e n i e n t l y be r e w r i t t e n t o g i v e 
^ j k ' r G ( r ) = - 1 

TTr 
d_ 
d r 

dk' 
i2 

. . . Eqn 1.16 

Eqn 1.17 

f o l l o w i n g t h e i n t e g r a t i o n o v e r 9 and ^. 

The r e s u l t i n g i n t e g r a n d has s i m p l e p o l e s on t h e r e a l a x i s i n 

the complex k* p l a n e a t k* = + k and a s o l u t i o n may be 

found by u s i n g an i n t e g r a t i o n p a t h such as i n F i g . 1.1, a v o i d i n g t h e p o l e s 

Since r i s t a k e n t o be p o s i t i v e , a c l o s e d c o n t o u r produced 

by a s e m i c i r c l e , i n t h e upper h a l f p l a n e , j o i n i n g t h e p a t h o f i n t e g r a t i o n 

a l o n g t he r e a l a x i s f r o m - <» t o + " w i l l s u f f i c e . 
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F i g , 1.1. Path o f i n t e g r a t i o n i n t h e complex k* p l a n e 

Thus, Eqn. 1.17 becomes 

G ( r ) = - 1 

TTr 
d _ 
d r 

dk' 
k'2- k2 

Eqn 1.18 

i n w h i c h , by t h e use o f t h e r e s i d u e theorem 

e^^'^ dk» = 2TTj ^ 

k»2 - k2 [ 2k 2k 

Hence, 

G ( r ) = . 

r r 

w h i c h can be expressed as 

G ( r ) = G ^ ( r ) + G ( r ) 

.. Eqn 1.19 

. .. Eqn 1.20a 

... Eqn 1.20b 

where G ^ ( r ) and G _ ( r ) a r e b o t h Green's f u n c t i o n s , each s a t i s f y i n g 

Eqn. 1. 9. 

Thus, the Green's f u n c t i o n s r e q u i r e d as s o l u t i o n s t o Eqn 

1.3 a r e 

^ ( r , r * ) = exp(+ j k r - r Eqn 1.21 

r - r 



and s u b s t i t u t i o n i n t h e i n t e g r a l e q u a t i o n , Eqn, 1. 8, r e s u l t s i n 

two d i s t i n c t e i g e n s o l u t i o n s , denoted by ^^^^ and ^ g i v e n by 

^ ( r ) = 1 e j ^ [ - 1 
(271)3/ 47T 

e x p ( - j k ^ U{r'lv>';'(r'ld^' 
K 

Eqn. 1.22 

I n v i e w o f t h e f a c t t h a t U e x i s t s o n l y f o r v a l u e s o f r ' 

<a, t h e i n t e g r a n d can be c l o s e l y a p p r o x i m a t e d . I f r i s chosen 

so l a r g e t h a t the q u a d r a t i c term can be n e g l e c t e d , and i f , f u r t h e r , r ' 

i n t h e denominator o f t h e i n t e g r a n d i s n e g l e c t e d , as i s t h e case i n 

a l l m a c r o s c o p i c measurement t e c h n i q u e s , t h e n 

r ( r ) 1 
(27T)3/ 

j k . r - j k r e-" , - - e 
4'nr 

e"" j ^ ' ' U ( r * ) ^ ( r M d ^ r ' 

Eqn 1.23 

where k' = k r 

T h i s a s y m p t o t i c e x p r e s s i o n can be w r i t t e n as 

^^"^ ( r ) 'V 1 

(2^)V 
j k . r - jktr 

k ^ 

( r l a r g e ) Eqn. 1.24 

where 

' k 
(277)^2 j ^ * ! ' U ( r ' ) i l ' ^ " ^ ( r ' ) d ^ r ' 
4TT 

Eqn. 1.25 

P h y s i c a l l y , when m o d i f i e d by exp • i l l . 
IT . 

r e p r e s e n t s t h e o u t g o i n g s o l u t i o n o f the S c h r 8 d i n g e r e q u a t i o n . 

Thus, Eqn. 1.24, d e s c r i b e s t h e wave f u n c t i o n \p^\n terms of an 

i n c i d e n t p l a n e v a v e , o f energy and d i r e c t i o n governed by the wave 

v e c t o r k, and a s c a t t e r e d o u t g o i n g r a d i a l wave f a l l i n g i n a m p l i t u d e 

9 -



as t h e i n v e r s e o f t h e d i s t a n c e f r o m t h e s c a t t e r e r and w i t h a m o d i f i e d 
A 

a m p l i t u d e , d e f i n e d as t h e s c a t t e r i n g a m p l i t u d e , ^, ( r ) . The t e r m 
A -

f ( r ) , i n t u r n , i s dependent, upon t h e s c a t t e r i n g p o t e n t i a l and w h e t h e r 

the p r o c e s s i s e l a s t i c , (Thomson s c a t t e r i n g ) , o r i n e l a s t i c , (Compton 

s c a t t e r i n g ) , d e t e r m i n e s t h e energy o f the r a d i a l wave and t h u s , t h e 

wave v e c t o r k'. I t i s t h e r e f o r e , the s c a t t e r i n g a m p l i t u d e and i t s 

a s s o c i a t e d phase w h i c h f u r n i s h e s t h e means by w h i c h the p r o p e r t i e s o f t h e 
A 

process can be d e t e r m i n e d . The e f f e c t i v e measurement o f ( r ) forms 

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

1.3 The s c a t t e r i n g o f X-rays by atoms 

S e c t i o n 1.2 a d e q u a t e l y d e s c r i b e d t h e i n t e r a c t i o n o f a wave 

p a c k e t , f o r example on X-ray p h o t o n , w i t h a c e n t r a l p o t e n t i a l such as 

t h a t of a free e l e c t r o n . However, the e l e c t r o n s s u r r o u n d i n g atoms 

a r e not f r e e b u t bound i n t o d e f i n i t e energy s t a t e s . Thus, Thomson 

s c a t t e r i n g c o r r e s p o n d s t o the e l e c t r o n r e m a i n i n g i n the same energy 

s t a t e a f t e r s c a t t e r i n g , whereas Compton s c a t t e r i n g w i l l 

i n v o l v e the t r a n s i t i o n o f the e l e c t r o n between energy s t a t e s w i t h t h e 

a b s o r p t i o n o r e m i s s i o n o f d i s c r e t e energy q u a n t a . 

The c o h e r e n t l y s c a t t e r e d component w i l l s u f f e r from o r d e r e d 

i n t e r f e r e n c e and p r o v i d e s a s y s t e m a t i c means o f a n a l y s i n g the s c a t t e r i n g 

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

a m p l i t u d e i s r e l a t e d t o an o u t g o i n g wave o f energy unchanged f r o m t h a t 

o f t h e i n c i d e n t wave i e . k ' = k. The r a t i o o f t h e a m p l i t u d e 

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

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

e l e c t r o n s i t u a t e d a t the o r i g i n i s d e f i n e d as the s c a t t e r i n g f a c t o r 

f o r t h a t e l e c t r o n , I f an atom c o n t a i n s Z e l e c t r o n s t h e n the 

t o t a l r a t i o o f a m p l i t u d e s w i l l be t h e sum o f t h e i n d i v i d u a l r a t i o s , ( f e ) ^ , 
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f o r each e l e c t r o n and i s d e f i n e d as the a t o m i c s c a t t e r i n g f a c t o r , ^a, 

g i v e n by ^ 

fa=l ife)^ ... Eqn. 1.26 
i = 1 

S c a t t e r i n g f a c t o r s used i n t h i s work were t a k e n 

from 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 I I , o r 

A c t a . C r y s t . , A24 (1968) 3 2 1 . 

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

o f t h e s c a t t e r e d wave w i t h i n c r e a s e o f s c a t t e r i n g a n g l e : a t zero 

s c a t t e r i n g a n g l e ia = Z. 

1.4 D i f f r a c t i o n f r o m a c r y s t a l 

S e c t i o n 1.2 d i s c u s s e d the s c a t t e r i n g o f a p h o t o n o f wave v e c t o r 
A 

V. = 2TI_ k fr o m a s i n g l e s c a t t e r i n g c e n t r e . The c o n d i t i o n t h a t a l l 
A 

atoms i n a t h r e e d i m e n s i o n a l a r r a y ( c r y s t a l l a t t i c e ) s h o u l d s c a t t e r i n 

phase i n some d i r e c t i o n can be f u l f i l l e d by t h r e e c o n d i t i o n s . 

D e f i n i n g a s c a t t e r i n g v e c t o r s, such t h a t 
s = i i k = n k , ( n i n t e g e r ) . . . Eqn. 1.27 
^ 2 T T - — 

X 

the t h r e e c o n d i t i o n s t h a t atoms s e p a r a t e d by a, b o r c s h o u l d s c a t t e r 

i n phase, where t h e v e c t o r s a, b and c a r e t h e t h r e e v e c t o r s w h i c h d e f i n e 

the a r r a y , a r e 

a . s = h 

b . s = k .... Eqns 1.28 

c . s = 

where h, k and ^ a r e i n t e g e r s . Eqns. 1.28 a r e t h e L a i e e q u a t i o n s , so 

c a l l e d , a f t e r t h e f i r s t d e m o n s t r a t i o n o f d i f f r a c t i o n o f X-rays f r o m 

a r e g u l a r c r y s t a l l a t t i c e by von Lau e i n 1912. 

The t h r e e i n t e g e r s h, k and 2- can be chosen t o u n i q u e l y d e f i n e 
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a g i v e n i n t e r f e r e n c e maximum, (known as t h e X-ray r e f l e x i o n ) , and a r e 

the M i l l e r i n d i c e s o f t h a t r e f l e x i o n . Eqns. 1.28 a l s o d e s c r i b e 

a f a m i l y o f p l a n e s i n the c r y s t a l space and so, t h e r e f o r e , do t h e M i l l e r 

i n d i c e s . 

1.5 The R e c i p r o c a l L a t t i c e 

To examine the s c a t t e r i n g v e c t o r s, and hence the c r y s t a l 

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

b a s i s v e c t o r s , w h i c h themselves r e l a t e t o the v e c t o r s a, b and c 

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

w h i c h , r e p r o d u c e d by c l o s e p a c k i n g i n t h r e e d i m e n s i o n s , g i v e s t h e whole 

c r y s t a l , 

The t h r e e v e c t o r s a*, b* and c* a r e used t o d e f i n e t h e 

r e c i p r o c a l l a t t i c e where a*, b* and c* s a t i s f y t h e 

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

a . a * = l a . b * = 0 a . c * = 0 

b . a* = 0 b . b* = 1 b . c* = 0 ... Eqns. 1.29 

c . a * = 0 c . b * = 0 c . c * = l 

w h i c h u n i q u e l y d e f i n e a*, b* and c* i n terms o f t h e r e a l space 

v e c t o r s a, b and c such t h a t 

a* = b A c 

a. (b A c) 

^* = ^ ^ t ...Eqns. 1.30 
a. (b A c ) 

c* = a A b 

a. (b A c) 

Thus, u s i n g Eqns. 1.29, the s c a t t e r i n g v e c t o r , s, can be 

1 2 



d e f i n e d , such t h a t i t s a t i s f i e s Eqns. 1.28, by 

s = ha* + k b* + ! t c * ... Eqn..1.31 

Thus, each s e t o f M i l l e r i n d i c e s i s r e l a t e d t o a p a r t i c u l a r 

s c a t t e r i n g v e c t o r ŝ ^̂ ^̂  . The s p a c i n g between the r e a l space 

p l a n e s d e f i n e d by (hk^) i s g i v e n by 

!hkj. 
I 

9 

Bragg showed t h a t an X-ray beam i n c i d e n t a t an a n g l e ^YI\^1 

f a m i l y o f p l a n e s (hk?.) was d i f f r a c t e d such t h a t t h e d i f f r a c t i o n maximum 

o c c u r r e d a l o n g a p a t h a l s o a t a n g l e 6 t o t h e same p l a n e s , g i v e n 

t h a t Gj^^p s a t i s f i e d t h e r e l a t i o n 

Hence, t h e s c a t t e r i n g v e c t o r s ^ ^ j ^ d e t e r m i n e s t h e unique Bragg a n g l e 

^hk^* 

1.6 I n t e n s i t y d a t a c o l l e c t i o n and t h e WeissenberR method 

The p h o t o g r a p h i c d e n s i t y produced by t h e impingement o f an 

X-ray p h o t o n on a f i l m i s r e l a t e d t o t h e square o f t h e a m p l i t u d e 

o f t h e o s c i l l a t i o n a s s o c i a t e d w i t h t h e wave p a c k e t , and t h u s , p r o v i d e s 

t h e means by w h i c h t h e i n t e n s i t y o f each r e f l e x i o n can be measured. 

The range o f i n t e n s i t y t h a t can be measured by a s i n g l e f i l m i s 

l i m i t e d by t h e s a t u r a t i o n response o f t h e e m u l s i o n . An i n c r e a s e 

i n t h e a v a i l a b l e measurement range was a c h i e v e d 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 , so t h a t each r e f l e x i o n i n t e n s i t y was measured w i t h i n 

the l i n e a r o p t i c a l d e n s i t y r e s p o n s e , g i v e n by t h e r e l a t i o n logj^Q I _ 

where the l o g a r i t h m i c argument r e c o r d e d t h e f r a c t i o n o f t o t a l 

p o s s i b l e measurable i n t e n s i t y . P h o t o g r a p h i c d e n s i t i e s were measured 

by t h e Science Research C o u n c i l m i c r o d e n s i t o m e t e r s e r v i c e a t D a r e s b u r y , 

c o n s i s t i n g o f an O p t r o n i c s I n t e r n a t i o n a l System P-1000 Photoscan 

i n t e r f a c e d t o a Computer A u t o m a t i o n ALPHA -16 m i n i - c o m p u t e r w i t h 16K 
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o f 1 6 - b i t words o f c o r e s t o r e , 

A P h i l i p s PW 10/10 X-ray g e n e r a t o r o p e r a t i n g a t 

34kV, 20mA u s i n g a Cu tube and N i f i l t e r was used t o 

ge n e r a t e n e a r l y monochromatic CuKir X - r a d i a t i o n (X = 1,54188). 

A l l X-ray measurements were o b t a i n e d u s i n g e i t h e r Stoe o r Nonius 

Weissenberg cameras. A p p l i c a t i o n o f t h e Weissenberg 

camera t o d a t a c o l l e c t i o n i s d e s c r i b e d i n r e f s . 3, 4 and 5. Zero 

l a y e r Weissenberg photographs were o b t a i n e d by t h e normal beam 

method and upper l a y e r s by the e q u i - i n c l i n a t i o n method. S i m i l a r 

exposure t i m e s were used f o r each l a y e r and t h e i n t e r - l a y e r 

s c a l e f a c t o r s were s et i n i t i a l l y a t 1; the y were s u b s e q u e n t l y 

r e f i n e d d u r i n g the l e a s t - s q u a r e s r e f i n e m e n t , (^ 1.14). 

1.7 D e t e r m i n a t i o n o f C e l l Dimensions 

F i g 1.2 shows a g r e a t l y m a g n i f i e d c r y s t a l , mounted t o 

r o t a t e a b o u t an a x i s c o r r e s p o n d i n g t o a u n i t c e l l edge. The f a m i l y 

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

maximum a t an a n g l e Cl^ t o t h e zero o r d e r maximum i f 

r s i n n . Eqn.1.34 

plane 
wave-
front 

axis of 
rotation 

4' 

family of 
repeat units 

R 

film 

Fig. 1.2 Oscillation geometry 
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i s s a t i s f i e d , where r i s t h e r e p e a t d i s t a n c e a l o n g t h e r o t a t i o n a x i s . 

Thus, a measurement o f t h e s e p a r a t i o n o f t h e zero l a y e r and n^*^ l i n e s , 

y^, f r o m t h e r e s u l t i n g o s c i l l a t i o n p h o t o g r a p h , i s r e l a t e d t o O^by 

tan A = y ... Eqn. 1.35 n n 

Hence, r i s o b t a i n e d from Eqn. 1.34 as 

r = nX Eqn. 1.36 
s m t a n ^ ~ i y ^ m t a n n 

R . 

where R i s t h e t r u e f i l m r a d i u s . 

The l e n g t h s o f t h e two r e m a i n i n g u n i t c e l l axes were o b t a i n e d 

from zero l a y e r Weissenberg p h o t o g r a p h s , by mea s u r i n g t h e p e r p e n d i c u l a r 

d i s t a n c e between e q u i v a l e n t a x i a l r e f l e x i o n s on o p p o s i t e 

h a l v e s o f t h e f i l m . 

The a n g l e s between t h e u n i t c e l l axes, d e f i n e d by 
-1 A A 

a = cos (b . c) 

6 =cos"^ (a . c ) ... Eqns. 1.37 

-1 / K Y = c o s (a . o) 

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

Weissenberg p h o t o g r a p h s . 

A c c u r a t e c e l l d i m e n s i o n s were o b t a i n e d f r o m z e r o l e v e l 

Weissenberg p h o t o g r a p h s , c a l i b r a t e d u s i n g an annealed g o l d w i r e , 

t a k e n a b o u t two a x i a l d i r e c t i o n s . The s e p a r a t i o n between p a i r s o f 

e q u i v a l e n t h i g h a n g l e r e f l e x i o n s on e i t h e r h a l f o f the f i l m was measured 

and t h e c o r r e s p o n d i n g v a l u e o f 9 s u b s e q u e n t l y c a l c u l a t e d gave a s m a l l 

s t a t i s t i c a l spread f o r d by Eqn. 1.32, o f s t a n d a r d d e v i a t i o n ''0.03X. 
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1.8 Determination of Space Group 

The fundamental r e p e t i t i o n c h a r a c t e r i s t i c s w i t h i n a c r y s t a l 

can be expressed i n terms of one of the 14 Bravais l a t t i c e s . A l l the 

possible unique combinations of symmetry elements, or p o i n t groups, places 

the u n i t c e l l w i t h i n one of 32 c r y s t a l classes. Consideration of both 

the Bravais l a t t i c e and c r y s t a l class together w i t h any t r a n s l a t i o n 

operators describes the u n i t c e l l i n terms of one of the 230 space 

groups. 

Since X-ray d i f f r a c t i o n i s dependent upon the s p a t i a l array 

of atoms w i t h i n a c r y s t a l , then any o p e r a t i o n r e l a t i n g equivalent 

p a r t s of t h a t array w i l l be displayed i n the r e s u l t i n g 

symmetry of o s c i l l a t i o n and Weissenberg photographs. Thus, space group 

determination r e q u i r e s knowledge of the number of molecules w i t h i n the 

u n i t c e l l and the i d e n t i f i c a t i o n of any symmetry elements by which they 

are r e l a t e d . 

The number of molecules, N, per u n i t c e l l was obtained from the 

measured d e n s i t y of the c r y s t a l using the r e l a t i o n 

N = V p N ... Eqn. 1.38 o 
M 

where 

V = volume of u n i t c e l l , i n m"̂  
-3 

p = measured d e n s i t y , kgm 
2 6 

N (Avogadro's number) = 6.023 x 10 molecules/kilo-gramme 
° molecular weight 

M = molecular weight. 

Symmetry elements i n v o l v i n g t r a n s l a t i o n operators r e s u l t 

i n e x t i n c t i o n of c e r t a i n f a m i l i e s of r e f l e x i o n s by d e s t r u c t i v e 

i n t e r f e r e n c e . Such symmetry elements encountered i n the non-

centrosymmetric space groups P2^2^2 and P2^, and the centrosymmetric 

space group ?2^/c discussed l a t e r i nclude 2 - f o l d screw axes 

- 16 



and g l i d e planes. 

A 2-fold screw axis (2^^) e f f e c t i v e l y halves the separation 

between planes normal to the axis and the r e c i p r o c a l nature of the 

d i f f r a c t i o n array r e s u l t s i n doubling of the separation of 

i n t e r f e r e n c e maxima, or e q u i v a l e n t l y , causing phase c a n c e l l a t i o n of a l l 

odd-order r e f l e x i o n s from these planes. The 2^ a x i s , however, has no 

simple ordered e f f e c t on the spacing of other planes and thus, only 

a x i a l r e f l e x i o n s of order 2n + 1, (n i n t e g e r ) , s u f f e r regular e x t i n c t i o n . 

The e f f e c t upon the d i f f r a c t i o n array of a g l i d e plane i s 

very s i m i l a r to t h a t of a 2^ a x i s . Upper l e v e l Weissenberg photographs 

were used to d i s t i n g u i s h between a x i a l absences caused by a 2^ a x i s , 

and those which r e s u l t e d from r o t a t i o n of the c r y s t a l about an a x i s 

i n the g l i d e plane normal to the t r a n s l a t i o n vector of the 

g l i d e ( r e f . 3 - Chapter 2 ) . 

A combination of symmetry elements w i t h i n a space group 

r e s u l t s i n a l i n e a r s u perposition of the systematic absences derived 

from the i n d i v i d u a l elements. 

Consideration of the systematic absences alone does not 

uniquely d e f i n e a l l space groups f o r they provide no i n f o r m a t i o n regarding 

the presence or otherwise of a centre of symmetry. A t e s t which 

may be used to detect a centre of symmetry i s the N(z) t e s t , suggested 

by Howells, P h i l l i p s and Rogers (1950)^^, and considers a cumulative 

d i s t r i b u t i o n curve f o r i n t e n s i t i e s . N(z) i s the f r a c t i o n of 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 less than or equal to z times the mean i n t e n s i t y . 

F i g , 1.3 shows a t h e o r e t i c a l p l o t of N(z) against E f o r c e n t r i c and 

a c e n t r i c d i s t r i b u t i o n s . The c o n s i s t e n t l y lower values of N(z) i n the 

case of the a c e n t r i c , compared w i t h those f o r the c e n t r i c d i s t r i b u t i o n s , 

modelled the tendency f o r the i n t e n s i t y of r e f l e x i o n s from the 

noncentrosymmetric space group c r y s t a l s , (P2^2-j2 ( r e f Chapter 2) 
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and P2^ ( r e f . Chapter 4 ) ) , to be more c l o s e l y d i s t r i b u t e d 

about t h e i r mean than were those from the centrosymmetic c r y s t a l s , 

(P2^/c ( r e f . Chapter 3 ) ) , discussed i n t h i s t h e s i s . 

centric 

^acentr ic 

0.2 0.4 0.5 0.8 1.0 

F i g . 1.3 I n t e n s i t y d i s t r i b u t i o n curves. 

1.9 Factors a f f e c t i n g observed i n t e n s i t i e s 

Absorption 

A t t e n u a t i o n of the X-ray beam w h i l s t passing through 

a c r y s t a l of thickness t i s given by 

... Eqn. 1.39 

where I i s the i n t e n s i t y of the i n c i d e n t beam and I t h a t of the 

1 = 1 e ' o 

emergent beam, û ., the l i n e a r absorption c o e f f i c i e n t , i s expressed 

i n terms of the mass absorption c o e f f i c i e n t \ \i f o r a 
pjA, E, 

given wavelength X and element by 

100 p X, E. 
Eqn. 1.40 

where p i s the de n s i t y of the compound composed of of each 

element E.. 
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Correction f a c t o r s are i n t e g r a l p a r t s of many c r y s t a l l o g r a p h i c 

programs provided the c r y s t a l shape i s known. Numerical approximations are 

used to provide a value f o r the average length of the X-ray beam 

i n the c r y s t a l f o r given r e f l e x i o n s . I n t e r p o l a t i o n "of i n t r a - c r y s t a l 

path lengths between f i x e d ' g r i d ' p o i n t s , separated by known path 

lengths w i t h i n the c r y s t a l , was used to provide an 

absorption c o r r e c t i o n from the SHELX^^ 'ABSC' r o u t i n e ( r e f . Chapter A). 

Primary and Secondary E x t i n c t i o n 

Whilst the o r i e n t a t i o n of the c r y s t a l i s such as to meet the 

Bragg c o n d i t i o n , every p o i n t i n the c r y s t a l i s exposed to both the 

in c i d e n t beam and p a r t of the d i f f r a c t e d beam. Any systematic 

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

primary e x t i n c t i o n , and assumes a p e r f e c t l y regularT.geometry w i t h i n the 

c r y s t a l , which i n p r a c t i c e i s confined only to microscopic regions 

of the c r y s t a l known as mosaic blocks. The mosaic s t r u c t u r e of such 

i d e a l l y imperfect c r y s t a l s , introduced by k i n e t i c / t h e r m a l energy 

during c r y s t a l l i s a t i o n , i s such t h a t e f f e c t s due to primary e x t i n c t i o n 

can be considered random and t h e r e f o r e , neglected. 

Observations r e l a t i n g the i n t e n s i t i e s of r e f l e x i o n s r e l i e s 

upon the assumption t h a t a l l planes c o n t r i b u t i n g to a r e f l e x i o n receive 

the same i n c i d e n t i n t e n s i t y . However, i n the case of the most 

intense r e f l e x i o n s , transmission of the i n c i d e n t i n t e n s i t y through the 

c r y s t a l i s attenuated by r e f l e x i o n from those planes f i r s t encountered 

by the beam, thus, planes deeper i n the c r y s t a l receive less r a d i a t i o n 

and c o n t r i b u t e a reduced i n t e n s i t y to the d i f f r a c t e d beam, such t h a t 

the r ef l e x i o n s u f f e r s from secondary e x t i n c t i o n . A compromise was 

th e r e f o r e made between a re d u c t i o n i n c r > ^ a l size and the r e s u l t i n g 

lowering of d i f f r a c t i o n i n t e n s i t y such that only a few very strong 

r e f l e x i o n s were a f f e c t e d , and these were omitted at the f i n a l stage 

of refinement. 
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Atomic V i b r a t i o n - the temperature f a c t o r 

Atoms, bound w i t h i n a c r y s t a l s t r u c t u r e , are consequently 

at a p o t e n t i a l energy minimum r e l a t e d to the bonding processBwithin 

the molecule. Thus, any a d d i t i o n a l random energy, f o r example, a r i s e 

i n temperature, w i l l r e s u l t i n v i b r a t i o n a l motion of the atoms. The e l e c t r o n 

cloud i s , t h e r e f o r e , spread over a l a r g e r r e g i o n than i f the atom 

were t o t a l l y at r e s t , r e s u l t i n g i n a f a s t e r f a l l o f f of s c a t t e r i n g 

amplitude w i t h increasing Bragg angle. The e f f e c t i v e atomic s c a t t e r i n g 

f a c t o r , ( f ) , f o r an atom undergoing i s o t r o p i c v i b r a t i o n may be 
^ T 

expressed i n terms of t h a t f o r the s t a t i o n a r y atom, f ^ , by 

^ T ^ X2 
1 1 12 

where the exponential term i s known as the Debye-Waller f a c t o r ' 

The i s o t r o p i c temperature f a c t o r , B, i s r e l a t e d t o the mean square 

displacement, U*̂ , of the atom, normal to the r e f l e c t i n g plane by 

B = 8TT2 ... Eqn. 1.42 

A n i s o t r o p i c v i b r a t i o n i s described i n terms of a symmetric 

3 x 3 m a t r i x of the mean-square amplitudes of v i b r a t i o n ^ s u c h t h a t Eqn. 1.41 becomes 

= exp [ -27T2 (U^^ a*^ + U b * ^ 

+ U^^ S.'^ c*^ + 2U^2 hka*b* 

+ 2U^^ hZ a* c* + 2U23 k^b* c * ) ] 
. . . Eqn. 1.43 

P o l a r i s a t i o n 

X-ray r e f l e x i o n by a c r y s t a l plane i s more e f f i c i e n t f o r t h a t 

component of the i n c i d e n t beam which i s p a r a l l e l to the plane than 

th a t which i s perpendicular to i t . Thus, an unpolarised i n c i d e n t X-ray 

beam becomes p a r t i a l l y p o l a r i s e d upon d i f f r a c t i o n . For such an 

unpolarised i n c i d e n t beam, the measured i n t e n s i t y must be corrected 

by a f a c t o r where 
P 
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2 p = 1 + cos 20 ... Eqn. 1.44 
2 

defi n e s the p o l a r i s a t i o n , p, i n terms o f the Bragg angle. 

The L o r e n t z - f a c t o r 

Methods of c o l l e c t i n g i n t e n s i t y data, i n general, i n v o l v e 

the r o t a t i o n of the c r y s t a l i n the X-ray beam such t h a t each r e c i p r o c a l 

l a t t i c e p o i nt passes through the sphere of r e f l e x i o n , s a t i s f y i n g a 

given Bragg c o n d i t i o n . Thus, the time taken f o r the r e c i p r o c a l l a t t i c e 

p o i n t to pass through the sphere v a r i e s w i t h i t s p o s i t i o n i n r e c i p r o c a l 

space and i t s d i r e c t i o n of approach. For a Weissenberg e q u i - i n c l i n a t i o n 

s e t t i n g angle of M, the measured i n t e n s i t y i s corrected 

by the a p p l i c a t i o n of a f a c t o r ]_ , where 
L 

L = s i n e ^ _ ... Eqn. 1.45 
s i n 2e/ (sin^e - s i n ^ p) 

i s the Lorentz f a c t o r . 

Thus, the corrected i n t e n s i t y of a given r e f l e x i o n I(hkPO 

i s obtained from the measured i n t e n s i t y by 

I(hkP,) = I(hke) (measured) ... Eqn. 1.46 
Lp 

1.10 The Str u c t u r e Factor 

I n s e c t i o n 1.2, the s o l u t i o n of the s c a t t e r i n g process, 

expressed i n terms of the Green's f u n c t i o n given by the Fourier transform 

i n Eqn. 1.11, describes the d i f f r a c t i o n p a t t e r n i n terms of the 

s c a t t e r i n g o b j e c t . I n the case of X-ray d i f f r a c t i o n , the s c a t t e r i n g 

o b j e c t i s the e l e c t r o n d e n s i t y p ( r ) and the d i f f r a c t i o n p a t t e r n 

F (k) of the u n i t c e l l i s t h e r e f o r e the Fourier transform of the e l e c t r o n 

d e n s i t y w i t h i n that c e l l of Volume V. 

Hence, 

F (k) p ( r ) ê *̂  'I d \ ... Eqn. 1.47 
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and 

- I 

p ( r ) = F (k) e . d"k ... Eqn. 1.48 

where V* — 1 
— i s the r e c i p r o c a l l a t t i c e u n i t c e l l volume. 
V 

A c r y s t a l i s defined by the c o n v o l u t i o n of the u n i t c e l l 

w i t h the c r y s t a l l a t t i c e , thus the Fourier transform (F T) of the 

c r y s t a l i e . the complete X-ray d i f f r a c t i o n p a t t e r n , by the 

convo l u t i o n theorem can be expressed as ^̂ .̂  F (Sj^jj^j^^ = FT [ u n i t c e l l 

* r e c i p r o c a l l a t t i c e j 

= F (k) x r e c i p r o c a l l a t t i c e ... Eqn. 1.49 

Thus, F (s,, where s are the s c a t t e r i n g vectors given 
^ n kJ"!. ^ n K1!. 

by Eqn, 1.31, e x i s t s only at the d i s c r e t e r e c i p r o c a l l a t t i c e p o i n t s . 

Hence, Eqns. 1,47 and 1.48 reduce to 
p ( r ) ej^^'fhkr! d^r ... Eqn. 1.50 

V 

P ( r ) = 1 ^ F (s ) e ^ ^ " " ^ . K j . r ... Eqn. 1.51 

The vec t o r s s^, are described by M i l l e r i n d i c e s h, k and 2, ,hk£ 

and so, t h e r e f o r e , F (Sj^j^g) can be w r i t t e n as the f a m i l i a r s t r u c t u r e factor 

F (hkH). S p l i t t i n g the e l e c t r o n d e n s i t y i n Eqn. 1,50 i n t o 

the i n d i v i d u a l e l e c t r o n d e n s i t i e s , Pj^(^*) each of the N atoms making 

up the u n i t c e l l , F (hkO becomes 

N 
F (hka) = l 

n=l 
p ( r ' ) e j 2 - f h k ^ - ( ! n ^ ^'^ d \ ' 

N . „ 
= I ( f ) eJ^"^!hkZ'5n ... Eqn. 1.52 a n n=l 

where r i s vector p o s i t i o n of the nth atom and (/- ) 
n n 

i s the atomic s c a t t e r i n g f a c t o r given i n Eqn, 1.26 

The s t r u c t u r e f a c t o r i s t h e r e f o r e complex and may be 

expressed as 
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F (hkO F (hkE) Eqn. 1.53 

F (hkJt) where T ^ ' I i s the r a t i o of the s c a t t e r i n g amplitude from the 

u n i t c e l l to t h a t from a point e l e c t r o n and ^hk? gives the phase 

r e l a t i v e to t h a t of a p o i n t e l e c t r o n s i t u a t e d a t the u n i t c e l l o r i g i n . 

C a l c u l a t i o n of the s t r u c t u r e f a c t o r i s f a c i l i t a t e d by symmetry 

reduc t i o n of Eqn. 1.52 s p e c i f i c to each space group (the programs 

i n Appendix A use the symmetry reduced expressions f o r F ( h k t ) given i n 

I n t e r n a t i o n a l Tables f o r X-ray Crystallography , Vol. 1) . 

1.11 The Wilson P l o t 

Assuming t h a t the temperature f a c t o r , B, i s the same f o r 

each atom and i s i s o t r o p i c , the s t r u c t u r e f a c t o r modulus F (hkl) 

f o r atoms a t r e s t , i s r e l a t e d to the measured i n t e n s i t y by 

I (hkJl) = K F (hkZ) / 2 ^ 2 exp ( -2B ( s i n e ) 
17 
... Eqn. 1.54 

where K i s a scale f a c t o r . To place the r e l a t i v e i n t e n s i t i e s 

I (hk^-), and thus F (hk.^0 , on an approximately 

absolute basis, K and B must be determined. 

The t h e o r e t i c a l average absolute i n t e n s i t y , •̂ -'•̂ bŝ ' 

i s given by 
N , 

... Eqn. 1.55 
1 = 1 1 , 

f o r N atoms i n the u n i t c e l l . 

Thus, since B i s assumed cons tanc, by Eqn. 1.41 and 1,55 
2 ^ 2 < I > = exp (-2B ( s i n Q),2^ I f 

^ ^ X i = l ^ i 

2 
exp (-2B ( s i n 6) ) < F (hkO . Eqn. 1.56 
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Hence, by Eqn. 1.54 

<I( h k j l ) > 
N 
I f 2 
i = 1 ^ i 

K exp { - 2B (sin2 9) ] 
X2 / 

Eqn. 1.57 

To form a l i n e a r r e l a t i o n , Eqn. 1.57 becomes 

\ 
In < I (hkZ)> 

f 2 
N 
I 

\ i 1 ^ 

In K - 2B (sin2 6) 
X2 

Eqn. 1.58 

However, the -f 's are not constant, but vary w i t h a 
s c a t t e r i n g angle as s i n 6. D i v i s i o n of r e c i p r o c a l space i n t o 

X 
t h i n c o n c e n t r i c s h e l l s minimises the e f f e c t of t h i s v a r i a t i o n . 

Thus, < I (hkJ?,)>n» i s taken as the average o 
value of the r e l a t i v e i n t e n s i t i e s w i t h i n each s h e l l and the f *s 

^6 
are chosen s u i t a b l y f o r t h a t s h e l l . 

From Eqn. 1.58, a p l o t of I n < I (hk:^^) > 
N 
I 

against sin^G i s a s t r a i g h t l i n e of slope - 2B and co-ordinate 

i n t e r c e p t I n K. The i^.raoh i s termed a Wilson p l o t (A. J. C. Wilson ) . 

The theory, Eqn. 1.54, assumes a random d i s t r i b u t i o n of i d e n t i c a l 

atoms throughout the u n i t c e l l , i n p r a c t i c e i t i s found t h a t 

the Wilson p l o t can be used to determined values of K and B adequate 

f o r p r e l i m i n a r y data a n a l y s i s without t h i s r e s t r i c t i o n ( r e f . Ch. 4). 

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

The i n t e n s i t y of an X-ray r e f l e x i o n from a c r y s t a l i s p r o p o r t i o n a l 

to F(hkO 2 and thus only the moduli of the s t r u c t u r e f a c t o r s are 

d i r e c t l y o btainable from the d i f f r a c t i o n data. The s o l u t i o n of a 

s t r u c t u r e r e s t s w i t h the computation of the e l e c t r o n d e n s i t y from Eqn. 1.51 

which r e q u i r e s the determination of the phases of a large number of r e f l e x i o n s 
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There are two major techniques which can lead to a f u l l s t r u c t u r e 

determination; the heavy atom method and d i r e c t methods. These 

techniques are p a r t i c u l a r l y r e l e v a n t to the present work and t h e i r 

a p p l i c a t i o n i s discussed i n d e t a i l . 

Heavy Atom Technique 
14 

A.L.Patterson defined the centrosymmetric f u n c t i o n P ( r ) 

i n terms of the a u t o c o r r e l a t i o n of the e l e c t r o n density p ( r ) as 

P ( r ) = P ( - r ) = V ( p ( r ) * p ( r ) ) 
p ( r ' ) p ( r ' + r ) d^r' ... Eqn. 1.59 

V-
and by Eqn. 1.51 t h i s becomes 

P ( r ) = I I 
V (hk^) 

F(hkJi) 2 e ^^""thkZ'l ... Eqn. 1.60 

Since p ( r ) depends upon the number of el e c t r o n s i n the atom, Z, 

P(r) has peaks of weight Ẑ  a t r ^ -r_. where i , j take a l l values from 

1 to N, the number of atoms i n the u n i t c e l l . Computation of P ( r ) 

requires no knowledge of the phases, ' f ' j ^ j ^ j of Che s t r u c t u r e f a c t o r s , 

F(hk^.). Thus, provided the atomic number of an atom i s s u f f i c i e n t l y 

l a r g e , ('v twice t h a t of the average of the remaining atoms f o r s t r u c t u r e s 

of the size discussed l a t e r ) the vector between i t and i t s symmetry 

r e l a t e d atoms may be found, which, w i t h a s u i t a b l e choice of o r i g i n , 

gives the p o s i t i o n of t h a t 'heavy' atom w i t h i n the u n i t c e l l . 

I f the e l e c t r o n d e n s i t y p ( r ' ) f o r each atom were concentrated 

at the atom o r i g i n ( r ' = 0 ) , then Eqn. 1.59 would r e s u l t i n more 

discernable peaks. Such a process i s equ i v a l e n t to considering a p o i n t 

atom at r e s t . By a rearrangement of Eqn. 1.41, the s c a t t e r i n g f a c t o r 

f o r an atom at r e s t i s given by 
/ „ \ B(sin20 ) Eqn. 1.61 

A p o i n t atom a t r e s t has a s c a t t e r i n g f a c t o r equal to i t s 
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atomic number, thus, by simple i d e n t i t y 

Z = Z_ ( f ^ ) ^ exp B (sin^e ) ,. Eqn. 1.62 

and since 

F(hkM 
' if ) e^'^^hkr^i 
i = 1 ^ i „ 

, Eqn. 1.63 

then the modulus of the s t r u c t u r e f a c t o r f o r p o i n t atoms at r e s t i s 
N 

F(hk^) = I 
i 

Z. e j ^ ^ ^ h k r ^ i 
p o i n t . ^ ^ 1 

N 
I Z 
i = 1 
n 

i = 1 ^ 

F(hki^) exp BCsin^e) Eqn. 1.64 

Use of F(hkJ^ ) 2 i n Eqn, 1,60 r e s u l t s i n a sharpened 
po i n t 

Patterson f u n c t i o n w i t h the advantage of more l o c a l i s e d peaks w i t h 

consequently less overlap. 

Over sharpening can introduce peaks due to d i f f r a c t i o n r i p p l e s , 

which, together w i t h series t e r m i n a t i o n e f f e c t s caused by the f i n i t e 

range of h, k and .̂ used i n the summation can lead to 

spurious r e s u l t s . Use of both the Patterson and sharpened Patterson 

f u n c t i o n s together gave the most r e l i a b l e heavy atom p o s i t i o n s . The 

p a r t i c u l a r c r y s t a l system and i t s space group symmetry enables 

Eqn. 1.60 to be reduced to i t s simplest form, as expressed, f o r 

example, i n the computation f o r space group P2^2^2 i n Appendix A. 

D i r e c t Methods 

The determination of r e l a t i o n s h i p s between the 

s t r u c t u r e f a c t o r s can lead t o s u f f i c i e n t i n f o r m a t i o n about t h e i r phases 

to o b t a i n the e l e c t r o n d e n s i t y d i r e c t l y from Eqn. 1.51. 

For any complex numbers a^, b^, the Cauchy i n e q u a l i t y i s given 

by 
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a. b. 
1 1 1 ^ 

i 
|a.|2 

1 

N 

i = l 
b. 

Eqn. 1.65 

Harker and Kasper (1948)^^ applied t h i s r e l a t i o n t o 

s t r u c t u r e f a c t o r s . I n order to consider r e l a t i n g s t r u c t u r e f a c t o r s 

f o r any h, k and i t i s necessary to normalise a l l 

F(hk.^) to remove th a t a f f e c t due to s i n 9 f a l l o f f of the s c a t t e r i n g 

f a c t o r s . Such normalised s t r u c t u r e f a c t o r s are o f t e n defined 

by 

|E(hk?0 =|F(hk^)| ... Eqn. 1.66 

I if )^ 
i = 1 ^ i T 

e 

and can be w r i t t e n 
N 

E(hkM = I n. ej^^!hk£ 'li 
i = 1 ^ 

Eqn. 1.67 

where n. = ( f ) 
1 a. 

1 , 

1 ^ i T 

Eqn. 1.68 

I n the case of a centrosymmetric s t r u c t u r e , the phase '^^^ 

i s given by 0 or TT and so only the r e a l p a r t of E(hk£) need be 

considered i e , from Eqn. 1.67 
n 

E(hk£) = L n. cos 27TS 

i = 1 ^ 
Eqn. 1.69 

L e t t i n g a^ = /n^ and b^ = /(n^) cos 27Ts^j^^.r^ 
the Couchy inequal i ty , Eqn .1 .65 , becomes 

i = 1 i = 1 
which reduces to 

2 ^ N N 
II n. + 1 L n. cos 27i2s. , . . r . 

V 2 i = 1 ^ 2 i = 1 ^ 

Eqn. 1.71 
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by a t r i g o n o m e t r i c a l i d e n t i t y 

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

U(hkJi)l2 = lE(hk^) |2 ... Eqn. 1.72 

I n. 
l i = 1 ̂  

Eqn. 1.71 becomes 

U(hk]i)^ <̂  + 1̂  U(2h 2k 2Ji) ... Eqn. 1.73 
2 2 

which w r i t t e n as 

U(2h 2k 29.) >_ 2U(hkJl)^ - I ... Eqn. 1.74 

enables the sign of U(2h 2k 22.), and hence E(2h 2k 2Jt), to 

be determined from the magnitude of E(hkZ), provided the magnitude of 

U(hk^) i s s u f f i c i e n t l y l a r g e . 

Many such i n e q u a l i t i e s may be found by s u i t a b l e p a r t L t i o n i n g 

of E(hk?) t a k i n g i n t o account any possi b l e symmetry r e d u c t i o n w i t h i n 

the space group concerned. 

I f i n e q u a l i t i e s are produced by taking the sum and d i f f e r e n c e 

of E(hkO and E(h» k' r ) , then, assuming t h a t EChkit)! and E(h'k'l') 

are both large enough, 

s ( h k U s( h ' k' £•) s ( h - h \ k - k \ ? - r ) = 1 
.. . Eqn. 1.75 

where s(hkO r e f e r s to the sign of E(hkO. Sayre^^, Cochran^^ and 
18 

Zachariasen (1952) separately showed t h a t Eqn. 1.75 i s 

approximately t r u e even f o r E *s smaller than was necessary to 

s a t i s f y the i n e q u a l i t y r e l a t i o n s . Eqn. 1.75 provides the means 

of computing a sign - r e l a t i o n expansion pathway f o r a l l E's 

considered large enough to s a t i s f y or nearl y s a t i s f y the i n e q u a l i t y 

r e l a t i o n s . 

For non-centrosymmetric s t r u c t u r e s , '^^^i must be determined 

by the use of general phase r e l a t i o n s . From Sayre^^ i t was 

suggested t h a t i f the phases of a few r e f l e x i o n s are known, then 
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an expectation value f o r others may be estimated by 

Further expectation values may be found by the tangent expression 

( , . ^ , , ) | E ( h - k - r ) | | E ( h - h - . k-k-, ^ - ^ • ) | s i n ( ^ ^ . , , ^ , ^ ^ ^ . , , ^ ^_^,) 

derived by Karle and Hauptman (1956) 

. Eqn. 1.77 
23 

19 

Cochran (1955) i n v e s t i g a t e d the general form of the 

p r o b a b i l i t y d i s t r i b u t i o n of and showed t h a t the p r o b a b i l i t y .o of (̂ ^̂ ^ being w i t h i n 20 of <^^y^^> i s 0.31 and the p r o b a b i l i t y t h a t i t 

i s w i t h i n 40° i s 0.57 . 

A p p l i c a t i o n of D i r e c t Methods 

The sign r e l a t i o n s and the tangent formula p r e d i c t s t r u c t u r e 

f a c t o r phases from a s t a r t i n g set of predetermined phases. the 
s t r u c t u r e s under c o n s i d e r a t i o n , t h r e e 

of the s t a r t i n g set phases must be chosen so as to f i x the o r i g i n of the 

u n i t c e l l on each of i t s three axes. Since, three l i n e a r l y independent 

vectors are necessary to d e f i n e any Euclidean space uniquely, then 

the three s t a r t i n g set phases must be those of r e f l e x i o n s whose associated 

s c a t t e r i n g vectors s, , „ are l i n e a r l y independent. Using the three 

r e c i p r o c a l axis vectors a*, b* and c* as a set of basis vectors then by 

the d e f i n i t i o n of ŝ ^̂ ^ (Eqn. 1.31), 
^ = h ... Eqn. 1.78 

A set of n vectors are said to be l i n e a r l y dependent i f there 

e x i s t s a set of n i n t e g e r s a, .... a^, not a l l zero such t h a t 

n 
S a. h. = 0 .., Eqn. 1.79 
i = 1 ^ 
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Since the s t a r t i n g set must be those phases of some of 

the most intense r e f l e x i o n s , Eqn. 1.79, alone, would r e s t r i c t 

the p o s s i b i l i t y of even f i n d i n g a s t a r t i n g s e t . However, symmetry 

w i t h i n each space group allows one of a number of permissible 

o r i g i n s to be chosen so that c e r t a i n l i n e a r combinations of phases 

whose values are independent of the choice of permissible 

o r i g i n remain unchanged. Such l i n e a r combinations are s t r u c t u r e 

seminvariants. Eqn. 1.79 can thus be modified to become 

Z a. h. = 0 (mod oj ) ... Eqn. 1.80 
T 1 . 1 , S 

1 = 1 

i e , f o r the vectors h. to be l i n e a r l y independent modulo oj , there 
^ 1 - s 

must not e x i s t any set of n in t e g e r s a^ ,,, a^, at l e a s t one of which 

being incongruent to zero modulo ( i ) ^ , f o r some i , such that Eqn. 1.80 

holds, where to i s defined as the seminvariant modulus, having components 
V s oj., and i s defined by the space group 

Thus the three o r i g i n determining r e f l e x i o n s must t>e chosen 

such t h a t the t r i p l e h^, and h^ i s l i n e a r l y independent 

modulo tij^ i e , such t h a t the vectors h^, h^, h^, h^+h2> ^2*^3* ̂ 3^^1 
22 23 

and h +h +h- are each l i n e a r l y independent modulo OJ • ' 
- . l - u i ^ — -J -.s 

I n non-centrosymraetric space groups, the phase o f a f u r t h e r 

r e f l e x i o n must be f i x e d i n order to d e f i n e the enantiomorph, The enantiomer 

of a s t r u c t u r e gives r i s e to a change of sign of • The 

enantiomorph determining r e f l e x i o n must be chosen w i t h phase other 

than 0 or TT (since these are not a f f e c t e d by change of +^ to ) 

and must be a s t r u c t u r e seminvariant. The phase of the enantiomorph 

r e f l e x i o n i s thus chosen to l i e w i t h i n the range 0 to TT or TT to ZTT . 

C e r t a i n space groups r e s t r i c t the choice to - IT by t h e i r inherent 
• 2 

symmetry. Otherwise, a choice of TT̂  or 3TI_ w i l l give a maximum 
4 4 
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e r r o r of + TI_. 
4 

The use of a s t a r t i n g s et, found by the above r u l e s , may 

be s u f f i c i e n t to determine the phases of a large number of r e f l e x i o n s 

of high E. I f the number of r e l i a b l y estimated phases i s not 

large enough, then many t r i a l s using less r e l i a b l e e s t i m a t i o n of phase 

may be c a r r i e d out using d i f f e r e n t s t a r t i n g sets, known as the 
20 21 

m u l t i s o l u t i o n method, (MULTAN , SHELX ) . 

'Further r e l a t i o n s between E(hk£)'s have been developed 

by Karle and Karle (1964, 1966)^^'^^, using a symbolic 

a d d i t i o n method i n which a l i m i t e d number of r e f l e x i o n s w i t h high 

E(hkil)| and many i n t e r a c t i o n s are given symbols to represent t h e i r phases 

and s o l u t i o n s e v a l u a t i n g these symbols are subsequently r e l a t e d to the 

a u x i l i a r y phase determining r e l a t i o n s , already described, to form a 

r e l i a b i l i t y check and the p o s s i b i l i t y of a m u l t i s o l u t i o n approach w i t h i n 

the expansion pathway. 

1.13 Stru c t u r e Completion 

The previous sections described methods of o b t a i n i n g 

the phase of those r e f l e x i o n s e i t h e r associated w i t h the p o s i t i o n of 

a heavy atom, or which take part i n more general phase r e l a t i o n s h i p s . 

I n the f i r s t case, the s t r u c t u r e has to be extended to determine the 

remaining atomic p o s i t i o n s , whereas, i n the second case, o f t e n 

o n l y a p a r t i a l s t r u c t u r e can be determined and the s t r u c t u r e remains 

to be completed. 

Fourier F -Synthesis — e 
The e l e c t r o n d e n s i t y synthesis Eqn. 1.51 i s c a l c u l a t e d 

using as Fourier c o e f f i c i e n t s the observed s t r u c t u r e f a c t o r amplitudes 

combined w i t h c a l c u l a t e d phases, based on atomic p o s i t i o n s included i n 

the model. Atoms included i n the model appear w i t h increased peak 

height together w i t h the appearance of smaller peaks suggesting 
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p o s i t i o n s of f u r t h e r atoms i n the s t r u c t u r e . 

I f phases used i n the synthesis are computed by d i r e c t methods 

thea t h e i r associated |E(hkA)|*s can be used t o produce an 'E-map'. 

Atomic p o s i t i o n s are i n d i c a t e d by the higher peaks i n the map. 

Further atomic p o s i t i o n s may be found by the Fourier 

method using phase angles c a l c u l a t e d from the accepted atomic p o s i t i o n s 

and measured | F (hkJi ) | ' s . 

Syntheses used i n the e a r l y stages of s t r u c t u r e d e t ermination 

o f t e n s u f f e r from s e r i e s t e r m i n a t i o n e f f e c t s t h a t cause spurious 

r i p p l i n g i n the map e s p e c i a l l y i f a r e s t r i c t e d set of amplitudes i s 

used; ( t h i s caused p a r t i c u l a r problems i n the s t r u c t u r e 

d e t e rmination described i n Ch. A). 

Di f f e r e n c e AF-Synthesis 

The d i f f e r e n c e , A p ( r ) , between the observed e l e c t r o n 

d e n s i t y , as given by F^ synthesis, and the c a l c u l a t e d e l e c t r o n d e n s i t y 

from the s t r u c t u r e model i s defined as 

Ap(r) = 1 I (|F„(hke) - |F^(hke)|) e^^c e ^^""^kVl 

. . . Eqn. 1.81 

where i s the phase of F^Chk^-). 

Atoms which are c o r r e c t l y placed do not give r i s e t o peaks 

on t h i s map, but missing atoms are shown by d i s t i n c t p o s i t i v e peaks and 

i n c o r r e c t l y placed atoms by negative 'holes'. Careful 

use of d i f f e r e n c e syntheses can r e s u l t i n i n f o r m a t i o n concerning 

assignment of atom type due to the d i f f e r e n c e i n e l e c t r o n d e n s i t y 

between a l t e r n a t i v e s . A n i s o t r o p i c thermal v i b r a t i o n may also be 

d i s t i n g u i s h e d from the appearance of asymmetrically placed peaks 

and 'holes' surrounding given atom positions. 

O p t i m i s a t i o n of the i n f o r m a t i o n obtained from the AF synthesis 
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was used to check the p l a c i n g of hydrogen atoms w i t h i n the 

s t r u c t u r e model f o l l o w i n g geometrical c a l c u l a t i o n of 

t h e i r p o s i t i o n s . 

1.14 Least-Squares Refinement and Residual Index, R 

The s t r u c t u r e f a c t o r F ( h k ^ ) , as described by 
n 

F(hkil) 
1 = 1 1 . . . Eqn. 1.82 

i s a f u n c t i o n of the p o s i t i o n vector r ^ of each atom and of the 

temperature f a c t o r B. (or U...). 
1 i j 

For small e r r o r s i n these parameters, an extension of the 

t o t a l d i f f e r e n t i a l gives 
N 

AFChke.) - I 
i = 1 

9F(hke. ). AB. + 3.F(hki^) .Ar . 
3B. ^ 3r. " ^ 1 ,1 

= 0 

. . . Eqn. 1.83 

I f , however, AF(hkO i s given by the d i f f e r e n c e between 

the observed 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 , ( F ^ ( h k t ) - F ^ ( h k t ) ) 

and F(hkO i s s u b s t i t u t e d by F^ ( h k t ) w i t h i n the summation, Eqn. 1.83 

i s u s u a l l y not i d e n t i c a l l y zero. A revised 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 F^(hkO» may t h e r e f o r e be obtained by 

N 
F *(hkO = F (hkO + Z 
^ ^ i = 1 

d¥ (hkO AB. + 9? (hkO Ar. 
d B 3r. ,1 

and thus. 

N 
F (hkO - F ' (hkO = AF(hk() - I 

i = 1 

... Eqn. 1.8A 

S f (hkO AB. + 3F (hkO ^ ^ c • 1 c .Ar^ 
8B 3r 

.. Eqn. 1.85 

The range of (hki) provides a set of equations of 
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the form 1.85 and a least-squares s o l u t i o n f o r the e r r o r i n the 

parameters i s ca l c u l a t e d which minimises 

(F (hk^) - F ' ( h k i ) ) Eqn. 1.86 
( h k O " 

Convergence to the best set of values i s i n d i c a t e d by the 

minimised s t a t i c value of the r e s i d u a l index, R, a f t e r successive cycles 

of refinement where 

R = E 
(h k n 

F (hk«.) - F (hk2.) o c . Eqn. 1.87 

(h k I ) F ^ ( h k i ) | 

1.15 Accuracy of Bond Lengths and Angles 

Bond lengths and angles are fu n c t i o n s of the atomic p o s i t i o n 

vectors r ^ which are parameters of the least-squares 

refinement. The e r r o r , i n terms of standard d e v i a t i o n , of a f u n c t i o n / 

r e l a t e d to n independent v a r i a b l e s x . ( i = 1 to n) i s given by 

= ' - '"̂  • - i | ... Eqn. 1.88 Z f i l " 
i i = 1 L3x J 

where o.- i s the variance of v a r i a b l e x. 
1 1 

The bond l e n g t h , as a f u n c t i o n of the p o s i t i o n vectors r^and 

between atoms 1 and 2 i s given by 

\ 2 = l 2 - l l ! l 2 
which reduces to 

/ / 2 2 2, 2 2 2 \ a . = / ( x ^ ^ a + y , + 2 , ^ c ) 

Eqn. 1.89 

Eqn. 1.90 12 • ̂  "12 " -'12 - "12 
where x , y and z are the components of r r e l a t e d to orthogonal 

axes of u n i t s a,b and c r e s p e c t i v e l y . 

Thus, i f the atoms are un c o r r e l a t e d , the standard d e v i a t i o n 

i n 1 i s given by Eqn. 1.88 as 

^1 ^2 

Eqn. 1.91 
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^13 

S i m i l a r l y , the bond a n g l e , 9 , between bonds 1-2 and 

1-3 may be obtained by the scalar product of the i n t e r a t o m i c v e c t o r s i e 

... Eqn. 1.92 
111 13 

which when r e l a t e d to orthogonal axes gives 

and t h e r e f o r e by equation 1.88 

e 
+ a 

l2 
+ o 

l3 

12 13 12 13 

Eqn. 1.93 

Eqn. 1.94 

2 2 2 

where o , o and o are the variance i n p o s i t i o n s of the atoms 1,2 and 

3 r e s p e c t i v e l y , ( r e f . 7, Ch 17). 

The d e v i a t i o n s c a l c u l a t e d using the r e l a t i o n s described 

take no account of e r r o r s such as e r r o r s i n data 

c o l l e c t i o n , u n i t c e l l parameters e t c . Thus, such a treatment of 

e r r o r s should be viewed as a measure of accuracy w i t h respect to s e l f -

c o n sistent p arametrical e r r o r s . 

Sections 1.6 to 1.15 have discussed the major c r y s t a l l o g r a p h i c 
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measurements and computations required to carry out a s i n g l 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 . These are developed f u r t h e r i n the f o l l o w i n g 

chapters and applied to the s t r u c t u r e s r e f e r r e d to i n the I n t r o d u c t i o n 
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CHAPTER TWO 

The C r y s t a l and Molecular S t r u c t u r e of 

7-Chloro-2-Methyl-5-Phenyl-3-Propyl [2,3 ] 

Imidazolyl Quinoline. 

2.1 I n t r o d u c t i o n 

The t i t l e compound (1) '^20^18^3*^* provided by Dr G. K i r k , 

Department of Pharmacy of Chelsea College, U n i v e r s i t y of London, 

was considered of i n t e r e s t because i t i s derived from the psychoactive 

drug L i b r i u m , and was thought' t o conform to the s t r u c t u r e , 

(CH2)2CH3 
(2) 
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i . e . , t h a t of a 7-chloro-l-methyl-5-phenyl-3-propyl-azeto - (2,3 -b] 

[1,4] benzodiazepine c o n t a i n i n g the h i g h l y s t r a i n e d A-membered azete 

system. 

Shenoy, (1975)^^, assigned the s t r u c t u r e (2) on the basis of 

Ĉ ,̂ n.m.r,, U.V. and mass spec troscopy data. No examples of st a b l e 

4-membered azacyclobutadiene r i n g s had p r e v i o u s l y been r e p o r t e d , 

though Seybold et a l , (1973)^^, i n f e r r e d t h a t they had prepared 

t r i s (dimethylamino) azacyclobutadiene ( 3 ) , 

(3) 

though the s t a b i l i t y of the monocyclic azete i s very low. 

2.2 C r y s t a l Preparation 
28 

R. J. Girven, (1977) , prepared c r y s t a l s of the compound 

i n order t h a t c o n f i g u r a t i o n (2) could be confirmed by s t r u c t u r e 

d e t e r m i n a t i o n . The best c r y s t a l l i s a t i o n solvent was found to be acetone; 

using, as s o l u t i o n , lOA mg of s t a r t i n g m a t e r i a l i n 5 cm~̂  acetone and heating 

to 45°C followed by c o o l i n g t o room temperature over two hours, 

c o l o u r l e s s rod shaped c r y s t a l s were obtained, up to 1 cm i n l e n g t h . 

2.3 Space Group and U n i t C e l l Determination 

Preliminary X-ray i n v e s t i g a t i o n s showed the c r y s t a l s to 

belong t o the orthorhombic system, and to have u n i t c e l l dimensions, 

a = 7.43 ( 3 ) , b = 21.56 (3) and c = 10.69 (3) 8, V = 1712.44 9?, w i t h 
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elongation of the c r y s t a l along the a* r e c i p r o c a l c r y s t a l l o g r a p h i c 

a x i s . 

Weissenberg photographs revealed systematic absences OkO, k = 

2n + 1 and hOO, h == 2n + 1, (n i n t e g e r ) . The density was determined 

by f l o t a t i o n i n potassium iodide s o l u t i o n t o be 1293 kgm ^, For a 

s t r u c t u r e having Z = A molecules per u n i t c e l l , the c a l c u l a t e d 

density was found to be 1303 kgm using Eqn. 138 . l t was thus concluded 

t h a t the c r y s t a l symmetry must be t h a t of the space group P2^2j^2. 

2.4 I n t e n s i t y Data C o l l e c t i o n and Prel i m i n a r y Treatment 

E q u i - i n c l i n a t i o n Weissenberg techniques were employed 

using the m u l t i f i l m method of data c o l l e c t i o n . The Stoe camera was 

used throughout w i t h CuKa r a d i a t i o n . C r y s t a l s were r o t a t e d about the 

a* r e c i p r o c a l a x i s and i n t e n s i t y data c o l l e c t e d f o r the zero lay e r 

and f i v e upper l a y e r s , using exposure periods of 5 days. A d d i t i o n a l 

data was c o l l e c t e d f o r each l e v e l using 12 hours exposure, i n order 

to b r i n g the most intense r e f l e x i o n s w i t h i n the measurable range. 

I n t e n s i t y measurements were c a r r i e d out at the SRC Microdensitometer 

Service, Daresbury. 2222 r e f l e x i o n s were of measurable i n t e n s i t y . 

Lp c o r r e c t i o n s and conversion t o F^ values were c a r r i e d out by the HKLF 

and MERC rou t i n e s of the SHELX program, r e s u l t i n g i n an o v e r a l l 

i s o t r o p i c temperature f a c t o r , of estimated value U = 0.07^8^ from a 

modified K-curve^*^ and l i n e a r absorption c o e f f i c i e n t y (CuKa) = 1898 m ^, 

2.5 Stru c t u r e Determination 

The presence of a c h l o r i n e atom i n the molecule enabled the 

s t r u c t u r e to be solved by the heavy atom method. 

The space group P2^2^2 has equivalent p o s i t i o n s i n the u n i t 

c e l l given by 

Â p o s s i b l e 3859 r e f l e x i o n s are contained w i t h i n the experimental Cu sphere. 
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X, y, 2 

x, y, z 

J + X, i - y, z 

J - X, i + y, z 

f o r the corresponding atoms i n each of the four molecules w i t h i n the 

u n i t c e l l . 

The Patterson f u n c t i o n , given i n Eqn. 1.60, reduces to the 

form 

P(u,v,w) = 8 r |F(hkfc)|2 cos 2Trhu cos27rkv cosZiriw 
V hki. 

. . . Eqn. 2 .1 

i n the orthorhombic system, where the m u l t i p l y i n g constant & , 
V 

normalises s p a t i a l l y (V) and symmetrically ( 8 ) , 

A peak at the p o i n t (u,v,w) i n the Patterson map i n d i c a t e s 

t h a t there e x i s t , w i t h i n the u n i t c e l l , atoms at ( x ^ , y^, z^) and 

(x^, y^y z ^ ) , such t h a t 

u = x^ - x^ 

V = y^ - y2 

w = - z^ 1 . . • Eqns. 2.2 

Thus, the equivalent p o s i t i o n s i n P2^2j^2 correspond to 

Patterson peaks at 

(u^ , v^, w^) = (2x, 2y, 0) 

(u2, v^, w^) = ( i . i - 2y, 2z) 

(U3. v^, W3) = ( i - 2x, i , 2z) ) . .. Eqn. 2.3 

le 
(2x, 2y) on the w = 0 s e c t i o n , 

( J - 2 y , 2z) " " u = J " , 

and ( i - 2 x , 2z) " " v = ^ 

Computation of P(u,v,w) was performed i n both the unsharpened 

form (Eqn. 2.1) and the sharpened form using the sharpening f u n c t i o n 
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given i n Eqn. 1.64,by the use of program (1) given i n Appendix A. 

Peaks co n s i s t e n t w i t h Eqns, 2.3 gave a s o l u t i o n f o r the c h l o r i n e atomic 

p o s i t i o n at 

X = 0.091 

y = 0.198 

z = 0.225 ) ... Eqns. 2.4 

Further synthesis of the e l e c t r o n d e n s i t y (Eqn. 1.51) 

can be expressed i n terms of the s p a t i a l co-ordinates (X, Y, Z) 

w i t h i n the P2^2^2 u n i t c e l l by 

p(X,Y,Z) = 8 ( 2 : |F(hkJi)| [ cos2TihX COSZTTKY COS27T£Z cosa(hkfc) 
V \ hkl 

((h+k = 2n) 

- sin2TThX sin27rkY sin27Tez sina(hk£)] 

- I |F(hk£)| ( sin2TrhX sin27TkY cos27fJiZ cosa(hkJi) 
hk^ 
(h+k = 2n+l) 

- cos 27ThX cos2TrkY sin27ii^Z s i n a ( h k £ ) ] \ . . . E q n . 2 .5 

where 

a(hkA) = tan ̂  ( - sin27T(hx + h+k) sin27T(ky - h+k) sin27T£z 
4 4 

cos2TT(hx + h+k) cos2TT(ky - h+k) cos27TJiz 
4 4 

... Eqn. 2.6 

i s the phase of r e f l e x i o n (hkJl) c o n t r i b u t e d by an atom at ( x , y , z ) . The 

program w r i t t e n to compute t h i s f u n c t i o n i s given i n Appendix A ( 2 ) . 

Fi g 2.1 shows the progress of the Fourier syntheses i n 

the s t r u c t u r e d e t e r m i n a t i o n process; where the symbols • and o describe 

r e s p e c t i v e l y those atoms used i n the synthesis and those derived from i t 

I n i t i a l phasing o f Eqn. 2.5 was c a r r i e d out using those 

observed r e f l e x i o n s F^(hkll) thought to have a s i g n i f i c a n t s c a t t e r i n g 

c o n t r i b u t i o n from the c h l o r i n e atom already found by the Patterson 
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A. 

B 

D 

F i g 2.1. Progress of the s t r u c t u r e determination d u r i n g e l e c t r o n 

d e n s i t y Fourier Synthesis. 
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Fig 2.1 (contd.) 
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method. The c r i t e r i o n used f o r s e l e c t i o n of r e f l e x i o n s i n t h i s 

i n i t i a l phasing was 

F_(hke)|^^ > 0.3 F^(hkZ) ... Eqn. 2.7 

where F (hkJl) | i s the 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 modulus f o r 
C C JC 

the c h l o r i n e atom alone. The r e s u l t a n t synthesis, using 668 

r e f l e x i o n s produced three f u r t h e r peaks thought to be con s i s t e n t 

w i t h new atomic p o s i t i o n s . The newly found i n t e r a t o m i c vectors were 

c a l c u l a t e d , and corresponding Patterson peaks used t o v e r i f y the new 

po s i t i o n s as C(3), N ( l l ) and C(18), F i g . 2.1 (A). 

Further use of Eqn. 2.5 was made to produce subsequent 

syntheses using those observed r e f l e x i o n s s a t i s f y i n g the i n e q u a l i t y 

F^(hkJl)| > 0.3 |F^(hkS,)| ... Eqn. 2.8 

where |F^(hkJl)| i s the 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 modulus f o r a l l 

derived atoms, and corresponding values of a ( h k ) l ) , c a l c u l a t e d 

by Eqn. 2.6, for a l l derived atomic p o s i t i o n s . 

The six-membered r i n g c o n t a i n i n g N ( l l ) was q u i c k l y recognised 

to show a departure from the expected s t r u c t u r e (2), as e a r l y as synthesis 

(D) and the s p a t i a l r e l a t i o n w i t h the derived p o s i t i o n s of C ( 2 l ) confirmed 

the attachment of C(21) to an a l t e r n a t i v e c o n j u g a t i o n . The side 

chain C(22), C(23), and C(24) had also t h e r e f o r e to branch from the 

same r i n g system as C(21) which proved i n c o n s i s t e n t w i t h the 

existence of a four-membered azete r i n g . Subsequent synthesis 

revealed the existence of a five-membered r i n g which when used i n the 

phase c a l c u l a t i o n allowed the determination of the two remaining s i x ^ 

membered r i n g s i n the f i n a l synthesis. 

2.6 Refinement of the St r u c t u r e 

Six cycles of unweighted f u l l m a t r i x least-squares i s o t r o p i c 

refinement r e s u l t e d i n an unweighted R f a c t o r of 0.1498 excluding 
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H atoms from the refinement. 

A n i s o t r o p i c refinement was c a r r i e d out using SHELX 'BLOC' s e c t i o n i n g , 

p a r t i t i o n i n g the s t r u c t u r e i n t o 6 sections. F i g . 2.2, to maintain the number 

of parameters r e f i n e d i n any one cycle w i t h i n the maximum of 112, compatible 

w i t h the l i m i t e d storage capacity of the ICL 1903A machine used. 

\ 
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i ^ ^ ^ 1 N 
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/ 

F i g . 2.2 Sectioning f o r SHELX 'BLOC refinement. These 

sections were r e f i n e d i n p a i r s , to provide the f o l l o w i n g overlap. 

Cycle Sections Refined 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 
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H atoms were included i n the a n i s o t r o p i c refinement w i t h 

temperature f a c t o r s f i x e d at the values of the i s o t r o p i c temperature 

f a c t o r of the c a r r i e r atom, obtained at the i s o t r o p i c refinement 

stage, the bond length being f i x e d at 1.08^, r e s u l t i n g i n i t i a l l y i n 

R = 0.1121. F i n a l a n i s o t r o p i c refinement was c a r r i e d out w i t h the omission 

of nine low order r e f l e x i o n s showing severe i n t e n s i t y r e d u c t i o n by 

secondary e x t i n c t i o n . 

The f i n a l value of the unweighted R f a c t o r f o r the r e f i n e d 

s t r u c t u r e was 0.0821. Stru c t u r e f a c t o r s are l i s t e d 

i n Appendix B ( r e f . SH62 P2^2^2). 

2.7 Discussion 

The f i n a l co-ordinates of the non-hydrogen atoms are 

given i n Table 2.1. The bond distances and angles are 

l i s t e d w i t h t h e i r standard d e v i a t i o n s i n Tables 2.2 and 2.3, and are 

i l l u s t r a t e d i n Figs. 2.3 and 2.4. The H atom co-ordinates are 

given i n Table 2.4. Thermal parameters are l i s t e d w i t h t h e i r standard 

d e v i a t i o n s i n Table 2.5. F i g 2.5 gives a view of the complete u n i t 

c e l l contents along a and F i g 2.6 shows the complete u n i t c e l l 

contents viewed along c. 

The s t r u c t u r e e x i s t s w i t h the whole of the conjugated r i n g 

system and l i n e a r side chains v i r t u a l l y coplanar; the separation 

between the planes of adjacent p a r a l l e l molecules "3.6^. However, 

the side chain phenyl group i s constrained such..that the plane of the 

r i n g makes an angle of "65° to the plane of the remaining molecule 

e f f e c t e d by r o t a t i o n about C(8) - C(15); a f e a t u r e which maintains a 

p a r a l l e l r e l a t i o n s h i p w i t h the plane of the same group i n the adjacent 

molecule w i t h a perpendicular i n t e r p l a n a r separation " 1 . 88 

as shown i n F i g 2.6. 

26 
Synthesis of the compound, (Shenoy, 1975) , was an i n d i r e c t 
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Figure 2.3 Bond lengths i n C2oHi8M3C£ 
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116.3 

F i g u r e 2.A Bond angles i n C20H18N3CJI 
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F i g u r e 2.5 The C r y s t a l s t r u c t u r e of CooHis^^sCJl viewed a l o n g a. 
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F i g u r e 2,6 The C r y s t a l s t r u c t u r e o f C 2 Q H j g N 2 C £ viewed a l o n g c 
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r e s u l t o f an a t t e m p t t o r e a c t aldehydes w i t h c h l o r d i a z e p o x i d e under 

a c i d i c c o n d i t i o n s . 

NHCH 

RCHO 1;2mols 

HCl 2mols 

3 R 

N - C - H H C l 

The r e a c t i o n was r e p e a t e d u s i n g f o r c e d c o n d i t i o n s (excess a l d e h y d e ) 

r e s u l t i n g i n an adduct 

N ^ N H C H 3 

= N 

excess 
RCHO 
HCl 

CH 3 / R 
N ^ / N - C - H - H C l 

\ 
OH 

= N 

0 

0 
II 

H - C - R 

(ii) 

Treatment o f m e t h a n o l i c s o l u t i o n s o f t h e adduct w i t h A0% aqueous 

NaOH, gave p r o d u c t s w h i c h a n a l y s e d f o r C, H, N and C2- o n l y . C a r b o x y l i c 

a c i d was shown t o be p r e s e n t i n t h e mother l i q u o r a f t e r a c i d i f i c a t i o n , 

i n d i c a t i n g t h e removal o f t h e 0 f r o m t h e N-oxide f u n c t i o n . I n t h e 

case o f b u t y r a l d e h y d e used i n r e a c t i o n ( i i ) , t h e n.m.r. sp e c t r u m 

o f t h e p r o d u c t a f t e r t r e a t m e n t w i t h 40% NaOH showed peaks f o r : 

a n - p r o p y l s i d e c h a i n , a d e s h i e l d e d N-methyl group and o n l y e i g h t 

a r o m a t i c p r o t o n s ; f e a t u r e s f u l l y c o n s i s t e n t w i t h b o t h t h e proposed 

a z e t e s t r u c t u r e , ( 2 ) , and t h a t found by t h e X-ray s t r u c t u r e a n a l y s i s 

d e s c r i b e d h e r e , t o c o r r e s p o n d t o s t r u c t u r e ( 1 ) . 
- 51 -



I t i s t h e r e f o r e c o ncluded t h a t t he r e a c t i o n f o r m a l i s m . 

CH 3 / R 
N - C - H 

OH NaOH 

0 ^0 % 
11 

H-C-R 
(iii) 

i n v o l v i n g t he c l e a v a g e o f the seven-membered r i n g , becomes t h e o n l y 

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

d e t e r m i n a t i o n . 

The a c t i v i t y o f t h e p a r e n t c h l o r d i a E e p o x i d e as an a n t i a n x i e t y 

agent i s g r e a t l y dependent upon t h e e x i s t e n c e o f t h e (C = N ) system, 

though'removal o f t h e 0 fr o m t h e N-oxide f u n c t i o n i s n o t ^ 

c r i t i c a l f o r r e t e n t i o n o f a c t i v i t y (F. J. P a t r a c e k , C h e m i s t r y o f Psycho-
29 

p h a r m a c o l o g i c a l A g e n t s ) . I t m i g h t be expected t h e r e f o r e , t h a t 

b r e a k i n g o f the C = N bond would r e s u l t i n a 

d i m i n i s h i n g o f the t y p i c a l a n t i c o n v u l s a n t a c t i v i t y . However, the 

s t r u c t u r e o f t h e r e s u l t a n t compound i s more a k i n t o t h a t o f a t r i c y c l i c 

a n t i d e p r e s s a n t though r e t a i n i n g t h e u n s a t u r a t e d n a t u r e w i t h i n t h e 

c e n t r a l r i n g system s i m i l a r t o t h a t o f t h e p a r e n t compound. 
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TABLE 2.1. F i n a l c o - o r d i n a t e 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 

r e f i n e m e n t . C o - o r d i n a t e s a r e g i v e n as f r a c t i o n s o f c e l l edges 

X 10 . Standard d e v i a t i o n s i n p a r e n t h e s e s a r e w i t h r e s p e c t t o 

the l a s t f i g u r e s g i v e n . 

X y z 

c^^Ci) 913(4) 1966(1) 2172(3) 
C(2) 1217(13) 2702(3) 2869(9) 
C(3) lA'^tl(10) 3 203(3) 2046(8) 
C(4) 1734(10) 3797(3) 2594(6) 
C(5) 1802(10) 3847(4) 3912(7) 
C(6) 1547(13) 3319(4) 4685(8) 
C(7) 1257(14) 2740(4) 4129(10) 
C(8) 2062(9) 4328(3) 1820(6) 
C(9) 2449(9) 4869(3) 2444(6) 
C(10) 2433(10) 4870(4) 3756(6) 
N ( l l ) 2142(9) 4403(3) 4529(5) 
N(12) 2189(7) 4 5 9 ( 2 ) 7992(5) 
C(13) 2002(9) 787(3) 6987(6) 
N(1A) 2196(8) 4 6 8 ( 3 ) 5893(5) 
C(15) 1961(10) 4294(3) 421(6) 
C(16) 325(10) 4195(3) •9826(6) 
C(17) 246(14) 4180(4) 8549(7) 
C(18) 1818(17) 4266(3) 7853(7) 
C(19) 3439(13) 4366(4) 8443(8) 
C(20) 3568(10) 4376(3) 9734(7) 
C(21) 2088(14) 689 ( 4 ) 4607(7) 
C(22) 1603(9) 1485(3) 6947(7) 
C(23) 1413(11) 1766(3) 8252(8) 
C(2A) 1025(14) 2473(3) 8200(10) 
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TABLE 2.2. . Bond l e n g t h s and t h e i r s t a n d a r d d e v i a t i o n s (X) a f t e r 

f i 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 

C£(l) - C(2) 1.767(8) 
C(2) - C(3) 1.403(11) 
C(2) - C(7) 1.350(14) 
C(3) - C(4) 1.427(10) 
C(4) - C(5) 1.413(10) 
C(4) - C(8) 1.433(9) 
C(5) - C(6) 1.421(12) 
C(5) - N ( l l ) 1.391(10) 
C(6) - C(7) 1.399(13) 
C(8) - C(9) 1.374(9) 
C(8) - C(15) 1.499(9) 
C(9) - C(10) 1.402(9) 
C(9) - N(12) 1.383(10) 
C(10) - N(14) 1.371(10) 
C(10) - N ( l l ) 1.321(10) 
N(12) - C(13) 1.298(9) 
C(13) - N(14) 1 .364 (9) 
C(13) - C(22) 1 .535(9) 
N(14) - C(21) 1.458(9) 
C(15) - C(16) 1.389(10) 
C(15) - C(20) 1.413(10) 
C(16) - C(17) 1.367(10) 
C(17) - C(18) 1.397(15) 
C(18) - C(19) 1 .376(15) 
C(19) - C(20) 1.383(11) 
C(22) - C(23) 1 .527(11) 
C(23) - C(24) 1 .552(10) 
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TABLE 2.3. Bond a n g l e s ( ) and t h e i r s t a n d a r d d e v i a t i o n s 

C(3) - C(2) - c u d ) 116.3 (0 . 7 ) 
C(7) - C(2) - C i l ( l ) 118.6 (0.6) 
C(7) - C(2) - C(3) 125.2 (0.7) 
C(4) - C(3) - C(2) 116.9 (0.7) 
C(5) - C(4) - C(3) 118.9 (0.7) 
C(8) - C(4) - C(3) 120.4 (0.6) 
C(8) - C(4) - C(5) 120.5 (0.6) 
C(6) - C(5) - C(4) 120.9 (0.7) 
N ( l l ) - C(5) - C(4) 123.0 (0 . 7 ) 
N ( l l ) - C(5) - C(6) 116.1 (0.7) 
C(5) - C(6) - C(7) 119.3 (0.8) 
C(6) - C(7) - C(2) 118.8 (0.8) 
C(15) - C(8) - C(4) 121.9 (0.6) 
C(15) - C(8) - C(9) 122.5 (0.6) 
C(9) - C(8) - C(4) 115.6 (0.6) 
C(10) - C(9) - C(8) 119.0 (0.6) 
N(12) - C(9) - C(8) 110.1 (0.3) 
C(10) - C(9) - N(12) 108.4 (0.3) 
C(9) - C(10) - N ( l l ) 128.8 (0.7) 
N(14) - C(10) - N ( l l ) 125.4 (0.6) 
N(14) - C(10) - C(9) 105.9 (0.3) 
C(10) - N ( l l ) - C(5) 112.9 (0.6) 
C(9) - N(12) - C(13) 101.0 (0 . 2 ) 
N(14) - C(13) - N(12) 115.3 (0.6) 
C(22) - C(13) - N(12) 125.3 (0 . 6 ) 
C(22) - C(13) - N(14) 119.4 (0.6) 
C(21) - N(14) - C(13) 129.6 (0.6) 
C(21) - N(14) - C(10) 134.2 (0.7) 
C(13) - N(14) - G(10) 133.4 (0.7) 
C(16) - C(15) - C(8) 120.6 (0.6) 
C(20) - C(15) - C(8) 118.1 ( 0 . 6 ) 
C(20) - C(15) - C(16) 121.4 (0.6) 
C(17) - C(16) - C(15) 119.9 (0.7) 
C(18) - C(17) - C(16) 119.5 (0.9) 
C(19) - C(18) - C(17) 120.5 (0.8) 
C(20) - C(19) - C(18) 121.4 (0.8) 
C(19) - C(20) - C(15) 117.2 (0.7) 
C(23) - C(22) - C(13) 112.4 (0.6) 
C(24) - C(23) - C(22) 111.9 (0.7) 
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TABLE 2.4. C o - o r d i n a t e s of hydrogen atoms. 

C o - o r d i n a t e s a r e g i v e n as f r a c t i o n s o f c e l l edges xlO . 

The heavy atom a s s o c i a t e d w i t h each hydrogen atom i s a l s o g i v e n . 

Standard d e v i a t i o n s i n p a r e n t h e s e s are w i t h r e s p e c t t o t h e l a s t 

f i g u r e s g i v e n , ( e . s . d . ' s q u o t e d r e f e r t o t h o s e o f t h e p a r e n t atom) 

X y z 

H(C3) 1385(10) 3147(3) 1042(8) 
H(C6) 1554(13) 3370(4) 5690(8) 
H(C7) 1091(14) 2330(4) 4698(10) 
H(C16) 14(10) 4186(3) 812(6) 
H(C17) - 1024(14) 4095(4) 8088(7) 
H(C18) 1749(17) 4273(3) 6844(7) 
H(C19) 4648(13) 44 20(4) 7893(8) 
H(C20) 4020(10) 4400(3) 693(7) 
H(C21)(1) 2322(14) 305(4) 3980(7) 
H(C21)(2) 3092(14) 1043(4) 4448(7) 
H(C21)(3) 766(14) 8 8 0 ( 4 ) 4435(7) 
H(C22)(1) 2682(9) 1716(3) 6455(7) 
H ( C 2 2 ) ( 2 ) 355(9) 1555(3) 6448(7) 
H(C23)(1) 2655(11) 1690(3) 8754(8) 
H(C23)(2) 323(11) 1539(3) 8738(8) 
H(C24)(1) 912(14) 2655(3) 9138(10) 
H(C24)(2) - 219(14) 2552(3) 7702(10) 
H(C24)(3) 2114(14) 2703(3) 7718(10) 
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TABLE 2.5. A n i s o t r o p i c t e m p e r a t u r e f a c t o r s a r e expressed as 

exp(-27T2 ( u 
2 2 2 b*^ + \}^^Z 2 2 hka*b* + 2U ̂ ^hZ a* c* 

+ ^^\^lb*c*)] . 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 re expressed as 

exp [-2TT2u(h^a*^+k^b*^+£^ The u n i t o f U i j i s : X 10 . S t a n d a r d 

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

U o r U U ^ U ^ U ^ u 11 22 33 23 13 12 
586(22) 344(10) 921(21) 64(13) - 7 5 ( 1 4 ) -54(12) 

C(2) 281(37) 281(37) 584(61) 102(39) - 8 3 ( 4 4 ) 23(36) 
C(3) 53(52) 422(41) 361(44) 40(35) -22(33) 8 ( 3 0 ) 
H(C3) 239(32) 
C(4) 1( 4 6 ) 407(38) 259(37) 32(30) 15(29) 19(30) 
C(5) 1( 4 7 ) 506(46) 315(41) 53(35) - 2 3 ( 3 1 ) 5 0 ( 3 3 ) 
C(6) 443(68) 620(55) 353(48) 165(42) 33(43) -11(44) 
H(C6) 459(62) 
C(7) 269(66) 492(52) 642(65) 218(47) 4 1 ( 4 8 ) - 3 4 ( 4 4 ) 
H(C7) 417(41) 
C(8) 1( 3 8 ) 351(36) 222(33) 51(28) 6 0 ( 2 8 ) 27(26) 
C(9) 1 ( 4 3 ) 351(37) 213(33) 8 ( 2 6 ) 1 6 ( 2 6 ) 1 9 ( 2 7 ) 
C(10) 1(47) 520(4 7) 273(37) -14(31) 17(28) 29(33) 
N ( l l ) 218(46) 491(41) 257(32) - 3 ( 2 8 ) 4 ( 2 8 ) 37(33) 
N(12) 6( 3 3 ) 321(28) 278(27) 22(25) - 1 6 ( 2 4 ) 4 3 ( 2 2 ) 
C(13) 1( 3 9 ) 460(39) 296(35) 4 6 ( 3 3 ) - 5 4 ( 3 0 ) - 6 1 ( 2 9 ) 
N(14) 124(37) 417(34) 248(29) 103(26) -16(25) 4 ( 2 7 ) 
C(15) 8 8 ( 4 3 ) 256(34) 251(36) -17(27) -26(28) 2 ( 2 8 ) 
C(16) 301(53) 354(37) 227(37) 31(30) -67(30) - 3 6 ( 3 3 ) 
H(C16) 278(32) 
C(17) 669(75) 439(45) 347(48) - 9 ( 3 6 ) -109(42) -138(45) 
H(C17) 386(38) 
C(18) 1127(99) 336(39) 263(41) -24(34) 27 (50) -12(47) 
H(C18) 464 (40) 
C(19) 508(77) 562(51) 438(51) -16(38) 301(43) - 5 ( 4 4 ) 
H(C19) 422(41) 
C(20) 215(51) 375(39) 372(40) - 3(31) 163(31) 22(32) 
H(C20) 256(32) 
C(21) 555(66) 591(56) 321(42) 110(38) 15(41) - 2 6 ( 4 9 ) 
H (C21)(1) 472(41) 
H(C21)(2) 472(41) 
H(C21)(3) 472(41) 
C(22) 128(44) 361 (33) 446(41) 165(33) - 5 6 ( 3 2 ) 3 7 ( 2 7 ) 
H ( C 2 2 ) ( 1 ) 296(32) 
H(C22) ( 2 ) 296(32) 
C(23) 273(55) 324 (35) 703(58) 4 5 ( 3 6 ) -19(42) 34 (30 ) 
H(C23) (I) 383(40) 
H(C23) ( 2 ) 383(40) 
C(24) 615(64) 336(37) 969(76) - 1 9 ( 4 5 ) 38(62) 6 7 ( 4 1 ) 
H (C24)(1) 573(47) 
H(C24)(2) 573(4 7) 
H ( C 2 4 ) ( 3 ) 573(47) 
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CHAPTER 3 

The C r y s t a l and M o l e c u l a r S t r u c t u r e o f t h e M e t h y l 
E s t e r o f 5, 5- D i m e t h y l - 2 " ( 2 - P h e n o x y m e t h y l - 5 - O x o - l , 

3 - O x a z o l i n - 4 - Y l i d e n e ) - 1 , 3 - T h i a 2 o l i d i n e - 4 -
C a r b o x y l i c A c i d 

3.1 I n t r o d u c t i o n 

CT,H,„N„OcS was f i r s t r e p o r t e d by B r a n d t , B a s s i g n a n i 1 / l o z _) 
and Re (1976)'^^''^^ t o have t h e c o n f i g u r a t i o n I , 

\ = / II I I I ^ C H 
0 C - N — Q H 3 

0 COOCH3 

i . e . t h a t o f a DL-5, 6 - d i d e h y d r o p e n i c i l l i n , a f f o r d e d on the b a s i s o f 

s p e c t r o s c o p i c d a t a ( I . R . , and Ĉ "̂  n.m.r., mass s p e c t r o m e t r y ) . 

X-ray s t r u c t u r e a n a l y s i s was u n d e r t a k e n as a 

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

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

the " u n s a t u r a t e d " n a t u r e o f the p e n i c i l l i n n u c l e u s . 

32 

Su b s e q u e n t l y , Bachi and Vaya (1977) suggested t h e 

c o n f i g u r a t i o n I I on the b a s i s o f a c o m p a r a t i v e s t u d y o f U.V. and I.R. 
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s p e c t r a 

\ \ HN—QH 
0 COOCH3 

3.2 E x p e r i m e n t a l 

The compound was o b t a i n e d from S n a m p r o g e t t i S o c i e t a per 

A z i o n i , M o n t e r o t o n d o , Rome. S i n g l e c r y s t a l s were p r e p a r e d i n the 

f o l l o w i n g manner: 30 mg s t a r t i n g m a t e r i a l was d i s s o l v e d i n 2 cm"̂  

e t h y l a c e t a t e and t o t h i s s o l u t i o n 1 cm"̂  c y c l o h e x a n e was added 

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

warmed t o n o t more than 40°C and p r o t e c t e d from l i g h t and r a p i d 

evapor a t i o n . The compound c r y s t a l l i s e d as c l e a r needle-shaped 

s i n g l e c r y s t a l s on s l o w l y c o o l i n g the s o l u t i o n . 

The u n i t c e l l d i mensions were d e t e r m i n e d f r o m 

zero l e v e l e q u i - i n c l i n a t i o n Weissenberg p h o t o g r a p h s , t h e camera r a d i u s 

was d e t e r m i n e d from h i g h - a n g l e r e f l e x i o n s from an annealed g o l d w i r e . 

S y s t e m a t i c absences hOU, )i = 2n + 1 and OkO, k = 2n + 1 ( n i n t e g e r ) , 

i n d i c a t e d space group P2^/c i n t h e monocl i n i c system, w i t h a = 10.60 ( 3 ) 

b = 15.53 ( 3 ) , c = 12.63 (3) X, 6 = 61.97°, V = 1835.25 S"̂ , and l i n e n : -

a b s o r p t i o n c o e f f i c i e n t p (CuKa) = 1714m ^. 
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Data f o r i n t e n s i t y measurement were o b t a i n e d by t h e e q u i -

i n c l i n a t i o n method on Stoe and Nonius Weissenberg cameras u s i n g N i -

f i l t e r e d CuKa r a d i a t i o n (A = 1.5418 X) and 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 used f o r these measurements were r o t a t e d about t he 

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

p a r a l l e l t o t h e r o t a t i o n a x i s . The X-ray f i l m s showed severe 

r e d u c t i o n i n i n t e n s i t y o f r e f l e x i o n a t h i g h s i n 9 a f t e r c r y s t a l s had 

p r o l o n g e d exposure t o X-rays; 4 d i f f e r e n t c r y s t a l s were used f o r 

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

were measured by t h e Science Research C o u n c i l m i c r o d e n s i t o m e t e r 

a t D a r e s b u r y . A t o t a l o f 1738 r e f l e x i o n s were o f measur a b l e 

i n t e n s i t y . Lp c o r r e c t i o n s and c o n v e r s i o n t o F v a l u e s were 
o 

c a r r i e d o u t by t h e HKLF and MERG r o u t i n e s o f t h e SHELX program, 

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

U = 0.066 8̂ . 

3.3 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 d i r e c t methods, (Germain, Main 

and Woolfson (1970, 1971), and Germain and Woolfson ( 1 9 6 8 ) ^ ^ , 
22 23 Hauptman and K a r l e (1956) , K a r l e and Hauptman ( 1 9 5 6 ) ) , u s i n g 

t h e s t a r t i n g s e t g i v e n i n Ta b l e 3.1 w i t h t h e t h r e e o r i g i n d e t e r m i n i n g 

r e f l e x i o n s marked ORIG and the m u l t i s o l u t i o n phase assignments marked 

MULT. Expansion was c a r r i e d o u t w i t h r e f l e x i o n s , h a v i n g |E(hkJl)|> 1.2, 

t o 290 s i g n s u s i n g 2395 r e l a t i o n s w i t h 4096 p e r m u t a t i o n s and 116 

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

was governed by Eqn. 1.80 such t h a t t h e t r i p l e h^, h^y h^ was l i n e a r l y 

i ndependent modulo w . The seminvariant modulus to i n t h e case o f 
,S .8 

space group P2^/c i s g i v e n by Hauptman (1974)^^"^ as 

to ~s 2 
. . Eqn. 3.1 
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Thus, f o r t h e t h r e e o r i g i n d e t e r m i n i n g r e f l e x i o n s , 

and 

c o m b i n a t i o n g i v e s 

h. + h, 

'l] 
2 = 0 
1 1 

f - 5 ' 
7 = 1 

I 1 / V 1 J 

4' f o ) 
5 = 1 
1 1 

^2 ^ ^ 3 

modulo 

fo] 0 
9 = 1 
2 0 

- f - l ] 
12 = 0 
2 0 , 

Eqns. 3.2 

and 
r 9 ] f i ] 
7 = 1 modulo 
2̂  

t o g e t h e r w i t h 

2 
2 

Eqns. 3.3 

(^1 'o' 2 
14 = 0 modulo 2 

I 3 j 1^ .2, 

. . . Eqn. 3.4 

such t h a t the t r i p l e h^, h^, h^ i s l i n e a r l y i n d e p e n d e n t modulo 

oj^ as r e q u i r e d . 

A l l the 25 non hydrogen atoms were o b t a i n e d from t h e E map 

produced f r o m an e x p a n s i o n pathway u s i n g t h e p e r m u t a t i o n o f s i g n r e l a t i o n s 

+ + + + — + + + + + + + — ( T a b l e 3.1) such t h a t t h e c o n f i g u r a t i o n I I , 3 . 1 ) , 
32 

suggested by Bachi and Vaya (1977) , was s u b s e q u e n t l y r e c o g n i s e d 

and c o n f i r m e d . 

3.4 S t r u c t u r e Refinement 

Four c y c l e s o f unwe i g h t e d f u l l m a t r i x l e a s t - s q u a r e s i s o t r o p i c 

6 1 



TABLE 3.1 S t a r t i n g s e t o f r e f l e x i o n s w i t h a s s o c i a t e d phases and e q u i v a l e n t 

s i g n r e l a t i o n s . 

h k 1 E Phase ° Sign R e l a t i o n s 

5 2 1 3.540 0 ORIG + 
-5 7 1 2.615 0 ORIG + 
4 5 1 1.945 0 ORIG + 

- 1 4 1 3.396 0, 180 MULT + -
0 8 2 2.274 0, 180 MULT + -
0 3 2 2.896 0, 180 MULT + -
-2 7 1 2.297 0, 180 MULT + -
4 7 9 1.975 0, 180 MULT + -

-1 1 5 1.800 0, 180 MULT + -
3 6 4 1.305 0. 180 MULT + -
6 3 6 2.113 0, 180 MULT + -

-2 8 5 2,468 0. 180 MULT + -
4 7 1 1.869 0, 180 MULT + -

-2 5 1 1.950 0, 180 MULT + -
-6 3 2 2.557 0, 180 MULT + -
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r e f i n e m e n t i n c l u d i n g i n t e r l a y e r and o v e r a l l s c a l e f a c t o r r e f i n e m e n t produced 

R = 0.175. A n i s o t r o p i c r e f i n e m e n t i n i t i a l l y r e s u l t e d i n R = 0.106 w i t h 

hydrogen atoms i n c l u d e d i n the r e f i n e m e n t . The hydrogen atoms were 

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

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 the atom t o w h i c h t h e y a r e bonded, 

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

b e i n g f i x e d a t 1.08 8. 

An F^- F^ s y n t h e s i s r e v e a l e d a s i g n i f i c a n t p o s i t i v e 

peak a d j a c e n t t o 0 ( 1 9 ) w h i c h c o u l d n o t be removed d u r i n g r e f i n e m e n t . 

F u r t h e r r e f i n e m e n t was c a r r i e d o u t w i t h 0 ( 1 9 ) r e p l a c e d by 0 ( 1 9 ( 2 ) ) i n t h e 

p o s i t i o n i n d i c a t e d by t h e F - F peak. A f u r t h e r F - F s y n t h e s i s 
• ' o c ' ^ o c - ^ 

showed a p o s i t i v e peak a t the p r e v i o u s 0 ( 1 9 ) p o s i t i o n , ( 0 ( 1 9 ( 1 ) ) ) . The 

r a t i o o f t h e peak h e i g h t s i n b o t h syntheses ("2:1) was t a k e n as an 

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

d e p a r t u r e f r o m t h e expected benzene C-C bond l e n g t h (1.39 8) i n 

t h e p h e n y l group a t t a c h e d t o 0 ( 1 9 ) i l l u s t r a t e d i n p a r t i c u l a r by t h e 

bond C(22) - C ( 2 3 ) , (1.36 8 ) . A n i s o t r o p i c r e f i n e m e n t o f t h e 

0 ( 1 9 ( 1 ) ) , 0 ( 1 9 ( 2 ) ) p o s i t i o n s , p e r f o r m e d u s i n g s i t e o c c u p a t i o n f a c t o r s o f 

0.7 and 0.3 r e s p e c t i v e l y , f i n a l l y r e s u l t e d i n R = 0.096. 

Refinement a t the a n i s o t r o p i c s t a g e was c a r r i e d o u t u s i n g 

SHELX *BL0C' s e c t i o n i n g , w i t h t h e s t r u c t u r e p a r t i t i o n e d i n t o 

6 s e c t i o n s . F i g . 3.1., t o keep the number o f independent v a r i a b l e s 

r e f i n e d i n any one c y c l e w i t h i n t h e maximum o f 112. 

Fig. 3.1 Sectioning for SHELX 'BLOC refinement 
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C(23) 
C(12) C(5) 

0(9) 

0(10) C(11) 

Fig.3.2 Schematic labelling of the non hydrogen atoms in the title compound, (C17H18N2O5S] 



1.382 

20J I ' ^ O B 

•293I0.020I 

1.^07(0.009) 

1.38? 

Figure 3.3 Bond lengths i n Ci7HigN205S 

65 
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Figure 3.̂  Bond angles in C17H18N2O5S 

- 66 



p 

Fig.3.5 The crystal structure viewed along b ,(Cv|yH^QN205S) 
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Fig.3.5The crystal s t ructure viewed along q,(C^7HigN205S) 
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Sections were paired during refinement to provide overlap 

and overall refinement i n 6 cycles. 

The residual electron density i n the f i n a l difference map 

was wi t h i n -0.39 and 0.42 eS""̂ . No further improvement could be 

made i n F^/F^ correlation probably due to the deterioration of the 

crystals during prolonged X-ray exposure. Structure factors are l i s t e d 

i n Appendix B ( r e f . SNP P2(l)/C). 

3.5 Discussion 

The f i n a l co-ordinates of the non-hydrogen atoms are 

given in Table 3.2 with their schematic l a b e l l i n g i l l u s t r a t e d i n Fig. 3,2 

The bond distances and angles are l i s t e d with t h e i r standard deviations 

i n Tables 3.3 and 3.4 and i l l u s t r a t e d i n Figs. 3.3 and 3.4, The H atom 

co-ordinates are given in Table 3.5. Thermal parameters are l i s t e d 

with their standard deviations i n Table 3.6(a) and (b). Fig. 3.5 gives 

a view of the complete unit c e l l contents along b and Fig. 3.6 shows 

the complete unit c e l l contents viewed along a . 

Synthesis of the DL-5, 6-dehydropenicillins was 

reported by Brandt, Bassignani and Re (1976b)'^^ to res u l t from 

an intramolecular a l k y l a t i o n of a novel class of 2-azetidinones when 

treated with Et^N alone. The 4-thioxo-2-azetidinones ( i ) and ( i i ) ; 

amongst the f i r s t examples of 2-azetidinones carrying a 4-thioxo group; 

formed the direct synthetic precursor of the 'dehydropenicillins 

and were obtained, by a Norrish type I I photoelimination reaction, 

on i r r a d i a t i o n of the corresponding 4-acylmethylthio - 2 - a E e t i d i n o n e s 

with U.V. light"^*^. 
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P h O C H X O N H . H H 1 
2 N = s-^ 

and 

0 
N 

COOCH 

PhOCH^ONH H c 

N 

COOCH 

(i) 

^HO. P h ^ 

II 

0 ^ / P h 

PhOCHjCONHv^y g ^ J 

0 
H COOCH3 

hS) 

( -CH2C0Ph) 
P h O C H ^ O N H A H 

0 
^ ' — N 

H COOCH^ 

(ii) 
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The suggested intramolecular a l k y l a t i o n , proceeding to 

the 'dehydropenicillin', I , was then represented by 

P h O C H X O N H ^ 

0 
H COOCH3 

(ii) 

Et3N ^ 

PhOCH^ONH H 

0 
N 

Et^N PhOCH^CONH. 

COOCH. 
0 COOCH. 

(1) I 

T 1 
By analogy, Bachi and Vaya (1977) expected the conversion 

of the thiomalonimide, ( i i i ) , by treatment with s i l i c a gel or 

Et^N, into the corresponding 'dehydropenicillin ( i v ) , thus, 

Et3N 

(IM) 

COOCH, 

COOCH. 
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- i n their hands, however, this transformation did not occur. 

Treatment of the thiomalonimide, ( i i i ) , with Et^N i n 

absolute methanol for 5 min., afforded, after preparative t . l . c , 

two compounds of the same molecular weight. Structure (v) was assigned 

to Che less polar compound and structure ( v i ) to the more polar compound. 

The major product, ( v ) , was obtained by a nucleophilic attack of methanol 

at C-2 followed by a spontaneous ring closure to the thi a z o l i d i n e . 

CH3OH 

W I / 
0 J—N 

0 

(iii) 

COOCH. 
H COOCH. 

0 COOCH - A 
^ COOCH3 

( V ) 
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The formation of ( v i ) required a competitive methanolysis 

of the phthalamido group i n ( i i i ) to the phjhaleamic ester which 

rearranged to the thiazolidylideneoxazolone. 

CH3OH 

COOCH. 

COOCH. 

H 

COOCH. 

COOCH 

\\ H N — < ^ 
0 COOCH. 

(vi] 

A similar intramolecular rearrangement i n which the azetidinone 

ring i s clEaved by a neighbouring acylamino group occurs i n many 

p e n i c i l l i n s 

The assignment of structure ( v i ) to the more polar compound 

was corroborated by comparison of i t s U.V. spectrum with the spectra 

of other t h i a z o l i d ylideneoxazolones of structure ( v i i ) prepared by 

a d i f f e r e n t route. 

COOCH. 

(vii) 
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and with those of 4-(l-thioalkylidene) - and 4 -(1-aminoalkylidene) 

- oxazolones^^. 

The s i m i l a r i t y between the spectral data of ( v i ) , and 

that of the 'dehydropenicillin' suggested'-by Brandt et al"^^, together 

with the apparent i n a b i l i t y to produce compound ( i v ) , led Bachi and 
32 

Vaya to propose the alternative structure, I I . 
The compound was claimed by Brandt, Bassignani and Re (1976b) 

to show only a very weak an t i b a c t e r i a l a c t i v i t y when tested against 

B. subtilis and Staph, aureus by the agar d i f f u s i o n disc assay. 

I t i s therefore of interest to compare the conformation of the part 

of the molecule i n common with that of p e n i c i l l i n s , the thiazolidine 
34 35 

r i n g . Boles and Girven (1976a and b) ' compare the conformation of 

thiazolidine rings of known p e n i c i l l i n structures. The ring exists 

with four of i t s f i v e atoms nearly coplanar and with the remaining 

atom out of t h i s plane. 

In t h i s structure, the plane containing the atoms S ( l ) , 0(2) 

and 0(5) i s defined by 

-0.2073X - 2.4491y + z = -0.8991 ... Eqn. 3.5 

where x,y and z are measured i n fractions of c e l l edges a, b and c 

respectively. N(4) is 0.19 X out of t h i s plane, and may be 

considered, as in comparable structures, to be the fourth atom i n 

the plane, though showing rather more d i s t o r t i o n about the plane 

than i s the case i n p e n i c i l l i n s . 0(3) is 0.6 X out of Che plane 

defined above. The structure of the thiazolidine ring is therefore 
36 37 s i m i l a r t o t h a t i n phenoxymethyl p e n i c i l l i n , p - b r o m o p e n i c i l l i n and 

p o t a s s i u m b e n z y l penici 1 l i n " ^ ^ ' , (ref Chap. 4, $4.7 ) . 

The N(4) - 0(5J bond length of 1.333 8 i n the 

present compound i s s i g n i f i c a n t l y less than the equivalent bond 

length i n p e n i c i l l i n nuclei where the thiazolidine r i n g i s 
40 

constrained by the adjacent B lactam eg. i n amoxycillin trihydrate , 
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a m p i c i l l i n anhydrate^^ and a m p i c i l l i n t r i h y d r a t e ^ ^ , the N(4) - C(5) 

bond lengths are 1.49, 1.45, and 1.47 8 respectively. This 

feature results i n a marked difference i n the bond angle S(l) - C(5) 

- N(4) between the thiazolidine ring of the tide compound, (115.0°) 

and that of constrained p e n i c i l l i n nuclei of typ i c a l value "105.5°. 

0(19(1)) and 0(19(2)) have positions almost symmetrical 

about the expected 0(19) - C(20) bond with bond angles 0(19(1)) 

- C(20) - C(21) and 0(19(2)) - C(20) - C(25) being 109.1° and 106.6°, 

and bond angles 0(19(2)) - C(20) - C(21) and 0(19(1)) - C(20) -

C(25) being 125.4° and 124.9° respectively, compared with the expected 

values of 120°. This suggests that the co-ordinates of the atoms 

i n the benzene ri n g attached to 0(19) have refined 

to the values of the weighted mean of the alternative configurations. 
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Table 3.2.Finolcoordinates obtained from least-squares refinement. Coordinates 
are given as fractions of c e l l edges x 10^. Standard deviations 
in parentheses are with respect to the last figures given. 

X y z 
S(l) 95(3) 4164(2) 1227(3) 
C(2) 1928(13) 3912(8) 990(12) 
C(3) 1831(12) 3999(7) 2277(11) 
N(A) 738(9) 4650(6) 2906(7) 
C(5) - 255(11) 4733(6) 2548(9) 
C(6) 2933(17) 4553(10) 83(13) 
C(7) 2297(17) 3003(9) 489(14) 
C(8) 3215(13) 4248(8) 2275(11) 
0(9) 4011(10) 3558(6) 2172(9) 
0(10) 3581(10) 4975(6) 2388(10) 
C ( l l ) 5365(13) 3650(11) 2194(14) 
C(12) -1502(10) 5204(6) 3204(8) 
C(13) -1837(10) 5604(6) 4340(9) 
0(14) -3196(6) 5966(4) 4710(6) 
C(15) -3549(9) 5775(6) 3782(8) 
N(16) -2609(8) 5353(5) 2881(7) 
0(17) -1238(8) 5685(5) 4989(7) 
C(18) -4939(11) 6082(7) 3904(11) 
0(19(1)) -5397(11) 6750(6) 4755(11) 
0(19(2)) -5858(20) 6238(14) 5007(18) 
C(20) -6858(11) 7007(7) 5220(9) 
C(21) -7166(13) 7653(8) 6090(10) 
C(22) -8453(14) 8077(7) 6469(11) 
C(23) -9336(12) 7895(7) 5991(10) 
C(2A) -9031(10) 7251(7) 5150(11) 
C(25) -7744(11) 6787(6) 4716(10) 
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Table 3.3 Bond lengths and t h e i r standard deviations (A) after f i n a l least-
squares refinement 

S(l) - 0(2) 1.863(15) 
S(l) - 0(5) 1.766(11) 
C(2) - 0(3) 1.586(22) 
C(2) - 0(6) 1,515(18) 
C(2) - 0(7) 1.521(19) 
C(3) - 0(8) 1.516(21) 
C(3) - N(4) 1.459(13) 
N(4) - 0(5) 1.333(17) 
C(5) - 0(12) 1.392(13) 
C(8) - 0(9) 1.331(17) 
C(8) - 0(10) 1,224(17) 
0(9) - 0(11) 1.456(20) 
C(12) - 0(13) 1.446(15) 
C(12) - N(16) 1.432(16) 
C(13) - 0(17) 1,256(17) 
C(13) - 0(14) 1.407(12) 
0(14) - 005) 1.419(15) 
C(15) - N(16) 1.285(11) 
C(15) - 0(18) 1,486(17) 
C(18) - 0(19(1)) 1.407(9) 
C(18) - 0(19(2)) 1.293(20) 
0(19(1)) - 0(20) 1.431(10) 
0(19(2)) - 0(20) 1.535(19) 
0(20) - 0(21) 1.408(16) 
C(20) - 0(25) 1,403(19) 
C(21) - 0(22) 1.381(19) 
0(22) - 0(23) 1,361(23) 
0(23) - 0(24) 1,383(16) 
0(24) - 0(25) 1.407(14) 
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Table 3.4 g^^j angles (°) and t h e i r standard deviations 

C(5) - S(l) - C(2) 89.8 (0.6 
C(3) - C(2) - S(l) 104.9 (0.7 
C(.6) - C(2) S(l) 107.2 (1.1 
C(6) - C(2) - C(3) 113. 7 (1.3 
C(7) - C(2) - S(l) 107.9 (1.1 
C(7) - C(2) - C(3) 112. 7 (1.2 
C(7) - C(2) - C(6) 110.1 (1.0 
N(4) - C(3) - C(2) 105.6 (1.1 
C(8) - C(3) - C(2) 115.1 (0.9 
C(8) - C(3) - N(4) 110.1 (1.0 
C(5) - N(4) - C(3) 115.7 (1.0 
N(4) - C(5) - S(l) 115.0 (0.7 
C(12) - C(5) - N(4) 121.9 (1.0 
C(12) - C(5) - S(l) 123.0 (1.1 
0(9) - C(8) - C(3) 111.3 (1.1 
0(10) - C(8) - C(3) 126.5 (1.2 
0(10) - C(8) - 0(9) 122.2 (1.4 
C ( l l ) - 0(9) - C(8) 120.3 (1.1 
C(13) - C(12) - C(5) 122.5 (1.2 
N(16) - C(12) - C(5) 126.3 (1.0 
N(16) - C(12) - C(13) 111.2 (0.8 
0(14) - C(13) - C(12) 103.7 (1.0 
0(17) - C(13) - C(12) 136.6 (0.9 
0(17) - C(13) - 0(14) 119.7 (0.8 
C(15) - 0(14) - C(13) 105.6 (0.7 
N(16) - C(15) - 0(14) 116.2 (0.9 
C(18) - C(15) - 0(14) 118.7 (0.8 
C(18) - C(15) - N(16) 125.0 (1.1 
C(15) - N(16) - C(12) 103.2 (0.9 
0(19(1)) - C(18) - C(15) 106.6 (0.4 
0(19(2)) - C(18) - C(15) 112.3 (0.9 
C(20) - 0(19(1)) - C(18) 115.9 (0.7 
C(20) - 0(19(2)) - C(18) 116.3 (1.3 
C(21) - C(20) - 0(19(1)) 109.1 (0.4 
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Table 3.4 (continued) 

C(21) - C(20) - 0(19(2)) 125. 4 (0. 9) 
C(25) - C(20) - 0(19(1)) 124. 9 (0. 4) 
C(25) - C(20) - 0(19(2)) 106. 6 (0. 9) 
C(25) - C(20) - C(21) 124. 7 (1. 1) 
C(22) - C(21) - C(20) 116. 0 (1. 4) 
C(23) - C(22) - C(21) 121. 3 (1. ,1) 
C(24) - C(23) - C(22) 122. 0 (1. .1) 
0(25) - C(24) - C(23) 120. 3 (1. .3) 
C(24) - C(25) - C(20) 115. 6 (1. .0) 
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Table 3.5 Coordinates of hydrogen atoms. 
Coordinates are given as f r a c t i o n s of c e l l edges x 10^. The heavy 
atom associated w i t h each hydrogen atom i s also given. Standard 
d e v i a t i o n s i n parentheses are w i t h respect to the l a s t f i g u r e s 
given 

X y z 

H(C3) 1542(12) 3378(7) 2711(11) 
H(NA) 962(9) 4869(6) 3228(7) 
H(C6)(1) 2689(17) 5197(10) 442(13) 
H(C6)(2) 2823(17) 4514(10) -722(13) 
H(C6)(3) 4024(17) 4397(10) -128(13) 
H(C7)(1) 1566(17) 2561(9) 1155(14) 
H(C7)C2) 3380(17) 2841(9) 280(14) 
H(C7)(3) 2180(17) 2959(9) -313(14) 
HCCIDCU 5851(13) 3024(11) 2100(14) 
H(C11)C2) 5164(13) 3930(11) 3042(14) 
H(C11)(3) 6077C13) 4063(11) 1471(14) 
H(C18)(1) -5673(11) 5548(7) 4137(11) 
H(C18)(2) -4799(11) 6369(7) 3077(11) 
H(C21) -6405(13) 7797(8) 6407(10) 
H(C22) -8777(14) 8553(7) 7173(11) 
H(C23) -292(12) 8273(7) 6248(10) 
H(C2A) -9806(10) 7092(7) 4853(11) 
H(C25) -7436 (11) 6305(6) 4022(10) 
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Table 3,6(a) Thermal parameters f o r non hydrogen atoms 

A n i s o t r o p i c temperature f a c t o r s are expressed as 

e x p [ - 2 T T 2 ( U n h 2 a * 2 + \}22k^b*^ + U^^^^c*^ + 2Ui2hka*b* + 2Ui3hZa*c* + 2\}2 3^^^*^*^'\ 

The u n i t s of U.. are x 10^. Standard d e v i a t i o n s i n parentheses are w i t h 
respect to the l a s t f i g u r e s given. 

u u U22 U33 U23 U l 3 U12 

S ( l ) 612(19) 658(20) 543(25) -326(15) -379(15) 243(16) 
C(2) 457(76) 367(73) 524(93) -249(61) -246(65) 110(56) 
C(3) 407(70) 327(65) 392(81) -35(51) -168(57) 80(50) 
N(4) A41(51) 435(52) 264(53) -65(38) -216(38) 45(41) 
C(5) 491(65) 290(54) 242(59) -29(42) -222(49) -33(47) 
C(6) 806(112) 741(107) 396(96) -48(79) -232(82) -96(88) 
C(7) 717(104) 500(90) 759(110) -368(80) -351(84) 159(76) 
C(8) 368(71) 402(76) 461(81) -54(60) -172(57) 87(60) 
0(9) 568(60) 436(55) 759(71) -143(48) -344(52) 170(47) 
0(10) 503(60) 341(49) 866(78) -124(48) -267(54) 27(42) 
C ( l l ) 341(79) 773(109) 750(114) -190(85) -227(74) 120(71) 
C(12) 423(.57) 280(54) 272(59) -18(41) -155(44) -12(43) 
C(13) 429(58) 333(55) 351(65) -145(43) -218(48) 97(41) 
0(1A) 374(36) 471(41) 442(43) -169(33) -205(31) 125(32) 
C(15) 339(51) 354(54) 377(63) -23(44) -250(44) 7(42) 
N(16) 421(48) 426(47) 394(53) -67(40) -230(39) 83(39) 
0(17) 559(50) 817(61) 474(53) -250(42) -293(41) 183(42) 
0(18) 608(72) 458(60) 717(80) -266(56) -398(61) 234(53) 
0(19 ( 1 ) ) 590(67) 566(65) 1036(88) -365(63) -454(62) 169(51) 
0(19 ( 2 ) ) 267(107) 633(144) 559(123) 194(114) -83(86) 176(97) 
C(20) 612(67) 673(68) 497(64) -142(53) -287(52) 293(54) 
0(21) 807(85) 884(86) 678(78) -244(67) -409(64) 256(68) 
C(22) 944C88) 633(75) 574(77) -166(59) -335(68) 285(66) 
C(23) 628(68) 556(65) 638(77) 34(55) -149(59) 200(52) 
C(24) 452(55) 518(69) 944(89) 51(62) -336(55) 12(50) 
C(25) 570(62) 367(55) 584(70) 77(49) -259(54) 18(46) 
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Table 3.6(b) Thermal parameters f o r H atoms. I s o t r o p i c 

temperature f a c t o r s are expressed as exp (-27T^U(h^a*^ + k^*^ 

+ Z^c*^)] . The u n i t s of U are X 10^. Standard d e v i a t i o n s 

i n parentheses are w i t h respect to the l a s t f i g u r e s given. 

H(C3) 
H(NA) 
H(C6)(1) 
H(C6)(2) 
H(C6)(3) 
H(C7)(1) 
H(C7)(2) 
H(C7)(3) 
H(C11)(1) 
H(C11)(2) 
H(C11)(3) 
H(C18)(1) 
H(C18)(2) 
H(C21) 
H(C22) 
H(C23) 
H(C24) 
H(C25) 

U 
390(46) 
322(34) 
681(66) 
681(66) 
681(66) 
619(63) 
619(63) 
619(63) 
616(62) 
616(62) 
616(62) 
512(41) 
512(41) 
717(49) 
661(46) 
660(47) 
609(45) 
494(37) 
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CHAPTER 4 

The C r y s t a l and Molecular S t r u c t u r e of the 

Phenyl Ester of C a r b e n i c i l l i n ( C a r f e c i l l i n ) . 

4 .1 I n t r o d u c t i o n 

Esters of c a r b e n i c i l l i n have been shown by o p t i c a l r o t a t o r y 

measurements to undergo side-chain c o n f i g u r a t i o n a l m o d i f i c a t i o n i n 

s o l u t i o n ( r e f . Ch. 5 ) . To f a c i l i t a t e a study of the 

mechanism by which such m o d i f i c a t i o n takes place w i t h i n the side-chain 

of p e n i c i l l i n compounds, the c r y s t a l s t r u c t u r e of the phenyl ester 

of c a r b e n i c i l l i n , I , has been determined. 

- N CH 3 
0^ COO NQ"^ 

Experimental 

4.2 C r y s t a l Preparation and Pr e l i m i n a r y X-ray Studies 

The compound was obtained from Beecham Research L a b o r a t o r i e s . 

Preparation.of s u i t a b l e c r y s t a l l i n e m a t e r i a l was performed i n the 

f o l l o w i n g manner: 2 g s t a r t i n g m a t e r i a l was d i s s o l v e d i n 7 cm"̂  d i s t i l l e d 
3 3 water at 48°C and to t h i s s o l u t i o n 18 cm of ethanol and 18 cm 

isopropanol was added slowly t o prevent c l o u d i n g . The s o l u t i o n was maintained 

at 4°C and protected from l i g h t for 7 days. A f t e r f i l t e r i n g and 

d r y i n g , f l a t p l a t e - l i k e c r y s t a l s were obtained. 
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Preliminary X-ray i n v e s t i g a t i o n s of these c r y s t a l s revealed 

a doubling o f the r e f l e x i o n s i n d i c a t i n g t h a t the c r y s t a l s were themselves 

twinned. A l l r e f l e x i o n s other than the Oki^s were doublets, showing 

t h a t the ab and ac planes of the t w i n forms are p a r a l l e l . I n v e s t i g a t i o n 

under the microscope of each c r y s t a l used, revealed a system of t w i n n i n g , 

common to them a l l , where the coincidence of the ab planes occurred between 

the f l a t p l a t e - l i k e faces of the c o n s t i t u e n t c r y s t a l s as shown, i n 

perspective, i n F i g . 4.1. F i g . 4.2, I and I I shows 

ab coincidence 
plane 

Fig.4.1 Perspective view of the twinning of Carfecillin 
crystals. 
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crystal 1 

2.12 mm 

0.1 mm 

crystal 2 

Twinning of c r y s t a l s of C a r f e c i l l i n 

Fig.4.2 
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two aspects of one of the t w i n c r y s t a l s . The overlapping coincidence 

plane proved impossible to cleave and i t was found necessary to remove 

the t r i a n g u l a r ' t a i l * of one t w i n f o r s i n g l e c r y s t a l X-ray a n a l y s i s . 

F i g . 4.2, I I I . 

The u n i t - c e l l dimensions were determined from zero l e v e l 

e q u i - i n c l i n a t i o n Weissenberg photographs, the camera radius was 

determined from high-angle r e f l e x i o n s from an annealed gold w i r e . 

Systematic absences OkO, k = 2n + 1, (n i n t e g e r ) , together w i t h 

there being two molecules per u n i t c e l l , i n d i c a t e d space group i n the 

monoclinic system, w i t h a = 8.77(3), b = 6.20(3), c = 21.40(3) 2, 

6 = 99.5*^, V = 1147.65 X^ , p(CuKa) = 1476 m"̂  . 

4.3 I n t e n s i t y Data C o l l e c t i o n and P r e l i m i n a r y Treatment 

Data f o r i n t e n s i t y measurement were obtained by the equ i -

i n c l i n a t i o n method on Stoe and Nonius Weissenberg cameras using N i -

f i l t e r e d CuKa r a d i a t i o n (X = L.5418 X) and the m u l t i p l e f i l m 

technique. The c r y s t a l s f o r these measurements were r o t a t e d about the 

b* r e c i p r o c a l c r y s t a l l o g r a p h i c axis w i t h the (1 0 0) face of the c r y s t a l 

p a r a l l e l to the r o t a t i o n a x i s . The x-ray f i l m s showed some r e d u c t i o n 

i n i n t e n s i t y of r e f l e x i o n a t high s i n 6 a f t e r c r y s t a l s had prolonged 

exposure to X-rays, 5 d i f f e r e n t c r y s t a l s of very s i m i l a r dimensions 

were used f o r c o l l e c t i o n of i n t e n s i t y data. The i n t e n s i t i e s of the 

X-ray r e f l e x i o n s were measured by the Science Research Council 

raicrodensitometer at Daresbury. A t o t a l of 1208 r e f l e x i o n s were o f measurable 

i n t e n s i t y . 

A Wilson P l o t ( r e f Ch.l, ^l.U) was used to estimate an 

o v e r a l l scale f a c t o r and i s o t r o p i c temperature f a c t o r t o place the 

F^(hkJi)| data on an absolute scale. Groups of. r e f l e x i o n s , 

w i t h i n a s h e l l of the r e c i p r o c a l r e f l e x i o n sphere c o n t a i n i n g "lOO 

r e f l e x i o n s were chosen o m i t t i n g those w i t h M i l l e r i n d i c e s c o n t a i n i n g only 

O's or I ' s , since they are close t o the r e c i p r o c a l o r i g i n , and thus 
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< I hkl)> 

s i n ^ e 



a f f e c t e d by the physical c o n s t r a i n t s of i n t e n s i t y measurement r e l a t e d t o the 
p r o x i m i t y of the r e c i p r o c a l 
o r i g i n , e x t i n c t i o n and camera back stop i n t e r f e r e n c e . Such 

s h e l l s were described by r a d i i l y i n g between ha* values. Computation 
2 

of ( s i n 6)/x2 f o r each r e f l e x i o n r e s u l t e d i n the f o l l o w i n g d i s t r i b u t i o n 

of r e f l e x i o n s w i t h i n each s h e l l ; 

( s i n e)/A2 No . of r e f l e x i o n s w i t h < I ( h k ^ ) > 
h. k or Z ^ 0 or 1 

0 0.05 111 357.2 

0.05 - 0.10 198 179.2 

0.10 - 0.15 237 108.7 

0.15 - 0.20 251 121.1 

0.20 - 0.25 177 96.5 

0.25 - 0.30 110 44.8 

0.30 -
1 

0.35 68 36.3 

i 0.35 - 0.40 26 25.8 

A p l o t of ^<I(hkil)> \ 
N 

\ i = l 

against 

( s i n ' ^ e ) / x 2 i s given i n F i g . 4,3, where f i s the atomic s c a t t e r i n g factor 
a ̂  

f o r the i * " ^ atom a t r e s t i n the u n i t c e l l c o n t a i n i n g N atoms. The 

measured gradient (-6.875 =-2B) r e s u l t e d i n an estimated i s o t r o p i c 

temperature f a c t o r B = 3.5 and an o v e r a l l scale f a c t o r of 0.325, 
' — 2 2 5 2 given by /(e * ) , where the exponent i s the i n t e r c e p t when ( s i n 6 ) 7x2 

4.4 S t r u c t u r e Determination 

The major computations were c a r r i e d out w i t h the SHELX program 

I n i t i a l d e t e r m i n a t i o n of the sulphur atom p o s i t i o n was by means of a 

Patterson f u n c t i o n of the form given i n Eqn. 1.60, which, upon symmetry 

re d u c t i o n i n the raonoclinic system, becomes 
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P(u,v,w) = 4̂  I [ |F(hkJl)|2 cos 2TT (hu + Jlw) 
V (hkil) 

+ |F(hkJl)|2 cos 27T (hu - Jlw) ] cos 27rkv ... Eqn. 4.1 

The equivalent p o s i t i o n s i n the space group are (x,y,z) and 

(-X, 2+y, - z ) , r e s u l t i n g i n expected Patterson peaks at 

(u^ , v^. Wj^) = (2x, J , 2z) 

and (u2, "^2* ̂ 2^ " ^' "^^^ ^ • ̂ -^ 

i e . peaks at (2x, 2z) and ( l - 2 x , l-2z) on the v = } s e c t i o n , corresponding 

to the centrosymmetric nature of the Patterson f u n c t i o n . 

A sharpened Patterson f u n c t i o n ; i n t h i s instance performed 

by r e p l a c i n g the c o e f f i c i e n t |F(hkJl)|^ i n Eqn. 4.1 by 

E (hkH) I . |F (hkJl) I , where E(hkll) i s the normalised s t r u c t u r e f a c t o r 

given by Eqn. 1.66; r e s u l t e d i n values f o r x and z, c o n s i s t e n t w i t h 

Eqns. 4.2, o f , 

X = 0.2648 ) c / T 
. . . Eqns. 4.3 

z = 0.1501 

w i t h the y value chosen as zero f o r convenience. 

E l e c t r o n density Fourier synthesis was c a r r i e d out using 

r e f l e x i o n s i n i t i a l l y phased upon the sulphur atom alone using the 

expression 

P a,Y,z) = 4 
V 

E [ |F(hkJl)lcos 271 (hX + iZ) cos (2TTkY - a ( h k i ) ) 
hkZ 
^ ^ ^ ^ " ^ + | F ( h k n | c o 5 2 T . ( - h X W Z } c o s ( 2 n k Y - c . ( h k n ) ] 

- Z [ |F(hkil)| s i n 2TT(hX + ZZ) s i n (2TrkY - a(hkJ,)) 
hk£ 
(k=2n+l) 

+ |F(hkJl)|sin 27T(-hX + ZZ) s i n (27ikY - a(hki,))] ... Eqn. 4.4 

where a (hkJl) i s the phase of F(hkJl) given by 

a (hkZ) = tan'^ / B \ . . . • Eq". A.5 
A 

where 
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A = 2cos 2TT(hx + Hz + k)cos 2TT(ky - k) ) 
4 4 

and 

B = 2cos 2Tr(hx + «,z + k ) s i n 2TT(ky - k) J 
4 4 

Eqns. 4,6 

and X, y and z are the phasing atom co-ordinates. However, i n t e r p r e t a t i o n 

of the r e s u l t a n t map proved d i f f i c u l t on two accounts. 

F i r s t l y , by the nature of Eqns. 4.6, phasing on an atom 

placed on y = 0, r e s u l t s i n the c a l c u l a t e d phase, a ( h k ] l ) , having a 

value of - k T T . Any a r b i t r a r y value given to y, r e s u l t s i n the same 
2 

e f f e c t i v e value of a ( h k i ) , since a change i n y represents a s h i f t of 

o r i g i n along the y a x i s ; the o r i g i n i t s e l f being a r b i t r a r y and f i x e d only 

by choice. Thus, Eqn. 4.4 reduces i n the case of one atom on y = 0 to 

the form 
p (XXZ) = 4 

V 
l [ |F(hkJl) I cos2TT(hX + ZZ) 

(k=2n) 

+ iF(hkJl) |cos27T(-hX + ZZ) ] cos27TkY cos nir 

- Z [ |F(hk^)| sin2TT(hX +IZ) + |F(hkJl) | sin2TT(-hX +IZ) ] 
hki 
(k=2n+l) 

cos27TkY cosnTT ... Eqn. 4.7 

from which i t can be seen t h a t the Y Fourier component f o l l o w s a cosine 

v a r i a t i o n and i s th e r e f o r e symmetrical about Y = 0, r e s u l t i n g i n a 

m i r r o r plane on Y = 0, and thus increasing the symmetry such t h a t i t 

belongs to space group P2^/m. Hence, an atom derived from the f i r s t F o u r i e r 

synthesis appears at x, y, z and x, -y, z; choosing one of these 

positions only, breaks the m i r r o r symmetry and weights any subsequent 

syntheses toward the reduced P2^ symmetry. 

Secondly, due to the p l a t e - l i k e shape of the c r y s t a l , 

e a r l y attempts at Fourier synthesis using phases c a l c u l a t e d from 

deduced atomic p o s i t i o n s (x,y,z) y i e l d e d s a t e l l i t e p o s i t i o n s 

i - y , -z) caused i n i t i a l l y by the above centrosymmetric e f f e c t . This 

was enhanced by a b s o r p t i o n of d i f f r a c t e d i n t e n s i t y i n passing 

- 90 -



through extended i n t r a - c r y s t a l path lengths f o r r e f l e x i o n s {hkt) 

w i t h i large compared w i t h h, i n c o n t r a s t w i t h r e l a t i v e l y shorter 

i n t r a - " c r y s t a l path lengths f o r h large compared w i t h i: s i m i l a r l y , 

layers w i t h k l a r g e , f o r a l l h and H, s u f f e r r e l a t i v e l y 

large absorption, which confined e a r l y Fourier syntheses to a 

dominance of low order k r e f l e x i o n s w i t h the r e s u l t t h a t the pseudo 

m i r r o r symmetry was not e a s i l y removed. The anomalous behaviour was 

overcome by the a p p l i c a t i o n of the numerical absorption c o r r e c t i o n , 

based on the SHELX 'ABSC* r o u t i n e , t o the observed data. 

F i g . 4.4 shows the progress of the e l e c t r o n d e n s i t y 

synthesis using absorption corrected data; where the symbols • and o 

describe r e s p e c t i v e l y those atoms used i n the synthesis and those 

derived from i t . C(2) derived from synthesis A appeared as two i d e n t i c a l 

strong peaks d i r e c t l y above and below S ( l ) when viewed along the b 

axis a t y - 1̂ , however, the nature of the Y component i n Eqn, 4.7 
4 

together w i t h a predominance of low order k values at t h i s e a r l y stage 

led to doubt concerning the v a l i d i t y of t h i s peak. Indeed a t r i a l 

synthesis using C(2) on y = -1^ proved i n t r a c t a b l e when compared 
4 

w i t h i n t e r - a t o m i c vector peaks i n the Patterson map. The Patterson 

map, however, revealed a peak at (0, 0.3, 0) i e . d i r e c t l y above S ( l ) , 

as i n the case o f synthesis A, but i n d i c a t i n g a y co-ordinate o f 

- 0.3. Choosing y = -0.3, s u c c e s s f u l l y broke the m i r r o r symmetry i n A 

and produced synthesis B, from which, part of the 6 lactam could be 

deri v e d . Completion of the p e n i c i l l i n nucleus was achieved by 

synthesis E and the side-chain determination proceeded r a p i d l y , though 

the benzene r i n g s appeared as unresolved 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 s 

d e f i n i n g the planes of the r i n g s o n l y u n t i l the f i n a l synthesis using 

the completed remaining molecule, defined the i n d i v i d u a l atoms 

s a t i s f a c t o r i l y . 
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o 

B 

D 

F i g . ^.A. Progress of E l e c t r o n Density Fourier Synthesis 

d u r i n g the S t r u c t u r e determination of C a r f e c i l l i n 
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H 

F i g . 4.4 (Continued) 
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4.5 S t r u c t u r e Refinement 

Three cycles of unweighted f u l l matrix least-squares 

refinement w i t h i n d i v i d u a l i s o t r o p i c temperature f a c t o r s and refinement 

of scale f a c t o r s r e s u l t e d i n R = 0.120. An F -F Fourier synthesis 
o c 

showed considerable anisotropic thermal v i b r a t i o n s , associated 

p a r t i c u l a r l y w i t h the sulphur atom. A n i s o t r o p i c refinement using 

the SHELX 'BLOC* to se c t i o n the s t r u c t u r e , ( F i g . 4.5), w i t h hydrogen 

atoms included i n the refinement, r e s u l t e d i n R = 0.095 a f t e r o m i t t i n g 

ten low order r e f l e x i o n s s u f f e r i n g from severe e x t i n c t i o n . The hydrogen 

atoms were given i s o t r o p i c temperature f a c t o r s f i x e d at the 

values of the i s o t r o p i c temperature f a c t o r of the atom to which they 

are bonded, obtained a t the i s o t r o p i c refinement stage, the bond 

length being f i x e d at 1.08 X . The benzene r i n g s were r e f i n e d as 

r i g i d hexagons w i t h bond lengths:-fixed ati.1.395 X . No f u r t h e r 

improvement could be made i n ̂ ^ c o r r e l a t i o n probably due to the 

d e t e r i o r a t i o n of the c r y s t a l s during prolonged X-ray exposure and the 

possible inaccuracy inherent i n the use of an absorption c o r r e c t i o n 

applied to the i n t e n s i t y data based on the assumption t h a t a l l the 

c r y s t a l s used d u r i n g data c o l l e c t i o n were of the same dimensions. 

The observed 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 are given i n Appendix B 

( r e f . CARF P 2 ( l ) ) . 

Fig. 4.5 SHELX 'BLOC' sectioning of Carfecillin 
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4.6 Discussion 

The f i n a l co-ordinates of the non-hydrogen atoms are given i n 

Table 4.1. The bond distances and angles are l i s t e d w i t h t h e i r 

standard d e v i a t i o n s i n Tables 4.2 and 4.3. The H atom co-ordinates 

are given i n Table 4.4. Thermal parameters f o r a l l atoms are l i s t e d i n 

Table 4.5. F i g . 4.6 shows the schematic l a b e l l i n g of the non hydrogen 

atoms together w i t h i n t e r - a t o m i c distances: F i g . 4.7 shows bond angles. 

F i g . 4.8 gives a view of the complete u n i t c e l l contents along a 

and F i g . 4.9 shows the s t r u c t u r e viewed along b. 

With reference t o F i g . 4.8, i t can be seen t h a t the coincidence 

ab plane ( i n the twinned c r y s t a l ) passes through the i o n i c 0 Na^ system 

where Na(33) l i e s almost e q u i d i s t a n t from 0 (12) and 0(1 3 ) . Upon 

c r y s t a l l i s a t i o n from s o l u t i o n , two molecules could combine i n one of two 

ways, depending on the charge d i s t r i b u t i o n w i t h i n the carboxylic r a d i c a l . 

Each s i n g l e c r y s t a l i n the t w i n has an atomic arrangement thus 

Na(33) 

0(13) 
C(11){ 

0(12)i 

0(13) 

0(12) 
C(11)o — 

( i ) 

Na(33)., 

ab plane 

whereas at the c r y s t a l i n t e r f a c e , the f o l l o w i n g atom arrangement 
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provides another orientation for similar crystal growth of the twin. 

— C(11)( 

Na(33) 

0(12) 

0(13)^ 

ab interface plane 

0(13) 

0(12) 

Na(33) 

0 ( 1 1 ) 2 -

( i i ) 

Given the interface arrangement ( i i ) i n the twinned c r y s t a l , growth from 

solution can take place as i n Fig. 4.8. Thus, a macro-crystal i s seen 

to develop containing two single crystals oriented 180° with respect 

to each other about an axis perpendicular Co the f l a t ab face. The 

nature of t h i s twinning could explain the d i f f i c u l t y encountered when 

attempting cleavage of Che twin along the coincident plane. 
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1.395 

Schematic l a b e l l i n g and inter-acomic distances in C a r f e c i l l i n 

Fig. 
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120,7 

l 2 0 . 6 V 2 b 

120,0V 21 

1 7.5 

116.5 

108.6 

105.5 

13/..6 

112.5/ 109,6 

Bond angles in C a r f e c i l l i n 

Fig./..7 

98 



IcsinBl 

Na(33) 
2 6 6 6 A 

0 (121 

The crysLal structure of C a r f e c i l l i n viewed along a 
Fig. 4.8 
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The crystal structure of C a r f e c i l l i n viewed along b 
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4,7 A comparison of the conformation of the p e n i c i l l i n nucleus 

with known p e n i c i l l i n s and cephalosporins 

Some p e n i c i l l i n s and cephalosporins, which have been the 

subject of detailed and accurate X-ray cr y s t a l structural studies, 

are l i s t e d together with their s t r u c t u r a l formulae. 

P o C A i s i u a b e n i y l p e n i c i l l i n ( p e n . C ) 
( C r o w f o o t «i a l 1 9 4 9 , P i n 1 9 5 2 ) 

(ref .no.) @ , ^ n 
0 

COOH 

C « p h « l o * p o r i D C 
( H o d g k i D . »M»\ea 1 9 6 1 ) 

NH 

'ooc ^ 1 
I 

COOH 

6 - tniao - peaicill«nic «cid (6-APA) 
( D i i o a n d 1 9 6 3 ) 

\ C H 3 

"^COOH 

C e p h a l o s p o r i n { c e p h C ^ ) 

( D i u s i M l 1 9 6 1 ) 

'OOC 

Phc« a x y a e t h j r l p e n i c i l l Ln (p«n-V) 
(AbraK«ss*on e i a l 1 9 6 3 ) 0 - C H , - C - N H v . . 

'COOH 

A r s p i c i l l i n 
(ccihydt«te J a a e s e t a l 1 9 6 8 ) 
( a n h y d r a c e B o l e a . C i r v e n 1 9 7 6 ) 

NH3 

CH-

•CH. 

COO" 

C c p b a l o r i d i n t h y d r o c h l o r i d e o o n o h y d r a t e 
( S w o e t and D a h l . 1 9 7 0 ) 

COOH 
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C«pfa«loglrcin 
( S w e e t and D«hl 1 9 7 0 ) 

I ^ 

I 
0 

COOH 0 

S y n t h e t i c B- l a c t » • y a - c e p h 
(R4ly«ai aod B o d f t k i n 1 9 7 0 ) 

C H . 

C H 3 - C - O 

CH 

0 
II 

• 1 o 
CH3 CH3 • 

A n h y d r o - o - p h e o o x y e t h / l p c n i c i l l i D <an - p«n) 
( S i m n u d Otttal 1 9 7 0 ) 

CH-

PCH3 
CH^ 

P h e o o v y o e t b y l - - de«cetozylcepluloiporiD 
( S w e e t aitd D«bl 1 9 7 0 ) 

io ( 2 - c e p h * D ) ^ ^ 0 — C H , — C 

CH, 

COOH 

(pBr) benzyl pen. 1' 
di e t h y l carbonate ester 

( C i o r . t h , P « l B 1 9 7 6 ) 

•NH-

C H , 

.CH3 f 

- 3 ° 

'CH. 

-CH-O-C 

0 0 

B e a x y l ta - b e n i y l 6g - i a o c y a n o - p«nicill«n*te 

( C i r v e a 1 9 7 7 ) 
^ ^ CN > 

CH-

•CH. 

A m z y c i l l i a t r i h y d r a t o 
( E t o l c i , C i r v c n , C«ne 1 9 7 7 ) 

NH. 

OH CV ^ C H \ . / N H . 

COO 

M e t h i c i l l i n i s e t b y l e a t e r 
( B l a n p a i f l , H e l e b e c k , D u r a n t 1 9 7 7 ) 

C l o i a c i l H o M e t h y l E a t e r 
( B l a n p a i n , D u r a n t 1 9 7 6 ) 

.OMe 
•NH 

-CI ""c N H ^ 

CH. 

/ I 
N _ 0 

CH, 

C H , 

X — 0 — C H . 
D 
0 

CH-

C H -

X - 0 — C H , 
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Contrasts between the very d i f f e r e n t molecular forms of molecules 

known to i n h i b i t a c t i v i t y amongst bacterial enzymes, indicates that 

requirements for a c t i v i t y may not be very conformationally r e s t r i c t i v e . 

P e n i c i l l i n and cephalosporin a n t i b i o t i c s are similar stereo-chemically, 

not i n their detailed dimensions or conformation, but because each, i n 

i t s 6 lactam r i n g , contains a N-CO bond with characteristics d i f f e r i n g 

from the usual amide or unstrained B lactam. 

The decrease i n amide character and the peculiarly d i s t i n c t i v e 

behaviour of the fused 6 lactam.would appear to be necessary for any 

bactericidal action. 

I t i s possible to f a c i l i t a t e a comparison amongst the reported 

structures by considering the molecular conformation w i t h i n the p e n i c i l l i n 

nucleus. Two d i s t i n c t i v e features are i l l u s t r a t e d i n Figs. 4.10 and 4.11. 

The effect of the constraining power enforced by the 6 lactam 

upon the adjoining thiazolidine r i n g , consisting of f i v e atoms, maintains 

four of them almost coplanar, with the remaining atom removed from t h i s 

plane. The non-coplanar atom d i f f e r s i n both Type A and B (Fig 4.10), 

Particular thiazolidine ring conformations appropriate to the known 

p e n i c i l l i n structures are shown. In c a r f e c i l l i n , C(3) i s 0.42 A out of 

the plane defined by S ( l ) , C(5), N(4) and C(2) (Table 4.6). The th i a z o l i d i n e 

ring i n c a r f e c i l l i n is therefore very similar to that of the th i a z o l i d i n e 

ring i n phenoxymethyl p e n i c i l l i n , p-bromopenicillinVand potassium benzyl 

p e n i c i l l i n , characterised by C(3) out of the common plane, and thus belongs 

to type A. 

The significance of the chemical and biological a c t i v i t y of 

6 lactam compounds is perhaps centered on the r e l a t i v e geometry of the 

B lactam nitrogen atom with i t s three substituents. The perpendicular 

distances of N(4) from the plane containing i t s neighbouring atoms 

appropriate to the known structures are shown i n Fig. 4.11. Inclusion 
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CONFORMATION OF THIAZOLIDINE RINGS OF KNOWN 

PENICILLIN STRUCTURES 

TYPE A 

C H . ( c ) 

PHENOXYMETHYL - PENICILLIN 
penicillin V 

6 - A M I N O - P E N t C I L L A N l C ACID 

P - B R O M O P E N I C I L L I N V 

C-i down 0-51 I 

0-L A up 

o 
C3 d o w n 0-i A 

POTASSIUM B E N Z Y L P E N I C I L L I N 
penicillin G 

(pBr) benzyl pen. I * 
TYPE B <̂ i®thyl carbonate ester 

C 3 d o w n 0-5 A 

C3 down 0-51 A 

CH3|^1 

CH3 ( « } 

AMPICILLIN A N H Y D R A T E 

AMPIC ILL IN T R I H Y O R A T E 

C 2 d o w n 0-71 A 

S , up 0-8i I 

PENICILLIN V S U L P H O X I D E S i UP 

AMOXYCILL IN TRIHYDRATE S , up 0 83 A 

M E T H I C I L L I N METHYL E S T E R S i up 

C L O X A C I L L I N M E T H Y L E S T E R S^ up 

Fig. 4.10 
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BONDING GEOMETRY AT g - L A C T A M NITROGEN IN SOME 

PENICILLINS AND CEPHALOSPORINS 

COMPOUND 

METHICILLIN METHYL ESTER 

PEN G 

PEN V 

CLOXACILLIN METHYL ESTER 

(pBr) benzyl pen. 1 ' 
di e t h y l carbonate ester 
AMOXYCILLIN TRIHYDRATE 

AMPICILLIN TRIHYDRATE 

AMPICILLIN ANHYDRATE 

6 - A P A 

CEPH Cc 

CEPHALORIDINE 

CEPHALOGLYCINE 

A N - P E N 

2 - C E P H E M 

S Y N - C E P H 

DISTANCE OF N ATOM FROM 

PLANE OF 3 SUBSTITUENTS lA) 

ou 

0-40 

0-40 

0-39 

0-38 

0-38 

0-38 

0-35 

0-32 

0-32 

0-24 

0-22 

0-42 

0-06 ( Inact ive 

0-10 

Fig. 4.11 
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of the 'inactive* compounds must be bornewith reference to s i g n i f i c a n t 

differences from the a n t i b i o t i c s . The comparative structural 
3 

arrangements of the nuclei of p e n i c i l l i n s , A -cephalosporins and 

- cephalosporins are given i n Fig. A.12 (a), (b) and (c) 

respectively. 

(a) penic i l l ins 

© (b) A 3 - cepha lospor ins 

(c) A ^ — cephalosporins 

Fig. ^.12 The comparat ive s t r u c t u r a l a r rangements of the 

nuclei of penici l l ins, A & A - cephalosporins. 
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The pyramidal nature of N(4) i s described by the 

deviation of N(4) from the plane defined by 0(3), C(5) and C(7). 

In c a r f e c i l l i n , N(4) i s 0.47 % out of chis plane; a similar value 

CO that for m e t h i c i l l i n methyl ester (0.44 X ) , but somewhat 

greater than a typical discance of 0.35 8 for reporced baccericidally 

active 6 lactam ancibiocics. N(4) is also significanCly out of the 

plane of che remaining 6 lactam conscituencs C(5), C(6) and C(7) being 

0.28 X discant , (Table 4.6) . 

The following chapcer discusses che side-chain configuration 

i n c a r f e c i l l i n , both in the c r y s t a l l i n e state and i n solution, 

forming a correlation between side-chain configurations of p e n i c i l l i n 

derivatives of known scruccure and observed n.m.r, and cir c u l a r 

dichroism characceristics associated with those configurations. 
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Table4.1 Final co-ordinates obtained from least-squares refinement . 
4 

Co-ordinates are given as fractions of c e l l edges x 10 . Standard 

deviations in parentheses are with respect to the last figures given 
X y z 

S(l) 2614(6) 0(0) 1492(3) 
C(2) 2842(23) -3049(42) 1580(10) 
C(3) 2004(22) -3992(37) 960(9) 
N(4) 670(17) -2555(26) 733(7) 
C(5) 958(22) - 143(47) 860(9) 
C(6) - 712(23) 100(40) 1032(10) 
C(7) - 712(28) -2592(43) 1009(11) 
0(8) -1514(18) -3948(33) 1146(9) 
C(9) 2097(23) -3847(38) 2137(8) 
C(10) 4622(21) -3547(33) 1695(9) 
C ( l l ) 3078(22) -4157(40) 437(8) 
0(12) . 3325(18) -6048(24) 263(6) 
0(13) 3440(15) -2410(22) 204(6) 
N(14) - 799(17) 771(27) 1663(7) 
C(15) -2133(20) 1481(37) 1822(8) 
0(16) -3398(14) 1419(22) 1454(6) 
C(17) -2141(21) 2461(35) 2478(8) 
C(18) -3141(13) 1142(24) 2848(7) 
C(19) -2605(13) - 878(24) 3073(7) 
C(20) -3491(13) -2141(24) 3416(7) 
C(21) -4913(13) -1383(24) 3536(7) 
C(22) -5448(13) 638(24) 3311(7) 
C(23) -4562(13) 1900(24) 2968(7) 
C(24) - 575(25) 2783(45) 2908(9) 
0(25) 565(15) 1680(26) 2930(6) 
0(26) - 654(16) 4472(25) 3322(7) 
C(27) 441(17) 4721(25) 3840(6) 
C(28) 1219(17) 6686(25) 3936(6) 
C(29) 2253(17) 7048(25) 4495(6) 
C(30) 2509(17) 5445(25) 4958(6) 
C(31) 1730(17) 3480(25) 4862(6) 
C(32) 696(17) 3118(25) 4303(6) 
Na(33) 4871(8) 881(13) 457(3) 
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Table ̂  • 2 Bond lengths and their standard deviations (A) after f i n a l 

least-squares refinement. 

S(l) - C(2) 1 907(26) 
s ( l ) - C(5) 1 816(19) 
C(2) - C(3) I 523(28) 
C(2) - C(9) 1 533(31) 
C(2) - C(10) I 570(27) 
C(3) - N(4) I 487(25) 
C(3) - C ( l l ) 1 580(29) 
N(A) - C(5) 1 533(33) 
N(4) - C(7) I 434 ( 30) 
C(5) - C(6) I 576(30) 
C(6) - C(7) I 570(36) 
C(6) - N(14) 1 427(26) 
C(7) - 0(8) 1 164(32) 
C ( l l ) - 0(12) 1 260(29) 
C ( l l ) - 0(13) I 255(28) 
N(1A) - C(15) 1 345(24) 
C(15) - 0(16) 1 251(19) 
C(15) - C(17) I 530(26) 
C(17) - C(24) I 535(26) 
C(17) - C(18) 1 .515(24) 
C(18) - C(19) I .395(20) 
C(18) - C(23) I .395(18) 
C(19) - C(20) I .395(20) 
C(20) - C(21) I .395(18) 
C(21) - C(22) 1 .395(20) 
C(22) - C(23) 1 .395(20) 
C(24) - 0(25) 1 .206(28) 
C(24) - 0(26) 1 .381(29) 
0(26) - C(27) 1 .350(18) 
C(27) - C(28) 1 .395(21) 
C(27) - C(32) I .395(19) 
C(28) - C(29) 1 395(17) 
C(29) - C(30) 1 .395(19) 
C(30) - C(31) 1 .395(21) 
C(3l) - C(32) I .395(17) 
Na(33)... - 0(12) 2 .334 
Na(33)... . 0(13) 2 .410 
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Table A .3 Bond angles ( ) and the i r standard deviations 

C(5) - S(l) - 0(2) 94. 8( 1 1) 
C(3) - 0(2) S( l ) 105. 4( 1 5) 
C(9) - 0(2) S(l) 110 3( 1 6) 
C(9) - 0(2) 0(3) 110. 3( 1 8) 
0(10) - 0(2) S(l) 107 2( 1 5) 
C(10) - 0(2) 0(3) 112. 7( 1 8) 
C(10) - 0(2) 0(9) 110 8( 1 6) 
N(4) 0(3) - 0(2) 107 2( 1 7) 
C ( l l ) - 0(3) - 0(2) 112 5( 1 6) 
C ( l l ) - 0(3) - N(4) 109. 6( 1 5) 
C(5) - N(4) 0(3) 115 4( 1 4) 
C(7) - N(4) 0(3) 121. 9( 1 7) 
C(7) - N(4) 0(5) 94 0( 1 6) 
N(A) 0(5) - S( l ) 105 5( 1 4) 
C(6) - C(5) - S( l ) 118 7( 1 4) 
C(6) - 0(5) - N(4) 90 1( 1 6) 
C(7) - 0(6) 0(5) 83 9( 1 8) 
N(14) - 0(6) 0(5) 116 6( 1 6) 
N(14) - 0(6) 0(7) 108 6( 1 8) 
C(6) - 0(7) - N(4) 90 0( 1 7) 
0(8) - 0(7) - N(4) 134 6( 2 5) 
0(8) - 0(7) 0(6) 135 4( 2 3) 
0(12) - 0(11) - 0(3) 115 0( 1 .9) 
0(13) - 0(11) - 0(3) 116 5( 2 0) 
0(13) - 0(11) - 0(12) 128 n .1 .9) 
C(15) - N(14) - 0(6) 121 3( .1 .4) 
0(16) - 0(15) - N(14) 123 3 : i .6) 
C(17) - 0(15) - N(14) 119 8 ; i .4) 
C(17) - 0(15) - 0(16) 116 9 : i .6) 
C(2A) - C(17) - 0(15) 117 6 : i .6) 
C(18) - 0(17) - 0(15) 110 9 : i 6) 
C(18) - 0(17) - 0(24) 107 1 : i .4) 
0(19) - 0(18) - 0(17) 118 3 ; i .3) 
0(23) - 0(18) - 0(17) 121 7 [1 .4) 
C(23) - 0(18) - 0(19) 120 0 ; i .3) 
0(18) - 0(19) - 0(20) 120 0 ; i .2) 
0(21) - 0(20) - 0(19) 120 0 : i -3) 
0(22) - 0(21) - 0(20) 120 .0 ; i .3) 
0(23) - 0(22) - 0(21) 120 0 : i .2) 
0(18) - 0(23) - 0(22) 120 0 : i .3) 
0(25) - 0(24) - C(17) 127 1 [2 .1) 
0(26) - 0(24) - C(17) 110 4 : i .8) 
0(26) - 0(24) - 0(25) 122 3 : i .8) 
0(27) - 0(26) - 0(24) 120 6 ; i .5) 
0(28) - C(27) - 0(26) 119 0 : i -3) 
0(32) - 0(27) - 0(26) 120 7 : i .4) 
0(32) - 0(27) - 0(28) 120 0 : i .1) 
0(27) - C(28) - C(29) 120 .0 [1 .3) 
C(30) - 0(29) - 0(28) 120 0 : i .4) 
0(31) - 0(30) - 0(29) 120 0 [1 .1) 
0(32) - 0(31) - 0(30) 120 0 [1 .3) 
0(27) - 0(32) - 0(31) 120 0 : i .4) 
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Table4 .4Co-ordinates of hydrogen atoms. Co-ordinaCes are given as 
4 

fraccions of c e l l edges x 10 . The heavy acora associaCed with each 

hydrogen atom is also given. Standard deviations in parentheses are 

with respect to che lasc figures given. 
X y z 

H(C3) 1664(22) -5618(37) 1055(9) 
H(C5) 1248(22) 1067(47) 536(9) 
H(C6) -1616(23) 1097(40) 777(10) 
H(C9)(1) 2666(23) -3143(38) 2576(8) 
H(C9)(2) 2251(23) -5576(38) 2155(8) 
H(C9)(3) 878(23) -3474(38) 2071(8) 
H(C10)(1) 5164(21) -2925(33) 1315(9) 
H(C10)(2) 4733(21) -5282(33) 1713(9) 
H(C10)(3) 5178(21) -2866(33) 2139(9) 
H(N14) 386(17) 623(27) 1896(7) 
H(C17) -2552(21) 4065(35) 2345(8) 
H(C19) -1504(13) -1465(24) 2980(7) 
H(C20) -3076(13) -3705(24) 3590(7) 
H(C21) -5599(13) -2360(24) 3802(7) 
H(C22) -6549(13) 1224(24) 3404(7) 
H(C23) -4977(13) 3464(24) 2794(7) 
H(C28) 1021(17) 7927(25) 3578(6) 
H(C29) 2855(17) 8569(25) 4570(6) 
H(C30) 3309(17) 5725(25) 5391(6) 
H(C31) 1928(17) 2239(25) 5220(6) 
H(C32) 94(17) 1597(25) 4228(6) 
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T a b l e d . 5An 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 expressed as exp [-2TT2(U 11 
h^a*^ + \J^^k^b*^ + U^^ e^c*^ + 2V^^hka-h* + 2U^^hta*c* + 2V^^kZb-^c*)] . 

2 2 2 

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 expressed as exp [-2i^^\}{h a* + k 

b*^ + l^c*^)]. The u n i t s o f U i j a r e x 10^. Standard d e v i a t i o n s i n 

p a r e n t h e s e s a r e w i t h r e s p e c t t o t h e l a s t f i g u r e s g i v e n . 
U or U^^ ^22 "33 "23 ^ 3 ^ 2 

S ( l ) 201(24) 137(43) 268(30) -39(28) 4 ( 2 0 ) 3 7(27) 
C ( 2 ) 182(109) 55(169) 268(127) -78(102) - 2 8 ( 9 0 ) - 6 8 ( 9 8 ) 
C(3) 361(114) 1 ( 1 1 6 ) 293(117) 16(102) -62(95) -39(102) 
H(C3) 164(99) 
N(4) 135(82) 10(103) 171(82) -51(69) - 6 5 ( 6 5 ) 3 1 ( 6 8 ) 
C ( 5 ) 203(102) 506(167) 187(116) 216(126) - 5 1 ( 8 5 ) 69(126) 
H(C5) 287(118) 
C ( 6 ) 260(107) 260(142) 326(136) -62(117) 120(92) 202(113) 
H(C6) 249(111) 
C(7) 308(131) 376(177) 357(141 )' -148(119) -44(106) -149(125) 
0 ( 8 ) 4 6 7 ( 1 0 2 ) 4 3 1 ( 1 2 4 ) 904(134 ) 0 ( 1 1 2 ) 252(95) -194(103) 
C ( 9 ) 4 4 3 ( 1 2 8 ) 140(127) 181(104) 93(102) 187(94) -112(114) 
H ( C 9 ) ( 1 ) 270(109) 
H ( C 9 ) ( 2 ) 270(109) 
H ( C 9 ) ( 3 ) 270(109) 
C(10) 301(112) 1 ( 1 3 3 ) 339(117) -50(97) - 6 ( 9 0 ) 5 4 ( 9 7 ) 
H ( C 1 0 ) ( I ) 253(126) 
H ( C I 0 ) ( 2 ) 253(126) 
H ( C 1 0 ) ( 3 ) 253(126) 
C ( l l ) 3 87(111) 182(150) 221(99) 20(107) 8 1 ( 8 6 ) -137(106) 
0 ( 1 2 ) 6 24(105) 119(104) 298(85) 2 1 ( 7 0 ) 188(73) 1 2 0 ( 7 6 ) 
0 ( 1 3 ) 3 5 5 (83) 117(92) 212(83) 26(64) 134(66) - 7 1 ( 6 5 ) 
N(14) 278(82) 130(108) 211(81) -45(73) 3 4 ( 6 6 ) 141(73) 
H(NIA) 215(48) 
C(15) 135(91) 4 5 0 ( 1 5 5 ) 131(95) 112(99) 6 8 ( 7 4 ) 8 9 ( 9 9 ) 
0 ( 1 6 ) 2 23(64) 7 8 ( 8 7 ) 344(71) --118(66) -13(55) 107(63) 
C(17) 226(103) 201(139) 180(99) --152(93) -28(80) 121(95) 
H(C17) 203(57) 
C(18) 142(91) 4 5 0 ( 1 5 7 ) 257(106)--109(117) 6 3 ( 8 0 ) -42(110) 
C ( I 9 ) 312(117) 318(165) 327(126) 144(109) 102(100) -36(106) 
H(C19) 393(88) 
C(20) 552(161 ) 484(184) 386(138) 8 5 ( 1 2 8 ) -101(117) -129(137) 
H(C20) 393(88) 
C(21) 4 4 9 ( 1 5 9 ) 963(245) 3 9 0 ( 1 3 3 ) -•151(164) 168(121) -197(177) 
H(C21) 393(88) 

-197(177) 

C(22) 292(110) 1073(265) 582(159) -24(169) 165(112) 4 9 ( 1 4 5 ) 
H(C22) 393(88) 
C(23) 264(116) 4 3 6 ( 1 5 8 ) 4 9 7 ( 1 4 4 ) 12(125) 94(104) 145(115) 
H(C23) 393(88) 

145(115) 

C(2A) 294(122) 628(197) 2 6 5 ( 1 1 6 ) - 196(126) 3 8 ( 9 6 ) - 4 3 ( 1 2 8 ) 
0 ( 2 5 ) 2 5 8 (75) 510(114) 231(75) - 157(73) -51(59) - 4 ( 7 7 ) 
0 ( 2 6 ) 3 70(83) 316(119) 4 3 3 ( 9 3 ) - 118(79) -144(70) 1 3 ( 7 2 ) 
C(27) 422(131 ) 697(187) 281(118) -77(136) - 4 ( 9 6 ) • -231(141) 
C(28) 4 6 7 ( 1 4 3 ) 942(227) 2 3 6 ( 1 1 7 ) - 128(127) -78(100) -20(148) 
H(C28) 4 5 2 ( 6 5 ) 

1 1 2 
( c o n t i n u e d ) 



Table A.5. ( c o n t i n u e d ) 

U or U 11 U u u 

C(29) 572(155) 
H(C29) 4 5 2 ( 6 5 ) 
C(30) 898(202) 
H(C30) 4 5 2 ( 6 5 ) 
C(31) 1213(245) 
H(C31) 4 5 2 ( 6 5 ) 
C(32) 815(204) 
H(C32) 4 5 2 ( 6 5 ) 
Na(33) 336(38) 

12 22 ^33 "23 "'13 

798(214) 4 0 0 ( 1 3 5 ) - 4 0 8 ( 1 4 5 ) 4 ( 1 1 6 ) - 1 7 5 ( 1 5 2 ) 

1080(339) 565(192) 120(207) - 2 0 7 ( 1 5 3 ) - 4 2 5 ( 2 2 6 ) 

1324(315) 58(116) 294(159) - 1 2 6 ( 1 2 7 ) - 3 8 2 ( 2 5 0 ) 

4 6 4 ( 1 8 9 ) 509(151) -90(141) 101(133) - 4 3 ( 1 5 4 ) 

6 5 ( 4 8 ) 364(43) -79(36) 133(31) - 9 ( 3 4 ) 

1 1 3 -



T a b l e ^.6. P l a n a r i t y o f Che p e n i c i l l i n n u c l e u s i n c a r f e c i l l i n . 

E q u a t i o n s expressed as Px + Qy + Rz = S i n d i r e c t space; w i t h x, y and 

z g i v e n as f r a c t i o n s o f c e l l edges a, b and c r e s p e c t i v e l y . 

P Q R S 

( a ) 

( b ) 

( c ) 

D e v i a t i o n s (A) o f atoms 
from p l a n e s 

P l a n a r i t y o f the t h i a z o l i d i n e r i n g 

0.3810 -0.0072 0.0496 

P y r a m i d a l n a t u r e o f N(4) 

0.0365 0.0359 1 0.0890 

S ( l ) 
C*(2) 
C*(3) 
N(4) 
C ( 5 ) 

C(3) 
N*(4) 
C(5) 
C(7) 

0.00 
0.06 
0.42 
0.00 
0.00 

0.00 
0.47 
0.00 
0.00 

D e v i a t i o n o f N(4) and 0 ( 8 ) f r o m t h e p l a n e o f t h e r e m a i n i n g B 

l a c t a m c o n s t i t u e n t s 

0.1018 -0.0085 1 0.0958 N*(4) 0.28 
C(5) 0.00 
C(6 ) 0.00 
C(7 ) 0.00 
0* ( 8 ) 0.14 

* Atoms n o t used t o d e f i n e t h e p l a n e s 
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CHAPTER 5 

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

D e r i v a t i v e s 

5.1 I n t r o d u c t i o n 

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

d i s c u s s e d i n Chapter A, i s used t o f a c i l i t a t e a comparison o f t h e 

c o n f i g u r a t i o n about C(17) w i t h o t h e r p e n i c i l l i n d e r i v a t i v e s o f known 

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

s p e c t r o s c o p i c d i f f e r e n c e s e v i d e n t i n the n u c l e a r m agnetic resonance 

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

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

H 

0 

N H ^ 
CH-CH 

I 1 
C 

Me 

Me 

0 
N CH 

\ 
COO"Na 

5.2 Side Chain C o n f i g u r a t i o n and A s s o c i a t e d N u c l e a r Magnetic Resonance 

C o n f i g u r a t i o n o f t h e s i d e c h a i n about C(17) i s shown t o n o t a b l y 

a f f e c t t h e n.m.r. resonance f r o m t h e B l a c t a m p r o t o n s H ( C ( 5 ) ) and 

H ( C ( 6 ) ) . I n the c r y s t a l l i n e s o l i d s t a t e , t he c o n f i g u r a t i o n o f t h e 
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m e t h y l and e t h y l e s t e r s o f c a r b e n i c i l 1 i n , as i n t h e s t r u c t u r e o f t h e 

p h e n y l e s t e r o f c a r b e n i c i l l i n ( r e f . Ch.4), when examined by n.m.r. i n 

f r e s h s o l u t i o n , ( t = 0 ) , i s c h a r a c t e r i s e d by a s i n g l e t B l a c t a m p r o t o n 

peak (Traces 1 ( a ) and 2 ( a ) ) . However, a f t e r about 30 m i n u t e s a st e a d y 

s t a t e i s reached ( a t 35°C) i n D̂ O s o l u t i o n , c h a r a c t e r i s e d by f o u r 0 

l a c t a m p r o t o n peaks superimposed upon the s i n g l e t w h i c h i n t u r n s u f f e r s 

a r e d u c t i o n i n i n t e n s i t y , f o r t h e m e t h y l and e t h y l e s t e r s , ( Traces 

K b ) , 2 ( b ) , 3 ( a) and 3 ( b ) ) , b u t t h i s e f f e c t i s n o t a p p a r e n t i n t h e 

case o f t h e p h e n y l e s t e r ( T r a c e s 4 ( a ) and 4 ( b ) ) . To i n v e s t i g a t e 

the cause o f t h i s e f f e c t ; i t s a s s o c i a t i o n w i t h c o n f i g u r a t i o n about C ( l 7 ) : 

and t h e a p p a r e n t l y anomalous b e h a v i o u r o f t h e p h e n y l e s t e r , n.m.r. 
40 

s t u d i e s o f t h e two d i a s t e r e o i s o m e r s o f a m i n o - h y d r o x y b e n z y l p e n i c i l l i n , 
34 . . . amino-phenylacetamido p e n i c i l l a n i c a c i d and a t y r o s y l p e n i c i l l i n 

have been made. 

The t h r e e p e n i c i l l i n d e r i v a t i v e s a m i n o - h y d r o x y b e n z y l p e n i c i l l i n 

( i ) , a m ino-phenylacetamido p e n i c i l l a n i c a c i d ( i i ) , and t h e t y r o s y l 

p e n i c i l l i n ( i i i ) are^known t o c r y s t a l l i s e , under d i f f e r e n t c o n d i t i o n s . 

( i ) A m i n o - h y d r o x y b e n z y l p e n i c i l l i n 

N H ; 
^ M e 

- M e 
HO^ \ ^ 0 c — N CH 

0 ^ ^COO 
0 r — N C\ 

( i i ) A m i n o - p h e n y l a c e t a m i d o p e n i c i l l a n i c a c i d 

NH3 

^^"^^ 0 c — N CH 
0^ ^COO 

Me 
•Me 
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HO 

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

NH3 

^ 1 1 I I r ^ M e 
0 C — N CH 

0 ^ "COO 

Co accoramodace che s i d e c h a i n i n e i c h e r t h e D o r L f o r m s , (N.B. D and L 

b e i n g a s s i g n e d by o p c i c a l measuremencs fr o m che Cwo C(17) c o n f i g u r a t i o n a l 

e p i m e r s , Che p e n i c i l l i n n u c l e i r e m a i n i n g unchanged). These c o n f i g u r a t i o n s 

are s t a b l e i n s o l u t i o n ac room t e m p e r a t u r e and no e p i m e r i s a t i o n o f the 

two d i a s t e r e o i s o m e r s cakes p l a c e . Thus, Che n.m.r. s p e c t r a o f 

these compounds i n che s i d e c h a i n D and L forms have been used t o a s s e r t 

t h a t che f e a t u r e d i s t i n g u i s h i n g che d i a s C e r e o i s o m e r s o f each compound 

i s t h e a s s o c i a t i o n o f a s i n g l e 6 l a c t a m p r o t o n peak w i t h t h e s i d e c h a i n 

D f o r m and a system of f o u r peaks w i t h t h e s i d e c h a i n L form (Traces 

5 ( a ) , 6 ( a ) . 7 ( a ) , 8 ( a ) , 8 ( b ) , 9 ( a ) , 9 ( b ) . 1 0 ( a ) ) . T h i s c h a r a c t e r i s t i c 

phenomenon was demonscraced t o be p u r e l y i n t r a - m o l e c u l a r by d e t e r m i n i n g 

t h a t chere was no dependence of the 3 l a c t a m p r o t o n resonance upon 

c o n c e n t r a t i o n (Traces 5 ( b ) , 6 ( b ) , 7 ( b ) . 1 0 ( b ) , ( 1 ) . ( 2 ) , ( 3 ) & (4)/'each 

Trace i s shown w i t h a s c a l e e x p a n s i o n i l l u s c r a t i n g no observed change 

i n t h e resonance feaCure ac v e r y low c o n c e n t r a t i o n / ) . 

The s p e c t r a were o b t a i n e d by u s i n g a P e r k i n - E l m e r R12b n u c l e a r 

m a gnetic resonance s p e c t r o m e t e r w i t h D̂ O as s o l v e n t , and NaOD/D^Q t o f o r m 

the sodium s a l t o f the amino compounds. The spectrum produced by n.m.r. 

due t o che 0 laccam p r o t o n s , i s c o n v e n t i o n a l l y d e s c r i b e d as an AB 

SI 52 

system: * one i n w h i c h Cwo p r o t o n s a r e c o u p l e d t o g e t h e r , h a v i n g 

a c o u p l i n g c o n s t a n t J comparable t o t h e c h e m i c a l s h i f t 6 w h i c h c o u l d be 

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

e f f e c t s imposed by c h e m i c a l groups and t h e i r p o s i t i o n r e l a t i v e t o t h e p r o t o n 

w i t h i n the 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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The s p i n H a m i l t o n i a n f o r t h e AB spectrum i s g i v e n by: 

H •u ( 1 - a J I - V ( 1 - o ) I 
A ZA ° ^ ZB 

:qn.5.a 

where i s the f r e q u e n c y a t w h i c h resonance t a k e s p l a c e f o r t h e bare 

p r o t o n above; a i s the s c r e e n i n g c o n s t a n t w h i c h i s i s o t r o p i c due t o the 

e x c l u s i v e use o f l i q u i d s f o r t h e purpose of n.m.r. measurements; I i s 

th e n u c l e a r s p i n w i t h I ^ as i t s Z component. The H a m i l t o n i a n d e s c r i b e s 

t h e two Zeeman e n e r g i e s f o r the p r o t o n s A and B i n t h e m o l e c u l a r 

e n v i r o n m e n t , combined w i t h t h e s p i n - s p i n c o u p l i n g . Each p r o t o n can 

have two s p i n s t a t e s |a > and |6>; the combined system can be d e s c r i b e d 

u s i n g the s e t o f b a s i s f u n c t i o n s , 

^ fy^ = |aa>, (j)2 = |aB>, = 16a> and = |66>. 

The term v ( 1 - o) d e s c r i b e s t he c h e m i c a l s h i f t 6I„, where 6.1^^, o Z Z A cA 

s p l i t s from (j)^ and ( ( l ^ , and Sgl^B P̂''-̂ *̂ ^ ^^^^ ^2 ^"^ terms 

o f f r e q u e n c y u n i t s . 

e6> 

Ba> 

aB> 

^^V%^ ^o 

A-^ B^^o 

aa> 

A D O 

(Bare n u c l e i ) ( s c r e e n e d n u c l e i ) 
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The o p e r a t o r I . - I Q can be s p l i t i n t o two p a r t s 

Eqn. 5,b 

where 

a> = 0> and I 

a> 

e> = 0 iqns. 5.C 

The e f f e c t o f ^ ( I ^ 1 ^ + I ^ ) i s t o mix w i t h if^ and produces a 

f u r t h e r change o f f r e q u e n c y o f these s t a t e s by, + C r e s p e c t i v e l y where 
2 2 

C = ( J +6 ) . The term I^A'^ZB ^^^^'^^ l e v e l s o f a l l s t a t e s ( i n 

f r e q u e n c y u n i t s ) by -{J depending on each = where |a> has = J 

and I6> has = -k . 

|B6-

6a> 

|a6> 

•̂ V̂%̂  ô 

^ ( O ^ ) V i J + C 

|aa> 

( S p i n - s p i n c o u p l i n g ) 

4 > 

3 > 

2 > 

|1> 
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For v a r y i n g c o u p l i n g J , r e l a t i v e t o the d i f f e r e n c e i n c h e m i c a l 

environment f o r each p r o t o n 6, the s p e c t r a appear t h u s , i n w h i c h t h e 

i n t e n s i t y o f each resonance i s r e l a t e d t o the t r a n s i t i o n p r o b a b i l i t y 

B 

J = 0 

J « S 

I 4 ^ 3 > l > l l > 

J 2|C 

I2> n> J ~ S l^> I2> 

J » 6 

S = 0 
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From t h i s a n a l y s i s , i t can be seen t h a t t h e s p e c t r a o f t h e D forms 

o f t h e p e n i c i l l i n d e r i v a t i v e s c o r r e s p o n d t o 6 = 0, i . e . no d i f f e r e n c e 

i n t h e s c r e e n i n g 'tensor o between t h e B l a c t a m p r o t o n s . However, 

Che L forms have s p e c t r a c o r r e s p o n d i n g t o a c h e m i c a l s h i f t between t h e 

p r o t o n resonances o f t h e same o r d e r o f magnitude as t h e c o u p l i n g , o r 

l e s s . The s i n g l e B l a c t a m p r o t o n peak o f the f r e s h s o l u t i o n o f m e t h y l 

and e t h y l c a r b e n i c i l l i n e s t e r s i n d i c a t e s t h a t the compounds c r y s t a l l i s e 

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

p e n i c i l l i n d e r i v a t i v e s . E q u i l i b r i u m between the two c o n f i g u r a t i o n s 

i s reached i n s o l u t i o n and t h e m i x t u r e o f t h e two g i v e s r i s e t o a 

s u p e r p o s i t i o n o f the s i n g l e t upon the s p i n - s p i n s p l i t s pectrum. 

The p h e n y l e s t e r o f c a r b e n i c i l l i n , however, i s known f r o m o p t i c a l 

measurements, . 5 . 4 ) , t o r e a c h e q u i l i b r i u m more r a p i d l y t h a n e i t h e r t h e 

m e t h y l o r e t h y l e s t e r s , y e t i t s n.m.r. spectrum shows no s h i e l d i n g 

o f t h e B l a c t a m p r o t o n s w i t h t i m e i . e . the resonance remains a s i n g l e t . 

An e x p l a n a t i o n o f t h e anomaly i s a f f o r d e d by t h e c o n s i d e r a t i o n o f t h e 

r e l a t i v e o r i e n t a t i o n o f the p h e n y l group C(27) C(28) C(29) C(30) C(31) 

C ( 3 2 ) , w i t h r e s p e c t t o t h e B l a c t a m p r o t o n s , ( H ( C ( 5 ) ) and H ( C ( 6 ) ) , 

F i g . 4.6. C o u p l i n g c o n s t a n t s and c h e m i c a l s h i f t s f o r those compounds 

showing s p i n - s p i n s p l i t t i n g o f t h e B l a c t a m p r o t o n resonance a r e g i v e n 

i n T a b l e 5.1 

5.3 R e l a t i v e o r i e n t a t i o n s o f t h e C(17) s i d e - c h a i n s u b s t i t u e n t i n the-

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

Benzene r i n g s can a f f e c t H^ n.m.r. s i g n a l s by i n t r o d u c i n g r i n g 

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

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

71 - e l e c t r o n s . T h i s r i n g c u r r e n t produces a l o c a l m a g n e t i c f i e l d w h i c h 

opposes the e x t e r n a l l y a p p l i e d f i e l d i n t h e a r e a above 

and below the p l a n e o f the a r o m a t i c r i n g , b u t r e i n f o r c e s i t o t h e r w i s e . 

The r i n g c u r r e n t e f f e c t , t h e r e f o r e , can produce m a g n e t i c s h i e l d i n g , o r 
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d e s h i e l d i n g , o f a p r o t o n depending upon t h e a s p e c t o f t h e a r o m a t i c 

r i n g t h a t i s p r e s e n t e d t o the p r o t o n . The g e o m e t r i c form o f t h e r e g i o n 

o f i n f l u e n c e of r i n g c u r r e n t s h i f t s c o r r e s p o n d s t o cones whose axes 

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

s p e c i a l case o f a x i a l symmetry, i n benzene, r e s u l t s i n a s p h e r i c a l 

cone w i t h h a l f - a n g l e 54*^44*. The model d e s c r i b e d i s u s e f u l f o r 

s e m i - q u a n t i t a t i v e e s t i m a t i o n s of the s h i e l d i n g e f f e c t d u e t o the ph e n y l : 

group ( C ( 2 7 ) . C ( 2 8 ) . C ( 2 9 ) . C ( 3 0 ) , C ( 3 1 ) , C ( 3 2 ) ) o f the 6 l a c t a m 

p r o t o n s ( H ( C ( 5 ) ) , H ( C ( 6 ) ) ) i n c a r f e c i l l i n , d u r i n g e q u i l i b r a t i o n . 

R e l a t i v e o r i e n t a t i o n s o f t h e benzene r i n g w i t h r e s p e c t t o 

H ( C ( 6 ) ) , ( t h e 6 l a c t a m p r o t o n n e a r e s t the r i n g and 

hence, most l i k e l y t o s u f f e r s h i e l d i n g ) , have been c a l c u l a t e d f o r a l l 

the s u b s t i t u e n t p o s i t i o n s p o s s i b l e a t C(17) . 

I n t e r - a t o m i c v e c t o r s may be d e s c r i b e d by a b a s i s s e t o f t h r e e 

o r t h o g o n a l u n i t v e c t o r s p , p and n as shown i n F i g . 5.1, where 
A A A A A 

p , V l i e i n t h e p l a n e o f t h e benzene r i n g and n , (= p A p ) ^ p e r p e n d i c u l a r 

t o the p l a n e . D e t e r m i n a t i o n o f t h e b a s i s s e t r e l i e d on t h e d e f i n i t i o n 

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

r . n = 0 ... Eqn. 5.1 
A 

where r d e s c r i b e s any v e c t o r i n the p l a n e and n, (= nn) a v e c t o r normal 

t o t h e p l a n e . 

Two v e c t o r s i n t h e p l a n e o f t h e benzene r i n g a r e t h e 

i n t e r - a t o m i c v e c t o r s 
C(27) C(28) 

and C(27) C(32) 

^0.0778^^ 
0.1965 
1,0.0096; 

^ 0.0255 
-0.1603 
^ 0.0463> 

Eqn. 5.2 

Eqn. 5.3 

w i t h components expressed as f r a c t i o n s o f t h e u n i t c e l l v e c t o r s a, b and 

c r e s p e c t i v e l y . These v e c t o r s can be used i n Eqn. 5.1 t o d e t e r m i n e t h e 
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HC(6)) 

G e o m e t r i c a l parameters used i n d e s c r i b i n g t h e r e l a t i v e s i d e - c h a i n o r i e n t a t i o n 

o f Che phen y l e s t e r o f c a r b e n i c i 1 l i n 
Fig. 5.1 
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d i r e c t i o n o f n as. 

l-0,eOS2\ 
0.1919 

1 
. . . Eqn. 5.4 

( t h e r e b e i n g no n e c e s s i t y t o u n i q u e l y d e f i n e i t s m a g n i t u d e ) . 

p i s c o n v e n i e n t l y d e f i n e d w i t h r e s p e c t t o the u n i t c e l l 

v e c t o r s a, b and c as t h e i n t e r a t o m i c v e c t o r C'(27) C ( 3 0 ) . such t h a t 

'0.2068'\ 
0.0724 
,0.1118 

Eqn. 5.5 

Thus, s a t i s f y i n g the d e f i n i t i o n o f t h e p l a n e , 

p . n = 0 ... Eqn. 5.6 

i s f o u n d t o be t r u e . 

The two v e c t o r s p and n a r e r e f e r r e d t o the u n i t c e l l v e c t o r s 

a, b and c w h i c h a r e n o t o r t h o g o n a l (B = 99.5°). To produce an o r t h o g o n a l 

b a s i s , i t i s necessary t o t r a n s f o r m p and n t o r e f e r t o o r t h o g o n a l i s e d 
A ^ A 

u n i t b a s i s v e c t o r s 6a, b and c, as shown i n F i g . 5.2, where 

b • 

F i g . 5.2 T r a n s f o r m a t i o n o f c o - o r d i n a t e axes 
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che o p e r a t i o n 6 s a t i s f i e s t h e r e o r i e n t a t i o n o f a such t h a t 

. . . Eqns. 5.7 
6a.c = 0 

and 6a.b = 0 

and p r e m u l t i p l i e s t he magnitude o f a by s i n 6 

A /\ A 
Thus, expressed m terms o f the b a s i s 6a. b and c. 

and 

.7888^ 

P2 b = 0 .4489 
.3925> 

. Eqn. 5.8 

n = /-0.0703^ 

0.0310 ... Eqn. 5.9 

^n ^ "3/ c 
^ 0.0467 

where p and n s t i l l s a t i s f y Eqn. 5.6. 

C o n v e r s i o n t o u n i t v e c t o r s r e s u l t s i n 

and 

C o .5922 
0.1486 
^0.7920; 

r-O.78191 
0.3448 

t 0.5194J 

. Eqn. 5.10 

Eqn. 5.11 

D e f i n i t i o n o f t h e r e m a i n i n g v e c t o r , M , i n t h e p l a n e o f che 

r i n g i s g i v e n by t h e v e c t o r p r o d u c t 

... Eqn. 5.12 p A n 

such t h a t 

^-0.1959^ 
-0.9269 

^ O.3204J 
Eqn. 5.13 
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0 

00 ^ 
o< 

in 

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

Fig.5.3 
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F i g . 5.3 i s a c o n t o u r p l o t o f s h i f t i n n.m.r. s h i e l d i n g 

v a l u e s i n p.p.m., w h i c h w i l l be e x p e r i e n c e d by hydrogen atoms as a 

r e s u l t o f t h e r i n g c u r r e n t s a s s o c i a t e d w i t h t h e benzene r i n g , ( f r o m Johnson 
53 

and Bovey, 1958) . The Z d i r e c t i o n i s a l o n g n i e , t h e hexagonal 

a x i s o f the benzene r i n g w h i l e p i s the d i r e c t i o n i n t h e plane A A o f t h e c a r b o n atoms, i e , the p , p p l a n e 

( i ) R e l a t i v e o r i e n t a t i o n i n f r e s h s o l u t i o n 

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

e s t e r s u b s t i t u e n t benzene r i n g w i t h r e s p e c t t o H ( C ( 6 ) ) i s 

d e s c r i b e d by the v e c t o r between H ( C ( 6 ) ) and t h e c e n t r e o f the benzene 
A A 

r i n g , v ^ , expressed i n terms o f t h e newly found b a s i s s e t p , \i 
A 

and n. The v e c t o r v^ may be c o n v e n i e n t l y o b t a i n e d by c o n s i d e r i n g t h e 

v e c t o r sum 
v^ = H ( C ( 6 ) ) C(17) .+ C ( l 7) C(27) + 

Eqn. 5.14 

w h i c h g i v e s 

! l = 
(2.6737' 
2.4722 

L7.7512. 
Eqn. 5.15 

A A A 
expressed i n terms o f 6a, b and c 

By l e t t i n g 

v^ = £ p + mp + pn 

£, m and n are g i v e n by 

Eqn. 5.16 

£ = v^. p 

m 

! i - ? 

Eqns. 5'. 17 

and d e s c r i b e t h e components o f v^ i n terms o f t h e b a s i s s e t p , 

A A 
ij and n such t h a t 

! i 
' 8.0897^ 
-0.3318 
[ 2.7878^ 

Eqns. 5. 18 
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The d i s t a n c e f r o m H ( C ( 6 ) ) t o t h e c e n t r e o f t h e r i n g i s 

thus g i v e n by t h e two components 

Q ^ V{1' + m ) 

= 8.1 X p a r a l l e l t o the p l a n e o f r i n g 

... Eqn. 5.19 

and 2 = p 2.8 X p e r p e n d i c u l a r t o the p l a n e o f r i n g 

. . . Eqn. 5.20 

I t can be seen f r o m F i g . 5.3 t h a t these c o - o r d i n a t e s l i e 

o u t s i d e t h e r e g i o n o f i n f l u e n c e , ( i n d i c a t e d by t h e 'dashed' r e c t a n g l e ) , 

c o n s i d e r e d s u f f i c i e n t t o e f f e c t any s h i e l d i n g o f H ( C ( 6 ) ) . Thus, the 

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

assumed t o be the c o n f i g u r a t i o n d e s c r i b e d above, i . e . t h a t o f the 

c r y s t a l l i n e s t a t e , i s ' s u c h t h a t ho s h i e l d i n g o f the--6 l a c t a m p r o t o n s would be 

expected; as evidenced by t h e s i n g l e t n.m.r. peak i n Trace A ( b ) . 

Comparable d i s t a n c e s between H ( C ( 6 ) ) and t h e e s t e r s u b s t i t u e n t s i n 

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

be ex p e c t e d t o r e s u l t i n the 6 l a c t a m s i n g l e t i n f r e s h s o l u t i o n . 

( i i ) R e l a t i v e o r i e n t a t i o n a f t e r e q u i l i b r a t i o n 

D u r i n g e q u i l i b r a t i o n , a change o f t h e e s t e r s u b s t i t u e n t 

p o s i t i o n a t C(17) i s d e s c r i b e d e i t h e r by t h e r e p l a c e m e n t o f 

the benzene s u b s t i t u e n t C(18) C(19) C(20) C(21) C(22) C(23) o r o f 

H ( C ( 1 7 ) ) by t h e e s t e r . Hence, i f t h e p h e n y l e s t e r i s t o e f f e c t s h i e l d i n g 

o f t h e 6 l a c t a m p r o t o n H ( C ( 6 ) ) i t must r e s u l t i n a c l o s e r approach 

between the e s t e r and H ( C ( 6 ) ) t h a n t h a t d e s c r i b e d i n the c r y s t a l l i n e 

s t a t e . 

To s t u d y the c l o s e n e s s o f approach o f any C(17) s u b s t i t u e n t 
h • 

p o s i t i o n t o H ( C ( 6 ) ) t h e u n i t i n t e r a t o m i c v e c t o r s C(17) C ( 2 4 ) , 

C ( I 7 ) H ( C ( 1 7 ) ) and C ( I 7 ) ' ' c ( 1 8 ) were d e t e r m i n e d . The d i s t a n c e from 

H ( C ( 6 ) ) t o t h e end o f each u n i t v e c t o r was g i v e n by 4.32, 3.89 and 4.33 X 

r e s p e c t i v e l y as shown i n F i g . 5.4. 
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C(17)C(18) 

C(17)H(C(17)) 
C(17)C(2^) 

—* 

\ 

1 -o 
4.33A 

4.32A \ I H(C(5))C(17) 

\ 1» / 
' 3 .89A 

Fig. 5.4 Dis tances of C(17) & its subs t i t uen ts from H(C(6)) 

Hence, s u b s t i t u t i o n o f t h e e s t e r a t H ( C ( 1 7 ) ) p r o v i d e s the c l o s e s t 

approach t o H ( C ( 6 ) ) . T h i s change o f o r i e n t a t i o n can be e f f e c t e d by a 

r o t a t i o n o f t h e bond C(17) - C(24) t o C(17) - H( C ( 1 7 ) ) t h r o u g h 

t h e bond a n g l e C(24) - C(17) - H ( C ( 1 7 ) ) g i v e n by 
A A 

cos ^ = C(17) C(24) . C(17) H ( C ( 1 7 ) ) ... Eqn. 5.21 

wh i c h upon s u b s t i t u t i o n g i v e s 

4> = 107.57° ... Eqn. 5.22 
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A g e n e r a l r o t a t i o n o f a c o - o r d i n a t e system t h r o u g h an 
A A A 

a n g l e ij; about an a x i s i n c l i n e d t o the ( p , n) axes w i t h d i r e c t i o n 

c o s i n e s J2., m and'n r e s p e c t i v e l y i s r e p r e s e n t e d by t h e m a t r i x 

f cos \l) + z"^ (l-cosi|;) Zm{l-cos\p) + n sin\p Jln(l-cost|;) - m s i n i ^ ^ 
im (l-cosi*;) - n s i n i ^ COSIIJ + m (1-cosij;) 

\^in ( l - c o s i j ; ) + m sinifj mn(l-cosiJ;) - Isinil) 

mnd-cosi;^) + Z sin^ 

cos^ + n ^ ( l - c o s i l ' ) , 

Eqn. 5.23 

The a x i s o f r o t a t i o n i s the v e c t o r p e r p e n d i c u l a r t o C(17) C(2A) 
A 

and C(17) H ( C ( 1 7 ) ) , i e . g i v e n by t h e i r v e c t o r p r o d u c t . The d i r e c t i o n 

c o s i n e s a r e t h e r e f o r e found t o be 

Z =O.S65I 

m = -0.0341 ... Eqns. 5.24 

n = -0.8244 

Hence, the m a t r i x o p e r a t o r f o r t h e r o t a t i o n o f the e s t e r 

s u b s t i t u e n t i s g i v e n by 

R(107.57") 

f 0.1139 

0.7608 

-0.6390 

-0.8110 

-0.3004 

-0.5021 

-0.5740 

0.6053 

0.5829 

. . . Eqn. 5.25 
A A A 

Since t h i s o p e r a t e s upon p , p and n, t h e v e c t o r from C(17) 

t o t he c e n t r e of t h e benzene r i n g (= C(17) C(27) + J p ) remains unchanged 

when s u b s t i t u t e d a t H ( C ( 1 7 ) ) , b u t H ( C ( 6 ) ) C(17) i s o p e r a t e d on by 
R, such t h a t 

R(107 .57°) [ H ( C ( 6 ) ) C(17)] 
^-1.5267' 

3.4786 
^-0,5084^ 

Eqn. 5.26 

expressed i n terms o f the b a s i s p , p and n 

R o t a t i o n about the C(17) -C(24) bond must now be c o n s i d e r e d 

t o a l l o w f o r c o n f o r m a t i o n a l change about t h i s bond. 

A 
As an a p p r o x i m a t i o n i t i s assumed t h a t p i s p a r a l l e l t o 

A ' A 
C(17) C ( 2 4 ) ; t h i s i s v e r i f i e d by t a k i n g t h e s c a l a r p r o d u c t between p 
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and C(17)'^C(24) r e s u l t i n g i n 

A 
C(17) C(24) = 0.95 

= 1 as r e q u i r e d ... Eqn. 5.27 

Hence, r o t a t i o n about C(17) - C(24) i s i n t h e y, n 

p l a n e and the r o t a t i o n m a t r i x R, (Eqn. 5.23), reduces t o 

M o 0 ' 

R'(6) = 0 cos<i -sint? ... Eqn. 5.28 

^ 0 s i n i i cost> > 

where -t^ i s the a n g l e o f r o t a t i o n . 

Thus, a r o t a t i o n if; a s s o c i a t e d w i t h a change i n c o n f i g u r a t i o n 

about C(17) i s accompanied by a r o t a t i o n 4» about C(17) - C(2A) 

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

Severe c o n s t r a i n t upon the r o t a t i o n i s expected due t o 

t h e v i c i n i t y o f t h e two c a r b o n y l g r o u p s C(15) = 0 ( 1 6 ) and 

C(24) = 0 ( 2 5 ) . The r e l a t i v e o r i e n t a t i o n o f t h e c a r b o n y l groups i n t h e 

c r y s t a l l i n e s t a t e was assumed i n some measure t o r e p r e s e n t t he most 

p r o b a b l e and e n e r g e t i c a l l y f a v o u r a b l e c o n f o r m a t i o n , and i n d e e d , 

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

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

w i t h i n the c o n s t r a i n t s o f t h e s u r r o u n d i n g groups ' . Thus, t o m a i n t a i n 

t h e same r e l a t i v e o r i e n t a t i o n between t h e c a r b o n y l s , i s g i v e n by 

(|) = - ^ X (360) 
109.47 3 

= + 117.92° ... Eqn. 5.29 

where 109.47° i s the t h e o r e t i c a l t e t r a h e d r a l bond a n g l e as i l l u s t r a t e d 

i n F i g . 5.5. However, o r i e n t a t i o n w i t h r e s p e c t t o the benzene r i n g 
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CP 
240 

109.47 / 120 

Fig. 5.5 Theore t i ca l geometry about C(17) 

C ( 1 8 ) C ( 1 9 ) C ( 2 0 ) C ( 2 1 ) C ( 2 2 ) and C ( 2 3 ) c o n s t r a i n s <p t o tak e the 

v a l u e - 1 1 7 . 9 2 ° . 

The t r a n s f o r m e d v e c t o r H ( C ( 6 ) ) C ( 1 7 ) t h e r e f o r e becomes 

R ' ( - U 7 . 9 2 ° ) ( R ( 1 0 7 . 5 7 ° ) [ H ( C ( 6 ) ) C ( 1 7 ) ] ] = C - 1 . 5 2 6 7 ' 

^ ' -2,0779 
1 ^ - 2 . 8 3 5 7 , 

. . . Eqn. 5 . 3 0 

and t he v e c t o r f r o m H ( C ( 6 ) ) t o the c e n t r e o f t h e r i n g , v^, i s g i v e n 

by 

1 3 2 



(-1.5267' 
2.0779 
•2.8357 , 

+ C(17) C(27) + j p 

' 3.8232 ] 
-1.2748 
,-2.5852 

Eqn. 5.31 

expressed i n terms o f t h e b a s i s s e t p, p and n. 

Since the o p e r a t o r s R(t|j) and R ' r o t a t e the c o - o r d i n a t e 
A A A 

axes ( p , p , n) by t h e same t r a n s f o r m a t i o n as t h a t e x p e r i e n c e d by 

th e e s t e r s i d e c h a i n , t he v e c t o r s C(17) C(27) and j p remain r o t a t i o n a l l y 

i n v a r i a n t : under RCI/J) and R*((J)),then i t i s o n l y t h e v e c t o r H ( C ( 6 ) ) C(17) 

t h a t undergoes t r a n s f o r m a t i o n . 

The v e c t o r can be reduced t o components p a r a l l e l and 

p e r p e n d i c u l a r t o the pl a n e o f the r i n g - b y Eqns. 5.19 and 5.20, such 

t h a t 

p - ^.03 R 
and ... Eqns. 5.32 

Z = 2.59 R . 
F i g . 5.3 i l l u s t r a t e s t h a t these c o - o r d i n a t e s r e s u l t i n an 

as p e c t o f the e s t e r s u b s t i t u e n t benzene r i n g , a t p o s i t i o n O, l y i n g c l o s e 

t o t he zero s h i e l d i n g c o n t o u r , t h u s , no change i n the 6 la c t a m p r o t o n 

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

e s t e r o f c a r b e n i c i l l i n . The t r a j e c t o r y f o l l o w e d by the r i n g under arbitrary 

r o t a t i o n *̂ , i e . c o n f o r m a t i o n a l change, i s a l s o p l o t t e d a t 30° i n t e r v a l s 

from w h i c h i t can be seen t h a t f o r a p p r o x i m a t e l y 75% of the p e r i o d t i m e , 

the r i n g o r i e n t a t i o n i s such t h a t the magnitude of t h e n.m.r. s h i e l d i n g 

i s between + 0.1 p.p.m. The n.m.r. s p e c t r a o f t h e S l a c t a m p r o t o n s i n 

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

e q u i l i b r a t i o n , w i t h the c o u p l i n g J ( i n f r e q u e n c y u n i t s ) o f t h e o r d e r o f 

the c h e m i c a l s h i f t 6. J was found t o be A.OHz and 2C t o be 9,0Hz; u s i n g 

a 60MHz o s c i l l a t o r , 6 was e s t i m a t e d t o be + 0.13 p.p.m. i e . o f comparable 
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magnitude t o t h a t e x p e c t e d above 
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(a) Methyl E s t e r ot Corbenicitlin 
S * « » p r o n g t 10 p p m ] 

S - ^ t p t i m * 5 m i n i Qt 6 0 M H i | 

\ 

p l o c t o m . 

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

b o l u l i o n 

,8irtgl»r . 

tmaW i p l in i r>g 

Q 
O 
fD (b) Metnyl Es te r of Carbenicillin 

^ A P o p r a n g e 10 p p m 

S - e e p l i m * 5 m l n s at 6 0 M H i 

p l a c t a m H' 

r t s o n o n c t i n vQui l ib r iu tn 

u t i u t i o n 

E p i n - s p i n 



o 
o 

(a) 
r -• - fi •--
' Ethyl Ester of Carbtnicillln 

S w » » p r w i g t 1 0 p p n i 

I S « « « p I t m * , S m i n t !, 

a t t>Q MHz 1 

^ l o c t o m ^ ' 

r n o n o n c * i n ^ t s A 

u l u l i o n 

w n a l l • p l i t l i n g I 

I 

I i 

(b) ^*^y' ^s *^"" °* CarbemcilUn 
S w e t p r o n g t 10 p p m i. 

S * « * p t i m « 5 m i n t 

a t 6 0 MHz 

p l o c t a m H 

i n t Q u H i b r i u m 

tfrittting 

I 

t 



I I 

Trace 3 
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[ Q J I Phenyl Ester of Carbopicil l in 
' I S » i a p r o n g » 10 p p m | 

I $ « f « * p t i m * ' S r n i n s a ( 6 0 H H i P l o e t o m 

tf I s i n g l B l j 

• q u i t i b r i u m 

totu l ior t 

(b) Phenyl Ester of Carbenici l l in 
S « e « p r o n g * 1 0 0 H i 

S * « « p t i m » 5 m i n t 

a t 6 0 M H I 

p lactam resonance 
in solution after time 

t = 0 

u n g l a t 

I No, o p p T K i a b l * 

q j i n - st t in 

[|iiiMilil.|.||[IijTj 
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(a) D-Amino-phenylacetamido p e n i c i l l a n i c acic^j^^Q. 
S * e r p r a n g e 10 p p m 

5 * » « p l l m « 5 m i n i o l 6 0 M H i ( A m p i c i l l i n ) 

C O O ' N o 

(b) D- AmLno-phenylacetamido p e n i c i l l a n i c a c i d ( A m p i c i l l i n ) 
S w * « p r a n g e 5 0 H i 

S w e e p l i m e Sm^ruC 

a i faOHHi 

C = 50,0 • 1 

P lactam H' resonance at varying sample 
concentration 'c' 

No s p l i l l m g Ob&prved 

m g c m 



D O 

( Q ) D- Amino - h y d r o x y b e n z y l p e n i c i l l i n ( A m o x y c i l l i n ) 
S * # e 9 r a n g * 10 ppf" 

S o * # p I i m » S m , n s at 5 0 M H i 

p l a c t a m 

i inf l ' . t t 

I . ' . i i 

(b) D- Amino-hydroxybenzy 1 p e n i c i l l i n ( A m o x y c i l l i n ) 
S * e r p r a n g v ^ 0 

S « » « p t fn» S m n s a i 6 0 MHz 

p lactam resonance at varying sample 
concentration 'c' 

A 
1 I 



y S £ 

i l l 
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(a) L-Amino-phenylacetamido p e n i c i l l a n i c a c i d 
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T a b l e s . 1 8 l a c t a m p r o t o n magnetic resonance s p i n - s p i n s p l i t t i n g c o u p l i n g 

c o n s t a n t s , J , and c h e m i c a l s h i f t s , 6 , i n s o l u t i o n a t 35°C. 

J C H Z ) 6 (p.p.m.) S o l v e n t 

L - T y r o s y l penic i l l i n , 3.80 0.13 D^O/NaOD 

L-Amino-phenylacetamido 
p e n i c i l l a n i c a c i d . 

3.90 0.16 1 r 

L-Amino-hydroxybenzyl 
p e n i c i l l i n , 
M e t h y l e s t e r o f c a r b e n i c i l 1 i n , 

3.95 

4.00 

0.17 

0.13 
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D.O) 

E t h y l e s t e r o f c a r b e n i c i l 1 i n . A. 00 0.13 
\ a f t e r 

" ) e q u i l i b r a t i o n 
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5.4 Side Chain C o n f i g u r a t i o n and A s s o c i a t e d C i r c u l a r D i c h r o i s m 

S t e n l a k e , e t a l , ( 1 9 7 2 ) ^ ^ , used t h e c h i r o p t i c a l t e c h n i q u e o f 

c i r c u l a r d i c h r o i s m , (CD), as a method o f assay t o d e t e r m i n e t he p r o p o r t i o n s 

o f D and L d i a s t e r e o i s o m e r s i n samples o f p h e n e t h i c i l l i n p o t a s s i u m . 

Me 

0 I I I^Me 
C - N — 

0 COO K 

The spectrum o b t a i n e d f o r t h e D and L epimers a l o n e i s shown i n CD(.I) 

where Ae i s the d i f f e r e n c e (c - G ) between l e f t and r i g h t c i r c u l a r l y 
L K 

p o l a r i s e d l i g h t . The r e v e r s a l i n C o t t o n E f f e c t , (CE), between t h e ( + ) v e 

Ae v a l u e f o r t h e D and t h e (-)ve v a l u e f o r t h e L compounds b o t h a t 269nm 

and 276nra was shown t o f o l l o w a l i n e a r r e l a t i o n s h i p . 

Boyd, e t a l , ( 1 9 7 5 ) ^ ^ , computed a t h e o r e t i c a l CD spectrum f o r 

p e n i c i l l i n n u c l e i u s i n g a m o l e c u l a r o r b i t a l model based on 6 - a m i n o p e n i c i l l a n i c 

a c i d , (6-APA). The p r e d i c t e d CD spectrum based on Extended Huckel 

M o l e c u l a r O r b i t a l t h e o r y i s shown i n CD(2), i n w h i c h t h e e x p o n e n t i a l h a l f -
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w i d t h paramecer f o r t h e t r a n s i t i o n s has a v a l u e chosen t o most c l o s e l y 

agree w i t h e x p e r i m e n t a l s p e c t r a o f 6-APA. Two main f e a t u r e s a r e 

e v i d e n t : ( i ) the- ( + )ve CE a t about 236nin i s p r e d i c t e d t o i n v o l v e m o l e c u l a r 

o r b i t a l s d e s i g n a t e d S-N 7T-> amide TT* w i t h some m i x i n g f r o m S n amide 

71 * i e . t h e s u l p h i d e chromophoric b e h a v i o u r shows a dependence upon t h e 

r e l a t i v e v i c i n i t y o f t h e 6 l a c t a m amide chromophore; ( i i ) t h e s h o r t e r 

w a v e l e n g t h (-)ve CE a t about 199nm i s a s s i g n e d t o the B l a c t a m n TT* 

t r a n s i t i o n , however, a r e v e r s a l t o a ( + ) v e CE has been noted e x p e r i m e n t a l l y 

under c o n d i t i o n s o f v a r y i n g pH. The (-)ve CE seems c o n s i s t e n t w i t h 

e x p e r i m e n t a l l y low pH v a l u e s CS.O), and the r e v e r s a l of CE f o r h i g h e r 

pH v a l u e s c o u l d be e x p l a i n e d by a s m a l l m i x i n g o f the amino group o r b i t a l s 

i n t o the amide o r b i t a l s . 

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

s i d e c h a i n chromophores t o the CD s p e c t r a o f p e n i c i l l i n d e r i v a t i v e s 

i s f a c i l i t a t e d by the observance o f f e a t u r e s m o d i f y i n g t h e spectrum 

o f t h e p e n i c i l l i n n u c l e u s d i s c u s s e d above. 

The CD spectrum of amino-phenylacetamido p e n i c i l l a n i c a c i d 

i s shown i n CD(3). The spectrum f o r the D epimer resembles c l o s e l y 

t h a t o f the p e n i c i l l i n n u c l e u s alone CD(2), however, t h e s h o r t w a v e l e n g t h 

(-)ve CE o c c u r s a t 206nm compared w i t h t h e u n p e r t u r b e d 6 l a c t a m 

amide t r a n s i t i o n a t 199nm. As i n the case o f p h e n e t h i c i l l i n 

p o t a s s i u m CD(1), a ( + ) v e CE i s noted i n t h e l o n g w a v e l e n g t h r e g i o n 

a t 259nm and 267nm. The spectrum o f t h e L epimer, however, d i f f e r s 

by a r e v e r s a l o f s i g n o f Ae a t 206nm and a t the l o n g w a v e l e n g t h CE 

a t 261 nm and 266 nm. The r e v e r s a l i n CE a t t h e s h o r t w a v e l e n g t h 

must be a s s o c i a t e d w i t h t he d i f f e r e n c e i n s i d e c h a i n c o n f i g u r a t i o n s i n c e no 

pH change o c c u r r e d t o e f f e c t any change i n the amide n -•TT* t r a n s i t i o n . 

S i m i l a r l y , t h e l o n g e r w a v e l e n g t h CE r e v e r s a l must a l s o be a s s o c i a t e d 

w i t h t h e s i d e c h a i n c o n f i g u r a t i o n a l change s i n c e l i t t l e or no c o n t r i b u t i o n 

t o t he spectrum by t h e p e n i c i l l i n n u c l e u s i s a p p a r e n t a t such w a v e l e n g t h s . 

The s i d e c h a i n chromophores s e n s i t i v e t o c o n f i g u r a t i o n a l change about 
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C(17) a r e t h o s e t h a t are e i t h e r s u b s t i t u e n t s o f C(17) o r s u f f e r no 

i n s u l a t i o n from chromophores i n such a s i t e . Thus, the s t u d y o f the CD 

s p e c t r a o f s e l e c t e d p e n i c i l l i n d e r i v a t i v e s enables an assignment t o be 

made o f w h i c h chromophoreCs) c o n t r i b u t e s t h e v a r i a t i o n i n s p e c t r a 

b o t h between each d e r i v a t i v e and t h e i r r e s p e c t i v e D and L d i a s t e r e o i s o m e r s . 

I n t h e case o f amino-phenylacetamido p e n i c i l l a n i c a c i d , t he 

d i f f e r i n g s p e c t r a l f e a t u r e s , i e , r e v e r s a l o f CE*s between the D and L 

forms a l r e a d y d e s c r i b e d , c o u l d be a s s i g n e d t o the p o s s i b l e chromophoric 

t r a n s i t i o n s i n e i t h e r t h e benzene, amine or c a r b o n y l C(17) s u b s t i t u e n t s . 

A m i n o - h y d r o x y b e n z y l p e n i c i l l i n d i f f e r s from amino-phenylacetamido 

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

C(17) benzene s u b s t i t u e n t o n l y . The a b s o r p t i o n w a v e l e n g t h f o r a 

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

o f an e l e c t r o n d o n a t i n g group and as shown i n CD(A), t h e spectrum o f 

a m i n o - h y d r o x y b e n z y l p e n i c i l l i n shows CE's a s s o c i a t e d w i t h the d i a s t e r e o i s o m e r i c 

c o n f i g u r a t i o n , a t o n l y s l i g h t l y l o n g e r w a v e l e n g t h s t h a n those o f amino-

p h e n y l a c e t a m i d o p e n i c i l l a n i c a c i d . However, change o f s i g n o f t h e CE 

a t 270-278 nm between t h e D and L forms o f a m i n o - h y d r o x y b e n z y l 

p e n i c i l l i n i s o p p o s i t e t o t h a t of amino-phenylacetamido 

p e n i c i l l a n i c a c i d s u g g e s t i n g t h a t t h i s band i s due e i t h e r t o a weak 

benzene 7 r - > T T * t r a n s i t i o n or pH s e n s i t i v e amine t r a n s i t i o n s . F i g . 5.6 

i l l u s t r a t e s t h e C(17) s u b s t i t u e n t o r i e n t a t i o n s r e l a t i v e t o the C(17) 

c a r b o n y l s u b s t i t u e n t C(15) = 0 ( 1 6 ) i n a m o x y c i l l i n and a m p i c i l l i n ( t h e 

D epimers o f a m i n o - h y d r o x y b e n z y l p e n i c i l l i n and p h e n y l a c e t a m i d o 

A l 

p e n i c i l l a n i c a c i d r e s p e c t i v e l y ) , (James, H a l l and Hodgkin, (1968) Boles 

and G i r v e n , (1976a)'^^ and B o l e s , G i r v e n and Gane, ( 1 9 7 8 ) ) ^ ^ , i n w h i c h 

i t can be seen t h a t any CE due t o the c a r b o n y l chromopbore s h o u l d 

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

o f t he two compounds, t h u s , a g a i n c o n f i n i n g t h e 270-278 nm a b s o r p t i o n 

band as r e p r e s e n t a t i v e o f weak benzene or amine t r a n s i t i o n s as 

d e s c r i b e d above. 
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* CD i s s e n s i t i v e t o r e l a t i v e c o n f i g u r a t i o n o f t h o s e 

c h romophores i n t h e i m m e d i a t e v i c i n i t y of C ( I 7 ) . 

S i n c e two o f t h e chromophores a r e c a r b o n y l groups 

and, t h e r e f o r e , i d e n t i c a l , C(17) can be r e g a r d e d as 

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

o f CD measurements. 



The t y r o s y l p e n i c i l l i n p r o v i d e s t h e o p p o r t u n i t y t o s t u d y 

t h e CD spectrum o f a d e r i v a t i v e v e r y s i m i l a r t o am i n o - h y d r o x y b e n z y l p e n i c i l l i n 

and amino-phenylacetamido p e n i c i l l a n i c a c i d b u t w i t h chromophoric 

i n s u l a t i o n o f t h e benzene r i n g by t h e i n t e r v e n i n g C(17) s u b s t i t u e n t 

methylene g r o u p . The spectrum shown i n CD(5) e x h i b i t s no r e v e r s a l 

o f CE between t he D and L forms i e . the i n s u l a t i o n o f the 

benzene has removed any CE s e n s i t i v i t y t o s i d e c h a i n c o n f i g u r a t i o n 

w i t h i n t h e r e c o r d e d w a v e l e n g t h range, and t h u s , i t can be concluded 

t h a t b o t h t h e l o n g and s h o r t w a v e l e n g t h a b s o r p t i o n bands a r e a s s o c i a t e d 

w i t h 7T e l e c t r o n t r a n s i t i o n s o f t h e benzene chromophore. Some r e d u c t i o n 

i n t h e ( + ) v e AE a t 190-195 nm f o r t h e L fo r m c o u l d be a t t r i b u t e d t o 

th e c a r b o n y l or amine chromophores. 

The absence o f CE r e v e r s a l between t he s p e c t r a f o r D and L 

p h e n e t h i c i l l i n p o t a s s i u m i n the s h o r t w a v e l e n g t h band would i n d i c a t e 

t h a t e i t h e r some m i x i n g o f t h e a b s o r p t i o n by t h e amine s u b s t i t u e n t , 

p r e s e n t i n t h e above compounds, b u t r e p l a c e d by a m e t h y l group i n 

p h e n e t h i c i l l i n , o r t h e remoteness o f t h e benzene due t o t h e i n t e r v e n i n g 

oxygen, have a marked e f f e c t on the benzene a b s o r p t i o n a t t h i s w a v e l e n g t h . 

The m e t h y l , e t h y l and p h e n y l e s t e r s o f c a r b e n i c i l l i n show 

d i s t i n c t i v e (-)ve CE*s a t 206-208 nra, i n f r e s h s o l u t i o n , s i m i l a r t o t h e 

D fo r m s , a m o x y c i l l i n and a m p i c i l l i n . A l t h o u g h C(17) does n o t c o n s t i t u t e 

an asymmetric c e n t r e i n the case o f c a r b e n i c i l l i n , t h e s h o r t w a v e l e n g t h 

CE i s s e n s i t i v e t o m u t a r o t a t i o n . CD(6), CD(7) and CD(8) show t h e CD 

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

s o l u t i o n and s u b s e q u e n t l y a t 10, 20 and 30 m i n u t e s and a f t e r h o u r s . 

A l l t h r e e e s t e r s e x h i b i t m u t a r o t a t i o n and t h e ( - ) v e CE a t 206-208 nm 

i n f r e s h s o l u t i o n v i r t u a l l y d i s a p p e a r s when e q u i l i b r i u m i s reached between 

the two s i d e c h a i n s u b s t i t u e n t conf i g u r a t i o n s i n good agreement w i t h 

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

reaches e q u i l i b r i u m more r a p i d l y t h a n e i t h e r t h e m e t h y l o r e t h y l e s t e r s 
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s u g g e s t i n g t h a t t he mechanism i s s u s c e p t i b l e t o the m o l e c u l a r e n v i r o n m e n t 

The CD s p e c t r a , r e c o r d e d a t 27°C show s l o w e r r a t e s o f e q u i l i b r a t i o n 

t h a n those r e c o r d e d a t 35°C f o r the m e t h y l and e t h y l e s t e r s d u r i n g 

n.m.r. s t u d i e s . Hence, the mechanism would appear t o i n v o l v e t h e 

temporary s e p a r a t i o n o f the m i l d l y a c i d i c hydrogen H ( C ( 1 7 ) ) , as suggested 

i n the model p r e v i o u s l y used t o d e s c r i b e the anomalous b e h a v i o u r o f the 

n.m.r. spectrum o f the phenyl e s t e r a f t e r e q u i l i b r a t i o n , ( g . 5 . 3 ) . 

The Ae v a l u e s f o r t h e s a l i e n t CE*s f o r t h e D and L epimers 

of amino-phenylacetamido p e n i c i l l a n i c a c i d , a m ino-hydroxybenzyl 

p e n i c i l l i n , the t y r o s y l p e n i c i l l i n and the m e t h y l , e t h y l and p h e n y l 

e s t e r s of c a r b e n i c i 1 1 i n are g i v e n ' i n T a b l e 5.2; the s p e c t r a 

b e i n g r e c o r d e d i n aqueous s o l u t i o n a t 27°C. 
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T a b l e ^: C i r c u l a r d i c h r o i s m d a t a f o r t h e p r i n c i p a l C o t t o n E f f e c t s o f 

t h e f o l l o w i n g p e n i c i l l i n d e r i v a t i v e s i n aqueous s o l u t i o n a t 27°C. The 

u n i t s o f t h e molar e x t i n c t i o n c o e f f i c i e n t , G , a r e g i v e n i n dra^mol ^ cm ^ 

where Ae [ = ( E , - G ) ] expresses t h e d i f f e r e n c e i n a b s o r p t i o n between l e f t 

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

* denotes t h e s h o r t e s t r e c o r d e d w a v e l e n g t h 

A e X (nm) 

D - T y r o s y l penic i l 1 i n + 0. 29 275 
monohydrate + 8. 75 235 

+ 7. 10 221 
+ 5. 74 217 
+ 7 38 195* 

L - T y r o s y l p e n i c i l l i n + 0 15 275 
t r i h y d r a ce + 7 46 228 

+ 3 37 202 
+ 10 10 190* 

D-Amino-phenylacetamido p e n i c i l l a n i c + 0 64 268 
a c i d a n h y d r a t e ( A m p i c i l l i n a n h y d r a t e ) + 0 96 260 

+ 12 48 232 
-10 24 206 
+ 4 16 195* 

D-Amino-phenylacetamido p e n i c i 1 l a n i c + 0 34 267 
a c i d t r i h y d r a c e ( A m p i c i l l i n + 0 67 259 
t r i h y d r a t e ) +12 .73 232 

-11 39 206 
+29 82 192* 

L-Amino-piieny l a cetamido p e n i c i 1 l a n i c - 0 31 266 
a c i d t r i h y d r a t e - 0 13 261 

+10 59 224 
+ 11 65 198* 

D-Amino-hydroxybenzy1 p e n i c i l l i n - 0 49 278 
t r i h y d r a ce ( A m o x y c i l l i n - 0 74 270 
t r i h y d r a t e ) + 10 83 234 

- 6 40 207 
+46 25 190* 

L-Araino-hydroxybenzyl p e n i c i l l i n + 0 96 275 
t r i h y d r a t e + 2 89 243 

+ 7 45 226 
+ 9 62 208 
- 7 45 198* 
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5.5 F u r t h e r p o s s i h i l i t i e s f o r c o n f o n n n t i o n a l change o u t s i d e t he 

p e n i c i l l i n n u c l e u s 

The d i s c u s s i o n r e l a t e d t o the s p e c t r o s c o p i c e v idence above has 

been c o n f i n e d t o a d e s c r i p t i o n o f the r e l a t i v e o r i e n t a t i o n o f s i d e - c h a i n 

s u b s t i t u e n t s o f C(17) o n l y . I t has been su g g e s t e d , (£, 5.3), t h a t t h i s 

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

o f t h e 6 l a c t a m p r o t o n resonance and p r e c l u d e s t h e p o s s i b i l i t y o f changes 

i n c o n f o r m a t i o n elsewhere w i t h i n t h e m o l e c u l e . 

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

changes m i g h t t a k e p l a c e i n s o l u t i o n and how, i f a t a l l , such changes 

would be r e f l e c t e d i n t h e r e l e v a n t p r o t o n resonance and c i r c u l a r 

d i c h r o i s m s p e c t r a . 

The p e n i c i l l i n d e r i v a t i v e s used i n t h e p r e v i o u s d i s c u s s i o n , 

( i . 5.2, 5.3, and 5.A), a l l have the common s i d e - c h a i n and B l a c t a m 

c o n s t i t u e n t s , w i t h bonds l a b e l l e d ( a ) , ( b ) and ( c ) f o r c o n v e n i e n c e . 

/ C (b) CH — C H 

0 
> C — N • , 

The c o n s t r a i n i n g n a t u r e o f the i n t e r s t i t i a l c a r b o n y l group i n t h e s i d e -

c h a i n p r o v i d e s c o n f o r m a t i o n a l s t a b i l i t y o f t h e bonds (a) and ( b ) , where 

( b ) t a k e s on the n a t u r e o f an a m i d e - c a r b o n y l bond common t o r i g i d c h a i n 

p r o t e i n s t r u c t u r e s . Thus, p o s s i b l e c o n f o r m a t i o n a l change o f the s i d e -
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c h a i n i s l i m i t e d C9 bond ( c ) where l i n k a g e i s made w i t h the B l a c t a m 

o f the p e n i c i l l i n n u c l e u s . R o t a t i o n about ( c ) i s , however, a remote 

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

e f f e c t s o f t h e c a r b o n y l groups i n the s i d e - c h a i n and 6 l a c t a m r e s p e c t i v e l y 

Any p r o g r e s s i v e change o f c o n f o r m a t i o n o f the s i d e - c h a i n i n 

s o l u t i o n would be evidenced i n b o t h the p r o t o n resonance and c i r c u l a r 

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

e f f e c t s o r a p r o g r e s s i v e change i n C o t t o n E f f e c t f o r a l l the p e n i c i l l i n 

d e r i v a t i v e s . 

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

the c h a r a c t e r i s t i c 6 l a c t a m p r o t o n resonance b e i n g t i m e averaged between 

t h e s h i e l d e d and u n s h i e l d e d extreraa. 

I t may t h e r e f o r e be c o n c l u d e d t h a t the d i s c r e t e n a t u r e o f t h e 

d i f f e r e n c e s i n t h e r e s p e c t i v e H ' n.m.r. and CD s p e c t r a o f the D and L 

s i d e - c h a i n C(17) epimers p r e c l u d e s i n t e r p r e t a t i o n w h i c h does n o t i n c l u d e 

the c o n s t r a i n t s o f r i g i d i t y w i t h i n the s i d e - c h a i n s u b s t i t u e n t s o f t h e 

s t a b l e d i a s t e r e o i s o m e r i c c o n f i g u r a t i o n s . 
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APPEm)IX A 

COMPUTER PROGRAMS FOR THE CALCULATION OF 

ORTHORHOMBIC PATTERSON FUNCTION, ( 1 ) , AND ELECTRON DENSITY 

FOURIER SYNTHESIS, ( 2 ) , IN SPACE GROUP P 2 i 2 i 2 . 
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F O R T K A I J C O r i P U A r i O N B Y « X F A T ( i< 5A .'>.;rf: 

n<)<'i L i S T 
W O R K ( E O , I C L F -

3 P R O G H A M C 6 A N E ) 

T hfPU r 1 , . ? - c n 0 
• .; = L-^ -

i)o :,'.)• • . ' .3 r H.-, 

1- JM. ' :• t M f r 
T K . \ ' 

r ot'V 

LOr . I C . \ L 

- 1 6 6 



Program (1) 
0 0 1 0 
0 0 1 1 C 
n o w C P A ' ' T ^ f ' ^ ) N F - l - i C T l i i N F U H O i * T H . ) 5 H - 1 )EJ I C S Y S T f M 
0 0 1 3 C 

0 l i t 1.. I . I N -̂  l C^^'OO) , U < 2 v ) 0 0 ) , N L ( ' ? n 1 ) 0 ) , F l i p s R 0 0 0 ) 
0 0 1 5 D l l t - J S I . . . J C n ' J K 1 ( 1 1 , 1 1 3 , C O S R V ( ^1 , 1̂ ) , C O S « w ( 31 , 3 1 ) 
n n l r 0 l l L - J s t i 4 J , ' ^ T T < 3 1 ) , F P A r T ( 3 l , 3 1 , 1 0 ) 
f > 0 l 7 L ) i : i c - i S I 1 J F r , C A T ( 1 .) 1) , F ( S ) , N P A T T ( 3 n 
m i ft ,'; I 1 £ J I. I J L I - J K ( < 1 ) 
0 fP1 l: I I t J s I »>i -J irtrl ( ^ O u 0 ) 
n I) c t I J v ' , 5'i n 4 A S T , I l U < 
r.u^ri r u :i. 1 • T ( 2 A .3 ) 

c 

i v t A [ ) ( . ' , 5) J - ' - V ! » c , r i H T A 
r 0 < 4 F r c I s » f : n , •)) 
r:n<:s ! T": v' ^ , o ' ) ).i S T Y ^ ^ F , .-\rTA 
f. Ci ^ t. 

C ' 

1 V i ' M 1 " c : F I • ) . > ) 

(• 'J -11 
I. s i .-. : , c 

TMI 5 3 C p t • ) 11 s ' : -AT T i : I .'ju A C " ^ - . i ^ 5 
r. 0 3 <. [;'J •; ) I : j c , 1 

0 0 3 6 il r ' 1 1 \ r ; i : ) 
OC J 7 
G 3 <-.. 

n i; i* i) :•• 1 = . 11 •»• 

.\ I' j I i - \ r ; , 1 . t , w 
0 r. 3 0 

r r 1 ;.'i r'-- 1 r ( : iL 
f - 0 

f-C I . J l.i •> 
f. 0 ^ 7 1 
0... *. h '. M ,( t 1) - ) 

C - f . \ j I J W ^ ^ L A J I) > J * ^ e U ' £ 0 P ( H < I . ) 
n ! ) ) 1 r. o < - ! / ' . ) J , » L # r ' j J 

F J V n T ( 3 I 5 / r . S ) 
r ' , *) ^ 

f . :> 4 ' . - • J I ' M 
r n :> 5 f 
r. t> 5 6 c C ' U . J I L * f F S i J ( T . i t T \ ) / L \ lUOA f :>'( H K L ^ M [ J N 

0 J < L = i ) ' ^ T c , J * J / . : ^ S J * * < - • < / 3 S u • L * L / C S w ) 
f ^ . 1 ' ^ . J . 1 > i ' r 1 n 

0 0 5 t : F < J . r . j:( ( .v i iM o ) r ) : i 0 1 
ri( | ( j (r ' J J r 1 .1 .o 
OOf'1 ;-i \ - •• i A • 1 
0 0 < : -. J I.i ( 1 \ ) = M 
0'"'<>3 < ; l l t .^H = • D J K L 

r . 'J . lK - 11 ».»•!:< * 1 
n o e s ( , j J ) 3 J 

: . i n - t ) = / 
n o t / 

c M T t - ^ . ^ U A T E S C i ^ T T t U ' J O F , \ C T . ) a F 1 9 M C W h A S I J O T H E T A 
P A J O E - 0 . ' 15 

. fJ 3 1 
0 0 / 1 1 7 . l F < S M L A H - « ^ f J G E ) 1 i ^ , 1 4 # 16 
f ) 0 / 2 1 r , H A l i^c a ,7A i . , K • ( » , ) S 
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0 0 ^ 3 

0 0 / 6 
6 6 / 7 -

0 0 / 8 
0 0 7 9 
0O«0 1& 
O o a l C 
oo6^ 
Oob3 

c 

r :06? !»3 

0 0 6 9 51, 
r ovo •>u 

5 / 
3 0 

n o v 3 
O O V C 
f n v i C 
r , 0 V 6 1 "t 

n i . vh 
o c w 
01 U U 
01 u i 
f- 1 I' ? 
0 1 O 3 
01 oi . 
0 1 U 5 
(•1 U 6 
011*7 
01 0 8 
01 U9 
0 1 1 0 
01 1 1 
r i i ^ 
0113 <!01 
0 1 1 4 ^^ 2 
o n s c 
r-i i c 
0 1 1 7 
f i l 1 « ^ J l 
01 I V 
01 ^0 
( r i i ; i 
01 ^ir 
0 W 3 

0 1 ^ 5 
01 
01 <:7 
01 ^ 8 
01^:9 
0 1 3 0 V 0 4 
01 31 9 0 3 
01 3^ 9 0 1 
0 1 3 3 9 0 2 
C 1 3 ^ 
O l i S 
0 1 3 6 _ 307 1 

-
0 1 3 8 

H ' H * ^ 
Q'J I P . 1 7 _ _ ^ . . _ _ . . ^ 

F J « 14.MM - 1 4 

M^i X iiT * i 
F O I i } > _ » 20 « ( f S C A T ( H a > - f S C A T ( i * ( 1 * 1 ) > * ( B A N 6 t - S l H l . A r t ) * F S 4 A T « « * S ^ 
c ^ i r i ' J t 
S J t i f t P E J THE oa ieaw^o M H K I ) _ 
FvJlS = E 0 R S / S C . U 5 
F U 3 i i < F 0 a S / F ( ^ T y P H > « e X P ( B e T * * S I N L A « » 8 I N L i H > 
FO l i ) = F O d > * F iTS 

F A C T O * FOR H.< Of* L « 0 

• 0 . 5 * F O i * s u 

3 0 . 5 « F J H S J 

F U 3 3 Q 
I f U> 
F 0 J S 7 
I f ( L ) 

l ^ T r f l C A R R A Y S 

f I G • f I J S O 
? J - I S S C D 1 R ) • F »£IS J 

^ r J 11 
S t r J P Tf i IG1 
•lA = •» • 1 

F J < M T C 1 . ; H M = ^ V< H 

n-J o 1 t a 1 , i i 
3 0 o1 I J = 1 , 3 1 
F l = I - l 
F J ^ r j - 1 

C'>*i-{J( r , I J ) = c o s ( ' i 

' J , M : I -= 1 , 1 1 
^ ^ l i J = 1 . 1 1 

f J = i J - 1 
<: ' 5 V K [ , t J ) 

I r r J 
* T i ; tf: . 

CALC U . \ T F P A r r £ q S " - i 
.4 J I = 1,1 ( J I 1 o • 1 
J K I T F c J 1 ) I 

1 0 4 : * 1 < » * F I * F J ) 
2 i ) O H 3 9 * f I * F J ) 

F U J C T I O H i n V'-i P L i H F fO^ l ) l n c ^ s O F 

I F 

I 
S L I 

\ r 

• ^ 
( It: 

1 , i: 
1 , j j I 
) • 1 

t . l '^ i 
lU • 

IR • 
I 1.1 ( I 
I IH ( 1^+1 > 

. i T . 1^ ) i 1 
I « M C f . I i t 

U ( I ) *• 1 
^ L ( I > * 1 

I \ < 1 * 1 

T ) 1 0 1 ) 

F ' ^ X T T f 1 7 , M j j _ t j t > - J f P j T T ( N V # ' I U , ' M > • F 0 B S S ( I ) * C 0 $ « V ( K ( , M J ) 

C U U I -* I E 
CO ( T I J 

_ l M l L V T n • ' . / > _ 

U « ! T P ( 3 , 3 0 6 ) J ^ T H 
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0 1 St'6 i . i \ T ( 1 X » M ^ S E C T M - j j > , M ) 
C I ^ O • '̂̂  J 1.̂  H J = 1 , 51 
0 1 * 1 
0 1 * 2 
0 1 * 3 7 ) 0 C-.) i n ' ' c 
m 4 4 .) J j ) : J 7 = 1 . 
0 1 * 5 D J o 1 i n » 1 . i j 1 
f.1 * .6 C ^: •^LC'^-^•^[ I •£ i M T T t ^ - i n i F U ' J C l M l 
0 1 * 7 • ^ ^ ' \ ^ T ( * 7 ) a . i P l T T ( r O • C - l S R i J C H . J U ) « F P * T T < N V # N j , r l f i ) 
n i * b i C J t i l ' i L 

J U ) « F P * T T < N V # N j , r l f i ) 

0 1 * 9 c p « u r M T A ' " . - i i j - ^ E p a e S t N T i T I E A M P L I T U D E ( • • K E F t H S 
01 >̂0 - * P \ r r ( 17) * I F ( ;< C ( ) I > 4 T T ( N V ) • 0 ' ) , / f >R I f . » 1 0 . > • 0 , 5 ) 
o m 

I F ( . - M T T t . J V ) . i r . w y ) ,30 ^ 0 5 )(! 
0 1 ^ 3 I f < i i * 4 T T < V J ) . L T . - v » 0 ) n T O 5 u 1 
O l i ) * •j ' r ; ^ j i 
0 1 5 5 5 0 0 
01 5 6 L I !(. ( 1 . ' ) = >'Ao r 
0 1 5 7 T 5 "J J 1 
0 1 5 6 5 j 1 1^ \ T r ( K ' ) = - - ' ^ 
0 1 5 9 
0 1 6 0 : u i r I • IL 
0 1 f 1 war f i : ( ^ , 3 o v ) ( J P A T T ( I ) , I • 
0 1 O 2 r J ^ ! W ( • ,') ' , 3 1 1 i ) 
n i t>3 : j f< lTe ( M 7 0 ^ > ( L l f i f i = 

- ' • | ^ t ' I : A T \ ' • ' » ^ i ) 
0 1 6 5 r u i n f ic 
f:1t>6 r J J r I . 1 r. 
0 1 f r 7 1 0 0 J S T ) ^ 
0 1 6 b F V 1 

TO > 9 9 ) 

E N D Or S E G M E N T ^ t e s O T U OQ?,, N/* 1E P ^ T T 
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Program ( 1 ) performs the computation of the f u n c t i o n 

P(u,v,w) = — (hkJl) cos27Thu cos27rkv C O S2T T J I W 

. . . Eqn A. 1 

f o r a l l observed r e f l e x i o n s (hk2,) at d i s c r e t e chosen values of (u,v,w). 

The output format i s t h a t of a d i s c r e t e p l o t of P(u,v,w) over a 31 x 31 

array of p o i n t s (v,w) f o r 11 f i x e d values of u, ranging one q u a r t e r of 

the u n i t c e l l . 

FORTRAN ARRAY VARIABLE DEFINITION 

NH(I) 
NK(I) 
NL(I) 

R e flexion indices h 
k 

COSRU(I,J) 
COSRV(I,J) 
COSRW(I,J) 

UPATT(I) 
FPATT(I,J,K) 

FSCAT(I) 

F ( I ) 

NPATT(I) 

LINE(I) 

NUMH(I) 

LINES 

Discrete values of the cosine components 
i n Eqn A . 1 . 

Values of the Patterson f u n c t i o n d u r i n g 
synthesis. 

S c a t t e r i n g f a c t o r s used i n the Sharpening 
f u n c t i o n . 

Value of s c a t t e r i n g f a c t o r f o r given Bragg 
angle. 

Integer value of scaled Patterson f u n c t i o n 

Overprint v a r i a b l e of NPATT(I). 

Number of r e f l e x i o n s of given h index. 

14 

19 

Set array v a r i a b l e dimensions. 

2 0 
21 

Input NAST as ** and IBLK as 'blank*. 

2 2 

2 6 

2 7 

* 

3 2 

Input the element (NTYPE), used as the average 
s c a t t e r i n g atom, whose s c a t t e r i n g f a c t o r s 
are used i n the sharpening process, and an 
average i s o t r o p i c temperature f a c t o r (BETA). 

Input u n i t c e l l dimensions 
(D = a, E = b, C = cA) 

I 7 0 



3 3 Input s c a t t e r i n g f a c t o r s ( I n t . Tables f o r 
! X-ray Crystallography Vol. 3 . ) i n order of 

4 4 , atom type 1 . . . 5 . 

4 5 Set v a r i a b l e s FORIG (value of Patterson 
! f u n c t i o n at the o r i g i n ) and counters NUMR 

4 8 (number of input r e f l e x i o n s ) , MA and NUMH(I) 

4 9 

51 

1 1 4 

1 34 

1 3 9 

1 4 0 

1 4 5 

(hki,) and observed [FQ(hk]i)| read i n as v a r i a b l e s 
J , K , L , and FOBS. 

5 2 I f J i s given the value of 1 0 0 . FOBS i s the 
5 3 layer scale f a c t o r f o r given data. 
54 

5 5 Test f o r J = 9 9 9 as end of r e f l e x i o n data f l a g 

5 6 Calculates d̂ ^̂ ^̂  as D J K L and places hkJi data 
\ i n layers of given h provided input i s also 

6 7 i n layers of given ascending h. 

6 8 I n t e r p o l a t e s the s c a t t e r i n g f a c t o r data f o r 
! t h a t value of (sine)/A, f o r r e f l e x i o n hkZ, 

8 0 using a d i f f e r e n c e formula. 

81 Applies the Sharpening f a c t o r ( i f r e q u i r e d ) 
as expressed i n Eqn. 1 . 6 4 . 

8 5 
> 

91 

9 2 Sums c o n t r i b u t i o n by |Fo(hkJi)|^ at the o r i g i n 

Applies symmetry r e d u c t i o n f a c t o r to |Fo(hkJl) 
f o r h, k or i = 0 . 

9 3 Places Patterson c o e f f i c i e n t s i n array f o r 
9 4 each r e f l e x i o n . 

9 5 Calculates d i s c r e t e values of c o s 2 7 T k v and 
I C O S 2 T T ? . W f o r arrays of 

\ 0 3 0 

" " ' ^ " I 0 3 0 
W J 

1 1 5 Calculates the Patterson f u n c t i o n at d i s c r e t e 
values of (v,w) f o r blocks of f i x e d h index, 

1 3 3 excluding u v a r i a t i o n . 

P r i n t s e c t i o n U = se c t i o n number heading. 

Sets up nested DO LOOPS f o r output map 
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C a l c u l a t e s t h e P a t t e r s o n f u n c t i o n f o r v a r y i n g 
; d i s c r e t e u l e v e l s . 

148 

149 The v a l u e o f t h e P a t t e r s o n f u n c t i o n i s s c a l e d 
such t h a t P'(u,v,w) = P(u,v,w) x 99 and t h e n 

P(0,0,0) X 10 
o u t p u t as an i n t e g e r . I f |P'(u,v,w)| > 99, 
t h e n P*(u,v,w) i s s e t t o 99 and o v e r p r i n t e d 
by **. T h i s s c a l i n g was found t h e most 

168 c o n v e n i e n t f o r t h e problem i n hand. 
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Program4-2) 
n o i L 
o n 11 
0 0 1 ^ 
0 0 1 3 

O f i l f) 
O O l o 
0 0 1 7 
0 0 1 ^ 
O f i l V 

n o d 
0 0 ^ <: 

OCltL 

f.o*;v 

o n J i 
o u J i ' 
00.5:5 

O O J b 
O O J C 

O U ^ o 
o o j * ; 
ot>*»t 
0 0 C I 
00< .c 
OO*. . ) 

0 0 * . ! ) 

Of.A 7 

0 0 ' . ) -
oo***--
0 O S ( . 
0 0 M 
0 ( . 5 * -
o o s : * 
0 0 5 4 

0 0 ^ 7 
0 0 5 h 
0 0 
OOOO 
O d O l 

OtpC3 
O O O i . 
0 0 6 5 
QMOC 

0 0 6 / 
OOofc 
0 0 6 V 

0 6 / 1 
OOfk 

1 1 5 
1 1 0 

1 1 1 

2 J 1 
2^1 

11 

1 0 1 

i u . 

M A S T E - ^ S F E D 

P ^ ( 1 ) 2 ( 1 ) : 

n i : i E N S l - . v . 

D l . i t ' J S l j . . 
s ' J l = 1 
f w 11.1 I 
n-J 1 1 S J 
i i - »|>( I ' J ) 

•I F I u ( r , J ) 

IT I ' i IL 
C J - ' I T I N If. 
S t ^ A L F = J 
0 0 1 1 1 I = 
A ^ ( I ) = I 
f U ( I ) = 1 
, . K ( I ) - . ! 
:J L ( I > = .1 

A ( I ) = (. 
: U I ) = -

;>^i 
I u ( I 

^c. J n . Y ( i o o ) . z n i ) 0 ) » F 5 C A T ( i o o ) 
* F U ' » ( 3 1 » 1 1 ) , : » F U 0 < ^ 1 , 1 1 ) , A P U 0 ( 31 , 1 1 ) » B p u U < 3 1 . 1 1 ) 
A ( c : . » ' i ' ) ) . t l ( 2 0 0 0 ) 
A / < 2 . » f t ( j ) , n z ( 2 0 0 A ) . N r ( ? n o o ) 
H J O . l ) , f J P A ^ ( 2 0 0 O ) , H H ( W ) , > J O f ' n ( l ^ ) 
i r v i > F . ( 1 0 0 ) , F < 5 ) , C O S R A < 3 1 . r u S « X < l l . 2 1 ) , S M ( » X ( n , 2 1 ) 
5 [Mr* A ( 3 1 . 6 1 ) , N G B l 0 ( i n A 0 0 ) . G B i n < 1 1 ,31 ) 

5 1 
1 1 

1 = 1 
J = 1 
J ) = 

- •J i m u; 
.^.1(1)=. . 

T ' J JT I J i t 

i =1 
f J=»1 

T I •/.) = ,) 

; ; 3 l 

^ A J ( , M 1 ) 
W H I T E ( 3 , 1 0 1 ) 
F o i l r l A T ( r. F / , i 

f 4 3 ' i * 1 

9 E A i; ( ^ . 1 0 2 ) u . E . f, 

f ' J ( l ' : l A T < 3 F l v J . 
A S 1 a O * : > 

c s o = c - c 
r> iJ-3 ,*M = 1 . > 
rtcAn<2.10*)'; 
F M a M A T d J ) 

•^UT= I F l 3 ( ( F ; i * . » , S ) 

O . V ( ; 0 , 2 < ) , N T Y P E ( l O 
( rJ ) , Y < N I . Z ( K ) . N T V P f ( N ) 

1 J) 
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0 0 / 3 
O U / 4 
0 0 / i 

00/f 
00/b 
OCfV 
O U b t 

O O t * 
r .ot3 
iiOtu 
0 0 6 5 
nr . 6 c 
Of.* / 
r 0 1 
O l i f <» 
n o ' / 1 

OOV 1 

O O V i 

r.i .vt 

n o v o 

01 I I 
01 u i 
(Jl 
0 U ' 3 
O l t - * . 
rii f > 
01 b e 
O l i . / 
0 U ' ^ 
n i t v 
M i l 
0111 
(111 ^ 
r.n3 
n n 
n n 5 
n i 1 1 
( 1 1 1 ? 
o i l c 
011<. 
0 W 1 
0 1 ^ 3 
01 
0 1 ^ 5 
o w e 
01<:7 
01 
01 
01 3 t 
01 31 
0 1 3 i 
0 1 3 3 
0 1 3 * 
0 1 3 5 
013fc 

0 l3 fc 

6 
3 

1 J 3 
1 1 

1 J J 

1 / 
1 'J 

1 . 

c 
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^1 

U o 1 = 1 * 1 ^ 
;:.t s i J T * ' I 
t r t A D ( ^ « i n 3 ) f S C A T ( 1H) 

C ' J ' U I r - » F 
F J ^ I A T ( f 1 ) , 1) 
KC A D ( 2 * 1 r^S) J * L « F i l f t S 
f l A T C.-.l / . , d ) 
: F ( j - 1 ) r i ) f 
> ^ A c E = F r .s 
' . J T T 11 
I r ( J - 9 1 0 ) , ! J « V 
: ) j < L = s ) K T ( J - J / \ S O * K « < / 3 5 O * L « L / C < ; O ) 
J I J L A ; = . 1 . ' ) • I . 1 M . 

, = 1 
iF<s i ' a - * ' - w ^ 

\ J ^ E = (A . 0 1 1 + , 
•̂  = N*1 

J T ) 1 r 
J 1 S I J :i 1 . S 

r J = l i • 1 J - 1 •• 
J J T = I F I ( F J * 
, < = J T » . 

f > 1 i . ,1 6 , 1 f t 

, ^ T ( \ U ) - F S C A T C J 0 * l ) ) * ( H 4 ( i G F - S l l L A M ) * F b C A T ( y Q * 1 ) 
I T I 

1 "1 J = 
r J 
r I 
C l 

( , = ( < • » ( - ) . - ( . i * « . ) / 6 . 1 
t K F f - L • ^ I > 

i * r 1". ( , ^ i l . t r , . c I ' j F ) • r o s ( r . 

S J IF * = 
<;u IF T = 
C J ' T I . 
F I -J T = 
f i J T = 

n - ) 
J , f A » 

: I 1 C r w 

^ M 3 1 H f > . C r u l l > • C . l < ; ^ 6 . ? b 3 1 ^ ^ ^ • r T ^ I . C F > 
i 1 . . / . « C » N E ) * S I ! U 6 . * : ^ ^ 1 r t ' . * C r i - ' 0 ) « S M ( 6 . < ; X 5 1 M o * C T t . K E E ) 

( IN ) "T, ) 
r ( ••».) • H ) 

:iT ( (<; : i r A . b - M F A ) • ( S U f l F n * S U M F R ) ) 
F : • f ( " I . ' S I J L A M t S U L A n 

I M M - r - F . ' A . > n , 1 1 » 2 i 
ACCEPT FOBS I F FINT.GT. 0 3« FOBS 
^ u ' : t A = F .> IS 
->j i F r t = r . n : - ^ 
< »t c I J ) = 
^ L C I J ) - L 

N Y - I X = < + 1 
I K J t:: j . i ) , . 'A 
^^PAR( 1 J ) 3 l 
' - . J T i l 2 7 
S P A R { r J ) s ? 

TO ' 7 

TO ? 0 
r j > = . t K < + i 

N L ( l J ) a M L < I j ) * l 
1 F ( J - N I N I ) 51 , 3 * ; , 
HfUl) = J • 1 
I f ( I J - 1 ) * 1 * 4 . ? . * 1 
N U ' \ H ( I - 1 ) a " * H r i 

N U ' U I 

S J f i F / i / F I 
i F l l / H ' J T 

1 9 ^ , 1 9 7 
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0 1 3 V ? » I • ! 
GU TO 4 3 

0 1 * 1 3 2 
4 3 I M J ) 5 2 r 3 3 . : > ^ 

0 1 * 3 i 5 SU If i • S J H F A 
O l * * * s u ; i f a = ' » . ' > • s i J i F t 
0 1 * i I K N t C ( I J ) - l ) b 4 . 5 & , 5 4 
01 4t :>5 S U l f A « 0 . 5 • S U . I f A 
01 ft? S U t F B = ̂ '>.S • S U ^ F b 
01 fth I f ( l ) ! * ? ! . I V ^ . T ^ I 

0 1 * ^ 1V2 SUMf *= - i . * ;«S: iHFA 
01 5i. S J . l F J a 1. 5 * S J M F "i 
f'1 M 1V1 * ( I J ) = ^:iriFA 
01 >t 1̂  U J } 3 S l ' . iF -t 
01 :> j 
n 5 t T 1 11 
01 :)S 1 0 • 4U4H( I -1> = Ml-1 
o n t | J = I J - 1 
n i 5 / ^MITF C ^ . ^ J I 1 I . I 
01 i )1 F ^ ^ ! ! ^ T ( I o ) 
01 5S J<J M r 1-1 
01 <'( u T . I = 1 , 
(•lo1 b^ J = w s i 
n i C i f I - 1 - 1 
o i o j r J 3 J - 1 
01 ' : u s ; ; A ( r , . i ) = r i j C n . i ) 4 7 2 * F 
f(1 6^ r . r u A ( i . j ) = 1 0 4 7 2 * 
f l C£ . 
r 1 0 r o . l < ; ' J : J T K - I f 

: ? - 1 , n 
01 OS lO "i1 , . i i = l , '1 
f -Wl : 
01 / I C J = . I ( - 1 
f. 1 / .. ( ' I f • t > =L1S ( , 31 41 s o * 

f 1 c'y'i 
01 /•> ? j ' l 
^^^ f i 

^ z T t . p = " : . - 7 r - ) 
n 1 / ; , 
01 / * . 
01 01' ( i , ) 
n i t o l n o 7 0 ! = ' . , ( . ! 

Olftd •jt 3 a ( 1 ) 
01 3 
(• 1 o 0 ^ ( I ) - - 1 , M ) • J l i i,» *, ( . C * fJ Z T I f 
O lb l ) i-.O I T 1 - I * ' * 
01 i i * I = 1 
0 1 b / oo i r = * , iJ I n I 
01 ^^. J i» = . 1 U l K ) 
01 e v I S 3 -J C J ' ) 

1 V 1 >U c J ' l < L = 1 , Ji> 
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( ' I V 4. 
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(M V 6 -IP i O ( ' * T , j : . ) = J P I J U C J T , JfJ) • 
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01 V^. v . ; I =1 • 1 
O i v < . - a n CO: iT lN \\ 
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n o ,10 = 1 ,51 
HtV » H Y - 1 

0 2 u 3 - ^ 3 0 0 j * { « 1 » N t m i 
0 / U 4 •>U. 164 I i ) : j 3 1 , N Y M X 

F I 

F J > 
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F I 
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A Z ( I ) 

175 -



0 2 u ^ 
02UI. 

QZvb 
02 W 

0 2 1 ^ 
C 2 1 3 

0 2 1 3 
b^^t 

C 2 1 b 

c^u 
o^^^ 
Od^i 

n2£i 

Odd? 

0 2 i t 
0 2 i 1 

r . 2 i i 
( 2 i o 
n 2 i / 

0 2 
( 2*1. 

n ? t 3 

r ,2fcb 
n 2 ' . L 
0 2 * . / 
r i 2 ^ b 
n2*>v 

0 2 >L 
0 2 : » 1 

n 2 3 J 
0 2 ^ * . 
n 2 > i 
0 2 5 t < 
0 2 i / 
0 2 i h 
n 2 5 V 
021^0 

J N = :M t J r ) 

C - B F U J ( |«jJ« J H W C O S a A C I O U # a Y ) 
T l / J « T T J f ) * J P j j ( I 0 U , J N > * S l H H 4 < J 0 j . H Y ) 

C - A f U O ( n U . J « ) » S I f c R A < | ( l ' J , e i T > 
1 6 4 C U I T l * H. 

2 0 J . i ) :x s 1 « 1 1 

C • < 5 H U ) ( ( J t : * : * « < ) * T T W n > 
2 0 3 J T I . J E 

T U . I E » 0 
I C O s f» 

i O f ) CW t T ! 4 I E 
dO C ' J I T I i J F 

DU j O U UJu IT 1 »HV»*X 
D" 5 j 1 J P. - 1 . Ui: 1 
J K • n ( J » > 

i o { I J J , J I ) • J 
BP 'JO( • J'J* J n = '» 
AF ) 0 ( I M. J ' ) = il 
( t r i f ) ( i r . i , j , . ) 5 

i i i i CO IT I 'i t r 

J 'J ^ 1 = 1 . 1 1 
0 u r, 4 I p - 1 . 1 
t,P l3( 51 • • . ^ ^ ) •Va l • ( 1 - 1 ) • ! P 
N^^ID' II". } = I F i X ( l i U I o ( | , I p ) ' » ( i , ^ ) 

QL c u J T r.; iI 
r u iT I ' II 
^ J ; J : = 1 ,11 
fi u ^ > 1 .1 = 1, 1 
c-*11>( I . - > = 

A T I f u IT I 'I i( 
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P r o g r a m ( 2 ) p e r f o r m s t h e c o m p u t a t i o n o f t h e f u n c t i o n 

p ( X . Y . Z ) 

h + k = 2 n 

F ( h k J l ) I [cos2TThX cos27TkY cos2TTJiZ c o s a ( h k f c ) 

- SLn2TThX s in27TkY sin2TTJiZ s i n c i ( h k l i ) ] 

- I 
(hkSL) 
h + k = 2 n + l 

F ( h k J i ) I [ s in2TThX s i n 2 7 i k Y C O S 2 T T ^ Z c o s a ( h k i ) 

w h e r e 

cos2TThX c o s 2 7 i k Y sin27TJlZ s i n a ( h k £ ) ] 

a ( h k J i ) = t a n ' 

. . E q n . A . 2 

. . E q n . A . 3 

w h e r e A , B d e p e n d u p o n a t o m c o - o r d i n a t e s ( x , y , 2 ) s u c h t h a t 

o ' 'u h + k"̂  
A = 4COS2TT hx + r 

A 

h + k 
B = -As in2TT 

C0S27T k y C O S 2 7 T £ Z 

E q n s . A . 4 

hx + sin27T k y - ^ ^ ^ 1 sin2TT!l2 
4 J [-^ 4 

I n t e n s i t y s y m m e t r y i n s p a c e g r o u p P 2 i 2 i 2 r e s u l t s i n 

F ( h k e ) | = | F ( h k £ ) | = | F ( h k K , ) | = | F ( h k J l ) | = | F ( h k I ) | 

a n d 

a ( h k J l ) = - a ( h k i ) = - a ( h k £ ) = - a ( h k i ) = - a ( h k l ) 

V h + k " 2n 

a n d 

a ( h k l l ) = - a ( h k l ) = 7 T - a ( h k £ ) = T^-a(hkl) = - a ( h k O 

V h + k = 2 n + 1 

w h e r e n i s i n t e g e r . 

T h e o u t p u t f o r m a t i s t h a t o f a d i s c r e t e p l o t o f p ( X , Y , Z ) o v e r 

a n a r r a y o f p o i n t s ( Y , Z ) f o r 11 f i x e d v a l u e s o f X , r a n g i n g o n e q u a r t e r o f 

t h e u n i t c e l l . 

D E F I N I T I O N FORTRAN ARRAY V A R I A B L E 

X ( I ) 
Y d ) 

Z ( I ) 

A F U D ( I , J ) 

B F U D ( I , J ) 

I n p u t a t o m i c c o - o r d i n a t e s x 

y 
z 

= Z | F ( h k e ) lcosa (hke) cos2TTez 
hk£t 

= I | F ( h k l i ) I s i n a ( h k i l ) s in2TTeZ 
h + k = 2 n 
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A P U D ( I , J ) 

B P U D ( I , J ) 

I | F ( h k J t ) l c o s a ( h k l l ) COS2TTJIZ ] 

hkl • 
I | F ( h k ] l ) | s i n a ( h k ) l ) s i n 2 7 r l l Z 

h + k = 2 n + 1 

A ( I ) 
B ( I ) 

C a l c u l a t e d A f o r e a c h r e f l e x i o n . 
B 

A Z ( I ) 
B Z ( I ) 

A ( I ) COS27T£Z 

B ( I ) sin2TTJiZ 

N H ( I ) 
N K ( I ) 
N L ( I ) 

R e f l e x i o n i n d i c e s h 
k 

N P A R ( I ) P a r i t y s t o r e d i s t i n g u i s h i n g h + k = 2 n 
a n d h + k = 2 n + I 

N U M H ( I ) 

N T Y P E ( I ) 

Number o f r e f l e x i o n s o f g i v e n h . 

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

F ( I ) 

C O S R X ( I , J ) 
S I N R X ( I , J ) 

C O S R A ( I , J ) 
S I N R A ( I , J ) 

G R I D ( I , J ) 

N G R I D ( I ) 

S c a t t e r i n g f a c t o r s t o r e . 

A r r a y s o f d i s c r e t e v a l u e s f o r cos27ThX. 
sin27ThX 

A r r a y s o f d i s c r e t e v a l u e s f o r cos2TTkY, cos2'fTJlZ 
s in2TTkY, sin2TTJlZ 

C a l c u l a t e d v a l u e o f p ( X , Y , Z ) f o r f i x e d X 

C a l c u l a t e d i n t e g e r v a l u e o f p ( X , Y , Z ) f o r 
c o m p l e t e m a p . 

L I N E S 

14 
> 

20 

21 

4 8 

S e t a r r a y v a r i a b l e d i m e n s i o n s 

S e t a r r a y s t o z e r o ( o n l y n e e d e d f o r p r e v i o u s l y 
o c c u p i e d a r r a y s t o r a g e ) . 

4 9 

55 

S e t v a l u e s f o r c o u n t e r s a n d e n d o f d a t a f l a g 
N I N I = 9 9 9 . 

56 

6 2 

63 

67 

I n p u t a t o m c o - o r d i n a t e s x , y , z and a t o m t y p e 
f o r s e l e c t i o n o f s c a t t e r i n g f a c t o r s . 

I n p u t u n i t c e l l d i m e n s i o n s D = a 
E = b ^ 
C = cA 
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69 

78 

119 

141 

142 

150 

151 

160 

175 

201 

2 1 0 

21 1 

214 

I n p u t s c a t t e r i n g f a c t o r s i n o r d e r o f a t o m 
t y p e N . 

79 I n p u t r e f l e x i o n d a t a i n t e r m s o f i n d i c e s ( h k H ) 
a n d o b s e r v e d | F o ( h k £ ) . L a y e r s c a l e f a c t o r s 
a r e i n p u t a s FQ d a t a w h e n h = 100 p r e c e d i n g 
e a c h l a y e r d a t a b a t c h . S c a t t e r i n g f a c t o r s 
a r e d i f f e r e n c e i n t e r p o l a t e d f o r t h e c a l c u l a t e d 
( s i n e ) / A o f e a c h r e f l e x i o n . 

98 

99 C a l c u l a t i o n o f l | F ( h k i ) | A 

; a n d E | F ( h k J i ) | B 
110 hka 

111 C a l c u l a t e d | F ( h k i l ) | p r o d u c e d a n d t e s t e d f o r 
' s i g n i f i c a n t c o n t r i b u t i o n t o o b s e r v e d | F o ( h k J l ) 

116 u s i n g i n e q u a l i t y E q n . 2 . 8 , 

117 I f | F Q ( h k S , ) | a c c e p t e d as F o u r i e r c o e f f i c i e n t , 
118 i t b e c o m e s p h a s e d o n t h e i n p u t a t o m s . 

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

S y m m e t r y f a c t o r r e d u c t i o n o f A and B i n t h e 
c a s e o f h , k or Z = 0 . 

A a n d B s t o r e d i n a r r a y s A ( I ) , B ( I ) a n d t h e 
J n u m b e r o f a c c e p t e d r e f l e x i o n s c o u n t e d a n d o u t p u t 

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

176 A a n d B a r e c o m p u t e d i n c o n j u n c t i o n w i t h ( l y Z ) 
* v a r i a t i o n w i t h i n t h e s y n t h e s i s i . e . 

185 COS2TTJIZ c o s a ( h k i L ) a n d sin27TJiZ s i n a ( h k i i ) . 

186 C a l c u l a t i o n o f A P U D ( I , J ) , B P U D ( I , J ) 
A F U D ( I , J ) , B F U D ( I , J ) 

2 0 0 as d e f i n e d i n a r r a y v a r i a b l e , f o r g i v e n Z . 

C a l c u l a t i o n o f t e r m s i n c l u d i n g a l l Y v a r i a t i o n 
i n b a t c h e s o f g i v e n Z . 

G R I D ( I , J ) c o n t a i n s v a l u e s o f t h e s y n t h e s i s 
f o r X a n d Y v a r i a t i o n f o r f i x e d Z . 
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215 

227 
D i s u s e d a r r a y s r e s e t t o z e r o f o r r e c y c l i n g . 

228 V a l u e s f o r t h e c o m p l e t e d s y n t h e s i s a r e p l a c e d 
: i n N G R I D ( I ) f o r Y = 0 30 
: f o r e a c h X = 0 10 

i n t u r n f o r e a c h Z = 0 30 

S c a l e s t h e m a x i m u m v a l u e o f ! p ( X , Y , Z ) 

2A9 " 

250 O u t p u t s d i s c r e t e v a l u e s o f i n t e g e r p ( x , Y , Z ) 
: o n 11 l e v e l s o f X f o r a 31 x 31 a r r a y o f 

260 ( Y , Z ) p o i n t s . 
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APPENDIX B 

L I S T OF STRUCTURE FACTORS FOR 

( i ) SH62 P 2 ( l ) 2 ( l ) 2 : 7 - c h l o r o - 2 - m e t h y l - 5 - p h e n y l - 3 -

p r o p y l [ 2 , 3 - b ] - i m i d a z o l y l q u i n o l i n e . 

( i i ) SNP P 2 ( l ) / C . : M e t h y l e s t e r o f 5 , 5 - d i m e t h y I 

- 2 - ( 2 - p h e n o x y m e t h y l - 5 - o x o - l , 3 - o x a z o l i n - 4 -

y l i d e n e ) - l , 3 - t h i a z o l i d i n e - 4 - c a r b o x y l i c a c i d . 

( i i i ) CARF P 2 ( l ) : P h e n y l e s t e r o f c a r b e n i c i l l i n 
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(i) 

L TOFO lOFC 

PAGE 1 

L 10FO 1 0 f r 

1 
T 7 

3 1 5 - ?35 

"5 11 0 2 57 201 

0 2 
1 ^ 

f i 

g 6 4 9 

1?3 118 
1A6 16A 
?21 ??2 
491 4ft9 
4 ? 9 4flT n 

1 120 114 " 
1 • 1 
1 266 2 5 n " ~ 
1 1A6 
1 19ri 226 
1 30& 520 " J 
1 453 4 1 4 ^ 

1 ^ 
1 242 197 

5 6 i 6 5 l 13ft 1T5 

r 3 * i ^ T S 7 40 2 
a — 3 ^ 1 — 5R " 40 

^ 3 t r - ^ - 47ff 493 

4 1 — m 
n — 7 — 1 — 1 2 0 110 

7 

0 ?T0 

r6"8 102 r 2 4 6 

508 291 7 1 

r T 109 ^ 3 0 s I N 1115 

5 — r ~S1S^ 499 
a T5V 31 (S 240 7 2 ^ 

131 "T35 - Z 0 1 T07 - T 2 7 



L) AND f.ALC'JLATtO FOR SHoZ OBSERV P 2 ( 1 ) ? < 1 )? 

T L 1UF0 l o f r TOFU IOTC 

S7 

lOFO 10FC 10Ft» 10FC 

3 01 ~Z9 4 2 4 ^ 2^0 T I H 1 61 
0 I d 1 216 

fS^ 1 1 Q 5 

5 - T H —1 115 
W9 ^ ft8 

3 50 316 

3^1 ^J57 

1 7 5 - T T 6 94 109 

1 8 ^ l ^ ' l 

1 5 T V i ^ 103 1'̂ M 

182 21"? 2T4 2 ^ 6 

-5 20 T ~ f O ^ 114 ? 4 i " 2 ? 2 

r 5 4 -126 127 121 
& 1 

109 19 V 

10>̂  '10 2 149 1^5 S 16 

110 1 ô s 1 " ^ 1757 

107 123 

150 153 2O0 ^'>6 j.rr ^11 

59^ ^ 1 

103 114 



^ b S ^ m Q _ ^ N i > 9 l ^ L A T j i _ ^ -9^CT'WS FOR Hf>i?" P T M ) ? ( 1 ) ? 

^ K ~ ~ L 'iro'py r'yfc- 'H- " L ^ T O F ' O I , T F C " R ~ v L I I O F C H K L 10F0 U F C 

PACE 

L 10FO l O F r 

2 3 S i ^70 
Z ~ ~ 6 3 9 - 7 5 7 

2 n v "110 

2 10^ "121 

2"~~'?:^ 
T 37 
2 324 332 
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* * J 3 2 141 - 1 / 3 s 2 131 - 1 2 H 1 8 ;e 11 U : 11 2 W6 1 0 2 1 1 0 -? 1 0 0 1 1 3 

3 2 1 8 2 2 - 1 7 3 1 6 s 2 321 - 3 3 8 2 8 2 1 1 s " 1 0 w 3 11 2 1 2 4 1 4 0 \ 1 ft 2 82 - V 4 
1 3 2 - M S 7 !> 2 - H 5 <^ 2 i 5 n 1 4 < 11 2 .'7 6 7 s 1'i 2 04 88 

3 2 3 8 6 - 3 f t 2 5 2 i s v - 2 0 9 4 8 2 1 40 1 ft 0 1 11 2 2^2 2 0 6 2 1 f 2 87 - 1 4 1 
3 3 2 S6rt -^/.; - 7 6 2 1 0 2 - 1 1 s s 8 2 1 00 - 1 0 b 2 1 1 2 ^(»ft <32 3 \ t I 8 2 -1 J S 
4 3 2 611 - 6 6 2 1 4 3 -1<k4 7 8 2 70 0 2 3 11 2 2'»1 2 7 0 1 :i 2 81 1 0 3 
5 3 2 i i : > - 4 6 2 1 V 3 2 0 7 11 8 2 6 2 -?« 4 11 2 .'0 - 7 4 - H 1 5 127 -1 U 
6 3 2 2 0 4 - 2 . 0 3 - 3 6 2 13!> - 1 4 1 - 9 9 2 8ft fl8 7 11 2 8 7 - 6 0 - 7 1 3 1 0 5 V8 
7 3 2 2 0 ^ - 2 ':4 6 2 77 - V 4 - 7 g 2 1 1*4 I 36 - 4 1 2 2 1 *»0 169 -ft 1 s 20 s IVft 

10 3 2 9V -1 -1 6 2 4 0 7 - 3 7 1 - 6 9 2 1 1 S ^ 1 6 -1 1 2 2 •.'8 S 5 - s 1 3 2 2 0 - 1 8 9 
- 6 4 2 12ft - 1 2 6 ft 2 ftll -6«»6 - 5 0 2 1 44 '1 A / 1 11 2 1 <U) 77 1 3 72 5S 
* ^ 4 2 7> .S4 1 6 2 1H7 1 8 8 - 4 Q 2 19P 214 12 2 1 7 7 201 * ^ 1 $ 271 291 
- 4 4 2 H i 2 ft 2 1 7 9 - 1 6 4 - 3 Q 2 1 ftO 1 7h 3 1 2 2 1 •'o - 1 6 2 1 3 15V - 1 1 3 
« 3 4 2 3 3 S - 3 j O 3 6 2 2 7 0 - 2 4 7 9 2 1U5 1 n9 12 2 129 -1 58 • ^ 1 ? 4 0 0 4 4 0 

4 2 13H i : ; i 4 6 2 (^21 6 2 5 Q 2 2cift ; K3 — 4 1 3 2 1 i»9 1 1 $ 2SV - 2 S f t 
4 2 16V w l f O 6 2 1 6 8 1 4 0 1 9 2 3 5 2 .378 13 2 1 ' S - 2 0 3 3 1 5 152 - 1 5 3 

1 4 2 26V -2/)/> 6 ft 2 6 7 S 6 2 9 2 2«»0 2 2 8 -1 l 3 2 1 :•!» - 1 9 4 l> 1 5 2ft? -29 f t 
3 4 2 21U - 2 0 2 7 ft 2 i s u 1 7 3 3 0 2 4 5 9 4 0 0 13 2 1 38 - 1 4 2 ft 1 3 1 8 5 164 
4 4 2 7!> - 5 3 ft 2 H2 - 1 5 3 u V I 2 1 0 ? n 3 3 1 3 2 9 4 - 1 1 0 r 1 3 191 l 7 l 
5 4 2 54 - 4 2 - . 3 7 2 Q7 7 3 5 9 2 78 9 9 4 13 2 2 1 2 - 2 2 3 8 1 $ 1 7 3 ^ 1 6 1 

4 2 • S i / '•»3 -ft 7 2 ?2rt 2 4 9 ft 2 1 6 7 1 7 7 6 13 2 1.13 - 1 2 1 V 1 3 3 1 4 587 
7 4 2 9V 11*? - 3 7 2 72 75 7 0 2 1 8 0 - 2 2 0 13 2 6K - 7 0 10 1 3 1 4 7 2 1 0 

4 2 7ft - 1 .14 - 2 7 2 4 0 0 3 8 2 A 2 1 0 4 1 2 6 1 4 2 H6 1 0 5 - i n 2 3 71 6S 
9 4 7 - . i 6 -1 7 2 5-? - 1 9 9 0 2 79 101 ** 1 14 2 2 6 0 2 9 5 - 8 2 3 1 6 7 1 5 7 



O B S E R V E :o A N O C A L C U L A T E D :TUpf: F A C T O R S F O R SNP P 2 ( 1 ) / C P A G E 4 

H K I . 1 0 F O 1 Of r H < I . 1 n p o 1 O F C H K L 1 0 F O 1 0 F C H Ik L 1 0 F O 1 fIFC H < L I O F O l O F r 

• f 2 1 16<; - 2 5 :> E H4 . 5 9 8 7 3 1 / 7 - u o - 7 ^1 3 0 0 8 2 - 3 0 4 7 8 4 6 
* 4 2 ! 3 2 u 3ti3 - 1 5 1 ; 5 9 0 - 6 6 2 0 7 3 1 1 7 - 1 4 3 - 4 11 3 2 7 5 2 6 5 - 2 •) 4 2 8 8 - 2 6 5 
m 3 2 3 1 8U 1 r.o :> 5 :! \ 3 8 1 - 3 5 5 10 7 3 HO - « V - 2 1 1 3 1 4 0 - 1 4 9 - 1 J 4 4 2 1 - 4 1 7 

2 3 1 0 4 '>7 1 J 3 ; / I 3 5 - 9 8 3 6 2 - S O - 1 11 3 2 6 1 2 1 9 5 -) 4 5 7 5 - 6 2 5 
m 1 2 ! 4 0 1 411 2 S 1 ; 1 5 5 1 0 3 - 8 8 S 9 1 - 7 0 0 3 2 7 2 2 4 9 6 J 4 W 4 - 4 2 0 

2 I 1 6 V - U 5 3 S 1 ; 37rt - 3 6 1 - 7 H 3 1 0 1 (. 1 1 3 1 4 0 1 3 5 f 0 4 ^ 4 7 - 2 7 8 
3 2 3 2 1 ^ ^ '.6 4 5 1 t 1 1 0 - V ? - 6 .s 3 1 1 ? 8b 5 3 2 34 2 4 1 0 0 4 1 7 6 2 5 0 
4 2 3 1 6 3 I S i 5 ; i i n - 1 2 0 - 5 8 3 2 9 0 - 2 7 ? 5 1 1 3 1 3 7 1 2 3 - 8 1 4 7 5 5 i 
5 2 3 4 9 3 b 4 5 6 • 181 - 1 rt8 - 4 8 3 1 1 4 - 1 1 U <» \ 1 3 V>S 1 6 2 - 6 1 4 8 1 - 6 0 
6 2 3 1 6 / - I I S 7 "» 3 t 1 0 3 - 1 6 9 - 2 8 3 5 6 8 - 3 6 2 - 2 1 2 3 2 3 0 - 2 3 2 - 5 1 4 1 5 8 - 1 33 
7 2 3 1 7 V U 4 Q • 1 01 - 1 0 0 - 1 a ? 4 2 5 - 4 W - 1 1 2 3 2 ^ 6 - 2 1 3 * ^ 1 4 9 2 6 1 
8 2 3 9rt 6 4 6 •» [ 8 ! ) 6 5 0 8 3 1 3 1 - 1 ? 6 4 1 2 3 1 8 3 - 1 6 7 - 7 1 4 1 9 9 I d ? 
9 2 3 1 4' . l o 3 - 7 6 3 7 1 1^ ? 8 3 2 5 0 - ? s ? S 1 2 5 o« 8 9 -1 1 4* 9 8 1 1 8 

- 8 3 3 1 2 1 - 1 0 4 - S 6 3 4 / - 4 7 3 8 3 2 4 6 - 2 3 1 - 5 1 5 3 1 1 3 - 1 2 3 0 1 4 9 7 . 7 7 
* D 3 3 7 V 34 - 4 6 1 [ V 6 - 7 0 4 8 3 9 1 - 7 V - 1 1 3 3 2 o 2 2 5 3 1 1 4 398 - 5 9 8 

• 2 3 3 H i 7 4 - 2 6 3 1 5 6 - 1 3 8 5 8 3 2 9 7 - ? 7 8 0 1 3 3 i a 5 1 7 3 ? 1 4 2 1 1 1 9 8 
1 3 3 2 7 3 -2*>o 1 6 ^ 2 6 4 2 4 0 6 8 3 1 3 6 - 1 0 3 1 1 3 3 1 34 - 1 0 7 < 1 4 4 3 4 4 4 0 
4 3 3 1 5 1 .T5 2 6 3 1U7 - 1 0 0 7 8 3 8 5 8 6 2 1 3 3 2 0 3 1 9 5 4 1 4 3 2 8 - 3 5 0 
5 3 3 1 Ort 1 0 5 3 6 3 2 5 1 - 2 1 2 9 8 J 8 0 - A ^ 3 1 3 3 0 5 0 5 5 1 4 1 5 4 \ 5 8 
7 3 3 2 2 4 - ^ 1 3 4 6 3 3ft4 3 3 4 10 8 3 8 6 • 6 9 1 3 3 1 1 5 1 1 1 6 1 4 9 0 . 8 3 

3 3 3 6 6 3 7 4 5 'S 3 0 0 - 5 H - 3 Q 3 2 5 3 ? 4 8 6 1 3 3 1 00 - 1 0 1 7 1 4 2 3 2 2 2 1 
- 6 4 3 1 7 i - 1 . - ^ 6 6 6 3 1 1 7 - 8 0 - 2 3 1 3 1 - 1 4 3 8 1 3 3 1 3 5 1 1 6 M 1 4 1 5 5 -1 7 ? 

• 5 4 3 1 2 3 1 0 < 7 8 3 5 9 0 0 5 1 3 0 1 ? 1 - 5 3 1 2 6 7 4 - 0 2 « 1 0 6 

- 4 4 3 1 9 4 1 5 0 6 : 0 4 1 0 3 1 o 3 1 0 ? 6 3 - 1 1 4 3 7 4 8 6 - 8 I 4 9 7 - 6 8 

- 3 4 3 If o 6 ;i 0 2 - 8 7 2 Q 3 1 0 3 « 5 c 1 4 3 1 7 4 1 8 5 1 2 8 - 1 2 5 

• 2 4 3 48:» ^ 1 6 - / 7 1 1 8 5 - 1 7 1 3 9 3 3 0 5 2 9 0 - 5 1 5 3 8 5 - 9 0 - 4 2 4 1 8 6 - 1 6 ? 

-1 4 3 6 0 6 6 4 3 - 5 7 ^ 2 3 0 2 1 4 - 7 1ft 3 9 ? - 7 4 - 2 1 5 3 8 9 - 9 1 - 3 2 4 2 4 9 2 1 6 
1 4 3 3 2 4 - 3 0 4 - 4 7 3 7 2 6 6 - 6 10 3 80 7 9 2 1 5 3 1 no 1 1 4 - 2 2 4 1 9 8 - 1 7 8 

4 4 3 4 1 0 3'? 3 - 3 7 3 1 3 8 1 2 5 - 4 1 0 3 2 9 6 - ? 8 8 - 4 3 0 4 1 2 0 - 1 I 4 1 3 7 - 1 0 6 

5 4 3 23V ifft3 - 2 7 3 10V . 1 0 4 - 3 1 0 3 3 0 6 * 3 1 0 3 16 3 74 - 6 1 0 2 4 4 2 5 4 0 9 
4 3 27% 2 ^ 7 - 1 7 3 4 3 2 - 4 3 ' > - 2 1 0 3 4 8 4 . 4 0 0 5 3 4 3 . 8 6 1 2 4 5 2 1 5 2 8 

1 0 4 ] 11V - 1 3 2 0 7 3 3 9 d - 4 0 3 -1 1 0 3 3 3 0 - 5 2 3 - 3 1 7 3 7 8 - 8 7 ? 2 4 4 7 3 - 5 1 6 

* 7 S 3 2 3 ^ - I f l O 1 7 3 5 3 0 - 5 6 8 1 10 3 8 0 - 6 0 3 1 7 3 7 0 - 9 4 4 2 4 1 2 1 - 1 1 7 
• 5 5 3 16V - 1 4 0 3 7 3 2 5 7 - 2 4 2 2 1 0 3 2 4 0 - 2 3 6 - 6 0 4 1 3 3 - 1 1 7 5 2 4 3 0 8 - 3 2 8 
* 4 5 3 1 2 / - a o 5 7 3 9 2 54 5 10 3 9 7 -7f t - 5 U 4 1 7 4 - 1 6 6 a. t 4 1 7 5 - 1 6 5 

• 3 5 3 58 - 4 0 6 7 3 3 7 Z - 3 7 3 7 1 0 3 1 2 6 • 9 6 - 4 0 4 89 . 6 9 7 2 4 76 - 6 6 



0 h s r I- V I. A'^i C A L r J L \ T t > < ; T M r T ' J : o : FACT ) R S F S N P n 2 ( ^ > / r PAf.t 

H L 1 ' tFo 1 Of r 't L 1 OFO 1 0 F C H Ik I 1 o r o 1 u M : H K L 1 n F C H »̂  1 .)F f) 1 O F r 

. 9 4 7ft -'.'ft - 1 r 
1 4 ? / f t - 4 4 MS -Ml - 5 1 1 4 1 0 / rt8 -/> 1 242 2 /1 

- 6 3 4 2 3 u - 2 0 ^ 0 s 4 ov - 3 J 4 1 32 1 ^3 -1 1 1 4 78 -1 1 s 4V9 524 
* 5 3 4 1 0 4 1 4 ^ft2 - 5 2 1 - 2 iK 4 1 9 2 1 0 s V 1 1 4 / 4 SO 0 1 i 4 6 6 501 
— 4 3 4 1 52 1.16 t 

1. 
5 4 ^04 - 2 9 1 1 8 4 1 47 1 n 1 1 1 4 1 1 5 1 1 5 2 1 od - S i 

• 3 3 4 1 4rt -1 ."'7 t > 4 i s y 1 4 3 2 .* 4 3 4ft 3^7 — (' • 1 
1 (. 4 ^^ - 1 1 6 1 5 1 48 16^ 

-1 3 4 1 4 4 1 .'.V 4 5 4 14V 1 U4 \ 8 4 514 315 - s 1 ^ 4 111 -1 08 u 1 5 58 7 5 
3 4 1 5 S - 1 7 4 *) r 

1 4 2Q3 - ^04 4 8 4 1 0 7 - I f tQ - (. 1 2 4 -1 t 4 S 1 S 53V - 2 8 y 
1 3 4 59 4 - > 7 '\ 6 5 4 3 4 4 5o1 5 8 4 219 1 Hft 1 2 4 iftV -1 A / r 1 5 8 / vo 
2 3 4 1 6 2 7 "» 4 7 4 ft6 6 .\ 4 2 S 4 101 — t. 1 2 4 1 ^ 5 -1 V5 1 5 5 5 - 4 H 
3 3 4 l i t ; 6 4 1 Oo V6 8 8 4 1 4 5 1 V - 1 1 2 4 21 0 - 2 2 2 0 1 86 120 
4 4 1 5 / -1 -.s - .> f> 4 27ft W 4 'J ft - 4 i : t . 1 2 4 - 1 0 ) - s > 

t. 5 48 - 2 2 
5 3 4 441 4 1 0 - 4 o 4 3 2 0 3 2 8 - 8 Q 4 ftO HO 1 1 2 4 0 8 - 1 0 7 2 5 112 -1 on 

3 4 26^; 2 . , 7 - ~\ i\ 4 ,>6 3 2 5 4 - 6 O 4 rt? f* S / 1 2 4 122 - 1 1 8 - ^ » ") 1 / I -1 '̂ H 
7 3 4 2 4 2 2^4 - 2 /» 4 ? o v ^o;i - 5 <> 4 125 1 1 1 1 2 4 1 4 / - 1 5 2 - 2 tl 228 191 

\ 4 21 2 S ? - 1 4 ^14 - 2 ^ 4 - 4 4 9 2 t v f t 4 1 2 4 2 0 / -1 75 -1 1 
1. i ' ' 82 -2S>4 

9 3 4 1 31 IVf 0 4 5 4 2 S / f t - 3 4 1 / 8 -1 M2 1 1 2 4 M8 . 8 5 0 2 > 1 1 5 64 
— o 4 4 9<; ' » 1 1 4 2 7 5 2 0 2 — c •i 4 2 4 2 - 2 1 V / ' ^ / 4 ^4 . 8 8 1 ) 

c 
5 1 /si -1 28 

- 7 4 4 10*^ -1 0 4 ;> '1 4 4 1 5 4 2 3 -1 Q 4 1 1 H -1 00 f'. 1 2 4 1 58 -1 72 / 2 > 59 1 -SVf t 
— 6 4 4 r > 2 1 4 4 8 8 4ft 2 0 Q 4 2 8 ^ 2 K / S' 1 2 4 /O S 18> - 1 - i / 

4 4 1 5 2 1 4 o 4 ^48 547 1 *> 4 I S O - 1 4 8 - 2 1 3 4 9V - 0 9 4 2 5 4 5 / - 4 4 S 
— 4 4 4 1 8 4 1^.5 *\ ft 4 5ft2 574 2 •> 4 1 "1 9 3 -1 1 3 4 1 S I 151 S u 5 140 -1 40 
- 3 4 4 3 1 3 3 2 ? 6 0 4 1 8 0 1rt4 5 4 1 24 . y ^ 1 1 3 4 89 1 1 7 ft t > 68 48 
- 2 4 4 2 0'-' 2-l'> ' n S 4 ft5 ft 3 7 4 2 1 0 1 /Q •) 1 S 4 1 S4 1 4 0 / 4, "5 1o5 - 1 ^ 5 
-1 4 4 2 5 2 2^9 - 5 7 4 1 0 2 - 9 1 8 4 87 SO 6 1 3 4 1 0 2 9 4 V 1 5 174 - 2 4 8 

1 4 4 4 1 2 3 0 ? - 4 -» 4 9 3 - 7 7 - 7 1 0 4 H i 2 - 8 9 - 4 1 4 4 1 40 - 1 S 2 1 n > 5 5 5 - 1 2 0 
2 4 4 251 2 2 2 - 3 7 4 1 0 8 1 0 5 - 2 10 4 3 2 / - 3 4 V - 3 1 4 4 1 1 3 - 1 1 3 S 7 0 / I 
3 4 U 1 9 0 1 7 - 2 7 4 1 3 3 - / • » -1 1 0 4 (.ft - s s -1 1 *• 4 1 1 5 -1 0 9 -ft 1 •> ftO 50 
4 4 4 1 74 1 / 6 -1 7 4 9 0 - 7 0 0 10 4 1 70 - 1 5 5 1 1 *• 4 1 / I - 1 f t 8 - s 5 1 82 169 
5 4 i 76 - 4 l 1 7 4 9 2 - 7 5 1 1 0 4 21 3 - 2 2 1 2 1 ** 4 8 0 . 9 2 - 4 3 5 1 52 - 1 1 4 
6 4 4 9n 9 ^ 1 7 4 2 2 0 - 2 0 1 2 10 4 124 - 1 2 4 5 1 4 1 1 2 - 1 1 0 - ^ j S 1 7 / - I 7 f t 
8 4 U 1 8r< 24.7 2 7 4 3 1 4 - 5 2 2 3 1 0 4 1 6 8 1 5 5 0 1 5 4 1 59 1 2 4 - 2 # ) I V / 1 79 
9 4 b 1 5ri 191 5 7 4 o 4 - 8 5 4 10 4 2 1 5 - 1 8 V 4 1 o 4 1 04 H8 - 1 5 71 57 

- 6 5 f, 19ft - r . n 6 7 4 78 / 5 5 '»0 4 1 5 5 -1 22 -1 1 / 4 64 - 7 5 1 # 5 1 / / 1 64 
- 4 5 U 69 :>o •7 7 4 2 4 5 2 5 6 8 10 4 1 2 8 -1 OV - 8 1 5 9 3 . 85 2 •j 5 1 2 5 69 
- 3 5 t 1 6 / - 1 2 7 * 

1 7 4 7 J H6 1 0 1 (1 4 75 - 1 1 3 - 7 1 5 1 28 1 5 / F 3 5 58 - 4 ^ 
- 2 5 t 28U - 2 7 o - '» 8 4 2 0 3 1 9 2 - 6 11 4 1 1 2 87 - 6 1 5 54 - 5 3 4 S IftV 161 



A A 1» tCT'f::F: F AC Toj^S F IR SNP P 2 ( 1 ) / r M A r, t 6 

H K L 1 0 F ' 1 l o r e N L 1 ') F 0 1 OF C H < L 1 u F o K ' f ( H < L 1 D i l l 1 i lFC H < L 1 IFH M F C 

s 3 5 - '} •1 S ^i)U 1̂ 0 8 5 1 U V 11 1 21 1 55 .) ) i"* 82 . 6 t 
6 3 5 - 3 0 4 - 2 (> S 1 1 1 0'.' S 8 *> 110 1 0 ^ - ? 1 2 5 1 (19 - 1 0 5 1 •.) <•) / V 6 - 500 
7 3 S 1 2 / 1 .:o -1 b 5 1 S7 1 46 •H 2 1 s 1 S - 2 1 2 s 1 1 1 - 1 0 5 4 J *> V71 - 4 1 ) 4 
a 3 5 75 ) '» 5 ? 0 V 21)8 7 8 S 221 2 2 0 - 1 1 2 5 2 0 8 2 2 / 7 0 '> U 1 410 
9 3 5 civ - i . > / 1 3o:> i\ "» 1 i ^ 1 SO 3 1 2 s 1 6 / - 1 8 1 -H 1 54 47 

- 7 4 5 8V •> S I 2 ' i - 1 1 6 1 0 8 •> 1 1 2 1 6 5 4 1 2 5 72 . 5 8 - S 1 6 5 6 5S 
- 6 4 5 5 J - ^ s S 1 0 / / iS 11 •) S1 0 1 2 5 MS 57 - 4 1 1 4 9 124 
- 5 4 5 71 / o 4 ij r 

1 74 7 4 - 6 V 5 4 4 - S I 8 1 2 5 - 4 5 T 1 1 4V 1 50 
- 4 4 5 5 S S r 

t 1 72 - 1 J •) - 3 1 ; M 1 0 5 - 5 1 S 5 S5 6 / - 2 1 •> 2 1 8 208 
- 3 4 5 1 4 u 1 1 6 •'•| 

f 
1 85 7 ? - 2 '.̂  5 2 / 4 - 2 0 i - 2 1 3 s 201 2 4 0 0 1 264 - 2 8 4 

- 2 4 5 23:> 2*. 5 7 s ;^'ft ; '57 -1 <J S 4 0 - 1 r 1 1 3 s 164 1 0 8 1 1 *j U6V -;77 
-1 4 5 191 1 " 7 i f» 'i V 6 - 1 4 4 1 V s 5 / 4 n 4 1 i 5 1 V9 1 1 182 1 V4 

0 4 5 ? 3 l - 2 - . 6 ~1 7 AV ? s 1-17 - l O t 1 3 s 1 1 4 - 1 4 3 4 1 'J 25*5 - 2 ^ S 
1 4 5 5 5 1 - 5 H . ? " "> •> 5 71 o V 5 9 4 1 6 1 3 s 9 6 S 1 0 8,) - 5 S 
2 4 5 3^1 - S-rO — 7 S 4 - 5 7 4 *> 241 - 2 4 / '\ 1 5 5 S4 / I ^ 1 2 6 / 51 \ 
3 4 5 4 1 4 - U 1 - > •7 5 2 2 0 - 2 4 2 V •) 6P - 6 ^ V 1 3 5 3 7 61 7 1 52 6 1 
4 4 5 321 - 2 / 4 - > / S . W - 2 U 6 'J 5 1 4 4 1 ;>v - ^ 1 ^ s 7(1 - / I - / 80 71 
5 4 5 4 0 ^ -3< '6 -1 30 3 - n ^ - 3 10 5 1 31 -1 3U 1 1 4 5 5 3 - 5 7 - 6 U K - 1 1 5 
7 4 5 8 5 -1 0 •» 

< s A 9 7 - 1 0 5 V ' 7 V ' 2 2 1 *• s /^v - S 6 - S . t 121 - 1 W 
8 4 5 5V - 14 1 7 5 121 - 1 0 3 .1 1 n 5 2 4 6 2 4 3 4 1 ^ 5 1 0*1 - 1 1 5 - 4 'i 1 2 3 - 1 2 2 

1 0 4 5 t r ? 7 2 - 2 '> > 0 1 0 *) 2 1 0 221 fi 1 *• 5 f»2 . 7 2 - S •> 26<) - 2 S S 
- 6 S 5 56 T 

1 
7 5 1 1 0 - V 7 2 1 0 5 20P 21 4 - 4 1 •) s 62 - 6 5 - 2 t\ 6 1 04 - 1 0 0 

- 5 r> 5 I S S - V M 4 r > 7 J -o.> !•> 5 2 M 2 5 2 - 2 1 5 S 1 26 1 5 5 - 1 ' J 217 256 
- 3 5 5 151 - 1 . ' . 5 > •7 1 70 . 1 4 4 s 1 0 5 1 6 3 1 4 7 0 1 i 5 1 0 5 -1 23 ^ 194 -1 6S 
- 1 5 5 221 - l O A -J / v v 71 6 1 0 ") fsO 4 V 4 1 5 s 1 2V 1 4 0 1 •> 2V4 - 2 6 4 

0 5 5 2V6 1 1 / S f>5 - 8 ' - 8 1 0 5 1 4S 1 4 4 - 1 1 0 5 S 5 - S 6 2 / 4 - 5 4 
2 5 5 2 3 u - 2 ^ 7 - 7 s / 7 7S 1 0 1 0 b V2 1 :̂  A U 1 / 5 4 3 - 5 8 *, 18a 1 40 
3 S 5 2 8 5 -2^/1 - > r 5 5 53 - s 11 5 57 6(. 1 1 7 s 66 - 7 2 s 0 197 - 1 8 ^ 
5 5 5 2 4 2 - 2 ' ; o - 4 s 152 14'^ - 4 1 1 5 1 0" 122 2 y f s S4 - 7 / 7 u 85 1 ilV 

6 5 5 11 7 - 1 n - 3 .3 5 2 1 6 241 11 5 M4 68 - 7 ^^ 1 0 5 86 *» 98 - l i f t 
7 5 5 1 6 > - 1 7 0 - 2 "i 5 3 78 ^9 7 -1 1 1 5 1 S6 -1 2 V - 6 0 6 1 15 -1 1 4 5 *) 7 / 80 

8 5 5 1 8'J - 2 0 7 - 1 8 S ? 7 4 2 70 1 11 5 V5 101 - 5 0 302 - 2 8 9 - / J 0 5 5 - 6 1 
- 8 6 5 6>^ .̂ 1 0 ) 1 7 8 1 7 5 1 1 s 1 58 1 ^9 - 4 6 1 45 - 1 2 4 - 6 i 6 86 - 8 1 

- 7 6 5 6U - 4 7 1 8 5 69 46 6 1 1 5 1 7 4 169 - 3 u 6 2 8 6 - 2 8 6 - S ; 6 1 04 9 7 

- 6 6 5 8 'J 7 S -» 
(. 5 1 6 0 1 7 5 7 11 5 1 5 2 1 4 4 - 2 0 6 281 - 2 6 0 - 4 ; 6 2 5 7 2 ^ 5 

- 4 6 5 111 - 1 0 8 3 5 2 5 o 2 3 3 8 11 5 61 - 8 9 -1 0 6 2 7 7 2 6 8 - \ 5 2 1 2 2 0 7 



i f T 't-'K FACT )R<; F )k SNP P A r, E / 

H d' L 1 ftFu 1 UFC 1 < L 1 . I F ) 1 • 1 F C M K' L 1 OF O 1 ft f c ri K L lOPO 1 ' IPC < L l - l F ' l 1 Off. 

- 2 ^ 6 3 H i /* h I S O 13 ' / «) ft - 7 S S ft 1 f^ ft S7 s f 7S ft 7 - 1 3 6 3 5*. 3 l O S ft 8 3 ft'' t i ft 1 ftft -1 fti. I 1 f ft ft/i - y 3 ; 7ftO 
0 3 6 y^i >̂ ft 9 4 1) ft 1 u -1 ^ 7 - S 1 7 l i f t -1 7 > 7 ; 7^ ftl 
1 3 ft 370 3.-̂ ft / ft 1 4 / 1 i , 0 s () ft ^OO - 7 0 ^ - 4 1 7 17 5 -1 rt? .A 730 
2 3 ft 4 7 ^ — 'j -» ft 1 - 1 i s f> ft 1 S i - 1 4 1 - 5 1 7 ;tft - S S ') / 1 4H - 1 ) 7 
3 3 ft 1 1 2 1 1 0 - 4 7 6 14:> -1 ^() ? n ft 5 « n - 3 7V -1 1 7 S7 -ftM - ft / 112 -1 10 
4 3 6 1 Sv 1 -.ft — » -» ft 111 'A »v 6 1 1 7 S ^ S -/ .1 5 - S M)S -1 1 \ 
5 3 6 34u 3.-11 / ft 1 :>4 7<, - 6 1 0 ft 0(: 2 1 7 1 '>ft - ^ 4 - 5 1 32 -yi7 
f3 3 6 4 1 3 4 1 1 > 7 ft - 1 V 4 - 1 1 0 ft 1 r S 3 1 7 1 s s - 1 5 7 7 - 3 3 
7 3 6 1 4U 1 1 7 ft 1 1ft - 1 0 1 5 1 0 ft 122 U 1 7 S I 3 -4MS -1 4 '^3S -^ftH - 4 C 6 1 5^ } 7 ft 4 1 •» ft 1 0/. . 1 f 3 S 1 7 1 "J u 1 7ft 0 '* 543 - 5i?S - 3 4 6 ^7ft - 2 / . ' . ' 7 ft l - V S 111 6 7P. 7L 7 1 7 2ft'^ -2'<1 1 4 3 51 - 5 5 7 
? 4 6 1 0-J - \7 I, 7 ft , ' 42 - ? 3' .» ft 1 0 ft n Sv H 1 7 1 t - 1 2 6 7 1 7 7 -4ftft 
1 t* 6 6v» SO 5 7 ft ? 3 4 - 2 1 5 -1 11 ft 67 -Mi, V 1 7 1 S / 1 ftO 4 / 74^ - ^Oft 
7. 4 6 23>i -1 . t 7 ft 1 H - 1 2 7 ^ 11 ft 120 -1 1 7 1 0 1 7 1 1 1 -rt9 S 1 31 3 < 
3 4 6 3 4 ^ - 2 S 0 •» 7 7ft - 7 0 ft 11M - 1 2 1 -ft I 7 ftS - 7 S r» <« f 84 - 7 4 
S 4 6 1 4^: -1 1 1 7 ft - 3 ^ 0 7 11 ft 1 ftO -1 fto - S I 7 ^ 1 - 7 5 2 / 7ft7 - 7 S ' ^ 
6 4 6 6b - 4 .1 ft S'i ftl 11 6 1 3S -1 4S - 4 ^ 7 '^S - H 6 H f 73ft 7^3 - S S ft 71 •'0 _ » ft 1 ftft 1 n4 0 11 ft 1 R - 7 1 -1 I 7 o < -'3 2 •J 7 1 06 -̂ ft 
3 5 ft 14/ ' 1 .'.7 - 2 •» h 8H /ift - 4 12 6 S<f 0 ^ 7 ^*7 - ^00 1 M ^76 - 7 7 < - 2 ' i 6 ?9ft 5,' ^ -1 ft o;i f f 1 12 ft 1 1 3 1 c' t >.Sft - 57 0 - U / 147 I u l 

• 1 •) ft 2 T 6 1 7 8 ;1 6 1 3'> - 1 1 1 3 12 ft l o o -1 Mft 2 ^ 7 5ft 18 - 5 r iHft 2 » 4 
0 S 6 191 i^? 1 ft S H ft'. S 12 ft 7ft 5 ^ 7 1 SS - 1 4 7 > / 71 77 
1 !i ft 7ri ' i A 1 ft 13V 1 1 5 9 12 ft 6H 101 4 2 7 0 7 - V I 0 i 86 -7ft 
? 6 4 6 4 k > ^ > ^ ft - 1 9 4 - 4 6 > :> ^ 7 Hft So 1 J / ^1 / l y ^ 
4 S ft ? v - - i o ' l ft 110 1 0*' - 2 1 S 6 1 1 H) 7 5 50 - 3 2 7 ? ;» / 2V7 2V0 
s ^ 6 21ft I 'M ) ^\ -1 44 ;? 1 ; ft 1 147 7 ^ 7 101 -1 1 7 5 J 7 7.^ 7.* 

6 - / 2 1 01 - V 5 s 1 3 A 11IP 1 1 S V 7 1 S2 - 1 1 7 4 f 172 1 SS - 6 t 6 1 3ft 1 .'.ft n ft ftft - V 4 1 u, ft Sft - f t3 1 ii I 7 1 S2 -1 S I S > / 586 5SH 
5 6 ft •t -9 - 5 o ft 1 01 - V 7 n 14 6 67 - 7 o - 6 3 7 SH 76 ^ > 154 1 3S 
4 r> 6 1 5*. 1 ; 7 - 4 n 6 1 1 8 - 1 2 4 3 1 4 ft 1<*S -1 S I - 4 5 7 1 ft*. -1 70 f r 197 ^Oo 
3 '> ft 10^: -1 .*i8 - S o ft 2 1 ^ - 2 1 6 A 14 6 ftO 74 -1 3 7 172 103 A :> / 1ft.1 147 
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— 5 1 3 S 6 i *>ft3 - 7 4 3 127 1 3 0 6 0 4 102 3 4 540 344 3 0 5 553 337 
- 2 1 3 26V -ft 3 1 7 7 252 7 1) 4 12>^ 1 « 4 -1 3 4 3*»2 358 4 0 5 29 3 266 

0 1 3 S 5 ^ 6 4 S - S 4 3 2 0 o 1 9 6 ft 0 4 ^ 5 0 5 4 560 3S1 S J 5 307 2 8 8 

1 1 3 1 8 5 112 - 4 4 3 2 6 0 2'>4 0 0 4 i f t r 1 ^ 4 1 3 4 204 170 7 0 5 119 101 
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H K L 1 O F O 1 U K C i K L 1 TJ F • ' 1 01- C H L 1 ; ) f /• 1 i c f H Ik 1. 1 ' ) f n 1 O F C L l u K U 1 0 F r 

8 n s 2 * » u i ;*S S 1 0 2 1 7" 3 /, 1 ^ ' 1 M<V ~ 2 3 ft S f t f t V ? 2 - / . ( 7 / 4 7 2 2 ^ 
Q 0 S 1 6 A 1 '.'a S 2 4 5 1 .)c - ? - 1 S ft 3 0 < 2^ 1 - s ( 7 1ft/ 1 S.H 

- 6 1 *) 1 HV 2 1 1 s 1 4 f t 1 5 5 7 ^ 1 2^ 1 2 r 'J 3 ft ^ 1 s 2 7 4 - ^ i / W i . 
- 5 1 S 1 . , ? s 5 - 1 q 1 n 1 1 1 J) 1 o S 7 S H I 5 H t 

S I n J .•v2 - 1 0 1 6 • ? 7 1 - I M 2 6 5 5 4 0 _ y ,, 7 2 1 ^ ^ 2 1 1 
1 • 1 2 3 1 ^ - i — .'̂  1 A / < " s 3 .) ft 2.i'> 1 ^1 7 S 2 * ^ 4 

1 s ~ 1 S 1 Q { ) 2 P 3 - / ^ 1 6 1 i*f^ 1 < c 4 ft 1 r7 9 S 1 J 7 S(j\ 3 5 3 
- 1 1 ^ 1 . ' ^ — •) . 5 - 3 - s 1 ('1 1 / . I . ' 5 3 ft 1 - t f t 1 "^s ^ J ^ 5 0 2 ^ 9 \ 

0 1 S 4 l 1 - ^ ' t 2 2 3 P 3 6 - 4 1 / i 2 V ^ ft 3 ft 9 0 7 S ^ ,f 7 9 f t 1 0 7 
1 1 ") ^5 J 4 7 . ^ 4 1 0 1 - 1 .̂ ^ 2 ^ ^ ) r. ft 9 7 S J 7 1 / 7 1 1 
2 1 S 4 /. - . 2 2 - ? 1 ft 3 / ' . j ft 1 1 1 1 X 5 - ' 1 / 1 1 2 1 1 9 
3 1 5 ' i ^ • '^r *) ' 1 '.' 1 - 1 1 I ' l 1 4 7 1 ^ 7 1 L ^ l - \ 7 1 1 1 U 
^ 1 S 2 4 / ' 1 4 s 2 . t 2 1 / « ' n 1 11 5 0 " - / (* h 1 .^0 1 ft4 ~ T 1 7 / f c i 2 2 n 
/) 1 '> 1 *• ^, J 

•» r 
) 2 2 1 1 1 i'> 1 1 1 1 / - f . »• A 1 4 1 1 - 1 i 7 / 7 ^ 2 / 7 

1 2 2 5 2 1 1 2 1 ft ^/^ - 5 ft ft u ~ ^ 'i 7 7 ^ 7 2 3 9 
- 3 ? •> 1 4 '» 2 . ^2 1 / 5 ? 1 (S S S i 'tSL - 1 ft 1 ^ft 11 / ~ / 1 7 1 9 ^ - 1 ftl 

- 3 ? 4 s 1 nti 1 iJi'^ S 1 ft 2 ^ ' - 3 ft 2 ^ 2 2 2 7 - 1 1 7 (. ^ 0 4 0 1 

- 2 ? ^ 1 4 ft'* 2 4 1 1 5'.- 1 - 2 ft 1 n^? 1 1 7 M.S 3 4 M 

- 1 ? 5 1 5 -̂ 1 H<S / 
~ -» S 2 1 2 13r . •1 1 /» 1 4 * - 1 US - i ft 2 . ^ V 1 1 7 1 f , i 1 3 S 

0 2 S '1 3., 1 : ' I — ( 1 ,»N6 120 - iS ? rS 2 S f; ft 1 ! l •) r i 7 *^1 1 ftl ^ 

1 ? s 2 / 0 .r . '4 _ T r 
> s 2'» -t 2 2 4 - s / ft 1 ^ 1 I t s 1 ft 9 7 1 1 6 ^ 1 7 S / S 5 2 2 

? r s 1 S . ' 1 "" 1 1 1 1 • V . ; - 4 / 1 V - 2-'2 2 u ft S 1 7 1 7 . ^ 1 6 8 
3 ? 3 1 1 / 2 3 s 1 2 2 1 ^ 1 - ̂  •) f'» 1 1 / . 3 ft 1 9 1 1 5 7 ft 1 7 1 i>w 1 1 n 

4 2 S \ . 1 ' ; 3 r 
1 1 1 2 V .1 - 2 r. l'> ftr. 4 (1 4 ft 1 7 I 7 1 S 5 l 5 t 

6 2 S 1 4 ' > 1 S I 1 5 1 1 1 1 SS - 1 2 ft 2 2 ' . 1 .-;2 ^. ft 1 2 9 1 2 0 ^ *i 7 1«>4 1 H 1 

-f i 3 5 1 3 5 1 ' , 7 4 1 s v 1 : i 5 0 2 tl ? ft 0 3 1 1 . 1 - 1 1 1 c' 7 1 1 u T O P 

1 4 C 1 ^ 5 - 1 •> 6 i r . v !\y 1 '» 
t. 

ft 5 3 4 h u ft w 3 1 1 5 - ft 2 7 2 0 1 2 4 S 

- 6 3 5 1 1 2 A , ^ 5 7 ' T S ? •) (. ft 1 A;^ 1 - 5 :> ft 1 1 s " ^ 3 -<» 2 7 9 f > 1 0 7 

- 4 3 5 2 1 5 2 . ; 5 — (1 1/ 1') 1 0 4 / 3 4 2 11 2 5 ^ 2 M - 4 6 1 9 9 1 9 9 2 7 1 4 7 2 0 7 

- 3 ^ 5 1 1 £ 1 1 5 - ") ". < . J 2 •» rt 2 5 / 2 7 f t - 3 ft 2 / ' ) 3 — 2 2 7 2 7 0 5 5 1 

- 2 3 5 2 . ' . 4 - 4 •) / ) <V S .3 ft 'J S - 1 6 I f t U 9 r t - 1 7 1 2 1 l i s 
- 1 3 5 2'U - 3 1". 6 / . 4 2 6 5 2 - 7 3 ft R .p<3 0 ft 9 3 .K9 0 t 7 2 2 1 2 0 4 

1 ^ 5 ? 4 0 ^ 1 3 - 2 •f 6 4 S I 4 1 . i - A 3 ft I f t i yff 1 n 1 2 5 m > 
1 t / H i 7 3 

2 3 5 2 ^ . 5 - 1 1 < ^ 2 2 - S 3 ft 1 52 1 3 y •J ft 1 0 7 1 1 6 ) ) 7 1 6 2 l i f t 

3 3 5 I ' . n 11 6 S o l S 2 6 - 4 3 ft 1 7 S 1 ^ ' 2 i ft 1 1 H 1 5 3 7 2 1 2 1 7 1 

4 3 5 2 1 /' 2 - ^ 3 •» •• 1 2 3 1 3 4 - 3 3 ft 1 3 4 1 7 3 - 7 0 7 2 6 1 2 6 0 S J 7 2 4 8 2 1 0 
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H L 1 I ' F J •| L 1 F u 1 ( I f r .1 < L 1 . i r . ) i- I 1 ' t F u 11l l - c •; L 1 - I f ' J 1 O f r 

ft 2 7 1 . . ^ - •> 1 3''> 1 S 4 2 2 3 - 4 1 H i\ 1 <s2 - ^ y 2 2 1 
6 4 7 O ^ - ' J I f t i 1 ^ 2 ^ ••̂  2 2 - " 1 U - < :\ 22^^ ^ ^ 6 - 1 '*' 2 ^ 7 

7 "* > ;̂  v> 1 V 3 \\ 1 •V 1 1 ' ^ r . - i > 1 ** 7 o i \ '.i 
- 7 f - '> ' 1 • ^ l 1 o •\ > ? 1 M - 1 > 1 1 / ft ft 1 <_ V s 2 ' * 4 
- 6 :^ 7 3 ^ 1 * • p •\ 

\ 1 4 1 1 ^1 . u • S 1 M i ; 3 HV 2 *v 1 ^ ^ 
3 7 V J ' 4 - ? •\ R 1 1^ 1 - t f» - H \ \ y 1 >0 1 s 1 4 0 ; • w 1 •l^ 

- 5 3 7 ^•JM _ 1 i r» S 7 4 - 7 S .\ 1 S 7 2 K: i 1 ftM ??\ L V I V f t 1 ftS 
- 2 3 7 1 1 .:i ** 1 ", 2 3 2 - r . \ •\ 1 I '•-^ J 0 1 / I 1 A ? s V 1 
- 1 3 7 4 2 / 4 ; : S 1 -\ 2 2 0 1 ^ 0 \ ; i / I > / - / J 1 . ) 2 ^ 4 - / V C f t /ft 

0 7 ^ . 1 4 \ L 1 \ . M o * K 1 t f . '.' l! • t u 1 1 ^ j - ̂  y ^ • f t S 

1 3 7 1 U'i 1 1 2 
•J \ - \ \ •\ 1 1 ' . 1 / ' ) \) y \ h 3 ( . 2 - s y / I H a 

? 3 7 u * P. « : \ ^ %?? ~? \ '\ 1 7t. 1 • 1 1 V - ) 1 ft9 - 1 t V 1 S 3 K . S 
^ 3 7 ^ ^ f t •t 1 / f t - 1 3 3 0 ' ^ - 3 J f» ^ 4 f t - \ *J 1 S I l y * ^ 
4 3 7 • r 1 1 / 3 2 r 2 , 1 - 2 'i ^ / I - ? V / s / •^ f tS 

S 7 ' • 2 . -» 1 2 / S 1 \ I V ' . 1 U - 1 w t> 4 ^ S 4 1 1 - 1 <^4ft 2 f t ^ 

ft 7 1 7 . ^ 1 • / 1 ~ 'j *t 1 S 4 1 3 1 \ 2 I ' J U J Q ^ 2 4 • J V ^ V ^ 2 1 S 
/ 3 7 1 4 f t 1 M 2 - 'i < 1 3 3 / /• ̂  1 u 1 ^ t . l I f t l 1 > V 1 H y 1 U 
8 3 7 • 2 - i 1 1 \ \ 1 H 1 2 •» y 2 1 2 i y 1 ' * J 1 ftft 

- A 4» 7 ft'j , M 1 2 / J ? 4 2 s I V ^ 1 ."./A 3 '> 2 ? 0 ^ ^ 4 t V 1 4 5 1 2 7 

- S 7 1 q - ' . 1 ^ 1 ^ 2 //. •S 1 z** 4 ' J 2 3 f t ; y 2 1 5 2 ' U 

- 4 7 . : 2 - ^ /! ,» ,̂  '•; 1 7 \ ft V 1 ftV I f t 3 s f y 1 2 ' ^ I 2 y 

- 3 7 2 2 / - . : ' i 1 2 . : •» \ > \ 1 4 ; - 1 "^^ ^ 1 2 1 1 2 4 7 • y 1 1 0 1 J 7 

-? 7 1 4 S t 1 ^ 2 o 4 I t , ' - 7 \ .•̂  .'i 1 1 1 -/ 1 y 1 1 2 ' 3 - / 1 n * . 1 CO 

- 1 7 2 1 < . 1 . 0 1 2 ^ ' - A t 1 1 •» ' - S -ft 1 1 1 1 ft -ft >. y V u / g 

0 7 1 S r t 1 : . 4 'i ,̂  1 w 1 i ' > - s 4 i ? 1 S - 4 1 0 1 y 0 1 ftO - ̂  V 7 6 7 0 

1 7 2 1 5 / " 7 > 1 2 / 1 3 2 4 •\ 2 ^ S / '.^ 1 0 4 2 5 -M^r - 7 y 1 1 2 1 ̂ )n 

2 7 2S.-> 2 2 7 1 .1 1 ftU 1 7 4 - 3 4 ; t 2 1 1 ^ 1 (. 1 y 1 2 f> 1 2 0 n 1. V l O i / 8 

7 2 2 1 V 0 - 1 > 1 \ 2 2 2 2 1 - 1 1 y ^ 1 6 1 *• V 1 f t 3 I ^ M 

ft 7 1 2 - i 1 1 ? — .% > .3 i-s*^ 1 ' i ' . 1 2 . > 1 1 1 1 y 2 M 2 ( » 7 7 V 1 6 f t I H S 

7 4 7 1 ^ 5 1 ^ . 2 - ••» 7 1 " 0 4 i yu? 1 < 1 2 1 0 1 S 9 1 2 7 L ** 9 1 M 5 1 6 4 

- 4 7 2 1 V v . 7 2 2 ^ 2<»1 4 :t 3 1 < < 2 S 3 1 y 1 1 H 1 2 0 s 4 V 1 1 5 1 

- 5 7 2 ' ) l 3 2 0 S 2 u ' 4 4 : i 2 0 * - 1 / n 4 1 u 2 4 f . 7 4 7 - A 9 1 ^ 2 1 5 1 

- 2 '> 7 2 3 j 2 ; 3 - :\ 2 l 2 i J 0 7 4 H 1 4 ? 1 1 . 1 0 2 V H i - 4 t) y 1 f t 9 1 6 S 

- 1 s 7 9 / ^ 1 . - 7 > l O f t 2 3 ( ^ s 4 :s 1 < • / 1 < S 2 0 3 ^ ' » .J 9 2 0 5 2 0 A 

1 7 av 2 A ?^yi 1 rtO 4 M m 'J u - 4 9 1 ftft I Q O -? V 1 2 4 1 5 1 

2 r 7 1 2 1 3 3 2 0 - 7 S 1 4 L 1 1 1 ) - 3 2 9 2 0 4 ? 3 4 - 1 V 1 4 5 1 5 4 
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H K L 1 0 F O 1 ' J F C H k L i r . F ' i l O F C H < L 1 (1 F 1 0 F C H L 1 ' I F O 1 O K H < L 1 O f 0 l O F r 

0 5 9 7 3 - 6 1 0 i i r t 1 1 9 0 0 1 1 1 b f < 1 3 1 - 1 3 1 1 1 4 2 - A I 1 2 9 9 n o 
1 5 9 8 V 1 , - .7 - 5 1 <"» ; ' 0 9 ? 4 S 1 .•> 1 1 2 (p 3 M 1 6 2 1 6 3 - S i 1 2 1 4 5 l i n 
2 5 9 I 4 i 1 9 4 - 4 5 1 ? 9 2 2 d 6 7 1 1 l 6 f 1 4 r i 1 3 1 1 1 8 2 1 / 3 - 4 2 1 2 1 2 1 1 U 8 
3 5 9 1 1 ^ * 1 5 .1 1 '1 9 A 1 1 1 2 ' . 1 3 1 1 83 7 1 - S i. 1 2 1 7 5 1 5 0 

• 8 0 1 0 2 9 1 2 * ' R _ -» 
3 1 0 1 4 2 1 4 1 4 0 1 1 1 9 / 1 Ah 4 3 1 1 2 5 9 777 - 2 C 1 2 1 6 9 1 8 ^ 

- 5 0 1 0 9 : > . . 0 - 1 3 1 ? A(» 3 1 3 S 0 1 1 3 i 3'•^^ 5 n 1 S 1 1 5 9 1 2 1 4 5 1 2 2 
• 4 0 1 0 3 1 * ; 2 . . 9 T 3 1 0 S i 3 5 1 1 2 U 2 4 ? ,S 3 1 1 8 3 9 9 1 2 1 5 / 1 6 4 
- 3 n 1 3 2 1 V < ? 1 9 1 1 0 7 1 1 15>'. 1 H/' - 0 4 1 1 1 O o 9 ? 1 c 1 2 2 6 9 2 5 9 
- 2 c 1 0 1 5 4 i 3 1 0 1 7 » - 8 1 1 1 1 5 ' . 1 4 h - S 4 1 1 1 9 9 ^ 1 3 1 2 1 / b 1 4 6 
- 1 (I 1 0 «>1V 1 0 l o * ^ 1 7 S - S 1 1 1 2 0 S 1 - 4 <• 1 1 2 4 b 2 ^ 7 JL » 1 2 1 4 1 1 ^ 7 

0 1 0 ^2^ 1 . s 5 3 1 •! l 2 o 1 3 1 - 3 1 1 1 l i s KIP - 2 4 1 1 1 2 8 1 0 6 " 9 -» 1 2 1 1 2 1 1 8 
1 0 1 0 4 / 2 » 3 1 0 7^ 1 0 1 1 yy 2 ^ 6 - 1 4 1 1 1 S 9 1 A 4 — 8 J 1 2 1 2 9 1 5A 
2 0 1 0 4 4 ) 4 1 7 -/ 4 1 0 1 0 9 1 1 6 1 1 1 2 « ^ 5 0 5 4 1 1 1 0 3 6 8 •m t " ' J 1 2 8 4 8 4 
3 (. 1 0 H<» 4 1 / • S I ?'^? 1 1 1 1 1 7 ; ; 1 1 4 1 1 1 A 7 1 A . 6 

r t * > .» 1 2 1 3 6 1 2 4 
4 0 1 0 2 7 4 - 4 4 1 0 2 1 4 ? 4 7 7 1 1 1 1*SS 1 7 2 2 4 1 1 2 3 i ) 2 1 7 

A f " -* 1 2 2 3 0 2 5 7 
5 0 1 0 2 4 / - 2 : . 2 - 3 4 1 I 7 r t 1 ^ 6 1 1 1 1 2 ? 1 1 * ^ 3 4 1 1 1 A O 1 ^ . 6 

* t 
~ ^ J 1 2 2 9 2 2 8 9 

1 0 1 1 0 9 V n o -? 4 1 0 2 . - » l 2 7 6 4 1 1 1 I S / 1 AS -/ ^ 1 1 1 2 8 1 18 5 1 2 1 2 9 1 2 X 

- 5 1 1 0 i : s - 1 4 1 0 1 M 2 . » 1 *) 1 1 1 1 AS 1 OA - 3 b 1 1 1 S 3 1 5 7 i i i 1 2 V 4 V I 

1 1 0 1 0 1 : . 3 ) 4 1 n 1 4 V 1 1 S - 7 > 1 1 1 1 S 11 ^ - 2 b 1 1 9 8 4 3 1 J 1 2 1 7 7 1 6 ^ 
1 1 0 ^ 1 / 2< 2 •> 4 1 1 " ( 6 9 4 t ) " -/> ?. 1 1 1 2 ' » 'M - 1 0 .» I P 1 (»1 7 6 7 V 1 2 2 9 2 3 1 7 

- 2 1 1 0 1 7 4 1 / 1 » 4 1 0 9e> 1 0 ^ - 5 2 1 1 2 6 ^ 24 S -^ 1 2 1 ^ 1 0 9 3 3 1 2 1 7 3 1 5 / 

1 1 0 1 1 / 4 1 1 6 0 1 - 4 t. 1 1 1 4 7 1 ^ 2 - 6 I ' 1 2 1 4 S 1 4 8 5 5 1 2 1 1 0 1 1 7 

1 1 0 1 7 H l 6 6 6 4 i n 1 o<> 1 2 T . 3 2 1 1 1 9 ' , 1 ^ 5 / - b 0 1 7 2 0 1 1 9 7 A ^ 1 2 82 8 5 

1 1 0 4 S j 4 S H 4 1 n 6 r t S8 •> 

c 1 1 1 9 2 <4 - 4 0 1 2 1 0 6 / 3 7 5 1 2 ftl S A 

2 1 1 0 - 5 1 0 1 3 / /" . 1 2 1 1 1 d H 1 ^ 0 - 2 »' 1 2 3 8 4 3 6 6 - 5 4 1 2 2 4 2 2 3 5 

3 1 1 0 : 5 o 1 ^ * 7 . -» s 1 0 1 2 9 1 4 6 7 1 1 2/S" 24'J 1 0 1 2 3 1 5 2 Q n 1 2 1 1 0 1 0 9 

4 1 1 1 <!. ' :9 " 1 1 0 8 i 1 o o 1 •» <. 1 1 $ 1 4 29<rf 2 vJ 1 2 1 5 5 1 4 6 - 3 *» 1 2 8 5 7 0 
5 1 1 0 1 6 1 1 J 1 n 1 0 2 1 J iO ;» 2 1 1 5 4 . * 27H 5 I' 1 2 2 3 6 7 0 6 - 7 4 1 2 7 6 7fK 

W J 2 n 2 6 V 1 0 OS 1 ^ 2 ;̂  2 1 1 2 2 ^ * 1 0 8 0 1 2 2 1 1 2 1 3 - 1 4 1 2 1 5 3 1 4 ? 

m ^ ? 1 0 1 vfl - l ;> 1 1 u 2 1 1 2 4 0 ? W 7 0 1 2 1 1 9 1 2 5 0 4 1 2 2 0 6 1 9 7 

•> 3 2 1 0 1 2 0 -'̂  Ti 1 1 1 7 2 1 S O • 0 3 1 1 1 1 4 m s - 4 1 1 2 2 3 3 2 1 0 1 4 1 2 1 3 2 1 5 3 

2 1 1 5 - » 1 H 3 - S 'l 1 1 l ^ l I H : » • 7 3 1 1 1 1 1 « ; - 2 1 1 2 3 2 2 2 9 3 7 *, 1 2 1 3 6 1 2 9 

** 1 2 1 0 2 S 0 - 4 fl 1 1 1 1 2 v o * 6 3 1 1 1 1 4 1 7 V M 1 1 1 2 2 0 7 1 9 2 4 4 1 2 1 6 5 1 5 7 

2 1 0 1 2 ^ i;:s -» " » 1 1 7 b 7 9 .s 3 1 1 1 1 0 1 1 1 2 1 9 2 2 0 2 5 4 1 2 7 9 7 4 

2 1 0 1 7 V 1 7 1 - 2 1 1 1 3 2 V 9 m 4 3 1 1 9 f t 112 1 1 1 2 2 4 1 2 0 4 - 6 5 1 2 1 3 6 1 2 8 

- 7 3 i n w 2 - 1 0 1 1 3 1 2 3 2 S 3 11 1 2 * ^ 1 2 5 2 1 1 2 1 9 5 1 6 6 - 1 b 1 2 1 0 4 6 4 
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H K L 1 0 F U l O f c K L 1 . » F ' » 1 . ) F C H K L 1 :) F.-) 1 OF C H ^ L 1 0 F 0 1 0 F C H L 1 i » F ' i 1 O F T 

n 1 3 2 3 i - S ) 1 3 2 2 1 1 1 4 I S / 1 S i , 1 I S 2 7 . * 2 H 3 ? •» 1 S V O 
-6 0 1 3 4 2 J 4';4 - f\ 1 ^ ^ 4 2 - P 2 1 4 2 0 7 1 H O 2 I S 1 7 1 1 S 7 L I S 9 6 1 0 3 

n 1 3 t ? 6 < ; - ̂  S 1 3 /^4 2 3 1 - s 2 1 4 1 rtH 1 M . 3 0 1 S 1 7 V - S If 1 S 8 9 
-3 0 1 3 I * ? * * 1 7 S - -» \. 1 T 1 ^ ^ 1 2 7 - 4 2 1 4 . :2 ' i 1 - 'A 7 v I S 1 S V 1 0 7 - 6 s I S 1 5 S I S V 
w 2 (• 1 3 S I r S i n - 1 7 .i 1 5 1 - ̂  2 1 4 1 71 1 2 3 -1> 1 I S 1<^2 1 H 3 0 J I S 1 5 4 1 9 « 

- 1 0 1 3 2 0 i r . ' i s 1 1 3 14^ 1 ' • S - ? 2 1 4 2 0 ' * 1 7 7 - 3 1 I S 2 0 7 1 9 ^ - s } 1 6 2 9 7 ?H(S 
n 1 1 . > 1 3 . M r i 2 1 2 . 1 2 1 4 1 1 ^ S 

-\ 
~ t. 1 1 S 1 4 7 J 1 6 I S O 1 S R 

1 f' 1 5 1 7 3 > I 1 3 1 ;)*> l o s ? 1 4 4 2'. - 1 1 I S 1 1 .t 1 / S - 2 ) 1 6 1 6 0 1 4 6 
2 0 1 3 1 3 H > 1 3 1 ̂ 4 1 S 2 3 2 1 2 V ' . (J 1 I S 1 C t i 1 ^ ^ - 1 1 6 2 6 S 2 6 A 

3 0 1 3 1 ; 1 r 1 -> 7 0 < •» 1 1 4 1 1 1 s ? 2 y • ( 1 6 n 7 3 2 4 
4 0 1 3 1 4 - . ~'» 1 ^ 1 S V 1 i 1 - S 3 1 4 1 3 / . 1 <H 2 1 ( s 1 ^1 1 <9 1 1 S 1 2 V 1 2 4 

( 1 3 1 7 5 v n ~ «• •t 1 3 1 4 S 1 - 4 3 1 4 3 1 i s 1 4 V 1 S i 1 1 6 1 OS 1 1 1 
- 7 1 1 3 • 1 - 1 *• 1 3 1 n 1 2 ' . - ̂  3 1 4 121 1 2 S 1* t I S 1 i»2 1 S ' ; 7 I 1 6 M 7 I ' l S 

» o 1 1 ^ 1 3 3 i <^ 1 3 ; ' 7 r t 2 o S 3 1 4 1 1 - 7 ^ I S 1 2 4 1 2 0 1 1 6 1 O H 

1 1 $ 1 3 > 1 4 1 3 1 2** ^ 4 - 1 1 4 1 nrt 1 / S ^ 1S 2 ) 7 1 /s.S - S 1 1 6 1 v v i y ^ 
* % 1 1 3 2 0 1 V 2 -» 

€. 
1 1 o v r 6 3 1 u 1 5 1 <2 - s ^ I S 1 S n 1 S 7 - 2 ; 1 6 1 7 V I H I 

1 1 3 1 6 o 1 i - 6 *• H 1 \ 1 S 1 ^ 1 4 1 O t i 1 n i - 4 2 i s 1 9 1 1 S 2 - 1 1 1 6 1 3 u 1 2 7 

1 1 3 1 7 3 1 4 7 — -S S 1 3 1 1 ' > H I ? 3 1 4 1 3 ? 1 -2 2 I S 1 1 7 7 5 0 1 1 6 1 7 2 1 

.1 1 1 3 2 0 * . V S - 1 1 3 1 1 S 1 2 o ^ 3 1 4 1 n n 1 ^ A - 1 2 I S 1 4 3 1 (1^ 2 1 6 2 2 6 2 4 6 

1 1 3 .2^'! ^ : : 3 - s 1 4 H A 3 1 4 12^1 1 2 1 2 2 1 S 2 1 7 ? ^ J / 1 1 6 1 3 V 1 yg 
1 1 1 3 2 6 1 •) 1 4 22'» 1 ' ^ O (S 3 1 4 11 ^ - 7 3 I S «'2 7 4 - C 1 6 1 6 V 1 2 0 

1 1 3 I S J 1 5 1 » 1 4 1 i 1 1 '11 4 1 4 1 0 , ^ 11 s - n 3 I S 1 H I 1 M 7 - 2 1 6 2 0 1 2 1 7 

3 1 1 3 3 0 6 3 u 7 - 2 f. 1 4 1 6 S 1**4 - 4 4 1 «. 2 1 i 1 .'̂ 2 3 I S ^ 7 9 7 0 1 6 U S 1 u 
1 1 3 1 - / 14<S - 1 'l 1 4 2 1 1 - ̂  4 1 4 i ' .s 3 1 S 1 4 < 1 S 4 1 6 9 1 1 {)A 

-9 2 1 3 H I / 3 1 .'i 1 4 1 ^ r t 1 Ol> 4 1 4 1 1 - 3 3 I S I A S 1 6 7 - A 1 6 1 44 1 S ^ 

* o 2 1 3 1 . V i r s 3 1 4 .>1 ' t 1 ^ 3 - 1 4 1 4 77 -2 3 I S <2»> 3 1 1 - i 1 6 1 S 2 1 4 R 

. 4 2 1 3 ^A<^ V'i4 _ 7 1 1 4 1 70 HS7 4 1 4 1 O A 0 3 I S 1 4 1 1 3 6 - 3 • 1 6 2 1 V 1 V « 

-3 2 1 3 1 S V i<. i 1 1 4 20 4 1 ' i s 1 4 1 4 1 0 7 1 r^l 1 i 1 S 1 0 7 1 0 5 - 7 1 6 2 0 7 2 1 Q 

w 2 2 1 3 1 2 3 0 1 1 4 v n it 4 1 4 7 ^ 2 3 I S 9 2 1 0 1 - 1 3 1 6 1 3 4 1 6 0 

? 1 3 1 4 3 1 1 2 -4 1 1 4 i f t i 1 7 S .1 S 1 4 1 4 n 1 S i 3 3 1 S 1 6 0 1 8 6 0 ' 1 6 1 3 9 1 2 S 

2 2 1 3 2 1 4 2 c 3 -\ 1 1 4 2.)4 1 /tH * n n I S 1 0 ' . 1 1 2 4 3 I S I 7 r t 1 ^ 9 1 3 1 6 2 1 2 2 0 4 

4 2 1 3 I 3 u i;'»4 -2 1 1 4 1 7 Q - S 0 I S 2 1 ^ 1 0 . < -4 4 I S 1 A 9 1 HM j 1 6 1 0 1 1 2 6 

2 1 3 1 2 V i c o - 1 1 1 4 9 2 1 0 0 - ) 0 1 S 1 7 S V ' 2 - 2 ^ I S 9 S 7 8 1 6 V H 1 0 4 

• o 3 1 3 1 1 6 ^zo 0 1 1 ^ 1 6 2 1 S 2 0 I S 1 6 1 1 2 V - 1 4 1 5 1 4 S 1 5 3 - 1 <. 1 6 A6 9 ? 

3 1 3 9 4 1 1 1 4 2 8 4 3 1 2 n 1 5 2 7 n 2 7 / 0 I S 7 1 9 8 1 4 1 6 1 3 7 1 4 0 

s o 3 1 3 1r,2 2 1 1 4 1 2 4 1 3 2 n 0 I S 3 3 7 3 1 2 1 * I S 1 6 5 1 8 9 i t 1 6 1 0 8 1 0 « 
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K L 1 0 F U l o r e L 1 C F i > l O F T H K L 1 ' » F n 1 O F C H L 1 O F i ) 1 O F C M K L 1 O F U l O F r 

m 1 5 16 8 1 1 3 6 n > 1 7 1 1 3 1 3 0 1 2 1 8 1 0 3 1 53 - 2 3 1 9 1 MA 1 2 0 - S 1 21 1 3 1 1 6 9 
- 9 0 1 7 1 1 7 1 3 5 1 S 5 2 18 1 S S 1 4 A -1 5 1 0 1 2 / 1 4 9 ~ A C 21 1 5 5 1 2 A 
- 6 0 1 7 1 7 3 •»S3 1 7 6 0 ^ 6 - 6 3 1 8 o o 1 1 5 0 3 1 9 O S 1 i * 9 1 t 2 1 1 0 6 1 4 5 
- 4 ft 1 7 2 5 2 2 * , o •'• 17 1 3 8 1 8 4 - 5 3 18 9 1 1 r»A 2 3 1 0 1 ' M l 1 1 2 - S 3 2 1 8 9 11 » 9 
-3 f l 1 7 1 0 / 11 ) 6 5 .» 1 7 7 1 * v 2 .7 3 1 ' i 2 0 4 20.5 3 3 1 0 8 7 1 1 / - 7 5 2 1 9 0 9 ^ 
-2 ft 1 7 3 0 4 3 1 2 4 1 ' 9 9 1 0 1 - 1 .5 1 i 1 5̂ > 1 4 r t - 5 i) 20 1 1 2 1 1 / - 1 ^ 2 1 n 1 0 0 
- 1 ft 1 7 8/ ( . 2 ) 4 1 7 1 4 7 1 4 3 5 1 8 1A 2 1 7 V - 4 0 2 0 1 7 4 1 S 5 1 3 2 1 9 6 1 0 9 

0 1 7 l « b l r . 5 "T 4 1 7 =13 v n 1 ^ 1 T 8 0 1 1 (- -3 0 20 1 4 6 1 SO 7 '> 2 1 V 6 1 1 A 
2 r 1 7 1 2 0 1 ^ 2 4 4 1 7 1 3 1 1 4 1 2 3 18 1 1 A 1 ? v -2 'J 2n 2 1 7 2 1 / 5 j 2 1 6 2 07 
3 0 1 7 2 * > / 5 / 4 - S 1 > 1 3 7 I S O 4 3 1 H 1 3 1 1 ^ 4 n 2n 1 ^ 0 1 -19 - 5 .» 7 2 ' ' 1 3 117 
4 0 1 7 1 9 5 2 : N 4 " 4 0 1 8 1 2 2 1 2 2 - 6 4 1 8 7 1 7 3 4 J 2 0 1 3 8 1 *»6 0 1 2 2 1 2 0 1 5 0 

-5 1 1 7 2 7 J /i: 7 - 5 l ' ^ 1 1 2 1 1 1 - 3 4 1 H 1 7^ 1 ?U 0 1 20 1 4 7 1 9 6 — 4 i U 9 0 1 1 5 
*2 1 1 7 1 7 1 V 3 

_ -> 
«_ ^ 1*̂  1 5 0 1 b O - 1 4 18 1 1 7 1 :14 3 1 2 0 1 7 2 0 0 ~ 7 J 11 7 9 9 ^ 

2 1 1 7 1 3 b 1 ? 6 - 1 1^ 1 5 2 1 b 4 - 2 5 1 ; t H i y?/ 1 
2 0 1 0 7 1 1 9 1 3 11 8 / 1 2 5 

- 6 2 1 7 1 2 3 1 2 H 1 1 H 2 6 4 2 / 7 - 7 •^ 1 9 151 I S . ) - 6 3 2 0 6 6 7 8 - 3 ^) 2 3 1 8 1 21s 
- 4 2 1 7 2 3 b 1 / 0 

• » 't 1 8 2 5 o 2 S " 5 0 1 0 1 3 7 1 - 5 S 2 0 8.1 1 0 2 -7 J 2 3 1 2 2 1 3 5 

2 1 7 1 4 3 T . 4 - 6 1 1 H 12«> 1 4 7 4 0 1 1 1 1*^7 -3 3 2 0 1 3 6 1 7 2 -5 3 2 3 8.) 1 0 8 
1 2 1 7 1 4 1 i r 6 - !i 1 I ' l 1 8 2 1 1 1 / 2 ^ ' 2 8 - 1 3 2 0 i n v 1 2 8 - 7 tf < f4 1 3.1 1 5 9 

.8 3 1 7 4 b 5 7 - 1 1 15 1 4 b i b i - S 2 1 9 1 1 5 1 0 9 2 3 2 0 4 8 8 3 — S •* 24 8/ 9 9 
-7 3 1 7 7 J t.H -3 t. 13 9\ 7 3 2 19 1 6 7 I s p 4 3 2 0 S 5 9 4 ~ 5 J 2 4 6 0 MA 
-5 3 1 7 7 3 / » 7 - 3 2 1 3 9 3 i n i 1 2 I V l 9 o 1 * ^2 2 <• 2 0 8 7 08 - 1 5 2 4 7 2 84 
- 4 3 1 7 9 V f.8 - 4 -> 

<. 1 « 1 2 1 1 2 6 - 6 3 H ? 1 0 / 0 u 2 1 1 2 2 1 ? o - S ) 2 5 9 8 1 1 2 

.2 3 1 7 1 9 * : l o 9 - 1 2 1̂ ^ l 5 o 1 b 2 - 4 3 1 " 8 S 8 0 3 u 2 1 1 3 1 1 4 1 - 4 0 25 70 1 0 5 
* 1 3 1 7 1 4 V 1 r.3 0 2 I H 1 7 4 1 b.5 -•5 5 1 9 9 7 8 5 
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PLYMOUTH POLYTECHNIC 
t 

THE STRUCTURAL AND PHYSICAL PROPERTIES OF CRYSTALLINE ANTIBIOTIC MATERIALS 

P.A.C. GANE 

ABSTRACT OF THESIS 

E f f e c t i v e n e s s i n b i o l o g i c a l chemical environments v i r t u a l l y defines the term 
'drug' when a p p l i e d t o any attempt t o modify t h a t environment by the i n t r o d u c t i o n 
o f an i n f l u e n c e i n terms o f a s p e c i f i c compound or group o f compounds. I n t e r e s t 
i n the c o n f i g u r a t i o n o f the molecules i n v o l v e d i n such m o d i f i c a t i o n s l e d t o the 
4X-ray s t r u c t u r e d e t e r m i n a t i o n s ^ discussed i n the t h e s i s , o f tHe f o l l o w i n g three 
compounds: 

( i ) 7-chloro-2-methyl-5-phenyl-3-propyl[2,3-b] - i m i d a z o l y l q u i n o l i n e . 
jH3 

)-{CH2)2CH3 ID 

'Derived from the psychoactive drug L i b r i u m , i t was thought t o jonform t o the 
s t r u c t u r e : 

(CH2)2CH^, (2) 

c o n t a i n i n g the h i g h l y s t r a i n e d A-csmbered monocyclic azete system (Shenoy, 
a t h e s i s submitted f o r the degree o f Doctor o f Philosophy, U n i v e r s i t y o f 
London, 1975), and suggesteil as one o f the f i r s t examples o f po s s i b l e s t a b l e 
4-membered azacyclobutadiene r i n g s . 

( i i ) The methyl e s t e r o f 5,5-dimethyl-2-(2-phenoxymethyl-5-oxo-l,3-oxazolin 
A - y l i d e n e ) - l , 3 - t h i a z o l i d i n e - 4 - c a r b o x y l i c a c i d . 

o-
HN-qH ^ 

0 COOCH, 

13) 



C,^H oNoOcS was f i r s t r e p o r t e d by Brandt, B a s s i g n a n i and Re, ( 1 9 7 6 , Tetrahedron 
17 18 2 5 

L e t t e r s No. A4, pp 3 9 7 9 - 3 9 8 2 ) , to have c o n f i g u r a t i o n ( 4 ) , 

\ — / n I I i > H 3 
0 ^ - N 

0 COOCH-'3 
i . e . t h a t of a nov e l c l a s s o f D L - 5 , 6 - d i d e h y d r o p e n i c i l l i n s . I t s r e p o r t e d wealt 
a n t i b a c t e r i a l a c t i v i t y , thought to be a s s o c i a t e d w i t h the u n s a t u r a t e d n a t u r e of 
the p e n i c i l l i n n u c l e u s promoted i t s X-ray s t r u c t u r e a n a l y s i s . 
* 

Subsequently, B a c h i and Vaya, ( 1 9 7 7 , Tetrahedron L e t t e r s No. 2 5 , pp 2 2 0 9 - 2 2 1 2 ) , 
suggested the c o n f i g u r a t i o n ( 3 ) which has been confirmed by the s t r u c t u r e 
d e t e r m i n a t i o n . 

A comparison of the proposed d e r i v a t i o n s of ( 3 ) and ( 4 ) i s made, and the 
conformation of the u n c o n s t r a i n e d t h i a z o l i d i n e r i n g i s d i s c u s s e d i n comparison 
w i t h the c o n s t r a i n i n g e f f e c t o f a d j a c e n t ^ lactams i n the n u c l e i o f known 
p e n i c i l l i n s t r u c t u r e s . 

( i i i ) The phenyl e s t e r of c a r b e n i c i l l i n ( c a r f e c i l l i n ) . 

H 

CH 
COO" Na* 

(5) 
The c r y s t a l s t r u c t u r e i s used to f a c i l i t a t e a comparison of the c o n f i g u r a t i o n s 
of both the p e n i c i l l i n n u c l e u s and the s i d e - c h a i n s u b s t i t u e n t s o f C ( 1 7 ) w i t h 
o t h e r p e n i c i l l i n d e r i v a t i v e s o f known c r y s t a l s t r u c t u r e . 

The conformation i n aqueous s o l u t i o n about C ( 1 7 ) i s r e f l e c t e d i n the m o d i f i c a t i o n 
of H1 n.m.r. s i g n a l s from t h e ^ lactam protons f o r the methyl and e t h y l e s t e r s 
of c a r b e n i c i l l i n between the two epimers. A s i m i l a r e f f e c t i s noted f o r the 
two d i a s t e r e o i s o m e r s of amino-hydroxybenzyl p e n i c i l l i n , amino-phenylacetamido 
p e n i c i l l a n i c a c i d and a t y r o s y l p e n i c i l l i n . 

To e v a l u a t e a c o r r e l a t i o n between the a b s o l u t e c o n f i g u r a t i o n and n.m.r. s t u d i e s , 
c i r c u l a r d i c h r o i s m s p e c t r a from p e n i c i l l i n compounds have been c h a r a c t e r i s e d and 
the m u t a r o t a t i o n e x h i b i t e d by the e s t e r s of c a r b e n i c i l l i n used t o d e s c r i b e 
c o n f i g u r a t i o n a l e q u i l i b r i a about C ( 1 7 ) i n terms of t h e i r c h a r a c t e r i s t i c n.m.r, 
s p e c t r a . 


