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ABSTRACT 

2,3,4, 5, 6,7-Hexachlorobenzo-[b]-thiophen r e a c t e d w i t h 

n - b u t y l l i t h i u m to give e i t h e r the 2 - l i t h i o d e r i v a t i v e or the 

2 , 6 - d i l i t h i o d e r i v a t i v e depending on the r e a c t i o n c o n d i t i o n s ; a 

mixture of mono ( 2 - ) and d i ( 2 , 6 - ) G r i g n a r d r e a g e n t s were formed 

from hexachlorobenzo-[b]-thiophen and magnesium. N u c l e o p h i l i c 

replacement of the 2 - c h l o r i n e atom has been e s t a b l i s h e d f o r the 

r e a c t i o n of hexachlorobenzo-[b]-thiophen w i t h l i t h i u m aluminium 

hydride; sodium b e n z e n e t h i o l a t e r e p l a c e d a c h l o r i n e i n the f i v e 

membered r i n g ; sodium isopropoxidc gave a mono s u b s t i t u t e d product, 

w h i l e sodium thiomethoxide caused m u l t i p l e s u b s t i t u t i o n to give a 

dichlorotetrathiomethoxybenzo-[b]-thiophen. 

C a t a l y t i c hydrogenation of nexachlorobenzo-[b]-thiophen 

[Pd/C] gave 4,5,6,7-tetrachlorobenzo-[b]-thiophen which was a l s o 

s y n t h e s i s e d unambiguously by a r e a c t i o n sequence which i n v o l v e d the 

i n i t i a l treatment of sodium p e n t a c h l o r o b e i i z e n e t h i o l a t e wich d i e t h y l 

a c e t y l e n e d i c a r b o x y 1 a t e to give d i e t h y l 4 , 5 , 6 , 7 - t e t r a c h l o r o b e n z o - [ b ] -

thiophen ( A ) , followed by d e - e s t e r i f i c a t i o n and d e c a r b o x y l a t i o n . 

4,5,6, 7-Tetrachlorobenzo-[b]-thiophen s e r v e d as a model f o r *"H n.m.r. 

spectroscopy s t u d i e s . Under c e r t a i n c o n d i t i o n s both the c y c l i s e d 

m a t e r i a l (A) and the u n c y c l i s e d product, t r a n s - d i e t h y - 1 - p e n t a c h l o r o -

thiophenoxybutenedioic a c i d were formed. With e t h y l p r o p i o l a t e , 

sodium p e n t a c h l o r o b e n z e n e t h i o l a t e gave only the u n c y c l i s e d product, 

c i s - e t h y l ( 3 - p e n t a c h l o r o p h e n y l t h i o a c r y l a t e . Hex£chlorobenzo-[b]-

thiophen r e a d i l y formed the 1,1-dioxide on treatment w i t h p e r o x y t r i -

f l u o r o a c e t i c a c i d , the vacuum p y r o l y s i s of which gave hexachloro-

p h e n y l a c e t y l e n e . 



4,5,6,7-Tetrachlorobenzo-[b]-thiophen undergoes m u l t i p l e 

s u b s t i t u t i o n w i t h t h i o l a t e s . With sodium b e n z e n e t h i o l a t e the 

major product was a dichloro-dithiophenoxybenzo-[b]-thiophen, the 

minor, mono s u b s t i t u t e d product was only i d e n t i f i e d by Mass 

Spectroscopy. With sodium thiomethoxide mixtures of mon- and 

di-thiomethoxy or d i - and tri - t h i o m e t h o x y s u b s t i t u t e d products were 

formed, depending on the r e a c t i o n c o n d i t i o n s . 

ESCA s p e c t r a have been recorded and molecula r core binding 

e n e r g i e s determined f o r indene, i n d o l e , benzo-[b]-thiophen, 

b e n z o - [ b ] - t h i o p h e n - l , 1 - d i o x i d e , b e n z o - [ b ] - f u r a n and some of t h e i r 

c h l o r o and f l u o r o d e r i v a t i v e s . B i nding e n e r g i e s were a s s i g n e d and 

data i n t e r p r e t e d w i t h the a i d of CNDO/2 SCF MO c a l c u l a t i o n s and the 

charge p o t e n t i a l model. 
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CHAPTER I 

SYNTHESIS OF BENZO-[b]-THIOPHEN DERIVATIVES 



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

Methods f o r ' n t h e s i s i n g t h e beuzo-L b j - t h i o p h e - i s y h i wn have oeen 
w i d e l y r e v i e w e d , h most r e c e n t l y as p a r t o f an e x t e n s i v e r e v i e w o t 
be n z o t h i o p h e n c h e m i s t r y by Tddon and Scrowston. However, n t h i s 
c h a p t e r t h e v a r i o u s s y n t h e t i c methods w i l l be examined, u . - i i r i ' i . n - 1 • 
from a m e c h a n i s t i c p o i n t oC view , e s p e c i a l l y i n r o L a t i o u t o i h e i r u s t 

i n L i i e [ u n n a i i o n o f p o L y h a i o b e n z o t h i o p t i e n s . 

The most w i d e l y used methods i n v o l v e t h e f o r m a t i o n n f a rhLv.>phc.i 

r i n g on an a l r e a d y e x i s t i n g benzene n u c l e u s . A l t h o u g h a number o t 

b e n z othiophen syntheses i n v o l v i n g t h e f o r m a t i o n o f a chiophen r i n g on 

a cyclohexane r i n g " ' ^ and t h e f o r m a t i o n o f a benzene r i n g on a t h i n p h ^ P 
8 

n u c l e u s have been r e p o r t e d , these are l e s s common methods and are not 

g e n e r a l l y a p p l i c a b l e t o p o l y h a l o b e n z o t h i o p h e n s y n t h e s i s . Only those 

methods i n v o l v i n g t h e f u s i u n o f a r.hiophen r i n g o n t o an e x i s t i n g benzene 

n u c l e u s w i l l be c o n s i d e r e d here. 

These syntheses can be c o n v e n i e n t l y c a t e g o r i s e d a c c o r d i n g t o the 

bond formed on c l o s u r e o f t h e t h i o p h e n r i n g and f u r t h e r s u b d i v i d e d 

a c c o r d i n g t o mechanism. The c u r r e n t l y a ccepted numbering s y & L e i u 

(Chemical A b s t r a c t s ) f o r b e n z o ~ [ b ] - t h i o p h e n ( I ) i s g i v e n below. 

4 
5 ^ 

8 " s 

( i ) 

J 4 JAM'iW V UP!-. ART 



i . E l e c t r o p H • l i e a t t a c k on t h e benzene n u c l e u s 

One o f t h e most w i d e l y used methods f o r h e n z o t h i o p h e n s y n t h e s i s i n v o l v e s 

the a c i d promoted c y c l i s a t i o n o f a r y l r . h i o a c e t a l s , a r y l t h i o k e t o n e s and 

a r y l t h i o g l y c o l i c a c i d s . 

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

bromoacetaldehyde d i a l k y l a c e t a l and c y c l i s e d w i t h p o l y p h o s p h o r i c a c i d 

(P.P.A.). 

+ 
SH 

CH(OR') 

CH 2Br 
2 EtO CH(OR'). 

CH, 

C T T ) 

( i i ) R 

C y c l o d e h y d r a t i o n o f a r y l t h i o k e t o n e s a l s o proceeds r e a d i l y i n t h e 

presence o f P2^5 o r ^nC^. 



0 H + C-OH CR UH 1 •H R R R CHI IR H 

R 

H ^ R 
H.O ^ R 

4, 5,6, 7--Tetraf l u o r o b e n z o t h i o p h e n ( I I I ) h a s been p r e p a r e d by t h i s r o u t e from 

9 
t e t r a f l u o r o p h e n y l t h i o p r c p a n c n c . 

0 
H N CH C- CH„ J P.P.A. 

CH H 2 S / 
( 7 4 % ) 

Unmarked bonds to 
( I T T ) f l u o r i n e 

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

a c i d s w i t h Y ^ , e l : c * s o r m o r e c o n v e n i e n t l y from r h e F r e i d e l " C r a f t s 

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

HO 
C=0 

R 
CHR 

0 

R 
R 1 

C I 
c=o R 
CHR 

S 



4. 

5, 6, 7 - T r i c h l o r o t h i o i n d o x y l has a.lso been s u c c e s s f u l l y p r e p a r e d , ̂  a l t h o u g h 

t h e s e methods art- nor g e n e r a l l y a p p l i c a b l e to p o l y h a l o b e n z o t h i o p h e n 

synthesis.''"''" Mor r e c e n t l y a n o v e l s y n t h e s i s o f b e n z o t h i o p h e n s h a s been 

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

The a d d i t i o n o f o - s u l p h e n y l a r e n e s u l p h o n a t e s to a r y L a c e t y l e n e s g i v e s 

13 
v i n y l s u l p h o n i c e s t e r s ( 1 . 1 ) , w h i c h i n t h e p r e s e n c e o f BF^ c y c l i s e to 

R.. 

R^SO.SC^Ar' + ArC=C-R 3 — x> C = C 
/ \ 

ArS R, 

0 . S 0 o A r ' 

1.1 

( I V ) 

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

m e c hanisms ( a and b) p r o p o s e d to a c c o u n t f o r t h e o b s e r v e d s u b s t i t u e n t 

e f f e c t s a r e g i v e n below. 

-Ar'SO. 
( I V ) C=C--R 

C — R 

1,2 s u l p h u r 
m i g r a t i o n 

V 

--1> 



i i . NucJ.eophiJ.ic a t t a c k on the. benzene n u c l e u s 

The a b i " . : t y o!i p o ' ^ L a l o b e n z e n e d e r i v a t i v e s to undergo h a l i . d e 

r e p l a c e m e n t i n a r.J.eophiJ.i c a t t a c k makes t h i s mechanism i d e a l l y s u i t e d 

to t h e s y n t h e s i s c p o l y h a l o b e n z o t h i o p h e n s . B r o o k s and Quasem showed 

that: t h e a d d i t i o n o f p e n t a f l u o r o b e n z e n e t h i o l a t e to d i e t h y l a c e t y l e n e d i -

c a r b o x y l a t e (D.E.A.D.) p r o c e e d e d by o v e r a l l c i s a d d i t i o n to g i v e a 

c a r b a n i o n w h i c h i m m e d i a t e l y c y c l i s e d to a b e a z o t h i o p h e n i n e x c e l l e n t 

y i e L d . More r e c e n t l y t h e r e a c t i o n h a s been e x t e n d e d to o t h e r a c e t y l e n e s 

R 
R 

/ 1 re. 0 R 
! 
C 

R 

R 

T h i s r e a c t i o n has now been s u c c e s s f u l l y a p p l i e d to t h e s y n t h e s i s o f 

t e t r a c h l o r o b e n z o t h i o p h e n . ( S e e l a t e r ) . 

B. F o r m a t i o n o f t h e 2,3-bond on R i n g C l o s u L e 

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

The t r e a t m e n t o f ( o r t h o - a c y l p h e n y l ) a l k y l s u l p h i d e s ( V ) w i t h d i m e t h y l 

s u l p h a t e f o l l o w e d by b a s e g i v e s an e x c e l l e n t g e n e r a l method f o r t h e 

p r e p a r a t i o n o f b e n z o t h i o p h e n s ( K r o l l p f e i f f e r s y n t h e s i s ) 

http://NucJ.eophiJ.ic
http://hali.de


0 0 
I I I 
OR 1 Me.SO 1 

R 
-v. 

SMe SMe 

V) 
10% NaOH 

0 
I R C-R / 1 HC10, 

OMc CIO > R R 

SMP. J 

HBr 

R 
R 

I s o l a t i o n o f the c r y s t a l l i n e s a l t as c i t h e r t h e s u l p h a t e o r p e r c h l o r a t e 

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

S u b s t i t u t e d 2 ' C a r b o x y b e n z o t h i o p h e n s c a n be p r e p a r e d by t r e a t m e n t 

o f ( V ) w i t h c h l o r o a c e L i c a c i d . 

R, 
r ^ ' ^ - v - ' C _ R

1 C1CH COOH 

SMe 

0 
II 
C-R n y - "1 

H 
Me 

CI 
S C H 2 C 0 2 H 

(V) 

R R H.O L 1 MeCl i C I R R 
y CO„H CO H 

Me 



Both t h e s e methods i n v o w e r e a c t i o n s on s i d e c h a i n s r a t h e r t h a n on 

t h e benzene nuc]':" and tin's mnkr.s them p o t e n t i a l l y u s e f u l f o r t h e 

s y n t h e s i s o f ben- h i o p h e n s w i t h s e v e r a l h a l o g e n s i n t h e benzo r i n g . S 

f a r , n e i t h e r method seems to have been s u c c e s s f u l l y a p p l i e d t o p o l y h a l o -

b e n z o t h i o p h e n f o r m a t i o n . 

B a s e i n d u c e d c y c l i s a t i o n o f o r t h o c a r b o x y - 5 - - a r y l t h i o g l y c o l i c a c i d s 

y i e l d s t h e c o r r e s p o n d i n g thi o i n d o x y ] -?.-r.,9rboxylic a c i d s or ^ by 

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

70 0 c 
C-OR C-OR 

Q R 
CH 

S-CH.COR COR 

Q 0 
0 

OR R0 R R r H 

COR COR 

CO 
R -OH R 

A v a r i e t y o f r e a g e n t s h a v e been u s e d to c y c l i s e t h i o g l y c o l i c e s t e r s 

( R^, = a l k y l ) i n c l u d i n g sodium i n t o l u e n e , e t h o x i d e i o n and sodium 

h y d r i d e . T h i s method h a s been a p p l i e d to t h e s y n t h e s i s o f t e t r a f l u o r o -

... . 14 b e n z o t h i o p h e n . 



8. 

0 
I I 
C--OEt 

S-CH C 0 2 E t 

_WaH _,. 
T. H. F f" 

CO„Et 

Zn, AcOH r 

H 2 S 0 4 , H 2 0 F 

An e x t e n s i o n o f t h e above method to t h e c y c l i s a t i o n o f o r t h o - a c y l - -

S - p h e n y l t h i o g l y c o l i c a c i d s w i t h a c e t i c a n h y d r i d e or d i l u t e a l k a l i g i v e s t h e 

c o r r e s p o n d i n g 3 - a l k y l o r a i y l b e n z o t h i o p h e n . 

0 
I CO.H 

3TS 

C-R 

CO 
SCH.CO_H * n «? 

3 
O r t h o - c a r b o x y p h e n y l m e t h y l s u l p h i d e c a n a l s o be c y c l i s e d t o t h i o i n d o x y l . 

0 
I I C-OH C-OH 

OH OH 
H 

-A SCH SCH 
H 

OH 

^ S 



R e c e n t l y a n o v e l r i n g o p e n i n g o f a 1 , 2 - b e n z o i s o t h i a z o l e h a s been 

16 

r e p o r t e d i n wh:rh n u c l e o p h i l i c a t t a c k a t t h e s u l p h u r atom l e a d s to 

o p e n i n g o f t h e tb .:?,ole r i n g f o l l o w e d by r i n g c l o s u r e t o g i v e a 2-

s u b s t i t u t e d 3-aminc;benzothi.ophen ( p r e v i o u s l y i n a c c e s s i b l e compounds). 

The p r o p o s e d r e a c t i o n mechanisms a r e o u t l i n e d below ( a o r b ) . 

C I r a C=N C I 

s 
CO.Et 

S-CH OEt 
1 e~ 

C H ( C O _ E t ) 

OEt 0 

(VI) 

N i l 
< y C^N 

+ C O ( O E t ) EtOH H 
CHCO.Et 

CU-Et 

J 

V 

s ^ C 0 2 E t 
•v CO.,Et <f. 

CO_Et 

I s o b e n z o t h i a z o l o n e s have a l s o been r e a r r a n g e d to b e n z o t h i o p h e n s . 17 



10. 

As o b s e r v e d p r e v i o u s l y , methods i n v o l v i n g s i d e c h a i n c y c l i s a t i o n s 

a r e p o t e n t i a l l y v - " i u l f o i thu s y n t h e s i s o f p o l y h a l o b e n z o t h i o p h e n s . 

C. F o r m a t i o n o f t h e 1 A2--bond_ on R i n g C l o s u r e 

N u c l e o p h i l i c r e a c t i ons 

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

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

c o n v e n i e n t r o u t e to 2 - h y d r o x y b e n z o t h i o p h e n s ( t h i o o x i n d o l e s ) . 

(O^ > CH_C00H H_0 
R 

SH 

B e n z o t h i o p h e n s a r e formed by p a s s i n g s u b s t i t u t e d o<=>ethylthiophenols o v e r a 

18 
h e a t e d c a t a l y s t . 

C H 2CH 3 
C r 2 ° 3 " A I 2 ° a 

475° 
( 2 8 % ) 

The s t a b i l i t y to p y r o l y s i s o f p o l y h a l o b e n z e n e d e r i v a t i v e s c o u l d make t h i s 

method u s e f u l w h e r e R = F o r C I a l t h o u g h i n a c c e s s i b i l i t y o f s t a r t i n g 

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

T h i o i n d o x y l i s formed from t h e b a s e c a t a l y s e d c y c l i s a t i o n o f 

or tho-thi.o c y a n a t o a c e tophenone. 



11. 

0 0 

i 0 C C H 
2 CN OH 

SCN S~C=N 

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

20 
a c e t y l i d e s t o g i v e b e n z o f u r a n s and i n d o l e s h a s been e x t e n d e d t o t h e 

21 
s y n t h e s i s o f 2 - s u b s t i t u t e d b e n z o t h i o p h e n s , 

H a l P y r i d i n e 
o r D.M.F XH XH 

+ H m i g r a t i o n 

R 

w here H a l = I , Br; X = 0, NH S S; R = a l k y l j a r y l , 

22 

A new s y n t h e s i s o f s u b s t i t u t e d b e n z o t h i o p h e n s h a s been r e p o r t e d , 

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

x a n t h a t e s w i t h d i m e t h y l s u l p h o n i u m m e t h y l i d . The r e a c t i o n scheme i s 

o u t l i n e d b e l o w . (Compare t h e K r o l l p f e i f f e r s y n t h e s i s p . 5 ) . 



12 

COR COR R R 1 
OH 

SH S-C 0 

/ + CH„S(CH ) C H „ S ( C H J 

+ R R R H 
+ + H C H „ - S ( C H J CH - S ( C H . J 

2MI SH 

V 

OH 

R 2 I ^ ^ 
R R H„0 1 

H 

R^= CH 3, Ph; R 2 = C I , H. 



13. 

D. F o r m a t i o n o f _the l a8'-bond on R i n g C l o s u r e 

i , E l e r . t r o p h i l i c r e a c t i o n s 

R i n g c l o s u r e o f some s u b s t i t u t e d a c e t o t h i o n a t e s t o g i v e 2,3-

23 

s u b s t i t u t e d b e n z o t h i o p h e n s h a s been r e p o r t e d a l t h o u g h l i t t l e a t t e n t i o n 

h a s been g i v e n t o t h i s r e a c t i o n . 

C I 
I 
C - R , 

* C - R 1 

HC1 

100° C 
•*> R, 

-OPh; R £ = Ph 3 p - t o l y l ; R 3 = H, CH 3 

However, a r e l a t e d r e a c t i o n o f @ - a r y l - o - m e r c a p t o a c r y l i c a c i d s h a s r e c e i v e d 

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

24 

s u b s t i t u t e d b e n z o t h i o p h e n - 2 - c a r b o x y l i c a c i d s . The ^ - a r y l - a - m e r c a p t o 

a c r y l i c a c i d s ( V I I ) a r e p r e p a r e d by b a s e h y d r o l y s i s o f t h e c o n d e n s a t i o n 

p r o d u c t o f an a r o m a t i c a l d e h y d e and r h o d a n i n e ( 1 . 2 ) . 

CH. 
ArCHO + | | 

H 
S 

NH 

ArCH=C 

S v NH 
X C ^ 

II 
0 

OH 

1.2 

A r C H 2 - C - C 0 2 H Ar-CH=C~ " :H 
I 
SH 

( V I I ) 



14. 

O x i d a t i o n o f fl/II)with i o d i n e o r c h l o r i n e i n d r y d i o x a n g i v e s t h e 

c o r r e s p o n d i n g b e n ? . o t h i o p h e n - 2 - c a r b o x y l i c a c i d . An a c i d c a t a l y s e d 

25 

e l e c t r o p h i l i c m ecnanism h a s been p r o p o s e d . O x i d a t i o n by o r C I 

c o n v e r t s ( V I I ) i n t o a d i s u l p h i d e ( 1 . 3 ) i n a f a s t r e a c t i o n . 

( V I I ) 

Ar-CH=C-C0 oH l i 
S 

1.3 

Ar-CH=C-C0 2H 

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

b e n z o t h i o p h e n ( 1 . 4 ) . 

C-C0_H 
S / C 0 2 H 

-H 

+ A r S I , 

1.4 

•CO S / C 0 2 H 

w h e r e Ar = Ar-CH=C-C0 2H 

The r e a c t i o n i s f a c i l i t a t e d by e l e c t r o n r e l e a s i n g g r o u p s (R = OH, OR) i n 

a c c o r d a n c e w i t h t h i s mechanism. 



I m p r o v e d y i e l d s h a v e been r e p o r t e d from t h e u s e o f c h l o r i n e i n t h e 

26 

r e a c t i o n and t h i s method h a s now been e x t e n d e d to t h e s y n t h e s i s o f 

p o l y f l u o r o b e n z o t h i o p h e n s ( s e e n e x t s e c t i o n - N u c l e o p h i l i c r e a c t i o n s ) . 

R e c e n t l y i n t e r e s t h a s been r e v i v e d i n t h e r e a c t i o n s o f s u l p h u r c h l o r i d e s 
( S C l ^ , S2C-'-2 a n ( ^ S O C l ^ ) w i t h p h e n y l a c e t y l e n e and s t y r e n e d e r i v a t i v e s t o 

27-33 
p r o d u c e c h l o r i n a t e d b e n z o t h i o p h e n s . 

34 

As f a r b a c k a s 1908 B a r g e r and E w i n s d e s c r i b e d t h e s y n t h e s i s o f 

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

c h l o r i d e w i t h a - g - d i b r o m o s t y r e n e s and s u b s t i t u t e d 1 - a r y l e t h a n o l s 

( 1 . 5 and 1 . 6 ) . 

CHBrCH 2Br S0C1, 

270 

1.5 

CH(0H)CH, 

1.6 

28 29 31 

S e v e r a l g r o u p s o f w o r k e r s ' ' h a v e now r e p o r t e d t h e p r e p a r a t i o n o f 

3 - c h l o r o b e n z o t h i o p h e n s from t h e r e a c t i o n o f s t y r e n e and c i n n a m i c a c i d 

d e r i v a t i v e s w i t h t h i o n y l c h l o r i d e . Some e x a m p l e s a r e g i v e n i n F i g . 1 . 1 . 

Nakagawa e t a l . h a v e a l s o p r e p a r e d 3 - c h l o r o b e n z o t h i o p h e n s and s u b s t i t u t e d 

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

28 
d e r i v a t i v e s . The r e a c t i o n s h a v e been shown to pror^-H. v i a an 

i n t e r m e d i a t e s u l p h e n y l c h l o r i d e , w h i c h i n some c a s e s h a s been 

27 30 32 
i s o l a t e d , 1 ' F o r example, t h e a d d i t i o n o f s u l p h u r d i c h l o r i d e t o 



ArCH=CHCN 

ArCH=CHCOCl 

ArCH=CHCOOH 

C I 
ArCH=C 

C0C1 

1 C I 

CN 
ArCH=C 

,CN 

'COOEt 

> 1 C I 

S ' C ° 2 H 

- ArCH 2CH 2COOH 

R, 
ci 

C0C1 
ArCHBrCHBrCOOH 

ArC=C-COOH 

V 

C l J R ArCH=CHR 

F l B . 1 . 1 8 

a. a d a p t e d from R e f . 2 8 . 

R t = H, 6-CH 3, 4-C1, 6-C1, 5 - F 3 6-F, 4 , 6 - d i C l , 6N0 2, 6 C H 3 0 - 7 - C l 

R 2 = H, C0 2Me, C 0 2 E t , CHO, CgH , C l . 



d i p h e n y l a c e t y l e n e ( 1 . 7 ) 

C I Ph a a C=C-Ph C I \ S C I S - C l C I 
HC1 Ph Et.O.R.T 

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

c h l o r i d e s a l l a p p e a r to t a k e p l a c e by s i m i l a r m e c h a n i s m s . I n t h e c a s e 

o f t h i o n y l c h l o r i d e r e a c t i o n s t h e d e t a i l e d mechanism w i l l be d i s c u s s e d 

i n r e l a t i o n to t h e a u t h o r s work on p e r c h l o r o b e n z o t h i o p h e n ( s e e l a t e r ) . 

A n o v e l r e a c t i o n between d i c h l o r o s u l p h i n e and d i a r y l d i a z o m e t h a n e s 

33 

h a s r e c e n t l y b e e n r e p o r t e d to g i v e b e n z o t h i o p h e n - S - o x i d e s . The 

r e a c t i o n a p p e a r s to p r o c e e d by a 1 , 3 - d i p o l a r c y c l o - a d d i t i o n t o g i v e an 

i n t e r m e d i a t e t h i a d i a z o l i n e - S - o x i d e ( V I I I ) w h i c h l o s e s n i t r o g e n t o g i v e 

an e p i s u l p h o x i d e ( I X ) . S p o n t a n e o u s c y c l i s a t i o n o f I X g i v e s t h e 

c o r r e s p o n d i n g b e n z o t h i o p h e n - S - o x i d e ( X ) . The p r o p o s e d mechanism i s 

o u t l i n e d below. 



18. 

C=N C I N N 
R C=S=0 Ar / C I C I 

/ Ar C I 

I 
( V I I I 

N 

Ar C I 7< Ar 
R C I + 

0 H 

(IX) 

H 

PC Ar H, 4-CH R 4-C1 

C I 4-0 CH 3-0CH 

0 

(x) A r 



19. 

Benzothiophen 1-oxides are r e l a t i v e l y l i t t l e known compounds although a 

35 

few examples have been reported; they are normally prepared by p a r t i a l 

o x i d a t i o n of the parent benzothiophen w i t h hydrogen peroxide and a c e t i c 

a c i d . 

13.. N u c l e o p h i l i c r e a c t i o n s 

To date t h i s has been the most widely used mechanism fo r the 

O TTrt £̂ "1 2 1. i c£ p c l y h u l c - b c n z o t h i o p h c n o , -uciuuJU J. mis and - i n d u l e s , 15.36-38 

Highly f l u o r i n a t e d benzaldehydes r e a d i l y form b e n z y l i d i n e 

d e r i v a t i v e s ( X I ) w i t h rhodanine, but on a l k a l i n e h y d r o l y s i s the f - p o l y -

fluoroaryl=Qr-mercapto a c r y l i c a c i d formed undergoes spontaneous 

c y c l i s a t i o n to the corresponding benzothiophen-2-carboxylic a c i d . The 

l a t t e r can be r e a d i l y decarboxylated to the parent polyfluorobenzo-

thiophen ( 1 . 8 ) . 

Ar fCHO + | 
C H 2 — C 

NH 

Ar fCH=C-

S - c - N H 

( X I ) 

( ^ > ^ ^ CH=C-C0, 

-F 

1.8 

H -CO, 

4 , 5 , 6 , 7 - t e t r a f l u o r o - , 4,5,7-, 4,6,7- and 5 , 6 , 7 - t r i f l u o r o b e n z o t h i o p h e n s 
36 have been prepared by t h i s method. 



20. 

Brooke ' has shown t h a t pentafluorophenylpropan-2-one- and 

pentafluorophenylacetophenone ( X I I ) both give 2 - s u b s t i t u t e d t e t r a f l u o r o -

benzothiophens on treatment w i t h hydrogen sulphide and base. 

0 0 H„S/HC1 CH CH CH 
C-Ph X 

•3 Vh n no r u 

-HF 

H 
F Ph 

I n the case of pentaf luoropheny'lpropan-2-one a gem d i t h i o l i n t a r m e d i a t e could be 

i s o l a t e d . T h i s was converted to the benzothiophen on treatment w i t h base. 

T h i s i s an i d e a l method of producing benzothiophens (and a l s o 

benzofurans and i n d o l e s ) halogenated i n the benzo r i n g . The h e t e r o atom 

a c t s as a good n u c l e o p h i l e and the polyhalobenzene nucleus i s r e a d i l y 

s u s c e p t i b l e to n u c l e o p h i l i c displacement of h a l i d e i o n . Thus f a r there 

have been no r e p o r t s of t h i s method being extended to the s y n t h e s i s of 

polychlorobenzothiophens. 



21. 

E. Simultaneous Formation of the 1,8 and 3,9-Bonds 

S u b s t i t u t e d benzynes, from the p y r o l y s i s of corresponding p h t h a l i c 

anhydrides, r e a c t w i t h thiophen a t high temperatures to g i v e s m a l l y i e l d s 
39 

of benzothiophens by 1 , 2 - c y c l o a d d i t i o n and subsequent rearrangement, 

( 1 . 9 ) . The main product, t e t r a c h l o r o n a p t h a l e n e i s formed by 1,4-cyclo-

a d d i t i o n of benzyne and subsequent l o s s of sulphur ( 1 . 1 0 ) . T h i s i s the 

main mode of a d d i t i o n when thiophen i s r e a c t e d w i t h benzynes generated 
40 

by more 1 c o n v e n t i o n a l 1 methods a t lower temperatures. 

0 

(SO 
I I 
o 

C0 o,C0 
x III 1,2-addition 

C_H 
x 

H. C I . Ph X 

I 
\ x I o X 1,4-addition / 

I 
0 

1.10 
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The products from the above r e a c t i o n s were not i s o l a t e d but the mixtures 

were an a l y s e d and the major c o n s t i t u e n t s i d e n t i f i e d by gas chromatography-

mass spectrometry. Although the r e a c t i o n s are not s y n t h e t i c a l l y u s e f u l 

as such, they have l e d to the formation of many new thiophen d e r i v a t i v e s , 

i n c l u d i n g the f i r s t r e p o r t of 4,5,6,7-tetrachlorobenzothiophen. 



CHAPTER 2 

SYNTHESIS AND REACTIONS OF SOME HIGHLY CHLORINATED 

BENZO-Tbl-THIOPHENS 



I n l t ' o d i i c L i o n 

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

compounds i s c e n t r e d m a i n l y around n i t r o g e n - c o n t a i n i n g six-membered r i n g 

systems r e l a t e d t o benzene ( p e n t a c h l o r o p y r i d i n e , • t e t r a c h l o r o - p y r i d a z i n e , 
43 44 44 - p y r i m i d i n e , ' and p y r a z i n e ) and ten-membered r i n g systems r e l a t e d 

45 45 t o n a p h t h a l e n e ( h e p t a c h l o r o - q u i n o l i n e and i s o q u i n o l i n e , h e x a c h l o r o -
4 6 u,u i • 4 7 • i . 48 , . . . 49, | -. 

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

Some o f t h e w i d e r aspects o f c h l o r o h e t e r o a r o m a t i c c h e m i s t r y a r e now 
. , 50 Deing examineu, 

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

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

h e t e r o a t o m s o t h e r t h a n n i t r o g e n has been pttrsued l e s s v i g o r o u s l y . 

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

b e n z o - [ b ] - t h i o p h e n s a r e d i s c u s s e d . 

Because o f the problems o f t e n a s s o c i a t e d w i t h s t r u c t u r a l d e t e r m i n a t i o n 

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

i n d i r e c t l y , t o compounds c o n t a i n i n g hydrogen atoms d i r e c t l y a t t a c h e d t o 

the a r o m a t i c r i n g system w h i c h w o uld be amenable t o e x a m i n a t i o n by '"H 

n.m.r. s p e c t r o s c o p y , has been borne i n mind. 4, 5 , 6 , 7 - T e t r a c h l o r o b e n z o -

[ b ] - t h i o p h e n has been unambiguously s y n t h e s i s e d as anodel f o r s p e c t r o s c o p i c 

e x a m i n a t i o n . Some compounds have a l s o been examined by X-ray p h o t o e l e c t r o n 

s p e c t r o s c o p y (ESCA) as p a r t o f a s y s t e m a t i c i n v e s t i g a t i o n o f a p p l i c a t i o n s 

o f ESCA t o h a l o c a r b o n c h e m i s t r y . 



S y n t h e s i s , o f 2 , 3 ,4,5,6,7-Hexachlorobenzo-|"b]-thiophen(I) 

I n 1908 Barger and Ewins"^ r e p o r t e d t h e s y n t h e s i s o f a number 

c h l o r i n a t e d b e n z o - [ b ] - t h i o p h e n d e r i v a t i v e s from the r e a c t i o n o f 

s u b s t i t u t e d 1-phenyl e t h a n o l s and s t y r e n e d e r i v a t i v e s w i t h t h i o n y l 

c h l o r i d e . H e x a c h l o r o b e n z o - [ b ] - t h i o p h e n ( l ) was p r e p a r e d by t h e r e a c t i o n 

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

a t 270°. 

CHBrCH^Br SOCl^SO C l 2 r<^"\ 1 ,C1 
CI s e a l e d t u b e ^ T ^ V , / C I 

o S 

270 

( I ) 

The a u t h o r s c o u l d n o t o b t a i n a b e n z o - [ b ] - t h i o p h e n d e r i v a t i v e f r o m 

e i t h e r a, g - d i c h l o r o e t h y l b e n z e n e or 1 - p h e n y l e t h a n o l a l t h o u g h , i n a s i m i l a r 

r e a c t i o n i t was c l a i m e d t h a t l - ( 4 - m e t h o x y p h e n y l ) e t h a n o l gave a m i x t u r e o f 

t r i c h l o r o - and t e t r a c h l o r o - 6 - m e t h o x y b e n z o - [ b ] t h i o p h e n s . No mechanism 

was proposed f o r t h e r e a c t i o n and u n t i l r e c e n t l y l i t t l e i n t e r e s t was shown 

i n t h e p r e p a r a t i o n o f b e n z o - [ b ] - t h i o p h e n d e r i v a t i v e s from s u l p h u r c h l o r i d e s . 

S e v e r a l groups o f w o r k e r s have now r e p o r t e d t h e s y n t h e s i s o f benzo

i c ] - t h i o p h e n d e r i v a t i v e s from t h e r e a c t i o n o f s u l p h u r c h l o r i d e s (SOCl^, 

n m \ • i - i 2 7 - 2 8 • • - J 2 8 " 3 2 2 8 

2' 2 2 W 1 a c e t y l e n e s , ' c i n n a m i c a c i d s , s t y r e n e s and 
28 30 

3 - p h e n y l p r o p i o n i c a c i d s . 5 E x p e r i m e n t a l d e t a i l s were g i v e n i n o n l y 
27 29 30-32 two cases. ' I n a s e r i e s o f papers Krubsack and Higa have 

28 

e l u c i d a t e d t h e mechanism f o r the r e a c t i o n s , and Nahagawa e t a l . have shown 

t h a t s u b s t i t u t e d b e n z o - [ b ] - t h i o p h e n s can bjs. s y n t h e s i s e d from t h e r e a c t i o n 

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

p y r i d i n e . A comparison between t h e s e r e c e n t r e a c t i o n s and t h e e a r l i e r 
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method f o r t h e p r e p a r a t i o n o f ( I ) i n d i c a t e s t h a t a s i m i l a r mechanism may 

be o p e r a t i n g i n a l l cases. 

The mechanism proposed by Krubsack and Higa to account f o r the 

f o r m a t i o n o f 3 - c h l o r o - 2 - c h l o r o c a r b o n y l b e n z o - [ b ] - t h i o p h e n ( l V ) f r o m t h e 

r e a c t i o n o f 3 - p h e n y l p r o p i o n i c a c i d and t h i o n y l c h l o r i d e i n t h e presence 

o f c a t a l y t i c amounts o f p y r i d i n e , i n v o k e d the i n t e r m e d i a c y o f t h e s u l p h e n y l 

c h l o r i d e ( I I ) 

Ph-CH2CH2COOH 

0 
S0C1, 

OH 

•» PhCH 2CH 2C-Cl >
P y r i d L n ^ > PhCH2CH=C-Cl 

CI 
0 

M I I -so, 
PhCH2C-C-Cl <-

HC1 
S" 

/ N 
CI j £1 

/ C 1 

H 0 
k l| S0C1 

PhCH Cj-C-Cl — 

s-ov 
CI S=0 

s o c i 2 

(-HC1) 

0 
li 

PhCH2CH-C-Cl 

S=0 
I 
CI 

CI 0 
I // 

j ^ j j " CH2-C-C-C1 

SCI 

CI 

( I I ) 

Compound ( I I ) c o u l d t h e n c y c l i s e t o t h e benz o - [ b ] - t h i o c > h e n ( I I I ) w h i c h on 

f u r t h e r c h l o r i n a t i o n c o u l d g i v e t h e p r o d u c t ( I V ) . However when ( I I I ) 

( s y n t h e s i s e d unambiguously) was t r e a t e d w i t h t h i o n y l c h l o r i d e under 



i d e n t i c a l c o n d i t i o n s , ( I V ) was formed o n l y s l o w l y and i n poor y i e l d . T h i s 

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

t h a t t h e s u l p h e n y l c h l o r i d e (V) m i g h t be an i n t e r m e d i a t e . 

H 

ft 

H H 2HC1 K .el 
COCi 

C0C1 H J* 
I I I S0C1 CI 

( I I ) 

CI CI CI 0 S0C1 
' COCI CH-C-C-C3 

S-Cl I V ) 

(V) 

(V) c o u l d be p r e p a r e d i n d e p e n d e n t l y from t h e r e a c t i o n o f c i n n a m i c a c i d w i t h 

t h i o n y l c h l o r i d e i n t h e presence o f p y r i d i n e and r e a d i l y c y c L i s e d t o ( I V ) 

under c o n d i t i o n s i d e n t i c a l t o t h e ones used p r e v i o u s l y . 

C y c l i s a t i o n o f (V) by e l e c t r o p h i l i c o r n u c l e o p h i l i c r e a c t i o n s weus# 

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

and meta-methoxy-cinnamic a c i d s w i t h t h i o n y l c h l o r i d e . Krubsack and 

Higa proposed a c o n c e r t e d c y c l i s a t i o n o f (V) t o account f o r t h e i r 

o b s e r v a t i o n s . 



CI 
C I 

r. COCl 

H 
a 

H CI 
r CI 

COCl 

2 CI 
CI V 

( I V ) 

The two mechanisms ( a and b) d i f f e r by whether t h e b e n z y l i c hydrogen 

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

I f t h i s mechanism i s c o r r e c t and t h e s u l p h e n y l c h l o r i d e (V) i s an 

i n t e r m e d i a t e i n t h e r e a c t i o n , t h e n i t w i l l a l s o account f o r t h e f o r m a t i o n 

o f 2 - s u b s t i t u t e d - 3 - c h l o r o - b e n z o - [ b ] - t h i o p h e n s f r o m p r e c u r s o r s o f t h e 

form Ph-CH=CHR, w i t h e i t h e r SC1 2 o r S0C1 2 and p y r i d i n e (R = H, C0 2H, CN, 
28 

CHO, CO^Et, C^H^). The mechanism may a l s o a p p l y t o t h e s y n t h e s i s o f 
52 

p e r c h l o r o b e n z o - [ b ] - t h i o p h e n ( I ) f r o m d i b r o m o s t y r e n e and t h i o n y l c h l o r i d e . 

Nahagawa e t a l . have r e p o r t e d t h a t s t y r e n e g i v e s 2 , 3 - d i c h l o r o -

b e n z o - [ b ] - t h i o p h e n and dib r o m o c i n n a m i c a c i d g i v e s 3 - c h l o r o - 2 - c h l o r o c a r b o n y l 
28 

b e n z o - [ b ] - t h i o p h e n w i t h t h i o n y l c h l o r i d e and p y r i d i n e . These two 

f a c t s i n d i c a t e t h a t t h e f i r s t s t e p i n t h e s y n t h e s i s >.i ( I ) m i g h t be l o s s 

o f e l e m e n t a l bromine f r o m d i b r o m o s t y r e n e t o g i v e s t y r e n e which can t h e n 

r e a c t w i t h t h i o n y l c h l o r i d e t o g i v e t h e s u l p h e n y l c h l o r i d e ( V I ) 
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CI 
- B r SOCL 

P h C I I B r C t l . B r > PhClI=CH 2 
> P l i C l l - C I l 

SCI 

( V I ) 

C y c l i s a t i o n o f ( V I ) t o 2 , 3 - d i c h l o r o b e n z o - [ b ] - t h i o p h e n and f u r t h e r f r e e 

r a d i c a l c h l o r i n a t i o n ( i n t h e presence o f S0 9C1 9) would g i v e ( I ) . 

A l t h o u g h t h i s may seem an e x c e l l e n t r o u t e t o h i g h l y c h l o r i n a t e d 

b e n z o - [ b ] - t h i o p h e n s , u s i n g r e l a t i v e l y cheap and r e a d i l y a v a i l a b l e 

s t a r t i n g m a t e r i a l s , t h e r e a c t i o n s u f f e r s from s e v e r a l severe drawbacks. 

I n a t y p i c a l r e a c t i o n , 1.5 gms o f d i b r o m o s t y r e n e , 5 m l . o f t h i o n y l 

c h l o r i d e and 2 m l . o f s u l p h u r y l c h l o r i d e were h e a t e d t o 270° i n a 

C a r i u s t u b e f o r 13 h r . On c o o l i n g , c r y s t a l s o f p e r c h l o r o b e n z o - [ b ] -

t h i o p h e n c o u l d be f i l t e r e d o f f f r o m t h e r e d l i q u i d i n t h e t u b e . 

( i ) The r e a c t i o n o n l y proceeds i n s e a l e d g l a s s t u b e s . A t t e m p t s t o 

c a r r y o u t t h e r e a c t i o n i n n i c k e l o r s t a i n l e s s s t e e l a u t o c l a v e s produced 

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

( i i ) The y i e l d o f p e r c h l o r o b e n z o - [ b ] - t h i o p h e n i s e x t r e m e l y v a r i a b l e 

r a n g i n g f r o m 0% t o a maximum o f 55% even when a t t e m p t s were made t o keep 

c o n d i t i o n s i n each C a r i u s t u b e as i d e n t i c a l as p o s s i b l e . 

( i i i ) H i gh p r e s s u r e s produced i n t h e C a r i u s tubes ( e s p e c i a l l y a t 270°) 

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

p r e s s u r e s t h a t g l a s s t u b i n g can c o n t a i n . 

F a c t o r s ( i ) and ( i i i ) a r e t e c h n o l o g i c a l problems t h a t may be o v e r 

come by u s i n g h i g h p r e s s u r e g l a s s - l i n e d a u t o c l a v e s , but ( i i ) w o u l d s t i l l 

appear t o l i m i t t h e u s e f u l n e s s o f t h e r e a c t i o n . 
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A t t e m p t e d P r e p a r a t i o n o f 6 - m e t h o x y - 2 . 3 , 4 , 5 , 7 - p e n t a c h l o r o b a n z o - [ b ] - t h i o p h e n 

I n an a t t e m p t t o s y n t h e s i s e h i g h l y c h l o r i n a t e d b e n zothiuphens w i t h 

s u b s t i t u e n t s i n w e l l d e f i n e d p o s i t i o n s , t h e r e a c t i o n between para-methoxy-

d i b r o m o s t y r e n e , t h i o n y l c h l o r i d e and s u l p h u r y l c h l o r i d e i n a s e a l e d t u b e , 
o 52 at ~ 200 was examined. Barger and Ewins r e p o r t e d the p r e p a r a t i o n o f 

t r i c h l o r o - and t e t r a c h l o r o - 6 - m e t h o x y b e n z o - [ b ] - t h i o p h e n s from t h e 

r e a c t i o n c f 1 (4 m c t h c ^ y p h c n y l ) e t h e m e l w i t h t h i c n y l c h l o r i d e 2.ncl 
32 

Krubsack and Higa have r e p o r t e d t he p r e p a r a t i o n o f methoxy s u b s t i t u t e d -

3 - c h l o r o b e n z o - [ b ] - t h i o p h e n s from c i n n a m i c a c i d d e r i v a t i v e s and t h i o n y l 

c h l o r i d e . 

However, the r e a c t i o n o f pa r a - m e t h o x y d i b r o m o s t y r e n e w i t h t h i o n y l and 

s u l p h u r y l c h l o r i d e , under a v a r i e t y o f c o n d i t i o n s , produced o n l y two 
53 

p r o d u c t s - p e r c h l o r o b e n z o - [ b ] - t h i o p h e n ( I ) and p e n t a c h l o r o s t y r e n e ( V I I ) 

CHBrCH Br S0C1_/S0_C1, . ; T \ _ _ _ , CI CH=CH 
i I I I i m 11 i i + CI 1' 

CH 0 s e a l e d tube / CI 3 S 

( I ) ( V I I ) 

Under the c o n d i t i o n s o f t h e r e a c t i o n (~ 200°, excess S0C1 /SC^C^) t h e 

methoxy group i s c o m p l e t e l y l o s t , p r o b a b l y by a f r e e r a d i c a l d i s p l a c e m e n t 

r e a c t i o n . The p r o d u c t i o n o f ( V I I ) can be r a t i o n a l i s e d i f some 

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

a d d i t i o n o f t h i o n y l c h l o r i d e t o t h e double bond i s r e \ e r s i b l e under t h e 

c o n d i t i o n s employed. No evidence c o u l d be o b t a i n e d f o r the presence o f 

methoxy c o n t a i n i n g compounds i n t h e r e a c t i o n p r o d u c t . Some p e n t a c h l o r o 

s t y r e n e i s a l s o formed i n low y i e l d i n t h e p r e p a r a t i o n o f ( I ) f r o m dibromo 

s t y r e n e . 
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S y n t h e s i s o f 4 , 5 , 6 , 7 - T e t r a c h l o r o b e n z o - [ b ] - t h i o p h e n 

N u c l e o p h i l i c a d d i t i o n s t o a c e t y l e n e s have been w i d e l y s t u d i e d and 
54 55 have been t h e s u b j e c t o f a r e c e n t , e x t e n s i v e r e v i e w . T r u c e e t a l . 

have s t u d i e d the a d d i t i o n o f t h i o l s t o a wide range o f a c e t y l e n e s and 

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

was shown t o have been formed by o v e r a l l t r a n s - a d d i t i o n o f t h e n u c l e o p h i l e 

t o t h e t r i p l e bond. V i o l a t i o n s o f t h e " t r a n s r u l e " f o r a d d i t i o n o f 
56 57 58 

n u c l e o p h i l e s t o a c e t y l e n e s have been r e p o r t e d ' ' b u t these have been 

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

i n t r a m o l e c u l a r r e a r r a n g e m e n t . 

H C0„H H H 
\ / 1 hasp \ / (a ) C=C ba s e , C=C 
/ N A A r S ~ / \ 

ArS H ArS C0 2H 

CH„00C 3 \ r. 
( b ) C=C 

+ ^ \ R„N C-0CHo 
2 \ I I 3 

H 0 

CH o00C 0CH o 
3 \ / 3 

c=c=c 
4 / ! V -R«N*. / 0 y H 

CH.00C C00CH n 
3 \ / 3 

c=c / \ 
R 2N H 

The a d d i t i o n o f secondary amines t o a c e t y l e n e c a r b o x y l i c e s t e r s i n a p r o t i c 
58 

s o l v e n t s g i v e s o n l y p r o d u c t s f r o m o v e r a l l c i s - a d d i t i o n ' ( b ) , b u t i n 

p r o t i c s o l v e n t s p r o d u c t s from b o t h c i s - and t r a n s - a d d i t i o n s a r e f o r m e d . ^ 

A number o f five-membered h e t e r o c y c l i c compounds have been p r e p a r e d 

by t h e r e a c t i o n o f a c e t y l e n e d i c a r b o x y l i c e s t e r s w i t h v a r i o u s n u c l e o p h i l e s 
. „. . 59,60 o f t h e form: 
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0 
R -C-CH-X where X = NH, 0, S 

R, 

The proposed mechanism f o r t h e r e a c t i o n s ( n o r m a l l y r u n i n m e t h a n o l ) 

i s o u t l i n e d below. 

0 
II 

R — C 
C0„R 
C v 

R - CH _̂ C 
2 \ " I 

X C0 2R 

0 
ii 

R,— C 

R 2 ~ C 1 l 

RO 0 
\ / 
C 
I I 
C 
II 
C-C0oR 

_/ 2 

/?0 RO C 

R — C , C-H 
-II 

R-— CH ^ C-C0oR 2 • -y 2 
^ X 

( V I I I ) ( I X ) 

9 \ 

C0 2R 

C0 2R 
4r 
-H 30 

OH 

H 

CO R 2 
C0 9R 

-H 

OH 
I 

R - C -

CO.R I 2 
C-H 

R — CH C-CO-R 
2 2 

( X I I ) ( X I ) (X) 

A s i m p l e t r a n s - a d d i t i o n p r o d u c t ( I X ) i s f i r s t formed t h r o u g h 

p r o t o n a t i o n o f t h e e n o l a t i c a n i o n ( V I I I ) and t h i s can c y c l i s e v i a (X) 

t o ( X I I ) . I n some cases t h e a l c o h o l ( X I ) c o u l d be i s o l a t e d i n good y i e l d 

and c o n v e r t e d t o ( X I I ) w i t h a c i d . I n the case o f s u l p h u r h e t e r o c y c l e s 

(X=S) a Diechmann-type c y c l i s a t i o n was proposed because t h e i n t e r m e d i a t e 

(X) w o u l d n o t be f a v o u r a b l e f o r s u l p h u r . 
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14 15 

Brooke and Quasem ' have s t u d i e d t h e a d d i t i o n o f l i t h i u m 

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

- + 
S L i 

+ 
C 
I I I 
c 
I 
R„ 

C 6 F 5 \ / 

R 2 R l 

R_ 

+ 

/ \ 
C 6 F 5 S R l 

( X I V) 

a. 
R l = R 2 = C0 2Et 

b. R l = CC^Et, R 2 = H 

c. R l = C0 2Et, R 2 = Ph 

d. R l = R 2 = Ph 

e. 
R l = R 2 = CF 3 

The r e a c t i o n o f l i t h i u m p e n t a f l u o r o b e n z e n e t h i o l a t e w i t h d i e t h y l 

a c e t y l e n e d i c a r b o x y l a t e ( a ) gave o n l y t h e c o r r e s p o n d i n g b e n z o - [ b ] - t h i o p h e n 

( X l l l a ) and none o f t h e o l e f i n i c p r o d u c t s , even a t v e r y low t e m p e r a t u r e s . 

I n t h e case o f a c e t y l e n e s ( c ) and ( e ) b o t h c y c l i s e d p r o d u c t s and o l e f i n s 

were formed a l t h o u g h the l a t t e r were i n l e s s t h a n 57„ o v e r a l l y i e l d . I n 

marked c o n t r a s t , a c e t y l e n e s ( b ) and ( d ) gave no c y c l i s e d m a t e r i a l w i t h 

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

t o o v e r a l l c i s - and t r a n s - a d d i t i o n o f C,F_SH t o t h e a c e t y l e n e s . Problems 6 5 

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

c o u l d n o t be r e s o l v e d b u t t h e ap p a r e n t v i o l a t i o n s o f t h e " t r a n s - a d d i t i o n 

r u l e " were e x p l a i n e d by i s o m e r i s a t i o n o f t h e i n t e r m e d i a t e v i n y l - l i t h i u m 

d e r i v a t i v e s . 



I n t h e l i g h t o f t h e s u c c e s s f u l s y n t h e s i s o f d i e t h y l 4 , 5 , 6 , 7 - t e t r a -

f l u o r o b e n z o - [ b ] - t h i o p h e n - 2 , 3 - d i c a r b o x y L a t e and i t s subsequent c o n v e r s i o n 

t o 4 , 5 , 6 , 7 - t e t r a f l u o r o b e n z o - [ b ] - t h i o p h e n , i t seemed l i k e l y t h a t . t h e 

r e a c t i o n c o u l d be extended t o t h e c h l o r i n a t e d s e r i e s . 
61 

The r e a c t i o n o f sodium p e n t a c h l o r o b e n z e n e t h i o l a t e w i t h d i e t h y l 

a c e t y l e n e d i c a r b o x y l a t e i n t e t r a h y d r o f u r a n a t r e f l u x t e m p e r a t u r e f o r 3 h r . , 

gave the c y c l i s e d p r o d u c t (XVIa, 87„) and t h s o l e f i n ( X V I I a , 427=,) . Under 

more v i g o r o u s c o n d i t i o n s (18 h r . r e f l u x ) , no o l e f i n L c m a t e r i a l c o u l d be 

i s o l a t e d and t h e major p r o d u c t was d i e t h y l 4 , 5 , 6 , 7 - t e t r a c h l o r o b e n z o - [ b ] -

t h i o p h e n - 2 , 3 - d i c a r b o x y l a t e (XVIa, 767o) . 

CO Et 
I L 

c ,co 9Et R
x / I C l ( ] + + I I ! > C l l ] l l 2 + C=C 

. C,C1CS CO_Et 
R 

(XVI) ( X V I I ) 

a. R = C0 2Et; b. R = H. 

I n c o n t r a s t t o t h e f l u o r o c a r b o n c a s e , t h e i s o l a t i o n o f t h e o l e f i n ( X V I I a ) 

i n d i c a t e d t h a t a l t h o u g h t h e a d d i t i o n o f t h e t h i o l a t e t o d i e t h y l a c e t y l e n e 

d i c a r b o x y l a t e i s r a p i d , t h e c y c l i s a t i o n s t e p t o g i v e (XVIa) i s slow 

even a t e l e v a t e d t e m p e r a t u r e s . T h i s can be a t t r i b u t e d i n p a r t t o t h e 

lowe r r e a c t i v i t y o f t h e p e n t a c h l o r o b e n z e n e n u c l e u s towards n u c l e o p h i l i c 

r e p l a c e m e n t o f h a l o g e n compared t o t h e p e n t a f l u o r o b e n ^ e n e analogue. 

When sodium p e n t a c h l o r o b e n z e n e t h i o l a t e was r e a c t e d w i t h e t h y l 

p r o p i o l a t e under t h e same c o n d i t i o n s as w i t h d i e t h y l a c e t y l e n e d i c a r b o x y l a t e , 



34. 

no c y c l i s e d m a t e r i a l was formed and t h e s o l e p r o d u c t was t h e o l e f i n 

( X V I I b ) [52.571]. 

The s t e r e o c h e m i s t r y o f t h e two o l e f i n s ( X V I I a and b) c o u l d be a s s i g n e d 

on t h e b a s i s o f t h e i r n.m.r. s p e c t r a . D e l f i n i , " ^ and W i n t e r f e l d t and 

58 

Preuss have a s s i g n e d the s t e r e o c h e m i s t r y o f o l e f i n s , o b t a i n e d f r o m t h e 

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

ar.p.t-y I e n e d i c a r b o x y l a t e ; f rom *"H n.m.r. d a t a . Brooke e t a l . have g i v e n 

"̂H n.m.r. d a t a f o r t h e p r o d u c t s o b t a i n e d from t h e a d d i t i o n o f p e n t a -
62 

f l u o r o a n i l i n e t o d i e t h y l a c e t y l e n e d i c a r b o x y l a t e and p e n t a f l u o r o t h i o p h ' e n o l 

t o e t h y l p r o p i o l a t e . ^ The d a t a i s summarised I n T a b l e 2,1. 

The ''"H n.m.r. spectrum o f o l e f i n ( X V I I b ) showed a t r i p l e t f o r t h e 

m e t h y l p r o t o n s a t 8.87T a q u a r t e t f o r t h e m e t h y l e n e p r o t o n s a t 5.78T 

( J = 7.0Hz) and two d o u b l e t s a t 4 . I T and 3.23T. The s t e r e o c h e m i s t r y o f t h e 

o l e f i n was a s s i g n e d as c i s on t h e b a s i s o f b o t h t h e c o u p l i n g c o n s t a n t 
63 1 ( J = 9.9 Hz) and ch e m i c a l s h i f t s o f t h e o l e f i n i c p r o t o n s . The H n.m.r. 

spectrum o f o l e f i n ( X V I I a ) showed two o v e r l a p p i n g t r i p l e t s due t o t h e 

m e t h y l p r o t o n s a t 8.96T and 8.70T, two o v e r l a p p i n g q u a r t e t s due t o 

m e t h y l e n e p r o t o n s a t 6.03T and 5.79T [ J = 7.2 Hz] and a s i n g l e t due t o t h e 

o l e f i n i n c p r o t o n a t 3.38T. The chemic a l s h i f t o f t h e o l e f i n i c p r o t o n 

i s c h a r a c t e r i s t i c o f t h e t r a n s - o l e f i n (see T a b l e 2.1) Both o l e f i n s are 

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

was any e v i d e n c e f o u n d f o r o l e f i n s a r i s i n g from o v e r a l l c i s - a d d i t i o n . 

H y d r o l y s i s o f t h e d i e s t e r (XVIa) w i t h e i t h e r 507„ s u l p h u r i c a c i d or 

aqueous a l k a l i gave t h e h y d r a t e d d i c a r b o x y l i c a c i d ( X ^ ' l I I ) [ 8 6 % ] w h i c h i n 

t u r n was d e c a r b o x y l a t e d by copper i n q u i n o l i n e t o g i v e 4 , 5 , 6 , 7 - t e t r a c h l o r o -

b e n z o - [ b ] l t h i o p h e n ( X I X ) [ 5 2 % ] . The *H n.m.r. spectrum o f (XIX) gave t h e 
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c o 2 E t 

C0 2Et " c i 
J 

C0 2H 
CO 2H,2H 20 

(XVIa) ( X V I I I ) ( X I X ) 

c o u p l i n g c o n s t a n t J2,3 = 5.5 Hz w h i c h i s t y p i c a l f o r t h i s s u b s t i t u t i o n 
64 

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

t h e r e l a t i v e s h i f t s i n t h e a b s o r p t i o n s on c h a n g i n g s o l v e n t s . I t has 

r e c e n t l y been shown f o r b e n z o - [ b ] - t h i o p h e n , t h a t w h i l e o v e r a l l d e s h i e l d i n g 

o f p r o t o n s o c c u r s i n acetone r e l a t i v e t o carbon t e t r a c h l o r i d e , t h e 
e f f e c t i s p a r t i c u l a r l y marked a t p o s i t i o n 2. [ S o l v e n t s h i f t = 0.27 ppm. 

65a 

c f . 0.15 ppm f o r p o s i t i o n 3 ] . On t h i s b a s i s , t h e a b s o r p t i o n c e n t r e d 

a t 2.46T (CCl^) and 1.96T ( a c e t o n e ) [ s o l v e n t s h i f t = 0 . 5 0 ppm] was 

a s s i g n e d t o H2, and t h a t c e n t r e d a t 2.56T (CCl^) and 2.38T ( a c e t o n e ) 

[ s o l v e n t s h i f t = 0..18 ppm] t o H3. The much l a r g e r s o l v e n t s h i f t o f H2, 

r e l a t i v e t o a l l o t h e r p o s i t i o n s , can be p a r t i c u l a r l y u s e f u l f o r s t r u c t u r e 

d e t e r m i n a t i o n s i n these h i g h l y c h l o r i n a t e d systems. R e c e n t l y , Yuste 
6 5b 1 and W a l l s have r e p o r t e d t h e use o f H n.m.r. p y r i d i n e - i n d u c e d s o l v e n t 

s h i f t s i n s t r u c t u r e d e t e r m i n a t i o n s o f s u b s t i t u t e d b e n z o - [ b ] - f u r a n s . 

C0 2Et 
^ s / C 0 2 E t Cll J C0.2Et 

(XVIa) (XX) 



R e a c t i o n o f t h e d i e s t e r (XVIa) w i t h 1 mole e q u i v a l e n t o f base i n 

r e f l u x i n g p y r i d i n e gave a monoethy] e s t e r (XX, 81%) as t h e s o l e p r o d u c t . 

H y d r o l y s i s and subsequent d e c a r b o x y l a t i o n o f o n l y one e s t e r group had 

taken p l a c e under t h e r e a c t i o n c o n d i t i o n s . I t was p o s s i b l e t o i d e n t i f y 

t h e p r o d u c t as e t h y l 4 , 5 , 6 , 7 - t e t r a c h l o r o b e n z o - [ b ] - t h i o p h e n - 2 - c a r b o x y l a t e 

(XX) from measurements o f i t s H i n.m.r. s p e c t r a i n carbon t e t r a c h l o r i d e 

and acetone. T a b l e 2.2 g i v e s s o l v e n t s h i f t measurements f o r a s e r i e s o f 

b e n z o - [ b ] - t h i o p h e n s , Both 4 , 5 , 6 , 7 - t e t r a f l u o r o and t e t r a c h l o r o b e n z o - [ b ] -

t h i o p h e n s show a s o l v e n t s h i f t ( f r o m CCl^ t o acetone) o f 0.5 ppm (30 Hz) 

For thp ?-proton and much s m a l l e r s h i f t s o f 0.1 ppm (6 Hz) and 0.18 ppm 

(10 Hz) r e s p e c t i v e l y f o r t h e 3 - p r o t o n . I n t r o d u c t i o n o f an a c e t y l group 

a t p o s i t i o n 3 i n t h e t e t r a f l u o r o b e n z o - [ b ] - t h i o p h e n causes an i n c r e a s e 

o f 0.71 ppm (43 Hz) i n t h e s o l v e n t s h i f t o f t h e 2 - p r o t o n t o 1.21 ppm 

(73 Hz). I n t r o d u c t i o n o f a c h l o r i n e a t p o s i t i o n 3 i n t h e c h l o r o -

d e r i v a t i v e s causes an i n c r e a s e o f a p p r o x i m a t e l y 0.08 ppm (5 Hz) i n t h e 

s o l v e n t s h i f t o f t h e 2 - p r o t o n . 

The c a r b o n y l group i n t h e t e t r a c h l o r o m o n o e s t e r b e n z o - [ b ] - t h i o p h e n 

c o u l d be a t e i t h e r p o s i t i o n 2 or 3. I f i t was a t p o s i t i o n 3 an i n c r e a s e 

i n t h e s o l v e n t s h i f t o f t h e 2 - p r o t o n wou.ld be e x p e c t e d . However, t h e 

measured s h i f t o f 0.37 ppm (22 Hz) i s a c t u a l l y l e s s t h a n t h a t o f t h e 

2 - p r o t o n i n 4 , 5 , 6 , 7 - t e t r a c h l o r o b e n z o - [ b ] - t h i o p h e h b u t s l i g h t l y g r e a t e r 

than t h a t f o r t h e 3 - p r o t o n . T h e r e f o r e t h e most l i k e l y p o s i t i o n o f • t h e 

c a r b o n y l group i s p o s i t i o n 2 and t h e s t r u c t u r e can be a s s i g n e d as (XX). 
62 

Brooke has r e p o r t e d t h a t t h e a l k a l i n e h y d r o l y s i s o f d i e t h y l 4,5,6,7-

t e t r a f l u o r o i n d o l e - 2 , 3 - d i c a r b o x y l a t e i s accompanied by p a r t i a l 

d e c a r b o x y l a t i o n t o g i v e t h e 2 - c a r b o x y l i c a c i d . ^ ^ 
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S orne R e a c t i o n s o f 2 , 3 , 4 , 5 , 6 , 7 - H e x a c h l o r o b e n z o - r b ] - t h i o p h f c n 

' i-) Metal, l a I" i o i i _r p a c t i o n s 

M e t a l l a t i o n o f b e n z o - [ b ] - t h i o p h e n has been shown t o occur a t 

p o s i t i o n 2 . ^ B e n z o - [ b ] - t h i o p h e n s can be m e t a l l a t e d i n o t h e r p o s i t i o n s 

by use o f the a p p r o p r i a t e bromo d e r i v a t i v e . M e t a l l a t i o n o f 5-bromobenzo-

[ b ] - t h i o p h e n w i t h one m o l a r e q u i v a l e n t o f n - b u t y l l i t h i u r a g i v e s t h e 5-

h i - n m o - 2 - b e r . z o - [ b ] - t h i c n y l l i t h i u m b u t , w i t h 2 mol.ii. e q u i v a l e n t s o f n-

b u t y l l i t h i u m a d i l i t h i u m compound i s o b t a i n e d which on c a r b o n a t i o n 

a f f o r d s t h e 2 , 5 - d i c a r b o x y l i c a c i d . ^ 2 , 3 - d i b r o m o b e n z o - [ b ] - t h i o p h e n w i t h 

excess n - b u t y l l j - L h i u m g i v e s o n l y t h e 2 - i i t h i o d e r i v a t i v e . The 2,3-

d i l i t h i o compound can be p r e p a r e d by t r e a t i n g the 3-bromo-2-benzo-[b]-
69 

t h i o n y l l i t h i u m w i t h powdered l i t h i u m . The 2 , 3 - d i l i t h i o d e r i v a t i v e may 

a l s o be p r e p a r e d by t r e a t i n g 3 - b r o m o b e n z o - [ b ] - t h i o p h e n w i t h 2 m o l a r 

e q u i v a l e n t s o f n - b u t y l l i t h i u m . 3 - b e n z o - [ b ] - t h i o n y l l i t h i u m has been 

p r e p a r e d f r o m t h e 3 - b r o m o b e n z o - [ b ] - t h i o p h e n u s i n g one e q u i v a l e n t o f n-

b u t y l l i t h i u m i n e t h e r a t -70° and has been shown t o be a u s e f u l 

i n t e r m e d i a t e f o r t h e p r e p a r a t i o n o f 3 - s u b s t i t u t e d b e n z o - [ b ] - t h i o p h e n s . ^ 

Some o f t h e s e have been p r e p a r e d from t h e 3-benzo-[b]-t.hionylmagnesium 

h a l i d e s b u t because t h e G r i g n a r d compounds have t o be s y n t h e s i s e d by 

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

exchange does n o t t a k e p l a c e w i t h 3 - c h l o r o b e n z o - [ b ] - t h i o p h e n s i n c e w i t h 

n - b u t y l l i t h i u m o n l y 3 - c h l o r o - 2 - b e n z o - [ b ] - t h i o n y l l i t h i u m ^ i s formed. 

Treatment o f h e x a c h l o r o b e n z o - [ b ] - t h i o p h e n i n t e t r a h y d r o f u r a n w i t h 

one molar e q u i v a l e n t o f n - b u t y l l i t h i u m f o l l o w e d by hydi o l y s i s gave 

3 , 4 > 5 , 6 , 7 - p e n t a c h l o r o b e n z o - [ b ] - t h i o p h e n (XXI , 56%) accompanied by 

unchanged s t a r t i n g m a t e r i a l ( I , 39%) showing t h a t m e t a l - h a l o g e n exchange 
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was i n c o m p l e t e . The s t r u c t u r e o f (XXI) was d e t e r m i n e d by "̂H n.m.r. 

s p e c t r o s c o p y from t h e l a r g e d o w n f i e l d s h i f t (0.58 ppm) o f t h e a b s o r p t i o n 

i n c hanging from carbon t e t r a c h l o r i d e t o acetone as s o l v e n t ( T a b l e 2 . 2 ) . 

I n an a t t e m p t t o d r i v e t h e m e t a l h a l o g e n exchange t o c o m p l e t i o n , ( I ) was 

t r e a t e d w i t h excess n - b u t y l l i t h i u m (6 e q u i v a l e n t s ) i n t e t r a h y d r o f u r a n 

and h y d r o l y s e d . T h i n l a y e r chromatography showed t h e absence o f b o t h 

( T ) anH (YYT) and t h e presence o f tv:c new component:;. The major 

component ( X X I I , 89%) was 3 , 4 , 5 , 7 - t e t r a c h l o r o b e n z o - [ b ] - t h i o p h e n w h i l e 

t h e m i n o r component, an o i l was n o t examined. The two p r o t o n s were 

i d e n t i f i e d a t p o s i t i o n s 2(2.GT, CCl^) and 6(2.54T, CCl^) by n.m.r. 

s p e c t r o s c o p y . Both p r o t o n s showed a d o w n f i e l d s h i f t i n acetone ( r e l a t i v e 

t o C C l ^ ) , b u t one p r o t o n was r e a d i l y a s s i g n e d t o p o s i t i o n 2 from i t s 

l a r g e r s o l v e n t s h i f t (0.56 ppm compared t o 0.25 ppm f o r t h e o t h e r p r o t o n ) . 

The p r o t o n s were c o u p l e d ( J = 0 . 6 Hz) w h i c h i s c h a r a c t e r i s t i c o f t h e l o n g 
64 

range c o u p l i n g a s s o c i a t e d w i t h H2 and H6 (J , - 0.5-0.6 Hz). H2 
J 

has been shown t o c o u p l e o n l y w i t h H3 and H6 a l t h o u g h peak b r o a d e n i n g 

has been a t t r i b u t e d t o c o u p l i n g o f H7 and H5 w i t h H2 (J„ 7 and J . 

< 0.03 H z / 5 ' 7 2 

When ( I ) was t r e a t e d w i t h excess n - b u t y l l i t h i u m i n t e t r a h y d r o f u r a n 

f o l l o w e d by c a r b o n a t i o n a d i c a r b o x y l i c a c i d was formed (M = 358) w h i c h 

was n o t c h a r a c t e r i s e d b u t was d e c a r b o x y l a t e d by copper i n q u i n o l i n e t o 

( X X I I ) . 
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H_0 CI 

\ / n-BuLi / CI 

i Mg/CH BrCH„Br CI (XXI) 
+ CI i i H_0 

CL 
H 

\ ( X X I I ) 
fa CI excess CI n-BuLi + H„0 

CO_/H' CO 

CI 
COOH 

The p r e p a r a t i o n o f G r i g n a r d r e a g e n t s f r o m a r y l h a l i d e s has been 

e x t e n s i v e l y s t u d i e d and th e 1 e n t r a i n m e n t 1 method u s i n g e t h y l e n e dibromide 

has been w i d e l y used t o o b t a i n G r i g n a r d s f r o m u n r e a c t i v e a r o m a t i c and 

u » i • i i • A 73-75 h e t e r o c y c l i c h a l i d e s . 

R e a c t i o n o f ( I ) i n t e t r a h y d r o f u r a n w i t h excess mf-^nesium a t room 

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

h y d r o l y s i s , gave an e q u i m o l a r m i x t u r e o f ( X X I , 29%) and ( X X I I , 29%) 

t o g e t h e r w i t h unchanged s t a r t i n g m a t e r i a l ( I , 297«) . The r e a c t i o n 



p r o d u c t s were s e p a r a t e d by column chromatography f r o m s t a r t i n g m a t e r i a l 

( I ) b u t no s e p a r a t i o n o f (XXI) and ( X X I I ) was a c h i e v e d . 

The "̂H n.m.r. spectrum o f t h e m i x t u r e i n c a r b o n t e t r a c h l o r i d e showed 

two a b s o r p t i o n s a t 2.54T (one p r o t o n ) and 2.6T (two p r o t o n s ) . I n acetone 

the. spectrum c o u l d be r e s o l v e d i n t o t h r e e a b s o r p t i o n s a t 2.29T, 2.04T 

and 2.02T (one p r o t o n e a c h ) . When t h e r e a c t i o n was r e p e a t e d under more 

f o r c i n g c o n d i t i o n s (3 h r . r e f l u x ) t h e o n l y nroHnr.t i s o l a t e d a f t e r 

h y d r o l y s i s was compound ( X X I I , 9 % ) . A l t h o u g h ( X X I ) c o u l d be s e p a r a t e d 

from a m i x t u r e o f (XXI) and ( X X I I ) by f r a c t i o n a l r e c r y s t a l l i s a t i o n from 

l i g h t p e t r o l e u m ( b . p . 40-60°) i t was found i m p o s s i b l e t o produce e i t h e r 

compound alone i n good y i e l d , a m i x t u r e was always o b t a i n e d , u s u a l l y 

c o n t a i n i n g u n r e a c t e d s t a r t i n g m a t e r i a l ( I ) . 

( i i ) R e d u c t i o n r e a c t i o n s 
7 6 

S u s c h i t z k y e t a l . have i n v e s t i g a t e d t h e r e d u c t i o n o f p e n t a -

c h l o r o p y r i d i n e w i t h complex m e t a l h y d r i d e s and have shown t h a t an a d d i t i o n 

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

r e d u c t i o n . The p r o d u c t s o b t a i n e d depended c r i t i c a l l y on t h e r e a c t i o n 

t e m p e r a t u r e , a t 0°C t h e m a j o r p r o d u c t f r o m t h e r e a c t i o n o f p e n t a c h l o r o -

p y r i d i n e ( X X I I I ) w i t h l i t h i u m a l u m inium h y d r i d e i n e t h e r a t 0°C was 2,3,5, 

t e t r a c h l o r o p y r i d i n e (XXIV, 8 0 % ) . A t room t e m p e r a t u r e t h e main p r o d u c t 

was 2 , 3 , 6 - t r i c h l o r o p y r i d i n e (XXV, 7 5 % ) . The proposed mechanism i s . 

o u t l i n e d below. 
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However, Di c k s o n and S u t c l i f f e ^ f o u n d t h a t i n t h e r e a c t i o n o f 

l i t h i u m a l u m i n i u m h y d r i d e w i t h h e x a f l u o r o - , p e n t a f l u o r o - , and t e t r a f l u o r o -

benzenes i n t e t r a h y d r o f u r a n , m o l e c u l a r hydrogen was e v o l v e d and t h a t 

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

a l u m i n i u m compounds. The r e a c t i o n o f h e x a f l u o r o b e n z e n e w i t h l i t h i u m 

a l u m i n i u m h y d r i d e i n t e t r a h y d r o f u r a n g i v e p e n t a f l u o r o b e n z e n e and 1,2^4,5-

t e t r a f l u o r o b e n z e n e as w e l l as unchanged s t a r t i n g m a t e r i a l and m o l e c u l a r 

hydrogen. The f o l l o w i n g sequence o f r e a c t i o n s was proposed. 
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L i A l H . + C,F, -* L i A l H F + C,FCH 4 6 6 3 6 5 

L i A l H . + C,F, .* L i A l ( C , F _ ) H _ F + H. 
4 0 0 0 J L £• 

a l - H + C,FCH -» a l - F + p-C,F.H. 
6 5 6 4 2 

a l - H , + C,F,H ~> al(C,F.H)F + H. 2 6 5 6 4 2 

The r e a c t i o n s were a l s o f o u n d t o proce e d f a s t e r i n t e t r a h y d r o f u r a n t h a n 
78 

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

f l u o r o b e n z e n e and 1 , 2 , 3 , 4 - t e t r a f l u o r o n a p h t h a l e n e w i t h l i t h i u m a l u m i n i u m 

h y d r i d e . They o b t a i n e d a m i x t u r e o f 1,2,3,4-, 1,2,3,5-and 1,2,4,5-

t e t r a f l u o r o b e n z e n e s f r o m t h e r e a c t i o n o f p e n t a f l u o r o b e n z e n e w i t h L i A l H ^ 

i n r e f l u x i n g e t h e r . 1 , 2 , 3 , 4 - t e t r a f l u o r o n a p h t h a l e n e r e a c t e d o n l y s l o w l y 

w i t h L i A l H ^ i n e t h e r a t r e f l u x t e m p e r a t u r e ( 4 0 % a f t e r 5 days) b u t r e a d i l y 

gave 1 , 2 , 4 - t r i f l u o r o n a p h t h a l e n e as t h e o n l y p r o d u c t , i n t e t r a h y d r o f u r a n . 

From t h e s e r e p o r t s t h e mechanism o f t h e r e a c t i o n o f L i A l H ^ w i t h 

a r o m a t i c h a l i d e s w o u l d appear t o depend on b o t h t h e s o l v e n t system and t h e 

r e a c t i n g s u b s t r a t e . No e x p l a n a t i o n of t h i s b e h a v i o u r has y e t been 

proposed. 

Treatment o f h e x a c h l o r o b e n z o - [ b ] - t h i o p h e n ( I ) w i t h an e q u i m o l a r 

amount o f l i t h i u m a l u m i n i u m h y d r i d e i n t e t r a h y d r o f u r a n a t room t e m p e r a t u r e 

f o r 48 hrs . , g a v e 3 , 4 , 5 , 6 , 7 - p e n t a c h l o r o b e n z o - [ b ] - t h i o p h e n ( X X I , 42%) and 

u n r e a c t e d s t a r t i n g m a t e r i a l ( I , 4 2 % ) . Under more v i g o r o u s c o n d i t i o n s , 

(excess i n L i A l H ^ , r e f l u x f o r 16 h r . ) b o t h t h e amounts o f ( X X I , 32%) and 

( I , 16%) were red u c e d b u t no o t h e r p r o d u c t s c o u l d be d e t e c t e d by 

chromatography o r '"H n.m.r. s p e c t r o s c o p y . I t i s p o s s i b l e t h a t a s i m i l a r 

a d d i t i o n - e l i m i n a t i o n r e a c t i o n t o t h a t w i t h p e n t a c h l o r o p y r i d i n e may be 

t a k i n g p l a c e b u t t h e much low e r r e a c t i v i t y o f h e x a c h l o r o b e n z o - [ b ] - t h i o p h e n 
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i s amply dem o n s t r a t e d by t h e i n c o m p l e t e n e s s o f t h e r e a c t i o n w i t h l i t h i u m 

a l u m i n ium h y d r i d e even under extreme c o n d i t i o n s . 

The lower r e a c t i v i t y o f t h e b e n z o - [ b ] - t h i o p h e n r i n g system i n 

n u c l e o p h i l i c r e a c t i o n s compared t o t h e p y r i d i n e r i n g system m i g h t be 

e x p e c t e d on t h i s b a s i s o f t h e i r e l e c t r o n i c s t r u c t u r e s . Whereas t h e 

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

atom, t h e b e n z o t h i o p h e n system, i n common w i t h o t h e r f i v e membered h e t e r o -

c y c l e s , i s e l e c t r o n r i c h . I n t h e f i v e membered r i n g systems 6 r t - e l e c t r o n s 

are shared by o n l y f i v e atoms and i n t h e case o f b e n z o - [ b ] - t h i o p h e n , 

where t h e h e t e r o atom i s l e a s t e l e c t r o n e g a t i v e , t h e e f f e c t i s a t a 

maximum. 

The r e p l a c e m e n t o f t h e 2 - c h l o r i n e i n ( I ) by hydrogen ( u s i n g L i A l H ^ ) 

has been shown by "̂H n.m.r., b u t i t has a l s o been p o s s i b l e t o show by a 

c h e m i c a l method t h a t a c h l o r i n e i n t h e f i v e membered r i n g had been 

r e p l a c e d . 

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

o f unknown b e n z o - [ b ] - t h i o p h e n s i s b e i n g i n c r e a s i n g l y used. U n f o r t u n a t e l y , 

even under m i l d c o n d i t i o n s , n o n - a r o m a t i c double bonds a r e s a t u r a t e d , 
79 

halogens ( e x c e p t f l u o r i n e ) are removed, and n i t r o groups a r e r e duced. 

Brooke and Quasem have s u c c e s s f u l l y used Raney n i c k e l h y d r o d e s u l p h u r i s a t i o n 

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

4 , 5 , 6 , 7 - t e t r a f l u o r o b e n z o - [ b ] - t h i o p h e n w i t h m e t h o x i d e i o n and a c e t i c 
80 81 a n h y d r i d e / a l u m i n i u m t r i c h l o r i d e . Huisgen e t a l . r e p o r t e d t h a t t h e 

n i c k e l c a t a l y s e d r e d u c t i o n o f 2 - p h e n y l - 4 , 5 , 6 , 7 - t e t r a c h l o r o b e n z o - [ b ] - f u r a n 

caused complete d e c h l o r i n a t i o n as w e l l as o p e n i n g t h e f u r a n r i n g . 
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A l l a t t e m p t s a t d e h y d r o s u l p h u r i s a t i o n o f h i g h l y c h l o r i n a t e d benzo

le b 1 - t h i o p h e n compounds u s i n g Raney n i c k e l i n e t h a n o l f a i l e d . O n l y complex 

m i x t u r e s o f u n i d e n t i f i a b l e p r o d u c t s were o b t a i n e d . G.l.c. a n a l y s i s o f 

the p r o d u c t o b t a i n e d from t r e a t m e n t o f h e x a c h l o r o b c n z o - [ b J - t h i o p h e n w i t h 

Raney n i c k e l i n r e f l u x i n g e t h a n o l showed t h a i none o f the exp e c t e d e t h y l 

bcnzcint' was p r e s e n t i n the complex m i x t u r e . 

C a L a l y t i c h y d r o g e n o l y s i s o f a l k y l and n r y l hal i d e s w i t h palladium 
82 

or p l a t i n u m c a t a l y s i s has been w i d e l y s t u d i e d . The o r d e r o f 

r c - a c t i v i i " . i e a r e 
A l k y l h a L i d e s b e n z y l < a r y l < a l l y l v i n y l 

and f o r o i l t ypes o f hal o g e n compounds 

RF <- PvCl -~ RBr " Ri . 

P." 11 adiii ' . i : i s s u p e r i o r -r.hcr c . i c . i l ; i - - zjr •K\i<r-L-^i' >l :.UP.j b e i n g j i . j s t 

! •"<•_. c L i. c1 ''.y the c.'iL.-il/ot i)c i j c m i n ^ Cjl- -;; L" i t .i i ' • d. :-

••" i - '.if b.-se ar , J |j>_. I. • • ii .,-;ii:o : \ / I i. i. .MA';., i . ' . i r i - " •. :<: 

• i . •". : c hvdvodeh'i I n i " i n - . 

http://ic.il


hi. 

2-Halobenzo-' Lb j - t h i o p h e n s are r e a d i l v dehaloge.natod by hydrogen i n 
8 ̂  

t h e presence or p a l l a d i u m . 3-Halcbenzo-Lbj-uniophens have been 

r e p o r t e d t o be u n a f f e c t e d by hydrogen and p a l l a d i u m so t h a t a 2-halo atom 
84 

can be removed s e l e c t i v e l y i n t h e presence oE 3-halo atom. 

When h e x a c h l o r o b e n z o - [ b J - t h i o p h e n ( I ) was r e a c t e d w i t h hydrogen 

a t a t m o s p h e r i c p r e s s u r e i n m e t h a n o l i c p o t a s s i u m h y d r o x i d e u s i n g p a l l a d i u m -
u i u i < _ c t L c i l y o L , L LIC S U I C 1 u d u L . w i i s -t- , J , 0 , / - L i r L L cic'u JLU L U u e u i u - \_ u j --

t h i o p h e n (XIX) i n 99% y i e l d . I n an a t t e m p t t o s e l e c t i v e l y remove o n l y 

one c h l o r i n e , t h e r e a c t i o n was r e p e a t e d and s t o p p e d a f t e r t h e u p t a k e o f 

o n l y mole e q u i v a l e n t o f hydrogen. E x a m i n a t i o n o f t h e p r o d u c t by t . i . c . 

and "̂H n.m.r. showed o n l y u n r e a c t e d s t a r t i n g m a t e r i a l ( i ) and ( X I X ) 

were p r e s e n t , no evidence was o b t a i n e d f o r an i n t e r m e d i a t e p e n t a c h l o r o -

beiizo-[b_] - t h i o p h e n . 

Treatment o f t h e pentachioroben-'.o-' bj••uhiophun ( X X i ) ( o b t a i n e d from 

t h e r e a c t i o n o f ( I ) w i t h e i t h e r L i A l ! ! ; u i n-bui_yl L i c h i u m ) w i t h hydrogen 

and p a l l a d i u m under L h e same c o n d i t i o n s s a l s o gave e x c l u s i v e L y ( X I V ) i n 

99% y i e l d showing by a chemical method t h a t the o r i g i n a l hydrogen atom 

was i n t h e f i v e membcred r i n g o f (XXI) l-'xtendi ng the r e a c t i o n t i m e 

produced no f u r t h e r p r o d u c t s and i t seems t h a t the r i - a e t i o n i s s p e c i f i c 

ci H2

!.pd/c] 

^ C % 11 c l HeOH/KOH 

( I ) 



f o r halogens i n th e _ and .3 p o s i t i o n s , p r o b a b l y because t h e 2,3 bond i s 

more ' l o c a l i s e d ' t han Lhuui/ i n the benzcn o i d r i n g and a d d i t i o n o f 

hydrogen j c r o s r i i t i s - . I K - I - . J L a \ o u r i b ! e •. ii.ia Lor a r o m a t i c double bonds. I t 

seemed l i k e l y t h a t t h e r e a c t i o n would br g e n e r a l f o r t h e s e r i e s , benzo-

t h i o p h e n , i n d o l e , b e n z o i u r a n and i t has r e c e n t l y been shown i n t h i s 

l a b o r a t o r y t h a t h i g h l y c h l o r i n a t e d i n d o l e s are s e l e c t i v e l y d e c h l o r i n a t e d 
8 5 

i n t h e 2 and 3 p o s i t i o n s u s i n g t h i s method 

CI 

CI I i 
-CI 

C I 

H 2[Pd/C] 
M e 0 ; ! / K 0 1 ! 

i 
w 

CI 
CI 

H [ P d / C 
IleOH/ROH 

H 

r ; - , ' i — . 5 c i H9:pd/c: r . ^ v — n H 

CI / i k -a, i C I I I I I 

V . ^ - K N y 1 L MeOU/KOH ' 
1 I 

Mc- Me 

The c a t a l y t i c r e p l a c e m e n t o f c h l o r i n e by hydrogen a t p o s i t i o n 3 i n 

benzo-! b - t h l o p h e n d e r i v a t i v e s has n o t been prc-v Lonsl • r e p o r t e d . ~ I n an 

a t t e m p t ro u v p l o i t t h i s r racLLon. p r o d u c t s £ r o i „ i ' i f r e • ..':ion or u ) w i t h 

v a r i o u s n u c l e o p h i l e s were s u b j e c t e d t o c a t a l y t i c h y t r v ' - n o l y s i s (see l a t e r 
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( i i i ) O x i d a L i o n 

fionzo- b • -Liij . i _ > u i K:iiri i r e r e a d i l y c.unvi-rf'u«J Lu Liu- c o r r e s p o n d i n g 

L , L--dioxidct; by p a r a c i u i..-.i J . il' 10.1 u.u . i , . .>eraceLi c , p e r b e n z o i d , p e r m a l i c 

or t r i i L u o r o p e r a c e c L c a c i d s . I t has been r e p o r t e d t h a t benzo-Tb^-
pos L t i o n s 

t h i o p h e n s w i t h halogens i n t h e 2,3,(are d i f f i c u l t t o o x i d i s e and i n some 

86 

cases do n o t g i v e 1 , 1 - d i o x i d e s w i t h p e r a c i d s . S c h l e s i n g e r and Howry '' 

f a i l e d I") n v i r l i s p a I" P I " T r> rh l o r O • • ?.V.'l 2 p vjntr.chl C r : b ZVxZO "b - t h i o p h c n 

w i t h p e r a c i d . Each compound was known t o c o n t a i n c h l o r i n e s i n t h e 2-

and 3 - p o s i t i o n s and i t was suggested t h a t o x i d a t i o n may be s t e r i c a l l y 

h i n d e r e d by t h e presence o f •:: 7 c h l o r i n e s u b s t l t u e u L . H u w u v e i , no 

d i f f i c u l t y was e x p e r i e n c e d i n o x i d i s i n g h e x a c h l o i u b e r i z o b] ••thiophen ( I ) 

to 2,3,4,5,6,7-hexachlorobenzo--[b'_l-thiophen-l, L - d i o x i d e ( X X V I I I , 85%) 

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

h a l o g e n a t e d b e n z o - r b 1 - t h i o p h e n s can be a t t r i b u t e d t o e l e c t r o n i c , r a t h e r 
88 

than s - t e r i c f a c t o r s . . Chambers c t a l . f ound t h a t o c t a l " l u o r u d i b c n z o -

Lhiophen was not o x i d i s e d by S5:"o hydrogen p e r o x i d e i n a c e t i c a c i d o r by 

c h l o r i n a t i o n f o l l o w e d by h y d r o l y s i s , o r by p o t a s s i u m m e t a p e r i o d a t e i n 
88 

me t h a n o l . However, both o c t a f l u o r o d i b e n z o t h i o p h e n and 4 . 5 , 6 , 7 - t e t r a -
89 

f l u o r o b e n z o - _ b 1 - t h i o p h e n have been r e a d i l y o x i d i s e d u s i n g 85-90% 

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

P y r o l y t i c e l i m i n a t i o n s o f S0 ?, f o r m i n g carbon-cn: lion bonds are w e l l 

k n o w n ^ b u t a number o f i n v e s t i g a t i o n s have shown that., i n some 

c i r c u m s t a n c e s , e l i m i n a t i o n o f SO, r a t h e r than S 0 0 , efu- occur d u r i n g 
, . 88,91-93 v, , , , . p y r o l y s i s . l n e L a t t e r process has aJ ̂ c ->e<.-p. •••erved i n t h e mass 

c „ . . . . 88.94 
s p e c t r a o f S - d i o x i d e s . 



''acuum pyre l y s i s 0 1 ijol.ii u i b c n z o t h i o p h c r J , 1 -<li oxi'.'e' and O C L ; I -

f l u o r o d i b e n z o t h i op hen 1,1 •'Jiu:\ide r c i u l L:; Ln the. f o r m a t i o n o f Liu; 

ciirr'-spen'Jir.-. <li b f i i ^ i . i ur . n • X.;I J. 11 .• by c:;Lrusion o f SO. I t has been 
88 91 94 

suggested 5 5 t h a t the mechanism o f SO e l i m i n a t i o n most p r o b a b l y 

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

( X X V I ) , f o l l o w e d by SO l o s s . 

\ 1 
^ 1 

0~S 
u 

(XXVI) 0 

so 

I L F 

( X X V I I ) 

The mass spectrum o f herac.hlorobenzo--^b ; - t h i o p h e n 1 , 1 - d i o x i d e ( X X V I I 1 ) 

showed a bast: peak ai_ m/e 'MJO c o r r r s p n n H i ng t o l o s s o f S0.? from t h e 

p a r e n t i o n . T h i s i n d i c a t e d t h a t l o s s o t SO., r a t h e r L'.'an l o s s o f SO m i g h t 

be the main r e a r r a n g e m e n t on p y r o l y s i s . Three p o s s i b l e r e a c t i o n s c o u l d 

be e n v i s a g e d f o r t h e p y r o i y s i s o f ( X X V I I I ) 

( a ) Loss o f SO^ and car Hon - carbon bond f o r m a t i o n t o ^ v e the b e n z o c y c l o -

b u t a d i e n e (XXIX) 

( b ) Rearrangement and l o s s o f SO to g i v e the uo r r e s p i - u i n i ; benzo-[b1 — f u r a n 

(XXX) 

( c ) Loss o f S0,; and c h l o r i n e m i g r a t i o n t o g i v e p e r c h ! --oph e n y l a c e t y l e n u 

(XXXI) 

http://ijol.ii


CJ 
1.1 

Cl 
.CI 

-i • 
// ^ 
0 0 

( X X V I I I ) 

V 

r=r~ri 

(XXX) 

(XXXI) 

- 2 
The d i o x i d e ( X X V I I I ) was p y r o i y s e d by s l o w l y s u b l i m i n g (1.0 mm.Hg) 

i n t o a q u a r t z tube packed v i t h s i l i c a f i b r e a t 840° t o g i v e h e x a c h l o r o -
95 • 

p h e n y l a c e t y l e n c (XXXI) q u a n t i t a t i v e 1v. 
96 

MacBridc has n o t e d t h a t t h e h i g h y i e l d s o f b i p h e n y l e n e s (XXXV) 

produced by t h e r m a l e x t r u s i o n o f m o l e c u l a r n i t r o g e n from b e n z o - [ c ~ i -

c i n n o l i n e s 'XXXII) suggests chat t h e r e a c t i o n s occur v i a d i r a d i c a l s 

( X X X I I I ) and n o t by f r a g m e n t a t i o n t u benzynes (XXXIV) t o l l o w e d by 

r e c o m b i n a t i o n . 

( X X X I n (XXXV) 

X = I I , Cl . (XXXRO 



P y r n l y s i s o f p e r c h i o r o c i n n o l i n e ('XXXV! ) gi ves pet c h l o r o p h e n y l 

a c e t y l e n e (XXXI.) by i i X i . r u s j o i i o i n i L i o ^ t - n p i u b a b l y v i a a d i r a d i c a l 

L n t e r - m d i a i i (XI-.XV'Il) J. i.s _•• , - . . ' ! ) ! Cr- ": the p y r o l y s i s o f ( X X V I I ) 

proceeds by the same mechanism. 

N 
C I 

(XXXVI) C=C~C1 

(XXXI) (XXXVII) SO -nci 

0 0 

( X X V I I I ) 

Presumably, i f t h e bonzoeycl abut ad Leno I'XXTX) -,?ere formed i t w o u l d be 

t h e r m a l L y u n s t a b l e and " o u l i l I s c j C r r ; , , ! n n / . i 1 t o t h e p h e n y l a c e t y l e n e (XXXI) 

under the r e a c t i o n c o n d i t i o n s . 

N u c l e o p h i l i c R e a c t i o n s c-f I y h a i z s-.vr-: i 'v\:nipounds 

I n g e n e r a l j h i g h l y h- i l :geuaLed - O:IM t i c compound.-, undergo n u c l e o p h i l i c 

s u b s t i t ' l t i o n by £i p r o r u c f . i r i i n j i u s t o p l o ^ t r o p h i l i c ' s u b s t i t u t i o n i n 

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

p o i y h a l o b e n z e n o i d compounds can be p r e d i c t e d l a r g e l y :n t h e b a s i s o f a 

c o n t r o l l i n g I _ , e f f e c t , except i n c e r t a i n i MS i. anceb wh -re s t e r i c or s p e c i f i c 

i n t e r a c t i o n s a r e imp or t . i n t . I i • :r.r •. ic?:. . L'IU n-'.w: "TI o f s u b s t i t u t i o n 

i n p o l y h a l o h e t c r o a r o m a t i c compounds i s not -\3 s t r a i g h f o r w a r d and t h e 

n a t u r e o f t h e h t i t c r o c y c l e musi. b-j tal-.cn i n t o account. 

http://tal-.cn


a, Pu 1 yha I o b e n c n o i d Compo un ds 

Nui l c i i p b i l Lc . - i - b s L i L u t i u i i in. J . l u ^ r n ^ i ; ,'ons has r e c e i v e d by f a r t h e 

w i d e s t a t t e n t i o n though some. worr hn.-̂  beer done w i t h t h e c o r r e s p o n d i n g 

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

be t h e same f o r b o t h t h e c h i o r o and f l u o r o systems. There i s some 

eviden c e t h a t polybromo aroma L i e s may behave- anomalously under c e r t a i n 
97 

c i r c u m s t a n c e s . Thp ffenrral i n r i n i n f m i ' - i M n h n i n s u b s t i t u t i o n ca:: 

be most e a s i l y d i s c u s s e d w i t h r e f e r e n c e t o p o l y f l u o r o a r o m a t i c systems, 

where the most d a t a i s a v a i l a b l e , bur the r e s u l t s a p p l y e q u a l l y w e l l t o 

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

H e x a f l u o r o b e n z e n e has been r e a c t e d \:i.th a g r e a t v a r i e t y o f n u c l e o p h i l e s 
- - 99-103 ( OCH3, OHj NH 3, NH 2CH 3, NiL/bil^, SH, CH J 5 C 6 i l 5 "" ) , r e s u l t i n g i n 

rep l a c e m e n t o f a s i n g l e f l u o r i n e atom under f a i r l y moderate c o n d i t i o n s 

t o g i v e good y i e l d s o f t h e corresponding, p e n t a f l u o r o p h e n y i compounds. 

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

Lhc same way but under more v i g o r o u s r e a c t i o n c o n d i t i o n s , showing i t s much 
. . 61 lower r e a c t i v i t y . 

T a t l o w , Burdon and co-workers have- e x t e n s i v e l y s t u d i e d n u c l e o p h i l i c 

s u b s t i t u t i o n i n pciitacluorobc-nzu-iie U L T i v a L Ives (C^F^X 1 w i t h r e g a r d to t h e 

isomer d i s t r i b u t i o n s . When X =• !!, Cil , CV , SCU , SĈ CU.̂ , N(CH ) 2 , 
- 104 105 C,F„ and 0CP_, para s u b s t i t u t i o n prudoir.i n a t e s . Foi" X = 0 o r NH_ o j J L 

104 105 
meta replacement p r e d o m i n a t e s , and f o r X = OCll^, NiiCU^ t h e n b o t h 

meta and pa r a s u b s t i t u t e d p r o d u c t s a r e f o r c e d . Anoma''ously h i g h o r t h o 

replacement when X = 000 MO, :10 , .-r vtn.-n X •-• UO , :luc. = NH^, 
10 5-109 

NHR,, were a t t i i b u t e d t o s o l v e r t e f f e c t s and sp c i f i c n u c l e o p h i l e -

s u h s t i t u e n c i n t e r a c t i o n s . 



R a t i o n a l i s a t i o n o f O r i e n t a t i o n 

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

p o l y h a l o a r o m a t i c sysL_i».s has beer, g i v u i ny :>urdon, i n wh i c h t h e 

r e l a t i v e s t a b i l i t i e s o f t h e t r a n s i t i o n s t a t e s ( a p p r o x i m a t e d by a Wheland--

type i n t e r m e d i a t e ) a re c o n s i d e r e d . 

N N 
F r 

ft 

B 

e t c . 

The resonance h y b r i d A i s assumed t o be t h e main c o n t r i b u t o r t o t h e 

Wheland I n t e r m e d i a t e ; 

I n s u b s t i t u t i o n r e a c t i o n s o f Ĝ F̂ -X compounds t h e problem i s 

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

t h e carbon b e a r i n g t h e n e g a t i v e charge i n t h e t r a n s i t i o n s t a t e . I f t h e 

s u b s t i t u e n t X s t a b i l i s e s a n e g a t i v e charge more t h a n t l u o r i n e s u b s t i t u t i o n 

w i l l t a k e p l a c e para t o X, i f l e s s than f l u o r i n e t h e n i i e t a a t t a c k w i l l 

o c c u r . For a s u b s t i t u e n t w i t h t h e same e f f e c t as f L i u r i n e a s t a t i s t i c a l 

r a t i o (0:M:P = 2:2:1) s h o u l d r e s u l t . These g e n e r a l i s . u i o n s were p u t 

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

c o u l d be n e g l e c t e d . 



-jo . 

The e f f e c t o f t h e s u b s t i t u e n t on a carbanLnn i n an a r o m a t i c system 

w i l l be i n the o r d e r o f t h e 1 r epu] 5 ' o u t . . 1' 

F > Cl > Fir > 1 > h 

U n l i k e t h e h a l o g e n s , I e f f e c t s f o r oxygen and n i t r o g e n can n o t be 

e s t i m a t e d from s p e c t r o s c o p i c measurements, but are t a k e n t o be i n t h e 

orrlPT- M *> n > F. 

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

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

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

i n t e r m e d i a t e s : 

II C l 

0 Cl 0 F 
Cl Cl 

X 
F ^ 1 OMe OH OMe 

The r e l a t i v e s t a b i l i t i e s o f a n e g a t i v e .ha;gu on carbon b e a r i n g hydrogen 

ch . l o r i n e or f l u o r i n e i s i n the o r d e r C-II "•- C CJ > C-F. 
3 

Of the t h r e e t e t r a f l u o r o b e n z e n e s , ( M u r e a c t s 10 times s l o w e r 

w i t h m ethoxide i o n than e i t h e r (XXXIX) m: ( X L ) . The p o s i t i o n s o f 

s u b s t i t u t i o n i n each compound i s i n d i c a t e d . 

L 
f ; 1 F 

U 11V F 
F 

(XXXIX) (XL) CXLI) 



JO , 

N u c l e o p h i l i c s u b s t i t u t i o n i n the l , 2 , 3 , 4 - t e t r a f l u o r o - 5 - h a l o b e n z e n e s 
112 

(Hal = B, C I , I ) o c c u r s m a i n l y i n t h e 3 - p o s i t i o n . S u b s t i t u t i o n i n 

t h i s p o s i t i o n i n v o l v e s l o c a l i s i n g t he n e g a t i v e charge i n t h e p a r a h y b r i d 

i n t e r m e d i a t e on a carbon atom b e a r i n g a hydrogen r a t h e r t h a n a h a l o g e n . 

The i n c r e a s e i n t h e p r o p o r t i o n o f repl a c e m e n t para t o t h e h a l o g e n 

i n c r e a s e s a l o n g t h e s e r i e s CI < Br < I f o l l o w i n g t he d e c r e a s i n g I e f f e c t . 
Tf 

V n Jsri Kcon sii H r=o . - T T/-i rl^ovo !•> o w ci o l - i i ^ i nrl 0~£Z. CT1 tl d t i . OH C £ HHXX Ci- C O p 1. i . C 
113 114 

s u b s t i t u t i o n i n p e n t a c h l o r o b e n z e n e d e r i v a t i v e s . ' P e n t a c h l o r o a n i l i n e 

r e a c t s w i t h m e t h y l a m i n e and methoxide i o n t o g i v e s o l e l y t h e meta-

s u b s t i t u t e d p r o d u c t , w h i l e p e n t a c h l o r o a n i s o l e w i t h iiietb.ox.idt: i o n g i v e s 

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

CH^O group. 

0C" 
CHLO 

OCH3 0CH o OCH3 

nu M L \ 'nou m J „-. n\ L \ J r\ C 1 " CH OH' Cl^^'OCHg ' C l N ^ - ' c i C l ' x ^ CI 
CI OCH„ CI 

65% 7% 26% 

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

compounds has a l s o been r a t i o n a l i s e d on t h e b a s i s o f Burdon's t h e o r y . 

For example, s u b s t i t u t i o n i n p o l y f l u o r o n a p h t h a l e n e o c c u r s i n t h e 2-

p o s i t i o n where t h e n e g a t i v e charge i n t h e i n t e r m e d i a t e can be l o c a l i s e d 

on a b r i d g i n g carbon atom r a t h e r than a carbon b e a r i n g a f l u o r i n e atom. 

i s 1.-C5S 
s t a b l e t h a n 

1 ' 
1 

F<- •J i 
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57. 

c- N u c l c o p h i i . iv_ s u b s t i t u t i o n i n P o l y h a l o h e t e r o a r o m a t i c Systems 

By l a r t he mosc \ / i d e i y s t u d i e d p ' _ i i y h a l o h e t e r o c y c I i c systems a re 

those c o n t a i n i n g n i t r o g e n a l t h o u g h some da t a i s now a v a i l a b l e f o r some 

oxygen and s u l p h u r h e t e r o c y c l e s . Again i t i s t h e f l u o r i n a t e d systems 

t h a t have r e c e i v e d t h e most a t t e n t i o n . 

^ ) N i t r o g e n H e t e r o c y c l e s 

S t u d i e s o f t h e uii-Lugen h e t e r o c y c l e s have shown t h a t t h e h e t e r o 

atom p l a y s a predominant p a r t i n d e t e r m i n i n g t h e o r i e n t a t i o n o f 

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

L O U L p o s i t i o n and i s much more r e a c t i v e t h a n h e x a f l u o r o b e n z e n e . I f t h e 

f o u l p o s i t i o n i s b l o c k e d t h e n s u b s t i t u t i o n o c c u r s i n t h e 2 - p o s i t i o n . 

Of t h e t h r e e l . e t r a f l u o r o d i a z i n e s , (XLIV) i s the l e a s t r e a c t i v e a l t h o u g h 

a l l t h r e e are move r e a t i v e t h a n p e n t a f l u o r o p y r i d i n e . ̂  ~* The p o s i t i o n o f 

n u c l f - o p h i l i c s u b s t i t u t i o n i s i n d i c a t e d f o r a l l three, d i a z i n e s below: 

K F 

*' F 

i XLIT) ( X L I I T ) (XLIV) 

The l o v e r r e a c t i v i t y o f (XLIV) can be e x p l a i n e d i n terms o f t h e 

s t a b i l i t y o f Win:land-type i n t e r m e d i a t e . O n ly i n t h e c ' t h o - q u i n o i d 

(XLVI) f o r m i s the n e g a t i v e charge l o c a l i s e d on a n i l j e n atom. 



DO . 

(XLV) 

F;^"O.F 

(XLVI) 

;.-, r^r.r-rist t-n pent a flu;?:.-opyridine, p c n t a c h l c v c p y r i d i a e g i v e n uuLli 
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4- and 2 - s u b s t i t u t i o n w i t h n u c l e o p h i l e s , ' The l a r g e r t h e n u c l e o p h i l e 

t h e more 2-substif.ut.i.on i s observed; t h e 2 - p o s i t i o n b e i n g l e s s s t e r i c a l l y 

crowded 11L:1tiplv. s u b s t i t u t i o n appeart> Lu Lake p l a c e a l m o s t as r e a d i i y 

as more s u b ? L i t u t i o n , m i x t u r e s o f mono, di-- and t r i - s u b s t i t u t e d p r o d u c t s 

a i c o f t o a r-j tmed. D i s u b s t i t u t i o n g i v e s 2,4 and 2,6 isomers w h i l e t r i -

subst j i - u t i o n g i v e o n l y the 2 ,4, 6 • t r i s u b s t i t u t e d p r o d u c t . The r a t i o o f 

2 . 4 sn;i 2,h i sonic i s a l s o apppavp t o depend on t h e s i z e o f t h e n u c l c o p h i l e . 

J.Ucofii.cit.i o t i i s a v a i l a b l e f o r t h e c h l o r o d i a z i n . e s b u t t e t r a -

. .1" . ! . . . • • i i nu- i i'..i(.t.o '-'if i» i'n ' . 'i.ou& .miincm a i n e t h a n o l and sodium 

b_/d.-.: • . . . i-at ' - L t o g i 4 -scrino and k - h y d r o x y t r i e h l o r o p y r i m i d i n e 
IJ ? 

. > i - 1 ' - - " 1 , = f t t ' . r a i . h l o r o p v , i m i d i n e r e a c t s w i t h amines t o g i v e t h e 

4--t:: :jf •'.. =."" •-;.! t;> ..'disci, and f u r t h . r l e a c c i o n g i v e s t h e 4 , 6 - d i s u b s t i t u t e d 

pro .v..: t ' ^ Tt i.r achloropy;:azin<- has o n l y one p o s i t i o n f o r m o n o s u b s t i t u t i o n 

AJ - ! i i M i'liciiazines appear co g i v e the same s u b s t i t u t i o n p a t t e r n s 

e?.po;-.d.i ng v. l u o r ocar bons. No s t e r i c e f f e c t s have y e t been 

: i h i n . group , 
i i 

• • . L i ' . i | • i t'>u i n . g j ' . : i 2 anc M-.-uii.^i t u t i o n w i t h 

r i i . r n . . (; .on ( i . v. u r t h o and para t o the n i t r o g e n ) , , I t h o u g h h e p t a f l u o r o -

. . i . . . i jLiiavu anomalously g i v i n g 1-subs t i t u t i o n r a t h e r 

ch .•• Lit:. Li L J I . ; I . U as < xpc-cL^d on Lbe b a s i s o f Burdon's t h e o r y . 

http://chlorodiazin.es
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OMe 

OMe F 

( X L V I I ) ( X L V I I I ) 

Only i n t h e o r t h o - q u i n o i d forms can t h e n e g a t i v e charge be l o c a l i s e d on 

t h e n i t r o g e n atom and ( X L V I I ) i s b e l i e v e d t o be more s t a b l e t h a n ( X L V I I I ) 

as t h e a r o m a t i c i t y o f t h e b e n z e n o i d r i n g i s n o t b r o k e n . 

( i i ) H e t e r o c y c l e s c o n t a i n i n g oxygen and s u l p h u r 
120 

4 , 5 , 6 , 7 - T e t r a f l u o r o b e n z o - [ b ] f u r a n undergoes n u c l e o p h i l i c 

s u b s t i t u t i o n w i t h m e t h o x i d e i o n t o g i v e a m i x t u r e o f 4-, 6--, and 7-methoxy 

t r i f l u o r o b e n z o - [ b ] - f u r a n s i n t h e r a t i o 27:57:16. 4 , 5 j 6 , 7 - T e t r a f l u o r o -

b e n z o - ^ b l - c h i o p h e n ^ ^ a l s o r e a c t s w i t h m e t h o x i d e i o n t o g i v e t h e 6-

isomer as t h e m a j or p r o d u c t . 

O c t a f l u o r o - d i b e n z o t h i o p h e n and o c t a f l u o r o d i b e n z o f u r a n have r e c e n t l y 
122 123 

been shown t o r e a c t w i t h m e t h o x i d e i o n i n t h e 2 - p o s i l . i o n . 5 

F 

MeO 

F / > 

. - / V S . -
MeO 

1 

(XL1X) ( L ) 

X = 0,S 



F F F F 

r'Y sF 
— > 

/ 
MeO MeO 

L I ) L I D = 0,S 

From a c o n s i d e r a t i o n o f t h e Wheland-type i n t e r m e d i a t e s i t can be seen 

t h a t i n (XLIX) and ( L I ) t h e n e g a t i v e charge i s l o c a l i s e d on a b r i d g i n g 

carbon atom and t h a t f u r t h e r d e l o c a l i s a t i o n i s p o s s i b l e i n t h e second 

r i n g . A t t a c k p a r a t o t h e h e t e r o a t o m w o u l d mean t h a t f o r X =0 t h e charge 

would be l o c a l i s e d on a carbon a t t a c h e d t o oxygen and d e s t a b i l i s e d by 

t h e I e f f e c t . F u r t h e r d e l o c a l i s a t i o n w o u l d a l s o n o t be p o s s i b l e , n 
T e c r a f l u o r o t h i o p h e n has r e c e n t l y been s y n t h e s i s e d and shown t o g i v e 
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n u c l e o p h i l i c r e p l a c e m e n t i n the 2 - p o s i t i o n . ' ( c f . hexachlorobenzo-FbJ 

t h i o p h e n ) . 

Some N u c l e o j j h i l i e R e a c t i o n s o f H e x a c h l o r o - and 4,5,6,7-Tecrachlorobenzo-

1 b ] - t h i o p h e n 

The r e a c t i o n o f h e x a c h l o r o b e n z o - [ b ] - t h i o p h e n ( I ) w i t h l i t h i u m 

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

r e p l a c e m e n t o f c h l o r i n e by h y d r i d e i o n ) t o g i v e 3 , 4 , 5 , 6 , 7 - p e n t a c h l o r o -

b e n z o - [ b ] - t h i o p h e n , has a l r e a d y been d i s c u s s e d . 

The r e a c t i o n o f ( I ) w i t h m e t h o x i d e i o n under a vt. i e t y o f c o n d i t i o n s 

i n v a r i o u s s o l v e n t s ( m e t h a n o l , p y r i d i n e , d i m e t h y l s u l p h .xide, c e t r a -

h y d r o f u r a n , N,N-dimethylformamide) was i n v e s t i g a t e d ba : no t r a c t a b l e 



products could be i s o l a t e d . Reactions c a r r i e d out i n a p r o t i c s o l v e n t s 

(e.g. p y r i d i n e ) gave complex mixtures of h i g h l y coloured m a t e r i a l s , 

presumably formed from demothylation and f u r t h e r r e a c t i o n of the i n i t i a l l y 

formed methoxy d e r i v a t i v e s . Demethylation of c h l o r i n a t e d a n i s o l e s by 
125 

methoxide ion has been re p o r t e d to take p l a c e r e a d i l y . 

Sodium isopropoxide i n isopropanol r e a c t e d only s l o w l y with ( I ) 

even at r e f l u x temperature. When the s o l v e n t was changed to p y r i d i n e P 

monoisopropoxypentachlorobenzo-Cb]-thiophen ( L I U , 64%) was obtained. 

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

known^^ and R o c k l i n ^ has observed t h a t p y r i d i n e (as s o l v e n t ) seems to 

have a c a t a l y t i c e f f e c t on the r e a c t i o n s of hexachlorobenzene w i t h 

n u c l e o p h i l e s . A s i m i l a r e f f e c t i s apparent i n the r e a c t i o n s of hexachloro-

benzo-[b]-thiophen. I n a l l cases r e a c t i o n w i t h n u c l e o p h i l e s proceeded 

f a s t e r and with fewer s i d e products i n p y r i d i n e than i n any other s o l v e n t . 

The s t r u c t u r e of the monoisopropoxy compound ( L I U ) can t e n t a t i v e l y be 

assigned as the 2-isopropoxy d e r i v a t i v e only by analogy with the course 

of the r e a c t i o n of ( I ) with LiAlH, . 
4 

An attempted c a t a l y t i c hydrogenolysis of ( L U I ) was completely 

u n s u c c e s s f u l ; s t a r t i n g m a t e r i a l being recovered unchanged, S t e r i c e f f e c t s 

of the isopropoxy group may be r e s p o n s i b l e for the f a i l u r e of the 

hydrogenolysis r e a c t i o n . 

Sodium b e n z e n e t h i o l a t e (1.1 eq.) r e a c t e d with ( I ) i n p y r i d i n e to 

give a monothiophenoxypentachlorobenzo-[bl-thiophen ( X i I V , 41%) and 

unchanged s t a r t i n g m a t e r i a l ( 5 % ) . C a t a l y t i c hydrogeno!ysis of the 

t h i o e t h e r gave 4,5, 6, 7 - t e t r a c h l o r o b e n z o - [ b ] - thiophen ('• LX, 7 8 % ) , and 

unreacted s t a r t i n g m a t e r i a l ( X L I V ) . Both the c h l o r i n e and the thiophenoxy 
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group i n the f i v e membered r i n g had been removed. 

(!) + P h S " -£^> [ c i l j |], Cl ISPh 
.Cl 

MeOH/KOH VN... 
H 9[Pd/C] 

Cl 
H 

H 

(XLIV) (XIX) 

A g a i n t h e o r i e n t a t i o n can o n l y be i n f e r r e d as t h e 2 - t h i o p h e n o x y 

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

p r o v e d . 

I n c o n t r a s t , the main p r o d u c t o f t h e r e a c t i o n between 4> 5 , 6 , 7 - t e t r a -

chlorobenzo--!_bJ- t h i o p h e n (XIX) and sodium beruenet'.hiolate i n r e f l u x i n g 

p y r i d i n e f o r 4 h r s , was a d i t h i o p h e n o x y d i c h l o r o b e n z o - f b j - t h i o p h e n (XLV. 

3 0 % ) . A s m a l l amount o f a m o n o t h i o p h e n o x y t r i c h l o r o b e n z o - [ b ] - t h i o p h e n 

( X L V I , 3%) was a l s o o b t a i n e d and i d e n t i f i e d by mass s p e c t r o s c o p y , 

(Jiu-eacted s L a r t i n g m a t e r i a l ( X I X j 56%) was r e c o v e r e d O r i e n t a t i o n f o r 

t h e chiophenoxy groups i n (XLV) has n o t been e s t a b l i s h e d , M u l t i p l e 

subs tit.uLj.ou w i t h s u l p h u r n u c l e o p h i l e s i s co be e x p e c t e d , T h i o e t h e r 

groups are a c t i v a t i n g towards n u c l e o p h i l i c a t t a c k ^ ' ^ " so t h a t t h e mono 

s u b s L i t u t e d p r o d u c t once formed i s more r e a c t i v e than t:he p a r e n t 

compound. T h i s i s amply demonstrated by t h e r e a c t i o n o f ( l ) and (XIX.) 

w i t h sodium t h i o m e t h o x i d e . 

( I ) r e a c t s w i t h excess sodium I h i o m e t h o x i d e i n p y r i d i n e t o g i v e 

e x c l u s i v e l y a t e t r a t . h i o n i e t h o x y - d i c h l o r o b e n z o - [ b ] - t h i o lien (XLVI 53%) . 

The ^ H n.m.r. o f (XLVI) showed f o u r a b s o r p t i o n s a t T0 75 J;. TO . 7 4 9 , 

TO.742 and T 0 , 7 3 3 due to f o u r d i s t i n c t m e t h y l groups. An a t t e m p t e d 

c a t a l y t i c d e s u l p h u r i s a t i o n o f (XLVI) u s i n g hydrogen w i t h p a l l a d i u m 
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c a t a l y s t f a i l e d , g i v i n g unchanged s t a r t i n g m a t e r i a l . Presumably the 

l a r g e number of sulphur atoms i n the molecule e f f e c t i v e l y poisoned the 

c a t a l y s t . 

The r e a c t i o n of 4,5,6,7-tetrachlorobenzo-[b]-thiophen (XIX) w i t h 

sodium thiomethoxide could be c o n t r o l l e d to give e i t h e r a dithiomethoxy 

or a t r i t h i o m e t h o x y d e r i v a t i v e as the major product. At room temperature, 

(XIX) w i t h sodium thiomethoxide i n p y r i d i n e gave a dithiomethoxy-

dic t i i o r o b e n z o - [ b j - t h i o p h e n , unreacLeu s t a r t i n g m a t e r i a l (XIX) and a 

t r a c e of a monothiomethoxy d e r i v a t i v e i d e n t i f i e d by mass spectroscopy 

At r e f l u x temperature, the same dithiomethoxy d e r i v a t i v e was formed but 

the major product was a trithiomethoxy-monoch!orobenzo-[bj-thiophen. 

The o r i e n t a t i o n s of s u b s t i t u e n t s have not been determined. 



CHAPTER 3 

ELECTRON SPECTROSCOPY FOR CHEMICAL ANALYSIS 



64. 

( i ) I n t r o d u c t i o n 

E l e c t r o n spectroscopy i s the name given to t h a t branch of 

spectroscopy i n which binding e n e r g i e s of e l e c t r o n s i n a molecule are 

determined by measurement of the energies of e l e c t r o n s e j e c t e d by i n t e r 

a c t i o n s of the molecule w i t h an e s s e n t i a l l y monoenergetic beam of e x c i t i n g 

r a d i a t i o n . G e n e r a l l y , t h r e e methods of e x c i t i n g e l e c t r o n s p e c t r a are 

employed; X-rays, u l t r a - v i o l e t l i g h t or e l e c t r o n beams. There are 

advantages and l i m i t a t i o n s a s s o c i a t e d with each method. 

The advantage of u.v. e x c i t a t i o n i s that much higher r e s o l u t i o n can 

be obtained due to the lower i n h e r e n t widths of the u.v. l i n e s . The 

e x c i t i n g r a d i a t i o n commonly employed (He'1' = 21.2 eV; H e ^ =40.8 eV) 

l i m i t s the technique to o b s e r v a t i o n of low binding energy v a l e n c e and 

molecular o r b i t a l s . Although p h y s i c i s t s have for many y e a r s s t u d i e d 
129 

s o l i d s under u l t r a - h i g h vacuum (photoemission s p e c t r o s c o p y ) , the 

chemical a p p l i c a t i o n s of u.v. photoelectron spectroscopy (PES) have, 
130 

u n t i l r e c e n t l y , been l i m i t e d to gaseous samples. 

E l e c t r o n e x c i t a t i o n can not d i r e c t l y produce ph o t o e l e c t r o n s p e c t r a 

because of the e l a s t i c c o l l i s i o n s i n v o l v e d , but i t has been e x t e n s i v e l y 

used to generate Auger e l e c t r o n s p e c t r a ( s e e l a t e r ) of both gases and 
131 

s o l i d s . The e l e c t r o n beam has the advantage t h a t being e a s i l y 

focussed and i t s energy continuously v a r i a b l e , a high s e n s i t i v i t y can 

be achieved, but at the expense of a lower s i g n a l to n o i s e r a t i o . The 

p e n e t r a t i o n depths for e l e c t r o n s are of the order of a few atomic l a y e r s , 

making e l e c t r o n e x c i t e d Auger spectroscopy i d e a l f o r s t u d y i n g s u r f a c e s . 

The p o s s i b i l i t y of u s i n g p u l s e techniques for e x c i t i r g molecules, i n 

s i t u , allows the p h o t o e l e c t r o n s p e c t r a of e x c i t e d s t a t e s to be recorded. 
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The main problems associated w i t h t h i s form of spectroscopy are the lack 
of r e s o l u t i o n and the d i f f i c u l t i e s i n i n t e r p r e t a t i o n of spectra. 

F i n a l l y , X-ray e x c i t a t i o n of photoelectron spectra has several adv

antages over other methods. The greater energy of e x c i t i n g r a d i a t i o n 

a v a i l a b l e (e.g. MgKa.. _ = 1253.6 eV and AlKa 9 = 1486.6 eV) means both 

core and valence e l e c t r o n s f o r a l l atoms (except hydrogen) can be studied 

i n s o l i d s or gases. The r e s o l u t i o n of the valence energy l e v e l s i s less 

than t h a t f o r u.v. e x c i t a t i o n due to the greater inherent l i n e widths 

of X-rays (1.0 eV f o r AlKa.. 9 ) . Auger e l e c t r o n spectra are obtained 

simultaneously w i t h the o r d i n a r y photoelectron spectra when X-ray 

e x c i t a t i o n i s used, making two valuable sources of data a v a i l a b l e i n one 

experiment. 

I t i s only r e c e n t l y w i t h the advent of commercial spectrometers t h a t 

the technique of X-ray photoelectron spectroscopy (ESCA) has become 

widely a v a i l a b l e t o chemists. Already the l i t e r a t u r e on the subject i s 

extensive. 

The main advantages of the technique are summarised below: 

a) any element above helium i n the p e r i o d i c t a b l e can be st u d i e d 

w i t h high s e n s i t i v i t y , independent of any nuclear spin p r o p e r t i e s , 

b) the sample may be a s o l i d , l i q u i d or gas and the technique i s 

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

c) the sample requirement i s modest; i n favourable cases 1 mgm. 

of s o l i d , 0.1 u l of l i q u i d or 0.5 cc o f gas ( a t STP), 

d) the i n f o r m a t i o n obtained i s d i r e c t l y r e l a t e d to the e l e c t r o n i c 

s t r u c t u r e of a molecule and the t h e o r e t i c a l i n t e r p r e t a t i o n i s 

r e l a t i v e l y s t r a i g h t f o r w a r d , 
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e) i n f o r m a t i o n on both core and valence l e v e l s o f a molecule can 

be obtained, 

f ) i n studying s o l i d s ESCA i s e s s e n t i a l l y a surface technique. 

Depending on the core l e v e l s studied and using the usual 

photon sources (Mg,Al) the escape depth of photoelectrons 

i s i n the range 0-50&. 

Since ESCA i s s t i l l a r e l a t i v e l y new technique i n chemistry a 

discussion of i t s h i s t o r y and development, as w e l l as basic theory and 

inst r u m e n t a t i o n i s given i n the f o l l o w i n g sections. 

( i i ) H i s t o r y and Development of ESCA 

In the e a r l y p a r t of t h i s century a number of research workers 
132 133 (Robinson, i n England and de B r o g l i e i n France) i n v e s t i g a t e d the 

energy d i s t r i b u t i o n of electrons i n various elements by X-ray i r r a d i a t i o n . 

The energies of the photoelectrons were analysed i n a homogeneous magnetic 

f i e l d and recorded on a photographic p l a t e . Although a p a r t i c u l a r anode 

m a t e r i a l i n the X-ray tube emits a continuous spectrum (bremsstrahlung) 

there are also c h a r a c t e r i s t i c X-ray l i n e s o f which, f o r commonly used 

t a r g e t s (Al,Mg),the Ka, 0 are the strongest. The e l e c t r o n d i s t r i b u t i o n s 

thus obtained were characterised by long t a i l s w i t h edges at the high 

energy end. Measurement of the edge p o s i t i o n s allowed determination o f 

the energy of ej e c t e d photoelectrons and hence, knowing the energy of the 

e x c i t i n g X-ray l i n e s , the b i n d i n g energies could be c a l c u l a t e d . However, 

the edge p o s i t i o n s were not w e l l defined because the electrons underwent 

energy loss i n the sample ( u s u a l l y a f o i l ) by c o l l i s i o n processes. 
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An X-ray beam passing through a t h i n f o i l undergoes absorption and 

t h i s can be studied w i t h an X-ray spectrometer. Again edges are obtained 

and the absorptions correspond to the e x c i t a t i o n o f an inner s h e l l 

e l e c t r o n to the nearest empty l e v e l (the conduction band). The data 

obtained i s c l o s e l y r e l a t e d to t h a t from photoelectron spectroscopy and 

could, u n t i l r e c e n t l y , be obtained more r e a d i l y and w i t h greater accuracy. 

X-ray emission gives l i n e spectra superimposed on the continuous 

brehmsstrahlung spectrum instead of the edges obtained i n X-ray absorption. 

Since X-ray emission by e l e c t r o n bombardment (the method used i n X-ray 

generation leads t o decomposition of chemical compounds),X-ray emission 

spectra are obtained by secondary X-ray emission from a sample e x c i t e d 

w i t h a primary X-ray beam. The l i n e spectra obtained give only energy 

d i f f e r e n c e s w i t h i n the atom and not absolute b i n d i n g energies. 

Only a few f u r t h e r attempts were made to extend the e a r l y work of 
134-138 

Robinson and de B r o g l i e and these met w i t h l i m i t e d success. The 

reason f o r t h i s recession was the lack of accuracy compared w i t h t h a t 

obtained by the X-ray absorption and X-ray emission techniques. 

During the e a r l y 1950's, Siegbahn and co-workers at Uppsala 

developed an i r o n - f r e e , magnetic, double-focussing e l e c t r o n spectrometer 

i n a research program aimed at very h i g h r e s o l u t i o n study of the energy 
139 

spectrum of (3-particles. The p r e c i s i o n f o r momentum r e s o l u t i o n f o r 
^ - p a r t i c l e s emitted from a r a d i o a c t i v e source was w i t h i n 1:10 ^ 

(equ i v a l e n t to a p r e c i s i o n of 0.1 eV i n the measurement of a peak i n the 
4 

10 eV r e g i o n ) . When, i n 1954, attempts were made to record, at hi g h 

r e s o l u t i o n , photoelectron spectra produced by X-rays, a new observation 

changed the course of development of the technique. This was the 

appearance, under high r e s o l u t i o n , of a very sharp l i n e t h a t could be 
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resolved from the edge of each e l e c t r o n v e i l ( F i g . 3 . 1 ( a ) ) . The electrons 

to which the l i n e corresponded had, i t was r e a l i s e d , the p r o p e r t y t h a t 

they d i d not undergo any energy absorption and t h e r e f o r e possessed the 

b i n d i n g energy of the core l e v e l from which they arose. The peak p o s i t i o n 

(and hence the b i n d i n g energy) could be determined w i t h considerable 

accuracy, to w i t h i n a few tenths of an eV. 

I t had p r e v i o u s l y been noted t h a t the p o s i t i o n o f emission l i n e s and 

absorption edges i n X-ray spectroscopy were dependent t o a small e x t e n t , 
140 141 

on the chemical s t a t e o f the atom. ' From the f i r s t s tudies by 
142 

Siegbahn and co-workers on chemical e f f e c t s i n copper and i t s oxides, 
the value of e l e c t r o n spectroscopy f o r measuring chemical ' s h i f t s ' 

became apparent. Although i t s general u t i l i t y was not appreciated u n t i l 
143 144 

around 1964, 1 the technique has r a p i d l y gained p o p u l a r i t y and has 
come to be known as ESCA since the p u b l i c a t i o n o f Siegbahn's f i r s t books 

145 146 

on the su b j e c t . ' Fig.3.Kb) shows the now ' c l a s s i c ' example of 

ESCA chemical s h i f t s f o r the carbon I s l e v e l s o f e t h y l t r i f l u o r o a c e t a t e . 

( i i i ) Theory o f El e c t r o n Spectroscopy 

I n t h i s s e c t i o n the theory of e l e c t r o n spectroscopy i s o u t l i n e d i n 

r e l a t i o n t o chemical a p p l i c a t i o n s of ESCA. The fundamental processes 

i n v o l v e d i n ESCA are: 

E l e c t r o n E j e c t i o n 
-I- ie _ 

A + hv^ -» (A ) + e^ (Photo i o n i s a t i o n ) 

where i s the frequency of the e x c i t i n g r a d i a t i o n . 
E l e c t r o n i c Relaxation 

+ * + 
1) (A ) -> A + hv2 (X-ray emission) 
2) (A ) -* A + (Auger E l e c t r o n Emission) 
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(a) P h o t o i o n i s a t i o n Processes 

I n Fig.3.2 the energy l e v e l diagram f o r an i n s u l a t o r i s given 

showing p h o t o e j e c t i o n f o r the I s and 2p e l e c t r o n s , and the upper and 

lower energy l i m i t s of X-ray absorbtion f o r the 2s e l e c t r o n . The upper 

l i m i t f o r the l a t t e r t r a n s i t i o n - the vacuum l e v e l , represents the energy 

of an e l e c t r o n t h a t has been removed to i n f i n i t y (the f r e e e l e c t r o n l e v e l ) , 

and t h i s i s also the same as the energy r e q u i r e d f o r p h o t o i o n i s a t i o n of a 

2s e l e c t r o n . Hence the two techniques are complementary, but i n the case 

of X-ray absorption, binding energy data i s much more d i f f i c u l t to 

e x t r a c t . The r e l a t i o n s h i p between the two types of spectra i s shown i n 

Fig.3.3. Photoelectron peaks are normally designated by the term symbols 

of the p o s i t i v e hole l e f t a f t e r p h o t o e j e c t i o n of an e l e c t r o n . Thus 
2 

p h o t o e j e c t i o n of a Is e l e c t r o n leaves a K hole designated as a s t a t e . 
The diagram i n Fig.3.2 d i f f e r s from t h a t of a conductor by the 

* 

p o s i t i o n of the Fermi l e v e l . For a conductor, the valence and conduction 

bands meet and the Fermi l e v e l i s defined as being at the i n t e r f a c e of the 

two bands. For an i n s u l a t o r where there i s a gap between the valence and 

conduction bands, the p o s i t i o n of the Fermi l e v e l i s u n c e r t a i n and i t i s 

normally taken as l y i n g midway between the top o f the valence band and 

the bottom of the conduction band. 

* The Fermi l e v e l E may be defined by: 

where N(E) = Z(E)F(E) ( f u n c t i o n s of energy, E), Z(E) i s the d e n s i t y of 
states f o r f e r m i p a r t i c l e s ( i n t h i s case, e l e c t r o n s ) i . e . the number of 
states (energy l e v e l s ) between E and E + AE. F(E) i s the p r o b a b i l i t y 
d i s t r i b u t i o n ; t h e p r o b a b i l i t y t h a t a f e r m i p a r t i c l e i n a system at thermal 
e q u i l i b r i u m at temperature T w i l l be i n a s t a t e of energy E i s given by 

Pf N(E) dE N 
o 

1 (kT « E f) (E-EJ 
+ 1 e k t 

N i s the t o t a l number of p a r t i c l e s i n the system, hence the e l e c t r o n s f i l l 
a l l the a v a i l a b l e states up to the Fermi l e v e l . 
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P h o t o i o n i s a t i o n i s not e q u a l l y probable f o r a l l el e c t r o n s i n an 

atom or electrons i n the same l e v e l of d i f f e r e n t atoms ( i . e . the cross 

s e c t i o n f o r p h o t o i o n i s a t i o n v a r i e s from l e v e l to l e v e l and from atom to 

atom). Generally, the p h o t o i o n i s a t i o n cross se c t i o n v a r i e s as - ^ j where 
r 

r i s the o r b i t a l radius. Therefore, f o r l i g h t atoms, p h o t o i o n i s a t i o n of 

the 2s e l e c t r o n i s about 20 times less probable than f o r the I s e l e c t r o n . 

However, o r b i t a l c o n t r a c t i o n increases w i t h nuclear charge (Z) and t h i s 

becomes more important as the atomic number increases, thus the photo

i o n i s a t i o n cross se c t i o n f o r a given core l e v e l i s approximately 

3 

p r o p o r t i o n a l to Z . For s o f t X-rays, core electrons have the highest 

p h o t o i o n i s a t i o n cross sections, but i o n i s a t i o n of valence electrons can 

s t i l l occur w i t h reasonable p r o b a b i l i t y . Because the cross s e c t i o n f o r 

p h o t o i o n i s a t i o n of valence electrons v a r i e s , depending on the symmetry of 

the o r b i t a l i n v o lved and w i t h the energy of the i o n i s i n g r a d i a t i o n , 

comparison of valence peaks i n the ESCA spectra w i t h corresponding peaks 

f o r u.v. PES can give i n f o r m a t i o n about o r b i t a l symmetries, e s p e c i a l l y , 

i f such studies of cross s e c t i o n dependance on photon energy are coupled 

w i t h angular dependance st u d i e s . 

(b) E l e c t r o n i c Relaxation Processes 

Two primary processes are a v a i l a b l e f o r e l e c t r o n i c r e l a x a t i o n 

f o l l o w i n g p h o t o i o n i s a t i o n of a core l e v e l e l e c t r o n . A r a d i a t i o n process 

i n v o l v i n g an e l e c t r o n i c t r a n s i t i o n from a higher energy o r b i t a l to f i l l the 

primary vacancy, together w i t h emission of the excess energy as a photon, 

(X-ray emission or X-ray fluorescence), or a r a d i a t i o n ] e s s process i n 

which the excess energy i s removed by e j e c t i o n of a second e l e c t r o n from 
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an outer s h e l l (Auger emission). Both processes are shown d i a g r a r a a t i c a l l y 
2 

i n Fig.3.4 where a primary vacancy e x i s t s i n the Is l e v e l ( i . e . a 

s t a t e ) . The X-ray emission process i s shown as an e l e c t r o n i c t r a n s i t i o n 

from a 3d l e v e l to the primary vacancy (K{3 emission) and an e l e c t r o n i c 

t r a n s i t i o n from the 2p l e v e l (Ka emission). Two Auger emissions are 

also shown. A KLL emission, where a 2p e l e c t r o n (L) f a l l s to the Is 

vacancy (K) w h i l e a second 2p (L) e l e c t r o n i s e j e c t e d , and a KLM Auger 

emission where a 3p (M) e l e c t r o n i s emitted instead of the 2p e l e c t r o n . 

I f the primary vacancy i s created i n an inner sub s h e l l o f the L^M ... 

s h e l l s the e x c i t a t i o n energy i s o f t e n s u f f i c i e n t to lead to one o f the 

two f i n a l vacancies being i n the outer sub s h e l l of the primary vacancy's 

s h e l l e.g. L̂ L̂ M,.. These are denoted as Coster-Kronig t r a n s i t i o n s and 

tend t o give very short l i f e t i m e s f o r the core hole s t a t e s l e a d i n g to 

u n c e r t a i n t y broadening. For l i g h t elements r a d i a t i o n l e s s d e - e x c i t a t i o n 

by e l e c t r o n emission i s o f t e n more probable than the r a d i a t i v e de-

e x c i t a t i o n by X-ray emission (Fig.3.5). At low atomic numbers the Auger 

y i e l d i s v i r t u a l l y 100%, hence, the reason f o r X-ray fluorescence being a 

poor technique f o r studying l i g h t elements. Auger peaks are seen i n 

ESCA spectra but are r e a d i l y d i s t i n g u i s h e d from photoelectron peaks 

because t h e i r k i n e t i c energies are independent of the energy o f the 

e x c i t i n g r a d i a t i o n . 

(c) Properties of Core O r b i t a l s 

Some knowledge of the p r o p e r t i e s of core o r b i t a l s i s u s e f u l i n 

g i v i n g a c l e a r e r understanding of ESCA as a technique. I n discussing the 

e l e c t r o n i c s t r u c t u r e of molecules, chemists have ' t r a d i t i o n a l l y ' neglected 

core electrons and only valence electrons have been considered; as i n , f o r 
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example, simple Huckel theory. The main reasons f o r t h i s are t h a t the 

core electrons are not e x p l i c i t l y i n v o l ved i n bonding (though most of the 

t o t a l energy of a molecule resides i n the core e l e c t r o n s ) and t h a t i t i s 

only i n the l a s t few years t h a t s u f f i c i e n t computing c a p a b i l i t y has become 

a v a i l a b l e to allow non-empirical ('ab i n i t i o ' ) quantum mechanical 

c a l c u l a t i o n s on molecules i n which the core electrons are e x p l i c i t l y 

considered. 

However, i t i s now known t h a t although the core e l e c t r o n s are not 

inv o l v e d i n bonding, the core l e v e l s encode a considerable amount of 

i n f o r m a t i o n concerning s t r u c t u r e and bonding i n molecules. This data i s 

a v a i l a b l e through ESCA. 

Fig.3.6 shows the o r b i t a l energies and r a d i a l maxima c a l c u l a t e d non-

e m p i r i c a l l y f o r the carbon atom. Also shown are the overlap i n t e g r a l s 

between o r b i t a l s on two carbon atoms w i t h a bond le n g t h of 1. 39A. 

Considering f i r s t the o r b i t a l energies, i t i s c l e a r t h a t the I s (core) 

l e v e l i s very much lower i n energy than the 2s and 2p (valence) l e v e l s . 

The r a d i a l maxima show t h a t the I s o r b i t a l i s confined i n a r e g i o n near 

the nucleus w h i l e the valence o r b i t a l s are much more extended i n space. 

Since the core o r b i t a l i s e s s e n t i a l l y l o c a l i s e d around the nucleus the 

overlap (and hence overlap i n t e g r a l ) i n v o l v i n g core o r b i t a l s on adjacent 

atoms i s n e g l i g i b l e . This i s one reason why core o r b i t a l s are not 

in v o l v e d i n bonding. 

I t has been assumed by chemists i n the past t h a t i n discussing 

molecular transformations the energies of the core el e c t r o n s could be taken 

as constant and e f f e c t i v e l y ignored. (This i s i m p l i c i t i n the Woodward-

Hoffman approach). 
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Clark and Armstrong have shown t h a t t h i s i s not the case i n the 

transformation of cyclopropyl to a l l y l c a t i o n which occurs i n a d i s r o t a t o r y 

fashion. Fig.3.7 shows the r e l e v a n t energy l e v e l s and t o t a l charges. 

Large charge migrations on the carbon atoms are i n v o l v e d i n t h i s 

t r a n s f o r m a t i on. Thus, Ĉ  which c a r r i e s a s u b s t a n t i a l p o s i t i v e charge i n 

the c y c l opropyl c a t i o n becomes w i t h a s u b s t a n t i a l negative charge i n 

the a l l y l c a t i o n . As a r e s u l t the C ĝ o r b i t a l energy changes from 

- 1 1 . I ill a.u. to - i l . 5 6 1 3 au. The almost degenerate p a i r of o r b i t a l s 

f o r C£ and Ĉ  i n the cyclopropyl c a t i o n change i n energy by 0.044 au. i n 

the t r a n s f o r m a t i o n to a l l y l c a t i o n . 

I n s p e c t i o n of the charge d i s t r i b u t i o n s and core energy l e v e l s shows 
* 

t h a t a more negative energy ( i . e . increased b i n d i n g energy ) i s associated 

w i t h an increased p o s i t i v e charge on the atom. The charge on a given 

atom i s determined by the valence e l e c t r o n d i s t r i b u t i o n , and the core 

l e v e l s r e f l e c t t h i s . The d i f f e r e n t environments about Ĉ  and ^ 2 ^ 3 ^ *"n 

the c yclopropyl c a t i o n are r e f l e c t e d i n the ' s h i f t ' of C. bi n d i n g energies 
J. s 

of about 4.1 eV. 

C l e a r l y , although the core l e v e l s are l o c a l i s e d i n space near the 

nucleus and are not i n v o l v e d i n bonding t h e i r energies are a s e n s i t i v e 

f u n c t i o n of the e l e c t r o n i c environment about an atom. The close p r o x i m i t y 

of the core l e v e l s to the nucleus i s r e f l e c t e d i n the f a c t t h a t t h e i r 

b i n d i n g energies are c h a r a c t e r i s t i c of a given element and t h i s i s shown 

by the approximate core b i n d i n g energies f o r the f i r s t and second row 

elements given i n Fig.3.8. 

The c h a r a c t e r i s t i c i d e n t i f y i n g nature of the coi-» o r b i t a l s and t h e i r 
* Binding energy i s defined here as the energy needed to remove an 

e l e c t r o n i n a given o r b i t a l t o i n f i n i t y (the vacuum l e v e l ) and may be 
approximately equated t o the -ve of the o r b i t a l energy (Koopman's 
Theorem). 
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s e n s i t i v i t y to e l e c t r o n i c environments i s w e l l i l l u s t r a t e d i n Fig.3.9. 

The 0 core l e v e l s are e a s i l y d i s t i n g u i s h a b l e from the N and C1 

l e v e l s . The d i f f e r i n g e l e c t r o n i c environments, i n the same molecule, of 

the carbon atoms are r e f l e c t e d i n s l i g h t l y d i f f e r e n t b i n d i n g energies 

of the C. l e v e l s , l s 

(d) C a l c u l a t i o n of Binding Energies from ESCA Spectra 

The various energy considerations, and r e l e v a n t energy l e v e l s 

f o r the c a l c u l a t i o n of bin d i n g energies f o r a core l e v e l of a sample are 

shown d i a g r a m a t i c a l l y i n Fig.3.10. The sample i s taken to be an 

e l e c t r i c a l i n s u l a t o r and t o be i n e l e c t r i c a l contact w i t h the 

spectrometer m a t e r i a l so t h a t both have a common Fermi l e v e l . 

The p r i n c i p l e of conservation of energy gives t h a t f o r p h o t o i o n i s a t i o n 

of a core e l e c t r o n from the sample, the energy of the i n c i d e n t X-ray 

photon i s d i s t r i b u t e d over four processes: 

hv = E, + E. . + E + 0 ,. b k i n r *s (3.1) 

where, 

E^ = the bi n d i n g energy of the photo e j e c t e d e l e c t r o n , r e l a t i v e 
to the Fermi l e v e l . 

E j ^ n = the k i n e t i c energy of the f r e e e l e c t r o n 

E = the r e c o i l energy r e s u l t i n g from conservation of momentum 
i n the p h o t o i o n i s a t i o n process. 

0 = the work f u n c t i o n of the sample, defined as the energy 
r e q u i r e d t o promote an e l e c t r o n from the Fermi l e v e l to the 
vacuum l e v e l . 

Maximum values of the r e c o i l energy (E r) have been c a l c u l a t e d f o r 

some f i r s t group elements f o r three d i f f e r e n t X - r a d i a t i o n s . 
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Maximum r e c o i l energies (eV) 

AgKa CuKa AlKo 
H 16 5 0.9 
L i 2 0.8 0.1 
Na 0.7 0.2 0.04 
K 0.4 0.1 0.02 
Rb 0.2 0.06 0.01 

I t can be seen t h a t f o r the normal e x c i t i n g r a d i a t i o n s used i n ESCA 

(MgKa, AlKa), the r e c o i l energies can be e f f e c t i v e l y ignored f o r elements 

a f t e r L i i n the p e r i o d i c t a b l e . Therefore, Er ~ 0. 

I n general there e x i s t s a small e l e c t r i c f i e l d i n the space between 

the sample and the entrance s l i t t o the spectrometer, even i f both are 

i n e l e c t r i c a l contact. This i s because t h e i r Fermi l e v e l s are the same; 

any d i f f e r e n c e i n work f u n c t i o n of the sample and spectrometer m a t e r i a l 

gives r i s e to a p o t e n t i a l , and t h e r e f o r e an e l e c t r i c f i e l d between the 

two. The k i n e t i c energy of the e l e c t r o n when i t enters the spectrometer 
i 

( i . e . the analyser) E. . w i l l be d i f f e r e n t from the energy E. . i t had ' k i n J k m 
when le a v i n g the sample due to e i t h e r r e t a r d a t i o n or a c c e l e r a t i o n i n the 

e l e c t r i c f i e l d . 

Therefore: 
i 

E, . +0 = E, . + 0 k i n *s k m ^sp 

equation 3.1 now becomes 

hv = E. + E' + 0 + E (but E ~ 0) b k i n ^sp r r 
and 

E, = hv - E' - 0 (3.2) b k m *sp 

Since 0 depends only on the spectrometer m a t e r i a l and not on the 

sample under i n v e s t i g a t i o n , the same work f u n c t i o n can be ap p l i e d to a l l 
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measurements, p r o v i d i n g i t does not vary w i t h time. A s u f f i c i e n t number 

of charge c a r r i e r s must be present i n the sample so t h a t a thermodynamic 

e q u i l i b r i u m i s maintained and there i s no charge b u i l d up. This s i t u a t i o n 

i s obtained w i t h conducting samples i n contact w i t h the spectrometer but 

f o r i n s u l a t i n g m a t e r i a l s t h i s may not be so and charging e f f e c t s may 

become important. 

By c a l i b r a t i n g the k i n e t i c energy scale of the spectrometer to the 

Au4fT / l e v e l at 84.0 eV, 0 i s included i n a l l measurements and the 7/ 2 sp 
binding energies are then r e l a t e d to the spectrometer Fermi l e v e l . E'. 

k i n 

i s the energy of the el e c t r o n s measured by the analyser and r e l a t i v e 

b i n d i n g energies are c a l c u l a t e d from: 

E b = hv - (3.3) 

(e) Relationships between Calculated and Experimental Binding 
Energies f o r Gaseous and S o l i d Samples 

Before discussing charge d i s t r i b u t i o n s i n molecules as revealed 

by ESCA, i t i s important t o consider the r e l a t i o n s h i p between b i n d i n g 

energies measured i n s o l i d phase, those measured i n the gas phase 

(considered as measurements on f r e e molecules) and bi n d i n g energies 

obtained from quantum mechanical c a l c u l a t i o n s . 

T h e o r e t i c a l c a l c u l a t i o n s i n e v i t a b l y r e f e r t o i s o l a t e d molecules i n 

the gas phase, and, as noted p r e v i o u s l y i n r e l a t i o n to Koopman's 

Theorem, the energy reference i s the vacuum l e v e l . Comparison then 

between gas phase measurements and t h e o r e t i c a l l y determined values i s 

r e l a t i v e l y s t r a i g h t f o r w a r d . On the other hand, s o l i d ^hase measurements 

r e f e r to the Fermi l e v e l as the energy reference. The question then 
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a r i s e s , when w i l l d i r e c t comparison of the two be v a l i d ? This can r e a d i l y 

be seen from the appropriate Born cycle. I n Fig.3.11 the r e l a t i o n s h i p 

between energy l e v e l s f o r a covalent s o l i d having no appreciable long 

range i n t e r a c t i o n s (e.g. hydrogen bonding) i s i l l u s t r a t e d . For photo-

i o n i s a t i o n from A and B the binding energy separation ( s h i f t ) i s given by: 

. _ ,,A , .„AB >. /_B , .„AB . A = ( I + AH ) - ( I + AH , ) vac sub vac sub 

= ( I A - I B ) 
vac 

a l s o A = ( I A + 0 A B + AH; u b) - ( i j + 0 A B + A H ^ ) 

the r e f o r e 

- d A - l \ + [ ( A H ; u b - A H » u b ) ~ 0 ] 

* = ( l A " l B ) v a c " ^ - ^ F 

Now f o r p h o t o i o n i s a t i o n of atoms i n d i f f e r e n t samples, charging 

e f f e c t s must be considered and, i n general, the bin d i n g energy s h i f t (A) i s : 

* = < i A - A . c 

- d A - I X ) F + (0 A - * x) + (6 A - 6X) + (AHx - A H A ) s u b 

+ ( * H
A " ^ s u b 

where 
I = i o n i s a t i o n o f energy of atom X (100-1000 eV) 

0 = work f u n c t i o n of sample c o n t a i n i n g atom X (~ 5 eV) 
A. 

6^ = charging e f f e c t on sample c o n t a i n i n g atom X 2 eV) 

AH g u b = sublimation energy of molecule considered (M) (~0.5 eV) 

AH1 , = sublim a t i o n energy of photoionised s t a t e (M ) sub 

Ty p i c a l values are given i n brackets. 
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For c l o s e l y r e l a t e d m a t e r i a l s i n e l e c t r i c a l contact w i t h the 

spectrometer: 

( 0 A - 0 X) ~ 0 , ( 6 A - 6 X) = 0, and ACAH^) terms - 0 

Hence ( 1 ^ - 1^) = ( 1 ^ - I X)„ a " d the comparison between vac r_ 

t h e o r e t i c a l c a l c u l a t i o n s on i s o l a t e d molecules and measurements on t h i n 

f i l m s should be v a l i d . 

I n the case of atoms i n an i o n i c l a t t i c e the comparison does not 

n e c e s s a r i l y hold. Fig.3.12 shows the energy r e l a t i o n s h i p s f o r a gaseous 

i o n and an i o n i c l a t t i c e . For atoms i n the same l a t t i c e the b i n d i n g 

energy s h i f t i s : 

A = (1+ = I ) = ( I , - I ) _ + l a t t i c e c o n t r i b u t i o n s 
X Y" V 3 C X + Y" 

f o r d i f f e r e n t samples ( w i t h no charging e f f e c t s ) 

A = AIT, + A0 + A(AH, - AH' ^) x l a t t i c e c o n t r i b u t i o n s . F l a t l a t 

I n the l a t t e r case the f i n a l three terms may not approximate to zero 

m a i n l y because of the magnitude of the l a t t i c e e f f e c t s so t h a t s h i f t s are 

not d i r e c t l y comparable to those f o r the f r e e ions. Care must be taken i n 

i n t e r p r e t i n g s h i f t s f o r i o n i c s o l i d s . When samples are not i n e l e c t r i c a l 

contact w i t h the spectrometer, as i n the case of t h i c k layers of organic 

s o l i d s or polymer m a t e r i a l s , charging e f f e c t s w i l l vary from sample to 

sample and w i t h time. Then terms l i k e ( 6 A - 6 X) J6 0 and c o r r e c t i o n s 

must be applied to take t h i s i n t o account. The problems associated w i t h 

charging e f f e c t s and methods of s o l v i n g these w i l l be discussed l a t e r . 
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( f ) Linewidths and Their S i g n i f i c a n c e i n Studying Core Levels 

The measured l i n e w i d t h s f o r core l e v e l s ( a f t e r t a k i n g s p i n - o r b i t 

s p l i t t i n g s i n t o account, i f they are not resolved) may be expressed as: 

(AE ) 2 = (AE ) 2 + (AE ) 2 + (AE . ) 2 

m x s c i 

where AE = measured w i d t h a t h a l f h e i g h t [ t h e so c a l l e d f u l l w i d t h 
m at h a l f maximum (F.WHM)] 

AE^ = FWHM of the e x c i t i n g photon l i n e 

AE = c o n t r i b u t i o n to the measured FWHM due to the spectrometer 
(mainly from the analyser) 

AE , = n a t u r a l l i n e w i d t h of the core l e v e l under i n v e s t i g a t i o n c l 
For s o l i d s t h i s includes s o l i d s t a t e e f f e c t s not 
d i r e c t l y associated w i t h the l i f e t i m e o f the hole s t a t e 
but r a t h e r w i t h s l i g h t l y d i f f e r e n t b i n d i n g energies due to 
var y i n g l a t t i c e environments. 

The c o n t r i b u t i o n to the t o t a l l i n e w i d t h from AE can be made n e g l i g i b l e 
X 

(see s e c t i o n i v ( e ) ) and w i t h w e l l designed analysers the c o n t r i b u t i o n from 

AE can be ignored. Given a s u f f i c i e n t l y narrow l i n e w i d t h f o r the photon 
s 

source, the major l i m i t i n g f a c t o r i s the inherent w i d t h of the l e v e l 

i t s e l f (excluding s o l i d s t a t e e f f e c t s ) . Some examples of n a t u r a l l i n e 

widths (AE ^ ) are given below: 

Approximate Nat u r a l Wdiths o f Some Core Levels ( i n eV) 

Level Atom 

Radiative 
Widths 

Fluorescence 
Yields 

S A T i Mn Cn Mo Ag Au 
Is 0.35 0.50 0.80 1.05 1.50 5.0 7.5 54.0 

2 p 3 / 

2 
0.10 0.25 0.35 0.50 1.7 2.2 4.4 

Is 0.04 0.07 0.20 0.33 0.65 3.6 6.0 50.0 

Is 0.10 0.14 0.22 0.31 0.43 0.72 0.80 0.93 
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The u n c e r t a i n t y p r i n c i p l e i n the form: 

AE.At > 

shows t h a t f o r a hole s t a t e l i f e t i m e of ~ 6.6 x 10 sec. the l i n e w i d t h 

( i . e . u n c e r t a i n t y i n the energy of the s t a t e ) i s ~ 1 eV. 

I t can be seen from the above values that there are large v a r i a t i o n s 

i n n a t u r a l l i n e w i d t h both f o r d i f f e r e n t l e v e l s o f the same atom and the 

same l e v e l s of d i f f e r e n t elements. These r e f l e c t d i f f e r e n c e s i n the l i f e 

time of the hole s t a t e , a composite of r a d i o a c t i v e (fluorescence) and non-

r a d i a t i o n (Auger) contribution,, This emphasises the f a c t t h a t there i s 

no v i r t u e i n studying the innermost core l e v e l of an element. The gold 

l s l e v e l has a h a l f w i d t h of ~ 54 eV so t h a t even i f a monochromatic 

X-ray source of the r e q u i s i t e energy were a v a i l a b l e , any chemical s h i f t 

e f f e c t s would be swamped. 

T y p i c a l l y the l i f e t i m e s of the core hole states i n v o l v e d i n ESCA are 
-14 -17 

~ 10 -10 sees, emphasising the extremely short time scales i n v o l v e d 

compared to molecular v i b r a t i o n s . The process may be c a l l e d sudden w i t h 

respect to nuclear (but not e l e c t r o n i c ) motions. 

( i v ) The El e c t r o n Spectrometer 

The discussion i n t h i s s e c t i o n r e f e r s mainly to the ES100 e l e c t r o n 

spectrometer manufactured by AEI L t d . and used f o r the ESGA 

i n v e s t i g a t i o n s described i n t h i s t h e s i s . References are made to other 

instruments and designs where appropriate. Fig.3.13 shows schematically 

the general arrangement of components of the X-ray t/uotoelectron 

spectrometer used. 
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(a) The Source Region 

A d e t a i l e d cross-section of the ES100 source region w i t h the main 

components l a b e l l e d i s shown i n Fig.3.14. The X-ray generator consists 

of a heated tungsten cathode at high negative (or e a r t h ) p o t e n t i a l and a 

hollow, water-cooled copper anode faced w i t h e i t h e r magnesium or aluminium 

at earth (or high p o s i t i v e ) p o t e n t i a l . Water c o o l i n g of the anode i s 

e s s e n t i a l because of the high power d i s s i p a t e d . Other anodp. m a t e r i a l s 

can be used as X-ray sources but normally Mg and A l are the most 

convenient s w i t h medium photon energies and low inherent l i n e w i d t h s . 

Harder X-ray sources (Cr, Cu) have much la r g e r inherent l i n e w i d t h s and 

give lower r e s o l u t i o n . 

Anode X-ray l i n e Energy (eV) Linewidth (eV) 

Mg Mgjto 1253.6 0.7 
Al A l K a ^ 1286.6 1.0 
Cr CrKc^ 5414.7 2.1 
Cu CUKQ^ 8047.8 2.6 

Average ope r a t i n g c o n d i t i o n s f o r the X-ray gun would be 10-15 KV at 
-6 

20-50 mA and a vacuum of s 4 x 10 t o r r . 

As Fig.3.14 shows a t h i n window, u s u a l l y of Al f o i l (0.0003 inch) 

or b e t t e r Be, separates the sample region from the X-ray source. The 

window allows the X-ray beam to pass ( w i t h some a t t e n u a t i o n ) but prevents 

sc a t t e r e d electrons from the t a r g e t e n t e r i n g the sample region and hence, 

the analyser. Tungsten d e p o s i t i o n from the heated f i l a m e n t cathode onto 

the window and the t a r g e t surface can be a problem, causing a t t e n u a t i o n 

o f the X-ray beam and loss of counts. I n l a t e r models t h i s has been 

overcome by i n t r o d u c i n g a metal p l a t e between the f i l a m e n t and the t a r g e t 

and window. The e l e c t r o n beam i s then e l e c t r o s t a t i c a l l y focussed around 
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the p l a t e onto the t a r g e t . This arrangement i s known as a Henke gun. 

(b) E l e c t r o n Energy Analysers 

The main b a r r i e r to the development of ESCA as a technique has 

been the design of analysers of s u f f i c i e n t l y high r e s o l u t i o n and 
4 

l u m i n o s i t y . T y p i c a l l y a r e s o l u t i o n of b e t t e r than 1 p a r t i n 10 i s 

needed. 

The u i u s L general method of energy analysis f o r both high and low 

(X-ray and u.v.) energy e l e c t r o n spectroscopy i s based on the d e f l e c t i o n 

of electrons by magnetic (momentum analyser) or e l e c t r o s t a t i c f i e l d s 

( k i n e t i c energy anal y s e r ) . I n e a r l y u.v. work, c y l i n d r i c a l r e t a r d i n g 
148 

g r i d analysers were used, but these s u f f e r e d from several defects, 
the most serious of which was inherent lack of r e s o l u t i o n . The r e l a t i v e 

m e r i t s of the various systems i n c u r r e n t common use have been b r i e f l y 
149 

reviewed. 

The simplest of the e l e c t r o s t a t i c analysers i s shown i n Fig.3.15(a). 

This consists of a 127° c y l i n d r i c a l sector analyser i n which focussing 

of electrons of d i f f e r e n t energies i s achieved by v a r y i n g the p o t e n t i a l 

applied to the p l a t e s . The angle of 127° 17' i s chosen because there i s 

an e l e c t r o n t r a j e c t o r y re-focussing property at t h a t a n g l e . A n o t h e r 

simple v e r s i o n i s the p a r a l l e l p l a t e analyser shown i n Fig.3.15(b). Both 

these devices are of the s i n g l e - f o c u s s i n g type. 

Double-focussing analysers provide a higher i n t e n s i t y s i g n a l f o r a 

given r e s o l u t i o n , and i t i s t h i s type of system that i s used i n current 

X-ray spectrometers. The focussing a c t i o n i n the plane of the analyser 

(as i n the s i n g l e - f o c u s s i n g types) i s augmented by d i r e c t i o n a l focussing 

along great c i r c l e s of a s p h e r i c a l sector. This can be seen by comparing 
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the double-focussing c y l i n d r i c a l m i r r o r analyser (Fig.3.15(c)) w i t h 

the p a r a l l e l p l a t e analyser ( F i g . 3 . 1 5 ( b ) ) . The idea of double-focussing 
152 

was o r i g i n a l l y suggested by Aston i n 1919. 
The double-focussing analysers used i n ESCA spectrometers can be 

e i t h e r magnetic or e l e c t r o s t a t i c . The magnetic type was f i r s t introduced 
153 

by Siegbahn i n the f i r s t ESCA instrument and new designs are s t i l l 

based on t h i s system. These are i r o n - f r e e instruments made from brass or 

aluminium w i t h a 30 cm. radius. Double-focussing i s provided by an 

inhomogeneous magnetic f i e l d produced by a set of four c y l i n d r i c a l c o i l s 

placed about the e l e c t r o n t r a j e c t o r y as shown i n Fig.3.16. I t i s 

necessary to e l i m i n a t e s t r a y magnetic f i e l d s , such as the earths, from 

the analyser sector. This i s done w i t h v e r t i c a l and h o r i z o n t a l 

Helmholtz c o i l s , but the elaborate m o n i t o r i n g systems needed and bulky 
154 

c o i l s c o n s t i t u t e a major disadvantage. The main p o i n t i n favour of 

these machines i s t h e i r ease of c o n s t r u c t i o n compared to the e l e c t r o 

s t a t i c type. 

Double-focussing e l e c t r o s t a t i c analysers are now widely used; the 

most popular being the hemispherical (180°) s y s t e m , s h o w n i n Fig.3.13. 

With t h i s system (j,-metal shields can be used to e l i m i n a t e s t r a y magnetic 

f i e l d s , making the e l e c t r o s t a t i c analyser more compact. I t i s probably 

fo r t h i s reason t h a t commercial ESCA machines use t h i s system despite 

the considerable problems involved i n engineering s p h e r i c a l sector p l a t e s 

to high tolerances. 

An instrument r e s o l v i n g power of AE/E = 300 i s r e a d i l y obtained 

w i t h the d e f l e c t i o n instruments described above. This corresponds to a 

peak h a l f - w i d t h ( f u l l w i dth at h a l f maximum peak h e i g h t ) of 3.3 eV f o r a 

1 KeV e l e c t r o n . Since the inherent w i d t h of the e x c i t i n g X-ray l i n e i s 



less than 1 eV f o r MgKo. _ or AIKo _ at around 1.5 KeV there i s room f o r 
1 , i. I, z 

improvement. Since the f r a c t i o n a l r e s o l u t i o n AE/E = R/W,where R = mean 

radius of the sector and W i s the combined width of the entrance and 

e x i t s l i t s , the r e s o l u t i o n can be improved by: 

( i ) making W smaller by decreasing the s l i t w i d t h . 

This also reduces the s i g n a l i n t e n s i t y . 

( i i ) i n c r e a s i n g R by using a l a r g e r radius analyser. This 

increases the already serious engineering d i f f i c u l t i e s . 

( i i i ) reducing E by r e t a r d i n g the electrons before they reach 

the analyser. This can simultaneously enhance the s i g n a l i n t e n s i t y . 

I t i s s o l u t i o n ( i i i ) t h a t has been s u c c e s s f u l l y used and t h i s system 

i s i n corporated i n the A.E.I, spectrometer. 

(c) Detection Systems 

The d e t e c t i o n system needed has to be, i n e f f e c t , an e l e c t r o n 

counter because of the minute e l e c t r o n currents i n v o l v e d . Three general 

methods have been used i n ESCA instruments; Geiger-Muller counters, 

e l e c t r o n m u l t i p l i e r s and photographic detectors. 

The e l e c t r o n m u l t i p l i e r s are most common and are more convenient, 

e s p e c i a l l y the continuous channel type ('channeltron 1) which have a high 

counting e f f i c i e n c y to low e l e c t r o n energies. The f o c a l plane p r o p e r t i e s 

of double-focussing analysers can be e x p l o i t e d by i n c o r p o r a t i n g several 

t i n y m u l t i p l i e r s (multichannel detectors) together over the length of the 

e x i t s l i t . The s i g n a l from the detector i s a m p l i f i e d and fed to counting 

e l e c t r o n i c s . 
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(d) Data A c q u i s i t i o n 

There are b a s i c a l l y two ways of o b t a i n i n g the r e q u i r e d i n f o r m a t i o n 

from the d e t e c t i o n system; continuous scanning or step scan. 

I n continuous scanning the f i e l d ( e i t h e r e l e c t r o s t a t i c or magnetic) 

i s continuously increased w i t h time w h i l e the detector s i g n a l i s 

monitored by a r a t e meter. Synchronisation of the spectrometer c u r r e n t 

and the r a t e meter output allows continuous recording of a spectrum, as 

e l e c t r o n counts against k i n e t i c energy, on an X — Y recorder. This i s 

a convenient method of data d i s p l a y when the s i g n a l t o noise r a t i o i s 

high. 

The step-scan mode increases the curr e n t through the spectrometer 

i n a se r i e s of small steps corresponding to a 0.1 eV (0.2, 0.3 e t c . ) step 

i n the measured k i n e t i c energy of the e l e c t r o n s . A scalar i s used to 

count the number of electrons over a given time i n t e r v a l at each step, 

g i v i n g a p o i n t spectrum. I n t h i s mode the system i s e a s i l y automated 

and computerised. 

A v a r i a t i o n on both themes i s the multichannel analyser. This 

enables a large number o f increments to be continuously scanned between two 

set l i m i t s of the f i e l d . The number of counts at each step are c o l l e c t e d 

i n separate channels and the stored data can be out - p u t t e d i n various 

ways. One main advantage of t h i s method i s i n the measurement of 'weak' 

peaks where the s i g n a l to noise r a t i o i s low. The spectrum can be 

e f f e c t i v e l y i n t e g r a t e d over a long p e r i o d and the background averaged out. 

Again, t h i s mode i s i d e a l l y s u i t e d to computerisation. 
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A new E S C A Instrument suitable for gases with X-ray monochromatization. 
E—electron gun, A—rotating anode, F=focal spot, 0— spherically bent quartz crystal, 
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Irradiated gas volume, T«= temperature raising device, I—gas inlet system, P=two-stage 
differential pumping system with an electron retardation step, D = multichannel plate 
detector, C-television camera, and MCA—multichannel analyser. 
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(e) Recent Developments i n Instrumental Design 

I n the spectrometer designs discussed above the e x c i t i n g X-ray 

beam was not f i l t e r e d before e n t e r i n g the sample chamber. This r e s u l t s 

i n the presence, i n the e x c i t i n g r a d i a t i o n beam, of bremsstrahlung 

background and other ( u s u a l l y less intense) X-ray emission such as the 

Ka„ , l i n e s . As already shown the a t t a i n a b l e r e s o l u t i o n i s o f t e n 3.4 
l i m i t e d by the inherent w i d t h of the e x c i t i n g r a d i a t i o n , ( a t present 

around 1.0 eV) which i s not n e g l i g i b l e compared to the range of chemical 

s h i f t s observed f o r a given element, (~ 10 eV f o r C1 ) and i s considerably 
i. s 

greater than the n a t u r a l c o r e - l e v e l widths studied (~ 0.3 eV). 
Early i n the development of ESCA, monochromation of the X-ray beam 

145 

was described by Siegbahn et a l . as a method of improving the l i n e 

widths. This group have r e c e n t l y described monochromation using 

s p h e r i c a l l y bent quartz c r y s t a l s and a 'dispersion compensation' system to 

increase s e n s i t i v i t y w i t h o u t l o s i n g r e s o l u t i o n . ' T h i s i s shown 

i n Fig.3.17. As 'dispersion compensation' can not be used i n a l l cases 

( i . e . s o l i d s w i t h very uneven surfaces, or gases) an a l t e r n a t i v e i s t o 

use a very narrow s l i t between the monochromator and the t a r g e t ( s l i t 

f i l t e r i n g ) . U n f o r t u n a t e l y t h i s produces a severe loss i n s i g n a l 

i n t e n s i t y and to compensate f o r t h i s high power r o t a t i n g anodes (5-10 KW) 

and improved d e t e c t i o n systems are needed. This type of arrangement i s 

shown i n F i g 3.18. Line widths of 0.5 eV ( f o r s o l i d samples) have been 

obtained and chemical s h i f t s can be measured t o w i t h i n 0.1 eV ( i n the 

gas phase). This increased r e s o l v i n g power can have a dramatic e f f e c t on 

the experimental spectrum. An example i s given i n Fig.3.19 of a computer 

simulated s i x - f o l d increase i n r e s o l u t i o n . At 0.2 eV l i n e w i d t h a l l the 

d i s t i n c t types of carbon atoms i n t h i s comparatively complex molecule can 
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be resolved. This type of improvement should enable wider a p p l i c a t i o n s 

of ESCA i n the near f u t u r e w i t h more accurate data a v a i l a b l e from the 

technique. 

(v) Review of ESCA Ap p l i c a t i o n s i n Organic Chemistry 

The technique of ESCA has been developed over the past 20 years 

(mainly by Siegbahn's group at Uppsala). I t i s only i n the past few years 

t h a t the p o t e n t i a l of the technique f o r studying s t r u c t u r e and bonding 

has been appreciated. However, chemists have not been slow to take up 

the technique; the l i t e r a t u r e r e l a t i n g to a p p l i c a t i o n s of ESCA to organic 

chemistry i s r a p i d l y expanding. This b r i e f review i s not intended t o 

be comprehensive, but t o i l l u s t r a t e those areas of organic chemistry where 

ESCA has been o f p a r t i c u l a r value. A good i n d i c a t i o n of the r a p i d 

increase of i n t e r e s t i n ESCA i s the number of reviews t h a t have appeared 
.-i . i , i . 1 . * . . „ , , 1 5 4 , 1 5 9 - 1 6 1 . . r e c e n t l y , covering both the technique i t s e l f and general 

a p p l i c a t i o n s of ESCA to c h e m i s t r y , a n d the i n t r o d u c t i o n o f a new 

j o u r n a l . 

The accurate measurement of molecular core b i n d i n g energies has 

stimulated i n t e r e s t i n the t h e o r e t i c a l p r e d i c t i o n of ESCA chemical s h i f t s . 
• - r +U A u u A - A * 1 4 5 , 1 4 6 , 1 6 6 , A v a r i e t y of methods have been used w i t h v a r y i n g degrees of success. 1 6 7 

I n general, non-empirical c a l c u l a t i o n s are l i m i t e d to small molecules 
• i v i A u 1 1 6 8 , 1 6 9 mainly because of computational expense and convergence problems. 

A t h e o r e t i c a l l y v a l i d , but computationally inexpensive model at a s l i g h t l y 

lower l e v e l of s o p h i s t i c a t i o n i s necessary. The most successful o f these 
1 4 5 1 4 6 

i s the charge p o t e n t i a l model. ' This model has \zen widely applied 

to the i n t e r p r e t a t i o n o f ESCA chemical s h i f t s and i n c e r t a i n cases has 
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allowed s t r u c t u r a l problems i n organic molecules to be resolved (see 

l a t e r ) . 
146 

The r e l a t i o n s h i p (eq.3.4) developed by Siegbahn et a l . has been 
extensively discussed i n the l i t e r a t u r e and s h i f t s i n the C, l e v e l s f o r 

Is 
u . •, , A 1-v. 1 7 0 +• 171,172 , . 173,174 s u b s t i t u t e d a l i p h a t i c , aromatic, and h e t e r o c y c l i c 

molecules have been q u a n t i t a t i v e l y described by the charge p o t e n t i a l 

model i n terms of CNDO/2 SCF MO charge d i s t r i b u t i o n s . 

E. = E° + kq. + ) — (3.4) i i i L, r , . 
where 

E^ = bin d i n g energy of core l e v e l on atom i 

E° = reference l e v e l 

q^ = formal charge on atom i 

> - — = an in t r a m o l e c u l a r Madelung type p o t e n t i a l 
\*\^ 

a r i s i n g from charges on other atoms i n the molecule. 

The parameter k depends on the d e f i n i t i o n of atomic charge and, i n 

an SCF MO treatment, on the basis set involved. I t can be equated 

approximately to the one-centre coulomb i n t e g r a l between a core and 

valence e l e c t r o n and has a c a l c u l a t e d value of 22.0 eV f o r carbon, using 

Sl a t e r type o r b i t a l s . A non rigorous d e r i v a t i o n of Eq.3.4 i s given i n 

Appendix I I I s t a r t i n g from Koopman's Theorem. 

The charge p o t e n t i a l model i s of p a r t i c u l a r importance to organic 

chemists since i t r e l a t e s core binding energies to charge d e n s i t i e s , and 

i s conceptually simpler than more rigorous models. Since the 

e l e c t r o n d i s t r i b u t i o n i n a molecule i s a continuous f u n c t i o n , d e f i n i n g 
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charge d i s t r i b u t i o n s i n terms of e l e c t r o n populations on atoms i s 

nec e s s a r i l y somewhat a r b i t r a r y , and t h i s i s one defect of the charge 

p o t e n t i a l model. The model being r e l a t e d to Koopman's Theorem, which 

neglects e l e c t r o n i c r e l a x a t i o n on e j e c t i o n of a core e l e c t r o n , must 

s u f f e r from some of the same d e f i c i e n c i e s . This can be accommodated by 

t r e a t i n g k and E° as v a r i a b l e parameters and f i t t i n g the experimental 

data to the equation by a l e a s t squares treatment. As e l e c t r o n i c r e l a x a t i o n 

depends on the e l e c t r o n i c s t r u c t u r e of a molecule i t i s only f o r c l o s e l y 

r e l a t e d series of molecules t h a t one might expect Koopman's Theorem to 

provide a q u a n t i t a t i v e i n t e r p r e t a t i o n of s h i f t s i n core b i n d i n g energies. 

S i m i l a r l y f o r the charge p o t e n t i a l model, d i f f e r e n t values o f k and E° 

might be expected f o r d i f f e r e n t series of c l o s e l y r e l a t e d compounds. 

Indeed t h i s i s found to be the case. Given below are k values found f o r 

various s e r i e s of organic molecules. I t i s evident t h a t w i t h charges 

computed from CND0/2 c a l c u l a t i o n s the value of k c l u s t e r s around 25.0 eV 

f o r C l e v e l s . S i m i l a r c o r r e l a t i o n s may be made f o r other core l e v e l s 

e.g. F I s * CI N 2p' Is e t c . 

Charge P o t e n t i a l Model (C. l e v e l s ) 

S e r 1 e s k 

179 

o -
7 N 24.6 

CC13-X, CHC12-X 170 26.6 a 

180 CH„C0X 3^ 25.0 

Aromatics: perhydro, p e r f l u o r o 171 25.U 

Six membered r i n g n i t r o g e n 
heterocycles: perhydro, p e r f l u o r o , 
perchloro 22.4 
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Series k 
Fluorobenzenes 178 23.5 

Five membered r i n g heterocycles 173 25.4 

a, without d - o r b i t a l s on c h l o r i n e 

However, t h e o r e t i c a l l y c a l c u l a t e d charges are only crude guides to the 

el e c t r o n density about the atom, and are, anyway, somewhat a r b i t r a r y , 

depending on how the overlap density i s proportioned between atoms. 

Nevertheless, accepting i t s l i m i t a t i o n s , the idea of charge d i s t r i b u t i o n s 

i n a molecule i s a us e f u l concept and one widely used by chemists. The 

charge d i s t r i b u t i o n s t h a t an organic chemist may i n f e r from studying the 

chemistry o f a system may be termed ' i n t u i t i v e ' charge d i s t r i b u t i o n s 

and tlie&e w i l l n e cessarily be d i f f e r e n t from the c a l c u l a t e d d i s t r i b u t i o n s . 

That there are close s i m i l a r i t i e s between f a c t o r s determining ' i n t u i t i v e ' 

charge d i s t r i b u t i o n s and ESCA chemical s h i f t s can be seen from a simple 

example. 

The chemistry of p y r i d i n e and i t s p e r f l u o r o analogue shows t h a t 

p e r f l u o r o p y r i d i n e i s a much weaker base than p y r i d i n e i t s e l f . I t must 

be e n e r g e t i c a l l y less favourable to b r i n g a proton up to the n i t r o g e n i n 

p e r f l u o r o p y r i d i n e , and th e r e f o r e one might i n f e r t h a t the charge density 

on the n i t r o g e n i s less ( i . e . a more p o s i t i v e charge) i n p e r f l u o r o p y r i d i n e 

than i n p y r i d i n e . What has been r e f e r r e d to here as 'charge de n s i t y ' i s 

r e a l l y a measure of the p o t e n t i a l experienced by an approaching proton. 

This p o t e n t i a l w i l l depend not only on the atom concerned but also on the 

charges on other atoms i n the molecule and t h i s i s p r e c i s e l y the 

r e l a t i o n s h i p used i n c a l c u l a t i o n o f ESCA s h i f t s from the charge p o t e n t i a l 

model. I t i s i n t e r e s t i n g to note t h a t CNDO c a l c u l a t i o n s show t h a t the 

charge de n s i t y on the n i t r o g e n i s higher (more negative) i n p e r f l u o r o -
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p y r i d i n e than i n p y r i d i n e . The much higher (2.1 eV) N bi n d i n g energy 
JL S 

i n p e r f l u o r o p y r i d i n e arises from large c o n t r i b u t i o n s to the chemical 

s h i f t from charges on other atoms i n the molecule. I t i s clear from t h i s 

t h a t the ESCA s h i f t s p a r a l l e l ' i n t u i t i v e ' r a t h e r than c a l c u l a t e d charge 

d i s t r i b u t i o n s making ESCA p a r t i c u l a r l y valuable to the organic chemist, 

complimenting his concept of charge d i s t r i b u t i o n s i n molecules. (The 

argument can be extended i n general, to r e f e r to n u c l e o p h i l i c and 

e l e c t r o p h i l i c a t t a c k ) . The re l e v a n t data f o r p y r i d i n e and p e r f l u o r o -

p y r i d i n e are given below. 

bin d i n g Energies, CNDO/2 charges and Madelung P o t e n t i a l s 
174 f o r P y r i d i n e and P e r f l u o r o p y r i d i n e 

P o s i t i o n B.E. (eV) 
L.T.. 

i * j 1 J 

1 ( N l s ) 400. 2 -0.163 1.81 

2,6 ( C l s ) 286. 3 0.097 -1.49 

3,5 ( C l s ) 285. 5 -0.023 0.72 

4 ' V 285. 9 0.047 -0.33 

1 ( N l s > 402. 3 0.210 4.68 

2,6 ( C l 8 ) 290 1 0.290 -2.04 

3,5 ( C l s ) 289 5 0.113 1.28 

4 ( V 290 5 0.217 -0.21 

Although the charge p o t e n t i a l model has been e x t e n s i v e l y used i n 

assigning core l e v e l s by using CNDO/2 charge d i s t r i b u t i o n s t o c a l c u l a t e 

t h e o r e t i c a l chemical s h i f t s , i t i s also possible to reverse the process 
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and c a l c u l a t e charge d i s t r i b u t i o n s from measured molecular core b i n d i n g 
172 181—183 

energies. This has now been done by several groups of workers. ' 

Once values f o r E? and k i n eq. 3.4 have been established [by studying 

c l o s e l y r e l a t e d molecules f o r which c a l c u l a t e d charge d i s t r i b u t i o n s 

( u s u a l l y CND0/2) are a v a i l a b l e ] f o r core l e v e l s of each c o n s t i t u e n t type 

of atom and knowing the molecular geometry and measured core binding 

energies (E^) then a series of simultaneous equations can be set up and 

solved f o r charges (q^,). For hydrogen con t a i n i n g molecules a problem 

arises since there are no energy l e v e l s c h a r a c t e r i s t i c of the hydrogen 
181 

I s o r b i t a l . This has been overcome by Clark et a l . who defined 

pseudo E^-E° and k values f o r hydrogen, such th a t they reproduced 

c a l c u l a t e d charge d i s t r i b u t i o n s i n reference molecules (methane, benzene, 

e t c . ) . 

Fig.3.20 shows experimental charge d i s t r i b u t i o n obtained f o r 
2 7 

t e t r a d e c a f l u o r o t r i c y c l o [ 6 , 2 , 2 , 0 ' ]dodeca-2,6,9-triene from measurements 

of the C^g and F^ g b i n d i n g energies. The close agreement w i t h t h e o r e t i c a l l y 

c a l c u l a t e d (CNDO/2) charges i s s t r i k i n g . For molecules of t h i s s i z e i t i s 

probably easier to o b t a i n charge d i s t r i b u t i o n s by experiment r a t h e r than 

by d i r e c t c a l c u l a t i o n . 

ESCA has been s u c c e s s f u l l y a p p l i e d t o a number of s t r u c t u r a l problems, 

notably i n the halocarbon f i e l d , where conventional spectroscopic 

techniques f a i l e d to y i e l d unambiguous r e s u l t s . The treatment o f hexa-

chlorocyclopentadiene i n d i e t h y l ether at -20°C w i t h two molar p r o p o r t i o n s 
184 

of L i A l H ^ and a l l y l bromide y i e l d s an al l y l p e n t a c h l o r o c y c l o p e n t a d i e n e 

whose s t r u c t u r e could be d, e, or f , as shown i n Fig.2.21. Previous 

attempts at s t r u c t u r e determination f a i l e d to d i s t i n g u i s h between 
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s t r u c t u r e s d and e. Comparison of the C _ spcctru of lioxnchlorocyclopenta-

diene and the product (Fig.3.21) allows the s t r u c t u r e to be r e a d i l y 

assigned to d by the absence of the peak at higher binding energy i n the 
185 

product, due to the CC^ group. 
The s i t e s of n u c l e o p h i l i c a t t a c k by hydride i on i n perfluoroindene 

186 

have been determined by ESCA. The r e a c t i o n of perfluoroindene w i t h 

sodium borohydride i n diglyme under c o n t r o l l e d conditions gave a mixture 

of two mono s u b s t i t u t e d products i n a 4:1 r a t i o . Conventional spectroscopy 

showed the mixture contained 1,1,2,4,5,6,7- and 1,1,3,4,5,6,7-

heptafluoroindenes ( I and I I i n Fig.3.22) but could not i d e n t i f y the 

major isomer. From t h e o r e t i c a l (CNDO) SCF MO c a l c u l a t i o n s of charge 
d i c t r i b u t i o n s . s p e ^ r a f o r the C. l e v e l s of 4:1 mixtures of ( I : I I ) and ' r i s 
( I I : I ) were computed. Comparison of the simulated spectra w i t h the 

experimental C ĝ spectra of the mixture i n terms of peak i n t e n s i t i e s and 

absolute b i n d i n g energies allowed unambiguous assignment of the major isomer 

as I . The simulated and experimental spectra obtained are given i n 

Fig.3.22. 

Pr e l i m i n a r y accounts have been given of a p p l i c a t i o n s of ESCA t o 
187 188 

carbonium i o n chemistry. 5 Measurement of the C ĝ spectra of the 

t - b u t y l c a t i o n shows two peaks separated by 3.4 eV due t o the methyls 

and i n d i c a t i n g a high charge l o c a l i s a t i o n on the c e n t r a l carbon, but 

by c o n t r a s t , both t r i t y l and t r o p y l i u m cations show a s i n g l e C. l i n e 
J. s 

consistent w i t h extensive charge d e l o c a l i s a t i o n . Studies of 1-adamantyl 

and norbornyl cations i n d i c a t e t h a t the formal charge i n the norbornyl 

c a t i o n i s e x t e n s i v e l y d e l o c a l i s e d , s t r o n g l y suggesting a n o n - c l a s s i c a l 

s t r u c t u r e f o r t h i s i o n . Charge d e l o c a l i s a t i o n i n acyl cations, s t u d i e d as 
189 

the hexafluoroantimonates, has also been i n v e s t i g a t e d . The greater 
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s h i f t and higher absolute binding energy f o r the CO carbon Is l e v e l i n 

CH^CO+ compared w i t h Ĉ Ĥ CÔ  i n d i c a t e s much greater charge d e l o c a l i s a t i o n 

i n the l a t t e r . 

The question of symmetrical and unsymmetrical s t r u c t u r e s f o r the 
190-192 

thiathiophthenes has been i n v e s t i g a t e d by ESCA. CNDO SCF MO 

ca l c u l a t i o n s p r e d i c t t h a t f o r the symmetrical s t r u c t u r e ( a ) , the core l e v e l s 

of the c e n t r a l sulphur w i l l be more t i g h t l y bound than those; f o r rhp. 

outer two sulphurs,wMle fix an unsyrametrical s t r u c t u r e ( b ) , the three 

sulphurs are p r e d i c t e d to have d i f f e r e n t core binding energies i n the 
1 9 0 191 

order S(6) < S ( l ) < S ( 6 a ) . i y U ' i y i 

(a) (h) 

For the unsymmetrically s u b s t i t u t e d 2-methyl-, and the s t e r i c a l l y 

crowded 3,4-diphenyl-thiathiophthens the ESCA r e s u l t s agree w i t h X-ray 
191 

c r y s t a l l o g r a p h i c data i n assigning unsymmetrical s t r u c t u r e s . 
However, d i f f e r e n t i n t e r p r e t a t i o n s of the ESCA data f o r the symmetrically 

190 192 
s u b s t i t u t e d 2,5-dimethyl d e r i v a t i v e have a r i s e n 1 and f u r t h e r work 
i s needed on t h i s system. 

The C, , N, and 0, spectra of 'hexanitrosobenzene ( I ) have been I s ' I s I s r 

193 

measured and show t h a t the hexanitroso s t r u c t u r e i s r u l e d out and 

support the f o r m u l a t i o n , p r e v i o u s l y suggested by X-ray d i f f r a c t i o n and 

i n f r a r e d s t u d i e s , as ben z o t r i s [ c ] - 2 - o x y f u r a z a n , ( I I ) . 
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The ESGA spectra of 1,8-bis(diir.ethylamino)naphthalene ('proton sponge') 

has been recorded and the doublet nature of the N region i n d i c a t e s an 
1. s 

i rw. 

unsymmetrical N-H N bridge. J"'"* 

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

polymer chemistry. Studies by Clark and co-workers suggest t h a t there 

i s l i t t l e or no increase i n l i n e w i d t h s on going from monomeric to a 
195 

regular polymeric system. Thus ESCA has a d i s t i n c t advantage over 

n.m.r. spectroscopy i n studying polymers, many of which are i n s o l u b l e and 

can only be studied by broa d l i n e n.m.r. techniques. A d e t a i l e d study has 

been made of n i t r o s o rubbers and t h e o r e t i c a l c a l c u l a t i o n s using CNDO/2 
195 

charge d i s t r i b u t i o n s and the charge p o t e n t i a l model have shown t h a t 

f o r saturated systems, f a c t o r s determining ESCA chemical s h i f t s are 

s u f f i c i e n t l y short range f o r q u a n t i t a t i v e treatment of ESCA data on 

polymers to be f e a s i b l e . 

An i l l u s t r a t i v e example of the scope of the technique i s the 

i d e n t i f i c a t i o n o f an i n s o l u b l e white polymer produced as a by-product i n 

the f l u o r i d e i o n i n i t i a t e d r e a c t i o n of hexafluorobut-2- yne w i t h 
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196 f l u o r i n a t e d h e t e r o c y c l i c molecules. The spectrum of the polymer 

allowed i d e n t i f i c a t i o n of a CF^-group and gave the most l i k e l y s t r u c t u r e 

f o r the polymer ( c o n t a i n i n g only C and F ) as a polyene of the form: 

CF, C=rC 
J \ / \ 

C = C C F 0 

/ \ 3 

C F 3 

Confirmation of the s t r u c t u r e and an e x p l a n a t i o n of the white colour 

were obtained from a t h e o r e t i c a l c a l c u l a t i o n of the r e l a t i v e binding 

en e r g i e s of the two types of carbon and from the ESCA s p e c t r a of a 

model compound ( I ) of known s t r u c t u r e 

CF_ F 
3 \ / 

CF„ . C — C 
3 \ / \ 

C ~ C CF„ 

• i n 

CD 

The c o n f i g u r a t i o n about each double bond was taken to be t r a n s and 

geometry m i n i m i s a t i o n c a l c u l a t i o n s showed th a t the e t h y l e n i c u n i t s were 

at r i g h t angles to each other, p r e d i c t i n g t h a t the polymer should have a 

s p i r a l s t r u c t u r e . The u.v. spectrum of ( I ) confirmed t h a t , i n t h a t 

system a l s o , the double bonds are t w i s t e d w i t h r e s p e c t to the r i n g . 

From comparison of the ESCA s p e c t r a of the polymer and and from the 

t h e o r e t i c a l c a l c u l a t i o n s the s t r u c t u r e of the polymer could be assigned. 



The e f f e c t of f l u o r i n e s u b s t i t u t i o n on molecular core binding 

energies i n homo polymers of v i n y l f l u o r i d e , v i n y l i d e n e f l u o r i d e and 
197 

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

experimental and t h e o r e t i c a l s t u d i e s have been reported for the va l e n c e 
198 199 bond s t r u c t u r e s of PTFE" and po l y e t h y l e n e . 

Much i n t e r e s t i s now being centred on information about v a l e n c e 

e l e c t r o n d i s t r i b u t i o n s a v a i l a b l e from chemical s h i f t s of core l e v e l s , 

m u l t i p l e t s p l i t t i n g s (of core l e v e l s for paramagnetic s p e c i e s ) , ^ ^ * and 

from the o b s e r v a t i o n of s a t e l l i t e peaks a s s o c i a t e d w i t h double 

i o n i s a t i o n (shake o f f ) and e x c i t a t i o n (shake up) p r o c e s s e s , which 

accompany p h o t o i o n i s a t i o n . H i l l i e r e t a l have d e s c r i b e d the c a l c u l a t i o n 

n f < ? f l f p 1 1 i t - p n n s i l - i o n s a n d i n t p . n s i t i p s i n simple molecules and 

r a t i o n a l i s e d the f a i l u r e to observe shake up peaks i n molecules l i k e 
, . . , , _ 201 benzene, thiophen, p y r r o l e and furan. 

13 
Although a t h e o r e t i c a l connection has been shown between C-n.m.r. 

202 203 170 and ESCA chemical s h i f t s , e a r l i e r l i n e a r c o r r e l a t i o n s ' should 

be t r e a t e d with c a u t i o n . I t i s only for c l o s e l y r e l a t e d s e r i e s of 
13 

compounds that a c o r r e l a t i o n between C-n.m.r. and ESCA might be 

expected and then i t need not, n e c e s s a r i l y , be l i n e a r . For example, 
13 

the chloromethanes give a l i n e a r r e l a t i o n s h i p between C-n.m.r. and 
204 

ESCA s h i f t s but the corresponding bromo and iodo methanes do not. 
35 205 C o r r e l a t i o n s of ESCA s h i f t s w i t h both CI n.q.r. data and Mossbauer 

diemical s h i f t s ^ ^ have been demonstrated for s e r i e s of s i m i l a r 

compounds. 

J o l l y and Henrickson have shown t h a t i t i s pos&j.uie to estimate 
207 thermodynamic data from measured core binding e n e r g i e s and v i c e v e r s a . 
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Gas phase proton a f f i n i t i e s f o r o r g a n i c molecules have been c a l c u l a t e d 
207 

from ESCA data and core binding energy s h i f t s have been c a l c u l a t e d 
167 

u s i n g thermodynamic data [ E q u i v a l e n t Cores Method]. 



CHAPTER 4 

ESCA INVESTIGATIONS OF SOME HALOGENATED AROMATIC 

AND HETEROCYCLIC SYSTEMS 
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I n t r o d u c t i o n 

The work presented here i s p a r t of a s y s t e m a t i c i n v e s t i g a t i o n 

i n t o the a p p l i c a t i o n of ESCA to s t u d i e s of s t r u c t u r e and bonding 

i n halo carbon chemistry. Molecular core binding e n e r g i e s f o r 

benzene, p y r i d i n e , the diazabenzenes and t h e i r p e r c h l o r o and 

p e r f l u o r o d e r i v a t i v e s have a l r e a d y been reported. ^ i*> xhe 

r e s u l t s i n d i c a t e that s h i f t s i n core binding e n e r g i e s are 

q u a l i t a t i v e l y i n accord w i t h organic chemists ' i n t u i t i v e ' i d e a s 

concerning charge d i s t r i b u t i o n s i n these systems. I t was a l s o 

shown th a t a q u a n t i t a t i v e d i s c u s s i o n of the data was p o s s i b l e 

employing the charge p o t e n t i a l model w i t h charge d i s t r i b u t i o n s 

computed w i t h i n the CNDO/2 formalism. These, and other 

i n v e s t i g a t i o n s form the b a s i s f o r a p p l i c a t i o n s of ESCA to problems 

of s t r u c t u r e and bonding i n the halocarbon f i e l d . R e s u l t s are 

presented here f o r indene, i n d o l e , benzo-[b]-furan, benzo-[b]-thiophen, 

benzo-[b]-thiophen-l,1-dioxide and some of t h e i r c h l o r o and f l u o r o 

d e r i v a t i v e s . 

The r a t i o n a l e f o r these i n v e s t i g a t i o n s i s two f o l d . F i r s t l y , 

p r e v i o u s l y reported work on h e t e r o c y c l i c and aromatic systems i n d i c a t e d the 

gr e a t u t i l i t y of ESCA f o r p r o v i d i n g i n f o r m a t i o n on ground s t a t e 

e l e c t r o n d i s t r i b u t i o n s and i n c e r t a i n cases p r o v i d i n g s o l u t i o n s to 
185 186 

p r e v i o u s l y i n t r a c t a b l e s t r u c t u r a l problems. ' Secondly, 

a s p e c t s of the s y n t h e s i s and r e a c t i o n s of the benzo-[b]-furan, i n d o l e 

and benzo-[b]-thiophen r i n g systems are of c o n s i d e r a b l e i n t e r e s t and 

i n the p a r t i c u l a r case of the c h l o r i n a t e d d e r i v a t i v e s d i f f i c u l t i e s of 
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s t r u c t u r a l assignment by 'conventional' s p e c t r o s c o p i c techniques 

o f t e n a r i s e . The compounds s t u d i e d i n t h i s i n v e s t i g a t i o n a re a l l 

of known s t r u c t u r e and t h e r e f o r e provide important background 

information - an e s s e n t i a l p r e r e q u i s i t e f o r developing ESCA as 

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

E x p e r i m e n t a l 

S p e c t r a were recorded on an A.E.I. ES100 e l e c t r o n spectrometer 

u s i n g e i t h e r AlKo^ 2 (1486.6eV) or MgKc^ 2(1253.6eV) e x c i t i n g 

r a d i a t i o n . L i q u i d samples were intr o d u c e d v i a a h e a t a b l e r e s e r v o i r 

s h a f t and leaked through a M e t r o s i l plug; s o l i d samples were 

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

c a s e s samples were condensed onto a cooled gold s u r f a c e ( a t 100°) 
-6 

and s t u d i e d as t h i n f i l m s . A p r e s s u r e of ~ 10 Torr i n the source 

r e g i o n was t y p i c a l . At t h i s p r e s s u r e i t was found n e c e s s a r y to keep 

the vapour p r e s s u r e of the sample h i g h enough throughout the experiment 

to c o n t i n u a l l y renew the s u r f a c e of the sample f i l m on gold. T h i s 

o b v i a t e d contamination of the s u r f a c e l a y e r of the sample by the 

extraneous atmosphere i n the sample chamber (mostly water and 

hydrocarbon vapour). With v o l a t i l e samples c o n t r o l of the r e s e r v o i r 

s h a f t temperature and slow leakage through the M e t r o s i l plug ensures 

t h a t only t h i n f i l m s on gold are obtained, minimising charging e f f e c t s . 

L e s s c o n t r o l i s a v a i l a b l e f o r s o l i d samples sublimed from a c a p i l l a r y 

and i n p r a c t i c e , t h i c k f i l m s can occur, c a u s i n g r e l a t i v e l y l a r g e 

s h i f t s i n the energy s c a l e of ~ l-2eV due to charging e f f e c t s . 

P r e vious r e s u l t s ^ " ^ ' have i n d i c a t e d t h a t f o r compounds w i t h a 
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s i m i l a r degree of halogenation F ^ g and Cl^ p binding e n e r g i e s are 

e f f e c t i v e l y constant. The s e r i e s of compounds s t u d i e d here were 

s i m i l a r enough to allow advantage to be taken of t h i s . By 

r e f e r e n c i n g s p e c t r a to e i t h e r the F. l e v e l at 690.OeV or the 
J. s 

C l 2 p l e v e l a t 201.OeV binding energy s h i f t s i n d i f f e r e n t compounds 

could be compared, although a b s o l u t e binding e n e r g i e s may not be 

acc u r a t e to b e t t e r than + 0.3eV. O c c a s i o n a l l y a peak a t 285.OeV 

was cv l u e a L i n the C^fi s p e c t r a due to hydrocarbon contamination of 

the sample and t h i s has a l s o been used as an i n t e r n a l r e f e r e n c e by 
196 208 

other workers. ' Measurements made u s i n g both types of r e f e r e n c e 

g i v e binding e n e r g i e s (both r e l a t i v e and a b s o l u t e ) i n c l o s e agreement 

and allow confidence i n comparisons made between binding e n e r g i e s i n 

d i f f e r e n t molecules r e f e r e n c e d to the halogen core l e v e l s . 

E l e c t r o n s e x p e l l e d from the sample e n t e r the analyser r e g i o n 

(working p r e s s u r e ~ 10 ^ T o r r ) c o n s i s t i n g of a two element r e t a r d i n g 

l e n s aid a 10.in. mean diameter h e m i s p h e r i c a l e l e c t r o s t a t i c a n a l y s e r 

( c f Chapter 3, p 90 ). A Mulla r d Channeltron e l e c t r o n m u l t i p l i e r 

i s used as a d e t e c t o r , the output being fed to Nuclear E n t e r p r i s e s 

counting e l e c t r o n i c s and the spectrum being p l o t t e d on an X-Y re c o r d e r . 

Overlapping peaks were deconvoluted u s i n g a Du Pont 310 curve 

r e s o l v e r and assignments were made on the b a s i s of ( i ) the charge 

p o t e n t i a l model u s i n g charge d i s t r i b u t i o n s from CNDO/2 c a l c u l a t i o n s 

( i i ) c o r r e l a t i o n w i t h p r e v i o u s l y reported data f o r s i m i l a r systems. 

The i n t e r n a l c o n s i s t e n c y of the r e s u l t s support these assignments as 

w i l l become c l e a r i n the d e t a i l e d d i s c u s s i o n . 
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The l i n e widths used f o r deconvolutions were those obtained p r e v i o u s l y 
174 178 

f o r s i m i l a r systems ' and from the spectrum of perchlorothiophen 

which showed a s i n g l e peak i n the C- region of h a l f width 1.2eV. 
J. S 

The l i n e shapes used were Gaussian and were known to give s a t i s f a c t o r y 

f i t s f o r peaks a r i s i n g from atoms i n a s i n g l e environment ( i e atoms 

of one 'ty p e ' ) . Under the c o n d i t i o n s used i n t h i s work the gold ki^j^ 

l e v e l a t 84eV ( a l s o used as a r e f e r e n c e ) had a h a l f width of 1.15eV. 

Measured binding e n e r g i e s are estimated to be a c c u r a t e to + 0.2eV w i t h i n 

a p a r t i c u l a r compound and + 0.3eV between d i f f e r e n t samples. 

Before proceeding to the d i s c u s s i o n , mention should be made of 

the e f f e c t on the c a l c u l a t e d charges due to i n c l u s i o n of d - o r b i t a l s 

i n the b a s i s s e t s f o r second row atoms (S, C I ) i n CNDO/2 c a l c u l a t i o n s , 

i n a i l c a s e s charges used i n c o n j u n c t i o n w i t h the charge p o t e n t i a l 

model were c a l c u l a t e d e x c l u d i n g d - o r b i t a l s on sulphur and c h l o r i n e . 

With the u s u a l p a r a m a t e r i s a t i o n of CNDO/2 the c o n t r i b u t i o n of 3d o r b i t a l s 

on second row atoms i s g r o s s l y over-estimated and more ' r e a l i s t i c ' 

charge d i s t r i b u t i o n s are obtained i f 3 d - o r b i t a l s are n e g l e c t e d } ^ 

Table 4.1 shows the d i f f e r e n c e s i n charges c a l c u l a t e d f o r p e r c h l o r o -

b e n z o - [ b ] - t h i o p h e n - l , l - d i o x i d e w i t h and without 3 d - o r b i t a l s on 

c h l o r i n e and sulphur. 

The most s t r i k i n g f e a t u r e s of Table 4.1 are the complete r e v e r s a l 

of charges on many atoms, the l a r g e negative charge c a l c u l a t e d f o r 

the sulphur atom and p o s i t i v e charges on the oxygens when d - o r b i t a l s 

are i n c l u d e d i n the b a s i s s e t s f o r second row atoms. The r o l e of 

the 3 d - o r b i t a l s on sulphur i n h e t e r o c y c l i c molecules has been w i d e l y 

d i s c u s s e d i n connection w i t h both 1ab i n i t i o ' and semi e m p i r i c a l 
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Table 4.1 

CNDO/2 charges f o r Hexachlorobenzo-[b]-thiophen-1,1-dioxide 

15 CI 4 

16 CI 

17 
s H c l i 2 

C l o o L /-
10 11 

P o s i t i o n Atom 3d i n c l u d e d 3d excluded 

1 S -0.430 0.917 
2 C -0.169 -0.030 
3 C -0.032 0.093 
4 C 0.097 0.109 
5 C 0.187 0.127 
6 C 0.177 0.111 
7 C 0.109 0.123 
8 C -0.354 -0.124 
9 C -0.151 0.001 

10 0 0.264 -0.443 
11 0 0.264 -0.443 
12 C l 0.118 -0.031 
13 C l 0.076 -0.063 
14 C l 0.002 -0.079 
15 C l -0.045 -0.083 
16 C l -0.049 -0.081 
17 C l -0.024 -0.094 
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2p 

1S3 

CO A 
N I s 

I I I 
400 402 

CO 
1 

o la 
• ft 

I r J 537 134 290 2©8 236 
c I s 

F i g . 4.1 

Coni:. 
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H 

s 2p 
I . I J 

H 
F I H 

H 

N 
v i i i 

402 400 

H 
F I H 

1 1 I 537 335 290 288 286 284 
I I I 

692 690 
I I 

688 eV 

' I s 1s 

F i g . 4.1 contd. 
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209-215 
c a l c u l a t i o n s and the c o n c l u s i o n now seems to be t h a t ,for 

215 thiophen at l e a s t , t h e 3 d - o r b i t a l s p l a y a minor r o l e i n bonding. 

R e s u l t s 

A. Molecular Core Binding E n e r g i e s f o r benzo-[b]-thiophen, i n d o l e , 

benzo-[b]-furan and t h e i r 4 , 5 , 6 , 7 - t e t r a c h l o r o and t e t r a f l u o r o 

d e r i v a t i v e s . 

Molecular core binding e n e r g i e s f o r furan, p y r r o l e and rhiophen 
173 211 

have been r e p o r t e d ' and i n t h i s s e c t i o n the e f f e c t of a n n e l a t i o n 

and subsequent halogenation on the binding e n e r g i e s of the r i n g atoms are 

considered. F i g . 4.1 shows the r e l e v e n t s p e c t r a and deconvolutions 
(C l e v e l s ) f o r benzo-[b]-thiophen, i n d o l e and benzo-[b]-furan and X s 

t h e i r L e L r a f i u o r o d e r i v a t i v e s . Molecular core binding e n e r g i e s f o r 

the whole s e r i e s are given i n Table 4.2. 

( a ) Q u a l i t a t i v e d i s c u s s i o n 

( i ) The e f f e c t of a n n e l a t i o n on the C, l e v e l s . I s 

The e f f e c t of a n n e l a t i o n on the r e l e v a n t core l e v e l s f o r the 

hetero atoms and C^ g l e v e l s of the parent f i v e membered h e t e r o c y c l e s 

i s shown d i a g r a m a t i c a l l y i n the second two rows of F i g . 4.2. Also 

shown, f o r comparison, i s s i m i l a r data f o r benzene and naphthalene. 

The C^ g l e v e l s of the f i v e membered r i n g carbon atoms show s e v e r a l 

d i s t i n c t i v e f e a t u r e s . I n benzo-[b]-thiophen, i n d o l e and benzo-[b]-furan, 

the core l e v e l s f o r the two b r i d g i n g carbons (8,9) are more t i g h t l y 

bound than i n the corresponding atoms of the parent h e t e r o c y c l e s by 
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TABLE 4.2 

Molecular Core Binding E n e r g i e s ( i n eV) 

1 P o s i t i o n X=H X = C l a X=F b 

0 C l s 1 284.9 287.2 288.6 

C l s 1,4 284.9 287.2 288.5 C l s 2,3 284.9 287.2 288.5 
5,6 284.9 285.7 286.2 

4 i ; 13 C l s 2,5 285.0 287.0 C l s 4,3 285.0 287.0 

l s 
S 2 p 

3/2 

165.3 

164.3 

166.0 

164.0 

I s 

4 3 
5W2 I s 

H 

^ 8 ^ 1 2 
I s 

0' 
l 

' I s 

4,5,6,7 284.9 286.8 288.1 
8,9 285.5 285.6 286.3 
2,3 284.9 285.2 285.6 

165.2 165.4 165.8 

S 2 P 3 
J/2 

164.0 164.2 164.6 

2,5 285.7 
4,3 284.8 
I s 401.2 

4,5,6,7 284.9 286.8 288.3 
9 285.4 285.5 285.9 
8 286.2 286.6 286.7 
3 284.4 285.2 285.2 
2 285.7 286.3 286.4 
N, I s 401.2 401.4 401.7 

2,5 286.7 
4,3 285.6 
°ls 535.8 

contd./ 



Table 4.2 contd. 

P o s i t i o n X=H X = C l a X=F b 

7 1 

4,5,6,7 
9 
8 
3 
2 
I s 

285.4 
286.1 
287.2 
284.7 
286.7 
535.6 

288.5 
286.4 
287.4 
285.7 
286.9 
535.7 

I n a l l c a s e s : a, C l 0 -201.0 eV 
2 p 3 

J / 2 
b, F, -690.0 eV 

I s 
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0.5-0.6eV. A s i m i l a r i n c r e a s e i n C^ g binding energy has been 

observed i n other systems. The C l s l e v e l s of the b r i d g i n g carbon 

atoms i n naphthalene and biphenylene show i n c r e a s e s i n binding 

energy, r e l a t i v e to benzene, of 0.4eV and 0.7eV r e s p e c t i v e l y . 

I n marked c o n t r a s t , the C l e v e l s f o r C3 are d i s p l a c e d p r o g r e s s i v e l y 
JL s 

towards lower binding e n e r g i e s along the s e r i e s benzo-[b]-thiophen 

fO.leV) i n d o l e (-0.4eV) and benzo-[b]-furan (-0.9eV) r e l a t i v e to 

the parent het<»rocycles. T h i s suggests i n c r e a s i n g e l e c L r o n d e n s i t y 

at C3 i n the same order and t h i s i s , i n f a c t , supported by CNDO/2 

SCF MO c a l c u l a t i o n s d i s c u s s e d i n the next s e c t i o n . 

For a l l three r i n g systems the e f f e c t of a n n e l a t i o n on the core 

binding e n e r g i e s f o r C2 i s s m a l l . I n the parent f i v e membered r i n g 

h e t e r o c y c l e s thiophen, p y r r o l e and furan the s h i f t i n C 1 binding 

e n e r g i e s between C2(C5) and C3(C4) have p r e v i o u s l y been measured as 
173 

O.OeV, 0.9eV and l . l e V r e s p e c t i v e l y . I t i s of i n t e r e s t t h e r e f o r e 

to compare these with the corresponding s h i f t s f o r the fused r i n g 

systems ( i e . AC 2-C 3, A C g - C g ) . 

For the C8-C9 C l e v e l s of benzo-[b]-thiophen, i n d o l e and 
I S 

benzo-[b]-furan the s h i f t s are O.OeV, 0.8eV and l . l e V r e s p e c t i v e l y , 

i e . i d e n t i c a l w i t h i n experimental l i m i t s to the corresponding s h i f t s 

f o r the h e t e r o c y c l e s , although the absolute v a l u e s f o r i n d i v i d u a l 

core l e v e l s are s h i f t e d to hig h e r binding e n e r g i e s by a n n e l a t i o n . 

I n c o n t r a s t the e f f e c t of a n n e l a t i o n on C2 and C3 f o r in d o l e and 

benzo-[b]-furan i s to c o n s i d e r a b l y enhance the s h i f t i n C^ g binding 

e n e r g i e s between them; t h i s being l a r g e l y a t t r i b u t a b l e to the much 
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lower absolute b i n d i n g energy f o r the C3 C l e v e l s . 
1 s 

AC2 C3 values (eV) 

Thiophen 0.0 P y r r o l e 0.9 Furan 1.1 

Benzo-[b]-thiophen 0.0 Indole 1.3 Benzo-[b]-furan 2.0 

These changes r e f l e c t the assymetry imposed on the f i v e membered 

r i n g system by annelation. 

( i i ) Hetero atom core l e v e l s 

The binding energies f o r the hetero atom core l e v e l s are given 

i n Table 4.2. F i g . 4.2 shows schematically the effect- nf annelation 

on the hetero atom i n the f i v e membered r i n g . I n a l l cases there 

seems to be a small s h i f t t o lower binding energies i n going from 

the parent hetero cycle to the benzo d e r i v a t i v e . This again i s 

r e f l e c t e d i n CND0/2 c a l c u l a t i o n s as increased negative charge on the 

hetero a t o m , i n d i c a t i v e of o v e r a l l e l e c t r o n t r a n s f e r from the s i x to 

f i v e membered r i n g (see l a t e r ) . 

S h i f t s i n core binding energies on annelation are given i n Table 4.3. 

(b) Substituent e f f e c t s of c h l o r i n e and f l u o r i n e i n the 4,5,6,7-
t e t r a halogen d e r i v a t i v e s . 

( i ) C f̂l l e v e l s f o r atoms d i r e c t l y bonded t o halogen. 

I n a l l cases except benzo-[b]-furan both the 4,5,6,7-tetra-

chloro and t e t r a - f l u o r o d e r i v a t i v e s were a v a i l a b l e . The e f f e c t of 

halogenation on the 4,5,6,7 carbons i n benzo-[b]-thiophen, indole and 



TABLE 4.3 

Binding Energy S h i f t s on Annelation 

Positions AC (eV) I s A hetero atom(eV) 

C O 
10 

9,10 a 0.4 

^ l O 1 2 ^ 
9 , 1 0 , l l ) 1 2 a 0.7 

3 

J. 

8.9 b 

2,3 
1 A 

0.5 
-0.1 

-0.3 

H 

8,9 C 0.55(av ) 

H 

2 
3 
1 

0.0 
-0.4 

0.0 

op: 
9 1 

8,9 d 

2 
3 
1 

0.5 
0.0 

-0.9 
-0.2 

R e l a t i v e t o ; a, benzene; b, thiophen; c, p y r r o l e ; d, f u r a n . 
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benzo-[b]-furan i s shown schematically i n Fig. 4.3.For comparison, 

data i s also presented f o r the carbon atoms attached to halogen i n 

1,2,3,4 tetra-halogeno benzenes, perchloro and perfluorobenzene, 

2,3,4,5,6,7-hexachloroindole and perchlorobenzo-[b]-thiophen. 

The e f f e c t of r e p l a c i n g hydrogen by c h l o r i n e or f l u o r i n e i s 

to increase the C^g b i n d i n g energies f o r a l l carbon atoms d i r e c t l y 

attached t o halogen, compared t o the parent heterocycle. For c h l o r i n e 

s u b s t i t u t i o n i n i n d o l e and benzo-[b]-thiophen the s h i f t s are 1.9eV 
21 

which compares w i t h a s h i f t o f 2.3eV f o r 1,2,3,4 tetrachlorobenzene. 

[ B i n d i n g energy s h i f t s on halogenation are given i n Table 4.4]. 

For f l u o r i n e s u b s t i t u t i o n , the measured s h i f t s i n benzo-[b]-thiophen, 

i n d o l e and benzo-[b]-furan are 3.2eV, 3.4eV, 3.leV r e s p e c t i v e l y 

compared w i t h 3.6eV£>r the corresponding tetrafluorobenzene. 

On average the s h i f t s i n C. bi n d i n g energies on c h l o r i n a t i o n 
i s 

and f l u o r i n a t i o n i n the condensed heterocycles are lower than those 

f o r the corresponding 1,2,3,4-tetrahalo benzenes. 

( i i ) The b r i d g i n g carbon atoms (8,9) 

Previous studies on p e r f l u o r i n a t e d b i n u c l e a r aromatics^^" 

i n d i c a t e d t h a t C^s core l e v e l s f o r b r i d g i n g carbon atoms are subject 

to s u b s t a n t i a l s h i f t s to higher b i n d i n g energies on r e p l a c i n g r i n g 

CH by CF. Such long range e f f e c t s are also evident from the data 

i n F i g . 4.2. The average C. bi n d i n g energy s h i f t s f o r C8 and C9 
J. s 

i n going to the t e t r a f l u o r o d e r i v a t i v e s are 0.85eV, 0.5eV and 

0.25eV f o r sulphur, n i t r o g e n and oxygen heterocycles r e s p e c t i v e l y . 
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TABLE 4.4 

Binding Energy S h i f t s on C h l o r i n a t i o n and F l u o r i n a t i o n ( i n eV) 

P o s i t i o n X=C1 X=F 

N i 
H 

- 1 H 

1,2,3,4,' 
5,6 

4,5,6,7,' 
8,9 
2,3 
KS) 

4,5,6,7* 
8 
9 
2 
3 
1(N) 

4,5,6,7l 

8 
9 
2 
3 
1(0) 

2.3 
0.8 

1.9 
0.1 
0.3 
0.2 

1.9 
0.5 
0.1 
0.6 
0.8 
0.2 

3.6 
1.3 

3.2 
0.8 
0.7 
0.6 

3.4 
U.5 
0.5 
0.7 
0.8 
0.5 

3.1 
0.2 
0.3 
0.2 
1.0 
0.1 

R e l a t i v e t o : a, benzene; b, benzothiophen; 
c, i n d o l e ; d, benzofuran. 
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This may be compared w i t h the s h i f t o f 1.3eV f o r C5 and C6 i n 

1,2,3,4 tetrafluorobenzene ( w . r . t benzene). Again the s h i f t s 

measured f o r the benzo-heterocycles are lower than those f o r 

correspondingly s u b s t i t u t e d benzenes. 

( i i i ) Five membered r i n g carbons (2,3 ) . 

Both C2 and C3 show s u r p r i s i n g l y large increases i n C. binding 
X s 

energies ou halugenation, even though they are r e l a t i v e l y remote from 

the s u b s t i t u t e d p o s i t i o n s . For benzo-[b]-furan and i n d o l e the s h i f t s 

f o r C2 and C3 are i n f a c t greater than f o r C8 and C9. 

Considering C3 f i r s t ; the increase i n C. bi n d i n g energy on 
J. s 

r e p l a c i n g hydrogen by f l u o r i n e i n p o s i t i o n s 4,5,6,7- i s i n the order 

benzo-[b]-furan (l.OeV) i n d o l e (0.8eV) and benzo-[b]-thiophen 

(0.7eV); t h i s i s the order of increase i n b i n d i n g energy of C8 and C9, 

on f l u o r i n a t i o n . For C2 the corresponding s h i f t s are 0.2eV, 0.7eV 

and 0.7eV i n benzo-[b]-furan, indole and benzo-[b]-thiophen 

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

density from the f i v e membered r i n g ( p o s i t i o n s 1,2,3), to the s i x 

membered r i n g on halogenation, causing large b i n d i n g energy s h i f t s 

f o r C2 and C3 but smaller increases i n bi n d i n g energy than expected 

at C8, C9 and carbons d i r e c t l y attached to halogen (4,5,6,7). This 

i s again supported by CNDO/2 c a l c u l a t i o n s of charge d e n s i t i e s (see 

l a t e r ) . 
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( i v ) The hetero atom 

The increase i n binding energy of the hetero atom on 

halogenation of the benzo r i n g i s i n the order S(0.6eV), 

N(0.5eV), 0 (0.leV) as expected from e l e c t r o n e g a t i v i t y c onsiderations. 

c) Q u a n t i t a t i v e Discussion 

I n the absence of 'ab i n i t i o ' c a l c u l a t i o n s , assignments of 

the C l e v e l s were based on CND0/2 SCF MO c a l c u l a t i o n s and the charge 
IS 

146 

p o t e n t i a l model developed by Siegbahn e t . a l . , which r e l a t e s s h i f t s 

i n binding energy o f a given core l e v e l of an atom to the charge 

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

E i " E i " k«i + L 7 1 . 
i * j 1 J 

where i s the molecular core binding energy of atom i and i s 

a reference l e v e l . The values of E^-E°^ so c a l c u l a t e d then give 

a t h e o r e t i c a l estimate of the r e l a t i v e b inding energies. Comparison 

of such c a l c u l a t e d s h i f t s f o r a l l the carbon atoms w i t h i n a molecule 

w i t h those found experimentally by deconvoluting the o v e r a l l peak 

envelopes, allows b i n d i n g energies t o be assigned. 

An examination o f the CND0/2 charges and Madelung p o t e n t i a l s 

i n Table 4.5 shows t h a t f o r the u n s u b s t i t u t e d fused r i n g heterocycles, 

the c a l c u l a t e d s h i f t s are dominated by the charge term; the 

c o n t r i b u t i o n from the Madelung p o t e n t i a l does not a f f e c t the order 

of the assignments. For the chloro and f l u o r o d e r i v a t i v e s however, 
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TABLE 4.5 

CNDO/2 Charges and Madelung P o t e n t i a l s 

1 

P o s i t i o n s 

i H 

<$ €• 
1 

P o s i t i o n s 
© <$ u -

1 
H 

€• 
1 

P o s i t i o n s 

q i ... r . . q i i l q i 
i ^ J J-J 

4 -0.0075 0.1748 0.0072 -0.1513 -0.0099 0.1121 
5 -0.0055 0.0379 -0.0086 -0.0457 -0.0076 0.0627 
6 0.0012 0.0085 0.0087 -0.3449 0.0016 0.0533 
7 -0.0053 0.3286 -0.0405 0.5113 -0.0145 0.6522 
8 0.0610 -0.4070 0.0813 -1.0852 0.1388 -1.5878 
9 0.0271 -0.0307 0.0202 -0.1713 0.0108 0.1190 
3 -0.0336 0.5483 -0.0667 0.7949 -0.0776 1.1463 
2 0.0198 -0.2536 0.0703 -1.0514 0.1313 -1.7525 
1 -0.0551 0.5913 -0.1469 2.5004 -0.1853 2.2835 

4 0.0960 0.0518 0.1094 -0.1818 
5 0.0902 0.3225 0.0806 0.2337 
6 0.0972 0.3014 0.0818 0.1150 
7 0.1032 0.1247 0.0657 0.3336 
8 0.0360 1.0392 0.0720 0.2809 
9 0.0149 1.2129 0.0267 0.9932 
3 -0.0232 1.0704 -0.0657 1.5795 
2 0.0165 0.4791 0.0911 -0.6014 
1 -0.0078 0.6967 -0.1472 3.2857 

4 0.1699 -0.8020 0.1778 -0.9737 0.1712 -0.8615 
5 0.1482 -0.1717 0.1365 -0.2251 0.1423 -0.0566 
6 0.1541 -0.2017 0.1434 -0.3714 0.1576 -0.1728 
7 0.1738 -0.7481 0.1439 -0.4986 0.1586 -0.2514 
8 0.0065 1.5823 0.0539 0.7902 0.1157 0.0948 
9 -0.0060 1.6682 0.0063 1.4900 -0.0300 2.0711 
3 -0.0170 1.0337 -0.0587 1.5156 -0.0543 1.6330 
2 0.0187 0.5665 0.0882 -0.4972 0.1306 -0.8841 
1 0.0067 0.5894 -0.1415 3.2558 -0.1547 2.6558 

i 
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the s h i f t s are determined by the large p o t e n t i a l s dueto the halogens. 

Table 4.6 shows how the CNDO/2 charge d e n s i t i e s f o l l o w 

q u a l i t a t i v e l y the charges i n binding energies observed experimentally 

i n the f i v e membered r i n g on annelation and subsequent f l u o r i n a t i o n . 

k, o" and t o t a l charges are given f o r the hetero r i n g fragment, 

the b r i d g i n g carbons, and the 1,2,3 p o s i t i o n s . The p a t t e r n i s the 

same f o r a l l three h e t e r o c y c l i c groups. On annelat i o n the hetero r i n g 

shows an o v e r a l l increase in t o t a l p o s i t i v e charge caused mainly hy a 

large loss of charge density from the carbons t h a t form the bridge 

( 8 , 9 ) , which overrides a smaller increase i n charge d e n s i t y a t the 

hetero atom and C3. This r e f l e c t s the higher b i n d i n g energies observed 

f o r the b r i d g i n g carbons and the decrease i n bi n d i n g energy of the 

heLero atom and C3. Replacing the four hydrogens i n the benzo r i n g 

by f l u o r i n e s causes a f u r t h e r increase i n the t o t a l charge i n the f i v e 

membered r i n g . The two b r i d g i n g carbons shown only a s l i g h t increase 

i n p o s i t i v e charge, the main c o n t r i b u t i o n being loss of both it and cr 

charge density from the hetero atom and C3. Again t h i s f i t s the 

observed small s h i f t to higher b i n d i n g energy of C8 and C9 and r e l a t i v e l y 

large s h i f t s of C3, and the hetero atom. The n e t t e f f e c t of four 

halogens i n the benzo r i n g i s to cause t r a n s f e r of charge density 

away from the f a r side of the f i v e membered r i n g i n t o the s i x 

membered r i n g and t h i s i s r e f l e c t e d i n the measured core binding 

energies. 

For both thiophen and benzo-[b]-thiophen CNDO/2 c a l c u l a t i o n s 

p r e d i c t a s p l i t t i n g of 0.3eV between C2-C3 and C8-C9. Non-empirical 



138. 

CM 
O 

in 

\ 
UJ 
0 

O 

- A d 
II in 

60 

I g s o 8 88 18 © 00 00 CM CM CM CM CM CM 
f j J fa 
(b ̂  " 3'8 

© in g 
i 

© 
u i— 
l8 



139. 

in © 

0 if) O a: 
T7-

\ / c r 

in 

o © 

s in a $ 8 00 oc oo oo cv CM CM CM CM CM CM 
f u 

© 

0 



140. 

c a l c u l a t i o n s by Clark and Armstrong f o r thiophen, p r e d i c t 

e s s e n t i a l l y the same C. bin d i n g energies f o r C2 and C3, i n b e t t e r 
L S 

agreement w i t h the experimental r e s u l t s than CNDO/2. However, 
214 

'ab i n i t i o ' c a l c u l a t i o n s by Siegbahn et a l p r e d i c t a C2-C3 s h i f t 

i n the C^g b i n d i n g energies of 0,7eV. A comparison of the measured 

core bi n d i n g energies f o r thiophen w i t h 'ab i n i t i o 1 c a l c u l a t i o n s 
217 

has been discussed by Clark. 

A p l o t of bind i n g p.nergy co r r e c t e d f o r Kaueiung p o t e n t i a l 

against CNDO charge i s given i n Fig. 4.4 f o r the C l e v e l s of 
JL S 

benzo-[b]-thiophen, i n d o l e and benzo-[b]-furan. The slope gives 
k = 23=7 and the i n t e r c e p t E° = 285.14eV w i t h a c o r r e l a t i o n c o e f f i c i e n t 
2 

( r = 0.95). A s i m i l a r p l o t , shown i n Fig. 4.5, f o r the 
f l u o r i n a t e d d e r i v a t i v e s gives k = 24.1 and E° = 284.86eV w i t h a 

2 

c o r r e l a t i o n c o e f f i c i e n t ( r = 0.98). Although there i s some s c a t t e r 

the c o r r e l a t i o n s are good and the k values agree w e l l w i t h those 

p r e v i o u s l y reported (p 103 ) and are close to the t h e o r e t i c a l value 

of k = 22.0. 
B. Molecular Core Binding Energies f o r Indene and some Highly 

F l u o r i n a t e d D e r i v a t i v e s . 

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

The use of ESCA i n a s c e r t a i n i n g the p o s i t i o n of borohydride 
186 

a t t a c k i n p e r f l u o r o indene has been p r e v i o u s l y discussed. I n 

t h i s s e c t i o n molecular core binding energies f o r i n d e n e ( l ) , 

4 , 5 , 6 , 7 - t e t r a f l u o r o indene ( 2 ) , 1,1,4,5,6,7-hexafluoro indene(3), 

1,1,3,4,5,6,7-heptafluoro indene(4), 1,1,2,4,5,6,7-heptafluoro-

indene(5) and p e r f l u o r o indene(6) are presented and the e f f e c t of 
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f l u o r i n e s u b s t i t u t i o n on the C, l e v e l s discussed. 
Is 

218 
The synthesis of p e r f l u o r o i n d e n e ( 6 ) has been reported p r e v i o u s l y 

and the t e t r a f l u o r o i n d e n e ( 2 ) has r e c e n t l y been synthesised by the 
2 7 

vacuum p y r o l y s i s of 3 , 4 , 5 , 6 - t e t r a f l u o r o t r i c y c l o [6.2.1.0. ' ] 
219 

undeca-2,4,6-triene. Reduction of perfluoroindene(6 ) w i t h 

borohydride gives, depending on the c o n d i t i o n s , the 2H, 3H hexa-

fl u o r o i n d e n e ( 3 ) or a mixture of 2H- and 3H- heptafluoroindenes (4 and 5 ) , 

i n thp r a t i o 1:4 

a) Q u a l i t a t i v e Discussion 

( i ) Carbon Is l e v e l s 

Fig. 4.6 shows the r e l e v a n t spectra and deconvolutions ( C 1 r 

l e v e l s ) f o r the pure indenes. C 1 spectrum f o r the mixture of 
I s 

heptafluoroindenes i s given i n Fig. 3. 22 (p. 109 ). 

Table 4.7 summarises the C^s and F l g binding energies f o r the 

s e r i e s . 

The deconvoluted C l g l e v e l s f o r indene (1) show the higher 

binding energies of the r i n g j u n c t i o n carbons (8,9) c h a r a c t e r i s t i c 

of annelated systems. The b i n d i n g energy s h i f t between carbons 8 

and 9 and the four benzo carbons of 0.4eV compares w e l l w i t h s h i f t s 

found i n the condensed f i v e membered r i n g heterocycles (ca. 0.5eV), 

naphthalene (0.4eV) and biphenylene (0.7eV). The CH^ carbon of i n d e n e ( l ) 

also appears at higher b i n d i n g energy than e i t h e r the aromatic or 

o l e f i n i c carbons. The l a t t e r two types of carbons could not be 

d i s t i n g u i s h e d w i t h the present r e s o l u t i o n a v a i l a b l e . 

The e f f e c t of r e p l a c i n g the f o u r benzo hydrogens of (1) by f l u o r i n e 

i s to increase the binding energies of a l l the p o s i t i o n s i n the 
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t e t r a f l u o r o i n d e n e ( 2 ) . Those carbons d i r e c t l y a t t a c h e d to f l u o r i n e 

show the l a r g e s t i n c r e a s e , 3.4eV on average. T h i s i n c r e a s e i s 

s l i g h t l y l a r g e r than t h a t found i n the study of benzo-[b]-thiophen, 

i n d o l e , benzo-[b]-furan and t h e i r t e t r a f l u o r o d e r i v a t i v e s (3.2eV 

average) but s l i g h t l y l e s s than the s h i f t for 1 , 2 , 3 , 4 - t e t r a f l u o r o -

benzene (3.6eV). ( A l l v a l u e s r e l a t e d to at 690.OeV). The 

s m a l l e r s h i f t s found i n the annelated systems w i t h f l u o r i n e s i n only 

one r i n g may be due to o v e r a l l t r a n s f e r of charge d e n s i t y from the 

hydrocarbon r i n g to the f l u o r i n a t e d r i n g . 

The carbons of the f i v e membered r i n g i n the t e l . r a f l u o r o i n d e n e ( 2 ) 

show three main e f f e c t s : ( a ) a l l the carbons show an i n c r e a s e i n 

binding energy r e l a t i v e to indene; (b) the C l e v e l s f o r C8 and C9 
J l S 

show an i n c r e a s e of 1.2eV and l.OeV r e s p e c t i v e l y [ t h i s i s again 

s l i g h t l y l e s s than the s h i f t found i n the 1,2,3,4-tetrafluorobenzene 

for C5 and C6 (1.3eV), but g r e a t e r than those found i n the 

t e t r a f l u o r o b e n z o - [ b ] - t h i o p h e n , the t e t r a f l u o r o b e n z o - [ b ] - f u r a n and 

the t e t r a f l u o r o i n d e n e ( c a . 0.8eV, 0.3eV, 0.5eV r e s p e c t i v e l y ) ] ; 

and ( c ) C2 and C3 i n ( 2 ) show a r e l a t i v e l y l a r g e i n c r e a s e i n C 
L S 

binding energy, c o n s i d e r i n g t h e i r remoteness from the f l u o r i n a t e d 

p o s i t i o n s ( l . l e V and 0.8eV r e s p e c t i v e l y ) and the CH^ group shows a 

s i m i l a r i n c r e a s e of 0.4eV. T h i s i n c r e a s e can be a t t r i b u t e d to the 

t r a n s f e r of e l e c t r o n d e n s i t y from the f i v e membered r i n g to the s i x 

membered r i n g . A s i m i l a r e f f e c t was observed i n the condensed 

h e t e r o c y c l i c s e r i e s and i s born out by CNDO/2 c a l c u l a t i o n s (see 

l a t e r ) . 
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I n the case of 4 , 5 , 6 , 7 - t e t r a f l u o r o i n d e n e ( 2 ) , s p l i t t i n g s a r e 

observed between C2 and C3 of 0.3eV, and C2 and C9 of 0.2eV. 

Although CNDO/2 c a l c u l a t i o n s do not r e p r e s e n t the e f f e c t of CH^ 

or CH^ groups very w e l l , both 'ab i n i t i o ' and s e m i - e m p i r i c a l c a l c u l a t i o n s 
216 

on toluene i n d i c a t e t h a t the CH^ group i s i t - e l e c t r o n r e p e l l i n g 

(see l a t e r ) . The C. l e v e l s of carbon atoms d i r e c t l y a ttached ( a ) 
I s 

to CH^ i n ( 2 ) are at higher binding e n e r g i e s than those of the 

£J- carbons ( i e C2 > C3; C8 > c y ) , but r e p l a c i n g CH^ by C F j i n going 

to the h e x a f l u o r o i n d e n e ( 3 ) r e v e r s e s t h i s e f f e c t . The CF^ group i s 

tz- and o - e l e c t r o n a t t r a c t i n g . The C l e v e l f o r C3 i n (3) i n c r e a s e s 
JL S 

i n binding energy by l.OeV r e l a t i v e to the t e t r a f l u o r o i n d e n e ( 2 ) , while 

the C l e v e l f o r C2 shows an i n c r e a s e of only O.leV. The C9 C, 
1S J 5 

l e v e l i n c r e a s e s by 0.6eV and the C8 C. l e v e l by only 0.2eV. Although 
J. s 

C2 and C8 are d i r e c t l y a t t a c h e d to a s t r o n g l y e l e c t r o n withdrawing 

group i n ( 3 ) and would t h e r e f o r e be expected a t r e l a t i v e l y higher 

binding e n e r g i e s than i n ( 2 ) the i n c r e a s e i n rc-electron d e n s i t y at 

these p o s i t i o n s balances t h i s e f f e c t . The l o s s of re-electron d e n s i t y 

from C3 and C9 r e s u l t s i n an i n c r e a s e d binding energy f o r these 

atoms (see l a t e r ) . The CF^ carbon ( C I ) i n c r e a s e s i n binding energy 

by 5.4eV i n going from ( 2 ) to ( 3 ) (2.7eV per f l u o r i n e ) . The four 

benzo carbons i n ( 3 ) a t t a c h e d to f l u o r i n e a l s o show an i n c r e a s e d 

binding energy r e l a t i v e to the t e t r a f l u o r o i n d e n e ( 2 ) of 0.4eV on 

average. 

I n going from the h e x a f l u o r o i n d e n e ( 3 ) to the 2H-heptafluoroindene(4) 

the replacement of the hydrogen on C3 by f l u o r i n e i n c r e a s e s the C 
l s 

binding energy of C3 by 1.9eV r e l a t i v e to C3 i n the h e x a f l u o r o i n d e n e ( 3 ) . 



TABLE 4.8 

F 

V -
d 

Carbon I s binding energies (eV) 

Comnoi.ind 
i 

a b c d 

( 2 ) 288 9 288.4 288 4 288 9 
M l OQO n 

3 
inn 
toy . i. 288 9 289 2 

( 4 ) 288 9 288.9 288 9 288 9 
( 5 ) 288 8 288.8 288 8 288 8 

( & ) 288 9 289.1 288 9 289 6 
1,2,3,4-tetrafluorobenzene 288 8 288.8 288 8 288 8 
perfluoronaphthalene 289 3 288.7 288 7 289 3 

pert" luorobiphenylene 288 7 289.0 289 0 288 7 
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However, the C l e v e l of C2 i n ( 4 ) a c t u a l l y decreases i n binding 
J. S — — 

energy by 1.5eV r e l a t i v e to C2 i n ( 3 ) and w i t h a binding energy of 

284,9eV i s 0.3eV lower than C2 i n indene i t s e l f . CNDO/2 c a l c u l a t i o n s 

i n d i c a t e that t h i s e f f e c t i s due to the I e f f e c t of the f l u o r i n e 
it 

on C3 (see l a t e r ) . The C, l e v e l of the CF_ group i n ( 4 ) a l s o 
I s 2 

decreases i n binding energy by 0.4eV r e l a t i v e to CI i n the hexa-

f l u o r o i n d e n e ( 3 ) . 

When the hydrogen aft-ached to C2 i s r e p l a c e d b y f l u o r i n e i u 

going from hexafluoroindene(3) to the 3H-heptafluoroindene(5) a 

decrease i n binding energy i s a l s o observed f o r C3 [-1.2eV, r e l a t i v e 

to G3 i n h e x a f l u o r o i n d e n e ( 3 ) ] , whereas C2 shows an i n c r e a s e of 2.4eV. 

Now, w i t h an adjacent CF group, the CF^ carbon i n ( 5 ) i n c r e a s e s i n 

binding energy by 0.3eV ( r e l a t i v e to ( 4 ) ) . Both C8 and C9 i n ($) 

show decreases i n C binding e n e r g i e s of 0.3eV r e l a t i v e to the 2H-
J. s 

h e p t a f l u o r o i n d e n e ( 4 ) as the n - r e p e l l i n g e f f e c t ( I ) of the f l u o r i n e 

on C2 i s t r a n s m i t t e d to the s i x membered r i n g v i a C3. 

The replacement of the f i n a l hydrogen on C3 by f l u o r i n e causes a 

decrease i n the binding energy of C2 i n perflu o r o i n d e n e of 0.3eV w h i l e 

C3 shows an i n c r e a s e of 3.0eV [ r e l a t i v e to the 3H-heptafluoroindene(5)] 
The C. l e v e l of the CF„ carbon i n c r e a s e s by 0.7eV and both C8 and C9 I s 2 

i n c r e a s e i n binding energy by 0.5eV and 0.leV r e s p e c t i v e l y . 

Table 4.8 shows a comparison of the binding e n e r g i e s of the 

aromatic carbons a t t a c h e d to f l u o r i n e i n the indenes ( 2 ) to ( 6 ) with 

analogous carbons i n 1,2,3,4-tetrafluorobenzene p e r f l u o r o naphthalene 

and p e r f l u o r o biphenylene. I n hex a f l u o r o i n d e n e ( 3 ) and perfluoroindene 
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Moleculor Core Binding Energies ( inev) 
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the carbons a t p o s i t i o n s b and d have s i g n i f i c a n t l y higher binding 

ene r g i e s than those at a and c. [ I n the computed s p e c t r a of the 

heptafluoroindenes ( 4 ) and ( 5 ) the C., l e v e l of a l l four p o s i t i o n s 
I s 

were assumed i d e n t i c a l ] . I n p e r f l u o r o naphthalene and 

t e t r a f l u o r o i n d e n e ( 2 ) b and c have lower binding e n e r g i e s than a and d, 

whereas the r e v e r s e i s true f o r biphenylene. 1,2,3,4-Tetrafluoro-

benzene has a l l four p o s i t i o n s i d e n t i c a l . I t should a l s o be noted 

t h s t the c l e f i n i c p o s i t i o n s i n perfluoioiiiueLit:(6) have s i g n i f i c a n t l y 

lower binding e n e r g i e s than the aromatic carbons, a s i t u a t i o n which 

a l s o occurs i n p e r f l u o r o acenaphthylene. 

F i g . 4.7 shows s c h e m a t i c a l l y the r e l a t i o n s h i p between the 

molecular core binding e n e r g i e s through the s e r i e s . 

( i i ) F l u o r i n e I s l e v e l s . 

No attempt was made to deconvolute F, l e v e l s w i t h i n a molecule 
I s 

17 

as previous r e s u l t s have shown th a t these are e f f e c t i v e l y constant. 

However, the degree of f l u o r i n a t i o n along the s e r i e s v a r i e s from 

4 to 8 f l u o r i n e s . The i n c r e a s i n g number of f l u o r i n e s r e s u l t s i n an 

i n c r e a s e i n the binding energy of the F, l e v e l s . The e f f e c t of 
I s 

two f l u o r i n e s of the CF^ group going from the t e t r a f l u o r o to hexa-

fluoroindene i n c r e a s e s the F binding e n e r g i e s by 0.6eV. The 
J. s 

a d d i t i o n of two f u r t h e r f l u o r i n e s i n going to the p e r f l u o r o i n d e n e ( 6 ) 
r e s u l t s only i n a f u r t h e r 0.2eV i n c r e a s e i n the F ^ g b i n d i n g e n e r g i e s . 

178 
A s i m i l a r e f f e c t has been observed i n the fluorobenzenes. 
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TABLE 4. 10 

ns a and T o t a l Charges f o r F i v e Membered Ring Carbons 

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

H H 

F 'F 

^ . 1 ! J h ( " 
F "F 

F 
F (6) 

F 

1 
2 
3 
8 
9 

1 
2 
3 
8 
9 

1 
2 
3 
8 
9 

1 
2 
3 
8 
9 

1 
2 
3 
8 
9 

1 
2 
3 
8 
9 

0.036 
-0.004 
-0.021 
-0.003 
0.004 

0.027 
-0.005 
-0.022 
-0.024 
-0.034 

0.260 
-0.033 
0.033 
-0.070 
-0.013 

0.253 
-0.127 
0.070 
-0.063 
-0.034 

0.247 
0.014 

-0.058 
-0.005 
-0.091 

0.240 
-0.076 
-0.013 
-0.026 
-0.082 

-0.037 
-0.011 
0.010 
0.010 
0.011 

-0.016 
-0.009 
0.030 
0.012 
0.022 

0.182 
-0.042 
0.004 
0.004 
0.011 

0.196 
-0.032 
0.200 

-0.004 
0.009 

0.172 
0.159 
0.010 

-0.073 
0.101 

0.184 
0.174 
0.209 

-0.041 
-0.037 

-0.001 
-0.015 
-0.011 
0.007 
0.015 

0.011. 
-0.014 
0.008 

-0.012 
-0.012 

0. '-'A 2 
-0.075 
0.037 

-0.074 
-0.002 

0.449 
-0.159 
0.270 

-0.067 
-0.025 

0.419 
0.173 

-0.048 
-0.078 
0.010 

0.424 
0.098 
0.196 

-0.067 
-0.119 
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( b ) . Q u a n t i t a t i v e D i s c u s s i o n : 

Assignments f o r the carbon I s l e v e l s i n t h i s s e r i e s of indenes 

were based on CNDO SCF MO c a l c u l a t i o n s and the 'point charge 1 model 

developed by Siegbahn e t a l . and d i s c u s s e d i n d e t a i l elsewhere. 

Table 4.9 summarises the CNDO/2 charges and Madelung p o t e n t i a l s 

for the carbon I s l e v e l s i n the s e r i e s s t u d i e d here. Table 4.10 shows 

how the c a l c u l a t e d charge d e n s i t i e s f o l l o w q u a l i t a t i v e l y the 

exp e r i m e n t a l l y observed e f f e c t s , n, a and t o t a l charges a r e given 

fo r the carbons of the f i v e membered r i n g i n each compound. 

The h i g h e r binding energy of the r i n g j u n c t i o n carbons i n 

i n d e n e ( l ) i s p a r a l l e l e d by a r e l a t i v e l y l a r g e r p o s i t i v e charge on 

these p o s i t i o n s , caused mainly by l o s s of o - e l e c t r o n d e n s i t y . The 

sm a l l e r than expected i n c r e a s e i n binding energy of the 8 and 9 carbons 

on f l u o r i n a t i o n of benzo p o s i t i o n s i s seen as an i n c r e a s e i n the 

it - e l e c t r o n d e n s i t y a t C8 and C9, as charge d e n s i t y i s t r a n s f e r r e d from 

the f i v e membered r i n g to the s i x membered r i n g . T h i s r e s u l t s i n a 

decrease i n charge d e n s i t y on C I , C2 and C3 r e s u l t i n g i n an i n c r e a s e 

i n the measured binding e n e r g i e s f o r these p o s i t i o n s . 

I n going from the t e t r a f l u o r o ( 2 ) to the hexafluoroindene(3) the 

replacement of C I ^ by CF^ causes a l a r g e i n c r e a s e i n the p o s i t i v e 

charge on CI but an i n c r e a s e of it-charge d e n s i t y on C2 and a decrease 

at C3, caused by a d r i f t of it-charge d e n s i t y towards the CF^ group. 

A s i m i l a r e f f e c t i s a l s o observed w i t h C8 and C9. 

I n going from ( 3 ) to the 2H-heptafluoroindene(4) the i n t r o d u c t i o n 

of f l u o r i n e a t C3 r e i n f o r c e s t h i s i t - d r i f t , i n c r e a s i n g the t o t a l 

charge d e n s i t y on C2. T h i s i s seen e x p e r i m e n t a l l y as a l a r g e 
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decrease i n the C binding energy of C2. When the f l u o r i n e J. s 

s u b s t i t u e n t i s introduced a t C2 as i n (5) the 7t - d r i f t towards the 

CF^ group i s opposed by I e f f e c t of the f l u o r i n e on C2, c a u s i n g 

an i n c r e a s e i n charge d e n s i t y a t C3 [ r e l a t i v e to ( 3 ) ] . The 

o - a t t r a c t i o n by the f l u o r i n e on C2 and the 7t-repulsion e f f e c t , r e s u l t 

i n a l a r g e decrease i n charge d e n s i t y and subsequent i n c r e a s e i n 

binding energy f o r C2. 

I n p e r f l u o r o i n d e n e ( 6 ) o - e l e c t r o n d e n s i t y withdrawal f o r a l l 

carbons a t t a c h e d to f l u o r i n e i s seen and a l l p o s i t i o n s c a r r y p o s i t i v e 

charges, except C8 and C9 where die o v e r a l l charge i s negative r e f l e c t i n g 

t h e i r lower binding e n e r g i e s . 

T?*f <y U. ft <51"] n Ti7 Q ft n l n t * n-F K i nHi'no o n o r n w r^nr-va r* 1-aA f a t "M-aAa"\ it-nn 

P o t e n t i a l a g a i n s t charge f o r the C l e v e l s i n t h i s s e r i e s of indenes. 
X s 

The p o i n t s l i e on a s t r a i g h t l i n e w i t h k = 23.1, and E° = 284.10 
2 

w i t h a c o r r e l a t i o n c o e f f i c i e n t ( r = 0.96). I t should be emphasized 

t h a t the average v a l u e of k = 25 f o r C. l e v e l s has been used i n 
X s 

a s s i g n i n g i n d i v i d u a l core l e v e l s . However, the assignment i s i n t e r n a l l y 

s e l f c o n s i s t e n t when the d e r i v e d v a l u e of k = 23.1 ( F i g . 4.8) 

i s employed. T h i s s e l f c o n s i s t e n c y and the high c o r r e l a t i o n c o e f f i c i e n t 

i n d i c a t e s s t r o n g l y the o v e r a l l c o r r e c t n e s s of the assignments. 

C. The E f f e c t of C h l o r i n e S u b s t i t u t i o n on the Molecular Core 
Binding E n e r g i e s of Benzo-[b]-thiophens 

a) Q u a l i t a t i v e D i s c u s s i o n . 

The r e l e v a n t s p e c t r a and deconvolutions (C, l e v e l s ) are shown 
I s 

i n F i g . 4.9 f o r the benzo-[b]-thiophens s t u d i e d . Measured core binding 
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Table 4.11 

Binding E n e r g i e s , CNDO/2 Charges and Madelung P o t e n t i a l s 

1 
1 
1 i 

Compound P o s i t i o n B.E. (eV) ;
; q. L r . . 

i 
M i i * j 1 J 

165.2 ! 

i 
-0.055 0.59 

3 i 
164 0 ' 

4 2 
2 284.9 0.020 -0.25 

*L ' I 1 3 284.9 -0.034 0.55 
4 284.9 -0.008 -0.03 

7 1 5 284.9 -0.006 -0.41 
6 284.9 -0.005 0.33 

(1) 7 284.9 0.001 0.01 
8 285.5 0.061 0.04 
9 ?85. 5 0.027 r\ 1-7 \j . j . / 

S„ 165.6 165.6 
-0.031 1.00 

3 
2 164.3 

r ^ N ,ci 2 286.7 0.106 -0.59 
3 286.7 0.071 -0.07 
4 285.0 -0.000 0.51 
5 285.0 -0.005 0.40 
6 285.0 0.002 0.37 | 

(2) 7 285.0 -0.003 0.74 ; 
8 285.8 0.064 0.21 
9 285.8 6.025 0.79 

165.4 

-0.008 0. 70 
•J 
2 164.2 

2 285.2 0.017 0.47 
3 285.2 -0.023 1.07 

S y H 4 286.fi 0.096 0.52 
5 286.8 0.090 0.32 

(3) 
6 286.8 0.097 0.30 

(3) 7 286.8 0.103 0.13 
8 285.6 0.036 1.04 

1 9 285.6 0.015 ; 1.21 
! 

Contd. 

http://286.fi
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Table 4.11 contd. 

Compound P o s i t i o n B.E. (eV) 
i«4 

f i \ 

(5) 

CI 
CI 

(6) 

2p 

2 
3 
4 
5 
6 
-> 
i 
8 
9 

2 P i 

3 
2 

2 
3 
4 
5 
6 
7 
8 
9 

2Pi 

3 
2 

2 
3 
4 
5 
6 
7 
8 
9 

166.1 

164.8 

286.9 
286.9 
286.9 
286.9 
286.9 
286.9 
285.9 
286.2 

165.8 

164.6 

285.1 
286.9 
286.9 
286.9 
286.9 
286.9 
285.6 
286.1 

165.7 

164.5 

285.1 
286.8 
286.8 
286.8 
286.1 
286.8 
285.6 
286.1 

0.010 

0.093 
0.075 
0.101 
0.086 
0.097 
0.102 
0.039 
0.015 

0.005 

0. 
0. 

-0.028 
0.108 
,105 
.090 

0.097 
0.100 
0.043 
0.008 

-0.001 

-0.025 
0.108 
0.098 
0.107 
-0.040 
0.123 
0.037 
0.024 

1.05 

0.07 
0.36 
0.30 
0.60 
0.57 
0.44 
1.51 
1.88 

0.74 

1.47 
0.46 
0.14 
0.53 
0.43 
0.34 

25 
84 

0.70 

1.36 
-0.50 
0.08 
-0.22 
2.01 
-0.41 
1.20 
1.54 
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e n e r g i e s are given i n Table 4.11. and shown s c h e m a t i c a l l y i n F i g . 4.10. 

The e f f e c t of a n n e l a t i o n on the f i v e membered thiophen r i n g 

has been d i s c u s s e d p r e v i o u s l y (p 123 ) . The two carbon atoms 

forming the r i n g j u n c t i o n (8,9) are s h i f t e d to higher binding e n e r g i e s 

by 0.5eV r e l a t i v e to the parent thiophen, an e f f e c t observed i n other 
171 

annelated systems. The e f f e c t of c h l o r i n e s u b s t i t u t i o n i n the 

benzo-[b]-thiophen. i s to cause a l a r g e i n c r e a s e i n the C. binding 
i. s 

e n e r g i e s of a l l carbon atoms d i r e c t l y a ttached to c h l o r i n e . There 

appears to be a s l i g h t i n c r e a s e i n the s h i f t w i t h i n c r e a s e d degree of 

c h l o r i n e s u b s t i t u t i o n . (1.8eV f o r 2,3-dichlorobenzo-[b]-thiophen 

to 2.0eV f o r perchlorobenzo-[b]-thiophen). T h i s i s somewhat l e s s than 

the i n c r e a s e found i n the f l u o r o b e n z e n e s i / 0 w i t h i n c r e a s i n g degree of 

f l u o r i n e s u b s t i t u t i o n . The average s h i f t on r e p l a c i n g hydrogen by 

c h l o r i n e i n the benzo-[b]-thiophens i s l e s s than t h a t observed i n 

the benzene s e r i e s . T h i s can be a t t r i b u t e d to the p o s s i b i l i t y , i n 

the annelated systems, of t r a n s f e r of e l e c t r o n d e n s i t y from one r i n g to 

another minimising the e f f e c t of charge withdrawal by the more 

e l e c t r o n negative c h l o r i n e atom. With the h e t e r o c y c l i c s y s t e m s , l o s s 

of e l e c t r o n d e n s i t y at the hetero atom i s a l s o p o s s i b l e . T h i s e f f e c t 

can be c l e a r l y seen by comparing the s h i f t s i n core b i n d i n g e n e r g i e s 

i n 2,3-dichlorobenzo-[b]-thiophen(2) and 4 , 5 , 6 , 7 - t e t r a c h l o r o b e n z o - [ b ] -

thiophen(3) r e l a t i v e to the u n s u b s t i t u t e d h e t e r o c y c l e ( 1 ) . 

The e f f e c t of c h l o r i n e s u b s t i t u t i o n i n the benzo r i n g , as i n ( 3 ) , 

i s to i n c r e a s e the C. binding e n e r g i e s of the four carbons d i r e c t l y 
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attached to c h l o r i n e by 1.9eV [ r e l a t i v e to b e n z o - [ b ] - t h i o p h e n ( l ) ] but 

the two br i d g i n g carbons (C8, C9) show very l i t t l e i n c r e a s e ( 0 . l e V ) . 

The more remote C2 and C3 carbons show an i n c r e a s e i n C l e v e l e n e r g i e s 
J. s 

of 0.3eV and the S„ l e v e l i n c r e a s e s i n binding energy by 0.2eV-
/ p 3 / 2 

CNDO/2 c a l c u l a t i o n s indicate that e l e c t r o n d e n s i t y i s removed from 

C2, C3 and the sulphur atom i n t o the s i x membered r i n g . 

I n c o n t r a s t , c h l o r i n e s u b s t i t u t i o n i n the f i v e membered r i n g 

[as i n (2 ) J i n c r e a s e s the C binding e n e r g i e s of both C2 and C3 by 
1 s 

1.8eV [ r e l a t i v e to ( 1 ) ] and has a g r e a t e r e f f e c t on the other members 

of the h e t e r o c y c l i c r i n g . The C8 and C9 C l e v e l s and the S_ l e v e l 
i s 2 p 3 / 2 

a l l i n c r e a s e i n binding energy by 0.3eV i n going from b e n z o - [ b ] - t h i o p h e n ( l ) 

to the 2,3-dichloro d e r i v a t i v e ( 2 ) . The four benzo carbons 

(4,5,6,7) show only a s l i g h t i n c r e a s e i n binding energy (O.leV). 

The s u b s t i t u t i o n of one c h l o r i n e atom at C3 i n going from 

4,5,6,7-tetrachlorobenzo-[b]-thiophen(3) to 3,4,5,6,7-pentachlorobenzo-

[ b ] - t h i o p h e n ( 5 ) i s to i n c r e a s e the binding energy of C9 by a f u r t h e r 

0. 5eV and the sulphur 2 p ^ 2 binding energy by 0.4eV, w h i l e C2 and C8 
are r e l a t i v e l y u n a f f e c t e d . The C, l e v e l s of a l l carbons a t t a c h e d J I s 

to c h l o r i n e a l s o i n c r e a s e s l i g h t l y w i t h the i n c r e a s e d degree of 

s u b s t i t u t i o n (O.leV). C l e a r l y c h l o r i n e s u b s t i t u t i o n i n the f i v e 

membered r i n g has a g r e a t e r e f f e c t on C8, C9 and the sulphur atom than 

c h l o r i n e s u b s t i t u t i o n i n the s i x membered r i n g , even though fewer 

c h l o r i n e atoms are involved. I t would appear that the e l e c t r o n d e n s i t y 

i n the f i v e membered r i n g i s more r e a d i l y perturbed than t h a t i n the 

more aromatic s i x membered r i n g . N.M.R. evidence i n d i c a t e s t h a t the 
220 

h e t e r o c y c l i c r i n g i s l e s s aromatic than the benzo r i n g . CND0/2 
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c a l c u l a t i o n s also i n d i c a t e l a r g e r o v e r a l l increases i n p o s i t i v e 

charges at C8 and C9 on c h l o r i n e s u b s t i t u t i o n i n the f i v e membered 

r i n g . 

The a d d i t i o n of the f i n a l c h l o r i n e s u b s t i t u e n t at C2 i n going 

from pentachloro(5) t o perchlorobenzo-[b]-thiophen(4) causes both the 

C9 and C8 C binding energies to increase (0.leV and 0.3eV r e s p e c t i v e l y ) , i s 
I n c o n t r a s t t o the u n s u b s t i t u t e d h e t e r o c y c l e ( l ) , perchlorobenzo-[b]-

thiophen(4) shows a s p l i t t i n g between C8 and C9 of 0.3eV. This can 

be a t t r i b u t e d t o the f a c t t h a t C9 i s adjacent to two C-Cl groups 

whereas C8 i s adjacent to only one C-Cl group and a sulphur atom. 

Benzo-[b]-thiophens s u b s t i t u t e d w i t h c h l o r i n e only at C3 i n the 

f i v e membered r i n g show a much l a r g e r s p l i t t i n g between C8 and C9 (0.5eV). 

The replacement of the hydrogen at C2 i n pentachlorobenzo-[b]-thiophen(5) 

by c h l o r i n e i n going t o the perchloro d e r i v a t i v e (4) causes a f u r t h e r 

increase i n the S„ binding energy of 0.2eV. The e f f e c t of c h l o r i n e 
Z p3/2 

s u b s t i t u t i o n on the bin d i n g energies i s shown schematically i n 
^ P3/2 

Fig. 4.10. 

b). D i s t i n c t i o n between two isomeric tetrachlorobenzo-[b]-thiophens 
using ESCA. 

S t r u c t u r a l problems i n h i g h l y c h l o r i n a t e d h e t e r o c y c l i c systems 

are o f t e n not amenable to s o l u t i o n by conventional spectroscopic techniques. 

The h i g h l y successful N.M.R. techniques used i n fluorocarbon 
19 1 

chemistry (both F and H resonances) are not r e a d i l y a p p l i c a b l e to the 

c h l o r i n e nucleus and only o c c a s i o n a l l y can "̂H n.m. r. y i e l d , unambiguous 
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r e s u l t s . N.Q.R. spectroscopy, w h i l e being s u i t e d to studying 

chloro carbons s u f f e r s from several disadvantages, mainly d i f f i c u l t y 

i n the i n t e r p r e t a t i o n of the r e s u l t s and the very large sample 

requirement needed to give good s i g n a l i n t e n s i t y ( o f the order of 

several hundred m i l l i g r a m s ) . The d i s t i n c t advantages of ESCA 

i n these respects have already been noted (independence of nuclear 

spin p r o p e r t i e s and modest sample requirement e t c ) . The technique 

has p r e v i o u s l y been s u c c e s s f u l l y a p p l i e d to s t r u c t u r a l problems i n 
186 

p o l y f l u o r o aromatic systems. The major obstacle i n applying 

ESCA to chloro carbon systems i s the small b i n d i n g energy range 

obtained compared to the corresponding fluorocarbons. With the 

present generation photoelectron spectrometers, such as the ES100 

used i n t h i s work, the r e s o l u t i o n a v a i l a b l e does not enable i n d i v i d u a l 

peaks of the l e v e l s to be resolved and only o v e r a l l peak 'envelopes' 

are obtained. The i n d i v i d u a l peak p o s i t i o n s may be found by 

deconvolution techniques using e i t h e r d i g i t a l or analog computer and 

assignments can be made w i t h reference to CNDO/2 type c a l c u l a t i o n s . 

However, i n favourable circumstances d e t a i l e d a n a l y s i s of spectra 

are not necessary and the o v e r a l l 'envelope' shapes may be d i s t i n c t i v e 

enough to allow i d e n t i f i c a t i o n of isomers w i t h only 'rough' 

deconvolutions. 

The two isomers considered here, 4,5,6,7-tetrachlorobenzo-[b]-

thiophen(3) and 3,4,5,7-tetrachlorobenzo-[b]-thiophen(6) can be r e a d i l y 

d i s t i n g u i s h e d by conventional ^H-nmr but a d e t a i l e d analysis of t h e i r 

r e spective ESCA spectra reveals some i n t e r e s t i n g p r o p e r t i e s and shows 
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tha t i n t h i s case the two isomers could be d i s t i n g u i s h e d by t h i s 

technique alone. 

F i g . 4.9 shows the C spectra f o r the two isomers (along 
JL S 

w i t h t h e i r deconvolutions) and the Cl_ and S_ l e v e l s . I t can r e a d i l y 
2p 2p 

be shown th a t the two compounds are isomeric and contain carbon, c h l o r i n e 

and sulphur i n the r a t i o 8:4:1, from a knowledge of the i n t e g r a t e d 

peak areas and r e l a t i v e photoelectron cross sections of the C^s> 

Cl„ and S„ core l e v e l s , f o r the e x c i t i n g r a d i a t i o n used. (MgKa, „ 2p 2p 1,2 
or AlKo^ 2 ) . 

I t has already been noted t h a t c h l o r i n e s u b s t i t u t i o n i n the 

f i v e membered r i n g causes a l a r g e r increase i n the binding energies o f 

C8 and C9 as w e l l as the S„ l e v e l than c h l o r i n e s u b s t i t u t e d i n the 
^3/2 

s i x membered r i n g . A comparison of the S„ l e v e l s f o r both compounds 
Z p3/2 

shows t h a t i n one case the S„ l e v e l i s at 164.2eV and i n the other 
2 p3/2 

the S_ l e v e l i s at 164.5eV. For 3,4,5,6,7-pentachlorobenzo-[b]-2 p 3 / 2 

thiophen(5) the S 0 l e v e l i s at 164.6eV. This gives a good 
Z p3/2 

i n d i c a t i o n t h a t one isomer has a c h l o r i n e s u b s t i t u e n t i n the f i v e 

membered r i n g w i t h o u t r e s o r t i n g to deconvolution of the C l e v e l s . 
i s 

Deconvolution of the C1 l e v e l peak envelopes of ( 3 ) and (5) using 
X s 

l i n e widths of 1.2eV, can be s i m p l i f i e d by using one peak of area 4 

f o r the C-Cl carbons and four s i n g l e peaks f o r the remaining carbons. 

This 'rough' deconvolution reveals t h a t i n both cases the C. l e v e l s 6 I s 
of the fo u r C-Cl carbons appear at 286.8eV but t h a t one isomer i s 

more complex than the other. Accepting t h a t the isomer w i t h the 
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TABLE 4.12 

Compound Assignment BE (eV) 

1C1 
CI 
CI 

CI 

H. 

4 CI 

i C l 

'CI 

/CI 
c i 5 ^ > ^ 
CI 

?C1 ! 

CI 

H 
CI 

6 ^ 8 - n 

1,2,3,4 

5,6 

1,2,4 
3 
5 
6 

4,5,6,7 
8,9 
2,3 

3,4,5,7 
6,9 
8 
2 

3,4,5,6,7 
8, 
9 
2 

284.9 

287.2 

285.7 

287.2 
286.3 
286.1 
285.4 

286.8 
285.6 
285.2 

286.8 
286.1 
285.6 
285.1 

286.8 
285.6 
286.1 
285.1 
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lowest S binding energy does not have a c h l o r i n e s u b s t i t u e n t 
2 p3/2 

i n the f i v e membered r i n g , t h i s can r e a d i l y be assigned as 4,5,6,7-

tetrachl o r o b e n z o - [ b ] - t h i o p h e n . U n f o r t u n a t e l y the possible 

remaining isomers are not as e a s i l y d i s t i n g u i s h e d , so t h a t although 

the two isomers are r e a d i l y d i s t i n g u i s h e d and the s t r u c t u r e o f one 

assigned, the s t r u c t u r e of the remaining isomer could not be 

determined w i t h the present obtainable r e s o l u t i o n . F i g . 4.11 shows 

the computer simulated e f f e c t o f increased r e s o l u t i o n ( s m a l l e r 

l i n e w i d t h s ) on the C l e v e l s f o r the two isomers. With t h i s type 
i. s 

of improvement i n r e s o l u t i o n s t r u c t u r a l problems i n chlorocarbon 

chemistry should be more amenable t o s o l u t i o n by ESCA, i n c o n j u n c t i o n 

w i t h other spectroscopic techniques. Even w i t h the s t r u c t u r e o f 

3,4,5,7-tetrachlorobenzo-[b]-thiophen(6) known, assignment of the 

i n d i v i d u a l C^g peaks i s not s t r a i g h t forward and CNDO/2 c a l c u l a t i o n s 

are not h e l p f u l i n t h i s case. Comparison of the C. bind i n g energies 
J. s 

obtained w i t h those f o r other benzo-[b]-thiophens and w i t h the 
216 

b i n d i n g energies i n the chlorobenzenes allows the assignments 

shown i n Table 4.12 to be made. Data i s also given f o r benzene 

and the 1,2,3,4-tetrachloro and 1,2,4-trichlorobenzenes f o r comparison. 

c. Q u a n t i t a t i v e Discussion. 

Table 4.11 gives CNDO/2 charges and Madelung p o t e n t i a l s f o r 

the series of benzo-[b]-thiophens. 

An i n s p e c t i o n of the charges i n Table 4.11 shows t h a t i n many 

cases they f o l l o w q u a l i t a t i v e l y the experimentally observed e f f e c t s . 
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(An exact correspondence would not be expected because of the 

large Madelung terms i n v o l v e d due to the halogen atoms). The 

b r i d g i n g carbons (8,9) i n 2,3-dichlorobenzo-[b]-thiophen(2) c a r r y 

higher t o t a l p o s i t i v e charges than C8 and C9 i n 4,5,6,7-tetrabenzo-

[ b ] - t h i o p h e n ( 3 ) . This i s i n accord w i t h the observed higher b i n d i n g 

energies f o r C8 and C9 i n 2,3-dichlorobenzo-[b]-thiophen(2). 

A p l o t of b i n d i n g energy corrected f o r Madelung p o t e n t i a l 

against CNDO/2 charge ( F i g . 4.12) f o r the C l e v e l s given a s t r a i g h t 
I s 

l i n e w i t h k = 23.5, E° = 284.3 and a c o r r e l a t i o n c o e f f i c i e n t ( r = 0.9). 

Although the l e a s t squares f i t i s good there i s considerably more 

s c a t t e r of the p o i n t s than observed w i t h e i t h e r the parent heterocycles 

(benzo-[b]-thiophen, benzo-fbl-furan, i n d o l e ) or w i t h thf» f l u o r i n a t e d 

compounds. The f a c t o r s c o n t r i b u t i n g to the s c a t t e r w i l l be discussed 

l a t e r (see se c t i o n E). 

D. A Comparison of the Molecular Core Binding Energies i n Some 
Benzo-[b]-thiophens and t h e i r corresponding S-dioxides. 

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

The increased o x i d a t i o n s t a t e of sulphur i n going from a 

benzo-[b]-thiophen to the corresponding S-dioxide has a dramatic e f f e c t 

on the p r o p e r t i e s of the h e t e r o c y c l i c system. Benzo-[b]-thiophens 

are normally s t a b l e aromatic compounds r e a d i l y undergoing aromatic 

replacement reactions i n the f i v e membered r i n g r a t h e r than a d d i t i o n 

reactions to the 2,3- double bond. I n the corresponding S-dioxides 

on the other hand, the a r o m a t i c i t y of the f i v e membered r i n g i s 
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Table 4.13 
Molecular Core Binding Energies ( i n eV) 

Compound P o s i t i o n X = S 
B.E-. 

X = SO, 
B.E. ' 

! ICO 
c i 
Cl 

(So 
a. 

4,5,6,7 
8 
9 
3 
2 

\ 
3 
2 

4,5,6,7 
8 
9 
3 
2 

3 
2 

4,5,6,7 
8 
9 
3 
2 

3 
2 

4,5,6,7 
8 
9 
3 
2 

2Px 
3 
2 

284.9 
285.5 
285.5 
284.9 
284.9 
165.2 

164.0 

285.0 
285.8 
285.8 
286. 7 
286.7 
165.6 

154.3 

288.1 
286.3 
286.3 
285.6 
285.6 
165.8 

164.6 

286.9 
285.9 
286.2 
286.9 
286.9 
166.1 

164.8 

285.0 
285.5 
286.4 
285.8 
285.0 
169.1 

167.8 

285, 
285, 
286, 
287, 
286, 
169.3 

168.0 

288.2 
286.1 
286.6 
286.1 
285.7 
169.4 

168.2 

286.9 
285.8 
286.9 
287.4 
286.9 
169.7 

168.4 

a l l Cl 2p, 201.0 eV. 
72 

b. a l l F, 690.0 eV Is 
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completely d i s r u p t e d as evidenced by the appearance, i n the i n f r a 

red spectrum, of an absorbtion a t around 1590cm ^ (6.3u) a t t r i b u t a b l e 

t o the 2,3-double bond. Chemically the S-dioxides behave more l i k e 

v i n y l sulphOnes than hetero aromatic compounds. 
I I V I 

I n order to assess the e f f e c t of the change from S to S on 

the molecular core b i n d i n g energies i n the benzo-[b]-thiophen r i n g 

system a series of benzo-[b]-thiophens and t h e i r corresponding S-

dioxides have been studied. 

a. Q u a l i t a t i v e Discussion 

Spectra of the benzo-[b]-thiophen S-dioxides are shown i n 

F i g . 4.13. The molecular core binding energies f o r the series are 

given i n Table 4.13 and shown diagrammatically i n F i g . 4.14. 

The e f f e c t of r e p l a c i n g an atom of low e l e c t r o n e g a t i v i t y l i k e 

sulphur by a h i g h l y p o l a r group would be expected t o be q u i t e 

marked. I n f a c t an i n s p e c t i o n o f the C bind i n g energies i n Table 4. 
i s 

f o r benzo-[b]-thiophen and benzo-[b]-thiophen 1-dioxide shows t h a t 

f o r the two carbons attached to the sulphur atom (C2, C8) the 

change i n o x i d a t i o n s t a t e has very l i t t l e o v e r a l l e f f e c t , w h i l e the 

C^g l e v e l s of both C3 and C9 both increase i n b i n d i n g energy by 0.9eV. 

This e f f e c t can be understood i n terms of the charge p o t e n t i a l , model 

(see l a t e r ) . The carbons i n the benzo r i n g show only a s l i g h t 

increase i n binding energy (0.leV) showing that the e f f e c t of the SO^ 

group i s l i m i t e d to the f i v e membered r i n g . The increase i n b i n d i n g 

energy of C3 and C9 and the small e f f e c t on C2 and C8 i s a general 

trend throughout the s e r i e s . 



TABLE 4.14 

Binding Energy S h i f t s f o r X = S t o X = SO, 

Compound P o s i t i o n S h i f t ( i n eV) 

CO 

Co Cl CI 

4,5,6,7 
9 
8 
3 
2 

'2p, 
72 

4,5,6,7 
9 
8 
3 
2 

! 5 2p, 
72 

0.1 
0.9 
0.0 
0.9 
0.0 
3.8 

0.2 
0.6 
0.1 
0.8 
0.0 
3.7 

Co Cl Cl 

4,5,6,7 
9 
8 
3 

! 2 i i 
2 p 3 

3 / 2 

4,5,6,7 
9 
8 
3 
2 

72 

0.1 
0.3 
-0.2 
0.5 
0.1 
3.6 

0.0 
0.7 

-0.1 
0.5 
0.0 
3.6 
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Replacing the two hydrogens i n the f i v e membered r i n g of 

benzo-[b]-thiophen by c h l o r i n e causes both C2 and C3 t o increase 

i n b inding energy by 1.8eV. Oxidation of the sulphur atom to SO^ 

increases the binding energy of C3 and C9 by 0.8eV and 0.6eV 

r e s p e c t i v e l y , w h i l e C2 and C8 are r e l a t i v e l y unchanged. Table 4.14 

gives the s h i f t s i n b i n d i n g energy on o x i d a t i o n of the sulphur atom 

i n the benzo-[b]-thiophens t o give the corresponding sulphones. 

Although the a u ^ group i s h i g h l y p o l a r , i t s main i n f l u e n c e i s 

not on the adjacent carbon atoms (a) but on the (3-positions. This 

appears t o be due to rc-electron a t t r a c t i o n by the SO. group (-1 
2 it 

e f f e c t ) away from C3 - C9 onto C2- C8 and cr-electron a t t r a c t i o n from 

C2 and C8. The net e f f e c t being t h a t C8 and C9 lose o v e r a l l e l e c t r o n 

density (and hence increase i n bin d i n g energy) w h i l e the loss of 

CT-electron d e n s i t y from C2 and C8 i s compensated by an increase on 

i t - e l e c t r o n density. This i s su b s t a n t i a t e d by CNDO/2 c a l c u l a t i o n s of 

charge d e n s i t i e s (see l a t e r ) . 

b. The hetero atom. 

Binding energies f o r the sulphur 2p l e v e l s are given i n Table 4.13 

and shown diagrammatically i n Fig . 4.14. 

Oxidation of the sulphur i n a benzo-[b]-thiophen r i n g system 

to a S-dioxide causes a marked increase i n the b i n d i n g energies. 

I n the case of benzo-[b]-thiophen to benzo-[b]-thiophen 1-dioxide 

the increase i s 3.8eV. This large increase i n b i n d i n g energy r e f l e c t s 

the increased p o s i t i v e charge on sulphur when attached to two 

el e c t r o - n e g a t i v e oxygen atoms. 
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The s e n s i t i v i t y of the sulphur 2p bind i n g energies t o changes 

i n the thiophen r i n g system are c l e a r l y shown i n Table 4.14. As 

the p o s i t i v e charge on the sulphur atom increases, an increased 

degree of halogenation, the s h i f t i n the S_ l e v e l on o x i d a t i o n o f 
2 p3/2 

S to SC^ decreases. Hence f o r benzo-[b]-thiophen to benzo-[b]-thiophen 

1-dioxide the S„ s h i f t i s 3.8eV whereas f o r perchlorobenzo-[b]-
2 p3/2 

thioph e n - perchlorobenzo-[b]-thiophen-1-dioxide the S 9 s h i f t i s 

only 3.6eV. Obviously then the s h i f t s due to c h l o r i n a t i o n and 

o x i d a t i o n are not a d d i t i v e . The s h i f t i n binding energy on 

o x i d a t i o n decreases as the e x i s t i n g e l e c t r o n demand i n the parent 

benzo-[b]-thiophen increases. The 0. bind i n g energies also increase 
i s 

w i t h increased degree of halogenation i n the benzo-[b]-thiophen system, 

from 533.2eV i n benzo-[b]-thiophen 1-dioxide t o 533.6eV i n the 

perchloro d e r i v a t i v e . 

c. Q u a n t i t a t i v e Discussion 

Table 4.15 gives the CNDO/2 charges and Madelung p o t e n t i a l s 

f o r the se r i e s . Because of the large charge separation i n Che 

S-dioxides the Madelung term becomes important f o r members of the 

h e t e r o c y c l i c r i n g . 

The large increase i n b i n d i n g energy f o r the l e v e l i s 

r e f l e c t e d i n the la r g e CNDO/2 charges on the sulphur atom i n the 

S-dioxides. 
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The increases i n the C^g b i n d i n g energies f o r C3 and C9 are 

also r e f l e c t e d i n the t o t a l charges at these atoms. Oxidation 

of the sulphur atom causes a large increase i n p o s i t i v e charge 

a t both C3 and C9. On the other hand C2 and C8 both show a decrease 

i n p o s i t i v e charge i n the S-dioxides and i n f a c t C2 has a t o t a l 

negative charge i n a l l the benzo-[b]-thiophen 1-dioxides although 

again the Madelung p o t e n t i a l term i s important f o r these p o s i t i o n s . 

Table 4.16 gives the i t , a and T o t a l charges f o r the f o u r 

benzo carbons (4,5,6,7), C2, C3, C8, C9 and the sulphur atom i n both 

the benzo-[b]-thiophens and the corresponding S-dioxides. I n s p e c t i o n 

o f the data shows t h a t the changes at C3 and C9 are due to loss 

of t o t a l charge density. The increased e l e c t r o n d e n s i t y at C2 and 

C8 i s o f f s e t t o a great e x t e n t by the large Madelung P o t e n t i a l , and 

the o v e r a l l e f f e c t i s t h a t these two p o s i t i o n s change very l i t t l e i n 

b i n d i n g energy, i n going t o the S-dioxides. 

The CNDO/2 c a l c u l a t i o n s i n d i c a t e t h a t the 4,5,6,7 carbons lose 

some e l e c t r o n d e n s i t y (both it and cr) t o the f i v e membered r i n g i n the 

S-dioxides, but the e f f e c t i s g r e a t l y over-estimated as i n d i c a t e d by 

the very small changes i n b i n d i n g energy a c t u a l l y observed. 

The c o r r e l a t i o n o f b i n d i n g energy corrected f o r Madelung p o t e n t i a l 

against charge f o r the S0 l e v e l s i s extremely good ( c o r r e l a t i o n 
2

 Zp3/2 
c o e f f i c i e n t r = 0.99). The value of k = 15.3 agrees w e l l w i t h the 

173b 

value of k = 15 found by Siegbahn e t a l i n a study of sulphur 

compounds. The i n t e r c e p t gives a value of E° = 163.7eV. 

Absolute values f o r the S£p bin d i n g energies fo»md i n t h i s work 
216 

agree w e l l w i t h those found from a study o f sulphones by Scanlan, 
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who measured the S~ bi n d i n g energy i n dimethyl sulphone as 
P3/2 

167.7eV and i n 2,3-diphenyl t h i i r e n e - S - d i o x i d e as 167.6eV. This 

compares w i t h the value f o r the bi n d i n g energy of the S„ l e v e l 
Z p3/2 

i n benzo-[b]-thiophen S-dioxide of 167.8eV. 

E. The E f f e c t of Chlorine S u b s t i t u t i o n on the Molecular Core 
Binding Energies of Indoles. 

a. Q u a l i t a t i v e Discussion. 

The rele v e n t spectra and deconvolutions (C. l e v e l s ) f o r the 

indoles s t u d i e d are shown i n Fig. 4.15. 

The e f f e c t of annel a t i o n on the p y r r o l e r i n g system has been 

discussed p r e v i o u s l y (p. 123 ) the main changes observed are an 

increase i n the C- bin d i n g energies of the two carbons forming the i s 
r i n g j u n c t i o n , decrease i n the bi n d i n g energy of C3 and very l i t t l e 

change i n e i t h e r C2 or the N binding energies ( r e l a t i v e to p y r r o l e ) . 
i s 

The molecular core b i n d i n g energies f o r the se r i e s of indoles studied 

i n t h i s work are given i n Table 4.17 and shown diagrammatically i n 

F i g . 4.16. 

S u b s t i t u t i o n of two c h l o r i n e s i n the f i v e membered r i n g of i n d o l e ( l ) 

increase the C. binding energy of C2 and C3 by 1.5eV and 2.0eV 
I S 

r e s p e c t i v e l y . The smaller s h i f t i n the C- bind i n g energy of C2 
J. S 

can be explained by the f a c t t h a t C2 i s already attached t o an 

e l e c t r o n e g a t i v e n i t r o g e n atom and s u b s t i t u t i o n of a c h l o r i n e at C2 

can not cause as large an increase i n the p o s i t i v e charge and hence 

bi n d i n g energy ( t h e r e i s already a high e l e c t r o n demand at t h i s 

p o s i t i o n ) . I n c o n t r a s t the s h i f t a t C3 i s l a r g e r than normal 
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Table 4.17 

Binding Energies, CNDO/2 Charges and Madelung P o t e n t i a l s 

Compound Pos i t i o n s B.E. q i 
(eV) 

q i 

em 
1 
H 

(1) 

1(N) 
2 
3 
4 
5 
6 
7 
8 
9 

401.2 
285.7 
284.4 
284.9 
284.9 
284.9 
284.9 
286.2 
285.4 

-0.147 
0.07 
-0.067 
0.007 
-0.009 
0.009 
-0.040 
0.081 
0.020 

2.50 
-1.05 
0.79 
-0.15 
-0.05 
-0.34 
0.51 
-1.09 
-0.17 

n c l 

1 
H 

(2) 

1 0 0 
2 
3 
4 
5 
6 
7 
8 
9 

401.2 
287.2 
286.4 
285.0 
285.0 
285.0 
285.0 
286.1 
285.4 

-0.177 
0.169 
0.036 
0.012 
0.002 
0.012 
-0.029 
0.081 
0.017 

3.62 
-1.68 
0.17 
0.27 
0.30 
0.12 
0.87 

-0.51 
0.62 

i 
H 

(3) 

KN) 
2 
3 
4 
5 
6 
7 
8 
9 

401.4 
286.3 
285.2 
286.8 
286.8 
286.8 
286.8 
286.6 
285.5 

-0.147 
0.091 
-0.066 
0.109 
0.081 
0.082 
0.066 
0.072 
0.027 

3.29 
-0.60 
1.58 

-0.18 
0.23 
0.12 
0.33 
0.28 
0.99 

i 
H 

(4) 
i 

1(N) 
2 
3 
4 
5 
6 
7 
8 
9 

401.7 
287.6 
286.8 
286.8 
286.8 
286.8 
286.8 
286.8 
285.6 

-0.161 
0.175 
0.040 
0.114 
0.086 
0.090 
0.068 
0.075 
0.013 

4.13 
-1.09 
0.76 
0.09 
0.53 
0.39 
0.69 
0.68 
1.79 

1 

contd. 
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Table 4. 17 contd. 

Compound Pos i t i o n s B.E. q i 
(eV) 

q i 

1(N) 401.5 -0.139 2.96 
2 287.5 0.154 -1.04 
3 286.8 0.052 0.52 
4 286.8 0.123 0.07 
5 286.8 0.094 0.55 
6 286.8 0.097 0.37 
7 286.8 0.071 0.59 
8 286.8 0.056 0.75 
9 285.6 0.016 1.73 

10 286.8 0.075 -0.03 

KN) 400.5 -0.203 3.36 
2 287.6 0.220 -1.23 
3 288.9 0.225 -0.59 
4 286.8 0.126 U.23 
5 286.8 0.085 0.78 
6 286.8 0.093 0.51 
7 286.8 0.081 0.49 
8 286.8 0.064 0.64 
9 285.8 -0.010 2.71 

ci 
ci 

CH„ 

(5) 

Cl 

Cl| 
Cl 

(6) 

Cl 

-201.0 eV 
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but C3 c a r r i e s a negative charge i n i n d o l e which i s more r e a d i l y 

removed by an e l e c t r o n e g a t i v e s u b s t i t u e n t . I n the benzo-[b]-thiophen 

series c h l o r i n e s u b s t i t u t i o n i n the f i v e membered r i n g causes an 

increase i n the binding energy whereas i n the indoles there i s 

very l i t t l e change i n the N^g binding energy. The e l e c t r o n e g a t i v e 

s u b s t i t u e n t s withdraw charge from the most r e a d i l y p o l a r i s a b l e 

p o s i t i o n i e . the sulphur atom i n benzo-[b]-thiophens and C3 i n the 

indoles. 

Once the charge density at C3 has been removed by the s u b s t i t u e n t s , 

f u r t h e r c h l o r i n a t i o n i n going from (2) t o the hexachloroindole(4) 

causes an increase i n the N^ s b i n d i n g energy of 0.5eV. This i s the 

same as the s h i f t i n S 0 binding energy between 2,3-dichloro and 
~ F3/2 

perchlorobenzo-[b]-thiophen. I n the case of both i n d o l e and 

benzo-[b]-thiophen complete c h l o r i n e s u b s t i t u t i o n i n the benzo r i n g 

alone has r e l a t i v e l y l i t t l e e f f e c t on the hetero atom core l e v e l s . The 
N. bi n d i n g energy s h i f t f o r 4 , 5 , 6 , 7 - t e t r a c h l o r i n d o l e , r e l a t i v e t o J. s 
i n d o l e , i s only 0.2eV. 

The replacement of N-H by N-CH^ i n going from the hexachloro-

i n d o l e ( 4 ) to the N-methylhexachloroindole(5) has very l i t t l e e f f e c t 

on the C bind i n g energies of the r i n g carbons. However, the 
J.S 

N- l e v e l shows the decrease i n bi n d i n g energy expected when a more i. s 
e l e c t r o n r e l e a s i n g group i s attached to n i t r o g e n . 

I n marked c o n t r a s t t o the other indoles i n t h i s series i s the 

hep t a - c h l o r o i n d o l e n i n e ( 6 ) . This system has s i m i l a r i t i e s w i t h both 

the benzo-[b]-thiophen S-dioxides and the indenes ( i r . f a c t i t could 
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be classed as a 3-aza indene). The f i v e membered r i n g i s no longer 

aromatic but the major changes occur at C3 and C9. The i n t r o d u c t i o n 

of a second c h l o r i n e atom at C3 causes an increase i n the C, bin d i n g 
Is & 

energy of 2.1eV [ r e l a t i v e t o C3 i n the h e x a - c h l o r o i n d o l e ( 4 ) ] , whereas 

the i n t r o d u c t i o n of the f i r s t c h l o r i n e at C3 i n going from the 

t e t r a c h l o r o i n d o l e ( 3 ) t o the hexachloroindole(4) gave a s h i f t of 1.6eV 

i n the C^g b i n d i n g energy. The C^g b i n d i n g energy s h i f t of C9 

(0.2eV) i s due t o the large p o t e n t i a l a t C3 r a t h e r than an increased 

p o s i t i v e charge (see l a t e r ) . Neither C2 nor C8 are g r e a t l y a f f e c t e d by 

the change from the hexachloroindole(4) to the heptachloroindolenine. 

The e l e c t r o n e g a t i v i t y of the n i t r o g e n atom i s more important than the 

type of bonding as f a r as adjacent carbon atoms are concerned. 

For the n i t r o g e n atom of (6) the change i s more d r a s t i c , causing 

a decrease i n the N^g b i n d i n g energy of 1.2eV ( r e l a t i v e to hexachloro-

i n d o l e ) . This can be simply explained by considering the change i n 

bonding a t the n i t r o g e n atom. I n the i n d o l e , the n i t r o g e n atom can 
2 

be considered approximately sp h y b r i d i s e d , w i t h the n i t r o g e n lone p a i r 

e l e c t r o n s located i n a p - o r b i t a l at r i g h t angles to the plane of the 

molecule. This lone p a i r i s an i n t e g r a l p a r t of the aromatic it-system 

of the i n d o l e and i s not e s s e n t i a l l y l o c a l i s e d on the n i t r o g e n atom. 
2 

I n the i n d o l e n i n e ( 6 ) , the n i t r o g e n can again be considered sP 
2 

h y b r i d i s e d but now the lone p a i r i s located i n an sp h y b r i d o r b i t a l i n 

the plane of the molecule. I n t h i s c o n f i g u r a t i o n i t can not i n t e r a c t 

to any great e x t e n t w i t h the it-system and i s e f f e c t i v e l y l o c a l i s e d 



187. 

on the n i t r o g e n atom. Therefore, the n i t r o g e n atom i n the indolenine 

has a grea t e r e l e c t r o n density and correspondingly a lower binding 

energy. 

The low bi n d i n g energy of t e r t i a r y , compared to secondary, r i n g 

n i t r o g e n atoms has also been observed i n the f i v e membered r i n g 
173 n i t r o g e n heterocycles. I n pyrazole the N 1 l e v e l of the secondary i s 

n i t r o g e n occurs at 402.4eV and the t e r t i a r y N at 401.leV, (a s h i f t of 
JLS 

1.3cV). I n imidazole the N b i n d i n g energy S u i f L L»6Lwccn LUG 
L s 

secondary and t e r t i a r y nitrogens i s 1.6eV. This compares w i t h the 

bin d i n g energy of the N. l e v e l i n heptachloroindolenine(6) of 
X s 

400.5eV. 

The large binding energy d i f f e r e n c e between the N1 l e v e l s of 
J. s 

indoles and indolenines provides a basis f o r d i f f e r e n t i a t i o n between 

these isomeric forms, e s p e c i a l l y when combined w i t h the presence or 
3 

absence o f an sp type carbon atom a t C3. That t h i s can be d i s t i n g u i s h e d 

from aromatic or o l e f i n i c carbons has been shown i n the study o f 

indene where the l e v e l of the C I ^ carbon appears a t higher b i n d i n g 

energy along w i t h the r i n g j u n c t i o n carbons. 

b. Q u a n t i t a t i v e Discussion. 

CND0/2 charges and Madelung p o t e n t i a l s are given i n Table 4.17. 

An i n s p e c t i o n of the charges i n the t a b l e shows t h a t i n 

N-methyl p e r c h l o r o i n d o l e ( 5 ) the c a l c u l a t e d charge on the n i t r o g e n i s 

a c t u a l l y less negative than the charge on the n i t r o g e n of the hexa-

c h l o r o i n d o l e ( 4 ) , w h i l e the measured N b i n d i n g energy of the N-methyl 
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d e r i v a t i v e i s lower than the hexachloroindole by 0.2eV. This i s 

because the binding energy of a given core l e v e l i s determined by 

both the charge and the p o t e n t i a l at an atom. A s i m i l a r e f f e c t i s 

observed f o r the C. l e v e l of C9 i n heptachloroindolenine and 
I s r 

N-methylhexachloroindole where the Madelung term i s again dominant. 

For the n i t r o g e n atoms i n the hexachloroindole(4) and 

heptachloroindolenine(6) the CNDO c a l c u l a t i o n s i n d i c a t e a g r e a t e r 

negative charge on the n i t r o g e n i n (6) i n accord w i t h i t s lower 
measured N bin d i n g energy but the p o t e n t i a l e f f e c t i s s t i l l important X s 
i n determining the magnitude of the c a l c u l a t e d s h i f t . 

F i g . 4.17 shows a p l o t of b i n d i n g energy corrected f o r Madelung 

p o t e n t i a l against charge f o r the C 1 a l e v e l s . A l e a s t squares treatment 

gives: 

f o r C, k = 19.5 I s 

w i t h a c o r r e l a t i o n c o e f f i c i e n t 

f o r N, k = 22.7 I s 

w i t h a c o r r e l a t i o n c o e f f i c i e n t 

The p l o t s show considerable s c a t t e r , but as the N„ c o r r e l a t i o n r I s 
i s only over s i x values a good l e a s t squares f i t might not be expected. 

For the C, le v e l s of both the c h l o r i n a t e d indoles and benzo-[b]-l s 
thiophens (see s e c t i o n C) the c o r r e l a t i o n s are not as good as those 

obtained f o r e i t h e r the parent heterocycles or the f l u o r o d e r i v a t i v e s . 

This can be a t t r i b u t e d t o several f a c t o r s . The b i n d i n g energy range 

i n both cases i s small (2.0eV f o r chlorobenzo-[b]-thiophens and 4.0eV 

E° = 284.5eV 

r 2 = 0.88 

E° = 401.63 

r 2 = 0.80. 
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f o r c h l o r o i n d o l e s ) and so i s the charge range (0.16 and 0.29 

r e s p e c t i v e l y ) . This should be compared w i t h an estimated 

experimental e r r o r of + 0.3eV between d i f f e r e n t samples. Sample 

charging, which has been e l i m i n a t e d as f a r as po s s i b l e , and the 

use of unoptimised geometries f o r the CND0/2 charge c a l c u l a t i o n s 

may be f a c t o r s c o n t r i b u t i n g t o the s c a t t e r . I t i s known t h a t 

the CNDO SCF MO treatment of second row atoms i s less adequate than 

t o r r i r s t row atoms and t h i s w i l l e f f e c t the c a l c u l a t e d charge 

d i s t r i b u t i o n s i n c h l o r i n e - c o n t a i n i n g molecules. This can be overcome 

by b e t t e r parameterisation f o r the CNDO c a l c u l a t i o n s i n v o l v i n g 

second row atoms but the computational e f f o r t i n v o l ved has not 

allowed a d e t a i l e d examination of these f a c t o r s i n t h i s work, 

F. A Comparison of Hetero atom E f f e c t s on Molecular Core Binding 
Energies i n the Series: 

H 

H 

X = CH2, CF 2, S0 2, S, NH, 0 

R - H, F. 

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

Molecular core b i n d i n g energies f o r members of t h i s s e r i e s have 

been discussed i n previous sections. Here the e f f e c t s of the group X 

are considered i n r e l a t i o n to a f i x e d r i n g system. For t h i s purpose 

the groups CH„, CF„ and SO, may be considered as 'hetero atoms*. 
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TABLE 4. 18 

Molecular Core Binding Energies ( I n e V ) 

P o s i t i o n R = H R = F 

4,5,6,7 285.2 288.6 
H 8 285.6 286.8 

R 
l v 

9 285.6 286.6 
3 285.2 286.0 

H H 2 
1 (CH2) 

285.2 
285.6 

286.3 
286.0 

4,5,6,7 289.0 
N |H 8 287.0 
jJMJH 9 287.2 

X 3 287.0 X 2 286.4 
F F 1 (CF 2) 291.4 

4,5,6,7 285.0 288.2 
8 285.5 286.1 
9 286.4 286.6 

f x ' " 3 285.8 286.1 
R l l i f 2 285.0 285.7 

0 0 
169.1 169.4 

2 p 3 / 2 

167.8 168.2 

C l s 533.2 533.4 

4,5,6,7 284.9 288.1 
8 285.5 286.3 
9 285.5 286.3 

s H •1 fJ H 

3 284.9 285.6 
R 

s H •1 fJ H 

2 
1 (S„ ) 2p^ 

284.9 
165.2 

285.6 
165.8 

1 (S- ) 
2 p 3 / 2 

164.0 164.6 

contd./ 



Table 4.18 contd. 

Position R = H R = F 

1 
H 

4,5,6,7 
8 
9 
3 

' ( N l s ) 

284.9 
286.2 
285.4 
284.4 
285.7 
401.2 

288.3 
286.7 
285.9 
285.2 
286.4 
401.7 

4,5,6,7 
8 
9 
3 
2 
1 v u l s ' 

285.4 
287.2 
286.1 
284.7 
286.7 
535.6 

288.5 
287.4 
286.4 
285.7 
286.9 
535.7 
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Discussion 

The measured molecular core binding energies for the series 

are given i n Table 4.18 and shown schematically i n Fig. 4.19. 

CNDO charges and Madelung potentials are given i n Table 4.19. 

The effects of the group X can be p a r t l y understood i n terms 

of a simple model considering only the electronegativity and I 
. it 

effects of the group. The groups appear to f a l l into a series i n 
..u.*_u <-v~ x • _ „ c _ nr> f ~* 1— T °\ n t ~* T 

Both CF^ and SO^ are highly polar groups carrying large positive 

charges on the carbon and sulphur atoms respectively. Yet compared 

to and S these groups have r e l a t i v e l y l i t t l e e f f e c t on the 

binding energies of adjacent carbon atoms (C2, C8). While both CF^ 

and a t t r a c t cr-electron density away from adjacent carbon atoms 

thi s i s to a great extent compensated for by the increased it-electron 

density at these positions (C2, C8) due to the - I e ffect of the 
i t 

groups. I n these cases i t i s the B-carbon atoms (C3, C9) 

that experience a loss of electron density and consequent increase i n 

C. binding energy. So that for CF„ and S0„ the I effe c t and 

electronegativity act i n the same directions. 

The groups S and Cl^ would be expected to have l i t t l e perturbing 

effect on the core binding energies of the r i n g carbon atoms, both 

having low electronegativities and both showing l i t t l e or no I 

effects. This i s cer t a i n l y true for sulphur. In neither thiophens 

nor benzo-[b]-thiophens has a measurable s h i f t been observed between 
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the C binding energies of C2 and C3. The CHL group may have a is z 
small I effect, as i n the 4,5,6,7-tetrafluoroindene the C. level of 

TC I S 

C3 appears at 0.3eV lower than that of C2. 

Considering the hetero atoms, sulphur, nitrogen and oxygen 

the electronegativities increase i n the order S <N < 0 while the I 
TC 

effects are believed to be i n the order S < 0 <N.^^ I n these 

cases the two effects now act i n opposite directions and t h i s can 

readily be seen trom the Ĉ fl binding energies of the carbon atoms 

i n the heterocyclic ring. 

The core binding energies of carbons d i r e c t l y attached to the 

heteroatom (C2, C8) increase along the series S < N < 0 i n the 

same order as the increase i n electronegativity of the hetero atom. 

On the other hand, the C ĝ binding energies of C3 decrease i n the 

order S > 0 > N. This i s the same as the order of increasing I 

e f f e ct. I n benzo-[b]-furan the electronegativity of the hetero atom 

i s greatest and this heterocycle shows the highest C1 binding energy 
i . s 

for C2 i n the series (286.7eV). In indole the I effect of the hetero 
TC 

atom i s greatest and indole shows the lowest measured C. binding for 

C3 i n the series (284.4eV). 

An inspection of the CNDO/2 charges and Madelung potentials i n 

Table 4.19 shows that i n most cases the potential terms are of major 

importance and, for the most highly polar or electronegative groups, 

are often dominant factors i n determining the magnitude of binding 

energies for adjacent atoms. This means that s h i f t s i n core binding 

energies can not be predicted on the basis of simple considerations 
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of group p o l a r i t i e s . The s i t u a t i o n i s more complex than might at 

f i r s t appear and assignments of molecular core binding energies made 

without reference to either calculations of the charge potential 

type or data from related systems should be treated with caution. 
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Apparatus and Instrumentation 

Vacuum System 

A conventional vacuum system incorporating a rotary o i l pump 

and a mercury d i f f u s i o n pump was used fo r handling v o l a t i l e compounds, 

vacuum sublimation and vacuum pyrolysis. 

Infrared Spectra were recorded on either a Grubb Parson Spectromaster 

or a Perkin Elmer 157 (sodium chloride) spectrometer. 

Mass Spectra were measured with an A.E.I. MS9 spectrometer at an 

ionising beam energy of 70eV. 

"̂H nmr Spectra were measured with a Varian A56/fir) spp.r.t-roTneter> operating 

at 60.0MHz. chemical s h i f t s are measured on the T scale r e l a t i v e 

to tetramethyl silane used as an i n t e r n a l reference i n either 

carbontetrachloride or acetone solutions. 

Carbon and Hydrogen Analyses were carried out with a Perkin-Elmer 

240 CHN Analyser. 

Melting Points are uncorrected. 

Experimental. 
2,3,4,5,6,7-Hexachlorobenzo-[b]-thiophen(l) 

52 
This material was prepared by the method of Barger and Ewins. 

In a typ i c a l experiment, dibromostyrene (1.5g), thionyl chloride (5.0ml) 
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and sulphuryl chloride (2.0ml) i n a sealed Carius tube, were heated 

to 270° for 18hr. On cooling and opening the tube contained the 

product (0.7g), as needle crystals i n a red l i q u i d , which were 

f i l t e r e d o f f . M.p. 156-157° [from l i g h t petroleum (b.p. 60-80°)] 

[ l i t . 158°]. [Found C, 28.36; CI, 62.7; C_C1,S requires C, 28.2; 
o o 

CI, 62.5%] [M = 338 (base peak); 303(P-C1, 17.5%); 268 (P-2C1, 

30.5%); 233 (P-3C1, 34.8%); 198 (P-4C1, 65.0%)]. 

Attempted preparation of 6-methoxy, 2,3,4,5,7-Pentachlorobenzo-[b]-
thiophen. 

4-methoxy or, 0-dibromoethylbenzene (l.Og), thionyl chloride (5.0ml) 

and sulphuryl chloride (2.0ml), i n a sealed Carius tube, were heated 

to 200°C for 18 hrs., poured into water, extracted with chloroform 

and the extracts washed with sodium bicarbonate solution and water. 

The dried (MgSO^) extracts from three such reactions were evaporated 

to give the crude product containing two components, which were 

separated by chromatography on s i l i c a [ l i g h t petroleum (b.p.40-60°) 

as eluant]. The f i r s t component (1.046g) was Hexachlorobenzo-[b]-thiophen 

m.p. 156-157°, i d e n t i f i e d by I.R. spectroscopy. The second component 

was pentachlorostyrene (1.226g) mp. 109-109.5° (from methanol) 

( l i t m.p. 108°). [Found CI, 63.7; Cgi^C^ requires CI, 64.1%] 

T (CDC1_) 2.50 (doublet), 2.05 (doublet of doublets) [J„, = 8.6Hz J Irans 
v i c i n a l v i n y l protons] 1.85 (doublet, J. = 2.4Hz v i c i n a l v i n y l protons). 

c i_s 
[M = 274], 

3,4,5,6,7-Pentachlorobenzo[b]thiophen 

(a) From the 2 - l i t h i o derivatives Hexachlorobenzo-[b]-thiophen(l) 

(1.04g.) in dry tetrahydrofuran (100ml.) was treated at -70° with 
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n-butyl-lithium i n hexane (1.6 ml., 2.ON) and the mixture s t i r r e d 
for 1 hr. The temperature was allowed to ri s e to 0° and aqueous 
tetrahydrofuran (20ml., 50% v/v) added. The mixture was a c i d i f i e d 
with hydrochloric acid (100ml., 2N), extracted with ether and the 
dried (MgSO^) extracts evaporated. Two components were present 
which were separated by chromatography on s i l i c a [ l i g h t petroleum 
(b.p. 60-80°) as eluant]. The f i r s t component (0.404g.) was 
unreacted s t a r t i n g material ( I ) , i d e n t i f i e d by I.R. spectroscopy. 
The second component (0.52g.) was 3,4,5,6,7-pentachloro-benzo[b]thiophen 
m.p. 212-213° (from methanol) (Found: C, 31.2; H, 0.5; CgHC^S 
requires C, 31.4; H, 0.3%). The *H n.m.r. spectrum showed a sharp 
singlet at T 2.60 ( i n CCl^) and at T 2.02 ( i n acetone). [M = 304 
(base peak); 269 (P-Cl, 29%); 234 (P-2C1, 35%)]. 

(b) From compound ( I ) and l i t h i u m aluminium hydride - compound ( I ) 

(0.5g.) and l i t h i u m aluminium hydride in tetrahydrofuran (20ml., 0.076M) 

were s t i r r e d under nitrogen at room temperature for 48hr. The mixture 

was treated with water (50ml.), extracted with ether and the dried 

(MgSO^) extracts evaporated. Two components were present which were 

separated by chromatography on s i l i c a [ l i g h t petroleum (b.p. 60-80°) 

as eluant]. The f i r s t component (0.212g.) was unreacted s t a r t i n g 

material ( I ) , i d e n t i f i e d by I.R. spectroscopy. The second component 

(0.189g.) was 3,4,5,6,7-pentachlorobenzo-[b]-thiophen m.p. 212-213° 

i d e n t i f i e d by I.R. spectroscopy. 
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3,4,5,7-Tetrachlorobenzo[b]thiophen 
(a) From a d i l i t h i o derivative - ( i ) Hexachlorobenzo-[b]-thiophen 

(l.Og.) i n dry tetrahydrofuran (150ml.) was treated at -70° with 

n-buty-lithium i n hexane (10ml., 2.ON). The mixture was s t i r r e d at 

-15 to -20° for 1 hr., water (50 ml.) was added and the mixture 

extracted with ether and worked up as before. Two components were 

present which were separated by chromatography on s i l i c a ( l i g h t 

p e L r u l e u i u [b.p. 60-30°} as e i u a i i l ) . The f i r a i . componeuL was 

3,4,5,7-tetrachlorobenzo[b]thiophen (0.713g.), m.p. 146-147° [from 

l i g h t petroleum (b.p. 60-80°)]. (Found: C, 35.2; H, 1.0; 

C_H_C1.S requires C, 35.3; H, 0.7%). The *H n.m.r. showed two 

doublets J _ ,(0.6 Hz) at T 2.60 (due to H-2) and at T 2.54 (due Z,b 
to H-6) ( i n CC1.); and at T 2.04 (due to H-2) and at T 2.29 (due 4 
to H-6) ( i n acetone) [M = 270 (base peak); 235 (P-Cl, 23%)]. 

The second component, a yellow o i l , was not i d e n t i f i e d . 

( i i ) The d i l i t h i o derivative was prepared as above i n dry tetrahydrofuran. 

Dry carbon dioxide was passed through the solution for l h r . during 

which time the reaction reached room temperature. The mixture was 

a c i d i f i e d (25ml. 2NHC1), extracted with ether and the dried (MgSO^) 

extracts evaporated to give the crude product which was leached with 

chloroform to remove unreacted s t a r t i n g material. The 

3,4,5,7-tetrachlorobenzo-[b]-thiophen-2,6-dicarboxylic acid [M - 358] 

was not characterised but was heated under r e f l u x with copper powder 

(0.6g) and quinoline (25ml) for 1 hr. The mixture was poured into 

sulphuric acid (100ml, 50% u/v), extracted with ether and the dried 
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(MgSO^) extracts evaporated to give the crude product. Chromatography 

on s i l i c a [ l i g h t petroleum (b.p. 60-80°) as eluant] gave 

3,4,5,7-tetrachlorobenzo-[b]-thiophen, i d e n t i f i e d by I.R. spectroscopy. 

(b) From a Grignard reagent - Compound ( I ) (0.55g.) and magnesium 

(0.6g.) i n dry tetrahydrofuran (20ml.) were treated with ethylene 

dibromide (0.25ml.). After the i n i t i a l reaction had subsided, the 

mixture was s t i r r e d at room temperature f o r 3hr. and then heated under 

re f l u x for a further l h r . during which time ethylene dibromide (10 ml.) 

was added. The mixture was treated with water (50ml.), extracted 

with ether, and the dried (MgSO^) extracts evaporated to give a brown 

o i l which c r y s t a l l i s e d on standing. 

Recrystallisation of the crude product from l i g h t petroleum (b.p. 

40-60°) gave 3,4,5,7-tetrachlorobenzo-[b]-thiophen (0.04g.) i d e n t i f i e d 

by I.R. Spectroscopy. 

Reaction of compound ( I ) (0.98g.) with magnesium (0.45g.) i n dry 

tetrahydrofuran (40ml.) at room temperature for 0.5 hr. with activation 

of the metal by ethylene dibromide (0.2ml.), followed by hydrolysis 

gave a product containing three components which were p a r t i a l l y 

separated by chromatography on s i l i c a [ l i g h t petroleum (b.p. 60-80°) 

as eluant]. The f i r s t component was unreacted s t a r t i n g material ( I ) 

(0.283g.), i d e n t i f i e d by I.R. spectroscopy, while the second and t h i r d 

components could not be separated on the preparative scale. This 

material (0.48g. ) was shown by "̂H n.m. r. spectroscopy to be an 
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equimolar mixture of 3.4.5.6.7-pentachlorobenzofblthiophen and 

3,4,5,7-tetrachlorobenzo-[b]-thiophen [ I n CCl^, the absorptions 

at T 2.6 and T 2.54 were i n the r a t i o 2:1; i n acetone, the 

absorptions at T 2.29 and T 2.04 were i n the r a t i o 1:2], from which 

3,4,5,6,7-pentachlorobenzo-[b]-thiophen could be separated by 

fra c t i o n a l r e c r y s t a l l i s a t i o n . 

A mono-isopropoxy-pentachlorobenzo[b]thiophen. 

A mixture of hexachlorobenzo-[b]-thiophen(I) (0.51g.), sodium 

isopropoxide (0.6g.) and dry pyridine (100ml.) was heated under r e f l u x 

under nitrogen for 3hr. The mixture was dilu t e d with water, extracted 

with ether and the extracts washed with excess hydrochloric acid (5N). 

The extracts were dried (MgSO^) and evaporated, and the two 

components present were separated by chromatography on s i l i c a [ l i g h t 

petroleum (b.p. 60-80°) as eluant]. The f i r s t component (0.115g.) 

was i d e n t i f i e d as unreacted s t a r t i n g material ( I ) by I.R. spectroscopy. 

The second component (0.35g.) was mono-isopropoxypentachlorobenzo[b]-

thiophen, m.p. 100-100.5° [from l i g h t petroleum (b.p. 40-60°)l 

(Found: C, 36.1; H, 2.3; C11H?C150S requires C, 36.3; H, 1.9%). 

[M = 362 (15%), 320 (P-CH3CH=CH2, base peak)]. 

A monochloro-monothiophenoxy-4,5,6,7-tetrachlorobenzo-rb]-thiophen 

Thiophenol (0.39g.) i n dry pyridine (20ml.) was treated with 

sodium hydride (O.lg.) and the f i l t e r e d solution was added dropwise 

to a solution of hexachlorobenzo-[b]-thiophen(l) ( l . u i g . ) i n dry 

pyridine (50ml.). The mixture was heated under r e f l u x for 48hr., and 



204. 

worked up as i n the previous experiment. Two components were 

present which were separated by chromatography on s i l i c a . The 

f i r s t component was unreacted s t a r t i n g material ( I ) (0.05g.) 

i d e n t i f i e d by I.R. spectroscopy and the second component (0.50g.) 

was a monochloromonothiophenoxy-4,5,6,7-tetrachlorobenzo[b]thiophen 

m.p. 146-147° [from l i g h t petroleum (b.p. 60-80°)] (Found: C, 40.3; 

H, 1.2; CI, 43.3; C l 4H 5Cl 5S 2 requires C, 40.6; H, 1.2; CI, 42.8%). 

[M = 412 (base peak); 377 (P-CI, 3 7 % ) j . 

A dichloro-tetrathiomethoxybenzo-[b]-thiophen 

Hexachlorobenzo-[b]-thiophen(I) (0.499g), sodium thiomethoxide 

i n methanol (6.5ml, 1.0M) and dry pyridine (40ml) were heated under 

r e f l u x for 6hrs. and worked up as above. Chromatography on s i l i c a 

[carbon tetrachloride/10% chloroform as eluant] gave the crude product 

(0.3g) which was sublimed (120°/0.01mmHg) to give a dichloro-tetrathiomethoxy 

benzo-[b]-thiophen m.p 121-122° [from l i g h t petroleum (b.p.60-80°)] 

[Found C, 37.49; H, 3.06; C ^ H ^ C l ^ requires C, 37.2; H, 3.21%]. 

The Hi n.m.r. spectrum showed four absorptions at T 0.755, T 0.749, 

TO.742, and T 0.733. [M = 386 (base peak); 371 (P-CH3, 20%); 

356 (P-2CH3, 8%); 341 (P-3CH3> 6 % ) ] . 

2,3,4,5,6,7-Hexachlorobenzo[b]thiophen-1,1-dioxide 

Hexachlorobenzo-[b]-thiophen(I) (0.86g.) i n carbon tetrachloride 

(50ml.) was added to a s t i r r e d solution of t r i f l u o r o a c e t i c anhydride 

(10 ml.) and hydrogen peroxide (5 ml., 90%) i n carbon tetrachloride 
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(50 ml.) at room temperature. The mixture was heated under r e f l u x 

for 5 hr., di l u t e d with water and the organic layer separated, dried 

(MgSO^) and evaporated to give 2,3,4,5,6,7-hexachlorobenzo[b]-

thiophen-1,1-dioxide (0.8g. ) m.p. 166-167° [from l i g h t petroleum 

(b.p. 60-80°)]. (Found: C, 25.7; CI, 56.7; S, 8.6. CQCl,S0o 

requires C, 25.8; CI, 57.0; S, 8.6%). [M = 370 (73%); 306 (P-S0 2 > 

base peak)]. 

Pyrolysis of Hexachlorobenzo-[b]-thiophen-1,1-dioxide 
_2 

The dioxide (0.035g. ) was slowly sublimed at 10 mm. in t o a 

quartz pyrolysis cube packed with s i l i c a wool and heated to 840°. 

V o l a t i l e material from the tube was collected i n a l i q u i d nitrogen 

trap and chromatographed on s i l i c a [ l i g h t petroleum (b.p. 60-80°) 

as eluant] to give hexachlorophenylacetylene (0.033g.) m.p. 137-138°, 

i d e n t i f i e d by I.R. spectroscopy. 

Diethyl 4,5,6,7-tetrachlorobenzo[b]thiophen-2,3-dicarboxylate 

Pentachlorothiophenol (6.3g.) i n dry tetrahydrofuran (200 ml.) 

was treated with sodium hydride (0.55g.) and after the i n i t i a l reaction 

hadceased, diethyl acetylenedicarboxylate (4.5g.) i n dry tetrahydrofuran 

(20 ml.) was added and the mixture was heated under r e f l u x for 18 hr. 

The solution was treated with hydrochloric acid (100ml., 4N), extracted 

with ether and the dried (MgSO^) extracts evaporated. The major 

component i n the product separated by chromatography on s i l i c a (carbon 

tetrachloride followed by chloroform as eluants) was diethyl-4,5,6,7-

tetrachlorobenzo[b]thiophen-2,3-dicarboxylate (7.1g.) m.p. 119-120° 
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[from l i g h t petroleum (b.p. 60-80°)] (Found: C, 40.6; H, 2.4; 
CI, 34.6; C 1 4H 1 QC1 40 4S requires C, 40.3; H, 2.5; CI, 34.9%). 
[M = 414 (61%); 399 (P-CH3, 6.4%); 386 (P-C^, 9.5%); 369 (P-C^O, 
32%); 341 (P-C2H5OCO, base peak)]. 

Treatment of pentachlorothiophenol (lO.Og.) i n dry 

tetrahydrofuran (300 ml.) with sodium hydride (0.8g.) followed by 

reaction with d i e t h y l acetylenedicarboxylate (6.4g.) i n tetrahydrofuran 

(20ml.) at re f l u x i-emperai-urt; f u r 31ii. g a v e , a f t e r WO iking t h e 

mixture up as before, a crude product (9.3g. ) which was separated by 

chromatography on s i l i c a (benzene as eluant) i n t o two components. 

The f i r s t component was the above diester (1.2g. ), i d e n t i f i e d by 

I.R. spectroscopy, and the second component was trans-diethy1-1-

pentachlorothiophenoxybutenedioic acid (6.7g.), m.p. 125-127° 

[from l i g h t petroleum (b.p. 60-80°)] (Found: C, 36.9; H, 2.4; CI, 38.8; 

S, 7.4; C 1 4H nCl 50 4S requires C, 37.1; H, 2.5; CI, 39.2; S, 7.1%). 

[M = 450 (base peak); 415 (P-Cl, 86%); 405 (P-C^O, 28%); 387 (P-C^Cl, 

71%); 377 (P-C2H5OCO, 35%)]. 

Cis-ethyl 3-pentachlorophenylthioacrylate. 

Pentachlorothiophenol (3.0g) i n dry tetrahydrofuran (80ml) 

was treated with sodium hydride (0.5g) followed by ethyl propiolate 

(l.Og) i n dry tetrahydrofuran (20ml.) and the mixture heated under 

r e f l u x for 0.5hr. and worked up as above to give the crude product 

(3.4g). A portion of thi s ( l . l g ) was chromatographed on s i l i c a 
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[carbon t e t r a c h l o r i d e f o l l owed by benzene as eluants] to give 

c i s - e t h y l B-pentachlorophenylthioacrylate (0.6g) m.p. 167-168° 

[from l i g h t petroleum (b.p. 80-100°)] [Found C, 34.48; H, 1.59; 

C 1 1H ?C1 50 2S requires C, 34.72; H, 1.86%]. [M - 378 ( 7 5 % ) ; 

333 (P-C^O, 70%); 245 (P-SCH=CH-C02C2H5, base peak)]. 

E t h y l 4,5,6,7-tetrachlorobenzo-[b]-thiophen-2-carboxylate 

D i e t h y l 4,5,6,7-tetrachlorobenzo-[bJ-thiophen-2,3-dicarboxyiate 

(0.5g), sodium ethoxide (O.lg) and dry p y r i d i n e (50ml) were heated 

under r e f l u x f o r 24hr., poured i n t o s u l p h u r i c acid (100ml., 50% u/v) 

and e x t r a c t e d w i t h ether. The e x t r a c t s were washed w i t h f u r t h e r 

s u l p h u r i c a c i d and f i n a l l y washed w i t h water. Evaporation of the 

d r i e d (MgSO^) e x t r a c t s gave the crude s o l i d (0.49g). Two components 

were present which were separated by chromatography on s i l i c a 

[benzene as e l u a n t ] . The f i r s t component was unchanged s t a r t i n g 

m a t e r i a l ( 0 . l l g ) i d e n t i f i e d by I.R. spectroscopy. The second 

component was e t h y l 4,5,6,7-tetrachlorobenzo-[b]-thiophen-2-carboxylate 

(0.26g) m.p. 109-110° [from l i g h t petroleum (b.p. 60-80°)] 

[Found C, 38.49; H, 1.88; C I , 41.8; S, 9.7; C H g C l ^ S requires 

C, 38.40; H, 1.76; CI, 41.23; S, 9.23%]. The 1H n.m.r. spectrum i n 

CCl^ showed a t r i p l e t T 9.6 (methyl p r o t o n s ) , q u a r t e t T 5.6 (methylene) 

[ J - 7Hz] and a s i n g l e t T 2.04 [ T 1.77 (a c e t o n e ) ] . [M - 341 ( 4 5 % ) ; 

312 (P-C 2H 5, 26%); 296 (P-C^O, base peak); 268 (P-C^OCO, 2 0 % ) ] . 
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4,5,6,7-Tetrachlorobenzo[b]thiophen-2,3-dicarboxylic a c i d dihydrate. 

D i e t h y l 4,5,6,7-tetrachlorobenzo-[b]-thiophen-2,3-dicarboxylate 

(0.5g.) was heated under r e f l u x w i t h s u l p h u r i c acid (40ml., 50% v/v) 

f o r 7.5hr. The mixture was d i l u t e d w i t h water, e x t r a c t e d w i t h e t h er, 

and the d r i e d (MgSO^) e x t r a c t s evaporated. The crude residue (0.41g) 

was leqched w i t h b o i l i n g benzene, and the impure product which d i d 

not d i s s o l v e was r e c r y s t a l l i s e d from water to give 4,5,6,7-tetrachloro-

btsnzo[bj chiophen-2,3-dicarboxylic a c i d dihydrate m. p. 280° 

(decomp.) (Found: C, 30.2; H, 1.2; C,rtH,C1.0,S requires C, 30.3; 
10 o 4 o 

H, 1.5%). 

4,5,6,7-Tetrachlorobenzo[b]thiophen. 

( a ) From 4,5,6,7-tetrachlorobenzo[b]thiophen-2,3-dicarboxylic 

a c i d dihydrate. The above d i a c i d (0.9g)., copper powder (l.Og.) and 

q u i n o l i n e (60ml.) were heated under r e f l u x f o r l h r . The mixture was 

a c i d i f i e d w i t h s u l p h u r i c a c i d (200ml., 50% v/v) e x t r a c t e d w i t h ether 

and the e x t r a c t s washed w i t h f u r t h e r s u l p h u r i c acid (50% v / v ) , d r i e d 

(MgSO^) and evaporated. The crude red o i l which remained (0. 79g. ) was 

chromatographed on s i l i c a [ l i g h t petroleum (b.p. 60-80°) as el u a n t ] 

to give 4,5,6,7-tetrachlorobenzo[b]thiophen (0.32g.) m.p. 209-211° 

[fr o m l i g h t petroleum, (b.p. 60-80°)] (Found: C, 35.1; H, 0.7; 

C gH 2Cl 4S requires C, 35.3; H, 0.7%). The lE n.m.r. spectrum i n CCl^ 

was a d i s t o r t e d AB spectrum w i t h H-2 at 2.46T and H-3 at 2.56T 

(J^ j 5.6Hz). I n acetone, the chemical s h i f t s were: H-2, 1.96T; 

H-3, 2.38 T ( J , 5.6Hz). [M - 270 ( 9 0 % ) ; 235 (P-Cl,base peak); 

200 (P-2C1, 20%); 165 (P-3C1, 2 0 % ) ] . 
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(b) From 2,3,4,5,6,7-hexachlorobenzo[b]thiophen(I) - A mixture of 

compound ( I ) (0.2g.), the c a t a l y s t (0.15g., 10% Pd on Charcoal) 

potassium hydroxide (0.2g.) and methanol (40 ml.) was shaken i n an 

atmosphere of hydrogen at room temperature and atmospheric pressure 

u n t i l 30ml. of hydrogen had been absorbed. The s o l u t i o n was f i l t e r e d , 

d i l u t e d w i t h water, e x t r a c t e d w i t h ether and the d r i e d (MgSO^) e x t r a c t s 

evaporated to give 4,5,6,7-tetrachlorobenzo-[b]-thiophen (0.157g.) 

m.p. 210-211°, i d e n t i f i e d by I.R. spectroscopy. 

( c ) From 3,4,5,6,7-pentachlorobenzo[b]thiophen - a mixture of t h i s 

compound (0.12g.), the c a t a l y s t ( 0 . l g . , 10% Pd on C), potassium 

hydroxide (0.2g.) and methanol (20 ml.) was shaken w i t h hydrogen a t 

room temperature and atmospheric pressure u n t i l 8 ml. of hydrogen 

had been absorbed. The mixture was worked up as before to give 

4,5,6,7-tetrachlorobenzo-[b]-thiophen (0.105g.) m.p. 210-211°, 

i d e n t i f i e d by I.R. spectroscopy. 

(d) From the monochloro monothiophenoxy-4,5,6,7-tetrachlorobenzo[b]-

thiophen - a mixture of t h i s compound (0.46g.), the c a t a l y s t (0.9g., 

10% Pd-C), potassium hydroxide (0.3g.) and methanol (40ml.) was shaken 

w i t h hydrogen a t room temperature and atmospheric pressure f o r 8hr. 

and the s o l u t i o n was worked up as before. Two components were present 

which were separated by chromatography on s i l i c a [ l i g h t petroleum 

(b.p. 40-60°) as e l u a n t ) . The f i r s t component was unreacted s t a r t i n g 

m a t e r i a l ( 0 , l 4 6 g . ) , i d e n t i f i e d by I.R. spectroscopy and the second 
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component was 4,5,6,7-tetrachlorobenzo-[b]-thiophen (0.236g.) 

m.p. 210-211° i d e n t i f i e d by I.R. spectroscopy. 

Reactions of 4,5,6,7-Tetrachlorobenzo-[b]-thiophen. 

a. Sodium thiophenoxide 

Sodium thiophenoxide i n dry p y r i d i n e (10ml., 0.01M) was 

added to 4,5,6,7-tetrachlorobenzo[b]thiophen (0.25g.) i n dry 

p y r i d i n e (40ml.) and the mixture heated under r e f l u x f o r 4hr.,poured 

i n t o water, e x t r a c t e d w i t h ether and the e x t r a c t s washed w i t h hydro

c h l o r i c a c i d (50% v/v) and water. Evaporation of the d r i e d (MgSO^) 

e x t r a c t s gave a crude yellow s o l i d (0.442g) shown to c o n t a i n three 

components which were separated by chromatography on s i l i c a . 

The f i r s t two components [ l i g h t petroleum (b.p. 60-80°)/ 

carbon t e t r a c h l o r i d e (75/25 v/v) as e l u a n t ] were unreacted s t a r t i n g 

m a t e r i a l (0.14g.) i d e n t i f i e d by I.R. spectroscopy and the major 

product (0.115g) a d i c h l o r o - d l ( t h i o p h e n o x y ) b e n z o - [ b ] - t h i o p h e n 

m.p. 159.5-160° [from l i g h t petroleum (b.p. 80-100°)] [Found C, 56.98; 

H, 2.6; C
2 0

H
1 2

C 1 2 S 3 r e t l u l r e s c> 57.28; H, 2.9%] [M = 418 ( 2 7 % ) ; 

310 ( 3 6 % ) ; 277 (P-PhS, base peak)]. 

The t h i r d component (carbon t e t r a c h l o r i d e as e l u a n t ) was a 

monothiophenoxy t r i c h l o r o b e n z o - [ b ] - t h i o p h e n (0.025g.) i d e n t i f i e d by 

Mass Spectroscopy [M = 343.900, C ,H CI S requ i r e s 343.905]. 

b. Sodium thiomethoxide. 

i . Room Temperature - Sodium thiomethoxide i n methanol 
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(9.9ml., 0.23M), 4,5,6,7-tetrachlorobenzo-[b]-thiophen (0.605g) 

and dry p y r i d i n e (40ml. ) were s t i r r e d a t room temperature f o r 18hr., 

and worked up as above. Evaporation of the d r i e d (MgSO^) e x t r a c t s 

gave the crude product shown to c o n t a i n three components which were 

separated by chromatography on s i l i c a [ l i g h t petroleum (b.p. 60-80°) 

as e l u a n t ] . The f i r s t component (0.22g) was unreacted s t a r t i n g 

m a t e r i a l i d e n t i f i e d by I.R. spectroscopy, the second component 

(0.OSg) was an impure o i l shown to con t a i n as the major component a 

mono(thiomethoxy)trichlorobenzo-[b]-thiophen by Mass Spectroscopy 

[M = 281.887; C g R ^ C l ^ requires M = 281.889]. The t h i r d component 

(0.31g) was a d i c h l o r o - d i ( thiomethoxy)benzo-[b]-thiophen m.p. 127-128° 

(from methanol) [Found C, 40.86; H, 3.06; C..HQC10S0 requires 

C, 40.68; H, 2.73%] [M = 294 (base peak); 279 (P-CH3, 60%); 264 (P-2CH.J, 

1 0 % ) ] . 

i i . Reflux Temperature - Sodium thiomethoxide (4ml. 2.0M) 

4,5,6,7-tetrachlorobenzo-[b]-thiophen (0.51g) and dry p y r i d i n e (40ml.) 

were heated under r e f l u x f o r 5hr. and worked up as before. Evaporation 

of the d r i e d (MgSO^) e x t r a c t s gave the crude product shown to c o n t a i n 

two components which were separated by chromatography on s i l i c a 

[carbon t e t r a c h l o r i d e as e l u a n t ] . The f i r s t component (0.17g) was 

the d i c h l o r o - di(thiomethoxy)benzo-[b]-thiophen m.p. 127-128° prepared 

p r e v i o u s l y , i d e n t i f i e d by I.R. spectroscopy. The second component 

(0.19g) was a tri-(thiomethoxy)monochlorobenzo-[b]-thiophen m.p. 99-100° 



(from methanol) [Found C, 43.1; H, 3.25; C^H^Cl requ i r e s 

C, 43.05; H, 3.6%] [M = 306 (base peak); 291 (P-CH 3 > 16%); 

276 (P-2CH3, 1 0 % ) ] . 
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T h e o r e t i c a l C a l c u l a t i o n s 

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

The discussion here provides background theory f o r the 

semi-empirical molecular o r b i t a l treatment used i n t h i s work to 

ob t a i n charge d i s t r i b u t i o n s f o r molecules i n v e s t i g a t e d by ESCA, 

t h a t could be used i n c o n j u n c t i o n w i t h the charge p o t e n t i a l model 

(discussed i n CH3 and CH4). The c a l c u l a t i o n of ground s t a t e 

energies and e l e c t r o n d i s t r i b u t i o n s involves s o l v i n g the Shrodinger 

wave equation f o r each of the molecules considered. The 

complexities of these were such t h a t a major non-empirical LCAO 

MO treatment was not p o s s i b l e . The c a l c u l a t i o n s have t h e r e f o r e 

been c a r r i e d out employing an approximate treatment i n the a l l 

valence complete neglect of d i f f e r e n t i a l overlap (CNDO) SCF MO 
222 

formalism as developed by J.A. Pople and co-workers. The 

program t o perform the c a l c u l a t i o n s has been implemented on the 

Northumbrian U n i v e r s i t i e s M u l t i p l e Access Computer (NUMAC) IBM 360/67. 

M o d i f i c a t i o n s by D.B. Adams, to allow increased basis sets, and 

I.W. Scanlan, to allow e x c l u s i o n of d - o r b i t a l s on second row atoms 

have been included. 

223 

A. Elementary Quantum Mechanics 

The Schrodinger equation f o r a conservative system (one whose 

t o t a l energy does not vary w i t h time) i s given by: 
H ¥ = E ¥ I I . 1 



where H i s the Hamiltonian or t o t a l energy operator, E i s the 

eigenvalue corresponding to the t o t a l energy of the system and 

f i s a mathematical f u n c t i o n of a l l the co-ordinates of the 

system (excluding time) c a l l e d the eigen or wavefunction. 
224 

For molecules, the Born-Oppenheimer approximation assumes 

t h a t the nuclear and e l e c t r o n i c wavefunctions are separable. 

Y = ¥ v I I . 2 
e n 

Using the Born-Oppenheimer approximation the e l e c t r o n i c 

Schrodinger equation 

H Y - E Y I I . 3 
e e e e 

i s f i r s t solved f o r f i x e d p o s i t i o n s of the N atoms w i t h i n the 

molecule. The r e s u l t i n g e l e c t r o n i c energies E form a p o t e n t i a l 

energy surface V(R^, R̂ , ... R^) where R̂  s p e c i f i e s the co-ordinate 

of the Nth atom w i t h i n the molecule. This leads to the Schrodinge 

equation d e s c r i b i n g the motion of the n u c l e i . 

H Y - E Y I I . 4 
n n n n 

The nuclear Hamiltonian i s given by: 

2 2 

H n = I " l ^ V N +
 V (VV ••• V "'5 
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- n 2 V 7 2 

where — — V „ i s the k i n e t i c energy operator f o r the Nth 
2 MN N 

nucleus. Equation I I . 4 may then be solved to y i e l d ( w i t h I I . 3 ) the 

approximate t o t a l wave f u n c t i o n ¥ and t o t a l energy E. 

A f u r t h e r approximation made i n the s o l u t i o n of ( I I . 3 ) i s the 

neglect of r e l a t i v i s t i c e f f e c t s . The n o n - r e l a t i v i s t i c , s pin f r e e , 

e l e c t r o n i c Hamiltonian i s given, i n atomic u n i t s , by the expression: 

T ' 1 9 ~~ 7M \ ~' T 1 
H. - L i-iVl - L T) + 11 f. (II-6) 

i N i > j J 

where - ~^7^ represents the k i n e t i c energy operators of the 

i n d i v i d u a l e lectrons i , - Y — are the n u c l e a r - e l e c t r o n a t t r a c t i o n 
'-' r„ N N i 

p o t e n t i a l energy operators, being the charge on nucleus N and r ^ 

the distance between t h i s nucleus and e l e c t r o n i — are the mutual 
r. . 

r e p u l s i o n operators f o r e l e c t r o n r e p u l s i o n between e l e c t r o n p a i r s i j . 

S o l u t i o n of equation I I . 6 gives the e l e c t r o n i c energy, E^, of 

the molecule and t h i s w i t h the nuclear r e p u l s i o n energy, EJifr , gives 

the t o t a l energy of the molecule f o r f i x e d co-ordinates of the N atoms 

of the molecule. The nuclear r e p u l s i o n energy i s given by: 

where i s the core charge of atom A and R^g i s the i n t e r - n u c l e a r 

distance. 
1 

For many e l e c t r o n systems terms i n , representing i n t e r -
e l e c t r o n i c repulsions have to be included as p a r t of the p o t e n t i a l 
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energy of the Schrodinger equation. I f i n t e r e l e c t r o n i c i n t e r a c t i o n s 

could be neglected the t o t a l wave f u n c t i o n could be expressed i n 

terms of a summation of products of one e l e c t r o n f u n c t i o n s . 

Y = t a ( l ) i|t b(2) i|»k(n) I I . 7 

and 

H = H x + H 2 H k I I . 8 

I n t h i s form the wave f u n c t i o n would be separable i n t o a 

set of equations each i n v o l v i n g only the co-ordinates of one e l e c t r o n 

and s o l u t i o n of these equations would give the s. Although i n t e r 

e l e c t r o n i c r e p u l s i o n cannot be completely neglected i t cannot be 

taken p r o p e r l y i n t o account since the many body problem i s not 

ex a c t l y s oluble i n e i t h e r quantum or c l a s s i c a l mechanics. The idea 

of a one-electron f u n c t i o n (the o r b i t a l approximation) i s conceptually 

simple and i t i s th e r e f o r e u s e f u l t o consider products of one 

e l e c t r o n f u n c t i o n s and to determine how close they may be made to 

approach to the exact f u n c t i o n s . W i t h i n the o r b i t a l approximation 

the average r e p u l s i o n experienced by one e l e c t r o n due t o the other 

e l e c t r o n s i n the system can be adequately described,but instantaneous 

c o r r e l a t i o n s of e l e c t r o n i c motions are r e l a t i v e l y d i f f i c u l t to 

inco r p o r a t e . 

Associated w i t h each e l e c t r o n i s a spin (m - + \ ) and the two 

possible spin f u n c t i o n s are w r i t t e n as a(m = + 4) and p(m =-• ! • ) . 



22 

The product of a s p a c i a l o r b i t a l and a s p i n f u n c t i o n i s known as 

a s p i n o r b i t a l 0. 

0 i ( l ) = ^ ( l ) a or ^ ( D P I I . 9 

where i s a f u n c t i o n depending only on the space co o r d i n a t e s 

of the e l e c t r o n . Also, a and p are orthogonal 

J a p d T = 0 I I . 10 

T h i s s e p a r a t i o n i n t o s p i n and space coordinates i s only p o s s i b l e 

because the n o n - r e l a t i v i s t i c ( s p i n f r e e ) Hamiltonian was used. 

The t o t a l wave f u n c t i o n must be i n accord w i t h the P a u l i a n t i 

symmetric p r i n c i p l e that interchange of any two e l e c t r o n s changes 

the s i g n of the wave f u n c t i o n . The s i n g l e product wave f u n c t i o n 

Y ( l , 2 , ... 2n) = t ( l ) a ^ ( 2 ) 0 * 2 ( 3 ) a ... * (2n)p 11.11 

(n s p i n o r b i t a l s , 2n e l e c t r o n s ) , 

i s not antisymmetric but can be made so by w r i t i n g i t i n 

determinental form. 

y ( l , 2 , ... 2n) = 
/2n.' 

•1(1)0 ^ ( D p Hr2U)a ... * nU)p 

• , ( 2 ) o ? , (2)p M 2 ) c r * n ( 2 ) P 

i|r 1(2n)a i|r1(2n)p j (2n)a • nX2n)p 

I I . 12 
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where / l i s a n o r m a l i s i n g constant. T h i s i s known as a S l a t e r 
2n. 

determinant and i s o f t e n w r i t t e n i n a b r e v i a t e d form. 

Y (1,2 ... 2n) = | i j ^ a f p i^cr i^p ... f a • p| 11.13 

where only the diagonal elements are shown on the n o r m a l i s a t i o n 

constant i s understood. Exchange of any two e l e c t r o n s interchanges 

two rows of the determinant t h e r e f o r e r e v e r s e s the s i g n ensuring 

antisymmetry. 

The wavefunctions must be continuous, s i n g l e valued, and have an 

i n t e g r a b l e square capable of being normalised. 

j t z d T » 1 11.14 

Also d i f f e r e n t e i g e n f u n c t i o n s of the same Hamiltonian corresponding 

to d i f f e r e n t e i g e n v a l u e s are mutually orthogonal. Therefore 

fi|i. i|f, d T = 6 6 = 1 f o r i = j 11.15 
t) X j X J-

6 = 0 f o r i ^ j 

As the determinental wave f u n c t i o n s are approximations a 

measure of how c l o s e the approximate wave f u n c t i o n s approach the 

true wave f u n c t i o n d e s c r i p t i o n of a given system i s r e q u i r e d . The 

v a r i a t i o n theorem provides such a c r i t e r i o n . 

The v a r i a t i o n p r i n c i p l e s t a t e s t h a t , given any approximate 
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wave f u n c t i o n s a t i s f y i n g the boundary c o n d i t i o n s of the problem, 

the e x p e c t a t i o n value of the energy c a l c u l a t e d from t h i s f u n c t i o n 

w i l l always be higher than the true ground s t a t e energy. 

Therefore i f t|( i s an approximation to the e x a c t wave f u n c t i o n 

J i | r * H i | i d T = E > E° 

•where i s ths t r u s e n e r g y . The v a r i a t i o u mc t l iuu I s u s e d \>y 

s t a r t i n g w i t h a t r a i l wave f u n c t i o n c o n t a i n i n g one or more 

v a r i a t i o n a l parameters and then minimising the energy w i t h r e s p e c t 

to the parameters. The s i m p l e s t approach to o b t a i n i n g s u i t a b l e 

t r a i l f u n c t i o n s f o r molecular o r b i t a l s i s to take a l i n e a r combination 

of atomic o r b i t a l s (LCAO method) based on the reasonable assumption 

t h a t the e l e c t r o n i c d i s t r i b u t i o n i n a molecule can be re p r e s e n t e d as 

a sum of atomic d i s t r i b u t i o n s . T h i s l i n e a r combination of b a s i s 

f u n c t i o n s i s known as the ' b a s i s s e t ' and, as the number of f u n c t i o n s 

tends to i n f i n i t y the p e r f e c t wave f u n c t i o n i s approached. 

Now i f the molecular o r b i t a l ^ i s a l i n e a r combination of 

ap p r o p r i a t e atomic o r b i t a l s x 
i 

* = I C i * i I I . 16 

The c o e f f i c i e n t s are used as v a r i a t i o n a l parameters, although the 

parameters could e q u a l l y w e l l be i n c o r p o r a t e d i n t o the b a s i s f u n c t i o n s 
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themselves. 

[ \|r* Hi|i d T 

r * 

= I c * i c j k H x, d -
u 

1 c * i c j K x j d -

} C J C . H. . 
= U 

/ c .c, s.. 

where 

3-3 

S. . = JV Xj ^ 

) C. C. (H.. - ES. .) - 0 
^ i 3 i j 3-3 
i j 

d i f f e r e n t i a t i n g w i t h r e s p e c t to 

n 
V * , X * §E / C (H.. - E S.. ) - > C, C. S. . j£ L. l l k l k u i j I J oC^ 
i = l i , j 

For a minimum v a l u e of E, -r— = 0 f o r a l l k. oC. k 
n 
) C * (H.. - ES., ) = 0. k = 1 to n. 11.17 
4— i i k i k 
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The s e t s of n simultaneous equations are known as s e c u l a r 

equations as f o r a n o n - t r i v i a l s o l u t i o n the n x n s e c u l a r determinant 

must equal zero 

H E S i k l i k 

The roots of the equations ... En can be found and 

by s u b s t i t u t i o n back i n t o 11.17 the c o e f f i c i e n t s may be determined 

and hence (from 11.16) the molecular o r b i t a l s . 

a. The Hartree-Fock S e l f C o n s i s t e n t F i e l d M e t h o d 2 2 5 , 2 2 6 

The method c o n s i s t s of minimising the energy r e s u l t i n g from the 

s i n g l e determinental wave f u n c t i o n to d e r i v e a s e t of i n t e g r o d i f f e r e n t i a l 

equations (the Hartree-Fock e q u a t i o n s ) . The Hartree-Fock wave f u n c t i o n 

i s the best wave f u n c t i o n which can be c o n s t r u c t e d by a s s i g n i n g each 

e l e c t r o n to a separate f u n c t i o n ( o r o r b i t a l ) depending only on the 

coordinates of that e l e c t r o n . I n molecular o r b i t a l c a l c u l a t i o n s i t 

i s not p o s s i b l e to use a mathematically complete s e t of f u n c t i o n s (an 

i n f i n i t e s e t ) and only approximate s o l u t i o n s can be obtained. The 

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

s e t i s the s e l f c o n s i s t e n t f i e l d f u n c t i o n . 

Suppose the wave f u n c t i o n f o r a system of n e l e c t r o n s i s w r i t t e n 

as a s i n g l e product of n s p i n o r b i t a l s . 

Y = t a ( l ) * b ( 2 ) ... f kU> n . 1 8 
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The energy of t h i s wave f u n c t i o n i s given by: 

= f i Y H Y d t I I . 1 9 

where H i s the complete e l e c t r o n i c Hamiltonian w r i t t e n i n the form 

H - N HC... + ) ( — ) + V 11.20 
u d ) L r ^ . nn 
i j 

where H i s the s o - c a l l e d core Hamiltonian which c o n s i s t s of the d ) 

k i n e t i c energy operator and the e l e c t r o n - n u c l e a r a t t r a c t i o n terms 

for e l e c t r o n i and i s the n u c l e a r r e p u l s i o n energy. 

S u b s t i t u t i o n of 11.18 and .20 i n t o .19 giv e s 

• <c + 1 
/_ r r /I-. r s nn 

r=a p a i r s 

e = ; h + 2, J — + v — i : l - 2 1 

r s 

c r c 
where H = * H i d T r r J Y r f r 
and 

J r s = If*r ( 1 )*. (J> ^K(3)dT±dT 
i j 

Q 

Terms i n v o l v i n g H are the e n e r g i e s t h a t each e l e c t r o n would 

have i f a l l other e l e c t r o n s were absent. The f i n a l p a r t s of 11.21 

give the t o t a l r e p u l s i o n energy. The wave f u n c t i o n I I . 1 8 does not 

s a t i s f y the antisymmetric requirement but t h i s can be c o r r e c t e d by 
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c o n v e r t i n g i t to a S l a t e r determinant of s p i n o r b i t a l s 

P r o v i d i n g the s p i n o r b i t a l s are mutually orthogonal, s u b s t i t u t i n g 

11.22 i n t o 11.19 g i v e s 

k 
„C V , 
i + / u -r r z_ r s r s nn 

r=a p a i r s 
r s 

E = / K + / KJ - K ) + V l i . Z J 

T h i s d i f f e r s from IT, 21 by terms i n K 
J r s 

K« " f f * - C i ) *„(J) (rr- ) <L(J> d T 4 dr. n . 2 4 
vw r o ^ i j / ^

 A •** j 

i s termed a coulomb i n t e g r a l and K^ g an exchange i n t e g r a l . 

I f ijr^ and i|rs have d i f f e r e n t a s s o c i a t e d s p i n o r b i t a l s (one a, the other 

p) then i t f o l l o w s from i n t e g r a t i o n over the s p i n c o - o r d i n a t e s t h a t 

K i s zero, r s 

Applying the v a r i a t i o n p r i n c i p l e to the wave f u n c t i o n s i n 11.18 

and 11.22 and r e q u i r i n g that the r e s p e c t i v e e n e r g i e s be minimised i s 

s u f f i c i e n t to d e f i n e the o r b i t a l s ty. O r b i t a l s defined t h i s way are 

known as SCF o r b i t a l s . O r b i t a l s d e f i n e d w i t h r e s p e c t to the a n t i -

symmetrised product (11.22) are the Hartree-Fock o r b i t a l s . The 

c o n d i t i o n s d e f i n i n g these o r b i t a l s are now examined. 

Suppose the f u n c t i o n 11.22 does not give the lowest energy of 

the s t a t e . Then there i s some other f u n c t i o n say 

r = I t b . . . t j H.25 
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which has a lower energy. Assuming t h a t i|f' d i f f e r s only 

s l i g h t l y from ij/^ and can be w r i t t e n 

t|r' = ilf + C ilr 11.26 a T a t T t 

where * i s a s p i n o r b i t a l orthogonal to the s e t i|j ... i|t 

P r o v i d i n g C i s s m a l l i|r' w i l l s t i l l be normalised, as r e - n o r m a l i s a t i o n t a 
2 

only i n v o l v e s a term i n C "". Using 11.26, 11.25 can be w r i t t e n 

r - | t a * b ... * k | + c t | t t t b ... t k | 

Y + 11.27 t a 

t 
i e ¥' i s formed by adding to ¥ a small amount of the s t a t e Y which 

Si 

a r i s e s from e x c i t a t i o n of an e l e c t r o n from i|r to dr . For Y to be 
a t 

the best wave f u n c t i o n of i t s type must be zero and the Hamiltonian 

i n t e g r a l between Y and (termed F .) must a l s o be zero. 
a a t 

F . = f Y H Y t d T = 0 11.28 at 

E x p r e s s i n g 11.28 i n terms of s p i n o r b i t a l s 

F a t " H a t + i f f l V ^ s ^ t ^ ^ ^ V ^ V ^ l j J 

s=a 

" j J * a ( 1 ) * . ( J > ( ^ ) • , ( 1 ) V J ) d T l d T j } 11.29 

For t h i s to be zero f o r any s p i n o r b i t a l (not j u s t i|r ) i t i s n e c e s s a r y 
SL 

t h a t the be e i g e n f u n c t i o n s of the operator F. T h i s operator must 
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then depend on i t s own eigenfunctions. I I . 2 9 can be w r i t t e n 

k 
F = H C + X; ( J - K ) 11.30 i — s s 

s=a 

where J and K are coulomb and exchange operators d e f i n e d by 
8 S 

t h e i r i n t e g r a l s 

( V a t " HK^MTT) * t ( i ) * s ( j ) d T i d T j 

( K . ) a t = J k ( i ) * s ^ > ( F - > S
( i ) * t ( j ) d T i d T j n ' 3 1 

l j 

The p o t e n t i a l governing the SCF o r b i t a l s c o n s i s t s of the c o i e 

p o t e n t i a l , the coulomb p o t e n t i a l of a l l the e l e c t r o n s and an 

exchange p o t e n t i a l f o r each e l e c t r o n . S i n c e the coulomb and 

exchange p o t e n t i a l depend on the o r b i t a l s themselves, an i t e r a t i v e 

method has to be used to c a l c u l a t e the SCF o r b i t a l s . 

The eigenvalues of F (the Fock o p e r a t o r ) may be c a l l e d the 

o r b i t a l e n e r g i e s . Thus from 11.29 

s = F = H C + ) ( J - K ) 11.32 r r r r r L r s r s 
s=a 

Summing the e n e r g i e s over a l l occupied o r b i t a l s 

k k k k 
V 
L e r L 

r=a r=a 
H C + ) ) ( J + K ) 11.33 r r L,L, r s r s 

r = a s = a 
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Comparing t h i s w i t h 11.23 and noting s i n c e J = t h a t 

k k 
) ) ( J + K ) - 2 ) ( J - K ) 11.34 L L, r s r s L r s r s 

r=a s=a p a i r 
r s 

then . 
k 

E - ; e - / ( J - K ) + V 11.35 L 6 r L r s r s nn 
r=a p a i r s 

r s 

Thus even f o r SCF o r b i t a l s the t o t a l e l e c t r o n i c energy i s 

not j u s t the sum of the o r b i t a l e n e r g i e s p l u s n u c l e a r r e p u l s i o n 

energy. 

For a c l o s e d - s h e l l c o n f i g u r a t i o n w i t h each o r b i t a l being 

occupied by two e l e c t r o n w i t h a+ j3 s p i n s ^ e x p r e s s i o n s I I . 2 3 j 11.29 

and 11.32 a r e : 

(11.23) E - 2 ) H C + 2 Y ( 2 J -K ) + ) J + V 11.36 Z_, r r L r s r s L, r r nn 
r p a i r s r 

r s 
k 

( I I ' 2 9 ) F a t = H a t + l { 2 J j t a ( 1 ) * s ( J > f T " X ( 1 ) * B ( J ) d T i d T
J 

-JS^K^KTT:) V D t t C ^ i ^ d T } 1 1 3 7 

k 
(11.32) e = H C + ) ( 2 J -K ) = F 11.38 *r r r L> r s r s r r 

s=a 

where the summation i s c a r r i e d out over a l l occupied o r b i t a l s , not 

s p i n - o r b i t a l s . 
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I f the SCF o r b i t a l s are represented by the LCAO approximation 

* - / C 0 11.39 
* — v v 

then s u b s t i t u t i n g 11.39 i n t o 11.37 and p i c k i n g out terms i n 

C C a|i tv 

k 
C. V V V f rf . . . . / 1 \ , . . . 

v = H + > ; > c c -|2ii0 u;0 U M — ) 0 u;0 u^d T.d T. 
|iv (iv L LL> ps CTS L J J |i P \ r . . / v *a l j 

s=a p a 1-' 

- J J V ± > 0 O ( J ) ( r - ) * a ( 1 ) * v ( J ) d T i d T J } 

The SCF o r b i t a l s f o r a c l o s e d - s h e l l system i n t h i s form are 

then determined by s o l v i n g the s e c u l a r equations 

'/ C (F - E S ) - 0 11.41 
i— V |_LV UV 

through the determinant 

|F - E S I = 0 11.42 
1 UV (J.V 

227 

These are known as Roothaan's equations. An i t e r a t i v e process 

i s n e c e s s a r y f o r the s o l u t i o n s of 11.41 s i n c e F depends the 
' UV 

c o - e f f i c i e n t s C . 
v 

The B a s i s F u n c t i o n s 

The molecular o r b i t a l s used to d e s c r i b e a system of e l e c t r o n s 

and n u c l e i are g e n e r a l l y expanded i n terms of a l i n e a r combination 
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of atomic o r b i t a l s ( c f equation 11.39) and the atomic o r b i t a l s can 

be f u r t h e r d e s c r i b e d as a l i n e a r combination of f u n c t i o n s known 

as the b a s i s f u n c t i o n s ( c f equation 11.16) 

A complete s o l u t i o n of the Hartree-Fock problem r e q u i r e s an i n f i n i t e 

b a s i s s e t but a good approximation can be achieved w i t h a l i m i t e d 

number of f u n c t i o n s . Molecular o r b i t a l theory i s s i m p l e s t to apply 

and i n t e r p r e t i f the b a s i s s e t i s minimal, t h a t i s , when i t c o n s i s t s 

of the l e a s t number of atomic o r b i t a l s of the appropriate symmetry 

f o r the ground s t a t e . A t y p i c a l b a s i s s e t f o r organic molecules 

c o n s i s t s of a I s o r b i t a l f o r hydrogen, I s , 2s, 2p , 2p , 2p f o r 
x y z 

carbon, n i t r o g e n e t c . and I s , 2s, 2p , 2p , 2p , 3s, 3p , 3p , 3p 
x y z x y z 

f o r c h l o r i n e , sulphur e t c . 

Two types of b a s i s f u n c t i o n a re used i n Hartree-Fock c a l c u l a t i o n s , 

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

type of atomic o r b i t a l to use i n a minimal b a s i s s e t (and the one 

used i n CNDO/2) i n v o l v e s the S l a t e r type o r b i t a l s and the f u n c t i o n s 

are of the type 

i e . *M0 = Z C i * i 
i 

and 

t ( r e,0) = N 
3 *-

n-1 
Y l m ( 6 *> 11.43 

where N i s a n o r m a l i s a t i o n f a c t o r , n i s the p r i n c i p l e quantum number 
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and C i s the o r b i t a l exponent. Angular dependance i s given by 

the s p h e r i c a l harmonic terms Y ( 9 0 ) . These are, f o r hydrogen, 

X l s ( ' n ) ' e 

f o r atoms l i t h i u m to f l u o r i n e , 

= ( 5 S / 3 2 ^ ) * r . cos 3. e ( " ? r / 2 ) 

\ a = ( ? 5/967t)*. r . e ( " ? r / 2 ) 

For g a u s s i a n type f u n c t i o n s the r a d i a l p a r t i s of the form 

[exp (-ar ) ] . The disadvantage of the G.T.O's ( g a u s s i a n type o r b i t a l s ) 

i s that i n the v i c i n i t y of the nucleus a l i n e a r combination of s e v e r a l 

G.T.O's must be used to g i v e c o r r e c t r a d i a l dependence where only a 

s i n g l e STO i s needed 

b. Semi-empirical A l l Valence E l e c t r o n , Neglect of Diatomic Overlap 

Method. (NDDO). 

For molecules of even moderate s i z e , minimal b a s i s s e t c a l c u l a t i o n s 

of the non-empirical type can be come computationally v e r y expensive. 

One of the main o b s t a c l e s i s the e v a l u a t i o n of a l l the m u l t i c e n t r e 

i n t e g r a l s i n volved. The NDDO method reduces the number of i n t e g r a l s 

to be evaluated e i t h e r by approximating them to zero or e s t i m a t i n g 

them from e m p i r i c a l data. 
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The approximations i n v o l v e d a r e : 

( i ) Only v a l e n c e e l e c t r o n s are s p e c i f i c a l l y accounted f o r , the 

in n e r s h e l l s being regarded as an u n p o l a r i s a b l e core. 

( i i ) Only atomic o r b i t a l s of the same p r i n c i p l e quantum number as 

t h a t of the h i g h e s t occupied o r b i t a l s i n the i s o l a t e d atoms are in c l u d e d 

i n the b a s i s s e t . 

( i i i ) Diatomic d i f f e r e n t i a l o verlap i s neglected. That i s , i f the 

o r b i t a l s x^ a n ^ Xj a r e n o t o n ^ e same atom. 

S.. = Jx . ( u ) X . ( u ) d T = 0 

and 

j X i ^ ) \ ( v H r ~ ) x i ( ^ ) ) < e
( v ) d T u d T v = < i j l k l > = 0 

u n l e s s x^ a n ^ Xj a r e a t o m i c o r b i t a l s of atom A and x^ a n d X g 

are atomic o r b i t a l s belonging to the same atom A or B. 

The f i r s t approximation permits the inner e l e c t r o n s to be 

negle c t e d , ta k i n g them as p a r t of a core where charge w i l l be 

approximately equal to the n u c l e a r charge minus the number of core 

e l e c t r o n s . The second approximation c o n s i d e r a b l y reduces the 

i n i t i a l number of i n t e g r a l s to be c a l c u l a t e d . T h i r d l y , a l l three 

and four c e n t r e i n t e g r a l s and some two centre i n t e g r a l s are reduced 

to zero. 

c. A l l Valence E l e c t r o n Complete Neglect of D i f f e r e n c i a l Overlap 

Method (CNDO). 

Even w i t h the above approximations the number of i n t e g r a l s to 

be e v a l u a t e d i s s t i l l l a r g e and f u r t h e r s i m p l i f i c a t i o n s are d e s i r a b l e . 
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I n the CNDO method a l l one and two c e n t r e i n t e g r a l s i n v o l v i n g 

d i f f e r e n t i a l o v e r l a p are s e t to zero. W r i t i n g the e l e c t r o n i c 

i n t e r a c t i o n i n t e g r a l s 

.A2(^ (r^ *B ( v ) d T u d T v 1 1 A U 

as r.„. The Fock matrix elements F.. become AB l j 

F.. = H.. + (P.. - I P . . ) r.. + • p D D r A 1 J 11.45 11 l i AA s l i AA _ BB AB 

and 

F i j " H i J " * P i j r A B ( i * j> 1 1 A 6 

where the atomic o r b i t a l X. i s c e n t r e on atom A and y. on atom B. 
l * j 

P _ are the components of the charge d e n s i t y and bond order matrix, 

occ 
P. . = 2 a . a . 11.47 l j mi mj 

m 

and P ^ i s the charge on atom A 

A 
P.. = P.. 11.48 AA i i l 

The core m a t r i x elements H_„ may be separated i n t o two 

components, the diagonal m a t r i x elements of with r e s p e c t to 

the o n e - e l e c t r o n Hamiltonian c o n t a i n i n g only the core of i t s own 
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atom ( U , . ) , and the i n t e r a c t i o n s of an e l e c t r o n i n ̂  on atom A 

wi t h the cores of other atoms B. 

H. . = U.. - / V A B 11.49 11 n L AB 
B?*A 

Therefore 11.45 may be w r i t t e n as 

F i i = U i i + ( iAA " i P i i ; i A B + , ( PBB rAB- VAB ) 

BjtA 

and the t o t a l energy may be w r i t t e n as the sum of one and two 

atom terms. 

E = z. EA + EAB n ' 5 1 

A A < B 

where 

E A 

A A B 
) P..U.. + 4 / ) (P..P.. - ft>..2)rA1. 11.52 L 11 l i C L L l i j j « I J AB 

l 1 

and 
A B 

s A T 1 = } ) (2p. .H. . - i p . . 2 r , J + (Z.z-~k P A*V -P^V,, 
AB L LJ i j i j 2 i j AB A B R AA AB BB AA . . AB l l 

+ P A A R A B ) T I - 5 3 

where R. i s the d i s t a n c e between n u c l e i A and B. AB 
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Due to n e g l e c t of the one-centre e l e c t r o n i n t e r a c t i o n s i n v o l v i n g 

d i f f e r e n t i a l o v e r l a p between two o r b i t a l s some one centre exchange 

i n t e g r a l s such as < 2s 2p | 2s 2p > are omitted and the CNDO method 

does not show q u a n t i t a t i v e l y the e f f e c t s of Hund's r u l e s . For 

c a l c u l a t i o n s on c l o s e d s h e l l ground s t a t e s t h i s d e f e c t i s not s e r i o u s . 

E v a l u a t i o n of I n t e g r a l s i n CNDO/2. 

( i ) One e l e c t r o n i n t e g r a l s . 

An estimate of t h i s i n t e g r a l can be obtained from s p e c t r o s c o p i c 

data. I t can be shown th a t 

U i i " ~h ~ ( V 1 ) r A A T I ' 5 4 

where I i s the i o n i s a t i o n p o t e n t i a l of an e l e c t r o n from an o r b i t a l 

on atom A ( r e f e r r e d to the appropriate average atomic s t a t e s ) . 

A l t e r n a t i v e l y , atomic e l e c t r o n a f f i n i t i e s ( A ^ may be used 

-A. = U.. + Z. T. . 11.55 l l i A AA 

but i n order to account f o r the tendency of an atomic o r b i t a l to 

acq u i r e and loose e l e c t r o n s , the r e l a t i o n s h i p used i n CNDO/2 

c a l c u l a t i o n s i s : 

• I ( I . + A.) = U.. + < Z A - # r A A H.56 

U.. = -4 ( I . + A.) - <Z A- 11.57 
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( i i ) One-centre, two e l e c t r o n i n t e g r a l s T.. 

These are c a l c u l a t e d from the e l e c t r o s t a t i c r e p u l s i o n energy of 

two e l e c t r o n s i n a S l a t e r s - o r b i t a l i r r e s p e c t i v e of the f a c t that the 

o r b i t a l s concerned may be p or d - o r b i t a l s . Thus, 

( i i i ) Two-centre, t-wn e l e c t r o n i n t e g r a l s Tir. 
' AB 

The most d i f f i c u l t problem i n s e m i - e m p i r i c a l methods of 

s o l v i n g the Hartree-Fock problem i s s a t i s f a c t o r y e v a l u a t i o n of 

two-centre, two e l e c t r o n i n t e g r a l s . I n CNDO/2 these are 

c a l c u l a t e d as 

FAB = J J X S A 2 ( ^ (lH * S B 2 ( V ) d \ d \ I X - 5 9 

where and Xgg a r e the S l a t e r s-type o r b i t a l s f o r atoms A and 

B. These i n t e g r a l s r e p r e s e n t the i n t e r a c t i o n between e l e c t r o n s i n 

va l e n c e o r b i t a l s on atoms A and B. Formulae f o r these i n t e g r a l s 
228 

have been l i s t e d by Roothaan. 

( i v ) Two-centre^one e l e c t r o n i n t e g r a l s R. (Resonance i n t e g r a l s ) . 

T h i s i n t e g r a l i s taken as being d i r e c t l y p r o p o r t i o n a l to the 

o v e r l a p i n t e g r a l between o r b i t a l s and X̂  c e n t r e d on A and B 

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

H. , = P ? D S. . 11.60 l j AB i j 
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where S l a t e r atomic o r b i t a l s are used to c a l c u l a t e S... To 

preserve r o t a t i o n a l i n v a r i a n c e , p° should be c h a r a c t e r i s t i c of 
AD 

and Xj but independant of t h e i r c o o r d i n a t e s . The parameter p^g 

i s t h e r e f o r e taken as the average of a p° parameter f o r each atom. 

P ° B = * ( P ° + P j ) 11.61 

, i „o . . . where the parameters a i e cuustit Lo reproduce r e s u l t s obtained 
229 

from experiment or 1ab i n i t i o 1 c a l c u l a t i o n s . 

( v ) Coulomb P e n e t r a t i o n I n t e g r a l s V^g 

I n the CNDO/2 method the e f f e c t of the i n t e r a c t i o n of an 

e l e c t r o n i n o r b i t a l \^ on atom A wi t h the cores of other atoms B 

(equation 11.49) are ne g l e c t e d and coulomb p e n e t r a t i o n i n t e g r a l s 

estimated a s : 

VAB = ZB rAB T I - 6 2 

E l e c t r o n D i s t r i b u t i o n i n Molecules. 
Charge Density 

When the molecular o r b i t a l s i|r have been deterraned the charge 

d e n s i t y may be analysed i n terms of the b a s i s f u n c t i o n s For 

two e l e c t r o n s i n each occupied molecular o r b i t a l the t o t a l charge 

d e n s i t y P i s given by: 

whe 

occ 

p = 2 Z * » = /,: p k i w I X - 6 3 

m k 1 

re P ^ i s the d e n s i t y m a t r i x defined i n equation 11.47. The 
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2 diagonal element P ^ i s the c o e f f i c i e n t of the d i s t r i b u t i o n ^ 
and measures the e l e c t r o n population of that o r b i t a l . The o f f 
diagonal elements P ^ are ove r l a p populations r e l a t e d to the ove r l a p 
region of atomic o r b i t a l s a n ^ X^. 1° order to a s s i g n a s p e c i f i c 
charge to each atom a M u l l i k e n population a n a l y s i s i s used. The 
t o t a l e l e c t r o n population of an o r b i t a l ^ i s given by 

o. = P. . + • P. -S . I I 6^ "K KK i _ k l k i 

where i s the ove r l a p i n t e g r a l . Since i n the CNDO approximation 

ove r l a p i s ignored, then 

and the t o t a l charge d e n s i t y on atom A i s given by the sum over a l l 

atomic o r b i t a l s centred on A. 

A 

PAA = I Pkk I T - 6 6 

k 

and the net charge on atoms A i s given by: 

charge = P ^ - Z A 11.6 7 

where Z. i s the e f f e c t i v e atomic number ( i . e . the atomic number A 
minus the number of core e l e c t r o n s ) . 
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Charge 

The % e l e c t r o n charge of an atom i s taken as the value of 

the diagonal element P of the e l e c t r o n d e n s i t y matrix, out of the 
K.K. 

plane of the molecule. The d i f f e r e n c e between t h i s v a l u e of P 
kk 

and the number of e l e c t r o n s the atom co n t r i b u t e s i s then taken 

as the TC charge on the atom. 

_ n l n 

The d i f f e r e n c e between the net (or t o t a l ) charge on an atom 

(equation 11.67) and the it charge as defined above i s taken as the 

CT-charge. 

As observed p r e v i o u s l y , a s c r i b i n g an e l e c t r o n population to a 

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

a continuous f u n c t i o n . The a n a l y s i s g i v e s only a crude i d e a of the 

e l e c t r o n d i s t r i b u t i o n w i t h i n a molecule but the i d e a i s c o n c e p t u a l l y 

c l o s e to q u a l i t a t i v e ideas of charge d i s t r i b u t i o n s i n organic molecules. 

The CNDO/2 charge d i s t r i b u t i o n s , used i n co n j u n c t i o n w i t h the 

charge p o t e n t i a l model, have been shown to give a good q u a n t i a t i v e 

d e s c r i p t i o n of observed ESCA chemical s h i f t s . The treatment i s , 

however, l e s s a c c u r a t e f o r second row atoms but t h i s should be overcome 

by b e t t e r p a r a m e t e r i s a t i o n of the b a s i s f u n c t i o n s i n the CNDO 

treatment. 



APPENDIX I I I 



242. 

A Nonp-Rigorous D e r i v a t i o n of the Charge P o t e n t i a l Model. 

For a c l o s e d s h e l l molecule d e s c r i b e d by the S l a t e r determinental 

wave f u n c t i o n ( c f 11.13) 

\ = l * a * k l I I U 

the t o t a l energy may be w r i t t e n as ( c f 11.35) 

E„ = !• e - ; ( 2 J - K ) + V I I I . 2 M L-> r t-, r s r s nn 
r=a p a i r s 

r s 

The o r b i t a l e n e r g i e s may be expressed as; 

< * r l " * V l 2 " 1 f I K > + L ( 2 J c " K J 
, i _ r s r s n l s=a k 

core 
r r L. r s r s ' 

s=a 
H + ^ ( 2 J - K„_) 

k k k k 
) e = ) H C O r e + N ) ( 2 J - K ) Lj r L. r r <_ Z_. r s r s 

r=a r=a r=a s=a 

k k 
now • ' ( 2 J - K ) = 2 '} ( 2 J - K ) 

L. .:_ r s r s _̂ r s r s 
r=a s=a p a i r s 

r s 

k k 
s~ ™ core V 

"rr LJ r s ""rs' 
r=a r=a p a i r s 

r s 

e = • H + 2 ) ( 2 J - K ) r I— r ~ 
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E = • H C ° r e + N- ( 2 J - K ) + V I I I . 3 M L r r L. r s r s nn 
r=a p a i r s 

r s 

I f one e l e c t r o n i s now removed from s p i n o r b i t a l V , then the energy 
3. 

of the i o n i s e d s t a t e (provided the wavefunctions of the other 

e l e c t r o n s remain unchanged) i s given by: 

\ + - i*b *k' 1 1 1 , 4 

E„+ = • H + ) ( 2 J - K ) + V I I I . 5 
L. r s r s r -

core 
"M" L " r r ' L> " r s " r s ' 'nn 

r=b p a i r s r s 
r ^ a , s ^ a 

• E - E M + = H C ° r e + } ( 2 J - K ) = e I I I . 6 M M aa i_ as as a 
s=a 

I t f o l l o w s t h a t -e can be equated to the i o n i s a t i o n p o t e n t i a l (E.+ - E,.) 
a M M 

which i s the energy r e q u i r e d to i o n i s e the molecule, p r o v i d i n g that 

the i o n i s a t i o n process can be adequately represented by the removal 

of an e l e c t r o n from an o r b i t a l without a change i n the wavefunctions 

of the other e l e c t r o n s . T h i s i s known as Koopmans' Theorem, 

I n p r a c t i c e the wavefunctions of the other e l e c t r o n s do change 

i n going to the i o n i s e d s t a t e and t h i s e l e c t r o n i c r e o r g a n i s a t i o n lowers 

the energy, so that i o n i s a t i o n p o t e n t i a l s computed assuming Koopmans1 

theorem are too l a r g e . The degree of ' l o c a l i s a t i o n ' about the nucleus 

of core e l e c t r o n s depends v e r y l i t t l e on the chemical environment 
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of the atom so that A E r e o r g (the r e o r g a n i s a t i o n energy) i s roughly 

constant f o r a given core l e v e l . The s h i f t i n a given core l e v e l 

i s given by; 

A , . Cl_ = Ae + AE + A E + A E , s h i f t reorg c o r r r e l . 

and other terms being e i t h e r s m a l l or e f f e c t i v e l y constant 

A , . ,„ « Ae I I I . 7 s h i f t 

The change i n e l e c t r o n i c environment about a given atom i n going 

from one molecule to another i s due to the d i f f e r e n c e i n v a l e n c e 

e l e c t r o n d i s t r i b u t i o n , the core e l e c t r o n s being l o c a l i s e d on t h e i r 

r e s p e c t i v e atoms. I t i s n a t u r a l t h e r e f o r e to develop a model i n 

which s h i f t s i n core binding e n e r g i e s may be r e l a t e d to changes i n 

v a l e n c e e l e c t r o n d i s t r i b u t i o n . The p o t e n t i a l model attempts to do 

t h i s . 

Consider the e x p r e s s i o n f o r the o r b i t a l energy, 

k 

« r - < + r I " i V l 2 " I f , I * r > + I < 2 J
r S " \ S > m - 8 

n l 
n s=a 

where the ilf , are MO's. Z i s the n u c l e a r charge of atom n and the r ' s n ° 
summation of the second term extends over a l l occupied MO's. 
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Expanding, 

ml 
k 

+ < * | - ) — I t > + ) ( 2 J -K- ) I I I . 9 r 1 i— r ' T r Z_ r s r s , n l , nfm s f r 

ConaidRr thp f i r s t term of expression!!!.9. I f K c o i i c s ^ u n u u Lu 

a core l e v e l c e n t e r e d on atom m, then t h i s one c e n t r e k i n e t i c and 

n u c l e a r a t t r a c t i o n i n t e g r a l i s constant f o r a given atom and i s 

independant of the v a l e n c e e l e c t r o n d i s t r i b u t i o n . The one c e n t r e 

coulomb r e p u l s i o n i n t e g r a l J i s a l s o independant of the valence 

e l e c t r o n d i s t r i b u t i o n . I n c o n s i d e r i n g ' s h i f t s ' i n core l e v e l s the 

f i r s t two terms i n I I I . 9 may be ignored. S i m i l a r l y i n the expansion, 

k 

V ( 2 J - K ) 
Z_ r s r s 

s * r 

the one c e n t r e coulomb and exchange i n t e g r a l s i n v o l v i n g other core 

o r b i t a l s on atom m w i l l be i n v a r i a n t to changes i n v a l e n c e e l e c t r o n 

d i s t r i b u t i o n , w h i l s t exchange i n t e g r a l s i n v o l v i n g the l o c a l i s e d core 

o r b i t a l on atom m and core and va l e n c e o r b i t a l s on other atoms are 

s m a l l and may be neglected, I I I . 9 may be r e - w r i t t e n a s ; 

e r - E° + < * r | * r > + I 2 J r s I I I . 10 
n^m s£r 
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where E° i s a constant and the summation of coulomb r e p u l s i o n i n t e g r a l s 

extends over valence o r b i t a l s and core o r b i t a l s on atoms other than m. 

The second term i n I I I . 1 0 r e p r e s e n t s the a t t r a c t i o n between a core 

e l e c t r o n i n o r b i t a l rjf which i s l o c a l i s e d on atom m and the n u c l e i 
r 

of the other atoms i n the molecule. T h i s term may be r e - w r i t t e n as 

k 

1 
Zn 
r nm 

The t h i r d term i n v o l v e s coulomb i n t e g r a l s . Consider f i r s t l y the 

terms i n v o l v i n g the core o r b i t a l ijr^ on atom m and a core o r b i t a l t j 

on atom n; 

J r j = < * r
( 1 ) * j ( 2 ) l i T I * r

( 1 ) * j ( 2 ) > 12 

2 
T h i s r e p r e s e n t s the i n t e r a c t i o n between the charge cloud i|f̂  

2 
l o c a l i s e d on atom m and \|J . l o c a l i s e d on atom n and hence, can be 

J 
w r i t t e n as — . The term J . where ft i s a va l e n c e molecular o r b i t a l r r i * i nm 
can be w r i t t e n as; 

< # ( 1 ) t ( 2 ) | - i - | * (l)<r.(2) > I I I . 11 
r I X 2 "̂ 

expanding i n terms of the b a s i s s e t of atomic o r b i t a l s : 

J r i = I C i p 2 < * r ( 1 ) V 2 ) l ^ ' ^ r U ) V 2 ) > I I T' 1 2 
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The terms i n v o l v e d i n I I I . 1 2 are of two types: 

(1 ) 0 i s a v a l e n c e atomic o r b i t a l on atom m 
P 

( 2 ) 0 i s a v a l e n c e atomic o r b i t a l on atoms n other than n. 
P 

The second type, ( 2 ) , again r e p r e s e n t s the e l e c t r o s t a t i c r e p u l s i o n 

between charge clouds on d i f f e r e n t atoms and I I I . 1 2 can be w r i t t e n 

J r i = I C i p 2 < * r ( 1 ) V 2 ) t ^ t r d ) 0 p ( 2 ) > 

+ y 2 1 

nm 
I I I . 1 3 

The f i r s t summation extends over valence atomic o r b i t a l s 0 on atoms n 
P 

other than m and the second summation extends over v a l e n c e atomic 

o r b i t a l s 0 on atom m. 
P 

I I I . 1 0 can now be w r i t t e n a s : 

= E l Zn 
r 
nm 

over a l l atoms 
n other than m 

V 2 
L T + 

nm 
over a l l core 
o r b i t a l s on 
atoms other 
than m 

- r- 2C. 

nm 
over a l l v a l e n c e MO's 
and a l l c o n s t i t u e n t atomic 
o r b i t a l s i n the l i n e a r 
combination on atoms other 
than m 

+ ) C. 2 < f (1)0 ( 2 ) 1 — I f (1)0 ( 2 ) > i— i p r *p xyi r P 

over a l l v a l e n c e atomic o r b i t a l s on atom m. 
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C o l l e c t i n g terms common to each atom 

e = E° + \ (J« + 2 . ) + ) !!i£ 2 

r L. r r r 
nm nm nm 

+ I C i p 2 < * r ( 1 ) V 2 ) l ^ l * r ( 1 ) V 2 ) > 

but ^2 + ^2C^p 2 i s the t o t a l e l e c t r o n population on a given atom n 

\~ V 2 •Z + ;2 + /2C. r e p r e s e n t s the charge q on atom n. n L• l— i p n 

•'• e r =
 E° + l f + Z ? C i p 2 < • r

( 1 > V 2 ) t i " l * r ( 1 ) ^ ( 2 ) > I T I' 1 4 

, mn K v 12 K 

nfm 

Now, ^2C^p 2 i n I I I . 1 4 r e p r e s e n t s the t o t a l v a l e n c e e l e c t r o n population 

on atom m and t h i s i s d i r e c t l y p r o p o r t i o n a l to the charge q 

I I I . 1 4 may be r e - w r i t t e n i n the form 

e = E° + k + ) <m I I I - 1 5 r qm L r n , nm nfm 

T h e o r e t i c a l l y , k should be the average r e p u l s i o n between a core 

and valence e l e c t r o n on atom m, however, to allow f o r the approximations 

involved i n d e r i v i n g I I I . 1 5 , i t i s b e t t e r to t r e a t k as a parameter 

which depends on the d e f i n i t i o n of atomic charge and i n an SCF MO 

treatment, on the b a s i s s e t employed. 

I I I . 1 5 r e l a t e s the binding energy of a core l e v e l of an atom to 

the charge d i s t r i b u t i o n i n the molecule and a l l o w s ready e x t e n s i o n to 

a d i s c u s s i o n of i o n i c l a t t i c e s . For molecular s o l i d s the t h i r d term 



i n I I I . 1 5 may be regarded as an i n t r a m o l e c u l a r Madelung p o t e n t i a l . 

In the extension to i o n i c s o l i d s , t h i s becomes an i n t e r m o l e c u l a r 

p o t e n t i a l and i n p r i n c i p l e extends over the whole l a t t i c e . 
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