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m a y i n c l u d e repor t s o f r e s e a r c h as w e l l as r e v i e w s , because s y m p o s i a 
m a y e m b r a c e b o t h types o f p r e s e n t a t i o n . 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
6.

fw
00

1

In Mechanistic Bioinorganic Chemistry; Thorp, H., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1996. 



A B O U T THE EDITORS 

H . H O L D E N T H O R P s tar ted his c a r e e r as an 
u n d e r g r a d u a t e w i t h T h o m a s J . M e y e r at the 
U n i v e r s i t y o f N o r t h C a r o l i n a at C h a p e l H i l l , 
w h e r e he s t u d i e d the e l e c t r o c a t a l y t i c r e 
d u c t i o n o f c a r b o n d i ox ide . H e c o m p l e t e d his 
P h . D . o n the p h o t o c h e m i s t r y o f d i o x o r h e -
n i u m ( V ) w i t h H a r r y B . G r a y at the C a l i f o r n i a 
Ins t i tu te o f T e c h n o l o g y . H i s p o s t d o c t o r a l 
w o r k at Y a l e U n i v e r s i t y w i t h G a r y W . B r u d -
v i g c e n t e r e d o n the r e d o x c h e m i s t r y o f oxo -
manganese c lusters i n aqueous s o l u t i o n . H e 
is c u r r e n t l y assistant pro fessor o f c h e m i s t r y 
at the U n i v e r s i t y o f N o r t h C a r o l i n a at C h a p e l 
H i l l . H i s r e s e a r c h is d i r e c t e d t o w a r d u n d e r 

s tanding the fundamenta l redox pathways i n D N A o x i d a t i o n , d e v e l o p i n g 
e l e c t r o c h e m i c a l sensors for D N A h y b r i d i z a t i o n , e l u c i d a t i n g the m e c h 
anisms o f exc i ted-state p r o t o n t rans fer to m u l t i p l y b o n d e d l i gands , a n d 
a c t i v a t i n g s m a l l m o l e c u l e s o f b i o l o g i c a l s ign i f i cance . H e has r e c e i v e d 
the C a m i l l e D r e y f u s T e a c h e r - S c h o l a r A w a r d , a P r e s i d e n t i a l Y o u n g I n 
vest igator A w a r d f r o m the N a t i o n a l Sc ience F o u n d a t i o n , a n d a f e l l o w s h i p 
i n s c i ence a n d e n g i n e e r i n g f r o m the D a v i d a n d L u c i l e P a c k a r d F o u n 
d a t i o n . T h o r p has a p p e a r e d t h r o u g h o u t the Southeast as the bassist for 
N i c k D e m o s a n d the G r e e k Is landers , a n d h e a n d his w i f e P a t t i e n j o y 
w a t c h i n g co l l ege b a s k e t b a l l a n d t h e i r n e w son , J o h n . 

V I N C E N T L . P E C O R A R O r e c e i v e d his B . S . d e 
gree i n b i o c h e m i s t r y f r o m the U n i v e r s i t y o f 
C a l i f o r n i a — L o s A n g e l e s a n d was g r a n t e d 
the P h . D . i n c h e m i s t r y , w o r k i n g o n m i c r o 
b i a l a n d m a m m a l i a n i r o n m e t a b o l i s m u n d e r 
the m e n t o r s h i p o f K e n n e t h N . R a y m o n d at 
the U n i v e r s i t y o f C a l i f o r n i a — B e r k e l e y . H e 
r e v e r t e d to b i o c h e m i s t r y aga in w h e n h e 
j o i n e d the l a b o r a t o r y o f W . W . C l e l a n d i n 
the b i o c h e m i s t r y d e p a r t m e n t at the U n i v e r 
s i ty o f W i s c o n s i n — M a d i s o n . I n M a d i s o n , h e 
was an N I H pos tdoc to ra l f e l l o w , u s i n g c h i r a l 
m e t a l l o n u c l e o t i d e s to p r o b e the m e c h a n i s m 
o f p h o s p h o r y l g r o u p t rans fer i n k inases a n d 

vii 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
6.

fw
00

1

In Mechanistic Bioinorganic Chemistry; Thorp, H., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1996. 



A T P synthases. H e j o i n e d the fa cu l ty i n the c h e m i s t r y d e p a r t m e n t at 
the U n i v e r s i t y o f M i c h i g a n — A n n A r b o r as an assistant pro fessor a n d 
was p r o m o t e d to pro fessor . H e spent a t e r m at the U n i v e r s i t y o f N o r t h 
C a r o l i n a at C h a p e l H i l l as v i s i t i n g associate pro fessor o f c h e m i s t r y . H e 
is a m e m b e r o f the m e t a l l o b i o c h e m i s t r y s tudy s e c t i o n for the N a t i o n a l 
Inst i tutes o f H e a l t h a n d was a p p o i n t e d an associate e d i t o r o f Inorganic 
Chemistry. H i s awards i n c l u d e the G . D . Sear le B i o m e d i c a l R e s e a r c h 
S c h o l a r s h i p a n d an A l f r e d P . S l o a n F e l l o w s h i p . H i s r e s e a r c h interests 
span a w i d e range o f d i s c i p l i n e s that i n c l u d e the b i o l o g i c a l c h e m i s t r y o f 
manganese a n d v a n a d i u m , the d e v e l o p m e n t a n d e x p l o i t a t i o n o f m e t a l -
l a c rowns for n e w mater ia ls , a n d the de n o v o synthesis o f meta l l opept ides . 
H e has b e e n i n v o l v e d i n u n d e r g r a d u a t e c u r r i c u l a r r e f o r m a n d was a 
r e c i p i e n t o f the U n i v e r s i t y o f M i c h i g a n L i t e r a t u r e , Sc i ences , a n d the 
A r t s A w a r d for E x c e l l e n c e i n U n d e r g r a d u a t e I n s t r u c t i o n a n d the U n i 
v e r s i t y o f M i c h i g a n F a c u l t y R e c o g n i t i o n A w a r d for h is c o n t r i b u t i o n s i n 
s c i ence , e d u c a t i o n , a n d pro f e ss i ona l s e rv i ce . V i n c e a n d his w i f e P e g g y 
C a r v e r en j oy t r a v e l i n g , c o o k i n g , a n d e s p e c i a l l y e a t i n g . 

viii 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
6.

fw
00

1

In Mechanistic Bioinorganic Chemistry; Thorp, H., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1996. 



P R E F A C E 

TTHE F I E L D O F B I O I N O R G A N I C C H E M I S T R Y p r o v i d e s a c o m m o n g r o u n d 
for p r a c t i t i o n e r s o f m a c r o m o l e c u l a r b i o c h e m i s t r y , i n o r g a n i c m o d e l 
c h e m i s t r y , a n d a host o f spectroscop ic t e chn iques r a n g i n g f r o m magnet i c 
resonance to t i m e - r e s o l v e d o p t i c a l m e t h o d s . T h e m a t u r a t i o n o f these 
areas has p l a c e d the field i n a p o s i t i o n to m o v e b e y o n d a s k i n g quest ions 
so le ly about s t r u c t u r e a n d e l e c t r o n i c p r o p e r t i e s a n d i n t o a s k i n g d e t a i l e d 
quest ions about the m e c h a n i s m s o f m e t a l - c a t a l y z e d reac t i ons a n d h o w 
s t r u c t u r e a n d e l e c t r o n i c p r o p e r t i e s i n f l u e n c e these p a t h w a y s . P r o b a b l y 
the most i m p o r t a n t factor c a u s i n g the i n c r e a s e d p o p u l a r i t y o f a m e c h 
anis t i c emphas is is the r a p i d r e c e n t progress i n l a r g e - m o l e c u l e c r y s t a l 
l o g r a p h y that has a l l o w e d for a d e t a i l e d static p i c t u r e o f the ac t ive - s i te 
s t r u c t u r e o f m o r e a n d m o r e p r o t e i n s . W i t h b e t t e r d e f i n e d s t ruc tures as 
a f r a m e w o r k , the c h a l l e n g e for b i o i n o r g a n i c chemis t s shifts f r o m a n 
s w e r i n g the q u e s t i o n , " W h a t is the s t r u c t u r e o f the ac t ive c e n t e r ? ' ' to 
a n s w e r i n g the q u e s t i o n , " H o w does s u c h a c e n t e r fac i l i ta te c a t a l y s i s ? " 

I n this v o l u m e , w e a t t e m p t to b r i n g t o g e t h e r t op i cs that span the 
b r e a d t h o f m e t a l - c a t a l y z e d reac t i ons i n b i o l o g i c a l systems a n d h a v e ac 
c o r d i n g l y s e l e c t e d chapters not o n l y o n c a t a l y t i c r e a c t i o n o f m e t a l l o -
p r o t e i n s , b u t also o n o t h e r reac t i ons o f m e t a l ions i n b i o l o g i c a l systems, 
such as e l e c t r o n transfer a n d n u c l e i c a c i d scission. O f course , an emphasis 
o n m e c h a n i s m s does not m e a n that s t r u c t u r e a n d e l e c t r o n i c p r o p e r t i e s 
c a n b e i g n o r e d . I n fact, a m e c h a n i s t i c emphas i s r e q u i r e s a d e t a i l e d 
k n o w l e d g e o f h o w s t r u c t u r e a n d e l e c t r o n i c p r o p e r t i e s i n f l u e n c e r e a c 
t i v i t y , a n d these subjects are also e x p l o r e d h e r e . 

I n s u r v e y i n g the ro les that m e t a l ions c a n p l a y i n b i o l o g i c a l systems, 
a n u m b e r o f func t i ons are a p p a r e n t . M a n y m e t a l i o n r e q u i r e m e n t s are 
p u r e l y s t r u c t u r a l , as i l l u s t r a t e d b y C a 2 + m e d i a t i o n o f s igna l t r a n s d u c t i o n 
w i t h c a l m o d u l i n or the r e c e n t d i s c o v e r y o f Z n 2 + gene r e g u l a t i o n b y z i n c 
finger p r o t e i n s . M e t a l ions c a n also be p resent to c a r r y e l e c t rons . I n this 
capac i ty , the m e t a l ions n e e d to exist i n t w o adjacent , stable redox forms, 
as seen i n c y t o c h r o m e s a n d i r o n - s u l f u r p r o t e i n s . H y d r o l y t i c reac t i ons 
c a n b e c a t a l y z e d b y m e t a l ions that can c o o r d i n a t e w a t e r a n d h y d r o x i d e 
l i gands that p a r t i c i p a t e i n the h y d r o l y s i s . T h i s catalys is is o b s e r v e d i n 
reac t ions that range f r o m n u c l e i c a c i d h y d r o l y s i s b y r i b o z y m e s to s m a l l -
m o l e c u l e h y d r o l y s i s b y c a r b o n i c a n h y d r a s e . F i n a l l y , m e t a l ions c a n cat 
a l y z e d e m a n d i n g r e d o x reac t i ons , s u c h as the o x i d a t i o n o f w a t e r o r 
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methane, by activating the oxidant or the substrate by both redox chem
istry and coordination. All these roles are discussed in this volume, which 
we hope will serve as a valuable resource for practitioners in the field 
and as a tantalizing introduction for those contemplating questions that 
fall under the rubric that is bioinorganic chemistry. 
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1 

Understanding the Mechanisms 
in Bioinorganic Chemistry 

H . Holden Thorp 

Department of Chemistry, University of North Carolina, Chapel 
Hil l , NC 27599-3290 

The field of bioinorganic chemistry has experienced tremendous 
growth in scope and level of understanding. Advances in physical 
methods and the constant discovery of new biological systems that 
rely on metal ions have created a field that is evolving to be both 
broader and more detailed. As a result, bioinorganic chemists are 
increasingly concerned with a broad range of different types of 
mechanisms. In this review, the broad nature of the subject of bio
inorganic chemistry is illustrated by discussing examples of im
portant mechanisms in which metal ions mediate electron transfer, 
hydrolytic catalysis, redox catalysis, and gene expression. 

T H E F I E L D O F B I O I N O R G A N I C C H E M I S T R Y has g r o w n d r a m a t i c a l l y o v e r 
the past 2 0 years (J) . F r o m b e g i n n i n g s i n studies o f h e m e p r o t e i n s (2) 
a n d p l a t i n u m a n t i t u m o r c o m p o u n d s (3) to r e c e n t advances i n s u c h n e w 
areas as Z n finger p r o t e i n s (4), m e t a l - r e s p o n s i v e gene e x p r e s s i o n (5), 
R N A catalysis (6), a n d m e t a l l o p r o t e i n e l e c t r o n t rans fer (7), the field has 
b e c o m e a h a v e n for p r a c t i t i o n e r s o f s u c h d i v e r s e areas as e n z y m o l o g y , 
c o o r d i n a t i o n c h e m i s t r y , s p e c t r o s c o p y , a n d m o l e c u l a r b i o l o g y . W h a t at 
tracts these sc ient ists f r o m s u c h s e e m i n g l y d i v e r s e areas to b i o i n o r g a n i c 
c h e m i s t r y ? T h e answer c a n l i e o n l y i n the u n i q u e ab i l i t i e s o f t r a n s i t i o n 
metals to c o m p l e m e n t a n d med ia te b i o l o g i c a l processes a n d the c h e m i c a l 
t rans format ions o f b i o l o g i c a l m o l e c u l e s . 

T r a n s i t i o n metals can e x c e e d the constraints o f o rgan ic funct iona l i t i es 
a n d assume c o o r d i n a t i o n n u m b e r s greater t h a n f our i n a w i d e array o f 
s t ruc tura l geometr ies . F o r this reason, m a n y t rans i t i on metals are present 
i n b i o l o g i c a l systems to serve (at least par t ly ) a s t r u c t u r a l r o l e , a l l o w i n g 
a m a c r o m o l e c u l e to assume a p a r t i c u l a r c o n f o r m a t i o n that w o u l d b e 
imposs ib l e w i t h o u t a t rans i t i on -meta l s t r u c t u r a l e l ement . A n o t h e r use fu l 
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2 MECHANISTIC BIOINORGANIC CHEMISTRY 

f eature o f t r a n s i t i o n meta ls i n b i o l o g i c a l systems is that these e l e m e n t s 
m a y exist i n m u l t i p l e o x i d a t i o n states a n d o f ten are f o u n d as ions or 
i n o r g a n i c c lusters that fac i l i ta te m u l t i e l e c t r o n ox idat i ons or r e d u c t i o n s 
o f substrates . B e c a u s e the n u m b e r o f su i tab le donors to metals is q u i t e 
l a rge , the c h e m i c a l p o t e n t i a l o f a sys tem c a n b e fine t u n e d o v e r an i m 
press ive range . B i o l o g i c a l systems f u l l y e x p l o i t t r a n s i t i o n - e l e m e n t 
c h e m i s t r y b y c o u p l i n g this t u n a b l e ( in t e r m s o f both s t o i c h i o m e t r y a n d 
potent ia l ) r e d o x a c t i v i t y w i t h the c a p a c i t y to c o o r d i n a t e n u c l e o p h i l e s . 
I n this w a y a r e m a r k a b l e range o f c h e m i c a l t rans fo rmat i ons , f r o m n i t r o 
g e n fixation to w a t e r o x i d a t i o n , are u n d e r t a k e n i n a s e e m i n g l y effortless 
process . 

A n o t h e r use fu l feature o f t r a n s i t i o n meta ls i n b i o l o g i c a l systems is 
the u n i q u e b a t t e r y o f p h y s i c a l t e c h n i q u e s that c a n b e u s e d to s tudy t h e i r 
s t r u c t u r a l a n d e l e c t r o n i c p r o p e r t i e s (8). M a n y o f these t e c h n i q u e s are 
d e p e n d e n t o n the u n u s u a l g e o m e t r i c a n d e l e c t r o n i c p r o p e r t i e s o f t r a n 
s i t i o n - m e t a l centers a n d a l l o w for s tudy o f the m e t a l i o n w i t h o u t i n t e r 
f e rence f r o m o t h e r m a t e r i a l i n the sys tem. 

I n a s s u m i n g f u n c t i o n a l ro l es , t r a n s i t i o n meta ls use one or b o t h o f 
the ab i l i t i e s o f ex i s t ing i n m u l t i p l e o x i d a t i o n states a n d c o o r d i n a t i n g 
n u c l e o p h i l e s . I n e l e c t r o n - t r a n s f e r e n z y m e s , the a b i l i t y o f t r a n s i t i o n m e t 
als to exist i n m u l t i p l e ox idat i on states a l lows for the storage o f an e l e c t r o n 
at a l o c a l i z e d site i n the e n z y m e , c r e a t i n g the n e e d for t ransfer o f e l e c 
trons across r e l a t i v e l y large d istances (9). T h e s e e l e c t r o n - t r a n s f e r r e 
act ions are r e s p o n s i b l e for the t r a n s d u c t i o n o f b i o c h e m i c a l e n e r g y , i n i 
t i a t i o n o f photosynthes i s a n d o t h e r c a t a l y t i c processes , a n d m a i n t e n a n c e 
o f p r o t o n grad ients (JO, J J). I n h y d r o l y t i c e n z y m e s a n d r i b o z y m e s , the 
a b i l i t y o f t r a n s i t i o n metals to c o o r d i n a t e w a t e r a n d h y d r o l y z a b l e s u b 
strates is r e s p o n s i b l e for c a t a l y t i c a c t i v i t y (6, 12). T h e s e t w o u n i q u e 
features are c o m b i n e d i n redox catalysis e n z y m e s , because i n this process 
meta ls b i n d substrates o f in teres t a n d change the o x i d a t i o n state o f the 
m e t a l c e n t e r to effect a net a c t i v a t i o n o f the b o u n d s m a l l m o l e c u l e , 
w h i c h c a n t h e n b e r e l e a s e d i n an a l t e r e d f o r m . 

B i o i n o r g a n i c c h e m i s t r y has b e e n c a l l e d a " m a t u r i n g f r o n t i e r " (J). 
W i t h this m a t u r i n g , the l e v e l o f u n d e r s t a n d i n g o f the s t ruc tures a n d 
r e a c t i v i t y o f m e t a l ions i n b i o l o g i c a l systems has b e e n r a i s e d c o n s i d e r 
ab ly . T h e a v a i l a b i l i t y o f X - r a y a b s o r p t i o n s p e c t r o s c o p y a n d o t h e r spec 
t r o s c o p i c t e c h n i q u e s a n d the i n c r e a s i n g database o f resul ts f r o m m a c -
r o m o l e c u l a r X - r a y c r y s t a l l o g r a p h y have p r o v i d e d an i n c r e a s i n g l y 
d e t a i l e d p i c t u r e o f the s t r u c t u r a l p r o p e r t i e s o f m e t a l ions i n b i o l o g i c a l 
systems. W h e r e a s m a n y issues o f s t r u c t u r e r e m a i n u n r e s o l v e d , k e y 
s t r u c t u r a l features o f m a n y m e t a l l o e n z y m e systems are n o w k n o w n . A s 
a r esu l t , b i o i n o r g a n i c chemis ts find themse lves c o n t e m p l a t i n g m e c h a 
nist ic issues m o r e care fu l ly . T h e mechan is t i c emphasis i n p h y s i c a l studies 
o f m e t a l l o e n z y m e s is i n c r e a s i n g (8); the d e v e l o p m e n t o f s y n t h e t i c m o d e l 
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1. THORP Understanding the Mechanisms in Bioinorganic Chemistry 3 

complexes is progress ing from in i t i a l goals o f m i m i c k i n g spectroscopic or 
s tructural features to more sophist icated goals o f funct ional m o d e l i n g (13); 
the chemistry o f D N A cleavage has progressed t o w a r d ach iev ing an u n 
derstanding o f the prec ise mo le cu lar m e c h a n i s m o f c leavage reactions o n 
b o t h the meta l a n d D N A sides o f the reac t ion , i n c l u d i n g the prec ise sites 
o f D N A react iv i ty (14-17). A s a result o f this n e w in terp lay , the l ines b e 
t w e e n structural a n d mechanist i c studies are b e c o m i n g b l u r r e d . 

I n this c h a p t e r , the u n i q u e features o f t r a n s i t i o n meta ls i n b i o l o g i c a l 
systems are d i s cussed f r o m the p o i n t o f v i e w o f s t r u c t u r a l ro les , spec 
t r o s c o p i c p r o p e r t i e s , e l e c t r o n trans fer , h y d r o l y t i c a n d r e d o x cata lys is , 
a n d m e t a l - r e s p o n s i v e gene express i on . T h e f o l l o w i n g chapters p r o v i d e 
m o r e d e t a i l o n these subjects . S e v e r a l i m p o r t a n t examples not d i s cussed 
e l s e w h e r e i n this v o l u m e w i l l b e p r e s e n t e d . T h e goa l o f th is c h a p t e r 
(and this v o l u m e ) is to a cqua int the r e a d e r w i t h the w i d e range o f ro les 
p l a y e d b y m e t a l ions i n b i o l o g i c a l systems a n d t h e r e b y to d e m o n s t r a t e 
w h y metals are s u c h use fu l co factors a n d w h y sc ient ists f r o m s u c h b r o a d 
d i s c i p l i n e s are d r a w n to s tudy t h e i r p r o p e r t i e s . 

Structural Roles for Transition Metals 
T h e a b i l i t y o f t r a n s i t i o n meta ls to assume a v a r i e t y o f c o o r d i n a t i o n ge
ometr i e s is l a r g e l y r e s p o n s i b l e for t h e i r u n i q u e b i o l o g i c a l f u n c t i o n . M o s t 
m e t a l centers i n b i o l o g y are e i t h e r f our - , five-, o r s i x - c o o r d i n a t e ; h o w 
ever , the r e c e n t d i s c o v e r y o f u n u s u a l t h r e e - c o o r d i n a t e i r o n centers i n 
n i t rogenase (18) i l lus t rates the a p p a r e n t l y l i m i t l e s s d i v e r s i t y o f c o o r d i 
n a t i o n e n v i r o n m e n t s for m e t a l centers i n b i o l o g i c a l systems. I n the f o u r -
c o o r d i n a t e e n v i r o n m e n t s , t e t r a h e d r a l a n d s q u a r e - p l a n a r g e o m e t r i e s are 
most c o m m o n . E x a m p l e s o f the t e t r a h e d r a l g e o m e t r y i n c l u d e i r o n c e n 
ters i n i r o n - s u l f u r c lusters a n d m a n y c o p p e r centers , a l l o f w h i c h are 
d i s cussed i n th is v o l u m e . 

A large n u m b e r o f z i n c - b i n d i n g e n z y m e s c a l l e d Z n - f i n g e r p r o t e i n s 
have b e e n d i s c o v e r e d (J9) . I n these e n z y m e s , the Z n 2 + c e n t e r is a s t r u c 
t u r a l e l e m e n t that o rgan izes t w o h i s t i d i n e a n d t w o cys te inate res idues 
o n e i t h e r e n d o f a p e p t i d e s t r a n d to f o r m a c y l i n d r i c a l s t r u c t u r e that has 
b e e n t e r m e d a z i n c finger (20, 21). T h e s e p r o t e i n s t y p i c a l l y c o n t a i n 
m u l t i p l e fingers that b i n d to D N A c o o p e r a t i v e l y , as s h o w n i n F i g u r e 1. 
I n the absence o f Z n 2 + , these p e p t i d e s do not b i n d to D N A ; h o w e v e r , 
once the finger s t ruc ture is i m p o s e d b y c o o r d i n a t i o n to the m e t a l center , 
the res idues i n the finger s e c t i o n are p o s i t i o n e d p r o p e r l y for D N A r e c 
o g n i t i o n . O t h e r z i n c - b i n d i n g d o m a i n s , i n c l u d i n g ones i n v o l v i n g d i n u -
c l ear z i n c c o m p l e x e s (4), h a v e b e e n i d e n t i f i e d i n r e l a t e d t r a n s c r i p t i o n a l 
factors (22). T h e d i s covery o f the z i n c - b i n d i n g t r a n s c r i p t i o n factors shows 
that na ture has t a k e n advantage o f the a b i l i t y o f m e t a l ions to o r g a n i z e 
r e l a t i v e l y s m a l l p e p t i d e s i n t o h i g h l y spec i f i c s t ruc tures . 
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4 MECHANISTIC BIOINORGANIC CHEMISTRY 

Figure 1. Sketch of the complex of the five-finger human GLI protein with 
a 21-base pair DNA fragment. (Reproduced with permission from reference 
20. Copyright 1993 American Association for the Advancement of Science.) 

T h e s q u a r e - p l a n a r g e o m e t r y is less c o m m o n t h a n t e t r a h e d r a l ge 
o m e t r y a m o n g f o u r - c o o r d i n a t e m e t a l ions i n b i o l o g i c a l systems. T h e 
a n t i c a n c e r d r u g c i s p l a t i n , d 5 - P t ( N H 3 ) 2 C l 2 , is a s q u a r e - p l a n a r c o m p l e x 
a n d is an ef fect ive agent against t e s t i c u l a r a n d o v a r i a n cancers (3). T h e 
c o m p l e x b i n d s p r i m a r i l y to t w o ad jacent g u a n i n e bases o n a s ing le D N A 
s t rand o f a d o u b l e h e l i x . B e c a u s e o f the s q u a r e - p l a n a r g e o m e t r y o f the 
p l a t i n u m center , the guanines are f o r c e d out o f the usua l s tacked , p a r a l l e l 
a r r a n g e m e n t to one w h e r e t h e y are d i s p o s e d at r i g h t angles ( F i g u r e 2) 
(23). T h e c o o r d i n a t i o n s t r u c t u r e o f th is i n t r a s t r a n d a d d u c t i n d u c e s a 
k i n k i n the D N A that is r e c o g n i z e d b y s t r u c t u r e - s p e c i f i c r e c o g n i t i o n 
p r o t e i n s (SSRPs) , suggest ing that these p r o t e i n s p l a y a r o l e i n c i s p l a t i n 
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1. THORP Understanding the Mechanisms in Bioinorganic Chemistry 5 

Figure 2. X-ray crystal structure of the cis-{Pt(NH3) 2[d(pGpG)]} complex 
showing the displacement of the adjacent guanines from the usual stacked 
arrangement. (Reproduced with permission from reference 23. Copyright 
1985 American Association for the Advancement of Science.) 

cy to tox i c i ty (24, 25). T h e s e pro te ins do not r e c o g n i z e adducts o f inac t ive 
p l a t i n u m c o m p l e x e s , s u c h as £rans -Pt (NH 3 ) 2 Cl 2 ; t h u s , the a n t i c a n c e r 
p r o p e r t i e s o f c i s p l a t i n are a d i r e c t resu l t o f its s t e r e o c h e m i s t r y a n d 
square -p lanar g e o m e t r y , w h i c h is character i s t i c o f a n u m b e r o f t rans i t i on 
meta ls i n the a p p r o p r i a t e o x i d a t i o n state. T h e r e c e n t findings o n the 
r o l e o f S S R P s i n c i s p l a t i n c y t o t o x i c i t y d e m o n s t r a t e the b r e a d t h o f c h a l 
lenges i n b i o i n o r g a n i c c h e m i s t r y : C i s p l a t i n s tar ted out as an e x c i t i n g 
p r o b l e m i n c o o r d i n a t i o n c h e m i s t r y a n d is n o w an e q u a l l y e x c i t i n g p r o b 
l e m i n m o l e c u l a r b i o l o g y . 
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6 MECHANISTIC BIOINORGANIC CHEMISTRY 

Spectroscopic Signatures of Transition Metals 

A n a l l u r i n g feature o f t r a n s i t i o n meta ls i n b i o l o g i c a l systems is the w i d e 
array o f p h y s i c a l t e c h n i q u e s that are u n i q u e to the c h a r a c t e r i z a t i o n o f 
m e t a l centers . I n p a r t i c u l a r , a n u m b e r o f methods a l l o w the m e t a l c en ter 
to b e u n i q u e l y e x a m i n e d i n the p r e s e n c e o f o t h e r o p t i c a l l y t ransparent 
or d i a m a g n e t i c m a t e r i a l i n the sys tem (8). P e r h a p s the most o b v i o u s l y 
u n i q u e feature o f systems that c o n t a i n t r a n s i t i o n meta ls is that m a n y o f 
t h e m are s t rong ly c o l o r e d . T h i s t ra i t arises because o f the u n i q u e e l e c 
t r o n i c s t ruc tures o f t r a n s i t i o n - m e t a l c h r o m o p h o r e s . F o r e x a m p l e , the 
character is t i c o p t i c a l p roper t i e s o f b l u e c o p p e r pro te ins , h e m e cofactors , 
a n d i r o n - s u l f u r c lusters are a l l d i s cussed i n this v o l u m e . D e t a i l e d s tudy 
o f these o p t i c a l p r o p e r t i e s has b e e n p a r t i c u l a r l y r e v e a l i n g w i t h r e g a r d 
to u n d e r s t a n d i n g the g e o m e t r i c a n d e l e c t r o n i c s t ruc tures o f t r a n s i t i o n 
meta ls i n b i o l o g i c a l systems. 

C o n t i n u o u s - w a v e a n d p u l s e d e l e c t r o n paramagnet i c resonance ( E P R ) 
methods p e r m i t the c h a r a c t e r i z a t i o n o f o n l y paramagnet i c m e t a l centers 
w i t h o u t c ompl i ca t i ons ar i s ing f r o m o ther d iamagnet i c centers e l s e w h e r e 
i n the sys tem (8). W h e n the m e t a l c e n t e r o r centers c a n b e c y c l e d 
t h r o u g h d i f ferent o x i d a t i o n states, s ignals c a n b e t u r n e d off a n d o n i n a 
c o n t r o l l e d m a n n e r , p e r m i t t i n g d e t a i l e d c h a r a c t e r i z a t i o n o f i n d i v i d u a l 
signals a n d t h e i r associated paramagnet i c centers (26). T h e use o f p u l s e d 
E P R m e t h o d s p e r m i t s i n m a n y cases the d e t e r m i n a t i o n o f the n u m b e r 
a n d n a t u r e o f l i gands b o u n d to the m e t a l c e n t e r that g ives a p a r t i c u l a r 
s igna l (27). T h e use o f E P R m e t h o d s to c h a r a c t e r i z e m e t a l l o e n z y m e s is 
d e s c r i b e d i n m a n y chapters i n this v o l u m e , a n d the c o m b i n a t i o n o f i n 
f o r m a t i o n f r o m E P R w i t h that f r o m o p t i c a l s p e c t r o s c o p y is o f ten p a r t i c 
u l a r l y p o w e r f u l . 

X - r a y absorpt i on spec troscopy ( X A S ) has also h a d a p r o f o u n d i m p a c t 
o n b i o i n o r g a n i c c h e m i s t r y (28). T h e advantage o f X A S is that i t is e l e 
m e n t - s p e c i f i c because u s i n g m o d e r n s y n c h r o t r o n r a d i a t i o n , the X A S 
s p e c t r u m o f any e l ement o f interest can b e o b t a i n e d w i t h o u t in te r f e rence 
f r o m o t h e r types o f e l e m e n t s i n the sys tem (29). T h i s r esu l t means that 
e v e n d i a m a g n e t i c , o p t i c a l l y i n a c t i v e m e t a l centers c a n b e c h a r a c t e r i z e d 
i n d e p e n d e n t l y for e a c h t r a n s i t i o n e l e m e n t i n a g i v e n sys tem. T h u s , the 
p r o p e r t i e s o f one e l e m e n t c a n b e s t u d i e d i n d e p e n d e n t l y i n the p r e s e n c e 
o f a n o t h e r e l e m e n t that m a y have o p t i c a l o r m a g n e t i c p r o p e r t i e s . A n a l 
ysis o f the s o - c a l l e d a b s o r p t i o n edge is r e v e a l i n g w i t h r e g a r d to the 
e l e c t r o n i c s t r u c t u r e o f the m e t a l c e n t e r , w h i c h can p e r m i t m a n y c o n 
c lus ions r e g a r d i n g the o x i d a t i o n state a n d c o o r d i n a t i o n e n v i r o n m e n t to 
b e d r a w n . E v e n m o r e p o w e r f u l is the analysis o f e x t e n d e d X - r a y a b 
s o r p t i o n fine s t r u c t u r e ( E X A F S ) . T h i s analysis p e r m i t s d e t e r m i n a t i o n o f 
b o n d l engths to p a r t i c u l a r d o n o r atoms a n d e s t i m a t i o n o f c o o r d i n a t i o n 
n u m b e r s for e a c h o f these donors . T h e s p e c i a l advantage o f E X A F S is 
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that the b o n d l engths d e t e r m i n e d are o f ten o f q u i t e h i g h p r e c i s i o n . C a l 
cu la t i ons i n v o l v i n g the b o n d v a l e n c e s u m m e t h o d s h o w that E X A F S 
b o n d l engths can b e u s e d to es t imate e i t h e r c o o r d i n a t i o n n u m b e r s or 
o x i d a t i o n states i f one o f the t w o is k n o w n (30, 31). 

A l l o f the spec ia l t e chn iques u s e d for m e t a l l o e n z y m e s are most use fu l 
w h e n analogous s m a l l m o l e c u l e s have b e e n p r e p a r e d b y i n o r g a n i c s y n 
thesis a n d c h a r a c t e r i z e d b y X - r a y c r y s t a l l o g r a p h y . T h e p r e p a r a t i o n o f 
these m o d e l c o m p l e x e s a l l ows a g i v e n p h y s i c a l p r o p e r t y to b e assoc iated 
w i t h a p a r t i c u l a r c o o r d i n a t i o n s t r u c t u r e or o x i d a t i o n state. Synthes i s o f 
m o d e l complexes w i t h s t r u c t u r a l , f u n c t i o n a l , or spec troscop ic p r o p e r t i e s 
r e l e v a n t to a p a r t i c u l a r m e t a l l o e n z y m e is a v i t a l aspect o f b i o i n o r g a n i c 
c h e m i s t r y (13) a n d is d e s c r i b e d i n n u m e r o u s chapters i n this v o l u m e . 

Hydrolytic Catalysis 
M e t a l ions are v i t a l to the f u n c t i o n o f m a n y e n z y m e s that c a t a l y z e h y 
d r o l y t i c reac t i ons . C o o r d i n a t i o n o f a w a t e r m o l e c u l e to a m e t a l i o n alters 
its a c i d - b a s e p r o p e r t i e s , u s u a l l y m a k i n g i t eas ier to d e p r o t o n a t e , w h i c h 
c a n offer a r e a d y means for c a t a l y z i n g a h y d r o l y t i c r e a c t i o n . A l s o , the 
p l a c e m e n t o f a m e t a l c e n t e r i n the ac t ive site o f a h y d r o l y t i c e n z y m e 
c o u l d p e r m i t ef f ic ient d e l i v e r y o f a c a t a l y t i c w a t e r m o l e c u l e to the h y -
d r o l y z a b l e substrate . I n fact , the first e n z y m e d i s c o v e r e d , c a r b o n i c a n -
h y d r a s e , is a m e t a l l o e n z y m e that r e q u i r e s a Z n 2 + c e n t e r for its c a t a l y t i c 
a c t i v i t y (32). T h e f u n c t i o n o f c a r b o n i c a n h y d r a s e is to c a t a l y z e the h y 
dro lys i s o f c a r b o n d i o x i d e to b i c a r b o n a t e : 

C 0 2 + H 2 0 ^ H C 0 3 - + H + (1) 

w h i c h p lays an i m p o r t a n t r o l e i n r e g u l a t i n g r e s p i r a t o r y processes i n 
an imals , p lants , a n d b a c t e r i a (12). T h e X - r a y c r y s t a l s t r u c t u r e shows that 
the z i n c c e n t e r is c o o r d i n a t e d to t h r e e h i s t i d i n e res idues a n d a w a t e r 
m o l e c u l e (33), a n d the cata lyt i c m e c h a n i s m has b e e n p r o p o s e d to i n v o l v e 
f o r m a t i o n o f a Z n O H c o m p l e x a n d i n s e r t i o n o f C 0 2 i n t o the Z n - O b o n d : 

( H i s ) 3 Z n - O H 2 — ( H i s ) 3 Z n - O H + H + (2) 

( H i s ) 3 Z n - O H + C 0 2 ( H i s ) 3 Z n - O C 0 2 H (3) 

( H i s ) 3 Z n - O C 0 2 H + H 2 0 ( H i s ) 3 Z n - O H 2 + H C 0 3 " (4) 

L o o n e y a n d c o - w o r k e r s p r e p a r e d a h y d r o x o c o m p l e x o f z i n c that 
r e v e r s i b l y b i n d s C 0 2 (34, 35) : 

[ H B ( 3 - * - B u - 5 - M e p z ) 3 ] Z n O H + C 0 2 ^ 

[ H B ( 3 - f - B u - 5 - M e p z ) 3 ] Z n O C 0 2 H (5) 

w h e r e p z is p y r a z o l y l . 
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8 MECHANISTIC BIOINORGANIC CHEMISTRY 

H y d r o l y t i c catalysis b y m e t a l ions is also i m p o r t a n t i n the h y d r o l y s i s 
o f n u c l e i c ac ids , e s p e c i a l l y R N A (36). M o l e c u l e s o f R N A that c a t a l y z e 
h y d r o l y t i c r e a c t i o n s , t e r m e d r i b o z y m e s , r e q u i r e d i v a l e n t m e t a l i ons to 
effect h y d r o l y s i s e f f i c i en t ly . T h u s , a l l r i b o z y m e s are m e t a l l o e n z y m e s 
(6). T h e r e is s p e c u l a t i o n that r i b o z y m e s m a y h a v e b e e n the f irst e n 
z y m e s to e v o l v e (37), so t h e v e r y first e n z y m e s m a y h a v e b e e n m e t a l 
l o e n z y m e s ! R e c e n t l y , s u b s t i t u t i o n o f s u l f u r f or t h e 3 ' - oxygen a t o m i n 
a substrate o f t h e t e t r a h y m e n a r i b o z y m e has b e e n s h o w n to g i v e a 
1 0 0 0 - f o l d r e d u c t i o n i n rate o f h y d r o l y s i s w i t h M g 2 + b u t n o a t t e n u a t i o n 
o f t h e h y d r o l y s i s ra te w i t h M n 2 + a n d Z n 2 + (38). B e c a u s e M n 2 + a n d Z n 2 + 

h a v e s t r o n g e r af f init ies for s u l f u r t h a n M g 2 + has , th i s f e a t u r e p r o v i d e s 
s t r o n g e v i d e n c e for a t r u e c a t a l y t i c r o l e o f t h e d i v a l e n t c a t i o n i n t h e 
h y d r o l y t i c m e c h a n i s m , i n v o l v i n g c o o r d i n a t i o n o f t h e m e t a l to t h e 3'-
o x y g e n a t o m . O t h e r examples o f m e t a l - i o n c a t a l y z e d h y d r o l y s i s o f R N A 
i n v o l v e l a n t h a n i d e c o m p l e x e s , w h i c h are d i s c u s s e d i n th i s v o l u m e . 

Electron Transfer 
T h e a b i l i t y to exist i n m o r e t h a n one o x i d a t i o n state a l l ows t r a n s i t i o n -
m e t a l c o m p l e x e s to serve as the ac t ive site o f e n z y m e s w h o s e f u n c t i o n 
is to t ransfer e l e c t rons (39). A great d e a l o f effort has b e e n d i r e c t e d at 
u n d e r s t a n d i n g the m e c h a n i s m s o f e l e c t r o n t rans fer i n m e t a l l o p r o t e i n s , 
such as c y t o c h r o m e s a n d b l u e c o p p e r pro te ins (40). O f p a r t i c u l a r interest 
is the m e c h a n i s m b y w h i c h an e l e c t r o n c a n t u n n e l f r o m a m e t a l c e n t e r 
that is i m b e d d e d i n a p r o t e i n m a t r i x to a site o n the o u t e r surface o f the 
p r o t e i n (7). A d i s cuss ion o f c u r r e n t theor i e s is g i v e n i n th is v o l u m e . 

I n n a t u r a l systems, r e d o x p r o t e i n s s u c h as c y t o c h r o m e c (cyt c) f u n c 
t i o n not o n l y to t ransfer e l e c t r o n s , b u t to t ransfer e l e c t rons specifically 
to a p a r t i c u l a r r e d o x p a r t n e r , u s u a l l y a n o t h e r m a c r o m o l e c u l e . T r a n s f e r 
o f e l e c t rons b e t w e e n subuni t s o f m o d i f i e d h e m o g l o b i n s a n d w i t h i n c o m 
plexes o f cy t c w i t h cy t b 5 a n d cy t c w i t h cy t c p e r o x i d a s e (Ccp ) h a v e 
t h e r e f o r e b e e n s t u d i e d e x t e n s i v e l y (41,42). T h e s e studies have r e v e a l e d 
the f u n d a m e n t a l r e q u i r e m e n t s for the r e c o g n i t i o n process l e a d i n g to 
the f o r m a t i o n o f the p r o t e i n - p r o t e i n c o m p l e x as w e l l as the t h e r m o 
d y n a m i c features o f the e l e c t r o n - t r a n s f e r r e a c t i o n itsel f . T h i s r e a c t i o n , 
o u t l i n e d i n e q u a t i o n 6, consists o f t h r e e f u n d a m e n t a l processes : r e c 
o g n i t i o n to f o r m a c o m p l e x (Ki), e l e c t r o n t rans fer w i t h i n the c o m p l e x , 
a n d d i s so c ia t i on o f the r e d o x - a l t e r e d c o m p l e x ( K 2 ) . F o r the cyt c - C c p 
c o m p l e x , Fe(II ) cy t c c o r r e s p o n d s to P 2

r e d a n d o x i d i z e d C c p c o r r e s p o n d s 
to P ! 0 X . 

-± ? i r e d + p2< ox (6) 

T h e rate o f e l e c t r o n transfer w i t h i n the c o m p l e x is a f u n c t i o n o f the 
t h e r m o d y n a m i c d r i v i n g f orce o f the r e a c t i o n , the c o n f o r m a t i o n o f the 
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p r o t e i n - p r o t e i n c o m p l e x , a n d the i n t e r v e n i n g m e d i u m (41, 42). O r i g i 
n a l l y , an i n v a r i a n t p h e n y l a l a n i n e r e s i d u e i n cy t c was t h o u g h t to m e d i a t e 
its e l e c t r o n - t r a n s f e r reac t i ons , b u t ( in one o f the e a r l y a p p l i c a t i o n s o f 
the t e c h n i q u e ) s i t e - d i r e c t e d mutagenes i s o f the P h e r e s i d u e to Ser , G l y , 
a n d T y r s h o w e d that the P h e was not essent ia l for f u n c t i o n (43). T h e 
r e c e n t c r y s t a l s t r u c t u r e o f the cy t c - C c p c o m p l e x shows that e l e c t r o n -
transfer p a t h w a y s do i n d e e d exist that do not i n v o l v e the P h e r e s i d u e 
( F i g u r e 3) (7, 44). 

I n d i v i d u a l res idues f r o m e a c h p r o t e i n that are v i t a l f or c o m p l e x f or 
m a t i o n have also b e e n i d e n t i f i e d t h r o u g h s i t e - d i r e c t e d mutagenes i s (9). 
T h u s , f o r m a t i o n o f the p r o t e i n - p r o t e i n c o m p l e x o c c u r s t h r o u g h a series 
o f s i te -spec i f i c i n t e r a c t i o n s o f a m i n o ac ids o n the sur face o f one p r o t e i n 
w i t h p a r t i c u l a r a m i n o ac ids o n the sur face o f the o t h e r p r o t e i n . T h e 
c r y s t a l s t ruc tures o f the c o m p l e x e s o f C c p w i t h c y t c f r o m yeast a n d 
horse c o n f i r m the s ite-speci f ic interact ions (44). H a k e et a l . (45) p r e p a r e d 
mutants o f C c p i n w h i c h k e y aspartate res idues r e q u i r e d for c o m p l e x 

Figure 3. Possible electron-transfer pathway between the hemes of CCp 
and yeast cyt c determined from the X-ray crystal structure of the protein-
protein complex. (Reproduced with permission from reference 44. Copyright 
1992 American Association for the Advancement of Science.) 
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10 MECHANISTIC BIOINORGANIC CHEMISTRY 

f o rmat i on w e r e c h a n g e d to l y s ine , d i s r u p t i n g any h y d r o g e n bonds f o r m e d 
b y the aspartate i n the c o m p l e x . A f f i n i t y c h r o m a t o g r a p h y e x p e r i m e n t s 
c o n f i r m the i m p o r t a n t r o l e p l a y e d b y these res idues a n d also s h o w that 
the reactant i n e q u a t i o n 6, Fe ( I I ) cy t c, b i n d s m o r e s t r o n g l y to C c p t h a n 
the p r o d u c t , Fe(II I ) cy t c, at p h y s i o l o g i c a l i o n i c s t r e n g t h . O f c ourse , 
th is s i t u a t i o n is d e s i r e d for ef f ic ient c a t a l y t i c e l e c t r o n t rans fer i n the 
n a t u r a l sys tem because s t r o n g b i n d i n g o f the Fe(III ) cy t c p r o d u c t to 
C c p w o u l d i n h i b i t f u r t h e r r e a c t i o n . S u r p r i s i n g l y , the o r d e r o f b i n d i n g 
affinities for the var i ous mutants was d i f ferent for Fe(III ) cy t c a n d Fe(II ) 
cy t c. T h u s , the b i n d i n g p r o b a b l y o c curs at d i f f erent sites o n the p r o t e i n 
surfaces for the t w o o x i d a t i o n states. T h e s e e x p e r i m e n t s s h o w that the 
s i m p l e presence or absence o f an e l e c t r o n o n a s ingle m e t a l c enter b u r i e d 
i n a large p r o t e i n c a n d r a m a t i c a l l y affect the i n t e r a c t i o n s o f the e n t i r e 
m a c r o m o l e c u l e w i t h its p r o t e i n p a r t n e r . T h i s resu l t u n d e r l i n e s the p r o 
f o u n d i m p a c t that f u n d a m e n t a l inorgan i c c h e m i s t r y , such as the ox ida t i on 
state o f a s ingle m e t a l i o n , can have o n the b e h a v i o r o f c o m p l e x b i o l o g i c a l 
systems. 

Redox Catalysis 

E n z y m e s that ca ta lyze the r e d o x reac t i ons o f s m a l l m o l e c u l e s , s u c h as 
the r e d u c t i o n o f n i t r o g e n to a m m o n i a , the o x i d a t i o n o f w a t e r to o x y g e n , 
o r the o x i d a t i o n o f m e t h a n e to m e t h a n o l , h a v e l o n g c a p t u r e d the fas
c i n a t i o n o f i n o r g a n i c chemis t s a n d b i o c h e m i s t s , a n d these a n d o t h e r 
r e l a t e d processes are d i s cussed e l s e w h e r e i n th is v o l u m e . P e r h a p s these 
systems are so a t t rac t ive because the reac t i ons c a t a l y z e d are d i f f i cu l t to 
a c h i e v e u s i n g e i t h e r s m a l l i n o r g a n i c catalysts o r a p r o t e i n w i t h o u t a 
m e t a l c e n t e r . T h e r e f o r e , o n l y t h r o u g h the m a r r i a g e o f p r o t e i n a n d t r a n 
s i t i o n - m e t a l c h e m i s t r y c a n these c o m p l e x t rans format ions o c c u r eff i 
c i e n t l y w i t h h i g h c a t a l y t i c t u r n o v e r . T h e s e systems thus present the 
t a n t a l i z i n g p o s s i b i l i t y that a d e t a i l e d u n d e r s t a n d i n g o f s t r u c t u r e a n d 
m e c h a n i s m w i l l l e a d to l o g i c a l means o f s y n t h e s i z i n g s m a l l m o l e c u l e s 
capab le o f m e d i a t i n g the same t rans fo rmat ions . A s m e n t i o n e d above , 
this i n t e r p l a y o f e n z y m e c h e m i s t r y a n d i n o r g a n i c synthes is has l e d to 
severa l n e w systems capab le o f a c t i n g as f u n c t i o n a l m o d e l s for a n u m b e r 
o f e n z y m e reac t i ons (13), m a n y o f w h i c h are d i s cussed h e r e . 

I n a d d i t i o n to c a t a l y z i n g the o x i d a t i v e o r r e d u c t i v e t r a n s f o r m a t i o n 
o f s m a l l m o l e c u l e s , r e d o x m e t a l l o e n z y m e s c a n also effect the t r a n s l o 
c a t i o n o f p r o t o n s against a c h e m i c a l g r a d i e n t across a m e m b r a n e . C o n 
c e p t u a l l y , th is m o v e m e n t c a n b e u n d e r s t o o d f r o m the p o i n t o f v i e w o f 
the f u n d a m e n t a l c o o r d i n a t i o n c h e m i s t r y o f m e t a l - o x o c o m p l e x e s (46, 
47). R e v e r s i b l e r e d u c t i o n o f m e t a l - o x o c o m p l e x e s o f ten o c curs c o n c o m 
i t a n t l y w i t h p r o t o n a t i o n , as s h o w n i n equat ions 7 a n d 8. 
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[ M ( n + 2 ) 0 ] n + + H + + e" [ M ( n + l ) O H ] ( n ' 1 ) + (7) 
[ M ( n + l j O H ] ^ " 1 ^ + H + + e" [ M ( n ) O H 2 ] ( n " 2 ) + (8) 

T h e s e reac t i ons can o c c u r w i t h t e r m i n a l oxo c o m p l e x e s or b r i d g i n g 
oxo c o m p l e x e s (48), as w e l l as w i t h c o m p l e x e s o f o t h e r l i gands that c a n 
accept p r o t o n s , s u c h as th io la tes o r a lkox ides . T h i s process is d r i v e n b y 
the c o u p l i n g o f the r e d u c t i o n o f the m e t a l c e n t e r to an increase i n the 
b a s i c i t y o f the oxo l i g a n d . F r o m this e l e m e n t a r y m o d e l , a s i m p l e p r o t o n 
p u m p c a n b e d e v i s e d i f p r o t o n s are t a k e n u p f r o m one s ide o f the m e m 
b r a n e u p o n m e t a l r e d u c t i o n a n d r e l e a s e d to the o t h e r s ide o f the m e m 
b r a n e u p o n r e o x i d a t i o n . T o a c h i e v e this r e q u i r e m e n t , t h e p u m p must 
exist i n t w o di f ferent states, e a c h o f w h i c h is i n p r o t o n i c contac t w i t h a 
d i f ferent s ide o f the m e m b r a n e . I n th is m a n n e r , c y c l i n g o f the r e d o x 
state o f the m e t a l c e n t e r leads to p r o t o n t r a n s l o c a t i o n , a n d e l e c t r o n 
transfer c a n b e u s e d to d r i v e the p u m p i n g o f p r o t o n s against an e l e c 
t r o c h e m i c a l g r a d i e n t . T h i s process has b e e n d i s cussed i n t e r m s o f an 
e ight -s tate c u b i c m o d e l , i n w h i c h the e ight states c o r r e s p o n d to the f our 
forms (two r e d o x a n d t w o p r o t o n i c ) o f b o t h states o f a c cess ib i l i t y to e a c h 
s ide (49). 

T h e r e s p i r a t o r y e n z y m e c o m p l e x c y t o c h r o m e c ox idase (Ceo) cat 
a lyzes the o x i d a t i o n o f cy t c b y d i o x y g e n (10, 11, 50): 

4 cy t c 2 + + 0 2 + 4 H + — 4 c y t c 3 + + 2 H 2 0 (9) 

T h e p r o t e i n res ides i n the i n n e r m i t o c h o n d r i a l m e m b r a n e a n d r e c e i v e s 
e l e c t rons f r o m the c y t o s o l i c s ide w h i l e c o n s u m i n g p r o t o n s f r o m the m a 
t r ix s ide . I n this w a y , a p r o t o n e l e c t r o c h e m i c a l g r a d i e n t is g e n e r a t e d . 
I n a d d i t i o n , the e n z y m e p u m p s as m a n y as f o u r a d d i t i o n a l p r o t o n s for 
e a c h d i o x y g e n m o l e c u l e r e d u c e d . T h i s l a t te r m o d e o f p r o t o n p u m p i n g , 
i n w h i c h p r o t o n t r a n s l o c a t i o n is not c o u p l e d to substrate r e d u c t i o n , has 
b e e n t e r m e d " v e c t o r i a l " i n contrast to the " s c a l a r " p r o t o n p u m p i n g 
r e s u l t i n g f r o m d i o x y g e n r e d u c t i o n ( equat i on 9) . 

F o u r r e d o x - a c t i v e m e t a l centers are present i n C e o : t w o c o p p e r 
centers , C u A a n d C u B , a n d t w o h e m e s f r o m c y t o c h r o m e s a a n d a 3 (10, 
11, 50). T h e h e m e f r o m cy t a 3 a n d the C u B c e n t e r are s t r o n g l y (—/ > 2 0 0 
c m - 1 ) 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 a n d exist as an S = 2 b i n u c l e a r 
c o m p l e x (51), w h i c h is the p r o b a b l e site o f d i o x y g e n r e d u c t i o n . T o 
a c h i e v e the s t rong 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 , the C u B a n d h e m e a 3 

centers p r o b a b l y in terac t v i a some t y p e o f b r i d g i n g l i g a n d , p o s s i b l y a 
u-oxo l i g a n d . T w o labora tor i e s have r e p o r t e d the syntheses o f u-oxo 
c o p p e r - h e m e c o m p l e x e s (52,53), w h i c h are s h o w n i n F i g u r e 4. I n these 
c o m p l e x e s , the i r o n a n d c o p p e r centers are s t r o n g l y 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 , as i n C e o . M o d e l s for h o w this site m i g h t r e d u c e d i o x y g e n 
have b e e n p r o p o s e d ( F i g u r e 5) (10), a n d the next step for the m o d e l i n g 
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12 MECHANISTIC BIOINORGANIC CHEMISTRY 

[(OEP)Fe-0-Cu(Me6tren)r 

Figure 4. a, X-ray crystal structure of an oxo-bridged heme-copper complex 
synthesized by Lee and Holm. (Reproduced from reference 52. Copyright 
1993 American Chemical Society.) by X-ray crystal structure of an oxo-
bridged heme-copper complex synthesized by Nanthakumar and co-workers. 
(Reproduced from reference 53. Copyright 1993 American Chemical Soci
ety.) 
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Fe a 3 Cu£ 

© +02 

F e L - 0 ,Cu£ 
3 N 0 

Compound A 

© 

H + • Compound C (607 nm) 

© -e" +e_ 

c n _ / H _ n 
F e a 3 - ° N 0 / C u B 

Cupric hydroperoxide 
(CugEPR Signal) 

H + + FeaE
3=0 

HO 
Ferryl (580 nm) 

© -e" +e~ 

HO 
Pulsed 

Figure 5. Possible mechanism for reduction of 02 in cytochrome oxidase 
involving the binuclear heme-copper site. (Reproduced from reference 10. 
Copyright 1990 American Chemical Society.) 

c h e m i s t r y w i l l b e to a c h i e v e d i o x y g e n r e d u c t i o n u s i n g the c o u p l e d 
c o p p e r - h e m e m o d e l s . 

I n a d d i t i o n to the m e c h a n i s m o f d i o x y g e n r e d u c t i o n , an u n d e r s t a n d 
i n g o f h o w C e o p u m p s p r o t o n s is also d e s i r a b l e . M o d e l s have b e e n p r o 
p o s e d that a l l o w for l i n k a g e o f the p r o t o n p u m p i n g to the d i o x y g e n 
r e d u c t i o n r e a c t i o n (50). O n e a t t rac t ive m o d e l i n v o l v e s the C u A s ite a n d 
is s h o w n i n F i g u r e 6 (JO). I n th is m e c h a n i s m , the C u A c e n t e r is l i g a t e d 
to t w o h i s t i d i n e s a n d t w o th io la tes a n d r e c e i v e s the i n i t i a l e l e c t r o n f r o m 
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14 MECHANISTIC BIOINORGANIC CHEMISTRY 

Figure 6. Model for redox-linked proton pumping in cytochrome oxidase 
involving the CuA site. (Reproduced from reference 10. Copyright 1990 
American Chemical Society.) 
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cy t c. T h e r e d u c e d c o m p l e x releases one t h i o l a t e a n d c o o r d i n a t e s a 
n e a r b y t y r o s i n e l i g a n d , w h i l e the p r o t o n f r o m the t y r o s i n e is c o n c u r 
r e n t l y t r a n s f e r r e d to the r e l e a s e d t h i o l a t e . T h e r e d u c e d p h e n o x i d e c o m 
p l e x t h e n transfers an e l e c t r o n to the o x y g e n - b o u n d C u B - h e m e a 3 s i te , 
a n d a p r o t o n is lost f r o m the s u l f h y d r y l to the c y t o s o l s ide o f the m e m 
b r a n e . T h e r e s u l t i n g free t h i o l a t e t h e n d isp laces the a l k o x i d e l i g a n d o n 
the o x i d i z e d c o p p e r c e n t e r , a n d the free p h e n o x i d e is t h e n p r o t o n a t e d 
f r o m the m a t r i x s ide . T h i s m o d e l is a t t rac t ive because i t uses s i m p l e 
c o o r d i n a t i o n c h e m i s t r y , s u c h as that seen i n m e t a l - o x o a n d r e l a t e d c o m 
plexes w i t h a c i d - b a s e ac t ive l i gands , to effect p r o t o n t r a n s l o c a t i o n . 

Metal-Responsive Gene Expression 
A s d i s cussed h e r e , b i o l o g i c a l systems r e l y o n metals for n u m e r o u s cat 
a l y t i c a n d s t r u c t u r a l func t i ons . L i v i n g systems t h e r e f o r e have a t r e m e n 
dous n e e d for a r e g u l a t o r y sys tem that w i l l ensure that a p a r t i c u l a r m e t a l 
i o n is ava i lab le w h e n it is n e e d e d to f u l f i l l one o f these c a t a l y t i c o r 
s t r u c t u r a l ro les . O n the o t h e r h a n d , h i g h c o n c e n t r a t i o n s o f m e t a l ions 
c a n b e t ox i c , a n d the r e g u l a t o r y system must also m a i n t a i n the c o n c e n 
trat ions o f free m e t a l ions b e l o w tox i c l eve l s . T h e s e r e g u l a t o r y systems 
must t h e r e f o r e b e v e r y finely t u n e d , a n d most systems r e l y o n p r o t e i n s , 
t e r m e d m e t a l l o r e g u l a t o r y p r o t e i n s , that spec i f i ca l l y b i n d the m e t a l i o n 
o f in teres t (5). T h e m e t a l - b o u n d m e t a l l o r e g u l a t o r y p r o t e i n t h e n b i n d s 
to D N A a n d induces t r a n s c r i p t i o n o f messenger R N A ( m R N A ) that codes 
for a p r o t e i n that c a n ca ta lyze the r e m o v a l or storage o f the excess m e t a l 
i o n . F o r e x a m p l e , w h e n H g 2 + c o n c e n t r a t i o n s r e a c h t ox i c l e v e l s , the m e 
t a l l o r e g u l a t o r y p r o t e i n m e r R b i n d s a s ing le m e r c u r i c i o n (54, 55) . T h e 
H g 2 + - m e r R p r o t e i n distorts the D N A i n the p r o m o t e r r e g i o n a n d induces 
t r a n s c r i p t i o n o f the gene for m e r c u r i c i o n reduc tase ( F i g u r e 7) , w h i c h 
t h e n r e n d e r s H g 2 + harmless b y c a t a l y z i n g its r e d u c t i o n to the v o l a t i l e 
Hg° f o r m . A r e l a t e d system regulates c o p p e r concentrat ions b y ac t ivat ing 
t r a n s c r i p t i o n o f c o p p e r m e t a l l o t h i o n e i n , a c o p p e r storage p r o t e i n 
(56, 57) . 

A s w i t h c o p p e r a n d m e r c u r y ions , c o n c e n t r a t i o n s o f i r o n must also 
b e c a r e f u l l y r e g u l a t e d (58, 59) . T h e c h i e f i r o n storage p r o t e i n is f e r r i t i n , 
w h i c h is capab le o f s t o r i n g u p to 4 5 0 0 i r o n atoms i n an i r o n - o x o m i n e r a l 
l a t t i ce (60). W h e n i n t r a c e l l u l a r i r o n c o n c e n t r a t i o n s are h i g h , synthes is 
o f f e r r i t i n is r e q u i r e d , as seen w i t h c o p p e r m e t a l l o t h i o n e i n (56, 57) . 
H o w e v e r , the m e c h a n i s m b y w h i c h f e r r i t i n synthes is is r e g u l a t e d is 
u n i q u e i n m e t a l l o r e g u l a t i o n . R a t h e r t h a n b y a c t i v a t i o n o f t r a n s c r i p t i o n , 
i n w h i c h h i g h m e t a l i o n c o n c e n t r a t i o n s i n d u c e a c t i v i t y o f R N A p o l y 
merase a n d p r o d u c t i o n o f m R N A , f e r r i t i n synthes is p r o c e e d s v i a r e g u 
l a t i o n at the translational l e v e l , that i s , synthes is o f p r o t e i n f r o m m R N A 
is r e g u l a t e d b y i r o n c o n c e n t r a t i o n . T h e m R N A for f e r r i t i n conta ins a 
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16 MECHANISTIC BIOINORGANIC CHEMISTRY 

Hg(II) 

• 
POISED (Closed) C O M P L E X 

RNA polymerase 

ACTIVATED (OPEN) C O M P L E X 

Figure 7. Potential mechanism for Hg24-responsive gene expression. Binding 
ofHg*+ to merR causes local underwinding of the DNA that optimizes contact 
of the DNA with RNA polymerase. (Reproduced with permission from ref
erence 5. Copyright 1993 American Association for the Advancement of 
Science.) 

3 0 - n u c l e o t i d e s tem- loop s t ruc ture , t e r m e d the i r o n r e c o g n i t i o n e l e m e n t 
( IRE) (61). I R E s are present i n m R N A s for o t h e r i r on - s to rage a n d - t rans 
p o r t p r o t e i n s , s u c h as t r a n s f e r r i n a n d t r a n s f e r r i n r e c e p t o r , a n d also p l a y 
a ro l e i n r e g u l a t i n g synthesis o f these e n z y m e s (58). R e g u l a t i o n o f f e r r i t i n 
is a c h i e v e d v i a i n t e r a c t i o n o f the I R E w i t h the I R E - b i n d i n g p r o t e i n ( IR-
E B P ) , w h i c h i n h i b i t s t r a n s l a t i o n b y b i n d i n g to the I R E . T h e I R E B P b i n d s 
to the I R E at l o w i r o n concentrat ions , b u t w h e n i r o n leve ls are inc reased , 
an i r o n - s u l f u r c l u s t e r is a s s e m b l e d i n the I R E B P , i n d u c i n g a s t r u c t u r a l 
change that p r o h i b i t s R N A b i n d i n g a n d p e r m i t s f e r r i t i n synthes is 
(62). T h u s , f e r r i t i n is s y n t h e s i z e d as d e s i r e d w h e n i r o n c o n c e n t r a t i o n s 
are h i g h . 
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T h e b i o c h e m i s t r y o f the I R E r e g u l a t i o n sys tem for f e r r i t i n has a 
n u m b e r o f u n i q u e features . A s a l r e a d y s tated , the I R E sys tem is u n u s u a l 
i n o p e r a t i n g at the t r a n s l a t i o n a l l e v e l i n s t e a d o f the t r a n s c r i p t i o n a l l e v e l . 
I n a d d i t i o n , r e g u l a t i o n o f f e r r i t i n synthesis i n v o l v e s negative r e g u l a t i o n 
because b i n d i n g o f the r e g u l a t o r y p r o t e i n i n the absence o f the m e t a l 
i o n s t imulates gene express i on . T h e o t h e r m e t a l l o r e g u l a t o r y systems 
d i s cussed h e r e opera te v i a p o s i t i v e r e g u l a t i o n , because b i n d i n g o f the 
m e t a l i o n to the m e t a l l o r e g u l a t o r y p r o t e i n s t imulates gene e x p r e s s i o n . 
B e c a u s e the sys tem operates at the t r a n s l a t i o n a l l e v e l , i t r e l i e s o n the 
s t r u c t u r e o f an R N A segment , w h i c h is m u c h m o r e h e t e r o g e n e o u s t h a n 
the D N A s t ruc tures that m e d i a t e t r a n s c r i p t i o n a l a c t i v a t i o n . R e c e n t 
studies s h o w that the s t r u c t u r e o f the I R E is s t rong ly c o r r e l a t e d w i t h 
the p r e s e n c e o f h i g h l y c o n s e r v e d base pa i rs i n s o - c a l l e d f l a n k i n g reg i ons 
o n e i t h e r s ide o f the a c tua l I R E (63). A n u n d e r s t a n d i n g o f the c o m p l e x 
s t r u c t u r e o f the I R E is an i m p o r t a n t goa l i n u n r a v e l i n g the m e c h a n i s m s 
o f i r o n homeostasis , a n d s t ruc tura l studies u s i n g t rans i t i on -meta l c leavage 
agents a p p e a r p a r t i c u l a r l y f r u i t f u l (64). 

I n a d d i t i o n to a u n i q u e b i o c h e m i s t r y , the i n o r g a n i c c h e m i s t r y o f 
f e r r i t i n r e g u l a t i o n is also u n u s u a l . T h e c o o r d i n a t i o n c h e m i s t r i e s o f the 
m e t a l l o r e g u l a t o r y p r o t e i n a n d the r e g u l a t e d p r o t e i n are q u i t e d i f f erent 
(5). A s s e m b l y o f the f e r r i t i n c o r e i n v o l v e s synthes is o f a m e t a l - o x o c o r e , 
w h e r e a s the ac t ive site o f the I R E B P is an i r o n - s u l f u r c lus te r , w h i c h 
i n v o l v e s a s ign i f i cant ly d i f f erent t y p e o f c o o r d i n a t i o n c h e m i s t r y . R e l a t e d 
m e t a l l o r e g u l a t o r y systems e x h i b i t s i m i l a r c h e m i s t r y for b o t h the r e g u 
l a t e d p r o t e i n a n d the m e t a l l o r e g u l a t o r y p r o t e i n . A l s o , w h e n the i r o n -
su l fur c l u s t e r is a s s e m b l e d i n the I R E B P , the p r o t e i n c a n f u n c t i o n as an 
aconitase e n z y m e that ca ta lyzes the c o n v e r s i o n o f c i t ra te to i so c i t ra te 
(62). T h i s example is the o n l y one k n o w n o f a separate e n z y m a t i c ac t iv i ty 
for a m e t a l l o r e g u l a t o r y p r o t e i n . T h e r o l e ( i f t h e r e is one) o f th is e n z y 
m a t i c a c t i v i t y i n the i r o n r e g u l a t i o n process is u n c l e a r ; h o w e v e r , the 
c o u p l i n g o f m e t a l l o r e g u l a t i o n to m e t a l l o e n z y m a t i c catalys is b y a s ing le 
e n z y m e is an e x c i t i n g p o s s i b i l i t y . 

Conclusions 
T h e f u t u r e o f b i o i n o r g a n i c c h e m i s t r y is filled w i t h p r o m i s e a n d e x c i t e 
m e n t . A s m o r e s o p h i s t i c a t e d p h y s i c a l m e t h o d s are d e v e l o p e d for the 
s tudy o f b i o l o g i c a l systems, e v e n h i g h e r l eve l s o f s t r u c t u r a l c h a r a c t e r 
i z a t i o n w i l l b e c o m e ava i lab le a n d m o r e d e t a i l e d m e c h a n i s t i c s tudies w i l l 
b e poss ib le . G r e a t e r u n d e r s t a n d i n g o f e n z y m e m e c h a n i s m s w i l l b e ac 
c o m p a n i e d b y the d e v e l o p m e n t o f s y n t h e t i c m o d e l c o m p l e x e s that not 
o n l y m i m i c spectroscop ic a n d s t r u c t u r a l features b u t also act as f u n c t i o n a l 
m o d e l s . S ign i f i cant progress i n th is d i r e c t i o n is a l r e a d y b e i n g m a d e (13). 
T h i s r e s e a r c h w i l l p r o v i d e an i n c r e a s e d u n d e r s t a n d i n g o f e n z y m e m e c h -
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anisms and a host of synthetic catalysts with new reactivities and effi
ciencies. The new understanding of the mechanisms of hydrolytic and 
oxidative cleavage of nucleic acids will provide new techniques for un
derstanding the structures of complex nucleic acids and clues for ma
nipulating DNA and RNA in living systems (6, 65-67). As the funda
mental properties of metal ions in biological systems become apparent, 
the ability of living systems to regulate metal ion concentrations becomes 
an important issue (5). An understanding of these regulatory mechanisms 
represents an important new frontier that may ultimately allow scientists 
to manipulate the concentrations of metal ions in vivo and to prepare 
pharmaceutical products with desirable properties (68). 
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2 
Insights into the Role of Nickel 
in Hydrogenase 

Michael J. Maroney,1 Michelle A. Pressler,1 Shaukat A. Mirza, 1 

Joyce P. Whitehead,1 Ryzard J. Gurbiel, 2 and Brian M . Hoffman2 

1Department of Chemistry, University of Massachusetts, 
Amherst, MA 01003 
2Department of Chemistry, Northwestern University, Evanston, IL 60280 

The nickel site in Thiocapsa roseopersicina hydrogenase was ex
amined in the five redox forms defined by electron paramagnetic 
resonance spectroscopy at 77 Κ by use of X-ray absorption spec
troscopy. These studies show that the nickel site is remarkably in
sensitive to changes in the redox state of the enzyme, a result that 
is inconsistent with nickel-centered redox chemistry. Model studies 
of a series of nickel complexes with ligands of the type 
RN(CH2CH2S)2 show that the products of one-, two-, and four
-electron oxidations all reflect sulfur-centered chemistry. The role 
of the nickel site in binding hydrogen was explored by using a 
combination of electron nuclear double resonance and X-ray ab
sorption spectroscopic techniques. These studies do not completely 
rule out a role for the nickel site, but they point to the possibility 
that nickel is not the hydrogen-binding site. These results are dis
cussed within the context of biological and inorganic chemical lit
erature pertaining to nickel thiolate complexes. 

Η YDROGENASES (H 2 ases ) are a w i d e l y d i s t r i b u t e d class o f e n z y m e s 
f o u n d i n b o t h p r o k a r y o t e s a n d e u k a r y o t e s that ca ta lyze the r e v e r s i b l e 
t w o - e l e c t r o n ox ida t i on o f m o l e c u l a r h y d r o g e n (eq 1) (1 -3) . T h u s , H 2 a s e s 
m a y f u n c t i o n to p r o v i d e r e d u c i n g e q u i v a l e n t s for e n e r g y p r o d u c t i o n v i a 
the u p t a k e a n d o x i d a t i o n o f H 2 o r m a y r e d u c e H + i n the p r o d u c t i o n o f 
H 2 . H y d r o g e n o x i d a t i o n (uptake) is g e n e r a l l y c o u p l e d w i t h p h o s p h o r 
y l a t i o n a n d u l t i m a t e l y w i t h the r e d u c t i o n o f i n o r g a n i c substrates s u c h 
as S 0 4

2 " (Desulfovibrio species) , C O £ (Methanobacterium species) , N 0 3 " 
(e.g., Paracoccus denitrificans), o r 0 2 (Alcaligenes a n d Nocardia). H 2 a s e s 

0065-2393/95/0246-0021/$ 11.60/0 
© 1995 American Chemical Society 
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m a y also p l a y a r o l e i n c y c l i n g h y d r o g e n p r o d u c e d i n o t h e r systems 
(e.g., n i trogenase) o r i n g e n e r a t i n g a p r o t o n g r a d i e n t (1-4). 

H 2 ^ 2 H + + 2 e " (1) 

H y d r o g e n a s e s have b e e n g r o u p e d into three classes (J) that are b a s e d 
o n the i n o r g a n i c c ontent o f the e n z y m e s a n d are i m m u n o l o g i c a l l y a n d 
b i o c h e m i c a l l y d i s t inc t (5). W i t h the poss ib l e e x c e p t i o n o f a r e c e n t l y 
p u r i f i e d e n z y m e , N 5 , N 1 0 - m e t h y l e n e t e t r a h y d r o m e t h a n o p t e r i n d e h y 
drogenase f r o m Methanobacterium thermoautotrophicum, that possesses 
H 2 a s e a c t i v i t y b u t does not c o n t a i n F e (6, 7), a l l H 2 a s e s c o n t a i n F e , S 
c lusters . F o u r e n z y m e s have b e e n r i g o r o u s l y s h o w n to c o n t a i n o n l y F e 
a n d S 2 " (1). W i t h the e x c e p t i o n o f a H 2 a s e f r o m D . vulgaris, these F e -
o n l y e n z y m e s are m o n o m e r i c p r o t e i n s o f 6 0 - k D a m o l e c u l a r w e i g h t that 
are e x t r e m e l y 0 2 sens i t ive ( f 1 / 2 « a f ew m i n u t e s i n air) a n d i r r e v e r s i b l y 
deact ivated . Because they cata lyze b o t h H 2 ox ida t i on a n d H 2 p r o d u c t i o n 
at h i g h rates i n v i t r o ( V m ( H 2 e v o l u t i o n ) « 6 0 0 0 umo\ m i n " 1 m g " 1 ) ; V m 

( H 2 ox idat ion ) « 2 0 , 0 0 0 umo\ m i n " 1 m g " 1 ) , t h e y are f r e q u e n t l y r e f e r r e d 
to as b i d i r e c t i o n a l H 2 a s e s . 

S i n c e the d i s c o v e r y o f N i as a b i o l o g i c a l c o m p o n e n t o f Methanobac
terium bryantii i n 1 9 8 0 (8) a n d the subsequent i d e n t i f i c a t i o n o f the N i -
c o n t a i n i n g c o m p o n e n t as a H 2 a s e (9), d o z e n s o f e x a m p l e s o f H 2 a s e s that 
r e q u i r e a single N i a tom as w e l l as F e , S c lusters have b e e n c h a r a c t e r i z e d . 
H 2 a s e s b e l o n g i n g to the N i , F e class are g e n e r a l l y assoc iated w i t h h y 
d r o g e n ox idat i on i n v i v o a n d are w i d e l y d i s t r i b u t e d ; examples are k n o w n 
f r o m f e r m e n t a t i v e (JO), S 0 4 - r e d u c i n g (5, 11), m e t h a n o g e n i c (12), p h o -
t o s y n t h e t i c (4, 13), f a cu l ta t ive (14), a n d a e r o b i c b a c t e r i a (3, 15). T h e 
N i , F e H 2 a s e s are o f ten a/3 d i m e r s w i t h s u b u n i t m o l e c u l a r w e i g h t s o f 
a p p r o x i m a t e l y 6 0 a n d 3 0 k D a . I n e n z y m e s c o n t a i n i n g m o r e t h a n t w o 
subuni t s (e.g., i n Alcaligenes eutrophus, an affyd t e t r a m e r (16)), t w o s u b -
uni ts w i t h the c h a r a c t e r i s t i c m o l e c u l a r w e i g h t s are u s u a l l y assoc iated 
w i t h the H 2 a s e a c t i v i t y . T h e N i , F e H 2 a s e s have ac t iv i t i e s that are o n l y 
1 - 1 0 % as large as those t y p i c a l o f the F e - o n l y e n z y m e s ( V m ( H 2 e v o 
lu t i on ) « 4 5 0 umol m i n - 1 m g " 1 ; V m ( H 2 ox idat ion ) « 1 5 0 0 umo\ m i n " 1 

m g " 1 ) (5) a n d are m o r e o x y g e n t o l e rant ( f 1 / 2 i n a i r var ies f r o m severa l 
h o u r s to severa l w e e k s (3)). F u r t h e r m o r e , t h e d e a c t i v a t e d e n z y m e s m a y 
b e r e d u c t i v e l y r e a c t i v a t e d . 

A m o n g the H 2 a s e s c o n t a i n i n g N i are a class o f e n z y m e s that also 
c o n t a i n Se: the N i , F e , S e H 2 a s e s (5). T h e Se is g e n e r a l l y present as a 
s ingle s e l enocys te ine r e s i d u e , most n o t a b l y i n D. baculatus. T h e se le -
n o c y s t e i n e r e s i d u e has b e e n s h o w n to b e e n c o d e d b y an i n t e r n a l T G A 
c o d o n (17), to cons t i tu te a c o n s e r v a t i v e r e p l a c e m e n t for a cys te ine res 
i d u e i n e n z y m e s l a c k i n g se l enocys te ine (17), a n d to b e one o f the N i 
l igands (18, 19). H o w e v e r , examples o f e n z y m e s that c o n t a i n l a b i l e Se 
are also k n o w n i n w h i c h the H 2 a s e gene does not c o n t a i n the T G A c o d o n 
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(20). A l t h o u g h s e l e n o c y s t e i n e - c o n t a i n i n g e n z y m e s are c l e a r l y r e l a t e d 
to the N i , F e e n z y m e s (21), t h e y are e v e n m o r e 0 2 t o l e r a n t t h a n are the 
N i , F e e n z y m e s a n d are t y p i c a l l y i s o l a t e d i n a i r i n a f o r m that does not 
r e q u i r e r e d u c t i v e a c t i v a t i o n (5). T h e c a t a l y t i c a c t iv i t i e s o f the N i , F e , S e 
e n z y m e s are e v e n l o w e r t h a n those f o u n d i n the N i , F e e n z y m e s ( V m ( H 2 

evo lu t i on ) « 4 5 0 umo\ m i n " 1 m g " 1 ; V m ( H 2 ox idat ion ) « 1 0 0 umo\ 
m i n " 1 m g " 1 ) (5). 

I n g e n e r a l , the t rends i n d e c r e a s i n g H 2 a s e u p t a k e a n d p r o d u c t i o n 
a c t i v i t y are p a r a l l e l e d b y i n c r e a s i n g aff inities for H 2 a n d h i g h e r H 2 / H D 
rat ios i n p r o t o n - d e u t e r i u m exchange assays (5). C l e a r l y , the p r e s e n c e 
o f N i a n d the a d d i t i o n o f s e l e n o c y s t e i n e have an effect o n the c a t a l y t i c 
ac t iv i t i es a n d o x y g e n sens i t iv i t i es o f the H 2 a s e s , a l t h o u g h the p h y s i o 
l o g i c a l s ign i f i cance o f these d i f ferences is not k n o w n . It appears that the 
o n l y feature c h a r a c t e r i s t i c o f a l l H 2 a s e s m a y b e m e t a l - s u l f u r b o n d s . O n e 
v i e w o f the r o l e p l a y e d b y N i is that n a t u r e var ies the m e t a l c o m p o s i t i o n 
o f the ac t ive site i n the e n z y m e i n o r d e r to i n f l u e n c e the r e a c t i v i t y o f 
the metals t o w a r d H 2 or 0 2 . A n o t h e r v i e w is that the r o l e o f N i is to 
m o d i f y the ac t ive s i te , w h i c h m i g h t i n v o l v e c h e m i s t r y that o c curs at F e 
or at m e t a l l i gands . W e u s e d s p e c t r o s c o p i c t e c h n i q u e s i n c o m b i n a t i o n 
w i t h a s y n t h e t i c m o d e l a p p r o a c h to inves t igate the r o l e o f the N i c e n t e r 
i n h y d r o g e n a s e . T h e s e studies are s u m m a r i z e d h e r e w i t h i n the contex t 
o f the b i o l o g i c a l a n d i n o r g a n i c l i t e r a t u r e p e r t a i n i n g to N i t h i o l a t e 
c o m p l e x e s . 

O n e o f the most i n t e r e s t i n g aspects o f the H 2 a s e N i site is its asso
c i a t i o n w i t h r e d o x c h e m i s t r y i n v o l v i n g u n u s u a l f o r m a l o x i d a t i o n states 
o f N i . I n contrast w i t h N i ( I I ) , w h i c h has an e v e n n u m b e r o f e l e c t r o n s , 
the p r e s e n c e o f N i i n H 2 a s e s is o f ten d e t e c t e d b y the a p p e a r a n c e o f 
c h a r a c t e r i s t i c r h o m b i c e l e c t r o n p a r a m a g n e t i c r e sonance ( E P R ) s ignals 
( g = 2 . 4 - 2 . 0 ) i n o x i d i z e d a n d r e d u c e d samples o f the e n z y m e (2, 3). 
T h e s e signals have b e e n assoc iated w i t h an S = V2 N i spec ies , f r o m the 
o b s e r v a t i o n o f h y p e r f i n e s p l i t t i n g a r i s i n g f r o m 6 1 N i - l a b e l e d samples (22) 
a n d have p r o v i d e d the p r i n c i p a l b i o p h y s i c a l p r o b e o f the N i s i te . T h e 
" N i E P R s i g n a l s " i n the e n z y m e c a n b e d i s t i n g u i s h e d f r o m those a r i s i n g 
f r o m F e , S c lusters because t h e y c a n b e o b s e r v e d at 7 7 K , w h e r e a s those 
f r o m the F e , S c lusters r e q u i r e t e m p e r a t u r e s b e l o w 3 0 K to b e c o m e 
observable . T h e E P R signals o b s e r v e d at 7 7 K have b e e n u s e d to m o n i t o r 
the r e d o x state o f the e n z y m e (2, 3, 23-25) a n d to i n f e r an i n t e r a c t i o n 
o f the N i site w i t h i n h i b i t o r s (e.g., C O ) (26), H 2 (27), a n d a n o t h e r p a r a -
magnet (e.g., an F e , S c luster ) (3). 

A m o d e l for the r e d o x c h e m i s t r y o f the N i site b a s e d o n r e d o x t i 
t rat ions o f H 2 a s e is s u m m a r i z e d i n F i g u r e 1. N i , F e H 2 a s e s are g e n e r a l l y 
i s o l a t e d i n a ir as a c o m b i n a t i o n o f t w o f u l l y o x i d i z e d a n d i n a c t i v e forms 
that can b e d i s t i n g u i s h e d b y t h e i r N i E P R s p e c t r a a n d t h e i r k i n e t i c s o f 
a c t i v a t i o n . F o r m A (g = 2 . 3 1 , 2 . 2 3 , a n d 2.02) r e q u i r e s ex tens ive i n c u -

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
6.

ch
00

2

In Mechanistic Bioinorganic Chemistry; Thorp, H., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1996. 



24 MECHANISTIC BIOINORGANIC CHEMISTRY 

Form A 
g = 231,2.23,2.02 
oxidized, inactive no redox ? 

FormB 
g = 233,2.16,2.01 
oxidized, inactive 

+e 

i t " - -
150 mV 

+e 
(H 

FomiArcrf 
epr silent 
inactive 

ca.-150mV) 

no redox 

Form Bnerf 
epr silent 
inactive 

Em = -270 mV 

FormC 
g = 2.19,2.14,2.02 

active 

2H" 
+ 2e" 

•390 mV 

Fully reduced 
epr silent 
inactive 

Figure 1. A model for the interconversion ofNi,Fe hydrogenase, based on 
the work of Cammack et al. (3) and Albracht et al (28). The example 
potentials and pH dependencies are those determined for D. gigas hydrog
enase at pH 7 vs. NHE (3). 

b a t i o n u n d e r H 2 or t reatment w i t h s trong r e d u c i n g agents to be ac t ivated , 
w h e r e a s f o r m B ( g = 2 . 3 3 , 2 . 1 6 , a n d 2.01) is ins tantaneous ly a c t i v a t e d 
b y exposure to H 2 . B o t h forms are i n i t i a l l y r e d u c e d b y H 2 to f o r m an 
E P R s i lent state o f the N i c e n t e r . R e c e n t l y o b t a i n e d e v i d e n c e ind i ca tes 
that f o r m B m a y b e c o n v e r t e d to f o r m A , b u t f o r m A is not c o n v e r t e d 
to f o r m B p r i o r to r e d u c t i o n . T h i s data i m p l i e s that the E P R s i lent state 
m a y b e an e q u i l i b r i u m m i x t u r e o f t w o f orms , one that is o x i d i z e d to 
f o r m A , the o t h e r to f o r m B (28). I n any event , s tudies o f the m a g n e t i c 
p r o p e r t i e s o f the N i c e n t e r i n the E P R s i lent i n t e r m e d i a t e f o r m o f H 2 a s e 
f r o m D. baculatus (an e n z y m e that conta ins a se l enocys te ine N i l i gand) 
i n d i c a t e that the N i is d i a m a g n e t i c a n d must t h e r e f o r e b e Ni ( I I ) (29). 

F u r t h e r e x p o s u r e to H 2 resul ts i n the f o r m a t i o n o f a t h i r d E P R ac t ive 
f o r m , f o r m C (g = 2 . 1 9 , 2 .14 , a n d 2 .02) . R e d o x t i t ra t i ons show that the 
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2. MARONEY ET AL. Insights into the Role of Nickel in Hydrogenase 2 5 

i n t e n s i t y o f this s igna l reaches a m a x i m u m at the same po tent ia l s asso
c i a t e d w i t h ca ta ly t i c a c t i v i t y ; thus , f o r m C has b e e n a t t r i b u t e d to a cat -
a l y t i c a l l y ac t ive f o r m o f the e n z y m e (3). F o r m C m a y b e f u r t h e r r e d u c e d 
to a f u l l y r e d u c e d f o r m that is E P R s i lent at 7 7 K . R e d o x t i t ra t i ons o f 
severa l H 2 a s e s have b e e n p e r f o r m e d to d e t e r m i n e the po tent ia l s asso
c i a t e d w i t h the t rans format ions o f the N i E P R s p e c t r a (2, 3). T h e p o 
tent ia ls assoc iated w i t h the r e d o x processes o f N i i n H 2 a s e g e n e r a l l y l i e 
b e t w e e n ~ 0 a n d - 4 1 4 m V (vs. N H E ) , the la t te r b e i n g the p o t e n t i a l o f 
the H + / H 2 c o u p l e at p H 7. T h e po tent ia l s d e t e r m i n e d v a r y s o m e w h a t 
w i t h the source o f the e n z y m e u s e d ; those d e t e r m i n e d for D. gigas are 
s h o w n i n F i g u r e 1. 

T h e na ture o f the l i g a n d e n v i r o n m e n t o f the N i c e n t e r has b e e n 
addressed b y use o f a c o m b i n a t i o n o f s p e c t r o s c o p i c t e c h n i q u e s . X - r a y 
a b s o r p t i o n s p e c t r a l data are n o w ava i lab le for N i , F e H 2 a s e s f r o m D. 
gigas (30-32), M . thermoautotrophicum (33), a n d Thiocapsa roseopersi-
cina (34, 35) a n d for the N i , F e , S e e n z y m e f r o m D. baculatus (19). I n 
g e n e r a l , these studies i n d i c a t e that the N i site is 5 - 6 c o o r d i n a t e a n d 
conta ins at least t w o S -donor l i gands at a d i s tance o f 2 .2 A . B e c a u s e o f 
the l a ck o f v i s i b l e h y p e r f i n e i n t e r a c t i o n s i n the e n z y m e spec t ra , E P R 
has not b e e n o f m u c h va lue i n p r o b i n g the l i g a n d e n v i r o n m e n t o f the 
N i . H o w e v e r , the use o f isotopes w i t h magnet i c n u c l e i has p r o v e d use fu l . 
S tud ies u s i n g b a c t e r i a g r o w n o n 3 3 S - e n r i c h e d m e d i a r e v e a l that the N i 
s igna l in terac ts w i t h 1 -2 su l fur atoms (36). E P R has also s h o w n that 
1 3 C O interacts s t rong ly w i t h the u n p a i r e d s p i n , cons is tent w i t h b i n d i n g 
o f th is i n h i b i t o r to the N i c e n t e r (26). O n the o t h e r h a n d , studies u s i n g 
1 7 0 2 i n the d e a c t i v a t i o n o f the e n z y m e ( f o rmat ion o f f orms A a n d B) 
r e v e a l e d o n l y w e a k h y p e r f i n e i n t e r a c t i o n s , l e a d i n g to the c o n c l u s i o n 
that 0 2 does not in te rac t d i r e c t l y w i t h N i b u t is b o u n d i n the v i c i n i t y 
o f the N i i n b o t h o x i d i z e d forms (26). E l e c t r o n s p i n e c h o e n v e l o p e m o d 
u l a t i o n ( E S E E M ) studies r e v e a l an i n t e r a c t i o n w i t h a N a t o m i n m a n y 
(37-39), b u t not a l l (39) cases; i t is not c l e a r , h o w e v e r , w h e t h e r this 
i n t e r a c t i o n represents l i g a t i o n b y a N - d o n o r l i g a n d . 

M o r e i n f o r m a t i o n r e g a r d i n g poss ib le N i - b i n d i n g l i gands has b e e n 
o b t a i n e d f r o m an examinat i on o f homolog ies i n 17 a m i n o a c i d sequences , 
c o u p l e d w i t h s i t e - d i r e c t e d mutagenes i s o n Escherichia coli H 2 a s e - 1 a n d 
studies o f the N i b i n d i n g c a p a c i t y a n d c a t a l y t i c a c t i v i t y o f the mutants 
(21). T h e s e studies i n d i c a t e d that the large s u b u n i t o f N i , F e H 2 a s e s c o n 
tains the N i - b i n d i n g site a n d is h i g h l y c o n s e r v e d . W i t h i n the a m i n o a c i d 
s equence o f the large subuni t s are t w o f u l l y c o n s e r v e d sequences : R - X -
C - X - G - C near the a m i n o t e r m i n u s a n d D - P - C - X - X - C n e a r the c a r b o x y l 
t e r m i n u s . T h e o n l y except i ons are the case o f t w o N i , F e , S e e n z y m e s , 
i n w h i c h the first cys te ine r e s i d u e i n the c a r b o x y l t e r m i n a l r e g i o n is 
s u b s t i t u t e d b y the k n o w n N i l i g a n d , s e l enocys te ine , a n d i n the case o f 
M . thermoautotrophicum F 4 2 0 - r e d u c i n g H 2 a s e , i n w h i c h the c o n s e r v e d 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
6.

ch
00

2

In Mechanistic Bioinorganic Chemistry; Thorp, H., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1996. 



26 MECHANISTIC BIOINORGANIC CHEMISTRY 

g l y c i n e is s u b s t i t u t e d b y c y s t e i n e . T h e c o n s e r v e d sequences c o n t a i n six 
poss ib le N i l i gands : f our cys te ines , an aspartate , a n d an a r g i n i n e . T h e 
mutagenes is a n d b i o c h e m i c a l s tudies o f the mutants i n d i c a t e that these 
six a m i n o acids are p o t e n t i a l N i l igands . H i s t i d i n e s flanking the c o n s e r v e d 
reg ions w e r e less w e l l c o n s e r v e d , a n d mutants l a c k i n g these res idues 
w e r e ac t ive H 2 a s e s . 

T h e s t r u c t u r e that e m e r g e s f r o m the p h y s i c a l a n d b i o c h e m i c a l s t u d 
ies is one that conta ins a 5 - 6 c o o r d i n a t e N i a t o m i n a m i x e d l i g a n d 
e n v i r o n m e n t , f e a t u r i n g at least t w o cys te inate l igands a n d one site that 
is ava i lab le for b i n d i n g exogenous l i gands . 

Ni Redox Chemistry 

V a r i o u s schemes u s i n g f o r m a l N i o x i d a t i o n states I V - 0 have b e e n u s e d 
to a c count for the a p p e a r a n c e a n d d i s a p p e a r a n c e o f E P R signals asso
c i a t e d w i t h the N i site (3, 24, 40). T w o o f these schemes are s u m m a r i z e d 
i n T a b l e I . P r o p o s a l A s i m p l y assigns o x i d a t i o n states o f III—0, w i t h o d d 
o x i d a t i o n states c o r r e s p o n d i n g to E P R ac t ive spec ies . S u c h r e d o x c h e m 
is t ry w i t h i n a 4 0 0 - m V p o t e n t i a l range is u n p r e c e d e n t e d i n N i c h e m i s t r y . 
A l t e r n a t i v e l y , p r o p o s a l B uses o n l y o n e - e l e c t r o n r e d o x c h e m i s t r y for N i 
b u t suggests that s o m e h o w the N i site b e c o m e s r e o x i d i z e d at a lower 
p o t e n t i a l , i m p l y i n g that the s t r u c t u r e a n d the p r o t o n a t i o n state o f the 
N i site have c h a n g e d . 

I n the absence o f da ta r e g a r d i n g the r e d o x r o l e o f the N i l i g a n d s , 
the F e , S c lusters , o r o t h e r g r o u p s n e a r b y , o r da ta that have a d i r e c t 
b e a r i n g o n changes i n the e l e c t r o n d e n s i t y a n d c h a r g e d e n s i t y o f the 
N i , s chemes ass ign ing f o r m a l o x i d a t i o n states to the N i a t o m offer no 
c h e m i c a l or m e c h a n i s t i c ins ight . T o assess the r o l e o f N i - c e n t e r e d r e d o x 
c h e m i s t r y i n v o l v i n g w i d e l y d i f f e r i n g o x i d a t i o n states for N i , w e h a v e 
e x a m i n e d the N i K - e d g e X - r a y a b s o r p t i o n s p e c t r u m o f samples o f T. 
roseopersicina H 2 a s e p o i s e d i n e a c h o f the five states d e f i n e d b y E P R 
s p e c t r a o b s e r v e d at 7 7 K (35). T h e E P R s p e c t r a o b t a i n e d f r o m samples 

Table I. Redox Schemes 

E m (mV vs. 
Observed Phenomenon NHEat pH 7.0) Proposal A Proposal B 

EPR of form A -150 Ni(III) Ni(III) 
EPR of form B Ni(III) Ni(III) 
EPR silent intermediate Ni(ll) Ni(II) 
Appearance of form C signal -270 Ni(I) Ni(III) 
Disappearance of form C signal -390 Ni(0) Ni(II) 
Reductive activation -310 
Oxidative deactivation -133 
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2. MARONEY E T AL. Insights into the Role of Nickel in Hydrogenase 27 

f r o z e n i n sample h o l d e r s for the X - r a y a b s o r p t i o n s p e c t r o s c o p y ( X A S ) 
e x p e r i m e n t are s h o w n i n F i g u r e 2. T h e s e spec t ra demonstrate that > 8 0 % 
o f the N i present i n the e n z y m e is p o i s e d i n the d e s i r e d f o r m . T h e y also 
i l lus t ra t e the s e q u e n t i a l c h a n g e i n the E P R s p e c t r u m that is o b s e r v e d 
as the e n z y m e is r e d u c e d . 

T h e N i K - e d g e X - r a y a b s o r p t i o n s p e c t r a c o r r e s p o n d i n g to the E P R 
s p e c t r a are s h o w n i n F i g u r e 3 a n d s u m m a r i z e d i n T a b l e I I . T h e most 
s t r i k i n g feature o f the H 2 a s e N i K - e d g e X A S s p e c t r a is the l a ck o f s en 
s i t i v i t y to the o x i d a t i o n state o f the e n z y m e as d e t e r m i n e d b y the E P R 
s p e c t r u m o f the N i c enter . T h e edges do not e x h i b i t a s igni f i cant shift 
to l o w e r e n e r g y u p o n r e d u c t i o n o f the e n z y m e . V a l u e s for the edge 
e n e r g y are w i t h i n 0.2 e V o f e a c h o t h e r w i t h the e x c e p t i o n o f F o r m A 
(the same f o r m a l o x i d a t i o n state as for F o r m B ) , w h i c h has an edge 
e n e r g y that is <1 e V h i g h e r i n e n e r g y . 

T h e X - r a y a b s o r p t i o n e d g e e n e r g y is a s e n s i t i v e m e a s u r e o f t h e 
c h a r g e r e s i d i n g o n t h e m e t a l c e n t e r a n d is t h e r e f o r e a g o o d p r o b e o f 
m e t a l - c e n t e r e d r e d o x processes . K - e d g e e n e r g y shifts have b e e n w i d e l y 
u s e d to m o n i t o r r e d o x c h e m i s t r y i n m e t a l l o e n z y m e s . T h e resu l t s f r o m 
s e v e r a l m e t a l l o p r o t e i n s tud ies are s h o w n i n T a b l e I I I . I n g e n e r a l , shifts 
o f <1 e V i n d i c a t e that t h e r e d o x c h e m i s t r y i n v o l v e d is not l o c a l i z e d 
o n the m e t a l c e n t e r . T h i s is c l e a r l y t h e case for t h e N i s ite i n T. roseo-
persicina H 2 a s e . 

T h i s a p p r o a c h was u s e d to e x a m i n e the r e d o x c h e m i s t r y o f the C u 
site i n galactose oxidase (41), w h i c h h a d b e e n p r o p o s e d to c o n t a i n an 
u n u s u a l Cu( I I I ) c e n t e r (52). T h e la ck o f a s igni f i cant C u K - e d g e e n e r g y 
shift b e t w e e n the o x i d i z e d a n d r e d u c e d forms o f the p r o t e i n d e m o n 
s t ra ted that the r e d o x c h e m i s t r y was not m e t a l - c e n t e r e d a n d i m p l i c a t e d 
a n o t h e r r e d o x ac t ive s ite . T h e c r y s t a l s t r u c t u r e o f the p r o t e i n subse
q u e n t l y r e v e a l e d a n o v e l t h i o e t h e r c o m p o s e d o f a c y s t e i n e a n d a t y r o -
s inate l i g a n d o f the C u site that is l i k e l y to b e i n v o l v e d i n the r e d o x 
process (53). 

T h e p r e - e d g e r e g i o n o f the s p e c t r a o b t a i n e d for r e d o x - p o i s e d s a m 
ples o f T. roseopersicina s h o w no e v i d e n c e o f a p e a k or s h o u l d e r near 
8 3 3 8 e V that has b e e n assigned to a Is ^ 4 p z t rans i t i on (w i th s h a k e d o w n 
c o n t r i b u t i o n s ) (54-57) a n d is o b s e r v e d o n l y i n the X A S s p e c t r a o f p l a n a r 
f our - coord inate complexes a n d p y r a m i d a l five-coordinate complexes (32, 
58) . I n severa l cases, it is poss ib l e to r eso lve a w e a k p e a k near 8 3 3 2 e V 
that has b e e n ass igned to a I s -*> 3 d t r a n s i t i o n ( F i g u r e 3) (32, 5 9 , 60). 
T h e Is ^ 3 d t r a n s i t i o n is s y m m e t r y - f o r b i d d e n i n c e n t r o s y m m e t r i c p o i n t 
g r o u p s , b u t is e x p e c t e d to ga in i n t e n s i t y i n g e o m e t r i e s that a l l o w p - d 
m i x i n g to o c c u r (58, 61). I n g e n e r a l , the I s 3 d peaks range f r o m 0 to 
0 .015(5 ) e V i n the e n z y m e , i n rat ios o f 0 - 0 . 1 3 r e l a t i v e to the a rea o f 
the ( E t 4 N ) 2 [ N i C l 4 ] p r e - e d g e p e a k (58). T h e l o w i n t e n s i t y o f th is f ea ture 
i n the H 2 a s e s p e c t r a is cons is tent w i t h e i t h e r a p l a n a r f o u r - c o o r d i n a t e 
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g=2.32 

1 1 1 1 1 

2800 3000 3200 3400 3600 
Magnetic Field (Gauss) 

Figure 2. EPR spectra from Thiocapsa roseopersicina hydrogenase ob
tained on samples used in XAS experiments at 77 K. The spectra are arranged 
in order of decreasing redox potential top to bottom. Forms A and B cor
respond to oxidized enzyme, SI is an EPR silent intermediate, form C is an 
active form of the enzyme that is also EPR-active, and R is the fully reduced 
enzyme. (Reproduced from reference 35. Copyright 1993 American Chemical 
Society.) 
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^ 1 1 1 1 1— 
8300 8320 8340 8360 8380 8400 

X-ray Energy (eV) 

Figure 3. Nickel K-edge X-ray absorption spectra obtained on samples of 
Thiocapsa roseopersicina hydrogenase poised in the five forms defined by 
the EPR spectra at 77 K. (Reproduced from reference 35. Copyright 1993 
American Chemical Society.) 

g e o m e t r y [peak areas o f 0 - 0 . 0 2 9 ( 5 ) e V (58)] or a s ix - coord inate g e o m e t r y 
[peak areas o f 0 . 0 0 6 ( 5 ) - 0 . 0 4 0 ( 5 ) e V (58)]. G i v e n the absence o f a I s 
4 p 2 t r a n s i t i o n that is e x p e c t e d for the p l a n a r a n d p y r a m i d a l g e o m e t r i e s 
( shoulder ) , the s p e c t r a o b t a i n e d f r o m a l l o f the H 2 a s e samples are most 
consistent w i t h a s ix -coordinate or a five-coordinate t r i g o n a l - b i p y r a m i d a l 
N i s ite . 

T h e post -edge X - r a y a b s o r p t i o n n e a r - e d g e s t r u c t u r e ( X A N E S ) o b 
s e r v e d for the five redox states r e m a i n s n e a r l y constant , also sugges t ing 
that the s t r u c t u r e o f the N i site does not change d u r i n g r e d u c t i o n o f 
the e n z y m e . T h e lack o f a s igni f i cant c h a n g e i n the s t r u c t u r e o f the N i 
site is also seen f r o m an analysis o f the first c o o r d i n a t i o n sphere e x t e n d e d 
X - r a y a b s o r p t i o n fine s t r u c t u r e ( E X A F S ) da ta for the N i site ( F i g u r e 4) , 
w h i c h can be fit w i t h 2 - 3 S,C1 donors at 2 .23 ± 0 . 0 3 A a n d 3 ± 1 N , 0 -
donors at 2 .00 ± 0 .06 A r egard less o f o x i d a t i o n state. T h i s resu l t c a n b e 
c o n t r a s t e d w i t h expec tat ions for m e t a l - c e n t e r e d r e d o x c h e m i s t r y b a s e d 
o n the s t ruc tures o f [ N i m ( p d t c ) 2 ] ~ a n d [ N i n ( p d t c ) 2 ] 2 " , w h i c h s h o w a d e 
crease o f 0 .14 A i n the average N i - S b o n d l e n g t h u p o n o x i d a t i o n o f 
Ni ( I I ) to Ni ( I I I ) (62). A l o g i c a l c o n c l u s i o n is that the r e d o x c h e m i s t r y 
assoc iated w i t h the processes that g ive r ise to the E P R s p e c t r a c h a r a c 
ter i s t i c o f H 2 a s e are l a r g e l y not c e n t e r e d i n N i o rb i ta l s . 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
6.

ch
00

2

In Mechanistic Bioinorganic Chemistry; Thorp, H., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1996. 



30 MECHANISTIC BIOINORGANIC CHEMISTRY 

Table II. EPR and Ni K-Edge Data 

ls-+3d Peak 

Enzyme 
Redox State 

Ni K-Edge 
Energy 

±0.2 (eV) 

Area ±0.005 eV 
(relative to 
NiCl4

2~)a 

% Ni EPR 
Detectableb 

%of EPR Active 
Ni Poised0 

Form A 8340.4 0.015 (0.132) 91 78 
Form B 8339.4 0.040 (0.351) 90 85 
SI 8339.8 0.014 (0.123) 0 (100) 
Form C 8339.6 <0.001 (0) 80 100 
R 8339.5 0.007 (0.061) 0 (100) 
Form C 

+ light 8339.4 0.012 (0.140) 65 100 

a Data are from ref. 38. 
h Based on protein concentration determination and 1.0 Ni/protein (35). 
c Percentage of EPR active Ni poised in the desired form. A value of 100% indicates that 
a single EPR active species is present. 

Table III. XAS Edge Analysis in Metalloproteins 

Formal 
Oxidation Edge Ligand vs. 

Protein State Change Shift (eV) Metal Redox References 

Galactose oxidase Cu(III)—Cu(l) ~0 ligand 41 
C O dehydrogenase Ni(III)—Ni(II) Fe,S cluster 42 
Sulfite oxidase Mo(VI)-*Mo(V) 0.5 ? 43 

Mo(V)-*Mo(IV) 0.5 ? 
Mn O E C 

Si~^S 2 0.8 metal 44, 45 
- 0 ligand 

Cobalamin Co(H)-*Co(I) 1.0 metal 46 
Co(III)—Co(II) 1.5 

Cytochrome 
oxidase Cu a 3(II)^Cu a 3(I) 1.3 metal 47 

C O dehydrogenase Ni(III)—Ni(II) 1.42 metal 48 
Cytochrome 

oxidase Cu(ll)—Cu(I) 1.5 ? 49 
Cytochrome 

oxidase Fe(III)—Fe(II) 2.2 metal 49 
Stellacyanin Cu(II)—Cu(I) 2.0 metal 50 
Plastocyanin Cu(H)-*Cu(I) 2.2 metal 49 
Xanthine oxidase Mo(VI)->Mo(lV) 3.1 metal 51 
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"h 1 1 1 1 1 
2 4 6 8 10 12 

k(A"1) 

Figure 4. First coordination sphere (backtransform window = 1.1-2.7 A) 
Fourier-filtered Ni K-edge EXAFS spectra from redox-poised Thiocapsa ro-
seopersicina hydrogenase samples (O) and fits ( ):formA, (3 ± 1)N,0 
at 1.97(2) A + (2 ± 1)S at 2.23(2) A; form B, (3 ± 1)N,0 at 1.95(2) A + (2 
± 1)S at 2.24(2) A, S7, (2 ± 1)N,0 at 2.03(2) A + (3 ± 1)S at 2.24(2) A; 
form C, (2 ± 1)N,0 at 2.01(2) A+ (2±l)Sat 2.25(2) A; R, (2 ± 1)N,0 at 
2.03(2)A+(2±1)S at 2.24(2) A. (Reproduced from reference 35. Copyright 
1993 American Chemical Society.) 
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T h e most a p p r o p r i a t e d e s c r i p t i o n o f the N i o x i d a t i o n state i n a l l 
forms o f the e n z y m e appears to b e N i ( I I ) , b a s e d o n a v a l e n c e b o n d s u m 
analysis o f the best E X A F S m o d e l ( T h o r p , H . H . , U n i v e r s i t y o f N o r t h 
C a r o l i n a , u n p u b l i s h e d data) . T h i s m o d e l is i n a g r e e m e n t w i t h studies o f 
the m a g n e t i c p r o p e r t i e s o f the E P R s i lent i n t e r m e d i a t e o f the H 2 a s e 
f r o m D. baculatus that d e m o n s t r a t e d that the N i site was d i a m a g n e t i c , 
a lbe i t i n an e n z y m e that has a se l enocys te inate N i l i g a n d (29). 

A l t h o u g h N i - c e n t e r e d r e d o x c h e m i s t r y does not a p p e a r to b e i n 
v o l v e d , r e d o x c h e m i s t r y c l e a r l y occurs i n the e n z y m e a n d cannot b e 
a t t r i b u t e d so le ly to e i t h e r the F e , S c lusters present o r the N i c e n t e r . 
D e t a i l e d studies o f the r e d o x c h e m i s t r y assoc iated w i t h the F e , S c lusters 
have b e e n p e r f o r m e d o n the N i , F e e n z y m e f r o m D . gigas (63, 64) a n d 
o n the F e , N i , S e e n z y m e f r o m D. baculatus (40). T h e s e studies u s e d 
r e d o x t i t ra t i ons a n d E P R s p e c t r o s c o p y to v a r y a n d m o n i t o r the r e d o x 
state o f the e n z y m e s a n d m a g n e t i c field-dependent M o s s b a u e r e x p e r i 
ments to e x a m i n e the c l u s t e r types , s p i n states, a n d r e d o x states o f the 
F e , S c lusters present i n e a c h sample . I n the o x i d i z e d D. gigas e n z y m e , 
these studies i d e n t i f i e d three c lusters : an o x i d i z e d , paramagnet i c (S = V2, 
g = 2 .02) [ 3 F e , 4 S ] + c l u s t e r a n d t w o d i a m a g n e t i c [ 4 F e , 4 S ] 2 + c lus ters . 
T h e [ 3 F e , 4 S ] + c l u s t e r is r e d u c e d at —70 m V to an i n t e g e r s p i n c l u s t e r 
(S = 2, g = 12) that is not r e d u c e d f u r t h e r , b u t its E P R s p e c t r u m is 
sens i t ive to the r e d o x states o f the o t h e r c lusters . T h e t w o [ 4 F e , 4 S ] 2 + 

c lusters are r e d u c e d at d i f f erent po tent ia l s (—290 a n d —340 m V ) a n d 
d i s p l a y d i s t inc t a n d u n u s u a l s p e c t r a l p r o p e r t i e s i n t h e i r r e d u c e d forms . 
O n l y b r o a d , i l l - d e f i n e d E P R signals f r o m one [ 4 F e , 4 S ] + c l u s t e r are o b 
s e r v e d , suggest ive o f s p i n - s p i n i n t e r a c t i o n s w i t h o t h e r paramagnets . I n 
contrast , the D. baculatus e n z y m e was s h o w n not to c o n t a i n a [3Fe ,4S] 
c lus te r i n e i t h e r an o x i d i z e d or r e d u c e d state. T h i s e n z y m e has t w o 
[4Fe ,4S] c lusters that e x h i b i t M o s s b a u e r p r o p e r t i e s s i m i l a r to those 
c h a r a c t e r i z e d for the D. gigas e n z y m e a n d have s i m i l a r m i d p o i n t r e d o x 
po tent ia l s o f - 3 1 5 m V . H o w e v e r , these c lusters e x h i b i t E P R signals (g 
= 1.94) that are t y p i c a l o f r e d u c e d [4Fe ,4S] c lus ters , i n d i c a t i n g that 
i n t e r a c t i o n w i t h the [3Fe,4S] c l u s t e r i n D. gigas H 2 a s e is r e s p o n s i b l e for 
the u n u s u a l E P R p r o p e r t i e s o f the [4Fe,4S] c lusters i n that e n z y m e . T h e 
potent ia ls d e t e r m i n e d for the F e , S c lusters i n these t w o e n z y m e s ind i ca te 
that the o x i d i z e d forms o f H 2 a s e (forms A a n d B) w i l l c o n t a i n an o x i d i z e d 
[3Fe,4S] c lus te r ( i f present ) a n d that it w i l l b e r e d u c e d i n the E P R s i lent 
forms. T h e po tent ia l s d e t e r m i n e d for [4Fe ,4S] c lusters i n d i c a t e that the 
ac t ive f o r m ( form C ) has at least one r e d u c e d [4Fe,4S] c l u s t e r a n d that 
the f u l l y r e d u c e d state conta ins o n l y r e d u c e d c lusters . 

T h e potent ia ls d e t e r m i n e d for r e d u c t i o n o f the F e , S c lusters ind i ca te 
that t h e y are not d i r e c t l y r e s p o n s i b l e for a l l o f the changes i n the E P R 
s p e c t r u m that have b e e n associated w i t h N i . F u r t h e r m o r e , because three 
e l e c t rons appear to b e i n v o l v e d i n the r e d o x c h e m i s t r y assoc iated w i t h 
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N i , m a n y e n z y m e s (e.g., D. baculatus a n d T. roseopersicina) do not c o n 
t a i n the n u m b e r o f c lusters that w o u l d b e r e q u i r e d to a c count for t h r e e 
o n e - e l e c t r o n r e d o x processes . C l e a r l y , o t h e r r e d o x centers must b e 
present . F r e q u e n t l y , h i g h f o r m a l ox ida t i on state in termed ia tes i n b i o l o g y 
i n v o l v e o x i d a t i o n o f some o t h e r g r o u p r a t h e r t h a n the m e t a l c e n t e r (e.g., 
galactose oxidase (41), M n 0 2 - e v o l v i n g c o m p l e x ( O E C ) (65), horserad i sh 
perox idase c o m p o u n d I (66, 67)). I n this r e g a r d , it is w o r t h n o t i n g that 
the o n l y N i - c o n t a i n i n g f u n c t i o n a l m o d e l r e p o r t e d that features a m i x e d -
d o n o r l i g a n d e n v i r o n m e n t c o m p o s e d o f N - , O - , a n d S-donors uses o n l y 
the N i ( I I / I ) c o u p l e to c a t a l y z e the H - D exchange r e a c t i o n (68). It is 
poss ib le that p r o t e i n c h e m i s t r y , such as that o b s e r v e d for galactose ox
idase , m i g h t e x p l a i n some o f the r e d o x c h e m i s t r y that o c curs i n H 2 a s e . 
A n o t h e r p o s s i b i l i t y is that the cyste inates b o u n d to the N i site m i g h t 
ac count for some o f the r e d o x c h e m i s t r y o f H 2 a s e , a n d i f the changes 
w e r e l o c a l i z e d to a large extent o n the S -donor l i g a n d s , t h e y m i g h t not 
affect the N i s i te . W e have e x p l o r e d this p o s s i b i l i t y u s i n g N i c o m p l e x e s 
o f a l k y l th i o la te l igands . 

Redox Chemistry of Nickel Thiolates 
T h e s i m i l a r i t y o f the o x i d i z e d e n z y m e E P R s p e c t r a ( forms A a n d B) to 
those o b t a i n e d f r o m Ni ( I I I ) c o o r d i n a t i o n c o m p l e x e s (69-73) l e d to the 
ass ignment o f the E P R signals to l o w - s p i n t e t r a g o n a l Ni ( I I I ) centers w i t h 
the u n p a i r e d s p i n i n the d z2 o r b i t a l (gz < gx>y). T h i s ass ignment , c o u p l e d 
w i t h the i d e n t i f i c a t i o n o f S -donor l i gands i n the c o o r d i n a t i o n s p h e r e o f 
N i a n d the l o w ox idat i on p o t e n t i a l o f the b i o l o g i c a l N i s ite , has m o t i v a t e d 
a n u m b e r o f s tudies a i m e d at p r o d u c i n g Ni ( I I I ) c o m p l e x e s w i t h t h i o l a t e 
l i gands , a n d severa l examples are n o w k n o w n (74). A l t e r n a t i v e l y , the S 
= Vi E P R signals c o u l d b e ass igned to Ni ( I ) species ( p a r t i c u l a r l y a p p r o 
p r i a t e for the r e d u c e d e n z y m e ) , a n d Ni ( I ) m o d e l c o m p o u n d s w i t h t h i o 
late l i ga t i on a n d r h o m b i c E P R spectra have b e e n r e p o r t e d (75, 76). M a n y 
o f these m o d e l s w e r e d e v e l o p e d w i t h the goa l o f u n d e r s t a n d i n g the 
factors that l e a d to s t a b i l i z a t i o n o f Ni ( I I I ) o r N i ( I ) , r a t h e r t h a n to e x p l o r e 
the r e d o x c h e m i s t r y o f N i th io la tes l i k e those that m i g h t exist i n H 2 a s e . 

N i c k e l ( I I ) c o o r d i n a t i o n c o m p o u n d s w i t h s i m p l e N - o r O - d o n o r l i 
gands g e n e r a l l y l e a d to r e d o x po tent ia l s o f > + l V for the o x i d a t i o n o f 
Ni ( I I ) to N i ( I I I ) , a n d o f < - 1 V for the r e d u c t i o n o f Ni ( I I ) to N i ( I ) , 
potent ia ls that are w e l l b e y o n d the re levant range (69, 70, 73). H o w e v e r , 
l i gands f e a t u r i n g d e p r o t o n a t e d amides , t h i o c a r b o x y l a t e s , a n d o x i m e l i 
gands, w h i c h are k n o w n to s tab i l i ze h i g h e r o x i d a t i o n states o f meta ls 
b u t have l i t t l e b i o l o g i c a l r e l e v a n c e , have b e e n s h o w n to l o w e r the o x i 
da t i on p o t e n t i a l o f Ni (II ) (74). T h e ox ida t i on o f one a l k y l th io late c o m p l e x 
po in ts to the s t a b i l i z a t i o n o f f o r m a l l y Ni ( I I I ) centers b y t h i o l a t e l i g a n d s , 
a l t h o u g h it is not yet c l ear w h i c h centers are p r i m a r i l y i n v o l v e d i n the 
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o x i d a t i o n . T h e s t e r i c a l l y e n c u m b e r e d c o m p l e x N i ( n b d t ) 2 " u n d e r g o e s a 
r e v e r s i b l e o n e - e l e c t r o n o x i d a t i o n to a f o r m a l l y Ni ( I I I ) spec ies that ex
h i b i t s an ax ia l E P R s p e c t r u m (g|| = 2 . 1 4 , gL = 2 .05) at po tent ia l s as 
negat ive as - 0 . 7 6 V (77) . 

R e d u c t i v e c h e m i s t r y is not r e a d i l y access ib le i n N i ( n b d t ) 2 " , p r e s u m 
ab ly because o f the negat ive charge o n the c o m p l e x . O n l y one sys tem 
has b e e n r e p o r t e d that p r o d u c e s stable Ni ( I I I ) a n d Ni ( I ) c o m p l e x e s (76), 
a n d no system w i t h redox potent ia ls for the Ni ( I I I / I I ) a n d Ni ( I I / I ) coup les 
d i f f e r i n g b y 4 0 0 m V has b e e n c h a r a c t e r i z e d . N i ( t e r p y ) ( S A r ) 2 c a n b e 
r e d u c e d b y N a 2 S 2 0 4 to g ive a N i ( I ) c o m p l e x w i t h an ax ia l E P R s p e c t r u m 
(gn = 2 . 2 5 , g ± = 2.13) that is c a p a b l e o f r e v e r s i b l y b i n d i n g C O a n d H " . 
T h e C O a d d u c t a n d the H ~ a d d u c t b o t h g ive r h o m b i c E P R s p e c t r a ( C O 
a d d u c t : gx = 2 .24 , g 2 = 2 . 1 4 , g 3 = 2 . 0 5 ; H " a d d u c t : gY = 2 . 24 , g 2 = 2 . 1 9 , 
g 3 = 2 .05) . C h e m i c a l o x i d a t i o n o f these c o m p l e x e s is d i f f i cu l t a n d leads 
to d e c o m p o s i t i o n o f the c o m p l e x (76). H o w e v e r , i f the t e r p y l i g a n d is 
c h a n g e d to 2 , 6 - b i s [ ( l - p h e n y l i m i n o ) e t h y l ] p y r i d i n e ( D A P A ) , b o t h o x i d i z e d 
a n d r e d u c e d c o m p l e x e s m a y b e p r e p a r e d (76). T h i s change is a t t r i b u t e d 
to the p r e s e n c e o f a less extens ive 7r-system i n the D A P A l i g a n d . R e 
d u c t i o n o f the Ni ( I I ) c o m p l e x N i ( D A P A ) ( S P h ) 2 b y N a 2 S 2 0 4 leads to 
c h e m i s t r y s i m i l a r to that o b s e r v e d for the t e r p y c o m p l e x e s . T h e Ni ( I ) 
c o m p l e x that forms has a r h o m b i c E P R s p e c t r u m ( g x = 2 . 2 6 , g 2 = 2 . 1 4 , 
g 3 = 2.09) a n d reacts w i t h C O to f o r m a a d d u c t that also has a r h o m b i c 
E P R s p e c t r u m ( g x = 2 . 2 0 , g 2 = 2 . 1 5 , g 3 = 2 .02) . O x i d a t i o n o f 
N i ( D A P A ) ( S P h ) 2 w i t h F e ( C N 6 ) 3 " leads to the f o r m a t i o n o f a f o r m a l l y 
Ni ( I I I ) spec ies w i t h an ax ia l E P R s p e c t r u m (g„ = 2 . 0 3 ; g ± = 2 .21) . T h e 
o x i d a t i o n p r o d u c t does not b i n d C O , b u t does b i n d C N ~ to g ive a c o m p l e x 
w i t h a r h o m b i c E P R s p e c t r u m ( g x = 2 . 2 6 , g 2 = 2 . 2 1 , g 3 = 2 .04) . T h e 
r e d u c e d c o m p l e x also b i n d s C N " , b u t C O is c a p a b l e o f d i s p l a c i n g the 
C N " l i g a n d . B e c a u s e C O b i n d s to ac t ive H 2 a s e ( form C ) to f o r m a N i -
C O adduct (26), this m o d e l c h e m i s t r y po ints to a m o r e r e d u c e d N i c enter 
i n the ac t ive p r o t e i n . 

W e have f o cused o u r m o d e l i n g efforts o n a sys tem that conta ins 
a l k y l t h i o l a t e l i gands , i n ana logy w i t h cys te inate c o o r d i n a t i o n i n the 
e n z y m e . R e a c t i o n o f N i ( O A c ) 2 w i t h a series o f t r i d e n t a t e l i gands 
[ R N ( C H 2 C H 2 S H ) 2 ] leads to the f o r m a t i o n o f a series o f d i m e r i c c o m 
p lexes , { N i [ R N ( C H 2 C H 2 S ) 2 ] } 2 [R = C H 2 C H 2 S C H 3 (1), C H 2 C H 2 S C H 2 P h 
(2), C H 3 (3), C H 2 P h (4), C H 2 C H 2 C H ( P h ) 2 (5)], c o n t a i n i n g d i s t o r t e d 
p l a n a r N i centers c o o r d i n a t e d b y t h r e e t h i o l a t e donors a n d a t e r t i a r y 
a m i n e (78, 79) (Press ler , M . A . a n d M a r o n e y , M . J . , U n i v e r s i t y o f M a s 
sachusetts , u n p u b l i s h e d resul ts ) . T h e s t r u c t u r e o f these d i m e r s is r e p 
r e s e n t e d b y 1 i n F i g u r e 5. T w o o f the t h i o l a t e l i gands b r i d g e b e t w e e n 
the N i centers g i v i n g a b u t t e r f l y - s h a p e d c l u s t e r , w i t h the t w o p l a n a r N i 
c o m p l e x e s j o i n e d a l o n g an edge w i t h an angle o f 1 0 5 ° b e t w e e n the 
N i ( S b r ) 2 p lanes i n the e x a m p l e s h o w n . T h i s t y p e o f s t r u c t u r e is c h a r a c -
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Figure 5. The oxidative chemistry of a series of Ni thiolate complexes. 
Crystallographically characterized structures are shown as ORTEP dia
grams. 
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ter is t i c o f this class o f l igands (80) a n d has b e e n o b s e r v e d for the formally 
Ni( I I I , I I ) m i x e d - v a l e n t o n e - e l e c t r o n o x i d a t i o n p r o d u c t o f the Ni ( I I ) 
c o m p l e x o f a t e r t i a r y p h o s p h i n e l i g a n d w i t h t h r e e p e n d a n t a r y l t h i o l a t e s 
( P ( o - C 6 H 4 S ) 3 ) (81). 

T h e o x i d a t i v e c h e m i s t r y that is c h a r a c t e r i s t i c o f the d i m e r s is s u m 
m a r i z e d i n F i g u r e 5. A s d i s cussed b e l o w , the most s t r i k i n g feature is 
that the produc ts o f ox idat i on r e v e a l S - centered c h e m i s t r y i n e v e r y case. 
D e s p i t e the o b v i o u s s h o r t c o m i n g s o f s u c h c o m p l e x e s as m o d e l s for a 
m o n o n u c l e a r five- o r s i x - c oord inate b i o l o g i c a l N i s i te , the r e d o x c h e m 
i s t ry o f th is series o f c o m p o u n d s p r o v i d e s ins ight in to the poss ib le ro les 
o f the N i th i o la te l i gands i n the r e d o x c h e m i s t r y e x h i b i t e d b y H 2 a s e . 

O n e o f these c o m p l e x e s (1) p r o v i d e d the first e x a m p l e o f a Ni ( I I ) 
t h i o l a t e c o m p l e x that u n d e r g o e s a r e v e r s i b l e o n e - e l e c t r o n o x i d a t i o n to 
a f o r m a l l y N i ( I I I ) - c o n t a i n i n g c o m p l e x (78). D a t a f r o m c y c l i c v o l t a m -
m e t r i c studies o f the r e d o x c h e m i s t r y o f 1 are s h o w n i n F i g u r e 6. Scans 
that p r o c e e d first i n the c a t h o d i c d i r e c t i o n (a) s h o w no r e d u c t i o n s o f 
the Ni ( I I ) d i m e r w i t h i n the l i m i t s p r o v i d e d b y the so lvent o r e l e c t r o l y t e 
u s e d (0.1 M n - B u 4 N ( C l 0 4 ) / C H 2 C l 2 ) . S c a n n i n g to i n c r e a s i n g a n o d i c p o 
tent ia ls reveals t w o d i s t inc t ox idat i ons , the first o f w h i c h is q u a s i r e v e r s -
i b l e ( F i g u r e 6b) a n d has an £ 1 / 2 - 0 V versus N H E (Tab le I V ) . T h e fact 
that the process is r e v e r s i b l e suggests that the p r o d u c t is s t i l l d i m e r i c , 
an e x p e c t a t i o n that is g i v e n c r e d e n c e b y the i s o la t i on a n d s t r u c t u r a l 
c h a r a c t e r i z a t i o n o f a m i x e d - v a l e n t N i ( I I / I I I ) d i m e r w i t h a c o r e s t r u c t u r e 
l i k e that o b s e r v e d i n 1 (81). C o u l o m e t r i c m e a s u r e m e n t s s h o w that the 
e l e c t r o c h e m i c a l process is a o n e - e l e c t r o n o x i d a t i o n , a n d the o x i d a t i o n 
p r o d u c t y ie lds a r h o m b i c E P R s p e c t r u m ( g x = 2 .17 , g 2 = 2 . 1 1 , g 3 = 2.08) 
a p p r o p r i a t e for an S = V2 species ( F i g u r e 7). T h i s s p e c t r u m is r e m i n i s c e n t 
o f those o b t a i n e d f r o m H 2 a s e s i n that i t is a r h o m b i c s p e c t r u m w i t h g-
va lues b e t w e e n g = 2 .3 a n d 2.0 a n d d isp lays no obv i ous l i g a n d h y p e r f i n e 
sp l i t t ings desp i te the p r e s e n c e o f an N - d o n o r l i g a n d . T h e first o x i d a t i o n 
has an Z p a / / p c ra t i o near 1 o n l y at h i g h scan rates. T h e fact that this ra t i o 
b e c o m e s >1 at s l o w e r scan rates suggests that the o x i d a t i o n p r o d u c t is 
uns tab le , an o b s e r v a t i o n that is c o n f i r m e d b y E P R spec t ros copy . 

I f the v o l t a m m e t r i c scan is not r e v e r s e d after the first o x i d a t i o n , a 
s e c o n d o x i d a t i o n ( E p a = 0 . 2 - 0 . 3 V ) is o b s e r v e d ( F i g u r e 6c) . T h i s o x i 
d a t i o n r e n d e r s the l o w e r p o t e n t i a l o x i d a t i o n i r r e v e r s i b l e ( E p a = 0 - 0 . 1 
V ) a n d also leads to the o b s e r v a t i o n o f an i r r e v e r s i b l e r e d u c t i o n at n e g 
at ive po tent ia l s ( E p c = - 0 . 8 to - 0 . 9 V ) . It has not b e e n poss ib le to 
measure accurate ly the n u m b e r o f e lec trons i n v o l v e d i n e i t h e r the se cond 
o x i d a t i o n or i n the c o u p l e d r e d u c t i o n process b y c o u l o m e t r y d u e to the 
f o r m a t i o n o f films o n the e l e c t r o d e surfaces . H o w e v e r , i n c o m p a r i s o n 
w i t h that o b s e r v e d for the first ox ida t i on , the peak currents are consistent 
w i t h o n e - a n d t w o - e l e c t r o n processes , r e s p e c t i v e l y . I n spi te o f the i r 
r e v e r s i b l e na ture o f the c y c l i c v o l t a m m o g r a m , c o n t i n u o u s c y c l i n g b e -
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a) 8-1 

ι 1 Ί 1 1 Γ 
1000 500 0 -500 -1000 -1500 

mV 
Figure 6. Voltammetric studies of {Ni[RN(CH2CH2S)2]}2, R = CH2CH2SMe. 
A, initial scan in the cathodic direction. B, initial scan in the anodic direction, 
reversing the direction of the scan following the first oxidation. C, initial 
scan in the anodic direction, reversing the direction of the scan following 
the second oxidation. 

t w e e n +1 .5 a n d —1.5 V does not l e a d to any changes (i .e. , no n e w p r o d 
ucts are f o r m e d , a n d the d i m e r is not c o n s u m e d o n the c y c l i c 
v o l t a m m e t r i c t i m e scale) . C y c l i c v o l t a m m o g r a m s o b t a i n e d o n the o n e -
e l e c t r o n o x i d a t i o n p r o d u c t w e r e i d e n t i c a l to those o b t a i n e d f r o m the 
s tar t ing m a t e r i a l . 

L i g a n d s l a c k i n g a p e n d a n t t h i o e t h e r d o n o r s h o w v e r y s i m i l a r o x i 
dat ive c h e m i s t r y ( F i g u r e 8). T h e largest d i f f e rence is i n the first o x i 
d a t i o n , w h i c h is i r r e v e r s i b l e a n d o c curs at a m o r e p o s i t i v e p o t e n t i a l ( E p a 

= 0 . 4 - 0 . 5 V ) . T h e o x i d a t i o n r e m a i n s a o n e - e l e c t r o n process that leads 
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Table IV. Electrochemical and EPR Data for the Oxidation 
of Complexes 1-5 

Epa Epc 

(mV vs. EPR (mV vs. (mV vs. 
Complex NHE) Characteristics g-valuesa NHE) NHE) 

1 100 quasireversible 
Ei/2 = +30 
η = 1.0 

2.17, 2.11, 
2.08 

260 -755 

2 10 quasireversible 
Ei/2 = +30 
η = 1.1 

2.16, 2.11, 
2.07 

220 -900 

3 400 irreversible 
η = 0.8 

2.21, 2.14, 
2.03 

880 -960 

4 470 irreversible 
η = 0.9 

2.20, 2.14, 
2.02 

700 -950 

5 430 irreversible 
η = 0.8 

2.21, 2.14, 
2.02 

800 -1200 

N O T E : Potentials are taken from 250 mV/s cyclic voltammetric scans at a Pt button working 
electrode on 0.5 mM solutions of the complexes in 0.1 M n-Bu 4 N(Cl0 4 ) at - 30 °C, and 
converted to N H E using the Fc/Fc+ couple (= +440 mV vs. NHE); the value of η was 
determined by controlled potential electrolysis at a Pt gauze electrode under the same 
conditions. 
a Samples were generated by electrolysis and measured as frozen solutions at 77 K. 

to the f o r m a t i o n o f an E P R - a c t i v e S = V2 spec ies ( F i g u r e 7). A l t h o u g h 
the g-values character i s t i c o f l igands w i t h N - a l k y l subst i tuents (g i = 2 .20 , 
g 2 = 2 . 1 4 , g 3 = 2 .02) are d i s t inc t f r o m those that f eature p e n d a n t 
t h i o e t h e r s (Table I V ) , t h e y are v i r t u a l l y i d e n t i c a l to those o b s e r v e d for 
the ac t ive f o r m ( form C ) o f H 2 a s e (gx = 2 . 1 9 , g 2 = 2 . 1 4 , g 3 = 2 .02) . O n e 
p o s s i b i l i t y that c o u l d ac count for the d i f ferences b e t w e e n these t w o 
classes o f d i m e r s is that the p e n d a n t t h i o e t h e r d o n o r b e c o m e s c o o r d i 
n a t e d i n s o l u t i o n , a p o s s i b i l i t y that is suggested b y the so l id -state s t r u c 
tures o f a Ni ( I I ) c o m p l e x w i t h a s i m i l a r l i g a n d (82) a n d o f the m i x e d -
v a l e n c e Ni ( I I I / I I ) d i m e r (81). 

A s is the case for the c o m p l e x e s w i t h p e n d a n t t h i o e t h e r donors , the 
N - a l k y l c o m p l e x e s s h o w a s e c o n d o x i d a t i o n ( E p a = 0 . 7 - 0 . 9 V ) that is 
c o u p l e d to the f o r m a t i o n o f a n e w species w i t h an i r r e v e r s i b l e r e d u c t i o n 
( F i g u r e 8c ) ; the p o t e n t i a l c a n b e c o n t i n u o u s l y c y c l e d b e t w e e n + 1 . 5 a n d 
— 1.5 V w i t h o u t c h a n g i n g the v o l t a m m o g r a m . 

T h e r e d o x c h e m i s t r y o b s e r v e d for these c o m p o u n d s b y u s i n g e l e c 
t r o c h e m i c a l m e t h o d s is s i m i l a r to that o b s e r v e d for th io la tes i n the ab 
sence o f m e t a l ions (83, 84) a n d s t rong ly suggests the f o r m a t i o n o f d i 
sul f ides . T h i s b e h a v i o r has also b e e n n o t e d i n the e l e c t r o c h e m i c a l s tudy 
o f the o x i d a t i o n o f [ N i ( p d m t ) S P h ] " (85). T h e largest d i f f e rence o b s e r v e d 
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1 + 
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Figure 7. X-band EPR spectra of the one-electron oxidation products 
of complexes 1-5. 

for the d i m e r s w o u l d appear to b e that the o x i d a t i o n o f the t w o th io la tes 
i n v o l v e d i n the f o r m a t i o n o f the d i su l f ide o c c u r at d i f f erent po tent ia l s . 

A l t h o u g h t h e r e is no p r o o f that the t w o - e l e c t r o n o x i d a t i o n process 
leads to a p r o d u c t that is s t i l l d i m e r i c , the fact that the c y c l i c v o l t a m -
m o g r a m does not r e v e a l the f o r m a t i o n o f n e w spec ies e v e n d u r i n g r e 
p e a t e d c y c l i n g is cons is tent w i t h e i t h e r a d i m e r i c p r o d u c t o r m o n o n u 
c l ear c o m p l e x e s that r a p i d l y re f o r m the s tar t ing d i m e r (85). 

D i s u l f i d e f o r m a t i o n i n the t w o - e l e c t r o n o x i d a t i o n p r o d u c t s is also 
s u p p o r t e d b y c h e m i c a l ox idat i ons o f 1. T h e t w o - e l e c t r o n o x i d a t i o n o f 
e a c h N i c e n t e r i n the d i m e r b y I 2 leads to the f o r m a t i o n o f a five-coor
d inate m o n o n u c l e a r N i c o m p l e x w i t h a d i su l f ide l i g a n d (78). T h e s t r u c -

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
6.

ch
00

2

In Mechanistic Bioinorganic Chemistry; Thorp, H., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1996. 



40 M E C H A N I S T I C B I O I N O R G A N I C C H E M I S T R Y 

« H 

1000 0 -1000 
mV 

Figure 8. Voltammetric studies of [Ni(RN(CH2CH2S)2) ],R = CH3. A, initial 
scan in the cathodic direction. B, initial scan in the anodic direction, reversing 
the direction of the scan following the first oxidation. C, initial scan in the 
anodic direction, reversing the direction of the scan following the second 
oxidation. 

t u r e o f th is c o m p l e x , s h o w n i n F i g u r e 5, features a h i g h - s p i n (S = 1) 
five-coordinate Ni(II) c e n t e r i n a d i s t o r t e d p y r a m i d a l e n v i r o n m e n t c o m 
p o s e d o f a t h i o e t h e r l i g a n d , a t e r t i a r y a m i n e d o n o r , t w o i o d i d e l i g a n d s , 
a n d one su l fur o f a d i su l f i de . T h u s , the t w o - e l e c t r o n o x i d a t i o n o f e a c h 
Ni(II) c e n t e r i n the d i m e r resul ts i n the o n e - e l e c t r o n o x i d a t i o n o f a l l o f 
the th io la tes . 

T h e f r o z e n so lut ions c o n t a i n i n g the o n e - e l e c t r o n o x i d a t i o n p r o d u c t s 
r e p o r t e d i n F i g u r e 7 m a y b e t h a w e d , w h e r e u p o n t h e y g ive i s o t r o p i c 
s p e c t r a w i t h g i s o = g a v e . A t r o o m t e m p e r a t u r e , the E P R signals are r a p i d l y 
lost d u e to the f o rmat i on o f an E P R si lent p r o d u c t . T h i s c h e m i s t r y , w h i c h 
o c curs at a s l o w e r rate f o l l o w i n g the o n e - e l e c t r o n o x i d a t i o n , l i k e l y ac 
counts for the i n c r e a s i n g v a l u e o f Z p a / i p c w i t h d e c r e a s i n g scan rate . T h e 
rate o f the loss o f the E P R s igna l c a n b e f o l l o w e d b y i n c u b a t i n g the 
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samples at s u b a m b i e n t t e m p e r a t u r e s a n d m e a s u r i n g the E P R s p e c t r a as 
a f u n c t i o n o f t i m e . T h e loss o f the E P R s igna l is first-order i n [dimer] 
( F i g u r e 9) , a n d the s l o w e r rate o f s igna l loss e x h i b i t e d b y the d e r i v a t i v e 
c o n t a i n i n g a p e n d a n t t h i o e t h e r is cons is tent w i t h the s t a b i l i z a t i o n o f the 
o x i d a t i o n p r o d u c t v i a c o o r d i n a t i o n o f th is l i g a n d . T w o m e c h a n i s m s for 
the d e c o m p o s i t i o n o f formally Ni(III) th io la tes to d isu l f ides have b e e n 
suggested (85). T h e first m e c h a n i s m invo lves d i m e r i z a t i o n o f the o x i d i z e d 
c o m p l e x e s ; the s e c o n d i n v o l v e s d i s s o c i a t i o n o f t h i y l rad i ca l s a n d the 
subsequent f o r m a t i o n o f a d i su l f i de . T h e first-order decay o f the E P R 
s ignal suggests that c o u p l i n g o f t w o c o m p l e x e s does not o c c u r i n the 
r a t e - d e t e r m i n i n g step. T h e data are cons is tent w i t h a r a t e - l i m i t i n g d i s 
soc iat ion o f a t h i y l r a d i c a l , f o l l o w e d b y the r a p i d f o r m a t i o n o f a d i su l f ide . 
H y p o t h e t i c a l mechanisms for the c h e m i s t r y associated w i t h the p r o d u c t s 
o f one - a n d t w o - e l e c t r o n e l e c t r o c h e m i c a l ox idat i ons are s u m m a r i z e d i n 
F i g u r e 10. 

1000 2000 3000 
Time (sec) 

4000 

Figure 9. First-order kinetic plots of the decay of the EPR signals of 1+* 
at 25° (a) and 4+* at —25° (b). Solid lines represent fits obtained for k = 4.7 
X 10~3 s'1 and k= 7.2 X JO" 4 s'1, respectively. 
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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 o n e - e l e c t r o n o x i d a t i o n p r o d u c t s has 
also b e e n e x p l o r e d . A t first g lance , the o b s e r v a t i o n o f g -values > 2 .0 
suggests that a Ni ( I I I ) c e n t e r has b e e n f o r m e d a n d that s p i n - o r b i t c o u 
p l i n g f r o m m e t a l - c e n t e r e d o rb i ta l s is r e s p o n s i b l e for the o b s e r v e d g-
va lues . H o w e v e r , e l e c t rons l o c a l i z e d o n S also e x p e r i e n c e s p i n - o r b i t 
c o u p l i n g o f suff ic ient m a g n i t u d e to g ive r ise to the o b s e r v e d g -values . 
E P R spec t ra o f t h i y l rad i ca l s (e.g., c y s t e i n y l rad ica l ) t a k e n i n H - b o n d 
d o n o r so lvents (e.g., M e O H ) r e v e a l ax ia l s p e c t r a w i t h gl{ = 2 .3 a n d g ± 

= 2.0 ( g a v e = 2.1) (86). T h e s p e c t r a r e p o r t e d for the d i m e r s (and m a n y 
o t h e r formally N i ( I I I ) thio lates) have g a v e = g i s o = 2 . 1 . P r e s u m a b l y , the 
s p e c t r a o f t h i y l rad ica ls are t y p i c a l l y ax ia l d u e to the d e g e n e r a c y o f the 
p - o rb i ta l s that are not i n v o l v e d i n the S - C s -bond . T h i s d e g e n e r a c y 
c o u l d b e l i f t e d i n a m e t a l c o m p l e x , g i v i n g r ise to r h o m b i c s p e c t r a w i t h 
g a Ve ~ 2 . 1 . T h u s , analysis o f g -values does not p r o v i d e u n e q u i v o c a l i n 
f o r m a t i o n r e g a r d i n g the n a t u r e o f the m o l e c u l a r o r b i t a l that conta ins 
the u n p a i r e d s p i n , p a r t i c u l a r l y because the o r b i t a l l i k e l y conta ins c o n 
t r i b u t i o n s f r o m b o t h the su l fur a n d the m e t a l a t o m . 

A d d i t i o n a l i n f o r m a t i o n r e g a r d i n g the m e t a l c h a r a c t e r o f the o r b i t a l 
c o n t a i n i n g the u n p a i r e d s p i n c a n b e o b t a i n e d f r o m the o b s e r v a t i o n o f 
m e t a l h y p e r f i n e i n t e r a c t i o n s . W h e n 6 1 N i (J = %) is u s e d to p r e p a r e the 
d i m e r , l i n e b r o a d e n i n g w i t h no r e s o l v e d h y p e r f i n e c o u p l i n g is o b s e r v e d . 
T h e fact that o n l y l i n e b r o a d e n i n g is o b s e r v e d is cons is tent w i t h o n l y a 
s m a l l a m o u n t o f s p i n d e n s i t y i n t e r a c t i n g w i t h the N i centers . T h e effects 
o f 6 1 N i s u b s t i t u t i o n are i l l u s t r a t e d i n F i g u r e 11 a n d are s i m i l a r i n d i m e r s 
w i t h a n d w i t h o u t p e n d a n t t h i o e t h e r s . A l t h o u g h the p r o b l e m is not a 
s i m p l e one , attempts w e r e m a d e to s imulate the E P R spec t ra a n d est imate 
the m a x i m u m v a l u e o f h y p e r f i n e c o u p l i n g constants . T h e s i m u l a t i o n s 
s h o w n i n F i g u r e 11 w e r e o b t a i n e d for t w o N i centers w i t h o u t c o n s t r a i n 
i n g the m a g n i t u d e o f the h y p e r f i n e i n t e r a c t i o n to b e the same for b o t h 
centers . I n fact , the va lues o b t a i n e d w e r e essent ia l ly the same a n d l e a d 
to average va lues for the t w o N i centers o f | A 2 1 , | A 2 1 , a n d | A 3 1 = 2 . 1 , 
1 0 . 1 , a n d 10 .0 G , a n d 1 0 . 5 , 0 .0 , a n d 4.1 G for c o m p o u n d s 1 a n d 4, 
r e s p e c t i v e l y . T h e fact that e q u a l p a r t i c i p a t i o n o f t w o N i centers is r e 
q u i r e d to s imulate the E P R spec tra suggests that the r a d i c a l ca t i on d i m e r s 
are examples o f d e l o c a l i z e d m i x e d - v a l e n c e c o m p l e x e s . T h i s n o t i o n is 
cons istent w i t h the s t r u c t u r e o b t a i n e d f r o m a s i m i l a r N i ( I I / I I I ) c o m p l e x , 
i n w h i c h the N i centers are s t r u c t u r a l l y i n d i s t i n g u i s h a b l e (81). 

W h e n the m a g n i t u d e s o f the d i p o l a r h y p e r f i n e i n t e r a c t i o n s i n the 
d i m e r s are c o m p a r e d w i t h a t h e o r e t i c a l v a l u e o f 6 7 . 5 G for an u n p a i r e d 
s p i n l o c a l i z e d i n a N i 3 d o r b i t a l (87), i t c a n b e seen that the m o l e c u l a r 
o r b i t a l c o n t a i n i n g the u n p a i r e d s p i n has a r e l a t i v e l y s m a l l c o n t r i b u t i o n 
f r o m N i (<30%). A s imi lar s i tuat ion is o b s e r v e d i n H 2 a s e s . W h e n b a c t e r i a 
are ra i s ed o n a source o f 6 1 N i , h y p e r f i n e is o b s e r v e d i n the E P R s igna l 
o r i g i n a t i n g f r o m H 2 a s e (22). (In fact, o b s e r v a t i o n o f th is h y p e r f i n e was 
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2.5 2.4 2.3 2.2 2.1 2.0 1.9 
g-value 

Figure 11. X-band EPR spectra of61Ni derivatives of I + # (top) and 4+* 
(bottom) at 77 K. Simulated spectra assuming Lorentzian line shapes are 
shown as dashed lines. Simulations were obtained by using the program 
NEWSIM. Initial g-values and linewidths for the simulations were obtained 
from the complexes with natural abundance Ni and were used as a starting 
point for the refinement of the hyperfine components. The final refinement 
allowed the g-values, linewidths, and hyperfine values to vary, although 
this did not result in significant changes in the g-values or linewidths. The 
best fits shown above result from using two independently refined sets of 
hyperfine tensor elements for each of the Ni centers in the dimer, although 
the hyperfine parameters obtained for each Ni center are nearly the same 
and were subsequently averaged. (gi = 2.168, g2 = 2.111, g3 = 2.077; 
G1 = 8.83 G, G2 = 8.95 G, G3 = 9.14 G; |A,| = 2.1 G, \A2\ = 10.0 G, \A3\ 
= 9.7 G). 4+·: (gl = 2.209, g2 = 2.141, g3 = 2.028; d = 6.21 G, G2 = 14.29 
G, G3= 12.06 G; I A , I = 10.8 G, \A2\ = 0.0 G, \A3\ =4.5G). 

the basis for ass ign ing the E P R signals to N i - c o n t a i n i n g spec ies (S).) I n 
the case o f ac t ive H 2 a s e ( f orm C ) , the h y p e r f i n e is h i g h l y a n i s o t r o p i c , 
a n d r e s o l v e d h y p e r f i n e c o u p l i n g o f ~ 2 0 G is o b s e r v e d o n l y o n the h i g h 
est field f eature ; the h y p e r f i n e o b s e r v e d for the o t h e r t w o g-values is 
v e r y s m a l l . I f the v a l u e o b s e r v e d at g 3 is u s e d to es t imate the s p i n d e n s i t y 
o n N i , a v a l u e o f ~ 3 0 % is o b t a i n e d . T h i s v a l u e is v e r y c lose to that 
o b s e r v e d for the d i m e r s a n d suggests that the o r b i t a l c o n t a i n i n g the 
u n p a i r e d s p i n is not l o c a l i z e d o n N i centers i n e i t h e r case. 

E v i d e n c e o f s p i n dens i ty o n the S -donor atoms has b e e n o b t a i n e d 
f r o m V E N D O R s p e c t r o s c o p y ( G u r b i e l , R . a n d H o f f m a n , B . M L , N o r t h 
w e s t e r n U n i v e r s i t y , u n p u b l i s h e d results ) . I n the case o f r a d i c a l c a t i o n 
o f m o d e l c o m p o u n d 4, a resonance w i t h a c o u p l i n g constant o f 1 2 - 1 4 
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M H z is o b s e r v e d ( F i g u r e 1 2 A ) . G i v e n that the o n l y p r o t o n s that w o u l d 
b e e x p e c t e d to g i ve r ise to s igni f i cant c o u p l i n g w i t h the s p i n are the 
m e t h y l e n e pro tons o n the c a r b o n a t o m a to the S-donors , th is r e sonance 
must arise f r o m these p r o t o n s (or a subset o f these pro tons ) , analogues 
o f cys te ine 0 - C H 2 p ro tons . I n fact , n e a r l y i d e n t i c a l ^ - E N D O R s p e c t r a 
are o b s e r v e d for T. roseopersicina H 2 a s e ( f orm C ) ( F i g u r e 12B) (88). 
T h i s resu l t suggests that the cova lent i n t e r a c t i o n b e t w e e n the c y s t e i n e 
donors a n d N i i n the e n z y m e is s i m i l a r to that e x i s t i n g b e t w e e n the N i 
a n d the th i o la te l i gands i n 4. 

A n o t h e r o x i d a t i o n r e a c t i o n o f N i t h i o l a t e c o m p l e x e s is o f p o t e n t i a l 
r e l e v a n c e to the d e a c t i v a t i o n o f H 2 a s e s u p o n exposure to 0 2 . R e a c t i o n 
o f the Ni ( I I ) d i m e r i c c o m p l e x e s w i t h t w o e q u i v a l e n t s o f C N " leads to 
the f o r m a t i o n o f p l a n a r , f r a n s - d i t h i o l a t o c o m p l e x e s . T h e s e m o n o n u c l e a r 
c o m p l e x e s react w i t h 0 2 o r w i t h a i r u n d e r a m b i e n t c o n d i t i o n s (79, 89). 
M a n o m e t r i c m e a s u r e m e n t s s h o w that the r e a c t i o n s t o i c h i o m e t r y is 1 
N i : l 0 2 . T h e reac t i on produc t s are p lanar , d iamagnet i c Ni ( I I ) c omplexes 
f ea tur ing one th io lato a n d one sulf inato l i g a n d . T h i s r e a c t i o n corresponds 
to a f o r m a l f o u r - e l e c t r o n o x i d a t i o n o f a Ni ( I I ) c o m p l e x to g ive a p r o d u c t 
r e f l e c t i n g o x i d a t i o n o f a t h i o l a t e l i g a n d . S t r u c t u r a l l y c h a r a c t e r i z e d ex
amples o f the m o n o n u c l e a r f rYms-di thio late o b t a i n e d f r o m 1 a n d its ox 
i d a t i o n p r o d u c t are s h o w n i n F i g u r e 5 (79, 89). 

T h e o x i d a t i o n c a n b e f o l l o w e d s p e c t r o p h o t o m e t r i c a l l y ( F i g u r e 13) . 
T h e s p e c t r a o f the f r a n s - d i t h i o l a t o c o m p l e x e s are c h a r a c t e r i z e d b y a b -

Figure 12. Ή-ENDOR spectra (35 GHz) of 4+· (A) taken at g = 2.208 
and of the nonexchangeable protons in Thiocapsa roseopersicina hydrog-
enase-form C (B) taken at g = 2.19. 
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Figure 13. Electronic absorption spectra taken during the oxidation of 
Ni(MeSCH2CH2N(CH2CH2S)2CN)- by 02 in DMF. Spectrum 1 is 0.30 mM 
1. Spectrum 2 is following the addition of 2 equiv of Et4(CN) under N2. 
Spectrum 3 is following the oxidation of the CN~ complex by 02. The inset 
describes the reaction with 02 at 30 °C at times t = 7, 30, 90, 150, 210, 
270, 330, 390, 450, 510, 570, 630, 720, and 750 min. Extinction coefficients 
are for a constant [Ni] = 0.60 mM. (Reproduced from reference 89. Copyright 
1989 American Chemical Society.) 

s o r p t i o n m a x i m a near 2 9 0 a n d 3 1 0 n m i n t h e i r e l e c t r o n i c a b s o r p t i o n 
spec t ra . U p o n exposure to 0 2 , n e w bands assoc iated w i t h the f o r m a t i o n 
o f the monosul f inato c o m p l e x appear near 2 6 5 a n d 3 2 5 n m . T h e spec t ra l 
changes p r o c e e d w i t h the f o r m a t i o n o f i sosbest ic p o i n t s , i n d i c a t i n g that 
no stable i n t e r m e d i a t e s are f o r m e d i n the o x i d a t i o n process . B e c a u s e 
the final s p e c t r a o b t a i n e d are i d e n t i c a l to i s o l a t e d samples o f the m o n o -
sul f inates , t h e r e is no e v i d e n c e that a b i s - su l f inate , a d i s u l f i d e , or any 
o t h e r o x i d a t i o n p r o d u c t f orms . 

T h e s p e c t r a l changes o b s e r v e d d u r i n g o x i d a t i o n p r o v i d e a means 
for m o n i t o r i n g the k ine t i c s o f the ox ida t i on process . T h e react ions f o l l o w 
a rate l a w that is first o r d e r i n [Ni] a n d first o r d e r i n [ 0 2 ] : R a t e 
= fc[Ni(L)CN]"[02] (79). T h e r e a c t i o n is r e l a t i v e l y s l ow a n d not v e r y 
sens i t ive to the n a t u r e o f the N - s u b s t i t u e n t (k = 1 . 4 - 3 . 1 Χ 1 0 " 2 M " 1 s " 1 

i n d i m e t h y l f o r m a m i d e ( D M F ) at 3 0 ° C ) . T h e r e a c t i o n rates are i n d e 
p e n d e n t o f the p r e s e n c e o f a s inglet o x y g e n scavenger or r a d i c a l t raps . 
T h e a c t i v a t i o n p a r a m e t e r s ΔΗ* a n d AS* w e r e m e a s u r e d b y u s i n g the 
t e m p e r a t u r e d e p e n d e n c e o f the s e c o n d - o r d e r rate constants i n D M F 
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2. M A R O N E Y E T A L . Insights into the Role of Nickel in Hydrogenase 47 

a n d have va lues o f 1 3 . 1 - 1 4 . 7 k c a l / m o l a n d - 2 4 . 2 to - 1 8 . 7 e u , 
r e s p e c t i v e l y . 

R e a c t i o n s that use i s o t o p i c a l l y l a b e l e d 0 2 a n d mass s p e c t r o m e t r y 
r e v e a l that the sole source o f the Ο atoms i n the sul f inate p r o d u c t is 0 2 

(89) a n d that b o t h atoms o f a s ing le m o l e c u l e o f 0 2 are i n c o r p o r a t e d 
in to ~ 8 0 % o f the p r o d u c t (79). 

I n l i g h t o f these resu l ts , h y p o t h e t i c a l m e c h a n i s m s for the o x i d a t i o n 
o f N i t h i o l a t e c o m p l e x e s b y 0 2 m a y b e d i s cussed . T h e o n l y w e l l - c h a r 
a c t e r i z e d m e c h a n i s m for the o x i d a t i o n o f th io la tes to sulf inates i n t r a n 
s i t i o n m e t a l c o m p l e x e s i n v o l v e s 0 2 ~ as an ox idant a n d p r o c e e d s v i a the 
s tepwise f o r m a t i o n o f sul fenates (Scheme 1) (90, 91). 

T h e r e a c t i o n m e c h a n i s m has b e e n i n t e r p r e t e d as i n v o l v i n g n u c l e o -
p h i l i c attack o f the c o o r d i n a t e d t h i o l a t e S a t o m o n the p e r o x i d e ( H 2 0 2 , 
H 3 0 2 ) a n d fo l l ows the rate l a w : R a t e = fc2[Nuc][H202]. A l t h o u g h the 
rate l a w a n d the k i n e t i c b a r r i e r s d e t e r m i n e d for this m e c h a n i s m i n a 
n u m b e r o f c o m p l e x e s are s i m i l a r to those o b s e r v e d for the o x i d a t i o n o f 
[ N i ( L ) C N ] " (e.g., for [ ( e n ) 2 C r ( S C H 2 C H 2 N H 2 ) ] : ΔΗ* = 9.7(2) k c a l / m o l , 
AS* = —26 eu) , the s t o i c h i o m e t r y o f the reac t i ons s t u d i e d h e r e ( I N i : 
1 0 2 ) ru l e s out a s tepwise m e c h a n i s m for the o x i d a t i o n o f [ N i ( L ) C N ] ~ 
c o m p l e x e s . S u c h a m e c h a n i s m w o u l d also b e e x p e c t e d to g ive r ise to 
c o m p l e t e s c r a m b l i n g o f l a b e l e d o x y g e n i n reac t i ons i n v o l v i n g 1 6 0 2 a n d 
1 8 0 2 , i n contrast to the o b s e r v a t i o n that the o x i d a t i o n o f [ N i ( L ) C N ] ~ 
p r o c e e d s m o s t l y w i t h the i n c o r p o r a t i o n o f b o t h atoms o f a s ing le 0 2 

m o l e c u l e . 
D e s p i t e the d i f ferences i n m e c h a n i s m , the e x p e c t a t i o n that t h i o l a t e 

l i gands w i l l act as n u c l e o p h i l e s appears to b e a feature o f the o x i d a t i o n 
o f [ N i ( L ) C N ] ~ b y 0 2 . T h e s t rong t e n d e n c y o f N i th io la tes to f o r m d i m e r s 
a n d h i g h e r p o l y m e r s (80, 92-94) a n d the fact that the p r e s e n c e o f a 
t i g h t l y b o u n d a n i o n i c l i g a n d appears to b e r e q u i r e d to c l eave the d i -
n u c l e a r c o m p l e x e s (e.g., C N ~ or t h i o l a t e (85)) is e v i d e n c e o f the n u -
c l e o p h i l i c i t y o f t e r m i n a l t h i o l a t e l i gands i n p l a n a r Ni ( I I ) c o m p l e x e s . 

B e c a u s e r e a c t i o n o f t h i y l rad i ca l s w i t h 0 2 is k n o w n to f o r m s u l f i n y l 
rad i ca l s (95), m e c h a n i s m s i n v o l v i n g rad i ca l s w e r e also c o n s i d e r e d . A l 
t h o u g h s u c h a m e c h a n i s m w o u l d have the c o r r e c t s t o i c h i o m e t r y a n d 
account for the la ck o f s c r a m b l i n g i n the studies i n v o l v i n g l a b e l e d 0 2 , 
react ions i n v o l v i n g the f o r m a t i o n o f free radicals w e r e r u l e d out because 

H20 H20 
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no E P R act ive spec ies w e r e o b s e r v e d a n d the rates o f r e a c t i o n are not 
af fected b y the p r e s e n c e o f r a d i c a l scavengers . 

T h e a b i l i t y o f t r a n s i t i o n metals to f o r m c o m p l e x e s w i t h 0 2 is w e l l 
k n o w n . Ni ( I I ) c o m p l e x e s are k n o w n to r e v e r s i b l y b i n d 0 2 (96, 97 ) . T h e 
N i - 0 2 c omplexes are p o w e r f u l o x i d i z i n g agents a n d have b e e n d e s c r i b e d 
as i n v o l v i n g f o r m a l Ni ( I I I ) a n d 0 2 c enters . T h e f o r m a t i o n o f a N i - 0 2 

c o m p l e x as a p r e c u r s o r to the l i g a n d o x i d a t i o n o f [ N i ( L ) C N ] ~ is u n l i k e l y 
because no i n t e r m e d i a t e s are d e t e c t e d i n the o x i d a t i o n process a n d the 
s p e c t r u m o f [ N i ( L ) C N ] " t a k e n u n d e r 1 a t m o f 0 2 at 15 ° C , a t e m p e r a t u r e 
that is b e l o w that r e q u i r e d to ha l t the l i g a n d o x i d a t i o n , is i d e n t i c a l to 
those o f a n a e r o b i c samples o f [ N i ( L ) C N ] " a n d does not change i n 6 h . 
M e c h a n i s m s i n v o l v i n g the p r o d u c t i o n o f free 0 2 ~ v i a o x i d a t i o n o f the 
m e t a l c e n t e r , f o l l o w e d b y o x i d a t i o n o f t h i o l a t e l i gands b y the 0 2 ~ (or 
0 2

2 " f r o m r e a c t i o n w i t h a s e c o n d N i center ) are incons i s tent w i t h the 
lack o f E P R signals f r o m Ni ( I I I ) a n d the absence o f an effect o n the rates 
o f r eac t i on i n the presence o f rad i ca l traps. F u r t h e r m o r e , these react ions 
w o u l d b e e x p e c t e d to p r o c e e d s tepwise , as i n S c h e m e 1, l e a d i n g to the 
f o r m a t i o n o f i n t e r m e d i a t e s a n d to c o m p l e t e s c r a m b l i n g o f l a b e l e d 0 2 . 

A m e c h a n i s m that is cons is tent w i t h the data g a t h e r e d i n this s tudy 
for the o x i d a t i o n o f [ N i ( L ) C N ] ~ b y 0 2 is s h o w n i n S c h e m e 2. T h i s m e c h 
an ism accounts for the s t o i c h i o m e t r y o f the reac t i on , has a major p a t h w a y 
i n v o l v i n g i n c o r p o r a t i o n o f b o t h atoms o f a s ing le 0 2 m o l e c u l e , a n d fea 
tures a r a t e - d e t e r m i n i n g step that i n v o l v e s one N i c o m p l e x a n d one 0 2 

m o l e c u l e . 
T h e p r o p o s e d m e c h a n i s m i n v o l v e s the f o r m a t i o n o f p e r s u l f o x i d e or 

t h i a d i o x i r a n e i n t e r m e d i a t e s . T h e s e i n t e r m e d i a t e s have b e e n suggested 
to b e i n v o l v e d i n the o x i d a t i o n o f t h i o e t h e r s b y 1 0 2 (98-100) a n d have 
b e e n pos tu la ted for the o x i d a t i o n o f N i d i th io l enes to bis-sul f inates (101). 
T h e r a t e - d e t e r m i n i n g step i n the p r o p o s e d m e c h a n i s m is the c leavage 
o f the O - O b o n d i n the t h i a d i o x i r a n e i n t e r m e d i a t e . T h i s c o n c l u s i o n is 
b a s e d o n the s i m i l a r i t y b e t w e e n the e n t h a l p y a n d e n t r o p y o f a c t i v a t i o n 
for a n u m b e r o f ox idat ions i n w h i c h O - O b o n d c leavage is rate d e t e r 
m i n i n g (e.g., S c h e m e 1). 

T h e m e c h a n i s m o f t h i o e t h e r o x i d a t i o n is d e s c r i b e d as i n v o l v i n g 
e l e c t r o p h i l i c attack o f 102 o n the sul fur a tom (or converse ly n u c l e o p h i l i c 
attack o f t h i o e t h e r S o n * 0 2 ) l e a d i n g to the f o r m a t i o n o f sul fox ides a n d 

R N — N i - C N 

Ί -

Scheme 2 
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sul fones . A r e c e n t s tudy u s i n g 1 8 0 2 r e v e a l e d that the p r o d u c t su l fone 
conta ins t w o atoms o f o x y g e n d e r i v e d f r o m the same 0 2 m o l e c u l e (98). 
Because a d d i t i o n o f the l 0 2 scavenger l , 4 -d iazab i cyc l o [2 .2 .2 ] o c tane has 
no effect o n the rate o f r e a c t i o n , s inglet o x y g e n is not d i r e c t l y i n v o l v e d . 
H o w e v e r , n u c l e o p h i l i c attack o f the c o o r d i n a t e d th io la tes o n 3 0 2 does 
account for the s t o i c h i o m e t r y o f the reac t i on , the d e r i v a t i o n o f the m a j o r 
p r o d u c t f r o m a s ing le 0 2 m o l e c u l e , a n d the absence o f r a d i c a l i n t e r 
med ia tes , a n d does not i n v o l v e N i - c e n t e r e d r e d o x c h e m i s t r y . It is pos 
s ible that the increased n u c l e o p h i l i c i t y o f th io la te sul fur versus t h i o e t h e r 
su l fur is e n o u g h to cause the r e a c t i o n to o c c u r at a s l ow rate w i t h the 
w e a k e r e l e c t r o p h i l e . 

N i c k e l - c o n t a i n i n g H 2 a s e s are d e a c t i v a t e d u p o n e x p o s u r e to a i r i n a 
process that is d e p e n d e n t o n 0 2 a n d resul ts i n a w e a k i n t e r a c t i o n o f the 
S = lfa c e n t e r i n the e n z y m e w i t h 1 7 0 2 . T h i s d e a c t i v a t i o n suggests that 
0 2 b i n d s near the N i site (26). I n a d d i t i o n to d i f f e r i n g i n t e rms o f t h e i r 
E P R s p e c t r u m , the r e d u c t i v e a c t i v a t i o n k i n e t i c s u n d e r H 2 also d i f fer for 
forms A a n d B . E x p o s u r e to H 2 results i n the r a p i d r e d u c t i o n o f f o r m B , 
w h e r e a s f o r m A exh ib i t s a l a g that has b e e n assoc iated w i t h the r e m o v a l 
o f 0 2 f r o m the sample (3). S e v e r a l observat ions p o i n t to a poss ib le r o l e 
for S -ox idat i on i n the d e a c t i v a t i o n process . F i r s t , i n a d d i t i o n to the c o m 
p o u n d s d i s cussed h e r e , the o x i d a t i o n o f N i t h i o l a t e l i gands to sul f inate 
l igands has b e e n o b s e r v e d i n o t h e r c o m p o u n d s (102). T h i s o x i d a t i o n o f 
N i th io late l igands suggests that the ox idat i on is t y p i c a l o f n i c k e l thio lates 
a n d t h e r e is no a p p a r e n t reason w h y it w o u l d not o c c u r i n an e n z y m e 
site that is access ib le to 0 2 . S e c o n d , i n m a n y cases f o r m Β has b e e n 
s h o w n to react i n a i r to p r o d u c e f o r m A . F u r t h e r m o r e , the r e a c t i o n is 
s l ow , w i t h ti/2 o n the o r d e r o f severa l h o u r s to days d e p e n d i n g o n the 
e n z y m e i n v o l v e d a n d the t e m p e r a t u r e (3). T h i s is a t i m e scale s i m i l a r 
to w h a t is o b s e r v e d for the 0 2 o x i d a t i o n i n N i t h i o l a t e c o m p l e x e s . L a s t , 
the s u b s t i t u t i o n o f Se for the S c e n t e r that reacts w i t h 0 2 m i g h t b e 
e x p e c t e d to l e a d to an e n z y m e that is m o r e o x y g e n t o l e r a n t , because 
oxides o f s e l e n i u m are m o r e d i f f i cu l t to f o r m t h a n su l fur ox ides a n d are 
m o r e r e a d i l y r e d u c e d (103). T h i s appears to b e the case for H 2 a s e s that 
c o n t a i n a se l enocys te ine l i g a t e d to the N i c e n t e r . T h e s e e n z y m e s c a n 
b e i s o l a t e d i n a i r i n an E P R s i lent state w i t h o u t o x i d a t i o n to f o r m A o r 
Β (5). 

is Ni the H2-Binding Site? 
A n o t h e r p o t e n t i a l r o l e for the N i c e n t e r i n H 2 a s e s is as a site i n v o l v e d 
i n H 2 a c t i v a t i o n . A c a t a l y t i c a l l y v i a b l e f o r m o f the e n z y m e ( form C ) is 
c h a r a c t e r i z e d b y a r h o m b i c E P R s igna l , N i - C ( g l f 2 f 3 = 2 . 1 9 , 2 . 1 5 , 2 .02 ) , 
that has b e e n a t t r i b u t e d to a Ni ( I I I ) or Ni ( I ) c o m p l e x o f H " or H 2 , b a s e d 
o n E P R a n d E N D O R spectroscop ic studies (24, 26, 27). I n D. gigas H 2 a s e , 
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t h r e e sets o f * H E N D O R signals have b e e n o b s e r v e d . A set o f n o n e x -
c h a n g e a b l e p r o t o n s w i t h a c o u p l i n g constant o f 12 M H z was o b s e r v e d 
a n d a t t r i b u t e d to cys te ine 0 - C H 2 p r o t o n s . T h e o b s e r v a t i o n o f p r o t o n s 
w i t h the same c o u p l i n g constant i n b o t h o x i d i z e d ( forms A a n d B) a n d 
r e d u c e d e n z y m e ( form C ) is d i r e c t e v i d e n c e o f d e r e a l i z a t i o n o f s p i n 
dens i ty onto N i cyste ine l igands a n d suggests that the e l e c t r o n i c s t ruc ture 
o f the E P R ac t ive spec ies is s i m i l a r i n b o t h the o x i d i z e d a n d r e d u c e d 
forms o f the e n z y m e (i .e. , that N i does not change o x i d a t i o n state). I n 
a d d i t i o n to the n o n e x c h a n g e a b l e p r o t o n s , t w o sets o f so lvent e x c h a n g e 
ab le pro tons w e r e o b s e r v e d . T h e first is w e a k l y c o u p l e d (4 M H z ) a n d 
is ass igned to a p r o t o n a t e d N i l i g a n d (e.g., H 2 0 ) . T h e s e c o n d set o f 
p r o t o n s , m o r e s t rong ly c o u p l e d (17 M H z ) , is d u e to a p r o t o n that is 
d e r i v e d f r o m H 2 . A l t h o u g h the c o u p l i n g constant for this p r o t o n is r e l 
a t i v e l y l a rge , i t does not r e s e m b l e the c o u p l i n g s t y p i c a l o f k n o w n p a r a 
m a g n e t i c N i - H h y p e r f i n e i n t e r a c t i o n s , w h i c h are i n the 3 0 0 - 5 0 0 - M H z 
range a n d are v i s i b l e i n E P R s p e c t r a (104,105). T h e n a t u r e o f the p r o t o n 
g i v i n g r ise to the 1 7 - M H z c o u p l i n g i n H 2 a s e is not c l ear , a l t h o u g h a 
h y d r i d e b o u n d to N i u s i n g an o r b i t a l c o n t a i n i n g the u n p a i r e d e l e c t r o n 
is r u l e d out b y the E P R a n d E N D O R spec t ra . It was suggested that this 
p r o t o n c o u l d b e a h y d r i d e l i g a n d b o u n d to a Ni ( I I I ) c e n t e r t h r o u g h a d 
o r b i t a l i n the x,y p l a n e that does not c o n t a i n s p i n d e n s i t y (27). T h i s 
p o s s i b i l i t y is b o l s t e r e d b y E P R s p e c t r a o b t a i n e d o n N i m ( C N ) 4 ( H 2 0 ) 2 " , 
i n w h i c h no h y p e r f i n e s p l i t t i n g d u e to e q u a t o r i a l 1 3 C N " is o b s e r v e d 
(106). T h e poss ib le i n v o l v e m e n t o f a N i d i h y d r o g e n l i g a n d (107) r emains 
an o p e n q u e s t i o n . 

F o r m C is l i g h t - s e n s i t i v e a n d is k n o w n to b e c o n v e r t e d to an E P R 
ac t ive p h o t o p r o d u c t b y e x p o s u r e to v i s i b l e l i g h t at l o w t e m p e r a t u r e (3, 
24, 108). T h e p h o t o p r o d u c t exh ib i t s a u n i q u e E P R s igna l , N i - L ( g i , 2 , 3 

= 2 . 2 9 , 2 . 1 3 , 2 .05) ( F i g u r e 14) . T h e p h o t o c h e m i s t r y is r e v e r s i b l e , a n d 
a n n e a l i n g the sample at a h i g h e r t e m p e r a t u r e regenerates the N i - C 
E P R s p e c t r u m . I n the case o f T. roseopersicina H 2 a s e , the t r a n s i t i o n f r o m 
N i - L to N i - C is v e r y sharp a n d o c curs at 1 9 4 Κ ( F i g u r e 14) (88). It has 
b e e n suggested that f o r m C c o r r e s p o n d s to a h y d r i d e (or d i h y d r o g e n ) 
N i a d d u c t (26, 27) a n d that the p h o t o c h e m i s t r y i n v o l v e s d i s s o c i a t i o n o f 
the h y d r i d e f r o m the N i c e n t e r (24). W e e x a m i n e d this p r o p o s a l u s i n g 
a c o m b i n a t i o n o f E N D O R a n d X A S m e a s u r e m e n t s a n d f o u n d that a l 
t h o u g h the p h o t o c h e m i s t r y does i n d e e d c o r r e s p o n d to the loss o f a b o u n d 
proton(s ) , t h e r e is no c o n c l u s i v e e v i d e n c e to s u p p o r t the ass ignment o f 
N i as the b i n d i n g s ite . 

T h e ^ - E N D O R s p e c t r a o b t a i n e d o n T. roseopersicina H 2 a s e r e v e a l 
resonances a t t r i b u t a b l e to t w o o f the t h r e e types o f p r o t o n s o b s e r v e d 
for the D. gigas e n z y m e , the n o n e x c h a n g e a b l e c y s t e i n e / 3 - C H 2 p r o t o n s 
(A = 12 M H z ) a n d the m o r e s t rong ly c o u p l e d e x c h a n g e a b l e p r o t o n (A 
= 2 1 . 5 M H z ) . T h e w e a k l y c o u p l e d e x c h a n g e a b l e p r o t o n (4 M H z ) is not 
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Form C 

Form C + hv 

! 

2800 3000 32Ω0 3400 3600 
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Figure 14. EPR spectra o/Thiocapsa roseopersicina hydrogenase, Ni-C 
(top) and Ni-L (bottom). Spectra were taken at 77 K, at a microwave fre
quency of 9.62 GHz, a microwave power of 20 mW, and a modulation 
amplitude of 4 G. 

o b s e r v e d . T h e resonance for the e x c h a n g e a b l e p r o t o n that c omes f r o m 
d i h y d r o g e n is c l e a r l y s h o w n i n 2 H - E N D O R s p e c t r a o b t a i n e d b y p r e 
p a r i n g the sample i n D 2 0 buf fer ( F i g u r e 15) . E x p o s u r e o f this sample 
to l i g h t results i n the c o n v e r s i o n o f the E P R s p e c t r u m f r o m N i - C to N i -
L a n d i n the loss o f the s t r o n g l y c o u p l e d 2 H - E N D O R resonance . T h i s 
resonance is r e s t o r e d u p o n a n n e a l i n g the s a m p l e , thus d e m o n s t r a t i n g 
that the c o n v e r s i o n o f N i - C to N i - L i n v o l v e s the p h o t o l y s i s o f a p r o t o n 
d e r i v e d f r o m H 2 a n d that a n n e a l i n g the sample g ives r ise to the r e c o m 
b i n a t i o n o f the p r o t o n w i t h the ac t ive s i te . 

I f the p h o t o l y s i s i n v o l v e d d i s so c ia t ing a h y d r i d e (or H 2 ) l i g a n d f r o m 
the N i s i te , changes i n e l e c t r o n d e n s i t y , g e o m e t r y , a n d s t r u c t u r e that 
c o u l d b e r e v e a l e d b y X A S w o u l d resu l t . T h e N i K - e d g e s p e c t r a t a k e n 
o n samples d i s p l a y i n g E P R signals N i - C a n d N i - L are s h o w n i n F i g u r e 
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-20 -10 0 10 20 
Δ ν 1 Η (MHz) 

Figure 15. 2H-ENDOR spectra of the solvent exchangeable protons asso
ciated with Thiocapsa roseopersicina hydrogenase in form C (A) and its 
photoproduct (B). 

1.2H 

8300 8320 8340 8360 8380 8400 
X-ray Energy (eV) 

Figure 16. Ni K-edge XAS spectra obtained for Thiocapsa roseopersicina 
hydrogenase form C ( ) and its photoproduct ( ). (Reproduced from 
reference 88. Copyright 1993 American Chemical Society.) 
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16. T h e s e s p e c t r a show no change i n the edge e n e r g y , p r e - e d g e features 
that are sens i t ive to g e o m e t r y , or X A N E S s p e c t r a (Tab le I) a n d suggest 
that the p h o t o d i s s o c i a t i o n o f the h y d r o g e n i c proton(s ) has no s t r u c t u r a l 
c o n s e q u e n c e for the N i s ite . S i m i l a r l y , the E X A F S s p e c t r a ( F i g u r e 17) 
r e v e a l no e v i d e n c e for a change i n b o n d l e n g t h for any o f the n o n h y -
d r o g e n l igands o f the N i c e n t e r (88). 

A l t h o u g h i t is poss ib le that X A S is not sens i t ive to the s t r u c t u r a l 
changes that o c c u r , the la ck o f any c h a n g e i n the X A S s p e c t r a suggests 
that N i is not the H 2 - b i n d i n g site . T h e fact that 1 3 C O b o u n d to the 
e n z y m e revea ls a s t rong 1 3 C h y p e r f i n e i n t e r a c t i o n ( A x y z = 8 5 . 3 , 8 8 . 0 , 
9 0 . 3 M H z ) (26) a n d that p a r a m a g n e t i c N i h y d r i d e s also have la rge c o u 
p l ings to the H ~ l i g a n d , b u t H " (or H 2 ) shows a m u c h w e a k e r c o u p l i n g 
i n N i - C p r o v i d e s a n o t h e r a r g u m e n t against a s t r o n g b o n d to H " or H 2 

at the N i s ite . 
O t h e r poss ib le b i n d i n g sites i n c l u d e F e , S c lusters , w h i c h are present 

i n a l l H 2 a s e s a n d are the l i k e l y b i n d i n g sites for H 2 i n F e - o n l y H 2 a s e s 
(2), a n d sul f ide o r t h i o l a t e l i gands . T h e poss ib le p r e s e n c e o f a N i , F e , S 
c lus te r i n the ac t ive site i n F e , N i H 2 a s e s , as suggested b y E P R (2, 3, 
108) a n d E X A F S studies (34), c o u l d g ive r ise to a m e c h a n i s m b y w h i c h 

1 1 1 1 1 r 
2 4 6 8 10 12 

k(A"1) 

Figure 17. Ni K-edge Fourier-filtered EXAFS spectra from hydrogenase in 
form C (top) and its photoproduct (bottom). Two shell fits are shown as 
small dashed lines. Form C. (1-2)N,0 1.92 (2) A + (3 ± 1)S at 2.22(2) A; 
form C + light: (1-2)N,0 at 1.92 (2) A+(4±l)Sat 2.22(2) A. Three-shell 
fits incorporating a long Ni-S interaction are shown as large dashed lines. 
Form C: (1-2)N,0 at 1.92(2) A+ (3±l)Sat 2.22(2) A, + (1)S at 2.75(2) 
A; form C + light: (1-2)N,0 at 1.94 (2) A + (3 ± 1)S at 2.23(2) A + (1)S 
at 2.70(2) A. 
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H 

* 2 5 o C 

C p M o ^ l S ^ M o C p + H 2 + py Cp M o ^ ^ ^ M o C p + pyH* 
\ / S / CHCI3 \ / f / 

£ s ps 

Scheme 3 

w e a k c o u p l i n g b e t w e e n the h y d r o g e n i c proton(s ) b o u n d to an F e a t o m 
a n d the N i c e n t e r c o u l d o c c u r . A n o t h e r p o s s i b i l i t y is that a c t i v a t i o n o f 
H 2 i n v o l v e s i n t e r a c t i o n w i t h a sul f ide l i g a n d o f N i o r an F e , S c lus te r . It 
is not poss ib le f r o m X A S analys is to d i f f e rent ia te b e t w e e n th i o la te a n d 
sul f ide l i gands ; thus the p o s s i b i l i t y o f a N i sul f ide l i g a n d exists. F u r 
t h e r m o r e , h e t e r o l y t i c c leavage o f H 2 (the r e a c t i o n c a t a l y z e d b y H 2 a s e ) 
i n v o l v i n g a b r i d g i n g sul f ide has b e e n d e m o n s t r a t e d to o c c u r i n o n e -
m o d e l sys tem (Scheme 3) (109). I n this m o d e l system a base (pyr id ine ) 
gets p r o t o n a t e d , a n d the " h y d r i d i c ' ' p r o t o n ends u p c o n v e r t i n g a b r i d g 
i n g sul f ide l i g a n d to a b r i d g i n g h y d r o s u l f i d e . A n a l o g o u s c h e m i s t r y c o u l d 
ac count for the p r e s e n c e o f a s t rong ly c o u p l e d so lvent e x c h a n g e a b l e 
p r o t o n i n H 2 a s e (hydrosul f ide ) a n d a m o r e w e a k l y c o u p l e d so lvent ex 
c h a n g e a b l e p r o t o n c o r r e s p o n d i n g to a p r o t o n a t e d l i g a n d , as r e v e a l e d 
b y the E N D O R studies . 

Y e t a n o t h e r p o s s i b i l i t y i n v o l v e s H 2 a c t i v a t i o n at t h i o l a t e l i gands . 
T h i s p o s s i b i l i t y is suggested b y the c h e m i s t r y o f an F e 1 1 t e t r a t h i o l a t e 
c o m p l e x (Scheme 4) (110), w h i c h evo lves H 2 w h e n H + is a d d e d to the 
system. Intermediates p r o p o s e d for this r e a c t i o n i n c l u d e t h i o l c omplexes 
d e r i v e d f r o m the p r o t o n a t i o n o f the t h i o l a t e l i gands . A r o l e for a m e t a l 
c luster i n the catalysis is also suggested b y the m e c h a n i s m , w h i c h invo lves 
the f o r m a t i o n o f d i m e r i c spec ies i n o r d e r to p r o v i d e the t w o e l e c t rons 
necessary for the p r o d u c t i o n o f H 2 . 

crih£o] [cOlOo 
H H - I L H 

|-2H + 

Scheme 4 
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Summary and Conclusions 
T h e redox r o l e o f the N i c e n t e r i n h y d r o g e n a s e was e x a m i n e d u s i n g a 
c o m b i n a t i o n o f b i o p h y s i c a l a n d s y n t h e t i c m o d e l approaches . T h e la ck 
o f a s igni f i cant shift i n the N i K - e d g e e n e r g y o r i n the N i - l i g a n d b o n d 
l engths i n h y d r o g e n a s e , as o b s e r v e d b y X A S o n r e d o x - p o i s e d e n z y m e 
samples , are incons i s tent w i t h a r e d o x r o l e for N i . T h e b o n d l engths 
o b t a i n e d f r o m E X A F S analys is a n d the S = 0 d e t e r m i n a t i o n for the N i 
c e n t e r f r o m m a g n e t i z a t i o n data that is ava i lab le for an E P R s i lent f o r m 
o f h y d r o g e n a s e f r o m D. baculatus are b o t h cons is tent w i t h an o x i d a t i o n 
state o f I I for the N i c enter . C o m b i n e d w i t h the edge e n e r g y data , these 
results suggest that the o x i d a t i o n state o f N i is I I i n a l l r e d o x states o f 
the e n z y m e . A l t h o u g h this c o n c l u s i o n is a p p e a l i n g i n v i e w o f the r e d o x 
c h e m i s t r y o f c lass ica l N i ( I I ) c o m p l e x e s , it does not e x p l a i n the E P R 
s p e c t r a assoc iated w i t h the N i site or p r o v i d e any ins ight in to the n a t u r e 
o f the r e d o x ac t ive species . It is c l ear f r o m the o b s e r v a t i o n o f 6 1 N i h y 
p e r f i n e s p l i t t i n g i n the E P R s p e c t r a that the r a d i c a l g i v i n g r ise to the 
E P R signals o b s e r v e d at 7 7 Κ i n t i m a t e l y invo lves the N i center . H o w e v e r , 
w e have a r g u e d that the E P R data are not u n e q u i v o c a l e v i d e n c e for N i -
c e n t e r e d r e d o x c h e m i s t r y o r the p r e s e n c e o f Ni ( I I I ) o r N i ( I ) i n the e n 
z y m e . T h e s e a rguments are b a s e d o n t h r e e facts: 

1. S - c e n t e r e d rad i ca l s m a y e x h i b i t g -values i n the range o f 
those o b s e r v e d i n the e n z y m e a n d are there fore u n r e l i a b l e 
ind icators o f p r i m a r i l y m e t a l vs. p r i m a r i l y l i g a n d ox idat i on . 

2. O x i d i z e d m o d e l c o m p o u n d s f ea tur ing a l k y l th io la te l igands 
e x h i b i t s m a l l h y p e r f i n e c o u p l i n g s w i t h the 6 1 N i c e n t e r a n d 
large h y p e r f i n e c o u p l i n g s w i t h l i g a n d m e t h y l e n e pro tons . 
T h e s e h y p e r f i n e c o u p l i n g s are i n d i c a t i v e o f subs tant ia l l i 
g a n d o x i d a t i o n a n d are s i m i l a r to the h y p e r f i n e c o u p l i n g s 
o b s e r v e d for h y d r o g e n a s e . 

3. S tud ies o f the r e d o x c h e m i s t r y o f N i c o m p l e x e s w i t h a l k y l 
t h i o l a t e l i gands , l i k e those e x p e c t e d i n the b i o l o g i c a l s i te , 
suggest that the p r o d u c t s o f ox idat i ons o f s u c h c o m p l e x e s 
w i l l l i k e l y re f lect S - ox ida t i on . 

I f the changes that o c c u r u p o n o x i d a t i o n w e r e l a r g e l y l o c a l i z e d o n S (or 
d e l o c a l i z e d o v e r severa l S centers ) , th is l o c a l i z a t i o n w o u l d p r o v i d e one 
poss ib le exp lanat ion for the o b s e r v e d insens i t iv i ty o f the N i site s t ruc ture 
to the r e d o x state o f the e n z y m e . A l t e r n a t i v e l y , a r e d o x site c o m p o s e d 
o f p r o t e i n subst i tuents near the N i site c o u l d also ac count for the 
observat ions . 

T h e poss ib le r o l e o f the N i c e n t e r as a h y d r o g e n - b i n d i n g site was 
also e x a m i n e d . E N D O R s p e c t r o s c o p y c l e a r l y shows that a p r o t o n f r o m 
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H 2 b i n d s to an a t o m that is i n par t r e s p o n s i b l e for the E P R s p e c t r u m o f 
f o r m C . F u r t h e r m o r e , s tudies o f the p h o t o c h e m i s t r y o f f o r m C u s i n g 
E N D O R s p e c t r o s c o p y d e m o n s t r a t e that the d i s so c ia t i on o f this p r o t o n 
occurs d u r i n g the p h o t o c h e m i c a l process . T h i s p h o t o l y t i c c leavage is 
r e v e r s e d u p o n a n n e a l i n g the s a m p l e . U n d e r s t a n d i n g the s t r u c t u r e o f the 
E P R ac t ive site i n f o r m C w i l l b e v e r y i m p o r t a n t to u n d e r s t a n d i n g h o w 
the e n z y m e activates H 2 . T h e assumpt ion that N i is the H 2 (or H " ) b i n d i n g 
site i n the e n z y m e is not firmly e s t a b l i s h e d a n d , g i v e n the h i g h l y d e l o -
c a l i z e d nature o f the species g i v i n g r ise to E P R s ignal C a n d its associated 
E N D O R spec t ra , a n u m b e r o f a l t e r n a t i v e poss ib i l i t i e s r e m a i n to b e 
addressed . 

T h e most s t r i k i n g resu l t f r o m the b i o p h y s i c a l s tudies is the la ck o f 
any changes assoc iated w i t h the N i site s t r u c t u r e . T h i s leads to a c o n 
c l u s i o n s i m i l a r to one suggested for the M o site i n n i t rogenase (111): 
that the r o l e o f the N i i n h y d r o g e n a s e is to m o d i f y an e x i s t i n g ac t ive 
s i te , r a t h e r t h a n to serve as an e n t i r e l y n e w act ive c e n t e r . T h e e n z y -
m o l o g y o f the hydrogenases suggests that these mod i f i ca t i ons are as
soc ia ted w i t h greater o x y g e n t o l e r a n c e o r spec i f i c i ty for h y d r o g e n 
u p t a k e . 
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3 
Modeling Phenoxyl Radical 
Metalloenzyme Active Sites 

D a v i d P. Goldberg and Stephen J . L i p p a r d * 

Department of Chemistry , Massachusetts Institute of Technology, 
Cambridge , MA 02139 

A phenoxyl radical has been implicated in the functioning of three 
metalloenzymes, ribonucleotide reductase, galactose oxidase, and 
prostaglandin H synthase. A brief summary of these three systems 
is presented, focusing on the role of the metal-phenoxyl radical 
active site. Special emphasis has been given to the physical prop
erties of the phenoxyl radical-containing metal active sites and to 
possible mechanisms for the generation and function of these active 
sites. Several ligand systems designed to provide a phenoxyl radical 
coordinated to a metal center are described. These systems include 
ligands containing sterically hindered phenol groups that allow for 
delocalization of the phenoxyl radical spin onto the metal center. 
We give a summary of progress in our own laboratory on modeling 
the active site of ribonucleotide reductase through the use of a new 
bidentate nitrogen donor ligand with a pendant phenol-phenoxyl 
radical arm. The synthesis and properties of a dinuclear iron com
pound containing this pendant phenoxyl radical ligand is described. 
This complex mimics some of the key physical properties of the 
diferric active site of ribonucleotide reductase. 

RADICAL COFACTORS IN BIOLOGICAL SYSTEMS have b e c o m e a sub jec t 
o f i n c r e a s i n g interes t i n r e c e n t years (1-3). T y r o s i n e - b a s e d rad i ca l s , i n 
p a r t i c u l a r , have n o w b e e n i d e n t i f i e d i n several e n z y m e s (4). T h e tyros ine 
r e s i d u e funct i ons as a r e d o x - a c t i v e co fac tor b y i n t e r c o n v e r t i n g b e t w e e n 
the o x i d i z e d p h e n o x y l r a d i c a l a n d the n o r m a l p h e n o l or pheno la te states. 
M o r e c o m m o n l y k n o w n r e d o x - a c t i v e co factors i n c l u d e t r a n s i t i o n m e t a l 
ions, a n d a few e n z y m e s use b o t h tyros ine res idues a n d metals as partners 
i n e f fec t ing r e d o x c h e m i s t r y . 

M e c h a n i s t i c p a t h w a y s that e x p l o r e this t h e m e have b e e n p r o p o s e d 

Corresponding author 

0065-2393/95/0246-0061/$08.18/0 
© 1995 American Chemical Society 
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for t h r e e m e t a l l o e n z y m e s : r i b o n u c l e o t i d e r educ tase , galactose ox idase , 
a n d p r o s t a g l a n d i n H synthase . I n each o f these cases m e c h a n i s m s have 
b e e n p r o p o s e d that i n c l u d e one or t w o t r a n s i t i o n meta ls w o r k i n g i n 
c o n c e r t w i t h a r e d o x - a c t i v e t y r o s i n e g r o u p . D i o x y g e n a n d h y d r o g e n 
p e r o x i d e have b e e n i m p l i c a t e d as agents respons ib le for genera t ing these 
stable t y r o s y l rad i ca l s , w i t h a c o n c o m i t a n t r e d o x change at the m e t a l 
s i te . W e discuss these t h r e e systems a n d c o n c e n t r a t e o n the p r o p e r t i e s 
o f the m e t a l ac t ive site a n d the c h a r a c t e r i z a t i o n o f the t y r o s y l rad i ca l s . 
C u r r e n t m e c h a n i s t i c h y p o t h e s e s about the g e n e r a t i o n a n d f u n c t i o n o f 
the t y r o s y l r a d i c a l a n d m e t a l ac t ive sites f o u n d i n these e n z y m e s are 
p r e s e n t e d . W e focus o n the m e t a l - r a d i c a l p a r t n e r s h i p as w e l l as the ro les 
o f d i o x y g e n a n d h y d r o g e n p e r o x i d e i n g e n e r a t i n g a n d m a i n t a i n i n g the 
t y r o s y l r a d i c a l . 

T o m o d e l the o x o - b r i d g e d d i i ron( I I I ) p h e n o x y l r a d i c a l a c t ive site 
f o u n d i n the R2 p r o t e i n o f Escherichia colt r i b o n u c l e o t i d e r educ tase 
(RR) , w e d e s i g n e d a n d s y n t h e s i z e d a n e w b identa te n i t r o g e n d o n o r l i g a n d 
that harbors a pendant p h e n o l m o i e t y . C o m p l e x e s o f b o t h the n o n r a d i c a l 
p h e n o l a n d p h e n o x y l r a d i c a l forms o f this l i g a n d are d e s c r i b e d , i n c l u d i n g 
a d i n u c l e a r i r o n c o m p o u n d that r e p r o d u c e s some o f the k e y p h y s i c a l 
p r o p e r t i e s o f the R2 p r o t e i n ac t ive s i te . T h i s w o r k was c a r r i e d out as 
par t o f a b r o a d e r p r o g r a m i n w h i c h first r o w t r a n s i t i o n m e t a l c o m p l e x e s 
are s y n t h e s i z e d as m o d e l s for the ac t ive sites o f a v a r i e t y o f m e t a l l o e n 
z y m e s (5). T h e s e ac t iv i t i es w e r e e x p a n d e d to i n c l u d e m o d e l s for the 
ac t ive sites o f e n z y m e s c o n t a i n i n g b o t h first r o w t r a n s i t i o n m e t a l ions 
a n d p h e n o x y l rad i ca l s . O u r u l t i m a t e goa l is to p r e p a r e c o m p o u n d s that 
c a n serve as f u n c t i o n a l m i m i c s for these sites. I n p a r t i c u l a r , w e w a n t to 
u n d e r s t a n d b e t t e r the m e c h a n i s m o f r a d i c a l g e n e r a t i o n a n d the s y n e r 
g ist i c r e l a t i o n s h i p b e t w e e n the m e t a l i o n a n d p h e n o x y l r a d i c a l i n the 
f u n c t i o n i n g b i o l o g i c a l systems. 

P r e v i o u s w o r k b y o t h e r groups has l e d to the synthesis o f var i ous 
l i gands i n c o r p o r a t i n g s t e r i c a l l y h i n d e r e d p h e n o l subst i tuents for the 
g e n e r a t i o n o f p h e n o x y l r a d i c a l m e t a l c o m p l e x e s . T h e s e systems w e r e 
d e s i g n e d to a l l o w for d e r e a l i z a t i o n o f the p h e n o x y l r a d i c a l s p i n f r o m 
p h e n y l r i n g out onto the m e t a l c e n t e r . U s u a l l y , the p u t a t i v e p h e n o x y l 
r a d i c a l c o m p l e x e s w e r e g e n e r a t e d i n s i tu f r o m the analogous p h e n o l a t e 
c o m p l e x e s b y a d d i t i o n o f an a p p r o p r i a t e o x i d i z i n g agent a n d w e r e c h a r 
a c t e r i z e d m a i n l y b y e l e c t r o n p a r a m a g n e t i c resonance ( E P R ) spec t ros 
c o p y . W e d e s c r i b e severa l e x e m p l a r y l i gands u s e d i n th is e a r l i e r w o r k 
a n d s u m m a r i z e the synthes is a n d c h a r a c t e r i z a t i o n o f the p h e n o l a n d 
p h e n o x y l r a d i c a l c o m p l e x e s r e p o r t e d for these systems. 

Phenoxyl Radical Metalloenzymes 
R i b o n u c l e o t i d e R e d u c t a s e . A l l l i v i n g organisms d e p e n d u p o n 

one o f t h r e e classes o f r i b o n u c l e o t i d e reductases i n the b i o synthes i s o f 
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d e o x y r i b o n u c l e o t i d e s f r o m r i b o n u c l e o t i d e s (6). O n e class conta ins a 
d i n u c l e a r i r o n c e n t e r a n d stable t y r o s y l r a d i c a l essent ia l for c a t a l y t i c 
a c t i v i t y . T h e best s t u d i e d r i b o n u c l e o t i d e r educ tase i n th is class c omes 
f r o m E. coli a n d is c o m p o s e d o f t w o h o m o d i m e r i c subun i t s R l a n d R 2 . 
Substrate a n d a l loster ic effector mo le cu les b i n d to the R l subun i t , w h i c h 
is b e l i e v e d to b e the site o f substrate r e d u c t i o n . T h e s m a l l e r R 2 p r o t e i n 
conta ins the d i i r o n co re a n d a p r o x i m a l t y r o s y l r a d i c a l . T h i s s u b u n i t c a n 
exist i n f our states: ac t ive R 2 , m e t R 2 , r e d R 2 , a n d apo R 2 . T h e ac t ive 
f o r m conta ins an o x o - b r i d g e d d i i ron( I I I ) c o r e a n d a t y r o s y l r a d i c a l that 
is stable for severa l days at r o o m t e m p e r a t u r e . T h e F e ( I I I ) - 0 - F e ( I I I ) 
center is m a i n t a i n e d i n the met R 2 f o r m , b u t the r a d i c a l has b e e n r e d u c e d 
to a n o r m a l t y r o s i n e r e s i d u e . T h i s f o r m o f the e n z y m e has b e e n c h a r 
a c t e r i z e d b y X - r a y c r y s t a l l o g r a p h y at 2.2 Â r e s o l u t i o n , a n d the s t r u c t u r e 
o f its d i i ron(I I I ) site is s h o w n i n F i g u r e 1 (7, 8). 

I n the met f o r m , the t w o f e r r i c ions are b r i d g e d b y an oxo l i g a n d 
a n d the c a r b o x y l a t e s ide c h a i n o f a g l u t a m a t e r e s i d u e . T h e F e l a t o m 
has a d i s t o r t e d square p y r a m i d a l g e o m e t r y , a l t e r n a t e l y c h a r a c t e r i z e d as 
p s e u d o - o c t a h e d r a l i f the aspartate r e s i d u e is ass igned as c h e l a t i n g b i 
dentate , w h e r e a s F e 2 has n e a r l y per f e c t o c t a h e d r a l s y m m e t r y . I n the 
act ive f o r m o f the e n z y m e , T y r 122 has b e e n o x i d i z e d to a t y r o s y l r a d i c a l 
(9), w h i c h , as r e v e a l e d b y the X - r a y s t r u c t u r e o f met R 2 , is l o c a t e d i n a 
h y d r o p h o b i c p o c k e t w i t h its h y d r o x y l g r o u p 5.3 Â a w a y f r o m F e l . T h e 
p o c k e t does not c o n t a i n any o x i d i z a b l e s ide cha ins near the r a d i c a l site 

Figure 1. Structure of the R2 protein ofE. coli ribonucleotide reductase 
in the met form. (Adapted from reference 7, which reports the 2.2 Â crystal 
structure of the protein. Note that, in reference 7, Asp 84 is considered to 
be bidentate and chelating, but we prefer the monodentate, hydrogen-bonded 
representation depicted above based on an analysis of the Fe-O distances.) 
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a n d pro tec t s T y r 122 f r o m so lvent o r o t h e r poss ib le r educ tants . T h e s e 
features may account for the r e m a r k a b l e s tabi l i ty o f the p h e n o x y l r a d i c a l 
g e n e r a t e d at T y r 122. 

F o r m a t i o n o f the r i b o n u c l e o t i d e reduc tase t y r o s y l r a d i c a l i n v i v o is 
b e l i e v e d to o c c u r d u r i n g the r e a c t i o n o f d i o x y g e n w i t h the r e d u c e d , 
d i f e r r o u s f o r m o f R2. E x p e r i m e n t s i n v i t r o c o n f i r m that a d d i t i o n o f 0 2 

to r e d R2 does l e a d to the i m m e d i a t e g e n e r a t i o n o f the t y r o s y l r a d i c a l , 
t ogether w i t h the (M-oxo)diiron(III) center . R e c e n t studies u s i n g s t o p p e d -
flow a b s o r p t i o n , r a p i d f r e e z e - q u e n c h E P R (10) a n d r a p i d f r e e z e - q u e n c h 
M o s s b a u e r s p e c t r o s c o p y (11) have d e t e c t e d the p r e s e n c e o f t w o i n t e r 
med ia tes i n the r a d i c a l - g e n e r a t i n g r e a c t i o n , e i t h e r one o f w h i c h c o u l d 
be respons ib le for p r o d u c i n g the r a d i c a l f r o m T y r 122. O n e i n t e r m e d i a t e 
is p r o b a b l y a p e r o x o - b r i d g e d diiron(III) spec ies , w h e r e a s the o t h e r m a y 
b e a d i o x y g e n - or a m i n o a c i d - d e r i v e d r a d i c a l b o u n d to one or b o t h f e r r i c 
ions . 

A m u t a n t f o r m o f the r e d u c e d R2 p r o t e i n , r e d R2 S211A, has b e e n 
c rys ta l l ograph i ca l l y c h a r a c t e r i z e d to 2.2 À r e s o l u t i o n (12), a n d s t r u c t u r a l 
features o f its diiron(II) s ite are s h o w n s c h e m a t i c a l l y i n F i g u r e 2. C u r -

Figure 2. Structure of a S211A mutant of the R2 protein of E. coli ribo
nucleotide reductase in the reduced form. (Adapted from reference 11 re
porting the 2.2 Â crystal structure.) 

Asp^ 

R E D U C E D R2 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
6.

ch
00

3

In Mechanistic Bioinorganic Chemistry; Thorp, H., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1996. 
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r e n t l y t h e r e are no X - r a y data o n w i l d - t y p e (wt) r e d R 2 . T h e s t ruc tures 
o f w t met R 2 a n d met R 2 S 2 1 1 A are n e a r l y i d e n t i c a l , i n c l u d i n g deta i ls 
o f the m e t a l c o o r d i n a t i o n s p h e r e . T h i s resu l t suggests that the m e t a l 
sites i n w t r e d R 2 a n d r e d R 2 S 2 1 1 A are p r o b a b l y also the same. I n the 
r e d u c e d p r o t e i n , the b r i d g i n g oxo g r o u p present i n the m e t R 2 s t r u c t u r e 
is gone , a n d G l u 2 3 8 has c h a n g e d f r o m a t e r m i n a l to a b r i d g i n g l i g a n d . 
T h i s m o v e m e n t o f G l u 2 3 8 is a g o o d example o f the a b i l i t y o f carboxy late 
res idues to v a r y t h e i r b i n d i n g mo de s i n d i n u c l e a r i r o n cores a n d has 
b e e n r e f e r r e d to as the c a r b o x y l a t e shift (13) . N o w a t e r l i gands w e r e 
l o c a t e d near the i r o n atoms i n the r e d R 2 S 2 1 1 A s t r u c t u r e , a n d b o t h 
Fe(II ) ions d i s p l a y t e t r a h e d r a l g e o m e t r y . 

T h e s t r u c t u r a l analysis o f the r e d R 2 p r o t e i n r e v e a l e d t w o features 
i m p o r t a n t to the p r o p o s e d m e c h a n i s m s for t y r o s y l r a d i c a l g e n e r a t i o n 
(12). T h e f o u r - c o o r d i n a t e f errous ions have ava i lab le sites for b i n d i n g 
d i o x y g e n as e i t h e r a t e r m i n a l l i g a n d to one o f the i r o n atoms or as a 
b r i d g i n g l i g a n d . T h e la t ter b i n d i n g m o d e p e r m i t s a v a r i e t y o f poss ib le 
s t ruc tures . T h e largest change i n the s t r u c t u r e o f r e d R 2 S 2 1 1 A c o m 
p a r e d to the met f o r m is a 2 À m o v e m e n t i n the p o s i t i o n o f the h y d r o x y l 
g r o u p o f T y r 2 0 9 , a r e s i d u e not s h o w n i n F i g u r e s 1 a n d 2. T h i s m o t i o n 
opens a c h a n n e l f r o m the surface o f the p r o t e i n d o w n to the d i i r o n 
centers , w h i c h creates a poss ib le p a t h w a y for 0 2 to r e a c h the i r o n site 
a n d n e a r b y h y d r o p h o b i c p a t c h . 

R e a c t i o n s o f the met R 2 p r o t e i n w i t h H 2 0 2 (14, 15), as w e l l as O -
a t o m donors s u c h as p e r o x y a c i d s a n d m o n o p e r o x o p h t h a l a t e (15) a f ford 
the t y r o s y l r a d i c a l i n 2 5 - 3 5 % y i e l d . T h e r e a c t i o n o f H 2 0 2 a n d met R 2 
suppor ts a m e c h a n i s m i n w h i c h a d i i ron( I I I ) p e r o x i d e i n t e r m e d i a t e is 
i n v o l v e d i n the d i o x y g e n - d e p e n d e n t t y r o s y l r a d i c a l g e n e r a t i o n f r o m the 
r e d u c e d f o r m o f the p r o t e i n . T h e s ing le o x y g e n a t o m d o n o r e x p e r i m e n t s 
suggest that a h i g h - v a l e n t i r o n - o x o i n t e r m e d i a t e , s u c h as an { F e I V 0 } or 
{ F e v O } spec ies , m a y also b e c o m p e t e n t to generate the t y r o s y l r a d i c a l 
i n the R 2 p r o t e i n , poss ib ly b e i n g f o r m e d i n a subsequent step f r o m the 
p e r o x i d e i n t e r m e d i a t e . W o r k b y S t u b b e a n d c o - w o r k e r s (11) r e v e a l i n g 
spec t ros cop i c i n t e r m e d i a t e s i n the r e a c t i o n o f r e d R 2 w i t h d i o x y g e n 
shows no e v i d e n c e for the f o r m a t i o n o f s u c h a h i g h - v a l e n t i r o n - o x o spe 
c ies , h o w e v e r . 

Galactose Oxidase. T h e e n z y m e galactose ox idase (16-18), se
c r e t e d f r o m the fungus Dactylium dendroides, is a 6 8 - k D a m o n o m e r i c 
p o l y p e p t i d e that effects the t r a n s f o r m a t i o n o f a w i d e v a r i e t y o f p r i m a r y 
a l coho ls to a l d e h y d e s a c c o r d i n g to the g e n e r a l i z e d r e a c t i o n g i v e n i n 
e q u a t i o n 1. D i o x y g e n is the e l e c t r o n a c c e p t o r i n this t w o - e l e c t r o n o x i 
d a t i o n o f a l c o h o l i c substrates . T h e c a t a l y t i c r e a c t i o n is b e l i e v e d to take 
p l a c e at o r near a m o n o n u c l e a r c o p p e r ac t ive s i te . N o o t h e r m e t a l co -
factors have b e e n i d e n t i f i e d . T h e source o f the s e c o n d o x i d i z i n g e q u i v -
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aient necessary for c o n v e r t i n g a l coho ls to a l d e h y d e s r e m a i n s u n d e t e r 
m i n e d , b u t a m o u n t i n g b o d y o f e v i d e n c e po ints to the p r e s e n c e o f an 
o r g a n i c r a d i c a l co fac tor w o r k i n g i n c o n j u n c t i o n w i t h the ac t ive site 
C u ( I I ) - C u ( I ) r e d o x c o u p l e . S u c h a r a d i c a l co fac tor has b e e n p o s i t i v e l y 
i d e n t i f i e d as o r i g i n a t i n g f r o m a t y r o s i n e r e s i d u e ( i 9 ) , w h i c h is m o d i f i e d 
b y an u n u s u a l t h i o e t h e r l i n k a g e i n v o l v i n g a n e a r b y cys te ine . 

R C H 2 O H + 0 2 ^ R C H O + H 2 0 2 (1) 

T h e c r y s t a l s t r u c t u r e o f galactose ox idase f r o m D. dendroides was 
d e t e r m i n e d to 1.7 À r e s o l u t i o n (20). T h e c o p p e r site is l o c a t e d near the 
so lvent -access ib le surface . A n a lmost p e r f e c t square is f o r m e d b y f our 
l igands i n the e q u a t o r i a l p l a n e o f the c o p p e r , t w o n i t r o g e n donors f r o m 
h i s t i d i n e s a n d t w o o x y g e n donors f r o m a m o n o d e n t a t e acetate a n d a 
t y r o s i n e r e s i d u e . T h e acetate l i g a n d comes f r o m the buf fer ( p H 4.5) i n 
w h i c h the nat ive crystals w e r e g r o w n . A n o t h e r data set (1.9 Â reso lut ion) 
c o l l e c t e d o n nat ive crystals g r o w n i n P I P E S ( 1 , 4 - p i p e r a z i n e d i e t h a n e -
su l f on i c acid) buf fer ( p H 7.0) r e v e a l e d a w a t e r m o l e c u l e , r a t h e r t h a n 
acetate , at a d i s tance o f 2.8 À f r o m the c u p r i c i o n . T h i s l o n g C u · · · O H 2 

dis tance suggests that the g e o m e t r y is m o r e t e t r a h e d r a l l y d i s t o r t e d at 
p H 7.0, the p H at w h i c h the e n z y m e is ac t ive . S u c h a d i s t o r t i o n m a y 
l o w e r the r e d o x p o t e n t i a l for the C u ( I I ) - C u ( I ) c o u p l e p r o p o s e d to p a r 
t i c i p a t e i n c a t a l y t i c t u r n o v e r . A fifth l i g a n d , an o x y g e n f r o m T y r 4 9 5 , 
o c cup ies the axial pos i t i on o f the s q u a r e - p y r a m i d a l Cu(II ) a tom, as s h o w n 
s c h e m a t i c a l l y i n F i g u r e 3. 

T h e X - r a y s t r u c t u r e also r e v e a l e d that the t y r o s i n e b o n d e d i n the 
e q u a t o r i a l p l a n e , T y r 2 7 2 , has u n d e r g o n e a r e m a r k a b l e m o d i f i c a t i o n . A 
cova lent b o n d has f o r m e d b e t w e e n a c a r b o n a t o m o r t h o to the h y d r o x y l 
g r o u p a n d a c y s t e i n y l su l fur a t o m f r o m C y s 2 2 8 . T h e c y s t e i n y l c a r b o n 
a t o m b o n d e d to the su l fur a t o m l ies i n the p l a n e o f the t y r o s i n e p h e n y l 
r i n g . T h i s p l a n a r i t y suggests p a r t i a l d o u b l e - b o n d c h a r a c t e r i n the C - S 

Tyr 495 
Ο 

His 496 Ν '"""mi. •N 

Acetate ion 

His 581 

Tyr 272 

Figure 3. Sketch of the copper coordination in galactose oxidase, as deter
mined by the 1.7 Â resolution crystal structure. 
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l i n k a g e . A f u r t h e r i n t r i g u i n g s t r u c t u r a l f eature is the c lose contact m a d e 
b y this su l fur a t o m w i t h a 7r-stacked t r y p t o p h a n r e s i d u e , t h e d i s tance o f 
S to a l l carbons i n the s i x - m e m b e r e d r i n g b e i n g 3 .84 À. T h i s s t a c k i n g 
i n t e r a c t i o n is s h o w n schemat i ca l ly i n F i g u r e 4. T h e s e g e o m e t r i c features 
suggest that the t y r o s y l r a d i c a l f orms at T y r 2 7 2 a n d is s t a b i l i z e d b y 
d i s t r i b u t i o n o f s p i n d e n s i t y onto the c y s t e i n y l su l fur a t o m a n d p o s s i b l y 
o v e r the e n t i r e π sys tem o f the p r o x i m a l t r y p t o p h a n g r o u p . 

Ga lac tose oxidase is E P R - s i l e n t , w h i c h suggests an 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 S = 0 g r o u n d state, cons is tent w i t h the S = Yk t y r o s y l 
r a d i c a l b e i n g d i r e c t l y c o o r d i n a t e d to the S = lk Cu ( I I ) i n the ac t ive s i te . 
S u c h d i r e c t c o u p l i n g is i n a c c o r d w i t h the ass ignment o f T y r 2 7 2 as the 
t y r o s y l r a d i c a l , because this r e s i d u e is b o n d e d to the Cu( I I ) i o n . M o r e 
d e t a i l e d E P R a n d e l e c t r o n n u c l e a r d o u b l e resonance ( E N D O R ) s tudies 
o f the a p o e n z y m e a n d t h i o e t h e r - s u b s t i t u t e d m o d e l c o m p o u n d s p r o v i d e 
a d d i t i o n a l s u p p o r t for T y r 2 7 2 b e i n g the r a d i c a l (21). 

F u r t h e r c h a r a c t e r i z a t i o n o f galactose ox idase b y X - r a y a b s o r p t i o n 
spec t ros copy has p r o v i d e d s t r o n g e v i d e n c e for the ass ignment o f a +2 
o x i d a t i o n state for the c o p p e r i o n i n b o t h the r e d u c e d a n d o x i d i z e d 
forms (22). S u c h an ass ignment is cons is tent w i t h a poss ib l e m e c h a n i s m 
for a l c oho l ox idat i on b y galactose oxidase (23). I n this m e c h a n i s m , s h o w n 
i n F i g u r e 5, the a l c oho l first b inds c lose to the Cu(II ) i o n a n d c o o r d i n a t e d 
t y r o s y l r a d i c a l a n d t h e n donates t w o e l e c t rons to g ive a l d e h y d e a n d a 
C u ( I ) - t y r o s i n e species . T h e c u p r o u s site is t h e n r e o x i d i z e d to a C u ( I I ) -
t y r o s y l r a d i c a l spec ies b y d i o x y g e n . A s i n r i b o n u c l e o t i d e r e d u c t a s e , t h e 
act ive f o r m o f galactose oxidase, w h i c h contains the m e t a l i n the o x i d i z e d 
state a n d t y r o s y l r a d i c a l , is t h o u g h t to b e g e n e r a t e d b y d i o x y g e n . 

Prostaglandin (PG) H Synthase. T h e e n z y m e P G H synthase is 
a h o m o d i m e r i c p r o t e i n c o n s i s t i n g o f subun i t s w i t h an a p p r o x i m a t e 
m o l e c u l a r w e i g h t o f 7 2 k D a a n d one F e ( I I I ) - p r o t o p o r p h y r i n I X 
( P P I X F e ( I I I ) ) p r o s t h e t i c g r o u p p e r s u b u n i t . T h i s p r o t e i n is r e s p o n s i b l e 
for the c e n t r a l r e a c t i o n i n the b i o synthes i s o f p ros tag land ins a n d is se
l e c t i v e l y i n h i b i t e d b y a n t i i n f l a m m a t o r y drugs s u c h as a s p i r i n a n d i n d o -

Tyr272 Cys228 

Figure 4. Drawing of the stacking in
teraction between Trp 290 and the 
thioether bond formed by Cys 228 with 
Tyr 272 in galactose oxidase as deter
mined from the crystal structure. 
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N ' " / / / / c ; u I I ^ , , " N 

Inactive form x v 

(reduced) 

+ l e " 

N Î I U N R C H 2 O H 

Active form 
(oxidized) 

Ν i I I W„..N 

H v / O H 

HOO" 
R C H O 

2 H + 

N " « / ; c u I I » , , , , N 
+ o, 

H -

Ν'" 
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Cu 1 

J 
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Figure 5. Proposed mechanism of alcohol oxidation for galactose oxidase. 
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m e t h a c i n . T w o i n d e p e n d e n t reac t i ons are e f fec ted b y the synthase , a 
c y c l o o x y g e n a s e r e a c t i o n i n w h i c h a r a c h i d o n i c a c i d is c o n v e r t e d i n t o 
p r o s t a g l a n d i n G 2 ( P G G 2 ) , a n d a perox idase r e a c t i o n i n w h i c h P G G 2 is 
c o n v e r t e d to p r o s t a g l a n d i n H 2 ( P G H 2 ) (24). A t y r o s y l r a d i c a l (25) has 
b e e n i m p l i c a t e d as the spec ies r e s p o n s i b l e for the i n i t i a l step i n the 
cy c l ooxygenase a c t i v i t y , a n d a p l a u s i b l e m e c h a n i s m i n v o l v i n g its g e n 
e r a t i o n a n d r o l e i n the c y c l o o x y g e n a s e r e a c t i o n is d i s cussed i n the next 
p a r a g r a p h . I n contrast to th is m e c h a n i s m , some e v i d e n c e has b e e n r e 
p o r t e d suggest ing that t y r o s y l radicals o b s e r v e d spec t roscop i ca l ly d u r i n g 
the ac t i on o f P G H synthase are not ca ta ly t i ca l ly c o m p e t e n t in te rmed ia tes 
for the cy c l ooxygenase r e a c t i o n . 

F i g u r e 6 presents a p o s t u l a t e d m e c h a n i s m for these t w o reac t i ons . 
I n the perox idase r e a c t i o n , a h y d r o p e r o x i d e substrate s u c h as P G G 2 

conver t s { P P I X F e ( I I I ) } + to { P P I X F e ( V ) 0 } + 4 ( i n t e r m e d i a t e I) i n a 
t w o - e l e c t r o n r e d o x step to g i ve P G H 2 . I n t e r m e d i a t e I t h e n r e m o v e s a 
h y d r o g e n a t o m f r o m a n e a r b y t y r o s i n e r e s i d u e to g i ve { P P I X F e ( I V ) 0 } -
( T Y R « ) ( i n t e r m e d i a t e II) . T h e t y r o s y l r a d i c a l o f i n t e r m e d i a t e I I l i n k s 

R 

{PPIXFe(IV)0} 
(B) 

{PPIXFe(IV)0}(TyrOe) 
[II] 

4 

•oo 

Figure 6. Proposed mechanism for the peroxidase (A) and the cyclooxy
genase (B) reactions of prostaglandin H synthase. 
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the perox idase a n d c y c l o o x y g e n a s e reac t i ons . I n the first step o f the 
c y c l o o x y g e n a s e m e c h a n i s m , the t y r o s y l r a d i c a l r e m o v e s the 1 3 - p r o - S 
h y d r o g e n a t o m f r o m a r a c h i d o n i c a c i d , w h i c h t h e n goes o n to react w i t h 
m o l e c u l a r o x y g e n to f o r m P G G 2 (26). 

E v i d e n c e f r o m E P R s p e c t r o s c o p y suppor t s the p r e s e n c e o f a t y r o s y l 
r a d i c a l i n the m e c h a n i s m d e s c r i b e d i n the p r e c e d i n g p a r a g r a p h . A 
d o u b l e t s igna l appears i n the E P R s p e c t r u m c o r r e s p o n d i n g to the f or 
m a t i o n o f a t y r o s y l r a d i c a l i m m e d i a t e l y after a d d i t i o n o f a r a c h i d o n i c 
a c i d or P G G 2 to r e s t i n g e n z y m e . T h i s d o u b l e t s igna l decays w i t h i n 1 
m i n at - 1 2 ° C , w i t h c oncomi tant f o r m a t i o n o f a s inglet that may or ig inate 
f r o m e i t h e r the same or another t y r o s y l r a d i c a l h a v i n g a di f ferent d i h e d r a l 
angle b e t w e e n the p h e n y l r i n g a n d the b e n z y l i c c a r b o n C H 2 g r o u p (27). 

W h e n nat ive P G H synthase was t r e a t e d w i t h t e t r a n i t r o m e t h a n e , 
t h r e e t y r o s i n e res idues , T y r 3 5 5 , T y r 3 8 5 , a n d T y r 4 1 7 , w e r e m o d i f i e d 
(28). T h e s e t h r e e tyros ines are p o s s i b l y i m p o r t a n t to c y c l o o x y g e n a s e 
ac t iv i ty . W h e n the nat ive e n z y m e was first i n c u b a t e d w i t h i n d o m e t h a c i n , 
a k n o w n c y c l o o x y g e n a s e i n h i b i t o r , n o n e o f these t y r o s i n e res idues was 
n i t r a t e d . I n the same w o r k , s i t e - d i r e c t e d mutagenesis was u s e d to r ep lace 
e a c h o f these ty ros ines w i t h p h e n y l a l a n i n e , a n d o n l y the m u t a n t Y 3 8 5 F 
l a c k e d c y c l o o x y g e n a s e a c t i v i t y . T h i s resu l t suggests that T y r 3 8 5 is l o 
c a t e d near the site o f c y c l o o x y g e n a s e a c t i v i t y a n d is the source o f the 
t y r o s y l r a d i c a l respons ib le for H a tom abstract ion f r o m a r a c h i d o n i c a c id . 

E v i d e n c e suggests that the t y r o s y l rad i ca l s g i v i n g r i se to e i t h e r the 
d o u b l e t o r s inglet s igna l are not k i n e t i c a l l y c o m p e t e n t i n t e r m e d i a t e s i n 
the c y c l o o x y g e n a s e p a t h w a y (29). I n this s tudy , a d d i t i o n o f a r a c h i d o n i c 
a c i d to F e - P G H synthase l e d to the f o r m a t i o n o f a r a c h i d o n i c a c i d m e t 
abo l i c p r o d u c t s p r i o r to the d e t e c t i o n o f e i t h e r the d o u b l e t o r s ing let 
E P R signals ass igned as t y r o s y l rad i ca l s . W h e n the F e - P G H synthase 
was i n c u b a t e d w i t h the p e r o x i d a s e - r e d u c i n g substrate p h e n o l , f o r m a t i o n 
o f the t y r o s y l r a d i c a l signals was i n h i b i t e d , b u t a r a c h i d o n i c a c i d m e t a b 
o l i tes w e r e s t i l l p r o d u c e d . N o E P R signals c o r r e s p o n d i n g to t y r o s y l r a d 
icals w e r e d e t e c t e d for M n - P G H synthase , b u t c y c l o o x y g e n a s e a c t i v i t y 
was s t i l l o b s e r v e d for the M n - r e c o n s t i t u t e d e n z y m e . T h e s e data l e d the 
authors to c o n c l u d e that the t y r o s y l rad i ca l s d e t e c t e d b y E P R spec t ros 
c o p y w e r e not c a t a l y t i c a l l y c o m p e t e n t i n t e r m e d i a t e s for the c y c l o o x y 
genase r e a c t i o n , b u t that t y r o s y l rad i ca l s too s h o r t - l i v e d to be o b s e r v e d 
o n the E P R t i m e scale m a y s t i l l b e i m p o r t a n t i n the c y c l o o x y g e n a s e 
m e c h a n i s m . 

Phenoxyl Radical Metal Complexes 
A v a r i e t y o f p h e n o x y l r a d i c a l m e t a l c o m p l e x e s have b e e n g e n e r a t e d i n 
s i tu b y o x i d a t i o n o f the p r e c u r s o r p h e n o l m e t a l c o m p l e x . C h a r a c t e r i z a 
t i o n o f the r e s u l t i n g r a d i c a l m e t a l c o m p l e x e s has b e e n m a i n l y b y E P R 
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spec t roscopy . T h e p h e n o x y l r a d i c a l l i gands w e r e u s e d i n par t as s p i n 
p r o b e s to i n t e r r o g a t e the s t r u c t u r e o f the m e t a l c o m p l e x e s . I n a l l cases 
the l igands w e r e d e s i g n e d to p r o v i d e a p a t h w a y for d e r e a l i z a t i o n o f 
p h e n o x y l r a d i c a l s p i n out o f the p h e n y l r i n g . I n s e v e r a l cases d e r e a l i 
z a t i o n d i r e c t l y onto the m e t a l c e n t e r was r e p o r t e d to s tab i l i z e the p h e n 
o x y l rad i ca l c o m p a r e d to the c o r r e s p o n d i n g u n c o m p l e x e d r a d i c a l l i g a n d . 
V e r y f ew o f these r a d i c a l - m e t a l c o m p l e x e s w e r e i s o l a t e d as so l ids , a n d 
l i t t l e c r y s t a l l o g r a p h i c data w e r e r e p o r t e d for e v e n t h e s table , n o n r a d i c a l 
p h e n o l p r e c u r s o r c o m p l e x e s . R e p r e s e n t a t i v e e x a m p l e s o f these systems 
are d i s cussed la ter . 

S e v e r a l s t e r i c a l l y h i n d e r e d p h e n o l l i g a n d s w e r e p r e p a r e d b y u s i n g 
Schi f f -base systems. C o n d e n s a t i o n o f 2 - a m i n o - 4 , 6 - d i - t e r t - b u t y l p h e n o l 
w i t h t h e a p p r o p r i a t e o r f / i o - h y d r o x y a r o m a t i c a l d e h y d e o r k e t o n e 
a f f o r d e d Sch i f f - base l i g a n d s o f t h e k i n d s h o w n i n F i g u r e 7 A . T h e 
a d d i t i o n o f P d ( I I ) , C o ( I I ) , a n d V O £ + t o t h e s e l i g a n d s f o r m e d 2:1 
S c h i f f - b a s e - M ( I I ) c o m p l e x e s that c o u l d b e i s o l a t e d as s o l i d s . T h e s e 
c o m p o u n d s w e r e t r e a t e d w i t h l e a d d i o x i d e ( P b 0 2 ) to g e n e r a t e 
p h e n o x y l - r a d i c a l c o m p l e x e s i n s i t u , w h i c h w e r e c h a r a c t e r i z e d b y E P R 
s p e c t r o s c o p y . F o r e x a m p l e , i n t h e case o f [ ( ( N - 3 , 5 - d i - t e r f - b u t y l - 2 -
h y d r o x y p h e n y l ) s a l i c y l a l d i m i n a t o ) 2 C o ( I I ) ] , an e i g h t - l i n e E P R s i g n a l 
was o b s e r v e d a n d i n t e r p r e t e d as a r i s i n g f r o m h y p e r f i n e s p l i t t i n g 
o f p h e n o x y l r a d i c a l e l e c t r o n d e n s i t y d e l o c a l i z e d o n t o t h e C o ( I I ) 
( i = 7/2) n u c l e u s . T h e authors r e p o r t e d that the f ree l i g a n d s , t r e a t e d i n 
the same m a n n e r w i t h l e a d d i o x i d e , gave o n l y uns tab le spec ies for w h i c h 
it was d i f f i cul t to reso lve an E P R s igna l a n d c o n c l u d e d that c h e l a t i o n to 
the m e t a l s t a b i l i z e d the p h e n o x y l r a d i c a l (30, 31). 

A s i m i l a r Schi f f -base l i g a n d , s h o w n i n F i g u r e 7 B , was a l l o w e d to 
react w i t h Co( I I ) a n d Zn(II ) salts to g i ve p h e n o l a t e c o m p l e x e s c h a r a c 
t e r i z e d b y U V - v i s i b l e ( U V - v i s ) a n d I R s p e c t r o s c o p y . T r e a t m e n t o f these 
produc t s w i t h l e a d d i ox ide gave E P R signals suggest ing Co(III ) a n d Zn(II) 
p h e n o x y l r a d i c a l c o m p l e x e s . T h e authors , r e l y i n g o n I R data , c o n c l u d e d 
that t h e y w e r e u n a b l e to s y n t h e s i z e the analogous Cu ( I I ) Schi f f -base 
c o m p l e x e s a n d c l a i m e d to have o b t a i n e d p r o d u c t s i n w h i c h the l i g a n d 
h a d r e a r r a n g e d to a q u i n o l i d e state (32). A la te r r e p o r t d e s c r i b e d the 
c r y s t a l l o g r a p h i c c h a r a c t e r i z a t i o n o f m o n o n u c l e a r a n d d i n u c l e a r c o p p e r 
c o m p l e x e s i n w h i c h the same Schi f f -base l i g a n d h a d b e e n o x i d i z e d to 
g ive c o u p l e d q u i n o n e f ragments . T h e authors sugges ted that d i o x y g e n 
may have o x i d i z e d the c o o r d i n a t e d Schif f -base l i g a n d to f o r m the c o u p l e d 
p r o d u c t s (33). 

A n o t h e r i n t e r e s t i n g l i g a n d c o n t a i n i n g a s t e r i c a l l y h i n d e r e d p h e n o l 
g r o u p was d e s i g n e d as an ana logue o f N - p h e n y l b e n z o h y d r o x a m i c a c i d , 
as s h o w n i n F i g u r e 7 C . T h i s l i g a n d p r o v i d e s t w o c h e m i c a l l y d i s t i n c t sites 
for p o t e n t i a l r a d i c a l f o r m a t i o n u p o n o x i d a t i o n , the p h e n o l f ragment for 
g e n e r a t i o n o f a p h e n o x y l r a d i c a l a n d the h y d r o x y a m i n o g r o u p to a f ford 
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R = tolyl; p-nitrophenyl, methyl. 
O H 

O H 

Figure 7. Ligand systems containing sterically hindered phenol groups. 
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a n i t r o x y l r a d i c a l . A p a l l a d i u m c o m p o u n d was p r e p a r e d a n d c h a r a c t e r 
i z e d b y e l e m e n t a l analysis . Its f o r m u l a was cons is tent w i t h t w o l i gands 
b o u n d to one m e t a l , a n d I R data s u p p o r t e d c o o r d i n a t i o n b y the c a r b o n y l 
oxygen a tom, most l i k e l y a c c o m p a n i e d b y c h e l a t i o n to the h y d r o x y a m i n o 
o x y g e n a t o m . O x i d a t i o n o f th is c o m p l e x w i t h K 3 [ F e ( C N ) 6 ] gave r i se to 
E P R s p e c t r a i n t e r p r e t e d as b o t h m o n o r a d i c a l a n d d i r a d i c a l c o m p l e x e s , 
c o r r e s p o n d i n g to one or b o t h l igands b e i n g o x i d i z e d to p h e n o x y l radica ls . 
A " d a r k - c o l o r e d " c r y s t a l l i n e m a t e r i a l was i s o l a t e d after o x i d a t i o n a n d 
ass igned as the d i r a d i c a l c o m p l e x b a s e d o n I R a n d E P R e v i d e n c e . T h i s 
d i r a d i c a l c o m p l e x was r e d u c e d w i t h d i t h i o n i t e to g ive the m o n o r a d i c a l 
a n d d i a m a g n e t i c s tar t ing m a t e r i a l . A t t e m p t s w e r e m a d e to generate 
p h e n o x y l r a d i c a l c o m p l e x e s b y u s i n g this h y d r o x a m i c a c i d l i g a n d a n d 
Zn( I I ) , Co ( I I ) , N i ( I I ) , Fe ( I I ) , a n d Fe ( I I I ) , b u t i n a l l these tr ia ls o n l y n i -
t r o x i d e r a d i c a l E P R signals w e r e d e t e c t e d (34). 

T o s tudy i s o m e r i z a t i o n a n d t a u t o m e r i s m i n a series o f a m i d i n e - b a s e d 
l igands , a pendant , d i - t e r f - b u t y l p h e n o l g r o u p was a t tached to the c e n t r a l 
c a r b o n a t o m o f an a m i d i n e f r a m e w o r k , as s h o w n i n F i g u r e 7 D . T h e 
p h e n o x y l r a d i c a l , g e n e r a t e d b y o x i d a t i o n w i t h P b 0 2 , a l l o w e d for the 
s tudy o f processes , such as the 1 , 3 - m i g r a t i o n o f the a m i d i n e H a t o m a n d 
o t h e r i s o m e r i c e q u i l i b r i a , b y E P R spec t ros copy . T h e H g c o m p l e x was 
f o r m e d b y c o o r d i n a t i o n o f the d i - p - t o l y l a m i d i n e d e r i v a t i v e to a p h e n -
y l m e r c u r y g r o u p , a n d E P R measurements o f the c o r r e s p o n d i n g p h e n o x y l 
r a d i c a l H g c o m p l e x suggested that 1 , 3 - m i g r a t i o n o f the p h e n y l m e r c u r y 
g r o u p is faster t h a n the E P R t i m e scale (35, 36). T h e s e a m i d i n e l i gands 
p r o v i d e a g o o d e x a m p l e o f the use o f p h e n o x y l rad i ca l s as s p i n p r o b e s 
for i n t r a m o l e c u l a r r e a r r a n g e m e n t s . 

T h e l i g a n d 3 - ( 3 , 5 - d i - i e r f - b u t y l - 4 - h y d r o x y a n i l i n o ) - l - p h e n y l - 2 - p r o -
p e n - l - o n e , s h o w n i n F i g u r e 7 E , w h i c h has a Ν , Ο d o n o r set s i m i l a r to 
that o f Schi f f -base systems, also d i s p l a y e d p r o t o t r o p i c t a u t o m e r i s m as 
seen i n the a m i d i n e systems. T h e p h e n o l p re f e rs the k e t o - e n a m i n e f o r m , 
b u t the i m i n o - e n o l t a u t o m e r is f a v o r e d for the p h e n o x y l r a d i c a l . I n this 
case, the p h e n y l m e r c u r y d e r i v a t i v e was s y n t h e s i z e d b y a d d i t i o n o f 
P h H g O H to the p h e n o x y l r a d i c a l g e n e r a t e d i n a p r e v i o u s o x i d a t i o n step. 
H y p e r f i n e s p l i t t i n g f r o m 1 1 9 H g ( 1 6 . 8 4 % n a t u r a l abundance ) was o b 
s e r v e d i n the E P R s p e c t r u m o f the p h e n y l m e r c u r y c o m p l e x . C o m p l e x e s 
o f Cu( I I ) , Pd(II ) , a n d Ni(II ) w e r e f o r m e d b y a d d i t i o n o f C u ( O A c ) 2 , P d C l 2 , 
a n d N i ( O A c ) 2 , r e s p e c t i v e l y , to the p h e n o l f o r m o f the l i g a n d . D a t a f r o m 
I R spec t ros copy a n d e l e m e n t a l analysis w e r e cons is tent w i t h f o r m a t i o n 
o f 2:1 c o m p l e x e s for these t h r e e meta ls . O x i d a t i o n o f the C u a n d P d 
c o m p l e x e s b y P b 0 2 i n t e t r a h y d r o f u r a n so lut ions gave r i se to E P R signals 
suggest ing that s p i n dens i ty for the p h e n o x y l r a d i c a l was l o c a t e d i n p a r t 
o n the m e t a l c e n t e r . I n the case o f N i ( I I ) , o x i d a t i o n b y P b 0 2 d i d not 
g ive any stable E P R signals (37). 
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A n e a r l y r e p o r t o f an a t t e m p t to d e v e l o p a b i o m i m e t i c l i g a n d w i t h 
a stable p e n d a n t p h e n o x y l r a d i c a l i n v o l v e d the synthes is o f a d i p h e n -
y l f o r m a z a n m o l e c u l e s h o w n i n F i g u r e 7 F (38). T h e authors s tated , 
" s q u a r e p l a n a r c o o r d i n a t i o n o f a m e t a l i o n w i t h f our n i t r o g e n atoms is 
character is t i c o f m a n y e n z y m e sys tems , " as t h e i r rat iona le for the des ign 
o f th is f o r m a z a n - b a s e d l i g a n d sys tem. T h e c o m p l e x e s [ N i ( L - O H ) 2 ] a n d 
[ P d ( L - O H ) 2 ] w e r e p r e p a r e d a n d c h a r a c t e r i z e d b y e l e m e n t a l analys is , 
e l e c t r o n i c s p e c t r o s c o p y a n d mass s p e c t r o m e t r y . O x i d a t i o n o f b e n z e n e 
so lut ions o f these c o m p l e x e s b y aqueous K 3 F e ( C N ) 6 ( p H 10) for 5 - 1 0 
m i n l e d to the a p p e a r a n c e o f an E P R s igna l ass igned to the m o n o r a d i c a l 
[ M ( L - O H ) ( L - 0 · )] c o m p l e x e s [ M ( L - 0 · ) 2 ] . L o n g e r p e r i o d s o f o x i d a t i o n 
( 3 0 - 4 0 min ) gave r i se to a b r o a d s inglet i n the E P R s p e c t r u m a t t r i b u t e d 
to the b i r a d i c a l c o m p l e x e s . R e d u c t i o n o f the c o m p l e x e s i n d i s c re te steps 
f r o m the b i r a d i c a l to m o n o r a d i c a l to b i s (pheno l ) c o m p l e x e s was a c c o m 
p l i s h e d w i t h s o d i u m d i t h i o n i t e . 

T h e i s o l a t i o n o f [ M ( L - 0 - ) 2 ] a n d [ M ( L - O H ) ( L - 0 · )] as dark g r e e n 
c r y s t a l l i n e c o m p l e x e s was r e p o r t e d , a l t h o u g h data to c h a r a c t e r i z e these 
c o m p l e x e s w e r e scanty . T h e c o m p o u n d s w e r e f o u n d to b e a i r - s tab le 
b o t h i n the s o l i d state a n d i n s o l u t i o n . T h e source o f the h i g h s tab i l i t y 
for these c o m p l e x e s was a t t r i b u t e d to d e r e a l i z a t i o n o f the u n p a i r e d 
e l e c t r o n o v e r the p h e n o x y l r i n g a n d c h e l a t e r i n g . T h e synthes is o f the 
Co( I I ) a n d Cu( I I ) c o m p l e x e s o f the f o r m a z a n l i g a n d w e r e r e p o r t e d , a l 
t h o u g h no p r e p a r a t i v e deta i ls o r c h a r a c t e r i z a t i o n data w e r e g i v e n . T h e 
c o r r e s p o n d i n g p h e n o x y l r a d i c a l c o m p l e x e s o f Co( I I ) o r Cu( I I ) c o u l d n e i 
t h e r b e g e n e r a t e d i n s i tu n o r i s o l a t e d (38). 

A n o t h e r a t t e m p t at m o d e l i n g m e t a l l o e n z y m e ac t ive sites i n v o l v e d 
the s tudy o f a t e t r a ( 4 - h y d r o x y - 3 , 4 - d i - t e r t - b u t y l p h e n y l ) p o r p h y r i n system, 
s h o w n i n F i g u r e 7 G . O n c e aga in K 3 F e ( C N ) 6 was e m p l o y e d as the agent 
o f o x i d a t i o n , a n d the f o r m a t i o n o f rad i ca l s was m o n i t o r e d b y U V - v i s a n d 
E P R spec t ros copy . I n i t i a l l y , o x i d a t i o n gave s p e c t r a cons is tent w i t h a 
b i s q u i n o n e s t r u c t u r e , a n d f u r t h e r o x i d a t i o n gave m o n o a n d b i r a d i c a l 
p r o d u c t s a c c o r d i n g to the E P R data . T h e Zn(II ) p o r p h y r i n c o m p l e x was 
s y n t h e s i z e d a n d s u b j e c t e d to t h e same o x i d a t i o n p r o c e d u r e , a f f o rd ing 
the b i r a d i c a l Zn(II ) c o m p l e x that was i s o l a t e d as dark g r e e n crystals (39). 

I n a l a te r a r t i c l e , c o m p l e x e s o f N i ( I I ) , C u ( I I ) , Pd ( I I ) , a n d V 0 2 + i ons 
w i t h the same t e t r a - s u b s t i t u t e d p o r p h y r i n w e r e r e p o r t e d . S t e p w i s e ox
i d a t i o n o f these complexes gave p r o d u c t s for w h i c h the authors p r o p o s e d 
q u i n o n o i d , m o n o r a d i c a l , a n d d i r a d i c a l s t ruc tures . T h e most p r o l o n g e d 
ox idat ions y i e l d e d the d i r a d i c a l p r o d u c t s , w h i c h w e r e i s o l a t e d as d a r k 
p u r p l e crysta ls , r e l a t i v e l y stable i n a i r (40). T h e m o n o r a d i c a l v a n a d y l 
c o m p l e x was o b s e r v e d to be d i a m a g n e t i c , suggest ing 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 b e t w e e n the p h e n o x y l r a d i c a l a n d u n p a i r e d e l e c t r o n o n v a 
n a d i u m , w h e r e a s i n the c o p p e r c o m p l e x no s u c h c o u p l i n g was o b s e r v e d . 
M o r e d e t a i l e d s tudies o f these systems seem w a r r a n t e d . 
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Model for the Ribonucleotide Reductase R2 Protein 
T o cons t ruc t an oxo- , c a r b o x y l a t o - b r i d g e d d i i ron( I I I ) m o d e l for the R 2 
ac t ive site , w e d e s i g n e d a l i g a n d that c o u l d c o o r d i n a t e to Fe(III ) a n d 
p r o v i d e a stable p h e n o x y l r a d i c a l m o i e t y at a d i s tance f r o m the m e t a l 
as c lose as poss ib le to the 5.3 À distance o b s e r v e d i n the c rys ta l s t ruc ture 
o f the R 2 p r o t e i n . W e w a n t e d a l i g a n d that p r o v i d e d a p e n d a n t p h e n o x y l 
r a d i c a l i n c lose p r o x i m i t y to the m e t a l , b u t not c o o r d i n a t e d d i r e c t l y to 
it t h r o u g h the p h e n o l i c o x y g e n a t o m . F o r an ac cura te R 2 m o d e l , the 
l i g a n d s h o u l d not have a d e r e a l i z a t i o n p a t h w a y o f t h e r a d i c a l s p i n d i 
r e c t l y onto the m e t a l c e n t e r , as do a l l o f the l i gands d i s cussed i n the 
p r e c e d i n g sec t i on . 

T h e l i g a n d that w e d e s i g n e d a n d s y n t h e s i z e d , l , l - b i s [ 2 - ( l -
m e t h y l i m i d a z o l y l ) ] - l - ( 3 , 5 - d i - t e r t - b u t y l - 4 - o x y l p h e n y l ) e t h a n e ( B I D P h E ) , 
is s h o w n i n F i g u r e 8 (41). It conta ins b i o m i m e t i c i m i d a z o l e donors w i t h 
a p e n d a n t , s t e r i c a l l y h i n d e r e d p h e n o x y l r a d i c a l a r m . T h e q u a t e r n a r y 
c a r b o n atoms i n the o r t h o a n d p a r a pos i t i ons o f the p h e n y l r i n g p r e v e n t 
c o u p l i n g reac t i ons that o c c u r for u n s u b s t i t u t e d p h e n o x y l rad i ca l s (42). 
T h e p a r a q u a t e r n a r y c e n t e r p r e v e n t s d e r e a l i z a t i o n o f the r a d i c a l s p i n 
onto the i m i d a z o l e s or m e t a l c e n t e r . A r e l a t e d b i d e n t a t e n i t r o g e n d o n o r , 
B I P h M e , h a d p r e v i o u s l y b e e n s h o w n to f o r m (^-oxo)bis(M-carboxy-
lato )d i i ron(II I ) c o m p l e x e s (43, 44), a n d thus i n s p i r e d o u r d e s i g n o f 

T h e p h e n o x y l r a d i c a l l i g a n d B I D P h E was g e n e r a t e d b y o x i d a t i o n o f 
the p r e c u r s o r p h e n o l , B I D P h E - H , w i t h K 3 F e ( C N ) 6 . T h e r a d i c a l p r o v e d 
to b e q u i t e stable a n d was i s o l a t e d as a p u r e g r e e n s o l i d . T h i s m a t e r i a l 
was u s e d as the l i g a n d to p r e p a r e the p h e n o x y l r a d i c a l c o m p l e x 
[ Z n ( B I D P h E ) C l 2 ] - M e O H f r o m Z n C l 2 . B i n d i n g o f B I D P h E to Zn ( I I ) , a 
s p e c t r o s c o p i c a l l y s i lent m e t a l i o n i n c a p a b l e o f u n d e r g o i n g r e d o x state 
changes u n d e r n o r m a l r e a c t i o n c o n d i t i o n s , a l l o w e d us to d e t e r m i n e 
w h e t h e r any changes i n the p h y s i c a l p r o p e r t i e s o f B I D P h E m i g h t arise 
s i m p l y f o l l o w i n g c o o r d i n a t i o n o f the i m i d a z o l e donors . T h e use o f Zn(II ) 
also m i n i m i z e d the p o s s i b i l i t y that the m e t a l c e n t e r m i g h t r e d u c e the 

T h e U V - v i s a n d resonance R a m a n s p e c t r a o f B I D P h E a n d 
[ Z n ( B I D P h E ) C l 2 ] w e r e n e a r l y i d e n t i c a l , sugges t ing that the p e n d a n t 

B I D P h E . 

B I D P h E . 

B I D P h E Figure 8. Drawing of BIDPhE. 
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r a d i c a l i n the Zn(II ) c o m p l e x was essent ia l ly una f f e c ted b y c o o r d i n a t i o n 
t h r o u g h the i m i d a z o l e r ings . A c r y s t a l l o g r a p h i c d e t e r m i n a t i o n o f t h e 
analogous p h e n o l c o m p l e x [ Z n ( B I D P h E - H ) C l 2 ] r e v e a l e d B I D P h E - H 
b o u n d i n a b i d e n t a t e m a n n e r t h r o u g h the i m i d a z o l e n i t r o g e n atoms to 
the t e t r a h e d r a l Zn(II ) i o n , as e x p e c t e d . C o m p a r i s o n o f the p o w d e r d i f 
f r a c t i o n s p e c t r a o f the B I D P h E a n d B I D P h E - H c o m p l e x e s s h o w e d t h e m 
to b e essent ia l ly i d e n t i c a l , c o n f i r m i n g that the r a d i c a l l i g a n d also c o o r 
d inates t h r o u g h its i m i d a z o l e donors , a n d not t h r o u g h the p h e n o x y l 
o x y g e n a t o m . 

A f t e r the s tab i l i t y a n d p r e f e r r e d b i n d i n g m o d e o f B I D P h E h a d b e e n 
establ i shed , efforts w e r e m a d e to p r e p a r e a c o m p l e x o f d i n u c l e a r iron(III) 
w i t h oxo a n d carboxy lato -br idges . A t t e m p t s to synthes ize such a c o m p l e x 
b y w e l l - e s t a b l i s h e d m e t h o d s (5, 44) that u s e d s i m p l e i r o n salts o r bas i c 
i r o n carboxy la tes as s tar t ing mater ia l s p r o v e d unsuccess fu l . T h e r e 
m a r k a b l y stable so lvento c o m p l e x [ F e 2 0 ( X D K ) ( M e O H ) 5 ( H 2 0 ) ] ( N 0 3 ) 2 
(45) ( X D K is x y l e n e d i a m i n e b i s ( K e m p ' s t r i a c i d i m i d e ) , s h o w n i n F i g u r e 
9) (13, 46), h o w e v e r , c o u l d b e u s e d as s tar t ing m a t e r i a l to p r e p a r e 
[ F e 2 0 ( X D K ) ( B I D P h E ) 2 ] ( N 0 3 ) 2 , the first ( M - o x o ) b i s ^ - c a r b o x y l a t o d i -
iron(III)) p h e n o x y l ra d i ca l c o m p l e x . T h e so lvento s tart ing m a t e r i a l a l lows 
fac i le s u b s t i t u t i o n o f b i d e n t a t e n i t r o g e n donors l i k e B I D P h E for t h e 
t e r m i n a l so lvent m o l e c u l e s , w i t h o u t r e a r r a n g e m e n t o r o t h e r r eac t i ons 
o f its { F e 2 0 ( X D K ) } 2 + c o re . 

A d d i t i o n o f t h e s o l v e n t o c o m p l e x to t w o e q u i v a l e n t s o f B I D P h E 
i n m e t h y l e n e c h l o r i d e l e d to t h e i s o l a t i o n o f [ F e 2 0 ( X D K ) ( B I D P h E ) 2 ] -
( N 0 3 ) 2 as a d a r k b r o w n c r y s t a l l i n e s o l i d , t h e p r o p o s e d s t r u c t u r e f o r 
w h i c h is s h o w n s c h e m a t i c a l l y i n F i g u r e 1 0 . A l t h o u g h y e t to b e c o n 
firmed b y X - r a y c r y s t a l l o g r a p h y , c o n v i n c i n g e v i d e n c e f o r t h i s s t r u c 
t u r e c o m e s f r o m e l e m e n t a l a n a l y s i s , U V - v i s , a n d r e s o n a n c e R a m a n 
s p e c t r o s c o p y . A c h a r a c t e r i s t i c b a n d f o r t h e b e n t μ -οχο b r i d g e a p p e a r s 
at 5 2 4 c m " 1 i n t h e r e s o n a n c e R a m a n s p e c t r u m , as s h o w n i n F i g u r e 
1 1 . A r e v i e w o f d i n u c l e a r f e r r i c c o m p l e x e s w i t h b e n t μ -οχο b r i d g e s , 

Figure 9. Drawing of XDKH2. 
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Figure 10. Schematic diagram of the proposed structure for [Fe20(XDK) -
(BIDPhE) 2(N03)2]. 

400 500 1400 1500 1600 

Figure 11. Resonance Raman spectrum of [Fe 20 ( XDK) (BIDPhE) 2-
(N03)2* CH2Cl2 (A) dissolved in CH2Cl2 and wt ribonucleotide reductase 
R2 protein from E . coli, strain N6405/PSPS2, (B) dissolved in Tris buffer, 
pH 7.6, 5% glycerol. All spectra were recorded at room temperature with 
Kr ion laser excitation at 406.7 nm. 
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i n c l u d i n g an a n a l y s i s o f t h e i r r e s o n a n c e R a m a n s p e c t r a , is a v a i l a b l e 
(47). T h i s s p e c t r u m also s h o w s a p e a k at 1 5 0 4 c m " 1 a r i s i n g f r o m t h e 
C - O s t r e t c h f o r B I D P h E (48). I n c l u d e d i n F i g u r e 11 is t h e r e s o n a n c e 
R a m a n s p e c t r u m o f t h e n a t i v e r i b o n u c l e o t i d e r e d u c t a s e R 2 p r o t e i n , 
i l l u s t r a t i n g t h e s i m i l a r i t y b e t w e e n t h e B I D P h E m o d e l c o m p l e x a n d 
t h e a c t i v e s i te o f t h e R 2 p r o t e i n . 

T h e m a g n e t i c i n t e r a c t i o n b e t w e e n the t y r o s y l r a d i c a l a n d the d i -
iron(III) center i n R 2 has b e e n p r o b e d b y sp in sa turat i on - recovery p u l s e d 
E P R e x p e r i m e n t s (49, 50). A / v a l u e for the F e 2 ( I I I ) exchange c o u p l i n g 
i n R 2 has b e e n e x t r a c t e d b y u s i n g these t e c h n i q u e s . O n e i m m e d i a t e 
v a l u e o f the B I D P h E m o d e l c o m p l e x is its p o t e n t i a l to serve as a s m a l l -
m o l e c u l e ca l ibrant for such s p i n s a t u r a t i o n - r e c o v e r y measurements . T h e 
/ v a l u e o b t a i n e d f r o m s p i n s a t u r a t i o n - r e c o v e r y for the F e 2 ( I I I ) exchange 
c o u p l i n g i n the p r o t e i n can b e c o m p a r e d to the s t r e n g t h o f the c o u p l i n g 
d e t e r m i n e d for the B I D P h E c o m p l e x f r o m s u p e r c o n d u c t i n g q u a n t u m 
i n t e r f e r e n c e d e v i c e ( S Q U I D ) m e a s u r e m e n t s . P r e l i m i n a r y S Q U I D m e a 
surements r e v e a l the B I D P h E m o d e l c o m p l e x to e x h i b i t 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 w i t h a / v a l u e near —120 c m " 1 , a s s u m i n g an i s o t r o p i c 
exchange H a m i l t o n i a n , H = - 2 / S i · S 2 , t y p i c a l for a ^ - o x o ) ^ - c a r b o x y l a t o ) 
F e 2 ( I I I ) c o m p l e x (51). P u l s e d E P R e x p e r i m e n t s o n the B I D P h E m o d e l 
c o m p l e x are i n progress . 

T h e B I D P h E m o d e l c o m p l e x p r o v i d e s us w i t h a u n i q u e o p p o r 
t u n i t y t o e x p l o r e t h e r e a c t i v i t y o f a p h e n o x y l r a d i c a l - d i i r o n ( I I I ) 
m o i e t y w i t h a v a r i e t y o f i n h i b i t o r s o f t h e R 2 a c t i v e s i t e . S e v e r a l 
s t u d i e s h a v e b e e n c a r r i e d o u t i n w h i c h t h e R 2 p r o t e i n was t r e a t e d 
w i t h d i f f e r e n t r a d i c a l i n h i b i t o r s (52-54). T h e m e c h a n i s m o f i n h i b i 
t i o n , t h e o x i d a t i o n p r o d u c t s f o r m e d f r o m t h e i n h i b i t o r s a n d t h e p o s 
s i b l e c o n c o m i t a n t r e a c t i v i t y o f t h e d i i r o n ( I I I ) c e n t e r w i t h t h e s e 
agents a r e a l l s u b j e c t s o f c u r r e n t i n v e s t i g a t i o n . T h e r e a c t i v i t y o f t h e 
B I D P h E m o d e l c o m p l e x m a y b e m o r e e a s i l y s t u d i e d t h a n t h a t o f R 2 , 
g i v e n t h e r e l a t i v e ease o f h a n d l i n g a s m a l l m o l e c u l e c o m p a r e d to a 
p r o t e i n . 

Summary and Conclusions 
T h e g e n e r a t i o n , s tab i l i t y , a n d f u n c t i o n o f t y r o s y l rad i ca l s i n r i b o n u c l e 
o t ide r educ tase , P G H synthase , a n d galactose oxidase c o n t i n u e to b e 
ac t ive areas o f r e s e a r c h . T h e d i f f i cu l t ies e n c o u n t e r e d i n p r e p a r i n g a n d 
h a n d l i n g these p r o t e i n s , as w e l l as i n p r o b i n g the p h y s i c a l p r o p e r t i e s 
a n d r e a c t i v i t y o f t h e i r m e t a l - p h e n o x y l r a d i c a l ac t ive sites, m a k e the 
p r e p a r a t i o n a n d i n v e s t i g a t i o n o f stable p h e n o x y l r a d i c a l m e t a l m o d e l 
c o m p l e x e s an a t t rac t ive goa l . 

T h e p o t e n t i a l o f the l i g a n d systems s h o w n i n F i g u r e 7 as p h y s i c a l 
a n d f u n c t i o n a l e n z y m e m i m i c s has not b e e n f u l l y e x p l o i t e d . T h e p o r -
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phyrin system described deserves further attention as a model for P G H 
synthase. Both the physical properties and possible reactivity of these 
porphyrin complexes with peroxide and arachidonic acid-related sub
strates warrant investigation. The copper chemistry reported for the 
Schiff-base system shown in Figure 7B is intriguing with respect to the 
galactose oxidase system, especially the reactivity toward dioxygen pro
posed for the Schiff-base Cu(II) complex. Isolation of a Cu(II) phenoxyl 
radical complex would allow one to test the hypothesis that such a system 
is capable of effecting the two-electron oxidation of alcohols to alde
hydes. The Cu complex reported for the imino-enol ligand in Figure 7E 
could be a good candidate for study as a galactose oxidase model, if it 
could be isolated in pure form. 

Much work remains to be done in developing functional mimics of 
the diiron center in ribonucleotide reductase, but the BIDPhE system 
affords some progress toward this goal by showing that it is at least 
possible to synthesize a diiron(III) phenoxyl radical complex. In a func
tional model of the R2 protein, one would like to be able to mimic the 
ability of the enzyme to generate the radical by addition of dioxygen to 
the reduced diferrous form. Work is under way to obtain the necessary 
Fe(II)/phenol starting materials with BIDPhE and related pendant phe
nol ligand systems. The generation of a diiron(III) phenoxyl radical com
plex by addition of dioxygen to a diferrous phenol precursor molecule 
would provide a system for a detailed study of the mechanism by which 
the iron atoms and dioxygen interact to generate a proximate phenoxyl 
radical. On the other hand, the failure of such diferrous complexes to 
generate phenoxyl radicals in the presence of 0 2 could lead to a better 
understanding of the features used by the protein system to make such 
radical generation reactions possible. 
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4 
Reactivity Models for Dinuclear 
Iron Metalloenzymes 
Oxygen Atom Transfer Catalysis and 
Dioxygen Activation 

Adonis Stassinopoulos, Subhasish Mukerjee, and John P. Caradonna* 

Department of Chemistry, Yale University, New Haven, CT 06511-8118 

The reduced dinuclear iron sites found in hemerythrin, ribonucle
otide reductase, purple acid phosphatase, and methane monooxy
genase exhibit an extremely broad range of reactivity toward mo
lecular oxygen ranging from reversible O2 binding (transport 
activity) to irreversible O2 reduction followed by oxidation of or
ganic substrates (monooxygenase activity). Although synthetic 
complexes having similar electronic and structural features as these 
metalloenzyme active sites have been prepared and characterized, 
modeling the catalytic activity of these sites has proven difficult. 
Recent results examining the ability of synthetic diferrous complexes 
to perform catalytic chemistry are discussed. Some speculations on 
the mechanisms of these reactions are presented. 

OCCASIONALLY, A SINGLE MOIETY m a y p l a y s u c h a c e n t r a l r o l e i n a 
p a r t i c u l a r a rea o f c h e m i s t r y that its n a m e b e c o m e s s y n o n y m o u s w i t h 
that field. T h e F e - 0 ( R ) - F e l i n k a g e is one s u c h g r o u p . I n a d d i t i o n to 
b e i n g f o u n d at the ca ta ly t i c ac t ive sites o f m e t a l l o p r o t e i n s s u c h as henn
e r y t h r i n ( H r ) , r i b o n u c l e o t i d e r educ tase ( R N R ) , p u r p l e a c i d phosphatase 
( P A P ) , m e t h a n e m o n o o x y g e n a s e ( M M O ) , the F e - 0 ( R ) - F e u n i t has i n 
t r i g u e d the i n o r g a n i c c o m m u n i t y , o w i n g to its t h e r m o d y n a m i c s t a b i l i t y , 
m a g n e t i c b e h a v i o r , a n d a b i l i t y to exist i n e i t h e r the d i f e r r o u s , m i x e d -
v a l e n c e , a n d d i f e r r i c c o re o x i d a t i o n states ( i , 2). 

A l t h o u g h analysis o f s y n t h e t i c m o d e l s has a l l o w e d a g reater u n d e r 
s t a n d i n g o f the s t r u c t u r a l , s p e c t r o s c o p i c , a n d m a g n e t i c p r o p e r t i e s o f 

""Corresponding author 

0065-2393/95/0246-0083/$ 11.24/0 
© 1995 American Chemical Society 
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th is class o f m e t a l l o p r o t e i n s (I, 2), too l i t t l e effort has b e e n p l a c e d o n 
i n v e s t i g a t i n g the r e a c t i v i t y p r o p e r t i e s o f a p p r o p r i a t e l y d e s i g n e d d i n u 
c l ear f errous systems. D e s p i t e the i n t r i n s i c d i f f i cu l t ies o f c h a r a c t e r i z i n g 
d i f e r r o u s systems a n d the r e a c t i v e i n t e r m e d i a t e s f o r m e d b y the i n t e r 
a c t i o n o f these c o m p l e x e s w i t h s m a l l m o l e c u l e s s u c h as d i o x y g e n , p e r 
oxides , perac ids , a n d o ther o x y g e n a tom d o n o r mo le cu les , this c h e m i s t r y 
p r o m i s e s to b r i n g r e w a r d s c o m m e n s u r a t e w i t h the effort (5-11). 

It is c l ear that f u n d a m e n t a l s tudies i n v e s t i g a t i n g the m o d e s o f i n 
t e rac t i on o f 0 2 w i t h d i f errous complexes is essential for an u n d e r s t a n d i n g 
o f the factors g o v e r n i n g the c h e m i s t r y o f H r , R N R , a n d M M O ( J , 2). 
T h e r e d u c e d (M -hydroxo)bis(M -carboxylato)di iron c o r e o f H r ( F i g u r e 1) 
consists o f t w o d i s t inc t f e rrous sites: the first is c o o r d i n a t i v e l y sa tura ted 
( F e N 3 0 3 ) o w i n g to the l i g a t i o n o f t h r e e h i s t i d i n e r e s idues , w h e r e a s the 
s e c o n d ( F e N 2 0 3 ) , b o u n d to o n l y t w o o t h e r h i s t i d i n e l i g a n d s , is 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 . T h e c u r r e n t m o d e l for H r a c t i v i t y , b a s e d i n p a r t 
o n c r y s t a l l o g r a p h i c analyses o f b o t h the d e o x y a n d oxy forms o f the 
p r o t e i n , ho lds that the b i n d i n g o f m o l e c u l a r o x y g e n to the five-coordinate 
f e rrous c e n t e r i n d u c e s a c o u p l e d t w o - e l e c t r o n o n e - p r o t o n t rans fer f r o m 
the d i f e r r o u s c o re to 0 2 to y i e l d an η1 p e r o x o d i f e r r i c spec ies that is 
s t a b i l i z e d b y i n t r a c l u s t e r h y d r o g e n b o n d i n g ( F i g u r e 2). T h e r e d u c t i o n 

( H i S ) i \ N(His) Ρ N(His) ,OH 2 

( H i s ) N ^ p r O ^ o " R 0 S F e ^ ° - F Î - N ( H i s ) 

N R ^ R R \ 

R 

H e m e r y t h r i n R i b o n u c l e o t i d e Reductase 

R 

(Tyr)Q yP O H 2 t t ° Ο Ϊ 
. N(His) Ι H I 

^ b - k . w i s ) / ^ N ( H i s ) (His)N 
R 

1 <\>u / 

R' 
U t e r o f e r r i n M e t h a n e M o n o o x y g e n a s e 

Figure 1. Comparison of the coordination spheres of the dinuclear iron 
sites in oxidized hemerythrin (Hr), ribonucleotide reductase (RNR), utero
ferrin (Uf), and methane monooxygenase (MMO). 
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H O H 
/ 

N 

/ 
N 

Figure 2. Proposed mechanism for the reversible dioxygen-hemerythrin 
interaction. 

o f 0 2 is r evers ib l e , h o w e v e r , as r e q u i r e d for the f u n c t i o n o f this t ransport 
p r o t e i n . 

T h e r e d u c e d f o r m o f R N R reacts w i t h d i o x y g e n to generate the μ-
oxo d i f e r r i c c o r e ( c r y s t a l l o g r a p h i c a l l y d e f i n e d (3)) a n d a t y r o s y l r a d i c a l 
necessary for the p r o d u c t i o n o f a r e a c t i v e spec ies r e s p o n s i b l e for the 
r e d u c t i o n o f r i b o n u c l e o t i d e s . T h e i n t i m a t e detai ls o f this d i oxygen -based 
c h e m i s t r y a n d the s t r u c t u r e o f the r e d u c e d e n z y m e are s t i l l u n k n o w n . 
D e s p i t e i n t e n s i v e s p e c t r o s c o p i c c h a r a c t e r i z a t i o n o f the ac t ive site o f 
M M O a n d the r e c e n t X - r a y s t r u c t u r a l analysis o f the h y d r o x y l a s e c o m 
p o n e n t (4), e v e n less is k n o w n c o n c e r n i n g its m e c h a n i s t i c p a t h w a y s r e 
spons ib le for the c o n v e r s i o n o f m e t h a n e a n d o t h e r a lkanes to t h e i r c o r 
r e s p o n d i n g o x y g e n a t e d p r o d u c t s . 

A l t h o u g h spectroscop ic , mechan i s t i c , a n d s t r u c t u r a l c h a r a c t e r i z a t i o n 
o f these m e t a l l o p r o t e i n s is p r o c e e d i n g at a r a p i d pace (2b), the d e s i g n , 
synthes is , a n d i n v e s t i g a t i o n o f the p r o p e r t i e s o f d i i ron( I I ) r e a c t i v i t y 
m o d e l systems has ser i ous ly l a g g e d (1, 2). M o d e l s r e s e m b l i n g the H r 
sites have b e e n s y n t h e s i z e d a n d c h a r a c t e r i z e d b u t these c o m p l e x e s h a v e 
s t r u c t u r a l a n d not f u n c t i o n a l s i m i l a r i t i e s (1,2). T h i s c h a p t e r focuses o n 
r e c e n t advances i n the a rea o f d i n u c l e a r n o n - h e m e i r o n m e t a l l o p r o t e i n 
r e a c t i v i t y m o d e l systems. A l t h o u g h s e v e r a l e x c e l l e n t papers h a v e dea l t 
w i t h n o n - h e m e i r o n c o m p l e x e s as s t r u c t u r a l m o d e l s (1, 2), t h e g e n e r a l 
a i m o f this r e v i e w is to e x a m i n e those i r o n - b a s e d systems that act as 
m e t a l l o e n z y m e r e a c t i v i t y m o d e l s , a s ign i f i cant ly m o r e d i f f i cu l t c h e m i c a l 
c h a l l e n g e . O w i n g to space l i m i t a t i o n s , a c o m p r e h e n s i v e d i s cuss i on o f 
s m a l l m o l e c u l e catalysis is not poss ib le . Ins tead , o n l y r e p r e s e n t a t i v e ex-
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amples o f ca ta ly t i c reac t i ons m e d i a t e d b y w e l l - c h a r a c t e r i z e d d i n u c l e a r 
i r o n c o m p l e x e s are p r e s e n t e d . 

A c u r r e n t c h a l l e n g e to the s y n t h e t i c i n o r g a n i c c h e m i s t is to i d e n t i f y 
t h r o u g h reac t i v i ty mode ls those e l e c t ron i c a n d s t ruc tura l p roper t i e s that 
c o n t r o l r e v e r s i b l e versus i r r e v e r s i b l e e l e c t r o n d o n a t i o n to d i o x y g e n ( 5 -
J i ) . I n this r e v i e w , spec ia l emphas i s w i l l b e p l a c e d o n d i n u c l e a r n o n -
h e m e i r o n c o m p l e x e s that c a t a l y z e o x i d a t i v e t rans format ions . W e have 
not a t t e m p t e d to c lassi fy the o x i d a t i o n reac t i ons a c c o r d i n g to e i t h e r the 
source o f o x y g e n (d i oxygen , p e r o x i d e s , p e r a c i d s , o r o t h e r reagents s u c h 
as i o d o s y l b e n z e n e , P h I O ) , target substrate ( s imple h y d r o c a r b o n s s u c h 
as a lkanes , a lkenes , a n d arenes) , or p r o p o s e d m e c h a n i s m , because 
m e c h a n i s t i c s tudies have not b e e n t h o r o u g h l y p e r f o r m e d for a l l systems 
a n d the p o t e n t i a l for the ex i s tence o f m u l t i p l e r e a c t i v e spec ies that m a y 
r e a d i l y i n t e r c o n v e r t d u r i n g the r e a c t i o n t i m e c o u r s e (5). F o r m o r e d e 
t a i l e d i n f o r m a t i o n , the r e a d e r is r e f e r r e d to the p r i m a r y l i t e r a t u r e c i t e d . 

Oxidation Catalysts 
S y s t e m a t i c e x a m i n a t i o n o f the ca ta ly t i c p r o p e r t i e s o f d i m e r i c c o m p l e x e s 
was i n i t i a t e d s h o r t l y after the i d e n t i f i c a t i o n o f d i n u c l e a r i r o n sites i n 
m e t a l l o e n z y m e s . T h e first r e p o r t o f a reac t ive d i m e r i c system came f r o m 
T a b u s h i et a l . i n 1 9 8 0 , w h o e x a m i n e d the c a t a l y t i c c h e m i s t r y o f 
[ F e 3 + ( s a l e n ) ] 2 0 , 1 (salen is N , N , - ( s a l i c y l a l d e h y d o ) - l , 2 - e t h y l e n e d i a m i n e ) 
(12). T h e y r e p o r t e d i n t e r e s t i n g s t e r e o s e l e c t i v i t y i n t h e o x i d a t i o n 
o f u n s a t u r a t e d h y d r o c a r b o n s w i t h m o l e c u l a r o x y g e n i n t h e p r e s e n c e 
o f m e r c a p t o e t h a n o l o r a s c o r b i c a c i d a n d p y r i d i n e as a s o l v e n t 
( [ l ] « [ a l k a n e ] « [ 2 - m e r c a p t o e t h a n o l ] ) . W i t h adamantane as substrate , 
t h e y o b s e r v e d the f o r m a t i o n o f a m i x t u r e o f (1 - a n d 2-) adamanto ls a n d 
adamantanone (Tab le I) (12). B o t h the r e l a t i v e r e a c t i v i t y b e t w e e n t e r 
t i a r y a n d secondary carbons ( m a x i m u m v a l u e is 1.05) a n d final y i e l d 
( « 1 2 t u r n o v e r s p e r 12 hr) w e r e d e p e n d e n t o n the q u a n t i t y o f a d d e d 
2 - m e r c a p t o e t h a n o l . B e c a u s e a u t o x i d a t i o n o f adamantane gave a ra t i o o f 
3 ° / 2 ° c a r b o n o x i d a t i o n o f 0 . 1 8 - 0 . 4 2 , the authors p r o p o s e d t w o coex 
i s t i n g processes : a u t o o x i d a t i o n a n d a lkane a c t i v a t i o n . 

W h e n , u n d e r i d e n t i c a l c o n d i t i o n s , a s corb i c a c i d was u s e d i n s t e a d o f 
m e r c a p t o e t h a n o l , the r e a c t i o n gave p r o d u c t s w i t h 3 ° / 2 ° c a r b o n r e a c 
t i v i t y o f 0 . 2 8 - 0 . 4 2 , suggest ive o f an a u t o x i d a t i o n process (12). F u r 
t h e r m o r e , the k ine t i c s o f the r e a c t i o n are b i p h a s i c for 2 - m e r c a p t o e t h a n o l 
a n d m o n o p h a s i c for ascorb i c a c i d . T h e s e k i n e t i c s are cons is tent w i t h the 
g e n e r a t i o n o f a n e w ca ta ly t i c sys tem b y the c o o r d i n a t i o n o f the t h i o l to 
the f e r r i c center(s ) . F o r e i t h e r r e d u c t a n t , b l e a c h i n g o f the c o m p l e x was 
o b s e r v e d w i t h i n m i n u t e s i n the absence o f substrate . 

A l t h o u g h i n t e r e s t i n g r e a c t i v i t y is o b s e r v e d w i t h 1, its c h e m i s t r y ex
h i b i t s p r o b l e m s i n h e r e n t to s i m p l e m o n o b r i d g e d d i n u c l e a r systems. 
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Table I. Oxidation of Adamantane with Dioxygen 
Catalyzed by Fe(Salen)20, 1 

Product Yield (%)a 

Concentration 
ofReductant (M) 1-Adamantol 2-Adamantol Adamantanone Total TNb 

2-Mercaptoethanolc 

1.3 67 162 51 2.8 
0.64 71 163 36 2.7 
0.32 65 106 59 2.3 
0.16 110 92 158 3.6 
0.064 129 56 135 3.2 
0.032 60 8 42 1.1 

Ascorbic acidd 

0.025 104 nd* 85 1.89 
0.13 238 94 139 4.71 
0.51 220 161 115 4.96 

a Based on 1 used. 
h ΤΝ is turnover number. 
c [1].[adamantane] = 1:474, [1] = 3.8 Χ Ι Ο - 4 M , under 1 atm of oxygen, in 20 mL of 
pyridine. Reaction time is 4 h. 
d Conditions same as in footnote c but [1] = 6.7 X 10~4 M. 
e nd means not determined. 

M a n y μ-οχο d i m e r s are not stable u n d e r r e d u c i n g c o n d i t i o n s o w i n g to 
i n s t a b i l i t y o f t h e μ-οχο b r i d g e m o i e t y i n e i t h e r t h e m i x e d - v a l e n c e o r 
d i f e r rous states. F o r e x a m p l e , [ F e ( H B p z 3 ) ] 2 0 ( O A c ) 2 ( H B p z 3 is h y d r o -
t r i s (pyrazo ly l )bora te ) shows an e l e c t r o c h e m i c a l i r r e v e r s i b l e r e d u c t i o n 
w a v e e v e n at v e r y h i g h scan rates (5 V / s ) (13). T h e fact that the a s c o r b i c 
a c i d does not s h o w the same r e a c t i v i t y as 2 - m e r c a p t o e t h a n o l m a y b e a 
c o n s e q u e n c e o f d i f ferences i n the r e d o x po tent ia l s o r t h e a b i l i t y o f t h e 
r e d u c t a n t to d i sp lace l igands a n d c o o r d i n a t e to the m e t a l c e n t e r . 

K i t a j i m a et a l . (14) r e p o r t e d another e x a m p l e o f a w e l l - c h a r a c t e r i z e d 
d i m e r i c sys tem that was c a p a b l e o f c a t a l y z i n g o x i d a t i o n reac t i ons . T h i s 
g r o u p s t u d i e d the ca ta ly t i c a c t i v i t y o f [ F e 2 0 ( Ï I B p z 3 ) 2 ( O A c ) 2 ] , 2, i n 
C H 2 C 1 2 i n the p r e s e n c e o f Z n dust a n d ace t i c a c i d . T h e s t r u c t u r e o f 2 
was d e t e r m i n e d p r e v i o u s l y b y A r m s t r o n g et a l . (13). W h e n c r y s t a l l i z e d 
f r o m M e C N , 2 consists o f t w o N 3 0 3 o c t a h e d r a l c enters b r i d g e d b y one 
μ-οχο a n d t w o μ-acetato b r i d g e s . T h e e q u a t o r i a l p l a n e s o f t h e t w o oc -
t a h e d r a are d e f i n e d b y t w o b r i d g i n g acetate oxygens a n d t w o p y r a z o l y l 
b o r a t e n i t rogens , w h e r e a s t h e r e m a i n i n g n i t r o g e n a n d t h e μ-οχο o x y g e n 
const i tute the axial l igands o f the o c t a h e d r o n . T h e average F e - 0 o x o b o n d 
is 1 .783 À a n d the F e O F e u n i t is b e n t ( 1 2 4 . 6 ° ) . C a r e f u l m a g n e t i c sus
c e p t i b i l i t y a n d M o s s b a u e r s p e c t r o s c o p i c s tudies s h o w e d that t h e f e r r i c 
centers e x h i b i t 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 (/ = - 1 2 1 c m - 1 ) (13). E l e c -
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t r o c h e m i c a l studies s h o w e d that the m i x e d - v a l e n c e state o f 2 is not stable , 
d e g r a d i n g to g ive the c o o r d i n a t i v e l y sa turated m o n o m e r i c spec ies 
[ F e ( H B p z 3 ) 2 ] + , 3 (13). 

C a t a l y t i c r eac t i ons w e r e p e r f o r m e d i n C H 2 C 1 2 u n d e r an 0 2 a t m o 
s p h e r e ; Z n was u s e d as an e l e c t r o n source a n d ace t i c a c i d as a p r o t o n 
d o n o r (14). U n d e r these r e a c t i o n c o n d i t i o n s ([2]:[substrate] = 1 :125) , 
the p r o d u c t i o n o f a d a m a n t a n - l - o l ( 2 4 8 % ) , a d a m a n t a n - 2 - o l (50%) , a n d 
a d a m a n t a n - 2 - o n e (108%) was o b s e r v e d . W i t h c y c l o h e x e n e as substrate , 
a m i x t u r e o f c y c l o h e x a n o l (54%) , c y c l o h e x a n o n e (73%) , a n d c y c l o h e x e n e 
ox ide (20%) was g e n e r a t e d . I n a s i m i l a r e x p e r i m e n t w i t h c y c l o h e x a n e , 
c y c l o h e x a n o l ( 99%) , a n d c y c l o h e x a n o n e (84%) w e r e o b t a i n e d . T h e 
p r o d u c t d i s t r i b u t i o n is incons i s tent w i t h a free r a d i c a l process ; for a d a 
m a n t a n e , the 3 ° / 2 ° c a r b o n r e a c t i v i t y ra t i o is 2 .2 . C o n t r o l e x p e r i m e n t s 
d e m o n s t r a t e d that b o t h Z n dust a n d acet i c a c i d w e r e necessary , w h e r e a s 
l a r g e r quant i t i e s o f acet i c a c i d q u e n c h e d the r e a c t i o n (Tab le II) . T h i s 
m a y b e d u e to the ac ido lys i s o f the μ-οχο b o n d . S i m p l e m o n o m e r i c c o m 
plexes s u c h as F e C l T P P ( T P P is t e t r a p h e n y l p o r p h i n ) , F e ( a c a c ) 3 (acac is 
ace ty lace tonate ) , a n d [ F e ( H B p z 3 ) 2 ] + , 3, w e r e i n a c t i v e as catalysts u n d e r 
i d e n t i c a l c o n d i t i o n s . F u r t h e r m o r e , [ F e 3 + ( S a l e n ) ] 2 0 , 1, d i d not s h o w any 
r e a c t i v i t y . 

T h e p a t h w a y f o l l o w e d d u r i n g these reac t i ons appears d i f ferent f r o m 
that o f the G i f sys tem, because use o f the same c o m p l e x e s u n d e r s tr i c t 
G i f c o n d i t i o n s ( p y r i d i n e - a c e t i c a c i d - Z n p o w d e r ) g ives a d i f ferent p r o d 
uct ra t io ; the same r e a c t i v i t y a n d se lec t iv i ty is o b t a i n e d for a l l m o n o m e r i c 
a n d d i m e r i c c o m p l e x e s (15-18). T h e r e a c t i v i t y o b s e r v e d w i t h 2 is r e m 
i n i s c e n t o f the c h e m i s t r y o f the d i n u c l e a r f e r rous ac t i ve site f o u n d i n 
M M O , a l t h o u g h t h e i r mechan is t i c s imi lar i t i es must s t i l l b e d e m o n s t r a t e d 
(19, 20). 

K i t a j i m a et a l . (21) also r e p o r t e d a m o r e ef f ic ient catalyst t h r o u g h a 
serendip i tous m o d i f i c a t i o n o f c o m p l e x 2. T h e y o b s e r v e d that an increase 
i n the ca ta ly t i c a c t i v i t y (by a fac tor o f 1.5) o c c u r r e d w h e n h e x a f l u o -
r o a c e t y l ace tone (hfacac) was u s e d i n s t e a d o f ace t i c a c i d . T h e r e a c t i o n 
b e t w e e n 2 a n d hfacac p r o d u c e d [ { F e ( H B p z 3 ) ( h f a c a c ) } 2 0 ] , 4 i n 5 0 - 6 0 % 
y i e l d that was s t r u c t u r a l l y c h a r a c t e r i z e d to r e v e a l a f e r r i c d i m e r w i t h a 
s ingle μ-οχο b r i d g e (21). E a c h i r o n c e n t e r is i n a s i x - c o o r d i n a t e N 3 0 3 

e n v i r o n m e n t . T h e t w o o c t a h e d r a l un i t s are m o r e d i s t o r t e d i n th is c o 
o r d i n a t i o n e n v i r o n m e n t t h a n that o f 2; the F e O F e u n i t is b e n t w i t h an 
angle o f 1 6 9 . 4 ° . E a c h f e r r i c c e n t e r has one hfacac l i g a n d b o u n d i n a 
b i d e n t a t e m o d e . 

W h e n u s e d as a catalyst i n the presence o f Z n dust a n d excess hfacac , 
4 gave h i g h t u r n o v e r n u m b e r s i n C H 2 C l 2 for a v a r i e t y o f substrates 
(Table III). U n d e r these cond i t i ons ([4]:[substrate]:hfacac = 1 :1106 :287 ) , 
adamantane gave a d m a n t a n - 1 a n d -2-o ls ( t u r n o v e r n u m b e r s 4 6 . 6 a n d 
1.7, r e s p e c t i v e l y ) a n d a d a m a n t a n - 2 - o n e (trace) , w h e r e a s c y c l o h e x a n e 
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Table III. Oxidation of Alkanes and Arenes by 4 Using Molecular Dioxygen 

Substrate Products0 TNb 

Adamantane 1-adamantanol 2-adamantanol 2-adamantanone 48.3 
(96.5) (3.5) (trace) 

Cyclohexane cyclohexanol cyclohexanone 4.7 
(95.75) (4.25) 

Pentane 2-pentanol 21.0 
(100) 

Benzene phenol 12.1 
(100) 

Toluene p-anisole o-anisole 9.0 
(70) (30) 

Chlorobenzene p-chlorophenol o-chlorophenol 2.9 
(76) (24) 

N O T E : Reaction conditions: 1 atm 0 2 ; reagents in 20 mL of C H 2 C l 2 at 25 °C for 30 h. [4] 
= 7.5 Χ 10" 5 M ; [hfacac] = 0.0215 M ; Zn powder, 0.5 g; [substrate] = 1.66 mmol. 

a Amount of each product as a percentage of the total products is in parentheses. 
H T N is turnover number, based on 4. 

a n d p e n t a n e gave p r e d o m i n a t e l y c y c l o h e x a n o l a n d 2 - p e n t a n o l , r e s p e c 
t i v e l y . T h e most i m p o r t a n t transformat ions r e p o r t e d w e r e the ox idat ions 
o f b e n z e n e , t o l u e n e , a n d c h l o r o b e n z e n e to p r o d u c t s o f a r o m a t i c o x i 
d a t i o n (Table III) that are not a c h i e v e d b y t h e G i f sys tem. T h e a d d i t i o n 
o f the s p i n t r a p p i n g agent , N - t e r t - b u t y l - a - p h e n y l n i t r o n e ( B P N ) , i n d i 
c a t e d the p r o d u c t i o n o f h y d r o x y l rad i ca l s . 

A l t h o u g h the [ { F e ( H B p z 3 ) ( h f a c a c ) } 2 0 ] sys tem is q u i t e i n t r i g u i n g , i t 
is u n c l e a r w h e t h e r f errous d e c o m p o s i t i o n p r o d u c t s are r e s p o n s i b l e for 
the o b s e r v e d c h e m i s t r y , p a r t i c u l a r l y i n l i g h t o f the r e p o r t e d r e a c t i v i t y 
p r o p e r t i e s o f s evera l less w e l l c h a r a c t e r i z e d m o n o n u c l e a r n o n h e m e i r o n 
systems that are capab le o f h y d r o x y l a t i n g a r o m a t i c c o m p o u n d s (22-26). 
T h e r e l a t i o n s h i p b e t w e e n the c h e m i s t r y o f these i r o n - b a s e d systems, 
s u c h as 4 a n d the G i f (and m o d i f i e d G i f ) systems (15-18) is c u r r e n t l y 
u n c l e a r . 

A l m o s t s imul taneous ly , a co l laborat ive effort m o d e l i n g the r e a c t i v i t y 
o f d i n u c l e a r sites o f i r o n o x i d a t i v e e n z y m e s was r e p o r t e d b y V i n c e n t et 
a l . (27). T h e i r d i n u c l e a r m o d e l , F e 2 0 ( O A c ) 2 C l 2 ( b i p y ) 2 , 5 (b ipy : 2 ,2 ' -
b i p y r i d i n e ) , synthes ized b y cleavage o f te t ramer i c [ F e 4 0 2 ( O A c ) 7 ( b i p y ) 2 ] + , 
6, ( equat ion 1), was e s p e c i a l l y d e s i g n e d to have o p e n o r e x c h a n g e a b l e 
c o o r d i n a t i o n sites. 

[ F e 4 0 2 ( O A c ) 7 ( b i p y ) 2 ] + + 2 b i p y + 4 C 1 " 
2 F e 2 0 ( O A c ) 2 C l 2 ( b i p y ) 2 + 3 A c O " (1) 

T h e s t r u c t u r e o f 5 consists o f a d i f e r r i c u n i t c o n t a i n i n g one μ-οχο a n d 
t w o μ-acetato b r i d g e s ( F i g u r e 3) . E a c h o c t a h e d r a l i r o n c e n t e r c o m p l e t e s 
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Figure 3. Crystal structure of Fe20(OAc)2Cl2(bipy)2, 5. 

its c o o r d i n a t i o n sphere w i t h a m o l e c u l e o f b i p y a n d a c h l o r i d e a n i o n . 
T h e F e O F e u n i t is bent w i t h an angle o f 1 2 3 . 9 ° . T h e M o s s b a u e r spec 
t r u m shows parameters t y p i c a l o f a h i g h - s p i n d i f e r r i c , o x o - b r i d g e d system 
w i t h t w o s ix - coord inate centers (d = 0 . 37 m m s - 1 , AEq = 1.79 m m s" 1 ) , 
w h e r e a s m a g n e t i c s u s c e p t i b i l i t y m e a s u r e m e n t s s h o w s t rong 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 b e t w e e n the f e r r i c centers (/ = —132 c m - 1 ) . Q u i t e 
i n t e r e s t i n g l y , the c y c l i c v o l t a m m o g r a m o f th is c o m p o u n d i n M e C N i n 
dicates i r r e v e r s i b l e r e d u c t i o n waves i n the 0 - to — 0 . 5 - V range , consistent 
w i t h i n s t a b i l i t y o f the s t r u c t u r e d u r i n g r e d o x c h e m i s t r y . U n f o r t u n a t e l y , 
c h a r a c t e r i z a t i o n o f the d e c o m p o s i t i o n p r o d u c t s was not r e p o r t e d . 

F e 2 0 ( O A c ) 2 C l 2 ( b i p y ) 2 success fu l ly h y d r o x y l a t e s C 6 , C 3 , a n d C 2 a l -
kanes w h e n terf-butyl h y d r o g e n p e r o x i d e ( T B H P ) is u s e d as the o x y g e n 
d o n o r ( [5] : [TBHP]: [substrate] = 1 : 1 5 0 : 1 1 0 0 ) ; the o b s e r v e d r e a c t i v i t y is 
C 6 > C 3 > C 2 (Tab le I V ) . T h i s w o r k represents the first r e p o r t o f the 
o x i d a t i o n o f a s m a l l m o l e c u l a r w e i g h t a lkane (ethane) b y a c h a r a c t e r i z e d 
i r o n m o d e l c o m p o u n d . Reac t i ons o f this c o m p l e x w i t h Z n dust a n d acet ic 
a c i d u n d e r 1 a t m o f d i o x y g e n w i t h c y c l o h e x a n e gave r i se to o n l y c y c l o 
h e x a n o n e ( turnover n u m b e r : 2.5) . T h e p a r e n t t e t r a m e r i c c o m p o u n d , 6, 
was r e p o r t e d to b e a m o r e ef f ic ient catalyst . 

I n v i e w o f the d e m o n s t r a t e d ease i n w h i c h the t e t r a m e r i c c l u s t e r 
c leaves ( equat ion 1) a n d the r e d o x - i n d u c e d d e c o m p o s i t i o n o f d i m e r i c 
5, the i n t e g r i t y o f the c o m p l e x e s at the e n d o f the c a t a l y t i c r e a c t i o n a n d 
the na ture o f the i r o n spec ies u n d e r a r e d u c i n g e n v i r o n m e n t are a m 
b i g u o u s . T h e p o s s i b i l i t y that m o n o n u c l e a r spec ies are i n v o l v e d i n the 
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Table IV. Oxidation of Hydrocarbons with Fe 20(OAc) 2Cl 2(bipy) 2 , 5, 
[Fe 40 2(OAc) 7(bipy) 2] +, 6, and Fe 20(OAc)(tmima) 2(C10 4) 3, 7, 

Using T B H P or H 2 0 2 as Monooxygen Transfer Reagents 

% TBHP 
Substrate" Catalyst Product (%)b Consumed TNC 

Ethane 5 ethanol (<1) 95 1.2 
Propane 5 2-propanol (8.8), 82 13d 

1-propanol(1.5) 
Cyclohexane 5 cyclohexanol (32), 90 72 

cyclohexanone (22) 
Cyclohexane 5 cyclohexanol (32), 

cyclohexanone (22) 

OH/O 
Substrate6 Catalyst Product Ratio TNC 

Cyclohexane 5 cyclohexanol, 0.8-1.1 - 1 5 
cyclohexanone 

Cyclohexane 6 cyclohexanol, 0.6-1.0 - 7 
cyclohexanone 

Cyclohexane 7 cyclohexanol, 0.9-1.0 - 2 1 
cyclohexanone 

Substrate^ Catalyst Product (%)h 

O H / O 
Ratio c 3 / c / 

Adamantane 5 

Adamantane 6 

Adamantane 7 

R-l -ol (19), R-2-ol (9.1), 
R-2-one (7.2) 

R-l -ol (8.7), R-2-ol (4.8), 
R-2-one (3.1) 

R-l -ol (16.8), R-2-ol (8.5), 
R-2-one (6.4) 

Product (TN)C 

Benzy lie/Aromatic 
Substrateh Catalyst PhCHO PhCH2OH Cresols Activation Ratio 

Toluene 5 3.5 1.4 1.5 3.4 
Toluene 6 1.9 0.6 0.6 4.2 
Toluene 7 3.0 0.9 4.2 0.9 

a Gas reactions were carried out in a Parr kinetic apparatus at pressures of 250 and 90 lb/ 
in . 2 at room temperature, in MeCN, with [TBPH]:[complex] = 150:1; [complex] = 0.7 
mM. In cyclohexane, [TBPH]:[complex]:[substrate] = 150:1:1100. Reaction time is 3 days. 
b Based on T B P H consumed. Percentage of starting material is in parentheses. 
c T N is turnover number; oxidizing equivalents/mole of catalyst. 
d Two-day reaction. 
e [H202]:[complex]:[substrate] = 150:1:900, reaction time 6-18 h at room temperature, 
in MeCN. 

/[H202]:[complex]:[substrate] = 150:1:20, reaction time 16 h at room temperature, in 
MeCN. 
g Normalized per hydrogen. 
h Same as footnote/but ratio = 150:1:300. 
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o b s e r v e d ca ta ly t i c c h e m i s t r y is s u p p o r t e d b y w o r k f r o m L e i s i n g et a l . 
(28), w h o have s h o w n that [ F e ( T P A ) C l 2 ] + ( T P A is t r i s ( 2 - p y r i d y l -
m e t h y l ) a m i n e ) i n the p r e s e n c e o f T B H P is c a p a b l e o f c a t a l y z i n g the 
o x i d a t i o n o f c y c l o h e x a n e to c y c l o h e x a n o l , c y c l o h e x a n o n e , c h l o r o c y c l o -
hexane , a n d ( t e r i - b u t y l p e r o x y ) c y c l o h e x a n e . M e c h a n i s t i c s tudies w i t h 
[ F e ( T P A ) C l 2 ] + suggested that h e t e r o l y t i c c leavage o f the R O O H b o n d 
o c curs l e a d i n g to a h i g h - v a l e n t i r o n - o x o i n t e r m e d i a t e that is c a p a b l e o f 
r e a c t i n g w i t h a v a r i e t y o f o r g a n i c substrates (28). T h u s , i t is d i f f i cu l t to 
assess the m e c h a n i s t i c p a t h w a y s f o l l o w e d b y uns tab le d i m e r 5 d u r i n g 
catalys is . N o n e t h e l e s s , the r e a c t i v i t y o f th is d i m e r sys tem suggests that 
the r e a l s t r u c t u r e o f the ac t ive spec ies i n s o l u t i o n m a y have r e l e v a n c e 
to the ca ta ly t i c c e n t e r o f M M O (1, 2). 

F i s h et a l . (29) f o l l o w e d these studies w i t h an e x a m i n a t i o n o f the 
a b i l i t y o f 5, 6 a n d [ F e 2 0 ( O A c ) ( t m i m a ) 2 ] ( C l 0 4 ) 3 , 7 ( t m i m a is t r i s [ ( l -
m e t h y l i m i d a z o l - 2 - y l ) m e t h y l ] a m i n e ) , to c a t a l y z e the o x i d a t i o n o f s m a l l 
m o l e c u l e organics b y u s i n g H 2 0 2 / 0 2 as the ox idant . U n d e r s t a n d a r d 
c o n d i t i o n s ( [ complex ] : [H 2 0 2 ] : [ subs trate ] = 1 : 1 5 0 : 9 0 0 ) , m o d e r a t e t u r n 
o v e r n u m b e r s w e r e f o u n d for 5-7 (Tab le I V ) ; the o x i d a t i o n p r o d u c t s 
w e r e the r e s p e c t i v e a l c o h o l a n d k e t o n e ( O H / ( 0 ) ra t i o o f 0 .6 :1 .0 ) . C o n 
t r o l r eac t i ons , h o w e v e r , s h o w e d F e ( C l 0 4 ) 3 , 6 H 2 0 to b e a s u p e r i o r o x i 
d a t i o n catalyst . A l t h o u g h b o t h the a l c o h o l a n d k e t o n e w e r e o b s e r v e d , 
the p r o d u c t rat io d e p e n d e d o n i n i t i a l r e a c t i o n cond i t i ons ( 1 . 9 - 3 . 6 ) . T h i s 
d e p e n d e n c e suggests a d i f f erent m e c h a n i s m for the t w o ox idat i ons . K i 
n e t i c s tudies s h o w e d that c y c l o h e x a n o l was not the p r e c u r s o r o f the 
c y c l o h e x a n o n e ; the t r u e p r e c u r s o r was an ac t ive o r g a n i c p e r o x o c o m 
p o u n d that was a c c u m u l a t i n g d u r i n g the r e a c t i o n . T i t r a t i o n o f the ac t ive 
o r g a n i c p e r o x o c o m p o u n d w i t h i o d i n e i n c r e a s e d the o b s e r v e d c y c l o -
h e x a n o n e / c y c l o h e x a n o l ra t i o . F i n a l l y , the ox idant was i s o l a t e d a n d u n 
e q u i v o c a l l y i d e n t i f i e d as c y c l o h e x y l h y d r o p e r o x i d e t h r o u g h * H N M R 
a n d c o m p a r i s o n w i t h an a u t h e n t i c s a m p l e . 

T h e authors p r o p o s e d that the p e r o x i d e is d e c o m p o s e d b y the m e t a l 
catalysts to the k e t o n e a n d a l c o h o l i n a m a n n e r s i m i l a r to that p r e v i o u s l y 
r e p o r t e d (30-34). T h i s la ter system was also reac t ive t o w a r d adamantane 
( g iv ing a h i g h 3 ° / 2 ° c a r b o n a c t i v a t i o n ra t i o o f « 3 . 5 ) a n d o t h e r sa tura ted 
a lkanes . T h e s e catalysts also o x i d i z e t o l u e n e at b o t h the a l i p h a t i c a n d 
a r o m a t i c carbons (ratio : b e n z y l i c / a r o m a t i c = 3 .4 :0 .9) (Table I V ) . A c t i 
v a t i o n o f the a r o m a t i c r i n g was a t t r i b u t e d to the f o r m a t i o n o f h y d r o x y l 
rad i ca l s . 

T h e free r a d i c a l scavenger T B P H ( T B P H : 2 ,4 ,6 - t r i - t e r t -buty lpheno l ) 
q u e n c h e d reac t i ons c a t a l y z e d b y 5-7. E l i m i n a t i o n o f d i o x y g e n h a d a 
s i m i l a r effect. T h e s e resu l ts , i n c o n j u n c t i o n w i t h the g e n e r a t i o n o f c y 
c l o h e x y l h y d r o p e r o x i d e , s t rong ly suggest the existence o f a r a d i c a l c h a i n 
process g e n e r a t i n g c y c l o h e x y l rad i ca l s , w h i c h u p o n t r a p p i n g b y d i o x y 
g e n , g ive the p e r o x i d e . T h e f o r m a t i o n o f th is p e r o x o c o m p o u n d was 
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a t t r i b u t e d to e i t h e r an i r o n s u p e r o x o F e - O O · o r a f e r r y l F e = Ο spec ies . 
A s i m i l a r spec ies must t h e r e f o r e b e r e s p o n s i b l e for p r o d u c t i o n o f the 
o x y g e n a t e d p r o d u c t s for the o t h e r substrates as w e l l (29). 

F o l l o w i n g a s i m i l a r a p p r o a c h , F o n t e c a v e et a l . (35) s t u d i e d t h e 
c a t a l y t i c a c t i v i t y o f [ F e 2 O C l 6 ] ( N E t 4 ) 2 , 8, [ F e 2 0 ( p h e n ) 2 ( H 2 0 ) 2 ] ( C l 0 4 ) 4 , 
9, ( p h e n is 1 , 1 0 - p h e n a n t h r o l i n e ) a n d [ { F e ( a l a ) 2 ( H 2 0 ) } 3 0 ] ( C l 0 4 ) ] 7 , 10 
(a la is a l a n i n e ) . I n i t i a l l y , n o a c t i v i t y was o b s e r v e d f o r t h e a n a e r o b i c 
o x i d a t i o n o f c y c l o h e x a n e ( [ c o m p l e x ] : [ T B H P ] : [ s u b s t r a t e ] = 1 : 2 0 : 1 2 0 ) 
b y 8 a n d 9, w i t h m a r g i n a l a c t i v i t y r e p o r t e d f o r 10. T h e y o b s e r v e d , 
h o w e v e r , a s i g n i f i c a n t i n c r e a s e i n c a t a l y t i c a c t i v i t y o f 8 -10 i n t h e 
p r e s e n c e o f excess i m i d a z o l e . C y c l o h e x a n o n e a n d c y c l o h e x a n o l w e r e 
o b s e r v e d i n a 2:1 r a t i o ( T a b l e V ) . U n d e r i d e n t i c a l c o n d i t i o n s , F e C l 3 

a n d 8 gave t h e same p r o d u c t d i s t r i b u t i o n . T h i s o b s e r v a t i o n , a l o n g 
w i t h t h e w e l l - e s t a b l i s h e d i n s t a b i l i t y o f 8 i n M e C N , suggests tha t t h e 
a c t i v e c a t a l y t i c spec i e s is a m o n o m e r i c c o m p l e x . T h i s c o n c l u s i o n is 
r e i n f o r c e d b y d a t a d e m o n s t r a t i n g that t h e c a t a l y t i c a c t i v i t y o f t h e 
r e a c t i v e spec i e s is not a f f e c t ed b y t h e p r e s e n c e o f s t r o n g a c i d a n d 
t h a t F e C l 3 g i v e s t h e same r e s u l t s as t h e μ-οχο d i m e r . A l t h o u g h o x o -
b r i d g e d spec i e s are k n o w n to b e u n s t a b l e u n d e r a c i d i c c o n d i t i o n s , n o 
s p e c t r o s c o p i c a t t e m p t was m a d e to e s t a b l i s h t h e n u c l e a r i t y o f t h e 
p r e d o m i n a n t o r c a t a l y t i c a l l y c o m p e t e n t s o l u t i o n s p e c i e s . A n o t h e r i m 
p o r t a n t u n a n s w e r e d q u e s t i o n is w h e t h e r t h e k e t o n e ar ises f r o m t h e 
o x i d a t i o n o f c y c l o h e x a n o l i n e i t h e r t h e a b s e n c e o r p r e s e n c e o f excess 
i m i d a z o l e . T h e fact that t h e r e a c t i o n is c a r r i e d o u t u n d e r a r g o n ex 
c l u d e s t h e f o r m a t i o n o f t h e c y c l o h e x y l h y d r o p e r o x i d e as a n 
i n t e r m e d i a t e . 

Table V. Oxidation of Cyclohexane by T B H P Catalyzed 
by [Fe 2OCl 6](NEt 4) 2 , 8, [Fe 2 0 (phen) 2 (H 2 0) 2 ] (Cl0 4 ) 4 , 9, 

and [{Fe(ala) 2 (H 2 0)} 3 0](Cl0 4 ) 7 , 10 

Catalyst11 Cyclohexanol Cyclohexanone Total* 

8 0 0 0 
8 9 18 45 
8 0 0 0 
F e C l 3 0 0 0 
F e C l 3 8 21 50 
9 13 12 37 
9 12 18 48 
10 5 3 11 

N O T E : All values are yield in percent based on starting T B H P . 
a [complex]:[imidazole]:[TBHP]:[substrate] = 1:50:20:120; [com
plex] = 15 μιτιοί, in 2 mL of MeCn. 
b A ratio of 1:1 and 1:2 is assumed for the alcohol and the ketone, 
respectively. 
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A n i n t e r e s t i n g ser ies o f p a p e r s was p u b l i s h e d b y t h e S a w y e r g r o u p 
o n c a t a l y t i c o x i d a t i o n o f o r g a n i c subs t ra tes w i t h t h e use o f s i m p l e 
f e r r o u s c o o r d i n a t i o n c o m p o u n d s (36-40). T h e s e s t u d i e s c o n s t i t u t e d 
a c o n t i n u a t i o n o f e a r l i e r w o r k d e s i g n e d to e x a m i n e t h e r e a c t i v i t y 
p r o p e r t i e s o f f e r r o u s a n d f e r r i c salts i n a n h y d r o u s s o l v e n t s (38-40). 
T h e i r c u r r e n t w o r k s h o w e d that [ F e ( P A ) 2 ] , 11 ( P A is p i c o l i n i c a c i d ) , 
[ F e ( D P A ) ] , 12 ( D P A is 2 , 6 - d i c a r b o x y l a t o p y r i d i n e ) , a n d t h e r e s p e c t i v e 
μ -οχο d i m e r s c a t a l y z e t h e o x i d a t i o n o f a l k a n e s , a c e t y l e n e s , a n d a r -
y l o l e f i n s (by u s i n g H 2 0 2 as o x i d a n t ) to g i v e k e t o n e s , α - d i k e t o n e s , a n d 
a l d e h y d e s as t h e m a j o r p r o d u c t s ( T a b l e s V l a - c ) , r e s p e c t i v e l y (36, 37, 
40). T h e r e a c t i o n e f f i c i enc i es w e r e i d e n t i c a l f o r 1 1 , 1 2 , a n d t h e i r μ-
οχο d i m e r s ( P A ) 2 F e O F e ( P A ) 2 , 13 a n d ( D P A ) F e O F e ( D P A ) , 14 . T h e 
i d e n t i c a l r e a c t i v i t i e s f o r t h e m o n o m e r s a n d μ-οχο d i m e r s i n d i c a t e a 
f a c i l e i n t e r c o n v e r s i o n b e t w e e n m o n o m e r s a n d d i m e r s u n d e r t h e r e 
a c t i o n c o n d i t i o n s . A 2:1 m o l a r r a t i o o f p y r i d i n e to a c e t i c a c i d w a s 
f o u n d to m a x i m i z e t h e c a t a l y t i c a c t i v i t y ; o t h e r s o l v e n t s s u c h as 
C H 3 C N / p y r i d i n e o r C H 3 C N / a c e t i c a c i d c a u s e d a d e c r e a s e i n r e a c t i o n 
e f f i c i e n c y a n d a shi f t i n p r o d u c t d i s t r i b u t i o n t o w a r d t h e r e s p e c t i v e 
a l c o h o l . T h e p r e s e n c e o f p y r i d i n e was p r o p o s e d t o q u e n c h s ide r e 
a c t i o n s r e s p o n s i b l e f o r h y d r o x y r a d i c a l f o r m a t i o n . I n t e r e s t i n g l y , r e 
a c t i o n s p e r f o r m e d i n c o o r d i n a t i n g s o l v e n t s s u c h as D M F w i t h e i t h e r 
t h e d i μ -hydroxy o r t h e μ -οχο f o r m s o f 13 p r o d u c e d s i n g l e t 0 2 tha t 

Table Via. Products and Conversion Efficiencies for Ketonization 
of Cyclohexane by H 2 0 2 in Various Solvents, Catalyzed by Fe(PA) 2 , 11 , 

(PA) 2FeOFe(PA) 2, 13, Fe(DPA) 2 , 12, and (DPA)FeOFe(DPA), 14 

Products0 

Iron Catalysts, 
3.3 mMb 

Reaction 
Efficiency0 

(% ±3) 
Catalyse 
Turnovers 

Cyclohexanone 
(% ±4) 

Cyclohexanol 
(% ±4) 

11 72 11 9 3 7 
I I e 72 6 9 5 5 
1 1 ' 58 5 94 6 
13 G 72 11 9 3 7 
12 7 3 12 > 9 7 < 3 
14 G 76 13 > 9 7 < 3 

a Analyzed by capillary GC-MS. 
b [Cyclohexane]:[H202] = 10.41:1, [H 20 2] = 96 mM, pyridine/AcOH (2:1). 
c 100% efficiency is one substrate per two moles of H 2 0 2 added. 
d Moles of substrate oxidized per mole of catalyst. 
e 56 mM of H 2 0 2 were used instead of 96 mM. 
'Same as in footnote e and 101 mM of H 2 0 were added. 
g [complex] = 1.7 mM. 
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Table VIb. Products and Conversion Efficiencies for the Fe(PA) 2, 11, 
Catalyzed (3.5 mM) Ketonization of Methylenic Carbon 

and the Dioxygenation of Acetylenes and Arylolefins 
by H 2 0 2 (56 mM) in Pyridine/AcOH (2:1) 

Reaction 
Substrate Efficiency" Catalyst 
(1M) (%, ±3) Turnovers* Products0 

Cyclohexane 72 6 cyclohexanone (97), 
cyclohexanol (3) 

n-Hexane 52 4 3-hexanone (53), 
2-hexanone (46), 
1-hexanol 

Ethylbenzene 51 5 acetophenone (>96) 
PhCH 2 Ph (0.6 M) 35 3 benzophenone (>96) 
Toluene 9 <1 benzaldehyde (>96) 
2-Methylbutane 32 3 3-methyl-2-butanone (>95 

2-methyl-1 -butanol 
Adamantane 32 3 2-adamantanone (43), 

1-adamantanol (29), 
1 -pyridyladamantane 
(two isomers 10 and 18) 

Cyclododecane 70 6 cyclododecanone (90), 
cyclododecanol (10) 

Cyclohexene 59 5 2-cyclohexen-l-one (>95) 
1,3-Cyclohexadiene 33 5 benzene (>95) 
1,4-Cyclohexadiene 30 [70] 3 [11] phenol (17), [PhH] (83) 
Cyclohexanone 0 
Cyclohexanol 25 4 cyclohexanone (>95) 
Diphenylacetylene 40 3 PhC(0)C(0)Ph (>97) 

(0.6 M) 
cts-Stilbene 36 4 PhCH(O) (75), stilbene 

epoxide (25) 
frans-Stilbene 48 4 PhCH(O) (63), stilbene 

epoxide (16), 
two others (21) 

N O T E : Slow addition of H 2 0 2 . 
a100% efficiency is one substrate per two moles of H 2 0 2 added. 
fcMoles of substrate oxidized per mole of catalyst. 
cAnalyzed by capillary GC-MS. Percentage is in parentheses. 

was p r o p o s e d to c o m e f r o m t h e t r a n s i t i o n state c o m p l e x r e s p o n s i b l e 
f or t h e c a t a l y t i c c h e m i s t r y . 

T h e r e a c t i v i t y o f 11 was i n v e s t i g a t e d i n a s t o i c h i o m e t r i c r e a c t i o n 
w i t h H 2 0 2 a n d P h S e S e P h i n t h e p r e s e n c e o f a h y d r o c a r b o n s u b s t r a t e 
( 2 : 2 : 1 : 1 0 0 m o l e r a t i o ) . T h e s e r e a g e n t s r e a c t i n p y r i d i n e / A c O H (1 .8 : 
1) to g i v e 2 e q u i v a l e n t s o f t h e p h e n y l s e l e n y l d e r i v a t i v e o f t h e 
h y d r o c a r b o n . 
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4. S T A S S I N O P O U L O S E T A L . Dinuclear Iron Metalloenzymes 97 

Table Vic. Ketonization of Methylenic Carbons and Dioxygenation 
of Aryl Olefins, Acetylenes, and Catechols via the F e 2 + ( D P A H ) 2 , 16, 

Induced Activation of Dioxygen in 1.8:1 py /HOAc 

Reaction 

Substrate Products (mM)a 

Efficiency 
(%, ±3)b 

Cyclohexane (1 M) cyclohexanone (4.4) 28 
Ethylbenzene (1 M) acetophenone (3.5) 22 
Ethylbenzene (1 M) acetophenone (18.9) 

[+128 mM PhNHNHPh] 
2-Methylbutane (1 M) Me 2 CHC(0)Me (1.0) 6 
2-Methylbutane (1 M) Me 2 CHC(0)Me (9.1) 

[+128 mM PhNHNHPh] 
Cyclohexene 2-cyclohexen-1 -one (1.2) 7 
Diphenylacetylene (0.6 M) PhC(0)C(0)Ph (2.2) 14 
ds-Stilbene (1 M) benzaldehyde (3.1) 10 
l ,2-Ph(OH) 2 ( l M) HOC(0)CH=CHCH=CHC(0)OH 13 

(and its anhydride) (2.0) 
PhCH(OH)C(0)Ph (0.3 M) benzoic acid (5.2) 16 
PhNHNHPh (100 mM) PhN=NPh (100) 667e 

PhCH 2 SH (128 mM) PhCH 2 SSCH 2 Ph (64) 800e 

H 2 S (128 mM) S 8 (16.0) 800e 

N O T E : F e 2 + ( D P A H ) 2 , 16, (32 mM); 0 2 1 atm; 3.5 mL of solvent in a reaction cell with 6 
mL of headspace. 
"Analyzed by capillary GC-MS. 
fo100% efficiency is one substrate per two moles of H 2 0 2 added. 
c100% represents one substrate oxidation per (DPAH) 2 FeO(DPAH) 2 reaction intermediate. 

A F e n t o n - l i k e m e c h a n i s m was p r o p o s e d to e x p l a i n this p r o d u c t d i s 
t r i b u t i o n . H y d r o x y l rad i ca l s , f o r m e d b y a r e a c t i o n b e t w e e n the i r o n 
c o m p l e x a n d H 2 0 2 , abstract p r o t o n s f r o m the substrate to f o r m c a r b o n 
rad ica l s R - (equat ions 2 - 4 ) (38, 39) . T h e s e are s u b s e q u e n t l y t r a p p e d 
b y the d i p h e n y l s e l e n i d e to g ive a p h e n y l s e l e n y l d e r i v a t i v e ( equat ion 4) . 
I n c r e a s i n g the ra t i o o f H 2 0 2 to 11 swi t ches the r e a c t i v i t y f r o m s t o i c h i o 
m e t r i c to ca ta ly t i c (Scheme 1). 

F e ( P A ) 2 + H O O H — ( P A ) 2 F e ( O H ) + O H · (2) 
11 

O H - + R H — R - + H 2 0 (3) 

2 R . + P h S e S e P h 2 R S e P h (4) 

T h e first step i n the p r o p o s e d m e c h a n i s m for the 9 / H 2 0 2 / p y r i d i n e / 
ace t i c a c i d c a t a l y t i c sys tem is the r e a c t i o n o f 11 w i t h H 2 0 2 to f o r m the 
μ-dihydroxy d i f e r r i c spec ies [ ( P A ) 2 F e ( O H ) 2 ] 2 , 13b . T h i s spec ies is 
t h o u g h t to b e i n e q u i l i b r i u m w i t h the μ-οχο d i f e r r i c spec ies [ ( P A ) 2 F e ] 2 0 , 
13 . R e a c t i o n o f 13 w i t h a n o t h e r m o l e c u l e o f H 2 0 2 l eads to the f o r m a t i o n 
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o f the r e a c t i v e species ( P A ) 2 F e O ( 0 0 ) F e ( P A ) 2 , 15 . O x i d a t i o n o f the s u b 
strate b y 15 leads to p r o d u c t f o r m a t i o n a n d 13b . W h e n 15 reacts w i t h 
excess H 2 0 2 , i t p r o d u c e s s ing let o x y g e n a n d 13 . A n a l o g o u s reac t i ons 
can e x p l a i n the r eac t i on c h e m i s t r y o f F e ( D P A ) , 12 t h r o u g h in termed ia tes 
analogous to 11 a n d 12 (36, 3 7 ) . 

E v i d e n c e for spec ies s u c h as the d i h y d r o x y - b r i d g e d d i m e r s exists 
for f e r r i c c o m p l e x e s o f p i c o l i n a t e a n d 2,6 d i c a r b o x y l a t o p y r i d i n e . C o m 
plexes o f the t y p e [ ( P A ) 2 F e ( O H ) 2 ] 2 , 13b , a n d ( H 2 0 ) L F e ( O H ) 2 F e L ( O H 2 ) , 
w h e r e L = 2 , 6 - d i c a r b o x y l a t o ( 4 - X ) p y r i d i n e , ( X = H , N M e 2 , O H ) , have 
b e e n s t r u c t u r a l l y a n d s p e c t r o s c o p i c a l l y c h a r a c t e r i z e d (41-43). T h e 
m a g n e t i c exchange i n t e r a c t i o n s i n these systems are c h a r a c t e r i z e d b y 
w e a k 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 ; va lues o f / = - 8 c m - 1 w e r e r e p o r t e d 
for 13b . 

2Fe(PA) 2 + H 2 0 2 

11 

Η 

Ji (PA)2FeCT ^Fe(PA) 2 

Ο 
Η 

13a 13b 

(PA) 2FeOFe(PA) 2 

Η 

(PA) 2FeC ^ F e ( P A ) 2 + excess H 2 0 2 

Ο 
Η 

13b 

(PA) 2FeOFe(PA) : + H 2 0 

Η,Ο-
r 

v . 

so 

(PA) 2FeOFe(PA) 2 + *02 « s l o w 

13a 

Η 

/ ° \ (PA) 2 Fe^ ^Fe(PA)2 

Ο Ο 

15 

Scheme 1 

T h e a u t h o r s p r o p o s e d t h e f o l l o w i n g m e c h a n i s m to e x p l a i n t h e 
u n u s u a l o r g a n i c t r a n s f o r m a t i o n s . T h e μ -ρεΓΟχο -μ -οχο c o m p l e x , 1 5 , 
r eac t s i n a b i r a d i c a l f a s h i o n w i t h t h e p r o t o n s o n a m e t h y l e n i c c a r b o n 
to g e n e r a t e a c a r b e n e a n d t w o h y d r o x y r a d i c a l s tha t r e c o m b i n e to 
g i v e a g e m - d i o l . T h i s d i o l w i l l i n t u r n c o l l a p s e to t h e k e t o n e p r o d u c t . 
T h e d i k e t o n i z a t i o n o f a c e t y l e n e s was e x p l a i n e d i n a s i m i l a r f a s h i o n 
w i t h t h e f o r m a t i o n o f a f o u r - m e m b e r r i n g i n t e r m e d i a t e ( S c h e m e 2) 
(36, 3 7 ) . 
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4. STASSINOPOULOS E T AL. Dinuclear Iron Metalloenzymes 99 

-Fe(PA) 2 

> 
^Fe(PA) 2 

15 

13 
[(PA)2Fe]20 

. O H 

Ό Η 

c = o 

R. . O H 

' O H 

Scheme 2 

T h e ca ta ly t i c a c t i v i t y o f [ F e ( D P A H ) 2 ] 2 + , 16, was i n v e s t i g a t e d i n the 
p r e s e n c e o f o x y g e n a n d excess substrate b y u s i n g p y r i d i n e / a c e t i c a c i d 
(1.8:1) as so lvent (36, 3 7 ) . A l t h o u g h the r e a c t i v i t y p r o f i l e e x h i b i t e d b y 
16 was analogous to that o b s e r v e d for 11, o n l y s t o i c h i o m e t r i c p r o d u c t 
p r o d u c t i o n was seen. T h e authors r e p o r t e d i n a c t i v a t i o n o f the catalyst 
t h r o u g h f o r m a t i o n o f the μ-οχο d i m e r ( D P A H ) 2 F e O F e ( D P A H ) 2 , 17. I n 
the p r e s e n c e o f a s t rong r e d u c i n g reagent (e.g. , P h N H N H P h , N H 2 N H 2 ) , 
the d i m e r is c o n v e r t e d to the f e rrous c o m p l e x a n d the sys tem r e c o v e r s 
its ca ta ly t i c a b i l i t y (Scheme 3) (36, 3 7 ) . 

16 

2Fe 2 *(DPAH) 2 + 0 2 

18 

(DPAH) 2 FeOOFe(DPAH) 2 

2Fe ( D P A H ) 2 

2(DPAH) 2 FeOFe(DPAH) 2 

17 

2(DPAH) 2 FeOFe(DPAH) 2 —τ- • 2Fe (DPAH) 2 

17 f \ 16 
PhNHNHPh PhN=NPh 

Scheme 3 
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I n this sys tem, 16 is p r o p o s e d to react w i t h d i o x y g e n to g ive 
( D P A H ) 2 F e O O F e ( D P A H ) 2 , 18, w h i c h reacts w i t h substrates to generate 
2 m o l o f 16 a n d o x y g e n a t e d p r o d u c t s . I n a s igni f i cant s ide r e a c t i o n , 16 
c a n react w i t h 2 m o l o f 18 to g i ve 2 m o l o f the r e s p e c t i v e μ-οχο d i m e r 
17, w h i c h is c a t a l y t i c a l l y i n a c t i v e . B e c a u s e 17 c a n b e r e d u c e d to its 
m o n o m e r i c f e rrous p r e c u r s o r b y a v a r i e t y o f r e d u c t a n t s , this r e a c t i o n 
can b e c o m e c a t a l y t i c , i f p e r f o r m e d i n the p r e s e n c e o f an a p p r o p r i a t e 
r e d u c t a n t (36, 3 7 ) . 

A l t h o u g h the reac t i v i ty p r o p e r t i e s o f this system are qu i te i n t r i g u i n g , 
t h e r e is c u r r e n t l y insuf f i c ient c h a r a c t e r i z a t i o n o f the i r o n species to a d 
e q u a t e l y assess the deta i ls o f the p r o p o s e d m e c h a n i s m . T h e d i s t r i b u t i o n 
o f s o l u t i o n spec ies a n d t h e i r n u c l e a r i t y have yet to b e e s tab l i shed . E l e c 
t r o c h e m i c a l m e a s u r e m e n t s o f the 1:1, 1:2, a n d 1:3 ferrous/ΡΑ m i x t u r e s 
c on f i rms the r i c h s o l u t i o n c h e m i s t r y e x p e c t e d for s u c h a sys tem. A m u l 
t i t u d e o f spec ies have b e e n p r o p o s e d b a s e d o n e l e c t r o c h e m i c a l data , 
a l t h o u g h d e f i n i t i v e e v i d e n c e is l a c k i n g . T h e i n t r o d u c t i o n o f e i t h e r 0 2 

or H 2 0 2 generates a d d i t i o n a l u n c h a r a c t e r i z e d spec ies . F u r t h e r m o r e , n o 
deta i l s have b e e n p r e s e n t e d c o n c e r n i n g the i n t e r c o n v e r s i o n b e t w e e n 
13 a n d 13b d u r i n g the c a t a l y t i c p r o d u c t i o n o f s inglet o x y g e n i n D M F . 
T h e s e observat ions suggest that any p r o p o s e d d e t a i l e d m e c h a n i s m is 
p r e m a t u r e , because a v a r i e t y o f i n t e r m e d i a t e spec ies a n d s u b s e q u e n t l y 
r e a c t i o n p a t h w a y s m a y b e o p e r a t i o n a l . 

T h e r e a c t i v i t y a n d s p e c t r o s c o p i c p r o p e r t i e s o f d i f e r r o u s c o m p l e x e s 
w e r e also e x a m i n e d b y Stass inopoulos a n d C a r a d o n n a (44, 45), w h o d e 
v e l o p e d a sys tem b a s e d o n s i m p l e d i a m i d e l igands that are k n o w n to 
s t a b i l i z e meta ls i n h i g h o x i d a t i o n states. T h e d i f e r r o u s c o m p l e x 
F e 2 ( H 2 H b a b ) 2 ( N - M e I m ) 2 . M e O H , 19, ( H 4 H b a b is l , 2 - b i s ( 2 - h y d r o x y -
b e n z a m i d o ) b e n z e n e ; N - M e l m is N - m e t h y l i m i d a z o l e ) , o b t a i n e d f r o m r e 
a c t i n g o f the d i a n i o n o f the l i g a n d w i t h £ r a n s - F e ( N - M e I m ) 2 C l 2 ( M e O H ) 2 

i n M e O H is a s y m m e t r i c d i ^ - p h e n o x y b r i d g e d d i m e r ( F i g u r e 4) . E a c h 
f errous c e n t e r adopts a five-coordinate t r i g o n a l b i p y r a m i d a l g e o m e t r y . 
I n a d d i t i o n to the t w o b r i d g i n g p h e n o l a t e o x y g e n atoms, the N0 4 c o 
o r d i n a t i o n sphere about e a c h i r o n consists o f t e r m i n a l p h e n o l a t e a n d 
a m i d e c a r b o n y l o x y g e n atoms ( f rom one o f the l igands) a n d a n i t r o g e n 
f r o m a c o o r d i n a t e d N - M e l m . T h e c o o r d i n a t i v e l y unsaturated i r o n centers 
are 3 .165 Â apart . C r y s t a l s g r o w n f r o m Ν,Ν-dimethylformamide ( D M F ) / 
E t 2 0 so lvent s h o w that one o f the N - M e l m l igands has b e e n r e p l a c e d 
b y t w o c o o r d i n a t e d D M F so lvent m o l e c u l e s , r e s u l t i n g i n an a s y m m e t r i c 
five- a n d s i x - c oord inate c o m p l e x F e 2 ( H 2 H b a b ) 2 ( N - M e I m ) ( D M F ) 2 , 20 
( F i g u r e 4). T h e u n u s u a l l i g a n d ar rangement o b s e r v e d i n 19 is also present 
i n 20. A l t h o u g h t h e F e ( l ) N 0 4 s i te is s t r u c t u r a l l y e q u i v a l e n t i n 19 a n d 
20, the F e ( 2 ) O e s ite shows o c t a h e d r a l g e o m e t r y w i t h t w o ax ia l a n d t w o 
b r i d g i n g p h e n o x y oxygens , an a m i d e - c a r b o n y l oxygen a n d t w o m o l e c u l e s 
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4. STASSINOPOULOS E T AL. Dinuclear Iron Metalloenzymes 101 

Figure 4. Crystal structures of the symmetric Fe2(H2Hbab)2(N-Melm)2, 
19, and the asymmetric five- and six-coordinate complex Fe2(H2Hbab)2(N-
MeIm)(DMF)2, 20. 
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o f D M F . O w i n g to the d i s tor t i ons assoc iated w i t h the c o o r d i n a t i o n 
change , the t w o i r o n atoms are 3 .19 À apart . 

M o s s b a u e r studies s h o w a s ing le q u a d r u p o l e d o u b l e t for c r y s t a l l i n e 
19, (δ = 1.18 m m s - 1 ; AEQ = 3 .26 m m s - 1 ) cons is tent w i t h the c r y s t a l -
l o g r a p h i c a l l y e q u i v a l e n t five-coordinate sites o f the f e r rous d i m e r (45). 
M o s s b a u e r i n v e s t i g a t i o n o f m i c r o c r y s t a l l i n e c o m p o u n d 20, h o w e v e r , 
shows t w o o v e r l a p p i n g q u a d r u p o l e d o u b l e t s (δχ = 1.27 m m s - 1 ; A E Q i 

= 3 .35 m m s" 1 ; δ 2 = 1.30 m m s" 1 ; A E Q 2 = 3 .00 m m s" 1) that are e x p e c t e d 
for the t w o f errous e n v i r o n m e n t s o b s e r v e d i n the c r y s t a l s t r u c t u r e . T h e 
M o s s b a u e r s p e c t r u m o f a f r o z e n D M F s o l u t i o n o f 19 has essent ia l ly the 
same features f o u n d for 20, (δλ = 1.24 m m s" 1 ; A E Q 1 = 3 .08 m m s" 1 ; δ 2 

= 1.29 m m s" 1 ; A E Q 2 = 2 .54 m m s" 1 ) . T h i s s i m i l a r i t y suggests that the 
i r o n centers are i n d i f ferent e n v i r o n m e n t s i n s o l u t i o n . I s o t h e r m a l d i s 
t i l l a t i o n t e c h n i q u e s i n d i c a t e that 20 m a i n t a i n s its d i m e r i c s t r u c t u r e i n 
s o l u t i o n . P r e l i m i n a r y t e m p e r a t u r e - d e p e n d e n t m a g n e t i c s u s c e p t i b i l i t y 
m e a s u r e m e n t s o f m i c r o c r y s t a l l i n e 19 i n d i c a t e w e a k f e r r o m a g n e t i c i n 
t e r a c t i o n w i t h J « 2 .5 c m - 1 . L o w - t e m p e r a t u r e e l e c t r o n p a r a m a g n e t i c 
resonance ( E P R ) studies (5 K ) also show the existence o f a g « 16 in teger 
s p i n E P R s igna l . E l e c t r o c h e m i c a l studies o f 20 i n D M F s h o w t w o q u a 
s i r e v e r s i b l e peaks ( - 5 0 0 , - 2 5 0 m V vs. sa turated c a l o m e l e l e c t r o d e ) , 
each c o r r e s p o n d i n g to a o n e - e l e c t r o n ox idat i on . T h e c o m p r o p o r t i o n a t i o n 
constant , K c o m , is 1.7 Χ 1 0 4 , i n d i c a t i n g a stable m i x e d - v a l e n c e state. I n 
a d d i t i o n to the [ F e 2 + , F e 2 + ] d i m e r , the [ F e 2 + , F e 3 + ] , 21, [ F e 3 + , F e 3 + ] , 22 
a n d d i - M - ( O M e ) - [ F e 3 + , F e 3 + ] , 23, c o m p l e x e s w e r e s y n t h e s i z e d b y e i t h e r 
e l e c t r o c h e m i c a l o r c h e m i c a l m e t h o d s a n d s p e c t r o s c o p i c a l l y c h a r a c t e r 
i z e d . T h e s e c o re o x i d a t i o n states can b e r e a d i l y i n t e r c o n v e r t e d b y a 
v a r i e t y o f c h e m i c a l m e t h o d s . 

T h e C a r a d o n n a g r o u p s t u d i e d the a b i l i t y o f 19 a n d 20 to c a t a l y z e 
the d e c o m p o s i t i o n o f p e r a c i d s i n M e O H b y u s i n g T B P H as t r a p p i n g 
reagent (44). B o t h raeto-chloroperbenzoic a c i d ( r a C P B A ) a n d p h e n y l -
p e r a c e t i c a c i d ( P P A A ) w e r e c a t a l y t i c a l l y d e c o m p o s e d to y i e l d 2 , 4 , 6 - t r i -
tert-butylphenoxy r a d i c a l , T B P ·, a n d H C H O ; no ac t i ve o x y g e n was 
f o u n d at the e n d o f the r e a c t i o n . T h e m e c h a n i s m o f ca ta ly t i c p e r a c i d 
d e c o m p o s i t i o n ( h o m o l y t i c vs. h e t e r o l y t i c ) was e x a m i n e d b y u s i n g P P A A 
as substrate . A n a l y s i s o f the P P A A d e c o m p o s i t i o n p r o d u c t s s h o w e d that 
19 i n d u c e d a h e t e r o l y t i c p a t h w a y ; no p r o d u c t s d e r i v e d f r o m the b e n z y l 
r a d i c a l w e r e d e t e c t e d . U n d e r s i m i l a r c o n d i t i o n s , the d e c o m p o s i t i o n o f 
P P A A b y 22 was s h o w n to f o l l o w a h o m o l y t i c m e c h a n i s m . 

C a t a l y t i c a t o m transfer reac t i ons c a t a l y z e d b y 19 w e r e i n v e s t i g a t e d 
b y u s i n g P h I O as an o x y g e n a t o m d o n o r i n 1 % D M F / C H 2 C 1 2 (44). O x i 
da t i on o f olef ins, organic sulf ides a n d sulfoxides was observed . O x i d a t i o n 
o f c y c l o h e x e n e gave the epox ide a long w i t h the a l l y l i c ox ida t i on p r o d u c t s 
o f c y c l o h e x e n o n e a n d c y c l o h e x e n o l (rat io : 1:2:4; « 3 0 t u r n o v e r s ) . O x 
i d a t i o n o f p h e n y l m e t h y l su l f ide gave the r e s p e c t i v e su l f ox ide a n d s u l -
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fone ( s u l f o x i d e - s u l f o n e , 9:1) ; o x i d a t i o n o f p h e n y l m e t h y l su l f ox ide gave 
the sul fone . A n a l o g o u s reac t i ons for 2 2 a n d the μ-οχο c o m p l e x 
[ F e 2 ( H 2 H b a b ) 2 ( S o l v ) 2 0 ] , 2 4 , s h o w e d s u b s t o i c h i o m e t r i c o x i d a t i o n . A l 
t h o u g h no c h l o r i n a t e d p r o d u c t s w e r e o b s e r v e d i n the c a t a l y t i c r eac t i ons 
w i t h 19 i n C H 2 C 1 2 , b r o m i d e i n c o r p o r a t i o n i n t o t h e o r g a n i c p r o d u c t s 
was o b s e r v e d w h e n C H 2 B r 2 was u s e d as so lvent i n d i c a t i n g the p r e s e n c e 
o f o rgan i c rad i ca l s . 

U p o n c o m p l e t i o n o f the c a t a l y t i c r eac t i ons , t h e i r o n c o m p l e x f orms 
the i n s o l u b l e μ-οχο d i m e r , 24 (or the μ-dimethoxy d i m e r , 2 3 , w h e n 
M e O H is present ) . U n d e r a n a e r o b i c c o n d i t i o n s i n the absence o f s u b 
strates, P h I O q u a n t i t a t i v e l y conver t s 19 to 2 4 ; the use o f P h I l s O l e d to 
i n c o r p o r a t i o n o f l s O i n the μ-οχο b r i d g e o f the d i m e r ( ï > a s F e - 1 6 0 - F e 
= 8 3 7 c m " 1 ) . T h e m i n o r p r o d u c t , 2 3 , was c r y s t a l l o g r a p h i c a l l y c h a r a c 
t e r i z e d a n d s h o w n to c o n t a i n t w o F e 0 6 c enters h a v i n g o c t a h e d r a l ge 
ometr i e s ( F i g u r e 5) (J. P . C a r a d o n n a et a l . , u n p u b l i s h e d results ) . E a c h 
i r o n c e n t e r is c o o r d i n a t e d to one a m i d e - c a r b o n y l a n d p h e n o l a t e o x y g e n 
o f each l i g a n d i n a d d i t i o n to the t w o b r i d g i n g m e t h o x y oxygens . T h e 
m e c h a n i s m b y w h i c h 19 is c o n v e r t e d to 2 3 is not ye t e s tab l i shed . 

T h e a d d i t i o n o f e i t h e r P h I O , C 6 F 5 I O , o r excess p e r a c i d to an a n 
a e r o b i c s o l u t i o n o f 19 at l o w t e m p e r a t u r e s i n the absence o f substrate 
generates a t rans ient spec ies w i t h a d a r k o r a n g e - r e d c o l o r (44). T h i s 
c o l o r b l eaches r a p i d l y u p o n p r e c i p i t a t i o n o f the μ-οχο d i m e r o r t h e a d 
d i t i o n o f substrate . T h i s spec ies has a s o l u t i o n h a l f - l i f e o f « 1 . 5 h at —80 
° C . C h a r a c t e r i z a t i o n o f the i n t e r m e d i a t e is not ye t r e p o r t e d . 

T o a c count for the r e a c t i v i t y o f 19 t o w a r d o x y g e n a t o m d o n o r s , a 
ca ta ly t i c c y c l e was p r o p o s e d . I n this m e c h a n i s m , the d i f e r r o u s c o m p l e x 
reacts w i t h an o x y g e n d o n o r to g ive an a d d u c t w i t h 19 that c a n e i t h e r 
act as the a t o m transfer spec ies or co l lapse to a f e r r y l spec ies [ F e 4 + = 0 ] 
i n t e r m e d i a t e . T h e data c u r r e n t l y ava i lab le does not a l l o w for a m o r e 
d e t a i l e d d e s c r i p t i o n , a l t h o u g h s p e c t r o s c o p i c c h a r a c t e r i z a t i o n a n d d e 
t e r m i n a t i o n o f the k i n e t i c c o m p e t e n c e o f the o b s e r v e d i n t e r m e d i a t e w i l l 
a l l o w the d i f f e r e n t i a t i o n o f s evera l poss ib le p a t h w a y s . 

O n e o f the first i r o n systems c o n t a i n i n g a b i n u c l e a t i n g l i g a n d that 
was capab le o f c a t a l y z i n g o x i d a t i o n reac t i ons was r e p o r t e d b y N i s h i d a 
et a l . (46). T h i s g r o u p s y n t h e s i z e d a series o f d i f e r r i c c o m p l e x e s b y u s i n g 
l igands i n w h i c h t w o N , N - b i s ( 2 - b e n z i m i d a z o l y l - m e t h y l ) a m i n e m o i e t i e s 
are l i n k e d b y a v a r i a b l e l e n g t h c h a i n ( - ( C H 2 ) 4 - , L 4 ; - ( C H 2 ) 6 - , L 6 ; 
- C H 2 C H ( O H ) C H 2 - , L 3 ) . A l t h o u g h no c r y s t a l s t ruc tures w e r e r e p o r t e d , 
it is c l e a r f r o m the m a g n e t i c a n d e l e c t r o c h e m i c a l p r o p e r t i e s o f the c o m 
plexes that l i g a n d L 3 gave d i n u c l e a r c o m p l e x e s that c o n t a i n e d m a g n e t i c 
exchange in te rac t i ons b e t w e e n the t w o f e r r i c sites ( [ F e 2 L 3 ] C l 5 , 2 5 , a n d 
[ F e 2 L 3 ] ( N 0 3 ) 5 , 26) . T h e t e m p e r a t u r e - d e p e n d e n t m a g n e t i c m o m e n t o f 
26 i n d i c a t e d the ex is tence o f the e x p e c t e d μ-alkoxy-bridge (μΒΗ· = 4 . 1 0 
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Figure 5. Crystal structure of Fe2(H2Hbab)2(μ-ΟΜβ)2, 23, formed by the 
two-electron oxidation of19 in the presence ofMeOH. 

B M at 2 9 9 K ; 2 .22 B M at 8 7 K ) . C y c l i c v o l t a m m e t r y data o f 26 i n D M F 
cons i s t ed o f t w o q u a s i r e v e r s i b l e peaks separa ted b y « 5 5 0 m V . T h e fact 
that c o n d u c t i v i t y m e a s u r e m e n t s r e v e a l that 26 is a 2:1 e l e c t r o l y t e i n 
M e O H suggests a c o o r d i n a t e d n i t r a t e i o n . 

So lu t i ons o f 26 w e r e f o u n d to ca ta lyze the o x i d a t i o n o f Ν,Ν,Ν',Ν'-
t e t r a m e t h y l - l , 2 - d i a m i n o b e n z e n e ( T M P D ) to T M P D + i n the p r e s e n c e o f 
d i o x y g e n . C o n t r o l e x p e r i m e n t s w i t h 25 s h o w e d l o w e r c a t a l y t i c a c t i v i t y , 
w h e r e a s the a c t i v i t y o f the m o n o n u c l e a r c o m p l e x F e ( i b z ) C l 3 , 27, ( ibz is 
N , N - b i s ( 2 - b e n z i m i d a z o l y l - m e t h y l ) a m i n e ) was m i n i m a l . T h e authors 
p r o p o s e d that the ac t ive spec ies arose f r o m the i n t e r a c t i o n o f 26 w i t h 
d i o x y g e n . T h i s i n t e r a c t i o n is not poss ib le i f the f o r m u l a t i o n o f 26 as a 
d i f e r r i c species is c o r r e c t . H o w e v e r , i f e i t h e r d i o x y g e n o r 26 is r e d u c e d 
b y a s o l u t i o n c o m p o n e n t or b y T M P D , the r e d o x catalys is c a n b e 
e x p l a i n e d . 
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[ F e 2 L 3 ] ( N 0 3 ) 5 , 26, b i n d s c a t e c h o l w i t h a change i n the v i s i b l e spec 
t r u m f r o m orange to d a r k g r e e n . T h i s s p e c t r a l change is not the same 
as that r e p o r t e d for c o o r d i n a t i o n o f p h e n o l , suggest ing a d i f ferent co 
o r d i n a t i o n m o d e s t r u c t u r e . C o m p l e x 26 also b i n d s to H 2 0 2 , to f o r m an 
a d d u c t w i t h X m a x = 6 0 0 n m (e M = 1 5 0 0 ) . T h i s a d d u c t was p r o p o s e d to 
b e a s ide - on p e r o x o a d d u c t o f the d i f e r r i c c e n t e r , b u t no o t h e r s p e c t r o 
s cop i c e v i d e n c e was p r e s e n t e d (46). A d d i t i o n o f 2,4-di-ter£-butylphenol 
to the b l u e s o l u t i o n o f the p e r o x i d e a d d u c t c a u s e d b l e a c h i n g w i t h i n 2 
h a n d r e s u l t e d i n o x i d a t i o n o f the p h e n o l to the r e s p e c t i v e q u i n o n e 3 ,5 -
d i - t e r t - b u t y l q u i n o n e (5.2 turnovers ) . I n the absence o f the i r o n c o m p l e x , 
p h e n o l is not o x i d i z e d to c a t e c h o l . 

B r e n n a n et a l . (47) r e f o r m u l a t e d the s t r u c t u r e o f [ F e 2 L 3 ] ( N 0 3 ) 5 , 26, 
as [ F e 2 L 3 ( O H ) ( N 0 3 ) 2 ] ( N 0 3 ) 2 , b a s e d o n Ή N M R , e x t e n d e d X - r a y ab 
s o r p t i o n f ine s t r u c t u r e ( E X A F S ) , X - r a y d i f f ra c t i on , a n d c o n d u c t i v i t y 
m e a s u r e m e n t s . I n a d d i t i o n , t h e y r e p o r t e d that t w o r e s o n a n c e - e n h a n c e d 
v i b r a t i o n s (vFe_Q: 4 7 6 c m - 1 ; v0_0: F e r m i d o u b l e t , c e n t e r e d at 8 9 5 c m " 1 ) 
w e r e o b s e r v e d d u r i n g resonance R a m a n c h a r a c t e r i z a t i o n o f the p e r o x o 
adduc t . T h e s e resonances w e r e una f f e c ted b y D 2 0 b u t w e r e o b s e r v e d 
to shift to 4 5 7 a n d 8 5 4 c m " 1 , r e s p e c t i v e l y , i n H 2

l s O . M o s s b a u e r studies 
s h o w e d a s ing le q u a d r u p o l e d o u b l e t (b = 0 .54 m m s" 1 , A E Q = 0 .84 m m 
s" 1) d i f ferent f r o m that o f 26 (δ = 0 .49 m m s" 1 , A E Q = 0 . 6 6 m m s" 1 ) , 
i n d i c a t i n g that b o t h i r o n centers are s i m i l a r l y a f fected b y the b i n d i n g 
o f p e r o x i d e . P r o t o n N M R studies i n d i c a t e an increase i n the 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 u p o n a d d u c t f o r m a t i o n f r o m / = - 2 0 c m " 1 for 26 to 
a p p r o x i m a t e l y - 7 0 c m " 1 for the p e r o x i d e a d d u c t . B a s e d o n these data 
a n d c o n d u c t i v i t y m e a s u r e m e n t s i n C H 3 C N i n d i c a t i n g that the a d d u c t is 
a 1:1 e l e c t ro ly te , the p e r o x i d e a d d u c t y o f 26 was f o r m u l a t e d as [ F e 2 L 3 ^ -
V , V - 0 2 ) ( N 0 3 ) 2 ] ( N 0 3 ) (47). T h e r e l e v a n c e o f th is p e r o x i d e c o m p l e x a n d 
its c h e m i s t r y to the p u t a t i v e i n t e r m e d i a t e s i n the o x y g e n a t i o n o f f u l l y 
r e d u c e d m e t h a n e m o n o o x y g e n a s e a n d r i b i n u c l e o t i d e r educ tase are as 
ye t f i r m l y es tab l i shed . 

M u r c h et a l . (48) w e r e the first to r e p o r t e d the synthes is o f a d i 
n u c l e a r p e r o x i d e c o m p l e x capab le o f o l e f in e p o x i d a t i o n a n d a l l y l i c ox
i d a t i o n . T h e i r a p p r o a c h u s e d the N , N , - ( 2 - h y d r o x y - 5 - m e t h y l - l , 3 - x y l y -
l e n e ) b i s ( N - c a r b o x y - m e t h y l - g l y c i n e ) l i g a n d ( L ) , o r its 5 - c h l o r o v a r i a n t 
(L ' ) to m a k e the ( M e 4 N ) + salts o f the b i s - ^ - a c e t a t o - d i f e r r i c c o m p l e x e s 
[ F e 2 L ( O A c ) 2 ] , 28, a n d [ F e 2 L ' ( O A c ) 2 ] , 29. X - r a y c r y s t a l l o g r a p h i c analysis 
o f 28 shows ( F i g u r e 6) the N 0 5 c o o r d i n a t i o n spheres about e a c h f e r r i c 
c e n t e r a n d the pos i t i ons o f the μ -phenoxo a n d t w o μ-acetato b r i d g e s . A 
s i m i l a r s t r u c t u r e was i n f e r r e d for 29. 

W h e n H 2 0 2 was a d d e d to a s o l u t i o n o f 29, a n e w v i s i b l e b a n d at 
4 7 0 n m rep laces the p h e n o l a t e - t o - F e 3 + charge - t rans fe r b a n d at 4 5 0 n m . 
L a s e r exc i ta t ion (514 .5 nm) o f the 4 7 0 - n m absorp t i on enhances a R a m a n 
feature at 8 8 4 c m " 1 ( perox ide O - O stretch) . T h i s e n h a n c e m e n t suggests 
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Figure 6. Crystal structure of [Fe2L(OAc)2], 28, where L = N,N'-(2-hy-
droxy-5-methyl-l,3-xylylene)bis(N-carboxymethylglycine). 

the e l e c t r o n i c a b s o r p t i o n arises f r o m a F e 3 + - p e r o x i d e charge - t rans fe r 
t r a n s i t i o n . T h e 1 H N M R s p e c t r u m o f the p e r o x i d e c o m p l e x is cons is tent 
w i t h a loss o f the a p p a r e n t C 2 s y m m e t r y o f 29, i n d i c a t i n g a change i n 
l i g a n d ar rangements . A b r i d g i n g p e r o x o s t r u c t u r e , s i m i l a r to the one 
p r o p o s e d for [ C o 2 ( B P M P ) ( O A c ) 0 2 ] ( C l 0 4 ) 2 , ( B P M P is 2 ,6 -b i s [b i s (2 -pyr -
i d y l m e t h y l ) a m i n o m e t h y l ] - 4 - m e t h y l p h e n o l ) was p r o p o s e d for this adduct 
(49, 50). 

C o m p l e x 29 ca ta lyzes the d i s p r o p o r t i o n a t i o n o f h y d r o g e n p e r o x i d e 
to oxygen a n d w a t e r (48). I n the absence o f r e a d i l y o x i d i z a b l e substrates, 
i t degrades . I n the p r e s e n c e o f o le f ins , h o w e v e r , it cata lyzes the f or 
m a t i o n o f epox ides . T h i s catalys is was d e m o n s t r a t e d for c y c l o h e x e n e 
(1.6 turnovers ) , s tyrene (3.2 turnovers ) , a n d c is -st i lbene (2.5 turnovers ) . 
T h e f o r m a t i o n o f the epox ides is not e x c l u s i v e , because a l l y l i c o x i d a t i o n 
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p r o d u c t s w e r e also o b s e r v e d for c y c l o h e x e n e ( 3 - c y c l o h e x e n o l , 0 .9 t u r n 
overs ; 3 - c y c l o h e x e n o n e , 0.4 t u r n o v e r s ) , w h e r e a s C - C b o n d c l eavage 
p r o d u c t s w e r e o b s e r v e d for s tyrene ( b e n z a l d e h y d e , 1.5 t u r n o v e r s ) , cis-
S t i l b e n e gave p r e d o m i n a t e l y the f r a n s - e p o x i d e (95%) , i n d i c a t i n g a n o n -
c o n c e r t e d process for the e p o x i d a t i o n process . B e c a u s e the o x i d a t i o n 
r e a c t i o n is a c c o m p a n i e d b y d e s t r u c t i o n o f the c o m p l e x t h r o u g h autox 
i d a t i o n , it is not c e r t a i n w h e t h e r the s ide p r o d u c t s are a resu l t o f the 
i n t r i n s i c r e a c t i v i t y o f the ac t ive c o m p l e x or a s ide r e a c t i o n r e s u l t i n g 
f r o m its d e c o m p o s i t i o n p r o d u c t s . F u r t h e r m o r e , i t is u n c e r t a i n w h e t h e r 
the p e r o x y c o m p l e x or spec ies r e s u l t i n g f r o m the d e c o m p o s i t i o n o f the 
p e r o x y a d d u c t is r e s p o n s i b l e for the o x i d a t i o n reac t i ons . 

B a s e d o n a c o m p a r i s o n o f 29 w i t h an analogous m o n o n u c l e a r c o m p l e x 
F e ( C l 2 H D A ) ( H 2 0 ) 2 , 30 [ C 1 2 H D A is N - ( 4 , 6 - d i c h l o r o - 2 - h y d r o x y b e n z y l ) -
N - ( c a r b o x y - m e t h y l ) g l y c i n e ] , w h i c h does not b i n d p e r o x i d e or acetate , 
the authors suggested the r e q u i r e m e n t o f a d i m e r i c s t r u c t u r e for the 
f o rmat i on o f peroxo adducts (48). A l t h o u g h 3 0 does not e p o x i d i z e olef ins, 
it cata lyzes the d i s p r o p o r t i o n a t i o n o f H 2 0 2 a n d generates c a t i o n rad i ca l s 
o f T B P H a n d o -d ian is id ine . T h i s system, w h i c h requ i res a d i n u c l e a r f e r r i c 
c o m p l e x , is t h e r e f o r e s ign i f i cant ly d i f ferent f r o m m o n o m e r i c F e ( a c a c ) 3 , 
w h i c h cata lyzes the e p o x i d a t i o n o f o lef ins (51, 52). 

A n i n t r i g u i n g n o n - h e m e i r o n sys tem was r e p o r t e d b y Q u e a n d co 
w o r k e r s (52), w h o have p u b l i s h e d s p e c t r o s c o p i c d a t a that suggest t h e 
ex is tence o f a h i g h - v a l e n t n o n - h e m e [ F e = 0 ] n + i n t e r m e d i a t e i n a sys tem 
that is capab le o f c a t a l y t i c a l l y o x i d i z i n g s i m p l e o r g a n i c substrates . T h e 
c o m p l e x [ F e 2 ( T P A ) 2 0 ] ( C 1 0 4 ) 4 , 3 1 , s y n t h e s i z e d b y r e a c t i n g s i m p l e ferrous 
salts w i t h the T P A l i g a n d i n the absence o f any c o o r d i n a t i n g l i g a n d s , is 
p r o p o s e d to have a bent μ-οχο d i m e r s t r u c t u r e b a s e d o n X H N M R a n d 
M o s s b a u e r spec t ros cop i c p a r a m e t e r s ; th is c o m p l e x has not y e t b e e n 
c r y s t a l l o g r a p h i c a l l y c h a r a c t e r i z e d (52). 

I n a m a n n e r analogous to m o n o m e r i c F e ( T P A ) c o m p l e x e s , 31 cat 
a lyzes the r o o m t e m p e r a t u r e h y d r o x y l a t i o n o f c y c l o h e x a n e b y H 2 0 2 o r 
T B H P . D u r i n g this r e a c t i o n , a f l ee t ing g r e e n c o l o r was o b s e r v e d , w h i c h 
p r o m p t e d a l o w t e m p e r a t u r e inves t igat ion o f the i r o n species i n so lu t i on . 
T h i s g r e e n spec ies has a f 1 / 2 « 2 h at - 4 0 ° C , a l l o w i n g the p o s s i b i l i t y 
o f spec t ros cop i c inves t igat i ons . 

T h e v i s i b l e s p e c t r u m o f th is i n t e r m e d i a t e consists o f a b a n d at X m a x 

= 6 1 4 n m . E x c i t a t i o n at 6 1 4 n m gives resonance R a m a n e n h a n c e d bands 
at 4 1 6 a n d 6 6 6 c m " 1 that shift to 4 0 8 a n d 6 3 8 c m " 1 u p o n a d d i t i o n o f 
H 2

1 8 0 , i n d i c a t i n g exchange w i t h w a t e r . T h e s e bands are una f f e c ted b y 
the a d d i t i o n o f D 2 0 . T h i s b e h a v i o r is cons is tent w i t h an F e O s t r e t c h 
a n d the shift o b s e r v e d u p o n s u b s t i t u t i o n agrees w i t h the e x p e c t e d shift 
o f 2 9 c m " 1 . T h e s e c o n d peak at 4 1 6 c m " 1 was a t t r i b u t e d to a m e t a l -
l i g a n d v i b r a t i o n c o u p l e d to the i r o n - o x o s t r e t c h . 
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A d d i t i o n a l E P R a n d M o s s b a u e r s p e c t r o s c o p i c charac ter i s t i c s o f the 
i n t e r m e d i a t e w e r e r e p o r t e d . T h e E P R s p e c t r u m consists o f peaks at g 
va lues 3 . 9 5 , 4 .4 , a n d 2 .0 , w h i c h w e r e i n t e r p r e t e d to arise f r o m the 
g r o u n d K r a m e r s d o u b l e t o f a h a l f - i n t e g r a l s p i n sys tem. T h e i n t e n s i t y is 
0 .47 s p i n / F e a t o m . T h e s p e c t r u m is r e p o r t e d to b e s i m i l a r to an S = 3 / 2 

m u l t i p l e t w i t h z e r o field s p l i t t i n g ( D > 0) a n d E/D = 0 .04 . A l t h o u g h 
the E P R e x p e r i m e n t can o n l y de tec t the t rans ient p a r a m a g n e t i c spec ies , 
the M o s s b a u e r s p e c t r a o b t a i n e d b y r e a c t i n g 31 w i t h 5 e q u i v a l e n t s o f 
H 2 0 2 is cons is tent w i t h t w o m a j o r spec ies , a d i a m a g n e t i c d i m e r , 32, 
(65%) c h a r a c t e r i z e d b y an u n r e s o l v e d d o u b l e t w i t h AEQI = 1.63 m m 
s" 1 , AEQ2 = 1 . 1 5 m m s" 1 , a n d δ χ = δ 2 = 0 .44 m m s" 1 , a n d a t rans ient 
p a r a m a g n e t i c spec ies , 33, (30%) c h a r a c t e r i z e d b y a s ing le q u a d r u p o l e 
d o u b l e t w i t h AEQ = 0 .42 m m s" 1 a n d δ = 0 .07 m m s" 1 . T h e s e data , 
w h i c h suggest that 33 is o x i d i z e d r e l a t i v e to 32, w e r e i n t e r p r e t e d to 
i m p l y that 33 most l i k e l y conta ins a F e 4 + c e n t e r ; the c h e m i c a l i s o m e r 
shift o f 33 is s i m i l a r to a u t h e n t i c F e 4 + c enters i n b o t h h e m e a n d n o n -
h e m e e n v i r o n m e n t s (53). T h e i n i t i a l m o d e l p r o p o s e d to a c count for the 
spec t ros cop i c p r o p e r t i e s o f the n e w o x i d a t i o n p r o d u c t i n v o l v e d a S = 1 
f e r r y l center ( D > 15 c m " 1 , E/D = 0.04) that is f e r romagnet i ca l l y c o u p l e d 
to an S = V2 r a d i c a l , w i t h c o u p l i n g s t rength o f J/D « 1.5. 

A m e c h a n i s m to ac count for the f o r m a t i o n o f the f e r r y l spec ies , was 
p o s t u l a t e d . A c c o r d i n g to this m e c h a n i s m (equat ions 5 a n d 6) , one o f the 
i r o n atoms i n the μ-οχο d i m e r 31 is o x i d i z e d b y t w o e l e c t rons . 

[ L F e 3 + - O F e 3 + L ] 4 + + H 2 0 2 [ L F e O ] 3 + + [ L F e O H ] 2 + + O H " (5) 

[ L F e O ] 3 + + [ L F e O H ] 2 + — [ L ' F e 3 + O F e 3 + L ' ] (6) 

C l e a v a g e o f the first spec ies to the t rans ient f e r r y l c o m p l e x a n d a 
f e r r i c h y d r o x o m o n o m e r i c c o m p l e x c a n e x p l a i n the n e a r 5 0 % y i e l d o f 
the f e r r y l c o m p o u n d . T h e f e r r i c m o n o m e r s u b s e q u e n t l y d i m e r i z e s to 
the p a r a m a g n e t i c d i m e r , 32, r e s p o n s i b l e for the 6 5 % o f the M o s s b a u e r 
s igna l . T h e d i m e r f o r m e d after the o x i d a t i o n is p r o p o s e d to b e s i m i l a r 
to the s tart ing m a t e r i a l , based o n compar isons o f its M o s s b a u e r s p e c t r u m 
w i t h that o f 31. 

H o w e v e r , t h e r e is s t i l l substant ia l a m b i g u i t y c o n c e r n i n g the n u c l e -
a r i t y o f 33 a n d the exact n a t u r e o f the th is h i g h - v a l e n t i r o n spec ies a n d 
the m e c h a n i s m p r o p o s e d to a c c o u n t for its f o r m a t i o n s h o u l d t h e r e f o r e 
b e c o n s i d e r e d q u i t e s p e c u l a t i v e . F u t u r e s p e c t r o s c o p i c s tudies w i l l u n 
d o u b t e d l y s h e d n e w l i g h t o n the n a t u r e o f th is i n t e r e s t i n g i n t e r m e d i a t e . 

R e a c t i o n s w i t h D i o x y g e n . D e s p i t e the t r e m e n d o u s in teres t i n 
the a t o m transfer c h e m i s t r y o f s y n t h e t i c d i n u c l e a r i r o n centers , l i t t l e is 
k n o w n about t h e i r i n t e r a c t i o n s w i t h d i o x y g e n . T h i s c h e m i s t r y is o f ex 
t r e m e interes t o w i n g to the d e m o n s t r a t e d or p o s t u l a t e d i n t e r a c t i o n s o f 
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m o l e c u l a r o x y g e n w i t h the d i f e r r o u s sites o f h e m e r y t h r i n , m e t h a n e 
m o n o o x y g e n a s e , a n d r i b o n u c l e o t i d e r educ tase ( J , 2) . E x a m i n a t i o n o f 
the i n t e r a c t i o n o f d i o x y g e n w i t h the five-coordinate ^ - h y d r o x o ) b i s ^ -
carboxy lato ) d i f e r r o u s c o r e o f h e m e r y t h r i n ( F i g u r e 2) shows r e v e r s i b l e 
r e d u c t i o n o f 0 2 to b o u n d p e r o x i d e . T h i s c h e m i s t r y , w h i c h is o b s e r v e d 
for r e l a t i v e l y n i t r o g e n - r i c h c o o r d i n a t i o n e n v i r o n m e n t s , is i n v i v i d c o n 
trast to i r r e v e r s i b l e r e d u c t i o n o f 0 2 o b s e r v e d for the d i f e r r o u s sites o f 
methane monooxygenase a n d r i b o n u c l e o t i d e reductase that have o x y g e n -
r i c h c o o r d i n a t i o n e n v i r o n m e n t s . C u r r e n t efforts to s tudy the interac t ions 
o f 0 2 w i t h n o n h e m e d i f e r r o u s m o d e l c o m p l e x e s are jus t b e g i n n i n g to 
de f ine the i n t e r e s t i n g c h e m i s t r y that awaits . A l t h o u g h e a r l y s tudies 
d e m o n s t r a t e d the poss ib l e q u a n t i t a t i v e a e r i a l o x i d a t i o n o f d i f e r r o u s 
c o m p l e x e s to μ-οχο d i f e r r i c c o m p l e x e s , the i n t i m a t e m e c h a n i s t i c deta i l s 
o f these t r a n s f o r m a t i o n w e r e p o o r l y d e f i n e d (54, 55) . 

T h e r e a c t i v i t y o f s y n t h e t i c d i f e r r o u s centers w i t h m o l e c u l a r o x y g e n 
has b e e n e x a m i n e d b y severa l g roups . [ F e 2 ( M e 3 T A C N ) 2 ( O H ) ( O A c ) 2 ] + , 
34 ( l , 4 , 7 - t r i m e t h y l - l , 4 , 7 - t r i a z a c y c l o n o n a n e ) , reacts w i t h d i o x y g e n to 
g ive the c o r r e s p o n d i n g μ-οχο d i f e r r i c c o m p l e x (55), w h e r e a s e x p o s u r e 
o f [ F e 2 ( B P M P ) ( 0 2 P r ) 2 ] ~ , 35, to 0 2 resul ts i n o x i d a t i o n o f the d i f e r r o u s 
c o r e (56, 5 7 ) ; no d i o x y g e n adducts w e r e o b s e r v e d d u r i n g the course o f 
these reac t i ons . T h e s e r e d u c e d c o m p l e x e s are c o o r d i n a t i v e l y sa tura ted 
a n d w e r e t h o u g h t to generate t h e i r o x i d i z e d spec ies v i a a u t o x i d a t i o n 
processes a l t h o u g h the loss o f a l i g a n d i n a p r e - e q u i l i b r i u m step to a f ford 
vacant c o o r d i n a t i o n sites cannot yet b e u n a m b i g u o u s l y r u l e d out . 

T h e synthesis a n d r e a c t i v i t y o f an a s y m m e t r i c d i f e r r o u s c o m p l e x 
c o n t a i n i n g an o p e n c o o r d i n a t i o n p o s i t i o n was r e p o r t e d b y L i p p a r d a n d 
c o - w o r k e r s (58, 59) . R e a c t i n g F e ( 0 2 C H ) 2 · 2 H 2 0 w i t h b i s ( l - m e t h y l i m -
i d a z o l - 2 - y l ) p h e n y l - m e t h o x y m e t h a n e ( B I P h M e ) i n M e O H u n d e r anaer 
o b i c c o n d i t i o n s a f forded [ F e 2 ( 0 2 C H ) 4 ( B I P h M e ) 2 ] , 36. T h i s c o m p l e x 
contains a n o v e l core arrangement i n that the ferrous centers are b r i d g e d 
b y one m o n o d e n t a t e a n d t w o b i d e n t a t e f o rmate l i gands . T h e c o o r d i 
n a t i o n s p h e r e about the s i x - c o o r d i n a t e i r o n is c o m p l e t e d b y the t w o 
i m i d a z o l e s o f the b i d e n t a t e B i P h M e a n d a f o u r t h m o n o d e n t a t e f o r m a t e 
l i g a n d , w h e r e a s the s e c o n d i r o n c e n t e r is five-coordinate a n d conta ins 
the s e c o n d B i P h M e l i g a n d . T h e r e is , h o w e v e r , a w e a k i n t e r a c t i o n b e 
t w e e n an o x y g e n a t o m o f the m o n o d e n t a t e b r i d g i n g f o rmate w i t h the 
five-coordinate i r o n c e n t e r (d F e _o = 2 .74 À ) . 

Sol id-state magnet i c suscep t ib i l i t y data for 36 is consistent w i t h l i t t l e 
o r no exchange c o u p l i n g b e t w e e n the t w o f errous centers (58, 59) . T h e 
M o s s b a u e r s p e c t r u m (zero field, 4.2 K ) o f 36 shows a b r o a d a s y m m e t r i c 
d o u b l e t cons is tent w i t h t w o d i s t inc t sites (δχ = 1.26 m m s - 1 , AEQ = 2 . 56 
m m s" 1 ; δ 2 = 1.25 m m s" 1 , AEQ = 3 .30 m m s - 1 ) . E P R s p e c t r u m ( X - b a n d , 
7 K ) o f the d i f e rrous system contains a b r o a d feature at g « 1 6 , i n d i c a t i v e 
o f an i n t e g e r S = 4 s p i n state. 
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I n t e r e s t i n g l y , u p o n e x p o s u r e to a i r , so lut ions o f 3 6 g ive r ise to 
[ F e 2 0 ( 0 2 C H ) 4 ( B I P h M e ) 2 ] , 3 7 , w h i c h contains a (^-oxo)bis(^-carboxylato) 
d i f e r r i c c o re (58, 59) . E a c h i r o n c e n t e r also conta ins one B i P h M e l i g a n d 
a n d a m o n o d e n t a t e f o rmate l i g a n d cis to the oxo b r i d g e . T h e s p e c t r o 
s cop i c charac ter i s t i c s o f 3 7 are analogous to o t h e r μ-οχο d i f e r r i c c o m 
plexes . I so top i c exchange s tudies d e m o n s t r a t e d that the o r i g i n o f the 
oxo g r o u p was d i o x y g e n r a t h e r t h a n a d v e n t i t i o u s w a t e r . 

L i p p a r d a n d c o - w o r k e r s (58, 59) p r o p o s e d a r o u t e (Scheme 4) for 
the p r o d u c t i o n o f 37 f r o m 36 based o n the s t o i c h i o m e t r y o f i r o n c o m p l e x 
to d i o x y g e n . B i n d i n g o f d i o x y g e n to 3 6 m i g h t y i e l d a r e a c t i v e s u p e r o x o 
or p e r o x o a d d u c t that m i g h t o x i d a t i v e l y react w i t h so lvent , l i g a n d , o r 
a d v e n t i t i o u s p r o t o n s to y i e l d 3 7 d i r e c t l y , u s i n g one m o l e o f 0 2 p e r m o l e 
o f 3 6 . 

Scheme 4 

A s e c o n d p a t h w a y i n v o l v e s the f o r m a t i o n o f a m i x e d - v a l e n t [ F e 2 + , F e 3 + ] -
s u p e r o x o spec ies that c o u l d react w i t h a s e c o n d m o l e c u l e o f 3 6 to f o r m 
a p e r o x o - b r i d g e d t e t r a n u c l e a r [ F e 2

+ , F e 2
+ ] c lus ter . H o m o l y t i c c l eavage 

o f the p e r o x o O - O b o n d f o l l o w e d b y e l e c t r o n t rans fer a n d r e a r r a n g e 
m e n t w o u l d y i e l d 3 7 . T h e s e t w o p a t h w a y s d i f fer i n t h e i r o x y g e n s t o i 
c h i o m e t r y : p a t h w a y 1 has a r a t i o o f 0 2 / r e d u c e d i r o n d i m e r o f 1:1, 
w h e r e a s p a t h w a y 2 has a ra t i o o f 1:2. M a n o m e t r i c m e a s u r e m e n t s o f 0 2 
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u p t a k e s h o w e d the c o n v e r s i o n o f 36 to 37 to o c c u r w i t h 0 .6 m o l o f 0 2 

c o n s u m e d p e r m o l e o f 36, sugges t ing that p a t h w a y 2 is b e i n g f o l l o w e d . 
T h e h i g h y i e l d o f the c o n v e r s i o n argues against any s igni f i cant o x i d a t i v e 
c o n s u m p t i o n o f l i g a n d as a poss ib le source o f e l e c t rons i n p a t h w a y 1. 

E P R s p e c t r a a n d p o w e r s a t u r a t i o n s t u d i e s o f s o l u t i o n s o f 36 ex 
p o s e d to a i r s h o w t h e p r e s e n c e o f a m a g n e t i c a l l y e x c h a n g e - c o u p l e d 
m i x e d - v a l e n c e spec i e s w i t h J = —31 (2) c m - 1 (58 , 59 ) . T h e a u t h o r s 
i n t e r p r e t e d t h e s e r e s u l t s as b e i n g c o n s i s t e n t w i t h t h e f o r m a t i o n o f a 
d i n u c l e a r [ F e 2 + , F e 3 + ] - s u p e r o x o c o m p l e x as p r o p o s e d i n t h e p r e v i o u s l y 
m e n t i o n e d o x i d a t i o n p a t h w a y . T h i s w o u l d assume , h o w e v e r , that t h e r e 
is n o c o u p l i n g b e t w e e n t h e b o u n d s u p e r o x i d e i o n a n d t h e d i n u c l e a r 
c e n t e r , w h i c h w o u l d g i v e r i s e to an E P R s i l e n t c o m p l e x . T h e i n a b i l i t y 
o f e x o g e n o u s l i g a n d s s u c h as h a l i d e s , C O , H O " , N O , a n d P P h 3 to 
c o o r d i n a t e to t h e five-coordinate f e r r o u s s i te i n 36 was p r e s e n t e d as 
e v i d e n c e that t h e d a n g l i n g f o r m a t e g r o u p p r o t e c t e d t h e 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 s i te a n d t h e r e b y p r e c l u d e s t h e d i r e c t b i n d i n g o f d i o x y g e n 
to 36. F u r t h e r m o r e , th i s i n d i c a t e s tha t s o m e t y p e o f r e a r r a n g e m e n t 
o f c a r b o x y l a t e s a b o u t t h e c o r e o c c u r s u p o n o x i d a t i o n . I n t e r e s t i n g l y , 
n o P P h 3 0 was o b s e r v e d u n d e r t h e s e c o n d i t i o n s , i n d i c a t i n g e i t h e r t h e 
i n a b i l i t y o f an i n t e r m e d i a t e s p e c i e s to act as a n a t o m t r a n s f e r s p e c i e s 
o r t h e u n r e a c t i v i t y o r i n a c c e s s i b i l i t y o f t h e p e r o x o s p e c i e s o w i n g to 
its m o d e o f f o r m a t i o n i n h o m o g e n e o u s s o l u t i o n s . T h e a u t h o r s c o u l d 
no t r u l e out t h e p o s s i b l e r o l e o f m o n o n u c l e a r s p e c i e s r e s u l t i n g f r o m 
b r i d g e - b r e a k i n g c h e m i s t r y to a c c o u n t f o r t h e i r r e s u l t s . T h i s s y s t e m , 
a l t h o u g h d e m o n s t r a t i n g t h e a b i l i t y o f 0 2 to o x i d i z e d a r e d u c e d (μ-
h y d r o x o ) b i s ^ - c a r b o x y l a t o ) - d i i r o n c o r e , does so i n a m a n n e r i n c o n 
s i s tent w i t h t h e c h e m i s t r y o f H r o r o t h e r d i n u c l e a r f e r r o u s m e t a l -
l o e n z y m e a c t i v e s i tes . 

Q u e , M u n c k a n d c o - w o r k e r s (60) s t u d i e d t h e r e a c t i o n o f 
[ F e 2 ( H P T B ) ( O B z ) ] ( B F 4 ) 2 , 38a [ H P T B : l , 3 - b i s [ N , N - b i s ( 2 - b e n z i m i d a z -
o l y l m e t h y l ) a m i n o ] - 2 - h y d r o x y p r o p a n e ] , i ts N - e t h y l a n a l o g u e 38b, a n d 
its t e t r a k i s ( p y r i d i n e ) a n a l o g u e 38c, w i t h d i o x y g e n . T h i s s y s t e m , b a s e d 
o n 26 [ w h i c h was i n i t i a l l y s y n t h e s i z e d b y S a k u r a i et a l . (61) a n d N i s h i d a 
et a l . (46)], f o r m i r r e v e r s i b l e p e r o x o a d d u c t s . S t r u c t u r a l a n a l y s i s r e 
v e a l e d t w o five-coordinate f e r r o u s c e n t e r s , b r i d g e d b y μ-alkoxy a n d 
μ - b e n z o a t o g r o u p s . T h e i r o n c e n t e r s i n 38b a re a p p r o x i m a t e l y t r i g o n a l 
b i p y r a m i d a l w i t h a m i n e n i t r o g e n a n d b e n z o a t o o x y g e n a t o m s a c t i n g 
as a x i a l d o n o r s (60). T h e F e - F e d i s t a n c e is 3 . 4 7 3 À . T h e M o s s b a u e r 
s p e c t r u m o f 38b c ons i s ts o f a s i n g l e q u a d r u p o l e s p l i t d o u b l e t 
(δ = 1.07 m m s " 1 a n d A E Q = 3 . 1 3 m m s" 1 ) ; m a g n e t i c s u s c e p t i b i l i t y 
d a t a i n d i c a t e d t h e i r o n c e n t e r 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 
( / = —11 c m " 1 ) . W h e n 38b was r e a c t e d w i t h 1 a t m o f d i o x y g e n i n d i -
c h l o r o m e t h a n e ( C H 2 C 1 2 ) , t h e s o l u t i o n c o l o r c h a n g e d f r o m l i g h t y e l l o w 
to d e e p b l u e ( X m a x = 5 8 8 n m ) . M a n o m e t r i c m e a s u r e m e n t s s h o w e d t h e 
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c o n s u m p t i o n o f 1 m o l o f 0 2 p e r m o l e o f 38. T h e 0 2 a d d u c t o f 38a 
a n d 38b w e r e s tab le i n d e f i n i t e l y i n C H 2 C 1 2 at - 6 0 ° C b u t d e c o m p o s e d 
u p o n w a r m i n g . T h e a d d i t i o n o f p o l a r a p r o t i c s o l v e n t s , h o w e v e r , s ta 
b i l i z e d t h e a d d u c t s , a l l o w i n g t h e m to p e r s i s t at a m b i e n t t e m p e r a t u r e s 
f o r s h o r t p e r i o d s o f t i m e . T h e 0 2 a d d u c t o f 38c was n o t o b s e r v e d at 
—80 ° C i n t h e a b s e n c e o f a p o l a r a p r o t i c s o l v e n t . R e s o n a n c e R a m a n 
s p e c t r a i n C H 3 C N / M e O H w i t h 5 7 5 n m e x c i t a t i o n w a v e l e n g t h e n 
h a n c e d features at 4 7 6 a n d 9 0 0 c m - 1 , w h i c h w e r e ass igned the as i>Fe-o 
a n d i>o-o s t retches , r e s p e c t i v e l y . T h e b l u e c h r o m o p h o r e was ass igned 
to a F e 3 + - p e r o x o charge - t rans fe r b a n d . T h e M o s s b a u e r s p e c t r u m c o n 
s is ted o f a s ing le q u a d r u p o l e sp l i t d o u b l e t w i t h p a r a m e t e r s (δ = 0 . 5 2 
m m s" 1 ; AEQ = 0 .72 m m s" 1) i n d i c a t i n g a F e 2 + to F e 3 + change i n ox ida t i on 
state a n d a m o r e s y m m e t r i c e l e c t r o n d e n s i t y a r o u n d the i r o n centers . 
T h e o b s e r v a t i o n o f a s ing le d o u b l e t for the s p e c t r u m o f the d i o x y g e n 
a d d u c t c on f i rms a s y m m e t r i c s t r u c t u r e f o r m u l a t i o n . T h e s e data are c o n 
sistent w i t h a μ-1,2-ρβπ>χο a d d u c t , a c o n c l u s i o n s u p p o r t e d b y a s t r o n g 
ant i f e r romagnet i ca l l y c o u p l i n g i n t e r a c t i o n o f / « - 1 4 0 c m - 1 . T h e effects 
o f c a r b o x y l a t e s u b s t i t u t i o n o n the e l e c t r o n i c s p e c t r u m o f the p e r o x i d e 
adduct o f 38b suggested that the carboxy late l i g a n d remains c o o r d i n a t e d 
i n the adduct . O n the basis o f the data m e n t i o n e d p r e v i o u s l y , a t r i b r i d g e d 
^ - l , 2 - p e r o x o ) ^ - c a r b o x y l a t o ) ^ - a l k o x o ) d i f e r r i c c o re was p r o p o s e d (48, 
60). 

D i f f e r e n c e s i n r e a c t i v i t y w e r e o b s e r v e d also f o r 38a-c (60) . A l 
t h o u g h t h e a d d i t i o n o f t r i p h e n y l p h o s p h i n e ( P h 3 P ) o r 2 , 4 - d i - t e r t - b u -
t y l p h e n o l a c c e l e r a t e s t h e d e c o m p o s i t i o n o f t h e p e r o x i d e a d d u c t o f 
38c g i v i n g s u b s t o i c h i o m e t r i c ( 0 . 5 - 0 . 6 e q u i v ) q u a n t i t i e s o f t h e c o r 
r e s p o n d i n g O P P h 3 o r b i p h e n o l , r e s p e c t i v e l y , these reagents h a v e l i t t l e 
e f fect o n t h e s t a b i l i t y o f t h e p e r o x o a d d u c t o f 38b at - 5 0 ° C . T h e s e 
s t u d i e s suggest tha t t h e p y r i d i n e l i g a n d s e n h a n c e t h e e l e c t r o p h i l i c 
c h a r a c t e r o f t h e p e r o x o m o i e t y b o u n d to t h e d i f e r r i c c o r e . F u r t h e r 
m o r e , t h i s c o l l e c t i o n o f d a t a i n d i c a t e s t h a t 38a-c a re n o t a b l e to h y -
d r o x y l a t e o r o x y g e n a t e substrates s u c h as a lkanes that are s u b s t a n t i a l l y 
p o o r e r oxo t r a n s f e r s u b s t r a t e s . 

I n t e r e s t i n g l y , the p e r o x i d e adducts o f 38a-c, f o r m e d f r o m the a d 
d i t i o n o f h y d r o g e n p e r o x i d e w i t h the di iron(III ) c omplexes , s h o w e d s l ight 
d i f ferences i n the a b s o r p t i o n m a x i m a w a v e l e n g t h s w h e n c o m p a r e d w i t h 
the c o r r e s p o n d i n g p e r o x i d e c o m p l e x e s f o r m e d i n the r e a c t i o n o f d i o x 
y g e n w i t h the d i i ron ( I I ) c o m p l e x e s (45, 48, 61, 62). T h e s e var ia t i ons are 
t h o u g h t to arise f r o m var ia t i ons i n the so lvent systems, as the use o f 
aqueous h y d r o g e n p e r o x i d e i n t r o d u c e s p r o t o n s that are not p r e s e n t i n 
the d i o x y g e n reac t i ons t y p i c a l l y p e r f o r m e d i n d r y , a p r o t i c o r g a n i c 
so lvents . 

T h e synthesis , c h a r a c t e r i z a t i o n a n d r e a c t i o n c h e m i s t r y o f [ F e 2 ( T P A ) 2 -
( O A c ) 2 ] 2 + , 39, also was r e p o r t e d (63). C r y s t a l l o g r a p h i c s tudies s h o w that 
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39 conta ins an i n v e r s i o n c e n t e r l o c a t e d i n the c e n t e r o f a b i s ^ - a c e -
tato )d i ferrous co re . E a c h acetate b i n d s b o t h i r o n centers i n a Ο , Ο ' - m o d e 
u s i n g a syn l o n e p a i r [dFe_Q = 1 .998 (2) À] o f one o x y g e n a t o m a n d the 
ant i l o n e p a i r [dFe_Q = 2 . 1 4 5 (2) À] o f the o t h e r o x y g e n a t o m . T h e d i s 
t o r t e d o c t a h e d r a l e n v i r o n m e n t o f e a c h f errous c e n t e r is c o m p l e t e d b y 
the four n i t r o g e n atoms o f the T P A l i g a n d . T h e M o s s b a u e r s p e c t r u m o f 
39 consists o f a s ing le q u a d r u p o l e sp l i t d o u b l e t , suggest ive o f a aniso 
t r o p i c e l e c t r o n i c e n v i r o n m e n t (δ = 1.12 m m s—I; AEQ = 3 .33 m m s - 1 ; 
g = 0 .26 m m s" 1) (63). M a g n e t i c p r o p e r t i e s o f 3 9 are cons is tent w i t h 
w e a k 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 b e t w e e n the t w o f e r rous centers m e 
d i a t e d t h r o u g h the acetate b r i d g e s e v e n at dFe_Fe o f 4 . 2 8 8 (2) A . E P R 
s p e c t r a o f a c e t o n i t r i l e so lut ions o f 3 9 s h o w features ( 1 0 % o f the t o ta l 
i ron) at g = 9 .3 , c h a r a c t e r i s t i c o f an u n c o u p l e d S = 2 c e n t e r , i n d i c a t i n g 
that the acetate d i m e r s t r u c t u r e b r e a k s to g ive m o n o m e r i c un i t s . T h i s 
c o n c l u s i o n is also s u p p o r t e d b y N M R data (63). 

T h e r e a c t i v i t y o f [ F e 2 ( T P A ) 2 ( O A c ) 2 ] 2 + , 3 9 , t o w a r d d i o x y g e n was also 
r e p o r t e d (63). T h e r e s u l t i n g p r o d u c t was consistent w i t h the f o r m u l a t i o n 
[ F e 2 ( T P A ) 2 0 ( O A c ) 2 ] 2 + , 4 0 , a n d is thought to be s imi lar to t w o s t r u c t u r a l l y 
c h a r a c t e r i z e d d i m e r s , [ F e 2 ( T P A ) 2 0 ( O A c ) ] 3 + , 4 1 , an u n s y m m e t r i c c o m 
p l e x c o n t a i n i n g a (μ-οχο)^-carboxylato )d i ferr ic c o r e (64, 65) a n d 
[ F e 2 ( T P A ) 2 0 ( C l ) 2 ] 2 + , 4 2 , a c e n t r o s y m m e t r i c c o m p l e x c o n t a i n i n g a l i n e a r 
oxo b r i d g e (65). 

T h e U V - v i s s p e c t r u m o f 4 0 is s i m i l a r to the s p e c t r u m r e p o r t e d for 
4 2 w i t h absorpt ions at 3 2 0 n m (c M = 1 0 , 0 0 0 ) , 3 6 0 n m (eM = 8 ,000 ) , a n d 
5 0 0 n m (sh), w i t h no s t rong a b s o r p t i o n bands i n the 4 0 0 - 7 0 0 n m r e g i o n 
t y p i c a l l y o b s e r v e d for c o m p l e x e s c o n t a i n i n g b e n t F e - O - F e m o i e t i e s 
(66). T h e assignment o f 4 0 as a μ-οχο d i f e r r i c c o m p l e x w i t h m o n o d e n t a t e 
t e r m i n a l acetates is cons is tent w i t h N M R a n d I R data . 

O x y g e n u p t a k e studies s h o w that the c o n v e r s i o n o f 3 9 to 4 0 r e q u i r e s 
0.6 (1) m o l o f 0 2 , i n d i c a t i n g that f our f e r rous atoms are o x i d i z e d p e r 
c o n s u m e d 0 2 (63). T h i s s t o i c h i o m e t r y is s i m i l a r to that r e p o r t e d for the 
a u t o x i d a t i o n o f ferrous p o r p h y r i n s . T h e p r o p o s e d m e c h a n i s m , s h o w n i n 
S c h e m e 5, suggests that the a u t o x i d a t i o n is i n i t i a t e d b y the i n t e r a c t i o n 
o f 0 2 w i t h m o n o m e r i c un i t s o f 3 9 that are e i t h e r c o o r d i n a t i v e l y unsat 
u r a t e d or conta in a lab i l e l i g a n d such as solvent . T h e r e a c t i o n o f a s e cond 
m o n o m e r i c u n i t w i t h the t rans ient s u p e r o x o f e r r i c c o m p l e x g ives r ise 
to a ^ - p e r o x o ) d i f e r r i c spec ies s i m i l a r to that r e p o r t e d for [ F e { H B ( 3 , 5 -
i P r 2 p z ) 3 } ( O B z ) ( C H 3 C N ) ] (67) . T h i s spec ies is t h e n s o m e h o w r e d u c e d 
b y t w o e l e c t rons f r o m 39 to y i e l d t w o m o l e c u l e s o f 4 0 . N o i n t e r m e d i a t e s 
i n the a u t o x i d a t i o n o f 3 9 have ye t b e e n d e t e c t e d e v e n at l o w t e m p e r 
atures ( - 8 0 ° C ) , u n l i k e the p o r p h y r i n systems i n w h i c h i n t e r m e d i a t e 
species such as [ ( P o r ) F e 2 + 0 2 ] , [ ( P o r ) F e 3 + - 0 0 - F e 3 + ( P o r ) ] , a n d [(Por)-
F e 4 + = 0 ] have b e e n s p e c t r o s c o p i c a l l y i d e n t i f i e d (68). 

T h e lack o f observab le i n t e r m e d i a t e s m a y re f lect d i f ferences i n the 
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Scheme 5 

ster i c p r o p e r t i e s o f l i g a n d systems i n that s t e r i c a l l y u n e n c u m b e r i n g l i 
gands are not e x p e c t e d to s tab i l i ze the p r o p o s e d μ-peroxo d i f e r r i c species 
l e a d i n g to r a p i d r e d u c t i o n b y f e rrous p r e c u r s o r s . 

T h e o x i d i z e d d i m e r , [ F e 2 ( T P A ) 2 0 ( O A c ) ] 3 + , 4 1 , was s h o w n to b e an 
eff icient catalyst for cyc l ohexane ox ida t i on u s i n g tert-BuOOH as a source 
o f o x y g e n (69). T h i s catalyst reacts i n C H 3 C N to y i e l d c y c l o h e x a n o l (9 
e q u i v ) , c y c l o h e x a n o n e (11 e q u i v ) , a n d (ter£-butylperoxy)cyclohexane 
(16 equiv ) i n 0 .25 h at a m b i e n t t e m p e r a t u r e s a n d pressures u n d e r an 
i n e r t a t m o s p h e r e . T h e catalyst is not d e g r a d e d d u r i n g the ca ta ly t i c r e 
a c t i o n as d e t e r m i n e d b y s p e c t r o s c o p i c m e a s u r e m e n t s a n d the fact that 
it can m a i n t a i n its t u r n o v e r e f f i c iency w i t h subsequent add i t i ons o f ox
idant . So lvent effects o n p r o d u c t d i s t r i b u t i o n w e r e s igni f i cant ; b e n z o -
n i t r i l e f a v o r e d the h y d r o x y l a t e d p r o d u c t s at the expense o f ( t e r t - b u t y l -
peroxy ) cyc l ohexane , whereas p y r i d i n e h a d the oppos i te effect. A d d i t i o n 
o f the t w o - e l e c t r o n ox idant t r a p , d i m e t h y l su l f ide , to the ca ta ly t i c sys
t e m c o m p l e t e l y s u p p r e s s e d the f o r m a t i o n o f c y c l o h e x a n o l a n d c y c l o 
h e x a n o n e , b u t h a d no effect o n the p r o d u c t i o n o f ( t e r t - b u t y l p e r -
o x y ) c y c l o h e x a n e . T h e s e a n d o t h e r studies suggested that c y c l o h e x a n o l 
a n d c y c l o h e x a n o n e must arise f r o m an ox idant d i f f erent f r o m that r e 
spons ib le for the f o r m a t i o n o f ( t e r t - b u t y l p e r o x y ) c y c l o h e x a n e . T h u s , t w o 
m odes o f terf-BuOOH d e c o m p o s i t i o n w e r e p o s t u l a t e d ; a h e t e r o l y t i c 
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p a t h w a y that generates a h i g h - v a l e n t i r o n - o x o spec ies that p r o d u c e s 
c y c l o h e x a n o l a n d cyc l ohexanone a n d a h o m o l y t i c p a t h w a y that generates 
tert-BuO · a n d tert-BuOO · rad i ca l s that i n d u c e the f o r m a t i o n o f (tert-
b u t y l p e r o x y ) c y c l o h e x a n e . T h e h e t e r o l y t i c d e c o m p o s i t i o n o f the a l k y l 
p e r o x i d e is t h o u g h t to b e i n i t i a t e d b y d i s so c ia t i on o f the b r i d g i n g a n i o n 
f r o m one i r o n c e n t e r , t h e r e b y g e n e r a t i n g an o p e n site for c o o r d i n a t i o n 
o f the a l k y l h y d r o p e r o x i d e a n i o n . R e s u l t s f r o m this s tudy also i n d i c a t e d 
that the a b i l i t y o f the ox idant to abstract a h y d r o g e n a t o m , as m o n i t o r e d 
b y i so tope effects o f c y c l o h e x a n e h y d r o x y l a t i o n , is i n d e p e n d e n t o f the 
b r i d g i n g a n i o n b u t s ign i f i cant ly m o d u l a t e d b y the n a t u r e o f the t r i p o d a l 
l i g a n d . 

T h e a f o r e m e n t i o n e d d i n u c l e a r ferrous systems a l l exh ib i t i r r e v e r s i b l e 
o x y g e n a t i o n l e a d i n g to p e r o x i d e f o r m a t i o n . T h e s e s tudies have b e e n 
c o m p l e m e n t e d b y H a y a s h i et a l . (70), w h o r e p o r t e d r e v e r s i b l e d i o x y g e n 
b i n d i n g b y t w o classes o f (μ-alkoxo) d i f e r r o u s c o m p l e x e s , [ F e 2 ( 6 - M e -
T P D P ) ( R C 0 2 ) ( H 2 0 ) ] 2 + (42, R = C F 3 ; 43, R = C 6 H 5 ) b a s e d o n the s ter 
i c a l l y d e m a n d i n g d i n u c l e a t i n g l i g a n d 6 - M e - T P D P (N,N,2V ' ,N ' - te trakis (2 -
( 6 - m e t h y l p y r i d y l ) m e t h y l ) - l , 3 - d i a m i n o - p r o p a n e - 2 - o l a t e ) . I n t e r e s t i n g l y , 
the c r y s t a l s t r u c t u r e o f 43 shows t w o d i s t inc t i r o n c o o r d i n a t i o n g e o m 
etr ies . O c t a h e d r a l F e ( l ) b i n d s to t h r e e Ν atoms f r o m h a l f o f the s y m 
m e t r i c l i g a n d , t w o Ο atoms f r o m the a lkoxo a n d b e n z o a t e b r i d g e s a n d 
a w a t e r m o l e c u l e that is l o c a t e d trans to the μ-alkoxo g r o u p . Fe (2 ) adopts 
a t r i g o n a l b i p y r a m i d a l g e o m e t r y c o n s i s t i n g o f the t h r e e Ν atoms f r o m 
the l i g a n d a n d t w o Ο atoms f r o m the b r i d g i n g g roups . A l t h o u g h b o t h 
42 a n d 43 are stable t o w a r d d i o x y g e n i n the s o l i d state, t h e y r a p i d l y 
react w i t h 0 2 to g i ve a d e e p b l u e c o l o r i n C H 2 C 1 2 a n d C H 3 C N e v e n at 
r o o m t e m p e r a t u r e . T h e c h r o m o p h o r e b l e a c h e s w i t h i n severa l m i n u t e s . 
H o w e v e r , r e v e r s i b l e f o r m a t i o n o f a d i o x y g e n a d d u c t w i t h e i t h e r 42 o r 
43 was r e p o r t e d at - 2 0 ° C i n C H 2 C l 2 a n d C H 3 C N , g i v i n g r i se to a 
species w i t h X m a x = 6 1 8 n m . B u b b l i n g A r t h r o u g h the b l u e s o l u t i o n 
causes the c o m p l e t e d i s a p p e a r a n c e o f the b a n d at 6 1 8 n m a n d a r e t u r n 
o f the s p e c t r u m o f the d i f e r r o u s c o m p l e x . T h e s e s p e c t r a l changes c a n 
b e o b s e r v e d r e p e a t e d l y . 

T h e p a r e n t d i n u c l e a r c o m p l e x , [ F e 2 ( T P D P ) ( C 6 H 5 C 0 2 ) ] 2 + ] , c o n t a i n 
i n g the T P D P l i g a n d w i t h o u t the M e g r o u p s i n the 6 - p o s i t i o n o f the 
p y r i d y l r ings , u n d e r g o e s spontaneous i r r e v e r s i b l e o x i d a t i o n o f the f e r 
rous centers b y d i o x y g e n w i t h no observab le o x y g e n a t e d i n t e r m e d i a t e 
e v e n at - 4 0 ° C . T h e s e observat ions suggest that the m e t h y l g r o u p s o n 
the p y r i d y l r ings i n T P D P decrease the b a s i c i t y o f the p y r i d y l n i t r o g e n 
atoms, t h e r e b y w e a k e n i n g the i n t e r a c t i o n o f the l i g a n d t o w a r d the i r o n 
centers a n d d e s t a b i l i z i n g the p e r o x i d e a d d u c t , a l l o w i n g r e v e r s i b l e 
o x y g e n a t i o n . 

P r e l i m i n a r y resonance R a m a n s p e c t r o s c o p i c c h a r a c t e r i z a t i o n o f the 
p e r o x i d e a d d u c t o f 42 s h o w e d t w o pa i rs o f bands cons is tent w i t h an 
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u n s y m m e t r i c a l c o o r d i n a t i o n o f the p e r o x i d e l i g a n d . B a n d s at 9 1 8 a n d 
8 9 1 c m - 1 that shift to 8 8 9 a n d 8 5 7 c m " 1 w i t h 1 8 0 2 w e r e ass igned as O -
O s t r e t c h i n g m o d e (*Ό-ο, F e r m i r esonance b e t w e e n v0_0 a n d 2i>Fe_o) o f 
c o o r d i n a t e d p e r o x i d e , w h e r e a s the bands at 4 8 6 a n d 4 5 0 c m " 1 that shift 
to 4 7 9 a n d 4 4 2 c m " 1 w i t h 1 8 0 2 w e r e ass igned to the F e - O s t r e t c h i n g 
m o d e (i>Fe-o)- A n a l o g o u s resul ts w e r e o b s e r v e d for 4 3 . A d d i t i o n a l i n 
vest igat ions o f these c o m p l e x e s are u n d e r w a y . 

Summary and Conclusions 
T h e d e t e c t i o n o f the first n o n - h e m e l i g a n d s u p p o r t e d f e r r y l spec ies is 
o n l y the start o f o u r u n d e r s t a n d i n g the c h e m i s t r y o f n o n - h e m e i r o n 
centers . F r o m the examples r e p o r t e d i n this r e v i e w , i t is c l ear that th is 
area o f b i o i n o r g a n i c c h e m i s t r y is g r o w i n g q u i c k l y . H o w e v e r , i t is also 
e v i d e n t that t h e r e are s t i l l m a n y i m p o r t a n t p r o b l e m s to b e s o l v e d . A l 
t h o u g h past efforts stressed s t r u c t u r a l o r e l e c t r o n i c a c t i ve site m o d e l s , 
the next set o f goals i n v o l v e s the d e v e l o p m e n t o f r e a c t i v i t y m o d e l s that 
can s h e d l i g h t o n the i n t r i n s i c r e a c t i v i t y p r o p e r t i e s o f n o n - h e m e i r o n 
c o m p l e x e s . T a b l e V I I s u m m a r i z e s the r e a c t i v i t y p r o p e r t i e s o f those d i 
f errous c o m p l e x e s d i s cussed i n this c h a p t e r . O n l y 19 a n d 2 0 e x h i b i t 
ca ta ly t i c o x y g e n a t o m trans fer (us ing P h I O as o x y g e n a t o m source ) ; t h e 
r e d u c t i o n o f 0 2 to H 2 0 2 is s t o i c h i o m e t r i c at best . T h u s , another d i f f i cu l ty 
that must b e o v e r c o m e i n v o l v e s the r e d u c t i o n o f the spent d i f e r r o u s 
c o m p l e x e s f r o m the d i f e r r i c c o r e o x i d a t i o n state w i t h o u t i r r e v e r s i b l y 
a l t e r i n g the n a t u r e o f the i r o n c o m p l e x b y c o m p l e x a t i o n w i t h r e d u c t a n t . 
M a n y o f the studies d e s c r i b e d h e r e i n a v o i d e d this p r o b l e m b y e x a m i n i n g 
the i n t e r a c t i o n o f d i f e r r i c c o m p l e x e s w i t h H 2 0 2 . A l t h o u g h this e x p e r i 
m e n t a l des ign is a v a l i d first a p p r o a c h , it is s t i l l essent ia l to e x a m i n e the 
process o f 0 2 i n t e r a c t i n g w i t h r e d u c e d i r o n centers . P e r h a p s some o f 
the most c h a l l e n g i n g d i r e c t i o n s i n v o l v e m o d e l i n g o x i d a t i v e e n z y m e s b y 
s t a b i l i z i n g a n d c h a r a c t e r i z i n g the r e a c t i v e i n t e r m e d i a t e s g e n e r a t e d d u r 
i n g catalys is . M a n y o f the c a t a l y t i c systems d e s c r i b e d h e r e i n suffer f r o m 
the p r o b l e m that t h e y d e g r a d e d u r i n g the o x i d a t i v e t rans fo rmat ions . 
T h i s d e g r a d a t i o n is a ser ious p r o b l e m that must b e o v e r c o m e i f the r o l e 
o f the l i g a n d e n v i r o n m e n t o n r e a c t i v i t y c h e m i s t r y is to b e e x p l o r e d . T h i s 
goa l w i l l u n d o u b t e d l y b e met b y u s i n g a c o m b i n a t i o n o f r a t i o n a l l i g a n d 
d e s i g n a n d the use o f l o w t e m p e r a t u r e s p e c t r o s c o p i c t e c h n i q u e s . 
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5 
Electronic Structures of Active Sites 
in Copper Proteins and Their 
Contributions to Reactivity 

Edward I. Solomon, Michael D. Lowery, David E . Root, 
and Brooke L . Hemming 

Department of Chemistry, Stanford University, Stanford, CA 94305 

Many active sites in copper proteins exhibit unique spectral features 
in comparison to small inorganic complexes. These spectral features 
are becoming well-understood and reflect unusual electronic struc
tures that make key contributions to the reactivity of these sites in 
biology. In blue copper proteins, the unique spectral features reflect 
a ground-state, redox-active wave function that has high anisotropic 
covalency involving a cysteine ligand that activates this residue for 
rapid, directional, long-range electron transfer. For hemocyanin 
and tyrosinase, the characteristic spectral features reflect a per
oxide-binuclear cupric bond that has very strong σ-donor and π-
acceptor interactions that stabilize the oxy site with respect to loss 
of peroxide. In tyrosinase, this bonding mode activates peroxide 
for hydroxylation of phenolic substrates by making the peroxide 
less negative but with an unusually weak O-O bond. Finally, for 
the multicopper oxidases, magnetic circular dichroism and X-ray 
absorption studies first showed the presence of a trinuclear copper 
cluster site, which is the minimal structural unit required for the 
multielectron reduction of dioxygen to water. A peroxide level in
termediate in this reduction has been obtained and is found to have 
strikingly different spectral features than those associated with 
bound peroxide in oxyhemocyanin and oxytyrosinase. This dem
onstrates a fundamentally different electronic and geometric struc
ture for peroxide binding in the multicopper oxidases that promotes 
the further reduction of peroxide to water at the trinuclear copper 
cluster site. 

]Vi ANY CLASSES O F ACTIVE SITES i n c o p p e r p r o t e i n s e x h i b i t u n i q u e 
spec t ra l features w h e n c o m p a r e d to s i m p l e , h i g h - s y m m e t r y t r a n s i t i o n -

0065-2393/95/0246-0121/$12.32/0 
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m e t a l c o m p l e x e s . T h e s e ac t ive sites d e r i v e f r o m the u n u s u a l g e o m e t r i c 
a n d e l e c t r o n i c s t ruc tures that c a n b e i m p o s e d o n the m e t a l i o n i n a 
p r o t e i n e n v i r o n m e n t . It has b e e n a g e n e r a l goa l o f o u r r e s e a r c h to u n 
d e r s t a n d these e l e c t r o n i c s t ruc tures a n d to eva luate t h e i r c o n t r i b u t i o n s 
to the reac t i v i t i e s o f these ac t ive sites i n catalysis (1 -3 ) . 

O u r progress i n f our areas w i l l be s u m m a r i z e d (4, 5) . F i r s t , i f one is 
to u n d e r s t a n d the o r i g i n o f these u n i q u e s p e c t r a l features , one must 
u n d e r s t a n d the e l e c t r o n i c s t r u c t u r e o f " n o r m a l " h i g h - s y m m e t r y , t r a n 
s i t i o n - m e t a l c o m p l e x e s . S q u a r e - p l a n a r c u p r i c c h l o r i d e has s e r v e d as an 
e l e c t r o n i c s t r u c t u r a l m o d e l c o m p l e x a n d is n o w one o f the best u n d e r 
s tood m o l e c u l e s i n i n o r g a n i c c h e m i s t r y (6). Its s p e c t r a l features a n d the 
e l e c t r o n i c s t r u c t u r e these re f lec t w i l l b e b r i e f l y d e s c r i b e d i n the f o l l o w 
i n g sec t i on (4). H a v i n g p r o v i d e d this d e s c r i p t i o n o f a " n o r m a l " c o p p e r 
s i te , the u n i q u e spec t ra l features o f the b l u e c o p p e r ac t ive site w i l l t h e n 
b e addressed . A n u n d e r s t a n d i n g o f these features p r o v i d e s ins ight i n t o 
g r o u n d a n d e x c i t e d state c o n t r i b u t i o n s to the r a p i d rate o f l o n g - r a n g e 
e l e c t r o n transfer o b s e r v e d i n th is f a m i l y o f p r o t e i n s . N e x t w e focus o n 
the c o u p l e d b i n u c l e a r c o p p e r p r o t e i n s , h e m o c y a n i n , a n d tyros inase . 
T h e s e p r o t e i n s have s i m i l a r ac t ive sites that generate the same oxy i n 
t e r m e d i a t e i n v o l v i n g p e r o x i d e b o u n d to t w o copper ( I I ) ions . T h e h e -
m o c y a n i n s r e v e r s i b l y b i n d d i o x y g e n a n d f u n c t i o n as o x y g e n c a r r i e r s i n 
a r t h r o p o d s a n d m o l l u s c s , w h e r e a s the tyros inases have h i g h l y access ib le 
ac t ive sites that b i n d p h e n o l i c substrates a n d oxygenate t h e m to ortho-
d i p h e n o l s . T h e i r oxy sites e x h i b i t u n i q u e e x c i t e d state spec t ra l features 
that re f lect n o v e l p e r o x i d e - c o p p e r b o n d i n g i n t e r a c t i o n s that m a k e a 
s igni f i cant e l e c t r o n i c c o n t r i b u t i o n to the b i n d i n g a n d a c t i v a t i o n o f d i o x 
y g e n b y these sites. I n the final s e c t i on , s p e c t r o s c o p i c studies o f the 
m u l t i c o p p e r oxidases , w h i c h i n c l u d e laccase , ascorbate ox idase , a n d ce -
r u l o p l a s m i n , are s u m m a r i z e d . T h e s e e n z y m e s cata lyze the f o u r - e l e c t r o n 
r e d u c t i o n o f d i o x y g e n to w a t e r . S p e c t r a l s tudies have d e m o n s t r a t e d that 
the m u l t i c o p p e r oxidases c o n t a i n a f u n d a m e n t a l l y d i f ferent c o u p l e d 
b i n u c l e a r c o p p e r site ( ca l l ed t y p e 3) w h e n c o m p a r e d w i t h h e m o c y a n i n 
a n d tyros inase . T h e t y p e 3 site is par t o f a t r i n u c l e a r c o p p e r c l u s t e r that 
p lays the k e y r o l e i n the m u l t i e l e c t r o n r e d u c t i o n o f d i o x y g e n b y th is 
i m p o r t a n t class o f e n z y m e s . 

Normal Copper Complexes 
P l a c i n g a c u p r i c i o n w i t h its n i n e d e l e c t rons i n an o c t a h e d r a l l i g a n d 
field p roduces a 2 E g g r o u n d state ( F i g u r e 1). T h i s g r o u n d state is unstab le 
to a J a h n - T e l l e r d i s t o r t i o n that l o w e r s the s y m m e t r y a n d e n e r g y o f the 
c o m p l e x . T h e J a h n - T e l l e r d i s t o r t i o n n o r m a l l y o b s e r v e d is a t e t r a g o n a l 
e l o n g a t i o n a l o n g the z-axis a n d c o n t r a c t i o n i n the e q u a t o r i a l x,y p l a n e 
that u l t i m a t e l y resul ts i n a s q u a r e - p l a n a r l i g a n d e n v i r o n m e n t as i n D4h-

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
6.

ch
00

5

In Mechanistic Bioinorganic Chemistry; Thorp, H., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1996. 



A 
C

u
pr

ic
 

G
eo

m
et

ri
c 

S
tr

uc
tu

re
 

° 
E

n
er

gy
 

L
ev

el
s 

C 
D

4
/

J
-C

u
C

I 4
2

-

H
O

M
O 

D 
E

P
R 

S
p

ec
tr

u
m

 

o h
 

ο 0 

Ja
hn

-
Te

ll
er

 
Ψ

 ? A 
Y 

Χ 
ι d>

 
4,

 

O h
 

D 4
h 

r
f 

b
ig

 
/x

2
-y

2 

e
g 

\ 
/x

y 
10

D
q 

W
 

M
 x

z 
yz

 

M
r 

a
1g

 

A
dj

us
te

d 
S

C
F

-X
a-

S
W

 

Ψ
 =

61
 

%
C

u
d

x
2

_
y
2  

+ 

3
9

%
C

lp
0 

j 
g

^
g

^ 
2.2

21
 

g
x 

= 
2.

04
0 

\ g 
= 

2.0
0 

V 

o h
 

ο 0 

Ja
hn

-
Te

ll
er

 
Ψ

 ? A 
Y 

Χ 
ι d>

 
4,

 

O h
 

D 4
h 

r
f 

b
ig

 
/x

2
-y

2 

e
g 

\ 
/x

y 
10

D
q 

W
 

M
 x

z 
yz

 

M
r 

a
1g

 

A
dj

us
te

d 
S

C
F

-X
a-

S
W

 

Ψ
 =

61
 

%
C

u
d

x
2

_
y
2  

+ 

3
9

%
C

lp
0 

C
u:

 1
 =

 3
/2

/. 
21

+
1=

4 

A
^

^
x

lO
^

c
n

r
1 

o h
 

ο 0 

Ja
hn

-
Te

ll
er

 
Ψ

 ? A 
Y 

Χ 
ι d>

 
4,

 

O h
 

D 4
h 

r
f 

b
ig

 
/x

2
-y

2 

e
g 

\ 
/x

y 
10

D
q 

W
 

M
 x

z 
yz

 

M
r 

a
1g

 

A
dj

us
te

d 
S

C
F

-X
a-

S
W

 

Ψ
 =

61
 

%
C

u
d

x
2

_
y
2  

+ 

3
9

%
C

lp
0 

Η
 

Fi
gu

re
 1

. 
Th

e g
ro

un
d-

st
at

e 
sp

ec
tr

al
 fe

at
ur

es
 o

f n
or

m
al

 c
op

pe
r 

co
m

pl
ex

es
. A

: J
ah

n-
Te

lle
r 

te
tr

ag
on

al
 e

lo
ng

at
io

n 
of

 a
n 

oc
ta

he
dr

al
 C

uL
6 

co
m

pl
ex

 to
 t

he
 s

qu
ar

e 
pl

an
ar

 li
m

it
. B

: E
ne

rg
y 

le
ve

l 
co

rr
el

at
io

n 
di

ag
ra

m
 fo

r 
th

e 
Ja

hn
-

Te
lle

r 
di

st
or

ti
on

 d
ep

ic
te

d 
in

 A
. 

C:
 S

CF
-X

a-
SW

 
w

av
e 

fu
nc

ti
on

 
co

nt
ou

r 
an

d 
ch

ar
ge

 d
ec

om
po

si
ti

on
 fo

r 
th

e 
H

O
M

O
 o

fO
4h
-C

uC
l 42~

 
(1

8,
 1

9)
. 

D
: X

-h
an

d 
EP

R
 s

pe
ct

ru
m

 fo
r 

te
tr

ag
on

al
 C

u(
II

) 
w

it
h 

O
4h
-C

uC
l 42~

 
pa

ra
m

et
er

s.
 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
6.

ch
00

5

In Mechanistic Bioinorganic Chemistry; Thorp, H., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1996. 



124 MECHANISTIC BIOINORGANIC CHEMISTRY 

C U C 1 4
2 " ( F i g u r e 1 A ) . A k e y feature o f l i g a n d field t h e o r y (7 -11) is that 

the d o r b i t a l s p l i t t i n g is v e r y sens i t ive to the e n v i r o n m e n t o f the l i gands 
a r o u n d the m e t a l c enter . T h e d o r b i t a l s p l i t t i n g e x p e r i m e n t a l l y d e t e r 
m i n e d u s i n g o p t i c a l s p e c t r o s c o p y (12) for D4h-CuC\4

2~ is g i v e n i n F i g u r e 
I B . T h e h a l f - o c c u p i e d dx2.y2 o r b i t a l is at h ighest e n e r g y as i t has the 
largest r e p u l s i v e i n t e r a c t i o n w i t h the l igands i n the e q u a t o r i a l p l a n e . A 
m o r e c o m p l e t e d e s c r i p t i o n o f this h a l f - o c c u p i e d g r o u n d state is p r o v i d e d 
b y m o l e c u l a r o r b i t a l ( M O ) t h e o r y . I n p a r t i c u l a r , se l f - cons is tent field-
Χα-scattered w a v e ( S C F - X a - S W ) ca l cu la t i ons (13-17), a d j u s t e d to 
ground-s ta te p a r a m e t e r s (18-21) as w i l l b e d e s c r i b e d , are i n g o o d agree 
m e n t w i t h spec tra l data over m a n y orders o f m a g n i t u d e i n energy . T h e s e 
ca l cu la t i ons (18, 19) generate a d e s c r i p t i o n o f the g r o u n d state o f D4h-
C u C l 4

2 - that has 6 1 % C u dx2.y2 c h a r a c t e r w i t h the r e m a i n i n g par t o f the 
w a v e f u n c t i o n b e i n g d e l o c a l i z e d e q u i v a l e n t l y i n t o the f our ρσ o rb i ta l s 
o f the c h l o r i d e l igands that are i n v o l v e d i n a n t i b o n d i n g i n t e r a c t i o n s w i t h 
the m e t a l i o n ( F i g u r e 1 C ) . T h e u n p a i r e d e l e c t r o n i n this w a v e f u n c t i o n 
p r o d u c e s the e l e c t r o n p a r a m a g n e t i c r esonance ( E P R ) s p e c t r u m s h o w n 
i n F i g u r e I D , i n w h i c h g\\ ( c o r r e s p o n d i n g to the m a g n e t i c field o r i e n t e d 
a l o n g the z-axis o f the c o m p l e x ) > g± > 2 . 0 0 , that is c h a r a c t e r i s t i c o f 
this dx2.y2 g r o u n d state. A d d i t i o n a l l y , c o p p e r has a n u c l e a r s p i n ( i N = 
%) that c o u p l e s to the e l e c t r o n s p i n to p r o d u c e a f o u r - l i n e h y p e r f i n e 
sp l i t t ing (A) o f the E P R s p e c t r u m . T e t r a g o n a l c u p r i c c omplexes genera l l y 
have a large h y p e r f i n e s p l i t t i n g i n the r e g i o n (Al{ > 1 3 0 Χ 1 0 " 4 c m " 1 ) ; 
that o f D4h-CuC\4

2- is 1 6 4 Χ 1 0 " 4 c m " 1 (22). 
W i t h respec t to e x c i t e d states, o p t i c a l e x c i t a t i o n o f e l e c t rons f r o m 

the filled C u d orbi ta ls to the h a l f - f i l l e d dx2.y2 o r b i t a l ( F i g u r e 2 A ) p r o d u c e s 
Laporté - forb idden l i g a n d - f i e l d t rans i t i ons (23). T h e s e t rans i t i ons are 
w e a k i n the a b s o r p t i o n s p e c t r u m w i t h m o l a r e x t i n c t i o n coef f ic ients (e) 
o f 3 0 - 5 0 M 1 c m " 1 i n the 1 2 , 0 0 0 - 1 6 , 0 0 0 c m " 1 r e g i o n (12) ( F i g u r e 2 B , 
r i g h t ) . O b s e r v e d at h i g h e r e n e r g y i n the a b s o r p t i o n s p e c t r u m are the 
Laporté -a l lowed l i g a n d - t o - m e t a l charge - t rans fe r t rans i t i ons that are at 
least t w o o r d e r s o f m a g n i t u d e m o r e in tense t h a n the l i g a n d - f i e l d t r a n 
sit ions (24) ( F i g u r e 2 B , left) . T h e energies a n d intensi t ies o f these charge -
transfer ( C T ) t rans i t i ons a l l o w one to p r o b e the spec i f i c b o n d i n g i n t e r 
act ions o f the l i g a n d w i t h the m e t a l c e n t e r (24). C h l o r i d e has t h r e e 
v a l e n c e 3p o rb i ta l s that sp l i t in to t w o sets o n b i n d i n g to c o p p e r ( F i g u r e 
2 C ) . T h e ρσ o r b i t a l is o r i e n t e d a l o n g the C l - C u b o n d a n d is s t a b i l i z e d 
to h i g h e r b i n d i n g e n e r g y d u e to s t r o n g o v e r l a p w i t h the C u 2 + i o n . T h e 
t w o c h l o r i d e ρπ o rb i ta l s are p e r p e n d i c u l a r to the C l - C u b o n d a n d h e n c e 
are m o r e w e a k l y i n t e r a c t i n g w i t h the m e t a l a n d at l o w e r b i n d i n g e n e r g y . 

T h e i n t e n s i t y assoc iated w i t h charge - t rans fer e x c i t a t i o n o f an e l e c 
t r o n f r o m these filled l i g a n d orb i ta l s i n t o the h a l f - o c c u p i e d C u dx2.y2 
o r b i t a l also ref lects m e t a l - l i g a n d b o n d i n g . C h a r g e - t r a n s f e r i n t e n s i t y is 
p r o p o r t i o n a l to (RS) 2 , w h e r e S is the o v e r l a p o f the d o n o r a n d a c c e p t o r 
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orb i ta l s i n v o l v e d i n the charge - t rans fer t r a n s i t i o n a n d R is the m e t a l -
l i g a n d b o n d l e n g t h (25). T h u s , the C l ρσ C u dx2.y2 charge - t rans fe r 
t r a n s i t i o n is at h i g h e n e r g y a n d in tense f r o m large o v e r l a p , w h i l e the C l 
ρπ -> dx2_y2 charge t ransfer t r a n s i t i o n is at l o w e r e n e r g y a n d w e a k e r 
( F i g u r e 2 C ) . ( N o t e that the l i g a n d orb i ta l s are a c t u a l l y l i n e a r c o m b i 
nat ions o f the orb i ta l s f r o m the f our c h l o r i d e l i gands . O n e c o m b i n a t i o n 
o f the C l ρσ o rb i ta l s has eu s y m m e t r y . T h e C T t r a n s i t i o n f r o m this o r b i t a l 
is e l e c t r i c d i p o l e a l l o w e d a n d r e s p o n s i b l e for the in tense b a n d at 3 6 , 0 0 0 
c m - 1 . T h e C l ρπ set also conta ins a l i n e a r c o m b i n a t i o n h a v i n g eu s y m 
m e t r y . C o n f i g u r a t i o n a l i n t e r a c t i o n w i t h eu(pa) c ontr ibutes to the in tens i ty 
o f the ρπ dx2_y2 b a n d at 2 6 , 5 0 0 c m - 1 ) . T h e k e y po ints to b e e m p h a s i z e d 
here are that the charge- transfer transit ions sens i t ive ly p r o b e the l i g a n d -
m e t a l b o n d a n d that for " n o r m a l " c omplexes one s h o u l d observe a l o w e r -
e n e r g y w e a k π a n d h i g h e r - e n e r g y in tense σ charge - t rans fe r t r a n s i t i o n 
as is o b s e r v e d e x p e r i m e n t a l l y for C u C l 4

2 " i n F i g u r e 2 B (left). 

Blue Copper Proteins 
A s p r e d i c t e d b y s p e c t r o s c o p y (26), the b l u e c o p p e r site has a s t r u c t u r e 
v e r y di f ferent f r o m the n o r m a l te tragonal g e o m e t r y o f c u p r i c c omplexes . 
T h e c o p p e r site i n p l a s t o c y a n i n (27) has a d i s t o r t e d t e t r a h e d r a l s t r u c t u r e 
w i t h a t h i o l a t e su l fur o f cys te ine (Cys) 84 b o u n d w i t h a short C u - S b o n d 
l e n g t h o f 2 .13 À , a t h i o e t h e r su l fur o f m e t h i o n i n e (Met ) 9 2 b o u n d w i t h 
a l o n g C u - S b o n d l e n g t h o f 2 . 9 0 À, a n d t w o f a i r l y n o r m a l h i s t i d i n e (His ) 
N - C u l i gands ( F i g u r e 3 A ) . T h i s site has c h a r a c t e r i s t i c s p e c t r a l features 
(1-3) that i n c l u d e an in tense a b s o r p t i o n b a n d (e ~ 3 , 0 0 0 - 5 , 0 0 0 M " 1 

c m " 1 ) i n the 6 0 0 n m l i g a n d - f i e l d r e g i o n ( F i g u r e 3B) a n d a s m a l l p a r a l l e l 
h y p e r f i n e s p l i t t i n g (A N < 7 0 X 1 0 ~ 4 c m " 1 ) ( F i g u r e 3 C ) . T h e s e u n u s u a l 
spectra l features are n o w w e l l - u n d e r s t o o d a n d h e l p to def ine the g r o u n d -
state w a v e f u n c t i o n o f the b l u e c o p p e r s ite . T h i s is e x t r e m e l y i m p o r t a n t 
i n that this is the h a l f - o c c u p i e d o r b i t a l that takes u p a n d transfers the 
e l e c t r o n i n the r e d o x f u n c t i o n i n g o f th is c e n t e r . A d e t a i l e d e x p e r i m e n t a l 
a n d t h e o r e t i c a l d e s c r i p t i o n o f the g r o u n d state p r o v i d e s f u n d a m e n t a l 
ins ight i n t o the ac t ive site c o n t r i b u t i o n to the l o n g - r a n g e e l e c t r o n - t r a n s 
fer r e a c t i v i t y e x h i b i t e d b y the b l u e c o p p e r p r o t e i n s (2, 3, 28). 

T h e E P R s p e c t r u m o f the b l u e c o p p e r p r o t e i n p l a s t o c y a n i n ( F i g u r e 
3 C ) has g|| > g± > 2 . 0 0 , a n d thus the c o p p e r site must have a dx2_y2 g r o u n d 
state. F i r s t , w e are i n t e r e s t e d i n d e t e r m i n i n g the o r i e n t a t i o n o f the 
dx2.y2 o r b i t a l r e l a t i v e to the d i s t o r t e d t e t r a h e d r a l g e o m e t r y o b s e r v e d i n 
the p r o t e i n c r y s t a l s t r u c t u r e . S i n g l e c r y s t a l E P R s p e c t r o s c o p y a l l o w e d 
us to o b t a i n this o r i e n t a t i o n a n d l o c a t e d the u n i q u e (i .e. , z) d i r e c t i o n i n 
this d i s t o r t ed site (29). P l a s t o c y a n i n crysta l l i zes i n an o r t h o r h o m b i c space 
g r o u p w i t h f our s y m m e t r y r e l a t e d m o l e c u l e s i n the u n i t c e l l . T h e o r i 
e n t a t i o n o f the p l a s t o c y a n i n c o p p e r sites i n the u n i t c e l l are s h o w n i n 
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F i g u r e 4 A (27). F i g u r e 4 B presents the E P R s p e c t r a o b t a i n e d i f one 
rotates the c r y s t a l a r o u n d the a axis w i t h the m a g n e t i c field i n the b/c 
p l a n e . T h e k e y feature to no te i n the figure is that one observes an ~ g u 
E P R s ignal (w i th four p a r a l l e l h y p e r f i n e components ) w i t h the field a l ong 
the c axis a n d an ~g± s p e c t r u m as the field is r o t a t e d p e r p e n d i c u l a r to 
this d i r e c t i o n . T h u s , g|( is n e a r l y c o l i n e a r w i t h the c axis. R e f e r e n c i n g to 
the f our b l u e c o p p e r sites i n the u n i t c e l l , e a c h has its M e t S - C u b o n d 
a p p r o x i m a t e l y a l o n g the c axis. T h e r e f o r e , gl{ is a p p r o x i m a t e l y a l o n g the 
l o n g M e t S - C u b o n d . A m o r e q u a n t i t a t i v e fit o f the E P R data shows that 
gli, w h i c h def ines the z-axis o f the s i te , is ~ 5 ° off the M e t S - C u b o n d 
a n d p laces the dx2.y2 o r b i t a l p e r p e n d i c u l a r to this d i r e c t i o n a n d w i t h i n 
15° o f the p l a n e d e f i n e d b y the t h i o l a t e S a n d t w o i m i d a z o l e Ν l i gands . 

T h e next f eature o f the g round -s ta te w a v e f u n c t i o n to b e d i s cussed 
is the o r i g i n o f the s m a l l p a r a l l e l h y p e r f i n e s p l i t t i n g (A\\ < 7 0 X 1 0 ~ 4 

c m - 1 ) . D i s t o r t e d t e t r a h e d r a l c u p r i c sites, for example D 2 i r C u C l 4
2 ~ , o f ten 

e x h i b i t s m a l l Al{ va lues s i m i l a r to the b l u e c o p p e r p r o t e i n s a n d the m e c h 
a n i s m for r e d u c i n g the p a r a l l e l h y p e r f i n e v a l u e has b e e n t h o u g h t to 
have a c o m m o n o r i g i n . I n D 2 < r C u C l 4

2 ~ , the s m a l l v a l u e has b e e n 
a t t r i b u t e d to the effect o f C u 4 p m i x i n g i n t o the dx2.y2 o r b i t a l , w h i c h is 
a l l o w e d i n l o w e r - s y m m e t r y m e t a l sites (30). I n D2d s y m m e t r y , the 4pz 

o r b i t a l is a l l o w e d b y g r o u p t h e o r y to m i x i n t o the dx2.y2 o r b i t a l . T h e s p i n 
d i p o l a r i n t e r a c t i o n o f the 4 p z o r b i t a l w i t h the c o p p e r n u c l e a r s p i n o p 
poses that o f the e l e c t r o n s p i n i n the dx2.y2 o r b i t a l a n d r e d u c e s the An 
v a l u e (4p m i x i n g is f o r b i d d e n i n D ^ - s y m m e t r y ) . T w e l v e p e r c e n t 4pz 

m i x i n g is r e q u i r e d to l o w e r the A t | v a l u e to that v a l u e o b s e r v e d for D2d-
C u C l 4

2 _ a n d p l a s t o c y a n i n (31, 32) . 
T h e n a t u r e o f the 4 p m i x i n g i n t o the dx2.y2 o r b i t a l o f p l a s t o c y a n i n is 

d e t e r m i n e d b y the e f fect ive s y m m e t r y o f the l i g a n d field o f the ac t ive 
site. A c o m b i n a t i o n o f l o w - t e m p e r a t u r e magnet i c c i r c u l a r d i c h r o i s m ( L T -
M C D ) s p e c t r o s c o p y (33) a n d l i g a n d field t h e o r y (29) has b e e n u s e d to 
o b t a i n the s p l i t t i n g o f the d o rb i ta l s o f the b l u e c o p p e r site . F i v e n o n -
degenera te l i g a n d - f i e l d l eve l s are o b s e r v e d i n d i c a t i n g a r h o m b i c a l l y d i s 
t o r t e d site ( F i g u r e 5 B , le f t ) ; h o w e v e r , the s p l i t t i n g is c lose to an ax ia l 
l i m i t . T h e d o r b i t a l s p l i t t i n g for the ax ia l l i m i t ( F i g u r e 5 B , r ight ) c o r 
responds to a C3v ax ia l l y e l o n g a t e d t e t r a h e d r a l s t r u c t u r e i n w h i c h the 
z-axis c o r r e s p o n d s to the l o n g t h i o e t h e r S - C u b o n d ( F i g u r e 5 C ) . H o w 
e v e r , i n C3v s y m m e t r y , the dx2_y2 o r b i t a l is o n l y a l l o w e d to m i x w i t h the 
4 p x , 4py l eve l s a n d , i n this case, the s p i n d i p o l a r i n t e r a c t i o n s w o u l d b e 
c o m p l e m e n t a r y a n d increase the A\\ v a l u e . 

T h u s w e n e e d e d to d e t e r m i n e e x p e r i m e n t a l l y the n a t u r e o f the 4 p 
m i x i n g in to the dx2.y2 l e v e l . T h i s d e t e r m i n a t i o n was a c c o m p l i s h e d b y 
g o i n g u p about 10 orders o f m a g n i t u d e i n p h o t o n energy a n d p e r f o r m i n g 
X - r a y a b s o r p t i o n s p e c t r o s c o p y ( X A S ) at the C u - K edge (34). T h e 8 9 7 9 -
e V p r e - e d g e peak , c o r r e s p o n d i n g to the C u Is 3dx2.y2 t r a n s i t i o n , c a n 
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have no e l e c t r i c d i p o l e i n t e n s i t y unless the c o p p e r site is d i s t o r t e d s u c h 
that some C u 4p o r b i t a l c h a r a c t e r mixes i n t o the h a l f - o c c u p i e d dx2.y2 
l e v e l ( F i g u r e 6 A ) . T h e i n t e n s i t y o f the 8 9 7 9 - e V feature is m u c h h i g h e r 
i n the p l a s t o c y a n i n a n d D 2 d - C u C l 4

2 " edges r e l a t i v e to the square p l a n a r 
D4h-CuC\4

2~ c o m p l e x (34). T h i s h i g h e r i n t e n s i t y ind i ca tes the p r e s e n c e 
o f 4p m i x i n g i n the dx2.y2 orb i ta ls o f p las to cyan in a n d D ^ - C u C l / " ( F i g u r e 
6 B ) . It was t h e n i m p o r t a n t to d e t e r m i n e w h e t h e r the 4p m i x i n g i n the 
b l u e c o p p e r site i n v o l v e s the pz o r px,py o rb i ta l s . T h i s m a y b e a c c o m 
p l i s h e d t h r o u g h analysis o f the p o l a r i z e d s ing le c r y s t a l X - r a y a b s o r p t i o n 
s p e c t r a o f p l a s t o c y a n i n . T h e s ing le c r y s t a l E P R d a t a (29) d e t e r m i n e d 
the z-axis as b e i n g a p p r o x i m a t e l y c o l i n e a r w i t h the l o n g t h i o e t h e r S -
C u b o n d . P o l a r i z e d edge data w e r e o b t a i n e d (35) w i t h the Ε v e c t o r o f 
l i g h t p a r a l l e l a n d p e r p e n d i c u l a r to this d i r e c t i o n . N o 8 9 7 9 - e V i n t e n s i t y 
was o b s e r v e d for ΈΜ ζ, r e q u i r i n g that t h e r e is no 4pz m i x i n g , w h e r e a s 
a l l the 8 9 7 9 - e V i n t e n s i t y was o b s e r v e d i n the E|( x,y s p e c t r u m . T h u s , 
o n l y C u 4pz,py mixes in to the dx2.y2 o r b i t a l o f p l a s t o c y a n i n a n d t h e s m a l l 
A|| v a l u e o f the b l u e c o p p e r site cannot b e d u e to the g e n e r a l l y a c c e p t e d 
m e c h a n i s m o f 4pz m i x i n g . 

H a v i n g e l i m i n a t e d 4pz m i x i n g , w e c a n focus o n the a l t e r n a t i v e ex 
p l a n a t i o n for the s m a l l A ( | v a l u e o f the b l u e c o p p e r site that is c o v a l e n t 
d e r e a l i z a t i o n o f the e l e c t r o n s p i n onto the l i gands (33, 36). C o v a l e n c y 
r e d u c e s the h y p e r f i n e i n t e r a c t i o n o f the u n p a i r e d e l e c t r o n w i t h the c o p 
p e r n u c l e a r s p i n . W e have a p p r o a c h e d the i n c l u s i o n o f c o v a l e n c y i n the 
d e s c r i p t i o n o f the g r o u n d state o f the b l u e c o p p e r site t h r o u g h a q u a n 
t i ta t ive c o n s i d e r a t i o n o f its g va lues . M u l t i f r e q u e n c y E P R s p e c t r o s c o p y 
(36) g ives the e x p e r i m e n t a l g va lues for p l a s t o c y a n i n l i s t e d o n the left 
i n T a b l e I . I f the g r o u n d state o n l y i n v o l v e s an u n p a i r e d e l e c t r o n i n a 
dx2_y2 o r b i t a l , there w o u l d o n l y be a s p i n angular m o m e n t u m c o n t r i b u t i o n 
to the g va lues a n d thus the g va lues w o u l d b e 2 .00 a n d i s o t r o p i c . L i g a n d 
field t h e o r y ( L F T ) (7-11) a l l ows for the i n c l u s i o n o f some o r b i t a l a n g u l a r 
m o m e n t u m i n t o the dx2_y2 g r o u n d state t h r o u g h its s p i n - o r b i t m i x i n g w i t h 
l i g a n d - f i e l d e x c i t e d states. T h i s o r b i t a l c o n t r i b u t i o n leads to the d e v i a -

Table I. Blue Copper Covalency Quantitative Analysis of g Values 

SCF-Xa-SW 
d Levels, CT Levels 

X C U L . S + X L L . S 

g 
Plastocyanin 
Experimental 

LFT 
d Orbitals 

+ X L - S 
Normal Adjusted 
Radii Radii 

gx 
gy 
gz 

2 .047 
2 .059 
2 .226 

2 .00 
2 .00 
2 .00 

2 .125 
2 .196 
2 . 4 7 9 

2 .046 
2 .067 
2 . 1 5 9 

2 . 0 5 9 
2 .076 
2 .226 
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t ions o f the g va lues f r o m 2 . 0 0 . A c o m p l e t e l i g a n d - f i e l d c a l c u l a t i o n for 
p l a s t o c y a n i n g ives the g va lues l i s t e d i n the t h i r d c o l u m n o f T a b l e I . 
H e r e , g|| > g±> 2 . 0 0 , w h i c h is cons is tent w i t h a s p i n - o r b i t m i x e d dx2.y2 
g r o u n d state. H o w e v e r , the c a l c u l a t e d va lues are l a r g e r t h a n the ex
p e r i m e n t a l values . T h i s is d u e to the fact that the l i g a n d field ca lcu lat ions 
use p u r e d o rb i ta l s that have too m u c h o r b i t a l a n g u l a r m o m e n t u m . C o -
va l ent d e r e a l i z a t i o n o f the u n p a i r e d e l e c t r o n onto the l i gands r e d u c e s 
the o r b i t a l c o n t r i b u t i o n to the g va lues . 

S C F - X a - S W ca l cu la t i ons (33, 36) w e r e p u r s u e d to d e s c r i b e the 
b o n d i n g i n the b l u e c o p p e r site. T h e w a v e funct ions o b t a i n e d f r o m these 
ca lculat ions w e r e u s e d to ca l cu late the g r o u n d state g values a n d evaluate 
the cova lent d e s c r i p t i o n g e n e r a t e d b y these c a l c u l a t i o n s r e l a t i v e to ex
p e r i m e n t . T h e g v a l u e c a l c u l a t i o n i n c l u d e d a l l the a n t i b o n d i n g (d) a n d 
b o n d i n g (charge transfer) l eve l s a n d i n c l u d e d s p i n - o r b i t m i x i n g f r o m 
b o t h the m e t a l a n d the l i gands . A Z e e m a n o p e r a t o r was a p p l i e d to the 
s p i n - o r b i t c o r r e c t e d g r o u n d state m a k i n g no a s s u m p t i o n c o n c e r n i n g the 
o r i e n t a t i o n o f the p r i n c i p a l axes. A g 2 t ensor was g e n e r a t e d a n d d i a g o -
n a l i z e d to ob ta in the p r i n c i p a l c o m p o n e n t g values that can b e c o m p a r e d 
to e x p e r i m e n t ( f ourth c o l u m n ) . It is o b s e r v e d that a l t h o u g h the g va lues 
are r e d u c e d f r o m those o b t a i n e d f r o m the l i g a n d - f i e l d c a l c u l a t i o n d u e 
to the i n c l u s i o n o f c o v a l e n c y , t h e y are c l oser to 2 . 0 0 t h a n is o b t a i n e d 
e x p e r i m e n t a l l y . T h u s , the S C F - X a - S W c a l c u l a t i o n s are p r o d u c i n g too 
c ova lent a d e s c r i p t i o n o f the ac t ive s i te . T h e r e is one set o f ad jus tab le 
parameters i n this c a l c u l a t i o n , w h i c h is the s p h e r e sizes u s e d i n the 
s ca t te red w a v e so lut ions . T h o s e e m p l o y e d i n this i n i t i a l c a l c u l a t i o n are 
the s tandard spheres n o r m a l l y u s e d that are d e f i n e d b y the N o r m a n 
c r i t e r i a (37). W e sys temat i ca l l y v a r i e d these spheres ( inc reas ing the 
m e t a l sphere increases its e l e c t r o n d e n s i t y , l o w e r s its e f fect ive n u c l e a r 
c h a r g e , a n d r e d u c e s its i n t e r a c t i o n w i t h the l i gands ) , a n d i t e r a t i v e l y 
r e p e a t e d this g v a l u e p r o t o c o l u n t i l the c a l c u l a t e d va lues w e r e i n g o o d 
a g r e e m e n t w i t h e x p e r i m e n t (33, 36) . T h i s a p p r o a c h p r o v i d e d the ex
p e r i m e n t a l l y a d j u s t e d d e s c r i p t i o n o f the g r o u n d state w a v e f u n c t i o n o f 
the b l u e c o p p e r site that is g i v e n i n F i g u r e 7 A . 

T h e s e Χ α ca l cu la t i ons p r o v i d e a d e s c r i p t i o n o f the g r o u n d state o f 
the b l u e c o p p e r site that is h i g h l y c ova lent . T h e c o v a l e n c y is s t r o n g l y 
a n i s o t r o p i c w i t h d e r e a l i z a t i o n p r e d o m i n a n t l y i n t o the S p x o r b i t a l o f 
the th i o la te ( F i g u r e 7 A ) . W e have b e e n ab le to e x p e r i m e n t a l l y test the 
k e y features o f this g r o u n d state u s i n g a v a r i e t y o f spec troscop i c methods . 
F i r s t , the h i g h c o v a l e n c y c a n b e p r o b e d b y c o p p e r L - e d g e s p e c t r o s c o p y 
(38). T h e e l e c t r i c d i p o l e i n t e n s i t y o f the C u 2p Ψ Η Ο Μ Ο ( H O M O is the 
h ighes t o c c u p i e d m o l e c u l a r orb i ta l ) t r a n s i t i o n at 9 3 0 e V ref lects the C u 
2 p C u 3d t r a n s i t i o n p r o b a b i l i t y a n d p r o b e s t h e a m o u n t o f C u dx2.y2 
c h a r a c t e r i n the ground-s ta te w a v e f u n c t i o n . F r o m F i g u r e 7 C , i t is o b -
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5. S O L O M O N E T AL. Active Sites in Copper Proteins 1 3 5 

s e r v e d that the 9 3 0 - e V p e a k i n p l a s t o c y a n i n has 6 7 % o f the i n t e n s i t y o f 
D4h-CuC\4

2~, w h i c h is k n o w n to have 6 1 % C u dx2_y2 c h a r a c t e r ( F i g u r e 
1 C ) . T h u s , the g r o u n d state o f the b l u e c o p p e r site is e s t i m a t e d f r o m 
e x p e r i m e n t to have 4 1 % C u dx2.y2 c h a r a c t e r . T h i s is i n g o o d a g r e e m e n t 
w i t h the a d j u s t e d S C F - X a - S W ca l cu la t i ons (42%) . S e c o n d , the su l fur 
c o n t r i b u t i o n to the H O M O c a n b e s t u d i e d u s i n g su l fur K - e d g e spec 
t r o s c o p y (34) i n w h i c h the e l e c t r i c d i p o l e i n t e n s i t y n o w ref lects the 
Sis -*> S3p c h a r a c t e r i n the H O M O . F r o m F i g u r e 7 C , p l a s t o c y a n i n ex
h i b i t s an in tense su l fur p r e - e d g e feature at 2 4 6 9 e V . It has 2.6 t i m e s 
the i n t e n s i t y o f the tet b m o d e l c o m p l e x o f S c h u g a r (39), w h i c h conta ins 
a n o r m a l 2 .36 À c o p p e r - t h i o l a t e su l fur b o n d a n d has 1 5 % su l fur ρ c h a r 
acter i n the g r o u n d state ( F i g u r e 7 B ) . T h u s , the b l u e c o p p e r site is also 
e x p e r i m e n t a l l y e s t i m a t e d to h a v e 3 8 % su l fur ρ c h a r a c t e r f r o m the cys 
t e i n e l i g a n d , aga in i n g o o d a g r e e m e n t w i t h the Xa c a l c u l a t i o n s (36%) . 

T h e final f eature o f the ground-s ta te w a v e f u n c t i o n is e l u c i d a t e d 
t h r o u g h the ass ignment o f the c h a r a c t e r i s t i c exc i ted -s tate a b s o r p t i o n 
s p e c t r a l features o f p l a s t o c y a n i n ( F i g u r e 7 D ) . A l t h o u g h t h e r e are i n fact 
e ight bands r e q u i r e d to fit a c o m b i n a t i o n o f a b s o r p t i o n (Abs) , c i r c u l a r 
d i c h r o i s m ( C D ) , a n d m a g n e t i c c i r c u l a r d i c h r o i s m ( M C D ) s p e c t r a o f the 
b l u e c o p p e r site (33), at l o w r e s o l u t i o n the a b s o r p t i o n s p e c t r u m was 
r e g a r d e d o r i g i n a l l y as h a v i n g a l o w - e n e r g y w e a k a n d h i g h e r - e n e r g y i n 
tense (i .e. , the 6 0 0 n m , 1 6 , 0 0 0 c m - 1 ) b a n d p a t t e r n (1, 26). P o l a r i z e d 
s ing le c r y s t a l s p e c t r a l s tudies o v e r this r e g i o n (29) s h o w e d the same 
p o l a r i z a t i o n ra t i o for b o t h b a n d s , w h i c h r e q u i r e d that b o t h bands b e 
assoc iated w i t h the C y s S - C u ( I I ) b o n d . T h u s , i n p a r a l l e l to the C l ~ 
Cu(II ) charge- transfer assignment p r e s e n t e d ear l i e r , these w e r e ass igned 
as l o w - e n e r g y w e a k π a n d h i g h e r - e n e r g y in tense σ c h a r g e t rans fer t r a n 
s i t ions i n v o l v i n g the t h i o l a t e su l fur . H o w e v e r , M C D s p e c t r o s c o p y 
s h o w e d that this ass ignment was not c o r r e c t . A l l f our o f the l o w - e n e r g y 
bands ( 5 - 8 i n F i g u r e 7 D ) that c o m p r i s e this r e g i o n are w e a k i n the 
a b s o r p t i o n s p e c t r u m b u t q u i t e in tense i n the l o w - t e m p e r a t u r e M C D 
s p e c t r u m (33). B e c a u s e M C D C - t e r m i n t e n s i t y for Cu ( I I ) r e q u i r e s s p i n -
orb i t c o u p l i n g , a n d hence d o r b i t a l character , this leads to the ass ignment 
o f bands 5 - 8 as d -> d t rans i t i ons . T h u s , t h e 6 0 0 - n m b a n d (4), that is 
in tense i n the a b s o r p t i o n s p e c t r u m a n d w e a k i n the l o w - t e m p e r a t u r e 
M C D s p e c t r u m , is the l o w e s t - e n e r g y charge - t rans fe r t r a n s i t i o n f r o m the 
t h i o l a t e a n d must b e the C y s ρπ -> C u dx2.y2 charge - t rans fe r t r a n s i t i o n . 
T h e C y s ρσ C u dx2_y2 is a w e a k b a n d at h i g h e r e n e r g y . T h e k e y p o i n t 
is that for the b l u e c o p p e r site one has a l o w - e n e r g y in tense π a n d h i g h e r 
e n e r g y w e a k σ c h a r g e - t r a n s f e r t r a n s i t i o n to the C u dx2.y2 o r b i t a l . Inas 
m u c h as charge - t rans fer i n t e n s i t y ref lects o r b i t a l o v e r l a p , th is o v e r l a p 
r e q u i r e s that the dx2_y2 o r b i t a l have its l obes b i s e c t e d b y the C y s S - C u 
b o n d ( F i g u r e 7 A ) a n d thus b e i n v o l v e d i n a s t rong π a n t i b o n d i n g i n t e r -
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136 MECHANISTIC BIOINORGANIC CHEMISTRY 

a c t i o n w i t h the t h i o l a t e as also o b t a i n e d f r o m the Χ α ca l cu la t i ons . T h e 
s t rong π i n t e r a c t i o n rotates the dx2.y2 o r b i t a l b y 4 5 ° r e l a t i v e to its u s u a l 
o r i e n t a t i o n a l o n g the l i g a n d - c o p p e r b o n d as, for e x a m p l e , i n the tet b 
m o d e l c o m p l e x ( F i g u r e 7 B ) . T h i s r o t a t i o n o f the dx2.y2 o r b i t a l d e r i v e s 
f r o m the q u i t e short b l u e c o p p e r C y s S - C u b o n d l e n g t h o f 2 .13 À. 

T h u s the S C F - X a - S W c a l c u l a t i o n s are p r o d u c i n g an accurate d e 
s c r i p t i o n o f the g r o u n d state o f the b l u e c o p p e r site a n d one c a n n o w 
c o r r e l a t e this w i t h c r y s t a l s t r u c t u r e i n f o r m a t i o n to o b t a i n s igni f i cant 
ins ight in to f u n c t i o n . I n p a r t i c u l a r , the X - r a y s t r u c t u r e o f ascorbate ox
idase (40) shows that the c y s t e i n e l i g a n d o f a b l u e c o p p e r site i n this 
m u l t i c o p p e r ox idase is flanked o n e i t h e r s ide i n the sequence b y h i s t i -
d ines that are l i gands to t w o o f the c o p p e r s i n a t r i n u c l e a r c o p p e r c l u s t e r 
site (d iscussed i n the la te r s e c t i o n , Multicopper Oxidases) (41). T h i s b l u e 
c o p p e r site transfers an e l e c t r o n r a p i d l y i n the r e d u c t i o n o f 0 2 at the 
t r i n u c l e a r c o p p e r c e n t e r . A s c a n b e seen f r o m the Χ α c a l c u l a t e d w a v e 
f u n c t i o n c o n t o u r that w e have s u p e r i m p o s e d o n the c r y s t a l s t r u c t u r e o f 
the b l u e c e n t e r i n ascorbate ox idase ( F i g u r e 8) , the ground-s ta te w a v e 
f u n c t i o n p r o v i d e s a h i g h l y a n i s o t r o p i c c o v a l e n t p a t h w a y i n v o l v i n g the 
cys te ine su l fur . T h e c o v a l e n c y act ivates this r e s i d u e for d i r e c t i o n a l e l e c 
t r o n transfer . I n a d d i t i o n , the l o w - e n e r g y , in tense C y s π C u dx2.y2 
charge - t rans fer t r a n s i t i o n i n the b l u e c o p p e r a b s o r p t i o n s p e c t r u m p r o 
v ides an eff icient h o l e superexchange p a t h w a y for r a p i d e l e c t r o n transfer 
b e t w e e n the b l u e a n d t r i n u c l e a r c o p p e r c l u s t e r sites (2). C l e a r l y , as 
s h o w n i n F i g u r e 8, the u n i q u e e l e c t r o n i c s t r u c t u r e o f the b l u e c o p p e r 
c e n t e r ref lects a g round-s ta te w a v e f u n c t i o n that p lays a c r i t i c a l r o l e i n 
its f u n c t i o n i n g o f r a p i d l o n g - r a n g e e l e c t r o n t rans fer to a spec i f i c l o c a t i o n 
i n o r o n the p r o t e i n . 

Coupled Binuclear Copper Proteins 
T h e b i n u c l e a r c o p p e r p r o t e i n s h e m o c y a n i n a n d tyros inase r e v e r s i b l y 
b i n d d i o x y g e n a n d i n the case o f tyros inase act ivate i t for h y d r o x y l a t i o n 
o f p h e n o l to o r f / i o - d i p h e n o l a n d f u r t h e r o x i d a t i o n to o r f / i o - q u i n o n e ( F i g 
u r e 9) (42). B o t h p r o t e i n s have essent ia l ly the same oxy ac t ive sites (42, 
43) that i n v o l v e t w o Cu( I I ) ions ( shown b y X - r a y a b s o r p t i o n edge d a t a 
(44, 45)) a n d b o u n d p e r o x i d e ( shown b y the u n u s u a l l y l o w O - O s t r e t c h 
i n g f r e q u e n c y o f 7 5 0 c m - 1 o b s e r v e d i n the resonance R a m a n s p e c t r u m 
(46-48)). A s w i l l b e s u m m a r i z e d i n this s e c t i o n , the u n i q u e v i b r a t i o n a l 
a n d g r o u n d a n d e x c i t e d state e l e c t r o n i c s p e c t r a l features o f th is oxy site 
are n o w u n d e r s t o o d . T h e s e generate a d e t a i l e d d e s c r i p t i o n o f the p e r 
o x i d e - c o p p e r b o n d that p r o v i d e s f u n d a m e n t a l ins ight in to the r e v e r s i b l e 
b i n d i n g a n d a c t i v a t i o n o f d i o x y g e n b y this s i te . 

T h e g r o u n d state o f oxy h e m o c y a n i n exh ib i t s no E P R s igna l . T h i s 
results f r o m a s t r o n g 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 o f the t w o Cu( I I ) ions 
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Reactivity 

[Cu(ll)Cu(ll)]02
2-

oxy 

[Cu(ll)Cu(ll)]02
2-

oxy 
v 0 0 = 750 cm-1 

[Cu(ll)Cu(ll)]02
2-+ phenol +2H+ ̂  [Cu(ll)Cu(l!)]+o-diphenol+H20 

oxytyrosinase 

[Cu(ll)Cu(ll)]+o-diphenol ^ [Cu(l)Cu(l)] + o-quinone + 2H+ 
deoxytyrosinase 

Ground State 

No EPR -> Antiferromagnetic coupling (#= -2J SyS2) 

-Op 2 " Cu(ll) Cu(ll) 
[Cu(ii)Cu(ii)]o2

2- — ? — > <L0y 
H 

Oxyhemocyanin Methemocyanin 

-2J > 500 cm"1 -2J > 500 cm"1 

Excited States 

0 2
2 " -> Cu(ll) CT Transitions 

Wavelength (nm) 

Hemocyanin: [Cu(l)Cu(l)] + 0 2 ^ 
deoxy 

Tyrosinase: [Cu(l)Cu(l)] + 0 2 ^ 
deoxy 

Figure 9. Coupled binuclear copper proteins; ground- and excited-state 
spectral features. 
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5. S O L O M O N E T AL. Active Sites in Copper Proteins 139 

(—2/ > 5 0 0 c m " 1 ) , (49, 50) h e n c e its c lass i f i cat ion as a coupled b i n u c l e a r 
c o p p e r site ( 5 i ) . D i s p l a c e m e n t o f the p e r o x i d e p r o d u c e s a met d e r i v a t i v e 
that also has t w o Cu( I I ) ions that are s t r o n g l y 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 (-2J > 5 0 0 c m - 1 ) ( W i l c o x , D . E . ; W e s t m o r e l a n d , T . D . ; S a n d u s k y , 
P . O . ; S o l o m o n , Ε. I . , u n p u b l i s h e d results ) . T h u s , t h e r e must b e an e n 
dogenous b r i d g e present i n the m e t d e r i v a t i v e . T h e c r y s t a l s t r u c t u r e o f 
d e o x y h e m o c y a n i n (52) shows no p r o t e i n res idues c a p a b l e o f b r i d g i n g 
the c o p p e r ions i n the v i c i n i t y o f the b i n u c l e a r c o p p e r site so this b r i d g i n g 
l i g a n d is l i k e l y to b e h y d r o x i d e . W i t h r espec t to the e x c i t e d state spec 
t r o s c o p y , o x y h e m o c y a n i n e x h i b i t s a m o d e r a t e l y in tense b a n d i n the a b 
s o r p t i o n s p e c t r u m at ~ 6 0 0 n m (e ~ 1 0 0 0 M " 1 c m " 1 ) a n d an e x t r e m e l y 
in tense b a n d at ~ 3 5 0 n m (e ~ 2 0 , 0 0 0 M " 1 c m " 1 ) . D i s p l a c e m e n t o f 
p e r o x i d e o n g o i n g to the m e t d e r i v a t i v e ( so l id to d a s h e d s p e c t r u m i n 
F i g u r e 9, bo t t om) e l i m i n a t e s these features as w e l l as a b a n d at 4 8 0 n m 
that is present i n the C D b u t not the a b s o r p t i o n s p e c t r u m (53). T h e s e 
t h r e e bands c a n b e ass igned as p e r o x i d e - t o - c o p p e r c h a r g e t rans fer t r a n 
s i t ions a n d w i l l b e seen to p r o v i d e a d e t a i l e d p r o b e o f the p e r o x i d e -
c o p p e r b o n d . W e are p a r t i c u l a r l y i n t e r e s t e d i n (1) the fact that t h e r e 
are t h r e e charge transfer b a n d s , (2) the s e l e c t i o n ru l es assoc iated w i t h 
the p r e s e n c e o f a b a n d i n the C D b u t not a b s o r p t i o n s p e c t r u m , a n d (3) 
the h i g h e n e r g y a n d i n t e n s i t y o f the 3 5 0 - n m b a n d . 

W e first c o n s i d e r p e r o x i d e b o u n d e n d - o n to a s ing le C u (II) i o n 
( F i g u r e 1 0 A ) . T h e v a l e n c e o rb i ta l s o f p e r o x i d e i n v o l v e d i n b o n d i n g are 
the π* set. T h e s e orb i ta l s sp l i t i n t o t w o n o n d e g e n e r a t e l eve l s ( l a b e l e d 
7τσ* a n d 7τν*) o n b o n d i n g to the m e t a l i o n . T h e πσ* o r b i t a l is o r i e n t e d 
a l o n g the C u - O b o n d a n d has s t rong o v e r l a p w i t h the dx2_y2 o r b i t a l p r o 
d u c i n g a h i g h e r - e n e r g y , intense charge- transfer t rans i t i on . T h e p e r o x i d e 
7Γν* o r b i t a l is v e r t i c a l to the C u - O b o n d a n d w e a k l y π i n t e r a c t i n g w i t h 
the c o p p e r , p r o d u c i n g a l o w e r - e n e r g y , r e l a t i v e l y w e a k t r a n s i t i o n . T h u s , 
e n d - o n p e r o x i d e b o n d i n g is d o m i n a t e d b y the σ d o n o r i n t e r a c t i o n o f the 
0 2

2 ~ 7τσ* o r b i t a l w i t h the dx2.y2 o r b i t a l . T h i s p r e d i c t e d l o w - e n e r g y w e a k / 
h i g h - e n e r g y in tense charge - t rans fer s p e c t r u m is o b s e r v e d e x p e r i m e n 
t a l l y for the [ C u 2 ( X Y L - 0 - ) ( 0 2 ) ] + c o m p l e x p r e p a r e d b y K a r l i n (54) that 
has 0 2

2 ~ e n d - o n b o u n d to a s ing le Cu( I I ) i o n (based o n m i x e d i so tope 
effects o n its resonance R a m a n spec t rum) ( F i g u r e 1 0 B ) (55). N o t e , h o w 
ever , that t h e r e are o n l y t w o bands i n the c h a r g e - t r a n s f e r s p e c t r u m o f 
this m o n o m e r i c c o m p l e x a n d that the π σ * t rans i t i on is c o n s i d e r a b l y l o w e r 
i n e n e r g y (500 nm) a n d w e a k e r i n i n t e n s i t y (e ~ 5 0 0 0 M " 1 c m " 1 ) t h a n 
the 3 5 0 n m 0 2

2 " charge - t rans fe r b a n d i n o x y h e m o c y a n i n . 
T h e fact that t h r e e p e r o x i d e - t o - c o p p e r c h a r g e - t r a n s f e r t rans i t i ons 

are o b s e r v e d i n o x y h e m o c y a n i n a n d oxytyros inase l e d us to c o n s i d e r 
the spec t ra l effects o f b r i d g i n g p e r o x i d e b e t w e e n t w o Cu( I I ) i ons . A 
t r a n s i t i o n - d i p o l e v e c t o r - c o u p l i n g ( T D V C ) m o d e l was d e v e l o p e d that 
p r e d i c t s that e a c h charge - t rans fer state i n a C u - p e r o x i d e m o n o m e r 
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|End-on Peroxide-Cu(ll) Bonding] 
L 

dX2.y8 

C u d i t 

dX2-y2 

Transition Dipole Vector 
Coupling Model 

Monomer Dimer 

02
2' -> Cu(ll) CT Spectrum 
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Figure 10. Peroxide charge-transfer transitions in copper monomers and 
dimers. A: Orbital interactions involved in end-on peroxide-copper bonding 
and predicted charge-transfer transitions (thickness of arrow indicates rel
ative intensity). B: Charge-transfer absorption spectrum of peroxide bound 
to a single Cu(ll) ion (Adapted from ref. 55). C: Ground-state and charge-
transfer excited state splittings due to dimer interactions in a peroxide 
bridged copper dimer. Κ is the coulomb dimer interaction, ]ex is the excited-
state magnetic exchange, and I and L are the coulomb and exchange con
tributions to the excitation transfer between halves of the dimer, respectively. 
D: Azide-to-copper charge-transfer spectra of model complexes and met 
azide hemocyanin (Adapted from ref 56). 
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c o m p l e x w i l l sp l i t i n t o f o u r states i n a d i m e r ( F i g u r e I O C ) (53, 56-58). 
W e have f u r t h e r d e v e l o p e d a g e n e r a l m o d e l o f e x c i t e d state d i m e r i n 
te rac t i ons , the v a l e n c e b o n d - c o n f i g u r a t i o n a l i n t e r a c t i o n ( V B C I ) m o d e l . 
T h i s m o d e l r e d u c e s to the T D V C m o d e l i n the in-state l i m i t b u t the 
V B C I t r e a t m e n t g ives a 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 the d i m e r sp l i t t ings 
i n t e r m s o f p a r a m e t e r s that c a n b e e v a l u a t e d u s i n g S C F - Χ α m o l e c u l a r 
o r b i t a l ca l cu la t i ons (58-60). F i r s t , t h e r e is a s i n g l e t - t r i p l e t a n t i f e r r o -
m a g n e t i c s p l i t t i n g i n the e x c i t e d state jus t as t h e r e is i n t h e g r o u n d state 
b u t c o n s i d e r a b l y l a r g e r i n m a g n i t u d e (58). I n a d d i t i o n , b o t h the s ing le t 
a n d t r i p l e t states are sp l i t f u r t h e r i n t o t w o states that c o r r e s p o n d to 
s y m m e t r i c a n d a n t i s y m m e t r i c c ombinat i ons o f the 0 2

2 ~ Cu(I I ) charge -
transfer t r a n s i t i o n to e a c h c o p p e r i n the b r i d g e d d i m e r . A s the 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 g r o u n d state is a s ing le t , o n l y the t w o t rans i t i ons 
to the s ing let e x c i t e d states s h o u l d have a b s o r p t i o n i n t e n s i t y . T h i s p r e 
d i c t e d s p l i t t i n g i n t o t w o bands is o b s e r v e d (56) i n a series o f a z i d e m o d e l 
c o m p l e x e s p r e p a r e d b y S o r r e l l (61), R e e d (62, 63), a n d K a r l i n (64) ( F i g 
u r e 1 0 D ) . A z i d e b o u n d to a s ing le Cu ( I I ) i o n exh ib i t s a 7r f f

n b Cu ( I I ) 
charge - t rans fer t r a n s i t i o n that is analogous to the p e r o x i d e π σ * C u ( I I ) 
charge - t rans fer t r a n s i t i o n . A s p r e d i c t e d , b r i d g i n g the a z i d e i n a cis μ-
1,3 g e o m e t r y b e t w e e n t w o Cu( I I ) ions resul ts i n a s p l i t t i n g o f the m o n o 
m e r charge - t rans fer t r a n s i t i o n i n t o t w o bands , the s y m m e t r i c ( A l i n the 
C2v d i m e r s y m m e t r y ) a n d a n t i s y m m e t r i c ( B l ) c o m p o n e n t s o f the πσ* 
charge - t rans fer t r a n s i t i o n . N o t e i n F i g u r e 1 0 D (bottom) that b i n d i n g 
N 3 ~ to the met h e m o c y a n i n d e r i v a t i v e p r o d u c e s the same A l / B l charge -
transfer i n t e n s i t y p a t t e r n i n d i c a t i n g that a z i d e also b r i d g e s i n a cis μ-
1,3 g e o m e t r y i n m e t h e m o c y a n i n (56). 

T h e p r e c e d i n g d i s cuss i on shows that the p r e s e n c e o f m o r e t h a n t w o 
p e r o x i d e - t o - c o p p e r C T trans i t i ons i n o x y H c r e q u i r e s that this l i g a n d 
b r i d g e the c o p p e r centers . I n 1 9 8 9 , K i t a j i m a o b t a i n e d the first c r y s t a l 
s t r u c t u r e o f a s i d e - o n b r i d g i n g p e r o x i d e i n t r a n s i t i o n - m e t a l c h e m i s t r y 
(65, 66) a n d , i n 1 9 9 2 , M a g n u s d e t e r m i n e d that L i m u l u s p o l y p h e m u s 
o x y H c has the s i d e - o n b r i d g i n g s t r u c t u r e s h o w n i n F i g u r e 11 (top) (67). 
T h e V B C I m o d e l c a n t h e n b e u s e d to p r e d i c t the e n e r g y sp l i t t ings a n d 
s y m m e t r i e s a n d h e n c e the s e l e c t i o n r u l e s for t h e p e r o x i d e - t o - c o p p e r 
C T t rans i t i ons i n the ef fect ive D2h s y m m e t r y o f the s i d e - o n b r i d g e d site 
(the trans ax ia l H i s l i gands r e d u c e the site s y m m e t r y to C2h b u t have a 
s m a l l effect o n the spec t rum) (59, 60). B r i d g i n g the p e r o x i d e i n t h e s i d e -
o n s t r u c t u r e resul ts i n a s p l i t t i n g o f the π ν * i n t o t w o c o m p o n e n t s . T h e 
l o w - e n e r g y c o m p o n e n t is e l e c t r i c d i p o l e a l l o w e d (z) a n d s h o u l d a p p e a r 
i n the a b s o r p t i o n s p e c t r u m , b u t w i t h l i m i t e d i n t e n s i t y i n a s m u c h as i t is 
a 7T V* charge - t rans fe r t r a n s i t i o n . T h i s c a n b e assoc iated w i t h the 6 0 0 -
n m a b s o r p t i o n b a n d . T h e s e c o n d c o m p o n e n t o f the p e r o x i d e 7rv* c h a r g e -
transfer t r a n s i t i o n is p r e d i c t e d to b e o n l y m a g n e t i c d i p o l e a l l o w e d (R y ) 
a n d thus it s h o u l d c o n t r i b u t e to the C D b u t not a b s o r p t i o n s p e c t r u m . 
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Oxyhemocyanin and Oxytyrosinase 
Limulus Oxyhemocyanin X-ray Crystal Structure 
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Figure 11. Excited-state spectral assignments for the D 2 h μ-η2:*!2 peroxo-
copper unit in oxyhemocyanin and oxytyrosinase. 
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T h e 4 8 0 - n m C D feature c a n b e ass igned to th is t r a n s i t i o n . T h e 7Γσ* also 
spl i ts i n t o t w o bands w i t h the l o w e r - e n e r g y c o m p o n e n t b e i n g e l e c t r i c 
d i p o l e a l l o w e d a n d h a v i n g the d o m i n a n t a b s o r p t i o n i n t e n s i t y . T h i s c a n 
b e associated w i t h the 3 5 0 - n m absorpt i on b a n d i n o x y h e m o c y a n i n . T h u s , 
the s ide - on b r i d g i n g p e r o x i d e p r o d u c e s the t h r e e o b s e r v e d c h a r g e -
transfer t rans i t i ons w i t h one b e i n g present i n the C D b u t not the a b 
sorp t i on s p e c t r u m . H o w e v e r , one must s t i l l account for the h i g h in tens i ty 
a n d e n e r g y o f the 3 5 0 - n m 0 2

2 ~ ττσ* charge - t rans fe r t r a n s i t i o n a n d the 
l o w v i b r a t i o n a l f r e q u e n c y o f the O - O s t r e t c h . T h u s w e p r o c e e d to 
eva luate q u a n t i t a t i v e l y the e l e c t r o n i c s t r u c t u r e assoc iated w i t h the 
s i d e - o n b r i d g i n g p e r o x i d e a n d c o m p a r e th is to the m o r e c o m m o n l y o b 
s e r v e d e n d - o n b r i d g i n g p e r o x i d e s t r u c t u r e b o t h t h e o r e t i c a l l y a n d 
e x p e r i m e n t a l l y . 

B r o k e n - s y m m e t r y , s p i n - u n r e s t r i c t e d S C F - X a - S W M O ca l cu la t i ons 
w e r e p e r f o r m e d to d e s c r i b e the e l e c t r o n i c s t ruc tures assoc iated w i t h 
b o t h the e n d - o n a n d s i d e - o n b r i d g i n g p e r o x i d e g e o m e t r i c s t ruc tures 
(68, 69). T h e s e ca l cu la t i ons are a p p r o p r i a t e for 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 d i m e r s (70, 71). I n F i g u r e 1 2 , w e focus o n t h e i n t e r a c t i o n o f 
the h ighest o c c u p i e d m o l e c u l a r o r b i t a l ( H O M O ) a n d the l owes t u n o c 
c u p i e d m o l e c u l a r o r b i t a l ( L U M O ) , that are the s y m m e t r i c a n d a n t i s y m 
m e t r i c c o m b i n a t i o n s o f dx2_y2 o rb i ta l s o n e a c h c o p p e r , w i t h the v a l e n c e 
orb i ta l s o f the p e r o x i d e . F o r the e n d - o n b r i d g e d s t r u c t u r e ( F i g u r e 1 2 , 
left) , the b o n d i n g is consistent w i t h the qua l i ta t ive d e s c r i p t i o n p r e s e n t e d 
e a r l i e r . T h e p e r o x i d e π σ * o r b i t a l is s t a b i l i z e d t h r o u g h a b o n d i n g i n t e r 
a c t i o n w i t h the L U M O o n b o t h c o p p e r s . T h u s , i n the e n d - o n b r i d g e d 
g e o m e t r y p e r o x i d e acts as a σ d o n o r l i g a n d w i t h one b o n d i n g i n t e r a c t i o n 
w i t h e a c h o f the t w o c o p p e r s . A v e r y d i f f erent b o n d i n g d e s c r i p t i o n is 
o b t a i n e d for the s i d e - o n b r i d g e d p e r o x i d e . I n th is s t r u c t u r e , the π σ * 
o r b i t a l is aga in s t a b i l i z e d b y a σ d o n o r i n t e r a c t i o n w i t h the L U M O o n 
b o t h c o p p e r s . I n the s ide - on s t r u c t u r e the b o n d i n g / a n t i b o n d i n g i n t e r 
a c t i o n o f the 7τσ* o r b i t a l is l a r g e r t h a n i n the e n d - o n s t r u c t u r e because 
the p e r o x i d e n o w o c c u p i e s t w o c o o r d i n a t i o n pos i t i ons o n e a c h o f t h e 
t w o c o p p e r s . T h u s , p e r o x i d e behaves as an e x t r e m e l y s t r o n g σ d o n o r i n 
the s ide - on s t r u c t u r e . F u r t h e r m o r e , the s i d e - o n p e r o x i d e is p r e d i c t e d 
to have an a d d i t i o n a l b o n d i n g i n t e r a c t i o n w i t h the dx2_y2 o rb i ta l s o n the 
coppers . T h i s invo lves s tab i l i za t i on o f the H O M O t h r o u g h its i n t e r a c t i o n 
w i t h the h i g h - e n e r g y u n o c c u p i e d σ* o r b i t a l o n the p e r o x i d e . T h i s a d 
d i t i o n a l b o n d i n g i n t e r a c t i o n shifts e l e c t r o n d e n s i t y f r o m the c o p p e r ions 
onto the p e r o x i d e . T h u s , p e r o x i d e also acts as a π a c c e p t o r l i g a n d u s i n g 
this h i g h l y a n t i b o n d i n g σ* o r b i t a l . 

It was o f c r i t i c a l i m p o r t a n c e to eva luate e x p e r i m e n t a l l y this u n u s u a l 
e l e c t r o n i c s t r u c t u r e d e s c r i p t i o n for the s i d e - o n b r i d g e d p e r o x i d e a n d 
its r e l a t i o n to the s p e c t r a l features o f the μ-η2:η2 m o d e l c o m p l e x a n d 
o x y h e m o c y a n i n . T h i s e v a l u a t i o n was a c c o m p l i s h e d t h r o u g h a series o f 
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-θ!σ* 
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Figure 12. Electronic structures of the end-on cis-μ-1,2 (02υ) and side-on 
μ-η2:η2 (Ό20 models of the oxyhemocyanin active site. Wave function con
tours of the HOMO and LUMO and energy level diagrams showing dominant 
orbital contributions. 
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studies o f the charge - t rans fer a n d v i b r a t i o n a l s p e c t r a l features o f e n d -
o n (72) a n d s i d e - o n (73) b o u n d p e r o x i d e - c o p p e r m o d e l c o m p l e x e s p r e 
p a r e d b y K a r l i n (74) a n d K i t a j i m a (65, 66). T h e σ -donor a b i l i t y o f p e r 
o x i d e c a n b e r e l a t e d to the i n t e n s i t y (and e n e r g y (58)) o f the 7Γσ* -> 
Cu(I I ) charge - t rans fer t r a n s i t i o n ( F i g u r e 13) . T h e i d e a is that as the 
w a v e f u n c t i o n o f the o c c u p i e d 0 2

2 ~ 7τσ* o r b i t a l gains c o p p e r c h a r a c t e r , 
α (i .e. , the coef f i c ient for the a m o u n t o f c o p p e r c h a r a c t e r i n the w a v e 
f u n c t i o n is a ) , its σ -donor i n t e r a c t i o n w i t h the c o p p e r increases . T h i s 
w a v e f u n c t i o n g ives an a p p r o x i m a t i o n for the l i g a n d - t o - m e t a l c h a r g e -
transfer i n t e n s i t y that (a long w i t h g e o m e t r i c factors) is p r o p o r t i o n a l to 
a 2 . T h u s , the p e r o x i d e π σ * Cu( I I ) charge - t rans fe r i n t e n s i t y increases 
as its σ -donor i n t e r a c t i o n w i t h the c o p p e r increases . I f w e n o r m a l i z e to 
the 7τσ* charge - t rans fe r i n t e n s i t y o f the e n d - o n p e r o x i d e m o n o m e r c o m 
p l e x s h o w n i n F i g u r e 1 0 B , the 0 2

2 ~ charge - t rans fe r i n t e n s i t y o f the trans 
μ-1,2 e n d - o n b r i d g e d c o m p l e x increases b y a factor o f t w o , cons is tent 
w i t h p e r o x i d e b i n d i n g to e a c h o f t w o Cu( I I ) ions . A l t h o u g h no cis m o d e l 
c o m p l e x exists , o u r Χ α c a l c u l a t i o n s i n d i c a t e that p e r o x i d e b i n d i n g i n 
this g e o m e t r y s h o u l d have a s imi lar σ -donor i n t e r a c t i o n w i t h the coppers 
as p e r o x i d e b r i d g e d i n the trans c o m p l e x . H o w e v e r , the s i d e - o n b r i d g e d 
μ-η2:η2 c o m p l e x a n d o x y h e m o c y a n i n e x h i b i t an e x t r e m e l y in tense π σ * 
charge - t rans fer t r a n s i t i o n . T h e i n t e n s i t y o f th is t r a n s i t i o n quant i ta tes to 
~ 4 t imes the σ -donor i n t e r a c t i o n o f p e r o x i d e b o u n d to a s ing le Cu ( I I ) 
i o n . T h i s is cons is tent w i t h the Χ α c a l c u l a t i o n s a n d the fact that i n this 
g e o m e t r y p e r o x i d e has f our b o n d i n g i n t e r a c t i o n s w i t h the t w o Cu( I I ) 
ions. T h e e x t r e m e l y h i g h in tens i ty o f the 3 5 0 - n m b a n d i n o x y h e m o c y a n i n 
also quant i tates to h a v i n g ~ 4 σ -donor i n t e r a c t i o n s w i t h the b i n u c l e a r 
c o p p e r site cons is tent w i t h the s i d e - o n p e r o x i d e b r i d g e d s t r u c t u r e o f 
o x y h e m o c y a n i n . 

O n e c a n p r o b e the 7r-acceptor a b i l i t y o f the p e r o x i d e t h r o u g h a 
s tudy o f its i n t r a l i g a n d s t r e t c h i n g force constant (and h e n c e O - O b o n d 
s trength) , w h i c h is o b t a i n e d f r o m a n o r m a l c o o r d i n a t e analys is ( N C A ) 
o f v i b r a t i o n a l s p e c t r a ( F i g u r e 13) . O n e w o u l d expec t th is f orce constant 
to increase as the σ -donor i n t e r a c t i o n o f the p e r o x i d e w i t h the c o p p e r 
increases , because this i n c r e a s e d i n t e r a c t i o n r e m o v e s the e l e c t r o n d e n 
sity f r o m a π-antibonding o r b i t a l o n the p e r o x i d e that increases its i n 
t r a l i g a n d b o n d s t r e n g t h . T h i s increase i n b o n d s t r e n g t h is o b s e r v e d ex
p e r i m e n t a l l y b y c o m p a r i n g the e n d - o n m o n o m e r to the trans e n d - o n 
d i m e r , i n w h i c h the O - O v i b r a t i o n a l f r e q u e n c y increases f r o m 8 0 3 to 
8 3 2 c m - 1 . T h i s increase i n v i b r a t i o n a l f r e q u e n c y is cons is tent w i t h the 
trans e n d - o n d i m e r h a v i n g σ -donor i n t e r a c t i o n s w i t h t w o c o p p e r s (72). 
H o w e v e r , o n g o i n g to the s i d e - o n p e r o x o b r i d g i n g g e o m e t r y , the O - O 
s t re t ch ing f r e q u e n c y d r a m a t i c a l l y decreases i n the μ-η2:η2 m o d e l c o m p l e x 
a n d o x y h e m o c y a n i n , yet i n this g e o m e t r y the p e r o x i d e is the strongest 
σ d o n o r , b a s e d o n the h i g h charge - t rans fe r i n t e n s i t y assoc iated w i t h f our 
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b o n d i n g in te rac t i ons to the t w o Cu( I I ) i ons . A l t h o u g h the m e c h a n i c a l 
c o u p l i n g o f the v i b r a t i o n s i n th is g e o m e t r y is c o m p l i c a t e d , a n o r m a l 
c o o r d i n a t e analysis o n the s i d e - o n b r i d g e d m o d e l c o m p l e x g ives a s i g 
n i f i c a n t l y l o w e r O - O force constant i n d i c a t i n g an e x t r e m e l y w e a k O -
O b o n d (73). T h i s is e x p e r i m e n t a l e v i d e n c e c o n f i r m i n g the Χ α c a l c u l a t e d 
p r e d i c t i o n that s ide -on b r i d g e d p e r o x i d e also part i c ipates i n a 7r-acceptor 
i n t e r a c t i o n w i t h the c o p p e r s that shifts some e l e c t r o n d e n s i t y i n t o the 
s t rong ly a n t i b o n d i n g σ* o r b i t a l o n the p e r o x i d e . 

W i t h the n o v e l e l e c t r o n i c s t r u c t u r e o f t h e s i d e - o n b r i d g e d p e r o x y -
b i n u c l e a r c u p r i c site o f o x y h e m o c y a n i n a n d oxy tyros inase h a v i n g b e e n 
d e t e r m i n e d , it is n o w poss ib le to eva luate e l e c t r o n i c s t r u c t u r e c o n t r i 
b u t i o n s to the func t i ons o f these p r o t e i n ac t ive sites (68, 69) ( F i g u r e 
14). T h e c o m b i n a t i o n o f s t rong σ-donor a n d π-acceptor interact ions w i t h 
the c o p p e r s leads to a v e r y s t r o n g d i o x y g e n - c o p p e r b o n d i n the s i d e -
o n s t r u c t u r e that w o u l d c o n t r i b u t e to r e v e r s i b l e 0 2 b i n d i n g a n d , i n p a r 
t i c u l a r , s tabi l i ze the b o u n d p e r o x i d e w i t h respect to decay to the inac t ive 
met site i n h e m o c y a n i n . T h e s e b o n d i n g i n t e r a c t i o n s f u r t h e r p r o v i d e a 
m a j o r e l e c t r o n i c s t r u c t u r e c o n t r i b u t i o n to the m e c h a n i s m o f d i o x y g e n 
a c t i v a t i o n i n oxytyros inase . T h e s t rong σ -donor i n t e r a c t i o n w i t h the 
coppers results i n a less negat ive p e r o x i d e , p r o m o t i n g e l e c t r o p h i l i c attack 
o n substrate w h i l e the π a c c e p t o r c o n t r i b u t i o n to the b o n d i n g shifts a 
s m a l l a m o u n t o f e l e c t r o n d e n s i t y i n t o the p e r o x i d e σ* o r b i t a l that leads 
to an e x t r e m e l y w e a k O - O b o n d a c t i v a t i n g i t for c l eavage . A s s h o w n i n 
F i g u r e 14 , w e f o u n d that a m a j o r d i f f e rence b e t w e e n h e m o c y a n i n a n d 
tyros inase is that the p h e n o l i c substrate c a n access a n d b i n d to the C u 
c e n t e r i n tyros inase . T h e substrate t h e n c o n t r i b u t e s e l e c t r o n d e n s i t y 
in to the L U M O , w h i c h is a n t i b o n d i n g w i t h respec t to b o t h the O - O a n d 
C u - O b o n d s , a n d thus f u r t h e r in i t ia tes o x y g e n trans fer i n catalys is . 

Multicopper Oxidases 
T h e final s e c t i on o f this c h a p t e r focuses o n the m u l t i c o p p e r oxidases . 
T h e m u l t i c o p p e r oxidases use at least f our c o p p e r i ons , w h i c h are 
g r o u p e d i n t o t h r e e types b a s e d o n t h e i r s p e c t r a l p r o p e r t i e s , to c o u p l e 
f our o n e - e l e c t r o n ox idat i ons o f substrate to the f o u r - e l e c t r o n r e d u c t i o n 
o f d i o x y g e n to w a t e r ( F i g u r e 15) . T w o o f t h e c o p p e r s f o r m an 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 p a i r that is r e f e r r e d to as a t y p e 3 c enter . T h e 
t y p e 1 c e n t e r is a b l u e c o p p e r site as d i s cussed e a r l i e r , a n d the t y p e 2 
c o p p e r is " n o r m a l " i n the sense o f h a v i n g a t e t r a g o n a l Cu ( I I ) E P R spec 
t r u m (g„ > gL> 2 . 0 0 , A,, > 1 4 0 Χ 1 0 " 4 c m " 1 ) a n d w e a k l i g a n d field 
a b s o r p t i o n features i n the v i s i b l e s p e c t r u m (75) as d i s cussed e a r l i e r for 
n o r m a l c o p p e r c o m p l e x e s . L a c c a s e is the s imples t o f the m u l t i c o p p e r 
oxidases a n d contains one o f each t y p e o f c en ter for a to ta l o f f our c o p p e r 
ions i n the na t ive e n z y m e ( J , 2, 76-80). U n d e r s t a n d i n g the r e a c t i v i t y o f 
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LUMO 

7 i l 
Cu (dx2_y2 + dx2_y2) 

strong σ-donor (0 2
2 _ π*) 

Ν 

Ν 
e u : 

-o> 
I 

CU (dx2_y2-dx2_y2) 

π-acceptor (0 2
2 _ σ*) 

,N 

\ Ν 

• Strong σ-donor and π-acceptor - » stable Of-copper 
bond in oxyhemocyanin 

• Electronic Activation of Oxygen in Oxytyrosinase 

- strong σ-donor -> less negative peroxide 

- π-acceptor (0 2
2 _ σ*) - » weak 0-0 bond 

- substrate coordinates to Cu -> e' density donation to 
LUMO (antibonding with respect to 0-0 and Cu-O 
bonds) activates oxygen transfer 

Ρ 
Ν. I Λ 

A 
;cu; 

N ' 
Cu 

. N 

Ν 

0 }m* 

Cu' /̂ .Cu 
Ν ^ P - ^ Ν 

δ 

Figure 14. Electronic structural contributions to oxygen binding and ac
tivation in hemocyanin and tyrosinase. 
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Reactivity 

4AH + 0 2 > 4A + 2H20 

Number of Centers 

Multicopper Oxidases: Type 1 Type 2 Type 3 Total Cu 
(Blue) (Normal) (Coupled 

Binuclear) 
Laccase 1 1 1 4 
Ascorbate Oxidase 2 2 2 8 
Ceruloplasmin 2 1 1 or 2 5-7 

Laccase Derivatives: 

Type 2 Depleted (T2D) 1 1 3 
Type 1 Hg Sub. (T1 Hg) Hg2+ 1 1 3 

Figure 15. Multicopper oxidases: reactivity and stoichiometry. 

th is e n z y m e is a c o m p l e x p r o b l e m , a n d t w o d e r i v a t i v e s have s e r v e d to 
s impl i f y this system. I n t y p e 2 d e p l e t e d ( T 2 D ) laccase, the t y p e 2 c o p p e r 
is r e v e r s i b l y r e m o v e d l e a v i n g the t y p e 1 a n d t y p e 3 centers (81). T h e 
t y p e 1 m e r c u r y s u b s t i t u t e d d e r i v a t i v e ( T l H g ) is f o r m e d b y r e p l a c i n g 
the t y p e 1 c o p p e r w i t h the s p e c t r o s c o p i c a n d r e d o x i n n o c e n t m e r c u r i c 
i o n (82). 

T h e goa l o f o u r r e s e a r c h o n the m u l t i c o p p e r oxidases has b e e n to 
d e t e r m i n e the s p e c t r a l features o f the t y p e 3 (and t y p e 2) c en ters , to 
use these s p e c t r a l features to de f ine g e o m e t r i c a n d e l e c t r o n i c s t r u c t u r a l 
d i f ferences r e l a t i v e to h e m o c y a n i n a n d tyros inase , a n d to u n d e r s t a n d 
h o w these s t ruc tura l di f ferences c o n t r i b u t e to t h e i r v a r i a t i o n i n b i o l o g i c a l 
f u n c t i o n . T h e h e m o c y a n i n s a n d tyros inases r e v e r s i b l y b i n d a n d ac t ivate 
d i o x y g e n w h e r e a s the m u l t i c o p p e r oxidases c a t a l y z e its f o u r - e l e c t r o n 
r e d u c t i o n to w a t e r . 

W e start b y d e f i n i n g the s p e c t r a l features assoc iated w i t h e a c h t y p e 
o f c o p p e r i n n a t i v e a n d T 2 D laccase ( F i g u r e 16) . T h e E P R s p e c t r u m o f 
the nat ive e n z y m e conta ins c o n t r i b u t i o n s f r o m t w o d i s t i n c t c u p r i c sites 
( F i g u r e 1 6 A ) ; one w i t h a la rge a n d a s e c o n d w i t h a s m a l l p a r a l l e l h y -
p e r f i n e s p l i t t i n g . T h e s e h a v e b e e n ass igned to the t y p e 2 a n d t y p e 1 
c o p p e r sites, r e s p e c t i v e l y . T h e E P R s p e c t r u m o f the T 2 D d e r i v a t i v e 
conta ins a s ing le c o m p o n e n t , w i t h a s m a l l h y p e r f i n e c o u p l i n g , that is 
ass igned to the t y p e 1 c o p p e r c e n t e r (83). T h e t y p e 3 c o p p e r atoms are 
E P R n o n d e t e c t a b l e a n d , b y analogy to h e m o c y a n i n a n d tyros inase , c a n 
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b e c o n s i d e r e d to b e a c o u p l e d b i n u c l e a r c o p p e r s ite . T h e a b s o r p t i o n 
s p e c t r u m o f na t ive a n d T 2 D laccase ( F i g u r e 16B) exh ib i t s an in tense 
t h i o l a t e S Cu ( I I ) charge - t rans fe r t r a n s i t i o n at 6 0 0 n m , w h i c h is as
s i g n e d to the t y p e 1 c o p p e r c e n t e r (4). T h e o n l y s p e c t r a l f ea ture that 
has b e e n assoc iated w i t h the t y p e 3 c e n t e r is the a b s o r p t i o n b a n d c e n 
t e r e d at 3 3 0 n m (e ~ 3 0 0 0 M " 1 c m " 1 ) . T h i s b a n d decreases i n i n t e n s i t y 
w i t h r e d u c t i o n o f the p r o t e i n b y t w o e l e c t rons (at the same p o t e n t i a l ) . 
T h e 3 3 0 - n m s p e c t r a l r e g i o n is e x p e c t e d to c o n t a i n h i s t i d i n e a n d h y 
d r o x i d e - t o - t y p e 3 Cu( I I ) charge - t rans fe r t rans i t i ons (84). 

T h e ass ignment o f the 3 3 0 - n m a b s o r p t i o n b a n d i n na t ive laccase to 
the t y p e 3 c e n t e r , h o w e v e r , was c o m p l i c a t e d b y the absence o f a 3 3 0 -
n m b a n d i n the a b s o r p t i o n s p e c t r u m o f T 2 D laccase ( w h i c h s t i l l c onta ins 
a t y p e 3 site) ( F i g u r e 1 6 B ) . W e d i s c o v e r e d a k e y r e a c t i o n that c l a r i f i e d 
the ass ignment o f the 3 3 0 - n m a b s o r p t i o n b a n d . A d d i t i o n o f p e r o x i d e to 
T 2 D laccase leads to the r e a p p e a r a n c e o f the 3 3 0 - n m b a n d (85). T h i s 
ind i ca tes that the t y p e 3 site i n T 2 D laccase was r e d u c e d (even w h e n 
exposed to d ioxygen) b u t that the s tronger ox idant , p e r o x i d e , was capable 
o f o x i d i z i n g the t y p e 3 c e n t e r . T h i s finding was c o n f i r m e d u s i n g X - r a y 
a b s o r p t i o n studies at the C u K - e d g e ( 9 0 0 0 e V ) (86). T h e T 2 D d e r i v a t i v e 
exh ib i t s a p e a k at 8 9 8 4 e V ( F i g u r e 1 6 C ) that is c h a r a c t e r i s t i c o f Cu ( I ) 
i n a t h r e e - c o o r d i n a t e s ite . T h e m a g n i t u d e o f the 8 9 8 4 - e V b a n d c o u l d 
b e quant i ta ted u s i n g a n o r m a l i z e d edge m e t h o d that w e have d e v e l o p e d . 
W e d e t e r m i n e d that the T 2 D d e r i v a t i v e c o n t a i n e d a f u l l y r e d u c e d t y p e 
3 s i te . A d d i t i o n o f p e r o x i d e e l i m i n a t e d the 8 9 8 4 - e V p e a k , w h i c h i n d i 
cates that p e r o x i d e f u l l y o x i d i z e s the t y p e 3 c e n t e r to f o r m a m e t 
T 3 s ite . 

H a v i n g d e f i n e d the T 2 D d e r i v a t i v e , w e c o u l d s tudy the t y p e 3 site 
i n the absence o f the t y p e 2 c o p p e r a n d c o m p a r e it to the c o u p l e d 
b i n u c l e a r site i n h e m o c y a n i n a n d tyros inase ( F i g u r e s 17 a n d 18) . F i r s t , 
as d e m o n s t r a t e d f r o m the X - r a y edges i n F i g u r e 1 6 C , the f u l l y r e d u c e d 
t y p e 3 site is s t r i k i n g l y d i f ferent f r o m that o f h e m o c y a n i n a n d tyros inase 
i n a s m u c h as i t does not react w i t h d i o x y g e n (85, 86). P e r o x i d e does 
o x i d i z e the s i te , a n d w e c a n f u r t h e r c o m p a r e this m e t t y p e 3 c e n t e r i n 
laccase to m e t h e m o c y a n i n . A s w i t h h e m o c y a n i n , the m e t t y p e 3 site i n 
the m u l t i c o p p e r oxidases is s t r ong ly 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 (49, 
50, 75). T h i s ind i ca tes the p r e s e n c e o f an e n d o g e n o u s h y d r o x i d e b r i d g e , 
w h i c h has b e e n c o n f i r m e d b y X - r a y c r y s t a l l o g r a p h y (87). 

O n e - e l e c t r o n r e d u c t i o n o f m e t d e r i v a t i v e s o f h e m o c y a n i n a n d T 2 D 
laccase p r o d u c e s the m i x e d - v a l e n t h a l f - m e t sites that e x h i b i t d r a m a t i c 
d i f ferences ( F i g u r e 18) . I n p a r t i c u l a r , h a l f - m e t h e m o c y a n i n has v e r y 
u n u s u a l c o o r d i n a t i o n c h e m i s t r y w i t h respec t to exogenous l i g a n d b i n d 
i n g . F o r e x a m p l e , a z i d e b i n d s to this h a l f - m e t ac t ive site w i t h an e q u i 
l i b r i u m b i n d i n g constant that is m o r e t h a n t w o o rder s o f m a g n i t u d e 
greater t h a n that o f a z i d e b i n d i n g to aqueous C u ( I I ) , a n d this b i n d i n g 
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154 MECHANISTIC BIOINORGANIC CHEMISTRY 

results i n q u i t e u n u s u a l m i x e d - v a l e n t s p e c t r a l features (88). W e h a v e 
s t u d i e d this u n u s u a l h a l f - m e t h e m o c y a n i n c h e m i s t r y a n d s p e c t r o s c o p y 
i n some d e t a i l (88) a n d d e t e r m i n e d that these d e r i v e f r o m the fact that 
exogenous l igands b r i d g e b e t w e e n the Cu( I I ) a n d C u ( I ) o f th is m i x e d -
va lent site ( F i g u r e 1 8 A , b o t t o m ) . A l t e r n a t i v e l y , the h a l f - m e t t y p e 3 site 
i n T 2 D laccase exh ib i t s n o r m a l Cu( I I ) E P R s p e c t r a for a l l exogenous 
l i g a n d - b o u n d forms a n d has an e q u i l i b r i u m b i n d i n g constant cons is tent 
w i t h aqueous Cu( I I ) c h e m i s t r y , i n d i c a t i n g that the exogenous l i gands 
b i n d t e r m i n a l l y to the Cu( I I ) o f the h a l f - m e t t y p e 3 site (84). T h i s d i f 
f e rence i n exogenous l i g a n d b i n d i n g modes ( b r i d g i n g vs. t e r m i n a l ) d i 
r e c t l y corre la tes w i t h d i f ferences i n 0 2 r e a c t i v i t y o f these b i n u c l e a r 
c o p p e r sites as d e s c r i b e d above i n that o n l y the d e o x y h e m o c y a n i n site 
r e v e r s i b l y b i n d s d i o x y g e n ( F i g u r e 1 8 A ) . 

T h e c o m b i n a t i o n o f the t y p e 3 w i t h the t y p e 2 c enter does, o f course , 
react w i t h d i o x y g e n i n the nat ive e n z y m e . T h i s r e a c t i o n l e d us to c ons ider 
exogenous l i g a n d i n t e r a c t i o n s w i t h b o t h the t y p e 3 a n d t y p e 2 c o p p e r s 
i n nat ive laccase. A n a p p r o p r i a t e spec tra l m e t h o d to s tudy the i n t e r a c t i o n 
o f exogenous l i gands w i t h e a c h c e n t e r is l o w - t e m p e r a t u r e M C D spec 
t roscopy , w h i c h a l lows c o r r e l a t i o n o f excited-state features w i t h g r o u n d -
state p r o p e r t i e s (89-91). I n p a r t i c u l a r , the p a r a m a g n e t i c t y p e 2 c o p p e r 
exh ib i t s v e r y d i f ferent l o w - t e m p e r a t u r e M C D features r e l a t i v e to the 
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 t y p e 3 c e n t e r ( F i g u r e 19) . F o r the t y p e 
2 c e n t e r , b o t h the g r o u n d a n d e x c i t e d states have S = lfa a n d sp l i t i n a 
m a g n e t i c field. T h e s e l e c t i o n r u l e s for M C D s p e c t r o s c o p y p r e d i c t that 
t h e r e s h o u l d b e t w o t rans i t i ons to a g i v e n e x c i t e d state that are o f e q u a l 
m a g n i t u d e b u t o f oppos i t e s ign . A s the Z e e m a n s p l i t t i n g w i l l b e o n the 
o r d e r o f 10 c m " 1 a n d absorpt i on bands are o n the o r d e r o f a f ew t h o u s a n d 
c m " 1 b r o a d , the p o s i t i v e a n d negat ive bands w i l l m o s t l y c a n c e l a n d p r o 
d u c e a b r o a d , w e a k , d e r i v a t i v e - s h a p e d M C D s igna l k n o w n as an A - t e r m . 
T h i s is o b s e r v e d i f b o t h c o m p o n e n t s o f the g r o u n d state are e q u a l l y 
p o p u l a t e d . H o w e v e r , as one l o w e r s the t e m p e r a t u r e the B o l t z m a n n 
p o p u l a t i o n o f the h i g h e r - e n e r g y c o m p o n e n t is r e d u c e d , c a n c e l l a t i o n no 
l o n g e r o c curs , a n d one observes i n t e n s e , l o w - t e m p e r a t u r e M C D signals 
k n o w n as C - t e r m s . T h e s e c a n b e t w o to t h r e e o rders o f m a g n i t u d e m o r e 
intense t h a n the h i g h - t e m p e r a t u r e M C D signals . 

F o r the t y p e 3 c e n t e r , the 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 leads to an S 
= 0 g r o u n d state that cannot sp l i t i n a m a g n e t i c field. T h u s , th is site 
does not e x h i b i t C - t e r m i n t e n s i t y a n d the l o w - t e m p e r a t u r e M C D spec 
t r u m o f nat ive laccase w i l l b e d o m i n a t e d b y the in tense C - t e r m s asso
c i a t e d w i t h p a r a m a g n e t i c c o p p e r centers (89, 90). 

L o w - t e m p e r a t u r e M C D s p e c t r o s c o p y was u s e d to p r o b e the effects 
o f b i n d i n g the exogenous l i g a n d az ide to nat ive laccase (89, 90). T i t r a t i o n 
o f the na t ive e n z y m e w i t h a z i d e p r o d u c e s t w o N 3 ~ Cu( I I ) c h a r g e -
trans fer t rans i t i ons : one at 5 0 0 n m a n d a s e c o n d m o r e in tense b a n d at 
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T 2 ( S = 1/2) 

+ 1/2 

Ψ θ ( δ = 1/2) 
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•hv 
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hv 

Figure 19. Model for the temperature dependence of the MCD bands of 
native laccase. A: Transitions and band profiles associated with type 2 copper. 
B: Transitions and band profiles associated with type 3 copper. Note the 
difference in temperature dependence of the MCD signal as described in the 
text. 

4 0 0 n m ( F i g u r e 2 0 A ) . T h e i n t e n s i t y o f the 4 0 0 - n m b a n d as a f u n c t i o n 
o f a z i d e c o n c e n t r a t i o n is p l o t t e d as a d a s h e d l i n e i n F i g u r e 2 0 C . O n e 
c a n use l o w - t e m p e r a t u r e M C D to c o r r e l a t e these exc i ted -s tate features 
to spec i f i c c o p p e r centers . T h e 5 0 0 - n m a b s o r p t i o n b a n d has a negat ive 
l o w - t e m p e r a t u r e M C D s igna l assoc iated w i t h i t at 4 8 5 n m that increases 
i n m a g n i t u d e w i t h i n c r e a s i n g a z i d e c o n c e n t r a t i o n ( F i g u r e 2 0 B ) . T h e 
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5. S O L O M O N E T AL. Active Sites in Copper Proteins 1 5 7 

i n t e n s i t y o f this M C D feature is p l o t t e d as a s o l i d l i n e i n F i g u r e 2 0 C . 
T h e 5 0 0 - n m absorpt i on b a n d has a c o r r e s p o n d i n g l o w - t e m p e r a t u r e M C D 
s igna l ; thus i t must b e assoc iated w i t h a z i d e b i n d i n g to t h e p a r a m a g n e t i c 
t y p e 2 c enter . T h e r e is also an M C D s igna l i n the r e g i o n o f the 4 0 0 - n m 
a b s o r p t i o n b a n d ; h o w e v e r , i t does not e x h i b i t the same b e h a v i o r as the 
a b s o r p t i o n i n t e n s i t y ( F i g u r e 2 0 B ) . T h e 3 8 5 - n m M C D s igna l first i n 
creases a n d t h e n decreases i n i n t e n s i t y w i t h i n c r e a s i n g a z i d e c o n c e n 
t r a t i o n . Its m a g n i t u d e is p l o t t e d as the d o t - d a s h l i n e i n F i g u r e 2 0 C . 
A l t h o u g h the l o w - t e m p e r a t u r e M C D s igna l does not c o r r e l a t e w i t h the 
4 0 0 - n m a b s o r p t i o n b a n d , i t does c o r r e l a t e w i t h an u n u s u a l g = 1.86 
s igna l i n the E P R s p e c t r u m ( F i g u r e 2 0 D ) , w h i c h w e h a v e s h o w n to b e 
assoc iated w i t h < 1 0 % o f the t y p e 3 sites that b e c o m e p r o t o n a t i v e l y 
u n c o u p l e d (and h e n c e paramagnet i c ) u p o n b i n d i n g a z i d e . T h u s , the i n 
tense 4 0 0 - n m a b s o r p t i o n b a n d has no l o w - t e m p e r a t u r e M C D s igna l as
soc ia ted w i t h i t , a n d it must c o r r e s p o n d to a z i d e b o u n d to the M C D -
si lent c o u p l e d t y p e 3 c enter . 

T h e l o w - t e m p e r a t u r e M C D a n d a b s o r p t i o n t i t r a t i o n studies ( F i g u r e 
10) have d e t e r m i n e d that a z i d e b i n d s to b o t h the t y p e 2 a n d t y p e 3 
centers w i t h s imi lar b i n d i n g constants. A series o f c h e m i c a l p e r t u r b a t i o n s 
a n d s t o i c h i o m e t r y studies have s h o w n that these effects are assoc iated 
w i t h the same a z i d e . T h i s demonstra tes that one N 3 ~ b r i d g e s b e t w e e n 
the t y p e 2 a n d t y p e 3 centers i n laccase . T h e s e a n d o t h e r results f r o m 
M C D spec t ros copy first d e f i n e d the p r e s e n c e o f a t r i n u c l e a r c o p p e r 
c luster act ive site i n b i o l o g y (89). A t h i g h e r az ide c o n c e n t r a t i o n , a s e cond 
a z i d e b i n d s to the t r i n u c l e a r site i n laccase . M e s s e r s c h m i d t et a l . have 
d e t e r m i n e d f r o m X - r a y c r y s t a l l o g r a p h y that a t r i n u c l e a r c o p p e r c l u s t e r 
site is also present i n ascorbate oxidase (87, 92) a n d h a v e o b t a i n e d a 
c r y s t a l s t r u c t u r e for a t w o - a z i d e - b o u n d d e r i v a t i v e (87). It appears that 
some di f ferences exist b e t w e e n the t w o - a z i d e - b o u n d laccase a n d as
co rbate oxidase d e r i v a t i v e s , a n d it w i l l b e i m p o r t a n t to s p e c t r o s c o p i c a l l y 
c o r r e l a t e b e t w e e n these sites. 

H a v i n g d e m o n s t r a t e d that the t y p e 3 c e n t e r must b e v i e w e d as p a r t 
o f a t r i n u c l e a r c o p p e r c lus te r , i n c l u d i n g the t y p e 2 c e n t e r , i t was i m 
por tant to d e t e r m i n e w h i c h c o p p e r s are r e q u i r e d for the r e a c t i v i t y o f 
the m u l t i c o p p e r oxidases w i t h d i o x y g e n . W e h a d a l r e a d y d e m o n s t r a t e d 
u s i n g X - r a y a b s o r p t i o n edges ( F i g u r e 1 6 C ) that a r e d u c e d t y p e 3 c e n t e r 
i n the p r e s e n c e o f an o x i d i z e d t y p e 1 c e n t e r does not react w i t h 0 2 (85, 
86). W e next l o o k e d at the r e a c t i v i t y o f the f u l l y r e d u c e d T 2 D [ T l r e c i 
T3 r e d] d e r i v a t i v e w i t h 0 2 . T h i s h a d b e e n g e n e r a l l y v i e w e d as the c o m 
b i n a t i o n o f c o p p e r centers i n laccase r e q u i r e d for d i o x y g e n r e a c t i v i t y 
i n the m e c h a n i s t i c proposa ls i n the l i t e r a t u r e (93, 94). F r o m F i g u r e 2 1 A 
it is c l ear that the 8 9 8 4 - e V - r e d u c e d C u K - e d g e peak does not c h a n g e 
o n exposure o f f u l l y r e d u c e d T 2 D laccase to 0 2 . T h i s ind i ca tes that the 
t y p e 2 c e n t e r is r e q u i r e d for d i o x y g e n r e a c t i v i t y . T h u s , the C u K - e d g e 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
6.

ch
00

5

In Mechanistic Bioinorganic Chemistry; Thorp, H., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1996. 



1 
I 

T
2

D 
1 

1 

Cu
(l)

 
/ 

89
84

 e
V 

/ 
\

J 

re
du

ce
d 

—
 

+
o

o 2 
1 

1 

89
70

 
89

80
 

89
90

 
90

00
 

En
er

gy
 (

eV
) 

90
10

 
90

20
 

Β
 

I 
1 

T
1 

H
g 

·'
~

*\
 

cu
(i)
 h

 
89

84
 e

V 
/'

 

l 
s 

' 

1 
1 

re
du

ce
d 

I  
t' 

+
O

o 

J 
-'"

 
2 

" 
l 

89
70

 
89

80
 

89
90

 
90

00
 

90
10

 
En

er
gy

 (
eV

) 
90

20
 

ty
pe

 1
 

[ty
pe

 2
 

ty
pe

 3
] 

ty
pe

 1
 

[ty
pe

 2
 

ty
pe

 3
] 

C
u

2
+

 

C
u

+
 

T1
Hg

 
Hg

2+
 

T2
D

 {
 

[—
-

[—
-

[C
u+

 

C
u+

C
u+

] 
C

u+
C

u+
] 

C
u+

C
u+

] 

r 
C

u
2

+
 

T2
D

 {
 

r
j

l
+ 

T1
Hg

 
Cû
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5. S O L O M O N E T AL. Active Sites in Copper Proteins 1 5 9 

s p e c t r a o f the T l H g d e r i v a t i v e , w h i c h conta ins a v a l i d t y p e 2 / t y p e 3 
t r i n u c l e a r c o p p e r c lus ter , was i n v e s t i g a t e d . F r o m F i g u r e 2 I B , the f u l l y 
r e d u c e d t r i n u c l e a r c o p p e r c l u s t e r site r a p i d l y reacts w i t h 0 2 e l i m i n a t i n g 
the 8 9 8 4 - e V peak . T h u s , t h e t r i n u c l e a r c o p p e r c l u s t e r is the m i n i m u m 
s t r u c t u r a l u n i t r e q u i r e d for 0 2 r e d u c t i o n (95). 

B e c a u s e the m e r c u r i c i o n i n T l H g laccase is r e d o x i n a c t i v e , th is 
d e r i v a t i v e has one less e l e c t r o n e q u i v a l e n t ava i lab le for 0 2 r e d u c t i o n 
t h a n nat ive laccase . T h i s p r o p e r t y e n a b l e d us to s t a b i l i z e an o x y g e n 
i n t e r m e d i a t e i n T l H g laccase . A c o m b i n a t i o n o f l o w - t e m p e r a t u r e M C D 
a n d X A S has d e m o n s t r a t e d that t w o c o p p e r s o f the t r i n u c l e a r c l u s t e r 
are o x i d i z e d i n th is i n t e r m e d i a t e (41). T h u s , t w o e l e c t r o n s have b e e n 
t r a n s f e r r e d to d i o x y g e n a n d th is spec ies c o r r e s p o n d s to a p e r o x i d e l e v e l 
i n t e r m e d i a t e that c a n be c o m p a r e d to the p e r o x o - b i n u c l e a r c u p r i c sites 
i n o x y h e m o c y a n i n a n d oxy tyros inase . A s is c l ear f r o m F i g u r e 2 2 A , the 
p e r o x i d e i n t e r m e d i a t e i n laccase has a s t r i k i n g l y di f ferent charge - trans fer 
s p e c t r u m f r o m that o f o x y h e m o c y a n i n a n d oxy tyros inase . T h i s r e q u i r e s 
a d i f ferent g e o m e t r i c a n d e l e c t r o n i c s t r u c t u r e for th is p e r o x y - t r i n u c l e a r 
c o p p e r c lus ter site (41). D e t a i l e d s p e c t r a l s tudies o n th is i n t e r m e d i a t e 
are p r e s e n t l y u n d e r w a y ( S h i n , W . ; C o l e , J . L . ; R o o t , D . E . ; S o l o m o n , 
Ε. I . , u n p u b l i s h e d results ) . H o w e v e r , at th is p o i n t o u r d a t a i n d i c a t e that 
it c o r r e s p o n d s to a h y d r o p e r o x i d e b o u n d e n d - o n to one o f the c o p p e r s 
o f an o x i d i z e d t y p e 3 c e n t e r a n d also l i k e l y b r i d g i n g to a r e d u c e d t y p e 
2 c o p p e r c e n t e r ( F i g u r e 2 2 B ) . M e s s e r s c h m i d t et a l . have s ince o b t a i n e d 
a c r y s t a l s t r u c t u r e o f a l ow-a f f in i ty p e r o x i d e - b o u n d a d d u c t o f ascorbate 
oxidase that is also d e s c r i b e d as h a v i n g h y d r o p e r o x i d e e n d - o n b o u n d to 
one o f the t y p e 3 c o p p e r s . (This p e r o x i d e a d d u c t has the t h r e e c o p p e r s 
o f the t r i n u c l e a r c l u s t e r u n b r i d g e d a n d t h e r e f o r e u n c o u p l e d i n contrast 
to the o x y g e n i n t e r m e d i a t e o f T l H g laccase.) T h e o x y g e n i n t e r m e d i a t e 
o f T l H g laccase ind i ca tes the m e c h a n i s t i c r e l e v a n c e o f a e n d - o n 
h y d r o p e r o x i d e - b o u n d f o r m o f the p r o t e i n . T h i s d i f f e rence i n p e r o x 
i d e b i n d i n g r e l a t i v e to h e m o c y a n i n a n d tyros inase appears to p l a y a 
k e y r o l e i n s t a b i l i z i n g the p e r o x i d e i n t e r m e d i a t e a n d p r o m o t i n g its 
i r r e v e r s i b l e f u r t h e r r e d u c t i o n to w a t e r at the t r i n u c l e a r c o p p e r c l u s 
t e r s i te . 

Summary 

A t this p o i n t the u n i q u e s p e c t r a l features assoc iated w i t h the m a j o r 
classes o f ac t ive sites i n c o p p e r p r o t e i n s are r easonab ly w e l l u n d e r s t o o d 
a n d def ine act ive site e l e c t ron i c s tructures that p r o v i d e s igni f icant ins ight 
in to t h e i r r eac t i v i t i e s i n b i o l o g y . F o r the b l u e c o p p e r sites, w e d e t e r 
m i n e d that the u n i q u e s p e c t r a l features d e r i v e f r o m a g round - s ta te w a v e 
f u n c t i o n that has a h i g h a n i s o t r o p i c c o v a l e n c y i n v o l v i n g the t h i o l a t e 
l i g a n d . T h i s c o v a l e n c y p r o v i d e s a v e r y ef f ic ient s u p e r e x c h a n g e p a t h w a y 
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C h a r g e T r a n s f e r S p e c t r a 
4000 « « π 1 1 

peroxy intermediate laccase 

oxyhemocyanin and 
oxytyrosinase 

300 400 500 600 700 800 
Wavelength (nm) 

Β S t r u c t u r a l M o d e l s for O x y - l n t e r m e d i a t e s 

Coupled Binuclear Copper Trinuclear Copper Cluster 

T2 C u 1 + 

/ \ 
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\ 4 N 4 
T3 Cu2+ C u 2 + 
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Peroxy Intermediate 
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Oxyhemocyanin 
Oxytyrosinase 

Figure 22. Comparison of oxygen intermediates. A: Electronic absorption 
spectra of the peroxy-intermediate in laccase versus oxyhemocyanin and 
oxytyrosinase. B: Proposed structural differences between peroxide binding 
in oxyhemocyanin and oxytyrosinase relative to the end-on bound hydro
peroxide intermediate at the trinuclear copper cluster in laccase. 

for l ong-range e l e c t r o n transfer . F o r the c o u p l e d b i n u c l e a r c o p p e r act ive 
sites, w e have seen that the u n i q u e s p e c t r a l features o f the oxy site 
c o r r e s p o n d to a n e w b r i d g i n g p e r o x i d e e l e c t r o n i c s t r u c t u r e that has 
v e r y s t rong σ -donor a n d 7r-acceptor p r o p e r t i e s . T h e s e p r o p e r t i e s a p p e a r 
to m a k e s ignif icant c on t r ibut i ons to the r evers ib l e b i n d i n g a n d ac t ivat i on 
o f d i o x y g e n b y these ac t ive sites. I n the m u l t i c o p p e r oxidases , o u r spec -
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5. SOLOMON ET AL. Active Sites in Copper Proteins 161 

tral studies determined that the type 3 center is fundamentally different 
from the coupled binuclear copper site in hemocyanin and tyrosinase, 
that it is part of a trinuclear copper cluster, and that this trinuclear 
copper cluster is the structure required for 0 2 reduction. We have now 
characterized a peroxide level intermediate at this trinuclear copper 
cluster site that is strikingly different from the peroxide bound in oxy
hemocyanin and oxytyrosinase in that it is bound end-on as hydroper
oxide. Our spectral studies presently underway should provide important 
insight into the geometric and electronic structure differences that are 
indicated by these spectral differences and their contribution to differ
ences in biological function. 
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Biomimetic Copper-Dioxygen 
Chemistry 
Reversible O 2-Binding and Mechanistic Insights 
into Cu(I)/O 2-Mediated Arene Hydroxylation and 
Amide Hydrolysis 

Narasimha N. Murthy and Kenneth D. Karlin1 

Department of Chemistry, Remsen Hall, The Johns Hopkins University, 
Charles and 34th Streets, Baltimore, M D 21218-2685 

Copper(I) complexes that bind dioxygen (O2) reversibly can also 
effect either the biomimetic hydroxylation of arenes, or the hydro
lysis of an unactivated amide such as dimethylformamide (DMF). 
Several classes of Cu2O2 (i.e., peroxo-dicopper(II)) complexes have 
been generated; an X-ray structure of a trans μ-1,2 peroxo complex, 
the kinetics and thermodynamics of formation, and spectroscopic 
characterizations have been achieved. One dinucleating ligand sys
tem affords μ-η2:η2 peroxo dicopper(II) species, subsequently at
tacking an arene substrate that is part of the ligand framework; 
this attack occurs via an electrophilic mechanism, accompanied by 
an "NIH shift." A different reaction pathway for hydrolysis of DMF 
occurs when using a dinucleating ligand that permits adjacent co
ordination of hydroxide and amide substrate. Possible mechanisms 
and the biological relevance of hydrolysis reactions mediated by 
dinuclear metal complexes are discussed. 

T H E COPPER(II) A N D COPPER(I) IONS u n d e r g o fac i le r e d o x i n t e r c o n v e r 
sions for w h i c h the s tandard r e d u c t i o n p o t e n t i a l is h i g h l y d e p e n d e n t o n 
the nature o f the l igands a n d c o o r d i n a t i o n geometr ies o b s e r v e d (1). T h u s , 
c o p p e r i o n is a use fu l e l e c t r o n transfer o r o x i d a t i o n catalyst i n the p r e s 
ence o f d i o x y g e n (0 2) (2 -4) . T h e s e proper t i e s have b e e n p u t to advantage 
b y n a t u r e , w h e r e c o p p e r - c o n t a i n i n g p r o t e i n s (5-11) exist as e l e c t r o n 

1 Corresponding author 

0065-2393/95/0246-0165/$09.62/0 
© 1995 American Chemical Society 
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166 MECHANISTIC BIOINORGANIC CHEMISTRY 

t ransfer agents (JO, I I ) , 0 2 - c a r r i e r s ( h e m o c y a n i n (He)) (Tab le I) , o x y 
genases i n v o l v e d i n O - a t o m i n c o r p o r a t i o n i n t o b i o l o g i c a l substrates ( T a 
b l e I) , oxidases e f fec t ing d e h y d r o g e n a t i o n reac t i ons w h i l e r e d u c i n g 0 2 

to w a t e r (12-14), a n d e v e n n i t r o g e n - o x i d e reductases (10, 15). M u c h o f 
o u r o w n effort has b e e n c o n c e r n e d w i t h 0 2 - r e a c t i o n s w i t h s y n t h e t i c 
copper ( I ) c o m p l e x e s , w i t h p a r t i c u l a r in teres t i n e s t a b l i s h i n g the bas i c 
c o o r d i n a t i o n c h e m i s t r y i n v o l v e d i n C u ( I ) n / 0 2 i n t e r a c t i o n s a n d r e a c t i v i t y 
pa t te rns , i n p a r t i c u l a r C u n - 0 2 (n = 1,2) r e v e r s i b l e b i n d i n g , s t r u c t u r e , 
a n d s p e c t r o s c o p y , a n d r e a c t i v i t y o f these o r d e r i v e d spec ies w i t h s u b 
strates (6, 7). I n th is c h a p t e r , w e d e s c r i b e a n u m b e r o f these i n v e s t i 
gations, b e a r i n g o n mode l s for h e m o c y a n i n a n d c o p p e r monooxygenases 
s u c h as tyros inase . A s an o u t c o m e o f these s tudies , w e d i s c o v e r e d a 
d i c o p p e r c o m p l e x sys tem e f fec t ing the h y d r o l y s i s o f an u n a c t i v a t e d 
a m i d e u n d e r m i l d c o n d i t i o n s . T h e d i c o p p e r c o m p l e x sys tem m a y b e 
re levant to reac t i v i ty o f an e m e r g i n g area o f m e t a l l o b i o c h e m i s t r y , w h i c h 
i n v o l v e s pept idase o r phosphatase h y d r o l y t i c e n z y m e s c o n t a i n i n g d i - o r 
t r i n u c l e a r m e t a l i o n act ive -s i te centers . 

Hemocyanin and Reversible 02-Binding in Model 
Compounds 
A l t h o u g h t h e r e is a c o n s i d e r a b l e b o d y o f da ta a n d u n d e r s t a n d i n g o f 
h e m e - i r o n 0 2 - c a r r i e r s a n d c y t o c h r o m e P - 4 5 0 monooxygenases a n d t h e i r 
m o d e l c o m p o u n d c h e m i s t r y (24-26), m u c h less is k n o w n about n o n h e m e 
i r o n (27) a n d c o p p e r p r o t e i n s (5-23) i n v o l v e d i n 0 2 m e t a b o l i s m (Tab le 
I) (28). M u c h o f the a t t e n t i o n i n i n o r g a n i c f u n c t i o n a l m o d e l i n g o f c o p p e r 
p r o t e i n s i n v o l v e d i n 0 2 use has f o c u s e d o n h e m o c y a n i n (5-10, 16, 17), 
because o f its i n t r i g u i n g d i n u c l e a r c o p p e r center that turns f r o m co lor less 
to in tense b l u e u p o n c o n v e r s i o n f r o m its d e o x y to oxy f o r m ( F i g u r e 1). 
I n v e r t e b r a t e m o l l u s c a n a n d a r t h r o p o d a l h e m o c y a n i n s (Hcs) are v e r y 
large ( M W 4 . 5 - 9 0 Χ 1 0 5 ) 0 2 - t r a n s p o r t i n g p r o t e i n s . T h e y consist o f 
h i g h l y c o o p e r a t i v e m u l t i s u b u n i t s , w i t h m o l l u s c a n h e m o c y a n i n s c o n t a i n 
i n g 10 o r 2 0 subun i t s , i n w h i c h the f u n c t i o n a l u n i t has a m o l e c u l a r 
w e i g h t ~ 5 5 , 0 0 0 . A r t h r o p o d a l H c s are hexamers or m u l t i h e x a m e r s w i t h 
langer subuni t s ( ~ 7 5 , 0 0 0 ) . A l t h o u g h d i f ferences exist b e t w e e n b o t h 
classes o f p r o t e i n s , a v a r i e t y o f d a t a i n d i c a t e a c l o se ly r e l a t e d ac t ive site 
s t r u c t u r e a n d b i n d i n g m o d e . 

R e d u c e d h e m o c y a n i n (i .e. , d e o x y - H c ) is co lor less , i n d i c a t i v e o f a 
3d10 copper ( I ) f o r m u l a t i o n . C r y s t a l s t ruc tures o f t w o d e o x y forms are 
n o w ava i lab l e , a n d an i n v e s t i g a t i o n o f the horseshoe c r a b Limulus II 
p r o t e i n ind i ca tes that the t w o Cu( I ) ions are 4.6 Â apart , e a c h f o u n d i n 
a t r i g o n a l - p l a n a r c o o r d i n a t i o n e n v i r o n m e n t w i t h C u - N H i S ~ 2 .0 À (17). 
T h e r e is no b r i d g i n g l i g a n d i n th is f o r m , a n d c o o p e r a t i v e effects o f 0 2 

b i n d i n g are p r o b a b l y i n i t i a t e d a n d t r a n s m i t t e d as a resu l t o f m o v e m e n t 
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o f h i s t id ine residue(s) a n d c o p p e r i o n u p o n 0 2 b i n d i n g . Resonance R a m a n 
studies o f the b l u e o x y - H c f o r m s h o w that the d i o x y g e n is b o u n d as 
p e r o x i d e w i t h v0_0 ~~ 7 5 0 c m - 1 (9). T h i s d i o x y g e n b i n d i n g ind i ca tes an 
o x i d a t i v e a d d i t i o n o f 0 2 to g ive a p e r o x o d i c o p p e r ( I I ) o x y - f o r m . T h i s oxy 
site is e l e c t r o n p a r a m a g n e t i c resonance ( E P R ) s i lent a n d d i a m a g n e t i c , 
r e f l e c t i n g s t rong m a g n e t i c c o u p l i n g b e t w e e n the t w o Cu( I I ) c enters . A n 
X - r a y s t r u c t u r e (16) has r e v e a l e d a s i d e - o n μ-τ7 2:τ7 2-ρβπ)χο l i g a t i o n w i t h 
C u · · · C u = 3.6 À . T h e e l e c t r o n i c s p e c t r u m o f o x y - H c is d i s t i n c t i v e a n d 
d o m i n a t e d b y 0 2

2 ~ Cu( I I ) l i g a n d - t o - m e t a l c h a r g e t rans fer t rans i t i ons 
at X m a x o f 3 4 5 (e = 2 0 , 0 0 0 M 1 c m " 1 ) a n d 5 7 0 (e = 1 0 0 0 M " 1 c m " 1 ) n m , 
w i t h an a d d i t i o n a l c i r c u l a r d i c h r o i c f eature at 4 8 5 n m (9). K i t a j i m a a n d 
c o - w o r k e r s have d e s c r i b e d a s t ruc tura l l y c h a r a c t e r i z e d m o d e l c o m p o u n d 
{ C u [ H B ( 3 , 5 - i P r 2 p z ) 3 ] } 2 ( 0 2 ) , [ H B ( 3 , 5 - i P r 2 p z ) 3 = h y d r o t r i s ( 3 , 5 - d i i s o p r o -
p y l - p y r a z o l y l ) b o r a t e an ion] , w i t h essent ia l ly i d e n t i c a l p e r o x o - d i c o p -
per(II) l i g a t i o n a n d p h y s i c a l p r o p e r t i e s (29) (Scheme 1). 

{ C u f H B O ^ - z P r ^ D ^ O ^ 

j — Ν — hydrotris(3,5-diisopropyl-pyrazolyl)borate anion 

Scheme 1 

A trans-μ- 1,2-Peroxo Dicopper(II) Complex. O u r o w n efforts 
have r e s u l t e d i n the s t r u c t u r a l a n d s p e c t r o s c o p i c c h a r a c t e r i z a t i o n o f f ive 
types o f c o p p e r - d i o x y g e n c o m p l e x e s (6), d i s t i n g u i s h e d o n the basis o f 
the l igands u s e d for t h e i r synthes is a n d o n t h e i r d i s t i n c t i v e s t ruc tures 
o r p h y s i c a l p r o p e r t i e s . T h u s , the m a n n e r i n w h i c h h e m o c y a n i n b i n d s 
0 2 is not the o n l y one poss ib l e , a n d i t is o f c o n s i d e r a b l e in teres t to 
d e d u c e the structures , a l ong w i t h associated spec troscopy a n d r e a c t i v i t y 
o f a v a r i e t y o f types . D i o x y g e n can b i n d to d i n u c l e a r t r a n s i t i o n meta ls 
i n a v a r i e t y o f s t r u c t u r a l m o d e s , s h o w n i n F i g u r e 2. A s m e n t i o n e d , m o d e 
C is present i n o x y - H c a n d K i t a j i m a ' s m o d e l c o m p l e x (Scheme 1), 
w h e r e a s w e have s t r u c t u r a l a n d s p e c t r o s c o p i c e v i d e n c e for types A (30-
32) , Β (33-35), a n d F (36-38) for p e r o x o 0 2

2 _ b i n d i n g , a n d m o d e D (39, 
40) i n the case o f h y d r o p e r o x o ( O O H " ) c o m p l e x e s . 
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o 

A B C 

M M M . J > [ M M T ^ M M 
X ° 

D E F G 
Figure 2. Possible 02 (peroxide) binding modes to a dinuclear metal center. 

T h e most w e l l - c h a r a c t e r i z e d c o p p e r - d i o x y g e n c o m p l e x s t u d i e d i n 
o u r l abora tor i e s is [ { ( T M P A ) C u } 2 ( 0 2 ) ] 2 + (3, T M P A is t r i s [ 2 - p y r i d y l -
m e t h y l ] a m i n e ) , f o r m e d b y r e a c t i o n o f m o n o n u c l e a r Cu ( I ) c o m p l e x 
[ ( T M P A ) C u ( R C N ) ] + (1) w h e n r e a c t e d w i t h 0 2 at - 8 0 ° C ( F i g u r e 3) (30). 
D i o x y g e n b i n d s s t rong ly at l o w t e m p e r a t u r e i n d i c h l o r o m e t h a n e o r p r o -
p i o n i t r i l e so lvents to f o r m an in tense p u r p l e s o l u t i o n w i t h X m a x = 4 4 0 (e 
= 2 0 0 0 M 1 c m ' 1 ) , 5 2 5 ( 1 1 , 5 0 0 ) , 5 9 0 (sh, 7 6 0 0 ) a n d a d-d b a n d at 
1 0 3 5 (180) n m . A l t h o u g h the b i n d i n g o f 0 2 is s t rong at l o w t e m p e r a t u r e , 

[(TMPA)Cu I(RCN )f + [(TMPACu(02)]+ 

1 2 

3 
[{(TMPA)Cu}2(02)]2 + 

Figure 3. Scheme indicating the kinetics scheme for formation of 
[{(TMPA)Cu}2(02)]2+ (3) and Chem 3-D depiction of the X-ray structure 
of the product with trdLns^-l,2-(02

2~)-dicopper(II) coordination. 
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it is r e v e r s i b l e , as d e m o n s t r a t e d b y v a c u u m c y c l i n g e x p e r i m e n t s , i . e . , 
a p p l i c a t i o n o f v a c u u m w h i l e s u b j e c t i n g the s o l u t i o n to m i l d w a r m i n g . 
D i o x y g e n c a n also b e d i s p l a c e d f r o m 3 b y r e a c t i o n w i t h C O o r P P h 3 to 
g ive the adducts [ ( T M P A ) C u ( C O ) ] + a n d [ ( T M P A ) C u ( P P h 3 ) ] + , r e s p e c 
t i v e l y . X - r a y data o b t a i n e d for crysta ls o f [ { ( T M P A ) C u } 2 ( 0 2 ) ] ( P F 6 ) 2 

• 5 E t 2 0 at - 9 0 ° C reveals a f r a n s - ^ - l , 2 - ( 0 2
2 ~ ) - d i c o p p e r ( I I ) c o o r d i n a t o n 

i n 3 (30, 31) . T h e C u ions are p e n t a c o o r d i n a t e w i t h d i s t o r t e d t r i g o n a l 
b i p y r a m i d a l g e o m e t r y a n d the p e r o x o o x y g e n atoms o c c u p y t h e ax ia l 
sites. T h e C u - C u ' d i s tance is 4 . 3 5 9 À a n d the O - O ' b o n d l e n g t h is 1 .432 
À. Resonance R a m a n studies s h o w e d an i n t r a p e r o x i d e s t re t ch (832 c m " 1 ) 
a n d a C u - O s t r e t c h (561 c m " 1 ) (32). 

A d e t a i l e d k i n e t i c s tudy has b e e n c a r r i e d out for the r e a c t i o n o f 
[ ( T M P A ) C u ( R C N ) ] + (1) w i t h 0 2 , i n c o l l a b o r a t i o n w i t h A . D . Z u b e r b u h l e r 
(of the U n i v e r s i t y o f Basel) ( F i g u r e 3) (41, 42). T h e inves t igat i on r e v e a l e d 
the i n t e r m e d i a c y o f an i n i t i a l l y f o r m e d 1:1 a d d u c t [ ( T M P A ) C u ( 0 2 ) ] + (2), 
w i t h X m a x = 4 1 0 n m , e = 4 0 0 0 M " 1 c m " 1 . T h e i n i t i a l 0 2 b i n d i n g event 
o c curs w i t h an on -rate fcx = 2 Χ 1 0 4 M " 1 s " 1 a n d kx/k-i = Kx = 1.9 X 
1 0 3 M " 1 at 1 8 3 K , w h e r e a s va lues e x t r a p o l a t e d to 2 5 ° C are &i — 1 0 8 

M " 1 s " 1 a n d K f o r m ~ 0 .3 M " 1 . T h e s e d a t a r e p r e s e n t the first o f t h e i r k i n d 
for a p r i m a r y 1:1 c o p p e r - d i o x y g e n i n t e r a c t i o n . I n c o m p a r i s o n w i t h a 
v a r i e t y o f coba l t or i r o n spec ies that b i n d 0 2 , the f o r m a t i o n o f 2 is faster 
t h a n rates seen for most L C o ( I I ) 1:1 o x y g e n a t i o n reac t i ons , w h e r e k ~ 
1 0 3 - 1 0 6 M " 1 s " 1 (25 ° C ) . F o r h e m e - p r o t e i n s o r p o r p h y r i n - F e ( I I ) m o d e l 
c o m p l e x e s , the 0 2 on-rates (k ~ 1 0 6 - 1 0 9 ) are s i m i l a r to that seen for 
f o r m a t i o n o f 2. H o w e v e r , the off-rates for i r o n spec ies a p p e a r to b e 
m u c h smal l e r , g i v i n g r ise to large K e q va lues i n the range o f 1 0 4 - 1 0 6 at 
2 0 ° C . T h i s s tudy a n d o thers r e v e a l that the m a i n source o f t h e r o o m 
t e m p e r a t u r e i n s t a b i l i t y o f C u 2 - 0 2 c o m p l e x e s is t h e i r h i g h l y u n f a v o r a b l e 
AS° o f f o r m a t i o n . 

N n and Xylyl Dinuclear Complexes. C o p p e r - d i o x y g e n c o m 
p lexes (e.g., p e r o x o - d i c o p p e r ( I I ) species) w i t h a b i n d i n g m o d e v e r y s i m 
i l a r to o x y - H c , i . e . , a s i d e - o n μ-ι; 2 :ι ; 2 -ρβΓθχο l i g a t i o n that appears to b e 
b e n t ( F i g u r e 2, m o d e B) are f o r m e d i n c o m p l e x e s [ C u 2 ( L ) ( 0 2 ) ] 2 + , w h e r e 
L represents a d i n u c l e a t i n g l i g a n d h a v i n g t w o P Y 2 ( P Y 2 is b i s [ 2 - ( 2 - p y r -
idy l ) e thy l ]amine ) uni ts c o n n e c t e d to a h y d r o c a r b o n l i n k e r , i . e . , L = N n 

(33-35), N 3 O R (34) o r R - X Y L - X (43 -45 ) (Scheme 2). T h e x y l y l - c o n t a i n -
i n g systems not o n l y b i n d 0 2 , b u t u n d e r g o a subsequent l i g a n d h y d r o x 
y l a t i o n r e a c t i o n . 

F o r t r i c o o r d i n a t e c o m p l e x e s [ C u 2 ( N n ) ] 2 + (4a) o r t e t r a c o o r d i n a t e n i -
t r i l e adducts [ C u 2 ( N n ) ( C H 3 C N ) 2 ] 2 + (4b), r e v e r s i b l e b i n d i n g can b e d e m 
ons t ra ted (33, 35). T h e s e react w i t h 0 2 at - 8 0 ° C i n C H 2 C 1 2 s o l u t i o n , 
p r o d u c i n g d e e p b r o w n or p u r p l e spec ies [ C u 2 ( N n ) ( 0 2 ) ] 2 + (5) (33, 35). 
A s f o u n d for o u r o t h e r c o p p e r - d i o x y g e n c o m p l e x e s , r e v e r s i b l e 0 2 o r 
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172 MECHANISTIC BIOINORGANIC CHEMISTRY 

Nn (n = 3-5) N30R (R = C ( 0 ) Q H 4 - p - C 6 H 5 ) 
or C(0 ) (CH=CH)C6H 5 ) 

R - X Y L - X ( X = H , F , C H 3 ) 

Scheme 2 

C O b i n d i n g c a n b e f o l l o w e d s p e c t r o p h o t o m e t r i c a l l y ; a p p l i c a t i o n o f a 
v a c u u m w h i l e h e a t i n g the c o m p l e x e s b r i e f l y r e m o v e s the b o u n d gaseous 
l i g a n d , r e g e n e r a t i n g the co lor less o r l i g h t y e l l o w - b r o w n d i copper ( I ) 
p r e c u r s o r c o m p l e x e s 4a . R e l e a s e o f intact 0 2 f r o m 5 has also b e e n d e m 
ons t ra ted . C a r b o n m o n o x i d e b i n d i n g to 4 a is s t ronger t h a n 0 2 , be cause 
C O can d i sp lace 0 2 f r o m 5 to g ive [ C u 2 ( N n ) ( C O ) 2 ] 2 + (4c). T h u s , the 
re la t ive b i n d i n g s t rength o f C O versus 0 2 to r e d u c e d c o p p e r i o n para l le l s 
that o b s e r v e d for h e m e - p r o t e i n s a n d p o r p h y r i n - i r o n ( I I ) c o m p l e x e s . 

[ C u 2 ( N n ) ( 0 2 ) ] 2 + (5) possess s t r i k i n g U V - v i s i b l e ( U V - v i s ) p r o p e r t i e s , 
w i t h m u l t i p l e a n d s t rong charge - t rans fe r absorpt i ons . T h e p o s i t i o n a n d 
r e l a t i v e in tens i t i es o f these bands v a r y w i t h the l e n g t h o f the p o l y -
m e t h y l e n e u n i t c o n n e c t i n g the t w o P Y 2 d o n o r g r o u p s (35), r e f l e c t i n g 
subt le changes i n the m o d e o f 0 2 b i n d i n g . T h e c h a r a c t e r i s t i c 3 5 0 - 3 6 0 
n m b a n d w i t h e = 1 6 , 0 0 0 - 2 1 , 0 0 0 M " 1 c m - 1 d o m i n a t e s ; the p r e s e n c e o f 
th is d i s t i n c t i v e in tense a b s o r p t i o n i n par t p r o v i d e s i n d i c a t i o n s for the 
poss ib le c lose s t r u c t u r a l r e l a t i o n s h i p o f [ C u 2 ( N n ) ( 0 2 ) ] 2 + (5) to the C u 2 0 2 

o x y - H c c h r o m o p h o r e , w i t h its 3 4 5 n m (e = 2 0 , 0 0 0 ) f ea ture . 
W e have yet to ob ta in v i b r a t i o n a l data for complexes [ C u 2 ( N n ) ( 0 2 ) ] 2 + 

(5), b u t a v a r i e t y o f o t h e r e v i d e n c e is cons is tent w i t h t h e i r p e r o x o - d i -
copper ( I I ) f o r m u l a t i o n . T h e s e 0 2 - a d d u c t s (5) possess l o w - e n e r g y w e a k 
d-d absorpt i ons , d iagnos t i c o f Cu ( I I ) a n d not C u ( I ) , w h i c h has a filled 
s h e l l d10 e l e c t r o n i c c o n f i g u r a t i o n . X - r a y a b s o r p t i o n near - edge s t r u c t u r e 
( X A N E S ) measurements c a r r i e d out o n the N 3 a n d N 4 der ivat ives c o n f i r m 
the Cu( I I ) o x i d a t i o n state (34), a n d e x t e n d e d X - r a y a b s o r p t i o n fine 
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s t r u c t u r e ( E X A F S ) s p e c t r o s c o p i c data also a l l o w the d e t e r m i n a t i o n o f 
the C u · · · C u d is tances , w h i c h v a r y b e t w e e n 3.3 a n d 3.4 À , d e p e n d i n g 
o n n. F u r t h e r analysis o f the o u t e r s h e l l m u l t i p l e s c a t t e r i n g effects d u e 
to ax ia l versus e q u a t o r i a l p y r i d i n e l i gands l e d to the p r o p o s e d μ-η2:η2-
p e r o x o c o o r d i n a t i o n for [ C u 2 ( N n ) ( 0 2 ) ] 2 + (5) (Scheme 3) , w h i c h is m o d e 
Β ( F i g u r e 2) s h o w n i n a p r e v i o u s p a r a g r a p h . T h e " b e n t b u t t e r f l y " s t r u c 
ture is p r e s u m a b l y caused b y l i g a n d constraints . Spec ies 5 are E P R s i lent , 
have n o r m a l 1 H N M R s p e c t r o s c o p i c p r o p e r t i e s a n d e x h i b i t s o l u t i o n d i a -
magnet i sm (35); thus , they appear to p r o v i d e another class o f c o m p o u n d s 
i n w h i c h a s ing le p e r o x o l i g a n d b r i d g e s a n d s t rong ly a n t i f e r r o m a g n e t i -
ca l ly couples t w o Cu(II ) ions . T h e p r o p o s e d u n u s u a l bent s ide -on p e r o x o 
b i n d i n g p r o p o s e d i n 5 is also j u s t i f i e d i n l i g h t o f X - r a y s t ruc tures o f (i) 
the μ-?72:772-ρβΓθχο d i copper ( I I ) c o m p l e x s t r u c t u r a l l y c h a r a c t e r i z e d b y 
K i t a j i m a a n d c o - w o r k e r s (Scheme 1) (29) a n d (ii) a s t r u c t u r a l l y c h a r a c 
t e r i z e d b e n t M-T72:?72-peroxo d i v a n a d i u m ( V ) c o m p l e x (46). 

Scheme 3 

A Functional Model for Copper Monooxygenases 
and the "NIH Shift'9 Mechanism 
D i c o p p e r ( I ) c o m p l e x e s w i t h a R - X Y L - H x y l y l d i n u c l e a t i n g l i g a n d 
(Scheme 2) not o n l y react w i t h 0 2 r e v e r s i b l y , b u t u n d e r g o a f u r t h e r 
h y d r o x y l a t i o n r e a c t i o n . T h u s , r e a c t i o n o f 6 w i t h 0 2 l eads to 8, f r o m 
w h i c h the free p h e n o l R - X Y L - O H c a n b e i s o l a t e d , c o m p l e t i n g the c o p 
p e r - m e d i a t e d h y d r o x y l a t i o n o f the arene ( F i g u r e 4) (43-45). B o t h the 
p r e c u r s o r t h r e e - c o o r d i n a t e d i copper ( I ) c o m p l e x [ C u 2 ( R - X Y L - H ) ] 2 + (6, 
R = H ; C u · · · C u = 8.9 À ) a n d the h y d r o x y l a t e d p r o d u c t [ C u 2 ( R - X Y L -
0 - ) ( O H ) ] 2 + (8, R = H ; C u · · · C u = 3.1 À ) , w i t h a p h e n o x o a n d h y d r o x o 
d o u b l y b r i d g e d d i copper ( I I ) c o o r d i n a t i o n have b e e n c h a r a c t e r i z e d b y 
X - r a y c r y s t a l l o g r a p h y (47). T h e r e a c t i o n o f 6 w i t h 0 2 i n D M F or C H 2 C 1 2 

p r o v i d e s n e a r l y q u a n t i t a t i v e y i e l d s o f [ C u 2 ( X Y L - 0 - ) ( O H ) ] 2 + (8) a n d 
i s o t o p i c - l a b e l i n g e x p e r i m e n t s u s i n g 1 8 0 2 r e v e a l e d that the source o f ox
y g e n atoms i n 8 is d i o x y g e n (47). A l o n g w i t h the o b s e r v e d r e a c t i o n 
s t o i c h i o m e t r y ( C u : 0 2 = 2 : 1 , m a n o m e t r y ) , the c o n v e r s i o n 6 8 is r e m 
in i s cent o f the a c t i o n o f the c o p p e r m o n o o x y g e n a s e tyros inase . H e r e , a 
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[ C U 2 ( R - X Y L - H ) ] 2 + 6 [ C u 2 ( R - X Y L - H ) ( 0 2 ) ] 2 + 7 [ C u 2 ( R - X Y L - 0 - ) ( O H ) ] 2 + 8 

Figure 4. A copper monooxygenase model system, involving the dicopper-
mediated hydroxylation of an arene. 

d i n u c l e a r c o p p e r ac t ive c e n t e r s p e c t r o s c o p i c a l l y s i m i l a r to that seen i n 
h e m o c y a n i n effects an arene h y d r o x y l a t i o n , c o n v e r t i n g p h e n o l s to o-
catecho ls , w h i c h are s u b s e q u e n t l y o x i d i z e d to o -qu inones (Scheme 4). 
T h u s , k e y features also seen i n o u r m o d e l system are (i) r evers ib l e b i n d i n g 
o f 0 2 to the d i n u c l e a r copper ( I ) c e n t e r a n d (ii) " a p p r o p r i a t e ' ' p l a c e m e n t 
o f the substrate for the subsequent O - a t o m transfer r e a c t i o n . T h u s , 
m e c h a n i s t i c ins ights w e r e sought , because this b i o m i m e t i c r e a c t i o n sys
t e m represents one i n w h i c h d i o x y g e n is i n c o r p o r a t e d in to an u n a c t i v a t e d 
(aromatic ) C - H b o n d , u n d e r v e r y m i l d c o n d i t i o n s , i . e . , i n a v e r y r a p i d 
r eac t i on o c c u r r i n g at r o o m t e m p e r a t u r e w i t h 1 a tm ex terna l 0 2 pressure . 

L o w - t e m p e r a t u r e s t o p p e d - f l o w k i n e t i c - s p e c t r o s c o p i c studies w i t h 
A . D . Z u b e r b u h l e r (43, 44) , p r o v i d e d the first e v i d e n c e o f r e v e r s i b l e 
( i .e. , k 3 / k _ 3 , F i g u r e 4) 0 2 b i n d i n g to [ C u 2 ( R - X Y L - H ) ] 2 + 6 (R = H ) i n a 
C u : 0 2 = 2:1 s t o i c h i o m e t r y ( F i g u r e 4) . M u l t i w a v e l e n g t h data analyses 
(λ > 3 6 0 nm) r e v e a l e d d i s t i n c t i v e features a t t r i b u t a b l e to i n t e r m e d i a t e 
spec ies [ C u 2 ( R - X Y L - H ) ( 0 2 ) ] 2 + (7), possess ing a s t rong b a n d i n the 4 3 5 -
4 4 0 n m (c - 3 0 0 0 - 5 0 0 0 ) range . T o i l l u s t r a t e the m a g n i t u d e o f the k i 
net i cs a n d t h e r m o d y n a m i c p a r a m e t e r s , k3 = 4 1 0 M " 1 s " 1 a n d k3/k-3 = K3 

= 2.9 Χ 1 0 7 M " 1 at 1 8 3 Κ for 6 (R = H ) , w i t h Δ Η ° = - 6 2 ± 1 k j m o l " 1 

a n d AS° = 1 9 6 ± 6 J K _ 1 m o l - 1 (44). C o r r o b o r a t i v e e x p e r i m e n t a l i n f o r 
m a t i o n comes f r o m b e n c h - t o p studies o f c e r t a i n o f these s y n t h e t i c a n 
alogues. T h u s , for the R = N 0 2 , F , a n d C N der ivat ives , the h y d r o x y l a t i o n 
process is s l o w e d to the p o i n t that the [ C u 2 ( R - X Y L - H ) ( 0 2 ) ] 2 + (7) i n 
t e r m e d i a t e s are s t a b i l i z e d at - 8 0 ° C a n d o b s e r v a b l e b y u s u a l l o w - t e m 
p e r a t u r e U V - v i s s p e c t r o s c o p i c m e t h o d s . T h e s i m i l a r i t y o f s p e c t r a l f ea -
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O H 

Scheme 4 

tures o f 7 w i t h [ C u 2 ( N n ) ( 0 2 ) ] 2 + (5), a l ong w i t h t h e i r c l ose ly r e l a t e d l i g a n d 
s t r u c t u r e , suggests that these x y l y l d e r i v a t i v e s also have the μ-η2:η2-
p e r o x o c o o r d i n a t i o n to t w o Cu( I I ) i ons , i . e . , S c h e m e 3. 

T h e k i n e t i c s tudies also i n d i c a t e d that the i n i t i a l r e v e r s i b l e 0 2 b i n d 
i n g to [ C u 2 ( R - X Y L - X ) ] 2 + (6) is f o l l o w e d b y an i r r e v e r s i b l e h y d r o x y l a t i o n 
step (k4, F i g u r e 4). T h e r e is no m e a s u r a b l e effect u p o n k4 w h e n X is 
d e u t e r i u m . T h i s f i n d i n g is cons is tent w i t h e l e c t r o p h i l i c attack o n the 
arene substrate 7r-system, p r e c l u d i n g r a t e - d e t e r m i n i n g C - H b o n d 
c leavage . S u p p o r t i n g this v i e w , w e also find an increase i n Δ Η * o f the 
h y d r o x y l a t i o n step (k4) w i t h e l e c t r o n - w i t h d r a w i n g a b i l i t y o f R , w h e n 
s t u d y i n g the o x y g e n a t i o n o f c o m p l e x e s [ C u 2 ( R - X Y L - H ) ] 2 + (6, R = f - B u , 
F , H , a n d N 0 2 ) . 

T h e n o t i o n o f an e l e c t r o p h i l i c attack m e d i a t e d b y the p e r o x o g r o u p 
i n [ C u 2 ( R - X Y L - H ) ( 0 2 ) ] 2 + (7) is also i n a c c o r d w i t h s tudies o n r e a c t i v i t y 
compar isons o f three classes o f peroxo -d i copper ( I I ) c omplexes , i n c l u d i n g 
[ { ( T M P A ) C u } 2 ( 0 2 ) ] 2 + (3) a n d [ C u 2 ( N n ) ( 0 2 ) ] 2 + (5, η = 4) ( F i g u r e 5) (48). 
W e f o u n d that the μ-τ? 2 : ?? 2 -0 2

2 - ) g r o u p i n [ C u 2 ( N 4 ) ( 0 2 ) ] 2 + (5) behaves as 
a nonbas i c o r e l e c t r o p h i l i c p e r o x o l i g a n d , i n contrast to the bas i c o r 
n u c l e o p h i l i c b e h a v i o r o f the p e r o x o g r o u p i n 3, w h i c h possesses " e n d -
o n " c o o r d i n a t i o n . F o r e x a m p l e , i n reac t i ons w i t h H + , C 0 2 , a n d P P h 3 , 
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Basic/Nucleophilic Peroxide 
PPh 3 (a) 

(b) 

(c) 

(d) 

(e) 

H + 

RC(Q)+ 

c o 2 1 

PhOH. 

O2 + LCu(I)-PPh3 complex 

{L nCu 2
n(OOH)} - S ^ - H 2 0 2 

{L n Cu 2
n 0 2 C(0)R} 

{L n Cu 2
n 0 2 CO} — {L„Cu2UC03} 

PhO" + {LnCu2 (OOH)} 

Non-Basic/Electrophilic Peroxide 

' ' (a) P P h 3 » ^ {NnCu2
I(PPh3)2} + OPPh 3 

(b) — — — » - No reaction 

(c) R C ( Q ) > + No reaction 

(d) • N0 reaction 

(e) PhOH^ p h 0 . + Cu(II) Complex(es) 

radical coupling products 

Figure 5. Summary of reactivity comparisons of end-on vs. side-on bound 
peroxo-dicopper(II) complexes (48). 

[ C u 2 ( N 4 ) ( 0 2 ) ] 2 + (5) does not r e a d i l y p r o t o n a t e , i t is u n r e a c t i v e t o w a r d 
C 0 2 a n d it s l o w l y oxygenates P P h 3 , w h e r e a s 3 r e a d i l y g ives H 2 0 2 , c a r 
bonates , o r l i bera tes 0 2 , r e s p e c t i v e l y . 

A r a t h e r i m p o r t a n t m e c h a n i s t i c ins ight c omes f r o m e x p e r i m e n t s us 
i n g [ C u 2 ( R - X Y L - M e ) ] 2 + (6, X = M e ) , i n w h i c h a m e t h y l g r o u p was p l a c e d 
at the 2 - p o s i t i o n o f the l i g a n d (45). Ins tead o f c a u s i n g m e t h y l h y d r o x 
y l a t i o n or b l o c k i n g r i n g at tack , 2 - h y d r o x y l a t i o n o c c u r s a n d the m e t h y l 
g r o u p u n d e r g o e s a 1 , 2 - m i g r a t i o n . W h e n 6 ( X = M e ) is r e a c t e d w i t h 
d i o x y g e n i n C H 2 C 1 2 a n d the r e s u l t i n g so lu t i on is w o r k e d u p for its o rgan ic 
p r o d u c t s , p h e n o l 9, M e - P Y 2 , P Y 2 a n d f o r m a l d e h y d e (de te c ted as a N a s h 
adduct) are i so lated or d e t e c t e d i n exce l l ent y i e l d a n d w i t h g o o d m a t e r i a l 
b a l a n c e ( F i g u r e 6) . A n i s o t o p e - l a b e l i n g e x p e r i m e n t u s i n g 1 8 0 2 also es
t a b l i s h e d that the source o f o x y g e n i n 9 was d i o x y g e n a n d c o n f i r m a t i o n 
o f the r e g i o c h e m i s t r y i n this p r o d u c t c a m e f r o m a c r y s t a l l o g r a p h i c s tudy 
o f a d i copper ( I I ) c o m p l e x c o n t a i n i n g the p h e n o l a t e d e r i v e d f r o m 9. 

T h e process o b s e r v e d is r e m i n i s c e n t o f the " N I H s h i f t " , o b s e r v e d 
p r e v i o u s l y i n i r o n h y d r o x y l a s e s , i n w h i c h a r e a c t i v e i r o n - o x y spec ies 
( w i t h an as ye t u n d e t e r m i n e d i d e n t i t y ) is an e l e c t r o p h i l e , a t t a c k i n g an 
arene substrate . T h i s resul ts i n h y d r o x y l a t i o n - i n d u c e d m i g r a t i o n s , d u e 
to the f o r m a t i o n o f c a r b o n i u m i o n in termed ia tes a n d r e t e n t i o n o f h e a v i e r 

C u ^ C u 
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Γ Ρ \ Υ 2+ 

> C U P Y 

2+ 

P Y y — C u . C u — \ · Ρ Υ 

Γ Ν Λ Υ - η Γ Τ I 
/ Ν < ^ ^ ρ χ Ν ^ \ , 

> Υ - / — C u ^ C u \-ΡΥ Ρ Υ τ — C u 1 ' C u " — V P Y 

W W ΡΥ 9' V Η 
8 

2+ 

workup C H 3 ' 

Η ι ÇH 3 

Ν. 

ΟΗ 

ΡΥ 
) \ ρ γ ρ γ ΡΥ ΡΥ 

ΡΥ2 Me-PY2 

H 2 C=N+ C u ^ ^ C u V P Y 
Ι ^ ρ γ \ ) " > Υ 

Figure 6. Scheme showing the nature of products (i.e., 9, PY2, formaldehyde 
and Me-PY2) obtained during the oxygenation of methyl-substituted xylyl 
ligand complexes [Cu2(R-XYL-Me)]2+ (6,X = Me). The proposed mechanism 
of copper mediated arene hydroxylation and "NIH shifts (1,2-migration) 
reactions is also outlined. 

subst i tuents i n p r e f e r e n c e to - H , d u r i n g r e a r o m a t i z a t i o n . T h i s c o m p a r 
i s on has l e a d us to suggest a s i m i l a r r e a c t i o n p a t h w a y , an " N I H s h i f t " 
i n c o p p e r c h e m i s t r y . T h u s , a d e t a i l e d p r o p o s e d m e c h a n i s m for the h y 
d r o x y l a t i o n o f d i copper ( I ) c o m p l e x e s [ C u 2 ( R - X Y L - X ) ] 2 + (6), c a n b e 
o u t l i n e d ( F i g u r e 6) . [ C u 2 ( R - X Y L - M e ) ] 2 + (6, X = Η o r M e ) react w i t h 
0 2 , i n i t i a l l y f o r m i n g a C u 2 0 2 a d d u c t suggested to have a μ-τ/ 2 :?7 2-ρβΓθχο 
s t r u c t u r e . T h i s C u 2 0 2 a d d u c t is c a p a b l e o f a c t i n g as an e l e c t r o p h i l e , a n d 
attacks the x y l y l l i g a n d π sys tem (consistent w i t h la ck o f 2 - d e u t e r i u m 
i so tope rate effect u p o n k4), w h i c h is l o c a t e d i n a favorab le p r o x i m i t y . 
I n fact , a m o l e c u l a r m o d e l o f [ C u 2 ( R - X Y L - X ) ( 0 2 ) ] 2 + (7) suggests the 
O - O v e c t o r is w e l l - a l i g n e d w i t h a n d c lose to the p-7r o r b i t a l o f the arene 
c a r b o n that is a t t a c k e d , p o s s i b l y an i m p o r t a n t factor i n o x y g e n a t o m 
transfer reac t i ons , as d i s cussed b y S o r r e l l (49). F o r 7 ( X = H ) , d i r e c t 
loss o f H + f r o m the cat ion i c i n t e r m e d i a t e p r o d u c e s r e a r o m a t i z e d [ C u 2 ( R -
X Y L - 0 - ) ( O H ) ] 2 + (8). F o r e i t h e r X = Η or M e , a 1 , 2 - m i g r a t i o n is l i k e l y , 
b u t loss o f C H 3

+ is u n l i k e l y for X = C H 3 , a n d r e a r o m a t i z a t i o n o c curs 
w i t h " a s s i s t a n c e " o f the a m i n e n i t r o g e n l o n e p a i r . T h i s r e a r o m a t i z a t i o n 
leads to loss o f an i m i n i u m i o n i n a r e t r o - M a n n i c h r e a c t i o n . U n d e r the 
e x p e r i m e n t a l c o n d i t i o n s e m p l o y e d , h y d r o l y s i s p r o d u c e s P Y 2 a n d the 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
6.

ch
00

6

In Mechanistic Bioinorganic Chemistry; Thorp, H., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1996. 



178 MECHANISTIC BIOINORGANIC CHEMISTRY 

f o r m a l d e h y d e o b s e r v e d , a n d some r e d u c t i o n o f the i m i n i u m salt c a n 
l e a d to a s m a l l a m o u n t o f M e P Y 2 o b s e r v e d . 

O t h e r researchers (50-55) have e x a m i n e d a l ternate x y l y l systems 
s imi lar to [ C u 2 ( R - X Y L - H ) ] 2 + (6), u s i n g c h e l a t i n g groups o ther t h a n P Y 2 , 
see ing analogous h y d r o x y l a t i o n reac t i ons d e p e n d i n g u p o n the exact n a 
t u r e o f the d i n u c l e a t i n g l i g a n d . S o r r e l l (49) has s t u d i e d c l o se ly r e l a t e d 
c o m p l e x e s i n w h i c h 1 - p y r a z o l y l o r 2 - i m i d a z o l y l d o n o r g r o u p s f u l l y o r 
p a r t i a l l y r e p l a c e the 2 - p y r i d y l l i gands i n X Y L - H . H y d r o x y l a t i o n does 
not o c c u r u p o n o x y g e n a t i o n o f these d i copper ( I ) c o m p l e x e s a n d a l l react 
v i a f o u r - e l e c t r o n r e d u c t i o n o f 0 2 to g ive b i s (M-hydroxo )copper ( I I ) d i 
mers . A l s o , i f - C H 2 P Y i n s t e a d o f - C H 2 C H 2 P Y ( P Y is 2 - p y r i d y l ) arms 
are u s e d i n the x y l y l d i n u c l e a t i n g l i gands , o n l y i r r e v e r s i b l e o x i d a t i o n 
a n d no l i g a n d h y d r o x y l a t i o n takes p l a c e (K . D . K a r l i n a n d c o - w o r k e r s , 
u n p u b l i s h e d results ) . 

T h e s e a n d o t h e r observat ions (51-55) suggest that the t e n d e n c y 
towards h y d r o x y l a t i o n i n these k i n d s o f c h e m i c a l systems is v e r y sensit ive 
to e l e c t r o n i c effects, as w e l l as c o p p e r c h e l a t i o n a n d p e r o x i d e p r o x i m i t y 
a n d o r i e n t a t i o n t o w a r d x y l y l substrate . T h i s v i e w is s u p p o r t e d b y o b 
servat ions i n v o l v i n g an u n s y m m e t r i c a l sys tem, [ C u 2 ( U N ) ] 2 + (56), an a n -

i n w h i c h one P Y 2 t r i d e n t a t e is d i r e c t l y a t t a c h e d to the c e n t r a l p h e n y l 
r i n g . L o w - t e m p e r a t u r e o x y g e n a t i o n p r o v i d e s [ C u 2 ( U N ) ( 0 2 ) ] 2 + ( X m a x 

= 3 6 0 (e = 1 1 , 0 0 0 ) a n d 5 2 0 (e = 1,000) n m ) , w h i c h is so stable that 
the 0 2 can b e r e m o v e d a n d c y c l i n g b e t w e e n [ C u 2 ( U N ) ] 2 + a n d 
[ C u 2 ( U N ) ( 0 2 ) ] 2 + is poss ib le . H o w e v e r , w a r m i n g to r o o m t e m p e r a t u r e 
g ives h y d r o x y l a t e d p r o d u c t [ C u 2 ( U N - 0 - ) ( O H ) ] 2 + , w i t h a s t r u c t u r e 
analogous to that o b s e r v e d for [ C u 2 ( X Y L - 0 - ) ( O H ) ] 2 + (8) ( F i g u r e 4) . 
T h e actual rate o f c o n v e r s i o n o f [ C u 2 ( U N ) ( 0 2 ) ] 2 + to [ C u 2 ( U N - 0 - ) ( O H ) ] 2 + 

has not ye t b e e n m e a s u r e d , b u t the process is c l e a r l y m u c h s l o w e r t h a n 
the h y d r o x y l a t i o n i n the p a r e n t x y l y l sys tem. T h e i m p l i c a t i o n is that the 
u n s y m m e t r i c a l l i g a n d alters the o r i e n t a t i o n a n d e lec t ron ics o f the peroxo 
l i g a n d i n the [ C u 2 ( U N ) ( 0 2 ) ] 2 + i n t e r m e d i a t e , d i s f a v o r i n g attack o n the 
arene . 

a logue o f [ C u 2 ( X Y L ) ] 2 + (6) 

2+ 

[Cû CUNtf 
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T h u s , the x y l y l sys tem d e s c r i b e d i n the p r e v i o u s paragraphs is v e r y 
m u c h l i k e that o f an e n z y m e ac t ive s i te ; h e r e , the ac t ive C u 2 0 2 i n t e r 
m e d i a t e is f o r m e d w i t h i d e a l j u x t a p o s i t i o n to the arene substrate . 

Copper-Dioxygen Chemistry and Amide Hydrolysis 
Because o f the h i g h l y in te res t ing 0 2 r e a c t i v i t y w i t h d i copper ( I ) o f l igands 
l i k e N n , X Y L , a n d U N , w e have also e x p e n d e d some efforts w i t h o t h e r 
m o d i f i e d analogues , i n c l u d i n g P D , b a s e d o n a 1 , 3 - p h e n y l e n e d i a m i n e 
n u c l e u s ( P Y is 2 - p y r i d y l ) . 

A l t h o u g h a h y d r o x y l a t i o n r e a c t i o n o c curs u p o n a d d i t i o n o f 0 2 to a d i -
copper ( I ) c o m p l e x o f P D , t h e r e are m a r k e d d i f ferences i n the c h e m i s t r y , 
l e a d i n g us to d i s cover that the c o p p e r - d i o x y g e n c h e m i s t r y i n this system 
is capab le o f e f fec t ing the h y d r o l y s i s o f an u n a c t i v a t e d a m i d e u n d e r m i l d 
c o n d i t i o n s . T h r o u g h this c h e m i s t r y , w e c a n also i so late the h y d r o x y l a t e d 
l i g a n d P D - O H a n d its an i o n forms a d i n u c l e a r Cu(II ) c o m p l e x possessing 
c o o r d i n a t i o n a n d l i g a t i n g p r o p e r t i e s w e l l s u i t e d for a m i d e h y d r o l y s i s 
u n d e r h y d r o l y t i c ( i .e. , n o n o x i d a t i v e ) c o n d i t i o n s (57). 

A Room-Temperature Stable 0 2 Adduct? T h u s , o x y g e n a t i o n 
o f [ C u 2 ( P D ) ] 2 + (10) i n a c e t o n i t r i l e at r o o m t e m p e r a t u r e generates a d a r k 
p u r p l e spec ies w i t h c h a r a c t e r i s t i c a b s o r p t i o n at X m a x = 5 5 8 n m (e = 3 3 0 0 
M " 1 c m - 1 ) , u n d o u b t e d l y ass ignable as a charge - t rans fe r t r a n s i t i o n . A 
c o r r e s p o n d i n g stable p u r p l e s o l i d c a n b e i s o l a t e d , f o r m u l a t e d as 
[ C u 2 ( P D ) ( 0 2 ) ] 2 + (11), b a s e d o n e l e m e n t a l analys is , mass s p e c t r o m e t r i c 
data , s o l u t i o n c o n d u c t a n c e a n d the o b s e r v e d C u : 0 2 = 2:1 ( m a n o m e t r y 
i n C H 3 C N ) s t o i c h i o m e t r y o f its f o r m a t i o n ( F i g u r e 7) (58). A c e t o n i t r i l e 
appears to b e i m p o r t a n t for its s o l u t i o n s tab i l i t y , i n w h i c h it appears to 
b e essent ia l ly d i a m a g n e t i c , because i t exh ib i t s a s h a r p , n o r m a l l o o k i n g 
* H - N M R s p e c t r u m a n d has a m a g n e t i c m o m e n t 0 .32 M B / C U ( r o o m t e m 
perature ) i n C D 3 C N (Evans m e t h o d ) . A s an i s o l a t e d s o l i d , i t does not 
c o n t a i n C H 3 C N , a n d the m a g n e t i c c o u p l i n g is w e a k e r , i . e . , 1.30 M B / C U 
( r oom t e m p e r a t u r e ) . T h i s m a t e r i a l does possess an 0 2 - o x i d i z i n g e q u i v 
a lent , as seen f r o m its r e a c t i o n c h e m i s t r y (see the next sect ion) ; the 
o r i g i n a l d i n u c l e a t i n g l i g a n d r e m a i n s in tac t i n 1 1 , b a s e d o n the a b i l i t y to 
r e c o v e r u n h y d r o x y l a t e d P D ( 8 1 % , iso lated) b y e x t r a c t i o n u s i n g 

P D P D - O H 
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2+ 

PY-

[Cu2(PD-0 )(0H )] 2 + * 7 \ 

PY γ PY 
Η 

[Cu I
2(PD)L] 2 + 

10a D = absent 
10b D = C H 3 C N 

CH 3 CN 

|2+ 

PY 

[Cu 2 (PD)(0 2 )] 
11 

Figure 7. Copper (I)-02 chemistry involving the dinucleating PD ligand. 

N H 4 O H ( a q ) . T h u s , the s p e c t r o s c o p i c p r o p e r t i e s a n d substrate r e a c t i v i t y 
(e.g., w i t h H + o r P P h 3 ) o f 11 are v e r y d i f f erent f r o m o t h e r C u 2 0 2 (e.g., 
peroxo -d i copper ( I I ) ) spec ies s u c h as [ { ( T M P A ) C u } 2 ( 0 2 ) ] 2 + (3) a n d 
[ C u 2 ( N n ) ( 0 2 ) ] 2 + (5). W e do not as yet have any c l ear ideas c o n c e r n i n g 
the s t ructure o f 11 ; one specu la t i on is that the m o l e c u l e is best d e s c r i b e d 
as an C u ( I ) 2 - 0 2 spec ies e x h i b i t i n g a C u 0 2 m e t a l - t o - l i g a n d c h a r g e -
transfer ( M L C T ) a b s o r p t i o n [i.e., not peroxo -d i copper ( I I ) ] a n d that the 
0 2 m o l e c u l e m a y b e c o p p e r - b o u n d b u t also c l o se ly assoc iated w i t h the 
p h e n y l r i n g o f the P D l i g a n d . 

Cu(I ) 2 -0 2 Hydroxylation Reaction Accompanied by D M F 
Hydrolysis (57). E i t h e r b y r e a c t i o n o f [ C u 2 ( P D ) ( 0 2 ) ] 2 + (11) w i t h d i -
m e t h y l f o r m a m i d e ( D M F ) u n d e r argon at r o o m t e m p e r a t u r e , or b y d i r e c t 
a d d i t i o n o f 0 2 to a D M F s o l u t i o n o f [ C u 2 ( P D ) ] 2 + (10a), a r a p i d change 
to g r e e n occurs . W e o r i g i n a l l y e x p e c t e d that a h y d r o x o - b r i d g e d a n d 
p h e n o x o - b r i d g e d d i copper ( I I ) c o m p l e x analogous to 8 ( i .e. , [ C u 2 ( P D -
0 _ ) ( O H " ) ] 2 + ) m i g h t b e i s o l a t e d , b u t i t was not the case. Ins tead , the 
p h e n o x o - b r i g e d a n d f o r m a t o - b r i d g e d spec ies [ C u 2 ( P D - 0 ~ ) ( H C 0 2 " ) ] 2 + 

(12) is o b t a i n e d i n > 7 0 % i s o l a t e d y i e l d ( F i g u r e 7). I n t e r e s t i n g l y , the 
a c e t a t e - b r i d g e d c o m p l e x [ C u 2 ( P D - 0 ~ ) ( C H 3 C 0 2 ~ ) ] 2 + is p r o d u c e d i n a 
c o r r e s p o n d i n g r e a c t i o n c a r r i e d out i n Ν,Ν-dimethylacetamide. T h e 
s t r u c t u r e o f 12 has b e e n c o n f i r m e d i n a X - r a y c r y s t a l l o g r a p h i c s tudy 
( F i g u r e 8). 

T h u s , this r e a c t i o n has r e s u l t e d i n b o t h the h y d r o l y s i s o f D M F to 
g ive f o rmate , as w e l l as the h y d r o x y l a t i o n o f the P D l i g a n d , to g ive the 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
6.

ch
00

6

In Mechanistic Bioinorganic Chemistry; Thorp, H., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1996. 
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Figure 8. Perspective Chem3D drawing of formato-bridged complex 
[Cu2(PD-0-)(HC02~)]2+ (12). Cu---Cu' = 3.65 A and Cu-Ophenolato-Cu' 
= 135.3°. 

r e s u l t i n g p h e n o l a t e . A m i d e h y d r o l y s i s is also i n d i c a t e d b y the o b s e r v e d 
p r o d u c t i o n o f d i e t h y l a m i n e ( G C - M S analys is ) , w h e n [ C u 2 ( P D ) ] 2 + (10a) 
is r e a c t e d w i t h 0 2 i n Ν,Ν-diethylformamide. T h e s e t rans format ions r e 
semble the monooxygenase react ions d e s c r i b e d for the X Y L system (i.e., 
6 - ^ 8 , see p r e v i o u s paragraphs) , i n w h i c h one a tom o f 0 2 is i n c o r p o r a t e d 
in to the arene substrate , w h e r e a s the o t h e r e n d e d u p as a b r i d g i n g h y 
d r o x i d e l i g a n d . I n the present case, no c o r r e s p o n d i n g μ-hydroxo c o m p l e x 
( O H " d e r i v e d f r o m 0 2 ; cf. F i g u r e 4) is p r o d u c e d , because an a d d i t i o n a l 
h y d r o l y s i s o f D M F has o c c u r r e d . B e c a u s e f o rmato c o m p l e x [ C u 2 ( P D -
0 ) ( H C 0 2 ) ] 2 + (12) forms d i r e c t l y f r o m [ C u 2 ( P D ) ( 0 2 ) ] 2 + (11) u n d e r A r , 
the O - a t o m i n the p h e n o l P D - O H a n d one a t o m i n the f o rmato l i g a n d 
i n 12 are suggested to b e d e r i v e d f r o m 0 2 . T h i s i n d e e d is the case, 
because mass s p e c t r a l e v i d e n c e ind i ca tes f u l l i n c o r p o r a t i o n o f 1 8 - 0 i n 
free i so lated P D - O H after r e a c t i o n o f [ C u 2 ( P D ) ] 2 + (10a) w i t h 1 8 0 2 . S t r o n g 
s u p p o r t i n g e v i d e n c e is also o b t a i n e d b y e l e c t r o s p r a y i o n i z a t i o n or fast-
a t o m - b o m b a r d m e n t ( F A B ) mass s p e c t r o m e t r i c analysis c a r r i e d out d i 
r e c t l y o n the m e t a l c o m p l e x p r o d u c t 12 . T h u s , 

[ C u 2 ( P D ) ] 2 + (10a) + 1 8 0 2 + H C ( 0 ) N M e 2 

[ C u 2 ( P D - 1 8 0 ) ( H C 0 1 8 0 ) ] 2 + (12) + H N M e 2 
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T h e p o s s i b l e c o u r s e o f r e a c t i o n i n v o l v i n g b o t h a r e n e h y d r o x y l a t i o n 
a n d D M F h y d r o l y s i s is o f c o n s i d e r a b l e i n t e r e s t , (i) O n e c a n e n v i s i o n 
a D M F - i n d u c e d h y d r o x y l a t i o n o f t h e a r e n e i n a p r o c e s s s o m e w h a t 
a n a l o g o u s to t h e h y d r o x y l a t i o n r e a c t i o n 6 8, p r o d u c i n g a s p e c i e s 
f o r m u l a t e d as [ C u 2 ( P D - 0 " ) ( O H " ) ] 2 + , h o w e v e r , n o t h a v i n g t h e s t r u c 
t u r e s h o w n i n F i g u r e 7; p r o d u c t i o n o f a h y d r o x o l i g a n d b o u n d to o n l y 
o n e C u ( I I ) i o n m i g h t t h e n a t t a c k D M F , p r o d u c i n g 1 2 . (ii) A l t e r n a 
t i v e l y , t h e 0 2 ( peroxo? ) g r o u p i n [ C u 2 ( P D ) ( 0 2 ) ] 2 + (11) m i g h t d i r e c t l y 
r e a c t w i t h D M F , a n d a s u b s e q u e n t i n t e r m e d i a t e c o u l d h y d r o x y l a t e 
t h e r i n g . T h e s e p o s s i b i l i t i e s are d i s c u s s e d i n s u b s e q u e n t p a r a g r a p h s , 
i n l i g h t o f t h e a d d i t i o n a l s t r u c t u r a l c h e m i s t r y a n d h y d r o l y s i s r e a c t i v i t y 
d i s c o v e r e d f o r d i c o p p e r ( I I ) c o m p l e x e s w i t h t h e P D - O " l i g a n d . 

D M F Hydrolysis in a Dinuclear Complex Containing Adja
cent Exogenous Ligands. T h e s t r u c t u r e o f [ C u 2 ( P D - 0 ) ( H C 0 2 ) ] 2 + 

(12) suggests that t h e P D - O " d i n u c l e a t i n g l i g a n d m a y n o t b e s u i t a b l e 
f o r e x o g e n o u s l i g a n d μ - 1 , 1 - b r i d g i n g (e .g . , O H " ) , b u t s t a b i l i z e s 1 ,3-
b r i d g i n g i n t e r a c t i o n s (e .g . , Ο , Ο ' - c a r b o x y l a t o ) . I n fact u s i n g a d i n u 
c l e a t i n g l i g a n d s i m i l a r to P D - O " (but possess ing p y r a z o l y l r a t h e r t h a n 
p y r i d y l d o n o r s ) , S o r r e l l a n d c o - w o r k e r s (59) s h o w e d that μ - l , 3 - b r i d g -
i n g was p r e f e r r e d f o r a ce ta te a n d a z i d e ( N 3 ~ ) , w h e r e a s μ - 1 , 1 - b r i d g i n g 
o c c u r s for t h e c o r r e s p o n d i n g p y r a z o l y l - c o n t a i n i n g x y l y l l i g a n d a n a l 
ogous to X Y L - O " . T h u s t h e P D - O " d i n u c l e a t i n g l i g a n d , b y " p i n n i n g 
b a c k " t h e C u ( I I ) i ons v i a b i n d i n g to t h e 1 , 3 - p h e n y l e n e d i a m i n e N -
d o n o r s a n d b r i d g i n g to t h e p h e n o l a t o O - a t o m , e n f o r c e s C u · · · C u 
d i s t a n c e s > 3 .5 Â , u n s u i t a b l e f o r μ - 1 , 1 - b r i d g i n g ( S c h e m e 5: X = O H " , 
h a l i d e " , o r N 3 " ; X - Y = X is N 3 " o r R C 0 2 " ; X I a n d X 2 are n e u t r a l o r 
a n i o n i c l i g a n d s ) . T h e s e d i s t a n c e s suggest that t h e [ C u 2 ( P D - 0 " ) ] n + 

f r a m e w o r k c o u l d f a c i l i t a t e a d j a c e n t c o o r d i n a t i o n o f t w o l i g a n d s , p e r 
h a p s a t e r m i n a l h y d r o x o l i g a n d a n d s u b s t r a t e ( i . e . , D M F ) , p o i s e d f o r 
i n t r a m o l e c u l a r r e a c t i o n a n d h y d r o l y s i s (57). 

T h i s n o t i o n is s u p p o r t e d b y a s t r u c t u r a l analys is o f [ C u 2 ( P D -
0 " ) ( O M e " ) 2 ] 1 + (13), w h i c h is p r o d u c e d b y d i p h e n y l h y d r a z i n e r e d u c t i o n 

P Y 

XYL-O" ligand 
Cu. . .Cu - 3 . 1 Â 

Favors μ-Ι,Ι-bridging 

PD-O ligand 
Cu. . .Cu >3.5A 

Favors μ-13-bridging or terminal coordination 

Scheme 5 
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o f [ C u 2 ( P D - 0 ) ( H C 0 2 ) ] 2 + (12), f o l l o w e d b y 0 2 r e o x i d a t i o n o f the r e 
s u l t i n g d i copper ( I ) spec ies i n m e t h a n o l . I n 13 ( F i g u r e 9) , t w o ad jacent 
t e r m i n a l m e t h o x i d e l igands are c o o r d i n a t e d to the copper ( I I ) ions o f the 
d i n u c l e a r u n i t (57). 

W i t h s t r u c t u r e [ C u 2 ( P D - 0 " ) ( O M e " ) 2 ] 1 + (13) , h a v i n g a d j a c e n t 
t e r m i n a l l i g a n d s , w e s u r m i s e d t h a t th i s c o m p o u n d m i g h t w e l l b e s u i t 
a b l e i n p r o m o t i n g t h e h y d r o l y s i s o f D M F , b e c a u s e w e s h o u l d b e a b l e 
to g e n e r a t e a c o p p e r ( I I ) c o o r d i n a t e d h y d r o x i d e l i g a n d a n d a d j a c e n t 
l a b i l e s i te f or D M F b i n d i n g , i . e . , a ( O H ) - C u · · · C u - ( L ) ( L = H 2 0 o r 
D M F ) spec i e s . W e t r i e d to o p t i m i z e s u c h c o n d i t i o n s b y r e a c t i n g 13 
w i t h D M F (23 ° C ) i n t h e p r e s e n c e o f o n e e q u i v a l e n t o f H C l 0 4 ( a q ) . 
I n d e e d , f a c i l e a m i d e h y d r o l y s i s a g a i n o c c u r s a n d [ C u 2 ( P D -
0 ) ( H C 0 2 ) ] 2 + (12) is g e n e r a t e d i n g o o d y i e l d ( > 6 0 % i so la ted ) ( F i g u r e 
10 ) . A s f o l l o w e d b y U V - v i s s p e c t r o p h o t o m e t r i c m e a s u r e m e n t s o f t h e 
d i s a p p e a r e n c e o f 13 o r a p p e a r e n c e o f 1 2 , p r e l i m i n a r y k i n e t i c m e a 
s u r e m e n t s i n d i c a t e a p s e u d o - f i r s t - o r d e r p r o c e s s w i t h fcobs = 0 .3 h " 1 . 
T h e s u g g e s t e d r e a c t i o n i n t e r m e d i a t e f o r t h i s p r o c e s s is [ C u 2 ( P D -
0 " ) ( O H - ) ( S ) ] 2 + (S = H 2 0 , M e O H , o r D M F s u b s t r a t e ) , as d e p i c t e d i n 
F i g u r e 1 0 . 

A s r e l a t e d to the h y d r o l y s i s r e a c t i o n p r o m o t e d b y d i c o p p e r c o m p l e x 
13 or [ C u 2 ( P D - C T ) ( O H - ) ( D M F ) ] 2 + ( F i g u r e 10) , one needs to c o n s i d e r 

Figure 9. Perspective Chem3D drawing of [Cu2(PD-0~) (OMe-)2]1+ (13), 
with two adjacent terminally bound MeO~ ligands. Cu· · · Cu' = 3.74 h and 
Cu-Ophenolato-Cuf =137.4°. 
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P Y 

1+ 2+ 

i i _ \ . P Y 

P Y ' Q 
r i Me Me 

[Cu 2 (PD-0-)(OMe) 2 ] + (13) 

dimethylformamide 
10 4 (0.02 M) 

5-6hr,RT 

k o b s - O J h r 1 

dimethylformamide , ^ Ο Ν Z N C \ 
dilHCIO 4 (0.02M), 1.2 eq^ γγΧ— Cu 1 1 ' Cu 1 1 —Α- Ρ Y 

P Y * O N , ,Ο ργ 
Ç 
Η 

[ C u 2 ( P D - 0 ) ( H C 0 2 ) ] 2 + ( 1 2 ) 

ΡΥ-4—c 

2+ 

P Y - f - C u « Cu»—)-ΡΥ 
p / g ^ S ργ 

S = H 2 0 , M e O H , D M F 

Figure 10. Complex 13 with two adjacent terminally bound ligands cat
alyzes the hydrolysis of dimethylformamide, giving formato-bridged com
plex 12. 

the poss ib i l i ty that o n l y one o f the t w o m e t a l ions is i n v o l v e d ; w e cons ider 
this u n l i k e l y . S u p p o r t for th is s u p p o s i t i o n comes f r o m studies o n the 
f o l l o w i n g m o n o n u c l e a r ana logue , w h i c h has b e e n c r y s t a l l o g r a p h i c a l l y 
c h a r a c t e r i z e d (57): 

R e a c t i o n o f th is O - b o n d e d D M F - a d d u c t w i t h one e q u i v N a O H ( a q ) i n 
D M F s o l u t i o n p r o d u c e d no d e t e c t a b l e f o r m a t e , e v e n after 6 h . I n t e r -
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es t ing ly , a c o m p u t e r - g e n e r a t e d m o d e l o f [ C u 2 ( P D - 0 " ) ( O H - ) ( D M F ) ] 2 + 

( F i g u r e 10) u s i n g the coord inates for the C u ( I I ) - D M F m o i e t y o b s e r v e d 
i n the m o n o n u c l e a r ana logue i n d i c a t e d that the c o o r d i n a t e d h y d r o x o 
o x y g e n a t o m c o u l d be w i t h i n 2 .5 À o f the D M F c a r b o n y l c a r b o n a n d 
s u p p o r t e d the v i e w that n u c l e o p h i l i c attack m a y b e f a c i l i t a t e d i n th is 
d i n u c l e a r c o m p l e x . 

Possible Hydrolytic Mechanisms: Mononuclear Metal Centers. 
T h e r e is c o n s i d e r a b l e r e c e n t in teres t i n the h y d r o l y s i s o f amides b y 
m e t a l c o m p l e x e s (60-63), i n large par t d u e to t h e i r o c c u r r e n c e i n b i o 
l o g i c a l systems; a t y p i c a l p e p t i d e a m i d e b o n d has a h a l f - l i f e o f 7 y at p H 
7 a n d 2 5 ° C (64). M a n y o f the w e l l - k n o w n m e t a l l o p r o t e i n s i n v o l v e d i n 
h y d r o l y t i c processes c o n t a i n m o n o n u c l e a r z i n c ac t ive sites (65-67), a n d 
t h e r e have b e e n n u m e r o u s m o d e l systems s t u d i e d , i n p a r t i c u l a r those 
i n v o l v i n g zinc(II) or cobalt(III) ions (61). C h i n (61) s u m m a r i z e d (Scheme 
6) some o f the bas i c ideas i n v o l v i n g s u c h m o n o n u c l e a r h y d r o l y s i s o f 
amides , i n v o l v i n g e i ther (a) L e w i s a c i d ac t ivat ion o f substrate , fac i l i ta t ing 
so lu t i on attack b y h y d r o x i d e , (b) a m e t a l - h y d r o x i d e m e c h a n i s m w h e r e b y 
b i n d i n g o f w a t e r to a L e w i s a c i d i c m e t a l l o w e r s its p K a g i v i n g a b o u n d 
h y d r o x i d e , w h i c h attacks substrate , or (c) a c o m b i n a t i o n m e c h a n i s m that 
is l i k e l y i n m e t a l c o m p l e x e s w i t h t w o ad jacent cis l a b i l e sites; h e r e , the 
m e t a l - b o u n d h y d r o x i d e effects an i n t r a m o l e c u l a r attack u p o n the co 
o r d i n a t e d a m i d e substrate . 

Dinuclear Hydrolytic Catalysis. R e c e n t b i o c h e m i c a l a n d p r o 
t e i n c r y s t a l l o g r a p h i c studies have r e v e a l e d that d i - o r t r i n u c l e a r m e t a l 
i o n centers (i .e. , w i t h Z n , M g , M n , F e , C o , or N i ) effect p e p t i d a s e o r 
phosphatase (i .e. , a m i d e o r p h o s p h a t e ester h y d r o l y s i s ) r eac t i ons i n a 
v a r i e t y o f systems, T a b l e II. P r o t e i n systems that c a r r y out a m i d e h y -

2 + / Ό Η r--O H M" 

a 
Lewis acid 

b 
Metal-hydroxide 

c 
Combination 

Scheme 6 
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dro lys is react ions i n c l u d e aminopept idases (68), w h i c h genera l ly possess 
exchangeab le m e t a l - b i n d i n g sites. X - r a y c r y s t a l l o g r a p h i c s tudies have 
r e v e a l e d the ac t ive site s t r u c t u r e i n t w o cases. B o v i n e lens l e u c i n e a m i -
n o p e p t i d a s e (69) possesses a d i - z i n c ac t ive site (Ζη · · · Ζ η = 3 .15 À) 
s t r u c t u r e , a n d i n c o b a l t - d e p e n d e n t m e t h i o n i n e a m i n o p e p t i d a s e f r o m 
Escherichia coli (70), the t w o metals are 2 .9 Â apart (at 2.4 À r e s o l u t i o n ) . 

T h e r e h a v e b e e n a f e w r e p o r t s o f " f i r s t g e n e r a t i o n " c o o r d i n a t i o n 
c o m p l e x s t r u c t u r a l m o d e l s for the phosphatase e n z y m e ac t ive sites 
(81,82), w h e r e a s t h e r e are some examples o f ester h y d r o l y s i s r eac t i ons 
i n v o l v i n g d i n u c l e a r m e t a l c o m p l e x e s (83-85). K i m a n d W y c o f f (74) as 
w e l l as B e e s e a n d Ste i t z (80) have b o t h p u b l i s h e d s o m e w h a t d e t a i l e d 
discussions o f " t w o - m e t a l i o n " mechan isms , i n c o n n e c t i o n w i t h e n z y m e s 
i n v o l v e d i n p h o s p h a t e ester h y d r o l y s i s . C o m p a r e d to f a i r l y s i m p l e 
c h e m i c a l m o d e l systems, the p r o t e i n ac t i ve site m e c h a n i s t i c s i t u a t i o n is 
r a t h e r m o r e c o m p l e x , because s i d e - c h a i n res idues near the ac t ive site 
are u n d o u b t e d l y i n v o l v e d i n the catalysis , i . e , v i a a c i d - b a s e or h y d r o g e n -
b o n d i n g i n t e r a c t i o n s that e i t h e r fac i l i ta te substrate b i n d i n g , h y d r o x i d e 
n u c l e o p h i l i c attack, o r s t a b i l i z a t i o n o f t r a n s i t i o n state(s). N e v e r t h e l e s s , 
a s i m p l e a n d v e r y l i k e l y r o l e o f the L e w i s - a c i d i c m e t a l i o n c e n t e r is to 

Table II . Peptidases and Phosphatases with Polymetal Active Sites 

Metal and Active Site Enzyme and Function Ref. 

Peptidases 
2Zn leucine aminopeptidase 69° 
2Co methionine aminopeptidase (£. coli) 70° 
2Mn arginase (L-arginine L-ornithine 71 

+ urea) 
2Mn enolase (hydratase) 72 
2Ni urease (urea carbonic acid 73 

+ ammonia) 
Phosphatases 

3Zn (2Zn, lMg) alkaline phosphatase 74" 
(phosphomonoesterase) 

2Zn phosphotriesterase (Pseudomonas 75 
diminuta) 

3Zn PI nuclease (endonuclease) 76° 
3Zn phospholipase C, Bacillus cereus 17° 
2Fe (Fe, Zn) purple acid phosphatases 78 
2Mn, 2 M 2 + ribonuclease H domain of HIV-1 79° 

reverse transcriptase 
(phosphodiesterase) 

2(Mg 2 + , M n 2 + , or Zn 2 + ) E. coli D N A polymerase I (Klenow 80a 

fragment) 3',5'-exonuclease 
activity) 

a Protein X-ray structure is available. 
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fac i l i ta te p r o t o n loss f r o m w a t e r , g e n e r a t i n g a h y d r o x i d e or M - ( O H ) " 
n u c l e o p h i l e . L i p s c o m b a n d c o - w o r k e r s (86) favor s u c h a " g e n e r a l - b a s e " 
m e c h a n i s m for the d i - z i n c c o n t a i n i n g l e u c i n e a m i n o p e p t i d a s e , be cause 
X - r a y s t r u c t u r a l s tudies s h o w that t h e r e are no ac t ive - s i te res idues p r e s 
ent that c o u l d themselves d i r e c t l y par t i c ipa te as n u c l e o p h i l e for c a r b o n y l 
c a r b o n attack. 

T h u s , it m a y b e use fu l to d i a g r a m a n u m b e r o f poss ib i l i t i e s for d i -
n u c l e a r m e t a l i o n catalysis w i t h respec t to p h o s p h a t e ester o r a m i d e 
h y d r o l y s i s ( F i g u r e 11) . P a r t a shows that substrate b i n d i n g m a y b e a i d e d 
b y l i g a t i o n to one or b o t h meta ls a l t h o u g h l i g a t i o n to b o t h meta ls seems 
u n l i k e l y for a neutral a m i d e . T h e o t h e r m e t a l c o u l d t h e n d e l i v e r t h e 
h y d r o x i d e n u c l e o p h i l e , o r a l t e r n a t i v e l y , the h y d r o x i d e n u c l e o p h i l e m a y 
c o m e d i r e c t l y f r o m so lvent w a t e r (85). T h e t r a n s i t i o n state m a y b e sta
b i l i z e d b y m e t a l - c o o r d i n a t i o n o f the d e v e l o p i n g negat ive charge o n the 
O - a t o m o f the substrate g r o u p . P a r t b o f F i g u r e 11 shows that r e a c t i o n 
o f a b o u n d substrate (to one or b o t h metals) m a y o c c u r v i a a b r i d g i n g 
M - ( O H " ) - M g r o u p . I n e i t h e r o f these cases, t h e r e is an u n d e r l y i n g p r e 
s u m p t i o n that b i n d i n g o f w a t e r to a L e w i s - a c i d i c m e t a l o r meta ls favors 
d e p r o t o n a t i o n a n d g e n e r a t i o n o f the h y d r o x i d e n u c l e o p h i l e . P a r t c o f 

H 

Subst 

H H O H 

M M ' M ' M R2+ / 
R 

(a) (b) (0 
Figure 11. Mechanistic features that may be important in catalysis of phos
phate ester or amide hydrolysis by a dinuclear metal center. See text for 
further discussion. (Adapted from references 74 and 80). 
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F i g u r e 11 shows that b a s e d o n the X - r a y s t ruc tures ava i lab le (Tab le II ) , 
p r o t e i n s i d e - c h a i n c a r b o x y l a t e (e.g., A s p o r G l u ) b r i d g i n g o f t w o m e t a l 
ions is r a t h e r c o m m o n i n these h y d r o l y t i c m e t a l l o e n z y m e s . O n e c a n 
specu la te u p o n a n o t h e r m e c h a n i s t i c p o s s i b i l i t y , i n w h i c h substrate b i n d 
i n g m a y be a c c o m p a n i e d b y a " c a r b o x y l a t e s h i f t " (87) o r d i s p l a c e m e n t 
( k n o w n to o c c u r i n the r e d o x - a c t i v e d i - i r o n e n z y m e r i b o n u c l e o t i d e r e 
ductase (88)), p l a c i n g a R C 0 2 ~ H or R C 0 2 g r o u p as p o t e n t i a l a c i d o r 
base next to the substrate ; its r o l e m i g h t b e as a p r o t o n d o n o r to the 
R C ( 0 ~ ) ( O H ) - N H R ' t e t r a h e d r a l i n t e r m e d i a t e g e n e r a t e d after h y d r o x i d e 
attack o n substrate , thus f a c i l i t a t i n g p r o d u c t re lease . 

I n those s i tuat ions i n w h i c h t h r e e m e t a l ions are f o u n d at the ac t i ve 
site o f phosphatases (74, 76-78), poss ib l e m e c h a n i s m s b e c o m e m o r e 
c o m p l i c a t e d a n d n u m e r o u s . T h e t h i r d m e t a l m a y b i n d a n d b e p r e s e n t 
i n the act ive site i n a s t r u c t u r a l r o l e o r as an e n z y m e a c t i v a t i o n step . 
F o r the ca ta ly t i c event , t w o m e t a l ions m a y b e i n v o l v e d i n substrate 
b i n d i n g , w h i l e the t h i r d d e l i v e r s the h y d r o x i d e n u c l e o p h i l e ; o t h e r c o m 
b i n a t i o n s are o b v i o u s l y poss ib le . 

Mechanistic Aspects of the D M F Hydrolyses Affected by 1 1 
or 1 3 . T h e m e c h a n i s t i c c oncepts d i s cussed i n p r e v i o u s paragraphs 
w o u l d seem to a p p l y d i r e c t l y to the c o n v e r s i o n o f [ C u 2 ( P D -
0 " ) ( O M e - ) 2 ] 1 + (13) to [ C u 2 ( P D - 0 - ) ( H C 0 2 - ) ] 2 + (12), as a l r e a d y a l l u d e d 
to i n F i g u r e 10 . T h e P D - O " l i g a n d is c a p a b l e o f s u p p o r t i n g l i g a t i o n b y 
t w o ad jacent t e r m i n a l l i gands . T h u s , a d d i t i o n o f H ( a q )

+ to 13 i n D M F 
w o u l d re lease m e t h a n o l , c o n v e r t i n g 13 to a species s u c h as [ C u 2 ( P D -
0 ~ ) ( O H ~ ) ( H 2 0 ) ] 2 + , w i t h l a b i l e n e u t r a l w a t e r l i g a n d . F a c i l e exchange o f 
the c o o r d i n a t e d w a t e r b y D M F substrate w o u l d g ive i n t e r m e d i a t e 
[ C u 2 ( P D - 0 ) ( O H ) ( D M F ) ] 2 + ( F i g u r e 12) , w e l l - s u i t e d for i n t r a m o l e c u l a r 
attack b y h y d r o x i d e o n the c a r b o n y l c a r b o n , w i t h s t a b i l i z a t i o n o f the 
t e t r a h e d r a l i n t e r m e d i a t e p r o d u c t a i d e d b y Cu( I I ) b i n d i n g . R e l e a s e o f 
d i m e t h y l a m i n e g ives f o r m a t e - b r i d g e d p r o d u c t 12 . 

T h e c o n v e r s i o n o f [ C u 2 ( P D ) ( 0 2 ) ] 2 + (11) to [ C u 2 ( P D - 0 ) ( H C 0 2 ) ] 2 + 

(12) is a c o n s i d e r a b l y m o r e i n t e r e s t i n g process , because h y d r o l y s i s is 
a c c o m p a n i e d b y P D r i n g h y d r o x y l a t i o n . Q u a l i t a t i v e l y , the o b s e r v e d r e 
a c t i o n o f 11 w i t h D M F is i m m e d i a t e , i . e . , m u c h faster t h a n that o b s e r v e d 
i n the p u r e l y h y d r o l y t i c process , [ C u 2 ( P D - 0 - ) ( O M e - ) 2 ] 1 + (13) 
[ C u 2 ( P D - 0 ) ( H C 0 2 ) ] 2 + (12). O n e poss ib l e e x p l a n a t i o n for this obser 
v a t i o n c o u l d i n v o l v e a d i f ferent r e a c t i o n p a t h w a y , i n w h i c h the 0 2 (per -
oxo) l i g a n d i n 11 acts as a s t r o n g α -nuc leophi le . T h u s , w e specu late that 
11 c o u l d react w i t h D M F i n s u c h a m a n n e r , p r o d u c i n g a p e r o x o - a m i d a t e 
i n t e r m e d i a t e ( F i g u r e 12) . W h e n this i n t e r m e d i a t e is f o r m e d i n c lose 
p r o x i m i t y to the P D p h e n y l r i n g v i a C u c o o r d i n a t i o n , i t c o u l d have ox
i d a t i v e capab i l i t i e s l i k e that o f a p e r a c i d , e f fec t ing the h y d r o x y l a t i o n 
r e a c t i o n o b s e r v e d , l e a d i n g to the f o rmato p r o d u c t 12 . T h e r e are a n u m -
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2+ 

P Y Q 0 P Y 
Me Me 

[ C u 2 ( P D - 0 ) ( O M e ) 2 ] + (13) 

H +
( a q ) , D M F 

P Y P Y P Y P Y 
2+/ 

^^7 / Γ 

1 2 + 

P Y - L - C u 1 1 ' ' C U ° — \ - P Y 

P Y O H Ο P Y 

Η Ν 

Terminal hydroxide 

[Cu 2 (PD)(0 2 ) ] 2 + ( l l ) 

D V r»*7 

-i 2+ 

Ρ Y 
P Y 

Η N -
/ 

P Y 

Peroxo-amidate 

J — C u 1 1 C u 1 1 — \ - P Y 

[ C u 2 ( P D - 0 ) ( H C 0 2 ) ] 2 + (12) 

Figure 12. Summary of proposed mechanisms for hydrolysis of dimeth-
ylformamide starting with either 11 or 13. 

b e r o f r e c e n t examples i n w h i c h a m e t a l - p e r o x i d e g r o u p g e n e r a t e d i n 
p r o x i m i t y to a b i o l o g i c a l substrate has b e e n s h o w n to act as a n u c l e o p h i l e 
(89-91). F o r e x a m p l e , R o b i n s o n (89) as w e l l as C o o n (90) a n d t h e i r co 
w o r k e r s have p r o v i d e d e v i d e n c e that a ( p o r p h y r i n ) i r o n - p e r o x i d e m o i e t y 
c a n attack an e x o c y c l i c a l d e h y d e , g e n e r a t i n g f o r m a l d e h y d e . R a n a a n d 
M e a r e s (91) have also d e m o n s t r a t e d h i g h l y spec i f i c p e p t i d e a m i d e h y 
dro lys is b y us ing h y d r o g e n p e r o x i d e (and ascorbate) w i t h an i r o n - E D T A 
m o l e c u l e t e t h e r e d to a p r o t e i n . 

T h u s , the d i c o p p e r complexes w i t h the P D or P D - O " l i g a n d p r o v i d e 
v e r y n o v e l c h e m i s t r y , c l e a r l y e x h i b i t i n g cases o f d i n u c l e a r m e t a l - p r o 
m o t e d h y d r o l y t i c processes . T h e range o f poss ib l e substrates for th is 
c o m p l e x has yet to b e s t u d i e d a n d one w o n d e r s i f s i m i l a r c h e m i s t r y c a n 
b e o b s e r v e d for z i n c o r o t h e r m e t a l analogues . A v a r i e t y o f m e c h a n i s t i c 
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investigations will be required (e.g., kinetics and pH dependencies) to 
provide further insight into the hydrolytic chemistry and corroboration 
for these proposed reaction pathways. 

Summary 
Our interests in copper-dioxygen coordination chemistry relevant to 
copper proteins has led us to design and develop a variety of synthetically 
derived polydentate ligands, containing one or two metal ions. Reversible 
binding of 0 2 by mono- or dinuclear copper(I) complexes has been dem
onstrated for several ligand systems, leading to the structural and spec
troscopic characterization of several types of C u 2 0 2 (peroxo dicop-
per(II)) complexes. The dinucleating X Y L , U N , and PD ligands involve 
chemistry in which C u 2 0 2 intermediates effect novel C - H activation 
reactions, i.e., the hydroxylation of an arene that is part of the dinu
cleating ligand framework. Such reactions are relevant to copper mono-
oxygenases such as tyrosinase, and a variety of investigations involving 
copper complexes of X Y L , plus derivatives or analogues have provided 
mechanistic insights, involving electrophilic attack of the C u 2 0 2 moiety 
upon the arene substrate. An emerging area of metallobiochemistry is 
the occurrence of peptidase or phosphatase enzymes possessing di- or 
trinuclear metal ion-containing active sites. The chemistry of copper 
complexes with the dinucleating PD and P D - O " ligands not only involves 
Cu(I) 2 /0 2 reactivity, but hydrolysis of an unactivated amide is also ob
served. The reaction chemistry and metal-complex structures observed 
in the system provide insights into the possible mechanisms. 
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Synthetic Modeling of the Interactions 
of Nitrogen Oxides with Copper 
Proteins 
Copper Nitrosyl Complexes Relevant to Putative 
Denitrification Intermediates 

William B. Tolman 

University of Minnesota, 207 Pleasant Street S.E., Minneapolis, MN 55455 

This chapter focuses on the chemistry of biomimetic copper nitrosyl 
complexes relevant to the NO-copper interactions in proteins that 
are central players in dissimilatory nitrogen oxide reduction (de-
nitrification). The current state of knowledge of NO-copper inter
actions in nitrite reductase, a key denitrifying enzyme, is briefly 
surveyed; the syntheses, structures, and reactivity of copper nitrosyl 
model complexes prepared to date are presented; and the insight 
these model studies provide into the mechanisms of denitrification 
and the structures of other copper protein nitrosyl intermediates 
are discussed. Emphasis is placed on analysis of the geometric fea
tures, electronic structures, and biomimetic reactivity with NO or 
NO2- of the only structurally characterized copper nitrosyls, a 
dicopper(II) complex bridged by NO- and a mononuclear 
tris(pyrazolyl)hydroborate complex having a Cu(I)-NO 
formulation. 

THE CRITICAL ROLE OFMETALLOPROTEINS in mediating interconversions 
of nitrogen oxides (N x O y ) within the global nitrogen cycle is now well-
established (1-3). In particular, copper-containing proteins from anaer
obic bacteria function as catalysts for the dissimilatory reduction of nitrite 
(N0 2 ~) and nitrous oxide (N 2 0) to gaseous nitric oxide (NO, N 2 0 , or 
N 2 ) . Dissimilatory nitrogen oxide reduction (denitrification) is a respi
ratory process with intriguing analogies to the dioxygen consumption 
performed by most organisms, but which differs from the assimilatory 

0065-2393/95/0246-0195/$08.54/0 
© 1995 American Chemical Society 
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r e d u c t i o n process b y w h i c h o x i d i z e d n i t r o g e n c o m p o u n d s are r e d u c e d 
to a m m o n i a that is subsequent ly u s e d as a b u i l d i n g b l o c k for the synthesis 
o f n i t r o g e n - c o n t a i n i n g b i o m o l e c u l e s . I m p e t u s for the s tudy o f d e n i t r i 
fication is p r o v i d e d b y the n u m e r o u s e n v i r o n m e n t a l c onsequences (4) 
o f the u p t a k e o r p r o d u c t i o n o f t h e s i m p l e i n o r g a n i c n i t r o g e n c o m p o u n d s 
i n v o l v e d i n the process : N 0 3 " a n d N 0 2 ~ , i m p o r t a n t c o m p o n e n t s o f f e r 
t i l i z e r s a n d agents r e s p o n s i b l e for l a k e e u t r o p h i c a t i o n ; N 2 0 , a g r e e n 
house gas that has b e e n i m p l i c a t e d i n o z o n e d e p l e t i o n ; a n d N O , an 
i m p o r t a n t p o l l u t a n t a n d b i o l o g i c a l e f fector m o l e c u l e . D e v e l o p i n g an u n 
ders tand ing o f the mechanisms b y w h i c h the c o p p e r - c o n t a i n i n g e n z y m e s 
i n v o l v e d i n d e n i t r i f i c a t i o n r e d u c e n i t r o g e n ox ides is thus an i m p o r t a n t 
r e s e a r c h o b j e c t i v e . 

S i g n i f i c a n t i n f o r m a t i o n o n t h e c h e m i s t r y o f n i t r o g e n o x i d e c o p p e r -
p r o t e i n a d d u c t s c a n b e u n c o v e r e d b y e x a m i n i n g i n d e t a i l t h e s t r u c t u r e s 
a n d r e a c t i v i t y o f a p p r o p r i a t e a c t i v e s i te m o d e l c o m p l e x e s . T h i s c h a p 
t e r w i l l f o cus o n t h e c h e m i s t r y o f b i o m i m e t i c c o p p e r n i t r o s y l c o m 
p l e x e s r e l e v a n t to t h e N O - c o p p e r i n t e r a c t i o n s i n p r o t e i n s that a r e 
c e n t r a l p l a y e r s i n d i s s i m i l a t o r y n i t r o g e n o x i d e r e d u c t i o n . A d d i t i o n a l 
reasons f o r e m p h a s i z i n g c o p p e r n i t r o s y l s i n c l u d e t h e i r p r e s u m e d f o r 
m a t i o n i n e x p e r i m e n t s u s i n g N O as a n 0 2 a n a l o g u e a n d p r o b e o f d i o x -
y g e n - a c t i v a t i n g c o p p e r p r o t e i n s (5-13) a n d t h e r e c e n t i d e n t i f i c a t i o n 
o f N O as a p e r v a s i v e b i o m o l e c u l e that has m e t a l s i tes w i t h i n p r o t e i n s 
as a m a j o r t a r g e t (14-16). A f t e r t h e c u r r e n t state o f k n o w l e d g e o f 
N O - c o p p e r i n t e r a c t i o n s i n n i t r i t e r e d u c t a s e ( N i R ) , a c e n t r a l d e n i t r i 
f y i n g e n z y m e , is b r i e f l y s u r v e y e d , t h e s y n t h e s e s , s t r u c t u r e s , a n d r e a c 
t i v i t y o f c o p p e r n i t r o s y l m o d e l c o m p l e x e s p r e p a r e d t o da te w i l l b e 
p r e s e n t e d , a n d t h e i n s i g h t t h e s e m o d e l s t u d i e s p r o v i d e i n t o t h e 
m e c h a n i s m s o f d e n i t r i f i c a t i o n a n d t h e s t r u c t u r e s o f o t h e r c o p p e r p r o 
t e i n n i t r o s y l i n t e r m e d i a t e s w i l l b e d i s c u s s e d . 

The Copper Nitrite Reductase Nitrosyl Intermediate 
S e v e r a l c o p p e r - c o n t a i n i n g N i R s have b e e n i d e n t i f i e d , b u t the most ex 
tens ive s t r u c t u r a l a n d m e c h a n i s t i c s tudies have f o c u s e d o n the e n z y m e 
f r o m Achromobacter cycloclastes (17-25). A 2 .3-À r e s o l u t i o n X - r a y c r y s 
ta l s t ruc ture for this N i R i n its o x i d i z e d f o r m at p H 5.2 has b e e n r e p o r t e d 
(17), a n d a r e p r e s e n t a t i o n o f the ac t ive site is s h o w n i n F i g u r e 1. E a c h 
m o n o m e r i n the t r i m e r i c p r o t e i n conta ins t w o c o p p e r i ons , one o f w h i c h 
( C u - 1 ) is l i g a t e d to a c y s t e i n e , a m e t h i o n i n e , a n d t w o h i s t i d i n e res idues 
i n a g e o m e t r y s i m i l a r to that o f " t y p e 1 " c o p p e r centers i n p r o t e i n s 
s u c h as p l a s t o c y a n i n (26). T h e s e c o n d " t y p e 2" c o p p e r i o n i n N i R ( C u -
2) is o n l y 12 .5 -À distant f r o m t h e first a n d is b o u n d to t h r e e h i s t i d i n e 
i m i d a z o l e s (two f r o m one m o n o m e r , the t h i r d f r o m an associated subunit ) 
a n d a f o u r t h s m a l l l i g a n d i n an u n u s u a l t e t r a h e d r a l a r r a n g e m e n t . T h e 
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Met 150 
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Η (from another 
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Figure 1. Schematic representation of the copper sites in nitrite reductase 
from Achromobacter cycloclastes (11). 

c o p p e r ions are c o n n e c t e d to e a c h o t h e r b y a d i p e p t i d e b r i d g e , C y s -
1 3 6 - H i s - 1 3 5 . T h e f o u r t h s m a l l l i g a n d o n C u - 2 is p r e s u m a b l y a w a t e r 
m o l e c u l e , m a k i n g C u - 2 a g o o d candidate for the site o f substrate b i n d i n g 
a n d r e d u c t i o n . 

P r e l i m i n a r y o b s e r v a t i o n o f a d d i t i o n a l e l e c t r o n d e n s i t y at th is f o u r t h 
c o o r d i n a t i o n p o s i t i o n o f C u - 2 u p o n s o a k i n g crysta ls w i t h N 0 2 ~ is c o n 
sistent w i t h this i d e a . T h u s , f r o m the s t r u c t u r a l da ta i t w o u l d a p p e a r 
that C u - 1 is a t y p e 1 c e n t e r that func t i ons to t rans fer e l e c t rons to t h e 
c a t a l y t i c C u - 2 i o n (See N o t e A d d e d i n Proo f ) . It has b e e n suggested , 
l a r g e l y o n the basis o f e l e c t r o n i c s t r u c t u r a l c o n s i d e r a t i o n s (27, 28), that 
the C y s - 1 3 6 - H i s - 1 3 5 l i n k b e t w e e n C u - 1 a n d C u - 2 is a poss ib l e c o n d u i t 
for e l e c t r o n t rans fer b e t w e e n the t w o sites. A n analogous d i p e p t i d e 
b r i d g e b e t w e e n the t y p e 1 c e n t e r a n d the c a t a l y t i c t r i c o p p e r c l u s t e r i n 
ascorbate oxidase (29, 30) m a y f u n c t i o n s i m i l a r l y . I n d e e d , o t h e r c lose 
s i m i l a r i t i e s b e t w e e n p r o t e i n d o m a i n s i n ascorbate ox idase a n d N i R have 
b e e n n o t e d (17). 

T h e i d e a that N 0 2 ~ b i n d i n g a n d r e d u c t i o n o c c u r s at C u - 2 i n N i R 
f r o m A . cycloclastes is also s u p p o r t e d b y recent mechan i s t i c e x p e r i m e n t s 
(24). I n examinat i ons o f e n z y m e p r e p a r a t i o n s h a v i n g m a x i m u m C u - 1 
content b u t d e p l e t e d C u - 2 sites, spec i f i c a c t i v i t y ( p r o d u c t i o n o f N O 
f r o m N 0 2 ~ ) was f o u n d to b e d i r e c t l y p r o p o r t i o n a l to t h e C u - 2 c o n t e n t . 
T h i s resu l t argues against a p r e v i o u s suggest ion (25) that C u - 1 is t h e 
site o f catalysis i n the e n z y m e a n d i m p l i e s that the l o w spec i f i c a c t iv i t i e s 
o f o t h e r c o p p e r N i R s that are r e p o r t e d to c o n t a i n o n l y t y p e 1 centers 
(31, 32) m a y b e d u e to the fact that t y p e 2 centers are r e q u i r e d i n these 
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systems, too (33). T h u s , it has b e e n p r o p o s e d that s m a l l amounts o f t y p e 
2 sites m a y a c t u a l l y he r e s p o n s i b l e for the o b s e r v e d a c t i v i t y i n the p u r 
p o r t e d t y p e 1-only N i R s . F u r t h e r i n d i c a t i o n s o f the c r i t i c a l substrate 
b i n d i n g r o l e o f the C u - 2 site i n c l u d e s p e c t r o s c o p i c da ta a c q u i r e d for 
the N i R f r o m Alcaligenes xylosoxidans (33, 34), r e p o r t s o f p r e l i m i n a r y 
e l e c t r o n p a r a m a g n e t i c r e sonance ( E P R ) s p e c t r o s c o p y data that s h o w 
changes o n l y i n t h e A . cycloclastes N i R C u - 2 s igna l u p o n t r e a t m e n t o f 
so lut ions o f the e n z y m e w i t h excess N 0 2 ~ (24), a n d e l e c t r o c h e m i c a l 
e x p e r i m e n t s that c o m p a r e the apo , C u - 2 - d e p l e t e d , a n d f u l l y m e t a l l a t e d 
e n z y m e s (35). 

Severa l p ieces o f e v i d e n c e , a lbe i t mos t ly i n d i r e c t , i m p l i c a t e a n i t r o s y l 
a d d u c t to C u - 2 as a k e y r e a c t i o n i n t e r m e d i a t e i n the g e n e r a t i o n o f N O 
or N 2 0 f r o m N 0 2 " ( 2 i - 2 5 ) . T h u s , a l l p r o p o s e d m e c h a n i s m s o f n i t r i t e 
r e d u c t i o n have i n c o m m o n an i n i t i a l , r e v e r s i b l e d e h y d r a t i o n o f a c o o r 
d i n a t e d N 0 2 ~ to y i e l d a c o p p e r n i t r o s y l , w r i t t e n as C u + - N O + to e m 
p h a s i z e the p r e s u m e d e l e c t r o p h i l i c c h a r a c t e r o f the b o u n d N O l i g a n d 
a n d the n e e d for an e l e c t r o n f r o m c o p p e r d u r i n g catalysis (21-25) 
(Scheme 1). T h e f o r m u l a t i o n o f the c o p p e r n i t r o s y l is also b a s e d o n a n a l 
ogies d r a w n to m o r e f u l l y c h a r a c t e r i z e d n i t rosy l s o f i r o n - c o n t a i n i n g e n 
z y m e s a n d m o d e l c o m p l e x e s (36, 37) . C e r t a i n l y , f o r m a t i o n o f the p r i n 
c i p a l e n z y m e r e a c t i o n p r o d u c t , free N O , d u r i n g catalys is is r e a d i l y 
e x p l a i n e d b y i n v o k i n g l i g a n d loss a n d Cu( I I ) g e n e r a t i o n f r o m s u c h a 
c o p p e r n i t r o s y l . I n i t i a l e v i d e n c e for th is spec ies was p r o v i d e d b y 1 5 N -
l a b e l e d n i t r i t e - a n d a z i d e - t r a p p i n g e x p e r i m e n t s p e r f o r m e d w i t h c e l l -
f ree extracts f r o m A . cycloclastes, w h i c h w e r e i n t e r p r e t e d to i n d i c a t e 
p a r t i t i o n i n g b e t w e e n p a t h w a y s o f attack b y the l a b e l e d substrates o n 
the e l e c t r o p h i l i c C u + - N O + u n i t (21). I n c o r p o r a t i o n o f l s O f r o m H 2

l s O 
i n t o p r o d u c t N 2 0 w h e n N O was i n t r o d u c e d as substrate i n w h o l e ce l l s 
has also b e e n c i t e d as s u p p o r t i n g e v i d e n c e for the n i t r o s y l i n t e r m e d i a t e 
(22), because it is k n o w n that s u c h e l e c t r o p h i l i c M - N O + species u n d e r g o 

2H + H 20 

E-Cu+ 
N02" E-Cu+-I N02 ' E-Cu+-NO+ E-Cu^+ + NO 

N02 ' 

E-Cu2+ 

E-Cu+ + N20 E-Cu+ + N20 

Scheme 1 
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r a p i d a n d r e v e r s i b l e h y d r a t i o n - d e h y d r a t i o n processes that r esu l t i n ex
change o f o x y g e n isotopes (38-40). I n a d d i t i o n , a C u + - N O + spec ies has 
b e e n i n v o k e d to e x p l a i n the o b s e r v e d i n c o r p o r a t i o n o f Ν atoms f r o m 
b o t h N O a n d N 0 2 " in to p r o d u c t N 2 0 (23) (Scheme 1). T h e r e v e r s i b l e 
b l e a c h i n g o f the t y p e 1 c o p p e r E P R a n d U V - v i s s ignatures i n N i R u p o n 
a d d i t i o n o f N O has also b e e n c i t e d as e v i d e n c e for t h e g e n e r a t i o n o f a 
C u + - N O + i n t e r m e d i a t e d u r i n g cata lys is , a l t h o u g h i t is p r o b a b l e that the 
e n z y m e u s e d i n these e x p e r i m e n t s l a c k e d the C u - 2 site s u b s e q u e n t l y 
s h o w n to be l i n k e d to h i g h spec i f i c a c t i v i t y (25). I n s u m , c i r c u m s t a n t i a l 
e v i d e n c e for the C u + - N O + d e n i t r i f i c a t i o n i n t e r m e d i a t e exists. H o w e v e r , 
it has n e v e r b e e n o b s e r v e d d i r e c t l y , a n d no s p e c t r o s c o p i c e v i d e n c e has 
b e e n r e p o r t e d to e i t h e r c o n f i r m or d i s p u t e its e l e c t r o n i c s t r u c t u r a l 
f o r m u l a t i o n . 

S t u d i e s o f N O b i n d i n g to o t h e r c o p p e r p r o t e i n s h a v e b e e n e q u a l l y 
i n c o n c l u s i v e , a n d t h e g e o m e t r i c a n d e l e c t r o n i c s t r u c t u r e s o f t h e p u 
t a t i v e a d d u c t s tha t h a v e b e e n r e p o r t e d r e m a i n o b s c u r e . I n a t t e m p t s 
to p r o d u c e p r o t e i n - C u N O c o m p l e x e s , e x a m p l e s f r o m e a c h o f t h e m a 
j o r c lasses o f c o p p e r - c o n t a i n i n g e n z y m e s h a v e b e e n t r e a t e d w i t h N O , 
i n c l u d i n g t y p e 1 [e.g. , a z u r i n (5)], t y p e 2 [e.g. , s u p e r o x i d e d i s m u t a s e 
(5)], t y p e 3 [e.g., h e m o c y a n i n (6 -9 ) ] , a n d o t h e r s [e.g., ga lac tose ox idase 
(41, 42), c y t o c h r o m e c o x i d a s e (10-12), l a c c a s e (13), a n d a s c o r b a t e 
o x i d a s e (5)]. E v i d e n c e c i t e d i n t h e s e s t u d i e s i n s u p p o r t o f s u c c e s s f u l 
g e n e r a t i o n o f c o p p e r n i t r o s y l s h a v e i n c l u d e d t h e o b s e r v a t i o n o f 
b l e a c h i n g o f E P R a n d U V - v i s s p e c t r o s c o p i c f e a t u r e s u p o n t r e a t m e n t 
o f o x i d i z e d t y p e 1 c e n t e r s w i t h N O a n d r e s t o r a t i o n o f t h e s e s igna l s 
u p o n p u r g i n g o f p r o t e i n s o l u t i o n s w i t h N 2 o r u p o n p h o t o l y s i s (5, 25), 
a n d t h e o b s e r v a t i o n o f a n u n u s u a l E P R s i g n a l w i t h a f e a t u r e at g < 2 
w i t h h y p e r f i n e c o u p l i n g t o t h e n i t r o s y l n i t r o g e n u p o n t r e a t m e n t o f 
r e d u c e d la c case w i t h N O (13). I n s o m e i n s t a n c e s , N O b i n d s b u t n o t 
to t h e c o p p e r c e n t e r (41, 42). M o r e c o m m o n l y , c o m p l e x r e d o x c h e m 
i s t r y ensues w h e n c o p p e r p r o t e i n s are e x p o s e d to N O , a n d m u c h w o r k 
is s t i l l n e e d e d to d i f f e r e n t i a t e b e t w e e n N O b i n d i n g , c h a r g e - t r a n s f e r 
c o m p l e x f o r m a t i o n , a n d e l e c t r o n - t r a n s f e r processes i n these r e a c t i o n s 
a n d to d e t e r m i n e t h e m e c h a n i s m s o f f o r m a t i o n o f o t h e r n i t r o g e n ox 
i d e s ( N 0 2 " , N 2 0 , etc . ) tha t h a v e b e e n o b s e r v e d (5-13). 

Copper Nitrosyl Complexes 
T h e n e e d for s t r u c t u r a l , s p e c t r o s c o p i c , a n d r e a c t i v i t y b e n c h m a r k s w i t h 
w h i c h to c o m p a r e a n d h e l p i n t e r p r e t d a t a a c q u i r e d f or a l l t h e c o p p e r 
p r o t e i n systems , N i R i n p a r t i c u l a r , has l e d to an i n t e r e s t i n p r e p a r i n g 
c o p p e r n i t r o s y l m o d e l c o m p l e x e s that m a y b e m o r e r e a d i l y c h a r a c t e r 
i z e d i n d e t a i l . S u c h c o m p l e x e s are r a r e a n d , u n t i l r e c e n t l y , n o n e h a d 
b e e n s t r u c t u r a l l y c h a r a c t e r i z e d b y X - r a y c r y s t a l l o g r a p h y . So l ids h a v i n g 
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t h e e m p i r i c a l f o r m u l a C u X 2 N O ( X = C l o r B r ) h a v e b e e n i s o l a t e d f r o m 
d e e p p u r p l e s o l u t i o n s f o r m e d u p o n e x p o s u r e o f c u p r i c h a l i d e s to N O 
i n a n h y d r o u s a l c o h o l o r a c e t o n i t r i l e (43, 44). T h e p r i m a r y e v i d e n c e 
for t h e b i n d i n g o f N O to c o p p e r i n these spec ies was p r o v i d e d b y 
m a n o m e t r i c N O - u p t a k e e x p e r i m e n t s a n d t h e o b s e r v a t i o n o f b a n d s b e 
t w e e n 1 8 3 0 a n d 1 8 7 0 c m - 1 i n t h e i n f r a r e d s p e c t r a o f t h e so l ids . N o 
a d d i t i o n a l s t r u c t u r a l i n f o r m a t i o n has b e e n r e p o r t e d . T h e s e c o m p o u n d s 
h a v e b e e n u s e d as reagents f or n i t r o s a t i o n o f s e v e r a l c lasses o f o r g a n i c 
m o l e c u l e s , s u g g e s t i n g that t h e n i t r o s y l g r o u p is e l e c t r o p h i l i c (45). I n 
t e r e s t i n g l y , t h e c o m p l e x e s r eac t w i t h N 3 ~ to f o r m N 2 , N 2 0 , a n d t h e 
c u p r o u s h a l i d e , a r e a c t i o n r e l e v a n t to that w h i c h is p o s t u l a t e d to o c c u r 
w h e n a z i d e is u s e d to t r a p t h e p u t a t i v e e l e c t r o p h i l i c C u + - N O + N i R 
i n t e r m e d i a t e (21). 

W e a k a n d r e v e r s i b l e b i n d i n g o f N O to t h e t e t r a g o n a l C u ( I I ) c o m 
p l e x e s C u L 2 ( L = d i t h i o c a r b a m a t o , d i t h i o p h o s p h a t o , o r 8 - m e r c a p -
t o q u i n o l i n a t o ) has also b e e n r e p o r t e d o n t h e bas is o f o b s e r v e d b r o a d 
e n i n g o f E P R s igna ls u p o n e x p o s u r e o f t h e c o m p o u n d s to N O (46). 
R e g e n e r a t i o n o f t h e o r i g i n a l s h a r p s p e c t r a was o b s e r v e d u p o n s u b 
s e q u e n t p u r g i n g w i t h N 2 o r A r . It was s u g g e s t e d t h a t t h e E P R s i g n a l 
b r o a d e n i n g r e s u l t e d f r o m r a p i d e x c h a n g e o f b o u n d w i t h u n b o u n d N O 
b u t , a g a i n , no o t h e r s t r u c t u r a l i n f o r m a t i o n ( i n c l u d i n g i n f r a r e d s p e c t r a 
i n t h i s i n s t a n c e ) w e r e r e p o r t e d that s u b s t a n t i a t e d t h e h y p o t h e s i s o f 
N O a d d u c t f o r m a t i o n . 

T h e first c o p p e r n i t r o s y l c o m p l e x to b e s t r u c t u r a l l y c h a r a c t e r i z e d , 
2 , was p r e p a r e d b y t r e a t m e n t o f a d i copper ( I ) c o m p o u n d , 1, w i t h N O + 
(47) (Scheme 2). It was also s y n t h e s i z e d f r o m the d i copper ( I ) p r e c u r s o r , 
n - B u 4 N ( N 0 2 ) , a n d t w o e q u i v a l e n t s o f H P F 6 * E t 2 0 i n a r e a c t i o n that 
m o d e l s t h e p r o p o s e d i n i t i a l n i t r i t e d e h y d r a t i o n step (Scheme 1) c a r r i e d 
out b y c o p p e r N i R (48). A n X - r a y c r y s t a l l o g r a p h i c s tudy r e v e a l e d a 
s y m m e t r i c a l l y b o u n d n i t r o s y l l i g a n d i n 2 w i t h b o n d distances C u - N 
= 2 . 0 3 6 (10) À a n d N - O = 1 .176 (1) A . (The n u m b e r s i n p a r e n t h e - P
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ses r e p r e s e n t s t a n d a r d dev iat ions . ) T h e r e p o r t e d J>(NO) b a n d at 1 5 3 6 
c m " 1 is cons is tent w i t h the b r i d g e d n i t r o s y l s t r u c t u r e . F o r m u l a t i o n o f 2 
as a C u ( I I ) - ( N O " ) - C u ( I I ) c o m p l e x , r e s u l t i n g f r o m trans fer o f t w o e l e c 
trons f r o m the d i copper ( I ) p r e c u r s o r to N O + , was b a s e d o n the obser 
v a t i o n o f square p y r a m i d a l c o p p e r g e o m e t r i e s t y p i c a l for Cu( I I ) ions 
a n d a feature i n the e l e c t r o n i c a b s o r p t i o n s p e c t r u m at 7 3 0 n m (ε ~ 5 0 0 ) 
a t t r i b u t a b l e to a Cu( I I ) d d t r a n s i t i o n . T h e c o m p l e x has μΛ = 0 . 5 9 M B / C U 
a n d is E P R - s i l e n t , p r e s u m a b l y because the Cu( I I ) sites are s t r o n g l y 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 . 

D i n u c l e a r 2 a n d its d i c opper ( I ) p r e c u r s o r have b e e n s h o w n to m e 
d iate the f o r m a t i o n o f N 2 0 f r o m N 0 2 " o r N O (48). F o r e x a m p l e , t r ea t 
m e n t o f 2 w i t h N 0 2 " p r o d u c e d 1 m o l N 2 0 , 0 . 5 m o l 0 2 , a n d the oxo -
b r i d g e d d i copper ( I I ) c o m p l e x 3 (Scheme 3 ) . F o r m a t i o n o f N 2 0 a n d 
c o p r o d u c t 3 was also i n d u c e d b y t r e a t i n g d i copper ( I ) c o m p l e x 1 w i t h 
N O (Scheme 3 ) . I n s i m i l a r reac t i ons u s i n g r e l a t e d copper ( I ) s t a r t i n g 
mater ia l s , uns tab le c o l o r e d i n t e r m e d i a t e s w e r e o b s e r v e d at l o w t e m 
p e r a t u r e , w h i c h w e r e f o r m u l a t e d as 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 d i -
copper ( I I ) c o m p l e x e s c o n t a i n i n g t w o b r i d g i n g n i t r o s y l ( N O " ) l i gands o n 
the basis o f m a n o m e t r i c N O - u p t a k e m e a s u r e m e n t s , an o b s e r v e d l o w 
J>(NO) i n the I R s p e c t r u m ( 1 4 6 0 c m " 1 ) , a n d the l a c k o f an E P R s igna l . 

Scheme 3 
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It was suggested that a d i b r i d g e d d i n i t r o s y l s t r u c t u r e for the uns tab l e 
i n t e r m e d i a t e s m i g h t fac i l i tate t h e N - N c o u p l i n g r e a c t i o n , an h y p o t h e s i s 
analogous to the pos tu la ted necess i ty for a cis d i spos i t i on o f t w o n i t rosy ls 
i n m o n o n u c l e a r t r a n s i t i o n m e t a l c o m p l e x e s that d e c o m p o s e to N 2 0 or 
N 2 (49). B o t h c o p p e r - p r o m o t e d N 2 0 g e n e r a t i o n reac t i ons (2 p l u s N 0 2 " 
a n d 1 a n d analogues p l u s N O ) m o d e l p r o p o s e d N i R N 2 0 p r o d u c t i o n 
pathways insofar as N - N b o n d f o r m a t i o n is i n d u c e d v i a the i n t e r m e d i a c y 
o f a c o p p e r n i t r o s y l c o m p o u n d . A l t h o u g h a t y p e 1 c e n t e r 12 .5 -Â d is tant 
f r o m the ca ta ly t i c site i n N i R p r o b a b l y supp l i e s the n e e d e d e l e c t r o n s 
for n i t r i t e r e d u c t i o n , h o w e v e r , the s e c o n d m u c h c l oser c o p p e r i o n i n 
the s y n t h e t i c sys tem that p a r t i c i p a t e s i n n i t r o s y l c o m p l e x f o r m a t i o n a n d 
med ia tes the o x y g e n a t o m trans fer reac t i ons is absent i n the e n z y m e . 
T h u s , the r e l e v a n c e o f this m o d e l i n g c h e m i s t r y to N i R s t r u c t u r e a n d 
f u n c t i o n is s o m e w h a t l i m i t e d . 

M o t i v a t e d b y the lack o f w e l l - c h a r a c t e r i z e d m o n o n u c l e a r m o d e l s 
for c o p p e r N i R ac t ive site c o m p l e x e s , w e have b e g u n to e x p l o r e the 
interact ions o f s i m p l e n i t r o g e n oxides w i t h m o l e c u l e s c o n t a i n i n g a s ingle 
c o p p e r i o n (50-53)(See N o t e A d d e d i n Proo f ) . T a k i n g o u r cue f r o m p r e 
v i ous success ful p r e p a r a t i o n s o f r e a c t i v e b i o i n o r g a n i c m o d e l c o m p l e x e s 
(i .e. , see r e f e rences 5 4 a n d 5 5 ) , w e have u s e d s t e r i c a l l y h i n d e r e d 3 ,5 -
s u b s t i t u t e d t r i s ( p y r a z o l y l ) h y d r o b o r a t e s (Tp**' ; R = H , R ' = t-Bu; R = R ' 
= P h ; R = R ' = M e ) as s u p p o r t i n g l igands (56). T h e array o f p y r a z o l y l 
N - d o n o r s i n these l i gands c l o s e l y a p p r o x i m a t e s the h i s t i d i n e i m i d a z o l y l 
g roups c o o r d i n a t e d to Cu( I I ) i n N i R f r o m A. cycloclastes. I n h i b i t i o n o f 
u n d e s i r e d p o l y n u c l e a r c o m p l e x f o r m a t i o n a n d inc reased k i n e t i c s tab i l i ty 
o f the t a r g e t e d C u N O u n i t w e r e a n t i c i p a t e d to resu l t f r o m the p r e s e n c e 
o f the b u l k y subst i tuents a t tached to the t r i s (pyrazo ly l ) f rame. O u r i n i t i a l 
s y n t h e t i c s trategy has i n v o l v e d t r e a t i n g su i tab le C u ( I ) p r e c u r s o r s w i t h 
N O , because w e r e a s o n e d that a m o n o n u c l e a r C u ( I I ) - ( N O " ) spec ies 
w o u l d resu l t v i a a r e d o x process analogous to , b u t i n v o l v i n g one less 
e l e c t r o n t h a n , that i n v o l v e d i n the k n o w n r e a c t i o n o f N O + w i t h the 
d i copper ( I ) c o m p o u n d 1 to generate the C u ( I I ) - ( N O ~ ) - C u ( I I ) u n i t i n 
2 (47). 

A n array o f n e w (57) a n d p r e v i o u s l y p r e p a r e d (58) Τ ρ ^ Ό ι φ start ing 
mater ia l s w e r e s y n t h e s i z e d b y m i x i n g M T p R R ' ( M = K + o r T l + ) w i t h C u C l 
i n o r g a n i c so lvent (Scheme 4) . X - r a y c r y s t a l s t r u c t u r e d e t e r m i n a t i o n s 
r e v e a l e d that a l l o f the c o m p l e x e s , w i t h the e x c e p t i o n o f 7, are d i m e r s 
b r i d g e d b y t w o T p * * ' l i gands i n the s o l i d state (57, 58) ( F i g u r e s 2 - 4 ) . 
F o r the d i m e r s w i t h R = R ' = M e or P h (4 a n d 5, r e s p e c t i v e l y ) , t w o 
p y r a z o l y l r ings o f e a c h l i g a n d are b o n d e d to one Cu( I ) i o n a n d the t h i r d 
is c o o r d i n a t e d to the o ther m e t a l center , r e s u l t i n g i n p l a n a r 3 - coord inate 
Cu(I ) geometr ies i n the complexes ( F i g u r e 2). I n so lu t i on , b o t h m o l e c u l e s 
e x h i b i t d e c e p t i v e l y s i m p l e a n d sharp 1 H N M R s p e c t r a that do not 
b r o a d e n a p p r e c i a b l y u p o n c o o l i n g , w h i c h is consistent w i t h the existence 
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R = 
R = 
R = 

R' 

R* = Me; Tp M e 2 

R' = Ph; Tp P h 2 

H, R" = i-Bu; Tp f _ B u 

[TpRRCu]2 

4 Tp M e 2 (ref. 58) 
5 Tp P h 2 

6 Tp'"Bu 

TpRRCu(3,5-Ph2pz) 

7 Tp1 Ph2 

3,5-Ph2pz 

Scheme 4 

o f r a p i d p y r a z o l y l exchange processes . I n contrast , the d i m e r f o r m e d 
w h e n R = H a n d R ' = f - B u (6) conta ins l i n e a r t w o - c o o r d i n a t e C u ( I ) ions 
a n d one u n c o o r d i n a t e d p y r a z o l y l g r o u p o n e a c h b r i d g i n g l i g a n d ( F i g u r e 
3) . F l u x i o n a l processes are s l o w e d i n th is c o m p l e x d u e to the i n c r e a s e d 
s ter i c b u l k o f the p y r a z o l y l 3 - subs t i tuent , a l l o w i n g c a l c u l a t i o n o f a c t i 
v a t i o n p a r a m e t e r s for a p p a r e n t i n t r a m o l e c u l a r p y r a z o l e exchange v i a 
l i n e shape analysis o f v a r i a b l e t e m p e r a t u r e lH N M R s p e c t r a [Δίί* = 1 1 . 7 
(5) k c a l m o l " 1 a n d AS* = - 9 (2) eu] . F i n a l l y , m i x i n g M T p p h 2 a n d 3 ,5 -
d i p h e n y l p y r a z o l e ( 3 , 5 - P h 2 p z ) w i t h C u C l y i e l d e d t h e d i s t o r t e d t e t r a 
h e d r a l m o n o m e r 7 ( F i g u r e 4) . T h i s m o l e c u l e is also h i g h l y fluxional i n 
s o l u t i o n , w i t h exchange o f b o u n d w i t h a d d e d u n b o u n d p y r a z o l e b e i n g 
p a r t i c u l a r l y fac i le b y lYi N M R s p e c t r o s c o p y . 

D i m e r 6 a n d m o n o m e r 7 ( d i m e r 5 as w e l l , b u t m o r e s l o w l y ) d i s 
s o l v e d i n o r g a n i c s o l v e n t r a p i d l y r e a c t e d w i t h N O to f o r m d e e p r e d 
o r o r a n g e s o l u t i o n s , r e s p e c t i v e l y (52 , 53 ) . T h e s o l u t i o n s e x h i b i t e d 
s t r o n g I R a b s o r p t i o n s at 1 7 1 2 c m " 1 ( T p t B u ) a n d 1 7 2 0 c m " 1 ( T p p h 2 ) 
tha t w e r e a s s i g n e d as *>(NO) b a n d s o n t h e bas is o f t h e i r a p p r o p r i a t e 
shi f ts to l o w e r e n e r g y u p o n i s o t o p i c s u b s t i t u t i o n ( 1 5 N O ) . F r o m t h e s e 
d a t a a l o n e i t was e v i d e n t that c o p p e r n i t r o s y l a d d u c t s h a d f o r m e d . 
T h e s e r e s u l t s also i n d i c a t e d that t h e T p p h 2 l i g a n d causes t h e c o p p e r 
i o n t o b e m o r e e l e c t r o n - d e f i c i e n t t h a n t h a t b o u n d to T p i B u , a c o n c l u 
s i o n c o r r o b o r a t e d b y t h e c a r b o n y l - s t r e t c h i n g f r e q u e n c i e s o f t h e 
c o r r e s p o n d i n g c o m p l e x e s T p R B / C u ( C O ) K C O ) for T p i B u = 2 0 6 9 c m " 1 

(57); / / (CO) for T p p h 2 = 2 0 8 6 c m " 1 (59)]. 
T h e r e s p e c t i v e r e d a n d orange co l o rs o f the N O - s a t u r a t e d so lut ions 

o f the Cu( I ) c o m p l e x e s resu l t f r o m e l e c t r o n i c a b s o r p t i o n features at 4 9 8 
n m ( T p f B u ) a n d 4 7 8 n m ( T p P h 2 ) , r e s p e c t i v e l y ( F i g u r e 5) . P l a c i n g the 
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Figure 4. ORTEP drawing ofTpph2Cu(3,5-Ph2pz), 7 (hydrogen atoms re
moved for clarity) (57). 

so lut ions u n d e r a v a c u u m or p u r g i n g w i t h N 2 or A r c a u s e d these ab 
s o r p t i o n bands to b l e a c h , a n d X H N M R analys is o f the r e s u l t i n g co lor less 
so lut ions i n d i c a t e d a lmost q u a n t i t a t i v e r e g e n e r a t i o n o f the Cu( I ) p r e 
cursors . T h u s , the b i n d i n g o f N O is r e v e r s i b l e . I n d e e d , m a n o m e t r i c 
m e a s u r e m e n t s for the T p i B u case i n d i c a t e d that o n l y ~ 4 0 % o f the a v a i l 
ab le c o p p e r ions are c o o r d i n a t e d to N O i n s o l u t i o n at 2 3 ° C , w i t h i n 
creas ing amounts o f N O b o u n d as the t e m p e r a t u r e is l o w e r e d (53). T h e s e 
data suggest that the Cu(I ) p recursors a n d N O are i n d y n a m i c e q u i l i b r i u m 
w i t h the r e s p e c t i v e n i t r o s y l adducts (Scheme 5) , w i t h an a p p r o x i m a t e 
K e q = 1 4 0 M " 1 . U s i n g the resul ts o f the m a n o m e t r y e x p e r i m e n t s , ex
t i n c t i o n coef f ic ients for the e l e c t r o n i c a b s o r p t i o n features o f the n i t r o s y l 
c o m p o u n d s w e r e c a l c u l a t e d to b e ~ 1 4 0 0 M _ 1 c m _ 1 , w h i c h suggests that 
the absorbances s h o u l d be a t t r i b u t e d to charge- transfer ( C T ) transi t ions . 
M o r e o v e r , a shift o f the a b s o r p t i o n to h i g h e r e n e r g y i n the c o m p o u n d 
w i t h the m o r e e l e c t r o n - d e f i c i e n t c o p p e r i o n ( T p p h 2 ) favors a m e t a l - t o -
l i g a n d charge t ransfer ( M L C T ) r a t h e r t h a n a l i g a n d - t o - m e t a l c h a r g e 
transfer ( L M C T ) ass ignment , an o b s e r v a t i o n o f some i m p o r t a n c e i n d e 
fining the e l e c t r o n i c s t r u c t u r e o f the c o p p e r n i t r o s y l u n i t (see l a ter ) . 

B y c o o l i n g an N O - s a t u r a t e d s o l u t i o n o f 6 i n a r o m a t i c so lvent , X - r a y -
q u a l i t y crysta ls o f T p t B u C u ( N O ) , 8, w e r e o b t a i n e d a n d the r e s u l t i n g 
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1 1 1 1 . I 1 

400 500 600 700 
W a v e l e n g t h ( n m ) 

Figure 5. UV-vis spectra of CH2Cl2 solutions of the Tpm'Cu(NO) complexes 
(52, 

s t r u c t u r e ( F i g u r e 6) p r o v i d e d d e f i n i t i v e p r o o f that the Cu ( I ) d i m e r h a d 
b e e n c l e a v e d to f o r m the first e x a m p l e o f a m o n o n u c l e a r c o p p e r n i t r o s y l 
c o m p l e x . B o t h the short C u - N O a n d N - O b o n d l engths (1 .76 a n d 1.11 
Â, r e s p e c t i v e l y ) i n 8 are t y p i c a l for t r a n s i t i o n m e t a l n i t r o s y l c o m p o u n d s 
(60, 61). T h e C u - N - O b o n d angle is 1 6 3 ° , i n t e r m e d i a t e b e t w e e n t h e 
l i n e a r ( 1 8 0 ° ) a n d b e n t ( 1 2 0 ° ) m e t a l n i t r o s y l ex t remes . I n a d d i t i o n , t h e 
c o p p e r i o n i n 8 has an a p p r o x i m a t e l y t e t r a h e d r a l g e o m e t r y (close 
to l o c a l C3v s y m m e t r y ) s i m i l a r to that f o u n d i n o t h e r f o u r - c o o r d i n a t e 
T p f B u o r T p i P r 2 c o m p l e x e s o f b o t h Cu ( I ) a n d Cu( I I ) (57, 62 , 63). 

It is d i f f i cu l t to j u d g e the extent to w h i c h e l e c t r o n t rans fer f r o m 
Cu( I ) to N O to f o r m a C u ( I I ) - ( N O ~ ) spec ies h a d o c c u r r e d u p o n a d d u c t 
f o r m a t i o n b y c o n s i d e r i n g jus t the I R [J>(NO) = 1 7 2 0 c m " 1 , i n the r e g i o n 
o f o v e r l a p b e t w e e n l i n e a r a n d b e n t n i t r o s y l c o m p l e x e s (60, 61)] a n d X -
ray c r y s t a l s t r u c t u r e results ( t e t rahedra l g e o m e t r y a n d C u - N - O ang le 
= 1 6 3 ° ) . I n o r d e r to u n d e r s t a n d the e l e c t r o n i c s t r u c t u r e o f the C u N O 
u n i t i n 8 a n d its T p p h 2 c o n g e n e r , a series o f E P R , m a g n e t i c c i r c u l a r d i -
c h r o i s m ( M C D ) , a n d n e a r - I R absorbance s p e c t r o s c o p i c s tudies w e r e u n -

y 2 [ T p ' - B u C u ] 2 + N O ^ T p ' - B u C u ( N O ) 

Scheme 5 
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2 0 8 MECHANISTIC BIOINORGANIC CHEMISTRY 

Figure 6. Left: ORTEP drawing of TptBuCu(NO), 8 (hydrogen atoms re
moved for clarity) (52, 53). Right: ORTEP drawing of core ofTptBuCu(NO), 
8, with important metrical parameters noted. 

d e r t a k e n (52, 53). T h e c o m b i n e d resul ts o f these inves t igat i ons are best 
r a t i o n a l i z e d b y an e l e c t r o n i c s t r u c t u r a l d e s c r i p t i o n i n w h i c h the c o p p e r 
i o n reta ins its f u l l set o f d e l e c t rons a n d the u n p a i r e d e l e c t r o n is sub 
s tant ia l ly l o c a l i z e d o n the N O l i g a n d . U s i n g the v a l e n c e b o n d f o r m a l i s m , 
w h i c h does not take in to a c count the r e l a t i v e l y h i g h d e g r e e o f c o v a l e n c y 
c o m m o n l y a t t r i b u t e d to t r a n s i t i o n m e t a l n i t rosy l s (60, 61, 64), a C u ( I ) -
N O * ( S D d e s c r i p t i o n is f a v o r e d . A q u a l i t a t i v e m o l e c u l a r o r b i t a l p i c t u r e 
that takes i n t o a c count the c o v a l e n c y i n t r i n s i c to t h e C u - N O b o n d i n g 
c a n also b e c o n s t r u c t e d a n d u s e d to e x p l a i n the s p e c t r o s c o p i c d a t a (61, 
64) ( F i g u r e 7) ; th is v i e w has b e e n s u p p o r t e d b y d e t a i l e d ab i n i t i o c a l 
cu la t i ons p e r f o r m e d o n the m o d e l ( N H 3 ) 3 C u N O (53). A c c o r d i n g to the 
q u a l i t a t i v e d e s c r i p t i o n the u n p a i r e d e l e c t r o n res ides i n a π* o r b i t a l p r i 
m a r i l y l o c a l i z e d o n N O b u t h a v i n g an a n t i b o n d i n g i n t e r a c t i o n w i t h the 
d z x , d y z set o n c o p p e r (4e i n F i g u r e 7, w i t h d e g e n e r a c y sp l i t b y a J a h n -
T e l l e r d i s t o r t i o n i n v o l v i n g b e n d i n g o f the n i t r o s y l ) . T h e filled l eve l s 
b e l o w h a v e l a r g e l y d o r b i t a l c h a r a c t e r , w i t h c o n t r i b u t i o n s f r o m e i t h e r 
σ Ν Ο or 7 Γ *ΝΟ as s h o w n . 

E a c h v i e w o f t h e b o n d i n g o f N O to c o p p e r p r e d i c t s that d d features 
i n the v i s i b l e a n d n e a r - I R reg ions o f the a b s o r p t i o n a n d M C D s p e c t r a 
o f the n i t r o s y l c omplexes w i l l b e absent, an hypothes i s that was s u p p o r t e d 
b y e x p e r i m e n t . T h e M L C T ass ignment for the — 5 0 0 n m o p t i c a l ab 
s o r p t i o n b a n d is also cons is tent w i t h t h e b o n d i n g p i c t u r e s , because t h e 
filled, essential ly d o r b i t a l set p r o h i b i t s an a l ternat ive L M C T a t t r i b u t i o n . 
A m e t a l d π*ΝΟ t rans i t i on to y i e l d an essent ia l ly C u ( I I ) - ( N O _ ) e x c i t e d 
state seems r e a s o n a b l e — a n d is p r e d i c t e d b y ab i n i t i o t h e o r y (53)— 
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0 
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4e (π NO-xz,yz) | • 3E 
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Cu... 
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Ν 4 3 ι ( ζ 2 - σ Ν Ο ) - | | — 0 
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^3v 
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Figure 7. Qualitative molecular orbital diagram for the Tpm'Cu(NO) 
complexes (based on analogous diagrams for {MNO}10 systems described 
in references 61 and 64.) (Reproduced from reference 53. Copyright 1993 
American Chemical Society.) 

because o f the p r e s e n c e o f l o w - l y i n g , o n l y p a r t i a l l y o c c u p i e d , p r i m a r i l y 
7τ*ΝΟ orb i ta l s . T h e g e n e r a t i o n o f s u c h an e l e c t r o n i c e x c i t e d state was 
s u p p o r t e d b y o b s e r v a t i o n o f an in tense f eature at — 5 0 0 n m i n the M C D 
s p e c t r u m , s p i n - o r b i t c o u p l i n g i n the e x c i t e d state C u ( I I ) i o n r e s u l t i n g 
i n a s t rong p s e u d o A - t e r m (52, 53) . 

T h e s u b s t a n t i a l l o c a l i z a t i o n o f t h e u n p a i r e d e l e c t r o n i n t h e g r o u n d 
state o f t h e c o p p e r n i t r o s y l s i n t h e N O - b a s e d o r b i t a l s a lso r e s u l t s i n 
u n u s u a l E P R s p e c t r o s c o p i c p r o p e r t i e s ( F i g u r e 8) . S i m u l a t i o n s o f X -
a n d S - b a n d E P R d a t a for 1 4 N O a n d 1 5 N O c o m p l e x e s y i e l d e d t h e c o m 
m o n p a r a m e t e r s g„ = 1 .83 , g± = 2 . 0 0 , = 1 1 6 G , A ±

C u = 6 6 G , 
a n d A ±

N O = 3 0 G (52, 53 ) . I n t e r e s t i n g l y , t h e E P R s i g n a l is n o t o b 
s e r v a b l e at t e m p e r a t u r e s a b o v e 4 0 K , i n d i c a t i n g t h e p r e s e n c e o f a 
f a c i l e r e l a x a t i o n p r o c e s s w h i c h is c u r r e n t l y u n d e r i n v e s t i g a t i o n ( H . 
K o t e i c h e , W . E . A n t h o l i n e , C . E . R u g g i e r o , a n d W . B . T o l m a n , u n 
p u b l i s h e d r e s u l t s ) . O b s e r v a t i o n o f g v a l u e s < 2 . 0 a n d t h e l a c k o f a 
s i g n a l a b o v e 3 0 Κ are b o t h u n u s u a l f o r C u ( I I ) c o m p l e x e s , t h u s p r o 
v i d i n g s u p p o r t f o r t h e C u ( I ) - N O ° f o r m u l a t i o n . I n a d d i t i o n , t h e l a r g e 
A ±

N O d i r e c t l y i n d i c a t e s e x t e n s i v e u n p a i r e d s p i n d e n s i t y o n t h e N O 
l i g a n d i n t h e c o m p l e x e s , a c o n c l u s i o n a lso c o r r o b o r a t e d b y ab i n i t i o 
c a l c u l a t i o n s (53). O n e e x p l a n a t i o n f o r t h e l o w g v a l u e is a p o s i t i v e 
s p i n - o r b i t c o u p l i n g c o n s t a n t (λ) a r i s i n g f r o m a l e s s - t h a n - h a l f - f i l l e d , 
c l o s e - t o - d e g e n e r a t e set o f o r b i t a l s l o c a l i z e d o n N O ( the 4 e set i n F i g -

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
6.

ch
00

7

In Mechanistic Bioinorganic Chemistry; Thorp, H., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1996. 



210 M E C H A N I S T I C B I O I N O R G A N I C C H E M I S T R Y 

Tp'-BuCu14NO Tp'BuCu15NO 

I g=2.00 
g=2.00 

Figure 8. X-band EPR spectra (top), 2nd derivatives (middle), and sim
ulations (bottom) of TptBuCu(14NO) (left) and TptBuCu(15NO) (right) at 
-15 K. 

u r e 7) i n t h e g r o u n d state o f t h e c o m p l e x . I n c o n t r a s t , p o s i t i v e g shi f ts 
n o r m a l l y r e s u l t f r o m the m o r e - t h a n - h a l f - f i l l e d d o r b i t a l a r r a y i n C u ( I I ) 
c o m p l e x e s , w h e r e f o r C u ( I I ) λ = - 8 3 0 c m " 1 . 

T h e c o m b i n e d spectroscop ic e v i d e n c e a c q u i r e d to date thus supports 
b i n d i n g o f N O to the T p R R ' C u ( I ) c o m p l e x e s w i t h l i t t l e o r no c o n c o m i t a n t 
e l e c t r o n trans fer , a resu l t d i s t i n c t l y d i f ferent f r o m the s i t u a t i o n seen for 
the d i c o p p e r p o l y p y r i d y l c o m p o u n d s p r e p a r e d b y K a r l i n a n d c o - w o r k e r s 
(47, 48). A l t h o u g h the i n v o l v e m e n t o f a s e c o n d m e t a l i o n i n the la t t e r 
c h e m i s t r y must c e r t a i n l y b e i n v o k e d i n any e x p l a n a t i o n o f this d i v e r g e n t 
b e h a v i o r , C u ( I ) - C u ( I I ) r e d o x po tent ia l s w o u l d be e x p e c t e d to c o r r e l a t e 
w i t h the extent o f e l e c t r o n t rans fer f r o m Cu( I ) to c o o r d i n a t e d n i t r i c 
ox ide . I n fact, c y c l i c v o l t a m m o g r a m s c h a r a c t e r i z e d b y c h e m i c a l l y r e 
v e r s i b l e waves w i t h large p o s i t i v e E 1 / 2 va lues for T p i B u C u ( C H 3 C N ) a n d 
7 have b e e n m e a s u r e d (+0 .93 V a n d + 0 . 6 3 V versus S C E , r e s p e c t i v e l y , 
i n C H 2 C 1 2 ) (57). W e specu la te that the o r i g i n o f these h i g h p o t e n t i a l s , 
a n d the r e s u l t i n g la ck o f e l e c t r o n transfer to c o o r d i n a t e d N O i n the 
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T p C u c o m p o u n d s , is the r e l a t i v e i n s t a b i l i t y o f the Cu ( I I ) state d u e to 
the p s e u d o t e t r a h e d r a l m e t a l i o n g e o m e t r y e n f o r c e d b y the s t e r i c a l l y 
h i n d e r e d T p l igands . A n a l o g o u s g e o m e t r i c effects o n the redox potent ia ls 
o f Cu ( I ) c o m p l e x e s o f s t e r i c a l l y h i n d e r e d m u l t i d e n t a t e N - d o n o r l i gands 
have b e e n r e p o r t e d (65). I n contrast , the p o l y p y r i d y l l i gands u s e d b y 
K a r l i n a n d c o - w o r k e r s (47, 48) c a n m o r e r e a d i l y s u p p o r t f avorab le f i ve -
c o o r d i n a t e Cu( I I ) g e o m e t r i e s , r e s u l t i n g i n d e c r e a s e d r e d o x po tent ia l s 
a n d m o r e fac i le e l e c t r o n t rans fer to N O . 

P r e l i m i n a r y e x p e r i m e n t s have r e v e a l e d that the r e a c t i v i t y o f the 
T p R R C u ( N O ) c o m p o u n d s is also u n i q u e . A s n o t e d p r e v i o u s l y , N O b i n d 
i n g is w e a k a n d r e v e r s i b l e i n these c o m p l e x e s , a n d d i s p l a c e m e n t o f N O 
b y C O or C H 3 C N to y i e l d the r e s p e c t i v e Cu ( I ) adducts is t h e r e f o r e 
r e a d i l y a c c o m p l i s h e d . M o r e i m p o r t a n t l y f r o m the p e r s p e c t i v e o f 
m o d e l i n g N i R a c t i v i t y , w e have r e c e n t l y f o u n d that b y u s i n g 
T p p h 2 C u ( C H 3 C N ) or the less h i n d e r e d T p M e 2 C u ( I ) s t a r t i n g m a t e r i a l 4, 
N O d i s p r o p o r t i o n a t i o n to y i e l d N 2 0 a n d T p R 2 C u ( N 0 2 ) (R = P h o r M e ) 
c a n b e i n d u c e d (Scheme 6) (66). S p e c i f i c a l l y , t r e a t m e n t o f C H 2 C 1 2 so
l u t i o n s o f the Cu( I ) s tar t ing mater ia l s w i t h excess N O r e s u l t e d i n r a p i d 
f o r m a t i o n o f r e d so lut ions o f the r e s p e c t i v e c o p p e r n i t r o s y l c o m p l e x e s . 
H o w e v e r , i n contrast to the case w h e r e the 3 - p y r a z o l y l subst i tuents are 
t-Bu, the r e d c o l o r c h a n g e d to y e l l o w - g r e e n o v e r s e v e r a l h o u r s a n d an 
e q u i v a l e n t o f N 2 0 (quant i f i ed b y G C ) a n d the r e s p e c t i v e C u ( I I ) - n i t r i t e 
c o m p l e x (quant i f i ed b y U V - v i s a n d E P R s p e c t r o s c o p y a n d c h a r a c t e r i z e d 
b y X - r a y c r y s t a l l o g r a p h y ) w e r e f o r m e d . T h e o v e r a l l d i s p r o p o r t i o n a t i o n 
r e a c t i o n , a l t h o u g h k n o w n for o t h e r meta ls (60), is u n i q u e i n c o p p e r 
c h e m i s t r y a n d prov ides p r e c e d e n t for N O react ions w i t h c o p p e r pro te ins 
s u c h as N i R (23) a n d h e m o c y a n i n (8, 67) that resu l t i n N 2 0 g e n e r a t i o n 
a n d c o n c o m i t a n t c o p p e r o x i d a t i o n . 

U n l i k e i n the p o l y p y r i d y l sys tem, w h e r e oxo -d i copper ( I I ) c o m p l e x 
f o r m a t i o n a c c o m p a n i e s N - N b o n d f o r m a t i o n (48), a t h i r d N O accepts 
the o x y g e n a t o m i n o u r case [the k n o w n (68) c o m p l e x T p M e 2 C u - ( M - 0 ) -
C u T p M e 2 was not o b s e r v e d for the case R = M e ] . W e h y p o t h e s i z e that 
i n the i n i t i a l stages o f the d i s p r o p o r t i o n a t i o n r e a c t i o n the a d d u c t 
T p M e 2 C u ( I ) - ( N O ) 2 f orms a n d e i t h e r d i m e r i z e s to y i e l d a d i b r i d g e d d i -
c o p p e r c o m p l e x analogous to in te rmed ia tes p o s t u l a t e d b y P a u l a n d K a r l i n 
(48) or adds a s e c o n d N O to af ford a m o n o n u c l e a r spec ies w i t h cis 

1 /2P"P e Cu]2 NO 
(1 atm) TpR2Cu(ll)-(N02") 

or TpH^Cu(NO) + 
Tp™^Cu(CH3CN) 

R = Ph or Me 
N20 

Scheme 6 
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n i t r o s y l l i gands o r a c o o r d i n a t e d h y p o n i t r i t e (Scheme 7, h y p o n i t r i t e 
p o s s i b i l i t y not shown) . T h e n i t rosy l s i n e i t h e r i n t e r m e d i a t e w o u l d t h e n 
b e w e l l - d i s p o s e d for fac i le N - N b o n d f o r m a t i o n . P r e l i m i n a r y k i n e t i c 
da ta i n d i c a t e a first-order d e p e n d e n c e o f the r e a c t i o n rate o n C u ( I ) i o n 
c o n c e n t r a t i o n , cons is tent w i t h the m o n o n u c l e a r p a t h w a y (66). H o w the 
subsequent steps, oxo - t rans fer f r o m a t h i r d N O , re lease o f N 2 0 , a n d 
e l e c t r o n transfer f r o m Cu( I ) to N 0 2 , o c c u r r e m a i n s a m y s t e r y . 

Conclusions 

T h e synthes i s a n d c h a r a c t e r i z a t i o n o f t h e c o p p e r n i t r o s y l c o m p l e x e s 2 
a n d 8 r e p r e s e n t i m p o r t a n t first steps i n efforts to p r o v i d e an i n - d e p t h 
c h e m i c a l u n d e r s t a n d i n g o f C u N O - p r o t e i n i n t e r a c t i o n s . P r o f o u n d d i f 
f erences exist b e t w e e n the m o d e l c o m p o u n d s ' g e o m e t r i c a n d e l e c t r o n i c 
s t r u c t u r e s a n d r e a c t i v i t y p a t t e r n s , s u g g e s t i n g that d i v e r g e n t r e a c t i o n 
p a t h w a y s for c o p p e r - n i t r o s y l a d d u c t s i n b i o l o g i c a l systems are p r o b 
ab le . M o s t s t r i k i n g is the r e l a t i v e l y s t r o n g b i n d i n g o f the n i t r o s y l l i g a n d , 
w i t h the a c c o m p a n y i n g e l e c t r o n t rans fer f r o m c o p p e r to the N O g r o u p , 
i n t h e d i n u c l e a r c o m p l e x c o m p a r e d to t h e w e a k l i g a t i o n , w i t h l i t t l e o r 
n o e l e c t r o n t r a n s f e r , i n t h e m o n o n u c l e a r T p R R ' C u c o m p o u n d s . T h e 
T p R R ' C u ( N O ) c o m p l e x e s r e p r e s e n t t h e first c h a r a c t e r i z e d e x a m p l e s o f 
N O c o o r d i n a t e d to s ing l e c o p p e r sites a n d t h e y m o d e l a p o s s i b l e i n 
t e r m e d i a t e i n n i t r i t e r e d u c t i o n b y N i R , a l t h o u g h t h e y h a v e o n e m o r e 
e l e c t r o n t h a n t h e p r e v i o u s l y p o s t u l a t e d C u + - N O + d e n i t r i f i c a t i o n i n -

1 / 2 [ Τ ρ ' Me2, 

or 

Cu]2 NO 
(1 atm) 

TpPh2Cu(CH3CN) 
TpR2Cu(l)-(NO) 

NO 

dimer-
izatiori/ 

(NO) 

TpR 2Cu(l)^ ^)Cu(l)TpR2 

(NO) 

(NO") 
TpR2Cu(ll)^ /Cu(ll)TpR2 

(NO") 

TpR2Cu(l) 
(NO) 

(NO) 

1. NO coupling 
2. O-atom transfer to| 
additional NO 
3. Electron transfer 
(Cu(l) to N 0 2 ) 

N2Q + TpR2Cu(NQ2) J 

1. NO coupling 
2. O-atom transfer to 
additional NO 
3. Electron transfer 
(Cu(l) to N 0 2 ) 

Scheme 7 
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t e r m e d i a t e . N e v e r t h e l e s s , i t is c o n c e i v a b l e that t h e C u ( I ) - N O ° u n i t 
m a y f o r m d u r i n g n i t r i t e r e d u c t i o n b y b i n d i n g o f N O to t h e r e d u c e d 
C u ( I I ) s i te o r b y r e d u c t i o n o f t h e C u + - N O + spec ies . B o t h m e c h a n i s m s 
are s u p p o r t e d b y t h e d e m o n s t r a t e d (23) i n v o l v e m e n t o f N O i n N 2 0 
g e n e r a t i o n b y N i R . 

N i t r o u s o x i d e g e n e r a t i o n has b e e n i n d u c e d f r o m b o t h 2 a n d 8, b u t 
i t is a p p a r e n t f r o m p r e l i m i n a r y e x p e r i m e n t s that the m e c h a n i s m s for 
the processes di f fer . I n p a r t i c u l a r , o x y g e n a t o m trans fer y i e l d s an oxo -
b r i d g e d d i copper ( I I ) spec ies i n the p o l y p y r i d y l c o m p o u n d s b u t affords 
N 0 2 - i n the case o f the N O r e a c t i o n w i t h 4 a n d T p p h 2 C u ( C H 3 C N ) . P r e 
l i m i n a r y e v i d e n c e suggests that N - N b o n d f o r m a t i o n i n v o l v e s m o n o 
n u c l e a r i n t e r m e d i a t e s i n the l a t t e r r eac t i ons , b u t the subsequent steps 
r e m a i n u n c l e a r . 

F i n a l l y , the u n u s u a l s p e c t r o s c o p i c p r o p e r t i e s o f the m o n o n u c l e a r 
c o p p e r n i t r o s y l c o m p l e x e s p r o v i d e an i m p o r t a n t b e n c h m a r k for c o m 
p a r i s o n to da ta a c q u i r e d for o t h e r c o p p e r p r o t e i n s . A l t h o u g h e x a m i n a 
t ions o f the reac t i ons o f N O w i t h r e d u c e d c o p p e r p r o t e i n s are sparse 
(8,13,67), f u t u r e studies m a y bene f i t f r o m the m o d e l i n g w o r k (see N o t e 
A d d e d i n P r o o f ) . A C u ( I ) - N O ° a d d u c t has b e e n r e p o r t e d to f o r m u p o n 
exposure o f r e d u c e d laccase to N O o n the basis o f an E P R s p e c t r u m 
w i t h g = 2.0 a n d g = 1.8 c o m p o n e n t s w i t h substant ia l A N O (13). S i m i 
la r i t i e s b e t w e e n the E P R s p e c t r a o f o u r f u l l y c h a r a c t e r i z e d n i t r o s y l c o m 
plexes a n d that o f the r e d u c e d laccase spec ies c o r r o b o r a t e the p u b l i s h e d 
C u ( I ) - N O e ass ignment , a l t h o u g h the absence o f C u h y p e r f i n e i n the 
laccase s igna l raises the p o s s i b i l i t y that N O i n t e r a c t i o n m a y o c c u r e lse 
w h e r e i n the p r o t e i n (41, 42). I n t e r e s t i n g l y , E P R signals w i t h g < 2 .0 
w i t h large A N O have also b e e n o b s e r v e d for N O a d s o r b e d o n C u ( I ) -
e x c h a n g e d zeo l i t es that have b e e n i d e n t i f i e d as h i g h l y e f fect ive catalysts 
for e n v i r o n m e n t a l l y i m p o r t a n t N O d e c o m p o s i t i o n to N 2 a n d 0 2 , sug 
ges t ing that C u ( I ) - N O ° m o i e t i e s s i m i l a r to those w e have c h a r a c t e r i z e d 
m a y also exist i n the h e t e r o g e n e o u s systems (69, 70). F u t u r e i n v e s t i 
gat ions o n m o d e l systems w i l l c o n t i n u e to focus o n m e c h a n i s t i c issues 
o f r e l e v a n c e to the n i t r o g e n o x i d e c o n v e r s i o n s c a t a l y z e d b y c o p p e r i n 
b o t h b i o l o g i c a l a n d z e o l i t e e n v i r o n m e n t s . 

Abbreviations 
T h e t r i s ( p y r a z o l y l ) h y d r o b o r a t e ( T p ^ ) l i g a n d n o m e n c l a t u r e u s e d has 
b e e n d e s c r i b e d b y T r o f i m e n k o (56). T h e s u p e r s c r i p t s R a n d R ' r e f e r to 
subst i tuents a t t a c h e d to the 3 - a n d 5 -pos i t i ons , r e s p e c t i v e l y , o f the p y 
r a z o l y l r ings o f the t r i s ( p y r a z o l y l ) h y d r o b o r a t e (Tp) l i g a n d . 

Note Added in Proof 
E v i d e n c e f r o m pu l se rad io lys i s e x p e r i m e n t s for e l e c t r o n t rans fer f r o m 
the t y p e 1 to the t y p e 2 c o p p e r site i n A. cycloclastes N i R has b e e n 
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reported (71). Subsequent to the submission of this chapter, the prep
aration of a mononuclear copper(I)-i71-N-nitrite complex that evolves 
NO upon protonation was accomplished (72). Electrochemical genera
tion of N 2 0 and NO from a copper(II)-nitrite complex also has been 
reported (73). X-ray crystallographic and site-directed mutagenesis 
studies on NiR from Alcaligenes faecalis S-6 indicated copper active-
site structures analogous to those identified in the enzyme from A. cy
cloclastes and further supported the electron transfer role of the type 
1 site in NiR function (74). Finally, on the basis of comparisons of IR 
absorptions observed for NO-treated cytochrome c oxidase to those 
reported for 8, the presence of a Cu-NO adduct in this protein was in
ferred (75). 
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Structural Characterization 
of Manganese Redox Enzymes 
Results from X-ray Absorption Spectroscopy 

Pamela J. Riggs-Gelasco1, Rui Mei2, and James E . Penner-Hahn1,3 

1 Willard H . Dow Laboratories, Department of Chemistry, University 
of Michigan, Ann Arbor, MI 48109-1055 
2 Department of Biology, University of Michigan, Ann 
Arbor, MI 48109-1055 

X-ray absorption spectroscopy has proven to be a useful technique 
for characterizing both the local site structure and the oxidation 
state of the manganese in Mn redox enzymes. Quantitative analysis 
of the X-ray absorption near-edge structure has been used to show 
that Mn catalase cycles between Mn(II)-Mn(II) and Mn(III) 
-Mn(III) oxidation states and that a superoxidized Mn(III)-Mn(IV) 
derivative of Mn catalase is inactive. Similar studies of the oxygen
-evolving complex (OEC) demonstrate that the resting enzyme has 
an average oxidation state of ca. 3.5 but that the Mn can be reduced 
by treatment in the dark with either hydroxylamine or hydroqui
none. Extended X-ray absorption fine structure studies show that 
reduced Mn catalase has 1-2 imidazole ligands but no detectable 
Mn-Mn scattering. The lack of Mn scattering result implies that 
there is only weak, or perhaps no, bridging between the Mn in the 
dinuclear site. In contrast, the active OEC and the inactive super
-oxidized Mn catalase both have an oxo-bridged Μn2(μ-O)2 core 
structure. For the OEC, this structure is disrupted by treatment 
with hydroquinone but not by treatment with hydroxylamine. Taken 
together, these findings provide support for the "dimer-of-dimers" 
model of the OEC. 

DIVALENT M n PLAYS AN IMPORTANT ROLE IN BIOLOGY, a n d t h e r e are 
n u m e r o u s w e l l - c h a r a c t e r i z e d examples o f M n ( I I ) - a c t i v a t e d p r o t e i n s . 
H o w e v e r , i n most cases, the M n can b e r e p l a c e d b y o t h e r d i v a l e n t cat -

*Corresponding author 

0065-2393/95/0246-0219/$09.98/0 
© 1995 American Chemical Society 
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i ons , t y p i c a l l y M g ( I I ) , a n d the c a t i o n is not r e d o x ac t ive . I n the past 
d e c a d e , t h e r e has b e e n i n c r e a s e d in teres t i n the r o l e o f M n i n b i o l o g i c a l 
r e d o x e n z y m e s (J) . T h e s e e n z y m e s i n c l u d e M n s u p e r o x i d e d i smutase , 
M n catalase, a n d the M n c l u s t e r i n the o x y g e n - e v o l v i n g c o m p l e x ( O E C ) 
o f P h o t o s y s t e m II (PSII) . T h e s e e n z y m e s m e d i a t e the one- , t w o - , a n d 
f o u r - e l e c t r o n c h e m i s t r y o f d i o x y g e n , r e s p e c t i v e l y (react ions 1 -3 ) . 

R e a c t i o n 3 o c curs i n a l l p h o t o s y n t h e t i c h i g h e r p lants , a lgae , a n d c y a n o -
b a c t e r i a a n d is the source o f the o x i d i z i n g a t m o s p h e r e that sustains a l l 
o t h e r h i g h e r l i f e f orms . O n e resu l t o f an o x i d i z i n g a t m o s p h e r e is t h e 
p r o d u c t i o n o f h i g h l y r e a c t i v e r e d u c e d o x y g e n spec ies s u c h as h y d r o g e n 
p e r o x i d e a n d s u p e r o x i d e . B o t h h y d r o g e n p e r o x i d e a n d s u p e r o x i d e are 
p o t e n t i a l l y l e t h a l , t h e r e f o r e reac t i ons 1 a n d 2 p l a y a v i t a l r o l e i n p r o 
t e c t i n g ce l l s f r o m o x i d a t i v e damage . D e p e n d i n g o n the o r g a n i s m , b i o 
l o g i c a l s u p e r o x i d e d i s p r o p o r t i o n a t i o n (eq 1) is c a t a l y z e d b y a c o p p e r -
z i n c e n z y m e , a m o n o n u c l e a r F e e n z y m e , o r a m o n o n u c l e a r M n e n z y m e ; 
w h e r e a s h y d r o g e n p e r o x i d e d i s p r o p o r t i o n a t i o n (eq 2) is c a t a l y z e d b y a 
h e m e e n z y m e a n d or a d i n u c l e a r M n e n z y m e . I n contrast , b i o l o g i c a l 
o x y g e n e v o l u t i o n (eq 3) has a s tr i c t r e q u i r e m e n t for M n . 

T h e i m p o r t a n c e o f reac t i ons 1 - 3 i n the b i o s p h e r e is c l ear . H o w e v e r , 
r e l a t i v e l y l i t t l e is k n o w n about t h e c a t a l y t i c m e c h a n i s m s o f these r e a c 
t i ons , p a r t i c u l a r l y reac t i ons 2 a n d 3. I n o r d e r to b e t t e r u n d e r s t a n d the 
ca ta ly t i c m e c h a n i s m s o f these e n z y m e s , i t is i m p o r t a n t to es tab l i sh the 
c o r r e l a t i o n b e t w e e n m e t a l site s t r u c t u r e a n d e n z y m a t i c f u n c t i o n . X - r a y 
a b s o r p t i o n spec t ros copy is one o f the p r e m i e r tools for d e t e r m i n i n g the 
l o c a l s t r u c t u r a l e n v i r o n m e n t o f m e t a l l o p r o t e i n m e t a l sites. I n the f o l 
l o w i n g , w e s u m m a r i z e o u r resul ts u s i n g X - r a y a b s o r p t i o n s p e c t r o s c o p y 
to c h a r a c t e r i z e the s t r u c t u r e o f the M n ac t ive site e n v i r o n m e n t s i n m a n 
ganese catalase a n d i n the O E C a n d s h o w h o w these s t r u c t u r a l resul ts 
c a n b e u s e d to d e d u c e deta i l s o f the ca ta ly t i c m e c h a n i s m o f these 
e n z y m e s . 

X-ray Absorption Spectroscopy 
X - r a y a b s o r p t i o n s p e c t r o s c o p y ( X A S ) re fers to the s t r u c t u r e d a b s o r p t i o n 
o c c u r r i n g i n the v i c i n i t y o f a c o r e - e l e c t r o n X - r a y a b s o r p t i o n t h r e s h o l d 
(an a b s o r p t i o n " e d g e " ) (2 -5 ) . I n the f o l l o w i n g , w e res t r i c t o u r a t t e n t i o n 
to the M n K - e d g e ( I s i n i t i a l state) a b s o r p t i o n s p e c t r u m , w h i c h o c c u r s 
at an e n e r g y o f ca . 6 5 0 0 e V (i .e. , an X - r a y w a v e l e n g t h o f ca . 2 Â ) . A n 
X A S s p e c t r u m is c o n v e n t i o n a l l y d i v i d e d i n t o t w o reg i ons , the X - r a y a b -

2 H 0 2 H 2 0 2 + 0 2 

2 H 2 0 2 0 2 + 2 H 2 0 

2 H 2 0 0 2 + 4 H + + 4e 

(1) 

(2) 

(3) 
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s o r p t i o n near -edge s t r u c t u r e ( X A N E S ) r e g i o n a n d the e x t e n d e d X - r a y 
a b s o r p t i o n f ine s t r u c t u r e ( E X A F S ) r e g i o n . X A N E S re fers to t h e s t r u c 
t u r e d a b s o r p t i o n w i t h i n ca . 5 0 e V o f the edge . F o r t h e M n K - e d g e , th is 
r e g i o n extends f r o m ca . 6 5 2 5 to 6 5 7 5 e V . T h e E X A F S r e g i o n extends 
f r o m ca . 5 0 e V above the edge to as m u c h as 1 0 0 0 e V above the edge . 
H o w e v e r , for b i o l o g i c a l M n samples , the inev i tab l e p resence o f F e , w h i c h 
has an a b s o r p t i o n edge at 7 1 0 0 e V , l i m i t s the u s e f u l E X A F S r e g i o n to 
5 0 - 5 5 0 e V above the edge . 

A l t h o u g h X A N E S a n d E X A F S features are o f ten t r e a t e d as d i s t i n c t , 
b o t h resu l t f r o m sca t te r ing o f the X - r a y - e x c i t e d p h o t o e l e c t r o n . F o r 
energ ies above the X - r a y edge , the i n c i d e n t X - r a y has suff ic ient e n e r g y 
to e jec t a c o re e l e c t r o n . T h i s p h o t o e l e c t r o n c a n b e d e s c r i b e d as a w a v e 
w i t h D e B r o g l i e w a v e l e n g t h λ = h/p, w h e r e ρ is the p h o t o e l e c t r o n m o 
m e n t u m . A s i t encounters n e i g h b o r i n g atoms, this w a v e w i l l b e s cat tered 
b a c k i n the d i r e c t i o n o f the a b s o r b i n g a t o m . I n t e r f e r e n c e b e t w e e n the 
o u t g o i n g a n d the b a c k s c a t t e r e d waves m o d u l a t e s the p h o t o a b s o r p t i o n 
cross sec t i on , r e s u l t i n g i n an o s c i l l a t o r y fine s t r u c t u r e s u p e r i m p o s e d o n 
the X - r a y edge . 

EXAFS Spectroscopy. T h e E X A F S , x ( E ) , is d e f i n e d as t h e f rac 
t i o n a l m o d u l a t i o n o f the X - r a y a b s o r p t i o n coef f i c ient : 

_ μ(Ε) - μ0(Ε) μ(Ε) - μ 5 (Ε) 
Χ ( Ε ) ~ μ 0 ( Ε ) ~ μί(Ε) ( 4 ) 

w h e r e μ(Ε) is t h e o b s e r v e d a b s o r p t i o n cross s e c t i o n , a n d μο(Ε) is the 
cross sec t i on i n the absence o f any E X A F S effects. A s μ 0 cannot b e d e 
t e r m i n e d e x p e r i m e n t a l l y , i t is a p p r o x i m a t e d b y μ 5 , a c a l c u l a t e d s m o o t h 
b a c k g r o u n d . T h e d i f f e rence is t h e n n o r m a l i z e d to the t h e o r e t i c a l fa l lo f f 
o f the cross sec t i on w i t h e n e r g y , μ^Ε) . 

I f the i n d e p e n d e n t v a r i a b l e , E , is r e p l a c e d b y the p h o t o e l e c t r o n 
w a v e - v e c t o r , k = 2 π / λ = V 2 m e ( E - E0)/h2, w h e r e m e is t h e mass o f t h e 
e l e c t r o n , a n d E 0 is the t h r e s h o l d e n e r g y for the e x c i t a t i o n o f a c o r e 
e l e c t r o n , the E X A F S is g i v e n b y : 

X(*) = Σ e x p ( - 2 f c V a s
2 ) e x p ^ ^ j · s in [2fcR a s + φΜ(*)] (5) 

w h e r e R a s is the absorber - s ca t te rer d i s tance ; Ns is the n u m b e r o f scat
t e r i n g atoms (the c o o r d i n a t i o n n u m b e r ) ; is the mean-square d e v i a t i o n 
i n R a s , the s o - c a l l e d D e b y e - W a l l e r factor ; λ is the m e a n f r e e - p a t h o f 
the p h o t o e l e c t r o n ; 0as(fc) is the phase shift that the p h o t o e l e c t r o n w a v e 
u n d e r g o e s w h e n pass ing t h r o u g h the po tent ia l s o f the a b s o r b i n g a n d 
s ca t t e r ing atoms; a n d As(k) is t h e b a c k s c a t t e r i n g a m p l i t u d e f u n c t i o n . 
T h e express i on is s u m m e d o v e r a l l o f the shel ls o f s ca t t e r ing atoms, 
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w h e r e a s h e l l consists o f one or m o r e scatterers at a s ing le (average) 
d i s tance f r o m the absorber . 

F r o m e q u a t i o n 5, it is a p p a r e n t that each s h e l l o f scatterers w i l l 
c o n t r i b u t e a d i f ferent f r e q u e n c y o f o s c i l l a t i o n to the o v e r a l l E X A F S 
s p e c t r u m . A c o m m o n m e t h o d u s e d to v i s u a l i z e these c o n t r i b u t i o n s is to 
ca l cu la te the F o u r i e r t r a n s f o r m (FT) o f the E X A F S s p e c t r u m . T h e F T 
is a p s e u d o r a d i a l - d i s t r i b u t i o n f u n c t i o n o f e l e c t r o n d e n s i t y a r o u n d the 
absorber . B e c a u s e o f the phase shift [</>as(fc)], a l l o f the peaks i n the F T 
are sh i f t ed , t y p i c a l l y b y ca . —0.4 À , f r o m t h e i r t r u e d istances . T h e b a c k -
s ca t te r ing a m p l i t u d e , D e b y e - W a l l e r fac tor , a n d m e a n f r e e - p a t h t e r m s 
m a k e it i m p o s s i b l e to c o r r e l a t e the F T a m p l i t u d e d i r e c t l y w i t h c o o r d i 
n a t i o n n u m b e r . F i n a l l y , the l i m i t e d k range o f the data gives r i se to so-
c a l l e d t r u n c a t i o n r i p p l e s , w h i c h are spur i ous peaks a p p e a r i n g o n the 
w i n g s o f the t r u e peaks . F o r these reasons, F T s are n e v e r u s e d for q u a n 
t i ta t i ve analysis o f E X A F S spec t ra . T h e y are u s e f u l , h o w e v e r , for v i s u 
a l i z i n g the m a j o r c o m p o n e n t s o f an E X A F S s p e c t r u m . 

Q u a n t i t a t i v e analysis o f E X A F S spec t ra requ i res that the φ^), As(k), 
a n d λ t e rms b e d e t e r m i n e d for e v e r y absorber - s ca t te rer p a i r . T h i s d e 
t e r m i n a t i o n c a n b e d o n e e i t h e r e m p i r i c a l l y , u s i n g a m o d e l c o m p o u n d 
o f k n o w n s t r u c t u r e o r ab i n i t i o . S e v e r a l c o m p u t e r p r o g r a m s can b e u s e d 
to ca l cu la te ac curate E X A F S p a r a m e t e r s , a n d this m e t h o d for o b t a i n i n g 
the a m p l i t u d e a n d phase shift func t i ons is o f ten p r e f e r r e d , p a r t i c u l a r l y 
w h e n m o d e l c o m p o u n d s m a y b e di f f i cu l t or i m p o s s i b l e to p r e p a r e (6). 
W h e n </>as(k)> A s(fc), a n d λ have b e e n d e t e r m i n e d , the b o n d - l e n g t h , c o 
o r d i n a t i o n n u m b e r , a n d D e b y e - W a l l e r factor for the u n k n o w n are r e 
fined i n a least -squares sense. B o n d l engths d e p e n d o n the f r e q u e n c y o f 
the E X A F S osc i l lat ions . Because several per i ods o f osc i l l a t i on are usua l ly 
observab le , the b o n d l e n g t h c a n t y p i c a l l y b e d e t e r m i n e d w i t h an ac 
c u r a c y o f 1%; that is , ± 0 . 0 2 À . T h e a c c u r a c y for d e t e r m i n i n g c o o r d i 
na t i on n u m b e r a n d c h e m i c a l i d e n t i t y are genera l ly worse . T h e a m p l i t u d e 
o f the b a c k s c a t t e r e d w a v e is less w e l l - d e f i n e d t h a n its phase a n d is a 
c o m p l e x f u n c t i o n o f scat terer t y p e , D e b y e - W a l l e r fac tor , m e a n f ree -
p a t h , a n d c o o r d i n a t i o n n u m b e r . C o n s e q u e n t l y , t h e u n c e r t a i n t y i n co 
o r d i n a t i o n n u m b e r is t y p i c a l l y ± 2 5 % . B o t h 0as(fc) a n d As(k) d e p e n d o n 
the c h e m i c a l i d e n t i t y o f the s ca t t e r ing a t o m . H o w e v e r , i n p r a c t i c e th is 
d e p e n d e n c e is a s l o w l y v a r y i n g f u n c t i o n o f a t o m i c n u m b e r , a n d i t is 
o n l y poss ib le to i d e n t i f y the scat terer to the nearest r o w o f the p e r i o d i c 
tab le . D e s p i t e these l i m i t a t i o n s , E X A F S r e m a i n s an e x t r e m e l y p o w e r f u l 
s t r u c t u r a l m e t h o d . F o r n o n c r y s t a l l i n e samples , E X A F S is the o n l y t e c h 
n i q u e that c a n p r o v i d e d i r e c t l o c a l s t r u c t u r a l i n f o r m a t i o n . 

X A N E S S p e c t r o s c o p y . I n the X A N E S r e g i o n the p h o t o e l e c t r o n 
has, b y d e f i n i t i o n , l o w k i n e t i c e n e r g y . B e c a u s e l o w - e n e r g y e l e c t rons 
have a l o n g m e a n f ree -path a n d are s trongly scat tered b y the s u r r o u n d i n g 
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m e d i u m , the X A N E S r e g i o n is v e r y sensit ive to the d e t a i l e d arrangement 
o f atoms a r o u n d the a b s o r b i n g a t o m . M u l t i p l e s ca t t e r ing , i n w h i c h the 
p h o t o e l e c t r o n is s ca t te red b y t w o or m o r e atoms b e f o r e r e t u r n i n g to 
the absorber , is b e l i e v e d to b e i m p o r t a n t i n the X A N E S r e g i o n ( a l thoug h 
m u l t i p l e s ca t t e r ing also o c curs i n the E X A F S r e g i o n , it is g e n e r a l l y less 
i m p o r t a n t h e r e t h a n i n the X A N E S reg i on ) . T h e advantage o f m u l t i p l e 
s ca t t e r ing is that i t makes the X A N E S r e g i o n sens i t ive to the g e o m e t r y 
o f the M n site ; the d isadvantage is that d e t a i l e d analysis b e c o m e s p r o 
h i b i t i v e l y d i f f i cu l t . 

R e p r e s e n t a t i v e X A N E S s p e c t r a for c r y s t a l l o g r a p h i c a l l y c h a r a c t e r 
i z e d M n ( I I ) , M n ( I I I ) , a n d M n ( I V ) m o d e l c o m p o u n d s are s h o w n i n F i g u r e 
1. It is apparent that the M n ( I I ) X A N E S s p e c t r a are c h a r a c t e r i z e d b y 
an in tense , r e l a t i v e l y n a r r o w resonance at l o w e n e r g y . I n contrast , the 
X A N E S s p e c t r a for M n ( I I I ) are b r o a d e r a n d sh i f t ed to h i g h e r e n e r g y , 
a n d those s p e c t r a for M n ( I V ) are b r o a d e r s t i l l a n d e v e n h i g h e r i n e n e r g y . 

A v a r i e t y o f approaches have b e e n u s e d for i n t e r p r e t i n g M n X A N E S 
spec t ra . A n edge " e n e r g y " c a n b e d e f i n e d , for e x a m p l e , as the first 
i n f l e c t i o n p o i n t o n the r i s i n g edge or as the e n e r g y at the h a l f - h e i g h t o f 
the edge j u m p . T h e edge e n e r g y shows a s t r o n g c o r r e l a t i o n to the c o 
o r d i n a t i o n charge o f the M n , w h e r e the c o o r d i n a t i o n charge is an a t tempt 
to c o r r e c t the f o r m a l o x i d a t i o n state for the e l e c t r o n e g a t i v i t y o f the 
l igands (7, 8). O n e d i f f i cu l ty w i t h this analysis is that i t r e d u c e s the 
c o m p l e x shape o f the X A N E S s p e c t r u m to a s ing le n u m b e r (the edge 
energy ) . 

W e have a d o p t e d an a l t e r n a t i v e a p p r o a c h i n w h i c h the o b s e r v e d 
X A N E S s p e c t r u m is fit u s i n g a l i n e a r c o m b i n a t i o n o f s p e c t r a d r a w n f r o m 
a l i b r a r y o f a u t h e n t i c M n ( I I ) , M n ( I I I ) , a n d M n ( I V ) m o d e l c o m p o u n d s (9, 
JO). F i t s are c o n s t r a i n e d to use o n l y p o s i t i v e coef f i c ients , a n d the o n l y 
var iab les are the f r a c t i o n o f a m o d e l s p e c t r u m that is u s e d i n the fit. 
T h i s a p p r o a c h is r easonab ly sens i t ive to the p r e s e n c e o f M n ( I I ) a n d , to 
a lesser extent , is ab le to d i s t i n g u i s h b e t w e e n M n ( I I I ) a n d M n ( I V ) . G i v e n 
the s i m i l a r i t y o f the M n ( I I I ) a n d M n ( I V ) X A N E S spec t ra , it is not sur 
p r i s i n g that these o x i d a t i o n states are m o r e d i f f i cu l t to d i s t i n g u i s h . I n 
tests o f c r y s t a l l o g r a p h i c a l l y c h a r a c t e r i z e d m i x e d - v a l e n c e c o m p l e x e s , it 
has p r o v e n poss ib le to es t imate the M n ( I I ) c o n t e n t w i t h an u n c e r t a i n t y 
o f ± 1 0 % . A n analogous a p p r o a c h , b a s e d o n fitting the first d e r i v a t i v e 
o f M n X A N E S spec t ra , has r e c e n t l y b e e n s h o w n to g ive c o m p a r a b l e 
results (11). 

A weakness o f this quant i tat ion p r o c e d u r e is that it assigns a l l o f the 
X A N E S changes to oxidation-state changes. It is w e l l - k n o w n that X A N E S 
energies also d e p e n d somewhat o n l igation type . I n part icular , there appears 
to be a reasonably good corre la t i on b e t w e e n M n structure (specif ically 
M n - l i g a n d b o n d length) a n d X A N E S energy . I n p r i n c i p l e , this l imi ts the 
ut i l i ty o f X A N E S for oxidation-state determinat ion . H o w e v e r , i n the models 
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Figure 1. XANES spectra for crystallographically characterized Mn(ll), 
Mn(lll), and Mn(IV) model compounds. Long dashed lines indicate Mn(II) 
compounds; solid lines indicate Mn(III) compounds; short dashed lines in
dicate Mn(IV) complexes. The models chosen to illustrate this phenomenon 
are[Mn(U)HB(3,5-iPr2pz)3]2(OH)2and (pyrazolyl) 2Mn(OCeHs)3Mn(II) (HB 
3,5-iPr2pz)3 [where HB(3,5-iPr2pz)3 is hydrotris(3,5-diisopropyl-l-pyrazolyl 
borate); Mn(II)(hexakisimidazole)Cl2; Mn(III)(acac)3; Mn(III)2, [2-OH-
(5-Cl-SAL)PN]2(CH3OH), [Mn(IV)fr2-0)(SALPN)]2, and [Mn(IV)-
($ΑΕΡΝ)]2(μ2-0)(μ2-ΟΗ) [where SALPN is l,3-bis(salicylideneimanato) 
propane]; [Mn(III) (SALAHP) (AcO) ]2 [where SALAHP is 3-(salicylideneim-
inato)-2-methyl-l,3-dihydroxypropane]; and Mn(IV)(SALADHP)2 [where 
SALADHPis the dianion of2-methyl-2-(salicylideneamino)-l,3-dihydroxy-
propane]. 

e x a m i n e d to date, w e have f o u n d the X A N E S shape for Mn(II ) to be a 
u n i q u e oxidation-state marker . T h i s p robab ly reflects the u n i q u e structure 
(i.e., l ong M n - l i g a n d b o n d lengths) o f Mn(II ) complexes. It should be noted , 
however , that a hypothet i ca l M n ( I H ) complex hav ing a M n ( H ) - l i k e structure 
(e.g., M n - O distances at 2.2 À) might have a X A N E S spec t rum m i m i c k i n g 
that o f Mn(II ) . L i k e w i s e , a Mn(II) complex w i t h unusual ly short b o n d lengths 
[e.g., a four -coordinate Mn(II)] might appear s imi lar to Mn(II I ) . 

Manganese Catalase 
A l t h o u g h most catalases c o n t a i n the i r o n - p r o t o p o r p h y r i n I X p r o s t h e t i c 
g r o u p , it has b e e n k n o w n for o v e r 3 0 years that some b a c t e r i a are ab le 
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to synthes ize catalases that are not i n h i b i t e d b y m i l l i m o l a r concentrat ions 
o f a z i d e a n d c y a n i d e (12-14). T h i s a b i l i t y suggests that some catalases 
are n o n h e m e e n z y m e s . E a r l y w o r k s h o w e d that the n o n h e m e catalases 
c o n t a i n e d e i t h e r F e or M n , a n d the p r e s e n c e o f M n was c o n f i r m e d i n 
1 9 8 3 w i t h the i s o l a t i o n a n d p u r i f i c a t i o n o f the n o n h e m e catalase f r o m 
Lactobacillus plantarum (15). T h e n o n h e m e catalases are f r e q u e n t l y r e 
f e r r e d to as pseudocata lases . H o w e v e r , t h e r e is n o t h i n g p s e u d o about 
t h e i r catalase a c t i v i t y a n d i n d e e d , i f M n catalase a c t i v i t y is d e s t r o y e d 
(e i ther g e n e t i c a l l y o r t h r o u g h i n a c t i v a t i o n o f the e n z y m e ) , ce l l s s h o w 
d e c r e a s e d v i a b i l i t y , w h i c h suggests that M n catalase p lays a p h y s i o l o g 
i c a l l y i m p o r t a n t r o l e i n H 2 0 2 d e t o x i f i c a t i o n ( J 5 , 16). 

T h r e e M n catalases h a v e b e e n p u r i f i e d a n d c h a r a c t e r i z e d , a n d a l l 
a p p e a r to have s i m i l a r M n s t ruc tures (17). T h e M n s t o i c h i o m e t r y is ca . 
2 M n / s u b u n i t , suggest ing a d i n u c l e a r M n site . T h e o p t i c a l s p e c t r u m o f 
the as - i so lated e n z y m e has a b r o a d w e a k a b s o r p t i o n b a n d at ca . 4 5 0 -
5 5 0 n m i n a d d i t i o n to t h e p r o t e i n a b s o r p t i o n at h i g h e r energ ies . T h i s 
s p e c t r u m is s i m i l a r to those o b s e r v e d for M n ( I I I ) s u p e r o x i d e d i smutase 
a n d for a v a r i e t y o f Mn( I I I ) m o d e l c o m p l e x e s , thus i m p l y i n g that at least 
some o f the M n i n M n catalase is p resent as M n ( I I I ) . I n p a r t i c u l a r , the 
a b s o r p t i o n m a x i m u m at ca . 5 0 0 n m is s i m i l a r i n e n e r g y a n d i n t e n s i t y to 
the t rans i t ions seen for o x o - c a r b o x y l a t o - b r i d g e d M n d i m e r s , sugges t ing 
that a s i m i l a r c o r e s t r u c t u r e m a y b e seen for M n catalase (18). 

D e f i n i t i v e p r o o f for a d i n u c l e a r M n site comes f r o m e l e c t r o n p a r a 
m a g n e t i c resonance ( E P R ) s p e c t r o s c o p y . T h e E P R s p e c t r u m o f the as-
i s o l a t e d e n z y m e is a c o m p l e x m u l t i c o m p o n e n t s igna l (19, 20). A t 5 0 Κ 
the E P R is d o m i n a t e d b y a 1 6 - l i n e s igna l c e n t e r e d at ca . g = 2 .0 (g is a 
spec t ros cop i c s p l i t t i n g fac tor that is c h a r a c t e r i s t i c o f the e l e c t r o n i c 
s t r u c t u r e o f the p a r a m a g n e t i c center ) that is ca . 1 3 0 0 Gauss w i d e . T h i s 
s igna l is c h a r a c t e r i s t i c o f a n S = l / 2 (S is t h e t o t a l e l e c t r o n s p i n q u a n t u m 
n u m b e r ) m i x e d - v a l e n c e M n d i m e r a n d has h y p e r f i n e c o u p l i n g s t y p i c a l 
o f M n ( I I I ) - M n ( I V ) c o m p l e x e s . O n t r e a t m e n t w i t h N H 2 O H , the 1 6 - l i n e 
s igna l d i sappears a n d a n e w , v e r y b r o a d s i g n a l , a t t r i b u t e d to a M n ( I I ) -
M n ( I I ) f o r m o f the e n z y m e , appears . T h i s s igna l is q u i t e sens i t ive to the 
buf fer , p H , a n d anions that are present ( i .e . , S 0 4

2 " , N 3 ~ , F " , C N " ) . A t 
t e m p e r a t u r e s b e l o w 5 0 K , a t h i r d E P R s i g n a l , c o n s i s t i n g o f ca . 18 l ines 
c e n t e r e d at g « 2 is o b s e r v e d . T h i s n e w s igna l is aga in c h a r a c t e r i s t i c o f 
an S = y 2 m i x e d - v a l e n c e d i m e r . O n the basis o f the h y p e r f i n e c o u p l i n g 
a n d the t e m p e r a t u r e d e p e n d e n c e o f th is s i gna l , i t has b e e n a t t r i b u t e d 
to a M n ( I I ) - M n ( I I I ) d e r i v a t i v e . A l l t h r e e signals c o n t r i b u t e to the o b 
s e r v e d s p e c t r u m o f the as - i so lated e n z y m e b u t e a c h c a n be e n h a n c e d 
b y se lec t ive r e d o x i n t e r c o n v e r s i o n s . 

T h e c r y s t a l s t r u c t u r e for the T. thermophilus M n catalase (21) shows 
that this p r o t e i n has a s t r u c t u r e c o n t a i n i n g f our p a r a l l e l a l p h a - h e l i c e s , 
s i m i l a r to the s t r u c t u r e f o u n d i n d i n u c l e a r F e p r o t e i n s s u c h as h e m -
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e r y t h r i n . O n l y l o w - r e s o l u t i o n d e t a i l is avai lab le a n d no r e f i n e d s t r u c t u r a l 
parameters have b e e n r e p o r t e d . H o w e v e r , the s t r u c t u r e does s h o w t w o 
reg ions o f e n h a n c e d e l e c t r o n d e n s i t y s epara ted b y ca . 3.6 À , w h i c h m a y 
r e p r e s e n t the t w o M n ions . T h e ana logy to h e m e r y t h r i n is i n t r i g u i n g , 
because the d i n u c l e a r F e site i n h e m e r y t h r i n has an o x o - c a r b o x y l a t o -
b r i d g e d co re s i m i l a r to that suggested for M n catalase (18). 

XANES Spectroscopy of M n Catalase. A l t h o u g h E P R spec 
t r o s c o p y has p r o v e n v e r y u s e f u l for i d e n t i f y i n g the d i f ferent o x i d a t i o n 
states that are access ib le to M n catalase, it is l i m i t e d b y the fact that 
some forms o f the e n z y m e do not have an E P R s ignal . I n contrast , X A N E S 
s p e c t r o s c o p y is sens i t ive to a l l o f the M n i n the s a m p l e , regard less o f 
s p i n state, a n d has p r o v e n v e r y use fu l for ass ign ing the o x i d a t i o n states 
o f d i f ferent M n catalase d e r i v a t i v e s . T h e X A N E S s p e c t r a for severa l 
d i f ferent r e d o x mod i f i ca t i ons o f L. plantarum M n catalase are s h o w n i n 
F i g u r e 2 (22). O n the basis o f the p r o n o u n c e d s h o u l d e r at l o w e n e r g y , 
the as - i so lated e n z y m e conta ins some M n ( I I ) . T h i s s h o u l d e r p r o b a b l y 
arises f r o m the M n ( I I ) - M n ( I I ) d i m e r that was d e t e c t e d b y E P R . A s s h o w n 
i n F i g u r e 2, t h e r e is a d r a m a t i c change i n the X A N E S s p e c t r u m w h e n 
M n catalase is t r e a t e d w i t h N H 2 O H . T h i s change demonstra tes that 
N H 2 O H r e d u c e s a s igni f i cant f r a c t i o n o f the M n to M n ( I I ) . Q u a n t i t a t i v e 

800 η 1 

-100 Η 1 1 1 1 1 1 1 1 1 1 1 1— 

6535 6545 6555 6565 6575 6585 6595 

Energy (eV) 

Figure 2. Normalized XANES spectra for Mn catalase. Dashed line indicates 
native (as-isolated) ; solid line indicates reduced (add 10 mM NH2OH); and 
dot-dash line indicates superoxidized (add NH2OH and H202). 
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analysis o f these s p e c t r a suggests that ca . 6 0 % o f the M n is p resent as 
M n ( I I ) i n the as - i so lated e n z y m e , w h e r e a s > 9 0 % is r e d u c e d to M n ( I I ) 
o n t r e a t m e n t w i t h N H 2 O H . B e c a u s e e n z y m a t i c a c t i v i t y is una f f e c ted b y 
t r e a t m e n t w i t h N H 2 O H , the M n ( I I ) - M n ( I I ) f o r m o f the e n z y m e must 
e i t h e r b e c a t a l y t i c a l l y ac t ive or b e r e a d i l y c o n v e r t i b l e to a c a t a l y t i c a l l y 
ac t ive f o r m o f the e n z y m e . I f M n catalase is r e d u c e d , d i a l y z e d to r e m o v e 
N H 2 O H , a n d t h e n t r e a t e d w i t h H 2 0 2 , the X A N E S s p e c t r u m (not shown) 
is v e r y s i m i l a r to that o b s e r v e d for the as - i so lated e n z y m e ; that is , H 2 0 2 

t r e a t m e n t results i n a net r e o x i d a t i o n o f r o u g h l y h a l f o f the M n (23, 24). 
T h e s e observat ions are cons is tent w i t h a M n ( I I ) - M n ( I I ) M n ( I I I ) -
M n ( I I I ) ca ta ly t i c c y c l e as s u m m a r i z e d b y equat ions 6 a n d 7. 

M n ( I I ) - M n ( I I ) + H 2 0 2 + 2 H + — M n ( I I I ) - M n ( I I I ) + 2 H 2 0 (6) 

M n ( I I I ) - M n ( I I I ) + H 2 0 2 M n ( I I ) - M n ( I I ) + 0 2 + 2 H + (7) 

A l t h o u g h N H 2 O H alone has no effect o n M n catalase ac t i v i ty , the e n z y m e 
is r a p i d l y i n a c t i v a t e d b y t r e a t m e n t w i t h a m i x t u r e o f N H 2 O H a n d H 2 0 2 

( J 5 , 2 5 , 26). T h e X A N E S features for the i n a c t i v a t e d e n z y m e shift to 
h i g h e r energy (see F i g u r e 2), d e m o n s t r a t i n g that the i n a c t i v a t e d e n z y m e 
is a s u p e r o x i d i z e d d e r i v a t i v e . I n a d d i t i o n to the changes i n the X A N E S , 
N H 2 O H a n d H 2 0 2 i n a c t i v a t i o n also leads to a ca . 1 0 - f o l d e n h a n c e m e n t 
i n the a m p l i t u d e o f the 1 6 - l i n e catalase E P R s ignal (22). I n fact, the 
e n z y m a t i c a c t i v i t y is n e g a t i v e l y c o r r e l a t e d w i t h the i n t e n s i t y o f th is s i g 
n a l , d e m o n s t r a t i n g that the 1 6 - l i n e s igna l c omes f r o m i n a c t i v e M n cat 
alase. B e c a u s e the X A N E S s p e c t r a o f the i n a c t i v e d e r i v a t i v e are cons is 
tent o n l y w i t h M n ( I I I ) or M n ( I V ) , the 1 6 - l i n e s ignal must c o m e f r o m a 
M n ( I I I ) - M n ( I V ) d i m e r r a t h e r t h a n a M n ( I I ) - M n ( I I I ) d i m e r . E P R spec 
t r o s c o p y , i n contrast , does not p e r m i t u n i q u e d i s t i n c t i o n b e t w e e n 
M n ( I I ) - M n ( I I I ) a n d M n ( I I I ) - M n ( I V ) i n t e r p r e t a t i o n s o f th is spec ies . 

S u p e r o x i d i z e d M n catalase c a n b e c o m p l e t e l y r e a c t i v a t e d b y l o n g 
t e r m (>2 h) anaerob ic i n c u b a t i o n w i t h 10 m M N H 2 O H (22). R e a c t i v a t i o n 
is a c c o m p a n i e d b y c o m p l e t e d i s a p p e a r a n c e o f the M n ( I I I ) - M n ( I V ) E P R 
s igna l . I f the as - i so lated p r o t e i n is i n c u b a t e d w i t h N H 2 O H (as o p p o s e d 
to s i m p l y a d d i n g N H 2 O H a n d f r e e z i n g , as i n the e x p e r i m e n t s d e s c r i b e d 
p r e v i o u s l y ) , t h e r e is a 1 0 - 2 0 % increase i n ca ta ly t i c a c t i v i t y a n d the 
s m a l l 1 6 - l i n e E P R s igna l c o m p l e t e l y d i sappears . It is a p p a r e n t that the 
as - i so lated e n z y m e must c o n t a i n a m i x t u r e o f the M n ( I I ) - M n ( I I ) , the 
M n ( I I I ) - M n ( I I I ) , a n d the i n a c t i v e M n ( I I I ) - M n ( I V ) d e r i v a t i v e s . 

T h e o b s e r v a t i o n that M n ( I I I ) - M n ( I I I ) catalase is r a p i d l y r e d u c e d b y 
N H 2 O H , w h e r e a s the M n ( I I I ) - M n ( I V ) catalase is o n l y s l o w l y r e d u c e d 
u n d e r equ iva lent cond i t i ons is i n t r i g u i n g . T h e M n ( I I I ) - M n ( I I I ) d e r i v a t i v e 
is a p p a r e n t l y a b e t t e r ox idant t h a n the M n ( I I I ) - M n ( I V ) e n z y m e . T h e 
s low o x i d a t i o n o f N H 2 O H b y the M n ( I I I ) - M n ( I V ) d e r i v a t i v e m a y b e 
e i t h e r a t h e r m o d y n a m i c effect (e.g., e n h a n c e d s tab i l i t y o f h i g h e r o x i -
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d a t i o n states because o f the p r e s e n c e o f oxo br idges ) o r a k i n e t i c effect 
(e.g., a m a j o r s t r u c t u r a l r e a r r a n g e m e n t b e t w e e n o x i d i z e d a n d r e d u c e d 
forms) . I n e i ther case, the observat i on that the M n ( I I I ) - M n ( I V ) d e r i v a t i v e 
is not an ef fect ive ox idant p r o v i d e s the l i k e l y e x p l a n a t i o n for the l a c k 
o f catalase a c t i v i t y for this d e r i v a t i v e . 

A s n o t e d p r e v i o u s l y , r e d u c e d M n catalase is r a p i d l y o x i d i z e d b y 
H 2 0 2 to a spec ies best d e s c r i b e d as a m i x t u r e o f M n ( I I ) a n d M n ( I I I ) . 
Because the E P R s ignal character i s t i c o f a M n ( I I ) - M n ( I I I ) m i x e d - v a l e n c e 
der iva t i ve is not observed , this finding is most consistent w i t h p r o d u c t i o n 
o f a m i x t u r e o f the r e d u c e d M n ( I I ) - M n ( I I ) e n z y m e a n d the o x i d i z e d 
M n ( I I I ) - M n ( I I I ) e n z y m e . A s i m i l a r result is p r o d u c e d , a lbe i t m o r e s l o w l y , 
i f the e n z y m e is o x i d i z e d b y l o n g - t e r m (12 h) e x p o s u r e to 0 2 (data not 
shown) (23, 24). It is s o m e w h a t s u r p r i s i n g that a u t o o x i d a t i o n does not 
p r o d u c e 1 0 0 % o f the o x i d i z e d M n ( I I I ) - M n ( I I I ) e n z y m e . T h e most l i k e l y 
e x p l a n a t i o n is that H 2 0 2 , p r o d u c e d b y e q u a t i o n 8, c a n react e i t h e r w i t h 
r e d u c e d e n z y m e , g e n e r a t i n g a s e c o n d e q u i v a l e n t o f M n ( I I I ) - M n ( I I I ) , 
or w i t h o x i d i z e d e n z y m e , r e g e n e r a t i n g the M n ( I I ) - M n ( I I ) f o r m . 

M n ( I I ) - M n ( I I ) + 0 2 + 2 H + — M n ( I I I ) - M n ( I I I ) + H 2 0 2 (8) 

A v a r i e t y o f an ions , i n c l u d i n g a z i d e , c h l o r i d e , a n d f l u o r i d e , are i n 
h ib i t o rs o f M n catalase. It is d i f f i cult to def ine the effect o f these i n h i b i t o r s 
u s i n g E P R , because the M n ( I I I ) - M n ( I I I ) d e r i v a t i v e is E P R - s i l e n t a n d the 
M n ( I I ) - M n ( I I ) d e r i v a t i v e is o n l y E P R - a c t i v e i n the p r e s e n c e o f a d d e d 
anions . X A N E S is an i d e a l p r o b e , h o w e v e r , because i t is sens i t ive to a l l 
o f the M n i n the sys tem. A s e x p e c t e d , t r e a t m e n t w i t h h a l i d e a lone has 
no effect o n M n o x i d a t i o n state. H o w e v e r , t r e a t m e n t w i t h fluoride or 
c h l o r i d e i n the p r e s e n c e o f H 2 0 2 g ives c o m p l e t e r e d u c t i o n o f the M n 
to M n ( I I ) (data not shown) (23, 24). T h e same resu l t is o b t a i n e d r e g a r d 
less o f w h e t h e r one starts w i t h the r e d u c e d e n z y m e , the a u t o o x i d i z e d 
e n z y m e (see e q 8) o r the as - i so la ted e n z y m e . T h i s resu l t p r o v i d e s d i r e c t 
e v i d e n c e that the hal ides i n h i b i t the e n z y m e b y t r a p p i n g i t i n the r e d u c e d 
v a l e n c e state. 

EXAFS Spectra of M n Catalase. T h e F o u r i e r t rans forms for t h e 
r e d u c e d a n d the s u p e r o x i d i z e d d e r i v a t i v e s o f M n catalase are s h o w n i n 
F i g u r e 3 (27) . T h e s u p e r o x i d i z e d e n z y m e has t w o p r i n c i p a l peaks at R 
+ a « 1.4 a n d 2.3 Â , c o r r e s p o n d i n g to Μ η - ( Ο , Ν ) nearest n e i g h b o r a n d 
M n - M n s ca t te r ing , r e s p e c t i v e l y . T h e s t r u c t u r e is a l t e r e d d r a m a t i c a l l y 
o n r e d u c t i o n , w i t h l o n g e r Μ η - ( Ο , Ν ) d istances a n d c o m p l e t e d i s a p 
p e a r a n c e o f the 2.7 À M n - M n i n t e r a c t i o n . T h e o u t e r s h e l l peaks for t h e 
r e d u c e d e n z y m e (R + a « 3 .0 a n d 3.8 À) are t y p i c a l o f those o b s e r v e d 
for M n - i m i d a z o l e complexes (data not shown) . H o w e v e r , the outer peaks 
for catalase are ca . 3 - f o ld s m a l l e r t h a n those for M n ( i m i d a z o l e ) 6 , s u g 
ges t ing that catalase has at most 1 - 2 i m i d a z o l e l i gands p e r M n . 
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14 

0 1 2 3 4 5 6 7 
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Figure 3. Fourier transforms (FTs) of the EXAFS spectra for reduced (bot
tom) and superoxidized (top) Mn catalase. Fourier transforms calculated 
over the range 3-11.5 Â'1 using k 3 weighted data. The FT for the superox
idized enzyme is offset vertically by 5 for clarity. 

T h e quant i tat ive c u r v e - f i t t i n g results for M n catalase are s u m m a r i z e d 
i n T a b l e I (27). T h e data for the s u p e r o x i d i z e d e n z y m e cannot b e fit 
w i t h o u t i n c l u d i n g t w o shel ls o f nearest n e i g h b o r scatterers a n d a M n -
M n i n t e r a c t i o n at 2.7 Â. It is not poss ib le to d i s t i n g u i s h b e t w e e n Ν a n d 
Ο scatterers u s i n g E X A F S . H o w e v e r , the 1.82 À d i s tance is ass igned to 
an M n - O i n t e r a c t i o n because this v a l u e is t y p i c a l o f M n - b r i d g i n g oxo 
d istances . T h i s ass ignment is f u r t h e r s u p p o r t e d b y the 2.7 Â M n - M n 
d i s tance , w h i c h is o n l y f o u n d i n m o d e l c o m p o u n d s that have Μ η 2 ( μ - 0 ) 2 

cores . A s n o t e d p r e v i o u s l y , the F o u r i e r t r a n s f o r m suggests that t h e r e 
are a d d i t i o n a l l o w - Z scatterers at l o n g e r d is tances . T h i s finding is s u p 
p o r t e d b y the c u r v e - f i t t i n g analys is , a n d the o b s e r v e d d istances are c o n 
sistent w i t h s e c o n d a n d t h i r d s h e l l N / C atoms i n c o o r d i n a t e d i m i d a z o l e s . 
T h e a p p a r e n t c o o r d i n a t i o n n u m b e r s suggest an average o f 1 - 2 i m i d 
azoles p e r M n i n the s u p e r o x i d i z e d catalase. H o w e v e r , th is n u m b e r is 
not w e l l - d e f i n e d because o f the l i m i t e d k range o f the data a n d i n t e r 
f e rence f r o m the s t rong M n - M n s ca t te r ing . 

A s e x p e c t e d f r o m the F o u r i e r t r a n s f o r m , the E X A F S for r e d u c e d 
catalase is d o m i n a t e d b y a s ing le s h e l l o f l o w - Z scatterers at 2 .19 À. 
T h e r e is no e v i d e n c e for a s h e l l o f scatterers at ca . 1.8 Â (i .e. , a b r i d g i n g 
oxo l igand) . H o w e v e r , the fit q u a l i t y is i m p r o v e d s igni f i cant ly i f a d d i t i o n a l 
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shel ls o f C a n d N / C scatterers are i n c l u d e d at ca . 3.2 a n d 4.4 Â. T h e 
a p p a r e n t c o o r d i n a t i o n n u m b e r s suggest an average o f 2 - 4 i m i d a z o l e s 
p e r M n , a l t h o u g h again th is n u m b e r is not w e l l d e f i n e d . T h e r e is a s m a l l 
i m p r o v e m e n t i n the fit i f a s h e l l o f M n is a d d e d at 3 .55 Â. H o w e v e r , 
e q u i v a l e n t i m p r o v e m e n t s are o b s e r v e d i f i n s t e a d the M n is a d d e d at 
3 .99 À, or i f a she l l o f C is a d d e d at 3 .64 À. I n no case is the i m p r o v e m e n t 
suff ic ient to s u p p o r t the c o n c l u s i o n that the r e d u c e d catalase conta ins 
an E X A F S - d e t e c t a b l e M n - M n i n t e r a c t i o n . A l l o f the M n - s c a t t e r e r d i s 
tances i n r e d u c e d catalase are s l ight ly b u t s igni f i cant ly shorter t h a n those 
i n M n ( I I ) ( i m i d a z o l e ) 6 . T h i s d i f f e rence c o u l d b e c a u s e d b y one o r b o t h 
o f the M n h a v i n g a c o o r d i n a t i o n n u m b e r less t h a n six o r b y the s u b s t i 
t u t i o n o f i m i d a z o l e for o x y g e n l igands ( M n - O distances are s h o r t e r t h e n 
M n - N distances) or b y a c o m b i n a t i o n o f these effects. O v e r a l l , the M n 
l i g a t i o n appears s i m i l a r to that o f F e i n d e o x y h e m e r y t h r i n (28). 

T h e short M n - M n d i s tance i n the s u p e r o x i d i z e d e n z y m e d e m o n 
strates that there are t w o oxo br idges i n this d e r i v a t i v e (18, 29). A l t h o u g h 
t h e r e are f e w examples , it appears that u n s u p p o r t e d ( μ - 0 ) 2 b r i d g e s (30, 
31) have M n - M n distances > 2 . 7 0 À, whereas a d d i t i o n a l b r i d g i n g l igands 
l e a d to shor ter M n - M n d istances (32-34). T h e 2 .67 -À M n - M n d i s tance 
thus suggests that t h e r e m a y b e an a d d i t i o n a l b r i d g e , for e x a m p l e , (μ-
0)2 (μ-carboxylato) . A c a r b o x y l a t e b r i d g e c o n f o r m s n i c e l y w i t h the s u g 
ges t i on that catalase a n d h e m e r y t h r i n have analogous s t ruc tures a n d is 
cons is tent w i t h the p r o p o s a l (18, 35, 36) that the o x i d i z e d M n ( I I I ) -
Mn(I I I ) e n z y m e has a (μ-Ο)(μ-carboxylato) 2 -bridged core . It is i m p o r t a n t 
to r e c o g n i z e , h o w e v e r , that E X A F S d a t a a lone cannot p r o v i d e d i r e c t 
e v i d e n c e for a b r i d g i n g c a r b o x y l a t e l i g a n d . 

T h e E X A F S data for the r e d u c e d e n z y m e do not p e r m i t u n a m b i g u o u s 
d e f i n i t i o n o f a M n - M n d i s tance . T h e i n a b i l i t y to de tec t d istances that 
are k n o w n to be present is not an u n c o m m o n p r o b l e m for E X A F S . S i m i l a r 
d i f f i cu l t ies i n d e f i n i n g m e t a l - m e t a l d istances i n b i n u c l e a r i r o n p r o t e i n s 
have b e e n a t t r i b u t e d to the loss o f b r i d g i n g l i gands . A l t h o u g h s ing le 
a t o m b r i d g e s (e.g., oxo l igands) p r o v i d e a r e l a t i v e l y r i g i d c o r e s t r u c t u r e 
a n d hence E X A F S - d e t e c t a b l e m e t a l - m e t a l scat ter ing , o ther b r idges , such 
as carboxy la te l i gands , do not p r o v i d e s u c h constra ints . B r i d g i n g s t r u c 
tures cons is tent w i t h the d a t a for r e d u c e d catalase i n c l u d e (μ-carboxy
l a t o ^ a n d ^ - O H ) ^ - c a r b o x y l a t o ) n , w h e r e η is 1 - 3 . 

T h e s t r u c t u r a l results suggest an e x p l a n a t i o n for the i n a c t i v i t y o f 
s u p e r o x i d i z e d M n at the m o l e c u l a r l e v e l . I f the o x i d i z e d e n z y m e has a 
[Mn(III ) (μ-Ο)(μ-carboxylato^ Mn(III ) ] c o r e , c o n v e r s i o n to the s u p e r o x 
i d i z e d d e r i v a t i v e i n v o l v e s a d d i t i o n o f an oxo b r i d g e . T h i s a d d i t i o n is 
e x p e c t e d to s tab i l i z e M n w i t h respec t to r e d u c t i o n thus c o n v e r t i n g the 
M n ( I I I ) - M n ( I I I ) d e r i v a t i v e , w h i c h is a g o o d ox idant , i n t o a spec ies that , 
a l t h o u g h f o r m a l l y m o r e o x i d i z e d , is a p o o r ox idant . 
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M e c h a n i s m . A poss ib le m e c h a n i s t i c m o d e l , b a s e d o n the k n o w n 
c o o r d i n a t i o n c h e m i s t r y o f M n d i m e r s , is s h o w n i n F i g u r e 4 (17). D e t a i l s 
o f the l i ga t i on (e.g., the p r o t e i n l igands to the M n ) are not s h o w n because 
t h e y cannot b e d e f i n e d u s i n g the data ava i lab le at p resent . I n this m o d e l , 
f o r m a t i o n o f the o x o - b r i d g e is e n v i s i o n e d as s t a b i l i z i n g the M n ( I I I ) -
M n ( I I I ) d e r i v a t i v e , t h e r e b y f a c i l i t a t i n g the p e r o x i d e r e d u c t i o n step . 
S i m i l a r l y , the oxo -br idge can act as a L e w i s base, fac i l i ta t ing the ox ida t i on 
o f p e r o x i d e to d i o x y g e n . A l s o s h o w n o n this s c h e m e is the i n a c t i v e s u 
p e r o x i d i z e d d e r i v a t i v e . T h i s d e r i v a t i v e is f o r m e d b y an u n k n o w n m e c h 
anism i n the presence o f H 2 0 2 a n d N H 2 O H . T h e s u p e r o x i d i z e d d e r i v a t i v e 
can b e r e a c t i v a t e d b y a n a e r o b i c r e d u c t i o n w i t h a v a r i e t y o f r e d u c t a n t s , 
i n c l u d i n g N H 2 O H a n d h y d r o q u i n o n e (22). 

The Oxygen-Evolving Complex 
T h e p h o t o s y n t h e t i c o x i d a t i o n o f w a t e r to d i o x y g e n is c a t a l y z e d b y the 
P h o t o s y s t e m II (PSII) r e a c t i o n c e n t e r . T h i s c e n t e r is a m u l t i p o l y p e p t i d e 
c o m p l e x o f p r o t e i n s e m b e d d e d i n the t h y l a k o i d m e m b r a n e s o f c h l o r o -
plasts . W h e n p h o t o s y n t h e t i c m e m b r a n e s are i l l u m i n a t e d w i t h short (<5 
Ms), sa tura t ing flashes o f l i g h t , o x y g e n is r e l e a s e d o n e v e r y f o u r t h flash, 
s tar t ing w i t h the t h i r d flash (37). T h i s o b s e r v a t i o n l e d to the c o n c l u s i o n 
that each P S I I r eac t i on center acts i n d e p e n d e n t l y to sequent ia l ly a c q u i r e 
f our o x i d i z i n g equ iva l en ts . T h e five k i n e t i c a l l y r e s o l v a b l e i n t e r m e d i a t e s 
are k n o w n as S states (S i 5 i = 0 - 4 ) w h e r e the subsc r ip t ind i ca tes the 
n u m b e r o f s tored o x i d i z i n g equiva lents . T h e S-state s cheme is i l l u s t r a t e d 
i n F i g u r e 5. States S 0 t h r o u g h S 3 e a c h donate one e l e c t r o n f o l l o w i n g 
p h o t o o x i d a t i o n ; S 4 decays r a p i d l y to S 0 w i t h the re lease o f 0 2 . T h e S x 

state is the s table , d a r k - a d a p t e d f o r m o f the O E C (38) a n d accounts for 
the i n i t i a l o x y g e n re lease o n the t h i r d flash. 

F o u r (39-41) spec i f i ca l l y b o u n d M n ions , t o g e t h e r w i t h C a 2 + a n d 
C I " , are r e q u i r e d for O E C ac t iv i ty (42). A m u l t i l i n e E P R s ignal cons is t ing 
o f > 1 6 l ines c e n t e r e d at g « 2 is spec i f i ca l l y assoc iated w i t h the S 2 state. 
B e c a u s e the h y p e r f i n e c o u p l i n g to a s ing le M n i o n ( w i t h n u c l e a r s p i n 
q u a n t u m n u m b e r I = %) can g ive r ise to o n l y 6 l ines i n the E P R s p e c t r u m , 
the m u l t i l i n e s igna l must c o m e f r o m a m a g n e t i c a l l y c o u p l e d c l u s t e r c o n 
t a i n i n g at least t w o , a n d p o s s i b l y a l l f our , manganese ions . T h e m u l t i l i n e 
s igna l has the same p e r i o d - f o u r o s c i l l a t i o n that is o b s e r v e d for o x y g e n 
p r o d u c t i o n (43, 44), thus d i r e c t l y i m p l i c a t i n g M n i n the c a t a l y t i c c y c l e . 
A s e c o n d , b r o a d E P R s igna l at g « 4.1 is also assoc iated w i t h the S 2 

state (45). T h i s s igna l has r e c e n t l y b e e n s h o w n to also have n u m e r o u s 
M n h y p e r f i n e l ines (at least for a m m o n i a - t r e a t e d , o r i e n t e d m e m b r a n e s ) 
d e m o n s t r a t i n g that it too must c o m e f r o m a m u l t i n u c l e a r M n c l u s t e r 
(46, 47). 

A t h i r d E P R s igna l has b e e n r e p o r t e d for the O E C (48). T h i s s igna l 
is a t t r i b u t e d to the Si state a n d is o n l y seen u s i n g p a r a l l e l p o l a r i z a t i o n . 
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Figure 5. S-state scheme for oxygen evolution. Sj is the stable species in 
the dark. 

T h e s igna l has b e e n a t t r i b u t e d to an i n t e g e r s p i n sys tem, most l i k e l y an 
S = 1 state. T h e Si s ignal decays p r o p o r t i o n a l l y w i t h the increase i n the 
S 2 m u l t i l i n e s ignal , suggest ing that it arises f r o m a r e d u c e d paramagnet i c 
p r e c u r s o r to the c lus te r that g ives r ise to the m u l t i l i n e s igna l . O n the 
o t h e r h a n d , s p i n - l a t t i c e r e l a x a t i o n m e a s u r e m e n t s have b e e n i n t e r p r e t e d 
to i n d i c a t e that S x is d i a m a g n e t i c i n l o n g - t e r m d a r k - a d a p t e d samples 
(49). T h e s e a p p a r e n t l y c o n t r a d i c t o r y resul ts can b e r e c o n c i l e d i f the 
O E C S i state can exist e i t h e r i n an " a c t i v e " c o n f o r m a t i o n , p r e p a r e d b y 
s h o r t - t e r m dark a d a p t a t i o n or a ' ' r e s t i n g " c o n f o r m a t i o n , p r e p a r e d b y 
l o n g - t e r m dark a d a p t a t i o n , w h e r e the " a c t i v e " c o n f o r m a t i o n is p a r a 
m a g n e t i c a n d the " r e s t i n g " c o n f o r m a t i o n is d i a m a g n e t i c (50). 

C h e m i c a l l y R e d u c e d S t a t e s o f t h e O E C . H y d r o x y l a m i n e s , h y 
d r a z i n e s , a n d h y d r o g e n p e r o x i d e have b e e n s t u d i e d e x t e n s i v e l y as p o 
t e n t i a l substrate analogues for the O E C . T r e a t m e n t o f t h y l a k o i d m e m 
branes w i t h l o w c o n c e n t r a t i o n s o f h y d r o x y l a m i n e resul ts i n a two - f lash 
d e l a y i n o x y g e n e v o l u t i o n ( 5 J , 52) . S i m i l a r effects are seen for h y d r o g e n 
p e r o x i d e a n d h y d r a z i n e (53, 54). I n a d d i t i o n to the d e l a y i n o x y g e n 
e v o l u t i o n , m u l t i l i n e s ignal f o r m a t i o n is also d e l a y e d b y t w o flashes u p o n 
t r e a t m e n t w i t h l o w c o n c e n t r a t i o n s o f N H 2 O H (39). A t h i g h e r c o n c e n 
trat ions , N H 2 O H i n d u c e s i n h i b i t o r y loss o f M n 2 + f r o m the c l u s t e r (41, 
55). S e v e r a l i n t e r p r e t a t i o n s o f the two- f lash d e l a y have b e e n suggested 
(56, 57). O n e i n v o l v e s the t w o - e l e c t r o n d a r k r e d u c t i o n o f Si to a s u -
p e r r e d u c e d spec ies , d e n o t e d S _ i ; t w o q u a n t a o f l i g h t t h e n o x i d i z e the 
c lus te r b a c k to the Sx state. T h i s m o d e l is s u p p o r t e d b y the o b s e r v a t i o n 
that the two- f lash de lay pers ists e v e n after a 1 0 - h e q u i l i b r a t i o n a n d g e l 
filtration to r e m o v e N H 2 O H (57) . A l t e r n a t i v e l y , N H 2 O H c o u l d b i n d to 
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the S i c lus te r b u t not react w i t h i t . O n o x i d a t i o n to the S 2 state, N H 2 O H 
w o u l d r e d u c e the c lus ter to S 0 . 

X A N E S S t u d i e s . X A N E S s p e c t r o s c o p y has b e e n u s e d to i n v e s t i 
gate the o x i d a t i o n state o f the M n i n the O E C a n d to c h a r a c t e r i z e the 
effect o f S-state t rans i t ions a n d c h e m i c a l t r ea tments o n M n o x i d a t i o n 
state. T h e r e is n o w g e n e r a l a g r e e m e n t that the X A N E S s p e c t r a for the 
r e s t i n g O E C are most cons is tent w i t h an o x i d a t i o n state o f ca . 3.5 (JO, 
58 , 59) . G i v e n the s i m i l a r i t y o f M n ( I I I ) a n d M n ( I V ) X A N E S s p e c t r a ( F i g 
u r e 1), it is not rea l i s t i c to expec t that X A N E S can b e u s e d to de f ine the 
prec i se rat io o f M n ( I I I ) : M n ( I V ) . H o w e v e r , i f the S 2 - s ta te E P R s igna l , 
w h i c h comes f r o m an S = lA c lus ter , does i n d e e d r e p r e s e n t f our m a g 
n e t i c a l l y c o u p l e d M n ions , t h e n it can o n l y c o m e f r o m a M n ( I I I ) 3 M n ( I V ) 
or a M n ( I I I ) M n ( I V ) 3 c luster . T h e s e i m p l y a M n ( I I I ) 4 or a M n ( I I I ) 2 M n ( I V ) 2 

c luster , r e spec t ive ly , i n S x . O f these, M n ( I I I ) 2 M n ( I V ) 2 " is most consistent 
w i t h the S i X A N E S spec t ra . 

T h e X - r a y a b s o r p t i o n edge shifts to h i g h e r e n e r g y w h e n S i is c o n 
v e r t e d to S 2 (7) . T h i s shift p r o v i d e s d i r e c t s u p p o r t for the c o n c l u s i o n 
( f rom E P R ) that M n is o x i d i z e d o n g o i n g f r o m S i to S 2 . A l t h o u g h t h e r e 
w e r e i n i t i a l i n d i c a t i o n s that M n was not o x i d i z e d (as j u d g e d b y X A N E S ) 
o n a c r y o g e n i c a l l y o b t a i n e d S 2 S 3 t rans i t i on (7, 60), m o r e recent results 
suggest that the edge shifts , a n d h e n c e that M n is o x i d i z e d , for a l l t h r e e 
observab le S-state t rans i t i ons (S 0 -> S i , S i S 2 , a n d S 2 S 3 ) (59). 

C o n f l i c t i n g results have b e e n r e p o r t e d for the effect o f N H 2 O H o n 
the X A N E S s p e c t r u m (10,61). G u i l e s et a l . r e p o r t that there is no change 
i n the X A N E S s p e c t r u m f o l l o w i n g t r e a t m e n t w i t h l o w c o n c e n t r a t i o n s 
(40 μΜ) o f N H 2 O H i n the dark . T h e edge d i d shift for h i g h e r c o n c e n 
trat ions ( > 1 0 0 μ Μ ) ; h o w e v e r , th is shift was a t t r i b u t e d to d e s t r u c t i o n o f 
a s m a l l p e r c e n t a g e o f centers because a M n ( I I ) s i x - l i n e E P R s igna l was 
o b s e r v e d at h i g h e r h y d r o x y l a m i n e c o n c e n t r a t i o n s (61). A f t e r e x p o s u r e 
to N H 2 O H , samples w e r e i l l u m i n a t e d at l o w t e m p e r a t u r e ( l o w - t e m p e r 
ature i l l u m i n a t i o n l imi t s the O E C to a s ingle S-state advancement ) . A f t e r 
i l l u m i n a t i o n the edge sh i f t ed to l o w e r e n e r g y . T h e s e data w e r e i n t e r 
p r e t e d as s u p p o r t for the p r o p o s a l that N H 2 O H reacts w i t h S 2 b u t not 
w i t h S i . T h e edge shift o n i l l u m i n a t i o n was a t t r i b u t e d to f o r m a t i o n o f 
an S 0 * species . 

W e have r e e x a m i n e d the N H 2 O H r e a c t i o n u s i n g an O E C " c o m p l e x 
p r e p a r a t i o n " (10). I n these samples , the 17 a n d 2 3 k D a ex t r ins i c p o l y 
p e p t i d e s a n d the l i g h t - h a r v e s t i n g c o m p l e x have b e e n r e m o v e d . T h i s 
r e m o v a l increases the c o n c e n t r a t i o n o f M n , thus i m p r o v i n g the q u a l i t y 
o f the X A S data , a n d i n a d d i t i o n , increases the a c cess ib i l i t y o f the M n 
site to c h e m i c a l reagents (62). H i g h (10 m M ) c o n c e n t r a t i o n s o f C a C l 2 

w e r e a d d e d to s tab i l i z e the O E C i n the p r e s e n c e o f r e d u c t a n t s (63). 
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U n d e r these c o n d i t i o n s , the O E C is c o m p l e t e l y s table , as m e a s u r e d b y 
o x y g e n e v o l u t i o n ra te , f o l l o w i n g exposure to 1 0 0 μΜ N H 2 O H for 3 m i n . 

W h e n the c o m p l e x p r e p a r a t i o n s are e x p o s e d to N H 2 O H , the edge 
shifts to i n c r e a s i n g l y l o w energ ies as the e x p o s u r e t i m e o r N H 2 O H c o n 
c e n t r a t i o n increases . H o w e v e r , i n contrast w i t h the e a r l i e r resu l ts , w e 
find that the edge is sh i f t ed to a l o w e r e n e r g y e v e n for samples that 
have b e e n e x p o s e d to n o n i n h i b i t o r y c o n c e n t r a t i o n s o f N H 2 O H (100 μΜ 
N H 2 O H for 3 min ) a n d that th is shift o c curs for samples that have b e e n 
t r e a t e d i n the d a r k ( F i g u r e 6). I f these samples are a l l o w e d to t u r n o v e r 
u n d e r cont inuous i l l u m i n a t i o n a n d are t h e n d a r k - a d a p t e d again , the edge 
pos i t i on re turns to that o f the o x i d i z e d c o n t r o l S i state (JO). T h e c o m p l e t e 
r e v e r s i b i l i t y a n d the m i n i m a l loss o f a c t i v i t y ( 0 - 2 0 % ) d e m o n s t r a t e that 
the edge shift f o l l o w i n g d a r k t r e a t m e n t w i t h N H 2 O H cannot b e d u e to 
the f o r m a t i o n o f i n a c t i v e centers . 

T h e d i f ferences b e t w e e n o u r resul ts a n d those o f G u i l e s et a l . (6J) 
m a y b e d u e to the use o f d i f ferent samples o r d i f ferent e x p e r i m e n t a l 
c o n d i t i o n s . A s n o t e d p r e v i o u s l y , the c o m p l e x p r e p a r a t i o n s are m o r e 
suscept ib l e to c h e m i c a l attack (62). T o some extent , h o w e v e r , th is sus
c e p t i b i l i t y was c o r r e c t e d for b y the use o f d i f ferent r e a c t i o n t imes . A 
s e c o n d d i f f e rence is that excess N H 2 O H was r e m o v e d i n o u r s tudy (by 
4 0 - f o l d d i l u t i o n f o l l o w e d b y c e n t r i f u g a t i o n ) , b u t not i n the e a r l i e r w o r k . 

500 

-100 H 1 1 1 1 1 1 1 1 1 1 1 1— 
6535 6545 6555 6565 6575 6585 6595 

Energy (eV) 

Figure 6. XANES spectra for the OEC. Solid line indicates dark-adapted, 
Si state; dotted-dashed line indicates 100 μΜ NH2OHfor a 3-min incubation 
quenched by dilution; and dashed line indicates 200 μΜ H2Q for 30 min, 
quenched with ferricyanide. 
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T h i s d i f f e rence c o u l d not e x p l a i n the d i f ferences i n d a r k r e a c t i v i t y b e 
cause the samples w h e r e N H 2 O H was not r e m o v e d w e r e the samples 
that s h o w e d no r e d u c t i o n . H o w e v e r , i t c o u l d affect the resul ts f o l l o w i n g 
i l l u m i n a t i o n i f r eac t i ve r e d u c e d n i t r o g e n spec ies w e r e p r o d u c e d b y i l 
l u m i n a t i n g the samples i n the p r e s e n c e o f N H 2 O H . 

A t h i r d p o s s i b i l i t y is that the d i f f e rence l ies i n i n t e r p r e t a t i o n r a t h e r 
t h a n i n the e x p e r i m e n t a l resu l ts . G u i l e s et a l . d i d r e p o r t an edge shift 
for samples e x p o s e d i n the d a r k to N H 2 O H c o n c e n t r a t i o n s > 1 0 0 μΜ. 
T h e m a g n i t u d e o f this shift is s i m i l a r to that seen i n o u r s tudy o f r e a c t i o n 
c e n t e r c o m p l e x e s . G u i l e s et a l . a t t r i b u t e d t h e i r shift to the f o r m a t i o n o f 
i n a c t i v e centers , b a s e d o n the a p p e a r a n c e o f an M n ( I I ) s i x - l i n e E P R 
s igna l ; h o w e v e r , no o x y g e n e v o l u t i o n ac t iv i t i es w e r e r e p o r t e d . A M n ( I I ) 
s i x - l ine s ignal does not necessar i l y i n d i c a t e the p r e s e n c e o f i n a c t i v e c e n 
ters (see d i s cuss ion o f H 2 Q - t r e a t e d sample ) . M o r e o v e r , i n a c t i v e centers 
o r d i n a r i l y lose M n ( I I ) to s o l u t i o n i n the p r e s e n c e o f Ca( I I ) . T h i s M n 
s h o u l d be i n the supernatant after c e n t r i f u g a t i o n a n d thus s h o u l d not 
c o n t r i b u t e to the X A N E S s p e c t r u m . It is poss ib le that c o m p a r a b l e d a r k 
r e d u c t i o n s w e r e o b s e r v e d i n b o t h e x p e r i m e n t s . 

I n an effort to u n d e r s t a n d the m e c h a n i s m o f N H 2 O H r e a c t i o n w i t h 
P S I I , w e m e a s u r e d the X A N E S spec tra o f N H 2 O H - t r e a t e d samples u n d e r 
the f o l l o w i n g c o n d i t i o n s : (1) V a r y i n g c o n c e n t r a t i o n s o f N H 2 O H (50 μΜ, 
1 0 0 μΜ, 1 5 0 μΜ, 2 5 0 μ Μ , a n d 4 0 0 μΜ) for a fixed i n c u b a t i o n t i m e o f 
3 m i n ; a n d (2) v a r y i n g i n c u b a t i o n t imes ( Γ , 3', 5', 7', 9', a n d 12') for a 
fixed N H 2 O H c o n c e n t r a t i o n o f 1 0 0 μΜ. T h e s e resul ts are s h o w n i n F i g 
ures 7 a n d 8. A n increase i n e i t h e r c o n c e n t r a t i o n or i n c u b a t i o n t i m e 
leads to an increase i n the extent o f r e d u c t i o n . A s the edge shifts to 
l o w e r e n e r g y , the a c t i v i t y o f the sample d r o p s d r a m a t i c a l l y . T h e a m o u n t 
o f M n r e m a i n i n g i n the p e l l e t (and thus p r e s u m a b l y i n the O E C ) c a n b e 
e s t i m a t e d f r o m the m a g n i t u d e o f the M n edge j u m p . A s e x p e c t e d , 
h a r s h e r c o n d i t i o n s resu l t i n i n c r e a s i n g amounts o f M n ( I I ) b e i n g r e l e a s e d 
i n t o the supernatant . 

T h e c o r r e l a t i o n b e t w e e n step h e i g h t ( i .e. , the a m o u n t o f m e m b r a n e -
b o u n d M n ) a n d a c t i v i t y is s h o w n i n F i g u r e 9. T h i s c o r r e l a t i o n b e t w e e n 
step h e i g h t a n d a c t i v i t y i l lus trates severa l i m p o r t a n t po in t s about the 
N H 2 O H i n a c t i v a t i o n r e a c t i o n . M o s t i m p o r t a n t l y , these data s h o w that 
t h e r e is no s igni f i cant loss o f e i t h e r M n or a c t i v i t y for m i l d N H 2 O H 
t r e a t m e n t c o n d i t i o n s . T h i s c on f i rms o u r e a r l i e r finding that t h e r e is no 
s igni f i cant i n a c t i v a t i o n . T h e p l o t o f M n c o n t e n t versus a c t i v i t y e x t r a p 
olates to a [ / - intercept o f — 0 . T h i s finding means that the a m o u n t o f M n 
r e m a i n i n g i n the sample u n d e r h a r s h t r e a t m e n t c o n d i t i o n s is t h e a m o u n t 
o f M n necessary to a c count for the o b s e r v e d a c t i v i t y . T h i s c o n f i r m s o u r 
assert ion that i n a c t i v e M n is lost to the supernatant u n d e r these c o n 
d i t i o n s . U n d e r the most severe c o n d i t i o n s , the edge b e c o m e s v e r y r e 
d u c e d , i n d i c a t i n g the p r e s e n c e o f substant ia l amounts o f M n ( I I ) , desp i t e 
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Figure 7. NH2OH concentration dependence. From right to left: control Sj 
state, 50 μΜ NH2OH, 100 μΜ, 150 μΜ, 250 μΜ, and 400 μΜ. All reactions 
were incubated for 3 min and were quenched by dilution and centrifugation. 
Edges have been normalized. 

the fact that the a c t i v i t y p e r M n r e m a i n s the same. T h u s , it a p p a r e n t l y 
is poss ib le to p r e p a r e ac t ive , h i g h l y r e d u c e d d e r i v a t i v e s o f the O E C . 

M e i a n d Y o c u m (64) have s h o w n that a s e c o n d r e d u c t a n t , h y d r o -
q u i n o n e ( H 2 Q ) , is also ab le to r e d u c e the O E C . A s s h o w n i n F i g u r e 6, 
H 2 Q gives a m o r e d r a m a t i c edge shift t h a n is o b s e r v e d for N H 2 O H . T h e 
X A N E S s p e c t r u m for samples t r e a t e d w i t h 2 0 0 μΜ H 2 Q c a n b e fit w i t h 
ca . 3 0 % M n ( I I ) (Table II) . T h e s e samples s h o w the s i x - l ine E P R s igna l 
c h a r a c t e r i s t i c o f M n ( I I ) a n d q u a n t i t a t i o n o f th is s igna l suggests ca . t w o 
M n ( I I ) p e r c e n t e r (64). A f t e r c o n t i n u o u s i l l u m i n a t i o n for 2 m i n , the E P R 
s ix - l ine s igna l d i sappears a n d the X A N E S s p e c t r u m o f the r e d u c e d - t h e n -
i l l u m i n a t e d sample is i n d i s t i n g u i s h a b l e f r o m that o f the c o n t r o l (10). 

F i g u r e 6 a n d T a b l e II s h o w that s ign i f i cant ly less M n ( I I ) is p r o d u c e d 
b y N H 2 O H t h a n b y h y d r o q u i n o n e . I n fact , i t is poss ib le to fit the X A N E S 
for the N H 2 O H - r e d u c e d sample u s i n g a m o d e l that contains o n l y M n ( I I I ) . 
T h e s m a l l e r extent o f r e d u c t i o n is p e r h a p s not s u r p r i s i n g c o n s i d e r i n g 
the s m a l l e r c o n c e n t r a t i o n a n d s h o r t e r i n c u b a t i o n t i m e u s e d for N H 2 O H . 
(These c o n d i t i o n s w e r e c h o s e n to m a x i m i z e the r e d u c t i o n r e a c t i o n 
w i t h o u t c o m p r o m i s i n g ac t iv i ty . ) W h a t is s o m e w h a t s u r p r i s i n g , h o w e v e r , 
is that the M n ( I I ) p r o d u c e d b y H 2 Q t r e a t m e n t is not c h e l a t a b l e w i t h 
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6535 6545 6555 6565 6575 

Energy (eV) 
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Figure 8. NH2OH time dependence. From right to left: control Sj state; 
NH2OH incubation times of Γ, 3', 5', 7, 9', and 12'. Concentration ofNH2OH 
was 100 μΜ and reactions were quenched by dilution and centrifugation. 
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Figure 9. Step height versus activity. The data are for the samples shown 
in Figures 7 and 8. Step heights were calculated from unnormalized data 
ratioed to the incident X-ray intensity. Percent activity is relative to the 
control (ca. 1200 μΜ O^mg chlorophyll I h) using 2,6-dichlorobenzoquinone 
as an acceptor. 
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Table I I . Mn Oxidation State Composition for O E C 

Treatment Mn(II) Mn(III) Mn(IV) 

Control Si 49 (20) 
77 (7) 

51 (20) 
Hydroquinone 

200 μΜ, 30' 
N H 2 O H 

23 (7) 
41(5) 

86 (12) 
96 (5) 

59 (5) 
14 (12) 

100 μΜ, 3' 4(5) 
25 (7) 75 (7) 

N O T E : Values are percent composition of different Mn oxidation 
states. Standard deviations (in parentheses) are for all combi
nations of models with the indicated oxidation states. For re
duced samples, the Mn(H)-Mn(HI) and Mn(II)-Mn(IV) models 
cannot be distinguished; the true percent of Mn(II) is likely 
between the two extremes. 

E D T A n o r does i t e n h a n c e the N M R r e l a x a t i o n o f the b u l k so lvent (64). 
T h e s e observat ions suggest that the M n ( I I ) p r o d u c e d b y h y d r o q u i n o n e 
r e d u c t i o n r e m a i n s i n a s e q u e s t e r e d d o m a i n i n P S I I near the b i n d i n g sites 
f r o m w h i c h the m e t a l was r e l e a s e d . 

I n contrast to h y d r o q u i n o n e , w h i c h g ives an E D T A - i n s e n s i t i v e 
p r o d u c t , N H 2 O H t r e a t m e n t (100 μΜ, 3 min ) p r o d u c e s a d e r i v a t i v e that 
is q u i c k l y i n a c t i v a t e d b y E D T A . M o r e o v e r , the h y d r o q u i n o n e - r e d u c e d 
sample is q u i c k l y i n a c t i v a t e d b y the a d d i t i o n o f concentrat ions o f N H 2 O H 
(20 μΜ) that are not b y themse lves i n h i b i t o r y (64). T h i s s y n e r g i s m , 
c o u p l e d w i t h d i f ferences i n E D T A sens i t i v i ty a n d i n the X A N E S spec t ra , 
l e d M e i a n d Y o c u m to suggest that N H 2 O H a n d h y d r o q u i n o n e attack 
di f ferent sites w i t h i n the M n c luster (64). I n this m o d e l , N H 2 O H , perhaps 
because o f its c h e m i c a l s i m i l a r i t y to substrate , can p e n e t r a t e to a M n 
site that is not sens i t ive to d i h y d r o q u i n o n e . T h e l a r g e r s ize o f d i h y d r o -
q u i n o n e r e l a t i v e to N H 2 O H m a y b e the factor that l i m i t s access o f d i h y 
d r o q u i n o n e to this s ite . S a m p l e s r e d u c e d b y N H 2 O H for short t imes are 
stable . H o w e v e r , f u r t h e r r e d u c t i o n e i t h e r b y l o n g - t e r m t r e a t m e n t w i t h 
N H 2 O H or b y a d d i t i o n o f d i h y d r o q u i n o n e , causes r e d u c t i o n o f a s e c o n d 
site l e a d i n g to c l u s t e r d e c o m p o s i t i o n a n d re lease o f M n ( I I ) . 

A necessary c o n d i t i o n for this two-s i te m o d e l is that e l e c t r o n transfer 
not o c c u r b e t w e e n the t w o sites u n d e r the r e d u c i n g c o n d i t i o n s . I f e l e c 
t r o n transfer is r a p i d , the t w o d i f f erent r e d u c t i o n p a t h w a y s w o u l d l e a d 
to a s ing le , stable p r o d u c t . S e v e r a l c i r c u m s t a n c e s c o u l d b l o c k i n t e r s i t e 
e l e c t r o n transfer . O n e p o s s i b i l i t y is that the t w o sites are p h y s i c a l l y 
s epara ted b y a p r o t e i n d o m a i n that p r e v e n t s r a p i d r e d o x e q u i l i b r a t i o n . 
A n a l t e r n a t i v e p o s s i b i l i t y is that a s t r u c t u r a l r e a r r a n g e m e n t takes p l a c e 
w h e n the l o w e r p o t e n t i a l site is r e d u c e d . T h i s r e a r r a n g e m e n t t h e n p r e 
vents the e l e c t r o n transfer to the h i g h e r p o t e n t i a l s i te . O u r E X A F S r e -
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suits , s h o w that jus t s u c h a d r a m a t i c r e a r r a n g e m e n t o c curs f o l l o w i n g 
d i h y d r o q u i n o n e r e d u c t i o n . 

EXAFS Spectroscopy. T h e F o u r i e r t rans forms o f the E X A F S 
s p e c t r a for the O E C (65) are s h o w n i n F i g u r e 10 . T h e F o u r i e r t r a n s f o r m 
for the Sx state is s t r i k i n g l y s i m i l a r to that o b s e r v e d for s u p e r o x i d i z e d 
M n catalase ( F i g u r e 3). T h e O E C F T has t h r e e p r i n c i p a l features : A 
nearest n e i g h b o r peak that c a n b e fit as a s h e l l o f O / N at ca . 1.9 À; a 
next -nearest peak c o r r e s p o n d i n g to M n - M n s c a t t e r i n g at 2.7 À; a n d a 
t h i r d peak c o r r e s p o n d i n g to a M n - s c a t t e r e r d i s tance o f ca . 3.3 À. T h e 
t h i r d peak c a n b e m o d e l e d b y e i t h e r M n - C a or M n - M n s ca t te r ing . 

T h e F o u r i e r t rans forms o f the E X A F S data for the h y d r o q u i n o n e -
r e d u c e d O E C d e r i v a t i v e is also s h o w n i n F i g u r e 10 (65). H y d r o q u i n o n e 
r e d u c t i o n leads to dramat i c changes i n the E X A F S . T h e nearest n e i g h b o r 
(1.9 À M n - O / N ) peak decreases i n a m p l i t u d e , a n d a n e w s h e l l o f l o w -
Z l igands appears at ca . 2 .2 À. T h e peak at 2.2 Â most l i k e l y r epresents 
the l o n g e r M n - O bonds assoc iated w i t h the M n ( I I ) . T h e peak d u e to 
2 .7-Â M n - M n distances decreases to % to % o f its o r i g i n a l a m p l i t u d e , 
a n d the 3.3-Â feature is no l o n g e r d i s c e r n i b l e above the no ise l e v e l . 

12 

0 1 2 3 4 5 6 7 
Radius + α (Â) 

Figure 10. Fourier transforms of the EXAFS spectra for the OEC. Solid 
line indicates control, dark-adapted Sj spectrum; dotted-dashed indicates 
100 μΜ NH2OHfor 3', quenched by dilution; and dashed line indicates 200 
μΜ H2Q, 3U quenched withferricyanide. Fourier transforms calculated over 
the range k = 3-11.5 A'1 using k 3 weighted data. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
6.

ch
00

8

In Mechanistic Bioinorganic Chemistry; Thorp, H., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1996. 



242 M E C H A N I S T I C B I O I N O R G A N I C C H E M I S T R Y 

T h e s e s t r u c t u r a l changes are c o m p l e t e l y r e v e r s e d b y c o n t i n u o u s i l l u 
m i n a t i o n (data not shown) . 

I n contrast to H 2 Q , the N H 2 O H - r e d u c e d sample shows o n l y subt le 
changes i n its E X A F S s p e c t r u m . T h e p r i m a r y d i f ference i n the N H 2 O H 
sample re la t ive to the c o n t r o l is that there is an increase i n the d i s o r d e r 
o f the 2.7-Â peak. T h e m i n o r s t r u c t u r a l changes that are o b s e r v e d for 
the N H 2 O H - r e d u c e d sample re la t ive to those for the h y d r o q u i n o n e - r e -
d u c e d sample are consistent w i t h the smal ler edge shift o b s e r v e d after 
N H 2 O H treatment . A s w i t h the H 2 Q - t r e a t e d sample , the changes i n the 
E X A F S spectra f o l l o w i n g N H 2 O H t reatment are c o m p l e t e l y r e v e r s e d b y 
cont inuous i l l u m i n a t i o n for 3 m i n a n d subsequent dark adaptat ion (65). 

Relevance to Photoactivation. A s t r i k i n g p r o p e r t y o f these r e 
d u c e d samples is the ease w i t h w h i c h t h e y are f u l l y o x i d i z e d b a c k to 
the nat ive s t r u c t u r e . Samples w e r e d i l u t e d w i t h a 10 m M C a C l 2 / 5 0 m M 
M E S ( p H 6) buf fer i n the p r e s e n c e o f an a c c e p t o r (0 .31 m M d i c h l o r o -
b e n z o q u i n o n e ) a n d i l l u m i n a t e d for 3 m i n w i t h r o o m l i g h t o r s u n l i g h t at 
0 ° C . T h i s p r o t o c o l g ives c o m p l e t e r e c o v e r y o f the na t ive s t r u c t u r e as 
j u d g e d b y E X A F S . I n d e e d , because o x y g e n e v o l u t i o n m e a s u r e m e n t s 
ind i cate 8 0 - 1 0 0 % r e t e n t i o n o f a c t iv i ty , the cond i t i ons u s e d i n a s tandard 
assay w i t h a C l a r k - t y p e o x y g e n e l e c t r o d e are also suff ic ient to r e c o v e r 
the nat ive s t r u c t u r e . 

M u c h r e s e a r c h has b e e n d e v o t e d to p h o t o a c t i v a t i o n , the process b y 
w h i c h a c o m p l e t e l y M n - d e p l e t e d sample r e c o v e r s a c t i v i t y b y p h o t o l i -
g a t i n g a n d p h o t o o x i d i z i n g exogenous M n ( I I ) . Samples are i n a c t i v a t e d 
w i t h N H 2 O H or o t h e r t r e a t m e n t s , i n c u b a t e d i n l i g h t ( e i ther c o n t i n u o u s 
i l l u m i n a t i o n or w i t h a c t i n i c flashes) i n the p r e s e n c e o f Ca( I I ) , C l " , a n d 
M n ( I I ) , a n d e v e n t u a l l y r e c o v e r a c t i v i t y , a lbe i t w i t h a v e r y l o w q u a n t u m 
y i e l d (66, 67 ) . It is g e n e r a l l y a g r e e d that p h o t o a c t i v a t i o n r e q u i r e s at 
least t w o p h o t o e v e n t s to l i gate a n d o x i d i z e t w o M n ( I I ) ions to M n ( I I I ) 
(66-70). T h e process is thought to i n v o l v e severa l unstable in termed ia tes 
that decay r a p i d l y b a c k to the i n a c t i v e a p o e n z y m e unless a l i g h t - i n d e 
p e n d e n t r e a r r a n g e m e n t o c curs , f o l l o w e d b y a s e c o n d p h o t o e v e n t . A 
f u l l y o x i d i z e d c l u s t e r t h a n must b i n d Ca(II ) to c on fe r w a t e r o x i d a t i o n 
a c t i v i t y (66, 67). 

It is poss ib le that the h y d r o q u i n o n e - r e d u c e d species w i t h its t r a p p e d 
M n ( I I ) c o r r e s p o n d s to an i n t e r m e d i a t e i n the p h o t o a c t i v a t i o n process . 
T h e r e appears to b e one o x i d i z e d M n d i m e r i n the h y d r o q u i n o n e -
r e d u c e d s a m p l e , as i n d i c a t e d b y the 2 .7-À feature i n the E X A F S . T h i s 
feature c o u l d c o r r e s p o n d to the M n that is p h o t o o x i d i z e d i n the p h o 
t o a c t i v a t i o n process . O x i d a t i o n a n d p h o t o l i g a t i o n o f the first t w o M n 
are the r a t e - l i m i t i n g steps i n p h o t o a c t i v a t i o n . T h u s , as l o n g as h y d r o 
q u i n o n e r e d u c t i o n does not affect these t w o c r i t i c a l M n , the effects o f 
h y d r o q u i n o n e s h o u l d be eas i ly a n d r a p i d l y r e v e r s e d , as is o b s e r v e d . I n 
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this m o d e l , fu r ther r e d u c t i o n o f the h y d r o q u i n o n e - t r e a t e d sample w o u l d 
r e d u c e the c r i t i c a l d i m e r , p r e s u m a b l y l e a d i n g to loss o f M n a n d a c t i v i t y . 
T h i s m o d e l is cons is tent w i t h the s y n e r g i s m r e p o r t e d b y M e i a n d Y o c u m 
(64) for N H 2 O H a n d H 2 Q i n a c t i v a t i o n . 

Conclusions 
It is i n s t r u c t i v e to c o m p a r e the M n site i n the M n catalase w i t h that 
f o u n d i n the O E C , p a r t i c u l a r l y because the O E C has b e e n suggested to 
have M n - d e p e n d e n t catalase a c t i v i t y (71, 72). T h e M n ions i n the O E C 
appear to b e present p r i m a r i l y as M n ( I I I ) a n d M n ( I V ) . A l t h o u g h it is not 
c l ear w h i c h o x i d a t i o n states are r e s p o n s i b l e for the catalase a c t i v i t y , i t 
is c l ear that the O E C funct i ons u s i n g h i g h e r o x i d a t i o n states o f M n . T h e 
O E C is r e d u c e d b y l o w c o n c e n t r a t i o n s o f N H 2 O H a n d is i n a c t i v a t e d b y 
h i g h c o n c e n t r a t i o n s o f N H 2 O H . I n contrast , M n catalase appears to 
f u n c t i o n i n the l o w e r o x i d a t i o n states o f M n a n d is stable to N H 2 O H 
t r e a t m e n t . W h e n o x i d i z e d to the o x i d a t i o n states b e l i e v e d to b e p resent 
i n the O E C , the M n catalase is i n a c t i v e . T h e s e d i f ferences i n o x i d a t i o n 
state a n d r e a c t i v i t y most l i k e l y re f lec t d i f ferences i n l i g a t i o n b e t w e e n 
the e n z y m e s . 

T h e s i m i l a r i t y b e t w e e n the E X A F S for s u p e r o x i d i z e d catalase a n d 
for the O E C suggests that t h e y c o n t a i n s i m i l a r , p r o b a b l y d i -μ-οχο-
b r i d g e d , M n s t ruc tures . I n the catalase, the Μ η ( μ - 0 ) 2 Μ η core is a r e l 
a t i v e l y ine f fec t ive ox idant , p e r h a p s because o f the s t a b i l i z i n g effect o f 
the di-μ-οχο b r i d g e . It m a y b e that the p r e s e n c e o f Μ η ( μ - 0 ) 2 Μ η uni t s 
i n the O E C is i m p o r t a n t i n s t a b i l i z i n g the O E C against p r e m a t u r e o x i 
d a t i o n o f w a t e r . T h a t is , as a r e l a t i v e l y ine f f e c t ive ox idant , the M n 2 0 2 

core m a y h e l p to p r e v e n t the O E C f r o m o x i d i z i n g w a t e r p r i o r to for 
m a t i o n o f the S 4 state. 

Mechanistic Implications 
T h e ava i lab le data do not p e r m i t an u n a m b i g u o u s d e f i n i t i o n o f e i t h e r 
the O E C s t r u c t u r e o r the m e c h a n i s m o f w a t e r o x i d a t i o n . It is poss ib l e , 
h o w e v e r , to construct a m o d e l consistent w i t h b o t h the k n o w n c h e m i s t r y 
o f M n a n d the ava i lab le data a n d to use this m o d e l to m a k e testable 
p r e d i c t i o n s c o n c e r n i n g O E C s t r u c t u r e . T h e present s t r u c t u r a l resul ts 
are cons is tent w i t h , i f not p r o o f of, the " d î m e r - o f - d i m e r s " m o d e l o f the 
O E C (11). W i t h i n this m o d e l , w e a t t r i b u t e the 2 .7-À f eature to the 
i n t r a d i m e r M n - M n distances a n d the 3.3-À feature to an i n t e r d i m e r 
M n - M n d is tance . T h e E X A F S finding that t h e r e are t w o to t h r e e (per 
4 M n ) 2 .7-À M n - M n distances (65) is cons is tent w i t h the p r e s e n c e o f 
t w o Μ η ( μ - 0 ) 2 Μ η d i m e r s . T h e 3 .3-À f ea ture , w h i c h d i sappears o n h y 
d r o q u i n o n e t r e a t m e n t (see F i g u r e 10) , is a t t r i b u t e d to an i n t e r d i m e r 
M n - M n d is tance . T h i s d i s tance is t y p i c a l o f oxo - o r o x o c a r b o x y l a t o -
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b r i d g e d M n - M n separations. H y d r o q u i n o n e r e d u c t i o n appears to d i s rupt 
a p p r o x i m a t e l y o n e - h a l f o f the Μ η ( μ - 0 ) 2 Μ η uni ts w i t h p r o d u c t i o n o f 
M n ( I I ) . T h i s d i s r u p t i o n w o u l d b e cons is tent w i t h the t w o - e l e c t r o n r e 
d u c t i o n o f a M n ( I I I ) - M n ( I I I ) d i m e r . H y d r o x y l a m i n e , i n contrast , appears 
to cause o n l y m i n o r s t r u c t u r a l changes a n d gives l i t t l e , i f any , M n ( I I ) . 
T h i s finding w o u l d b e consistent w i t h r e d u c t i o n o f a Μ η ( ΐ ν ) ( μ - 0 ) 2 Μ η ( ΐ ν ) 
d i m e r to a Μη(Ι Ι Ι ) (μ -0 ) 2 Μη(ΙΙ Ι ) d i m e r . T h e i n c r e a s e d d i s o r d e r i n the 
2.7-À M n - M n feature f o l l o w i n g N H 2 O H r e d u c t i o n m a y i n d i c a t e that 
one or m o r e o f the oxo b r i d g e s is p r o t o n a t e d i n the r e d u c e d d i m e r , 
because Μ η ( μ - 0 ) ( μ - Ο Η ) Μ η cores have l o n g e r M n - M n distances t h a n 
Μ η ( μ - 0 ) 2 Μ η cores (73). P r o t o n a t i o n o f a μ-οχο b r i d g e o n r e d u c t i o n 
w o u l d b e cons is tent w i t h the s t r o n g d e p e n d e n c e o f o x o - b r i d g e a c i d i t y 
o f M n o x i d a t i o n state (74, 75). H y d r o x y l a m i n e is ab le to f u r t h e r r e d u c e 
the O E C , as i n d i c a t e d b y the data i n F i g u r e s 7 a n d 8 a n d b y the u l t i m a t e 
loss o f a c t i v i t y . 

A s chemat i c s t r u c t u r a l m o d e l cons is tent w i t h these observat ions is 
s h o w n for S i i n F i g u r e 1 1 . T h e r e m a i n d e r o f F i g u r e 11 is a h y p o t h e t i c a l 
s c h e m e that c o u l d ac count for the catalase a n d w a t e r o x i d a t i o n reac t i ons 
o f the O E C . O n l y the M n core s t ruc ture is s h o w n because no i n f o r m a t i o n 
is ava i lab le to de f ine the r e m a i n i n g l i gands (average M n c o o r d i n a t i o n 
n u m b e r is ca . 5 - 6 ) . I n this m o d e l , w a t e r o x i d a t i o n is e n v i s i o n e d to take 
p l a c e t h r o u g h p r o t o n a t i o n o f a Μ η ( ΐ ν ) ( μ - 0 ) 2 Μ η ( ΐ ν ) d i m e r , g i v i n g 
M n ( I I I ) a n d H 2 0 2 . T h e H 2 0 2 t h e n reacts w i t h a s e c o n d M n d i m e r , g i v i n g 
0 2 a n d the S 0 state o f the O E C . T h e p o s t u l a t e d S _ i " s t r u c t u r e is b a s e d 
o n the E X A F S resul ts for N H 2 O H - t r e a t e d samples . I n contrast , the r e 
d u c e d species f o r m e d o n h y d r o q u i n o n e t r e a t m e n t (not shown) appears 
to c o n t a i n M n ( I I ) a n d o n l y re ta ins a s ing le Μ η ( μ - 0 ) 2 Μ η u n i t . 

I f the catalase c h e m i s t r y i n v o l v e s an S i - S - i c y c l e , th is c y c l e c o u l d 
use e i t h e r the same M n ( I I ) - M n ( I I ) M n ( I I I ) - M n ( I I I ) r e a c t i o n f o u n d 
for M n catalase o r , as s h o w n i n F i g u r e 1 1 , a M n ( I I I ) - M n ( I I I ) +-+ M n ( I V ) -
M n ( I V ) s cheme s i m i l a r to that d e m o n s t r a t e d for M n m o d e l c o m p o u n d s 
(76) . T h e w a t e r ox idat i on p o r t i o n o f F i g u r e 11 is based o n the suggest ion 
(77) that this r e a c t i o n c o u l d i n v o l v e t w o s e q u e n t i a l t w o - e l e c t r o n o x i 
dat ions . T h i s suggest ion is reasonab le g i v e n the observat ions that t h e r e 
appear to b e t w o d i f ferent sites o f r e d u c t i o n w i t h i n the O E C . I f M n is 
o x i d i z e d o n b o t h the S x -*> S 2 a n d the S 2 S 3 t rans i t i ons (59), the d i m e r -
o f -d imers m o d e l w o u l d suggest that S 3 contains t w o Μ η ( ΐ ν ) ( μ - 0 ) 2 Μ η ( ΐ ν ) 
d i m e r s . T h i s suggest ion leads to the p r e d i c t i o n that S 2 a n d S 3 s h o u l d 
have E X A F S s p e c t r a that are v e r y s i m i l a r to that for S x . I n F i g u r e 1 1 , 
the t r igger for w a t e r ox idat i on reac t i on is p r o p o s e d to b e the p r o t o n a t i o n 
o f one o f the M n d i m e r s . T h e p r o t o n a t i o n c o u l d resu l t f r o m o x i d a t i o n 
o f an o rgan i c r a d i c a l (e.g., h i s t i d i n e ) (78) o n the S 3 -> S 4 t r a n s i t i o n . B o t h 
the f o r m a t i o n o f H 2 0 2 b y p r o t o n a t i o n o f a Μ η ( ΐ ν ) ( μ - 0 ) 2 Μ η ( Ι Υ ) c o r e 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
6.

ch
00

8

In Mechanistic Bioinorganic Chemistry; Thorp, H., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1996. 



8. R I G G S - G E L A S C O E T A L . Manganese Redox Enzymes 245 

M n 3 + ' ° 
K . M n 3 + 

> 
9-Mn 3 + 

Μ η 3 + - ό 

It 
M n 3 + ' 9 , 

Χ 0 · Μ η 3 + 

Mn 3 +
v -9 , Χ Λ Ρ ν Mn 3 + . -9 

X
0 . M n 3 + 0 - M n 4 + X O ' ^ 1 

O - M n 4 * 9~Mn4+ 

Μ η 3 + - ό 
S i 

M n 3 + 

H 2 0 2 
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Μ η 4 + - ό 

Ν 

9-Mn 4 + τ ι 
M n 4 + - o 

I J.YA11 

k . M n 4 * 

> 
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ο X 
Μ η 4 + - ό 

Figure 11. A working hypothesis for the OEC reaction mechanism. 

a n d the f o r m a t i o n o x y g e n f r o m H 2 0 2 a n d Μ η ( ΐ ν ) ( μ - 0 ) 2 Μ η ( ΐ ν ) are k n o w n 
reac t i ons for s y n t h e t i c M n m o d e l s . 

Tests (and no d o u b t r e f inement ) o f th is m o d e l w i l l r e q u i r e b e t t e r 
d e f i n i t i o n o f the s t r u c t u r e o f the o x i d i z e d a n d r e d u c e d d e r i v a t i v e s o f 
the O E C . Ef for ts a l o n g these l ines are i n progress i n severa l l abora tor i e s 
a n d the prospec ts for u l t i m a t e l y u n d e r s t a n d i n g the m o l e c u l a r deta i l s o f 
this r e a c t i o n seem q u i t e g o o d . 
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9 
Structure and Function of Manganese 
in Photosystem II 

Gary W. Brudvig 

Department of Chemistry, Yale University, New Haven, C T 06511 

The tetranuclear Mn complex in photosystem II functions to ac
cumulate oxidizing equivalents and to catalyze the four-electron 
oxidation of water to molecular oxygen. In the water-oxidation cy
cle, the Mn complex is advanced through five intermediate oxidation 
states called Si states (i = 0-4), where i denotes the number of 
stored oxidizing equivalents. Mechanistic studies of the photosyn
thetic water oxidation process have been aimed at characterizing 
the structure and properties of the Mn complex in each of the dif
ferent S states. Electron paramagnetic resonance and X-ray ab
sorption spectroscopies have been especially powerful methods to 
probe the Mn complex. However, to use these spectroscopic methods, 
it is necessary to prepare highly concentrated samples in a specific 
S state. The photochemical methods used to prepare the different 
S states are described and the results of studies of the S1 and S2 

states are summarized. The structure of the Mn complex is consid
ered in light of recent studies. 

ONE OF THE MOST IMPORTANT ROLES OF MANGANESE i n b i o l o g y is i n 
the pho tosynthe t i c ox ida t i on o f w a t e r to m o l e c u l a r oxygen . T h i s r e a c t i o n 
is c a t a l y z e d b y a m e m b r a n e - b o u n d p r o t e i n c o m p l e x c a l l e d p h o t o s y s t e m 
II (PSII) . P S I I uses l i g h t to p r o d u c e a c h a r g e - s e p a r a t i o n r e a c t i o n that 
results i n the r e d u c t i o n o f p l a s t o q u i n o n e , the o x i d a t i o n o f w a t e r , a n d 
the g e n e r a t i o n o f a p r o t o n g r a d i e n t across the c h l o r o p l a s t t h y l a k o i d 
m e m b r a n e . T h e o v e r a l l r e a c t i o n , w h i c h r e q u i r e s f our p h o t o c h e m i c a l 
c h a r g e - s e p a r a t i o n reac t i ons , is g i v e n i n e q u a t i o n 1: 

2 H 2 0 + 2 P Q + 4 H o u t
+ ^ 0 2 + 2 P Q H 2 + 4 H i n

+ (1) 

0065-2393/95/0246-0249/$08.00/0 
© 1995 American Chemical Society 
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2 5 0 MECHANISTIC BIOINORGANIC CHEMISTRY 

w h e r e P Q denotes p l a s t o q u i n o n e , P Q H 2 denotes p l a s t o q u i n o l , a n d i n 
a n d out re f e r to the ins ide a n d outs ide o f the t h y l a k o i d v e s i c l e , r e s p e c 
t i v e l y (for r e v i e w s , see r e f e rences 1 -5 ) . 

T h e m e c h a n i s m o f 0 2 e v o l u t i o n i n photosynthes is has b e e n the focus 
o f m u c h r e s e a r c h . I n a c lassic e x p e r i m e n t , J o l i o t a n d c o - w o r k e r s (6) 
s h o w e d that 0 2 is e v o l v e d i n a p e r i o d i c p a t t e r n w h e n a d a r k - a d a p t e d 
sample is g i v e n a series o f short , sa turat ing l i g h t flashes ( F i g u r e 1). T h i s 
p a t t e r n o f 0 2 e v o l u t i o n was e x p l a i n e d b y K o k a n d c o - w o r k e r s (7, 8) b y 
the S-state m o d e l s h o w n i n e q u a t i o n 2: 

0 2 + 4 H * 2 H 2 0 

s 0 

hu 
Si 

hu ^ hu w hu w 

s 2 s 3 ^ s 4 

Dark State (2) 

w h e r e the s o l i d l ines deno te l i g h t - d r i v e n reac t i ons a n d the d a s h e d l ines 
deno te dark reac t i ons . E a c h p h o t o c h e m i c a l charge separat i on o f P S I I 
p r o d u c e s one o x i d i z i n g e q u i v a l e n t , w h i c h is s t o r e d i n the 0 2 - e v o l v i n g 
c e n t e r ( O E C ) o f P S I I . T h e i n t e r m e d i a t e o x i d a t i o n states o f the O E C are 
r e f e r r e d to as S ( " s tore " ) states w i t h a subscr ip t to d e n o t e the n u m b e r 
o f o x i d i z i n g equ iva l en t s that have b e e n s t o red . T o a c count for the m a x 
i m a l y i e l d o f 0 2 o n the t h i r d flash ( F i g u r e 1), it is r e q u i r e d that the S x 

state is the dark - s tab le state. I n subsequent flashes, the y i e l d o f 0 2 is 
m a x i m a l o n e v e r y f o u r t h flash d u e to the r e q u i r e m e n t o f f our o x i d i z i n g 
equ iva lents to p r o d u c e 0 2 f r o m w a t e r . B e c a u s e o f " m i s s e s " ( in w h i c h 
the O E C does not t u r n o v e r d u r i n g a flash) o r " d o u b l e h i t s " ( in w h i c h 
a s ing le flash causes a t w o - s t e p a d v a n c e m e n t o f the O E C ) , the y i e l d o f 

2.5, 

Flash Number 

Figure 1. Normalized 02 yields from thylakoid membranes given a train 
of saturating flashes. Y„ denotes the yield of 02 on flash η and Yss denotes 
the steady-state yield of 02. Conditions are as described in reference 44. 
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0 2 reaches a steady-state v a l u e after about 3 0 flashes. I n the s teady 
state, the S 0 - S 3 states are a s s u m e d to b e p resent i n a p p r o x i m a t e l y e q u a l 
amounts . T h e S 4 state does not a c c u m u l a t e i n the steady state because 
it r a p i d l y decays to the S 0 state b y r e l e a s i n g 0 2 ; the S 4 state is not , i n 
fact, e v e n o b s e r v e d as a k i n e t i c i n t e r m e d i a t e because f o r m a t i o n o f the 
S 4 state is the r a t e - l i m i t i n g step i n the S 3 to S 0 c o n v e r s i o n . T h e S 2 a n d 
S 3 states are uns tab le a n d d e c a y i n seconds to the S x state i n the d a r k . 
T h e S 0 state also decays i n the d a r k to the S i state o n a m i n u t e s t i m e 
scale. H e n c e , a d a r k - a d a p t e d sample contains p r e d o m i n a n t l y the S i state. 

T h e K o k m o d e l for 0 2 e v o l u t i o n is n o w g e n e r a l l y a c c e p t e d . H o w 
e v e r , th is m o d e l does not address the m o l e c u l a r basis o f the i n t e r m e 
diates . T h u s , the K o k m o d e l o n l y p r o v i d e s a s tar t ing p o i n t f r o m w h i c h 
m o r e d e t a i l e d m e c h a n i s t i c quest ions can b e p o s e d . 

A c o n s i d e r a b l e b o d y o f e v i d e n c e ind i ca tes that the ac t ive site for 
w a t e r o x i d a t i o n conta ins a p o l y n u c l e a r M n c o m p l e x . C a 2 + a n d C l ~ are 
also r e q u i r e d for w a t e r o x i d a t i o n a n d m a y b e assoc iated w i t h the M n 
c o m p l e x . F o u r M n ions are r e q u i r e d for m a x i m a l 0 2 - e v o l u t i o n a c t i v i t y , 
b u t the o r g a n i z a t i o n o f the M n ions i n the O E C has b e e n d e b a t e d . It is 
c lear , h o w e v e r , that ox idat i on o f M n occurs d u r i n g the S-state transi t ions . 
X - r a y a b s o r p t i o n edge studies have b e e n r e p o r t e d o n samples i n w h i c h 
the S states w e r e a d v a n c e d b y flashes o f l i g h t (9). T h e M n K - e d g e e n e r g y 
increases f r o m the S 0 to the S 3 state a n d shows a p e r i o d - f o u r o s c i l l a t i o n . 
T h e s e results s u p p o r t the v i e w that the S 0 to S 3 states are i n c r e a s i n g l y 
h i g h e r o x i d a t i o n states o f the M n c o m p l e x . 

T o u n d e r s t a n d the m e c h a n i s m o f w a t e r o x i d a t i o n , i t is necessary to 
c h a r a c t e r i z e e a c h o f the S states. A v a r i e t y o f s p e c t r o s c o p i c m e t h o d s 
have b e e n b r o u g h t to b e a r o n this p r o b l e m . E l e c t r o n p a r a m a g n e t i c res 
onance ( E P R ) a n d X - r a y spec t roscop ies have b e e n e s p e c i a l l y u s e f u l b e 
cause these t e c h n i q u e s a l l o w the M n c o m p l e x to b e p r o b e d d i r e c t l y . 
E P R spec t ros copy has the r e s t r i c t i o n that the M n c o m p l e x must b e p a r a 
m a g n e t i c to b e s t u d i e d . T h e S 2 state is an o d d - e l e c t r o n state, a n d E P R 
spec t ros copy has b e e n u s e d e x t e n s i v e l y to s tudy the M n c o m p l e x i n the 
S 2 state. X - r a y s p e c t r o s c o p y has the advantage that any state o f the M n 
c o m p l e x is observab le . H o w e v e r , the success fu l a p p l i c a t i o n o f E P R a n d 
X - r a y spec troscop ies r e q u i r e s that a spec i f i c S state b e p r e p a r e d i n h i g h 
y i e l d i n h i g h l y c o n c e n t r a t e d samples . 

Methods for Preparation of Specific Oxidation States 
of the Mn Complex 
I n most r edox e n z y m e s , the d i f ferent o x i d a t i o n states o f a m e t a l c e n t e r 
can b e p r o d u c e d b y p o i s i n g the a m b i e n t r e d o x p o t e n t i a l o f the sample . 
H o w e v e r , the i n t e r m e d i a t e o x i d a t i o n states o f the M n c o m p l e x i n P S I I 
have v e r y h i g h r e d u c t i o n po tent ia l s ( in the range o f 0 . 8 - 1 . 2 V vs. the 
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n o r m a l h y d r o g e n e l e c t rode ) . T o date , it has not b e e n poss ib l e to c a r r y 
out a r e d o x t i t r a t i o n o f any o f the species o n the o x i d i z i n g s ide o f P S I I . 
T h e r e f o r e , one must use p h o t o c h e m i c a l m e t h o d s that a l l o w the c o n 
t r o l l e d t u r n o v e r o f P S I I to p r e p a r e a spec i f i c o x i d a t i o n state o f the M n 
c o m p l e x . A k e y to the success o f p h o t o c h e m i c a l m e t h o d s is the p r e p a 
r a t i o n o f an i n i t i a l l y h o m o g e n e o u s S state. 

D a r k a d a p t a t i o n w i l l p r o d u c e a s a m p l e that conta ins p r i m a r i l y the 
S i state. T h e S 2 a n d S 3 states are uns tab le a n d decay b a c k to the S x state 
i n the dark ( equat ion 2). T h e S 0 state also decays to the S i state i n the 
dark v i a a redox reac t i on w i t h the o x i d i z e d tyros ine res idue , YD" ( equat ion 
3) : 

S 0 + Y D - ^ S x + Y D (3) 

H o w e v e r , the r e a c t i o n o f the S 0 state w i t h Y D ' is f a i r l y s l ow (tens o f 
m i n u t e s (JO)) a n d , d e p e n d i n g o n the p r i o r h i s t o r y o f i l l u m i n a t i o n o f the 
s a m p l e , Y D * m a y not b e present i n a l l o f the P S I I centers . T h e r e f o r e , the 
i n i t i a l y i e l d o f the S x state c a n b e m a x i m i z e d b y g i v i n g a p r e v i o u s l y d a r k -
a d a p t e d sample one flash (or c o n t i n u o u s i l l u m i n a t i o n at 2 0 0 K ; see s u b 
sequent paragraphs) be fore f u r t h e r dark adaptat ion . T h e s e i l l u m i n a t i o n s 
w i l l cause the o x i d a t i o n o f S 0 to S x o r Y D to YD°; any S 2 state p r o d u c e d 
b y the i l l u m i n a t i o n w i l l d e c a y b a c k to the S i state i n the dark . 

O n c e a h o m o g e n e o u s i n i t i a l S-state p o p u l a t i o n is p r o d u c e d , it is 
poss ib le to advance the S states s y n c h r o n o u s l y b y u s i n g short , sa tura t ing 
flashes o f l i g h t (as s h o w n i n F i g u r e 1). F o r samples that are suf f i c ient ly 
d i l u t e or have a v e r y short p a t h l e n g t h , flashes w o r k w e l l for p r e p a r i n g 
e a c h o f the S states. P r o v i d e d that the s a m p l e is d a r k a d a p t e d to ensure 
that the i n i t i a l S x state is h o m o g e n e o u s , the S 2 , S 3 , o r S 0 state c a n b e 
g e n e r a t e d b y u s i n g one , t w o , o r t h r e e flashes, r e s p e c t i v e l y . 

U n f o r t u n a t e l y , t u r n o v e r c o n t r o l o f P S I I is m o r e c o m p l i c a t e d t h a n 
the above d e s c r i p t i o n w o u l d i n d i c a t e . B e c a u s e t u r n o v e r o f the S states 
is a c h i e v e d v i a a p h o t o c h e m i c a l r e a c t i o n , the y i e l d o f the r e a c t i o n d e 
p e n d s o n b o t h the e l e c t r o n donors a n d the e l e c t r o n acceptors . T h e o v e r 
a l l p i c t u r e o f e l e c t r o n transfer i n P S I I is s h o w n i n F i g u r e 2 (11). L i g h t 
i n d u c e s a series o f e l e c t r o n - t r a n s f e r reac t i ons that l e a d to the f o r m a t i o n 
o f p r o g r e s s i v e l y m o r e stable c h a r g e - s e p a r a t e d states. T h e d o m i n a n t r e 
a c t i o n u n d e r p h y s i o l o g i c a l c o n d i t i o n s leads to a one -s tep a d v a n c e m e n t 
o f the S state a n d r e d u c t i o n o f the s e c o n d a r y q u i n o n e e l e c t r o n a c c e p t o r 
( Q B ) . I n p u r i f i e d P S I I p r e p a r a t i o n s , h o w e v e r , the q u i n o n e s are d e p l e t e d 
a n d the Q B s ite w i l l m o s t l y b e u n o c c u p i e d unless exogenous q u i n o n e s 
are a d d e d . 

I n flashing l i g h t , there are l imi ta t i ons o n the m i n i m u m a n d m a x i m u m 
t imes b e t w e e n flashes. T h e r a t e - l i m i t i n g step i n t u r n o v e r o f P S I I is ex
change o f q u i n o n e for q u i n o l , w h i c h occurs at the Q B s ite. C o n s e q u e n t l y , 
the e l e c t r o n acceptors w i l l p r o d u c e a b o t t l e n e c k i f the t i m e b e t w e e n 
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P680* 
-0.5 r-

0.0 

0.5 

1.0 

hv (680 nm) 

2H 2 0 

4H+ + o 2 

Pheo 

^ PQ 
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PQH2 

1.2 

E m ,7 (V) 

Figure 2. Paths of electron transfer in PSII: P680, reaction-center chloro
phyll that functions as the primary electron donor; P680*, first excited singlet 
state ofP680; Pheo, pheophytin; QA, primary quinone electron acceptor; QB, 
secondary quinone electron acceptor; cyt b559, cytochrome b559; Chlz, redox-
active chlorophyll that mediates electron transfer between cytochrome b559 

and P680; YD, redox-active tyrosine that gives rise to the dark-stable tyrosine 
radical; Y z , redox-active tyrosine that mediates electron transfer from the 
Mn complex to P680. 

flashes is shor ter t h a n about 10 ms. O n the o t h e r h a n d , the t i m e b e t w e e n 
flashes cannot b e too l o n g because the S 2 a n d S 3 states are unstab le a n d 
decay o n a t i m e scale o f seconds , e i t h e r b y c h a r g e r e c o m b i n a t i o n o r b y 
o x i d i z i n g c y t o c h r o m e b 5 5 9 o r Y D (11). T h e t i m e scales o f these reac t i ons 
l eave o p e n a w i n d o w o f t i m e b e t w e e n flashes for w h i c h the t u r n o v e r o f 
the S states is o p t i m a l , a l t h o u g h " m i s s e s " o n the o r d e r o f 5 - 1 0 % p e r 
flash are u n a v o i d a b l e . 
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Figure 3. Structures of herbicides that bind to the QB site in PSII. 

O n e s i g n i f i c a n t d r a w b a c k o f u s i n g flashes to a d v a n c e t h e S states 
is that t h e s a m p l e m u s t b e v e r y d i l u t e o r t h e p a t h l e n g t h m u s t b e v e r y 
shor t to a l l o w s a t u r a t i n g l i g h t to p e n e t r a t e t h r o u g h o u t t h e s a m p l e . 
(A t y p i c a l P S I I m e m b r a n e p r e p a r a t i o n has a b o u t 2 0 0 c h l o r o p h y l l s 
p e r P S I I (12), w h i c h m e a n s that a s a m p l e c o n t a i n i n g 5 0 μ Μ P S I I has 
an o p t i c a l d e n s i t y o f 5 0 - 1 0 0 0 t h r o u g h o u t t h e v i s i b l e s p e c t r u m . ) E P R 
a n d e x t e n d e d X - r a y a b s o r p t i o n fine s t r u c t u r e ( E X A F S ) m e a s u r e m e n t s 
r e q u i r e a r e l a t i v e l y l a r g e v o l u m e o f c o n c e n t r a t e d s a m p l e . I n s u c h 
s a m p l e s , flashes are no t e f f e c t i v e to p r o d u c e a h i g h y i e l d o f t h e S 2 , 
S 3 , o r S 0 s tates . 

F o r t u n a t e l y , the e l e c t r o n - a c c e p t o r s ide o f P S I I can b e e x p l o i t e d to 
a l l o w t u r n o v e r c o n t r o l o f the S states i n h i g h l y c o n c e n t r a t e d samples . 
A n u m b e r o f h e r b i c i d e s are k n o w n that b i n d t i g h t l y to the Q B s ite a n d 
b l o c k e l e c t r o n transfer past the p r i m a r y q u i n o n e e l e c t r o n a c c e p t o r ( Q A ) 
(13). S o m e examples are s h o w n i n F i g u r e 3. E q u a t i o n s 4 a n d 5 s h o w 
the reac t ions o f P S I I i n the p r e s e n c e o f 3 - ( 3 , 4 - d i c h l o r o p h e n y l ) - l , l - d i -
m e t h y l u r e a ( D C M U , F i g u r e 3). 

Q A can o n l y accept a s ing le e l e c t r o n a n d , at l o w t e m p e r a t u r e , the S 2 Q A ~ 
charge separat i on is stable . B e c a u s e P S I I is r e s t r i c t e d to o n l y one t u r n 
o v e r b y D C M U , c o n t i n u o u s l i g h t can be u s e d to p r o d u c e a s ing le c h a r g e 
separat i on (14). T h e sample c a n b e i l l u m i n a t e d for as l o n g as necessary 
to a c h i e v e a c h a r g e separat i on i n e v e r y P S I I c o m p l e x . E l e c t r o n t rans fer 

S I Q A Q B + D C M U τ± S j Q A D C M U + P Q (4) 

c o n t i n u o u s 

i l l u m i n a t i o n 

S J Q A D C M U S 2 Q A - D C M U (5) 
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f r o m Q A ~ to Q B is also b l o c k e d at t e m p e r a t u r e s at o r b e l o w 2 0 0 K . 
T h e r e f o r e , i l l u m i n a t i o n o f a d a r k - a d a p t e d sample at 2 0 0 Κ w i l l p r o d u c e 
t h e S 2 state, e v e n w i t h o u t a d d i n g D C M U (15). T h e s e m e t h o d s h a v e b e e n 
ex tens ive ly u s e d to p r o d u c e the S 2 state for E P R or E X A F S studies . 

T h i s p r o t o c o l has b e e n e x t e n d e d to p r o d u c e the S 3 state b y u s i n g 
the r e d o x - a c t i v e h e r b i c i d e s 1 a n d 2 ( F i g u r e 3) (16). I n this case, t w o 
s e q u e n t i a l c h a r g e - s e p a r a t i o n reac t i ons o c c u r as s h o w n i n e q u a t i o n 6: 

c o n t i n u o u s c o n t i n u o u s 

i l l u m i n a t i o n i l l u m i n a t i o n , v 

S i Q J l R ' N O + H + > S 2 Q A R R ' N O H > S 3 Q A ~ R R ' N O H (6) 

w h e r e R a n d R ' are the g r o u p s b o u n d to the n i t r o x y l g r o u p o f m o l e c u l e 
1 o r 2 ( F i g u r e 3) . T h e first c h a r g e separa t i on resul ts i n a o n e - e l e c t r o n 
r e d u c t i o n o f the n i t r o x y l g r o u p o f the h e r b i c i d e a n d the s e c o n d results 
i n the one -e l e c t ron r e d u c t i o n o f Q A . B y u s i n g the redox -ac t ive h e r b i c i d e , 
2 , a n d c o n t i n u o u s i l l u m i n a t i o n at 2 5 0 K , a y i e l d o f the S 3 state o f about 
8 0 % was a c h i e v e d w h i c h is s i m i l a r to w h a t is o b t a i n e d b y u s i n g flashes 
a n d m o r e d i l u t e samples . 

EPR Spectroscopic Studies of the Si and S2 States 
T h e t w o S states that can b e p r o d u c e d most r e a d i l y i n h i g h c o n c e n t r a t i o n 
are the Sx a n d S 2 states. C o n s e q u e n t l y , these t w o states have b e e n most 
access ib le to spec t ros cop i c s tudy . I n g e n e r a l , one expects to observe an 
E P R s ignal f r o m a t r a n s i t i o n m e t a l c o m p l e x w h e n e v e r the c o m p l e x pos 
sesses an o d d n u m b e r o f u n p a i r e d e l e c t rons . I f the c o m p l e x possesses 
an e v e n n u m b e r o f u n p a i r e d e l e c t rons , E P R signals are o f ten u n d e t e c t 
able w i t h c o n v e n t i o n a l i n s t r u m e n t a t i o n d u e to large z e r o - f i e l d spl i t t ings . 
B e c a u s e each S-state t r a n s i t i o n i n v o l v e s the r e m o v a l o f one e l e c t r o n 
f r o m the 0 2 - e v o l v i n g c e n t e r , a l ternate S states w i l l h a v e an o d d n u m b e r 
o f e l e c t rons . T h e s e o d d - e l e c t r o n S states s h o u l d , i n p r i n c i p l e , be d e 
tec tab le b y E P R spec t ros copy . T h e S 2 state is an o d d - e l e c t r o n state a n d 
exh ib i t s a n u m b e r o f E P R signals f r o m the M n c o m p l e x ( F i g u r e 4; for 
r e v i e w s , see r e f e rences 4 a n d 17) . A l t h o u g h the Si state is an e v e n -
e l e c t r o n state, r e c e n t resul ts i n d i c a t e that it c a n exist i n a p a r a m a g n e t i c 
f o r m that can b e s t u d i e d b y E P R s p e c t r o s c o p y (18, 19). 

EPR Studies of the S 2 State. T w o types o f E P R signals have b e e n 
o b s e r v e d f r o m the S 2 state ( F i g u r e 4). T h e first is a m u l t i l i n e E P R s igna l 
c e n t e r e d at about g = 2 ( F i g u r e 4a). T h i s E P R s igna l arises f r o m an S 
= V2 state o f a m u l t i n u c l e a r M n c o m p l e x ; the h y p e r f i n e l ines arise f r o m 
the c o u p l i n g o f the u n p a i r e d e l e c t r o n to the n u c l e a r spins o f s evera l 
5 5 M n ions (each 5 5 M n i o n has I = %) . T h e s e c o n d E P R s igna l f r o m the 
S 2 state exh ib i t s a t u r n i n g p o i n t at g = 4.1 ( F i g u r e 4b) . T h e g = 4.1 E P R 
s ignal can b e i n d u c e d b y i l l u m i n a t i o n at 1 3 0 Κ i n u n t r e a t e d samples , 
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500 G 

Figure 4. S2 state EPR spectra, (a) Multiline EPR signal produced by il
lumination at 200 K. (b) g = 4.1 EPR signal produced by illumination at 
130 K. (Reproduced from reference 45. Copyright 1988 American Chemical 
Society.) 

b u t is unstab le a n d is c o n v e r t e d in to the m u l t i l i n e E P R s igna l u p o n 
w a r m i n g to 2 0 0 K . A n u m b e r o f t r ea tments such as the a d d i t i o n o f s u 
crose , a m m o n i a , or f l u o r i d e ; d e p l e t i o n o f c h l o r i d e ; o r r e p l a c e m e n t o f 
C a 2 + b y S r 2 + cause the g = 4.1 E P R s igna l to b e s t a b i l i z e d at 2 0 0 Κ 
( r e v i e w e d i n r e f e r e n c e 4). I n u n t r e a t e d samples , the g = 4.1 E P R s igna l 
does not e x h i b i t r e s o l v e d 5 5 M n h y p e r f i n e s t r u c t u r e . H o w e v e r , i n a m 
m o n i a - t r e a t e d samples that are o r i e n t e d b y d r y i n g onto M y l a r sheets , 
the g = 4.1 E P R s igna l exh ib i t s r e s o l v e d 5 5 M n h y p e r f i n e s t r u c t u r e (20), 
i n d i c a t i n g that this E P R s igna l also arises f r o m a m u l t i n u c l e a r M n c o m 
p l e x . A v a r i e t y o f m o d i f i e d forms o f the m u l t i l i n e a n d g = 4.1 E P R 
signals have b e e n o b s e r v e d after the a d d i t i o n o f var i ous exogenous m o l 
ecu les i n c l u d i n g amines a n d f l u o r i d e or b y d e p l e t i o n o f C a 2 + a n d r e 
p l a c e m e n t b y S r 2 + . 

T h e S 2 - s tate m u l t i l i n e a n d g = 4.1 E P R signals p r o v i d e i m p o r t a n t 
i n f o r m a t i o n o n the s t r u c t u r e a n d o r g a n i z a t i o n o f the M n ions i n the 
O E C . H o w e v e r , the ass ignment o f these signals is s t i l l not f u l l y r e s o l v e d , 
a l t h o u g h r e c e n t results have s ign i f i cant ly l i m i t e d the range o f p o s s i b i l 
i t i es . O r i g i n a l l y , t w o i n t e r p r e t a t i o n s o f the i d e n t i t y o f the spec ies that 
g ive r ise to the m u l t i l i n e a n d g = 4.1 E P R signals w e r e p r o p o s e d . 

H a n s s o n et a l . (21) p r o p o s e d that the t w o E P R signals ar ise f r o m 
d i s t inc t M n centers : an a n t i f e r r o m a g n e t i c a l l y e x c h a n g e - c o u p l e d m i x e d -
v a l e n c e b i n u c l e a r M n c e n t e r g i v i n g the m u l t i l i n e E P R s ignal f r o m its 
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g r o u n d S = V2 state a n d a m o n o n u c l e a r h i g h - s p i n M n I V c e n t e r g i v i n g the 
g = 4.1 E P R s igna l f r o m the S = % state w i t h ax ia l s y m m e t r y . T h i s 
p r o p o s a l f o l l o w e d f r o m the s i m i l a r i t y o f the m u l t i l i n e a n d g = 4.1 E P R 
signals to those o f b i n u c l e a r M n m - M n I V a n d m o n o n u c l e a r M n I V m o d e l 
c o m p l e x e s , r e s p e c t i v e l y . T h e i n t e r c o n v e r s i o n o f the S 2 - s tate m u l t i l i n e 
a n d g = 4.1 E P R signals was e x p l a i n e d b y a r e d o x e q u i l i b r i u m b e t w e e n 
the b i n u c l e a r a n d m o n o n u c l e a r centers . 

de P a u l a et a l . (22, 23) p r o p o s e d that b o t h the m u l t i l i n e a n d g = 4.1 
E P R signals arise f r o m the same t e t r a n u c l e a r M n c o m p l e x . T h e m u l t i l i n e 
a n d g = 4.1 E P R signals w e r e a t t r i b u t e d to t w o c o n f o r m a t i o n s o f the 
c o m p l e x h a v i n g d i f ferent exchange c o u p l i n g s b e t w e e n the M n ions . T h i s 
p r o p o s a l was m a d e b y analogy to the S = V2 a n d S = % forms that have 
b e e n o b s e r v e d for F e 4 S 4 c u b a n e l i k e c lus ters . B a s e d o n th is ana logy a n d 
o n studies o f the t e m p e r a t u r e d e p e n d e n c e o f the t w o E P R signals , the 
m u l t i l i n e a n d g = 4.1 E P R signals w e r e p r o p o s e d to arise f r o m an ex
c i t e d S = V2 state a n d a g r o u n d S = % state o f an e x c h a n g e - c o u p l e d M n 
t e t r a m e r , r e s p e c t i v e l y . 

M o r e r e c e n t studies have c l a r i f i e d the ass ignments o f the S 2 - s ta te 
m u l t i l i n e a n d g = 4.1 E P R signals . S tud ies o f the t e m p e r a t u r e d e p e n 
d e n c e o f the m u l t i l i n e E P R s igna l have s h o w n that the s igna l f o l l ows 
C u r i e - l a w t e m p e r a t u r e d e p e n d e n c e f r o m 1.4 to 2 0 Κ (24, 25) . T h e s e 
resu l ts , w h i c h w e r e p r o d u c e d i n o u r l a b , are best e x p l a i n e d i f the m u l 
t i l i n e E P R s igna l arises f r o m an S = V2 g r o u n d state. T h e e a r l i e r resul ts 
o f de P a u l a et a l . (23, 26), i n d i c a t i n g that the m u l t i l i n e E P R s igna l c a m e 
f r o m an e x c i t e d state, w e r e a r t i f a c tua l because o f m i c r o w a v e p o w e r 
sa turat i on . A n S = V2 g r o u n d state c o u l d arise f r o m an e x c h a n g e - c o u p l e d 
m i x e d - v a l e n c e M n d i m e r , t r i m e r , or t e t r a m e r . T h e s e poss ib i l i t i e s have 
b e e n c o m p a r e d b y E P R s p e c t r a l s im ula t i o ns (27). T h e b r e a d t h o f the 
m u l t i l i n e E P R s igna l is o n l y a c c o u n t e d for b y a M n t e t r a m e r , i f one 
assumes that the S 2 state conta ins o n l y M n m a n d M n I V i ons w i t h o u t l a rge 
m a g n e t i c an i so t ropy . 

T h e S 2 - s tate g = 4.1 E P R s igna l was o r i g i n a l l y a s s u m e d (21-23) 
to arise f r o m the p e r p e n d i c u l a r c o m p o n e n t o f an ax ia l l y s y m m e t r i c S 
= % state b a s e d o n the p o s i t i o n o f the E P R resonance . H o w e v e r , m e a 
surements o f the g = 4.1 E P R s igna l at s evera l m i c r o w a v e f r e q u e n c i e s 
(28) suppor ts an ass ignment o f the g = 4.1 s igna l to the m i d d l e K r a m e r s 
d o u b l e t o f an S = % state w i t h n e a r - r h o m b i c s y m m e t r y . T h e o r i e n t a t i o n 
d e p e n d e n c e o f the g = 4.1 E P R s igna l has also b e e n m e a s u r e d i n P S I I 
m e m b r a n e samples that h a v e b e e n o r i e n t e d b y d r y i n g onto m y l a r sheets 
(20, 29). T h e o b s e r v a t i o n o f a least 16 h y p e r f i n e l ines o n the g = 4.1 
E P R s ignal f r o m o r i e n t e d , a m m o n i a - t r e a t e d P S I I m e m b r a n e s r e q u i r e s , 
w i t h reasonable assumpt ions , that the g = 4.1 s igna l o r ig inates f r o m a 
c lus te r o f at least t h r e e M n ions . T h i s r e s u l t , t o g e t h e r w i t h the r e q u i r e 
m e n t that the S 2 - s tate m u l t i l i n e E P R s igna l must also ar ise f r o m a c l u s t e r 
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o f at least t w o M n ions , p r o v i d e s s t rong s u p p o r t for the p r o p o s a l that 
b o t h the g = 4.1 a n d m u l t i l i n e E P R signals arise f r o m the same M n 
c lus ter . 

T h e r e m a i n i n g ques t i on is w h e t h e r the redox -ac t ive center o b s e r v e d 
b y E P R i n the S 2 state is a t r i n u c l e a r o r t e t r a n u c l e a r M n c lus ter . I f the 
g = 4.1 a n d m u l t i l i n e E P R signals b o t h arise f r o m a t r i n u c l e a r c l u s t e r , 
t h e n the r e m a i n i n g M n i o n w o u l d have to b e M n m i n b o t h the S x a n d 
S 2 states to escape E P R d e t e c t i o n . H o w e v e r , r e c e n t E P R s p i n r e l a x a t i o n 
studies have s h o w n that the M n c l u s t e r is d i a m a g n e t i c i n the S x r e s t i n g 
state [(19), see S t r u c t u r e o f the M a n g a n e s e C o m p l e x . ] . B e c a u s e an i so 
l a t ed M n m i o n w o u l d be paramagnet i c , this resul t ru les out the poss ib i l i t y 
that the f our M n ions i n P S I I are a r r a n g e d as a t r i m e r p l u s a m o n o m e r . 
O n e is left w i t h the c o n c l u s i o n f r o m the E P R studies that the M n ions 
i n P S I I are o r g a n i z e d in to an e x c h a n g e - c o u p l e d t e t r a n u c l e a r c o m p l e x . 

EPR Studies of the Sx State. T h e S i state is an e v e n - e l e c t r o n 
state. I n s u c h an i n t e g e r - s p i n sys tem, it is o f ten the case that large z e r o -
field sp l i t t ings p r e v e n t the o b s e r v a t i o n o f c o n v e n t i o n a l E P R signals . A l 
t h o u g h no c o n v e n t i o n a l E P R signals have b e e n o b s e r v e d f r o m the SY 

state, t w o approaches have b e e n u s e d to s tudy the SY state b y E P R spec 
troscopy . A n u m b e r o f papers have b e e n p u b l i s h e d o n the sp in re laxat ion 
e n h a n c e m e n t o f the stable t y r o s i n e r a d i c a l , Y D * , b y the M n c l u s t e r (19, 
30-33). T h e s e studies p r o v i d e i n f o r m a t i o n o n the m a g n e t i c p r o p e r t i e s 
o f the M n c lus ter . A n o t h e r a p p r o a c h is to use p a r a l l e l - m o d e E P R spec 
t roscopy , w h i c h selects for so - ca l l ed " A m s = 2 " a n d " A m s = 4 " t ransi t ions 
o f i n t e g e r - s p i n systems (34). A n i n t e g e r - s p i n E P R s igna l at g = 4.8 has 
b e e n r e p o r t e d a n d ass igned to M n i n the Si state (18). 

T h e M n c o m p l e x has b e e n f o u n d to e n h a n c e m a r k e d l y the s p i n -
la t t i ce r e l a x a t i o n rate o f the stable t y r o s i n e r a d i c a l , YD\ C o n s e q u e n t l y , 
the sp in- lat t i ce re laxat ion rate o f Y D * can serve as a p r o b e o f the magnet i c 
p r o p e r t i e s o f the M n c o m p l e x i n e a c h o f the S states. A d e t a i l e d s tudy 
o f the Si state was r e p o r t e d (19). It was f o u n d that the S 2 state can exist 
i n t w o forms w i t h v e r y d i f f erent m a g n e t i c p r o p e r t i e s : a r e s t i n g state or 
an ac t ive state, d e p e n d i n g o n w h e t h e r the sample was s u b j e c t e d to l o n g 
(4 h) or short (6 min ) p e r i o d s o f d a r k a d a p t a t i o n at 0 ° C , r e s p e c t i v e l y . 
T h e Si r e s t i n g state has a d i a m a g n e t i c g r o u n d state. I n a d d i t i o n , f r o m 
the t e m p e r a t u r e d e p e n d e n c e o f the s p i n - l a t t i c e r e l a x a t i o n rate e n h a n c e 
m e n t , it was f o u n d that a p a r a m a g n e t i c e x c i t e d state is p o p u l a t e d at 
h i g h e r t e m p e r a t u r e s . H o w e v e r , the s p l i t t i n g b e t w e e n the g r o u n d a n d 
e x c i t e d state is v e r y large (at least 1 0 0 c m " 1 ) , i n d i c a t i n g that the M n 
ions are s t rong ly a n t i f e r r o m a g n e t i c a l l y exchange c o u p l e d i n the S x res t 
i n g state. T h e S x a c t ive state has a p a r a m a g n e t i c g r o u n d or l o w - l y i n g 
e x c i t e d state because its s p i n - l a t t i c e r e l a x a t i o n rate e n h a n c e m e n t o f Y D

e 

was s igni f i cant e v e n at 4 K . T h e d i f ferent m a g n e t i c p r o p e r t i e s o f the Si 
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9. BRUDVIG Structure and Function of Manganese in Photosystem II 259 

ac t ive a n d r e s t i n g states c a n be e x p l a i n e d b y t w o c o n f o r m a t i o n s o f the 
M n c o m p l e x that have d i f ferent exchange c o u p l i n g s b e t w e e n the M n 
ions , as has also b e e n i n v o k e d to e x p l a i n the d i f f erent f orms o f the 
S 2 state. 

D e x h e i m e r a n d K l e i n (18) have r e p o r t e d an i n t e g e r - s p i n E P R s igna l 
at g = 4.8 f r o m the S i state i n l o n g d a r k - a d a p t e d P S I I m e m b r a n e s . T h e s e 
d a r k - a d a p t e d samples w o u l d b e e x p e c t e d to b e i n the S x r e s t i n g state, 
w h i c h was f o u n d to be d i a m a g n e t i c (19) a n d s h o u l d not e x h i b i t any E P R 
signals . H o w e v e r , the p a r a l l e l - m o d e E P R s igna l was v e r y w e a k ; th is 
weakness c o u l d b e e x p l a i n e d i f the s igna l arises f r o m a s m a l l a m o u n t o f 
the S i ac t ive state i n the l o n g d a r k - a d a p t e d samples . T o address the 
q u e s t i o n o f the o r i g i n o f the p a r a l l e l - m o d e E P R s igna l r e p o r t e d b y D e x 
h e i m e r a n d K l e i n (18), w e a t t e m p t e d to measure this s igna l i n b o t h S x 

act ive-state a n d S i rest ing-state P S I I m e m b r a n e samples . M e a s u r e m e n t s 
w e r e m a d e b y u s i n g c o n v e n t i o n a l p e r p e n d i c u l a r - m o d e E P R (19) a n d 
also b y u s i n g p a r a l l e l - m o d e E P R ( D . K o u l o u g l i o t i s a n d G . B r u d v i g , Y a l e 
U n i v e r s i t y ; M . H e n d r i c k , U n i v e r s i t y o f M i n n e s o t a , u n p u b l i s h e d results ) . 
W e d i d not observe any E P R s ignal at g = 4 .8 , o r o t h e r signals i n the 
scans f r o m 0 to 5 0 0 0 G that c o u l d b e a t t r i b u t e d to the S i state. 

Structure of the Manganese Complex 
O n the basis o f the E P R studies d e s c r i b e d i n the p r e v i o u s p a r a g r a p h s , 
the M n ions i n the O E C are d e t e r m i n e d to b e o r g a n i z e d into an exchange -
c o u p l e d t e t r a n u c l e a r c lus te r . T h e exchange i n t e r a c t i o n s b e t w e e n the 
M n ions must be var iab le to account for the di f ferent types o f E P R signals 
that have b e e n o b s e r v e d f r o m the S 2 state a n d the d i f ferent m a g n e t i c 
p r o p e r t i e s o f the S x ac t ive a n d r e s t i n g states. A l t h o u g h the m a g n i t u d e s 
o f the exchange in te rac t i ons b e t w e e n the M n ions are not w e l l - d e f i n e d 
b y the E P R studies , these c o u p l i n g s must b e large e n o u g h to p r o d u c e 
a s p l i t t i n g b e t w e e n the g r o u n d a n d first e x c i t e d s p i n states o f o v e r 1 0 0 
c m - 1 i n the S x r e s t i n g state (19) a n d a p p r o x i m a t e l y 3 0 c m " 1 i n the m u l 
t i l i n e f o r m o f the S 2 state (21). T h e s t ruc tures for the M n c lus te r that 
are c o n s i d e r e d must ac count for s u c h large exchange i n t e r a c t i o n s b e 
t w e e n the M n ions . 

T h e m a g n e t i c p r o p e r t i e s o f the S x r e s t i n g state p l a c e a s igni f i cant 
r e s t r i c t i on o n the poss ib le s tructures o f the M n c o m p l e x . A m o n o n u c l e a r 
M n i o n is r u l e d out b y the o b s e r v a t i o n that the S i r e s t i n g state has a 
d i a m a g n e t i c g r o u n d state; a m o n o n u c l e a r M n i o n is e x p e c t e d to b e p a r a 
m a g n e t i c i n any o f its poss ib l e o x i d a t i o n states. T h i s leaves o n l y t w o 
poss ib le m o d e l s for the o r g a n i z a t i o n o f the M n ions i n the S i r e s t i n g 
state. E i t h e r the M n ions are a r r a n g e d as a d i m e r - o f - d i m e r s i n w h i c h 
the M n ions i n e a c h d i m e r have the same o x i d a t i o n state a n d are s t r o n g l y 
a n t i f e r r o m a g n e t i c a l l y e x c h a n g e - c o u p l e d , o r the M n ions are a r r a n g e d 
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as a t e t r a m e r i n w h i c h s t r o n g exchange i n t e r a c t i o n s b e t w e e n the M n 
ions p r o d u c e a net s p i n o f z e r o i n the g r o u n d state. 

F u r t h e r i n f o r m a t i o n is ava i lab le f r o m X - r a y a b s o r p t i o n n e a r - e d g e 
s t r u c t u r e ( X A N E S ) a n d e x t e n d e d X - r a y a b s o r p t i o n fine s t r u c t u r e 
( E X A F S ) studies. F r o m analyses o f the M n X A N E S , it is poss ib le to o b t a i n 
i n f o r m a t i o n o n the o x i d a t i o n states o f the M n ions . T h e M n X A N E S o f 
the Si state have b e e n a n a l y z e d b y severa l g roups ( 35 -39 ) . T h e resul ts 
i n d i c a t e that the Si state does not c o n t a i n M n 1 1 a n d most p r o b a b l y c o n 
tains t w o M n m a n d t w o M n I v . A n a l ternate a p p r o a c h for ass ign ing o x i 
d a t i o n states i n v o l v e s an analysis o f m e t a l - l i g a n d b o n d l engths . A v e r a g e 
m e t a l - l i g a n d b o n d l engths for the M n ions i n P S I I have b e e n o b t a i n e d 
f r o m E X A F S studies . T h e s e resul ts have b e e n u s e d to ca l cu la te that the 
Si state has t w o M n m a n d t w o M n I V b y u s i n g the b o n d v a l e n c e s u m 
m e t h o d (40). T h u s , it seems p r o b a b l e that the o x i d a t i o n states o f the 
M n ions i n the Si state are Μ η Π Ι

2 Μ η ι ν
2 . H o w e v e r , the analysis o f the 

X A N E S data a n d the b o n d v a l e n c e s u m m e t h o d b o t h r e q u i r e a c o m p a r 
i son to m o d e l c o m p l e x e s . B e c a u s e the l i g a t i o n o f the M n ions i n P S I I is 
not k n o w n , i t is also poss ib le that the S i state has f our M n m . 

M n E X A F S data p r o v i d e m o r e d e t a i l e d s t r u c t u r a l i n f o r m a t i o n . Sev 
e r a l g roups have c o l l e c t e d a n d a n a l y z e d M n E X A F S data f r o m the S x 

state (35, 36, 38, 39). A l t h o u g h some d i sagreements r e m a i n , a consensus 
seems to b e e m e r g i n g o n severa l p o i n t s . P e r h a p s most s igni f i cant is the 
o b s e r v a t i o n o f a M n b a c k s c a t t e r e r at about 2.7 À. S i m u l a t i o n s o f the 
E X A F S data ind i ca te that each M n atom has 1 - 1 . 5 n e i g h b o r i n g M n atoms 
at th is d i s tance . T h i s d i s tance is s igni f i cant because , to date , i t has o n l y 
b e e n o b s e r v e d i n m o d e l c omplexes h a v i n g άί-μ2-οχο o r άί-μ3-οχο b r idges 
b e t w e e n t w o M n ions (41). It seems p r o b a b l e that t w o or t h r e e di -μ-οχο 
b r i d g e d M n 2 un i t s exist i n P S I I . A n o t h e r h e a v y - a t o m b a c k s c a t t e r e r has 
b e e n i d e n t i f i e d at 3.3 À. It r e m a i n s u n c l e a r , h o w e v e r , w h e t h e r this 
b a c k s c a t t e r e r is a M n i o n , C a 2 + , o r b o t h . B a s e d o n these E X A F S data , a 
d i m e r - o f - d i m e r s m o d e l for the M n c l u s t e r i n the Si state has b e e n p r o 
p o s e d (39) i n w h i c h t w o di -μ-οχο b r i d g e d M n d i m e r s (each h a v i n g a 2.7 
À M n - M n separat ion) are c o n n e c t e d v i a a s ing le μ-οχο b r i d g e ( g i v i n g a 
3 .3 À separat i on b e t w e e n t w o o f the M n ions) . A l t e r n a t i v e l y , the E X A F S 
data c o u l d b e e x p l a i n e d b y a d i s t o r t e d c u b a n e - l i k e t e t r a n u c l e a r M n 
c o m p l e x . T o c o m p a r e these t w o poss ib i l i t i es , one can cons ider the results 
o f s tudies o f M n m o d e l c o m p l e x e s . 

O n e i m p o r t a n t c o n s i d e r a t i o n is the t y p e o f s t r u c t u r e that c o u l d p r o 
d u c e the s t rong a n t i f e r r o m a g n e t i c exchange i n t e r a c t i o n s n e e d e d to ac 
c o u n t for the m a g n e t i c p r o p e r t i e s o f the S i a n d S 2 states. T h e r e is a 
substant ia l b o d y o f da ta o n the m a g n e t i c p r o p e r t i e s o f b i n u c l e a r M n 
c o m p l e x e s . It has b e e n o b s e r v e d that di -μ-οχο b r i d g e d M n d i m e r s have 
a n t i f e r r o m a g n e t i c exchange c o u p l i n g s that decrease e x p o n e n t i a l l y w i t h 
the d is tance b e t w e e n the t w o M n ions ; th is c o u l d b e e x p l a i n e d i f d i r e c t 
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exchange makes an i m p o r t a n t c o n t r i b u t i o n for these s t ruc tures (41). A l l 
examples o f di -μ-οχο b r i d g e d M n I V d i m e r s have l a r g e a n t i f e r r o m a g n e t i c 
exchange i n t e r a c t i o n s . H o w e v e r , t h e r e are v e r y f e w examples o f di-μ-
οχο b r i d g e d M n m d i m e r s because t h e a b i l i t y o f M n m t o s u p p o r t a di-μ-
οχο l i g a t i o n r e q u i r e s that the a n c i l l a r y l i gands be p o o r donors . M a g n e t i c 
da ta are ava i lab le o n l y for the [ M n n i 2 ( 0 ) 2 ( 6 - M e 2 b i s p i c e n ) 2 ] 2 + c o m p l e x 
(42), w h i c h shows f a i r l y s t r o n g a n t i f e r r o m a g n e t i c ex change c o u p l i n g (J 
= 172 .8 c m " 1 , H = JSi · S 2 ) . H o w e v e r , o ther di-μ-οχο b r i d g e d M n m d i m e r s 
are also f o u n d as uni ts i n h i g h e r n u c l e a r i t y M n c o m p l e x e s . I n s u c h sys
tems for w h i c h m a g n e t i c s tudies have b e e n d o n e , the exchange c o u p l i n g 
b e t w e e n the M n 1 1 1 ions is w e a k ( r e v i e w e d i n re f e rence 41) . T h e exchange 
in te rac t i ons are also i n v a r i a b l y w e a k b e t w e e n M n ions that are b r i d g e d 
b y groups o t h e r t h a n the di -μ-οχο l i g a n d s . 

T h e s e results p l a c e some constra ints o n the d i m e r - o f - d i m e r s m o d e l . 
T o p r o d u c e the m a g n e t i c p r o p e r t i e s o f the S i r e s t i n g state w i t h a 
M n n i

2 M n I V 2 s ys tem, one d i m e r s h o u l d b e M n m
2 a n d the o t h e r M n I V

2 . I f 
b o t h d i m e r s have a di-μ-οχο b r i d g e d s t r u c t u r e , as i n d i c a t e d f r o m the 
E X A F S data , t h e n the r e q u i r e d m a g n e t i c p r o p e r t i e s s h o u l d b e present . 
H o w e v e r , the r e m a i n i n g l i gands to the M n m p a i r w o u l d have to b e p o o r 
donors to a c count for the s t a b i l i z a t i o n o f the di -μ-οχο b r i d g e d s t r u c t u r e 
at the M n m o x i d a t i o n l e v e l . A c o m b i n a t i o n o f p o o r d o n o r l i gands to one 
p a i r o f M n a n d s t ronger d o n o r l igands to the o t h e r p a i r c o u l d e x p l a i n 
the necessary a s y m m e t r i c a r r a n g e m e n t o f the o x i d a t i o n states a m o n g 
t w o M n d i m e r s . It is u n c l e a r , h o w e v e r , w h e t h e r a di -μ-οχο b r i d g e d M n m 

d i m e r c o u l d b e b r i d g e d to a M n I V d i m e r v i a an oxo g r o u p as p r o p o s e d 
b y Y a c h a n d r a et a l . (39). T h i s w o u l d p l a c e t h r e e oxo l i gands o n one 
M n m , w h i c h w o u l d b e u n f a v o r a b l e unless th is M n 1 1 1 w e r e less t h a n s ix-
c o o r d i n a t e o r w e r e c o o r d i n a t e d to e s p e c i a l l y p o o r d o n o r l i gands . It is 
also poss ib le to e x p l a i n the di f ferent m a g n e t i c p r o p e r t i e s o f the S x r e s t ing 
a n d ac t ive states w i t h a d i m e r - o f - d i m e r s m o d e l . A s m a l l c o n f o r m a t i o n a l 
change o f the O E C c o u l d cause the l i gands to the M n m p a i r to b e c o m e 
b e t t e r d o n o r l i gands . T h i s c o u l d l e a d to p r o t o n a t i o n o f one o f the oxo 
b r i d g e s b e t w e e n the M n m i ons , w h i c h w o u l d g r e a t l y w e a k e n t h e i r ex
c h a n g e c o u p l i n g a n d c o u l d g ive r ise to a p a r a m a g n e t i c state. 

M u c h less i n f o r m a t i o n is ava i lab le o n the m a g n e t i c p r o p e r t i e s 
o f o t h e r t e t r a n u c l e a r s t ruc tures , s u c h as a d i s t o r t e d c u b a n e - l i k e s t r u c 
t u r e , that c o u l d ac count for the s p e c t r o s c o p i c d a t a o f the O E C . A 
series o f d i s t o r t e d c u b a n e - l i k e h i g h - v a l e n t M n c o m p l e x e s h a v i n g a 
M n I V M n n i 3 0 3 C l c o re have b e e n c h a r a c t e r i z e d ( r e v i e w e d i n r e f e r e n c e 
41 ) . T h e m a g n e t i c p r o p e r t i e s o f the M n 4 0 3 C l 4 ( 0 2 C C H 3 ) ( p y ) 3 c o m p l e x , 
w h i c h has C 3 s y m m e t r y , h a v e b e e n a n a l y z e d i n d e t a i l (43). A l t h o u g h 
s u c h a c o m p l e x w i t h C 3 s y m m e t r y c a n , i n p r i n c i p l e , have a g r o u n d state 
w i t h any s p i n f r o m S = V2 to S = 1 5 / 2 , d e p e n d i n g o n the va lues o f the 
exchange i n t e r a c t i o n s , the M n ^ C U ^ C C H s X p y ^ c o m p l e x has a 
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ground state with S = %. This complex has an oxidation state that is 
equal to the probable oxidation state of the S0 state. Unfortunately, the 
magnetic properties of the S0 state are not well-characterized. Therefore, 
it is not possible to make a very definitive comparison between the 
model complex data and possible tetranuclear structures of the Mn com
plex in PSII. Further work to prepare and characterize new model com
plexes and to better characterize the magnetic properties of the S0 state 
is needed. 
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10 
Reactivity and Mechanism 
of Manganese Enzymes 
A Modeling Approach 

Vincent L . Pecoraro, Andrew Gelasco, and Michael J. Baldwin 

The Willard H . Dow Laboratories, Department of Chemistry, 
The University of Michigan, Ann Arbor, MI 48109-1055 

Manganese satisfies a wide variety of biological activities that range 
from Lewis acid-base reactions to redox catalysis. This chapter 
summarizes the proposed chemical mechanisms for a wide variety 
of manganese-based enzymes that fulfill both nonredox and redox 
roles. We follow this minireview of manganese enzymes with spe
cific examples drawn from our laboratory showing how small mol
ecule coordination complexes can be prepared that mimic structural, 
spectroscopic, and reactivity properties of two redox-based man
ganese enzymes: the manganese catalase and the oxygen evolving 
complex. We describe two relatively simple systems composed of 
manganese dimers that catalyze H2O2 disproportionation using ei
ther low-valent (Mn(II)2 -> Mn(III)2) or high-valent (Mn(III)2 -> 
Mn(IV)2) cycles. From this work we illustrate how understanding 
the mechanism of well-defined model compounds may provide new 
mechanistic insight to more complex and ill-defined biological cat
alytic centers. 

OVER THE PAST DECADE inorganic chemists, biochemists, and biophys-
icists have gained an enhanced appreciation for the role of manganese 
in the biosphere. Although once a curiosity, manganese is now recog
nized to be an essential component in photosynthesis and is found to 
be an alternative to iron in a wide variety of redox enzymes. In addition, 
the metal is an excellent Lewis acid catalyst and often confers stability 
to protein structure. In this chapter we summarize the known chemistry 
of manganese in biological systems and in compounds that have been 
synthesized in our laboratory to mimic the reactivity of these fascinating 

0065-2393/95/0246-0265/$ 11.24/0 
© 1995 American Chemical Society 
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266 MECHANISTIC BIOINORGANIC CHEMISTRY 

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

Biological Chemistry of Manganese 
M a n g a n e s e p lays an essent ia l a n d versat i l e r o l e i n the b i o c h e m i s t r y o f 
m a n y m i c r o o r g a n i s m s , p lants , a n d an imals . M a n g a n e s e is c o n s i d e r e d an 
essent ia l t race e l e m e n t i n h u m a n s w i t h t o ta l b o d y m e t a l b e i n g ~ 2 0 m g 
( i , 2). I n plants a n d o x y g e n - e v o l v i n g p h o t o s y n t h e t i c b a c t e r i a , manganese 
is an essent ia l c o m p o n e n t o f the o x i d a t i v e e n d o f pho tosynthes i s . N u 
m e r o u s b a c t e r i a l sources use manganese i n p lace o f i r o n i n reac t i ons 
i n v o l v i n g o x y g e n d e t o x i f i c a t i o n . M a n g a n e s e is an e x t r e m e l y versa t i l e 
e l e m e n t i n b i o l o g y because this e l e m e n t is r e l a t i v e l y a b u n d a n t , has m u l 
t i p l e access ib le r e d o x states, a n d , i n the + 2 o x i d a t i o n l e v e l , is s i m i l a r i n 
s ize a n d p r o p e r t i e s to M g ( I I ) . T h e r e f o r e , manganese m a y serve as a 
L e w i s a c i d catalyst o r be d i r e c t l y i n v o l v e d i n m u l t i e l e c t r o n r e d o x c o n 
vers ions . I n the f o l l o w i n g se c t i on w e d e s c r i b e the v a r i e d func t i ons o f 
m a n g a n o e n z y m e s a n d co factors p l a c i n g p a r t i c u l a r emphas i s o n the 
m e c h a n i s t i c aspects o f this c h e m i s t r y . E n z y m e s that use manganese i n 
a p u r e l y s t r u c t u r a l r o l e w i l l not b e d i s cussed . 

T h e s imples t use o f manganese is as p a r t o f a m e t a l co fac tor s u c h as 
manganese(II ) adenos ine t r i p h o s p h a t e , [ M n ( I I ) A T P 2 - ] . T h e m e t a l c o m 
p l e x is u s u a l l y f o u n d as the b i d e n t a t e [Μη(ΙΙ )β ,7 -ΑΤΡ 2 ~] (3, 4) as i l l u s 
t r a t e d i n F i g u r e 1. E n z y m e spec i f i c i ty for M g ( I I ) , M n ( I I ) , o r Ca(II ) A T P 
c o m p l e x e s is d e p e n d e n t o n a v a r i e t y o f factors ; h o w e v e r , once s e l e c t e d , 
e a c h m e t a l a p p a r e n t l y func t i ons i n an analogous m a n n e r . T h e m e t a l i o n 
serves t w o m a i n purposes . F i r s t , b a s e d o n the c o o r d i n a t i o n g e o m e t r y 

OH OH 

Figure 1. β,y-bidentate Mn(II) adenosine triphosphate dianion. The Mn(II) 
coordination sphere includes four additional water molecules. 
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o f the c o m p l e x , the p h o s p h a t e oxygens a n d the b o u n d w a t e r m o l e c u l e s 
can f o r m h y d r o g e n bonds that s tab i l i z e a spec i f i c c o n f o r m a t i o n o f the 
M ( I I ) A T P 2 _ c o m p l e x . T h i s is i m p o r t a n t i n l e a d i n g to p r o d u c t i v e b i n d i n g 
o f the M ( I I ) A T P 2 " to a l l ow p h o s p h o r y l g r o u p transfer . S e c o n d , the m e t a l 
p o l a r i z e s the O - P b o n d so as to m o v e e l e c t r o n d e n s i t y away f r o m the 
p h o s p h o r u s a t o m . T h e g e n e r a t i o n o f this δ+ makes the p h o s p h o r u s 
a b e t t e r site for attack b y an e n t e r i n g n u c l e o p h i l e s u c h as an a l co 
h o l , a m i n e , o r p h e n o l . T h i s S N 2 m e c h a n i s m leads to a t r i g o n a l b i p y r a -
m i d a l p h o s p h o r u s i n t e r m e d i a t e that co l lapses to [ Μ η ( Π ) ( Η 2 0 ) 4 ( β -
A D P ) ( 0 3 P O R ) ] 3 " a n d s u b s e q u e n t l y f orms i n s o l u t i o n the p r o d u c t s 
O 3 P O R 2 - a n d [Mn (n ) (H 2 0 ) 4 ( a , j 8 -ADP) ] - . T h e r e v e r s i b i l i t y o f a k inase 
( p h o s p h o r y l t ransfer e n z y m e ) is c o r r e l a t e d w i t h the m e t a l A T P c o m p l e x 
that is r e c o g n i z e d as a substrate (4). I r r e v e r s i b l e e n z y m e s s u c h as h e x o -
k inase ( react ion : g lucose + [ M ( I I ) A T P ] 2 " g l u c o s e - 6 - p h o s p h a t e 
+ [ M ( I I ) A D P ) ] - ) use b i d e n t a t e [ Μ ( Ι Ι ) β , γ - Α Τ Ρ ] 2 - as substrate i n the for 
w a r d r e a c t i o n a n d m o n o d e n t a t e [ M ( I I ) j S - A D P ] " for the r everse r e a c t i o n . 
T h i s substrate p r e f e r e n c e s t rong ly dr ives the r e a c t i o n t o w a r d p r o d u c t s 
because the e q u i l i b r i u m c o n c e n t r a t i o n o f [Μ(Ι Ι )β ,γ -ΑΤΡ] 2 ~ is l a r g e , 
w h e r e a s the c o n c e n t r a t i o n o f [M(II ) /3 -ADP)]~ is e x t r e m e l y s m a l l . I n c o n 
trast , r e v e r s i b l e e n z y m e s such as c r e a t i n e k inase ( reac t i on : c r e a t i n e 
+ [ M ( I I ) A T P ] 2 - p h o s p h o c r e a t i n e + [ M ( I I ) A D P ) ] - ) use t r i d e n t a t e 
[ Μ ( Ι Ι ) α , 0 , γ - Α Τ Ρ ] 2 - i n the f o r w a r d r e a c t i o n a n d [M( I I ) (a , j 8 -ADP) ] - i n the 
reverse r e a c t i o n . I n this case the c o n c e n t r a t i o n o f [M(II ) (a , /3 -ADP)]~ 
exceeds that o f [α,β,γ-tridentate [ M ( I I ) A T P ] 2 " . A n o t h e r example o f α ,β ,γ -
t r identate [ M ( I I ) A T P ] 2 " is the 0 -subunit o f the ch lorop las t A T P synthase, 
w h i c h a p p a r e n t l y r e c o g n i z e s t r i d e n t a t e M n ( I I ) A T P as substrate . 

T h e i n t e r a c t i o n o f manganese or m a g n e s i u m w i t h n u c l e i c ac ids p r o 
v ides a d d i t i o n a l i n t e r e s t i n g examples o f c h a r g e n e u t r a l i z a t i o n or p o l a r 
i z a t i o n effects o f the t y p e d e s c r i b e d i n the p r e c e d i n g p a r a g r a p h . C e c h 
(5) has s h o w n that m e t a l co factors are n e e d e d for the p r o p e r f u n c t i o n i n g 
o f ribozymes. I n a d d i t i o n to a poss ib le s t r u c t u r a l r o l e , it is n o w es tab l i shed 
that e i t h e r M n ( I I ) or Mg( I I ) w i l l f u n c t i o n as essent ia l co factors for the 
c leavage o f exogenous R N A or D N A b y the Tetrahymena r i b o z y m e . 
A p p a r e n t l y , the M( I I ) c a t i o n b i n d s d i r e c t l y to the r i b o z y m e i n the ac t ive 
s i te , s e r v i n g to s tab i l i ze the negat ive c h a r g e o n the o x y g e n a t o m o f the 
3 Ό - Ρ b o n d i n the t r a n s i t i o n state. T h u s , i t was c o n c l u d e d that the r i 
b o z y m e s are m e t a l l o e n z y m e s that have m e c h a n i s t i c charac ter i s t i c s that 
are s i m i l a r to p r o t e i n e n z y m e s . A l t h o u g h M n ( I I ) m a y f o r m d i r e c t i n n e r 
sphere c o m p l e x e s w i t h n u c l e o t i d e s , D N A , or R N A , t h e r e are cases i n 
w h i c h charge , not L e w i s a c i d i t y , is the d o m i n a n t fac tor for cata lys is . 
C o w a n (6) suggested that i n some cases, the o n l y a p p a r e n t f u n c t i o n o f 
the m e t a l is c h a r g e n e u t r a l i z a t i o n . I n this case, the fact that the t o p o -
i somerase I h y d r o l y s i s o f D N A c o u l d b e af fected b y C o ( N H 3 ) 6

3 + i n p l a c e 
o f Mg( I I ) suggests that an i n n e r sphere c o m p l e x is not necessary for 
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catalys is . R a t h e r , the a p p r o p r i a t e f u n c t i o n a l g roups c a n b e o r i e n t e d i n 
c lose p r o x i m i t y once the p h o s p h a t e b a c k b o n e is p a r t i a l l y n e u t r a l i z e d . 

A l t h o u g h the m a j o r i t y o f p r o t e i n s c o n t a i n i n g m u l t i n u c l e a r centers 
c o m p o s e d p a r t i a l l y o r c o m p l e t e l y w i t h manganese are i n v o l v e d i n r e d o x 
reac t i ons , t h e r e are a s igni f i cant n u m b e r o f substrate b i n d i n g or h y d r o 
l y t i c ac t iv i t i es that r e l y o n m e t a l c lusters that i n c l u d e manganese . R a t 
l i v e r arginase ca ta lyzes the h y d r o l y s i s o f L - a r g i n i n e to g i ve L - o r n i t h i n e 
a n d u r e a . Manganese ( I I ) is the essent ia l co fac tor for th is e n z y m e (7, <S). 
R e c e n t e l e c t r o n p a r a m a g n e t i c r esonance ( E P R ) studies c o n c l u s i v e l y 
d e m o n s t r a t e that th is e n z y m e has a d i n u c l e a r ac t ive site that b i n d s t w o 
e x c h a n g e - c o u p l e d M n ( I I ) ions (9). A m o r e d e t a i l e d u n d e r s t a n d i n g o f the 
s t ruc ture a n d m e c h a n i s m o f these h y d r o l y t i c e n z y m e s has b e e n g a t h e r e d 
for glutamine synthetase. A n X - r a y s t r u c t u r e o f this e n z y m e revea ls that 
the t w o M n ( I I ) ions are i n c lose p r o x i m i t y ( separat ion 6 Â) w i t h a s y m 
m e t r i c l i g a t i o n (10). T h e first manganese i o n has t h r e e c o o r d i n a t e d c a r 
b o x y l a t e m o i e t i e s , w h e r e a s the s e c o n d has m i x e d l i g a t i o n u s i n g t w o c a r -
boxy la tes a n d i m i d a z o l e . T h e r e is no o b v i o u s e n d o g e n o u s or exogenous 
l i g a n d that b r i d g e s the t w o ions s u c h as one observes i n the X - r a y s t r u c 
t u r e o f conconavalin A (11). G l u t a m i n e synthetase e x h i b i t s a p i n g - p o n g 
k i n e t i c m e c h a n i s m i n w h i c h g l u t a m a t e is first p h o s p h o r y l a t e d b y A T P , 
f o r m i n g a 7 - g l u t a m y l p h o s p h a t e i n t e r m e d i a t e a n d A D P (12). T h i s a c t i 
v a t e d phosphate g r o u p is t h e n d i s p l a c e d b y a m m o n i a , f o r m i n g g l u t a m i n e 
a n d i n o r g a n i c p h o s p h a t e . T h e p r e c i s e r o l e o f manganese i n this process 
has not b e e n f u l l y e x p l a i n e d b u t is l i k e l y to b e as a L e w i s a c i d to m a k e 
the substrate m o r e n u c l e o p h i l i c . 

Manganese Redox Enzymes 
T h e r e are n u m e r o u s e n z y m e s that e x p l o i t the r e d o x c a p a b i l i t i e s o f m a n 
ganese. I n c l u d e d i n this g r o u p are the M n - s u p e r o x i d e d ismutases , cat 
alases, manganese peroxidases , manganese r i b o n u c l e o t i d e reductase , a n d 
p e r h a p s the most c o m p l e x a n d i m p o r t a n t m a n g a n o e n z y m e , the o x y g e n -
e v o l v i n g c o m p l e x ( O E C ) . M a n y o f these e n z y m e s act d i r e c t l y , or p e 
r i p h e r a l l y , w i t h d i o x y g e n or one o f its r e d u c e d forms s u c h as p e r o x i d e 
or s u p e r o x i d e . I n e a c h o f these cases, the s t o i c h i o m e t r y o f e l e c t r o n 
equ iva lents equals the n u m b e r o f manganese f o u n d i n the e n z y m e . A 
b r i e f d e s c r i p t i o n that e m p h a s i z e s the p resent u n d e r s t a n d i n g o f the cat 
a l y t i c m e c h a n i s m o f these systems is n o w p r e s e n t e d , a l p h a b e t i c a l l y , b y 
e n z y m e . 

M n C a t a l a s e . T h e m a j o r i t y o f k n o w n catalases c o n t a i n a h e m e 
p r o s t h e t i c g r o u p to ca ta lyze t h e d i s p r o p o r t i o n a t i o n o f h y d r o g e n p e r 
ox ide . T h e s e e n z y m e s are l o n g e s t a b l i s h e d (e.g., the b e e f l i v e r catalase 
was c r y s t a l l i z e d i n 1 9 3 7 (13)) a n d are b e l i e v e d to p r o t e c t r e s p i r i n g ce l l s 
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f r o m u n w a n t e d o x i d a t i v e damage that i n e v i t a b l y arises f r o m the F e n t o n 
c h e m i s t r y that is i n i t i a t e d b y h y d r o g e n p e r o x i d e . F o r the i r o n e n z y m e s , 
the p r e s e n t l y a c c e p t e d m e c h a n i s m (14) i n v o l v e s the o x i d a t i o n o f an 
Fe(III) p o r p h y r i n b y h y d r o g e n p e r o x i d e to a f e r r y l π-cation r a d i c a l (often 
a b b r e v i a t e d ( F e I V = 0 ) P + * ) c a l l e d " c o m p o u n d 1 . " T h i s h i g h l y o x i d i z e d 
e n z y m e f o r m s u b s e q u e n t l y reacts w i t h a n o t h e r m o l e c u l e o f h y d r o g e n 
p e r o x i d e to generate o x y g e n a n d r e g e n e r a t e the Fe(III ) spec ies . N e u t r a l 
h y d r o g e n p e r o x i d e is the substrate that is b o u n d (as o p p o s e d to H 0 2 ~ 
or 0 2

2 ~ ) ; h o w e v e r , an act ive-s i te a c i d - b a s e catalyst serves to depro tonate 
the h y d r o g e n p e r o x i d e i n the first step o f the r e a c t i o n to f o r m an 
F e ( I I I ) P ( 0 2 H ) c o m p l e x that col lapses to c o m p o u n d 1 a n d releases water . 
H e m e - b a s e d catalases are p a r t i c u l a r l y sens i t ive to i n h i b i t i o n b y m i c r o -
m o l a r c o n c e n t r a t i o n s o f a z i d e or c y a n i d e that e f f i c ient ly b i n d to the i r o n 
p o r p h y r i n . 

It was k n o w n for m a n y years that some b a c t e r i a c o n t a i n catalases 
that are insens i t i ve to these i n h i b i t o r s . I n 1 9 8 3 , a n o n h e m e catalase 
c o n t a i n i n g manganese was i s o l a t e d a n d p u r i f i e d f r o m Lactobacillus 
plantarum (15, 16). S i n c e this d i s c o v e r y t w o o t h e r s i m i l a r manganese 
catalases have b e e n i s o l a t e d f r o m Thermoleophilum album (17) a n d 
Thermus thermophilus (18). T h e T. thermophilus e n z y m e has s ince b e e n 
c r y s t a l l i z e d a n d a l o w - r e s o l u t i o n s t r u c t u r e demonstra tes that t w o m a n 
ganese ions are i n v e r y c lose p r o x i m i t y b e i n g separa ted b y « 3 . 6 Â (18, 
19). T h e T. thermophilus a n d the L. plantarum e n z y m e s have b e e n s t u d 
i e d u s i n g E P R s p e c t r o s c o p y , a n d i n b o t h cases a w e a k l y e x c h a n g e - c o u 
p l e d d i n u c l e a r site has b e e n c o n f i r m e d . E P R s p e c t r o s c o p i c s ignatures 
for Μη(ΙΙ ,ΙΙ) , Μη(ΙΙ,ΙΙΙ) , a n d M n ( I I I , I V ) f orms have b e e n o b s e r v e d (20). 
T h e X - r a y s t r u c t u r e o f the T. thermophilus e n z y m e is most l i k e l y i n the 
Μη(ΙΙ,ΙΙ) f o r m , a l t h o u g h Μη(ΙΙ,ΙΙΙ) o r Μη(ΙΙΙ,ΙΙΙ) f o r m u l a t i o n s cannot 
b e e x c l u d e d o n the basis o f p u b l i s h e d data . X - r a y a b s o r p t i o n s p e c t r a o f 
the M n ( I I I , I V ) f o r m c o n c l u s i v e l y d e m o n s t r a t e that the manganese ions 
are i n m u c h c l oser p r o x i m i t y ( « 2 . 7 À ) . T h i s c lose p r o x i m i t y suggests 
that the metals have a d i -M 2 - oxo s t r u c t u r e (21). T h e l o w va l ent f orms o f 
the L. plantarum a n d T. thermophilus e n z y m e s exh ib i t o p t i c a l absorp t i on 
s p e c t r a s i m i l a r to that seen for M n ( I I I ) m o d e l c o m p l e x e s w i t h a b r o a d , 
w e a k b a n d at 4 5 0 - 5 0 0 n m . O n the basis o f these data , a b i s ^ - c a r b o x -
y l a t o , μ -οχο-br idged s t r u c t u r e has b e e n p o s t u l a t e d for the ac t ive site o f 
the Μη(ΙΙΙ,ΙΙΙ) e n z y m e f o r m . 

C o n s i d e r i n g a l l o f the manganese catalases together , there have b e e n 
f our c lus te r o x i d a t i o n l eve l s that are e s tab l i shed : Μη(ΙΙ ,ΙΙ ) , Μη(ΙΙ ,ΙΙΙ) , 
Μη(ΙΙΙ,ΙΙΙ) , a n d M n ( I I I , I V ) . T h e as - i so lated e n z y m e conta ins a m i x t u r e 
o f these states. T h e Μη(ΙΙ,ΙΙ) e n z y m e c a n b e p r e p a r e d b y the a d d i t i o n 
o f h y d r o x y l a m i n e to the i s o l a t e d e n z y m e . I f h y d r o g e n p e r o x i d e is a d d e d 
to this s a m p l e , w i t h o u t r e m o v i n g the h y d r o x y l a m i n e , the e n z y m e is c o n 
v e r t e d to the M n ( I I I , I V ) f o r m ; h o w e v e r , i f the h y d r o x y l a m i n e is first 
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r e m o v e d , the e n z y m e turns o v e r n o r m a l l y a n d large amounts o f the 
M n ( I I I , I V ) f o r m are not d e t e c t e d . A m i n i m a l f our - s tep m e c h a n i s m has 
b e e n p r o p o s e d b y P e n n e r - H a h n (22) for the ca ta ly t i c c y c l e as s h o w n i n 
F i g u r e 2. T h e Μη(ΙΙ,ΙΙ) e n z y m e first re leases w a t e r as i t b i n d s h y d r o g e n 
p e r o x i d e . T h e substrate is c o o r d i n a t e d d i r e c t l y to the manganese as the 
h y d r o p e r o x i d e a n i o n w i t h the r e l e a s e d p r o t o n b e i n g a b s o r b e d b y an 
act ive -s i te a c i d - b a s e catalyst . T h e c l u s t e r is next o x i d i z e d b y t w o e l e c -

1 e N H 2 O H 

2e 
\ Mn(lll) 

or 
H 2 0 2 

/ ο 
Mn(ll) \ / 
\ Mn(lll) 

Figure 2. The four-step mechanism for hydrogen peroxide disproportion
ation by the Mn catalse proposed by Penner-Hahn (22) is shown above the 
solid line. Our proposed mechanism for the inactivation of the Mn catalase 
by hydroxylamine in the presence of hydrogen peroxide is shown below the 
solid line. 
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trons to generate a b i s - / i - carboxy lato , μ-οχο-bridged Μη(ΙΙΙ,ΙΙΙ) s t ruc ture . 
T h e e n z y m e c o n c u r r e n t l y releases the first equ iva lent o f water . A se cond 
e q u i v a l e n t o f h y d r o g e n p e r o x i d e is t h e n b o u n d (again as the h y d r o p e r 
ox ide anion) a n d s u b s e q u e n t l y o x i d i z e d to d i o x y g e n . T h e s e c o n d e q u i v 
a lent o f w a t e r is also r e l e a s e d at th is p o i n t . 

T h e M n ( I I I , I V ) e n z y m e , genera ted d u r i n g t u r n o v e r cond i t i ons w h e n 
h y d r o x y l a m i n e is p resent , is not c a t a l y t i c a l l y ac t ive . O n e poss ib le p a t h 
for the f o r m a t i o n o f this " s u p e r o x i d i z e d " f o r m is t h r o u g h a Μη(ΙΙ,ΙΙΙ) 
i n t e r m e d i a t e as i l l u s t r a t e d i n the l o w e r par t o f F i g u r e 2. H y d r o x y l a m i n e 
m a y act as b o t h an ox idant a n d a r e d u c t a n t . A d d i t i o n a l l y , it m a y serve 
as e i t h e r a o n e - o r t w o - e l e c t r o n transfer agent . If, d u r i n g the course o f 
the r eac t i on , h y d r o x y l a m i n e in tercepts the func t i ona l t w o - e l e c t r o n c y c l e 
b e t w e e n Μη(ΙΙ,ΙΙ) a n d Μη(ΙΙΙ,ΙΙΙ) to generate t h r o u g h a o n e - e l e c t r o n 
r e a c t i o n a Μη(ΙΙ,ΙΙΙ) f o r m , t h e n subsequent t w o - e l e c t r o n o x i d a t i o n o f 
th is species b y h y d r o g e n p e r o x i d e w i l l r esu l t i n the i n a c t i v e M n ( I I I , I V ) 
e n z y m e (see subsequent paragraphs ) . 

A l t h o u g h manganese catalases have o f ten b e e n r e f e r r e d to as " a z i d e 
i n s e n s i t i v e , " these e n z y m e s a c t u a l l y are i n h i b i t e d b y a z i d e a n d r e l a t e d 
m o l e c u l e s a lbe i t at h i g h e r c o n c e n t r a t i o n s t h a n are necessary for the 
h e m e e n z y m e s . P e n n e r - H a h n a n d c o - w o r k e r s (22) have s h o w n that H N 3 

is the l i k e l y p r o t o n a t i o n state o f the i n h i b i t o r a n d have c a l c u l a t e d an 
a p p a r e n t K{ o f 8 0 m M . S l o p e r ep l o t s o f the p H d e p e n d e n c e o f a z i d e 
i n h i b i t i o n are l i n e a r w i t h a s lope o f 1. T h e s e data can be u s e d to ca l cu late 
a t r u e K{ o f « 3 0 0 m M . B e c a u s e a z i d e is a c o m p e t i t i v e i n h i b i t o r w i t h 
respect to p e r o x i d e , it is l i k e l y that a z i d e is b o u n d d i r e c t l y to the m a n 
ganese center . R e c e n t E P R a n d * H paramagnet i c re laxat ion e n h a n c e m e n t 
studies s u p p o r t th is v i e w p o i n t . O t h e r i n h i b i t o r s i n c l u d e fluoride a n d 
t h i o c y a n i d e . A l l o f the r e p o r t e d i n h i b i t i o n studies are cons is tent w i t h 
the catalase c y c l e a n d h y d r o x y l a m i n e i n h i b i t i o n o f the catalase c y c l e . 

O x y g e n - E v o l v i n g C o m p l e x . T h e e n z y m e r e s p o n s i b l e for the 
l i g h t - d r i v e n o x i d a t i o n o f w a t e r to m o l e c u l a r o x y g e n i n pho tosynthes i s 
can b e f o u n d i n the t h y l a k o i d m e m b r a n e o f ch l o rop las t s i n a lgae , g r e e n 
p lants , a n d some c y a n o b a c t e r i a . T h e O E C forms a par t o f p h o t o s y s t e m 
II (PSII) , w h i c h consists o f a c o m p l e x set o f p o l y p e p t i d e s c o n t a i n i n g 
l i gh t -harves t ing p igments , a w a t e r ox ida t i on center , a n d e lec t ron- t rans fer 
c o m p o n e n t s . T h e site o f w a t e r o x i d a t i o n conta ins f our manganese i ons , 
p r o b a b l y assoc iated i n a s ing le c e n t e r , a n d m a y also i n c l u d e c a l c i u m a n d 
c h l o r i d e ions . A l t h o u g h manganese is a lmost c e r t a i n l y necessary for the 
o x i d i z i n g e q u i v a l e n t s to c o n v e r t w a t e r to d i o x y g e n , the r o l e o f c a l c i u m 
a n d c h l o r i d e ions for p r o p e r f u n c t i o n i n g o f the O E C is u n c l e a r (23). 

T h e k i n e t i c m e c h a n i s m o f the O E C was d e d u c e d b y B e s s e l K o k (24), 
w h o u s e d an o x y g e n e l e c t r o d e to m o n i t o r y i e l d s o f d i o x y g e n assoc iated 
w i t h s ing le flashes o f l i g h t . T h e O E C exh ib i t s a p e r i o d i c i t y i n o x y g e n 
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e v o l u t i o n c o r r e s p o n d i n g to one m o l e c u l e o f m o l e c u l a r o x y g e n r e l e a s e d 
e v e r y f our q u a n t a o f l i g h t a b s o r b e d b y the l i g h t - h a r v e s t i n g c o m p l e x . 
F i v e d i s t inc t states (S states) o f the c o m p l e x can b e i d e n t i f i e d a n d are 
d e s i g n a t e d as S 0 - S 4 , g o i n g f r o m the most r e d u c e d (S 0 ) to o x i d i z e d (S 4 ) 
f orms o f the e n z y m e . It is n o w b e l i e v e d that each S-state t r a n s i t i o n is 
assoc iated w i t h a change i n r e d o x state o f the manganese . P r o t o n re lease 
w i t h i n the t h y l a k o i d s has b e e n s h o w n to b e o s c i l l a t o r y , a p p a r e n t l y f o l 
l o w i n g the K o k S-state c y c l e . C e r t a i n c o m p l i c a t i o n s , s u c h as the p o s s i 
b i l i t y o f p r o t o n re lease u n d e r c o n d i t i o n s w h e n no o x y g e n is e v o l v e d , 
m a k e d e t e r m i n a t i o n o f the s t o i c h i o m e t r y o f p r o t o n re lease d i f f i cu l t . T h e 
i n i t i a l e x p e r i m e n t u s i n g the a m p h i p h i l i c d y e N e u t r a l r e d i n d i c a t e d that 
a 1:0:1:2 s t o i c h i o m e t r y o f p r o t o n re lease o c curs t h r o u g h the S 0 -> S i , 
Si S 2 , S 2 S 3 , S 3 S 4 , S 0 c y c l e i n r i g o r o u s l y d a r k - a d a p t e d sites (25, 
26) . H o w e v e r a r e i n t e r p r e t a t i o n o f the p r o t o n re lease e x p e r i m e n t s w i t h 
N e u t r a l r e d has i m p l i c a t e d a s t r o n g l y p H - d e p e n d e n t n o n i n t e g e r s t o i 
c h i o m e t r y (27). I n yet a n o t h e r e x p e r i m e n t Jahns et a l . (28) f o u n d a pat 
t e r n o f 1 :1 :1 :1 . 

T h e dark - s tab le r e s t i n g state is the Si o x i d a t i o n l e v e l . A s ing le flash 
o f l i g h t leads to the S 2 state, w h i c h has b e e n i n t e n s i v e l y s t u d i e d because 
o f its ease o f access a n d E P R s p e c t r a l features . T h e E P R s p e c t r u m o b 
t a i n e d at l i q u i d h e l i u m t e m p e r a t u r e s o f the S 2 state shows a 1 9 - 2 6 l i n e 
s igna l c e n t e r e d at g « 2. T h e b r e a d t h o f the s igna l , the m a g n i t u d e o f 
the n u c l e a r h y p e r f i n e c o u p l i n g , a n d the e n e r g y o f the t r a n s i t i o n c o n 
c lus ive ly identi f ies this s ignal as ar i s ing f r o m a m i x e d - v a l e n c e manganese 
c lus te r (29). T h e o b s e r v a t i o n o f th is s igna l was the first d e m o n s t r a t i o n 
that at least some o f the manganese f o r m a c l u s t e r i n S 2 . T h e m u l t i l i n e 
E P R s igna l exh ib i t s the same four - f lash p e r i o d i c i t y as o b s e r v e d for the 
o x y g e n y i e l d , b u t is d i s p l a c e d b y t w o o x i d i z i n g e q u i v a l e n t s w i t h i n the 
c y c l e ( i .e. , 0 2 p r o d u c t i o n f o l l ows S 0 -> S 4 , w h e r e a s m u l t i l i n e i n t e n s i t y 
cyc l es at S 2 ) . T h i s o b s e r v a t i o n d i r e c t l y l i n k s the manganese ions to the 
o x i d a t i v e c h e m i s t r y o f th is e n z y m e . R e c e n t X - r a y a b s o r p t i o n d a t a (30, 
31) also impl i ca tes manganese i n the redox cyc l e . T h e present ly a c c e p t e d 
o x i d a t i o n states for the manganese ions i n e a c h o x i d a t i o n l e v e l , as w e l l 
as l i k e l y cand idates for m e t a l l i gands are p r o v i d e d i n T a b l e I . 

A n o t h e r E P R s igna l at g « 4.1 can b e o b s e r v e d u n d e r c e r t a i n c o n 
d i t i ons (e.g., a d d i n g a m m o n i a to t h e sample) (32-36). T h i s s igna l c a n b e 
m a d e to s h o w a m u l t i l i n e f ea ture , w h i c h suggests that it is also par t o f 
a c l u s t e r o f manganese (34). E x t e n d e d X - r a y a b s o r p t i o n fine s t r u c t u r e 
( E X A F S ) studies have b e e n p e r f o r m e d b y var i ous g r o u p s o n n u m e r o u s 
S states o f the e n z y m e . T h i s m e t h o d y i e l d s d e t a i l e d i n f o r m a t i o n about 
the first c o o r d i n a t i o n s p h e r e o f manganese . It is g e n e r a l l y a g r e e d that 
at least t w o M n - M n vec tors at 2.7 Â are p resent as w e l l as a 3 .3-Â v e c t o r 
c o r r e s p o n d i n g to a M n - M ( M n o r Ca ) i n t e r a c t i o n i n Si . A l s o , the M n 
atoms are b o u n d to e i t h e r o x y g e n or n i t r o g e n donors w i t h d istances 
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Table I. Summary of Conclusions for Mn in O E C 

Manganese 
Spin Oxidation State Separation Ligands 

So M n ^ M n 1 ^ _ 
Si M n m

2 M n I V
2 2.7 À M n - M n 

3.3 À M n - M n 
or M n - C a 

Ο, N: carboxylates, imidazole 

s2 M n m
1 M n I V

3 2.7 À M n - M n 
3.3 À M n - M n 

or M n - C a 

Ο, N: carboxylates, imidazole, 
chloride? 

s3 M n I V
4 ? Ο, N: carboxylates, imidazole, 

chloride?, water 
s4 

? ? 

b e t w e e n 1.8 a n d 1.9 À. T h e 2 .7-Â d i s tance f u r t h e r i m p l i c a t e s a c l u s t e r 
o f manganese because s u c h c lose M n - M n separat ions are o n l y o b s e r v e d 
i n m o d e l c o m p o u n d s that have s t r u c t u r a l un i t s s u c h as [ Μ η ( μ 2 - 0 ) ] 2 (36). 
N o n p r o t e i n - b a s e d l i gands to the manganese , i n at least some o f the S 
states, a lmost c e r t a i n l y i n c l u d e w a t e r a n d p o s s i b l y c h l o r i d e . T o d e t e r 
m i n e w h e t h e r n o n e x c h a n g e a b l e w a t e r - d e r i v e d l i gands are b o u n d to the 
M n site p r i o r to the oxygen e v o l u t i o n step, exper iments w e r e p e r f o r m e d 
i n w h i c h t h y l a k o i d m e m b r a n e s are p r e p a r e d i n H 2

l s O (in the Si state) 
a n d t h e n w a s h e d w i t h H 2

i e O , after subsequent flashes o f l i g h t . T h e 
e v o l v e d o x y g e n was t h e n c h e c k e d for i s o t o p i c c o n t e n t b y mass spec 
t r o m e t r y . I n cases i n w h i c h the H 2

i e O w a s h was d o n e after e i t h e r one 
or t w o pref lashes , no 1 8 0 2 was f o u n d i n the e v o l v e d o x y g e n (37). T h i s 
i m p l i e s that p a r t i a l l y o x i d i z e d i n t e r m e d i a t e s are not f o r m e d p r i o r to the 
S4 S 0 + 0 2 c o n v e r s i o n . T h e r e a d e r s h o u l d b e aware that this e x p e r 
i m e n t does not r u l e out w a t e r l i gands b i n d i n g to manganese at e a r l i e r 
stages o f the c l u s t e r o x i d a t i o n ( in r a p i d exchange w i t h the b u l k so lvent) 
b u t does suggest that no o x i d i z e d forms o f w a t e r (perox ide or superox ide ) 
are o b s e r v e d b e f o r e or at the S 3 s tep. 

A l t h o u g h manganese is a lmost c e r t a i n l y the site o f r e d o x a d v a n c e 
m e n t i n the O E C , w a t e r o x i d a t i o n w i l l not o c c u r unless b o t h C a 2 + a n d 
C I " ions are present (38). O t h e r n o n p h y s i o l o g i c a l ions (e.g., S r 2 + a n d 
B r " ) c a n subst i tute for these ions , b u t l e a d to far l o w e r ac t iv i t i e s . I n the 
absence o f C a 2 + or C l ~ the manganese ions m a y s t i l l b e o x i d i z e d , l e a d i n g 
to S-state a d v a n c e m e n t ; h o w e v e r , 0 2 is not f o r m e d . P r o p o s a l s for b o t h 
c a l c i u m a n d c h l o r i d e b e i n g d i r e c t l y assoc iated w i t h the manganese c l u s 
t e r have b e e n a d v a n c e d (39). U n f o r t u n a t e l y , t h e r e is no c o m p e l l i n g data 
to v e r i f y the p r o p o s i t i o n s . L i t t l e is k n o w n o f the f u n c t i o n o f c a l c i u m a n d 
c h l o r i d e . Suggest ions for the r o l e o f c a l c i u m have i n c l u d e d m a i n t a i n i n g 
s t r u c t u r a l i n t e g r i t y , m o d i f y i n g the r e d o x p o t e n t i a l o f the manganese 
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c lus te r , a n d b i n d i n g a n d t h e n a c t i v a t i n g w a t e r for catalys is . T h e r o l e o f 
c h l o r i d e is e q u a l l y o b s c u r e a n d m a y i n c l u d e s t a b i l i z i n g the manganese 
c lus ter , a c t i n g as an i n n e r s p h e r e e l e c t r o n - t r a n s f e r m e d i a t o r a n d p r o 
t e c t i n g the c l u s t e r f r o m u n w a n t e d o x i d a t i v e s ide reac t i ons (see subse 
q u e n t paragraphs ) . 

I n h i b i t i o n o f the " S " c y c l e has b e e n s h o w n w i t h s u b s t i t u t e d amines 
b y c a u s i n g a two - f lash d e l a y o f the c y c l e . T h e r e a c t i o n o f N H 2 O H w i t h 
d a r k - a d a p t e d P S I I samples i n the Si state leads to a two - f lash d e l a y e d 
Si state (40), w i t h r e d u c e d M n centers (41, 42). H i g h e r c o n c e n t r a t i o n s 
o f N H 2 O H l e a d to the i r r e v e r s i b l e r e d u c t i o n a n d loss o f t h r e e o f f our 
M n ions . T w o o f these ions are r e l e a s e d c o o p e r a t i v e l y , p r o b a b l y f r o m 
the same r e a c t i o n site . A n o t h e r b i n d i n g s i te , p r e s u m a b l y the f e r r o -
s e m i q u i n o n e a c c e p t o r s i te , c a n b e h i t b y v e r y h i g h c o n c e n t r a t i o n s (>6 
N H 2 O H / P S I I ) a n d cause i r r e v e r s i b l e s t r u c t u r a l change (42). H y d r o q u i 
n o n e can also r e d u c e the manganese i n a r e v e r s i b l e m a n n e r ; h o w e v e r , 
r e c e n t e x t e n d e d X - r a y a b s o r p t i o n fine s t r u c t u r e s p e c t r a s h o w that the 
site o f r e d u c t i o n m a y be d i f ferent for h y d r o x y l a m i n e a n d h y d r o q u i n o n e 
(41, 43). T h e s e t w o reduc tants act s y n e r g i s t i c a l l y at l o w c o n c e n t r a t i o n s 
to deac t ivate the e n z y m e c o m p l e t e l y . T h e use o f N H 2 N H 2 , a t w o - e l e c 
t r o n r e d u c t a n t , has also b e e n s h o w n to r e d u c e the sys tem b y a two - f lash 
d e l a y , a l t h o u g h this m e c h a n i s m is less w e l l - u n d e r s t o o d . U n l i k e h y d r o x 
y l a m i n e , h y d r o q u i n o n e , o r h y d r a z i n e , a m m o n i a has b e e n s h o w n to i n 
h i b i t the e n z y m e i n a n o n r e d o x fash ion . A m m o n i a w i l l b i n d r e v e r s i b l y 
to M n c lus te r i n the S 2 state o f P S I I l e a d i n g to a n e w E P R s ignal at g 
« 4 . 1 (44). W h e n o r i e n t e d samples o f th is p r o t e i n d e r i v a t i v e are ex
a m i n e d , h y p e r f i n e s t ruc ture can b e observed . T h e s e h y p e r f i n e s tructures 
suggest that this l o w - f i e l d E P R s igna l is assoc iated w i t h a c l u s t e r o f m a n 
ganese ions (34). T h a t a m m o n i a b i n d i n g is c o m p e t i t i v e w i t h C l " a n d 
i n h i b i t s o x y g e n e v o l u t i o n m i g h t suggest that c h l o r i d e also b i n d s d i r e c t l y 
to the manganese c lus te r ; h o w e v e r , a m m o n i a a p p a r e n t l y i n h i b i t s the 
e n z y m e i n a n o n c o m p e t i t i v e m a n n e r versus c h l o r i d e , m a k i n g i n t e r p r e 
tat ions m o r e d i f f i cu l t . 

F r a s c h (45, 46) has s h o w n that the O E C can c a t a l y z e an a z i d e - i n -
sens i t ive catalase r e a c t i o n i n the d a r k . T h e a c t i v i t y c a n b e d i r e c t l y as
soc ia ted w i t h the O E C because (1) c o m p e t i t i v e i n h i b i t o r s o f w a t e r ox
i d a t i o n are also c o m p e t i t i v e i n h i b i t o r s o f the catalase a c t i v i t y a n d (2) 
the K j for w a t e r o x i d a t i o n a n d catalase a c t i v i t y are essent ia l ly i d e n t i c a l . 
T h e e n z y m e a p p a r e n t l y cyc l es i n this case b e t w e e n S 0 a n d S 2 . M a n o a n d 
c o - w o r k e r s (47) s h o w e d that the S i / S _ i states are also c o m p e t e n t to 
c a r r y out catalase reac t i ons ; h o w e v e r , th is r e a c t i o n is h i g h l y p H - d e p e n -
dent . F o r e x a m p l e , at p H 8.8 , the S x state c a n o x i d i z e H 2 0 2 to 0 2 , b u t 
S_ i is i n c a p a b l e o f c o m p l e t i n g the r e a c t i o n c y c l e ; h o w e v e r , i f the p H is 
l o w e r e d to p H 6 steady-state m e a s u r e m e n t s o f o x y g e n e v o l u t i o n can b e 
gathered . Just as is the case w i t h w a t e r ox ida t i on , these catalase react ions 
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are a c c e l e r a t e d b y C a 2 + . Steady-state k i n e t i c analyses o f b o t h S _ i / S i a n d 
S 0 / S 2 cyc les s u p p o r t an o r d e r e d m e c h a n i s m w i t h C a 2 + b i n d i n g p r i o r to 
h y d r o g e n p e r o x i d e . T h e M i c h a e l i s constant for H 2 0 2 ( 177 m M ) is c o m 
p a r a b l e to the Km for the M n catalase. 

N u m e r o u s w o r k e r s have suggested that H 2 0 2 m a y b e g e n e r a t e d as 
an i n t e r m e d i a t e d u r i n g the w a t e r o x i d a t i o n reac t i ons o f p h o t o s y n t h e s i s . 
T h e H 2

1 8 0 e x p e r i m e n t s o f R a d m e r (37) speak against th is p r o p o s i t i o n , 
at least for the l o w e r S states. H o w e v e r , t h e r e is an a c c u m u l a t i n g b o d y 
o f ev idence that indicates that the O E C can , u n d e r c e r ta in c i r cumstances , 
generate H 2 0 2 b y l i g h t - d r i v e n reac t i ons . D e p l e t i o n o f c h l o r i d e at p H 
7.2 leads to o p t i m a l h y d r o g e n p e r o x i d e p r o d u c t i o n a n d v i r t u a l l y no 0 2 

e v o l u t i o n . I n contrast , at p H 6 d i o x y g e n is the e x c l u s i v e p r o d u c t . T h e 
rate o f p e r o x i d e f o r m a t i o n at p H 7.2 is i n v e r s e l y r e l a t e d to the c h l o r i d e 
c oncent ra t i on . O n the basis o f these studies , F r a s c h (46,48) has p r o p o s e d 
that one r o l e o f c h l o r i d e m a y b e to p r o t e c t the O E C f r o m d i s c h a r g i n g 
its o x i d i z i n g equ iva l en t s at too l o w an S state to f o r m p e r o x i d e r a t h e r 
t h a n b e f u r t h e r o x i d i z e d to ga ther suff ic ient o x i d i z i n g e q u i v a l e n t s to 
c o n v e r t w a t e r to d i o x y g e n . A d d i t i o n o f c e r t a i n l i p i d analogues (e.g., 
l a u r o y l c h o l i n e c h l o r i d e ) to P S I I m e m b r a n e s has also b e e n s h o w n to i n 
h i b i t o x y g e n f o r m a t i o n a n d to i n d u c e t rans ient p e r o x i d e f o r m a t i o n (49). 
It is unc l ear f r o m this e x p e r i m e n t h o w the l a u r o y l c h o l i n e c h l o r i d e affects 
the manganese c lus te r a n d i f it causes an a l t e r n a t i v e r e a c t i o n p a t h w a y 
to o c c u r for p e r o x i d e f o r m a t i o n . 

M n P e r o x i d a s e . T h e manganese p e r o x i d a s e ( M n P ) is one o f the 
t w o k n o w n e n z y m e s capab le o f the o x i d a t i v e d e g r a d a t i o n o f l i g n i n , an 
a m o r p h o u s , r a n d o m , a r o m a t i c p o l y m e r s y n t h e s i z e d f r o m p - h y d r o x y c i n -
n a m y l a l c o h o l , 4 - h y d r o x y - 3 - m e t h o x y c i n n a m y l a l c o h o l , a n d 3 , 5 , - d i m e -
t h o x y - 4 - h y d r o x y c i n n a m y l a l c o h o l p r e c u r s o r s b y w o o d y p lants . B o t h e n 
z y m e s c o n t a i n the p r o t o p o r p h y r i n I X h e m e p r o s t h e t i c g r o u p , s i m i l a r to 
the h e m e perox idases w i t h an L 5 - h i s t i d i n e a n d b o t h use h y d r o g e n p e r 
ox ide as a substrate. H o w e v e r , the manganese perox idase has an absolute 
r e q u i r e m e n t for M n ( I I ) to c o m p l e t e its c a t a l y t i c c y c l e (50). T h e X - r a y 
s t r u c t u r e o f th is p r o t e i n has r e c e n t l y a p p e a r e d (51). 

T h e p r e s e n t l y a c c e p t e d m e c h a n i s m (52) i n v o l v e s the o x i d a t i o n o f 
an Fe(III ) p o r p h y r i n b y h y d r o g e n p e r o x i d e to f o r m an ( F e I V = 0 ) P + * a n a l 
ogous to the p r e v i o u s l y m e n t i o n e d " c o m p o u n d 1 " o f the h e m e catalase. 
T h i s h i g h l y o x i d i z e d e n z y m e f o r m subsequent ly reacts w i t h an equ iva l ent 
o f M n ( I I ) to g ive " c o m p o u n d 2 , " ( F e I V = 0 ) P , a n d M n ( I I I ) , w h i c h c a n 
diffuse off o f the e n z y m e a n d i n t o the m e d i u m . T h e r e is l i t t l e r e s t r i c t i o n 
for the t y p e o f M n ( I I ) r e q u i r e d i n the first r e d u c t i v e s tep ; h o w e v e r , the 
subsequent r e d u c t i o n o f c o m p o u n d 2 to r e s t i n g e n z y m e r e q u i r e s an 
M n ( I I ) d i c a r b o x y l a t e o r α -hydroxyac id c o m p l e x . S tud ies suggest that 
the e n z y m e pre fers the 1:1 M n ( I I ) oxalate c o m p l e x as substrate . T h e 
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o x i d i z e d M n ( I I I ) oxalate is once aga in r e l e a s e d i n t o the m e d i u m , p r e 
s u m a b l y f o r m i n g [bis(oxalato)Mn(III) ]~, to w r e a k o x i d a t i v e damage o n 
its p o l y m e r i c substrate t h r o u g h the i n i t i a t i o n o f p h e n o l i c rad i ca l s i n the 
l i g n i n s u p e r s t r u c t u r e . 

A l t h o u g h [bis(oxalato)Mn(III) ]~ c a n o n l y b e f o r m e d t r a n s i e n t l y b e 
cause o f its ox idat ive ins tab i l i ty , m o d e l c h e m i s t r y has s h o w n that Mn(I I I ) 
a n d M n ( I V ) α -hydroxy ac ids (e.g., l a c t i c ac id) can b e p r e p a r e d as sta
b l e sol ids that can t h e n b e u s e d to eva luate l i g n i n d e g r a d a t i v e r e a c 
t ions (53). T h e [Mn(I I I ) ( lac tate ) 2 ] " a n d r e l a t e d c o m p o u n d s s u c h as 
[ M n ( I I I ) 2 ( l a c t a t e ) 3 ] + w i l l o x i d a t i v e l y d e g r a d e v a n i l l i n ace tone t h r o u g h a 
r a d i c a l m e c h a n i s m to f o r m p y r u v a l d e h y d e a n d v a n i l l i n . T h e r e a c t i o n 
r e q u i r e s t w o o x i d i z i n g e q u i v a l e n t s p r o v i d e d b y at least t w o M n ( I I I ) 
c o m p l e x e s . A l t h o u g h [bis(oxalato)Mn(III) ]~ is t h o u g h t to b e the n a t u r a l 
substrate, [bis(malonato)Mn(III)]~ does not appear to ca ta lyze the v a n i l l i n 
acetone d e g r a d a t i o n . P r e s u m a b l y this is d u e to the greater s tab i l i t y o f 
the [b is (malonato)Mn(III ) ]~ c o m p l e x . S u r p r i s i n g l y , the m o r e h i g h l y ox
i d i z e d manganese c o m p l e x [ M n ( I V ) ( a - h y d r o x y b u t y r i c ac id ) 3 ] 2 ~ also does 
not o x i d i z e v a n i l l i n acetone . T h i s m a y i n par t be d u e to the e x t r e m e 
w a t e r sens i t i v i ty o f th is c o m p l e x (54). 

M n R i b o n u c l e o t i d e R e d u c t a s e . I r o n - c o n t a i n i n g r i b o n u c l e o t i d e 
reductases p l a y an i m p o r t a n t r o l e i n the t ransfer o f g e n e t i c m a t e r i a l i n 
most organisms . H o w e v e r , c e r t a i n C o r y n e f o r m b a c t e r i a s u c h as Br em-
bacterium ammoniagenes a n d Micrococcus luteus r e q u i r e manganese for 
g r o w t h a n d spec i f i ca l l y for D N A synthes is . A m a n g a n e s e - c o n t a i n i n g r i 
b o n u c l e o t i d e reduc tase was i s o l a t e d a n d p u r i f i e d f r o m B. ammoniagenes 
(55, 56). T h e ac t ive e n z y m e appears to consist o f a d i m e r (B2) o f M W 
= 1 0 0 , 0 0 0 daltons ac t ing as the cata lyt i c subuni t a l ong w i t h a n u c l e o t i d e 
b i n d i n g m o n o m e r ( B l ) o f M W = 8 0 , 0 0 0 daltons. T h e e n z y m e is b e l i e v e d 
to c o n t a i n a d i n u c l e a r ac t ive s i te . T h e p r e s e n c e o f M n ( I I I ) is suggested 
b y the s i m i l a r i t y o f the o p t i c a l a b s o r p t i o n to the same d i m e r i c M n ( I I I ) 
m o d e l c o m p l e x e s that have b e e n u s e d i n r e l a t i o n to the manganese cat 
alases (see M n Catalases ) . F u r t h e r m o r e , the ac t ive e n z y m e is E P R s i l ent , 
w h i c h is cons is tent w i t h e i t h e r M n ( I I I ) o r a s t rong ly c o u p l e d M n ( I V ) 
d i m e r . O n the basis o f these l i m i t e d observat ions , it has b e e n suggested 
that the manganese a n d i r o n r i b o n u c l e o t i d e reductases m a y f u n c t i o n i n 
analogous ways . 

T h e site i n the ac t ive F e r i b o n u c l e o t i d e reduc tase conta ins t w o 
Fe(III ) ions 3.3 À apart , b r i d g e d b y one c a r b o x y l a t e f r o m a g l u t a m a t e 
r e s i d u e a n d a w a t e r - d e r i v e d oxo b r i d g e (57). T h e f u n c t i o n o f th is i r o n 
c e n t e r appears to b e the f o r m a t i o n a n d s t a b i l i z a t i o n o f a free r a d i c a l o n 
a t y r o s i n e about 5 À away . T h i s r a d i c a l is f o r m e d b y r e a c t i o n o f the 
r e d u c e d , d i ferrous center w i t h 0 2 , p r o b a b l y t h r o u g h p e r o x i d e a n d f e r r y l 
i n t e r m e d i a t e s . T h i s u n u s u a l l y stable t y r o s y l r a d i c a l is t h o u g h t to p a r t i e -
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ipate i n the r e d u c t i o n o f r i b o n u c l e o t i d e s b y e l e c t r o n t rans fer o f the free 
r a d i c a l , poss ib ly t h r o u g h the F e c e n t e r , to the substrate i n t e r a c t i o n s u r 
face i n w h i c h the r ibose r i n g is o x i d i z e d b y one e l e c t r o n to ac t ivate it 
for r e a c t i o n w i t h r e d o x - a c t i v e th io l s i n the p r o t e i n (58). 

M n S u p e r o x i d e D i s m u t a s e . T h e manganese s u p e r o x i d e d i s -
mutase ( S O D ) conta ins a s ing le M n i o n that shutt les b e t w e e n the +2 
a n d +3 o x i d a t i o n l e v e l d u r i n g the c a t a l y t i c c y c l e . T h e M n S O D is the 
best u n d e r s t o o d o f a l l the manganese r e d o x e n z y m e s . T h i s is p a r t i a l l y 
d u e to the h i g h - r e s o l u t i o n X - r a y s t ruc tures o f the M n ( I I ) a n d M n ( I I I ) 
e n z y m e s f r o m Thermus thermophilus (59, 60), the d e t a i l e d k i n e t i c a n a l 
ysis o f the e n z y m e that has b e e n u n d e r t a k e n (61, 62), a n d (once again) 
the s i m i l a r i t y o f th is m a n g a n o e n z y m e to an i r o n e n z y m e o f l i k e f u n c t i o n 
(63). T h e X - r a y c r y s t a l s t ruc tures o f the M n a n d F e S O D s i n d i c a t e that 
these t w o p r o t e i n s are v e r y s i m i l a r , b o t h i n t e rms o f the ac t ive -s i te ge 
o m e t r y a n d a h i g h degree o f s equence h o m o l o g y (63). B o t h the m a j o r 
g l o b a l f o l d a n d the m e t a l - a c t i v e c e n t e r are essent ia l ly u n a l t e r e d w h e n 
the e n z y m e is r e d u c e d to the M n ( I I ) f o r m . T h e m e t a l i o n i n b o t h the 
M n a n d F e S O D s have a t r i g o n a l b i p y r a m i d a l l i g a n d a r r a y , as s h o w n i n 
F i g u r e 3, w i t h t w o his t id ines a n d a carboxy late i n the equator ia l pos i t ions 
a n d an a d d i t i o n a l h i s t i d i n e a n d a s o l v e n t - d e r i v e d h y d r o x i d e o r w a t e r i n 
the ax ia l pos i t i ons . A c r y s t a l s t r u c t u r e o f the a z i d e - b o u n d d e r i v a t i v e o f 
F e ( S O D ) shows that s m a l l m o l e c u l e s m a y b i n d to the ac t ive - s i te m e t a l 
m a k i n g it s i x - coord inate (64). T h i s suggests d i r e c t b i n d i n g o f s u p e r o x i d e 
to the m e t a l site d u r i n g the ca ta ly t i c d i s p r o p o r t i o n c y c l e . 

(GLU) 

Ο 

(HIS) 

H N ^ 

Κ 
r ' N H 

'(HIS) 

(Hisy 

Figure 3. The active site of Mn superoxide dismutase on the basis of the 
X-ray structure ofLudwig et al. (59). The "W" represents a water-derived 
ligand, either OH~ or H20. 
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K i n e t i c s tudies o f the F e ( S O D ) i n d i c a t e a f a i r l y s i m p l e o x i d a t i o n -
r e d u c t i o n c y c l e i n w h i c h 0 2 ~ is b o u n d to the Fe(III ) f o r m o f the p r o t e i n 
a n d o x i d i z e d to 0 2 , f o l l o w e d b y b i n d i n g o f a s e c o n d 0 2 " to the r e s u l t i n g 
Fe(II ) f o r m a n d r e d u c t i o n to H 2 0 2 . T h e k i n e t i c s o f M n ( S O D ) are m o r e 
c o m p l i c a t e d a n d the t u r n o v e r n u m b e r ( 1 3 0 0 s" 1 at 2 5 ° C ) is m u c h l o w e r 
t h a n for F e ( S O D ) ( 2 6 , 0 0 0 s" 1 ) ; h o w e v e r , a s i m i l a r c a t a l y t i c c y c l e is b e 
l i e v e d to o c c u r . T h e manganese e n z y m e k i n e t i c s are c o m p l i c a t e d b y a 
s ide r e a c t i o n to f o r m a " d e a d e n d c o m p l e x , " p o s s i b l y a M n ( I I I ) p e r o x i d e 
c o m p l e x (61, 62). 

Biomimetic Reactions Using Synthetic Model Compounds 
T h e r e s e a r c h g roups i n t e r e s t e d i n the r e a c t i o n c h e m i s t r y o f manganese 
have f o cused o n u n d e r s t a n d i n g e i t h e r the assembly reac t i ons o f m a n 
ganese c lusters o r the r e a c t i v i t y o f manganese c o m p o u n d s w i t h H 2 0 , 
H 0 2 , H 2 0 2 , 0 2 , or i o d o s y l b e n z e n e . I n the m a j o r i t y o f the c lus te r assem
b l y reac t ions one is e x a m i n i n g a c i d - b a s e s u b s t i t u t i o n reac t i ons that i n -
t e r c o n v e r t stable or meta -s tab le aggregat ions o f manganese oxo cores . 
W e w i l l not d w e l l o n these reac t i ons i n this s e c t i on b u t r a t h e r d i r e c t 
the i n t e r e s t e d r e a d e r to the l i t e r a t u r e i n this area (65-67). M o r e p e r 
t i n e n t to the p o i n t o f e n z y m e m i m e t i c c h e m i s t r y is the r e a c t i v i t y o f 
s m a l l m o l e c u l e s w i t h M n ( I I ) t h r o u g h M n ( V ) . T h e f o l l o w i n g sec t i on d e 
scr ibes the w o r k that w e have d o n e i n o u r l a b o r a t o r y as an e x a m p l e o f 
h o w the study o f inorgan i c m o d e l complexes can l e a d to an u n d e r s t a n d i n g 
o f poss ib le m e c h a n i s m s for the r e a c t i v i t y f o u n d i n b i o l o g i c a l systems. 
F o r m o r e detai ls o n w o r k d o n e b y o t h e r g r o u p s i n this field, the r e a d e r 
is d i r e c t e d to a r e c e n t r e v i e w o n this c h e m i s t r y (68). 

Models for the Reactivity of [ Μ η ( ΐ ν ) ( μ 2 - 0 ) ] 2 and [ Μ η ( Ι Ι Ι ) ( μ 2 -
OR)] 2 Cores in Photosynthesis. A s d i s cussed i n the p r e v i o u s p a r a 
graphs , the o x y g e n - e v o l v i n g c o m p l e x has an assembly o f f our manganese 
ions that f o r m the hear t o f the w a t e r o x i d a t i o n r e a c t i o n . T h e manganese 
ions a p p e a r to b e a r r a n g e d i n g r o u p s o f [ Μ η ( μ 2 - 0 ) ] 2 un i t s ( M n - M n sep 
a r a t i o n « 2.7 Â) w i t h the o x i d a t i o n state o f the manganese v a r y i n g 
b e t w e e n Mn( I I I ) a n d M n ( I V ) d e p e n d i n g o n the e n z y m e o x i d a t i o n l e v e l 
(S n states). I n S 2 , the e n z y m e is b e l i e v e d to c o n t a i n 1 M n ( I I I ) a n d 3 
M n ( I V ) ions (23). T h i s state c a n t u r n o v e r c a t a l y t i c a l l y w i t h So, 
[ M n ( I I I ) 3 M n ( I V ) i], i n a catalase r e a c t i o n (45, 48). O n the basis o f these 
observat ions , w e b e l i e v e d that i t was i m p o r t a n t to u n d e r s t a n d h o w 
[ Μ η ( ΐ ν ) ( μ 2 - 0 ) ] 2 c o u l d b e p r e p a r e d a n d h o w t h e y b e h a v e w i t h respec t 
to catalase r e a c t i v i t y . 

O u r first task was to u n d e r s t a n d p r e c i s e l y h o w M n ( I I I ) d i m e r s c o u l d 
b e c o n v e r t e d to [ Μ η ( ΐ ν ) ( μ 2 - 0 ) ] 2 cores . W e p r e p a r e d [ M n ( I I I ) ( 3 , 5 - d i C l -
s a l p n ) ^ 2 - O C H 3 ) ] 2 (salpn is l , 3 - b i s ( s a l i c y l i d e n e i m a n a t o ) p r o p a n e ) , the 
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first e x a m p l e o f a d i a l k o x i d e - b r i d g e d M n ( I I I ) d i m e r h a v i n g J a h n - T e l l e r 
d i s tor t i ons a l o n g t w o o f the M n - O R b o n d s (36). T h e t e t radenta te sa lpn 
l i g a n d a d o p t e d the cis-β c o n f i g u r a t i o n i n this i s o m e r . T h i s m o l e c u l e is 
a i r - sens i t i ve , c o n v e r t i n g after severa l h o u r s to [ M n ( I V ) ( s a l p n ) ^ 2 - 0 ) ] 2 . 
T h i s [ Μ η ( ΐ ν ) ( μ 2 - 0 ) ] 2 d i m e r has a M n - M n separat i on o f 2 .72 À , w h e r e a s 
i n the [Μη(ΗΙ ) (μ 2 -ΟΚ) ] 2 d i m e r the separat i on is 3 .19 À (36, 69). T h e s e 
m o l e c u l e s , w h i c h f o r m the basis o f th is s tudy , are s h o w n i n F i g u r e 4. 

F o r m a t i o n o f [ M n ( I V ) ( s a l p n ) ^ 2 - 0 ) ] 2 U s i n g H y d r o g e n P e r 
o x i d e . T h e c o m p l e x [Mn(III) (salpn) ( C H 3 0 H ) 2 ] C 1 0 4 is u n r e a c t i v e w i t h 
H 2 0 2 w h e n d i s s o l v e d i n m e t h a n o l , D M F , or a c e t o n i t r i l e ; h o w e v e r , a d 
d i t i o n o f a base such as N a O H or N a O M e leads to r a p i d f o r m a 
t i o n o f [ M n ( I V ) ( s a l p n ) ( M 2 - 0 ) ] 2 (70). W e s h o w e d that [Μη(III)(salpn) 
( C H 3 0 H ) 2 ] C 1 0 4 c onver ts to [Mn(III ) (salpn) ( μ 2 - Ο Ο Η 3 ) ] 2 i f N a O M e is 
a d d e d to a degassed a c e t o n i t r i l e s o l u t i o n . R e a c t i o n o f th is M n ( I I I ) d i 
m e r w i t h p e r o x i d e i n a c e t o n i t r i l e is r a p i d a n d q u a n t i t a t i v e i n the p r o 
d u c t i o n o f [ M n ( I V ) ( s a l p n ) ^ 2 - 0 ) ] 2 . D i o x y g e n w i l l also react w i t h 
[ M n ( I I I ) ( s a l p n ) ( M 2 - O C H 3 ) ] 2 to g ive [ M n ( I V ) ( s a l p n ) 0 ] 2 ; h o w e v e r , the 
r e a c t i o n is ~ 1 0 0 0 t imes s l o w e r a n d gives « 7 0 % p r o d u c t . M a s l e n 
a n d W a t e r s (71) c h a r a c t e r i z e d the p r o d u c t o f d i o x y g e n r e a c t i o n 
w i t h Μη(II)(salpn) b y X - r a y c r y s t a l l o g r a p h y . T h e y i n t e r p r e t e d i t as 
[ M n ( I I I ) ( s a l p n ) ^ 2 - O H ) ] 2 because M n ( I V ) c o m p l e x e s w e r e c o n s i d e r e d 
u n l i k e l y at the t i m e . B o u c h e r a n d C o e (72) suggested a [ Μ η ( ΐ ν ) ( μ 2 - 0 ) ] 2 

f o r m u l a t i o n for that s t r u c t u r e a n d that the p r o d u c t was the same as for 
the o x i d a t i o n o f [Mn(II I ) ( sa lpn) ] + . T h e y w e r e s h o w n b y o u r studies (36, 
70) a n d A r m s t r o n g ' s (69) to be c o r r e c t . 

A n i m p o r t a n t q u e s t i o n i n the [Mn( IV) ( sa lpn ) (μ 2 - 0 ) ] 2 f o r m a t i o n r e 
a c t i o n is " w h i c h molecule (s ) is(are) the source o f the b r i d g i n g ox ides i n 
the M n ( I V ) d i m e r ? , , W e addressed this q u e s t i o n b y f o l l o w i n g the i n 
c o r p o r a t i o n o f l s O f r o m l a b e l e d 0 2 , H 2 0 2 , a n d w a t e r i n t o [ M n ( I V ) -
( s a l p n ) ^ 2 - 0 ) ] 2 (69). T h e m o l e c u l a r i o n i n the negat ive i o n F A B mass 
s p e c t r u m o f [Mn( IV) ( sa lpn ) (μ 2 - 0 ) ] 2 a l l o w e d for d e t e c t i o n a n d q u a n t i 
t a t i o n o f l a b e l e d p r o d u c t [ M n ( I V ) ( s a l p n ) ( M 2 - 1 6 0 ) ] 2 , 7 0 2 ; [ M n ( I V ) 2 -
( s a l p n ) 2 ( M 2 - 1 6 0 , μ 2 - 1 8 0 ) ] , 7 0 4 ; [ M n ( I V ) ( s a l p n ) ( M 2 - 1 8 0 ) ] 2 , 7 0 6 a m u . D r o p -
w i s e a d d i t i o n o f — 0 . 1 M H 2

1 8 0 2 i n H 2
i e O to an a c e t o n i t r i l e s o l u t i o n o f 

[ M n ( I I I ) ( s a l p n ) ^ 2 - O C H 3 ) ] 2 r e s u l t e d e x c l u s i v e l y i n the d o u b l y l a b e l e d 
[ M n ( I V ) ( s a l p n ) ^ 2 - 1 8 0 ) ] 2 . S i m i l a r resul ts w e r e o b t a i n e d u n d e r a e r o b i c 
( 1 8 0 2 ) a n d a n a e r o b i c c o n d i t i o n s . N o r ise is o b s e r v e d above the s tat is t i ca l 
d i s t r i b u t i o n o f the mass p e a k at 7 0 4 i n sp i te o f an 5 5 0 - f o l d m o l a r excess 
o f H 2

1 6 0 . T h i s c l ear ly demonstrates that the p r i m a r y r e a c t i o n m e c h a n i s m 
exc ludes o x y g e n c o n t a i n e d i n w a t e r f r o m e n t e r i n g the b r i d g e s i n 
[ M n ( I V ) ( s a l p n ) ^ 2 - 0 ) ] 2 . T o test w h e t h e r b o t h o x i d e atoms are g e n 
e r a t e d f r o m the same m o l e c u l e o f h y d r o g e n p e r o x i d e , w e e x a m i n e d 
m i x t u r e s o f 0 .1 M a q u e o u s ( H 2

i e O ) H 2
1 6 0 2 , a n d H 2

1 8 0 2 w i t h 
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Figure 4. (A) ORTEP diagram of[Mn(IV) (salpn) (μ2-0)]2. (Β) ORTEP dia
gram of [Mn(III) (salpn) (μ2-Ο0Η3)]2. 
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[ M n ( I I I ) ( s a l p n ) ( C H 3 0 ) ] 2 . T h e p r i m a r y mass peaks are o b s e r v e d at 7 0 2 
a n d 7 0 6 a m u , r espec t ive ly , w i t h no o b s e r v e d increase i n the m i x e d d i m e r 
mass peak at 7 0 4 . F r o m these results w e c o n c l u d e that h y d r o g e n p e r 
o x i d e is the source o f the o x i d e oxygens i n [ M n ( I V ) ( s a l p n ) ^ 2 - 0 ) ] 2 a n d 
that b o t h o x i d e - b r i d g i n g atoms o r i g i n a t e f r o m the same p e r o x i d e m o l 
e c u l e . T h i s i s o t o p i c d i s t r i b u t i o n demonstra tes that m o n o m e r i c i n t e r 
med ia tes s u c h as L M n ( I V ) 0 or L M n ( V ) 0 are not p a r t o f the r e a c t i o n 
m e c h a n i s m i n this case. 

A l t h o u g h h i g h - v a l e n t , m o n o m e r i c c o m p l e x e s that m i g h t f o r m after 
p e r o x i d e b o n d b r e a k i n g have b e e n e l i m i n a t e d as i n t e r m e d i a t e s i n the 
f o r m a t i o n o f [ M n ( I V ) ( s a l p n ) ( ^ 2 - 0 ) ] 2 , the ex i s tence o f a m o n o m e r i c i n 
t e r m e d i a t e p r i o r to h y d r o g e n p e r o x i d e c leavage must also b e addressed . 
T h i s p o i n t was t e s ted b y r e a c t i n g a 5 0 : 5 0 m i x t u r e o f [Mn(III) (salpn)(μ 2 -
O C H 3 ) ] 2 a n d [ M n ( I I I ) ( 3 , 5 - d i C l - s a l p n ) ( M 2 - O C H 3 ) ] 2 w i t h H 2 0 2 i n ace to 
n i t r i l e . I n this case, a m i x t u r e o f [ M n ( I V ) ( s a l p n ) ^ 2 - 0 ) ] 2 , [ M n ( I V ) 2 ( 3 , 5 -
d iCl -sa lpn) (sa lpn ) (M 2 -0 ) ] , a n d [ M n ( I V ) ( 0 ) ( 3 , 5 - d i C l - s a l p n ) ( M 2 - 0 ) ] 2 was 
o b t a i n e d . W h e n m i x e d , n e i t h e r [ M n ( I V ) ( s a l p n ) ^ 2 - 0 ) ] 2 a n d [ M n ( I V ) ( 3 , 5 -
d iCl -sa lpn ) (M 2 -0 ) ] 2 n o r [Mn(III) (salpn) ( M 2 - O C H 3 ) ] 2 a n d [ M n ( I I I ) ( 3 , 5 - d i C l -
s a l p n ) ^ 2 - O C H 3 ) ] 2 w i l l s c r a m b l e o n the t i m e scale o f t h e e x p e r i m e n t to 
g ive [ M n ( I I I ) 2 ( 3 , 5 - d i C l - s a l p n ) ( s a l p n ) ( M 2 - O C H 3 ) 2 ] o r [ M n ( I V ) 2 ( 3 , 5 - d i C l -
salpn) (salpn) ( μ 2 - 0 ) 2 ] , r e spec t ive ly . T h u s , i n s e r t i o n o f h y d r o g e n p e r o x i d e 
r e q u i r e s the d i s soc ia t i on o f the M n ( I I I ) d i m e r p r i o r to c leavage o f the 
p e r o x i d e b o n d . 

A n o t h e r i m p o r t a n t c o n s i d e r a t i o n for the e v a l u a t i o n o f r e a c t i v i t y i n 
v o l v i n g f o r m a l o x i d a t i o n state changes is the e l e c t r o c h e m i c a l p o t e n t i a l 
o f the reactants . T h e m o n o m e r i c [ M n ( I I I ) ( s a l p n ) ( C H 3 O H ) ] C 1 0 4 shows 
an i r r e v e r s i b l e o n e - e l e c t r o n r e d u c t i o n (Mn(II I ) M n ( I I ) , c o n f i r m e d b y 
r o t a t i n g p l a t i n u m e l e c t r o d e v o l t a m m e t r y , i n a c e t o n i t r i l e at —106 m V 
versus S C E . W e have o b s e r v e d no o x i d a t i v e e l e c t r o c h e m i s t r y for th is 
c o m p o u n d out to po tent ia l s o f +1 V . I n contrast , [Μη(III) (salpn)(μ 2 -
O C H 3 ) ] 2 s h o w a q u a s i r e v e r s i b l e , o n e - e l e c t r o n o x i d a t i o n a r o u n d + 5 5 0 
m V a n d an i r r e v e r s i b l e o n e - e l e c t r o n r e d u c t i o n a r o u n d —650 m V . T h e 
d r a m a t i c s t a b i l i z a t i o n o f the M n ( I V ) o x i d a t i o n l e v e l is l i k e l y a resu l t o f 
the a d d i t i o n a l bas i c o x y a n i o n p e r manganese , w h i c h p r o v i d e s a n o t h e r 
negat ive charge to the M n i o n . 

A P r o p o s e d M e c h a n i s m f o r t h e F o r m a t i o n o f [ M n ( I V ) -
( s a l p n ) ^ 2 - 0 ) ] 2 . I f h y d r o g e n p e r o x i d e is a d d e d to [Mn(III) (salpn)(μ 2 -
O C H 3 ) ] 2 i n degassed a c e t o n i t r i l e , an instantaneous r e a c t i o n o c c u r s to 
g ive [ M n ( I V ) ( s a l p n ) ^ 2 - 0 ) ] 2 i n > 9 7 % y i e l d . A m e c h a n i s t i c p r o p o s a l for 
the p r o d u c t i o n o f [Mn( IV ) (salpn) ( μ 2 - 0 ) ] 2 b y r e a c t i o n o f H 2 0 2 w i t h 
[ M n ( I I I ) ( s a l p n ) ^ 2 - O C H 3 ) ] 2 is s h o w n i n F i g u r e 5. T h i s s c h e m e is cons is 
tent w i t h b o t h the r e a c t i v i t y a n d i s o t o p i c - l a b e l i n g s tudies p r e s e n t e d . It 
features H 2 0 2 r e a c t i n g v i a t w o success ive d e p r o t o n a t i o n steps that use 
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2, X-ray 

Figure 5. The proposed mechanism for the formation of [Mn(IV) (salpn)-
(μ2-0)\2 from [Mn(III)(salpn) (p2-OCH3)]2 and hydrogen peroxide. 
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bas ic oxyanions assoc iated w i t h the M n ( I I I ) p r e c u r s o r s . T h e p r e s e n c e 
o f some f o r m o f base is an abso lute r e q u i r e m e n t as i l l u s t r a t e d b y the 
d i f f e r e n t i a l r e a c t i v i t y o f [ M n ( I I I ) ( s a l p n ) ( C H 3 O H ) ] C l 0 4 v e r s u s 
[Mn(III) (salpn) ( μ 2 - Ο Ο Η 3 ) ] 2 (69). A l s o , the Ή N M R a n d e l e c t r o c h e m i c a l 
studies u s i n g t r i e t h y l a m i n e i n d i c a t e that the ab i l i t i e s o f oxyan ions to 
s tab i l i z e the M n ( I V ) o x i d a t i o n l e v e l o r to p r o m o t e f o r m a t i o n o f cis-β 
" p r e t e m p l a t e d " c o m p l e x e s are not the necessary charac ter i s t i c s that 
i m p a r t r e a c t i v i t y . W e c o n c l u d e that it is the p r o t o n - a c c e p t i n g f eature 
o f these anions that a l l ows o x i d a t i o n at the m e t a l c e n t e r a n d that d e -
p r o t o n a t i o n must , t h e r e f o r e , o c c u r b e f o r e c leavage o f the p e r o x i d e 
b o n d . A l t h o u g h H 2 0 2 m a y t r a n s i e n t l y c o o r d i n a t e to [Mn(III ) (salpn) 
( C H 3 0 H ) ] C 1 0 4 , m e t a l - c e n t e r e d o x i d a t i o n p r o b a b l y does not o c c u r p r i o r 
to d e p r o t o n a t i o n . It is no tab l e that assoc iat ion o f the h y d r o p e r o x i d e 
a n i o n to M n ( I I I ) creates a l i g a n d e n v i r o n m e n t s i m i l a r to that seen i n 
[ M n ( I I I ) ( s a l p n ) ^ 2 - O C H 3 ) ] 2 . T h u s , d e p r o t o n a t i o n leads to s t a b i l i z a t i o n 
o f the M n ( I V ) o x i d a t i o n l e v e l at the m e t a l c e n t e r a n d r e p l a c e m e n t o f 
L M 3 + for H + o n H 2 0 2 ( g i v ing [ L M 3 + ( 0 2 H ) ] ) m a y m a k e the c o o r d i n a t e d 
p e r o x i d e m o l e c u l e m o r e eas i ly r e d u c e d . B o t h o f these factors s h o u l d 
l e a d to an increase i n the d r i v i n g force for i n t e r n a l o x i d a t i o n o f the 
i n t e r m e d i a t e . O u r observat ions argue for d i s so c ia t i on that is i n s t i g a t e d 
b y H 2 0 2 r a t h e r t h a n a p r e d i s s o c i a t i o n step. W e p r e f e r the f o r m u l a t i o n 
o f 5 o r 6 c o n v e r t i n g to 7 as the i n t e r m e d i a t e s i n th is process ; h o w e v e r , 
o n the basis o f these data , w e can not e x c l u d e a S t o m b e r g - t y p e p e r o x o 
m o n o m e r (e.g., [Mn(II I ) ( sa lpn) (0 2 ) ]~ as seen for V ( V ) complexes ) that 
c o u l d t h e n react w i t h a m o n o m e r i c M n ( s a l p n ) + to f o r m [Mn(IV)(salpn)(μ 2 -
0 ) ] 2 . A p a t h w a y as s h o w n i n F i g u r e 5 is cons is tent w i t h these 
observat ions . 

T h e f o r m a t i o n o f [ M n ( I V ) (salpn) ( μ 2 - 0 ) ] 2 f r o m [Mn(III)(salpn)(μ 2 -
O C H 3 ) ] 2 u s i n g f - b u t y l h y d r o p e r o x i d e as the ox idant appears to f o l l o w a 
p a t h w a y v e r y di f ferent f r o m that o f r eac t i on w i t h H 2 0 2 (69). T h e r e a c t i o n 
is not n e a r l y as fast, r e q u i r i n g a n u m b e r o f h o u r s (at r o o m t e m p e r a t u r e ) 
a n d the p r e s e n c e o f w a t e r . f - B u t y l h y d r o p e r o x i d e lacks a s e c o n d d i s 
soc iab le p r o t o n . T o f o r m [Mn( IV) ( sa lpn ) (μ 2 - 0 ) ] 2 , i t c o u l d lose f - b u t y l 
c a t i o n , l e a d i n g to c o n s e r v a t i o n o f b o t h u n l a b e l e d p e r o x i d e oxygens i n 
[ M n ( I V ) ( s a l p n ) ^ 2 - 0 ) ] 2 . H o w e v e r , the o p e r a t i v e m e c h a n i s m a l l ows ex
tens ive m i x i n g o f l a b e l e d w a t e r . T h e i s o t op i c p a t t e r n is cons is tent w i t h 
the i n i t i a l f o r m a t i o n o f M n ( V ) ( s a l p n ) 0 , w h i c h t h e n reacts w i t h an e q u i v 
a lent o f M n ( I I I ) s a l p n ( O H ) to g ive [ M n ( I V ) ( s a l p n ) ^ 2 - 0 ) ] 2 , a l t h o u g h n u 
m e r o u s p a t h w a y s c o u l d b e e n v i s i o n e d that m i g h t fit these data . F i n a l l y , 
the r e a c t i o n o f [Mn(I I I ) ( sa lpn ) (μ 2 -ΟΟΗ 3 ) ] 2 w i t h d i o x y g e n a p p a r e n t l y 
f o l l ows a d i f ferent (or at least add i t i ona l ) p a t h w a y because d i r e c t o x i 
d a t i o n b y 1 6 0 2 i n the p r e s e n c e o f a s m a l l a m o u n t o f 1 8 O H ~ leads to 
s c r a m b l i n g o f the l a b e l i n the oxo b r i d g e s . T h i s is i n contrast to the 
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h y d r o g e n p e r o x i d e ox idat ions for w h i c h l a b e l i n g o f the b r i d g i n g ox ides 
was not d e p e n d e n t o n the p r e s e n c e o f e i t h e r H 2

1 8 0 or 1 8 O H " . 

Catalase Reactions Using [Mn(IV)(salpn)(M2-0)]2. T h e r e a c 
t ions d e s c r i b e d p r e v i o u s l y i n v e s t i g a t e d the m e c h a n i s m o f f o r m a t i o n o f 
[ Μ η ( ΐ ν ) ( μ 2 - 0 ) ] 2 un i t s that h a d s t ruc tures a p p r o p r i a t e to m o d e l a s ing le 
d i m e r i n the " d i m e r o f d inners " s t r u c t u r a l p r o p o s a l for the O E C . T h e 
o b s e r v a t i o n that the O E C c o u l d u n d e r g o a catalase r e a c t i o n b y u s i n g 
s u c h M n ( I V ) d i m e r s i n s p i r e d us to e x a m i n e the r e a c t i v i t y o f 
[Mn( IV) ( sa lpn ) (μ 2 - 0 ) ] 2 w i t h h y d r o g e n p e r o x i d e . T h e o b s e r v e d catalase 
reac t i ons w e r e c o m p l e t e d b y the a d d i t i o n o f a s m a l l a l i q u o t o f « 5 m M 
H 2 0 2 i n a c e t o n i t r i l e to a d i c h l o r o m e t h a n e s o l u t i o n c o n t a i n i n g 
[Mn(IV) (salpn) ( μ 2 - 0 ) ] 2 . T u r n o v e r o f h y d r o g e n p e r o x i d e to y i e l d d i o x y g e n 
was m o n i t o r e d b y m a n o m e t r y a n d s h o w n to b e q u a n t i t a t i v e i n less t h a n 
1 m i n u s i n g as m u c h as 1 0 0 0 - f o l d m o l a r excess H 2 0 2 . F u r t h e r m o r e , 
g reater t h a n 9 8 % o f the s t a r t i n g catalyst was r e c o v e r e d . T h e s e obser 
vat ions c l ear ly d e m o n s t r a t e d that [Mn(IV) (sa lpn) (μ 2 -0 ) ] 2 was an ef fect ive 
" c a t a l a s e " (73). 

A t th is p o i n t , w e a p p l i e d o u r i s o t o p e - l a b e l i n g m e t h o d o l o g y to an 
e x a m i n a t i o n o f th is catalase r e a c t i o n . T h e r e a c t i o n o f [Μη (IV) (salpn) ( μ 2 -
1 6 0 ) ] 2 w i t h H 2

1 8 0 2 y i e l d e d e x c l u s i v e l y 1 8 0 2 , w h e r e a s the reverse c o m 
b i n a t i o n [ M n ( I V ) ( s a l p n ) ( M 2 - 1 8 0 ) ] 2 a n d H 2

1 6 0 2 gave t h e e x p e c t e d 1 6 0 2 . 
T h i s demonstrates that d i o x y g e n is d e r i v e d e x c l u s i v e l y f r o m h y d r o g e n 
p e r o x i d e a n d not f r o m the μ 2 - ο χ ο l inkages o f the d i m e r . T h e r e a c t i o n o f 
[ M n ( I V ) ( s a l p n ) ^ 2 - 1 6 0 ) ] 2 w i t h a 1:1 m i x t u r e o f H 2

1 6 0 2 a n d H 2
1 8 0 2 gave 

a m i x t u r e o f 1 6 0 2 a n d 1 8 0 2 w i t h o n l y the p r e d i c t e d stat is t i ca l d i s t r i b u t i o n 
o f 1 6 1 8 0 2 b a s e d o n r e s i d u a l H 2

1 6 1 8 0 2 . T h u s , b o t h o x y g e n atoms o f d i o x 
y g e n must c o m e f r o m the same h y d r o g e n p e r o x i d e m o l e c u l e . T h i s i so 
t o p e - l a b e l i n g p a t t e r n is i d e n t i c a l to that r e p o r t e d for the L. plantarum 
M n catalase a n d the o x y g e n - e v o l v i n g c o m p l e x . T h e i so top i c c o m p o s i t i o n 
o f [Mn( IV) ( sa lpn ) (μ 2 - 0 ) ] 2 r e c o v e r e d f r o m the catalase e x p e r i m e n t s 
s h o w e d substant ia l e n r i c h m e n t o f l a b e l i n t o the μ 2 - 0 2 " . S i n g l e t u r n o v e r 
reac t i ons c o m p l e t e d u n d e r h i g h d i l u t i o n c o n d i t i o n s u s i n g a 2:1 ra t i o 
o f H 2

1 8 0 2 a n d [ M n ( I V ) ( s a l p n ) ^ 2 - 1 6 0 ) ] 2 gave p r e d o m i n a n t l y (>95%) 
[ M n ( I V ) ( s a l p n ) ^ 2 - 1 8 0 ) ] 2 , d e m o n s t r a t i n g that the μ 2 - 0 2 l i gands are s t o i -
c h i o m e t r i c a l l y e x c h a n g e d d u r i n g the course o f the r e a c t i o n . T h e r e 
a c t i o n o f the 1:1 m i x t u r e o f H 2

1 6 0 2 : H 2
1 8 0 2 i n a t w o f o l d excess o v e r 

[ M n ( I V ) ( s a l p n ) ( M 2 - 1 8 0 ) ] 2 g ives [ M n ( I V ) ( s a l p n ) ( M 2 - 1 6 0 ) ] 2 a n d [ M n ( I V ) -
( s a l p n ) ( ^ 2 - 1 8 0 ) ] 2 i n e q u a l rat ios , b u t no increase i n [Μη (IV) (salpn) ( μ 2 -
1 6 1 8 0 ) ] 2 . T h e s e e x p e r i m e n t s s t rong ly suggest that the catalase r e a c t i o n 
resul ts i n b o t h b r i d g i n g oxo g r o u p s o r i g i n a t i n g f r o m the same p e r o x i d e 
m o l e c u l e . T h e r e a c t i o n o f a 1:1 m i x t u r e o f [Mn( IV) ( sa lpn ) (μ 2 - 0 ) ] 2 a n d 
[ M n ( I V ) ( 3 , 5 - d i C l - s a l p n ) ^ 2 - 0 ) ] 2 w i t h h y d r o g e n p e r o x i d e gave a m i x 
t u r e o f [ M n ( I V ) ( s a l p n ) ( M 2 - 0 ) ] 2 , [ M n ( I V ) 2 ( 3 , 5 - d i C l - s a l p n ) ( s a l p n ) ( M 2 - 0 ) ] 2 
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a n d [ M n ( I V ) ( 3 , 5 - d i C l - s a l p n ) ^ 2 - 0 ) ] 2 . A 1:1 m i x t u r e o f the p a r e n t 
[ M n ( I V ) ( s a l p n ) ( M 2 - 0 ) ] 2 a n d [ M n ( I V ) ( 3 , 5 - d i C l - s a l p n ) ( M 2 - 0 ) ] 2 is stable to 
l i g a n d exchange u n d e r these c o n d i t i o n s i n the absence o f h y d r o g e n p e r 
ox ide . T h e r e f o r e , s c r a m b l i n g o f the M n L uni ts r equ i res that a m o n o m e r i c 
i n t e r m e d i a t e must b e f o r m e d d u r i n g the r e a c t i o n . 

T h e s e observat ions suggested that the first r e d o x step o f the process 
was i n i t i a l o x i d a t i o n o f h y d r o g e n p e r o x i d e to g ive a M n ( I I I ) spec ies . T h e 
e l e c t r o c h e m i s t r y o f [ M n ( I V ) ( s a l p n ) ^ 2 - 0 ) ] 2 shows r e v e r s i b l e , o n e - e l e c 
t r o n r e d u c t i v e e l e c t r o c h e m i s t r y at - 4 8 0 m V versus S C E to f o r m [Mn( I I I / 
I V ) ( s a l p n ) ^ 2 - 0 ) ] 2 . A s e c o n d r e d u c t i o n w a v e was n o t o b s e r v e d . 
P r o t o n a t i o n o f [ M n ( I V ) ( s a l p n ) ^ 2 - 0 ) ] 2 at t h e oxo b r i d g e to f o r m 
[ Μ η ( ΐ ν ) 2 ^ 1 ρ η ) 2 ( μ 2 - 0 ) ( μ 2 - Ο Η ) ] + c a n also b e a c h i e v e d . T h e e l e c t r o 
c h e m i s t r y o f this species is less r e v e r s i b l e t h a n for [Mn(IV)(salpn) (μ 2 -
0 ) ] 2 a n d occurs n e a r l y 8 0 0 m V to m o r e p o s i t i v e p o t e n t i a l , cons is tent 
w i t h a decrease i n d o n a t i o n o f the b r i d g i n g l i g a n d . A n a l y s i s o f E X A F S 
s p e c t r a o f [Μη ( ΐν ) 2 ^1ρη ) 2 (μ 2 -0 ) (μ 2 -ΟΗ)] + r e v e a l that the M n - M n sep
ara t i on increases b y 0.1 À to 2 .81 À, aga in cons is tent w i t h a p o o r e r 
d o n a t i n g b r i d g i n g l i g a n d (72). I n a d d i t i o n , [Μη ( ΐν ) 2 ^1ρη ) 2 (μ 2 -0 ) (μ 2 -
O H ) ] + is not c o m p e t e n t i n the catalase r e a c t i o n w i t h H 2 0 2 b u t w i l l reac t 
w i t h N a H 0 2 (72). T h e s e observat ions suggest that p r o t o n s m a y b e v e r y 
i m p o r t a n t i n these types o f c a t a l y t i c reac t i ons . I n fact, B o u c h e r a n d C o e 
(72) c l a i m to have d e t e c t e d h y d r o g e n p e r o x i d e p r o d u c e d i n so lut ions 
o f the Sch i f f base c o m p l e x , [Μη ( ΐν ) (Βυ^1ρη ) (μ 2 -0 ) ] 2 , u p o n a d d i t i o n o f 
H C 1 0 4 . T h e y suggest that this h y d r o g e n p e r o x i d e p r o d u c t i o n o c curs b y 
p r o t o n a t i o n o f b o t h oxo b r i d g e s , f o l l o w e d b y d e c o m p o s i t i o n to H 2 0 2 

a n d M n ( I I I ) c o m p l e x e s . A p y r o g a l l o l s o l u t i o n was u s e d to test for o x y g e n 
e v o l u t i o n u p o n a d d i t i o n o f a c i d ; h o w e v e r , n o n e was d e t e c t e d . 

It is w o r t h c o n s i d e r i n g w h y [Mn(IV) (sa lpn) (μ 2 -0 ) ] 2 can b e p r o t o n a t e d 
a n d is an eff ic ient catalase, w h e r e a s p r e v i o u s [Μη(ΐν)(μ 2 -0)] 2 c o m p l e x e s 
do not show s i m i l a r c h e m i s t r y . I n most cases, the [Μη(ΐν)(μ 2 -0)] 2 c o r e 
is f o u n d i n systems that c o n t a i n n e u t r a l n i t r o g e n d o n o r l i gands . R e c e n t 
e l e c t r o c h e m i c a l studies o f s u c h c o m p o u n d s have s h o w n p K a va lues o f 
« 11 for [Μη(ΙΙΙ)(μ 2-0)] 2 a n d « 2 for Μη(ΙΙΙ)Μη(ΐν)(μ 2 -0) 2 (75, 76). T h e 
a n i o n i c charge a n d s t ronger d o n o r a b i l i t y o f pheno la tes c o m p a r e d to 
p y r i d i n e a n d r e l a t e d l igands leads to m o r e e l e c t r o n d e n s i t y o n the m e t a l 
centers . T h e r e f o r e , the oxo b r i d g e s are not r e q u i r e d to donate as m u c h 
e l e c t r o n dens i ty to the m e t a l c e n t e r a n d c a n b e i n v o l v e d i n p r o t o n ac 
c e p t o r c h e m i s t r y . N o r t o n (77) s h o w e d that p r o t o n a t i o n rates o f m o l e 
cu les s u c h as [ M n ( I V ) ( s a l p n ) ^ 2 - 0 ) ] 2 are r e l a t i v e l y s l ow . T h i s appears to 
be d u e to π d o n a t i o n f r o m the o x y g e n l o n e p a i r . T h u s , r e l a t i v e t h e r 
m o d y n a m i c a n d k i n e t i c c ons idera t i ons a p p e a r to b e i m p o r t a n t i n d e t e r 
m i n a t i o n o f the r e a c t i v i t y o f oxo manganese c lusters . T h i s w o u l d suggest 
that e n z y m e s that i n c o r p o r a t e a h i g h l y o x y g e n - r i c h l i g a n d e n v i r o n m e n t 
r e q u i r e a h i g h va lent ca ta ly t i c c y c l e , w h e r e a s those w i t h a n i t r o g e n - r i c h 
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286 MECHANISTIC BIOINORGANIC CHEMISTRY 

c o o r d i n a t i o n s p h e r e p r o c e e d t h r o u g h l o w e r va lent m e t a l centers . S u c h 
appears to b e the case w i t h the O E C a n d manganese catalase. 

Reactivity of [Mn(IV)(salpn)(M 2-0)] 2 with Hydrochloric 
Acid. A l t h o u g h the a d d i t i o n o f a w e a k a c i d w i t h a n o n c o o r d i n a t i n g 
a n i o n s u c h as p y r i d i n i u m p e r c h l o r a t e to [ M n ( I V ) ( s a l p n ) ^ 2 - 0 ) ] 2 l eads to 
the s ing ly p r o t o n a t e d [ M n ( I V ) ( s a l p n ) 2 ^ 2 - 0 ) , ^ 2 - O H ) ] C l 0 4 (74), s t r o n g 
acids w i t h c o o r d i n a t i n g anions g ive d r a s t i c a l l y d i f f erent p r o d u c t s . T h e 
m o n o m e r i c Μη(IV) ( s a l p n ) C l 2 c a n b e p r e p a r e d b y the a d d i t i o n o f f our 
equ iva l en t s o f H C l to a d i c h l o r o m e t h a n e s o l u t i o n o f [Mn(IV)(salpn)(μ 2 -
0 ) ] 2 . T h i s d e e p g r e e n c o m p l e x , s h o w n i n F i g u r e 6, has trans c h l o r i d e 
l i g a t i o n a n d e x h i b i t s a h i g h l y ax ia l E P R s p e c t r u m . T h e deta i ls o f th is 
c o n v e r s i o n have not b e e n t h o r o u g h l y e l a b o r a t e d ; h o w e v e r , the m o n o -
p r o t o n a t e d [ Μ η ( ΐ ν ) ^ 1 ρ η ) 2 ( μ 2 - 0 ) ( μ 2 - Ο Η ) ] + appears to b e an i n t e r m e 
d iate o n the basis o f l o w - t e m p e r a t u r e s tudies . I f H C l is a d d e d to a d i 
c h l o r o m e t h a n e s o l u t i o n o f [Mn( IV) ( sa lpn ) (μ 2 - 0 ) ] 2 at - 5 0 ° C , the p u r p l e 
m o n o p r o t o n a t e d d e r i v a t i v e is f o r m e d a n d is stable for severa l h o u r s . 
T h i s s o l u t i o n conver t s d i r e c t l y a n d r a p i d l y to M n ( I V ) ( s a l p n ) C l 2 w h e n 
the so lu t i on is w a r m e d to 0 ° C . T h i s d i c h l o r o c o m p l e x is stable i n C H 2 C 1 2 

for days at r o o m t e m p e r a t u r e i f p r e c a u t i o n s are t a k e n to e x c l u d e contac t 
w i t h w a t e r . 

T h e M n ( I V ) ( s a l p n ) C l 2 is a g o o d ox idant , s h o w i n g a r e d u c t i o n p o t e n 
t i a l at + 8 9 0 m V versus S C E . O t h e r h i g h l y o x i d i z e d M n c o m p l e x e s that 
c o n t a i n c h l o r i n e have b e e n s h o w n to c h l o r i n a t e a lkanes , a lkenes , a n d 

Figure 6. ORTEP diagram of Μη (IV) (salpn) Cl2. 
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aromat i cs . F o r th is reason , w e d e c i d e d to e x p l o r e the r e a c t i v i t y o f 
M n ( I V ) ( s a l p n ) C l 2 w i t h a v a r i e t y o f substrates i n c l u d i n g c y c l o h e x e n e , 1-
m e t h y l c y c l o h e x e n e , c y c l o h e x a n e , n o r b o r n e n e , h e p t y n e , a n d t o l u e n e . 
C y c l o h e x e n e c a n b e c o n v e r t e d to f r a n s - d i c h l o r o c y c l o h e x a n e i n 5 8 % 
y i e l d after 3 6 h b y M n ( I V ) ( s a l p n ) C l 2 i n C H 2 C 1 2 . T h e M n c o m p o u n d 
r e c o v e r e d f r o m this r e a c t i o n is M n ( I I I ) ( s a l p n } C l . N o r b o r n e n e is c o n 
v e r t e d i n C H 2 C 1 2 to d i c h l o r o n o r b o r n a n e i n 6 3 % o v e r a l l y i e l d after 2 6 
h . T h e p r o d u c t cisitrans ra t i o is 1:4.7. M o s t i m p o r t a n t , ske l e ta l r e a r 
rangement to g ive n o r t r i c y c l e n y l c h l o r i d e is not observed . Because these 
c a r b o n m i g r a t i o n s are o b s e r v e d w h e n a c a r b o c a t i o n i n t e r m e d i a t e is g e n 
e r a t e d , this e l i m i n a t e s an i o n i c c h l o r i n a t i o n p a t h w a y for the M n ( s a l p n ) -
b a s e d r e a c t i o n . N e i t h e r t o l u e n e , c y c l o h e x a n e , or h e p t y n e are h a l o g e -
n a t e d b y M n ( I V ) ( s a l p n ) C l 2 . T h e r e f o r e , c h l o r i n e r a d i c a l (Cl e ) is e x c l u d e d 
as an i n t e r m e d i a t e because th is agent c a n abstract h y d r o g e n a n d w i l l 
c h l o r i n a t e these substrates . A d d i t i o n a l e v i d e n c e s p e a k i n g against a s o l 
v e n t - d e r i v e d h a l i d e r a d i c a l is that c h l o r i n a t i o n o f o le f ins i n C H 2 B r 2 p r o 
ceeds i n h i g h y i e l d w i t h o u t c o n c o m i t a n t b r o m i n a t i o n o f substrate . W e 
favor a r a d i c a l process i n w h i c h the m e t a l d i re c t s the final s t e r e o c h e m 
i s t ry o f the p r o d u c t . A p r o p o s e d r e a c t i o n c y c l e is p r o v i d e d as F i g u r e 7. 
It is p a r t i c u l a r l y n o t e w o r t h y that e a c h o f the m o l e c u l e s s p e c i f i e d i n this 
c y c l e w e r e i s o l a t e d a n d c h a r a c t e r i z e d u s i n g d i f f rac t i on t e c h n i q u e s . 

F i g u r e 7 also shows an i m p o r t a n t c o m p e t i n g side r e a c t i o n that l o w e r s 
the c h l o r i n a t i o n y i e l d . T h i s is the r eac t i on o f w a t e r w i t h M n ( I V ) ( s a l p n ) C l 2 

g i v i n g a M n ( I I I ) p r o d u c t . A l t h o u g h this d e c o m p o s i t i o n o f the c o m p l e x 
is an a n n o y a n c e i n the c h l o r i n a t i o n reac t i ons , it m a y b e o f c o n s i d e r a b l e 
in teres t as a process to generate d i o x y g e n f r o m w a t e r . 

M a t s u s h i t a a n d S h o n o (78, 79) d e m o n s t r a t e d that M n ( I V ) L 2 C l 2 c o m 
plexes (where L is N - a l k y l - 3 - n i t r o s a l i c y l i d e n e i m i n e s ) can p r o d u c e o x y g e n 
f r o m w a t e r . T h e r e a c t i o n o f w a t e r w i t h these h i g h - v a l e n t S c h i f f - b a s e 
c o m p l e x e s p r o d u c e d o x y g e n w i t h a m a x i m u m y i e l d o f 0 . 27 m o l 0 2 / 
M n ( I V ) c o m p l e x . U s i n g var ious N - s u b s t i t u t e d der ivat ives , t h e y c o r r e l a t e d 
the r e d u c t i o n potent ia ls o f the M n ( I V ) c omplexes a n d the h y d r o p h o b i c i t y 
o f the M n ( I V ) c e n t e r to the y i e l d o f o x y g e n p r o d u c t i o n (79). M a t s u s h i t a 
a n d Shono also d e m o n s t r a t e d that a m a x i m u m y i e l d is o b t a i n e d at n e u t r a l 
p H a n d that b y u s i n g l s O - l a b e l e d H 2 0 , the o x y g e n p r o d u c e d does c o m e 
f r o m the w a t e r r e a c t i n g w i t h the M n ( I V ) L 2 C l 2 c o m p l e x e s . T h e y c h a r 
a c t e r i z e d the p r o d u c t s o f a l l o f t h e i r reac t i ons a n d p r o p o s e that the 
r e a c t i o n w i t h w a t e r p r o c e e d s a c c o r d i n g to the f o l l o w i n g e q u a t i o n : 

2 M n ( I V ) L 2 C l 2 + 2 H 2 0 — 2 M n ( I I ) L 2 + 0 2 + 4 H + + 4 C 1 " 

D e t a i l s o f the w a t e r o x i d a t i o n m e c h a n i s m are u n a v a i l a b l e ; h o w e v e r , 
i t is l i k e l y that one c o u l d generate an i n t e r m e d i a t e H O C 1 that c o u l d go 
o n , u n d e r a c i d cond i t i ons i n a se cond step, to f o r m 0 2 . T h i s is r e m i n i s c e n t 
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Figure 7. The proposed chlorination cycle for alkenes by Mn(IV) (salpn) Cl2. 

o f the R u - b a s e d w a t e r o x i d a t i o n sys tem o f M e y e r , i n w h i c h b o t h 0 2 a n d 
w e r e d e t e c t e d (80, 81). 
R e c o g n i z i n g the r e l e v a n c e o f b o t h the B o u c h e r a n d C o e (72) 

( [ M n ( I V ) ( B u - s a l p n ) ( M 2 - 0 ) ] 2 + H C 1 0 4 H 2 0 2 ) a n d M a t s h u s h i t a et a l . 
(78, 79) ( M n ( I V ) ( N - P r - 3 - N 0 2 - s a l ) 2 C l 2 + 2 H 2 0 0 2 + 4 H + + 4C1") 
r eac t i ons , one c a n d e d u c e t w o d i s t inc t m e c h a n i s m s for p r o d u c i n g d i o x 
y g e n f r o m a [ Μ η ( ΐ ν ) ( μ 2 - 0 ) ] 2 c o re . I n a d d i t i o n , the catalase a c t i v i t y o f 
[Mn( IV ) (salpn) ( μ 2 - 0 ) ] 2 d e s c r i b e d b y L a r s o n a n d P e c o r a r o (73) p r o v i d e s 
a t i d y e x p l a n a t i o n for the a l ternate catalase a c t i v i t y o b s e r v e d for the 
O E C . T h e s e t h r e e processes are s h o w n i n F i g u r e 8. 

T h e O E C catalase a c t i v i t y is s u m m a r i z e d i n F i g u r e 8 A , a s s u m i n g a 
d i m e r o f d i m e r s f o r m u l a t i o n for the manganese c lus te r . B e c a u s e the 
c y c l e is b e t w e e n S 2 a n d S 0 , the r e l e v a n t e n z y m e o x i d a t i o n l eve l s are 
M n ( I I I ) M n ( I V ) 3 a n d M n ( I I I ) 3 M n ( I V ) , r e s p e c t i v e l y . T h e catalase c h e m 
i s t ry is i l l u s t r a t e d at the M n ( I V ) 2 d i m e r . T h e first e q u i v a l e n t o f h y d r o g e n 
p e r o x i d e is o x i d i z e d g i v i n g d i o x y g e n a n d the r e d u c e d c lus te r . A s u b 
sequent m o l e c u l e o f H 2 0 2 r e o x i d i z e s the c e n t e r to r e g e n e r a t e S 2 . I n this 
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Figure 8. The potential relevance of [Mn(IV) (salpn) (μ2-0)]2 catalase ac
tivity to the reactions of the oxygen-evolving complex. (A) An explanation 
for the alternate catalase activity (S0 S2 cycle of the oxygen-evolving 
complex). (B) A mechanism for water oxidation to dioxygen using a com
bination of the Boucher and Coe (72) hydrogen peroxide producing reaction 
and the oxidation of peroxide by [Mn(IV) (salpn) (μ2-0)]2. (C) A mechanism 
for water oxidation to dioxygen using the Μη (IV) (salpn) Cl2 formation re
action and the oxidative chemistry of Matsushita et al. (78). The isotope-
labeling pattern for the resulting dioxygen differs significantly between 
mechanisms Β and C. The filled oxygens represent 180, and the open oxygens 
represent 160. 

c y c l e d i o x y g e n reta ins the l a b e l f o u n d i n p e r o x i d e , as has b e e n s h o w n 
b o t h for the [Mn( IV ) (salpn) ( μ 2 - 0 ) ] 2 a n d O E C reac t i ons (47, 72). 

T h e s e c o n d p r o c e s s , i l l u s t r a t e d i n F i g u r e 8 B , c o m b i n e s t h e 
B o u c h e r a n d C o e a c i d i f i c a t i o n c h e m i s t r y (72) w i t h t h e [ M n ( I V ) -
( s a l p n ) ^ 2 - 0 ) ] 2 ca ta lase c h e m i s t r y (73) to g e n e r a t e d i o x y g e n . It r e l i e s 
o n a t w o - s t e p r e a c t i o n s e q u e n c e i n w h i c h a [ Μ η ( ΐ ν ) ( μ 2 - 0 ) ] 2 r e a c t s 
w i t h a c i d to g e n e r a t e 2 M n ( I I I ) a n d H 2 0 2 . A l t h o u g h B o u c h e r a n d C o e 
d i d no t f o l l o w t h e r e a c t i o n u s i n g l a b e l e d [ M n ( I V ) ( B u - s a l p n ) ^ 2 - 0 ) ] 2 , 
i t is l i k e l y that th is is s i m p l y t h e b a c k r e a c t i o n o f the [ M n ( I V ) (salpn) ( μ 2 -
0 ) ] 2 f o r m a t i o n w i t h h y d r o g e n p e r o x i d e ( i .e . , 2 M n ( I I I ) + H 2 0 2 

Μ η ( Ι Υ ) ( μ 2 - 0 ) + 2 H + ) . I n t h i s case , b o t h o x y g e n s i n t h e r e s u l t a n t h y -
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d r o g e n p e r o x i d e w o u l d o r i g i n a t e f r o m t h e same [ Μ η ( ΐ ν ) ( μ 2 - 0 ) ] 2 m o l 
e c u l e . S u b s e q u e n t o x i d a t i v e c h e m i s t r y o f h y d r o g e n p e r o x i d e w i t h a 
s e c o n d [ Μ η ( ΐ ν ) ( μ 2 - 0 ) ] 2 w o u l d g i v e 0 2 + 2 M n ( I I I ) a l o n g t h e l i n e s r e 
p o r t e d b y L a r s o n a n d P e c o r a r o (73). F u n c t i o n a l l y , t h i s c o r r e s p o n d s 
to c o n v e r s i o n o f O 2 " ( H 2 0 ) t o d i o x y g e n at t h e e x p e n s e o f f o u r m a n 
g a n e s e - o x i d i z i n g e q u i v a l e n t s . F u r t h e r m o r e , i f t h e i n i t i a l c o r e was l a 
b e l e d as [ Μ η ( ΐ ν ) ( μ 2 - 1 8 0 ) ] 2 , t h e l i b e r a t e d d i o x y g e n s h o u l d b e e x c l u 
s i v e l y 1 8 o 2 . 

T h e d i o x y g e n - p r o d u c i n g r e a c t i o n that p r o c e e d s t h r o u g h a m o n o 
m e r i c M n ( I V ) C l 2 is m e c h a n i s t i c a l l y d i s s i m i l a r to the p e r o x i d e p a t h w a y 
d e s c r i b e d i n the p r e c e d i n g p a r a g r a p h a n d s h o u l d l e a d to m i x e d - l a b e l e d 
0 2 . I n the first s tep , a c i d a n d h a l i d e attack the [ Μ η ( ΐ ν ) ( μ 2 - 0 ) ] 2 c o r e as 
w e d e s c r i b e d i n p r e c e d i n g p a r a g r a p h s ; h o w e v e r , r a t h e r t h a n l i b e r a t i n g 
H 2 0 2 i n a r e d o x r e a c t i o n , the M n ( I V ) C l 2 i n t e r m e d i a t e is f o r m e d a n d 
w a t e r is r e l eased . T h i s H 2 0 c a n t h e n b a c k react w i t h the M n ( I V ) C l 2 to 
g ive 0 2 a c c o r d i n g to the c h e m i s t r y o f M a t s u s h i t a et a l . (78). A n o x y g e n 
l a b e l w o u l d s c r a m b l e i n this r e a c t i o n because a l l o f the o x y g e n atoms 
are re leased p r i o r to r e o x i d a t i o n . A n o t h e r i m p o r t a n t d i s t i n c t i o n b e t w e e n 
the B o u c h e r - C o e a n d M a t s u s h i t a i n t e r m e d i a t e s is that i n the first case 
t w o s e q u e n t i a l t w o - e l e c t r o n ox idat i ons at manganese d i m e r s l e a d to 
p r o d u c t , whereas i n the second , a c i d - b a s e c h e m i s t r y precedes o x i d a t i o n 
that o c curs e x c l u s i v e l y at m o n o n u c l e a r centers . 

Dinuclear Manganese Complexes as Models for the Man
ganese Catalase. A s d iscussed p r e v i o u s l y , the manganese catalase has 
a d i n u c l e a r ac t ive site that is t h o u g h t to f u n c t i o n b y c y c l i n g r e d o x states 
b e t w e e n M n ( I I ) 2 a n d M n ( I I I ) 2 . A l t h o u g h the [Mn( IV ) ( sa lpn ) (μ 2 - 0 ) ] 2 

c h e m i s t r y n i c e l y exp la ins the a l ternate catalase reac t i ons o f the O E C , 
this sys tem is an i n a p p r o p r i a t e m o d e l for the M n catalase because the 
r e d o x c y c l e i n that e n z y m e is l o w e r a n d the c o re s t r u c t u r e is b e l i e v e d 
to b e d r a m a t i c a l l y d i f ferent . I n fact , a [ Μ η ( Ι Ι Ι / ΐ ν ) ( μ 2 - 0 ) ] 2 s u p e r o x i d i z e d 
state o f the M n catalase has b e e n i d e n t i f i e d a n d s h o w n to b e i n a c t i v e . 

W e o b s e r v e d that a s l ight m o d i f i c a t i o n o f the s a l p n l i g a n d l e d to 
d r a m a t i c a l l y d i f ferent c o o r d i n a t i o n c h e m i s t r y that has p r o v i d e d s ign i f 
i cant ins ight i n t o the manganese catalase reac t i ons . S u b s t i t u t i o n o f a 
h y d r o x i d e g r o u p at the 2 p o s i t i o n o f the p r o p a n e b a c k b o n e leads to the 
p e n t a d e n t a t e l i g a n d 2 - O H - s a l p n . T h r e e d i s t inc t d i n u c l e a r s t r u c t u r e 
types , i l l u s t r a t e d i n F i g u r e 9, have b e e n d e f i n e d for manganese w i t h 
this l i g a n d . T h e first conta ins a di-μ-οχο b r i d g e d c o r e that is analogous 
to [ M n ( I I I / I V ) ( s a l p n ) ^ 2 - 0 ) ] 2 ~ . T h e s e c o n d a n d t h i r d categor ies have the 
2 - h y d r o x y l g r o u p b o u n d as an a l k o x i d e . G r o u p t w o c o r r e s p o n d s to s y m 
m e t r i c s t ruc tures , so d e s i g n a t e d because the m o l e c u l e s c o n t a i n t w o , 
e q u i v a l e n t b r i d g i n g a l k o x i d e donors that are par t o f the l i g a n d . T h e 
t h i r d ca tegory conta ins a s y m m e t r i c c o m p l e x e s that have o n l y one o f the 
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\ 

{Mn(m)(2-OHSALPN)(CH3OH]2 

Figure 9. Three distinct structural types are available for Mn complexes 
of 2-OH-salpn. (A) A di-μ-οχο bridged core structure represented by 
[Mn(IIIJV) (2-OH-salpn) (μ2-0)]2~. (Β) Symmetric dialkoxide compounds 
represented by the [Mn(III)(2-OH-salpn)]2. (C) Asymmetric dialkoxide 
compounds represented by [Mn(III)2(2-OH-salpn)2(CH3OH)]. 
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a l k o x i d e o x y g e n atoms p a r t i c i p a t i n g i n a b r i d g e b e t w e e n the manganese 
ions (82, 83). A l t h o u g h ca tegory 1 a n d 2 c o m p l e x e s have a l l manganese 
c o o r d i n a t i o n sites filled b y the l i g a n d o r μ 2 - 0 b r i d g e s , the s ix th c o o r 
d i n a t i o n site o f one o f the manganese ions i n the ca tegory 3 s t ruc tures 
is filled b y so lvent . T h e s e t h r e e s t r u c t u r e types s h o w a substant ia l range 
o f M n - M n separat ions . T h e [ M n ( I I I / I V ) ( 2 - O H - s a l p n ) ( μ 2 - 0 ) ] 2 ~ s t r u c t u r e 
is e x p e c t e d to have a M n - M n separat i on o n the o r d e r o f 2.7 À. I n c o n 
trast , the M n ( I I I / I V ) d i s tance i n the a s y m m e t r i c c o m p l e x [ M n ( I I I / I V ) 2 ( 2 -
O H - s a l p n ) 2 T H F ] + is 3 .61 À (84). R e d u c i n g this c o m p l e x b y one e l e c t r o n 
leads to the a s y m m e t r i c [ M n ( I I I ) 2 ( 2 - O H - s a l p n ) 2 C H 3 O H ] ( M n - M n 3 .83 
À ) . T h i s is o v e r 0 .5 À l o n g e r t h a n the s y m m e t r i c d i m e r [ M n ( I I I ) ( 2 - O H -
s a l p n ) ^ ( M n - M n 3 .23 À) (85). S t e p w i s e r e d u c t i o n o f the s y m m e t r i c 
M n ( I I I ) d i m e r resul ts i n the l e n g t h e n i n g o f the M n - M n d i s tance , first 
to [ M n ( I I , I I I ) ( 2 - O H - s a l p n ) ] 2 - ( M n - M n 3.37 À) a n d t h e n a smal l decrease 
to [ M n ( I I ) ( 2 - O H - s a l p n ) ] 2

2 - ( M n - M n 3 .33 À ) . 
T h e s y m m e t r i c [ M n ( I I ) ( 2 - O H - s a l p n ) ] 2

2 ~ is a i r - sens i t i ve a n d w i l l c o n 
v e r t to [ M n ( I I I ) ( 2 - O H - s a l p n ) ] 2 i n a c e t o n i t r i l e a n d [ M n ( I I I ) 2 ( 2 - O H -
s a l p n ) 2 C H 3 O H ] i n m e t h a n o l . A w i d e v a r i e t y o f p h e n y l r i n g d e r i v a t i v e s 
can b e p r e p a r e d that a l l o w for the fine t u n i n g o f the r e d o x po tent ia l s o f 
these manganese c o m p l e x e s . I f the [ M n ( I I ) ( 2 - O H - ( 3 , 5 - C l - s a l ) p n ) ] 2

2 ~ is 
a i r - o x i d i z e d at - 4 0 ° C i n e t h a n o l , the i n t e r m e d i a t e [ M n ( I I , I I I ) ( 2 - O H -
(3 ,5 -C l - sa l )pn ) ] 2 ~ c a n be i s o l a t e d i n h i g h y i e l d . A l t e r n a t i v e l y , b l e e d i n g 
a s m a l l a m o u n t o f 0 2 i n t o a r e a c t i o n vesse l at r o o m t e m p e r a t u r e w i l l 
p r o v i d e [ M n ( I I , I I I ) ( 2 - O H - s a l p n ) ] 2 - , b u t i n l o w y i e l d . T h e [Mn(I I I ) (2 -
O H - s a l p n ) ] 2 can be c o n v e r t e d in to the a s y m m e t r i c c o m p l e x , [Mn(I I I ) 2 (2 -
O H - s a l p n ) 2 C H 3 O H ] , b y d i s s o l v i n g i n m e t h a n o l . T h e d e s o l v a t i o n o f 
[ M n ( I I I ) 2 ( 2 - O H - s a l p n ) 2 C H 3 O H ] to g ive the s y m m e t r i c d i m e r c a n b e 
a c h i e v e d b y r e d i s s o l v i n g i n a c e t o n i t r i l e . 

T h e r e a c t i o n o f h y d r o g e n p e r o x i d e w i t h [ M n ( I I ) ( 2 - O H - s a l p n ) ] 2
2 ~ or 

[ M n ( I I I ) ( 2 - O H - s a l p n ) ] 2 i n a c e t o n i t r i l e causes the e v o l u t i o n o f d i o x y g e n , 
a p p a r e n t l y c y c l i n g b e t w e e n the t w o c o m p l e x e s (85). O x y g e n e v o l u t i o n 
e x p e r i m e n t s i n d i c a t e that these c o m p l e x e s c a n c o m p l e t e the catalase 
r e a c t i o n for at least 1 0 0 0 t u r n o v e r s w i t h o u t s igni f i cant d e c o m p o s i t i o n 
o f the catalyst . I so la t i on o f d i o x y g e n after the a d d i t i o n o f H 2

1 8 0 2 y i e l d s 
e x c l u s i v e l y 1 8 0 2 . I f H 2

1 8 0 2 a n d H 2
1 6 0 2 are a d d e d to e i t h e r manganese 

c o m p l e x , 1 8 0 2 a n d 1 6 0 2 are r e c o v e r e d b u t no 1 6 1 8 0 2 is d e t e c t e d . T h i s 
i s o t o p e - l a b e l i n g f o l l ows the i s o t op i c 0 2 c o m p o s i t i o n s h o w n for the L . 
plantarum catalase. T h e r e a c t i o n o f h y d r o g e n p e r o x i d e w i t h a 5 0 : 5 0 
m i x t u r e o f [ M n ( I I ) ( 2 - O H - s a l p n ) ] 2

2 - a n d [ M n ( I I ) ( 2 - O H - ( 5 - N 0 2 - s a l ) p n ) ] 2
2 -

g ives mass peaks f r o m the r e c o v e r e d m a t e r i a l o n l y for [ M n ( I I I ) ( 2 - O H -
sa lpn) ] 2 a n d [ M n ( I I I ) ( 2 - O H - ( 5 - N 0 2 - s a l ) p n ) ] 2 , a n d no [ M n ( I I I ) 2 ( 2 - O H -
( s a l p n ) ( 2 - O H - ( 5 - N 0 2 - s a l ) p n ) j . T h i s p r o v i d e s s t rong e v i d e n c e that the 
d i m e r s are not d i s so c ia t ing i n t o m o n o m e r s d u r i n g the ca ta ly t i c process . 
T h e U V - v i s i b l e ( U V - v i s ) s p e c t r a o f the catalase r e a c t i o n u p o n a d d i t i o n 
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o f 1 e q H 2 0 2 to [Mn( I I I ) ( 2 -OH-sa lpn ) ] 2 are s h o w n as F i g u r e 1 0 B . F i g u r e s 
1 O A a n d 1 0 C s h o w the s p e c t r a for [ M n ( I I ) ( 2 - O H - s a l p n ) ] 2

2 - a n d 
[ M n ( I I I ) ( 2 - O H - s a l p n ) ] 2 , r e s p e c t i v e l y . T h e isosbest ic p o i n t demonstra tes 
a c l e a n c o n v e r s i o n f r o m the [ M n ( I I I ) ( 2 - O H - s a l p n ) ] 2 to the [Mn(I I ) (2 -
O H - s a l p n ) ] 2

2 ~ . T h i s c o n v e r s i o n shows no e v i d e n c e for an i n t e r m e d i a t e . 
T h e i n i t i a l rate o f r e a c t i o n o f these c o m p l e x e s w i t h H 2 0 2 was c a l 

c u l a t e d u s i n g a m o d i f i e d C l a r k - t y p e 0 2 e l e c t r o d e . T a b l e II c o m p a r e s 
the i n i t i a l rate o f d i f ferent d e r i v a t i v e s o f [ M n ( I I ) ( 2 - O H - s a l p n ) ] 2

2 ~ a n d 
[ M n ( I I I ) ( 2 - O H - s a l p n ) ] 2 . C l e a r l y , the o b s e r v e d rates for a l l o f the d e r i v 
atives w e r e v e r y s i m i l a r . W e d e c i d e d to u n d e r t a k e a d e t a i l e d k i n e t i c 
s tudy o f the [ M n ( I I I ) ( 2 - O H - ( 5 - C l - s a l ) p n ) ] 2 because this m o l e c u l e has 
the greatest s o lub i l i t y i n ace ton i t r i l e . F i g u r e 1 1 A shows that this c o m p l e x 
exh ib i t s sa turat i on k i n e t i c s w i t h respec t to h y d r o g e n p e r o x i d e , w h e r e a s 
F i g u r e 12 demonstrates that at sa tura t ing h y d r o g e n p e r o x i d e c o n c e n 
trat ions the r e a c t i o n is first o r d e r i n [ M n ( I I I ) ( 2 - O H - ( 5 - C l - s a l ) p n ) ] 2 . T h e 
sa tura t i on - type k i n e t i c s suggest that t h e r e is a r e v e r s i b l y f o r m e d " p e r -
o x y [ M n ( 2 - O H - ( 5 - C l - s a l ) p n ) ] 2 " i n t e r m e d i a t e i n the t u r n o v e r l i m i t i n g step; 

2.0 π . 2.0 H « 2.0 H 

Wavelength (nm) 

Figure 10. (A) UV-vis spectrum ofNa2[Mn(II) (2-OH-(3,5-Cl-sal)pn)]2. (B) 
Conversion of [Mn(III) (2-OH-(3,5-Cl-sal)pn)]2 to [Mn(II)(2-OH-(3,5-Cl-
sal)pn)]2~ by addition of 1 equiv ofH202. (C) UV-vis spectrum of[Mn(III) (2-
OH-(3,5-Cl-sal)pn)]2. 
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Table II. Initial Rate Data for Mn Catalase and Mn Models 

Catalyst 
Rate 

(mol H202/mol catalyst s'1) 

L. plantarum Mn catalase 
Na2[Mn(II)(2-OH-(3,5-Cl-sal)pn)]2 

[Mn(ffl)(2-OH-(3,5-Cl-sal)pn)]2 

[Mn(III)(2-OH-(5-Cl-sal)pn)2] 
Na2[Mn(II)(2-OH-(5-Cl-sal)pn)]2 

[Mn(III)(2-OH-salpn)]2 

[Mn(ffl)(2-OH-(5-N02-sal)pn)]2 

Mn(II)(C10 4) 2-6H 20 6.25 ± 1.5 X 1(T3 

11.0 ± 0 . 9 
10.0 ± 0.8 
12.4 ± 0 . 5 
13.1 ± 0 . 4 
13.0 ± 1.1 
11.2 ± 0.5 

2 Χ 105 

h o w e v e r , the U V - v i s s p e c t r a s h o w no e v i d e n c e o f th is i n t e r m e d i a t e . A 
d o u b l e r e c i p r o c a l p l o t o f the d a t a i n F i g u r e 11 A , s h o w n as F i g u r e 1 1 B , 
demonstrates a l i n e a r r e l a t i o n s h i p f r o m w h i c h fccat a n d Km m a y b e c a l 
c u l a t e d . T h e K m ( H 2 0 2 ) = 3 7 ± 10 m M a n d fccat = 13 ± 3 m o l H 2 0 2 

c o n s u m e d / s . I n c o m p a r i s o n , the M n catalase f r o m L. plantarum has a 
K m ( H 2 0 2 ) = 2 0 0 m M a n d fccat = 2 Χ 1 0 5 m o l H 2 0 2 c o n s u m e d / s , w h e r e a s 
M n ( I I ) ( C l 0 4 ) 2 has fccat = 6 .3 Χ 1 0 " 3 m o l H 2 0 2 c o n s u m e d / s . R e l a t i v e 
va lues for kcat/Km for the M n catalase a n d [ M n ( I I I ) ( 2 - O H - ( 5 - C l - s a l ) p n ) ] 2 

are 1 Χ 1 0 6 a n d 3.5 Χ 1 0 2 , r e s p e c t i v e l y , i n d i c a t i n g that the e n z y m e is 
~ 3 0 0 0 t imes m o r e ef f ic ient t h a n o u r s y n t h e t i c catalyst . 

T h e L. plantarum catalase was d e s c r i b e d i n i t i a l l y as a z i d e i n s e n s i t i v e 
because the r e a c t i o n is not i n h i b i t e d at a z i d e c o n c e n t r a t i o n s that w o u l d 
eas i ly des t roy h e m e catalase a c t i v i t y . H o w e v e r , P e n n e r - H a h n (22) has 
s h o w n that th is e n z y m e c a n b e i n h i b i t e d b y a z i d e i f the c o n c e n t r a t i o n s 
are suf f i c ient ly h i g h . T h e K{ = 8 0 m M ( p H 7) a n d is p H d e p e n d e n t . T h e 
[ M n ( I I I ) ( 2 - O H - ( 5 - C l - s a l ) p n ) ] 2 is not i n h i b i t e d i n ace ton i t r i l e to saturat ing 
c o n c e n t r a t i o n s o f a z i d e ( « 5 0 m M ) . 

H y d r o x y l a m i n e is a n o t h e r p e r o x i d e ana logue that has b e e n u s e d as 
a p r o b e o f e n z y m e a c t i v i t y . I f the M n catalase is e x p o s e d to N H 2 O H i n 
the absence o f h y d r o g e n p e r o x i d e , the e n z y m e is r e d u c e d to the M n ( I I ) 2 

f o r m . H o w e v e r , i f h y d r o g e n p e r o x i d e is p resent , the e n z y m e is t r a p p e d 
i n a c a t a l y t i c a l l y i n a c t i v e , s u p e r o x i d i z e d M n ( I I I , I V ) f o r m . T r e a t m e n t 
w i t h N H 2 O H i n the absence o f h y d r o g e n p e r o x i d e w i l l r e g e n e r a t e the 
r e d u c e d f o r m a n d a c t i v i t y . T h e [ M n ( I I ) ( 2 - O H - s a l p n ) ] 2

2 ~ sys tem c a n also 
b e d r i v e n to a c a t a l y t i c a l l y i n a c t i v e M n ( I I I , I V ) f o r m that has an E P R 
s p e c t r u m that is s t r i k i n g l y s imi lar to the spec t ra o f b o t h the s u p e r o x i d i z e d 
M n catalase a n d [Mn( I I I , IV ) (salpn) ( μ 2 - 0 ) ] 2 ~ . It is i m p o r t a n t to note that 
the E P R s p e c t r u m o f this c o m p l e x is di f ferent f r o m that o f the a s y m m e t r i c 
c o m p l e x [ M n ( I I I , I V ) 2 ( 2 - O H - s a l p n ) 2 T H F ] + . T h e f our E P R s p e c t r a are 
c o m p a r e d i n F i g u r e 1 3 . A s is the case w i t h the e n z y m e , t h e 
< < [ M n ( I I I , I V ) ( 2 - O H - ( s a l p n ) ] 2

, , (this m o l e c u l e is e i t h e r [ M n ( I I I , I V ) ( 2 - O H -
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Figure 11. (A) Rate of hydrogen peroxide disproportionation vs. hydrogen 
peroxide concentration in acetonitrile. The plot shows saturation kinetics 
for Na2[Mn2(2-OH-(5-Cl-sal)pn)]2. (B) Lineweaver-Burke plot (double re
ciprocal plot) of the data in A. 
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s a l p n ) 0 i 2 - - O ) ] 2 o r [ M n ( I I I , I V ) 2 ( 2 - O H - s a l p n ) ] 2
+ ) is r e d u c e d b y N H 2 O H 

to a c a t a l y t i c a l l y ac t ive f o r m . 
T h e [ M n ( I I I ) ( 2 - O H - s a l p n ) ] 2 sys tem is v e r y e x c i t i n g because i t is the 

first c r y s t a l l o g r a p h i c a l l y c h a r a c t e r i z e d d i n u c l e a r M n m o d e l that beg ins 
to a p p r o a c h some o f the s t r u c t u r a l , s p e c t r o s c o p i c , a n d f u n c t i o n a l p r o p 
ert ies o f the M n catalases. T h e catalyst cy c l e s b e t w e e n the M n ( I I ) 2 a n d 
M n ( I I I ) 2 ox idat i on levels a n d mainta ins its d i n u c l e a r i n t e g r i t y t h r o u g h o u t 
the process , shows r e s p e c t a b l e t u r n o v e r rates , has sa turat i on k i n e t i c s 
w i t h h y d r o g e n p e r o x i d e , is r easonab ly stable s h o w i n g greater t h a n 1 0 0 0 
t u r n o v e r s , can b e r e d u c e d b y h y d r o x y l a m i n e , is a z i d e insens i t i ve u n d e r 
cond i t i ons that the e n z y m e is not i n h i b i t e d b y az ide , forms a ca ta ly t i ca l ly 
i n a c t i v e M n ( I I I , I V ) f o r m ( w i t h an a lmost i d e n t i c a l E P R to the e n z y m e ) 
that c a n b e r e d u c e d to a c a t a l y t i c a l l y ac t ive state b y h y d r o x y l a m i n e , a n d 
has the same 1 8 0 2 l a b e l i n g as the e n z y m e . 

I n a d d i t i o n to m i m i c k i n g the f u n c t i o n o f the e n z y m e reasonab ly 
w e l l , th is sys tem m a y p r o v i d e some ins ight in to the i n a c t i v a t i o n o f the 
M n catalase b y the m i x t u r e o f h y d r o x y l a m i n e a n d h y d r o g e n p e r o x i d e . 
It is k n o w n that h y d r o x y l a m i n e is a h y d r o g e n p e r o x i d e m i m i c as a r e -
duc tant o f the M n catalase. H o w e v e r , u n l i k e h y d r o g e n p e r o x i d e , h y 
d r o x y l a m i n e r e d u c e s the e n z y m e b y o n l y one e l e c t r o n . I f this is d o n e 
i n the Μη(ΙΙΙ,ΙΙΙ) o x i d a t i o n l e v e l , an i n t e r m e d i a t e Μη(ΙΙ,ΙΙΙ) e n z y m e is 
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2250 2750 3250 3750 4250 
Field (Gauss) 

Figure 13. X-band EPR spectra of Mn (111/IV) dimers. (A) [Mn(IIIJV)-
(2-OH-(5-N02-sal)pn)]2. (B) The inactive form of the Mn catalase. 
(C) [Mn(IIIJV) (salpn) (μ2-0)]2~. (Ό) [Mn(III,IV)2(2-OH-(3,5-Cl-
sal)pn)2(THF)]+. 

f o r m e d . I f the next m o l e c u l e to b i n d is h y d r o x y l a m i n e , t h e n the e n z y m e 
w i l l b e r e d u c e d to Μη(ΙΙ,ΙΙ) a n d the c y c l e c a n b e c o n t i n u e d ; h o w e v e r , 
i f h y d r o g e n p e r o x i d e b inds , the e n z y m e w i l l b e o x i d i z e d b y t w o e lec trons 
to the M n ( I I I , I V ) f o r m . B e c a u s e r e d u c t i o n o f the M n ( I I I , I V ) e n z y m e is 
s l ow , this s u p e r o x i d i z e d l e v e l w i l l a c c u m u l a t e a n d e v e n t u a l l y b e the 
p r i m a r y spec ies . S i m i l a r c h e m i s t r y is o b s e r v e d w i t h [ M n ( I I , I I I ) ( 2 - O H -
salpn) ] 2 ~ i n a s m u c h as this m o l e c u l e c a n b e o x i d i z e d to a M n ( I I I , I V ) b y 
h y d r o g e n p e r o x i d e a n d c a n b e r e d u c e d to [ M n ( I I , I I ) ( 2 - O H - s a l p n ) ] 2

2 " b y 
h y d r o x y l a m i n e . 

Summary 
I n this c h a p t e r w e a t t e m p t e d to c o n v e y b o t h the k n o w l e d g e a n d the 
e x c i t e m e n t that s u r r o u n d s the s tudy o f manganese i n b i o l o g i c a l systems. 
F o r m a n y years , the field was f o cused o n d e s i g n i n g the most a c cura te 
s t r u c t u r a l m o d e l s for these centers . A s studies i n these areas h a v e m a -
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tured, a functional and mechanistic understanding of these processes 
has become a more appreciated goal. The model studies presented herein 
have helped to explain the alternate catalase activity of the oxygen-
evolving complex and the mechanism of inhibition of the Mn catalase 
by a mixture of hydroxylamine and hydrogen peroxide. We also com
mented on reasonable pathways for the production of dioxygen in water-
splitting reactions using Mn dimers as possible catalysts. As this work 
continues to develop, we hope that an even greater level of understand
ing will allow us functionally to mimic oxygen evolution and catalase 
reactions with rates and efficiencies approaching the biological systems. 
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11 
Application of NMR Spectroscopy 
to Studies of Aqueous Coordination 
Chemistry of Vanadium(V) Complexes 

Debbie C. Crans, Paul K. Shin, and Kathleen B. Armstrong 

Department of Chemistry, Colorado State University, Fort 
Collins, C O 80523-1872 

The structure and dynamic processes of a series of oxovanadium(V) 
complexes with multidentate ethanolamine- or EDTA (ethylene
diaminetetraacetic acid)-derived ligands are characterized using 
multinuclear NMR spectroscopy. Coordination-induced shifts (CIS) 
are used to determine the connectivity in the complex. 17O NMR 
spectroscopy is used to identify geometries in aqueous solution. 51V 
NMR spectroscopy is used to determine the H+-dependent formation 
constants of vanadate oxoanions. Dynamic processes are conve
niently studied using ID and 2D magnetization transfer techniques. 
Examples of applications of qualitative and quantitative 2D ex
change spectroscopy (EXSY) are given. The major source of error 
in the rate constants originates in the volume integrations of the 
EXSY spectra, which are very sensitive to baseline correction. For 
exchange between strong off-diagonal resonances, the error in the 
site-to-site rate constants can approximate 10%, but for exchange 
between weak signals the error can be 100% or more. Consequently, 
2D EXSY spectroscopy is a promising tool with which mechanistic 
problems in both chemistry and biology may be investigated. 

NUCLEAR MAGNETIC RESONANCE ( N M R ) s p e c t r o s c o p y is i n c r e a s i n g l y 
b e i n g a p p l i e d to s t r u c t u r a l , t h e r m o d y n a m i c , m e c h a n i s t i c , a n d d y n a m i c 
studies o f b i o i n o r g a n i c systems. T h e la rge n u m b e r o f N M R - a c t i v e n u c l e i 
p r o v i d e several a l ternat ive handles w i t h w h i c h to s tudy m e t a l c omplexes 
b y N M R s p e c t r o s c o p y ( i ) . P r o t o n a n d c a r b o n - 1 3 are p a r t i c u l a r l y u s e f u l 
n u c l e i because the i n t e r p r e t a t i o n o f t h e i r N M R s p e c t r a a l l ows d e t e r 
m i n a t i o n o f the c o n n e c t i v i t y b e t w e e n m e t a l a n d l i g a n d i n d i a m a g n e t i c 
m e t a l c o m p l e x e s . R e c e n t advances i n t h e N M R s p e c t r o s c o p y o f p a r a -

0065-2393/95/0246-0303$09.08/0 
© 1995 American Chemical Society 
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m a g n e t i c species s h o w that s u c h m e t a l c o m p l e x e s can also be s t u d i e d 
(2-4). I n this c h a p t e r w e d e s c r i b e o u r studies o f the s o l u t i o n s t ruc tures 
o f a n u m b e r o f v a n a d i u m ( V ) c o m p l e x e s t h r o u g h the use o f N M R t e c h 
n i q u e s , i n c l u d i n g c o o r d i n a t i o n - i n d u c e d shifts (CIS) o f N M R resonances , 
h e t e r o n u c l e a r c o r r e l a t i o n e x p e r i m e n t s , a n d i s o t o p i c l a b e l i n g . W e also 
have u s e d N M R spectroscopy i n the d e t e r m i n a t i o n o f f o r m a t i o n constants 
a n d as a t o o l to m o n i t o r a r e a c t i o n ' s progress . F i n a l l y , w e have u s e d 2 D 
N M R exchange s p e c t r o s c o p y ( E X S Y ) to e x a m i n e q u a l i t a t i v e l y a n d q u a n 
t i t a t i v e l y i n t r a - a n d i n t e r m o l e c u l a r processes i n aqueous v a n a d i u m ( V ) 
c o m p l e x e s . 

N M R s p e c t r o s c o p y is a v a l u a b l e t o o l i n b i o i n o r g a n i c c h e m i s t r y b e 
cause s u c h a large n u m b e r o f e l e m e n t s have N M R - a c t i v e n u c l e i (1). 
T a b l e I l ists s p i n V2 n u c l e i a n d those n u c l e i w i t h s p i n l a r g e r t h a n V2 u p 
to a t o m i c n u m b e r 2 0 9 a n d t h e i r n a t u r a l a b u n d a n c e s ( i ) . T h e p r a c t i c a l 
aspects o f s t u d y i n g a p a r t i c u l a r n u c l e u s b y N M R d e p e n d o n the p r o p 
ert ies o f the n u c l e u s a n d o n the e x p e r i m e n t a l f eas ib i l i t y o f the N M R 
e x p e r i m e n t . O n e i m p o r t a n t p r o p e r t y o f the n u c l e u s is its n a t u r a l a b u n 
dance (1). B o t h Ή a n d 5 1 V are p resent to greater t h a n 9 9 % , m a k i n g 
t h e m p a r t i c u l a r l y a m e n a b l e to s tudy b y N M R spectroscopy . L o w n a t u r a l 
a b u n d a n c e n u c l e i s u c h as 1 3 C a n d 1 7 0 (1.1 a n d 0 . 0 3 % , r e s p e c t i v e l y ) , 
r e q u i r e l o n g e r a c q u i s i t i o n t imes for d e t e c t i o n b y N M R , a n d i n the case 
o f 1 7 0 , samples e n r i c h e d i n 1 7 0 must g e n e r a l l y be p r e p a r e d . T h e s p i n 
q u a n t u m n u m b e r o f the p a r t i c u l a r n u c l e u s is an e q u a l l y i m p o r t a n t 
p r o p e r t y . T h e q u a d r u p o l e m o m e n t s o f n u c l e i w i t h ί > lh r esu l t i n r a p i d 
re laxat ion o f t h e i r N M R resonances w i t h a c oncomi tant loss i n r e s o l u t i o n 
a n d sens i t iv i ty . A d d i t i o n a l p r o p e r t i e s a f fect ing the q u a l i t y o f the N M R 
s p e c t r u m o f a g i v e n n u c l e u s i n c l u d e its m a g n e t o g y r i c r a t i o , its r e l a t i v e 
r e c e p t i v i t y , a n d its q u a d r u p o l e m o m e n t ( w h i c h affects the s igna l w i d t h ) 
(1). T h e s e n u c l e a r p a r a m e t e r s d i c ta te the sens i t i v i ty o f a n u c l e u s a n d 
the i n f o r m a t i o n that m a y b e d e r i v e d f r o m its N M R s p e c t r u m . O f p r a c t i c a l 
i m p o r t a n c e is the N M R f r e q u e n c y at w h i c h the n u c l e u s resonates . S p e c 
t r o m e t e r s c a n b e e q u i p p e d w i t h b r o a d b a n d p r o b e s , w h i c h enab le the 
d e t e c t i o n o f most n u c l e i i n a d d i t i o n to Ή . N u c l e i o f w e a k m a g n e t i c 
s t rength s u c h as 8 9 Y , 1 0 3 R h , a n d 5 7 F e , h o w e v e r , do r e q u i r e spec ia l i n 
s t r u m e n t a t i o n . A l s o o f p r a c t i c a l i m p o r t a n c e to an N M R e x p e r i m e n t is 
the p r e s e n c e o f p a r a m a g n e t i c spec ies i n the sample that c a n a d v e r s e l y 
affect the s p e c t r u m . 

Research Problems Suitable for NMR Spectroscopic Study 
T h e r e are a n u m b e r o f g e n e r a l p r o b l e m s o f in teres t to a b i o i n o r g a n i c 
chemis t that can be addressed b y N M R spectroscopy. N M R spec troscop i c 
s tudies can b e i n s t r u m e n t a l i n e l u c i d a t i n g the s t r u c t u r e o f p r o t e i n s a n d 
n u c l e i c ac ids . T h e i n t e r a c t i o n o f substrates w i t h co factors or o t h e r e e l -
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l u l a r c omponents i n a b i o l o g i c a l system can b e d e f i n e d (5 -7 ) . I n a d d i t i o n , 
f u n c t i o n a l a n d s t r u c t u r a l m o d e l s can b e c h a r a c t e r i z e d (7 -9 ) . A l t h o u g h 
N M R s p e c t r o s c o p y is a v e r y p o w e r f u l t o o l , c o r r o b o r a t i v e studies w i t h 
o t h e r e x p e r i m e n t a l m e t h o d s are essent ia l to m a n y a p p l i c a t i o n s . I n th is 
c h a p t e r , w e focus o n m u l t i n u c l e a r N M R studies r e l a t e d to the b i o c h e m 
i s t ry o f v a n a d i u m ( V ) . 

T h e d i s c o v e r y o f the v a n a d i u m - c o n t a i n i n g ha loperox idases a n d n i -
trogenases , i n c o n j u n c t i o n w i t h the k n o w n i n s u l i n m i m e t i c a c t i v i t y o f 
v a n a d i u m , has inc reased the interest i n v a n a d i u m c o o r d i n a t i o n c h e m i s t r y 
(10-12). B e c a u s e m a n y p r o t e i n s exist a n d f u n c t i o n i n an aqueous e n v i 
r o n m e n t , the e l u c i d a t i o n o f the c h e m i s t r y o f v a n a d i u m i n aqueous so
l u t i o n is essent ia l for m i m i c k i n g a n d h e n c e u n d e r s t a n d i n g the func t i ons 
o f these p r o t e i n s . C o m p l e x e s c o n t a i n i n g v a n a d i u m ( V ) are d°, m a k i n g 
t h e m d i a m a g n e t i c . A s s u c h , t h e y are i d e a l cand idates for s tudy b y N M R 
s p e c t r o s c o p y (JO, 12). T h e p r o p e r t i e s o f v a n a d i u m ( V ) are i n contrast to 
those o f the paramagnet i c vanad ium(IV ) complexes , w h i c h can b e s t u d i e d 
e f f ec t ive ly b y e l e c t r o n p a r a m a g n e t i c resonance ( E P R ) s p e c t r o s c o p y (13, 
14). So l id -s tate c h a r a c t e r i z a t i o n o f v a n a d i u m ( V ) c o m p l e x e s b y X - r a y 
c r y s t a l l o g r a p h y revea ls that t h e i r s t ruc tures i n aqueous s o l u t i o n do not 
a lways c o r r e s p o n d to t h e i r so l id -state s t ruc tures ( i 5 ) . T h e s e findings 
d e m o n s t r a t e the n e e d for s t r u c t u r e e l u c i d a t i o n studies i n s o l u t i o n . V a 
n a d i u m ^ ) a n d v a n a d i u m ( I V ) d e r i v a t i v e s s h o w b o t h s i m i l a r i t i e s a n d d i f 
f erences i n t h e i r c o o r d i n a t i o n b y m u l t i d e n t a t e l i gands (16-23). T h e s e 
d i f ferences f u r t h e r i l lus t ra te the n e e d for so lut ion-s tate i n v e s t i g a t i o n o f 
v a n a d i u m ( V ) d e r i v a t i v e s . W e d e s c r i b e h e r e some a p p l i c a t i o n s o f lH, 
1 3 C , 1 7 0 , a n d 5 1 V N M R s p e c t r o s c o p y to the c h a r a c t e r i z a t i o n o f the s t r u c 
t u r a l a n d d y n a m i c p r o p e r t i e s o f a series o f aqueous v a n a d i u m ( V ) 
c o m p l e x e s . 

Experimental Parameters 
A l l samples for study by N M R spectroscopy contained D 2 0 and the ir p r e p 
aration have been descr ibed i n deta i l e lsewhere (24-26). P r o t o n N M R spec
t ra were acqu i red on a B r u k e r A C P - 3 0 0 N M R spectrometer (7.0 T) us ing 
standard parameters. C a r b o n - 1 3 N M R spectra were acqu i red w i t h a 2 0 0 -
p p m spectral w i n d o w , a 90° p u l s e w i d t h and a relaxation delay of 700 ms. 
E x p o n e n t i a l l ine -broadening (2 H z ) was a p p l i e d to the free induc t i on decay 
(FID) p r i o r to F o u r i e r transformation. Phase-sensitive corre lat ion spectros
copy ( C O S Y ) and heteronuclear corre lat ion ( H E T C O R ) spectra were ac
q u i r e d on a B r u k e r A C P - 3 0 0 N M R spectrometer (7.0 T) using standard 
parameters. T h e m i x i n g t ime was 3 0 0 ms for the 2 D 1 3 C E X S Y exper iment 
and 8 ms for the 2 D 5 1 V E X S Y exper iment . B o t h experiments were acqu i red 
using parameters descr ibed prev ious ly (25, 26). T h e results f rom the 2 D 
E X S Y exper iment , using these parameters , were examined b y compar ing 
the exchange rate constants f rom the 2 D E X S Y exper iment w i t h exchange 
rate constants f rom a I D magnet izat ion transfer exper iment (27). T h e v a r i 
able temperature experiments were conducted after ca l ibrat ing the probe 
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11 . CRANS E T AL. Chemistry of Vanadium(V) Complexes 307 

using a methanol standard (28). T h e 1 7 0 N M R spectrum of a sample enr i ched 
i n 1 7 0 by the addi t ion of 1 5 % H 2

1 7 0 was re corded at 41 M H z (7.0 T) using 
a 90° pu l sewidth and no relaxation delay (28). T h e 5 1 V N M R spectra were 
re corded at 52 .6 M H z (4.7 T) or 79 .0 M H z (7.0 T) us ing 90° pulse angles 
and no relaxation delay. 

Structural Studies 
O n e - d i m e n s i o n a l N M R studies p r o v i d e i n f o r m a t i o n about the n u c l e a r 
e n v i r o n m e n t s u r r o u n d i n g the n u c l e u s . T h e t h e o r y o f N M R a n d f u r t h e r 
e x p e r i m e n t a l c ons idera t i ons have b e e n d e s c r i b e d i n d e t a i l e l s e w h e r e 
(29). T h e c h e m i c a l shi ft , δ, o f an N M R s igna l , p r o v i d e s s t r u c t u r a l i n f o r 
m a t i o n , as does its i n t e g r a t i o n ( re lat ive to o t h e r signals) a n d its c o u p l i n g 
p a t t e r n . T h e N M R s p e c t r a o f most m o l e c u l e s e x h i b i t c o m p l e x c o u p l i n g 
pat terns . A l t h o u g h c o u p l i n g i n f o r m a t i o n c a n b e v a l u a b l e , analys is o f a 
s p e c t r u m m a y b e s i m p l i f i e d , a n d its s igna l - to -no ise r a t i o (S :N) i n c r e a s e d 
t h r o u g h d e c o u p l i n g . A s a r esu l t , 1 3 C N M R s p e c t r a are f r e q u e n t l y r e 
c o r d e d d e c o u p l e d f r o m t h e i r a t t a c h e d pro tons . T h e c o m b i n a t i o n o f a 
* H s p e c t r u m a n d a d e c o u p l e d 1 3 C s p e c t r u m is v e r y p o w e r f u l i n e x p l o r i n g 
the so lut ion-s tate s t r u c t u r e o f m e t a l c o m p l e x e s w i t h o r g a n i c l i gands . 
T h e f o l l o w i n g examples i l lus trate the use o f N M R e x p e r i m e n t s i n p r o b i n g 
the s t ruc tures o f aqueous v a n a d i u m ( V ) c o m p l e x e s . 

Application of 1 H and 1 3 C NMR Spectroscopy for Structural 
Studies of Vanadium(V) Complexes. V a n a d a t e can p o t e n t i a l l y f o r m 
a series o f c o m p l e x e s w i t h m u l t i d e n t a t e l i gands c o n t a i n i n g v a r i o u s f u n c 
t i ona l i t i e s . F o r e x a m p l e , vanadate c a n i n t e r a c t w i t h e t h a n o l a m i n e a n d 
e t h y l e n e d i a m i n e t e t r a a c e t i c a c i d ( E D T A ) - d e r i v e d l i gands to f o r m c o m 
plexes w i t h u p to six m o i e t i e s c h e l a t e d to the m e t a l . C h e l a t i o n to the 
m e t a l w i l l shift the c h e m i c a l shifts o f the * H a n d 1 3 C n u c l e i i n the l i g a n d , 
r e s u l t i n g i n d i s t inc t a n d c h a r a c t e r i s t i c C I S s , d e f i n e d as δ ο ο π φ ι 6 Χ - 5 i i g a n d . 
A s a resu l t , * H a n d 1 3 C N M R s p e c t r o s c o p y are w e l l - s u i t e d too ls w i t h 
w h i c h to s tudy the s o l u t i o n s t ruc tures o f m e t a l c o m p l e x e s . T h e lH N M R 
s p e c t r u m a n d the 1 3 C N M R s p e c t r u m o f E D T A a n d its vanadate c o m p l e x 
( V - E D T A ) are s h o w n i n F i g u r e 1. A l s o s h o w n i n F i g u r e 1 are the * H 
a n d 1 3 C s p e c t r a o f E D T A a lone . I n t e g r a t i o n o f the * H N M R resonances 
suggests that about 7 5 % o f the E D T A l i g a n d is t i e d u p as V - E D T A . T h i s 
p e r c e n t a g e is c o n f i r m e d b y 5 1 V N M R spectroscopy . T h e 1 3 C N M R spec 
t r u m o f the free l i g a n d contains three signals, whereas that o f the l i g a n d -
c o m p l e x m i x t u r e conta ins e ight s ignals . T h e five r e m a i n i n g signals are 
cons istent w i t h a c o m p l e x that conta ins t w o types o f acetate arms , as 
s h o w n i n the s t r u c t u r e i n F i g u r e 1. T h e c a r b o x y l a t e g r o u p c o o r d i n a t e d 
to the v a n a d i u m (C^,) has a resonance w i t h a p o s i t i v e C I S v a l u e (5.1 
p p m ) , a n d the c a r b o x y l a t e i n the p e n d e n t a r m (C X f ) has a negat ive C I S 
v a l u e ( - 1 . 4 p p m ) . T h e m e t h y l e n e g r o u p s have C I S va lues o f 5 .3 a n d 
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11. CRANS E T AL. Chemistry of Vanadium(V) Complexes 309 

3.4 p p m , for the b o u n d a r m (C 2 b) a n d the free a r m ( C 2 f ) , r e s p e c t i v e l y , 
w h e r e a s the p o s i t i v e C I S v a l u e o f 2.6 p p m for the d i a m i n e p o r t i o n o f 
the c o m p l e x also p r o v i d e s e v i d e n c e o f c h e l a t i o n o f the v a n a d i u m b y the 
e t h y l e n e d i a m i n e b a c k b o n e . T h e c h e m i c a l shifts a n d c o u p l i n g pat terns 
o b s e r v e d i n the 1 H N M R s p e c t r a p r o v i d e a d d i t i o n a l i n f o r m a t i o n to s u p 
p o r t th is i n t e r p r e t a t i o n i n a g r e e m e n t w i t h the X - r a y s t r u c t u r e o f th is 
c o m p o u n d (16, 17). D e t a i l e d d i s cuss ion o f the ass ignments o f the 1 H 
N M R signals , a l o n g w i t h t h e i r c o u p l i n g p a t t e r n , has b e e n d e s c r i b e d p r e 
v i o u s l y (30). 

T h r o u g h o u t this chapter w e show p a r t i a l 1 3 C N M R spec t ra that i l 
lustrate the shifts i n the resonance f requenc ies that o c c u r u p o n c o m -
p lexa t i on . T h e carboxy late 1 3 C signals appear f r o m 1 7 0 to 1 8 0 p p m , so 
that t h e i r observat ion requ i res that the N M R s p e c t r u m b e r e c o r d e d w i t h 
a m u c h greater w i n d o w than s h o w n i n the figures. G i v e n the l o w sensit ivity 
o f the 1 3 C nucleus a n d the l onger re laxat ion t ime o f the carboxylate g roup , 
1 3 C N M R spec tra can be r e c o r d e d i n m u c h less t i m e i f the spectra l w i d t h 
is r e d u c e d to exc lude the carboxy late resonances . T h e 2 D 1 3 C N M R spec
t r a d iscussed i n subsequent paragraphs w e r e there fore r e c o r d e d w i t h 
r e d u c e d spectra l w i d t h s . F o l d o v e r o f the carboxy late resonances was not 
apparent i n these spectra . T h e c h e m i c a l shifts for the carboxylates o f the 
complexes d e s c r i b e d here have b e e n d e t a i l e d e l s e w h e r e , b u t i n a l l cases, 
they support the analysis d e s c r i b e d (26). 

A n N M R s p e c t r u m can b e c o m p l i c a t e d b y d y n a m i c processes t a k i n g 
p l a c e o n the t imesca l e o f the N M R e x p e r i m e n t . T h e 1 3 C N M R s p e c t r u m 
o f the N - ( 2 - h y d r o x y e t h y l ) i m i n o d i a c e t i c a c i d ( H I D A ) - v a n a d i u m c o m p l e x 
at p H 8 .53 ( V - H I D A 1) p r o v i d e s an e x a m p l e o f th is . B o t h the C 4 a n d 
C 2 resonances e x h i b i t a t e m p e r a t u r e d e p e n d e n c e b e t w e e n 2 7 6 a n d 2 9 8 
K . A s the t e m p e r a t u r e increases , the C 4 s igna l b r o a d e n s , a n d the C 2 

s ignal sharpens. T h e spectra are s h o w n at var ious t empera tures i n F i g u r e 
2, a l o n g w i t h the ass ignments o f c a r b o n resonances C 2 , C 3 , a n d C 4 i n 
the V - H I D A 1 c o m p l e x . T h e c o r r e s p o n d i n g resonances f r o m the free 
l i g a n d are l a b e l e d L 2 , L 3 , a n d L 4 . T h e c a r b o x y l a t e g r o u p s , C 2 a n d L q , 
are not s h o w n . B e c a u s e o n l y the C 4 a n d C 2 s ignals s h o w t e m p e r a t u r e 
d e p e n d e n c e i n these s p e c t r a a n d i n t e r m o l e c u l a r exchange processes 
w o u l d have i n d u c e d s i m i l a r changes i n a l l c a r b o n resonances , w e c o n 
c l u d e that the o b s e r v e d process i n this t e m p e r a t u r e range is an i n t r a 
m o l e c u l a r process . 

T h e large C I S v a l u e for C 4 (11 .2 p p m ) shows that th is a r m is c o o r 
d i n a t e d to the v a n a d i u m a t o m . O n l y one c h e m i c a l shift is o b s e r v a b l e 
for C 2 , a n d its m a g n i t u d e (5.6 p p m ) suggests that i t is also c o o r d i n a t e d . 
F i g u r e 3 shows a s chemat i c r e p r e s e n t a t i o n o f five poss ib le s t ruc tures 
for the V - H I D A 1 c o m p l e x . G i v e n the fact that s i x - c o o r d i n a t e c o m p l e x e s 
are most l i k e l y , the d i s cuss ion h e r e is l i m i t e d to s u c h s t ruc tures (26). 
A l t h o u g h the o b s e r v e d e q u i v a l e n c y o f the c a r b o x y l a t e a r m resonances 
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C2 

V-HIDA 
pH 8.53 
(300 :150 mM) 

1 3 C 

C3 

298 Κ 

283 Κ 

4* 

L 3 

273 Κ 

ι τ—τ 1 1—h 1 1 1 1 1—π 1 1 

η 71 70 

Figure 2. Partial 13C NMR spectra at 298, 283, and 273 Κ of 300 mM 
vanadate and 150 mM HIDA at pH 8.53. The V-HIDA 1 complex concen
trations were 72 mM at 298 K, 93 mM at 283 K, and 115 mM at 273 K. The 
carbons assigned to the complex are labeled C x and for the ligand Lx. 

( C i a n d C 2 ) is consistent w i t h s t ruc ture B , any o f the o ther four s tructures 
m i g h t also r e v e a l o n l y f our resonances i n t h e i r 1 3 C s p e c t r a i f r a p i d i n 
t r a m o l e c u l a r exchange is t a k i n g p l a c e b e t w e e n the i n e q u i v a l e n t c a r 
boxy la tes . T h e trans effect c o m m o n l y e x h i b i t e d b y these c o m p l e x e s fa 
vors s t r u c t u r e A i f the c o m p l e x conta ins a t e t radenta te l i g a n d a n d 
s t r u c t u r e D i f the c o m p l e x conta ins a t r i d e n t a t e l i g a n d . T h e p e n d e n t 
a r m i n s t ruc tures C , D , a n d Ε must b e e x c h a n g i n g r a p i d l y w i t h the 
c o m p l e x e d a r m for the g e o m e t r y to b e cons is tent w i t h the o b s e r v e d 
N M R data . L o w - t e m p e r a t u r e * H N M R s p e c t r a r e v e a l an a p p a r e n t 
decoa les cence , cons is tent w i t h the o b s e r v a t i o n b y 1 3 C N M R spec 
troscopy . 

T h e 1 3 C s p e c t r u m for the V - H I D A c o m p l e x at h i g h p H ( V - H I D A 1 
i n F i g u r e 2) is v e r y d i f ferent f r o m its s p e c t r u m at l o w p H ( V - H I D A 2 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
6.

ch
01

1

In Mechanistic Bioinorganic Chemistry; Thorp, H., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1996. 



11. CRANS E T AL. Chemistry of Vanadium(V) Complexes 3 1 1 

Figure 3. Five structural representations illustrating the connectivity in a 
dianionic 1:1 complex of V-HIDA 1. Further studies are necessary to deter
mine the stoichiometry and the charge on the complex in solution because 
we have isolated and characterized (from solution) a 2:2 V-HIDA mixed-
valence complex by X-ray crystallography (Mahroof-Tahir and Crans, Col
orado State University, unpublished results). 

i n F i g u r e 4) . O n e c o m p l e x is s t r ong ly f a v o r e d at h i g h p H , the o t h e r at 
l o w p H . T h e p r e s e n c e o f the t w o c o m p l e x e s is c o n f i r m e d b y 5 1 V N M R 
spec t ros copy w h i c h shows t w o d i f ferent signals at n e u t r a l p H . A t p H 
5 .13 , the C 4 C I S va lue is 4 p p m smal ler than its va lue at p H 8 .53 . Because 
stronger c o o r d i n a t i o n shifts 1 3 C resonances d o w n f i e l d , the s m a l l , pos i t i ve 
C 4 C I S v a l u e (2.4 p p m ) at p H 5 .13 suggests w e a k i n t e r a c t i o n b e t w e e n 
the h y d r o x y l g r o u p a n d the v a n a d i u m c e n t e r . T h e C I S for the C 2 s i gna l 
is v e r y s i m i l a r i n b o t h c o m p l e x e s . T h i s s i m i l a r i t y suggests that the a m i n e 
n i t rogens are s i m i l a r l y c o o r d i n a t e d i n the t w o c o m p l e x e s . 

F i g u r e 4 is a 2 D 1 3 C Ή H E T C O R s p e c t r u m o f the V - H I D A 2 s a m p l e 
at p H 5 .13 . T h e H E T C O R e x p e r i m e n t is one e x a m p l e o f the m a n y N M R 
e x p e r i m e n t s n o w i n r o u t i n e use (others i n c l u d e i n s e n s i t i v e n u c l e i e n 
h a n c e d b y p o l a r i z a t i o n t rans fer ( I N E P T ) , d i s tor t i on less e n h a n c e d p o 
l a r i z a t i o n t ransfer ( D E P T ) , a n d n u c l e a r O v e r h a u s e r effect ( N O E ) ) that 
a l l o w one to i d e n t i f y N M R - a c t i v e n u c l e i that are e i t h e r c o u p l e d to one 
a n o t h e r o r i n c lose p r o x i m i t y ( J , 5, 6, 29) . T h e b r o a d resonance ass igned 
to C 4 i n F i g u r e 4 corre la tes w i t h a * H resonance ass igned to a m e t h y l e n e 
p r o t o n o f a p e n d e n t (or less t i g h t l y he ld ) a r m o f the c o m p l e x . T h i s cross -
peak t h e r e f o r e enables the 1 3 C s igna l to p r o v i d e c o r r o b o r a t i v e e v i d e n c e 
for the * H ass ignment a n d v i c e versa . V a r i a b l e - t e m p e r a t u r e * H N M R 
s p e c t r a w e r e r e c o r d e d , a n d t h e y s u p p o r t the i n t e r p r e t a t i o n that the V -
H I D A 2 c o m p l e x conta ins a p e n d e n t o r w e a k l y c o o r d i n a t e d a r m . C o n 
s i d e r i n g the modes t p o s i t i v e C I S o f C 4 , i t m a y b e a h y d r o x y e t h y l a r m 
i n this c o m p l e x that is s t i l l p r o t o n a t e d a n d p e n d e n t o r w e a k l y 
c o o r d i n a t e d . 

Application of 1 7 0 N M R Spectroscopy for Structural Studies 
of Vanadium(V) Complexes. I s o t o p i c - l a b e l i n g e x p e r i m e n t s w i t h 
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11. CRANS E T AL. Chemistry of Vanadium(V) Complexes 3 1 3 

N M R - a c t i v e n u c l e i can often assist the chemis t i n d i s t i n g u i s h i n g b e t w e e n 
t w o or m o r e l i k e l y s t ruc tures for a m o l e c u l e . O n e s u c h e x a m p l e is the 
use o f 1 7 0 N M R s p e c t r o s c o p y to d i s t i n g u i s h b e t w e e n f our poss ib l e 
s t ruc tures for the c o m p l e x o f v a n a d i u m a n d t r i - 2 - p r o p a n o l a m i n e ( T P A ) 
i n aqueous s o l u t i o n (15). A n a l o g o u s analysis was c a r r i e d out w i t h the 
c o m p l e x o f v a n a d i u m a n d t r i e t h a n o l a m i n e ( T E A ) , a n d the s o l u t i o n 
s t r u c t u r e was c o m p a r e d to the s t r u c t u r e d e t e r m i n e d b y X - r a y c r y s t a l 
l o g r a p h y (15, 31). A n a l y s i s o f the C I S 1 3 C values for th is sys tem shows 
that the V - T P A c o m p l e x conta ins t w o 2 - p r o p a n o l arms a l o n g w i t h the 
c e n t r a l amine c h e l a t i n g the v a n a d i u m center w i t h o n e - a r m p e n d e n t (15). 
X - r a y c r y s t a l l o g r a p h y shows that the so l id -state V - T P A c o m p l e x i s o l a t e d 
f r o m organ i c so lvents conta ins t e t radentate T P A w i t h five-coordinate 
v a n a d i u m , i n w h i c h the n i t r o g e n is b o u n d i n an ax ia l p o s i t i o n . T h e s t r u c 
t u r e for the aqueous V - T P A c o m p l e x c o u l d , h o w e v e r , c o n t a i n e i t h e r 
five- o r s i x - coord inate v a n a d i u m w i t h e i t h e r an ax ia l o r an e q u a t o r i a l 
b o n d to the n i t r o g e n (see F i g u r e 5). A d d i t i o n o f 1 7 0 - l a b e l e d w a t e r to a 
s o l u t i o n c o n t a i n i n g T P A a n d vanadate w o u l d exchange the 1 7 0 i n t o the 
oxo p o r t i o n o f the c o m p l e x . A n 1 7 0 N M R s p e c t r u m o f the so lut i on w o u l d 
a l l o w the f our s t r u c t u r a l poss ib i l i t i e s to b e d i s t i n g u i s h e d f r o m one a n 
o ther . T h e t w o c o m p l e x e s w i t h five-coordinate v a n a d i u m w o u l d have 
t w o 1 7 0 signals i n a 1:1 i n t e n s i t y rat io i f the n i t r o g e n is ax ia l a n d o n l y 
one s igna l i f the n i t r o g e n is e q u a t o r i a l (assuming the cis o r trans h y -

Alternative Heteronuclei: 1 7 0 

1040 1000 960 920 880 
ppm 

Figure 5. Four structural possibilities for the V-TPA complex. The number 
of17Ο NMR signals predicted for each structure and the experimentally 
observed 17Ο NMR spectrum are shown below the structures. 
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314 MECHANISTIC BIOINORGANIC CHEMISTRY 

d r o x y p r o p y l g r o u p does not affect the c h e m i c a l shift o f the o x y g e n a t o m 
e n o u g h to o v e r c o m e the b r o a d 1 7 0 signals) . T h e exchange b e t w e e n l a 
b e l e d oxygens i n the V - T P A c o m p l e x is p r e s u m e d to b e f a i r l y s l ow o n 
the 1 7 0 N M R t imesca l e as s h o w n for r e l a t e d c o m p l e x e s (25). I f the c o m 
p l e x was s i x - c oo rd ina te , t w o or t h r e e resonances w o u l d b e e x p e c t e d i n 
the 1 7 0 N M R s p e c t r u m . I f t w o resonances w e r e observed , t h e i r in tens i ty 
ra t i o s h o u l d b e 1:2, a n d i f t h r e e resonances w e r e o b s e r v e d , the i n t e n s i t y 
ra t i o s h o u l d b e 1 :1 :1 . B e c a u s e the s p e c t r u m s h o w n i n F i g u r e 5 shows 
t w o signals i n a 1:1 ra t i o w i t h a c h e m i c a l shift d i f f e rence o f m o r e t h a n 
4 0 p p m , w e c o n c l u d e that the aqueous s t r u c t u r e o f the V - T P A c o m p l e x 
is five-coordinate w i t h the v a n a d i u m - n i t r o g e n b o n d ax ia l . 

Thermodynamic Studies 
N M R spectroscopy can also b e u s e d to d e t e r m i n e the f o r m a t i o n constants 
o f var ious complexes . W e i l lustrate this b y quant i f i ca t ing the d i s t r i b u t i o n 
o f vanadate o l i g o m e r s i n aqueous s o l u t i o n b y 5 1 V N M R spectroscopy . 
M o r e o v e r , the c h e m i c a l shifts are v e r y sens i t ive to p r o t o n a t i o n o f the 
o x o v a n a d i u m spec ies , a n d 5 1 V s p e c t r a c a n p r o v i d e i n f o r m a t i o n o n the 
spec i f i c p r o t o n a t i o n state o f the anions i n s o l u t i o n . 

A q u e o u s so lut ions o f vanadate c o n t a i n a m i x t u r e o f m o n o m e r (V\), 
d i m e r (V 2), t e t r a m e r (V 4), a n d p e n t a m e r (V 5) (32). O n l y V 4 has b e e n 
c h a r a c t e r i z e d b y X - r a y c r y s t a l l o g r a p h y (33, 34). T h e s p e c i a t i o n i n 
aqueous so lu t i on is w e l l - c h a r a c t e r i z e d b y 5 1 V N M R spectroscopy because 
e a c h a n i o n i c spec ies has a d i s t inc t s igna l ( in contrast to o t h e r m e t h o d s 
u s e d for q u a n t i f i c a t i o n o f vanadate oxoanions) (12). B e c a u s e v a n a d i u m 
is a q u a d r u p o l e a n d e a c h o f its o l i g o m e r s re lax w i t h s i m i l a r r e l a x a t i o n 
t imes (32), i n t e g r a t i o n o f 5 1 V N M R s p e c t r a g ives ac curate r e l a t i v e p e r 
centages o f the var i ous vanadate spec ies present i n s o l u t i o n . A s s u m i n g 
that a l l o f the v a n a d i u m is p resent i n the f o r m o f vanad ium (V) , w e c a n 
ca lcu late the c o n c e n t r a t i o n o f each species. F i g u r e 6 shows the 5 1 V N M R 
s p e c t r a r e c o r d e d at 0 .5 , 1.0, a n d 5 m M to ta l vanadate c o n c e n t r a t i o n s 
i n the p r e s e n c e o f 1 5 0 m M i m i d a z o l e a n d at p H 8 .0 . G r a p h i c a l r e p r e 
sentat i on o f the p H - d e p e n d e n t e q u i l i b r i a b e t w e e n V ! a n d V 2 a n d b e 
t w e e n V i a n d V 4 are also i n c l u d e d i n F i g u r e 6. P l o t t i n g the V 2 a n d V 4 

c o n c e n t r a t i o n s d e t e r m i n e d f r o m the i n t e g r a t e d 5 1 V N M R s p e c t r a as a 
f u n c t i o n o f [ V J 2 a n d [V^ 4 , r e s p e c t i v e l y , g ives s tra ight l i n e s , w i t h the 
H + - d e p e n d e n t f o r m a t i o n constant as the s lope (35). 

Q u a n t i t a t i v e so lut ion-s tate N M R studies c a n b e v e r y i m p o r t a n t for 
b i o i n o r g a n i c s tudies because the ac t ive spec ies cannot o f ten b e c h a r 
a c t e r i z e d b y o t h e r means i n s o l u t i o n (15, 32, 35, 36). 

Kinetics and Dynamic Processes 
M e t a l - l i g a n d c o m p l e x e s c a n u n d e r g o m a n y types o f d y n a m i c processes 
( i n c l u d i n g c o m p l e x format ion) . D y n a m i c processes can v a r y f r o m l i g a n d -
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51 V « 
a A V NMR of Vanadate Solutions ^ 
at Various Concentrations 

1 mM 

0.5 mM 

"i 1 1 1 1 1 Γ 
Buffer: 150 mM imidazole, pH 8.0 1 

Figure 6. 51V NMR spectra of 0.5, 1.0, and 5.0 mM total vanadate in 150 
mM imidazole at pH 8.0. The Vj (—555 ppm) and V4 (—579 ppm) resonances 
are indicated by arrows. The V2 resonance (—573 ppm) is upfield of the Vj 
and downfield of the V4 resonance, and the V5 resonance (—585 ppm) is 
furthest upfield. The W -dependent equilibrium constants K12 and K14 are 
defined, and plots of [V2] as a function of [Vj\2 and [V4] as a function of 
[Vj\4 are shown for a study carried out at constant ionic strength. The data 
shown in these plots were reported previously as assay conditions for studies 
of 6-phospho gluconate dehydrogenase from sheep liver (Data are from ref
erence 35). 

c o m p l e x exchange to c o n f o r m a t i o n a l i n t e r c o n v e r s i o n s w i t h i n the c o m 
p lex . N M R t e c h n i q u e s exist w i t h w h i c h these processes m a y b e i n v e s 
t igated , i n c l u d i n g var iab le t e m p e r a t u r e N M R spectroscopy , as d iscussed 
i n T h e r m o d y n a m i c S tud ies . T h e s e N M R t e c h n i q u e s i n c l u d e m o n i t o r i n g 
the t i m e - c o u r s e o f a r e a c t i o n b y o n e - p u l s e N M R e x p e r i m e n t s , coa les 
c e n c e p o i n t d e t e r m i n a t i o n , l i n e s h a p e analys is , a n d I D a n d 2 D m a g n e 
t i z a t i o n t ransfer t e c h n i q u e s (37). T h i s s e c t i o n focuses m a i n l y o n the 
a p p l i c a t i o n o f q u a l i t a t i v e a n d q u a n t i t a t i v e 2 D E X S Y N M R m e t h o d s to 
s tudy i n t r a - a n d i n t e r m o l e c u l a r processes (38). 

Monitoring Complex Formation by NMR Spectroscopy. T h e 
rates o f s l ow reac t i ons are m e a s u r e d b y e i t h e r m o n i t o r i n g the f o r m a t i o n 
o f p r o d u c t o r the d i s a p p e a r a n c e o f s tar t ing mater ia l s . W h e n c o m p l e x 
f o r m a t i o n (or a p p r o p r i a t e d y n a m i c process) is s l ow o n the t i m e scale o f 
the N M R e x p e r i m e n t , its k i n e t i c s m a y b e s t u d i e d b y N M R . I n this case, 
s l ow c o m p l e x f o r m a t i o n m a y b e f o l l o w e d b y the o b s e r v a t i o n o f d i s t i n c t 
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resonances for the c o m p l e x (produc t ) , i n t e r m e d i a t e s , o r s tar t ing m a t e 
r ia l s . I f the r e a c t i o n progresses o v e r the course o f h o u r s , days , o r w e e k s , 
the r e a c t i o n progress t o w a r d c o m p l e t i o n c a n b e m o n i t o r e d b y r e c o r d i n g 
the I D N M R s p e c t r a as a f u n c t i o n o f t i m e (39). I n s u c h cases, the N M R 
analysis s i m p l y represents an a n a l y t i c t e c h n i q u e that a l l ows q u a n t i f i 
c a t i o n o f the var i ous species i n v o l v e d i n the r e a c t i o n . T h e s e reac t i ons 
are a l l s t u d i e d i n t h e i r e a r l y stages b e f o r e t h e y r e a c h c o m p l e t i o n . 

Chemical Exchange Processes at Equil ibrium. C h e m i c a l ex
change processes are o f ten fast, a n d w h e n the sys tem is at e q u i l i b r i u m , 
t h e i r k i n e t i c s c a n also be s t u d i e d b y N M R . T h e s e types o f processes c a n 
b e s t u d i e d b y c lassic l i n e - s h a p e analysis (rate constants a p p r o x i m a t i n g 
1 0 4 s - 1 ) or m a g n e t i z a t i o n transfer methods (rate constants a p p r o x i m a t i n g 
1 0 " 2 s" 1) (37). I n g e n e r a l , m e t h o d s that r e q u i r e the fewest assumpt ions 
about re laxat ion t imes , re laxat ion mechanisms , c h e m i c a l shift d i f ferences , 
a n d t e m p e r a t u r e d e p e n d e n c e are most r e l i a b l e . C o a l e s c e n c e - p o i n t a n d 
b a n d - s h a p e s i m u l a t i o n m e t h o d s o f ten assume t e m p e r a t u r e i n v a r i a n c e 
o f c h e m i c a l shifts. Band -shape analysis requ i res k n o w l e d g e o f l i n e w i d t h s 
i n the absence o f exchange . M a g n e t i z a t i o n transfer t e c h n i q u e s a n d 
2 D exchange t e c h n i q u e s do not r e q u i r e k n o w l e d g e o f t e m p e r a t u r e -
d e p e n d e n t c h e m i c a l shifts o r l i n e w i d t h s . A l t h o u g h one o f these m e t h o d s 
may present advantages over the others for a g i v e n system, it is advisable 
to d e t e r m i n e any g i v e n rate constant b y m o r e t h a n one m e t h o d o r b y 
u s i n g m o r e t h a n one n u c l e u s . 

T h e I D m a g n e t i z a t i o n transfer m e t h o d is w e l l - k n o w n a n d is most 
e f fect ive for d e t e r m i n i n g exchange rate constants for t w o - a n d t h r e e -
site exchange systems (40). T h e I D m a g n e t i z a t i o n t rans fer e x p e r i m e n t 
m a y b e c o n d u c t e d b y u s i n g e i t h e r se lec t ive o r n o n s e l e c t i v e pu l se m e t h 
ods. B e c a u s e se lec t ive pulses (41) o f ten s p i l l over to n e a r b y resonances , 
less c o n v e n i e n t n o n s e l e c t i v e m e t h o d s are p r e f e r a b l e i n cases i n w h i c h 
t h e r e is o v e r l a p i n the s p e c t r a l r e g i o n o f in teres t a n d h a r d w a r e p r o h i b i t s 
se l ec t ive i r r a d i a t i o n (42, 43). W e u s e d a I D m a g n e t i z a t i o n transfer ex
p e r i m e n t to measure the c h e m i c a l exchange b e t w e e n vanadate m o n o m e r 
a n d d i m e r . T h e s e results are d e t a i l e d e l s e w h e r e (27). 

F o r exchange i n m u l t i s i t e systems, b o t h l i n e - s h a p e analysis a n d I D 
m a g n e t i z a t i o n transfer m e t h o d s b e c o m e ted ious a n d t i m e - c o n s u m i n g . 
B e c a u s e 2 D m a g n e t i z a t i o n transfer m e t h o d s ( 2 D E X S Y ) p r o v i d e s i m u l 
taneous q u a n t i t a t i v e i n f o r m a t i o n about e v e r y exchange process t a k i n g 
p l a c e i n a sys tem, t h e y present an a t t rac t ive a l t e r n a t i v e to s t u d y i n g the 
d y n a m i c s o f c o m p l e x systems. 

Qualitative 2D E X S Y Spectroscopy of Vanadium(V) Com
plexes. T h e 2 D E X S Y e x p e r i m e n t is s i m i l a r to the 2 D n u c l e a r O v e r -
hauser effect ( N O E S Y ) s p e c t r o s c o p y e x p e r i m e n t ) u s e d to es t imate i n -
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t e r n u c l e a r d istances i n a m o l e c u l e . B o t h N O E S Y a n d E X S Y e x p e r i m e n t s 
use the same pu l se sequence ( 9 0 o - f 1 - 9 0 ° - f m - 9 0 o - f 2 ) w i t h N O E s a n d 
c h e m i c a l exchange t a k i n g p l a c e , r e s p e c t i v e l y , d u r i n g the s e c o n d d e l a y 
t i m e (the m i x i n g t i m e tm). T h e 2 D E X S Y s p e c t r u m t h e r e b y p r o v i d e s off-
d i a g o n a l cross -peaks b e t w e e n shifts for e a c h p a i r o f e x c h a n g i n g sites i n 
a m u l t i s i t e sys tem. T h e s igna l in tens i t i es o f the cross -peaks , b e i n g p r o 
p o r t i o n a l to the rate o f ex change , w i l l l e a d to s i m u l t a n e o u s q u a n t i t a t i v e 
i n f o r m a t i o n about e a c h exchange process i n a p o t e n t i a l l y c o m p l e x m u l 
t i s i te exchange sys tem (44). 

W e first i l lus t ra te the use o f 2 D 1 3 C E X S Y s p e c t r a to e x a m i n e the 
exchange b e t w e e n l i g a n d a n d c o m p l e x i n an aqueous s o l u t i o n o f H I D A 
a n d V - H I D A 2 c o m p l e x at p H 5 . 1 3 . F i g u r e 7 shows the p a r t i a l 2 D 1 3 C 
E X S Y s p e c t r u m r e c o r d e d at 3 1 8 K . T h e t e m p e r a t u r e most a p p r o p r i a t e 
for r e c o r d i n g the 2 D E X S Y s p e c t r u m was d e t e r m i n e d b y a p r e l i m i n a r y 
series o f v a r i a b l e t e m p e r a t u r e 1 3 C N M R spec t ra . T h e t e m p e r a t u r e at 
w h i c h s igni f i cant exchange is o b s e r v e d d u r i n g the t i m e s c a l e o f the ex
p e r i m e n t w i t h o u t excessive l i n e - b r o a d e n i n g is the p r e f e r r e d t e m p e r a t u r e 
to p e r f o r m the 2 D E X S Y e x p e r i m e n t . T h e s e p r e l i m i n a r y studies are 
c r i t i c a l , because the d y n a m i c processes are v e r y sensit ive to t e m p e r a t u r e , 
a n d the t e m p e r a t u r e range for favorab le m e a s u r e m e n t s is l i m i t e d . F u r 
t h e r m o r e , e x p e r i m e n t a l p a r a m e t e r s s u c h as s w e e p w i d t h , r e l a x a t i o n d e 
lay , a n d pu l se w i d t h must b e d e f i n e d i n p r e l i m i n a r y e x p e r i m e n t s . T h e 
2 D e x p e r i m e n t y i e l d s a 2 D m a p w i t h 1 3 C s p e c t r a a l o n g e a c h d i m e n s i o n . 
I f exchange oc curs o n the t imesca le o f the e x p e r i m e n t , an o f f -d iagonal 
resonance b e t w e e n the e x c h a n g i n g sites w i l l b e o b s e r v e d . I n F i g u r e 6 
o f f -d iagonal resonances are o b s e r v e d b e t w e e n C 2 a n d L 2 , b e t w e e n C 3 

a n d L 3 , a n d b e t w e e n C 4 a n d L 4 . T h e i n t e g r a t e d in tens i t i e s o f these off-
d i a g o n a l resonances are d i r e c t l y p r o p o r t i o n a l to the exchange rate b e 
t w e e n the l i g a n d a n d the c o m p l e x . T h e s p e c t r u m i n F i g u r e 6 c l e a r l y 
i l lustrates the exchange b e t w e e n the c a r b o n atoms i n the l i g a n d a n d 
those i n the c o m p l e x . 

I n m a n y c o m p l e x e s , i n t r a m o l e c u l a r exchange is also t a k i n g p l a c e . A 
2 D E X S Y s p e c t r u m that revea ls the p r e s e n c e o f b o t h i n t e r - a n d i n t r a 
m o l e c u l a r exchange processes is s h o w n i n F i g u r e 8. T h e s t r u c t u r e o f 
the aqueous V - T E A c o m p l e x is analogous to the V - T P A c o m p l e x d e 
s c r i b e d i n p r e v i o u s paragraphs , w i t h t w o b o u n d ( C 4 b a n d C 3 b) arms , a n d 
one free ( C 4 f a n d C 3 f ) a r m (15). T h e 1 3 C E X S Y s p e c t r u m s h o w n i n F i g u r e 
8 was a c q u i r e d at 2 7 8 Κ a n d revea ls severa l o f f -d iagonal peaks . T h e 
s o l i d l ines c o n n e c t i n g C 4 b a n d L 4 , C 4 f a n d L 4 , C 3 b a n d L 3 , a n d C 3 f a n d 
L 3 i n d i c a t e exchange b e t w e e n the c o m p l e x a n d the free l i g a n d . Of f -
d i a g o n a l resonances are also o b s e r v e d b e t w e e n C 4 b a n d C 4 f a n d b e t w e e n 
C 3 b a n d C 3 f . Q u a n t i f i c a t i o n o f th is exchange process a n d the i n t e r m o -
l e c u l a r exchange process s h o w that the C 4 b -> C 4 f a n d C 3 b C 3 f off-
d i a g o n a l signals are the resu l t o f i n t r a m o l e c u l a r exchange . T h e V - T E A 
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Figure 8. The13 C EXSY spectrum of the V-TEA complex 400 mM vanadate 
and 600 mM HID A at pH 9.01 and 278 K. The carbons assigned to the 
complex are labeled C X and those of the ligand as Lx. 

c o m p l e x is an e x a m p l e o f a c o m p l e x i n w h i c h i n t r a - a n d i n t e r m o l e c u l a r 
processes are o c c u r r i n g o n the same t i m e s c a l e . O b s e r v a t i o n o f b o t h p r o 
cesses o f ten r e q u i r e s that E X S Y s p e c t r a b e r e c o r d e d at m o r e t h a n one 
t e m p e r a t u r e . T h e sc ient ist has some flexibility i n c h o o s i n g the t e m p e r 
ature at w h i c h to s tudy a spec i f i c sys tem. D e c r e a s i n g t h e t e m p e r a t u r e 
c o u l d decrease the i n t e r m o l e c u l a r exchange b e y o n d d e t e c t i o n a n d c o u l d 
poss ib ly a l l o w o b s e r v a t i o n o f the faster i n t r a m o l e c u l a r process w i t h o u t 
i n t e r f e r e n c e f r o m the s l o w e r i n t e r m o l e c u l a r r e a c t i o n also. I n the case 
o f the V - T E A sys tem, t e m p e r a t u r e s m u c h l o w e r t h a n 2 7 8 Κ c o u l d not 
be accessed, g i v e n the f r e e z i n g po in t o f water . S p e c t r a r e c o r d e d at h i g h e r 
t emperatures show greater c o n t r i b u t i o n f r o m the i n t e r m o l e c u l a r process 
r e l a t i v e to the i n t r a m o l e c u l a r process . E v e n w i t h o u t q u a n t i f i c a t i o n , th is 
is e v i d e n c e that a l l o f the o b s e r v e d exchange is not d u e to one process . 
O t h e r c o m p l e x e s s u c h as the V - E D T A c o m p l e x (45) a n d the V - T r i c i n e 
[ N - [ t r i s ( 2 - h y d r o x y m e t h y l ) m e t h y l ] g l y c i n e ] - v a n a d i u m c o m p l e x (25) a l l o w 
o b s e r v a t i o n o f i n t r a - a n d i n t e r m o l e c u l a r processes w i t h o u t the i n t e r f e r 
ence o f the o t h e r process . 
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F i n a l l y , w e w i l l d e s c r i b e a c o m p l e x m u l t i s i t e i n t e r m o l e c u l a r ex
change sys tem b e t w e e n the vanadate o l i g o m e r s . T h i s sys tem is s t u d i e d 
b y 2D 5 1 V E X S Y NMR spec t ros copy . A 2D E X S Y s p e c t r u m is s h o w n i n 
F i g u r e 9. Vanadium -51 re laxes m u c h m o r e r a p i d l y t h a n carbon-13 a n d 
as a r esu l t , the 2D 5 1 V E X S Y e x p e r i m e n t is p e r f o r m e d w i t h m i x i n g t imes 
o f a p p r o x i m a t e l y 10 ms ( c o m p a r e d to the m i x i n g t i m e o f 300 ms for the 
2D 1 3 C E X S Y e x p e r i m e n t ) . A t p H 8.6, o f f -d iagonal resonances are o b 
s e r v e d b e t w e e n a l l o f the resonances . W e t h e r e f o r e c o n c l u d e that the 
Vi, V 2 , V 4 , a n d V 5 a l l exchange w i t h one a n o t h e r (32). B e c a u s e the v a n 
adate oxoanions are a l l d i f ferent spec ies , th is s o l u t i o n represents an ex
a m p l e o f a m u l t i s i t e i n t e r m o l e c u l a r exchange sys tem. 

Q u a n t i f i c a t i o n o f E X S Y data p r o d u c e s a " m a p " o f i n d i v i d u a l s i te -
to-s i te rate constants . B e c a u s e a l l o f the data are d e r i v e d f r o m a s ing le 
e x p e r i m e n t , th is m e t h o d is p r e f e r a b l e to analogous ID m e t h o d s w h e n 
e v e r the n u m b e r o f e x c h a n g i n g sites i n the sys tem exceeds t w o . 

Quantitation and Interpretation of 2D E X S Y Spectra. Q u a n 
t i f i ca t i on o f the E X S Y e x p e r i m e n t is a c c o m p l i s h e d t h r o u g h a series o f 

-540 -560 p p m -580 

Figure 9. The 2D 51V EXSY NMR spectrum of a 10 mM total vanadate 
solution containing KCl to obtain an ionic strength of 0.4 at pH 8.6 (32). 
The vanadate oligomers V1 (-542 ppm), V2 (-562 ppm), V4 (-574 ppm), 
and V5 (—579 ppm) are indicated. 
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11. CRANS E T AL. Chemistry of Vanadium(V) Complexes 321 

m a t r i x m a n i p u l a t i o n s c a r r i e d out b y c o m p u t e r . E a c h o f the m a g n e t i z a 
t ions rrii o f an E X S Y s p e c t r u m m a y b e expressed b y e q u a t i o n 1, w h e r e 
nii is the m a g n e t i z a t i o n ' s d e v i a t i o n f r o m its e q u i l i b r i u m v a l u e ( M { 

— M i 0 ) a n d m is the c o r r e s p o n d i n g m a t r i x (38). T h i s e x p r e s s i o n i n c l u d e s 
r e l a x a t i o n t e rms i n a d d i t i o n to exchange t e rms for e a c h o f the exchange 
p a t h w a y s f r o m site i. T h e η m a g n e t i z a t i o n s o f an η-site exchange sys tem 
m a y b e expressed as r o w s i n the η Χ η m a g n e t i z a t i o n m a t r i x M s h o w n 
i n e q u a t i o n 2. C a l c u l a t i o n o f the exchange m a t r i x R ( equat i on 3) is g e n 
era l l y a c c o m p l i s h e d b y a matr ix d i a g o n a l i z a t i o n m e t h o d , w h i c h l inear i zes 
the sum o f exponent ia ls i n the in tegra ted f o r m o f e q u a t i o n 2. I n equat i on 
3, R is the exchange m a t r i x , tm is the m i x i n g t i m e , M is the m a g n e t i z a t i o n 
m a t r i x , M 0 is the m a t r i x o f e q u i l i b r i u m m a g n e t i z a t i o n s , X is the m a t r i x 
that d iagona l i zes M , X - 1 its i n v e r s e , a n d Λ is the d i a g o n a l m a t r i x o f 
exchange a n d r e l a x a t i o n rate constants . 

M a t r i x r e p r e s e n t a t i o n a l l ows the c o m p o n e n t s o f the r e s u l t i n g ex
change m a t r i x R to b e r e a d i l y i n t e r p r e t e d . C o u p l i n g t e r m s (o f f -d iagonal 
e lements) o f the exchange matr ix p r o v i d e site-to-site rate constants. E a c h 
s i te - to -s i te rate constant ( w h i c h m a y r e p r e s e n t a series o f e l e m e n t a l 
steps) is p r o v i d e d d i r e c t l y f r o m the o f f -d iagonal e lements o f the exchange 
m a t r i x R^ . R e l a x a t i o n i n f o r m a t i o n is c o n t a i n e d o n l y i n the d i a g o n a l e l e 
ments (R i f = Τ χ ί _ 1 + Σ]1ι kij). T h u s u n l i k e i n I D d y n a m i c m e t h o d s (mag
n e t i z a t i o n - t r a n s f e r a n d l i n e - w i d t h analysis ) , q u a n t i f i c a t i o n o f a s ing le 
E X S Y e x p e r i m e n t separates e a c h o f the exchange rate constants f r o m 
e a c h o t h e r a n d f r o m the r e l a x a t i o n rate constants . 

N o t e , h o w e v e r , that the exchange rate constants i n the rate m a t r i x 
are not necessar i ly rate constants for e l e m e n t a l c h e m i c a l reac t i ons . T h e 
o b s e r v e d p s e u d o - f i r s t - o r d e r rate constants i n R are d e p e n d e n t o n the 
f r a c t i o n a l p o p u l a t i o n s at v a r i o u s sites a n d are o f ten m a d e u p o f s evera l 
e l e m e n t a l rate constants . T h e rate constants for the e l e m e n t a l steps o f 
a c h e m i c a l r e a c t i o n must t h e r e f o r e b e d e r i v e d f r o m the o b s e r v e d rate 
constants w i t h a g i v e n m e c h a n i s m i n m i n d . C o n s i d e r a t i o n s for i n t e r 
p r e t i n g the m e a s u r e d m a g n e t i z a t i o n t rans fer rates have b e e n d i s cussed 
(38) for b o t h i n t r a - (46) a n d i n t e r m o l e c u l a r systems (32). I n the f o l l o w i n g 
se c t i on w e s h o w a f e w examples . 

I n the case o f the V - T E A c o m p l e x , the t w o e q u i v a l e n t c o o r d i n a t e d 
arms exchange w i t h the p e n d e n t a r m i n an i n t r a m o l e c u l a r process ( F i g -

(1) 

(2) 

R = -tvT'Vn ( M M , , - 1 ) ] = - t o T W n A j X " 1 ] (3) 
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u r e 8). T h e p o p u l a t i o n o f the carbons i n the c o o r d i n a t e d arms are t w i c e 
that o f the carbons i n the free a r m a n d because mass b a l a n c e must b e 
m a i n t a i n e d , the f o r w a r d a n d reverse rate constants are r e l a t e d as s h o w n 
i n e q u a t i o n 4: 

N e i t h e r fc(C4b -> C 4 f ) nor fc(C4f C 4 b ) represents the " t r u e rate constant 
for e x c h a n g e " (kchem) because such a rate constant s h o u l d not d e p e n d 
o n the p o p u l a t i o n o f e a c h s ite . F u r t h e r m o r e , o n l y those p a t h w a y s that 
resu l t i n m a g n e t i z a t i o n t rans fer w i l l b e o b s e r v e d a n d so the rate o f m a g 
n e t i z a t i o n transfer is not the same as the rate o f the u n d e r l y i n g process . 
I n th is case the m e a s u r e d rate constant fc(C4b C 4 f ) expresses the rate 
b y w h i c h C 4 b is c o n v e r t e d to C 4 f . I n degenera te c h e m i c a l exchange 
processes , the i n t e r m e d i a t e spec ies ( w h e t h e r this b e an i n t e r m e d i a t e o r 
a t rans i t i on state) can decay back to the ground-state s t ruc ture or p r o c e e d 
to p r o d u c t . T h e exchange t a k i n g p l a c e i n the V - T E A c o m p l e x is s u c h a 
process b u t is o n l y o b s e r v e d i f C 4 b is c o n v e r t e d to C 4 f . T h e " t r u e " rate 
constant c h a r a c t e r i z e s a c h e m i c a l event , w h i c h s h o u l d re f lec t e v e r y pas
sage to the t r a n s i t i o n state w h e t h e r o r not the passage c o n t i n u e s o n to 
observab le p r o d u c t . T h e c h e m i c a l event has b e e n d e f i n e d as the for 
m a t i o n o f a spec ies o n the m u l t i d i m e n s i o n a l r e a c t i o n m a n i f o l d f r o m 
w h i c h the final c o n n e c t i v i t y o f those n u c l e i u n d e r g o i n g exchange are 
d e t e r m i n e d s tat i s t i ca l ly (46). I n the case o f the V - T E A c o m p l e x , l i k e l y 
i n t r a m o l e c u l a r exchange m e c h a n i s m w o u l d r e q u i r e that a l l t h r e e arms 
(one p e n d e n t a n d t w o c h e l a t e d arms) have an e q u a l l i k e l i h o o d o f ex
c h a n g i n g d u r i n g the c h e m i c a l event . A c c o r d i n g l y fcchem w i l l b e r e l a t e d 
to fc(C4b C 4 f ) a n d fc(C4f C 4 b ) as s h o w n i n e q u a t i o n 5: 

A s e c o n d e x a m p l e is i l l u s t r a t e d b y the V - T r i c i n e sys tem (25). Its 
E X S Y s p e c t r u m , r e v e a l i n g i n t r a m o l e c u l a r exchange , is s h o w n i n F i g u r e 
10 . T h e V - T r i c i n e c o m p l e x dif fers f r o m the V - T E A c o m p l e x i n that the 
t w o - p e n d e n t h y d r o x y m e t h y l arms are i n e q u i v a l e n t (an A B C system) (46). 
T h e rate constants d e t e r m i n e d for the c o o r d i n a t e d a r m e x c h a n g i n g w i t h 
e a c h p e n d e n t a r m [fc(C 4 b C 5 f ) a n d fc(C4b C 6 f ) ] are v e r y s i m i l a r (25). 
A s s u m i n g the c h e m i c a l event is the f o r m a t i o n o f a s ing le spec ies f r o m 
w h i c h the t w o p e n d e n t arms a n d the c h e l a t e d a r m is d e r i v e d , e a c h rate 
represents o n l y o n e - t h i r d o f the exchange rate as s h o w n i n e q u a t i o n 6: 

2 f c ( C 4 b ^ C 4 f ) = fc(C4f^C4b) (4) 

kchem _ 6 f c ( C 4 b C 4 f ) - 3k(C4{ C 4 b ) (5) 

C 5 f ) = 3 f c ( C 4 f ^ C 6 b ) = 

3 f c (C 5 f C 4 b ) = 3 f c (C 6 f C 4 b ) (6) 
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11. CRANS E T AL. Chemistry of Vanadium(V) Complexes 323 

2D *3c (75.4 MHz) E X S Y 
NMR Experiment c 5 / 6 

Figure 10. 2D 13C EXSY NMR spectrum recorded at 75.4 MHz (7.05 T) at 
0 °C (273 Κ) of a solution containing 412 mM total vanadate and 500 mM 
total Tricine at pH 7.1. This solution contains 406 mM V-Tricine, 0.38 mM 
Vlf and 94 mMfree Tricine. The microscopic exchange rates were determined 
from the integrations. (Adapted from reference 25.) 

H o w e v e r , as seen i n F i g u r e 1 0 , exchange b e t w e e n the t w o p e n d e n t 
arms is also s u p p o r t e d b y a n o t h e r o f f -d iagonal r esonance (k(C5f C 6 f ) ) . 
T h i s cross -peak w o u l d not b e o b s e r v e d i f t h e r e w e r e o n l y a s ing le i n 
t r a m o l e c u l a r m e c h a n i s m for exchange as a s s u m e d above . T h i s cross -
peak is there fore l i k e l y to resul t f r o m yet another d y n a m i c process t a k i n g 
p lace for w h i c h several mechan isms can b e p r o p o s e d (25). Q u a n t i f i c a t i o n 
o f the rate constants is i m p o r t a n t w h e n e v a l u a t i n g the m e r i t o f spec i f i c 
c o m p e t i n g exchange p a t h w a y s . 

A s d e s c r i b e d for the i n t r a m o l e c u l a r systems, analyses o f i n t e r m o 
l e c u l a r exchange processes are also d e p e n d e n t o n the m e c h a n i s m o f the 
r e a c t i o n . A s i m p l e i n t e r m o l e c u l a r exchange process is that b e t w e e n 
vanadate d i m e r (V 2 ) a n d vanadate m o n o m e r (Vx). T w o l i k e l y mechan isms 
for f o r m a t i o n o f d i m e r are s h o w n i n equat ions 7 a n d 8. T h e first i n v o l v e s 
the c o m b i n a t i o n o f t w o m o n o m e r s ( equat i on 7). T h e s e c o n d i n v o l v e s 
the c o m b i n a t i o n o f m o n o m e r a n d d i m e r ( equat i on 8) . R e c o r d i n g 2 D 5 1 V 
E X S Y s p e c t r a at a n u m b e r o f vanadate c o n c e n t r a t i o n s a l l o w s d i s t i n c t i o n 
b e t w e e n the t w o . A p l o t o f the f o r w a r d rate (fc(vi—v2)[Vi]) as a f u n c t i o n 
o f [Vx] 2 w o u l d b e l i n e a r for e q u a t i o n 7 b u t not for e q u a t i o n 8. A l i n e a r 
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r e l a t i o n s h i p was i n fact o b s e r v e d (27). T h i s i l lus t rates the use o f q u a n 
t i ta t ive 2 D E X S Y for m e c h a n i s t i c analyses . S u c h analyses r e q u i r e q u a n 
t i ta t ive est imates o f the u n c e r t a i n t i e s i n the rate constant c a l c u l a t i o n . 
O n l y a f e w q u a n t i t a t i v e a t tempts have b e e n m a d e to es t imate the e r r o r s 
i n the rate constants o b t a i n e d f r o m 2 D E X S Y e x p e r i m e n t s (47, 48). A p 
p l i c a t i o n o f 2 D E X S Y to m e c h a n i s t i c s tudies r e q u i r e s that progress b e 
m a d e i n this area , a n d w e w i l l d e s c r i b e b r i e f l y o u r efforts e s t i m a t i n g 
e r rors f r o m 5 1 V E X S Y spec t ra . 

Error Estimation on 2D EXSY Experiments and Data 
Analysis. E s t i m a t i n g errors i n a 2 D E X S Y m e a s u r e m e n t is c o m p l i c a t e d 
b y the fact that the e x p e r i m e n t is d e s i g n e d to p r o v i d e a l l o f the exchange 
rate constants f r o m a s ing le e x p e r i m e n t . S tat i s t i ca l e r r o r s are f r e q u e n t l y 
not r e p o r t e d n o r d e t e r m i n e d , because the t i m e a n d expense o f the E X S Y 
e x p e r i m e n t o f ten p r o h i b i t s genera t i on o f a stat ist ical ly s ignif icant n u m b e r 
o f r e p e t i t i o n s (48). A s a r esu l t , e r r o r e s t i m a t i o n has f o c u s e d o n m o d e l i n g 
r a n d o m sources o f e r r o r (47, 48). W e e x a m i n e d var i ous sources o f b o t h 
r a n d o m a n d systemat i c e r r o r to d e t e r m i n e the m a j o r c o n t r i b u t o r s to 
e r r o r a n d to evaluate t h e i r magni tudes i n the rate constants for exchange 
i n a n u m b e r o f vanadate systems. W e d e s c r i b e h e r e o u r resul ts o n b o t h 
t w o - a n d four -s i te systems. 

E r r o r s are p r o p a g a t e d to the rate constants f r o m the v o l u m e i n t e 
grals . T h e r e are a n u m b e r sources o f e r r o r i n the m e a s u r e m e n t o f the 
v o l u m e integra l s f r o m w h i c h the s i te - to -s i te rate constants for exchange 
are d e r i v e d . T h e s e have b e e n d i s cussed i n the l i t e r a t u r e a n d i n c l u d e 
e r rors d u e to no ise , base l ine i m p e r f e c t i o n , i n c o r r e c t p h a s i n g , e x p e r i 
m e n t a l art i facts , i n a d e q u a t e d i g i t i z a t i o n , a n d t r u n c a t i o n (49). O u r e r r o r 
est imates w e r e o b t a i n e d f r o m an e m p i r i c a l e s t i m a t i o n o f the i n t e g r a t i o n 
e r r o r a n d f r o m the e r r o r i n the in tegra l s d u e to no ise i n the s p e c t r u m . 
W e f o u n d that the p r e c i s i o n o f v o l u m e i n t e g r a t i o n was l i m i t e d p r i m a r i l y 
b y the n e e d for base l ine c o r r e c t i o n . T h i s is e s p e c i a l l y t r u e i n the case 
o f si γ N M R spec t ra , because the s p e c t r a o f th is n u c l e u s are s u s c e p t i b l e 
to r o l l i n g base l ines (50). 

F i g u r e 11 shows the c o n t o u r p lo ts o f the 2 D 5 1 V E X S Y s p e c t r u m o f 
a two - s i t e sys tem (40 m M to ta l vanadate at p H 10.9) i n w h i c h Vx ex 
changes w i t h V 2 . Q u a n t i f i c a t i o n o f the E X S Y s p e c t r u m a n d c a l c u l a t i o n 
o f the e r r o r p r o p a g a t e d to the rate constants f r o m the i n t e g r a t i o n p r e 
c i s i o n g ives a 2 5 % e r r o r o n the rate constant . T h e resul ts (both the rate 
constants a n d the errors ) c o r r e s p o n d n i c e l y to the resul ts o b t a i n e d f r o m 
a I D m a g n e t i z a t i o n transfer e x p e r i m e n t o n the same s a m p l e (27). T h e 
E X S Y s p e c t r u m o f a sample c o n t a i n i n g 12 .5 m M to ta l vanadate at 1.0 

V x + Vx ç± v 2 

Vi + V 2 τ± V 2 + Vx 
(7) 

(8) 
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Figure 11. 2 D 5 2 V EXSY NMR spectra recorded at23°C of three different 
vanadate solutions. A two-site system was observed in a solution containing 
40 mM total vanadate at ionic strength of 0.4 M and pH 10.9. Two four-site 
systems were recorded at 10 and 12.5 mM total vanadate. The calculated 
rate constants are shown next to the off-diagonal resonances in all three 
maps. The errors were propagated to the rate constants from the integration 
precision and are also shown next to the off-diagonal resonance. 

M i o n i c s t r e n g t h a n d p H 8.6 is s h o w n i n F i g u r e 11 a l o n g w i t h t h e c a l 
c u l a t e d rate constants a n d t h e i r e r ro rs . T h e exchange b e t w e e n vanadate 
o l i g o m e r s was a n t i c i p a t e d to b e v e r y s i m i l a r to that i n the s a m p l e s h o w n 
i n F i g u r e 9 (32). N e v e r t h e l e s s , less exchange is o b s e r v e d w i t h the m i n o r 
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resonances ( V 2 a n d V 5 ) i n this s a m p l e , a n d severa l o f f - resonance cross -
peaks are zero . T h e errors , d e t e r m i n e d b y r e p e a t e d v o l u m e integrat ions , 
o n the rate m a t r i x r a n g e d f r o m 2 0 % to > 1 0 0 % . A s a n t i c i p a t e d , the 
e r rors assoc iated w i t h large o f f - resonance signals w e r e s m a l l ( ν : V 2 , 
V 2 -> V i , V i V 4 , V 4 V i ) , w h e r e a s w e a k o f f - resonance signals resu l t 
i n l a rge e r rors f r o m 5 0 % to 1 0 0 % (V1 — V 5 , V 5 — Vl9 V 2 — V 4 ) . 

A sample c o n t a i n i n g 10 .0 m M to ta l vanadate i n 0 .2 M K C I at p H 
8.6 was also a n a l y z e d . T h e s p e c t r u m a n d its assoc iated rate constant 
m a t r i x is s h o w n i n F i g u r e 1 1 . A l t h o u g h the I D s p e c t r u m m i g h t l e a d 
one to c o n c l u d e that the q u a l i t y o f th is s p e c t r u m is the same as that o f 
the p r e v i o u s s a m p l e , c lose i n s p e c t i o n o f the rate constants a n d e r r o r s 
r e v e a l that h i g h e r e r r o r s w e r e o b t a i n e d o n this m e a s u r e m e n t . A l t h o u g h 
the range o f e r r o r s w e r e s i m i l a r , a greater f r a c t i o n o f s m a l l c ross -reso 
nances l e d to o v e r a l l g reater u n c e r t a i n t i e s . I n a d d i t i o n to w e a k e r off-
d i a g o n a l s ignals , g reater b a s e l i n e d i s t o r t i o n c o n t r i b u t e d s ign i f i cant ly to 
the h i g h e r r e l a t i v e e r ro rs . 

T h e s e examples i l lus t ra te the source a n d s ize o f the e x p e r i m e n t a l 
e r rors o n a t w o - a n d a four -s i te sys tem. T h e y also h i g h l i g h t the i m p o r 
tance o f e s t imat ing the errors , because mechan is t i c in terpre ta t i ons o f ten 
r e q u i r e f a i r l y p r e c i s e est imates o f the rate p a r a m e t e r s i n v o l v e d . I f care 
is t a k e n to m i n i m i z e the noise i n the s p e c t r u m ( through s ignal averaging) 
a n d i f the e l e c t r o n i c s o f the sys tem are set u p to m i n i m i z e b a s e l i n e 
d i s t o r t i o n , r e l a t i v e e r r o r s < 2 5 % s h o u l d eas i ly b e o b t a i n e d i n e v e n c o m 
p l e x m u l t i s i t e systems. 

Summary 
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 to s t r u c t u r a l , t h e r m o d y n a m i c , a n d 
d y n a m i c processes have b e e n d e s c r i b e d . A b r i e f d i s cuss i on o f the types 
o f p r o b l e m s a p p r o p r i a t e for s tudy b y this t e c h n i q u e has b e e n i n c l u d e d . 
lH a n d 1 3 C N M R s p e c t r o s c o p y has b e e n a p p l i e d to de f ine the l i g a n d 
c o o r d i n a t i o n i n c o m p l e x e s . T h e s e e x p e r i m e n t s , c o m b i n e d w i t h 1 7 0 -
l a b e l i n g e x p e r i m e n t s , a l l o w e d d e d u c t i o n o f the c o o r d i n a t i o n n u m b e r o f 
the v a n a d i u m a t o m . I n t e g r a t i o n o f N M R s p e c t r a a l l o w e d m e a s u r e m e n t 
o f the f o r m a t i o n constants a n d e q u i l i b r i u m constants . 2 D 1 3 C a n d 5 1 V 
E X S Y e x p e r i m e n t s w e r e u s e d i n a q u a l i t a t i v e a n d q u a n t i t a t i v e m a n n e r 
to examine i n t r a - a n d i n t e r m o l e c u l a r d y n a m i c processes, o f w h i c h severa l 
examples are d i s cussed . T h e i n t e r p r e t a t i o n o f the rate m a t r i x a n d its 
r e l a t i o n s h i p to the c h e m i c a l processes u n d e r e x a m i n a t i o n w e r e also d e 
s c r i b e d . 2 D E X S Y s p e c t r o s c o p y has great p o t e n t i a l as a t o o l w i t h w h i c h 
to p r o b e m e c h a n i s m s i n c o m p l e x reac t i ons ; h o w e v e r , s u c h uses o f ten 
r e q u i r e s e s t i m a t i o n o f e r rors . T h e m a j o r source o f e r r o r i n 2 D 5 1 V E X S Y 
N M R studies o n a t w o - a n d four -s i te vanadate sys tem w e r e f o u n d to b e 
base l ine d i s t o r t i o n a n d the e r r o r s w e r e e s t i m a t e d . O u r resul ts suggest 
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that quantification of 2D EXSY experiments can be sufficiently accurate 
to make it a powerful mechanistic tool in studies of dynamic processes. 
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12 
Modeling Vanadium Bromoperoxidase 
Oxidation of Halides by Peroxovanadium(V) 
Complexes 

Alison Butler and Melissa J. Clague 

Department of Chemistry, University of California, Santa 
Barbara, CA 93106 

Functional mimics of the enzyme vanadium bromoperoxidase are 
the focus of this chapter, and the study of these mimics helps to 
address the mechanism of vanadium bromoperoxidase. A brief re
view of vanadium bromoperoxidase is also included. Vanadium 
bromoperoxidase catalyzes the oxidation of halides (chloride, bro
mide, and iodide) by hydrogen peroxide. The oxidized halogen 
species can halogenate appropriate organic substrates or oxidize a 
second equivalent of hydrogen peroxide, producing dioxygen. The 
functional mimics include cis-(dioxo)vanadium(V) and vana
dium(V)-liganded complexes (ligands: hydroxyphenylsalicyli
deneamine, salicylidene-amino acid Schiff bases, citric acid, and 
others). Some structural considerations concerning model com
pounds and vanadium bromoperoxidase are discussed. 

TTHE FIRST T W O V A N A D I U M E N Z Y M E S , v a n a d i u m b r o m o p e r o x i d a s e a n d 
v a n a d i u m n i t rogenase , have b e e n d i s c o v e r e d i n the last decade . S i g n i f 
i cant progress is also o c c u r r i n g i n u n r a v e l i n g the b i o l o g i c a l r o l e o f v a 
n a d i u m i n o t h e r systems, s u c h as asc id ians , p h o s p h a t e m e t a b o l i s m , the 
i n s u l i n m i m e t i c e i fect , e tc . T h e r e a d e r is r e f e r r e d to t h e r e c e n t b o o k , 
Vanadium in Biological Systems, e d i t e d b y N . D . C h a s t e e n for a s u m m a r y 
o f the r e c e n t progress i n th is a rea (J) . 

T h e focus o f this c h a p t e r w i l l b e o n the m e c h a n i s t i c c h e m i s t r y o f 
v a n a d i u m c o m p o u n d s that ca ta lyze the o x i d a t i o n o f b r o m i d e b y h y d r o 
gen p e r o x i d e — t h a t is , f u n c t i o n a l m i m i c s o f v a n a d i u m b r o m o p e r o x i d a s e . 
T h e r e a d e r is r e f e r r e d to re f e rences 2 - 8 for m o r e c o m p r e h e n s i v e r e 
v i e w s o f the e n z y m e . 

0065-2393/95/0246-0329$08.18/0 
© 1995 American Chemical Society 
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V a n a d i u m b r o m o p e r o x i d a s e ( V - B r P O ) is a n o n h e m e h a l o p e r o x i d a s e 
f o u n d p r i m a r i l y i n m a r i n e algae (2-8) a l t h o u g h it has b e e n i s o l a t e d f r o m 
a l i c h e n (9) a n d v e r y r e c e n t l y f r o m a t e r r e s t r i a l fungus (10). T h e v a n a 
d i u m b r o m o p e r o x i d a s e s are a c i d i c p r o t e i n s (J J , 12) w i t h s i m i l a r a m i n o 
a c i d c o m p o s i t i o n (13), s u b u n i t m o l e c u l a r w e i g h t ( 6 5 , 0 0 0 ) , a n d c h a r g e 
( p i 4 - 5 ) . T h e s t r u c t u r e o f V - B r P O is not k n o w n , a l t h o u g h V - B r P O f r o m 
Ascophyllum nodosum has b e e n c r y s t a l l i z e d (14). E a c h s u b u n i t conta ins 
one act ive -s i te v a n a d i u m ( V ) , a l t h o u g h as i s o la ted , V - B r P O is o f ten d e 
ficient i n v a n a d i u m c o n t e n t ( I I , 15 , 16). A f u l l c o m p l e m e n t o f a c t i v e -
site v a n a d i u m ( V ) c a n b e r e a d i l y o b t a i n e d b y a d d i t i o n o f vanadate (2-8). 
V a n a d i u m can also b e easi ly r e m o v e d , p r o d u c i n g the inac t ive a p o p r o t e i n 
(2-8). T h e apo d e r i v a t i v e is stable a n d can b e f u l l y r e c o n s t i t u t e d b y 
a d d i t i o n o f vanadate . 

T h e l igands that coordinate the active-site vanadium(V) are not k n o w n . 
T h e e x t e n d e d X - r a y absorpt i on fine s t ruc ture ( E X A F S ) analysis is sugges
t ive o f a d is tor ted octahedral vanadium(V) coord inated b y a single t e r m i n a l 
ox ide l i g a n d at 1.61 À, three u n k n o w n l i g h t - a t o m donors (O or N ) at 
about 1.72 À, a n d t w o n i t r o g e n donors at 2 .11 Â ( F i g u r e 1) (17). M o r e 
over , e l e c t r o n sp in echo results o f the V ( I V ) - B r P O der iva t i ve suggest 
V ( I V ) c o o r d i n a t i o n b y a s ingle t e r m i n a l ox ide at 1.63 Â, a n d five l i g h t -
a tom l igands (O or N ) . T h r e e are at 1.91 À, a n d t w o are at 2 .11 À (17). 

Reactivity of Vanadium Rromoperoxidase 
V - B r P O cata lyzes h a l o g e n a t i o n reac t i ons (16, 19, 20) a n d the h a l i d e -
assisted d i s p r o p o r t i o n a t i o n o f h y d r o g e n p e r o x i d e , p r o d u c i n g d i o x y g e n 
(21). I n the first s tep , the e n z y m e cata lyzes the o x i d a t i o n o f the h a l i d e 
b y h y d r o g e n p e r o x i d e p r o d u c i n g an i n t e r m e d i a t e that is a t w o - e l e c t r o n 
o x i d i z e d ha logen species. I n the case o f b r o m i d e ox ida t i on , the f o r m a t i o n 
o f h y p o b r o m o u s a c i d , b r o m i n e , t r i b r o m i d e , o r an e n z y m e - b o u n d B r + 

i o n is cons is tent w i t h the i n v i t r o r e a c t i v i t y o f the e n z y m e . T h e exact 
na ture o f the o x i d i z e d h a l o g e n i n t e r m e d i a t e as e n z y m e - b o u n d o r r e 
l eased w i l l not b e d i s cussed h e r e (see r e f e rences 2 - 4 ) . T h e o x i d i z e d 
i n t e r m e d i a t e c a n ha logenate an a p p r o p r i a t e o r g a n i c substrate or react 

Figure 1. Proposed structure of the active site of vanadium bromoperoxi
dase based on EXAFS data (17). 
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B r + H 2 0 2 

O r g / \ H 2 0 2 

B r - O r g + H 2 0 l 0 2 + B r + H 3 0 + 

(e.g., H O B r , B r 2 , B r 3 - , V e n z - O B r , Enz -Br ) 

Scheme 1. Scheme for vanadium bromoperoxidase, showing the formation 
of an oxidized intermediate which can react by two pathways to give prod
ucts. 

w i t h a n o t h e r e q u i v a l e n t o f h y d r o g e n p e r o x i d e , f o r m i n g d i o x y g e n , as 
d e p i c t e d i n S c h e m e 1 for b r o m i d e (21, 22). I n the case o f b r o m i d e , the 
d i o x y g e n f o r m e d is i n the s ing let e x c i t e d state ( 1 0 2 ; 1 A g ) (23). S i n g l e t 
o x y g e n f o r m a t i o n w i t h c h l o r i d e is also e x p e c t e d (24, 25), h o w e v e r , s i n 
g let o x y g e n f o r m a t i o n w i t h i o d i d e is not e x p e c t e d because i o d i d e 
q u e n c h e s s inglet o x y g e n . 

T h e o x i d a t i o n o f b r o m i d e b y h y d r o g e n p e r o x i d e is a t w o - e l e c t r o n 
process that results i n e l e c t r o p h i l i c b r o m i n a t i o n o f o r g a n i c substrates 
as o p p o s e d to r a d i c a l b r o m i n a t i o n . T h i s r e a c t i v i t y was e s t a b l i s h e d f r o m 
the p r o d u c t s o f b r o m i n a t i o n o f 2 , 3 - d i m e t h o x y t o l u e n e i n w h i c h r i n g -
s u b s t i t u t e d b r o m o - 2 , 3 - d i m e t h o x y t o l u e n e is the sole p r o d u c t (26). T h e 
p r o d u c t o f b r o m i n a t i o n b y b r o m i n e r a d i c a l , 2 , 3 - d i m e t h o x y b e n z y l b r o 
m i d e (27) , was not o b s e r v e d . 

H a l o p e r o x i d a s e a c t i v i t y is u s u a l l y d e t e r m i n e d s p e c t r o p h o t o m e t r i -
c a l l y b y the b r o m i n a t i o n o r c h l o r i n a t i o n o f 2 - c h l o r o - 5 , 5 - d i m e t h y l - l , 3 -
c y c l o h e x a n e d i o n e ( m o n o c h l o r o d i m e d o n e ; M C D ) u s i n g h y d r o g e n p e r 
ox ide as the ox idant o f the h a l i d e (28) ( F i g u r e 2). T h i s assay is c o n v e n i e n t 
because o f the large change i n e x t i n c t i o n coeff ic ients b e t w e e n the enolate 
a n d the p r o d u c t . H o w e v e r , its use is c o n s t r a i n e d b y the n e e d for c o n 
d i t i ons that s tab i l i z e the eno la te . I n t h e e a r l y w o r k o n V - B r P O , the 

CI 

+ X - + H 2 0 2 + H + 

haloperoxidase 

X = B r , C l " 

Xmax = 290 n m 

€ = 20,000 M - W 1 

290 n m 
ε= 100 M " 1 c m " 1 

Figure 2. MCD assay for haloperoxidase activity. 
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o x i d a t i o n o f i o d i d e b y h y d r o g e n p e r o x i d e (19), f o r m i n g t r i i o d i d e (I 3 ") 
was u s e d to de tec t a n d q u a n t i f y h a l o p e r o x i d a s e a c t i v i t y . T h i s assay, l i k e 
the M C D assay, p e r m i t s s p e c t r o p h o t o m e t r i c analysis . I 3 ~ can be f o l l o w e d 
s p e c t r o p h o t o m e t r i c a l l y at 3 5 3 n m (e = 2 6 , 4 0 0 M _ 1 c m _ 1 ) . U n f o r t u n a t e l y , 
the n o n e n z y m a t i c o x i d a t i o n o f i o d i d e b y h y d r o g e n p e r o x i d e c a n b e a 
s igni f i cant c o m p e t i n g s ide r e a c t i o n e s p e c i a l l y at l o w e r p H ; thus the i o -
d o p e r o x i d a s e a c t i v i t y is not as d e s i r a b l e a m e t h o d for the d e t e r m i n a t i o n 
o f h a l o p e r o x i d a s e a c t i v i t y as the M C D assay. 

T h e spec i f i c c h l o r o p e r o x i d a s e , b r o m o p e r o x i d a s e , a n d i o d o p e r o x i -
dase ac t iv i t i es d i f fer subs tant ia l l y a n d d e p e n d o n p H a n d the c o n c e n 
trat ions o f h a l i d e a n d h y d r o g e n p e r o x i d e (2). I n g e n e r a l , the spec i f i c 
a c t i v i t y for h a l i d e o x i d a t i o n increases i n the o r d e r o f c h l o r i d e , b r o m i d e , 
a n d i o d i d e . T h e p H for m a x i m u m spec i f i c h a l o p e r o x i d a s e a c t i v i t y g e n 
e r a l l y decreases i n the o r d e r o f i o d i d e , b r o m i d e , a n d c h l o r i d e , b u t d i r e c t 
c o m p a r i s o n s are d i f f i cu l t because the p H m a x i m u m c a n b e sh i f t ed o v e r 
severa l p H uni t s b y v a r y i n g the ra t i o o f h a l i d e to h y d r o g e n p e r o x i d e 
a n d because b o t h h a l i d e a n d h y d r o g e n p e r o x i d e c a n i n h i b i t the e n z y m e 
u n d e r c e r t a i n c o n d i t i o n s . 

T h e r o l e o f v a n a d i u m i n V - B r P O is a t o p i c o f m u c h c u r r e n t in teres t . 
V a n a d i u m c o u l d f u n c t i o n as an e l e c t r o n - t r a n s f e r catalyst o f h a l i d e o x i 
d a t i o n b y h y d r o g e n p e r o x i d e or as a L e w i s a c i d cata lyst , r e m a i n i n g i n 
the 5 + o x i d a t i o n state. I n an e l e c t r o n - t r a n s f e r r o l e , one m i g h t t h i n k that 
v a n a d i u m c o u l d c y c l e b e t w e e n V ( V ) a n d V( I I I ) . I n s u c h a s c h e m e V ( V ) 
c o u l d b e r e d u c e d b y b r o m i d e to f o r m V(III ) a n d H O B r ; V(III ) c o u l d b e 
r e o x i d i z e d to V ( V ) b y h y d r o g e n p e r o x i d e . H o w e v e r , w e have f o u n d that 
i n c u b a t i o n o f V ( V ) - B r P O w i t h b r o m i d e a n d M C D does not resu l t i n 
s t o i c h i o m e t r i c b r o m i n a t i o n o f M C D (29). O n the o t h e r h a n d , c e r t a i n 
v a n a d i u m ( V ) c o m p l e x e s have b e e n s h o w n to b e r e d u c e d b y b r o m i d e to 
V(III ) (30) (see f o l l o w i n g Sec t i on ) . A n e l e c t r o n - t r a n s f e r c y c l e b e t w e e n 
V ( V ) a n d V ( I V ) seems u n l i k e l y because an e l e c t r o n s p i n resonance ( E S R ) 
s igna l is not o b s e r v e d u n d e r V - B r P O t u r n o v e r c o n d i t i o n s (i .e. , i n the 
p r e s e n c e o f B r ~ a n d H 2 0 2 ) a n d because the n o n r a d i c a l n a t u r e o f the 
b r o m i n a t i o n reac t i ons is not cons is tent w i t h o n e - e l e c t r o n r e d u c t i o n o f 
V ( V ) [ O f course f o r m a t i o n o f V ( I V ) a n d a p r o t e i n r a d i c a l a n i o n c o u l d b e 
cons is tent w i t h b o t h the absence o f an E S R s igna l a n d the t w o - e l e c t r o n 
o x i d a t i o n o f b r o m i d e : h o w e v e r , h a l o g e n a t i o n is not o b s e r v e d i n the ab 
sence o f h y d r o g e n perox ide ] (29). A L e w i s a c i d r o l e for the v a n a d i u m ( V ) 
is cons is tent w i t h the observat ions a l t h o u g h d i r e c t o b s e r v a t i o n o f the 
v a n a d i u m site i n V - B r P O d u r i n g t u r n o v e r has not b e e n feas ib le to date . 
A smal l change i n the U V s p e c t r u m o f V ( V ) - B r P O is o b s e r v e d o n a d d i t i o n 
o f h y d r o g e n p e r o x i d e ; o n subsequent a d d i t i o n o f b r o m i d e , the o r i g i n a l 
s p e c t r u m o f V ( V ) - B r P O is r e s t o r e d (31). T h i s finding is cons is tent w i t h 
i n i t i a l f o r m a t i o n o f a v a n a d i u m - p e r o x i d e spec ies a n d subsequent o x i 
d a t i o n o f b r o m i d e , r e f o r m i n g V ( V ) - B r P O . V a n a d i u m ( V ) p e r o x i d e c o m -
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p lexes have b e e n w e l l - c h a r a c t e r i z e d a n d are k n o w n to b e g o o d ox idants , 
i n c l u d i n g oxidants o f hal ides (32, 33) (see next sect ion) . A l t h o u g h a short 
l i v e d r e d u c e d o x i d a t i o n state cannot b e d i s c o u n t e d i n the o x i d a t i o n o f 
ha l ides b y p e r o x o v a n a d i u m ( V ) spec ies , the v a n a d i u m p r o d u c t is i n t h e 
5 + o x i d a t i o n state. 

Biomimics ofV-BrPO 
H a l o p e r o x i d a s e s c a n be r e a d i l y assayed b y the h a l o g e n a t i o n o f M C D 
(28). A s d i s cussed p r e v i o u s l y , the eff icacy o f th is m e t h o d re l i es o n 
aqueous c o n d i t i o n s to s tab i l i z e the eno la te f o r m o f the β -d iketone . D e 
v i a t i o n f r o m these c o n d i t i o n s i n search o f ac t ive m o d e l c o m p l e x e s r e 
qu i res o t h e r assays. F i r s t , the b r o m i n a t i o n o f 1 , 3 , 5 - t r i m e t h o x y b e n z e n e 
( T M B ) y i e l d s 2 - b r o m o - l , 3 , 5 - t r i m e t h o x y b e n z e n e ( B r T M B ) a n d 2 , 4 - d i -
b r o m o - l , 3 , 5 - t r i m e t h o x y b e n z e n e ( F i g u r e 3) (33). B e c a u s e b r o m i n e 
deact ivates a r o m a t i c r ings , c o m p l e t e m o n o b r o m i n a t i o n is o b s e r v e d b e 
fore the s e c o n d b r o m i n a t i o n event . T h e r e f o r e , the use o f excess T M B 
insures c o n v e r s i o n o n l y to B r T M B a n d not to m u l t i p l y b r o m i n a t e d p r o d 
ucts . T h i s c o n v e r s i o n is r e a d i l y f o l l o w e d b y G C analys is . It c a n also b e 
f o l l o w e d s p e c t r o p h o t o m e t r i c a l l y at 2 6 6 n m , b u t i n some cases, s t r o n g 
absorbances b y the v a n a d i u m peroxo species in ter fe re . A second m e t h o d 
to f o l l o w the o x i d a t i o n o f h a l i d e b y h y d r o g e n p e r o x i d e is the e v o l u t i o n 
o f d i o x y g e n , w h i c h is f o r m e d i n the ha l ide -ass i s ted d i s p r o p o r t i o n a t i o n 
o f h y d r o g e n p e r o x i d e . D i o x y g e n can b e m e a s u r e d b y an o x y g e n e l e c t rode 
u n d e r a w i d e range o f c o n d i t i o n s . H i g h a c i d c o n c e n t r a t i o n s a n d a l c o h o l -
water mixtures are t o l e ra ted , b u t not neat organic solvents. F i n a l l y , d i r e c t 
o b s e r v a t i o n o f B r 3 ~ is also poss ib l e i n a v a r i e t y o f so lvents , as i t is i n 
aqueous s o l u t i o n ( X m a x 2 6 7 n m ; e = 3 6 , 1 0 0 M _ 1 c m - 1 ) , to p e r m i t d i r e c t 
s p e c t r o p h o t o m e t r i c k i n e t i c m e a s u r e m e n t s . A t t e n t i o n must b e p a i d to 
the e q u i l i b r i a a n d s ide - reac t i ons o f B r 3 ~ . 

The Reactivity of cis-\02
+ in Acidic Aqueous Solution. T h e 

first f u n c t i o n a l m i m i c o f v a n a d i u m b r o m o p e r o x i d a s e was cis-

T M B B r T M B B r 2 T M B 

Figure 3. Bromination of TMB is an alternative assay for haloperoxidase 
activity. 
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(d i oxo )vanad ium(V) i n a c i d i c aqueous s o l u t i o n (32, 33). T h e p r o p o s e d 
m e c h a n i s m ( shown i n S c h e m e 2) i n v o l v e s the c o o r d i n a t i o n o f h y d r o g e n 
p e r o x i d e b y V 0 2

+ to g ive the c o r r e s p o n d i n g peroxo a n d d i p e r o x o species 
i n rat ios g o v e r n e d b y the e q u i l i b r i a s h o w n (32). 

T h e subsequent r e a c t i o n o f the p e r o x o c o m p l e x e s w i t h b r o m i d e g ives 
o x i d i z e d b r o m i n e species (see S c h e m e 2). H O B r , B r 2 , a n d B r 3 ~ r a p i d l y 
e q u i l i b r a t e , a n d B r 3 ~ is the p r e d o m i n a n t s p e c t r o p h o t o m e t r i c a l l y o b 
s e r v e d i n t e r m e d i a t e ( X m a x 2 6 7 n m ; e = 3 6 , 1 0 0 M 1 c m - 1 ) i n the absence 
o f an o r g a n i c substrate . T r i b r o m i d e is s t a b i l i z e d w i t h respec t to H O B r , 
B r 2 a n d d e c o m p o s i t i o n p r o d u c t s b y h i g h b r o m i d e a n d a c i d c o n c e n t r a 
t ions (34). H O B r is r e d u c e d b y excess h y d r o g e n p e r o x i d e to y i e l d b r o 
m i d e , w a t e r , a n d d i o x y g e n , o f w h i c h d i o x y g e n c a n b e m e a s u r e d . I n the 
p r e s e n c e o f T M B , the o x i d i z e d spec ies is r a p i d l y c o n s u m e d i n the b r o 
m i n a t i o n o f T M B to B r T M B . Q u a n t i t a t i o n o f B r T M B demonstra tes that 
b r o m i n a t i o n is s t o i c h i o m e t r i c w i t h respec t to the c o n c e n t r a t i o n o f H 2 0 2 

a d d e d . T h u s T M B is a r a p i d , q u a n t i t a t i v e t rap for the o x i d i z e d b r o m i n e 
spec ies (33). 

Reactivity o f (HPS)VO(OH). A variety o f coordinat ion complexes 
catalyze the ox idat ion o f b r o m i d e b y h y d r o g e n perox ide . T h e first a n d 
most s tud ied catalyst is the hydroxooxovanadium(V) c o m p l e x o f h y d r o x -
ypheny l sa l i cy l ideneamine ( H 2 H P S , shown i n F i g u r e 4) (35). T h e p r o p o s e d 
mechan ism is shown i n Scheme 3. T h e catalyst precursor is the crysta l l ine 
( H P S ) V O ( O E t ) ( E t O H ) c o m p o u n d , w h i c h is read i ly p r e p a r e d from 
V O ( i O P r ) 3 a n d H 2 H P S (36) i n absolute e thanol . D i s s o l u t i o n o f this so l id i n 
Ν,Ν-dimethylformamide ( D M F ) gives rise to five species: ( H P S ) V O ( O E t ) , 
the active catalyst ( H P S ) V O ( O H ) , a n d three s tereochemica l ly dist inct d i -

V 0 2
+ + H 2 0 2 τ± V O ( 0 2 ) + + H 2 0 

V O ( 0 2 ) + + H 2 0 2 τ± V O ( 0 2 ) 2 - + 2 H 

K i K 2 

• V O ( 0 2 ) + - ^ V O ( 0 2 ) 2 -v o 2
+ 

H O B r = B r 2 = B r 3 

Scheme 2. Bromide oxidation by hydrogen peroxide catalyzed by cis-di-
oxovanadium(V). (See Note Added in Proof). 
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12. BUTLER A N D C L A G U E Modeling Vanadium Bromoperoxidase 335 

Figure 4. Ligands whose vanadium(V) complexes have been tested for 
catalysis of bromide oxidation. 

mers, [ ( H P S ) V O ] 2 0 (35). A d d i t i o n o f h y d r o g e n perox ide gives rise to a n 
other species, ( H P S ) V O ( 0 2 ) ~ . T h i s peroxo complex is competent to ox idize 
b r o m i d e i n the presence o f sufficient ac id , g i v ing rise to t r i b r o m i d e . T h e 
ox idat ion p r o b a b l y occurs v i a n u c l e o p h i l i c attack b y b r o m i d e o n the co 
o rd inated perox ide or f o l l o w i n g b r o m i d e coord inat ion to the meta l . T h e 
in i t ia l product o f oxidation may be vanad ium-bound hypobromi te , a l though 
this species has not b e e n exper imenta l ly detected . 

T h e o x i d a t i o n o f b r o m i d e can b e c o n v e n i e n t l y a n d q u a n t i t a t i v e l y 
m e a s u r e d b y the b r o m i n a t i o n o f T M B i n D M F s o l u t i o n . B r o m i n a t i o n is 
s t o i c h i o m e t r i c w i t h the v a n a d i u m c o m p l e x c o n c e n t r a t i o n i n the absence 
o f a d d e d a c i d (35). T h e s t o i c h i o m e t r i c a d d i t i o n o f a c i d resul ts i n an 
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(HPS)VO(OEt)(EtOH) 
solid dissolved in D M F 

( H P S ) V O ( O E t ) ^ ( H P S ) V O ( O H ) ^ [ ( H P S ) V O ] 2 0 
-530 ppm -529 to -547 ppm -563, -568 ppm 

( H P S ) V ^ \ , B r - ; ( H P S ) y ^ 
B r 

Scheme 3. Proposed mechanism for bromide oxidation by hydrogen per
oxide catalyzed by (HPS)VO(OH). 

a d d i t i o n a l e q u i v a l e n t o f B r T M B . A f t e r the first t u r n o v e r , one e q u i v a l e n t 
o f a c i d is r e q u i r e d p e r t u r n o v e r . T h e s e e x p e r i m e n t s r e q u i r e h y d r o g e n 
p e r o x i d e c o n c e n t r a t i o n s i n excess o f the s u m o f the v a n a d i u m a n d a c i d 
c o n c e n t r a t i o n s . W h e n h y d r o g e n p e r o x i d e is l i m i t i n g (i .e. , less t h a n the 
s u m o f the v a n a d i u m a n d a c i d c oncent ra t i ons ) , the f o r m a t i o n o f B r T M B 
is q u a n t i t a t i v e w i t h h y d r o g e n p e r o x i d e . 

V a l u a b l e i n f o r m a t i o n about the a c tua l species i n s o l u t i o n b e f o r e a n d 
after the o x i d a t i o n r e a c t i o n is d e r i v e d f r o m 5 1 V N M R resul ts . T h e r e 
act ions are too fast u n d e r s p e c t r o s c o p i c a l l y o b s e r v a b l e c o n d i t i o n s ( m M 
v a n a d i u m ) to p e r m i t data c o l l e c t i o n d u r i n g the r e a c t i o n . T h e o b s e r v e d 
resonances are ass igned to p a r t i c u l a r spec ies as s h o w n i n S c h e m e 3, b u t 
the exper iments that fac i l i ta ted these assignments m e r i t some discuss ion . 

D i s s o l u t i o n o f ( H P S ) V O ( O E t ) ( E t O H ) i n D M F , as m e n t i o n e d p r e v i 
ous ly , g ives r ise to f our resonances , w h i c h are ass igned to five spec ies 
(Scheme 3). A d d i t i o n o f 0 .5 M e t h a n o l c onver t s a l l the v a n a d i u m i n 
s o l u t i o n to a s ing le species w i t h a resonance at —530 p p m . T h i s spec ies 
is ass igned as ( H P S ) V O ( O E t ) (35). ( E v i d e n c e that e t h a n o l b i n d s as 
e t h o x i d e w i l l b e presented . ) I f m e t h a n o l is a d d e d i n s t e a d o f e t h a n o l , 
the sole r e s u l t i n g resonance is at - 5 2 4 p p m , assigned as ( H P S ) V O ( O M e ) . 
A d d i t i o n o f e t h a n o l a n d m e t h a n o l resul ts i n resonances at b o t h —524 
a n d —530 p p m (37) . T h i s c o m p l e x m a y c o o r d i n a t e a so lvent m o l e c u l e 
i n the ax ia l p o s i t i o n trans to the oxo g r o u p . E i t h e r f o r m u l a t i o n (f ive- o r 
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s ix - coord inate ) is cons is tent w i t h the a l c o h o l i n h i b i t i o n d e s c r i b e d l a t e r 
i n this sec t i on . 

A v a n a d i u m c o m p l e x c a n b e p r e c i p i t a t e d f r o m a c o n c e n t r a t e d ace 
t o n i t r i l e s o l u t i o n o f ( H P S ) V O ( O E t ) ( E t O H ) b y the a d d i t i o n o f a s m a l l 
a m o u n t o f w a t e r . T h i s c o m p l e x has an e l e m e n t a l analysis cons is tent w i t h 
the f o r m u l a t i o n [ ( H P S ) V O ] 2 O e M e C N . Its 5 1 V N M R s p e c t r u m shows o n l y 
the t h r e e u p f i e l d resonances . A d d i t i o n o f e t h a n o l resul ts aga in i n c o m 
p l e t e c o n v e r s i o n to the - 5 3 0 p p m f o r m ( H P S ) V O ( O E t ) (35). 

A d d i t i o n o f w a t e r to a D M F so lu t i on o f ( H P S ) V O ( O E t ) ( E t O H ) results 
i n the c o n v e r s i o n o f a l l the v a n a d i u m to a s ing le species w i t h a r e sonance 
at - 5 4 5 p p m , cons is tent w i t h the h y d r o l y z e d f o r m ( H P S ) V O ( O H ) . T h e 
pos i t i on o f this resonance is a c i d - a n d base -dependent . A d d i t i o n o f N a O H 
causes this resonance to m o v e i n c r e m e n t a l l y d o w n f i e l d to a p o s i t i o n o f 
—529 p p m , w h i c h is r e a c h e d after a d d i t i o n o f one e q u i v a l e n t o f base . 
A c o n c o m i t a n t decrease i n c o n c e n t r a t i o n s o f the e t h o x y a n d d i m e r i c 
species is o b s e r v e d . T h i s c h e m i c a l shift r e m a i n s constant u p o n a d d i t i o n 
o f m o r e base. A d d i t i o n o f a c i d causes this r esonance to m o v e u p f i e l d to 
- 5 4 7 p p m . 

T h i s h y d r o l y z e d f o r m , ( H P S ) V O ( O H ) / ( H P S ) V 0 2 " , is p r e s u m a b l y the 
one to w h i c h h y d r o g e n p e r o x i d e c o o r d i n a t e s , i n i t i a t i n g o x i d a t i o n o f b r o 
m i d e . T h e a d d i t i o n o f h y d r o g e n p e r o x i d e to a D M F s o l u t i o n o f 
( H P S ) V O ( O E t ) ( E t O H ) resul ts i n a s m a l l , a d d i t i o n a l r e sonance at - 5 1 9 
p p m . B u l k c o n v e r s i o n is e f fec ted b y the s t o i c h i o m e t r i c a d d i t i o n o f base . 
I n o r d e r to assess the p r o t o n a t i o n state o f the h y d r o g e n p e r o x i d e that 
b i n d s , 1 m M ( H P S ) V O ( O E t ) ( E t O H ) was r e a c t e d i n D M F w i t h excess (4 
m M ) h y d r o g e n p e r o x i d e a n d 0 .5 m M N a O H . T h e e x p e c t e d resonance 
at - 5 1 9 p p m ( c o m p r i s i n g about h a l f the t o ta l s ignal area) was o b s e r v e d 
a l o n g w i t h resonances at - 5 4 2 , — 5 6 3 , a n d - 5 6 8 p p m ( F i g u r e 5) . I m 
p o r t a n t l y , the p o s i t i o n o f the a c i d - d e p e n d e n t resonance shows that 
the h a l f - e q u i v a l e n t o f base exac t ly n e u t r a l i z e s the p r o t o n s r e l e a s e d 
u p o n b i n d i n g o f h y d r o g e n p e r o x i d e . B e c a u s e the i n i t i a l spec ies is 
( H P S ) V O ( O H ) , the b i n d i n g o f h y d r o g e n p e r o x i d e as 0 2

2 ~ releases one 
p r o t o n (and an e q u i v a l e n t o f w a t e r ) . T h i s p r o t o n is n e u t r a l i z e d b y the 
a d d e d base. 

( H P S ) V O ( O H ) + H 2 0 2 τ± ( H P S ) V O ( 0 2 ) " + H 3 0 + 

I f hydrogen peroxide were b o u n d as hydroperox ide , H 0 2 " , then no protons 
w o u l d be released u p o n displacement o f hydrox ide , and the ac id-dependent 
resonance w o u l d move d o w n f i e l d as a result o f the a d d e d base. 

A s i m i l a r e x p e r i m e n t was p e r f o r m e d to d e t e r m i n e w h e t h e r the 
e t h a n o l that is b o u n d i n the - 5 3 0 p p m f o r m is e t h a n o l o r e t h o x i d e . 
A d d i t i o n o f e t h a n o l i n 1 m M i n c r e m e n t s to a 1 m M s o l u t i o n o f 
( H P S ) V O ( O E t ) ( E t O H ) results i n an increase i n the a rea o f the r esonance 
at - 5 3 0 p p m ( F i g u r e 6) . I n a d d i t i o n , the a c i d - d e p e n d e n t resonance 
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Figure 5. 5 2 V NMR spectrum of 1 mM (HPS)VO(OEt)(EtOH), 0.5 mM 
NaOH and 4 mM H202 in DMF. 

moves f r o m - 5 4 2 p p m to - 5 4 7 p p m , s i g n a l i n g the re lease o f the h y -
d r o x y l p r o t o n u p o n e t h o x i d e b i n d i n g to the v a n a d i u m center . 

V a n a d i u m ( V ) w i t h o u t a c o o r d i n a t i n g o r g a n i c l i g a n d s u c h as H P S 2 -

is also ac t ive as a b r o m i d e o x i d a t i o n catalyst i n wet D M F (35), h o w e v e r , 
n e i t h e r s o d i u m vanadate n o r a m m o n i u m vanadate is s o l u b l e i n neat , d r y 
D M F (35). T h e m e c h a n i s m o f b r o m i d e ox ida t i on appears to b e analogous 
to the one i n aqueous s o l u t i o n : p e r o x i d e coord inates to the v a n a d i u m 
c e n t e r , t h e n the p e r o x o v a n a d i u m spec ies o x i d i z e s b r o m i d e . T h e rate o f 
b r o m i d e o x i d a t i o n , as m e a s u r e d s p e c t r o p h o t o m e t r i c a l l y b y the a p p e a r 
ance o f B r 3 " at 2 7 2 n m , is l i n e a r w i t h v a n a d i u m c o n c e n t r a t i o n i n the 
range o f 1 - 1 0 μΜ, i n d i c a t i n g that the v a n a d i u m spec ies is m o n o m e r i c . 
D a t a f r o m 5 1 V N M R e x p e r i m e n t s suggest that the p e r o x o c o m p l e x is , i n 
fact, o x o ( d i p e r o x o ) v a n a d i u m ( V ) . T h e extent o f s o l va t i on b y w a t e r o r 
D M F is u n k n o w n . 

B e c a u s e u n l i g a t e d V ( V ) is an ef fect ive catalyst for the r e a c t i o n o f 
h y d r o g e n p e r o x i d e a n d b r o m i d e , p r o d u c t s tudies a n d s p e c t r o s c o p i c 
c h a r a c t e r i z a t i o n are insuf f i c ient to es tab l i sh the i d e n t i t y o f the ac t ive 
catalyst . N o n e o f the e v i d e n c e so far p r e s e n t e d p r e c l u d e s the p o s s i b i l 
i t y that the l i g a n d H P S 2 " d issoc iates b r i e f l y a n d that the r e a c t i o n is ca ta 
l y z e d b y a s m a l l , s p e c t r o s c o p i c a l l y u n d e t e c t a b l e a m o u n t o f u n l i g a t e d 
v a n a d i u m (V) . 
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Figure 6. 51V NMR spectrum of (a) 1 mM (HPS)VO(OEt)(EtOH) in 
DMF, (b) 1 mM (HPS)VO(OEt)(EtOH) + 1 mM EtOH, (c) 1 mM 
(HPS)VO(OEt) (EtOH) + 2mM EtOH, and (d) 1 mM (HPS) VO(OEt) (EtOH) 
+ 3mM EtOH. 

F o r t u n a t e l y , the e q u i l i b r i u m o f the ac t ive catalyst ( H P S ) V O ( O H ) 
a n d a n o t h e r spec ies ( H P S ) V O ( O R ) p e r m i t s a d i r e c t p r o b e o f the ac t i ve 
species . T h e a d d i t i o n o f e t h a n o l or m e t h a n o l s i gn i f i cant ly re tards the 
rate o f t r i b r o m i d e f o r m a t i o n w h e n the catalyst is d e r i v e d f r o m 
( H P S ) V O ( O E t ) ( E t O H ) , a l t h o u g h the rate is u n c h a n g e d ( w i t h i n e x p e r i 
m e n t a l e rror ) w h e n the catalyst is d e r i v e d f r o m s o d i u m or a m m o n i u m 
vanadate . T h i s d i s p a r i t y is r e a d i l y r a t i o n a l i z e d b y c o n s i d e r i n g the co 
o r d i n a t i o n e n v i r o n m e n t i n the t w o catalysts . I n ( H P S ) V O ( O H ) , o n l y one 
site is ava i lab le to b i n d p e r o x i d e , the e q u a t o r i a l site o c c u p i e d b y h y 
d r o x i d e . T h e p r e s e n c e o f R O H i n s o l u t i o n resul ts i n a c o m p e t i t i o n b e 
t w e e n p e r o x i d e a n d a l k o x i d e for the sole ava i lab le s i te . T h e e q u i l i b r i u m 
b e t w e e n ( H P S ) V O ( O R ) a n d ( H P S ) V O ( 0 2 ) ~ favors the p e r o x o spec ies , 
b u t a d d i t i o n o f 0 . 1 3 M m e t h a n o l ( 2 0 - f o l d excess o v e r [ H 2 0 2 ] ) resul ts i n 
a greater t h a n 2 - f o ld decrease i n rate . B y contrast , oxo v a n a d i u m (V) has 
severa l ava i lab le c o o r d i n a t i o n sites, as w e l l as the a b i l i t y to b i n d t w o 
p e r o x i d e mo ie t i e s . T h e a d d i t i o n o f 0 .5 M m e t h a n o l does not cause any 
change i n the rate o f t r i b r o m i d e f o r m a t i o n . 
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T h e h i g h - f i e l d resonances (—563 a n d —568 p p m ) are ass igned to 
μ-Ο d i m e r s o f ( H P S ) V O + based o n the c o n c e n t r a t i o n - d e p e n d e n t v a r i a t i o n 
o f t h e i r s ignal areas r e l a t i v e to those o f ( H P S ) V O ( O H ) / ( H P S ) V 0 2 " . T h e 
m o n o m e r ( H P S ) V O + is c h i r a l , so d i m e r i z a t i o n g ives r ise to d , 1, a n d meso 
d iastereomers , w h i c h conta in three v a n a d i u m e n v i r o n m e n t s . T h e u p f i e l d 
resonances at - 5 6 3 a n d - 5 6 8 p p m c a n b e fit to t h r e e c u r v e s ( - 5 6 4 , 
—567 , a n d —568 p p m ) i n the a p p r o p r i a t e rat ios ( ~ 2 : 1 : 1 ) , cons is tent 
w i t h d i m e r i z a t i o n . 

T h e o x i d a t i o n o f b r o m i d e c a n b e m e a s u r e d d i r e c t l y b y the increase 
i n absorbance at 2 7 2 n m ( X m a x o f B r 3 ~ i n D M F ) . U s i n g ca ta ly t i c amounts 
o f ( H P S ) V O ( O E t ) ( E t O H ) or [ ( H P S ) V O ] 2 0 · M e C N , b r o m i d e o x i d a t i o n is 
f o l l o w e d u n d e r a c i d - l i m i t e d c o n d i t i o n s . T h e t w o e q u i v a l e n t s o f h y d r o x 
i d e p r o d u c e d u p o n r e d u c t i o n o f h y d r o g e n p e r o x i d e are n e u t r a l i z e d b y 
a c i d . U n d e r bas ic c o n d i t i o n s , p e r o x i d e c a n c o o r d i n a t e to v a n a d i u m ( V ) , 
b u t the o x i d a t i o n o f b r o m i d e does not o c c u r . I n i t i a l k i n e t i c s tudies i n 
d i ca te that the r e a c t i o n p r o c e e d s w i t h a p a r t i a l i n v e r s e a c i d d e p e n d e n c e 
a n d shows sa turat i on k i n e t i c s w i t h respec t to h y d r o g e n p e r o x i d e a n d 
b r o m i d e . 

O t h e r C o m p l e x e s . B e f o r e w e t u r n to a d i s cuss ion o f o t h e r c o m 
p lexes , it is w o r t h m a k i n g a f ew g e n e r a l c o m m e n t s about the b i o m i m e t i c 
systems s t u d i e d to date . T h e m o d e l systems are m u c h s l o w e r ( ~ 1 0 5 -
fold) t h a n the e n z y m e (33). A l l p e r o x o v a n a d i u m c o m p l e x e s , w h e t h e r 
c o m p e t e n t to ca ta lyze b r o m i d e o x i d a t i o n reac t i ons or not , c o n t a i n η2-
c o o r d i n a t e d p e r o x i d e (4). L i t t l e is k n o w n about the b i n d i n g o f p e r o x i d e 
i n the e n z y m e (see above) , b u t one w o n d e r s w h e t h e r the e n h a n c e d r e a c 
t i v i t y is d e r i v e d f r o m an a l t e r n a t i v e b i n d i n g m o d e , s u c h as e n d - o n p e r 
o x i d e or h y d r o p e r o x i d e . T h e r a p i d e n z y m a t i c rate c o u l d also arise f r o m 
the na ture or c o n f i g u r a t i o n o f the l i gands to the v a n a d i u m i o n . 

T h e w e l l - d e f i n e d c h e m i s t r y o f ( H P S ) V O ( O H ) raises quest ions about 
o t h e r l i gands . W e have i n v e s t i g a t e d a v a r i e t y o f l i gands , w h i c h fa l l i n t o 
t h r e e classes b a s e d o n the r e a c t i v i t y o f t h e i r v a n a d i u m ( V ) c o m p l e x e s i n 
c a t a l y z i n g the o x i d a t i o n o f b r o m i d e b y h y d r o g e n p e r o x i d e i n reac t i ons 
l i m i t e d b y a c i d . (1) S o m e l i gands stay c o o r d i n a t e d to v a n a d i u m ( V ) a n d 
p r o d u c e ac t ive catalysts . (2) O n e l i g a n d , p y r i d i n e - 2 , 6 - d i c a r b o x y l a t e , r e 
mains c o o r d i n a t e d b u t so e f f e c t ive ly s tab i l i zes the p e r o x o c o m p l e x that 
no catalysis is observed . (3) Some l igands are d i s p l a c e d f r o m v a n a d i u m ( V ) 
b y h y d r o g e n p e r o x i d e u n d e r the e x p e r i m e n t a l c o n d i t i o n s (0.1 M t e t r a -
b u t y l a m m o n i u m b r o m i d e , m M H 2 0 2 , i n D M F ) . O u r d iscuss ion w i l l focus 
i n i t i a l l y o n the l igands that r e m a i n b o u n d t h r o u g h o u t the b r o m i d e ox
i d a t i o n c y c l e a n d t u r n b r i e f l y , at the e n d , to l i gands that deac t ivate 
p e r o x i d e or d issoc iate f r o m v a n a d i u m ( V ) . 

V a n a d i u m c o m p l e x e s o f the first class o f l i gands c a t a l y z e the o x i 
d a t i o n o f b r o m i d e b y h y d r o g e n p e r o x i d e . T h e s e l igands ( F i g u r e 4) i n -
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e l u d e t w o m o r e Sch i f f bases o f s a l i c y l a l d e h y d e , H 2 s a l : g l y a n d H 2 s a l : p h e , 
as w e l l as c i t r i c ( H 4 c i t ) , a n d i m i n o d i a c e t i c ( H 2 I D A ) . 

C o m p l e x e s o f the first t w o l igands are p r e p a r e d b y r e a c t i o n o f v a n 
a d y l sulfate w i t h the l i g a n d , p r e f o r m e d i n s i tu i n aqueous e t h a n o l (38). 
I so la ted as the v a n a d i u m ( I V ) c o m p l e x e s , t h e y can b e o x i d i z e d i n a e r o b i c 
m e t h a n o l a n d r e i s o l a t e d as the m e t h o x y m e t h a n o l v a n a d i u m ( V ) d e r i v a 
t ives (39). A l t e r n a t i v e l y , the r e d u c e d c o m p l e x e s c a n b e d i s s o l v e d i n 
D M F a n d a l l o w e d to o x i d i z e a e r o b i c a l l y b e f o r e use . T h e i r r e a c t i v i t y 
para l l e l s that o f ( H P S ) V O ( O E t ) ( E t O H ) . T h e y have r e a c t i o n rates for 
c a t a l y z i n g b r o m i d e o x i d a t i o n c o m p a r a b l e to ( H P S ) V O ( O H ) (Tab le I). 
I n t e r e s t i n g l y , the rates o f these reac t i ons are q u i t e sens i t ive to the 
a m o u n t o f w a t e r . T h e increase f r o m 0 . 5 % to 1 .0% a d d e d w a t e r causes 
a 1 0 - 2 0 % decrease i n rate . 

T h e c i t ra to p e r o x o c o m p l e x is f o r m e d i n s i tu f r o m e q u i m o l a r N a V 0 3 

a n d H 2 0 2 w i t h t w o m o l e - e q u i v a l e n t s o f c i t r i c a c i d . T h e I D A c o m p l e x is 
f o r m e d ana logous ly . 

T h e ca ta ly t i c p r o p e r t i e s o f these c o m p l e x e s are s i m i l a r . T h e rates 
s h o w saturat i on i n h y d r o g e n p e r o x i d e a n d a p a r t i a l i n v e r s e d e p e n d e n c e 
o n a c i d c o n c e n t r a t i o n . T h e r e l a t i v e rates are g i v e n i n T a b l e I . 

P y r i d i n e - 2 , 6 - d i c a r b o x y l i c a c i d ( H 2 d i p i c ) falls i n t o the s e c o n d class 
o f l i gands : H 2 0 2 is d e a c t i v a t e d a n d no catalys is is o b s e r v e d . T h e d i p i c 2 " 
c o m p l e x was s y n t h e s i z e d b y a l i t e r a t u r e p r o c e d u r e (40) a n d s y n t h e s i z e d 
i n s i tu b y a d d i t i o n o f e q u i m o l a r aqueous N a V 0 3 a n d H 2 d i p i c . T h e rate 
o f f o r m a t i o n o f B r 3 " f r o m H 2 0 2 a n d B r " i n the p r e s e n c e o f the d i p i c 2 " 
c o m p l e x is ind i s t ingu i shab le f r o m the rate i n the absence o f the v a n a d i u m 
c o m p l e x . T h e d e a c t i v a t i o n o f h y d r o g e n p e r o x i d e was o b s e r v e d p r e 
v i o u s l y i n a c i d i c aqueous s o l u t i o n , w h e r e o x o p e r o x o ( d i p i c o l i n a t o ) 
v a n a d i u m ( V ) o x i d i z e d a ( th io lato )Co(I I I ) c o m p l e x m o r e s l o w l y t h a n free 
h y d r o g e n p e r o x i d e (41). I n t e r e s t i n g l y , the a l k y l p e r o x o a d d u c t o f 
V ( V ) 0 ( d i p i c ) + s l o w l y o x i d i z e s o r g a n i c substrates i n a c e t o n i t r i l e s o l u t i o n 
s t o i ch i ometr i ca l l y (57) a n d cata ly t i ca l ly (42), a l t h o u g h at this p o i n t , l i t t l e 
is k n o w n about the d i f ferences i n r e a c t i v i t y o f h a l i d e o x i d a t i o n b y b o u n d 
p e r o x i d e versus b o u n d a l k y l p e r o x i d e . 

Table I. Relative Rates of Bromide 
Oxidation by Hydrogen Peroxide 

Vanadium (V) Complex Ligand Rate 

No ligand ( N a V 0 3 ) 1.0 
H 2 IDA 1.1 
H2sal:gly 0.9 
H 2 HPS 
H 4cit 

0.6 H 2 HPS 
H 4cit 0.6 
No catalyst 0 .04 
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S e v e r a l l i gands d issoc iate f r o m V ( V ) u n d e r the c a t a l y t i c c o n d i t i o n s 
e m p l o y e d : m M a c i d a n d h y d r o g e n p e r o x i d e , 1 0 0 m M B r " . C a r b o x y -
p h e n y l s a l i c y l i d e n e a m i n e ( H 2 C P S ) is one s u c h l i g a n d . T h e v a n a d i u m 
c o m p l e x is s y n t h e s i z e d analogous ly to ( H P S ) V O ( O E t ) ( E t O H ) (35). W h e n 
it is d i s s o l v e d i n D M F , a s ing le resonance is o b s e r v e d i n the 5 1 V N M R 
s p e c t r u m at —550 p p m . B e c a u s e this r esonance is u n c h a n g e d b y the 
a d d i t i o n o f excess e t h a n o l , it is ass igned b y the analogous r a t i o n a l e as 
for ( H P S ) V O ( O E t ) to V O ( C P S ) ( O E t ) . U p o n the a d d i t i o n o f h y d r o g e n 
p e r o x i d e , the resonance at —550 p p m d isappears a n d a n e w one at —585 
p p m appears . T h i s pos i t i on is the same one that is o b s e r v e d w h e n s o d i u m 
or a m m o n i u m vanadate is the v a n a d i u m source . N o decrease i n the rate 
o f b r o m i d e o x i d a t i o n is o b s e r v e d i n the p r e s e n c e o f a l c o h o l . 

H p i c also dissoc iates f r o m v a n a d i u m i n the p r e s e n c e o f h y d r o g e n 
p e r o x i d e . V a n a d i u m ( V ) i n s o l u t i o n w i t h H p i c a n d h y d r o g e n p e r o x i d e 
exh ib i t s an e q u i l i b r i u m b e t w e e n the p e r o x o ( p i c o l i n a t o ) a n d d i p e r o x o 
forms . T h e p r e s e n c e o f p e r o x o ( p i c o l i n a t o ) v a n a d i u m ( V ) (—563 p p m ) a n d 
(d iperoxo )vanadium(V) (—585 p p m ) u p o n a d d i t i o n o f h y d r o g e n p e r o x i d e 
to a s o l u t i o n o f V ( V ) a n d H p i c is s h o w n b y 5 1 V N M R . A d d i t i o n o f m o r e 
H p i c to this s o l u t i o n results i n the d i s a p p e a r a n c e o f the —585 p p m res 
onance , cons is tent w i t h an e q u i l i b r i u m b e t w e e n the t w o spec ies . T h e 
rate o f b r o m i d e ox ida t i on decreases d r a m a t i c a l l y f r o m the va lue o b s e r v e d 
i n the absence o f any l i g a n d u p o n a d d i t i o n o f s t o i c h i o m e t r i c H p i c ; f u r t h e r 
decreases i n rate are o b s e r v e d u p o n a d d i t i o n o f several equiva lents excess 
H p i c w i t h respec t to v a n a d i u m . T h e fact that the rate o f b r o m i d e o x i 
d a t i o n c o n t i n u e s to fa l l as m o r e l i g a n d is a d d e d suggests that some r e 
ac t ive species [probab ly (d iperoxo )vanad ium(V) ] is i n c r e a s i n g l y c o m -
p l e x e d b y H p i c . T h e c o m p l e x V O ( p i c ) ( 0 2 ) 2 is e i t h e r u n r e a c t i v e o r o n l y 
s l i g h t l y r e a c t i v e . A fit o f the o b s e r v e d rates o f b r o m i d e o x i d a t i o n g ives 
a v a l u e o f 3.4 Χ 1 0 5 M " 1 for the f o r m a t i o n o f V O ( 0 2 ) 2 ( p i c ) 2 " f r o m 
V O ( 0 2 ) 2 ~ a n d H p i c . S i m i l a r b e h a v i o r is o b s e r v e d for the n i t r i l o t r i a c e t i c 
a c i d ( H 3 N T A ) c o m p l e x : a 1 0 - f o l d decrease i n rate is o b s e r v e d w h e n the 
l i g a n d - t o - v a n a d i u m rat io is c h a n g e d f r o m 1:1 to 3 :1 . I n a d d i t i o n , d i s 
p l a c e m e n t o f n i t r i l o t r i s ( m e t h y l e n e ) t r i p h o s p h o n i c a c i d b y h y d r o g e n 
p e r o x i d e was o b s e r v e d . T h e a d d i t i o n o f excess h y d r o g e n p e r o x i d e to a 
s o l u t i o n o f e q u i m o l a r a m m o n i u m vanadate , h y d r o g e n p e r o x i d e , a n d 
H 6 N T P r e s u l t s i n t h e c o n v e r s i o n o f t h e 5 1 V N M R r e s o n a n c e at 
- 5 1 2 p p m for t h e m o n o p e r o x o N T P c o m p l e x to - 5 8 5 p p m for 
d i p e r o x o vanadate . 

Reactivity of the V(V)-Tetraethylene g l y c o l - H B r - 0 2 System. 
A n o t h e r sys tem is r e l e v a n t to th is d i s cuss ion o f the o x i d a t i o n o f b r o m i d e 
b y h y d r o g e n p e r o x i d e . It does not cata lyze p re c i se ly the same c h e m i s t r y ; 
i n s t e a d , the v a n a d i u m c o m p l e x o f t e t r a e t h y l e n e g l y c o l ( H 2 t e g ) ca ta lyzes 
the a e r o b i c o x i d a t i o n o f b r o m i d e ( f rom H B r ) i n 1 , 2 - d i c h l o r o e t h a n e (30) . 
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12. BUTLER A N D C L A G U E Modeling Vanadium Bromoperoxidase 343 

F r o m the r e a c t i o n s o l u t i o n i n the absence o f o x y g e n , a vanad ium(I I I ) 
c o m p l e x , [ V ( t e g ) B r 2 ] B r , was i s o l a t e d a n d c r y s t a l l o g r a p h i c a l l y c h a r a c 
t e r i z e d . T h e v a n a d i u m sits i n a pentagona l b i p y r a m i d a l site w i t h b r o m i n e 
atoms i n the axial pos i t ions a n d the organic l i g a n d d e f i n i n g the equator ia l 
p l a n e . T h e catalyst is p r o p o s e d to u n d e r g o r e d u c t i o n f r o m V ( V ) to V(III ) 
b y h y d r o g e n b r o m i d e f o l l o w e d b y a e r o b i c o x i d a t i o n to V ( V ) (Scheme 
4). T h i s b e h a v i o r is d i s t inc t f r o m the v a n a d i u m catalysts d i s cussed p r e 
v i o u s l y , w h e r e no r e d u c t i o n o f v a n a d i u m n o r o x i d a t i o n o f b r o m i d e is 
o b s e r v e d u p o n a d d i t i o n o f b r o m i d e . V a n a d i u m b r o m o p e r o x i d a s e also 
fails to u n d e r g o one t u r n o v e r i n the absence o f h y d r o g e n p e r o x i d e (29). 
T h u s , the e n z y m e does not c y c l e b e t w e e n V ( V ) a n d V( I I I ) . 

Some Structural Considerations Concerning Model 
Compounds and Vanadium Bromoperoxidase 
T h e extant l i t e r a t u r e o f v a n a d i u m c o o r d i n a t i o n c o m p l e x e s can b e u s e d 
to s h e d a d d i t i o n a l l i g h t o n the v a n a d i u m site o f v a n a d i u m b r o m o p e r o x 
idase . T h e k n o w n s t ruc tures o f v a n a d i u m i n a v a r i e t y o f c o o r d i n a t i o n 
e n v i r o n m e n t s p r o v i d e a w e a l t h o f s t r u c t u r a l d e t a i l that c a n be b r o u g h t 
to b e a r o n the p r o p o s e d e n z y m e s t r u c t u r e . 

B o n d v a l e n c e s u m ( B V S ) analys is , d e v e l o p e d b y B r o w n (43) to c a l 
cu la te m e t a l o x i d a t i o n states i n mater ia l s s u c h as h i g h - t e m p e r a t u r e s u 
p e r c o n d u c t o r s a n d zeo l i t es , has r e c e n t l y b e e n s h o w n b y T h o r p (44) to 
b e p r e d i c t i v e for m e t a l l o e n z y m e s a n d m o d e l c o m p o u n d s . O n the basis 
o f c r y s t a l l o g r a p h i c data , the e m p i r i c a l p a r a m e t e r s r 0 a n d Β are d e t e r 
m i n e d . T h e s e va lues can t h e n b e u s e d to ca l cu la te o x i d a t i o n states f r o m 
k n o w n c o o r d i n a t i o n e n v i r o n m e n t s or c o o r d i n a t i o n n u m b e r s f r o m k n o w n 
o x i d a t i o n states a n d b o n d l engths . T h e r e q u i s i t e equat i ons are 

Scheme 4. Structure of H2teg and proposed mechanism for aerobic bromide 
oxidation by the V(III) (H2teg)+ complex. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
6.

ch
01

2

In Mechanistic Bioinorganic Chemistry; Thorp, H., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1996. 



344 MECHANISTIC BIOINORGANIC CHEMISTRY 

O . S . = 2 s 

s = exp [ ( r 0 - r)/B] 

w h e r e O . S . is the o x i d a t i o n state, a n d Β = 0 . 3 7 . T h o r p (44) c o n s i d e r e d 
some F e , M n , C u , a n d Z n e n z y m e s a n d t h e i r m o d e l s . L i u a n d T h o r p 
(45) have n o w d e r i v e d n e w r 0 va lues for v a n a d i u m (and o t h e r t r a n s i t i o n 
metals) b a s e d so le ly o n data f r o m c o o r d i n a t i o n c o m p l e x e s . W i t h these 
va lues B V S analysis can b e e x t e n d e d to v a n a d i u m systems to p r e d i c t 
ox ida t i on states ( ± 0 . 3 ) for a v a r i e t y o f v a n a d i u m ( V ) complexes i n o x y g e n -
n i t r o g e n - h a l o g e n e n v i r o n m e n t s , i n c l u d i n g f our - , five-, s ix - , a n d s e v e n -
c o o r d i n a t e c o m p l e x e s . 

T h e r 0 va lues are l i s t e d i n T a b l e I I . T h e V ( V ) va lues are c a l c u l a t e d 
f r o m V ( I V ) va lues u s i n g the d - e l e c t r o n c o r r e c t i o n d e s c r i b e d b y B r o w n 
(43). S p e c i f i c a l l y , 0 . 0 2 0 is a d d e d to the V ( I V ) va lues . T h e B V S resul ts 
are t a b u l a t e d a l o n g w i t h the k n o w n o x i d a t i o n state a n d the c o o r d i n a t i o n 
e n v i r o n m e n t (Tab le III) . F o r the most p a r t , the o r i g i n a l n o m e n c l a t u r e 
o f these c o m p l e x e s has b e e n r e t a i n e d ; deta i l s are ava i lab le i n the 
re ferences . 

T h e a g r e e m e n t b e t w e e n the o x i d a t i o n state c a l c u l a t e d f r o m B V S 
analysis a n d that d e t e r m i n e d e x p e r i m e n t a l l y is g e n e r a l l y q u i t e g o o d 
(Tab le III) . E v e n the m i x e d - v a l e n c e d i m e r , e n t r y o, g ives g o o d resu l ts : 
i n t e r m e d i a t e va lues for e a c h v a n a d i u m a t o m , cons is tent w i t h the e v i 
d e n c e that this d i m e r is d e l o c a l i z e d (not v a l e n c e - t r a p p e d ) w i t h a c a l 
c u l a t e d , average o x i d a t i o n state o f 4.5 (58). T h e n o t a b l e except i ons fa l l 
i n t w o categories : the ds - (d ioxo) complexes (entries c - f ) have B V S values 
s igni f i cant ly l o w e r t h a n 5.0; the v a n a d i u m ( V ) c o m p l e x o f ca techo l (entry 
i) is also s ign i f i cant ly l o w e r t h a n 5 .0 . T h e cis - (dioxo) c o m p l e x e s m a y 
re f lect a decrease i n b o n d o r d e r . B e c a u s e the V = 0 b o n d r e q u i r e s the 
use o f a d i f ferent r 0 f r o m V - O , the c a l c u l a t e d B V S v a l u e changes w i t h 
the b o n d o r d e r ass igned . I n at least one o f these c is - (dioxo) c o m p l e x e s , 
h y d r o g e n b o n d i n g is p r o p o s e d to affect the s t r u c t u r e s ign i f i cant ly (50). 

Table I I . Values Used 
for BVS Analysis 

Bone ro(A) 

v 3 + - o 1.749 
V 4 + - N 1.875 
V 3 + - N 1.813 
v5 +=o 1.755 
v4 +=o 1.735 
v 5 + - o 1.800 
v 4 + - o 1.780 
V 5 + - N 1.895 
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T h e fit does i m p r o v e u p o n c a l c u l a t i n g the l o n g e r " o x o " b o n d as a V - O 
b o n d ( compare entr i es d a n d d2 ) . 

T h e case o f the v a n a d i u m - c a t e c h o l c o m p l e x is also in teres t ing . U n d e r 
c e r t a i n c o n d i t i o n s , v a n a d i u m ( V ) u n d e r g o e s r e d u c t i o n b y c a t e c h o l to 
y i e l d the v a n a d i u m ( I V ) - s e m i q u i n o n e . T h e v a n a d i u m i n th is c o m p l e x has 
a 5 1 V N M R s igna l a n d no E S R s igna l , d e m o n s t r a t i n g its o x i d a t i o n state 
o f 5 + . O n e w o n d e r s w h e t h e r the l o w B V S v a l u e ref lects a s i m p l e w e a k 
ness i n the B V S analysis or the ' ' i n c l i n a t i o n ' ' o f c a t e c h o l to r e d u c e 
v a n a d i u m (V) . 

A s d i s cussed p r e v i o u s l y , b o n d l engths are ava i lab le f r o m e x t e n d e d 
X - r a y a b s o r p t i o n fine s t r u c t u r e ( E X A F S ) for the v a n a d i u m e n v i r o n m e n t 
i n V - B r P O (17) . B o n d l engths o f 1 .61 , 1 .72, a n d 2 .11 À w e r e f o u n d for 
V - l i g h t - a t o m b o n d s . H o w e v e r , the n u m b e r o f l i gands is n e v e r p r e c i s e l y 
k n o w n f r o m E X A F S ; t y p i c a l l y , the e r r o r is ± 0 . 5 . I n this case, the s i tuat ion 
is c o m p l i c a t e d b y a r e f i n e m e n t that c o n s t r a i n e d the c o o r d i n a t i o n n u m 
bers to i n t e g r a l va lues , so the u n c e r t a i n t y i n the d e r i v e d va lues is not 
k n o w n . A B V S analysis o f the e n z y m e was d o n e u s i n g the o r i g i n a l va lues 
(46); w e have e x t e n d e d this analysis u s i n g the r e f i n e d va lues , w h i c h 
d i s t i n g u i s h b e t w e e n s ing le a n d d o u b l e b o n d s . T h e c o o r d i n a t i o n s p h e r e 
has b e e n f o r m u l a t e d as c o n t a i n i n g one V = 0 m o i e t y (1.61 À ) , three short 
V - O b o n d s (1 .72 À ) , a n d t w o l o n g V - O / N b o n d s (2 .11 A ) ( F i g u r e 1). 
U s i n g this l i g a n d set, the ox idat i ons state is c a l c u l a t e d to b e 6 .07 i f the 
l o n g b o n d s are t a k e n to b e V - O , or 6 .32 i f t h e y are V - N . T h u s , th is 
c o o r d i n a t i o n s p h e r e is incons i s tent w i t h B V S analys is . 

W e have c o n s i d e r e d s e v e r a l o t h e r poss ib i l i t i e s for v a n a d i u m b r o m o 
perox idase . A c is- (dioxo) a r r a n g e m e n t , e v e n w i t h o n l y t w o l i gands at 
1.72 Â, gives an ox idat i on state b y B V S o f 6 .30 , w h i c h is also incons istent 
w i t h the k n o w n v a l e n c e (5+) o f the m e t a l . O t h e r s i x - c oord inate a r r a n g e 
ments w i t h the s ixth l i g a n d as H 2 0 at a l o n g distance ( 2 . 2 - 2 . 3 À) p r o d u c e 
s i m i l a r resul ts . H o w e v e r , a five-coordinate g e o m e t r y , w i t h the 2 .11 À 
b o n d s as e i t h e r V - O or V - N , has a c a l c u l a t e d v a l e n c e o f 4 .83 a n d 5 . 0 8 , 
r e s p e c t i v e l y , cons is tent w i t h the k n o w n o x i d a t i o n state o f 5 + . 

Conclusion 
T h e V - B r P O - c a t a l y z e d o x i d a t i o n o f b r o m i d e b y h y d r o g e n p e r o x i d e is 
the first step i n a series o f r eac t i ons that resul ts i n b r o m i n a t e d o r g a n i c 
p roduc t s or the hal ide -ass is ted d i s p r o p o r t i o n a t i o n o f h y d r o g e n p e r o x i d e . 
A s studies c o n t i n u e o n b o t h the e n z y m a t i c a n d m o d e l systems, w e c a n 
m a k e severa l c o m m e n t s . T h e a b i l i t y to c a t a l y z e this r e a c t i o n seems to 
b e a f a i r l y g e n e r a l p r o p e r t y o f v a n a d i u m (V) c o m p l e x e s w i t h an ava i lab le 
c o o r d i n a t i o n site i n the e q u a t o r i a l p l a n e i n w h i c h to b i n d p e r o x i d e . T h e 
o x i d a t i o n rates o f the m o d e l c o m p l e x e s , w i t h respec t to the e n z y m e , 
raise the q u e s t i o n o f w h a t m i c r o s c o p i c d i f ferences g ive r ise to the h i g h 
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efficiency of vanadium bromoperoxidase. We are investigating the de
tailed effect of the nature of coordinating groups, active site groups that 
could function in general acid catalysis, and chelate ring sizes toward a 
fuller understanding of the factors that determine reactivity. 

Note Added in Proof 
The kinetics of the V02+-catalyzed oxidation of bromide have now been 
investigated. A peroxo vanadium(V) dimer is the oxidant of bromide 
(Clague and Butler, / . Am. Chem. Soc, 1995, in press). 
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13 
Magnetic Circular Dichroism 
Spectroscopy as a Probe 
of the Active Site Structures of Iron Chlorin
-and Formylporphyrin-Containing 
Green Heme Proteins 

John H . Dawson1,2, Alma M . Bracete1, Ann M . Huff1, 
Saloumeh Kadkhodayan1, Chi K. Chang3, and Masanori Sono1 

1Department of Chemistry and Biochemistry and 2School of Medicine, 
University of South Carolina, Columbia, SC 29208 
3Department of Chemistry, Michigan State University, East 
Lansing, MI 48824 

The magnetic circular dichroism (MCD) properties of the two types 
of green-colored heme systems, iron chlorins (dihydroporphyrins) 
and iron porphyrins bearing a formyl substituent, have been further 
developed. The systems to be investigated include enzymes that 
naturally contain a green heme prosthetic group, proteins such as 
myoglobin into which an iron chlorin or iron formyl-porphyrin has 
been reconstituted and synthetic model complexes. As has previously 
been established for the MCD of protoheme systems, the spectra 
of iron chlorins are very sensitive to oxidation, spin and ligation 
state changes, and relatively insensitive to changes in the solvent 
or protein environment where the chromophore is located. The green 
catalase from Escherichia col i is shown to display MCD spectra 
that are most consistent with the presence of a tyrosine proximal 
ligand. On the other hand, bovine spleen myeloperoxidase has MCD 
spectra that closely resemble those of formyl-substituted hemes 
and are distinct from those of corresponding iron chlorins. The 
MCD properties of the two types of green heme chromophores are 
readily distinguishable. Taken together, the data presented herein 
reveal MCD spectroscopy to be a promising technique for the struc
tural characterization of green heme systems. 

A ^ A G N E T I C C I R C U L A R D I C H R O I S M (MCD) s p e c t r o s c o p y has b e e n u s e d 
ex tens ive ly to e x a m i n e the s t r u c t u r a l a n d m a g n e t i c p r o p e r t i e s o f i r o n 

0065-2393/95/0246-0351/$08.18/0 
© 1995 American Chemical Society 
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p o r p h y r i n s a n d h e m e prote ins (1-4). T w o genera l approaches have b e e n 
d e v e l o p e d for these invest igat ions . T h e m o r e e m p i r i c a l a p p l i c a t i o n takes 
advantage o f the fingerprinting c a p a b i l i t y o f the m e t h o d to c h a r a c t e r i z e 
s t r u c t u r a l l y u n d e f i n e d h e m e centers b y s p e c t r a l c o m p a r i s o n s to d a t a for 
s t r u c t u r a l l y d e f i n e d i r o n p o r p h y r i n s , b o t h i n s y n t h e t i c m o d e l c o m p l e x e s 
a n d h e m e p r o t e i n der ivat ives . T h e m o r e sophis t i cated a p p r o a c h requ i res 
the use o f u l t r a l o w t e m p e r a t u r e s a n d h i g h m a g n e t i c fields to ' ' sa turate ' ' 
M C D signals i n c e r t a i n cases to s tudy the m a g n e t i c p r o p e r t i e s o f the 
h e m e i r o n . 

T h e p h e n o m e n o n o f M C D was first r e p o r t e d i n 1 8 4 5 b y M i c h a e l 
F a r a d a y (5) a n d is t h e r e f o r e s o m e t i m e s c a l l e d the F a r a d a y effect. C h r o -
m o p h o r e s e x h i b i t M C D s p e c t r a because t h e y d i f f e r e n t i a l l y absorb left 
a n d r i g h t c i r c u l a r l y p o l a r i z e d l i g h t i n the p r e s e n c e o f a m a g n e t i c field. 
A s a d i f f e rence s p e c t r a l t e c h n i q u e , b o t h p o s i t i v e a n d negat ive s ignals 
are seen. M C D " A " t e rms resu l t f r o m a l i f t i n g o f e x c i t e d state d e g e n 
erac ies i n the p r e s e n c e o f the m a g n e t i c field a n d are d e r i v a t i v e s h a p e d . 
M C D " C " t e rms resu l t f r o m the l i f t i n g o f g round -s ta te degenerac i e s b y 
the magnet i c field, are Gauss ian i n shape a n d are t e m p e r a t u r e - d e p e n d e n t 
i n in tens i ty . M C D terms arise f r o m g r o u n d - a n d excited-state m i x i n g 
b r o u g h t o n b y the m a g n e t i c field a n d are G a u s s i a n i n shape b u t are 
g e n e r a l l y t e m p e r a t u r e - i n d e p e n d e n t i n i n t e n s i t y . T h u s i t is poss ib l e to 
d i f f erent iate A , B , a n d C t e rms i n an M C D s p e c t r u m t h r o u g h an analys is 
o f the shapes a n d 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 o m p o n e n t s o f the 
s p e c t r u m . 

MCD Spectroscopy as a Probe of Magnetic Properties 
A s m e n t i o n e d p r e v i o u s l y , the in tens i t i es o f M C D A a n d Β t e rms are 
i n d e p e n d e n t o f t e m p e r a t u r e . M C D C t e r m s , h o w e v e r , d i s p l a y t e m p e r 
a t u r e - d e p e n d e n t s igna l in tens i t i e s (6). C t e r m s arise f r o m the l i f t i n g o f 
g r o u n d e l e c t r o n i c state degenerac i e s b y the m a g n e t i c field. T h e r e w i l l 
b e a d i f f e rence i n p o p u l a t i o n o f the t w o r e s o l v e d g r o u n d states, a n d that 
p o p u l a t i o n d i f ference w i l l b e c o m e m o r e p r o n o u n c e d as the t e m p e r a t u r e 
is l o w e r e d . C o n s e q u e n t l y , the M C D s igna l i n t e n s i t y w i l l increase as the 
t e m p e r a t u r e is l o w e r e d u n t i l a m a x i m u m i n t e n s i t y is r e a c h e d w h e n the 
t e m p e r a t u r e is l o w e n o u g h so that o n l y the l o w e r e n e r g y g r o u n d state 
is p o p u l a t e d . A t this p o i n t , the s igna l is sa id to have b e e n s a t u r a t e d , " 
i . e . , as the t e m p e r a t u r e is l o w e r e d , the C t e r m s igna l i n t e n s i t y reaches 
a m a x i m u m . A s i m i l a r effect is seen u p o n i n c r e a s i n g the m a g n e t i c field 
s t r e n g t h at constant t e m p e r a t u r e . 

Schatz a n d c o - w o r k e r s (7) d e r i v e d t h e o r e t i c a l expressions to descr ibe 
the sa turat i on o f M C D s igna l i n t e n s i t y . T h o m s o n a n d c o - w o r k e r s (6) 
have e x t e n d e d these results a n d e x t e n s i v e l y a p p l i e d the a p p r o a c h to 
s tudy p a r a m a g n e t i c systems i n c l u d i n g those c o n t a i n i n g h e m e i r o n c e n -
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ters. C terms are always seen i n paramagnet i c m e t a l complexes . T h o m s o n 
has s h o w n that the rate o f M C D saturat ion (or magnet izat ion ) as o b s e r v e d 
i n a p l o t o f s igna l i n t e n s i t y vs. m a g n e t i c field s t r e n g t h at fixed t e m p e r 
ature d e p e n d s o n the m a g n e t i c p r o p e r t i e s o f the g r o u n d state, i . e . , l o w -
s p i n , h i g h - s p i n , etc . T h u s , i t is r e a d i l y poss ib le to d e t e r m i n e the m a g n e t i c 
p r o p e r t i e s , i n c l u d i n g g -values , o f p a r t i c u l a r sites i n m e t a l l o p r o t e i n s 
r a t h e r t h a n h a v i n g to m e a s u r e the b u l k m a g n e t i c s u s c e p t i b i l i t y . F u r 
t h e r m o r e , because the s ignal intensi t ies o f C terms increase d r a m a t i c a l l y 
as the t e m p e r a t u r e is l o w e r e d , w e a k e l e c t r o n i c t rans i t i ons that are not 
e v i d e n t at a m b i e n t t e m p e r a t u r e can b e o b s e r v e d . F i n a l l y , w h i l e the 
d e t e r m i n a t i o n o f g-values c a n b e m o r e a c c u r a t e l y a c c o m p l i s h e d u s i n g 
e l e c t r o n paramagnet i c resonance ( E P R ) spec troscopy i n ha l f - in teger s p i n 
cases, for i n t e g e r s p i n systems w h e r e E P R signals are h a r d to o b s e r v e , 
the study o f M C D signal saturat ion is the best c u r r e n t l y avai lab le m e t h o d 
for g -va lue m e a s u r e m e n t ( J , 6). I n a d d i t i o n , S t e p h e n s a n d c o - w o r k e r s 
have s h o w n that v a r i a b l e - t e m p e r a t u r e M C D p r o v i d e s a p r a c t i c a l m e t h o d 
for the d e t e r m i n a t i o n o f z e r o - f i e l d s p l i t t i n g parameters i n h i g h - s p i n f e r r i c 
p o r p h y r i n s (8). 

MCD Spectroscopy as a Probe of Heme Iron Coordination 
Structure 
B e c a u s e M C D signals c a n b e e i t h e r p o s i t i v e or negat ive i n s ign , c o n s i d 
e r a b l y m o r e fine s t r u c t u r e is seen i n M C D s p e c t r a t h a n i n the c o r r e 
s p o n d i n g e l e c t r o n i c absorp t i on spectra . F u r t h e r m o r e , M C D is a p r o p e r t y 
o f the m o l e c u l a r e l e c t r o n i c s t r u c t u r e o f a c h r o m o p h o r e , a n d so t h e o n l y 
s t r u c t u r a l changes that w i l l i n f l u e n c e the M C D s p e c t r u m are those that 
m o d i f y the e l e c t r o n i c s t r u c t u r e . F u r t h e r m o r e , the M C D s p e c t r u m is 
r e l a t i v e l y insens i t i ve to t h e e n v i r o n m e n t i n w h i c h the c h r o m o p h o r e is 
l o c a t e d , w h e t h e r it is the p r o t e i n m i c r o e n v i r o n m e n t for a h e m e p r o t e i n 
c e n t e r or the so lvent for a m o d e l c o m p l e x . T h u s , c o m p a r i s o n s o f the 
M C D spec t ra o f s y n t h e t i c h e m e i r o n m o d e l c o m p l e x e s w i t h those o f 
h e m e p r o t e i n ac t ive sites are poss ib l e a n d have b e e n s h o w n to b e o f 
c o n s i d e r a b l e u t i l i t y i n ass ign ing the c o o r d i n a t i o n s t ruc tures o f t h e h e m e 
p r o t e i n ac t ive sites (I ) . 

T h e use o f M C D s p e c t r o s c o p y as a p r o b e o f h e m e i r o n c o o r d i n a t i o n 
s t r u c t u r e re l i es o n the " f i n g e r p r i n t i n g " c a p a b i l i t i e s o f the t e c h n i q u e . 
I n i r o n p o r p h y r i n s , changes i n o x i d a t i o n state a n d i n the n a t u r e o f ax ia l 
l i gands l e a d to changes i n e l e c t r o n i c s t r u c t u r e that u s u a l l y are r e f l e c t e d 
i n the M C D s p e c t r u m . T h e sens i t i v i ty to the i d e n t i t y o f the ax ia l l i g a n d 
means that b y c a t a l o g i n g t h e M C D s p e c t r a o f s t r u c t u r a l l y d e f i n e d m o d e l 
h e m e c o m p l e x e s o r h e m e p r o t e i n d e r i v a t i v e s , fingerprints for p a r t i c u l a r 
c o m b i n a t i o n s o f ax ia l l i gands as a f u n c t i o n o f o x i d a t i o n state c a n b e es
t a b l i s h e d that c a n s u b s e q u e n t l y b e u s e d to ascer ta in the i d e n t i t y o f the 
ax ia l l igands i n s t r u c t u r a l l y u n d e f i n e d " n e w " h e m e p r o t e i n s . 
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T w o e x a m p l e s o f t h i s a p p r o a c h w i l l b e p r e s e n t e d . I n F i g u r e 1, 
t h e M C D a n d e l e c t r o n i c a b s o r p t i o n s p e c t r a o f p h o s p h i n e a d d u c t s o f 
f e r r i c c y t o c h r o m e P - 4 5 0 - C A M a n d c h l o r o p e r o x i d a s e are d i s p l a y e d 
(9). C o m p a r i s o n o f t h e a b s o r p t i o n a n d M C D s p e c t r a n i c e l y i l l u s t r a t e s 
t h e i n c r e a s e d fingerprinting p o w e r o f t h e M C D m e t h o d . W h e r e a s t h e 
a b s o r p t i o n s p e c t r a o f t h e t w o c o m p l e x e s f e a t u r e t h r e e p e a k s i n t h e 
3 0 0 - 7 0 0 - n m r e g i o n , t h e c o r r e s p o n d i n g M C D s p e c t r a c o n t a i n f o u r 
p e a k s , f o u r t r o u g h s , a n d six c r o s s o v e r p o i n t s . It is a lso c l e a r t h a t t h e 
r e s p e c t i v e M C D a n d a b s o r p t i o n s p e c t r a o f t h e t w o c o m p l e x e s are 
v e r y s i m i l a r to e a c h o t h e r . T h e c o m p a r i s o n o f M C D s p e c t r a , h o w e v e r , 
is m o r e p o w e r f u l i n that i t i n v o l v e s a c o m p a r i s o n o f 14 f eatures (peaks , 
t r o u g h s , a n d c r o s s o v e r p o i n t s ) , a l l o f w h i c h m a t c h , r a t h e r t h a n o n l y 
t h e t h r e e m a t c h i n g p e a k s c o m p a r e d i n t h e a b s o r p t i o n s p e c t r a . T h i s 
p a r t i c u l a r s t u d y i n v o l v e d a c o m p a r i s o n o f t w o d i f f e r e n t p r o t e i n s , o n e 
o f w h i c h ( P - 4 5 0 ) h a d b e e n q u i t e w e l l - e s t a b l i s h e d at t h e t i m e o f t h e 
i n v e s t i g a t i o n to c o n t a i n a t h i o l a t e ( cys te inate ) a x i a l l i g a n d . T h e s t u d y 
c o n c l u d e d that c h l o r o p e r o x i d a s e also c o n t a i n s a t h i o l a t e a x i a l l i g a n d . 

W a v e l e n g t h (nm) 

Figure 1. MCD (top) and UV-visible absorption (bottom) spectra at4°C 
of the bis (hydroxy methyl) methylphosphine complexes of ferric chloroper
oxidase (CPO) ( ) and cytochrome P-450-CAM ( ). MCD spectra 
were obtained using a JASCO J-40 spectropolarimeter equipped with a 1.5 
Τ electromagnet. (The data are taken from reference 9.) 
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13. D A W S O N E T AL. Magnetic Circular Dichroism Spectroscopy 355 

A n i l l u s t r a t i o n c o m p a r i n g the M C D s p e c t r a o f a m o d e l c o m p l e x a n d 
o f the i d e n t i c a l l i g a n d c o m b i n a t i o n i n a p r o t e i n is s h o w n i n F i g u r e 2. 
H e r e , the M C D spec tra o f ferrous c y t o c h r o m e b5 (b is -h is t id ine i m i d a z o l e 
l igat ion ) a n d o f b i s - i m i d a z o l e f e rrous 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 
are o v e r p l o t t e d (10). N u m e r o u s peaks , t r o u g h s , a n d crossover p o i n t s 
are seen that c l o se ly m a t c h e a c h o t h e r t h r o u g h o u t the 3 0 0 - 7 0 0 - n m 
s p e c t r a l range e x a m i n e d . C l e a r l y , the fact that the m o d e l was s t u d i e d 
i n a so lvent o f d i c h l o r o m e t h a n e , w h e r e a s the so lvent for the c y t o c h r o m e 
d e r i v a t i v e is w a t e r a n d the c h r o m o p h o r e is a c t u a l l y e m b e d d e d i n a p o l y 
p e p t i d e m i c r o e n v i r o n m e n t , has l i t t l e i f any effect o n the M C D spec t ra . 
O n c e aga in , w h e n the c o o r d i n a t i o n s t ruc tures o f t w o h e m e c o m p l e x e s 
are the same, the M C D s p e c t r a o f the t w o species c a n b e v i r t u a l l y 
s u p e r i m p o s a b l e . 

T h e s e examples i l lus t ra te h o w M C D s p e c t r o s c o p y has b e e n u s e d to 
d e t e r m i n e the i d e n t i t y o f ax ia l l i gands i n h e m e p r o t e i n s t h r o u g h c o m 
p a r i s o n o f the M C D s p e c t r a o f s t r u c t u r a l l y d e f i n e d systems w i t h those 
o f i l l - d e f i n e d h e m e d e r i v a t i v e s . T h i s a p p r o a c h has b e e n success fu l i n 
n u m e r o u s cases i n v o l v i n g studies o f c y t o c h r o m e P - 4 5 0 , c h l o r o p e r o x i -
dase, i n d o l e a m i n e 2 ,3 -d i oxygenase , s e c o n d a r y a m i n e m o n o - o x y g e n a s e , 
h e m o p r o t e i n H - 4 5 0 , a n d others ( i , 11-19). T h e r e m a i n d e r o f this c h a p t e r 
addresses the issue o f w h e t h e r the a p p r o a c h just d e s c r i b e d that has 
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Figure 2. MCD spectra at 25 °C of ferrous cytochrome b 5 ( ) and bis-
imidazole ferrous protoporphyrin IX dimethyl ester in CH2Cl2 ( ). Note 
the different scales for the Soret region (300-460 nm) and for the visible 
region (460-700 nm). MCD spectra were obtained using a JASCO J-40 spec-
tropolarimeter equipped with a 1.5 Τ electromagnet. (The data are taken 
from reference 10.) 
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w o r k e d so w e l l w i t h the m o r e p r e v a l e n t r e d - c o l o r e d p r o t o h e m e - b a s e d 
systems w i l l also w o r k w i t h m o d i f i e d h e m e s s u c h as the g r e e n - c o l o r e d 
i r o n c h l o r i n s a n d i r o n f o r m y l - s u b s t i t u t e d h e m e s . H o w e v e r , because the 
exact s t r u c t u r e o f the p o r p h y r i n m a c r o c y c l e i n c l u d i n g the p r e s e n c e or 
absence o f p e r i p h e r a l v i n y l subst i tuents is not a lways k n o w n , a n o t h e r 
issue w i l l b e addressed first: w h a t effect do v i n y l subst i tuents have o n 
the M C D s p e c t r a o f i r o n p o r p h y r i n s ? 

The Effect of Vinyl Substituents on the MCD Spectra 
of Porphyrins 
O n e o f the var iab les i n the s t ruc tures o f the p o r p h y r i n s p resent i n h e m e 
pro te ins is the presence or absence o f v i n y l subst i tuents o n the p e r i p h e r y 
o f the m a c r o c y c l e . F o r example , b hemes have v i n y l subst i tuents whereas 
c h e m e s do not . B e c a u s e o f the sens i t i v i ty o f s u c h v i n y l subst i tuents 
d u r i n g s y n t h e t i c t rans fo rmat i ons , i t has o f t en b e e n d e s i r a b l e to use o c t a -
a l k y l p o r p h y r i n s i n m o d e l s tudies o f the s p e c t r o s c o p i c p r o p e r t i e s o f 
h e m e systems. T h e d e v e l o p m e n t o f i m p r o v e d m e t h o d s for the p r e p a 
r a t i o n o f o c t a - a l k y l p o r p h y r i n s has l i k e w i s e i n c r e a s e d the a v a i l a b i l i t y o f 
s u c h p o r p h y r i n s for m o d e l s tudies (20, 21). T o assess the effect that 
r e p l a c e m e n t o f the t w o v i n y l subst i tuents i n p r o t o p o r p h y r i n I X w i t h 
a l k y l (ethyl) g r o u p s has o n the M C D p r o p e r t i e s o f the h e m e sys tem, an 
extens ive a n d systemat i c s tudy o f the M C D p r o p e r t i e s o f m e s o h e m e I X -
r e c o n s t i t u t e d m y o g l o b i n a n d horserad i sh perox idase i n c o m p a r i s o n w i t h 
the s p e c t r a o f the na t ive p r o t o h e m e - b o u n d p r o t e i n s has b e e n c a r r i e d 
out (22). T h e s t ruc tures o f these t w o p o r p h y r i n s are s h o w n i n F i g u r e 3. 

T h e M C D s p e c t r a o f r e p r e s e n t a t i v e f e r r i c h i g h - s p i n (the ' ' r e s t i n g " 
state, as i so lated) , f e r r i c l o w - s p i n (the a z i d e adduc t ) , f e r rous h i g h - s p i n 
(the d e o x y f e r r o u s state), a n d f errous l o w - s p i n (the N O c o m p l e x ) d e r i v 
atives o f nat ive ( p r o t o h e m e - b o u n d ) h o r s e r a d i s h p e r o x i d a s e c o m p a r e d 
to the p a r a l l e l m e s o h e m e I X - r e c o n s t i t u t e d spec ies are d i s p l a y e d i n F i g 
u r e 4 (22). A l t o g e t h e r , m o r e t h a n 2 0 s u c h c o m p a r i s o n s w e r e c a r r i e d 
out i n c l u d i n g data o b t a i n e d w i t h m y o g l o b i n d e r i v a t i v e s as w e l l as for 
o x o - f e r r y l states s u c h as c o m p o u n d s I a n d I I o f the perox idase . T h e 
M C D s p e c t r a o f the m e s o h e m e - r e c o n s t i t u t e d p r o t e i n s are cons i s tent ly 
b l u e - s h i f t e d b y 4 - 1 2 n m a n d are 1 . 2 - 2 . 5 - f o l d m o r e in tense i n the Sore t 
( 3 0 0 - 5 0 0 nm) r e g i o n (see F i g u r e 4) . I n t e n s i t y d i f ferences i n the v i s i b l e 
( 5 0 0 - 7 0 0 nm) r e g i o n w e r e g e n e r a l l y s m a l l e r . I m p o r t a n t l y , the M C D 
b a n d pat terns seen for the na t ive p r o t e i n states are also seen for the 
m e s o h e m e - r e c o n s t i t u t e d d e r i v a t i v e s . T h e s e data d e m o n s t r a t e that o c t a -
a l k y l p o r p h y r i n s can be u s e d as mode l s for p r o t o p o r p h y r i n I X - c o n t a i n i n g 
systems p r o v i d e d the p r e d i c t a b l e s m a l l w a v e l e n g t h a n d i n t e n s i t y d i f 
f erences are a n t i c i p a t e d (22). T h e s e c o n c l u s i o n s p r o v i d e a basis for the 
use o f o c t a - a l k y l c h l o r i n s as m o d e l s for the p r o t o p o r p h y r i n - d e r i v e d 
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H3C 

H3C 

COOH COOH COOH COOH 

Figure 3. Structures of iron protoporphyrin IX (protoheme IX) (left) and 
iron mesoporphyrin IX (mesoheme IX) (right). 

c h l o r i n p r o s t h e t i c g roups i n p r o t e i n s s u c h as H P I I catalase (see t h e next 
sect ion) a n d the t e r m i n a l ox idase f r o m Escherichia colt. 

Green Hemes: Iron Chlorins and Iron Formyl-Substituted 
Porphyrins 
I r o n p r o t o p o r p h y r i n I X is the most p r e v a l e n t h e m e p r o s t h e t i c g r o u p 
f o u n d i n n a t u r e . It is present i n a large n u m b e r o f h e m e p r o t e i n s a n d 
e n z y m e s i n c l u d i n g the most c o m m o n ones that are i n v o l v e d i n o x y g e n 
t ranspor t a n d a c t i v a t i o n , p e r o x i d e d e c o m p o s i t i o n , a n d e l e c t r o n trans fer . 
T h e m a c r o c y c l e o f p r o t o p o r p h y r i n I X has 11 c o n j u g a t e d d o u b l e b o n d s ; 
its i r o n c o m p l e x e s are g e n e r a l l y r e d i n c o l o r . I f 1 o r m o r e o f the 11 
d o u b l e b o n d s is sa turated , the resu l t is a h y d r o p o r p h y r i n . I n the case 
i n w h i c h one d o u b l e b o n d is r e d u c e d , the m a c r o c y c l e is c a l l e d a c h l o r i n . 
M e t a l l o c h l o r i n s have b e e n f o u n d i n a n u m b e r o f b i o l o g i c a l systems s u c h 
as i n c h l o r o p h y l l s , w h i c h are m a g n e s i u m c h l o r i n s . I r o n c h l o r i n s are u s u 
a l l y g r e e n i n c o l o r a n d have b e e n f o u n d i n severa l e n z y m e s . E. colt, for 
e x a m p l e , has t w o e n z y m e s that c o n t a i n an i r o n c h l o r i n p r o s t h e t i c g r o u p : 
the h e m e d t e r m i n a l oxidase a n d an a l t e r n a t i v e catalase c a l l e d H P I I 
catalase (23, 24). H e m e d a n d the p r o s t h e t i c g r o u p o f H P I I catalase are 
i r o n c h l o r i n s that are s t r u c t u r a l l y d e r i v e d f r o m p r o t o p o r p h y r i n I X . T h e 
s t r u c t u r e o f the la t te r c h l o r i n , p r o p o s e d b y T i m k o v i c h a n d c o - w o r k e r s 
(24), is s h o w n i n F i g u r e 5 a l o n g w i t h the s t ruc tures o f o c t a e t h y l c h l o r i n 
a n d o f " m e t h y r ' c h l o r i n ( 2 , 2 , 4 - t r i m e t h y l d e u t e r o c h l o r i n , a c h l o r i n fea 
t u r i n g a g e m - d i m e t h y l - s u b s t i t u t e d p e r i p h e r a l carbon) (25). T h e la t t e r 
t w o ch lor ins are u s e d i n m o d e l studies d e s c r i b e d h e r e i n . A g r e e n catalase 
f r o m Neurospora crassa has also b e e n f o u n d to c o n t a i n an i r o n c h l o r i n 
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Figure 4. MCD spectra at 4 °C of native (protoheme-bound) ( ) and 
mesoheme IX-reconstituted ( ) horseradish peroxidase in their ferric 
high-spin (with no exogenous ligand) (A), ferric low-spin (the azide adduct) 
(B), ferrous high-spin (deoxy-ferrous) (C), and ferrous low-spin (the NO 
complex) (D) states. MCD spectra were obtained using a JASCO J-500A 
spectropolarimeter equipped with a 1.5 Τ electromagnet. Note the different 
scales for the Soret and visible regions for Β and C. (The data are taken 
from reference 22.) 
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pros thet i c g r o u p (26). S u l f m y o g l o b i n , an inac t ive d e r i v a t i v e o f m y o g l o b i n 
f o r m e d b y exposure to h y d r o g e n p e r o x i d e a n d inorgan i c sul f ide , contains 
an i r o n c h l o r i n - t y p e m a c r o c y c l e g e n e r a t e d b y a d d i t i o n o f a su l fur a t o m 
to one o f the p y r r o l e d o u b l e b o n d s o f p r o t o p o r p h y r i n (27, 28). 

A s e c o n d t y p e o f g r e e n - c o l o r e d h e m e is f o u n d i n the f o r m y l - s u b -
s t i t u t e d p o r p h y r i n s . M y e l o p e r o x i d a s e is a g r e e n e n z y m e that conta ins 

COOH COOH 

Methylchlorin 

Figure 5. Structures of the HPII catalase prosthetic group chlorin (proposed, 
see Chiu et al (24)) (top), of octaethylchlorin (the trans isomer) (middle), 
and of "methylchlorin" (2,2,4-tHmethyldeuterochlorin) (bottom). The HPII 
catalase chlorin has a cis diol structure (24) and is isomeric to heme d 
chlorin, which has a trans diol structure. 
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a h e m e - t y p e pros thet i c g r o u p o f u n k n o w n s t ruc ture . T w o proposals have 
b e e n m a d e for the s t r u c t u r e o f its p r o s t h e t i c g r o u p , an i r o n c h l o r i n ( 2 9 -
33) or an i r o n p o r p h y r i n w i t h a f o r m y l subst i tuent (34). S tud ies address 
i n g this issue to b e d e s c r i b e d h e r e i n have e m p l o y e d Spirographis h e m e 
( 2 - f o r m y l - 4 - v i n y l d e u t e r o h e m e I X , h e m e s) (35, 36), the s t r u c t u r e o f 
w h i c h is s h o w n i n F i g u r e 6. T h e e l e c t r o n - w i t h d r a w i n g f o r m y l subst i tuent 
i n h e m e s, l i k e that present i n h e m e a, causes a r e d shift to o c c u r i n the 
e l e c t r o n i c a b s o r p t i o n bands o f its var i ous i r o n c o m p l e x e s a n d causes the 
c o l o r o f its so lut ions to b e g r e e n . C l e a r l y , the c o l o r o f a h e m e p r o t e i n 
does not d i s t i n g u i s h b e t w e e n the t w o poss ib i l i t i e s d e s c r i b e d h e r e for 
g r e e n h e m e p r o s t h e t i c g roups : i r o n c h l o r i n s a n d i r o n p o r p h y r i n s w i t h 
f o r m y l subst i tuents . T h e q u e s t i o n o f w h e t h e r M C D s p e c t r o s c o p y c a n 
d i s t i n g u i s h the t w o types o f g r e e n h e m e s w i l l also b e a n s w e r e d h e r e i n . 

MCD Spectroscopy as a Probe of Chlorin Iron 
Coordination Structure 
T h e use o f M C D s p e c t r o s c o p y for the d e t e r m i n a t i o n o f ax ia l l i g a n d i d e n 
t i t y i n i r o n p o r p h y r i n systems was d e s c r i b e d i n p r e v i o u s paragraphs . 
T h e success o f this a p p r o a c h r e s u l t e d f r o m the i n c r e a s e d fingerprinting 
p o w e r o f the m e t h o d r e l a t i v e to e l e c t r o n i c a b s o r p t i o n s p e c t r o s c o p y a n d 
the r e l a t i v e i n s e n s i t i v i t y o f the t e c h n i q u e to the so lvent a n d p r o t e i n 
e n v i r o n m e n t , t h e r e b y a l l o w i n g h e m e sites i n p r o t e i n s to b e c o m p a r e d 
d i r e c t l y to s y n t h e t i c m o d e l systems. T h e a p p l i c a t i o n s o f M C D spec 
t r o s c o p y to c h a r a c t e r i z e i r o n c h l o r i n systems have b e e n r a t h e r l i m i t e d . 
U n t i l r e c e n t l y , the o n l y s tudy o f the M C D p r o p e r t i e s o f i r o n c h l o r i n 
c o m p l e x e s was that o f S t o l z e n b e r g et a l . (37), w h i c h f o cused o n h i g h -
s p i n f e r r i c o c t a e t h y l c h l o r i n c o m p l e x e s . T o address the l a ck o f M C D d a t a 
o n i r o n c h l o r i n systems, a three -s tage effort was i n i t i a t e d i n v o l v i n g the 
i n v e s t i g a t i o n o f s y n t h e t i c m o d e l c o m p l e x e s ; the e x a m i n a t i o n o f s t r u c 
t u r a l l y d e f i n e d h e m e pro te ins such as m y o g l o b i n , horserad i sh perox idase , 
a n d c y t o c h r o m e b5 r e c o n s t i t u t e d w i t h i r o n c h l o r i n p r o s t h e t i c g r o u p s ; 
a n d the s tudy o f n a t u r a l l y o c c u r r i n g i r o n c h l o r i n p r o t e i n s such as those 
m e n t i o n e d i n p r e c e d i n g paragraphs . T o date , the w o r k has f o c u s e d 
l a r g e l y o n i r o n c h l o r i n systems b e a r i n g a h i s t i d i n e or o t h e r n i t r o g e n -
d o n o r axial l i g a n d . T h e m o d e l studies (38) have i n v o l v e d the examinat i on 
o f l i g a n d adducts o f i r o n o c t a e t h y l c h l o r i n , m e t h y l c h l o r i n d i m e t h y l ester 
( F i g u r e 5) , a n d m e s o c h l o r i n I X d i m e t h y l ester (the d i h y d r o p o r p h y r i n 
d e r i v a t i v e o f m e s o p o r p h y r i n ; see F i g u r e 3) . T h e r e c o n s t i t u t i o n w o r k 
(39) has i n v o l v e d the use o f i r o n m e t h y l c h l o r i n a n d m e s o c h l o r i n I X . 

I n F i g u r e 7, the M C D s p e c t r a o f h i g h - as w e l l as l o w - s p i n f e r r i c i r o n 
c h l o r i n d e r i v a t i v e s are d i s p l a y e d (38, 39). T h e h i g h - s p i n f e r r i c - f l u o r i d e 
adducts o f m e t h y l c h l o r i n - r e c o n s t i t u t e d m y o g l o b i n a n d h o r s e r a d i s h p e r 
oxidase are c o m p a r e d i n F i g u r e 7 A . F o r the f e r r i c l o w - s p i n case, the 
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H 3 C 

H 3 C 

SH 
CH 2 

Figure 6. Structure of Spirographis heme (2-formyl-4-vinyldeuteroheme 
IX, heme s). 

b i s - l - m e t h y l i m i d a z o l e adducts o f o c t a e t h y l c h l o r i n a n d o f m e t h y l c h l o r i n 
are c o m p a r e d to that o f m e t h y l c h l o r i n - r e c o n s t i t u t e d c y t o c h r o m e b5 i n 
F i g u r e 7 B . I n F i g u r e 8, a s i m i l a r set o f c o m p a r i s o n s is m a d e for highl 
a n d l o w - s p i n ferrous i r o n c h l o r i n s (38, 39) . T h e M C D s p e c t r u m o f the 
h i g h - s p i n 1 , 2 - d i m e t h y l i m i d a z o l e adduct o f o c t a e t h y l c h l o r i n is c o m p a r e d 
i n F i g u r e 8 A to that o f the d e o x y f e r r o u s state o f m e t h y l c h l o r i n - r e c o n 
s t i t u t e d h o r s e r a d i s h p e r o x i d a s e , p r e s u m e d to also b e five-coordinate 
i m i d a z o l e - l i g a t e d . I n F i g u r e 8 B , the s p e c t r a o f the l o w - s p i n f e r r o u s - N O 
adducts o f m e t h y l c h l o r i n - r e c o n s t i t u t e d m y o g l o b i n a n d h o r s e r a d i s h p e r 
oxidase are c o m p a r e d to that o f f e r rous ( o c t a e t h y l c h l o r i n ) ( 1 - m e t h y l i m -
idazo le ) ( N O ) . I n a l l f our cases, f e r r i c h i g h - a n d l o w - s p i n a n d f e r rous 
h i g h - a n d l o w - s p i n , the M C D s p e c t r u m o f a p a r t i c u l a r i r o n c h l o r i n d e 
r i v a t i v e is essent ia l ly i n d e p e n d e n t o f the e n v i r o n m e n t , w h e t h e r the 
c o m p l e x is e m b e d d e d ins ide a p r o t e i n or e x a m i n e d i n an organ ic so lvent . 
I n a d d i t i o n , the M C D s p e c t r a change s ign i f i cant ly as a f u n c t i o n o f o x i 
d a t i o n , l i g a t i o n , a n d s p i n state. T h u s , the fingerprinting p o w e r o f M C D 
appears to b e as use fu l i n the s tudy o f i r o n c h l o r i n s as has b e e n d e m 
ons t ra ted m o r e e x t e n s i v e l y w i t h i r o n p o r p h y r i n s . 

The Proximal Ligand to the Chlorin Iron ofE. coli 
HPII Catalase 
O f the t w o catalases f o u n d i n E. coli, one has a p r o t o h e m e p r o s t h e t i c 
g r o u p w h e r e a s the o t h e r , the H P I I catalase, conta ins an i r o n c h l o r i n 
p r o s t h e t i c g r o u p , the p r o p o s e d s t r u c t u r e o f w h i c h is d i s p l a y e d i n F i g u r e 
5 (24). A l t h o u g h the nature o f the pros thet i c g r o u p has b e e n estab l i shed , 
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Figure 7. MCD spectra of the (A) high-spin ferric-fluoride adducts of 
methylchlorin-reconstituted myoglobin ( ) and horseradish peroxidase 
( ) and of the (B) low-spin ferric bis-l-methylimidazole adducts of oc
taethylchlorin ( ) and methylchlorin ( ) overplotted with a spec
trum of methylchlorin-reconstituted ferric cytochrome b 5 ( ). Spectra 
of protein samples and of model complexes were measured at 4 and 25 ° C , 
respectively. MCD spectra were obtained using a JASCO J-500A spectro-
polarimeter equipped with a 1.5 Τ electromagnet. Note the different scales 
for Β for the Soret and visible regions. (The data are taken from reference 
39.) 
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Figure 8. MCD spectra of the (A) deoxyferrous state of methylchlorin-
reconstituted horseradish peroxidase ( ) and of the high-spin 
1,2-dimethylimidazole adduct of octaethylchlorin ( ) and of the (B) 
ferrous-NO adducts of methylchlorin-reconstituted myoglobin ( ) and 
horseradish peroxidase ( ) and of ferrous (octaethylchlorin) (1-methyl-
imidazole) (NO) ( ). Spectra of protein samples and of model com
plexes were measured at 4 and 25 °C, respectively. MCD spectra were ob
tained using a JASCO J-500A spectropolarimeter equipped with a 1.5 Τ 
electromagnet. Note the different scales for A for the Soret and visible re
gions. (The data are taken from reference 39.) 
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the i d e n t i t y o f the p r o x i m a l ax ia l l i g a n d to the c h l o r i n i r o n is not k n o w n 
w i t h c e r t a i n t y . B y u s i n g the fingerprinting p o w e r o f M C D s p e c t r o s c o p y 
i n the m a n n e r d e s c r i b e d i n the p r e c e d i n g paragraphs , e v i d e n c e has b e e n 
p r e s e n t e d f a v o r i n g the p r e s e n c e o f a t y r o s i n e p r o x i m a l l i g a n d (40). T o 
f u r t h e r establ ish that o c t a e t h y l c h l o r i n a n d m e t h y l c h l o r i n are a p p r o p r i a t e 
c h l o r i n s to use as m o d e l s for the p r o s t h e t i c g r o u p o f H P I I catalase, the 
M C D s p e c t r a o f the f e rrous adducts o f a l l t h r e e c h l o r i n s w i t h p y r i d i n e 
a n d C O as ax ia l l i gands have b e e n m e a s u r e d ( F i g u r e 9) . T h e a d d u c t 
f r o m the e n z y m e was g e n e r a t e d b y e x t r a c t i n g the p r o s t h e t i c g r o u p f r o m 
H P I I catalase i n the p r e s e n c e o f p y r i d i n e a n d C O u n d e r r e d u c i n g c o n 
d i t i o n s . N e x t , the M C D s p e c t r u m o f the na t ive f e r r i c state o f H P I I cat 
alase is c o m p a r e d to that o f a five-coordinate p h e n o l a t e - l i g a t e d f e r r i c 
o c t a e t h y l c h l o r i n m o d e l c o m p l e x ( F i g u r e 1 0 A ) . T h e c lose s i m i l a r i t y b e 
t w e e n the t w o s p e c t r a suggests that the ax ia l l i g a n d i n the p r o t e i n is 
also a p h e n o l a t e o x y g e n d o n o r as w o u l d b e the case w i t h t y r o s i n e as the 
p r o x i m a l l i g a n d . H o w e v e r , the M C D s p e c t r u m o f the na t ive f e r r i c state 
o f m e t h y l c h l o r i n - r e c o n s t i t u t e d h o r s e r a d i s h p e r o x i d a s e ( F i g u r e 1 0 B ) , 
p r e s u m e d to b e five-coordinate h i s t i d i n e - l i g a t e d , is s o m e w h a t s i m i l a r to 
those s h o w n i n F i g u r e 1 0 A . T h e M C D s p e c t r u m o f the r e l a t e d h i g h -
s p i n f e r r i c state w i t h h i s t i d i n e a n d w a t e r ax ia l l i gands , n a m e l y m e t h 
y l c h l o r i n - r e c o n s t i t u t e d f e r r i c m y o g l o b i n ( F i g u r e 1 0 B ) , is n o t i c e a b l y d i f -

Figure 9. MCD spectra of the ferrous pyridine-CO complexes of the ex
tracted prosthetic group of HPII catalase ( ), octaethylchlorin ( ), 
and methylchlorin ( ). Spectra of protein samples and of model com
plexes were measured at 4 and 25 ° C , respectively. MCD spectra were ob
tained using a JASCO J-500A spectropolarimeter equipped with a 1.5 Τ 
electromagnet. The latter two spectra have been red-shifted by 15 nm. (The 
data are taken from reference 40.) 
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10 ι ι ι ι — ι — ι — ι — ι ι ι — ι — ι — ι ι ι—r 

Figure 10. MCD spectra of (A) native HPII catalase ( ) and the five-
coordinate ferric phenolate adduct of octaethylchlorin ( ) and of (B) 
ferric methylchlorin-reconstituted horseradish peroxidase ( ) and myo
globin ( ). Spectra of protein samples and of model complexes were 
measured at 4 and 25 °C, respectively. MCD spectra were obtained using 
a JASCO J-500A spectropolarimeter equipped with a 1.5 Τ electromagnet. 
Except for the spectrum of native HPII catalase, all MCD spectra have been 
red-shifted by 10 nm. (The data are taken from reference 40.) 

f e rent . T h e data i n F i g u r e 10 s u p p o r t the c o n c l u s i o n that the p r o x i m a l 
l i g a n d to the c h l o r i n i r o n o f H P I I catalase is e i t h e r t y r o s i n e o r h i s t i d i n e . 

T o r u l e out the la t ter p o s s i b i l i t y , the M C D s p e c t r a o f the a z i d e a n d 
c y a n i d e adducts o f f e r r i c H P I I catalase have b e e n c o m p a r e d (40) to 
those o f the same adducts o f m e t h y l c h l o r i n - r e c o n s t i t u t e d m y o g l o b i n 
( F i g u r e 11) . A l t h o u g h a l l f our s p e c t r a c o n t a i n a t r o u g h at 4 2 5 n m , the 
rest o f the s p e c t r a o f the t w o m y o g l o b i n d e r i v a t i v e s are c l e a r l y d i f ferent 
f r o m those o f the c o r r e s p o n d i n g H P I I catalase adducts . T h e s e data argue 
against h i s t i d i n e as the p r o x i m a l l i g a n d i n the e n z y m e . E l i m i n a t i o n o f 
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Figure 11. MCD spectra at 4 °C of the (A) ferric azide and (B) cyanide 
adducts of HPII catalase ( ) and of methylchlorin-reconstituted myo
globin ( ). MCD spectra were obtained using a JASCO J-500A spectro-
polarimeter equipped with a 1.5 Τ electromagnet. The spectra of the recon
stituted myoglobin derivatives have been red-shifted by 15 nm. (The data 
are taken from reference 40.) 

his t id ine as a poss ib le p r o x i m a l l i g a n d leaves ty ros ine , o r m o r e accurate ly 
t y r o s i n a t e , as the most l i k e l y c h o i c e (40). T h i s c o n c l u s i o n is cons is tent 
w i t h the a m i n o a c i d sequence o f H P I I catalase, w h i c h contains a tyros ine 
at the p o s i t i o n c o r r e s p o n d i n g to the t y r o s i n e p r o x i m a l l i g a n d to the 
h e m e i r o n o f b o v i n e catalase (41). T h e t h r e e - d i m e n s i o n a l s t r u c t u r e o f 
H P I I catalase is b e i n g d e t e r m i n e d (42). 

The Prosthetic Group of Bovine Spleen Myeloperoxidase 
T h e u n u s u a l l y r e d - s h i f t e d e l e c t r o n i c a b s o r p t i o n s p e c t r a a n d r e s u l t i n g 
g r e e n c o l o r o f the var i ous l i g a t i o n a n d o x i d a t i o n state d e r i v a t i v e s o f 
m y e l o p e r o x i d a s e have b e e n ob jec ts o f in teres t for some t i m e . A s m e n -
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t i o n e d i n the last s e c t i on , t w o proposa l s have b e e n suggested for the 
a t y p i c a l (for a h e m e p r o t e i n ) g r e e n c o l o r , e i t h e r the p r o s t h e t i c g r o u p 
is an i r o n c h l o r i n o r an i r o n p o r p h y r i n b e a r i n g a f o r m y l subs t i tuent . T h e 
first p i e c e o f e v i d e n c e o b t a i n e d w i t h M C D s p e c t r o s c o p y (43) that a d 
dressed this issue is the c o m p a r i s o n o f the s p e c t r a o f the p y r i d i n e h e m o -
c h r o m o g e n s ( ferrous b i s - p y r i d i n e adducts) o f the h e m e f r o m d e n a t u r e d 
m y e l o p e r o x i d a s e c o m p a r e d to those o f h e m e s a n d o c t a e t h y l c h l o r i n 
( F i g u r e 12) . T h e s p e c t r a o f the h e m e f r o m m y e l o p e r o x i d a s e a n d that o f 
h e m e s are n e a r l y i d e n t i c a l a n d c l e a r l y d i s t i n g u i s h a b l e f r o m that o f the 
same d e r i v a t i v e o f o c t a e t h y l c h l o r i n . A s i m i l a r l y c lose c o r r e s p o n d e n c e 
is seen b e t w e e n the M C D s p e c t r a o f the f e r r i c b i s - c y a n i d e adducts o f 
the h e m e f r o m d e n a t u r e d m y e l o p e r o x i d a s e a n d h e m e s s h o w n i n F i g u r e 
13 . T h e M C D s p e c t r u m o f the analogous f e r r i c b i s - c y a n i d e c o m p l e x o f 
o c t a e t h y l c h l o r i n has not b e e n m e a s u r e d . 

S e v e r a l M C D c o m p a r i s o n s have b e e n r e p o r t e d i n v o l v i n g in tac t ( i .e. , 
n o n d e n a t u r e d ) m y e l o p e r o x i d a s e a n d h e m e ^ - r e c o n s t i t u t e d m y o g l o b i n 
(43). T h e h e m e s - r e c o n s t i t u t e d m y o g l o b i n has b e e n i n v e s t i g a t e d as a 
m o d e l for m y e l o p e r o x i d a s e because i t has a h i s t i d i n e p r o x i m a l l i g a n d as 

Figure 12. MCD spectra of the pyridine hemochromogens (ferrous bis-
pyridine adducts) of alkaline-denatured Spirographis heme-reconstituted 
myoglobin ( ) and myeloperoxidase ( ) (both in A) and of iron oc
taethylchlorin ( ·-·-·, B). Spectra of protein samples and of model com
plexes were measured at 4 and 25 °C, respectively. MCD spectra were ob
tained using a JASCO J-500A spectropolarimeter equipped with a 1.5 Τ 
electromagnet. The left- and right-hand side scales apply to A and B, re
spectively. (The data are taken from reference 43.) 
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Figure 13. MCD spectra at 4 °C of the ferric bis-cyanide adducts of the 
prosthetic group from denatured myeloperoxidase ( ) and of Spiro-
graphis heme (heme s) ( ) in 6 M guanidine hydrochloride and 50 mM 
Tris buffer (pH 7.8). MCD spectra were obtained using a JASCO J-500A 
spectropolarimeter equipped with a 1.5 Τ electromagnet. (The data are taken 
from reference 43.) 

has b e e n e s t a b l i s h e d for m y e l o p e r o x i d a s e . T h e M C D s p e c t r a o f p a r a l l e l 
d e r i v a t i v e s o f these t w o p r o t e i n s are cons i s tent ly s i m i l a r to each o t h e r 
a n d d is t inct f r o m the spec t ra o f analogous complexes o f o c t a e t h y l c h l o r i n . 
A n e x a m p l e o f th is is seen i n F i g u r e 14 , i n w h i c h the s p e c t r a o f the 
f e r r o u s - C O c o m p l e x e s o f m y e l o p e r o x i d a s e , h e m e ^ - r e c o n s t i t u t e d m y o 
g l o b i n , a n d F e ( o c t a e t h y l c h l o r i n ) ( l - m e t h y l i m i d a z o l e ) are c o m p a r e d . 

I n s u m m a r y , M C D spectra l s imi lar i t i es have b e e n o b s e r v e d b e t w e e n 
a n u m b e r o f analogous d e r i v a t i v e s o f m y e l o p e r o x i d a s e a n d h e m e s -re -
c o n s t i t u t e d m y o g l o b i n i n c l u d i n g severa l not s h o w n i n th is c h a p t e r . T h i s 
e v i d e n c e s t rong ly suggests that the h e m e p r o s t h e t i c g r o u p i n m y e l o 
perox idase is an i r o n p o r p h y r i n c o n t a i n i n g a f o r m y l subs t i tuent (43). 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 W e v e r et a l . (44), w h o o b s e r v e d a 
c a r b o n y l s t r e t c h i n the resonance R a m a n s p e c t r u m o f the d e n a t u r e d 
e n z y m e . T h e r e s o l u t i o n o f the p u b l i s h e d X - r a y c r y s t a l s t r u c t u r e o f m y 
e l operox idase (45) does not d i s t i n g u i s h b e t w e e n the t w o p r o p o s e d ex
p lanat ions for the g r e e n c o l o r o f the e n z y m e . F i n a l l y , i n those cases i n 
w h i c h p a r a l l e l d e r i v a t i v e s o f o c t a e t h y l c h l o r i n a n d o f h e m e s have b e e n 
p r e p a r e d , the M C D s p e c t r a o f the t w o types o f " g r e e n h e m e s " are 
r e a d i l y d i s t ingu ishab le . It there fore seems l i k e l y that M C D spectroscopy 
w i l l b e use fu l i n d i s t i n g u i s h i n g the t w o types o f g r e e n h e m e c h r o m o -
p h o r e s f o u n d i n n a t u r e . 
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Figure 14. MCD spectra of the ferrous-CO adducts of myeloperoxidase 
( ) and Spirographis heme (heme s)-reconstituted myoglobin ( ) 
(both in A) and of ferrous (octaethylchlorin) (1-methylimidazole) (CO) 
(·-·-·, B). Spectra of protein samples and of model complexes were 
measured at 4 and 25 °C, respectively. MCD spectra were obtained using 
a JASCO J-500A spectropolarimeter equipped with a 1.5 Τ electromagnet. 
The left- and right-hand side scales apply to A and B, respectively. (The 
data are taken from reference 43.) 

Concluding Remarks 
M C D spec t ros copy is a p r o m i s i n g t e c h n i q u e for e s t a b l i s h i n g the c o o r 
d i n a t i o n s t ruc tures o f " g r e e n h e m e " p r o t e i n s s u c h as those o c c u r r i n g 
i n i r o n c h l o r i n - a n d f o r m y l - s u b s t i t u t e d i r o n p o r p h y r i n - c o n t a i n i n g sys
tems. A s has b e e n w e l l e s t a b l i s h e d for the M C D o f p r o t o p o r p h y r i n I X -
based h e m e systems, the M C D spec tra o f i r o n c h l o r i n s are qu i t e sensit ive 
to changes i n ox idat i on , s p i n , a n d l i ga t i on state as w e l l as b e i n g insens i t ive 
t o the so lvent or p r o t e i n e n v i r o n m e n t i n w h i c h the c h r o m o p h o r e is 
l o c a t e d . B y u s i n g this a p p r o a c h , it has b e e n s h o w n that the most l i k e l y 
i d e n t i t y o f the p r o x i m a l l i g a n d i n the H P I I catalase f r o m E. coli is tyros ine . 
D a t a has also b e e n p r e s e n t e d to s h o w that the p r o s t h e t i c g r o u p i n a 
s e c o n d g r e e n h e m e p r o t e i n , m y e l o p e r o x i d a s e , is not an i r o n c h l o r i n . 
Ins tead , it appears that the p r o t e i n conta ins a f o r m y l - s u b s t i t u t e d i r o n 
p o r p h y r i n g r o u p . F i n a l l y , it has b e e n s h o w n that M C D s p e c t r o s c o p y is 
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readily able to distinguish the two types of green heme chromophores. 
Additional studies are currently underway to further explore the utility 
of M C D spectroscopy in the structural characterization of green heme 
systems. 
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14 
Mechanistic Aspects of the Chemistry 
of Iron N-Alkyl Porphyrins 

Charles R. Cornman and Edward P. Zovinka 

Department of Chemistry, North Carolina State University, 
Raleigh, NC 27695-8401 

N-substituted iron porphyrins form upon treatment of heme en
zymes with many xenobiotics. The formation of these modified 
hemes is directly related to the mechanism of their enzymatic 
reactivity. N-alkyl porphyrins may be formed from organometallic 
iron porphyrin complexes, PFe-R (σ-alkyl, σ-aryl) or PFe = CR2 

(carbene). They are also formed via a branching in the reaction 
path used in the epoxidation of alkenes. Biomimetic N-alkyl por
phyrins are competent catalysts for the epoxidation of olefins, and 
it has been shown that iron N-alkylporphyrins can form highly 
oxidized species such as an iron(IV) ferryl, (N-R P)FeIV=O, and 
porphyrin π-radicals at the iron(III) or iron(IV) level of metal 
oxidation. The N-alkylation reaction has been used as a low reso
lution probe of heme protein active site structure. Modified por
phyrins may be used as synthetic catalysts and as models for non
heme and noniron metalloenzymes. 

IN T H E E A R L Y 1 9 7 0 S i t was d i s c o v e r e d that P - 4 5 0 c y t o c h r o m e s are 
i r r e v e r s i b l y i n h i b i t e d d u r i n g the m e t a b o l i s m o f x e n o b i o t i c s (J) . T h e for 
m a t i o n o f a m o d i f i e d h e m e p r o s t h e t i c g r o u p is assoc iated w i t h e n z y m e 
i n h i b i t i o n a n d subsequent studies have i d e n t i f i e d these m o d i f i e d c o m 
p lexes as N - a l k y l a t e d p r o t o p o r p h y r i n - I X (2). T h e c h e m i s t r y o f N - s u b -
s t i t u t e d p o r p h y r i n s was c o m p r e h e n s i v e l y r e v i e w e d b y L a v a l l e e i n 1 9 8 7 
(3). S i n c e that t i m e , t h e r e have b e e n m a n y s igni f i cant c o n t r i b u t i o n s to 
this field b y severa l g roups . T h e goa l o f th is c h a p t e r is to s u m m a r i z e 
some o f this w o r k as i t re lates to the m e c h a n i s m o f f o r m a t i o n a n d r e a c 
t i v i t y o f i r o n N - a l k y l p o r p h y r i n s . B i o m i m e t i c m o d e l c o m p l e x e s h a v e 
p l a y e d an i m p o r t a n t r o l e i n e l u c i d a t i n g the c h e m i s t r y o f N - a l k y l h e m e s 
i n m u c h the same w a y that synthet i c i r o n t e t r a a r y l p o r p h y r i n s have a i d e d 

0065-2393/95/0246-0373$09.98/0 
© 1995 American Chemical Society 
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i n u n d e r s t a n d i n g the r o l e o f h e m e s i n o x y g e n t r a n s p o r t (4), e l e c t r o n 
transfer (5, 6), a n d catalysis (7-10). T h i s c h a p t e r e m p h a s i z e s the ins ights 
o b t a i n e d f r o m the b i o m i m e t i c a p p r o a c h to u n d e r s t a n d i n g the n a t u r a l l y 
o c c u r r i n g sys tem ( i i ) . T h e a b b r e v i a t i o n s u s e d for the t e t r a a r y l p o r -
p h y r i n s are d e f i n e d i n F i g u r e 1. 

Formation of ^Substituted Iron Porphyrins 
N - subst i tuted p o r p h y r i n s are f o r m e d d u r i n g the m e t a b o l i s m o f x e n o -
b i o t i c s that i n c l u d e t e r m i n a l a lkenes a n d a l k y n e s , as w e l l as a c t i v a t e d 
o r g a n i c m o l e c u l e s such as h a l o c a r b o n s , d i a z o c o m p o u n d s , a n d h y d r a 
z ines . I n the synthet i c l aboratory , N -substituted p o r p h y r i n s are p r e p a r e d 
easi ly v i a a l k y l a t i o n o f a p y r r o l e n i t r o g e n a tom o f the p o r p h y r i n , f o l l o w e d 
b y meta l la t i on . B i o m i m e t i c react ions b e t w e e n i r o n p o r p h y r i n s , ox idants , 
a n d a lkenes (or a c t i v a t e d c a r b o n sources) m a y also b e u s e d to a l k y l a t e 
the p y r r o l e n i t r o g e n . 

Via Organometallic Intermediates. M e t a b o l i c reac t i ons o f xe -
n o b i o t i c s s u c h as h a l o c a r b o n s , h y d r a z i n e s , o r sydnones resu l t i n the for 
m a t i o n o f N - subst i tuted p o r p h y r i n s . A n o r g a n o m e t a l l i c c o m p l e x , i n the 
f o r m o f an i ron ( I I ) - carbene (for the sydnones a n d ha locarbons ) o r an 
i r o n ( I I I ) ^ - a l k y l (σ-aryl) (hydraz ines ) , is an i so lab le i n t e r m e d i a t e i n this 
process . T h e n o v e l t y o f the b i o l o g i c a l o r g a n o m e t a l l i c c h e m i s t r y has i n 
d u c e d a flurry o f r e s e a r c h a c t i v i t y i n this area . 

T h e first c a r b e n e c o m p l e x o f an i r o n p o r p h y r i n was p r e p a r e d a n d 
s t r u c t u r a l l y c h a r a c t e r i z e d b y M a n s u y a n d c o - w o r k e r s (12, 13) t h r o u g h 
the r e a c t i o n o f c a r b o n t e t r a c h l o r i d e w i t h ( T P P ) F e 1 1 u n d e r r e d u c t i v e 

H H 

R = alkyl or aryl group 

H- •H ο m 

•R' 

Abbreviations: 

Η· 

0 = m=p = H N-RTPPH 
o=m = U,p = C H 3 N-R ΤΤΡΗ 
ο = ρ = C H 3 , m = H N-R ΤΜΡΗ 
o = m = H,p = O C H 3 N-R TAPH 
0=Cl,m=p = H N-ROCPH 

Η Η 

Figure 1. Structures and abbreviations for iron N-alkyl tetraarylporphyrins. 
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14. C O R N M A N A N D ZoviNKA Iron N-Alkyl Porphyrins 375 

c o n d i t i o n s . T h e s e c a r b e n e a n d σ-alkyl (σ-aryl) c o m p l e x e s are sens i t ive 
to the presence o f ox idants , a n d u n d e r o x i d a t i v e c o n d i t i o n s t h e y r e a r 
range to f o r m N - subst i tuted p r o d u c t s . S c h e m e 1 s u m m a r i z e s the r e a c 
t ions o f the h a l o c a r b o n D D T ( l , l - b i s ( p - c h l o r o p h e n y l ) - 2 , 2 , 2 - t r i c h l o r o -
ethane) w i t h iron(II ) t e t r a a r y l p o r p h y r i n . T h e i n t e r m e d i a c y o f the 
i r o n - c a r b e n e c o m p l e x 1 (14), the o x i d a t i v e i n s e r t i o n p r o d u c t 2 (15), 
a n d the N - v i n y l p o r p h y r i n 4 (16) has b e e n d e m o n s t r a t e d b y a c o m b i n a t i o n 
o f spec t ros copy a n d X - r a y c r y s t a l l o g r a p h y . T h e m o l e c u l a r s t ruc tures o f 
1,2, a n d 4 are p r e s e n t e d i n F i g u r e 2. T h e r e a c t i o n u s e d to p r e p a r e 2 
is f o r m a l l y an o x i d a t i v e l y i n d u c e d m i g r a t o r y i n s e r t i o n o f the c a r b e n e 
i n t o the i r o n - n i t r o g e n b o n d to p r o d u c e the i n t e r m e d i a t e s p i n (S = %) 
iron(III ) p r o d u c t . A d d i t i o n o f a c i d to the i n s e r t i o n p r o d u c t resul ts i n 
c l eavage o f the i r o n - c a r b o n b o n d a n d d e m e t a l l a t i o n . T h e N - v i n y l p o r 
p h y r i n may b e m e t a l l a t e d w i t h an iron(II) s o l u t i o n . 

A r 2 C H C C l 3 

Ar = p C I C 6 H 4 

Fe(TPP) 
+ or s 2 0 4 ' 1ST 

Ar Ar 
U 
C 

1 
II 

Ar Ar Ar Ar 
u 

C! CI J 

4 5 
Scheme 1 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
6.

ch
01

4

In Mechanistic Bioinorganic Chemistry; Thorp, H., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1996. 



376 M E C H A N I S T I C B I O I N O R G A N I C C H E M I S T R Y 

Figure 2. X-ray crystal structures for the proposed intermediates in N-
alkylporphyrin formation from the halocarbon DDT. Top: The carbene 
complex (TPP)[C=C (p-ClCeH4) 2]Fe (14). Middle: Carbene insertion product 
(TTP)[(p-ClC6H4)2C=C]FeCl-2CH2Cl2 (15). Bottom: N-alkyl product {N-
[2,2-bis (p-chlorophenyl) vinyl] TPP) FeCl (16). 
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14. C O R N M A N A N D ZoviNKA Iron Ν-Alkyl Porphyrins 377 

I r o n p o r p h y r i n complexes w i t h axial σ-alkyl a n d σ-aryl groups have 
b e e n p r e p a r e d a n d fu l ly charac ter i zed b y several groups ( 17,18). A d d i t i o n 
o f a c h e m i c a l ox idant to (19, 20), or e l e c t r o c h e m i c a l ox ida t i on o f (21), 
the l o w - s p i n iron(III ) -a lkyl (-aryl) p o r p h y r i n s results i n transient f ormat ion 
o f an i ron( IV) σ-alkyl (σ-aryl) c o m p l e x that undergoes r e d u c t i v e e l i m i 
nat i on to g ive the iron(II) N - s u b s t i t u t e d p r o d u c t as s h o w n i n S c h e m e 2. 
T h e iron(IV) in termediate has b e e n d i rec t ly observed b y l o w temperature 
lH N M R spectroscopy (22) a n d s p e c t r o e l e c t r o c h e m i s t r y (21). 

F r o m I r o n ( I I I ) T e t r a a r y l p o r p h y r i n s a n d A l k e n e s . N - a l k y l 
p o r p h y r i n s are f o r m e d v i a s ide reac t i ons o f the n o r m a l ca ta ly t i c c y c l e 
o f c y t o c h r o m e s P - 4 5 0 w i t h t e r m i n a l a lkenes or a l k y n e s . N - a l k y l p o r -
p h y r i n s f o r m e d f r o m t e r m i n a l a lkenes ( w i t h m o d e l i r o n p o r p h y r i n cat 
alysts u n d e r e p o x i d a t i o n cond i t i ons ) u s u a l l y have a c ov a l en t b o n d b e 
t w e e n the t e r m i n a l c a r b o n a t o m o f the a l k e n e a n d a p y r r o l e n i t r o g e n . 
T h e d o u b l e b o n d is o x i d i z e d s e l e c t i v e l y to an a l c o h o l at the i n t e r n a l 
c a r b o n . M a n s u y (23) s h o w e d that , i n i s o l a t e d e x a m p l e s , t e r m i n a l a lkenes 
can f o r m N - a l k y l a t e d p r o d u c t s i n w h i c h the i n t e r n a l c a r b o n is b o u n d to 
the n i t r o g e n a n d the t e r m i n a l c a r b o n is o x i d i z e d to the a l c o h o l . I n t e r n a l 
a lkenes m a y also f o r m N - a l k y l p o r p h y r i n s (24, 25). 

T h e N - a l k y l a t i o n r e a c t i o n represents a b i f u r c a t i o n o f the n o r m a l 
a l k e n e e p o x i d a t i o n r e a c t i o n c y c l e a n d , t h e r e f o r e , N - a l k y l a t i o n is a " s u i 
c i d e " event that leads to c a t a l y t i c i n h i b i t i o n i n the n a t i v e sys tem. W i t h 
s y n t h e t i c t e t r a a r y l p o r p h y r i n s that m i m i c the N - a l k y l a t i o n r e a c t i o n , the 
use o f h a l o g e n - s u b s t i t u t e d catalysts that are stable t o w a r d o x i d a t i v e 
d e g r a d a t i o n (26, 27) p r o v i d e the most use fu l m o d e l systems because the 
h e m e m o d e l r e m a i n s intac t for a s ign i f i cant ly greater n u m b e r o f t u r n 
overs t h a n the p a r t i t i o n n u m b e r . T h e p a r t i t i o n n u m b e r is the r a t i o o f 
e p o x i d a t i o n cyc l es to N - a l k y l a t i o n cyc l e s , i . e . , N - a l k y l p o r p h y r i n s are 
f o r m e d b e f o r e the h e m e is o x i d a t i v e l y d e s t r o y e d . 

R + 

1 2 4 

5 

Scheme 2 
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C o l l m a n a n d c o - w o r k e r s (28, 29) h a v e u s e d [ ( O C P ) F e m C l ] as the 
catalyst a n d p e n t a f l u o r o i o d o s y l b e n z e n e as the ox idant to d e t e r m i n e the 
p a r t i t i o n n u m b e r s for a series o f a lkenes . I o d o s y l a r e n e ox idants are i n 
s o l u b l e i n the so lvents u s e d a n d thus the c a t a l y t i c sys tem was h e t e r o 
geneous . K i n e t i c analys is , w h i c h took i n t o a c count c o n t r i b u t i o n s f r o m 
catalysis b y the N - a l k y l a t e d h e m e (see subsequent paragraphs) , p r o v i d e d 
p a r t i t i o n n u m b e r s for the c a t a l y t i c c y c l e r a n g i n g f r o m 1 4 0 to 2 8 , 0 0 0 , 
d e p e n d i n g o n the a lkene , p o r p h y r i n , a n d ox idant . T h e p a r t i t i o n n u m b e r s 
w e r e r e p r o d u c i b l e o v e r m a n y m e a s u r e m e n t s i n c l u d i n g those w i t h d i f 
f erent p r e p a r a t i o n s o f catalyst a n d ox idant ; h o w e v e r , t h e rate constants 
for e p o x i d a t i o n a n d N - a l k y l a t i o n w e r e i r r e p r o d u c i b l e . T h i s ^ r e p r o d u 
c i b i l i t y was a t t r i b u t e d to the h e t e r o g e n e i t y o f the sys tem. T h e r e p r o 
d u c i b i l i t y o f the p a r t i t i o n n u m b e r s suggested a c o m m o n rate l i m i t i n g 
step that the authors a t t r i b u t e d to f o r m a t i o n o f an i r on -oxo i n t e r m e d i a t e , 
not a meta l la cyc l e as p r e v i o u s l y p r o p o s e d (30,31). T h e p a r t i t i o n n u m b e r s 
are t h e n d e p e n d e n t o n the s ter i c a n d e l e c t r o n i c p r o p e r t i e s o f b o t h the 
i r o n p o r p h y r i n catalyst a n d the a l k e n e . B e c a u s e the p a r t i t i o n n u m b e r s 
w e r e also d e p e n d e n t o n the ox idant , C o l l m a n has p r o p o s e d that the 
ac t ive m e t a l l o p o r p h y r i n ox idant is d i f ferent for d i f f erent o x y g e n a t o m 
sources ( A r l O or O C l " ) . G i v e n these observat ions , C o l l m a n favors a 
c o n c e r t e d r e a c t i o n b e t w e e n the a l k e n e a n d the f e r r y l - c a t i o n r a d i c a l ox
idant i n w h i c h the o r i e n t a t i o n o f the a l k e n e d e t e r m i n e s the p r o d u c t 
d i s t r i b u t i o n as s h o w n i n F i g u r e 3. 

T r a y l o r a n d his c o l l abora to rs (32) have e x a m i n e d the N - a l k y l a t i o n 
reac t i ons for a series o f i r o n t e t r a a r y l p o r p h y r i n s a n d have r e p o r t e d that 
N - a l k y l hemes are r e v e r s i b l y f o r m e d d u r i n g the c a t a l y t i c c y c l e o f P - 4 5 0 
m o d e l systems s u c h as ( O C P ) F e m C l , n o r b o r n e n e , a n d p e n t a f l u o r o i o 
d o s y l b e n z e n e . M i x i n g these reagents i n C H 2 C I 2 / C F 3 C H 2 O H / H 2 O (89 : 
10:1) results i n a h o m o g e n e o u s s o l u t i o n a n d f o r m a t i o n o f a n e w i r o n 
p o r p h y r i n c o m p l e x w i t h a r e d - s h i f t e d Soret b a n d a n d a m o d i f i e d Q b a n d 
r e g i o n as s h o w n i n F i g u r e 4. A s is e v i d e n t f r o m the figure, th is n e w 
species reverts to ( O C P ) F e I H C l w i t h i n severa l seconds. T h e i n t e r m e d i a t e 

Figure 3. Proposed orientation of alkene relative to the ferryl-porphyrin 
π-radical for epoxidation (left) or N-alkylation (right) (28, 29). 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
6.

ch
01

4

In Mechanistic Bioinorganic Chemistry; Thorp, H., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1996. 



14. C O R N M A N A N D ZoviNKA Iron N-Alkyl Porphyrins 379 

1 § 5 § g § g g g § 
Wavelength (nm) 

Figure 4. UV-vis spectra monitoring the decomposition of iron (N-nor-
bomyl OCP) transiently generated from the reaction of (OCP)FeCl with 
norbornene and pentafluoroiodobenzene. The first spectra was taken 3 s 
after mixing. The first seven spectra are at 7-s intervals and the rest at 14-
s intervals. The final spectrum corresponds to the chloride, (OCP)FeCl. (Re
produced from reference 32. Copyright 1987 American Chemical Society.) 

s p e c t r u m is v e r y s i m i l a r to that o f an i r o n N - a l k y l p o r p h y r i n i s o l a t e d 
f r o m the r e a c t i o n o f ( O C P ) F e m C l , P F I B , a n d 4 , 4 - d i m e t h y l - l - p e n t e n e . 
T h a t the i n t e n s i t y o f the Sore t b a n d o f the s tar t ing m a t e r i a l is e ssent ia l ly 
absent at 3 s attests to the n e a r l y c o m p l e t e c o n v e r s i o n to the N - a l k y l a t e d 
der iva t i ve . Isosbestic b e h a v i o r for b o t h the f o r w a r d a n d reverse r e a c t i o n 
ind i ca tes that o n l y t w o spec ies c o n t r i b u t e to the o b s e r v e d s p e c t r a l 
changes. T h e r h o m b i c e l e c t r o n paramagnet i c resonance ( E P R ) s p e c t r u m 
o f the t rans ient spec ies , t r a p p e d b y r a p i d f r e e z i n g o f the r e a c t i o n m i x 
t u r e , is s i m i l a r to that o f i s o l a t e d iron(III ) N - a l k y l p o r p h y r i n s (24). B a l c h 
a n d c o - w o r k e r s (33) a n d O g o s h i a n d c o - w o r k e r s (34) r e p o r t ax ia l E P R 
spec tra for ( N - M e T P P ) F e m C r a n d ( N - M e O E P ) F e m C r , r e spec t ive ly . T h e 
l a r g e r , c h e l a t i n g N - n o r b o r n y l a l k o x i d e is p r o b a b l y r e s p o n s i b l e for the 
r h o m b i c E P R i n the T r a y l o r c o m p l e x . M a n s u y (40) r e p o r t s a r h o m b i c 
E P R s p e c t r u m for an iron(III ) N - a l k y l c h e l a t e c o m p l e x . K i n e t i c analys is 
o f the f o r m a t i o n a n d d e c o m p o s i t i o n o f the t rans ient i r o n N - a l k y l p o r 
p h y r i n p r o v i d e s ra te constants for the f o r w a r d a n d r e v e r s e reac t i ons o f 
4 5 0 M - 1 s" 1 a n d 0 .07 s _ 1 . B e c a u s e the rate constant for e p o x i d a t i o n was 
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d e t e r m i n e d to b e about 1 0 5 M " 1 s " 1 the N - a l k y l a t e d t rans ient is not an 
i n t e r m e d i a t e i n the m a j o r c a t a l y t i c c y c l e . T h i s e p o x i d a t i o n rate is c o n 
s i d e r a b l y g rea ter t h a n the rates r e p o r t e d b y o t h e r invest igators (about 
1 0 " 4 - 1 0 2 M 1 s" 1) (35-37). A l t h o u g h the authors do not e labora te o n 
w h y t h e r e is s u c h a large d i s c r e p a n c y b e t w e e n t h e i r rate constants a n d 
those p r e v i o u s l y r e p o r t e d , it seems l i k e l y that the so lvent sys tem m a y 
p l a y an i m p o r t a n t r o l e . 

T r a y l o r (38) has also s h o w n that b i o m i m e t i c i r o n N - a l k y l p o r p h y r i n s 
themse lves are c o m p e t e n t catalysts for e p o x i d a t i o n o f a lkenes w i t h a 
rate constant o f about 1 0 4 M - 1 s " 1 . O n the basis o f these observat ions 
a n d r e a r r a n g e m e n t reac t i ons o f spec i f i c a lkenes , T r a y l o r has p r o p o s e d 
the r e a c t i o n sequence o u t l i n e d i n S c h e m e 3 as r e p r e s e n t a t i v e o f the 
o x i d a t i o n a n d N - a l k y l a t i o n reac t i ons o f the P - 4 5 0 m o d e l systems. I n this 
s c h e m e , the e p o x i d e a n d the N - a l k y l a t e d h e m e are d e r i v e d f r o m a 
c o m m o n , e l e c t r o n - t r a n s f e r i n t e r m e d i a t e ( caged f e r r y l p o r p h y r i n - a l k e n e 
c a t i o n rad i ca l ) . C o l l m a n a n d c o - w o r k e r s (28, 29) p r e f e r a c o n c e r t e d 
m e c h a n i s m (or a s h o r t - l i v e d , a c y c l i c i n t e r m e d i a t e ) for e p o x i d a t i o n a n d 
N - a l k y l a t i o n reac t i ons . B o t h authors no te that the reac t i ons c a t a l y z e d 
b y c y t o c h r o m e P - 4 5 0 (and b i o m i m e t i c react ions) p r o b a b l y c a n not b e 
a s c r i b e d to any s ing le m e c h a n i s m . 

Reactions of Iron N-Alkylporphyrins 

Steric and Electronic Considerations. E l e c t r o n i c a l l y , the N -
s u b s t i t u t e d m a c r o c y c l e is a m o n o a n i o n i n its d e p r o t o n a t e d f o r m . F o r -

p 

rearranged 
products 

rearranged alkenes 0 

Scheme 3 
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m a l l y , the p o r p h y r i n has t w o n e u t r a l i m i n e d o n o r atoms, one a m i d o 
a n i o n i c d o n o r a t o m , a n d one n e u t r a l amine d o n o r a t o m . B e c a u s e o f the 
n e u t r a l a m i n e d o n o r , the N - s u b s t i t u t e d m a c r o c y c l e s tab i l i zes m e t a l ions 
i n l o w e r o x i d a t i o n states t h a n the c o r r e s p o n d i n g u n s u b s t i t u t e d p o r p h y 
r i n . T h u s , w i t h l igands such as N - M e T P P H , b o t h the iron(II) a n d iron(III) 
c o m p l e x e s are stable i n a i r w h e r e a s T P P F e 1 1 r e a d i l y o x i d i z e s to i ron( I I I ) . 
A s r e p o r t e d b y L a v a l l e e a n d associates (39), ( N - M e T P P ) F e n C l has a r e 
v e r s i b l e I I I / I I c o u p l e at 0 . 4 9 V versus S C E (in C H 2 C 1 2 ) , w h e r e a s 
( T P P ) F e m C l has an i r r e v e r s i b l e r e d u c t i v e w a v e (due to the loss o f the 
c h l o r i d e l igand) at - 0 . 2 9 V u n d e r i d e n t i c a l c o n d i t i o n s . 

T h r e e o f the n i t r o g e n d o n o r atoms o f the d e p r o t o n a t e d N - a l k y l m a c 
r o c y c l e are s p 2 - h y b r i d i z e d a n d thus c o n t r i b u t e to the p l a n a r i t y o f the 
m e t a l c o m p l e x . T h e a m i n e n i t r o g e n d o n o r is s p 3 - h y b r i d i z e d , a n d this 
s p 3 - h y b r i d i z a t i o n forces large dev ia t i ons o f the m a c r o c y c l e p l a n a r i t y i n 
the m e t a l c o m p l e x (40, 41). T h e s e dev ia t i ons are c l e a r l y present i n the 
s t r u c t u r e o f the c a t i o n o f [ ( N - M e T T P ) F e m C l ] S b C l 6 as s h o w n i n F i g u r e 
5 A . T w o o f the p y r r o l e r ings are c a n t e d w i t h t h e i r n i t r o g e n atoms d i 
r e c t e d t o w a r d the c h l o r o l i g a n d ( < 1 0 ° ) r e l a t i v e to the m e a n p l a n e o f 
the t h r e e u n s u b s t i t u t e d n i t r o g e n s . T h e s u b s t i t u t e d p y r r o l e n i t r o g e n a n d 
the p y r r o l e n i t r o g e n trans to the s u b s t i t u t e d p y r r o l e are d i r e c t e d a w a y 
f r o m the c h l o r o l i g a n d b y 3 9 ° a n d 7 ° , r e s p e c t i v e l y , r e l a t i v e to the p l a n e 
d e f i n e d b y the t h r e e u n s u b s t i t u t e d n i t r o g e n atoms. T h i s change i n d i 
r e c t i o n is a g r a p h i c e x a m p l e o f the a b i l i t y 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 to d i s tor t to a c c o m o d a t e s ter i c d e m a n d s . A s i l l u s t r a t e d i n 
F i g u r e 5 B , the N - s u b s t i t u e n t c r o w d s the s ix th m e t a l c o o r d i n a t i o n site 
a n d forces most m e t a l c o m p l e x e s to b e five-coordinate. 

M a n s u y (40) has c h a r a c t e r i z e d s t r u c t u r a l l y a s i x - c o o r d i n a t e iron(II ) 
N - a l k y l p o r p h y r i n . F i g u r e 6 presents the m o l e c u l a r s t ruc ture o f this n o v e l 
c o m p l e x i n w h i c h the s t r a i n e d s i x - c oord inate g e o m e t r y is s t a b i l i z e d b y 
the f o r m a t i o n o f t w o five-membered che la te r ings . T h e s u b s t i t u t e d p y r 
r o l e r ings are c a n t e d a r e m a r k a b l e 5 0 ° f r o m the m e a n e q u a t o r i a l p l a n e 
as d e f i n e d b y the f our p y r r o l e n i t r ogens . 

B a l c h a n d c o - w o r k e r s have b e e n i n t e r e s t e d i n the f o r m a t i o n a n d 
reac t i v i ty o f i r o n N - a l k y l p o r p h y r i n s . E s p e c i a l l y in te res t ing is the cata lyt i c 
a c t i v i t y , o b s e r v e d b y T r a y l o r a n d c o - w o r k e r s (32) (see p r e v i o u s p a r a 
graphs) , o f the i r o n N - s u b s t i t u t e d complexes , an observat i on that suggests 
that the i r o n - N - a l k y l p o r p h y r i n s can f o r m h i g h l y o x i d i z e d r e a c t i o n centers 
analogous to the c o m p o u n d I state o f h o r s e r a d i s h p e r o x i d a s e ( H R P ) , i . e . , 
the f e r r y l p o r p h y r i n 7 r - radical ( F e I V = 0 ) P * . A l t h o u g h no p r e c e d e n t exists 
for these h i g h l y o x i d i z e d i r o n N - a l k y l p o r p h y r i n s , the c o o r d i n a t i o n 
c h e m i s t r y o f i ron(II ) a n d iron(III ) c o m p l e x e s o f N - a l k y l p o r p h y r i n s p a r 
al le ls that o f iron(II ) a n d iron(III ) p o r p h y r i n s . T h e s e s i m i l a r i t i e s are 
s u m m a r i z e d i n C h a r t I. T h e p o r p h y r i n m a c r o c y c l e a n d the N - a l k y l p o r 
p h y r i n m a c r o c y c l e b o t h f o r m five-coordinate iron(II ) c o m p l e x e s (42). 
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382 M E C H A N I S T I C B I O I N O R G A N I C C H E M I S T R Y 

Figure 5. X-ray crystal structure of the cation of[(N-MeTTP)FeIIICl]SbCl6 

(top) and a space-filling representation of the same molecule indicating the 
crowded nature of the sixth metal coordination site (bottom). 

F i v e - c o o r d i n a t e iron(III) c omplexes are also k n o w n for b o t h macrocyc l e s 
(41), i n c l u d i n g o x o - b r i d g e d " d i n n e r s " (43, 44). I r o n N - a l k y l c o m p l e x e s 
that c o r r e s p o n d to l o w - s p i n s i x - c o o r d i n a t e iron(III ) p o r p h y r i n s s u c h as 
[ ( T P P ) F e m ( I m ) 2 ] + , o r to h i g h l y o x i d i z e d i r o n p o r p h y r i n s s u c h as 
( T P P ' ) F e n i ( C l 0 4 ) 2 (45), T P P F e I V = 0 (7) , a n d ( T M P ' ) F e I V = 0 (8) have o n l y 
r e c e n t l y b e e n r e p o r t e d , a n d these are d i s cussed i n subsequent p a r a 
graphs (41, 46). 

N M R s p e c t r o s c o p y is u n i q u e l y e f fect ive i n p r o b i n g the o x i d a t i o n 
state, s p i n state, a n d l i g a t i o n state o f i r o n p o r p h y r i n s (47, 48) a n d i r o n 
N - a l k y l p o r p h y r i n s (22). F o r i r o n - t e t r a a r y l p o r p h y r i n s the β -pyrro le p r o 
t o n resonance is most i n d i c a t i v e o f the e l e c t r o n i c s t r u c t u r e o f the m e t a l 
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14. C O R N M A N A N D ZoviNKA Iron Ν-Alkyl Porphyrins 383 

C8D1 

Figure 6. X-ray crystal structure of the iron(II)-bis-N-alkyIporphyrin 
complex incorporating two five-membered metallacycles to stabilize the dis
torted porphyrin macrocycle (40). 

c o m p l e x . I n T a b l e I the c h e m i c a l shifts o f the β -pyrro le a n d m e s o - a r y l 
p r o t o n resonances for r e p r e s e n t a t i v e i r o n p o r p h y r i n s a n d i r o n N - a l k y l 
p o r p h y r i n s are p r e s e n t e d . T h e decrease i n s y m m e t r y f r o m C 4 to C s as
so c ia ted w i t h N - s u b s t i t u t i o n results i n f our β -pyrro le m a g n e t i c e n v i r o n 
ments . A s can b e seen i n T a b l e I , the c h e m i c a l shifts for these f our 
resonances are , i n g e n e r a l , i n the same r e g i o n as the c o r r e s p o n d i n g 
i r o n p o r p h y r i n s . A s is a p p a r e n t for [ ( N - M e T T P ) F e m C l ] + , t h r e e β -pyr-
r o l e p r o t o n resonances are d o w n f i e l d as e x p e c t e d for an S = % 
i r o n ( I I I ) p o r p h y r i n . H o w e v e r , one ^ - p y r r o l e p r o t o n resonance is u p f i e l d 
o f the d i a m a g n e t i c r e g i o n . A l t h o u g h this r esonance has not b e e n r i g 
o r o u s l y ass igned , it is i n t u i t i v e l y a p p e a l i n g to assign this to the p r o t o n s 
o n the N - s u b s t i t u t e d p y r r o l e r i n g . T h e h i g h - f i e l d shift m a y t h e n b e at
t r i b u t e d to d e c r e a s e d d e r e a l i z a t i o n o f the u n p a i r e d s p i n i n the dx*-y2 
t h r o u g h the s p 3 n i t r o g e n a t o m to the β-carbons o f the p y r r o l e r i n g (33). 
T h e h i g h - s p i n iron(II) c o m p l e x ( N - M e T P P ) F e n C l has two resonances 
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14. C O R N M A N A N D ZoviNKA Iron N-Alkyl Porphyrins 387 

u p f i e l d o f the d i a m a g n e t i c r e g i o n . O n e o f these has b e e n ass igned , u s i n g 
h o m o n u c l e a r c o r r e l a t i o n s p e c t r o s c o p y ( C O S Y ) , to a β -pyrro le p r o t o n 
o n the r i n g cis to the s u b s t i t u t e d p y r r o l e r i n g (49). T h u s , the s p i n d e -
l o c a l i z a t i o n is s ign i f i cant ly m o d i f i e d b y d e f o r m a t i o n s o f t h e c a r b o n s k e l 
e t o n o f the m a c r o c y c l e . 

O x i d a t i o n o f the p o r p h y r i n π-system o f iron(III) (45) a n d iron(IV) tet-
raarylporphyr ins (8) leads to large chemica l shifts for the meso-ary\ protons. 
T h i s is a result o f sp in density o n the raeso-carbon, w h i c h is d e l o c a l i z e d 
into the a r y l r ings v i a a π-spin d e r e a l i z a t i o n m e c h a n i s m (50). A c c o r d i n g l y , 
the chemica l shifts o f ortho-, meta-, a n d para-protons have alternating signs. 
C o u p l i n g o f the p o r p h y r i n sp in to the meta l sp in i n b o t h a ferro - a n d 
ant i ferromagnet ic manner has b e e n demonstrated (45). 

G i v e n the s i m i l a r i t i e s i n c h e m i c a l shifts a n d l i n e w i d t h s , as w e l l as 
the c o n t r i b u t i o n s o f s y m m e t r y to the a p p e a r a n c e o f the s p e c t r u m , the 
e l e c t r o n i c a n d m o l e c u l a r s t r u c t u r e o f n e w i r o n c o m p l e x e s o f N - a l k y l -
p o r p h y r i n s m a y b e a s c e r t a i n e d , to a first a p p r o x i m a t i o n , f r o m 1 H N M R 
data . T h u s for l o w - s p i n iron(III ) c o m p l e x e s one w o u l d expec t at least 
f our sharp resonances u p f i e l d o f the d i a m a g n e t i c r e g i o n . I r on ( IV ) c o m 
plexes s h o u l d have at least f our resonances u p f i e l d o f the d i a m a g n e t i c 
r e g i o n . Iron(III ) c a n b e d i f f e r e n t i a t e d f r o m i r o n ( I V ) b y m e a s u r e m e n t o f 
the s o l u t i o n s u s c e p t i b i l i t y (51). 

Formation of Five- and Six-Coordinate Complexes (41, 52). 
T h e ab i l i t y o f the five-coordinate N - s u b s t i t u t e d complexes to accomodate 
a s ix th l i g a n d was d e m o n s t r a t e d b y o b s e r v i n g the c h a n g e i n i r o n s p i n 
state f r o m h i g h s p i n (S = %) to l o w s p i n (S = V2) u p o n a d d i n g a base 
s u c h as i m i d a z o l e o r c y a n i d e . T h e stable iron(III ) s tar t ing m a t e r i a l , ( N -
M e T T P ) F e m C l + , was p r e p a r e d f r o m the c o r r e s p o n d i n g iron(II) p r e c u r s o r 
b y o x i d a t i o n w i t h t h i a n t h r e n e r a d i c a l . T h i s same c o m p l e x p r e p a r e d b y 
c h l o r i n e o x i d a t i o n is uns tab le at a m b i e n t t e m p e r a t u r e s a n d d e c o m p o s e s 
v i a d e m e t a l l a t i o n (33). T h e Ή N M R s p e c t r u m o f th is c o m p l e x , s h o w n 
i n F i g u r e 7 A , ind i cates that the c o m p l e x has C s s y m m e t r y i n s o l u t i o n . 
T h e f our p y r r o l e resonances are d i s t r i b u t e d across a large c h e m i c a l shift 
range w i t h t h r e e o f the f our resonances d o w n f i e l d ( 1 5 6 , 1 0 8 , a n d 8 9 
p p m ) near the shift for n o n s u b s t i t u t e d T T P F e m C l at 1 8 3 K . T h e f o u r t h 
resonance appears u p f i e l d at —2 p p m . T h e r e are f our met α -phenyl res 
onances a n d t w o p a r a - m e t h y l resonances , also cons is tent w i t h the C s 

s y m m e t r y . T h e o r f / 1 0 - p h e n y l resonances are v e r y b r o a d a n d are l o c a t e d 
i n the d i a m a g n e t i c r e g i o n . T h e s e ass ignments are cons is tent w i t h those 
r e p o r t e d p r e v i o u s l y for the c h l o r i n e o x i d a t i o n p r o d u c t (33). 

A d d i t i o n o f 4 - m e t h y l i m i d a z o l e to the h i g h - s p i n s tar t ing m a t e r i a l 
y i e lds a l o w - s p i n c o m p l e x that has decreased s y m m e t r y . A s seen i n F i g u r e 
7 B , five β -pyrrole resonances are present i n the u p f i e l d r e g i o n a n d two 
5 - m e t h y l resonances are present d o w n f i e l d . T h e 5 - m e t h y l resonances 
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150 100 50 0 PPM -50 

Figure 7. Proton NMR spectra of (N-MeTTP)FeIIICl+ (A) and the product 
from the addition of 4-methylimidazole to (N-MeTTP)Fe*HCl+, [(N-
MeTTP)(5-MeIm)2Fe+] (B). Both spectra acquired at -90 °C in CD2Cl2. 
Resonance assignments: pyrr, β-pyrrole-H; p, para-methyl-H; 5-Me, 5-methyl-
Hsfrom 5-MeIm axial ligands. (Reproduced from reference 41. Copyright 
1990 American Chemical Society.) 

w e r e ass igned b y t h e i r absence i n the s p e c t r u m o f the c o r r e s p o n d i n g 
i m i d a z o l e c o m p l e x e s a n d b y c o m p a r i s o n to T P P F e m ( 5 - M e I m ) 2

+ (53). 
T h e p r e s e n c e o f t w o 5 - m e t h y l resonances ind i ca tes that t h e r e are t w o 
magnet i ca l l y i n e q u i v a l e n t 5 - m e t h y l i m i d a z o l e l igands . T h i s presence can 
b e a c c o m p l i s h e d i f the c o m p l e x is i n d e e d s i x - c o o r d i n a t e a n d i f l i gands 
are present at b o t h the p r o x i m a l a n d d i s ta l c o o r d i n a t i o n sites ( m e t h y l -
s u b s t i t u t e d face d e f i n e d as p r o x i m a l ) . B y i n t e g r a t i o n , the five u p f i e l d 
resonances c o r r e s p o n d to six β -pyrro le p r o t o n s . T h e p r e s e n c e o f five 
resonances for six o f the e ight β -pyrro le p r o t o n s r e q u i r e s a decrease i n 
s y m m e t r y f r o m C s to C i . T h i s decrease i n s y m m e t r y is a t t r i b u t e d to 
h i n d e r e d r o t a t i o n o f the p r o x i m a l 5 - M e I m l i g a n d . G r o v e s (54) s h o w e d 
that the ax ia l l i gands o f T M P F e m ( 2 - M e I m ) 2

+ u n d e r g o h i n d e r e d r o t a t i o n 
d u e to s ter i c i n t e r a c t i o n s b e t w e e n the 2 - m e t h y l subst i tuent o f the 2 -
M e l m l i g a n d a n d the o r f / i o - m e t h y l g r o u p s o f the T M P m a c r o c y c l e . 
H o w e v e r , w i t h less h i n d e r e d i m i d a z o l e s o r t e t r a a r y l p o r p h y r i n s , free 
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r o t a t i o n is o b s e r v e d . U n d e r the c o n d i t i o n s u s e d , the s i x - c o o r d i n a t e c o m 
p lexes w e r e uns tab le above —60 ° C . 

C y a n i d e i o n m a y also b e u s e d to f o r m a s i x - c o o r d i n a t e , l o w - s p i n 
c o m p l e x . T h e effect o f a d d i n g 2.6 e q u i v a l e n t s o f c y a n i d e is s h o w n i n 
F i g u r e 8 A . T h e β -pyrrole resonances w e r e ass igned b y 2 H N M R o f [ (N-
C D 3 - p y r r o l e - d 8 - T T P ) F e l n C l ] + as s h o w n i n F i g u r e 8 B . T h e h i g h - f i e l d 
c h e m i c a l shifts are cons is tent w i t h the change i n s p i n state. B e c a u s e 
C N " is a s t rong field l i g a n d , a change i n s p i n state does not necessar i l y 
r e q u i r e a d d i t i o n o f a s ixth l i g a n d . T i t r a t i o n o f the five-coordinate c o m p l e x 
w i t h C N ~ p r o v i d e s e v i d e n c e for f o r m a t i o n o f t w o i n t e r m e d i a t e s d u r i n g 
the r e a c t i o n . T h e first is a h i g h - s p i n c o m p l e x that has β -pyrro le c h e m i c a l 
shifts s i m i l a r to those o f the s tar t ing m a t e r i a l . T h i s i n t e r m e d i a t e is r e a 
sonab ly ass igned to the five-coordinate l i g a n d exchange p r o d u c t [ ( N -
M e T T P ) F e m C N ] + ( s t ruc ture 1): 

Ν 

I f this ass ignment is c o r r e c t , t h e n the c o o r d i n a t i o n o f one c y a n i d e l i g a n d 
is not r e s p o n s i b l e for the sp in-state c h a n g e . T h e s e c o n d i n t e r m e d i a t e is 
a l o w - s p i n c o m p l e x that has h i g h - f i e l d resonances that are d i s t i n c t f r o m 
the p r o d u c t . I f the final p r o d u c t is a s s u m e d to b e t h e b i s - C N c o m p l e x , 
i t is l i k e l y that the c y a n i d e i o n is c o o r d i n a t e d to the p r o x i m a l face a n d 
the c h l o r i d e is d i s ta l (or p o s s i b l y absent) as s h o w n i n s t r u c t u r e 2. F o r 
m a t i o n o f the s i x - c oord inate c o m p l e x e s is s u m m a r i z e d i n S c h e m e 4. 

O x i d a t i o n o f N - M e T T P F e n C l ( 4 6 , 52). C a t a l y t i c a l k e n e o x i 
da t i on b y i r o n N - a l k y l p o r p h y r i n s r equ i res that the m o d i f i e d h e m e c e n t e r 
c a n f o r m an ac t ive ox idant , p r e s u m a b l y at the H R P c o m p o u n d I l e v e l 
o f o x i d a t i o n . T o s h o w that i r o n N - a l k y l p o r p h y r i n s c o u l d f o r m h i g h l y 
o x i d i z e d c o m p l e x e s , these r e a c t i v e spec ies w e r e g e n e r a t e d b y c h e m i c a l 
o x i d a t i o n a n d e x a m i n e d b y N M R spec t ros copy . R e a c t i o n o f the ( N -
M e T T P ) F e n C l w i t h c h l o r i n e or b r o m i n e at l o w t e m p e r a t u r e s resu l ts i n 
f o r m a t i o n o f the c o r r e s p o n d i n g i r o n ( I I I ) - h a l i d e c o m p l e x . A d d i t i o n o f 
e t h y l - o r f - b u t y l - h y d r o p e r o x i d e , or i o d o s y l b e n z e n e , to a s o l u t i o n o f 
N - M e T T P F e n C l at l o w t e m p e r a t u r e s has n o effect o n the * H N M R spec 
t r u m . H o w e v e r , a d d i t i o n o f m - c h l o r o p e r o x y b e n z o i c a c i d ( m - C P B A ) r e 
sults i n the f o r m a t i o n o f i ron(III ) a n d i r o n ( I V ) p r o d u c t s as w e l l as p o r 
p h y r i n r a d i c a l c o m p o u n d s that r e t a i n the N - s u b s t i t u e n t . 
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Figure 8. J H and 2H NMR (A and B, respectively) of the product from the 
addition of cyanide to (N-MeTTP)FeIIICl+ at -90 °C in CD2Cl2. Resonance 
assignments: pyrr, β-pyrrole-H; p, parsi-methyl-H; f β-pyrrole-H of N -
MeTTPH; o, β-pyrrole-H of (TTPFén)20. (Reproduced from reference 41. 
Copyright 1990 American Chemical Society.) 
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c 
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low spin 
S = 1/2 

Scheme 4 
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A x i a l L i g a n d E x c h a n g e . m - C P B A o x i d a t i o n o f ( N - M e T T P ) F e n C l 
is sens i t ive to so lvent a n d the p r e s e n c e o f m e t h o x i d e . T r e a t m e n t o f ( N -
M e T T P ) F e n C l , w i t h s o d i u m m e t h o x i d e - c i 3 i n a so lvent m i x t u r e o f d i -
c h l o r o m e t h a n e - d 2 / m e t h a n o l - d 4 ( 4 : 1 , v o l / v o l ) at - 9 0 ° C resul ts i n f or 
m a t i o n o f the l i g a n d exchange p r o d u c t ( N - M e T T P ) F e n O C D 3 , as s h o w n 
i n F i g u r e 9. T r a c e A shows the ] H N M R s p e c t r u m o f ( N - M e T T P ) F e n C l , 
w h e r e a s t race Β shows the effect o f a d d i n g five e q u i v a l e n t s o f s o d i u m 
m e t h o x i d e - d 3 . T h e four p y r r o l e resonances a n d the N - m e t h y l subst i tuent 
for ( N - C D 3 - d 8 - T T P ) F e n O C H 3 h a v e b e e n u n a m b i g u o u s l y i d e n t i f i e d b y 
2 H N M R as s h o w n i n inset B ' . T h e m a g n e t i c s u s c e p t i b i l i t y o f ( N -
M e T T P ) F e n O C D 3 at - 9 0 ° C , as d e t e r m i n e d b y the E v a n s ' m e t h o d (51), 
is 5.0(2) μ Β . T h i s is s i m i l a r to the v a l u e o f 4.9(2) μ Β m e a s u r e d for ( N -
M e T T P ) F e n C l i n a c o n t r o l e x p e r i m e n t . I n the bas ic r e a c t i o n m e d i u m , 

200 150 100 50 0 PPM 

Figure 9. Trace A: The J H NMR spectrum from a solution of (N-
MeTT?)FellCl in CD2Cl2/CD3OD (4:1, vol/vol) at -90 ° C . Trace B: The *H 
NMR spectrum from the same solution after the addition of five equivalents 
ofNaOCD3 at -90 ° C . Trace B': The 2H NMR spectrum from a similar 
solution as that in trace Β prepared from the deuterated complex (N-CD3 

d8-TTP)FeIICl Trace C. The Ή NMR spectrum of a solution of (N-
MeTTP)FeIICl and five equivalents of sodium p-cresolate at—60° C in toluene-
à8/methanol-à4 (9:1, vol/vol). Trace C The upfield region of trace C. Res
onance assignments: Me, the N-methyl protons; pyrr, the pyrrole protons; 
o, the ortho protons of the p-tolyl substituents; La, Lm, Lp, the ortho, meta, 
and para resonances of the axial cresolato ligand. (Reproduced from ref
erence 46. Copyright 1992 American Chemical Society.) 
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( N - M e T T P ) F e n O C D 3 is uns tab le to w a r m i n g . A b o v e - 9 0 ° C i t g r a d u a l l y 
decomposes to f o r m N - M e T T P H t h r o u g h the loss o f i r o n . 

O t h e r l i g a n d exchange reac t i ons o f ( N - M e T T P ) F e n C l have b e e n ex
a m i n e d . A d d i t i o n o f s o d i u m p -creso la te to N - M e T T P F e n C l i n t o l u e n e -
d8 y i e l d s the c o r r e s p o n d i n g creso la to c o m p l e x . I n contrast to the m e t h -
ox ide c o m p l e x , the ax ia l l i g a n d p r o t o n s are o b s e r v a b l e for the c reso la to 
l i g a n d . T h e s p e c t r u m a n d the i m p o r t a n t p e a k ass ignments for the c r e 
solato c o m p l e x are p r e s e n t e d i n F i g u r e s 9 C a n d 9 C A d d i t i o n o f 15 
equ iva l en t s o f s o d i u m m - c h l o r o b e n z o a t e to N - M e T T P F e n C l y i e l d s spec 
t r a l e v i d e n c e for o n l y l i m i t e d exchange . A d d i t i o n o f an excess o f m-
c h l o r o b e n z o i c a c i d to N - M e T T P F e n C l resul ts i n n o o b s e r v a b l e l i g a n d 
exchange . 

Oxidation of (2V-MeTTP)Fen(OCD 3) to Form an Fe(IV) Com
plex (46, 52). A d d i t i o n o f 1.1 e q u i v a l e n t s o f m - c h l o r o p e r o x y b e n z o i c 
a c i d to a sample o f ( N - M e T T P ) F e n ( O C D 3 ) ( F i g u r e 1 0 A ) i n the p r e s e n c e 
o f excess s o d i u m m e t h o x i d e at - 9 0 ° C y i e l d s t race Β o f F i g u r e 10 . F o u r 
n e w p y r r o l e resonances are r e a d i l y o b s e r v e d i n the r e g i o n f r o m 0 to 
—20 p p m . T h r e e resonances i n the 1 0 - 1 2 - p p m r a n g e are ass igned the 
m e t a pro tons o f the p - t o l y l g r o u p s o n the basis o f t h e i r in tens i t i e s , m u l 
t i p l i c i t i e s , a n d l i n e w i d t h s . T h e N - m e t h y l r esonance is not o b s e r v a b l e 
at —90 ° C because o f its l i n e w i d t h , b u t i t does b e c o m e d e t e c t a b l e w h e n 
the sample is w a r m e d . A t t e m p t s to o x i d i z e N - M e T T P F e n O C D 3 at h i g h e r 
t emperatures results i n cons iderab le d e m e t a l l a t i o n , y i e l d i n g N - M e T T P H ; 
h o w e v e r , once the p r o d u c t is f o r m e d at - 9 0 ° C , i t is stable to w a r m i n g 
a n d c a n be o b s e r v e d u p to - 2 0 ° C , at w h i c h i t suffers o n l y s l o w 
d e c o m p o s i t i o n . 

B e c a u s e o f t h e t h e r m a l s t a b i l i t y o f t h e m - C P B A o x i d a t i o n p r o d u c t , 
i t has b e e n p o s s i b l e to m o n i t o r t h e * H N M R s p e c t r u m t h r o u g h o u t t h e 
t e m p e r a t u r e r a n g e - 9 0 - 0 ° C . P l o t s o f c h e m i c a l sh i f ts v e r s u s 1 /T are 
l i n e a r as e x p e c t e d for a p a r a m a g n e t i c s u b s t a n c e a n d h a v e i n t e r c e p t s 
at t h e e x p e c t e d d i a m a g n e t i c c h e m i c a l sh i f t v a l u e s . T h e m a g n e t i c sus 
c e p t i b i l i t y f o r t h e n e w s p e c i e s , ( E v a n s ' t e c h n i q u e ) is 2 .9 (3) μ Β o v e r 
t h e t e m p e r a t u r e r a n g e —90° to - 2 0 ° C , c o n s i s t e n t w i t h a n S = 1 
i r o n ( I V ) s p i n s y s t e m . T h e f o r m a t i o n o f t h i s i r o n ( I V ) c o m p l e x i n r e 
p r o d u c i b l e f a s h i o n r e q u i r e s t h e p r e s e n c e o f a s u b s t a n t i a l excess o f 
s o d i u m m e t h o x i d e , w h i c h a p p e a r s to p r o v i d e a n a x i a l l i g a n d . T h i s 
c o m p l e x has b e e n t e n t a t i v e l y f o r m u l a t e d as ( N - M e T T P ) F e I V L L ' , w h e r e 
L m a y b e a n oxo l i g a n d d e r i v e d f r o m t h e p e r a c i d a n d L ' is m e t h o x i d e 
o r m - c h l o r o b e n z o a t e . A l t e r n a t i v e l y , L m a y b e m e t h o x i d e o r m -
c h l o r o b e n z o a t e . 

( N - M e T T P ) F e I V L L ' u n d e r g o e s r e d u c t i o n w h e n t r e a t e d w i t h t e r t i a r y 
p h o s p h i n e s . A d d i t i o n o f a l a rge excess o f d i m e t h y l p h e n y l p h o s p h i n e to 
a s o l u t i o n o f N - M e T T P F e I V L L ' resul ts i n c o n v e r s i o n o f the s p e c t r u m 
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ι 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ι 1 1 ι 1 1 ι r 
10 0 -10 -20 PPM 

Figure 10. Upfield region of the Ή NMR spectrum of (N-MeTTP)FeIIOCD3 

(A) and the full 1H NMR spectrum (B) observed upon adding 1.1 equivalents 
ofm-CPBA to the solution used to obtain trace A. Both spectra acquired at 
—90 °C. Resonance assignments as in Figures 7-9. (Reproduced from ref
erence 52. Copyright 1990.) 

seen i n F i g u r e 1 1 A to the s p e c t r u m o f N - M e T T P F e n O C D 3 s h o w n i n 
F i g u r e 1 1 C . A d d i t i o n o f the w e a k e r r e d u c t a n t t r i p h e n y l p h o s p h i n e also 
resul ts i n the t w o - e l e c t r o n r e d u c t i o n o f ( N - M e T T P ) F e I V L L ' ; h o w e v e r , 
i n th is case the r e a c t i o n is m u c h s l o w e r a n d N - M e T T P F e I V L L ' c o n p r o -
por t i onates w i t h N - M e T T P F e n O C D 3 to f o r m the iron(III ) c o m p l e x ( N -
M e T T P F e m X ) + , w h e r e X is C I " o r O C D 3 " . W i t h b o t h p h o s p h i n e s the 
o n l y p h o s p h i n e p r o d u c t is the c o r r e s p o n d i n g p h o s p h i n e ox ide as o b 
s e r v e d b y 3 1 P N M R . A p p a r e n t l y , ( N - M e T T P ) F e I V L L ' is not c o m p e t e n t 
for the o x i d a t i o n o f a lkenes . T h i s fact is not s u r p r i s i n g because the c o r 
r e s p o n d i n g f e r r y l p o r p h y r i n s (at the c o m p o u n d II l e v e l o f ox idat ion ) are 
also p o o r ox idants for a l k e n e e p o x i d a t i o n (7). 

F o r m a t i o n o f a n I r o n C o m p l e x o f a n N - a l k y l P o r p h y r i n π -
R a d i c a l ( 4 6 , 5 2 ) . I n t h e a b s e n c e o f s o d i u m m e t h o x i d e , t h e r e a c t i o n 
b e t w e e n ( N - M e T T P ) F e n C l a n d m - C P B A takes t w o d i f f e r e n t p a t h s . 
W h e n 1.1 e q u i v a l e n t s o f t h e p e r o x y a c i d a re a d d e d , t h e F e 1 1 c o m p l e x 
is c o n v e r t e d i n t o a h i g h - s p i n , five-coordinate F e m c o m p l e x . H o w e v e r , 
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Τ 
160 

I 1 1 1 I 
140 120 100 80 60 40 20 -20 

Figure 11. Trace A: J H NMR spectrum of (N-MeTTP)FelvLL!, denoted 3. 
Trace B: Same solution as in trace A 30 min after the addition of dimethyl-
phenylphosphine. Trace C: The same solution as in trace Β after warming 
to -30 °C. The final spectrum in trace C is for (N-MeTTP) FeIIOCD3, denoted 
2. β-pyrrole resonances are labeled "pyrr." (Reproduced with permission 
from reference 52. Copyright 1990.) 

w h e n 5 - 1 0 e q u i v a l e n t s o f p e r o x y a c i d are a d d e d , a n e w s p e c i e s w i t h 
a r e m a r k a b l e 1 H N M R s p e c t r u m , s h o w n i n F i g u r e 1 2 A , is p r o d u c e d . 
T h e n e w spec i e s that is f o r m e d has p r o t o n r e s o n a n c e s f r o m 1 3 0 to 
— 1 6 0 p p m . T h e i n d i v i d u a l r e s o n a n c e s h a v e b e e n a s s i g n e d t h r o u g h 
l a b e l i n g e x p e r i m e n t s a n d c o n s i d e r a t i o n o f r e l a t i v e i n t e n s i t i e s as s h o w n 
i n F i g u r e s 1 2 B a n d 1 2 C . T h i s c o m p l e x c a n o n l y b e o b s e r v e d o v e r t h e 
l i m i t e d t e m p e r a t u r e r a n g e —99 ° to —75 ° C ; a b o v e t h i s r a n g e i t u n 
d e r g o e s d e c o m p o s i t i o n . A p l o t o f the c h e m i c a l shifts ve r sus 1/T, s h o w n 
i n F i g u r e 1 3 , r e v e a l s that a l l r e s o n a n c e s e x h i b i t l i n e a r b e h a v i o r o v e r 
t h i s s m a l l t e m p e r a t u r e r a n g e c o n s i s t e n t w i t h a s i m p l e p a r a m a g n e t i c 
c o m p l e x . H o w e v e r , t h e e x t r a p o l a t e d shi f ts at i n f i n i t e t e m p e r a t u r e 
d e v i a t e c o n s i d e r a b l y f r o m t h e a n t i c i p a t e d d i a m a g n e t i c c h e m i c a l shi f ts . 
T h e s e d e v i a t i o n s i n d i c a t e tha t t h e m a g n e t i s m is t h e r e s u l t o f t w o i n 
t e r a c t i n g s p i n sys tems . 

T h e large p a r a m a g n e t i c c o n t r i b u t i o n to the c h e m i c a l shifts for the 
raeso-aryl protons is consistent w i t h the presence o f a p o r p h y r i n 7r-radical 
spec ies (45). T h e shift p a t t e r n for these signals ( o - H u p f i e l d , ra-H a n d 
p - C H 3 downf i e ld ) is s i m i l a r to that o b s e r v e d for ( T T P e ) F e m ( C 1 0 4 ) 2 (o-
H , p - H u p f i e l d , ra-H d o w n f i e l d ) , w h i c h exh ib i t s f e r r o m a g n e t i c c o u p l i n g 
b e t w e e n the p o r p h y r i n π-radical s p i n a n d the m e t a l s p i n (45). T h e s m a l l 
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100 50 0 PPM -50 -100 -150 

Figure 12. Trace A: *H NMR spectrum of the porphyrin π-radical generated 
from (N-MeTTP)Fe"Cl and excess m-CPBA (denoted 5 in this figure) at -90 
°C in CD2Cl2. Trace B: 2H NMR spectrum of 5 selectively deuterated at the 
meso-phenyl positions. Trace C:2H NMR spectrum of 5 selectively deuterated 
at the β-pyrrole positions. (Reproduced with permission from reference 52. 
Copyright 1990.) 

p a r a m a g n e t i c shift for t h r e e o f the f our β -pyrro le p r o t o n resonances is 
cons is tent w i t h an e m p t y dx2_y2 o r b i t a l . T h u s the i r o n m a y b e i n t e r m e 
d i a t e - s p i n i ron(I I ) , l o w - o r i n t e r m e d i a t e - s p i n i ron( I I I ) , o r i r o n ( I V ) . T h e 
u n i q u e h i g h - f i e l d p y r r o l e resonance is o b v i o u s l y due to a n o v e l e l e c t r o n i c 
s t r u c t u r e . T h e p r e s e n c e o f i ron(III ) a n d i r o n ( I V ) i m p u r i t i e s i n a l l p r e p 
arat ions o f the r a d i c a l species has p r e c l u d e d m o r e r i g o r o u s m a g n e t i c 
s tudies . 

T h e c h e m i c a l r e d o x r e a c t i o n s o f ( N - M e T T P ) F e n C l are s u m m a r i z e d 
i n S c h e m e 5. I n t h i s s c h e m e , t h e i r o n ( I V ) c o m p l e x ( N - M e T T P ) F e I V L L ' 
( l a b e l e d 3) has b e e n f o r m u l a t e d as a f e r r y l , F e I V = 0 , c o m p l e x w i t h 
t h e oxo l i g a n d p r o x i m a l o r d i s t a l to t h e N - s u b s t i t u e n t . A l t e r n a t i v e l y , 
th i s c o m p l e x m a y b e f o r m u l a t e d as t h e b i s - m e t h o x i d e , [ ( N - M e T T P ) -
F e I V ( O C D 3 ) 2 ] + , b y a n a l o g y to ( T M P ) F e I V ( O C D 3 ) 2 , w h i c h has b e e n r e 
p o r t e d b y G r o v e s a n d c o - w o r k e r s (8). T h e a v e r a g e β - p y r r o l e r e s o 
n a n c e f o r ( N - M e T T P ) F e I V L L ' is - 6 . 9 p p m at - 8 0 ° C . T h i s v a l u e is 
m u c h m o r e d o w n f i e l d t h a n t h e — 3 7 . 5 - p p m c h e m i c a l sh i f t r e p o r t e d 
f o r t h e β - p y r r o l e r e s o n a n c e o f ( T M P ) F e I V ( O C D 3 ) 2 at - 7 8 ° C . T h e β-
p y r r o l e c h e m i c a l shi f ts f o r f e r r y l p o r p h y r i n c o m p l e x e s r a n g e f r o m 
—5 to + 9 p p m d e p e n d i n g o n a x i a l l i g a t i o n (see T a b l e I ) . T h u s t h e 
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1/T (K-l χ 10*) 

Figure 13. Plot of chemical shift vs. 1/Ύ for the porphyrin π-radical (de
noted 5 in figure) generated from (N-MeTTP)FeIICl and excess m-CPBA. 
(Reproduced from reference 46. Copyright 1992 American Chemical So
ciety.) 

f e r r y l c o m p l e x , ( N - M e T T P ) ( F e I V = 0 ) L ' is t h e p r e f e r r e d f o r m u l a t i o n 
f o r ( N - M e T T P ) F e I V L L \ 

T h e m e t a l o x i d a t i o n state o f the p o r p h y r i n 7r-radical c o m p l e x is u n 
k n o w n a l t h o u g h i t is n e a r l y c e r t a i n that the m e t a l dx2-y* o r b i t a l is u n 
o c c u p i e d . T h i s u n o c c u p i e d o r b i t a l is also suggested b a s e d o n the s y m 
m e t r y a r g u m e n t s first p r o p o s e d b y R e e d a n d M a r c h o n (45). I n C s 

s y m m e t r y , the m e t a l o rb i ta l s s h o u l d have the s y m m e t r i e s a n d r e l a t i v e 
energ ies s h o w n i n F i g u r e 14 . I n a l l poss ib l e m e t a l s p i n states, the dxz 

a n d dyz o rb i ta l s (a i n C s s y m m e t r y ) have at least one u n p a i r e d e l e c t r o n . 
B e c a u s e the t w o spins are f e r r o m a g n e t i c a l l y c o u p l e d o n the basis o f the 
signs o f the c h e m i c a l shifts for the raeso-tolyl subst i tuents (45), the p o r 
p h y r i n r a d i c a l s p i n must b e i n an o r b i t a l o f o r t h o g o n a l a' s y m m e t r y . T h e 
o b s e r v e d f e r r o m a g n e t i s m thus ru les out h a v i n g u n p a i r e d s p i n i n the 
dz2 a n d the dx2-^ o r b i t a l because these also have a' s y m m e t r y a n d w o u l d 
l e a d to 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 b e t w e e n the u n p a i r e d e l e c t rons o f 
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I I 
Ν • Ν Ν Η 

Scheme 5 

the m e t a l a n d the r a d i c a l . T h e r e f o r e , d i a m a g n e t i c l o w - s p i n i ron( I I ) , i n 
t e r m e d i a t e - s p i n i ron(I I ) , a n d i ron(I I I ) , a n d h i g h - s p i n iron(II ) a n d i r o n 
(III) are u n l i k e l y e l e c t r o n i c con f igurat i ons for the π r a d i c a l c o m p l e x . 

L o w - s p i n iron(III ) a n d l o w - s p i n i r o n ( I V ) are the r e m a i n i n g p o s s i 
b i l i t i e s for the m e t a l o x i d a t i o n a n d s p i n state. T h e t h e r m a l i n s t a b i l i t y o f 
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a a' 

a 1 a' 

a , 11 a 

a a' 

l o w s p i n iron(III) p o r p h y r i n r a d i c a l l o w s p i n i r on ( IV ) 

Figure 14. Expected symmetries and the relative energies of the metal d 
orbitals in the Cs point group for the porphyrin π-radical generated from 
(N-MeTTP)FeIICl and excess m-CPBA. Note that the d x z and d y z are close 
in energy but not degenerate. 

the rad i ca l c o m p l e x may ind i ca te that it is a v e r y h i g h l y o x i d i z e d c o m p l e x , 
poss ib ly at the H R P c o m p o u n d 1 l e v e l o f o x i d a t i o n . A l t e r n a t i v e l y , th is 
i n s t a b i l i t y m a y arise f r o m the large excess o f ox idant n e e d e d to f o r m 
the r a d i c a l . L a v a l l e e (26) has r e p o r t e d t w o o n e - e l e c t r o n o x i d a t i o n waves 
for the e l e c t r o c h e m i c a l ox ida t i on o f ( N - M e T P P ) F e n C l a n d has a t t r i b u t e d 
the s e c o n d o x i d a t i v e w a v e (at 1.51 V vs. S C E i n C H 2 C 1 2 ) to a l i g a n d -
c e n t e r e d o x i d a t i o n b y c o m p a r i s o n to the c o r r e s p o n d i n g z i n c c o m p l e x . 
T h u s it seems that iron(III ) c o m p l e x e s o f N - a l k y l p o r p h y r i n 7r-radicals 
are e l e c t r o c h e m i c a l l y generated . I n the absence o f m e t h o x i d e i o n , w h i c h 
is k n o w n to s tab i l i ze h igh -va lent i r o n p o r p h y r i n s (48), a l o w - s p i n i r o n (III) 
c o m p l e x m a y b e f a v o r e d . A l o w - s p i n i r o n ( I I I ) - p o r p h y r i n π-radical has 
p r e c e d e n c e i n the c o m p l e x [ ( T A P " ) F e m ( I m ) 2 ] 2 + (55). 

I f th is r a d i c a l is not at the H R P c o m p o u n d 1 l e v e l o f o x i d a t i o n , t h e n 
the catalysis o b s e r v e d b y T r a y l o r a n d c o - w o r k e r s m a y r e q u i r e a di f ferent 
m e c h a n i s m , p o s s i b l y an i o d o s y l arene c o m p l e x o f the i r o n N - a l k y l p o r 
p h y r i n . N o reac t i ons w e r e o b s e r v e d b e t w e e n i o d o s y l b e n z e n e a n d ( N -
M e T T P ) F e n C l . T h e la ck o f reac t i ons does not p r e c l u d e reac t i ons u n d e r 
the r e a c t i o n c o n d i t i o n s u s e d i n the p r e v i o u s w o r k s . 

Future Prospects 

N - A r y l p o r p h y r i n F o r m a t i o n as a P r o b e o f P r o t e i n S t r u c 
t u r e . A d d i t i o n o f p h e n y l d i a z e n e to m y o g l o b i n (56), c y t o c h r o m e s P -
4 5 0 (57), a n d the n o v e l p e r o x i d a s e f r o m Caldariomyces fumago (58), 
results i n the f o rmat i on o f f our reg io i somers o f N - p h e n y l p r o t o p o r p h y r i n -
I X . T h e s e have b e e n separa ted b y H P L C a n d u n a m b i g u o u s l y ass igned 
b y N M R spec t roscopy . T h e d e g r e e o f s u b s t i t u t i o n at r ings A , B , C , o r 
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D o f p r o t o p o r p h y r i n - I X depends o n the ster ic constraints o f the substrate 
b i n d i n g p o c k e t . O r t i z de M o n t e l l a n o (59) has u s e d this s e l e c t i v i t y to 
p r o b e the ac t ive site s t r u c t u r e o f s evera l h e m e e n z y m e s . T h e s t r u c t u r e 
o f p h e n y l - c y t P - 4 5 0 c a m has b e e n d e t e r m i n e d b y X - r a y c r y s t a l l o g r a p h y 
a n d ind i ca tes that N - p h e n y l h e m e f o r m a t i o n is an ac cura te , l o w - r e s o 
l u t i o n p r o b e o f ac t ive site s t r u c t u r e . 

Catalysis. Z i n c N - m e t h y l - a n d N - p h e n y l t e t r a a r y l p o r p h y r i n s w i t h 
t h i o l a t e o r a l k o x i d e as an ax ia l l i g a n d have b e e n e x a m i n e d as catalysts 
for p o l y m e r i z a t i o n reac t i ons that are also c a t a l y z e d b y a l u m i n u m t e t r a -
p h e n y l p o r p h y r i n s (60-64). T h e s e studies have b e e n u n d e r t a k e n to o b t a i n 
p o l y m e r s o f u n i f o r m m o l e c u l a r w e i g h t to b e u s e d i n p o l y m e r d e s i g n . 
U n l i k e the a l u m i n u m p o r p h y r i n s , the N - s u b s t i t u e n t p ro te c t s the b a c k 
s ide o f the ac t ive site f r o m c o o r d i n a t i o n o f m o n o m e r s , w h i c h m a y t h e n 
cause changes i n the r e a c t i v i t y o f the g r o w i n g p o l y m e r s . P o l y m e r i z a t i o n s 
o f b o t h epox ides a n d ep isu l f ides have y i e l d e d l i v i n g a n d i m m o r t a l p o l y 
mers i n the m o l e c u l a r w e i g h t range u p to 2 6 , 6 0 0 i n the case o f p r o p y l e n e 
sul f ide . 

G i v e n the o b s e r v a t i o n o f catalysis o f a l k e n e e p o x i d a t i o n b y i r o n N -
a l k y l p o r p h y r i n s , it is l i k e l y that these c omplexes m a y y i e l d synthe t i ca l l y 
use fu l catalysts (32, 65). T h e p o s s i b i l i t y o f c h i r a l i n d u c t i o n b y u s i n g 
e i t h e r a c h i r a l N - a l k y l g r o u p (66) or a c h i r a l m a c r o c y c l e s u c h as N - M e 
e t i o p o r p h y r i n (67) is an area that s h o u l d p r o v e f r u i t f u l i n the near fu ture . 

Models for Nonporphyrin Metalloproteins. B e c a u s e the N - a l 
k y l m a c r o c y c l e is e l e c t r o n i c a l l y d i s s i m i l a r to the p o r p h y r i n m a c r o c y c l e 
(amine vs. i m i n e d o n o r ) , the o b s e r v a t i o n o f h i g h l y o x i d i z e d i r o n c o m 
plexes forms an i m p o r t a n t b r i d g e b e t w e e n h e m e e n z y m e s a n d n o n h e m e 
i r o n e n z y m e s s u c h as m e t h a n e m o n o o x y g e n a s e . T h e n a t u r e o f t h e ac t i ve 
o x i d i z i n g agent i n m e t h a n e m o n o o x y g e n a s e a n d o t h e r n o n h e m e i r o n 
oxygenases is an area o f in tense c u r r e n t in teres t (68). O t h e r m o d i f i e d 
p o r p h y r i n i c m a c r o c y c l e s s u c h as t h i a p o r p h y r i n s (69), o x o p h l o r i n s , a n d 
o x o p o r p h y r i n s (70, 71) m a y also y i e l d g o o d m o d e l s for the e l e c t r o n i c 
p r o p e r t i e s o f m e t a l l o e n z y m e s i n n o n p o r p h y r i n e n v i r o n m e n t s . T h e r i g 
o rous , m u l t i d i s c i p l i n a r y c h a r a c t e r i z a t i o n o f m a n y m e t a l l o p o r p h y r i n 
complexes a l lows ex t rapo la t i on o f the p r o p e r t i e s o f the m e t a l l o p o r p h y r i n 
to the p r o p e r t i e s o f the n o n p o r p h y r i n sys tem v i a c o m p l e x e s o f the m o d 
i f i e d p o r p h y r i n i c m a c r o c y c l e . 
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15 
Mechanisms of DNA Cleavage 
by High-Valent Metal Complexes 

Gregory A. Neyhart, William A. Kalsbeck, Thomas W. Welch, Neena Grover, 
and H . Holden Thorp* 

Department of Chemistry, University of North Carolina, Chapel 
Hill, NC 27599-3290 

The mechanisms of DNA cleavage are reviewed for a number of 
different types of metal-based cleavage agents. Mechanisms are 
discussed both from the point of view of the metal complex and 
from the point of view of the DNA. Recent work on oxorutheni-
um(IV) complexes is discussed in detail. In particular, recent bind
ing studies using a new luminescence method give binding affinities 
of relatively high precision. The affinity, viscometry, helical un
winding, thermal denaturation, and hypochromicity results for a 
complex of dipyridophenazine are consistent with binding by in
tercalation. The kinetics of oxidation of Ru(IV)O complexes can be 
studied in a straightforward manner, and a complete kinetic model 
is presented. Recent results show that lowering the oxidation po
tential of the Ru(IV)O oxidant leads to new specificities in DNA 
cleavage. This result is discussed in light of the kinetic model and 
partitioning between dissociation and oxidation. 

T H E D E V E L O P M E N T O F F U N C T I O N A L I T I E S T H A T C L E A V E D N A IS o f p r i m e 

i m p o r t a n c e i n c a n c e r c h e m o t h e r a p y a n d d e s i g n o f s y n t h e t i c r e s t r i c t i o n 
e n z y m e s ( i , 2) a n d most i m p o r t a n t l y , i n p r o b i n g the c o m p l e x t e r t i a r y 
s t r u c t u r e o f n u c l e i c acids (3, 4). I n r e c e n t years , t r a n s i t i o n - m e t a l c o m 
p lexes have b e e n s h o w n to b e ef fect ive c l e a v i n g agents that o p e r a t e b y 
a v a r i e t y o f m e c h a n i s m s (3,4). T h e s e m e c h a n i s m s i n v o l v e base o x i d a t i o n 
b y p h o t o s e n s i t i z e d s inglet o x y g e n (5) a n d Η-atom abs t rac t i on f r o m the 
sugar f u n c t i o n a l i t y (6). T h e Η-atom abs t rac t i on m a y o c c u r t h r o u g h r e 
a c t i o n o f a p h o t o a c t i v a t e d l i g a n d (4), g e n e r a t i o n o f h y d r o x y l r a d i c a l (3), 
or f o rmat i on o f a reac t ive meta l -oxo species (6-8). T h e meta l -oxo species 

* Corresponding author 

0065-2393/95/0246-0405$08.90/0 
© 1995 American Chemical Society 
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f o r m a t i o n m e c h a n i s m is a t t rac t ive because i n o r g a n i c synthesis c a n b e 
u s e d to p r e p a r e meta l - oxo spec ies that are p a r t i c u l a r l y s u i t e d to the 
D N A c leavage r e a c t i o n . 

T h e p a t h w a y s o f sugar o x i d a t i o n i n v o l v e abs t rac t i on o f H - a t o m s 
b o u n d to se condary or t e r t i a r y carbons (6). M a n y t r a n s i t i o n - m e t a l o x i 
dants w i l l p e r f o r m these abstract ions o n s i m p l e o r g a n i c substrates s u c h 
as s e condary a l coho l s a n d h y d r o c a r b o n s (9-11), a n d m a n y o f these r e 
agents s h o u l d t h e r e f o r e b e c a p a b l e o f D N A c leavage . B e c a u s e d e t a i l e d 
i n f o r m a t i o n o n ava i lab le m e c h a n i s t i c p a t h w a y s i n sugar o x i d a t i o n is n o w 
ava i lab le (6, 12), t h e r e is a n e w o p p o r t u n i t y for i n o r g a n i c chemis t s to 
des ign reagents that are spec i f i ca l ly t a i l o r e d to the a p p r o p r i a t e p a t h w a y . 

Mechanisms of Cleavage Agents 
I n this s e c t i on , c l eavage reac t i ons w i l l b e d i s cussed f r o m the p o i n t o f 
v i e w o f the m e t a l c o m p l e x . T o c l eave D N A , an ox idant must b e g e n 
e r a t e d . N u m e r o u s r e d o x reac t i ons o f m e t a l c o m p l e x e s have b e e n u s e d 
to generate a p p r o p r i a t e D N A ox idants (4). T h e s imples t c omes f r o m 
F e n t o n c h e m i s t r y , i n w h i c h p e r o x i d e is u s e d to generate h y d r o x y radica ls 

W h e n this r e a c t i o n is p e r f o r m e d i n the v i c i n i t y o f the D N A h e l i x , the 
h y d r o x y rad i ca l s that are g e n e r a t e d abstract h y d r o g e n atoms f r o m D N A 
sugars, l e a d i n g to s t r a n d sc iss ion . U s i n g F e ( E D T A ) 2 - , w h i c h does not 
b i n d to D N A , as a d e l i v e r y agent a l l ows the h y d r o x y rad i ca l s to b e d e 
l i v e r e d i n a nonspec i f i c f ash ion , a l l o w i n g for f o o t p r i n t i n g o f D N A - p r o -
t e i n in te rac t i ons a n d s t r u c t u r a l i m a g i n g o f n u c l e i c ac ids b a s e d o n so lvent 
ac cess ib i l i t y o f i n d i v i d u a l sites (3, 13). B e c a u s e h y d r o x y r a d i c a l is a d i f 
fus ib le spec ies , these reagents generate dif fuse r e a c t i o n pat terns i n se
q u e n c i n g gels. 

T h e n a t u r a l p r o d u c t b l e o m y c i n med ia tes s t r a n d sc iss ion i n the p r e s 
ence o f i r o n a n d o x y g e n b y a r e l a t e d m e c h a n i s m (6, 12, 14); h o w e v e r , 
no d i f fus ib le i n t e r m e d i a t e is g e n e r a t e d . E l e c t r o c h e m i c a l a n d r e l a t e d 
studies s h o w e d that the m e c h a n i s m o f i r o n b l e o m y c i n ( F e - B L M ) invo lves 
first r e d u c t i o n o f F e ( I I I ) - B L M , r e a c t i o n o f F e ( I I ) - B L M w i t h 0 2 , a n d r e 
d u c t i o n o f the F e ( I I ) - B L M - 0 2 a d d u c t to " a c t i v a t e d F e - B L M " (15). 

f r o m F e 2 + (3): 

F e 2 + + H 2 0 2 — F e 3 + + O H " + · O H (1) 

F e ( I I I ) - B L M + e" F e ( I I ) - B L M (2) 

F e ( I I ) - B L M + 0 2 — 0 2 - F e ( I I I ) - B L M (3) 

0 2 - F e ( I I I ) - B L M + e " " a c t i v a t e d F e - B L M " (4) 
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T h e prec i se n a t u r e o f a c t i v a t e d F e - B L M is s t i l l a sub jec t o f debate ; 
h o w e v e r , b o t h F e ( I V ) 0 2 + a n d F e ( V ) 0 3 + spec ies have b e e n sugges ted 
(15). I n any case, a c t i v a t e d F e - B L M is c a p a b l e o f o x i d i z i n g m a n y o r g a n i c 
substrates , i n c l u d i n g r ibose a n d d e o x y r i b o s e i n n u c l e i c ac ids (6). 

C o p p e r - p e r o x i d e c h e m i s t r y is also c a p a b l e o f g e n e r a t i n g a p o t e n t 
ox idant (16, 17). A d d i t i o n o f H 2 0 2 to C u ( p h e n ) 2 + generates a n o v e l ox
idant a c c o r d i n g to e q u a t i o n 5: 

C u ( p h e n ) 2
+ + H 2 Q 2 — C u ( I I ) ( p h e n ) 2 ( · O H ) 2 + + O H " (5) 

T h e ox idant c a n b e f o r m u l a t e d e i t h e r as a h y d r o x y r a d i c a l b o u n d to 
Cu( I I ) or as a h y d r o x i d e l i g a n d o n C u ( I I I ) . I n e i t h e r case, the a c t i v a t e d 
c o m p l e x is c a p a b l e o f s t r a n d sc iss ion , a n d the c leavage p a t t e r n suggests 
that the ox idant is nond i f fus ib l e a n d t h e r e f o r e b o u n d to the m e t a l (17). 
C l e a v a g e b y this reagent i n v o l v e s sugar o x i d a t i o n , as d i s cussed i n s u b 
sequent paragraphs . 

W o r k i n o u r l a b o r a t o r y has s h o w n that o x o r u t h e n i u m ( I V ) a n d h y -
d r o x o r u t h e n i u m ( I I I ) c o m p l e x e s are c a p a b l e o f D N A c leavage (7). T h e s e 
reagents c a n b e g e n e r a t e d b y o x i d a t i o n o f c o m p l e x e s b a s e d o n 
R u ( t p y ) ( b p y ) O H 2

2 + , e i t h e r c h e m i c a l l y o r e l e c t r o c h e m i c a l l y : 

T h e s e reagents c a n b e u s e d e i t h e r c a t a l y t i c a l l y , b y a p p l i c a t i o n o f a p o 
t e n t i a l o f 0 .8 V to a s o l u t i o n o f R u ( t p y ) ( b p y ) O H 2

2 + o r s t o i c h i o m e t r i c a l l y , 
b y i s o la t i on o f the R u ( t p y ) ( b p y ) 0 2 + o r R u ( t p y ) ( b p y ) O H 2 + c o m p l e x e s 
a n d a d d i t i o n o f these reagents to a D N A s o l u t i o n . T h e c h e m i s t r y o f 
these c o m p l e x e s i n D N A w i l l b e d i s cussed i n d e t a i l i n th is c h a p t e r . 

P h o t o r e a c t i o n s can also b e u s e d to i n d u c e s t r a n d sc iss ion . U p o n 
p h o t o l y s i s , p o l y p y r i d y l c o m p l e x e s o f Ru(II ) sens i t i ze the f o r m a t i o n o f 
s inglet o x y g e n , w h i c h is c a p a b l e o f o x i d i z i n g n u c l e i c a c i d bases (5). F o l 
l o w i n g p i p e r i d i n e t r e a t m e n t , base o x i d a t i o n leads to s t r a n d sc iss ion (18). 
U r a n y l salts are also capab le o f D N A c leavage v i a sugar o x i d a t i o n u p o n 
i r r a d i a t i o n (J9) . B y far the most s t u d i e d a n d w i d e l y a p p l i e d c l eavage 
p h o t o r e a c t i o n s i n v o l v e p o l y p y r i d y l a n d o t h e r d i i m i n e c o m p l e x e s o f 
rhod ium(I I I ) (4). U p o n U V i r r a d i a t i o n , these c o m p l e x e s i n d u c e D N A 
s t r a n d sc iss ion b y sugar o x i d a t i o n . W h e n a c o m p l e x o f p h e n a n t h r e n e -
q u i n o n e d i i m i n e (phi) is u s e d , h y d r o l y s i s o c curs d u r i n g the c leavage 
r e a c t i o n to p r o d u c e a d i a q u a r h o d i u m c o m p l e x a n d the free p h i l i g a n d 
(20, 21). T h e p r e c i s e m e c h a n i s m at the m e t a l c e n t e r is s t i l l u n k n o w n ; 
h o w e v e r , i r r a d i a t i o n in to the l i g a n d π-π* bands is r e q u i r e d for r e a c t i o n , 
t h e r e b y i m p l i c a t i n g h y d r o g e n abs t rac t i on i n t o the l i g a n d as the p r i m a r y 

R u n ( t p y ) ( b p y ) O H 2
2 + ^ R u m ( t p y ) ( b p y ) O H 2 + + e " 

R u m ( t p y ) ( b p y ) O H 2 + ^ R u I V ( t p y ) ( b p y ) 0 2 + + e " 

(6) 

(7) 
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m e c h a n i s m . W o r k w i t h these complexes has s h o w n that t u n i n g the shape 
o f the l i g a n d e n v i r o n m e n t c a n l e a d to s tereo - a n d shape - se l e c t i ve c l e a v -

A p h o t o a n a l o g u e o f F e ( E D T A ) 2 " has also b e e n r e p o r t e d (22). T h e 
c o m p l e x P t 2 ( p o p ) 4

4 " (pop = P 2 0 5 H 2
2 ~ ) has a h i g h - e n e r g y e x c i t e d state 

( P t 2 ( p o p ) 4
4 - * ) that is capable o f abstract ing h y d r o g e n atoms f r o m organic 

substrates to generate a h y d r i d o p l a t i n u m ( I I I ) c o m p l e x a n d o r g a n i c r a d 
icals (23): 

W h e n P t 2 ( p o p ) 4
4 ~ is i r r a d i a t e d at 4 5 0 n m i n the presence o f D N A , s t rand 

sc iss ion o c curs , a n d scavenger studies s h o w that no d i f fus ib le i n t e r m e 
diates are i n v o l v e d (22). T h u s , sc iss ion must i n v o l v e abs t rac t i on o f h y 
d r o g e n atoms f r o m the sugar f u n c t i o n a l i t i e s b y the m e t a l c o m p l e x i tse l f . 
B e c a u s e P t 2 ( p o p ) 4

4 ~ is an a n i o n , b i n d i n g o f the c o m p l e x to D N A does 
not o c c u r . T h i s presents the p o s s i b i l i t y that P t 2 ( p o p ) 4

4 " m a y b e a p a r 
t i c u l a r l y sens i t ive p r o b e o f so lvent a c cess ib i l i t y a n d h e n c e n u c l e i c a c i d 
s t r u c t u r e . 

C o m p l e x e s o f n i c k e l have b e e n s h o w n to i n d u c e D N A damage b y 
base o x i d a t i o n i n the p r e s e n c e o f K H S 0 5 (8). T h e s e m a c r o c y c l i c c o m 
plexes o f Ni ( I I ) a p p a r e n t l y c o v a l e n t l y b i n d to g u a n i n e bases p r i o r to 
o x i d a t i o n . T r e a t m e n t w i t h K H S 0 5 leads to f o r m a t i o n o f a Ni ( I I I ) spec ies 
that o x i d i z e s g u a n i n e . U p o n base t r e a t m e n t , s t r a n d sc iss ion is o b s e r v e d . 
B e c a u s e cova lent b i n d i n g must o c c u r p r i o r to o x i d a t i o n , o n l y guan ines 
present i n s i n g l e - s t r a n d e d res idues are o x i d i z e d . T h i s f eature has b e e n 
u s e d to d e m o n s t r a t e se lec t ive c leavage o f D N A at guan ines i n b u l g e s , 
m i s m a t c h e s , ends , a n d h a i r p i n l oops (24). G u a n i n e s p resent i n d o u b l e -
s t r a n d e d reg ions are not o x i d i z e d . 

age (20). 

\ = N N = / 

H N N H 

p h i p h e n d p p z 

P t 2 ( p o p ) 4
4 " * + R - H P t 2 H ( p o p ) 4

4 " + R - (8) 

Mechanisms of Strand Scission 
I n th is se c t i on w e discuss c l eavage m e c h a n i s m s f r o m the p o i n t o f v i e w 
o f the n u c l e i c a c i d . T h e a c c e p t e d m e c h a n i s m for the o x i d a t i o n o f D N A 
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b y a c t i v a t e d F e - b l e o m y c i n ( F e - B L M ) is s h o w n i n S c h e m e 1 (6,14). T h e 
i n i t i a l step i n v o l v e s abs t rac t i on o f the 4 ' - h y d r o g e n i n the m i n o r g r o o v e 
to f o r m the r a d i c a l spec ies . T h e g e n e r a t e d r a d i c a l m a y u n d e r g o subse 
quent ox idat i on to f o r m the t e r t ia ry carboca t i on , w h i c h reacts w i t h w a t e r 
to generate the h y d r o x y l a t e d spec ies . T h i s o x i d a t i o n i m m e d i a t e l y l i b 
erates free base , a n d after base t r e a t m e n t , s t r a n d sc iss ion o c curs to p r o 
v i d e a phosphate t e r m i n u s a n d a m o d i f i e d t e r m i n u s , as s h o w n i n S c h e m e 
1. A l t e r n a t i v e l y , the ra d i ca l m a y react w i t h o x y g e n to f o r m a h y d r o p e r o x y 
species , w h i c h goes o n w i t h o u t base t rea tment to l i be ra te base p r o p e n a l , 
a p h o s p h a t e t e r m i n u s , a n d a p h o s p h o g l y c o l a t e t e r m i n u s . P a r t i t i o n i n g 
b e t w e e n the o x y g e n - d e p e n d e n t base p r o p e n a l p a t h w a y a n d the o x y g e n -
i n d e p e n d e n t free base p a t h w a y is c o n t r o l l e d b y the o x y g e n t e n s i o n i n 
s o l u t i o n . 

T h e a b i l i t y to i n c o r p o r a t e d e u t e r i u m or t r i t i u m s e l e c t i v e l y i n t o a p 
p r o p r i a t e pos i t i ons o n n u c l e o t i d e s has h a d a t r e m e n d o u s i m p a c t o n 
m e c h a n i s t i c s tudies o n sugar o x i d a t i o n . I n p a r t i c u l a r , S t u b b e a n d co 
w o r k e r s have s h o w n that w h e n t h y m i d i n e d e u t e r a t e d at the 4' p o s i t i o n 
is i n c o r p o r a t e d i n t o r e s t r i c t i o n f ragments , s equence - se l e c t i ve i so tope 
effects are o b s e r v e d for c leavage b y F e - B L M (12). T h e s e i so tope effects 
are essent ia l ly e q u a l for the r a d i c a l a n d c a r b o c a t i o n p a t h w a y s (Scheme 
I) . T h e m a g n i t u d e o f these i so tope effects (kH/kO = 2 . 5 - 4 ) is cons is tent 
w i t h the m a g n i t u d e o f the analogous t r i t i u m i so tope effects (kn/kT = 7 -
II) . T h e s e i so tope effects are d e t e r m i n e d f r o m the net a m o u n t o f c l e a v 
age o b s e r v e d at the l a b e l e d n u c l e o t i d e , not f r o m a t i m e - r e s o l v e d s tudy 
o f the t r u e c leavage rate constant . 

Scheme 1 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
6.

ch
01

5

In Mechanistic Bioinorganic Chemistry; Thorp, H., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1996. 



410 M E C H A N I S T I C B I O I N O R G A N I C C H E M I S T R Y 

B a r t o n et a l . (21) have s h o w n that c o m p l e x e s b a s e d o n R h L 2 ( p h i ) 3 + 

c l eave D N A b y abs t rac t i on o f the 3 ' - h y d r o g e n i n the m a j o r g roove . T h i s 
r e a c t i o n p r o c e e d s as s h o w n i n S c h e m e 1, w i t h an analogous o x i d a t i o n 
o f the 3' p o s i t i o n to y i e l d a r a d i c a l that c a n react w i t h o x y g e n to f o r m 
base p r o p e n o i c a c i d , a p h o s p h a t e t e r m i n u s , a n d a p h o s p h o g l y c a l d e h y d e 
t e r m i n u s . A l t e r n a t i v e l y , the r a d i c a l can b e o x i d i z e d to a c a r b o c a t i o n that 
reacts w i t h w a t e r to y i e l d free base , t w o p h o s p h a t e t e r m i n i , a n d a f u -
r e n o n e p r o d u c t . T o date , the f u r e n o n e p r o d u c t has not b e e n d e t e c t e d . 
M e c h a n i s t i c s tudies s h o w that w h e n the m e t a l c o m p l e x has a v e r y h i g h 
b i n d i n g af f inity , o n l y the c a r b o c a t i o n (free base) p a t h w a y is o b s e r v e d , 
regard less o f the o x y g e n t e n s i o n i n s o l u t i o n . H o w e v e r , c o m p l e x e s that 
b i n d less s t rong ly p r o d u c e substant ia l amounts o f base p r o p e n o i c a c i d 
u p o n i r r a d i a t i o n i n the p r e s e n c e o f o x y g e n . 

I n a d d i t i o n to c h e m i s t r y at the 4' p o s i t i o n , H e c h t a n d c o - w o r k e r s 
(25) have d e m o n s t r a t e d that w h e n o l i g o n u c l e o t i d e s c o n t a i n a r i b o - o r 
ara-sugar , these n u c l e o t i d e s are c l e a v e d b y F e - B L M p a r t l y b y c h e m i s t r y 
o c c u r r i n g at the Γ p o s i t i o n (Scheme 2). T h e o x y g e n - d e p e n d e n t p a t h w a y 
results i n the f o rmat i on o f a Γ-hydroperoxy sugar, w h i c h u p o n t rea tment 
w i t h 1 , 2 - d i a m i n o b e n z e n e g ives a p r o d u c t that is r e a d i l y d e t e c t e d b y 
h i g h - p e r f o r m a n c e l i q u i d c h r o m a t o g r a p h y ( H P L C ) . W i t h an ara-sugar , 
o x i d a t i o n at Γ accounts for as m u c h as 5 8 % o f the t o ta l o x i d a t i o n . O x 
i d a t i o n o f D N A b y C u ( p h e n ) 2

+ a n d H 2 0 2 y i e l d s free base a n d a p r o d u c t 
that c a n b e ass igned as 5 - m e t h y l e n e - 2 , 5 - / / - f u r a n o n e ( 5 - M F ) (16). T h i s 
p r o d u c t has b e e n suggested to ar ise f r o m o x i d a t i o n b y the c o p p e r c o m 
p l e x at the 1' p o s i t i o n i n an o x y g e n - i n d e p e n d e n t r e a c t i o n (Scheme 2). 

O x i d a t i o n o f D N A b y n i c k e l m a c r o c y c l e s a n d K H S 0 5 o c curs v i a 
base o x i d a t i o n (8). It has b e e n p r o p o s e d that the g u a n i n e o x i d a t i o n leads 
to the f o r m a t i o n o f 8 - oxoguan ine , w h i c h is k n o w n to p r o m o t e s t r a n d 
sc iss ion u p o n base t r e a t m e n t . It has b e e n r e p o r t e d that o n e - e l e c t r o n 
o x i d a t i o n o f g u a n i n e leads to a r a d i c a l c a t i o n that reacts w i t h w a t e r to 

Scheme 2 
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f o r m 8 -oxoguanine (26). L a b e l i n g studies s h o w that the oxo g r o u p i n 
the 8 -oxoguanine f o r m e d b y this r e a c t i o n comes f r o m so lvent w a t e r . 

Binding of Metal Complexes to DNA 
A n y c leavage r e a c t i o n is g o v e r n e d b y the b i n d i n g o f the m e t a l c o m p l e x 
to D N A . C l e a v a g e reac t i ons o f F e ( E D T A ) 2 - a n d P t 2 ( p o p ) 4

4 " b y d e s i g n 
do not i n v o l v e b i n d i n g o f the c leavage agent to D N A (3, 13, 22). T h u s , 
any analysis o f the c leavage m e c h a n i s m must i n c o r p o r a t e this fact. I n 
most cases, h o w e v e r , c l eavage is m e d i a t e d b y c a t i o n i c c o m p l e x e s that 
b i n d to D N A . I n the case o f F e B L M , sugars a n d b i t h i a z o l e s i n the b l e o 
m y c i n m o l e c u l e c o n t r o l b i n d i n g a n d h e n c e , s e l e c t i v i t y (27). W i t h s m a l l 
m e t a l c o m p l e x e s , h o w e v e r , the b i n d i n g m o d e l is less c o m p l e x , a l t h o u g h 
large se lec t iv i t i es are s t i l l o b s e r v e d (4). 

F o r s i m p l e o c t a h e d r a l m e t a l c o m p l e x e s c o n t a i n i n g p o l y p y r i d y l o r 
p h i l i gands , a n u m b e r o f b i n d i n g m o d e s have b e e n d i s cussed (28-31). 
T h e first i n v o l v e s s i m p l e e l e c t ros ta t i c b i n d i n g a n d is o b s e r v e d for c o m 
plexes w i t h l i gands s u c h as b i p y r i d i n e , that do not have e x t e n d e d p l a n a r 
surfaces (28). W h e n c o m p l e x e s c o n t a i n l a rge , flat l i gands , s u c h as p h i 
or d p p z , b i n d i n g o f the m e t a l c o m p l e x v i a i n t e r c a l a t i o n has b e e n p r o 
p o s e d (28-36). I n t e r c a l a t i o n i n v o l v e s u n w i n d i n g o f the D N A to c reate 
r o o m for the flat l i g a n d to inser t i n b e t w e e n t w o base pa i r s . C o m p l e x e s 
o f d p p z have b e e n s h o w n to have h i g h b i n d i n g af f init ies , to u n w i n d 
D N A , a n d to e x h i b i t p h o t o p h y s i c a l p r o p e r t i e s cons is tent w i t h i n t e r c a 
l a t i o n (30-33). R e s u l t s f r o m o u r l a b o r a t o r y o n d p p z i n t e r c a l a t i o n are 
discussed i n subsequent paragraphs . C o m p l e x e s o f p h i also u n w i n d D N A 
a n d e x h i b i t h i g h b i n d i n g aff inities (21,28) a n d have b e e n s h o w n b y u s i n g 
t w o - d i m e n s i o n a l N M R to i n t e r c a l a t e spec i f i ca l l y i n t o o l i g o n u c l e o t i d e s 
(34). A n u m b e r o f b i n d i n g modes for o c t a h e d r a l p h e n c o m p l e x e s h a v e 
b e e n p r o p o s e d ; h o w e v e r , the c u r r e n t resul ts d i s cussed i n subsequent 
paragraphs a n d e l s e w h e r e are cons is tent w i t h a m o d e l i n w h i c h some 
f r a c t i o n o f the p h e n c o m p l e x e s are p a r t i a l l y i n t e r c a l a t e d (29, 3 5 , 36). 

T h e advantage o f an i n t e r c a l a t i v e b i n d i n g m o d e is that i t p r o v i d e s 
a basis f r o m w h i c h to b e g i n d e v i s i n g a m e c h a n i s t i c s c h e m e (34, 37). F o r 
e x a m p l e , i n t e r c a l a t i v e b i n d i n g is t h o u g h t to o c c u r i n the m a j o r g r o o v e , 
w h i c h suggests c e r t a i n sugar h y d r o g e n s that m i g h t b e m o r e access ib le 
to the m e t a l c o m p l e x (21). T h u s , the i n t e r c a l a t o r serves to a n c h o r the 
m e t a l c o m p l e x i n t o the m a j o r g roove . O n the o t h e r h a n d , b i n d i n g that 
is p r i m a r i l y e l e c t ros ta t i c i n n a t u r e o c curs p r i m a r i l y i n the m i n o r g r o o v e , 
because the c lose p r o x i m i t y o f phosphate groups creates a h i g h e r dens i ty 
o f negat ive c h a r g e (38). 

I n d e v i s i n g a m e c h a n i s t i c s c h e m e for D N A c leavage b y a p a r t i c u l a r 
m e t a l c o m p l e x , i t is i m p o r t a n t to c o n s i d e r the b i n d i n g e q u i l i b r i u m that 
must o c c u r p r i o r to c leavage . F o r e x a m p l e , c o n s i d e r c leavage b y a c o m -
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412 MECHANISTIC BIOINORGANIC CHEMISTRY 

p l e x that is a d d e d i n the a c t i v a t e d f o r m to a s o l u t i o n o f D N A . T h i s c o m 
p l e x must first b i n d to D N A b e f o r e c leavage can o c c u r : 

A n i m p o r t a n t ques t i on invo lves the re la t ive rates o f b i n d i n g , d issoc iat ion , 
a n d c leavage . D r a m a t i c a l l y d i f ferent c l eavage ef f ic iencies m a y b e o b 
s e r v e d d e p e n d i n g o n the r e l a t i v e rates o f e a c h o f these processes . A l s o , 
i f an excess o f o x i d i z e d c o m p l e x is p resent i n s o l u t i o n , d i s soc ia t i on o f 
the r e d u c e d f o r m m a y be r e q u i r e d b e f o r e c o n t i n u e d o x i d a t i o n o f D N A 
can o c c u r . T h i s m a y p r o f o u n d l y affect the o x i d a t i o n e f f i c iency . I f se lec 
t i v i t y is d e s i r e d , the c o m p l e x s h o u l d b e ab le to b i n d w i t h o u t o x i d a t i o n 
a lways o c c u r r i n g , so that c l eavage o n l y o c curs i n c e r t a i n sites. I n these 
cases, the rate o f o x i d a t i o n s h o u l d b e s i m i l a r to the d i s soc ia t i on rate . 
Success fu l ly d e v e l o p i n g a k i n e t i c m o d e l for D N A c leavage r e q u i r e s a 
d e t a i l e d , quant i tat ive u n d e r s t a n d i n g o f the b i n d i n g e q u i l i b r i u m (equat ion 
10) . T h e s e issues w i l l b e d i s cussed i n d e t a i l . 

DNA Cleavage by Oxoruthenium(IV) 
M o s t o f our e a r l y w o r k i n this area c e n t e r e d o n the c o m p l e x e s 
R u ( t p y ) ( L ) O H 2

2 + , w h e r e L = b p y , p h e n , a n d d p p z ( F i g u r e 1, t p y 
= 2 ,2 ' , 2 " - t e rpyr id ine ) (7, 30 , 33) . T h e s e c o m p l e x e s c l eave D N A u p o n 
o x i d a t i o n to R u ( t p y ) ( L ) O H 2 + a n d R u ( t p y ) ( L ) 0 2 + , w h i c h can b e p e r 
f o r m e d c h e m i c a l l y o r e l e c t r o c h e m i c a l l y . W e have a n u m b e r o f o t h e r 
c o m p l e x e s i n o u r l a b o r a t o r y w i t h s i m i l a r p r o p e r t i e s (39); h o w e v e r , w e 
w i l l b e g i n here w i t h a d iscuss ion o f the b i n d i n g a n d k i n e t i c s o f the s i m p l e , 
a c h i r a l t p y c o m p l e x e s , w h i c h have p r o v i d e d a basis for the d e s i g n o f 
c leavage agents w i t h o t h e r des i rab l e p r o p e r t i e s . 

Ru(tpy)(bpy)OH2
2+ Ru(tpy)(phen)OH2

2+ Ru(tpy)(dppz)OH2
2+ 

Figure 1. Structures of Ru (tpy)(L) OH2
2+ complexes. (Reprinted from ref

erence 30. Copyright 1993 American Chemical Society.) 

M o x
n + + D N A ^ M o x

n + · D N A 

M o x
n + · D N A M r e d

n + · D N A 

(9) 

(10) 
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B i n d i n g S t u d i e s . A s d i s cussed i n the p r e c e d i n g p a r a g r a p h , an 
u n d e r s t a n d i n g o f the m e c h a n i s m o f any D N A c leavage agent must also 
i n v o l v e a c o m p l e t e u n d e r s t a n d i n g o f the b i n d i n g o f the c o m p l e x to D N A . 
F u r t h e r m o r e , i n c leavage reac t i ons o f o x o r u t h e n i u m ( I V ) , the b i n d i n g 
e q u i l i b r i u m a n d k inet i cs p l a y a v e r y i m p o r t a n t ro le i n the o v e r a l l c leavage 
m e c h a n i s m . O n e o f the most c h a l l e n g i n g a n d i m p o r t a n t aspects o f 
s t u d y i n g the b i n d i n g o f m e t a l c o m p l e x e s to D N A is o b t a i n i n g a q u a n 
t i t a t i v e l y r e l i a b l e v a l u e for the b i n d i n g constant o f the m e t a l c o m p l e x . 
D i f f i c u l t i e s i n d e t e r m i n i n g these b i n d i n g constants ar ise because o f ten 
the changes i n the a b s o r p t i o n s p e c t r u m o f the m e t a l c o m p l e x u p o n b i n d 
i n g are s m a l l c o m p a r e d to analogous changes i n the s p e c t r a o f o r g a n i c 
m o l e c u l e s (40). T h i s o c curs because o n l y a p o r t i o n o f the m e t a l c o m p l e x 
m a y in te rac t w i t h the n u c l e i c a c i d , a n d the effect o f b i n d i n g o n the 
absorbance w o u l d t h e r e b y b e s m a l l e r t h a n w i t h p o r p h y r i n s or o r g a n i c 
m o l e c u l e s i n w h i c h the e n t i r e c h r o m o p h o r e interac ts d i r e c t l y w i t h the 
b i o m o l e c u l e (41). I n a d d i t i o n , the abso lute m a g n i t u d e s o f e x t i n c t i o n 
coef f ic ients for m e t a l - b a s e d c h r o m o p h o r e s are o f ten m u c h l o w e r t h a n 
those o f o rgan i c species that b i n d to D N A . 

Di f f i cu l t i es i n m e a s u r i n g b i n d i n g constants for m e t a l c omplexes arise 
b o t h w h e n b i n d i n g constants are q u i t e h i g h ( > 1 0 5 M " 1 ) a n d v e r y l o w 
( < 1 0 0 0 M - 1 ) , because o f the l o w e r e x t i n c t i o n coef f ic ients a n d h y p o -
c h r o m o c i t i e s (28, 33, 42). W e d e v e l o p e d a n e w t e c h n i q u e for m e a s u r i n g 
the b i n d i n g constants o f m e t a l c o m p l e x e s to D N A that does not d e p e n d 
o n the absorbance p r o p e r t i e s o f the m e t a l c o m p l e x o f in teres t . T h i s 
m e t h o d i n v o l v e s the c o m p l e x P t 2 ( p o p ) 4

4 " , w h i c h has a h i g h - e n e r g y (55 
k c a l / m o l ) e x c i t e d state that is r e a d i l y q u e n c h e d b y e l e c t r o n a n d e n e r g y 
transfer b y a n u m e r o u s m e t a l c o m p l e x e s (23), m a n y o f w h i c h have b e e n 
s t u d i e d w i t h r e g a r d to t h e i r D N A - b i n d i n g p r o p e r t i e s (43). T h e m e t h o d 
re l i es o n the q u e n c h i n g o f the s t rong e m i s s i o n o f the exc i ted -s tate o f 
P t 2 ( p o p ) 4

4 " b y the m e t a l c o m p l e x w i t h a n d w i t h o u t D N A . I n the absence 
o f D N A , the e m i s s i o n is q u e n c h e d v e r y e f f i c ient ly . B e c a u s e m e t a l c o m 
plexes that b i n d to D N A are g e n e r a l l y cat ions , the q u e n c h i n g is e f f ic ient 
p a r t l y because o f i o n p a i r i n g b e t w e e n the P t 2 ( p o p ) 4

4 " t e t r a a n i o n a n d 
the c a t i o n i c m e t a l c o m p l e x . I n the p r e s e n c e o f D N A , the q u e n c h i n g is 
s l o w e d d o w n b y as m u c h as t w o orders o f m a g n i t u d e , because the m e t a l 
c o m p l e x o f interest b i n d s to the D N A p o l y a n i o n f r o m w h i c h P t 2 ( p o p ) 4

4 ~ 
is e l e c t ros ta t i ca l l y r e p e l l e d . 

B y u s i n g the d i f f e rence i n q u e n c h i n g rate constant b r o u g h t about 
b y b i n d i n g o f the m e t a l c o m p l e x to D N A , b i n d i n g constants for the 
m e t a l c o m p l e x q u e n c h e r s c a n b e d e t e r m i n e d . B e c a u s e o f the r e s o l u t i o n 
p r o v i d e d b y the large d i f f e rence i n rate constants , p a r t i c u l a r l y s m a l l 
( < 1 0 3 M " 1 ) a n d q u i t e large ( > 1 0 4 M " 1 ) b i n d i n g constants can b e d e t e r 
m i n e d , p r o v i d e d the a p p r o p r i a t e equat ions are u s e d to fit the data. S h o w n 
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i n F i g u r e 2 is the b i n d i n g i s o t h e r m for R u ( t p y ) ( d p p z ) O H 2
2 + , w h i c h is 

fit to e q u a t i o n 11 : 

(fca-fcf) 

( * b " * f ) 

b~ b 
2 _ 2 K 2 C t [ D N A ] \ J / 2 

b = 1 + K C t + 

2 K C t 

K [ D N A ] 
2s 

(11a) 

( l i b ) 

w h e r e fca is the o b s e r v e d q u e n c h i n g rate constant , k{ is the q u e n c h i n g 
rate constant i n the absence o f D N A , kh is the q u e n c h i n g rate constant 
i n the p r e s e n c e o f excess D N A , C t is the to ta l c o n c e n t r a t i o n o f m e t a l 
c o m p l e x , [ D N A ] is the c o n c e n t r a t i o n o f D N A i n n u c l e o t i d e p h o s p h a t e , 
s is the site s ize o f the m e t a l c o m p l e x is base pa i r s , a n d Κ is the b i n d i n g 
constant . F o r R u ( t p y ) ( d p p z ) O H 2

2 + , the b i n d i n g constant d e t e r m i n e d is 
7 3 0 , 0 0 0 M " 1 a n d the site s ize is 2, cons is tent w i t h n e a r e s t - n e i g h b o r 
exc lus i on (44). A t t e m p t s to quant i tate the b i n d i n g affinity o f this c o m p l e x 
a n d o t h e r m e t a l l o i n t e r c a l a t o r s b y e q u i l i b r i u m dia lys is p r o v i d e d o n l y an 

1.200 

1.000 + 

0.800 

0.600 

0.400 

0.200 

0.000 + 

' ' • ' I ' ' ' ' I • 
τ — ι — ι — — ι — ι — ι — ι — — ι — ι — ι — Γ 

ο - Ο 

ο ο 

0.200 Γ1 • • 1 I 1 1 1 • ι • 1 • • ι » » » • I 1 » • • ι » • • • I 1 • 1 • 

-1.0 10 0 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006 

ΓΌΝΑ1 m M 

Figure 2. Binding isotherm of Ru(tpy)(dppz)OH2
2+ measured by using 

Pt2(pop)4
4~ quenching. (Reproduced from reference 56. Copyright 1993 

American Chemical Society.) 
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o r d e r - o f - m a g n i t u d e es t imate (21, 32, 33). B i n d i n g constants for the 
R u ( t p y ) ( L ) O H 2

2 + c o m p l e x e s are s h o w n i n T a b l e I . 
I n a d d i t i o n to q u a n t i t a t i n g the b i n d i n g af f inity , w e p e r f o r m e d t h e r 

m a l d e n a t u r a t i o n , v i s c o m e t r y , a n d a b s o r p t i o n h y p o c h r o m i c i t y s tudies 
o n the R u ( t p y ) ( L ) O H 2

2 + c omplexes . I n t h e r m a l d e n a t u r a t i o n e x p e r i m e n t s 
(Tab le I) , the L = b p y c o m p l e x shows a modes t v a l u e o f A T m , cons is tent 
w i t h p e r h a p s s i m p l e e l e c t ros ta t i c b i n d i n g o f the c o m p l e x to the D N A 
(44,45). T h e l o w b i n d i n g affinity o f 6 6 0 M " 1 is also consistent w i t h s i m p l e 
e l e c t ros ta t i c b i n d i n g . W h e n L = d p p z , h o w e v e r , the v a l u e for A T m is 
s t r i k i n g l y h i g h , a c tua l l y h i g h e r t h a n that o f the o r g a n i c i n t e r c a l a t o r 
e t h i d i u m b r o m i d e (44). A h i g h e r v a l u e o f ATm is p r o b a b l y d u e i n par t 
to the d i c a t i o n i c charge o f R u ( t p y ) ( d p p z ) O H 2

2 + c o m p a r e d to the e t h i d 
i u m m o n o c a t i o n . T h e L = d p p z c o m p l e x also shows an e x t r e m e l y h i g h 
( A T m > 3 3 ° ) af f inity for p o l y ( d A ) - p o l y ( d T ) , w h e r e a s the ATm va lues o f 
the b p y a n d p h e n c o m p l e x e s for this p o l y m e r are s i m i l a r to those for 
c a l f t h y m u s D N A . R e c e n t N M R studies o f o l i g o n u c l e o t i d e s s h o w that 
r e l a t e d c o m p l e x e s appear to have h i g h e r aff inities for A T reg ions (38, 
46, 47). A b s o r p t i o n h y p o c h r o m i c i t y s tudies are s i m i l a r , w i t h a s m a l l r e d 
shift o f the M L C T b a n d u p o n b i n d i n g o f the b p y c o m p l e x , b u t a s i zab l e 
r e d shift u p o n b i n d i n g o f t h e d p p z c o m p l e x to D N A . I n t e rms o f t h e r m a l 
denatura t i on , b i n d i n g aff inity, a n d absorbance h y p o c h r o m i c i t y , the p h e n 
c o m p l e x gives resul ts i n t e r m e d i a t e b e t w e e n those o f the b p y a n d d p p z 
d e r i v a t i v e s . 

T h e a b i l i t y o f m e t a l c o m p l e x e s to u n w i n d D N A has b e e n p u t f o r t h 
as an i m p o r t a n t c r i t e r i o n for p r o v i n g an i n t e r c a l a t i v e b i n d i n g m o d e a n d 
has b e e n o b s e r v e d w i t h o t h e r c o m p l e x e s o f p h e n , d p p z , a n d p h i (21, 
28,30,33). T h e e n z y m e t opo i somerase c a n b e u s e d to d e t e r m i n e i f s m a l l 
m o l e c u l e s u n w i n d D N A , a c c o r d i n g to p u b l i s h e d p r o c e d u r e s (28). W e 
find that b y u s i n g this assay, R u ( t p y ) ( d p p z ) O H 2

2 + u n w i n d s D N A b y 1 7 ° , 
w h i c h is cons is tent w i t h i n t e r c a l a t i v e b i n d i n g . 

A n o t h e r c o n v i n c i n g test o f i n t e r c a l a t i o n c omes f r o m v i s c o m e t r y 
studies that test the a b i l i t y o f a s m a l l m o l e c u l e to l e n g t h e n D N A , w h i c h 
o c curs w h e n base pa irs separate to a c c o m m o d a t e intercalât o r s (41, 44, 
48). T h e s lope o f the v i s c o m e t r y p l o t g ives the a m o u n t o f l e n g t h e n i n g 
p e r m e t a l c o m p l e x . T h e b p y c o m p l e x does not a p p e a r b y v i s c o m e t r y to 
l e n g t h e n D N A ; h o w e v e r , R u ( t p y ) ( d p p z ) O H 2

2 + g ives resul ts i n the v i s 
c o m e t r y e x p e r i m e n t that are q u a n t i t a t i v e l y i d e n t i c a l to those for e t h i d 
i u m b r o m i d e . A s c a n be seen i n F i g u r e 3, the ra t i o o f the l e n g t h o f D N A 
i n the p r e s e n c e o f R u ( t p y ) ( d p p z ) O H 2

2 + to the l e n g t h o f D N A i n the 
absence o f the c o m p l e x increases l i n e a r l y w i t h the c o n c e n t r a t i o n o f m e t a l 
c o m p l e x , w i t h a s lope o f 1 .13. S h o w n i n F i g u r e 3 are t w o separate t i 
trat ions for R u ( t p y ) ( d p p z ) O H 2

2 + ( · a n d A), one o f w h i c h is over a smal ler 
range o f m e t a l c o m p l e x / D N A rat ios ( · ) . B o t h e x p e r i m e n t s c l e a r l y g ive 
the same s lope w i t h i n e x p e r i m e n t a l e r ro r . T h e same b e h a v i o r is o b s e r v e d 
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15. N E Y H A R T E T A L . DNA Cleavage by High- Valent Metal Complexes 4 1 7 

1.30 

1.25 

1.20 + 
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1.05 + 

1.00 -+- - Ι 
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Compound to DNA - Phosphate ratio 

0.30 0.35 

Figure 3. Viscometric titrations with sonicated calf thymus DNA (5 mM 
ionic strength) for ethidium bromide (+) and Ru(tpy) (dppz)OH2

2+ (Φ) and 
(A). (Reproduced from reference 30. Copyright 1993 American Chemical 
Society.) 

w i t h e t h i d i u m b r o m i d e (•), w h i c h g ives an i d e n t i c a l s l ope o f 1.14. T h e 
va lues o f L / L ° for b o t h e t h i d i u m a n d R u ( t p y ) ( d p p z ) O H 2

2 + p l a t e a u at a 
s m a l l m o l e c u l e / D N A rat io o f 0 . 2 - 0 . 2 5 , w h i c h is i n d i c a t i v e o f n e i g h b o r -
e x c l u s i o n i n t e r c a l a t i o n i n b o t h cases (44, 48), w i t h sa tura t i on o c c u r r i n g 
once m e t a l c o m p l e x e s are b o u n d a p p r o x i m a t e l y e v e r y t w o base pa i r s . 
S a t u r a t i o n at this m e t a l / D N A ra t i o is cons is tent w i t h the site s ize o f 2 
d e t e r m i n e d i n F i g u r e 2. R e c e n t l u m i n e s c e n c e e x p e r i m e n t s o n 
R u ( p h e n ) 2 ( d p p z ) 2 + are cons is tent w i t h these findings (31). 

B e c a u s e m e t a l c o m p l e x e s that b i n d to D N A are cat ions , par t o f the 
b i n d i n g aff inities arises f r o m s i m p l e e l e c t ros ta t i c i n t e r a c t i o n s . O t h e r s 
have suggested that this is the p r i m a r y f orce r e s p o n s i b l e for b i n d i n g 
(29). H o w e v e r , the r o l e o f buf fer c a t i o n c o n c e n t r a t i o n i n d e t e r m i n i n g 
the b i n d i n g constant o f cat ions to D N A c a n be q u a n t i t a t e d b y u s i n g 
p o l y e l e c t r o l y t e t h e o r y (49). T o date , a s i m i l a r s tudy has not b e e n c o n 
d u c t e d for a h igher -a f f in i ty m e t a l c o m p l e x , s u c h as a c o m p l e x o f d p p z 
or p h i , because o f the d i f f i cu l ty i n a c c u r a t e l y d e t e r m i n i n g large ( > 1 0 6 

M " 1 ) b i n d i n g constants for m e t a l c o m p l e x e s . U s i n g o u r m e t h o d o f 
P t 2 ( p o p ) 4

4 ~ * q u e n c h i n g , w e can d e t e r m i n e these large b i n d i n g constants 
w i t h suff ic ient p r e c i s i o n to p e r m i t s u c h a s tudy . 

T h e b i n d i n g constant for R u ( t p y ) ( d p p z ) O H 2
2 + was d e t e r m i n e d b y 

u s i n g o u r m e t h o d as a f u n c t i o n o f buf fer i o n i c s t r e n g t h . A s the i o n i c 
s t r e n g t h is d e c r e a s e d , the b i n d i n g constant for the c o m p l e x increases 
d r a m a t i c a l l y , u p to 2 7 χ 1 0 6 M " 1 at 5 m M i o n i c s t r e n g t h f r o m 0 . 7 3 χ 1 0 6 
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4 1 8 M E C H A N I S T I C B I O I N O R G A N I C C H E M I S T R Y 

M " 1 at 5 0 m M i o n i c s t rength . T h e d e p e n d e n c e o f the b i n d i n g constant 
o n the c o n c e n t r a t i o n o f the m o n o v a l e n t buf fer c a t i o n is s h o w n i n F i g u r e 
4. T h e p l o t s h o w n gives l o g Κ versus the l o g a r i t h m o f the m o n o v a l e n t 
( N a + o r K + ) c a t i o n c o n c e n t r a t i o n . T h e l i n e a r d e p e n d e n c e o b s e r v e d is 
p r e d i c t e d f r o m p o l y e l e c t r o l y t e t h e o r y , w h i c h states that the l o g a r i t h m 
o f Κ s h o u l d d e p e n d o n buf fer c a t i o n c o n c e n t r a t i o n as (49): 

In K o b s = In K°t + Ζξ~ι\1η (y ± ί ) ] + Ζ * ( l n [ M + ] ) (12) 

w h e r e K o b s is the m e a s u r e d b i n d i n g c o n c e n t r a t i o n at a m o n o v a l e n t c a t i o n 
c o n c e n t r a t i o n o f [ M + ] , Ζ is the c h a r g e o n the m e t a l c o m p l e x , K°t is the 
" t h e r m o d y n a m i c " b i n d i n g constant , y± is t h e m e a n a c t i v i t y coef f i c ient 
at c a t i o n c o n c e n t r a t i o n [ M + ] , a n d ξ = 4.2 a n d δ = 0 . 5 6 for c a l f t h y m u s 
D N A . T h e p a r a m e t e r Ψ is the n u m b e r o f c o u n t e r i o n s assoc iated w i t h 
e a c h D N A p h o s p h a t e , w h i c h is 0 .88 for c a l f t h y m u s D N A (49). T h e 
m a g n i t u d e o f K°t r epresents the c o n t r i b u t i o n to b i n d i n g f r o m n o n e l e c -
t ros tat i c forces . 

8.00 

7.50 

7.00 
log Κ 

6.50 

6.00 

5.50 

5.00 
-2.5 -2.25 -2 -1.75 -1.5 -1.25 -1 

log [M + ] (M) 

Figure 4. Dependence of the observed binding constant of Ru(tpy)-
(dppz)OH2

2+ on the concentration of the monovalent buffer cation. Solid 
line is the least-squares fit to equation 12. (Reproduced from reference 56. 
Copyright 1993 American Chemical Society.) 
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15. N E Y H A R T E T A L . D N A Cleavage by High- Valent Metal Complexes 4 1 9 

T h e results o f fitting e q u a t i o n 12 to the data i n F i g u r e 4 are g i v e n 
i n T a b l e I I . T h e s lope o f the p l o t p r o v i d e s an e x p e r i m e n t a l m e a s u r e o f 
ΖΨ. O u r v a l u e o f = - 1 . 3 4 for R u ( t p y ) ( d p p z ) O H 2

2 + is s o m e w h a t 
l o w e r t h a n the t h e o r e t i c a l v a l u e ; h o w e v e r , C h a i r e s et a l . (29) have d e 
t e r m i n e d near ly i d e n t i c a l values for Δ - a n d A - R u ( p h e n ) 3

2 + . S l i g h t l y l o w e r 
va lues o f ΖΨ c a n b e a t t r i b u t e d to changes i n D N A h y d r a t i o n or c o u p l e d 
a n i o n re lease f r o m the m e t a l c o m p l e x u p o n b i n d i n g . R e s u l t s f r o m the 
analyses o f R u ( p h e n ) 3

2 + a n d e t h i d i u m b i n d i n g b y C h a i r e s et a l . are g i v e n 
for c o m p a r i s o n i n T a b l e I I . 

A l s o g i v e n i n T a b l e II are va lues for K°t a n d AG°t for b i n d i n g o f 
R u ( t p y ) ( d p p z ) O H 2

2 + to D N A . T h e s e quant i t i e s r e p r e s e n t the b i n d i n g 
energet i c s i n the absence o f e l e c t ros ta t i c forces . T h e va lues for 
R u ( t p y ) ( d p p z ) O H 2

2 + are c l e a r l y m u c h l a r g e r t h a n those for R u ( p h e n ) 3
2 + 

a n d a p p r o a c h q u i t e c l o se ly the va lues for e t h i d i u m . S t r i k i n g l y , AG°t is 
o n l y 0.6 k c a l / m o l greater for e t h i d i u m t h a n for R u ( t p y ) ( d p p z ) O H 2

2 + . 
T h e c o n f i r m a t i o n that the b i n d i n g o f these m e t a l c o m p l e x e s to D N A 

is g o v e r n e d b y e q u a t i o n 12 p r o v i d e s ins ight in to the i n t e r p l a y o f e l e c 
trostat i c a n d o t h e r forces i n c o n t r o l l i n g the b i n d i n g aff init ies . I n g e n e r a l , 
the Ζξ _ 1 [1η (γ±δ) ] t e r m is sma l l c o m p a r e d to the o ther t w o , so the b i n d i n g 
aff inity is b a s i c a l l y a s u m o f the e l e c t ros ta t i c ΖΨ t e r m a n d the K ° t t e r m . 
F o r c o m p l e x e s that b i n d so l e ly b y e lec t ros tat i cs , In K G b s s h o u l d b e es
sent ia l l y the same as the ΖΨ t e r m . I f ΖΨ 1.3, as i t is i n R u ( p h e n ) 3

2 + 

a n d R u ( t p y ) ( d p p z ) O H 2
2 + , i t is s t r a i g h t f o r w a r d to c a l c u l a t e that th is is 

i n d e e d the case for R u ( b p y ) 2
2 + a n d R u ( t p y ) ( b p y ) O H 2

2 + . T h i s ind i ca tes 
that at 5 0 m M salt c o n c e n t r a t i o n , e l e c t ros ta t i c forces a c count for 1 0 2 

M " 1 i n b i n d i n g aff inity (for d i ca t i ons ) , a n d the r e m a i n d e r o f the b i n d i n g 
affinity arises f r o m none lec tros tat i c forces. O n g o i n g f r o m b p y complexes 
to d p p z c o m p l e x e s , AG°t increases f r o m essent ia l ly z e r o to about 6 k c a l / 
m o l . T h i s 6 k c a l / m o l is r e s p o n s i b l e for the d i f f e rence i n b i n d i n g aff inity 
b e t w e e n 1 0 2 M - 1 for b p y c o m p l e x e s a n d 1 0 6 M _ 1 for d p p z c o m p l e x e s . 
I n the case o f d p p z c o m p l e x e s that are k n o w n to b e m e t a l l o i n t e r c a l a t o r s , 

Table II . Comparative Energetics of Binding to D N A 

W i O 4 AG°t 

Compound M~la ΖΨ K°t/104 M'1 (kcal/mol)b 

Ru(tpy)(dppz)OH 2
2 + 7 3 1.32 2.7 ± 1.1 - 5 . 9 ± 0.3 

Ethidiumc 49 .4 0 .75 6.1 - 6 . 5 
A-Ru(phen) 3

2 + C 0 .97 1.38 0 .02 - 3 . 1 
A-Ru(phen) 3

2 + C 1.07 1.24 0 .03 - 3 . 4 

a Measured in μ = 50 mM phosphate buffer. 
h Determined from AG°t = -RT In K° t. 
c Reference 29. 
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420 M E C H A N I S T I C B I O I N O R G A N I C C H E M I S T R Y 

it is c l ear that i n t e r c a l a t i o n is r e s p o n s i b l e for the i n c r e a s e d b i n d i n g af
finity. F o r p h e n c o m p l e x e s , w h i c h have b e e n s h o w n to e x h i b i t A G ° t 

values o f about 3 k c a l / m o l (29), the c o n t r i b u t i o n to the b i n d i n g aff inity 
a r i s i n g f r o m n o n e l e c t r o s t a t i c forces is not as h i g h as that for the m e t a l -
l o i n t e r c a l a t o r s , b u t it is r e a d i l y m e a s u r a b l e , a n d the b i n d i n g aff inity is 
c e r t a i n l y greater t h a n the 1 0 2 M _ 1 e x p e c t e d for a c o m p l e x that b i n d s 
so le ly b y e lec trostat i cs . 

K i n e t i c S t u d i e s . W e s t u d i e d the present c o m p l e x e s i n t h e i r o x i 
d i z e d forms, R u ( t p y ) ( L ) 0 2 + , because these complexes are ef fective D N A 
c leavage agents (7, 30 , 33, 50) . O x i d a t i o n o f c a l f t h y m u s D N A b y 
R u ( t p y ) ( b p y ) 0 2 + leads to re lease o f a l l f our n u c l e i c a c i d bases, as s h o w n 
i n F i g u r e 5. T h e c leavage is nonspec i f i c , l e a d i n g to re lease o f a p p r o x i 
m a t e l y e q u a l amounts o f a d e n i n e , t h y m i n e , g u a n i n e , a n d c y t o s i n e . T h e 
o b s e r v a t i o n o f base re lease i m p l i c a t e s sugar o x i d a t i o n as the p r i m a r y 
c leavage m e c h a n i s m (6, 14, 16). 

O n e o f the i n t e r e s t i n g features o f the c leavage reac t i ons o f these 
c o m p l e x e s is that the k i n e t i c s c a n be f o l l o w e d b y u s i n g o p t i c a l spec -

I I I ! I I I 

0 2 4 6 8 10 12 

Min. 

Figure 5. HPLC results obtained following oxidation of calf thymus DNA 
(1.0 mM) by Ru(tpy)(bpy)02+ (0.05 mM). Chromatograms were run on a 
Rainin Microsorb-MV "Short-One" C18 column with 0.1 M ammonium for
mate buffer (pH 7) at a flow rate of 1.0 mL/min. Peaks are labeled as 
adenine (A), thymine (T), guanine (G), and cytosine (C). (Reproduced from 
reference 30. Copyright 1993 American Chemical Society.) 
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15. N E Y H A R T E T A L . DNA Cleavage by High-Valent Metal Complexes 421 

t r o s c o p y (7). W e w i l l n o w present k i n e t i c s results t a k e n at an isosbest ic 
p o i n t at w h i c h o n l y the d i s a p p e a r a n c e o f R u ( I V ) 0 2 + is m o n i t o r e d (9). 
T h e decay curves for the d i s a p p e a r a n c e o f R u ( I V ) 0 2 + s h o w t w o d i s t inc t 
r e a c t i o n phases ( F i g u r e 6) . T h e first phase is r a p i d a n d oc curs w i t h i n 
the t i m e o f c o n v e n t i o n a l m i x i n g . W e d e t e r m i n e d that the k i n e t i c s o f 
this e a r l y " b u r s t " phase c a n b e i n v e s t i g a t e d b y s t o p p e d - f l o w s p e c t r o 
p h o t o m e t r y u n d e r the a p p r o p r i a t e c o n d i t i o n s , a n d these e x p e r i m e n t s 
are c u r r e n t l y u n d e r w a y i n o u r l a b o r a t o r y . F o r R u ( t p y ) ( b p y ) 0 2 + , the 
c o n t r i b u t i o n o f the e a r l y " b u r s t " phase is a f u n c t i o n o f R (= [ D N A -
phosphate] / [Ru(IV) ] ) , w i t h the burs t f r a c t i o n b e i n g m u c h l a r g e r at 
h i g h R . F o r R u ( t p y ) ( p h e n ) 0 2 + , the c o n t r i b u t i o n is h i g h e r t h a n for 
R u ( t p y ) ( b p y ) 0 2 + at the same R , a n d also increases d r a m a t i c a l l y w i t h 
i n c r e a s i n g R . F o r R u ( t p y ) ( d p p z ) 0 2 + , the c o n t r i b u t i o n is m u c h l a r g e r 
t h a n that for e i t h e r o f the o t h e r t w o c o m p l e x e s at l o w R (Tab le III) . 

W e i n t e r p r e t the t r e n d i n the b u r s t f r a c t i o n i n t e r m s o f the m o d e l 
s h o w n i n S c h e m e 3. T h e results can b e a c c o u n t e d for i f the rate o f 
b i n d i n g o f R u ( I V ) 0 2 + (fcon) is faster t h a n the rate o f o x i d a t i o n (ki), w h i c h 
is i n t u r n faster t h a n the d i s soc ia t i on ra te , fcGff. T h e r a t e - d e t e r m i n i n g 
step i n the first phase is t h e r e f o r e the z e r o - o r d e r o x i d a t i o n o f D N A b y 
b o u n d R u ( I V ) 0 2 + . T h u s , the b u r s t f r a c t i o n represents the a m o u n t o f 
m e t a l c o m p l e x that is b o u n d at t i m e z e r o , w h i c h is h i g h e r w h e n the 
b i n d i n g constant o f the m e t a l c o m p l e x is i n c r e a s e d o r R is i n c r e a s e d . 

T h e s e c o n d phase o f the r e a c t i o n o c c u r s o v e r a l o n g e r t i m e p e r i o d 
a n d can be a n a l y z e d b y fitting to a b i e x p o n e n t i a l decay . T h e rates are 
g i v e n i n T a b l e I I I . I n t e r e s t i n g l y , the rates for a s ing le c o m p l e x do not 
v a r y outs ide o f e x p e r i m e n t a l e r r o r as a f u n c t i o n o f e i t h e r R o r the ab 
so lute c oncent ra t i ons o f m e t a l c o m p l e x o r D N A . I n a d d i t i o n , the rates 
are the same w i t h i n e x p e r i m e n t a l e r r o r for b o t h R u ( t p y ) ( b p y ) 0 2 + a n d 
R u ( t p y ) ( p h e n ) 0 2 + . H o w e v e r , the rates are an o r d e r o f m a g n i t u d e s l o w e r 
for R u ( t p y ) ( d p p z ) 0 2 + t h a n for the o t h e r t w o c o m p l e x e s . 

T h e results for the s e c o n d phase c a n also b e i n t e r p r e t e d i n t e r m s o f 
the m o d e l s h o w n i n S c h e m e 3. F o l l o w i n g the fci s tep , excess R u ( I V ) 0 2 + 

is present i n s o l u t i o n , a n d R u ( I I ) O H 2
2 + is b o u n d to D N A . F o r c o n t i n u e d 

o x i d a t i o n o f D N A to o c c u r , i n a c t i v e R u ( I I ) O H 2
2 + must d issoc iate b e f o r e 

a n o t h e r ac t ive R u ( I V ) 0 2 + c o m p l e x c a n b i n d . B o t h o x i d a t i o n states must 
have a p p r o x i m a t e l y the same b i n d i n g constant , because t h e y h a v e the 
same charge a n d t h e i r s t ruc tures di f fer o n l y b y t w o p r o t o n s . W e k n o w 
f r o m the analysis o f the first phase that d i s soc ia t i on (fcoff) is s l o w e r t h a n 
o x i d a t i o n (ki) o r b i n d i n g (kon). T h u s , the r a t e - l i m i t i n g step b e c o m e s the 
d i ssoc ia t i on o f the r e d u c e d r u t h e n i u m c o m p l e x so that a n o t h e r 
R u ( I V ) 0 2 + can b i n d . B e c a u s e d i s soc ia t i on is a z e r o - o r d e r process , w e 
w o u l d expect the rate to b e c o n c e n t r a t i o n - i n d e p e n d e n t , as is o b s e r v e d . 

A n i n t e r c a l a t o r , s u c h as the d p p z c o m p l e x , w o u l d b e e x p e c t e d to 
e x h i b i t s l o w e r d i s soc ia t i on k i n e t i c s t h a n the b p y c o m p l e x , w h i c h b i n d s 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
6.

ch
01

5

In Mechanistic Bioinorganic Chemistry; Thorp, H., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1996. 



422 M E C H A N I S T I C B I O I N O R G A N I C C H E M I S T R Y 

10 20 
time (minutes) 

30 

10 20 
time (minutes) 

30 

60 120 
time (minutes) 

180 

Figure 6. Absorbance vs. time curves for oxidation of DNA by Ru(IV)(y+ 

species in 50 mM phosphate buffer, pH 7, containing (A) 1.2 mM DNA 
and 0.12 mM Ru(tpy) (bpy)02+, (B) 1.1 mM DNA and 0.11 mM 
Ru(tpy)(phen)02+, and (C) 1.3 mM DNA and 0.12 mM Ru(tpy)(dppz)02+. 
(Reproduced from reference 30. Copyright 1993 American Chemical 
Society.) 

e l e c t ros ta t i ca l l y . C l a s s i c a l i n t e r c a l a t o r s , s u c h as e t h i d i u m b r o m i d e , have 
b e e n s h o w n to e x h i b i t exchange k i n e t i c s a p p r o x i m a t e l y an o r d e r o f m a g 
n i t u d e s l ower than r e l a t e d surface b i n d i n g mo le cu les , because s t r u c t u r a l 
r e a r r a n g e m e n t s o f t h e D N A o c c u r u p o n b i n d i n g a n d d i s s o c i a t i o n (38, 
51). G r o s s s t r u c t u r a l changes i n the D N A are a p p a r e n t l y not r e q u i r e d 
for b i n d i n g a n d d i s so c ia t i on o f the p h e n c o m p l e x , because its k i n e t i c s 
are s i m i l a r to those o f the b p y c o m p l e x . 
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Table III . Kinetics Results for Oxidation of D N A by Ru(tpy)(L)0 2 + 

Burst 
L [Ru(IV)]a [DNA]b Rc k2 X l(fid k2' X 10?d Fraction6 

bpy 0.12 1.2 10 11 ± 6 3.2 ± 1.5 0.10 ± 0.03 bpy 
0.40 4.0 10 13 ± 6 5.2 ± 2.5 0.29 ± 0 . 0 3 
0.12 5.3 45 16 ± 7 5.5 ± 2.5 0.53 ± 0.05 

phen 0.11 1.1 10 20 ± 3 5.2 ± 0.9 0.15 ± 0 . 0 4 
0.37 3.8 10 19 ± 7 5.3 ± 0.9 0.15 ± 0.09 
0.11 4.9 45 20 ± 10 6.5 ± 10 0.76 ± 0.03 

dppz 0.12 1.3 11 2.4 ± 0 . 9 0.38 ± 0.12 0.47 ± 0.07 

a Concentration in mM. 
h Concentration in nucleotide phosphate, mM. 
c [DNA-phosphate]/[Ru(IV)]. 
d Rate constants in s"1. 
e Contribution of the "burst" (ki) to the overall decay. 

T h e a p p a r e n t b i e x p o n e n t i a l k i n e t i c s for the k2 phase must ar ise b e 
cause o f a v a r i e t y o f d i s t inc t b i n d i n g sites that w o u l d b e e x p e c t e d to 
exist i n c a l f t h y m u s D N A . T h e t w o rate constants t h e n re f lect the best 
fit for w h a t is no d o u b t a c o m p l e x e n s e m b l e o f s e q u e n c e - a n d s t r u c t u r e -
d e p e n d e n t b i n d i n g sites, e a c h w i t h its o w n innate af f inity for the m e t a l 
c o m p l e x e s a n d r e a c t i v i t y t o w a r d the R u ( I V ) 0 2 + ox idant . 

C l e a v a g e S e l e c t i v i t y . T h e r e has b e e n s igni f i cant effort d i r e c t e d 
t o w a r d the se lec t ive c leavage o f D N A b y m e t a l c o m p l e x e s (4, 20, 34, 
37) . S ign i f i cant progress has b e e n m a d e i n a c h i e v i n g s e l e c t i v i t y b y a l 
t e r i n g the b i n d i n g spec i f i c i ty o f the c o m p l e x b y a p p r o p r i a t e t a i l o r i n g o f 
the l i gands , l e a d i n g to shape - se l e c t ive c l eavage (20). I n contrast , l i t t l e 

R u ( I V ) 0 2 + + D N A R u ( I V ) 0 2 + » D N A R u ( I V ) 0 2 + + D N A 
koff 

R u ( I V ) 0 2 + » D N A κ m . R u ( I I ) O H 2
2 + » D N A 

l i f t o f f ) 
R u ( I I ) O H 2

2 + « D N A 
l i f t o f f ) 

• R u ( I I ) O H 2
2 + + D N A 

Scheme 3 
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effort has b e e n d i r e c t e d t o w a r d a c h i e v i n g s e l e c t i v i t y b y a l t e r i n g the 
r e a c t i v i t y o f the m e t a l c o m p l e x . B u r r o w s a n d R o k i t a (8, 24) have d e 
v e l o p e d a n i c k e l c o m p l e x that , i n the p r e s e n c e o f pe r su l fa te , c a n o x i d i z e 
g u a n i n e bases, l e a d i n g to g u a n i n e - s e l e c t i v e c leavage i n s i n g l e - s t r a n d e d 
D N A . W e have b e e n i n t e r e s t e d i n d e t e r m i n i n g w h e t h e r a l t e r i n g the 
r e a c t i v i t y o f c o m p l e x e s that c l eave D N A v i a sugar o x i d a t i o n c o u l d l e a d 
to an increase i n the spec i f i c i ty o f o x i d a t i o n o f d o u b l e - s t r a n d e d D N A . 

T h e results i n F i g u r e 5 s h o w that o x i d a t i o n o f D N A b y 
R u ( t p y ) ( b p y ) 0 2 + p r o c e e d s v i a abs t rac t i on o f sugar h y d r o g e n atoms, r e 
s u l t i n g i n re lease o f free n u c l e i c a c i d bases. B e c a u s e s igni f i cant amounts 
o f a l l f our bases are r e l e a s e d , R u ( t p y ) ( b p y ) 0 2 + a p p a r e n t l y has no spec 
i f i c i t y w i t h r e g a r d to the base to w h i c h the o x i d i z e d sugar is a t t a c h e d , 
at least v i a the p a t h w a y that leads to base re lease . Q u a n t i t a t i o n o f the 
r e l e a s e d bases shows that sugar o x i d a t i o n accounts for 1 0 % o f the t o ta l 
r u t h e n i u m c o n c e n t r a t i o n . I d e n t i c a l results are o b s e r v e d for o x i d a t i o n 
o f c a l f t h y m u s D N A b y R u ( b p y ) 2 ( p y ) 0 2 + . T h e s e c o m p l e x e s are k n o w n 
to u n d e r g o s e l f - r e d u c t i o n , e s p e c i a l l y at r e l a t i v e l y h i g h c o n c e n t r a t i o n 
(52). T h e i n c r e a s e d l o c a l c o n c e n t r a t i o n o f the m e t a l c o m p l e x e s u p o n 
b i n d i n g to D N A m a y t r i g g e r th is s e l f - r e d u c t i o n , w h i c h c o u l d a c count 
for the r e m a i n d e r o f the o x i d i z i n g equ iva l en ts . S e l f - i n a c t i v a t i o n is also 
k n o w n for F e - b l e o m y c i n , a n d p a r t i t i o n i n g b e t w e e n c leavage a n d n o n 
p r o d u c t i v e react ions such as se l f - inact ivat ion has b e e n i n v o k e d to e x p l a i n 
c leavage spec i f i c i ty b y F e - b l e o m y c i n (12). 

W e have s t u d i e d the c o m p l e x R u ( b p y ) 2 ( E t G ) O H 2
2 + ( E t G = 9-

e t h y l g u a n i n e ) , as a m o d e l for c ova lent b i n d i n g reac t i ons . T h i s c o m p l e x 
can b e o x i d i z e d to the r e a c t i v e R u ( I V ) 0 f o r m , R u ( b p y ) 2 ( E t G ) 0 2 + , at a 
p o t e n t i a l o f E 1 / 2 ( I V / I I ) = 0 . 4 3 V versus S S C E , w h i c h is 2 1 0 m V l o w e r 
t h a n that r e q u i r e d for R u ( t p y ) ( b p y ) 0 2 + . T h e R u ( b p y ) 2 ( E t G ) 0 2 + c o m 
p l e x is s ign i f i cant ly less r e a c t i v e t h a n R u ( t p y ) ( b p y ) 0 2 + ; for e x a m p l e , 
R u ( t p y ) ( b p y ) 0 2 + is an ef f ic ient ox idant o f 2 -propano l (9 ) w h e r e a s s o l u 
t ions o f R u ( b p y ) 2 ( E t G ) 0 2 + are stable i n the p r e s e n c e o f 2 - p r o p a n o l . 
A n a l y s i s b y H P L C o f D N A so lut ions o x i d i z e d b y R u ( b p y ) 2 ( E t G ) 0 2 + 

p r o v i d e s the resul ts s h o w n i n F i g u r e 7 (13). S u r p r i s i n g l y , the o n l y 
n u c l e i c a c i d base r e l e a s e d is t h y m i n e (53). Q u a n t i t a t i o n o f the t h y m i n e 
r e l e a s e d reveals a 1 2 % e f f i c iency for sugar o x i d a t i o n . T h u s , for b o t h 
R u ( b p y ) 2 ( E t G ) 0 2 + a n d R u ( t p y ) ( b p y ) 0 2 + , the y i e l d o f sugar o x i d a t i o n is 
the same, b u t o n l y t h y m i d i n e sugars are o x i d i z e d b y R u ( t p y ) ( b p y ) 0 2 + , 
w h e r e a s a l l f our sugars are o x i d i z e d b y R u ( b p y ) 2 ( E t G ) 0 2 + . O t h e r o x i 
d a t i o n p a t h w a y s that do not l e a d to base re lease m a y or m a y not b e 
spec i f i c ; h o w e v e r , the base re lease p a t h w a y d e t e c t e d b y o u r c u r r e n t 
H P L C analysis c e r t a i n l y is spec i f i c for t h y m i d i n e sugars. 

T o r u l e out spec i f i c r e c o g n i t i o n b y the e t h y l g u a n i n e l i g a n d as the 
m e c h a n i s m o f t h y m i d i n e spec i f i c i ty , the c o m p l e x R u ( b p y ) 2 ( d m a p ) O H 2

2 + 

was p r e p a r e d (dmap = 4 - d i m e t h y l a m i n o p y r i d i n e ) . T h e s p e c t r a l a n d 
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Figure 7. HPLC results obtained following oxidation of calf thymus DNA 
by Ru(bpy)2(EtG)02+. 

e l e c t r o c h e m i c a l p r o p e r t i e s are i d e n t i c a l to those o f the t h y m i d i n e -
spec i f i c c o m p l e x R u ( b p y ) 2 ( E t G ) 0 2 + , b u t the s t r u c t u r e di f fers f r o m 
that o f the nonspec i f i c c o m p l e x R u ( b p y ) 2 ( p y ) 0 2 + b y o n l y the a d d i t i o n 
o f a s ingle d i m e t h y l a m i n o g r o u p , w h i c h w o u l d not b e e x p e c t e d to ex
h i b i t spec ia l D N A - r e c o g n i t i o n p r o p e r t i e s . O x i d a t i o n reac t i ons u s i n g 
R u ( b p y ) 2 ( d m a p ) 0 2 + l e a d to the re lease o f o n l y t h y m i n e , as seen w i t h 

Τ 

4 6 
Min. 
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R u ( b p y ) 2 ( E t G ) 0 2 + . N o base re lease was d e t e c t e d u p o n r e a c t i o n w i t h 
D N A o f O s ( t p y ) ( b p y ) 0 2 + for w h i c h E 1 / 2 ( I V / I I I ) = 0 .41 V (54). 

T h e results s u m m a r i z e d i n T a b l e I V s h o w s t r i k i n g l y that s i m p l e a l 
t e r a t i o n o f the r e a c t i v i t y o f the M ( I V ) 0 ox idant d r a m a t i c a l l y a l ters the 
spec i f i c i ty o f D N A damage w i t h r e g a r d to sugar o x i d a t i o n l e a d i n g to 
base re lease . T h e b i n d i n g aff inity o f R u ( b p y ) 2 ( E t G ) O H 2

2 + ( K B = 2 3 0 0 
M _ 1 ) is modes t a n d is b e t w e e n those o f R u ( t p y ) ( b p y ) O H 2

2 + ( K B = 6 6 0 
N T 1 ) a n d R u ( t p y ) ( p h e n ) O H 2

2 + ( K B = 3 7 0 0 M " 1 ) ; ox ida t i on o f ca l f t h y m u s 
D N A b y R u ( t p y ) ( p h e n ) 0 2 + ( E 1 / 2 ( I V / I I I ) = 0 .61 V ) g ives i d e n t i c a l re lease 
o f a l l f our bases. A d d i t i o n o f a s ingle d i m e t h y l a m i n o g r o u p to the p y r i d i n e 
l i g a n d o f R u ( b p y ) 2 ( p y ) 0 2 + c o n v e r t s the c o m p l e x f r o m a nonspec i f i c ox
idant to a speci f ic ox idant . T h u s , it seems ce r ta in that the l o w e r ox ida t i on 
p o t e n t i a l is the source o f the spec i f i c i t y . W e are e x p l o r i n g t w o m e c h a 
nisms for the t h y m i d i n e spec i f i c i t y . F i r s t , the sugar o x i d a t i o n m a y o c c u r 
at the Γ-posit ion (6, 16, 25) , at w h i c h the r e a c t i v i t y w o u l d b e s t rong ly 
i n f l u e n c e d b y the n a t u r e o f the c o o r d i n a t e d base. S e c o n d , the s t r u c t u r e 
o f t h y m i d i n e sugars m a y p e r m i t c lose a p p r o a c h o f the oxo g r o u p to 
sugar h y d r o g e n s , a n d the l o w o x i d a t i o n p o t e n t i a l m a y necess i tate a c lose 
a p p r o a c h i n o r d e r for o x i d a t i o n to o c c u r . 

T h e k inet i c s o f ox idat i on b y complexes that exh ib i t spec i f i c i ty s h o u l d 
b e d i f ferent f r o m the k i n e t i c s o f o x i d a t i o n b y R u ( t p y ) ( b p y ) 0 2 + . W h a t is 
d e s i r e d for spec i f i c i ty is a m o d e l i n w h i c h d i s so c ia t i on (fc o f f, S c h e m e 3) 
c a n c o m p e t e w i t h o x i d a t i o n (ki). B e c a u s e the se l e c t ive c o m p l e x e s are 
w e a k e r ox idants , it f o l l ows that ki w o u l d b e s l o w e r , a l l o w i n g fcoff to c o m 
pe te w i t h o x i d a t i o n , l e a d i n g to the s t a n d a r d sa tura t i on ( M i c h a e l i s -
M e n t o n ) k i n e t i c s m o d e l (55). T h e a b i l i t y o f d i s so c ia t i on to c o m p e t e w i t h 
o x i d a t i o n demonstrates that b i n d i n g c a n o c c u r w i t h o u t o x i d a t i o n i n the 
case o f R u ( b p y ) 2 ( E t G ) 0 2 + . I n the R u ( t p y ) ( b p y ) 0 2 + case, the m e t a l c o m 
p l e x is r e d u c e d e v e r y t i m e b i n d i n g o c curs . C l e a r l y , the chances o f se
l e c t i v e o x i d a t i o n are m u c h h i g h e r w h e n e v e r y b i n d i n g event does not 
necessar i l y l e a d to D N A o x i d a t i o n . T h u s , o n l y b i n d i n g sites that are 
p a r t i c u l a r l y r e a c t i v e are p r o n e to o x i d a t i o n . 

C o n c l u s i o n s . T h e s e s tudies s h o w h o w a t h o r o u g h u n d e r s t a n d i n g 
o f the fundamenta l s o f the o x i d a t i o n process c a n l e a d to n e w D N A ox-

Table IV. Influence of Redox Potential on Base Release 
from DNA Oxidation by M ( I V ) 0 2 + Complexes 

Complex E1/2 Vvs. SSCE Bases Released 

Ru(tpy)(bpy)02 + 0.64 A, T, G, C 
Ru(bpy) 2(py)0 2 + 0.52 A, T, G, C 
Ru(bpy) 2(EtG)0 2 + 0.43 Τ 
Ru(bpy) 2(dmap)0 2 + 0.43 Τ 
Os(tpy)(bpy)02 + 0.41 none 
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idants w i t h s p e c i a l p r o p e r t i e s . W e d i s cussed a n e w m e t h o d that a l l ows 
b i n d i n g affinities o f m e t a l c o m p l e x e s to b e q u a n t i t a t e d w i t h u n p r e c e 
d e n t e d p r e c i s i o n (56). A spec ia l p r o p e r t y o f the o x o r u t h e n i u m ( I V ) system 
is the a b i l i t y to s tudy the k i n e t i c s u s i n g o p t i c a l spec t ros copy . B y u s i n g 
the b i n d i n g aff inities a n d a k n o w l e d g e o f the b i n d i n g m o d e a f f orded b y 
p o l y e l e c t r o l y t e t h e o r y a n d o t h e r e x p e r i m e n t s , the c o m p l e t e k i n e t i c 
m o d e l for D N A o x i d a t i o n c a n b e d e v e l o p e d . F r o m this k i n e t i c m o d e l , 
the p r e d i c t i o n can b e m a d e that the R u ( t p y ) ( b p y ) 0 2 + c o m p l e x e s are too 
r e a c t i v e to b e spec i f i c , because e v e r y t i m e the c o m p l e x b i n d s to D N A , 
o x i d a t i o n occurs . I n d e e d , less r e a c t i v e c o m p l e x e s s h o w a s u r p r i s i n g 
spec i f i c i ty for o x i d a t i o n o f t h y m i d i n e sugars, at least v i a the p a t h w a y 
that leads to base re lease . P r e l i m i n a r y s tudies o f the k i n e t i c s o f D N A 
o x i d a t i o n b y these c o m p l e x e s are cons is tent w i t h a m o d e l i n w h i c h d i s 
soc ia t i on can c o m p e t e w i t h o x i d a t i o n , l e a d i n g to a grea ter c h a n c e o f 
spec i f i c o x i d a t i o n . 
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16 
Metal Ion Macrocyclic Complexes 
as Artificial Ribonucleases 

Janet R. Morrow, Kimberly A. Kolasa, Shahid Amin, and K. O. Aileen Chin 

State University of New York at Buffalo, Department of Chemistry, 
Buffalo, NY 14214 

Macrocyclic ligands that form thermodynamically stable or kinet-
ically inert complexes with metal ions are used in the design of 
metal complexes that behave as artificial ribonucleases. Artificial 
ribonucleases are compounds that cleave RNA by transesterification 
of the phosphate diester linkages. Zn(II) complexes of tetraaza and 
triaza macrocycles promote RNA cleavage, but cleavage rates are 
modest. Hexadentate Schiff base macrocyclic complexes of the tri-
valent lanthanides promote rapid cleavage of RNA oligomers. New 
ligands that encapsulate the trivalent lanthanides have been con
structed from the addition of four pendent ligating groups to the 
1,4,7,10-tetraazacyclododecane macrocycle. Several of the new 
lanthanide complexes are resistant to metal ion release and show 
promise as artificial ribonucleases. The mechanism of RNA cleavage 
by metal complexes and the effect of RNA structure on cleavage 
are discussed. 

TTHE D E S I G N O F I N O R G A N I C C O M P O U N D S that m a y b e use fu l as t h e r a 
p e u t i c or d iagnos t i c agents is a t o p i c o f great in teres t i n b i o i n o r g a n i c 
c h e m i s t r y . B e c a u s e free m e t a l ions m a y b e h i g h l y t o x i c , m a n y p h a r 
m a c e u t i c a l a p p l i c a t i o n s r e q u i r e the use o f s t rong che lates . M a c r o c y c l i c 
l i gands are u s e f u l w h e r e s t r o n g che lates are r e q u i r e d . P h a r m a c e u t i c a l 
app l i ca t i ons w h e r e m a c r o c y c l e s have b e e n u s e d i n c l u d e the d e s i g n o f 
m a g n e t i c resonance i m a g i n g agents (1-3) a n d the c o n s t r u c t i o n o f m e t a l 
c o m p l e x - a n t i b o d y con jugates for use as n e w r a d i o p h a r m a c e u t i c a l s ( 4 -
6). T h e u t i l i t y o f m a c r o c y c l i c l i gands i n c o n t r o l l i n g the r e a c t i v i t y o f 
m e t a l ions a n d i n f o r m i n g h i g h l y stable m e t a l c o m p l e x e s m a k e t h e m 
i d e a l for use i n the d e s i g n o f n e w m e t a l l o d r u g s . 

0065-2393/95/0246-0431$08.00/0 
© 1995 American Chemical Society 
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T h e use o f m a c r o c y c l e s as l i gands m a y b e an i m p o r t a n t s trategy i n 
the des ign o f m e t a l c omplexes for R N A cleavage (art i f ic ial r ibonucleases ) . 
Inertness to m e t a l i o n re lease u n d e r p h y s i o l o g i c a l c o n d i t i o n s a n d a h i g h 
d e g r e e o f t h e r m o d y n a m i c s tab i l i t y are i m p o r t a n t p r o p e r t i e s that must 
b e c o n s i d e r e d i f m e t a l ions are to be u s e d for c leavage . A m o t i v a t i o n 
for the s tudy o f m e t a l c o m p l e x e s that c a t a l y z e R N A c leavage l ies i n the 
d e v e l o p m e n t o f s equence - spec i f i c c l e a v i n g agents for R N A . T h e a t t a c h 
m e n t o f a c o m p l e x that ca ta lyzes R N A c leavage to an o l i g o n u c l e o t i d e 
that is c o m p l e m e n t a r y i n s e q u e n c e to a message R N A (an antisense o l i 
gonuc leot ide ) may b e one m e t h o d to p r o m o t e sequence-spec i f i c c leavage 
o f R N A . A n t i s e n s e o l i g o n u c l e o t i d e s b e a r i n g c l e a v i n g g r o u p s m a y b e 
m o r e e f fect ive i n p r o m o t i n g t r a n s l a t i o n arrest t h a n are o t h e r types o f 
ant isense o l i g o n u c l e o t i d e s (7). 

T h e R N A c leavage r e a c t i o n o f in teres t i n v o l v e s t ranses ter i f i ca t i on 
o f the p h o s p h a t e esters o f R N A a n d is analogous to the first step o f the 
r e a c t i o n c a t a l y z e d b y e n z y m e s s u c h as R N a s e A . S m a l l m o l e c u l e s that 
ca ta lyze this t y p e o f c leavage r e a c t i o n are m o r e l i k e l y to b e use fu l for 
t h e r a p e u t i c a p p l i c a t i o n s because the r e a c t i o n is spec i f i c for R N A . H o w 
ever , one o f the d i f f i cu l t ies i n the use o f m o l e c u l e s that c a t a l y z e R N A 
c leavage b y t ranses ter i f i ca t i on is the s l ow rate o f the r e a c t i o n . F o r ex
a m p l e , s l ow rates o f c l eavage are o b s e r v e d for c l e a v i n g agents that c o n 
t a i n no m e t a l ions i n c l u d i n g p h o s p h a t e ester r e c e p t o r s (<S), p o l y amines 
(9), o r p e p t i d e s (JO, 11). I n contrast , m e t a l c o m p l e x e s have b e e n s h o w n 
to p r o m o t e R N A c leavage r a p i d l y at 3 7 ° C a n d n e u t r a l p H (12-14). I n 
this c h a p t e r w e discuss the d e s i g n o f m a c r o c y c l i c c o m p l e x e s o f m e t a l 
ions for R N A c leavage a n d the m e c h a n i s m o f m e t a l i o n p r o m o t e d R N A 
c leavage . 

Experimental Details 
T h e free base form of cyclen( l ,4 ,7 ,10-tetraazacyclododecane) was generated 
by passing the tetrahydrochlor ide salt (Parish Chemicals or Strem Chemicals) 
through a D o w e x 1 X 8 - 2 0 0 anion exchange c o l u m n (30 X 2.5 c m , h y 
droxide form). A c e t o n i t r i l e was d r i e d over C a H 2 . Reagent grade absolute 
alcohols were employed . M i l l i - Q pur i f i ed water was used for k inet i c ex
p e r i m e n t s . T h e l i g a n d 1 , 4 , 7 , 1 0 - t e t r a k i s ( 2 - h y d r o x y e t h y l ) - 1 , 4 , 7 , 1 0 -
tetraazacyclododecane ( T H E D ) was synthesized as reported previously (15). 
T h e 4-nitrophenylphosphate ester o f propylene g lyco l was synthesized (16), 
and kinet ics studies were per f o rmed as descr ibed prev ious ly (17). 

A n O r i o n research digital ion analyzer 510 equ ipped w i t h a temperature 
compensat ion probe was used for a l l p H measurements. A H e w l e t t - P a c k a r d 
d iode array 8 4 5 2 A spectrophotometer w i t h a thermostatted ce l l compart 
ment was e m p l o y e d for U V - v i s spectra and for k inet i c measurements. A l l 
* Η , 1 3 0 N M R spectra were r e corded b y use of a V a r i a n 400 X L spectropho
tometer . E l e m e n t a l analyses were per f o rmed b y Ε and R M i c r o a n a l y t i c a l 
Laborator ies . A V G 7 0 - S E mass spectrometer w i t h fast atom bombardment 
was used. 
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1 ,4,7 ,10 -tetrakis(2-carbamoylethyl)-1 ,4,7,10 -tetraazacyclododecane 
( T C E C ) . C y c l e n (0.200 g, 1.16 mmol) and acrylamide (0.397 g, 5.58 mmol) 
were dissolved i n methanol (2 m L ) and the solut ion was heated under a 
ni trogen atmosphere in an o i l bath mainta ined at 75 °C for 50 h . A few 
drops of methanol were added per iod i ca l ly to redissolve the gelatinous mix 
ture over the course of the react ion. T h e solut ion was coo led and the ge
latinous so l id was dissolved i n 1 m L of methanol . D i e t h y l e t h e r (1 m L ) was 
added drop wise. A crystal l ine so l id f o rmed after several hours at r o o m t e m 
perature . T h e so l id was co l l ec ted b y filtration, washed w i t h ch loro form, and 
d r i e d i n vacuo at 50 °C: y i e l d , 8 7 % ; me l t ing point , 1 7 4 - 1 7 7 °C ; fast atom 
bombardment mass spectroscopy ( F A B M S ) m/e: 457 (l igand + H ) . 

1,4,7,10- tetrakis ( carbamoy l m e t h y 1 ) -1,4,7,10 - tetraazacyclododecane 
( T C M C ) . C y c l e n (500 mg), bromoacetamide (1.8095 g), and tr iethylamine 
(2 m L ) were ref luxed i n anhydrous ethanol (35 m L ) for 4 h . T h e wh i te so l id 
that prec ip i ta ted from solut ion was recrys ta l l i zed f rom an ethanol /water 
mixture : y i e l d , 6 1 % . Analys is ca lculated for C 1 6 H 3 2 N 8 0 4 : C , 48 .00 ; H , 8.00; 
N , 28 .00 . F o u n d C , 47 .86 ; H , 7.90; N , 27 .83 . F A B M S m/e: 401 .3 ( T C M C 
l igand + H + ) . 

L a n t h a n i d e Complexes . T y p i c a l l y , L n ( S 0 3 C F 3 ) 3 (0.55 m m o l , L n = E u 
or La) was ref luxed under n i trogen in a mixture of 60 m L of dry acetonitr i le 
and 6.5 m L of tr imethylorthoformate . A l t e rnate ly , ethanol was used as a 
solvent. U p o n dissolution o f the salt, the l i gand ( T C M C , T H E D , or T C E C ) 
(0.55 mmol) was added i n a m i n i m u m amount o f anhydrous methano l or 
ethanol . T h e mixture was ref luxed for 3.5 h . T h e solut ion was concentrated 
i n vacuo and methylene ch lor ide or hexanes was added u n t i l c loudiness was 
observed. Y ie lds were typ ica l ly > 3 5 % . A n a l y t i c a l data ( C , H , N analysis) for 
the complexes were satisfactory. L a ( T C E C ) ( C F 3 S 0 3 ) 3 ( C H 3 C N ) : F A B M S 
m/e: 8 9 3 ( c o m p l e x - C F 3 S 0 3 ) . L a ( T C M C ) ( C F 3 S 0 3 ) 3 ( C H 3 C H 2 O H ) : F A B M S 
m/e: 837 .0 ( c o m p l e x - C F 3 S 0 3 ) . E u ( T C M C ) ( C F 3 S 0 3 ) 3 : analyt ical data sat
isfactory. E u ( T H E D ) ( C F 3 S 0 3 ) 3 : Analys is ca lculated for C 1 9 H 3 6 N 4 0 1 3 F 9 E u : 
C , 24 .10 ; H , 3.80; N , 5 .91 . F o u n d C , 23 .82 ; H , 3.82; N , 5.79. F A B M S 
m/e: 798 . L a ( T H E D ) ( C F 3 S 0 3 ) 3 : F A B M S m/e 785 ( c o m p l e x - C F 3 S 0 3 ) . 

K i n e t i c s . T h e rate o f dissociation of L a 3 + or E u 3 + f rom the macrocyc l i c 
complex was moni tored at 37 °C i n the presence o f C u 2 + b y f o l l owing the 
increase in absorbance characterist ic or the Cu(II) macrocyc l i c complex . 
Beer ' s law plots w i t h vary ing concentrations o f the Cu(II) complex ( 0 . 1 0 0 -
1.00 m M ) gave an ext inct ion coefficient o f 6 8 3 0 M 1 c m " 1 (312 n m , T H E D ) , 
6 ,500 M 1 c m " 1 (304 n m , T C E C ) , and 5 5 0 0 M " 1 c m " 1 (312 n m , T C M C ) . 
Solutions for experiments to monitor the rate o f dissociation of L n 3 + f rom 
the macrocyc l i c complex conta ined the complex (0.1 m M ) , 10 m M M e s 
buffer, p H 6.0, w i t h different concentrations o f C u C l 2 . T h e C u 2 + c oncen
trat ion was var ied from 0.1 to 1.0 m M for certa in experiments . In most 
experiments the C u 2 + concentrat ion was mainta ined i n 10- fo ld excess to 
complex . 

T r a n s f e r - R N A E x p e r i m e n t s . Transfer R N A p h e was purchased f rom 
Sigma and used as rece ived . T h e R N A was 3'-end labe led w i t h cy t id ine 
bisphosphate by use of T 4 R N A ligase as descr ibed prev ious ly (18). T h e 
labeled t R N A was pur i f ied by poly acrylamide gel electrophoresis. T h e bands 
were cut out and the R N A was e luted at room temperature overnight and 
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recovered by ethanol prec ip i ta t i on . A l l standard precautions were taken to 
avo id r ibonuclease contaminat ion . A l l solutions were autoc laved and gloves 
were w o r n for a l l manipulat ions . Recrys ta l l i za t ion of the e u r o p i u m complex 
[ E u ( L 1 ) ] ( O A c ) 2 C l from ch loro form was per f o rmed m u l t i p l e t imes. Th i s had 
no effect on the e u r o p i u m p r o m o t e d R N A cleavage reactions. 

Complexes of the Transition Metals and Zn(II) 
S e v e r a l c o m p l e x e s o f the t r a n s i t i o n meta ls a n d Zn(II ) p r o m o t e t ranses 
t e r i f i c a t i o n o f R N A (12, 13, 19, 20). A f e w o f these c o m p l e x e s have 
m a c r o c y c l i c l i gands . Z n ( C R ) 2 + , Z n - N - m e t h y l - ( C R ) 2 + , Z n ( c y c l a m ) 2 + , 
Z n ( [ 1 2 ] a n e N 3 ) 2 + , a n d Z n ( [ 9 ] a n e N 3 ) 2 + p r o m o t e R N A t ranses ter i f i ca t i on 
a l t h o u g h rates are modes t ( C R = 2 , 1 2 - d i m e t h y l - 3 , 7 , l l , 1 7 - t e t r a a z a b i -
c y c l o [ 1 1 . 3 . 1 ] h e p t a d e c a - l ( 1 7 ) 2 , l l , 1 3 , 1 5 - p e n t a e n e ; N - m e t h y l - C R = 7-
( N - m e t h y l ) - 2 , 1 2 - d i m e t h y l - 3 , 7 , 1 1 , 1 7 - t e t r a a z a b i c y c l o [11.3.1] h e p t a d e c a -
1 ( 1 7 ) 2 , 1 1 , 1 3 , 1 5 - p e n t a e n e ; [ 1 2 ] a n e N 3 = 1 , 5 , 9 - t r i a z a c y c l o d o d e c a n e ; 
[ 9 ] a n e N 3 = 1 , 4 , 7 - t r i a z a c y c l o n o n a n e ) . Z n ( C R ) 2 + ( 0 . 1 6 0 m M ) p r o m o t e s 
7 0 % c leavage o f the R N A o l i g o m e r A 1 2 - A 1 8 o v e r a 2 0 - h p e r i o d (12). 
D i n u c l e o t i d e c l eavage is a c c e l e r a t e d b y Z n ( c y c l a m ) 2 + , Z n ( [ 9 ] a n e N 3 ) 2 + , 
a n d Z n ( [ 1 2 ] a n e N 3 ) 2 + at 6 4 ° C . C l e a v a g e was too s l ow to observe at 
3 7 ° C ( i 9 ) . C l e a v a g e o f d i n u c l e o t i d e s w i t h m e t a l c o m p l e x e s is g e n e r a l l y 
m u c h m o r e d i f f i cu l t t h a n is c l eavage o f l o n g e r o l i g o m e r s o f R N A . 

S t r o n g l y c h e l a t i n g l i gands m a y serve to m a i n t a i n the m e t a l i o n i n 
s o l u t i o n i n an ac t ive f o r m . T h e i n i t i a l rate o f c l eavage o f d i n u c l e o t i d e s 
b y Z n ( [ 9 ] a n e N 3 ) 2 + is s l o w e r t h a n c leavage b y Z n ( N 0 3 ) 2 . H o w e v e r , o v e r 
t i m e a greater extent o f c l eavage is o b s e r v e d w i t h the m e t a l c o m p l e x 
t h a n w i t h the Zn(II ) salt. T h e m e t a l c o m p l e x s h o w e d c a t a l y t i c t u r n o v e r , 
w h e r e a s the Zn(II ) salt p r e c i p i t a t e s f r o m s o l u t i o n (19). F o r a Zn(II ) c o m 
p l e x , the a d d i t i o n o f n i t r o g e n d o n o r l i gands m a y r e d u c e the n u m b e r o f 
c o o r d i n a t i o n sites for catalysis b u t m a y f a v o r a b l y m o d i f y the L e w i s a c i d 
i t y o f the Zn(II ) c e n t e r . U s i n g the p K a o f the m e t a l - b o u n d w a t e r o f the 
Zn(II ) c o m p l e x e s as a measure o f t h e i r L e w i s a c i d i t y , one w o u l d p r e d i c t 
that the t r i a z a m a c r o c y c l i c c o m p l e x e s w o u l d p r o m o t e R N A c leavage 
m o r e r a p i d l y t h a n w o u l d Z n ( c y c l a m ) 2 + (19). T h e f o l l o w i n g o r d e r o f cat 
a l y t i c e f f i c iency is o b s e r v e d for d i n u c l e o t i d e c leavage : ( Z n ( [ 9 ] a n e N 3 ) 2 + 

« ( Z n [ 1 2 ] a n e N 3 ) 2 + > Z n ( c y c l a m ) 2 + . 
F o r t r a n s i t i o n meta ls a n d Zn( I I ) , h o w m i g h t m e t a l c o m p l e x e s b e 

d e s i g n e d to p r o m o t e r a p i d c l eavage o f R N A ? O n e a p p r o a c h is the f u n c -
t i o n a l i z a t i o n o f l i gands to p a r t i c i p a t e i n catalys is . T h e N - m e t h y l - C R l i 
g a n d was m o d i f i e d to c o n t a i n a bas i c g r o u p for b i f u n c t i o n a l catalys is 
(21). A Zn(II ) c o m p l e x o f one o f the m o d i f i e d m a c r o c y c l e s was s h o w n 
to acce lerate c y c l i z a t i o n o f the R N A m o d e l substrate 1 (1 = 4-
n i t r o p h e n y l p h o s p h a t e ester o f p r o p y l e n e g lyco l ) 2 0 - f o l d m o r e r a p i d l y 
t h a n the Zn(II ) c o m p l e x o f N - m e t h y l - C R . 
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O H 

" O — P = 0 + 4 - N 0 2 P h 0 " + H + 

4 - N 0 2 P h 0 

1 

Trivalent Lanthanides in RNA Cleavage 

S e v e r a l k i n e t i c s tudies o f p h o s p h a t e d i e s te r t ranses ter i f i ca t i on b y m e t a l 
ions ind i cate that l anthan ide ions are a m o n g the most eff icient p r o m o t e r s 
(17, 22, 23). T h e t r i v a l e n t l a n t h a n i d e s are g o o d L e w i s ac ids a n d have 
flexible c o o r d i n a t i o n g e o m e t r i e s a n d a h i g h c a t i o n i c c h a r g e . I n a s m u c h 
as l a n t h a n i d e h y d r o x i d e s f o r m r e a d i l y at near n e u t r a l p H , the o v e r a l l 
charge o f the c o m p l e x w i l l decrease . A m e t a l h y d r o x i d e l i g a n d , h o w e v e r , 
m a y serve as a g e n e r a l base catalyst . T h e l a n t h a n i d e s are c o n s i d e r e d to 
be o x o p h i l i c m e t a l ions a n d b i n d w e l l to phosphate diesters . O x o p h i l i c i t y 
is an i m p o r t a n t p r o p e r t y for an a r t i f i c i a l nuc l ease , as it is d e s i r a b l e that 
the m e t a l i o n b i n d to the p h o s p h a t e ester i n p r e f e r e n c e to b i n d i n g a 
n i t r o g e n o u s base o f R N A . T h u s , s t rong c o o r d i n a t i o n o f a m e t a l c o m p l e x 
to one o r m o r e o f the n i t r o g e n o u s bases o f R N A m a y i n h i b i t m e t a l c o m 
p l e x p r o m o t e d t ranses ter i f i ca t i on . 

L i g a n d s for the l a n t h a n i d e s must s t r o n g l y c h e l a t e l a n t h a n i d e ions 
b u t not inac t i va te t h e m as catalysts . C o o r d i n a t i o n sites must b e ava i lab le 
for catalysis a n d the m e t a l i o n s h o u l d r e t a i n a h i g h d e g r e e o f L e w i s 
a c i d i t y . A n o v e r a l l p o s i t i v e c h a r g e o n the c o m p l e x m a y a i d i n cata lys is , 
as d i s cussed i n subsequent paragraphs . M a c r o c y c l i c c o m p l e x e s o f the 
l a n t h a n i d e s a b o u n d (24). F e w l a n t h a n i d e m a c r o c y c l i c c o m p l e x e s , h o w 
ever , are i n e r t to m e t a l i o n re lease i n w a t e r . F o r e x a m p l e , p e r h a p s the 
most w e l l - k n o w n class o f l a n t h a n i d e m a c r o c y c l i c c o m p o u n d s are the 
c r o w n ethers . C r o w n e t h e r c o m p l e x e s are s y n t h e s i z e d u n d e r a n h y d r o u s 
c o n d i t i o n s a n d are k n o w n to h y d r o l y z e i n w a t e r . 

W h e n w e b e g a n to s tudy lanthan ide m a c r o c y c l i c c omplexes for R N A 
c leavage , w e b e g a n o u r search w i t h c o m p l e x e s that w e r e e f fect ive for 
another b i o m e d i c a l a p p l i c a t i o n : magnet i c resonance i m a g i n g ( M R I ) . M R I 
agents must b e stable u n d e r p h y s i o l o g i c a l c o n d i t i o n s a n d must also have 
at least one c o o r d i n a t i o n site ava i lab le for c o o r d i n a t i o n to w a t e r (J) . 
P r o p e r t i e s o f a r t i f i c i a l r i b o n u c l e a s e s m a y b e s i m i l a r . L a n t h a n i d e c o m 
p lexes that w i l l e f f i c ient ly p r o m o t e R N A c leavage w i l l r e q u i r e a v a i l a b l e 
c o o r d i n a t i o n sites for catalysis a n d must b e i n e r t to m e t a l i o n re lease or 
have large f o r m a t i o n constants . 
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Hexadentate SchiffBase Macrocyclic Complexes 
T h e hexadentate Schi f fbase complexes [ L i ^ L 1 ) 3 * , L n ( L 2 ) 3 + ] have b e e n de 
v e l o p e d b y several groups (2, 25, 26). A p p l i c a t i o n s for these complexes 
i n c l u d e the i r use as fluorescent agents a n d as M R I agents. T h e neutra l 
Schi f fbase l i g a n d imparts a +3 charge to the complex at neutra l p H (27). 
S ix - coord inat ion sites are o c c u p i e d b y the n i t rogen donors , l eav ing three 
to four coord inat ion sites for water or counter ions. I n the so l id state, the 
macrocyc le is not planar, but is best descr ibed as b o w l - or butterf ly-shaped. 
1 3 C a n d * H N M R studies indicate a h i g h e r degree o f s y m m e t r y i n so lut ion . 
L u m i n e s c e n c e decay measurements i n H 2 0 a n d i n D 2 0 indicate a p p r o x i 
mate ly three b o u n d water molecules for E u ( L x ) 3 + at neutra l p H (28). 

LniL1)43 LnfL2)43 

Several lanthanide complexes o f L 1 promote r a p i d cleavage o f o l igomers 
or d inuc leot ides o f R N A (14). T h e G d ( f f l ) , Eu(III ) , Tb(III ) , a n d La(III) 
complexes a l l p romote greater than 7 0 % cleavage o f A i 2 - A 1 8 after 4 h at 
37 ° C , p H 7.00. Pseudo- f i rst -order rate constants for the cleavage o f A p U p 
b y 0 .490 m M E u ( L x ) 3 + or o f A 1 2 - A 1 8 b y 0 .160 m M E u i L 1 ) 3 * are 0 .14 a n d 
1.5 h " 1 , respect ive ly . C a t a l y t i c turnover is observed for the cleavage o f a 
d inuc leo t ide i n the presence o f the e u r o p i u m complex . 

RNA Structure 
M o s t substrates e x a m i n e d to date are flexible fragments o f R N A . H o w 
might R N A structure modulate the rate o f R N A cleavage b y art i f ic ia l r i 
bonucleases? C e r t a i n l y i n the cleavage o f transfer R N A ( t R N A ) b y meta l 
ions, R N A structure has a dramat ic effect o n the site o f cleavage (29). R N A 
structure dictates the h i g h l y specif ic cleavage observed i n sel f -c leaving 
R N A s that r equ i re meta l ions (30). F o r meta l complexes there is l i t t l e 
in format ion o n w h e t h e r transesteri f ication catalysts that read i ly c leave s in 
g le -stranded R N A are able to c leave R N A w i t h a large degree o f secondary 
and tert iary structure . I n add i t i on , before a meta l c omplex is attached to 
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an o l igodeoxynuc leot ide for sequence-speci f ic R N A cleavage, it w o u l d be 
useful to k n o w w h e t h e r the meta l c omplex is able to c leave a D N A - R N A 
h y b r i d . A t t a c h m e n t o f the meta l complex c leaver to the m i d d l e o f the 
o l igodeoxynuc leot ide w o u l d necessitate cleavage o f a doub le - s t randed 
D N A - R N A h y b r i d . Information o n the effect o f R N A structure on cleavage 
rates may have a significant effect on the design o f o l igonuc leot ide -art i f i c ia l 
r ibonuclease conjugates. 

T o probe the effect o f R N A structure o n cleavage b y E u ( L 1 ) 3 + , t R N A p h e 

(yeast) 3 ' -end l a b e l e d w i t h a 3 2 P l a b e l was i n c u b a t e d w i t h the e u r o p i u m 
c o m p l e x . F r a g m e n t s f r o m c leavage react ions w e r e r e s o l v e d b y h i g h - r e s 
o l u t i o n ge l e lec t rophores i s as s h o w n i n F i g u r e 1. C l e a v a g e o f t R N A p h e b y 
E u ( L * ) 3 + o c c u r r e d at sites that are qu i te d is t inct f r o m those o b s e r v e d for 
E u ( C H 3 C 0 2 ) 3 (31, 32) as s h o w n i n a recent p u b l i c a t i o n (33). L a ( L 1 ) 3 + 

gave an i d e n t i c a l p a t t e r n (data not shown) . Bands c o - m i g r a t e d w i t h those 
p r o d u c e d b y a lka l ine h y d r o l y s i s or b y d iges t i on w i t h R N a s e Ύλ. O v e r 
l o n g t i m e per iods , the E u ( L 1 ) 3 + c o m p l e x i n d u c e d c leavage at near ly e v e r y 
n u c l e o t i d e to p r o d u c e a l a d d e r o f c leavage sites. 

A 20-base o l i g o d e o x y n u c l e o t i d e c o m p l e m e n t a r y to A 3 8 to G 5 7 o f 
t R N A p h e was a n n e a l e d to t - R N A p h e b y h e a t i n g the o l i g o d e o x y n u c l e o t i d e 
w i t h the t R N A to 6 5 ° C f o l l o w e d b y c o o l i n g to 0 ° C . Sites i n the R N A 
sequence c o m p l e m e n t a r y to the D N A s t r a n d w e r e p r o t e c t e d f r o m 
c leavage b y E u ( L * ) 3 + w i t h the e x c e p t i o n o f sites at the ends o f the h y b r i d 
w h e r e f r a y i n g p r o b a b l y o ccurs . L o n g e r i n c u b a t i o n t imes l e d to c leavage 
at n e a r l y e v e r y n u c l e o t i d e o f the t R N A w i t h the e x c e p t i o n o f those 
p r o t e c t e d b y the o l i g o d e o x y n u c l e o t i d e . T h e sequence is as f o l l ows : 

C 

G A C A C C u m A 
A 9

8 I 11 I I G 
D G A C U C m 2 G m 5 C U G U G T ψ OJ 

complementary oligonucleotide 
(5 ' -CGAACACAGGACCTCCAGAT) 

Cm A 
U Y 
Gm A A 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
6.

ch
01

6

In Mechanistic Bioinorganic Chemistry; Thorp, H., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1996. 



438 MECHANISTIC BIOINORGANIC CHEMISTRY 

1 2 3 4 

Figure 1. Autoradiogram showing the effect of annealing a complementary 
oligodeoxynucleotide (complementary to RNA bases A38 to G57) to tRNAphe 

followed by treatment with Eu(L*)3+. L1 is 2Jy13f18-tetramethyl-3>6y14y17r 

23M-hexaazatricyclo[17.3J:l]tetracosa-l(23)y2,6,8,10J2(24)J3y17f19r 

21-decane). Autoradio grams are of 8 M urea denaturing polyacrylamide 
sequencing gels of tRNAphe labeled with 32P at the 3' end. Approximately 1 
X 10s cpm of labeled tRNAphe was loaded onto the gel for each sample. Cold 
tRNAphe was added to give a total concentration of tRNA of 20 μΜ (1.3 mM 
nucleotide). Metal complex concentrations were 1 mM and HEPES buffer 
was 0.4 M. Reactions were run at pH 7.86, 37 °C for the times indicated. 
Lane 1: control, 5 h; lane 2: control and oligonucleotide (20 μΜ), 5 h; 
lane 3: EuiL1)3*, 5 h; and lane 4: Eu(L2)3+ and oligonucleotide (20 μΜ), 
5 h. (Reproduced from reference 33. Copyright 1993 American Chemical 
Society.) 
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T h e s e results i n d i c a t e that R N A i n a D N A - R N A h y b r i d is p r o t e c t e d 
f r o m c leavage L y E u ( L 1 ) 3 + u n d e r c o n d i t i o n s w h e r e n e a r l y a l l o t h e r sites 
i n t R N A p h e are c l e a v e d . W e cannot r u l e out p o o r e r b i n d i n g o f the m e t a l 
c o m p l e x to the h y b r i d t h a n to R N A a lone . T h e r e is a m p l e p r e c e d e n c e 
for b i n d i n g o f E u (III) ions to d o u b l e - s t r a n d e d n u c l e i c ac ids (34). Eu ( I I I ) 
is also k n o w n to b i n d w e l l to p o c k e t s i n h i g h l y s t r u c t u r e d R N A s s u c h as 
t R N A (31). It is not k n o w n h o w the e u r o p i u m c o m p l e x w i l l b i n d to these 
d i f ferent s t ruc tures . 

E a r l i e r s tudies suggest that the c o n f o r m a t i o n o f R N A w i l l p r o b a b l y 
p l a y a m a j o r r o l e i n p h o s p h a t e ester t ranses ter i f i ca t i on reac t i ons . T h e 
flexibility o f R N A i n the D N A - R N A h y b r i d w i l l be l i m i t e d i n c o m p a r i s o n 
to s i n g l e - s t r a n d e d R N A . S tud ies have s h o w n that R N A c leavage w i t h 
e t h y l e n e d i a m i n e as a catalyst is i n h i b i t e d for R N A i n a t r i p l e h e l i x 
r e l a t i v e to s i n g l e - s t r a n d e d R N A (35). M o r e r e c e n t w o r k (36) d e m o n 
strated that p o l y v i n y l p y r r o l y d o n e promotes h y d r o l y s i s o f s ing le - s t randed 
o l i g o r i b o n u c l e o t i d e s b u t not those i n d o u b l e - s t r a n d e d f o r m . O n e e x p l a 
n a t i o n for th is b e h a v i o r is b a s e d o n the o r i e n t a t i o n o f the 3 ' - h y d r o x y l 
g r o u p a n d the p h o s p h a t e d i es ter i n an R N A d o u b l e h e l i x ; n u c l e o p h i l i c 
attack o f the 3 ' - h y d r o x y l a n d d i s p l a c e m e n t o f the 5 ' - h y d r o x y l cannot 
o c c u r b y an i n - l i n e d i s p l a c e m e n t m e c h a n i s m (37). M o s t D N A - R N A 
d o u b l e h e l i c e s are s t r u c t u r a l l y s i m i l a r to R N A - R N A d o u b l e h e l i c e s (38) 
a n d geometr i c constraints m a y also be s imi lar . F u r t h e r s tudy is u n d e r w a y 
i n the author ' s l a b o r a t o r y to p r o b e the effect o f s t r u c t u r e o n c leavage . 

Decomposition of Lanthanide(lll) SchiffBase Macrocycles 
T h e m a c r o c y c l i c l i g a n d i n the Schi f f base m a c r o c y c l i c c omplexes L n ( L 1 ) 3 + 

s l o w l y h y d r o l y z e s i n w a t e r . D e c o m p o s i t i o n p r o d u c t s o f the l a n t h a -
nide(III ) c o m p l e x e s o f L 1 a n d L 2 m a c r o c y c l e s as d e t e r m i n e d b y use o f 
* H N M R are p y r i d i n e d i c a r b o x a l d e h y d e or d i a c e t y l p y r i d i n e , r e s p e c 
t i v e l y , a n d e t h y l e n e d i a m i n e . F o r the L n ( L 1 ) 3 + c omplexes , it is not k n o w n 
w h e t h e r the c o o r d i n a t e d m a c r o c y c l e is i n i t i a l l y h y d r o l y z e d , f o l l o w e d 
b y m e t a l i o n d i s so c ia t i on , o r w h e t h e r d i s so c ia t i on o f the l a n t h a n i d e i o n 
is f o l l o w e d b y h y d r o l y s i s o f the free m a c r o c y c l e . T h e first p a t h w a y , 
h y d r o l y s i s o f the Sch i f f base c o m p l e x , m a y o c c u r t h r o u g h the f o r m a t i o n 
o f a c a r b i n o l a m i n e , f o l l o w e d b y e x p u l s i o n o f the a m i n e a n d c leavage o f 
the C - N b o n d ; c a r b i n o l a m i n e c o m p l e x e s are i n t e r m e d i a t e s i n the h y 
dro lys is o f i m i n e bonds for c e r t a i n Schi f f base l igands (39). C a r b i n o l a m i n e 
c o m p l e x e s (40) o f L 2 have b e e n r e p o r t e d for a l l l a n t h a n i d e s f r o m Nd( I I I ) 
to L u (III) [w i th the e x c e p t i o n o f E u (III)]. T h e s e c o n d p a t h w a y , d isso 
c i a t i o n o f the l a n t h a n i d e f o l l o w e d b y h y d r o l y s i s o f the free l i g a n d , has 
not b e e n r u l e d out . T e s t i n g th is p o s s i b i l i t y is m a d e m o r e d i f f i cu l t b y t h e 
fact that the free L 1 l i g a n d has not b e e n i so la ted . L i g a n d s s u c h as L 1 are 
g e n e r a l l y suscep t ib l e to h y d r o l y s i s a n d d i f f i cu l t to i so late . H o w e v e r , i f 
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i t w e r e to o c c u r , d i s soc ia t i on o f L n 3 + f r o m the m a c r o c y c l e is p r o b a b l y 
not r e v e r s i b l e . I n c u b a t i o n o f L a ( L 1 ) 3 + w i t h excess C e 3 + o r Y 3 + for s evera l 
h o u r s does not resu l t i n i n c o r p o r a t i o n o f the C e 3 + o r Y 3 + l a b e l i n t o the 
m a c r o c y c l e (26, 28). 

T h e L 1 c o m p l e x e s o f the m i d d l e l a n t h a n i d e s G d ( I I I ) , E u ( I I I ) , a n d 
Tb(III) decompose less r a p i d l y at p H 7.4, 3 7 ° C than do the L 1 c omplexes 
o f La(III) or Lu(I I I ) (14). T h e fit o f the l anthan ide i o n in to the m a c r o c y c l e 
m a y b e i m p o r t a n t h e r e . C e r t a i n l y , the m a c r o c y c l e fit w i l l v a r y for L a 3 + 

(116 p M ) c o m p a r e d to L u 3 + (97 .7 p M ) (41). A r e c e n t s tudy u s i n g l u 
m i n e s c e n c e m e a s u r e m e n t s suggests a g rea ter l a b i l i t y o f the E u ( L 1 ) 3 + 

c o m p l e x t h a n p r e v i o u s l y r e p o r t e d (28). D e t e c t i o n o f the E u ( D P T A ) -

c o m p l e x p r o d u c e d u p o n a d d i t i o n o f d i e t h y l e n e t r i a m i n e p e n t a a c e t i c a c i d 
( D T P A ) to E u ( L 1 ) 3 + ind i ca tes that the c o m p l e x d e c o m p o s e s a p p r o x i 
m a t e l y 1 2 % i n 4 8 h at 3 7 ° C , p H 7.4. It is n o t e w o r t h y that so lut ions o f 
E u i L 1 ) 3 * c o n t a i n t w o d i f ferent spec ies (28). O n e o f t h e m , p o s s i b l y a 
h y d r o x y - b r i d g e d d i m e r , is p resent i n g rea ter amounts at h i g h c o n c e n 
trat ions o f E u i L 1 ) 3 * . 

Encapsulated Lanthanide Ions 
T h e most t h e r m o d y n a m i c a l l y stable a n d k i n e t i c a l l y i n e r t c o m p l e x e s o f 
the t r i v a l e n t l anthan ides are those o f the l i g a n d D O T A ( 1 , 4 , 7 , 1 0 -
t e t r a a z a c y c l o d o d e c a n e - l , 4 , 7 , 1 0 - t e t r a a c e t a t e ) (42, 43). O u r search for 
l a n t h a n i d e m a c r o c y c l i c c o m p l e x e s that w o u l d r e m a i n intac t for l o n g e r 
t i m e p e r i o d s l e d us to e x a m i n e d e r i v a t i v e s o f D O T A . T h e r e are t w o 
p o t e n t i a l d i f f i cu l t ies w i t h the use o f D O T A c o m p l e x e s o f the t r i v a l e n t 
l a n t h a n i d e s for R N A c leavage . F i r s t , the o v e r a l l negat ive charge o n the 
c o m p l e x is not c o n d u c i v e to a n i o n b i n d i n g ; for e x a m p l e , G d ( D O T A ) " 
does not b i n d h y d r o x i d e w e l l (44). S e c o n d , D O T A c o m p l e x e s o f the 
m i d d l e l an than ides Eu(I I I ) a n d Gd(I I I ) have o n l y one ava i lab le c o o r d i 
n a t i o n site for catalysis . T h e p r e v i o u s l a n t h a n i d e c o m p l e x e s that w e 
u s e d , e.g. , E u ( L 1 ) 3 + , w e r e g o o d catalysts a n d h a d at least t w o ava i lab le 
c o o r d i n a t i o n sites. 

A n e u t r a l l i g a n d was p r e p a r e d b y r e p l a c e m e n t o f the n e g a t i v e l y 
c h a r g e d acetate g roups w i t h n e u t r a l a m i d e or h y d r o x y a l k y l g r o u p s . 
T h r e e o f these l igands are s h o w n i n F i g u r e 2. A l l l a n t h a n i d e c o m 
plexes w e r e c h a r a c t e r i z e d f u l l y b y e l e m e n t a l analysis a n d mass spec 
t r o m e t r y (see E x p e r i m e n t a l Deta i l s ) a n d b y lH a n d 1 3 C N M R . I n a d d i t i o n 
L a ( T C M C ) ( C F 3 S 0 3 ) 3 - ( E t O H ) (45) a n d L a ( T C E C ) ( C F 3 S 0 3 ) 3 (46) have 
b e e n c h a r a c t e r i z e d b y s ing le - crys ta l X - r a y d i f f ract ion studies . A d i a g r a m 
o f the [ L a ( T C E C ) ] 3 + c a t i o n is s h o w n i n F i g u r e 3. Ή a n d 1 3 C N M R data 
i n d 3 - a c e t o n i t r i l e o r d 4 - m e t h a n o l s u p p o r t l a n t h a n i d e c h e l a t i o n o f the 
l igands t h r o u g h a l l f our n i t r o g e n donors a n d a l l f our o x y g e n donors i n 
a m a n n e r s i m i l a r to that o b s e r v e d i n the so l id -state s t ruc tures o f the 
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Figure 2. Encapsulated lanthanide complexes. 

c o m p l e x e s (45,46). V a r i a b l e t e m p e r a t u r e studies for a l l l a n t h a n u m c o m 
plexes i n d i c a t e d a large d e g r e e o f l i g a n d r i g i d i t y at t e m p e r a t u r e s b e l o w 
0 ° C , a p r o p e r t y also a c h a r a c t e r i s t i c o f L n ( D O T A ) " c o m p l e x e s (42, 47). 

T h e O R T E P o f the c a t i o n o f L a ( T C E C ) 3 + is s h o w n i n F i g u r e 3 (46). 
T h e [ L a ( T C E C ) ] 3 + c a t i o n ( F i g u r e 3) consists o f an e n c a p s u l a t e d e i g h t -
c o o r d i n a t e lanthanum(II I ) i o n (46). T h e p r i m a r y c o o r d i n a t i o n p o l y h e 
d r o n o f the l a n t h a n u m c a t i o n c a n b e d e s c r i b e d as a d i s t o r t e d square 
a n t i p r i s m . T h e a m i d e subst i tuents are a r r a n g e d i n a c l o c k w i s e fash ion 
a r o u n d the l a n t h a n u m i o n . L a n t h a n u m - n i t r o g e n b o n d distances are as 
f o l l ows : L a ( l ) - N ( l ) = 2 .727 (6 ) , L a ( l ) - N ( 2 ) = 2 .711 (6 ) , L a ( l ) - N ( 3 ) 
= 2 .710 (7 ) , a n d L a ( l ) - N ( 4 ) = 2 .724 (6 ) . L a n t h a n u m - o x y g e n b o n d d i s -
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N41 

Figure 3. The [La(TCEC)]3+ cation (46). 

tances are as f o l l ows : L a ( l ) - 0 ( 1 1 ) = 2 .390 (5 ) , L a ( l ) - 0 ( 2 1 ) = 2 .434 (5 ) , 
L a ( l ) - 0 ( 3 1 ) = 2 .411 (5 ) , a n d L a ( l ) - 0 ( 4 1 ) = 2 .455(5 ) [average L a - N 
= 2 . 7 1 8 ( ± 0 . 0 0 9 ) , L a - O = 2 . 4 2 3 ( ± 0 . 0 3 2 ) ] . C o m p a r i s o n o f the t w o sets 
o f b o n d l engths ind i ca tes that the L a - N b o n d l engths are l o n g e r t h a n 
w o u l d b e p r e d i c t e d f r o m t h e i r i o n i c r a d i i (48), w h i l e the L a - O b o n d 
l engths are shor te r t h a n w o u l d b e p r e d i c t e d f r o m t h e i r i o n i c r a d i i . T h e 
t r e n d o f short L a - O b o n d distances a n d l o n g L a - N b o n d distances is 
also f o u n d i n structures o f m a c r o c y c l i c p o l y a m i n o c a r b o x y l a t e complexes 
o f e u r o p i u m (49) a n d g a d o l i n i u m (50). T h e L a 3 + c a t i o n , w h i c h cannot 
fit i n to the c a v i t y o f the s m a l l 1 2 - m e m b e r e d r i n g [trans Ν to Ν d is tance 
is 4 .356 ( ± 0 . 0 0 3 ) ] , is f o u n d above the r i n g w i t h the a m i d e groups f o l d i n g 
o v e r to encapsu late the i o n . 

N M R studies i n d i c a t e d that d i s so c ia t i on o f the e n c a p s u l a t e d l a n 
t h a n u m complexes v a r i e d d r a m a t i c a l l y w i t h the l i g a n d . T h e L a ( T C E C ) 3 + 

c o m p l e x conta ins p e n d e n t g roups that f o r m a s i x - m e m b e r e d r i n g . T h i s 
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c o m p l e x u n d e r g o e s d e c o m p o s i t i o n w i t h i n m i n u t e s i n D 2 0 at 3 7 ° C , 
i n i t i a l p H 6 .5 . Resonances a t t r i b u t e d to free l i g a n d r a p i d l y appear . T h e 
p e n d e n t a m i d e g r o u p o f the T C M C l i g a n d dif fers f r o m that o f the T C E C 
l i g a n d b y a s ing le m e t h y l e n e g r o u p , ye t the lanthanum(I I I ) c o m p l e x o f 
the T C M C l i g a n d is iner t to m e t a l i o n re lease ; the m a j o r i t y o f the c o m p l e x 
was intact after 4 days at 3 7 ° C , n e u t r a l p H . I n contrast , d i s s o c i a t i o n o f 
L a ( T H E D ) 3 + is extens ive o v e r a p e r i o d o f a day . 

S e v e r a l o f the c o m p l e x e s i n F i g u r e 2 w e r e e x a m i n e d f u r t h e r for 
t h e i r res is tance to d i s so c ia t i on . T h e e u r o p i u m c o m p l e x e s E u ( T H E D ) 3 + 

a n d E u ( T C M C ) 3 + w e r e m o r e d i f f i cu l t to s tudy q u a n t i t a t i v e l y b y lH N M R 
because o f t h e i r b r o a d 1 H resonances . D e c o m p o s i t i o n was m o n i t o r e d 
b y use o f a U V - v i s assay. E x c e s s C u 2 + was a d d e d to so lut ions c o n t a i n i n g 
the l a n t h a n i d e m a c r o c y c l e s . T h e C u 2 + i o n s e r v e d the d u a l p u r p o s e o f 
t r a p p i n g the free m a c r o c y c l e a n d as an i n d i c a t o r to m o n i t o r the a m o u n t 
o f m a c r o c y c l e that h a d d i s soc ia ted . A l l Cu ( I I ) m a c r o c y c l i c c o m p l e x e s 
gave an absorbance peak i n the U V - v i s s p e c t r u m that was c h a r a c t e r i s t i c 
o f the Cu( I I ) m a c r o c y c l e c o m p l e x . F o r a l l m a c r o c y c l e s , C u 2 + was an 
ef fect ive t r a p ; f o r m a t i o n o f the Cu( I I ) m a c r o c y c l i c c o m p l e x w e n t to 
c o m p l e t i o n i n the p r e s e n c e o f 0 . 10 m M L a 3 + or 0 . 10 m M E u 3 + , 0 . 1 0 
m M l i g a n d a n d excess C u 2 + (1 .0 m M ) . T h e increase i n the c o n c e n t r a t i o n 
o f Cu( I I ) m a c r o c y c l e c o m p l e x o v e r t i m e is a m e a s u r e o f the iner tness 
o f the lanthan ide c o m p l e x to d issoc iat ion . F o r the L a ( T H E D ) 3 + c o m p l e x , 
the r e a c t i o n rate (5J) was i n d e p e n d e n t o f the c o n c e n t r a t i o n o f C u 2 + , 
cons is tent w i t h the f o l l o w i n g m e c h a n i s m : 

L a ( T H E D ) 3 + T H E D + L a 3 + (kx ) 
T H E D + C u 2 + — C u ( T H E D ) 2 + ( rapid) (1) 

F o r L a ( T H E D ) 3 + a n d E u ( T H E D ) 3 + , rate constants (fcx) o f 9.2 ( ± 0.5) 
Χ 1 0 " 6 s " 1 a n d 7.1 ( ± 0.4) Χ 1 0 " 7 s " 1 c o r r e s p o n d i n g to ha l f - l i ves o f 21 
h a n d 11 days , r e s p e c t i v e l y , w e r e d e t e r m i n e d at p H 6 .0 , 3 7 ° C . T h e 
L a ( T C M C ) 3 + c o m p l e x h a d a h a l f - l i f e o f 6.7 days (kx = 1.2 X 1 0 ~ 6 s" 1) at 
p H 6 .0 , 3 7 ° C . E u ( T C M C ) 3 + s h o w e d < 1 % d e c o m p o s i t i o n at p H 6 .0 , 
3 7 ° C after 6 weeks . T h a t the E u ( T C M C ) 3 + c o m p l e x appears to be h i g h l y 
i n e r t to m e t a l i o n re lease is not s u r p r i s i n g g i v e n its s i m i l a r i t y to 
G d ( D O T A ) " . T h e h a l f - l i f e for the d i s so c ia t i on o f G d 3 + f r o m D O T A at 
p H 5.0 is a p p r o x i m a t e l y 2 0 0 days (43). 

S e v e r a l o f the e n c a p s u l a t e d l a n t h a n i d e c o m p l e x e s p r o m o t e transes 
t e r i f i c a t i o n o f i (Tab le I). T h e E u ( T C M C ) 3 4 " c o m p l e x a lone d i d not p r o 
mote c y c l i z a t i o n o f 1 over a 1-h p e r i o d w i t h 1.00 m M e u r o p i u m c o m p l e x . 
P r e l i m i n a r y studies w i t h t R N A p h e i n d i c a t e substant ia l R N A c leavage b y 
E u ( T H E D ) 3 + after 1 h at 3 7 ° C , p H 7.4. 

Mechanism of RNA Cleavage 
F u r t h e r s tudies are u n d e r w a y to c h a r a c t e r i z e the s o l u t i o n p r o p e r t i e s o f 
the e n c a p s u l a t e d m a c r o c y c l i c c o m p l e x e s o f the l a n t h a n i d e s . O n e o f the 
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Table I. Apparent Second-Order 
Rate Constants 

for the Transesterification of 1 
by Lanthanide(III) Complexes 

at 37 °C, p H 7.4 

Complex k 2 (M-'s-1) 

LaOL1)3** 0.046 
EuOL 1) 3* 0.12 
La(TCMC) 3 + 0.016 
Eu(THED) 3 + 0.058 

a pH 6.85. All reactions contained 0.10 
M NaCl, 0.010 M HEPES buffer. [1 ] = 5 
Χ ΙΟ" 5 M to 1 Χ Ι Ο - 4 M, [complex] = 2 
Χ 10" 4 to 1 X 1 0 " 3 M . 

p r o p e r t i e s that is o f interest is the n u m b e r o f c o o r d i n a t i o n sites that are 
ava i lab le for b i n d i n g s m a l l m o l e c u l e s . M o s t o f the b e t t e r catalysts s u c h 
as E u ( L 1 ) 3 + o r Co(I I I ) a m i n e c o m p l e x e s (9) have at least t w o ava i lab le 
adjacent c o o r d i n a t i o n sites. O n e o f t h e m may be o c c u p i e d b y a h y d r o x i d e 
l i g a n d , a n d the o t h e r m a y b e ava i lab le for b i n d i n g the p h o s p h a t e ester . 
A m e t a l h y d r o x i d e m a y p a r t i c i p a t e i n the r e a c t i o n b y a c t i n g as a g e n e r a l 
base to d e p r o t o n a t e the 2 ' - h y d r o x y l g r o u p (12, 19, 20) . E v i d e n c e for 
s u c h a m e c h a n i s m arises f r o m the p H p r o f i l e o b s e r v e d for R N A trans 
es ter i f i ca t i on b y m e t a l c o m p l e x e s (19). T h r e e poss ib l e p a t h w a y s are 
s h o w n i n S c h e m e 1. It is c l ear that the m e t a l does not p a r t i c i p a t e p u r e l y 
as a g e n e r a l base (a). O r g a n i c bases w i t h s i m i l a r p K a s s h o w m u c h l o w e r 
a c t i v i t y t h a n o b s e r v e d for m e t a l c o m p l e x e s w i t h s i m i l a r p K a s . P a t h w a y s 
b a n d c w i t h the m e t a l h y d r o x i d e p a r t i c i p a t i n g as a base or h y d r o x i d e 
a c t i n g as a base , r e s p e c t i v e l y , are k i n e t i c a l l y i n d i s t i n g u i s h a b l e . 

H o w m a n y o p e n c o o r d i n a t i o n sites are o p t i m a l to p r o d u c e ca ta ly t -
i c a l l y ac t ive l a n t h a n i d e c o m p l e x e s ? I n the s o l i d state (45), the 

Scheme 1 
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L a ( T C M C ) 3 + c o m p l e x has t w o c o o r d i n a t i o n sites o c c u p i e d b y l igands 
o t h e r t h a n the m a c r o c y c l e . E u ( T C M C ) 3 + , s i m i l a r to E u ( D O T A ) " , has 
o n l y one ava i lab le c o o r d i n a t i o n site (52). T h u s for the T C M C l i g a n d , 
the l a r g e r l an than ides that have m o r e o p e n c o o r d i n a t i o n sites m a y b e 
c a t a l y t i c a l l y a c t ive , w h e r e a s the s m a l l e r , h e a v i e r l a n t h a n i d e s m a y l a c k 
a c t i v i t y . O n the basis o f its s i m i l a r i t y to E u ( D O T A ) " , the T H E D c o m p l e x 
o f Eu(I I I ) p r o b a b l y has o n l y one ava i lab le c o o r d i n a t i o n s ite . W h y t h e n 
is this c o m p l e x act ive? O n e poss ib le exp lanat i on is that the act ive catalyst 
is p r o d u c e d u p o n d issoc iat ion o f one o f the h y d r o x y e t h y l groups . A n o t h e r 
p o s s i b i l i t y is the p a r t i c i p a t i o n o f an h y d r o x y e t h y l g r o u p as a g e n e r a l 
base catalyst . F u r t h e r studies are n e e d to d e l i n e a t e these poss ib i l i t i e s . 
S tud ies are i n progress to d e t e r m i n e h o w m a n y w a t e r m o l e c u l e s are 
b o u n d to the e u r o p i u m c o m p l e x e s i n s o l u t i o n a n d to d e t e r m i n e the p K a 

o f the b o u n d w a t e r m o l e c u l e s . 
T h e o v e r a l l charge o n the c o m p l e x m a y b e i m p o r t a n t i n catalyst 

des ign . It is w e l l - k n o w n that i n reac t i ons w h e r e a m e t a l i o n acts as a 
L e w i s a c i d , the a d d i t i o n o f a n i o n i c l i gands to the m e t a l i o n catalyst m a y 
decrease the rate o f the r e a c t i o n (53). F o r p h o s p h a t e ester s u b s t i t u t i o n 
reac t i ons i n v o l v i n g a n i o n i c p h o s p h a t e esters , c h a r g e n e u t r a l i z a t i o n o f 
the p h o s p h a t e d ies ter b y the catalyst m a y b e e s p e c i a l l y i m p o r t a n t (54). 
I n s u p p o r t o f this h y p o t h e s i s , p o l y a m i n o c a r b o x y l a t e l i gands s u c h as 
E D T A do not f o r m c o m p l e x e s w i t h La(III ) that are ac t ive i n c leavage 
(14). T h e l a n t h a n i d e c o m p l e x e s d i s cussed h e r e that are ac t i ve transes 
t e r i f i c a t i o n catalysts have n e u t r a l l i gands . C o n d u c t i v i t y m e a s u r e m e n t s 
i n d i c a t e an o v e r a l l +3 charge o n L a ( L 1 ) 3 + (27) , E u ( T H E D ) 3 + , a n d 
L a ( T C M C ) 3 + (45, 51). 
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17 
Metallointercalators as Probes 
of the DNA π-way 

Michelle R. Arkin1, Yonchu Jenkins1, Catherine J. Murphy1,3, 
Nicholas J. Turro2, and Jacqueline K. Barton1* 

1 Division of Chemistry and Chemical Engineering, Beckman Institute, 
California Institute of Technology, Pasadena, CA 91125 
2 Department of Chemistry, Columbia University, New York, NY 10027 

This chapter describes efforts in our laboratory to characterize the 
role of double helical DNA in catalyzing electron-transfer reactions. 
Using intercalating metal complexes as donor and acceptor, we 
have shown that the luminescence of [Ru(phen)2(dppz)]2+* is ef
ficiently quenched by [Rh(phi)2(phen)]3+ in the presence of B-form 
DNA. Covalent attachment of these metal complexes to either ends 
of a short duplex leads to complete quenching of luminescence over 
a separation distance between intercalated donor and acceptor of 
>40Å. These results with metallointercalators point to the π-stacked 
array of heterocyclic DNA base pairs as an effective intervening 
medium for long-range electron transfer and provides a new ap
proach in applying the DNA helical polymer as a "molecular wire." 

D O U B L E H E L I C A L D N A is a w a t e r - s o l u b l e p o l y m e r that conta ins an 
e l e c t r o n i c a l l y w e l l - c o u p l e d stack o f a r o m a t i c h e t e r o c y c l i c base pa i rs . 
T h i s r e v i e w descr ibes efforts i n o u r l a b o r a t o r y to c h a r a c t e r i z e e l e c t r o n -
transfer reac t ions b e t w e e n t r a n s i t i o n m e t a l c o m p l e x e s b o u n d b y i n t e r 
c a l a t i o n w i t h i n the 7r-stack o f D N A . M u c h i n f o r m a t i o n is ava i lab le c o n 
c e r n i n g the s t r u c t u r e , synthes is , a n d m e t h o d s o f c h a r a c t e r i z a t i o n o f this 
p o l y m e r . A l s o , r e s e a r c h i n o u r labora tor i e s has b e e n d i r e c t e d t o w a r d 
d e s c r i b i n g the p h o t o p h y s i c a l a n d p h o t o c h e m i c a l 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 b o u n d to D N A . U s i n g these m e t a l c o m p l e x e s to p r o b e the 
D N A π-way, w e are n o w i n a p o s i t i o n to ask: Is D N A a m o l e c u l a r w i r e ? 

* Corresponding author 
3 Current address: Department of Chemistry and Biochemistry, University of South Car
olina, Columbia, SC 29208 

0065-2393/95/0246-0449/$08.18/0 
© 1995 American Chemical Society 
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E l e c t r o n - t r a n s f e r c h e m i s t r y has b e e n the focus o f substant ial r esearch 
over the past 4 0 years a n d u n d e r s t a n d i n g it is f u n d a m e n t a l to e l u c i d a t i n g 
e l e c t r o n - t r a n s p o r t processes i n b i o l o g y a n d i n d e v e l o p i n g a r t i f i c i a l p h o 
tosynthet i c systems a n d e lec t roac t ive sensors (1-4). E x p e r i m e n t s i n m a n y 
laborator i es have f o cused o n m e a s u r e m e n t s o f e l e c t r o n - t r a n s f e r rates 
b e t w e e n m e t a l centers o v e r l o n g distances i n p r o t e i n s o r p r o t e i n pa i rs 
as a f u n c t i o n o f d i s tance , d r i v i n g f orce , a n d the i n t e r v e n i n g m e d i u m 
(5 -8 ) . M o d e l c o m p l e x e s have also b e e n p r e p a r e d to e x p l o r e h o w d i f 
f erent s t r u c t u r a l a n d e l e c t r o n i c factors m a y m e d i a t e e l e c t r o n - t r a n s f e r 
reac t i ons (9-13), a n d theor i es e x p l o r i n g o p t i m a l p a t h w a y s for e l e c t r o n 
transfer have sought to r e c o n c i l e e x p e r i m e n t a l studies (14-17). A m o n g 
the m a n y ideas p u t f o r t h c o n c e r n i n g h o w the m e d i u m m a y serve to 
m o d u l a t e or d i r e c t e l e c t r o n t rans fer has b e e n the n o t i o n that s t a c k e d 
a r o m a t i c h e t e r o c y c l i c m o i e t i e s m i g h t serve as ' V - w a y s " t h r o u g h w h i c h 
e l e c t r o n - t r a n s f e r reac t i ons m i g h t b e p r o m o t e d e f f i c ient ly . F e w e x p e r i 
m e n t a l measurements o f e l e c t r o n transfer t h r o u g h π-stacked arrays have 
b e e n a c c o m p l i s h e d , h o w e v e r (18-22). 

I r r e s p e c t i v e o f its b i o l o g i c a l f u n c t i o n , the D N A d o u b l e h e l i x m a y 
b e d e s c r i b e d as a p r o t o t y p e 7r-stacked c o l u m n a n d t h e r e f o r e a n o v e l 
m e d i u m t h r o u g h w h i c h to e x a m i n e e l e c t r o n - t r a n s f e r reac t i ons . T h e 
d o u b l e h e l i x is a p o l y m e r c o n t a i n i n g a r e l a t i v e l y r i g i d , e l e c t r o n i c a l l y 
c o u p l e d c o l u m n o f s t a c k e d base pa irs w i t h i n a w a t e r - s o l u b l e p o l y a n i o n , 
the sugar -phosphate b a c k b o n e . T h e e l e c t r o n i c c o u p l i n g w i t h i n the c o l 
u m n is r e f l e c t e d i n the extens ive h y p o c h r o m i c i t y o f the s t a c k e d d o u b l e 
h e l i x c o m p a r e d to the r a n d o m c o i l , a n d i t is this s t a c k i n g i n t e r a c t i o n 
that accounts substant ia l ly for the s t a b i l i z a t i o n o f the h e l i c a l f o r m (23). 

T h e o r e t i c a l studies have p r o p o s e d the i m p o r t a n c e o f charge transfer 
i n n u c l e i c ac ids for some t i m e (24-26), b u t o n l y r e c e n t l y has D N A b e e n 
e x a m i n e d e x p e r i m e n t a l l y as a m e d i u m for e l e c t r o n - t r a n s f e r reac t i ons 
(27-30). O n e i m p e t u s for s u c h s tudy has c o m e f r o m e x p e r i m e n t s w i t h 
r a d i a t i o n - d a m a g e d D N A that s h o w a l i n k b e t w e e n D N A - m e d i a t e d e l e c 
t r o n transfer a n d n u c l e i c a c i d - b a s e d disease (31-33). F o r e x a m p l e , e l e c 
t r o n t r a p p i n g e x p e r i m e n t s o n D N A s u b j e c t e d to 7-rays at l o w t e m p e r 
a ture have suggested that r a d i c a l spec ies can m i g r a t e u p to 1 0 0 base 
pa irs away f r o m the i n i t i a l site o f damage (33). P u l s e rad io lys i s s tudies 
o f the a n t i t u m o r d r u g d a u n o r u b i c i n i n t e r c a l a t e d i n t o D N A r e v e a l that 
this e l e c t r o n m o b i l i t y is c o m p a r a b l e to that f o u n d i n c o n d u c t i n g p o l y m e r s 
(34). S u c h d i s s i p a t i o n o f c h a r g e m a y a c t u a l l y b e a m e c h a n i s m b y w h i c h 
r e d o x damage to D N A at l o c a l i z e d sites is a v o i d e d . 

R e s e a r c h e r s have also s t u d i e d D N A - m e d i a t e d e l e c t r o n transfer b y 
us ing d o n o r - a c c e p t o r pairs that b i n d D N A n o n c o v a l e n t l y (27-30). E a r l y 
w o r k i n o u r l a b o r a t o r y u s e d c a t i o n i c t r i s ( p h e n a n t h r o l i n e ) m e t a l c o m 
p lexes as d o n o r - a c c e p t o r pa i rs (29, 30). T h e s e c o m p l e x e s , s h o w n i n 
F i g u r e 1, associate w i t h D N A t h r o u g h t w o modes , (i) i n t e r c a l a t i o n a n d 
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Λ - [M(phen)3]n + 

Δ - [M(phen)3]n + 

Figure 1. Binding to DNA by enantiomers of tris(phenanthroline) metal 
complexes. The computer graphie representation (center) depicts our model 
for noncovalent binding to right-handed double-helical DNA by the Δ- (right) 
and Λ- (left) isomers. A-[M(phen)3]n+ is shown bound to the lower half of 
the helix through intercalation in the major groove. In this binding mode, 
preferred for the Δ-isomer, one ligand is inserted partially and stacked 
between the DNA base pairs. A-[M(phen)3]n+, shown bound to the upper 
half of the DNA helix, is illustrated bound against the minor groove through 
a hydrophobically stabilized surface- or groove-bound interaction; for this 
surface-bound mode, we find enantioselectivity favoring the A-isomer. 
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(ii) surface o r g roove b i n d i n g , w i t h an o v e r a l l b i n d i n g constant o f 1 0 3 

M - 1 ( 35 -38 ) . I n these e x p e r i m e n t s , the d o n o r was p h o t o e x c i t e d 
[ R u ( p h e n ) 3 ] 2 + , w h e r e a s the acceptors w e r e [ M ( p h e n ) 3 ] 3 + , w h e r e M 
= Rh(III ) , Co( I I I ) , or Cr ( I I I ) . T h e rates o f p h o t o i n d u c e d e l e c t r o n transfer 
are i n c r e a s e d b y an o r d e r o f m a g n i t u d e i n the p r e s e n c e o f D N A , a n d 
q u e n c h i n g rates are d e p e n d e n t o n the m o d e o f i n t e r a c t i o n o f e a c h c o m 
p l e x w i t h the D N A h e l i x . T h e e n h a n c e m e n t s i n rate o f e l e c t r o n t rans fer 
w e r e a t t r i b u t e d to a c o m b i n a t i o n o f (i) l o n g - r a n g e e l e c t r o n t rans fer 
t h r o u g h the D N A m e d i u m , (ii) an increase i n l o c a l c o n c e n t r a t i o n o f 
donors a n d acceptors b o u n d to D N A , a n d (iii) f a c i l i t a t e d d i f fus ion a l o n g 
the h e l i x . T h e r a p i d e q u i l i b r a t i o n b e t w e e n b i n d i n g modes a n d pos i t i ons 
o f donors a n d acceptors , h o w e v e r , m a d e it d i f f i cu l t to eva luate the r e l 
a t ive i m p o r t a n c e o f e a c h factor . 

T o p r o b e m o r e e f f ec t ive ly the r o l e o f the D N A π-way i n m e d i a t i n g 
e l e c t r o n - t r a n s f e r r eac t i ons , w e n o w focus o n a v i d m e t a l l o i n t e r c a l a t o r s 
w i t h b i n d i n g constants for i n t e r c a l a t i o n o f > 1 0 7 M - 1 . T h e s t rong p r e f 
e rence o f these mo le cu les to interca late ra ther t h a n g r o o v e - b i n d c lari f ies 
the r e l a t i o n s h i p o f the d o n o r a n d a c c e p t o r to the D N A m e d i u m . 

F i g u r e 2 d i s p l a y s t h e d o n o r [ R u ( p h e n ) 2 ( d p p z ) ] 2 + ( d p p z = d i p y r -
i d o - p h e n a z i n e ) a n d t h e a c c e p t o r [ R h ( p h i ) 2 ( p h e n ) ] 3 + ( p h i = 9 , 1 0 -
d i a m i n o p h e n a n t h r e n e ) that w e are u s i n g i n these s tudies . T h e d o n o r , 
p h o t o e x c i t e d (*) [ R u ( p h e n ) 2 ( d p p z ) ] 2 + , shows no l u m i n e s c e n c e i n aqueous 
s o l u t i o n , b u t g lows i n t e n s e l y w h e n the c o m p l e x b i n d s to D N A ( F i g u r e 
3). S i m i l a r to the parent c o m p l e x [ R u ( p h e n ) 3 ] 2 + , the absorpt i on s p e c t r u m 
o f this c o m p l e x is c h a r a c t e r i z e d b y a m e t a l - t o - l i g a n d charge - t rans fe r 
b a n d , a n d studies o f [ R u ( b p y ) 2 ( d p p z ) ] 2 + i n the absence o f D N A have 
s h o w n that c h a r g e t rans fer is d i r e c t e d onto the p h e n a z i n e r i n g (38-40). 
T h e l u m i n e s c e n c e q u e n c h e r [ R h ( p h i ) 2 ( p h e n ) ] 3 + is also p i c t u r e d i n F i g u r e 
2. R h o d i u m ( I I I ) c o m p l e x e s c o n t a i n i n g p h i are k n o w n to b i n d t i g h t l y to 
n u c l e i c ac ids v i a i n t e r c a l a t i o n o f th is l i g a n d (41-43), a n d the l owes t 
e n e r g y a b s o r p t i o n bands o f these c o m p l e x e s resu l t f r o m trans i t i ons c e n 
t e r e d o n the p h i (44, 45). W e w e r e i n t r i g u e d b y the p o s s i b i l i t y that 
i n t e r c a l a t i o n b y the r h o d i u m a n d r u t h e n i u m c o m p l e x e s c o u l d af ford 
easy access to the 7r-way, w h e r e the s t a c k e d bases m i g h t r e a d i l y ac cept 
a n d d i r e c t an e l e c t r o n f r o m the d o n o r to the i n t e r c a l a t e d a c c e p t o r . 

Ru(phen)2dppz2+: A Molecular Light Switch 
T h e p h o t o l u m i n e s c e n c e o f d i p y r i d o p h e n a z i n e c o m p l e x e s o f r u t h e -
n ium(II ) i n the p r e s e n c e a n d absence o f D N A has b e e n w e l l -
character ized (38-40,46-52). Exc i ta t i on o f the d p p z complexes w i t h vis ible 
l ight (440 nm) leads to l o c a l i z e d charge transfer from the meta l center (39, 
40). I n aqueous so lut ion , the emiss ion resu l t ing from the meta l - to - l igand 
charge-transfer exc i ted state is deact ivated v i a nonradiat ive energy transfer 
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17. ARKIN E T AL. Metallointercalators as Probes of the DNA π-way 453 

[Ru(phen)2(dppz)]2+ [Rh(phi)2(phen)]J+ 

Figure 2. Structures of donor and acceptor metallointercalators. The pho-
toexcited donor [Ru(phen) 2(dppz)]2+ is shown on the left, and the acceptor 
[Rh(phi) 2(phen)]3+ is pictured on the right. 

Emission Wavelength (nm) 

Figure 3. Emission spectra of [Ru(phen)2(dppz)]2+ in the absence (baseline) 
and presence of calf thymus DNA. 
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454 MECHANISTIC BIOINORGANIC CHEMISTRY 

f r om the phenaz ine nitrogens to solvent water molecules (46, 48). W h e n 
the complex intercalates into doub le - s t randed D N A , the stacked bases p r o 
tect the phenaz ine nitrogens from water , a n d [Ru(phen) 2 (dppz ) ] 2 + p h o t o -
luminesces b r i g h t l y . E v i d e n c e for interca lat ion is p r o v i d e d b y D N A u n 
w i n d i n g studies, emiss ion t i trations, a n d luminescence depo lar i za t i on 
exper iments (38, 46-51). S h o w n i n F i g u r e 3 are the emiss ion spectra o f 
the complex i n the absence a n d presence o f ca l f thymus D N A . I n the 
absence o f D N A , no detectable emiss ion is ev ident . U p o n add i t i on o f d o u 
b le - s t randed D N A , the complex luminesces intensely , w i t h an emiss ion 
enhancement u p o n b i n d i n g to D N A o f > 1 0 3 . 

T a b l e I shows examples o f t h e steady-state a n d t i m e - r e s o l v e d e m i s 
s ion charac ter i s t i c s o f [ R u ( p h e n ) 2 ( d p p z ) ] 2 + u p o n b i n d i n g to v a r i o u s 
D N A s . T h e t i m e - r e s o l v e d l u m i n e s c e n c e o f D N A - b o u n d Ru(II ) is c h a r 
a c t e r i z e d b y a b i e x p o n e n t i a l d e c a y , cons is tent w i t h the p r e s e n c e o f at 
least t w o b i n d i n g modes for the c o m p l e x (47, 48). P r e v i o u s p h o t o p h y s i c a l 
s tudies c o n d u c t e d w i t h t r i s ( p h e n a n t h r o l i n e ) r u t h e n i u m ( I I ) also s h o w e d 
b i e x p o n e n t i a l decays i n e m i s s i o n a n d l e d to the p r o p o s a l o f t w o n o n -
cova lent b i n d i n g mo de s for the c o m p l e x : (i) a s u r f a c e - b o u n d m o d e i n 
w h i c h the a n c i l l a r y l i gands o f the m e t a l c o m p l e x rest against the m i n o r 
g r o o v e o f D N A a n d (ii) an i n t e r c a l a t i v e s t a c k i n g m o d e i n w h i c h one o f 
the l i gands inserts p a r t i a l l y b e t w e e n ad jacent base pa i rs i n the d o u b l e 
h e l i x (36, 37) . I n contrast , q u e n c h i n g studies u s i n g b o t h c a t i o n i c 
q u e n c h e r s s u c h as [ R u ( N H 3 ) 6 ] 3 + a n d a n i o n i c q u e n c h e r s s u c h as 
[ F e ( C N ) 6 ] 4 have i n d i c a t e d that for the d p p z c o m p l e x b o t h b i n d i n g modes 

Table I. Luminescent Parameters for Photoexcited [Ru(phen)2(dppz)]5 

Bound to Nucleic Acids of Varying Conformations 

Nucleic Acid (ns)a>h %c Kax (nm) 

Calf thymus D N A 770 40 617 0.039 
120 60 

Z-form poly[d(GC)l · poly[d(GC)] 270 60 608 0.025 
70 40 

poly[r(AU)]-poly[r(AU)] 490 20 620 0.004 
80 80 

poly(dT) · poly(dA) · poly(dT) 530 60 621 0.061 
170 40 

NOTE: All steady-state and time-resolved measurements were taken at 20 °C using in
strumentation described in reference 28. 
a Error was estimated to be ± 1 0 % for both steady-state and time-resolved measurements. 
b Samples used in steady-state and time-resolved measurements contained 10 μΜ ruthenium 
complex/100 μΜ nucleotides. 
c Lifetime ratios were calculated from the magnitudes of the pre-exponential factors pro
duced by the program used in the deconvolution of the time-resolved data. 
d Quantum yields, Φ, were determined relative to [Ru(bpy)3]2 + (Φ = 0.042) (48). 
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17. ARKIN E T AL. Metallointercalators as Probes of the D N A π-way 455 

are i n t e r c a l a t i v e i n n a t u r e (48, 53) . A d d i t i o n a l s tudies have s h o w n that 
for d p p z complexes b o t h emiss ive c o m p o n e n t s also m a i n t a i n p o l a r i z a t i o n 
(46), a n d thus b o t h l i f e t imes ar ise f r o m spec ies that are r i g i d l y h e l d o n 
the t i m e scale o f the emiss ion . F o r t r i s (phenanthro l ine ) m e t a l c omplexes , 
the Δ- isomer was f o u n d to favor the in terca la t ive m o d e a n d the A - i s o m e r , 
the s u r f a c e - b o u n d m o d e . R e c e n t e x p e r i m e n t s have s h o w n that 
[ R u ( p h e n ) 2 ( d p p z ) ] 2 + also d i sp lays e n a n t i o s e l e c t i v i t y i n e m i s s i o n , w i t h 
highest l u m i n e s c e n c e o b s e r v e d b y the Δ- isomer o n b i n d i n g r i g h t - h a n d e d 
D N A . H e r e too the data are cons is tent w i t h t w o fami l i e s o f p h o t o l u 
m i n e s c e n t spec ies for e a c h e n a n t i o m e r that b i n d b y i n t e r c a l a t i o n (51). 
T w o spec i f i c i n t e r c a l a t i v e m o d e s have b e e n p r o p o s e d o n the basis o f 
p h o t o p h y s i c a l s tudies o f [ R u ( p h e n ) 2 ( d p p z ) ] 2 + d e r i v a t i v e s : (i) a p e r p e n 
d i c u l a r m o d e i n w h i c h the d p p z l i g a n d intercalates f r o m the ma jo r groove 
s u c h that the l o n g axis o f the m e t a l c o m p l e x l ies a l o n g the d y a d axis a n d 
(ii) a s ide - on m o d e i n w h i c h the l o n g axis o f the d p p z l ies m o r e c l o s e l y 
to the l o n g axis o f the base pa i rs (47). R e c e n t N M R resul ts l e n d f u r t h e r 
s u p p o r t to these m o d e l s . 

A s also d e s c r i b e d i n T a b l e I , the l u m i n e s c e n t p a r a m e t e r s for the 
m e t a l c o m p l e x b o u n d to d i f f erent c o n f o r m a t i o n s o f D N A can b e c o r 
r e l a t e d w i t h the ac cess ib i l i t y o f the p h e n a z i n e l i g a n d to w a t e r (48). T h i s 
c o r r e l a t i o n is most c l e a r l y i l l u s t r a t e d i n the e x a m p l e s o f A - f o r m 
p o l y [ r ( A U ) ] · p o l y [ r ( A U ) ] a n d the t r i p l e h e l i x p o l y ( d T ) · p o l y ( d A ) · p o l y -
(dT) . I n Α- form n u c l e i c ac ids , the base pa i rs are p u s h e d b a c k t o w a r d 
the p e r i p h e r y o f the m a j o r g r o o v e , c r e a t i n g a m a j o r g r o o v e that is 
b o t h v e r y d e e p a n d v e r y n a r r o w (54). T h e shape o f th is c a v i t y l i k e l y 
h i n d e r s the i n t e r c a l a t i o n o f the d p p z l i g a n d , as was f o u n d w i t h 
t r i s ( p h e n a n t h r o l i n e ) c o m p l e x e s o f r u t h e n i u m ( I I ) . T h i s r e l a t i v e l y p o o r 
p r o t e c t i o n resul ts i n short exc i ted -s tate l i f e t i m e s a n d c o r r e s p o n d i n g l y 
l o w l u m i n e s c e n t in tens i t i e s . I n t e r c a l a t i o n i n t o the t r i p l e x , o n the o t h e r 
h a n d , results i n an i n t e r a c t i o n i n w h i c h the base t r i p l e s ad jacent to the 
i n t e r c a l a t i n g l i g a n d c o m p l e t e l y s u r r o u n d the p h e n a z i n e n i t r o g e n s , r e 
s u l t i n g i n greater p r o t e c t i o n f r o m w a t e r a n d t h e r e f o r e l o n g e r l u m i n e s 
cent l i f e t imes a n d h i g h e r l u m i n e s c e n t in tens i t i e s . 

T h e sens i t ive e m i s s i o n p r o p e r t i e s o f [ R u ( p h e n ) 2 ( d p p z ) ] 2 + a n d its d e 
r iva t ives m a k e these c o m p l e x e s i d e a l e l e c t r o n d o n o r s i n the s tudy o f 
D N A - m e d i a t e d e l e c t r o n trans fer . B e c a u s e l u m i n e s c e n c e is d u e to i n 
t e r c a l a t e d spec ies , o u r p h o t o p h y s i c a l s tudies w i l l p r o b e o n l y those c o m 
plexes b o u n d to D N A . T h e steady-state a n d t i m e - r e s o l v e d l u m i n e s c e n c e 
assists also i n c h a r a c t e r i z i n g n o v e l m e t a l / D N A assembl ies . 

Phi Complexes of Rhodium(III): Intercalators and 
Photocleavage Agents 
P h i c o m p l e x e s o f r h o d i u m ( I I I ) b i n d a v i d l y to D N A t h r o u g h i n t e r c a l a t i o n 
(41-45, 55-60). Ή N M R results (43) o n Δ - ^ η ( ρ η 6 η ) 2 ( ρ η ί ) ] 3 + b o u n d to 
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a h e x a m e r o l i g o n u c l e o t i d e offer spec i f i c e v i d e n c e for i n t e r c a l a t i o n o f 
the p h i l i g a n d a n d s u p p o r t e a r l i e r s p e c t r o s c o p i c a n d h e l i c a l u n w i n d i n g 
studies . M e a s u r e m e n t s o f this c o m p l e x i n t e r c a l a t e d i n t o a short o l i g o 
n u c l e o t i d e show p r e f e r e n t i a l shifts o f p h i p r o t o n s c o m p a r e d to those o n 
the a n c i l l a r y p h e n a n t h r o l i n e l i gands . I m p o r t a n t l y , t w o - d i m e n s i o n a l n u 
c l ear O v e r h a u s e r effect s p e c t r o s c o p y ( N O E S Y ) e x p e r i m e n t s i n d i c a t e a 
se lec t ive loss o f the i n t r a m o l e c u l a r N O E b e t w e e n the c e n t r a l base a n d 
the ad jacent sugar o f the h e x a m e r , p r o v i d i n g c o m p e l l i n g e v i d e n c e for 
in te r ca la t i on o f the rhod ium(II I ) c o m p l e x at that base step. T h e s e N O E S Y 
e x p e r i m e n t s also i n d i c a t e i n t e r m o l e c u l a r N O E s b e t w e e n the r h o d i u m 
c o m p l e x a n d p r o t o n s i n the D N A m a j o r g roove . 

R h o d i u m c o m p l e x e s have p r o v e n to b e p a r t i c u l a r l y use fu l be cause 
these c o m p l e x e s p r o m o t e s t r a n d b r e a k s i n D N A a n d R N A u p o n p h o -
t o a c t i v a t i o n (41, 42). A n a l y s i s o f the D N A - d e r i v e d p r o d u c t s o f the p h o 
toc leavage r e a c t i o n are cons is tent w i t h abs t rac t i on o f the C 3 ' h y d r o g e n 
a t o m f r o m the n u c l e o t i d e i n the 5' p o s i t i o n o f the i n t e r c a l a t i o n s ite . 
B e c a u s e c leavage o c curs d i r e c t l y at the base step o f i n t e r c a l a t i o n , these 
c o m p l e x e s have b e e n v e r y e f fect ive as p r o b e s o f h i g h e r - o r d e r s t ruc tures 
i n n u c l e i c ac ids a n d as h i g h - r e s o l u t i o n D N A p h o t o f o o t p r i n t i n g reagents 
(55-58). T h e p r o d u c t analysis for p h o t o c l e a v a g e , cons is tent w i t h the 
N M R results , demonstrates that the complexes interca late f r o m the m a j o r 
g roove . 

M u c h o f the w o r k i n o u r l a b o r a t o r y has b e e n d i r e c t e d t o w a r d t u n i n g 
the r e c o g n i t i o n p r o p e r t i e s o f p h i c o m p l e x e s o f r h o d i u m for d i f f erent 
n u c l e i c a c i d sites b y a l t e r i n g the a n c i l l a r y l i gands (42, 59-61). F i g u r e 4 
i l lus trates some o f the c o m p l e x e s that w e have p r e p a r e d that d i f fer s u b 
s tant ia l ly w i t h respec t to D N A r e c o g n i t i o n charac ter i s t i c s . T h e r e c o g 
n i t i o n o f these o c t a h e d r a l c o m p l e x e s is g o v e r n e d b y the e n s e m b l e o f 
n o n c o v a l e n t i n t e r a c t i o n s b e t w e e n the m e t a l c o m p l e x a n d the n u c l e i c 
a c i d s i te . S u c h i n t e r a c t i o n s ar ise f r o m (i) the c o m p l e m e n t a r i t y o f the 
t h r e e - d i m e n s i o n a l shapes o f the m e t a l c o m p l e x a n d its site a n d (ii) the 
p o s i t i o n i n g o f l i g a n d f u n c t i o n a l i t i e s for h y d r o g e n b o n d i n g a n d v a n d e r 
W a a l s contacts to f u n c t i o n a l g roups i n the D N A m a j o r g roove . Δ -
[ R h ( p h e n ) 2 ( p h i ) ] 3 + , for ins tance , b i n d s p r e f e r e n t i a l l y at base steps w i t h 
a p r o p e l l e r t w i s t e d a n d o p e n e d m a j o r g r o o v e , because o n l y at s u c h o p e n 
sites are ster i c c lashes o f the p h e n p r o t o n s w i t h the bases r e l i e v e d . 
[ R h ( p h i ) 2 ( b p y ) ] 3 + , o n the o t h e r h a n d , conta ins a p h i l i g a n d i n one o f the 
a n c i l l a r y pos i t i ons ; i n this c o m p l e x the a n c i l l a r y p h i is p u l l e d away f r o m 
the h e l i x a n d s ter i c c lash w i t h p r o t o n s i n the m a j o r g r o o v e is a v o i d e d . 
H e n c e [ R h ( p h i ) 2 ( b p y ) ] 3 + is essent ial ly sequence -neutra l i n its interact ions 
w i t h B - f o r m D N A , m a k i n g th is c o m p l e x a h i g h - r e s o l u t i o n p h o t o f o o t 
p r i n t i n g agent . F o r e x a m p l e , [ R h ( p h i ) 2 ( b p y ) ] 3 + has b e e n u s e d to m a p 
the assoc iat ion o f E c o R I w i t h D N A , because spec i f i c b i n d i n g o f the p r o 
t e i n i n h i b i t s i n t e r c a l a t i o n o f the m e t a l c o m p l e x a n d t h e r e f o r e e l i m i n a t e s 
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A,a - (K,R)-[Rh(Me 2 trien)(phi)] 3 + [Rh(4,4 ,-dimethylbpy) 2(phi)] 3 + 

Figure 4. Phi complexes of rhodium that recognize DNA with differing 
site selectivity. Clockwise, from upper left: [Rh(phen)2phi]3+ recognizes 5'-
pyr-pyr-pur-pur-3' sequences, characterized by an open major groove (22). 
[Rh(phi) 2(bpy)]3+ binds and cleaves B-form DNA without sequence selec
tivity, making it a high-resolution photofootprinting reagent (37). Δ-
[Rh(4,4'-dimethylbpy)2(phi)]3+ recognizes the palindromic sequence 5'-
CTCTAGAG-3' and displays striking enantioselectivity (40). A,a,-(R,R) 
[Rh(Me2trien) (phi)\3+ recognizes 5'-TGCA-3' sequences through a combi
nation of van der Waals interactions involving the methyl groups on the 
ligand and hydrogen bond donation by the axial amines (38). 
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p h o t o c l e a v a g e at the p r o t e i n ' s b i n d i n g site (58). T h e h ighes t d e g r e e o f 
s i t e - se l e c t i v i ty a t t a i n e d b y a r h o d i u m ( I I I ) c o m p l e x to date has b e e n w i t h 
the b u l k y c o m p l e x [ R h ( 4 , 4 ' - d i p h e n y l b p y ) 2 ( p h i ) ] 3 + . T h i s c o m p l e x r e c 
ogn izes the 8 base -pa i r s equence 5 ' - C T C T A G A G - 3 ' w i t h a spec i f i c i t y 
a n d b i n d i n g s t r e n g t h that r iva l s D N A - b i n d i n g p r o t e i n s (61). 

[ R h ( p h i ) 2 ( p h e n ) ] 3 + is a p a r t i c u l a r l y su i tab le l u m i n e s c e n c e q u e n c h e r 
for o u r inves t igat i ons o f e l e c t r o n - t r a n s f e r reac t i ons o n D N A . Its e l e c 
t r o n i c p r o p e r t i e s are favorab le for e l e c t r o n trans fer , a n d this r h o d i u m 
c o m p l e x is p r i m a r i l y sequence n e u t r a l , so that n e a r l y r a n d o m b i n d i n g 
o f the d o n o r a n d a c c e p t o r is e x p e c t e d . M o r e o v e r , the p h o t o c l e a v a g e 
r e a c t i o n ac tua l l y a l l ows us to i d e n t i f y the pos i t i ons o f b i n d i n g o f the 
a c c e p t o r to the D N A d o u b l e h e l i x . 

Electron-Transfer Reactions Between Metal Complexes 
in the Presence of DNA 
W h e n [ R h ( p h i ) 2 ( p h e n ) ] 3 + is t i t r a t e d i n t o a s o l u t i o n c o n t a i n i n g 
[ R u ( p h e n ) 2 ( d p p z ) ] 2 + a n d B - f o r m D N A , the p h o t o i n d u c e d l u m i n e s c e n c e 
o f the r u t h e n i u m ( I I ) c o m p l e x is q u e n c h e d d r a m a t i c a l l y (53). I n these 
e x p e r i m e n t s , l u m i n e s c e n c e is m o n i t o r e d b y laser flash as q u e n c h e r is 
a d d e d . D a t a are t h e n p l o t t e d i n S t e r n - V o l m e r f o rmat , w h e r e the ra t i o 
o f i n i t i a l i n t e n s i t y / i n t e n s i t y (I0/I) is g i v e n as a f u n c t i o n o f q u e n c h e r c o n 
c e n t r a t i o n [Q]. T h e d e g r e e o f l i f e t i m e q u e n c h i n g c a n also b e d e s c r i b e d 
b y p l o t t i n g the i n v e r s e o f the l i f e t i m e ( r 0 / r ) versus [Q]. N o r m a l l y , w h e n 
c h r o m o p h o r e a n d q u e n c h e r interact b i m o l e c u l a r l y , S t e r n - V o l m e r graphs 
are l i n e a r w i t h [Q] a n d the s lope for r 0 / r is the same as that for I0/I. 

W h a t is a c t u a l l y o b s e r v e d , h o w e v e r , is that [ R h ( p h i ) 2 ( p h e n ) ] 3 + i n 
t e r c a l a t e d in to D N A q u e n c h e s the i n t e n s i t y o f [ R u ( p h e n ) 2 ( d p p z ) ] 2 + * 
m u c h m o r e e f fect ive ly than it quenches the t w o l i f e t imes , as s u m m a r i z e d 
i n T a b l e I I . T h i s effect is most p r o n o u n c e d w h e n the D N A h e l i x is a 
short o l i g o n u c l e o t i d e . T h e d i r e c t c o m p a r i s o n o f q u e n c h i n g i n the ab 
sence o f D N A cannot b e a c c o m p l i s h e d because the r u t h e n i u m ( I I ) c o m 
p l e x does not l u m i n e s c e i n aqueous s o l u t i o n ; h o w e v e r , e l e c t r o n t rans fer 
f r o m [ R u ( p h e n ) 3 ] 2 + * to [ R h ( p h i ) 2 ( p h e n ) ] 3 + i n b u f f e r e d s o l u t i o n p r o v i d e s 
a c o n t r o l w i t h the same t h e r m o d y n a m i c d r i v i n g force (40). 

T h e so lu t i on -phase q u e n c h i n g o f [ R u ( p h e n ) 3 ] 2 + * l u m i n e s c e n c e is 
m i n i m a l at these c o n c e n t r a t i o n s , s u p p o r t i n g the n o t i o n that the r e 
m a r k a b l y ef f ic ient q u e n c h i n g o f [ R u ( p h e n ) 2 ( d p p z ) ] 2 + * l u m i n e s c e n c e b y 
r h o d i u m ( I I I ) is c a t a l y z e d b y D N A . 

T o test spec i f i ca l l y the r o l e o f the D N A π-way, w e m o n i t o r e d the 
q u e n c h i n g o f [ R u ( p h e n ) 2 ( d p p z ) ] 2 + * i n D N A b y h e x a ( a m i n e ) r u t h e n i u m 
(III). [ R u ( N H 3 ) 6 ] 3 + is an effective ox idat ive q u e n c h e r o f the l u m i n e s c e n c e 
o f r u t h e n i u m ( I I ) p o l y p y r i d y l c o m p l e x e s (62) a n d b i n d s to D N A b y e l e c 
t rostat i c a n d h y d r o g e n b o n d i n g i n t e r a c t i o n s (63). T h e r e s u l t i n g S t e r n -
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V o l m e r p lo t s , also d e s c r i b e d i n T a b l e I I , are l i n e a r a n d the loss o f 
l u m i n e s c e n t i n t e n s i t y is f o u n d to m i r r o r t h e r e d u c t i o n i n l u m i n e s c e n t 
l i f e t i m e s . T h e s e k i n e t i c s re f lec t d y n a m i c q u e n c h i n g i n w h i c h the d o n o r 
a n d a c c e p t o r m o l e c u l e s are b r o u g h t t o g e t h e r b y m o l e c u l a r d i f fus i on , 
w h i c h o c curs o n a t i m e scale c o m p a r a b l e to the i n h e r e n t l u m i n e s c e n c e 
decay (64, 65). T h u s , the resul ts o f q u e n c h i n g o f [ R u ( p h e n ) 2 ( d p p z ) ] 2 + * 
l u m i n e s c e n c e b y [ R u ( N H 3 ) 6 ] 3 + i n the p r e s e n c e o f D N A are cons is tent 
w i t h a q u e n c h i n g m e c h a n i s m i n w h i c h [ R u ( N H 3 ) 6 ] 3 + is a d i f fus ib le species . 
T h i s n o r m a l S t e r n - V o l m e r b e h a v i o r di f fers s i gn i f i cant ly f r o m that o b 
s e r v e d w h e n i n t e r c a l a t e d [ R h ( p h i ) 2 ( p h e n ) ] 3 + is the q u e n c h e r , w h e n 
steady-state S t e r n - V o l m e r p lo ts are n o n l i n e a r a n d u p w a r d - c u r v i n g , a n d 
the steady-state q u e n c h i n g far exceeds the r e d u c t i o n i n l u m i n e s c e n t 
l i f e t i m e (Table II) . 

T h e large loss o f i n t e n s i t y a n d s m a l l loss i n the l i f e t i m e s o f 
[ R u ( p h e n ) 2 ( d p p z ) ] 2 + * l u m i n e s c e n c e i n the p r e s e n c e o f an i n t e r c a l a t e d 
q u e n c h e r is, ins tead , consistent w i t h a " s t a t i c " m e c h a n i s m o f q u e n c h i n g , 
one w h i c h o c curs faster t h a n the d i f fus ion o f these r i g i d l y b o u n d c o m 
p lexes . T h e r e are t w o m o d e l s that are o f ten p u t f o r t h to d e s c r i b e th is 
p h e n o m e n o n . T h e " s p h e r e o f a c t i o n " m o d e l for static q u e n c h i n g r e 
q u i r e s that q u e n c h e r s w i t h i n a c r i t i c a l d i s tance o f the e x c i t e d m o l e c u l e 
w i l l q u e n c h the e x c i t e d state o n a t i m e scale that is s h o r t e r t h a n d i f fus ion 
(64-66). I n the s e c o n d m o d e l , the c o m p l e x e s s i m p l y i n t e r a c t i n the 
g r o u n d state, p r e c l u d i n g p o p u l a t i o n o f the emiss ive e x c i t e d state. I n 
o u r sys tem no e v i d e n c e for g round -s ta te c o m p l e x f o r m a t i o n b e t w e e n 
these c a t i o n i c spec ies has b e e n f o u n d . I n d e e d D N A p h o t o c l e a v a g e as
says, i n w h i c h the p o s i t i o n o f the r h o d i u m m a y b e m o n i t o r e d o n the 
D N A h e l i x i n the p r e s e n c e a n d absence o f r u t h e n i u m , have i n d i c a t e d 
that the t w o c o m p l e x e s b i n d i n d e p e n d e n t l y a n d are s i t u a t e d r a n d o m l y 
o n the d o u b l e h e l i x (53). T h e r e f o r e , l u m i n e s c e n c e q u e n c h i n g o f the 
i n t e r c a l a t e d c o m p l e x e s l i k e l y r e q u i r e s a fast, l o n g - r a n g e e l e c t r o n i c i n 
t e r a c t i o n . B e c a u s e this static q u e n c h i n g is f o u n d o n l y w h e n b o t h d o n o r 
a n d acceptor are in te r ca la ted , w e propose that e l e c t r o n i c c o m m u n i c a t i o n 
is m e d i a t e d b y the D N A 7r -way. 

Energy Transfer or Electron Transfer? 
E x c i t e d - s t a t e q u e n c h i n g arises i n g e n e r a l because o f e n e r g y t rans fer o r 
e l e c t r o n transfer o r some m i x t u r e thereo f . T h e r e are severa l reasons 
w h y the q u e n c h i n g i n this sys tem m a y most r easonab ly b e a t t r i b u t e d to 
a l ong-range e lec tron- trans fer r eac t i on r a t h e r than e n e r g y transfer . W i t h 
a d r i v i n g force o f—0.8 V , e l e c t r o n transfer is t h e r m o d y n a m i c a l l y f a v o r e d 
(53). (The r e d u c t i o n o f [ R h ( p h i ) 2 p h e n ] 3 + i n Ν,Ν-dimethylformamide is 
q u a s i r e v e r s i b l e , w i t h a r e d u c t i o n p o t e n t i a l (E°) o f + 0 . 0 1 V vs. N H E . 
T h e Eoo o f p h o t o e x c i t e d [ R u ( p h e n ) 2 d p p z ] 2 + * is 2.4 V a n d the g r o u n d 
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state p o t e n t i a l is —1.6 V . T h e d r i v i n g f orce is c a l c u l a t e d b y the e q u a t i o n 
E ° ( * D / D + ) = E°(D/D+) + E00(*D) + E°(A/A~).) I n q u e n c h i n g studies o f 
o t h e r r u t h e n i u m ( I I ) p o l y p y r i d y l c o m p l e x e s b y r h o d i u m ( I I I ) p o l y p y r i d y l 
c o m p l e x e s , researchers have d e m o n s t r a t e d that e l e c t r o n t rans fer is the 
d o m i n a n t m e c h a n i s m o f l u m i n e s c e n c e q u e n c h i n g (67-71). I n a d d i t i o n , 
a l t h o u g h F o r s t e r e n e r g y t rans fer is k n o w n to o c c u r o v e r the distances 
p r o p o s e d (23), th is m e c h a n i s m r e q u i r e s s p e c t r a l o v e r l a p b e t w e e n the 
absorbance b a n d o f the a c c e p t o r a n d the e m i s s i o n b a n d o f the p h o t o e x 
c i t e d e n e r g y d o n o r ; r u t h e n i u m ( I I ) * e m i s s i o n , w i t h a m a x i m u m at 6 1 7 
n m , does not o v e r l a p the l owes t e n e r g y absorbance o f the r h o d i u m ( I I I ) 
c o m p l e x , w i t h a m a x i m u m at 3 6 0 n m . I n r e c e n t t rans ient a b s o r p 
t i o n spec t ros cop i c m e a s u r e m e n t s , w e h a v e , f u r t h e r m o r e , i d e n t i f i e d 
the Ru(III ) e l e c t r o n transfer i n t e r m e d i a t e . L u m i n e s c e n c e q u e n c h i n g 
o f R u ( D M P ) 2 d p p z 2 + ( D M P = d i m e t h y l p h e n ) e x c i t e d state b y Δ -
R h ( p h i ) 2 b p y 3 + b o u n d to D N A y i e l d s a l o n g - l i v e d (>1 MS) t rans ient i n 
t e r m e d i a t e , w h o s e i n t e n s i t y para l l e l s the f r a c t i o n o f l u m i n e s c e n c e 
q u e n c h i n g ; the w a v e l e n g t h d e p e n d e n c e , a d d i t i o n a l l y , is cons is tent w i t h 
the Ru(III ) spec ies (72). W e cannot r u l e out the p o s s i b i l i t y that some 
q u e n c h i n g p r o c e e d s b y D e x t e r e n e r g y t rans fer (64, 73-75), b u t i t is 
no tab le that this exchange e n e r g y - t r a n s f e r m e c h a n i s m is i t s e l f a f o r m o f 
e l e c t r o n transfer . T h u s , t h e r m o d y n a m i c s , l i t e r a t u r e p r e c e d e n c e , a n d 
the d i r e c t s p e c t r o s c o p i c i d e n t i f i c a t i o n o f the i n t e r m e d i a t e a l l s u p p o r t 
the p r o p o s i t i o n that l u m i n e s c e n c e q u e n c h i n g b e t w e e n [ R u ( p h e n ) 2 

( d p p z ) ] 2 + * a n d [ R h ( p h i ) 2 ( p h e n ) ] 3 + p r o c e e d s b y an e l e c t r o n - t r a n s f e r 
r e a c t i o n . 

Electron-Transfer Reactions Between Metal Complexes 
Bound Covalently to DNA 
T o invest igate i n m o r e d e t a i l the effects o f the D N A m e d i u m o n l o n g -
range e l e c t r o n transfer b e t w e e n i n t e r c a l a t e d spec ies , w e h a v e d e s i g n e d 
a system i n w h i c h the d o n o r a n d a c c e p t o r m e t a l c o m p l e x e s are t e t h e r e d 
to the 5 ' - t e r m i n i o f a 15-base p a i r D N A d u p l e x (76). A t t a c h m e n t o f one 
m e t a l c o m p l e x to each e n d o f the o l i g o n u c l e o t i d e d u p l e x t h r o u g h a 
flexible l i n k e r a l l ows the f o r m a t i o n o f a w e l l - d e f i n e d e l e c t r o n - t r a n s f e r 
assembly w i t h d o n o r a n d a c c e p t o r b o u n d at d i s t i n c t pos i t i ons w i t h a 
d i s c re te d is tance o f separat i on . T h e assembly is s h o w n s c h e m a t i c a l l y i n 
F i g u r e 5. C o v a l e n t a t ta chment o f e a c h m e t a l c o m p l e x to the 5 ' - t e rminus 
o f an o l i g o n u c l e o t i d e also p e r m i t s t w o c o m p a n i o n e x p e r i m e n t s , r e p r e 
s e n t e d i n F i g u r e 5, w h i c h are use fu l i n c h a r a c t e r i z i n g the e l e c t r o n -
transfer c h e m i s t r y . H y b r i d i z a t i o n o f a r u t h e n a t e d o l i g o n u c l e o t i d e to its 
u n m o d i f i e d c o m p l e m e n t p e r m i t s m e a s u r e m e n t s o f l u m i n e s c e n c e i n t h e 
absence o f r h o d i u m q u e n c h e r a n d thus offers a means to c h a r a c t e r i z e 
the i n t e r c a l a t e d spec ies . F u r t h e r m o r e , p h o t o c l e a v a g e reac t i ons o n the 
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462 MECHANISTIC BIOINORGANIC CHEMISTRY 

r h o d i u m - m o d i f i e d o l i g o n u c l e o t i d e h y b r i d i z e d to its u n m o d i f i e d c o m 
p l e m e n t p e r m i t s a m e a s u r e m e n t o f the p o s i t i o n o f i n t e r c a l a t i o n o n the 
d u p l e x , because p h o t o a c t i v a t e d c leavage c a n b e u s e d to m a r k the site 
o f b i n d i n g b y these r h o d i u m complexes . M o d e l i n g studies have suggested 
that o u r t e t h e r is suf f i c ient ly flexible to p e r m i t i n t e r c a l a t i o n t w o base 
pa irs f r o m the e n d o f the h e l i x . 

W h e n the r u t h e n i u m - m o d i f i e d o l i g o m e r is a n n e a l e d to its u n m e t a l -
l a t e d c o m p l e m e n t , the m e t a l c o m p l e x in terca la tes a n d in tense l u m i n e s 
c e n c e is o b s e r v e d (77). B y contrast , the r u t h e n i u m - m o d i f i e d o l i g o n u 
c l e o t i d e a lone or i n the p r e s e n c e o f n o n c o m p l e m e n t a r y s i n g l e - s t r a n d e d 
D N A d i sp lays l i t t l e l u m i n e s c e n c e . T h e s e resul ts are cons is tent w i t h p r e 
v i ous s tudies ; l u m i n e s c e n c e is o b s e r v e d i n aqueous s o l u t i o n o n l y w h e n 
the s t a c k e d bases o f a D N A h e l i x p r o v i d e a p l a t f o r m for i n t e r c a l a t i o n o f 
the d p p z l i g a n d . 

T a b l e III shows that the l u m i n e s c e n t l i f e t imes a n d the r e l a t i v e l u 
minescent intensit ies for the c ova lent ly b o u n d d u p l e x a n d its noncova lent 
analogue are s imi lar . A s w i t h [ R u ( p h e n ) 2 ( d p p z ) ] 2 + , a b i e x p o n e n t i a l decay 
i n e m i s s i o n is o b s e r v e d for the r u t h e n a t e d o l i g o n u c l e o t i d e h y b r i d i z e d 
to its c o m p l e m e n t . A s m a l l shift i n the w a v e l e n g t h o f m a x i m u m e m i s s i o n 
is also o b s e r v e d c o m p a r e d to the n o n c o v a l e n t c o m p l e x . T h i s shift l i k e l y 
ref lects the sens i t i v i ty i n e m i s s i o n to the s t a c k i n g o f the o r i e n t e d d p p z 
l i g a n d ; a d e p e n d e n c e o f the m a x i m u m e m i s s i o n w a v e l e n g t h o n base 

Rh Ru 

Intercalation 

Position 
Figure 5. Schematic drawing of intramolecular, covalently bound inter-
calators on an oligonucleotide. The luminescent properties of the ruthenium-
modified duplex provide information about the mode of intercalation; pho
tocleavage of the oligonucleotide by covalently bound rhodium provides a 
determination of the position(s) of intercalation. 
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c o m p o s i t i o n has b e e n o b s e r v e d w i t h n o n c o v a l e n t l y b o u n d c o m p l e x e s 
(48; T a b l e I). 

T h e l u m i n e s c e n c e o f the h y b r i d i z e d [ R u ( p h e n ) 2 ( d p p z ) ] 2 + d e r i v a t i v e 
m a y b e u s e d to c h a r a c t e r i z e the m o l e c u l a r assembly (77). D i l u t i o n ex
p e r i m e n t s s h o w that i n t e r c a l a t i o n is i n t r a m o l e c u l a r at c o n c e n t r a t i o n s 
<5 m M d u p l e x ; a d d i t i o n o f u n m o d i f i e d d u p l e x to the c o v a l e n t l y b o u n d 
d u p l e x results i n < 5 % c h a n g e i n the l u m i n e s c e n c e . T h e resul ts o f ex
p e r i m e n t s p e r f o r m e d o n d u p l e x e s c o n t a i n i n g m i s m a t c h e s i n v a r i o u s p o 
sit ions a l o n g the d u p l e x are also cons is tent w i t h i n t r a m o l e c u l a r i n t e r 
c a l a t i o n . I n this series , l u m i n e s c e n c e is h i g h e r for m i s m a t c h e s near the 
r u t h e n a t e d e n d o f the o l i g o m e r , w h e r e the r u t h e n i u m c o m p l e x c a n i n 
terca late i n t r a m o l e c u l a r l y a n d s tab i l i z e the m i s m a t c h e d site . 

L u m i n e s c e n c e t i t ra t i ons f u r t h e r d e m o n s t r a t e that the r u t h e n a t e d 
d u p l e x behaves as a 15 m e r b e a r i n g one i n t e r c a l a t o r (76). A s free 
[ R u ( p h e n ) 2 ( d p p z ) ] 2 + is a d d e d to a s o l u t i o n o f u n m e t a l l a t e d 15 m e r d u 
p l e x , the l u m i n e s c e n c e increases l i n e a r l y u n t i l the e m i s s i o n reaches sat
u r a t i o n at about three equiva lents o f ru then ium(I I ) p e r d u p l e x , consistent 
w i t h c o m p e t i t i v e b i n d i n g o f [ R u ( p h e n ) 2 ( d p p z ) ] 2 + to the 1 5 - m e r d u p l e x 
a n d an average b i n d i n g site s ize o f a l i t t l e m o r e t h a n f our base pa i r s . 
W h e n the analogous e x p e r i m e n t is c o n d u c t e d w i t h the r u t h e n a t e d d u 
p l e x , sa turat i on o f l u m i n e s c e n c e o c curs after a lmost t w o e q u i v a l e n t s o f 
[ R u ( p h e n ) 2 ( d p p z ) ] 2 + are a d d e d . T h i s c o m p a r i s o n ind i ca tes that the co 
v a l e n t l y b o u n d r u t h e n i u m ( I I ) c o m p l e x is not d i s p l a c e d b y a d d i t i o n a l 
in te r ca la tors . 

Table III. Excited-State Lifetimes and Integrated Intensities for Covalently 
Bound Duplex and Its Noncovalent Analogue 

Sample τ (ns)a'b %c Kax (nm) 

Ru-duplex 500 60 598 0.0071 Ru-duplex 
110 40 

Ru + duplex 420 35 610 0.0063 
90 65 

NOTE: All steady-state and time-resolved measurements were taken at 20 °C using 
instrumentation described in reference 50. Ru-duplex refers to 5'-[Ru(phen')2(dppz)]-
A G T G C C A A G C T T G C A - 3 ' annealed to its complement. 
a Error was estimated to be ± 1 0 % for both steady-state and time-resolved measurements. 
b Samples were used in time-resolved measurements contained either 5 μΜ of the covalently 
bound duplex or 5 μΜ [Ru(phen)2(dppz)]2+ and 5 μΜ of the analogous 15-mer duplex. 
c Lifetime ratios were calculated from the magnitudes of the pre-exponential factors pro
duced by the program used in the deconvolution of the time-resolved data. 
d Quantum yields, Φ, were determined relative to [Ru(bpy) 3] 2 + (Φ = 0.042). 
e Samples used in steady-state measurements contained either 4 μΜ of the covalently 
bound duplex or 4 μΜ [Ru(phen)2(dppz)]2+ and 4 μΜ of the analogous 15-mer duplex. 
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H y b r i d i z a t i o n o f the [Rh(phi ) 2 (phen) ] -modi f i ed o l i g o n u c l e o t i d e w i t h 
its u n m o d i f i e d c o m p l e m e n t p e r m i t s the p o s i t i o n o f i n t e r c a l a t i o n o n the 
h e l i x to b e d e t e r m i n e d , because p h o t o a c t i v a t i o n o f p h i c o m p l e x e s o f 
r h o d i u m p r o m o t e s s t r a n d c leavage at the site o f i n t e r c a l a t i o n (41). T h e 
c o m p l e m e n t a r y s t rand is r a d i o a c t i v e l y l a b e l e d at its 5 ' -end a n d a n n e a l e d 
to the r h o d i u m - m o d i f i e d s t r a n d . P h o t o c l e a v a g e f o l l o w e d b y g e l e l e c 
t r o p h o r e s i s shows that the c o v a l e n t l y b o u n d r h o d i u m c o m p l e x c leaves 
w i t h h i g h spec i f i c i ty at sites 2 a n d 3 f r o m the 3 ' - t e rminus o f the 3 2 P -
l a b e l e d s t r a n d (76; F i g u r e 6). I n contrast , D N A c leavage b y free 
[ R h ( p h i ) 2 ( p h e n ) ] 3 + y i e l d s r e a c t i o n at a l l pos i t i ons o n the o l i g o m e r . T h i s 
resul t indicates the p o s i t i o n i n g o f the cova lent ly b o u n d in terca la tor w i t h 
s i m i l a r p r o b a b i l i t y one or t w o base pa i rs i n f r o m the 5 ' -end o f the m o d 
i f i e d s t rand . T h e spec i f i c i ty o f the r h o d i u m ( I I I ) c o m p l e x also argues that 
i n t e r c a l a t i o n o f these c o v a l e n t l y a t t a c h e d c o m p l e x e s is l a r g e l y i n t r a 
m o l e c u l a r . B e c a u s e the l i n k e r a r m is the same for b o t h m e t a l c o m p l e x e s , 
one m a y d e d u c e that b o t h the r h o d i u m ( I I I ) a n d the r u t h e n i u m ( I I ) c o m 
plexes are ab le to i n t e r c a l a t e one a n d t w o bases f r o m the 5'-sites o f 
a t tachment . B e c a u s e the s t a c k i n g d i s tance b e t w e e n 7r-systems is 3.4 A 
(54), h y b r i d i z a t i o n o f r u t h e n a t e d 15 m e r h y b r i d i z e d to its r h o d i u m -
m o d i f i e d c o m p l e m e n t creates an assembly i n w h i c h the i n t e r c a l a t e d 
l i gands o f the t w o m e t a l c o m p l e x e s are separated b y at least 41 A (the 
most p r o b a b l e d i s tance o f separa t i on is 4 4 A ) . F i g u r e 7 i l lus t rates the 
assembly a n d the f u n c t i o n a l i z e d m e t a l c omplexes u s e d i n its c ons t ruc t i on . 

W h a t is the l e v e l o f i n t r a m o l e c u l a r l u m i n e s c e n t q u e n c h i n g o b s e r v e d 
w h e n the m e t a l l a t e d D N A strands are a n n e a l e d to e a c h o ther ? I n this 
sys tem w i t h donors a n d acceptors s epara ted b y > 4 1 A w e h a d e x p e c t e d 
to find a s m a l l b u t s igni f i cant l e v e l o f q u e n c h i n g . W h a t w e a c t u a l l y o b 
serve is the c o m p l e t e q u e n c h i n g o f l u m i n e s c e n c e , a resu l t that p e r h a p s 
is not s u r p r i s i n g g i v e n the static q u e n c h i n g e x p e r i m e n t s o n D N A w i t h 
n o n c o v a l e n t l y b o u n d spec ies . O n the basis o f this q u e n c h i n g , laser flash 
pho to lys i s s tudies p u t a l o w e r l i m i t o n the rate o f e l e c t r o n transfer o f 3 

Figure 6. Sequence of a 15-mer oligonucleotide bearing covalently bound 
rhodium(III) complex, hybridized to its 32P-labeled complement. Arrows 
point to the sites of photocleavage by the metal complex, establishing that 
it is intercalated either adjacent to the first (as shown) or second base steps 
from the site of covalent attachment. 

Χ 1 0 9 s " 1 t h r o u g h the ττ-stack (76). 

5 f *AGTGCCAAGCTTGC| 
3 1 TCACGGTTCGAACG 
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T a b l e I V c o m p a r e s th is resu l t to the steady-state l u m i n e s c e n c e o f 
r e l a t e d species. F o r example , the a d d i t i o n o f the d o u b l y m o d i f i e d d u p l e x 
to the r u t h e n i u m - m o d i f i e d d u p l e x does not q u e n c h the l u m i n e s c e n c e 
f r o m the r u t h e n i u m - m o d i f i e d d u p l e x . T h e la ck o f l u m i n e s c e n c e d e m 
onstrates the absence o f any a d v e n t i t i o u s q u e n c h e r s i n the r h o d i u m ( I I I ) 
sample . A d d i t i o n o f an e q u i m o l a r a m o u n t o f r h o d i u m - m o d i f i e d d u p l e x 
to r u t h e n i u m - m o d i f i e d d u p l e x also does not p r o m o t e s igni f i cant 
q u e n c h i n g o f the r u t h e n i u m d u p l e x , consistent w i t h the q u e n c h i n g b e i n g 
substant ia l ly i n t r a m o l e c u l a r at these c o n c e n t r a t i o n s . T h e s e studies c o m 
p l e m e n t the p h o t o c l e a v a g e e x p e r i m e n t s ( F i g u r e 6) , f r o m w h i c h w e es
t i m a t e less t h a n 1 5 % 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 at these c o n c e n t r a t i o n s . 

It is also use fu l to c o n s i d e r the l u m i n e s c e n c e f r o m m e t a l l a t e d o l i 
g o n u c l e o t i d e s i n the p r e s e n c e o f n o n c o v a l e n t m e t a l l o i n t e r c a l a t o r . A d d 
i n g one e q u i v a l e n t o f free [ R u ( p h e n ) 2 ( d p p z ) ] 2 + to the r u t h e n i u m -
m o d i f i e d d u p l e x d o u b l e s the i n t e n s i t y i n l u m i n e s c e n c e , cons is tent w i t h 
i n d e p e n d e n t i n t e r c a l a t i o n b y the t w o spec ies . A s d e s c r i b e d e a r l i e r , 
steady-state l u m i n e s c e n c e reaches sa tura t i on at a p p r o x i m a t e l y t h r e e 
t imes the l u m i n e s c e n c e o f the r u t h e n i u m - m o d i f i e d d u p l e x w h e n t w o 
equ iva lents o f [ R u ( p h e n ) 2 ( d p p z ) ] 2 + have b e e n a d d e d . It is not s u r p r i s i n g , 
t h e n , that a d d i t i o n o f a s t o i c h i o m e t r i c a m o u n t o f [ R h ( p h i ) 2 ( p h e n ) ] 3 + to 
the r u t h e n i u m - m o d i f i e d d u p l e x leads to substant ia l b u t not c o m p l e t e 
q u e n c h i n g o f the r u t h e n i u m e m i s s i o n . S ta t i s t i ca l l y , some d u p l e x e s w i l l 
a c c o m m o d a t e t w o r h o d i u m ( I I I ) c o m p l e x e s , l e a v i n g a f e w r u t h e n i u m -
m o d i f i e d d u p l e x e s u n o c c u p i e d a n d t h e r e f o r e u n q u e n c h e d . T h u s , c o m 
p l e t e q u e n c h i n g is o b s e r v e d o n l y w h e n the a c c e p t o r is c o v a l e n t l y b o u n d 
to the same d u p l e x as the d o n o r . 

A n ana logue o f [ R u ( p h e n ) 3 ] 2 + has also b e e n l i n k e d to the s m a l l e r 
o l i g o n u c l e o t i d e 5 ' - C T A T T A G C - 3 ' a n d [ R h ( p h e n ) 3 ] 3 + has b e e n l i n k e d to 

Figure 7. Structures of covalently bound donor and acceptor metal com
plexes with schematic picture of the doubly metallated 15-mer duplex. The 
closest metal-to-metal separation is 41 A. 
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Table IV. Luminescent Intensities of Covalent 
Metal-DNA Intercalation Complexes 

Relative 
Luminescence 

Sample0 Intensityb 

Ru-duplex 1.00 
Ru-duplex-Rh 0.00 
Va Ru-duplex + % Ru-duplex-Rh 0.57 
Va Ru-duplex + l / 2 duplex-Rh 0.43 
Ru-duplex + Ru(II) 2.78 
Ru-duplex + Rh(III) 0.08 

a Ru-duplex refers to 5'-[Ru(phen') 2(dppz)]-AGTGCCAAGCTTGCA-3' 
annealed to its complement; Ru-duplex-Rh refers to 5-[Ru(phen')2(dppz)]-
A G T G C C A A G C T T G C A - 3 ' annealed to 5'-[Rh(phi)2(phen')]-TGCAA-
G C T T G G C A C T - 3 ' ; Ru(II) and Rh(III) refer to [Ru(phen')2(dppz)]2+ 

and [Rh(phi)2(phen')]3+, respectively. 
h All spectra were taken on an SLM Aminco 8000 spectrofluorimeter. 
Intensities were integrated from 500 to 800 nm and are normalized 
to the luminescence intensity of Ru-duplex. The uncertainty of inte
grated intensities is ± 1 0 % (76). 

its c o m p l e m e n t (76). A s d e s c r i b e d i n the p r e c e d i n g p a r a g r a p h s , 
[ R u ( p h e n ) 3 ] 2 + l u m i n e s c e s i n the p r e s e n c e o f D N A w i t h t w o l i f e t i m e s , a 
short one c o m p a r a b l e to free r u t h e n i u m a n d an i n c r e a s e d exc i ted -s tate 
l i f e t i m e that arises f r o m the i n t e r c a l a t i v e l y b o u n d spec ies . W h e n the 
[ R u ( p h e n ) 3 ] - l a b e l e d o l i g o n u c l e o t i d e is h y b r i d i z e d to its c o m p l e m e n t , 
h o w e v e r , no l o n g - l i v e d l u m i n e s c e n c e is observed , i n d i c a t i n g the absence 
o f i n t e r c a l a t i o n b y the c o v a l e n t l y a t t a c h e d r u t h e n i u m c o m p l e x . A l s o , 
a l t h o u g h n o n c o v a l e n t l y b o u n d [ R u ( p h e n ) 3 ] 2 + is p r o t e c t e d f r o m q u e n c h 
i n g b y [ F e ( C N ) 6 ] 4 ~ , the d o u b l e he l i x offers no p r o t e c t i o n to the c ova l en t l y 
b o u n d r u t h e n i u m ( I I ) c o m p l e x f r o m f e r r o c y a n i d e q u e n c h i n g . I m p o r 
t a n t l y , w h e n this [ R u ( p h e n ) 3 ] - m o d i f i e d o l i g o n u c l e o t i d e is h y b r i d i z e d to 
the [ R h ( p h e n ) 3 ] - m o d i f i e d c o m p l e m e n t , t h e r e is no q u e n c h i n g o f l u m i 
nescence . T a k i n g these results w i t h those for the a v i d i n t e r c a l a t o r s , w e 
c o n c l u d e that i n t e r c a l a t i o n is r e q u i r e d for r a p i d e l e c t r o n transfer to 
o c c u r . T h u s , e l e c t r o n transfer appears to p r o c e e d m u c h m o r e e f f i c ient ly 
t h r o u g h n o n c o v a l e n t π i n t e r a c t i o n s t h a n a l o n g a c o v a l e n t σ f r a m e w o r k . 

T h e results for c o v a l e n t l y b o u n d analogues o f [ R u ( p h e n ) 2 ( d p p z ) ] 2 + 

a n d [ R h ( p h i ) 2 ( p h e n ) ] 3 + i n t e r c a l a t e d in to a 1 5 - m e r o l i g o n u c l e o t i d e 
t h e r e f o r e d e m o n s t r a t e that p h o t o i n d u c e d e l e c t r o n t rans fer b e t w e e n i n 
terca lators can o c c u r r a p i d l y o v e r > 4 0 A t h r o u g h a D N A h e l i x o v e r a 
p a t h w a y c o n s i s t i n g o f π-stacked base pa i rs . T h e D N A 7r-stack m a y b e 
c o n s i d e r e d a r e m a r k a b l y e f fect ive m e d i u m for e l e c t r o n i c c o u p l i n g o f 
i n t e r c a l a t e d spec ies . 
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Conclusion 
T h e e x p e r i m e n t s d e s c r i b e d i n this c h a p t e r p o i n t to the D N A 7r-stack as 
an ef fect ive i n t e r v e n i n g m e d i u m for l o n g - r a n g e e l e c t r o n trans fer . T h e 
results suggest m o r e g e n e r a l l y that a π-stack m a y p r o v i d e a subs tant ia l l y 
p r e f e r r e d p a t h w a y for e lec tron- trans fer react ions , a p a t h w a y that s h o u l d 
b e c o n s i d e r e d i n the s tudy o f b i o l o g i c a l t ranspor t a n d i n the d e s i g n o f 
n e w ar t i f i c i a l sensors. T h e s e e x p e r i m e n t s h o p e f u l l y also u n d e r s c o r e the 
u t i l i t y o f D N A as a p o l y m e r i n e x p l o r i n g these a n d o t h e r l o n g - r a n g e 
reac t i ons . T h e D N A o l i g o n u c l e o t i d e offers s y n t h e t i c f l e x i b i l i t y a n d a 
range o f tools to c h a r a c t e r i z e assembl ies that are f o r m e d . T h e resul ts 
d e s c r i b e d h e r e m a r k the b e g i n n i n g o f o u r e x p l o r a t i o n o f h o w the D N A 
d o u b l e h e l i x med ia tes e l e c t r o n - t r a n s f e r c h e m i s t r y a n d o f h o w m e t a l 
l o i n t e r c a l a t o r s m a y b e u s e d to p r o b e this c h e m i s t r y . 

Acknowledgments 
W e are gra te fu l to the efforts o f o u r c o l l abora to rs a n d c o - w o r k e r s , as 
n o t e d i n the i n d i v i d u a l r e f e rences . W e a c k n o w l e d g e i n p a r t i c u l a r the 
c o n t r i b u t i o n s o f C . V . K u m a r , w h o first d i s c o v e r e d the r e m a r k a b l e ef
ficiency o f D N A i n p r o m o t i n g reac t i ons b e t w e e n t r a n s i t i o n m e t a l c o m 
plexes . W e t h a n k also Jay W i n k l e r , w h o has p r o v i d e d e x p e r t t e c h n i c a l 
assistance i n the B e c k m a n Inst i tute laser laboratory . I n a d d i t i o n w e thank 
the N a t i o n a l Inst i tutes o f H e a l t h , the N a t i o n a l S c i e n c e F o u n d a t i o n , the 
A i r F o r c e Off ice o f Sc ient i f i c R e s e a r c h , the R a l p h M . Parsons F o u n d a t i o n , 
a n d the N a t i o n a l F o u n d a t i o n for C a n c e r R e s e a r c h for financial s u p p o r t . 

References 

1. Marcus, R. Α.; Sutin, N. Biochim. Biophys. Acta 1985, 811, 265. 
2. Bowler Β. E.; Raphael, A. L; Gray, Η. B. Prog. Inorg. Chem. 1990, 38, 259. 
3. Meyer T. J. Acc. Chem. Res. 1989, 22, 163. 
4. Energy Resources through Photochemistry and Catalysis; Gratzel, M., Ed.; 

Academic: New York, 1983. 
5. Moser, C. C.; Keske, J. M.; Warncke, K.; Farid, R. S.; Dutton, P. L. Nature 

(London) 1992, 355, 796. 
6. Wuttke, D. S.; Bjerrum, M. J.; Winkler, J. R.; Gray, H. B. Science (Wash

ington, D.C.) 1992, 256, 1007. 
7. McLendon, G. Acc. Chem. Res. 1988, 21, 160. 
8. Hoffman, B. M.; Natan, M. J.; Nocek, J. M.; Wallin, S. A. Struct. Bond. 1991, 

75, 85. 
9. Closs, G. L.; Calcaterra, L. T.; Green, N. J.; Penfield, K. W.; Miller, J. R. 

J. Phys. Chem. 1986, 90, 3673. 
10. Joran, A. D.; Leland, Β. Α.; Felker, P. M.; Zewail, A. H.; Hopfield, J. J.; 

Dervan, P. B. Nature (London) 1987, 327, 508. 
11. Meier, M. S.; Fox, Μ. Α.; Miller, J. R. J. Org. Chem. 1991, 56, 5380. 
12. Closs, G. L.; Miller, J. R. Science (Washington, D.C.) 1988, 240, 440. 
13. Isied, S. S.; Vassilian, A. J. Am. Chem. Soc. 1984, 106, 1726. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
6.

ch
01

7

In Mechanistic Bioinorganic Chemistry; Thorp, H., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1996. 



468 MECHANISTIC BIOINORGANIC CHEMISTRY 

14. Beratan, D. N.; Onuchic, J. N. In Electron Transfer in Inorganic, Organic, 
and Biological Systems; Bolton, J. R.; Mataga, N.; McLendon, G. L., Eds.; 
Advances in Chemistry 228; American Chemical Society: Washington, DC, 
1991; p 71. 

15. Ratner, M. A. J. Phys. Chem. 1990, 94, 4876. 
16. Naleway, C. Α.; Curtiss, L. Α.; Miller, J. R. J. Phys. Chem. 1991, 95, 8434. 
17. Risser, S. M.; Beratan, D. N.; Mead, T. J. J. Am. Chem. Soc. 1993, 115, 2508. 
18. Marks, T. J. Science (Washington, D.C.) 1985, 227, 881. 
19. Tanaka, M.; Yoshida, H.; Ogasawara, M.J. Phys. Chem. 1991, 95, 955. 
20. Schouten, P. G.; Warman, J. M.; deHaas, M. P.; Fox, Μ. Α.; Pan, H.-L. 

Nature (London) 1991, 353, 736. 
21. Markovitsi, D.; Bengs, H.; Ringsdorf, H. J. Chem. Soc. Faraday Trans. 1 

1992, 88, 1275. 
22. Gaudiello, J. C.; Kellogg, G. E.; Tetrick, S. M.; Marks, T. J. J. Am. Chem. 

Soc. 1989, 111, 5259. 
23. Cantor, C. R.; Schimmel, P. R. Biophysical Chemistry; W. H. Freeman and 

Company: New York, 1980. 
24. Otto, P.; Clementi, E.; Ladik; J. J. Chem. Phys. 1983, 78, 4547. 
25. Dee, D.; Baur, M. E. J. Chem. Phys. 1974, 60, 541. 
26. Risser, S. M.; Beratan, D. J.; Meade, T. J. J. Am. Chem. Soc. 1993, 115, 

2508. 
27. Fromherz, P.; Rieger, B. J. Am. Chem. Soc. 1986, 108, 5361. 
28. Brun, A. M.; Harriman, A. J. Am. Chem. Soc. 1992, 114, 3656. 
29. Barton, J. K.; Kumar, C. V.; Turro, N. J. J. Am. Chem. Soc. 1986, 108, 6391. 
30. Purugganan, M. D.; Kumar, C. V; Turro, N. J.; Barton, J. K. Science (Wash

ington, D.C.) 1988, 241, 1645. 
31. Miller, J. H.; Swenberg, C. E. Can. J. Phys. 1990, 68, 962. 
32. Baverstock, K. F.; Cundall, B. Radiat. Phys. Chem. 1988, 32, 553. 
33. Cullis, P. M.; McClymont, J. D., Symons, M. C. R. J. Chem. Soc. Faraday 

Trans. 1 1990, 86, 591. 
34. Houee-Levin, C.; Gardes-Albert, M.; Rouscilles, Α.; Ferradini, C.; Hickel, 

B. Biochemistry 1991, 30, 8216. 
35. Barton, J. K.; Goldberg, J. M.; Kumar, C. V.; Turro, N. J. J. Am. Chem. Soc. 

1986, 108, 2081. 
36. Kumar, C. V.; Barton, J. K.; Turro, N. J. J. Am. Chem. Soc. 1985, 107, 5518. 
37. Rehmann, J. P.; Barton, J. K. Biochemistry 1990, 29, 1701. 
38. Friedman, A. E.; Chambron, J.-C.; Sauvage, J.-P.; Turro, N. J.; Barton, J. K. 

J. Am. Chem. Soc. 1990, 112, 4960. 
39. Chambron, J.-C.; Sauvage, J.-P.; Amouyal, E.; Koffi, P. New J. Chem. 1985, 

9, 527. 
40. Amouyal, E.; Homsi, Α.; Chambron, J.-C.; Sauvage, J.-P. J. Chem. Soc. Dalton 

Trans. 1990, 1841, 1990. 
41. Sitlani, Α.; Long, E. C.; Pyle, A. M.; Barton, J. K. J. Am. Chem. Soc. 1992, 

14, 2303. 
42. Pyle, A. M.; Long, E. C.; Barton, J. K. J. Am. Chem. Soc. 1989, 111, 4520. 
43. David, S. S.; Barton, J. K. J. Am. Chem. Soc. 1993, 115, 2984. 
44. Pyle, A. M.; Chiang, M. Y.; Barton, J. K. Inorg. Chem. 1990, 29, 4487. 
45. Krotz, A. H.; Kuo, L. Y.; Barton, J. K. Inorg. Chem. 1993, 32, 5963. 
46. Friedman, A. E.; Kumar, C. V.; Turro, N. J.; Barton, J. K. Nucleic Acids Res. 

1991, 19, 2595. 
47. (a) Hartshorn, R. M.; Barton, J. K. J. Am. Chem. Soc. 1992, 114, 5925. (b) 

Dupureur, C. M.; Barton, J. K.; J. Am. Chem. Soc. 1994, 116, 10286. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
6.

ch
01

7

In Mechanistic Bioinorganic Chemistry; Thorp, H., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1996. 



17. ARKIN ET AL. Metallointercalators as Probes of the DNA π-way 469 

48. Jenkins, Y.; Friedman, A. E.; Turro, Ν. J.; Barton, J. Κ. Biochemistry 1992, 
31, 10811. 

49. Jenkins, Y.; Barton, J. K. Proc. SPIE—Int. Soc. Opt. Eng. 1993, 1885, 129. 
50. Gupta, N.; Grover, N.; Neyhart, G. Α.; Singh, P.; Thorp, Η. H. Inorg. Chem. 

1993, 32, 310. 
51. Hiort, C.; Lincoln, P.; Norden, B. J. Am. Chem. Soc. 1993, 115, 3448. 
52. Fees, J.; Kaim, W.; Moscherosch, M.; Matheis, W.; Klima, J.; Krejcik, M.; 

Zalis, S. Inorg. Chem. 1993, 32, 166. 
53. Murphy, C. J.; Arkin, M. R.; Ghatlia, N. D.; Bossmann, S.; Turro, N. J.; 

Barton, J. K. Proc. Natl. Acad. Sci. U.S.A. 1994, 91, 5315. 
54. Saenger, W. Principles of Nucleic Acid Structure; Springer-Verlag: New York, 

1984. 
55. Pyle, A. M.; Barton, J. K. Prog. Inorg. Chem. 1990, 38, 259. 
56. Chow, C. S.; Barton, J. K. Methods Enzymol. 1992, 212, 219. 
57. Chow, C. S.; Behlen, L. S.; Uhlenbeck, O. C.; Barton, J. K. Biochemistry 

1992, 31, 972. 
58. Uchida, K.; Pyle, A. M.; Morii, T.; Barton, J. K. Nucleic Acids Res. 1989, 

17, 10259. 
59. Krotz, A. H.; Kuo, L. Y.; Shields, T. P.; Barton, J. K. J. Am. Chem. Soc. 1993, 

115, 3876. 
60. Krotz, A. H.; Hudson, B. P.; Barton, J. K. J. Am. Chem. Soc. 1993, 115, 

12577. 
61. Sitlani, Α.; Dupureur, C.; Barton, J. K. J. Am. Chem. Soc. 1993, 115, 12589. 
62. Navon, G.; Sutin, N. Inorg Chem 1974, 13, 2159. 
63. Ho, P. S.; Frederick, C.; Saal, D.; Wang, A. H.-J.; Rich, A. J. Biomol. Struct. 

Dynam. 1987, 4, 521. 
64. Wagner, P. J. In Creation and Detection of the Excited State; Lamola, Α. Α., 

Ed.; Marcel Dekker: New York, 1971; Chapter 4, ρ 173. 
65. Turro, N. J. Modern Molecular Photochemistry; Benjamin-Cummings: Menlo 

Park, CA, 1978. 
66. Laws, W. R.; Contino, P. B. Methods Enzymol. 1992, 210, 448. 
67. Chan, S.-F.; Chou, M.; Creutz, C.; Matsubara, T.; Sutin, N. J. Am. Chem. 

Soc. 1981, 103, 369. 
68. Creutz, C.; Keller, A. D.; Sutin, N.; Zipp, A. P. J. Am. Chem. Soc. 1982, 

104, 3618. 
69. Kalyanasundaram, K.; Gratzel, M.; Nazeeruddin, M. K. J. Phys. Chem. 1992, 

96, 5865. 
70. Nozaki, K.; Ohno, T.; Haga, M. J. Phys. Chem. 1992, 96, 10880. 
71. Furue, M.; Hirata, M.; Kinoshita, S.; Kushida, T.; Kamachi, M. Chem. Lett. 

1990, 206. 
72. Stemp, E.; Arkin, M. R.; Barton, J. K. J. Am. Chem. Soc., in press. 
73. Dexter, D. L. J. Chem. Phys. 1953, 21, 836. 
74. Endicott, J. F. Acc. Chem. Res. 1988, 21, 59. 
75. Closs, G. L; Johnson, M. D.; Miller, J. R.; Piotrowiak, P. J. Am. Chem. Soc. 

1989, 111, 3751. 
76. Murphy, C. J.; Arkin, M. R.; Jenkins, Y.; Ghatlia, N. D.; Bossman, S.; Turro, 

N. J.; Barton, J. K. Science (Washington, D.C.) 1993, 262, 1025. 
77. Jenkins Y.; Barton, J. K. J Am. Chem. Soc. 1992, 114, 8737. 

RECEIVED for review August 23, 1993. ACCEPTED revised manuscript December 
21, 1993. 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
6.

ch
01

7

In Mechanistic Bioinorganic Chemistry; Thorp, H., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1996. 



18 
Donor-Acceptor Electronic Coupling 
in Ruthenium-Modified Heme Proteins 

Danilo R. Casimiro1, David N. Beratan2, José Nelson Onuchic 3, 
Jay R. Winkler1, and Harry B. Gray1 

1 Beckman Institute, California Institute of Technology, Pasadena, C A 91125 
2 Department of Chemistry, University of Pittsburgh, Pittsburgh, PA 15260 
3 Department of Physics, University of California, San Diego, La 
Jolla, C A 92093 

The rates of electron transfer (ET) in six Ru-modified cytochrome 
c derivatives were analyzed in terms of four theoretical models 
describing donor-acceptor electronic coupling. The simplest model, 
which treats the protein as a homogeneous medium, fails to describe 
the variations in ET rates with changes in donor-acceptor sepa
ration. The three other models explicitly account for the inhomo-
geneity of the polypeptide matrix and are more successful in de
scribing the electronic couplings. Calculations of relative coupling 
strengths give results within an order of magnitude of experimen
tally determined values for cytochrome c. The homogeneous-
-medium model is more successful in describing ET in Ru-modified 
myoglobin, and two of the inhomogeneous-medium models suggest 
that multiple pathways are important in mediating the electronic 
coupling. 

ANY BIOENERGETIC A N D BIOSYNTHETIC PROCESSES i n v o l v e e l e c t r o n -
t ransfer (ET) steps i n w h i c h an e l e c t r o n t u n n e l s s evera l angstroms f r o m 
d o n o r to a c c e p t o r t h r o u g h p r o t e i n (J) . T h e p r o b l e m o f u n d e r s t a n d i n g 
the d e t a i l e d m e c h a n i s m s o f these processes is b e i n g a d d r e s s e d e x p e r i 
m e n t a l l y t h r o u g h studies o f E T i n s y n t h e t i c m o d e l c o m p l e x e s (2-4), 
c h e m i c a l l y m o d i f i e d m e t a l l o p r o t e i n s (5), a n d p r o t e i n c o m p l e x e s (6-8). 
T h e o r e t i c a l efforts are a i m e d at d e s c r i b i n g the e l e c t r o n i c c o u p l i n g b e 
t w e e n distant r e d o x sites (9-21) a n d c l a r i f y i n g the i m p o r t a n c e o f p r o t e i n 
c o n f o r m a t i o n a l d y n a m i c s i n r e g u l a t i n g E T (22). A p a r t i c u l a r emphas i s 

0065-2393/95/0246-0471$08.00/0 
© 1995 American Chemical Society 
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o f o u r w o r k is to i d e n t i f y the r o l e o f the p r o t e i n m a t r i x i n m e d i a t i n g 
b i o l o g i c a l e l e c t r o n transfer . 

T h e w e a k e l e c t r o n i c c o u p l i n g b e t w e e n distant d o n o r a n d a c c e p t o r 
sites leads to l o n g - r a n g e E T rates (fcE T) that are w e l l - d e s c r i b e d b y a n o n -
ad iabat i c f o r m u l a t i o n (23): 

T h e rate is p r o p o r t i o n a l to an e l e c t r o n i c c o u p l i n g factor , | T D A | 2 , a n d a 
F r a n c k - C o n d o n factor , F C , that arises f r o m n u c l e a r m o t i o n c o u p l e d to 
the E T process . T h e F C factor descr ibes the t rade -o f f b e t w e e n r e a c t i o n 
free e n e r g y a n d the n u c l e a r r e o r g a n i z a t i o n e n e r g y . A t the o p t i m u m 
d r i v i n g force , F C is u n i t y , a n d rates r e a c h a m a x i m u m va lue (kmax), l i m i t e d 
b y I T D A | 2 . T h e s imples t d e s c r i p t i o n o f T D A treats the m e d i u m b e t w e e n 
d o n o r a n d a c c e p t o r as a o n e - d i m e n s i o n a l square t u n n e l i n g b a r r i e r 
( 1 D S B ) . A s s u c h , the rate is p r e d i c t e d to d r o p e x p o n e n t i a l l y w i t h 
R - R0, the t u n n e l i n g d i s tance (24, 25) : 

A c c o u n t i n g for the r o l e o f p r o t e i n - m e d i a t e d c o u p l i n g i n the 1 D S B 
m o d e l s amounts to ass ign ing a b a r r i e r h e i g h t for e l e c t r o n t u n n e l i n g . 
E a r l y est imates o f the e l e c t r o n i c c o u p l i n g decay constants b y H o p f i e l d 
(β = 1.4 À - 1 ) (24) a n d J o r t n e r (β = 2 .6 À " 1 ) (25) s t i m u l a t e d n u m e r o u s 
e x p e r i m e n t s o n s m a l l m o l e c u l e s a n d p r o t e i n s o f v a r i e d b r i d g e s t r u c t u r e . 
B o t h p r o t e i n s a n d h y d r o c a r b o n b r i d g e s o f k n o w n s t r u c t u r e w e r e u s e d 
to l i n k donors a n d acceptors . H o m o l o g o u s series o f o r g a n i c c o m p o u n d s 
d i s p l a y e d d i f ferent β va lues . I m p r o v e d t h e o r e t i c a l analysis s h o w e d that 
m u c h o f this d i v e r s i t y c o u l d ar ise f r o m b r i d g e o r b i t a l - e n e r g y a n d s y m 
m e t r y effects. D u t t o n a n d c o - w o r k e r s (26, 27) suggested that the u n i f o r m 
1 D S B m o d e l for e l e c t r o n t u n n e l i n g w i t h a s ing le e x p o n e n t i a l decay c o n 
stant (eq 2) qua l i ta t i ve ly descr ibes a b r o a d range o f na tura l a n d synthet i c 
E T systems. T h e v a l u e o f β d e r i v e d for b i o l o g i c a l E T systems was 1.4 
À " 1 . T h i s t r e a t m e n t p r o v i d e s a r e l i a b l e z e r o - o r d e r es t imate o f c o u p l i n g 
s trengths for m a n y p r o t e i n E T systems o v e r a w i d e range o f d o n o r -
a c c e p t o r separat ions . H o w e v e r , some d i s c r e p a n c i e s m a y b e d u e to spe 
c i f i c s t r u c t u r a l aspects o f the p r o t e i n s i n v o l v e d . 

A 1 D S B is a c r u d e a p p r o x i m a t i o n to a p o l y p e p t i d e m a t r i x . A m o r e 
s o p h i s t i c a t e d m o d e l c a n b e d e v e l o p e d b y d e c o m p o s i n g the p r o t e i n m e 
d i u m b e t w e e n t w o r e d o x sites i n t o s m a l l e r s u b u n i t s (28-31). T h e c o u 
p l i n g b e t w e e n the t e r m i n i i n a b r i d g e that is c o m p o s e d o f i d e n t i c a l 
r e p e a t i n g uni ts d r o p s b y a s i m p l e m u l t i p l i c a t i v e fac tor (e) as the c h a i n 
is l e n g t h e n e d . T h i s v a l u e o f e d e p e n d s o n the e n e r g y o f the t u n n e l i n g 

|T D A | 2 (FC) (1) 

2<7Γ 

W D S B = y |TDA(R0)|2exp[-/3(R - R0)](FC) (2) 
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e l e c t r o n as w e l l as the c o m p o s i t i o n o f the repeat u n i t i n the b r i d g e . F o r 
s i m p l i c i t y , the decay can b e d i v i d e d i n t o c o m p o n e n t s assoc iated w i t h 
e a c h b o n d e d a n d n o n b o n d e d contact w i t h i n the r epeat u n i t . 

T h e c o n v e n i e n t a n d p r a c t i c a l " d e c a y p e r u n i t " s trategy c a n b e 
r e a d i l y e x t e n d e d to a p e r i o d i c p r o t e i n s tructures b y d i f f e rent ia t ing a m o n g 
the m a n y types o f i n t e r a c t i o n s present i n a p r o t e i n s t r u c t u r e . T u n n e l i n g 
is m u c h m o r e ef f ic ient (the e l e c t r o n i c c o u p l i n g decays m o r e s l owly ) 
t h r o u g h b o n d e d orb i ta l s t h a n t h r o u g h space , because the p o t e n t i a l b a r 
r i e r is e f fect ively l o w e r . I n pro te ins , the c ova lent ly b o n d e d p a t h b e t w e e n 
d o n o r a n d a c c e p t o r can b e e x t r e m e l y l o n g c o m p a r e d to the d i r e c t 
t h r o u g h - s p a c e d i s tance . A s a first a p p r o x i m a t i o n , w e d i s t i n g u i s h o n l y 
b e t w e e n covalent bonds , h y d r o g e n bonds , a n d n o n b o n d e d through-space 
contact (subscr ipts C , H , a n d S, r e s p e c t i v e l y ) . I f a s ing le p a t h w a y d o m 
inates the m a t r i x e l e m e n t (9): 

Just as the e values are h i g h l y " r e n o r m a l i z e d " parameters i n the p e r i o d i c 
c h a i n c a l c u l a t i o n , these d e c a y factors are also r e n o r m a l i z e d for p r o t e i n s . 
T h e values o f the p a r a m e t e r s take i n t o a c count , i n an average w a y , h i g h 
o r d e r c o n t r i b u t i o n s to the c o u p l i n g , a d i s t r i b u t i o n i n b o n d energ ies a n d 
i n t e r a c t i o n s , a n d l o c a l q u a n t u m i n t e r f e r e n c e effects. A n y c o m b i n a t i o n 
o f c ova lent , h y d r o g e n - b o n d e d , a n d t h r o u g h - s p a c e contacts b e t w e e n the 
d o n o r a n d a c c e p t o r sites def ines a spec i f i c p h y s i c a l t u n n e l i n g p a t h w a y . 

W e est imate re la t ive t u n n e l i n g matr ix e lements b y finding the s ingle 
p h y s i c a l p a t h w a y that m a x i m i z e s the p r o d u c t i n e q 3 u s i n g the p a r a m 
eters (9, 30 , 32): 

6 S = asec e x p [ - 1 . 7 ( R - Rc)] * 0.5ec e x p [ - 1 . 7 ( R - Rc)] (4b) 

T h e constant chosen for e c is usua l ly 0 .6 , a n d for σ δ (the average t h r o u g h -
space o r i e n t a t i o n factor) the constant is 0 .5 . T h e s e p a r a m e t e r s are b a s e d 
o n e x p e r i m e n t s , w h e r e a v a i l a b l e , a n d o n t h e o r y w h e r e e x p e r i m e n t s are 
p r e l i m i n a r y or sparse. T h e nature o f the d o m i n a n t paths does not change 
dras t i ca l l y as the p a r a m e t e r s are v a r i e d o v e r a p h y s i c a l l y reasonab le 
range . T h e most c r i t i c a l p a r a m e t e r o f the m o d e l is the va lue o f e c r e la t ive 
to the e x p o n e n t i a l decay o f t h r o u g h - s p a c e i n t e r a c t i o n s . 

U s i n g the d e c a y factors i n eqs 3 a n d 4, one c a n search for the l o w e s t 
o r d e r c o n t r i b u t i o n s to T D A . I n this w a y , a m a c r o m o l e c u l e e l e c t r o n i c 
s t r u c t u r e p r o b l e m is r e d u c e d to the r e l a t i v e l y s i m p l e task o f finding the 
m i n i m u m d is tance i n a g r a p h . T h e m i n i m u m - d i s t a n c e p r o b l e m is w e l l -
k n o w n a n d c a n b e s o l v e d i n a reasonab le a m o u n t o f t i m e . T h u s , a g i v e n 
p r o t e i n s t r u c t u r e def ines the c o n n e c t i v i t y a n d d e c a y factors b e t w e e n 

T D A OC Π, € C(i) Π, 6 H ( j ) Π* €S(fc) (3) 

6 H = 6 C
2 e x p [ - 1 . 7 ( R - 2 R c ) ] (4a) 
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n e i g h b o r i n g sites a c c o r d i n g to the p r e s c r i p t i o n i n e q 3, a n d the o p t i m u m 
c o u p l i n g p a t h w a y s b e t w e e n any t w o p o i n t s are r e a d i l y c a l c u l a t e d . 

T h e 1 D S B m o d e l for p r o t e i n E T p r e d i c t s that In s h o u l d scale 
l i n e a r l y w i t h d istance . I n the t u n n e l i n g p a t h w a y (TP) m o d e l , rates s h o u l d 
scale w i t h the p r o d u c t o f decay factors i n e q 3. T h u s , i f pa thways b e t w e e n 
d o n o r a n d a c c e p t o r consist o f a s m a l l n u m b e r o f s t r o n g l i n k s ( covalent 
o r h y d r o g e n - b o n d e d connec t i ons ) , the c o u p l i n g s a n d m a x i m u m rates 
w i l l b e large . If, h o w e v e r , a d o n o r - a c c e p t o r p a i r has c i r c u i t o u s b o n d e d 
p a t h w a y s (i .e. , a l a rge n u m b e r o f c ova lent o r h y d r o g e n - b o n d e d l inks ) 
o r w e a k d i r e c t paths (i .e. , l o n g o r n u m e r o u s t h r o u g h - s p a c e contacts ) , 
the m a x i m u m rate w i l l b e a n o m a l o u s l y s l ow . T h e s e q u a l i t a t i v e e x p e c 
tat ions c a n be q u a n t i f i e d b y c a l c u l a t i n g the e f fect ive t u n n e l i n g p a t h w a y 
l e n g t h , σι = [In nf€(i)/ln € C ] R C . E T rates s h o u l d d r o p e x p o n e n t i a l l y w i t h 
the t u n n e l i n g p a t h w a y l e n g t h r a t h e r t h a n the p h y s i c a l d i s tance b e t w e e n 
d o n o r a n d acceptor . T h e v a l u e o f ec (0.6) i m p l i e s an e x p o n e n t i a l d e c a y 
constant o f 0 . 7 3 À " 1 . 

A h y b r i d a p p r o a c h to the e l e c t r o n i c c o u p l i n g p r o b l e m i n p r o t e i n s 
has b e e n i n t r o d u c e d b y S i d d a r t h a n d M a r c u s (10-12). I n this m e t h o d , 
a p a t h w a y - s e a r c h i n g a l g o r i t h m is c o m b i n e d w i t h e x t e n d e d H u c k e l ( E H ) 
ca l cu la t i ons o n a subset o f a m i n o acids i n the p r o t e i n . A s w i t h the T P 
m o d e l , a search o f the p r o t e i n s t r u c t u r e for i m p o r t a n t res idues r e d u c e s 
the c o m p l e x i t y o f the e l e c t r o n i c s t r u c t u r e p r o b l e m . T h e s e res idues are 
t h e n u s e d as a basis i n an E H c a l c u l a t i o n o f the e l e c t r o n i c c o u p l i n g 
m a t r i x e l e m e n t T D A . T h e m e t h o d is not e x p e c t e d to p r o d u c e h i g h l y 
accurate abso lute va lues o f T D A , b u t i t is e x p e c t e d to d e s c r i b e r e l a t i v e 
va lues o f this m a t r i x e l e m e n t . 

Cytochrome c 

O u r a p p r o a c h to s t u d y i n g the effects o f the i n h o m o g e n e o u s p r o t e i n 
m e d i u m o n E T rates is to p r o b e d i f ferent sect ions o f a s ing le p r o t e i n at 
m a n y p r e d e f i n e d distances a n d i n t e r v e n i n g s t ruc tures b y m o d i f y i n g s u r 
face sites w i t h r e d o x - a c t i v e p r o b e s (5). W e have c o m p l e t e d m e a s u r e 
ments o f i n t r a m o l e c u l a r e l e c t r o n transfer o n six d i f f erent r u t h e n i u m 
d e r i v a t i v e s o f w i l d - t y p e a n d m u t a n t c y t o c h r o m e s (33-36). E a c h d e r i v 
at ive conta ins a h i s t i d i n e r e s i d u e that is c o v a l e n t l y m o d i f i e d w i t h a 
b i s ( 2 , 2 ' - b i p y r i d i n e ) i m i d a z o l e r u t h e n i u m c o m p l e x . T h e h i s t id ine res idues 
are e i t h e r n a t u r a l l y o c c u r r i n g ( H i s - 3 3 o f horse c y t o c h r o m e c a n d H i s -
3 9 of Candida krusei c y t o c h r o m e c), i n t r o d u c e d s e m i s y n t h e t i c a l l y ( H i s -
7 2 o f horse c y t o c h r o m e c), or g e n e t i c a l l y e n g i n e e r e d ( H i s - 5 8 , H i s - 6 2 , 
a n d H i s - 6 6 o f Saccharomyces cerevisiae i s o - 1 - c y t o c h r o m e c). 

T h e rates o f i n t r a m o l e c u l a r F e 2 + -*> R u 3 + e l e c t r o n transfer w e r e m e a 
s u r e d b y a flash-quench t e c h n i q u e (33); the results are l i s t e d i n T a b l e I 
a l ong w i t h o ther p e r t i n e n t E T parameters . M e a s u r e d E T rates span 2 
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orders o f m a g n i t u d e a n d a 6-Â range o f e d g e - e d g e d o n o r - a c c e p t o r sep
arations. M a x i m u m E T rates, fcmax, w e r e est imated b y a classical expression 
for F C (λ = 0.8 eV) (23). 

T h e 1 D S B m o d e l [using D u t t o n ' s p a r a m e t e r s , β = 1.4 Â - 1 a n d 
kmax(R = 3 Â = R 0 ) = 1 0 1 3 s _ 1 ] c ons i s t ent ly p r e d i c t s E T rates faster t h a n 
are o b s e r v e d , a n d kmax is not s t r o n g l y c o r r e l a t e d w i t h R ( F i g u r e 1) 
(34-36). T h e systemat ic dev ia t i ons c o u l d b e c o r r e c t e d b y c h o o s i n g a 

12 

10 

S 
M 

H72 

H33 H39 
H66 

H58 

H62 

10 15 20 

R, À 

Figure 1. Variation of maximum ET rates with edge-edge donor-acceptor 
distance in Ru(bpy)2(im) (HisX)-modified cytochrome c (Χ = 33, 39, 58, 
62, 66, and 72). 
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m o r e a p p r o p r i a t e d is tance m e a s u r e (e.g., m e t a l - t o - m e t a l r a t h e r t h a n 
edge-to -edge) or , e q u i v a l e n t l y , a s m a l l e r v a l u e o f fcmax at c lose contac t . 
T h e scatter , h o w e v e r , re f lects a weakness i n the 1 D S B m o d e l , most 
l i k e l y its f a i lure to a c count for the i n h o m o g e n e o u s n a t u r e o f the i n t e r 
v e n i n g m e d i u m . 

E x p l i c i t i n c l u s i o n o f the p r o t e i n s t r u c t u r a l deta i l s , e v e n at the r e l 
a t i v e l y bas ic l e v e l o f the T P m o d e l , leads to a n o t i c e a b l e i m p r o v e m e n t 
o v e r the 1 D S B m o d e l . A p l o t o f l o g kmax versus σλ appears i n F i g u r e 2. 
T h e s o l i d l i n e is the best fit to the data w i t h β' c o n s t r a i n e d to a v a l u e o f 
0 . 7 3 Â " 1 . C l e a r l y , the E T rates c o r r e l a t e m u c h b e t t e r w i t h σγ t h a n w i t h 
R , a resu l t i n d i c a t i n g that the s t r u c t u r a l deta i ls o f the i n t e r v e n i n g p r o 
t e i n m e d i u m are i m p o r t a n t i n d e t e r m i n i n g d o n o r - a c c e p t o r c o u p l i n g 
strengths . 

T h e results o f the T P c a l c u l a t i o n also c a n be r e p r e s e n t e d as a p l o t 
o f l o g fcmax(experimental) versus l o g fcmax(calculated) ( F i g u r e 3) . T h e T P 
m o d e l does not ca l cu la te abso lute c o u p l i n g s t rengths ; va lues o f 
fcmax(calculated) w e r e o b t a i n e d f r o m the i n t e r c e p t o f the l i n e i n F i g u r e 
2. T h e T P m o d e l does a v e r y g o o d j o b o f d e s c r i b i n g fcmax i n f our o f the 
six E T rates for the R u - m o d i f i e d c y t o c h r o m e s a n d is w i t h i n about 1 
o r d e r o f m a g n i t u d e for the o t h e r t w o systems. G i v e n that the T P m o d e l 
assumes o n l y t h r e e types o f i n t e r a c t i o n s , the a g r e e m e n t is r e m a r k a b l e . 
T h e s i m p l i c i t y o f the m o d e l m a y b e r e s p o n s i b l e , i n p a r t , for some o f the 
dev ia t i ons a p p a r e n t i n F i g u r e s 2 a n d 3. T h e a s s u m p t i o n that a s ing le 
p a t h w a y dominates the c o u p l i n g b e t w e e n redox sites m a y also c o n t r i b u t e 
to the d i s c repanc i e s . 

D i r e c t c a l c u l a t i o n o f T D A at the e x t e n d e d H i i c k e l l e v e l p r o v i d e s a 
g o o d c o r r e l a t i o n o f fcmax(experimental) w i t h fcmax(calculated), a l t h o u g h 
o n l y f our o f the six m o d i f i e d c y t o c h r o m e s have b e e n a n a l y z e d ( i J ) . 
A g a i n , s ca l ing o f the c a l c u l a t e d va lues is r e q u i r e d to e l i m i n a t e a s y s t e m 
atic d e v i a t i o n f r o m e x p e r i m e n t a l values . F i g u r e 4 compares the d o m i n a n t 
p a t h w a y s i d e n t i f i e d i n the E H m e t h o d to those f o u n d u s i n g the T P a l 
g o r i t h m . B o t h m o d e l s find the same l i n k b e t w e e n H i s - 3 3 a n d the h e m e : 
d i r e c t c o u p l i n g a l o n g the p e p t i d e f r o m H i s - 3 3 to P r o - 3 0 , t h e n a h y d r o 
g e n - b o n d e d contact b e t w e e n the c a r b o x y l o x y g e n o f P r o - 3 0 a n d the 
d e l t a n i t r o g e n o f H i s - 1 8 . S u b s t a n t i a l l y d i f f erent p a t h w a y s are f o u n d , 
h o w e v e r , for the H i s - 3 9 , H i s - 6 2 , a n d H i s - 7 2 d e r i v a t i v e s . T h e d i s c r e p 
ancies c o u l d b e the resu l t o f the d i f ferent c r i t e r i a u s e d i n d e t e r m i n i n g 
coup l ings b e t w e e n groups . T h e large di f ferences i n the H i s - 7 2 pa thways 
are , never the less , s u r p r i s i n g . 

T h e h o m o g e n e o u s b a r r i e r m o d e l for e l e c t r o n i c c o u p l i n g s c l e a r l y is 
not adequate for c y t o c h r o m e c, a n d a m o d e l that i n c l u d e s the e x p l i c i t 
s t r u c t u r e o f the i n t e r v e n i n g m e d i u m is n e e d e d to p r o v i d e a s e m i q u a n 
t i ta t ive d e s c r i p t i o n o f the t u n n e l i n g process . S i m p l e 1 D S B m o d e l s c a p 
t u r e the o v e r a l l decay o f c o u p l i n g for a v e r y l a rge range o f d istances 
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σΐ, A 

Figure 2. Top: Dominant tunneling pathways in Ru(bpy)2(im)(HisX)-
modified cytochrome c (X = 33, 39, 58, 62, 66, and 72). Bottom: Variation 
of maximum ET rates with tunneling length (σ\). 

a n d rates ; t h e y do not , h o w e v e r , a c count for the o b s e r v e d data scatter 
a r i s i n g f r o m the t h r e e - d i m e n s i o n a l s t ruc tures o f the c y t o c h r o m e s that 
have b e e n e x a m i n e d (28). T h e T P m o d e l conta ins a suf f i c ient ly d e t a i l e d 
d e s c r i p t i o n o f the m e d i u m to a c count for the c o n s i d e r a b l e rate d i f f e r 
ences i n the R u - l a b e l e d c y t o c h r o m e s that are incons i s tent w i t h 1 D S B 
models . T h e E H m e t h o d also p r o v i d e s g o o d agreement w i t h e x p e r i m e n t . 
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log kmax(calcd) 

Figure 3. Correlation of calculated and experimental values ofkmaxfor ET 
in Ru(bpy)2(im) (HisX)-modified cytochrome c. Key: triangles, TP calcula
tion; and circles, EH calculation. 

I n b o t h cases, the data i n d i c a t e that the s t r u c t u r e o f the i n t e r v e n i n g 
p r o t e i n is abso lu te ly c r i t i c a l i n d e t e r m i n i n g the rates o f b i o l o g i c a l E T 
reac t i ons . 

A p o i n t o f spec ia l in teres t is that the e l e c t r o n i c c o u p l i n g s for i n t r a 
m o l e c u l a r E T react ions i n H i s - 5 8 a n d H i s - 6 6 c y t o c h r o m e s are not e n 
h a n c e d b y a r o m a t i c res idues ( T r p - 5 9 a n d T y r - 6 7 ) i n the i n t e r v e n i n g 
m e d i a (36). T h e c o r r e l a t i o n o f E T rates w i t h σι does not p r e c l u d e a 
c o u p l i n g r o l e for the π o rb i ta l s o f the a r o m a t i c g r o u p s i n the p a t h w a y , 
b u t it does i n d i c a t e that , i n the R u - m o d i f i e d c y t o c h r o m e s that w e ex
a m i n e d , t h e y are no m o r e ef f ic ient i n m e d i a t i n g the c o u p l i n g t h a n is the 
σ -bonded f r a m e w o r k . H e n c e , the p r e s e n c e o f a r o m a t i c g r o u p s i n the 
m e d i u m b e t w e e n r e d o x sites does not necessar i l y resu l t i n faster E T 
t h a n i n a p u r e l y a l i p h a t i c m e d i u m (15-20, 37-41). 

G r u s c h u s a n d K u k i (13,14) d e v e l o p e d an i n h o m o g e n e o u s a p e r i o d i c 
l a t t i c e ( I A L ) m o d e l to ca l cu la te the c h a r g e resonance e n e r g y ( T D A ) for 
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A 

Figure 4. Comparison of dominant tunneling pathways (left) and residues 
identified in EH searches (right) of Ru(bpy)2(im)(HisX)-modified cyto
chrome c [X = 33 (A), 39 (B), 62 (C), and 72 (D)]. 

l o n g - r a n g e e l e c t r o n transfer i n p r o t e i n s . T h e I A L t r e a t m e n t d e p e n d s 
u p o n v e r y c a r e f u l c a l i b r a t i o n o f d i a g o n a l a n d o f f -d iagonal energ ies for 
spec i f i c p r o t e i n subuni t s . A r m e d w i t h these s u b u n i t m a t r i x e l e m e n t s , 
the d o n o r - a c c e p t o r charge resonance e n e r g y is c a l c u l a t e d b y u s i n g the 
ent i re p r o t e i n s t ruc ture . T h e ob je c t ive o f the I A L a p p r o a c h is to p r o d u c e 
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c 

H 6 2 

D 6 0 \ 

W 5 9 \ / 

H 6 2 

D 

WT78 

Figure 4. Continued. 

accurate abso lute va lues o f T D A . I A L ca l cu la t i ons o f c h a r g e r esonance 
energ ies have b e e n p e r f o r m e d for t h r e e R u - a m i n e d e r i v a t i v e s ( H i s - 3 3 , 
H i s - 3 9 , a n d H i s - 6 2 ) o f Z n - s u b s t i t u t e d c y t o c h r o m e c (13). T h e c a l c u l a t e d 
va lues o f T D A

2 are a l l w i t h i n an o r d e r o f m a g n i t u d e o f the e x p e r i m e n t a l l y 
d e r i v e d quant i t i e s . Q u a n t u m i n t e r f e r e n c e effects w e r e p a r t i c u l a r l y i m 
p o r t a n t i n d e t e r m i n i n g the o v e r a l l c o u p l i n g s t r e n g t h . I n a d d i t i o n , a l l 
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atoms w i t h i n an — 10-Â-wide cross sect ion b e t w e e n the redox sites m a d e 
s igni f i cant c o n t r i b u t i o n s to the s u p e r e x c h a n g e m a t r i x e l e m e n t . 

Myoglobin 
E T data o b t a i n e d for R u - m o d i f i e d z i n c - s u b s t i t u t e d h u m a n m y o g l o b i n s 
( M b ) are set out i n T a b l e I (42). T h e s i m p l e p a t h w a y - s e a r c h a l g o r i t h m 
finds m a n y paths that c o n t r i b u t e s ign i f i cant ly to the d o n o r - a c c e p t o r 
e l e c t r o n i c c o u p l i n g i n e a c h o f the m o d i f i e d m y o g l o b i n s . A s e x p e c t e d 
for a p r o t e i n sys tem i n w h i c h t h e r e is a h i g h dens i ty o f paths , the rates 
corre late w i t h d i re c t d o n o r - a c c e p t o r separat ion . A l t h o u g h the d o m i n a n t 
t u n n e l i n g p a t h w a y s ign i f i cant ly u n d e r e s t i m a t e s the c o u p l i n g s t r e n g t h 
i n each M b d e r i v a t i v e , a s i m p l e s u m o f best p a t h w a y s ( n e g l e c t i n g i n 
ter ferences ) g ives reasonab ly g o o d a g r e e m e n t ( F i g u r e 5) (42). G o o d 
a g r e e m e n t w i t h e x p e r i m e n t is also o b t a i n e d b y e m p l o y i n g the E H 
m e t h o d (43); i n g e n e r a l , m o r e a m i n o acids are u s e d i n the ca l cu la t i ons 
t h a n c o m p o s e the d o m i n a n t T P r o u t e ( F i g u r e 6). It is e n c o u r a g i n g , h o w 
ever , that b o t h the T P a n d E H analyses suggest that m u l t i p l e p a t h w a y s 
are i m p o r t a n t i n m e d i a t i n g the e l e c t r o n i c c o u p l i n g i n m y o g l o b i n . 

Figure 5. Correlation of calculated and experimental values of for ET 
in Ru(NH3)5(HisX)-modified human myoglobin. Key: triangles, multiple-
path TP calculation; and circles, EH calculation. 

10, 

10 

log kmax(calcd) 
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A 
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Figure 6. Comparison of dominant tunneling pathways (left) and residues 
identified in EH searches (right) of Ru(NH3)5(HisX)-modified Zn-substituted 
Mb [X = 70 (A), 48 (B), and 83 (C)\. 
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1.1- Bis(p-chlorophenyl)-2,2,2-
trichloroethane (DDT), complex 
with iron tetraarylporphyrins, 
375-376 

1.2- Bis(2-hydroxybenzamido)benzene 
(H 4Hbab), 100 

Bis(l-methylimidazol-2-yl)phenyl-
methoxymethane (BIPhMe), 109 

1,1 -Bis[2-( 1 -methylimidazolyl)]-1 -(3,5-di-
ter£-butyl-4-oxylphenyl)ethane 
(BIDPhE), in model complexes of 
ribonucleotide reductase, 75-78 

2,6-Bis[( 1 -phenylimino)ethyl]pyridine 
(DAPA), 34 

490 
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Bis[2-(2-pyridyl)ethyl]amine (PY2), 171 
l,2-Bis(salicylideneimanato)propane 

(salpn), 278 
Bleomycin, 406 
Blue copper proteins, 122, 126-136 

anisotropic covalency, 133, 136, 137, 
159, 161 

bonding, 133 
effective symmetry, 130 
electron transfer, 8, 136, 137, 161 
SCF-Xa-SW calculations, 133-136 

Bond valence sum analysis, 343-346 
Bovine lens leucine aminopeptidase, 186 
Bovine spleen myeloperoxidase, M C D 

studies, 366-369 
Brevibacterium ammoniagenes, Mn 

requirement, 276 
Bridging 

in copper-heme complexes, 11-12 
in copper nitrite reductases, 197 
in copper nitrosyl complexes, 201-202 
in coupled binuclear copper proteins, 

139-147 
in [Fe 20(HBpz 3) 2(OAc) 2], 87-88 
in Mn catalase, 225, 226, 231-232, 

269, 271 
in oxygen-evolving complex, 244, 

260-261 
in ribonucleotide reductase, 76-78 

teri-Butyl hydrogen peroxide (TBHP), 91 

C 

C terms (MCD spectroscopy), 154, 
352, 353 

1 3 C NMR spectroscopy, 303-304, 
307-312 

Calcium, role in O E C , 271, 273-274 
Caldariomyces peroxidase, phenyldiazine 

addition, 399-400 
Calf thymus D N A 

binding studies, 453, 454 
cleavage, 417, 418, 420-425 

Cancer chemotherapy, 4-5, 405, 451 
Candida krusei cytochrome c, Ru-complex 

modified, 474 
Carbonic anhydrase, role of zinc center, 7 
Carboxylate shift, 65, 188 
Carboxyphenylsalicylideneamine 

(H 2CPS), vanadate complexes, 
335, 342 

Catalases, 224-225 
See also Manganese catalase 

Ceruloplasmin, 122 
Charge-transfer transitions, ligand-to-

metal, 124-126 
Chemical exchange processes, NMR 

spectroscopic study, 316 

Chemical potential of biological systems 
and transition metals, 2 

Chemical shifts, 307 
Chloride, role in O E C , 271, 273, 274 
Chlorins, 357 
2-Chloro-5,5-dimethyl-l,3-

cyclohexanedione (MCD) as assay 
for haloperoxidases, 331-332 

Chlorobenzene oxidation by dinuclear 
iron complexes, 90 

m-Chlorobenzoic acid 
oxidation by dinuclear iron 

complexes, 102 
reaction with iron porphyrins, 389, 

392- 393 
Chloroperoxidase, M C D spectroscopy, 

354, 355 
m-Chloroperoxybenzoic acid, reaction 

with iron porphyrins, 
393- 394, 395 

Chlorophylls, 357 
Chloroplast ATP synthase, 267 
Chloroplasts, photosynthesis, 232, 249-

250, 271 
Chromium complexes, [Cr(phen) 3] 3 +, 452 
Chromophores 

electronic structure, 6 
extinction coefficients, 413 
M C D spectra, 352 

Cisplatin, 4-5 
C1 2 HDA (N-(4,6-dichloro-2-

hydroxybenzyl)-N-
(carboxymethyl)glycine), 107 

Coalescence-point (NMR) method, 316 
Cobalt complexes 

C o ( N H 3 ) 6
3 + , 267 

[Co(phen)3]3 +, 452 
((N-3,5-di-£ert-butyl-2-hydroxyphenyl)-

salicylaldiminato)2Co(II), 71, 72/ 
diphenylformazan ligand, 74 

Cobalt(II) in phenoxyl radical 
complexes, 71 

Cobalt(III) 
and amide hydrolysis, 185, 186 
in phenoxyl radical complexes, 71 

Cofactors 
for D N A cleavage, 266-268 
for ribozymes, 2, 8, 267 
transition metals, 61 

Complex formation, NMR spectroscopic 
study, 315-316 

Conconavalin A, 268 
Continuous-wave EPR, 6 
Coordination-induced shifts, 304 
Copper complexes 

center types, 147 
C u C l 4

2 " , see Cupric chloride 
Cu(II)(phen) 2(-OH) 2 + in D N A cleavage, 

407, 410 
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492 MECHANISTIC BIOINORGANIC CHEMISTRY 

Copper complexes—Continued 
[Cu 2 (XYL-0-)(0 2 ) ] + , 139 
dinuclear, see Dinuclear copper 

complexes 
electronic structure, 122-126 
nitrosyl complexes, see Copper nitrosyl 

complexes 
spectral features, 122-126 

Copper(II) complexes 
3-(3,5-di-tert-butyl-4-hydroxyanilino)-1 -

phenyl-2-propen-l-one ligand, 73 
diphenylformazan ligand, 74 

Copper-heme complexes, 11-12 
Copper in galactose oxidase, 27, 65, 66 / 
Copper metallothionein, 15 
Copper monooxygenases, 167i, 173-179 
Copper nitrite reductases, see Nitrite 

reductases 
Copper nitrosyl complexes, 196, 198, 

199-213 
bridging, 201-202 
monomolecular complexes, 

202-207,213 
(NH 3 ) 3 CuNO, 208 
role in nitrite reductases, 198 
T F P r 2 C u ( N O ) , 207 
TP p h 2 Cu(NO) , 203-204 
TP p h*Cu(3,5-Ph 2pz), 206 
TP R 2 Cu(N0 2 ) , 211 
TP R R 'Cu(NO), 202-203, 209-213 
T P B u C u ( N O ) , 203, 205-207, 210 
unpaired electron localization, 

209-210 
UV-vis spectra, 207 

Copper proteins, 121-159 
active site nature, 121-122 
blue proteins, see Blue copper proteins 
coupled binuclear proteins, 122, 

136-147 
multicopper oxidases, 147-159 
N O binding, 197-199 
"normal" complexes, 122-126 
role in nitrogen cycle, 195-196 
roles, 165-166 

Coupled binuclear copper proteins, see 
Dinuclear copper proteins 
(coupled) 

Coupling pattern in NMR 
spectroscopy, 307 

Creatine kinase, 267 
Crown ethers, 435 
Cupric chloride, 122 

absorption spectrum, 127 
electronic structure, 124-126, 128, 

130, 131 
Cyanide, Fe ribonucleotide reductase 

inhibition, 269 

Cyclohexane 
hydroxylation by dinuclear iron 

complexes, 107 
oxidation by dinuclear iron complexes, 

88-90, 93, 94, 114 
reaction with Mn(IV)(salpn)Cl2 model 

complex, 287 
Cyclohexene 

oxidation by dinuclear iron complexes, 
88-89, 102, 105 

reaction with Mn(IV)(salpn)Cl2 model 
complex, 287 

Cytochrome b5, M C D spectroscopy, 355 
Cytochrome c 

electron transfer, 8, 474-482 
Ru-amine derivatives, 481-482 
Ru(bpy)2(im)(HisX)-modified, 474-482 
Zn-substituted, 481-482 

Cytochrome c oxidase, 11, 12-15, 199 
Cytochrome P-450, 373, 377 

M C D spectroscopy, 354, 355 
model complexes, 378-379 
phenyldiazine addition, 399-400 

D 

d orbital splitting 
blue copper proteins, 128 
normal copper complexes, 124 

Dactylium dendroides galactose oxidase, 
65-67 

DAPA (2,6-bis[(l-phenylimino)ethyl]-
pyridine), 34 

Daunorubicin, 451 
D D T (l,l-Bis(p-chlorophenyl)-2,2,2-

trichloroethane), complex with iron 
tetraarylporphyrins, 375-376 

Debye-Waller factor, 221 
Denitrification, 195-196 

See also Copper nitrosyl complexes 
Deoxyhemocyanin, 138, 139-147, 166, 

168-169 
Deoxyribose, oxidation by iron 

bleomycin, 407 
Deoxytyrosinase, 138 
DEPT experiments (distortionless 

enhanced polarization 
transfer), 311 

Desulforibrio baculatus hydrogenase, 22, 
24, 32, 33, 55 

Desulforibrio gigas hydrogenase, 24, 25, 
32, 49-50 

Dexter energy transfer, 461 
3-(3,5-Di-teri-butyl-4-hydroxyanilino)-1 -

phenyl-2-propen-l-one ligand, in 
phenoxyl radical complexes, 
72 / 73 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
6.

ix
00

2

In Mechanistic Bioinorganic Chemistry; Thorp, H., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1996. 



INDEX 493 

((N-3,5-Di-tert-butyl-2-hydroxyphenyl)-
salicylaldiminato) ligand in 
phenoxyl radical complexes, 
71, 72/ 

2,6-Dicarboxylato(4-X)pyridine, 98 
2,6-Dicarboxylatopyridine (DPA), 95 
N-(4,6-Dichloro-2-hydroxybenzyl)-N-

(carboxymethyl)glycine 
(C1 2HDA), 107 

3-(3,4-Dichlorophenyl)-l,l-dimethylurea 
(DCMU), PSII disruption, 
254-255 

Diferric complexes, 83 
Diferrous complexes, 83, 84 

properties, various complexes, 116f 
See also Dinuclear iron complexes 

Dimer-of-dimers model of O E C , 243-
245, 259, 261 

2.3- Dimethoxytoluene, bromination, 331 
4.4- Dimethyl-l-pentene, 379 
Dimethylformamide (DMF) hydrolysis by 

dicopper complexes, 180-185, 
188-190 

Dimethylphen (DMP), 461 
Dinuclear copper complexes 

{Cu[HB(3,5-iPr2pz)3]}2(02), 169 
[Cu 2(N n)] 2 +, 171-173 
[Cu 2 (N n )(CH 3 CN) 2 ] 2 + , 171 
[Cu 2(PD)] 2 + type complexes, 179-185, 

188-189 
[Cu 2 (R-XYL-X)] 2 + type complexes, 

171, 172, 173-179 
[Cu 2(UN)] 2 + , 178 
trans-μ- 1,2-peroxo dicopper complexes, 

modeling hemocyanin, 169-171 
[(TMPA)Cu(CO)] +, 171 
[{(TMPA)Cu} 2(0 2)] 2 +, 170 
[{(TMPA)Cu} 2(0 2)](PF 6) 2 .5Et 20, 171 
[(TMPA)Cu(PPh3)]\ 171 
[(TMPA)Cu(RCN)] +, 171 

Dinuclear copper proteins (coupled), 122, 
136-147, 166-169 

azide bridging, 141 
electronic structure, 138-139 
model complexes, 169-173 
peroxide bridging, 139-147 

Dinuclear hydrolytic catalysis, 185-188 
Dinuclear iron complexes, 83-86 

[Fe 2(BPMP)(0 2Pr) 2]-, 109 
Fe(Cl 2 HDA)(H 2 0) 2 , 107 
Fe(Cl0 4 ) 3 , 93 
Fe(DPA), 95 
[Fe(DPAH) 2] 2 + , 99-100 
[Fe(HBpz 3) 2] +, 88 
[{Fe(HBpz3)(hfacac)}20], 88, 90 
[Fe(HBpz 3)] 20(OAc) 2, 87 

Dinuclear iron complexes—Continued 
Fe(H 2Hbab) 2(N-MeIm) 2 · M e O H , 

100-104 
[Fe 2(HPTB)(OBz)](BF 4) 2, 111-112 
Fe(ibz)Cl 3, 104 
[Fe 2(Me 3TACN) 2(OH)(OAc) 2] + , 109 
[Fe 2(6-MeTPDP)(RC0 2)(H 20)] 2 + , 

115, 117 
Fe 2 (0 2 CH) 4 (BIPhMe) 2 ,109-111 
[Fe 2 OCl 6 ](NEt 4 ) 2 , 94 
Fe 2 0(HBpz 3 ) 2 (OAc) 2 , 87-88 
Fe 2 0(OAc) 2 Cl 2 (bipy) 2 , 90-92 
[Fe 20(phen) 2(H 20) 2](Cl0 4) 4 , 94 
Fe(PA) 2 , 95-96 
[Fe3 +(salen)]20, 86-87, 88 
[Fe(TPA)Cl 2] +, 93 
[Fe 2(TPA) 2_(OAc) 2] 2 + , 112-115 
[Fe 2 (TPA) 2 0](Cl0 4 ) 4 , 107-108 
[Fe 2 (TPA) 2 0(OAc) 2 ] 2 + , 113-115 
[Fe 2 (TPDP)(C 6 H 5 C0 2 ) ] 2 + , 115 
[(PA) 2Fe(OH) 2] 2, 97-98 
properties, various complexes, 116f 
reactions with dioxygen, 108-117 

Dinuclear manganese(2-OH-salpn) 
complexes, 291-297 

reactions with hydrogen peroxide, 
292-297 

reactions with hydroxylamine, 294, 
296-297 

structural types, 291/ 
Dinuclear zinc complexes, Zn-finger 

proteins, 3 
Dioxygen 

binding to dicopper complexes, 136, 
138, 148, 166, 168-169 

and amide hydrolysis, 179-185 
model compounds, 169-173 

binding to dinuclear centers, 169-170 
binding to nickel complexes, 48 
binding to xylyl dicopper complexes, 

173-175 
interaction with hemerythrin, 

84-85, 109 
reactions with dinuclear iron 

complexes, 108-117 
reduction to water by multicopper 

oxidases, 147, 149, 159, 161 
water oxidation, see Oxygen-evolving 

complex 
Dioxygen carriers, 166, 167i 
Dipeptide bridge in copper nitrite 

reductases, 197 
Diphenylformazan ligand in phenoxyl 

radical metal complexes, 72 / 74 
Dissimilatory nitrogen oxide reduction 

(denitrification), 195-196 
See also Copper nitrosyl complexes 
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Distortionless enhanced polarization 
transfer (DEPT) experiments, 311 

dmap (4-methylaminopyridine), 424 
D M P (dimethylphen), 461 
D N A 

7r-stack electron transfer, 449, 451, 
460, 464, 466 

binding by cisplatin, 4-5 
binding by Zn-finger proteins, 3 
intercalation binding, 449-450, 462 
metal complex binding, 411-412 
metal-responsive gene expression, 

15-17 
phen (model) complex binding, 450, 

452-455 
See also Ruthenium complexes 

phi (model) complex binding, 455-458 
See also Rhodium complexes 

radiation damage, 451 
structure, 450/, 451 

D N A cleavage, 3, 18, 405-427 
by oxoruthenium(IV) complexes, 407, 

412-426 
binding studies, 413-420 
kinetic studies, 420-423 
selectivity, 423-426 

by transition metals, 405-406 
cofactors, 267-268 
guanine-selective, 424 
Η-atom abstraction, 405-406, 407 
mechanism, 406-411 
Pt 2(pop) 4

4" quenching, 413-414 
selectivity, 408, 423-426 
strand scission, 406, 407, 408-411 
sugar oxidation, 405-406, 407, 409, 

420, 424 
D N A cleavage agents, 406-408 
D N A - R N A hybrids, 437-439 
Donor-acceptor interactions, 472-474 
D O T A (1,4,7,10-tetraazacyclododecane-

1,4,7,10-tetraacetate), 440 
DPA (2,6-dicarboxylatopyridine), 95 
Drugs 

anticancer, 4, 405, 451 
antiinflammatory, 67, 69, 70 

Ε 

E D T A (ethylenediaminetetraacetic acid) 
complexes with vanadate, 307-312, 

319-320 
[Fe(EDTA)] 2" complex in D N A 

cleavage, 406, 408 
Effective tunneling pathway length, 474 
Electroactive sensors, 451 
Electron paramagnetic resonance (EPR), 6 

continuous-wave EPR, 6 

Electron paramagnetic resonance (EPR)— 
Continued 

g value determination, 353 
pulsed EPR, 6 

Electron spin echo envelope modulation 
(ESEEM), 25 

Electron transfer, 471-474 
in blue copper proteins, 8, 136, 

137, 161 
in D N A ττ-stack, 449, 451, 460, 

464, 466 
in O E C , 240, 252-253 
inhomogeneous aperiodic lattice model, 

479-482 
metal complexes bound to DNA, 

461-466 
metal complexes near DNA, 458-461 
model approximation, 472-474, 476 
role of protein matrix, 472-474 
tunneling pathway model, 474, 477 

Electron-transfer enzymes, role of 
transition metals, 2, 8-10 

Electron tunneling, 472 
Electronic coupling decay constants, 472 
Electronic coupling factor, 472 
Electrostatic binding, 411, 421-422 
Encapsulated lanthanide ions, RNA 

cleavage, 440-443 
Enzyme cofactors, see Cofactors 
Enzymes 

role of transition metals, 2 
See also numerous specific enzymes; 

Model complexes 
EPR, see Electron paramagnetic 

resonance 
Equilibrium exchange processes, NMR 

spectroscopic study, 316 
Escherichia coli H 2ase-1, 25 
Escherichia coli iron chlorins, 357, 359/ 

361, 364-366 
Escherichia coli methionine 

aminopeptidase, 186 
Escherichia coli ribonucleotide reductase, 

62, 63-65, 75-78 
Ethanolamine, complexes with 

vanadate, 307 
Ethidium bromide, 416, 417, 422 
Ethylenediaminetetraacetic acid (EDTA), 

see E D T A 
Eukaryotes, hydrogenases, 21 
Europium complexes in RNA cleavage, 

436, 437, 440, 443, 445 
EXAFS spectroscopy, 6-7, 221-222 
EXSY method, 2D, 316-326 

error estimation, 324-326 
potential, 326 
qualitative application, 317-320 
quantitative application, 321-324 
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Extended X-ray absorption fine structure 
(EXAFS), 6-7, 221-222 

F 

Faraday effect, 352 
Fenton reaction, 406 
Ferric chloroperoxidase, M C D 

spectroscopy, 354, 355 
Ferric cytochrome 450, M C D 

spectroscopy, 354, 355 
Ferritin, 15-17 
Ferrous cytochrome b 5 , M C D 

spectroscopy, 355 
Ferrous protoporphyrin IX, see Iron(lll) 

protoporphyrin IX 
Formyl-substituted iron porphyrins, 359-

360, 367-368 
2-Formyl-4-vinyldeuteroheme IX, 360, 

361, 367-368 
Forster energy transfer, 461 
Fourier transformation of EXAFS 

spectra, 222 
Franck-Condon factor, 472 

G 

g values (MCD spectroscopy), 353 
Gadolinium complexes in RNA cleavage, 

436, 440, 443 
Galactose oxidase, 62, 65-67, 68 

alcohol oxidation, 67, 68 
Cu active site, 27, 65, 66/ 
NO binding, 199 

Gene expression, role of transition metals, 
15-17 

GLI protein (human), 4/ 
Glutamine synthetase, 268 
Green hemes, 357-369 
Groove binding, 452 
Guanine oxidation, 410-411 
Guanine-selective cleavage of DNA, 424 

H 

Η-atom abstraction in D N A cleavage, 
405-406, 407 

lU NMR spectroscopy, 303-304, 
307-312 

Haloperoxidases, 306, 330 
iodide oxidation assay, 332 
M C D assay, 331-332 
T M B bromination assay, 333, 347 
See also Vanadium bromoperoxidase 

HB(3,5-iPr2pz) (hydrotris(3,5-diisopropyl-
pyrazolyl)borate), 169 

HBpz 3 (hydrotris(pyrazolyl)borate), 87 

H 2dipic (pyridine-2,6-dicarboxylate), 
vanadate complexes, 335, 340-341 

Heme-copper complexes, 11-12 
Heme protein H-450, 355 
Heme proteins 

from myeloperoxidase, 367-368 
green hemes, 357-369 
M C D spectroscopy, 352, 353-356 
model complexes, 353 
See also Iron (III) protoporphyrin IX 

Heme s, 360, 361, 367-368 
Hemerythrin, 83 

diiron core, 84 / 226 
dioxygen interaction, 84-85, 109 

Hemocyanin, 122, 166, 168-169, 175 
comparison with laccase active site, 

151-154 
dioxygen binding, 136, 148 
model complexes, 169-173 
NO binding, 199 
See also Oxyhemocyanin 

Hemoglobins, electron transfer, 8-10 
Heptyne, reaction with Mn(IV)(salpn)Cl2 

model complex, 287 
Herbicides, PSII disruption, 254-255 
H E T C O R experiments, 311-312 
Hexafluoroacetyl acetone (hfacac), 88 
Hexokinase, 267 
hfacac (hexafluoroacetyl acetone), 88 
H 4 Hbab (1,2-bis(2-hydroxybenzamido)-

benzene), 100 
HIDA (N-(2-hydroxyethyl)iminodiacetic 

acid), complexes with vanadate, 
309, 317, 318 

Horse cytochrome c, Ru-complex 
modified, 474 

Horseradish peroxidase 
compound I state, 381 
M C D studies, 356, 358, 360-361, 

362-363 
Horseshoe crab Limulus II protein, 166, 

168-169 
HPII catalase chlorin, 357, 359/ 361, 

364-366 
HPS, complexes with vanadate, 334-340 
HPTB (l,3-bis[N,N-bis(2-benzimida-

zolylmethyl)-amino]-2-hydroxy-
propane), 111 

Human GLI protein, 4 / 
Hydrazine, interaction with O E C , 

234, 274 
Hydrogen peroxide, 220 

as intermediate in photosynthesis, 275 
disproportionation, 220, 225, 268, 270 
in bromide oxidation, 329, 331 
interaction with O E C , 234 
oxidation of iodide as haloperoxidase 

assay, 332 
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Hydrogen peroxide—Continued 
reaction with Mn(2-OH-salpn) 

complexes, 292-297 
reaction with ribonucleotide 

reductase, 65 
Hydrogenases, 21-22 

bidirectional, 22 
classes, 22 
Fe, Ni, Se hydrogenases, 22-23 
Fe, Ni hydrogenases, 22, 24, 25, 53-54 
metal-sulfur bonds, 23 
proton gradient generation, 22 
See also specific hydrogenases; Nickel 

hydrogenases 
Hydrolytic enzymes, role of transition 

metals, 2, 7-8 
Hydroquinone, interaction with O E C , 

238-243,274 
Hydrotris(3,5-diisopropyl-pyrazolyl)-

borate (HB(3,5-iPr2pz)), 169 
Hydrotris(pyrazolyl)borate (HBpz 3), 87 
Hydroxoruthenium(IV) complexes, in 

D N A cleavage, see 
Oxoruthenium(IV) complexes 

N-(2-Hydroxyethyl)iminodiacetic acid 
(HIDA), complexes with vanadate, 
309, 317, 318 

Hydroxylamine 
interaction with O E C , 234-240, 242-

243, 274 
reaction with Mn catalases, 269-271 
reaction with Mn(2-OH-salpn) 

complexes, 294, 296-297 
Hydroxyphenylsalicylideneamine 

(H 2HPS), 334 

I 
Indoleamine 2,3-dioxygenase, 355 
Indomethacin, 67, 69, 70 
INEPT experiments (insensitive nuclei 

enhanced by polarization 
transfer), 311 

Inhomogeneous aperiodic lattice (IAL) 
model of electron transfer in 
proteins, 479-482 

Insensitive nuclei enhanced by 
polarization transfer (INEPT) 
experiments, 311 

Integration of NMR signal, 307 
Intercalation binding 

definition, 411 
in DNA, 449-450, 462 
rates of exchange, 421-422 

Invertebrate molluscan hemocyanins, 166 
Iodide oxidation by hydrogen peroxide 

(haloperoxidase assay), 332 

IRE-binding protein, 16, 17 
Iron 

in Fe, Ni hydrogenases, 22, 24, 25, 
53-54 

in heme proteins, see Heme proteins 
manganese as substitute, 266 

Iron N-alkyl porphyrins, 373-400 
π-radical complex formation, 394-399 
σ-alkyl (σ-aryl) complexes, 374-377 
as protein structure probe, 399-400 
axial ligand exchange, 392-393 
carbene complexes, 374-376 
five- and six-coordinate complexes, 

387-389 
five-member chelate rings, 382, 383 
NMR spectroscopy, 382-387 
prpn from iron (III) tetraarylporphyrins 

and alkenes, 377-380 
prpn from organometallic 

intermediates, 374-377 
reactions, 380-399 
steric and electronic interactions, 

380-387 
Iron bleomycin, 406-407, 409, 410, 

411, 424 
Iron chlorins, 357-369 
Iron complexes 

[(N-CD 3-pyrrole-d 8-TTP)Fe(III)Cl]+, 
389 

[Fe(EDTA)] 2 - in D N A cleavage, 
406, 408 

[Fe 2 0(XDK)(MeOH) 5 (H 2 0)](N0 3 ) 2 , 76 
[(N-MeOEP)Fe(III)Cl]+, 379-380 
(N-MeTPP)Fe(II)Cl, 381, 383, 387, 

394-396 
oxidation, 389, 392-393 
reaction summary, 396-398 

(N-MeTPP)Fe(II)(OCD3), 392-
394, 395 

[(N-MeTPP)Fe(III)Cl]+, 379-380, 383, 
387-388, 389, 390 

I(N-MeTPP)Fe(III)Cl]SbCl6, 381, 
382, 391 

(OCP)Fe(III)Cl, 378-379 
(TMP)Fe(III)(2-MeIm)2

+, 388-389 
(TMP)Fe(IV) = 0, 382 
[(TMP)Fe(IV)(OCD 3) 2] +, 396 
(TPP)Fe(II)Cl, 381 
(TPP-)Fe(III)(Cl0 4) 2, 382, 395 
[(TPP)Fe(III)(Im)2]+, 382 
(TPP)Fe(III)(5-MeIm)2, 388 
(TPP)Fe(IV) = 0, 382 
See also Dinuclear iron complexes; 

Diferric complexes, Diferrous 
complexes 

Iron mesoporphyrin IX, 356-357 
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Iron methylchlorin, 357, 359/, 360-361, 
362-363, 364 

Iron monooxygenases, 167f 
Iron octaethylchlorin, 357, 359/ 360-

361, 362-363, 364 
Iron porphyrins, 351-352 

N-alkylated, see Iron N-alkyl porphyrins 
formyl-substituted, 359-360, 367-368 
NMR spectroscopy, 382-387 
vinyl substituent effects, 356-357 

Iron(III) protoporphyrin IX 
ester with bis-imidazole, 224-225 
in catalases, 224-225 
in Mn peroxidase, 275 
in prostaglandin H synthase, 67 
structure, 357/ 

Iron recognition element (ferritin mRNA), 
16-17 

Iron ribonucleotide reductase, see 
Ribonucleotide reductase (Fe) 

Iron superoxide dismutase, 277-278 
Iron tetraarylporphyrins, 373-374 

NMR spectroscopy, 382-387 
prpn of N-alkyl porphyrins, 

377-380 
reaction with D D T , 375-376 

Iron(II) tetrathiolate complexes, 54 

j 
Jahn-Teller distortion 

in copper nitrosyls, 208 
in copper proteins, 122-124 
in manganese(III) dimer, 279 

Κ 
K-edge, 27 
Kinases, reversibility, 267 
Kinetics, NMR spectroscopic study, 

315-316 

L 

Laccase, 122, 147, 149-159 
azide binding, 154-157 
comparison with hemocyanin active 

site, 151-154 
N O binding, 199 
peroxy intermediate, 159, 160 
spectroscopy, 149-151, 154-159 
type 2 depleted (T2D), 149-154, 

157- 158 
type 1 Hg-substituted (TlHg), 

158- 159 

Lactobacillus plantarum Mn catalase, 225, 
226, 269, 292, 294 

Lanthanide complexes 
as Lewis acids, 435 
encapsulated ions, 440-443 
RNA cleavage, 433, 435-436, 439-445 
Schiff base complexes, 436, 439-440 

Lanthanum complexes in RNA cleavage, 
436, 437, 440-443, 445 

Laporté-allowed ligand-metal 
transitions, 124 

Laporté-forbidden ligand-field 
transitions, 124 

Leucine aminopeptidase, 186, 187 
Ligand field theory, 124, 131 
Ligand-field transitions, 124 
Ligand-metal transitions, 124 
Lignin oxidation, 275 
Limulus II protein (horseshoe crab), 166, 

168-169 
Line-shape analysis, 316 
Low-temperature M C D 

spectroscopy, 154 
Lutetium complexes in RNA 

cleavage, 440 

M 

Macrocyclic ligands, 431-432 
See also Lanthanide complexes 

Magnesium(II) 
replacing Mn(II), 220 
role in tetrahymena ribozyme, 8 

Magnesium chlorins, 357 
Magnetic circular dichroism (MCD) 

spectroscopy, 154, 351-352 
A, B, and C terms, 154, 352 
as "fingerprint" method, 353 
environment insensitivity, 353 
for probing heme structure, 353-356 
for probing magnetic properties, 

352-353 
Magnetic properties, M C D for probing, 

352-353 
Magnetic resonance imaging agents, 431, 

435, 436 
Magnetization transfer, two-dimensional, 

(NMR) method, see Two-
dimensional EXSY method 

Magnetogyric ratio, 304 
Manganese 

as essential trace element, 166 
as Lewis acid catalyst, 165, 166 
as substitute for iron, 266 
biological chemistry, 265-268 
See also Oxygen-evolving complex 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
6.

ix
00

2

In Mechanistic Bioinorganic Chemistry; Thorp, H., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1996. 



498 MECHANISTIC BIOINORGANIC CHEMISTRY 

Manganese(ll) adenosine triphosphate, 
266-267 

Manganese catalase, 220, 224-226, 
268-271 

azide insensitivity, 271 
bridging, 225, 226, 231-232, 

269, 271 
EXAFS spectroscopy, 228-231 
inhibitors, 228 
mechanism, 233 
model compounds, 284-297 
superoxidized form, 227-228, 229, 

231, 232, 271 
XANES spectroscopy, 226-228 

Manganese complexes 
[bis(malonato)Mn(III)]-, 276 
[bis(oxalato)Mn(III)]-, 276 
[Mn(III)(3,5-diClsalpn)(M-OCH3)]2, 

278- 279 
[Mn(III)(lactate)2]-, 276 
[Mn(III)2(lactate)3]+, 276 
[Mn(IV)(Bu-salpn)(M2-0)]2, 285 
[Mn(IV)(a-hydroxybutyric acid) 3] 2", 276 
[Mn(IV)(salpn)(^2-0)]2 (manganese 

enzyme model complex), 279-290 
formation mechanism, 281-284 
formation with hydrogen peroxide, 

279- 281 
modeling Mn catalase, 284-286 
reaction with H C l , 286-290 

[Mn(IV) 2(salpn) 2(M 2-0)(M 2-OH)] +, 
286-290 

See also Dinuclear manganese(2-OH-
salpn) complexes 

Manganese peroxidase, 275-276 
Manganese proteins, 219-220 
Manganese redox enzymes, 220, 268-278 
Manganese ribonucleotide reductase, 

276- 277 
See also Ribonucleotide reductase (Fe) 

Manganese superoxide dismutase, 220, 
277- 278 

Marine algae, V-bromoperoxidase, 330 
M C D assay for haloperoxidases, 331-332 
N-Melm (N-methylimidazole), 100 
Membranes 

photosynthetic, 232, 249-250, 271 
proton pumping, 10-11, 13-15 

Mercuric ion reductase, 15, 16/ 
Mercury 

binding by metalloregulatory 
proteins, 15 

in phenoxyl radical complexes, 73 
merR protein, 15 
messenger RNA, 15-16, 432 

for sequence-specific RNA 
cleavage, 432 

messenger RNA—Continued 
in metal-responsive gene expression, 

15-16 
Metal cofactors, see Cofactors 
Metal complex-antibody conjugates, 431 
Metal-responsive gene expression, role of 

transition metals, 15-17 
Metallochlorins, 357 
Metalloenzymes, 2-3 

ribozymes, 267 
See also numerous specific 

metalloenzymes, such as Vanadium 
bromoperoxidase 

Metalloproteins 
electron transfer, 8 
role in nitrogen cycle, 195-196 
XAS edge analysis, 30f 

Metalloregulatory proteins, 15 
Methane monooxygenase, 83, 84 / 400 
Methanobacterium bryantii, containing 

Ni, 22 
Methanobacterium thermoautotrophicum, 

dehydrogenase from, 22, 25-26 
Methemocyanin, 138 
Methionine aminopeptidase, 186 
4-Methylaminopyridine (dmap), 424 
Methylchlorin, 357, 359/ 360-361, 362-

363, 364 
1-Methylcyclohexene, reaction with 

Mn(IV)(salpn)Cl2 model 
complex, 287 

N5,N10-Methylenetetrahydromethanopterin 
dehydrogenase, 22 

N-Methylimidazole (N-Melm), 100, 
387-388 

6-Me-TPDP (N,N,N',2v7-tetrakis(2-(6-
methylpyridyl)methyl)-l ,3-
diaminopropane-2-olate), 115 

Micrococcus luteus, Mn requirement, 276 
Model complexes 

for copper monooxygenases, 173-179 
for cytochrome 450, 378-379 
for D N A binding studies, 450, 452-458 
for heme proteins, 353 
for hemocyanin, 169-173 
for manganese catalase, 284-297 
for oxygen-evolving complex, 278-284 
for ribonucleotide reductase, 75-78 
for vanadium bromoperoxidase, 

333-343 
nonheme iron metalloproteins, 85-117 
role in understanding enzymes, 17-18 

Molybdenum, nitrogenase site, 56 
Monochlorodimedone (MCD) assay for 

haloperoxidases, 331-332 
Monooxygenases, 166, 167f 
Monoperoxophthalate, reaction with 

ribonucleotide reductase, 65 
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Multicopper oxidases, 147-159 
center types, 147, 149 
dioxygen reduction to water, 147, 149, 

159, 161 
Myeloperoxidase, 359-369 
Myoglobin 

electron transfer, 475, 482-483 
heme ^-reconstituted, 367-368 
mesoheme IX-reconstituted, 356-357 
methylchlorin-reconstituted, 

360-361, 362 
phenyldiazine addition, 399-400 
Ru-modified, 482-483 
Zn-substituted, 482-483 

Ν 

Neurospara crassa green catalase, 
357, 359 

Nickel, role in hydrogenases, see Nickel 
hydrogenases 

Nickel complexes 
3-(3,5-di-ter£-butyl-4-hydroxyanilino)-1 -

phenyl-2-propen-l-one ligand, 73 
D N A cleavage, 408, 410-411 
[Nin(pdtc) 2] 2-, 29 
[Nim(pdtc) 2]-, 29 
0 2 binding, 48 
See also Nickel thiolates 

Nickel dithiolene oxidation, 48 
Nickel hydrogenases, 21-26 

air deactivation, 49 
as hydrogen-binding site, 49-56 
E N D O R studies, 49-52 
EPR studies, 23, 25-30, 32, 49-51 
EXAFS studies, 29,31,53 
ligand environment, 25 
modifying existing active site, 56 
redox chemistry, 26-33 
redox states (forms), 23-25, 30f 
summary, 55-56 
thiolate ligands, 54 
unusual oxidation states, 23 
XANES studies, 29 
XAS studies, 25, 26-32, 51-53 
See also Nickel thiolates 

Nickel thiolates, 33-49 
disulfide (dimer) formation, 38-42, 47 
frans-dithiolato complexes, 45-46 
electronic structure, 43-45 
metal hyperfine interactions, 43 
Ni complex with P(o-C 6 H 4 S) 3 , 36 
Ni(DAPA)(SPh) 2, 34 
[Ni(nbdt)]2-, 34 
[Ni(pdmt)SPh]-, 38 
Ni[RN(CH 2 CH 2 S) 2 ] dimer complexes, 

34-46 

Nickel thiolates—Continued 
oxidation kinetics, 46-47 
oxidation mechanism, 35, 47-49 
persulfoxide-thiadioxirane 

intermediates, 48 
role in hydrogenases, 54 
terminal thiolate ligand 

nucleophilicity, 47 
Nitric oxide 

as pervasive biomolecule, 196 
binding to copper nitrosyls, 200-212 
binding to nitrite reductase, 197-199 
reduction, 195 

Nitrilotriacetic acid, vanadate complex, 
335, 342 

Nitrite reductases, 196-199 
active site, 202 
dipeptide bridge, 197 

Nitrite reduction, 195, 202 
Nitrogen cycle, 195-196 
Nitrogen-oxide reductases, 166 
Nitrogen oxides reduction, 195-196 

See also Copper nitrosyl complexes 
Nitrogenase 

iron centers, 3 
Mo site, 56 

Nitrous oxide reduction, 195 
NMR-active nuclei, 304, 305f 
NMR spectroscopy, 303-304, 307 

chemical shifts, 307 
coordination-induced shifts, 304 
distortionless enhanced polarization 

transfer (DEPT) experiments, 311 
dynamic processes as complicating 

factor, 309-310 
equilibrium exchange processes, 316 
EXSY, see Two-dimensional EXSY 

method 
for kinetic studies, 315-316 
for thermodynamic studies, 314-315 
H E T C O R experiments, 311-312 
insensitive nuclei enhanced by 

polarization transfer (INEPT) 
experiments, 311 

NMR-active nuclei, 304, 305* 
nuclear Overhauser effect (NOE) 

experiments, 311 
quality-affecting factors, 304 
suitable research problems, 

304-306 
theory, 307 
variable temperature, 315 

N O E experiments (nuclear Overhauser 
effect), 311, 317 

Nonheme catalases, 225, 269 
Nonheme iron metalloprotein models, 85 

See also Dinuclear iron complexes 
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500 MECHANISTIC BIOINORGANIC CHEMISTRY 

Nonheme iron monooxygenases, 
167f, 400 

Nonheme iron proteins, 166 
Norbornene 

in cytochrome 450 model systems, 
378-379 

reaction with Mn(IV)(salpn)Cl2 model 
complex, 287 

Norman criteria, 133 
Nuclear magnetic resonance (NMR) 

spectroscopy, see NMR 
spectroscopy 

Nuclear Overhauser effect (NOE) 
experiments, 311, 317 

Nuclei, NMR-active, 304, 305f 
Nucleic acids 

charge transfer, 451 
hydrolysis, role of transition 

metals, 8, 18 
interaction of Mn and Mg, 267 
oxidation by iron bleomycin, 407 
See also D N A cleavage 

Ο 
1 7 0 NMR spectroscopy, 306, 313-314 
Octa-alkyl porphyrins, 356 
Octaethylchlorin, 357, 359/, 360-361, 

362-363, 364 
Octahedral binding modes of metal 

complexes, 411, 421-423 
One-dimensional square tunneling barrier 

(1DSB) model, 472-474, 476 
Optical properties of transition metal 

complexes, 6 
See also Chromophores 

Oscillatory fine structure, 221 
Osmium complexes, [Os(tpy)(bpy)0]2+, 

D N A reaction, 426 
Oxidases, 166 
8-Oxoguanine, 410-411 
Oxoperoxo(dipicolinato) 

vanadium(V), 341 
Oxophlorins, 400 
Oxoporphyrins, 400 
Oxoruthenium(IV) complexes 

binding studies, 413-420 
in D N A cleavage, 407, 412-426 
kinetic studies, 420-423 
[Ru(bpy)2(dmap)OH2]2 +, 424-425 
[Ru(bpy)2(EtG)0]2 +, 424-426 
[Ru(bpy) 2(EtG)OH 2] 2 +, 426 
[Ru(bpy)(py)0]2+, 426 
[Ru(phen)3]2+, binding parameter, 419 
[Ru(tpy)(bpy)0]2+, 420-423, 424-426 
[Ru(tpy)(bpy)OH2]2 +, 412/415, 416f, 

419-420, 426, 427 
[Ru(tpy)(dpzz)0]2+, 421-423 

Oxoruthenium(IV) complexes—Continued 
[Ru(tpy)(dpzz)OH2]2 +, 412/ 414, 

416-419 
[Ru(tpy)(phen)0]2+, 421-423, 426 
[Ru(tpy)(phen)OH2]2+, 412/415, 

416i, 426 
selectivity, 423-426 

Oxygen 
molecular, see Dioxygen 
singlet, nucleic acid-base oxidation, 

405, 407 
Oxygen-evolving complex, 220, 232, 

234-243, 271-275 
bridging, 244, 260-261 
dark reaction, 274-275 
dimer-of-dimers model, 243-245, 

259, 261 
electron transfer, 240, 252-253 
EXAFS studies, 241-242 
interactions 

with ammonia, 274 
with hydrazine, 274 
with hydroquinone, 238-243, 274 
with hydroxylamine, 234-240, 242-

243, 274 
mechanism, 243-245 
model compounds, 278-284 
photoactivation, 242-243 
reduced forms, 234-235 
role of Ca and CI ions, 271, 273-274 
S states model, see S states 
tetranuclear structure, 259-262, 278 
XANES studies, 235-241 

Oxygenases, 166, 167f 
Oxyhemocyanin, 138, 166, 168-169 

absorption spectrum, 139 
model complexes, 169-173 
peroxide bridging, 141-143, 146 
peroxy intermediate, 159, 160 

Oxytyrosinase, 138 
peroxide bridging, 141-143 
peroxy intermediate, 159, 160 

Ρ 

π-stack electron transfer in DNA, 449, 
451, 464, 466 

PA (picolinic acid), 95 
Palladium(II) complexes, 3-(3,5-di-terf-

butyl-4-hydroxyanilino)-1 -phenyl-
2-propen-l-one ligand, 73 

Palladium(II) in phenoxyl radical 
complexes, 71, 73 

Paramagnetic species 
effect on NMR, 304 
M C D spectroscopy, 352-353 

PD (1,3-phenylenediamine-based 
structure), 179 
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Pentafluoroiodosylbenzene in cytochrome 
450 model systems, 378-379 

Pentane oxidation by dinuclear iron 
complexes, 90 

Peptidases, 185-188 
Peroxide bridging 

in coupled binuclear copper proteins, 
139-147 

in oxyhemocyanin, 141-143, 146 
in oxytyrosinase, 141-143 

trans-μ- 1,2-Peroxo dicopper complexes, 
169-171 

Peroxyacids, reactions with 
ribonucleotide reductase, 65 

Pharmaceuticals, see Drugs 
1,10-Phenanthroline (phen), 94 
Phenol hydroxylation by copper proteins, 

136, 138, 147 
Phenoxyl radical metal complexes, 70-74 

as spin probes for intramolecular 
rearrangements, 73 

BIDPhE ligand-based model 
compounds, 75-78 

3-(3,5-di-ter£-butyl-4-hydroxyanilino)-1 -
phenyl-2-propen-l-one ligand, 
72/, 73 

(N-3,5-di-ter£-butyl-2-hydroxyphenyl)-
salicylaldiminato ligand, 71, 72 / 

((N-3,5-di-ter£-butyl-2-hydroxyphenyl)-
salicylaldiminato)2 ligand, 71, 72/ 

diphenylformazan ligand, 72 / 74 
N-phenylbenzohydroxamic acid 

analogue ligand, 71-73 
Schiff-base ligands, 71, 72/ 
tetra(4-hydroxy-3,4-di-£eri-

butylphenyl)porphyrin ligand, 
72 / 74 

Phenoxyl radical metalloenzymes, 62-70, 
75-78 

Phenyl methyl sulfide oxidation by 
dinuclear iron complexes, 102-103 

Phenyl methyl sulfoxide oxidation by 
dinuclear iron complexes, 103 

N-Phenylbenzohydroxamic acid ligand in 
phenoxyl radical complexes, 71-73 

Phenyldiazine, addition to iron 
porphyrins, 399-400 

1,3-Phenylenediamine, 179 
Phenylperacetic acid oxidation by 

dinuclear iron complexes, 102 
Phosphatases, 185-188, 186f 
Phosphorylation and hydrogenase 

action, 21 
Photosynthesis, 166, 220, 249-251, 

271, 275 
artificial systems, 451 
See also Oxygen-evolving complex 

Photosynthetic membranes, 232, 249-
250, 271 

Photosystem II, 220, 232, 249-250, 271 
See also Oxygen-evolving complex 

Picolinic acid (PA), 95 
1,4-Piperazinediethanesulfonic acid 

(PIPES), 66 
Plastocyanin, 126-136 

absorption spectrum, 127 
electron transfer, 137 
EPR studies, 126-128, 129 
X-ray absorption spectrum, 132 

Plastoquinol, 250 
Plastoquinone reduction, 249-250 
Platinum complexes 

cis-Pt(NH 3 ) 2 Cl 2 , 4-5 
frans-Pt(NH 3) 2Cl 2 , 5 
Pt 2(pop) 4

4\ in D N A cleavage, 408, 
413-414 

Poplar plastocyanin, 126-136 
Porphyrins, see Iron porphyrins 
Prokaryotes containing hydrogenases, 21 
Prostaglandin G 2 , 69 
Prostaglandin H synthase, 62, 67-70 
Proteins 

blue copper proteins, see Blue copper 
proteins 

electron transfer in proteins 
inhomogeneous aperiodic lattice 

model, 479-482 
one-dimensional square tunneling 

barrier model approximation, 472-
474, 476 

role of matrix, 472-474 
tunneling pathway model, 474, 477 

iron N-alkyl porphyrins as structural 
probes, 399-400 

See also Metalloproteins 
Proton gradient generation 

by hydrogenases, 22 
in photosynthetic membranes, 249-250 

Proton pumping across membranes, 10-
11, 13-15 

Protoporphyrin IX, see Iron(III) 
protoporphyrin IX 

Pseudocatalases, 225 
Pulsed EPR, 6 
Purple acid phosphatase, 83 
PY2 (bis[2-(2-pyridyl)ethyl]amine), 171 
Pyridine-2,6-dicarboxylate (H 2dipic), 

vanadate complexes, 335, 340-341 
2-Pyridyl (PY), 179 
β-Pyrrole resonances in iron porphyrins, 

382-383, 385-386 

Q 
Quadrupole moment, 304 

 P
ub

lic
at

io
n 

D
at

e:
 M

ay
 5

, 1
99

6 
| d

oi
: 1

0.
10

21
/b

a-
19

95
-0

24
6.

ix
00

2

In Mechanistic Bioinorganic Chemistry; Thorp, H., el al.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1996. 
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R 

Radical cofactors, 61 
Radiopharmaceuticals, 431 
Rat liver arginase, 268 
Redox enzymes 

manganese role, 220, 268-278 
role of transition metals, 2, 10-15 

Relative receptivity, 304 
Rhodium complexes 

D N A cleavage, 407-408 
[Rh(4,4'-dimethylbpy)2(phi)]3+, 457/ 
[Rh(4,4'-diphenylbpy)2(phi)]3+, 458 
[Rh(phen)3]3+, 452, 465-466 
[Rh(phen)2(phi)]3+, 455-456, 457/ 
[Rh(phi)2(bpy)]3+, 456, 457/ 
[Rh(phi)2(phen)]3+, 458, 460, 464, 

465, 466 
Ribonucleotide reductase (Fe), 62-65, 

83, 84 / 269, 276 
μ-οχο bridging, 76-78 
inhibition by azide or cyanide, 269 
R2 protein active site models, 75-78 
See also Manganese ribonucleotide 

reductase 
Ribose, oxidation by iron bleomycin, 407 
Ribozymes, cofactors, 2, 8, 267 
RNA 

hydrolysis, role of transition metals, 8 
structure, 436-439 
transesterification, 434 

RNA cleavage 
and macrocyclic ligands, 432 
and structure, 436-439 
by lanthanide complexes, 435-436, 

439-445 
by zinc complexes, 434 
cofactors, 267 
mechanism, 443-445 

R N A - R N A double helix, 439 
RNase A, 432 
Ruthenium complexes 

luminescent quenching by M 3 + 

donors, 459f 
oxoruthenium(IV) complexes, see 

Oxoruthenium(IV) complexes 
Ru-amine derivatives of cytochrome c, 

481-482 
Ru-modified myoglobin, 482-483 
[Ru(bpy)3]2 +, 459 
[Ru(bpy)2(dppz)]2+, 452 
Ru(bpy)2(im)(HisX)-modified 

cytochrome c, 474-482 
[Ru(DMP)2(dpzz)]2 +, 459 
[Ru(NH 3) 6] 3 + , 454, 458, 460 
[Ru(phen)3]2+, 452, 458, 459, 465-466 
[Ru(phen)2(dpzz)]2+, 452-455, 458-

460, 463, 465, 466 
[Ru(phi)2(phen)]3+, 452, 453/ 

S 

S states (oxygen-evolving complex), 232, 
234-235, 244-245,250-251, 
259-262, 272-273 

and Mn(IV)(salpn)^2-0) model 
complex, 287-289 

inhibition, 274-275 
preparing specific states, 251-255 
spectroscopy, 255-262 
synchronous state advancement, 252 

5 0 state (oxygen-evolving complex), 232, 
234-235, 244-245, 250-251,^62, 
272-273 

S_! state (oxygen-evolving complex), 
244-245 

51 state (oxygen-evolving complex), 232, 
234-235, 244-245, 250-251, 
272-273 

and O E C structure, 259-261 
as dark-stable state, 250, 252 
EPR studies, 258-259, 260 
forms, 258-259 

5 2 state (oxygen-evolving complex), 232, 
234-235, 244-245, 250-251, 
272-273 

and O E C structure, 259-261 
EPR studies, 255-258, 260 

5 3 state (oxygen-evolving complex), 232, 
234-235, 244-245,250-251 

5 4 state (oxygen-evolving complex), 232, 
234,244-245, 250-251 

Saccharomyces cerevisiae iso-1-
cytochrome c, Ru-complex 
modified, 474 

N,lV-(Salicylaldehydo)-l,2-
ethylenediamine (salen), 86 

salpn (l,2-bis(salicylideneimanato)-
propane), 278 

Schiif-base ligands 
in lanthanide complexes, RNA 

cleavage, 436 
in phenoxyl radical metal complexes, 

71, 72 
Secondary amine monooxygenase, 355 
Selenocysteine (Ni) ligand, 22-23, 24 
Shape-selective cleavage of DNA, 

408, 423 
Site-directed mutagenesis, 9, 25 
Sodium m-chlorobenzoate, reaction with 

iron porphyrins, 393 
Sodium p-cresolate, reaction with iron 

porphyrins, 393 
Spirographis heme, 360, 361, 367-368 
cts-Stilbene oxidation by dinuclear iron 

complexes, 105 
Strand scission in D N A cleavage, 406, 

407,408-411 
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Structure-specific recognition 
proteins, 4-5 

Styrene oxidation by dinuclear iron 
complexes, 105 

Sugar oxidation in D N A cleavage, 405-
406, 407, 409, 420, 424 

Sulfomyoglobin, 359 
Superoxidase dismutase, NO 

binding, 199 
Superoxide, 220 
Superoxide dismutase, 220, 277-278 
Superoxide disproportionation, 220 
Surface binding, 452 
Synthetic (biomimetic) model complexes, 

see Model complexes 

Τ 

T C E C (l,4,7,10-tetrakis(2-carbamoyl-
ethyl)-l,4,7,10-tetraazacyclo-
dodecane), 433 

T C M C (l,4,7,10-tetrakis(carbamoyl-
methyl)-l ,4,7,10-tetraazacyclo-
dodecane), 433 

T E A (triethanolamine) complex with 
vanadate, 313, 317, 319, 322 

Terbium complexes in RNA cleavage, 
436, 440 

Tetraarylporphyrins, see Iron 
tetraarylporphyrins 

1,4,7,10-Tetraazacy clododecane-
1,4,7,10-tetraacetate (DOTA), 440 

Tetraethylene glycol, vanadium(V) 
complexes, 342-343 

Tetra(4-hydroxy-3,4-di-teri-
butylphenyl)porphyrin ligand in 
phenoxyl radical metal complexes, 
72/, 74 

Tetrahymena ribozyme, 8, 267 
l,4,7,10-Tetrakis(2-carbamoylethyl)-

1,4,7,10-tetraazacyclododecane 
(TCEC), 433 

1,4,7,1O-Tetrakis(carbamoylmethyl)-
1,4,7,10-tetraazacyclododecane 
(TCMC), 433 

l,4,7,10-Tetrakis(2-hydroxyethyl)-
1,4,7,10-tetraazacyclododecane 
(THED), 432 

N,N,N',N'-Tetrakis(2-(6-methylpyridyl)-
methyl)-1,3-diaminopropane-2-
olate (6-Me-TPDP), 115 

Ν,Ν,Ν',Ν'-Tetramethyl-1,2-diaminoben-
zene (TMPD) oxidation, 104 

Tetranitromethane, reaction with P G H 
synthase, 70 

T H E D (l,4,7,10-tetrakis(2-hydroxyethyl)-
1,4,7,10-tetraazacyclododecane), 
432 

Thermodynamics, NMR spectroscopy for 
studying, 314-315 

Thermoleophilium album Mn catalase, 269 
Thermus thermophilus Mn catalase, 

225-226 
Thermus thermophilus Mn superoxide 

dismutase, 277 
Thiaporphyrins, 400 
Thiocapsa roseopersicina hydrogenase, 25, 

26-32, 45, 50-53 
Thiyl radicals, 43, 47-48 
Thylakoid membranes, 232, 

249-250, 271 
T M B (1,3,5-trimethoxybenzene), 

bromination as haloperoxidase 
assay, 333, 347 

tmima (tris[( 1 -methylimidazol-2-yl)-
methyl]amine), 93 

Toluene 
oxidation by dinuclear iron 

complexes, 90 
reaction with Mn(IV)(salpn)Cl2 model 

complex, 287 
Topoisomerase I, 267-268 
TPA (tri-2-propanolamine), complexes 

with vanadate, 313-314 
TPA (tris(2-pyridylmethyl)amine), 93 
transfer RNA cleavage, 436-437 
Transferrin, 16 
Transferrin receptor, 16 
Transition-dipole vector-coupling (TDVC) 

model, 139, 141 
Transition-metal chromophores, see 

Chromophores 
Transition metal complexes 

bridging, see Bridging 
charge-transfer transitions, 124-126 
multiple oxidation states, 8 
octahedral binding modes, 411, 

421-423 
Transition metals 

and chemical potential of system, 2 
as cofactors, 61 
coordination geometry diversity, 3 
role in biological systems, 

overview, 1-2 
spectroscopy, 6-7 

See also specific spectroscopic methods 
structural roles, 3-5 
See also numerous specific transition 

metal complexes 
2,4,6-Tri-teri-butylphenol (TBPH), 93 
Triethanolamine (TEA), complex with 

vanadate, 313, 317, 319, 322 
1,3,5-Trimethoxybenzene (TMB), 

bromination as haloperoxidase 
assay, 333, 347 
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2,2,4-Trimethyldeuterochlorin, 357, 
359/, 360-361, 362-363, 364 

1,4,7-Trimethyl-l ,4,7-triazacyclononane, 
109 

Tri-2-propanolamine (TPA), complexes 
with vanadate, 313-314 

N-[Tris(2-hydroxymethyl)methyl]glycine 
(V-Tricene), complex with 
vanadate, 319-320, 322-323 

Tris[( 1 -methylimidazol-2-yl)methyl]amine 
(tmima), 93 

Tris(pyrazolyl)hydroborates, 3,5-
substituted, 202 

Tris(2-pyridylmethyl)amine (TPA), 
93, 170 

Tunneling distance, 472 
Tunneling pathway model of electron 

transfer in proteins, 474, 477 
Two-dimensional EXSY method, 316-326 

error estimation, 324-326 
potential, 326 
qualitative application, 317-320 
quantitative application, 321-324 

Type 1 copper center, 147 
Type 2 copper center, 147 
Type 3 copper center, 147 
Type 2 depleted (T2D) laccase, 149-154, 

157- 158 
Type 1 Hg-substituted (TlHg) laccase, 

158- 159 
Tyrosinase, 122, 138, 175 

dioxygen binding, 136, 148 
See also Oxytyrosinase 

Tyrosine, 61 
Tyrosyl radicals, 61, 62 

in galactose oxidase, 66 
in prostaglandin H synthase, 69, 70 
in ribonucleotide reductase, 63, 78, 85, 

276-277 
See also Phenoxyl radical metal 

complexes 

U 

Uranyl salts, D N A cleavage, 407 
Uteroferrin, 84/ 

V 

5 1 V NMR spectroscopy, 306, 314-315, 
320,323-326 

V-Tricene, complex with vanadate, 319-
320, 322-323 

Valence bond-configurational interaction 
(VBCI) model, 141 

Vanadate complexes 
bond valence sum analysis, 345f 

Vanadate complexes—Continued 
E D T A complexes, 307-309, 319-320 
H 2 CPS complexes, 335, 342 
H 2dipic complexes, 335, 340-341 
HIDA complexes, 309-312, 317, 318 
H 2 IDA complexes, 335, 341 
H 2 pic complexes, 335, 342 
(HPS)VO(OH) complexes, 334-340 
H4sal:cit complexes, 335, 341 
H2sal:gly complexes, 335, 341 
H2sal:phe complexes, 335, 341 
in phenoxyl radical complexes, 71 
nitrilotriacetic acid complex, 335, 342 
oligomers in solution, NMR studies, 

314-315, 320, 324-326 
T E A complex, 313, 317, 319, 322 
TPA (tri-2-propanolamine) complex, 

313-314 
V-Tricene complex, 319-320, 322-323 
cis-VOz

+, 333-334 
Vanadium bromoperoxidase, 329 

active site, 330/ 343-346 
bond valence sum analysis, 343-346 
EXAFS studies, 330, 346 
model compounds, 333-343 
peroxide binding, 340 
reactivity, 330-333 
structure, 330, 343-346 

Vanadium chloroperoxidase, 332 
Vanadium(III) complexes, bond valence 

sum analysis, 345f 
Vanadium(IV) complexes 

bond valence sum analysis, 345f 
paramagnetism, 306 

Vanadium(V) complexes 
bond valence sum analysis, 345f 
diamagnetism, 306 
lH and 1 3 C NMR spectroscopy, 

307-312 
1 7 0 NMR spectroscopy, 313-314 
oxoperoxo(dipicolinato) V(V), 341 
tetraethylene glycol complexes, 

342-343 
two-dimensional EXSY NMR 

spectroscopy, 317-320 
See also Vanadate complexes 

Vanadium haloperoxidases, 306, 330 
Vanadium in Biological Systems, 329 
Vanadium iodoperoxidase, 332 
Vanadium nitrogenases, 306, 329 
Vanillin acetone oxidation, 276 
Variable temperature NMR 

spectroscopy, 315 

X 

X-ray absorption fine structure, extended 
(EXAFS), 6-7, 221-222 
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X-ray absorption near-edge structure 
spectroscopy (XANES), 222-224 

X-ray absorption spectroscopy 
(XAS), 2, 6-7 

absorption edge, 6, 27, 30f, 
220-221, 223 

EXAFS, 6-7, 221-222 
theory, 220-224 
XANES, 222-224 

X-ray crystallography, 2, 7 
XANES (X-ray absorption near-edge 

structure spectroscopy), 222-224 
XAS, see X-ray absorption spectroscopy 
X D K (xylenediamine bis(Kemp's triacid 

imide)), 76 
Xenobiotic metabolism, 373, 374 
Xylenediamine bis(Kemp's triacid imide) 

(XDK), 76 

Ζ 
Zinc(II) 

and amide hydrolysis, 185, 186 
in carbonic anhydrase, 7 
in phenoxyl radical complexes, 71 
in Zn-finger proteins, 3 

Zinc-binding transcription factors, 3 
Zinc complexes 

hydroxo complex that binds C 0 2 , 7 
in RNA transesterification, 434 
tetra(4-hydroxy-3,4-di-terf-

butylphenyl)porphyrin ligand, 74 
with BIDPhE, 75-76 
Zn-substituted cytochrome c, 481-482 
Zn-substituted myoglobin, 482-483 

Zinc-finger proteins, 3-4 
Zinc N-methyltetraarylporphyrins, 400 
Zinc N-phenyltetraarylporphyrins, 400 
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