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P R E F A C E 

I n 1 9 6 4 , J . E . F a l k was able t o give o n e m a n ' s v i e w o f t h e p o r p h y r i n a n d 
m e t a l l o p o r p h y r i n f i e l d at p o s s i b l y t h e last t i m e t h a t s u c h a m a j o r task was 
poss ib l e . S i n c e t h e n t h e area has m u s h r o o m e d o u t w a r d s a n d b l o s s o m e d i n a 
q u i t e r e m a r k a b l e m a n n e r , a n d t h i s m a y i n n o s m a l l w a y be d u e t o the s t i m u 
lus p r o v i d e d b y the a p p e a r a n c e o f Porphyrins and Metalloporphyrins. A r o u n d 
t h e t i m e o f h is d e a t h , F a l k was address ing h i m s e l f t o t h e task o f u p d a t i n g 
a n d r e v i z i n g his h i g h l y success fu l b o o k , ,and r e a l i z i n g t h e m a g n i t u d e o f t h e 
u n d e r t a k i n g , h a d b e g u n t o ga ther a b o u t h i m varioiïs co l leagues w h o m i g h t be 
w i l l i n g t o c o n t r i b u t e t o a m u l t i - a u t h o r e d S e c o q | | E d i t i o n . A l a s , a l l o f t h i s 
c a m e to n o t h i n g , b u t t h e d e m a n d f o r a n e w a n d e x p a n d e d e d i t i o n o f Falk 
r e m a i n e d . 

T h e present b o o k represents a n a t t e m p t b y s o m e o f t h e l e a d i n g a u t h o r i 
t ies i n t h e f i e l d t o f i l l t h e gap l e f t b y t h e progress o f p o r p h y r i n c h e m i s t r y 
past the a c c o u n t w r i t t e n b y F a l k . I t d i f f e r s c o n s i d e r a b l y f r o m t h e o r i g i n a l , 
m a i n l y i n s i ze , b u t a lso i n t h e o r g a n i z a t i o n o f the chapters i n t o e ight sec
t i o n s . A de ta i l ed d e s c r i p t i o n o f t h e c o n t e n t o f each s e c t i o n w o u l d be o u t o f 
p lace 1ère, b u t i t is w o r t h c o m m e n t i n g t h a t s e c t i ons d e a l i n g w i t h s y n t h e t i c 
a n d b i o l o g i c a l aspects have b e e n a d d e d , as w e l l as chapters d e a l i n g i n d e p t h 
w i t h m a n y s p e c t r o s c o p i c m e t h o d s w h i c h w e r e o n l y i n t h e i r i n f a n c y i n 1 9 6 4 . 
I n the w h o l e b o o k F a l k ' s ' s y s t e m a t i c a n d r a t i o n a l e x p o s i t i o n w h i c h w o u l d 
have b e e n q u i t e i m p o s s i b l e s o m e years a g o ' has b e e n c a r r i e d t o t h e b o u n d a 
ries o f present research . 

A n a t t e m p t has been m a d e t o r e t a i n t h e i d e a o f a ' L a b o r a t o r y H a n d b o o k ' 
w h i c h was the u n d e r l y i n g c o n c e p t i n Falk. T h o u g h the b o o k has g r o w n d r a 
m a t i c a l l y i n siz&, a s u b s t a n t i a l s e c t i o n d e a l i n g w i t h l a b o r a t o r y m e t h o d s 
has been inc luded . ' M a n y o f t h e p r o c e d u r e s have n o t been n o t i c e a b l y i m 
p r o v e d s ince 1 9 6 4 , a n d i n these cases there are f e w changes f r o m the a c c o u n t 
w r i t t e n b y F a l k ; h o w e v e r , i n o t h e r respec ts , the L a b o r a t o r y M e t h o d s S e c t i o n 
has been e x p a n d e d a n d r e v i z e d . 

T h e m a n u s c r i p t d e a d l i n e f o r t h e present b o o k was 1st J a n u a r y 1 9 7 5 , a n d 
w i t h t h e e x c e p t i o n o f a f e w chapters w h i c h a r r i v e d i n late M a r c h 1 9 7 5 , 
l i t e r a t u r e p u b l i s h e d a f ter D e c e m b e r 1 9 7 4 has n o t b e e n c o n s i d e r e d . H o w e v e r , 
as a l w a y s w h e n a c c o u n t s are w r i t t e n b y ac t ive research w o r k e r s i n t h e f i e l d , 
the chapters c o n t a i n a b u n d a n t re ferences t o u n p u b l i s h e d w o r k , o r w o r k i n 
press, as w e l l as p e r s o n a l c o m m u n i c a t i o n s f r o m o t h e r researchers . I n o r d e r t o 
preserve the t i m e l i n e s s o f t h e c o n t r i b u t i o n s i n th i s b o o k , i t was necessary t o 
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p r o c e e d t o p u b l i c a t i o n w i t h o u t t w o m a n u s c r i p t s w h i c h w e r e e s t i m a t e d , b y 
t h e a u t h o r s , t o be o n e m o n t h o r m o r e f r o m c o m p l e t i o n o n 1st J u n e 1 9 7 5 . 

I t is a p l e a s u r e t o r e c o r d m y t h a n k s t o P r o f e s s o r G . W . K e n n e r , F . R . S . , f o r 
h i s a d v i c e a n d e n c o u r a g e m e n t d u r i n g t h e past t w o years . I n c o n t r i b u t e d 
v o l u m e s o f t h i s t y p e w i t h a b o u t t w e n t y c h a p t e r s , cr ises arise at f a i r l y r e g u l a r 
i n t e r v a l s ; I w o u l d l i k e t o t h a n k Pro fessor D r J . W . B u c h l e r ( A a c h e n ) a n d D r 
J . - H . F u h r h o p ( S t ö c k h e i m über B r a u n s c h w e i g ) f o r u n h e s i t a t i n g ass istance 
d u r i n g these d i f f i c u l t t i m e s , a n d f o r p r o v i d i n g t h e e n c o u r a g e m e n t t o go 
a h e a d i n t h e f o r m a t i v e d a y s o f t h i s p r o j e c t . 

Liverpool, June 1975 K e v i n M . S m i t h 
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N U C L E A R M A G N E T I C R E S O N A N C E S P E C T R O S C O P Y 
O F P O R P H Y R I N S A N D M E T A L L O P O R P H Y R I N S * 

H U G O S C H E E R * * and J O S E P H J . K A T Z 

Chemistry Division, Argonne National Laboratory, Argonne, Illinois, 60439, U.S.A. 

10.1. Introduction 

T h e r a p i d d e v e l o p m e n t o f p r o t o n n u c l e a r m a g n e t i c r e s o n a n c e ( n . m . r . ) 
s p e c t r o s c o p y s i n c e a b o u t 1 9 6 0 has h a d a s t r o n g i n f l u e n c e o n t h e s t u d y o f 
a l m o s t a l l classes o f o r g a n i c c o m p o u n d s 1 . T h e r e are , h o w e v e r , f e w categor ies 
o f c o m p o u n d s f o r w h i c h s u c h a w e a l t h o f i n f o r m a t i o n c a n be o b t a i n e d b y 
n . m . r . as f o r p o r p h y r i n s . T h i s c i r c u m s t a n c e arises f o r t h e m o s t p a r t f r o m t h e 
large m a g n e t i c a n i s o t r o p y ( r i n g c u r r e n t ) o f t h e a r o m a t i c m a c r o c y c l e o f these 
c o m p o u n d s 2 , 3 . T h e r i n g c u r r e n t f u n c t i o n s as a b u i l t - i n c h e m i c a l s h i f t r e 
agent , a n d spreads t h e p r o t o n m a g n e t i c r e s o n a n c e ( 1 H m r ) s p e c t r u m o f p o r 
p h y r i n s o v e r t h e u n u s u a l l y large range o f m o r e t h a n 1 5 p . p . m . T h i s i n c o n 
sequence g e n e r a l l y r e n d e r s t h e 1 H m r s p e c t r a f i r s t o r d e r , s i m p l i f y i n g i n t e r p r e 
t a t i o n a n d a s s i g n m e n t , a n d m a k e s 1 H m r a v e r y sens i t ive p r o b e o f s t r u c t u r a l 
m o d i f i c a t i o n s . T h e r i n g c u r r e n t e f f e c t s , i n a d d i t i o n , a l l o w d e t a i l e d s tudies o f 
m o l e c u l a r i n t e r a c t i o n s o f p o r p h y r i n s i n s o l u t i o n . 

I n t h e e a r l y a p p l i c a t i o n s o f n . m . r . t o p o r p h y r i n s , x H m r was t h e m o s t 
w i d e l y used as a n a n a l y t i c a l t o o l , a n d t h e n e w s t r u c t u r a l ins ights t h a t r e 
s u l t e d were a m a j o r r e a s o n f o r t h e r e v i v a l o f in teres t i n p o r p h y r i n c h e m i s t r y . 
A f e w e x a m p l e s o f i m p o r t a n t p i o n e e r i n g w o r k m a y be c i t e d h e r e . T h e f i r s t 
x H m r s p e c t r a o f p o r p h y r i n s were r e p o r t e d b y B e c k e r a n d B r a d l e y 2 a , a n d b y 
E l l i s e t a l . 2 b , a n d a n e a r l y s u r v e y o n a v a r i e t y o f p o r p h y r i n s t r u c t u r e s was 
c a r r i e d o u t b y C a u g h e y a n d K o s k i 4 . B a s e d o n t h e e x t e n s i v e s y n t h e t i c w o r k 
o f J a c k s o n , K e n n e r , a n d S m i t h 5 , a series o f researches was c a r r i e d o u t b y 
A b r a h a m o n a n u m b e r o f s p e c i a l aspects o f p o r p h y r i n b e h a v i o r , e s p e c i a l l y 

* Work performed under the auspices of the U.S. Energy Research and Development 
Administration. 
** Stipendiate of the Deutsche Forschungsgemeinschaft, Bonn—Bad Godesberg, W. Ger
many; present address: Institut für Botanik der Universität, D 8000 München 19, W. Ger
many. 
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the e f fects o f s u b s t i t u t i o n 8 * 1 , 8 * 5 , t h e s e l f - a g g r e g a t i o n 6 ~ 8 i n s o l u t i o n , i s o 
m e r i s m o f p o r p h y r i n s 6 , 8 , 9 , a n d i n t e r a c t i o n s o f n u c l e o p h i l e s w i t h t h e c e n t r a l 
m e t a l a t o m o f m e t a l l o p o r p h y r i n s 1 0 , 1 1 . I n h o f f e n et a l . 1 2 i n v e s t i g a t e d a great 
v a r i e t y o f c h l o r o p h y l l der iva t ives , a n d w i d e l y a p p l i e d o c t a e t h y l p o r p h y r i n 
H 2 ( O E P ) as a p o w e r f u l m o d e l c o m p o u n d f o r t h e n a t u r a l l y - o c c u r r i n g p o r p h y 
r i n s . C l o s s et a l . 1 3 s t u d i e d m o l e c u l a r i n t e r a c t i o n s i n c h l o r o p h y l l s a n d c h l o r o 
p h y l l der iva t ives , a n d w e r e able t o d e l i n e a t e m a n y o f t h e s a l i e n t f eatures o f 
t h e se l f -aggregat ion o f t h e c h l o r o p h y l l s i n t h e c o n v e n i e n t f o r m o f aggrega
t i o n m a p s . I n a d d i t i o n t o s tud ies u n d e r t a k e n o n p o r p h y r i n s t h e m s e l v e s , 
l i g a n d m o l e c u l e s b o u n d t o t h e m have b e e n t h e s u b j e c t o f i n v e s t i g a t i o n b y 
n . m . r . T h e r i n g c u r r e n t i n d u c e d sh i f ts ( R I S ) b y t h e p o r p h y r i n m a c r o c y c l e o n 
t h e c h e m i c a l sh i f t s o f a x i a l l i gands serve as a n a l t e r n a t i v e p r o b e a n d t h u s 
s u p p l e m e n t a n d c o m p l e m e n t t h e p s e u d o c o n t a c t s h i f t p r o d u c e d b y l a n t h a -
n i d e s h i f t reagents ( L I S ) so i m p o r t a n t f o r c o n f o r m a t i o n a l a n d s t e r e o c h e m i c a l 
s t u d i e s 1 4 - 1 9 . 

K o w a l s k y ' s 2 0 e a r l y r e p o r t o f sharp p r o t o n r e s o n a n c e l ines i n the p o r p h y 
r i n m o i e t y o f c y t o c h r o m e - c t h a t l i e f a r o u t s i d e t h e u s u a l c h e m i c a l s h i f t range 
f o r p r o t o n s l e d t o a n ex tens ive s t u d y o f p a r a m a g n e t i c m e t a l c o m p l e x 
e s 2 1 - 2 9 . T h e e x t r e m e l y large p r o t o n c h e m i c a l sh i f t s o b s e r v e d i n these c o m 
p o u n d s are p r o d u c e d b y h y p e r f i n e n u c l e a r i n t e r a c t i o n s w i t h t h e u n p a i r e d 
e l e c t r o n s o f t h e c e n t r a l m e t a l a t o m . A s these h y p e r f i n e sh i f t s are d e p e n d e n t 
o n o x i d a t i o n s ta te , s p i n s tate , a n d a x i a l l i g a n d s c o o r d i n a t e d t o t h e c e n t r a l 
m e t a l i o n , n . m . r . has been used as a p r o b e i n s t r u c t u r a l a n d f u n c t i o n a l 
s tud ies o f h e m e a n d h e m o p r o t e i n s 2 1 , 2 2 . 

I n r e c e n t years , n u c l e i o t h e r t h a n p r o t o n s , e s p e c i a l l y 1 3 C , have b e c o m e 
i m p o r t a n t i n n . m . r . s p e c t r o s c o p y 3 0 . A l t h o u g h o f t h e same a b s o l u t e m a g n i 
t u d e , t h e r i n g c u r r e n t e f f e c t i n 1 3 C m r is s m a l l r e l a t i v e t o t h e m a g n i t u d e o f 
t h e i n t r i n s i c c h e m i c a l sh i f t s a n d t h e r i n g c u r r e n t p l a y s o n l y a m i n o r r o l e 3 1 , 
whereas p a r a m a g n e t i c c o n t r i b u t i o n s f r o m l o w - l y i n g e x c i t e d states m a k e a 
dec i s ive c o n t r i b u t i o n t o t h e 1 3 C c h e m i c a l s h i f t s 3 0 . T h e i n f l u e n c e o f m e t a l a -
t i o n o n the e l e c t r o n i c s t r u c t u r e o f p o r p h y r i n s has been s t u d i e d i n s o m e 
d e t a i l 3 2 , 3 3 , a n d t w o n . m . r . p u b l i c a t i o n s f o c u s o n t h e c o n j u g a t i o n p a t h w a y 
i n p o r p h y r i n s 3 2 , 3 4 . 

I n c o n t r a s t t o t h e u n u s u a l c h e m i c a l sh i f t s o f t e n o b s e r v e d , c o u p l i n g c o n 
stants i n p o r p h y r i n s are q u i t e n o r m a l . T h e 1 H m r s u b s p e c t r a o f v a r i o u s sub -
s t i t u e n t s are i n m o s t cases f i r s t o r d e r , a n d l o n g range c o u p l i n g c o n s t a n t s are 
u s u a l l y o n l y o b s e r v e d i n p o r p h y r i n s w i t h u n s u b s t i t u t e d p e r i p h e r a l ( /^-posi 
t i o n s . R e c e n t l y , s o m e d a t a o n 1 H c o u p l i n g c o n s t a n t s w i t h 1 3 c 3 5 ~ 3 7 , 
1 5 N 3 3 , a n d 2 ° 5 t 1 8 ' 9 4 1 ' 3 2 have b e e n p u b l i s h e d a n d have b e e n g iven s t ra ight 
f o r w a r d e x p l a n a t i o n s . 

10.1.1. The chemical shift 
T h e m a g n e t i c r e s o n a n c e f r e q u e n c y v o f a n u c l e u s is g i ven b y 

7 
2n (1) 
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T h e g y r o m a g n e t i c r a t i o 7 is a n a t u r a l c o n s t a n t f o r a p a r t i c u l a r n u c l e u s , a n d H 
is t h e m a g n e t i c f i e l d e x p e r i e n c e d b y i t . A l t h o u g h t h e l a t t e r is u s u a l l y v e r y 
c lose t o t h e e x t e r n a l m a g n e t i c f i e l d , H0, a p p l i e d i n t h e e x p e r i m e n t , t h e f i e l d 
at a p a r t i c u l a r n u c l e u s is m o d i f i e d b y i ts c h e m i c a l e n v i r o n m e n t . T h e a d d i 
t i o n a l l o c a l m a g n e t i c f i e l d p r o d u c e d b y n e i g h b o r i n g n u c l e i w i t h m a g n e t i c 
p r o p e r t i e s are p r o p o r t i o n a l t o H0, a n d e q . (1) c a n t h e n be r e w r i t t e n as: 

w h e r e t h e s h i e l d i n g c o n s t a n t a is a m e a s u r e o f t h e m o d i f i c a t i o n o f t h e 
e x t e r n a l m a g n e t i c f i e l d H0 b y t h e c h e m i c a l e n v i r o n m e n t . 

S h i e l d i n g o f a p a r t i c u l a r p r o t o n f r o m t h e e x t e r n a l m a g n e t i c f i e l d resu l t s 
f r o m c u r r e n t s i n d u c e d w i t h i n t h e e l e c t r o n s y s t e m o f t h e a t o m a n d its sur 
r o u n d i n g s ( L a r m o r p r e c e s s i o n ) 1 * 3 8 , a n d t h e o v e r a l l s h i e l d i n g is u s u a l l y 
d i v i d e d i n t o several c o n t r i b u t i o n s t o t h e c h e m i c a l s h i f t * e x p e r i e n c e d b y a 
p a r t i c u l a r n u c l e u s 1 . L o c a l m a g n e t i c e f fects arise f r o m changes ( w i t h respec t 
t o t h e free a t o m s ) i n t h e d e n s i t y a n d t h e shape o f t h e e l e c t r o n c l o u d sur 
r o u n d i n g a p a r t i c u l a r p r o t o n , a n d l ong - range m a g n e t i c e f fects o c c u r f r o m 
m a g n e t i c a l l y a n i s o t r o p i c g r o u p s i n t h e n e i g h b o r h o o d o f a p a r t i c u l a r p r o t o n 
o r g r o u p o f p r o t o n s . B o t h o f these e f fects c o n t a i n d i a m a g n e t i c c o n t r i b u 
t i o n s , w h i c h r e f l e c t changes i n t h e m a g n i t u d e o f t h e e l e c t r o n d e n s i t y , a n d 
p a r a m a g n e t i c c o n t r i b u t i o n s t h a t o r i g i n a t e f r o m changes i n t h e shape o f t h e 
e l e c t r o n c l o u d * * . I n a n a l t e r n a t i v e a n d e q u i v a l e n t r e p r e s e n t a t i o n , p a r a m a g 
n e t i c sh i f t s arise f r o m d i s t o r t i o n s o f t h e g r o u n d state o r b i t a l s f r o m t h e m i x i n g 
o f t h e w a v e f u n c t i o n s o f t h e g r o u n d state a n d l o w - l y i n g e x c i t e d states. I n 
c o m p o u n d s c o n t a i n i n g u n p a i r e d e l e c t r o n s , h y p e r f i n e i n t e r a c t i o n s r e s u l t f r o m 
c o n t a c t sh i f t s ( n o n - z e r o s p i n d e n s i t y at t h e n u c l e u s ) w h o s e e f fects are t r a n s 
m i t t e d t h r o u g h t h e c h e m i c a l b o n d s i n t h e m o l e c u l e , a n d p s e u d o c o n t a c t 
sh i f t s t r a n s m i t t e d t h r o u g h space . P r o t o n c h e m i c a l sh i f t s a r i s i n g f r o m t h e 
presence o f u n p a i r e d sp ins c a n be o rders o f m a g n i t u d e larger t h a n t h o s e 
o b s e r v e d i n d i a m a g n e t i c m o l e c u l e s . I n a d d i t i o n t o a l l o f these i n t e r n a l ef-

* Due to the small magnitude of the shielding constant O (~10~~5) and the difficulties in 
measuring its absolute value, it is usually expressed as the chemical shift relative to that of 
a reference compound. Throughout this chapter, the chemical shift is given in Ô units 
(parts per million, p.p.m.) where Ô = —10 6 (o—c), and c is the shielding constant for the 
protons in the usual internal standard tetramethylsilane (TMS). Another commonly em
ployed internal standard is hexamethyldisiloxane (HMS), whose protons come into reso
nance at slightly higher field than T M S . In some publications, r is used instead of Ô as a 
measure of chemical shift. These two quantities are related by r = 10—Ô. 
** The terms paramagnetic and diamagnetic shifts are sometimes used in a different sense 
designating low-field and high-field shifts, respectively. On the other hand, paramagnetic 
as well as diamagnetic contributions (as defined above) describe shielding mechanisms 
which can be both positive (= shielding, high-field shift) and negative (= deshielding, 
low-field shift). 

H o ( l - n O ) . , (2) 

References, p. 514 
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f ec ts , s o l v e n t - i n d u c e d p r o t o n c h e m i c a l sh i f t s m a y o c c u r f r o m m o r e o r less 
spec i f i c i n t e r a c t i o n s o f s o l u t e m o l e c u l e s w i t h a s o l v e n t t h a t possesses m a g 
n e t i c a n i s o t r o p y * . 

10.1.2. The aromatic ring current 
I n t h e 1 H m r s p e c t r a o f d i a m a g n e t i c p o r p h y r i n s , t h e l ong -range d i a m a g 

n e t i c c o n t r i b u t i o n o f t h e a r o m a t i c m a c r o c y c l i c s y s t e m t o t h e c h e m i c a l s h i f t 
is t h e m o s t i m p o r t a n t s ingle f a c t o r t h a t d i s t i n g u i s h e s p o r p h y r i n s f r o m s i m i l a r 
n o n - a r o m a t i c s t r u c t u r e s . C o n s e q u e n t l y , w e s h a l l d e s c r i b e t h i s r i n g c u r r e n t 
t e r m i n s o m e w h a t m o r e d e t a i l . 

I f a c l o s e d l o o p o f e l e c t r o n s is s u b j e c t e d t o a n e x t e r n a l m a g n e t i c f i e l d , a 
L a r m o r p r e c e s s i o n 1 o f t h e e n t i r e 7r -c loud is i n d u c e d . T h e c i r c u l a t i o n o f the 
e l e c t r o n s ( r i n g c u r r e n t ) gives r ise t o a s e c o n d a r y m a g n e t i c f i e l d t h a t is s h o w n 
i n F i g . 1. T h i s e f f e c t is s t r o n g l y a n i s o t r o p i c , i t does n o t average o u t t o z e r o 
b y r a n d o m t u m b l i n g o f t h e m o l e c u l e , a n d t h u s t h e r i n g c u r r e n t gives r ise t o 
a n a n i s o t r o p i c s h i e l d i n g e f fec t o n p r o t o n s w i t h i n t h e range o f t h e r i n g c u r -

10 -

8 

zlA) 
J £ ) 
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4 
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1 1 1 H I I 1 \ 1 \ 1 1 

Fig. 1. The magnetic anisotropy of the porphyrin ring system (from Ref. 40). The iso-
shielding lines (incremental shift À [p .p .m. ] ) were obtained by a classical ring current 
calculation (vide infra) with two circular loops above and below the macrocyclic plane. 
The radius V and spacing V (see Fig. 2) and 7T-electron number were adjusted to fit the 
1 H m r data observed for the stacked system (10) (see text). The calculation included four 
additional loop-pairs for the peripheral benzene rings of the phthalocyanine, but only the 
contribution of the inner tetra-azaporphyrin system is shown here. The abcissa gives the 
radial distance from the center of the macrocycle, and the ordinate, the z (out-of-plane) 
coordinate. The three dimensional picture is obtained by rotating this cross-section 
around the z-axis. 

* Bulk magnetic susceptibility changes due to the geometry of the sample and the 
magnetic properties of the solvent system employed are usually dealt with by use of 
internal standards, or, where practical, by appropriate susceptibility corrections 1 . 
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H 0 

C 
Fig. 2. Schematic drawings of the classical ring current models for porphyrins, (a) The 
single-loop approach with the radius V and the 7T-electron number as variables, approxi
mated by the magnetic point dipole / i ; (b) the loop-pair approach with the spacing V as 
additional variable; (c) the network or multi-loop pair approach, viewed from the top, 
with each circle representing a pair of loops above and below the macrocycle. For discus
sion see text. 

r e n t . T h i s c lass i ca l ' r i n g c u r r e n t ' m o d e l o f P a u l i n g 3 9 has b e e n w i d e l y u s e d as 
a c r i t e r i o n f o r a r o m a t i c i t y o r a n t i - a r o m a t i c i t y , d e p e n d i n g o n t h e sign a n d 
m a g n i t u d e o f t h e r e l a t e d s h i e l d i n g c o n s t a n t . ( F o r a d e t a i l e d d i s c u s s i o n , see 
R e f . 41 . ) F o r a n a r o m a t i c s y s t e m s u c h as t h e p o r p h y r i n s , t h e m a g n e t i c 
s h i e l d i n g r e s u l t i n g f r o m t h e r i n g c u r r e n t is p o s i t i v e f o r n u c l e i o n t h e o u t s i d e 
o f t h e l o o p , a n d negat ive f o r n u c l e i p o s i t i o n e d w i t h i n t h e l o o p ( F i g . 1 ) . T h e 
f i r s t a p p r o a c h t o t h e c a l c u l a t i o n o f t h e s h i e l d i n g o f a r o m a t i c n u c l e i b y t h i s 
c lass i ca l p i c t u r e was m a d e b y P o p l e 4 2 . H e a s s u m e d a s ingle l o o p i n t h e p l a n e 
o f t h e a r o m a t i c s y s t e m , t h e m a g n e t i c f i e l d o f w h i c h c a n be t r e a t e d a p p r o x i 
m a t e l y ( f or p r o t o n s at t h e p e r i p h e r y ) b y a p o i n t - d i p o l e i n the c e n t e r o f t h e 
l o o p (see F i g . 2a ) . T h i s t r e a t m e n t has been r e f i n e d b y W a u g h a n d F e s -
s e n d e n 4 3 a n d b y J o h n s o n a n d B o v e y 4 4 , w h o used i n s t e a d t w o separate 
l o o p s s i t u a t e d s y m m e t r i c a l l y a t 0 . 4 5 Â a n d 0 . 6 5 Â , r e s p e c t i v e l y , above a n d 
b e l o w t h e p l a n e o f t h e a r o m a t i c r i n g ( F i g . 2 b ) . 

B a s e d o n t h e w o r k o f L o n d o n 4 5 , a m o l e c u l a r o r b i t a l t r e a t m e n t was d e v e l 
o p e d b y P o p l e 4 6 , M c W e e n e y 4 7 , a n d H a l l a n d H a r d i s s o n 4 8 a t h a t e ssent ia l l y 
gives a s i m i l a r p i c t u r e as t h e c lass i ca l r i n g c u r r e n t a p p r o a c h , b u t is m o r e 

References, p. 514 
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Fig. 3. * H m r spectra (220 M H z pulse F T ) of (a) porphin (1), saturated solution 
(~5 X 1 0 ~ 5 M) in C 2 H C 1 3 , 2000 pulses, repetition rate 0.49 sec, spectrum width 4500 
Hz; and (b) chlorin-e 6 trimethyl ester (14), 5 X 1 0 ~ 3 M in C 2 H C 1 3 , 1000 pulses, repeti
tion rate 2.45 sec, spectrum width 3500 Hz. 
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versat i le i n c o m p l e x s y s t e m s . A l t h o u g h t h e r i n g c u r r e n t a p p r o a c h neglects 
o t h e r c o n t r i b u t i o n s ( i .e . , p a r a m a g n e t i c o r a - s y s t e m te rms ) a n d gives resul ts 
tha t are o f t e n o n l y i n q u a l i t a t i v e a g r e e m e n t w i t h e x p e r i m e n t , t h i s a p p r o x i 
m a t i o n has p r o v e d m o s t u s e f u l f o r t h e q u a l i t a t i v e a n d even s e m i - 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 o f c h e m i c a l sh i f t s i n v a r i o u s a r o m a t i c a n d a n t i - a r o m a t i c sys
tems . ( F o r a r e c e n t r e v i e w o n a d i s c u s s i o n o f t h e l i m i t a t i o n s o f t h e r i n g 
c u r r e n t a p p r o a c h , see R e f . 41 . ) 

T h e s izeable r i n g c u r r e n t e f f e c t assoc ia ted w i t h the 7r-system o f the a r o 
m a t i c p o r p h y r i n m a c r o c y c l e was r e c o g n i z e d as a d o m i n a n t f ea ture o f t h e 
f i rs t 1 H m r s tud ies o f p o r p h y r i n s 2 - 4 . I n t h e 1 H m r s p e c t r u m o f p o r p h i n (1) 
( F i g . 3a) , the resonances o f t h e p e r i p h e r a l p r o t o n s are s h i f t e d a b o u t 5 p . p . m . 
to l o w e r f i e l d as c o m p a r e d t o t h o s e o f p y r r o l e 1 , whereas t h e resonances o f 
the inner N p r o t o n s are s h i f t e d a b o u t 1 1 p . p . m . t o h i g h e r f i e l d . B e c k e r et 
a l . 2 a used b o t h the s ing le l o o p ( p o i n t d i p o l e ) a n d d o u b l e l o o p m o d e l , as
s u m i n g a r a d i u s o f 3.3 Â f o r t h e 1 8 7r -e lec tron l o o p , a n d a v a r i a b l e s p a c i n g 
f o r the l o o p p a i r i n t h e l a t t e r ( F i g . 2a ,b ) . E l l i s e t a l . 2 b u sed a d o u b l e l o o p 
pa ir m o d e l ( F i g . 2b ) t o p r o v i d e a s e m i - q u a n t i t a t i v e d e s c r i p t i o n o f t h e r i n g 
c u r r e n t e f fect . T h e s e a u t h o r s o b t a i n e d a s e l f - c o n s i s t e n t m o d e l w i t h l o o p s o f a 
rad ius o f 3.7 Â , a s p a c i n g o f 1 .28 Â a n d a n e f f e c t ive r i n g c u r r e n t o f 1 8 . 8 
7r -e lectrons* . I n c o n t r a s t t o these s t u d i e s , w h i c h c o n s i d e r o n l y a s ingle p a i r o f 
l o o p s , A b r a h a m 3 u s e d a n e t w o r k a p p r o a c h 3 9 , i n w h i c h a u x i l i a r y p y r r o l e 
l o o p s a n d c h e l a t e h e x a g o n l o o p s as w e l l are a l l e x p l i c i t l y t a k e n i n t o a c c o u n t 
i n a d d i t i o n t o the m a i n m a c r o c y c l e l o o p i t se l f ( F i g . 2 c ) . T h e c a l c u l a t e d 
c h e m i c a l sh i f t s o b t a i n e d b y t h i s p r o c e d u r e are t o o large b y t h e same f a c t o r 
o f 1.5 tha t was o b s e r v e d e a r l i e r i n t h e a p p l i c a t i o n o f t h i s m o d e l t o o t h e r 
p o l y c y c l i c c o m p o u n d s . A s i m i l a r a p p r o a c h has b e e n u s e d m o r e r e c e n t l y b y 
M a m a e v 4 8 b f o r t h e s t u d y o f s o m e p r i n c i p a l p o r p h y r i n s a n d o f s u b s t i t u e n t 
ef fects . W h i l e ear l ier i n v e s t i g a t i o n s were f o c u s s e d o n t h e r i n g c u r r e n t e f f e c t 
o n p r o t o n s w i t h i n t h e p l a n e o f t h e m a c r o c y c l e , i t s e f f ec t o n p r o t o n s a b o v e 
(and b e l o w ) t h e m a c r o c y c l e p l a n e was s t u d i e d e x p e r i m e n t a l l y b y S t o r m et 
a l . 1 6 , K a t z et a l . 5 1 a n d J a n s o n et a l . 5 2 F r o m the c h e m i c a l sh i f t s f o r N - s u b -
s t i tuents i n p o r p h y r i n s a n d a x i a l l i g a n d s i n m e t a l l o p o r p h y r i n s , a s e m i - e m p i r i 
c a l f o r m u l a w a s d e d u c e d t h a t gives w i t h f a i r a c c u r a c y t h e c h e m i c a l s h i f t o f 
p r o t o n s w i t h i n t h e r i n g c u r r e n t l o o p b u t above o r b e l o w i ts p l a n e 1 6 ^ 7 . 

10.1.2.1. Ring current in related macrocycles 
T h e p o r p h y r i n m a c r o c y c l e c a n f o r m a l l y be r egarded as a b r i d g e d 

d i a z a [ 1 8 ] a n n u l e n e (2) w i t h t w o i s o l a t e d p e r i p h e r a l d o u b l e b o n d s , o r as a 
t e t r a a z a [ 1 6 ] a n n u l e n e d i a n i o n (3) w i t h f o u r i s o l a t e d d o u b l e b o n d s ( f o r l e a d 
i n g re ferences , see R e f s . 1 2 , 1 8 , 1 9 a n d 3 2 ) . 

* The 'best self consistent fit ' obtained in this semi-empirical approach characteristically 
gives fictitious or unreal values for the number of electrons in the ring current (Section 
10.1.2.2). 

References, p. 514 
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1 H m r chemical shifts (5[p.p.m.] from T M S ) of 18 7T-aromatic compounds related to the porphyrins. 
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(2) (3) 

I n d e e d , s t r i k i n g s i m i l a r i t i e s i n e l e c t r o n i c t r a n s i t i o n a n d m a g n e t i c resonance 
s p e c t r o s c o p y are e v i d e n t b e t w e e n p o r p h y r i n s a n d the [ 1 6 ] - a n n u l e n e 
d i - a n i o n ( 5 ) * 4 9 * 5 0 . 

A s f a r as e l e c t r o n states are c o n c e r n e d , p o r p h y r i n s m a y be regarded as 
o n l y a spec ia l case o f b r i d g e d 1 8 7r -heteroannulenes . T h e n . m . r . p r o p e r t i e s o f 
several r e l a t e d s t r u c t u r e s are l i s t e d i n T a b l e 1. A l l c o m p o u n d s s h o w s t rong ly 
s h i e l d e d i n n e r p r o t o n s a n d s t r o n g l y d e s h i e l d e d o u t e r p r o t o n s (re lat ive to 
s i m i l a r s t r u c t u r e s w i t h i n t e r r u p t e d m a c r o c y c l i c c o n j u g a t i o n , S e c t i o n 10 .2 .6 ) 
i n a m a n n e r c h a r a c t e r i s t i c o f p r o t o n s o f a r o m a t i c s y s t e m s . R e p l a c e m e n t o f 
o n e N — H g r o u p i n a p y r r o l e r i n g o f p o r p h y r i n s b y O o r S (see C h a p t e r 18) 
leaves t h e m e t h i n e p r o t o n resonances o f t h e m a c r o c y c l e a l m o s t u n c h a n g e d 
(see T a b l e 1 ) , w h i l e i n t h e d i s u b s t i t u t e d p o r p h y r i n s t h e m e t h i n e p r o t o n s are 
m o r e s t r o n g l y d e s h i e l d e d . A s s u b s t i t u t i o n i n these c o m p o u n d s is a c c o m 
p a n i e d b y l o c a l s t r u c t u r a l changes i m p l i c i t i n t h e s y n t h e s i s ( i .e . , r e m o v a l o f 
a l k y l s ide c h a i n s , change i n t h e e n t i r e g e o m e t r y o f t h e m o l e c u l e ) , the c h e m i 
c a l s h i f t e f fects r e s u l t i n g c o n t a i n c o n t r i b u t i o n s o t h e r t h a n r i n g c u r r e n t ef
f e c t s . 

T h e [ 1 6 ] - a n n u l e n e d i - a n i o n (5) a n d t h e [ 1 8 ] - a n n u l e n e (4) have been 
t h o r o u g h l y i n v e s t i g a t e d b y O t h et a l . 5 0 ( T a b l e 1 ) . B a s e d o n the ' n o r m a l ' 
v a l u e o f ô = 5.8 p . p . m . f o r o l e f i n i c p r o t o n s 5 0 , t h e c h e m i c a l sh i f t s f o r b o t h 
s y s t e m s were c a l c u l a t e d a s s u m i n g c o n t r i b u t i o n s o n l y f r o m t h e d i a m a g n e t i c 
r i n g c u r r e n t (based o n L o n d o n ' s t r e a t m e n t 4 5 ) a n d t h e negat ive charge i n the 
case o f t h e d i - a n i o n . T h e a g r e e m e n t w i t h t h e e x p e r i m e n t a l d a t a is g o o d f o r 
t h e [ 1 6 ] - a n n u l e n e d i - a n i o n a n d f a i r f o r t h e [ 1 8 ] - a n n u l e n e , a l t h o u g h again i n 
b o t h cases t h e i n f l u e n c e o f the r i n g c u r r e n t is exaggera ted . 

T h e r i n g c u r r e n t e f f e c t i n s i l i c o n a n d g e r m a n i u m p h t h a l o c y a n i n e s was 
s t u d i e d b y J a n s o n et a l . 5 2 T h e s e a u t h o r s c i r c u m v e n t e d t h e d i f f i c u l t i e s i n 
v o l v e d i n d e f i n i n g a re ference s y s t e m i n a n e legant w a y . S i l i c o n a n d g e r m a 
n i u m p h t h a l o c y a n i n e s c a n f o r m s t a c k e d c o m p l e x e s o f t h e genera l s t r u c t u r e 
( 1 0 ) , w h e r e X c a n v a r y f r o m 0 t o 4 . I n t h i s w a y , t h e i n f l u e n c e o f a n e w r i n g 
a d d e d t o t h e s t a c k at o n e e n d o n t h e p h e n y l p r o t o n s a n d t h e a x i a l s u b s t i t u 
ent R o f t h e successive p o r p h y r i n m a c r o c y c l e s c o u l d be m e a s u r e d f o r v a r i o u s 

* It should be noted that in solutions of the di-anion, structure (5) is present in the 85 
configuration characteristic for porphyrins, while the annulene (4) assumes a configura
tion different from the one present in porphyrins (Table 1) and thus cannot be directly 
compared. 
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R 

(10) 

stack he ights . 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 o f t h e r i n g c u r r e n t ( a c c o r d i n g t o 
the t r e a t m e n t o f J o h n s o n a n d B o v e y 4 4 ) l e d t o a se l f - c ons i s t ent set o f p a r a m 
eters f o r a f ive d o u b l e l o o p r i n g c u r r e n t m o d e l . I n t h e m o d e l o f J a n s o n et 
a l . 5 2 f o u r b e n z e n o i d l o o p s 4 4 w e r e a d d e d t o t h e c e n t r a l m a c r o c y c l e l o o p , 
w h i c h has a d i a m e t e r o f 3 .90 Â , a s e p a r a t i o n o f 0 . 6 4 Â , a n d a n e f f e c t ive r i n g 
o f 8 . 4 3 e l e c t r o n s * . T h e 1 H m r s p e c t r u m o f t e t r a b e n z o p o r p h i n , t h e p a r e n t 
c o m p o u n d o f t h e p h t h a l o c y a n i n e s , was r e p o r t e d r e c e n t l y 6 0 . D u e t o t h e 
c o m m o n presence o f p a r a m a g n e t i c i m p u r i t i e s 5 8 , n o s y s t e m a t i c s t u d y has 
been d o n e o n t h i s class o f p o r p h y r i n s . 

10.1.2.2. Ring current and structure 
A l m o s t a n y s t r u c t u r a l m o d i f i c a t i o n t o t h e m a c r o c y c l i c s y s t e m changes i ts 

r i n g c u r r e n t , as i n d i c a t e d b y changes i n t h e c h e m i c a l sh i f t s o f p r o t o n s r e m o t e 
f r o m the p o i n t o f s t r u c t u r a l c h a n g e . I n sp i te o f i ts success i n d e s c r i b i n g t h e 
general f eatures a n d i n p r o v i d i n g g o o d es t imates o f t h e p r o t o n shi f ts o b 
served i n s o m e p o r p h y r i n s , t h e r i n g c u r r e n t m o d e l has t o be u s e d c a r e f u l l y , 
h o w e v e r , i n a t t e m p t s t o m a k e q u a n t i t a t i v e p r e d i c t i o n s f o r t h e c o n s e q u e n c e s 
o f s t r u c t u r a l m o d i f i c a t i o n s i n p o r p h y r i n s . S e v e r a l reasons c a n be a d d u c e d f o r 
th is s i t u a t i o n . F i r s t , a l t h o u g h t h e r i n g c u r r e n t is a m a j o r c o n t r i b u t o r t o t h e 
c h e m i c a l s h i f t , i t is n o t t h e o n l y s ource f o r t h e u n u s u a l sh i f t s o b s e r v e d i n 
a r o m a t i c c o m p o u n d s (see a b o v e ) . S e c o n d , t h e r i n g c u r r e n t is n o t l o c a l i z e d as 
i n a w i r e , b u t i n o r b i t a l s t h a t are sub je c t t o h y b r i d i z a t i o n changes . I t is t h u s 
c h a r a c t e r i s t i c a l l y f o u n d t h a t t h e ' best s e l f - c o n s i s t e n t f i t ' i n r i n g c u r r e n t c a l 
c u l a t i o n s is u s u a l l y o b t a i n e d w i t h f i c t i t i o u s o r u n r e a l va lues f o r 7r -e lec tron 
n u m b e r as w e l l as t h e r i n g c u r r e n t r a d i u s a n d t h e d i s t a n c e o f 7r - c l oud separa
t i o n . T h i r d , p o r p h y r i n s are p o l y c y c l i c s y s t e m s , a n d t h e r e f o r e t h e t r u e r i n g 
c u r r e n t m a y be a f f e c t e d n o t o n l y i n i n t e n s i t y b u t a lso i n p o s i t i o n b y changes 
i n t h e re la t ive c o n t r i b u t i o n s w i t h i n the v a r i o u s l o o p s i n t o w h i c h the t o t a l 
r i n g c u r r e n t is d e c o m p o s e d 3 . I n p r i n c i p l e , a m u c h b e t t e r i n s i g h t i n t o t h e 
re la t i ve d i s t r i b u t i o n o f t h e r i n g c u r r e n t c a n be p r o v i d e d b y 1 3 C s p e c t r a . 

* See footnote on p. 405. 
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H o w e v e r , t h e r e l a t i v e l y s m a l l r i n g c u r r e n t e f fects o n 1 3 C c h e m i c a l shi f ts 
m a k e s e p a r a t i o n o f t h e r i n g c u r r e n t c o n t r i b u t i o n s f r o m o t h e r operat ive fac 
t o r s v e r y d i f f i c u l t 3 1 , a n d t h e t w o p u b l i c a t i o n s o n t h e sub jec t arr ive at o p 
p o s i t e c o n c l u s i o n s 3 2 * 3 4 . F o u r t h , l o c a l changes c a n l e a d t o c o n f o r m a t i o n a l 
changes i n t h e m a c r o c y c l e as a w h o l e ( S e c t i o n 1 0 . 4 . 3 ) t h e r e b y chang ing the 
m a g n e t i c e n v i r o n m e n t o f a p r o t o n r e m o t e f r o m t h e s i te o f s t r u c t u r a l m o d i f i 
c a t i o n . 

I n sp i te o f these l i m i t a t i o n s , t h e s i m p l e d o u b l e l o o p r i n g c u r r e n t m o d e l 
( F i g . 3b ) has b e e n e x t r e m e l y u s e f u l f r o m a p r a c t i c a l p o i n t o f v i e w i n the 
i n t e r p r e t a t i o n o f t h e 1 H m r s p e c t r a o f v a r i o u s classes o f p o r p h y r i n s . T o 
eva luate t h e c o n t r i b u t i o n o f t h e r i n g c u r r e n t t o t h e x H m r o f s t r u c t u r a l l y 
a l t e r e d p o r p h y r i n s t h e f o l l o w i n g c r i t e r i a are u s u a l l y h e l p f u l : (a) o n l y w e l l -
ass igned s ignals o f p r o t o n s c l ose t o t h e a r o m a t i c s y s t e m s , b u t far f r o m the 
l o c u s o f m o d i f i c a t i o n s h o u l d be u s e d ; (b) r e sonances o f p r o t o n s ins ide versus 
o u t s i d e t h e a r o m a t i c m a c r o c y c l e o u g h t t o e x p e r i e n c e o p p o s i t e sh i f t s ; (c) s ide 
e f fects f r o m c o n f o r m a t i o n a l changes o f t h e r i n g s y s t e m have t o be t a k e n i n t o 
a c c o u n t . 

S o m e genera l aspects o f t h e r i n g c u r r e n t m o d e l as a p p l i e d t o p o r p h y r i n s 
m a y a lso be s u m m a r i z e d h e r e : (a) t h e r i n g c u r r e n t is larger i n b o t h m e t a l 
c o m p l e x e s ( f o r s o m e e x c e p t i o n s , see S e c t i o n 1 0 . 2 . 8 . 1 ) a n d d i - ca t i ons o f 
p o r p h y r i n s ( S e c t i o n 1 0 . 2 . 7 ) . T h i s e f f e c t is e x p l a i n e d b y A b r a h a m 3 as a r esu l t 
o f i n c r e a s e d r e s o n a n c e s t a b i l i z a t i o n i n these classes o f c o m p o u n d s . ( F o r a n 
a l t e r n a t i v e e x p l a n a t i o n , see R e f . 41 ) (b) S t e r i c h i n d r a n c e , t h a t i s , ef fects t h a t 
r e d u c e 7r—7r o v e r l a p b y d i s t o r t i n g t h e p l a n a r m a c r o c y c l e s t ruc ture causes a 
decrease i n r i n g c u r r e n t . T h i s p o i n t is f u r t h e r e l a b o r a t e d b e l o w (see N - s u b s t i -
t u t i o n , ( S e c t i o n 1 0 . 2 . 4 ) , meso-substitution ( S e c t i o n 1 0 . 2 . 3 ) , a n d stereo
c h e m i s t r y ( S e c t i o n 1 0 . 4 . 3 ) ) . (c) Decrease i n t h e e l e c t r o n d e n s i t y o f the 
7T -system d i m i n i s h e s t h e r i n g c u r r e n t a n d m a y t h u s cause u p - f i e l d p r o t o n 
s h i f t s , even t h o u g h a decrease i n e l e c t r o n d e n s i t y g e n e r a l l y leads t o a r e d u c e d 
s h i e l d i n g a n d d o w n - f i e l d sh i f t s . T h e l a t t e r b e h a v i o r , a d o w n - f i e l d sh i f t u p o n 
i n t r o d u c t i o n o f e l e c t r o n - w i t h d r a w i n g g r o u p s , is u s u a l l y observed i n benzene 
d e r i v a t i v e s , w h e r e , f o r e x a m p l e , t h e o r t h o , m e t a , a n d p a r a p r o t o n signals i n 
b e n z a l d e h y d e are s h i f t e d t o l o w e r f i e l d b y 0 . 5 8 , 0 . 2 1 a n d 0 .27 p . p . m . , 
r e s p e c t i v e l y , as c o m p a r e d t o t h e p r o t o n s i n b e n z e n e i t s e l f 1 . I n p o r p h y r i n s , 
h o w e v e r , t h e d e s h i e l d i n g e f f e c t o f e l e c t r o n w i t h d r a w a l is u s u a l l y o v e r c o m -
p e n s a t e d b y t h e s i m u l t a n e o u s decrease i n r i n g c u r r e n t t h a t results f r o m 
l o w e r i n g o f t h e e l e c t r o n d e n s i t y . T h u s , t h e p e r i p h e r a l a , j3, a n d 5 m e t h i n e 
p r o t o n signals i n 9 - k e t o p h e o p h o r b i d e s are s h i f t e d b y 0 . 4 3 , 0 . 2 6 , a n d 0 .41 
p . p . m . , r e s p e c t i v e l y , t o l o w e r f i e lds as c o m p a r e d t o t h e respect ive 9 -desoxo 
c o m p o u n d ( T a b l e s 5, 1 1 , 1 2 ) . T h i s e f f e c t was f i r s t inves t igated b y C a u g h e y 
e t a l . 4 a n d is q u i t e genera l i n p o r p h y r i n 1 H m r . A s e x p e c t e d f r o m these 
c o n s i d e r a t i o n s , t h e i n t e r i o r N — H p r o t o n signals m o v e i n j u s t the oppos i t e 
d i r e c t i o n w h e n t h e r i n g c u r r e n t is l o w e r e d , a n d are d e s h i e l d e d b y 1.5 p . p . m . 
i n t h e above c i t e d case. 
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10.1.3. Practical considerations for 1 Hmr of porphyrins 

T h e 1 H m r s p e c t r a o f p o r p h y r i n s , e s p e c i a l l y s o m e o f t h e m e t a l l o p o r p h y 
r i n s , are s t r o n g l y s o l v e n t , c o n c e n t r a t i o n a n d t e m p e r a t u r e d e p e n d e n t . T h i s is 
d u e t o t h e t e n d e n c y o f p o r p h y r i n s t o e x p e r i e n c e se l f -aggregat ion , a n d t h i s , i n 
c o m b i n a t i o n w i t h the s t r o n g m a g n e t i c a n i s o t r o p y o f t h e p o r p h y r i n s has 
m a j o r consequences f o r t h e 1 H m r s p e c t r a ( S e c t i o n 1 0 . 4 . 1 ) . I n t h e free p o r 
p h y r i n bases, aggregat i on is w e a k , a n d para l l e l s t h e 7r—7T aggregat ion b e h a v i o r 
genera l l y observed i n a r o m a t i c m o l e c u l e s 6 . I n m e t a l l o p o r p h y r i n s , self -aggre
g a t i o n o r l i g a t i o n t o d o n o r ( L e w i s base) m o l e c u l e s is u s u a l l y m u c h s t ronger 
a n d m o r e s p e c i f i c , a n d o c c u r s b y i n t e r a c t i o n o f p o l a r s ide c h a i n s o r d o n o r 
g r o u p s i n one m o l e c u l e w i t h a x i a l i n t e r a c t i o n sites o n t h e c e n t r a l m e t a l i o n s 
o f a n o t h e r 1 3 , 5 9 . Aggregates o f b o t h t y p e s have been v e r y u s e f u l i n t h e s t u d y 
o f m o l e c u l a r i n t e r a c t i o n s w i t h p o r p h y r i n s (see S e c t i o n 1 0 . 4 . 1 ) . T h e f o r m a 
t i o n o f self-aggregates o n t h e o n e h a n d , o r c o o r d i n a t i o n i n t e r a c t i o n p r o d u c t s 
w i t h e x t r a n e o u s n u c l e o p h i l e s o n t h e o t h e r , h o w e v e r , presents a ser ious p r o b 
l e m i n m a k i n g s t r u c t u r a l d e d u c t i o n s f r o m n . m . r . d a t a . U n d e r aggregat ing 
c o n d i t i o n s the a c c u r a t e d e t e r m i n a t i o n a n d a s s i g n m e n t o f c h e m i c a l sh i f t s 
b e c o m e s espec ia l l y i m p o r t a n t , as aggregat ion sh i f t s o f m o r e t h a n 2 p . p . m . 
m a y o c c u r f o r t h e r e s o n a n c e s o f p a r t i c u l a r p r o t o n s as a r e s u l t o f c l ose 
p r o x i m i t y t o t h e r i n g c u r r e n t o f a n o t h e r m a c r o c y c l e . A r i g o r o u s a p p r o a c h t o 
the p r o b l e m s p r o p o s e d b y aggregat i on r e q u i r e s m a p p i n g t h e c o n c e n t r a t i o n -
d e p e n d e n c e o f t h e c h e m i c a l sh i f t s a n d e x t r a p o l a t i o n t o i n f i n i t e d i l u t i o n , b u t 
t h i s p r o c e d u r e is r e a l l y p r a c t i c a l o n l y f o r c e r t a i n i m p o r t a n t c o m p o u n d s . T h e 
aggregat ion p r o b l e m i n t h e a s s i g n m e n t o f c h e m i c a l sh i f t s c a n i n genera l be 
c i r c u m v e n t e d b y r e c o r d i n g t h e s p e c t r a i n t r i f l u o r o a c e t i c a c i d ( T F A ) , i n 
w h i c h b o t h 7T—7T a n d c o o r d i n a t i o n - a g g r e g a t e s are b r o k e n d o w n b y d i c a t i o n 
f o r m a t i o n o r b y p r e f e r e n t i a l l i g a t i o n o f t h e m e t a l a x i a l c o o r d i n a t i o n sites 
w i t h T F A . F o r s u f f i c i e n t l y s t a b l e c o m p o u n d s t h i s is a v e r y u s e f u l a p p r o a c h , 
p a r t i c u l a r l y because T F A is a n e x c e l l e n t s o l v e n t even f o r o t h e r w i s e o n l y 
p o o r l y s o lub le f ree base p o r p h y r i n s . 

F o r c o m p o u n d s u n s t a b l e i n T F A , h o w e v e r , o t h e r s o l v e n t s y s t e m s m u s t be 
u s e d . I n m e t a l l o p o r p h y r i n s , s t r o n g se l f -aggregat ion caused b y d o n o r — a c c e p 
t o r i n t e r a c t i o n s i n v o l v i n g t h e c e n t r a l m e t a l i o n c a n be a v o i d e d b y a d d i t i o n o f 
s m a l l a m o u n t s o f bases ( t e t r a h y d r o f u r a n , m e t h a n o l ) t o c h l o r o f o r m ( o r 
o t h e r n o n p o l a r so lvents ) t o c o m p e t e f o r t h e m e t a l c o o r d i n a t i o n s i te . F o r free 
base p o r p h y r i n s , t h e c o n c e n t r a t i o n s h o u l d be m a i n t a i n e d as l o w as p o s s i b l e 
a n d c o n s t a n t f o r a series o f c o m p o u n d s . Severa l l a b o r a t o r i e s use s t a n d a r d 
c o n c e n t r a t i o n s f o r r e c o r d i n g p o r p h y r i n s p e c t r a w h e n e v e r p o s s i b l e . F o r e x a m 
p l e , the B r a u n s c h w e i g g r o u p uses 0 . 0 5 M i n C 2 H C 1 3 as t h e i r s t a n d a r d , a 
c o n c e n t r a t i o n t h a t is u s u a l l y o n t h e m o n o m e r s ide f o r free p o r p h y r i n bases, 
a n d gives a reasonab le s i g n a l - t o - n o i s e ( S / N ) r a t i o i n s ing le s can c o n t i n u o u s -
w a v e ( cw) n . m . r . e x p e r i m e n t s . H o w e v e r , t h i s r e q u i r e s a b o u t 1 0 m g o f m a t e 
r i a l d i sso lved i n 0 .3 m l o f s o l v e n t i n a 5 m m n . m . r . s a m p l e t u b e , a c o n c e n t r a -

References, p. 514 
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T A B L E 2 

Incremental shifts ( A [ p . p . m J ) in C HC1 3 due to the aromatic ring current in porphyrins 

N 1 2 3 4 5 

Methine - 9 . 5 - 3 . 8 - 1 . 2 - 0 . 6 n.e. 
j3-pyrrole - 8 . 5 - 3 . 3 - 1 - 0 . 3 n.e. 
N +4 +5.9 +3.7 +2.8 + 1.9 
Chlorin —4 - 0 . 9 - 0 . 2 — — 

The expected chemical shift for a proton or a substituent in various positions of the por
phyrin can be estimated from its chemical shift in the related aliphatic compound, R — C H 3 , 
and the listed increments. N is the number of bonds between the respective proton and 
the indicated C or N atom, respectively. Upon reduction of the ring current the increments 
are reduced proportionally. 

t i o n s o m e t i m e s n o t access ib le because o f i n s o l u b i l i t y o r u n a v a i l a b i l i t y o f 
m a t e r i a l . 

A s l o w e r c o n c e n t r a t i o n s , d o w n t o less t h a n 5 X 1 0 - 4 M , are s u f f i c i e n t f o r 
r o u t i n e l y r e c o r d i n g 1 H m r s p e c t r a i n m o d e r n n . m . r . e q u i p m e n t b y pu l se 
F o u r i e r t r a n s f o r m s p e c t r o s c o p y , a l o w e r s t a n d a r d c o n c e n t r a t i o n is p r o b a b l y 
u s e f u l w h e r e a b r o a d range o f c o m p o u n d s are t o be inves t iga ted . I n a n y case, 
the s o l v e n t s y s t e m s h o u l d a l w a y s be q u o t e d t o g e t h e r w i t h the c o n c e n t r a t i o n s 
at w h i c h the 1 H m r s p e c t r a have b e e n r e c o r d e d . 

I n 1 3 C m r , r i n g c u r r e n t e f fects are r e l a t i v e l y less i m p o r t a n t , a n d w e a k 
se l f -aggregat ion o f free p o r p h y r i n bases p l a y s a lesser r o l e i n d e t e r m i n i n g t h e 
re la t i ve m a g n i t u d e o f c h e m i c a l sh i f t s . C o n s e q u e n t l y , s o l u b i l i t y l i m i t a t i o n s 
a n d t h e s izeable a m o u n t o f m a t e r i a l n e e d e d f o r 1 3 C m r spec t ra at n a t u r a l 
a b u n d a n c e are t h e m a j o r p r o b l e m s f o r a b r o a d a p p l i c a t i o n o f th i s t e c h n i q u e . 
C o n c e n t r a t i o n s o f 0 .1 M are des i rab le f o r 1 3 C n a t u r a l a b u n d a n c e w o r k , m o r e 
i f a h i g h S / N r a t i o is d e s i r e d . 

2 0 . 2 . *HMR spectra 
10.2.1. The 1 Hmr spectra of diamagnetic porphyrins 

T h e 1 H c h e m i c a l sh i f t s o f s ix i m p o r t a n t p o r p h y r i n s se lected t o i l l u s t r a t e 
the n . m . r . b e h a v i o r o f t y p i c a l p o r p h y r i n s are g iven i n T a b l e 3 , a n d t w o 
t y p i c a l s p e c t r a are s h o w n i n F i g . 3 . 

10.2.1 J. Porphin 
T h e s p e c t r u m o f free base p o r p h i n (1 ) , t h e p a r e n t c o m p o u n d o f the 

p o r p h y r i n s , was o b t a i n e d o n l y r e c e n t l y because o f i ts p o o r s o l u b i l i t y 6 0 . 
P o r p h i n s h o w s three signals ( F i g . 3a ) , t w o at l o w f i e l d assigned t o the 
m e t h i n e a n d t h e /3-protons, a n d o n e at h i g h f i e l d ass igned t o the N H p r o t o n s . 
A t r o o m t e m p e r a t u r e , the N — H e x c h a n g e b e t w e e n t h e poss ib le t a u t o m e r i c 
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T A B L E 3 (continued) 4̂  h-1 

Remarks Ref. 

COOCH3 COOCH3 

(14) 

O O C H 3 

C O O C H 3 

Methine—H: a , 0, 7, 6 (s): 

2-vinyl: H x , H A , H B : 

4-vinyl: H A , H A , H B : 

6 , 7 - C H 2 — C H 2 - C O O C H 3 : 

A r o m . C H 3 ; 1, 3, 5, 8: 

N H : 

9.96, 9.96 
9.83, 9.82 

8.10, 6.09 
6.26 

8.14, 6.09 
6.26 

A B X , < / A B = 2 

J B X = 19 

3.59, 3.16 
3.59 

3.48, 3.48 
3.54, 3.55 

- 4 . 0 8 

0, a, Ô - H : 

H A , H B , H x : 

7- C H 2 - C O O C H 3 : 

7 ,8-H: 

4 - C H 2 - C H 3 : 

1 , 3 , 5 - C H 3 : 

6,7' " - C O O C H 3 : 

8- C H 3 : 

N H : 

220 Mz , 
C 2 H C 1 3 

68 

9.65, 9.50, 8.70 (s) 

6.07, 6.28, 8.00 ( A B X ) 

^ A B = 2, Jax = ! 2 , J B X = 18 Hz 

5.27 ( A B , J = 17 Hz) , 3.73 (s) 

4.38 (m), 4.40 (g, 7Hz) 

3.73 (q, 7Hz), 1.69 (f, 7Hz) 

3.43, 3.24, 3.55 (s) 
4.23, 3.60 (s) 

1.73 (d, 7Hz) 

- 1 . 4 0 

0.05 m in 
C 2 H C 1 3 

72,73 

X 

a 
o 
co 
O 
X 
H 
M 
# 
s» 
3 
a 

O 
co 
H 

X 

> 
N 



(15) 

o=c 

A tt,r-H: 

H A , H B , H x : 

10-H: 

7,8-H: 

4-CH2-CH3 : 

1 0 a - C H 3 : 

1 , 3 , 5 - C H 3 : 

8 - C H 3 : 

P - 1 H 2 : 

P-2-H: 

P - 3 - C H 3 : . 

P-7, 11, 1 5 - C H 3 : 

9.50, 9.23, 8.28 

5.97, 6.13, 7.92 
( A B X , < / A B = 1.7, « 7 A X = 11.2, 

J B X - 18.1) 

6.22 (s) 

4.14 (m), 4.27 (q), < / 7 H ,8H < 2 Hz 

3.75(g), 1 .72(0 

3.97 (s) 

3.28 (s), 3.25 (s), 3.60 (s) 

1.78 (q) 

4.30(d) 

5 .10(0 

1.52 (s) 

0 .71-0.75 (s) 

C 2 H C 1 3 / 
C 2 H 3 C T H 

13 

For details see Section 10.2.1 ;for chlorophyll-a (15) see Section 10.2.8. The numbering system for the substituents indicated in struc
tures (13—15) is used throughout this chapter. 
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f o r m s is fast o n the n . m . r . t i m e scale a n d o n l y o n e r e s o n a n c e is o b s e r v e d f o r 
each g r o u p o f p r o t o n s . A t l o w t e m p e r a t u r e s t h e j3-pyrrole p r o t o n s i gna l is 
s p l i t , h o w e v e r , a n d t h e e x c h a n g e k i n e t i c s c a n be s t u d i e d b y 1 H m r 6 1 . 

T h e |3-protons i n p o r p h i n are m a g n e t i c a l l y e q u i v a l e n t , b u t i n a s y m m e t r i 
c a l l y s u b s t i t u t e d p o r p h y r i n s t h e f o l l o w i n g v i c i n a l c o u p l i n g c o n s t a n t s o f the 
j3 -pyrrole p r o t o n s (3Jnß-nß) were o b t a i n e d : J = 4 .5 H z i n a p a r t i a l l y a l k y l -
s u b s t i t u t e d p o r p h y r i n 6 2 , J = 5 H z i n a R e ( I ) c o m p l e x o f m e s o - t e t r a p h e n y l -
p o r p h y r i n H 2 ( T P P ) 6 3 , a n d J1 = 4 . 7 0 H z , J2 = 4 . 8 3 H z i n a n i s o p o r p h y r i n 6 4 , 
a n d J x = 4 .5 H z 6 5 a n d J2 = 4 .7—5.3 H z 6 6 i n s o m e m e s o - t e t r a p h e n y l c h l o -
r i n s . T h e long -range c o u p l i n g c o n s t a n t o f t h e j3 -pyrrole H w i t h the N — H 
( 4 « / H _ N H = 1 H z ) was observed i n a R e ( I ) T P P c o m p l e x 6 3 , a n d the s p l i t t i n g 
o f 2 H z w h i c h was o b s e r v e d 6 5 f o r t h e j3 -pyrrole p r o t o n s i n t e t r a h y d r o - m e s o -
t e t r a p h e n y l p o r p h y r i n is p r o b a b l y also d u e t o c o u p l i n g w i t h N — H . 

10.2.1.2. Octaethylporphyrin 
O c t a e t h y l p o r p h y r i n [ H 2 ( O E P ) (11 ) ] is t o d a y t h e m o s t w i d e l y used m o d e l 

c o m p o u n d f o r s t r u c t u r a l s tud ies r e l a t e d t o t h e n a t u r a l l y o c c u r r i n g p o r p h y 
r i n s . T h e a s s i g n m e n t o f t h e H 2 ( O E P ) n . m . r . s p e c t r u m p r o c e e d s d i r e c t l y f r o m 
r i n g c u r r e n t c o n s i d e r a t i o n s a n d t h e m u l t i p l e t s t r u c t u r e o f t h e r e s o n a n c e s 7 1 . 
T h e decrease o f t h e r i n g c u r r e n t i n d u c e d l o w - f i e l d s h i f t w i t h i n c r e a s i n g 
d i s t a n c e o f t h e p e r i p h e r a l p r o t o n s f r o m t h e m a c r o c y c l e is c l e a r l y e v i d e n t i n 
t h e m e t h i n e , m e t h y l e n e , a n d the m e t h y l p r o t o n s , w h i c h a p p e a r a t i n c r e a s i n g 
l y h i g h f i e l d i n t h a t o r d e r ( T a b l e 3 ) . 

O n e o f t h e m a j o r reasons f o r t h e use o f H 2 ( O E P ) as a m o d e l c o m p o u n d is 
its h i g h s y m m e t r y . Because o f fast N — H e x c h a n g e , t h e p a r e n t c o m p o u n d has 
f o u r - f o l d s y m m e t r y a n d o n l y o n e s igna l is o b s e r v e d f o r each g r o u p o f p r o 
t o n s . A l t h o u g h th i s f o u r - f o l d s y m m e t r y is o f t e n r e d u c e d b y c h e m i c a l m o d i f i 
c a t i o n s , m a n y der ivat ives r e t a i n t w o - f o l d s y m m e t r y , a n d i n these c o m p o u n d s 
t h e 1 H m r s p e c t r a c a n o f t e n be i n t e r p r e t e d b y i n s p e c t i o n o n t h e basis o f 
m u l t i p l e t s t r u c t u r e , r e l a t i v e i n t e n s i t i e s , a n d s y m m e t r y a r g u m e n t s . 

10.2.1.3. meso-Tetraphenylporphyrin 
raeso-Tetraphenylporphyrin[H2 ( T P P ) ( 1 2 ) ] 7 0 is t h e p a r e n t o f a v a r i e t y o f 

c o m p o u n d s n o t r e l a t e d s t r u c t u r a l l y t o t h e n a t u r a l l y - o c c u r r i n g p o r p h y r i n s . 
T h e x H m r s p e c t r u m o f m e s o - t e t r a p h e n y l p o r p h y r i n s h o w s t w o resonances 
(ß-pyrrole H , N—-H) f o r t h e m a c r o c y c l i c p r o t o n s , a n d t w o signals f o r the 
three p h e n y l p r o t o n s w e l l s eparated f r o m the f i r s t t w o . D u e t o ster ic 
h i n d r a n c e , t h e p h e n y l r ings i n H 2 ( T P P ) are o u t o f t h e p l a n e o f t h e m a c r o c y 
c l e , t h e y d o n o t r o t a t e f r e e l y (see S e c t i o n 1 0 . 2 . 3 a n d 1 0 . 4 . 2 . ) , a n d meso -
m e r i c i n t e r a c t i o n s b e t w e e n t h e f o u r p h e n y l g r o u p s a n d the m a c r o c y c l e are 
e f f i c i e n t l y r e d u c e d . T h e v e r y s i m i l a r c h e m i c a l sh i f t s f o r t h e m - a n d p - p r o t o n s 
o f the p h e n y l g r o u p s c a n be e x p l a i n e d o n t h i s basis . A l t h o u g h the m - p r o t o n s 
are c loser t o t h e m a c r o c y c l e , t h e y are o u t o f i ts p l a n e , a n d are t h u s p o s i 
t i o n e d i n a less d e s h i e l d e d r e g i o n . A s i n p o r p h i n (1) t h e N — H t a u t o m e r i s m is 



N U C L E A R M A G N E T I C R E S O N A N C E S P E C T R O S C O P Y 417 

again r a p i d at a m b i e n t t e m p e r a t u r e o n the 1 H m r t i m e scale , b u t c a n be 
s t u d i e d a t l o w t e m p e r a t u r e s 6 9 , 7 4 ~ 7 6 . 

10.2.1.4. Protoporphyrin-IX dimethyl ester 
P r o t o p o r p h y r i n - I X d i m e t h y l ester [ H 2 ( P r o t o - I X - D M E ) , ( 13 ) ] is the p r i n 

c i p a l p o r p h y r i n f r o m w h i c h m o s t o f the n a t u r a l l y - o c c u r r i n g t e t r a p y r r o l e 
p i g m e n t s are d e r i v e d . E x c e p t f o r t h e p o r p h y r i n p l a n e , t h e c o m p o u n d l a c k s a 
s y m m e t r y e l e m e n t , a n d u n d e r s u i t a b l e c o n d i t i o n s 6 8 , a l l o f the e x p e c t e d 
resonances are r e s o l v e d . A l t h o u g h t h e ass ignment t o a c e r t a i n g r o u p o f s u b -
s t i t u e n t s ( i .e . , |3-pyrrole C H 3 g r o u p s ) is s t r a i g h t f o r w a r d , prec ise ass ignment 
w i t h i n these g r o u p s is a d i f f i c u l t t a s k . I n the case o f (9) i t was a c c o m p l i s h e d 
b y a c a r e f u l aggregat ion s t u d y 6 8 . A g a i n , o n l y o n e set o f N — H signals is 
o b s e r v e d i n a l l ins tances a t a m b i e n t t e m p e r a t u r e because o f fast e x c h a n g e i n 
t h e N — H t a u t o m e r s . 

10.2.1.5. Chlorin-e6 trimethyl ester 
C h l o r i n - e 6 t r i m e t h y l ester ( 14 ) is a k e y c o m p o u n d i n c h l o r o p h y l l c h e m i s 

t r y a n d was t h e u l t i m a t e goa l o f W o o d w a r d ' s c h l o r o p h y l l s y n t h e s i s 7 7 . C h l o -
r i n - e 6 t r i m e t h y l ester serves t o s o m e e x t e n t as the p r o t o t y p e o f c h l o r i n - t y p e 
m o l e c u l e s i n w h i c h o n e o f t h e p y r r o l e r ings is r e d u c e d (see S e c t i o n 1 0 . 2 . 5 ) . 
A s s i g n m e n t o f p a r t o f t h e 1 H m r s p e c t r u m o f c h l o r i n - e 6 t r i m e t h y l ester ( F i g . 
3b ) was c a r r i e d o u t b y W o o d w a r d 7 8 a n d la ter b y C a u g h e y 4 . T o c l a r i f y 
s o m e c o n t r a d i c t o r y a s s i g n m e n t s , t h e 1 H m r s p e c t r u m o f c h l o r i n - e 6 t r i m e t h y l 
ester was reass igned b y J e c k e l et a l . 7 2 , 7 3 , w h o s e d a t a are i n c l u d e d i n T a b l e 3 . 
T h e o r d e r j3, a , 5 f o r t h e t h r e e m e t h i n e p r o t o n resonances , i n the o r d e r o f 
i n c r e a s i n g f i e l d , is c h a r a c t e r i s t i c o f a great v a r i e t y o f c h l o r o p h y l l - a d e r i v a 
t ives , w h i c h have n o d e s h i e l d i n g s u b s t i t u e n t s i n the 2 - p o s i t i o n . T h e v i n y l 
g r o u p at p o s i t i o n 2 i n c h l o r i n - e 6 t r i m e t h y l ester gives r ise t o a c h a r a c t e r i s t i c 
A B X s u b s p e c t r u m 1 . A l l a r o m a t i c a n d ester m e t h y l g r o u p s i n th i s c o m p o u n d 
o c c u r as w e l l - r e s o l v e d s ing le ts i n a n a r r o w range b e t w e e n 5 = 3 a n d 4 p . p . m . 
T h e p r o t o n s i n t h e 4 - e t h y l g r o u p gives r ise t o a q u a d r u p l e t a n d a t r i p l e t , b o t h 
o f w h i c h are ass ignable b y i n s p e c t i o n . T h e 7 - C H 2 p r o t o n s are m a g n e t i c a l l y 
a n i s o t r o p i c because o f t h e n e i g h b o r i n g r i n g a s y m m e t r i c c e n t e r . These p r o 
t ons give r ise t o an A B s u b s p e c t r u m , w h i c h is genera l l y observed f o r 7 - C H 2 

s u b s t i t u e n t s i n t h e p h o r b i n series ( S e c t i o n 1 0 . 2 . 3 ) . T h e m o s t c o m p l e x p a r t 
o f t h e 1 H m r s p e c t r u m arises f r o m the s u b s t i t u e n t s at t h e r e d u c e d p y r r o l i n e 
( ' c h l o r i n ' ) r i n g D . D u e t o t h e s p 3 h y b r i d i z a t i o n o f the 7 a n d 8 p o s i t i o n s , a l l 
p r o t o n s i n t h e a l k y l s ide - cha ins are o n e b o n d m o r e r e m o t e f r o m the a r o m a t i c 
s y s t e m t h a n i n t h e t r u e p o r p h y r i n s , a n d t h e i r signals are t h u s less d e s h i e l d e d 
b y t h e r i n g c u r r e n t . T h e signals are f u r t h e r c o m p l i c a t e d b y t h e a s y m m e t r i c 
centers at C-7 a n d C - 8 a n d t h e r e s u l t i n g c o m p l e x s p i n s y s t e m s . T h e 8 - C H 3 

g r o u p gives r ise t o a d o u b l e t (J = 7 H z ) , a n d t h e n e i g h b o r i n g 8 - H p r o t o n 
s h o w s the e x p e c t e d q u a d r u p l e t s t r u c t u r e . T h e s m a l l a d d i t i o n a l c o u p l i n g o f 
the 8 t o the 7 p r o t o n , f r o m w h i c h the 7,8 f r a n s - c o n f i g u r a t i o n was 

References, p. 514 
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i n f e r r e d 1 4 , is r a r e l y r e s o l v e d . T h e 7 - p r o t o n is c o u p l e d t o three n o n e q u i v a l e n t 
p r o t o n s ( 8 - H , 7 ' - H A , 7 ' - H B ) , b u t i ts r e s o n a n c e p e a k s h o w s u p v e r y o f t e n as 
a c h a r a c t e r i s t i c p a t t e r n o f t w o b r o a d s ignals s e p a r a t e d b y 7 H z 7 9 . A l l f o u r 
p r o t o n s o f the p r o p i o n i c a c i d s i d e - c h a i n are m a g n e t i c a l l y n o n e q u i v a l e n t d u e 
t o the n e i g h b o r i n g a s y m m e t r i c centers at C-7 a n d C - 8 . A l t h o u g h p o t e n t i a l l y 
u s e f u l f o r c o n f o r m a t i o n a l s tud ies , n o c o m p l e t e a s s i g n m e n t f o r the c h e m i c a l 
sh i f t s o f these p r o t o n s has been r e p o r t e d as y e t . R e c e n t l y , the 7 b - m e t h y l e n e 
resonances have been observed as a n A B d o u b l e d o u b l e t (5 = 2 . 5 0 , 2 . 1 8 
p . p . m . , J = 1 6 H z ) i n a se l e c t i ve ly d e u t e r a t e d p y r o p h e o p h o r b i d e - a 8 0 . I n t h e 
1 0 0 M H z s p e c t r u m , o n l y o n e N — H s ignal is o b s e r v e d at h i g h - f i e l d f o r ( 1 4 ) , 
b u t u p o n c o o l i n g 7 5 o r i n t h e 2 2 0 M H z s p e c t r u m at l o w c o n c e n t r a t i o n 
(5 X 1 0 ~ 3 M ) 8 0 t w o N — H signals are w e l l r e s o l v e d ( F i g . 3 b ) . T h i s s p l i t t i n g is 
t y p i c a l f o r c h l o r i n s , a n d is i n p a r t i c u l a r v e r y p r o n o u n c e d i n the p h o r b i n s 
( S e c t i o n 1 1 . 2 . 3 ) . I t is i n d i c a t i v e o f a m o r e p r o n o u n c e d l o c a l i z a t i o n o f the 
N — H p r o t o n s i n c h l o r i n s t h a n i n p o r p h y r i n s 7 2 , 7 3 ( S e c t i o n 1 0 . 4 . 2 ) . 

10.2.1.6. Chlorophyll-a 
F o r a d i s c u s s i o n o f the n . m . r . s p e c t r u m o f t h e c h l o r o p h y l l - a ( C h l - a , (15) ) 

a n d t h e o t h e r c h l o r o p h y l l s , t h e reader is r e f e r r e d t o S e c t i o n 1 0 . 2 . 8 . 2 . 

10.2.2. ß-Substitution 
P o r p h y r i n s d e r i v e d f r o m n a t u r a l p i g m e n t s u s u a l l y have s u b s t i t u e n t s at a l l 

o f the e ight /3-pyrrole ( pe r iphera l ) p o s i t i o n s , a n d n . m . r . s p e c t r a r e c o r d e d o n 
^ - s u b s t i t u t e d p o r p h y r i n s are so n u m e r o u s t h a t w e c a n o n l y t r y to s h o w here 
s o m e genered t r e n d s i n c h e m i c a l sh i f t s as o b s e r v e d i n s o m e c h a r a c t e r i s t i c 
e x a m p l e s . 

S u b s t i t u t i o n o f a l l j3-pyrrole p o s i t i o n s o f p o r p h y r i n w i t h a l k y l g roups 
sh ie lds t h e m e t h i n e p r o t o n s b y 0 . 2 0 — 0 . 2 4 p . p . m . , a n d t h e N — H p r o t o n s b y 
0 .36 t o 0 .46 p . p . m . , a s h i e l d i n g t h a t is i d e n t i c a l w i t h i n e x p e r i m e n t a l e r ror 
f o r d i f f e r e n t a l k y l g r o u p s ( m e t h y l , e t h y l , rc-propyl)8b. T h e s h i e l d i n g e f fec t 
m a y be d iscussed i n t e r m s o f a l o n g range ( d i p o l e ) e f fec t o f the a l k y l g r o u p s , 
b u t i n a d d i t i o n a r i n g c u r r e n t change (v ia a n i n d u c t i v e e f fec t ) is p o s s i b l e 8 0 . 
F o r c o m p o u n d s s u b s t i t u t e d o n l y b y a l k y l g r o u p s o r b y ace t i c o r p r o p i o n i c 
a c i d s ide - cha ins , t h e ef fects o n the m e t h i n e p o s i t i o n s are a d d i t i v e w i t h 
respect t o t h e n e x t n e i g h b o r s , b u t even i n these cases a p o l a r i z a t i o n o f the 
ent i re m a c r o c y c l e t h a t resul ts i n long-range e f fec ts c a n a l r e a d y be ob ser v ed . 
I n c r e m e n t a l sh i f t s o f the m e t h i n e p r o t o n resonance ( i n T F A ) o f +0 .11 , 
+0 .02 , a n d +0 .11 p . p . m . f o r a n e i g h b o r i n g a l k y l , 2 - c a r b o m e t h o x y e t h y l a n d 
v i n y l g r o u p , r e s p e c t i v e l y , are r e p o r t e d b y A b r a h a m et a l . 8 b . 

B o t h nearest n e i g h b o r a n d r i n g c u r r e n t e f fects are m u c h m o r e p r o n o u n c e d 
w i t h s u b s t i t u e n t s o t h e r t h a n t h e ones c i t e d a b o v e , a n d f o r s u c h c o m p o u n d s a 
s i m p l e n e a r e s t - n e i g h b o r i n c r e m e n t a l t r e a t m e n t is n o l o n g e r p o s s i b l e . I n an 
e a r l y r e v i e w o n the n . m . r . o f v a r i o u s j3 -subst i tuted p o r p h y r i n s , C a u g h e y 4 

d e t e c t e d a decrease i n r i n g c u r r e n t s w i t h i n c r e a s i n g l y e l e c t r o n w i t h d r a w i n g 
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T A B L E 4 

1 H m r chemical shifts (Ô [p.p.m.] from T M S ) of ß-pyrrole substituted oligomethylpor-
phyrins, selected from the work of Clezy et a l . 8 1 - 0 5 

Parent Compound, 
Substituents 

Methine— 
H 

Substituent—H Propionic 
Ester Pro
tons 
[ C H 2 C H 2 " 

( C O O R ) ] 

Ester, 
Ring-
C H 3 

Ref. 

Porphin 
Octamethylporphyrin 

Hexamethy l-Porphin 
6 , 7 - d i P M e 

2,3-diAc 

2-Ac, 5 P M e 

2-COOEt , 5 - P M e 

2 - C H O H - C H 3 , 3 -COOEt 

2-Ac, 3 -COOEt 

I - O C H 3 , 3-H 

4 - N H C O C H 3 , 7-P Me 

Pentamethyl-Porphin 
5 , 8 - d i P M e , 2-CN 

2-Ac, 3 -COOEt , 8-Br 

11.22 
10.98 

11.20(1) 
11.06(3) 
11.87(1) 
11.05(2) 
10.91(1) 
11.51(1) 
11.15(1) 
10.95(2) 

11.88(1) 
11.21(1) 
11.01(2) 

12.26 
11.13 
10.92 
10.90 

12.22(1) 
11.11(2) 
10.98(1) 

11.07(1) 
10.88(3) 
11.08 
11.05 
11.02 
10.97 

11.21(1) 
11.01(3) 

12.17(1) 
11.12(1) 
11.04(1) 
10.91(1) 

3.58 (Ac) 

5.12, 1.95 
( C O O C 2 H 5 ) 

6.90 (q) 
3.30 (d) 
( C H O H C H 3 ) 

5.10(g) 
1.87 (0 
( C O O C 2 H 5 ) 
5.07 (q) 
1.86(0 

( C O O C 2 H 5 ) 
3.57 
( C O C H 3 ) 

9.62 ( ß p y r r H) 

3.93 ( N H C O C H 3 ) 

3.77 

4.72,3.32 3.79 
3.84 
4.02 
3.69 

4.65,3.35 4.13(1) 
3.80(1) 
3.81(2) 
3.72(3) 

4.65,3.35 4.13(1) 
3.82(2) 
3.80(1) 
3.77(3) 
4.09(1) 
3.80(1) 
3.72(4) 

4.05(2) 
3.70(4) 

3.78(2) 
3.70(4) 

4.67,3.30 3.82(1) 
3.77(2) 
3.80(2) 
3.72(2) 

4.65, 3.21 

5.06, 7.88 
( O C 2 H 5 ) 
3.55 (Ac) 

4.01(1) 
3.82(2) 
3.80(4) 
4.05(2) 
3.69(2) 
3.74(1) 

8a 
8a 

81 

81 

81 

81 

81 

81 

82,83 

84 

81 

81 
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T A B L E 4 (continued) 

Parent Compound, 
Substituents 

Methine-
H 

Substituent—H Propionic Ester, 
Ester Ring 
Protons C H 3 

[ C H 2 C H 2 

( C O O R ) ] 

Ref. 

2,3-Ac, 5-Et 

Me I - O C H 3 , 3-Ac, 7-P 

4 - N H C O C H 3 , 6 , 7 - P E t 

2 - N H C O C H 3 , 4 -COOEt , 7 - P E t 

1-COOEt, 6 , 7 - C 2 H 5 

I - C O C H 3 , 6 , 7 - C 2 H 5 

l - C H O H - C H 3 ; 6 , 7 - C 2 H 5 

5-vinyl; 2 , 3 - C 2 H 5 

4 - A c ; 6 , 7 - P E t 

Tetramethy l-Po rphin 
6 , 7 - d i P M e , 2 ,3 -COOEt 

6 , 7 - d i P M e , 2,3-diCN 

11.83(1) 
11.02(2) 
10.90(1) 

11.28(1) 
10.98(1) 
10.90(1) 
10.82(1) 

11.23 
11.12 
11.08 
11.04 
11.76(1) 
11.15(1) 
10.98(2) 

11.75 
11.12 
10.92 
10.88 
11.42 

11.09 
10.89 
10.84 
11.28(1) 
10.99(3) 

11.03(2) 
10.98(2) 

11.10(1) 
11.03(1) 
10.88(2) 

12.57(1) 
11.18(1) 
11.12(2) 
11.30(1) 
11.08(3) 

3.54 (Ac) 
4.20(g) 
1.78 (0 
( C 2 H 5 ) 
4.98 ( O C H 3 ) 

4.23, 1.26 
( O C 2 H 5 ) 
3.52 (Ac) 

4.02(2) 81 
3.69(3) 

4.58,3.26 4.05(1) 82,8 
3.74(1) 
3.69(3) 

3.88 ( N H C O C K 3 ) 4.62,3.18 3.68(5) 84 

2.91 ( N H C O C H 3 ) 

5.09, 1.90 
( C O O C 2 H 5 ) 

5.10, 1.85 
( C O O C 2 H 5 ) 
4.25, 1.85 
( C 2 H 5 ) 
3 . 5 2 ( C O C H 3 ) 

4.20, 1.79 
( C H 2 C H 3 ) 

7.00, 3.30 
( C H O H C H 3 ) 

4.25, 1.82 
( C H 2 C H 3 ) 
8.30, 6.50 
( C H C H 2 ) 
5.25, 1.80 
( C H 2 C H 3 ) 
3.52 ( C O C H 3 * ) 

5.09 (q) 
1.79 (0 
( O C 2 H 5 ) 

4.67,3.28 4.02(1) 84 
3.76(2) 
3.72(2) 
3.61(1) 
4.09(1) 85 
3.72(4) 

4.05(1) 85 

3.70(4) 

3.82(1) 85 
3.75(4) 

3.80(1) 85 
3.71(4) 

4.63,3.22 4.07(1) 85 
3.71(4) 

4.68, 3.39 4.08(2) 81 
3.78(4) 

4.70,3.30 4.08(2) 81 
3.72(4) 
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T A B L E 4 (continued) 

421 

Parent Compound, Methine— H Substituent—H Propionic Ester, Ref. 
Substituents Ester Ring 

Protons C H 3 

[ C H 2 C H 2 

( C O O R ) ] 

2 ,3 ,6 ,7-tetraP M e 11.22(2) 4.75, 3.35 3.84(4) 81 
11.08(2) 3.78(4) 

6 , 7 - d i P M e , 2,3-diAc 11.88(1) 3.55(OAc) 4.60, 3.30 4.05(2) 81 

5 , 8 - d i P M e , 2 -COOEt , 1-H 
11.16(1) 3.78(4) 

5 , 8 - d i P M e , 2 -COOEt , 1-H 11.91(1) 10.48 U 3 p y r r o i H) 4.70, 3.35 3.83(6) 81 
11.03(1) 5.13 
11.35(1) 1 . 9 3 ( O C 2 H 5 ) 

2 ,3-diNHAc, 6 , 7 - d i P M e 

10.99(1) 
2 ,3-diNHAc, 6 , 7 - d i P M e 11.28(1) 2.95 ( N H C O C H 3 ) 9.70, 3.35 3.82(2) 84 

11.07(3) 3.75(2) 

2 , 3 - d i N H 2 , 6 , 7 - d i P M e 

3.71(2) 
2 , 3 - d i N H 2 , 6 , 7 - d i P M e 11.13(1) 4.60, 3.30 3.78(2) 84 

10.79(1) 3.73(2) 
10.72(2) 3.62(2) 

2 ,3 -d iNHCOOEt , 6 , 7 - d i P E t 11.22(1) 4.65, 1.50 4.65, 3.31 3.80(2) 84 
11.18(1) ( C O O C 2 H 5 ) 3.75(4) 

2-H, 4-Ac, 6 , 7 - d i P E t 

11.04(2) 
2-H, 4-Ac, 6 , 7 - d i P E t 11.50(1) 9.61 (H) 4.68, 3.29 4.10(1) 85 

11.10(2) 3.58 ( C O C H 3 * ) 3.80(2) 

2-H, 4 - C 2 H 3 , 6 , 7 - d i P E t * * 
10.95(1) 3.78(1) 

2-H, 4 - C 2 H 3 , 6 , 7 - d i P E t * * 9.81(1) 8.51, 6.10 4.16, 3.09 3.52(1) 85 2-H, 4 - C 2 H 3 , 6 , 7 - d i P E t * * 
9.72(2) ( C H C H 2 ) 3.44(1) 
9.66(1) 8.75(H) 3.39(2) 

* Tentative assignment 
** In C 2 H C 1 3 

For the numbering system, see structure (13). If not otherwise 
recorded with T F A as solvent. Abbreviations: Et = C 2 H 5 , P M e = 
C H 2 C H 2 C 0 2 E t , A c = C O C H 3 . 

indicated, all spectra were 
•• C H 2 C H 2 C 0 2 M e , P E t = 

s u b s t i t u e n t s at t h e p y r r o l e j3 -posit ions. T h i s genera l t r e n d is c l e a r l y v i s i b l e i n 
T a b l e 4, w h i c h l ists a s e l e c t i o n o f c h e m i c a l s h i f t d a t a o f s y n t h e t i c p o r p h y r i n s 
c o l l e c t e d f r o m t h e w o r k o f C l e z y e t a l . A l t h o u g h i n m o s t cases t h e bas i c 
features o f t h e s p e c t r a c a n be d i s c e r n e d , i t is c l ear f r o m these d a t a t h a t a 
d e t a i l e d i n t e r p r e t a t i o n o f t h e s p e c t r a is n o t p o s s i b l e w i t h o u t a c o m p l e t e 
ass ignment o f a l l s ignals . T h i s is e s p e c i a l l y t r u e f o r t h e m e t h i n e a n d a r o m a t i c 
m e t h y l p r o t o n s ignals , w h i c h a p p e a r i n t h e s p e c t r a as s ing le ts , a n d w h i c h 
c a n n o t be assigned f r o m t h e i r m u l t i p l i c i t y . 

References, p. 514 
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A s the e f fects o f s u b s t i t u t i o n are at best d i f f i c u l t t o e s t i m a t e p e r se, a 
c a r e f u l c h o i c e o f a c o m p l e t e l y assigned r e f e r e n c e c o m p o u n d f r o m w h i c h the 
s u b s t i t u e n t e f fects c a n be d e d u c e d b y s t e p w i s e s t r u c t u r a l m o d i f i c a t i o n s is 
necessary i n a n y p a r t i c u l a r i n v e s t i g a t i o n . I n h o f f e n et a l . 7 2 c o m p l e t e l y 
assigned t h e s p e c t r u m o f c h l o r i n - e 6 t r i m e t h y l ester ( 1 4 ) , w h i c h is a s u i t a b l e 
re ference c o m p o u n d f o r c h l o r i n s a n d p h e o p h o r b i d e s , b y a s y s t e m a t i c v a r i a 
t i o n o f c e r t a i n s u b s t i t u e n t s ( f o r d e t a i l s , see R e f . 7 3 ) . A s a n e x a m p l e o f a 
d i f f e r e n t a p p r o a c h , t h e c a r e f u l s t u d y o f aggregat i on sh i f t s m a d e p o s s i b l e the 
c h e m i c a l s h i f t a s s i g n m e n t o f c h l o r o p h y l l - a ( 1 5 ) 1 3 a n d o f a series o f three 
t y p e I X i s o m e r p o r p h y r i n s 6 8 . These c a n n o w serve as r e f e rence c o m p o u n d s 
f o r o t h e r c h l o r o p h y l l s a n d p o r p h y r i n s . 

T h e 1 H m r d a t a o f I n h o f f e n et a l . 8 6 was u s e d t o d e d u c e t h e s u b s t i t u e n t 
e f fects o f - C H O , - C O O C H 3 , - C O C H 3 a n d - C H O H C H 3 i n p o s i t i o n s 2 a n d 
4 i n m o n o - a n d d i s u b s t i t u t e d d e u t e r o p o r p h y r i n s - I X * . T h e re f e rence c o m 
p o u n d used was d e u t e r o p o r p h y r i n - I X D M E ( 1 6 ) , w h o s e x H m r s p e c t r u m was 
c o m p l e t e l y ass igned b y J a n s o n et a l . 6 8 A s t h e l a t t e r d a t a w e r e o b t a i n e d i n 
C 2 HCI3, the f i r s t s tep was t o assign t h e s ignals o b s e r v e d f o r t h e re ference 
c o m p o u n d i n T F A . T h e same o r d e r w i t h r espec t t o f i e l d f o r t h e m e t h i n e a n d 
m e t h y l resonances o f H 2 ( D e u t - I X - D M E ) was a s s u m e d f o r d i l u t e s o l u t i o n s i n 
b o t h C D C 1 3

6 8 a n d i n T F A 8 6 . F o r t h e a s s i g n m e n t o f the p r o t o n s i n the 
s u b s t i t u t e d c o m p o u n d s , a n i n c r e m e n t a l s h i f t s i m i l a r i n size f o r t h e t w o m o s t 
r e m o t e resonances was a s s u m e d , a s l i g h t l y d i f f e r e n t i n c r e m e n t f o r t h e c loser 
g r o u p , a n d t h e m o s t s t r o n g l y d e v i a t i n g i n c r e m e n t f o r the nearest n e i g h b o r . 
A l t h o u g h s o m e o f the ass ignments so o b t a i n e d are s t i l l n o t c o m p l e t e l y 
u n a m b i g u o u s , a s e l f - c ons i s t ent set o f d a t a was o b t a i n e d b y th i s p r o c e d u r e 
( T a b l e 5) . 

T h e /^ - subs t i tu t i on ef fects f o r - C H O , - C O O C H 3 , C O C H 3 a n d 
— C H O H C H 3 c a n be s u m m a r i z e d as f o l l o w s : 1) A l l o f these s u b s t i t u e n t s 
decrease the r i n g c u r r e n t s u b s t a n t i a l l y , a n d t h e i n c r e m e n t a l s h i f t f o r r e m o t e 
p r o t o n signals is o f c o m p a r a b l e s ize f o r a l l f o u r s u b s t i t u e n t s ; 2) d i f f e r e n t 
c h e m i c a l s h i f t i n c r e m e n t s are o b s e r v e d f o r t h e same s u b s t i t u e n t i n p o s i t i o n 2 
o r 4; 3) the s u b s t i t u e n t e f fects are n o t a d d i t i v e , as s h o w n b y the c h e m i c a l 
shi f ts i n the d i s u b s t i t u t e d c o m p o u n d s ; 4) d i f f e r e n t r e la t i ve i n c r e m e n t s f o r 
t h e signals o f t h e p r o p i o n i c a c i d s i d e - c h a i n i n d i c a t e c h a n g e d c o n f o r m a t i o n s 
o f t h e l a t t e r a n d / o r t h e r i n g s y s t e m f o r d i f f e r e n t s u b s t i t u e n t s ; 5) t h e m o s t 
p r o n o u n c e d e f fec ts , w h i c h v a r y c h a r a c t e r i s t i c a l l y f o r t h e s u b s t i t u e n t s , are 
t h e n e i g h b o r i n g g r o u p ef fects d u e t o l ong - range s h i e l d i n g . T h e ad jacent 
m e t h i n e p r o t o n s igna l is s t r o n g l y d e s h i e l d e d b y t h e s u b s t i t u e n t s c i t e d , a n d 
t h i s e f f ec t increases i n t h e o r d e r - C H O H C H 3 < - C O C H 3 < — C H O < 
— C O O C H 3 . T h e e f f e c t o n t h e nearest m e t h y l g r o u p is s i m i l a r , w i t h one 

* The original assignment of Fischer et a l . 8 7 for the 2- and 4-monoformyldeuteroporphy-
rin-IX dimethyl ester was r e v i s e d 8 8 after the publication of the n.m.r. d a t a 8 6 , hence, the 
interchanged substituents in Table 5. 
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T A B L E 5 (continued) 

R 1 H H C H O C O O C H 3 C O C H 3 C H O H C H 3 H H H H C H O C O C H 3 
R 2 H * H H H H H C H O C O O C H 3 C O C H 3 C H O H C H 3 C H O C O C H 3 

6 " , 7 " - C H 2 3.24 3.30 3.29 3.25 3.24 3.17 3.27 3.26 3.23 3.26 3.23 3.20 
A +0.01 +0.05 +0.06 +0.13 +0.03 +0.04 +0.07 +0.04 +0.07 +0.10 

|3-pyrrolic— H 9.06 9.66 9.53 9.50 9.45 9.60 9.58 9.60 9.57 9.57 
A 9.04 

+0.13 +0.16 +0.21 +0.06 +0.08 +0.06 +0.09 +0.09 

Substituent 11.66 3.83 3.54 6.86/ 11.57 3.84 3.52 6.84/ 11.54/ 3.48/ 
2.19 2.30 11.79 3.50 

* 0.004 m in C 2 H C 1 3 

For details see text. 



N U C L E A R M A G N E T I C R E S O N A N C E S P E C T R O S C O P Y 425 

T A B L E 6 

Expectation ranges (6 [p.p.m. ] from T M S in C 2 H C 1 3 ) of ß-pyrrole substituents in positions 
1, 3, and 5 of porphyrins 

R1 Me 

(17) 

R4 = Me, Et, P1 

R5 = Me, Et 

R1 

H 8.78-8.87 
C H C H 2 7.8-8 .2 (8 .2 --8.3 in T F A ) ( H x ) 5 .9-6.3 (6 .4 -6 .5 

in T F A ) ( H A t B ) A B X , J A B ~ 2 , < / A x ~ 1 7 , J B X = 12 
COOCH3 4.3 (4.6 in T F A ) (s) 
C H O 10.4-11.1 (s) 
C H 2 C H 2 O C O C H 3 3.8-4.4 4 .5-4.8 1.9-2.1 
C H 2 C H 2 O H 3.8-4.5 (4.6 in T F A ) , 3.20 
C H 2 C H 2 C N 3.21 
C H 2 C H 2 C 1 4 .1 -4 .6 3.20 
C H 2 C H 2 Br 4 .3 -4 .5 
C O - C H 2 - ( C H 2 ) 6 C H 3 2.0 1.5-0.8 
C H 2 C H O 4.77 (d) 10.12(0 J = 3 Hz 
C H 2 C H ( O C H 3 ) 2 4.2-4 .3 5.0-5.1 3.4-3.5 
C H 2 C H 2 O T S 4.75 (m) 4.90 (m) 7.64 (d),7.29 (d) 2.38 (s) 

R2 

H 8 .83-8.93 
C H C H 2 7.8-8 .2 (8.2 in T F A ) 6 .0-6.4 (6 .4-6 .5 in T F A ) 
C O O C H 3 4.3 
C H 2 C H 2 O C O C H 3 4.0-4 .4 (3.08 for j3-OAc) 4 .6-4.8 2-2.1 
C H 2 C H 2 O H 3.8-4.5 (4.6 in T F A ) 3.20 
C H 2 C H 2 C 1 3.9-4.4 3.20 
C H 2 C H 2 Br 4.35 
C H O 11.08 
C H 2 C H ( O C H 3 ) 2 4.32 5.13 3.4-3.5 

R* 

C O O C H 3 4.4-4 .6 
C O C H 2 C O O C H 3 4.4-4 .6 3.5-3.6 
C ( O H ) = C H - C O O C H 3 3.3 6.1-6.2 
C ( O C H 3 ) = C H - C O O C H 3 3.88* 5.81 3.91* 
C ( O A c ) = C H - C O O C H 3 2.46 6.56 3.93 
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T A B L E 6 (continued) 

H U G O S C H E E R and J O S E P H J . K A T Z 

i ? 3 

C O - O - C O - B u 1 1.6-1.7 
C O - O - C O - E t 4.76 1.66 
C O - N - C H = C H - N = C H 

1 1 
8 .3-8 .4* 7 .8-7 .9 7 .2 -7 .3* 

* Signals assigned to either one of the indicated positions. 

Selected from the work of Jackson, Kenner, Smith et a l . 9 1 - 9 9 . If not otherwise indicat
ed, the chemical shifts are listed according to the proton sequence in the substituent for
mula (from left to right, i.e., — C H 2 before — C H 3 ) . 

e x c e p t i o n : the — C H O H C H 3 g r o u p has a s t r o n g n e i g h b o r g r o u p e f f e c t o n the 
nearest m e t h i n e p r o t o n r e s o n a n c e , a n d a n e g l i g i b l e e f fec t o n the nearest 
m e t h y l r e s o n a n c e . A s b o t h t h e m e t h i n e a n d t h e m e t h j d p r o t o n s are at c o m 
p a r a b l e d i s tances t o t h e s u b s t i t u e n t s , t h e d i s c r e p a n c y is p r o b a b l y d u e t o a 
p r e f e r r e d c o n f o r m a t i o n o f t h e s u b s t i t u e n t ( o r i ts so lvate ) (see S e c t i o n 
1 0 . 4 . 2 . 2 ) . 

T h e c h e m i c a l sh i f t s o f j3 -pyrrole s u b s t i t u e n t s c a n be e s t i m a t e d f r o m the 
i n c r e m e n t a l sh i f t s l i s t e d i n T a b l e 2 . T h e e x p e c t a t i o n ranges f o r a v a r i e t y o f 
ß-pyrrole s u b s t i t u e n t s i n p o r p h y r i n s o f t h e genera l s t r u c t u r e ( 1 3 ) , are l i s t e d 
i n T a b l e 6, a n d s o m e f u r t h e r e x a m p l e s c a n be f o u n d i n T a b l e 8 a n d i n the 
a p p r o p r i a t e c o l u m n i n T a b l e 4. C o n j u g a t e d j 3 - d i carbony l s u b s t i t u e n t s 
( T a b l e 7) are u s u a l l y present b o t h i n t h e k e t o a n d the e n o l f o r m 8 9 , 9 0 . A s 
the t o t a l r i n g c u r r e n t is a f f e c t e d b y t h i s ( genera l l y s l o w ) t a u t o m e r i s m , the 
n . m . r . s p e c t r u m s h o w s t w o sets o f l ines c h a r a c t e r i s t i c o f a s l o w l y e q u i l i b 
r a t i n g m i x t u r e . T h e a s s i g n m e n t o f the t a u t o m e r s is p o s s i b l e b y t e m p e r a t u r e 
d e p e n d e n t s tud ies a n d b y the re la t ive i n t e n s i t i e s o f t h e s ignals . 

S o m e n . m . r . d a t a o f H 2 ( T P P ) der iva t ives s u b s t i t u t e d at ß-pyrrole p o s i t i o n s 
( T a b l e 8) have b e e n r e p o r t e d b y C a l l o t 1 0 0 ' 1 0 1 . T h e s h i e l d i n g e f f e c t o f the 
p h e n y l r ings ( S e c t i o n 10 .2 .3 . ) sh i f t s t h e s ignals o f the s u b s t i t u e n t s t o c o n 
s i d e r a b l y h i g h e r f i e l d as c o m p a r e d t o t h e respec t i ve s u b s t i t u e n t s i n meso-
u n s u b s t i t u t e d p o r p h y r i n s (Tab les 6 a n d 7 ) . A f u r t h e r n o t e w o r t h y f e a t u r e is 
t h e n o n e q u i v a l e n c e o f ß-pyrrole m e t h y l e n e p r o t o n s , w h i c h is i n d i c a t e d b y 
the m u l t i p l e t r a t h e r t h a n a t r i p l e t s t r u c t u r e i n t h e m e t h y l e n e resonances o f 
the c o - b r o m o - o c t y l der iva t ives . T h i s n o n e q u i v a l e n c e , as w e l l as t h e c e n t r o -
s y m m e t r i c s t r u c t u r e d i s cussed f o r t h e t e t r a - s u b s t i t u t e d p r o d u c t s , are j u d g e d 
t o be s t r o n g i n d i c a t i o n s f o r a n o n p l a n a r s t r u c t u r e o f the m a c r o c y c l e . 

10.2.3. Meso substitution 
Meso-substitution changes the ^ m r s p e c t r u m o f p o r p h y r i n s i n three i m 

p o r t a n t w a y s : 1) T h e r i n g c u r r e n t is r e d u c e d , a n d w i t h i n b r o a d l i m i t s the 
e x t e n t o f t h e r e d u c t i o n is i n d e p e n d e n t o f t h e n a t u r e o f t h e s u b s t i t u e n t s ; 2) 
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T A B L E 8 

^ m r chemical shifts (Ô [p.p.m.] from T M S in C 2 H C 1 3 ) of ß-pyrrole substituents in 
H2 (TPP) derivatives substituted at ß-pyrrole positions 

Substituent(s) Substituent Resonances Remarks 
References 

I - C H C H 2 

I - C H C H 2 

1-CHO 
1,3-di-Br 
1,5-di-Br 
1,3,5,8-tetra-Br 
1 - ( C H 2 ) 8 - B r 

l , 3 - d i - ( C H 2 ) 8 - B r 

l - O C 2 H 5 

l - 0 - ( C H 2 ) 6 - B r 

1,3,5,7-tetra-CN 

100 

100 
(Ni-complex) 
100 
101 
101 
101 
101 

H x : 6.35, H A : 5.68, H B = 5.17 
^AB = 2- 3> ^AX = 17.3, J B x = 11.8 
H x : 6.35, H A : 5.86, H B = 4.97 
J A B = 2.2, J A X = 16.6, J B X = 10.6 
9.20, 9.33; for 1-CHO and 2-H 
ß-pyrrole-H: 8.80(1); 8.82(1); 8.70(4) 
j3-pyrrole-H: 8.63(2); 8.50, 8.70 (d, J = 5.1) 
/3-pyrrole— H : 8.50 
C H 2 - ( C H 2 ) 6 - C H 2 B r : 2.8 (m), 1 .2-2 (m), 3.40 (0 
Pbenyl-H: 7.7-8.2 
ß-pyrrole-H: 8 .6-8.85 (m) 
C H 2 - ( C H 2 ) 6 - C H 2 B r : 2.8 (m), 1 .2-2 (m), 3.40 (0 101 
P h e n y l - H : 7.75-8.15 
ß-pyrrole-H: 8 .5-8.8 (m) 
C H 2 C H 3 : 4.20 (g), 1.08 (0 
P h e n y l - H : 7 .7-8.2 
|3-pyrrole—H: 8.75 
0 - C H 2 - ( C H 2 ) 4 - C H 2 B r : 4.17 (0, 1.25-1.80, 3.43 
P h e n y l - H : 7 .7-8.2 
ß-pyrrole—H: 8.75 
|3-pyrrole-H: 8.69 101 

(Ni-complex) 

If not otherwise indicated, chemical shifts are listed according to the proton sequence in 
the substituent formula (from left to right). 

101 

101 

the m e t h i n e p r o t o n o p p o s i t e t o t h e meso s u b s t i t u e n t is m o r e s t r o n g l y s h i f t e d 
t o h i g h e r f i e l d t h a n the n e i g h b o r i n g m e t h i n e s ; 3) p r o t o n s i n t h e v i c i n i t y o f 
t h e s u b s t i t u t e n t e x p e r i e n c e a d d i t i o n a l s h i e l d i n g e f fects . 

T h e o v e r a l l r e d u c t i o n o f t h e r i n g c u r r e n t c a n be r a t i o n a l i z e d 3 i n t e r m s o f 
t h e n e t w o r k t h e o r y 3 9 , because a b a r r i e r t o c o n j u g a t i o n at t h e meso p o s i t i o n 
a f fec ts the f u l l r i n g c u r r e n t r a t h e r t h a n o n l y o n e b r a n c h o f i t 3 . T h e p r i n c i p a l 
r eason f o r t h e r e d u c e d r i n g c u r r e n t i n m e s o - s u b s t i t u t e d p o r p h y r i n s appears 
t o be ster ic h i n d r a n c e b e t w e e n t h e meso- a n d j3 -pyrrole s u b s t i t u e n t s , an 
e x p l a n a t i o n w h i c h is w e l l s u p p o r t e d b y t h e decrease i n the e f f e c t o n the r i n g 
c u r r e n t w i t h decrease i n t h e s ize o f t h e ß - s u b s t i t u e n t 1 0 2 . I f t h e n e i g h b o r i n g 
ß-pyrrole p o s i t i o n is u n s u b s t i t u t e d , o n l y a m i n o r decrease (~3%) i n r i n g 
c u r r e n t is o b s e r v e d o n raeso-substitution8a, w h i c h is s o m e w h a t m o r e t h a n 
t h e decrease o b s e r v e d f o r the i n t r o d u c t i o n o f a ß-substituent. 
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Fig. 4. Magnetic anisotropy of meso-substituents. Schematic representation of the por
phyrin macrocycle and the zero shielding surface, (a) Phenyl; (b) C H O ; (c) N 0 2 ; and (d) 
C N . 

F o r s i m i l a r s ter i c r easons , n o n - l i n e a r s u b s t i t u e n t s s u c h as - p h e n y l , - N 0 2 o r 
- C H O are n o t c o p l a n a r w i t h t h e m a c r o c y c l e r i n g , w h i c h e f f i c i e n t l y reduces 
m e s o m e r i c i n t e r a c t i o n s ( F i g . 4 ) . T h u s , t h e s h i e l d i n g e f f e c t o f a n i t r o 1 0 3 , 1 0 4 

or a c a r b o n y l g r o u p 7 1 o n t h e resonances o f t h e r e m a i n i n g m e t h i n e p r o t o n s is 
c o m p a r a b l e t o t h a t o f a m e t h y l 8 a o r h y d r o x y m e t h y l 7 1 g r o u p . T h e r e are , 
h o w e v e r , t w o o u t s t a n d i n g e x c e p t i o n s t o th i s r u l e , a n d these are t h e 
a m i n o 1 0 3 , 1 0 4 a n d t h e h y d r o x y l g r o u p s . U p o n i n t r o d u c t i o n o f a m e s o - N H 2 

s u b s t i t u e n t , t h e m e t h i n e p r o t o n resonances are m o r e s h i e l d e d b y a b o u t 
1 p . p . m . t h a n b y o t h e r m e s o - s u b s t i t u e n t s . T h i s is l i k e l y d u e t o c o n t r i b u t i o n s 
f r o m i m i n o - p h l o r i n - l i k e t a u t o m e r i c s t r u c t u r e s ( 2 1 a ) , i n w h i c h t h e r i n g c u r r e n t 
is i n t e r r u p t e d (see S e c t i o n 1 0 . 2 . 7 ) . T h e presence o f these m e s o m e r i c i m i n o -
p h l o r i n s t r u c t u r e s , w h i c h are p r o t o n a t e d at t h e o p p o s i t e m e t h i n e p o s i t i o n , is 
e v i d e n c e d b y t h e r e a d y 1 H — 2 H e x c h a n g e i n m e s o - a m i n o p o r p h y r i n s 1 0 3 . I t is 
i n t e r e s t i n g t o c o m p a r e t h e 1 H m r s p e c t r u m o f der ivat ives w i t h AT-pyrrole sub 
s t i tuents i n a m e s o - p o s i t i o n f o r w h i c h cross c o n j u g a t e d p h l o r i n - l i k e s t r u c t u r e s 
have also b e e n d i s c u s s e d 8 5 . T h e s e c o m p o u n d s e x h i b i t a n o r m a l n . m . r . 

R RH 

(21) (22) 
a R = N — H 
b R = O 

References, p. 514 
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s p e c t r u m , h o w e v e r , i n d i c a t i n g t h a t t h e b u l k y p y r r o l e s u b s t i t u e n t c a n n o t 
assume t h e c o p l a n a r c o n f o r m a t i o n . 

T h e s e c o n d e x c e p t i o n is the m e s o - h y d r o x y g r o u p . I n a c i d i c s o l u t i o n s the 
d i - c a t i o n o f the m e s o - h y d r o x y p o r p h y r i n is o b s e r v e d , w h i l e i n n e u t r a l s o l u 
t i o n s 9 3 , 1 0 5 , 1 0 6 the t a u t o m e r i c o x o p h l o r i n free base o r m o n o c a t i o n (see 
S e c t i o n 1 0 . 2 . 7 ) . c a n be o b s e r v e d . ( F o r l e a d i n g re ferences , see R e f . 49 . ) 
H y d r o x y p o r p h y r i n - c a t i o n s present i n T F A e x h i b i t w e l l - r e s o l v e d 1 H m r spec 
t r a w i t h t h e c h a r a c t e r i s t i c s o f m e s o - s u b s t i t u t i o n , a n d v a r i o u s m e s o - h y d r o x y 
p o r p h y r i n s 9 3 , 1 0 6 a a 0 7 - 1 0 9 a n d s i m i l a r s t r u c t u r e s w i t h t h i o p h e n a n d f u r a r i 
r i n g s 1 0 6 have been s t u d i e d i n d e t a i l i n a c i d i c m e d i a . I n c o n t r a s t , the x H m r 
s p e c t r a o f t h e free base o x o p h l o r i n s p r e s e n t i n n e u t r a l s o l u t i o n s are genera l 
l y 1 0 5 ' 1 0 6 d i f f i c u l t t o o b s e r v e 9 3 , 1 0 9 , 1 1 0 a n d e x h i b i t l i n e - b r o a d e n i n g be
cause o f t h e presence o f s m a l l a m o u n t s o f t h e o x o p h l o r i n T r - r a d i c a l 1 1 1 

(see S e c t i o n 1 0 . 2 . 7 ) . 
T h e s t r o n g s h i e l d i n g o f t h e m e t h i n e r e s o n a n c e o p p o s i t e t o t h e meso-sub-

s t i t u e n t can be a s c r i b e d t o a c o n f o r m a t i o n a l change i n w h i c h the e n t i r e 
m a c r o c y c l e is f o l d e d across t h e t w o o p p o s i t e meso p o s i t i o n s 8 a . T h i s w o u l d 
be e x p e c t e d t o r e d u c e t h e d e s h i e l d i n g e f fec ts m o s t e f f i c i e n t l y at t h e s u b s t i 
t u t e d meso p o s i t i o n a n d at the o n e o p p o s i t e t o i t . A n i n d i c a t i o n f o r t h e 
presence o f th i s p r e f e r r e d c o n f o r m a t i o n is t h e s t ronger d e s h i e l d i n g o f t h e 
m e t h i n e resonance i n a , 7 - d i s u b s t i t u t e d p o r p h y r i n s as c o m p a r e d t o t h e 
a , j 3 - i s o m e r s 1 0 3 , 1 0 4 . T h i s i n t e r p r e t a t i o n o f t h e meso e f f ec t is f u r t h e r s u p 
p o r t e d b y the s t a b i l i t y o f a / y - p o r p h o d i m e t h e n e s r e l a t i v e t o o t h e r s y s t e m s 
w i t h i n t e r r u p t e d r i n g c u r r e n t (see R e f . 1 1 2 a n d S e c t i o n 10 .4 .3 f o r X - r a y 
resu l t s ) . 

P r o t o n s i n t h e v i c i n i t y o f t h e meso - s u b s t i t u e n t e x p e r i e n c e a d d i t i o n a l 
s h i e l d i n g e f fects . These are p a r t l y s ter i c i n o r i g i n , because these g r o u p s are 
f o r c e d o u t o f t h e p l a n e o f t h e m a c r o c y c l e , b u t m a g n e t i c a n i s o t r o p i c s o f the 
m e s o - s u b s t i t u e n t appear to p l a y the p r e d o m i n a n t r o l e ( F i g . 4 ) . W i t h 
— C H O 7 1 , p h e n y l 8 a o r — N 0 2 g r o u p s 1 0 4 , t h e n e i g h b o r i n g j3 -substituents are 
i n a r e g i o n o f p o s i t i v e s h i e l d i n g because o f t h e p r e f e r r e d o u t - o f - p l a n e c o n 
f o r m a t i o n o f the m e s o - s u b s t i t u e n t . J u s t t h e o p p o s i t e is t r u e f o r the m e s o - c y -
a n o p o r p h y r i n s , i n w h i c h the n e i g h b o r i n g j3 -subst i tuent are i n a r e g i o n o f 
s t r o n g negat ive s h i e l d i n g 7 1 . 

T h e m o s t p r o m i n e n t signals f o r s o m e se lec ted m e s o - s u b s t i t u t e d p o r p h y 
r ins are l i s t e d i n T a b l e 9 , w i t h re ferences t o f u r t h e r e x a m p l e s l i s t e d f o r every 
s u b s t i t u e n t . S o m e S - a l k y l s u b s t i t u t e d p o r p h y r i n s r e l a t e d t o s t r u c t u r e s 
p o s t u l a t e d f o r Chlorobium c h l o r o p h y l l s have b e e n r e p o r t e d b y C o x et a l . 1 1 8 , 
a n d v a r i o u s jS -a lkoxy p o r p h y r i n s have b e e n c h a r a c t e r i z e d b y C l e z y et 

6 2 , 9 3 , 1 0 7 , 1 0 9 

T h e i n f l u e n c e o f m e s o - s u b s t i t u t i o n i n c h l o r i n s is s i m i l a r t o t h a t i n p o r p h y 
r i n s , b u t o n l y i f t h e s u b s t i t u t i o n is at a p o s i t i o n d i s t a n t f r o m t h e r e d u c e d 
r i n g (see C l e z y , R e f . 6 2 ) . I f the m e s o - s u b s t i t u e n t is ad jacent t o the p y r r o l i n e 
r i n g , the ef fects are less p r o n o u n c e d a n d m o r e c o m p l e x . (See , f o r e x a m p l e , 
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1 H m r chemical shifts (5[p.p.m.] from T M S ) of meso-substituted derivatives of principal porphyrins 

Parent Compound Meso Substituent 
(Position) 

Methine—H a N H Substituent 
Resonances 

Cond. R e f . 0 

H 2 ( O E P ) H 10.18 - 3 . 7 4 — C 2 H C 1 3 113 
H 2 ( O E P ) H 10.98 - 4 . 6 5 — C F 3 C O O H 114 
H 2 ( O E P ) Cl 10.71, 10.58 - 2 . 9 6 , - 3 . 7 4 — C F 3 C O O H 114 H 2 ( O E P ) 

Cl 2 (a ,7 ) 10.47 - 2 . 6 2 C F 3 C O O H 114 
CI4 — - 0 . 9 2 C 2 H C 1 3 114 

H 2 ( O E P ) Br 10.43, 10.38 - 2 . 6 8 , - 3 . 6 3 — C F 3 C O O H 114 
H 2 ( O E P ) N 0 2 10.85, 10.76 - 3 . 1 7 , - 3 . 6 6 — C F 3 C O O H 104 H 2 ( O E P ) 

( N 0 2 ) 2 < a > / 3 10.49 - 2 . 0 7 — C F 3 C O O H (103) 
( N 0 2 ) 2 < û t i 7 10.75 - 2 . 3 1 — C F 3 C O O H 
( N 0 2 ) 3 10.51 - 1 . 3 7 — C F 3 C O O H 

H 2 ( O E P ) N H 2 9.40, 8.95 1.01, - 0 . 3 5 C F 3 C O O H 104 
(103) 

H 2 ( O E P ) N H C O O E t 10.2, 10.0 — CCI 4 115 
H 2 ( O E P ) C H O 9.98, 9.87 - 2 . 9 5 12.74 C 2 H C 1 3 ' 0.05 m 71 
H 2 ( O E P ) C N 9.98, 9.89 - 3 . 3 0 — C 2 H C 1 3 ' 0.05 m 71 
H 2 ( O E P ) C H 2 O H 10.07, 9.88 6.79 C 2 H C 1 3 ' 0.05 m 71 
H 2 ( O E P ) C H 2 O S 0 2 - C H 3 10.18, 9.98 - 3 . 0 0 6.45 (<*-CH2) C 2 H C 1 3 122 

3.92 ( C H 3 ) 
C 2 H C 1 3 H 2 ( O E P ) C H 2 O C 2 H 5 10.14, 10.05 - 3 . 0 0 6.43 ( o C H 2 ) 

3.95 ((?), 1.61 (t) 
C 2 H C 1 3 122 

H 2 ( O E P ) C H 3 10.07, 9.87 - 2 . 8 6 4.63 C 2 H C 1 3 122 
H 2 ( O E P ) O H 10.36, 10.09 - 2 . 2 0 , - 3 . 0 3 C F 3 C O O H 106a 

(116) 
H 2 ( O E P ) O C O C H 3 10.04, 9.88 - 3 . 4 2.83 C 2 H C 1 3 113 

(96, 62 
89) 

H 2 ( O E P ) O C O C F 3 10.4, 9.84 —3.56 8.56 p.p.m. from C 2 H C 1 3 116 H 2 ( O E P ) 
C F 3 C C 1 3 

H 2 ( O E P ) O C O P h 10.17, 9.99 - 3 . 3 6 8 .92-8.70 ( 0 ) C 2 H C 1 3 106a 

z 
c o 
r 
w 
> 
sa 

> 
O 

H 
H 
O 

M 
co 
O 

> 
O 
M 
co 
M 
O 
•-3 
5Ö 
O 
co 
O 
O 
^ 

4^ 
00 

(117) 



T A B L E 9 (continued) 4^ 
CO 
to 

Parent Compound Meso Substituent 
(Position) 

M e t h i n e - H a N H Substituent 
Resonances 

Cond. Ref. b 

H 2 ( O M P ) H 10.98 - 4 . 8 2 — C F 3 C O O H 8a 
H 2 ( O M P ) C H 3 10.62, 10.48 - 3 . 5 7 , - 4 . 3 3 4.83 C F 3 C O O H 8a H 2 ( O M P ) 

(118, 
102, 119) 

( C H 3 ) 2 a , 7 10.39 - 3 . 6 6 4.66 C F 3 C O O H 
H 2 ( O M P ) P h 4 - 0 . 7 6 8.32, 7.90 (Ph), 

1.84 ( C H 3 ) 
C 2 H C 1 3 / T F A 120 

Porphin H 11.22 —4.40 9.92 (0-H) C F 3 C O O H 8a 
Porphin ( C H 3 ) 4 - 3 . 0 1 4.73 (meso-CH 3 ) 

9.55 (0-H) 
C F 3 C O O H 8a 

Porphin ( C 6 H 5 ) 4 - 2 . 0 7 8.59 (0), 8.08 
(m, p), 8.85 (0-H) 

C F 3 C O O H 8a 
(120) 

H 2 (Et io - I ) N H C O C H g 10.68, 10.59 - 3 . 3 , --3.48, C F 3 C O O H 103 H 2 (Et io - I ) 
- 4 . 3 , - -4.4 

C F 3 C O O H 

H 2 ( C o p r o - I I - T M E ) S C N (0) 10.94, 10.64 — C F 3 C 0 0 2 H 121 
H 2 ( C o p r o - I I - T M E ) S H (0) 10.08, 8.45 — C 2 HC1 3 

121 
A Hexamethyl-P S-COCH3 9.65 - 4 . 0 2.06 C 2 HC1 3 123 
A Hexamethyl-P A substituted pyrrole 10.81 — C F 3 C 0 0 2 H 85 

a The low field resonance is always due to the proximate, the high field one for the opposite methine protons. 
b References in brackets ( ) indicates additional information regarding the same substituent. 

X 
C o o 
co 
O 
X 
M 
M 
JÖ 
tu 
3 
a 
c-< 
O 
co 
M 
hö 
X 

> 
N 
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R e f . 1 1 4 f o r h a l o g e n - s u b s t i t u t e d c h l o r i n s . ) O n e reason f o r th i s is c e r t a i n l y 
the d i m i n i s h e d s ter i c i n t e r a c t i o n 7 7 o f t h i s m e s o - s u b s t i t u e n t w i t h t h e n e i g h 
b o r i n g g r o u p w h e n the j3 -carbon a t o m s i n the p y r r o l i n e g r o u p change h y 
b r i d i z a t i o n f r o m s p 2 t o s p 3 . M o r e i n d i r e c t e f fects i n v o l v e c o n f o r m a t i o n a l 
changes o f t h e m o r e m o b i l e r e d u c e d ( p y r r o l i n e ) r i n g , w h i c h are e x e m p l i f i e d 
i n t h e d e t a i l e d ana lys i s o f 5 - c h l o r o - c h l o r i n s 1 2 4 a n d o f p e r i p h e r a l c o m p l e x e s 
o f p h e o p h o r b i d e s 8 0 . T h e x H m r s p e c t r a o f three i s o m e r i c m o n o - m e s o 
a c e t o x y der ivat ives o f t h e H 2 ( O E P ) m o n o - g e m i n i k e t o n e (35 ) were s t u d i e d 
b y I n h o f f e n et a l . 1 0 5 . A n i n c r e m e n t a l s h i f t o f A = 0 .16 t o 0 . 1 8 p . p . m . f o r 
the sets o f o p p o s e d m e t h i n e p r o t o n s were o b s e r v e d ; the m a g n i t u d e o f the 
shi f ts was i n d e p e n d e n t o f t h e p o s i t i o n o f the m e s o - a c e t o x y g r o u p . T h e 1 H m r 
s p e c t r a o f t h e meso h y d r o x y i s o m e r s are also r e p o r t e d i n t h e same p u b l i c a 
t i o n 1 0 5 . W h i l e t w o o f t h e i s o m e r s are p r e s e n t i n n e u t r a l s o l u t i o n ( C D C 1 3 ) as 
o x o p h l o r i n s , the i s o m e r s i n w h i c h t h e g e m i n i k e t o n e c a r b o n y l groups a n d 
the h y d r o x y s u b s t i t u e n t are a d j a c e n t has a s p e c t r u m t y p i c a l f o r a meso -sub -
s t i t u t e d p o r p h y r i n . T o o u r k n o w l e d g e , th i s is t h e f i r s t i n s t a n c e o f a m e t a l -
free n e u t r a l m e s o - h y d r o x y p o r p h y r i n , the s t a b i l i t y o f w h i c h is a t t r i b u t a b l e t o 
h y d r o g e n - b o n d f o r m a t i o n b e t w e e n the t w o n e i g h b o r i n g o x y g e n 
f u n c t i o n s 1 0 5 . 

M o s t o f the c h l o r i n s d e r i v e d f r o m t h e c h l o r o p h y l l s have m e s o - s u b s t i -
t u e n t s . T h e s p e c t r u m o f c h l o r i n - e 6 t r i m e t h y l ester ( 14 ) is d i s cussed i n d e t a i l 
at t h e b e g i n n i n g o f th i s s e c t i o n ( 1 0 . 2 . 1 . 5 ) , a n d t h e s p e c t r a o f s o m e se lected 
c o m p o u n d s o f s i m i l a r s t r u c t u r e are l i s t e d i n T a b l e 1 0 . S o m e e x a m p l e s i n 
w h i c h the 7- a n d the 6 - s u b s t i t u e n t s are l i n k e d t o g e t h e r b y r i n g f o r m a t i o n are 
also l i s t e d i n T a b l e 1 0 . T h e i s o c y c l i c f i v e - m e m b e r e d r i n g so f o r m e d is t h e 
p r i n c i p a l c h a r a c t e r i s t i c o f t h e p h o r b i n s t r u c t u r e c o m m o n t o a l l c h l o r o p h y l l s . 
( F o r a d i s c u s s i o n o f t h e n . m . r . s p e c t r a o f t h e c h l o r o p h y l l s , see S e c t i o n 
10 .2 .8 .2 . ) A s a c o n s e q u e n c e o f t h e n e w b o n d , w h i c h is f o r m e d b e t w e e n 
c a r b o n a t o m 6 a n d t h e 7 m e t h i n e c a r b o n , the s ter i c i n t e r a c t i o n o f t h e 
s u b s t i t u e n t s at C-7 a n d C - 6 is e f f i c i e n t l y r e d u c e d 7 7 a n d t h e y b e c o m e essen
t i a l l y c o - p l a n a r 1 2 8 . T h i s is p r i n c i p a l l y e x p e c t e d t o e n h a n c e t h e m a c r o c y c l e 
r i n g c u r r e n t . A t the same t i m e , h o w e v e r , c o n s i d e r a b l e s t r a i n is i n t r o d u c e d 
i n t o p y r r o l e r i n g c 1 2 8 c , d ' 1 2 9 a n d t h e c o n f o r m a t i o n o f i ts s u b s t i t u e n t s at 
p o s i t i o n 6 ( i .e . , C-9) is c h a n g e d i n s u c h a w a y t h a t c o n j u g a t i o n w i t h t h e 
a r o m a t i c s y s t e m o f t h e m a c r o c y c l e is f a c i l i t a t e d . I n t h e c o m p o u n d s l i s t e d i n 
T a b l e 1 0 , t h e f i r s t e f f e c t is c l e a r l y o v e r c o m p e n s a t e d b y t h e l a t t e r , a n d t h e 
m e t h i n e p r o t o n s are s h i e l d e d b y a n a d d i t i o n a l 0 .2—0.3 p . p . m . re la t ive t o 
c o m p o u n d s l a c k i n g a r i n g E . 

A s e v i d e n c e d b y t h e m a r k e d increase i n r i n g c u r r e n t u p o n r e d u c t i o n o f t h e 
C = 0 f u n c t i o n t o a C H 2 g r o u p ( A m e t h i n e - 0 . 4 5 p . p . m . ) , a m a j o r c o n t r i b u 
t i o n t o t h e s h i e l d i n g c o m e s f r o m the k e t o C = 0 g r o u p at p o s i t i o n 9. T h i s 
genera l p r i n c i p l e is c l e a r l y v i s i b l e f r o m the d a t a i n T a b l e s 1 1 a n d 1 2 , i n 
w h i c h some changes i n t h e n . m . r . s p e c t r a o f p h o r b i n s ( T a b l e 11 ) a n d p h e o p o r -
p h y r i n s ( T a b l e 12 ) u p o n s u b s t i t u t i o n o f t h e i s o c y c l i c r i n g E are l i s t e d . T h e s e 

References, p. 514 
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T A B L E 10 

1 H m r chemical shifts (ô[p.p.m.] from T M S in C 2 H C 1 3 ) of 7-substituted 7,8-chlorins 

R1 

(23) 

Me 

e P H R 

R 2 R 3 Methine—H 
(ft <*,«) 

N - H 7 - C H 2 ° 2 ' - H x Ref. 

R 1 = V i n y l 

C H 2 C O O C H 3 H 9.70, 9.70, 8.81 - 2 . 0 2 5.35 8.10 73 
C H 2 C O O C H 3 C O O C H 3 9.65, 9.50, 8.70 - 1 . 0 4 5.27 8.00 73 
C H - c = o 9.36, 9.24, 8.50 - 1 . 8 0 4.93 7.86 125 
I 

C O O C H 3 

R 1 = H 2-H 

C H 2 C O O C H 3 H 9.73, 9.54, 8.81 - 2 . 2 0 , - 2 . 3 4 5.39 8.81 73 
C H 2 C O O C H 3 C O O C H 3 9.69, 9.36, 8.72 - 1 . 5 8 5.31 8.72 73 

R 1 = Ethyl 2 ' - C H 2 

C H 2 C O O C H 3 H 9.70, 9.53, 8.74 - 2 . 0 8 5.35 3.90 73 
C H 2 C O O C H 3 C O C H 3 9.65, 9.37, 8.65 - 1 . 5 0 5.20 3.85 73 
C H 2 C O O C H 3 C O O C H 3 9.64, 9.32, 8.61 - 1 . 3 6 5.25 3.83 73 
H 3 C O O C - C H — - c = o 9.39, 9.14, 8.43 - 1 . 8 3 5.13 3.64 126 

R 1 = Acetyl 2 " - C H 3 

C H 2 C O O C H 3 H 9.62, 10.20, 8.92 - 1 . 8 4 , - 2 . 1 6 5.34 3.27 73 
C H 2 C O O C H 3 C O C H 3 9.64, 10.11, 8.90 - 1 . 4 2 , - 1 . 6 4 5.22 3.26 73 
C H 2 C O O C H 3 C O O C H 3 9.65, 10.09, 8.88 - 1 . 6 0 5.30 3.23 73 
H 3 C O O C - C H — - c = o 9.42, 9.86, 8.68 — 5.12 3.19 127 

a 7 - C H 2 : AB,</ = 17 Hz, Av = 0.08—0.13 p.p.m. 

changes c a n g e n e r a l l y be i n t e r p r e t e d i n t e rms o f t h e e l e c t r o n - w i t h d r a w i n g 
e f f e c t o f t h e s u b s t i t u e n t s . T h u s , i n t r o d u c t i o n o f ( e l e c t r o n - w i t h d r a w i n g ) car -
b o n y 1 g r o u p s i n t h e 9 o r i n t h e 9 a n d 1 0 p o s i t i o n s leads t o a p r o n o u n c e d 
decrease i n t h e r i n g c u r r e n t 1 2 5 , 1 2 7 * 1 3 0 . These changes are a b o u t t w i c e as 
large as f o r a c o n j u g a t e d c a r b o n y l s u b s t i t u e n t i n p o s i t i o n 2 , 4 o r 6 (see 
S e c t i o n 1 0 . 2 . 2 ) , w h i c h is n o t a p a r t o f a n a d d i t i o n a l n n g72.131,132 # T h i s 

c l e a r l y re f lec ts t h e c o p l a n a r c o n f o r m a t i o n o f the 6 a n d 7 - s u b s t i t u e n t s i n t h e 
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T A B L E 11 

1 H m r chemical shifts (5[p.p.m.] from T M S in C 2 H C l 3 ) of pheophorbides with various 
substituents at the isocyclic ring E 

R 1 R 2 R 3 R 4 Methine—H V i n y l -
H 0 

N H Remarks Ref. 

H H H H 9.77, 9.58, 8.87 — - 1 . 6 8 2-Ethyl 127 
- 3 . 5 3 

=0 H H 9.32, 9.23, 8.47 7.90 - 1 . 8 0 — 79 
H O H H H 9.83, 9.56, 8.86 8.15 — 3 - C H 2 O H 133 

=0 H COOCH3 9.36, 9.24, 8.50 7.87 - 1 . 7 2 10(R) 79 
H O H H COOCH3 9.86, 9.86, 8.93 8.20 - 3 . 2 9(R), 10(R) 125 

=0 OCH3 COOCH3 9.53, 9.36, 8.58 7.92 - 1 . 8 0 10(S) 79, 
134 

H O H OCH3 COOCH3 9.89, 9.70, 8.94 8.18 - 3 . 0 9(S), 10(S) 130 
=0 H OCH3 9.51, 9.39, 8.65 7.94 - 2 . 0 8 10(S) 79 

c - C 

H 3 C O - O =0- - M g - O 9.01, 8.83, 8.00 7.77 — Mg-chelate 135 
H 0 - C ( C H 3 ) 2 - O H 9.69, 9.69, 8.83 — — 2-Ethyl 136 
H O H H C H 2 O H 9.79, 9.53, 8.85 8.07 — 3 , 7 " - C H 2 O H 136 

a See Formula (13). 

p h e o p h o r b i d e s i m p o s e d b y the a d d i t i o n a l r i n g E . I n t h e absence o f X - r a y 
s t r u c t u r a l i n f o r m a t i o n o n 9 - d e s o x o - p h e o p h o r b i d e s 1 2 8 d , t h e ster i c e f f e c t o n 
t h e g e o m e t r y o f r ings C a n d E t h a t a c c o m p a n i e s t h e change f r o m s p 3 t o s p 2 

c o n f i g u r a t i o n o f C - 9 is m u c h m o r e d i f f i c u l t t o e s t i m a t e , b u t c a n p r o b a b l y 
n o t be n e g l e c t e d . T h e i s o c y c l i c f i v e - m e m b e r e d r i n g E has t w o p o t e n t i a l l y 
a s y m m e t r i c c enters . A l t h o u g h s tereo i somers at C -9 a n d C - 1 0 i n f l u e n c e t h e 
resonances o f n e i g h b o r i n g s u b s t i t u e n t s i n a c h a r a c t e r i s t i c w a y ( S e c t i o n 
1 0 . 4 . 3 ) , l ong - range e f fects v i a t h e r i n g c u r r e n t are g e n e r a l l y n e g l i g i b l e . 

S o m e s y s t e m s w i t h a fused r i n g b e t w e e n a meso a n d a 0-pyrrole p o s i t i o n 
o t h e r t h a n t h e i s o c y c l i c f i v e - m e m b e r e d r i n g o f t h e p h o r b i n s have b e e n inves 
t i g a t e d b y n . m . r . T h e re l i e f i n s te r i c s t r a i n r e s u l t i n g f r o m e n l a r g e m e n t o f 
r i n g E i n p h o r b i n s is c l e a r l y d e m o n s t r a t e d b y t h e i n c r e a s e d r i n g c u r r e n t i n 
p h e o p h o r b i d e l a c t o n e s 1 2 9 . T h e 1 H m r s p e c t r a o f i s o p h e o p o r p h y r i n s are 

References, p. 514 
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r e p o r t e d b y D o u g h e r t y et a l . 1 3 9 a n d es tab l i sh a s t r u c t u r e i n w h i c h t h e 
7 - s u b s t i t u e n t is l i n k e d t o C-7 ra ther t h a n t o C - 6 7 7 . A t h i a c y c l i c s t r u c t u r e i n 
r a p i d t a u t o m e r i c e x c h a n g e w i t h its m i r r o r image is p r o p o s e d b y C l e z y a n d 
S m y t h e 1 2 3 t o a c c o u n t f o r the u n u s u a l c h l o r i n - l i k e 1 H m r s p e c t r u m o f t h e 
p r o d u c t o b t a i n e d b y h y d r o l y s i s o f a m e s o - t h i o a c e t o x y - p o r p h y r i n . 

10.2A. N-Substitution 
T h e n . m . r . s p e c t r a o f i V - a l k y l a t e d p o r p h y r i n s are g e n e r a l l y i n t e r p r e t e d i n 

t e r m s o f t h e s ter i c h i n d r a n c e i m p o s e d o n t h e m a c r o c y c l e b y c e n t r a l s u b s t i 
t u e n t ^ ) t h a t d o n o t f i t i n t o the i n n e r c a v i t y o f t h e m a c r o c y c l e . T h e c h e m i c a l 
s h i f t changes o b s e r v e d appear t o arise f r o m three d i f f e r e n t e f fects w h i c h c a n 
a l l be a t t r i b u t e d t o s ter ic d i s t o r t i o n s . T h e s e i n c l u d e decrease i n t h e r i n g 
c u r r e n t , c h a n g e d l o c a l s h i e l d i n g p a t t e r n s d u e t o c o n f o r m a t i o n a l changes , a n d 
a n i n c r e a s e d s p 3 h y b r i d i z a t i o n at t h e s u b s t i t u t e d N - a t o p i ( s ) . These e f fects 
were f i r s t a n a l y z e d b y C a u g h e y et a l . 1 4 0 f o r i V - m e t h y l - a n d i V - e t h y l - e t i o p o r -
p h y r i n - I I ( 2 6 ) . 

C a u g h e y e t a l . 1 4 0 d iscuss a c o n f o r m a t i o n o f t h e m a c r o c y c l e i n w h i c h t h e 
N - s u b s t i t u t e d r i n g a n d t h e n e i g h b o r i n g r ings are t w i s t e d o u t o f t h e m a c r o c y 
c le p l a n e , t h e l a t t e r t o a s m a l l e r e x t e n t a n d i n t h e o p p o s i t e d i r e c t i o n , w h i l e 
the o p p o s i t e r i n g r e m a i n s i n the p l a n e o f t h e m a c r o c y c l e . C o n f i r m a t i o n o f 
t h i s i n t e r p r e t a t i o n was r e c e n t l y o b t a i n e d b y X - r a y a n a l y s i s 1 4 1 , a l t h o u g h t h e 
X - r a y s t r u c t u r a l d a t a s h o w e d a s i m i l a r t i l t o f t h e o p p o s i t e r i n g C as w e l l . T h e 
resonances o f t h e p r o t o n s i n t h e s ide c h a i n s o f t h e ( o p p o s i t e ) r i n g C are 
s l i g h t l y s h i f t e d t o h i g h e r f i e l d because o f t h e r e d u c e d r i n g c u r r e n t , a n d t h e 
s h i e l d i n g is even m o r e p r o n o u n c e d i n t h e r e s o n a n c e s ignals o f the p r o t o n s o f 
r i n g A , w h i c h are c o n s i d e r a b l y t i l t e d o u t - o f - p l a n e . T h e m e t h i n e resonances 
u n d e r these c i r c u m s t a n c e s are e x p e c t e d t o m o v e t o h i g h e r f i e l d , w h i c h is 
i n d e e d o b s e r v e d f o r t h e ß a n d y p r o t o n s . T h i s e f f e c t is p a r t i a l l y c o m 
p e n s a t e d , h o w e v e r , b y the less e f f e c t ive s h i e l d i n g b y t h e o u t - o f - p l a n e a l k y l 
s u b s t i t u e n t s o n t h e a a n d Ô p r o t o n s . 

A series o f N - m o n o - , d i - a n d t r i - s u b s t i t u t e d p o r p h y r i n s (27—29) was 
inves t iga ted b y J a c k s o n et a l . 1 4 2 . W h i l e t h e i n t e r p r e t a t i o n o f t h e s p e c t r a f o r 
t h e i V - m o n o s u b s t i t u t e d p o r p h y r i n s is s i m i l a r t o t h e o n e g iven a b o v e 1 4 0 , i t 
s h o u l d be n o t e d t h a t the m e t h i n e resonances w e r e ass igned t h e o p p o s i t e 
w a y . T h e r i n g c u r r e n t o f i V - a l k y l p o r p h y r i n s is i n c r e a s e d s tepwise b y f o r m a 
t i o n o f t h e m o n o - a n d d i - c a t i o n (27a ,b , c ) a l t h o u g h i n t h e l a t t e r the c o n f o r 
m a t i o n is c h a n g e d as w e l l 1 4 2 . T h e free bases d o n o t aggregate, a n d the 
s p e c t r a are c o n c e n t r a t i o n i n d e p e n d e n t . T h e m o n o - c a t i o n , h o w e v e r , f o r m s a 
c o m p l e x w i t h t h e free base, the k i n e t i c s o f w h i c h w e r e s t u d i e d b y 1 H m r 1 4 2 . 
I n a d d i t i o n t o t h e m o n o - s u b s t i t u t e d c o m p o u n d s , three A f , N - d i m e t h y l p o r p h y -
r i n i s omers ( 2 8 a , 2 9 a , b ) , as w e l l as t h e i r d i c a t i o n s , w e r e i n v e s t i g a t e d a n d t h e i r 
spec t ra were aga in i n t e r p r e t e d i n t e r m s o f c o n f o r m a t i o n a l a n d r i n g c u r r e n t 
changes a r i s i n g f r o m ster i c h i n d r a n c e 1 4 2 . 

A s the i V - a l k y l g r o u p s are i n t h e c e n t e r o f t h e m a c r o c y c l e , t h e i r p r o t o n 

References, p. 514 



T A B L E 13 & 
oo 

1 H m r chemical shifts (6 [p.p.m. ] from T M S ) of N-alkylporphyrins and their cations 

Compound Formula Nmr Data Ref. 

(26) 
a) R= H 
b) R=CH 3 

c) R = C 2 H 5 

CH, 

a b c 
N - C H 3 — - 4 . 8 9 - 2 . 3 7 
N - C H 2 — —5.16 
N - H - 3 . 7 9 - 3 . 1 2 — 
I - C H 3 3.20 3.22 
4 , 8 - C H 3 3.62 3.50 3.52 
5 - C H 3 2.66 3.65 
2 - C H 2 3.96 3.94 
3 ,6 ,7 -CH 2 4.11 4.14 4.12 
2 ' - C H 3 1.42 1.39 
3', 6 ' , 7 ' - C H 3 1.87 1.85 1.86 
a , 6 - H 10.01 10.08 

10.11 9.97 9.96 

140 
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(27) 
a) Free base 
b) Mono cation 

(CIO4") 

c) Dication 
d) Zn-Complex 

( C D 
e) 2n-Complex 

(I") 

a b c d e 
N - C H 3 - 4 . 7 6 - 5 . 1 8 - 5 . 2 0 - 4 . 6 1 - 6 . 0 5 
N - H — — - 3 . 9 6 — — 
l ' , 2 ' -CHo 1.48 1.44 1.54 1.75 0.90 
3',4',7 ',8 - C H 3 

5 ' , 6 ' - C H 3 1.90 1.91 1.94 1.94 1-1.5 
1.91 2.00 2.00 

1 , 2 - C H 2 3.72 4.84 3.94 3.98 3.08 
3,4 ,7 ,8-CH2 3.96 to 4.40 4.04 3.7-4.2 
5 , 6 - C H 2 4.00 3.85 4.08 
a,6-H 9.89 10.55 11.00 10.22 9.65 

9.94 10.64 11.12 10.31 8.65 

142 



(28) 
a) R= H 
b) R=CH 3 (up); 

CI" 

(29) 
a) C H 3 / C H 3 

trans 
b) C H 3 / C H 3 c/s 

28a 28b 29a 29b 

N - C H , 
N B - C H a 

C H , 

C H 2 
Meso—H 

- 5 . 8 
1.55 
1.71 
1.98 
1.99 

10.20 
10.39 

-3.92 
-7.08 

1.27 
1.50 
1.63 
1.89 
3 .3 -4 . 
9.96 
9.92 

- 5 . 3 0 

1.71 
1.94 

3.8-4.2 
9.80 

-3.52 

1.28 
1.84 

3.39-3.98 
9.68 

142 
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T A B L E 14 

1 H m r chemical shifts (5 [p.p.m.] from TMS) of some iV-substituted derivatives of (OEP). 

29c I I 
N N 

Ref. 

a b c a: - 4 . 9 ( 0 143a 
^CH 2 CH 2 CH 2 -Br ^ _ ± & 

n 

I c: 1.5(0 

COOEt 

« ~ , N - l - N 
2 9 d \d\ 

29e 

C H : - 2 . 2 5 (s) 143b 

N — N 

COOEt 
C H : - 5 . 7 8 (s) 143b 

N — N 

N N 

2 9 f I I C H 2 : - 8 (broad) 143b 

Schematic representation of the porphyrin system. 

resonance o c c u r s at e x t r e m e l y h i g h f i e l d d u e t o the s t r o n g s h i e l d i n g p r o v i d e d 
b y the a r o m a t i c s y s t e m i n th i s r e g i o n . T h e i V - a l k y l r esonances o f s o m e p r i n 
c i p l e N - s u b s t i t u t e d p o r p h y r i n s are l i s t e d i n T a b l e 1 3 . T h e i V - a l k y l i n c r e m e n 
t a l sh i f ts were used b y S t o r m a n d C o r w i n 1 6 as a p r o b e f r o m w h i c h a n 
e m p i r i c a l f o r m u l a was d e r i v e d f o r the r i n g c u r r e n t sh i f t s o f c e n t r a l , o u t - o f -
p l a n e s u b s t i t u e n t s 1 7 . T h e dec reas ing s h i e l d i n g e f fect w i t h i n c r e a s i n g d i s t a n c e 
f r o m the m a c r o c y c l i c p l a n e ( F i g . 1) is c l e a r l y v i s i b l e i n t h e i V ( c o - b r o m o -
p r o p y l ) o c t a e t h y l p o r p h y r i n a n d a l k y l - C o - p o r p h y r i n s 1 4 3 a , b a 9 9 a , w h i c h are 
l i s t e d i n T a b l e 14 t o g e t h e r w i t h s ome u n u s u a l N - s u b s t i t u t e d H ( O E P ) d e 
r ivat ives . T h e s p e c t r u m o f A ^ m e t h y l - m e s o - t e t r a p h e n y l p o r p h y r i n was r e c e n t l y 
r e p o r t e d 1 4 3 0 . 

10.2.5. Chlorins and related structures 
I n c h l o r i n s (30 ) a n d b a c t e r i o c h l o r i n s ( 31 ,32 ) o n e o r t w o o f t h e m a c r o c y 

c le p e r i p h e r a l d o u b l e b o n d s are r e d u c e d w i t h o u t loss o f t h e m a c r o c y c l i c r i n g 
c u r r e n t . I n m o s t n a t u r a l p r o d u c t s , b o t h c a r b o n a t o m s i n t h e r e d u c e d p y r r o l e 
r ing(s ) b e c o m e s p 3 h y b r i d i z e d , b u t b a c t e r i o c h l o r o p h y l l - 6 ( 4 1 ) 2 3 1 a n d 
several s y n t h e t i c c o m p o u n d s ( 5 4 , 5 6 ) c o n t a i n an e x o c y c l i c d o u b l e b o n d a t 
o n e o f the c h l o r i n p o s i t i o n s . 
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(30) (31) 

(32) (33) 

R e m o v a l o f o n e o f t h e p e r i p h e r a l d o u b l e b o n d s leads t o a decrease i n t h e 
r i n g c u r r e n t , as i n d i c a t e d b y the u p f i e l d s h i f t o f p e r i p h e r a l p r o t o n signals a n d 
a d o w n f i e l d s h i f t o f the N — H signals ( T a b l e 1 5 ) . T h e decrease is m o d e r a t e i n 
c h l o r i n s a n d b a c t e r i o c h l o r i n s , b u t v e r y p r o n o u n c e d i n . t h e i s o b a c t e r i o c h l o r i n s 
( 3 2 ) . I n t h e l a t t e r c o m p o u n d s , the t w o N — H p r o t o n s are f o r t h e m o s t p a r t 
l o c a t e d a t t h e t w o n e i g h b o r i n g ( n o n - r e d u c e d ) p y r r o l e r ings , a s t r u c t u r e 
w h i c h is u n f a v o r a b l e f o r a large r i n g c u r r e n t f o r b o t h ster ic a n d e l e c t r o n i c 
reasons . A s i m i l a r t r e n d is observed i n t h e g e m i n i - p o r p h i n - d i k e t o n e s 1 4 3 w i t h 
n e i g h b o r i n g p y r r o l i n e r ings ( isomers 35a—c) vs. t h e ' o p p o s i t e ' i s omers ( 3 5 d ) 
a n d (35e ) ( T a b l e 1 7 ) . A s t r o n g l y decreased r i n g c u r r e n t is also observed i n 
the g e m i n i - p o r p h i n - t r i k e t o n e s 1 4 3 , w h i c h are e x a m p l e s o f t h e d i h y d r o - b a c t e -
r i o c h l o r i n s t r u c t u r e ( 3 3 ) . 

T h e 1 H m r s p e c t r a o f t h e basic c h l o r i n s a n d b a c t e r i o c h l o r i n s are l i s t e d i n 
T a b l e 1 5 , a n d s o m e se lected e x a m p l e s o f c h e m i c a l sh i f t s i n c h l o r i n s are 
c o m p a r e d i n T a b l e 1 6 w i t h those o f t h e c o r r e s p o n d i n g p o r p h y r i n s . W h i l e t h e 
f u l l y u n s a t u r a t e d p o r p h y r i n s genera l ly e x h i b i t o n e set o f c l o s e l y spaced 
m e t h i n e r e sonances , c h l o r i n s (30) s h o w t w o sets a b o u t 0 .8—1.0 p . p . m . apar t 
even i n t h e absence o f h i g h l y a n i s o t r o p i c s u b s t i t u e n t s . T h e h i g h f i e l d set is 
ass igned t o t h e m e t h i n e p r o t o n s n e x t t o t h e r e d u c e d r i n g , t h e l o w f i e l d set t o 
t h e r e m o t e m e t h i n e p r o t o n s . T h e l o w - f i e l d set re f l ec ts a m o d e r a t e decrease i n 
t h e m a c r o c y c l i c r i n g c u r r e n t ( A = +0 .38 p . p . m . f o r o c t a e t h y l c h l o r i n vs. 
o c t a e t h y l p o r p h y r i n ( 1 1 ) ) , a n d c o r r e s p o n d i n g i n c r e m e n t s i n c h e m i c a l s h i f t are 
o b s e r v e d f o r t h e resonances o f s u b s t i t u e n t s n o t a t t a c h e d t o the r e d u c e d r i n g . 
T h e u n u s u a l s h i f t o f the n e i g h b o r i n g m e t h i n e resonances is best e x p l a i n e d b y 
a p i c t u r e o f t h e m a c r o c y c l e i n t r o d u c e d b y W o o d w a r d 7 8 , 1 5 1 . I n t h i s m o d e l , 
t h e f o u r p y r r o l e r ings are c o n s i d e r e d t o r e m a i n t o s o m e e x t e n t a u t o n o m o u s 
a r o m a t i c s u b u n i t s t h a t b o r r Q W e l e c t r o n d e n s i t y f r o m t h e m e t h i n e p o s i t i o n s . 
R e m o v a l o f a p e r i p h e r a l d o u b l e b o n d (as b y a d d i t i o n o f 2 H t o r i n g D ) resul ts 
i n t h e loss o f a n a r o m a t i c s u b u n i t , a n d a n increase i n the e l e c t r o n d e n s i t y at 

References, p. 514 
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T A B L E 16 

1 H m r chemical shifts (Ô [p.p.m. ] from T M S ) of some selected chlorins as compared to the respective porphyrins. 

4^ 
4^ 
4^ 

Selected Chlorins Porphyrin Chlorin Remarks Ref. 

(37) 

Methine—H 
Ppyrro le" - H 
Aromatic C H 3 
Chlorin—H 
N - H 

11.08, 10.98 
9.83 
3.69 

9.80,8.53 
9.02, 8.55 
3.30, 3.22 
4.70 

-3.0 

T F A 62 

(38) 

(39) 

Methine—H 

Me DMe 

Et Me 

Me 

Me<v 

ß. - H p y r r o l e 

A r . , Ester C H 3 

Chlorin—H 
N - H 

Methine—H 

9 - C H 2 

A r . , Ester C H 3 

Chlorin—H 
N - H 

9.46 (3), 
9.37 (1) 
8.61, 8.54 

3,39, 3.30 
3.25, 3.14 

-4.70 

9.88, 9.79 
9.72 
4.00 
3.67, 3.59 
3.47, 3.41 
3.32 

9.50, 9.52 
8.41 (2, a, 5) 
8.60 (4-H) 
3.77-4.77 (2-H) 
3.29 (3) 
1.75 ( I - C H 3 ) 

( d , J s 7 ) 
3.77-4.77 

-2.75 

9.77, 9.58 
8.87 (fi) 
3.99 
3.43 (2) 
3.53 (2) 
1.80 (8-CH3) 

(d,</=7) 
4 .3-4 .6 

- 1 . 6 8 , - 3 . 5 3 

C 2 H C 1 3 149,150 

0.05 m, 
C 2 H C 1 3 

127 

X 
a, 
a o 
CO 
O 
X 
w 
M 
» 

3 
a. 
O 
co 
w 
*a 
X 

> 
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T A B L E 17 

1 H m r chemical shifts (5[p.p.m.] from T M S in C 2 H C 1 3 ) of the geminiporphin mono-, di 
and tri-ketones of H 2 ( O E P ) 

Et u Et 9 Et u 

( 3 4 ) E t N / E t ( 3 5 c ) Et v si ( 3 6 a ) X X=0 
Et Et 

Et 

Et y Et M Et M 
E t / N=0 m^Ex' , - A K , E t / N o 

^ EtV s=0 ( 3 5 d ) k /ET ( 3 6 t » <w jC 
Et A X Et >> • 

Et M Et u 

Compound N — H Methine—H Nuclear Geminai 

C H 2 ( q ) C H 3 ( t ) . C H 2 ( q ) C H 3 ( 0 

34 - 2 . 8 9.13 
9.86 
9.88 . 
9.96 

4.0 (m) 1.9 (m) 2.76 0.46 

35a - 1 . 5 8 8.83 
9.59 
9.79 

2X 3.86 
3.95 

1.74 
1.80 

2.60 0.48 

35b 8.39 
8.58 
9.24 
9.37 

3.7 (m) 1.67 
1.70 
1.72 

2.56 0.42 
0.54 

35c 7.42 
8.81 
9.05 

2X 3.52 
3.57 

1.61 
1.62 

2.5 (m) 0.49 

35d - 1 . 8 4 8.78 
9.59 

2X 
2X 

3.84 
3.89 

1.76 
1.78 

2.63 0.44 

35e - 2 . 6 3 9.05 
9.71 

2X 
2X 

3.94 
3.98 

1.80 
1.83 

2.70 0.44 

36a 8.10 
8.36 
8.45 
8.86 

3.62 1.63 2.5 (m) 0.49 

36b 7.78 
8.01 
8.08 
8.90 

3.51 
3.56 

1.57 
1.60 

2.36 0.45 
0.55 
0.58 

Schematic representation of the porphyrin ring system. The heavy bars correspond to the 
peripheral bonds between adjacent ß-pyrrole carbons. F r o m Ref. 143. 

References, p. 514 
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t h e n e i g h b o r i n g m e t h i n e p o s i t i o n s , w h i c h a c c o u n t s f o r t h e h i g h f i e l d s h i f t o f 
t h e s ignals f o r t h e n e i g h b o r i n g m e t h i n e p r o t o n s 1 5 2 . 

I n t h e b a c t e r i o c h l o r i n s (31) a l l f o u r m e t h i n e p r o t o n s are ad jacent t o a 
( r e d u c e d ) p y r r o l i n e r i n g . T h e m e t h i n e r e s o n a n c e s t h u s o c c u r i n the same 
c h e m i c a l s h i f t range as the h i g h f i e l d set i n c h l o r i n s , a n d t h e a d d i t i o n a l 
( s m a l l ) h i g h f i e l d s h i f t re f l e c t s a n a d d i t i o n a l decrease i n r i n g c u r r e n t . I n the 
i s o b a c t e r i o c h l o r i n s (32 ) o n e m e t h i n e p r o t o n is b e t w e e n t w o r e d u c e d p y r r o 
l i n e r i n g s , t w o p r o t o n s are n e x t t o o n e r e d u c e d r i n g e a c h , a n d o n e p r o t o n is 
s i t u a t e d b e t w e e n t w o p y r r o l e r ings . T h u s , three sets o f m e t h i n e resonances 
are o b s e r v e d , e a c h a b o u t 0 .8—1.0 p . p . m . a p a r t f r o m t h e n e x t set f o r the 
reasons set f o r t h a b o v e . 

I n t h e g e m i n i - p o r p h i n - k e t o n e s ( 3 4 — 3 6 ) o n e o f t h e c h l o r i n p o s i t i o n s i n 
e a c h p y r r o l i n e r i n g is p a r t o f a c a r b o n y l g r o u p . A l l k n o w n i s o m e r i c g e m i n i -
p o r p h i n - m o n o - ( 3 4 ) , d i - (35 ) a n d t r i - k e t o n e s ( 3 6 ) are l i s t e d i n T a b l e 1 7 . I n a 
d e t a i l e d 1 H m r i n v e s t i g a t i o n , I n h o f f e n a n d N o l t e 1 4 3 s h o w e d t h a t the p o s i 
t i o n o f a m e t h i n e p r o t o n r e s o n a n c e is m a i n l y d e t e r m i n e d b y its nearest 
n e i g h b o r s . F o r t h e m e t h i n e p r o t o n s n e x t t o o n e o r t w o g e m i n a i d i e t h y l 
s u b s t i t u e n t s , i n c r e m e n t a l sh i f t s o f 5 = 0 .8 a n d 1.6 p . p . m . , r e s p e c t i v e l y , c o u l d 
be d e d u c e d 1 4 3 . ( F o r m e s o - s u b s t i t u t e d g e m i n i - p o r p h i n - k e t o n e s , see S e c t i o n 
1 0 . 2 . 3 . ) 

I n c o n t r a s t t o the genera l l y s t r a i g h t f o r w a r d i n t e r p r e t a t i o n o f t h e s u b s t i 
t u e n t s u b s p e c t r a i n p o r p h y r i n s , t h e s u b s p e c t r a o f s u b s t i t u e n t s o f the 
( r e d u c e d ) p y r r o l i n e r i n g i n c h l o r i n s are o f t e n v e r y c o m p l e x . O n e reason is 
t h e r e d u c e d r i n g c u r r e n t s h i f t s . A l l p r o t o n s o f s u b s t i t u e n t s a t t a c h e d to the 
p y r r o l i n e r i n g are o n e C — C b o n d f u r t h e r r e m o v e d f r o m t h e a r o m a t i c s y s t e m 
t h a n i n the c o r r e s p o n d i n g p o r p h y r i n s . T h e s u b s p e c t r a are , t h e r e f o r e , less 
s p r e a d o u t a n d are o f t e n n o t f i r s t o r d e r . T h e s p e c t r a are f u r t h e r c o m p l i c a t e d 
b y t h e m a g n e t i c n o n - e q u i v a l e n c e o f t h e m e t h y l e n e p r o t o n s o f a l k y l s ide-
c h a i n s because o f t h e a s y m m e t r i c q u a t e r n a r y ß c a r b o n a t o m s o f t h e p y r r o 
l i n e r i n g 1 3 . A n a d d i t i o n a l c o m p l i c a t i n g f a c t o r i n these c o m p o u n d s is the 
p o s s i b i l i t y o f s p i n — s p i n c o u p l i n g b e t w e e n the s u b s t i t u e n t s . F i n a l l y , s t r u c 
t u r a l i s o m e r s c a n be e n c o u n t e r e d . ( T h e s t e r e o c h e m i c a l aspects o f c h l o r i n s are 
d e a l t w i t h i n S e c t i o n 1 0 . 4 . 3 , a n d t h e 1 H m r s p e c t r a o f c o m p o u n d s r e l a t e d to 
c h l o r o p h y l l s are t r e a t e d i n S e c t i o n 1 0 . 2 . 8 . 2 . ) 

S o m e f u r t h e r e x a m p l e s o f c h e m i c a l sh i f t s assoc ia ted w i t h r e d u c e d p y r r o 
l i n e r ing (s ) are l i s t e d i n T a b l e 1 8 . C h l o r i n s i n n a t u r e g e n e r a l l y have one a l k y l 
s u b s t i t u e n t a n d o n e p r o t o n at e i t h e r o n e o f t h e q u a t e r n a r y c h l o r i n p o s i t i o n s , 
a n d c o u p l i n g b e t w e e n t h e t w o p r o t o n s is o b s e r v e d 1 3 . C o r r e s p o n d i n g d i o x y -
c h l o r i r i s ( 4 0 ) , i n w h i c h t h e c h l o r i n p r o t o n s are r e p l a c e d b y h y d r o x y a n d 
a l k o x y - s u b s t i t u e n t s , have b e e n i n v e s t i g a t e d b y I n h o f f e n et a l . 1 5 3 . B a c t e r i o -
c h l o r o p h y l l - b ( 41 ) has a n e t h y l i d e n e g r o u p 1 5 5 a t t a c h e d t o a p y r r o l i n e r i n g 
(see a l so S e c t i o n 1 0 . 2 . 8 . 2 ) , a n d s y n t h e t i c c h l o r i n s w i t h a m e t h y l e n e s u b s t i 
t u e n t h a v e b e e n r e p o r t e d b y J a c k s o n et a l . 9 1 . These a u t h o r s 9 1 a lso s t u d i e d 
s o m e c o m p o u n d s ( 4 4 , 4 5 ) i n w h i c h a m e t h y l p y r r o l i n e r i n g is s p i r o a n n e l a t e d 
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T A B L E 18 

Chemical shifts (Ô[p.p.m.J from T M S in C 2 H C 1 3 ) of substituents of the (reduced) pyrro
line ring in chlorins and bacteriochlorins 

Ref. 

( 4 0 ° ) 

( 4 1 " ) 

( 4 2 ) 

( 4 3 d ) 

(44e) 

( 4 5 e ) 

O H \ 

C H , 

WH 

Ç H 3 ( A ) 

H X ^ l 

H 

2.95 (3-OCH3) 

1.58 (3-CH3) 

4.50 (4-OH) 
1.48 ( 4 ' - C H 3 ) 

1.77 (3-CH3) 

4.24 (3-H) 
4.20 (4-H) 
1.09 ( 4 ' - C H 3 ) 

2.01 ( C H 3 ( A ) ) , d . J x - 7 
6.84 (Hg), dq, J2 = 2 
4.93 ( H c ) , dq, J 3 = l 
1.66 ( C H 3 < D ) , d 

1.82 (d, 8 - C H 3 ) J 8 , 8 ' =7 
4.40 (q9 8-H) <77 8 < 2 
4.13 (m, 7-H) 
2 .1-2 .8 (m, 7 a - C H 2 ) , (m, 7b-
^7b A -7b B =19 

1.67 («, C H 3 ) 
1.39 (m, C H 2 C H 3 ) 
3.05 (d, C H 3 ) 
4.20 (m, CH) 

6.73, 5.67 ( C H 2 ) 
1.67 (s, C H 3 ) 
1.6 (m, C H 2 C H 2 ) 

153 

154 

155 

156 

C H 2 ) 

91 

91 

( 4 6 i , a) 3.88 ( H A ) , 1 . 6 5 ( H B ) , 0.60 ( H c ) 66 
_ q -u <^AB = Ö.2, <^Ac = 3.3, «^BC = 3.0 

S R ^ H ^ C O O C H , R ^ . " c b) 4.34 ( H A ) , 2 . 6 8 < H B ) , J A B = 8.1 

c) 

R B = H B . R , = C O O C H 3 V e ' ° V A > ' D 1 

R B = C O O C H 3 . H , A / \ H * 2 . 7 4 ( C O O C H 3 ) 
' r ^ c) 4.47 ( H A ) , 1.58 ( H c ) , J A C = 2.6 

d) R B = R C = C O O C H 3 ( b c ) 3 . 7 6 ( C O O C H 3 ) 
d) 4.79 ( H A ) , 3.82 ( C H 3 i B ) , 2.34 ( C H 3 i C ) 

< 4 7 °> H» coocHj a) 3.70 ( H A ) , 1.42 ( H c ) , 3.70 ( C H 3 ) 66 
A ; ' S O M E R

R

I

T H A / \ H a b) 3.72 ( H A ) , 1.40 ( H c ) , 3.63 ( C H 3 ) 
b) Isomer II \ / \ y 

3(7) 4(8) 

Only a partial structure is shown; the compounds are derived from: (a) methyl bacterio-
pheophorbide-a;(b) Bchl-a;(c) Bchl-ò; (d) pheophytin-a; (e) an Etio-type chlorin; (f) meso-
tetraphenylchlorin; and (g) meso-tetraphenylbacteriochlorin. 
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t o o n e o f t h e c h l o r i n p o s i t i o n s . A g r o u p o f c h l o r i n s w i t h c o n d e n s e d c y c l o 
p r o p a n e r ings ( 4 6 , 4 7 ) was i n v e s t i g a t e d i n s o m e d e t a i l b y C a l l o t et 
a l . 6 6 , 1 5 7 , 1 5 8 , w h o s h o w e d t h a t t h e i r s t e r e o c h e m i s t r y c a n be d e d u c e d b o t h 
b y c h e m i c a l s h i f t a n d s p i n — s p i n c o u p l i n g a r g u m e n t s (cf . S e c t i o n 1 0 . 4 . 3 ) . A 
s u b s t i t u t e d o c t a e t h y l c h l o r i n , i n w h i c h o n e ' e x t r a ' h y d r o g e n is r e p l a c e d b y a 
m e t h y l g r o u p , is r e p o r t e d b y F u h r h o p 1 5 8 a , a n d r e c e n t l y t h e s p e c t r u m o f 
7 , 8 - d i e t h y l - o c t a m e t h y l c h l o r i n has b e e n s t u d i e d 1 5 8 b . 

10.2.6. Systems with interrupted conjugation 
T e t r a p y r r o l e s t r u c t u r e s r e l a t e d t o p o r p h y r i n s , i n w h i c h t h e r i n g c u r r e n t is 

m o r e o r less r e d u c e d o r a b o l i s h e d , are c u r r e n t l y o f great i n t e r e s t because o f 
t h e i r b i o c h e m i c a l i m p o r t a n c e . We c o n f i n e o u r d i s c u s s i o n i n th i s s e c t i o n t o 
s t ruc tures i n w h i c h t h e p o r p h y r i n s k e l e t o n is r e t a i n e d * . I n the n o n - a r o 
m a t i c * * s t r u c t u r e s w h i c h c o n t a i n t h e p o r p h y r i n s k e l e t o n , b u t n o t t h e c o n 
j u g a t i o n , t h e c o n j u g a t i o n is u s u a l l y i n t e r r u p t e d at o n e o r m o r e o f the b r i d g 
i n g m e t h i n e p o s i t i o n s . T h e r e s u l t i n g s u b u n i t s have e i t h e r f o u r (one i n t e r r u p 
t i o n ) o r t w o ( t w o i n t e r r u p t i o n s a t o p p o s i t e p o s i t i o n s ) p y r r o l e r ings i n c o n 
j u g a t i o n , o r the p y r r o l e s u b u n i t s are i s o l a t e d . W h i l e t h e s y s t e m w i t h f o u r 
c o n j u g a t e d p y r r o l e r ings m a y s h o w i n d i c a t i o n s o f a r e s i d u a l r i n g c u r r e n t 
across the i n t e r r u p t e d m e t h i n e b r i d g e , t h e 1 H m r s p e c t r a o f the o t h e r c o m 
p o u n d s are v e r y s i m i l a r t o those o f p y r r o m e t h e n e s ( t w o c o n j u g a t e d p y r r o l e 
s u b u n i t s ) a n d p y r r o l e s , w h i c h are r e p r e s e n t a t i v e n o n - m a c r o c y c l e s y s t e m s . 
A l t h o u g h t h e a p p r o p r i a t e l i n e a r o l i g o p y r r o l e s y s t e m s are u n l i k e l y t o be i n 
the same c y c l i c c o n f o r m a t i o n s as t h e p o r p h y r i n s , t h e c h e m i c a l sh i f t s are 
s i m i l a r t o t h o s e o f p o r p h y r i n - d e r i v a t i v e s w i t h i n t e r r u p t e d c o n j u g a t i o n . 

F o r s y s t e m s w i t h o u t s t r o n g l y a n i s o t r o p i c g r o u p s , the f o l l o w i n g ranges f o r 
the p r o t o n c h e m i c a l sh i f t s are o b s e r v e d : m e t h i n e - H : 5 = 5.8—6.8 p . p . m . ; 
ß-pyrrole H : ô = 6—7 p . p . m . ; p e r i p h e r a l e t h y l g r o u p s : 5 = 2 .5—2.9 p . p . m . 
( C H 2 ) , a n d S = 1.2—1.3 p . p . m . ( C H 3 ) ; p e r i p h e r a l C H 3 : 5 = 1 . 8 - 2 p . p . m . 
S i g n i f i c a n t d e v i a t i o n s f r o m these c h e m i c a l s h i f t values i n d i c a t e e i t h e r a n 
a r o m a t i c ( d i a m a g n e t i c ) o r a n a n t i - a r o m a t i c ( p a r a m a g n e t i c ) r i n g c u r r e n t . 

A c h a r a c t e r i s t i c f ea ture o f these c o n j u g a t i o n - i n t e r r u p t e d sys tems is a v e r y 
large (up t o 1 2 . 6 p . p . m . ) s h i f t t o l o w e r f i e l d f r e q u e n t l y o b s e r v e d f o r t h e 
N — H p r o t o n s . I n c o n t r a s t t o t h e p o r p h y r i n s w i t h an a r o m a t i c m a c r o c y c l e , 
t h e N — H p r o t o n s i n the i n t e r r u p t e d s y s t e m s o c c u p y p e r i p h e r a l p o s i t i o n s 
w i t h respec t t o t h e a r o m a t i c s u b u n i t s , a n d are s u b j e c t e d t o t h e i r c o m b i n e d 

* For leading references to the 1 H m r spectroscopy of corrins and related structures, in 
which two of the pyrrole rings are directly linked together, see Ref. 159. For a discussion 
of bile pigments, see Ref. 160. Illustrative of other porphyrin-like systems with inter
rupted conjugation, a homoazaporphyrin has been reported by G r i g g 1 6 1 , hemiporphy-
razines have been studied in detail by Kenney et a l . 1 6 2 a , and a series of related structures 
is reviewed by Haddon et a l . 4 1 . 
** The ring current criterion is generally used to determine whether or not a macrocycle 
aromatic system is present. 
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d e s h i e l d i n g i n f l u e n c e . A l t h o u g h n o s y s t e m a t i c 1 H m r d a t a are a v a i l a b l e , the 
s t r o n g v a r i a t i o n o f the N — H r e s o n a n c e w i t h i n a g iven s y s t e m i n d i c a t e s an 
a d d i t i o n a l s t r u c t u r a l d e p e n d e n c e o f t h e N — H s h i f t , p r o b a b l y i n v o l v i n g a 
change i n h y d r o g e n b o n d i n g . 

O n e he tero p o r p h y r i n , a raeso-thia-porphyrin57 (54 ) i n w h i c h the r i n g 
c u r r e n t is i n t e r r u p t e d b y s u b s t i t u t i o n at a meso c a r b o n , is d e s c r i b e d i n the 
l i t e r a t u r e . T h e resonances o f ( 54 ) o c c u r at c o n s i d e r a b l y l o w e r f i e l d t h a n i n 
l inear t e t r a p y r r o l e s 1 6 0 , a n d t h e c h e m i c a l sh i f t s are i n d i c a t i v e o f a r e s i d u a l 
r i n g c u r r e n t , suggest ing t h a t t h e n o n - b o n d i n g s u l f u r e l e c t r o n s p a r t i c i p a t e t o a 
c e r t a i n e x t e n t i n t h e a r o m a t i c ir - s y s t e m . A p o r p h y r i n - l i k e c h a r a c t e r f o r (54) 
is also c o n s i s t e n t w i t h the m e t h i n e c h e m i c a l s h i f t p a t t e r n , w h i c h s h o w s t w o 
resonances at l o w e r f i e l d , a n d o n e o r i g i n a t i n g i n the C — H g r o u p o p p o s i t e t o 
the s u l f u r b r idge at h i g h e r f i e l d . T h i s p a t t e r n is c h a r a c t e r i s t i c o f raesosubsti-
t u t e d p o r p h y r i n s ( S e c t i o n 1 0 . 2 . 3 ) a n d is o p p o s i t e to t h a t o b s e r v e d i n b i l i v e r -
d i n s 1 6 0 a . T h e p o s s i b i l i t y o f p a r t i c i p a t i o n b y the n o n - b o n d i n g e l e c t rons o f 
h e t e r o a t o m s is c l e a r l y d e m o n s t r a t e d b y an o x a p o r p h y r i n r e p o r t e d b y 
Besecke a n d F u h r h o p 1 6 2 , the c a t i o n o f w h i c h shows a t y p i c a l a r o m a t i c 
1 H m r s p e c t r u m . 

(51) (52) 

I s o p o r p h y r i n s ( 4 8 ) 6 4 ' 1 6 3 , p h l o r i n s ( 4 9 ) 1 5 1 a n d c h l o r i n - p h l o r i n s ( 5 0 ) 1 5 3 

are i somers o f t h e p o r p h y r i n s , c h l o r i n s (30 ) a n d b a c t e r i o c h l o r i n s ( 3 1 ) , re 
spec t i ve ly , i n w h i c h t h e c o n j u g a t i o n i n t h e r i n g is i n t e r r u p t e d b y q u a t e r n i z a -
t i o n o f one m e t h i n e b r i d g e . V e r y o f t e n the m o r e s tab le cross c o n j u g a t e d 
o x o - o r i m i n o - d e r i v a t i v e s are s t u d i e d i n s t e a d o f t h e c o r r e s p o n d i n g s t r u c t u r e 
w i t h a q u a t e r n i z e d m e s o - c a r b o n ( T a b l e 1 9 ) . T h e loss o f t h e a r o m a t i c r i n g 
c u r r e n t i n Z n ( i s o - T P P ) (55 ) is c l e a r l y i n d i c a t e d 6 4 b y t h e h i g h f i e l d s h i f t o f 
the j3 -pyrrole p r o t o n s a n d t h e presence o f o n l y o n e h i g h f i e l d m u l t i p l e t f o r 
the a r o m a t i c p h e n y l p r o t o n s , w h o s e c h e m i c a l shi f ts c over a c o n s i d e r a b l e 
range i n H 2 ( T P P ) 8 a a 2 0 . S i m i l a r sh i f t s are r e p o r t e d f o r an iso-OE? P d c o m -
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T A B L E 19 * 
ai 
o 

1 H m r chemical shifts (Ô[p.p.m.] from T M S ) of porphyrin derivatives with interrupted conjugation. 

Chemical shifts, ô Solvent Ref. 

(54) 
a) R = H 
b) R=CH 3 

c) Dication 
of a 

(55) 

(56) 

EtOOC COOEt 

C I O " 

a) Methine—H : 
N - H : 

b) Methine— H : 
N - C H 3 : 

c) Methine—H : 

P h e n y l - H : 
0-H: 

P p y r r o l e - H : 

7.57 (0,8), 6.30 ( 7 ) 
4.56 
8.83, 7.84, 6.06 
2.92 
8.30,7.58 ( 7 , 6 ) 
5.05 (2H, ß) 

7.04 (m) 
6.25, 6.52/6.51, 6.57 
2 X A B , JX =4.70, J 2 = 4.85 

6.97-6.77 

a and b: 
C 2 H C 1 3 

c: T F A 

57 

64 
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T A B L E 19 (Continued) O l 
to 

Chemical shifts, 8 Solvent Ref. 

(61) 

(62) 

(63) 

Methine—H: 
Phenyl: 
C H 3 : 

Methine—H: 
Phenyl: 
C H 3 : 

Methine—H: 
C H 3 : 
C H 2 C H 3 (a): 
C H 2 C H 3 (b): 
N H : 

a) Methine—H : 
C H 2 : 
C H 3 : 

b) Methine—H : 
N H : 

5.52 (s) 
7.40, 7.21, 7.01 (m) 
1.90, 1.77 (s) 

5.52 (s) 
7.40, 7.21, 7.01 (m) 
1.90, 1.77 (s) 

6.58 (ft 8), 4.08 (c7 ,a, 7 ) 

1.69 (d) 
2.51, 1.13 
2.41, 1.10 

12.58 

6.68 
2.71, 2.50 
1.14, 1.12 
6.47, 6.81 
9.73 

C Z H C 1 3 

C 2 H C 1 3 

C 2 H C 1 3 

C 2 H C 1 3 

120 
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174 

175 
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co 

X 
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p l e x 1 6 3 . P h l o r i n s (49 ) w e r e f i r s t c h a r a c t e r i z e d b y W o o d w a r d 1 5 1 . T h e y are 
i n ac id -base e q u i l i b r i u m w i t h c h l o r i n s ( 3 0 ) 1 6 4 a n d are u n s t a b l e against 
o x i d a n t s 1 1 1 . O n l y m a r g i n a l 1 H m r i n f o r m a t i o n is ava i lab le o n p h l o r i n s 1 6 5 , 
b u t a series o f 7 ,8 - ch lor in - j3 -ph lor ins ( ( 5 0 ) , see T a b l e 1 9 ) 1 5 3 * 1 6 6 as w e l l as 
a 7 , 8 - c h l o r i n - 7 - p h l o r i n have b e e n s t u d i e d i n d e t a i l 1 6 6 a . B o t h p h l o r i n s a n d 
c h l o r i n - p h l o r i n s s h o w s t r o n g l y d e s h i e l d e d N — H p r o t o n s a n d s h i e l d e d p e r i p h 
era l p r o t o n s c h a r a c t e r i s t i c o f a r i n g c u r r e n t t h a t has a l l b u t v a n i s h e d . T h e 
h y d r o x y p o r p h y r i n ^ o x o p h l o r i n t a u t o m e r i c sys tems ( 2 1 b ^ 2 2 b ) have b e e n 
e x t e n s i v e l y s t u d i e d 9 3 * 1 0 6 - 1 0 6 * ' 1 0 8 ' 1 0 9 ' 1 6 7 : T h e e q u i l i b r i u m is s h i f t e d at 
h i g h e r p H t o w a r d s t h e i s o m e r ( 2 1 b ) w i t h i n t e r r u p t e d c o n j u g a t i o n . T h e 
' o l e f i n i c ' 1 H m r s p e c t r u m i n n e u t r a l s o l u t i o n i n d i c a t e s a n o x o p h l o r i n s t ruc 
t u r e . U p o n a d d i t i o n o f a c i d , the r i n g c u r r e n t g r a d u a l l y increases as t h e m o n o -
c a t i o n is f o r m e d a n d c o n v e r t e d t o t h e f u l l y a r o m a t i c h y d r o x y p o r p h y r i n d i -
c a t i o n 6 9 % 1 0 6 a (see also S e c t i o n 1 0 . 2 . 3 ) . T h e n . m . r . s p e c t r a o f the o x o p h l o r i n s 
are genera l ly d i f f i c u l t t o o b s e r v e 1 0 9 - 1 1 1 % 1 1 7 , because o x o p h l o r i n s are 
e x t r e m e l y eas i ly o x i d i z e d a n d the 1 H m r l ines are b r o a d e n e d b y s p i n e x 
change w i t h t h e o x o p h l o r i n r a d i c a l 1 1 1 p resent i n s m a l l a m o u n t s 1 1 0 . B o t h 
t h e p o s i t i o n a n d t h e p a t t e r n o f t h e m e t h i n e p r o t o n resonances aga in i n 
d i c a t e t h a t a r e s i d u a l r i n g c u r r e n t is p resent i n these c ross - con jugated sys
t e m s . 

(69) 

P o r p h o d i m e t h e n e s (51 ) are t a u t o m e r s 1 6 8 o f p h l o r i n s (49 ) i n w h i c h t h e 
r i n g c u r r e n t is i n t e r r u p t e d at t w o o p p o s i t e m e t h i n e br idges . T h i s s t r u c t u r e 
c o n t a i n s t w o i s o l a t e d p y r r o m e t h e n e s u b u n i t s , a n d i n f a c t t h e 1 H m r s p e c t r u m 
o f the Z n c o m p l e x (59 ) is very s i m i l a r t o t h a t o f t h e Z n - p y r r o m e t h e n e 
( 6 0 ) 1 2 0 . M e t a l c o m p l e x e s o f a , 7 - d i m e t h y l - o c t a e t h y l - j 3 , 5 - p o r p h o d i m e t h e n e s 
(63) have b e e n e x t e n s i v e l y i n v e s t i g a t e d b y B u c h l e r et a l . 1 6 9 , 1 7 0 . A s t r u c 
t u r e 1 7 1 i n w h i c h t h e m a c r o c y c l e is f o l d e d l i k e a r o o f a n d t h e m e s o - m e t h y l 
a n d a x i a l l i gands o c c u p y ' c h i m n e y ' p o s i t i o n s is d e d u c e d f r o m ster i c a n d 
n . m . r . c o n s i d e r a t i o n s 1 7 0 . O n l y one d o u b l e t a n d q u a d r u p l e t , r e s p e c t i v e l y , f o r 
the t w o m e t h y l g r o u p s a n d the p r o t o n s at t h e q u a t e r n i z e d br idges are 
observed , a n d v a r i a t i o n s i n t h e c h e m i c a l sh i f t s o f these p r o t o n s are r e l a t e d t o 
t h e f o l d i n g angle a n d long-range s h i e l d i n g ef fects o f t h e a x i a l l i g a n d s . T h e 
N — H signals i n t h e free base o c c u r at e x t r e m e l y l o w f i e l d (5 = 1 2 . 5 8 p . p . m . ) 
i n d i c a t i n g s t r o n g r i n g c u r r e n t shi f ts f r o m t h e p y r r o m e t h e n e s u b u n i t s a n d 
H - b o n d i n g . O n e o f t h e i somers f o r m e d b y p h o t o - r e d u c t i o n o f a / y - d i m e t h y l 
O M P - Z n was p r o v e d b y x H m r t o be t h e c o r r e s p o n d i n g ]3 ,ô-porphodi-

References, p. 514 
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m e t h e n e 1 7 2 , a n d t h e s t r u c t u r e o f t h e K r a s n o v s k i i p h o t o r e d u c t i o n p r o d u c t 
o f c h l o r o p h y l l - a (see S e c t i o n 1 0 . 2 . 8 . 2 ) was also s h o w n t o be a n a / y - p o r p h o -
d i m e t h e n e ( r e d u c e d at t h e 1 3 , 5 - p o s i t i o n s ) 1 7 3 . D i o x o - a n d i m i n o o x o - p o r p h o -
d i m e t h e n e s (64 ) were s t u d i e d b y S m i t h 1 7 4 a n d F u h r h o p 1 7 5 , r e s p e c t i v e l y . 
T h e c h e m i c a l sh i f t s r e p o r t e d f o r these c o m p o u n d s agree w i t h t h o s e c i t e d i n 
t h e above e x a m p l e s . A n i n t e r e s t i n g f e a t u r e is t h e o b s e r v a t i o n o f t w o m e t h i n e 
signals i n t h e s p e c t r u m o f t h e i m i n o - o x o p h l o r i n ( 6 4 b ) , i n d i c a t i n g t h a t the 
m o l e c u l e has n o a v p l a n e because o f t h e n o n l i n e a r C = N H s u b s t i t u e n t . 

I n the p o r p h o m e t h e n e s ( 5 2 ) , t h e c o n j u g a t i o n is i n t e r r u p t e d at a l l b u t one 
b r i d g e . 1 H m r s p e c t r a o f the d i o x o - a n d t r i o x o - O E - p o r p h o m e t h e n e s (65 ) 
s h o w signals f o r t h e p e r i p h e r a l p r o t o n s t h a t f a l l i n the same range as those 
observed i n o x o - p o r p h o d i m e t h e n e s 1 6 7 a 7 4 . I n c o n t r a s t t o t h e l a t t e r c o m 
p o u n d s r e p o r t e d o n l y as m e t a l c o m p l e x e s , t h e free bases w e r e m e a s u r e d i n 
t h e case o f t h e p o r p h o m e t h e n e ( 6 5 ) . T h e N — H resonances o c c u r at v e r y l o w 
f i e l d , a n d are a b o u t 2 .6 p . p . m . m o r e s t r o n g l y d e s h i e l d e d t h a n i n p y r r o l e . T h e 
1 H m r s p e c t r u m o f a t r u e p o r p h o m e t h e n e has b e e n r e p o r t e d b y S h u l g a et 
a l . 1 7 4 a . 

I n the p o r p h y r i n o g e n s (53) t h e r i n g c u r r e n t is i n t e r r u p t e d at a l l f o u r 
m e t h i n e br idges , a n d as a r e s u l t , t h e p o r p h y r i n o g e n s p e c t r a are v e r y s i m i l a r 
t o those o b t a i n e d f r o m p y r r o l e s . T h e m o s t s i g n i f i c a n t d i f f e r e n c e b e t w e e n the 
T P P - p o r p h y r i n o g e n (66a ) a n d its o c t a m e t h y l - d e r i v a t i v e ( 6 6 b ) , is the sh i f t t o 
h i g h e r f i e l d o f t h e p h e n y l p r o t o n s a n d t h e s h i f t t o l o w e r f i e l d o f t h e N — H 
p r o t o n u p o n m e t h y l - s u b s t i t u t i o n o f t h e p e r i p h e r a l p y r r o l e p o s i t i o n s 1 2 0 . A s 
the N — H s h i f t is e s p e c i a l l y d e p e n d e n t o n m o l e c u l a r s t r u c t u r e a n d i n t e r m o l e -
c u l a r i n t e r a c t i o n s , n o s t r u c t u r a l c o n c l u s i o n s o r g e n e r a l i z a t i o n s c a n be d r a w n 
f r o m t h e f e w d a t a a v a i l a b l e . H o w e v e r , t h e o b s e r v a t i o n o f t w o d o u b l e t s (J = 6 
H z ) f o r t h e j3-pyrrole p r o t o n s i n (66a ) c l e a r l y i n d i c a t e s a s y m m e t r y l o w e r 
t h a n C 4 f o r these p o r p h y r i n o g e n s . 

T h e m a i n s p e c t r a l f ea ture o f the o x o p o r p h y r i n o g e n s (67 ) ( x a n t h o p o r p h y -
r i n o g e n s ) 1 6 7 * 1 7 6 is the e x t r e m e l o w f i e l d s h i f t o f the N — H r e s o n a n c e , a n d 
t o a lesser e x t e n t , o f the — C H 2 q u a d r u p l e t s , a s h i f t w h i c h increases w i t h 
i n c r e a s i n g o x o - s u b s t i t u t i o n . T h e e x t r e m e n a t u r e o f t h e sh i f t s i n t h e o x o - c o m -
p o u n d s has a l r e a d y b e e n n o t e d i n the o x o - p o r p h o m e t h e n e s ( 6 5 ) , a n d m u s t 
s o m e h o w be r e l a t e d to t h e presence o f meso c a r b o n y l g r o u p s . W h i l e t h e sh i f t 
o f the resonances o f the p e r i p h e r a l g r o u p s c a n be a c c o u n t e d f o r b y the 
m a g n e t i c a n i s o t r o p y o f the C = O g r o u p , t h e N — H signals m u s t be sub jec t t o 
a d d i t i o n a l s h i f t s , p r e s u m a b l y b y ( i n t e r m o l e c u l a r ) h y d r o g e n - b o n d i n g . 

I n t h e c o r p h i n s ( 6 8 ) 1 7 7 , 1 7 8 (see C h a p t e r 18 ) the r i n g c u r r e n t is i n t e r 
r u p t e d i n a n essent ia l l y d i f f e r e n t m a n n e r at o n e a - p y r r o l i c c a r b o n a t o m a n d 
at o n e AT a t o m . T h e f o r m e r e f f i c i e n t l y b l o c k s t h e m a c r o c y c l i c c o n j u g a t i o n , 
a n d t h u s o l e f i n i c s p e c t r a are observed f o r ( 70 ) a n d ( 7 1 ) . T h e c o n s i d e r a b l e 
h i g h - f i e l d s h i f t f o r the m e t h i n e p r o t o n s ( A ~ 0 .5—1.0 p . p . m . ) i n t h e o x o - s u b -
s t i t u t e d c o r p h i n ( 7 0 ) 1 7 7 is p r o b a b l y d u e t o t h e l o n g range d e s h i e l d i n g e f fect 
o f the j3-pyrrole c a r b o n y l g r o u p s . 



N U C L E A R M A G N E T I C R E S O N A N C E S P E C T R O S C O P Y 457 

T h e 1 H m r s p e c t r a o f t h e c o r p h i n 1 7 8 a n d m e t a l l o c o r p h i n 1 7 7 , 1 7 8 m o n o -
c a t i o n s are c h a r a c t e r i s t i c o f a h i g h l y a s y m m e t r i c s t r u c t u r e a n d i n d i c a t e 
l o c a l i z e d d o u b l e b o n d s r a t h e r t h a n r a p i d t a u t o m e r i s m . O n t h e o t h e r h a n d , 
t h e d i - c a t i o n (72 ) e x h i b i t s o n l y o n e s igna l each f o r a l l o f i ts m e t h y l , m e t h y l 
ene , a n d m e t h i n e p r o t o n s , i n d i c a t i v e o f p r o t o n a t i o n at c a r b o n t o f o r m t h e 
s y m m e t r i c s t r u c t u r e ( 6 9 ) . T h e t e t r a a z a [ 1 6 ] a n n u l e n e c o n j u g a t e d s y s t e m 
w h i c h resu l ts is a n t i - a r o m a t i c , a n d t h e 1 H m r s p e c t r u m s h o w s t h e e x p e c t e d 
h i g h - f i e l d s h i f t o f a l l p e r i p h e r a l s ignals ( A C H 3 = +0.4—0.8 p . p . m . , A C H 2 = 
0 .3—0.5 p . p . m . , A C h 3 = + 0 . 0 3 — 0 . 1 6 p . p . m . ) as c o m p a r e d t o t h e free base 
m o n o - c a t i o n 1 7 8 . 

10.2.7. Porphyrin acids 
Because o f aggregat ion a n d t h e f r e q u e n t l o w s o l u b i l i t y o f p o r p h y r i n s i n 

o r g a n i c s o l v e n t s , t r i f l u o r o a c e t i c a c i d is w i d e l y used as a s o l v e n t f o r 1 H m r 
m e a s u r e m e n t s . I n t h i s s t r o n g l y a c i d i c s o l v e n t s y s t e m , t h e p o r p h y r i n s are 
u s u a l l y p r e s e n t as N,N' - d i p r o t o n a t e d d i - c a t i o n s , t h e resonances o f w h i c h are 
c o n s i d e r a b l y c h a n g e d w i t h r e s p e c t t o the free base. T h e C — H resonances are 
s h i f t e d t o l o w e r f i e l d b y 0 .8—1.0 p . p . m . i n t h e p r o t o n a t e d species , t h e N — H 
resonances t o h i g h e r f i e l d b y 0 .4—1.0 p . p . m . T h i s e f fec t was f i r s t d i s cussed 
b y A b r a h a m 3 , w h o p r o p o s e d a n e n h a n c e d r i n g c u r r e n t f r o m the larger 
resonance energy ( a n d t h e r e f o r e h i g h e r a r o m a t i c i t y ) assoc ia ted w i t h t h e D 4 h 

s y m m e t r y o f t h e d i - c a t i o n as c o m p a r e d w i t h t h e D 2 h s y m m e t r y o f t h e free 
base. T h i s a r g u m e n t is i d e n t i c a l t o t h a t a d v a n c e d t o a c c o u n t f o r t h e h i g h 
b a s i c i t y o f p o r p h y r i n s 1 7 9 . W h i l e t h e i n c r e a s e d r i n g c u r r e n t i n the d i - c a t i o n is 
the p r i n c i p a l c o n t r i b u t o r t o t h e m e t h i n e p r o t o n c h e m i c a l s h i f t s , t h e e f f ec t 
o n t h e N — H p r o t o n s is p a r t l y c o m p e n s a t e d f o r b y t h e d e s h i e l d i n g r e s u l t i n g 
f r o m t h e p o s i t i v e charges at t h e n i t r o g e n a t o m s . E x p a n s i o n o f t h e 7r-system 
t o t h e p e r i p h e r y o f t h e m a c r o c y c l e m a y p l a y an a d d i t i o n a l r o l e 1 8 0 . A n 
a l t e r n a t i v e e x p l a n a t i o n f o r t h e p r o t o n a t i o n e f f ec t was p u t f o r w a r d b y H a d -
d o n et a l . 4 1 . I n t h i s v i e w , t h e p o s i t i v e charges at n i t r o g e n l e a d t o a genera l 
d e s h i e l d i n g t h a t is m o r e t h a n c o m p e n s a t e d f o r i n the case o f the N — H 
p r o t o n s b y the a b o l i t i o n o f h y d r o g e n - b o n d i n g 1 a n d t h e ( a n i s o t r o p i c ) n i t r o 
gen l o n e - p a i r s . T h e e f f e c t o f h y d r o g e n - b o n d i n g was r e c e n t l y d i s t i n g u i s h e d 
f r o m o t h e r c o n t r i b u t i o n s b y O g o s h i et a l . 1 8 0 , w h o r e p o r t e d t h e 1 H m r spec 
t r a o f H 4 ( O E P ) 2 + d i a c i d s i n c h l o r o f o r m - 2 H x . T h e x H m r s p e c t r a o f t h e d i -
c a t i o n s i n a n e u t r a l s o l v e n t are d i s t i n c t l y d i f f e r e n t f r o m t h o s e o f t h e d i - c a t i o n 
i n T F A , a n d t h e s p e c t r a a lso s h o w m a r k e d v a r i a t i o n s t h a t d e p e n d o n t h e gege-
n i o n s present . T h i s is e s p e c i a l l y t r u e f o r t h e resonances o f the N — H s ignals , 
a n d t h e c lose c o r r e l a t i o n o f t h e N — H s t r e t c h i n g v i b r a t i o n t o the m a g n i t u d e 
o f the c h e m i c a l sh i f t s suggested h y d r o g e n - b o n d i n g t o the gegenion as t h e 
m a i n f a c t o r i n t h i s e f f e c t 1 8 0 . 

J u d g e d f r o m t h e e x a m p l e s c i t e d i n T a b l e 2 0 , the e f f ec t o f p r o t o n a t i o n is 
q u i t e genera l f o r p o r p h y r i n s , a n d t h e s p e c t r a i n T F A p r o v i d e a v a l u a b l e basis 
f o r c o r r e l a t i o n s . T h e e f fec ts are m o r e c o m p l i c a t e d , h o w e v e r , i n p o r p h y r i n s 
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T A B L E 20 

1 H m r chemical shifts (Ô[p.p.m.] from T M S ) of some porphyrins and their dications 

Methine 0-H N H Solvent Ref. 

H 2 ( P ) 10.58 9.74 - 3 . 7 6 C 2 H C 1 3 60 
H 4 ( P ) 2 + 11.22 9.92 - 4 . 4 0 T F A 8b 

ß-H o-H m,p-H 

H 2 ( T P P ) 8.75 8.3 7.80 C 2 H C 1 3 74 
H 4 ( T P P ) 2 + 8.67 8.67 8.01 C 2 H C 1 3 / T F A 69 

Methine C H 2 CHo 
(q,J = 7Hz) (£ ,J=7Hz) 

H 2 ( O E P ) 10.18 4.14 1.95 - 3 . 7 4 C 2 H C 1 3 71 
H 4 ( O E P ) 2 + 10.98 4.28 1.87 - 4 . 6 5 T F A 113 
H 4 ( 0 E P ) C 1 2 10.49 4.04 2.04 - 2 . 0 7 C 2 H C 1 3 180 
H 4 ( O E P ) ( C 1 0 4 ) 2 10.58 4.10 1.80 - 4 . 5 8 C 2 H C 1 3 180 
H 4 ( O E P ) ( B F 4 ) 2 10.61 4.13 1.83 - 4 . 9 2 C 2 H C 1 3 180 
H 2 (OECV° 9.68 3.88 1.80 - 2 . 4 9 C 2 H C 1 3 144 
H 4 ( O E C ) 2 + b 8.84 2.22 1.06 

9.95 3.78 1.60 - 0 . 2 8 T F A 144 
8.80 2.33 1.17 - 1 . 0 4 

H 2 ( O E B C ) c 8.49 3.42 1.53 — 
7.47 3.30 1.50 
6.86 1.91 1.05 C 2 H C 1 3 144 

H 4 ( O E B C ) 2 + d 

1.01 
H 4 ( O E B C ) 2 + d 8.98 3.41 1.44 — T F A 144 

7.73 1.40 
7.07 (d) 2.02 1.12 

C H 3 C H 2 ( P ) 

H 2 ( C o p r o - I - T M E ) 9.96 3.55 4.32 - 3 . 8 9 C 2 H C 1 3 3 
H 4 ( C o p r o - I - T M E ) 2 + 3.20 

11.11 3.83 4.67 - 4 . 2 6 T F A 8b 
3.32 

C H 2 C H 3 N - C H 3 

H 2 [ ( C H 3 ) 2 O E P ] e 9.80 3 . 8 - 4.2 1.94 - 5 . 3 0 C 2 H C 1 3 169 
1.71 

H 4 [ ( C H o ) 2 O E P ] 2 + 11 .40 4.37 1.97 - 5 . 11 T F A 169 
4.56 2.20 

a tams-octaethylchlorin 
b Dication of a 
c Octaethyl-iso-bacteriochlorin (see structure (32)). 
d Dication of c 
e a, 7-dimethyl-octaethylporphyrin 
^ Dication of e 
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w i t h r e d u c e d p e r i p h e r a l b o n d s or f o r those w i t h A f - subs t i tuents . T h e 
i n f l u e n c e o f p r o t o n a t i o n o n t h e 1 H m r o f i V - m o n o - , d i - a n d t r i - a l k y l s u b s t i 
t u t e d p o r p h y r i n s was s t u d i e d b y J a c k s o n et a l . 1 4 2 . A l t h o u g h t h e i n f l u e n c e 
o f N - s u b s t i t u t i o n o n t h e r i n g c u r r e n t is n o t v e r y p r o n o u n c e d 1 4 0 , t h e r i g i d i t y 
o f the m a c r o c y c l i c r i n g is c h a n g e d , w h i c h i n t u r n changes t h e r i n g b e h a v i o r 
o n p r o t o n a t i o n . T h e s p e c t r a o f b o t h m o n o - a n d d i - c a t i o n s c a n be i n t e r p r e t e d 
o n t h i s basis . T h e 1 H m r spec t ra o f t w o p e r i p h e r a l r e d u c e d O E P d e r i v a t i v e s , 
H 2 ( O E C ) a n d a , b - H 2 ( O E B C ) * , a n d t h e i r d i - c a t i o n s have been r e p o r t e d b y 
B o n n e t et a l . 1 4 4 ( T a b l e 2 0 ) . T h e m e t h i n e p r o t o n s r e m o t e f r o m the r e d u c e d 
r ings are aga in d e s h i e l d e d , b u t t h e o t h e r signals d o n o t f o l l o w the u s u a l 
p recedents , a n d t h e A f -pro tons f o r e x a m p l e are s t r o n g l y d e s h i e l d e d i n these 
instances . 

T h e b e h a v i o r o f H 2 ( T P P ) is u n u s u a l because the j3-protons are s h i e l d e d 
w h e n the d i - c a t i o n is f o r m e d 6 9 , an e f f e c t w h i c h is p r o b a b l y t o be a t t r i b u t e d 
to c o n f o r m a t i o n a l changes o f t h e a n i s o t r o p i c m e s o - p h e n y l g r o u p s . H 2 ( T P P ) 
s h o w s an u n u s u a l l y s l o w exchange o f t h e N — H p r o t o n s i n T F A , w h i c h has 
been e x p l a i n e d 6 9 i n t e r m s o f p r o n o u n c e d changes i n t h e g e o m e t r y o f t h e 
m a c r o c y c l e a c c o m p a n y i n g d i - c a t i o n f o r m a t i o n 1 8 1 , 1 8 2 . X - r a y d i f f r a c t i o n 
reveals the m a c r o c y c l e i n T P P free base t o be f a i r l y p l a n a r 1 8 3 , x 8 4 , w h i l e t h e 
d i - c a t i o n s h o w s e x t r e m e d e v i a t i o n s f r o m p l a n a r i t y 1 8 2 . I t is these s t r u c t u r a l 
changes t h a t p r o b a b l y a c c o u n t f o r the decrease i n r i n g c u r r e n t i m p l i e d b y 
the l o w - f i e l d s h i f t o f t h e |3-protons. 

10.2.8. Metal-porphyrin complexes 
T h e p r i m a r y e f f e c t o f m e t a l c o m p l e x f o r m a t i o n i n p o r p h y r i n s is s i m i l a r t o 

t h a t o f d i - c a t i o n f o r m a t i o n i n t h a t t h e s y m m e t r y o f t h e c o m p l e x is e n h a n c e d 
a n d t h u s the s t r e n g t h o f the r i n g c u r r e n t i n c r e a s e d . H o w e v e r , m e t a l a t i o n has 
an a d d i t i o n a l p r o n o u n c e d i n f l u e n c e t h a t d e p e n d s o n t h e l i g a n d s t r u c t u r e a n d 
t y p e o f a x i a l l i g a t i o n , the e l e c t r o n e g a t i v i t y o f t h e m e t a l , a n d the s p i n state o f 
the c e n t r a l m e t a l i o n . T h e s p i n state o f t h e m e t a l is h i g h l y i m p o r t a n t , f o r t h e 
h y p e r f i n e sh i f t s f r o m i n t e r a c t i o n o f p r o t o n s w i t h u n p a i r e d ( e l e c t ron ) sp ins 
o n the c e n t r a l m e t a l m a y have c o n s e q u e n c e s t h a t o u t w e i g h a n y o f the o t h e r 
c o n t r i b u t i o n s . 

M e t a l c o m p l e x e s o f p o r p h y r i n s c a n o c c u r i n a v a r i e t y o f s t o i c h i o m e t r i c 
r e l a t i o n s , a n d t h e y c a n ex i s t i n a v a r i e t y o f s t r u c t u r e s . ( F o r a c h a r a c t e r i z a t i o n 
a n d c l a s s i f i c a t i o n o f m e t a l p o r p h y r i n s , see C h a p t e r 5 a n d R e f s . 4 8 , 169 . ) 
F a c t o r s i m p o r t a n t i n d e t e r m i n i n g t h e s t r u c t u r e o f m e t a l p o r p h y r i n s are : t h e 
s t o i c h i o m e t r y , b y w h i c h the c o m m o n 1 : 1 m e t a l l o p o r p h y r i n s are d i f f e r e n 
t i a t e d f r o m b r i d g e d s t ruc tures ( / i - p o r p h i n a t o - o r ju -meta l l o - complexes ) o r 
l a y e r e d s t r u c t u r e s s u c h as c o m p o u n d s (10 ) a n d ( 8 2 ) ; t h e s ize o f the m e t a l 
i o n a n d t h e n u m b e r o f a x i a l l i g a n d s , w h i c h l a r g e l y d e t e r m i n e w h e t h e r t h e 
m e t a l is i n - p l a n e o r o u t - o f - p l a n e ( S e c t i o n 1 0 . 4 . 3 ) ; a n d t h e n a t u r e o f t h e a x i a l 
l i gand(s ) , b y w h i c h t h e l i g a h d f i e l d is d e t e r m i n e d . N . m . r . has been w i d e l y 

* See footnotes in Table 20 for nomenclature. 

References, p. 514 



460 H U G O S C H E E R and J O S E P H J . K A T Z 

u s e d , s o m e t i m e s as t h e dec is ive t o o l , t o c h a r a c t e r i z e m e t a l c o m p l e x e s over 
t h e e n t i r e range o f c o m p o u n d s t h a t c a n be p r e p a r e d . H e r e , o n l y s o m e c h a r a c 
t e r i s t i c f eatures o f t h e n . m . r . s p e c t r o s c o p y o f these c o m p o u n d s w i l l be de
s c r i b e d . 

10.2.8J. Diamagnetic 1 : 1 metal complexes 
I n these c o m p o u n d s , one m e t a l i o n is c h e l a t e d b y the f o u r c e n t r a l 

A f - a t o m s o f the o n e p o r p h y r i n m a c r o c y c l e . T h e bas ic q u e s t i o n s t h a t ar ise f o r 
t h i s t y p e o f m e t a l c o m p l e x are t h e i d e n t i t y a n d the n u m b e r o f t h e a x i a l 
l i g a n d ( s ) a n d w h e t h e r o r n o t the m e t a l is i n t h e p l a n e o f t h e m a c r o c y c l e . T h e 
a n s w e r t o b o t h q u e s t i o n s is c o n s i d e r a b l y ass is ted b y n . m . r . T h e a x i a l l i g a n d 
o c c u p i e s a r e g i o n s t r o n g l y s h i e l d e d b y t h e r i n g c u r r e n t , a n d t h u s t h e p r o t o n 
s ignals o f the l i g a n d o c c u r at u n u s u a l l y h i g h f i e l d * . A q u a n t i t a t i v e s t u d y o f 
t h i s e f f e c t based o n r i n g c u r r e n t d a t a a n d c o m p a r i s o n w i t h n o n p o r p h y r i n 
c o m p l e x e s , c a n y i e l d , a m o n g o t h e r i n f o r m a t i o n , t h e e x t e n t o f t h e o u t - o f -
p l a n e d i s p l a c e m e n t o f t h e m e t a l 1 7 . T h e m a g n e t i c a n i s o t r o p y o f s i d e - c h a i n 
m e t h y l e n e p r o t o n s i n a l k y l - s u b s t i t u t e d p o r p h y r i n s a n d o f t h e p h e n y l r i n g 
p r o t o n s i n H 2 ( T P P ) c a n be used as a d d i t i o n a l c r i t e r i a f o r t h e p o s i t i o n o f the 
m e t a l i o n ( S e c t i o n s 1 0 . 4 . 2 . 2 a n d 1 0 . 4 . 2 . 3 ) . S u c h a n a n i s o t r o p y i n m a g n e t i c 
e n v i r o n m e n t is observed f o r several o u t - o f - p l a n e c o m p l e x e s a n d f o r a s y m 
m e t r i c l i g a t e d s t r u c t u r e s 1 1 , 1 8 5 , a n d has b e e n s t u d i e d i n d e t a i l b y A b r a h a m 
et a l . 1 8 6 . T h e a r g u m e n t s based o n s u c h m a g n e t i c a n i s o t r o p y are v a l i d e v e n i n 
cases w h e r e t h e l i g a n d p r o t o n s c a n n o t be seen b y n . m . r . 

C o m p l e x e s o f o c t a e t h y l p o r p h y r i n w i t h v a r i o u s m e t a l s ( 1 : 1 ) are l i s t e d i n 
T a b l e 2 1 . W i t h a f e w e x c e p t i o n s , t h e c h e m i c a l sh i f t s o f t h e r esonances c o v e r 
a n a r r o w range t h a t e x t e n d s f r o m 5 = 1 0 t o 1 0 . 7 p . p . m . f o r t h e m e t h i n e 
p r o t o n s , 5 = 4—4.3 p . p . m . f o r the C H 2 q u a d r u p l e t , a n d 5 = 1.8—2 p . p . m . f o r 
t h e C H 3 t r i p l e t . A l t h o u g h t o o u r k n o w l e d g e t h e 1 H m r s p e c t r u m o f l o w s p i n 
F e n ( O E P ) is n o t k n o w n , several c o m p o u n d s r e l a t e d t o F e 1 1 p r o t o p o r p h y r i n - I X 
have b e e n i n v e s t i g a t e d b y C a u g h e y et a l . 1 9 9 , 2 0 0 . W h i l e t h e c h e m i c a l s h i f t 
d a t a r e c o r d e d i n p y r i d i n e s o l u t i o n f o r t h e m e t h i n e p r o t o n s f a l l i n t h e above 
r a n g e 2 0 0 , the s p e c t r a o b t a i n e d i n p y r i d i n e / w a t e r m i x t u r e s s h o w a s t r o n g 
h i g h - f i e l d s h i f t f o r a l l p r o t o n signals i n f l u e n c e d b y the r i n g c u r r e n t 1 9 9 . W i t h 
o n l y a f e w e x c e p t i o n s , t h e c h e m i c a l sh i f t s o f t h e p e r i p h e r a l p r o t o n s are 
d e t e r m i n e d b y t h e o x i d a t i o n state o f t h e c e n t r a l m e t a l , a n d t h e r e is a w e l l -
m a r k e d t r e n d t o w a r d increased c h e m i c a l s h i f t w i t h increased o x i d a t i o n state 
o f t h e m e t a l . T h i s c o n c l u s i o n is c o n s i s t e n t w i t h C a u g h e y ' s 4 o r i g i n a l s tate 
m e n t t h a t c o m p l e x a t i o n decreases t h e p o r p h y r i n r i n g c u r r e n t , because , i n h is 
p i o n e e r i n v e s t i g a t i o n o f m e t a l l o p o r p h y r i n s , o n l y c o m p l e x e s o f d i v a l e n t Z n 1 1 , 
N i 1 1 a n d P d 1 1 were i n v e s t i g a t e d , a n d so t h e e f f e c t o f o x i d a t i o n state o f t h e 
m e t a l c o u l d n o t be d e t e c t e d . A c c o r d i n g t o t h e o x i d a t i o n state o f t h e c e n t r a l 

* Although many ligands bear protons, it is sometimes difficult to detect the ligand 
signals by 1 H m r , which is especially true for w a t e r 1 1 , 1 8 5 . In one c a s e 1 1 , an — O C O C F 3 

ligand has been detected by 1 9 F m r . 
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T A B L E 21 

1 H m r chemical shifts (5[p.p.m.] from T M S ) of 1:1 metal complexes of octaethylporphyrin 
H 2 ( 0 E P ) , ( 1 1 ) 

Central Methine— C H 2 C H 3 Ligand(s) ( 5 H ) Solvent Refer
Metal H ence 

H 2 „ 
10.18 4.14 1.95 — C 2 H C 1 3 187 

M g " 10.06 4.08 1.91 (quinoline) 2 (5.1, 5.7, C 2 H C 1 3 1 8 5 ° 

A l 1 " 
6.5, 7.02, 7.45) 

A l 1 " 10.31 4.14 1.86 OPh (5.60) C 2 H C 1 3 189 
10.38 4.13 1.94 OMe C 2 H C 1 3 189 

G a 1 " -
10.2 4.09 1.91 O H (-1.82) C 2 H C 1 3 189 

G a 1 " - 10.13 4.05 1.87 OPh (5.61) C 2 H C 1 3 189 
I n 1 1 1 10.30 4.14 1.95 OPh (2.59, 5.80) C 2 H C 1 3 189 
n m 10.32 4.23, 4.17 1.95 O H , H 2 0 C 2 H C 1 3 11 

10.30 ~4.1 1.92 O A c (0.05), H 2 0 
10.34 - 4 . 1 1.94 O C O C F 3 

10.32 ~4.1 1.91 I 

S c 1 1 1 

10.24 ~4.1 1.93 C N 
S c 1 1 1 10.39 4.16 1.90 Acac (0.04) C 2 H C 1 3 185 
S i , v 9.85 4.14 1.99 ( O M e ) 2 ( -2.95) C 2 H C 1 3 189 

G e I V 

10.07 4.12 1.90, 1.93 ( O P h ) 2 (1.33, 5.49) C 2 H C 1 3 189 
G e I V 10.36 4.17 1.98 ( O M e ) 2 ( -3.01) C 2 H C 1 3 189 

S n " 
10.30 4.15 1.93 ( O P h ) 2 (1.35, 5.43) C 2 H C 1 3 189 

S n " 10.48 4.11, 4.13 1.87 — C 5
2 H 5 N 175a, 190, 

S n I V 

191 
S n I V 10.32 ( O A c ) 2 C 2 H C 1 3 187 

10.40 4.20 2.01 ( O M e ) 2 ( - 2 . 5 7 ) C 2 H C 1 3 189 
10.32 4.15 1.93 (OPh 2 ) (1 .45 , 5.40) C 2 H C 1 3 189 

P b 1 1 

10.66 4.30 2.10 C l 2 C 2 H C 1 3 190,191 
P b 1 1 10.44 4.14, 4.16 1.90 — C 5

2 H 5 N 190,191 
Z n 1 1 10.05 C 2 H C 1 3 187 
C d " 9.99 4.05 1.86 Dioxan 122 
T i i v 10.48 4.18 1.99 =0 C 2 H C 1 3 192 
R e v 10.55 4.19 1.95 =0,OPh, (1.35, 5.26) C 2 H C 1 3 189 
M o , v 10.58 4.20 1.98 =0 C 2 H C 1 3 185 
C o ' 1 1 10.00 4.09 1.83 Br, Py (6.3-5.7 (2), C 2 H C 1 3 117 

C o 1 1 1 

4.9-4 .6 (3)) 
C o 1 1 1 10.08 4.00 1.88 C H 3 ( -5.20) C 2 H C 1 3 198 

N i " 
(199,200) 

N i " 9.77 3.93 1.83 — C 2 H C 1 3 122 
P d " 10.08 4.03 1.90 — C 2 H C 1 3 122 
R u 1 1 9.75 3.88 1.82 C O , Py(1.07, 4.76, C 2 H C 1 3 193,194 

R h , u 

5.65, 2:2:1) 
R h , u 10.31 4.15 1.99 CI C 2 H C 1 3 195 
R h 1 1 1 9.96 4.01 1.90 C H 3 ( - 6 . 4 7 , C 2 H C 1 3 196 

O s V I 

J H - R H =3 Hz) 
O s V I 10.75 4.25 ' 2.13 =0 C 2 H C 1 3 197 

a See also Refs. 13, 16 and 188 and Section 10.2.8.2. 
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m e t a l , the m e t h i n e - r e s o n a n c e s are o b s e r v e d i n t h e f o l l o w i n g w e l l - d e f i n e d 
ranges : S = 9 . 7 5 — 1 0 . 0 8 p . p . m . f o r d i v a l e n t m e t a l s , ô = 1 0 . 1 3 — 1 0 . 3 9 p . p . m . 
f o r t r i v a l e n t m e t a l s , 5 = 1 0 . 3 0 — 1 0 . 5 8 p . p . m . f o r t e t r a v a l e n t m e t a l s , S = 
1 0 . 5 5 p . p . m . f o r p e n t a v a l e n t R e a n d 5 = 1 0 . 7 5 f o r h e x a v a l e n t Os . E x c e p 
t i o n s are o b s e r v e d f o r t h e c o m p l e x e s w i t h t h e large , o u t - o f - p l a n e i o n s S n 1 1 

a n d P b 1 1 8 6 i 1 7 5 a
j w h i c h s h o w t h e m e t h i n e resonances at u s u a l l y l o w f i e l d , 

a n d f o r C o 1 1 1 1 4 0 a n d R h 1 1 1 8 9 c o m p l e x e s , w h i c h s h o w resonances at 
u n u s u a l l y h i g h f i e l d . T h e l a t t e r c o m p l e x ( R h 1 1 1 ) s h o w s a p r o n o u n c e d d e p e n 
dence o f t h e c h e m i c a l sh i f t s o n the a x i a l l i g a n d 8 9 , 2 4 1 , w h i c h is p r o b a b l y 
r e l a t e d t o t h e k i n d o f a x i a l b o n d i n v o l v e d : CI ( i o n i c ) l ies w i t h i n the regular 
r a n g e 2 4 1 , C H 3 ( c ova l ent ) l ies i n t h e range o f d i v a l e n t m e t a l s 8 9 . I n f i rs t 
o r d e r , th i s c h e m i c a l s h i f t d e p e n d e n c e c a n be e x p l a i n e d b y t h e same e l e c t ro 
s tat i c m o d e l i n v o k e d b y F u h r h o p 2 0 0 a f o r t h e r e d o x p o t e n t i a l s o f p o r p h y 
r i n s . M o r e h i g h l y c h a r g e d c e n t r a l m e t a l i o n s w i l l r e d u c e t h e e l e c t r o n d e n s i t y 
o n the p o r p h y r i n l i g a n d a n d t h u s d e s h i e l d t h e p e r i p h e r a l p r o t o n s * . 

T h e m e t a l c o m p l e x e s o f ( O E P ) are c h a r a c t e r i s t i c f o r t h e m e t a l c o m p l e x e s 
o f the n a t u r a l l y - o c c u r r i n g j3-pyrrole s u b s t i t u t e d p o r p h y r i n s . T h e p r o p e r t i e s 
o f m e t a l c o m p l e x e s o f m e s o - t e t r a p h e n y l p o r p h y r i n i n c l u d i n g a C o ^ T P P ) 2 0 2 

are r e p o r t e d b y several g r o u p s 1 1 , 6 3 , 2 0 1 . T h e p u b l i c a t i o n s o n s o m e m e t a l 
c o m p l e x e s o f o c t a e t h y l c h l o r i n 1 8 7 , 1 9 0 a n d o f S n I V o c t a e t h y l — i s o b a c t e r i o -
c h l o r i n 1 9 0 s h o u l d be m e n t i o n e d f o r l e a d i n g re ferences o n r e d u c e d p o r p h y 
r i n s . ( F o r c h l o r o p h y l l s , see n e x t s e c t i o n . ) T h e m e t a l c o m p l e x e s o f t w o c y c l i c 
s y s t e m s w i t h i n t e r r u p t e d c o n j u g a t i o n have b e e n i n v e s t i g a t e d ; these are the 
T l I I I - d i o x o p o r p h o d i m e t h e n e s 1 7 4 a n d e x t e n s i v e series o f p o r p h o d i m e t h e n e 
c o m p l e x e s 1 6 9 . 

10.2.8.2. The chlorophylls 
C h l o r o p h y l l s are m a g n e s i u m c o m p l e x e s o f t h e p h o r b i n s y s t e m , w h i c h are 

c h a r a c t e r i z e d b y a n i s o c y c l i c f i v e - m e m b e r e d r i n g a t t a c h e d t o the 7 - c a r b o n 
a n d c a r b o n 6. T h e c h l o r o p h y l l s are d e r i v e d f r o m t r u e p o r p h y r i n s , c h l o r i n s , 
o r b a c t e r i o c h l o r i n s . Because o f t h e essent ia l r o l e c h l o r o p h y l l s p l a y as the 
p r i m a r y p h o t o - a c c e p t o r s i n p l a n t a n d b a c t e r i a l p h o t o s y n t h e s i s , a great deal 
o f w o r k has f o c u s e d o n t h e i r m o l e c u l a r s t r u c t u r e , t h e i r i n t e r a c t i o n s i n s o l u 
t i o n , a n d t h e i r s t r u c t u r e - f u n c t i o n r e l a t i o n s h i p s . N . m . r . w o r k t o 1 9 6 6 has 
been r e v i e w e d 1 8 8 , a n d s o m e basic f eatures o f t h e n . m . r . s p e c t r o s c o p y o f the 
p h o r b i n s y s t e m are d i s cussed i n S e c t i o n s 1 0 . 2 . 3 a n d 1 0 . 2 . 5 . H e r e , w e w i s h 
f i r s t t o r e v i e w a H m r s p e c t r a l d a t a o f s o m e r e c e n t l y c h a r a c t e r i z e d i m p o r t a n t 
c h l o r o p h y l l s t r u c t u r e s . S p e c t r a l p a r a m e t e r s o f these n e w l y c h a r a c t e r i z e d 

* It should be noted that in the metalloporphyrins, electron withdrawal has the opposite 
(deshielding) effect as compared to the shielding upon withdrawal of electrons by periphe
ral substituents. This discrepancy might be explained by a contraction and expansion of 
the main loop, respectively, but it shows the ambiguities that can arise from the ring 
current approach (see Section 10.1.2). 
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T A B L E 22 (continued) 

Chl-a e Chl-fe e C h l - C ! D C h l - c 2
d Bchl-a f>1 Bchl-ò f Bchl-d * Bchl-c s Bchl-e n 

(15) (74) (74) (75) (76a) (76b) (76c) 

5 - C H 2 
— — — — — n.r. n.r. 3.99(c7) 

7 - C H 2 2.0-2.5 ~2.35 n.r. n.r. - 2 . 5 - 2 . 4 n.r. n.r. n.r. 
7 a - C H 2 2.0-2.5 - 2 . 3 5 n.r. n.r. - 2 . 5 - 2 . 4 n.r. n.r. n.r. 

4^ 

4^ 

* Tentative assignment from intercomparison with other chlorophylls. 
a A B X spectrum with J A B — 2 Hz, J A X — 12 Hz, JBX — 18 Hz. 
b A X spectrum with J — 16 Hz 
c in T F A 1 3 9 . 
d in t e t r a h y d r o f u r a n 2 - H 8 . 1 3 9 ' 2 0 3 

e in C 2 H C 1 3 / C 2 H 3 0 2 H 13. 
f in p y r i d i n e - 2 H 5

8 0 ' 1 5 5 . 
8 Resonances of one of the pheophorbides of the homologues, in C 2 H C 1 3 , Ref. 207. 
h See Ref. 206. 
\ See Ref. 204 and footnote p. 466 for the esterifying alcohols in Behl a. 

; in pyridine. 
Al l spectra are obtained in disaggregated (monomeric) solution. X 
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c h l o r o p h y l l s are l i s t e d i n T a b l e 2 2 t o g e t h e r w i t h those o f c h l o r o p h y l l s - a a n d 
- b , a n d b a c t e r i o c h l o r o p h y l l - a , t h e p r i n c i p a l n a t u r a l c h l o r o p h y l l s . T h e c h l o r o 
p h y l l s s h o w v e r y p r o n o u n c e d s o l v e n t a n d c o n c e n t r a t i o n d e p e n d e n c e , w h i c h 
resu l t f r o m c h l o r o p h y l l se l f -aggregat ion (see S e c t i o n 1 0 . 4 . 1 . 1 ) a n d c h l o r o 
p h y l l — s o l v e n t i n t e r a c t i o n s ( S e c t i o n 1 0 . 4 . 1 . 2 ) . A l l c h e m i c a l s h i f t va lues re fer 
r e d t o i n t h i s s e c t i o n w e r e o b t a i n e d o n disaggregated m o n o m e r i c c h l o r o p h y l l 
s o l u t i o n s , a n d are t h u s t y p i c a l o f c h l o r o p h y l l • Lx a n d f o r c h l o r o p h y l l • L 2 

s p e c i e s 5 9 . 

10.2.8.2.1. Chlorophylls-c j and-c2 

T h e c h l o r o p h y l l s - c (74 ) are m i n o r accessory p i g m e n t s i n d i a t o m s a n d 
m a n y m a r i n e m i c r o - o r g a n i s m s a n d b r o w n algae, a n d are c l o s e l y r e l a t e d t o t h e 
c h l o r o p h y l l s f o u n d i n o t h e r p h o t o s y n t h e t i c o r g a n i s m s . E a r l y 1 H m r resu l ts 
were o b t a i n e d o n a m i x t u r e o f t h e t w o p i g m e n t s , w h i c h are d i f f i c u l t t o 
separate b y t h e u s u a l sugar c o l u m n c h r o m a t o g r a p h y , a n d t h e resu l ts w e r e 
la ter c o n f i r m e d o n t h e f u l l y separated c o m p o u n d s 1 3 9 , 2 0 3 . B o t h o f these 
c l o s e l y r e l a t e d p i g m e n t s are porphyrin free a c i d s , w h i c h l a c k a n e s t e r i f y i n g 
a l c o h o l . T h e 1 H m r s p e c t r a o f t h e c h l o r o p h y l l s - c as c o m p a r e d t o a l l o t h e r 
c h l o r o p h y l l s d e r i v e d f r o m c h l o r i n s a n d b a c t e r i o c h l o r i n s s h o w a l o w f i e l d 
sh i f t o f t h e m e t h i n e s ignals a n d t h e s p e c t r a are s i m p l e i n t h e m e d i u m a n d h i g h 
f i e l d r e g i o n . T h e b r o a d u n r e s o l v e d h i g h - f i e l d r e s o n a n c e assoc ia ted w i t h t h e 
a l i p h a t i c p r o t o n s o f t h e l o n g c h a i n e s t e r i f y i n g a l c o h o l , as w e l l as a l l s ignals 
t y p i c a l o f r e d u c e d p y r r o l i n e r ings are m i s s i n g f r o m t h e cx a n d c 2 s p e c t r a . 
A p a r t f r o m t h e C H 3 s ing le ts , C h l - c 2 s h o w s n o resonances a t h i g h f i e l d b e l o w 
ô = 6 p . p . m . , a n d c h l o r o p h y l l - ^ s h o w s o n l y t h e e t h y l p r o t o n resonances i n 
t h i s r e g i o n . T h e l o w f i e l d r e g i o n i n b o t h c o m p o u n d s is d o m i n a t e d b y the 
c o m p l e x p a t t e r n s o f t h e v i n y l i c p r o t o n s . B o t h c o m p o u n d s s h o w a n A X 
p a t t e r n 1 f o r o n e t r a n s - a c r y l i c s i d e - c h a i n p r o t o n , a n d A B X p a t t e r n s 1 f o r o n e 
( C h l - C i ) , o r t w o v i n y l g r o u p s ( C h l - c 2 ) . A l t h o u g h t h e v i n y l s ignals o f C h l - C i 
a n d - c 2 d o o v e r l a p , a q u a n t i t a t i v e ana lys i s o f C h l - c m i x t u r e s is poss ib l e b y 
1 H m r . 

10.2.8.2.2. BacteriochlorophylUb 
B c h l - 6 ( 7 5 ) is t h e p i g m e n t r e s p o n s i b l e f o r t h e e x t r e m e l o n g w a v e l e n g t h 

a b s o r p t i o n o f Rhodopseudomonas viridis a n d s o m e o t h e r p h o t o s y n t h e t i c 
b a c t e r i a 2 1 1 . B c h l - b has an e t h y l i d e n e s i d e - c h a i n i n p o s i t i o n 4 i n p lace o f t h e 
e t h y l s i d e - c h a i n p r e s e n t i n B c h l - a 1 5 5 . T h u s , t h e m a i n d i f f e r e n c e i n t h e 1 H m r 
s p e c t r u m o f 6 as c o m p a r e d t o t h a t o f B c h l - a are t h e resonances o f r i n g B 
p r o t o n s . B o t h t h e 3- a n d the 4 a - p r o t o n s give rise t o d o u b l e d o u b l e t s (Jx = 2 
H z , J2 = 7 H z ) a t l o w f i e l d (5 = 4 .93 a n d 6 . 8 4 p . p . m . ) . B y d o u b l e r e s o n a n c e 
e x p e r i m e n t s these w e r e p r o v e d t o be c o u p l e d t o each o t h e r ( J = 2 H z ) a n d t o 
a h i g h f i e l d m e t h y l g r o u p each (J = 7 H z ) at h i g h e r f i e l d a n d ass igned t o 
p r o t o n s 3 a n d 4 a , r e s p e c t i v e l y . A s a f u r t h e r c o n s e q u e n c e o f t h e 4 , 4 a d o u b l e 
b o n d , t h e j3 -pro ton r e s o n a n c e is s h i f t e d t o l o w e r f i e l d , w h i l e a l l o t h e r 
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resonances are e s s e n t i a l l y i d e n t i c a l t o those o f B c h l - a ( T a b l e 2 1 ) * . O b v i o u s 
l y , t h e s m a l l s h i e l d i n g e f f e c t e x p e c t e d t o r e su l t f r o m t h e i n t r o d u c t i o n o f t h e 
c o n j u g a t e d d o u b l e b o n d is c o m p e n s a t e d f o r b y ( p o s s i b l y s te r i c ) e f fec ts . 

c ; R1 = CHO, R2= Me 

10.2.8.2.3. Bacteriochlorophyll-c, - d , and -e 
T h e b a c t e r i o c h l o r o p h y l l s - c , - d , a n d -e present i n t h e green p h o t o s y n t h e t i c 

b a c t e r i a (Chlorobium species) are u n i q u e a m o n g a l l n a t u r a l c h l o r o p h y l l s i n 
t h a t t h e y a p p e a r t o be a m i x t u r e o f v a r i o u s h o m o l o g s 2 0 5 . A l l Chorobium 
c h l o r o p h y l l s have a 2 ( a - h y d r o x y e t h y l ) - s u b s t i t u e n t c h a r a c t e r i z e d b y a l o w -
f i e l d q u a d r u p l e t ( 2 a - H ) a t 6 .1—6.6 p . p . m . a n d a h i g h f i e l d d o u b l e t . T h e s e 
c h l o r o p h y l l s l a c k a 1 0 - C O O C H 3 g r o u p , b u t the t y p i c a l ( S e c t i o n 1 0 . 2 . 3 ) A B 
d o u b l e d o u b l e t 2 0 6 e x p e c t e d f o r t h e 1 0 - m e t h y l e n e p r o t o n s is o f t e n o n l y 

* Behl-6 from Rh. viridis as well as Bchl-a from Rhodopseudomonas strains contain 
phytol as the esterifying alcohol. In contrast, Bchl-a from Rhodospirillum rubrum con
tains geranyl-geraniol i n s t e a d 2 0 4 . The latter alcohol contains four double bonds. In the 
1 H m r spectrum, this is manifested by a general deshielding of all resonances from the 
esterifying alcohol (as compared to phytol), and additional olefinic resonances at Ô = 4—5 
p.p.m. 
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p o o r l y r e s o l v e d 2 0 7 . F i n a l l y , a l l Chlorobium c h l o r o p h y l l s have f a r n e s o l as t h e 
e s t e r i f y i n g a l c o h o l , w h i c h was c h a r a c t e r i z e d a m o n g o t h e r c r i t e r i a b y t h e 
o l e f i n i c C H 3 s inglets at a b o u t 1.6 p . p . m . a n d t h e 1 - m e t h y l e n e d o u b l e t at 
3 .96 p . p . m . 2 0 8 . 

B c h l - d (Chlorobium c h l o r o p h y l l ' 6 5 0 ' ) * is a m i x t u r e o f h o m o l o g u e s o f 
s t r u c t u r e ( 7 6 b ) . T h e 1 H m r s p e c t r u m o f o n e o f t h e p h e o p h o r b i d e s ( T a b l e 22 ) 
is r e p o r t e d b y M a t h e w s o n et a l . 2 0 7 . T h e s p e c t r u m s h o w s o n l y three l o w -
f i e l d m e t h y l s ing le ts , the s ignal p o s i t i o n i n d i c a t i n g h o m o l o g a t i o n at p o s i 
t i o n C - 5 . T h e m e t h i n e p r o t o n s s h o w a v e r y u n u s u a l p a t t e r n as c o m p a r e d t o 
2 - d e s v i n y l - 2 - h y d r o x y e t h y l - p y r o m e t h y l p h e o p h o r b i d e - ^ 1 3 5 . T h e a - p r o t o n is 
d e s h i e l d e d b y 0 . 2 3 p . p . m . , the j3 -proton b y 0 .18 p . p . m . , a n d t h e 7 - p r o t o n b y 
0 .78 p . p . m . T h e s e d i f f e rences are u n e x p e c t e d . T h e y m a y be d u e , h o w e v e r , t o 
t h e u n u s u a l aggregat ion b e h a v i o r o f 2 - ( a - h y d r o x y e t h y l ) - p h e o p h o r b i d e s 2 1 3 . 

B a c t e r i o c h l o r o p h y l l - c {Chlorobium c h l o r o p h y l l ' 6 6 0 ' (76a) ) is c o n s i d e r e d 
t o have a n a l k y l s u b s t i t u e n t at o n e o f t h e m e t h i n e br idges , as d e d u c e d f r o m 
t h e presence o f o n l y t w o m e t h i n e signals i n t h e p h e o p h o r b i d e s . T h e p o s i t i o n 
o f th is a l k y l s u b s t i t u e n t was d i s c u s s e d 2 0 7 , 2 0 9 , 2 1 0 m a i n l y o n the basis o f 
n . m . r . a r g u m e n t s . W h i l e t h e loss o f t h e h i g h - f i e l d m e t h i n e - s i g n a l suggested a 
ô - s u b s t i t u e n t 2 1 0 , the presence o f o n e a c i d - e x c h a n g e a b l e m e t h i n e p r o t o n 
i n d i c a t e d t h e 5 - p r o t o n was s t i l l p r e s e n t a n d i n d i c a t e d s u b s t i t u t i o n i n t h e a o r 
ß p o s i t i o n 2 0 7 , 2 0 9 . ( F o r u n s u c c e s s f u l a t t e m p t s t o c o r r e l a t e t h e s t r u c t u r e o f 
p o r p h y r i n s d e r i v e d f r o m B c h l - c w i t h s y n t h e t i c S- a n d ß-alkylporphyrins , see 
R e f . 118 . ) S u b s t i t u t i o n o f the 5 p o s i t i o n was s h o w n r e c e n t l y t o be t h e co r 
r e c t a s s i g n m e n t , a c o n c l u s i o n s u p p o r t e d b y n . m . r . s tud ies (aggregat ion , sub 
s t i t u e n t i n d u c e d sh i f t s ) o f m o d e l c o m p o u n d s 2 0 6 , 2 1 2 , 2 1 3 . 

V e r y r e c e n t l y , s t i l l a n o t h e r series o f at least three Chlorobium c h l o r o 
p h y l l s , d e s i g n a t e d B c h l - e ( 76c ) was inves t i ga ted a n d d e s c r i b e d b y 
B r o c k m a n n 2 0 6 . T h i s f a m i l y o f c h l o r o p h y l l s has t h e same r e l a t i o n s h i p t o 
B c h l - c as does C h l - 6 t o C h l - a . T h e s p e c t r a have features s i m i l a r t o those o f 
B c h l - c , b u t t h e presence o f a C H O g r o u p is p r o v e n b y t h e a p p r o p r i a t e C H O 
resonance i n b o t h t h e 1 H m r a n d 1 3 C m r s p e c t r a . 

10.2.8.2.4. Chlorophyll related structures 
A v a r i e t y o f s t ruc tures r e l a t e d t o t h e c h l o r o p h y l l s have b e e n c h a r a c t e r i z e d 

b y 1 H m r . I n the c h l o r p h y l l i d e s , t h e p r o p i o n i c ester s i d e - c h a i n is t ranses te r i -
f i e d , u s u a l l y w i t h m e t h a n o l o r e t h a n o l . Bes ides t h e loss o f a l l s ignals r e l a t e d 
t o the l o n g c h a i n a l c o h o l s i n c h l o r o p h y l l s a n d t h e appearance o f t h e s ignals 
re la ted t o t h e i n t r o d u c e d a l c o h o l , t h e 1 H m r s p e c t r u m r e m a i n s u n c h a n g e d 
u p o n t r a n s e s t e r i f i c a t i o n . T h e s p e c t r a l changes o b s e r v e d u p o n s u b s t i t u t i o n a t 
C - 1 0 1 2 9 , 2 1 2 , r e m o v a l o f the I O - C O O C H 3 g r o u p 2 1 4 , t h e r e d u c t i o n o f t h e 
9 - C O t o a C H 2 g r o u p 8 0 , c leavage o f r i n g E 2 1 2 , o r t h e hydrogénat ion o f the 

* The number indicates the wavelength (nm) of the absorption band in the red, measured 
in ether solution. 
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2 - v i n y l g r o u p 8 0 are s i m i l a r t o t h o s e observed i n t h e ( m e t a l free) p h e o p h o r 
b ides ( S e c t i o n 1 0 . 2 . 3 ) . 

T h e s t r u c t u r e o f t w o l o n g k n o w n c h l o r o p h y l l der ivat ives has been p r o v e n 
r e c e n t l y b y 1 H m r ; C h l - a ' ( a n d o t h e r ' p r i m e ' c h l o r o p h y l l s ) w e r e i d e n t i f i e d as 
C - 1 0 e p i m e r s 2 1 5 , a n d t h e p r o d u c t o f t h e K r a s n o v s k i i p h o t o r e d u c t i o n was 
s h o w n t o be j3 ,5 -d ihydro C h l - a 1 7 3 . C h l o r o p h y l l - a ( C h l - a \ (77 ) ) is t h e 
1 0 - e p i m e r o f C h l - a 2 1 5 w h i c h is p r e s e n t as an a r t i f a c t i n e q u i l i b r i u m a m o u n t s 
o f a b o u t 1 5 % i n c h l o r o p h y l l p r e p a r a t i o n s 2 1 6 . Its presence is m a n i f e s t e d i n 
t h e 1 H m r s p e c t r u m b y s m a l l s a t e l l i t e p e a k s o r s h o u l d e r s at t h e h i g h f i e l d s ide 
o f the m e t h i n e - H , a n d b y a d i s t i n c t sate l l i te p e a k a c c o m p a n y i n g the 1 0 - H 
resonances a t a b o u t 0 . 1 2 p . p . m . t o w a r d s h i g h e r f i e l d . S i m i l a r sate l l i tes are 
observed f o r C h l - 6 a n d B c h l - a , as w e l l as f o r t h e i r p h e o p h y t i n s a n d s o m e 
r e l a t e d s t r u c t u r e s . T h e y are a b s e n t , h o w e v e r , i n c o m p o u n d s w i t h o u t a n 
a s y m m e t r i c C - 1 0 . T h e 1 0 - e p i m e r i c s t r u c t u r e o f C h l - a ' was p r o v e d 2 1 5 b y 
c o m p a r i s o n o f the d i s t i n c t l y d i f f e r e n t c h e m i c a l sh i f t s o f the C - 1 0 p r o t o n s i n 
C h l - a a n d -a ' w i t h t h e ones i n p y r o p h e o p h o r b i d e s 7 9 , a n d b y e q u i l i b r a t i o n 
a n d aggregat ion e x p e r i m e n t s o f t h e e p i m e r s . These e x p e r i m e n t s were s u b 
s t a n t i a l l y f a c i l i t a t e d b y c a r r y i n g o u t the e x p e r i m e n t s w i t h 2 H - c h l o r p h y l l -
[ 1 0 - 1 H ] , i n w h i c h t h e 1 0 - H r e s o n a n c e s c a n be s t u d i e d w i t h o u t i n t e r f e r e n c e 
f r o m o t h e r s ignals . 

T h e K r a s n o v s k i i p h o t o r e d u c t i o n was t h e f i r s t 2 1 7 a n d p r o b a b l y m o s t w i d e l y 
s t u d i e d p h o t o r e a c t i o n o f the c h l o r o p h y l l s , a n d p o r p h y r i n s in gener 
a l 1 2 6 , 2 1 8 . T h e s t r u c t u r e o f t h e K r a s n o v s k i i r e a c t i o n p r o d u c t o f C h l - a was 
r e c e n t l y s h o w n t o b e |3,5-dihydro C h l - a (78) b y c a r r y i n g o u t the r e a c t i o n i n 
d i l u t e c h l o r o p h y l l s o l u t i o n w i t h h y d r o g e n su l f i de as r e d u c t a n t d i r e c t l y i n a 
sealed n . m . r . t u b e 1 7 3 . T h e x H m r s p e c t r u m o f the p o r p h o d i m e t h e n e t h a t is 
f o r m e d s h o w s the t y p i c a l h i g h f i e l d sh i f t s observed f o r sys tems w i t h i n t e r 
r u p t e d r i n g c u r r e n t (see S e c t i o n 1 0 . 2 . 6 ) . T h e m e s o - m e t h i n e a n d m e t h y l e n e 
signals a n d t h e p r o t o n s a t t h e r e d u c e d meso p o s i t i o n s were ass igned b y u s i n g 
2 H 2 S as the r e d u c i n g agent , a n d c o r r e l a t i n g signals i n t h e r e d u c t i o n p r o d u c t 
w i t h t h e signals i n t h e r e g e n e r a t e d C h l - a f r o m the i s o t o p e c o n t e n t a n d p o s i 
t i o n . 

10.2.8.3. Unusual metalloporphyrins with central metal 
Severa l p o r p h y r i n — m e t a l c o m p l e x e s w i t h a s t o i c h i o m e t r y d e v i a t i n g f r o m 

1 : 1 have b e e n c h a r a c t e r i z e d b y n . m . r . r e c e n t l y ( T a b l e 2 3 ) . T h e m o s t u s e f u l 
a ids i n r a t i o n a l i z i n g the 1 H m r s p e c t r a o f these substances were again s y m 
m e t r y a n d r i n g c u r r e n t a r g u m e n t s . T h e appearance o f f o u r m e t h i n e p r o t o n 
resonances test i f ies t o t h e c o o r d i n a t i o n o f t w o n e i g h b o r i n g JV-atoms t o t h e 
t w o m e t a l a t o m s i n the n o n - a x i a l d i r h o d i u m c o m p l e x ( 8 0 ) , o t h e r w i s e a 
s p e c t r u m c o n s i s t e n t w i t h h i g h e r s y m m e t r y w o u l d be o b s e r v e d 1 9 6 . T h e m i r 
r o r p l a n e i n t h e R e c o m p l e x (81 ) is es tab l i shed b y t h e p a t t e r n o f t h e j 3 - p r o -
t o n s ignals , t h e i n n e r h y d r o g e n b y a resonance at the v e r y h i g h f i e l d o f — 4 . 0 
p . p . m . a n d b y its s p i n c o u p l i n g w i t h t h e j3-protons i n t h e same r i n g . 6 3 . T w o 
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T A B L E 23 (continued) 

O 

Solvent Ref. 

(84) (OEP) 

Ru 
- h ~ N 

Py 

Methine—H : 
C H 2 C H 3 : 

Pyridine—H: 
(geometry not discussed) 

7.61 (s) 
5.92, 1.45 ( 0 
2.6, 5.3 (2 : 2) 

193 

(85) (OEP) 
(CO)2Rh" ^Rh(COL 

Methine—H : 
C H 2 : 
C H 3 : 

10.04, 10.35 
4.00, 4.10 
1.89, 1.67 

C T H C U 195 

OAc 
I 

(86) (OEP) 

Methine—H : 
C H 2 : 
C H 3 : 
N - C H 3 : 

O A c : 

10.03, 10.00 
3.95 (m) 
1.95 (m), 1.72 ( 0 

- 5 . 0 

C 2 H C 1 3 223 

(̂ 1 
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i s o m e r s ( m e s o , r a c e m i c ) a c c o u n t f o r t h e s p l i t t i n g o f t h e r i n g - m e t h y l g r o u p 
r e s o n a n c e s i n t h e s t a c k e d H g 3 P 2 c o m p l e x ( 8 2 ) ; t h e h i g h f i e l d acetate reso
n a n c e is c h a r a c t e r i s t i c o f i n n e r p r o t o n s , a n d t h e t w o 1 9 9 H g i n d o r * l ines 
i n d i c a t e t h e p r e s e n c e o f o n e a n d t w o e q u i v a l e n t H g a t o m s , respec t ive 
l y 2 1 9 ' 2 2 3 (see S e c t i o n 1 0 . 4 . 3 ) . 

A c h a r a c t e r i s t i c f e a t u r e o f t h e s a n d w i c h s t r u c t u r e s is the p r o n o u n c e d 
s h i e l d i n g e f f e c t o f o n e r i n g o n t h e o t h e r . T h i s s h i e l d i n g increases t h e c l oser 
t h e r i n g s Eire t o e a c h o t h e r . T h e i n c r e m e n t a l s h i f t f o r t h e m e t h i n e p r o t o n s is 
a b o u t +0 .8 p . p . m . i n the fx-oxo Sc c o m p l e x ( 8 3 ) 2 2 0 , [as c o m p a r e d t o 
S c ( O E P ) 1 8 5 ] , 1.3 p . p . m . i n t h e l a y e r e d H g c o m p l e x ( 8 2 ) 2 1 9 , a n d 2.1 p . p . m . 
[as c o m p a r e d t o R u n ( O E P ) 1 9 3 ] i n the d i m e r i c r u t h e n i u m c o m p l e x 
( 8 4 ) 1 9 3 . T h e l a t t e r v a l u e serves as a n a d d i t i o n a l a r g u m e n t f o r t h e p r o p o s e d 
d i r e c t m e t a l — m e t a l b o n d . L i k e t h e s t a c k e d p h t h a l o c y a n i n e s 1 8 , c o m p l e x e s 
w i t h s t a c k e d p o r p h y r i n s m a y serve as a u s e f u l p r o b e f o r the r i n g c u r r e n t 
e f f e c t i n t h e s p a t i a l r e g i o n above t h e c o n j u g a t e d s y s t e m , w h i c h is o t h e r w i s e 
o n l y a c cess ib l e w i t h a x i a l l i g a n d s , p o r p h y r i n c y c l o p h a n e s 2 2 1 , o r s t r u c t u r e s 
l i k e t h e f u s e d c y c l o p r o p a n o - c h l o r i n s (46 ) a n d ( 4 7 ) . 

10.2.8.4. Peripheral complexes 
W h i l e i n a l l m e t a l l o p o r p h y r i n s so f a r d i s cussed t h e m e t a l is b o u n d t o t h e 

i n n e r n i t r o g e n a t o m , t w o n e w t y p e s o f m e t a l c o m p l e x e s have b e e n r e c e n t l y 
c h a r a c t e r i z e d i n w h i c h t h e m e t a l is b o u n d t o p e r i p h e r a l s u b s t i t u e n t s o f t h e 
m a c r o c y c l i c s y s t e m . L o g a n et a l . 2 2 2 i n v e s t i g a t e d 7r c o m p l e x e s o f C r ( C O ) 3 

w i t h o n e o r m o r e o f t h e p h e n y l r ings i n H 2 ( T P P ) . H y p e r f i n e i n t e r a c t i o n s are 
e s s e n t i a l l y c o n f i n e d t o t h e r ing(s) t o w h i c h the c h r o m i u m is b o u n d , w i t h t h e 
c h e m i c a l s h i f t s i n t h e l a t t e r c o m p a r a b l e i n m a g n i t u d e t o those observed i n 
t h e c h r o m i u m c a r b o n y l — b e n z e n e c o m p l e x . 

A s e c o n d g r o u p o f c o m p l e x e s r e l a t e d t o t h e c h l o r o p h y l l s , b u t w i t h t h e 
m e t a l b o u n d a t t h e p e r i p h e r y , was r e c e n t l y i n v e s t i g a t e d b y S c h e e r et a l . 8 0 . 
I n these c o m p o u n d s , t h e m e t a l i o n is c h e l a t e d b y t h e j3-keto-ester f u n c t i o n 
p r e s e n t i n r i n g E . T h e 1 H m r s p e c t r u m o f t h e p e r i p h e r a l M g c o m p l e x o f 
m e t h y l p h e o p h o r b i d e - a i n d i c a t e s a u n i f o r m l y r e d u c e d a r o m a t i c r i n g c u r r e n t , 
p r e s u m a b l y a r i s i n g f r o m the e l e c t r o n - w i t h d r a w i n g e f f e c t o f t h e c h e l a t e . M o s t 
s ignals are s h i f t e d t o h i g h e r f i e lds , w i t h A ô va lues s i m i l a r f o r p r o t o n s i n 
s i m i l a r e n v i r o n m e n t . H o w e v e r , t h e 8 - C H 3 d o u b l e t , t h e 7 - H m u l t i p l e t , as w e l l 
as t h e 1 0 b - C H 3 s i n g l e t , are d e s h i e l d e d . 

T h e s e d e s h i e l d i n g e f fects i n the v i c i n i t y o f t h e i s o c y c l i c r i n g E c a n be 
r a t i o n a l i z e d i n t e r m s o f c o n f o r m a t i o n a l changes . I n the c h e l a t e , t h e j3-keto-
ester s y s t e m is e s s e n t i a l l y c o p l a n a r w i t h t h e m a c r o c y c l e . T h i s br ings t h e 
1 0 b - C H 3 p r o t o n s i n t o a m o r e d e s h i e l d i n g r e g i o n o f t h e r i n g c u r r e n t f i e l d 

* In the indor double resonance technique, n.m.r. transitions of a heteronucleus are 
scanned with a strong R F field, while one line of a coupled (usually proton) multiplet is 
m o n i t o r e d 1 . 
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T A B L E 24 

1 H m r chemical shifts (Ô [p.p.m.] from T M S ) of methyl pheophorbide-a (87) and its peri
pheral Mg complex (88), and incremental shifts (A5 [p.p.m.]) of (88) vs. (87). 

7c 7d 
(87) (88) 

Methyl 
pheophorbide 
(87) 

Peripheral 
Mg Complex 
(88) 

AO Multiplicity 

ß-U 9.75 9.01 +0.74 s 
a-U 9.57 8.83 +0.74 s 
8-H 8.71 8.00 +0.71 s 

H x 
8.08 7.77 +0.31 dd, ,7=11,17 

V i n H A 6.23 6.06 +0.17 dd, <7=2,17 
H B 

6.05 5.87 +0.18 dd, «7=2,11 

10-H 6.61 — — 
7-H 4.29 4.65 - 0 . 3 6 m 
8-H 4.42 4.10 +0.32 

1 0 b - C H 3 3.76 3.83 - 0 . 0 7 s 
7 d - C H 3 3.52 3.38 +0.14 s 
5 a - C H 3 3.42 3.11 +0.31 s 
l a - C H 3 3.21 2.95 +0.26 s 
3 a - C H 3 3.08 2.83 +0.25 s 

8 - C H 3 1.66 1.73 - 0 . 0 7 d, J=l 
4 - C H 2 3.54 3.29 +0.25 q, J=l 
4 - C H 3 1.53 1.39 +0.14 t, c7=7 

N - H +0.74 2.44 - 1 . 7 0 s, broad 
-1 .48 2.04 - 3 . 5 2 s, broad 

2 X 1 0 ~ 3 M in 
30°C ; Ref. 80a. 

o 
pyridine- H & , and p y r i d i n e - 2 H 5 saturated with anhydrous M g ( C 1 0 4 ) 2 ; 

( F i g . 1 ) , a n d t h e s i gna l a t 5 = 3 .83 p . p . m . is t h e r e f o r e ass igned t o t h i s g r o u p . 
I n a d d i t i o n , t h e i n c r e a s e d s ter i c h i n d r a n c e o f t h e 1 0 - s u b s t i t u e n t w i t h t h e 
s u b s t i t u e n t s at C-7 i n d u c e s a c o n f o r m a t i o n a l change i n r i n g D b y w h i c h b o t h 
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the 7 - H a n d t h e 8 - C H 3 g r o u p are f o r c e d i n t o a m o r e d e s h i e l d i n g r e g i o n . T h i s 
e f f e c t is w e l l e s t a b l i s h e d i n ô-subst ituted c h l o r i n s 1 2 4 , w h e r e i n c r e m e n t a l 
sh i f t s o f t h e same m a g n i t u d e are o b s e r v e d . 

P e r i p h e r a l m e t a l c h l o r i n c o m p l e x e s are u n s t a b l e t o w a t e r a n d c o m p e t i t i v e 
M g 2 + c h e l a t i n g agents s u c h as a c e t y l a c e t o n e o r 2 - c a r b e t h o x y - c y c l o p e n -
t a n o n e . A s m e t a l i o n e x c h a n g e i n these c o m p l e x e s is s l o w o n t h e n . m . r . t i m e 
sca le , t w o d i s t i n c t sets o f r e s o n a n c e s are observed d u r i n g t i t r a t i o n s , one set 
o f w h i c h c o r r e s p o n d s t o t h e free m e t h y l - p h e o p h o r b i d e a n d t h e o t h e r t o its 
p e r i p h e r a l c o m p l e x . I f p a r t o f t h e c o m p l e x is d e s t r o y e d b y a d d i t i o n o f 
w a t e r , t e m p e r a t u r e - d e p e n d e n t e q u i l i b r i u m f o r the r e a c t i o n o f w a t e r w i t h t h e 
p e r i p h e r a l c o m p l e x c a n be d e t e r m i n e d b y n . m . r . C o m p l e x f o r m a t i o n is 
f a v o r e d b y h i g h e r t e m p e r a t u r e s . F o r a 2 7 - ( 3 9 ) f o l d m o l a r excess o f w a t e r , the 
n e t r e a c t i o n e n t h a l p y is 5 (9 .1 ) k c a l / m o l e , a n d e q u a l a m o u n t s o f free m e t h y l 
p h e o p h o r b i d e a n d i ts M g 2 + c o m p l e x are present at 3 0 ° C ( 9 0 ° C ) , r espec t ive 
l y . 

10.2.8.5. Paramagnetic metal complexes 
T h e s a l i e n t f ea tures o f 1 H m r s p e c t r a o f c o m p o u n d s w i t h u n p a i r e d sp ins 

are d e t e r m i n e d b y h y p e r f i n e e l e c t r o n - n u c l e a r i n t e r a c t i o n s a n d b y r e l a x a t i o n 
p r o c e s s e s 2 2 4 . A l t h o u g h b r o a d n . m . r . l ines are o b s e r v e d i n m a n y cases, m a n y 
p a r a m a g n e t i c m e t a l l o p o r p h y r i n s have e l e c t r o n s p i n r e l a x a t i o n t i m e s fast 
e n o u g h t o r e s u l t i n s u f f i c i e n t l y s h a r p l ines u n d e r h i g h r e s o l u t i o n c o n d i 
t i o n s 2 2 . I n c o m p l e x e s o f p o r p h y r i n s w i t h p a r a m a g n e t i c m e t a l i o n s , the large 
c h e m i c a l sh i f t s g e n e r a t e d b y t h e m a c r o c y c l i c r i n g c u r r e n t are o f t e n s m a l l i n 
c o m p a r i s o n t o t h e h y p e r f i n e sh i f t s r e s u l t i n g f r o m i n t e r a c t i o n s w i t h the 
u n p a i r e d s p i n s , a n d i n these cases t h e 1 H m r s p e c t r u m c a n e x t e n d over m o r e 
t h a n 50 p . p . m . T h e h y p e r f i n e s h i f t s i n p a r a m a g n e t i c m e t a l l o p o r p h y r i n s leads 
t o a c o n s i d e r a b l y e n h a n c e d r e s o l u t i o n o f s ignals i n v e r y s i m i l a r c h e m i c a l 
e n v i r o n m e n t (as c o m p a r e d t o t h e d i a m a g n e t i c p o r p h y r i n s ) . T h i s f a c t renders 
t h e s p e c t r a e x t r e m e l y sens i t ive t o s t r u c t u r a l a n d e l e c t r o n i c changes , a n d F e 
p o r p h y r i n s are n o w w i d e l y u s e d as a sensi t ive n . m . r . p r o b e i n h e m o p r o t e i n s . 
( F o r an a p p l i c a t i o n i n t h e a n a l y s i s o f p o r p h y r i n i s o m e r s , see R e f . 2 2 5 . ) 

T h e h y p e r f i n e i n t e r a c t i o n s c a n be s p l i t i n t o t w o m a j o r c o m p o n e n t s . T h e 
f i r s t is t h e c o n t a c t s h i f t , w h i c h resu l ts f r o m t h e leakage o f u n p a i r e d s p i n t o 
t h e n u c l e u s u n d e r o b s e r v a t i o n b y n . m . r . , a n d t h e s e c o n d is t h e p s e u d o c o n 
t a c t s h i f t , w h i c h resu l t s f r o m d i p o l e — d i p o l e c o u p l i n g s i n m o l e c u l e s w i t h 
a n i s o t r o p i c g-tensors a n d / o r z e r o f i e l d s p l i t t i n g ( Z F S ) * . ( F o r a d e t a i l e d d i s 
c u s s i o n a n d l e a d i n g re f e rences , see R e f s . 2 2 4 a n d 2 2 6 . ) 

P s e u d o c o n t a c t i n t e r a c t i o n s o c c u r t h r o u g h space , w h i l e c o n t a c t i n t e r a c 
t i o n s o c c u r t h r o u g h c h e m i c a l b o n d s . T h e c o n t a c t t e r m t h u s a l l o w s a d e t a i l e d 

* The g-tensor characterizes the.spatial distribution of the electron g-factor, and the Z F S 
parameters D and E characterize the coupling of unpaired electrons in systems with more 
than one free electron or h o l e 3 8 , 2 2 4 . 
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ins ight i n t o t h e e l e c t r o n i c s t r u c t u r e o f the m o l e c u l e , e s p e c i a l l y t h e s p i n 
d e n s i t y d i s t r i b u t i o n s a n d the s p i n t rans fer m e c h a n i s m , w h i l e t h e p s e u d o c o n 
t a c t t e r m c a n give v a l u a b l e i n f o r m a t i o n o n the m a g n e t i c a n i s o t r o p y a n d the 
zero f i e l d s p l i t t i n g p a r a m e t e r s . T h e m a g n i t u d e o f t h e p s e u d o - c o n t a c t sh i f t 
i n d u c e d b y p a r a m a g n e t i c s h i f t reagents i n f a v o r a b l e c i r c u m s t a n c e s y i e l d 
i n f o r m a t i o n o n t h e s o l u t i o n s t r u c t u r e a n d c o n f o r m a t i o n o f a m o l e c u l e . N e x t 
t o the a s s i g n m e n t o f t h e resonances , the s e p a r a t i o n o f these c o n t r i b u 
t i o n s to t h e s p e c t r u m is t h e r e f o r e o f c o n s i d e r a b l e i n t e r e s t i n m o s t inves t iga 
t i o n s . 

S i n c e the f i r s t d e t e c t i o n o f sharp h y p e r f i n e - s h i f t e d l ines i n t h e 1 H m r 
s p e c t r u m o f c y t o c h r o m e - c 2 0 , a great deal o f x H m r w o r k has b e e n d o n e o n 
h e m e - p r o t e i n s a n d r e l a t e d s t r u c t u r e s p r i m a r i l y d i r e c t e d t o t h e s t r u c t u r e s i n 
s o l u t i o n a n d s t r u c t u r e - f u n c t i o n r e l a t i o n s h i p s . T h e reader is r e f e r r e d t o t w o 
e x c e l l e n t r e v i e w s 2 1 , 2 2 f o r a d e s c r i p t i o n o f these s tud ies . A r e c e n t series o f 
p u b l i c a t i o n s b y P e r u t z et a l . 2 2 7 - 2 2 9 shows t h e p o t e n t i a l i t i e s a n d l i m i t a 
t i o n s o f the n . m . r . m e t h o d i n h e m o p r o t e i n s tudies w h e n used i n c o n j u n c t i o n 
w i t h o t h e r m e t h o d s . H e r e we p r o p o s e t o f o cus o n s o m e o f the bas ic inves t iga 
t i o n s w h i c h have been c a r r i e d o u t o n i r o n p o r p h y r i n s , a n d o n s o m e p o r p h y 
r i n c o m p l e x e s c o n t a i n i n g o t h e r p a r a m a g n e t i c meta ls . 

10.2.8.5.1. Fe-complexes 
Severa l t y p e s o f i r o n c o m p l e x e s are observed i n p o r p h y r i n s , d e p e n d i n g o n 

o x i d a t i o n state a n d l i g a n d f i e l d : (a) l o w - s p i n c o m p l e x e s i n w h i c h t h e l i g a n d 
f i e l d sp l i t s t h e energy levels o f the d -orb i ta l s s u f f i c i e n t l y far a p a r t t h a t a 
m a x i m a l n u m b e r o f the d -e lec t rons are p a i r e d , r e s u l t i n g i n a ne t s p i n o f S = 0 
f o r F e 1 1 a n d S = 1/2 f o r F e 1 1 1 ; (b) h i g h - s p i n c o m p l e x e s w i t h a ne t s p i n o f S 
= 4 / 2 f o r F e 1 1 a n d S = 5 /2 f o r F e m ; (c) F e I V c o m p l e x e s w i t h S = 2 ; a n d 
(d) F e 1 c o m p l e x e s * . C o m p l e x e s c o n t a i n i n g l o w - s p i n F e 1 1 are d i a m a g n e t i c (see 
S e c t i o n 1 0 . 2 . 8 . 1 ) , a l l the o thers are p a r a m a g n e t i c . I n a d d i t i o n t o these 1 : 1 
c o m p l e x e s , s o m e J U - O X O F e 1 1 1 d i m e r s are k n o w n to s h o w a n t i f e r r o m a g n e t i c 
c o u p l i n g (So = 0) o f the t w o F e 1 1 1 a t o m s . 

(a) Low-spin Feul: T h e x H m r s p e c t r u m o f l o w - s p i n F e 1 1 1 p r o t o p o r p h y 
r i n - I X d i m e t h y l ester d i c y a n i d e [ F e m ( P r o t o - I X - D M E ) ( C N ) 2 ] was f i rst 
inves t iga ted b y W i i t h r i c h et a l . 2 2 , 2 3 0 t ogether w i t h s o m e r e l a t e d l o w s p i n 
F e 1 1 1 p o r p h y r i n s . G r o u p s o f resonances were o r i g i n a l l y ass igned b y i n t e r c o m -
p a r i s o n a n d b y the re la t ive i n t e n s i t i e s o f the resonances , b u t the a s s i g n m e n t 
o f a l l f o u r ß-pyrrole C H 3 s ignals a n d some m e t h i n e p r o t o n resonances was 
r e c e n t l y a c h i e v e d b y t o t a l synthes i s o f se lec t ive ly d e u t e r a t e d c o m 
p o u n d s 2 3 1 , 2 3 2 . F r o m the c h e m i c a l sh i f t o f the ester p r o t o n s , w h i c h e x p e r i 
ence o n l y p s e u d o - c o n t a c t c o n t r i b u t i o n s , s m a l l p s e u d o - c o n t a c t c o n t r i b u t i o n s 
t o the shi f ts o f t h e h y p e r f i n e - s h i f t e d p r o t o n s were o r i g i n a l l y e s t i m a t -

* An intermediate spin state (S = 3/2) was recently reported for a F e 1 1 1 p o r p h y r i n 2 
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T A B L E 26 

1 H m r chemical shifts (ß[p.p.m.] from TMS) of miscellaneous paramagnetic metallopor-
phyrins 

Complex Chemical Shift Conditions, Ref. 
(5[p.p.m.]) Remarks 

F e I V ( T P P ) C l + 0-H: 
Phenyl-H: 

+68.6 
+ 12.3, +5.8 

C 2 H 2 C 1 2 , 90% F e I V 246 

[ F e ( T P P ] 2 0 + C 1 0 4 J3-H: 
o ,p-H: 
m-H: 

12.2 
11.4 
3.4 

C 2 H C 1 3 , 40 C 246 

meso-tetra-CH2^02-FeUl- m e s o - C H 2 : - 1 .4 (br) , C 2 H C 1 3 245 
( O E P ) + C l ~ 

C H 2 M e : 

+0.2, +1.3, 
+3.2(br) 
- 4 0 . 1 , - 3 7 . 5 , 
- 3 5 . 2 , - 3 3 . 2 

C r U I ( T P P ) + X ~ Broad peak at 5 = C 2 H C 1 3 , 35°C 26 
x = c r , I~, N^~ —7.5—8 p.p.m. 

C r I H ( T P P ) + C P Aromatic—H : ^ - 7 . 5 (br) C 2 H C 1 3 , 35°C 26 

M n I H (Etio-I) + C P 
C H 3 : -2 .35(br) 

M n I H (Etio-I) + C P C H 3 : 
C H 2 C H 3 ; 
Methine—H: 

- 3 5 . 3 
- 2 2 . 6 , - 2 . 6 
+ 10.5 

C 2 H C 1 3 , 35°C 24 

E u l I I ( p - C H 3 • TPP)° o-H: 
m-H: 
P - C H 3 : 
Acac a : 

- 1 3 . 3 1 , - 8 . 1 3 
- 9 . 3 3 , - 8 . 1 3 
- 3 . 4 4 
0.88 

C 2 H C 1 3 , - 2 1 ° C 259 

a Acetylacetonate (Acac) as fifth and sixth ligand. 

e d 2 2 ' 2 3 0 ' 2 3 3 . A s s u m i n g t h a t the h y p e r f i n e shi f ts arise f r o m c o n t a c t i n t e r a c 
t i o n s , a h i g h s p i n d e n s i t y at the j3-positions a n d a m u c h s m a l l e r one (perhaps 
o n e - t h i r d as large) f o r the meso p r o t o n s were i n f e r r e d . A s p i n t rans fer 
m e c h a n i s m m e d i a t e d p r e d o m i n a n t l y b y the 7r -system was i n f e r r e d b y S h u l -
m a n et a l . 2 5 , K u r l a n d et a l . 2 3 , a n d H i l l et a l . 2 3 4 . T h e l a t t e r inves t igators 
c o r r e l a t e d i n c r e a s i n g h y p e r f i n e sh i f t s i n d i p y r i d i n a t e s o f F e m ( P r o t o - I X -
D M E ) w i t h decreas ing b a s i c i t y o f t h e ( s u i t a b l y s u b s t i t u t e d ) p y r i d i n e l i g a n d 
i n the 5 t h a n d 6 t h a x i a l c o o r d i n a t i o n p o s i t i o n s . A s t h e e l e c t r o n d e n s i t y at 
the c o o r d i n a t e d F e 1 1 1 decreases w i t h decreased b a s i c i t y o f t h e l i g a n d , i t was 
c o n c l u d e d t h a t a s p i n transfer b y charge t rans fer f r o m the l i g a n d t o t h e 
m e t a l o c c u r s . 

L a M a r et a l . 2 7 have invest igated t h e F e 1 1 1 l o w - s p i n c o m p l e x e s o f t h e 
three k e y p o r p h y r i n s H 2 ( T P P ) , H 2 ( O E P ) , a n d m e s o - t e t r a rc-propylporphyrin. 
A l l o f these c o m p o u n d s are h i g h l y s y m m e t r i c a n d th i s enhances the sens i t iv 
i t y o f the 1 H m r d a t a a c q u i s i t i o n a n d f a c i l i t a t e s ass ignments . In a d d i t i o n , th i s 
series o f c o m p o u n d s m a k e s i t poss ib le to c o m p a r e h y p e r f i n e shi f ts f o r pro-

lie fercnces, p. 514 
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t o n s a n d t h e — C H 2 - m e t h y l e n e g r o u p i n b o t h t h e meso- a n d t h e j3 -pos i t i on . 
U n d e r t h e a s s u m p t i o n t h a t t h e p o r p h y r i n f r o n t i e r o r b i t a l s are i d e n t i c a l i n a l l 
three c o m p o u n d s , the f o l l o w i n g c o n c l u s i o n s are a r r i v e d at f o r t h e c o m p l e x e s 
o f l o w s p i n F e 1 1 1 : A s suggested b y o t h e r s p i n - t r a n s f e r s t u d i e s 2 3 ' 2 5 * 2 3 0 * 2 3 4

 5 

t h e s p i n - i n these c o m p o u n d s is t r a n s f e r r e d t o t h e 7r-system o f t h e l i g a n d b y 
charge t rans fe r t o the m e t a l , a n d t h e s p i n res ides p r i m a r i l y i n t h e h i g h e s t 
o c c u p i e d m o l e c u l a r o r b i t a l t h a t has h i g h - s p i n d e n s i t y at t h e j3-posit ions a n d 
l o w - s p i n d e n s i t y at the meso - p o s i t i o n s . B e c a u s e the s p i n t r a n s f e r f r o m t h e 
raeso-positions t o the p h e n y l r i n g is h i n d e r e d , t h e p h e n y l p r o t o n s are e x 
p e c t e d t o e x p e r i e n c e o n l y p s e u d o - c o n t a c t s h i f t s , a n d t h e r e f o r e t h e i r c h e m i 
c a l shi f ts were used t o separate t h e p s e u d o - f r o m the t r u e c o n t a c t c o n t r i b u 
t i o n . In c o n t r a s t t o ear l i e r r e s u l t s 2 2 , 2 3 0 - 2 3 3 , 2 3 4 , b o t h c o n t r i b u t i o n s t o t h e 
c h e m i c a l sh i f t s are f o u n d t o be o f t h e same o r d e r o f m a g n i t u d e . T h e d i p o l a r 
s h i f t is p o s i t i v e t h r o u g h o u t , t h e c o n t a c t s h i f t c a n be e i t h e r p o s i t i v e o r nega 
t ive . B o t h s h o w C u r i e ( 1 / T ) b e h a v i o r , a n d d e v i a t i o n s o b s e r v e d i n O E P w e r e 
e x p l a i n e d b y h i n d e r e d r o t a t i o n o f the e t h y l s u b s t i t u e n t s . A t a m b i e n t t e m p e r 
atures , the e f f e c t i v e 2 5 g -tensor is a x i a l , w i t h t h e ax is p e r p e n d i c u l a r t o t h e 
m a c r o c y c l e p l a n e , a c o n c l u s i o n t h a t f o l l o w s because o n l y o n e set o f s ignals 
f o r each set o f e q u i v a l e n t s u b s t i t u e n t s is observed . I n sp i te o f t h e i r 1 / T 
b e h a v i o r , the h y p e r f i n e shi f ts u s u a l l y d o n o t e x t r a p o l a t e t o ze ro a t 
y = 0 0 2 2 , 2 7 , 2 3 5 - 2 3 7 ^ w h i c h . is d i s cussed i n t e r m s o f s e c o n d o r d e r Z e e m a n n 
ef fects a n d m i x i n g i n o f e x c i t e d states i n t o the g r o u n d state . B o t h c o n t r i b u 
t i o n s i n l o w - s p i n F e 1 1 1 c o m p l e x e s have r e c e n t l y been c r i t i c a l l y i n v e s t i g a t e d 
b y H o r r o c k s 2 3 7 . 

(b) High-spin Feui: T h e l ines i n h i g h - s p i n F e 1 1 1 c o m p l e x e s are spread over 
m o r e t h a n 8 0 p . p . m . a n d are g e n e r a l l y 2 6 c o n s i d e r a b l y b r o a d e n e d . T h e f i r s t 
n . m . r . s p e c t r u m o f a F e 1 1 1 (h igh sp in ) p o r p h y r i n c o m p l e x , F e m ( T P P ) C l , 
was p u b l i s h e d b y E a t o n et a l . 2 3 8 , a n d a series o f h i g h - s p i n h e m i n s was 
s t u d i e d b y K u r l a n d et a l . 2 3 . B r o a d e n e d l ines w e r e o b s e r v e d , a n d s o m e s ignals 
were assigned b y t h e i r r e la t ive i n t e n s i t y a n d b y i n t e r c o m p a r i s o n w i t h e a c h 
o t h e r . T h e a s s i g n m e n t o f p a r t i c u l a r r e sonances i n h i g h - s p i n F e 1 1 1 p o r p h y r i n s 
re lat ive t o t h a t o f the respec t ive l o w - s p i n c o m p l e x e s was i n v e s t i g a t e d b y 
G u p t a a n d R e d f i e l d 2 3 9 , 2 4 0 b y a n e legant c r o s s - r e l a x a t i o n d o u b l e r e s o n a n c e 
m e t h o d . 

T h e l i g a n d e f f e c t o n the h y p e r f i n e s h i f t i n d e u t e r o h e m i n s was s t u d i e d b y 
C a u g h e y et a l . 2 4 1 , w h o f o u n d a c o r r e s p o n d e n c e o f t h e m a g n i t u d e o f t h e 
h y p e r f i n e sh i f t s t o the D va lue o f t h e z e r o f i e l d s p l i t t i n g p a r a m e t e r s , suggest
i n g a p s e u d o - c o n t a c t c o n t r i b u t i o n t o t h e o b s e r v e d s h i f t s 2 2 6 . I n c o n t r a s t t o 
the l o w - s p i n c o m p l e x e s , a s i g n i f i c a n t a - s p i n t r a n s f e r is g e n e r a l l y 2 3 8 o b s e r v e d 
i n h i g h - s p i n F e 1 1 1 c o m p l e x e s 2 3 , 2 9 , 2 4 1 , 2 4 2 . L a M a r et a l . 2 9 s t u d i e d a series 
o f h i g h - s p i n F e 1 1 1 c o m p l e x e s o f s y m m e t r i c p o r p h y r i n s i n d e t a i l . T h e s e inves 
t igators p r o v e d 2 3 8 t h a t t h e s p i n t r a n s f e r o c c u r s f r o m t h e c e n t r a l m e t a l t o 
the l i g a n d , w i t h a b o u t e q u a l s p i n d e n s i t y a t t h e ß- a n d t h e m e t h i n e - p o s i t i o n s 
o f the m a c r o c y c l e . A s p i n t rans fer f r o m t h e m e t a l t o t h e l i g a n d is f u r t h e r 
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s u p p o r t e d b y the p r e f e r r e d s t a b i l i z a t i o n o f the h i g h - s p i n f o r m i n 7r - c o m -
p lexes o f a r o m a t i c a c c e p t o r s w i t h F e 1 1 1 p o r p h y r i n s 2 4 3 . A l t h o u g h t h e 
g-tensor i n h i g h - s p i n F e 1 1 1 c o m p l e x e s is e ssent ia l l y a n i s o t r o p i c , an a p p r e c i 
ab le p s e u d o - c o n t a c t c o n t r i b u t i o n t o t h e s h i f t was f o u n d , t h e m a g n i t u d e o f 
w h i c h c o u l d be e v a l u a t e d v i a t h e p h e n y l p r o t o n s h i f t as d e s c r i b e d above f o r 
the l o w - s p i n s e r i e s 2 7 . F r o m a 1 / T 2 t e r m i n t h e ( n o n - C u r i e ) t e m p e r a t u r e 
d e p e n d e n c e o f the c h e m i c a l s h i f t s , t h e a u t h o r s 2 9 c o n c l u d e d t h a t t h e 
p s e u d o - c o n t a c t sh i f t arises f r o m the zero f i e l d s p l i t t i n g as d i scussed 
e a r l i e r 2 3 , 2 2 6 , 2 4 1 , a n d t h e D v a l u e c a l c u l a t e d f r o m the c h e m i c a l s h i f t d a t a 
was i n g o o d a g r e e m e n t w i t h t h e v a l u e p r e v i o u s l y d e d u c e d f r o m I R measure 
m e n t s f o r h i g h - s p i n F e 1 1 1 p o r p h y r i n s 2 4 4 . T h e r e c e n t l y r e p o r t e d 2 4 5 spec 
t r u m o f a f u l l y s u b s t i t u t e d p o r p h y r i n F e 1 1 1 c o m p l e x , the m e s o - t e t r a - C H 2 -
N 0 2 s u b s t i t u t e d F e m ( O E P ) + s h o w s , s u r p r i s i n g l y , f o u r — C H 2 — resonances , 
w h i c h m i g h t be e x p l a i n e d b y a r u f f l i n g o f t h e m o l e c u l e caused b y s ter i c 
h i n d r a n c e a n d a n o u t - o f - p l a n e p o s i t i o n o f t h e c e n t r a l m e t a l i o n . 

Whereas e i t h e r h i g h - o r l o w - s p i n c o m p l e x e s are observed i n m o s t ins tances , 
d e v i a t i o n s f r o m t h e 1 / T l a w a n d t h e w i d e range o f sh i f ts i n s o m e h e m i n 
azides has been a t t r i b u t e d t o a m i x t u r e o f b o t h f o r m s 2 4 6 a i n the same 
c o m p o u n d 2 2 . T h e e x c h a n g e b e t w e e n h i g h - a n d l o w : s p i n h e m i n was s t u d i e d 
t oge ther w i t h t h e l i g a n d e x c h a n g e ( p y r i d i n e , w a t e r ) b y D e g a n i a n d F i a t 2 3 3 

b y r e l a x a t i o n m e a s u r e m e n t s (see S e c t i o n 1 0 . 4 . 1 ) . 
F e I V c o m p l e x e s are p o s t u l a t e d b y F e l t o n et a l . 2 4 6 . T h e 1 : 1 c o m p l e x 

F e I V ( T P P ) C r has a n e t s p i n o f S = 2 , a n d s h o w s a b r o a d s ignal at 5 = 6 8 . 6 
p . p . m . ass igned t o t h e r e s o n a n c e s o f the ß-pyrrole p r o t o n s . A m o r e s tab le 
F e I V c o m p o u n d , the ju-oxo d i m e r o f F e ( T P P ) has f o r m a l l y one F e 1 1 1 a n d 
o n e F e I V a t o m , a n d t h e r e m o v a l o f o n e e l e c t r o n f r o m a F e i n - 0 - F e n i o r b i t a l 
is d i s c u s s e d * . T h e a l t e r n a t i v e f o r m u l a t i o n as a 7r -cation r a d i c a l o f F e 1 1 1 ( T P P ) 
was d i s cussed c r i t i c a l l y b y F u h r h o p 2 4 8 o n the basis o f t h e uv-v is s p e c t r u m 
a n d r e d o x p o t e n t i a l s . 

(c) Di-nuclear Fe111 complexes: j U - O x o - b r i d g e d d i n u c l e a r F e 1 1 1 p o r p h y 
r i n s 2 4 9 have b e e n t h e o b j e c t o f a t t e n t i o n b y several g r o u p s 2 9 < 2 4 6 < 2 5 ( > - 2 5 2 
T h e t w o i r o n a t o m s are a n t i - f e r r o m a g n e t i c a l l y c o u p l e d 2 5 3 , w h i c h resul ts i n a 
d i a m a g n e t i c g r o u n d state ( S 0 ) a n d p a r a m a g n e t i c e x c i t e d states ( S 1 , S 2 . . . ) t h e 
s p a c i n g o f w h i c h is c h a r a c t e r i z e d b y the exchange p a r a m e t e r J . B o l t z m a n n 
p o p u l a t i o n o f t h e p a r a m a g n e t i c levels ( S i , S 2 . . . ) leads t o h y p e r f i n e shi f ts f o r 
the p r o t o n s . A s s u m i n g o n l y c o n t a c t c o n t r i b u t i o n s a n d i d e n t i c a l e l e c t r o n -
p r o t o n c o u p l i n g c o n s t a n t s An f o r a l l e x c i t e d states , B o y d et a l . 2 5 1 de ter 
m i n e d J f r o m t h e t e m p e r a t u r e d e p e n d e n c e o f the h y p e r f i n e sh i f t s . H o w e v e r , 
W i c h o l a s et a l . 2 5 2 d e t e r m i n e d t h a t a b o u t 8 0 % o f t h e s h i f t s h o u l d be a t t r i 
b u t e d t o t h e f i rs t e x c i t e d s tate , S x , a n d 2 0 % t o t h e S2 s tate , a l t h o u g h the 

* The unusual redox properties of [ F e I U ( T P P ) ] oO are further illustrated by the report of 
a F e 1 species obtained by reduction with N a / H g 2 4 7 . 

References, p. 514 
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l a t t e r is p o p u l a t e d o n l y t o t h e e x t e n t o f a b o u t 3%. T h e s e i n v e s t i g a t o r s were 
also able t o s h o w t h a t the c o u p l i n g c o n s t a n t s Ax a n d A2 c o r r e s p o n d i n g t o 
Sx a n d S2, are u n e q u a l w i t h Ax > A2. T h i s r e l a t i v e o r d e r o f c o u p l i n g 
c o n s t a n t m a g n i t u d e has b e e n p r o v e d b y L a M a r e t a l . 2 9 , w h o aga in i n v e s t i 
gated a series o f h i g h l y s y m m e t r i c m o d e l c o m p o u n d s . T h e s e a u t h o r s 2 9 t a k e 
i n t o a c c o u n t t h e r i n g c u r r e n t sh i f t s d u e t o t h e n e i g h b o r i n g r i n g b y u s i n g t h e 
d i a m a g n e t i c / i - o x o - s c a n d i u m c o m p l e x e s f o r c o m p a r i s o n , a n d e v a l u a t e d the 
p o s s i b i l i t y o f d i p o l a r c o n t r i b u t i o n s t h a t were n e g l e c t e d i n ear l i e r p u b l i c a 
t i o n s 1 5 0 , 2 4 6 , 2 5 1 , 2 5 2 . A ju-oxo d i m e r o f h e m i n - a is d e s c r i b e d b y C a u g h e y 2 5 0 , 
a n d the n . m . r . b e h a v i o r o f a h e t e r o m e t a l l i c F e i n - C u n d i m e r is r e p o r t e d b y 
B a y n e et a l . 2 5 4 . 

10.2.8.5.2. Metals other than Fe 
T h e h y p e r f i n e sh i f t s o f l o w - s p i n C o 1 1 p o r p h y r i n s w e r e s h o w n 2 8 , 2 5 6 t o be 

d o m i n a t e d b y t h e p s e u d o - c o n t a c t t e r m 2 5 5 ( f or t h e a p p l i c a t i o n o f C o 1 1 p o r 
p h y r i n s as s h i f t reagents i n n . m . r . , see S e c t i o n 1 0 . 4 . 1 . 2 ) . T h i s t e r m does n o t 
f o l l o w C u r i e ( 1 / T ) b e h a v i o r , a c i r c u m s t a n c e t h a t was s h o w n t o arise n o t 
f r o m zero f i e l d s p l i t t i n g , b u t r a t h e r f r o m a t e m p e r a t u r e ( a n d m o r e i m p o r 
t a n t , s o l v a t i o n ) d e p e n d e n c e o f t h e g-tensor. 

Several M n I H p o r p h y r i n s , i n c l u d i n g t h e M n 1 1 1 c o m p l e x o f a p h e o p h o r -
b i d e , were s t u d i e d b y J a n s o n et a l . 2 4 . T h e increased sh i f t s u p o n increase o f 
t h e p o r p h y r i n d o n o r s t r e n g t h suggest a charge t r a n s f e r f r o m t h e l i g a n d t o the 
m e t a l , a n d s p i n t r a n s f e r t h r o u g h t h e 7r -system is i n v o k e d . 

A b r a h a m et a l . 1 0 i n v e s t i g a t e d the l i g a t i o n o f N i n ( M e s o - I X - D M E ) . W h i l e 
square p l a n a r N i 1 1 p o r p h y r i n s are u s u a l l y d i a m a g n e t i c , p a r a m a g n e t i c c o m 
p lexes are f o r m e d u p o n a d d i t i o n o f a f i f t h l i g a n d 2 5 6 . S t r o n g sh i f t s i n reso 
nances are o b s e r v e d f o r t h e m e t h i n e p r o t o n s , m u c h s m a l l e r ones ( ~ l / 6 ) f o r 
t h e signals o f t h e p r o t o n s i n t h e ß s u b s t i t u e n t s , a n d a s p i n t r a n s f e r v i a the 
7T-system is a d v a n c e d t o a c c o u n t f o r t h e s p e c t r a . 

T h e n u c l e a r s p i n r e l a x a t i o n m e c h a n i s m was s t u d i e d f o r C r m , M n 1 1 1 , a n d 
h i g h - s p i n F e 1 1 1 c o m p l e x e s o f m e s o - t e t r a - p - t o l y l - p o r p h y r i n b y a l i n e w i d t h 
a n a l y s i s 2 6 . F o r t h e F e 1 1 1 c o m p l e x e s , the l i n e w i d t h is p r o p o r t i o n a l t o the 
e l e c t r o n s p i n r e l a x a t i o n t i m e , Tx e , w h i c h is d e t e r m i n e d b y t h e m o d u l a t i o n 
o f the zero f i e l d s p l i t t i n g p a r a m e t e r , D , b y the m o l e c u l a r t u m b l i n g . I t c a n be 
v a r i e d c o n s i d e r a b l y b y the a x i a l l i g a n d . T h i s r e l a x a t i o n m e c h a n i s m is less 
i m p o r t a n t f o r M n 1 1 1 , a n d C r 1 1 1 s h o w s r e l a x a t i o n t i m e s c o r r e s p o n d i n g t o the 
t u m b l i n g c o r r e l a t i o n t i m e . A d e p e n d e n c e o n D (or r a t h e r D 2 ) c o u l d be 
d e m o n s t r a t e d f o r F e 1 1 1 a n d M n 1 1 1 c o m p l e x e s b y v a r i a t i o n o f t h e f i f t h ( ax ia l ) 
l i g a n d 2 6 . T h u s , a s u i t a b l e c h o i c e o f so lvent c a n a i d c o n s i d e r a b l y i n the 
r e s o l u t i o n o f t h e 1 H m r s p e c t r a . M o s t o f the i n v e s t i g a t i o n s d e s c r i b e d here 
f o c u s o n resonances a r i s i n g f r o m t h e p o r p h y r i n s . T h e b r o a d e n i n g o f reso 
n a n c e l ines o f a x i a l l i gands i n p a r a m a g n e t i c p o r p h y r i n c o m p l e x e s , w h i c h has 
been used b y several a u t h o r s 2 3 3 , 2 5 7 , 2 5 8 as a p r o b e f o r t h e m e c h a n i s m o f 
l i g a n d e x c h a n g e is d i s cussed i n S e c t i o n 1 0 . 4 . 1 . 2 . 
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A E u 1 1 1 c o m p l e x o f ( T P P ) was r e c e n t l y r e p o r t e d b y W o n g et a l . 2 5 9 . A s 
e v i d e n c e d b y the n o n - e q u i v a l e n c e o f the o- a n d m - p h e n y l p r o t o n resonances 
( S e c t i o n s 1 0 . 2 . 8 . 1 . a n d 1 0 . 4 . 2 . 2 ) , the m e t a l i o n is c o n s i d e r a b l y o u t - o f - p l a n e . 
A s s u m i n g o n l y p s e u d o - c o n t a c t s h i f t s , a c o n s i d e r a b l y larger E u — N d i s t a n c e 
t h a n i n o t h e r E u c o m p l e x e s was e s t i m a t e d . 

10.3. Nuclei other than 1H 

T h e ex tens ive use o f 1 H as the basic n . m . r . p r o b e f o r large o rgan i c m o l e 
cules s u c h as p o r p h y r i n s to the e x c l u s i o n o f o t h e r n u c l e i was o r i g i n a l l y 
d i c t a t e d b y t h e h i g h s e n s i t i v i t y o f 1 H m r as c o m p a r e d t o t h a t o f the o t h e r 
e l ements present ( c a r b o n , n i t r o g e n , a n d o x y g e n ) , w h i c h c o n s t i t u t e the s t r u c 
t u r a l b a c k b o n e . A c o m b i n a t i o n o f o n e o r m o r e o f the f o l l o w i n g p r o p e r t i e s o f 
a g iven n u c l e u s ( T a b l e 27) is r e s p o n s i b l e f o r the p r o b l e m s i n v o l v e d i n the 
n . m . r . s p e c t r o s c o p y o f n u c l e i o t h e r t h a n 1 H : (a) l o w i n h e r e n t s e n s i t i v i t y at a 
g iven m a g n e t i c f i e l d , w h i c h depends o n t h e t h i r d p o w e r o f the g y r o m a g n e t i c 
r a t i o ; (b) l o w n a t u r a l a b u n d a n c e ; (c) s p i n 1 /2 , w h i c h e i t h e r c o m p l e t e l y 
prec ludes n . m . r . s p e c t r o s c o p y (S = 0 ) , o r renders i n t e r p r e t a t i o n o f s p e c t r a 
d i f f i c u l t because o f c o m p l e x c o u p l i n g pa t t e rns p r o d u c e d w h e n S> 1 ; (d) 

T A B L E 27 

Nmr characteristics for some nuclei important in porphyrins and metalloporphyrins 

Nucleus Inherent Natural S rp b 
1 1 

Sensitivity a Abundance 
(%) 

lH 100.0 99.9 1/2 + + 
2 H 0.36 0.015 1 ++/+++ 
1 2 C 0 98.9 0 — 
1 3 C 1.6 1.1 1/2 + / + + 
1 4 N 0.04 99.63 1 + / + + + 
1 5 N 0.1 0.38 1/2 + 
1 6 0 0 99.76 0 — 
1 7 o 0.25 0.04 5/2 + + + 
1 8 Q 0 0.20 0 — 
1 9 9 H g 0.57 16.8 1/2 + / + + 
203rp| 18.7 29.5 1/2 + / + + 
20 5,p| 19.2 70.5 1/2 + / + + 

Only crude approximations for the spin lattice relaxation time T1 are given. 
0 As compared to 1 H at the same magnetic field strength. 
b +: î\ > 1 0 2 sec;++: 10 ° <TX < 10 2 sec;+++: ï\ < 10° sec. 
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q u a d r u p o l e - i n d u c e d l i n e b r o a d e n i n g ; a n d (e) l o n g i n h e r e n t s p i n l a t t i c e 
r e l a x a t i o n t i m e s , T1, o f a n u c l e u s , w h i c h e a s i l y leads t o s a t u r a t i o n o f the 
n . m . r . resonances . 

E a r l y a t t e m p t s t o increase the s p e c t r a l s e n s i t i v i t y o f e x o t i c n u c l e i i n v o l v e d 
e n r i c h m e n t o f t h e n u c l e u s o f in teres t a b o v e i ts n a t u r a l a b u n d a n c e l e v e l , S / N 
e n h a n c e m e n t b y s igna l averaging t e c h n i q u e s , m e t h o d s o f c i r c u m v e n t i n g the 
r e l a x a t i o n p r o b l e m b y a d d i n g s m a l l a m o u n t s o f p a r a m a g n e t i c c o m p o u n d s 
( such as C r a c a c 3 ) t o f a c i l i t a t e r e l a x a t i o n , t h e use o f cross r e l a x a t i o n t e c h 
n i q u e s ( n u c l e a r O v e r h a u s e r e n h a n c e m e n t ) , a n d f l o w m e t h o d s . T h e p r i n c i p a l 
t e c h n i c a l a d v a n c e , h o w e v e r , i n t h e n . m . r . s p e c t r o s c o p y o f f o r m e r l y e x o t i c 
n u c l e i was m a d e p o s s i b l e b y t h e d e v e l o p m e n t o f pu l se F o u r i e r t r a n s f o r m 
( P F T ) n . m . r . s p e c t r o s c o p y i n r e c e n t y e a r s 2 6 0 , a t e c h n i q u e t h a t c a n be fur 
t h e r c o m b i n e d w i t h s o m e o f the a b o v e - m e n t i o n e d p r o c e d u r e s . I n c o n v e n 
t i o n a l c o n t i n u o u s wave ( cw) m o d e f o r r e c o r d i n g n . m . r . s p e c t r a , o n l y one 
f r e q u e n c y at a t i m e is o b s e r v e d , a n d m o s t o f t h e t i m e s p e n t i n r e c o r d i n g the 
s p e c t r u m is l o s t i n c o l l e c t i n g no i se i n s t e a d o f s i g n a l . In t h e P F T m o d e , a l l 
n u c l e i are e x c i t e d s i m u l t a n e o u s l y b y a s t r o n g r a d i o f r e q u e n c y p u l s e , a n d the 
d e c a y o f the t h u s i n d u c e d m a g n e t i z a t i o n ( free i n d u c t i o n d e c a y , F I D ) is 
observed i n the t i m e d o m a i n . I f t h e s p i n — s p i n r e l a x a t i o n t i m e , T 2 , ( or b e t t e r 
T 2 * ) is c o m p a r a b l e t o the s p i n l a t t i c e r e l a x a t i o n t i m e , Tx, a s igna l is c o l 
l e c t e d over m o s t o f the m e a s u r e m e n t t i m e , w h i c h is t h u s u s e d m u c h m o r e 
e f f i c i e n t l y . T h e F o u r i e r t r a n s f o r m a t i o n f r o m t h i s t i m e d o m a i n s i g n a l , ( i .e . , 
the F I D ) i n t o t h e f r e q u e n c y d o m a i n ( i .e . , the u s u a l s p e c t r u m ) , a n d a n y 
a d d i t i o n a l necessary p r o c e s s i n g o f t h e s p e c t r u m is t h e n d o n e b y a d i g i t a l 
c o m p u t e r . T h e s e n s i t i v i t y e n h a n c e m e n t b y P F T as c o m p a r e d to c w is u s u a l l y 
f r o m one t o t w o orders o f m a g n i t u d e . T h e s e n s i t i v i t y o f P F T c a n be even 
f u r t h e r inc reased b y s o m e o f the a b o v e - c i t e d t e c h n i q u e s , p a r t i c u l a r l y the 
n u c l e a r O v e r h a u s e r e n h a n c e m e n t t h a t r e su l t s f r o m a s i m u l t a n e o u s i r r a d i a t i o n 
o f c o u p l e d p r o t o n s w h i l e 1 3 C s p e c t r a are r e c o r d e d * . F o r a d e t a i l e d d i s cus 
s i o n o f pu lse F T s p e c t r o s c o p y 2 6 0 a n d its a p p l i c a t i o n s t o 1 3 C m r 3 0 , t h e 
reader is r e f e r r e d t o r e c e n t m o n o g r a p h s . 

10.3 J. 1 3 Cmr of porphyrins 
10.3.1.1. 1 3 Cmr of diamagnetic porphyrins 

T h e m a j o r i t y o f n . m . r . s tud ies o n n u c l e i o t h e r t h a n 1 H have been m a d e o n 

* Although pulse Fourier transform techniques are usually employed in heteronuclear 
(i.e., nuclei other than 1 H ) n.m.r., we want to emphasize the advantages of P F T for 1 H m r 
as well. This is especially true for porphyrins, as the greatly increased sensitivity over
comes their sometimes poor solubility and their pronounced aggregation. For example, 
the spectrum of porphin shown in Fig. 3a was obtained in our laboratory in about 15 min 
in a solution estimated to be 0.0005 M . P F T n.m.r. has also been a p p l i e d 1 7 3 for the 
study of photoreactions directly in n.m.r. sample tubes, which require low concentrations 
because of the high light absorption of porphyrins. 
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1 3 C , n o t o n l y because c a r b o n is a u n i v e r s a l c o m p o n e n t o f o rgan i c s t r u c t u r e s 
( 1 3 C is present t o the e x t e n t o f 1 . 1% o f the c a r b o n present ) , b u t also 
because 1 3 C possesses a c o m p a r a t i v e l y h i g h s e n s i t i v i t y ( T a b l e 27) a n d a 
c o m p a r a t i v e l y l o w p r i c e i n h i g h i s o t o p i e p u r i t y , w h i c h m a k e s t h e synthes i s 
a n d b i o s y n t h e s i s o f 1 3 C e n r i c h e d c o m p o u n d s a p r a c t i c a l p r o p o s i t i o n . 

O n l y t w o 1 3 C studies o f p o r p h y r i n s have a p p e a r e d i n w h i c h at least s o m e 
o f the s p e c t r a were r e c o r d e d i n t h e c w m o d e 3 6 , 3 7 . T h e c o m p o u n d s e m 
p l o y e d were e n r i c h e d i n 1 3 C t o 1 5 a n d 9 5 % , r e s p e c t i v e l y , b u t nonethe less , 
l o n g s igna l averaging t i m e s w e r e s t i l l necessary t o o b t a i n reasonable s i gna l -
to -no ise i n t h e s p e c t r a . 

B y c o n t r a s t , a n d i l l u s t r a t i n g t h e great t e c h n i c a l advances e m b o d i e d i n 
m o d e r n s p e c t r o s c o p i c e q u i p m e n t , a w i d e v a r i e t y o f p o r p h y r i n s at n a t u r a l 
a b u n d a n c e or o n l y m o d e r a t e 1 3 C e n r i c h m e n t , used at c o n c e n t r a t i o n s o f less 
t h a n 0.1 M , have n o w b e e n i n v e s t i g a t e d b y 1 3 C P F T - n . m . r . s p e c t r o s c o p y . 
T h e t e c h n i q u e o f m o d e r a t e ( b i o s y n t h e t i c ) e n r i c h m e n t to a b o u t 1 5 % 1 3 C 
has p r o v e n espec ia l l y u s e f u l 3 3 , 3 7 . 1 3 C — 1 3 C S p i n — s p i n c o u p l i n g i n c o m 
p o u n d s at th i s e n r i c h m e n t is s t i l l n e g l i g i b l e , w h i l e the ga in i n s e n s i t i v i t y over 
n a t u r a l a b u n d a n c e is c o n s i d e r a b l e . E n r i c h m e n t s h i g h e r t h a n 2 0 % are des ire -
able p r i m a r i l y f o r s tud ies o f 1 3 C — 1 3 C s p i n — s p i n i n t e r a c t i o n s 3 6 , a n d , t o 
s o m e e x t e n t , f o r se lect ive l a b e l i n g e x p e r i m e n t s 3 5 * 2 6 1 ' 2 6 2 . 

(a) Assignments: D u e t o t h e f a v o r a b l y spaced a n d wel l -ass igned 1 H m r 
spec t ra o f p o r p h y r i n s , c a r b o n a t o m s b e a r i n g h y d r o g e n a t o m s c a n be d i r e c t l y 
assigned f r o m m u l t i p l i c i t y o f t h e i r r e sonance , a n d the ass ignment c a n be 
assisted b y e i t h e r s ingle f r e q u e n c y o f f - r esonance d e c o u p l i n g 3 4 , o r ( m o r e 
u n a m b i g u o u s l y ) b y s ingle f r e q u e n c y on - resonance d e c o u p l i n g 3 7 . T h e v e r y 
c l ose ly spaced m e t h i n e 1 3 C resonances i n H 2 ( P r o t o - I X - D M E ) a n d 
( 2 , 4 - d i a c e t y l - D e u t - I X - D M E ) were assigned b y ( s y n t h e t i c ) se lect ive e n r i c h 
m e n t at these spec i f i c p o s i t i o n s w i t h 1 3 c 2 6 1 , 2 6 2 , a n d K a t z et a l . 3 7 a n d 
L i n c o l n et a l . 2 6 3 used s t e p w i s e c h e m i c a l m o d i f i c a t i o n s t o c l a r i f y q u e s t i o n 
able ass ignments . 

T h e ass ignment o f the q u a t e r n a r y c a r b o n s i n large m o l e c u l e s p r e s e n t e d a 
m a j o r cha l l enge , e s p e c i a l l y as the c h e m i c a l sh i f ts o f these c a r b o n s m a y be 
e x p e c t e d t o y i e l d v a l u a b l e i n f o r m a t i o n o t h e r w i s e u n a v a i l a b l e f r o m 1 H m r . 
A l l , o r a l m o s t a l l , o f t h e e x p e c t e d q u a t e r n a r y c a r b o n a t o m resonances are 
u s u a l l y observed as r e s o l v e d s ing le t s , w h i c h are eas i ly d i f f e r e n t i a t e d b y t h e i r 
m u l t i p l i c i t y i n the u n d e c o u p l e d s p e c t r u m a n d b y t h e i r r e l a t i v e l y l o w i n t e n 
s i ty as c o m p a r e d t o t h e p r o t o n - b e a r i n g c a r b o n s i n the b r o a d - b a n d 1 H de 
c o u p l e d s p e c t r u m . T h e l a t t e r e f f e c t is d u e t o l o n g e r r e l a x a t i o n t i m e s a n d t h e 
s m a l l n u c l e a r O v e r h a u s e r e n h a n c e m e n t o f the q u a t e r n a r y c a r b o n s . 

M a t w i y o f f et a l . 3 6 a n d A b r a h a m et a l . 3 2 d iscuss t h e ( exchange) b r o a d e n 
ing o f the a - p y r r o l e 1 3 C signals i n free base p o r p h y r i n s 9 , 2 6 1 , b y t a u t o m e r i c 
N — H e x c h a n g e 3 2 , as a w a y t o d i f f e r e n t i a t e b e t w e e n a- a n d j3-pyrrole c a r b o n 
resonances . T h e l a t t e r a u t h o r s a lso discuss the e f fec t o f m e t a l a t i o n o n t h e 
abso lute c h e m i c a l sh i f t s a n d s p a c i n g o f t h e a- a n d (3-pyrrol ic resonances as a 
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potent ie l l a i d i n ass igning these resonances (see a lso R e f . 3 3 ) . L i n c o l n et 
a l . 2 6 3 use g r a d u a l s t r u c t u r a l changes t o assign s o m e o f the q u a t e r n a r y 1 3 C 
resonances , a n d 1 3 C — 1 3 C c o u p l i n g s i n h i g h l y e n r i c h e d p o r p h y r i n s can 
es tab l i sh s o m e ass ignments i n the v i c i n i t y o f m e s o - c a r b o n a t o m s 3 6 . T h e 
m o s t d i r e c t a p p r o a c h t o a s s i g n m e n t o f the q u a t e r n a r y c a r b o n a t o m s is the 
m o d i f i e d i n d o r ( h e t e r o n u c l e a r d o u b l e resonance ) t e c h n i q u e s used b y B o x e r 
et a l . 3 3 t o assign a l l t h e m a c r o c y c l i c q u a t e r n a r y c a r b o n s i n c h l o r o p h y l l - a a n d 
s o m e o f its der ivat ives . In c o n v e n t i o n a l i n d o r s p e c t r o s c o p y , the a b s o r p t i o n 
l eve l o r i n t e n s i t y o f a sate l l i te l i n e o f a ( u s u a l l y p r o t o n ) m u l t i p l e t is m o n i 
t o r e d , w h i l e a s e cond r a d i o f r e q u e n c y is s w e p t t h r o u g h the a b s o r p t i o n range 
o f the respec t ive n u c l e u s c o u p l e d t o the p r o t o n . I n ' c e n t e r l i n e i n d o r ' , the 
a b s o r p t i o n i n t e n s i t y at the center o f the resonance l i n e is m o n i t o r e d i n s t e a d . 
A l t h o u g h n o d i s t i n c t m u l t i p l e t s are observed , the c e n t e r l ines o f the p r o t o n 
resonances o f the j3-pyrrole s u b s t i t u e n t s are b r o a d e n e d b y l o n g range s p i n -
s p i n c o u p l i n g s w i t h t h e q u a t e r n a r y c a r b o n a t o m s , a n d the a b s o r p t i o n is 
inc reased b y co l lapse o f the u n r e s o l v e d p r o t o n m u l t i p l e t w h e n a t r a n s i t i o n o f 
the c o u p l e d q u a t e r n a r y c a r b o n a t o m is i n d u c e d . O b v i o u s l y , the u t i l i t y o f th i s 
t e c h n i q u e is again e n h a n c e d b y t h e use o f c o m p o u n d s at m o d e r a t e 1 3 C 
e n r i c h m e n t . T h e ass ignment o f t h e 1 3 C resonances o f c h l o r o p h y l l - a o b 
t a i n e d 3 3 i n t h i s w a y are n o t o n l y se l f - cons i s tent , b u t a lso c o n f i r m the ear l i e r 
ass ignment o f the 1 H m r s p e c t r u m 1 3 i n a l l respects . 

( b ) 7 3C Chemical shifts: A l t h o u g h the 1 3 C c h e m i c a l sh i f t can be b r o k e n 
d o w n i n t o t h e same c o m p o n e n t s as d iscussed f o r p r o t o n s , the re la t ive i m 
p o r t a n c e o f t h e i r c o n t r i b u t i o n s is d i f f e r e n t . T h e 1 3 C n u c l e u s is c o m p a r a t i v e l y 
s h i e l d e d f r o m the s u r r o u n d i n g e n v i r o n m e n t , b u t c a r b o n n u c l e i have a m u l t i 
t u d e o f accessible h y b r i d i z a t i o n states t h a t a f fect the 1 3 C shi f ts s t r o n g l y a n d 
spread 1 3 C resonances over a range o f several h u n d r e d p . p . m . T h u s , r i n g 
c u r r e n t e f fects o n the c h e m i c a l sh i f t s o f p r o t o n s are r o u g h l y ±5—10 p . p . m . 
a n d th is s t r o n g l y d e t e r m i n e s the appearance o f a p r o t o n s p e c t r u m t h a t i n 
m o s t instances e x t e n d s over o n l y a s l i g h t l y larger range . A l t h o u g h r i n g c u r 
r e n t ef fects are o f the same a b s o l u t e m a g n i t u d e f o r 1 H a n d 1 3 C , t h e y c o n 
t r i b u t e less t h a n 1 0 % t o 1 3 C s h i f t s 3 1 , w h i c h are spread over a b o u t 2 0 0 
p . p . m . R e l i a b l e r i n g c u r r e n t i n c r e m e n t s to the c h e m i c a l sh i f t o f c a r b o n 
a t o m s i n the c o n j u g a t i o n p a t h w a y o f p o r p h y r i n m a c r o c y c l e s w o u l d be a 
v a l u a b l e p r o b e o f the m a g n e t i c a n i s o t r o p y i n these reg ions o f the m o l e c u l e 
t h a t are n o t accessible t o 1 H m r . S o far , the a m b i g u i t i e s i n the i n t e r p r e t a t i o n 
o f 1 3 C shi f ts d o n o t p e r m i t the separa t i on o f these t e r m s . R i n g c u r r e n t 
c o n t r i b u t i o n s m a y be r e s p o n s i b l e , h o w e v e r , f o r the same order o f c h e m i c a l 
sh i f ts f o r b o t h the 1 H a n d 1 3 C s ignals o f sets o f ß-pyrrole C H 3 g roups . 

T h e 1 3 C m r spectra ( inso far as avai lab le ) o f the same se lected a r c h e t y p i c a l 
p o r p h y r i n s d iscussed at the b e g i n n i n g o f th is c h a p t e r ( S e c t i o n 1 0 . 2 . 1 ) are 
s u m m a r i z e d i n T a b l e 2 8 . R a t h e r t h a n d i scuss ing each s p e c t r u m i n d e t a i l we 
p r o p o s e t o o u t l i n e s u c h f u n d a m e n t a l a n d general features o f p o r p h y r i n 1 3 C 
n . m . r . as can be d r a w n f r o m the y e t very i n c o m p l e t e w o r k . T h e 1 3 C s p e c t r a 
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1ÖC ldc 1 H ~ 1 3 C 

4 144.9 42 3a 10.4 126 
5 128.8 44 4a 18.7 125 
6 161.2 4b 16.9 160 
7 5 1 . 0 a 1 2 9 b 5a 11.6 129 
8 4 9 . 9 a 46, 130 b 10a 169.2 58 1 

9 1 8 9 . 0 a 10b 52.5 148 
10 6 4 . 6 a 1 3 6 b 7a 30.9 130 
11 141.9 7b 29.7 126 
12 135.9 7c 172.9 
13 155.3 
14 150.7 8a 22.8 125 
15 137.8 a 96.8 155, 70 g 

16 149.6 ß 103.7 145, 70 g 

( 8 7 ) Ö(x /)./? 17 173.3 7 104.9 
18 172.0 5 92.7 157, 70 g 

4^ 
00 
O l 

N 5J J N _ _ N
k J N _ H

k 

1 102.5 2 J 1 2 = 2.0, 2 J 1 4 = 2.5 1 J N _ H = 9 8 
2 219 
3 110.9 2 J 2 3 = 5-7, 2 J 3 4 = 1.4 3 ^ N - H = 3 1 'X 
4 272.8 £j 

. 0 

a F r o m Ref. 37. M 
O 1 ^ 1 H _ 1 3 C from Ref. 37. È 

c F r o m Ref. 33 in 5[p.p.m.] relative to internal T M S . &j 
Coupling constant for the ß-pyrrolic C and the adjacent substituent C in Hz, from Ref. 36. £J 

e In 5 [p.p.m.] relative to internal T M S , from Ref. 37. § 
f In Hz, from Ref. 37. a 

g i r 
h

 J l 3 C — 1 3 c in Hz between the methine-C and the adjacent a-pyrrolic C, from Ref. 36. ^ 
1 J 1 3 C _ 1 3 c in Hz, from Ref. 36. W 

2 3L 2 b ' U 
i l 

J 1 3 _ —13^ in Hz, from Ref. 36. , 
k In ô [p.p.m.] relative to external 1 5 N H 4 C 1 , from Ref. 33. « 
j In Hz, from Ref. 33. ^ 

Three bond /ra/is-coupling between 1 5 N and the methine proton. N 
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o f p o r p h y r i n s c a n be m o r e o r less a r b i t r a r i l y s u b d i v i d e d i n t o f o u r r e g i o n s : 
the a l i p h a t i c c a r b o n r e g i o n w i t h c h e m i c a l sh i f t s i n the range — 1 0 — 7 0 
p . p . m . ; * the m e t h i n e c a r b o n r e g i o n (—90—100 p . p . m . ) ; t h e a r o m a t i c a n d 
o l e f i n i c c a r b o n r e g i o n ( 1 3 0 — 1 7 0 p . p . m . ) ; a n d the c a r b o n y l r e g i o n i n t h e 
m o s t s t r o n g l y d e s h i e l d e d p o r t i o n o f t h e s p e c t r u m ( 1 7 0 — 1 9 0 p . p . m . ) . A l 
t h o u g h t h e r e m a y be s o m e over lap i n c h e m i c a l sh i f t s , e s p e c i a l l y i n t h e l o w -
f i e l d r eg i ons , s u c h a s i t u a t i o n is u s u a l l y r e a d i l y r eso lvab le f r o m t h e n u m b e r 
a n d m u l t i p l i c i t y o f t h e resonances . 

T h e signals o f a l l p r o t o n - b e a r i n g s p 3 h y b r i d i z e d c a r b o n a t o m s are 
o b s e r v e d i n the h i g h f i e l d r e g i o n b e t w e e n 0 a n d 7 0 p . p . m . T h e s e c h e m i c a l 
shi f ts f a l l w e l l w i t h i n the u s u a l 1 3 C e x p e c t a t i o n r a n g e s 3 0 . T h e r e s o n a n c e s o f 
the c a r b o n a t o m s i n the a l i p h a t i c s ide - cha ins o c c u r i n the range o f 6 = 1 0 — 4 0 
p . p . m . , a n d f o r s i m i l a r s u b s t i t u e n t s t h e same o r d e r o f c h e m i c a l s h i f t s i n b o t h 
the 1 H a n d t h e 1 3 C s p e c t r u m is f o u n d 3 3 , 3 7 . T h e c h e m i c a l sh i f t s f o r severa l 
i m p o r t a n t ß -pyrro le s u b s t i t u e n t s are l i s t e d i n T a b l e 2 9 , a n d these sh i f t s s e e m 
t o be f a i r l y c o n s t a n t i n v a r i o u s p o r p h y r i n s . T h e 7 a n d 8 c a r b o n s i n c h l o r i n s 
c o m e i n t o r e s o n a n c e at a b o u t 50 p . p . m . 3 3 , 2 1 3 , 2 6 3 , a n d the c a r b o n a t o m s 
ad jacent t o ester o r c a r b o n y l f u n c t i o n s have resonances i n t h e range o f 
5 0 - 7 0 p . p . m . 

T h e c h e m i c a l s h i f t range f r o m 9 0 — 1 0 0 p . p . m . c o n t a i n s the r e s o n a n c e s o f 
the m e t h i n e c a r b o n s . T h e s e signals are c l o s e l y spaced i n p r o t o p o r p h y r i n - I X 3 5 

a n d r e l a t e d a l k y l - o r v i n y l - s u b s t i t u t e d p o r p h y r i n s 3 2 , 3 4 , 2 6 3 b u t are s p r e a d 
o u t b y ß-substitution w i t h o t h e r g r o u p s 3 5 , 2 6 3 a n d i n c h l o r i n s 3 3 , 2 1 3 , 2 6 3 . 
A l k y l - s u b s t i t u t i o n o f a /3-pyrrole p o s i t i o n shi f ts t h e n e i g h b o r i n g m e t h i n e car 
b o n resonances u p f i e l d b y a b o u t 3.5 p . p . m . 3 2 , as c o m p a r e d t o t h e ( ß-unsub-
s t i t u t e d c o m p o u n d s . I n c h l o r i n s , the signal(s) o f the m e t h i n e c a r b o n s n e x t t o 
the r e d u c e d r i n g o c c u r (as i n the p r o t o n s p e c t r u m ) as separate r e s o n a n c e s at 
h igher f i e lds , p r o b a b l y because o f t h e h i g h e l e c t r o n d e n s i t y at these s i tes . 
H o w e v e r , i n p h e o p h o r b i d e s the q u a t e r n a r y 7 - C m e t h i n e r e s o n a n c e o c c u r s i n 
the r e g i o n o f t h e a- a n d ß-methine c a r b o n a t o m s ignals . T h e a b o v e - m e n 
t i o n e d s h i e l d i n g c l e a r l y seems t o be c o m p e n s a t e d f o r b y q u a t e r n i z a t i o n a n d 
b o n d angle d e f o r m a t i o n s 1 2 8 . 

In the r e g i o n b e t w e e n 1 3 0 a n d 1 7 0 p . p . m . the resonances ot t h e q u a t e r 
n a r y a- a n d ß-pyrrole c a r b o n s o c c u r , w i t h t h e l a t t e r at h i g h e r f i e l d a n d 
u s u a l l y w i t h o u t o v e r l a p o f the a - c a r b o n a t o m s at l o w e r f i e l d . A g a i n , these 
t w o sets o f a - a n d j3-pyrrole c a r b o n resonances are c l o se ly s p a c e d i n a l k y l -
s u b s t i t u t e d p o r p h y r i n s 9 , 3 2 , 3 5 , w h i l e the r esonance peaks are s p r e a d o u t i n 

* All 1 3 C chemical shifts are given in 5 [p .p.m.] , down-field relative to internal 
S i ( 1 3 C H 3 ) 4 (TMS). For conversion of chemical shifts from other internal standards some
times used in the literature, the following reference values relative to T M S were used 
here: 1 3 C S 2 : 5 = 193.7 p.p.m.; benzene: 5 = 128.5 p . p . m . 3 0 . T M S has the considerable 
convenience in that both -^H and 1 3 C chemical shifts are referred to the same internal 
standard compound. 

References, p. 514 
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Expectation ranges (Ô[p.p.m.] from T M S ) of the 1 3 C m r resonances of ß-pyrrole substi
tuents in porphyrins 

Substituent Chemical Shift ô [p.p.m] Ref., remarks 

ß-pyrrole 
C H 3 

C H 2 C H 2 

C H = C H 2 

C H 2 — C H 2 Br 
C H O H - C H 3 

C H 2 C H 2 C O O C H 3 

in chlorins 
C H O 
C O C H 3 

C O - R 

C O O C H 3 

y-Methine 
C H 2 C O O C H 3 

10.4-15.7 (22.8-23.1 = 8 C H 3 in chlorins) 

18 .7 -22 .5 /16 .9 -18 .5 ( 1 2 . 8 3 5 ) 

128.8-131.6 /120.1-122.6 

18.3 
65.3/26.0 
21 .6 -23 .5 /35 .8 -39 .2 /172 .7 -174 .7 /51 .4 -53 .0 
30 .9 -31 .1 /29 .6 -29 .9 /172 .9 -173 .5 /51 .6 -51 .7 
187.4 
33.1-34.3 
189-196.1 

169.4-173.0 /52.0-53.1 

38 .3-38 .6 /169.4-173.0 /52 .0-53 .1 

9,32,33,34,35,37, 
261,263 
32,34,36,37,261, 
263 
34,35,36,37,261, 
263 
263 
34 
9,32,34,35,37, 
261,263 
36,263 
34,35 
9-CO in chlorins, 
37,263 
263 

263 

If not otherwise indicated, the chemical shifts are listed according to the carbon atom 
sequence in the substituent formula (from left to right). 

the less s y m m e t r i c a l l y s u b s t i t u t e d p o r p h y r i n s 9 , 3 2 , 3 4 , 3 5 , 2 6 3 a n d i n t h e 
c h l o r i n s 3 3 , 2 1 3 , 2 6 3 . ( F o r a r e c e n t d i s c u s s i o n o f the 1 3 C resonances i n n o n -
a l t e r n a n t h y d r o c a r b o n s , see R e f . 264 . ) A b r a h a m et a l . 3 2 o b s e r v e d a d i s t i n c t 
i n c r e m e n t a l s h i f t o f a b o u t 2 p . p . m . f o r j3-pyrrole c a r b o n a t o m s n e x t t o a 
c a r b o m e t h o x y - e t h y l s u b s t i t u e n t as c o m p a r e d to a m e t h y l s u b s t i t u e n t . I n 
p h e o p h o r b i d e s 3 3 , the a - p y r r o l e c a r b o n a t o m s i n r i n g D are m o r e d e s h i e l d e d 
b y a l m o s t 2 0 p . p . m . t h a n those i n the r e m a i n i n g p y r r o l e r i n g s , t h u s i n d i 
c a t i n g a m o r e p y r i d i n e - l i k e c h a r a c t e r f o r the p y r r o l i n e r i n g (see b e l o w ) . A 
s i m i l a r l o w - f i e l d s h i f t is a lso o b s e r v e d f o r c a r b o n 6 i n r i n g C , w h i c h n o t o n l y 
is sub jec t t o s h i e l d i n g b y the ad jacent 9 - c a r b o n y l g r o u p , b u t also has 
d i s t o r t e d b o n d a n g l e s 1 2 8 t h a t change its h y b r i d i z a t i o n . 

T h e u n s u b s t i t u t e d j3-pyrrole C-2 a n d C-4 a toms i n H 2 ( D e u t - I X ) o c c u r o n 
the h i g h - f i e l d s ide o f t h e q u a t e r n a r y c a r b o n resonance r e g i 0 n 3 2 , 3 4 , 3 5 , 2 6 3 

( 1 2 0 — 1 3 0 p . p . m . ) , a l o n g w i t h the resonances o f the c a r b o n a t o m s i n o l e f i n i c 
s u b s t i t u e n t s 3 3 , 3 4 , 2 6 3 . T h i s s i m i l a r i t y i n c h e m i c a l s h i f t was c o n s i d e r e d b y 
D o d d r e l l a n d C a u g h e y 3 4 t o be a s t r o n g h i n t f o r the presence o f an i n n e r 
( 1 6 - a n n u l e n e d i - a n i o n ) c o n j u g a t i o n p a t h w a y (see f o r m u l a 4, 5, S e c t i o n 
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1 0 . 1 . 2 ) , w h i c h m a k e s the p e r i p h e r a l d o u b l e b o n d s essent ia l ly o l e f i n i c . T h i s 
i n t e r p r e t a t i o n was re j e c ted b y A b r a h a m et a l . 9 , 3 2 , p a r t l y 3 2 u p o n t h e obser
v a t i o n o f s i m i l a r c h e m i c a l shi fts f o r t h e a - a n d |3-pyrrole c a r b o n a t o m s , b o t h 
o f w h i c h c o m e i n t o resonance at c o n s i d e r a b l y l o w e r f i e l d t h a n does the 
m e t h i n e c a r b o n a t o m . A m b i g u i t i e s i n the i n t e r p r e t a t i o n o f t h e 1 3 C shi f ts 
s t i l l r e m a i n i n g d o n o t p e r m i t a d e f i n i t i v e d e c i s i o n o n t h i s p o i n t b y 1 3 C m r . 

A b r a h a m et a l . 3 2 were able t o s h o w t h a t the resonances o f the a - p y r r o l e 
c a r b o n a t o m s i n the c o p r o p o r p h y r i n i somers are c lose t o coa lescence at 
r o o m t e m p e r a t u r e w i t h respect t o N — H t a u t o m e r i s m . T h i s N — H exchange is 
s l o w e r i n c h l o r i n s (see S e c t i o n 1 0 . 4 . 2 . 1 ) a n d the m o r e l o c a l i z e d N — H p r o 
t o n s generate t w o d i s t i n c t t ypes o f r ings as far as the 1 3 C (and 1 5 N ) spec
t r u m is c o n c e r n e d . R i n g s A a n d C are p y r r o l e - l i k e , r i n g B a n d espec ia l l y 
r i n g D resemble p y r i d i n e 3 3 . U p o n m e t a l a t i o n , t h e d i f f e rences b e t w e e n t h e 
c h e m i c a l sh i f t s o f the c a r b o n a n d the n i t r o g e n a t o m s i n the d i f f e r e n t p y r r o l e 
r ings b e c o m e s less p r o n o u n c e d , a n d at t h e same t i m e the average o f t h e a-
a n d ß-pyrrole 1 3 C resonances is s h i f t e d t o l o w e r f i e l d 3 2 , 3 3 . These e f fects are 
d iscussed b y B o x e r et a l . 3 3 i n t e r m s o f a r e d i s t r i b u t i o n o f charge dens i t i es 
u p o n m e t a l a t i o n w i t h i n the m a c r o c y c l i c s y s t e m a n d a change i n its a b s o l u t e 
va lue , w h i c h resul ts i n p a r t f r o m a l e v e l i n g e f fec t o n t h e n o n - b o n d i n g n i t r o 
gen o r b i t a l energies , a n d a s i m u l t a n e o u s increase i n t h e i r average v a l u e . T h e 
e f fect o f p r o t o n a t i o n i n 1 3 C m r s p e c t r a has b e e n i n v e s t i g a t e d b y A b r a h a m et 
a l . 3 2 . U p o n i n i t i a l a d d i t i o n o f T F A , t h e a - p y r r o l e c a r b o n s are s h i e l d e d , a n d 
t h e ß-pyrrole ( a n d m e t h i n e ) ca rbons are d e s h i e l d e d , as i n t h e case o f o t h e r 
AT-heterocyc l i c c o m p o u n d s . A t h i g h e r T F A c o n c e n t r a t i o n s , a l l signals are 
d e s h i e l d e d d u e t o s o l v e n t effects a n d / o r f u r t h e r p r o t o n a t i o n . S h i f t s o f t h e a 
a n d |3 meso c a r b o n l ines i n c h l o r i n s p e c t r a u p o n a d d i t i o n o f T F A have been 
u s e d 2 1 3 - to i d e n t i f y these carbons as w e l l as c l a r i f y the site o f meso m e t h y l a -
t i o n i n t h e Chlorobium c h l o r o p h y l l s ' 6 6 0 ' . 

T h e signals o f the c a r b o n y l c a r b o n s are o b s e r v e d i n the r e g i o n f r o m 1 7 0 t o 
1 9 0 p . p . m . K a t z et a l . 3 7 , 2 6 5 f o u n d a p r o n o u n c e d d o w n f i e l d s h i f t o f t h e C -9 
c a r b o n y l r esonance i n c h l o r o p h y l l - c h l o r o p h y l l self-aggregates ( A = —2.4 
p . p . m . ) . A n even s t ronger d o w n f i e l d s h i f t is observed i n the resonances o f 
the c a r b o n y l c a r b o n a t o m s o f 2 , 4 - p e n t a n e d i o n e s u p o n c o o r d i n a t i o n w i t h 
M g 2 + 3 7 . O b v i o u s l y , a n y s h i e l d i n g f r o m t h e r i n g c u r r e n t o f t h e ad jacent 
m a c r o c y c l e i n the c h l o r o p h y l l d i m e r is m o r e t h a n c o m p e n s a t e d f o r b y the 
d e s h i e l d i n g e f f e c t o f the c o o r d i n a t i o n i n t e r a c t i o n s o f the n o n - b o n d i n g C = O 
o r b i t a l w i t h the m e t a l i o n . S i m i l a r d o w n f i e l d shi f ts d u e at least i n p a r t t o 
h y d r o g e n b o n d i n g are r e p o r t e d f o r t h e ester c a r b o n y l c a r b o n s i n the c o p r o 
p o r p h y r i n i s o m e r s 3 2 i n s t r o n g ac ids . 

(c) 13C Spin—spin coupling: 1H—13 C— N a t u r a l a b u n d a n c e 1 3 C s p e c t r a 
are u s u a l l y r e c o r d e d u n d e r p a r t i a l (s ingle f r e q u e n c y o f f - resonance ) o r f u l l 
( b r o a d b a n d ) p r o t o n d e c o u p l i n g t o o b t a i n s e n s i t i v i t y e n h a n c e m e n t f r o m t h e 
n u c l e a r O v e r h a u s e r e f fect . U n d e r these c o n d i t i o n s , h o w e v e r , the 1 H — 1 3 C 
c o u p l i n g s are r e d u c e d o r r e m o v e d , r e s p e c t i v e l y . A l t h o u g h gated d e c o u p l i n g is 
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e x p e c t e d t o y i e l d c o r r e c t c o u p l i n g c o n s t a n t va lues , 1 H — 1 3 C c o u p l i n g c o n 
stants are r e p o r t e d t o o u r k n o w l e d g e o n l y f o r 1 3 C e n r i c h e d c o m p o u n d s i n 
spec t ra r e c o r d e d w i t h o u t d o u b l e i r r a d i a t i o n . 1 H l H _ 1 3 c o f a b o u t 1 5 0 a n d 
1 3 0 H z are o b s e r v e d f o r a r o m a t i c a n d o l e f i n i c , a n d f o r b e n z y l i c c a r b o n 
a t o m s , r e s p e c t i v e l y , i n c h l o r i n s 3 6 , 3 7 a n d p o r p h y r i n s ( m e t h i n e c a r b o n a t o m s 
o n l y ) 3 5 ; these va lues f a l l w i t h i n t h e u s u a l range e x p e c t e d f o r these g r o u p s 3 0 . 
W h i l e these c o u p l i n g c o n s t a n t s are f a i r l y c o n s i s t e n t , t h e t w o n o n - b e n z y l i c 
m e t h y l g roups i n m e t h y l p h e o p h o r b i d e - a at 4 b a n d 8 a , s h o w a m a r k e d 
d i f f e rence i n t h e i r c o u p l i n g c o n s t a n t s , v i z . 1 6 0 a n d 1 2 5 H z , r e s p e c t i v e l y , 
w h i c h p r o b a b l y re f lec ts d i f f e rences i n s ter i c h i n d r a n c e i n these g r o u p s . N o 
l o n g range lH—13C c o u p l i n g s have t h u s f a r been r e p o r t e d ; s u c h c o u p l i n g s 
are u s u a l l y u n r e s o l v e d a n d resu l t o n l y i n l ine b r o a d e n i n g 3 2 , 3 3 . A s m a l l 
(J < 2 H z ) c o u p l i n g o f the a - p y r r o l e c a r b o n s ( p r o b a b l y ) w i t h t h e m e t h i n e 
p r o t o n s is observed i n the O E P d i c a t i o n 1 3 5 . 

1 3 C - 1 3 C - W h i l e the e n r i c h m e n t ( < 2 0 % 1 3 C ) o p t i m a l f o r 1 3 C m r d a t a 
c o l l e c t i o n e f f e c t i v e l y suppresses c a r b o n — c a r b o n c o u p l i n g s , s o m e 
V i 3 C _ i 3 C va lues are r e p o r t e d b y M a t w i y o f f et a l . 3 6 i n h i g h l y 
1 3 C - e n r i c h e d c h l o r o p h y l l - a a n d -6 . A l t h o u g h the a r o m a t i c p a r t o f the spec 
t r u m is o b s c u r e d b y the v a r i o u s e x t e n s i v e c o u p l i n g s , i t was poss ib l e t o e x 
t r a c t s o m e 1 3 C — 1 3 C c o u p l i n g c o n s t a n t s f r o m the m u l t i p l e t s o f t h e ß-pyrrole 
s u b s t i t u e n t s a n d the m e t h i n e c a r b o n a t o m s . T h e f o l l o w i n g values f o r t h e 1 
b o n d 1 3 C - 1 3 C c o n s t a n t s are r e p o r t e d 3 6 ( T a b l e 2 8 ) : 4 4 ± 2 H z f o r t h e 
c o u p l i n g o f b e n z y l i c c a r b o n a t o m s o f t h e a l i p h a t i c s i d e - c h a i n to t h e r i n g 
c a r b o n a t o m s ; 3 4 H z f o r J 4 a - 4 b \ 50 H z « / 3 _ 3 a i n C h l - 6 ; 6 8 H z f o r J2a-2b \ 
58 H z f o r « / 1 0 _ n ; a n d 7 0 H z f o r the c o u p l i n g c o n s t a n t o f the m e t h i n e 
c a r b o n a t o m s w i t h b o t h a - p y r r o l e n e i g h b o r s . T h e values o f 1 < / 1 3 c _ _ 1 3 c are 
m a i n l y d e p e n d e n t o n the h y b r i d i z a t i o n states o f the c o u p l e d c a r b o n s ( f o r a 
r e cent r e v i e w , see R e f s . 3 0 a n d 2 6 6 ) . T h e o n l y u n u s u a l c o u p l i n g v a l u e , as 
j u d g e d f r o m s i m i l a r l y s u b s t i t u t e d b e n z e n e s 3 0 , is the (equal ) c o u p l i n g c o n 
s tant o f 7 0 H z observed b e t w e e n the m e t h i n e c a r b o n a t o m s a n d t h e i r a - p y r 
r o l e c a r b o n n e i g h b o r s , a va lue w h i c h is c l oser to t h a t o f e t h y l e n e ( 6 8 H z ) 
t h a n t o t h a t o f t h e b e n z e n e c a r b o n a t o m s ( ^ 6 0 H z ) . 

Tl—13C — A b r a h a m et a l . 9 , 3 2 d i s cuss i n s ome d e t a i l t h e ( l ong-range) 
T l — 1 3 C c o u p l i n g s i n T l 1 1 1 - p o r p h y r i n s . N o d i f f e rence was n o t i c e a b l e f o r the 
t w o m a g n e t i c a l l y v e r y s i m i l a r i so topes 2 0 3 T 1 a n d 2 0 5 T 1 . T w o t o f o u r b o n d 
c o u p l i n g s are o b s e r v e d i n these cases, w h i c h are ( in a c c o r d a n c e w i t h ear l i e r 
T l s t u d i e s ) 2 6 7 a b o u t 6 0 t i m e s larger b u t i n the same re la t ive o r d e r as t h e 
1 H — 1 H c o u p l i n g s , i n d i c a t i v e o f d o m i n a n t c o n t a c t c o u p l i n g s v i a s p i n t r a n s f e r 
t h r o u g h the o b o n d s y s t e m . 

10.3.1.2. 1 3 C of paramagnetic metalloporphyrins 
I n a d d i t i o n to the 1 H m r s p e c t r a o f F e 1 1 1 p o r p h y r i n s , W i i t h r i c h et a l . 

r e c e n t l y s t u d i e d the 1 3 C m r spec t ra o f some l o w - s p i n F e 1 1 1 p o r p h y r 
i n s 2 6 8 , 2 6 9 , as w e l l as the F e 1 1 1 c o m p l e x e s o f P r o t o - I X 2 6 8 , 2 7 0 a n d D e u t -
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I X 2 7 0 . T h e c h e m i c a l sh i f t a s s i g n m e n t o f c a r b o n a t o m s b e a r i n g p r o t o n s was 
a c h i e v e d b y s ingle f r e q u e n c y o f f - r e s o n a n c e , a n d , i n s o m e cases, b y s ingle 
f r e q u e n c y ( on -resonance ) d e c o u p l i n g , a n d the q u a t e r n a r y c a r b o n s were 
assigned b y i n t e r c o m p a r i s o n s . T h e t r e a t m e n t o f the 1 3 C d a t a i s , as i n t h e 
case o f t h e 1 H m r d a t a , d i r e c t e d t o the s e p a r a t i o n o f t h e h y p e r f i n e shi f ts 
f r o m a l l o t h e r c o n t r i b u t i o n s p r e s e n t i n the d i a m a g n e t i c p o r p h y r i n s . F u r t h e r 
m o r e , t h e s e p a r a t i o n o f the h y p e r f i n e shi f ts i n t o c o n t a c t a n d p s e u d o - c o n t a c t 
c o n t r i b u t i o n s ( S e c t i o n 1 0 . 2 . 8 . 5 ) , a n d t h e f u r t h e r s u b d i v i s i o n o f b o t h h y p e r 
f ine t e r m s i n t o c o n t r i b u t i o n s f r o m t h e o a n d TT e l e c t r o n f r a m e w o r k a n d t h e 
m e t a l i o n was a t t e m p t e d . A s i n t h e 1 H m r i n v e s t i g a t i o n s , the Z n c o m p l e x e s 
were again used as re ference c o m p o u n d s t o evaluate t h e d i a m a g n e t i c s h i f t s * 
(average va lue o f sets o f 1 3 C resonances f r o m c h e m i c a l l y e q u i v a l e n t n u c l e i ) . 
It s h o u l d be n o t e d , h o w e v e r , t h a t the p r o n o u n c e d d i f f e rences i n the 1 3 C 
c h e m i c a l sh i f t s o f d i a m a g n e t i c p o r p h y r i n s observed f o r d i f f e r e n t m e t a l s 3 2 

m a k e these re ference shi f ts o f lesser va lue t h a n i n the case o f the 1 H s p e c t r a , 
because t h e y are s o m e t i m e s o f s i m i l a r m a g n i t u d e as the h y p e r f i n e sh i f t s . 

A s e m i - q u a n t i t a t i v e t r e a t m e n t p r o v i d e s l i m i t s f o r the p s e u d o - c o n t a c t 
sh i f t s , w h i c h were c a l c u l a t e d f r o m the g - factor a n i s o t r o p y (see S e c t i o n 
10 .2 .8 .5 ) i n f r o z e n s o l u t i o n (an u p p e r l i m i t ) , a n d f r o m values e s t i m a t e d i n 
ear l ier 1 H m r w o r k (a l o w e r l i m i t ) . 

T h e resul ts f r o m 1 3 C m r are i n m a n y p o i n t s c o m p l e m e n t a r y to the c o n c l u 
s ions d e r i v e d f r o m 1 H h y p e r f i n e sh i f t s . T h e 1 3 C m r results p r o v i d e a d i s t i n c t 
r e f i n e m e n t , as t h e y i n d i c a t e p r o n o u n c e d d i f f e rences i n the ( h y p e r - c o n j u g a 
t i o n ) c o u p l i n g parameters Q f o r d i f f e r e n t s u b s t i t u e n t s 2 7 0 . These d i f f e rences 
c a n be i n t e r p r e t e d i n g e o m e t r i c a l t e r m s a n d i n p r i n c i p l e y i e l d a be t te r i n s i g h t 
i n t o the c o n f o r m a t i o n o f the v a r i o u s s u b s t i t u e n t s i n s o l u t i o n . It has b e e n 
f u r t h e r s h o w n t h a t , i n c o n t r a s t t o 1 H sh i f t s , t h e 1 3 C p s e u d o - c o n t a c t s h i f t 
c o n t r i b u t i o n f r o m s p i n t r a n s f e r r e d t o the l i g a n d is n o l onger neg l i g ib l e . 

10.3.2. 1 0 Nmr of porphyrins 

1 5 N i n m a g n e t i c resonance s p e c t r o s c o p y m a y have s u c h very l o n g r e l a x a 
t i o n t imes t h a t a c q u i s i t i o n o f 1 5 N m r d a t a m a y be p r e v e n t e d . T h e 1 5 N 
s p e c t r u m o f h i g h l y (95%) e n r i c h e d 1 5 N p h e o p h y t i n - a ( 8 7 b ) ( T a b l e 28 ) has 
been r e c o r d e d b y the use o f t h e v e r y l o n g pu lse i n t e r v a l o f 6 0 s e c 3 3 , a n d b y 
a d d i t i o n o f C r m a c a c 3 * * 2 7 1 t o i n d u c e m o r e r a p i d r e l a x a t i o n . T h e 1 5 N shi f ts 
o f the r e l a t e d M g - c o m p l e x ( c h l o r o p h y l l - a ) were o b t a i n e d i n d i r e c t l y b y 

* In contrast to the usual n.m.r. spectroscopic definition, the diamagnetic shift refers 
here to all terms (diamagnetic as well as paramagnetic) except the hyperfine terms arising 
from the nuclear interaction of the unpaired spin. 
** By comparison with the values given .by Boxer et al. the N-spectrum of the algal 
pigment m i x t u r e 2 7 1 is obviously that of pheophytin-a and -b (probably demetalated by 
C r n i a c a c 3 ) rather than that of the chlorophylls. 
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h e t e r o n u c l e a r ( 1 H — 1 5 N ) d o u b l e resonance e x p e r i m e n t s 3 3 . F o r b o t h c h l o r o 
p h y l l - a a n d p h e o p h y t i n - a , the 1 5 N resonances were assigned b y s ingle fre
q u e n c y d e c o u p l i n g o f the m e t h i n e p r o t o n r e s o n a n c e s 3 3 . T h e 1 5 N s p e c t r u m 
i n the free base p h e o p h y t i n - a s h o w s t w o sets o f r esonances , w i t h c h e m i c a l 
shi f ts c h a r a c t e r i s t i c f o r p y r r o l e s ( r i n g A , C ) a n d p y r i d i n e s ( r i n g D , a n d s o m e 
w h a t i n t e r m e d i a t e , r i n g B ) . T h e o r d e r o f the c h e m i c a l sh i f ts was i n t e r p r e t e d 
t o re f l e c t the re la t ive o r d e r o f the energy levels o f t h e n o n - b o n d i n g n i t r o g e n 
o r b i t a l s , w i t h r i n g D > B > C ~ A 3 3 . T h i s o r d e r is i n agreement w i t h E S C A 
d a t a o n p o r p h y r i n s 2 7 2 . V a r i o u s 1 5 N — 1 5 N c o u p l i n g s v i a t h e i n n e r h y d r o g e n 
a t o m s are o b s e r v e d , a n d the d a t a a l l o w an es t imate o f the s h a r i n g o f t h e 
i n n e r h y d r o g e n a t o m s b e t w e e n the n i t r o g e n a t o m s ( T a b l e 2 8 , see also Sec 
t i o n 1 0 . 4 . 2 . 1 ) 3 3 . T h e 1 5 N — 1 H c o u p l i n g c o n s t a n t w i t h t h e i n n e r h y d r o g e n 
a t o m s is V 1 5 1 h = 9 8 H z . I n a d d i t i o n , long-range (trans) c o u p l i n g o f 
3 < / i 5 N - i H = 3 H z , w i t h the m e t h i n e p r o t o n s (used t o assign t h e 1 5 N reso
nances) i n c h l o r o p h y l l - a , was o b s e r v e d , a n d f ive b o n d c o u p l i n g s ( 5 ^ i 5 N - i H ) 
w i t h the m e t h i n e p r o t o n s v i a the c e n t r a l M g are d i s c u s s e d 3 3 . 

10.3.3. Magnetic resonance of central metals in metalloporphyrins 
In sp i te o f t h e w i d e v a r i e t y o f p o r p h y r i n m e t a l c o m p l e x e s ava i lab le f o r 

s t u d y , o n l y a v e r y f e w inves t i ga t i ons deal w i t h the n . m . r . s p e c t r o s c o p y o f 
these meta ls a n d t h e i r (nuc l ear ) s p i n - s p i n i n t e r a c t i o n s w i t h the p o r p h y r i n 
l i g a n d . A b r a h a m et a l . i n v e s t i g a t e d i n some d e t a i l l ong-range s p i n — s p i n 
c o u p l i n g s b e t w e e n T l a n d 1 3 C 9 - 3 2 a n d 1 H 8 , 1 1 . 2 0 3 T 1 a n d 2 0 5 T 1 are m a g 
n e t i c a l l y very s i m i l a r a n d t h e i r p r o t o n c o u p l i n g c o n s t a n t s are i d e n t i c a l , i n 
agreement w i t h resul ts o f M a h e r a n d E v a n s o n T l o r g a n i c c o m p o u n d s 2 6 7 . 
T h e 1 3 C m r resul ts s h o w a p r e d o m i n a n t c o n t a c t c o u p l i n g m e c h a n i s m w i t h 
s p i n t rans fer t h r o u g h the a - s y s t e m . A s i m i l a r m e c h a n i s m was a d v a n c e d f o r 
the long-range 1 H — T l c o u p l i n g s w i t h the p r o t o n s o f the ß-pyrrole s ide -
c h a i n s , whereas the m e t h i n e p r o t o n s appeared t o be c o u p l e d via the ^-sys 
t e m . 

T h e j u - d i p o r p h i n a t o — t r i m e r c u r y c o m p l e x (82) was s t u d i e d b y ( 1 H - { 1 9 9 H g } ) 
i n d o r s p e c t r o s c o p y (see T a b l e 2 3 ) 2 1 9 , 2 2 3 . T h e o b s e r v a t i o n o f t w o 1 9 9 H g 
i n i n d o r l ines at 1 7 . 8 8 6 6 a n d 1 7 . 8 8 5 4 M H z i n an i n t e n s i t y r a t i o o f 2 : 1, is 
o n e o f the basic resul ts a c q u i r e d t o es tab l i sh the s t a c k e d s t r u c t u r e p r o p o s e d 
f o r th i s c o m p o u n d . 

10.3.4. 2 Hmr of porphyrins 
2 H m r is o f l o w s e n s i t i v i t y , a n d the resonance l ines are b r o a d e n e d because 

o f q u a d r u p o l a r r e l a x a t i o n , ( f or a r e c e n t r ev i ew see R e f . 2 7 3 ) . T h e f e w 2 H m r 
studies a v a i l a b l e , h o w e v e r , i n d i c a t e c e r t a i n t e c h n i c a l advantages t o th i s spec
t r o s c o p i c t e c h n i q u e . F o r e x a m p l e , the 2 H m r spectra are f i r s t o r d e r (because 
o f the h igher A S / J r a t i o ) , a n d r e s o l u t i o n is m u c h be t t e r i n t h e case o f 
( p a r a m a g n e t i c a l l y ) b r o a d e n e d l i n e s 2 7 4 . I so tope ef fects o n c h e m i c a l sh i f t s 
a n d c o u p l i n g c o n s t a n t s are f u r t h e r m o r e o f c ons iderab le t h e o r e t i c a l in te res t . 
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I n e v a l u a t i n g the p o t e n t i a l i t i e s a n d advantages o f b i o - m o l e c u l e s o f u n n a t u 
r a l i s o t o p i e c o m p o s i t i o n , the A r g o n n e g r o u p r e p o r t e d the 2 H m r s p e c t r u m o f 
m e t h y l p h e o p h o r b i d e - a - 2 H 3 5 ( 7 d - C H 3 ) a n d c h l o r o p h y l l - a - 2 H 7 2

2 9 3 . A l 
t h o u g h t h e 2 H l ines are b r o a d e n e d b y q u a d r u p o l a r r e l a x a t i o n , the r e s o l u t i o n 
is g o o d f o r the f o r m e r c o m p o u n d (2—7 H z l i n e w i d t h s ) a n d s u f f i c i e n t i n 
C h l - a f o r t h e i d e n t i f i c a t i o n o f the m a j o r resonances . T h e 2 H c h e m i c a l shi f ts 
o f t h e p o r p h y r i n m o i e t y o f the m o l e c u l e s are v e r y s i m i l a r t o the 1 H s h i f t s , 
w i t h genera l l y p o s i t i v e ( sh ie ld ing) i s o t o p e e f fects o f less t h a n +0 .05 p . p . m . 
T h e 2 H - p h y t y l s i d e - c h a i n , h o w e v e r , is s t r o n g l y s h i e l d e d . A n i s o t o p e e f fec t o f 
0 . 6 3 p . p . m . is o b s e r v e d i n t h e 2 H - c h l o r o p h y l l , w h i c h is p r o b a b l y a c c o u n t e d 
f o r b y the i n t e g r a t e d ( sh ie ld ing) i s o t o p e e f fec t i n the a l i p h a t i c c h a i n , a l 
t h o u g h aggregat ion shi f ts i n v o l v i n g r i n g c u r r e n t e f fects c a n n o t be c o m p l e t e l y 
e x c l u d e d . 

10.4. Introduction to applications section 

I n th i s s e c t i o n , the a p p l i c a t i o n s o f n . m . r . s p e c t r o s c o p y t o three m a j o r areas 
are d i s cussed : the aggregat ion o f p o r p h y r i n s ( i n c l u d i n g l i g a n d exchange p r o 
cesses) is m a i n l y s t u d i e d b y u s i n g r i n g c u r r e n t i n d u c e d shi f ts ( R I S ) as a p r o b e 
f o r m o l e c u l a r i n t e r a c t i o n ; d y n a m i c processes i n v o l v i n g t a u t o m e r i s m a n d 
r o t a t i o n o f s u b s t i t u e n t s ; a n d the s t e r e o c h e m i s t r y o f p o r p h y r i n s . T o c o m p l e t e 
th i s s o m e w h a t a r b i t r a r y s e l e c t i o n , p e r t i n e n t a p p l i c a t i o n s o u t s i d e th is s cope 
are l i s t e d u n d e r m i s c e l l a n e o u s w i t h o u t f u r t h e r d i s c u s s i o n . 

10.4.1. Aggregation 
T h e v e r y ear ly 1 H m r studies o f p o r p h y r i n s revea led a r e m a r k a b l e so lvent 

a n d c o n c e n t r a t i o n d e p e n d e n c e o f t h e c h e m i c a l sh i f ts o f t h e so lu te ( the p o r 
p h y r i n s ) , the s o l v e n t , a n d co -so lutes . These ef fects arise f r o m se l f -aggregat ion 
o f t h e p o r p h y r i n s , o r are the resu l t o f m o r e o r less spec i f i c i n t e r a c t i o n s w i t h 
n u c l e o p h i l e s t h a t m a y be present . T h e reason f o r aggregat ion shi f ts i n the 
p o r p h y r i n s , i n a general w a y , l ies i n the c o m b i n a t i o n o f the s t r o n g m a g n e t i c 
a n i s o t r o p y o f the p o r p h y r i n s w i t h s t r o n g , a n d o f t e n s p e c i f i c , m o l e c u l a r i n t e r 
a c t i o n s o f the p o r p h y r i n s w i t h each o t h e r or w i t h o t h e r species ( n u c l e o 
ph i les ) present i n s o l u t i o n . T h e s t u d y o f the c h e m i c a l s h i f t c onsequences o f 
p o r p h y r i n m o l e c u l a r i n t e r a c t i o n s t h u s p r o v i d e s d e t a i l e d i n s i g h t i n t o b o t h 
se l f -aggregat ion ( e n d o g a m o u s a g g r e g a t i o n ) 5 9 a n d p o r p h y r i n — l i g a n d i n t e r a c 
t i o n s ( e x o g a m o u s i n t e r a c t i o n s ) 5 9 . 

P o r p h y r i n aggregat ion can i n v o l v e e i t h e r o r b o t h 7r—ir a n d m e t a l — l i g a n d 
i n t e r a c t i o n s . T h e 7r—n forces are r e l a t i v e l y w e a k ( f o r a n e x c e p t i o n , see R e f . 
2 7 6 ) , f a i r l y insens i t ive to s o l v e n t * , a n d genera l ly p r o d u c e o n l y u p f i e l d shi f ts 

* Disaggregation in T F A is a result of dication formation rather than a result of a solvent 
effect. 

References, p. 514 
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o f the species l i g a t e d t o the p o r p h y r i n s . T h e sources o f these u p f i e l d shi f ts 
are o b v i o u s f r o m the m a g n e t i c a n i s o t r o p y o f the m a c r o c y c l e ( F i g . 1 ) , a n d 
resu l t f r o m t h e p o s i t i o n i n g o f p r o t o n s a b o v e o r b e l o w the p l a n e o f a n o t h e r 
m a c r o c y c l e . T h e sur face d e f i n i n g zero s h i e l d i n g is n o t p e r p e n d i c u l a r t o the 
m a c r o c y c l e p l a n e , a n d o n l y assoc ia ted m o l e c u l e s w h i c h are s u b s t a n t i a l l y 
larger i n area t h a n the p o r p h y r i n i t se l f , c a n p r o t r u d e i n t o t h e d e s h i e l d i n g 
areas, TT—n I n t e r a c t i o n s are t h e m a i n aggregat i on f o r c e s * i n free base p o r 
p h y r i n s . I n m e t a l l o p o r p h y r i n s , the 7r—tt f o r ces are o f t e n o u t r a n g e d i n mag
n i t u d e b y m e t a l — l i g a n d c o o r d i n a t i o n i n t e r a c t i o n s , w h i c h are s t r o n g l y so lvent 
d e p e n d e n t a n d m a y re su l t ( espec ia l ly i n t h e case o f p o r p h y r i n se l f - in terac 
t i o n s ) i n b o t h l o w a n d h i g h - f i e l d s h i f t s . I n d i a m a g n e t i c m e t a l l o p o r p h y r i n s , 
aggregat ion sh i f t s are r i n g c u r r e n t i n d u c e d a n d c a n a m o u n t t o as m u c h as 
2 p . p . m . o r m o r e f o r p r o t o n c h e m i c a l s h i f t s . In p a r a m a g n e t i c c o m p l e x e s , the 
c h e m i c a l sh i f t s i n aggregates are d o m i n a t e d b y n u c l e a r h y p e r f i n e i n t e r a c t i o n s 
w i t h the u n p a i r e d sp in ( s ) , a n d t h u s c a n be a n o r d e r o f m a g n i t u d e larger (see 
S e c t i o n 1 0 . 2 . 8 . 5 ) . 

In a d d i t i o n t o sel f -aggregated species w e also i n c l u d e i n th is s e c t i o n a 
d i s c u s s i o n o f c o v a l e n t l y b o u n d a x i a l l i g a n d s i n v o l v i n g the c e n t r a l m e t a l i o n 
o f m e t a l l o p o r p h y r i n s . M o l e c u l a r aggregates o f t h i s k i n d s h o w e x a c t l y the 
same i n c r e m e n t a l s h i f t s , a n d 1 H m r d a t a have p r o v e n e x t r e m e l y u s e f u l i n 
e v a l u a t i n g a n d c o m p a r i n g the m a g n e t i c a n i s o t r o p y o f the p o r p h y r i n m a c r o -
c y c l e . 

10.4.1.1. Porphyrin self-aggregation 
T h e t w o se l f -aggregat ion e x t r e m e s s t u d i e d b y 1 H m r are the c o p r o p o r p h y 

r i n t e t r a m e t h y l e s t e r s 6 , 9 a n d the c h l o r o p h y l l s 3 7 . T h e c o n c e n t r a t i o n d e p e n 
dence o f t h e p r o t o n c h e m i c a l shi f ts i n C o p r o was f i rs t n o t e d b y A b r a h a m et 
a l . 7 a n d la ter inves t iga ted i n d e t a i l b y ^ m r 6 a n d 1 3 C m r 9 . A s a b y - p r o d u c t 
these s tudies m a d e poss ib le a u s e f u l a n a l y t i c a l t e c h n i q u e f o r d i s t i n g u i s h i n g -
III a n d I V i somers o f c o p r o p o r p h y r i n s , t h u s s o l v i n g an o l d p r o b l e m . F r o m 
s y m m e t r y c o n s i d e r a t i o n s , b o t h o f these i s o m e r s are e x p e c t e d t o y i e l d s i m i l a r 
m u l t i p l i c i t y p a t t e r n s f o r sets o f c h e m i c a l l y e q u i v a l e n t p r o t o n s . T h i s is i n d e e d 
observed . F o r e x a m p l e , the m e t h i n e resonances i n the m o n o m e r s present i n 
T F A s o l u t i o n s h o w three signals w i t h i n t e n s i t i e s in the r a t i o 1 : 2 : 1 . 
H o w e v e r , the s i g n i f i c a n t l y d i f f e r e n t g e o m e t r y o f the p o r p h y r i n aggregates i n 
C 2 H C 1 3 s o l u t i o n leads t o a p a r t i a l c o l l apse o f t h e m e t h i n e resonances t o t w o 
signals ( in tens i t i es i n the r a t i o 2 : 2 ) i n the III i s o m e r 6 . In o t h e r cases, 
d i s t i n c t i o n s b e t w e e n i somers i n w h i c h n o t a l l o f t h e e x p e c t e d resonances are 
v i s ib le can be m a d e f r o m the f ine s t r u c t u r e i n the s p e c t r a o f t h e aggre-

* This is true only if no strongly aggregating substituents are present. Thus, for exam
ple, the recently studied 2a-hydroxvpheophorbides show aggregation via H-bond-
• m g l 3 2 , 2 1 3 , 2 7 7 



N U C L E A R M A G N E T I C R E S O N A N C E S P E C T R O S C O P Y 495 

a b C 

Fig. 5. Endogamous (self)-aggregation in porphyrins, (a) ïï—7î charge transfer interaction, 
plane-to-plane distance 8—10 A , macrocycles laterally displaced. (From Ref. 68; see also 
Refs. 6,8,282.); (b) strong n~ir interactions between ring A and D in Fe I I T (Proto-IX)dicy-
anide (see Ref. 276); (c) strong n.m.r. averaged metal-ligand interaction between the 
central magnesium atom and the ring E keto carbonyl group in chlorophylls (see Ref. 37). 

gates 9 2 . A q u a n t i t a t i v e a n a l y s i s o f t h e c o n c e n t r a t i o n d e p e n d e n c e o f the 1 H 
c h e m i c a l s h i f t s 6 i n d i c a t e d t h a t : (a) o n l y a m o n o m e r — d i m e r e q u i l i b r i u m i n 
p o r p h y r i n ir—n aggregat ion has t o be c o n s i d e r e d i n the c o n c e n t r a t i o n range 
u p t o a b o u t 0 .2 m ; (b) i n t h e p o r p h y r i n d i m e r , the t w o p o r p h y r i n m o l e c u l e s 
axe p a r a l l e l t o each o t h e r a n d o n t h e average a b o u t 8 Â a p a r t ; a n d (c) the 
d i m e r c o m p o n e n t s are p e r s u a d e d b y ster ic i n t e r a c t i o n s o f the b u l k y ( p r o 
p i o n i c ester) s ide - cha ins t o a d o p t a n o r i e n t a t i o n s u c h t h a t t h e s ide - cha ins are 
staggered. T h u s , the m a c r o c y c l e s are l a t e r a l l y d i s p l a c e d b y a b o u t 2 Â ( F i g . 
5a) . O f p a r t i c u l a r i n t e r e s t , A b r a h a m 6 r e m a r k s t h a t t h e s e p a r a t i o n d i s t a n c e 
observed i n these d i m e r s is m o r e t y p i c a l o f charge t rans fe r c o m p l e x e s r a t h e r 
t h a n ent i t i es generated b y g e n e r a l i z e d 7 r — T T i n t e r a c t i o n s . A s i m i l a r c o n c l u s i o n 
was r e a c h e d b y O g o s h i et a l . 1 8 0 f r o m i n f r a r e d s tud ies o f t h e aggregat ion o f 
p o r p h y r i n d i - a c i d s , w h i c h w e r e f o r m u l a t e d b y these w o r k e r s as c a t i o n — a n i o n 
c o m p l e x e s , a n d t h e aggregat ion o f i V - m e t h y l O E P w i t h i ts m o n o - c a t i o n 1 4 2 

p r o v i d e s f u r t h e r s u p p o r t f o r th i s v i e w . O n the o t h e r h a n d , a s e p a r a t i o n o f 
o n l y 4.5 A c h a r a c t e r i s t i c f o r ir—ir aggregat ion was r e c e n t l y r e p o r t e d 2 7 6 f o r a 
l o w - s p i n p r o t o h e m i n ( F i g . 5 b ) . 

A s i m i l a r aggregat ion b e h a v i o r was d e m o n s t r a t e d f o r M e s o - , P r o t o - a n d 
D e u t e r o p o r p h y r i n s - I X i n a h i g h m a g n e t i c f i e l d s t u d y 6 8 . I n these cases, t h e 
aggregates s h o w a 10 Ä s e p a r a t i o n o f the m a c r o c y c l e p lanes . M o r e o v e r , i t 
was s h o w n t h a t a t 2 2 0 M H z a l l m a g n e t i c a l l y n o n - e q u i v a l e n t n u c l e i were 
r e s o l v e d 6 8 . T h e se l f -aggregat ion o f p h e o p h o r b i d e s - a a n d -b was s t u d i e d b y 
Closs et a l . 1 3 a n d t h a t o f p y r o p h e o p h o r b i d e - a b y P e n n i n g t o n et a l . 2 1 4 . 
Because a l l o f the r i n g p r o t o n signals i n these c o m p o u n d s are ass igned, 
aggregat ion i n t h e d i m e r s c a n be m a p p e d i n d e t a i l . T h e d i m e r s t r u c t u r e i n 
these c o m p o u n d s is s i m i l a r t o t h a t o f the p o r p h y r i n s , b u t here s ter i c i n t e r a c 
t i o n s i n the c h l o r i n r ings causes a p r o n o u n c e d l a t e r a l d i s p l a c e m e n t o f t h e 
m a c r o c y c l e s , w i t h r i n g B s h o w i n g t h e s trongest over lap i n the d i m e r . 

B o t h the e n d o g a m o u s a n d e x o g a m o u s i n t e r a c t i o n s o f the c h l o r o p h y l l s , 
w h i c h represent the o t h e r e x t r e m e o f s t r o n g (ax ia l ) l i g a n d — m e t a l i n t e r a c 
t i o n s , have been s t u d i e d i n d e t a i l b y t h e A r g o n n e g r o u p 1 3 , 2 1 4 . T h e c e n t r a l 
m a g n e s i u m a t o m i n t h e c h l o r o p h y l l s c a n be c o n s i d e r e d t o be c o o r d i n a t i v e l y 
u n s a t u r a t e d , w h i c h leads i n t h e absence o f e x t r a n e o u s l i gands (nüc leophi les , 

References, p. 514 
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L e w i s bases) t o p r o n o u n c e d c h l o r o p h y l l — c h l o r o p h y l l aggregat ion . I n 
a l i p h a t i c h y d r o c a r b o n s o l v e n t s , large c h l o r o p h y l l — c h l o r o p h y l l aggregates 
w i t h aggregat ion n u m b e r s h i g h e r t h a n 2 0 are o b s e r v e d i n c o n c e n t r a t e d c h l o 
r o p h y l l s o l u t i o n s (0 .1 M ) 1 8 8 , 2 7 8 . These large o l i g o m e r s , w i t h m o l e c u l a r 
we ights i n excess o f 2 0 , 0 0 0 appear to have l i n e a r p o l y m e r i c s t r u c t u r e s i n 
w h i c h the c e n t r a l M g a t o m i n o n e c h l o r o p h y l l m o l e c u l e is l i g a t e d ( p r i n c i p a l 
l y ) t o the 9 -keto c a r b o n y l g r o u p o f the n e x t m o l e c u l e ( F i g . 5c ) . T h e large 
aggregates t h a t m a y be present i n a l i p h a t i c h y d r o c a r b o n s o l u t i o n s n o t o n l y 
l e a d t o c o m p l e x n . m . r . s p e c t r a , because o f r i n g c u r r e n t e f fects , b u t the 
resonance l ines are b r o a d e n e d b y the l o n g e r c o r r e l a t i o n t imes o f the aggre
gates a n d b y a s l o w e x c h a n g e o f the s u b u n i t s . T h e 1 H m r s p e c t r a o f these 
o l i g o m e r s are o f s u c h i l l - d e f i n e d na ture as t o p r o h i b i t d e t a i l e d a n a l y s i s . T h e 
basic c h l o r o p h y l l — c h l o r o p h y l l i n t e r a c t i o n c a n be s t u d i e d , h o w e v e r , i n 
' s o f t ' n o n - p o l a r so lvents s u c h as c h l o r o f o r m , b e n z e n e o r c a r b o n t e t r a c h l o 
r i d e . In these less h o s t i l e so lvents , the c h l o r o p h y l l s are p resent large ly as 
d i m e r s 2 7 9 o r s m a l l o l i g o m e r s u n d e r g o i n g f a i r l y fast e x c h a n g e . P a r t i c i p a t i o n 
o f the 9 -ke to C = O g r o u p i n c h l o r o p h y l l - a aggregat ion is d e m o n s t r a t e d i n 
the 1 H m r s p e c t r a b y t h e s t r o n g h i g h - f i e l d sh i f t s o f a l l 1 H resonances i n t h e 
v i c i n i t y o f the i s o c y c l i c r i n g E (see aggregat ion m a p , F i g . 6 ) , b y the s i m i l a r 
aggregat ion b e h a v i o r o f p y r o c h l o r o p h y l l s l a c k i n g the 1 0 - c a r b o m e t h o x y s u b 
s t i t u e n t 2 1 4 , a n d b y t h e u p f i e l d s h i f t o f the 9 - C O 1 3 C r e s o n a n c e 3 7 u p o n 
d isaggregat ion (see S e c t i o n 3 .1) . T h e d i m e r a n d o l i g o m e r s t r u c t u r e d e f i n e d 
b y n . m . r . is the w e i g h t e d average o f a l l the c o n f o r m e r s t h a t are present , as 
the exchange o f c h l o r o p h y l l m o l e c u l e s b e t w e e n the species present is fast o n 
t h e n . m . r . t i m e scale . T h u s , o n l y one set o f l ines is v i s i b l e at r o o m t e m 
p e r a t u r e * . A s t r u c t u r e ( F i g . 5 c ) , i n w h i c h the m a c r o c y c l e p lanes f o r m a n 
angle w i t h each o t h e r was i n f e r r e d f r o m ( a p p r o x i m a t e ) r i n g c u r r e n t i n d u c e d 
s h i f t ( R I S ) c a l c u l a t i o n s ( f o r a r e l a t e d C D s t u d y , see H o u s s i e r a n d S a u e r 2 8 0 ). 
These c o n c l u s i o n s have r e c e i v e d a d d i t i o n a l s u p p o r t r e c e n t l y f r o m an a n a l y s i s 
o f the l a n t h a n i d e i n d u c e d shi f ts ( L I S ) i n a C h l - a d i m e r — E u ( f o d ) 3 c o m 
p l e x 2 7 9 . A l t h o u g h the L I S reagent changes the c h l o r o p h y l l d i m e r s t r u c t u r e 
t o some e x t e n t , s m a l l s o l v e n t - d e p e n d e n t d i f f e rences f o r t h e average d i m e r 
c o n f o r m a t i o n i n b e n z e n e a n d c a r b o n t e t r a c h l o r i d e were neverthe less i n f e r r e d . 

T h e 1 H m r s p e c t r a o f c h l o r o p h y l l d i m e r s i n n o n - p o l a r so lvents are essen
t i a l l y c o n c e n t r a t i o n i n d e p e n d e n t , u n l i k e t h e case f o r T T — T T aggregates, w h o s e 
spec t ra are s t r o n g l y c o n c e n t r a t i o n d e p e n d e n t . T h e s t r o n g k e t o C = 0 - - M g 
i n t e r a c t i o n s t h a t f o r m aggregates c a n be d i s r u p t e d b y the a d d i t i o n o f bases 
t h a t c o m p e t e w i t h the 9 - C O g r o u p as the f i f t h (or s i x t h ) a x i a l l i g a n d f o r t h e 
c e n t r a l M g a t o m 5 9 . D i s a g g r e g a t i o n o f c h l o r o p h y l l o l i g o m e r s a n d d i m e r s b y 
t i t r a t i o n w i t h base c a n eas i ly be f o l l o w e d b y 1Hmr because o f the p r o 
n o u n c e d p r o t o n c h e m i c a l s h i f t changes caused b y d i s a g g r e g a t i o n 1 3 1 1 8 8 ' 2 1 4 . 

* Preliminary results obtained on pyrochlorophyll-a indicate the presence of at least three 
distinct conformers below —45°C, for which both high and low field shifts are o b s e r v e d 8 0 . 
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Fig. 6. (a) Titration of pyrochlorophyll-a (5 X 1 0 - 2 M in CC1 4 ) with C 2 H 5 0 2 H ; and (b) 
aggregation map of pyrochlorophyll-a. The chemical shift values indicated in the struc
tural formula refer to the incremental shifts observed upon complete disaggregation of 
the dimer in C C 1 4 solutions by titration with C 2 H 3 0 2 H (from Refs. 80, 214). 

T h e o r d e r o f base - s t rength f o r c o o r d i n a t i o n to M g re la t i ve t o t h e 9 - C O 
f u n c t i o n f o r a v a r i e t y o f bases has b e e n e s t a b l i s h e d b y b o t h 1 H m r a n d b y 
uv-v is a n d i n f r a r e d m e a s u r e m e n t s 4 0 5 . 

B e t w e e n t h e e x t r e m e s o f I T — I T i n t e r a c t i o n s i n t h e free base p o r p h y r i n s o n 
the o n e h a n d , a n d t h e m e t a l c o o r d i n a t i o n i n t e r a c t i o n s i n t h e c h l o r o p h y l l s o n 
the o t h e r , a g r a d u a l m i x i n g o f b o t h e f fects c a n be o b s e r v e d i n p o r p h y r i n 
c o m p l e x e s w i t h o t h e r c e n t r a l m e t a l s . A g r a d u a l increase i n se l f -aggregat ion 
i n v o l v i n g l i g a n d — m e t a l i n t e r a c t i o n s was s h o w n t o o c c u r i n t h e c h l o r o p h y l l s 
f o r t h e series free base, N i 1 1 , C u 1 1 ( by i n f r a r e d o n l y ) , Z n 1 1 , a n d M g 1 1 b y b o t h 
1 H m r a n d i n f r a r e d s p e c t r a m e a s u r e m e n t s 2 8 1 . T h e presence o f b o t h t y p e s o f 
i n t e r a c t i o n s i n N i ( M e s o - I X - D M E ) was also i n f e r r e d f r o m n . m . r . aggregat ion 
s tud ies b y D o u g h t y a n d D w i g g i n s 2 8 2 . Because o f t h e i n c r e a s e d s t r e n g t h o f 
i n t e r a c t i o n i n t h e m e t a l l o p o r p h y r i n , s e p a r a t i o n o f t h e m a c r o c y c l e p lanes i n 
the d i m e r is decreased f r o m 1 0 Â i n t h e free base d i m e r 6 8 t o 7.9 Â i n t h e 
N i 1 1 c o m p l e x d i m e r 2 8 2 . T h e f o u r i s o m e r i c T l 1 1 1 - C o p r o ' s w e r e s t u d i e d b y 
A b r a h a m et a l . 1 1 . T h e g e o m e t r y o f t h e ( w e a k ) m e t a l l o p o r p h y r i n aggregates 
is v e r y s i m i l a r t o t h a t o f t h e f ree bases, b u t t h e s o m e w h a t i n c r e a s e d m o l e 
c u l a r i n t e r a c t i o n as c o m p a r e d t o t h e free bases is e v i d e n c e d b y larger e q u i l i b 
r i u m c o n s t a n t s ( 4 . 1 1 vs . 3 . 55 l / m o l e _ 1 ) . A u n i q u e t y p e o f s t r o n g 7r—7r 
i n t e r a c t i o n s i n l o w - s p i n F e 1 1 1 p o r p h y r i n s was r e c e n t l y r e p o r t e d b y L a M a r et 
a l . 2 7 6 . Q u a n t i t a t i v e ana lys i s o f the se lect ive p a r a m a g n e t i c b r o a d e n i n g o f 

References, p. 514 



498 H U G O S C H E E R and J O S E P H J . K A T Z 

r i n g A a n d r i n g D s u b s t i t u e n t s y i e l d e d a s t r u c t u r e i n w h i c h r i n g A a n d D 
i n t e r a c t s t r o n g l y a n d s p e c i f i c a l l y , a n d i n w h i c h t h e m a c r o c y c l e s are o n l y 
a b o u t 4.5 Â a p a r t ( F i g . 5 b ) . 

10A.1.2. Reterò- or exogamous aggregation 
A s i n t h e p r e c e d i n g s e c t i o n , w e aga in c l a s s i f y t h e i n t e r a c t i o n p r o d u c t s o f 

p o r p h y r i n s w i t h n u c l e o p h i l e s b y t h e t y p e o f i n t e r a c t i o n s , i . e . , m e t a l a t o m 
c o o r d i n a t i o n i n t e r a c t i o n s i n v o l v i n g t h e c e n t r a l m e t a l , 7r—7r i n t e r a c t i o n s w i t h 
t h e a r o m a t i c s y s t e m , a n d i n t e r a c t i o n s v i a c e r t a i n s u b s t i t u e n t s i n v o l v i n g h y 
d r o g e n - b o n d i n g . O n l y l i t t l e i n f o r m a t i o n is a v a i l a b l e f o r s p e c i f i c aggregat ion 
o f free base p o r p h y r i n s w i t h n o n - p o r p h y r i n m o l e c u l e s . A s a c h a r a c t e r i s t i c 
f ea ture o f p o r p h y r i n s o l u t i o n s , c o n c e n t r a t i o n - d e p e n d e n t c h e m i c a l sh i f t s are 
n o t o n l y o b s e r v e d f o r the p o r p h y r i n t h e m s e l v e s , b u t a lso f o r t h e s o l v e n t a n d 
t h e resonances o f t h e p r o t o n s o f t h e i n t e r n a l s t a n d a r d . A b r a h a m et a l . 6 

f o u n d i n c r e m e n t a l sh i f t s o f — 0 . 6 5 H z f o r t h e p r o t o n s i n t e t r a m e t h y l s i l a n e 
( T M S ) a n d a b o u t —12 H z * f o r c h l o r o f o r m u p o n d i l u t i o n o f c o n c e n t r a t e d 
c o p r o p o r p h y r i n s o l u t i o n s ( f r o m 1 0 0 m g / m l t o 3 4 m g / m l ) a n d e x t r a p o l a t e d 
t o i n f i n i t e d i l u t i o n . T h e T M S s h i f t c a n be a c c o u n t e d f o r b y b u l k s u s c e p t i b i l 
i t y changes w i t h c o n c e n t r a t i o n , t h e C H C 1 3 s h i f t s b y t h e r a n d o m l y averaged 
e f fec t o f t h e r i n g c u r r e n t o n t h e s o l v e n t . O b v i o u s l y , t h e l a t t e r e f f e c t c a n n o t 
be n e g l e c t e d i n q u a n t i t a t i v e s t u d i e s 6 , 1 1 , b u t i t is d u e t o a r a n d o m process 
r a t h e r t h a n t o spec i f i c s o l v e n t — p o r p h y r i n i n t e r a c t i o n s t h a t generate c o m 
p l e x e s . A s s u m i n g fast e x c h a n g e , a n u p p e r i n c r e m e n t a l s h i f t l i m i t o f 1 H z f o r 
t h e C H C I 3 r e s o n a n c e was e s t i m a t e d , w h i c h is neg l i g ib l e i n m o s t s i t u a t i o n s . 
A s a n e x a m p l e o f spec i f i c 7r—7T i n t e r a c t i o n s , t h e aggregat ion o f t h e s t r o n g 
a c c e p t o r 1 , 3 , 5 - t r i n i t r o b e n z e n e w i t h m e t a l l o p o r p h y r i n s has b e e n r e p o r t e d , 
a n d a m o d e l has been a d v a n c e d i n w h i c h p y r r o l e r i n g B acts p r e f e r e n t i a l l y as 
the d o n o r 2 4 3 , 2 5 5 ' 2 8 3 . 

S p e c i f i c aggregat ion i n t e r a c t i o n s are a l so o b s e r v e d f o r free base p o r p h y r i n s 
w i t h o t h e r p o r p h y r i n s ( v i z . p h e o p h y t i n s w i t h c h l o r o p h y l l s , J . J . K a t z , u n p u b 
l i s h e d resu l t s ) . A s a n i n t e r e s t i n g a p p l i c a t i o n , W o l f a n d S c h e e r 1 * ö d e t e r m i n e d 
the e n a n t i o m e r i c p u r i t y o f c h i r a l p h e o p o r p h y r i n s b y a d d i n g a n excess o f 
a n o t h e r c h i r a l e n a n t i o m e r i c p u r e p o r p h y r i n , i n th i s case p y r o m e t h y l p h e o -
p h o r b i d e - a , t o t h e s o l u t i o n . T h e d i a s t e r e o m e r i c c o l l i s i o n c o m p l e x e s t h a t are 
f o r m e d s h o w s u f f i c i e n t l y large c h e m i c a l s h i f t d i f f e rences i n t h e m e t h i n e 
c h e m i c a l s h i f t r e g i o n t o be o f a n a l y t i c a l v a l u e . 

T h e m a i n i n t e r e s t i n p o r p h y r i n h e t e r o a g g r e g a t i o n w i t h e x o g a m o u s n u c l e o 
p h i l e s has f o c u s s e d o n m e t a l l o p o r p h y r i n i n t e r a c t i o n s because o f t h e s t r o n g e r 
a n d m o r e spec i f i c i n t e r a c t i o n s c h a r a c t e r i s t i c o f s u c h s y s t e m s . P o r p h y r i n -
i n d u c e d s h i f t ( P I S ) reagents as a c o m p l e m e n t a n d a l t e r n a t i v e t o l a n t h a n i d e -
i n d u c e d s h i f t ( L I S ) reagents have b e e n s t u d i e d b y S t o r m et a l . 1 7 , H i l l e t 
a l . 1 4 , 2 5 5 , a n d e x t e n s i v e l y b y K e n n e y , M a s k a s k y , J a n s o n a n d c o - w o r k e r s 

* A t 100 M H z . 
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( R e f . 1 9 a n d c i t a t i o n s t h e r e i n ) . C o m p o u n d s su i tab le f o r s h i f t reagent use, 
w h i c h s h o w b o t h r i n g c u r r e n t a n d a d d i t i o n a l p s e u d o - c o n t a c t s h i f t s , have 
b e e n d e v e l o p e d a n d c r i t i c a l l y e x a m i n e d 1 9 . P r o n o u n c e d u p f i e l d shi f ts f o r 
m e t h a n o l C H 3 - p r o t o n s b o u n d t o t h e c e n t r a l M g i n c h l o r o p h y l l s b y c o o r d i n a 
t i o n t h r o u g h o x y g e n w e r e f i r s t r e p o r t e d b y C l o s s et a l . 1 3 , a n d the co r re 
s p o n d i n g i n c r e m e n t a l sh i f t s o f p y r i d i n e 1 6 a n d o t h e r l i g a n d s 5 1 i n M g - p o r p h y -
r i n s were u s e d t o m a p t h e m a g n e t i c d o m a i n o f space above a n d b e l o w the 
m a c r o c y c l e p l a n e . F r o m a r e f i n e d a n a l y s i s o f these d a t a , the d i s p l a c e m e n t o f 
the c e n t r a l m e t a l i n s o m e m e t a l l o p o r p h y r i n s i n s o l u t i o n f r o m the p lane o f 
t h e m a c r o c y c l e c o u l d be i n f e r r e d 1 7 , w i t h c o n c l u s i o n s as t o the p o s i t i o n o f 
the m e t a l i o n i n g o o d a g r e e m e n t w i t h c o n c l u s i o n s d e r i v e d f r o m c r y s t a l l o 
g r a p h y d a t a 1 2 8 a ' 2 8 4 . 

T h e use o f g r o u p I V m e t a l l o p o r p h y r i n s a n d p h t h a l o c y a n i n e s a n d o f the 
c o r r e s p o n d i n g F e 1 1 a n d R u 1 1 c o m p l e x e s as s h i f t reagents has r e c e n t l y been 
s u m m a r i z e d b y M a s k a s k y a n d K e n n e y 1 9 . T h e P I S reagents are genera l ly 
i n f e r i o r t o t h e L I S reagents as f a r as the m a g n i t u d e o f t h e c h e m i c a l s h i f t is 
c o n c e r n e d ( the m a x i m a l sh i f t s are a b o u t 8 p . p . m . 1 5 ) , b u t the P I S reagents are 
m o r e stable a n d se lec t ive . F e 1 1 p h t h a l o c y a n i n e 1 8 , 1 9 a n d its R u 1 1 a n a l o g 1 9 

have been s h o w n t o i n t e r a c t v e r y se l e c t i ve ly w i t h a m i n e s a n d t o have l i g a n d 
e x c h a n g e k i n e t i c s o p t i m a l f o r r e c o r d i n g spec t ra . A l t h o u g h t h e p a r e n t c o m 
p o u n d s are p a r a m a g n e t i c , the a m i n e c o m p l e x e s are d i a m a g n e t i c a n d the 
c o m p l e x e s s h o w p u r e r i n g c u r r e n t sh i f t s . O f the g r o u p I V m e t a l l o p o r p h y r i n s , 
the g e r m a n i u m c o m p o u n d is s p e c i a l l y v a l u a b l e , f o r i t f o r m s c o v a l e n t b o n d s 
w i t h l i gands a n d t h e p r o d u c t s are w e l l - d e f i n e d c o m p o u n d s t h a t c a n be 
p u r i f i e d a n d c r y s t a l l i z e d . C o m p o u n d s o f th i s t y p e c a n be v e r y v a l u a b l e f o r 
c o m b i n e d X - r a y / n . m . r . i n v e s t i g a t i o n t o o b t a i n the c o n f o r m a t i o n o f t h e 
a d d u c t s i n b o t h the c r y s t a l a n d i n s o l u t i o n . T h e m a g n e t i c a n i s o t r o p y is best 
m a p p e d f o r the p h t h a l o c y a n i n e s 4 0 (see S e c t i o n 1 0 . 1 . 2 ) , b u t f o r be t t e r s o l u 
b i l i t y the p o r p h y r i n c o m p l e x e s are r e c o m m e n d e d . T h e ( T P P ) c o m p l e x e s are 
eas i ly access ib le , b u t 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 is n o t o n l y d i f f i c u l t because 
the r i n g c u r r e n t p r o p e r t i e s o f t h i s p o r p h y r i n is less w e l l k n o w n , b u t is also 
d i f f i c u l t because the p h e n y l r ings cause ster ic i n t e r a c t i o n s a n d a d d i t i o n a l 
(benzene ) r i n g c u r r e n t s h i f t s . G e r m a n i u m p o r p h i n is r e c o m m e n d e d as a s h i f t 
reagent b u t its use is r e s t r i c t e d b y its h i g h p r i c e . 

T h e use o f C o 1 1 p o r p h y r i n s as p s e u d o - c o n t a c t s h i f t reagents has been 
s t u d i e d b y H i l l et a l . 1 4 , 2 5 5 . I n the 1 : 1 c o m p l e x o f t r i n i t r o b e n z e n e w i t h 
C o n ( M e s o - I X ) , t h e b e n z e n e r i n g is very p r o b a b l y s i t u a t e d above one o f the 
p y r r o l e r i n g s 2 5 5 , i n d i c a t i n g t h e o p e r a t i o n o f s u b s t a n t i a l 7r—7r i n t e r a c t i o n s . 
T h e h y p e r f i n e sh i f t s are i n t e r p r e t e d as a r i s i n g o n l y f r o m p s e u d o - c o n t a c t 
c o n t r i b u t i o n s , w h i c h a d d t o t h e s m a l l e r r i n g c u r r e n t c o n t r i b u t i o n . O n the 
basis o f these resu l t s , c o m p l e x e s o f s o m e s tero ids w i t h C o 1 1 p o r p h y r i n s were 
s t u d i e d , a n d i n one case, t h a t o f t h e s t e r o i d c o r t i s o n e , t h e s o l u t i o n s t r u c t u r e 
was success fu l ly d e t e r m i n e d b y a q u a n t i t a t i v e ana lys i s o f the i n d u c e d 
s h i f t s 1 4 . 
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S t u d i e s o f p o r p h y r i n or p h o r b i n m o d e l s y s t e m s o f b i o l o g i c a l i m p o r t a n c e 
o f t e n e x h i b i t c o m p l i c a t e d sets o f o v e r l a p p i n g 1 H m r s p e c t r a , w h i c h m a y be 
d i f f i c u l t t o a n a l y z e . K a t z e t a l . 2 8 5 c i r c u m v e n t e d these p r o b l e m s b y the use 
o f m i x t u r e s o f c o m p o u n d s i n w h i c h one o f t h e p a r t n e r s is e x t e n s i v e l y or 
f u l l y d e u t e r a t e d a n d t h u s i n v i s i b l e i n 1 H m r , a l l o w i n g d e t a i l e d o b s e r v a t i o n o f 
the o t h e r c o m p o n e n t 5 1 , 2 8 5 , 2 8 6 . T h e aggregat ion i n t e r a c t i o n o f l u t e i n , a 
x a n t h o p h y l l i m p o r t a n t i n p h o t o s y n t h e s i s , w i t h c h l o r o p h y l l - a , is an e x a m 
p l e 2 8 5 . A d d u c t s f o r m v i a l i g a t i o n o f the h y d r o x y l g r o u p o f l u t e i n w i t h the 
c e n t r a l m a g n e s i u m a t o m , p o s i t i o n i n g a p o r t i o n o f t h e l u t e i n m o l e c u l e above 
the m a c r o c y c l e , w i t h e f fects c l e a r l y v i s ib le f r o m t h e R I S o f t h e l u t e i n p r o t o n 
resonances . T h i s aggregat ion c o m p l e x was s t u d i e d w i t h f u l l y d e u t e r a t e d c h l o 
r o p h y l l - a , a n d l u t e i n o f n o r m a l i s o t op i e c o m p o s i t i o n , w h i l e i n an inverse 
i s o t o p e e x p e r i m e n t , i n w h i c h c h l o r o p h y l l i n t e r a c t i o n w i t h s u l f o l i p i d s were 
s t u d i e d , the 1 H m r resonances o f the l a t t e r were d e l e t e d b y t h e use o f f u l l y 
d e u t e r a t e d s u l f o l i p i d o b t a i n e d b y b i o s y n t h e s i s . I n t h e l a t t e r t y p e o f e x p e r i 
m e n t , hov / ever , n o spec i f i c b i n d i n g site c a n be e s t a b l i s h e d because t h e reso
nances o f t h e l i g a n d are absent i n the 1 H m r s p e c t r u m . 

L i g a n d — m e t a l i n t e r a c t i o n s a n d l i g a t i o n k i n e t i c s o f F e - p o r p h y r i n s a n d 
r e l a t e d c o m p o u n d s have re ce ived cons iderab le a t t e n t i o n because o f t h e i r 
b i o c h e m i c a l i m p o r t a n c e i n h e m o p r o t e i n s 2 1 , 2 2 , 2 2 7 — 2 2 9 . A s i n the d iscus 
s i o n o f t h e p a r a m a g n e t i c m e t a l c o m p l e x e s ( S e c t i o n 1 0 . 2 . 8 . 5 ) , w e w i s h to 
discuss here o n l y s o m e o f the p r i n c i p a l m o d e l sys tems t h a t have been 
s t u d i e d . 

T h e s p i n state o f F e - p o r p h y r i n s is d e t e r m i n e d b y t h e l i g a n d f i e l d , w h i c h 
re f lects a n d is d e t e r m i n e d t o a great e x t e n t b y the l i gands present i n t h e a x i a l 
p o s i t i o n s . T h e e f f ec t o f a x i a l l i gands i n c o m p l e x e s o f b o t h F e 1 1 a n d F e 1 1 1 

p o r p h y r i n s 2 8 7 have been s t u d i e d 1 9 9 b y 1Hmr a n d i n f r a r e d s p e c t r o s c o p y 
a n d these s tud ies have been r e v i e w e d b y C a u g h e y et a l . 2 5 0 . T h e results are 
i n t e r p r e t e d i n t e r m s o f the re la t ive s t rength o f t h e b o n d i n g o f t h e c e n t r a l 
m e t a l t o the p o r p h y r i n a n d t o t h e l igands i n t h e f i f t h a n d s i x t h a x i a l p o s i 
t i o n . F o r v a r i o u s a x i a l l i gands , a g radua l increase i n the h y p e r f i n e shi f ts is 
observed f r o m t h e l o w - s p i n c o m p l e x e s w i t h t w o i d e n t i c a l a x i a l l i gands t o the 
h i g h - s p i n c o m p l e x e s to an e x t e n t t h a t depends o n the b i n d i n g o f the a x i a l 
l igands . 

In a d d i t i o n t o e q u i l i b r i u m s tud ies , the l i g a t i o n k i n e t i c s o f p a r a m a g n e t i c 
m e t a l l o p o r p h y r i n s have been inves t igated in s o m e r e c e n t p u b l i c a t i o n s . T h e 
c o m p l e x e s f o r m e d are u s u a l l y orders o f m a g n i t u d e s less s tab le t h a n t h e c o m 
p lexes o f the same l i g a n d w i t h the same m e t a l i o n n o t c o o r d i n a t e d to a 
p o r p h y r i n 1 9 4 - 2 5 7 . C o m p l e x e s o f m e t a l p o r p h y r i n s w i t h n i t r o g e n bases have 
been m o s t e x t e n s i v e l y s t u d i e d because o f in teres t i n these c o m p l e x e s as 
m o d e l s f o r h e m e — l i g a n d i n t e r a c t i o n s . F o r a series o f s u b s t i t u t e d p y r i d i n e s , 
the s t a b i l i t y o f the c o m p l e x increased w i t h i n c r e a s i n g pKa o f the a m i n e , b u t 
was decreased b y ster ic r e p u l s i o n s 1 9 4 . F o r n i t r o g e n l i g a n d s , S N 1 t y p e l i g a n d 
exchange r e a c t i o n s have been observed in w h i c h d i s s o c i a t i o n is the rate 
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d e t e r m i n i n g s t e p 1 9 4 ' 2 8 8 ' 2 8 9 . F o r a h i g h - s p i n c h l o r o h e m i n , an S N 2 t y p e 
e x c h a n g e r e a c t i o n is r e p o r t e d 2 9 0 , w h i c h has a t e t r a g o n a l — b i p y r a m i d a l 
t r a n s i t i o n state i n w h i c h t h e m e t a l i o n m o v e s t h r o u g h t h e m a c r o c y c l i c p l a n e . 
A t h i r d process , an i n t r a m o l e c u l a r l i g a n d e x c h a n g e was p r o p o s e d b y T s u t s u i 
et a l . 2 9 1 i n w h i c h the b i n d i n g s i te i n c y c l i c d i a m i n e s is c h a n g e d . A l t h o u g h 
th is m e c h a n i s m was s h o w n t o be i n c o r r e c t b y c r o s s - r e l a x a t i o n e x p e r i 
m e n t s 2 8 9 f o r the case o f i m i d a z o l e as l i g a n d 2 9 1 , the i n t r a m o l e c u l a r ex 
change suggested was s h o w n 1 9 4 t o o c c u r w i t h a n o t h e r l i g a n d , p y r i d a z i n e . 
T h e s o l v a t i o n o f h i g h - s p i n m e t a l l o p o r p h y r i n s was s t u d i e d b y several g r o u p s 
w h o m a d e use o f the p a r a m a g n e t i c c o n t r i b u t i o n s t o the l i n e w i d t h o f the 
l igands as the p r o b e 2 3 3 ' 2 5 7 ' 2 5 8 < 2 8 9 . 

10.4.2. Dynamic processes 
10.4.2.1. N—H Tautomerism 

Severa l t a u t o m e r s i n v o l v i n g N — H exchanges c a n be f o r m u l a t e d f o r t h e 
free base p o r p h y r i n s ( F i g . 7 ) , a n d a d d i t i o n a l s t r u c t u r e s are poss ib le i n w h i c h 
the p r o t o n s are s hared b y t w o (or m o r e ) r i n g N - a t o m s * . T h e t a u t o m e r i s m is 
genera l ly fast o n the n . m . r . t i m e s c a l e * * . T h i s p h e n o m e n o n was f i rs t d i s 

ci e f 
Fig. 7. N—H tautomeric equilibria in porphyrins. Non-concerted mechanism (ab,be) with 
both N — H protons exchanging independently, and concerted mechanism with N—H ex
changing simultaneously between neighboring (de>df), or, opposite nitrogen atoms (ef). 

* In addition to intramolecular N — H exchange, T s u t s u i 2 9 2 demonstrated recently fluxio-
nal behavior in Re 1 and T c 1 complexes, in which the interchange of N — H , N—Re tauto
mers can be observed. 
** For a relevant discussion of X-ray results, see Ref. 296. 

References, p. 514 
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cussed b y B e c k e r et a l . 2 9 3 w h o a t t r i b u t e d the m a g n e t i c e q u i v a l e n c e o f the 
m e t h y l g roups i n H 2 ( C o p r o - I ) t o t a u t o m e r i s m even at l o w t e m p e r a t u r e s , a n d 
t h e same e x p l a n a t i o n was used t o e x p l a i n t h e m e t h i n e signals i n H 2 ( C o p r o -
III) s t u d i e d b y A b r a h a m 6 . 

T h e n o n - e q u i v a l e n c e o f n e i g h b o r i n g p y r r o l e r ings d u e t o s l o w N — H ex
change was f i r s t observed b y S t o r m et a l . 7 4 , w h o f o u n d t w o r e s o l v e d l ines 
f o r the j3-protons i n H 2 ( T P P ) a n d d e u t e r o p o r p h y r i n - I X d i m e t h y l ester at l o w 
t e m p e r a t u r e s . T h e signals f o r H 2 ( T P P ) coalesce at — 5 3 ° C , a n d the t a u t o 
m e r i s m s h o w s an e x t r e m e l y h i g h k i n e t i c i s o t o p e e f f e c t 7 4 , 7 5 w h e n t h e i n n e r 
p r o t o n s are r e p l a c e d b y d e u t e r i u m . T h e t a u t o m e r i s m was e x p l a i n e d b y a 
c o n c e r t e d m e c h a n i s m ( F i g . 7b ) . T h e m u c h s m a l l e r i s o t o p e e f f e c t f o r 
H 2 ( D e u t - I X - D M E ) was a t t r i b u t e d t o the decreased s y m m e t r y i n t h e l a t t e r , 
w h i c h biases the d i f f e r e n t t a u t o m e r e q u i l i b r i a . T h i s p r o b l e m was c r i t i c a l l y 
r e i n v e s t i g a t e d 6 1 , 7 6 , a n d A b r a h a m et a l . 7 6 a t t r i b u t e d the e n o r m o u s i s o t o p e 
e f fec t observed b y S t o r m t o a neg lec t o f t h e a c t i v a t i o n e n t r o p y . F r o m the 
1 3 C m r coa lescence o f t w o d i f f e r e n t c a r b o n a t o m s at the same t e m p e r a t u r e 
i n T P P ( N — 1 H ) a n d T P P ( N — 2 H ) , r e s p e c t i v e l y , t h e i s o t o p e e f f e c t kx u/k2H 

o n the t a u t o m e r i z a t i o n was d e t e r m i n e d t o be 12 .1 at 3 5 ° C . T h i s va lue is w e l l 
w i t h i n t h e e x p e c t a t i o n range f o r s u c h an i s o t o p e e f fec t a n d is c o m p a t i b l e 
w i t h a n i n d e p e n d e n t e x c h a n g e m e c h a n i s m f o r the t w o AT-hydrogen a t o m s 
( F i g . 7a ) . 

I n the less s y m m e t r i c c h l o r i n s , the N — H p r o t o n s are c o n s i d e r a b l y m o r e 
l o c a l i z e d o n t h e n i t r o g e n a t o m s o f r ings A a n d C ad jacent t o the r e d u c e d r i n g 
r a t h e r t h a n o n t h e n i t r o g e n a t o m s o f r ings B a n d D 7 4 * 7 5 * 2 9 4 * 2 9 5 . T h e single 
b r o a d N — H resonances at 8 = —1 .38 p . p . m . i n c h l o r i n - e 6 t r i m e t h y l ester (14) 
sp l i t s i n t o t w o p e a k s at 5 = — 1 . 3 5 a n d —1 .42 p . p . m . u p o n c o o l i n g 7 5 , a n d at 
h i g h m a g n e t i c f i e l d ( F i g . 3 b 8 0 ) . S i m i l a r e f fects have been n o t e d f o r several 
o t h e r 7 , 8 - c h l o r i n s w i t h 7 - s u b s t i t u e n t s 7 4 . In t h e p h o r b i n s b e a r i n g a n i s o c y c l i c 
f i v e - m e m b e r e d r i n g , w h i c h m a y be regarded as s u b s t i t u t i o n at t h e 6- a n d 
7 - p o s i t i o n s , ( S e c t i o n 1 0 . 2 . 3 ) , t w o separate N — H resonances a b o u t 1—2 
p . p . m . apart are a l r e a d y observed at r o o m t e m p e r a t u r e 8 0 , 1 2 7 , 1 3 8 . O n e N — H 
resonance o c c u r s i n the range u s u a l l y observed f o r the N — H signals i n c h l o 
r ins (5 ~ —1.5 p .p .m . ) a n d b a c t e r i o c h l o r i n s (5 ^ —1 p . p . m . ) , a n d is thus 
assigned to the Nx p r o t o n . T h e o t h e r resonance assigned t o t h e N 3 p r o t o n is 
c o n s i d e r a b l y s h i f t e d b y 1—2 p . p . m . t o h i g h e r f i e l d , w h i c h m u s t be r e l a t e d t o 
the ster ic d e f o r m a t i o n s i n t r o d u c e d i n t o r i n g C b y r i n g E f o r m a t i o n 1 2 8 . T h e 
i m p l i c a t i o n o f m o r e or less l o c a l i z e d A f - p r o t o n s i n p h o r b i n s at N1 a n d N 3 

was r e c e n t l y p r o v e d b y 1 5 N m r d a t a o n p h e o p h o r b i d e s o f the a s e r i e s 3 3 

( S e c t i o n 1 0 . 3 . 2 ) . 
F r o m the 1 5 N — 1 5 N c o u p l i n g cons tants (via the i n n e r h y d r o g e n a toms) 

a n d the 1 5 N c h e m i c a l sh i f t s , a decrease i n the t e n d e n c y t o p r o t o n a t i o n i n 
the o rder N1 > N 3 > N 2 > N 4 was i n f e r r e d 3 3 , w h i c h c o r r e s p o n d s w e l l t o 
X - r a y c r y s t a l s t r u c t u r e d a t a f o r m e t h y l p h e o p h o r b i d e - a 1 2 8 . T a u t o m e r i c 
s t ruc tures s i m i l a r t o those i n p o r p h y r i n s have been a d v a n c e d o n t h e basis o f 
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a b c 

Fig. 8. Conformation of ß-pyrrole substituents; only partial structures are shown, (a) 
Ethyl side-chains in H 2 ( O E P ) , schematic representation viewed parallel to the plane of 
the macrocycle, (from Ref. 296); (b) vinyl group in chlorophylls and (Proto-IX) deriva
tives, a - dihedral angle between the plane of the macrocycle and the plane of the vinyl 
group; and (c) 3 -CHO in chlorophyll-ò derivatives (from Ref. 263). 

m a t i o n s w i t h t h e C H 3 - g roups o f n e i g h b o r i n g e t h y l s u b s t i t u e n t s o u t - o f - p l a n e 
a n d transoid t o e a c h o t h e r ( F i g . 8a ) . D i f f e r e n t c o n f o r m a t i o n s o f v i n y l s u b s t i 
t u e n t s i n h e m e a n d c h l o r o p h y l l der iva t ives , r e s p e c t i v e l y , c a n be i n f e r r e d 
f r o m 1 H m r d a t a . I n c h l o r i n - e 6 t r i m e t h y l ester ( 1 4 ) , f o r e x a m p l e , t h e H B 

resonance (see F i g . 8 b ) o c c u r s at l o w e r f i e l d t h a n t h e H A r e sonance , w h i l e 
t h e o p p o s i t e is t r u e f o r H 2 ( P r o t o - I X - D M E ) ( 1 3 , see S e c t i o n 1 0 . 2 . 1 ) . H B is 
c l oser t o the m a c r o c y c l e * t h a n H A ; i n case o f a p l a n a r s u b s t i t u e n t i t is 
t h e r e f o r e e x p e c t e d t o be m o r e s t r o n g l y d e s h i e l d e d b y the r i n g c u r r e n t , as 
observed i n t h e c h l o r o p h y l l der iva t ives . I f t h e v i n y l g r o u p is r o t a t e d , H A 

r e m a i n s a l m o s t c o - p l a n a r w i t h t h e m a c r o c y c l e , w h i l e H B is f o r c e d o u t - o f -
p l a n e ( F i g . 8 b ) , t h u s o c c u p y i n g a less d e s h i e l d i n g r e g i o n , w h i c h a c c o u n t s f o r 
t h e o b s e r v e d h i g h f i e l d s h i f t o f H B ( re lat ive t o H A ) i n H 2 ( P r o t o - I X ) a n d 
r e l a t e d p o r p h y r i n s . T h e c o n f o r m a t i o n o f t h e 2 - f o r m y l s u b s t i t u e n t i n c h l o r o 
phyl l -ò der iva t ives was i n v e s t i g a t e d b y u s i n g the p r o n o u n c e d m a g n e t i c a n i s o -
t r o p y o f t h e c a r b o n y l g r o u p as a p r o b e 7 3 , 2 6 3 . T h e d a t a s u p p o r t a c o p l a n a r 
c o n f o r m a t i o n w i t h the a l d e h y d e C = O o x y g e n a t o m o r i e n t e d t o w a r d s t h e 
a - m e t h i n e p o s i t i o n ( F i g . 8 c ) . 

10.4.2.3. Conformation of meso-substituents 
O n . t h e basis o f X - r a y s t r u c t u r e s 4 8 , 1 1 2 , 2 9 7 , 2 9 8 , 1 H m r long-range s h i e l d 

i n g e f fects (see S e c t i o n 10 .2 .3 ) a n d s p a c e - f i l l i n g m o d e l s , n o n l i n e a r s u b s t i t u 
ents have been s h o w n t o assume a c o n f o r m a t i o n i n w h i c h t h e p lanes o f t h e 
m a c r o c y c l e a n d the s u b s t i t u e n t are n e a r l y p e r p e n d i c u l a r t o each o t h e r . T h e 

* This is true both for the S-cis and the S-trans conformation of the vinyl group with 
respect to the a-H. 
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r o t a t i o n o f m e s o - p h e n y l s u b s t i t u e n t s has r e ce ived c o n s i d e r a b l e a t t e n t i o n . 
A t r o p i s o m e r s o f o - s u b s t i t u t e d H 2 ( T P P ) d e r i v a t i v e s 2 9 9 ' 3 0 0 - 3 0 2 have been 
s h o w n t o be s tab le o n t h e ^ m r t i m e scale u p t o 1 9 8 ° C N i ( o - M e - T P P ) 2 4 8 , 
a n d a l o w e r l i m i t o f 2 6 k c a l has b e e n e s t i m a t e d f o r t h e a c t i v a t i o n e n t h a l p y 
o f r o t a t i o n . W i t h b u l k y s u b s t i t u e n t s i n the o - p h e n y l p o s i t i o n s , the a t r o p i s o 
mers are s tab le even o n p r o l o n g e d r e f l u x i n g i n T H F 3 0 0 . 

I n u n s u b s t i t u t e d H 2 ( T P P ) , t h e t w o o-(as w e l l as t h e t w o m - ) p r o t o n s 
are e n a n t i o t o p i c . T h i s m a g n e t i c e q u i v a l e n c y is r e m o v e d , h o w e v e r , i n 
m e t a l c o m p l e x e s w i t h a n o u t - o f - p l a n e m e t a l a n d / o r w i t h d i f f e r e n t a x i a l 
l i g a n d s 2 9 ' 1 9 4 ' 2 0 1 , 3 0 3 . F o r R u n ( T P P ) C O , i n w h i c h t h e n o n - e q u i v a l e n c y is 
due t o a s y m m e t r i c l i g a t i o n , a n a c t i v a t i o n e n t h a l p y o f 1 8 k c a l / m o l e has b e e n 
d e t e r m i n e d f r o m t h e coa lescence o f t h e o - p h e n y l p r o t o n r e s o n a n c e s 1 8 3 . 

10.4.3. Stereochemistry 
10.4.3.1. The macrocycle 

T h e s t e r e o c h e m i s t r y o f the p o r p h y r i n m a c r o c y c l e has been s t u d i e d e x t e n 
s ive ly b y X - r a y d i f f r a c t i o n . [See H o a r d 2 9 8 ( C h a p t e r 8) a n d F l e i s c h e r 4 8 f o r 
rev iews . ] T h e s e c r y s t a l s t r u c t u r e s t u d i e s s h o w the m a c r o c y c l e s y s t e m t o be 
f a i r l y f l e x i b l e . P l a n a r i t y o f t h e m a c r o c y c l e is r a t h e r an e x c e p t i o n a n d i ts 
shape has b e e n d e s c r i b e d as d o m e d , r u f f l e d o r r o o f s h a p e d 1 6 9 ' 2 9 8 . L a r g e 
d e v i a t i o n s f r o m p l a n a r i t y are e s p e c i a l l y observed i n H 2 ( T P P ) d e r i v a t i v e s 4 8 . 
T h e p y r r o l e r ings are m a x i m a l l y t w i s t e d a b o u t 28° o u t - o f - p l a n e d e f i n e d b y 
the f o u r c e n t r a l n i t r o g e n a t o m s i n t h e T P P d i c a t i o n 1 8 1 . 

A l t h o u g h a b o u t 1 0 0 p o r p h y r i n X - r a y c r y s t a l s t r u c t u r e s have b e e n p u 
b l i s h e d , r e l a t i v e l y l i t t l e is k n o w n a b o u t t h e s t e r e o c h e m i s t r y a n d the r i g i d i t y 
o f t h e m a c r o c y c l e i n s o l u t i o n . A f i r s t a t t e m p t t o d e t e r m i n e t h e s o l u t i o n 
s t r u c t u r e o f c h l o r o p h y l l d i r e c t l y b y the use o f L I S s h i f t r e a g e n t s 2 7 9 gave 
resul ts c o n s i s t e n t w i t h t h e X - r a y p a r a m e t e r s , b u t o b v i o u s l y the a c c u r a c y o f 
t h e m e t h o d is l i m i t e d a n d serves to d e t e c t o n l y r e l a t i v e l y large d e v i a t i o n s 
f r o m p l a n a r i t y . I f i t is a s s u m e d t h a t t h e c r y s t a l s t r u c t u r e represents a c o n f o r 
m a t i o n t h a t is eas i ly access ib le i n s o l u t i o n , d e v i a t i o n s f r o m p l a n a r i t y i n the 
s o l i d m a y p r i m a r i l y r e f l e c t t h e response to c r y s t a l p a c k i n g o f the m a c r o c y c l e 
r a t h e r t h a n its a c t u a l s o l u t i o n c o n f o r m a t i o n . T h i s is i n d i c a t e d , f o r e x a m p l e , 
b y t h e d i f f e r e n t c o n f o r m a t i o n s a s s u m e d b y H 2 ( T P P ) i n t h e t r i c l i n i c 1 8 3 a n d 
t e t r a g o n a l 2 9 7 c r y s t a l f o r m s , as w e l l as b y t h e v e r y a n i s o t r o p i c t h e r m a l e l l i p 
so ids d e d u c e d f r o m X - r a y d i f f r a c t i o n , w h i c h s h o w a p r o n o u n c e d o u t - o f -
p l a n e m o b i l i t y o f m o s t a t o m s i n the c r y s t a l 4 8 ' 2 9 7 . R i n g c u r r e n t c a l c u l a t i o n s 
u s u a l l y assume the a r o m a t i c s y s t e m t o be p l a n a r . T h e c onsequences o f 
p r o n o u n c e d d e v i a t i o n s f r o m p l a n a r i t y have been d i s cussed o n l y f o r H 2 ( T P P ) 
i n s o l u t i o n 6 9 , w h i c h is w e l l - k n o w n f o r its a t y p i c a l b e h a v i o r as c o m p a r e d t o 
n a t u r a l l y - o c c u r r i n g p o r p h y r i n s a n d t h e u s u a l m o d e l c o m p o u n d s w i t h (3-sub-
s t i t u e n t s . 

T h e s t r o n g i n c r e m e n t a l r i n g c u r r e n t shi f ts observed as a r e su l t o f s t r u c t u r a l 
m o d i f i c a t i o n s t h a t increase ster ic h i n d r a n c e i n t h e m o l e c u l e m a y be t a k e n as 

References, p. 514 
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1 H m r d a t a , w i t h t h e p a r t i c i p a t i o n o f the l o n e p a i r o n t h e n i t r o g e n a t o m o f 
r i n g D i n t h e c o n j u g a t e d s y s t e m i n s t r u c t u r e s p r o t o n a t e d at N 4

7 4 } 5 N — 1 5 N 
c o u p l i n g c o n s t a n t s (v ia the i n n e r h y d r o g e n , S e c t i o n 1 0 . 3 . 2 ) p r o v i d e a d i r e c t 
measure f o r t h e i m p o r t a n c e o f t h i s m e c h a n i s m 3 3 . S h a r i n g o f t h e p r o t o n is 
m o s t p r o m i n e n t b e t w e e n N 2 — N 3 , i t is less f o r N x — N 4 , even less f o r Nt — N 2 

a n d N 3 — N 4 , a n d neg l ig ib l e f o r N x — N 3 a n d N 2 — N 4 . T h e p r o n o u n c e d d i f f e r 
ences s t r o n g l y f a v o r a n o n - c o n v e r t e d m e c h a n i s m ( F i g . 7a) a n d argue espec ia l l y 
against h y d r o g e n e x c h a n g e b e t w e e n o p p o s i t e N - a t o m s i n t h e p h e o p h o r b i d e s 
s t u d i e d . 

10.4.2.2. Conformation of ß-pyrrole substituents 
F o r c e r t a i n m e t a l c o m p l e x e s o f O E P ( T 1 I I U 1 ; P b " , S n I U 9 0 ; A l 1 1 1 , G a m , 

I n 1 1 1 , G e I V , S n I V ' 1 6 9 ; F e 1 1 1 - 2 9 ) t h e m e t h y l e n e p r o t o n s o f t h e e t h y l s u b s t i t u 
ents give r ise t o a c o m p l e x s i g n a l i n s t e a d o f t h e u s u a l l y o b s e r v e d q u a d r u p l e t . 
T h e c o m p l e x p a t t e r n o b s e r v e d f o r t h e C H 2 - s igna l i n T l m ( O E P ) was a n a l y z e d 
b y A b r a h a m 1 8 6 as a n A B R 3 X , o r be t t e r , a n A B C 3 X s p e c t r u m 1 1 a n d t w o 
d i f f e r e n t c o u p l i n g c o n s t a n t s o f t h e A a n d B m e t h y l e n e p r o t o n s t o t h e c e n t r a l 
T l m i o n (6 .1 a n d 1 8 . 1 H z ) have b e e n d e t e r m i n e d . T w o e f fects are i n v o k e d 
i n t h e i n t e r p r e t a t i o n . T h e r o t a t i o n o f the e t h y l s ide - cha ins is s l o w ( A H ~ 2 0 
k c a l ) a n d p r o b a b l y c o r r e l a t e d w i t h i ts n e x t n e i g h b o r , a n d t h e c e n t r a l m e t a l 
i o n is i n a n o u t - o f - p l a n e p o s i t i o n 2 9 6 . W h i l e t h e o u t - o f - p l a n e m e t a l i o n is n o t 
e x p e c t e d t o a f f e c t the r o t a t i o n t o a n y c o n s i d e r a b l e e x t e n t , i t does increase 
the m a g n e t i c a n i s o t r o p y o f t h e ( d i a s t e r e o t o p i c ) m e t h y l e n e p r o t o n s s u f f i 
c i e n t l y f o r d i f f e r e n t i a t i o n b y 1 H m r . S p l i t t i n g o f ß-pyrrole m e t h y l e n e g r o u p s 
i n ( O E P ) c o m p l e x e s is , t h e r f o r e , a n i n d i c a t i o n o f a n o u t - o f - p l a n e c e n t r a l 
m e t a l i o n , a n d / o r o f a s y m m e t r i c l i g a t i o n . 

H i n d e r e d r o t a t i o n b e t w e e n t w o d i s t i n c t c o n f o r m e r s was a lso a d v a n c e d t o 
a c c o u n t f o r s p l i t s ignals i n s o m e p h e o p o r p h y r i n s a n d p h e o p h o r b i d e s w i t h 
2 - C H O H — C H 3 s u b s t i t u e n t s 1 3 2 . A c c o r d i n g t o r e c e n t resu l ts o f B r o c k m a n n 
a n d T r o w i t z s c h 2 7 7 , aggregat ion p l a y s a n a d d i t i o n a l r o l e i n t h i s p h e n o m e n o n 
as t o enhance t h e m a g n e t i c a n i s o t r o p y . T h e s e a u t h o r s s t u d i e d t h e e f f ec t i n 
s o m e d e t a i l f o r c o m p o u n d s r e l a t e d t o the Chlorobium c h l o r o p h y l l s , w h i c h 
bear a 1 - h y d r o x y e t h y l s u b s t i t u e n t a t t h e 2 p o s i t i o n ( S e c t i o n 1 0 . 2 . 8 . 2 ) . O n l y 
o n e set o f s ignals was f o u n d f o r t h e p u r e 2 ' e p i m e r , w h i l e t h e r a c e m i c 
m i x t u r e gave t w o sets o f s ignals w h i c h merge u p o n d i l u t i o n . T h e s p l i t t i n g 
c a n , t h e r e f o r e , be a t t r i b u t e d t o s l o w r o t a t i o n o f t h e s i d e - c h a i n c o m b i n e d 
w i t h f o r m a t i o n o f d i a s t e r e o m e r i c aggregates. R e c e n t l y , t h e s l o w r o t a t i o n o f a 
m e t h y l g r o u p i n f e r r i c m y o g l o b i n was s t u d i e d b y n . m . r . 2 9 6 a . 

O n l y f e w n . m . r . d a t a are ava i lab le o n the p r e f e r r e d c o n f o r m a t i o n o f ß-pyr
r o l e s u b s t i t u e n t s i n s o l u t i o n . F r o m c o m p a r i s o n o f a c y c l i c a n d c y c l i c c o n 
j u g a t e d s u b s t i t u e n t s , a w e a k e r i n t e r a c t i o n w i t h t h e a r o m a t i c s y s t e m was 
i n f e r r e d f o r t h e f o r m e r f r o m 1 H m r d a t a (see S e c t i o n 1 0 . 2 . 2 ) , i n d i c a t i n g t h e 
presence o f n o n - c o p l a n a r c o n f o r m e r s . T h e n o n - e q u i v a l e n c e o f e t h y l 
C H 2 - p r o t o n s d i s cussed above was i n t e r p r e t e d t o arise f r o m p r e f e r r e d c o n f o r -
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an i n d i c a t i o n t h a t the a s s u m p t i o n o f a n e s s e n t i a l l y p l a n a r m a c r o c y c l i c c o n 
j u g a t i o n s y s t e m i n s o l u t i o n f o r m o s t p o r p h y r i n s is j u s t i f i e d . M a n y o f t h e 
e x a m p l e s i n t h e f o r e g o i n g sec t ions s h o w , m o r e o v e r , t h a t t h e c o n j u g a t i o n 
p a t h w a y tends t o m a k e a d j u s t m e n t s t h a t serve t o c i r c u m v e n t s ter i c obstac les 
e f f e c t i v e l y . W h i l e the c o n f o r m a t i o n a l a n a l y s i s a n d a s s i g n m e n t o f t h e basic 
m a c r o c y c l e c h o s e n as t h e re ference is t h e r e f o r e s o m e w h a t a m b i g u o u s , s o m e 
r e a s o n a b l y success fu l a t t e m p t s have b e e n m a d e to c o r r e l a t e i n c r e m e n t a l 
n . m . r . sh i f t s w i t h c o n f o r m a t i o n a l changes o f t h e m a c r o c y c l e i n cases where 
m a r k e d d e v i a t i o n s i n c o n f o r m a t i o n have b e e n o b s e r v e d . 

T h e 1 H m r s p e c t r a o f A T - m o n o - s u b s t i t u t e d p o r p h y r i n s have b e e n i n t e r 
p r e t e d i n t e r m s o f t h e ef fects o f s ter i c h i n d r a n c e 1 4 0 . A s o l u t i o n s t r u c t u r e 
was i n f e r r e d i n w h i c h t h e A f - s u b s t i t u t e d p y r r o l e - r i n g is t w i s t e d c o n s i d e r a b l y 
o u t - o f - p l a n e ; the n e i g h b o r i n g r ings are t w i s t e d t o a lesser e x t e n t i n t h e 
o p p o s i t e d i r e c t i o n ; a n d , the o p p o s i t e r i n g r e m a i n s e s s e n t i a l l y i n - p l a n e . T h e 
X - r a y s t r u c t u r e o f A f - e t h o x y c a r b o n y l - O E P 1 4 1 p r o v i d e s c o n v i n c i n g s u p p o r t 
f o r the f i r s t t w o c o n c l u s i o n s . T h e i n c l i n a t i o n o f 11 .7 ° observed f o r t h e 
o p p o s i t e p y r r o l e r i n g , w h i c h is i n t e r m e d i a t e b e t w e e n t h e TV-subst i tuted 
( 1 9 . 1 ° ) a n d its n e i g h b o r i n g r ings ( 4 . 6 ° , 2 . 2 ° ) c o n t r a d i c t s t h e t h i r d c o n c l u 
s i o n , b u t t h i s d e v i a t i o n m a y arise at least i n p a r t f r o m p a c k i n g 1 4 1 . S i m i l a r 
s t e r i c a l l y i n d u c e d c o n f o r m a t i o n changes have b e e n i n v o k e d i n t h e i n t e r p r e t a 
t i o n o f t h e n . m . r . s p e c t r a o f m o n o - , d i - a n d t r i - A f - a l k y l p o r p h y r i n s a n d t h e i r 
c a t i o n s , a n d t h e resu l ts have been i n t e r p r e t e d i n t e r m s o f t h e c o n f o r m a t i o n 
a n d the r i g i d i t y o f t h e r i n g s y s t e m 1 4 2 . I n m o n o - m e s o - s u b s t i t u t e d p o r p h y 
r i n s , the p r o n o u n c e d decrease o f the r i n g - c u r r e n t a n d t h e d e s h i e l d i n g o f the 
m e t h i n e p r o t o n o p p o s i t e t o t h e s u b s t i t u e n t c a n be r a t i o n a l i z e d o n t h e basis 
o f a s t r u c t u r e f o l d e d l i k e a p e a k e d r o o f a l o n g t h e ax is c o n n e c t i n g these t w o 
p o s i t i o n s (see S e c t i o n 1 0 . 2 . 3 ) . A r e c e n t X - r a y a n a l y s i s 1 1 2 o f m e s o - b e n z o y -
l o x y - o c t a e t h y l p o r p h y r i n p r o v i d e d s o m e s u p p o r t f o r a f o l d e d s t r u c t u r e , f o r 
t h e m a c r o c y c l e is c o n s i d e r a b l y f o l d e d at t h e s u b s t i t u t e d m e t h i n e p o s i t i o n , 
a n d , t o a lesser e x t e n t , at the o p p o s i t e o n e . I n a d d i t i o n , t h e e n t i r e m a c r o c y 
cle is s t r e t c h e d a l o n g t h e f o l d , a n d t h e i n n e r c a v i t y d e f o r m e d i n t o a r e c t a n 
gle. A s i m i l a r r o o f - s h a p e d s t r u c t u r e p r o p o s e d 1 6 9 , 1 7 0 m a i n l y o n n . m . r . a rgu 
ments f o r a , 7 - d i m e t h y l - | 3 , 7 - p o r p h o d i m e t h e n e s ( 63 ) i n s o l u t i o n was sup
p o r t e d as w e l l b y a c r y s t a l s t r u c t u r e d e t e r m i n a t i o n 1 7 1 . T h e c o n f o r m a t i o n a l 
changes r e s u l t i n g f r o m 5 - s u b s t i t u t i o n are e s p e c i a l l y p r o n o u n c e d i n t h e m o r e 
f l e x i b l e r e d u c e d r i n g D o f 7,8 c h l o r i n s , w h i c h p r o v i d e s i n d e p e n d e n t p r o o f o f 
the 7,8-trans c o n f i g u r a t i o n o f the h y d r o g e n a t o m s o f the p y r r o l i n e 
r i n g D 1 2 4 . 

10.4.3.2. Metalloporphyrins 
T w o o t h e r t y p e s o f s t e r e o c h e m i c a l e f fec ts b e c o m e i m p o r t a n t i n m e t a l l o 

p o r p h y r i n s . T h e m e t a l i o n c a n be o u t - o f - p l a n e , a n d i t c a n be l i g a t e d i n 
var i ous d i s t i n c t w a y s ( F i g . 9 ) . T h e p o s i t i o n o f the c e n t r a l m e t a l i o n w i t h 
respect t o t h e m a c r o c y c l e is d e t e r m i n e d b y t h e i o n i c r a d i u s o f the m e t a l i o n 
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Fig. 9. Stereochemistry of metalloporphyrins. (a) Metal ion considerably larger than 
2.01 Â diameter, e.g., P b 1 1 (Refs. 109,191); (b) metal ion <2.01 A diameter, no axial 
ligands; (c) metal ion <2.01 A diameter, one axial ligand; and (d), metal ion <2.01 A 
diameter, 2 axial ligands. (See also Tables 21 and 25.) Schematic representation, viewed 
parallel to the plane of the macrocycle. 

a n d the m o d e o f l i g a t i o n . T h e d i a m e t e r o f t h e c e n t r a l c a v i t y o f t h e m a c r o c y 
cle is f a i r l y r e s t r i c t e d 4 8 , 2 9 8 a n d t h e p o r p h y r i n c a n n o t eas i ly a c c o m o d a t e 
m e t a l i ons w i t h an i o n i c r a d i u s s i g n i f i c a n t l y larger t h a n 2 .01 Â ( F i g . 9a ) . 
B e l o w th i s c r i t i c a l i o n i c r a d i u s , t h e t y p e o f c o o r d i n a t i o n essent ia l l y deter 
mines w h e t h e r t h e m e t a l is i n - p l a n e o r o u t - o f - p l a n e . S q u a r e p l a n a r a n d t e t r a 
g o n a l b i p y r a m i d a l c o n f i g u r a t i o n have the m e t a l i o n i n - p l a n e ( F i g . 9 b , d ) , 
w h i l e i n t h e t e t r a g o n a l p y r a m i d a l c o n f i g u r a t i o n ( F i g . 9c ) the a x i a l l i g a n d 
forces t h e m e t a l o u t - o f - p l a n e . (See , f o r e x a m p l e , R e f . 17 a n d c i t a t i o n s 
there in . ) A q u a l i t a t i v e i n d i c a t i o n f o r a n o u t - o f - p l a n e m e t a l i o n is t h e s p l i t t i n g 
observed f o r the o - p h e n y l p r o t o n signals i n ( T P P ) m e t a l c o m p l e x e s , a n d f o r 
t h e m u l t i p l i c i t y o f the m e t h y l e n e p r o t o n signals i n t h e 1 H m r s p e c t r a o f 
H 2 ( O E P ) c o m p l e x e s ( S e c t i o n 1 0 . 4 . 2 ) ; i n H 2 ( T P P ) , the s p l i t t i n g is d u e t o 
h i n d e r e d r o t a t i o n 2 0 1 , 3 0 2 . A l t h o u g h the m e t h y l e n e p r o t o n s o f the ( O E P ) 
c o m p l e x e s are d i a s t e r e o t o p i c p e r se, t h e i r m a g n e t i c n o n - e q u i v a l e n c e is 
e n h a n c e d b y the o u t - o f - p l a n e p o s i t i o n o f t h e m e t a l a n d b y a c o r r e l a t e d 
r o t a t i o n o f n e i g h b o r i n g e t h y l g r o u p s 1 8 6 . A q u a n t i t a t i v e e s t imate o f the 
e x t e n t o f m e t a l i o n d i s p l a c e m e n t is poss ib le f r o m t h e r i n g - c u r r e n t i n d u c e d 
1 H m r c h e m i c a l sh i f t s o f l i g a n d p r o t o n s b o u n d i n the m e t a l a x i a l p o s i 
t i o n s 1 6 , 1 7 , 5 1 , 5 2 . A s s u m i n g p y r i d i n e to be l i g a t e d at r i g h t angles t o t h e 
m a c r o c y c l e i n m e t a l l o p o r p h y r i n - p y r i d i n a t e s , the i n c r e m e n t a l s h i f t o f t h e 
4 - p y r i d i n e p r o t o n c a n be u s e d t o e s t i m a t e t h e d i s t a n c e o f the l i g a n d f r o m t h e 
p o r p h y r i n p l a n e . W i t h t h e m e t a l - N d i s t a n c e a n d t h e p y r i d i n e g e o m e t r y w e l l 
e s tab l i shed f r o m k n o w n p y r i d i n e c o m p o u n d s , t h e a p p a r e n t N - t o - m e t a l i o n 
d is tance d e d u c e d f r o m 1 H m r m a k e s a n es t imate o f t h e m e t a l d i s p l a c e m e n t 
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f r o m the m a c r o c y c l e p o s s i b l e 1 7 . I n C o 1 1 1 ( M e s o - I X - D M E ) , t h e m e t a l i o n is 
essent ia l ly i n p l a n e , w h i l e * Z n ( T P P ) a n d M g ( T P P ) have m e t a l i ons t h a t are 
o u t - o f - p l a n e b y 0 .3—0.5 Â a n d 0 .7—0.8 Â , r e s p e c t i v e l y . R i n g c u r r e n t a rgu 
m e n t s c a n also be u s e d t o e s t i m a t e t h e p l a n e - t o - p l a n e d i s t a n c e s i n l a y e r e d 
s t r u c t u r e s w i t h t w o o r m o r e m e t a l l o p o r p h y r i n s p a r a l l e l t o e a c h o t h e r (see 
S e c t i o n 1 0 . 2 . 8 . 3 ) . 

W i t h m e t a l i o n s t h a t c a n assume a p a r a m a g n e t i c s ta te , t h e l i g a n d f i e l d m a y 
d e t e r m i n e t h e s p i n s tate , w h i c h t h u s c a n serve as a p r o b e f o r the m e t a l 
c o o r d i n a t i o n t y p e (see S e c t i o n 1 0 . 2 . 8 . 5 f o r l e a d i n g re ferences ) . A x i a l l i ga 
t i o n o f s q u a r e - p l a n a r , d i a m a g n e t i c N i - e t i o p o r p h y r i n leads t o a p a r a m a g n e t i c 
t e t r a g o n a l p y r a m i d a l c o m p l e x 1 0 , a n d s i m i l a r b e h a v i o r is f o u n d f o r F e 1 1 p o r 
p h y r i n c o m p l e x e s w h e n one o f t h e t w o a x i a l l i gands o f l o w - s p i n F e 1 1 c o m 
p lexes is r e m o v e d . I n F e 1 1 1 c o m p l e x e s , b o t h t h e f ive a n d s i x - c o o r d i n a t e 
states are p a r a m a g n e t i c , b u t t h e y s h o w d i f f e rences c h a r a c t e r i s t i c o f t h e i r 
l i g a n d f i e l d . I n m o s t cases, even w i t h d i f f e r e n t a x i a l s u b s t i t u e n t s , a c l e a r l y 
d e f i n e d s p i n state is p r e s e n t , b u t a h i g h - s p i n , l o w - s p i n m i x t u r e is o f t e n o b 
served f o r a z i d o h e m i n s 2 2 * 2 4 6 . 

10.4.3.3. Non-centrosymmetric stereoisomerism 
A n i n t e r e s t i n g n e w case o f s t e r e o i s o m e r i s m i n p o r p h y r i n s was r e c e n t l y 

observed b y H u d s o n et a l . 2 1 9 . T h e d i p o r p h i n a t o - t r i m e r c u r y c o m p l e x (82 ) o f 
E t i o - I was s h o w n t o e x i s t i n t w o d i a s t e r e o m e r i c f o r m s . I n t h e r a c e m i c f o r m s , 
t h e t w o p o r p h y r i n s are l i g a t e d ' face t o face ' , i n t h e meso f o r m t h e y are 
l i g a t e d ' face t o b a c k ' ( F i g . 1 0 ) . O b v i o u s l y , i s o m e r i s m o f th i s k i n d is n o t 
d e p e n d e n t o n h i n d e r e d r o t a t i o n o f the p o r p h y r i n s a r o u n d t h e i r c o m m o n 
a x i s , a n d s i m i l a r i s omers are poss ib l e f o r a l l p o r p h y r i n s t h a t d o n o t possess a 

Fig. 10. Stereoisomerism in porphyrin dimers with structures similar to (32). For details, 
see text. 
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ov p l a n e , as f o r i n s t a n c e , C o p r o - I a n d - I I I , b u t n o t C o p r o - I I o r - I V . T h i s t y p e 
o f i s o m e r i s m is g e n e r a l l y p o s s i b l e i n a l l d i p o r p h i n a t o c o m p l e x e s a n d c o u l d be 
v a l u a b l e i n s t u d y i n g p o r p h y r i n — l i g a n d exchange reac t i ons i n these m o l e 
cu les . S u c h i s o m e r i s m is l i k e w i s e a p o s s i b i l i t y i n p o r p h y r i n 7r—7r d i m e r s p re 
sent i n c o n c e n t r a t e d s o l u t i o n s , a n d m a y be a n a l t e rnat ive e x p l a n a t i o n ( i n 
a d d i t i o n t o l a t e r a l d i s p l a c e m e n t ) 6 f o r t h e a d d i t i o n a l f i n e s t r u c t u r e observed 
i n t h e 1 H m r s p e c t r a o f s o m e o f p o r p h y r i n self-aggregates. 

I n p h e n y l - s u b s t i t u t e d H 2 ( T P P ) der iva t ives , t h e h i n d e r e d r o t a t i o n a r o u n d 
t h e m e t h i n e — p h e n y l b o n d leads t o the p o s s i b i l i t y o f a t r o p i s o m e r i s m 3 0 2 . 
m e s o - T e t r a - o - t o l y l — p o r p h y r i n s h o w s a c o m p l e x p a t t e r n f o r the o - C H 3 reso
n a n c e s , w h i c h was a t t r i b u t e d b y W a l k e r 2 9 9 t o o r i g i n a t e f r o m a s t a t i s t i c a l 
m i x t u r e o f t h e f o u r p o s s i b l e a t r o p i s o m e r s . R e c e n t l y , t h e f o u r raeso-tetra-o-
a m i n o p h e n y l — p o r p h y r i n s have b e e n separated a n d c h a r a c t e r i z e d b y 
1 H m r 3 0 0 . B o t h t h e t o l y l a n d o - a m i n o H 2 ( T P P ) i somers are s table at r o o m 
t e m p e r a t u r e , a n d even at 1 8 0 ° C n o i n d i c a t i o n o f l i n e b r o a d e n i n g is o b 
s e r v e d 2 9 9 (see S e c t i o n 1 0 . 4 . 2 ) . 

10.4.3.4. Asymmetric carbon atoms 
I n f u l l y u n s a t u r a t e d p o r p h y r i n s a l l m a c r o c y c l i c c a r b o n a t o m s are s p 2 

h y b r i d i z e d , b u t a s y m m e t r i c C - a t o m s c a n r e s u l t f r o m i n t r o d u c t i o n o f s u b s t i 
t u e n t s , o r f o r m e d b y r e d u c t i o n o f t h e m a c r o c y c l e s y s t e m t o the c h l o r i n o r 
p o r p h o d i m e t h e n e states a m o n g o t h e r s . P h e o p o r p h y r i n s w i t h o n e a s y m m e t r i c 
C - a t o m o f d e f i n e d c o n f i g u r a t i o n w e r e f i r s t d e s c r i b e d b y W o l f et a l . 1 2 6 , 1 3 8 . 
T h e l o w s igna l - t o -no i se r a t i o o f t h e i r O R D s p e c t r a m a d e t h e d e t e r m i n a t i o n 
o f e n a n t i o m e r i c p u r i t y d i f f i c u l t , b u t th is p r o b l e m c a n be o v e r c o m e b y an 
a b s o l u t e d e t e r m i n a t i o n o f e n a n t i o m e r i c p u r i t y o f the c o m p o u n d s b y 
1 H m r 1 2 6 . I n a c h i r a l e n a n t i o m e r i c e n v i r o n m e n t , p r e v i o u s l y e n a n t i o t o p i c 
( i .e . , i n d i s t i n g u i s h a b l e b y 1 H m r ) , p r o t o n s b e c o m e d i a s t e r e o t o p i c a n d t h u s , i n 
p r i n c i p l e , d i s t i n g u i s h a b l e b y n . m . r . 3 0 4 a . T h i s e f f ec t was s t u d i e d i n a v a r i e t y 
o f c o m p o u n d s i n c h i r a l a r o m a t i c so lvents ( f o r l e a d i n g re ferences , see R e f . 
3 0 4 ) . T h e p r o n o u n c e d aggregat ion e x h i b i t e d b y p o r p h y r i n s m a d e i t poss ib le 
t o use the c o n v e n t i o n a l a c h i r a l s o l v e n t ( C D C 1 3 ) a n d a d d i n g a c h i r a l p o r p h y 
r i n as c o - s o l u t e , w h i c h f o r m d i a s t e r e o t o p i c aggregates w i t h the p o r p h y r i n 
e n a n t i o m e r s . T h e n . m . r . s p e c t r a o f the c h i r a l p h e o p o r p h y r i n s h o w e d s u f f i 
c i e n t d i f f e rences i n the m e t h i n e r e g i o n i n the presence o f excess p y r o m e t h y l -
p h e o p h o r b i d e - a ( w i t h the n a t u r a l 7 S , 8 S c o n f i g u r a t i o n ) t o d i s t i n g u i s h be
t w e e n the R a n d S f o r m o f t h e p h e o p o r p h y r i n s , a n d t h u s t o d e t e r m i n e the 
e n a n t i o m e r i c p u r i t y b y i n t e g r a t i o n o f t h e a p p r o p r i a t e s i g n a l s 1 2 6 . I n a s i m i l a r 
case, the p r o n o u n c e d aggregat ion o f 2 - ( a - h y d r o x y e t h y l ) p h e o p o r p h y r i n s 
caused b y h y d r o g e n - b o n d i n g was s h o w n 2 1 3 t o be r e s p o n s i b l e f o r t h e s p l i t 
t i n g o b s e r v e d f o r m o s t o f the 1 H m r s i g n a l s 1 3 2 . T h i s s p l i t t i n g o c c u r s o n l y f o r 
2a - ep imer i c m i x t u r e s , b u t n o t f o r t h e p u r e e p i m e r s 2 1 3 . S p l i t t i n g thus re 
f lects d i a s t e r e o m e r i c aggregates, i n w h i c h t h e c h e m i c a l s h i f t d i f f e rences are 
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e n h a n c e d b y spec i f i c aggregat ion o f t h e sys tems a n d b y h i n d e r e d r o t a t i o n at 
the 2 - 2 a b o n d (see S e c t i o n 1 0 . 4 . 2 . 2 ) . 

T h e s t e r e o c h e m i s t r y o f p e r i p h e r a l l y - r e d u c e d p o r p h y r i n s has been s t u d i e d 
e x t e n s i v e l y because o f t h e i r re levance t o the c h l o r o p h y l l s . T h e 7,8-trans 
f i g u r a t i o n o f t h e c h l o r o p h y l l s suggested b y the r a c e m i z a t i o n e x p e r i m e n t s o f 
F i s c h e r a n d G i b i a n 3 0 5 was p r o v e d b y c h r o m i c a c i d d e g r a d a t i o n 3 0 0 , 3 0 7 , a n d 
b y the s m a l l transoid v i c i n a l c o u p l i n g c o n s t a n t (J < 2 H z ) o f the 7,8 p r o 
t o n s 1 3 . I n t h e m o d e l c o m p o u n d H 2 ( O E C ) the ' e x t r a ' h y d r o g e n a t o m s i n t h e 
r e d u c e d p y r r o l i n e r i n g are essent ia l l y e q u i v a l e n t a n d t h u s s h o w n o c o u p l i n g , 
a n d i n s o m e o t h e r p h e o p h o r b i d e s w i t h u n n a t u r a l c o n f i g u r a t i o n , the 7,8 
c o u p l i n g c o n s t a n t s were n o t observab le . I n these cases, h o w e v e r , the eis a n d 
trans i s omers c a n be d i f f e r e n t i a t e d b y o t h e r d i f f e r e n c e s i n t h e i r n . m . r . 
s p e c t r a 1 2 6 . I n t h e c i ' s - H 2 ( O E C ) , the r i n g c u r r e n t is s o m e w h a t r e d u c e d b y 
ster ic h i n d r a n c e i n the eis e t h y l groups as c o m p a r e d to the trans 
e p i m e r 6 5 , 3 0 8 , a n d t h e a l t e r e d c o u p l i n g p a t t e r n o f t h e e x t r a h y d r o g e n a t o m s 
w i t h the n e i g h b o r i n g m e t h y l e n e p r o t o n s ind i ca tes a change i n t h e c o n f o r m a 
t i o n o f the r e d u c e d r i n g 1 2 6 . T h e d i f f e rences b e t w e e n t h e e p i m e r s are m u c h 
m o r e p r o n o u n c e d i n 7,8-c/s as c o m p a r e d t o 7 , 8 - f r a n s - m e s o p y r o m e t h y l p h e o -
p h o r b i d e 1 2 6 . I n t h e 7,8-c/s c o m p o u n d , a l l p r o t o n s ignals , e s p e c i a l l y those 
f r o m p r o t o n s i n t h e v i c i n i t y o f t h e r e d u c e d r i n g D , are s h i f t e d t o h i g h e r f i e l d . 
A n a d d i t i o n a l c h a r a c t e r i s t i c d i f f e r e n c e i n the p y r o p h e o p h o r b i d e c o m p o u n d s 
is the inc reased a n i s o c h r o n y o f t h e 1 0 - m e t h y l e n e * p r o t o n s i n t h e 7,8-c/s 
( A ( H / 3 — H a ) = 0 . 3 8 p . p . m . ) as c o m p a r e d t o the 7,8-trans e p i m e r ( A ( H / 3 — Ha) 
= 0 .11 p . p . m . ) 1 2 6 . O b v i o u s l y , t h e s h i e l d i n g e f fect o f t h e transoid 7 , 8 - a l k y l 
s ide -chains i n the f rarcs -pheophorb ide are p a r t i a l l y c o m p e n s a t e d . A n i n d i r e c t 
a p p r o a c h t o t h e r e la t i ve c o n f i g u r a t i o n o f c h l o r i n s is p o s s i b l e b y a n a l y s i s o f 
the i n d u c e d c o n f o r m a t i o n a l changes t h a t resu l t f r o m i n t r o d u c t i o n o f a large 
s u b s t i t u e n t at a n e i g h b o r i n g meso - p o s i t i o n 1 2 4 . Because o f the s ter i c i n t e r a c 
t i o n o f t h e 5 - s u b s t i t u e n t w i t h t h e 8 - C H 3 g roup i n 5 - C l - c h l o r i n - e 6 t r i m e t h y l 
ester, r i n g D is t i l t e d o u t o f the m a c r o c y c l e p l a n e , a n d t h e h i g h f i e l d s h i f t o f 
b o t h the 8 - C H 3 a n d t h e 7 - H signals thus proves t h e i r cisoid r e l a t i o n s h i p . 
S i m i l a r changes have r e c e n t l y been observed b y p e r t u r b a t i o n o f t h e 7 -pos i -
t i o n i n p e r i p h e r a l c o m p l e x e s o f p h e o p h o r b i d e s 8 0 (see S e c t i o n 1 0 . 2 . 8 . 4 ) . 

In c y c l o p r o p a n o - c h l o r i n s a n d - b a c t e r i o c h l o r i n s 6 6 t h e c h l o r i n s u b s t i t u e n t s 
are necessar i ly i n t h e eis c o n f i g u r a t i o n . T h e endo - a n d e x o - p o s i t i o n s o f t h e 
c y c l o p r o p a n e s u b s t i t u e n t s s h o w c h a r a c t e r i s t i c d i f f e rences i n c h e m i c a l s h i f t 
a r i s ing f r o m t h e a n i s o t r o p y o f the r i n g c u r r e n t s h i f t . E x o - s u b s t i t u e n t s are 
essent ia l ly i n the p l a n e o f the m a c r o c y c l e a n d are t h u s s t r o n g l y d e s h i e l d e d , 
w h i l e the e n d o - s u b s t i t u e n t s are above the p lane a n d resonate at s u b s t a n t i a l l y 
h igher f i e l d . I n the case o f p r o t o n s , a f u r t h e r a d d i t i o n a l a s s i g n m e n t is p o s s i 
b le o n t h e basis o f c o u p l i n g c o n s t a n t s w i t h the c h l o r i n p r o t o n s 6 6 . 

* a and ß are used as in terpenes, a designating a substituent below, ß a substituent above 
the plane in the structure shown the conventional way. 
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M o s t c h l o r o p h y l l s possess an a d d i t i o n a l a s y m m e t r i c c enter at C - 1 0 i n the 
i s o c y c l i c r i n g E , w h o s e c o n f i g u r a t i o n c a n be l i n k e d t o t h a t at C-7 a n d C-8 b y 
means o f i n c r e m e n t a l s u b s t i t u e n t s h i f t s 1 3 8 . F o r c h l o r o p h y l l - a , t h e transoid 
c o n f i g u r a t i o n o f t h e 7 a n d 1 0 s u b s t i t u e n t s was suggested o n t h e basis o f t h e 
h i g h f i e l d s h i f t o f t h e 7 - H s ignal ( re la t ive t o t h a t o f t h e 8 -H) due t o t h e 
s h i e l d i n g b y c a r b o n y l g r o u p s i n the 1 0 - C O O C H 3 s u b s t i t u e n t . T h i s i n t e r p r e t a 
t i o n is s o m e w h a t a m b i g u o u s because t h e i n c r e m e n t a l s h i f t o f t h e a n i s o t r o p i c 
ester g r o u p is d i f f i c u l t t o es t imate , a n d because o n l y one o f t h e e p i m e r s is 
r e a d i l y ava i lab le i n p u r e f o r m . T h e transoid c o n f i g u r a t i o n was p r o v e d b y a 
c o m b i n e d 1 H m r a n d s p e c t r o p o l a r i m e t r i c 3 0 7 a i n v e s t i g a t i o n o f d i a s t e r e o m e r i c 
1 0 - a l k o x y p h e o p h o r b i d e s 7 9 , 1 3 8 . I n these c o m p o u n d s , the c o n f o r m a t i o n o f 
t h e C -10 a t o m is s t a b i l i z e d , a n d t h e t w o C - 1 0 e p i m e r s c a n t h u s be s t u d i e d 
separa te ly . 

W i t h the a s s u m p t i o n t h a t i n c r e m e n t a l sh i f ts are m o r e p r o n o u n c e d f o r 
cisoia t h a n f o r transoid s u b s t i t u e n t s , t h e re la t ive p o s i t i o n o f t w o s u b s t i t u e n t s 
c a n t h e n be d e t e r m i n e d b y n . m . r . as s h o w n i n the f o l l o w i n g e x a m p l e ( F i g . 

C - 8 C - 7 C-10 C - 9 

1 1 1 1 
H 4 4 2 PMe H 5 ig 

3H.78 
H 4.24 H 5.04 

8 9 

H4.57 

H 3 C I . 68 

PMe OCH3 

\ 

3.98 

/ 

H 4.40 H6.5I 

9 0 a 

M.54 

H 3 C I .9 I 

PMe H 6 i 7 7 

3.72 
H 4 . 5 9 OCH3 

9 0 b 
Fig. 11. 1 H m r chemical shifts (Ô[p.p.m.] from T M S ) of pyromethylpheophorbide-a (89), 
and its enantiomeric (R,S)-methoxy derivatives (90a,b). Schematic representation of the 
periphery of rings D and E , viewed parallel to the macrocycle (see Ref. 79). 

References, p. 514 



512 H U G O S C U E E R and J O S E P H J . K A T Z 

1 1 ) . S u b s t i t u t i o n o f o n e o f the 1 0 - H p r o t o n s i n p y r o m e t h y l p h e o p h o r b i d e - a 
(89) b y — O C H 3 causes sh i f t s o f t h e 7 - H p r o t o n s ignal b y - 0 . 1 6 ( - 0 . 3 5 ) 
p . p . m . , the 8 - H q u a d r u p l e t b y — 0 . 1 5 (—0.12) p . p . m . , a n d t h e 8-CH3 d o u b l e t 
b y +0.10 (—0.13) p . p . m . i n the t w o e p i m e r s (90a ) a n d ( 9 0 b ) . O b v i o u s l y , t h e 
IO - O C H 3 s u b s t i t u e n t has a p r o n o u n c e d d e s h i e l d i n g e f fec t o n the n e i g h b o r i n g 
r i n g p r o t o n s . T h i s e f f e c t is e x p e c t e d t o be m o r e p r o n o u n c e d f o r cisoid t h a n 
f o r transoid s u b s t i t u e n t s , a n d f r o m t h e r e l a t i v e m a g n i t u d e o f the sh i f t s cisoid 
c o n f i g u r a t i o n t o t h e 8 - H c a n be i n f e r r e d i n t h e e p i m e r ( 9 0 a ) , cisoid c o n 
f i g u r a t i o n t o t h e 7 - H a n d 8 - C H 3 i n t h e e p i m e r ( 9 0 b ) . T h e d i f f e r e n t i n c r e 
m e n t a l sh i f t s o b s e r v e d f o r b o t h p o s i t i o n s o f t h e I O - O C H 3 g r o u p s ( i .e . , t h e 
p o s i t i v e i n c r e m e n t f o r t h e 8 - C H 3 r e s o n a n c e i n 9 0 a ) , i n d i c a t e t h a t the s u b s t i 
t u e n t shi f ts are a c c o m p a n i e d b y p r o n o u n c e d sh i f t s d u e t o o t h e r ( c o n f o r m a 
t i o n a l ) reasons , c l e a r l y d e m o n s t r a t i n g t h a t a n u n a m b i g u o u s ana lys i s r equ i res 
d a t a o n b o t h e p i m e r s . I n the same w a y as t h e c o n f i g u r a t i o n at C - 1 0 a f fects 
the c h e m i c a l sh i f t s o f t h e s u b s t i t u e n t s at C-7 a n d C - 8 , t h e c o n f i g u r a t i o n at 
C-7 affects ( b u t t o a lesser e x t e n t ) t h e c h e m i c a l s h i f t o f t h e s u b s t i t u e n t s at 
C - 1 0 . T h u s , i n t h e c o m p o u n d s c i t e d a b o v e the I O - O C H 3 is m o r e s t r o n g l y 
d e s h i e l d e d w h e n cisoid t o the p r o p i o n i c ester s i d e - c h a i n t h a n w h e n i t is 
transoid t o i t , a n d the s t e r e o c h e m i c a l a s s i g n m e n t o f t h e n o n - e q u i v a l e n t 
1 0 - m e t h y l e n e p r o t o n s i n p y r o p h e o p h o r b i d e s 7 9 a n d i n t h e c h l o r o p h y l l 
' p r i m e ' e p i m e r s ( i .e . , C h l - a ' , S e c t i o n 1 0 . 2 . 8 . 2 ) 2 1 5 can be c a r r i e d o u t i n t h e 
same w a y . S i m i l a r r e l a t i o n s h i p s have b e e n o b s e r v e d f o r t h e p h e o p h o r b i d e - b 
series as w e l l 3 0 9 , a n d the ef fects are c h a r a c t e r i s t i c o f a w i d e v a r i e t y o f 
1 0 - a l k o x y p h e o p h o r b i d e s 1 3 0 A 3 8 . 

T h e c o n f i g u r a t i o n o f C-9 i n 9 - d e s o x o - 9 - h y d r o x y - p h e o p h o r b i d e s c a n be 
l i n k e d t o t h a t at C - 1 0 i n an ana logous m a n n e r , a n d the r e c i p r o c a l i n f l u e n c e 
c a n again be d e t e c t e d b y a c a r e f u l a n a l y s i s o f t h e n . m . r . s i g n a l s 1 2 5 , 1 3 0 . I n 
t h e case o f t h e d i a s t e r e o m e r i c 9 - d e s o x o - 9 - h y d r o x y - m e t h y l p h e o p h o r b i d e s - a 
(91a—c) ( T a b l e 12 ) t h e re la t ive c o n f i g u r a t i o n at C-9 a n d C - 1 0 is a lso 
d e d u c i b l e f r o m the 9 - H , 1 0 - H c o u p l i n g c o n s t a n t s (7 H z f o r 9 ,10-c /s as c o m 
p a r e d t o < 2 H z f o r 9,10-trans)1 2 5 . 

In a d i f f e r e n t a p p r o a c h , c o n f i g u r a t i o n c o r r e l a t i o n s c a n be m a d e b y s t u d y 
i n g spec i f i c i n t r a m o l e c u l a r i n t e r a c t i o n s . H y d r o g e n - b o n d i n g o f a 9 - O H g r o u p 
w i t h s u b s t i t u e n t s at C - 1 0 leads t o a b r o a d e n i n g o f the 9 - H signals f r o m 
r e s i d u a l H C O H c o u p l i n g , w h i c h is r e m o v e d u p o n d e u t e r i u m e x c h a n g e o f t h e 
9 - O H g r o u p 1 2 5 , 1 3 0 . T h i s b r o a d e n i n g is o b v i o u s l y c h a r a c t e r i s t i c o f a h y d r o 
gen b o n d o f i n t e r m e d i a t e s t r e n g t h , f o r b o t h w e a k a n d s t r o n g h y d r o g e n 
b o n d s are e x p e c t e d t o y i e l d sharp s igna ls , w i t h t h e la t te r s h o w i n g a d i s t i n c t 
c o u p l i n g c o n s t a n t 3 1 0 . G r a d u a l changes i n the s t rength o f the h y d r o g e n 
b o n d s as e x p l i f i e d i n the 1 H m r s p e c t r a c a n be e x p e c t e d t o be c o r r e l a t e d w i t h 
the O — H s t r e t c h f r e q u e n c y i n t h e i n f r a r e d s p e c t r a 1 2 5 , 1 3 0 . I n f a v o r a b l e 
cases, h y d r o g e n - b o n d i n g is n o t o n l y o b s e r v e d t o o c c u r b e t w e e n t h e 9 - O H 
g r o u p a n d the n e i g h b o r i n g g r o u p s , b u t a lso w i t h t h e c a r b o n y l f u n c t i o n i n t h e 
7 - p r o p i o n i c s i d e - c h a i n ( 9 1 b ) 1 2 5 , 1 3 6 . 
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H3C1.88 H 4.55 COOCH3 H 6 - 6 3 J < 2 

91b 

3.50* 1.65 

) 
H,C 3^1.65 H4 47 Hp 4.47 "6.32 H6.6I J = 7 

9 Ic 
Fig. 12. 1 H m r chemical shifts (ô[p.p.m.] from T M S ) of the diastereomeric 9-desoxo-
9(R,S)-hydroxy-10(R,S)-methylpheophorbides-a (91a,b,c). Schematic representation as in 
Fig. 11. (See Ref. 125.) 

10.4.4. Miscellaneous 
1 H m r has b e e n w i d e l y u s e d i n m e c h a n i s t i c s tudies b y m o n i t o r i n g the 

1 H / 2 H exchange w i t h t h e m e d i u m . P e r t i n e n t e x a m p l e s i n c l u d e the n u c l e o -
p h i l i c e x c h a n g e o f t h e m e t h i n e p r o t o n s i n a c i d i c m e d i a 5 6 ^ 8 , 1 4 4 , 1 6 3 , 2 0 7 , 2 0 9 

a n d d u r i n g a n d a f ter m e t a l a t i o n 1 3 5 * 3 1 1 , the e x c h a n g e o f b e n z y l i c p r o 
t o n s 7 9 ' 1 2 7 ' 1 3 5 , 1 3 8 ' 2 1 5 a n d s u b s t i t u e n t s 1 3 0 , the p h l o r i n - c h l o r i n a n d re
l a t e d e q u i l i b r i a 5 7 9 3 ' 1 0 3 ' 1 2 1 ' 1 2 3 ' 1 6 4 , t h e p h o t o c h e m i c a l 9 0 ' 1 2 6 a 7 3 ' 3 1 1 a 

a n d e l e c t r o c h e m i c a l 3 1 2 r e d u c t i o n o f p o r p h y r i n s a n d r e d o x processes i n 
h e m i n s 3 1 3 . 

1 H m r has o f t e n b e e n u s e d as a dec is ive t o o l to d i s t i n g u i s h b e t w e e n 
i somers . F o r the a p p l i c a t i o n o f s y m m e t r y a r g u m e n t s , the reader is r e f e r r e d 
t o s t a n d a r d m o n o g r a p h s 1 as w e l l as t o e x a m p l e s c i t e d i n S e c t i o n 1 0 . 2 . 2 , 
1 0 . 2 . 3 , 1 0 . 2 . 8 , a n d 1 0 . 4 . 3 . 

T h e a p p l i c a t i o n o f s table i s o t o p e s ( 2 H , 1 3 C , 1 5 N ) i n c o n j u c t i o n w i t h 
n . m . r . m e a s u r e m e n t s is o f i n c r e a s i n g in teres t i n b i o s y n t h e t i c s tud ies . T h e 
m e t h o d is s u p e r i o r to r a d i o a c t i v e l a b e l i n g because t h e p o s i t i o n and the 
a m o u n t o f the l a b e l c a n be m e a s u r e d d i r e c t l y , p r o v i d e d t h e n . m . r . resonances 
are ass igned. I n a pa i r o f m i r r o r image e x p e r i m e n t s , 1 H 2 0 p l u s s u c c i n i c 

References, p. 514 
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a c i d - 2 H 4 vs. 2 H 2 0 + s u c c i n i c a c i d - 1 H 4 , the i n c o r p o r a t i o n o f 1 H ( 2 H ) f r o m 
the s u c c i n i c a c i d a n d t h e m e d i u m i n t o b a c t e r i o c h l o r o p h y l l - a was s t u d i e d 3 1 4 , 
a n d r e c e n t l y t h e 1 3 C p a t h w a y i n P r o t o - I X b i o s y n t h e s i s was i n v e s t i g a t e d b y 
1 3 C m r 3 5 , 2 6 1 , 2 6 2 ( g e e a l s o C h a p t e r 3 ^ 

T h e p h o t o - o x i d a t i o n o f c h l o r o p h y l l w i t h q u i n o n e s has been s t u d i e d 3 1 5 

b y c h e m i c a l i n d u c e d d y n a m i c n u c l e a r p o l a r i z a t i o n 3 1 6 o f the q u i n o n e reso
nances , a n d se lec t ive 1 H m r l i n e - b r o a d e n i n g as a resu l t o f t r i p l e t energy t rans 
fer i n p h o t o - e x c i t e d m e t h y l p y r o p h e o p h o r b i d e - a m a k e s poss ib l e t h e assign
m e n t o f h y p e r f i n e c o u p l i n g c o n s t a n t s i n the t r i p l e t 3 1 7 . 
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Absorption spectra, in acidic solvents, 24, 
table 784 

— —, in alkaline solvents, 24 
, chlorins, 25, table 880—883 
, in detergents, tables 888—889 

— —, etio type, 20 
— —, hemochromes, table 805 
— —, meso-substituted porphyrins, 23, 

table 8 7 8 - 8 7 9 
— —, metalloporphyrins, 25, 187—191, 

table 8 8 4 - 8 8 6 
— — —, hyper type, 190 
— — —, hypso type, 190 
— — —, normal type, 189 
— — —, in organic solvents, table 872— 

877 
— —, oxophlorins, 26 
— —, phlorins, 25 

, phyllo type, 23 
— —, porphyrins in aqueous acid, table 

784 
— —, porphyrins with isocyclic ring, 23 
— —, porphyrin ß-keto-esters, 23 
— —, porphyrin monocations, 24 
— —, rhodo type, 21 
— —, substituent effects, 22 

, tables 871—889 
'Accidental ' heme cleavage, 146—150 
Accumulation of biosynthetic intermedi

ates with ammonium ions or hy-
droxylamine, 79—82 

Acetals from formylporphyrins, 828 
Acetate method for metal insertion, 179 
meso-Acetoxyporphyrins from oxophlo

rins, 41, 631,816 
Acetyl acetonate method for metal 

insertion, 182, 286, preparative method 
798 

Acetylation of hydroxyl groups, prepara
tive method, 824 

— of oxophlorins, 41, 631, 816 
—, step in aminolevulinic acid synthesis, 

70 

Acetylporphyrins, from a-hydroxyethyl-
porphyrins, preparative method 824 

Acid/base properties, 11—15, 234—238 
Acid catalyzed conversion of porpho

bilinogen into uroporphyrinogens, 75, 
82 

— —, solvolysis of metalloporphyrins, 246 
Acid number, 14, 15, 833 

, table 14 
Acid solvolysis reactions of metallopor

phyrins, 243—247 
Activated oxygen, 134,135,142, 629, 676 
— —, in heme cleavage, 134, 135, 142 
Active H atoms, determination, 821 
Acylation, 648 
Agar gel electrophoresis, 861 
7T-7Ï Aggregation, 294, 493—501, 618 
Algal bile pigments, origin, 125, 144 
Alkali metal insertion, 795 
Alkylation, reductive, 659—661 
Amide bonds in side-chains, preparative 

method, 826 
Aminolevulinic acid, binding to dehy

dratase, 73 
— —, detection in natural materials, 785— 

787 
— —, dehydratase, 72 
— — —, Sepharose-bound, 72 

, formation, 62—74 
— — —, in plants, 66 

, synthesis 62—74 
— — —, acylation step, 70 
— — —, decarboxylation step, 70, 71 
— —, synthetase, 66 

, activity in plants, 66 
— — —, properties, 67 

, inhibition, 68, 69, 72 
— —, paper chromatography, 788 
meso-Aminoporphyrins, 636 
—, reactivity, 652 
Ammonium ions, use for accumulation 

of biosynthetic intermediates, 79—82 
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Analysis of coproporphyrin and proto
porphyrin, 781—782 

—, of natural porphyrins by spectrophoto
metry, 782 

— — — —, by solvent extraction, 781 — 
785 

—, of zinc(II) coproporphyrin, 782 
Analytical methods for bile pigment 

isomers, 138—140 
7T-Anions of metalloporphyrins, 599 
Annulenes, ring current in, 405—409 
Anodic half-wave potentials, table 601 
Anomalous mass spectra, 222, 396 
— — —, of metalloporphyrins, 222 
Anti-Markownikoff hydration of vinyls, 

51, 656, 823 (preparative method) 
A P . A P Pyrromethane, enzymic studies, 

93 
A P . P A Pyrromethane, enzymic studies, 92 
Appendix, absorption spectra tables, 871 — 

889 
Applications of n.m.r. spectroscopy to 

porphyrin problems, 493—514 
Aqueous acids, hydrolysis of esters, pre

parative method, 836 
Aqueous solvents, effect on heme cleav

age, 132 
— —, kinetics of metal insertion, 252 
Aromaticity, 9 
Aromatic nature of porphyrin core, 332, 

394, 402 -410 
— — — —, using mass spectra, 394 
— —, using n.m.r. 402—410 
— — — —, X-ray techniques, 332 
Aromatization of protoporphyrinogen-IX, 

104,105 
— — —, intermediates, 105 
Assignments, 1 3 C M R , 88, 483 
Asymmetric carbon atoms, n.m.r. investi

gations, 509-513 
Autoxidation of porphyrinogens, 75, 104 
Axial connection in deoxycobaltohemo-

globin, 371-373 
, in hemoglobin, 369—370 

—, coordination chemistry of metallo
porphyrins, 207—224 

—, ligands, identification, 221—224 
— —, preparation of metalloporphyrins 

with specific ones, 210 
— —, vibrations, table 533 
Azaporphyrins, basicity 13 

Bacteriochlorins, 643 
- , îHMR, 4 4 0 - 4 4 8 
—, radical anions, 580 
Bacteriochlorophyll-a, 7, 465, 644 
Bacteriochlorophyll-ò, 7, 465 
Bacteriochlorophylls, c, d, and e, 466 
—, formulae, 112 
- , 1HMRi 465 -466 
Basicity, 12 (Table), 234—238 
—, measurements in non-aqueous solvents, 

237 
—, water soluble porphyrins, table, 238 
Benzonitrile method for metal insertion, 

185 
Benzyl ethyl ß-keto-adipate, preparative 

method, 758 
Biladiene, 6 
—, metal complexes, 205 
a,c-Biladienes in porphyrin synthesis, 44, 

47 
Bilatriene, 6 
Bilane, 6 
—, enzymic studies, 96 
—, from enzymic inhibition experiments, 

81 
Bilanes, in porphyrin synthesis, 37 
Bilayer lipid membranes (BLM) , 712—722 
— — —, methodology, 715 
— — —, photoelectrical effects, 713 
— — —, relation to photosynthesis, 721 

, results from, 717—721 
— — —, structure, 712 
Bile pigment formation, 123—153 
Bilene, 6 
a-Bilenes, porphyrin synthesis from, 41 
fr-Bilenes, porphyrin synthesis from, 

4 1 - 4 4 
6-Bilene-l \8'-diesters in porphyrin syn

thesis, 4 2 
b-Bilenes, synthesis 41—4 1 
Bilidiene, 6 
Bilinogen, 6 
Bilins, metabolic transformations, 128 
Bilirubin formation, 124 
Bilitriene, 6 
Biliverdin-IX7, 126 
Biliverdin derivation, 123 
—, formation from oxophlorins, 635, 

(preparative method, 813) 
—, origin of oxygen atoms in terminal 

rings, 142—144 
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Binding and activation of glycine in 
aminolevulinic acid synthesis, 68 

—, of aminolevulinic acid to dehydratase, 
73 

—, of succinyl cGenzyme-A, 70 
Biological applications of E P R , 584 
—, heme cleavage, 142—150 
Biosynthesis of hemes, chlorophylls, 

vitamin-Bi2> 61—122; broad outline, 
61 

- u s e of 1 3 C M R , 8 7 - 9 2 , 513, 514 
—, of chlorophylls, 107—112 
—, of corrins, 112—116 
—, of porphobilinogen, 62—74 
- , of vitamin B 1 2 , 112—116 
Bis-histidine meso-hemin, preparative pro

cedure, 826 
Bis-porphyrins, 667 
Bisulfite reaction of formylporphyrins, 

828 
1 '-Bromo-8'-methyl-a,e-biladienes, syn

thesis and use in porphyrin synthesis, 
46 

Bridged and metal-metal bonded metallo
porphyrins, 228—295 

Calcium phosphate, adsorption of por
phyrins, 780 

Calculations, ring currents, 409 
Carbenes, reactions with, 650 
Carbon monoxide formation in heme 

cleavage, 125, 133—136 
Carbonyl method for metal insertion, 

186, 282, 284 (table), 799 (preparative 
method) 

Carbocyclic ring, chlorophyll biosynthesis, 
110 

— —, mass spectral fragmentations, 391— 
394 

Carboxylic acid side-chains from formyl 
groups, preparative method, 829 

— — — —, reactions, 656 
Catalase, 150, 258 
Cathodic half-wave potentials, table, 602 
Cation radicals, aggregation, 618—620 
— —, of metalloporphyrins, 595—597, 

643, 705 
, E P R , 576 -580 

— —, preparative method, 812 
Causative factors in heme cleavage, 144 
Celite, for column chromatography, 853 
Cellulose, for column chromatography, 

855 

Central metal ions, influence of, 629 
— — —, oxidation states, 191—195 
C4h geometry, 322 
C«2v geometry, 348 
C4v geometry, 326 
Chelation of magnesium into protopor

phyrin-IX, 109 
Chemical intermediates in heme cleavage, 

132-137 
—, reactivity and redox potentials, 610— 

612 
—, shifts, 400 

, 1 3 C M R , 484 
meso-Chlorination of porphyrins, pre

parative method, 819 
Chlorins, 641 -643 
—, absorption spectra, 25 
—, 7<5-dideuteration, preparative method, 

817 
—, dehydrogenation with quinones, 32, 

54 ; preparative method, 770 
Chlorin-e 6 trimethyl ester, 1 H M R , 404 

—, preparation, 54 ; preparative meth
od, 777 

Chlorins, electron densities, 626 
'Chlorin-free' meso-tetraphenylporphyrin, 

synthetic method, 770 
Chlorins and analogs, 1 H M R , 440—448 
—, mass spectra, 390 
Chlorin-phlorins, 1 H M R , 455 
— —, preparative method, 814 
Chlorins, structure, 6 
—, vibrations, 529 (table) 
Chlorobium chlorophylls, 661 

, 1 3 C M R , 489 
— —, synthesis of derived phyllopor-

phyrins, 43 
Chlorocruoroporphyrin, synthesis from 

protoporphyrin-IX, 52 
Chlorophyllase, 111 
Chlorophyll-benzoquinone system, 694 
Chlorophyll biosynthesis, 107—11 2 ; 

scheme, 108 
Chlorophyll-6 formation, 111 
Chlorophylls c1 and c 2 , l H M R , 465 
Chlorophyll degradation, 52—55; pre

parative methods, 114—IIS 
Chlorophylls from leaf tissue, 52; pre

parative method, 774 
Chlorophyll formation from chlorophyl-

lide, 111 
Chlorophylls, ^ M R , 462 -468 
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Chlorophyll monolayers, 709—712 
—, nomenclature, 52 
—, photoreduction, 704 
—, related structures, 1 H M R , 467 
Chlorophyllides, from chlorophyll, 53 
Choleglobin, 136 
Chromatographic separation of aminole

vulinic acid and porphobilinogen, 787 
Chromatography, 839—860 
Chromophores of porphyrin systems, 19 
Chloroporphyrin-e 6 , preparation, 54 
C/.s-effects in ruthenium and osmium 

porphyrins, 220 
—, in iron porphyrins, 262 
C/s-photohydrogenation, 683 
CIDNP studies, 514 
Classification of metalloporphyrins, 163— 

171 
Cleavage of non-iron metalloporphyrins, 

16, 143, 689, 814 
—, of protoheme, 126 
Closed-shell metalloporphyrin lumines

cence, 670 
77-Cloud of porphyrins, 402 
1 3 C M R , 482 -493 
—, assignments, 483 
— —, meso -carbons, 88 
—, in biosynthetic studies, 87—92, 513, 

514 
—, chemical shifts, 484 
—, of diamagnetic porphyrins, 482—490 
—, of paramagnetic metalloporphyrins, 

490 
Cf—N radius, 323 
Cobalt and low spin iron metallopor

phyrins, stereochemistry, 399—364 
Cobalt(II) porphyrins, E P R , 568-573 
— —, scheme of chemistry, 217 
Coboglobins, 223, 264, 371-373 
Colloidal preparations of chlorophyll. 

709 
Column chromatography, 851—858 
Complexation with metal ions, 15 
Concentration of aminolevulinic acid on 

Dowex columns, 787 
—, of porphyrins from natural material, 

780 
Conformation of meso-substituents, 

! H M R , 504 
- , of j3-pyrrole substituents, 1 H M R , 503 
Conjugation of phenyl groups with macro-

cycle in meso-tetraphenylporphyrin, 
342 

Conversion of formyl groups into ethylene 
epoxides, 829 

—, of porphobilinogen into uroporphy-
rinogen-III, 74—96 

Cooperative effect in hemoglobin, 369, 
371 

Coordination chemistry of metallopor
phyrins, dynamic aspects, 233—278 

, static aspects, 157—231 
— — —, unusual aspects, 279—313 
Coordination groups in metalloporphy

rins, stereochemistry, 343—373 
Copper porphyrins, E P R of oxidation 

products, 582 
'Copper salt' method for cyclization of 

tetrapyrroles, 42, 44 
Copper and silver porphyrins, E P R , 

562-567 
Copper, silver, and molybdyi porphyrins, 

E P R tables, 566 
Coproporphyrins, 9 
—, analysis from natural materials, 781 
Coproporphyrin-III, from natural materi

als, 778 
—, from protoporphyrin-IX, 51 
—, occurrence, 18 
—, from uroporphyrin-III, preparative 

method, 825 
Coproporphyrin isomers, separation by 

lutidine method on paper, 843 
— —, separation by /i-propanol method 

on paper, 844 
Coproporphyrin-III tetramethyl ester, syn

thesis 40; preparative method, 761 
Coproporphyrinogen-III, mechanism of 

decarboxylation, 101, 104 
—, oxidative decarboxylation, 99—104 
Coproporphyrinogenase, properties, 100 
Corphins, 7, 645, 751 
- , i H M R , 4 56 
Correlation of spectral data and stability 

in metalloporphyrins, 203—205 
Corrins, 7 
—, biosynthesis, 112—116 
—. from tetradehydrocorrins, 743—744 
—, stability of metal complexes, 205 
Corroies, 8 
—, chemical properties, 737—740 
—, physical properties, 736—737 
—, synthesis, 732—736 
Countercurrent distribution, 15, 834 
Coupled oxidation, 16, 635 
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— —, of hemes and hemoproteins, 130— 
142; preparative procedure, 813 

Criteria for successful metal insertion, 
187-191 

—, for site of one-electron oxidation, 609 
Crude meso-tetraphenylporphyrin, syn

thetic method, 769 
Crystallization, porphyrins, porphyrin 

esters, 837 
Cyclic voltammetry, 603—607 
Cyclization of l',8'-dimethyl-b-bilenes to 

give porphyrins, 42 
Cytochromes, 258, 288 
Cytochrome-c, splitting heme from, 811 
Cytochrome oxidase, 258, 288 
Cytochrome-P450, 130, 629—630 
—, in heme cleavage, 145—150 

Decarboxylation, of acetic acid side-
chains, 825 

—, of propionic acid side-chains, 826 
—, in aminolevulinic acid synthesis, 70—71 
—, of uroporphyrinogen-III, 96—99 
Degradation, of chlorophylls, 52—55 
—, of hemoglobin, 48—52 
—, of mesoporphyrin-IX, 63, 64, 660 
—, of porphyrin nucleus, 659 
—, of protoporphyrin-IX, 63, 64 
Dehydrocorphin, 752 
Dehydroisocorrin, 744—745 
Derealization pathway for 7T-electrons, 9, 

10, 338-341 
Demetalation of metalloporphyrins, 195— 

207, 243-247 
Deoxophylloerythroetioporphyrin, synthe

sis, 43 
Derivation of bile pigments, 123—153 
Determination of porphyrins in biological 

material, 779 
—, of porphyrinogens, 793 
Detergents, effect on porphyrin ioniza

tion, 235 
—, kinetics of metal incorporation in, 

249-252 
—, solubility of porphyrins in, 831 
Deuteration, 647 
—, of chlorins, preparative method, 817 
—, of porphyrins, preparative method, 

816 
Deuterium magnetic resonance, 492 
Deuterohemin, from protohemin, 50 
Deuteroporphyrin-IX, synthesis, 34, 50 
—, from hemin, preparative method, 773 

Deuteroporphyrins,2,4-disubstituted, p/C's 
(table) 236 

Deuteroporphyrin-IX disulfonic acid, pre
parative methods, 774 

Development of periodic table of metallo
porphyrins, 171—174 

Devinylation of vinylporphyrins, 50, 655; 
preparative method, 773 

D 2 c i geometry, 325 
E>4h geometry, 318 
2,4-Diacetyldeuteroporphyrin -III dime

thyl ester, 1 3 C M R assignments of meso-
carbons, 88 

—, from deuterohemin, 51 
—, from hematoporphyrin-IX, 51 
2.3- Diacetyldeuteroporphyrin-III, synthe

sis, 44 
Diacids of porphyrins, 1 H M R , 457 
— —, stereochemistry, 341—343 
Diamagnetic porphyrins, 1 3 C M R , 482— 

490 
, 1 H M R , 412 -473 

— 1 : 1 metalloporphyrins, 1 H M R , 460— 
462 

Diastereotopic methylene groups in octa
ethylporphyrin derivatives, 503, 507 

Diazomethane for esterification of por
phyrins, preparative method, 834 

—, reactions with formyl groups, 829 
Dicarboxylic porphyrins, separation on 

paper, 848 
Dications of porphyrins, 1 H M R , 4 57 
— —, stereochemistry, 341—343 
Dichlorodicyanobenzoquinone ( D D Q ) re

action with chlorins, 770 
—, reaction with porphyrinogens, 41, 816 
Didehydrocorrins, 744 
2.4- Diformyldeuteroporphyrin-IX from 

protoporphyrin-IX, 51; preparative 
method, 822 

Dihydrocorrins, 744 
Dihydroxychlorins, 639 
Di-imide reduction of porphyrins, 643 
Dimerization rates of porphyrins and 

metalloporphyrins, 265—268 
Dimetallic porphyrins, 300—310 
1 ',8'-Dimethyl-b-bilenes, synthesis, and 

use in porphyrin synthesis, 41 
Dimethylformamide method for metal 

insertion, 185 
Dinuclear iron(III) porphyrins, 1 H M R , 

479 
Dioxocorroles, 749 
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Dioxan method for separation of uro
porphyrin esters on paper, 846 

Dioxaporphyrins, 729—732 
Dioxasapphyrins, 750 
Dioxoporphodimethenes, 636—637 
- , i H M R , 456 
Diprotonation, effect on 1 H M R , 457 
—, effect on stereochemistry, 341—343 
Dithiaporphyrins, 730—732 
d 1 , d 2 , and d 3 metalloporphyrins, stereo

chemistry, 351 
d 2 and d 8 metalloporphyrins, E P R , 567 
d 3 and d 7 metalloporphyrins, E P R , 

568-571 
d 4 and d 6 metalloporphyrins, E P R , 571 — 

574 
d 5 metalloporphyrins, E P R , 574—575 
4 d 5 and 4 d 6 metalloporphyrins, stereo

chemistry, 351 
d 1 0 and d° metalloporphyrins, stereo

chemistry, 344—348 
d 9 and d 8 metalloporphyrins, stereo

chemistry, 349—350 
Doming of porphyrin core, 326 
d-Orbitals in iron porphyrins, 561 
Doubly charged ions in mass spectra, 

394 -395 
Dowex columns for aminolevulinic acid 

and porphobilinogen, 787 
Dry column chromatography, 857 
Duck blood enzyme system, 63—64 
Dynamic coordination chemistry of me

talloporphyrins, 233—278 
Dynamic processes studied by N M R , 

501 -505 

Effect of substituents on stability of metal 
complexes, 206 

Ehrlich reaction and reagent, 790 
Ejection of ligands, photochemical, 694 
Electrolysis, preparative, 607—608 
Electron densities, chlorins, 626 
— —, phlorins, 627 
— —, porphyrins, 626 
—. transfer reactions, 255. 677, 707 
Electronic absorption spectra, in acidic 

solvents, 24; table 784 
— — —, in alkaline solvents, 24 

, chlorins, 25, table 880 -883 
, in detergents, tables 888—889 

— — —, etio type, 20 
— — —, hemochromes, table 805 

—, meso-substituted porphyrins, 23; 
table 878 -879 

—, metalloporphyrins, 25,187—191 ; 
table 884 -886 

— —, hyper type, 190 
— — , hypso type, 190 
— — — —, normal type, 189 
— — —, in organic solvents, table 872— 

877 
—, oxophlorins, 26 

— — —, phlorins, 25 
, phyllo type, 23 

— — —, porphyrin dications in aqueous 
acid, table 784 

—, porphyrins with isocyclic rings, 
23 

— — —, porphyrin ß-keto-esters, 23 
— — —, porphyrin monocations, 24 
— — —, rhodo type, 21 

—, substituent effects, 22 
, tables, 871 -889 

Electronic configuration in iron por
phyrins, 320,327 

—, reactivity parameters of porphyrin 
periphery, 625 

—, structure of porphyrin ligand, 576— 
577 

Electrophilic substitution and addition 
reactions, 645—653 

— —, general aspects, 645—647 
— —, reactions of metalloporphyrins, 

240 -243 
Electrophoresis, 860 
Endogamous self-aggregation, 495 
Enzymes for uroporphyrinogen-III for

mation, 77, 78 
Enzymic aromatization of protoporphy-

rinogen-IX, intermediates, 105 
—, conversion of porphobilinogen into 

uroporphyrinogen-III, nature of the 
process, 89—92 

—, formation of protoporphyrin-IX, side-
chain modifications, 96—104 

— —, of uroporphyrinogen-I, 78—83 
, of uroporphyrinogen-III, 83—85 

—, inhibition experiments, 79—82 
—, studies with a bilane, 96 
— —, with pyrromethanes, 92—96 
— —, with a tripyrrole, 96 
E P R , biological applications, 584 
—, of metalloporphyrins with unpaired 

electrons in the ligand and metal, 582 
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—, of porphyrins with paramagnetic metals, 
560 -575 

—, of porphyrins with unpaired electrons 
in the ligand, 576—582 

—, spectra, 555—589 
Equatorial coordination chemistry, 171 — 

207 
Equilibrium constants for metal insertion, 

247 
Erythrocytes, life span, 129 
Erythropoietic protoporphyria, 676 
Esterification with alcohols and mineral 

acids, 835 
—, with diazomethane, preparative meth

od, 834 
—, of hematoporphyrin-IX, 49 
- , of hemin, 49, 836 
—, of magnesium protoporphyrin-IX, 109 
Ethyl groups, from propionic acid side-

chains, 826 
— —, reactions of, 654 
Ethylene epoxide groups from formyl-

porphyrins, 829 
Etioporphyrins, preparation from uro-, 

copro-, and mesoporphyrins, 826 
—, type isomers, 5 
Etio type absorption spectra, 20 
Etioporphyrin-I, synthetic method, 765 
Even-electron ions, mass spectra, 388, 

394 
Exciplexes, 677 
Excited states, 667 -673 
Excited metalloporphyrins, electron trans

fer, 707 
Exchange of central metal ions, 239 
Exogamous aggregation, 495, 498—501 

Faraday method for magnetic suscepti
bilities, 545 

Ferrochelatase, 106, 251 
Flash photolysis and porphyrin excited 

states, 672 
Fluorescence, 190, 667—672 
Fluorimetrie determination of uro-, copro-, 

and protoporphyrins, 783 
Formation of aminolevulinic acid, 62—74 
—, of bacteriochlorophyll, 112 
—, of bile pigments, 123—153 
—, of chlorophyll-a from chlorophyllide, 

111 
—, of chlorophyll-b, 111 

—, constants for metalloporphyrins, 261 
—, of the hemoproteins, 106 
—, of protoheme, 106 
—, uroporphyrinogen-III, 83—85 
Formylbiliverdins, 16, 145, 689; pre

parative method, 814 
—, metal complexes, 690 
Formyl dihydrobiliverdins, 691 
Formyl side-chains from vinyl groups, 

preparative method, 822 
, reactions, 827—829 

Formiatohemin, preparative method, 810 
Formylation, of copper(II) octaethylpor

phyrin, preparative procedure, 818 
Formylporphyrins, reaction with diazo

methane, 829 
—, reaction with Girard's reagent, 829 
Free acid porphyrins, chromatography on 

columns, 855 
Free base porphyrins, photo-oxidation, 

687-689 
, photoreduction, 678—680 
, X-ray studies, 336—341 

Friedel-Crafts reactions, 649 
Frontier orbital model, 625 

Geometry of coordination groups in 
metalloporphyrins, 343—373 

—, of metal-free porphyrins, 336—343 
—, unconventional, 373 
Geminiketones, 639, 752 
- , 1 H M R , 445 
—, preparative methods, 813 
Girard's reagent, reaction with formyl 

groups, 53; preparative method, 829 
Glycine binding and activation in aminole

vulinic acid synthesis, 68 
Glycine as a biosynthetic precursor of 

pyrrole pigments, 62—69 
Gouy technique for magnetic susceptibili

ty, 54 5 
Green hemin, 131, 630, 638 
g-values in E P R , 555—556 

Halide bridged metalloporphyrins, 292 
Halogenation, 653 
Harderian gland, 18, 102 
Harderoporphyrin, 102 
—, synthesis from protoporphyrin-IX, 52 
Hardero- and isoharderoporphyrin, sepa

ration by high pressure liquid chroma
tography, 859 
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HCl number, 13, (table) 14, 15, 833 
Heavy atom effect, 672 
Hematinic acid, 63, 661 
Hematoporphyrin-IX, from blood, 49 
—, from hemin, preparative method, 771 
Hematoporphyrin-IX dimethyl ester, from 

free acid, 772 
— , from hemin, 772 
Hematoporphyrin-IX dimethyl ester di

methyl ether, from hematoporphyrin-
IX, 772 

Heme cleavage, 123—153 
— —, 'accidental' nature, 146—150 
— —, bridge specificity, 137—142 
— —, causative factors, 144 
— —, chemical intermediates, 132—137 
— —, effect of aqueous solvents, 132 

, in vivo, 142—150 
— - -- , 'o'e o r r ' x ; a s l'g^nds, 1 31 
— —, role of cytochrome P450, 145—150 

, theories, 127 
Heme, coupled oxidation, 130—142 
—, from cytochrome-c, preparative meth

od, 811 
Hemes, detection as pyridine hemo-

chromes, 804 
Heme-heme interactions, 369 
Heme-a-methenyl oxygenase, 145 
Heme oxygenase, 14 5 
Hemes, solvent extraction from tissues, 

807 
Heme, stereochemistry in hemoglobin, 

368-371 
Heme synthetase, 251 
Hemin-anion complexes, preparative pro

cedures, 810 
Hemins, column chromatography, 856 
—, esterification of, 49 
—, paper chromatography, 850 
—, preparation from blood, 808 
Hemin, synthesis, 34 
Hemoproteins, coupled oxidation, 136— 

139 
—, formation, 106 
Hemoglobin, stereochemistry of heme, 

368-371 
Hepatic catalase, 150 
Heptacarboxylic porphyrin in porphyrin 

biosynthesis, 97—99 
Hetero-aggregation, 498—501 
Hexahydroporphyrins, 644 
High mass cluster of ions in mass spectra, 

396 

High performance liquid chromatography, 
859 

High potential quinones, treatment of 
chlorins, 54, 770 

— — —, treatment of porphyrinogens, 41, 
816 

High pressure liquid chromatography, 
859 

High spin iron(III) complexes, 1 H M R , 
478 

— —, iron and manganese porphyrins, 
stereochemistry, 351—358 

a H M R of metalloporphyrins, 459—481 
—, of paramagnetic (non-iron) metallo

porphyrins, 480 
2 H M R of porphyrins, 492 
1 H M R of porphyrins, 412—482 
—, use in mechanistic studies, 513 
Homoazaporphyrin, 650 
Hydration of vinyl groups with H B r / 

H O A c , preparative method, 821 
Hydrazone formation from formylpor-

phyrins, 828 
Hydride method for metal insertion, 283 
Hydrogen overpotential, 599 
Hydrogénation, of tetradehydrocorrins, 

743 -746 
—, and reductions, preparative methods, 

814 -816 
Hydrolysis of esters, 836 
Hydrolysis and dimerization data for 

metalloporphyrins, table, 267 
Hydroporphyrins, 640—645 
Hydroxide, use for hydrolysis of esters, 

837 
Hydroxylamine, use for accumulation of 

biosynthetic intermediates, 79—82 
Hydroxylation of tetradehydrocorrins, 

746 
Hydroxymethylporphyrins from formyl-

porphyrins, 828 
Hydroxyporphyrins, 1 H M R , 455 
ß-Hydroxypropionic porphyrins and por

phyrinogens, 103 
— —, from vinyl or formyl side-chains, 

preparative method, 822 
Hyper type metalloporphyrin absorption 

spectrum, 190 
Hyperfine interactions, 558 
Hypso type metalloporphyrin absorption 

spectrum, 190 
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Incorporation reaction of metal ions, 
247 -255 

Identification of axial ligands, 221—224 
Imino-oxoporphodimethenes, 1 H M R , 456 
Incremental chemical shifts due to ring 

current, 412 
Infrared and Raman spectra, 525—535 
—, spectra of metalloporphyrins, 222, 

525 -535 , (table 529) 
— —, substituents, table, 530 
Inhibition of aminolevulinic acid syn

thetase, 68—69, 72 * s 

—, experiments, bilanes derived from, 81 
— —, with amines, 79—82 
—, of porphobilinogen deaminase, 77, 78 
—, of uroporphyrinogen-III cosynthetase, 

78 
Insertion of iron, preparative method, 

803 
—, of lanthanides, 184, 799 (preparative 

method) 
- , metals, 177-187 , 795-800 , 803-804 
— —, dynamic aspects, 247—255 
Integrity of type-Ill macrocycle in bio

synthesis, 87 
7Ï-7J Interaction, 294, 493—501, 618 
Interactions with metal ions, general out

line, 233 
Intermediates in corrin biosynthesis, 115 
—, in enzymic aromatization of proto-

porphyrinogen-IX, 105 
—, in heme cleavage, 132—137 
—, in oxidative decarboxylation of co-

proporphyrinogen-III to protoporphy-
rinogen-IX, 102-103 

—, in uroporphyrinogen-I formation, 79 
Intermolecular energy transfer, 675 
Interrupted conjugation, * H M R studies, 

448-457 
Intramolecular energy transfer, 675 
Ionization, 234—238 
— at nitrogen atoms, 11, 234—238 
—, at carboxylic acid side-chains, 14 
Ion-molecule reactions in mass spectra, 

396 
Ions with m/e values greater than molecu

lar weight, 384, 396 
Iron, insertion, preparative method, 803 
—, high-spin, and manganese porphyrins, 

stereochemistry, 351—358 
—, low-spin, and cobalt porphyrins, stereo

chemistry, 359—364 

Iron(II) and manganese(III) porphyrins, 
E P R , 571-574 

Iron(III) and manganese(II) metallopor
phyrins, E P R , 574 

Iron porphyrins, E P R of oxidation 
products, 583 

— —, eis and frcms-effects, 262 
— —, d-orbitals, 561 

, ^ M R , 4 7 6 - 4 8 0 
Iron(II) porphyrins, Mössbauer spectra, 

545 
Iron(III) porphyrins, Mössbauer spectra, 

541 -545 
, oxo-bridged dimers, 263, 266—268, 

290 -292 
, 1 H M R , 479 

— — — —, Mössbauer spectra, 545 
— — — —, stereochemistry, 355 
Iron porphyrins, scheme of chemistry, 

215 
Iron, removal from hemins, preparative 

method, 800—803 
Irreversible reactions at porphyrin peri

phery, 625—666 
Isocoproporphyrin, occurrence, 19 
—, synthesis, 45 
Isocorrins, 744 
Isocyclic ring, biosynthesis in chlorophyll, 

110 
— —, mass spectral fragmentations, 391 — 

394 
Isolation of porphobilinogen from urine, 

788 
Isomer composition of biliverdins from 

hemes, 138 
— — —, from hemoproteins, 140 
Isomerism in porphyrins, 9 
Isoporphobilinogen, 85 
—, lactam, 80 
Lsoporphyrins, 647 
- , 1 H M R , 449 
Isotopie exchange of central metal ions, 

239 

Jaundice, 1 27, 677 
'Jumbling' of pyrromethane and bilane 

rings, 38 

Kekulé* formula for porphyrin core, 332, 
333, 338 

Kernicterus, 127 
/3-Keto-esters of porphyrins, cyclization, 

6 57 
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— — —, mass spectral fragmentations, 
389 

— — —, synthesis, 659 
Keto-groups on porphyrins, reactions, 

827 
Kieselguhr method for concentration of 

natural porphyrins, 780 
Kinetics of metal insertion, 249—253 
Knoevenagel reaction of formylporphy-

rins, preparative method, 818 
Krasnovskii reaction, 456, 615, 629, 

678,704 
Kuster's cyclic tetrapyrrole formula, 3 

Lability of porphyrinogens, pyrrometh-
anes, and bilanes in acid, 38 

Laboratory methods, 757—870 
Lanthanide induced shifts (LIS), 498 
Lanthanides, insertion into porphyrins, 

preparative method, 799 
Larmor precession, 402 
Life span of erythrocytes, 1 29 
Ligand-metal interactions, 500 
Ligand photo-ejection, 694 
—, substitution reactions, 268—271 
Line widths in E P R , 558 
Low-spin iron and cobalt porphyrins, 

stereochemistry, 359—364 
, iron(III) complexes, iHMR, 476 

— —, Mössbauer spectra, 543 
Luminescence, 667—672 
Lutidine method, paper chromatography, 

843 

MacDonald's method for porphyrin syn
thesis, 35 

Macrocycles related to porphyrins, 7 29— 
754 * 

— — —, ring current, 405—409 
Magnesium octaethylporphyrin, titration 

with oxidants, 596 
—, protoporphyrin-IX dimethyl ester, pre

parative method, 796 
— —, disodium salt, preparative method, 

796 
Magnetic anisotropy, 399, 402—410 
—, exchange, 549 
—, resonance of central metals in metallo

porphyrins, 492 
—, susceptibility, 545—550 

, table, 547 
— —, temperature dependence, 548—549 
— —, theoretical predictions, 548 

Magnetochemistry, 545—550 
Maleimide formation, 63, 661 
Mammalian heme catabolism, 127—130 
Manganese and iron (high spin) metallo

porphyrins, stereochemistry, 351—358 
Manganese(II) and iron(III) metallopor

phyrins, E P R , 574 
Manganese(III) and iron(II) porphyrins, 

E P R , 571—574 
Markownikoff hydration of vinyl groups, 

49, 655, (preparative method) 821 
Mass spectrometry, 222, 381—398 
— —, of metalloporphyrins, 222, 395 
Mechanism o£ oxidative decarboxylation 

of coproporphyrinogen-III, 101, 104 
Mechanisms of metal incorporation, 253— 

255 
Mechanistic scheme for uroporphyrinogen 

formation, 82 
—, studies using 1 H M R , 51 3 
— —, of porphobilinogen formation, 66— 

74 
Melting points, 9, 838 
18-Membered derealization pathway, 

338-341 
Membranes, photochemistry in, 701—725 
Mesohemin from mesoporphyrin-IX, 50 
Mesoporphyrin-IX degradation, 63, 64, 

661 
Mesoporphyrin isomers, 9 
Mesoporphyrin-IX, from protohemin, 50 
Mesoporphyrin-IX dimethyl ester, mass 

spectrum, 387 
— — —, preparative method, 773 
— — —, synthesis, 39 
meso-substituents, conformations from 

1 H M R , 504 
- , 1 H M R characteristics, 4 26 -137 
Metabolic transformations of bilins, 128 
Metal carbonyl method for metal inser

tion, 186, preparative method, 799 
—, diketones, metal insertion, 182, pre

parative method, 798 
Metal-free corphins, 752 
Metal insertion, acetate method, 179, 

preparative method, 798 
— —, acetylacetonate method, 182, pre

parative method, 798 
— —, benzonitrile method, 185 
— —, criteria of success, 187—191 
— —, dimethylformamide method, 185 
— —, discussion of problems, 174—176 

, kinetics, 249—253 
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— —, mechanisms, 253—255 
— —, metal organyl method, 186 
— —, metal carbonyl method, 186, pre

parative method, 799 
— —, metal diketone method, 182, pre

parative method, 798 
— —, phenoxide method, 184 
— —, procedures, 177—181, preparative 

methods 791 -799 , 803—804 
, pyridine method, 181, 796 -797 

— —, reactions involved, 247—255 
Metal ions, influence exerted by presence, 

629 
— —, oxidation states in metalloporphy

rins, 191—195 
Metal-ligand interactions, 500 
—, vibrations, 532 
Metal-metal bridged metalloporphyrins, 

288 -295 , 471 
Metal organyl method for metal insertion, 

186 
Metalation, general phenomena, 157, 

160 -163 
Metallochlorins, 7T-cation radicals, 643 
Metalloporphyrins, absorption spectra, 25, 

187 -191 , tables, 805, 806, 884-887 
—, dynamic coordination chemistry, 233— 

278 
—, general classification of type, 163— 

171 
- , 1 H M R , 459-481 
—, isotopie exchange of ions, 239 
—, magnetochemistry, 54 5—553 
—, mass spectra, 222, 395 
—, use in nuclear medicine, 271 
—, photoreduction, 680—687 
—, preparative procedures, 795—811 
—, reactions with free-base porphyrins, 

239 -240 
—, stability constants, 259—264 
—, static coordination chemistry, 157— 

231 
- , types, 208-214 
—, with unusual geometry, 279—313 
Methionine in vitamin B^2 biosynthesis, 

113 
Methoxyl group determination, 820 
Methyl groups from acetic acid side-

chains, preparative method, 825 
Methyl pheophorbide-a, mass spectrum, 

393 
Methyl side-chains by reduction of for-

mylporphyrins, 829 

Methylation, 649 
Methylethylmaleimide, 63, 661 
iV-Methylporphyrins, 1 H M R , 437 -440 
—, slow protonation, lS jp /C ' s , 237 
Microbial preparation of porphobilinogen 

from aminolevulinic acid, 789 
Microsomal cytochrome P450, 130 
—, heme cleavage enzymes, 145 
Midpoint potentials for metal complexes, 

598 
M + 2 and M + 4 ions, 390, 396 
Mixed solvent kinetics for metal insertion, 

249-252 
Modifications of porphyrin side-chains, 

preparative methods, 819—829 
Modified porphyrin derivatives, 729—754 
— — —, luminescence, 672 
— — —, stability of metal complexes, 

205-207 
Molecular complexes, 618—620 
Molecular ions, 382—388 
Molecular symmetry, 321 
Molybdyl and vanadyl porphyrins, EPR 

567 
Monometallic porphyrins, unusual exam

ples, 295-300 
Mössbauer spectroscopy, 539—545 
— —, high spin iron(III) porphyrins, 541— 

545 
— —, iron(II) porphyrins, 54 5 
— —, oxy-bridged iron(III) dimers, 545 
— —, parameters for iron porphyrins, 

table, 544 
Myoglobin, effect on heme cleavage, 

146-148 
- , models, 218, 358, 366, 657 

Nature of type-Ill rearrangement process, 
8 9 - 9 2 

Nernst equation, 594 
Nernstian plots for metalloporphyrins, 

597 
N H tautomerism, 235, 340 -341 , 489, 

501-503 
Nickel(II) octaethylporphyrin, infrared 

spectrum, 527 
Nicolaus oxidation, 661 
Nitrenes, reactions of porphyrins with, 

650 
Nitration, 651; preparative method, 818 
Nitrogen bridged metalloporphyrins, 289 
Nitrogenase models, 258 
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Nitrosyl melal(II) porphyrins, stereo
chemistry, 364—366 

AMVIethylporphyrins, 1 H M R , 4 3 7 - 4 4 0 
—, mass spectra, 394 
—, slow protonation, 13; plTs, 237 
N M R spectra, 399—523 

, of nuclei other than 1 H , 481 -493 
1 5 N M R of porphyrins, 491 
N M R spectra, practical considerations, 

411 
— —, use in studies of self-aggregation, 

494 
Nomenclature, 5 
—, of metalloporphyrins, 317 
Non-aqueous solvents, kinetics of metal 

insertion, 249—252 
Non-centrosymmetric stereoisomerism, by 

N M R , 508 
Non-equivalence of methylenes in octa-

ethylporphyrins, 503, 507 
—, of ortho-phenyl protons in meso-tetra-

phenylporphyrin derivatives, 505, 507 
Non-porphyrin macrocycles, 729—754 
— —, vibrations in 527 
Normal absorption spectra in metallo

porphyrins, 189 
Norsapphyrin, 751 
Novel metalloporphyrins, 279—313, table 

174 
iV-Substituted porphyrins, 1 H M R , 437 — 

440 
Nucleated red blood cells, 63 
Nuclear hyperfine interactions, 557 
—, medicine, use of metalloporphyrins, 

271 
—, monopole interaction, 540 
—, quadrupole interaction, 540 
—, Zeeman interaction, 541 
Nucleophilic substitution, 654 

Occurrence, bacteriochlorophylls, 17 
—, chlorocruoroporphyrin, 17 
—, Chlorobium chlorophylls, 17 
—, chlorophylls, 17 
—, coproporphyrin, 18 
—, harderoporphyrin, 18 
—, isocoproporphyrin, 19 
—, metal-free porphyrins, 18 
—, pemptoporphyrin, 19 
—, porphyrin metal complexes, 16—18 
—, protoporphyrin-IX, 18 
—, Spirographis porphyrin and hemin, 

17 

—, uroporphyrins, 17 ,19 
c/s-Octaethylchlorin. preparative method, 

815 
frans-Octaethylchlorin, preparative meth

od, 815 
Octaethyloxophlorin, preparative method 

with Tl(III) salts, 812 
Octaethylporphyrin, ^ M R , 416 
—, mass spectrum, 383 
—, synthesis, 33, preparative methods, 

766 -769 
One-electron oxidation of metallopor

phyrins, 595—597 
Open-shell diamagnetic metalloporphy

rins, luminescence, 670 
Organic solvents, solubilities of porphyrins 

in, 832 
Organometallic method for metal inser

tion, 286 
Origin of oxygen atoms in biliverdin, 

142-144 
Osmium porphyrins, eis and trans effects, 

220 
— —, scheme of chemistry, 216 
Overpotential, 599 
Oxacorroles, 749 
Oxaporphyrins, 635, 638, 730 -732 
Oxathiaporphyrins, 730—732 
Oxidation, criteria for site of electron 

abstraction, 609 
—, of formylporphyrins to give carboxylic 

acid porphyrins, preparative method, 
829 

—, of hydroxyethyl groups, preparative 
method, 824 

- , number ( Z o x ) , 191—195 
—, of porphyrins and metalloporphyrins, 

63, 661, 812 -814 
—, at porphyrin periphery, 629—639 
—, of pyrromethanes, 30 
—, states of central metal ions, 191—195, 

546 -548 
—, of vinyl groups to formyl, preparative 

method, 822 
Oxidative decarboxylation of copropor-

phyrinogen-III, 99—104 
, intermediates, 102, 103 

— — —, mechanism, 101, 104 
Oxidative degradation of porphyrin nu

cleus, 63, 659-661 
—, formation of carbocyclic ring in 

chlorophyll, 110 
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Oxidometric titrations, 597 
Oxime formation from formylporphyrins, 

preparative method, 827 
o-Oxobilanes, porphyrin synthesis from, 

38 
6-Oxobilanes, oxophlorin synthesis from, 

40,41 
—, porphyrin synthesis from, 40 
jU-Oxo-bridged iron(III) porphyrin dimers, 

263, 266-268 , 290-292 
, i H M R , 479 

— —, Mössbauer spectra, 54 5 
— — — —, stereochemistry, 355 
ß-Oxochlorins (7-Oxochlorins), 639, pre

parative method, 813 
Oxophlorins, 630—639 
—, absorption spectra, 26 
—, basicity, 13 
—, conversion into porphyrins, 41, pre

parative method, 816 
—, electronic spectra, 632 
- , i H M R , 430, 455 
—, metal complexes, 636 
—, photo-oxygenation, 635 
—, preparative procedures, 812 
—, 7r-radicals, 631—633, preparative meth

od, 812 
, effect on 1 H M R , 4 55 

—, reactivity, 633—640 
—, removal of oxygen function, 41 
—, structure, 8, 630 
—, synthesis, 36 
— —, from ö-oxobilanes, 40—41 
—, zinc complex, photc-oxidation, 692 
Oxorhodo type absorption spectra, 23 
Oxo-bridged iron(III) dimers, 263, 290— 

292 
, ! H MR, 479 

— — —, Mössbauer spectra, 54 5 
— — —, stereochemistry, 355 
Oxygen binding, cobalt porphyrins, 257, 

262, 371 -373 
, iron porphyrins, 218, 256, 262, 

366-371 
Oxygen bridged metalloporphyrins, 263, 

290-292 
, ^ M R , 479 

— , Mössbauer spectra, 545 
— , stereochemistry, 355 
Oxyhemes, 133—134 
Oxyporphyrins, 630—639 
—, metal complexes, 636 

Paper chromatography of aminolevulinic 
acid, 788 

, lutidine method, 841—844 
— —, of porphobilinogen, 791 
— —, of porphyrin free acids, 841—844 
— —, of porphyrins and hemins, 839— 

851 
Paper electrophoresis, 860 
Paramagnetic metalloporphyrins, 1 3 C M R , 

490 
, E P R , 560-575 
, i H M R , 473-481 

— —, luminescence, 671 
— —, with metals other than iron, i H M R , 

480 
Partition between ether and aqueous 

buffers, 834 
— — —, and aqueous acid, 833 
— — —, and water, 833 
Pathway of heme cleavage, 132—137 
Peak potentials from cyclic voltammetry, 

table, 605 
Pemptoporphyrin, occurrence, 19 
—, synthesis from protoporphyrin-IX, 52 
Periodic table of metalloporphyrins, 

171-174 , 287 -288 
Peripheral side-chains, conformation by 

N M R , 503-504 
— —, mass spectral fragmentations, 388— 

391 
— —, vibrations, 530 
Peripherally complexed porphyrin metal 

derivatives, i H M R , 471—473 
— substituted porphyrins, i H M R , 418— 

426 
Periphery, irreversible reactions at, 625— 

666 
Permanganate oxidation of porphyrin 

nucleus, 661 
Petroporphyrins, 18, 172—173, 785 
—, mass spectra, 382 
Phenoxide method for metal insertion, 

184 
Phenyl groups, conjugation with macro-

cycle in meso-tetraphenylporphyrin, 
342 

Pheophorbides, from chlorophylls, 53 
—, preparative method, 776 
Pheophytins from chlorophylls, 53, pre

parative method, 775 
—, separation of a and b series, prepara

tive method, 775 
Pheoporphyrins, formation from por

phyrin ß-keto-esters, 657 
Pheoporphyrin -05 dimethyl ester, pre

parative method, 778 
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Phlorins, 6, 614 -615 , 704 
—, absorption spectra, 25 
—, electrochemical formation, 641—643 
—, electron densities, 627 
j3-Phlorin from chlorin-eg trimethyl ester, 

preparative method, 814 
Phlorin formation by photoreduction, 

678 
Phlorins, 1 H M R , 455 
—, radical anions, 580 
Phorbins, 1 H M R , 433 
Phosphorescence, 667—672 
Photochemical cleavage of metallopor

phyrins, 130 
—, reactions, sensitization, 708 
Photochemistry, 667—700, 701 -725 
—, reaction patterns, 673—674 
Photodynamic deactivation, 677 
Phoioejection of ligands, 694 
c/s-Photohydrogenation, 683 
Photolability of vinylporphyrins, 689 
Photo-oxidation, 676—677, 687—694, 
—, of bilirubin, 677 
—, of metalloporphyrins, 689—694, 709 
Photo-oxygenation of zinc oxophlorins, 

635 
Photoprotoporphyrin and its isomer, 16, 

688 -689 
Photoreduction of porphyrins, 16, 615, 

677 -687 , 704 
—, of central metals in metalloporphyrins, 

687 
—, of metalloporphyrins, 680—687 
—, of porphyrin ligand in metallopor

phyrins, 680—686 
Photoredox cycles, 706—708 
Photosynthesis, 677, 701—725 
—, results from bilayer lipid membranes, 

721 
—, theory, 702—704 
Photosystem I, 702 
Photosystem II, 702 
Phthalocyanine X-ray data, 320 
Phycocyanobilin, 124 
Phycoerythrobilin, 124 
Phyllo-type absorption spectra, 23 
Phylloerythrin, occurrence, 18 
—, preparation, 54, preparative method, 

777 
Phylloporphyrin-XV from chlorophyll, 

55 
Phyriaporphyrin, 97—99, 847 

Phytochrome, 124 
Ticket Fence' porphyrin, 218, 262, 

358, 366 -368 
pK, scheme for porphyrins, 11, 234—238 
—, water soluble porphyrins, table 238 
—, of substituteddeuteroporphyrins, table, 

236 
—, correlation with visible absorption 

bands, table, 12 
Planarity of porphinato core, 324 
Polarography, 599 
Polymers of metalloporphyrins, 309—310 
Polymerization of monopyrroles, 32 
—, of porphobilinogen, general biosyn-

thetic considerations, 75 
Porphin, 3 
- , 1 H M R , 404, 412 
Porphin macrocycle, vibrations of, 526 
Porphinato core, symmetry, 321 
iso-Porphobilinogen, 85 
Porphobilinogen, acid catalyzed conver

sion into uroporphyrinogens, 75, 82 
—, biosynthesis, 62—74 
—, conversion into uroporphyrinogen-III, 

7 4 - 9 6 
—, deaminase, 77 

, inhibition, 77, 78 
— —, properties, 77 
Porphobilinogen, formation, mechanistic 

studies, 66—74 
—, hydrochloride, preparative method, 

789 
—, isolation from urine, 788 
—, lactam, 79 
— —, synthetic method, 760 
/so-Porphobilinogen lactam, 80 
Porphobilinogen, from natural materials, 

788 
—, paper chromatography, 791 
—, polymerization, 617 
— —, general biosynthetic considerations, 

75 
—, preparation from aminolevulinic acid 

on large scale, 789 
—, qualitative identification, 790 
—, synthetic method, 758—761 
Porphodimethenes, 615 -617 , 636—637, 

687, 705 
- , X H M R , 455 
—, stability of metal complexes, 206 
Porphomethenes, 7, 616, 687, 705 
Porphyria, 19, 676 
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Porphyrin-208, 97—99 
Porphyrin analogs, 729—754 
— —, ring current, 405—409 
— —, stability of metal complexes, 

205—207 
Porphyrin basicity, 14 
—, compounds from chlorophylls, pre

parative methods, 774—778 
—, ligand, electronic structure, 576—577 
—, esters, column chromatography, 852— 

855 
— —, paper chromatography, 844 
Porphyrins from hemoglobin, 48—52 
Porphyrin induced chemical shifts, 498 
Porphyrins with isocyclic rings, absorption 

spectra, 23 
Porphyrin ß-keto-esters, absorption spec

tra, 23 
Porphyrin melting points, 9, 838 
Porphyrins from natural products, 48—55, 

preparative methods, 778—785 
Porphyrin nomenclature, 5 
Porphyrin nucleus, degradation, 63, 659— 

661 
Porphyrins from oxophlorins, preparative 

method, 816 
Porphyrins in petroleum and shale, 172— 

173,785 
Porphyrin-phlorin photoredox cycle, 706 
Porphyrin precursors, laboratory methods, 

7 8 5 - 7 9 5 
Porphyrins from protoheme, synthetic 

methods, 770-774 
Porphyrins, sublimation, 15 
Porphyrin synthesis, 32—48 
— —, from a,c-biladienes, 44, 47 

, from bilenes, 37, 41, 43 
— —, from 1 '-bromo-8'-methyl-G,c-bila-

dienes, 46 
— —, from 1',8'-dimethyl-a,c-biladienes, 

44 
-, from 1 ',8'-dimethyl-b-bilenes, 41 

— —, from open-chain tetrapyrroles, 36— 
47 

— —, from a-oxobilanes, 38 
— —, from 6-oxobilanes, 40 
— —, from oxophlorins, 41, preparative 

method, 816 
— —, from pyrroketones, 36 
— —, from pyrromethanes, 35 

, from pyrromethenes, 33 
, strategy, 29, 47 

— —, from tripyrrenes, 44, 46—47 
Porphyrin trivial names, 4 
Porphyrinogens, 7, 617 
—, analysis from natural materials, 781 
—, autoxidation, 75 
—, as biosynthetic intermediates, 74 
—, detection, 793 
- , i H M R , 456 
—, lability in acids, 38 
—, laboratory methods, 792—795 
—, photo-oxidation, 687 
—, preparation with sodium amalgam, 

preparative method, 792 
—, preparation with sodium borohydride, 

preparative method, 792 
—, randomization in acid, 16 
—, from urine, analysis, 794 
meso-Positions, reactions at, 816—819 
Potentiometry, 594—599 
Precorphins, 752 
Preparation of porphyrins from proto

heme, 770 -774 
Preparative electrolysis of metallopor

phyrins, 607—608 
n-Propanol method for paper chromato

graphy of porphyrin esters, 844 
Properties, of aminolevulinic acid syn

thetase, table, 67 
—, of coproporphyrinogenase, 100 
—, of porphobilinogen deaminase, 77 
—, of 7T-radicals, 612—614 
Protection of porphyrin vinyl groups, 

51, preparative method, 823 
Protoheme, from blood, 48 
—, formation, 106 
—, from hemoglobin, 48 
—, in hemoglobin, stereochemistry, 368— 

371 
—, preparation of porphyrins from, 770— 

774 
Protohemin, from blood, 48, laboratory 

method, 808—809 
Proton magnetic resonance spectra, 412— 

482 
Protonation, effect on i H M R spectra, 

457 
Protoporphyrin-IX, analysis from natural 

materials, 781 
Protoporphyrin isomers, 9 
—, from blood, 49 
Protoporphyrin-IX dimethyl ester, 1 3 C M R 

assignments of meso-carbons, 88 
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Protoporphyrin-IX and chlorophyll bio
synthesis, 107 

—, degradation, 63—64 
- 1 H M R , 417 
—, preparative method from hemato-

porphyrin-IX, 771 
—, preparative method from hemin, 771 
Protoporphyrinogen-IX, aromatization, 

104 
Pseudocontact shifts, 499 
Pseudouroporphyrin, 97—99, 847 
Purification of meso-tetraphenylporphy-

rin, synthetic method, 770 
Purpurin reaction, 659 
Purpurin-7 trimethyl ester, 53, prepara

tive procedure, 776 
Purpurin-18 methyl ester, 53, preparative 

procedure, 776 
Pyridine hemochromes, determination, 

804 
, tables of absorption spectra, 805 

Pyridine method for metal insertion, 181 
Pyropheophorbides, 54 
Pyropheophorbide-ö methyl ester, pre

parative method, 777 
Pyrroketones, porphyrin synthesis from, 

36 
—, synthesis of, 31 
—.synthesis from pyrromethanes, 31 
j3-Pyrrole substituents, conformations by 

^ M R , 503-504 
Pyrrolo-oxygenase, 74 
Pyrromethanes as biosynthetic units, 

7 9 - 8 0 
—, enzymic studies, 92—96 
—, oxidation of, 30 
—, in porphyrin synthesis, 35 
—, synthesis, 31, 79—80 
—, synthetic method, 764 
Pyrromethenes, porphyrin synthesis from, 

33 
—, reduction of, 31 
—, synthesis, 30 
—, vibrations, table, 529 
Pyrroporphyrin-XV from chlorophyll, 55 

Quantitative determination of porphobi
linogen, 791 

Quenching phenomena in porphyrin 
photochemistry, 675 

Quinones, dehydrogenation of chlorins, 
54,770 

—, dehydrogenation of porphyrinogens, 
41, 816 

Radical anions, 679 
, E P R , 580 

Radical cations, aggregation, 618—620 
— —, from chlorophyll and chlorins, 

E P R , 579 
, E P R , 576 -580 

—, dimers, 294 
7r-Radicals, properties, 612—614 
Radius of central porphinato hole, Ct—N, 

323 
Raman and infrared spectra, 525—535 
Rate data, metalloporphyrin substitution 

reactions, 240 
, solvolysis of metalloporphyrins, 246 

Rates of dimerization of porphyrins and 
metalloporphyrins, table, 265 

Reaction of chlorophyll-6 with Girard's 
reagent, 53, preparative method, 775 

Reactions of metalloporphyrins with free-
base porphyrins, 238—240 

—, of porphyrins with carbenes and 
nitrenes, 650 

—, of porphyrins and metalloporphyrins 
at meso-positions, preparative methods, 
8 1 6 - 8 1 9 

—, of porphyrin side-chains, 654—659, 
preparative methods, 819—829 

Reactivity parameters, 625 
—, at porphyrin periphery, 625—666 
—, and redox potentials, 610—612 
Rearrangement process in type-Ill prob

lem, 8 9 - 9 2 
Redistribution of bilanes, porphyrinogens, 

and pyrromethanes, 38 
Redox potentials and chemical reactivity, 

610 -612 
— —, of metalloporphyrins, 505—506 
—, potentiometry, 594—599 
—, reactions of cobalt tetradehydrocor

rins, 748 
— —, of nickel tetrahydrocorrins, 747 
Reduction of formylporphyrins to hy

droxy methylporphyrins, preparative 
method, 828 

—, of oxophlorin carbonyl group, 41 
—, of pyrromethenes, 31 
—, of ring D in chlorophyll biosynthesis, 

111 
—, of 4-vinyl group in chlorophyll bio

synthesis, 109 
—, of vinyl groups to ethyl, 821 
Reductive alkylation, 659 
—, degradation of the porphyrin nucleus, 

659 -691 
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Removal of iron from hemins, 49, pre
parative methods, 800—803 

—, of vinyl groups from porphyrins, pre
parative method, 822 

Resonance pathway in porphyrins, 338— 
341 

Resorcinol fusion of vinylhemins, 50, 
655, preparative method, 822 

Reversible reactions of porphyrins and 
metalloporphyrins, 593—623 

Ry values, lutidine method, 842 
— —, n-propanol method, 845 
Rhodins, formation, 657 
Rhodin-^7, preparation, 55, preparative 

method, 777 
Rhodium porphyrins, scheme of chemis

try, 217 
Rhodo type absorption spectra, 21 
— — — —, reversal of rhodofying effect, 

21, 22 
Rhodoporphyrin-XV, from chlorophyll, 

53, preparative method, 777 
—, synthesis, 46 
Ring cleavage of hemes, preparative 

method, 813 
—, current, 399, 402—410 

, in 1 3 C M R , 412 
— —, in macrocycles related to por

phyrins, 4 0 5 - 4 0 9 , 7 3 0 , 7 3 6 
— —, and structure, 409 
Role of axial ligands in heme cleavage, 

131 
Ruffling of porphyrin core, 323 
Ruthenium porphyrins, eis and trans 

effects, 220 
— —, scheme of chemistry, 216 

Sapphyrins, 8—9, 750 
S 4 axis, 325 
Scavenging of metal ions in mass spectro

metry, 384,396 
Self-aggregation of porphyrins, 494 
Sensitization of photochemical reactions, 

708 
—, of singlet oxygen, 676 
Separation of aminolevulinic acid and 

porphobilinogen, 787 
—, of a and b series of chlorophyll deriva

tives, 53, preparative method, 775 
Sepharose-bound aminolevulinic acid de

hydratase, 72 
—, porphobilinogen deaminase, 96 

Shale, porphyrins from, 172—173, 785 
Si, stability index, 197—199, 243 
Side-chain abbreviations, 4 

, fragmentations in mass spectra, 
388-394 

, modification in enzymic formation 
of protoporphyrin-IX, 96—104 

, reactions, preparative methods, 819— 
829 

Silicic acid, for column chromatography, 
855-857 

Silicon complexes, mass spectra, 395 
Site of heme catabolism, 129 
Skeletal vibrations of porphyrins, table, 

528 
Sitting-atop complexes, 248, 280, 295 
Slow protonation of meso-tetraphenyl-

porphyrin and N-methylporphyrins, 
13 

Solvent extraction for analysis of natural 
porphyrins, 781—785 

, of hemes from tissues, 807 
Solvents with high dielectric constant in 

metal insertion, 287 
Solvolysis reactions of metalloporphyrins, 

243-247 
Solubilities, 829 -833 
Solubility, in acidified organic solvents, 

833 
—, in aqueous acids, 829 
—, in aqueous alkalis, 830 
—, in aqueous detergents, 831 
—, in organic solvents, 832 
Soret band, 10, 19 
Special techniques in porphyrin chemis

try, 829 -839 
Specificity of bridge cleavage in heme 

degradation, 137—142 
Spectral data and stability of metallo

porphyrins, correlations, 203—205 
Spectrophotometric analysis of natural 

porphyrins, 782 
Spin Hamiltonian, 558 
Spin state equilibria, 549 
— —, of iron porphyrins, 500 

— —, dependence on stereochem
istry, 320,327 

Spin relaxation, 558 
Spin—spin couplings, 1 3 C - 1 3 C , 490 

, i H - ^ C , 489 
, T 1 - 1 3 C , 490 

Spiro hypothesis for type-Ill skeleton, 
8 5 - 8 6 
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Spirographis porphyrin, synthesis from 
protoporphyrin-IX, 52 

Stability classes of metalloporphyrins, 
196 

—, constants for metalloporphyrins, 259— 
264 

- , index, S{, 197-199 , 243 
—, order of metalloporphyrins, 197—199, 

243 
— —, for substituents in mass spectra, 

389 
—, and spectral data of metalloporphyrins, 

correlations, 203—205 
—, of structurally modified ligands, 205— 

207 
Static coordination chemistry of metallo

porphyrins, 157—231 
Stereochemistry of coordination groups 

in metalloporphyrins, 343—373 
—, of core in metalloporphyrins, 327— 

335 
—, of porphyrins and metalloporphyrins, 

317 -380 
—, of macrocycle, by N M R , 505 
—, of metal-free porphyrins, 336—343 
—, of metalloporphyrins, by N M R , 505— 

509 
—, and spin state in iron porphyrins, 320, 

327 
—, unconventional, 373 
Steric effects on reactivity, 627 
Stern-Volmer relationship, 674 
Strategy of porphyrin synthesis, 29, 47 
Structural analogs of porphyrins, 729— 

754 
—, determinations of porphyrins and 

metalloporphyrins, 317—380 
Structure of oxophlorins, 630—633 
—, of unusual metalloporphyrins, 288— 

310 
Sublimation of porphyrins, 15 
Substituent effects on absorption spectra, 

20 -24 
, in 1 H M R spectra, 422 

meso-Substituents, mass spectral frag
mentations, 391—394 

Substituents, reactions of, 654—659 
—, stability order in mass spectra, 389 
—, vibrations, 530 
Substituted deuteroporphyrins, p/C's, 

table, 236 
—, porphyrins, effect on stability of 

metal complexes, 206 

, ^ M R , 4 1 8 - 4 2 6 
Substitution reactions, of cobalt tetra

dehydrocorrins, 748 
— —, of deuteroporphyrin-IX, 51 

, of ligands, 268—271 
, of metalloporphyrins, 240—243 

— —, of nickel tetradehydrocorrins, 747 
Succinyl coenzyme A , binding, 70 
Sulfuric anhydrides of porphyrins, 657 
Superoxide dismutase, 134 
Symmetry considerations in porphyrin 

and metalloporphyrin geometry, 321 — 
327 

Synthesis of coproporphyrin-III tetra-
methyl ester, 40, synthetic method, 
761 -765 

—, of corroies, 732—736 
—, of deuteroporphyrin-IX, 34 
—, of 2,3-diacetyldeuteroporphyrin-III, 44 
—, of etioporphyrin-I, preparative meth

od, 765 -766 
—, of hemin, 34 
—, of isocoporphyrin, 45 
—, of octaethylporphyrin, 33, preparative 

methods, 766—769 
—, of oxophlorins, 36, preparative meth-

of, 812 
—, of porphobilinogen, preparative meth

od, 758 -761 
—, of meso-acetoxyporphyrins from oxo

phlorins, 41, preparative method, 816 
—, of mesoporphyrin-IX, 39 
—, of metalloporphyrins, 282—288, pre

parative methods, 795—799, 803—804 
—, of phylloporphyrins related to Chloro-

bium chlorophylls, 43 
—, of porphyrins, 32—51, preparative 

methods, 761—770 
— — —, from a,c-biladienes, 44—47 
— , from b-bilenes, 41—44 
— — —, from oxophlorins, 41, prepara

tive method, 816 
—, of pyrromethanes, 31 
—, of pyrromethenes, 30 
—, of rhodoporphyrin-XV, 46 
—, of tetradehydrocorrins, 732—736 
—,of meso-tetraphenylporphyrin, 32, pre

parative method, 769—770 
—, of tripyrrenes, 46—47 
Synthetic procedures, 757—770 
ïï-Systems, aggregation, 618—620 
Systems with interrupted conjugation, 

448 -457 
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Talc method for concentration of natural 
porphyrins, 781 

Tautomerism, N H , 10, 340 -341 , 489, 
501 -503 

Temperature dependence of magnetic 
susceptibility, 548—549 

Tension in hemoglobin axial connection, 
369 -370 

—, model for hemoglobin, 369—370 
Tetradehydrocorrins, chemical properties, 

740 -749 
—, cobalt salts, redox reactions, 748 
— — —, substitution reactions, 748 
—, hydrogénation, 743—746 
—, hydroxylation, 746 
—, nickel complexes, redox reactions, 747 
— — —, substitution reactions, 747 
—, physical properties, 736—737 
—, protonation, 741 
—, removal of angular ester groups, 741 
—, structure, 8 
—, synthesis, 732—736 
—, thermolysis, 742 
Tetrahydrocoproporphyrin-III, 106 
Tetrahydroporphyrins, 6, 643—644 
Tetrahydroprotoporphyrin-IX, 100—101, 

105-106 
meso-Tetraphenylchlorin, 32 
—, as a contaminant in the preparation of 

meso-tetraphenylporphyrin, 769—770 
meso-Tetraphenylporphyrin, X H M R , 416 
—, slow protonation, 13, 458—459 
—, synthesis, 32, preparative method, 

769 -770 
Thermodynamic and stability constants 

of metalloporphyrins, 259—264 
Thermolysis of tetradehydrocorrins, 732 
Thiacorroles, 749 
Thiaporphyrins, 730—734 
- , i H M R , 449 
Thiasapphyrins, 751 
Thin layer chromatography, 858 
Thiocyanation, 653 
meso-Thiolation of porphyrins, prepara

tive method, 819 
"Three rearrangements" hypothesis for 

type-Ill isomer biosynthesis, 86—87 
Total synthesis, preparative methods, 

757-770 
trans -effects in ruthenium and osmium 

porphyrins, 220 
—, in iron porphyrins, 262 
Transference from aqueous acid to ether, 

830 

Transmetalation, 195, 201—202 
Trimetallic porphyrins, 308, 310 
Trimethylsilyl ethers, mass spectra, 390 
Trioxoporphomethenes, 456 
Triplet energies, table, 669 
Triplet states of porphyrins and metallo

porphyrins, 581 
Tripyrrenes in porphyrin synthesis, 44, 

4 6 - 4 7 
—, synthesis, 44—45 
Tripyrrole, enzymic studies with, 96 
Trivial names of porphyrins, 4 
Tryptophane dioxygenase, 629 
Type-I l l isomer formation, analysis of 

hypotheses, 85—87 
Type isomers, mass spectra, 389 
Type- I l l macrocycle, integrity during bio

synthesis of heme, 87 
Type-I l l problem, conclusions of biosyn

thetic work, 95—96 
, 1 3 C studies, 87—92 

— —, general biosynthetic considerations, 
75 

Unconventional coordination geometry, 
373 

"Unstable chlor in " , 53, preparative meth
od, 776 

Unusual dimetallic porphyrins, 300—310 
—, geometries in metalloporphyrins, 295— 

310 
—, metalloporphyrins, 279—313 

, i H M R , 468 -471 
—, monometallic porphyrins, 295—300 
Urinary porphyrinogens, analysis, 794 
Urine, isolation of porphobilinogen, 788 
Uroporphyrins, 9 
—, from natural materials, 778 
Uro- , copro-, and protoporphyrins, fluori

metrie determination, 783 
Uroporphyrin-III and coproporphyrin-III 

as artefacts in porphyrin biosynthesis, 
75 

Uroporphyrin, detection in natural materi
als, 783 

—, isomers, 75, 76 
— —, separation by paper chromato

graphy, dioxan method, 846 
Uroporphyrin-III, natural occurrence, 17 
Uroporphyrinogens from porphobilinogen 

with acid, 75, 82 
Uroporphyrinogen-I, enzymic formation, 

7 8 - 8 3 
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—, formation, possible mechanistic scheme, 
82 

—, intermediates in enzymic formation, 
79 

—, synthetase, 77 
Uroporphyrinogen-III, as a biosynthetic 

precursor of vitamin B 1 2 , 115 
—, cosynthetase, 78 

, inhibition, 78 
, as a specifier protein, 96 

—, decarboxylation, 96—99, preparative 
method, 825—826 

, intermediates, 97—99 
—, enzymic formation, 77, 78, 83—85 
—, photo-oxidation, 688 
—, from porphobilinogen, 74^96 
—, preparative method from uroporphy-

rin-III, 815 

Vanadyl and molybdyl porphyrins, E P R , 
567 

—, porphyrins, E P R of oxidation pro
ducts, 583 

Verdoheme, 136 
Verdohemin, 638 
Vinyl groups, reactions of 655, pre

parative methods, 821—824 
2-Vinylpheoporphyrin-ö5 dimethyl ester, 

preparation, 54, preparative method, 
778 

Vinylporphyrins, protection of vinyl 
groups, 51, preparative method, 823 

—, photolability, 689 
—, reactions of, 655 
—, reaction with diazoacetic ester, pre

parative method, 821 
2-Vinylrhodoporphyrin-XV from chloro

phylls, 53, preparative method, 777 

Voltammetry with rotating platinum elec
trode, 599—603 

Vibrations of axial ligands, 533 
—, metal-ligand, 532 
- , metal-N, 531 -533 
—, of non-porphyrin macrocycles, 527 
—, of porphyrin macrocycle, 526—528 
—, of pyrromethenes, 529 
Vibrational spectroscopy, 525—535 
Vilsmeier formylation of copper octa-

ethylporphyrin, preparative method, 
818 

Visible absorption spectra, tables, 871— 
889 

Vitamin B 1 2 » biosynthesis, 112—116 
— —, common pathway with porphyrins, 

112 -113 
— —, incorporation of methionine, 113, 
— —, incorporation of uroporphyrinogen-

III, 115 -116 

Warburg's green hemin, 131 
Water soluble porphyrins, basicity, 238 
Willstätter number, 14, 833 

Xanthoporphyrinogens, 638 
- , ^ M R , 456 
—, preparative method, 813 
X-ray parameters, tables, 328, 329, 330 
X-ray studies, 317—380 
X-ray studies of metal-free porphyrins, 

336 -343 

Zeeman splitting, 541 
Zero field splitting, E P R , 556 
Zinc coproporphyrin for analysis of co

proporphyrin from natural materials, 
782 

Z o x , oxidation number, 191—195 


