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ABSTRACT

P r o t o p o r p h y r i n  d i m e t h y l  e s t e r  was s y n t h e s i z e d  by e s t é r i f i c a t i o n  o f  

p r o t o p o r p h y r i n ,  and was u sed  t o  s tu d y  th e  i r o n  and c o p p e r  m e t a l l a t i o n  

r e a c t i o n s  i n  c h l o r o f o r m ,  a c e t o n e  and m e thy l  a l c o h o l .  I n  t h e s e  and o t h e r  

s o l v e n t s ,  t h r e e  d i f f e r e n t  and q u i t e  s t a b l e  p r o t o p o r p h y r i n - i r o n  ( i l l )  

co m p lex es  c h a r a c t e r i s t i c  o f  each  s o l v e n t  were fo r m ed .  T h e i r  s p e c t r a  a r e  

t h e  c h l o r o f o r m  ty p e  w i th  two p e a k s ,  t h e  a c e t o n e  ty p e  w i th  t h r e e  p e a k s ,  

and t h e  m e th y l  a l c o h o l  ty p e  w i th  t h r e e  p e ak s  and a s m a l l  hump.

The n a t u r e  o f  t h e s e  co m p lex es  was s t u d i e d ,  one o f  which ( t h e  c h l o r o f o r m  

t y p e ) ,  F l e i s h e r  and Wang (26)  c a l l e d  a new s i t t i n g - a t o p  ty p e  o f  i n t e r m e d i a t e .  

The a u t h o r ’ s  c o n c l u s i o n  i s  t h a t  p r o b a b ly  t h e s e  com plexes  a r e  n e i t h e r  

i n t e r m e d i a t e s  n o r  new t y p e s  o f  i r o n  p o r p h y r i n  c o m p le x e s ,  b u t  p o r p h y r i n  d i ­

c a t i o n  ( t h e  c h l o r o f o r m  t y p e ) ,  m o n o cà t io n  ( t h e  a c e t o n e  t y p e ) ,  and q u a s i -  

m o n o c a t io n  ( t h e  m e th y l  a l c o h o l  t y p e ) .  P o r p h y r in  c a t i o n s  a r e  p r o b a b l y  a 

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

The c o p p e r  m e t a l l a t i o n  r e a c t i o n  i n  t h e s e  s o l v e n t s  advanced  i n t o  t h e  

f o r m a t i o n  o f  c o p p e r  ( I I ) m e t a l l o p o r p h y r i m  w i t h o u t  fo rm in g  p o r p h y r i n  c a t i o n  

when c o p p e r  ( I I )  a c e t a t e  was u s e d .  D i f f e r e n t ,  a s  y e t  u n e x p l a i n e d ,  r e s u l t s

i i i
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w e re   o b t a i n e d   when   c o p p e r  ( I I )  c h l o r i d e   was   u s e d   a s  a  s o u r c e   o f   c o p p e r »

i v
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INTRODUCTION

T r e i b s  r e p o r t e d  f o r  t h e  f i r s t  t im e  i n  1934 t h e  e x i s t e n c e  o f  porphyrin  

eompoonds i n  o r g a n i c  m i n e r a l  d e p o s i t s  ( 1 ) » S ince  th en , many p a p e r s  have  been  

p u b l i s h e d  on t h e  s tu d y  o f  p o r p h y r i n  compounds i n  c r u d e  o i l  o r  o i l  s h a l e  (2 -  5 ) » 

The d i s c o v e r y  o f  t h e s e  p o r p h y r i n  compounds h a s  g iv e n  some o f  t h e  b e s t  e v id e n c e  

t h a t  th e  o r i g i n  o f  p e t r o l e u m  i s  from l i v i n g  organism s* Thus, t h e  n a t u r e  o f  

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

p e t r o l e u m  c h e m i s t s »

T h i s  p a p e r  b a s i c a l l y  a im s  a t  t h e  i n v e s t i g a t i o n  o f  t h e  r e a c t io n  mechanism 

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

t h e s i s ,  p a r t i c u l a r l y  t h e  f o r m a t i o n  o f  an  i n t e r m e d i a t e  p o r p h y r i n  m e t a l  c o m p lex « 

The m e t a l l a t i o n  r e a c t i o n  and m e t a l l o p o r p h y r i n  compounds have been  e x t e n ­

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

c h e m i s t r y  ( 6 , 1 0 , 1 2 ) ,

The p o r p h y r i n  n u c l e u s  i s  a t e t r a d e n t a t e  l i g a n d ,  i n  which th e  s p ace  a v a i l ­

a b l e  f o r  a c o o r d i n a t e d  m e t a l  h a s  a maximum d i a m e t e r  o f  a p p r o x i m a t e l y  3*8% (18)  

a s  shown i n  Fig* 1*

1
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V"3
CH» cH%

H f i C H i -  CH:

Roare I . -  Porph/r'm b o n d  l e n g t h  
( N i  ( J L ) - â . e t i o p o r p h y r i n  ) .

When, c o o r d i n a t i o n  o c c u r s ,  two p r o t o n s  a r e  l o s t  from n itr o g e n  a to m s ,  

l e a v i n g  two n e g a t i v e  c h a r g e s  which a r e  no d o u b t  d i s t r i b u t e d  a b o u t  t h e  whole  

i n n e r  r i n g  » A cco rd ing  t o  t h e  c l a s s i c a l  p i c t u r e ,  t h e  m e t a l  i o n  i s  h e l d  i n  th e  

p l a n e  o f  t h e  p o r p h y r i n  r i n g  by two c o o r d i n a t e  and two i o n i c  bonds  w i th  t h e  

f o u r  n i t r o g e n  a tom s  ( 1 0 ) .

Complexes w i th  a  number o f  m o n o v a len t  c a t i o n s  a r e  known ( e . g .  Na^, Kg,

Lig c o m p lex es )?  i n  t h e s e  one o f  t h e  c a t i o n s  s i t s  s l i g h t l y  a b o v e ,  and th e  o t h e r  

s l i g h t l y  below t h e  p l a n e  o f  th e  n u c l e u s .  When d i v a l e n t  m e t a l  i o n s  ( e . g .

Co ( I I ) ,  Ni ( I I ) ,  Cu ( I I ) )  a r e  c h e l a t e d ,  t h e  r e s u l t i n g  t e t r a c o o r d i n a t e  complex 

i s  s q u a r e  p l a n a r  w i t h  a d i a m e t e r  o f  a p p r o x i m a t e l y  8 . 5 8  and a t h i c k n e s s  o f  

a p p r o x i m a t e l y  4 . 7 8 ,  and  h a s  z e r o  r e s i d u a l  c h a r g e .  Some m e ta l  i o n s  c h e l a t e d  i n  

t h e  p o r p h y r i n  n u c l e u s  may be o x i d i z e d  t o  the  t r i v a l e n t  s t a t e  ( e . g .  Fe ( I I I ) ,

Pin ( I I I ) ,  Co ( I I I ) c o m p le x es )  and t h e  r e s u l t i n g  co m p lex es  have u n i t  p o s i t i v e  

c h a r g e ,  and  a r e  a s s o c i a t e d  w i t h  a n i o n s  i n  t h e  s o l v e n t  medium (1 1 ,  1 9 ) .  P o r ­

p h y r i n s  d i f f e r  from t h e  more common c h e l a t i n g  a g e n t s  i n  t h a t  t h e r e  i s  an
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a p p r e c i a b l e  a c t i v a t i o n  e n e r g y  a s s o c i a t e d  w i th  th e  i n c o r p o r a t i o n  o f  t h e  

m e t a l  i o n 9  t h e  r e a c t i o n  r a t e  b e i n g  d e p en d e n t  upon t h e  n a t u r e  o f  t h e  p o r p h y r i n ,  

t h e  n a t u r e  o f  th e  m e t a l  i o n  and t h e  s o l v e n t  medium.

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

g u i s h  be tween  t h e  thermodynamic  s t a b i l i t y ,  i . e . ,  the  e q u i l i b r i u m  a f f i n i t y  

o f  a p o r p h y r i n  f o r  a m e t a l  i o n  and th e  k i n e t i c  s t a b i l i t y  ( o r  l a b i l i t y ) ,  

i .  e . ,  t h e  e a s e  w i t h  which a complex may be formed o r  d i s s o c i a t e d .  P h i l l i p s  

deduced  t h e  o r d e r  o f  thermodynamic  s t a b i l i t y  o f  m e t a l l o p o r p h y r i n  from c o n ­

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

(2 0 ).
P t  ( I I ) ^ >  Pd ( I I ) ) >  Mi ( I I ) ) .  Co ( I I ) ) >  Ag ( I I ) \  Cu ( I I ) ) .  Fe ( I I )

)  Zn ( I I )  )  Mg ( I I ) )  Cd ( I I ) )  So ( I I ) )  U 2 )  Ma2)  Ba ( I I ) )  K2  )> ( a 9 ( I ) ^  2

As f o r  k i n e t i c  s t a b i l i t y ,  l i t t l e  q u a n t i t a t i v e  i n f o r m a t i o n  i s  a v a i l a b l e  

on th e  r a t e s  o f  th e  m e t a l l a t i o n  o f  d i f f e r e n t  i o n s  under  co m p arab le  r e a c t i o n  

c o n d i t i o n s .  However,  Erdman (21 ,  2 2 ) ,  Corwin ( 2 3 ) ,  Hobbs (24)  and F l e i s h e r  

(25)  have  r e p o r t e d  t h e  r e l a t i v e  o r d e r  o f  k i n e t i c  s t a b i l i t y  u nde r  v a r i o u s  

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

However,  a s  e x p l a i n e d  a b o v e ,  t h i s  r e l a t i v e  s t a b i l i t y  i s  e x t r e m e l y  d e p e n d e n t  

upon s p e c i e s  o f  m e t a l  i o n ,  ^ - s u b s t i t u t e d  f u n c t i o n a l  g r o u p , p r o p e r t i e s  o f  

s o l v e n t  medium and s m a l l  amount o f  added  a g e n t s  such  a s  d e t e r g e n t  o r  c h e ­

l a t i n g  a g e n t .  Small  amount o f  a n i o n i c  d e t e r g e n t  s o l u t i o n  such  a s  sodium 

d o d e c y l  s u l p h a t e  (SDS) a c c e l e r a t e s  m e t a l l a t i o n  r e a c t i o n  r a t e ,  and  th e  

maximum r a t e  o f  i n c o r p o r a t i o n  o f  Cu ( I I )  i n t o  m e so p o r p h y r in  i n  t h e  p r e s e n c e  

o f  8 - h y d r o x y q u i n o l i n e  ( o x i n e )  i s  o b t a i n e d  when t h e  o x in e  to  Cu r a t i o  i s  1§1 ,  

and i s  d e p r e s s e d  a s  th e  r a t i o  i n c r e a s e s  ( 1 9 ) .
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TABLE 1

R e la t iv e  Qgder

Cu ( I I ) >  Ni ( I I ) >  Fe ( I I I )  
>V0 ( I I )

Co ( I I ) >  Ni ( I I ) <  Cu ( I I ) <  
<^Zn ( i l )

Ni ( I I ) >  VO ( I I )

Cu ( I I ) >  I n  ( I I ) >  MO ( I I )  
porphyrin  ~ >Co ( I I ) >  Fe ( l l ) >  Ni ( i l )

>Cd ( I I )

* A m i x t u r e  o f  p o r p h y r i n s  which h a s  been  o b t a i n e d  from, a s i n g l e  c r u d e  o i l  
sample *

R ega rd ing  t h e  mechanism o f  m e t a l l a t i o n *  P h i l l i p s  and c o - w o r k e r s  (3 9 )  

s u g g e s t e d  from t h e i r  k i n e t i c  s t u d i e s  t h a t  r e a c t i o n  be tw een  m e ta l  i o n  and f r e e  

p o r p h y r i n  t o  fo rm t h e  c o r r e s p o n d i n g  m eta llo p o rp h y r in  ta k e s  p lace*  a s  i n d i c a t e d  

i n  th e  r e a c t i o n  below* th r o u g h  a d i s p l a c e m e n t  mechanism o f  t h e  SNg ty p e  r a t h e r  

th a n  a d i s s o c i a t i o n  mechanism»

iq+n + PHg ^ > PM*(^ °  2 )  + 2 h + Where r e p r e s e n t s  m e t a l  ion*  PH^ a

f r e e  p o r p h y r i n ,  and “ ^ )  m© ta l l© p o r p h y r in »

F l e i s h e r  and  Wang (26)  r e p o r t e d  t h a t  t h e i r  e x p e r im en ta l  r e s u l t s  showed

n o t  o n l y  t h a t  m e t a l l a t i o n  t a k e s  p l a c e  t h r o u g h  a d isp la ce m e n t  mechanism b u t

a l s o  t h a t  t h e  m e t a l  i o n  f i r s t  combined w i t h  t h e  porphyrin  to  form a r e a c t i o n  

i n t e r m e d i a t e  which  s u b s e q u e n t l y  decomposed i n t o  t h e  normal m e t a l l o p o r p h y r i n  

and two h y d rogen  io n s »  T h i s  c o n c l u s i o n  i s  b a se d  on the o b s e r v a t i o n  t h a t  

p r o t o p o r p h y r i n  d i m e t h y l  e s t e r  ( t o  be c a l l e d  PPM i n  t h i s  t h e s i s )  c o n v e r t e d  

i n t o  i r o n  ( I I I )  -  p r o t o p o r p h y r i n  d i m e t h y l  e s t e r  ( t o  be c a l l e d  Fe ( I I I ) -  PPM

R e l a t i v e  Order  o f  R e a c t iv i t y

R e s e a r c h e r  P o r p h y r i n  u s e d  S o lv e n t

Erdman a e t i o p o r p h y r i m  -  I b en ze n e  -  HAc -
HG|

Corwin a u e t i o p o r p h y r in  -  I I  H2  S04  -  HAe
HCf -  -HAc

Hobbs p o r p h y r i n *  a g g r e g a t e  HAc -  p y r i d i n e

F l e i s h e r  t e t r a p y r i d y l -  H20
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in  t h i s  t h e s i s )  in  t h e  r e a c t i o n  wi t h ir o n  ( I I I )  c h lo r id e  in  ch loroform  a f t e r

p r o lo n g e d  t ime » In  t h i s  p r o c e s s ,  f i r s t ,  PPM formed a new ty p e  o f  complex 

(F ig»  2C) w i th  a b s o r p t i o n  spectrum markedly d i f f e r e n t  from th a t  o f  the m e t a l l o ­

p o r p h y r i n ,  and g r a d u a lly  changed  to  t h a t  o f  the co rresp o n d in g  m eta llo p o rp h y r in  

compound ( F i g ,  2 8 ) o They p ro p o s e d  a s t r u c tu r e  w i th  t h e  m etal s i t t i n g - a t o p  t h e  

f l a t  p o r p h y r i n  m o le c u le  ( t o  be r e f e r r e d  a s  SAPP) ( F i g « 3) fo r  t h i s  i n t e r m e d i a t e  

compound deduced  from s p e c t r o s c o p i c  d a t a .  As a d d i t io n a l  e v i d e n c e  f o r  t h e i r  

h y p o t h e s i s ,  t h e y  showed a s p e c t r o s c o p ic  s i m i l a r i t y  o f  t h i s  proposed i n t e r ­

m e d i a t e  m e t a l  p o r p h y r i n  complex w ith  porphyrin  d i c a t i o n ,  t h a t  i s ,  PH^* (Fig* 2D) <, 

■ I f  a l c o h o l  or p y r i d i n e  i s  added t o  th e  c h l o r o f o r m  s o l u t i o n  o f  t h i s  com­

p l e x ,  t h e  sp e c t ru m  c h a n g e s  i m m e d ia t e ly  back to th a t  o f  the o r i g i n a l  p r o t o ­

p o r p h y r i n  ( F i g 6  2A )» T h i s  means t h a t  t h e  b in d in g  between Fe ( I I I )  i o n  and 

p r o t o p o r p h y r i n  i n  th e  complex i s  weak and t h i s  complex may i n d e e d  be an i n t e r ­

m e d i a t e  i n  t h e  m e t a l l o p o r p h y r i n  f o r m a t i o n *  These  o b s e r v a t io n s  s u g g e s t  th a t  

t h e  o b s e r v e d  a b s o r p t i o n  spectrum i s  probably due to e l e c t r o n i c  t r a n s i t i o n s  i n  

t h e  p r o t o p o r p h y r i n  r a th e r  than in  t h e  m e t a l  ion  p a r t  o f  t h e  com plex .

S i m i l a r l y ,  i f  a c e t o n e  s o l u t i o n s  o f  t h e  s i t t i o g - a t o p  com plexes  o f  Fe ( I I ) ,

Fe ( I I I ) ,  Co ( I I ) ,  P t  ( I V ) ,  Zn ( I I ) ,  r e s p e c t i v e l y ,  are  d i l u t e d  w i t h  w a ter ,  

t h e  s p e c t r a  i m m e d ia t e ly  change  t o  t h a t  o f  protop orp hyrin  d im eth y l e s t e r  

( F i g .  2A),  a s  w a t e r  m o l e c u l e s  r a p i d l y  d i s p l a c e  t h e  o rg a n ic  l ig a n d  in  t h e  

com plex . In  a c e to n e  some m e t a l  i o n s .  M i , ( I I ) ,  Cu ( I I ) ,  Bi ( I I I ) ,  Hg ( I I ) ,

Cd ( I I ) r e a c t  r e a d i l y  w i t h  PPM even  a t  room tem perature to  form th e  c o r r e s ­

ponding  me t a l l o p o r p h y r i n s .
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X  C wyx) X  c myu.;
F i g a r e  2 . -  S p e c t r e ,  o f  p o r p h y r i n  d e r i v a t i v e s  : (4 ) PPM ;

CE.) Fe  Cm.)-  PPM ( c )  F e f m j - S A P P  S ( W  PH4" i <E) P H f  5 (?)  P = ; 
(Q-) Cul cm-PPM i (H) C d ( E ) - P P ;  ( 13 , 2 6 ) .
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Flqw-re 3 . — Proposed s itt in^-i-top  type of 
struLctu-re for the re-d-ction intermedici tç .  
complex.

F l e i s h e r  and  co p o r k e r  s  (27*28) c l a i m e d  th e  me ta llo p o rp h y r im  i s  formed 

th r o u g h  th e  c o l l a p s e  o f  t h e  s i t t i n g « a t o p  ty p e  o f  i n t e r m e d i a t e  (F ig»  3 ) »

As a v a i l a b l e  e x p e r i m e n t a l  t e c h n i q u e s *  t h e  s p e c t r o s c o p ic  method ( 8 * 14)  

i s  t h e  most  u s e f u l  f o r  q u a n t i t a t i v e  and q u a l i t a t i v e  a n a l y s i s  o f  p o r p h y r i n s »

The f r e e  p o r p h y r i n s  a r e  c h a r a c t e r i z e d  by a f o u r » b a n d  sp ec t ru m  (F ig*  2A) i n  

t h e  v i s i b l e  r a n g e  (400 — 700 nyj) and a s i n g l e  a b s o r p t io n  maximum ( t h e  S o r e t  

band  ( 2 9 ) )  i n  t h e  n e a r  u l t r a v i o l e t  ra n g e *  P o r p h y r i n  m onoca t ion  (PH3 ) (F ig*  2 E ) g 

p o r p h y r i n  d i a n i o n  (F ig*  2F)  and m e t a l l o p o r p h y r i n  (F ig*  20 « Cu ( I I )  ~ PPM*

F ig  » 2H -  Cd ( I I )  « PP) have  each  c h a r a c t e r i s t i c  s p e c t r a  d i f f e r e n t  enough f o r  

a n a l y t i c a l  p u rp o s e s*

R eg a rd in g  t h e  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  o f  t h e s e  v i s i b l e  a b s o r p t i o n  

s p e c t r a *  p o r p h y r i n  i s  p a r t i c u l a r l y  am eanab le  to  t h e o r e t i c a l  trea tm en t  (30* 31)*
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The f o u r  v i s i b l e  b a n d s  a r e  r e a l l y  tiso p a ir s  o f  bands which would be s u p e r ­

posed  i f  t h e  p o r p h y r i n  n u c l e u s  were  s t r i c t l y  square and un iform ly  s u b s t i t u t e d .  

X -ray  a n a l y s i s  has shown t h a t  i t s  s t r u c t u r e  i s  s l i g h t l y  d i s t o r t e d  from square ,  

p ro b a b ly  b e c a u s e  t h e  h y d ro g e n s  bound on o p p o s i t e  n itr o g e n  atoms each  form 

hydrogen  bonds  w i t h  an a d j a c e n t  n i t r o g e n  atom» T h i s  d i s t o r t i o n  le a d s  to  the  

f a i r l y  c o n s t a n t  d i f f e r e n c e  o f  6  -  7 K c a l  between t h e  energy l e v e l s  o f  c o r r e s ­

ponding  a b s o r p t i o n  b a n d s  ( I  and 111, I I  and IV) » T his d i f f e r e n c e  i s  removed i n  

t h e  d i a n i o n ,  t h e  d i c a t i o n  and t h e  m e ta llo p o r p h y r in ,  and in  a l l  th e se  c a s e s  

o n l y  two o f  t h e s e  b a n d s  a r e  found* Thee* =, ( lo n g  w avelen gth )  and ^  -  b a n d s  o f  

m e t a l l o p o r p h y r i n  c o m p lex es  seem t o  be r e l a t e d  to  b a n d s  I and I I I ,  II and IV, 

r e s p e c t i v e l y »  Thus b a n d s  I I ,  IV and ^  a r e  l i t t l e  a f f e c t e d  by s u b s t i t u e n t s ,  

w h i l e  b a n d s  I ,  I I I  and c* v a r y  c o n s i d e r a b l y  (11)*  I t  i s  i n t e r e s t i n g  to  mote 

t h a t  i n  t h e  s t a b l e  me t a l l o p o r p h y r i n s  (Cu, Co and Ni) the  c< «= band i s  dominant 

w h i l e  i n  t h e  w eaker  co m p lex es  (Mg and Ba) th e  ^3 = band i s  s t r o n g e r ,  s u g g e s t i n g  

t h a t  t h e  more th e r m o d y n a m ic a l l y  s t a b l e  the com plex, t h e  more r i g i d  i t s  s t r u c ­

t u r e  ( 1 1 )»

In  t h i s  t h q s i s  t h e  m e t a l l a t i o n  r e a c t i o n  w i t h  Fe ( I I I ) and Cu ( I I )  in  

n e u t r a l  s o l v e n t s  i s  s t u d i e d *  E x p e r im e n t s  were prompted by t h e  s t a t e m e n t  o f  

F l e i s h e r  and Ulang t h a t  t h e  m e t a l - p o r p h y r i n  complex formed a s i t t i n g - a t o p  t y p e  

o f  complex and r e a d i l y  c o n v e r t e d  t o  t h e  c o r r e s p o n d i n g  m e t a l l o p o r p h y r i n »  Ironfni) 

i o n  was u sed  t o  compare w i t h  F l e i s h e r  and Wang9@ r e s u l t s ,  and copper io n  was 

s e l e c t e d  f o r  t h e  r e a s o n  t h a t  c o p p è r  i s ,  from k i n e t i c  l a b i l i t y ,  r e l a t i v e l y  

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

For t h e  a c h i e v e m e n t  o f  t h e s e  o b j e c t i v e s ,  the .  p r o c e d u r e s  f o r  p r e p a r i n g  

b o th  i r o n  and c o p p e r  p o r p h y r i n  were  examined  and a c c o m p l i s h e d .



LABORATORY WORK

The l a b o r a t o r y  work f o r  t h i s  t h e s i s  co i n s i s t s  o f  p r e p a r i n g  r e a g e n t s ,  

a c c o m p l i s h i n g  a n a l y s i s ,  p r e p a r i n g  p o r p h y r i n  d e r i v a t i v e s  (PPM and b i s  «=

(2 =• a m i n o e t h y l )  p r o t o p o r p h y r i n  d i a m i d e ,  which i s  r e f e r r e d  to  a s  PPA in  t h i s  

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

p o r p h y r i n  m e t a l  complex*

A n a l y t i c a l  Method«wmnnswamalKHSvnafNBmcwD «HHaBswSBaBcsns»

Among s e v e r a l  a v a i l a b l e  q u a l i t a t i v e  methods  f o r  t h e  a n a l y s i s  o f  p o r p h y r i n s ,  

v i s i b l e  o r  n e a r  u l t r a v i o l e t  a b s o r p t i o n  s p e c t r o s c o p y  was used* S o l u b i l i t y  t e s t s  

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

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

v i s i b l e  r a n g e ,  which a r e  l o c a t e d  a p p r o x i m a t e l y  a t  625 mp, 570 mp, 530 mp and 

500 mp. B e s i d e s  t h e s e  v i s i b l e  a b s o r p t i o n s ,  p o r p h y r i n s  have  a  very  s t r o n g  

u l t r a v i o l e t  a b s o r p t i o n  band a ro u n d  400 mp, which i s  c a l l e d  the  S o r e t  peak and 

e x t r e m e l y  v a l u a b l e  f o r  q u a n t i t a t i v e  a n a l y s i s *  The i d e n t i f i c a t i o n  o f  ev ery  por~  

p h y r i n  can  be p e r fo rm ed  by th e  number o f  p e a k s ,  the  maximum a b s o r b a n c e  o f  each
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peak and t h e  r e l a t i v e  peak h e i g h t »  a l t h o u g h  t h e s e  p e a k s  are  s l i g h t l y  s h i f t e d  by 

a n a l y t i c a l  c o n d i t i o n s  such a s  s o l v e n t  medium or s o lv e n t  b a s i c i t y .  When t h e  

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

c o n v e r t s  t o  one w i th  two p e ak s  c h a r a c t e r i s t i c  enough to  i d e n t i f y  m eta l p o r ­

p h y r i n .  The v i s i b l e  and u l t r a v i o l e t  a b s o r p t i o n  s p e c t r a  were m easured  ©m a 

Beckman DK -  2A r a t i o  r e c o r d i n g  s p e c t r o p h o t o m e t e r  w i t h  t h e  f o l l o w i n g  s e t t i n g s ?

5

I x

Absorbance  

0 .1  G

0-1 Absorbance  

0 . 0 1 2  

Tun g s ten

1 x P h o t o m u l t i p l i e r  

Fo r  t h e  s t a n d a r d  r e f e r e n c e  o f  p o r p h y r i n  and m e ta llo p o rp h y r in  d e t e r m i n a t i o n ,  

t y p i c a l  s p e c t r a  a r e  t a b u l a t e d  i n  F i g .  4 and Tab le  2 and 3„

Scan t im es  

Sca le  e x p a n s i o n s  

F u n c t i o n s  

Time c o n s t a n t s  

Ranges

S e n s i t i v i t y s

is

Det e c t o r s
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TABLE 2 

P o r p h y r i n  S p e c t r a  i n

P o r p h y r i n S o l v e n t ^vtaax (tni
I I I I I I IV S o r e t lZE= Ref „

p r o t o p o r p h y r i n P y r i d i n e 624 576 540 506 A e t io (32)

PPM C hloro fo rm 630 575 541 505 407 A e t io (33)

Dioxane 631 575 538 504 406 A e t io (33)

P o r p h y r i n

Fe ( i l l )  *=* PPM E t h e r

Fe ( I I I )  » A e t i o  Dioxane

Co ( I I )  “ A e t i o  Dioxane

Co ( I I ) -  A e t i o  A c e t i c  a c i d
«^Pyridine

TABLE 3

M e t a l l o p o r p h y r i n  S p e c t r a  i n  Organic

_ , . X .  !S o l v e n t  t

638 585h 540

632 580h 535

562

558

525

525

IV S o r e t  1X22. 5=1
2 399

0 373

395

(15)

(34)

(23)
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/4 : a s tu -  B : rdktnJL *-

5i»650 4S0 650600450

X- (Yvyx.) > -  ( 1̂ )

Figure A-.— S p e c t r a  o-f p o r p h y r in s  (A) ^.etio-
p o r p h y r i n  ; ( B)  r h o d o p o r p h y r i n .

O"

550 500 550 600

X  (ny.) x  ( WyM.)
Fiqu.re 5 , — S p ec tra ,  o f  wiet.a.Hoporphynms .•

(A) Fe(^)— cLetioporph/r/n in d i o x d j n e .  i (6 )  Cu. (jl)-aetio  
porph/yi n in dioxcLre-,
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S o l u b i l i t y  T e s t

C e r t a i n  p o r p h y r i n s  have  some d e g r e e  o f  a m p h o te r i c  c h a r a c t e r  which  i s  d e ­

r i v e d  from c a r b o x y l i c  a c i d  g r o u p s  and b a s i c  n i t r o g e n  atoms i n  t h e  porphyrin  

n u c l e u s *  Thus ,  g e n e r a l l y ,  p o r p h y r i n s  w i t h  c a r b o x y l i c  a c id  s i d e  c h a in s  have 

h ig h  s o l u b i l i t y  i n  b a s i c  s o l v e n t ,  b u t  l o s e  t h i s  s o l u b i l i t y  when a c i d i c  s i d e  

c h a in s  a r e  masked by e s t é r i f i c a t i o n .  As w i l l  be shown l a t e r ,  t h e  f o l l o w i n g  

e x p e r i m e n t  was v e r i f i e d  a t  e ac h  s t a t e  by s im p le  s o l u b i l i t y  t e s t .

S y n t h e s i s  o f  N) n '  -  b i s  « (2 -  a m i n o e t h y l )  protop orp hyrin  diam ide  

P r o t o p o r p h y r i n  ( i n s o l u b l e  i n  b e n z e n e )  —> [ e s t é r i f i c a t i o n

— > PPA ( s o l u b l e  i n  w a t e r )

G e n e r a l  c l a s s i f i c a t i o n  o f  s o l u b i l i t y  i s  l i s t e d  in  T ab le  4 .

U n l ik e  most o r g a n i c  b a s e s ,  c r y s t a l l i n e  p o r p h y r i n s  and porphyrin e s t e r s  

a r e  n o t  r e a d i l y  d i s s o l v e d  i n  d i l u t e  m i n e r a l  a c id s ;  how ever ,  th e y  u s u a l l y  

d i s s o l v e  i n  c o n c e n t r a t e d  a c i d s  which a r e  u sed  a s  r e a c t i o n  s o l v e n t s .  T r a n s f e r  

o f  p o r p h y r i n  u s e d  i n  t h e s e  e x p e r i m e n t s  from aqueous a c i d  to  e t h e r  can be 

a c c o m p l i s h e d  i n  4 -N h y d r o c h l o r i c  a c i d  and e t h e r  m i x t u r e .

PPM ( s o l u b l e  i n  b e n z e n e )
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TABLE 4 

P o r p h y r i a  S o l u b i l i t y

HgO H2 O a q e b a s e  oomed. HAc CCl^ p y r ld im e
d e t e r g e n t  H c l  H^OO^ e t h e r  benzene a ce to n e  a l c o h o l

H2 S04  d io x a n e  CH c l 3

A X* © 0 O (2> x O

B X © X © © ®

C © © 0 © © X

D X © X © © © d )  © O

©  * v e ry s o l u b l e ; O  § s o l u b l e ; Xg i n s o l u b l e .

As p o r p h y r i n  w ith  c a r b o x y l i c  a c i d  s i d e  group; e x . ,  protop orp hyrin  
m esoporphyrin , u r o p o r p h y r i n *  ( q u i t e  s o l u b l e  in  HgO)

Bs p o r p h y r i n  w i t h  n e i t h e r  a c i d i c  n o r  b a s ic  s i d e  groups; e x . ,  aetiopor™  
p h y r i n ,  p h t h a l e y a n i n e

Cs p o r p h y r i n  w i t h  b a s i c  s i d e  g r o u p s ;  e x . ,  << & ,T,$ -T etra  -  (4 -  p^rridyi ) 
p o r p h y r i n s  (27)

Ds p o r p h y r i n  e s t e r
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R e a g e n t s

The r e a g e n t s  which d i d  n o t  r e q u i r e  l a b o r a t o r y  p r e p a ra t io n  a r e  l i s t e d  i n  

t h i s  s e c t i o n  w i t h  t h e i r  c h e m i c a l  q u a l i t y  and source o f  supply* Because some 

s p e c i e s  o f  m e t a l  i o n s  form com plexes  w i t h  p orp h yrin s  and because  t h e  t r a c e  

p r e s e n c e  o f  p e r o x i d e  may decompose s m a l l  q u a n t i t i e s  o f  porp h yrin , ca re  must 

be t a k e n  to  e x c l u d e  m e t a l  i o n s ,  p e r o x i d e s  and o th er  im p u r i t i e s  f rom the s o l ­

v e n t s  used* T h e r e f o r e ,  e x c e p t  f o r  e x t r a  pure  r e a g e n t s ,  s o l v e n t  p u r i f i c a t i o n  

i s  o b l i g a t o r y *

S o l v e n t s

Methyl A lcoho l?  T e c h n i c a l  g r a d e  m e th y l  a l c o h o l  was p u r i f i e d  by the  

f o l l o w i n g  p r o c e d u re *  1 0  g* o f  d ry  magnesium and 1 g* o f  i o d i n e  were  p l a c e d  

i n  a 3 f»1 , f l a s k  f i t t e d  w i t h  a d o u b le  « s u r f a c e  r e f lu x  condenser* 1 0 0  ml* o f  

m e th y l  a l c o h o l  was added  down t h e  c o n d e n s e r  and  the  m i x t u r e  was warned on a 

w a t e r - b a t h  u n t i l  a l l  magnesium was c o n v e r t e d  to  magnesium m eth ox id e . Then 

2 1* o f  m e th y l  a l c o h o l  was added* and th e  m ixture was r e f lu x e d  f o r  30 mim* 

Methyl a l c o h o l  was them d i s t i l l e d  w i t h  e x c l u s i o n  o f  m o is tu r e ,  c o l l e c t i n g  the  

58*5 — 5 9 , 5 0  f r a c t i o n  a t  625 mm. Hg*

E t h y l  E t h e r  § ACS g ra d e  o f  e t h y l  e t h e r  was p u r i f i e d  i n  o r d e r  to  remove 

p e r o x i d e s *  E t h y l  e t h e r  was  washed w i th  a f r e s h  s o l u t i o n  o f  i r o n  ( I I  ) s u l f a t e  

i n  v e r y  d i l u t e  s u l f u r i c  a c i d ;  th e n  t h e  e t h y l  e th e r  was washed th re e  t im es  w i th  

w a t e r ,  d r i e d  o v e r  c a l c iu m  c h l o r i d e  and  f i l t e r e d *

Benzene ( t e c h n i c a l  g r a d e ) , c h l o r o f o r m  ( t e c h n i c a l  g r a d e ) , p y r i d i n e  ( r e a g e n t  

g r a d e ) ,  a c e t o n e  ( t e c h n i c a l  g r a d e ) ,  i s o - p r o p h y l  a l c o h o l  ( t e c h n i c a l  g r a d s ) .
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g l a c i a l  a c e t i c  a c i d  ( r e a g e n t  g r a d e ) ,  t e t r a h y d r o f y r a n  (r e a g e n t  g r a d e ) ,  t h i o »  

phene ( r e a g e n t  g r a d e )  were u sed  a f t e r  s im p le  d i s t i l l a t i o n »

E th y len ed iam im e  g E t h y l e n e d i a m i n e  P (98%)^produced by Eastman Organic .  

C h e m ic a l s ,  was u s e d  a s  s u p p l i e d #

F e r r i c  c h l o r i d e  g F e r r i c  c h l o r i d e  was ACS grade produced by Baker Chem ica l

Go#

C u p r i c  c h l o r i d e s  T h i s  m a t e r i a l  was r e a g e n t  g ra d e , produced  by A l l i e d  

Chem ica l  Co#

C u p r i c  A c e t a t e s  C u p r ic  a c e t a t e  was r e a g e n t  g r a d e  p roduced  by Baker 

C hem ica l  Co#

P r o ta o m r o h v r ip  a ' - P r o t o p o r p h y r i n  was t h e  product o f  B io s  L a b o r a to r ie s ,  I n c » ,

and s p e c t r o ^ p u r e #  M i c r o s c o p ic  e x a m i n a t i o n  i n d i c a t e d  h ig h  c r y s t a l l i n i t y #

O th e r  common l a b o r a t o r y  r e a g e n t s  such  a s  s u l f u r i c  a c i d ,  h y d r o c h lo r ic  a c id  

o r  sodium h y d r o x i d e  a r e  r e a g e n t  g r a d e  and u sed  a s  s u e h»

, A l l  w a t e r  u s e d  i s  d i m i n e r a l i z e d  w a t e r  by i o n i c « r e s i n  exchange»

P r e p a r a t i o n s
——p—mMcfaMasMceaawsawffcn iW«ri‘.n w ;n p

P r o t o p o r p h y r i n  d i m e t h y l  e s t e r  and N? « b i s  -  (2 -  a m i n o e t h y l )  p r o t o p o r ­

p h y r i n  d ia m id e  were  s y n t h e s i z e d  t o  be u sed  f o r  t h e  s tu d y  o f  th e  me ta  n a t i o n  

r e a c t i o n #

S y n t h e s i s  o f  P r o t o p o r p h y r i n  D im e thy l  E s t e r

The c a r b o x y l i c  s i d e  c h a i n s  o f  p o r p h y r i n s  may be e s t e r i f l e d  a t  toom tem­

p e r a t u r e  o r  below w i t h  an  a l c o h o l  s a t u r a t e d  w ith  g a s e o u s  hydrogen  c h lo r id e  or  

c o n t a i n i n g  c o n c e n t r a t e d  s u l f u r i c  a c i d  (35)#  The f o l l o w i n g  p r o c e d u r e s  were  

f o l l o w e d  i n  e s t é r i f i c a t i o n  o f  p r o t o p o r p h y r i n #
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F i r s t j ,  5% (w/w) o f  sy I f  u r i c  a c i d  -  m e thy l  a lc o h o l  so lu t io n )  was prepared  

a s  f o l l o w s *  1 9 ml* o f  a b s o l u t e  m e th y l  a l c o h o l  and 0 * 6  ml* o f  s u l f u r i c  a c id  

(s*g« 1*84)  w ere  m ixed .  Then 1 , 5  mg * o f  protop orp hyrin  was weighed in t o  t h i s

s o l u t i o n  and m a i n t a i n e d  i n  a d a r k  p l a c e  a t  room tem perature fo r  24 hours*

A f t e r  e s t é r i f i c a t i o n  was c o m p l e t e d ,  25 m l,  o f  ch loroform  was added t o  e x t r a c t  

p r e p a r e d  PPM* S u l f u r i c  a c i d  was n e u t r a l i z e d  by two a d d i t i o n s  o f  1 0 ml* o f  2N 

sodium c a r b o n a t e  s o l u t i o n *  T h i s  s t e p  was done e x tr em e ly  c a r e f u l l y  by adding  

sodium c a r b o n a t e  s o l u t i o n  d r o p  by d ro p  so a s  n o t  to  decompose t h e  p orph yrin .  

The c h l o r o f o r m  l a y e r  was c o l o u r e d  r e d d i s h  brown* The e x t r a c t  was washed w i th  

10 ml* o f  w a t e r  tw ic e  i n  o r d e r  t o  remove r e m a in in g  sodium ca rb o n a te ,  and th e n  

c h l o r o f o r m  was e v a p o r a t e d  to  d r y n e s s  i n  a vacuum evap orator*  The PPM thus  

p r e p a r e d  was d i s s o l v e d  i n  80 ml* o f  benzene*  The p h y s ic a l  p r o p e r t i e s  o f  PPM 

a r e  t a b u l a t e d  i n  T ab le  5 ,  7 ,  and shown i n  F ig* 6  w i t h  th e  r e s u l t s  o f  another  

p r e p a r e d  sample*

TABLE 5

P h y s i c a l  P r o p e r t i e s  o f  P r e p a r e d  PPM

SampJLe_1 Sample 2

225 — 226°

E t i o - t y p e E t io - t y p e

Spectrum i n  

C h lo ro fo rm

X (631 mp),  II  (575 Jiyu) I (631 m p )P I I  (575 mp)

I I I  (541 ra/j), IV (505 mp) I I I  (540 mju), IV (505 mp)

S o l u b i l i t y s o l u b l e  i n  b enzene s o lu b le  in  benzene

S y n t h e s i s  o f  ftfy N -  b i s  -  (2 -  a m i n o e t h y l )  P r o t o p o r p h y r i n  Diamide

A w a t e r - s o l u b l e  p o r p h y r i n  was p r e p a r e d  i n  o r d e r  t o  t e s t  t h e  o c c u r r e n c e
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o f  H ie ta l l a t io ra  and to  t e s t  pH depen d en ce  o f  t h e  f o r m a t i o n  o f  p o r p h y r i n  d i c a t i o m  

The s y n t h e t i c  p r o c e d u r e  i s  r e f e r r e d  t o  a s  F l e i s h e r  and Wang * s  method ( 2 6 ) «

1 » 6  mg. o f  p r o t o p o r p h y r i n  and 25 m l .  o f  e t h y l e n e  d iam in e  were p l a c e d  

un d e r  d r a f t  i n  a ro und  bo t tom ed  f l a s k  w i t h  g a s - i n d u c i n g  s i d e  a rm.  B e f o re  

h e a t i n g j ,  n i t r o g e n  g a s  was i n t r o d u c e d  f o r  a b o u t  5 m in .  t o  r e p la c e  a i r  and to  

p r e v e n t  t h e  p o r p h y r i n  from b e in g  o x i d i z e d .  The n i t r o g e n  gas was p r e v i o u s l y  

washed by p a s s i n g  th r o u g h  chromium ( I I ) c h l o r i d e  *= c o n e d ,  s u l f u r i c  a c i d .  The 

f l a s k  was p l a c e d  i n  a w a t e r  b a t h  f o r  r e f lu x  a t  85 — 9 0 ° .  A f t e r  5 h r s .  r e f l u x  

u n d e r  n i t r o g e n  s t r e a m  a t  t h e  r a t e  o f  2 - b u b b l e s  p e r  s e e . p e x c e s s i v e  e th y le n e  

d ia m in e  was e v a p o r a t e d  to  d r y n e s s  i n  r o t a r y  vacuum evap ora tor  a t  room t e m p e r ­

a t u r e .  The p r o d u c t  was c o m p l e t e l y  w a t e r  s o l u b l e .  Then th e  p r o d u c t  was washed 

by 10 m l .  o f  b en ze n e  and 25 m l .  o f  m e th y l  a lc o h o l-c h lo r o fo r m . ( v o l .  r a t i o  1 g1) 

i n  t h i s  o r d e r  t o  remove u n r e a c t e d  p r o t o p o r p h y r i n  or byproduct ^ . The p h y s ic a l  

p r o p e r t i e s  o f  p r o d u c t ,  PPA, a r e  l i s t e d  i n  T a b le  6  and  shown i n  F i g .  7 .

TABLE 6

P h y s i c a l  P r o p e r t i e s  o f  P r e p a r e d  PPA

M. P. 242 -  243°

Spec trum i n  w a t e r  E t i o - t y p e ;  I (620 mju),

I I  (566 m/j). I I I  (538 mp),  IV (504 mp)

S o l u b i l i t y  Very s o l u b l e  i n  water

^ B e f o r e  t h e  p r o d u c t  was washed a s  a b o v e ,  t h e  spectrum was r e c o r d e d .
( F i g .  7A).
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m
i

4&> 550
X- ( m-y

60)50)

Figu.re 6  ■ — S pectru-w  o f prepa.red PPM 
in chloro-form.

\A

600550 
X  ( T h /A . )

500500

Figuure 7. -  Spectra, of prepa_red PP4 : (A) impure 

PPA i (B) pu.rifie.d PPA.
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Benzene 

A ce tone  

f f l e th y la lc o h o l

WetaXXafclon R e a c t i o n  

F l e i s h e r  and Wang 's  method (26)  was used to  p r e p a r e  Fe ( X I I ) -  PPM and 

Cm ( I I )  -  PPM. In  o r d e r  t o  s y n t h e s i z e  s t a n d a r d  Fe ( i l l )  => PPM g t h e  ir o n  (XI)  

s u l f a t e  method was u s e d  ( 3 6 ) .

I r o n  ( I I I )  MetaXXation ( S y n t h e s i s  o f  Haemln)

I r o n  ClI )  SuXfa te  Method. 20 ml- o f  p r e v io u s ly  p r e p a r e d  PPM (c o n c e n tr a -
-6

t i e n  3 6 . 6  x 10 M i n  b e n z e n e )  was measured and d r i e d  in  r o ta r y  vacuum 

e v a p o r a t o r  a t  room t e m p e r a t u r e 0 1 m l .  o f  p y r id in e ,  50 m l . o f  g l a c i a l  a c e t i c  

a c i d  and 1 m l. o f  s a t u r a t e d  a q u e o u s  i r o n  ( I I )  s u l f a t e  were  added  q u i c k l y  in  

t h i s  o r d e r  i n t o  a ro u n d  b o t tom ed  f l a s k  w i th  s i d e  a m .  A stream o f  n itr o g e n  

g a s  (oxygen and m o i s t u r e  f r e e )  was p a s s e d  f o r  a b o u t  5 m ln .  t o  r e p l a c e  a i r ,  

and  th e n  t h e  s o l u t i o n  was k e p t  i n  w a t e r  b a t h  a t  80 -  8 5 ° .  A f t e r  15 m in .  

r e f l u x  un d e r  n i t r o g e n  s t r e a m ,  t h e  m i x t u r e  was p l a c e d  in  a beaker and a l l o w e d  

t o  s t a n d  i n  a i r  f o r  a b o u t  10 m in .  t o  a l l o w  o x i d a t i o n  to  t h e  Fe ( I I I )  complex 

to  o c c u r .  Then, r e d d i s h  brown Fe ( I I I )  « PPM was e x tr a c te d  w ith  e th e r  and 

r e s i d u a l  p o r p h y r i n  was removed by e x t r a c t i o n  w i t h  6 N o f  h y d r o c h l o r i c  a c i d .  

T h i s  e x t r a c t i n g  s o l v e n t  was p r e p a r e d  a s  f o l l o w s .  10 ml.  o f  6 N h y d r o c h l o r i c

TABLE 7

S p e c t r a  o f  P r e p a r e d  PPM in  O rgan ic  S o lv e n ts

^  max (mu)
I I I I I I IV Soret Type

632 576 540 505 408 A e t io

627 574 535 502 402 A e t io

628 574 538 503 400 A e t i o
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a c i d  and 70 m l ,  o f  e t h e r  was mixed th o ro u g h ly .  The c o n c e n tr a t io n  o f  hydrogen

i o n  was a d j u s t e d  (pH „ When Fe ( I I I )  « PPM was added, q u i c k  s h a k in g  was 

n e c e s s a r y  n o t  t o  form a w h i t e  scum in  t h e  e t h e r  l a y e r .  Ether l a y e r  became 

r e d d i s h  brown w h i l e  h y d r o c h l o r i c  a c i d  l a y e r  was g r e e n i s h  y e l lo w .  A f t e r  sep a­

r a t i o n ,  Fe ( I I I )  -  PPM in  e t h e r  showed spectrum in  F i g ,  8 A and Table 8 , which 

i s  i d e n t i c a l  t o  th e  r e f e r e n c e  sp ec t ru m  i n  F i g „ 5A and T ab le  3 »

TABLE 8

S p e c t r a  o f  P r e p a r e d  Fe ( I I I )  -  PPM (Haemin)

I
X

II
maZLJagl-

I I I IV Soret

E t h e r 642 587b*1 540 508

C hloro fo rm 640 590h *2541 sh 510 385

* 1 s hump?
* 2  s s h o u l d e r

F l e i s h e r  and Wang0s Mëthod

10 ml» o f  PPM ( c o n c e n t r a t i o n  36*6 x 1 0"^ M) was taken and e v a p o r a t e d  to  

d r y n e s s  i n  t h e  r o t a r y  vacuum e v a p o r a t o r  * The f o l l o w i n g  s o l v e n t s  were used  

f o r  t h e  i n s t a l l a t i o n  r e a c t io n ;  c h l o r o f o r m ,  a c e t o n e  and m e th y l  a lc o h o l*

10 m l,  o f  each  s o l v e n t  was used  to  d i s s o l v e  the d r ied  PPM sample* The 

c o n c e n t r a t i o n  o f  PPM was 0*37 r̂M p e r  10 ml,  o f  s o l v e n t .  Ca, 1 mg * o f  iro n  

( I I I )  c h l o r i d e  ( 3 , 7  / jg -m o le )  was added to  each s o lu t io n *  R i g h t  a f t e r  m ix in g ,  

a  new ty p e  o f  i r o n  ( i l l )  « p r o t o p o r p h y r i n  d i m e t h y l  e s t e r  complex ( t o  be r e ­

f e r r e d  t o  a s  PPM -  Fe ( I I I )  com plex)  was fo rm ed ,  whose s p e c t r a  were m arked ly  

d i f f e r e n t  from t h o s e  o f  Fe ( I I I )  -  PPM o b t a i n e d  i n  F i g ,  8  or Fe ( I I I )  -  A e t io  

r e f e r r e d  i n  F i g ,  5 ,  B e s i d e s  each  o f  t h e  t h r e e  s o l v e n t s  gave  d e f i n i t e l y
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d i f f e r e n t  s p e c t r a  a s  shown i n  Fig* 9 and Tab le  9 0 None o f  t h e s e  t h r e e  PPM -  

Fe ( i l l )  co m p le x es  d i s p l a y e d  any change  o f  s p e c tr a  f o r  24 hrs* a t  room te m p e r -  

a t t i r e *  The one t h i n g  t h a t  c a l l s  ypora t h e  w r i t e r 8s  i n t e r e s t  i s  t h e  s u r p r is in g  

r e s e m b la n c e  o f  t h e  s p e c t r a  o f  t h e  a c e t o n e  ty p e  t o  PH3  shown in  Fig* 2E and o f  

t h e  c h l o r o f o r m  ty p e  to  PH++ shown i n  F ig*  2D* The spectrum o f  c h l o r o f o r m  

ty p e  i s  e x a c t l y  t h e  same a s  t h a t  p r e s e n t e d  by F l e i s h e r  e t  a l  (26)  (F ig* 20)*

Copper i n s t a l l a t i o n

In  a s i m i l a r  f a s h i o n , ,  0*38 /jM o f  PPM and 10 ml* o f  t h e  same t h r e e  s o l ­

v e n t s  were t r e a t e d *  Both c o p p e r  ( I I )  c h l o r i d e  and c o p p e r  ( I I )  a c e t a t e  were 

u sed  a s  a  s o u r c e  o f  c o p p e r  ( I I )  io n „  b e c a u s e  t h e r e  a r e  some exam ples i n  which 

t h e  m e t a l l a t i o n  r e a c t i o n  i s  a f f e c t e d  by the  s p e c i e  o f  m e t a l - s a l t *  Both c o p p e r  

s a l t s  were  w e ighed  t o  t h e  n e a r e s t  1 mg; t h e r e f o r e ,  t h e  amount o f  c o p p e r  ( I I ) 

c h l o r i d e  was c a ,  5*9 / jg -m ole  u sed  and t h a t  o f  c o p p e r  ( I I )  a c e t a t e  was ca* 5 ,0  

p g -m o le  used*

The c o p p e r  m e t a l l a t i o n  r e a c t i o n  was f a s t  enough to  a l lo w  th e  i n v e s t i ­

g a t o r  t o  f o l l o w  t h e  r a t e  o f  th e  r e a c t i o n  a s  shown in  Fig* 1 0 9 1 1 9  12 and

TABLE 9

S p e c t r a  o f  PPM -  Fe ( i l l )  Complex

2 ^  max (tn

S o lv e n t
I I I I I I S o r e t

C h lo ro fo rm 602 558 412

Acetone 610 562 536
363
396 sh

Methyl A lc o h o l 608 566 534 502h 402
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Table  10* 11 ,  1 2 ,  In c h l o r o f o r m ,  soon a f t e r  c o p p e r  ( I I )  a c e t a t e  was ad d ed ,  

th e  o r d e r  o f  t h e  h e i g h t  o f  p e ak s  a l t e r e d  from I <( I I  < I I I  <( IV to  I <( IV <

I I I  I I » As t im e  p a s s e d ,  t h e  f i r s t  and  t h e  f o u r t h  p eak s  d e c r e a s e d  in  i n t e n s i t y  

w h i l e  th e  second  and th e  t h i r d  p e a k s  i n c r e a s e d  i n  i n t e n s i t y o The I n t e n s i t y  o f  

th e  second  peak was r e m a r k a b ly  augmented a t  t h e  e a r l y  s t a g e  o f  m e t a l la t io n  

w h i l s t  t h e  t h i r d  peak d i d  n o t  I n c r e a s e  a s  much* Forty min. a f t e r  the r e a c t i o n  

s t a r t e d ,  th e  f i r s t  and th e  f o u r t h  p e ak s  had a l m o s t  disap p eared  to remain j u s t  

a s  s m a l l  humps. A f t e r  t h a t ,  no d i s c e r n a b l e  c h a n g e s  o ccu rred . The r e s u l t i n g  

two s h a r p  p e a k s ,  t h e i r  r e l a t i v e  h e i g h t  and r e s p e c t iv e  maximum ab so rb a n ce , are  

b e l i e v e d  t o  be enough e v i d e n c e  to  c o n c lu d e  t h a t  the copper m e t a l la t io n  r e a c t io n  

t o  form Cu ( I I )  -  PPM o c c u r r e d .

In  a c e t o n e  ( F i g . 1.1) and m e th y l  a l c o h o l  ( F i g » 1 2 ) ,  the m e t a l la t io n  r e ­

a c t i o n  a l s o  a p p e a r e d  to  o c c u r .  The r e l a t i v e  r a te  o f  the m e t a l la t io n  were the  

f o l l o w i n g  o r d e r  $ m e th y l  a l c o h o l  >  c h lo r o f o r m  >  acetone*  The o n ly  s t r i k i n g  

d i f f e r e n c e  from t h e  m e t a l l a t i o n  r e a c t i o n  i n  ch loroform  was th a t  a f a i r l y  i n ­

t e n s e  b ro a d  hump was t o  be fo und  a b o u t  700 mp* In  a c e to n e ,  the h e ig h t  o f  t h i s  

hump (peak  1)  was  l e s s  th a n  h a l f " o f  th e  h i g h e s t  peak (peak I I ) ?  however ,  i n  

m e th y l  a l c o h o l  i t  was a l m o s t  t h e  same d e g r e e  o f  absorbance a s  the h ig h e s t  o n e .

When c o p p e r  ( I I ) c h l o r i d e  was used  a s  a source  o f  cop p er , q u i t e  d i f f e r e n t  

r e s u l t s  em erg ed .  In s o l v e n t ,  a c e t o n e ,  t h e  Cu ( I I )  -  PPM may have been  formed 

( F i g .  13A ) , b u t  t h e  p e a k s  a r e  s h i f t e d  t o  s h o r t e r  w avelength* The r e a c t io n  

s h o u ld  be i n v e s t i g a t e d  f u r t h e r .  In s o l v e n t ,  ch loro form , a d e f i n i t e  new s p e c ­

t rum a p p e a r e d  ( F i g .  1 3 B ) .  I t  h a s  some o f  the c h a r a c t e r i s t i c s  o f  th e  a c e t o n e  

ty p e  PPM -  Fe ( I I I )  co m p le x .
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S t u d i e s  o f  t h e  N a tu re  o f  t h e  PPM -  Fe ( I I I ) Complex 

The r e s u l t s  o f  th e  p r e c e d i n g  r e t a l i a t i o n  r e a c t io n  of  i r o n  ( I I I )  in d ic a t e d  

t h a t  PPM -  Ffe. ( i l l )  complex i n  eac h  s o l v e n t  m ig h t  be r e l a t i v e l y  s t a b le  i n t e r ­

m e d ia t e  complex a s  p r e s e n t e d  by F l e i s h e r  e t  a l  or an oth er  s t a b l e  complex * 

T h e r e f o r e  t h e  f o l l o w i n g  t e s t s  were made to  study the nature  of  th e  PPM -  Fe ( I I I )  

com plex .  They a r e  t h e  t e s t  f o r  th e  c o n v e r s i o n  o f  PPM -  Fe ( I I I )  t o  Fe ( I I I )  -  

PPM complex ,  t h e  r e s e m b la n c e  o f  th e  sp e c tr a  w ith  PH£+ and PH3 , and the s tr e n g th  

o f  bond o f  PPM -  Fe ( I I I ) com plex .

C onversion T e s t  o f  PPM -  Fe ( I I I )  Complex to  Fe ( I I I )  -  PPM (Haemin)

PPM - F e  ( I I I )  complex was k ep t a t  room tem perature i n  ch loroform  fo r  f i v e  

d a y s ,  d u r i n g  which t im e  no change  o f  spectrum o c c u r r e d .  Th is  s o l u t i o n  was 

t r a n s f e r r e d  to  an o i l  b a t h  a t  5 0 - 5 5 ° ,  A f t e r  f o u r  d a y s ,  th er e  was s t i l l  no 

s p e c t r a l  s i g n  o f  r e a c t i o n  ( F i g ,  9 A) , D im e th y l  fo rmamide was added t o  a sample 

from t h i s  s o l u t i o n .  Immedia te  r e v e r s i o n  of  t h e  complex to  the  o r i g i n a l  m etal  

f r e e  p o r p h y r i n  t o o k  p l a c e .  A f t e r  13 days in  the o i l  b a th , the spectrum i n ­

d i c a t e d  a s m a l l  amount  o f  d e c o m p o s i t i o n  ( F i g ,  1 4 ) ,  A f t e r  15 d a y s ,  th e  p o r ­

p h y r i n  (PPM - F e  ( I I I )  com plex)  was decomposed and dark brown d e c o m p o s i t i o n  

p r o d u c t s  s p o t t e d  t h e  i n s i d e  o f  t h e  f l a s k .  The s p e c t r a  o f  hemim (Fe ( I I I )  -  

PPM) a s  shown i n  F i g ,  28 d i d  n o t  r e s u l t  from t h i s  ex p er im en t .  T h is  e x p e r i m e n t  

was r e p e a t e d  u n d e r  th e  same r e a c t i o n  c o n d i t i o n  w ith  t h e  same r e s u l t s ,  ( F i g ,  9A, 

T ab le  1 3 ) .

In  a c e t o n e  and i n  m e th y l  a l c o h o l ,  the  complex was s t a b le  even  a f t e r  16 

d a y s  ( a c e t o n e )  and  17 d a y s  (m e th y l  a l c o h o l )  (T ab le  1 4 ) .  A f t e r  n e a r ly  h a l f  a 

y e a r ,  the  sample  i n  m e th y l  a l c o h o l  showed some d e c o m p o s i t i o n  and the  sample in
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a c e t o n e  had decomposed» No Fe ( I I I )  « PPM mas formed» The d i f f e r e n c e  In

s p e c t r a  o f  PPM -  Fe ( I I I )  complex i n  a c e t o n e  and in  m ethyl a lc o h o l  a r e  t h e

weak a b s o r b a n c e  (501 m/j) which t h e  a c e t o n e  type d id  n o t  e x h i b i t  and t h e  r e l a ­

t i v e  i n t e n s i t i e s  i n  t h e  second  and t h e  t h i r d  peaks (F ig» 90 and 9 0 ) » When 

p y r i d i n e  was added  t o  PPM -  Fe ( I I I )  complex i n  b o th  o f  t h e  s o l v e n t s  (10 days'  

s a m p l e ) 9 im m ed ia te  r e v e r s i o n  t o  f r e e  p o r p h y r i n  occurred»

P r e p a r a t i o n s  o f  PPM D i c a t i o n  (PH^*)

10 ml» o f  PPM i n  b enzene  was e v a p o r a t e d  t o  d ry n ess  in  r o ta r y  vacuum 

e v a p o r a t o r  and  d i s s o l v e d  i n  10 m l .  o f  chloroform » One drop ( c a .  0»05 m l . ) 

o f  IN h y d r o c h l o r i c  a c i d  was added t o  c a .  4 m l .  o f  t h i s  s o l u t i o n ,  the remarkably

s i m i l a r  s p e c t r u m  to  t h a t  o f  PPM -  Fe ( i l l )  complex in  ch loroform  was o b ta in ed

( F i g .  1 5 ) .  The maximum a b s o r b a n c e  (604 mp  ̂ 560 mjj) were s h i f t e d  to  t h e  lo n g er  

w a v e le n g th  by 4 mp* b u t  r e l a t i v e  i n t e n s i t y  was n e a r ly  the same.

R e v e r s i o n  o f  PPM -  Fe ( I I I )  complex

Equa l  volume o f  th e  f o l l o w i n g  s o l v e n t s  were added to  benzene s o lu t io n  o f  

PPM -  Fe ( i l l )  com plex .  P y r id in e , d im e th y l  formamide (DMF)* dim eth y l s u l f o x id e  

(DMS), i r o p r o p h y l  a l c o h o l ,  t e t r a h y d r o f u r a n  (THF), th io p h sn e ,  a c e t o n i t r i l e ,  

e t h y l  m e r c a p ta n  and n i t r o m e t h a n e .

P y r i d i n e ,  DMF and DMS c a u s e d  t h e  s p e c tr a  to  r e v e r t  to  th a t  o f  th e  o r i g i n a l  

f r e e  p o r p h y r i n  * I s o p r o p h y l  a l c o h o l  and THF caused  th e  sp e c tr a  t o  change to  

t h e  s i m i l a r  s p e c t ru m  o f  th e  PPM -  Fe ( I I I )  complex in  m ethyl a l c o h o l .  Ace­

t o n i t r i l e  c a u s e d  a s p e c t r a l  c o n v e r s i o n  to  t h e  a ceto n e  ty p e ,  and t .h iopheoe ,  

e t h y l  m e r e a p ta n  and  n i t r o m e t h a n e  gave  no change o f  s p e c tr a  (T ab le  1 5 ) .
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A u x i l i a r y  T e s t s

JEÜ depemdemce o f  PPA Sp ectra

P r e v i o u s l y  prepared PPA In e t h y l e n e  d iam ine  was evap orated  t o  d ry n ess  in

r o ta r y  vacuum ev a p o ra to r  and d i s s o l v e d  i n  25 ml» o f  water ( c o n c e n t r a t io n s
- 6

56»8 x 10 M)» pH o f  t h i s  sample was 10»0 and showed a e t i o  typ e  spectrum (F ig»

1 6 A) » As t h e  pH was d ecrea sed  by a d d in g  IN h y d r o c h lo r ic  a c i d ,  spectrum g r a d u ­

a l l y  c o n v e r t e d  a s  i n d i c a t e d  i n  Fig» 1 68» Four very  broad peaks were observed  

when t h e  pH was 4 , 5  ( F i g ,  1 6 C ) • A p a r t  of  t h i s  sample was added t o  c a ,  1 mg, 

o f  i r o n  ( i l l )  c h l o r i d e ,  More b ro a d  spectrum appeared ( F i g „ 1 6D) ,  When the  

pH o f  t h e  s o l u t i o n  was d e c r e a s e d  t o .1 »9„ the spectrum changed to  th a t  o f  PH^*. 

A r e m a r k a b le  s i m i l a r i t y  o f  .the. s p e c t ru m  w ith  t h a t  o f  PPM -  Fe ( i l l )  complex in  

c h l o r o f o r m  o r  ben zen e  was n o t i c e d .  There  are  two d i s t i n c t  a b s o r p t io n s  which 

have  maximum i n t e n s i t y  a t  591 mju and 551 mp ( F i g » 1 6E) » These  ab sorbances  

a r e  s h i f t e d  t o  s h o r t e r  w a v e le n g th  by ap p rox im ate ly  1 0  sijp i n  comparison w ith  

PPM -  Fe ( I I I )  complex in  b e n z e n e .

The I r o n  M e t a l l a t i o n  R ea ctio n  by. Anhydrous  I r o n  ( i l l )  C h lo r id e

The s o u r c e  o f  ir o n  ( I I I )  c h l o r i d e  u sed  in  t h e  p reced in g  m e t a l la t io n  r e a c ­

t i o n  ( F l e i s h e r *  s  method) had  w a t e r  o f  c r y s t a l l i z a t i o n  (Fe C l^  * GHgG),  So the

i r o n  m e t a l l a t i o n  r e a c t i o n  w i th  a n h y d r o u s  i r o n  ( I I I )  c h lo r id e  was attem pted

w i t h i n  a m o i s t u r e  f r e e  g l o v e  b a g .  Three  1 0 0 -m l ,  b eak ers  which c o n ta in e d  c a ,

2 0  ml* o f  p h o sp h o ro u s  p e n tao x id s j ,  r e s p e c t i v e l y 9  were p laced  in  t h e  g lo v e  bag 

f o r  1 0  h r s *  w i t h  o t h e r  m a t e r i a l s  t o  remove m oistu re*  F in e  p a r t i c l e  o f  anhy­

d r o u s  i r o n  ( i l l ) c h l o r i d e  was added to  each samples PPM i n  ch lo ro fo rm , ben­

z e n e ,  a c e t o n e  and m e th y l  a l c o h o l *  The same sp e c tr a  a s  th e  p r e c e d i n g
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e x p e r i m e n t s  a p p e a r e d  (Fig» 9 and Tab le  16)» Th is  i n d i c a t e s  t h a t  t h e  p resen ce  

o f  w a t e r  o f  c r y s t a l l i z a t i o n  h a s  no e f f e c t  on t h e  form ation  of  PPM » Fe ( I I I )  

complex*
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EXPERIMENTAL RESULTS
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X  Cwŷ  ) X  ( wyA) .

Figure lo.— Spectra, of Figu.T£ I I -  Spectra, or c o p p e r  
copper Retaliation ivi cMoro-fom yyiet,al I action in â c e to n  e
( CulCAc^ ) ,  (C u. ( A ) * )  .



T 1030 30

2 yvu^.V
0 >

/X e*

( 0  M W W .

4-5-0 500 550
X  (Wt

600 650

pi g Hic 13 *— SpectrcL of  
copper w e ta jla c tio n  (Cu.ci2

(A) a c e t o n e  ; (B; cWofoform

4-50 65Ô500 550 6 0 0

X ( yvyx.) 
f i  ou-re I 2 . -  S p ectra , of 
copper  'weta-lla-tloH i M
wieth/l a.|coho l/Cu-fAc)*.).



T 1030

650600SOD450
X  (m/4 

Fi g a r e  14 . -  Sfectrmivi
decompos'mg RPM-Fets) 
cowiplex l

€>005oo
55|

£00SOD
c

M ( é  .—
Spectreu : (A) pH io,o 5 
IX» 4.5 (-h FeOls) ;<*> M

PM
7,0 v ro 4. S' »



T 1030

S p e c t r a

P o r p h y r i n

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

TABLE 10

o f  Copper  M e t a l l a t i o n  R e a c t io n  i n  C h lo ro fo rm

X  max ( m u )
Time

1___ II H I IV S o r e t

S min 6 627 575 535 506

1 0  min* 627 572 535 506

2 0  min* 627 572 535 506sh

30 min* 627 572 535 506 sh

40 rain* 627 572 535 =“”co

90 min* 660h 572 535 “ ■=* —

24 hr* 660h 572 535 406

15 min* 627 571 538 506 406
ci2 48 hr* 585 563 530

6 d 586 564 530 402
(41 2 sh )

T e m p e ra tu re s  room t e m p e r a t u r e
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Cu (Ag ) 2

TABLE 11

S p e c t r a  o f  Copper  ( R e t a l i a t i o n  R é a c t i o n  I n  Acetone

X  max (mu)
Time

5 min# 

60 min,

3 h r#

4 hr#  

7o5 hr,  

1 1  h

3 d

h  

666 

666  

666 

667 

667h 

667 

670

I

629

628

628

629

630

I I

574

572

572

568

567

568 

567

I I I

537

535

535

534

530

531 

529

H -

502 

502 

502 

502 

502 sh

5 min# 566 526

Cu Clg 3 d 566 526

Temperatures room tem perature

S o r e t

401

401
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Cu (Ac ) 2

TABLE 12

S p e c t r a  o f  Copper M e t a l l a t i o n  R e a c t i o n  i n  Methyl A lc o h o l

X - i a a x  ( t a p )
Time

I a _ I__ l i ­ I I I U L . S o r e t

2  m in . 701 628 s e s 532 502sh —

5 m in . 701 568 532 502 sh

1 0  min* 701 568 530

2  h r . 704 568 530 —

8  h r . 700 568 533 400

sh* s h o u l d e r

T e m p e ra tu re  g room t e m p e r a t u r e
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TABLE 13

S o l v e n t

S p e c t r a  o f  I r o n  M e t a l l a t i o n  R e a c t i o n  i n  C h lo ro fo rm

A .  max (mu)
Time

1 __  ! L _  n i

5 m in .  600 556

4 d 602 558

11 d 603 558

IV

Chloro*
form

13 d 562h 530h

15 d decomposed

4 d* 629 573 537 502

4 d*s By a d d in g  DMF, complex r e v e r t e d  t o  i n i t i a l  s p e c t r u m ,  

she s h o u l d e r

h§ hump

Temperature $ SO — 55°

S o r e t

412

411
(397sh )

408
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TABLE 14

S p e c t r a  o f  I r o n  M e t a l l a t i o n  R e a c t i o n  i n  Acetone  and Methy l  A lcoho l

A-.max (mu)

I I I  IV
S o lv e n t

Acetone

Time

5 min, 

2  d

6  d

16 d

I

610

608

610

610

I I

562

560

561 

561

536

535

534

534

S o r e t

402

363
(395sh )

362
(395sh )

Methyl
a l c o h o l

5 min, 

3 d 

7 d 

17 d

608

609

607

607

566

564

564

564

534

533

533

533

502h 

501 h 

500h 

SQOh

402

399

Temperatures room tem perature
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TABLE 15

R e v e r s i o n  o f  PPM -  Fe ( I I I ) Complex

Added X  max (mp)

S o l v e n t  (50%) I I I U l IV
IXBS.

P y r i d i n e 630 574 538 503 e t i o

DMF 632 574 538 505 e t i o

DMS 631 575 539 506 e t i o

I s o p r o p y l  A lc o h o l 630
(608h)

572 539 505h m e th y l
a l c o h o l

THF 632
( 6 l 1 h)

567 537 5O5h m e th y l
a l c o h o l

A c e t o n i t r i l e 608 561 538 a c e t o n e

Thiophene 607 563 c h l o r o f o r m

E t h y l  M ercap tan 600 557 c h l o r o f o r m

N i t ro m e th a n e 600 556 

TABLE 16

c h l o r o f o r m

PPM -  Fe ( I I I )  Complex by Anhydrous I r o n ( I I I )  lC h l o r i d e

X  max (e f ),

S o l v e n t I I I I I I IV

Benzene 606 562

C hlo ro fo rm 601 557

Acetone 609 56^ 534

Methyl A lco h o l 607 564 533 501 h
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CONCLUSION

F l e i s h e r  and  Wang (26)  c l a i m e d  t h a t  th e  i r o n  m e t a l l a t i o n  r e a c t i o n  

o c c u r r e d  i n  c h l o r o f o r m  and a c e t o n e  th ro u g h  an i n t e r m e d i a t e  o f  PPM » Fe ( I I I )  

complex;  ho w ev erg th e  p r e c e d i n g  e x p e r i m e n t a l  d a t a  i n d i c a t e  t h a t  t h e  i r o n  

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

But t h e  f o r m a t i o n  o f  PPM =>'Fe ( i l l )  complex d o es  o c c u r ,  and t h r e e  d i f f e r e n t  

and  v e r y  s t a b l e  PPM -  Fe ( I I I )  co m p lex es  a r e  p ro d u c e d ,  o f  which s p e c t r a  a re"

c h a r a c t e r i s t i c  o f  each  s o l v e n t  i n  peak h e i g h t  and maximum a b s o r b a n c e s  th e

c h l o r o f o r m  ty p e  w i th  two p e a k s ,  th e  a c e t o n e  ty p e  w i t h  t h r e e  p e ak s  and  th e  

m e th y l  a l c o h o l  t y p e  w i t h  t h r e e  p e ak s  and a s m a l l  hump* A l l  o f  t h e s e  t h r e e  

co m p lex es  were  q u i t e  s t a b l e *  The c h l o r o f o r m  ty p e  r e m a in ed  unchanged f o r  4 

d a y s  a t  room t e m p e r a t u r e  and f u r t h e r  11 days  a t  50 — 55°« A f t e r  t h a t ,  i t  

decomposed w i t h i n  t h e  n e x t  two days* P e rh ap s  t h i s  d e c o m p o s i t i o n  i s  due to  

c a r b e n e  p ro d u ced  i n  c h l o r o f o r m  a s  f o l l o w s ?

CH C l 3  ^ = ±  C Cl 3  + H* ( s lo w )

C CI 3  ---- > °C Cl 2  + C l "  ( f a s t ) .

T h i s  r e a c t i o n  o c c u r s  r e a d i l y  u n d e r  b a s i c  c o n d i t i o n ,  b u t  Fe ( I I I )  may c a u s e  

t h e  f o r m a t i o n  o f  d i c h l o r o c a r b e n e ?

38
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Fe+++ + CH Cl 3   ----- » Fe (C Cl3 ) ++ + H*

Fe**  (C C l 3 )  ----- > Fe C l 4"1' + °C C l2 .

Both t h e  a c e t o n e  ty p e  and t h e  m e th y l  a l c o h o l  ty p e  rem a in ed  unchanged

f o r  more th a n  2  weeks? and t h e n  f i n a l l y  decomposed»

N o t w i t h s t a n d i n g  F l e i s h e r  and Wang* a  s t a t e m e n t ?  no c o n v e r s i o n  o c c u r r e d  

from PPM •=• Fe ( I I I )  complex to  Fe ( I I I )  -  PPM» Indeed  t h e r e  h a s  been  no 

p r e v i o u s  e x p e r i m e n t a l  example o f  a  d i r e c t  s y n t h e s i s  o f  Fe ( I I I )  -  PPM o t h e r  

t h a n  F l e i s h e r  and Wang8s  p a p e r .  The u s u a l  p r e p a r a t i o n  i s  v i a  Fe ( I I )  -  p o r ­

p h y r i n  f o l l o w e d  by o x i d a t i o n  t o  Fe ( i l l ) -  p o r p h y r i n  ( 3 8 ) .  In  t h e  m e t a l l a ­

t i o n  r e a c t i o n  two p r o t o n s  m us t  be removed from the  p o r p h y r i n  n u c l e u s  by p y r i ­

d in e  o r  some o t h e r  b a s e .  T h e r e f o r e ?  i t  i s  d o u b t f u l  t h a t  th e y  were  a b l e  to

s y n t h e s i z e  Fe ( i l l )  -  PPM i n  c h l o r o f o r m  o r  a c e t o n e  w i t h o u t  th e  p r e s e n c e  o f
/

a p r o t o n  a c c e p t o r .

T h i s  a u t h o r  would r a t h e r  c o n c lu d e  t h a t  t h e s e  PPM ■=» Fe ( I I I )  co m p lex es  

a r e  a l l  s im p le  p o r p h y r i n  c a t i o n s  from t h e  p r e c e d i n g  d a t a .  Such d a t a  a r e

summarized f o r  t h e  sake  o f  c o n v e n i e n t  c o m p ar i so n  i n  T ab le  1 7 .

The s t r i k i n g  r e s e m b la n c e  o f  t h e  s p e c t r a  o f  t h e  c h l o r o f o r m  ty p e  complex to  

PH^+ and t h e  a c e t o n e  ty p e  complex to  PH^ can  be r e c o g n i z e d  i n  t h e  p r e c e d i n g  

d a t a .  I f  we compare  t h e  c h l o r o f o r m  ty p e  o f  s p e c t r a  w i th  t h e  s p e c t r a  o f  t h e  

d i c a t i o n ?  PH^ ? i n  c h lo r o f o r m ?  th e  maximum a b s o r b a n c e s  a r e  s l i g h t l y  s h i f t e d  t o  

l o n g e r  w a v e le n g th  by 2  mp i n  ben zen e  and s h o r t e r  w a v e le n g th  by 4  m/i i n  c h l o r o ­

form? b u t  t h e  s e p a r a t i o n s  be tw een  p e ak s  a r e  t h e  same. The a c e t o n e  ty p e  gave 

a l m o s t  th e  same s p e c t r a  a s  t h e  m onoca t ion?  PH^? i n  w a t e r .  The m e th y l  a l c o h o l  

t y p e  h a s  an e x t r a  s m a l l  hump a t  501 mp i n  c o m p ar i so n  w i th  PH^. The a u t h o r  

c a l l s  t h i s  t h e  q u a s i - m o n o c a t i o n  t y p e .
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TABLE 17

Tyee

+ + .

C hlo ro fo rm

S p e e t r a  o f  P o r p h y r in  C a t i o n s  

S o l v e n t  P o r p h y r in  max (my)

D i c a t i o n  (PH^ ) CH Cl

h2 o

CH Cl 3  

benzene

M onoca t ion  (PH3 ) H20 ( 2 . 5 #  SDS)

A cetone  a c e t o n e

Q u a s i - m o n o c a t io n  

M ethyl  a l c o h o l  CH3 OH

I I I I I I

PPM 604 560

PPA 591 551

PPM 600 556

PPM 606 562

PPM 609 568 535

PPM 610 562 536

PPM 609 564 533

F i g .  15A

F i g .  1ôE

Table  13 
F i g .  9A 
Table  16

(37)

Table  14 
F i g .  9B

Tab le  14



I  1030 41

The r e s e m b l a n c e s  i n  a b s o r p t i o n  s p e c t r a  mean t h a t ,  in  th e  v i s i b l e  r a n g e  

o f  w a v e l e n g t h ,  t h e  c h l o r o f o r m  ty p e  and th e  a c e t o n e  ty p e  must have v e ry  n e a r l y  

t h e  same e l e c t r o n i c  t r a n s i t i o n s  and symmetry a s  PH^+ and PHg do ,  r e s p e c t i v e l y ,  

b e c a u s e  th e  same a b s o r p t i o n  s p e c t r a  a r e  c au se d  by t h e  same e l e c t r o n  t r a n s i t i o n  

and th e  same symmetry» I f  t h e  c h lo r o f o r m  ty p e  o f  complex or t h e  a c e t o n e  ty p e  

o f  complex i s  composed o f  PPM and Fe ( I I I )  i o n ,  t h e  bond and t h e  symmetry 

be tw een  PPM and Fe ( i l l )  w i l l  c a u s e  d i f f e r e n t  s p e c t r a  from PHj+ and PH^o

Because  i n  th e  p r o c e s s  PHj+  ^  ( P h J * )# and PPM -  Fe ( I I I )  c o m p l e x — — >

PPM « Fe ( I I I )  complex* (where  t h e  * r e p r e s e n t s  an e x i t e d  s t a t e ) ,  t h e  bonding  

be tw een  PPM and p r o t o n ,  and t h e  bond ing  be tw een  PPM and Fe ( I I I )  a r e  d i f f e r e n t  

i n  b o t h  symmetry and energy*  T h e r e f o r e  t h e  c h l o r o f o r m  ty p e  and th e  a c e t o n e  

ty p e  a r e  p r o b a b l y  n o t  PPM -  Fe ( i l l )  complex b u t  no more than s im p le  d i c a t i o n  

and raonocat ion  o f  p o r p h y r i n ,  r e s p e c t i v e l y *

The r e s u l t s  o f  r e v e r s i o n  t e s t  o f  t h e  c h l o r o f o r m  ty p e  o f  PPM -  Fe ( I I I )  

complex second th e  c o n c l u s i o n  m e n t io n e d  above* B a s i c  o r g a n i c  s o l v e n t s  such 

a s  p y r i d i n e ,  d i m e t h y l  s u l f o x i d e  o r  d i m e t h y l  formamide r e v e r t e d  t h e  ch loroform  

ty p e  o f  s p ec t ru m  t o  t h e  f r e e  p o r p h y r i n  spec t rum» I t  i s  b e l i e v e d  t h a t  t h e s e  

s o l v e n t s  a r e  b a s i c  enough to  a b s t r a c t  two p r o t o n s  from p o r p h y r i n  and  neu« 

t r a l i z e  th e  d i p o s i t i v e  c h a r g e s  o f  the  c h l o r o f o r m  ty p e  complex * When l e s s  

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

c h l o r o f o r m  ty p e  s p e c t r a  changed  t o  th e  m e th y l  a l c o h o l  t y p e  s p e c t r a *  T his  i s  

b e l i e v e d  to  mean t h a t  such s o l v e n t s  c a u s e d  i n c o m p l e t e  d i s s o c i a t i o n  o f  PH^*e 

Very weakly  b a s i c  s o l v e n t s  such  a s  a c e t o m i t r i l e  c o n v e r t e d  th e  c h l o r o f o r m  ty p e  

s p e c t r a  i n t o  t h e  a c e t o n e  ty p e  s p e c t r a ,  which s u g g e s t s  t h a t  t h e  b a s i c i t y  o f  

a c e t o n i t r i l e  i s  j u s t  s t r o n g  enough t o  p roduce  t h e  u n i p o s i t i v e  p o r p h y r i n  i o n .
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PHj;, from t h e  d i p o s i t i v e  ion»  Thiophene^ nltrom ethane  and e t h y l  m er -

captan a r e  so  w eak ly  b a s i c  t h a t  th e y  a r e  u n a b le  t o  a b s t r a c t  a p r o t o n ;  hence  

th e y  d i d  n o t  g i v e  any  change  o f  t h e  c h l o r o f o r m  ty p e  s p e c t r a 0  These  s o l v e n t s  

a r e  a r r a n g e d  be low i n  t h e  o r d e r  t h a t  t h e y  p roduced  each o f  th e  f o l l o w i n g  

changes  t h e  m e th y l  a l c o h o l  t y p e ,  t h e  a c e t o n e  ty p e  and no change»

P y r i d i n e ,  d i m e t h y l  fo rm am ide ,  d im e th y l  s u l f o x i d e  t e t r a h y d r o f u r a n ,  i s o p r o p y l

a l c o h o l  ^  a c e t o n i t r i l e  \  t h i o p h e n e ,  e t h y l  m e r c a p t a n ,  n i t ro rae thane»

T h i s  r e l a t i v e  o r d e r  i s  q u i t e  s u g g e s t i v e  o f  t h e  r e l a t i v e  o r d e r  o f  b a s i c i t y »  

J u d g in g  f rom  t h e s e  d a t a ,  th e  c h l o r o f o r m  ty p e  complex i s  p r o b a b l y  th e  

p o r p h y r i n  d i c a t i o n  and may r e a d i l y  t r a n s f e r  a p r o t o n  t o  any added  b a s i c  s o l ­

v e n t  m o le c u l e  t o  an  e x t e n t  t o  p roduce  f r e e  p o r p h y r i n ,  q u a s i - m o n o c a t i o n  o r  

m o n o ca t io n  o f  p o r p h y r in »  The r e a s o n  why t h e  m e th y l  a l c o h o l  ty p e  i s  c a l l e d  

q u a s i - m o n o c a t i o n  i s  t h a t  t h i s  ty p e  i s  c o n s i d e r e d  t o  have l e s s  p o s i t i v e  c h a r g e  

t h a n  a c e t o n e  t y p e ,  m o n o c a t io n  type*

C o ncern ing  th e  r a t e  o f  t h e  complex f o r m a t i o n ,  i t  s h o u ld  be em phas ized  

t h a t  t h i s  r e a c t i o n ,  w h a te v e r  i t  may b e ,  i s  v e r y  r a p i d *  E q u i l i b r i u m  o r  com­

p l e t i o n  o c c u r s  i m m e d ia t e ly  upon mix ing» T h e r e f o r e  t h i s  r e a c t i o n  i s  u n d o u b t ­

e d l y  i o n i c  i n  n a t u r e »

However,  b e f o r e  th e  f i n a l  c o n c l u s i o n  i s  made, th e  s im p le  q u e s t i o n  a b o u t  

t h e  s o u r c e  o f  p r o t o n  which  fo rm s  PH^+ o r  PH^ must be e x p l a i n e d *  When i r o n  ( I I I )  

c h l o r i d e  w i t h  w a t e r  o f  c r y s t a l l i z a t i o n  (Fe C l^ '  bHgO) was u s e d ,  i n  o r g a n i c  

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

and t h i s  p r o t o n  fo rm s  PH^+ and PH^» However,  i t  was found  t h a t  a n h y d ro u s  

i r o n  ( i l l )  c h l o r i d e  gave  i d e n t i c a l  r e s u l t s  a s  th e  h y d r a t e d  s a l t *  The s o u r c e
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o f  p r o t o n  from a n h y d ro u s  i r o n  ( I I I ) c h l o r i d e  must be s tu d ie d  f u r t h e r .

C o n s i d e r i n g  a l l  o f  t h e s e  r e s u l t s ,  th e  s p e c t r a l  s i m i l a r i t y ,  r e v e r s i o n  

t e s t  o f  t h e  c h l o r o f o r m  ty p e  and pH d ep endence  o f  PPA, i t  seems l i k e l y  t h a t  

th e  PPM -  Fe ( I I I )  com plexes  do n o t  e x i s t  b u t  a r e  j u s t  porphyrin c a t i o n s .

The d e t e r m i n a t i o n  o f  s t r u c t u r a l  f o r m u la  mus t  be p u r s u e d  by f u r t h e r  s t u d y ,  f o r  

th èse  p o r p h y r i n  c a t i o n s  a r e  i n t i m a t e l y  a s s o c i a t e d  w ith  s o l v e n t  p r o p e r t i e s .

These c o n c l u s i o n s  a r e  c o n t r a r y  to  t h o s e  o f  F l e i s h e r  and Wang, The 

a u t h o r  would l i k e  to  p o i n t  o u t  some d i f f e r e n c e s  be tw een  h i s  and t h e i r  r e ­

s u l t s .

F i r s t l y ,  th e y  r e f e r r e d  t o  t h e  sp e c t ru m  shown i n  Fig* 28 a s  t h e  s t a n d a r d  

s p e c t ru m  o f  Fe ( I I I )  -  c o m p le x .  However,  t h i s  d o e s  n o t  lo o k  l i k e  t h e  s p e c ­

trum o f  Fe ( I I I )  -  PPM, which i s  shown i n  F i g „ 5A, The s t a n d a r d  sp ec t ru m  

of  Fe ( I I I )  -  PPM h a s  two d i s c e r n a b l e  a b s o r p t i o n s  a t  642 mp and 508 mp, and 

two b r o a d  humps a p p r o x i m a t e l y  a t  587 mp and  540 mp. The s p ec t ru m  shown i n  

Fig* 28 h a s  no d i s c e r n a b l e  peak b u t  shows a b ro a d  a b s o r p t i o n  in  which i t  i s  

d i f f i c u l t  t o  d i s t i n g u i s h  th e  maximum. As th e y  d i d  n o t  s t a t e  th e  s o l v e n t  

u s e d  f o r  th e  m easu rem en t ,  a s t r a i g h t  c o m p a r i so n  o f  F i g „ 28 w i th  F ig  * 5A, 

m easu red  i n  d i o x a n e ,  may n o t  be made; how ever ,  from th e  f a c t  t h e  p u re  Fe ( I I I )  ~ 

PPM g i v e s  a l m o s t  t h e  same s p e c t r a  ( F i g ,  8 ) i n  e t h e r  and c h l o r o f o r m ,  i t  i s  

q u i t e  d o u b t f u l  t h a t  t h e i r  s p e c t r u m  i s  t h a t  o f  Fe ( I I I )  -  PPM,

S e c o n d ly ,  th e y  d i d  n o t  r e c o g n i z e  th e  a c e t o n e  ty p e  o f  s p e c t r u m ,  and m is ­

to o k  th e  c h l o r o f o r m  ty p e  o f  s p ec t ru m  f o r  t h e  new ty p e  o f  PPM -  Fe ( I I I )  

complex*

C o n ce rn in g  t h e  s t r u c t u r e  o f  a s i t t i n g - a t o p  ty p e  o f  complex (F ig*  3 ) ,  

t h e  a u t h o r  b e l i e v e s  t h a t  t h i s  complex d o es  n o t  i n v o l v e  Fe ( I I I )  a s  s t a t e d
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by them.

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

i n f o r m a t i o n s .  The f a c t  i s  t h a t  i n  any t h r e e  s o l v e n t s  th e  r e a c t i o n  advanced  

r e a d i l y  when c o p p e r  ( I I ) a c e t a t e  was u s e d ,  and  n o t  so  when c o p p e r  c h l o r i d e  

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

f o l l o w i n g  s u g g e s t i o n s  can  be  made 8

1 ) The c o p p e r  i n s t a l l a t i o n  r e a c t i o n  may be d e p e n d e n t  upon th e  a n i o n  o f  

t h e  c o p p e r  s a l t .

2 )  I f  a n o t h e r  k in d  o f  i r o n  s a l t  ( e .  g .  i r o n  ( I I I )  a c e t a t e )  were  u s e d ,  

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

m e th y l  a l c o h o l .

3 )  The c o m b i n a t i o n  o f  t h e  k in d  o f  m e t a l  s a l t  and s o l v e n t  may be i n -  

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

4 )  The d e c r e a s e  i n  t h e  i n t e n s i t y  o f  t h e  peak I and IV ,and  th e  i n c r e a s e  

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

may g i v e  a  h i n t  t o  t h e  mechanism o f  t h e  m e t a l l a t i o n  r e a c t i o n .

5)  The r e a c t i o n  r a t e  o f  t h e  c o p p e r  m e t a l l a t i o n  i n  c h l o r o f o r m  o r  a c e t o n e  

i s  f a s t  enough t o  m o n i t o r  i t s  ch an g e ;  t h u s  t h e  r a t e  d e t e r m i n i n g  s t e p  may be 

d e t e r m i n e d .

As to  th e  f u r t h e r  d e v e lo p m en t  o f  t h i s  r e s e a r c h ,  t h e r e  a r e  some i n t e r e s t ­

in g  a s p e c t s .  They a r e  more d e t a i l e d  s tu d y  o f  s o l v e n t  f i e l d  e f f e c t  a s  w e l l  a s  

I t  g a n t  f i e l d  e f f e c t  f o r  t h e  m e t a l l a t i o n  r e a c t i o n  of  p o r p h y r i n ,  i n  which t h e  

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

p ro d u ce  l i g a n d  f i e l d  e f f e c t s  upon t h e  m e t a l  i o n .  Thus t h e  e f f e c t  o f  s o l v e n t
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s h o u ld  be em phas ized»  Certain and c o - w o r k e r s  i n t e r p r e t e d  t h a t  t h e  g r a d u a l  

change  o f  s p e c t r u m  w i th  d i l e c t r i c  c o n s t a n t  o f  s o l v e n t  in  t h e  p r e p a r a t i o n  of  

i r o n  ( i l l )  m e s o p o r p h y r in  i s  due t o  i n c r e a s i n g  amount o f  h ig h  sp in  i r o n  ( I I I )  

complex ( 39) „  The a u t h o r  b e l i e v e s  t h a t  c u r re n t  a d v an cem en ts  o f  RIO t h e o r y  or  

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

( 4 0 ,  4 1 ) .
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APPENDIX

As a s u p p le m e n ta r y  a i d  t o  r e a d i n g  t h i s  t h e s i s  more r e a d i l y ,  t h e  nomen­

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

t i o n s  and th e  sym bols  t h a t  t h e  a u t h o r  o f  t h i s  t h e s i s  used  a r e  p r e s e n t e d  i n  

t h i s  s e c t i o n »

The N o m enc la tu re  and th e  S t r u c t u r a l  Fo rm ulas  o f  P o r p h y r i n  Compounds (7» 12)

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

A e t i o  -  a p p l i e d  t o  p o r p h y r i n s  d e r i v e d  by d e c a r b o x y l a t i o n  o f  a su b ­

s t i t u e n t

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

P r o to  -  f i r s t  o f  a s e r i e s  

u ro  -  d e r i v e d  from u r i n e  

rhodo  -  means r e d  

A e t i o p o r p h y r i n  i m p l i e s  t h a t  i t  i s  a p o r p h y r i n  which r e s u l t e d  from 

d e c a r b o x y l a t i o n ,

Pro t o p o r p h y r i n  was t h e  f i r s t  p o r p h y r i n  i s o l a t e d  from haemin ( f e r r i p r o t o -  

p o r p h y r i n  c h l o r i d e ) ,  so i t  i s  d e s i g n a t e d  " p r o t o " »

47
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?

P o r p h y r i n s

P<9/L̂ ÂÀyviĵ  

S u b s t i t u e n t s  on p o s i t i o n

1 2 3 4 5 6 7 8

P o r p h in e H H H H H H H H

A e t i o p o r p h y r i n  I m E m E M E M E

M eso p o rp h y r in  IX M E M E M P P M

P r o t o p o r p h y r i n  IX M V M V M P P M

U ro p o r p h y r in  I I I A P A P A P P A

R hod o p o rp h y r in  XV M E M E M Uf P M

N,N*~bis  -  (2 -  
a m i n o e t h y l )  
P r o t o p o r p h y r i n  
Diamide

M V M V M AE AE M

E,

V,

S i d e - c h a i n  a b b r e v i a t i o n s :  

CH2 CH3 ? H, -  H; M, -  CH3 ;

A, -  CH2 C00H?

-  CH2 CH2 C00H;

CH = CH2 ? W, -  COOHj AE» -  (CH2 ) 2 C0NH (CH2 ) 2  NH2

D e f i n i t i o n s

M e t a l l o p o r p h y r i n s  a p o r p h y r i n  which i s  c h e l a t e d  w i t h  a m e ta l  i n  t h e  c e n t r a l
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h o l e  o f  t h e  p o r p h y r i n  n u c l e u s *

P o r p h y r i n  m e t a l  com p lex g a  p o r p h y r i n  which i s  l o o s e l y  bonded to  a  m e ta l»

F r e e  p o r p h y r i n s  a p o r p h y r i n  which i s  n o t  c h e l a t e d  w i t h  a m e ta l»

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

to  form th e  m e t a l l o p o r p h y r i n »

S p e c t ru m g v i s i b l e  a b s o r p t i o n  spec trum»

Symbols

PPM: p r o t o p o r p h y r i n  d i m e t h y l  e s t e r

PPAg N * -b i s  -  (2 - a m i n o e t h y l )  p r o t o p o r p h y r i n  d ia m id e  

Fe ( i l l )  » PPM: i r o n  ( I I I )  -  p r o t o p o r p h y r i n  (haem in)

PPM -  Fe ( I I I )  complex:  P r o t o p o r p h y r i n - i r o n  complex ( n o t  haemin)

Cw ( I I )  -  PPMg c o p p e r  ( I I )  -  p r o t o p o r p h y r i n  

PHgs f r e e  p o r p h y r i n  

PH^*s p o r p h y r i n  d i c a t i o n  

PH^g p o r p h y r i n  m o n o c a t io n
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